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Abstract

Water Transport in Complex, Non-Wetting Porous Layers with Applications to Wa-

ter Management in Low Temperature Fuel Cells

Ezequiel F. Médici

Michigan Technological University, 2010

Advisor: Dr. Jeffrey S. Allen

An experimental setup was designed to visualize water percolation inside the

porous transport layer, PTL, of proton exchange membrane, PEM, fuel cells and

identify the relevant characterization parameters. In parallel with the observation

of the water movement, the injection pressure (pressure required to transport water

through the PTL) was measured. A new scaling for the drainage in porous media

has been proposed based on the ratio between the input and the dissipated energies

during percolation. A proportional dependency was obtained between the energy ra-

tio and a non-dimensional time and this relationship is not dependent on the flow

regime; stable displacement or capillary fingering. Experimental results show that for

different PTL samples (from different manufacturers) the proportionality is different.

The identification of this proportionality allows a unique characterization of PTLs
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with respect to water transport. This scaling has relevance in porous media flows

ranging far beyond fuel cells.

In parallel with the experimental analysis, a two-dimensional numerical model

was developed in order to simulate the phenomena observed in the experiments. The

stochastic nature of the pore size distribution, the role of the PTL wettability and

morphology properties on the water transport were analyzed. The effect of a second

porous layer placed between the porous transport layer and the catalyst layer called

microporous layer, MPL, was also studied. It was found that the presence of the

MPL significantly reduced the water content on the PTL by enhancing fingering

formation. Moreover, the presence of small defects (cracks) within the MPL was

shown to enhance water management.

Finally, a corroboration of the numerical simulation was carried out. A three-

dimensional version of the network model was developed mimicking the experimental

conditions. The morphology and wettability of the PTL are tuned to the experiment

data by using the new energy scaling of drainage in porous media. Once the fit be-

tween numerical and experimental data is obtained, the computational PTL structure

can be used in different types of simulations where the conditions are representative

of the fuel cell operating conditions.
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Nomenclature

GDL gas diffusion layer; referred to as PTL herein
MPL microporous layer
PDF probability distribution function
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CMOS complementary metal oxide semiconductor
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ij capillary pressure
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rij pore radius between nodes ‘i’ and ‘j’
ri average pore radius around node ‘i’
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rm average pore size for a given probability distribution
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t time
tmax simulation end time
∆t integration time step
xij non-wetting fluid position inside of the pore
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σ surface tension
θ contact angle
κ Weibull distribution scale parameter
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ij effective viscosity
µnw non-wetting fluid viscosity
µw wetting fluid viscosity
ψ Weibull distribution shape parameter
Q flow rate, [cm3s−1]
µnw non-wetting fluid viscosity
µw wetting fluid viscosity
γ non-wetting fluid surface tension
ri inlet pore radius
Ca capillary number
M viscosity ratio
t∗ non-dimensional time
Ce energy ratio
h smallest length scale
l largest length scale
Ri inner radius the parallel plates
Rmax outer radius of the parallel plates



1. Introduction

1.1 Motivation

Proton exchange membrane (PEM) fuel cells have the potential to provide a clean

energy to power a variety of application such as automotive, and domestic and in-

dustrial combined heat and power systems. In a PEM fuel cell, hydrogen and oxygen

combine to generate water, heat and electricity. The hydrogen can be obtained from

a variety of sources including renewable resources. While the electricity is generated

for power supply, water and heat are the residuals products. This particular type

of residuals products makes the PEM fuel cell an attractive clean solution to reduce

contamination in places with large pollution like cities. One of the unsolved technical

problems on the PEM fuel cells is water management. The generated water can be a

barrier to achieve high efficiency and durability.

A typical PEM fuel cell consists of a series of porous layers on both sides of

a thin polymer electrolyte membrane. Bipolar plates sandwich this assembly and

distribute reactants across the cell. The proton exchange membrane conducts the

positive charge, or protons, from the anode to the cathode. The proton exchange

membrane must be hydrated in order to transport the protons. Negative charges, or

electrons, must travel along the external electrical circuit.

3
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The amount of water inside the fuel cell must be carefully controlled and dis-

tributed. If too much water is removed, the proton exchange membrane begins to dry

out, thereby decreasing proton transport and consequently the fuel cell efficiency. If

too little water is removed, water will begin to accumulate and block access of the

reactants to the catalyst layer. Thus, the hydration of the PEM fuel cell is critical

and it is the central concern of this research. Poor water management also accelerates

degradation of the fuel cell.

The main challenge when studying the water distribution inside the fuel cell is vi-

sualization due to the opacity of its components. Visualization is crucial to determine

the mechanisms controlling the water distribution. Two types of experimental setups

coexist as research tools, ex-situ and in-situ experiments. In ex-situ experiments,

fuel cell components are replaced with transparent materials and the water is directly

observed. In in-situ experiments, the fuel cell components remain the same, and the

water distribution is obtained through a post-processing of an intermediate variable.

Examples of this are nuclear magnetic resonance, neutron imaging, as well as other

techniques.

The small size of the PTL pores in combination with its coating (the PTLs are

coated with polytetrafluoroethylene, PTFE, which makes surfaces non-wetting or

hydrophobic) can trigger unstable flow patterns where water percolates through the

PTL forming conduits or fingers. This flow pattern is known as capillary fingering.

However unlikely to happen under he normal fuel cell operating conditions, another

two flow patterns can develop on non-wetting porous media: stable displacement and

viscous fingering. These three flow patterns are summarized in the drainage flow

diagram [35]. If the porous media surface is wetting, scenario unlikely to be found in

fuel cells, a different set of flow patterns can occur and are presented on a imbibition



5

flow diagram [34]. The imbibition flow patterns are not considered in this thesis.

Even though the most likely flow pattern occurring in a fuel cell is capillary finger-

ing [43], a fundamental study of the capillary effect on water management has largely

been missing from fuel cell research. During the first stage of the research, an ex-situ

experimental setup was designed with the dual purpose of gaining visual access to

the water distribution inside the fuel cell and quantifying the amount of water held

in the porous transport layer, PTL, of a PEM fuel cell.

The most common approach to model flow in porous media is through the use of

concept of porosities and permeabilities. The porosity and permeability approaches

to modeling liquid water transport in the PTL using techniques such as the J-Leverett

function [36] can be considered as static saturation models. That is, the models are

developed based on equilibrium configurations of water volume and pressure in a

porous medium. Within an operating fuel cell the balance between viscous effects,

capillary pressure, and the morphology of the PTL is key to predicting water trans-

port. In order to study the water percolation within a PTL, the pore-level capillary

pressure must be included in any model. As such, the pore size distribution has a

more significant meaning in describing PTL water transport than does porosity or

permeability. Average properties such as porosity and permeability are insufficient

to capture the two-phase capillary-driven flow behavior. When using the J-Leverett

function to correlate saturation to pressure, the flow resistance will have to be han-

dled through a Darcy-type law where effective permeability is used to modify the area

available for gas transport. This approach will work if the flow rates are sufficiently

large. However, for a fuel cell operating under normal conditions, the rate of water

production results in small flow rates so that the movement of water in a PTL takes

the form of capillary fingering [43]. Full saturation is never reached with capillary
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fingering. Water will move through a subset of pores, typically the largest and/or the

least wetting pores, at approximately constant capillary pressure independent of the

saturation level.

As explained by Weber et al. [62] in their modeling review article, the J-Leverett

function was developed for uniform wettability and pore aspect ratio which is not

the scenario found in PTL water transport. The conclusion is that porosity and

permeability are not suitable measures for describing liquid water transport through

the PTL. In addition, the J-Leverett function and associated porosimetry methods

were developed for soil percolation studies where fluid flow is driven by a constant

hydraulic pressure. Fuel cells operate under a constant flow rate condition with the

water production rate proportional to the current density.

A network model is often utilized when pore-level dynamics are important to

liquid transport in a porous medium. The basic premise of the network model is that

both fluids can be modeled as Poiseuille flow. The morphology of the porous layer is

modeled as a lattice of tubes of random diameters. Two additional terms are included

with the conventional Poiseuille flow relation which model the capillary pressure and

the effective viscosity when both fluids are simultaneously present in a tube. The

network model has been shown to accurately simulate two-phase capillary-driven flow

in porous media [35]. Vogel et al. [61] compared a number of traditional methods used

to simulate two-phase flow in porous media concluding that the network model is the

simplest, least computationally expensive, and has an accurate representation of the

phenomena; especially when the pore size distribution is important.

Changes to the wettability and morphology of the PTL are anticipated to influence

the amount of liquid water present in the PTL. The wettability of the PTL is typically

changed by varying the amount of PTFE present. The PTL morphology change
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which has received the greatest attention has been the addition of a microporous

layer (MPL).

The understanding of the effects of wetting and morphological properties of the

PTL on the water percolation is crucial for developing water management strategies,

especially at high current density. There are discrepancies between research results

on the water percolation though the PTL with respect to the effect of the pore size

distribution, contact angle, PTFE content, water state when crossing the MPL, and

the role of the MPL in improved fuel cell performance. This project emphasizes the

role of the capillary effect on the water management on PEM fuel cells. An optimum

combination of PTL structural, morphological and wettability properties which min-

imizes mass transport losses is sought. To that end, a parametric investigation of

PTL properties which influence the water transport is conducted.

One research question that still has to be properly addressed is how those sim-

ulation can be validated/corroborated against experimental data? Answering this

question implies also answering the question on how the porous media can be charac-

terized base on drainage flow patterns. If a method for characterization is found, then

the same method can used to validate the numerical simulations. Normally, during

drainage in porous media, water dispersion or pressure gradient versus saturation are

measured in the experiments and used to decide which flow pattern is occurring. The

flow pattern can be cataloged using the drainage phase diagram by it visual appear-

ance using the drainage phase diagram. The drainage phase diagram allow to identify

the transition between stable displacement and capillary fingering but the transition

between both flow regimes is wide and not suitable to use for validation nor charac-

terization of the porous media. On the other hand, the characterization/validation

can be done by comparing the percolation pressure versus saturation measurements



8

such as the J-Leverett J-function [36]. However, these comparison are not able to

distinguish between capillary fingering or stable displacement. One of the objective

of this project is also to develop a tool the allows characterization of the porous media

and therefore validate numerical simulations using an output strongly dependent of

the drainage flow patterns as well as the porous media properties. This method is

based on the ratio between injected and dissipated energies, which can be derived by

combining the measurements of the water dispersion and the percolation pressure.

It is expected that different porous media with different porous structure and

wettability properties will dissipate the energy in different ratios allowing for distinct

characterization. The numerical simulations have to developed with proper boundary

condition representative of the experiments in which these variable are measured.

The numerical simulation are then corroborated under those conditions by tuning

the porous media wettability and structure properties. The resulting porous media

structure can be later used to simulate the water percolation in a fuel cell with

the appropriate boundary conditions. Using this method to validate the numerical

simulation of the water percolation in porous media independently of the fuel cell

operation condition has the advantage over validations based on the comparison of

the polarization curve where many other effects are couple and the leading to a miss

understanding of the simulation results.

1.2 Outline

This project is divided into three themes: experimental observation, numerical

modeling and final recommendations. The experimental setup has multipurpose goals
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of (i) identifying the possible flow regimes than can occur in a PTL, (ii) identifying the

mechanism involved in each flow regime, (iii) identifying which one mechanisms are

critical during a fuel cell operation, and (iv) providing a tool to characterize different

PTL based on the susceptibility to these flow regimes. The method proposed to

characterize PTL can also provide a tool to validate the numerical modeling.

The numerical modeling is developed with the objectives of helping explain the

experimental observations and studying the effects of PTL properties on the water

transport in simulated fuel cell conditions.

The final recommendations are based on the results from the numerical simulations

and the experimental measurements. Characterization of the PTL will lead to the

creation of a database where different PTL can be cataloged to be later used according

to a desired transport behavior. The numerical simulation can be tuned based on

this database and the resulting simulated PTL used to explore a fuel cell. Figure 1.1

summarize the work flow proposed in this project. These three themes are developed

in a six chapters

• Chapter 1: Introduction: the motivation behind this project as well as the

goals are presented. The task flow and the material required are presented.

• Chapter 2: Experimental Setup: design of an experimental setup to iden-

tify the most relevant mechanisms acting during water percolation through the

PTL.

• Chapter 3: PTL Characterization: develop criteria to characterize different

PTL based on their susceptibility to the drainage flow patterns. A new scaling

for drainage in porous media based on the ratio between input and dissipated
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energies is proposed. Different PTLs, from different manufacturers, were tested

and the results presented in terms of the proposed scaling.

• Chapter 4: Numerical Model: modeling the PTL transport properties

by modifying the existing transport model successfully used in porous media

[35]. The effect of the wettability properties, structural properties like pore size

distribution, PTFE coating concentration, boundary conditions, among others

will be taken in consideration.

• Chapter 5: Corroboration of the Numerical Simulation: a series of nu-

merical simulation are carried out mimicking the experimental conditions setup

described in Chapter 2 and the results compared against the experimental mea-

surements by using the proposed scaling for drainage in porous media described

in Chapter 3.

• Chapter 6: Summary and Future Work: final recommendations and step

to develop are presented .





2. Existence of the Phase Drainage

Diagram in PEM Fuel Cell Fibrous

Diffusion Media

It is well established that drainage in porous media can be characterized by two

nondimensional numbers: the capillary number, Ca, and the viscosity ratio, M. Both

quantities are useful to distinguish which force (viscous or capillary) is governing

the fluid displacement behavior. This information is summarized in the Ca-M phase

diagram. The Ca-M phase diagram is strongly dependent upon fluid properties and

the porous medium morphology and wettability. Experimental evidence suggests that

the morphology of the porous medium has an important role in the behavior in the

fluid displacement. In this work, Ca-M phase diagram of fuel cell Diffusion Media

layer (DM) is explored using a pseudo-Hele-Shaw experimental setup. This phase

diagram will be explored together with the characteristic pressure curves of each

displacement type. This Ca-M phase diagram will provide a fundamental resource

for understanding the dynamics of the diffusion process and transport characteristics

taking place inside of the DM as well as a characterization method for DMs.

Note: Reprinted from Publication title, 191/2, E. F. Médici and J. S. Allen, Existence of the
phase drainage diagram in proton exchange membrane fuel cell fibrous diffusion media, 417-427,
Copyright 2009, with permission from Elsevier. Copyright agreement in Appendix B section 2.1.
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2.1 Introduction

Drainage is the displacement of a wetting fluid by the injection of a nonwetting

fluid. When drainage takes place a in porous media three types of fluid flow behavior

can arise. One type of flow is originated when the injected fluid has lower viscosity

than the displaced fluid. The injected fluid permeates irregularly through the porous

material resulting in the formation of multiple conduits or fingers. This resulting flow

distribution is characterized by fingers of approximately the same size and is called

viscous fingering. The other two types of flow are created when the injected fluid has

higher viscosity than the displaced fluid. If the injection flow rate is relatively slow,

the injected fluid again generates irregular conduits within the porous media. The

resulting flow distribution is characterized by the formation of a few fingers of different

sizes and is called capillary fingering. If the injection flow rate is relatively high, the

injected fluid permeates evenly through the porous media without finger formations;

this resulting flow distribution is called stable displacement. Lenormand et al. [34, 35]

presented a phase diagram that summarizes these three types of flow distribution

in porous media in a single chart, called Drainage Phase Diagram, illustrated in

Figure 2.1. This phase diagram is based on two nondimensional parameters, the

capillary number, Ca, and the viscosity ratio, M :

Ca =
vµnw

σ
(2.1)

M =
µnw

µw
(2.2)
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Figure 2.1. Drainage phase diagram.

where v is the fluid velocity, µw and µnw are the wetting and nonwetting fluids vis-

cosities, and σ is the surface tension.

These flow instabilities in porous media, viscous and capillary fingering, have been

an object of study for a long time [1, 21, 24] and in diverse applications such as oil

recovery [32], drug delivery [57], water transport in soil [48], among others; but it has

been largely omitted from fuel cell research.

A typical Proton Exchange Membrane (PEM) fuel cell consist of a series of porous

layers compressed between bipolar plates. These layers, starting from the anode side,

are the Diffusion Media layer, DM, (5-10 µm pore size and 150-400 µm thick), the

Micro Porous Layer, MPL, (100-500 nm pore size and 10-20 µm thick), the catalyst
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Figure 2.2. SEM image of the Toray T060 DM layer under study, 100x magnification.

layer or electrode (0.1-1 µm pore size and 5-30 µm thick), the proton exchange mem-

brane (50-200 µm thick). These layers repeat on reverse order in the cathode side.

Figure 2.2 shows SEM images of a diffusion media layer at 100x magnification. These

layers are generally treated with a polytetrafluoroethene (PTFE) coating making the

pore surface hydrophobic.

The amount of water generated inside the fuel cell must be carefully controlled

and distributed [37]. Remove too much water and the PEM begins to dry out, thereby

decreasing proton transport. Remove too little water and it begins to accumulate,

blocking the access of the reactants to the catalyst layer which stops the chemical

reaction and reduces the cell efficiency. Also, water accumulation may locally pre-

vent the flow of reactants through the bipolar plate channels, reducing the chemical

reaction rate upstream and increasing the degradation of the fuel cell components.
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Thus, water management is critical to reliable PEM fuel cell operation. There

have been a numerous studies to improve the water management in PEM fuel cells

including: external humidification [10], size and profile of the bi-polar plates channels

[38], thickness and porosity of the layers [25, 50] , the addition of the MPL [52],

wettability of the layers [12], among others.

Experimental evidence suggests that the water distribution inside of the DM is not

uniform and water is transported in a fingering-type flow. Litster et al. [39] present

evidence of the fingering type of pattern using fluorescence microscopy. In their exper-

iment, distilled water with fluorescence dye was injected into a DM from the bottom

surface, obtaining a “through plane" percolation. Also, evidence of nonuniform water

distribution was found using magnetic resonance imaging by Tsushima et al. [60], as

well as neutron imaging by Satija et al. [54]. Sinha et al. [55], using a simple calcu-

lations for the water generated in a fuel cell under normal operating conditions and

the drainage phase diagram, suggested that the main regime expected in a fuel cell

is capillary fingering. In this calculation, the effect of different pore size along the

different layers was not taken into account. Kimball et al. [23] suggest that water

will flow along the DM only through the largest pores, but they omit the effect of the

MPL in their discussion. Despite all this evidence of capillary driven flow, there has

not been a fundamental study of capillarity and drainage flow patterns on fuel cell

water management.

The objective of this study is to explore the three types of drainage flow in DM

separately and gain knowledge of the water behavior inside of the DM which may

occur during the operation of the fuel cell. The understanding of these basic mech-

anisms will be useful for developing reliable robust water management strategies in

low temperature fuel cells.
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2.2 Experimental Setup

The diffusion media used for this study is Toray T060 with a pore size distribution

in the range of 5-10 µm and a 9% by mass PTFE treatment. Figure 2.2 shows an

SEM image of the sample used at 100x magnification. This 5 × 5 × 0.02 cm sample

is placed in a cell between two layers of polydimethylsiloxane (PDMS). PDMS is

a transparent, compliant, and hydrophobic silicon material used to seal the top and

bottom surfaces of the diffusion media ensuring water percolation within the diffusion

media while maintaining visual access. Figure 2.3 illustrates the PDMS-DM-PDMS

cross section, which is referred to as a pseudo-Hele-Shaw cell. To prevent filtration

between the PDMS and the DM surfaces, the cell layers were compressed between two

pieces of PlexiglasTM surrounded by a metallic frame which was held in place by four

screws. The screws were adjusted to produce a 20 KPa compression pressure over the

test sample, which generates a 0.05% strain deformation (0.1 µm compression). Four

springs were also placed between the frames in order to obtain uniform compression

along the cell.

A Kulite XCS062100 differential pressure transducer located in the inlet tubing

was used to measure the percolation pressure. The pressure was recorded using a

Keithley 2700 digital multimeter at intervals of 0.1 seconds. A camera located at 0.5

m from the cell was used to collect images of the drainage during the experiment.

Due to the different time scales of the experiments, two types of camera were used.

A Panasonic GP-KS125 CCD camera was used for the capillary fingering set of ex-

periments, while a high speed Photron Fastcam-Ultima APX-RS CMOS camera was

used for the stable displacement and viscous fingering set of experiments. In order

to have enough contrast between the injected and the displaced fluid in the DM and
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Figure 2.3. Experimental setup details.

to avoid camera self-reflection from the cell, a diffusive illumination system was used.

The working fluid was injected through a 2 mm diameter hole located in the middle of

the bottom PDMS layer using a syringe pump at a constant flow rate. Two different

syringe pumps were used. An ultra-low flow rate syringe pump, Harvard Apparatus

model 2274, was used for the capillary fingering set of experiments, while a Harvard

Apparatus model 938 syringe pump was used for the stable displacement and viscous

fingering set of experiments. The flow rate and the working fluid could be varied in

order to explore different points in the drainage phase diagram. The flow rate was

changed to set different capillary numbers and the working fluid was changed to set

different viscosity ratios. A reference capillary number, Ca, for each experiment was

calculated at the inlet using equation (2.1), where the inlet velocity v was calculated

as v = q/πr2, where q is the volumetric flow rate and r is the radius of the inlet
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tube. The reference viscosity ratio, M , for each experiment was calculated using

equation (2.2), where the terms wetting and nonwetting fluid refer to the displaced

and injected fluids respectively. Table 2.1 summarizes the flow rates, working fluids,

capillary number, among other technical data used during each experiment. The test

sample was placed in a desiccator for approximately 24 hours prior to each experiment

run.

Table 2.1. Test conditions for each experiment. SD: Stable Displacement, CF: Capil-
lary Fingering, VF: Viscous Fingering.

Regime Fluids M q (ml s−1) Ca Frame Rate (fps)
SD Water/air 64 0.228 1.2 ×10−3 60
SD Water/Air 64 0.059 3.0 ×10−4 250
CF Water/Air 64 2.1 ×10−5 1.1 ×10−7 0.06
CF Water/Air 64 5.6 ×10−6 3.0 ×10−8 0.05
VF Air/Water 1.5 ×10−2 0.5 3.6 ×10−5 500
VF Air/Water 1.5 ×10−2 0.228 1.8 ×10−5 500
VF Water/Oil 3 ×10−3 2.5 ×10−4 2.4 ×10−6 -

Three different sets of experiments, designed to explore each of the three possible

fluid behaviors shown on the drainage phase diagram, were performed. In the stable

displacement experiments, air was displaced from the DM by injecting water at a

high flow rate. During the capillary fingering experiments, air was displaced from the

DM by injecting water at a low flow rate. In the viscous fingering experiments, water

was displaced from the DM by injecting air or oil was at a high flow rate. Figure 2.4

shows the capillary number, Ca, and viscosity ratio, M , of each experiment in the

drainage phase diagram.

From the experiments, the top view images of the percolation evolution and the

percolation pressure curve were recorded in parallel. The images from the CCD cam-

era were collected using EPIX PIXCI imaging board and XCAP frame grabber, while
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the images from the CMOS camera were collected using Fastcam Viewer software.

From these images, the percentage of the total area occupied by the injected fluid

and the interface of injected-displaced fluids were calculated for each test. The time

evolution of the occupied area is referred to as a saturation curve, while the time evo-

lution of the fluid-fluid interface is refereed to as a front length curve. To obtain these

saturation and front length curves, an image post-processing analysis was performed.

2.2.1 Image Post-Processing

The procedure to obtain the fluid-fluid interface began by transforming the collected

images to gray scale. A background reference image of the DM before the percolation

started was subtracted from each image. By applying a threshold value to the dif-
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ference between actual and reference pictures, the location of injected and displaced

fluids can be easily identified. The interface between the injected and displaced fluids

was captured using an edge detection algorithm written in Matlab. The interface was

reconstructed by plotting the border points, indicated by the line superimposed on

Figure 2.5 for stable displacement, Figure 2.9 for capillary fingering, and Figure 2.13

for viscous fingering.

The area saturated with injected fluid from the top view is referred as the wetted

area, and is denoted as A. The interface line between the injected and displaced fluid

is referred to hereafter as the front length, S. Using the described technique, the

wetted area, A, and the front length, S, were calculated at each time interval. The

front length and the wetted area were nondimensionalized using the length and width

of the test sample, L and H, respectively. The front length is nondimensionalized by

the perimeter of the test sample 2(L+H) and the wetted area is nondimensionalized

by the projected area of the test sample L×H.

2.3 Observations

2.3.1 Stable displacement

When the injection flow rate is high enough to have a Ca number greater than 10−3

and the viscosity ratio between the injected and displaced fluids is greater than one,

the drainage flow regime is stable displacement. The stable displacement flow regime

is characterized by a flow pattern where all pores sizes are filled. Starting from the

center injection hole, the injected fluid will fill all the pores until it reaches the edge

of the test sample and the experiment ends. The interface between injected and
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(a) t1 = 0.25 seconds

(b) t2 = 1.60 seconds

(c) t3 = 3.2 seconds

(d) t1 = 1.0 seconds

(e) t2 = 5.8 seconds

(f) t3 = 14.0 seconds

Figure 2.5. Three stages of the water-air percolation evolution for the two stable dis-
placement flow regime experiments. Yellow lines identify the water-air
interface. Water is inside and air is outside of region defined by the in-
terface line. Right column images: time evolution for experiment at 0.228
ml s−1 (Ca = 1.2 × p10−3). Left column of images: time evolution for
experiment at 0.059 ml s−1 (Ca = 3.0× p10−4).
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Figure 2.6. Nondimensional front length curves for the two stable displacement flow
regime experiments. These nondimensional front lengths curves were cal-
culated from the time evolution images of water-air interface. Experi-
ments were performed injecting water and displacing air (M = 64) at
different injection flow rate of 0.228 and 0.059 ml s−1 which correspond to
Ca = 1.2×10−3 and Ca = 3.0×10−4, respectively.

displaced fluids can be assumed as a circular line shape (from a top view) concentric

to the injection hole. In this stable displacement set of experiments, air was displaced

by injecting water (viscosity ratio of M = 64). The flow rates used were 0.228 and

0.059 ml s−1 which results in a Ca of 1.2×10−3 and 3.0×10−4, respectively. Images were

collected using the CMOS camera at 60 and 250 fps respectively. Three stages of the

water percolation evolution for the two injection flow rates are shown in Figure 2.5.

These figures include the interface line between the injected and displaced fluids.

From the experiment images, the front length S and wetted area A curves were

calculated for each image. The nondimensional front length curves, Figure 2.6, and

the nondimensional wetted area curves, Figure 2.7, reach a peak value and then
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Figure 2.7. Nondimensional wetted area curves for the two stable displacement flow
regime experiments. These nondimensional wetted areas curves were cal-
culated from the time evolution images of water-air interface. Experi-
ments were performed injecting water and displacing air (M = 64) at
different injection flow rate of 0.228 and 0.059 ml s−1 which correspond to
Ca = 1.2×10−3 and Ca = 3.0×10−4, respectively.

plateau after an initial transient period. The lower Ca experiment has the lower steady

wetted area (lower saturation level) and the higher steady front length. The steady

front length is greater than one which can be explained using the phase diagram.

Due to the proximity to the transition region between the stable displacement and

capillary fingering, the uniform shape of stable displacement begins to develop small

capillary fingers. This effect can be seen in Figure 2.5(f). The presence of these fingers

reduces the level of saturation, increases the interface front length, and increases the

time to reach saturation.

The corners of the cell will never be wetted and saturation level will be always

lower than one because the injected fluid spreads circular until it reaches the edges
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Figure 2.8. Percolation pressure curves for the two stable displacement flow regime
experiments. Experiments were performed by injecting water and displac-
ing air (M = 64) at different injection flow rate of 0.228 and 0.059 ml s−1

which corresponds to Ca = 1.2×10−3 and Ca = 3.0×10−4, respectively.

of the test sample (it will reach the middle of all the side edges at approximately the

time) and the experiments ends.

The pressure drop during percolation exhibits an gradual growth as water is in-

jected, shown in Figure 2.8. Additional pressure is required to inject more water in

order to displace the previously injected water. Also, the greater the capillary number

the higher the fluid velocity and the larger the required pressure drop.

2.3.2 Capillary Fingering

The capillary fingering drainage flow regime is characterized by a very slow injection

flow rate and therefore a very small Ca. This slow flow rate allows the injected fluid
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(a) t1 = 120 seconds

(b) t2 = 1080 seconds

(c) t3 = 1350 seconds

(d) t1 = 1400 seconds

(e) t2 = 11400 seconds

(f) t3 = 13000 seconds

Figure 2.9. Three stages of the water-air percolation evolution for the two capillary
fingering flow regime experiments. Yellow lines identify the water-air in-
terface. Water is inside and air is outside of region defined by the interface
line. Right column images: time evolution for experiment at 2.1 ×10−5

ml s−1 (Ca = 1.1 ×10−7). Left column of images: time evolution for
experiment at 5.6×10−6 ml s−1 (Ca = 3.0×10−8).
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Figure 2.10. Nondimensional front length curves for the two capillary fingering flow
regime experiments. These nondimensional front lengths curves were
calculated from the time evolution images of water-air interface. Exper-
iments were performed injecting water and displacing air (M = 64) at
different injection flow rate of 2.1 ×10−5 and 5.6 ×10−6 ml s−1 which
correspond to Ca = 1.1×10−7 and Ca = 3.0×10−8, respectively.

to reach a quasi-steady capillary equilibrium. Starting from the injection hole, the

injected fluid will percolate only through the pores that offer the smallest capillary

resistance. These low capillary resistant pores are the largest pores or the pores with

small internal contact angle [19]. This type of fluid flow no longer has the uniform

circular shape obtained in stable displacement flow regime. On the contrary, this flow

pattern is characterized by the formation few irregular conduits or fingers through

the porous media. The experiment ends when the injected fluid reaches one of the

edges of the test sample.

During this capillary fingering set of experiments, air was displaced by injecting
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Figure 2.11. Nondimensional wetted area curves for the two capillary fingering flow
regime experiments. These nondimensional wetted areas curves were
calculated from the time evolution images of water-air interface. Exper-
iments were performed injecting water and displacing air (M = 64) at
different injection flow rate of 2.1 ×10−5 and 5.6 ×10−6 ml s−1 which
correspond to Ca = 1.1×10−7 and Ca = 3.0×10−8, respectively.

water (viscosity ratio of M = 64). The flow rates used were 2.1×10−5 and 5.6×10−6

ml s−1 which results in a Ca of 1.1 ×10−7 and 3.0 ×10−8, respectively. In order to

achieve these flow rates, an ultra-low flow rate syringe pump, Harvard Apparatus

model 2274, was used. Images were collected using the CCD camera at 0.06 and 0.05

fps, respectively. Three stages of the water percolation evolution for the two different

injection flow rates are shown in Figure 2.9. These figures include the interface line

between the injected and displaced fluids.

From the experiment images, front length S and the wetted area A curves were

calculated. The capillary fingering regime is characterized by incomplete saturation
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(a) Ca = 1.1×10−7.
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(b) Ca = 3.0×10−8.

Figure 2.12. Percolation pressure curves for the two capillary fingering flow regime
experiments. Experiments were performed by injecting water and dis-
placing air (M = 64) at different injection flow rate of 2.1 ×10−5 and
5.6×10−6 ml s−1 which correspond to Ca = 1.1×10−7, Figure (a), and
Ca = 3.0×10−8, Figure (b), respectively.
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of the media. Therefore, the nondimensional front length curves, Figure 2.10, and the

nondimensional wetted area curves, Figure 2.11, show a lower saturation level when

compared to the stable displacement saturation level.

In the capillary fingering regime, the percolation pressure has an initial gradual

growth which levels off to a constant pressure as water is injected. When the pressure

in the syringe is higher than the capillary pressure in the DM, the water-air interface

moves (meniscus displacement). However, due to the low flow rate, there is not enough

volume of water to keep the meniscus moving continuously and the interface motion

stops. Percolation subsides until the system reaches a quasi-steady equilibrium and

the pressure in the syringe pump exceeds the capillary pressure. Thus, the pressure

curve oscillates around the capillary pressure, as seen in Figure 2.12 (b).

As the Ca increases, less time is required for the water to reach one of the edges. At

the higher Ca, the flow regime approaches the intermediate region between stable dis-

placement and capillary fingering, the quasi-steady capillary equilibrium displacement

is no longer achieved and the pressure continuously increases during the percolation

as shown in Figure 2.12(a). The increased fluid velocity results in an increased initial

pressure at which the percolation begins. The initial pressure was 5.3 ± 0.35 kPa for

Ca = 1.1×10−7 while for Ca = 3.0×10−8 and the initial pressure was 4.5 ± 0.35 kPa.

2.3.3 Viscous Fingering

When the injected fluid has lower viscosity than the displaced fluid, the drainage

flow regime is viscous fingering. Due to the low viscosity of the injected fluid the

percolation pressure continuously decreases until the injected fluid reaches the edge

of the test sample. The pressure levels off to a minimum value and the experiment
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(a) t1 = 0.3 seconds

(b) t2 = 0.6 seconds

(c) t3 = 1.0 seconds

(d) t1 = 0.8 seconds

(e) t2 = 1.9 seconds

(f) t3 = 3.3 seconds

Figure 2.13. Three stages of the air-water percolation evolution for the two viscous
fingering flow regime experiments. Yellow lines identify the air-water
interface (M = 1.5 ×10−2). Air is inside and water is outside of region
defined by the interface line. Right column images: time evolution for
experiment at 0.5 ml s−1 (Ca = 3.6×10−5). Left column of images: time
evolution for experiment at 0.228 ml s−1 (Ca = 1.8×10−5).
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Figure 2.14. Nondimensional front length curves for the two viscous fingering flow
regime experiments. These nondimensional front lengths curves were
calculated from the time evolution images of air-water interface. Experi-
ments were performed injecting air and displacing water (M = 1.5×10−2)
at different injection flow rate of 0.5 and 0.228 ml s−1 which correspond
to Ca = 3.6×10−5 and Ca = 1.8×10−5, respectively.

stops. The resulting flow patterns is characterized by the formation of multiple fingers

of approximately the same size. In this set of experiments, the DM was originally

saturated with water and air was injected to displace the water (M = 1.5 ×10−2).

The flow rates used were 0.5 and 0.228 ml s−1 which results in a Ca of 3.6×10−5 and

1.8 ×10−5, respectively. Images were collected using the CMOS camera at 500 fps

for both flow rates. Three stages of the air percolation evolution for the two different

injection flow rates are shown in Figure 2.13. These figures include the interface line

between the injected and displaced fluids.

From the experiment images, the front length S and the wetted area A curves

were calculated. The nondimensional front lengths curves, shown in Figure 2.14,
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Figure 2.15. Nondimensional wetted area curves for the two viscous fingering flow
regime experiments. These nondimensional wetted areas curves were
calculated from the time evolution images of air-water interface. Experi-
ments were performed injecting air and displacing water (M = 1.5×10−2)
at different injection flow rate of 0.5 and 0.228 ml s−1 which correspond
to Ca = 3.6×10−5 and Ca = 1.8×10−5, respectively.

have a maximum larger than one due to the presence of many fingers when compared

with stable displacement and capillary fingering. For Ca of 3.6 ×10−5 the maximum

S was 5.8 and for Ca = 1.8 ×10−5 the maximum S was 7.8. As the DM is filled,

these fingers coalescence into wider conduits and the front lengths slowly decay over

a period of time. However, the nondimensional wetted area curves are characterized

by incomplete saturation of the media as shown in Figure 2.15.

During viscous fingering regime, the combination of the small pore size of the

DM and the relative high viscosity of the water, as compared with air, displacement

of the water requires high pressures which compresses the air inside the injection

tubing. At the onset of percolation, the compressed air expands rapidly through the
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Figure 2.16. Percolation pressure curve for the viscous fingering flow regime experi-
ment. Experiment was performed by injecting water and displacing SAE
30 motor oil (M = 3×10−3) at flow rate of 2.5×10−4 which correspond
to Ca = 2.4×10−6.

DM originating a fast growth of the fingers. Subsequently, the growth speed of the

fingers does not correspond to the injection flow rate. The percolation pressure curves

include the rapid release of stored energy in the compressed air and this behavior does

not correspond to drainage viscous fingering flow regime. Therefore, the air-water

percolation pressure curves are not presented.

In order to avoid this problem and to keep a small viscosity ratio, an experiment

using incompressible fluids was performed. In this experiment the DM was originally

saturated with SAE 30 motor oil and it was displaced by injecting water (viscosity

ratio of M = 3 ×10−3). The flow rate used in this experiment was 2.5 ×10−4 ml s−1

which results in a Ca of 2.4 ×10−6. Due to the low contrast between the water and

the oil in the DM, it was not possible to identify the fluid-fluid interface. Only the
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pressure drop is presented, see Figure 2.16. When the water is injected and the oil

displaced the overall viscous forces are reduced and therefore the pressure drop shows

a gradual decay as the water is injected. When the fingers reach the edges the pressure

levels off to the minimum value as was expected and the experiment ends.

2.4 Discussion

Previous publications on the study of the transport mechanisms of the water

through the DM were focused on ex-situ experiments where the injected fluid is

forced to cross the thickness of the DM for “through-plane” percolation. These ex-

situ experiments are mimicking the operating conditions of a real fuel cell. In this

work the fluid is injected on a small area on one side of the DM, forcing it to percolate

along the DM for “in-plane” percolation.

The advantages of “in-plane” over “through-plane” is that the percolation occurs

over a longer time which increases the experiment precision, especially in the mea-

surement of the percolation pressure. While “in-plane” experiments tend to be more

realistic to the fuel cell operating conditions, the “through-plane” has the advantages

of higher visual area and longer experimental time which are essential for a more

fundamental understanding of transport mechanisms.

Benzinger et al. [4] measured the pressure required for the water to cross along

the DM. Based on their experiment, water will cross along the DM at approximately

5.3 kPa. This pressure value can be compared to the initial value in the pressure

curves for capillary fingering regime (4.5 and 5.3 kPa) shown in Figure 2.12 (a) and

(b). The data from Benzinger et al. [4] represents only one point of the characteristic
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pressure for the capillary fingering flow region of the drainage phase diagram and

cannot provide visual access to identify the fingering pattern.

Litster et al. [39] used an experimental setup where water with fluorescence dye

was injected along the bottom surface generating a “through-plane" percolation. Un-

der this arrangement, their experimental setup is a realistic approximation of the

operating conditions of a fuel cell. However, the time and the space where the fingers

take place are small and hard to characterize. In this setup it would be difficult to

distinguish between the different drainage flow regimes.

2.4.1 Drainage flow regimes in DMs

All three flows patterns can occur during PEM fuel cell operation. Each flow pattern

has its own characteristic. The most immediate and easy to discern characteristic is

the pattern shape: uniform, a few narrow fingers, or multiple fingers. Associated with

these shapes are the wetted area curves and the front length curves. Also, each flow

pattern will have a unique percolation pressure and time scale which can vary from

seconds for viscous fingering and stable displacement to hours for capillary fingering.

All these characteristics combined together can be used to classify different diffusion

media according to their susceptibility to each drainage flow pattern.

It is also important to identify which conditions will trigger each flow regime,

especially capillary fingering and stable displacement. When the a particular flow

regime in a porous media changes from capillary fingering to stable displacement

the media will start to flood. The transition between stable displacement and viscous

fingering will rarely occur in a fuel cell. Nevertheless, when there is pressure difference

between the air channels (e.g. a water plug blocking the channel) and if this pressure
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is higher than the capillary pressure then the reactants will displace the water in a

viscous fingering mode. To understand when this condition can be triggered, a closer

look of the morphology of each porous layer in a PEM fuel cell is required.

Assuming a typical fuel cell of 1 kW and 1 m2 active area operating for one hour,

0.5 l of water will theoretically be produced [22]. The capillary number for this

flow rate q = 1.4 ×10−7 ml s−1 is approximately Ca = 5 ×10−9 which corresponds

to the capillary fingering flow regime. However, in a typical fuel cell assembly, a

microporous layer (MPL) is located between the catalyst layer and the gas diffusion

media. The cathode and anode MPLs, with a typical pore size in the order of 100-500

nm, increase the capillary force up to approximately 100-1000 times when compared

with the capillary force on DM. As a consequence of this high capillary pressure in

the MPL, the catalyst layers and the PEM are forced to operate under complete

saturation conditions, keeping them hydrated [52]. In contrast, the capillary number

for anode and cathode DMs (with pore size in the order of 5-10 µm) is lower resulting

in a capillary fingering mode. This could be a desirable effect in the DM because

during capillary fingering regime the fingers will allow the water reach the channel

without flooding the DM.

2.5 Conclusions

An experimental setup was developed to have visual access of fuel cell Diffusion

Media layer (DM) during percolation. The characteristic nondimensional numbers

were varied in order to obtain the three different types of fluid flow behaviors spec-

ified in the drainage phase diagram. The nondimensional numbers were set by ad-
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justing the injection flow rate as well as changing the working fluids. During the

experiment, injection pressure was measured and the time-dependent water distribu-

tion was recorded. From the time dependent wetted area and front length as well as

from the injection pressure it can be concluded that a change in the injection con-

dition can completely change the water transport mechanism occurring in the DM.

These changes can be associated with three different types of fluid flow behaviors, the

stable displacement, the viscous fingering, and the capillary fingering. These three

flow regimes summarize the expected transport mechanisms taking place in the DM

during operation of fuel cells.

The results obtained in this work not only support but also bring together the

transport mechanism based on the capillary phenomena described by Litster et al. [39]

and the pressure readings obtained by Benzinger et al. [4]. This experimental setup

can be further developed to be used as a standard for characterizing DM as well as

studying degradation mechanisms, compression effect on the percolation, durability,

etc.

This work shows the importance of drainage transport mechanisms which are

crucial for developing a consistent model of the PEM fuel cell. These transport

mechanisms are not accounted for in current transport models of PEM fuel cell, but

they can result in considerable differences in estimated amounts and distributions of

water in fuel cells. These transport mechanisms should be incorporated into models

capable of capturing two phase flow and capillarity. Finally, the Ca-M phase diagram

provides a fundamental resource for characterization of fuel cell diffusion media.





3. Scaling the Water Percolation in

PEM Fuel Cell Porous Transport

Layers

A typical polymer electrolyte membrane (PEM) fuel cell consist of a series of non-

wetting porous layers comprised between the bipolar plates: the anode and cathode

porous transport layers (PTL), also known as gas diffusion layer, with their catalyst

layer and the proton exchange membrane. The cathode PTL has the dual role of

facilitating the access of the reactants to the catalyst layer while removing the gener-

ated water. In a PEM fuel cell under normal operating conditions, water percolates

through the porous layers forming conduits or fingers which are influenced by the

capillary pressure.

In this work, using a specially designed ex-situ experimental setup, images of

the water percolation and the pressure required to inject the water in a PTL are

simultaneously recorded. From the image post-processing analysis, the area covered

by the water referred to as wetted area, is calculated. The time evolution of wetted

Note: This chapter is reprinted with permission from E. Médici and J. S. Allen, Scaling the
Water Percolation in PEM Fuel Cell Porous Transport Layers, Proceedings of the Third Interna-
tional Conference on Porous Media and its Applications in Science, Engineering and Industry, June
2010, Montecatini, Italy. Copyright 2010, American Institute of Physics. Copyright agreement in
Appendix B section 2.2.

41



42

area and the percolation pressure are indicative of the drainage flow pattern taking

place.

Through a proper scaling of the problem, in addition of the capillary number and

the viscosity ratio, a non-dimensional number was defined correlating the pressure-

area data; two variables which are usually analyzed separately. Using this non-

dimensional number a simple logarithmic dependence for all injection flow rates was

obtained for a given PTL sample. When a PTL sample with different morphological

and wetting properties was used, a new curve was obtained for all injection flow rates.

Each curve has a unique slope and, based on preliminary results, that slope can be

used to uniquely characterize a PTL. This non-dimensionalization can also be used

as a validation method for numerical simulation of drainage in porous media.

3.1 Introduction

The process occurring when a non-wetting fluid is forced to displace a wetting

fluid inside a porous media is called drainage. Depending on the fluid properties and

flow rate three types of drainage flow patterns can occur: viscous fingering, capillary

fingering, or stable displacement [35]. Viscous fingering occurs when the injected fluid

has lower viscosity than the displaced fluid. This overall reduction in the viscous stress

induces the pressure required to inject the non-wetting fluid, referred to as percolation

pressure, gradually decays during the injection. This unstable situation originates the

formation of multiple narrow conducts or finger that characterizes viscous fingering.

In contrast, capillary fingering and stable displacement occurs when the injected fluid

has higher viscosity than the displaced fluid. During capillary fingering, non-wetting
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fluid percolates through the largest pores or the pore with lower wettability which

results in a constant percolation pressure. The non-wetting fluid moves through these

pores originating few fingers which are characteristic of capillary fingering. During

stable displacement the percolation pressure is higher than the capillary pressure

required to saturate the largest pores or the pore with higher wettability, consequently

filling the surrounding smaller pores or the pores with lower wettability. As the

non-wetting fluid is injected the overall viscous stress increases and the percolation

pressure continuously increases as well. The resulting flow pattern is characterized

by a regular shape that continuously a grows as the non-wetting fluid is injected.

Two non-dimensional numbers have been used to scale drainage and identify which

mechanisms are controlling the fluid flow and its corresponding flow pattern [35].

These non-dimensional numbers are the viscosity ratio (ratio between injected and

displaced fluid viscosities) and the capillary number (ratio between viscous and capil-

lary actions). Lenormand et al. [35] proposed a drainage phase diagram based on this

two non-dimensional numbers summarizing the three drainage flow patterns. How-

ever, in this scaling analysis the effect of the porous media properties are not part

of the formulation, therefore ti can be sued to characterize porous medias. The two

main porous media properties concerning during drainage are the morphology and

the wettability.

A PEM fuel cell consist of a series of non-wetting porous layers comprised between

the bipolar plates: the anode and cathode porous transport layers with their catalyst

layer and the proton exchange membrane. The cathode porous transport layer has

the dual role of facilitating the access of the reactants to the catalyst layer while

removing the generated water. Water percolation through the PTL will evolve on

one of the drainage flow patterns, (either capillary fingering or stable displacement),
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depending on the injection flow rate, which ultimately depends on the fuel cell current

intensity. Problems arise at extreme operating conditions. At high current density,

water generated begins to accumulate in the PTL blocking the access of the reactants,

increasing the mass transport losses, and decreasing the fuel cell efficiency. At low

current density demand, water generated is not enough to support the proton trans-

port at the proton exchange membrane, decreasing the fuel cell efficiency as well.

Therefore, water management in fuel cell is a critical issue, especially at high current

density.

There has been an increasing effort to characterize the water percolation through

the PTL. Capillary pressure [7, 8, 13, 14, 17, 18], contact angle, and the Leverett

function [26–29] have been measured for a variety of PTLs and conditions. Even

though these tests provide insight and a resource for modeling, the data is not able

to fully characterize a PTL with respect to drainage.

In this work a new scaling for drainage in porous media is proposed where porous

media morphology and wettability effects are implicitly included. This new scaling al-

lows for characterization of PTLs from a drainage perspective but also as a validation

technique for numerical simulations.

3.2 Experimental Setup

The experimental setup used is the same described by Medici and Allen [43]. In

that work, results from a series of drainage test performed on a Toray T060 PTL using

a pseudo Hele-Shaw experiment were reported, see Figure 3.1. The existence of the

three flow patterns in PTLs was demonstrated. However, due to the qualitative nature
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of the phase drainage diagram, it is not suitable for PTL characterization. Different

PTL samples from different manufactures will have similar drainage phase diagram

regardless that the capillary pressure and the saturation curves may vary significantly.

This is because the porous media properties are not part of the formulation, only

the fluid flow properties are considered. The scaling presented herein enables the

drainage phase diagram to be collapsed into a single curve which incorporates the

capillary pressure, referred to hereafter as percolation pressure, and the saturation

curves, referred to hereafter as wetted area. The PTL samples are fibrous porous

material made out of carbon fibers and coated with polytetrafluoroethylene (PTFE)

which makes the material non-wetting for water (hydrophobic), see Figure 3.2. The

bottom side has been coated with a fine layer of carbon particles coated with PTFE

(not shown in the figure) usually called microporous layer (MPL). A small perforation

(1mm in radius) is made in the middle of the sample to avoid the excess pressure drop

associated with the microporous layer [15]. Four PTL samples of 5 cm diameter and

250 µm thick were tested in the pseudo Hele-Shaw experimental setup. Two of the

samples are Toray T060 with only one having an MPL. The other two PTL samples

are from different manufacturers having completely different pore size structure and

include an MPL.

The PTL samples were compressed between two layers of PDMS. The PDMS

layers seal the top and bottom faces of the PTL while providing visual access. The

compression pressure was 24 kPa which produces a negligible strain on the PTL [31].

The lateral sides are open to the atmosphere allowing the wetting fluid, in this case

air, to be drained. The non-wetting fluid, in this case water, is injected at the center

of the sample using a syringe pump. The experiment ends when the water reaches

the edge of the PTL sample. A pressure transducer located in the injection tubing
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Figure 3.1. Experimental setup.

measures the percolation pressure. The pressure transducer data was recorded at

different sampling rates depending on the injection flow rate.

Water visualization in PTLs has been always an issue. Many techniques have

been developed for that purpose [2]. For the results presented herein, optical videog-

raphy was used to visualize the water percolation. Two types of cameras were used

depending on the experimental conditions. A CCD camera was used for the capillary

fingering experiment where the experiment duration can be on the order of hours. A
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5 cm

60 µm

Figure 3.2. PTL sample used in the pseudo Hele-Shaw experiment. Top corner: SEM
image at 500x of the Toray T060 PTL sample.

CMOS camera was used for the stable displacement where the experiment duration

can be on the order of seconds.

Five different flow rates where used for each PTL sample ss summarized in Ta-

ble 3.1. The injection flow rate was varied to obtain the stable displacement and

capillary fingering flow patterns. Viscous fingering is not included in the analysis of

this work. The PTL samples were placed for 48 hours in a desiccator prior to any

experiment to remove any residual water content. The presence of water in the porous

structure can facilitate the water percolation by reducing the percolation resistance

which translate in a lower percolation pressure.

A reference capillary number, Ca, was calculated based on the inlet condition and
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Table 3.1. Experiment settings.

Flow Rate Ca† Imaging Pressure Sampling
[cm3s−1] Camera [fps] [Hz]

1 6.0 × 10−6 3.1 × 10−8 CCD 0.016 0.1
2 2.15 × 10−5 1.2 × 10−7 CCD 0.333 5
3 3.2 × 10−4 1.6 × 10−6 CCD 2.4 100
4 4.9 × 10−3 2.5 × 10−5 CCD 9 200
5 9.15 × 10−2 4.7 × 10−4 CMOS 125 2000
†
Calculated at in the inlet.

it is defined by:

Ca =
Qµnw

σπr2i
(3.1)

where Q is the flow rate, µnw is the non-wetting fluid (water) viscosity, σ is the surface

tension and ri is the inlet tube radius. Because the experiments are performed at a

constant flow rate, the reference capillary number is a constant value that depend

only in the injection flow rate. The viscosity ratio, M , is defined as the ratio between

the non-wetting and wetting fluid viscosities:

M =
µnw

µw
(3.2)

For water and air as working fluids the viscosity ratio is approximately 64.

Percolation pressure and images were recorded simultaneously. The water distri-

bution was extracted from each image/frame for every experiment. The projected

area covered by the water from a top view was calculated and will be referred to as

wetted area, A. The procedure to calculate the wetted area is the same as described

by Medici and Allen [43].

The flow regime, stable displacement and capillary fingering, are identified by ana-

lyzing the percolation pressure and the wetted area. During capillary fingering water
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spread unevenly forming few fingers along the PTL at an approximately constant

percolation pressure. In stable displacement, however, water spreads evenly around

the injection point. As the water is injected, the percolation pressure gradually grows

to compensate for the viscous losses that are proportional to the perimeter of the

advancing front. Normally, only one of these measurements, pressure or area, is used

to recognize the fluid pattern. In this work, both measurements are combined into

one parameter through scaling of energies.

3.3 Results and Discussions

3.3.1 The scaling

The scaling proposed in this work is based on the ratio between the input energy

and the dissipated energy. The input energy is proportional to PQ where P is the

pressure gradient along the domain and Q is the injection flow rate. The dissipated

energy is proportional to Q2µl/h4 where l is the largest length scale, µ is the viscosity,

and h is the smallest length scale. A dimensionless energy ratio is defined as Ce:

Ce =
Ph4

Qµl
(3.3)

When two fluids are present, for example in the flow between two parallel plates,

while one fluid is injected and the other displaced, the large length scale l has to be

modified according as the non-wetting fluid is injected. This type of arrangement

is usually refer to as a Hele-Shaw cell. If the plates are non-wetting to the injected

fluid the resulting flow pattern is drainage. However, if the plates are wetting to the
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injected fluid the resulting flow pattern is imbibition.

The correction for the increase in length and width is based on temporal evolution

of the wetted area A:

Ce =
Ph3

Qµ

A

l2
(3.4)

The advantage of this new scaling, as presented in equation (3.4) is that it com-

bines two variables, percolation pressure P , and wetted area, A, that usually are

treated separately. For example, the drainage phase diagram is based only on obser-

vations of the wetted area. Ce defined by equation (3.4) is a measure of the input

energy dissipated due to viscous stresses and energy used to generate interfacial area.

The time is non-dimensionalized by the flow rate over the large length scale cubed

and by the inverse of the capillary number:

t∗ = t
σh2

l3µ
(3.5)

The transition between stable displacement and capillary fingering occurs at t∗ ∼ 1

when the capillary effect is in the same order of magnitude as the viscous effect.

3.3.2 Radial Flow Between Parallel Plates

A relationship for the variation of pressure versus time and wetted area versus time

can be found analytically for a radial flow between two parallel plates, as shown in

Figure 3.3. For a constant injection flow rate, the variation in radial growth in time

can be expressed as:

R =

√
Qt

2πh
+R2

i (3.6)
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Figure 3.3. Radial flow between two parallel plates.

where Q is the injection flow rate, Ri is the radius of the injection hole or inner radius,

and h is half of the gap between the plates. The wetted area can be written in terms

of the radial growth as:

A = πR2 (3.7)

The pressure gradient in the injected fluid, ∆P , can be expressed as the difference

between injection pressure and the capillary pressure:

∆P = P − σ

(
1

R
− cos θ

h

)
(3.8)

During drainage, the contact angle θ is assumed to be higher than 90◦. Solving

the Navier-Stoke equation for radial flow between two parallel plates [45], the pressure

gradient is:

∆P = − 3µQ

4πh3
ln
Ri

R
(3.9)
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where µ is the viscosity of the injected fluid. Substituting the pressure gradient of

equation (3.8) into equation equation (3.9) and solving for P neglecting the radial

curvature on the capillary pressure:

P = −σ cos θ

h
− 3

4

µQ

πh3
ln
Ri

R
(3.10)

Substituting wetted area and the injection pressure from equation (3.10) into

equation (3.4), the Ce for radial flow became:

Ce = −2π
σh3

µQ

R2

R2
max

cos θ

h
− 3

2

R2

R2
max

ln
Ri

R
(3.11)

and the non-dimensional time became:

t∗ = t
σh2

2µR3
max

(3.12)

where Rmax is the outer radius of the parallel plates. Based on the assumption pre-

sented in this formulation, the fluids front interface will grow radially in time like in

stable displacement flow regime independently of the injection flow rate. It is known

that for low flow rates, small imperfection in he plates alignment or roughness can trig-

ger asymmetric fluids front interface corresponding to capillary fingering. However,

this instability is not accounted for in the axisymmetric formulation. The pressure

gradient and the wetted area presented here are still valid under that condition. The

length of he interface between both fluids wont be 2πR anymore, as in pure radial

growth, but this quantity is never used in the scaling.

Consider the case of study of water displacing air. Lets assume two parallel plates

separated 0.025 cm, inner radius of 0.1 cm, external radius of 5 cm, and contact



53

-6 -4 -2 0 2 4
-2

0

2

4

6

8

10

12

14

log t* 

lo
g

 C
e

 

 

Ca=5.16 10
-8

Ca=5.16 10
-7

Ca=5.16 10
-6

Ca=5.16 10
-5

Figure 3.4. Ce versus non-dimensional time for different reference capillary numbers
for a radial flow between two non-wetting parallel plates .

angle of 135 degrees. The water surface tension is 0.069 N/m and the water and

air viscosities are 1.0 × 10−3 and 1.5 × 10−5 Ns/m2 respectively. Injection flow rates

of 1.0 × 10−5, 1.0 × 10−4, 1.010−3, and 1.0 × 10−2 cm3/s are used. This flow rates

correspond to reference capillary numbers of 5.16×10−5, 5.16×10−4, 5.16×10−3, and

5.16× 10−2 respectively, calculated based on the inlet condition using equation (3.1).

The Ce versus the non-dimensional time for the different reference capillary num-

bers, is plotted in a logarithmic scale in Figure 3.4. All these curves can analyzed in

two parts, an initial transient time followed by a steady gradual growth. The initial

transient time, it is very small in time when compared with the total time required

for the injected liquid to reach the edge of the plates at Rmax for all the flow rates

analyzed. This initial time is less than 1% of the total time. At the steady grad-
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Figure 3.5. Slope of the Ce versus non-dimensional time for the different reference
capillary numbers.

ual growth all the curves for different flow rates collapse into a single curve. This

is indicative that the same level of dissipation can be obtained with two different

flow rates but with different level saturation. The reduction in the flow velocity, and

therefore in the dissipation due to the viscous stresses, can be compensated with a

large wetted area.

The slope in the Ce versus t∗ is calculated by ∆Ce/∆t
∗ an plotted in Figure 3.5.

The slope of the Ce versus t∗ curves change from 0 to 1 during the transition period

for every curve until it reaches a plateau equal to 1 for the gradual growth period.

This fact confirms that the solution for every flow rate is the same after the transition

period. A slope of 1 on the logarithmic scale implies a linear relationship between

the Ce and t∗ as well.
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Figure 3.6. Effect of the viscosity ration on the Ce versus non-dimensional time for
different reference capillary numbers.

The effect of the a different working fluids is analyzed by changing the fluid vis-

cosity. Normally, changing the working fluid will change the surface tension as well.

However, the surface tension and the contact angle acts together and a change in one

can be compensated with a change in the other one. Therefore, only the effect of the

viscosity is analyzed. The viscosity of the injected fluid was changed from 1.0× 10−3

to 5.0 × 10−3 Ns/m2. giving viscosity ratio of 64 to 320, respectively, for the same

injection flow rates used previously. No change is observed on gradual growth region

of the Ce versus t∗ curves as shown in Figure 3.6. The effect of an increase in the

viscosity ratio is a reduction on the initial values of the Ce (increase of the dissipated

energy).

In the case of the wetting plates to the injected fluid, or imbibition, the injected
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fluid penetrates freely through the gap between the plates driven by the capillary

pressure. During imbibition, the contact angle θ is assumed to be lower than 90◦.

The pressure gradient is now:

∆P = −σ
(

1

R
− cos θ

h

)
(3.13)

Following a similar procedure for non-wetting plates to the injected fluid, as de-

scribed by Middleman [45], and solving for the radial growth in time instead of the

pressure gradient and neglecting the radial curvature on the capillary pressure:

t
4σ cos θ

3µh

(
h

Ri

)2

=

[(
R

Ri

)2

ln

(
R

Ri

)2

−
(
R

Ri

)2

+ 1

]
(3.14)

the Ce becomes:

Ce = 2π
σh3

µQ

R2

R2
max

cos θ

h
(3.15)

and the non-dimensional time becomes:

t∗ =
3

8

h

cos θ

R2
i

R3
max

[(
R

Ri

)2

ln

(
R

Ri

)2

−
(
R

Ri

)2

+ 1

]
(3.16)

Consider again the case of water displacing air as a case of study with the same plates

sizes and working fluid properties as in the non-wetting case. The new contact angle

used is 45 degrees which gives the same capillary pressure as in the non-wetting case

but acting in the opposite direction.

Plotting the Ce versus t∗ for the wetting case together with the non-wetting case,

after an initial transient time, a gradual growth period with the same slope than in

the non-wetting case was found, see Figure 3.7.
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Figure 3.7. Effect of the viscosity ration on the Ce versus non-dimensional time for
different reference capillary numbers.

3.3.3 Scaling Drainage in Thin Porous Media

When the empty space between the two parallel plates is filled with a porous material,

Ce will vary depending on the pore size distribution. This type of arrangement is

referred to as a pseudo Hele-Shaw cell.

The typical capillary fingering and stable displacement pattern from a PTL can

be seen in Figure 3.8 and 3.9, respectively for a Toray T060 PTL. The wetted area

for each experiment is plotted in Figure 3.10. There is a large variation in experiment

duration, from seconds for the stable displacement to hours for capillary fingering.

For this reason time is plotted on a logarithm scale. The amount of water at the end of

the experiment was also different between capillary fingering and stable displacement
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Figure 3.8. Typical water distribution for capillary fingering flow regime, Ca = 3.1×
10−8. This image was taken after 7140 seconds on experiment 1. The
yellow line identifies the interface between the water and air.

varying from a minimum of 1 cm2 up to 13 cm2, respectively as measured through

the wetted area.

The percolation pressure for each flow rate is plotted in Figure 3.11 with it as-

sociated reference capillary number. The percolation pressure remains the same at

approximate 10 kPa, independent of the flow rate while in capillary fingering regime

(Ca = 3.1 × 10−8 and Ca = 1.2 × 10−7). The percolation pressure has a short tran-

sient increase that levels off to a constant pressure. The leveling is the result of the

water percolation through a low pressure path (pores with larger size and/or lower

wettability). Under stable displacement conditions, however the percolation pressure

increases gradually in time, reaching a maximum of 40 kPa. The percolation pressure

increases proportional to the flow rate.

The Ce, as defined by equation (3.4), is plotted in Figure 3.12 against the non-
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Figure 3.9. Typical water distribution for stable displacement flow regime, Ca = 4.7×
10−4. This image was taken after 2.3 seconds on experiment 5. The yellow
line identifies the interface between the water and air.

dimensional time, as defined by equation (3.5) for the PTL sample corresponding

to Toray T060 with MPL. In this case l is the PTL radius, 2.5 cm; h is the PTL

thickness, 250 µm, µ is the water viscosity, 0.001 Nm−2s; and σ is the water surface

tension, 0.069 Nm−1.

In the case of the smallest length scale h, the average pore size could be used

as another reference scale. However, for the PTL samples analyzed in this work the

average pore size is similar consequently using the thickness or the average pores

size will have a similar effect on the scaling. An important parameter to determine

with precision is the onset of percolation. In this case it was considered that t = 0

happened when a small quantity of water was noticed around the injection hole. To

focus only on the drainage behavior, the first and last stages of the water percolation

are truncated from the Ce versus t∗ plot to eliminate the transition time described
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Figure 3.10. Toray T060 wetted area, A, for obtained for each experiment. Far left
curve corresponds to stable displacement while the far right curve corre-
sponds to capillary fingering.

in the analytical solution for radial flow between two parallel plates and boundary

effects once the water reaches the edge of the sample.

Ce decreases as the flow rate increases and the pattern changes from capillary

fingering to stable displacement indicating that more energy is dissipated in stable

displacement than in capillary fingering. There are two dissipation mechanism in-

volved in drainage in porous media, the viscous stress and the moving contact line.

For stable displacement at a very high flow rates, a great portion of the input energy

is dissipated due the effect of the viscous stresses. For capillary fingering, as the

flow rate is reduced the input energy remains the same (proportional to the percola-

tion pressure which is constant) while the dissipated energy is reduced (proportional

to the flow rate). Consequently, the Ce curve gradually grows as a function of the
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Figure 3.11. Toray T060 percolation pressure, P , curves for each experiment. Top
curve correspond to stable displacement while bottom curve corresponds
to capillary fingering.

non-dimensional time.

3.3.4 PTL Characterization

Except for one of the Toray PTL sample, every PTL sample has an MPL. As it was

mentioned before, a hole was punched in the middle to avoid any over pressure due

to the microporous layer. The Ce corresponding to both Toray PTLs are plotted

in Figure 3.13. Good alignment was obtained when comparing both PTL samples

indicating that the hole was sufficient to avoid any effect from the MPL as well as

good repeatability among experiments with the same reference capillary number.

A linear regression approximation was calculated for both the series of experiments
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Figure 3.12. Toray T060 Ce versus non-dimensional time curves for each flow rate
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corresponding to both Toray PTLs on the logarithmic scale. The linear regression

has the from of logCe = b log t∗ + a. In both cases the coefficient a of approximately

4.08 and a coefficient b of approximately 1 were obtained. A coefficient b equal to

1 is in good agreement with the analytical solution for a radial flow between two

parallel plates. The value of a around 4.08 is the Ce value at which the transition

between capillary and stable displacement occur at t∗ = 1. The difference between

the coefficients a for both Toray PTL is less than 0.1%.

The Ce versus t∗ for the other two PTL samples are also plotted in Figure 3.13.

A linear regression was also calculated for every PTL sample tested and coefficients

of the linear regression are summarized in Table 3.2. Again the b obtained is approx-

imately one for every case confirming the that Ce versus t∗ is linear in both log-log
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Figure 3.13. Ce versus non-dimensional time curves for each PTL sample.

and linear scales, at least for the conditions and porous media presented in this work.

In contrast, the difference in the coefficient a is significantly large between the PTLs,

from 4.08 to 4.38 suggesting that transition between stable displacement and capillary

fingering will occur at different condition in each PTL. The coefficient represents also

the offset between the linear regression curves in the logarithmic scale plot while the

10a represents the slope of the linear regression in the linear scale as shown in the

Table 3.2. Linear regression coefficients for logCe = b log t∗ + a fit to experimental
data.

PTL sample a b 10a R2

Toray with MPL 4.078 1.022 11980 0.9989
Toray with no MPL 4.081 1.003 12073 0.995

MRC 4.381 1.008 24047 0.9988
Freudenberg 4.247 1.017 17667 0.9986
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plot inset in Figure 3.13. This change in slope can be potentially used to characterize

PTL base on its drainage behavior.

3.4 Conclusions

A series of experiments on water percolation on fuel cell porous transport layers

were conducted in which, the wetted area and the percolation pressure were measured.

These two measurements were combined in to a single variable by defining a new

scaling for drainage in porous media based on the ratio of injected and dissipated

energies called Ce. This new variable, when plotted against the non-dimensional time

provides a tool to identify the transition between stable displacement and capillary

fingering. Different PTL samples has been tested and a significant change in the

slope of the fitting curve of the Ce versus t∗ were obtained for every sample, which

makes this scaling susceptible for PTL characterization, Moreover, this criterion can

be extended to characterize porous materials other than PTLs.



4. The effects of morphological and

wetting properties of porous transport

layers on water movement in PEM fuel

cells

A parametric study of the effect of wetting and morphological properties of the cath-

ode porous transport layer (PTL), also known as the gas diffusion layer (GDL), on

water transport in proton exchange membrane (PEM) has been conducted using a

two-dimensional network model that captures the two-phase capillary flow behavior.

The effect of PTL wetting properties is explored by considering four contact angle val-

ues. The effect of the morphology is analyzed using six pore size distributions. These

six pore size distributions are generated by varying the scale and shape parameters

in Weibull probability distribution functions. Also, the effect of a microporous layer

(MPL) on water transport in the PTL is considered. Inclusion of the MPL resulted

in a significant increase in the percolation pressure and a reduction in the PTL water

content due to the formation of a few localized fingers which serve as water conduits.

Note: Reproduced by permission of ECS – Electrochemical Society. Article: E. Medici and J.
S. Allen, The effects of morphological and wetting properties of porous transport layers on water
movement in PEM fuel cells, Journal of Electrochemical Society, 157/10, Copyright 2010. Copyright
agreement in Appendix B section 2.3.
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When defects in the MPL were considered, the PTL water content remained low with

percolation pressures reduced to values similar to a PTL without an MPL.

4.1 Water Transport in PEM Fuel Cells

Effective water management is critical to the performance and durability of a

proton exchange membrane (PEM) fuel cell. Operation at conditions too dry or too

wet can result in poor performance and significantly reduced operational life. A more

thorough understanding of liquid water transport within the porous transport layer

(PTL), also known as the gas diffusion layer, is necessary to develop components and

operational strategies that result in improved fuel cell durability.

Modeling two-phase flow in the PTL is typically accomplished using effective per-

meabilities, effective diffusivities, and capillary pressure-saturation relationships. Al-

though the effective permeability and diffusivity can be easily approximated using

empirical correlations, the capillary vs saturation relationship is difficult to approx-

imate [46]. A relationship between capillary pressure and PTL saturation can be

obtained using various porosimetry techniques [6–8, 13, 15, 17]. Another method of

modeling the effects of capillary pressure on water transport in the PTL is through

the implementation of the J-Leverett function [36], which is an experimental correla-

tion of injection pressure and saturation using concepts of porosity and permeability

[26–29].

When using the J-Leverett function to correlate saturation to pressure, the flow

resistance is handled through a Darcy-type relationship, where effective permeability

is used to modify the area available for gas transport. Recent research has shown that
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the distribution of liquid water within the PTL is not uniform [39, 43]. The primary

cause of this uneven distribution is the capillary force that destabilizes the liquid-gas

interface resulting in a flow pattern called capillary fingering [35, 43].

Full saturation is never obtained when capillary fingering is occurring. Water

moves through a subset of pores, typically the largest and/or the most wetting pores,

at approximately constant capillary pressure independent of the saturation level. As

such, the pore size distribution has a more significant meaning in describing the

PTL water transport than does the porosity or permeability. Because the liquid

water distribution is uneven, the traditional continuum Darcy flow commonly used

in porous media flows is not appropriate. To study the water percolation within a

PTL, the pore-level capillary pressure must be included.

A network model is often utilized when pore-level dynamics are important to liq-

uid transport in a porous medium. The network model has been proven to accurately

simulate two-phase capillary flow in porous media [35, 61]. Weber et al. [62] suggested

that the network model could account for the pore-level dynamics in a PTL. Simula-

tions using the network model have demonstrated two-phase capillary flow through a

PTL [55, 56]. The network model has also been used to calculate the effective perme-

ability, diffusivity and capillary pressure curves of a PTL [14, 33, 41] which could then

be incorporated into a system-level fuel cell model. These effective PTL properties

are difficult to determine experimentally due to the nonuniform flow distribution re-

sulting from capillary fingering. Network models have been experimentally validated

using carefully designed water drainage experiments on porous layers similar to PTLs

[3, 5].

The liquid pressure which results in capillary fingering is referred to as the capillary

pressure and is affected by two properties of the PTL; the morphology (pore size
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distribution) and the wettability (static contact angle). Changes to the wettability

and morphology of the PTL affect the performance of PEM fuel cells [40, 64], though

no consistent correlation between fuel cell performance and PTL morphology has been

found.

The PTL morphology change which has received the greatest attention has been

the addition of a microporous layer (MPL). The addition of an MPL, a fine porous

layer made of poly(tetrafluoroethylene) (PTFE)-coated carbon particles, between the

PTL and the catalyst layer has been shown to significantly improve fuel cell perfor-

mance, though the actual function of the MPL has not been definitively established.

Several modeling attempts have been proposed to explain the reason for fuel cell per-

formance improvement due to the addition of the MPL and nearly all have concluded

that the presence of an MPL reduces the liquid water content of the PTL. Nam and

Kaviany [46] presented a model of water percolation through the PTL with an MPL.

According to their one-dimensional model, the addition of an MPL increases the fuel

cell performance due to better water management through a reduced PTL satura-

tion. Later, Weber and Newman [63] presented a more sophisticated one-dimensional

model of a fuel cell having MPLs on the cathode and anode sides. Their premise is

that the MPL blocks water percolating from the catalyst layer to the PTL thereby

decreasing reactant transport resistance and maintaining a more uniform hydration

in the membrane. In addition, the MPL provides better catalyst support, reducing

contact resistant and increasing the catalyst layer active area. The combination of

these factors is thought to attenuate the degradation mechanisms, as observed by

Kundu et al. [30]. The presence of an MPL was also found to mitigate performance

loss due to changes in PTL wettability [53]. Qi and Kaufman [52] found that, having

an MPL, increasing the PTFE content on the PTL had a negligible effect on fuel cell
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performance.

Gostick et al. [16] measured the capillary pressure as a function of saturation

in a PTL with an MPL. The capillary pressure in the MPL was found to be much

higher than in the PTL. The high capillary pressure significantly reduced the PTL

water saturation when the MPL was located between the PTL and the catalyst layer.

Full PTL saturation could not be obtained due to the high capillary pressure which

precludes the water entering the smallest pores of the MPL. Water crossed the MPL

through its largest pores, generating localized fingering instabilities in the PTL. The

suggestion is that a reduced PTL water content facilitates water removal from the

catalysts layer and increases the gas permeability.

Extrapolating from these observations, Gostick et al. [16] suggested that properly

located cracks or perforations in the MPL may improve the fuel cell performance

at high current density. Improved fuel cell operation, as measured by polarization

curves, has been reported for perforated PTLs [11, 65]. Owejan et al.[49] reported that

the presence of cracks in the MPL reduces the pressure required to transport liquid

water across the MPL, which may improve fuel cell performance. They suggested

that water moved through the MPL in a vapor state. Hartnig et al. [20] using high

resolution synchrotron X-ray radiography studied the water transport in a PEM fuel

cell with an MPL. According to their observations, they also suggested that the liquid

water from the catalyst layer crosses the MPL in a vapor state to later condense in

the PTL. This interpretation is based on the combination of temperature and high

capillary pressure. However, the premise that high capillary pressure requires water

to move through the MPL in a vapor state may not be entirely valid.

In this work, the results of a parametric study using a network model to explore

liquid water transport in the PTL are reported. The model is based on local pore
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dynamics and, as such, does not require any external measurement of the capillary

pressure as a function of saturation. The pore size distribution used as a reference

model was obtained from the mercury intrusion porosimetry data [14], but the dis-

tribution could be obtained from other techniques [59]. The stochastic nature of the

pore size distribution is taken into consideration by generating multiple PTL struc-

tures using the same pore size distribution with randomized pore arrangements. The

objective of this parametric study was to investigate the role of PTL wettability and

morphology on water transport. The effect on transport due to the addition of an

MPL was also studied. The MPL was modeled both as having a unimodal fine pore

size distribution and as having defects, or cracks.

4.2 Simulation of Water Transport in the PTL

Water transport in the PTL is simulated using a network model that consists of a

regular lattice of cylindrical tubes of constant length (l) which represent the pores as

illustrated in Figure 4.1. The tubes connect at nodes in groups of four. The nodes are

considered without volume; all volume in the network model is contained in the tubes.

The random sizes of the pores are modeled assuming tube radii following a Weibull

probability distribution function (PDF). The fluid flow behavior inside the network

of tubes is modeled as a modified Poiseuille flow. The traditional formulation of the

Poiseuille flow is modified to include two-phase flow and capillary pressure effects [35].

The volumetric flow rate at a tube placed between the nodes ‘i’ and ‘j’, is defined as

qij =
πr4ij
8µe

ijl

(
∆pij − pc

ij

)
(4.1)
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where rij is the tube radius, ∆pij is the pressure acting across the tube, and pc
ij is the

capillary pressure in the tube when both phases are present. The volumetric flow

rate definition is only valid when ∆pij > pc
ij; otherwise, qij = 0. Reverse flow is not

considered and it is not likely to occur in a fuel cell, because water is continuously

generated. If reverse flow is considered, then other effects such as fluid redistribution

and fingering oscillations and breakup will have to be considered. The effective vis-

cosity within a pore, (µe
ij), is a function of the fluid position inside the tube (xij), the

non-wetting (injected) fluid viscosity, (µnw), and the wetting (displaced) fluid viscos-

ity, (µw). The effective viscosity is modeled to provide a smooth transition between

the wetting and non-wetting viscosities while a pore is unsaturated:

µe
ij = (µnw − µw)

1 − cos(πxij/l)

2
+ µw (4.2)

When a tube is filled with only one fluid, µe
ij is equal to the viscosity of that fluid.

The capillary pressure (pc
ij) is also modeled as a function of the fluid position

inside of the tube. At each node where four pores intersect, the capillary pressure is

calculated using the average radius of the four tubes intersecting at that node. As the

meniscus moves toward the middle of a tube, the capillary pressure is calculated using

the tube radius. At the end of the tube, the capillary pressure is again calculated using

the average radius of the four tubes at that node. The capillary pressure variation

between these values is approximated using cosine functions to smoothly mimic the

throat effect at the ends of the pores.

pc
ij = σ cos(θ)

[(
1 − rij

2ri
− rij

2rj

)
1 − cos(2πxij/l)

rij
+

1 + cos(πxij/l)

ri

+
1 − cos(πxij/l)

rj

] (4.3)
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Figure 4.1. Schematic of computational domain and network model; blue indicates the
nonwetting fluid (water), white the wetting fluid (gas) and gray the fiber
structure. The computational domain encompasses the PTL and MPL if
present spanning a single gas channel. Water is injected into the domain
at the interface between the PTL and catalyst layer.

where ri and rj are the average tube radii around nodes ‘i’ and ‘j’, respectively, σ is

the surface tension, and θ is the contact angle. The capillary pressure (pc
ij) is zero

when the tube is filled with only one fluid.

This model of the capillary pressure captures the effect of contact line pinning

as a meniscus moves through the PTL. When a meniscus contact line pins, liquid

pressure can deform the meniscus thereby changing the mean curvature and, subse-

quently, the capillary pressure while the meniscus remains stationary. The maximum

pressure need not be restricted to the center of a pore and may occur at either node
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depending on the pore distribution in the network model. The advantage of using

this approximation for the capillary pressure at a pore level is that it eliminates any

need of any capillary pressure-saturation relationship or measurement such as the

J-Leverett function.

Conservation of mass requires that the flow rate balances at each node for every

time step in the simulation. The four flow rates at each node ‘i’ must sum to zero.

4∑
j=1

qij = 0 (4.4)

Substituting the relation for the flow in a single tube into equation (4.4) results in

the pressure balance at each node.

π

8l

4∑
j=1

r4ij
µe

ij
(∆pij − pc

ij) = 0 (4.5)

The unknown pressure gradient, (∆pij), can be solved by rearranging equation 4.5.

The resulting linear system of equations is solved using the conjugated gradient

method. After calculating the pressure gradient, the new fluid position inside each

tube is calculated proportional to the pressure gradient in that tube satisfying mass

conservation, see Appendix A. A numerical code was developed in Fortran 95 to solve

the linear system of equations and follow the time evolution of the fluid percolation.

4.3 Modeling the Porous Transport Layer

Due to the symmetry between the cathode and anode side, only one half of the

fuel cell is simulated. This assumption reduces the computational time, but restricts
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the ability to simulate effects such as back-diffusion to the anode. The portion of the

PTL under a single channel is considered, as shown in Figure 4.1. Wall boundary

conditions are used on the top side of the PTL in the contact region with the bipolar

plate as well as on the lateral and bottom sides. The boundary condition along the

channel side of the diffusion media layer is set to zero gauge pressure and all the water

that reaches the gas channel is removed to avoid constraint/blockage of downstream

water. Thus, when the water reaches the gas channel the percolation stops, thereby

ending the simulation.

The zero gauge pressure at the gas channel, though not entirely accurate, is suf-

ficient for this study. For most typical reactant flow field designs, the pressure in

the cathode gas channel is approximately the same as in the anode side, resulting

in a negligible back pressure on the water transport through the PTL. This premise

may not be appropriate in an interdigitated flow field design [47]. Pressure variations

within the reactant flow field could easily be incorporated into this network simulation

if deemed necessary.

The water generated at the catalyst layer is modeled as a source term proportional

to the cell current density. The injection flow rate is calculated based on a 1 kW fuel

cell operating for 1 h at 0.1 A/cm−2, which theoretically produces 0.4 L of water.

This represents an overall flow rate of 1.2 × 10−1 mL/s for the fuel cell stack and is

equivalent to 4×10−11 mL/s over each bottom node in the numerical simulations. The

low current density was selected to ensure undisturbed capillary fingering without any

water management issues to isolate the effect of morphology and wetting properties

on liquid water transport.

The length of the tubes, or pores, is fixed to 25.2 µm for all PTL simulations

[14]. The constant length of the pore which at a first appears to be a limitation of
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Figure 4.2. Normalized PDF of each Weibull distribution used to generate the PTL
pore size distributions for the network simulation plotted against the pore
size (r), in µm. ψ and κ are the Weibull probability distribution shape
and scale parameters, respectively.

the network model is in fact compensated with an increase or decrease in the pore

volume. The only effect of changing the pore length is on the time required to saturate

a given pore. The numerical simulations consists of a regular lattice of 120 × 12 tubes

or pores which gives a domain size of 3000 × 300 µm. A distribution of pore sizes,

or tube radii, is generated using Weibull PDFs. Six Weibull PDFs were used. The

shape (ψ) and scale (κ) parameters used for each Weibull distribution are given in

Table 4.1 and the PDFs are plotted in Figure 4.2. These six distributions cover the

pore size range of the most typical commercial PTLs. The reference model (model

1) probability distribution was taken from the method of standard porosimetry with
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Toray T090 PTL [14]. Standard atmospheric values of water and air viscosities and

surface tension are used. The fluid properties change slightly at fuel cell operating

temperatures, but these changes do not affect the flow behavior as long as the PTL

remains nonwetting.

Observations based upon a single, randomized pore network might be mislead-

ing, for example, the unlikely scenario where the generated network has a series of

large pores that are connected to one another spanning the PTL thickness. The

stochastic nature of the pore arrangement in a PTL was considered by generating

three unique, random pore arrangements (called cases) generated for each morphol-

ogy model analyzed, resulting in 18 PTL simulations. The results from the three

simulations corresponding to model 1 are later used as reference for comparison with

the other five models. In addition to pore size distributions, the effect of am MPL on

water transport was investigated. This layer of fine pores is included in the three PTL

structures generated from the model 1 Weibull PDF. The possibility of defects in the

MPL was considered in the MPL pore size distribution. The baseline contact angle

value used in the simulations was θ = 110 degrees. The effect of PTL wettability was

investigated using three additional contact angles of θ = 120◦, 135◦, and 150◦. The

simulation parameters used for each study are listed in Table 4.1.
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4.4 Morphology Model 1 – Reference Cases

The scale and shape parameters of the Weibull probability distribution for model 1

are based on mercury standard porosimetry data for Toray T090 [14]. Three different

PTL structures were generated from the model 1 PDF. In the simulations, the pore

size distributions are different for each of the three cases, but the three PTL cases

have the same pore size histogram corresponding to ψ=5.25 and k =3, as shown

in Figure 4.3. The water distribution is different in each of the three simulations,

because the arrangement of pores has been randomized within the constraints of the

distribution parameters. The water distribution at the time when the water reaches

the gas flow channel for each PTL structure is shown in Figure 4.4. This time is also

the time at which the simulation ends. Due to the stochastic nature of the problem,

the area covered by the water is slightly different for every case. The time for the

water to reach the gas channel is also slightly different for every case, varying from

522 to 1192 s.

Two quantities are calculated during the percolation of water toward the gas flow

channel. The first is the pore area occupied by the water from a cross-sectional

view, referred to as the wetted area (A), and the second is the length of the interface

between water and air from a cross-sectional view, referred to as the front length

(S). These two time-dependent measures are used to quantify the water distribution

inside the simulated PTL. Both are measures of saturation. The front length, (S),

and the wetted area, (A), are normalized by the cell perimeter 2(L + H) and area

L × H, respectively, where L (3000 µm) and H (300 µm) are the length and width

of the simulated PTL, respectively.

Figure 4.5a shows the non-dimensional front length (S∗) and wetted area (A∗)
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Figure 4.3. Normalized PDF plot of each PTL pore size distribution generated by
using the model 1 Weibull probability distribution.

for the three cases corresponding to the reference model (PDF model 1). The non-

dimensional wetted area can be understood as the beginning of a saturation curve.

The average injection pressure (Pavg) at the bottom of the PTL, which is effectively the

catalyst layer, for each of the three reference simulation cases is plotted in Figure 4.5b.

This average pressure can be understood as the pressure at which the water is injected

into the PTL. From the simulations, the average pressure curve is found to be similar

to the pressure curve corresponding to a capillary fingering flow regime [43]. An

average injection pressure of 4.5-5 kPa, the maximum non-dimensional front length

being approximately twice the domain perimeter, and the maximum wetted area being

a quarter of the total area are agree with the published data on capillary fingering

percolation in PTLs [4, 43].
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t = 19800 s

t = 19100 s

t = 16200 s

2

Figure 4.4. Water distributions after the water reaches the gas flow channel for the
three simulation cases generated from the baseline pore size distribution.
The location of water is denoted in blue, white represents air, and black
represents the fiber structure of the PTL. Simulations end times are 1192
(top), 522 (middle), and 1095 s (bottom).

The non-dimensional front length, (S∗), and wetted area, (A∗), as well as the

average injection pressure, (Pavg), collapse onto a single curve (Figure 4.5) despite a

significant difference in PTL water content at the end of each simulation (Figure 4.4).

The implication is that the transport of water is identical for each of the three cases.

The stochastic nature of the pore arrangement within a distribution results in differ-

ent times for water to reach the gas channel, as indicated by the maximum values

obtained for S∗ and A∗ at the end of the simulation for each case in the plots shown

in Figure 4.5.
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Figure 4.5. Non-dimensional measures of saturation and pressure in the PTL for the
three network simulations generated from the model 1 PDF (ψ = 5.25,
k = 3). The simulation ends when the liquid water reaches the gas flow
channel.

4.5 Effect of PTL Wettability

The effect of PTL wettability on water transport was investigated using four

different contact angles, θ = 110◦, 120◦, 135◦ and 150◦. These four contact angles

were applied to the same three reference network simulation cases generated from

the morphology model 1 PDF for a total of 12 simulations. The three simulations

corresponding to θ = 110◦ are the same simulations discussed previously and shown in

Figure 4.5. The non-dimensional front length (S∗), wetted area (A∗), simulation end

time (tmax), and average injection pressure (Pavg), were calculated for each simulation.

The results, shown in Figure 4.6, demonstrate a lack of sensitivity in the saturation

measures (S∗ and A∗) and simulation end time to variations in the PTL wettability

as measured when the water reached the gas channel. The stochastic variation in the
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Figure 4.6. Effect of PTL wettability as measured by the static contact angle on the
water percolation for the three cases generated using the model 1 PDF.

pore arrangement has a greater effect than does a 40◦ difference in wettability. This

is because the pore arrangements of the three cases are the same for each contact

angle studied so the water percolates through the same path as long as the contact

angle remains greater than 90◦. The average injection pressure does shows a strong
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dependence on the contact angle as expected. The higher the contact angle, the

higher the capillary pressure and the higher the average injection pressure required

for the water to percolate through the PTL.

Care should be taken when interpreting these results with respect to experimental

studies where the wetting properties are modified by increasing the PTFE content of

a PTL. An increase in the PTFE content increases the capillary pressure irregularly

and typically modifies the morphology of the PTL by completely blocking pores or

reducing pore sizes. The capillary pressure is proportional to the wettability (contact

angle) and inversely proportional to the morphology (pore size distribution). There-

fore, the uncertainty in the wettability can be assigned to the uncertainty of the

morphology in a similar manner to porosimetry where the contact angle is assumed

constant along the PTL and all material variability is assigned to the pore size dis-

tribution. The presence of mixed wettability or a wettability distribution within the

PTL has a similar effect to the changes in the morphology.

4.6 Effect of PTL Morphology

Six Weibull PDFs, shown in Figure 4.2, were used to study the effect of the PTL

morphology on the water percolation. The corresponding shape (ψ) and scale (κ)

parameters are listed in Table 4.1. For each PDF, three network pore distributions,

called cases, were generated for a total of 18 PTL structures. The contact angle used

for these simulations was θ = 110◦. The simulation end time, (tmax), and the values of

S∗, A∗, and Pavg at the time that water reached the gas flow channel were calculated

for each simulation and were plotted against the mean pore size of the distribution
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in Figure 4.7. The times indicated in Figure 4.7c correspond to the time at which

the value of S∗, A∗, and Pavg are plotted in Figure 4.7a, b, and d. As a general rule,

longer simulation end times result in larger injected water volumes and larger PTL

saturation level as measured by A∗ and S∗.

The non-dimensional front length (S∗), shown in Figure 4.7a, increases from 1.2

up to 2.75 as the mean pore size increases from 7.5 to 14 µm. This behavior can

be attributed to two causes. First, for a given volume of injected water, increas-

ing the mean pore size increases the probability of existence of larger pores. When

these larger pores are partially saturated, the water-air interface generated is larger

as well. The second cause is that a broader pore size distribution, as measured by the

Weibull’s shape parameter (ψ) (from 3 to 10), implies a more spread arrangement of

pore sizes which increases the chance of small pores to block the water percolation.

This increases the tendency of finger formation and, consequently, increases the front

length. Additionally, this increase in the randomness, or broader pore size distribu-

tion, of the PTL structure from ψ = 3 to 10 increases the ranges of S∗ (from 0.05 to

1), A∗ (from 0.01 to 0.15), and tmax (from 50 s to 2000 s). As the mean pore size is

increased, the non-dimensional wetted area, shown in Figure 4.7b, increases in range

but the average remains roughly the same. For example, the non-dimensional wetted

area (A∗) is ∼0.3 for the simulations corresponding to ψ = 3, whereas A∗ is in the

range of 0.2-0.5 for ψ = 10.

A larger average pore size requires on average a greater volume of water as the

capillary finger moves towards the gas flow channel. Because the water injection

rate is constant, more time is required as the mean pore size of the distribution is

increased, as seen in Figure 4.7c. In contrast, the average injection pressure, shown

in Figure 4.7d, decreases as the mean pore size is increased, because the capillary
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(b) Non-dimensional wetted area.
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Figure 4.7. Non-dimensional front length (S∗), non-dimensional wetted area, (A∗),
simulation end time (tmax), and average injection pressure (Pavg) for each
pore size distribution listed in Table 4.1. The mean pore size corresponds
to the PDF used to generate the PTL models. The bars indicate the maxi-
mum and minimum values obtained for the three cases in each morphology
model.

pressure is inversely proportional to the pore radius, as described in equation (4.3).

The range in the average injection pressure for each morphology is similar, because
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the water is percolating in capillary fingers at constant pressure [43] similar to the

data shown in Figure 4.5b.

4.7 Effect of the MPL

The addition of a teflonated carbon layer with very small pores, known as an

MPL, on the catalyst layer side of the PTL is simulated with a bimodal pore size

distribution, as shown in Figure 4.8. The MPL was included on the three PTL cases

generated from the morphology model 1 distribution with a contact angle of 110◦.

The range of the pore size within the MPL is arbitrarily set between 0.5 and 1.5 µm.
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Figure 4.8. Normalized PDF for each PTL pore size distribution generated by using
the model 1 Weibull PDF with the addition of an MPL distribution. The
distribution centered near 10 µm is the same as shown in Figure 4.2.



87

t = 240 s

t = 120 s

t = 110 s

2

Figure 4.9. Water distributions when the water reaches the gas flow channel for the
three cases generated from the model 1 PDF with an MPL. The area occu-
pied by water is shown in blue, white represents air, and black represents
the fiber structure of the PTL. The simulation end time are 250 (top), 120
(middle), and 100 s (bottom).

The PTL water distribution for the three cases after one finger reached the gas

channel is shown in Figure 4.9. From this figure, a drastic reduction in the amount of

water in the PTL is observed when compared to the simulation without an MPL shown

in Figure 4.4. The simulation condition with and without the MPL are the same.

The difference between both cases is that only a few small fingers are formed when

the MPL is present. The reduction in the path size in which water percolates through

the PTL reduces the time for the water to reach the gas channel by approximately

an order of magnitude.

The time history of the non-dimensional front length, (S∗), non-dimensional wet-

ted area, (A∗), and average injection pressure, (Pavg), are plotted in Figure 4.10. S∗
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Figure 4.10. Non-dimensional measures of saturation and pressure in the PTL with
MPL for the three network simulations generated from the model 1 PDF
(ψ = 5.25, k = 3). The simulation ends when the liquid water reaches
the gas flow channel.

and A∗ indicate approximately 3 times less water within the PTL (Figure 4.10a) at

the end of the simulation as compared to the cases without an MPL (Figure 4.5a).

The water, when forced through the MPL, occupies only a few of the largest MPL

pores. Thus, the presence of the MPL may serve to reduce the quantity of liquid

water within the PTL through enhanced fingering instabilities, thereby facilitating

the reactant access to the catalyst layer.

The incorporation of the MPL increases the average injection pressure by nearly

an order of magnitude when compared to the case without an MPL. There is a very

large capillary pressure associated with even the widest pore in the MPL (∼ 1.5 µm).

Even after the water crosses the MPL, water below the MPL remains at an elevated

pressure due to the flow resistance through the MPL pores. As the water flows

through the PTL, the average injection pressure decays towards a constant value.
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However, only the first case ran long enough to realize the leveling of the pressure

(see Figure 4.10b). In cases 2 and 3, water reached the gas channel before the average

injection pressure reached a steady value. Although there is a significant difference

in the average injection pressures with and without the MPL, the liquid pressures

within the PTL are nominally the same at 4.5-5 kPa with and without the MPL.

4.8 Effect of MPL Defects on Water Transport

Under normal conditions, even in a brand new sample, the MPL always contains

some imperfections such as cracks. The influence of such defects was included in the

morphology studies on water transport by singular large pores which spanned the

thickness of the MPL. The same three reference cases from morphology model 1 with

an MPL, shown in Figure 4.8, were used in the simulations. The conditions for the

water transport simulations with MPL defects are identical to the simulations with

an MPL having no defects. The simulations for the three cases were conducted with

several defect scenarios. The location and size of the defects for the simulations were

as follows. A single defect was simulated with one pore centered in the MPL of 4, 8,

16 and 32 µm. Two defects were simulated with two pores of 16 µm equally spaced

along the MPL as well as placed side-by-side in the center of the MPL. Finally, three

defects were simulated with three pores of 16 µm equally spaced along the MPL. The

addition of MPL defects results in the capillary finger formation near the defect, as

shown in Figure 4.11.

The non-dimensional front length (S∗), non-dimensional wetted area (A∗), and

the average injection pressure (Pavg) were calculated for each of the three cases and
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t = 200 s

t = 215 s

t = 340 s

2

Figure 4.11. Defect scenarios for morphology model 1, case 1 with d∗ ≈ 0.01. Top:
Single pore of 32 µm width at the center of the MPL. Middle: Two
pores of 16 µm width located side-by-side in the center of the MPL.
Bottom: Two defects of 16 µm width equally spaced along the MPL. The
simulation end time are 215 (top), 340 (middle), and 200 s (bottom).

the values of each at tmax are plotted in Figure 4.12 against the non-dimensional

defect size, (d∗). The non-dimensional MPL defect size, (d∗), is defined as the width

of the MPL defect divided by the width of the PTL. Thus, d∗ represents an effective

percentage opening through the MPL. The defect sizes range from 0.1 to 1.6%.

The addition of a defect, or crack, in the MPL results in a similar reduction in

PTL water content as in the cases with an MPL having no defect (see Figure 4.12a

and 4.12b) when compared to the PTL without an MPL. This effect persists with

increasing d∗ until a defect size of ∼ 0.5% of the MPL width. Above this value of d∗,

the saturation measures begin to increase and the effect of the MPL is diminished.

For example, the three cases corresponding to an MPL with three defects having a
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Figure 4.12. Effect of the MPL defect on the water transport in the PTL for the three
cases generated using the model 1 Weibull PDF. The MPL defect size is
nondimensionalized by the width of the PTL.

total opening of 48µm (d∗ = 1.6%) have an upper range of A∗, which is slightly less

than 0.3 and is comparable to the model 1 cases simulating a PTL without an MPL.

When an MPL without defects is included in the morphology, the injection pres-
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sure is significantly increased as compared to the PTL without an MPL, 70 and 5 kPa,

respectively. The presence of an MPL defect drastically reduces the injection pressure

to a value comparable to a PTL with no MPL. For d∗ > 0.3, the effect of the MPL

on injection pressure is negligible. Thus, the presence of small defects in an MPL has

the combined effect of reducing the saturation level of the PTL and retaining a low

injection pressure for the water transport toward the gas flow channel.

These results mirror those of a recent experimental study in which small perfora-

tions made in a PTL resulted in improved fuel cell performance [11]. The optimum

performance improvement occurred for a PTL with thirty-nine, 80 µm diameter holes

in a 1 × 1 cm PTL. The ratio of the perforated area (0.0019 cm2) to the total PTL

area (1 cm2) is equivalent to d∗ ≈ 0.20%. This value of d∗ lies in the range where the

simulations indicate the lowest saturation and injection pressure conditions.

Generally, the water transport through the MPL has been thought to be in a

vapor state due to the high temperature and capillary pressure associated with the

small pore size [20, 49]. The presence of liquid water in the PTL is thought to be the

result of condensation. The assumption that water crosses the MPL in a vapor state

due to the high capillary pressure may not be appropriate when defects or cracks in

the MPL are taken into consideration. The capillary pressure required to percolate

through the MPL with cracks is approximately the same as in the case without an

MPL. Thus, water could cross though the MPL in the liquid state and could induce

a localized fingering in the PTL with low saturation and an imperceptible change in

membrane pressure.
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4.9 Conclusions

A two-dimensional network model was implemented to simulate a capillary two-

phase flow (water and air) occurring in the PTL of a low-temperature fuel cell. This

model was developed for a half fuel cell domain, yet the model can easily be extended

to larger domains without a significant increase in computational expense. The cap-

illary pressure was modeled considering the meniscus pinning within pores and the

pore size distributions were generated using Weibull PDFs. Six different PTL models

were analyzed by varying the scale and shape parameters of the Weibull distribu-

tion function. Three cases where generated for each distribution and a unique flow

pattern was obtained for each of the simulations due to the stochastic nature of the

network. A parametric study of the wetting properties of the PTL was also conducted

considering four different contact angle values. For each numerical simulation, the

non-dimensional pore area occupied by water from a cross-sectional view, the non-

dimensional length of the interface between water and air from a cross-sectional view,

and the average injection pressure of water were calculated. The simulations ended

when water reached the gas flow channel.

The injection pressure would increase at the beginning of the simulation and

reach a plateau consistent with capillary fingering in porous layers. The variation in

pore arrangement for the three cases generated from each morphology was found to

generate significant differences in the flow pattern at the time when water reaches

the gas flow channel, though the three cases for each morphology model collapsed

to a single curve when nondimensionalized. The effect of variation in contact angle

was found to have minimal effect on saturation levels, S∗ and A∗, due in part to

the nature of the simulation. A 40◦ change in the contact angle had less effect on
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saturation measures than did the stochastic generation of the networks. However,

there was a significant effect on injection pressure as to be expected. When comparing

the results of the six Weibull probability distribution models, an increased mean pore

size generally resulted in a larger surface area of the water within the PTL as measured

by S∗. The relationship between the mean pore size and water volume in the PTL as

measured by A∗ was less distinct. A wider pore size distribution resulted in a greater

volume available for the water in the PTL and the time for the water to reach the

gas flow channel increased. The average injection pressure decreased as the average

pore size is increased.

The effect of an MPL on the PTL was explored by considering a bimodal pore

size distribution in the network simulation. The presence of the MPL significantly

reduced the saturation of the PTL through enhanced fingering formation. Due to the

very small pore sizes in the MPL, the injection pressure was significantly increased.

The increased pressure may be advantageous in maintaining a uniform membrane

hydration in PEM fuel cells, yet the value of the average injection pressures are

too large to be considered realistic for actual membrane pressures. However, defects

(cracks) within the MPL were shown to reduce the average injection pressure to levels

comparable to a PTL without an MPL while maintaining a reduced saturation level.



5. Comparison of numerical

predictions and experimental results of

water percolation in PEM fuel cell

porous transport layers

A series of numerical simulations using a three dimensional network model are pre-

sented. These numerical simulations are carried on in similar conditions occurring

during a pseudo Hele-Shaw experimental setup. The numerical simulations using the

network model are compared with experimental data through a new scaling of the

water percolation in porous media which is based on the ratio dissipated energy. The

morphology and wettability of the PTL are tuned to fitting the experiment by using

the proposed scaling. Once the fitting between numerical and experimentally is ob-

tained, such PTL structure information can be used in different types of simulations

where the conditions are representative of the fuel cell operating conditions.
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5.1 Introduction

Lately, there has been considerable effort in modeling water percolation in the gas

diffusion layer or porous transport layer (PTL) of PEM fuel cell. Modeling approaches

such as network simulation or Lattice-Boltzmann methods have been implemented

with varying degrees of success [14, 33, 41, 42, 55, 56, 58]. Numerical simulations

help to understand the effect of the most significant variables on water percolation in

PTLs such as the morphology (pore size distribution), wettabililty (contact angle) and

defects such as cracks [42]. Normally, water percolates through the PTL pores offering

the lowest capillary resistance; the flow results in formation of capillary fingers [39, 43].

At high current density water is produced faster than it can be removed, flooding

pores with higher capillary resistance thereby reducing the reactant gas permeability

and the fuel cell efficiency. Simulations using the network model have been shown to

accurately capture water percolation and specifically capillary fingering in PTLs [42].

Experimental validation of these numerical simulations has been limited. Most

of the experiments used as validation were based on model porous media [3, 5]. In

many cases the validation is a simple qualitative comparison between the percolation

pressures, the saturation curves, or Leverett functions. The comparison of one of

these parameters alone usually is not enough to validate the numerical simulations.

In-situ validation is difficult due to the opacity of the PTL and its surrounding fuel

cell components like the bipolar plate [2]. Exceptions are the very sophisticated

techniques such as neutron and x-ray imaging where the main limitation is temporal

resolution. To overcome these limitations, an ex-situ experiment has been developed

using transparent materials with purpose of gaining visual access and extending the

experiment time to achieve sufficient spatial and temporal resolution for comparison



97

to numerical simulations.

In this work, results using a three dimensional network model simulating the ex-

perimental conditions are presented. The numerical model includes a PTL where

the boundary and initial conditions are set to represent the conditions occurring in

a pseudo-Hele-Shaw experiment as described in Medici and Allen [43]. The PTL

structures used in the simulations are generated using a range of pore size distribu-

tions. From the numerical simulations, the amount of water held in the PTL and the

percolation pressure are obtained for different PTL structures and flow rates.

The numerical simulations are compared with existing experimental data using a

new scaling analysis of drainage in porous media. This new scaling is based on the

ratio between the input and dissipated energies associated with the water percolation.

The percolation pressure and the amount of water held in the PTL are combined to

calculate the input and dissipated energy. When this energy ratio is plotted against

a non-dimensional time, a linear relationship is obtained with a unique slope for each

type of PTL. This result provides a convenient characterization for water percolation

in a PTL.

5.2 Numerical Modeling

The three-dimensional network model assumptions are the same as in the two-

dimensional approaches [35]. The difference between the three and two dimensional

network models is that six pores are connected to every node instead of four pores.

Figure 5.1 shows a schematic representation of the pore arrangement. E, W, N, S, T,

B, and P stands for the east, west, north, south, top and bottom nodes of the reference
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node P. The fluids are considered incompressible and modeled as Poiseuille flow. A

source term is added to the pressure to include the effect of the capillary pressure

and an effective viscosity is used to include the two-phase flow. The volumetric flow

rate at a generic tube placed between two nodes is:

qij =
πr4ij
8µe

ijl

(
∆pij − pc

ij

)
(5.1)

This relationship is only valid when ∆pij > pc
ij , otherwise qij is set to zero. The

effective viscosity, µe
ij, is a function of the non-wetting fluid position inside the tube

xij varying from the non-wetting (injected) fluid viscosity to the wetting (displaced)

fluid viscosity as the fluid is percolating through the channel. The capillary pressure

is also a function of the non-wetting fluid position inside of the pore and the same

model presented by Medici and Allen[42] is used:

pc
ij = σ cos(θ)

[(
1 − rij

2rij
− rij

2rj

)
1 − cos(2πxij/l)

rij
+

1 + cos(πxij/l)

ri

+
1 − cos(πxij/l)

rj

] (5.2)

where ri and rj are the average pore size around the ends nodes corresponding to that

pore. The capillary pressure pc
ij is zero when the tube is filled with only one fluid.

The sum of all the flow rates at a particular node must be zero. The resulting

linear system of equations is solved using the conjugated gradient method to obtain

the unknown pressure gradient, ∆pij, at each node. After calculating the pressure

gradient, the new fluid position, inside each pore is calculated and the process repeats

for each time step, see Appendix A.

The PTL pore structure is generated by randomly assigning pore radii while con-
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Figure 5.1. Three dimensional network model schematic representation. E, W, N, S,
T, B, and P stands for east, west, north, south, top and bottom nodes of
the reference node P.

straining the network to a pore size distribution. The distribution of pore size is

generated following a Weibull probability distribution. Different PTL structures were

generated by varying the shape, ψ, and scale, κ, parameters in a Weibull probability

distribution function.

The parameters corresponding to ψ = 5.25 and κ = 3 were obtained by using the

mercury intrusion porosimetry on a Toray T060 PTL [14]. The rest of the PTL pore

size distributions are the same used in the article by Medici and Allen [42] where the

shape parameter varies from ψ = 5.25, 3 and 10; and the scale parameter from κ =

3 and 1.5. The length of the pores is fixed to 25.2 µm for all the PTL models. The

numerical model consists of a regular lattice of 100×100×10 pores which results in a
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Figure 5.2. Weibull distribution function showing ψ and κ.

domain size of 1250×1250×125 µm. A standard value of 110 degree contact angle is

used in most of the simulation. However, for the case presented herein the contact

angle is varied up to 135 degrees to obtain a good fit between the numerical and

experimental data.

The boundary conditions are set to represent the conditions in the pseudo Hele-

Shaw experimental setup. Wall boundary conditions on the top and bottom were

used. The lateral sides open to the atmosphere are modeled as a fixed value zero

gauge pressure. Water injected in the middle of the bottom side is modeled as a

source term along the PTL central nodes. When a water finger reaches the one of the

lateral sides the simulation is ended. The injection flow rates are the same as in the

experiment.
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5.3 Numerical and Experimental Comparison

A pseudo-Hele-shaw experiment was designed in which a porous transport layer

(PTL) in compressed between two pieces of transparent polydimethylsiloxane (PDMS)

and PMMA plates. The PDMS layers provide a compliant surface so as to avoid large

gaps between the PTL surface and the PMMA compression plates. Water is injected

at six different flow rates into the center of the fifty millimeter diameter PTL sam-

ple from the bottom side and a camera located above the sample records the water

percolation. A pressure transducer is located at the injection point measures the per-

colation pressure. The pressure and the images are correlated as the water is injected

in the PTL. The wetted area is extracted via image processing for each video frame.

Complete details of the experimental apparatus are provided in [43].

Typically, the percolation pressure (also referred to as the capillary pressure), the

saturation, or a combination of both is used to characterize water transport in a PTL.

This approach does not account for capillary dynamics. In particular, the balance

between viscous and capillary effects that may result in capillary fingering are not

considered.

In this work, the comparison between the numerical simulations and the exper-

imental results is accomplished by using a new scaling of drainage in porous media

[43]. In this new scaling, the percolation pressure, the wetted area, and the injection

rate are combined into a ratio of injection and dissipated energies. The injection

energy is proportional to PQ, while the dissipated energy is proportional to Q2µl/h4.

The ratio of these energies is defined as Ce:

Ce =
Ph3

µQ

A

l2
(5.3)
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the term A/l2 is a correction factor to compensate for the area cover by the water.

In this scaling, Q is the injection rate at the center of the sample. The injection

pressure, P , is equivalent to the percolation pressure and is a measure of the capillary

pressure. The wetted area, A, is a measure of the time-dependent saturation. Two

length scales are used. The small length scale, h, is the sample thickness and the

large length scale, l, is the sample size, which for this study is the diameter of the

PTL sample. The energy ratio, Ce, is time-dependent through the wetted area and

the percolation pressure. A non-dimensional time t∗ is defined as:

t∗ = t
σh2

µl3
(5.4)

where µ is the injected fluid viscosity and σ is the injected fluid surface tension.

The experimental value of P and A are the one presented by Medici and Allen [44].

Figure 5.3 shows the experimental energy ratio versus the non-dimensional for differ-

ent flow rates for the Toray T060 PTL with 9% PTFE content by weight. The flow

rate for each test run is presented in the form of capillary number, Ca, which is defined

as Ca = µQ/σh2. The capillary number is based on the injection rate and is therefore

only a reference condition. The local capillary number at each moving menisci will

not be the same as the reference Ca. Determination of the onset of percolation, which

defines t = 0, requires careful consideration. An incorrect time for t = 0 will induce

an unrealistic offset of the data.

As the reference capillary number is increased, the flow regime change from stable

displacement at small t∗ to capillary fingering at large t∗. As the transition between

stable displacement and capillary fingering occurs the dissipated energy is reduced and

the Ce increases. An advantage of this scaling is the possibility to distinguish between
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Figure 5.3. Experimental Ce plot for Toray T060, 9% (wt) PTFE content. Solid line
corresponds to the fitting curve of the experimental results while dashed
lines correspond to experimental data for each capillary number tested.

the capillary fingering and stable displacement by examining non-dimensional time

t∗. Transition between capillary fingering and stable displacement occurs at t∗ = 1.

When the Ce for each reference Ca is plotted on a log-log scale, the data aligns sug-

gesting a proportional relationship between the energy ratio and the non-dimensional

time. A linear regression fit through all of the experimental Ce is plotted in the log

scale in Figure 5.3. The alienations of this curves implies the existent of a continuum

process as the reference capillary number is increased but not a continuation of the

experiment itself. The reference capillary number it is just a non-dimensionalization

of the flow rate used in that experiment. The local capillary number, measure at the
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Figure 5.4. Numerical and experimental Ce plot. Solid line corresponds to the fitting
curve of the experimental results while dashed lines correspond to numer-
ical simulation. The contact angles used in every simulation are indicated
with annotations. The colors of the numerical Ce match the colors of the
Weibull distribution used to generate its pore size distribution.

water-air interface, continuously decreases together with the dissipated energy as the

water is injected and spread in the porous media. However, in most of the experi-

ments there is not much overlap of the data except between Ca = 2.5 × 10−5 and Ca

= 1.6 × 10−6 , and Ca = 1.2 × 10−7 and Ca = 3.1 × 10−8. This overlap implies that

the same dissipated energy ratio can be obtained at the end of one of the experiment

when the water occupied a high portion of the porous media or at the beginning of

an experiment at a lower injection flow rate.

The energy ratio for each numerical simulation is plotted together with the fitting
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Figure 5.5. Water distribution after reaching one of the edges for the numerical sim-
ulation corresponding to Ca = 6.0 × 10−5, pore size distribution having
ψ = 5.25 and κ = 3 Weibull parameters, and contact angle of 135◦. The
location of the water-air interface is denotes in blue.

curve of the experimental results in Figure 5.4. To make the comparison as close

as possible, the wetted areas, A, for each numerical simulation were calculated from

a top view as in the experiments. The percolation pressures, P , were calculated as

the pressure gradient between the central nodes (where the water source terms are

placed) and the lateral sides of the PTL. Figure 5.5 shows that Water distribution

after reaching one of the edges for the numerical simulation corresponding to a pore

size distribution having ψ = 5.25 and κ = 3 Weibull parameters.

From Figure 5.4, the pore size distribution can have a coupled effect of change

on the slope and offset of the energy ratio curve. A change in slope is observed

when comparing the curves corresponding to different pore size distribution, i.e. ψ =

5.25, κ = 3 and ψ = 3, k = 1.5. The three numerical simulations were obtained

using a contact angle of 110 degrees and fixed flow rate representing a reference
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capillary number of 6.0×10−7. To obtain the same energy ratio between the numerical

simulations and experiments for a PTL corresponding to Toray T060, the network

model generated using ψ = 5.25 and κ = 3 was rerun with a contact angle of 135

degrees. The 135 degree contact angle induces a satisfactory offset to make the

numerical and experimental results comparable.

Once the proper offset and slope were obtained, two additional numerical simu-

lations were performed at different reference capillary numbers to verify the validity

of the scaling at extreme values. Capillary numbers of 6.0×10−9 and 6.0×10−5 were

used for the capillary fingering (dashed blue curve) and stable displacement (dashed

red curve) simulations, respectively. The resulting energy ratio data, also plotted in

Figure 5.4, are in good agreement with the experimental results in these ranges of

capillary number.

5.4 Conclusions

The Weibull scale and shape parameters used in this work to compare the numer-

ical and experimental results were obtained from the mercury intrusion porosimetry

technique. However if this information would not be available, they can be found

iterating on the Weibull parameter until match the experimental energy ratio. This

fact leads to two conclusions on network model, first it captures the nature of the

problem and it is able to accurate predict drainage and second it permits to find the

parameters required for a particular PTL to be later used on a modeling of a fuel

cell. The comparison presented here between numerical simulations and experiments

used in PTL of PEM fuel cell can be used in other fields involving porous media.
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This new scaling of drainage in porous media has the advantage of identify the

transition between stable displacement and capillary fingering. Another advantage

is that PTLs made by different manufacturers will have energy ratio versus the non-

dimensional curves with different offset and slope. The concept that every PTL with

different morphology/wetting properties will have different energy ratio versus the

non-dimensional can potentially be used as a characterization method.

The morphology and wettability of the PTL are tuned in the numerical simula-

tions to modify the energy ratio slope in order to match the energy ratio obtained

experimentally. After the morphology and wettability are tuned, the resulting PTL

structure can be used in different types of numerical simulations representing the

fuel cell operating condition simply by changing the boundary and initial conditions.

These numerical simulations enable the study of the effect of the water percolation

on that particular PTL when coupled with other fuel cell components.





6. Summary and Recommendations

The contributions presented in this project will lead to a better understanding of

the mechanisms controlling the water percolation through the PTL. This will enable

more efficient water management strategies in low temperature fuel cells, especially

at high current density. An example of this is the reduction in the water content in

the PTL as result of the inclusion of the MPL and its defects. Additionally, the study

of the PTL wettability property leads to a better understanding of the coating effect

on the water percolation can also be used to characterize degradation of PTL.

Based on the numerical simulations presented in this project, it was demonstrated

that the network model is a simple, reliable computational tool able to capture the

nature of the water transport in the PEM fuel cell. The use of this numerical model

reduces the computational requirements when compared with other methods, which

reduces the research and developing costs by reducing the cost of the equipments and

research time.

6.1 Summary

The water transport analysis in PTL was carried on experimentally and numeri-

cally (ex-situ). A series of numerical simulations using a 2D and 3D network model

109
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were conducted in order to explore the water percolation in the PTL.

The experimental setup was designed to accomplish the following objectives:

• Have visual access to the in-plane water percolation in the PTL in order to

identify the different drainage water flow regimes and demonstrate that the PTL

can sustain a non-uniform liquid distribution. Images were recorded a regular

time intervals which were different depending of the duration of the experiment.

From an image post processing, the temporal evolution of the wetted area, area

covered by the water from a top view, was obtained.

• Measure the percolation pressure drop associated to every particular drainage

flow regime in parallel to the imaging.

• The percolation pressure and the wetted area were combined into a single vari-

able using a new scaling for water percolation in porous media. The newly

defined scaling, called Ce, is proportional to the ratio between input and dis-

sipated energy. A linear relationship was obtained when plotted against the

non-dimensional time. This new scaling allows to substitute the drainage phase

diagram by a curve and identify the transition between capillary fingering and

stable displacement.

• Develop criteria to characterize PTL’s based on their susceptibility to fingering

instability. A significant offset (in the logarithmic scale) or slope (in the linear

scale) in the Ce curve was obtained among PTL made by different manufactures.

This offset/slope could be potentially used to characterize not only PTL but

porous media in general.

• Corroborate the results obtained from the numerical simulations, showing that
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the network model is able to capture the nature of the water transport in

the PTL by comparing against the experimental data using the new scaling

of drainage in porous media.

The numerical simulations were carried out to accomplish the following objectives:

• Study the effects morphological and wetting properties on the water percolation

in PEM fuel cells. The effect of different pore size distributions and contact

angles were studied.

• The MPL was study as PTL with a bimodal pore size distribution. It was

found that the MPL reduces the water content in the PTL by facilitating the

formation of water conduits. Because the MPL acts as barrier for the water

percolation, the amount of water in the PEM must be increased.

• Defects or cracks in the MPL were also studied. It was found that the presence

of small defects can keep the water content in the PTL as low as in the case

of the undamaged MPL while reducing the percolation pressure. However, for

large defects the effect of the MPL on he water percolation start to vanish.

• A three-dimensional version of the network model was developed to simulate the

percolation in similar conditions existing in the pseudo Hele-Shaw experimental

setup. The simulation were corroborated against experimental data using the

newly defined scaling for drainage in porous media.
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6.2 Recommendations

The material and concepts presented in this dissertation are still in developing

stages. The following ideas can be used to improve the actual characterization and

simulation methods as well as extended beyond fuel cell research. The PTL charac-

terization method and the validation of the numerical simulation using the Ce plot

can be applied to other research areas such us oil recovery, drug delivery, drainage

in soil, foams characterization, among other application involving porous materials.

The following are tasks that can be further developed:

• Perform drainage experiments on PTLs in viscous fingering regime. A possible

recommendation for this kind of experiments, in order to obtain the percolation

pressure and the wetted area in parallel (issue described in Chapter 1), is the use

of fluorescent dye to identify the interface between the displaced and injected

fluids.

• Present the data from viscous fingering experiments on PTL in the from of Ce

plots and derived proper conclusions.

• Create a Ce database of different PTL for characterization and optimization

purposes.

• Perform the pseudo Hele-Shaw tests on different porous materials than PTL

and present the corresponding data in the form of Ce plots.

• Investigate the effects of different fluid properties on the Ce plot.

• Verify the Ce plot by comparing against analytical solution for idealized situa-

tion.
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• Extend the network model formulation to include temperature gradient, evap-

oration and condensation. Even though this are very important parameters in

the fuel cell research area, by including these in the formulation, the network

can be used to model other systems.

• Integrate the network model into a larger and more complex fuel cell model.

• Optimize the PTL morphological and wettability properties using the network

model for a particular fuel cell operating condition.

• Develop a network model able to simulate imbibition including corner flow effect.

• Study the effects of degradation, temperature gradient, and compression of the

PTL on the Ce plot and validate the numerical simulations for this conditions

to explore their effects on the fuel cell performance.
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APPENDICES





A. Numerical Model

1.1 Discretization

The equation (4.1) presented in chapter IV has to be solved at each node. The

pore structure is modeled as regular grid where four pores concur at each node and

the length of the pore is fixed. The pressure at each node will depend of on the

pressure action on the neighbor nodes. Therefore, the pressure at each node has to

be solved simultaneously.

The using the Kirchoff analogy the system of equations at every pore can be

written in term of the pressure gradient as described in Chapter IV:

π

8l

4∑
j=1

r4ij
µe

ij
(∆pij − pc

ij) = 0 (1.1)

enclosing the properties at a pore level into one variable gij = πr4ij/8lµ
e
ij

4∑
j=1

gij(∆pij − pc
ij) = 0 (1.2)

which can be rewriting as:
4∑

j=1

gij∆pij =
4∑

j=1

gijp
c
ij (1.3)
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which can also be written in a matrix manner as:

AX = B (1.4)

where Aij = gij, Xj = ∆pij, and Bj = gijp
c
ij

The resulting linear system of equations was solved numerically using the conju-

gated gradient method taking advantage of the symmetry of the problem (A is five

diagonal matrix) as described by [9]. In order to obtain the numerical solution a

Fortran code was developed. Every diagonal in the matrix A correspond to: the cen-

tral diagonal corresponds to the properties of particular node ‘i’, while the other four

diagonals correspond to the properties of the four node surrounding node ‘i’. The

nodes surrounding node ‘i’ where identifies by following the nomenclature use by [51]

as east, west, north and south.

1.2 Source Term

The network model has been originally developed to study unsaturated flow in

porous media [35]. In many applications, the flow in porous media is treated like a

constant pressure flow rate. Therefore, the source term in the network model which

is in the form of flow rate has to be modified in order to include the pressure gradient.

However, in the case of water percolating through a PTL in a PEM fuel cell, the water

is generated continuously and it can be assumed as a constant flow rate behavior. This

assumption simplifies the modeling. First, the flow is assigned at the injection nodes
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in the form of:

4∑
j=1

qj = qs (1.5)

where qs is the source flow rate at the node given node. Then, the pressure gradient

is calculated as it was explained in Chapter 4. To calculate the fluid position inside

each the pore at the injected-displaced fluid interface, the total injected volume of

fluid Q∆t is distributed along the pore at the interface proportional to the pressure

gradient where the condition ∆P > Pc is satisfied:

vpore
ij =

∆Pij∑n
k=1 ∆P k

ij
Q∆t (1.6)

where vpore
ij is the volume of a given pore between the nodes ‘i’ and ‘j’, ∆Pij is the

pressure drop at a given pore between the nodes ‘i’ and ‘j’, and
∑n

k=1 ∆P k
ij is the

integrated pressure drop at the interface where the condition ∆Pij > Pc is satisfied.

Then, the new fluid position, xij at a given pore, is calculated by dividing by the pore

cross sectional area, Apore
ij :

xij =
vpore

ij

Apore
ij

+ x0 (1.7)

where x0 is the previous fluid position inside the pore. This approach is valid for

small time steps where the volume of injected fluid is smaller than the volume to full

fill the pore in only one time step. Normally, it will take few time steps to full fill a

pore. The time step is determined based on the injection flow rate. A fixed small time

will consume unnecessary computing resources in cases of high flow rates. Eventually,



130

when he calculated xi is larger than the pore length ‘l’, the surplus volume of injected

fluid after filling the pore is in evenly divided among the available surrounding pores.

At the most common scenario, the number of available surrounding pores are three.

However, it can be cases where only one or two pores are available for fluid percolation

due to previous pore full filling.
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