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Abstract 
 

A coupled model was created that linked the mass transport mechanisms of the channel and the Porous 

Transport Layer of a Proton Exchange Membrane Fuel Cell. A Volume of Fluid solver in the open-source 

Computational Fluid Dynamics software, openFOAM, was used to model the two-phase flow in the 

channel. A Pore Network Model designed for Proton Exchange Membrane Fuel Cells and found in 

literature was implemented into openFOAM to model the two-phase flow in the Porous Transport Layer. 

The Pore Network Model was recast into a form suitable for the Finite Volume Method used in 

openFOAM allowing for coupling between these two components. A coupling strategy called Dirichlet-

Neumann partitioning was used for pressure on the boundary that separates the two domains. A Neumann 

boundary condition for pressure was applied in the channel and a Dirichlet boundary condition for 

pressure was applied in the Pore Network Model. The value of pressure was passed from the channel to 

the Pore Network iteratively until convergence was achieved. It was determined that the air pressure in 

the Porous Transport Layer remains constant before breakthrough therefore allowing for the Pore 

Network Model only to be solved before breakthrough using a linear pressure distribution along the 

channel boundary to capture the convective effects of the channel. The effects of convection on water 

transport in the Porous Transport Layer was investigated and the convective effects were significant 

enough to cause mass conservation violations when the air inlet velocity was altered from 5-10 m/s. It 

was determined that the domain widths often used in literature are too small to conserve mass and near 

wall effects permeate towards the domains center. Two common Porous Transport Layer materials were 

recreated and it was determined that within the expected range of pressure gradients significant movement 

of water downstream was observed for the SGL10BA material with less significant movement for the 

Toray090 sample. It was determined that for post-breakthrough simulations water is needed in the 

channel to properly set the injection velocity. The numerical stability of these post-breakthrough 

simulations proved to be extremely fragile. 
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1. Introduction 
 

1.1: Fuel Cells Role In Modern Society 
 

Although the 21st century has seen unprecedented growth in human life expectancy and technological 

advances, modern society faces one of the largest challenges it has ever come across. The impending 

climate catastrophe due to climate destabilization from an increase in greenhouse gases in the atmosphere 

will require both technological and social changes if it is to be avoided.  Many researchers and academics 

believe that a move from fossil fuels to sustainable energy sources must start with an increased use of 

hydrogen and can only be fully achieved if hydrogen is predominantly used over other chemical fuels [1]. 

This is attributed to the fact that Hydrogen can be produced from any energy source using an electrolyser, 

it’s only by-product is liquid water and thermal energy, it can be used to manufacture materials instead of 

fossil fuels and hydrogen can be used as a fuel for emission free transportation using fuel cells [1]. The 

switch to a ‘Hydrogen Economy’ will be crucial in ending global reliance on fossil fuels and therefore 

reducing CO2 emissions to only twice the pre-industrial levels, which has been set as a benchmark for a 

sustainable living [2].  

 

1.1.1: Fuel Cells Are An Energy Storage System 
 

The use of fuel cell electrolysers as an energy storage device has become an increasingly popular concept 

through what is known as a ‘Power-To-Gas’ (PtG) system [3]. In a PtG system, any surplus electricity 

that is not being utilized in the electrical grid is converted to hydrogen gas using electrolysers. The 

hydrogen gas can be stored for conversion back to electricity during off peak hours or it can injected into 

natural gas pipelines for industrial uses as well as being used for heating or cooling purposes. This system 

helps to stabilize the energy grid by reducing the peaks/troughs in energy demand as well as introduces 

other benefits. These include easy transportation of the surplus hydrogen through pipelines, long term 

storage for the seasonal power demands and the ability to store energy in off-grid locations. One of the 
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biggest advantages of this system is that it allows for more of the base load demand to be met by 

renewable energy sources.  

The average load cycle on a power grid throughout a day is well known and managed by utility 

companies. However, with the emergence of plug-in hybrid vehicles this load cycle could drastically 

change. Clement-Nyns et al. [4] studied how plug-in hybrid vehicles could affect the power grid in terms 

of power losses and voltage deviations due to large and undesirables peaks in electrical consumption.  

Their study found that un-coordinated charging of plug-in hybrid vehicles can cause up to 10% voltage 

deviations and 6% power losses if the vehicles are charged during the evening. 

Clement-Nyns et al. concluded that if plug-in hybrid vehicles coordinate their charging cycles 

through the use of smart metering and sending signals to the individual vehicles, the voltage deviations 

and power losses could be drastically reduced. The use of energy storage devices capable of rapid 

deployment will only increase in the future due to the increasing number of plug-in hybrid vehicles that 

increase the variance in day-to-day power consumption cycles.  

 

1.1.2: Fuel Cells Use In Transportation 
 

It is estimated that between 1997 and 2020 there will be an increase of 11.4 million barrels of oil used per 

day in industrialized countries where 10.7 million barrels per day of this is attributed to the transportation 

sector [5]. The increase in oil consumption in the transport sector for both industrialised and developing 

countries is shown in Figure 1.1. 
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Figure 1.1: Global oil consumption for industrialized and developing countries [5]. 

 

 

Hydrogen has been recognized as one of the optimal replacements for fossil fuels especially in 

the transportation sector which accounts for the majority of oil and gas use globally [6]. Hydrogen can be 

used in two ways as a fuel for transportation purposes. The first way is through the use of a blended mix 

of hydrogen and hydrocarbons in a hydrogen internal combustion engine. The second method is to use 

hydrogen as the reactant gas in an on-board fuel cell stack that provides electricity to an electric motor. 

The total cost of a fuel cell powered vehicle is still higher than a traditional gasoline powered car, 

however the environmental impacts are much smaller due to water being the only product of a fuel cell 

vehicle.   

Colella et al. [7] predicted the change in emissions in the US market if vehicles become 

predominantly fuel cell powered.  They looked at three supply chains of producing hydrogen: steam 

reforming of natural gas, electrolysis powered by wind energy and coal gasification. They concluded that 

switching to a fuel cell vehicle fleet would reduce greenhouse gas emissions by up to 23% as well as 

drastically reducing air pollutant emission even in comparison with a hybrid electric fleet. Thomas et al. 

[8] developed a computer model to simulate and compare the societal benefits of using alternative 

transportation methods including hybrid electric vehicles, plug-in hybrids and all-electric vehicles. One of 

the conclusions of this study is that if we are to achieve the climate change goal of reducing greenhouse 

gases to 80% below 1990 levels, either hydrogen or battery powered electric vehicles must dominate the 

car market in the near future. 
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1.2: Fuel Cells Basic Operation 
 

A fuel cell is a device that converts the chemical energy of a fuel directly into electricity through the 

catalytically aided oxidation of the fuel into electrons and protons at the negative electrode (anode) and 

the reaction of oxygen with electrons and protons to form water at the positive electrode (cathode).  A 

fuel cell requires a flow of reactant gasses and therefore, unlike a battery, it does not consume its 

electrodes to produce electricity. Fuel cells are able to reach much higher efficiencies than internal 

combustion.  Fuel cells can have efficiencies as high as 60% for purely electrical power generation or 

when a combined heat and power system is used, efficiencies as high as 85% can be achieved [9]. 

The main components of a fuel cell are the two electrodes, where the electrochemical reactions 

take place, an external circuit that utilizes the movement of electrons to produce power, an electrolyte 

membrane that allows for the transfer of ions from one electrode to another and the bipolar plates that 

supply the reactant gasses as well as providing mechanical stability.  

The main technical problems inherent to the use of a fuel cell is a relatively slow reaction rate that 

limits the current and power of the cell as well as the relative scarcity of pure hydrogen.  As a result, 

many different fuel cell types have been created to remedy these problems and are often distinguished by 

the type of electrolyte used [10]. Some of these fuel cells types, such as the Solid Oxide Fuel Cell 

(SOFC), use a high operation temperature to increase the reaction rates while the Proton Exchange 

Membrane Fuel Cell (PEMFC) uses a platinum catalyst to increase the reaction rates while maintaining a 

relatively low operational temperature [10].  As a result of these differences, each type of fuel cell often 

has an optimal application as seen in Table 1.1.  

As the focus of this thesis is modelling the PEMFC’s cathode and adjacent bipolar flow channel, 

a detailed description of their operation follows.  
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Table 1.1: Fuel cell types Including mobile ions and common applications [10]. 

 

 

1.2.1: Proton Exchange Membrane (PEM) Fuel Cell 
 

One of the main distinguishing features of a PEMFC is the use of a polymer electrolyte membrane that 

transports protons but stops the transport of electrons and reactants gases.  PEMFCs also include a 

platinum coated catalyst layer which increases the reaction rates in the cell. The typical components of a 

PEMFC as well as the reactants and products are shown in Figure 1.2. 

 

 

Figure 1.2: Schematic of a PEM FC including all major components, reactants and products [11]. 

 

In the catalyst layer of the anode, the platinum aids the splitting of hydrogen gas molecules, 

creating protons and releasing electrons and energy. The protons migrate across the electrolyte from the 

anode to the cathode while the electrons flow through an external circuit.  At the cathode, the protons that 
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migrated through the electrolyte and the electrons that flow through the external circuit react with pure 

oxygen gas to form water.  These two half-cell reactions are shown in Figure 1.3. 

 

 

 

Figure 1.3: Simple Fuel Cell Diagram including electrode reactions and external load circuit [10]. 

 

The anode and cathode of a PEMFC are made of a porous material that allows for the transport of 

reactant gasses to the catalyst layers as well as the removal of liquid water from the cathode catalyst layer 

to the flow field channels. These porous electrode are made up of two main layers, the Porous Transport 

Layer (PTL) (or Gas Diffusion Layer (GDL)) that transports reactants and products and the catalyst layer 

(CL) which contains the reactions sites as seen in Figure 1.2. The porous nature of the electrodes also 

drastically increases the available surface area for electrochemical reactions. For the oxidation and 

reduction reactions to take place in the CL, three phases must be present at any location: the reactant gas, 

the electrodes that conduct the electrons and the electrolyte material that transports the protons. The 

locations where these three phases are present and therefore the location where the electrochemical 

reactions take place are called the Triple Phase Boundary (TPB) as shown in Figure 1.4 and Figure 1.5 

[10,12].  
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Figure 1.4: Simplified illustration of the Triple Phase Boundary (TPB) concept [12]. 

 

 

 

Figure 1.5: Transmission Electron Microscopy (TEM) image of a fuel cell electrode whereby the black specks are 

the catalyst material and the gray structures are the porous electrode material [10]. 

 

As mentioned previously, a PEMFC increases its efficiency through the use of a platinum 

catalyst. This platinum is expensive and decreasing the amount of platinum required while not reducing 

the cell efficiency, is a major obstacle in creating a PEMFC that is economically competitive with other 

renewable energy technologies.  

When fuel cells are connected in series they are known as a stack and rather than connecting the 

face of one cells anode to the cathode of the next cell, a bipolar plate is used [10]. The bipolar plate is 
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made of an electrically conductive material and has groves cut into either side. One side of the bipolar 

plate will be connected to the anode of a cell supplying hydrogen gas while the reverse side will be 

connected to the cathode of the adjacent cell supplying oxygen. An example of a bipolar plate in shown in 

Figure 1.6 and a diagram of a fuel cell stack is down in Figure 1.7. 

 

 

 

Figure 1.6: Bipolar plate with vertical and horizontal grooves cut into either side [10]. 

 

 

 

Figure 1.7: Three-cell stack showing bipolar plate connected adjacent cells [10]. 

 

When the cells are connected in a stack, there will be a compression of the porous electrodes due 

to mechanical stress. This mechanical stress can cause cracking and damage the expensive platinum 

catalyst layer as well as affecting the transport properties of the material itself.  
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1.3: Water Management in PEMFCs 
 

During the operation of a PEMFC, liquid water is produced in the cathode catalyst layer due to the 

oxygen-reduction reaction and the condensation of incoming humidified air [13]. Excessive water can 

flood the pores of the PTL stopping the transport of oxygen to the catalyst layer while too little water in 

the electrolyte membrane reduces the protonic conductivity. Both the flooding of the PTL and the drying 

out of the electrolyte membrane reduces the overall efficiency of the cell and therefore the conflicting 

requirement for water content in the membrane and PTL represents one of the largest difficulties facing 

PEMFCs [13].  Proper water management in PEMFCs is therefore seen as a critical field of study. An 

example of a flooded pore can be seen in Figure 1.8 while the conductivity of Nafion (a common 

electrolyte material) as a function of its water content can be seen in Figure 1.9.  

 

 

Figure 1.8: Diagram showing water produced in the catalyst layer, moving through and flooding the porous 

transport layer (PTL) [13]. 
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Figure 1.9: Protonic conductivity of Nafion as a function of water content [13]. 

 

Previous studies of water management in PEMFCs often do not use flow field designs that are 

representative of the actual hardware being used in practice and, in general there is not enough 

experimental data on water distributions in PEMFCs particularly those running at cold temperatures [11]. 

Owejan et al. [11] created an in-situ test apparatus that allows for the investigation of two-phase flow 

within the PTL and adjacent flow channel using neutron radiography. They reported that at low operating 

temperatures there is considerably more liquid water present in the PTL and channels, especially when 

operating at low current densities. At low current densities there is a reduction in the flow rate of the 

reactant gases resulting in low-pressure gradients across the channel and PTL. These low-pressure 

gradients were found to not be sufficiently large enough to remove excess liquid water from the PTL and 

channel.   

The two phase flow in PEMFC gas channels is one of the major causes of flow maldistribution, 

which can lead to non-uniform current densities, localized hot spots in the membrane, degradation of 

materials as well as performance degradation [14].  Kandlikar et al. [14] investigated flow maldistribution 

in parallel channels due to the formation of water slugs. They created an ex-situ experimental apparatus 

consisting of 8 parallel channels connecting to a PTL below. They found that for a dry air single-phase 

experiment the presence of the PTL causes deviations in the individual channels flow rates up to 27% for 

a Toray TGPH-060 sample. For multi-phase flow, they found the flow maldistribution was even more 
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extreme, with rapid changes in the channel airflow rates due to the formation of water slugs in the 

channel. They then performed an in-situ experiment whereby there was visual access to the cathode flow 

channels and they used a dry run as a base case for comparison. Kandlikar et al. conclude that the 

maldistribution of the flow rates in the channel for the dry case can be directly attributed to manifold 

design while the two-phase experiments shows the additional maldistribution caused by the presence of 

water in the flow channels.  

Due to the differences in temperature and moisture content within a PEMFC there will be 

expansions and contractions of the PEM, PTL and bipolar plates materials. This introduces hygro-thermal 

stresses in the cell during operation [15]. Non-uniform distributions of current and reactants gases in the 

PTL can exacerbate this problem, causing even more non-uniform distributions of temperature and 

moisture content. Maher et al. [15] created a 3-D, multiphase, non-isothermal mode of a PEMFC to 

investigate the effects of operating parameters on the hygro-thermal stresses in PEMFCs. The model 

Maher et al. purposed is able to show interacting, complex electrochemical reactions, stresses and 

transport phenomena that cannot be studied experimentally. They found that in order to increase PEMFC 

lifespan the cell should not operate at very high temperature, low pressures or at a low stoichiometric flow 

ratio.  

There has been extensive experimental analysis on single cells; however there has not been much 

research on analyzing fuel cell stacks [16]. Owejan et al. [16] created an apparatus that mimics the 

behaviour of a fuel cell stack by using a single-cell whose flow channel is coupled with a bypass flow 

loop. The bypass flow loop provides an additional pathway for airflow and simulates the presence of 

additional cells as if the single cell was part of a larger stack. Owejan et al. used neutron radiography to 

quantify water accumulation in the PTL and channel. They found that liquid water slugs blocked the 

cathode channels causing a diversion of oxygen into the by pass loop (simulating flow into other cells) 

causing the stoichiometric ratio to fall below 1.0. This in turn caused severe voltage reductions, reducing 

performance in the stack. Owejan et al. found that reducing the stoichiometric ratio of reactant gases (and 

therefore reducing the flow rate of reactant gases) increases the rate of liquid water accumulation much 
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like what was found by Kandlikar et al. Their results indicate that limitations in oxygen mass transport 

(and corresponding voltage losses) are most effected by liquid water build up in the cathode flow channel 

while liquid accumulation in the PTL has an indirect influence. They found for a three-pass serpentine 

flow field pattern that if 80% of the channel area is blocked by liquid water build up, there will be oxygen 

starvation in the cell leading to drastically reduced efficiencies or even failure of the cell to operate.  

The water transport across the electrolyte membrane is highly complex with water being 

transported across the membrane by protons due to electro-osmatic drag and water moving in the opposite 

direction due to the back diffusion caused by a concentration gradient. Sui et al. [13] developed a 1D 

finite volume method phenomenological model of the electrolyte membrane whereby water transport via 

electro-osmatic drag and diffusion are considered in an isothermal system. An analytical solution based 

on a generalized form of the transport properties was also created to validate their numerical simulations. 

They found that the water transport through the membrane is governed by the relative strength of the 

diffusion term to the drag term. These terms are effected by parameters including the membrane 

thickness, relative humidity and current density. Sui et al. found that when the water content on the anode 

side of the membrane is smaller than on the cathode side, the overall membrane resistance increases as the 

current density increases. Conversely, the overall membrane resistance decreases as the current density 

increases when the water content is higher on the anode side of the membrane as both the drag and 

diffusion transport mechanisms will be in the same direction. Sui et al. conclude that the common 

formulation of the water fluxes on both sides of the membrane used in CFD models result in significant 

errors if there is either a large gradient of water content or large differences in the diffusion coefficients 

across the membrane. 

It is clear that water management in PEM FCs is an important field of study and there is a need 

for better understanding on the cross-effects of the flow channels and PTL on localized water 

distributions. Much of the current research uses experimental apparatus that may not necessarily be 

representative of the operating conditions in a real PEM FC. Therefore, there is a need to perfect 

imagining techniques such as neutron radiography that are able to analyze in-situ experimental setups. 
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However, such imaging techniques often require expensive hardware and complex algorithms to 

distinguish between the phases of the PTL. As a result, computational modeling of PEM FCs is a 

promising field of study and, as Maher et al. alluded to, the use of computational models of PEM FCs 

allow researchers to explore transport phenomena that cannot be studied experimentally.   

 

1.4: Modelling The Porous Electrodes 
 

The porous electrodes of a PEM FC receive a lot of attention in the modeling community due to their 

importance in water management and localized reactant gas distributions. These porous materials are 

often anisotropic and there is two-phase flow, phase changes and numerous electrochemical and heat 

transport mechanism taking place in each electrode. This has lead to the development of many different 

techniques for modeling the porous transport layer, including continuum models, pore network models 

(PNM), Lattice Boltzmann methods (LBM) and direct numerical simulations (DNS). Each of these 

methods will be briefly introduced and current models in literature will be explored. Micrographs of 

different PTL materials obtained from scanning electron microscopy (SEM) can be seen in Figure 1.10. 

 

 

Figure 1.10: SEM micrographs on different PTL materials: (a) SGL 10BA, (b) Ballard P75, (c) SGL 24BA, (d) 

SGL 35 BA, (e) Toray 090, (f) E-Tek Cloth ‘A’ [17]. 
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1.4.1: Continuum Modeling 
 

The majority of full cell models include a continuum representation of the porous media due to the 

inherent non-linearities present in the transport equations [18, 19, 20]. The transport equations associated 

with modeling porous media include the Stefan Maxwell diffusion equation, Darcy’s law for momentum 

and Ohm’s law for electron conduction [21]. These equations use effective transport properties that are 

required to account for the heterogeneity of the porous media. The formulation of these effective 

properties involves volume averaging relevant properties and variables as shown in Equation 1.1 [21].  

 

 𝜓𝑘
𝑒𝑓𝑓

=
휀𝑘
𝜏𝑘
𝜓𝑘 (1.1) 

 

Whereby 𝜓𝑘 represents any property for the ‘k’ phase while 휀𝑘 is the porosity and 𝜏𝑘 is the 

tortuosity of phase ‘k’. The gas mass transport equations also require an effective permeability that 

includes two terms, an absolute permeability and a relative term due to the flooding effects of liquid. The 

relative permeability and relative diffusivity are often expressed using a power-law dependence on the 

saturation level in the PTL [21]. An example of the effective diffusivity (𝐷𝑖,𝑗
𝑒𝑓𝑓

) represented using a 

power-law with an exponent value of 3 (commonly seen for fibrous PTLs) is shown below in Equation 

1.2. The relative permeability (𝑘𝑎
𝑝

) of phase ‘a’ as a function of the saturation commonly used in literature 

is also shown below in Equation 1.3 [18]. 

 

 𝐷𝑖,𝑗
𝑒𝑓𝑓

𝐷𝑖,𝑗
= 휀𝑜

3.6(1 − 𝑆)3  
(1.2) 

 

 𝑘𝑎
𝑝
= 𝑆𝑎

3𝑘𝑎,0
𝑝

 (1.3) 

 

Whereby 휀𝑜 represents the bulk diffusivity, ‘S’ the liquid volume fraction of pore space (i.e. 

saturation) and 𝑘𝑎,0
𝑝

 / 𝐷𝑖,𝑗  are the permeability and diffusivity measured when the sample is dry. The 

liquid-gas phase volume fraction clearly affects the transport of each phase as the effective properties are 
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a function of the saturation. The key to calculating the effective properties relationships is to find a way to 

relate the saturation to the independent driving force (capillary pressure). 

The Leverret J-function is often used to extrapolate capillary pressure - saturation experimental 

curves of common PTL materials to other samples that have different material properties. This allows for 

the calculation of the localized saturations in the PTL and results in a distribution of effective properties 

across the PTL domain. The general form of the capillary pressure – saturation relationship is shown 

below in Equation 1.4  and a real Leverett J-function is shown in Equation 1.5 [21, 18]. 

 

 
𝑝𝑐 =  𝛾 cos 𝜃 (

휀𝑜
𝑘𝑠𝑎𝑡

)
0.5

𝐽(𝑆) 
(1.4) 

 

 
𝑝𝑐 =  𝛾 cos 𝜃 (

휀𝑜
𝑘𝑠𝑎𝑡

)
0.5

(1.4𝑆 − 2.12𝑆2 + 1.26𝑆3) 
(1.5) 

 

Where 𝑝𝑐 is the capillary pressure (𝑝𝑐  = 𝑃𝑙𝑖𝑞𝑢𝑖𝑑 − 𝑃𝑔𝑎𝑠), J(S) is the Leverret J-function and 𝑘𝑠𝑎𝑡 

is the single phase permeability. The liquid pressure is obtained through the use of Darcy’s law and the 

continuity equation and the capillary pressure – saturation curves would then be used to determine the 

corresponding saturations.  An example of a capillary pressure-saturation curve can be seen in Figure 1.11 

for a crack-free catalyst layer and two SGL samples with different percent weights of Teflon. 

Presently there is very limited experimental information on the dependence of the capillary 

pressure and the water relative permeability on the saturation level in common PTL materials [22]. 

Gostick et al. [22] performed several drainage experiments on different commonly used PTL materials in 

PEM FCs to determine capillary pressure versus saturation relationships for each material. Previous work 

has used mercury intrusion porosimetry (MIP) to investigate capillary pressure curves or pore size 

distributions. However, MIP cannot distinguish between the hydrophilic and hydrophobic components of 

PTL porosity.  
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Figure 1.11: Capillary pressure – saturation relationship for a crack free catalyst layer and two SGL samples with 

different percent weights of Teflon [21]. 

 

Gostick et al. used water and octane as the saturating fluid in separate experiments to determine 

the distribution of the hydrophilic pores only and the distribution of all the pores as octane fully wets both 

graphite and PTFE surfaces uniformly. One of the main findings of their study was that they were able to 

use the van Genuchten model and Leverett J-function to create a general equation that would allow for the 

prediction of capillary pressure – saturation curves for other PTL materials. However highly hydrophobic 

layers (MPL) or materials with carbon powder do not exhibit the same behaviour and cannot be 

correlated. 

Often the effects of compression due to the mechanical stress of the bipolar plates are neglected 

in the computational models. Under the channel portion of the bipolar plates the PTL sample remains 

uncompressed while under the solid portion of the bipolar plates (the land) the PTL sample compresses, 

changing the localized porosity and permeability of the material. This causes an uneven distribution of 

porosity and possibly contributing to uneven water distributions [23].  

Zenyuk et al. [23] used X-ray computed tomography (XCT) to quantify spatially-resolved liquid 

water distributions in compressed GDLs using an in-situ and ex-operando experimental set-up. They 

found that the there can be variations in the local liquid saturation distribution that are as large as 0.45 in 
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compressed samples. These differences in the local distributions of saturation imply that the volume-

average values that are commonly used in continuum models (e.g. effective diffusivity) will predict 

incorrect value as they don’t account for the effects caused by the land/channel on the local water 

distributions.  

Convective transport in the PTL is often neglected in PEMFC computational models by setting 

permeability values that are below 1 x 10-13 m2 or assuming a short straight channel [24]. Convective 

transport acts to bring high concentrations of oxygen gas from the channel into the PTL leading to 

incorrect concentration distributions in the PTL if convection is neglected [24]. As the oxygen 

concentration distribution is critical in determining the location of reaction sites as well as the rate of 

reactions, incorrectly modelling these gas distributions have drastic effects on the predictive power of 

these models. The oxygen concentration decreases as one moves downstream in the channel due to the 

ORR taking place in the catalyst layer. This will drastically alter oxygen concentrations in the PTL and 

channel. 

Neglecting a portion of the effects of convective transport in the PTL is often done explicitly by 

using Darcy’s law without the inclusion of the Forchheimer term. This term represents the non-linearity in 

the dependence of the of the flowrate on the pressure drop that is observed at velocities larger than those 

in the creeping flow regime. Gostick et al. [17] designed an experimental apparatus to measure the in-

plane and through-plane permeability’s of several common PTL materials. All permeability’s and inertial 

coefficients were obtained by fitting the Darcy-Forchheimer equation to the experimental data. They 

found that under normal fuel cell operations, the inertial effects of convection could start to play an 

important role in pressure drops in the system. As a result, using a pure Darcy Law without the 

Forchheimer term can causes errors in the flowrate up to 5% in the in-plane direction. 

These continuum models have been invaluable in providing insight into phenomena and process 

that cannot be resolved or uncoupled through experimental research [21]. However, the underlying 

assumption in continuum models of the PTL is that the capillary-pressure – saturation relationship can be 

applied locally, though the relationship is often measured for the entire electrode sample. The validity of 
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this assumption is debateable, especially as the PTL structures are not spatially homogenous. Often 

treating the capillary pressure–saturation relationship in this manner is not rigorously defined for fibrous 

media and has limited applicability in terms of predictability. Therefore, although continuum models are 

still an important tool in fuel cell research, they do not describe the pore level dynamics and as a result 

often over simplify the complex mass, thermal and electrochemical transport mechanisms. 

 

1.4.2: Pore Network Model (PNM) 
 

The general idea of pore network modeling is to represent the morphology of the porous layer as a 

network of cylindrical tubes (pores) with suitably distributed radii. The distribution of the pore radii is 

determined experimentally using MIP (mercury intrusion porosimetry) whereby the volume of mercury 

that invades the pores of the sample is measured as the capillary pressure is increased. As the total volume 

of mercury in the saturated pores is known at each capillary pressure, the Young-Laplace Equation can be 

used to determine a distribution of pore radii [22]. The two traditional methods for modeling pore 

volumes are to either assign all the volume at the node itself or to assign the volume completely to the 

cylindrical pores connecting the nodes. Presently the volume will be assigned to the pores in a manner 

similar to Aker et al. and Medici et al. [25, 26, 27].  

 By creating a network of pores, the movement of liquids and gases are constrained in one 

direction, allowing for the use of simplified governing equations. The velocity in a pore is related to the 

pressure drop across the pore using an exact solution to the Navier-Stokes equations, Hagen-Poiseuille 

law, which assumes laminar flow of a Newtonian fluid through a constant cross sectional tube. The two-

phase flow within each cylindrical pore is incorporated by including a capillary pressure term and using a 

weighted dynamic viscosity. The volumetric flow rate (Qij) between nodes ‘i' and ‘j’ is defined below in 

Equation 1.6 [28]. 

 

 
𝑄𝑖𝑗 =

𝜋𝑟𝑖𝑗
4

8𝜇𝑖𝑗
𝑒𝑙
(∆𝑝𝑖𝑗 − 𝑝𝑐𝑖𝑗)  

(1.6) 
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 Where the radius of the pore is rij, Δpij is the pressure drop between nodes i and j, 𝑝𝑐𝑖𝑗 is the 

capillary pressure if there are two phases present in the pore, 𝑙 is the length of the pore and 𝜇𝑖𝑗
𝑒 is the 

effective dynamic viscosity.  

The capillary pressure is the difference in pressure across the interface of two different 

immiscible fluids caused by surface tension effects in a thin tube. The capillary pressure is modelled 

using the Young-Laplace equation and acts as an energy barrier that must be overcome in order for a pore 

to be saturated with liquid water. The Young-Laplace equation for the capillary pressure in a tube is 

defined below in Equation 1.7 whereby r is the radius of the tube/pore and γ is the surface tension.  

 

 
𝑝𝑐 = 

2𝛾

𝑟
 

(1.7) 

 

For a two-dimensional model, the pores connect in groups of four at each node. The continuity 

equation for a two-dimensional domain is described by Equation 1.8 for each node ‘i’ in the PNM. The 

modified Hagen-Poiseuille equation is then substituted into the continuity equation allowing for the 

pressure field to be solved and this process is shown in Equation 1.9 and Equation 1.10 for a two-

dimensional model once the pressure gradient term is expanded. 

 

 

∑𝑄𝑖𝑗 = 0

𝑗=4

𝑗=1

 

(1.8) 

 

 𝜋

8𝑙
∑

𝑟𝑖𝑗
4

𝜇𝑖𝑗
𝑒
(∆𝑝𝑖𝑗 − 𝑝𝐶𝑎𝑝𝑖𝑗) = 0

4

𝑗=1

  
(1.9) 

 

 𝜋

8𝑙
∑

𝑟𝑖𝑗
4

𝜇𝑖𝑗
𝑒
(𝑝𝑖 − 𝑝𝑗 − 𝑝𝐶𝑎𝑝𝑖𝑗) = 0

4

𝑗=1

 

(1.10) 
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Equation 1.10 is discretized depending on the mesh type (structured, non-structured etc.) and 

solved as a linear system of equations using any number of numerical methods to obtain the pressure at 

each node. The volumetric flow rate can then be calculated using Equation 1.6 and the liquid position 

within in all interface pores are updated based on the volumetric flow rate of water in that pore. Ezequiel 

states the reverse flow is unlikely to occur in a fuel cell due to the constant generation of water and 

therefore it is often neglected in PNM. An example of the capillary fingering water distribution in a PTL 

using a PNM can be seen in Figure 1.12. 

 

 

Figure 1.12: Water distribution in PTL from a PNM showing capillary fingering of water towards flow channel[27].  

 

The pore radii of a PNM are often assigned randomly from a Weibull distribution to match the 

mean pore radii, permeability and porosity of samples whose properties are determined experimentally. 

The mean pore radii and Weibull parameters are altered to match the models computed drainage capillary 

pressure curves to the experimentally determined curves of MIP data [37].  

Heat transfer and phase change mechanisms are important phenomena that effect mass, thermal 

and electrochemical transport in a PTL. Medici et al. [27] extended their work on modeling the PTL of a 

PEM FC using a pore network model by including heat transfer and phase change mechanisms. The only 

heat transfer mechanism present is conduction in the solid material, as convective effects were considered 

negligible due to a low Capillary number. As with most PNMs, Medici et al. set Neumann boundary 

conditions under the land with Dirichlet boundary conditions applied under the channel. As the pressure, 

temperature and vapour concentrations are fixed at the channel interface the convective effects in the 

channel are neglected.  
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Medici et al. found that for a PTL operating at low temperatures and high relative humidity, the 

water will undergo capillary fingering and eventually reach the gas channel as a liquid phase. If high 

temperatures and low relative humidity are used as the operation conditions, much of the water will 

evaporate and therefore it will only reach the gas channel in a vapour state. 

Gostick et al. [29] proposed a pore network model that used Weibull distributed pore radii, throat 

radii and throat lengths to mimic the material properties associated with two common carbon papers used 

in a PEM FC GDL; Toray 090 and SGL 10BA. The pores were treated as cubic bodies with square cross-

sectional throats of varying length and radii connecting them. Gostick et al. used a spatial correlation of 

pore sizes that groups pores of similar radii and length together, allowing for highly porous and therefore 

preferential pathways within the material. This grouping of similar sized pores acts to increase the 

permeability of the material by up to 20%, bringing it in-line with measured values. Gostick et al. found 

that both the Toray and SGL have effective permeability values approaching 0 when the domain has a 

saturation of 0.75. They found that the effective diffusivity approaches 0 for the two samples when the 

water saturation is 0.5. Gostick et al. conclude their study by stating that the predicted limiting current 

density decreases to values typically observed experimentally in operating PEMFCs which indicates that 

the mass transport through the PTL may be the limiting factor of PEMFC performance for saturated 

PTLs. 

 Methods that are similar to PNMs have been developed that model the PTL based on its fiber 

structure rather than the pore structure of the material. Alink et al. [30] developed an algorithm to model 

liquid water transport in the PTL based on a fiber structure that predicts all stable water paths within the 

network. The water path network is created based on the stable menisci position between all the possible 

objective pairs and their relative connectivity. The model used does not contain local information on the 

relative humidity, temperature or saturation distribution and therefore the phase change model will be 

handled as a constant value source term. Alink et al. conclude that due to the increased condensation 

under the land in comparison to under the channel, there is a redistribution of the percolating water 

towards the land region. Due to this redistribution of liquid water towards the land region, the PTL 
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located under the channel is largely free of liquid water and is therefore able to more transport oxygen 

more effectively. Therefore, there can be an increase in fuel cell performance (specifically an increase in 

the limiting current density) due to condensation effects. 

Pore Network Modeling provides insight into the pore-length scale dynamics allowing for 

capillary-driven processes and water distribution to be captured locally [21].  This microscopic approach 

allows for more consideration of physical and chemical properties than macroscopic approaches such as 

continuum models by allowing for localized variations in saturation and other physical properties such as 

porosity. 

 

1.4.3: Lattice Boltzmann Method (LBM) 
 

The lattice Boltzmann Method is a promising and alternative discrete numerical scheme used to simulate 

fluid flows [31]. Conventional numerical schemes use macroscopic continuum equations while the LBM 

is based on microscopic models and mesoscopic kinetic equations. The fundamental principles of the 

LBM are to use simplified kinetic models that incorporate the essential physics on a micro/mesoscopic 

level so that when the properties are averaged on a macroscopic level they obey the respective 

macroscopic equations (ex. Navier-Stokes equations).  

The first basic premise of using the simplified kinetics methods in the LBM is that the 

macroscopic dynamics of a fluid is a result of the collective behaviour of its many microscopic particles 

that make up the system. The second basic premise is that the macro scale dynamics are not sensitive to 

the underlying details in microscopic physics.  Although the LBM is able to use many of the advantages 

of molecular dynamics (easy implementation of boundary conditions, fully parallel algorithms etc.) the 

principal focus is the averaged macroscopic behaviour. 

There are 3 main features that distinguish the LBM from other numerical methods due to its 

kinetic nature. Firstly, the convective operator is linear for the micro scale unlike macro level methods, 

which are non-linear. The non-linearity is recovered through the combination of the simple linear 
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convection and a collision operator. Secondly, due to the use of the equation of state to calculate pressure, 

iterations and relaxation of field values are not necessary. This can drastically reduce computational costs. 

Thirdly, compared to the traditional kinetic theory, such as the Maxwell-Boltzmann equilibrium 

distribution, the LBM only uses a minimal set of velocities in phase space. This means that the 

transformation required to recover macroscopic quantities is greatly simplified. Examples of 

computational domains used in the LBM for carbon cloth PTLs and carbon paper PTLs can be seen in 

Figure 1.13.  

 

 

                                                                        (a)    (b) 

Figure 1.13: Computational domains for the LBM: (a) 2D porous model for carbon cloth PTL and (b) 2D micro-

obstacle model for carbon paper PTL [32]. 

 

The LBM is based on the collision and propagation of a finite number of identical particles on 

prefixed paths in space [32]. The discrete kinetic equation is defined below in Equation 1.11 for the time 

evolution of the particle velocity distribution function (𝑓𝑖) whereby 𝒆𝑖 represents the local particle 

velocities, Ω𝑖(𝑓(𝒙, 𝑡)) is the collision operator that represents the rate of change of 𝑓𝑖, ∆𝑡 and ∆𝑥 are the 

time and space increments respectively [31]. The summation of i = 0 to i = M represents the number of 

directions of the particle velocities at each node.  

 

 𝑓𝑖(𝒙 + 𝒆𝒊𝛥𝑥, 𝑡 + 𝛥𝑡) = 𝑓𝑖(𝒙, 𝑡) + 𝛺𝑖(𝑓(𝒙, 𝑡)),     (𝑖 = 0, 1 ∙∙∙∙, 𝑀) (1.11) 
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A collision operator called the Bhatnagar-Gross-Krook (BGK) operator is often used whereby the 

local particle distribution is assumed to relax to an equilibrium state at a single rate (𝜏). When the BGK 

operator is used the resulting expression is often referred to as the lattice BGK equation and is defined 

below in Equation 1.12 [32].  

 

 
𝑓𝑖(𝒙 + 𝒆𝒊𝛿𝑡 , 𝑡 + 𝛿𝑡) − 𝑓𝑖(𝒙, 𝑡) = −

𝑓𝑖(𝒙, 𝑡) − 𝑓𝑖
𝑒𝑞(𝒙, 𝑡)

𝜏𝜐
 

(1.12) 

 

Where 𝛿𝑡 is the time step, 𝜏𝜐 is the relaxation time and 𝑓𝑖
𝑒𝑞

 is the equilibrium distribution of 𝑓𝑖 

and an example is defined below in Equation 1.13 [32].  The local equilibrium distribution function is 

specifically chosen so that the Navier-Stokes equations are recoverable at a macroscopic scale [31]. 

 

 

𝑓𝑖
𝑒𝑞(𝜌, 𝒖) = 𝜔𝑖𝜌 [1 +

𝒆𝒊 ∙ 𝒖

𝑅𝑇
+
(𝒆𝒊 ∙ 𝒖)

2

2(𝑅𝑇)2
−
𝒖 ∙ 𝒖

2𝑅𝑇
]             , 𝜔𝑖 =

{
 
 

 
 
4

9
      𝑖 = 0             

1

9
      𝑖 = 1, 2, 3, 4

1

36
     𝑖 = 5, 6, 7, 8

 

  

(1.13) 

 

Where 𝜔𝑖 are the associated weight coefficients determined analytically, R is the universal gas 

constant and T is the absolute temperature. Macroscoptic properties are measurable quantities such as 

density, pressure or temperature and can be recovered by taking low order velocity moments of the 

distribution function (𝑓𝑖 ) in the following manner (Equation 1.14) to recover the localized density (𝜌) and 

momentum density (𝜌𝒖) fields.  

 

 𝜌 =∑𝑓𝑖
𝑖

                                    𝜌𝒖 =  ∑𝑓𝑖𝒆𝒊
𝑖

  (1.14) 
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The Navier-Stokes equations for mass and momentum can be recovered from the lattice BGK 

equation using a Chapman-Enskog expansion as shown by Park et al. [32].  

When the LBM is used to describe fluid flow in a porous medium, the equilibrium distribution 

function must be altered so that the Brinkman equation is recovered rather than the Navier-Stokes 

equations. This is done by reducing the magnitude of the momentum but leaving the direction the same. 

The velocity in the equilibrium distribution function (Equation 1.13) is altered by including a forcing term 

(𝑭(𝒙, 𝑡)) as shown below in Equation 1.15. This forcing term is often also used to incorporate other body 

forces such as fluid-fluid force interactions (i.e. capillary action). 

  

 
𝑼 = 𝒖(𝒙, 𝑡) + 𝑠(𝒙)

𝜏𝑭(𝒙, 𝑡)

𝜌(𝒙, 𝑡)
               , 𝑭(𝒙, 𝑡) = −𝛽𝜌(𝒙, 𝑡)𝒖(𝑥, 𝑡) 

(1.15) 

 

Whereby 𝑠(𝒙) is equal to 1 or 0 depending on whether the lattice site is located in a porous or 

void region and 𝛽 controls the magnitude of the momentum sink. If 𝛽 is defined by Equation 1.16, the 

Brinkman equation will be recoverable whereby 𝜈 is the kinematic viscosity and 𝑘𝑡𝑜𝑤 is the tow 

permeability.  

 

 𝛽 =  
𝜈

𝑘𝑡𝑜𝑤
  (1.16) 

 

Garcia-Salaberri et al. [33] performed lattice Boltzmann method (LBM) simulations on 

reconstructed computational domains of PTLs produced by X-ray computed tomography (XCT) images 

of water-invasion experiments to determine the effective gas diffusivity of dry and partially-saturated 

carbon-paper PTLs. Garcia-Salaberri et al determined that the dry effective diffusivities obtained are in 

good agreement with previous experimental data for a Toray TGP-H-120 carbon-paper sample. However, 

they found that for partially saturated PTLs, the effective diffusivity must explicitly consider the 

distribution of water in the sample not just the average saturation of the sample. As the localized 
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distribution of water must be analyzed rather than just the global distribution, the average saturation alone 

cannot fully characterize transport phenomena in real PTLs. 

One of the main consequences of Garcia-Salaberri et al. present findings is that for any volume 

averaged continuum models that uses ex-situ experimental capillary pressure-saturation curves, there 

must be consideration of the particular operating conditions in the PTL that were used to formulate these 

constitutive relationships and whether these operating conditions are applicable. Furthermore, volume-

averaged multiphase models that explicitly solve for the local diffusion process within a PTL must 

incorporate constitutive relationships that are obtained when the PTL have no saturation gradient across 

the sample.   

Often the non-homogenous nature of the porous material will cause drastic changes in the 

material properties if analyzed in different planes. Park et al. [34] performed multi-phase transient LBM 

simulations on carbon cloth and carbon paper structures that are representative of common materials used 

in the PTL of PEM FCs. The effects of fiber orientation on the permeability of carbon paper are 

investigated and it was found that the permeability varies drastically according to the flow direction. This 

indicates that the permeability of the porous materials is dependant on the porosity of the structure but 

also on the characteristics of the porous structure, such as fiber orientation. Park et al. state that it seems 

the fiber orientation can have a larger effect on the permeability of a material than the porosity itself. 

The LBM has provided valuable insight into effective properties of the PTL particularly through 

the ease of implementing complex boundary conditions such as surface tension effects at liquid-gas 

interfaces [21, 31]. The LBM also allows for easy parallel processing of simulations but is still often 

associated with high computational costs. As was stated earlier, the LBM uses the equation of state to 

relate pressure and density so it is subject to some compressible effects. One of the largest drawbacks of 

performing LBM simulations rather than Navier-Stokes based CFD simulation is that that there are not 

extensively available stable heat transfer models for the LBM compared to the established NS based 

simulations [31]. 
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LBM simulations that use reconstructed microstructures require detailed information on internal 

surfaces and chemical information, such as wettability, of each porous structure they are representing 

[21]. These simulations are limited by the spatial resolution of imaging techniques as well as the ability to 

determine distinct phases within the materials themselves (i.e. water is not easy to distinguish with X-rays 

and Teflon/carbon are not easy to distinguish with other imagining techniques). Weber et al. [21] state 

that for common PTL saturations, the use of LBM models compared to simpler PNM often does not 

provide significantly more insight.   

 

1.4.4: Direct Numerical Simulation (DNS) 
 

There are two basic steps of a DNS of a porous electrode; first the microstructure is created using 

stochastic reconstruction models or using image reconstruction techniques, then the transport equations 

are solved directly in the reconstructed microstructure [35]. The governing equations being solved on the 

microstructure largely depend on which component is being modelling (i.e. PTL or catalyst layer) and 

which mechanisms are considered (mass transport, electrochemical reactions, heat transfer etc.).   

A promising image reconstruction technique is X-ray computed tomography (XCT) [36]. Three-

dimensional images volumes of the PTL can be created whereby the internal structure of the specimen 

can be captured on a micro scale. Many different angles of the specimen are captured and the resulting 

radiographs are analyzed with post-processing algorithms to rebuild a three-dimensional virtual object as 

seen in Figure 1.14.  
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Figure 1.14: Computer reconstruction of a GDL 30BA sample by X-ray computed tomography [36]. 

 

Disordered numerical reconstructions of porous structures rely on the fact than an arbitrarily 

complex porous structure can be defined by a discrete binary phase function [37]. This phase function 

defined at each point within the 3D volume is assigned a value of 0 if the point is within the void phase 

and a value of 1 if within the solid phase. The porosity is defined as the statistical average of this phase 

function.  The microstructures are created by generating a uniform distribution of random numbers 

between 0 and 1 for each elementary unit (voxel). A porosity value is picked and the voxels with values 

below this porosity belongs to the pore space (i.e. binary phase function is assigned a value of 0) while 

voxels with values above the porosity belong to the solid matrix (i.e. binary phase function is assigned a 

value of 1).  

James et al. [36] performed direct numerical simulations (DNS) to determine the effects of 

compression on porous structures they created using XCT of a SGL 30BA PTL material. They found that 

conductivity and diffusivity values are largest in the in-plane direction (i.e. in the direction of the majority 

of the fibers). When they compressed the samples, they saw large changes in the conductivity and small 

changes in the diffusivity in the through-plane direction. The effects of the land and channel were 

significant, with effective properties differing by a factor of up to 2 between these regions due to the 

almost non-existent compression seen under the channel. 

Wang et al. [27] created two-dimensional and three-dimensional idealized microstructures of the 

cathode catalyst layer and performed DNS simulations to predict and compare voltage losses to 
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experimentally determined values. They altered the porosity, pore size and catalyst layer thickness to 

observe the effects on the models polarization curves. Wang et al. found that at low current densities the 

polarization curves were very similar for all catalyst layer thickness used, with a drastic increase in 

voltage losses at high current densities for the thickest catalyst layer. The polarization curves for varying 

porosities were very similar at low current densities. However, for current densities above 1 A/cm2, there 

was a drastic increase in the voltage losses of the low porosity samples compared to the more porous 

microstructures [27]. 

Direct numerical simulations on reconstructed PTL microstructures have provided another 

method to determine the influence of water saturation, compression and geometric variations on the 

effective properties as well as providing insight into the complex transport phenomena in the PTL. 

However, DNS simulations have the same drawbacks as the LBM, requiring detailed information of the 

internal microstructures as well as having high computational costs [21]. 

 

1.5: Modeling the Flow Channels 
 

Zhu et al. [38] state that the majority of research on computationally modeling water transport in fuel 

cells focuses on water flow in the porous components and the transport of absorbed water in the 

electrolyte membrane. The flow regimes typically seen in PEMFC microchannels are often very different 

from those encountered in more classical examples due to the small length scale used, mixed wetting 

properties of the channel/PTL surfaces and low Reynolds number flow. As a result, the majority of 

literature that covers two-phase flow in channels is not applicable to use in PEMFC microchannels.  

In full cell models, the flow channels are often not modelled but instead, serve as the location for 

boundary conditions to be applied. If the flow channels are to be modelled, as in work by Zhu et al. [38], 

the Volume of Fluid (VOF) method is often used. The VOF method is an interface tracking technique that 

is used in conjunction with a velocity-pressure coupling algorithm (SIMPLE, PISO, PRIME etc.) to 

describe multi-phase flow. Typical microchannel simulations involve setting an air/water inlet velocity 
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based on the oxygen required and water produced during the ORR, setting variable contact angles 

depending on the surface wettability and setting a no flux condition for the channel walls. Various 

parameters (contact angle, channel height, air inlet velocity etc.) are varied to observe the impact on water 

droplet formation, detachment or film flow. A water droplet time lapse in the channel using the VOF 

method by Zhu et al. can be seen in Figure 1.15. 

 

 

Figure 1.15: Computational domain used for VOF water droplet simulation in a typical straight flow channel [38]. 

 

Zhu et al. [38, 39] performed two-dimensional and three-dimensional VOF simulations of water 

droplets emerging from a PTL pore into a gas channel. For their two-dimensional simulations, Zhu et al. 

found that micro channels with large heights slow down the deformation of the water droplet to the point 

where breakup of the droplet might not occur. While increasing the injection pore diameter decreases the 

time it takes to reach a steady state film. For their three-dimensional simulations [39], they found that 

hydrophilic walls result in the water droplet spreading over the PTL surface as it is convected 

downstream. For hydrophobic walls (contact angle of 140 and 180 degrees are used), there is an early 

detachment of water droplets from the PTL surface resulting in smaller diameter droplets. Zhu et al. 

determined that a highly hydrophobic PTL surface with a high air inlet velocity and a low water 

production rate are the optimal conditions to promote water removal in the gas channel. 
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1.6: Motivation 
 

Although there has been extensive work on the computationally modelling of the PTL or polymer 

electrolyte, and to a lesser extent on the bipolar flow channels, there remains uncertainty in how the 

interfaces between these components should be handled.  Current research in full cell PEMFC models 

often neglect the interfacial regions between these fuel cell components or treat these interfaces as an 

infinitely thin barrier with discrete values such as pressure or species concentration on either side and no 

coupling between the components [21].  

Weber et al. [21] state that the PTL-channel is a key interface and in order to create a boundary 

condition to represent this interface, the surface coverage of water droplets along with an associated 

capillary pressure need to be related as a function of material properties and operating conditions. Current 

coupled PNM-continuum models don’t include the channel or land in their domain but instead apply 

boundary conditions at these interfaces [25]. Often a no flux boundary condition is set along the PTL-land 

interface with a fixed value of pressure, temperature and vapour concentration set at the PTL-channel 

interface.  

Though these coupled models provide an incredible amount of detail and insight into mass 

transport, heat transfer and phase change mechanisms, they neglect the mass transport mechanisms in the 

PTL that are caused by the presence of the connecting channel. Conversely, from the channels 

perspective, the presence of the PTL will cause a slip velocity at the PTL-channel interface which has not 

been included in current channel models [38, 39]. This slip velocity may affect water droplet dynamics in 

the flow channel or may even change the stress distribution across the PTL.  

With increasing distance down the channel there will be pressure drops due to viscous losses, an 

increase in temperature due to the cooler gas streams heating up as they cross the PTL and a depletion in 

the gas concentrations due to the electrochemical reactions taking place at the CL. The coupled physics 

present in a PEMFC are extremely complicated and neglecting these channel effects on the PTL could 
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have serious implications when predicting localized distributions of water, temperature, or species 

concentration.  

Therefore, a coupled model will be created to model the mass transport in the PTL and flow 

channel using the low computational costs and micro scale physics of a PNM to represent the PTL and the 

well established VOF method to model two-phase flow in the flow channel. These regions will be treated 

in a partitioned manner, whereby separated governing equations will be solved in each domain and the 

variables of interest (pressure and velocity) will be coupled along a single interface plane separating these 

regions. Due to treating these regions in a partitioned manner along with the dynamic boundary 

conditions set at the interface, inner iterations must be performed within each time step.  

 

1.7: Thesis Outline 
 

The body of this thesis is broken up into six main chapters. In Chapter 2, the PNM that is used to 

represent the PTL will be thoroughly examined including governing equations, boundary conditions, pore 

size distributions etc.  Then a general implementation of a PNM in a FVM framework will be described 

and a validation of the FVM framework will be provided. 

 The VOF based solver, interFOAM, that will model the two-phase flow in the channel will then 

be described in Chapter 3 and the dimensions and boundary conditions thoroughly explained. Then the 

specifics of the FVM implementation used in the present work will be explored. Chapter 3 ends with a 

discussion of the strategy that is used to couple the PNM to the VOF based solver and a description of the 

multiple stages of the coupled simulation and the algorithms used is included. 

The dynamics of the coupled VOF and PNM simulation before water breakthrough will be 

described in Chapter 4. Chapter 4 concludes with a study on the impact that the convective effects of a 

channel have on the water distribution in a PNM. Two commonly used PEMFC PTLs, Toray 090 and 

SGL 10BA, are created using a Weibull distribution of pore radii from literature and a variety of pressure 

gradients are set across these samples.  
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In Chapter 5, the coupled solver will be used to explore the complicated physics of post 

breakthrough simulations. Simulations are then performed that explore water droplet dynamics in the 

channel after water breakthrough using a variety of water injection rates.  

The final chapter, Chapter 6, draws conclusions on the importance of the coupled model and 

gives recommendations for future research in the field of computationally modeling PEMFCs. 
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2. Implementing a PNM In A FVM Framework 
 

The PNM used in this research is based on previous work by Medici et al. [27] and incorporates their 

PNM in a Finite Volume Method (FVM) framework.  By representing the PNM in a FVM mesh, the open 

source computational fluid dynamics program, openFOAM, can be used which has many useful pre-built 

utilities and post processing tools. As the FVM is used, many of the variables need to be recast into forms 

that are divided by the face area. This is attributed to the method openFOAM uses to discretizes the 

governing equations and will be discussed in subsequent sections.  

 

2.1: Pore Network Model 
 

The general idea of pore network modeling is to represent the morphology of the porous layer as a 

network of cylindrical tubes (pores) with suitably distributed radii. If the simulation is two-dimensional 

these pores will connect in groups of four at a single point, called a node. The two traditional methods for 

modeling pore volumes are to either assign all the volume at the node itself or to assign the volume 

completely to the cylindrical pores connecting the nodes. For the proposed model, the volume will be 

assigned to the pores in a manner similar to that used by Aker et al. [26] and Medici et al. [27]. The 

cylindrical pores are represented by resistors with constant length. The properties of the fluid (density, 

viscosity etc.) as well as the material properties (contact angle, pore radius etc.) are stored at the resistors. 

A simple PNM is shown below in Figure 2.1 where the black circles represent the nodes and the resistor 

symbols represent the cylindrical pores. 
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Figure 2.1: Simple PNM including nodes and resistors. 

 

 By creating a structured network of pores, the movement of liquids and gases are constrained in 

one direction, along the length of the resistor. This allows for the use of simplified governing equations. If 

a single fluid is present within the resistor, the volumetric flowrate will be described by the Hagen-

Poiseuille equation. The Hagen-Poiseuille equation (Equation 2.1) can be derived from the Navier-Stokes 

momentum equation and assumes the flow is laminar, the fluid is Newtonian and incompressible and that 

the flow is through a long cylindrical pipe of constant cross section. The volumetric flowrate through a 

pore is described by Equation 2.1 below. 

 

 
𝑄 =

𝜋𝑟4

8𝜇𝐿
∆𝑝 

(2.1) 

 

Where r is the radius of the pore, Δp is the pressure drop across the pore (i.e. pressure drop 

between two adjacent nodes), L is the constant length of the pore and 𝜇 is the viscosity of the fluid present 

in the pore. If there are two immiscible fluids present within a pore, the surface tension effects between 

the two fluids and the change in the viscosity needs to be accounted for in Equation 2.1. This is achieved 

by including a capillary pressure that acts as an energy barrier against the movement of the water as well 

as an effective dynamic viscosity that accounts for the multiple fluids present within the pore [27]. In a 

PNM that is used for PEMFC purposes, the invading fluid is water while the displaced fluid is air. The 
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volumetric flow rate of water in the resistor between two nodes is described by Equation 2.2, which is a 

modified version of the Hagen-Poiseuille equation and a visual representation of a pore with a volumetric 

flow rate between two nodes can be seen in Figure 2.2. 

 

 
𝑄 =

𝜋𝑟4

8𝜇𝑒𝐿
(∆𝑝 − 𝑝𝑐) 

(2.2) 

 

 

Figure 2.2: Resistor with flow rate and fluid/material properties included. 

 

Where, 𝜇𝑒 is the effective dynamic viscosity of the two fluids and 𝑝𝑐 is the capillary pressure 

between the two fluids.  

The effective viscosity of a pore transitions smoothly from the viscosity of the wetting phase to 

the viscosity of the non-wetting phase as a pore fills with liquid water and is therefore a function of the 

water position (x) within the pore as shown in Equation 2.3 [27]. If a pore is only filled with a single 

fluid, the effective viscosity is equal to the viscosity of that particular fluid and the capillary pressure is 

equal to zero. 

 

 

𝜇𝑒 = (𝜇𝑛𝑤 − 𝜇𝑤)
1 − cos (𝜋

𝑥
𝐿
)

2
+ 𝜇𝑤   

(2.3) 

 

Where 𝜇𝑛𝑤 is the dynamic viscosity of the non-wetting phase, 𝜇𝑤 is the dynamic viscosity of the wetting 

phase and 𝑥 is the liquid water position in the pore. The liquid water position within a two-dimensional 

pore is shown in Figure 2.3. 
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Figure 2.3: Two-dimensional pore with pore length and liquid water position within the pore included. 

 

The capillary pressure is modelled as a modified Young-Laplace equation and acts as an energy 

barrier that must be overcome in order for a pore to be saturated with liquid water. The capillary pressure 

is also a function of the liquid water position (𝑥) in the pore. The capillary pressure is initially calculated 

based on the average pore radii of all the pores connected to the node at the start of the pore (�̅�𝑠), smoothly 

transitions to the capillary pressure based on the radius of the pore itself (𝑟) and finally transitions to the 

capillary pressure based on the average pore radii of all the pores connected to the node at the end of the 

pore (�̅�𝑒) [27]. The capillary pressure is defined below by Equation 2.4, 

 

 

𝑝𝑐 = 𝛾 cos(𝜃) [(1 −
𝑟

2�̅�𝑠
−

𝑟

2�̅�𝑒
)
1 − cos (2𝜋

𝑥
𝐿
)

𝑟
+
1 + cos (𝜋

𝑥
𝐿
)

�̅�𝑠
+
1 + cos (𝜋

𝑥
𝐿
)

�̅�𝑒
] 

(2.4) 

 

 where γ is the surface tension, θ is the constant angle, and  �̅�𝑠 and �̅�𝑒 are the average pore radii at 

the starting and ending node respectively.  

As the Hagen-Poiseuille flow equation is used instead of the full NS momentum equation, the 

final equation that needs to be incorporated into the model is the continuity equation. The continuity 

equation states that the sum of the flow rates at any node is zero and is described by Equation 2.5 for a 

single node [27]. 

 



38 

 

 

∑ 𝑄𝑖𝑗 = 0

𝑁𝑟𝑒𝑠𝑖𝑠𝑡𝑜𝑟𝑠

𝑗=1

 

(2.5) 

 

Where 𝑁𝑟𝑒𝑠𝑖𝑠𝑡𝑜𝑟𝑠 is the number of resistors connecting to the node and is equal to 4 for two-

dimensional PNMs and 6 for three-dimensional PNMs. Consider Figure 2.4 whereby Equation 2.5 is 

applied on the node i,j and sums the volumetric flow rates of the 4 connecting resistors. 

 

 

Figure 2.4: Conservation of mass applied to node i,j with volumetric flowrates in each of the four connecting 

resistors. 

 

The volumetric flow rate in each resistor (Equation 2.2) is substituted into Equation 2.5 and 

results in a pressure balance at a node (Equation 2.6). Equation 2.6 is applied at each node within the 

PNM domain and results in a system of linear equations. This governing equation is discretized for a 

square Cartesian coordinate system and solved using the Preconditioned Conjugate Gradient (PCG) 

method to obtain the pressure at each node i,j [27]. The matrix is preconditioned using a Diagonal-based 

Incomplete Cholesky (DIC) preconditioner. 
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 𝜋

8𝐿
∑

𝑟𝑖𝑗
4

𝜇𝑖𝑗
𝑒
(∆𝑝𝑖𝑗 − 𝑝𝑖𝑗

𝑐 ) = 0

4

𝑗=1

 

(2.6) 

 

After the governing equation is solved and pressure at each node is known, the liquid water 

positions for pores on the liquid-vapor interface are updated. Medici et al. [27] state that the reverse flow 

is unlikely to occur in a fuel cell due to the constant generation of water and therefore the added 

complexity is not necessary As flow reversal is not considered there will be a set of pores that have 

favorable pressure gradients for water advancement (∆𝑝 − 𝑝𝑐 > 0) and a set of pores that have non-

favorable pressure gradients (∆𝑝 − 𝑝𝑐 <  0). The pores with non-favorable pressure gradients are 

assigned a flow rate of zero while the pores with favorable pressure gradients are assigned a weighted 

flow rate based on the pores pressure gradient in relation to the sum of all the favorable pressure gradients 

in the domain and the total volumetric flow rate entering the domain (𝑄𝑇) [27]. This is done in this 

manner to ensure that the conservation of mass isn’t violated globally in the domain and is shown in 

Equation 2.7 for x, the distance the water travels per time step. 

 

 
𝑥 =

∆𝑝 − 𝑝𝑐

∑ (∆𝑝 − 𝑝𝑐)𝑘
𝑘=# 𝑜𝑓 𝑝𝑜𝑟𝑒𝑠 𝑤𝑖𝑡ℎ (∆𝑝−𝑝𝑐)>0
𝑘=1

𝑄𝑇∆𝑡

𝜋𝑟2
   

(2.7) 

 

 Where ∆𝑡 is the time step of the simulation, 𝑄𝑇 is the net volumetric flow rate of water entering 

the PNM domain, the numerator is the favorable pressure gradient of the pore itself and the denominator 

is the sum of all favorable pressure gradients in the domain. If Equation 2.7 is divided by ∆𝑡 the pore 

velocity is obtained and if the pore velocity is multiplied by the pore area 𝜋𝑟2, the volumetric flow rate of 

water is obtained.   

 Even though a small time step is used, there will be pores that have an overflow (i.e. 𝑥 >  𝐿) and 

this volume of excess fluid in a pore (V = πr2(x-L)), needs to be conserved. To conserve this mass, the 

total volume of overflow liquid is summed at the end of the time step and is converted into a volumetric 
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flow rate. This volumetric flow rate is then added to 𝑄𝑝 and is distributed amongst the pores with 

favorable pressure gradients the next time step as shown in Equation 2.8, 

 

 𝑄𝑇 = 𝑄𝑝 + 𝑄𝑜𝑣𝑒𝑟𝑓𝑙𝑜𝑤 (2.8) 

 

 Where 𝑄𝑝 is the volumetric flow rate of water produced at the South boundary due to the 

electrochemical reactions in the CL. A simple PNM including boundary nodes denoted by green circles is 

shown in Figure 2.5. Each set of the boundary nodes on each side of the domain are assigned a name 

based on their compass position. 

 

 

Figure 2.5: PNM including internal nodes (black circle) and boundary nodes (green circles) as well as boundary 

names. 

 

The South boundary represents the locations where the water is produced due to the 

electrochemical reactions in the catalyst layer [27]. A constant volumetric flow rate is applied along the 

green boundary nodes on the South boundary and is proportional to current density the cell is operating at. 
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The North boundary can either represent a channel or combination of a channel and land. For the channel 

portion of the North boundary, a gauge pressure of zero is often set at the boundary nodes. For the portion 

of the North boundary that includes land, a zero gradient (or no flux) pressure boundary condition is 

applied on the boundary nodes and stops any flowrate through that node. The East and West boundaries 

are also assigned a no flux boundary condition stopping convective transport across these boundaries.  

The pore radius of each resistor will be assigned a value that is taken from a truncated Weibull 

probability distribution function (PDF) between a prescribed maximum and minimum pore radii. The 

Weibull distribution is a continuous probability distribution that is controlled by a shape (ψ) and scale (κ) 

factor. The Weibull parameters are determined by matching a PNM’s drainage capillary pressure curves 

to experimental determined relationships from MIP of common PTL materials. In the purposed model the 

pores are only described by a pore radius and pore length, the throat effects are neglected. An example of 

a PSD taken from a Weibull distribution with a scale factor of 2, a shape factor of 5.5 and a 

minimum/maximum pore radius of 2.4 and 3.7 micrometers can be seen in Figure 2.6. 

 

 

Figure 2.6: Pore size distribution taken from a Weibull distribution. 
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2.2 FVM Implementation of a PNM 
 

Implementing a PNM in a FVM framework allows for the use of a CFD software suite. These CFD 

packages have many built in tools such as ODE solvers for symmetric and non-symmetric matrices as 

well as mesh generation and post-processing tools. The use of a CFD software will allow for the PTL 

model to be easily coupled to models of other fuel cell components such as the channel, CL or the 

electrolyte membrane.   

 

2.2.1 FVM Background 
 

There are two basics steps that are taken whenever the FVM is used to discretize partial differential 

equations into a set of algebraic expressions. The first step is to integrate the partial differential equations 

over the control volume of the cell and then transform the volume integral into a surface integral using 

Gauss divergence theorem [40]. The surface integral is then estimated as a summation of fluxes over the 

faces of the surface of the control volume using a Gauss quadrature. This estimation of the surface 

integral is not exact and therefore introduces error. The result of the first step is a set of semi-discretized 

equations. The second step is to choose an interpolation technique to linearize the remaining derivatives 

to relate the surface values of a variable to the value of the variable at the cell centre [40]. The result of 

the second step is a set of algebraic equations than can be formulated into a matrix problem and solved 

iteratively or directly.   

The domain in a FVM simulation is discretized into control volumes called cells and the surface 

of these cells are called faces. The cells located along the edge of the domain are called boundary cells 

and the faces of these cells that sit at the edge of the computational domain are known as boundary faces. 

It is on these boundary faces that the boundary conditions are applied.  
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2.2.2 Implementing a PNM in a FVM Framework 
 

When a PNM is implemented into a FVM framework, the cell centres coincide with the PNM nodes 

while the faces of the cells overlap the resistors of the PNM as shown in Figure 2.7. The dashed green line 

represents the faces of the cell and it can be seen that the cell centre (green circle) and PNM node (black 

circle) are coincident.  

 

 

Figure 2.7: FVM implementation of a PNM showing control volume, cell centre, nodes and resistors. 

 

The resistors (or pores) are located at the faces of a cell and therefore the information about the 

pore (volumetric flowrate, pore radius, viscosity, volume of water, pore length and capillary pressure) is 

stored at the face centres. As the node and cell centre are coincident, the pressure values will be stored at 

the cell centre in the FVM implementation. In Figure 2.8 a comparison of the PNM and the FVM 

implementation is shown. The purple circles represent the face centres that store the information about the 

pores while the green circle represents the cell centre where the pressure values are stored. 
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Figure 2.8: FVM implementation of PNM showing where the variables are stored for each method. 

 

As openFOAM uses Gauss Divergence Theorem and a Gaussian Quadrature to estimate a volume 

integral as a summation of fluxes over the control volume surface, the governing equations need to be 

recast into a compatible form so the PNM governing equations are recovered. Equation 2.9 is an example 

of how openFOAM discretizes a volume integral for a Laplacian operator using generic variables Γ and 

φ. 

 

 
∫ ∇ ∙ (Γ∇𝜙)𝑑𝑉 = ∫ 𝑑𝑺 ∙ (Γ∇𝜙) =∑Γ𝑓𝑺𝑓 ∙ (∇𝜙)𝑓

𝑓𝑆𝑉

  
(2.9) 

 

Whereby 𝑺𝑓 is the face area vector. If the mesh is orthogonal the face gradient discreitization is 

implcit and described by Equation 2.10. 

 

 
𝑺𝑓 ∙ (∇𝜙)𝑓 = |𝑺𝑓|

𝜙𝑁 − 𝜙𝑃
|𝒅|

 
(2.10) 
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Whereby the subscript N refers to the neighbouring cell and the subscrip P referes to the cell of 

interest while |𝒅| is the distance between these two cells. It can be seen in Equation 2.10 that when the 

face gradient is discretized the resulting expression is multplied by the area of the face |𝑺𝑓|. This face area 

needs to be canceled out so that the correct governing equation is recoverable. If Equation 2.5 

(contiunuity equation) is recast into its differential form it is described by Equation 2.11. 

 

 ∇ ∙ (𝑄) = 0  (2.11) 

 

Equation 2.1 is substituted into Equation 2.11 and the resulting equation is integrated over the 

control volume and then discretized into a summation of the fluxes taking on the following form as shown 

in Equation 2.12.  

 

∇ ∙ (𝑄) = ∇ ∙ (
𝜋𝑟4

8𝜇
∇𝑝) =

𝜋

8𝐿
∑

𝑟𝑓
4

𝜇𝑓
𝑓

|𝑺𝑓|
𝑝𝑁 − 𝑝𝑃
|𝒅|

  

 
∇ ∙ (𝑄) =

𝜋

8𝐿
∑

𝑟𝑓
4

𝜇𝑓
𝑓

|𝑺𝑓|
𝑝𝑁 − 𝑝𝑃
|𝒅|

 
(2.12) 

 

When comparing Equation 2.12 with Equation 2.6, it can be seen that Equation 2.12 is multiplied 

by the face area while obviously Equation 2.6 is not. In order to be able to recover the same governing 

equations the volumetric flow rate that is passed to the solver, Equation 2.1, must be divided by the face 

area as shown in Equation 2.13. 

 

∇ ∙ (𝑄) = ∇ ∙ (
𝜋𝑟4

8𝜇|𝑺𝑓|
∇𝑝) =

𝜋

8𝐿
∑

𝑟𝑓
4

𝜇𝑓|𝑺𝑓|𝑓

|𝑺𝑓|
𝑝𝑁 − 𝑝𝑃
|𝒅|

 =
𝜋

8𝐿
∑

𝑟𝑓
4

𝜇𝑓
𝑓

𝑝𝑁 − 𝑝𝑃
|𝒅|

  

 
𝑄 =

𝜋𝑟4

8𝜇|𝑺𝑓|
∇𝑝  

(2.13) 
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Equation 2.13 is redefined below as Equation 2.14 where a new variable is created called the pore 

conductivity σ, which is a collection of all the variables except the pressure gradient ∇𝑝. Equation 2.14 is 

the volumetric flow rate that must be provided to the solver to cancel the face area that the equation is 

automatically multiplied by during the discretization process. If the user wants to calculate a volumetric 

flowrate through a pore from the pressure field or set a volumetric flowrate as a boundary condition using 

a pressure gradient, Equation 2.15 must be used instead as the discretization process isn’t being 

performed and therefore the face area won’t be canceled out. 

 

 
𝑄 =

𝜋𝑟4

8𝜇𝐴𝑓
∇𝑝 = 𝜎∇𝑝  

(2.14) 

 

 𝑄 = 𝜎∇𝑝𝐴𝑓 (2.15) 

 

Whereby 𝐴𝑓 is the area of the face. The pressure gradient in Equation 2.14 does not include the 

capillary pressure and therefore in order to model the two phase flow correctly the capillary pressure must 

be incorporated in the FVM framework. As the pressure values are stored at cell centres rather than 

pressure gradients being stored at face centres, the only way the capillary pressure can be incorporated in 

the FVM is to recast it as a source/sink term. The source/sink term in the FVM implementation corrects 

the volumetric flow rates the solver calculates from the cell centre pressure field to those that would be 

calcualted if the capillary pressure was incoporated into Equation 2.14. 

 To recast the capillary pressure as a source/sink term it is inserted into the pressure gradient 

expression of Equation 2.14 and the resulting expression is discritized into a summation of the fluxes as 

shown in Equation 2.16. The capillary pressure calculated using Equation 2.4 is a negative value and 

should act against the movement of the water. Therefore, when the capillary pressure is inserted into 

Equation 2.14 it should be added to the pressure gradient (𝑃𝑤𝑎𝑡𝑒𝑟 − 𝑃𝑎𝑖𝑟) so that the capillary pressure 



47 

 

acts against the water pressure. The general formula for the pressure drop across a partially saturated pore 

is 𝑃𝑤𝑎𝑡𝑒𝑟 − 𝑃𝑎𝑖𝑟 − 𝑝
𝑐 whereby 𝑝𝑐 is the absolute value of the capillary pressure. 

 

 

 
∇ ∙ (𝜎∇𝑝 ) = ∇ ∙ (𝜎

∆𝑝 + (−𝑝𝑐)

𝐿
) =∑𝐴𝑓𝜎𝑓

𝑓

∆𝑝 − 𝑝𝑐

𝐿
=∑𝐴𝑓𝜎𝑓

𝑓

∆𝑝

𝐿
−∑𝐴𝑓𝜎𝑓

𝑓

𝑝𝑐

𝐿
 

(2.16) 

 

The final term on the RHS of Equation 2.16 is the source/sink term for the capillary pressure and 

is defined in Equation 2.17. As it is a source/sink term, it is applied at cell centres and represents a 

correction of the volumetric flowrate due to the capillary pressure across all the faces of the cell that have 

a liquid-air interface. Therefore the units of the capillary pressure source term are the same as a 

volumetric flowrate (m3/s). 

 

 
𝑝𝑠
𝑐 =∑𝐴𝑓𝜎𝑓

𝑓

𝑝𝑐

𝐿
=∑𝐴𝑓𝜎𝑓

𝑓

∇𝑝𝑐  
(2.17) 

 

As the capillary pressure already had its negative sign applied in Equation 2.16, the capillary 

pressure term in Equation 2.17 𝑝𝑐 is the absolute value and is therefore always positive. 

In order to describe where and how the source/sink terms are applied, the manner in which the 

liquid-air interface is defined needs to be explained first. Consider the representation of the porous 

structure in Figure 2.9. The red lines indicate the faces of the finite volume mesh, the green circles the cell 

centers of the finite volume mesh and the black lines the pores residing within the finite volume mesh. 
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Figure 2.9: FVM implementation of a PNM showing the pore bodies, pressure at cell centre and velocity at face 

centres. 

 

Consider the cell inside the purple oval that has a pore that is almost fully saturated with water in 

Figure 2.10. 

 

 

Figure 2.10: FVM implementation of a PNM showing the pore bodies and liquid water in pores. 

 

The blue represents liquid water inside the pores while the yellow arrow indicates the length of 

water inside the pore (x) and the pink arrow is the constant pore length (L) as shown in Figure 2.11. 
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Figure 2.11: Liquid water in pore body. 

 

As the water advances, the length of water in the pore will eventually exceed or equal the pore 

length if the pressure gradient is favorable. At this point, the neighboring cell connected to the fully 

saturated pore (purple filled in Figure 2.12) is now considered to be liquid filled. Liquid filled cells have 

at least one fully saturated pore connected to it and are assigned a value of 1 while air filled cells are 

assigned a value of 0. 

 

 

Figure 2.12: FVM implementation of a PNM showing the pore bodies, liquid water in pores and the newly water 

filled cell indicated by the purple shading. 

 

The volumetric flowrate of water in a pore is only calculated on the interface between a liquid 

filled cell and an air filled cell. This water-air interface is indicated by the purple line for the 6 interface 

faces that will be assigned volumetric flowrates of water in Figure 2.13 along with the water position (x) 

in each pore along the water-air interface as well the newly fully saturated pore (x = L). 
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Figure 2.13:  FVM implementation of a PNM showing the water-air interface as a purple line. 

 

The capillary pressure is applied as a source/sink term in cells on either side of the water-air 

interface shown in purple in Figure 2.13. The capillary pressure acts against the movement of water and 

therefore the capillary pressure should always have the opposite sign to that of the water filled cells so 

that it is always subtracted from the water pressure. 

An example of this process is shown in Figure 2.14. The governing equation is rewritten in 

Equation 2.18 using the capillary pressure source term and applied on an air filled cell P that borders 

three other air filled cells and one water filled cell S as seen in Figure 2.14. 

 

 
∑𝐴𝑓𝜎𝑓
𝑓

∆𝑝

𝐿 𝑓
− 𝑝𝑠

𝑐 = 0 
(2.18) 
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Figure 2.14: Summation of fluxes over faces of air filled cell P that borders three air filled cells and one water filled 

cell S. 

 

As the summation of the fluxes is applied on the air filled cell in Figure 2.14, the face gradients 

will be discretized by openFOAM such that the pressure of the air filled cell P is subtracted from the 

pressure of its neighbouring cells. The capillary pressure should always have the same sign as the air 

pressure so that both the air pressure and capillary pressure are subtracted from the water pressure to get 

the pressure gradient that drives the flow. Therefore, the capillary pressure source term in Equation 2.18 

is left unaltered when it is applied in air filled cells along the water-air interface.  

If instead the governing equation is applied on a water filled cell P that borders three water filled 

cells and one air filled cell S as seen in Figure 2.15. 
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Figure 2.15: Summation of fluxes over faces of water filled cell P that borders three water filled cells and one air 

filled cell S. 

 

In order to achieve the correct volumetric flowrate balance when Equation 2.18 is applied on a 

water filled cell along the water-air interface, the capillary pressure source term in Equation 2.18 must be 

multiplied by negative one. This ensures that the both the air and capillary pressure are subtracted from 

the water pressure as shown in Figure 2.15. Therefore, when the source term is applied in a water filled 

cell in Equation 2.18 it is multiplied by negative one and when the source term is applied in an air filled 

cell, the source term is left unaltered. 

Once the equations have been recast into forms suitable for use in a FVM framework the 

boundary conditions can be formulated for a FVM domain. Consider Figure 2.16 in which the PNM 

domain is represented in the FVM framework. The dashed lines represent the FVM domain while the 

solid lines represent the PRM domain. The thick black line indicates the boundary of the PRM’s domain 

while the dashed blue line represents the boundary of the FVM’s domain. 
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Figure 2.16: PNM domain and FVM domain showing boundary locations. 

 

It can be seen that the FVM domain extends half a resistor length (L/2) past the PRM’s domain in 

all directions. If a direct comparison between the two domains is to be made, the pressure of the boundary 

cells of the FVM domain must be equal to the pressure of the boundary nodes in the PNM domain, both 

denoted by the green circles in Figure 2.16. This is achieved either by setting a zero gradient for pressure 

at the FVM boundaries or by assigning an extremely large σ value on the FVM boundaries. By setting 

such a large σ value, the pressure of the blue boundary faces in the FVM domain would be equal to the 

pressure of the boundary cells in the FVM domain and thus equal to the pressure of the boundary nodes in 

the PNM domain. This is further shown in Figure 2.17 whereby a water filled cell P borders three water 

filled cells as well as a water filled boundary face B. 
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Figure 2.17: Water filled boundary cell volumetric flow rate balance. 

 

The East and West boundaries of the FVM domain are handled is the same way as the PNM East 

and West boundaries. A zero gradient of pressure is applied on both of these boundaries, insuring the 

pressure of the boundary cell in the FVM domain is equal to the pressure of the boundary node in the 

PNM domain. The value of σ on a boundary does not matter when a zero gradient of pressure is applied 

on the boundary as the volumetric flow rate is equal to zero because the pressure of the boundary face is 

explicitly set equal to the pressure of the boundary cell. The North boundary of the FVM domain like the 

North boundary in the PNM has a zero gauge pressure applied. To ensure that the FVM North boundary 

faces have the same pressure as the adjacent boundary cells (and PNM nodes) an extremely large value of 

σ is also set along the North boundary.  

Equation 2.15 is used to set the volumetric flowrate of water entering the FVM domain through 

the South boundary faces. Volumetric flowrates can be specified by setting a pressure gradient on the 

boundary. As an extremely large value of σ is set along the South boundary, the pressure gradient along 

the boundary needs to be scaled backed accordingly.  

First an appropriate volumetric flowrate of water produced based on Faraday’s Law is determined 

and then Equation 2.15 is rearranged so that the pressure gradient set on the South boundary is a function 
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of Q, σ and 𝐴𝑏𝑜𝑢𝑛𝑑  as shown in Equation 2.19. Whereby 𝑄𝑝 is the total volumetric flow rate of water 

produced over the entire South boundary and 𝐴𝑏𝑜𝑢𝑛𝑑 is the total area of the faces along the South 

boundary defined in Equation 2.20. 

 

 
∇𝑝 =

𝑄𝑝

𝜎𝐴𝑏𝑜𝑢𝑛𝑑
 

(2.19) 

 

 𝐴𝑏𝑜𝑢𝑛𝑑 = 𝑁𝑝𝑜𝑟𝑒𝐴𝑓 (2.20) 

 

Where 𝑁𝑝𝑜𝑟𝑒 is the number of faces or pores along the South boundary. By setting the boundary 

conditions in this fashion the pressure at the boundary faces of the FVM domain will be equal to the 

pressure at the boundary nodes of the PNM domain while also insuring consistent pressure boundary 

condition are applied between the two domains. A summary of the boundary conditions for the FVM 

domain are included in Table 2.1 whereby Neumann refers to a gradient boundary condition and Dirichlet 

specifies the value of the variable itself.  

 

Table 2.1: Boundary conditions for FVM implementation of a PNM. 

 

Boundary Name Pressure (P) Pore Conductivity (σ) 
North Dirichlet: 0 Dirichlet: 40000 

East Neumann: 0 Dirichlet: 0 

West Neumann: 0 Dirichlet: 0 

South Neumann: 
𝑄𝑝

𝜎𝐴𝑏𝑜𝑢𝑛𝑑
 Dirichlet: 40000 

 

 

2.3 Validating the FVM Implementation 
 

Two cases are created to validate the FVM implementation of the PNM with the PNM created by Medici 

[27]. The first case uses a constant pore radius across the entire domain to create a highly idealized case 

while the second case uses a Pore Size Distribution (PSD) taken from a Weibull distribution with a scale 

factor of 5.25, a shape factor of 3 and a minimum pore radius of 5 micrometers. The dimensions and 
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operating conditions are the same for each case and are summarized in Table 2.2 while the Weibull 

distribution for the 2nd case can be seen in Figure 2.18.  

 

Table 2.2: Domain geometry and operating conditions for validating the FVM PNM. 

Property Case 1 Case 2 

Domain Length (μm) 3000 3000 

Domain Height (μm) 300 300 

Nodes (or Pores) 121 x 13 121 x 13 

Pore Length (μm) 25 25 

Pore Radius (μm) 5.76 5-15 

Current Density (A/cm2) 1.5 1.5 

 

 

Figure 2.18: Pore size distribution for case 2. 

 

For both cases and for each method, a single-phase simulation is run to achieve steady conditions. 

The pressure profile for each method can be seen in Figure 2.19 for case 1 along with the differences in 

the pressure profiles.  
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Figure 2.19: The pressure profiles for the constant pore radii case for each method (PNM, openFOAM) and the 

difference in pressure between the two methods. 

 

The pressure profiles for case 2 can be seen in Figure 2.20 for each method on the next page and 

also includes the differences in the pressure profiles. 

It is clear that the pressure profiles for each method are almost identical, with pressure differences 

on the order of magnitude of 1x10-5 and 1x10-6 Pa for each case when the pressure is between 0.1 and 1 

Pa. The largest differences in pressure are seen near the bottom boundary, which is expected due to the 

way the pore conductivity was set to attempt to set the pressure of the boundary face equal to the pressure 

of the boundary cell in the FVM domain. This method obviously does exactly match the pressure of the 

boundary face to the pressure of the boundary cell or else there wouldn’t be flowrate entering through the 

South boundary. 
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Figure 2.20: The pressure profiles of the 2nd case for each method (PNM, openFOAM) and the difference in 

pressure between the two methods. 

 

With the general implementation of a PNM in a FVM framework formulated, the VOF method 

and coupling algorithms can be explored in the next chapter. 
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3. VOF Method and Coupling Strategy 
 

One of the main advantages of implementing the PNM in a FVM framework is being able to use available 

CFD software packages. These packages have built-in tools such as ODE solvers, mesh creation and 

alteration, built in thermodynamic and chemical reaction solvers and post processing plotting and data 

analysis tools. The CFD package that was used in the present work is openFOAM, which is an open 

source software package including pre- and post-processing tools.  

 The PNM will be coupled with a built-in openFOAM VOF solver, interFOAM, allowing for the 

use of one computational domain whereby the information from each subdomain is shared on a single 

interface plane. The governing equations used in the VOF method as well as the background theory will 

be addressed first and then the strategy used to couple the mass transport mechanisms of the channel to 

the PNM will be explored.  

 

3.1: The Volume of Fluid (VOF) Method 
 

The volume of fluids method is a technique for modelling free boundaries in a Eulerian mesh. A free 

boundary is a surface where a discontinuity in one or more fluid variables is present. Shock waves, 

material interfaces or the interface between fluids with different properties are all examples of free 

boundaries. When using a Eulerian representation of a domain, convective fluxes must be calculated to 

compute the flow of the fluid through the stationary mesh cells. An averaging of all the fluid element 

properties present within any given cell is required to calculate the convective fluxes, which causes a 

smoothing effect on all the variations of flow parameters as well as a smearing effect on discontinuities 

[41]. 
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3.1.1: Governing Equations 
 

The volume of fluid method uses a step function (F) that takes on a value of 1 if a particular fluid is 

present and a value of 0 if that fluid is not present. The value of F is defined for multiple locations within 

each cell but is averaged giving the fractional volume of fluid present (γ). Cells that have a value of γ 

between zero and one are called boundary cells and contain a free surface. The orientation or shape of the 

free surface within a boundary cell is defined by the normal direction of the interface. The normal 

direction to the boundary or interface is in the direction that the value of the step function changes most 

rapidly [41].  The interface is propagated using a scalar transport equation for γ and is updated at the start 

of every timestep using Equation 3.1 [42].  

 

 
 
𝑑𝛾

𝑑𝑡
+ ∇ ∙ (𝑼𝛾) = 0 

(3.1) 

 

When solving the incompressible Navier-Stokes equations using the VOF method, the continuity 

and momentum equations are solved for the entire flow field rather than a set of governing equations for 

each phase or fluid present. These conservation equations must therefore account for the differences in 

fluid properties and include a surface tension force that acts at the interface of the fluids. The local density 

and local viscosity are defined as a mixture of the density(ρ)/viscosity(μ) of each phase/fluid whereby the 

subscripts ‘a’ and ‘b’ represent the different fluids as shown in Equation 3.2 and 3.3 [42]. 

 

 𝜌 = 𝛾𝜌𝑎 + (1 − 𝛾)𝜌𝑏 (3.2) 

 

 𝜇 = 𝛾𝜇𝑎 + (1 − 𝛾)𝜇𝑏   (3.3) 

 

The momentum equation incorporates the surface tension force at the interface as a source term 

using a continuum surface force (CSF) model. The CSF model represents the surface tension in boundary 

cells as a continuous volumetric force that acts across all boundary cells and is the last term on the RHS 
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on the momentum equation [42].  The momentum equation included a CSF model is shown in Equation 

3.4. 

 

 𝑑𝜌𝑼

𝑑𝑡
+ ∇ ∙ (𝜌𝑼𝑼) =  −∇𝑝 + ∇ ∙ 𝝉 + 𝜌𝒇 + 𝜎𝜅∇𝛾 

(3.4) 

 

Whereby U velocity, p is pressure, τ is the stress tensor, f is the acceleration due to body forces 

(gravity in this case), σ is the surface tension coefficient and κ is the curvature of the interface shown 

below in Equation 3.5. 

 

 
𝜅 =  ∇ ∙ (

∇𝛾

|∇𝛾|
) 

(3.5) 

 

An interface compression term is often included that reduces interface smearing to produce a 

sharper interface. Rusche uses a compression scheme developed by Weller whereby the interface is 

compressed by introducing an artificial compression term into the scalar transport equation for γ, shown 

below in Equation 3.6.  

 

 𝑑𝛾

𝑑𝑡
+ ∇ ∙ (𝑼𝛾) + ∇ ∙ (𝑼𝑟𝛾(1 − 𝛾)) = 0 

(3.6) 

 

Whereby Ur is a velocity field suitable to compress the interface (Ur = Ua-Ub) and only acts in the 

boundary/interface cells. As it only acts along the interface the solution should not be significantly altered 

outside this region. The scalar transport equation for γ is bounded to only yield values between 0 and 1.  
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3.1.2: The Domain and Boundary Conditions 

As will be seen in Figure 3.1, air enters through the left side of the domain, water is injected into the 

channel somewhere along it’s length along the bottom boundary and both air and water are convected out 

of the domain at the outlet. The top wall represents the bipolar plate and is therefore impermeable while 

the bottom wall represents the PTL surface and is permeable, allowing the transport of air or water across 

the boundary. 

 

 

Figure 3.1: Domain description for the VOF flow channel simulations. 

 

interFOAM requires boundary conditions on three variables: pressure, velocity and alpha1 (water 

in this case). The alpha1 boundary conditions set on each boundary are summarized in Table 3.1. 

 

Table 3.1: Boundary condition definitions for alpha (water) in the flow channel. 

 

Boundary 

Name 

Water Inlet Air Inlet Top Wall PTL-Channel 

Interface 

Outlet 

Alpha1 

Boundary 

Condition 

Fixed Value: 1 Fixed Value: 0 Constant contact angle:  

45 degrees 

Constant contact angle: 

110 or 120 degrees 

Zero 

Gradient 

 

The alpha1 boundary condition on the outlet is set as a zero gradient such that the fluid present on 

a boundary face along the outlet is set equal to fluid that is present in the adjacent boundary cell. 
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The velocity boundary condition set on the PTL-Channel interface boundary is two-dimensional 

with a slip velocity in the x-direction calculated using the Beavers and Joseph slip condition [43] 

(Equation 3.7) and velocities applied in the y-direction based on the mass flow rate that must cross the 

PTL-channel interface to conserve mass (Equation 3.8). The two-dimensional velocity boundary 

condition applied on the channel boundary faces on the channel-PTL interface is shown in Figure 3.2 for 

a single PTL and channel cell. 

 

 

Figure 3.2: Two-dimensional velocity boundary condition applied on channel boundary face. 

 

 

 
𝑢𝑠 = −

𝑘

2𝜇
(
𝜎2 + 2𝛼𝜎

1 + 𝛼𝜎
)
𝑑𝑃

𝑑𝑥
 

(3.7) 

 

𝜎 =  
ℎ

√𝑘
 

 

 
𝑢𝑐 = ± 𝜎𝑏𝐴𝑏

𝑃𝑐 − 𝑃𝑏
1
2
𝐿

  
(3.8) 
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Whereby k is the permeability of the PTL, h is the height of the channel, 
𝑑𝑃

𝑑𝑥
 is the pressure 

gradient across the channel, μ is the viscosity and α is a dimensionless constant chosen to equal 1. In 

Equation 3.8 the subscript b refers to a boundary face and the subscript c to a boundary cell. The velocity 

boundary condition on the water inlet is set based on the conservation velocities (i.e. the mass flow rate 

that must cross from the PNM to the channel to conserve mass) and is one-dimensional as a slip velocity 

is not set. 

 The velocity boundary condition on the air inlet is specified as a fixed value while a non-slip 

condition in applied on the top wall. An advective boundary condition is set on the channel outlet for 

velocity. The advective boundary condition is a non-reflecting outflow boundary condition whereby the 

material derivative of a variable is solved at the boundary. When the velocity flux 𝜑 is used, the value of 

velocity at the boundary is obtained. The material derivative of the velocity flux is shown below in 

Equation 3.9 whereby 𝑢𝑛 is the velocity normal to the boundary.  

 

 𝐷𝜑

𝐷𝑡
=
𝜕𝜑

𝜕𝑡
+ 𝑢𝑛 ∙

𝜕𝜑

𝜕�̂�
= 0 

(3.9) 

 

Two different boundary conditions types are set for pressure, a fixed mean and a fixed flux 

pressure. A fixed mean pressure boundary condition of 0 is set on the outlet and ensures that the sum of 

all the pressure values on the outlet are equal to 0. All the other boundaries are assigned a fixed flux 

pressure, which calculates a pressure gradient based on the velocity flux difference at the boundary. 

Consider Equation 3.10, the momentum equation for face f once it has been discretized using the 

Rhie-Chow interpolation for collocated grids. 

 

 
𝒖𝑓 = (

𝒉

𝑎𝑝
)
𝑓

− (
1

𝑎𝑝
)
𝑓

∇𝑝 
(3.10) 
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Whereby 𝒖𝑓 is the face velocity, h is the off-diagonal components of the momentum equation, 𝑎𝑝 

are the diagonal components of the momentum equation, ∇𝑝 is the pressure gradient and the subscript f 

refers to the fact the expression in brackets are interpolated to face values. If this equation is dot product 

by the surface area vector (𝑺𝑓) and re-arranged to solve for the pressure gradient the resulting expression 

(Equation 3.11) is the surface normal pressure gradient set by the fixedFluxPressure boundary condition. 

 

𝑺𝑓 ∙ 𝒖𝑓 = 𝑺𝑓 ∙ ((
𝒉

𝑎𝑝
)
𝑓

− (
1

𝑎𝑝
)
𝑓

∇𝑝) 

 
∇𝑝 ∙ �̂� = ((

𝒉

𝑎𝑝
)
𝑓

∙ 𝑺𝑓 − 𝑺𝑓 ∙ 𝒖𝑓)
𝑎𝑝𝑓

|𝑺𝑓|
 

(3.11) 

 

The fixed flux pressure boundary condition calculates the pressure gradient based on the 

differences between the predicted velocity flux and the velocity flux from the pressure equation. As this 

boundary condition is directly linked to the pressure equation, improved stability is often seen. For a wall 

boundary, the flux difference is equal to zero and therefore this boundary condition behaves like a no flux 

(zero gradient) boundary condition.   

 

3.2 Proposed FVM Implementation of PNM 

The domain and boundary conditions of the FVM domain need to be formulated to model the added 

convective transport that coupling a channel adds to the PTL. As a slice of the PTL and channel is desired 

rather than modelling the entire width of the PTL, the upstream and downstream boundaries in the PTL 

must be altered to allow flow across them. Previously in Section 2.2 these boundaries were assigned no 

flux conditions so they behaved like walls in order to compare the FVM implementation with the original 

PNM. Instead the upstream boundary will behave like an inlet to model the incoming air and water that 

flows across this boundary and into the domain. The downstream boundary will behave like an outlet and 

allows for air or water to leave the domain across this boundary.  
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A simple representation of the channel and adjoining PTL can be seen in Figure 3.3 whereby a 

general velocity profile is shown in red.  

 

 

Figure 3.3: Simple representation of the coupled domains showing a general velocity profile. 

 

Air enters the domain either through the channel inlet 𝑄𝑎𝑖𝑟 or through the inlet boundary denoted 

by the purple arrow. Air can leave the domain through the outlet in either the channel or the PTL. As the 

resistance to the fluid flow in the channel is much lower than the resistance in the PTL, the convective 

transport normal to the channel-PTL boundary will be minimal in comparison to the convective transport 

in the streamwise direction. 

 

3.2.1 Domain and Boundary Conditions 
 

A simple representation of the FVM attached to the bottom of the channel is shown in Figure 3.4 

including the thickness of the domain T, the width of the domain W and the compass oriented boundary 

names. The thickness and width of the domain as well as the number of pores in each direction change 

depending on which PTL material is being represented. 
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Figure 3.4: Simple representation of FVM domain including compass oriented boundary names. 

 

The PTL domain is created to allow convective transport across the North, East and West 

boundaries in the PTL. The East boundary is downstream of the domain and will act like a two-phase 

outlet while the upstream boundary, West, will behave like a two-phase inlet. The North boundary 

connects the FVM domain to the channel domain and therefore needs to allow flow both into and out of 

the PTL. As a result, the North boundary behaves like a two-phase inlet or outlet depending on the sign of 

𝑢𝑐 for each boundary face. Water is generated at the South boundary by setting a volumetric flowrate 

based on the current density the cell is operating at and this will be discussed in the subsequent section. 

The two variables used in the governing equation of the PTL domain are pressure and pore 

conductivity and as a result all of the boundary conditions for the PTL domain must be cast in terms of 

pressure and pore conductivities. Volumetric flow rates into or out of the domain can be set as a boundary 

condition by setting a gradient condition for pressure at the boundary.  

The East and West boundaries are assigned a gradient boundary condition for pressure that is 

equal to the pressure gradient across length of the domain allowing for convective transport of either air 

or water across these boundaries. By setting the boundary conditions this way it ensures that the pressure 

across the width of the PTL domain including the boundaries, decreases at a uniform rate that is equal to 

that which is imposed by the channel above as shown in Figure 3.5 where the pressure drop across the 

domain is plotted including the pressure of the East and West boundaries at x/W = 1 and x/W = 0.  
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Figure 3.5: Diagram of PTL showing pressure drop across the width of the domain. 

 

The fluid present on the East and West boundaries are set in a symmetric fashion such that ghost 

cells located on the outside of the computational domain are assumed to have the same fluid as the 

boundary face as seen in Figure 3.6. The boundary faces all contain half length pores and are therefore 

assigned a capillary pressure and associated source term if an adjacent cell is filled with a different fluid. 

If the water from a boundary cell invades and fully saturates the boundary pore the face is set as liquid 

filled.  

Therefore, if air is the fluid present on a boundary face along the East or West boundaries these 

boundaries will behave like an air inlet/outlet. If the boundary face is set as liquid filled the face will act 

like an water inlet/outlet. The red dotted lines in  Figure 3.6 represent ghost cells outside the domain that 

show the symmetrical condition for the fluid present.  

 

 

Figure 3.6: Symmetry condition for fluid present on East and West boundaries. 
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When a coupled simulation is run, the pressure values on the PNM side of the North boundary are 

directly set equal to the pressure values on the channel side of the North boundary. This is where the 

coupling of the two domains takes place and where information is passed between both domains. 

Previously in Section 2.2, in order to compare the FVM implementation of a PNM to the original PNM, 

the boundary conditions of the FVM domain were set so that the pressure of the boundary face was equal 

to the pressure of the boundary cell. This is not desired anymore as convective transport across these 

boundaries is the intended goal and setting the pressure of the boundary face equal to the pressure of the 

boundary cell stops flowrates across the boundaries.  

Previously in Section 2.2, the boundary conditions for the pore conductivity were set in two 

different ways. It was set equal to a very large value or it was set to an arbitrary value because a zero 

gradient pressure condition was already applied on that specific boundary. For the boundaries with a zero 

gradient boundary condition for pressure, the value of the pore conductivity does not matter because the 

flowrate has been set explicitly equal to zero due to the pressure boundary condition. As convective 

transport is desired across the North, East and West boundaries, the pore conductivity is set based on the 

fluid present in the adjacent cell and the radius of the boundary pore. The pore conductivity is restated 

below in Equation 3.12. 

 

 
𝜎 =

𝜋𝑟4

8𝜇𝐴𝑓
 

(3.12) 

 

The viscosity term in Equation 3.12 is set in a similar manner to that described previously 

whereby if water is present in a boundary cell, the adjacent boundary face has a viscosity value of water. 

The boundary conditions for the FVM domain that will be coupled to the channel are summarized in 

Table 3.2. 
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Table 3.2: Boundary conditions for FVM domain that is coupled to VOF channel. 

 

Boundary Name Pressure (P) Pore Conductivity (σ) 
North Dirichlet: 𝑃𝑐ℎ𝑎𝑛𝑛𝑒𝑙 Dirichlet: 

𝜋𝑟4

8𝜇𝐴𝑓
 

East Neumann: ∇𝑃𝑐ℎ𝑎𝑛𝑛𝑒𝑙 Dirichlet: 
𝜋𝑟4

8𝜇𝐴𝑓
 

West Neumann: ∇𝑃𝑐ℎ𝑎𝑛𝑛𝑒𝑙 Dirichlet: 
𝜋𝑟4

8𝜇𝐴𝑓
 

South Neumann: 
𝑄𝑝

𝜎𝐴𝑏𝑜𝑢𝑛𝑑
 Dirichlet: 40000 

 

 

3.2.1.1 From Current Density to Volumetric Flow Rate 

The liquid water generated through the electrochemical reactions in the cathode catalyst layer is modeled 

as a Neumann boundary condition for pressure resulting in a volumetric flow rate of water being 

produced (𝑄𝑏) at the boundary.  It is assumed that the rate of water generation is constant across the 

bottom of the PTL as is done in many PEMFC PNMs in literature and therefore a constant pressure 

gradient is set as the boundary condition across the bottom of the domain. This validity of the assumption 

that the water generation rate is constant over the bottom boundary is debatable as water enters the PTL at 

preferential locations often at cracks in the Micro Porous Layer (MPL). 

 The pressure gradient used to set a volumetric flow rate of water is derived from Faraday’s Law 

of Electrolysis and the full derivation is shown below as the choice of the variables significantly affects 

the results. First the Faraday’s Law of Electrolysis is defined below in Equation 3.13. 

 

 
 𝐼 =  

𝑚 𝑛 𝐹

𝑀 𝑡
 

(3.13) 

 

Whereby, I is the current, m is the mass of product produced, n is the number of electrons 

transferred, F is Faraday’s constant, M is the molar mass of the product and t is the time elapsed. The 

volume of product produced (V) is defined in terms of mass an density (𝜌), substituted into Equation 3.13 

and is reformulated in terms of the volume of product produced in Equation 3.14. 
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𝑉 =  

𝐼 𝑀 𝑡

𝑛 𝐹 𝜌
 

(3.14) 

 

The volumetric flow rate of the product (Q) is defined and Equation 3.14 is divided by time elapsed (t) to 

obtain Equation 3.15.  

 

 
 𝑄 =  

𝐼 𝑀 

𝑛 𝐹 𝜌
 

(3.15) 

 

Current is defined in terms of current density (j) and active area (𝐴𝑎𝑐𝑡𝑖𝑣𝑒) and substituted into 

Equation 3.15 resulting in the volumetric flow rate of product produced, Equation 3.16. 

 

 
 𝑄 =  

𝑗 𝐴𝑎𝑐𝑡𝑖𝑣𝑒 𝑀 

𝑛 𝐹 𝜌
 

(3.16) 

 

The active area of the two-dimensional computational domain is equal to the to the area of the 

South boundary which is defined in Equation 2.20. Equation 2.20 is substituted into Equation 3.16 to get 

the volumetric flow rate of water produced in the PNM domain, Equation 3.17. 

 

 
𝑄 = 

𝑗 𝑁𝑝𝑜𝑟𝑒𝐴𝑓  𝑀 

𝑛 𝐹 𝜌
 

(3.17) 

 

The term 𝑁𝑝𝑜𝑟𝑒 is the number of pores or faces along the South boundary. Equation 3.17 is 

substituted into Equation 2.19 to get the pressure gradient boundary condition that generates water at the 

South boundary of the FVM domain is obtained, Equation 3.18. 

 

 
∇𝑃 =

𝑗𝑀𝐻2𝑂 

2 𝐹 𝜎𝑆𝑜𝑢𝑡ℎ 𝜌𝐻2𝑂
 

(3.18) 
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3.2.2 PTL Material Representation 
 

Two common PTL materials, Toray 090 and SGL 10BA, are represented using a Weibull distribution and 

domain dimensions that are representative of these two materials. Domain dimensions and Weibull 

parameters will be taken from work by Gostick et al [29] who used a spatial correlation of pore sizes 

which groups pores of similar radii and length together, allowing for highly porous and therefore 

preferential pathways within the material. This grouping of similar sized pores acts to increase the 

permeability of the material by up to 20% bringing it in-line with measured values. 

The final Weibull parameters, mean pore diameter and lattice lengths (distance between pore 

nodes) used by Gostick are listed in Table 3.3. The lattice length values were altered to match the porosity 

of each material sample while also ensuring it was larger than the max pore diameter. 

 

Table 3.3: Weibull and pore network parameters for Toray 090 and SGL 10BA materials for Gostick’s Model [29]. 

Material Scale Factor Shape Factor Mean Pore 

Diameter (um) 

Lattice Length 

(um) 
Toray 090 5.25 3 19 25.2 

SGL 10BA 9 3.5 33 40.5 

 

The experimentally determined porosity, permeability’s and thickness of the two materials are 

listed in Table 3.4 along with the permeability calculated from Gostick’s model. 

 

Table 3.4: Material Properties of Toray 090 and SGL 10BA [29]. 

Material  Porosity  Experimental Through-

Plane Permeability (m2) 

Model Through-

Plane Permeability 

(m2) 

Thickness (um) 

Toray 090 0.78-0.80 9.0x10-12 9.5x10-12 290 

SGL 10BA 0.88-0.90 37x10-12 39x10-12 390 

 

The model being considered consists of pores that have a constant length (equal to the lattice 

length) and circular cross-sectional areas. However, a spatial correlation of pore sizes is not incorporated 

into the current PNM. In order to create a pore size distribution that matched the porosity, mean pore 
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diameter and Weibull distribution parameters of the Toray 090 and SGL 10BA samples, small changes 

had to be made to the thickness of the materials.  For each material, a variety of sample sizes of different 

randomly generated realizations of each PSD are created using the same parameters and averaged to get a 

suitable statistical representation. A summary of these properties used in the current model for each 

material can be seen in Table 3.5. 

 

Table 3.5: Pore network parameters for Toray 909 and SGL 10BA materials used in current model. 

Material  Porosity  Through-Plane 

Permeability (10-12 m2) 

Thickness 

(um) 

Mean Pore 

Diameter (um) 

Lattice 

Constant 

(um) 

Toray 090 0.7963 +/- 0.0139 10.88 +/- 0.52  302.4 19.08 +/-  0.16 25.2 

SGL 10BA 0.898 +/- 0.012 33.58 +/- 1.42 405 32.96 +/- 0.22 40.5 

 

Although the through-plane permeability’s and thicknesses are not an exact match to the values 

used in Gostick’s model, they are of the same order of magnitude as the values determined by Gostick et 

al. The width of the FVM domain is altered throughout the subsequent chapters and will be specified.  

 

3.3: Coupling Strategy 
 

The coupling of the PNM in a FVM framework with the VOF method is done in a partitioned manner, 

whereby separate governing equations are solved in each region. The channel region is modeled using the 

openFOAM built-in VOF solver, interFOAM, while the previously described PNM is used to model the 

PTL. As the simulations will be two-dimensional, these two regions will be coupled at a single interface 

patch (North boundary) comprising of boundary faces of each region. The number of boundary faces that 

make up each regions North boundary do not need to be equal. However, the number of channel faces on 

the boundary patch must be an odd multiple of the number of faces on the FVM boundary patch to ensure 

that the middle channel face lines up exactly with the FVM face.  
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The coupling method used is known as Dirichlet-Neumann partitioning, whereby a Dirichlet 

(fixed value) boundary condition is imposed on one side of the North boundary and a Neumann (gradient) 

boundary condition is applied on the other side of the North boundary. For this particular case, a 

Neumann pressure boundary condition is applied on the channel North boundary while a Dirichlet 

pressure boundary condition is applied on the PNM North boundary. The values of pressure will be 

passed from the channel side of the North boundary to the PTL side and this process will be repeated until 

the pressure residual of coincident faces falls below a specified tolerance.  

 

3.3.1: Ensuring Conservation Across the North Boundary Before Breakthrough 
 

In order for the two domains to be coupled correctly, the mass flow rate on either side of the North 

boundary must be consistent. If all the pores along the North boundary are filled with air, as is the case 

before breakthrough, it is very simple to ensure conservation of mass across the boundary.   

 Equation 3.8 is used to calculate the velocity on the PTL side of the North boundary that 

conserves mass across the boundary. An example of the two-dimensional velocity applied on the channel 

North boundary is shown in Figure 3.7 including the conservation velocity 𝑢𝑐 and slip velocity 𝑢𝑠. 

 

 

Figure 3.7: Two-dimensional velocity boundary condition applied on channel boundary face. 



75 

 

 The velocity calculated by Equation 3.8 is the velocity on the PTL side of the North boundary and 

is equal to the velocity that will be applied on the channel side of the North boundary if there is one 

channel face for every one PTL face. However, if there are more faces in the channel along the North 

boundary than there are on the PTL side of the North boundary, the PTL mass flowrate needs to be 

equally distributed among the channel faces. 

Using more faces along the channel North boundary in comparison to the number of faces along 

the PNM North boundary allows for more complex boundary conditions that better model’s porous 

media. Consider Figure 3.8, whereby there are seven channel faces for every one PNM face along the 

North boundary. 

 

 

Figure 3.8: 7 To 1 Boundary face ratio. 

 

Only the purple channel faces will be assigned velocities because their entire face area is 

contained within the adjacent pore (red outline) of the PTL. The channel boundary faces connected to the 

non- purple filled cells in Figure 3.8 would be assigned a velocity of 0 for 𝑢𝑐 and 𝑢𝑠. Therefore, the 

channel velocities for each of the purple faces 𝑢𝑐𝑐ℎ𝑎𝑛𝑛𝑒𝑙 , will be assigned by Equation 3.19, whereby 𝑢𝑐 is 

the velocity calculated in the PTL using Equation 3.8, N is the number of channel faces contained within 

the PNM pore, 𝐴𝑓𝑖
 is the face area of each channel face and r is the radii of the PNM pore.  

 

 
𝑢𝑐𝑐ℎ𝑎𝑛𝑛𝑒𝑙 = (

𝜋𝑟2

∑ 𝐴𝑓𝑖
𝑖=𝑁
𝑖=1

𝑢𝑐)    
(3.19) 
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Figure 3.9: Equally distributed channel velocity set at North boundary in channel domain. 

 

By assigning velocities in this manner there will be faces in the channel North boundary that are 

representative of the solid matrix of the PTL material (zero velocity) and faces that are representative of 

the porous portion of the PTL material (non-zero velocity). The underlying assumption used to set the 

velocity boundary condition in this manner is that the fluid on either side of the North boundary is 

uniform. 

   

3.3.2: The Three Stages of The Coupled Simulation 
 

There are three basic steps to the coupled simulation; the initialization step, the water advancement in the 

PTL only and the fully coupled step after water breakthrough. When the initialization step is completed, 

the domains are fully coupled and steady over time. The boundary conditions in the PNM are kept 

constant and the PNM only is solved. After water breakthrough, the fully coupled algorithm will be used 

to advance the water front in both the PTL and channel. This method of only solving the PNM before 

water breakthrough was chosen to drastically reduce computational costs and because the pressure 

solution in the PTL remains relatively constant before breakthrough.  

 

3.2.2.1: The Initialization Step 

 

The first step of the coupled simulation is to achieve steady, fully developed flow in the PTL and channel. 

The advancement of the water fields in each region is ignored and the governing equations are solved in 

each region using the dynamic boundary conditions described previously, proceeding through time until 
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the pressure solution is steady. The basic premise of the initialization step is as follows; the flow channel 

is solved using the initial conditions, the pressure values are passed from the channel North boundary to 

the PNM North boundary and the PNM is then solved. Conservation of mass is used in the cells along the 

PNM North boundary to calculate interface velocities that are passed back across the North boundary to 

set associated channel velocities on the channel North boundary. The current pressure gradient of the 

channel is used to calculate and set a slip velocity depending on the Beavers and Joseph condition and the 

channel is re-solved. This process is repeated until the pressure drop across the channel and the boundary 

conditions along the North boundary become constant within the current time step. Additional inner loops 

and velocity smoothers are often included to improve stability. The velocity smoothers limit how quickly 

the velocity along the North boundary can change within a timestep. 

The algorithm proceeds to the next time step and the coupling procedure is repeated until the 

boundary conditions on the North boundary become constant over multiple time steps (i.e. the flow is 

steady), at this point the initialization step is completed and the algorithm automatically enters the second 

step. The flow chart for the initialization step is very similar to the flow chart for the fully coupled step 

(included in Section 3.2.2.3) and includes numerous extra inner iterations for numerical stability and due 

to the use of dynamic boundary conditions. 

 

3.2.2.2: The PNM Water Advancement Step 

 

Using the boundary conditions calculated from the steady channel and PNM, the PNM is solved 

exclusively, advancing water in the PNM until one of the pores on the North boundary is fully saturated 

with water (i.e. water breakthrough). At this point, the simulation is completely stopped, as a new mesh 

needs to be created.  
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3.2.2.2.1: Re-Meshing Domain 

 

In Section 3.1.2 the constant contact angle boundary condition for water in the channel was described. As 

the location of water breakthrough is not known until the simulation is performed, the location of the 

injection pore is not known either. Therefore, it is impossible to know which boundary faces should be 

assigned a constant contact angle boundary condition for water and which boundary faces are the 

injection pores and therefore should have a fixed value of 1 for water. The algorithm uses openFOAM 

built in utilities (topoSet, createPatch) to dynamically create a new mesh that includes two boundary 

patches for each regions North boundary, the air patch and the injection patch. This new mesh uses the 

final field values of the PNM water advancement step as the initial conditions for the fully coupled step 

after breakthrough. 

The injection patch contains the PNM breakthrough face (or injection pore) along with the 

corresponding number of adjacent channel faces. This patch is assigned a fixed value of 1 for the water 

variable on the channel side if the channel faces are contained within the injection pore area; a fixed value 

of zero is set otherwise. All the other PNM and channel interface faces are stored in the air patch and are 

assigned a fixed contact angle boundary condition for water. If during the fully coupled step, there is 

another breakthrough location, the simulation will be stopped, and another mesh will be created to include 

the new breakthrough faces in the injection patches.  

 

3.2.2.3: Fully Coupled Step After Breakthrough 

 

As the water starts to block a large portion of the channels height there will be very large pressure 

gradients across the channel due in part to the fact a two-dimensional domain is being used. These large 

pressure gradients cause slip velocities that are unnaturally high using the Beavers and Joseph equation as 

now there are two-phases present in the channel. Due to the unnaturally high slip velocities as well as 

numerical instabilities and higher computational costs, the slip velocities calculated during the 

initializations step and set as a constant value during the PNM water advancement step are also set as a 

constant value for the fully coupled step.  
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A flow chart of the fully coupled algorithm can be seen in Figure 3.10. The algorithm used for the 

fully coupled step comprises of three basic parts; the first part of the algorithm is to advance the water 

fields in both the PTL and the channel based on the converged field values of the previous timestep 

shown in blue in Figure 3.10.  

The algorithm then enters the outer loop shown in purple, for each outer loop a new velocity 

boundary condition is calculated and set along the North boundary. The converged pressure values in the 

channel from the previous timestep (or previous outer loop) are passed from the channel to the PTL. The 

governing equations in the PTL are then solved, and a new velocity boundary condition is calculated in 

the PTL and set across the North boundary in the channel. The governing equations in the channel are 

then solved and the algorithm enters the inner loop denoted in green in Figure 3.10. 

The final step is an inner loop whereby the velocity boundary condition calculated previously in 

the outer loop is held constant and the domains pressure solutions are coupled for the new velocity 

boundary condition. This is accomplished by passing the pressure values from the channel to the PTL and 

then solving the governing equations in the PTL domain. The governing equation in the channel are then 

solved and this process is repeated until the pressure residual across the North boundary falls below a 

specified tolerance 

The outer loop is iterated until the boundary conditions on the North boundary stop changing. 

Once the outer loop is completed the algorithm proceeds to the next time step. Often velocity smoothers 

are included before the inner loop that limits how quickly the velocities along the North boundary can 

change between successive outer loops to improve the numerical stability of the method.  
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Figure 3.10: Fully coupled algorithm flow chart. 
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4. Pre-Water Breakthrough 
 

Water breakthrough refers to the point when a pore located on the North boundary that separates the PTL 

and channel fills with water and water starts to enter the channel for the first time. Pre-water breakthrough 

simulation have boundary conditions that are a lot easier to formulate in comparison to post-water 

breakthrough simulations as only one phase is present on the North boundary. Pre-water breakthrough 

simulations are more numerically stable than post-breakthrough simulations as changes in the mass flow 

rates crossing the boundary are much smaller. 

 As air travels down a channel there is a pressure drop due to viscous losses. When a channel is 

coupled to a PNM, this pressure drop will be seen in the PNM at the North boundary and the purpose of 

this chapter is to determine the effects of a pressure gradient on the water distribution in the PNM before 

breakthrough. Before this can be tested, the correct domain and associated boundary conditions need to be 

formulated as well as determining common pressure gradients seen across the coupled domain. Consider 

the two representations of the PTL in Figure 4.1, in Figure 4.1a the entire width of the PTL is modelled 

and therefore the East and West act as walls with no transport across them. In Figure 4.1b a slice of the 

PTL is modelled and therefore the East and West boundaries must allow convective transport. 

 

  

(a)                                                                          (b) 

Figure 4.1: Domain with boundary patches labeled in blue: a) domain consisting of entire PTL with no flux 

conditions applied on West/East boundaries. b) Domain consisting of slice of PTL with pressure gradient conditions 

applied on West/East boundaries. 

 

These two representations of the PTL seen in Figure 4.1 will be compared before the water fields 

in the PNM are advanced to determine the influences of the convective or wall East/West boundaries. 
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4.1: Pressure Gradients Before Breakthrough 
 

A variety of air inlet velocities and domain widths are set and coupled simulations are run until the end of 

the initialization stage to determine common pressure gradient seen across the coupled domain before 

breakthrough. Before this is investigated, the differences in the pressure and velocity fields are compared 

for the two representations of the PTL, the slice and the entire width. A domain width that is four times 

larger than the Toray based PSD (1008 μm) specified in Section 3.2.2 is used in the next section because 

the original width is too small to represent a PTL with end plates. 

 

4.1.1 Effect Of Convective Boundaries On Pressure and Velocity On North Boundary 

 

After Stage 1 of the coupled simulation, the PNM and channel are fully coupled and have steady pressure 

solutions with two-dimensional velocities set across the North boundary of these two domains. 

 The two different representations of the PTL domain in Figure 4.1 are compared, the first domain 

represents the entire width of the PTL and the second domain, a slice of the PTL. The velocities and 

pressure values along the North boundary are compared for each of the two simulations to determine the 

influences of the convective East/West boundaries.   

 The coupled domain dimensions, air inlet velocity, pressure gradient across channel, pressure 

gradient used to set a volumetric flow rate of water into the domain as well as the PSD information for a 

Toray based PSD are included in Table 4.1. The air/water properties are calculated at standard 

atmospheric pressure and 80 degrees C resulting in a Reynolds Number of 82 in the channel.  

A longer domain length is used and is not set equal to the actual width of a real Toray 090 PTL as 

the computational costs of the coupled simulation would be extreme. The velocity and pressure values on 

the North boundary for both simulations are compared to determine how far the wall effects permeate into 

the computational domain.  
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Table 4.1: Domain dimensions, fluid properties and PSD for couple simulation to show the effects of a convective 

upstream and downstream boundary. 

Variable Name Variable Value – [Dimensions] 
PTL Height 302.4 [μm] 

Channel Height 250 [μm] 
PTL and Channel Length 4032 [μm] 

Pore Length 25.2 [μm] 

Number of Pores 160 x 12 

Mean Pore Radii 9.1 [μm] 

Current Density 1 [A/cm2] 

𝜌𝐻2𝑂 971.73 [kg/m3] 

Air Inlet Velocity 5 [m/s] 

PSD Weibull Parameters Scale Factor = 5.25 

Shape Factor = 3 

Pressure Gradient Across Channel -21165.127 [Pa/m] 

Contact Angle 110 [Degrees] 

 

 The pressure as a function of the boundary face index number across the North boundary can be 

seen in Figure 4.2 whereby a low index number refers to faces close to the inlet and high index numbers 

refer to faces close to the outlet. The blue ‘No Convection’ curves refer to the domain where the entire 

width is modelled including bipolar plates and therefore there is no convection across the East/West 

boundaries. The orange ‘Yes Convection’ curves refer to the slice of the channel-PTL domain where there 

is convection across the East/West boundaries. 

 

 

Figure 4.2: Pressure as a function of the boundary face index across the North boundary with and without 

convection. 
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Clearly the convective boundaries have a negligible effect on the pressure values along the North 

boundary as seen in Figure 4.2. The pore velocity as a function of the boundary face index across the 

North boundary can be seen in Figure 4.3. 

 

 

Figure 4.3: Pore velocity as a function of the boundary face index across the North boundary with and without 

convection. 

 

As can be seen from Figure 4.3 there are large negative values of velocity for the non-convective 

case near the air inlet (index of 0) with large positive values of velocity near the channel outlet (index 

number of 160). This distribution illustrates how the air enters through the channel inlet and moves 

downwards into PTL, travelling through the PTL until it reaches the East wall at which point it moves up 

and out of the PTL into the channel outlet.  

The very large positive velocity seen near the inlet (i.e. flow out of the PTL) for the convective 

case is likely attributed to the choice of setting a constant velocity across the channel inlet rather than a 

fully developed profile. Setting a constant air inlet velocity causes a positive y component of velocity 

along the bottom of the channel and a negative y component of velocity along the top of the channel near 

the channel inlet as the flow quickly changes to a fully developed profile. An example of this is shown in 
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Figure 4.4. The non-linear pressure drop seen in Figure 4.2 near the inlet is also attributed to the constant 

air inlet boundary condition in the channel. 

 

 

Figure 4.4: Large positive and negative velocities in the transverse direction near the channel air inlet. 

 

 

Large negative values of velocity are seen near the downstream boundary for the convective case 

and illustrate a possible suction like effect of setting a pressure gradient at the downstream (East) 

boundary. Between a face index number of 25 and 140 the pore velocities for both the convective and 

non-convective case have almost identical values. This gives insight into how far into the domain the 

effects of the non-flux boundary conditions on the East and West boundary change the pressure and 

velocity solution of the internal field. Before a face index number of 25 and after a face index number of 

140 represents the area where near wall effects occur. Although computationally expensive, using a very 

long domain with non-flux boundary conditions on the upstream and downstream boundaries would result 

in the majority of the domain having purely convective effects with a very small proportion feeling 

perturbations from the near wall effects. As the near wall effects for the 4032 μm domain are only felt by 

roughly 25% of the entire domains width, the domain is deemed adequately long and can be used for 

further testing.  

As the slice of the PTL and PTL with end plates have the same pressure solution along the North 

boundary, the PTL domain with end plates will be used in Section 4.1.2 to determine common pressure 

gradients seen across the coupled domains before breakthrough. The PTL domain with end plates was 
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chosen because this representation of the PTL is often used in literature and therefore the pressure drops 

seen across the North boundary can be directly incorporated into the models in literature. 

 

4.1.2 Typical Pressure Gradients Before Breakthrough 

Two different domain widths will have four different air inlet velocities applied to determine their 

influence on the pressure gradient across the coupled domains. These domain widths, inlet velocities and 

fluid properties can be seen in Table 4.2 and a Toray based PSD is used. 

 

Table 4.2: Domain dimensions, fluid properties and PSD for couple simulations 

Variable Name Variable Value – [Dimensions] 
PTL Height 302.4 [μm] 

Channel Height 250 [μm] 
PTL And Channel Lengths 1008, 4032 [μm] 

Pore Length 25.2 [μm] 

Number of Pores 40 x 12, 160 x 12, 640 x 12 

Mean Pore Radii 9.1 [μm] 

∇𝑃𝑦𝐿𝑜𝑤 4.536 x 10-11 [Pa/m] 

𝜌𝐻2𝑂 971.73 [kg/m3] 

Air Inlet Velocity 0.5, 1, 5, 10 [m/s] 

PSD Weibull Parameters Scale Factor = 5.25 

Shape Factor = 3 

Contact Angle 110 [Degrees] 

 

The pressure drop across the North boundary for each domain at all four air inlet velocities are 

plotted as a function of distance from the inlet normalized by the width of the domain in Figure 4.5. As 

expected, the longer domain simulations have a larger pressure drop at the same inlet velocity and as the 

inlet velocity increases there is a drastic increase in the pressure drop along the North boundary. As the 

air inlet velocity is increased the non-linear portion of the pressure drop seen near the air inlet becomes 

larger and effects more of the boundary faces along the North boundary. However for each domain width 

and air inlet velocity, the vast majority of the pressure drop is linear as expected with a slight instability in 

the pressure drop across the 1008 μm domain at 10 m/s as seen in Figure 4.5. 
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Figure 4.5: Pressure across North boundary plotted as a function of the normalized distance from air inlet including 

the pressure drop at 0.5, 1, 5 and 10 m/s and domain lengths 1008 and 4032 μm. 

 

The absolute value of the pressure gradient across the coupled domain is plotted in Figure 4.6 as a 

function of the air inlet velocity for both the 1008 and 4032 μm domain. 

The pressure gradients at the two lower velocities (0.5 and 1 m/s) are extremely similar for both 

domain width but as the air inlet velocity starts to increase the pressure gradient at each domain width 

start to deviate. Common air inlet velocities in PEMFC channels vary from 5 to 10 m/s and the pressure 

gradient at each of these inlet velocities will serve as guidelines for common pressure gradients seen 

across each domain width. 
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Figure 4.6: Absolute value of pressure gradient across coupled domain as a function of air inlet velocity for 1008 

and 4032 μm width domains. 

 

Therefore, for coupled domains that are 1008 μm wide the expected pressure gradient range is      

-77.7 kPa/m to -30.9 kPa/m and for the 4032 μm wide coupled domain the expected pressure gradient 

range is -46.2 kPa/m to -20.7 kPa/m. 

Before the influence of a pressure gradient on the water distribution in a Toray and SGL samples 

can be determined, the air pressure in the PTL as the water front progresses is investigated for the coupled 

simulation. If the air pressure in the PTL remains relatively constant as the water front progresses, a 

coupled simulation is not required after the initialization step. Instead just the PNM can be solved because 

if the boundary conditions are constant in the PNM as the water front progresses for a coupled simulation, 

there will be no differences in the pressure field of the PNM if only the PNM is solved.  
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4.2: Air Pressure in PTL As Water Front Progresses 
 

After the initialization step is completed, only the PNM domain is solved, and the simulation is stopped 

when the water reaches the second row of cells in the PNM for the first time as well as when the water 

reaches rows 9 to 11 for the first time. At each of these points, the channel and PNM domains are fully 

recoupled and the pressure and pore velocities along the North boundary are recorded. An example of the 

FVM domain with the cell rows labelled is included in Figure 4.7 whereby the water is initialized in all 

the cells in row 1 during the initialization step. 

 

 

Figure 4.7: FVM domain with cell rows labelled. 

 

The domain dimensions and operating conditions are given in Table 4.1 and the air/water 

properties are calculated at standard atmospheric pressure and 25 C resulting in a Reynolds Number of 80 

in the channel. The PSD used was the Toray based PSD described previously.  

The domain chosen was the entire length of the PTL shown in Figure 4.1a as this domain should 

have more drastic changes in the pressure/velocity values near the East and West boundaries as the water 

front progresses as these boundaries behave like walls. Another benefit of using the domain in Figure 4.1a 

is that mass conservation is guaranteed before breakthrough while the domain in Figure 4.1b does not 

guarantee mass conservation. There is still a pressure drop across the width of the PTL due to the pressure 

drop along the PTL-channel North boundary that couples the two domains. 
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Table 4.1: Domain dimensions and operating conditions for air pressure in PTL before breakthrough simulations. 

 

Variable Name Value – [Dimensions] 
Current Density 1 [A/cm2] 

Air Inlet Velocity in Channel 5 [m/s] 

Channel Thickness 250 [μm] 

PTL Thickness 302.4 [μm] 

Channel and PTL Length 4032 [μm] 

Contact Angle 120 [o] 

Channel to PNM Face Ratio 7  

 

It can be seen in Table 4.2 that the pressure drop across the channel remains constant and 

consistent with the original pressure drop after the initialization step (i.e. water at row 1). This is 

important as the pressure gradient across the channel is used to set the slip velocity boundary condition in 

the channel. Therefore, a constant pressure gradient across the channel as the water front advances in the 

PTL results in a constant slip velocity boundary condition. 

 

Table 4.2: Pressure drop across channel when the domains are recoupled 

when the water reaches row 2 and 9 to 11. 

Row Number  Pressure Drop (Pa) 
1st 83.62 

2nd  83.62 

9th  83.63 

10th  83.63 

11th  83.63 

 

The pressure drop across the North boundary of the PTL is plotted in Figure 4.8 including the 

original pressure solution after the initialization step as well as the pressure solutions when the water 

reaches rows 2, 9, 10 and 11.  
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Figure 4.8: Pressure drop across the North boundary as a function of the boundary face index number. 

 

It is clear from Figure 4.8 that the pressure remains constant across the North boundary as the 

water front advances in the PNM. This is important because the North boundary is the only place that 

supplies information from the channel to the PNM. If the pressure along the North boundary is constant 

as the water front advances in the PNM, the boundary conditions of the PNM remain constant. As the 

boundary conditions of the PNM remain constant as the water front advances, there is no need to fully 

couple the PTL and channel after the initialization step but before breakthrough as there will be no 

discernable differences if only the PNM is solved. However, the coupling during the initialization step is 

still required to obtain valid boundary conditions for the PNM domain. 

Another important detail of Figure 4.8 is that the pressure drop is largely linear as expected and 

has the same slope as the water front progresses. Therefore, a simple constant linear pressure distriubtion 

could be set as a boundary condition along the North boundary of the PNM before breakthrough and only 
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the PNM would need to be solved until breakthrough. The convective effects of the channel would still be 

captured, and the computational costs would be drastically reduced. 

The velocity across the PNM faces of the North boundary are plotted in Figure 4.9 including the 

original velocities after the initialization step as well as velocities when the water reaches rows 2, 9, 10 

and 11. 

 

 

Figure 4.9: Velocity across PNM North boundary as a function of the boundary face index number. 

 

It can be seen from Figure 4.9 that there are large differences in the velocities along the North 

boundary as the water front progresses, specifically near the East boundary (face index value of 160). 

This is attributed to the collection of water near the East end of the domain as seen in Figure 4.10.  
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Figure 4.10: Water distribution in PNM when the water reaches the 11th row. 

 

As the differences in the velocity profile as the water front advances does not actually change the 

pressure values along the North boundary, the mass transport mechanisms of the water transport will 

remain unchanged in the PNM. However, if heat transfer and species transport were incorporated into the 

PNM, these different pore velocities could drastically change the concentration and temperature fields in 

the PNM depending on the Peclet number. Therefore, only solving the PNM with constant velocities 

along the North boundary after the domains are fully coupled would not be advised. Instead the domains 

would need to be recoupled after a new row of cells is filled with water for the first time to calculate and 

set the new velocities boundary conditions on the North boundary. 

However, for the current model only mass transport mechanisms pertaining to water transport are 

being considered. Therefore, after the flow fields are fully initialized in both the channel and the PTL, 

only the PNM will be solved until water breakthrough because the pressure solution remains relatively 

constant before breakthrough. As the boundary conditions and domains have been formulated for both the 

slice of the PTL and the entire width of the PTL, the influences of the convective East/West boundaries 

can be investigated. 

 

4.3: Modeling A Slice of The PTL 
 

Coupled simulations using both a Toray and SGL based PSD were performed using the domain that 

represents a slice of the PTL (Figure 4.1b). The domain dimensions and operating conditions are included 
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in Table 4.3. The air/water properties were calculated at standard atmospheric pressure and 25 degrees C 

resulting in a Reynolds Number of 80 in the channel. 

 

Table 4.3: Domain dimensions and operating conditions for convective East and West boundary simulations. 

 

Variable Name Value – [Dimensions] 
Current Density 1 [A/cm2] 

Air Inlet Velocity in Channel 5 [m/s] 

Channel Thickness 250 [μm] 

Toray Thickness 302.4 [μm] 

SGL Thickness 405 [μm] 

Toray PTL and Channel Length 1008 [μm] 

SGL PTL and Channel Length 1053 [μm] 

Contact Angle 120 [o] 

Channel to PNM Face Ratio 7  

 

It was found that the convective East and West boundary conditions caused a violation in the 

conservation of mass for all but one realization of the SGL sample and all but two realizations of the 

Toray sample. The violation of mass conservation is caused by more water exiting the domain through 

convection at the East boundary than there is water entering the domain by water generation at the South 

boundary and convective transport at the West boundary. As is the case for most PNM for fuel cell uses, 

water retraction is not incorporated in the current model and therefore the simulation cannot proceed any 

further as there is a negative net volumetric flowrate into the domain. The pressure drop across the width 

of the domain causes a general movement of water downstream and therefore there is considerably more 

water located along the East boundary than the West boundary. As a result, on average there is more 

water exiting the domain across the East boundary than there is entering through the West boundary.   

Recall from Section 3.2.1, as a pore located on the East or West boundaries fills with water, it is 

assumed that water will be exiting or entering the domain respectively, as a pressure gradient is set at 

these convective boundaries. Consider the following flow rate balance in Equation 4.1 for water entering 

the PNM before water breakthrough as well as Equation 2.15 that is used for calculating the flow rate 

through each boundary face.  
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 𝑄𝑡𝑜𝑡𝑎𝑙 = 𝑄𝑆𝑜𝑢𝑡ℎ + 𝑄𝐸𝑎𝑠𝑡 − 𝑄𝑊𝑒𝑠𝑡 (4.1) 

 

𝑄𝑏𝑜𝑢𝑛𝑑𝑎𝑟𝑦 =∑𝑄𝑖

𝑁𝑥

𝑖=1

=∑𝜎𝑖∇𝑃𝑖𝐴𝑓𝑖

𝑁𝑥

𝑖=1

 

 

Water is generated due to the electrochemical reaction at the South boundary while water is 

convected into the domain at the West boundary and convected out of the domain at the East boundary. In 

order for the flow rate to be distributed amongst interface pores in the manner described previously, 

𝑄𝑡𝑜𝑡𝑎𝑙 must be positive. Therefore, if the difference between 𝑄𝐸𝑎𝑠𝑡 and 𝑄𝑊𝑒𝑠𝑡 is larger than 𝑄𝑆𝑜𝑢𝑡ℎ, there 

should be flow reversal (i.e. water retracting in the pores).  

The realizations that did not violate the conservation of mass for the SGL and Toray sample had 

highly preferential pathways towards the West boundary with generally higher resistance pathways 

towards the East boundary. Simply neglecting the realizations that violate the conservation of mass would 

not provide a statistically accurate representation of the PSD for each material, as all realizations would 

have highly preferential pathways towards the upstream boundary. As this behaviour was not expected, a 

variety of domain lengths, pressure gradients set across the domain and water generation rates are 

explored to determine how often these conservation violations are expected to occur.  

 

4.3.1 Effects of A Convective Upstream and Downstream Boundary 
 

Recall the definition of the pressure gradient used to set the volumetric flow rate of water produced by the 

electrochemical reactions at the South boundary derived from Faraday’s Law (Equation 3.18). Equation 

2.15 can be used to calculate the volumetric flow rate of water entering or leaving the PTL domain for 

each face along the East or West boundaries.  

 Three different cases at four different current densities (1 A/cm2, 1.5 A/cm2, 2 A/cm2 and 3 

A/cm2) are examined. For the first case, there is one more face along the East boundary that is filled with 

water than there are faces along West boundary that are filled with water. Therefore, this case represents a 
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situation whereby there is one more outlet pore than there are inlet pores. For example, this case 

represents a situation whereby there are 4 faces along the West boundary that are water filled and 5 faces 

along the East boundary that are water filled as shown in Figure 4.11. The water filled faces along the 

East and West boundaries are shown in red. 

 

 

Figure 4.11: Simple FVM domain showing 5 water logged faces on the East boundary and 4 water logged faces on 

the West boundary. 

 

As water moves downstream due to the pressure gradient, the likelihood of there being 1 more 

water filled face along the East boundary than there is along the West boundary is almost guaranteed in 

every case. The net water balance in the domain for case 1 is shown in Equation 4.2. 

 

𝑄𝑡𝑜𝑡𝑎𝑙 = 𝑄𝑆𝑜𝑢𝑡ℎ − 𝜎𝐸𝑎𝑠𝑡∇𝑃𝐸𝑎𝑠𝑡𝐴𝑓 

 𝑄𝑡𝑜𝑡𝑎𝑙 = (𝜎𝑆𝑜𝑢𝑡ℎ∇𝑃𝑆𝑜𝑢𝑡ℎ𝐴𝑏𝑜𝑢𝑛𝑑) − (𝜎𝐸𝑎𝑠𝑡∇𝑃𝐸𝑎𝑠𝑡𝐴𝑓) (4.2) 

 

Whereby 𝜎𝐸𝑎𝑠𝑡 and uses the dynamic viscosity of water at 80 degrees C and the average pore 

radii in the domain, ∇𝑃𝐸𝑎𝑠𝑡 is the pressure explicitly set along the East and West boundaries that is equal 

to the pressure gradient across the length of the domain.  
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The total (or net) volumetric flow rate in Equation 4.2 is plotted as a function of the pressure 

gradient across the channel. If the net flow rate is above 0, mass is conserved while if the net flow rate is 

below 0, mass is not conserved, and the simulation is stopped.  

For the second case, there are 2 more faces along the East boundary that are filled with water than 

there are faces along the West boundary. The third case has 3 more water filled faces along the East 

boundary than there are along the West boundary and represents the least likely scenario of the three 

cases. The net water balance for cases 2 and 3 can be seen below in Equation 4.3 and 4.4 respectively. 

 

 𝑄𝑡𝑜𝑡𝑎𝑙 = 𝑄𝑆𝑜𝑢𝑡ℎ − 2(𝜎𝐸𝑎𝑠𝑡∇𝑃𝐸𝑎𝑠𝑡𝐴𝑓) (4.3) 

 

 𝑄𝑡𝑜𝑡𝑎𝑙 = 𝑄𝑆𝑜𝑢𝑡ℎ − 3(𝜎𝐸𝑎𝑠𝑡∇𝑃𝐸𝑎𝑠𝑡𝐴𝑓) 

 

(4.4) 

  

Table 4.4 contains the information on the fluid, cell operating conditions and the initial domain 

dimensions used for this study. On the following plots there is a horizontal dotted line that marks a 0 net 

flow rate of water entering the domain and two thick black vertical lines that represents expected pressure 

gradients across the channel before breakthrough from Section 4.1.2 as the air inlet velocity is altered 

between 5 m/s and 10 m/s The larger pressure gradients would be those seen in a serpentine channel or a 

straight channel that is partially blocked with water.  

 

Table 4.4: Fluid properties and domain dimensions used to determine effects of convective upstream/downstream 

boundaries. 

Variable Name Value – [Dimensions] 

𝑀𝐻2𝑂 1.80 x10-2 [kg/mol] 

Pore Radius Average 9.1 [um] 

𝜎𝑦𝐿𝑜𝑤 40000 [m3 s / kg] 

𝜎𝑥𝐿𝑜𝑤/𝑥𝐻𝑖𝑔ℎ 4.58 x10-9 [m3 s / kg] 

Domain Width (W) 1008 [um] 

𝜌𝐻2𝑂 971.73 [kg/m3] 
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j 1, 1.5, 2, 3 [A/cm2] 

 

The net volumetric flow rate in the 1008 μm domain at a current density of 1 A/cm2 is plotted as 

a function of the in-plane pressure gradient set across the PNM’s length in Figure 4.12 for all three cases. 

 

 

Figure 4.12: Net volumetric flow rate in PNM as a function of in-plane pressure gradient for all three cases, current 

density of 1 A/cm2. 

 

  It can be seen in Figure 4.12 that there are no volumetric flow rates that are positive in the range 

of likely pressure gradients as soon as one more face along the East boundary is water filled than the West 

boundary. Only very small pressure gradients across the PTL with one more water filled face along the 

East boundary result in positive mass conserving volumetric flowrates. PNM simulations using a current 

density of 1 A/cm2 and pressure gradients typically seen across channels (before water breakthrough) are 

therefore likely to cause a conservation of mass violation if a pressure gradient boundary condition is set 

on the upstream and downstream boundaries. 
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As convection causes conservation of mass violations for the water transport in the PNM the 

effects of convective transport should not be neglected and are clearly important to include to obtain a 

valid model of a PEMFC PTL. 

The net volumetric flow rate at a current density of 2 A/cm2 is plotted as a function of the in-

plane pressure gradient set across the PNM’s length in Figure 4.13 for all three cases. The plots when the 

current density is 1.5 and 3 A/cm2 are included in Appendix D.  

 

 

Figure 4.13: Net volumetric flow rate in PNM as a function of in-plane pressure gradient for all three cases, current 

density of 2 A/cm2. 

 

As expected when the current density increases there are more volumetric flow rates that are 

positive and mass conserving. However, even at a high current density there are no positive volumetric 

flow rates within the range of expected pressure gradients as soon as one more face along the East 

boundary is saturated with water compared to the West boundary. Obviously, the length of the domain 

drastically affects the volumetric flow rate into the domain at the South boundary while increasing the 
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length of the domain has no effect on the volumetric flow rate into/out of the domain at the East and West 

boundaries. Therefore, a second domain is created that is 4 times larger than the original (4032 μm) and 

net volumetric flow rates for all 3 cases at the 4 different current densities are investigated. The range of 

expected pressure gradients is changed to those determined in Section 4.1.2 for the 4032 μm domain. 

The net volumetric flow rate at a current density of 1 A/cm2 and a domain length of 4032 μm is 

plotted as a function of the in-plane pressure gradient set across the PNM’s length in Figure 4.14 for all 

three cases. 

 

 

Figure 4.14: Net volumetric flow rate in PNM as a function of in-plane pressure gradient for all three Cases, current 

density of 1 A/cm2, domain length 4032 μm. 

 

The net volumetric flow rate at a current density of 2 A/cm2 is plotted as a function of the in-

plane pressure gradient set across the PNM’s length in Figure 4.15 for all three cases. 

As expected increasing the domain length drastically increases the number of cases that have 

positive net volumetric flow rates. At a 1 A/cm2 current density, the net flowrate is positive for half of the 

expected range of pressure gradients for the first case and is negative for all other cases. At a current 
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density of 2 A/cm2 the net flow was positive for all pressure gradients within the range of expected 

pressure gradients for the first case. However, there were conservation violations as the number of water 

logged faces along the East boundary increased.  

 

 

Figure 4.15: Net volumetric flow rate in PNM as a function of in-plane pressure gradient for all three Cases, current 

density of 2 A/cm2, domain length 4032 μm. 

 

A current density of 1 A/cm2 is often used in literature for PEMFC and is used in the present 

work. When looking at the 1 A/cm2 case (Figure 4.14) for the longer domain it can be seen that as soon as 

there are two more water filled faces along the East boundary than there are along the West boundary a 

conservation violation will occur. As this is a likely enough occurrence as the PTL becomes saturated 

with water, the entire width of the PTL will be used as the domain in subsequent chapters (excluding 

Chapter 4.2.1.1) and therefore the East/West boundaries will be assigned no flux boundary conditions. 

It is clear that the choice of the domain length is critical in being able to perform PNM 

simulations with added convective transport across the upstream and downstream PNM boundaries. It is 
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recommended that longer domains should be used than those that are often used in PEM FC PNM’s, as 

these domains do not produce enough water to allow the convective transport of water across the 

upstream and downstream boundaries.  

In current literature the width of the PTL is often very small to reduce computational costs and no 

flux boundary conditions are applied on the East/West boundaries. In the next chapter two common PTL 

materials, Toray 090 and SGL 10BA, have no flux boundary conditions applied on the East/West 

boundaries and use the smaller width domains that are used in literature. It was determined that before 

breakthrough a coupled simulation is not required to include the convective influences of the channel on 

the PNM. Instead a simple linear pressure drop can be applied along the North boundary of the PNM to 

capture the convective effects of the channel and the PNM only needs to be solved until breakthrough.  

Therefore, the following chapter will try to show the convective effects that are ignored in current 

literature and how the use of a no flux boundary condition and a small domain width drastically change 

the water distribution in the PNM. 

 

4.4: Convective Effects on Water Transport In The PTL 
 

The Toray 090 and SGL 10BA based PSDs described previously in Section 3.2.2 will be used to explore 

the convective effects on water transport in common PTL materials. A variety of pressure drops are set 

across the North boundary of the PNM domain to determine the convective influences on the localized 

water distributions in the PNM. Low pressure drops associated with purely air filled straight channels as 

well as large pressure drop associated with serpentine channels and channels blocked with water slugs are 

explored. It was determined in Section 4.2 that after the domains are initialized and fully coupled only the 

PNM should be solved before breakthrough. Therefore, by applying pressure drops across the North 

boundary of the PNM that are similar to those determined by coupled simulations, similar results can be 

obtained if the PNM only is solved while drastically reducing the computational costs.  
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4.4.1: Domain And Boundary Conditions 
 

To obtain valid mass conserving results for all the pressure gradients used, a zero-gradient boundary 

condition is applied along the West and East boundaries, stopping convection through these patches. A 

linear pressure drop is still set along the North boundary and therefore convective effects are still present 

in the PTL. This situation represents a domain whereby the entire PTL is modeled including end plates. 

Due to setting no flux conditions on West and East it is expected that the convective effects will 

be less impactful than if convection was allowed across these boundaries. It should also be noted that it is 

expected that a collection of water will occur near the downstream boundary as it now behaves like a 

wall.  

Although the West/East boundaries could not be treated as convective boundaries, setting them as 

a no flux boundary will provide valuable insight as most PNMs for PEM FCs in literature set their 

upstream/downstream boundaries in the PNM as no flux boundaries. Therefore, the subsequent sections 

of this chapter will try to show some of the convective influences that are neglected in most PNMs in 

literature using relatively straightforward and similar boundary conditions.  

The pressure gradients set across the top boundary of the PNM vary from 0 Pa/m to 285 kPa/m to 

account for the lower pressure gradients observed in straight channels and the larger pressure gradients 

observed in serpentine channels.  

The pressure gradient across the channel increases dramatically due to the emergence and growth 

of water droplets that act to block the available flow area. Venkatraman et al. [44] found that for a 4 mm 

by 2 mm straight channel with a Reynolds Number of 1100, the pressure gradient across the channel 

increased from 1x104 Pa/m when the droplet blocked under 80% of the height of the channel to 4x105 

Pa/m when more than 80% of the channel’s height was blocked. As a coupled channel-PTL model is the 

intended goal of this research, incorporating the large pressure gradients observed due to water droplet 

blockage in the channel could provide insight on the mass transfer mechanism present in the PTL during 

droplet formation.  
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The domain properties and boundary conditions for the Toray based PSD are included in Table 

4.5 and the properties for the SGL based PSD are included in Table 4.6. The air/water properties for both 

PSDs were set at atmospheric pressure and 25 degrees C using a contact angle of 120 degrees.  

 

 

Table 4.5: Domain properties and boundary condition for Toray based PSD in PNM only simulation. 

 

Variable Name Value – [Dimensions] 
Domain Length 1008 [um] 

Domain Height 302.4 [um] 

Number of Pores 40 x 12 

Current Density 1 [A/cm2] 

Pore Length 25.2 [um] 

 

Table 4.6: Domain properties and boundary condition for SGL based PSD in PNM only simulation. 

 

Variable Name Value – [Dimensions] 
Domain Length 1053 [um] 

Domain Height 405 [um] 

Number of Pores 26 x 10 

Current Density 1 [A/cm2] 

Pore Length 40.5 [um] 

 

4.4.2: SGL 10BA 
 

The time for water breakthrough and the PTL saturation at the moment of breakthrough are plotted as a 

function of the in-plane pressure gradient in Figure 4.16 for the SGL 10BA material when 5 realizations 

are used. The error bars represent the standard mean error of the realizations for the SGL sample. 
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(a) 

 

(b) 

Figure 4.16: a) Time to breakthrough as a function of the in-plane pressure gradient for the SGL 10BA sample b) 

Saturation at moment of breakthrough as a function of the in-plane pressure gradient using 5 realizations. 

 

 In order to determine if the sample size of realizations is large enough, ten additional realizations 

are included in the averaging process. The time for water breakthrough and the PNM saturation at the 

moment of breakthrough are plotted as a function of the in-plane pressure gradient in Figure 4.17 when 10 

realizations are included and Figure 4.18 shows the breakthrough time/saturation when 15 realizations are 

used.  
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(a) 

 

(b) 

Figure 4.17: a) Time to breakthrough as a function of the in-plane pressure gradient for the SGL 10BA sample b) 

Saturation at moment of breakthrough as a function of the in-plane pressure gradient using 10 realizations. 
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(a) 

 

(b) 

Figure 4.18: a) Time to breakthrough as a function of the in-plane pressure gradient for the SGL 10BA sample b) 

Saturation at moment of breakthrough as a function of the in-plane pressure gradient using 15 realizations. 

 

 The trends observed when 5 realizations are used, and 10 realizations are used are quite different. 

However, the saturation and breakthrough time trends as well as the values themselves are very similar 

when 10 and 15 realizations are used as seen in Figure 4.17 and Figure 4.18. As a result, 10 realizations 

are deemed a large enough sample size for the purpose of this research, however 15 samples are used for 

the SGL sample because these simulations were already completed. 
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 A blue shaded region can be seen in Figure 4.18 and represents the pressure gradients typically 

seen in a straight channel before breakthrough with the max pressure gradient occurring when the air inlet 

velocity is 10 m/s. This max pressure gradient value was taken from Section 4.1.2.  

 As the pressure gradient across the domain increases there is a decrease in the time for 

breakthrough and saturation at the moment of breakthrough with a slight increase in these values at high 

pressure gradients. This trend can be seen in Figure 4.18. The decrease in the breakthrough time is 

attributed to the movement of water downstream in the direction of the pressure gradient. As the water 

moves downstream it will start to collect near the East boundary because there is a no flux boundary 

condition imposed on this boundary. This collection of water near the East boundary creates a preferential 

breakthrough location as more water moves downstream due to the pressure gradient and water near the 

East boundary is injected through the bottom of the domain.  

This slight increase in the breakthrough time at the higher pressure gradients is attributed to a 

number of the realizations holding the majority of there water content in the first third of the domain. At 

the two extreme pressure gradient cases, these realizations would see a drastic increase in the 

breakthrough time as the water is pushed downstream and away from the most preferential path that 

would normally be the breakthrough point when no pressure gradients are applied.  

Due to the larger porosity and permeability of the SGL 10BA material larger global effects are 

expected than the Toray 090 sample. The percent difference in the breakthrough saturation from the 0 

Pa/m gradient case is plotted as a function of the in-plane pressure gradient in Figure 4.19 for the SGL 

material. 
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Figure 4.19: Percent difference in breakthrough saturation as a function of the in-plane pressure gradient for the 

SGL 10BA sample with 15 realizations. 

 

The PNM domain is divided into 3 equally sized zones and the average saturation in each zone 

are plotted as a function of the in-plane pressure gradient. Zone 1 makes up the first third of the domain, 

zone 2 the middle third and zone 3 the final third as shown in Figure 4.20. 

 

 

Figure 4.20: Splitting of the domain into thirds with each zone and boundary labeled. 

 

The saturation in zone 1, 2 and 3 are plotted as a function of the pressure gradient in Figure 4.21. 

The movement of water downstream is evident with the saturation in zone 1 drastically decreasing and the 

saturation in zones 2 and 3 increasing as the pressure gradient is increased. However, as the entire 

domains saturation decreases as the pressure gradient increases, each of the zones should have their 

saturation normalize by the global or domains saturation to achieve a meaningful figure. 
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Figure 4.21: Saturation in each zone plotted as a function of the in-plane pressure gradient for the SGL 10BA 

sample with 15 realizations. 

 

The saturation in zone 1, 2 and 3 are normalized by the entire domains saturation and are plotted 

as a function of the pressure gradient in Figure 4.22.  

 

 

Figure 4.22: Normalized saturation in each zone plotted as a function of the in-plane pressure gradient for the SGL 

10BA sample with 15 realizations. 
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There is clearly a large movement of water downstream even at lower pressure gradients. The 

saturation in zone 1 drops drastically as the pressure gradient is increased, with the saturation in zone 3 

increasing accordingly. There is a sharp increase in the saturation of zone 2 at low pressure gradients, 

however as the pressure gradient increases, the saturation of this zone starts to level out. 

The breakthrough coordinate normalized by the domain length is plotted in Figure 4.23 as a 

function of the pressure gradient. 

 

 

Figure 4.23: Breakthrough coordinate normalized by the domain length as a function of the in-plane pressure 

gradient for the SGL 10BA sample with 15 realizations. 

 

The error bars represent the standard mean error and therefore there is obviously a large variance 

in the breakthrough coordinate for each realization. It is due to these large variances in breakthrough 

times and breakthrough coordinates that multiple realizations of each PSD are required. The breakthrough 

coordinate of the SGL sample shows a steady movement downstream as the pressure gradient increases, 

even at lower values.  

Even at very low pressure gradients, both global and localized changes in the saturation 

distribution are observed for the SGL sample including a reduction in the breakthrough/saturation at 

breakthrough as the pressure gradient increased and a general movement of water downstream. 
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If species transportation or electrochemical reactions were incorporated into an PNM using a 

SGL based PSD, there would be significant changes if pressure gradients were included. This is due to the 

change in the water distribution observed at all pressure gradients as well as changes to the velocity field 

of the air phase. The movement of water downstream and the differences of the velocity field in the air 

phase would both alter the distribution of oxygen concentration and other gasses in the PTL. 

 

4.4.3: Toray 090 
 

As 10 sample sizes were deemed adequately large enough for the more porous and permeable SGL 

sample, 10 realizations were created for the Toray 090 sample. It should also be noted that the Toray 

sample had a smaller variance in the pore radius and therefore less samples should be required to get an 

proper representation of the material properties. 

The time for water breakthrough and the PNM saturation at the moment of breakthrough are 

plotted as a function of the in-plane pressure gradient in Figure 4.24 for the ten samples of the Toray 090 

material. 

 

 

(a) 
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(b) 

 
Figure 4.24: a) Time to breakthrough as a function of the in-plane pressure gradient for the Toray 090 sample b) 

Saturation at moment of breakthrough as a function of the in-plane pressure gradient using 10 samples. 

 

Like the SGL sample there is a decrease in the time for water breakthrough as well as decrease in 

saturation at the moment of water breakthrough as the pressure gradient is increased. However, as the 

Toray sample is less porous, this decrease in the saturation and saturation time is less pronounced.  

 The saturation in each zone is plotted as a function of the pressure gradient in Figure 4.25 and the 

normalized saturation of each zone is plotted in Figure 4.26. 

 

 

Figure 4.25: Saturation in each zone plotted as a function of the in-plane pressure gradient for Toray 090 sample. 
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Figure 4.26: Normalized saturation in each zone plotted as a function of the in-plane pressure gradient for Toray 

090 sample. 

 

With the normalized saturations in each zone plotted, it is evident that as the pressure gradient 

increases there is a small movement of water downstream at large pressure gradients with fairly negligible 

effects at very low pressure gradients. However, this movement of water downstream starts to become 

noticeable at the high end of the pressure gradients (~78 kPa) observed in a straight channel from Section 

4.1.2.  

The breakthrough coordinate of the Toray 090 sample is plotted as a function of the in-plane 

pressure gradient in Figure 4.27. 
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Figure 4.27: Breakthrough coordinate normalized by the domain length as a function of the in-plane pressure 

gradient for the Toray 090 sample. 

 

The breakthrough coordinate remains constant at low pressure gradients but as the pressure 

gradient increases the breakthrough coordinate moves downstream. Therefore, for pressure gradients 

typically observed before breakthrough it would be expected that the breakthrough coordinate would 

remain constant until a 10 m/s air inlet velocity is set in the channel. As the pressure gradient increases 

past this point to values seen in a partially blocked channel, there will be larger movements of water 

downstream.  It should also be noted that the breakthrough coordinate is very close to the middle of the 

domain further illustrating that the 10 realizations of the Toray PSD is an adequate sample size.  

The percent difference in the breakthrough saturation from the 0 Pa/m gradient case is plotted as a 

function of the in-plane pressure gradient in Figure 4.28. 

At low-pressure gradients the percent difference contains a small amount of noise due to the 

small effects caused by convection. However, as the pressure gradients increases the convective effects 

start to become significant and a general increase in the percent difference is observed even for pressure 

gradients typically seen before breakthrough.  
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Figure 4.28: Percent difference in breakthrough saturation as a function of the in-plane pressure gradient for the 

Toray 090 sample. 

 

The convective effects in the averaged Toray sample were not that significant at low pressure 

gradients with larger effects starting to become apparent when the higher end of pre-breakthrough 

pressure gradients is applied (~78 kPa).  However, there is still a definite decrease in the saturation and 

moment of breakthrough as the pressure gradient is increased from 0 Pa/m to the first few pressure 

gradient cases as seen in Figure 4.24. 

A general theme that was observed is that when a realization contained a large percentage of its 

water content in zone 1, increasing the pressure gradient would generally increased the breakthrough time 

because the water is being pushed downstream away from the most preferable path. If a realization 

contained a large percentage of its water content in zone 3, an increase in the pressure gradient drastically 

reduced the breakthrough time as more water is pushed into the preferential pathway. Finally, if the 

majority of the water was contained within zone 2 and the pressure gradient increased no discernible trend 

was observed. 

It should also be noted that although the water distribution of the averaged results did not change 

significantly at low pressure gradients for the Toray sample, the velocity field in the air phase is likely 

significantly different as the pressure gradient is increased. Therefore, if a PNM includes species transport 
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or electrochemical reactions, the convective effects in the air phase may become extremely important and 

the need to include the convective effects of the channel becomes even more crucial.  

 

4.4.4: Implications of Water Moving Downstream With Increasing Pressure 

Gradient 
 

The migration of liquid water downstream and its collection near the downstream boundary has many 

unintended implications for coupled models and PNMs when considering the electrochemical reactions 

taking place at the cathode catalyst later. If the liquid water breaks through to the channel near the 

upstream boundary for a two-dimensional model, the convective transport of oxygen in the in-plane 

direction of PTL cannot cross the water barrier but instead must be supplied entirely from the channel in 

the through plane direction downstream of the water barrier. This would be an unintended consequence of 

using a two-dimensional model because one breakthrough pore would not stop the transport of oxygen in 

the in-plane direction of the PTL in a three-dimensional model. 

The velocities present in the PTL are much larger in the in-plane direction than the through-plane 

direction. This could result in a deficiency of oxygen downstream of the water barrier due to the relatively 

low mass flow rate of oxygen into the PTL from the channel in the through-plane direction. If increasing 

the pressure gradient moves the water barrier downstream, there could be an increase in the predicted 

concentration of oxygen in the PTL for two-dimensional models and therefore possibly increasing the 

predicted efficiency of the cell. This is would not be a desirable effect as it is not physically accurate but 

is rather a limitation of performing two-dimensional simulations. 

The movement of water downstream would also change the distribution of oxygen concentration 

whereby there would be a larger concentration of oxygen near the upstream boundary due to the pooling 

of water near the downstream boundary. This in turn would increase the water being produced due to the 

ORR at the catalyst layer near the upstream boundary.  

As most PNMs in literature use a no flux boundary condition on the upstream and downstream 
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boundaries it is recommended that these models include a simple pressure drop along their PTL-Channel 

interface boundary based on operating conditions in their channel. It was shown that the convective 

effects are significant when the no flux boundary condition is used and to mitigate some of these effects it 

is recommended that the length of the PTL should be increased from some of the values that have been 

used in literature for modeling the PTL. This is attributed to the near wall effects at the upstream and 

downstream boundaries influencing the water distribution towards the center of the domain as the length 

is decreased.  

For example, if the length of the domain is very small the pooling of water seen near the 

downstream boundary could start to reach near the middle of the domain. This is an unintended 

consequence of the no flux boundary, and so if researchers are trying to model a slice of the PTL rather 

than the entire length of the PTL (including the end plates) but are using no flux boundaries, the length of 

the domain must be large enough such that these near wall effect regions don’t influence a large portion 

of the domains width. More research needs to be completed using the current model to determine the 

effects of these near wall influences by setting a variety of PTL lengths and comparing the differences in 

the normalized water distributions. 

It was also shown that there is a large variance in the water distributions of the different 

realizations of the same PSDs. As a result, it is very difficult to predict how the convective effects will 

alter the water distribution in each individual realization. Therefore, it is critical to use enough 

realizations when including a simple pressure drop along the top boundary of a PNM as the convective 

effects on the localized water distribution can not be predicted for each individual sample beforehand.  
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5. Post-Water Breakthrough 
 

The post-water breakthrough step of the coupled simulations refers to the point after the breakthrough 

pore has become fully saturated with water and the domain has been re-meshed. The channel and PNM 

need to be re-coupled and the water fields in both domains advanced using the fully coupled algorithm.  

 

5.1: Handling of The Breakthrough Pore 
 

Although the handling of the breakthrough pore before it is fully saturated with water is considered part 

of Chapter 4: Pre-Water Breakthrough, it will be described in this section. This is done because the 

method used to model the capillary pressure in the breakthrough pore will be used to model other partially 

saturated pores on the North boundary during the Post-water breakthrough portion of the simulation. 

At the end of stage 2 the water has reached the last cell of the PNM, however the adjacent pore 

located on the North boundary is not fully saturated with water yet. A capillary pressure is calculated 

based on the Young-Laplace equations for capillary pressure in a tube and is plugged into Equation 2.17 

to set a source term in the adjacent boundary cell to correct the volumetric flow rate of water leaving this 

cell. Often there will be more than one pore located along the North boundary that is partially saturated 

with water. All of these partially saturated pores on the North boundary will have a capillary pressure and 

sink term calculated based on the properties of each individual pore and can be seen in Figure 5.1 for a 

water filled cell c and an air filled boundary face b. 

The first of these pores that becomes fully saturated with water will be known as the 

breakthrough pore and it is only after breakthrough that the domains are recoupled. The liquid water 

eventually reaches the end of the breakthrough pore, which has half the length of all other internal pores, 

meaning water breakthrough has occurred and the domains need to be recoupled.  
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Figure 5.1: Conservation of mass applied to a water filled boundary cell bordering an air filled boundary face. 

 

As was mentioned previously, the North boundary is divided into two separate boundary patches 

after breakthrough, the air patch and the injection patch. A representation of a water filled boundary cell 

along the North boundary that contains the injection pore along with a neighbouring air filled boundary 

cell is included in Figure 5.2 to show the new boundary names and associated cells.  

The faces along the purple line belong to the injection patch as the breakthrough pore is located in 

the adjacent cell. This adjacent cell in the PNM is known as the injection cell and has 7 injection cells on 

the channel side of the injection patch (denoted in red). The faces along the green line belong to the air 

patch and these faces make up every face along the North boundary that isn’t adjacent to an injection cell. 

The injection pore shown by the blue arrow is where the injection velocity is calculated and applied. 

 

 

Figure 5.2: New boundary definitions 
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There are now multiple phases present on the North boundary that separates the channel and PTL 

which will complicate the methods uses to ensure conservation between the channel and PTL domains. 

 

5.2: Conservation Across the North Boundary After Breakthrough 
 

Once the pores along the North boundary start to become partially saturated with water, the setting of the 

pore velocities across the North boundary during the coupling process becomes challenging. If a pore on 

the North boundary is partially saturated with water, the pore velocity must be calculated using the 

weighted pressure gradient method of Equation 2.7. Equation 2.7 sums all the favorable pressure 

gradients of partially saturated pores in the PNM domain to assign pore velocities based off of the 

individual pores pressure gradient (if favorable) weighted again the sum of all favorable pressure 

gradients. As the partially saturated boundary pore is solely contained within the PNM domain, its 

pressure gradient must be included if it is favorable for Equation 2.7 to conserve mass globally in the 

PNM domain. If the partially saturated boundary pore does not have a favorable pressure gradient to 

overcome the capillary pressure, a pore velocity of zero is set as is done for internal pores. 

Unfortunately, this method of calculating the pore velocity of water using Equation 2.7 does not 

actually conserve mass locally. For example, the pore velocity of a partially saturated pore calculated 

using Equation 2.7 would not be equal to the pore velocity calculated explicitly from the pressure field as 

is done in Equation 2.15. If Equation 2.15 is used to calculate the pore velocities of the partially saturated 

pores along the North boundary, Equation 2.7 would not conserve mass anymore as part of the flow rate 

of water would be distributed to the boundary pores but this loss of water would not be known to 

Equation 2.7. This posses a challenge for ensuring that the mass crossing the North boundary is consistent 

for both domains but also ensuring that the conservation of mass within the PNM domain is not violated. 

If a pore along the North boundary is fully saturated with water, breakthrough has occurred and 

the pore velocity can be set using Equation 2.15 as there is no liquid-air interface contained within the 

pore anymore. Therefore, the issues arising from setting the pore velocities of partially saturated pores 
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using the weighted pressure gradient method and the need to conserve mass across the North boundary by 

calculating the pore velocities directly from the pressure field is a temporary problem. When the partially 

saturated pores become fully saturated, the problem does not exist anymore.  

As a result, the partially saturated pores along the North boundary have there velocities assigned 

using Equation 2.7 until they are fully saturated at which point the pore velocities can be calculated 

directly from the pressure field (Equation 2.15). The need for water in the channel to properly set in 

injection velocity is examined in Section 5.4. If flow reversal was incorporated into the PNM there would 

be no need to use Equation 2.7 anywhere in the PNM domain, instead all the pore velocities in the domain 

would be calculated directly from the pressure field and capillary pressures (Equation 2.15).  

Consider the following diagram (Figure 5.3) of a water droplet already in the channel that has 

convected away from the injection pore and is now impinging on a PTL pore that is fully saturated with 

air and therefore contained in the air patch along the North boundary. Due to the hydrophobic nature and 

capillary action of porous PTL materials the water droplets in the channel will not cross back into the 

PTL. 

 

 

Figure 5.3: Water droplet in channel impinging on air filled PTL pore. 

 

As the water droplet moves in the direction of the blue arrow more of the faces along the channel 

air patch become blocked and can’t transport air across the North boundary. This reduces the number of 

channel faces available and therefore reduces the area available for transport. The consequence of this is 

that the pore velocities will drastically increase as the water droplet blocks more of the pore area. These 
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impinging effects will be neglected for two reasons; firstly, these spikes in the air velocity near water 

interfaces causes numerical instability, increasing the need for further inner iterations and therefore 

drastically increasing computational costs. Secondly, the VOF method does not sharply define the 

interface between fluids and therefore the exact location of the water front is not known. Creating a highly 

complex boundary condition based on the position of the water front that is not exactly known is 

convoluted.  

Therefore, channel faces on the air patch that are contained within the pore area will be assigned a 

velocity of zero if any of the adjacent channel cells contain a significant amount of water (a volume 

fraction value of 0.1 is chosen). As the channel faces do not have a mass flow rate due water blockage, 

the corresponding PNM face on the air patch will need to have its mass flow rate set to zero. This is 

accomplished by setting σ equal to zero on the corresponding boundary face and is shown in Figure 5.4 

for an air filled boundary cell c and air filled boundary face b that are coincident to a water filled channel 

cell. 

 

 

Figure 5.4: Water droplet impinging on air filled PTL pore showing how flowrate is stopped in PNM and channel 

boundary faces. 
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If the water droplet convects downstream and the once blocked channel faces contained within 

the pore area now do not have any significant amount of water, the flow rate through these faces will be 

allowed (i.e. σ set to original value based on the pore’s characteristics).  

 

5.3: Coupling at The Moment of Breakthrough 
 

After the injection pore is fully saturated with water, the moment of breakthrough is about to occur, and 

the two domains need to be recoupled.  The meniscus of the water in the injection pore is located at the 

interface of the two domains as shown in Figure 5.5. 

 

 

Figure 5.5: Meniscus of injection pore represented in a VOF based channel with extruded pore water inlet. 

 

This represents a point whereby water is just about to start entering the channel. However, it is 

assumed that the water has not yet fully detached from the breakthrough pore as the meniscus is still 

pinned to the walls of the pore. Therefore, a capillary pressure and associated source term are set in the 

PNM injection pore and cell respectively. The injection velocity that is passed from the PNM to the 

channel is calculated directly from the pressure field using Equation 2.15. 

Using the fully coupled algorithm, the domains are recoupled and the simulation progresses 

through time without the water fields in either domain advancing until the boundary conditions along the 

North boundary are steady. 

 

 



125 

 

5.4: Water Breakthrough 
 

The moment of water breakthrough poses the largest technical obstacle to a coupled VOF-PNM model. 

After the domains have been coupled after breakthrough, the water fields are advanced, and the solver 

tries to recouple the two domains. However, at the injection patch a small injection velocity was 

calculated and set using the pressure fields including the capillary pressure. As a result, there will be a 

negligible amount of water present in the channel injection cells after the water fields are advanced for the 

first time due to the small velocity and extremely small time steps required for the VOF solver. 

The governing equation in the VOF based solver that is used to model two-phase flow in the 

channel was defined in Equation 3.2 with the density/viscosity equations for the two-phase flow defined 

in Equation 3.3 and 3.4. 

As there is a negligible amount of water present in the channel after the moment of breakthrough, 

the γ value in Equation 3.3 and 3.4 will be equal to zero everywhere in the domain. This results in density 

and viscosity values that are equal to air values everywhere in the channel domain. Even though the CSF 

source term is a non- zero value in the channel injection cell, the pressure of the injection face and cell 

have a small value (~ 5-30 Pa) indicating air is present. This is likely due to the density/viscosity of the 

injection boundary cell in the channel having air filled values and the use of a pressure gradient boundary 

condition at the channel injection patch. 

The use of the fixedFluxPressure boundary condition on the channel side of the North boundary 

has a large influence in how the pressure values are calculated on the boundary faces. This boundary 

conditions sets a pressure gradient based on the velocity flux difference at the boundary. For example, if 

the injection velocity is 0.1 m/s the resulting pressure gradient is ~2x106 Pa/m. As the boundary face and 

boundary cell are only 1.8 μm apart, the pressure gradient boundary condition insures that the pressure of 

the face is at most 3.6 Pa larger than the pressure of the cell.  

As the injection cells have low air filled values, this results in low air-filled pressure values in 

faces along the injection patch as the face pressure can only be 3.6 Pa larger than the cell pressure. 
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Therefore, the pressure of the injection cell will only increase when it fills with water and its fluid 

properties start to change to water values. 

 As a result, the coupled solver will set small air pressures on the channel injection patch after the 

water fields are advanced in the channel for the first time. When the coupled solver passes the pressure 

values across the injection patch, the boundary face in the PNM will have a small air filled value. If the 

injection pore is considered to not have an liquid-air interface anymore as it is fully saturated, the 

capillary pressure and source term should be set to zero and the velocity must be calculated directly from 

the pressure field with Equation 2.15. 

The injection velocity that is calculated in the PNM that will be passed back across the injection 

patch will be extremely large as the pressure gradient at the injection patch in the PNM will be massive. 

This is due to the pressure of the injection cell in the PNM having a large water filled value and the 

pressure of the injection face having a small air filled value. This incorrectly calculated velocity for the 

injection pore results in a volumetric flow rate that is orders of magnitude larger than the total volumetric 

flow rate into the PNM domain. This very large mass flow rate of water injected into the channel causes 

numerical instability crashing the solver.  

 To understand how the pressure behaves on the channel side of the injection patch as the water 

droplet grows, numerous channel only simulations were performed after the domains were coupled post 

breakthrough.  

 

5.5: Post Water Breakthrough Channel Only Simulations 
 

The coupled model is used to get a steady pressure solution for the coupled domains at the moment of 

breakthrough as described in Section 5.3. At this point, only the channel portion of the domain is solved 

while keeping the velocity boundary conditions along both the air and injection patches constant. The 

pressure and pressure gradient along the injection patch in the channel as well as the pressure in the 

adjacent injection cells is monitored as the water droplet in the channel grows. The velocity of the 
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injection pore is set explicitly at 0.01 m/s, 0.1 m/s and 0.5 m/s. The air/water properties are calculated at 

standard atmospheric pressure and 80 degrees C resulting in a Reynolds Number of 82 in the channel. The 

channel dimensions and boundary conditions used are given in Table 5.1. 

 

Table 5.1: Channel dimensions and boundary conditions. 

 

Variable Name Variable Value – [Dimensions] 
Channel Height 250 [μm] 
Channel Length 4032 [μm] 

Air Inlet Velocity 5 [m/s] 

Injection Pore Velocity 0.01, 0.1, 0.5 [m/s] 

Contact Angle 110 [Degrees] 

Injection Face Area 489.6 [μm2] 

 

There are 5 faces located on the injection patch on the channel side of the interface with 5 

coincident injection cells in the channel domain. The pressure value of these 5 faces/cells as well as the 

pressure gradient between the faces and cells will be plotted on the left y-axis in blue while the fractional 

volume of water (alpha in openFOAM) in the injection cells will be plotted along the right y-axis in 

orange for every plot. The pressure along the injection patch for the 5 injection cells are plotted as a 

function of the elapsed time in microseconds in Figure 5.6a as well as a zoomed in version in Figure 5.6b 

when an injection velocity of 0.5 m/s was used. 

 

 

(a) 
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(b) 

 
Figure 5.6: a) Pressure and alpha value along injection cells as water droplet grows for channel only solve with 

injection velocity of 0.5 m/s. b) Zoomed in 

 

The pressure along the injection patch for the 5 boundary faces is plotted as a function of the 

elapsed time in microseconds in Figure 5.7. 

 

 

Figure 5.7: Pressure of injection patch boundary faces and alpha value along injection cells as water droplet grows 

for channel only solve with injection velocity of 0.5 m/s. 
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The pressure gradient along the injection patch for the 5 boundary faces is plotted as a function of 

the elapsed time in microseconds in Figure 5.8. 

 

 
Figure 5.8: Pressure gradient of injection patch boundary faces and alpha value along injection cells as water 

droplet grows for channel only solve with injection velocity of 0.5 m/s. 

 

 As a injection velocity of 0.5 m/s is quite large, the inertial effects are expected to dominate and 

therefore smooth increases/decreases in pressure values are seen in Figure 5.6 and Figure 5.7 as the water 

droplet grows and starts to deform. The smooth decrease in the pressure of the boundary cells as the water 

droplet increases in diameter as seen in Figure 5.6a after 100 microseconds is expected as the Young-

Laplace equation states that the capillary pressure is inversely proportional to the diameter of the water 

droplet. 

It is clear from Figure 5.8 that when all the injection cells are fully saturated with water (alpha 

equal to 1) the pressure gradient between the injection boundary face and cell falls to a value of zero. This 

occurs around 30 microseconds of elapsed time when the pore injection velocity is 0.5 m/s. 

 The pressure of the water in the injection cell in the PNM has a pressure on the order of 

magnitude of 4000 Pa when the temperature is 80 degrees C, the pressure is standard atmospheric and a 

contact angle of 110 degrees is set. When looking at Figure 5.7, it can be seen that the max pressure for 
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the 5 channel faces is between 4800 Pa and 5600 Pa. Therefore, if the domains are recoupled when the 

pressure of the channel injection boundary face approaches the pressure value of the PNM injection cell 

(~4000 Pa), a correct injection velocity using Equation 2.15 should theoretically be obtainable. This is 

attributed to the fact that there is water present in the channel injection cells resulting in a much larger 

pressure value at the injection patch and therefore a much smaller pressure gradient between the boundary 

face and injection cell in the PNM domain. 

The pressure along the injection patch for the 5 channel injection cells are plotted as a function of 

the elapsed time in microseconds in Figure 5.9a when the injection velocity is 0.1 m/s with the pressure of 

the boundary faces plotted in Figure 5.9b. 

The pressure gradient along the injection patch for the 5 injection boundary faces is plotted as a 

function of the elapsed time in microseconds in Figure 5.10. 

 

 

(a) 



131 

 

 

(b) 

 
Figure 5.9: (a) Pressure and alpha value along injection cells as water droplet grows for channel only solve with 

injection velocity of 0.1 m/s. (b) Pressure and alpha value along boundary faces. 

 

 
Figure 5.10: Pressure gradient of injection boundary faces and alpha value along injection cells as water droplet 

grows for channel only solve with injection velocity of 0.1 m/s. 

 

The decrease in pressure of the injection faces/cells as the water droplet grows is still seen for a 

pore injection velocity of 0.1 as seen in Figure 5.9a/b after 150 μs. However, due to the lower injection 

velocity, the pressure values have a lot of noise in comparison to when an injection velocity of 0.5 m/s 
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was used. This is caused by the droplet destabilizing as it grows in size due to the decreased velocity of 

the water droplet in relation to the constant inertial force that acts on the droplet due to the air velocity 

that was left unchanged. The time it takes for the injection cells to become fully saturated with water and 

therefore the time it takes for the pressure gradient at the injection patch to decrease to 0 Pa/m, is much 

longer, taking up to 225 μs of elapsed time.  

When the injection velocity of 0.1 m/s is used the max pressure of the boundary faces is between 

4200 Pa and 4800 Pa as seen in Figure 5.9b. If the max pressure values of the boundary faces are in the 

range of 4000 Pa regardless of the injection velocity, the domains should be able to recouple once the 

pressure values of the injection patch faces in the channel approach the pressure value of the injection cell 

in the PNM.  

The pressure along the injection patch for the 5 injection cells are plotted as a function of the 

elapsed time in microseconds in Figure 5.11a when the injection velocity is 0.01 m/s with the pressure of 

the boundary faces plotted in Figure 5.11b. 

 

 
 

(a) 
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(b) 

 
Figure 5.11: (a) Pressure and alpha value along injection cells as water droplet grows for channel only solve with 

injection velocity of 0.01 m/s. (b) Pressure and alpha value along injection boundary faces. 

 

The pressure gradient along the injection patch for the 5 boundary faces is plotted as a function of 

the elapsed time in microseconds in Figure 5.12. 

 

 
Figure 5.12: Pressure gradient of injection boundary faces and alpha value along injection cells as water droplet 

grows for channel only solve with injection velocity of 0.01 m/s. 
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When looking at the pressure of the injection boundary faces and cells as seen in Figure 5.11a and 

Figure 5.11b, the curves are all smooth until around 400 μs at which point a lot of noise in the pressure 

values starts to occur. This noise is a lot more chaotic than seen in Figure 5.9a and Figure 5.9b and is 

likely numerical noise that could be attributed to using a Gauss Linear scheme for the gradient and 

Laplacian operators or more likely, spurious currents at the interface due to the lower Capillary Number 

of the flow. These spurious currents of velocity at the interface are due to the non-exact calculation of the 

curvature of the interface (interface smearing) which causes an imbalance in the surface tension forces 

and pressure forces.  

As all of these simulations used the same schemes for the gradient and Laplacian operators, the 

numerical noise seen in the 0.01 m/s case is most likely attributed to the smearing of the interface causing 

spurious currents. A smoother for the alpha function may reduce the numerical noise seen for the pressure 

fields.  

Another important detail of these channel only simulations is the instability or rapid variation in 

the pressure values on the injection boundary faces when the injection velocity is below 0.5 m/s. If a 

coupled simulation was run using an injection velocity of 0.1 m/s the pressure fields will diverge once the 

pressure fields start to rapidly oscillate in the channel as seen at ~150 μs of elapsed time in Figure 5.9. 

This divergence would occur because the pressure of the injection boundary faces is used to set boundary 

conditions on the injection patch in the PNM and therefore if this variable starts to oscillate, the 

oscillation in pressure fields would be exaggerated causing incorrect boundary conditions that further 

exacerbates this problem. 

Channel only simulations using the same injection velocities and fluid properties should be 

performed before attempting a coupled simulation post-breakthrough to understand the pressure profile as 

the water droplet grows. This will give insight into if the coupled simulation is even possible as well as 

giving an indication of how long it takes for the pressure values to stabilize or the alpha values to reach 1. 

Regardless of the injection velocity set, the pressure of the injection boundary faces reaches 

pressure values of at least 4000 Pa. This is expected because the pressure values for water in the channel 
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are largely a function of the surface tension and contact angle constants which were not changed for the 

different injection velocity cases. As a result, once there is enough water in the channel injection cell, the 

injection velocity can be calculated directly from the pressure fields using Equation 2.15. However, a new 

method needs to be devised to calculate the injection velocity before Equation 2.15 can be used directly.  

 

5.6: Setting The Injection Velocity 

Rather than setting an injection velocity based on the pressure gradient at the boundary, the injection 

velocity can be calculated by applying the conservation equation on the injection cell in the PNM. 

Consider the water filled injection cell P that borders 3 other water filled cells in Figure 5.13. The 

volumetric flow rates 𝑄𝐸, 𝑄𝑆 and 𝑄𝑆 are calculated directly from the pressure field using Equation 2.15 

and the resulting flow rate balanced is re-arranged to solve for the volumetric flowrate that must leave 

through the boundary face in order to conserve mass. This volumetric flow rate is divided by the pore area 

to get the injection velocity as shown in Figure 5.13.  

 

 

Figure 5.13: Conservation equation applied to injection boundary cell. 

 

If the injection cell P bordered an air filled cell instead of a water filled cell, the capillary pressure 

source term would be included in the volumetric flowrate balance and the injection velocity would be 

calculated using the same conservation method.  
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5.7: Coupling After Breakthrough 

When the two domains are recoupled for the first time directly after breakthrough, a capillary pressure 

and associated source term are set in the injection cell in the PNM. For subsequent timesteps the meniscus 

of water in the injection pore moves into the channel domain and is therefore not located in the PNM 

domain anymore. As a result, a capillary pressure (and source term) should not be set in the injection 

pore. However, the pressure of the injection boundary face is still a small air filled value as there is not 

enough water in the channel injection cells yet.  

As a result, a capillary pressure (and source term) will still be set in the injection cell in the PNM 

until there is enough water in the channel injection cells that the pressure of the injection boundary faces 

increases to water filled values. If the source term were removed, the injection velocity calculated using 

the conservation method would be incorrect. Once there is enough water in the channel injection cells so 

that they have large pressure values, the injection velocity can be calculated directly from the pressure 

fields as this method is less computationally expensive and more simplistic to program.  

As there are many iterations within each timestep, any slightly oscillating pressure or velocity 

field value will be exaggerated because these slightly incorrect values would be used to set the boundary 

conditions in each domain. This further exacerbates the oscillations causing more incorrect values to be 

calculated and used to set more new boundary conditions. Therefore, the stability of these coupled 

simulation is very difficult to maintain and they are therefore still a work in progress.  

In Appendix C the current progress towards obtaining a fully coupled post breakthrough 

simulation are discussed including smoothing turning the capillary pressure off in the injection pore to 

maintain positive injection velocities as well as the stability problems with suddenly changing the 

injection velocity. 
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6. Summary and Recommendations 
 

A coupled model was created that linked the mass transport mechanism of the channel and PTL of a PEM 

FC. A VOF method was used to model the two-phase flow in the channel while a PNM was used to 

model the two-phase flow in the PTL. The simulations performed were two-dimensional with the two 

domains coupled at a single interface plane. This interface plane serves as a boundary for each domain 

(North boundary) and boundary conditions were passed between the two domains to couple the pressure 

and velocity solutions. A coupling strategy known as Dirichlet-Neumann partitioning was used on the 

North boundary for pressure, whereby a Neumann boundary condition for pressure was applied along the 

channel side of the North boundary and a Dirichlet boundary condition for pressure was applied on the 

PNM side of the North boundary. The value of pressure was passed from the channel to the PNM and the 

resulting velocity along the PNM side of the North boundary was calculated and passed back to the 

channel. These dynamic boundary conditions were exchanged in inner iterations within the time step to 

couple the two domains, when the boundary conditions stopped changing the simulation proceeds to the 

next time step. 

 

6.1: Summary 
 

The coupled model was devised to investigate the convective effects the channel has on the localized and 

global water distribution in a PNM. Two different type of simulations were explored, before water 

breakthrough and after water breakthrough. Before water breakthrough there is only air crossing the 

North boundary, drastically simplifying the boundary conditions while after breakthrough there are two-

phases present on this boundary which complicates the boundary conditions used.  

 Before water breakthrough it was found that the pressure along the North boundary as well as the 

pressure drop across the channel remain constant as the water front advances in the PNM. However, once 

the pores near the North boundary become saturated with water, the velocities at the channel boundary 
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start to drastically change. The mass transport mechanism of water transport in the PNM are only altered 

by the pressure values along the North boundary which remains constant as the water front progresses.  

Therefore, only the PNM needs to be solved until breakthrough after the two domains are 

initialized and coupled. However, if other transport mechanisms such as heat transfer or species transport 

are included, the differences in pore velocities along the North boundary as the water front progresses will 

need to be incorporated.  

 Before breakthrough, convective upstream and downstream boundaries of the PNM were studied. 

A pressure gradient boundary condition was applied along these boundaries with the upstream boundary 

behaving like an two-phase inlet and the downstream boundary, a two-phase outlet. Complications arose 

due to more water leaving the domain than was entering causing a violation of the conservation of mass 

as water retraction was not incorporated into the PNM. This was attributed to the pressure gradient that 

exists across the PNM due to the channel and causes a general movement of water downstream. The 

movement of water downstream resulted in more water exiting the downstream boundary than was 

entering through the upstream and bottom boundaries. 

The added convective transport of the channel is important to water transport in the PNM as its 

inclusions causes conservation violations when a slice of the PTL-Channel domain is used. A variety of 

domain lengths, water generation rates and pressure gradients were set to investigate how likely these 

conservation violations occur. It was determined that the choice of domain length and water generation 

rate along the bottom boundary are extremely important in achieving a mass conserving simulation when 

operating within an expected range of channel pressure gradients. 

 Due to the complications with the convective upstream and downstream boundaries, a no-flux 

boundary condition that will allow for mass to be explicitly conserved was imposed on the upstream and 

downstream boundaries. A pressure distribution was still set along the channel boundary of the PNM and 

therefore convective effects are expected. At very low pressure gradients there are no discernible 

convective effects in a Toray 090 sample, with the water distribution dominated by the orientation and 

size of the pores. However, as the pressure gradients increases the convective effects start to change the 
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water distribution with a movement of water downstream. For the SGL 10BA sample convective effects 

were apparent even at smaller pressure gradients. As the water moves downstream it starts to collect near 

the downstream boundary because of the no flux condition applied here, causing a decrease in the time for 

the water to breakthrough into the channel.  

 The moment of breakthrough represents the largest obstacle in coupling the PNM and VOF 

channel domain. Two major issues arise. Firstly, the channel requires water in its domain in order for the 

boundary face to have high pressure values indicative of water being present. As a result, a capillary 

pressure source term must be set in the PNM boundary cell in order for the correct injection velocity to be 

calculated. The capillary pressure must decrease as the pressure of the injection face increases so that 

negative injection velocities are not calculated.  

The second major obstacle is the way in which the velocities in partially saturated pores are 

calculated in the PNM and passed across the boundary to the channel. For interior pores, a weighted 

pressure gradient method is used to set pore velocities and conserves mass globally. However, this 

method does not conserve mass locally. Therefore, there is a trade off between ensuring the mass crossing 

the North boundary is consistent by setting the velocities directly from the pressure field or ensuring mass 

is conserved globally with the weighted pressure gradient method. 

This issue with conserving mass locally or globally for partially saturated pores is a temporary 

issue because once the pores become fully saturated they only need to have their pore velocities set 

directly from the pressure field as there is no air-water interface in the pore. As a result, the partially 

saturated pores are assigned velocities based on the weighted pressure gradient method until they are fully 

saturated at which point the velocities can be set directly based on the pressure field. 

The post-breakthrough simulations proved to be extremely difficult to retain stability and as a 

result are still a work in progress. As the internal field values are used to set boundary conditions, any 

oscillation or deviation in the pressure fields will be exaggerated and can often lead to divergence.  
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6.2 Recommendations 
 

The main recommendations for use by other researches in the field of PNMs of PEM FC are included 

below. These ideas will help to reduce the computational costs of performing coupled simulations as well 

as providing insight on the convective effects of the channel on the water distribution in the PNM. 

• After the channel and PTL are fully coupled for the first time only the PNM needs to be solved 

until breakthrough as the air pressure in the PNM remains constant. 

• If other transport mechanisms are included such as species transport or heat transfer the velocities 

in the PNM change before breakthrough and therefore the domains should be recoupled when 

water reaches a new row of pores for the first time. 

• Much longer domains than are used in literature should be set to avoid the influence of near wall 

effects as well as ensuring enough water is produced at the bottom boundary to avoid 

conservation violations. 

• Devise a convective inflow/outflow boundary condition on the upstream/downstream boundaries 

on the PNM using a pressure gradient or cyclic boundary condition. Included in Appendix B. 

• Including a simple linear pressure distribution across the top of PNM models will represent the 

convective influence of the channel adequately before breakthrough. 

• Apply a capillary pressure source term in the cell connected to the breakthrough pore until there 

is enough water in the channel that large water filled pressure values are passed back to the PNM 

automatically. 

• Ensure the capillary pressure source term in the breakthrough cell decreases smoothly with the 

increasing injection pressure to avoid negative injection velocities. 

• Devise a means to incorporate flow reversal in the PNM as using the weighted pressure gradient 

method does not conserve mass locally and causes a general smoothing effect on velocities in the 

PNM. The validity of the weighted pressure gradient method when incorporating the convective 

effects of the channel is debatable due to this lack of conserving mass locally. Especially, as 
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during breakthrough there is often more mass leaving the channel than is entering which furthers 

the need for a flow reversal mechanism. 
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Appendix 
 

 

A: Derivation of the Governing Pressure Equation 
 

 

Using a simplification of the continuity equation the governing equation for pressure is created. 

The continuity equation is as follows: 

 

𝑑𝜌

𝑑𝑡
+ ∇ ∙ 𝒋 = 𝜎 

Where: j = flux of q, σ = generation of q per unit volume per unit time and ρ = amount of q per unit volume 

 

As the amount of q is constant with time, i.e. the volumetric flow rate is constant, and no mass is 

created/destroyed, the first term and the term on the RHS disappear from the equation resulting in the 

following: 

 

∇ ∙ 𝒋 =  0 

 

The flux, in this case is a mass flux defined by the following expression: 

 

𝒋 = 𝜌𝒖 

 

The mass flux equation is then substituted into the continuity equation: 

 

∇ ∙ (𝜌𝒖) =  0 
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However, the flow is incompressible (density is constant) resulting in the following equation of mass 

continuity: 

 

∇ ∙ (𝒖) =  0 

 

The derived Hagen-Poisuille equation for flow through a pipe is as follows: 

 

∇𝑃 =
8𝜇

𝜋𝑅4
𝑄 

 

The following definition of volumetric flow rate is substituted into the Hagen-Poisuille equation. 

 

𝑄 = 𝒖𝐴 

Where: u = velocity and A = cross sectional area of the pipe 

 

∇𝑃 =
8𝜇

𝜋𝑅4
(𝒖𝐴) 

 

Using the previous definition of pore conductivity (σ) and solving for velocity results in the following: 

 

𝐮 = ∇𝑃𝜎 

 

This expression for a velocity field is substituted into the continuity equation: 

  

∇ ∙ (𝜎∇𝑃) =  0 
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The operator acting on the pore conductivity and the pressure gradient is a Laplace operator that is then 

linearized as follows: 

 

∇ ∙ (𝜎∇𝑃) = 0 = 𝑙𝑎𝑝𝑙𝑎𝑐𝑖𝑎𝑛(𝜎, 𝑃) = ∫ ∇ ∙ (𝜎∇𝑃)𝑑𝑉
𝑣

 

 

Divergence/Gauss’s theorem is used to transform the volume integral into an integral over the cell 

surface: 

 

∫ ∇ ∙ (𝜎∇𝑃)𝑑𝑉
𝑣

= ∫ 𝑑𝑺 ∙ (𝜎∇𝑃)
𝑆

 

 

A Gaussian quadrature is then used to approximate the surface integral as a summation: 

 

∫ 𝑑𝑺 ∙ (𝜎∇𝑃)
𝑆

=∑𝜎𝑓𝑆𝑓 ∙ (∇𝑃)𝑓
𝑓

 

 

An implicit discretization is used for the pressure face gradient as the vector between cell centers is 

orthogonal to the respective face planes: 

 

∑𝜎𝑓𝑆𝑓 ∙ (∇𝑃)𝑓
𝑓

=∑𝜎𝑓|𝑆𝑓|

𝑓

𝑃𝑛𝑒𝑖 − 𝑃𝑜𝑤𝑛
ℓ

 

 

If the mesh is non-orthogonal an explicit discretization is used instead where an extra term incorporates 

the interpolation of cell center gradients using a central difference method.  
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Now the pCap is incorporated into the expression by adding it to the change in pressure: 

 

∑𝜎𝑓|𝑆𝑓|

𝑓

𝑃𝑛𝑒𝑖 − 𝑃𝑜𝑤𝑛 + 𝑝𝐶𝑎𝑝

ℓ
 

 

Expand the expression: 

 

∑𝜎𝑓|𝑆𝑓|

𝑓

𝑃𝑛𝑒𝑖 − 𝑃𝑜𝑤𝑛 + 𝑝𝐶𝑎𝑝

ℓ
=∑(

𝑓

𝜎𝑓|𝑆𝑓|

ℓ
(𝑃𝑛𝑒𝑖 − 𝑃𝑜𝑤𝑛)) +∑(

𝑓

𝜎𝑓|𝑆𝑓|

ℓ
(𝑝𝐶𝑎𝑝)) 

 

Define a variable, pSource, as follows: 

 

𝑝𝑆𝑜𝑢𝑟𝑐𝑒 =∑(

𝑓

𝜎𝑓|𝑆𝑓|

ℓ
(𝑝𝐶𝑎𝑝) 

 

Substitute pSource into the expression: 

 

∑(

𝑓

𝜎𝑓|𝑆𝑓|

ℓ
(𝑃𝑛𝑒𝑖 − 𝑃𝑜𝑤𝑛)) +∑(

𝑓

𝜎𝑓|𝑆𝑓|

ℓ
(𝑝𝐶𝑎𝑝)) =∑(

𝑓

𝜎𝑓|𝑆𝑓|

ℓ
(𝑃𝑛𝑒𝑖 − 𝑃𝑜𝑤𝑛)) + 𝑝𝑆𝑜𝑢𝑟𝑐𝑒 

 

Substitute the expression for pressure gradient back into the equation: 

 

∑(

𝑓

𝜎𝑓|𝑆𝑓|

ℓ
(𝑃𝑛𝑒𝑖 − 𝑃𝑜𝑤𝑛)) + 𝑝𝑆𝑜𝑢𝑟𝑐𝑒 =∑(

𝑓

𝜎𝑓|𝑆𝑓|∇𝑃) + 𝑝𝑆𝑜𝑢𝑟𝑐𝑒 

 

Therefore, the following code is equivalent to the following mathematical statement: 
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𝑙𝑎𝑝𝑙𝑎𝑐𝑖𝑎𝑛(𝜎, 𝑃) + 𝑝𝑆𝑜𝑢𝑟𝑐𝑒 = 0 =∑(

𝑓

𝜎𝑓|𝑆𝑓|∇𝑃) + 𝑝𝑆𝑜𝑢𝑟𝑐𝑒 

 

The following expression is substituted into the equation and the conservation of mass equation can be re-

obtained: 

 

∇𝑃 =
𝑄

𝜎𝐴
 

∑(

𝑓

𝜎𝑓|𝑆𝑓|∇𝑃) + 𝑝𝑆𝑜𝑢𝑟𝑐𝑒 =∑(

𝑓

𝜎𝑓|𝑆𝑓|
𝑄

𝑘𝐴
) + 𝑝𝑆𝑜𝑢𝑟𝑐𝑒 

∑(𝑄𝑓)

𝑓

+ 𝑝𝑆𝑜𝑢𝑟𝑐𝑒 = 0 
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B: Cyclic Boundary Condition On East/West Boundaries 
 

Another type of boundary condition that could be used to allow convective transport across the upstream 

and downstream boundaries (East and West) is a cyclic boundary condition. Consider that there is a water 

filled pore along the East boundary and the pressure gradient boundary condition described previously is 

applied along the entire East boundary. The location of this pore would be determined and the volumetric 

flow rate of water leaving the domain through the pore would be calculated. The pore along the West 

boundary that shares the same row of cells (i.e. located at the same height) would have a volumetric flow 

rate of water entering the domain that is set equal to that leaving through the East boundary pore. 

 This would be achieved by applying a pressure gradient on the West boundary pore that is a 

function of the volumetric flow rate leaving the East pore and the σ value of the West boundary pore as 

shown below in Figure 1. 

 

𝑄𝑊𝑒𝑠𝑡 = 𝑄𝐸𝑎𝑠𝑡 = ∇𝑃𝐸𝑎𝑠𝑡𝜎𝐸𝑎𝑠𝑡𝐴𝑓 = ∇𝑃𝑊𝑒𝑠𝑡𝜎𝑊𝑒𝑠𝑡𝐴𝑓 

 
∇𝑃𝑊𝑒𝑠𝑡 = 

𝑄𝐸𝑎𝑠𝑡
𝐴𝑓𝜎𝑊𝑒𝑠𝑡

 

 

 

Figure 1: Cyclic boundary condition shown for the PNM domain. 
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If the cyclic boundary condition was applied it would ensure conservation of mass is always 

satisfied regardless of the domain length or current density used. 
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C: Coupled After Breakthrough 
 

A capillary pressure (and source term) will still be set in the injection cell in the PNM until there 

is enough water in the channel injection cells that the pressure of the injection boundary faces increases to 

water filled values. If the source term were removed, the injection velocity calculated using the 

conservation method would be incorrect. Once there is enough water in the channel injection cells so that 

they have large pressure values, the injection velocity can be calculated directly from the pressure fields 

as this method is less computationally expensive and more simplistic to program.  

As the water starts to enter the channel, the pressure of the injection boundary faces will start to 

increase. If a constant capillary pressure is applied, the volumetric flow rate calculated in the PNM 

injection pore will start to decrease as water enters the channel because the pressure gradient at the 

boundary is decreasing. Eventually the injection face will have a large enough pressure value that there 

will be a negative value calculated for the injection velocity as seen in Figure 2.  

 

 

Figure 2: Injection velocity and pressure after breakthrough as a function of time elapsed. 

 

To ensure that there is not a negative injection flowrate, the capillary pressure that is set for the 

injection pore will increase at a rate uniform to the increase in the injection pressure. This essentially 
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attempts to fix the injection velocity as a constant value but still allows for the dynamic boundary 

conditions on the North boundary to conserve mass. The point at which the capillary pressure and 

associated source term will be removed occurs when the capillary pressure value starts to approach to 0 

Pa.  

The capillary pressure of the injection boundary face and alpha value of the channel injection cell 

are plotted as a function of the total iterations (including inner loops) in Figure 3. The first green line 

indicates the timestep whereby the capillary pressure is a positive value for the first time and therefore is 

removed along with the associated source term. The second green line indicates the next timestep. 

It can be seen in Figure 3 that the capillary pressure starts to approach a value of 0 when the alpha 

in the injection cell in channel approaches a value of 1. Therefore, the capillary pressure source term is 

removed when the alpha value in the channel injection cell approaches 1. 

 

 

Figure 3: Alpha in injection cell and capillary pressure of injection face increasing as the droplet forms in the 

channel. 

 

The pressure of the injection boundary face and associated capillary pressure are plotted as a 

function of the total iterations (including inner loops) in Figure 4. 
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Figure 4: Capillary pressure and injection face pressure increasing at uniform rates as the droplet forms in the 

channel. 

 

The capillary pressure is seen to increase proportional to the increase in the injection pressure and 

should result in a constant injection velocity. 

The pressure of the injection boundary face and injection velocity are plotted as a function of the 

total iterations in Figure 5 whereby a constant injection velocity is observed before the source term is 

removed. It can be seen that the pressure and velocity values remain stable until the capillary pressure 

source term is removed (first green line). The capillary pressure is removed as it was equal to a positive 

valuing indicating the pressure of the injection face has increased to water filled values. 

At this point the injection velocity transitions from 0.9534 m/s to 0.9442 m/s as the source term is 

removed and the PNM resolved. This reduction in the injection velocity causes a decrease in the injection 

pressure when the channel is next solved. As the capillary pressure mirrors the changes in the injection 

pressure, the reduction of the injection pressure causes a reduction in the capillary pressure. This 

reduction is large enough that the capillary pressure is calculated as a negative value again, meaning it is 

set as a source term again as the source term is only removed was the capillary pressure is positive. 
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Figure 5: Injection pressure and pore velocity as the droplet forms in the channel. 

 

In order to stop the capillary pressure source term switching back to a negative value directly 

after the source term is removed, the source term is turned off completely once the first positive capillary 

pressure is calculated. The pressure of the injection boundary face and injection velocity are plotted as a 

function of the total iterations for this scenario in Figure 6.  

 

 

Figure 6: Injection pressure and pore velocity as the droplet forms in the channel when capillary source term 

removed after becoming positive for the first time. Turn source term off. 
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Unfortunately turning off the capillary pressure completely after the capillary pressure becomes 

positive for the first time further destabilizes the simulation, diverging before the next timestep.  

When the capillary pressure source term was turned off completely, there is a slight increase in 

the injection velocity in the second outer loop (iteration = 611) that causes an increase in the injection 

pressure for that outer loop. On the next outer loop (iteration = 617) there is a decrease in the injection 

velocity because the pressure of the injection face increased. This decrease in velocity further decreases 

the injection pressure to such a degree that it destabilizes the simulation as seen in Figure 7, a zoomed in 

version of the final timestep. It destabilizes the pressure fields as the drastic decrease in the injection 

pressure will cause a drastic increase in the injection velocity of next outer loop. 

 

 
Figure 7: Injection pressure and pore velocity as the droplet forms in the channel when capillary source term 

removed after becoming positive for the first time, zoomed in on final timestep. 

 

In order to try to reduce the instability caused by a rapidly changing injection velocity, the 

injection velocity that was calculated in the first outer loop will be set as a constant value for subsequent 

iterations in that time step. This is only applied for the timestep whereby the source term is turned off. 

The pressure of the injection boundary face and injection velocity are plotted as a function of the total 
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iterations for this scenario in Figure 8, with a zoomed in version of the two timesteps after the source term 

is removed in Figure 9. 

 

 

Figure 8: Injection pressure and pore velocity as the droplet forms in the channel when capillary source term 

removed after becoming positive for the first time. Turn source term off, keep injection velocity constant. 

 

Keeping the injection velocity constant stabilizes the pressure and velocity fields for the first 

timestep after the source term is turned off permanently. However, the subsequent timestep (outer loop 

starts at the second green line) quickly diverges as there is an increase in the injection pressure that causes 

a drastic decrease in the injection velocity.  
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Figure 9: Zoomed in version of Figure 8 showing last two timesteps. 

 

This increase in injection pressure at each green line is caused by the advancement of the water 

fields in the channel and was seen in all previous timestep before the source term was removed (Figure 8). 

However, previously the capillary pressure increased proportionally to the injection pressure, stabilizing 

the injection velocity to a constant value so the pressure solution did not diverge. This increase in the 

injection pressure for the second green line was not expected because the injection pressure had increased 

to such an extent that the capillary pressure increased to a positive value and the γ value in the adjacent 

channel cells were almost equal to 1 (~0.99). 

 As a result, the simulation will never be able to couple at this point because there are still drastic 

increases in the injection pressure as the water front is advanced. These drastic increases in the injection 

pressure will destabilize the solution as the injection velocity will vary drastically within the timestep.  

Therefore, rather than removing the source term when the capillary pressure becomes positive, 

the positive capillary pressure will be set as a source term that still increases proportional to the injection 

pressure as was done previously. This capillary pressure source term will be turned off when the injection 

pressure stops changing rather than being turned off when the capillary pressure becomes positive as was 
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done previously. This should occur shortly after the channel cells become fully saturated as seen in the 

channel only simulations of Section 5.5 and should allow for stable injection velocities to be calculated as 

there shouldn’t be rapid increases in the injection pressure between subsequent timesteps.  

The pressure of the injection boundary face and alpha value of the channel injection cell are 

plotted as a function of the total iterations in Figure 10 for when the capillary pressure source term is 

never turned off. The green line indicates the iteration where the source term becomes positive for the 

first time. 

 

 

Figure 10: Alpha in injection cell and capillary pressure of injection face increasing as the droplet forms in the 

channel. Source term never turned off. 

 

 

The pressure and capillary pressure of the injection boundary are plotted as a function of the total 

iterations in Figure 11. 
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Figure 11: Capillary pressure and injection face pressure as a function of the total iterations when the source term is 

never turned off. 

 

By always setting the capillary pressure source term the simulation proceeds a few more 

timesteps whereby there are still increases in the injection pressure due to the water fields advancing in 

the channel. However, it can be seen in Figure 10 and Figure 11 that the pressure fields start to diverge 

during the last timestep (after ~700 iterations). At this point the capillary pressure has a value of around 

1000 Pa. This divergence of the pressure fields is very surprising because the injection velocity remains 

constant up until the last iteration as seen in Figure 12. 

 

 

Figure 12: Injection pressure and injection velocity as a function of the total iterations when the source term is 

never turned off. 
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As a result, a channel only simulation was performed similar to Section 5.5 but using the exact 

injection velocity calculated for this particular case. The pressure of the injection face and alpha value of 

the injection cell is plotted in Figure 13 for the channel only case as well as the coupled simulation where 

the source term is never turned off. The pressure and alpha values are plotted as a function of the time 

elapsed since breakthrough in microseconds.  

 

 

Figure 13: Injection pressure and alpha value in injection cell as a function of the time elapsed comparing a channel 

only simulation and coupled simulation 

 

A zoomed in version of Figure 13 is included in Figure 14 which only includes the timesteps the 

coupled simulation was able to obtain a converged result. Clearly the coupled simulation shares a very 

similar alpha and pressure profiles as the channel only simulation with a slight deviation once the alpha 

value approaches 1 (~5 μs). It also appears that the coupled simulation has not reached its maximum 

pressure value and therefore if the pressure fields didn’t diverge there would still be a few more timesteps 

of rapidly increasing injection pressure. 
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Figure 14: Zoomed in version of Figure 13. 

 

The pressure solution on the injection patch in the channel appears to become fairly constant after 

15 μs of elapsed time and should allow for the PNM and channel to be recoupled if the simulation reaches 

this point.  In order to reach this point, the coupled simulation will continue after breakthrough until the 

capillary pressure reaches ~1000 Pa (the coupled solver diverged after this point). The boundary 

conditions along the North boundary for both the air and injection patch will be kept constant and the 

simulation will progress with the water fields advancing in both the channel and the PNM. However, 

there won’t be any coupling between the two domains during this portion of the simulation. Once the 

pressure fields along the injection patch in the channel stabilize (~15 μs), the two domains will try to 

recouple once again with the capillary pressure source term set to zero. 

It should also be noted that sudden changes in the injection velocity will cause very incorrect 

pressure values along the channel injection patch for a few timesteps directly after the boundary condition 

change even if the water fields are not advanced. This is likely attributed to the sudden and large increase 

in the time derivative of velocity as the injection velocity is changed. 
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Consider Figure 15 whereby the injection pressure of the 5 channel faces are plotted as a function 

of the total iterations. The channel domain only was solved, and the injection velocity was changed when 

the pressure solution in the channel becomes steady. The injection velocity starts at 0.5 m/s and changes 

to 1.0 and 1.5 m/s once the channel is steady.  The water fields in the channel are not advanced at all and 

therefore it is expected that the pressure values should return back to a similar value after each new 

injection velocity is applied. 

 

 

Figure 15: Pressure of channel injection faces as injection velocity is increased. 

 

There are large pressure spikes at the iteration directly after the injection velocity is increased. 

These drastic increases are not intended and as mentioned previously are likely caused by the rapid spike 

in the time derivative of velocity due to the boundary conditions suddenly changing.  

If the new injection velocity that is calculated around 15 μs is very different from the previous 

injection velocity when the capillary pressure source term was applied, the coupled simulation will need 

to be advanced a couple timesteps with the new injection velocity and water fields held constant. This will 

ensure that these massively incorrect pressure spikes are not used to set new velocity boundary conditions 

causing the coupled solver to diverge. 
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D: Extra Figures 
 

 

Figures For Small Domain in Section 4.3.1 
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Figures For Large Domain in Section 4.3.1 
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E: Code 
 

• Main Algorithm used for coupling the PTL and channel domains during the post breakthrough 

portion of the simulation: 
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• FVM implementation of the PNM: 
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