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Abstract

The polymer electrolyte fuel cell (PEFC) is considered as one of the most promising
devices for providing efficient, clean and noiseless conversion of chemical energy to
electrical energy. This device can provide electrical and thermal energy for transport,
mobile and stationary applications ranging in a wide range of power requirements.
However, in spite of its promising potential and increasing presence during recent
years, the PEFCs are still not widely commercialized around the world. The
competition with current technologies is hard, especially due to the high cost
involved in the PEFC production and degradation issues.

The energy conversion within the PEFCs is maintained by different multi-physics and
multi-chemical phenomena that occur at different length and time scales. The
reactant gases and the electrons, products of the electrochemical reactions, flow
through complex and anisotropic geometries which make their description difficult,
especially when a pore-scale analysis is considered. As part of a PEFC, the gas
diffusion layer (GDL) plays an important role in the energy conversion process,
giving mechanical support to the cell and providing a structure to which the reactant
and product fluids can flow; as well as it allows the flow of electrons from the active
sites to the current collectors and vice versa.

A complete understanding of the diffusion transport properties, considering the
morphological configuration at the pore-scale level, can give an insight to improve
certain characteristics of the GDLs and eventually enhance the behavior of the whole
system. Considering that a pore-scale and in-situ experiment represents a
considerable investment of resoutces, computational tools to describe the different
transport phenomena through the GDLs offer a unique opportunity to study the
diffusion transport phenomena and estimate the properties of the GDLs.

Two- and three-dimensional models representing GDLs have been developed to
analyze the impact of morphological configurations on certain diffusion transport
properties, as well as the fluid behavior and mass transport through the mentioned
layers when they are subjected to different conditions of compression, morphological
configurations or inflow. Due to the complexity of the GDLs, the Lattice Boltzmann
method (LBM) was chosen as the computational tool to describe and analyze the
fluid flow behavior and the mass transport phenomena through the GDLs. This
methodology can be applied not only to the mentioned layer in PEFCs, but also to
the porous media found in other type of FC such as solid oxide fuel cells (SOFCs).

The GDLs are stochastically created and the diffusion transport parameters such as
porosity, gas-phase tortuosity, permeability, inertial coefficient and normalized



diffusivitly are analyzed from a pore-scale point of view. This thesis not only provides
insightful information about the different diffusion transport GDL parameters, but
also offers an analysis of the effects of morphological configurations on the
mentioned properties. Several correlations for gas-phase tortuosity, permeability and
diffusibility among others, are proposed to predict the behavior of the mentioned
parameters. The computation of the parameters is supported by single-phase Lattice
Boltzmann models which allow a deep analysis of the fluid behavior and the mass
transport phenomena through the digitally created GDLs. The GDL generation and
the LB models are completely developed by the author.

Keywords: PEFC, Lattice Boltzmann method, gas diffusion layers, porosity, gas-
phase tortuosity, permeability, inertial coefficient, diffusibility, pore-scale modeling.
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Popular Science Summary

Cars delivering to the atmosphere water instead of contaminants? Back-up supply energy not emitting
pollutants? Yes, it is possible!

Fuel cells (FCs) can supply electrical and thermal energy producing just water as
product. During the process, the electrical energy is produced in a noiseless and
efficient manner. Although FCs are not a new concept, there are still some issues that
have to be clearly understood inside them.

FCs are normally designed in the range of tens of centimeters, and one of the most
important elements is the so-called gas diffusion layer (GDL). This layer helps the
energy conversion process to be performed by facilitating the flow of gases and
electrons. Its structure is very complex and its thickness is in the range of
micrometers.

This thesis provides a better understanding of the different diffusion transport
properties found in the GDLs. This improved understanding is a door for finding
better material configurations, and eventually to reduce production costs of the FCs
which will help this device to increase its presence and use.

To provide useful information about the different diffusion properties of the GDLs,
especially because of its really small size and complex structure, computational tools
are employed. The geometries for analyzing the GDLs are digitally created, and the
simulation model to mimic the fluid behavior is completely developed.

The results presented in this work will assist to predict the behavior of a complete FC
based on computational tools. Such predictions can be used to propose better and
improved material configurations for the different parts of the FCs, and finally give
the FC a push forward in the world energy system.

For a cleaner world in which ounr nexct generations can live in!
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Resumen de Divulgacion Cientifica

¢ Automdviles emitiendo a la atmdsfera agna en Ingar de contaminantes? ;Suministro de respaldo de
energia que no emita contaminantes? Si, es posible!

Las celdas de combustible pueden suministrar energfa eléctrica y térmica produciendo
como resultado unicamente agua. Durante el proceso, la energfa eléctrica es
producida sin ruido y de manera eficiente. Aunque el concepto de las celdas de
combustible no es nuevo, hay algunos asuntos que deben ser claramente entendidos
dentro de ellas.

Las celdas de combustible son normalmente disefiadas en el rango de las decenas de
centimetros, y uno de los elementos mas importantes para su funcionamiento es la
también llamada capa difusora de gases. Esta capa ayuda a que el proceso de
conversién de la energia pueda efectuarse facilitando el flujo de gases y electrones. Su
estructura es muy compleja y su espesor estd en el rango de los micrémetros.

Esta tesis provee un mejor entendimiento de las diferentes propiedades de difusion
encontradas en las capas difusoras de gases. Este mejorado entendimiento es una
puerta para encontrar mejores configuraciones de los materiales, y eventualmene
reducir el costo de producciéon de las celdas de combustible lo cual ayudara a
incrementar su presencia y uso.

Para proveer informacion util acerca de los diferentes parametros de difusion de las
capas difusoras de gases, especialmente debido a su tamafio muy pequefio y
estructura compleja, herramientas computacionales son empleadas. Las modelos
geométricos para analizar las capas difusoras de gases son digitalmente creados, y el
modelo de simulacién para imitar el comportamiento de los fluidos es completamente
desarrollado.

Los resultados presentados en este trabajo asisten en la prediccion del
comportamiento de una celda de combustible completamente basado en modelos
computacionales. Estas predicciones pueden setr usadas para proponer mejores y
mejoradas configuraciones de materiales para las diferentes partes de las celdas de
combustible, y finalmente datle a las celdas de combustible el avance en los sistemas
de energia en el mundo.

Por un planeta mas limpio en el gue nuestras proximas generaciones puedan vivir!






Acknowledgments

This work has been carried out at the Department of Energy Sciences, Faculty of
Engineering of Lund University. Lund, Sweden.

I am very grateful to my supervisors Martin Andersson and Bengt Sundén. Their
guidance, academic confidence, and all the support that I have received from them
have been crucial during this period in Sweden. Several discussions with Jinliang
Yuan are also kindly acknowledged.

In addition, I would like to express my gratitude to all my fellow PhD students, the
current and the former ones, academic staff members and administrators at the
Department of Energy Sciences for a nice working environment and cooperation
during this time.

The current work was financially supported by the Secretary of Higher Education,
Science, Technology and Innovation (Senescyt, Ecuador) on behalf of the
Ecuadorian people. Additional support from ESPOL was also received which is
gratefully acknowledged. Special thanks to Vinnova VINNMER (2015-01485)
project, which made possible to have short-research-stay-visits at Forschungszentrum
Julich, Germany and allowed me to present some of the results at scientific
conferences.

Finally, I would really like to mention all the people that made this happen, however;
there is no memory to remember, and there is no space to write a complete, ordered
and detailed list... I perhaps would need several pages for such a list. To all of you, to
whose who contributed to a greater or lesser extent to achieve this goal, from near or
from far away...

Tack sa mycket!, Thank you very much!, Muchas gracias!

vii






List of publications

The following publications are included in the thesis and are referenced by roman
numerals in the body text of the thesis:

I

1I.

II1.

IV.

Espinoza-Andaluz, M., Sundén, B., & Andersson, M. (2014). Highlights of
Fuel Cell Modeling From a Lattice Boltzmann Method Point of View.

Volume 6.A: Energy.

DOI:10.1115/imece2014-37010

Espinoza-Andaluz, M., Andersson, M., Yuan, J., & Sundén, B. (2015).
Compress effects on porosity, gas-phase tortuosity, and gas permeability in a
simulated PEM gas diffusion layer.

International Journal of Energy Research, 39(11), 1528—1530.

DOI:10.1002/er.3348

Espinoza-Andaluz, M., Andersson, M., & Sundén, B. (2016). Predicting
transport parameters in PEFC gas diffusion layers considering micro-
architectural variations using the Lattice Boltzmann method.

International Journal of Energy Research. 41(4), 565-578

DOI:10.1002/er.3661

Espinoza-Andaluz, M., Sundén, B., & Andersson, M. (2016). Impact on
Diffusion Parameters Computation in Gas Diffusion Layers, Considering the
Land/Channel Region, Using the Lattice Boltzmann Method.

ECS Transactions, 715(14), 521-530.

DOI:10.1149/07514.0521ecst

Espinoza-Andaluz, M., Andersson, M., & Sundén, B. (2017). Comparing
through-plane diffusibility correlations in PEFC gas diffusion layers using the
lattice Boltzmann method.

International Journal of Hydrogen Energy. Article in Press.

DOI: 10.1016/j.ijhydene.2017.02.096

Author contribution

For Papers I and II, the co-authors jointly defined the research questions. For Papers
ITI, IV and V, the thesis author was main responsible of defining the research
questions.

For all papers, the thesis author was responsible for developing the computational
code, performing simulations, analysis of the results and writing the papers.

ix



II.

111

IV.

VI

VIIL

VIII.

List of publications not included in the thesis

Espinoza-Andaluz, M., Sundén, B., & Andersson, M. (2014). Lattice
Boltzmann Modeling From the Macro-to the Microscale-An Approximation
to the Porous Media in Fuel Cells. In REGenerative Energien und
W Asserstofftechnologie-Symposinm, REGW.A 2014.

Espinoza-Andaluz, M., Sunden, B., Andersson, M., & Yuan, J. (2015).
Analysis of Porosity and Tortuosity in a 2D Selected Region of Solid Oxide
Fuel Cell Cathode Using the Lattice Boltzmann Method. ECS Transactions,
65(1), 59-73.

DOI:10.1149/06501.0059¢cst

Espinoza-Andaluz M. (2015). On Microstructural Analysis of Porous
Media Existing in Fuel Cells Using the Lattice Boltzmann Method. Licentiate
dissertation, Division of Heat Transfer, Department of Energy Sciences,
Lund University.

Espinoza-Andaluz, M., Andersson, M., & Sundén, B. (2016).
Computational time and domain size analysis of porous media flows using
the lattice Boltzmann method. Computers & Mathematics with Applications.
Article in press.

DOI:10.1016/j.camwa.2016.12.001

Espinoza-Andaluz, M., Sunden, B., & Andersson, M. (2016). Incidence of
the particle size over the tortuosity in a porous medium using the lattice
Boltzmann method. Technological Jonrnal-ESPOL, 29(1).

Espinoza-Andaluz, M., Andersson, M., & Sundén, B. (2016). Potential of
Lattice Boltzmann Method to Determine the Ohmic Resistance in Porous
Materials. Journal of Physics: Conference Series, 738, 012090.
DOI:10.1088/1742-6596/738/1/012090

Andersson, M., Beale, S. B., Espinoza-Andaluz, M., Wu, Z., & Lehnert, W.
(2016). A review of cell-scale multiphase flow modeling, including water

management, in polymer electrolyte fuel cells. Applied Energy, 180, 757—778.
DOI:10.1016/j.apenergy.2016.08.010

Espinoza-Andaluz, M., Andersson, M., & Sundén, B. (2017). Modeling of a
Gradient Porosity SOFC Anode Using the Lattice Boltzmann Method.
Energy Procedia, 150C, 1333 — 1339.



IX.

DOI:10.1016/j.egypro.2017.03.484

Espinoza-Andaluz, M., Sunden, B., & Andersson, M. (2017). Pore-scale
analysis of transport parameters in modeled SOFC anodes with gradient
porosity in the main flow direction. ECS transactions.

Accepted for publication.

Espinoza-Andaluz, M., Andersson, M., & Sundén, B. (2017). Impact of
Carbon Deposition on Diffusion Parameters in Porous Anodes of Solid
Oxide Fuel Cells Using the Lattice Boltzmann Method.

To be submitted.

xi



Table of Contents

ADSEIACE co1 ettt et i
Popular Science SUMMALY ..ot eseeanes i
Resumen de Divulgacion CIentifica ... eeeeiceicinieiicirieicreenseeeseeseeeneeenes v
ACKNOWIEAGMENTS ..ottt vii
List Of PUBLCATIONS ......vuvieiiiiriciiciic e ix
TADle Of CONLENLS......rvurieriecreicteeeieieeeeeeeereee et nnenne xii
NOMENCIALULE. ...t Xiv
LISt OF FIZUIES w.oovuieiceciciciceccice ettt xvii
LISt OF TADIES ..ttt eaes Xix
1 INEEOAUCHON ottt 1
1.1 ReSearch ODBJECtiVES....uuiucuieciieciieireeeireeieeeieeeieneieeeieseie e sseseeessesessesesssaeans 3
1.2 Methodology ... 4
1.3 Thesis OULHNE......ccuiiuiiiriciricr ettt 4
2 TUEL CEllS caveiiiiiiiiiii b 7
2.1 Polymer Electrolyte Fuel Cell .......ccoovieiiniicieiriicererriicereeneeerenseeenns 7
2.2 Gas DiIffusion Layer ... eaesseaens 9
2.3 Diffusion Transport PIOPErties ...t 11

xii



2.3.1 POLOSILY oottt 12

2.3.2 GAaS-Pphase tOITUOSILY....c.cuiuviecriaciicicicieicieieie e 13
2.3.3 PermeEability .ccuevcueeeeeieieieieineieieieneeeieie et saeaenns 14
2.3.4 Inertial COCTIICIENT .ovrvrvrurieeeieieieieieieieieieieicteieieieiee et eaes 15
2.3.5 Normalized Effective DIffusivIty .....ccceveveecerenneeerenniieereceereeseeeenenens 16
3 FUel Cell MOAEING ..ottt sesaees 19
3.1 Computational APProaches........ccoeieiieiiciniciniciricccseeeeeeas 19
3.2 Fundamentals of Lattice Boltzmann Method........ccccoceevvnrcrennccernncnnenes 20
3.2.1 Fluid flow LB mMOdel ...ccoeviririririniriririnrirririrseeeeeeeeeeieeveveveieieieieieieieaeaes 24
3.2.2 Mass transport LB model ... 26
3.3 GDL GENEIAtION.c.eeuuiuieceieereaeiereeeeesesesestsesesesesesesesesesesesesesesasassssssssesssesesenene 28
4 Main Results & DISCUSSIONS ..cvrirerererireriririririririeieieieiete ettt bebebe e sesese e senene 31
AL Paper Lo 31
A2 Papert L. 33
4.3 PaPer L1 ..o 37
A A PaPEr IV i 43
A5 PAPEE V i 48
5 CONCIUSIONS ...ttt ettt et et sre s 51
0 FULULE WOTK ettt ettt sttt sese et sesese et aesssnene 53
RELCLEIICES weuvivrrniniicietriicieierrccte ettt ettt s et seaestae s aessaneacae 55

xiii



Nomenclature

Area, [L2]

Mass concentration, [M]

Basic speed on the lattice [lu ts]
Diffusion coefficient, [L2 T"]
Velocity vector, [M L]

Particle distribution function
Particle distribution function, mass I.B model
Local diffusive flux, [M L2 T
Length, [L]

Thickness of a layer, [L]
Permeability, [L2]

Diftusibility, [-]

Darcy flux, [L T

Pressure, [M L1 T2

Position vector, [L]

Reynolds number, [-]

Source term

Time, [T]

Macroscopic velocity [LT]
Velocity field, [LT]

Velocity field in one direction, [LT]
Weighting factor

Volume, [L3]

Distance in x direction, [L]
Position for phase function

NXT§§<§N%E\“@Q2QNL~\\.%\Q S (\:L

Chemicals

e Electrons

Ha Hydrogen

H,O Water

H+ Hydrogen ion

Oy Oxygen

Greek Symbols

B Inertial coefficient, [L1]

y Function of characteristic lengths
A Change of a quantity

0 Percentage of inclined fibers
9 Land/channel ratio

& Porosity, [-]

¢ Scalar parameter
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Abbreviations

2D/3D
AIMD
BGK
BTE
CC
CP
DFT
DM
DmQOn
FC
GDL
HOR
1P
LGA
LBE
LBM
MC
MD
MPL
MRT
NS
ORR
PDF
PEFC
PEM
PTFE
RMSE
SEM
SOFC
SRT
SSE

Phase function

Micro-, x10-¢

Dynamic viscosity, [M L1 T-]

Kinematic viscosity, [M? T-1]

Density, [M 1-3]

Tortuosity, [-]

Relaxation time, ts

Gradient of a function/variable

Collision operator

Ratio between the actual and initial thickness

Two/three-dimensional

Ab initio Molecular Dynamics
Bhatnagar, Gross and Krook
Boltzmann transport equation
Carbon cloth

Carbon paper

Density functional theory
Diffusion media

Scheme used in LBM

Fuel cell

Gas diffusion layer

Hydrogen oxidation reaction
In-plane direction

Lattice gas automata

Lattice Boltzmann equation
Lattice Boltzmann method
Monte Carlo

Molecular Dynamics
Micro-porous layer
Multiple-relaxation-time
Navier-Stokes

Oxygen reduction reaction
Particle distribution function
Polymer electrolyte fuel cell
Polymer electrolyte membrane
Polytetrafluoroethylene
root-mean-squared error
Scanning electron microscope
Solid oxide fuel cell
Single-relaxation-time

Sums of squares due to error
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TP Through-plane direction

Subscripts

2D Two-dimensional case
Gas-phase

i ith-direction

T Total

|| Parallel direction

¢ Constant parameter

n Inlet

out Outlet

R Relaxation time

eff Effective

bulk Bulk

v Relative to fluid flow LB

Vi Relative to mass transport LB

Superscripts

eq Equilibrium
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“Water will be the coal of the future!”
J. Verne, 1874






1 Introduction

Together with the population increase, the energy demand has also been increasing
during the last decades. There are some countries in which the energy demand
surpasses the energy production into the country [1]. Although this mismatch
between the demand and production of energy can be solved, the important issue
that our society faces is the increasing amount of the emissions of polluting gases to
the atmosphere. The mentioned situation occurs because the consumed energy is
mainly coming from the combustion of fossil fuels [2, 3].

Considering the mentioned scenario, one of the considered strategies to decrease the
emission of polluting gases is the utilization of renewable energies. During the last
years, the use of different kind of renewable energies, i.e., wind, solar, biomass, etc.,
has increased around the world [4, 5]. However, due to some technical and financial
issues, as well as the availability of fossil fuels, the presence of renewable energies in
the wotld is still low [6].

To avoid the use of fossil fuels and to decrease the emission of polluting gases, the
useful energy should be generated by clean devices. A clean, efficient, noiseless and
compact device is the fuel cell (FC). This electrochemical device converts the
chemical energy present in the fuel, ie., pure hydrogen or any compound with
hydrogen as constitutive element, into electrical and thermal energy. During the last
years, in the world, the amount of power produced coming from FCs has been
increased as depicted in Figure 1.
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Figure 1.1 Megawatts by Region generated by FCs
The megawatts usage from FCs has increased during the last years with more presence in Asia and North America.
Figure adapted from [7]

The FCs, in a general point of view, are constituted by an anode (fuel side) and an
cathode (oxidant side) sandwiching the electrolyte. Although FCs can be classified in
different ways, i.e., working temperature, output power, typical applications or
electrolyte used, the last mentioned characteristic is the most widespread employed to
classify them. Among the FC types, the most widely used are the polymer electrolyte
fuel cell (PEFC) and solid oxide fuel cell (SOFC). The power contribution of PEFC
as percentage in comparison to the total amount of power provided by FCs in 2016 is
around 65%, according to the Fuel Cell Industry Review 2016 [7].

Albeit FCs have been gaining presence in several applications, their market presence
in comparison with the total energy demand is still low; a demand that is expected to
be double in approximately 30 years [8]. This is mainly because the FC technology is
still expensive, especially due to the materials involved in its construction and failures
related to aging and thermal balance [9]. Nonetheless, the solution for a cheaper and
better FC can be achieved from the basics, the fundamental properties of the
different FC elements. Although the functioning of a FC is apparently simple, the
system itself is a complex, inhomogeneous, multi-physics, and multi-scale system in
which all the physical, chemical and thermal phenomena are interrelated.

An important element in PEFCs is the so-called gas diffusion layer (GDL), which
gives mechanical support of the cell and help to distribute reactant gases from the
flow plates to the active sites among other characteristics that are detailed in Chapter
2. Explaining the transport phenomena and evaluating transport parameters of GDLs
are not an easy task, especially due to the small length scale and complex geomettries
found in these layers. From a research point of view, modeling appears as a suitable
option when the analysis and study can not be carried out in-situ because of running
operations and too small length scales. Additionally, numerical models can eventually



help to predict the behavior of the different systems as a first step of the
manufacturing process saving time and production cost.

During the last years, the Lattice Boltzmann method (LBM) has demonstrated to be a
powerful tool to simulate phenomena in a wide range of applications such as acoustic
[10], electromagnetic [11], or even medical research [12]. Because of its ability for
mimicking different transport phenomena through complex geometries with
considerable accuracy, LBM is considered in the present thesis. LBM helps us to
recover the fluid flow behavior and mass transport phenomena at the pore-scale level
decreasing the commonly assumed characteristics or properties when a complete
length scale model is achieved. Analyzing the properties of the GDLs from a micro-
scale point of view places us a step forward in the way of getting a much more
realistic model coupling the different scales present in FCs.

1.1 Research Objectives

The main objective of this thesis is to obtain an increased understanding of the fluid
behavior through the GDLs and their transport diffusion properties from a pore-
scale point of view. This objective is achieved by resolving and/or obtaining
numerical models of GDLs to analyze the different gas diffusion transport properties
from a micro-scale point of view supported, and developing the code for applying the
LBM. In detail, the different steps to reach the objective are:

e to develop a code to digitally create GDLs (2D and 3D) based on realistic
porous media found in PEFCs.

e to develop a fluid flow and mass transport Lattice Boltzmann (LB) model, to
be applied in the simulated GDLs.

e to propose different correlations between the diffusion transport properties
of the GDLs and microstructural configurations.

e to compute diffusion transport properties that can be used as input
parameters in a full length scale PEFC model.

e to compare previous effective diffusion correlations with the obtained ones
from a micro-scale modeling point of view.

The digitally created GDLs were used to analyze the behavior of the fluid flow and
mass transport phenomena, to determine the effects of: the physical compressions,
microstructural morphological variations, and land/channel considerations. Diffusion
transport properties such as porosity, gas-phase tortuosity, permeability, effective
diffusion coefficient and others ate considered in the present thesis.



1.2 Methodology

First of all, porous media with physical characteristics similar to what is found in
realistic GDLs are required, and therefore; a computer code to digitally create such
layers are developed. In this work, 2D and 3D geometrical representations of the
GDLs were digitally created to analyze the involved properties.

Computing the different diffusion transport properties in complex geometries
requires the development and implementation of fluid flow LB models and mass
transport LB models. The corresponding steps to obtain the fluid flow behavior and
mass transport phenomena through the digitally created GDLs was developed (2D
and 3D) in Matlab®. Several boundary conditions for the fluid flow and mass
transport LB models were implemented and evaluated, and the developed computer
code was benchmarked with fundamental physical problems.

According to the transport phenomena analyzed, the boundary conditions of the
LBM are implemented. The porous media representing the GDLs are also modified
to evaluate the impact of such variations on the different diffusion transport
properties.

Once the fluid flow behavior and mass transport phenomena through the digitally
created GDLs are obtained, the diffusion transport properties are evaluated. Taking
into account physical modifications, morphological configurations and
microstructural architecture, correlations for predicting the different diffusion
transport properties are proposed.

1.3 Thesis Outline

The thesis is divided in two parts. The first part is related to the main concepts and
definitions as well as the methodology and processes required to reach the objectives.
The current Chapter 1 gives a general insight to the research objectives and the
methodology applied. A literature review focusing on PEFCs and GDLs, as well as
the transport properties considered in the present thesis are given in Chapter 2.
General aspects about FC modeling and GDL generation is presented in Chapter 3,
detailed information about the LBM, the fluid flow LB model and the mass transport
LB model are also included. Chapter 4 presents the obtained results based on the
GDL generation, the LB model application and computation of the parameters.
Chapter 5 discusses the conclusions of the present study, and Chapter 6 provides
suggested possible future studies based on the achieved results.



The second part of the thesis compiles the appended publications. More specifically,
the papers concern:

Paper I — A review paper in which the potential of LBM to study the diffusion
transport parameters in GDLs is analyzed.

Paper II — A two-dimensional study on the compression effect on porosity, gas-
phase tortuosity and permeability, in GDLs.

Paper III — A two-dimensional study in which effects of morphological
considerations over the different diffusion transport properties in GDLs are analyzed.

Paper IV — The effect on diffusion transport parameters considering the
land/channel region in a three-dimensional model representing the GDLs is cartied
out.

Paper V — A detailed comparison of the most widely used correlations to predict the
diffusibility in GDLs is catried out in a three-dimensional study.






2 Fuel Cells

A fuel cell (FC) is an electrochemical device that converts energy stored in a fuel into
electrical and thermal energy due to an electrochemical reaction. As mentioned, there
are different types of FCs, and they are commonly classified according to the
electrolyte sandwiched between the electrodes. The present chapter aims to describe
in detail the PEFC, with a focus on the specific layer which is the core of this study,
i.e., GDL, and the main diffusion transport parameters to be analyzed.

2.1 Polymer Electrolyte Fuel Cell

High electrical efficiency, no emission of polluting gases, modularity and fast start-up
can be mentioned as some of the advantages of the PEFCs. Their efficiency can be as
high as 60%, and if co-generation is considered it can reach around 80% [13]. The
electrochemical reaction for the energy conversion is carried out due to the assembly
of the different constitutive elements of the PEFCs. The reactant and reactive gases
have to pass through different layers which play important roles in the electronic and
ionic transport phenomena, as well as for the mass diffusion process. The catalyst
layer (CL) and GDLs are placed on both sides of the polymer electrolyte membrane
(PEM) as shown in Figure 2.1.
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Figure 2.1 Main constitutive elements of PEFCs
The polymer membrane is sandwiched with the anode and cathode. The fuel (H;) flows on the anode side while the
oxygen (O;) flows on the cathode side.

Hydrogen flows from the flow plates at the anode side to the membrane passing
through the GDL and reach the active sites in order to take part in the
electrochemical reaction. At anode side, the hydrogen is oxidized to produce protons
and electrons in an electrochemical reaction named hydrogen oxidation reaction
(HOR). At this stage, only the positive ions (H*) are allowed to pass through the
polymer membrane which is commonly a Nafion® membrane type. The free
electrons produced from the mentioned electrochemical reaction are able to be used
in electrical external appliances. At the same time, on the cathode side, the oxygen
molecules reacts with the electrons which are received from the external circuit and
the positive ions producing water (H>O) in an electrochemical reaction named oxygen
reduction reaction (ORR). The electrochemical reactions involved in the energy
conversion process are expressed as:

Anode side (HOR): H, - 2H" + 2e~ 2.1)
) 1
Cathode side (ORR): > 0, +2H* + 2e~ - H,0 (2.2

As expected, the overall reaction inside the FCs considers the water and heat as
products. Heat is generated because the electrochemical reaction inside the FC is
highly exothermic.

PEFC’s operating temperature falls in a range of 50 — 100° C [14], making them
suitable for transport and portable applications. The transport application has been
developed with considerable emphasis during recent years, especially in the
automotive market [15]. On the other hand, portable applications are also promising;



in which laptops, cellphones and radio communication devices can be energized using
PEFCs [16]. In addition, to take advantage of the generated heat during the energy
conversion process, co-generation is applied to use this heat, and therefore
significantly increases the overall efficiency of PEFC systems [17].

Although PEFCs present several advantages, there are still some barriers that have to
be faced in order to wide-spread the use this device around the world, for example
the durability and the cost. According to [18], by 2015 the related cost for the GDLs
represents around one third of the total cost of the system, and just below of the cost
related to the membrane. In this sense, a complete understanding of
momentum/mass/heat transfer, ionic/electronic transport and electrochemical
reactions in the GDLs can help to improve the microstructural configuration
materials in order to achieve the desirable durability and also decrease the production
cost. Considering the last mentioned matter, fundamental research represents an
important link between the current state-of-the-art of FCs and their future
applicability.

2.2 Gas Diffusion Layer

The GDLs play an important role during the energy conversion process that occur
inside the PEFCs. Some of the main functions of GDLs are [19, 20]:

e  Offer mechanical support to the PEFC.

e Allow diffusion of reactant gases from the flow channel to the active sites.

e Help to remove the excess water on the cathode side.

e Allow electronic transport, resulting from the hydrogen oxidation, from the
active sites to the current collectors.

e Help to remove heat at the anode and the cathode sides.

e  Protect the catalyst layers of corrosion or erosion

Physical characteristics which allow the mentioned functions have to be analyzed and
completely understood in order to obtain the most suitable behavior during PEFC
operation. The most recent years have seen an increased interest of placing the GDLs
together with the so-called micro-porous layers (MPL) to improve the physical
behavior of the PEFCs, improving the electrical contact and helping in the water
removal task, during the energy conversion process [21]. These two layers together,
i.e., GDL and MPL, are commonly called diffusion media (DM). The micro-porous
layer can act as an interface between the GDL and the CL as depicted in Figure 2.2.



Figure 2.2 Diffusion media on the anode side of a PEFC
Schematic representation of different layers helping to distribute the reactant gases, transport of electrons during the
energy conversion process.

The MPL can be placed adjacent to the GDL, and it can also be fully or partially
integrated to the GDL. However, it is a current topic of discussion to find the most
suitable configuration of this DM [22]. The present thesis focuses on the diffusion
transport parameters of the GDL itself.

From a morphological point of view, there are several types of GDLs according to
the way in which the carbon fibers are arranged. In PEFC applications, the two most
commonly used GDLs are the catbon paper (CP) and carbon cloth type (CC) [23 -
26]. The CP type can be seen as an arrangement of straight carbon fibers, while the
CC type has a woven fabric nature. Figure 2.3 shows scanning electron microscope
(SEM) pictures of both GDL types [27].

Figure 2.3 Most widely used GDL types
SEM image of CP (left side) and CC (right side) GDLs. Image reproduced by permission of Elsevier ®.
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Both, CC and CP, are commercially available as reported in [28]. When the GDL is
not compressed because of the FC assembly, its thickness is in the range of tens of
microns to around 1500 pm [29 - 31]. There are certain treatments applied to the
GDLs, all of them with the aim of improving certain physical characteristics.
However, the implementation of these treatments can also affect other parameters at
the same time. To allow the flexibility of the GDL, a binder is added during the
manufacturing process [32], while polytetrafluoroethylene (PTFE) can be added to
increase its hydrophobicity [33, 34]. Table 2.1 shows examples of commercial CP
GDLs with their respective properties.

Table 2.1 List of selected commercially available CP GDLs
Information presented in this table are from [28, 31].

Product name '(I'"hr::)kness (Bgt;(l:l:ntg)ensny :‘::;Ee d MPL
AvCarb EP40 200 0.20 No No
AvCarb MGL 370 370 0.46 No No
Toray 090 280 0.45 No No
AvCarb GDS1120 P50 184 0.40 Yes Yes
GD65055T 1500 0.45 Yes No
GDS2120 260 0.40 No Yes
TGP-H030 110 0.40 No No

Due to its complex nature and physical inhomogeneous properties, a microscopical
study of the physical parameters considering the arrangement of the fibers can help
to understand in detail the transport phenomena through the GDLs. All the
parameters analyzed, the way to determine them, as well as typical values of the
diffusion transport parameters are detailed in the following section. It is important to
notice that the investigations in the present work are focused on the CP GDL type.

2.3 Diffusion Transport Properties

Before defining the properties considered in the present thesis, it should be
mentioned that most of the parameters are directional dependent, i.e., they show
different values according to the direction in which are measured, especially because
the non-homogeneity and anisotropic nature of the GDLs. In a 3D domain, the in-
plane (IP) and through-plane (TP) directions can be identified. Figure 2.4 shows the
scheme in which the directions ate described.
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Figure 2.4 Schematic showing the IP and TP direction
Most of the diffusion parameters are directional dependent. In the scheme, the TP direction is parallel to the y axis.

In both, 2D and 3D cases, the TP direction is considered in the current thesis
because of the importance of the transport phenomena in that direction. In 2D cases,
the GDL is represented in the yg plane, according to Figure 2.4.

2.3.1 Porosity

The void space in the GDLs allow the reactant gases to flow from the flow plates to
the active sites where the electrochemical reactions occur. Additionally, the water
produced at the cathode side can flow from the CL to the air channel. Therefore, the
higher the amount of void spaces is more easily can the reactant/product gases pass
through the GDLs. However, having a higher porosity decreases the mechanical
strength of the MEA, and it can result in an increment of the thermal and electrical
resistance. By definition, the porosity can be determined as the ratio between the void
space and the total space occupied by the volume considered in the study. Equation
(2.3) defines the porosity.

Yo

v 2.3)

E =

where 1, represents the void space, i.e., the space that can be occupied by the fluid,
and 71 corresponds to the total volume. It is a dimensionless quantity and can be
expressed in percent. If the analyzed domain is a 2D case [35, 36], a modified version
to compute the porosity can be used:

Ag
Ep = A_ (24)
T
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here A, is the area representing the hypothetical space that can be occupied by the
fluid and A7 the total area of the studied domain. The GDL porosity, also known as
bulk porosity, is in the range of around 50% to 90% [28, 31, 37].

In a porous media, such as GDLs, if there are isolated pores or totally obstructed
pathways, one can define an effective porosity. In the current thesis, it is assumed
that all the void spaces are occupied by the fluid; and therefore, the effective porosity
and bulk porosity achieve the same value. In the open literature, definition of a local
porosity can be found. It is a measure of the porosity in a selected region or part of
the total GDL [3§].

2.3.2 Gas-phase tortuosity

Another important property describing the diffusion process in GDLs is the gas-
phase tortuosity (from now on, it is mentioned only as tortuosity). The tortuosity can
be defined as a measure of the complexity of the porous medium through which the
fluid is passing. If there is no presence of solid obstacles/particles/material in the
analyzed domain, the fluid tends to flow along a straight line. However, in porous
media as found in GDLs, the fluid has to follow the pathways according to the
microstructural configuration of the medium. It can be determined, geometrically, as
the ratio between the actual length of the pathway followed by the fluid and the
shortest distance length:

Al

= (2.5)

Tg

where A/ and Ax are lengths represented in Figure 2.5. According to Eq. (2.5), the
tortuosity quantity is non-dimensional, and in the GDLs it has to be greater than
unity.

Figure 2.5 lllustration of a tortuous path through a porous medium
The ratio between Al and Ax, i.e., the tortuosity, in a porous medium is always greater than unity.
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Given the complexity of the medium, and considering the difficulty of evaluating all
the possible pathways followed by the fluid, the tortuosity is often approximated as a
function of the porosity. Several attempts to determine a suitable tortuosity-porosity
correlation based on experimental and theoretical studies can be found in [39]. Table
2.2 shows previous tortuosity-porosity correlations which are often applied to GDLs.

Table 2.2 Selected tortuosity-porosity correlations applied in porous media
The selected correlations are often used in GDL modeling.
Correlation Authors Remarks

Derived from the electrical conductivity and

— =05
T=¢E Bruggeman [40] based on uniformly distributed spheres.

Homogeneous assembly of particles, spheres or

T=1-0491Ln(e) Barrande et al. [41] fibers with uniform porosity distribution.
o 3—¢ Neale and Nader [42] Rand_om homogeneous of isotropic sphere
2 packings.

PPN 4 Based on the percolation theory a power law
T= (1 C) Ghanbarian and Cheng [43] form is proposed. &, is a constant porosity and y
& is a function of characteristic lengths.

However, most of the previous studies do not specifically describe the porous media
as the ones found in GDLs, therefore; one of the possible ways to determine the
tortuosity based on the fluid behavior through the GDLs is by knowing the pore-
velocity in such porous media. If the velocity of the fluid is known, the tortuosity can
be determined as explained by Koponen et al. [44]:

)
g = (17“) (2.6)

here |v| represents the absolute value of flow velocity field, #|| is the component of
that velocity in the main flow direction, and < > denotes the spatial average over the
pore space. In GDLs, the tortuosity can fall in a range from slightly greater than unity
up to around 2.5 [45].

2.3.3 Permeability

Permeability is an important property to be evaluated in the porous GDLs. It
represents the ability of a GDL to allow the flow of the fluid through the layer.
Again, due to its complex geometry and the difficulty of describe the behavior of the
fluid through the GDLs, several attempts to determine the permeability have been
carried out. The most common correlations relate the permeability with the porosity,
but there are some relationships in which the fiber diameter is also considered [46,
47]. As expected, all the proposed relationships show that higher porosities provide
higher GDL permeability.
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However, if the velocity field as well as the pressure gradient between the inlet and
outlet is known, and considering the low Reynolds numbers (Re < 1) that are found
in the flows through the GDLs [48 , 49], the permeability K can be computed by
means of the Darcy’s law [50]:

_B9_ k|

K = e L S—
Vp (pout - pin)/l‘

2.7)

where x is the dynamic viscosity, ¢ is the so-called Darcy flux, and 1 is the pressure

gradient. In GDLs the permeability can reach values in the order of 10-13 and 108 m?
[51, 52].

2.3.4 Inertial Coefficient

In normal conditions, the regime of the flow through the GDL is creeping flow, and
the Darcy’s law can be applied to determine the permeability. Nonetheless, if the
velocities become relatively high, the Datcy equation is no longer applicable and it
should be modified to the Forchheimer equation [53]. The Forchheimer equation to
represent non-Darcy flows in one-dimensional single phase flow through a porous
medium is expressed as:

u
~Vp=1a+ Brq* 2.8)

where £ is the inertial coefficient often called the non-Darcy coefficient, and g is the
density of the fluid.

According to the study developed by Liu et al. [54], the dimensional group: inertial
coefficient, permeability, and porosity divided with tortuosity, appears to be a
universal constant. Based on a wide variety of data from porous media of different
nature, they proposed the following expression to describe the inertial coefficient:

T
= 2.88x107°— 2.9
B X K 2.9)

where the constant 2.88x10¢ is in length units. The inertial coefficient has been
considered in the study including PTFE in GDLs applied to FCs [55], and in the
permeability study of GDLs presented by Gostick et al. [56]. However, in the last
mentioned study the tortuosity is not computed, but it is estimated by means of the
Bruggeman approximation.
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2.3.5 Normalized Effective Diffusivity

The diffusivity measured in a porous medium (D, differs from the diffusivity
measured in the free space (Duus). The ratio between the effective diffusion
coefficient and the bulk diffusion coefficient is often called the obstruction factor
[57], and there have been several attempts to establish this ratio as a function of the
porosity [58]. According to Hoogschagen [59], the ratio between the effective
diffusion coefficient and the bulk diffusion coefficient, i.e., a normalized effective
diffusivity, can be introduced and called diffusibility (Q):

D
Q=2 (2.10)
D
bulk

As mentioned, there are many correlations to determine the diffusibility as a function
of the porosity. In Table 2.3 the most common correlations applied to GDLs are
presented.

Table 2.3 Most commonly diffusibility correlations used in GDLs
The selected correlations are often used in GDL modeling. Table adapted from [58].

Correlation (Q) Authors Remarks
gls Bruggeman [40] Effective medium approximation
328 Neale and Nader [42] Effective medium approximation
-
£—0.037\%¢°! Tomadakis and Sotirchos )
(—) Percolation theory
1-10.037 [60]
£ — 0110785
(_) Nam and Kaviany [61] Percolation theory
1-0.11
3(1—¢) . ) N
1- Fpp Das et al. [62] Effective medium approximation

All the correlations present similar trend, i.e., if the porosity increases the diffusibility
increases. Considering the possible values which the GDL porosity can reach, Figure
2.6 is elaborated based on the mentioned correlations.
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Figure 2.6 Normalized effective diffusion coefficient for GLDs
The porosity values considered are in the range in which the GDL porosity can be.

The correlations presented in Table 2.3 can help to predict the diffusibility as a
function of the porosity with a higher or lower degree of accuracy. However, from a
pore-scale point of view, the diffusibility can also be determined if the mass
concentration is known in the pore-space of the GDLs. Considering the porous
characteristic of the GDLs, the Fick’s law can be applied to determine the
diffusibility:

Depr /I, jdA

Dpuic A (—DbulLk AC)

@.11)

where A is the cross-sectional area of the analyzed GDL domain, j the local diffusive
flux, AC the concentration difference between the inlet and outlet, and L. the
thickness of the GDL considered during the analysis.

Computational tools can help to analyze the diffusion transport parameters defined in
the present chapter. A pore-scale analysis can give us a more detailed information
about the fluid behavior and mass transport phenomena through the GDLs. The
following chapter is mainly focusing on the applied methodology and porous media
generation used in the current thesis.
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3 Fuel Cell Modeling

Modeling and simulation provide opportunities to study and analyze the FC
electrodes to obtain vital information which allow us to improve several properties in
the different layers. To date, there is not a complete, 3D, dynamic, full length and
time scale model available to predict the behavior of a FC. However, the coupling of
the different scales is a task on which researchers are focusing. In the present chapter,
fundamentals of the methodology applied in the current work, as well as the
description of the GDL generation is given.

3.1 Computational Approaches

As mentioned, the FC modeling embraces a wide range of phenomena at different
length scales. There are different approaches for modeling the transport phenomena
in FCs, each of them can be specific for solving problems in certain length scales. At
the same time, the time scale and the computational cost are parameters to be
considered. Modeling and simulation from the electronic scale, such as Ab Initio
Molecular Dynamics (AIMD), to cell scale based on the volume average method offer
a unique opportunity to understand and improve the FC performance from a
different perspective.

All the physical, chemical, mechanical, thermal and related phenomena cannot be
described by a single approach. However, obtaining physical properties of a certain
length scale can be used as input parameter for a higher length scale. Among the
different approaches, ordered from the smaller length scale to the higher length scale
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are mentioned as: Ab Initio Molecular Dynamics (AIMD), Ab Initio based on the
density functional theory (DFT), Molecular Dynamics (MD) and Monte Carlo (MC),
discrete elements and phase field methods, Lattice Boltzmann method (LBM) and
volume average methods, i.c., finite volume method and finite difference method
[63]. The suitable methodology for a specific length scale is based on the phenomena
to be described, the time scale at which the phenomena are occurring and the
computational cost. Figure 3.1 shows a schematic with the different approaches
applied to FC modeling.
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Figure 3.1 Length scale, time scale and computational cost for different approaches in FC modeling
Scheme modified from Ref. [64] with permission of Elsevier.

3.2 Fundamentals of Lattice Boltzmann Method

During the last years, the development of strategies for solving and describing fluid
flows and transport phenomena in complex geometries has been increased. LBM
originally comes from the lattice gas automata (LGA) method, an MD model in
which space, time and velocities are discretized [65]. LBM has proven to be a useful
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tool for modeling fluid flow behavior and transport phenomena in porous media with
complex geometries and/or mobile boundary conditions such as found in GDLs [66
- 68]. Among the advantages of using the LBM, it can be mentioned: easy
implementation of several transport phenomena, and the conservation laws are held
automatically with no additional efforts [69].

The application of LBM relies on the discretization of the total domain to be
analyzed. Each element receives the name of “attice node” or “lattice element” and has a
direct connection with its neighboring nodes. When a transport phenomenon is
described by using the LBM, it is common to define the number of linked
connections between the nodes., i.e., the lattice scheme. The lattice scheme has the
structure DmQn, where m represents the spatial lattice arrangement (it defines if the
problem is analyzed in one-, two-, or three dimensions), and # defines the number of
linked connections between the analyzed node and its vicinity. Thus, a D204 means a
two-dimensional model in which each lattice node has four linked connections.
Several schemes can be used when the LBM is applied as presented in [70]. The most
common schemes when applying LBM are D209 and D3Q79, and their graphical
representations are shown in Figure 3.2.
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Figure 3.2 Most common schemes using in LBM for modeling
Left side represents the D2Q9 scheme while the right side is the D3Q19 scheme.

The properties of each node are represented by the particle distribution function
(PDF). The mentioned function is equivalent to a group of particles in a certain
region of the domain within a range of velocities at a certain time. The connection
between each lattice node depends on the scheme used, and each connection has
different weight factors as shown in Table 3.1

21



Table 3.1 Weighting factors for the most common LBM schemes

The highest value of the weight is assigned to the analyzed node and decreases according to the distance to its
neighbor direction. The sum of all the w; must always be the unity. Table adapted from [65].

Scheme Linked direction Wi
i=0 4/9

D2Q9 i=1-4 1/9
i=5-8 1/36
i=0 13

D3Q19 i=1-6 118
i=7-18 1/36

The backbone of the LBM is the Boltzmann equation, which is an integro-differential
equation and its solution is not an easy task. The Boltzmann transport equation
(BTE) can be expressed as:

of (r t)+ VF(rE) = 0 (3.1)

where frepresents the patticle distribution function, » the position vector, # the time
and ¢ the velocity vector. The term on the right-hand side of Eq. (3.1) represents the
so-called collision operator which eventually is expressed as a function of /.

Several studies relative to the collision operator, and how it is defined, have been
developed in order to obtain the most suitable approximation to model different
transport phenomena. The single-relaxation-time (SRT) and multiple-relaxation-time
(MRT) have been widely investigated, and although the MRT has more degrees of
freedom, the simplicity and lower computational cost of the SRT makes it one of the
most applicable models, especially for several phenomena at low Reynolds numbers
[71, 72]. In the study performed by Bhatnagar, Gross and Krook [73], the collision
operator of the BTE is expressed in a simple manner considering the terms of the
conservation laws or mass, momentum and energy. They proposed the following
approximation to determine the collision parameter:

1
™ [fe1(r.t) = f(r, )] (3-2)

here zx is the so-called relaxation time which is related to the transport properties, i.e.,
viscosity, mass diffusion coefficient, thermal diffusivity, etc., corresponding to the
analyzed phenomena, and f# is the equilibrium distribution function. Based on the
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research about PEFC modeling, specifically transport phenomena studies of GDL
and CL, where the Bhatnagar, Gross and Krook (BGK) approximation has been
widely used [74 - 76], the present study considers the BGK approximation during the
modeling and simulation process.

Replacing Eq. (3.2) in Eq. (3.1), and considering the discretization of the domain, the
Lattice Boltzmann equation (LBE) can be expressed as follows:

w + . Vfi(r,t) = 1 [£59(r, ©) = fi(r,0)] (3.3)
where the subscript 7 corresponds to the ith-direction in which the properties are
going to be propagated, i.e., the number of linked connections between the lattice
element in the domain. The equilibrium particle distribution is defined according to
the transport phenomena analyzed. The general form of the equilibrium PDF can be
expressed as [77]:

0= ¢wila+be .u+cle.u)?+du?] (3.4)

where # is the macroscopic flow velocity vector; 4, b, ¢ and 4 are constants that have
to be determined according to the conservation principle, i.e., momentum, mass or
energy. The parameter ¢ represents the scalar parameter to be considered, i.e, density,
species concentration or temperature.

Independen of the transport phenomena to be analyzed, LBM follows an algorithm
to compute the macroscopic variables involved in the simulation process. The
algorithm can be divided, in a simplified way, into four main steps: collision step,
streaming step, boundary conditions and calculation of the macroscopic quantities.
All the mentioned steps must be effected at every time step, besides the initialization
of the involved parameters (only once) and the convergence criteria. Figure 3.3 shows
the algorithm with the simplified LBM scheme.
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Figure 3.3 Main steps in the algorithm of the LBM

Orange blocks represent the steps that have to be followed at every iterative step.

The collision step, i.e., relaxation towards local equilibrium, is achieved by using the
BGK approximation. In the streaming step, the direction-specific PDFs are moved to
the nearest neighbor lattice nodes. The boundary conditions should be specified at
the fluid/solid interface, inlet and outlet as well as the boundaties of the analyzed
domain. The computation of the macroscopic quantities is required because they
have to be updated at every time step [78]. More detailed information for each
specific model, ie., fluid flow or mass transport, is given in the following sub-
sections.

3.2.1 Fluid flow LB model

From a macroscopic point of view, the fluid flow is governed by the Navier-Stokes
(NS) equation, and therefore; the NS equation for conservation of momentum is
considered and continuity equation must be satisfied [79]:

du
F +W.Vu+Vp—vi2u=0 3.5)

V.u=0 (3.6)

where p is the pressure on the fluid and v is the kinematic viscosity. To obtain the
fluid flow behavior by using the LBM, Eq. (3.3) can be discretized in time and
expressed as follows:
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fi(r +e; At, t + At) — f;(r,t) = Ti[ffq(r, t) — fi(r,0)]. (3.7)

As mentioned, the equilibrium particle distribution function (#4) has to be defined
according to the transport phenomena to be analyzed, and the relaxation parameter
(z) is related to the kinematic viscosity of the fluid. Quian et al. [80] defines the
equilibrium PDF for solving the fluid behavior as:

2 2
eq ei.u 9(e.u)* 3u
f; = pw; 1+3 -2 E s — EC_Z (3.8)

here ¢ is the basic speed in the lattice, and # is the macroscopic velocity of the fluid.
The relaxation time and the kinematic viscosity are related:

7, =3v+0.5 (3.9)

At every time step, the macroscopic quantities must be updated, the local density and
the velocity can be computed based on the particle distribution function in each

lattice element:
p= Z fi (3.10)
i

pu = Z eifi (3.11)

i

Fluid Flow Boundary Conditions

To model the fluid flow through the porous media, different boundary conditions
should be implemented. The following boundary conditions are the most commonly
applied in the fluid flow LB model [78, 81]:

e Dirichlet boundaries: It is also known as “pressure” boundary condition.
Commonly applied at the inlet/outlet of the studied domain. To implement
this boundary condition, the density is specified and then the velocity can be
computed.

e Von Neumann boundaries: This boundary condition constrains the flux at
the boundaries. The velocity vector is specified when this boundary
condition is implemented. It is normally applied at the inlet/outlet of the
studied domain.
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e Bounceback boundaries: These represent a fundamental boundary condition
to be implemented in the media with complex geometries as found in GDLs.
It is applied when a fluid/solid interface appears. The PDF coming towards
the solid boundary bounces back into the flow domain.

e Periodic boundaries: When the whole domain is not modeled, but a selected
representative region; periodic boundary conditions are implemented at the
sides of the domain which are parallel to the main flow direction. It can be
explained as follows: for the unknown boundary nodes, neighboring nodes
are at the opposite boundary.

For the inlet and outlet boundaries, when neither the velocity nor the pressure is
known, the best choice is to approximate the unknown PDFs in the boundary by
using the second derivative approximation based on the Taylor polynomial
expansion. In addition to the mentioned boundary conditions, the symmetric
boundary condition can be added to the list. However, considering the anisotropic
nature of the GDLs, this kind of boundary is not employed in the current study.

3.2.2 Mass transport LB model

The mass transport phenomena through the GDLs can be explained, in general
terms, with the help of the following reaction-diffusion equation [82]:

ac
Frie v(DVC)=S (3.12)

here § represents the source term, which for the current study is equal to zero. At the
same time, the solution is obtained at steady state and therefore the concentration C
is not changing with the time. The evolution equation of the particle distribution
function to model the mass transport phenomena using the LBM is similar to Eq.
(3.7) with a change of the nomenclature:

1
gi(r+e; At, t + At) — g;(r,t) = — [gfq (r,t) — gi(r, 0)] (3.13)
m

where g is the PDF employed in the mass transport LB model, g7 represents the
equilibrium PDF for the mass transport model and the relaxation parameter (z,) is
related to the mass diffusion coefficient. According to the work reported in [83, 84|,
the equilibrium PDF for the mass transport model using the LBM can be determined
as:
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e u] (3.14)

eq __
gi% = Cw;[1+3 =

here the mass concentration (C) can be defined similatly as for the fluid flow LB

model:
C= Z 9i- (3.15)
i

The relaxation parameter is related to the mass diffusion coefficient with the
following expression:

Tm = 3D + 0.5. (3.16)

In addition, the mass flux is a required parameter to be computed in the mass
transport LB model. It can be obtained through the Chapman-Enskog asymptotic
analysis of Eq. (3.13) [85, 86], and it is computed as follows:

j= (1 - %)Z e; gi (3.17)

i

Mass Transfer Boundary Conditions

Similar to the fluid flow LBM model, the boundary conditions for the mass transport
LB model have to be implemented accordingly. In the LB models, the fundamental
variables are the PDF, and therefore; the boundary conditions are based on the
distribution functions [78, 83]:

e Constant concentration boundaries: It is applicable at the inflow/outflow
boundaries of the analyzed domain. This kind of boundary condition is
suitable when a concentration gradient is defined. The unknown directional
concentrations are computed based on the weighting factors.

e Constant flux boundaries: These can be applied at the inflow/outflow
boundaries of the domain, especially to represent any chemical reaction that
can influence the concentrations at the boundaries.

¢ Bound-back boundaries: This type of boundaries plays an important role in
the LB models where porous media are considered. They are applied at the
fluid-solid interfaces, and it is assumed that PDFs hitting the solid surface are
simply bounded back to where the particles came from.
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e DPeriodic boundaries: Similar to the fluid flow LB model, the periodic
boundaries are implemented at the sides perpendicular to the gradient
concentration.

3.3 GDL Generation

During the last years, the interest of obtaining a more realistic model of porous media
related to FCs has been increasing [87]. The pore-scale simulations where the
morphological microstructure of the GDLs are used help to understand in detail the
different transport phenomena occurring through the mentioned layer and can
improve their properties. In addition, it can give insight to explore and investigate
customized porous materials with enhanced properties and better performances [88].

The digital generation of the porous media representing the GDLs is one the most
important issues in the study of the diffusion transport properties. Especially because
in the description of the fluid flow behavior and the mass transport phenomena
through the GDLs, the LBM requires specific information about the nature and
position of each lattice node to be analyzed. Figure 3.4 shows an SEM image of a
GDL in which the fiber and the pore space can be observed.

<

Figure 3.4 SEM image of a GDL in gray-scale colors
The in-plane view shows the microstructure of a selected GDL.

The SEM image presented in Fig. 3.4 can be digitally treated to obtain an image in
which the solid and pore space can be represented. The digital conversion of
grayscale image to a black-white image is shown in Figure 3.5.
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Figure 3.5 Binary image showing an approximation of pore-solid structure
Black color regions represent the solid material while the withe color regions represent the pore-space.

In the digital generation of the GDLs, a phase function must be defined as follows:

g, Z € pore, white (3.18)

()= { . zesolid, black
where 7 represents the position of the corresponding analyzed lattice element. In the
current study, such a position is a 2D or 3D coordinate. When the LBM is applied to
model a certain transport phenomena, if the phase function is 1 the bounce-back
boundary conditions is employed. In addition, the mentioned function offers the
opportunity to compute the porosity of the material by using Eq. (2.3).

The digitally created GDLs employed in the current study correspond to models in
which the solid obstacles or fibers are placed stochastically into the domain. In the
2D models special care of the distance between the solid obstacles, representing the
carbon fibers, should be considered. This is so because in the 2D models blockage of
the fluid has to be avoided. Meanwhile, in the 3D models, the fibers are considered
infinitely long and can intercept each other. For all the models, the fibers are
undeformable under any circumstances, but they can be displaced in the study in
which the compression effect is analyzed. More detailed information about the GDL
generation is given in the following chapter together with main results obtained in the
current investigation.
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4 Main Results & Discussions

In this chapter, a brief description of the modeling conditions and the main results
and discussions obtained in the appended papers are presented.

4.1 Paper 1

In Paper I, a detailed revision of the FC modeling, possible transport parameters to
be considered in the study, and the applicability of the LBM for describing the fluid
behavior through complex geometries are presented. Figure 4.1 shows a simple graph
relating the computational time, length scale and time scale modeling.

Computational cost

" Time scale

centimeters

Length scale

Figure 4.1 Simple relation between the scales and computational cost in FC modeling
Not to scale, and not necessarily straight lines. Figure from [89] by permission of ASME
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Taken into account that the PEFC modeling at cell scale normally consider several
assumptions and that having a more detailed information from smaller scales can give
a more accurate PEFC model, it was decided to study the modeling at micro- and
mesoscale.

However, a great variety of studies can be made at the mentioned levels, ie.,
momentum transport, mass transport, heat transport and charge transport, etc.
According to the literature review, two of the elements that were receiving most
attention at micro- and mesoscale modeling are the GDLs and the CLs [90 - 92].
Both have complex geometries but with differences in the thickness and pore size
diameter.

Considering the anisotropic and complex nature of the GDLs, a methodology that
can deal with these complex microstructures is selected. The ability for describing
phenomena at small scales, and its simple methodology makes the LBM a potential
candidate to be used in the transport phenomena modeling. Because of all the
advantages of the LBM, its applicability in FC modeling has been increasing during
the last years as shown in Figure 4.2.
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Figure 4.2 Number of publications with “Lattice Boltzmann Method” AND “Fuel Cell” as search topic.
The period corresponds between 2002 — 2016. The searchable database is Scopus©

The number of publications during the last years has been increasing in a sustained
way, showing that LBM is a powerful tool to be employed in FC modeling. The solid
blue line represents a growth in a power function fashion. In addition, a review of the
possible research topics a pore-scale level was effected, and it was concluded that the
most commonly applied schemes for PEFC modeling were D2Q9 and D3Q19 for
two- and three dimensional models, respectively.
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4.2 Paper I1I

In Paper II, a 2D model was created to evaluate different diffusion transport
properties of digitally created GDLs as they are subjected to compression. The fluid
behavior in the normal thickness and in the compressed thickness was analyzed. The
impact of the compression over the porosity, gas-phase tortuosity and permeability
was studied. The permeability of the GDLs was computed by using previous
correlations as a function of the porosity and the fiber thickness.

The GDL is assumed to be an arrangement of solid materials stochastically placed on
a two-dimensional domain representing the carbon fibers. Because this study is
carried out in 2D, special care should be taken when the fibers are placed in normal
conditions and in compressed conditions to avoid any possible total blockage of the
fluid flow throughout the simulated GDL.

After the GDL generation, the study follows the following steps:

e Simulation of the fluid behavior through the GDL by using the LBM. At the
inlet boundary the velocity is given while at the outlet the second derivative
approximation is used.

e Computation of the velocity field, porosity and gas-phase tortuosity. The
fiber radius is computed which is constant in all the simulations.

e The permeability is computed by means of previous proposed relationships
in which it is a function of the porosity, or porosity and radius.

e The compression is digitally effected in uniform steps until obtaining the
maximum allowed compression.

Due to the computational nature of the study, the maximum compression rate can be
ad infinitum; however, it was established at 66% of the initial thickness. This value
falls in an acceptable range if compared to previous studies [93, 94]. Figure 4.3 shows
the arrangement of the fibers representing the digitally created GDLs for the
uncompressed and compressed thickness.
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Figure 4.3 Two-dimensional arrange of the solid-like fiber representing the GDLs.
(a) GDL is not compressed, (b) GDL with maximum compression. Figure from [95] by permission of IJER

As mentioned, the fluid flow behavior through the GDLs at different compression
rates is obtained by means of the LBM. For each value the GDL is compressed in
steps of around 6.6% until the maximum compression rate is reached. The fluid flow
behaviors for the initial layer thickness and the maximum compressed GDL are
presented in Figure 4.4.

Original Compressed

e— 90 lu —> €60 lu=>|

Figure 4.4 Fluid flow behavior through the original and compressed GDLs.
Higher velocities are represented by the red color regions, while lower velocities by the blue color regions.

As observed, the compression of the GDL modifies the fiber positions and therefore
the fluid behavior through them is also affected. A comparison of the velocity profile
computed in the original and compressed GDL is presented in Figure 4.5
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Figure 4.5 Fluid flow behavior through the original and compressed GDLs.
Higher velocities are represented by the red color regions, while lower velocities by the blue color regions.

Due to the compression, the velocity profile is modified having higher velocities
when the fibers are closer. At the same time, the porosity of the layer is also affected.
This study proposes a correlation between the porosity and the compression ratio. To

this aim, the porosity is computed by each compression ratio and such values are
depicted in Figure 4.6.
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Figure 4.6 Porosity values for each compressed GDL.
Lower porosities are given when the layer is compressed in a high rate.

Considering the obtained results, a correlation between the porosity and the ratio of
compression is proposed as follows:

£25($) = 0.3928 + 0.78 * G — 0.2893 * G2 1
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where G is the ratio between the actual and the initial thickness of the GDL. Based on
the computed velocity field, the gas-phase tortuosity is also determined by each
compression ratio as shown in Figure 4.7.
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Figure 4.7 Gas-phase tortuosity values for each compressed GDL.
The gas-phase tortuosity increases when the compression rate increases.

The gas-phase tortuosity is also correlated to the compression rate by the following
expression:

7($) = 1.353 — 0.03343 % G — 0.1145 x G2 4.2)

For both correlations, the fitted parameters were established based on the sums of
squares due to error (SSE) and the root-mean-squared error (RMSE). The values fall
in a range of 107 and 10-2.

Finally, the permeability is computed for the GDL at each compression step. To
compute the permeability, three different previous correlations were used. These
require either the porosity or the porosity and fiber radius (2 of them). More detailed
descriptions about the correlations are given in Paper II appended in this thesis. The
computed values are compared with experimental values and a very good agreement
is found, see Figure 4.8.
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Figure 4.8 Comparison between the computed permeabilities and the experimental from a previous study.
The computed permeabilities show a good agreement with experimental values from [56].

In general, this 2D model can easily explain the behavior of the porosity and gas-
phase tortuosity as a function of the compression rate. In addition, the permeability is
computed taking into account three previous correlations which consider only
physical parameters of the porous media such as porosity and fiber radius.

4.3 Paper III

In Paper III, microstructural morphological considerations ate taken into account to
analyze their impact on the diffusion transport properties. In this study, the 2D
model allows description of the fluid behavior and computation of parameters such
as porosity, gas-phase tortuosity, permeability, diffusibility (often called obstruction
factor [96, 97]) and inertial coefficient. In contrast to Paper II, the permeability is not
computed by using previous relationships based on porosity, but by using the Darcy’s
law. Then it is possible to propose correlations based on the obtained results.

The results obtained in this study are based on a GDL assumed to be an arrangement
of fibers placed in a 3D domain. However, only the 2D through plane direction is
considered in the analysis. The fibers are considered as undeformable cylinders
infinitely long. Again, due to the 2D nature of the model, it is important to be aware
of any possible blockage of the fluid flowing through the generated GDLs. Figure 4.9
shows a section of the digital approximation for the GDLs employed in the current
study.
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Figure 4.9 GDL generation approximation from 3D to a 2D model
(a) First 3D approximation of the GDLs, (b) In-plane and through-plane view. (c) 2D approximation. (d) Selected
region of the final GDL representation. Figure from [98] by permission of IJER.

The analysis is carried out varying the percentage of inclined fibers from 0% to 100%
in steps of 12.5%. For each configuration, the porosity is computed and the fluid
behavior is described with the LBM. The inclination of the fibers is 45°, and the fiber
diameter is varied from 4.00 to 6.00 pm. To represent an inclined rod in the 2D
GDL, an oval shape is placed in the 2D domain. Figure 4.10 shows the fluid behavior
through nine selected representative GDL regions. In the upside of the GDLs there
is a nomenclature GDLa(#), where a represents the fiber diameter and # is the
percentage of inclined fibers. The number of fibers per unit area is maintained at a
constant value.

GDL4(0)  GDLA4(50) GDL4(100) GDL5(0) GDL5(50) GDL5{100)

Figure 4.10 Fluid flow behavior for nine representative GDL samples.
Red color regions represent higher velocities, whereas blue color region represents low velocities. As expected, the
velocity is zero where the fibers are placed.

The porosity is computed for all the samples and grouped by the fiber diameters in
order to find correlations between the porosity and the percentage of inclined fibers.
The porosity of all the samples falls in the range of 0.83 to 0.51, decreasing as the
percentage of inclined fibers increases. Figure 4.11 shows the porosity behavior
related to the percentage of the inclined fibers.



1.00

0.80-__."-";‘-..; »* A v L
= o60h - Ay i
e I L S
.g [ SETERY W, "
a 0.40
S * GDLA

0.20 B GDLS

A GDLG
0.00 A A
0.0% 25.0% 50.0% 75.0% 100.0%

Percentage of inclined fibers [-]

Figure 4.11 Porosity data computed from the GDL models.

As expected the thinner the fibers, the higher the porosity. The porosity values decrease with the increment of the
percentage of inclined fibers.

Considering the computed porosity values and the percentage of inclined fibers, the
correlations can be presented for each fiber diameter:

eop1a(8) = —0.0004 * & + 0.8267 @.3)

where 8 represents the percentage of inclined fibers present in the model; i.e., for
25% of inclined fibers, 25 should be replaced in the correlations. The gas-phase
tortuosity is also computed, and a correlation for each fiber diameter and the
percentage of inclined fibers was established. Figure 4.12 shows the gas-phase
tortuosity values which fall in the range of 1.067 — 1.163.

< 116 ~ -_-,‘
Fy A y "'t
& TR DY il |
5 e — g 2 -
2 A__.m-
£ 10 -BTE
=]
-
&
8 g e GDLA
'5_ " = GDLS
2 A GDLG
o

0.98 : - -

0.0% 25.0% 50.0% 75.0% 100.0%

Percentage of inclined fibers [-]

Figure 4.12 Gas-phase tortuosity data computed from the GDL models.
The gas-phase tortuosity increases with the increment of the percentage of inclined fibers.
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It was demonstrated, based on the proposed models, that the gas-phase tortuosity
increases with the percentage of inclined fibers. Thus, a correlation to predict the gas-
phase tortuosity for each fiber diameter as a function of the percentage of inclined
fibers is proposed:

Tepra(8) = 6.737x1077 82 + 3.252x107* * § + 1.068 (4.6)
TepLs(8) = 5.290x1077 82 + 5.393x107* * § + 1.096 4.7
TepLe(8) = 2.188x1076 * 52 + 2.089x10™% * § + 1.121 (4.8)

In addition to the correlations between the gas-phase tortuosity and the percentage of
inclined fibers, the most common correlations in the open literature are relating the
gas-phase tortuosity and porosity [39]. The computed values of the mentioned
parameters are arranged and depicted in Figure 4.13. The trend is as expected, the
lower the porosity the higher the gas-phase tortuosity. Three different empirical
correlations are proposed, one is a rational function and the other two are power
functions. However, the best choice is selected based on the SSE and the R-square,
the lowest and the biggest, respectively.
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Figure 4.13 Gas-phase tortuosity vs. porosity.
Computed values from the simulated GDLs. Three best correlations are shown.

The correlations Ratl, Powl and Pow 2 have different goodness of fitting to the
obtained date as presented in Table 4.1.
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Table 4.1 Empirical correlations between the gas-phase tortuosity and porosity
For each correlation, the SSE and R-square is determined in order to choose the best option.

Name Empirical relationship SSE (x107) R-square

Rat1 Z211-¢e+1086 3.582 0.8259
£+ 8423

Pow1 1.042 x 70175 2.846 0.8617

Pow2 —0.2223 % £5957 + 1.157 4.103 0.8007

As mentioned, considering the SSE and R-square values, the correlation named Pow1
is the most suitable to fit the obtained data. This correlation can be coupled to the
Bruggeman correlation in which a scaling factor is included, similar to the study
presented in [99]. It is important to notice that the proposed relationship predicts the
gas-phase tortuosity for porosity values in the range of 0.51 — 0.83 based on the
proposed simulated GDLs.

In the current study, the obstruction factor was evaluated as the ratio between the
porosity and the gas-phase tortuosity. The impact of the presence of inclined fibers
over this parameter was analyzed considering as reference GDL4(0). The computed
obstruction factors decrease when the percentage of inclined fiber increases. The
same trend is presented for each fiber diameter. Figure 4.14 shows the mentioned
trend.

100% &

v
*ee !
* i
*s .
0% f.
™
80% L !
Dest l-. : ;
- 70% "a Ay :
; A 3
60% : “A :
f——— 44
50% - 0% 100% 2
—— —_—
0% 100% 0% 100%

Percentage of inclined fibers [-]

Figure 4.14 Obstruction factor variation for the simulated GDLs
GDL4 (0) is taken as a reference to evaluate the behavior of the obstruction factor.

Similar to the porosity and gas-phase tortuosity, the effects of the percentage of
inclined fibers on the permeability are also evaluated. Figure 4.15 shows the
computed values for permeability.
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Figure 4.15 Permeability variation for the simulated GDLs
Collected data show that the permeability decrease when the percentage of inclined fibers increase.

Based on the obtained data, correlations between the permeability and the percentage
of inclined fibers are proposed:

Kepra(8) = 3.619x10717 % §2 — 1.209x107* % § + 2.264x10712 (4.9)
Keprs(8) = 4.726x10717 % §2 — 1.415x107* % § + 1.439x10712 (4.10)

KopLe(8) = 2.084x10717 % §2 — 5.014x107 14 % § + 5.993x10712  (4.11)

In addition, the permeability is related to the porosity. The computed values of the
mentioned parameters are arranged in Figure 4.10.
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Figure 4.16 Permeability vs. porosity for the simulated GDLs
Collected data show that the permeability increases when porosity increases.
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A proposed correlation between the permeability and porosity is expressed as:
K(g) = 4.27x10712 x 3988 (4.12)

Finally, the effects on the inertial coefficient are analyzed. In this study, all the values
involved in the relationship proposed by Liu et al. [54] are computed from the
simulated GDLs. Figure 4.17 shows the obtained results compared with previous
studies.
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Figure 4.17 inertial coefficient vs. permeability for the simulated GDLs
Collected data compared to previous studies.

4.4 Paper 1V

In Paper IV, a 3D model to simulate the fluid flow behavior through the GDLs is
developed. This model allows to analyze the impact of considering the land/channel
region on the gas-phase tortuosity and diffusibility. At the same time as the GDL
model is obtained, the implemented boundary conditions are also developed and
implemented.

Most of the previous studies of GDLs, including the studies from the author,
consider the inflow to the GDL as having a uniform profile. However, in reality, the
inflow, and therefore the flow of the gases through the GDLs, are affected by the
presence or absence of the ribs in the flow plates as depicted in Figure 4.18.
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Figure 4.18 Through-plane view of the possible pathways followed by the gas through the GDLs
When the land/channel region is not considered (left) and when the land/channel region is considered in the model.

By considering the land/channel region during the simulation process, a vatiation in
the gas-phase tortuosity computation is generated, and therefore; the diffusibility is
also affected. The 3D GDL is modeled considering the porosity values found in the
open literature and generated as follows:
e The fibers are randomly placed in a plane perpendicular to the main flow
direction.
e The fibers are considered infinitely long and they are allowed to cross each
other when they intercept.
e GDL fibers are assumed to be cylinder rods with constant diameter and
non-deformable.

e The layers, composed of fibers in one layer, are stacked until getting the
desirable GDL thickness.

The local porosity is computed for all the GDL samples, Figure 4.19 shows the local
porosity for a selected GDL and its variation along the through-plane direction.
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Figure 4.19 Local porosity computed in the through-plane direction of a selected GDL
Variation of the local porosity shows the stochastic nature of the model. Figure from [100] by permission of ECS.
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In total, eleven GDL samples are digitally generated with an average porosity equal to
0.7555 and a standard deviation equal to 0.0139. The fluid flow behavior through the
GDLs is obtained by means of the LBM. At the inlet boundary, the velocity is given
allowing the Reynolds number smaller than 10+ as found in real GDL applications.
At the outlet boundary, i.e., CL interface, a second order derivative approximation is
implemented. On the other four sides of the domain, petiodic boundary conditions
are applied. In presence of solid materials, i.e., carbon fibers, the simple bounce-back
boundary condition is exerted. Figure 4.20 shows the fluid flow distribution at three
different positions along the main flow direction when the land/channel region is not
considered.

1.0
0.8
- 0.6
0.4

r - 0.0

- r 3 -
L/C interface, y=0 Midplane, y=t/2 CL interface, y=t

Figure 4.20 In-plane view of the fluid behavior at three different positions in the main flow direction (L/C=0)
Fluid behavior when the land/channel region is not considered.

To mimic the presence of the land/channel region, the inlet boundary conditions
have to be modified. Thus, the inlet flow is set to zero in the regions corresponding
to the ribs. This modification is implemented in steps of 0.1 until the land/channel
ratio equal unity is reached. The fluid flow behavior at three different positions along
the main flow direction considering the land/channel ratio equal 0.5 is shown in
Figure 4.21.

L/C interface, y=0 Midplane, y=t/2 CL interface, y=t

Figure 4.21 In-plane view of the fluid behavior at three different positions in the main flow direction (L/C=0.5)
Fluid behavior when the land/channel region is considered.
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The land/channel region with a ratio equal to 0.5 affects the fluid behavior mainly in
the region near to the flow plates. However, the impact is also appreciable in the
region near the active sites. The variation in the fluid flow distribution affects the
computation of the gas-phase tortuosity, and therefore the computation of
diffusibility experience a change. Figure 4.22 shows the fluid flow behavior through
the GDL when the land/channel ratio is equal to unity.

o ] 0.0
L/C interface, y=0 Midplane, y=t/2 CL interface, y=t

Figure 4.22 In-plane view of the fluid behavior at three different positions in the main flow direction (L/C=1.0)
Fluid behavior when the land/channel region is considered at the maximum ratio.

Comparing the results of the fluid flow behavior, the higher the land/channel ratio
the fluid distribution in the CL region is less uniform. The gas-phase tortuosity is
computed for land/channel ratios going from 0 to 1 in steps of 0.1. Figure 4.23
shows the computed gas-phase tortuosities.
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Figure 4.23 Computed gas-phase tortuosity vs. land/channel ratio
The gas-phase tortuosity increases while the land/channel ratio increases.
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Based on the computed values of gas-phase tortuosity, a correlation can be
determined as a function of the land/channel ratio. The correlation is expressed as
follows:

Tyas(9) = T, + 0.4496 * 9 (4.13)

where & is the land/channel ratio, and 7, is the fitted value when the land/channel
ratio is zero. With an R-square equal to 0.909, the 7, is established in 1.1300. The
diffusibility is computed as the ratio between the porosity and the gas-phase
tortuosity. Figure 4.24 shows the trend of the computed diffusibility as a function of
the land/channel ratio.
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Figure 4.24 Computed diffusibility vs. land/channel ratio
The computed diffusibility decreases while the land/channel ratio increases.

Similar to the analysis of the gas-phase tortuosity, a correlation between the
diffusibility and the land/channel ratio is proposed:

Q(®) = Q, —0.1839 x 9 (4.14)

where the fitted value for (), is established in 0.6561, with a computed R-square equal
to 0.905.
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4.5 Paper V

In Paper V, the fluid flow LB and the mass transport LB model are implemented.
The study is carried out in a 3D geometry, and the generation of the GDLs is based
on the previous paper. A detailed comparative study of the most widely used
correlations to determine the through-plane diffusibility in GDLs is accomplished.

A total of thirty-one GDLs are stochastically generated, all of them matching the
porosity values found in the commercial ones, i.e., around 0.74. The fluid flow LB
model allows to describe the fluid behavior through the GDLs and the computation
of the gas-phase tortuosity. The diffusibility of each GDL sample is determined based
on the obtained results from the mass transport LB model. Figure 4.25 shows the
velocity field and the mass concentration of a selected GDL sample.

0.4
0.2

0.0

Figure 4.25 Velocity field (up) and Mass concentration (bottom) through a selected GDL sample
Red colored regions represent higher values, blue colored regions lower values. Figure from [101] by permission of
IJHE.

The diffusibility for each sample, the cumulative mean and the cumulative standard
deviation are presented in Figure 4.26.
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Figure 4.26 Computed diffusibility values for each GDL sample
Due to the stochastic nature of the GDL generation, the values fall between 0.55 and 0.70.
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The computed diffusibility values using the mass transport LB model are compared
to previous proposed diffusibility correlations. A comparison graph for all the GDL
samples is depicted in Figure 4.27.
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Figure 4.27 Comparison graph of the computed diffusibility values for all the GDL samples.
Vertical axis corresponds to the values computed using the mass transport LB model, whereas horizontal axis

corresponds to the diffusibility values using previous proposed correlations.
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Based on the obtained results, three different parameters were used to analyze the
previous correlations: precision, accuracy and symmetry. The analysis was carried out
considering the expected diffusibility the one computed using the mass transport LB
model. Figure 4.28 shows the prediction rank of the analyzed correlations.
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Figure 4.28 Ranking of the different correlations analyzed in the current study
They are ranked according to precision, accuracy and symmetry.

The most widely used correlation to predict the diffusibility, the Bruggeman
approximation, blue color in Figure 4.28, is ranked third for all the characteristics
considered.
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5 Conclusions

The research presented in this thesis aimed to increase the understanding of the fluid
flow behavior and mass transport phenomena through the GDLs from a pore-scale
point of view. The different diffusion transport properties of the GDLs based on the
digital generation of 2D and 3D geometries have been analyzed. The LBM has been
applied for both, 2D and 3D GDLs, and the different boundary conditions have been
implemented. Specifically, the scientific contributions can be summarized as:

e A 3D geometry representing the porous media found in realistic GDLs has
been obtained to analyze diffusion transport properties taking into account
microstructural and morphological considerations.

e Considering a 2D geometry, when a GDL is compressed up to 66% of its
initial thickness, the porosity decrease around 10% and the gas-phase
tortuosity increases approximately 6%. Under the same compression rate, the
permeability is reduced by around 36% from the initial value.

e If the morphological variations are considered, i.e., percentage of inclined
fibers, several correlations to predict the porosity, gas-phase tortuosity,
permeability, obstruction factor and inertial coefficient, have been proposed.
In addition, a correlation between the gas-phase tortuosity and porosity, as
well as between the permeability and porosity have been proposed.

e  Given that the land/channel region can affect the flow through the GDL, a
3D digitally generated GDL has been considered to analyze the mentioned
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impact. Correlations for the gas-phase tortuosity and diffusibility related to
the land/channel region have been proposed.

A detailed pore-scale analysis of diffusibility correlations in GDLs, showed
that the most accurate, precise and symmetry correlation is the one
considering the porosity and gas-phase tortuosity in the estimation.



6 Future Work

Despite the increased pore-scale research in GDLs, there is a still a lot of questions to
answer related to different properties of this important layer in the PEFC
performance. In the current thesis, the diffusion transport parameters have been
analyzed under certain circumstances, and therefore, a research considering the
electronic transport and heat transport phenomena in the solid phase would be the
next step. At the same time, the GDL geometry can be also improved getting a much
more realistic configuration which allows one to obtain more accurate predictions.
The LBM itself can be extended to analyze the multi-phase and multi-component
phenomena. This can help us to improve, from a pore-scale point of view, the water
management issue in the PEFCs, especially in the cathode side. More specifically, the
following steps can be considered as a future work:

e Related to the GDL generation, consider the binder and PTFE material as
part of the geometry. The fibers can be arranged not only as a stack of layers,
but also with inclination between layers. The last mentioned issue will allow
study of the real effect of compression and the consequences over the other
related properties.

e In addition to the gas-phase analysis at the pore-scale level, the
morphological configuration can be analyzed considering the solid-phase, i.e.,
the carbon fibers, with their corresponding properties such as ohmic and
thermal resistance, electrical conductivity, etc. The heat and electric transport
phenomena have to be included in the computational model.

e A multi-phase model have to be considered if a detailed multi-phenomena
model is required. Water management can be studied to understand the
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excess of water in the cathode side, and its incidence on the different
transport properties of the GDLs.

Similar to the consideration of the land/channel region, the complete flow
plate can be also considered. The different diffusion transport parameters
can be computed in a more accurate manner if more realistic path-flows
followed by the fluid are taken into account.

Finally, if a more complete-detailed-accurate PEFC model in the whole range of
length and time scales is the end-goal, the coupling between the pore-scale research
with the cell-scale and molecular-level modeling is mandatory.
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ABSTRACT

Relative simplicity of use, no pollutions and high-
efficiency are some of the advantages that will make fuel cells
one of the best devices for getting electrical energy in the near
future. Micro- and mesoscale modeling of fuel cells gives an
important perspective about their efficiency and behavior
during the energy conversion process. Due to the high cost of
carrying out laboratory experiments related to different
materials at the micro- and mesoscales, modeling and
simulation of the different elements of the fuel cells are a useful
approach and a point of departure for the experimental
validation.

This paper describes fuel cell modeling starting with the
fundamentals, including physical and chemical characteristics
of fuel cells, moving to the current state of the study of
modeling based on the Lattice Boltzmann Method (LBM). The
principal characteristics and elements of the fuel cells are
presented in general as well as the main differences between
the Proton Exchange Membrane Fuel Cells (PEMFC) and Solid
Oxide Fuel Cells (SOFC). Fuel cells have several parts that are
modeled on the micro- and mesoscale level. These parts,
conditions and governing equations for different transport
phenomena are displayed in this manuscript. A detailed
description of the main issues, advantages and recent advances
related to Lattice Boltzmann Method as a method for modeling
several physical processes that take place within fuel cells are
presented.

INTRODUCTION

Nowadays, there are different models for studying the
behavior and efficiency of renewable energy systems from
different perspectives, i.e., one-dimensional, two-dimensional,
three-dimensional, steady state, transient, type of system, etc.

Each renewable energy system has parts that can be
modeled at different scale levels. Fuel cell (FC) is a promising
element and an important device for a world free of fuel oil
consumption. FC modeling and the analysis of different scales
give a blueprint for improving the FC materials.

The selection of the scale for modeling depends on the
characteristics that are analyzed, the length scale of the
computational domain that is used and the time scale. The aim
of FC modeling is to study and analyze the different chemical
and physical processes that occur within the FC elements
during the energy conversion process. The main overall
objective is to improve the efficiency of FCs, decrease the cost
of material compounds and have a tool for describing the
different processes in order to predict the future behavior under
different conditions.

A suitable model is a complete three-dimensional,
transient one that describes all physical and chemical
phenomena that occur along all the length scales, from the
atomistic level to the system level. Currently, such a model is
unattainable not only due to the computational power required,
but also because it is necessary to establish the correct
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boundary, initial conditions and couplings during the modeling
process according to the real applications.

The purpose of this manuscript is to give detailed
information about FC modeling on micro- and mesoscale based
on the Lattice Boltzmann Method (LBM) and show some
results from recent investigations related to this topic.

The first part gives the background information related to
FCs in a general manner, such as the basic structure and the
general electrochemical reaction. It describes the basic
characteristics of PEMFCs and SOFCs, their advantages and
disadvantages. FCs have several parts that can be modeled from
the electrolyte until the current collectors. Each one of these
parts assists in the FC performance during energy conversion
process.

In recent years, though LBM has been applied to models
related to FC modeling, the range of applications of LBM is not
limited to the field of energy sciences. The LBM advantages
will be presented along with the basics and principles of this
method. Characteristics and issues related to this model applied
to micro- and the mesoscale in FC modeling for different
physical phenomena are displayed. Finally, some FC modeling
results and conclusions related to the LBM applied to the
downscale are also presented.

BACKGROUND OF FUEL CELLS

The growth in world population produces a rise in energy
demands. A major part of the energy used in the world comes
from fossil fuels [1]. The use of these fuels results in the
emission of polluting gases that adversely affect nature,
biodiversity and human life. Renewable energy appears to be
one of the best choices to meet the future energy demand and
reduce the polluting gases.

There are different systems based on renewable energy
sources, e.g., wind energy, solar energy, hydrogen technologies,
among others. The hydrogen technology system has an
important device in its structure, namely, the fuel cell (FC).
Basically, the principal function of the FC is to convert the
chemical energy present in the fuel, i.e., hydrogen, methane,
etc. into electrical and thermal energy. The conversion process
occurs cleanly and silently and the residues generally are
exhaust gases and water.

A single FC, in general, consists of basic elements
common to all kinds of FCs, i.e., anode, cathode and electrolyte
(Fig. 1). The electrolyte material, support material and the
catalyst layer compound depend on the type of FC that is being
used in the system. These basic elements have different
properties depending on the power output and operating
conditions. Some of these properties are studied at different
scales in order to improve the behavior and efficiency of the
FCs.

The electrochemical reactions that take place in FCs
produce an electric potential difference between the anode and
the cathode. During the electrochemical reaction, free electrons
move towards an external circuit producing electrical power.

Electrolyte

Anode Cathode
Fuel In —> ol & | <«— Airln
bt bt
[ [
> s
-;' -;'
) )
-— A A —
Electric
Current Ly —

Figure 1. Simplified scheme of a single Fuel Cell

The overall cell reaction that occurs in a FC is given by

[2]:
Hy +3 0, = H,0 M

The electrical potential difference depends on the Gibbs
free energy (AG) change associated with the electrochemical
reaction. The relationship between the Gibbs free energy and
the ideal voltage produced is given as follows [3]:

AG
Eigear = ﬁ 2)

where z is the number of electrons participating in the reaction
and F is Faraday’s constant (96485 C/mol).

Theoretically, the ideal open circuit voltage (OCV) is
higher than 1.0 V, but the most common output voltage of a
single FC is between 0.6 V ~ 0.85 V [4]. These voltages are
low for real or industrial applications and it is always desirable
and necessary to make interconnections between several single
cells. The interconnection of several single cells is called an FC
stack, which interconnected with other electrical and
mechanical elements of balance in a combined plant can reach
higher power rates. For example, one combined plant is able to
produce up to 14.9 MW of electrical power [5].

Another important fact that makes the FC a promising
device in the development of renewable energy fields is its
electrical efficiency. The FC electrical efficiency is related to
Gibbs free energy (AG) and enthalpy (AH) [3].

AG
Fuel cell ef ficiency = A 3)
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The efficiency depends upon the kind of FC used and the
operating conditions; the FC stack efficiency is around 40% ~
75% [4].

PEMFC AND SOFC IN BRIEF
There are different types of FCs; the classification is
related to the constitutive elements or characteristics present in
the FC, i.e. type of electrolyte used, purity of fuel necessary for
accurate performance, output power, work range temperature,
portability, durability, size, etc.
The FC classification related to the electrolyte type, and
the most researched is as follows:
e Polymer Electrolyte Membrane Fuel Cell (PEMFC)
e Direct Methanol Fuel Cell (DMFC)
e Phosphoric Acid Fuel Cell (PAFC)
e Solid Oxide Fuel Cell (SOFC)
e Molten Carbonate Fuel Cell (MCFC)
e Alkaline Fuel Cell (AFC)
This manuscript is focused on PEMFC and SOFC; their
principles, structures and applications are presented in the next
part.

PEMFC basics

It is an electrochemical device that converts the chemical
energy present in the fuel into electrical energy. In order to
obtain accurate performance, the fuel used in PEMFC must be
pure hydrogen. The electrolyte is a thin polymer membrane that
allows the passage of hydrogen ions only during the conversion
process.

Fuel

GDL

Anode Cathode

Figure 2. Single PEMFC basic structure

The basic structure of a PEMFC (Fig. 2) requires a
membrane electron assembly (MEA) that consists of the proton
exchange membrane (PEM), the catalyst layer (CL) and the gas
diffusion layers (GDL). The electrochemical reactions occur at
the anode and the cathode supported by the GDL and the CL.
The free electrons in each electrode are able to produce an
electrical current in an external circuit or load. The semi-
electrochemical reactions involved are [6]:

Anode Reaction: H, = 2H*Y + 2e~ “)
. 1
Cathode Reaction: 502 +2H* + 2e” = H,0 5)
SOFC basics

This electrochemical device converts the chemical energy
present in the fuel, i.e., methane, hydrogen, carbon monoxide
(CO), hydrocarbons, or a combination of these [7], into
electrical and thermal energy. The electrolyte is a ceramic
material that allows the transport of oxygen ions during the
energy conversion process. The basic structure of an SOFC
(Fig. 3) requires anode/cathode support and active layers in
order to produce the necessary reforming equations.

<€«—— Fuel

I8!

Support Layer

Anode Cathode

Figure 3. Single anode supported SOFC basic structure

The electrochemical reactions that occur within the SOFC

depend on the element compounds present in the support and
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active layers. The semi-electrochemical reactions involved
during the energy conversion process are given by [6]:

Anode Reaction: H, + 0%~ = H,0 + 2e~ 6)

1
Cathode Reaction: EOZ +2e” = 0% )

Comparison between PEMFC and SOFC
The operating temperature range, general applications
and the mobile ion related to both FCs can be seen in Table I

[8].

Table I. PEMFC and SOFC comparison

Fuel cell types
PEMFC SOFC
Mobile ion H' o
Operating o .
temperature 30-100°C 500 - 1000° C
;/ehllid:tsi a:d ::;b;li Suitable for all sizes of
Applications pplications, 0 CHP systems, 2 kW to
lower power CHP .
multi-MW
systems

The FCs present some disadvantages. One disadvantage of
PEMEFC is that it requires pure hydrogen and the use of
expensive catalysts, but has a fast start-up due to the low
temperature range. On the other hand, although the start-up is
longer in SOFC due to the high temperature range, it is possible
to achieve higher output power and electrical efficiency.

FUEL CELL MODELING

To date, no FC computational model has been able to
simulate the complete physical and chemical phenomena that
occur in a single FC or FC stack over the full scale range. There
are different limitations in the modeling process that increase
the difficulty of getting a description of the whole system, such
as, see [9], inclusion of the complete physical and chemical
phenomena, knowledge of transport parameters, computational
power and proper validation.

It is necessary to define the scale for the modeling
process. This scale is related to the length of the computational
domain. The length scale, the time scale and the computational
cost are related. Figure 4 shows that the computational cost
increases while the time scale decreases. Similar relation occurs
between the computational cost and the length scale, whereas if
the length scale increases the time scale also increases.

Computational cost

seconds

i " Time scale
centimeters

Length scale

Figure 4. Simple relation among the variables in FC modeling (not to
scale, and not necessarily straight lines)

Micro- and mesoscale

The scale level of FC modeling varies from the molecular
to the system level. Different physical and chemical phenomena
are studied at each scale level and this scale level is defined
based on the length scale. There are different definitions about
the range that corresponds to the region of micro- and
mesoscale length. Considering reference [10], the range
corresponds to values higher than ~ 1 nm and lower than ~ 10
um. This range is similar to the one in reference [11], but the
higher limit is considered up to ~ 100 um and the division
between the micro and mesoscale occurs around 10 pm.
According to reference [12], there is no defined region for
microscale; instead, only nanoscale, mesoscale and macroscale
are defined with the mesoscale region overlapping the other
two regions. In conclusion, without being exhaustive, the
micro- and mesoscale region can be considered between the
nanometer and hundreths of micrometer.

Fundamental FC parts previously described, i.e., the
electrolyte, catalyst layer, gas diffusion layer and electrode
support are the regions where the different physical and
chemical processes occur. The behavior of material compounds
in these layers during the energy conversion process influence
the FC performance. Micro- and mesoscale regions cover the
range of thickness of each layer mentioned above as is shown
in Table II.

Table 11. Layer thickness of PEMFC [13, 37] and anode supported
SOEC [10, 14]

PEMFC
Proton exchange membrane 50 ~ 180 um
Catalyst layer 5~30 um
Gas diffusion layer 17 ~400 pm
SOFC
Electrolyte 10~20 pm
Active layer 7~12 um
Support layer 200 ~ 500 pm
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Important phenomena that occur in these layers are known
as homogeneous transport, i.e., mass, charge and heat transfer.
The most important parameters needed for modeling charge,
mass and heat transport phenomena in a FC at the micro- and
mesoscale levels are listed in Table III.

Table I11. List of transport parameters needed for single FC
performance models. Adapted from [9].

Charge transport
Tonic conductivity of the electrolyte
Electrolyte electrical conductivity (transference number,
SOFCs)
Kinetic relationship for reaction
Tonic conductivity in the electrode
Electrical conductivity in the electrode

Mass transport
Gas-phase diffusivities
- Adjustment for porous media
Liquid-phase transport
(Low-temperature fuel cells):
- Saturation versus capillary pressure relationship for
porous media
- Liquid- and gas-phase permeability as a function of
saturation
Mass transport relationships in electrolyte besides charge
transport (e.g., diffusion or permeation of water, reactant
crossover, impurities, etc.)

Heat transport
Specific heat and thermal diffusivity of all materials
(transient simulation only)
Thermal conductivity of all materials
Latent heat (multi-phase simulations only)

In PEM- and SOFCs, some other processes can occur at
micro- and mesoscale levels, e.g., poisoning, coking,
passivation, microfracture, defects, residual strains, sintering,
redox cycling and aging [15]. Each of these phenomena occurs
approximately in the same length region, but at different time
scales and furthermore, the computational cost is different.

LATTICE BOLTZMANN METHOD

Lattice Boltzmann Method (LBM) is not only applied in
FC modeling, but as well in several research fields. The number
of publications related to LBM has been increasing during the
last decade. The next figure shows the number of publications
of investigations in which Lattice Boltzmann Method has been
applied. The number of publications has been grouped in
periods of two years during the last ten years, and tells about an
increment of 175% relative to the first period.

Number of publications related to

the Lattice Boltzmann Method
1320
1139

2004-2005 2006-2007 2008-2009 2010-2011 2012-2013

Figure 5. Number of publications related to LBM (i.e., not only for
FCs). Year period 2004-2013. Searched words: Lattice Boltzmann
Method. Source: Scopus.

LBM principles

LBM is based originally from lattice gas automata (LGA).
This method examines its own states and the states of some of
its neighbors [16]. The principal idea of LBM is to study the
behavior of a collection of particles instead of a single sub-
atomic particle like in molecular dynamics (MD). Knowing the
average characteristics of this collection of particles it is
possible to make approximations with considerable accuracy of
the physical phenomena, not only at the microscale, but also at
macroscale level [17].

The analysis of the movement of millions of atomic
particles is simplified using the particle distribution function
(PDF). PDF gives a statistical description of the collection of
particles and in consequence, the principal characteristics of the
fluid behavior.

The domain that will be solved has to be divided into
lattice points. Each lattice point has velocity connections with
its neighborhood. The common way to represent the lattice
arrangement is DmQn where m represents the dimension of the
problem to be solved (1-D, 2-D or 3-D) and n determines the
number of connections with the other lattice nodes.

Each velocity connection has a corresponding weighting
factor that depends on the total number of connections between
the nodes. The total sum of the weighting factors must always
be unity. The schemes of LBM often used are D2Q9 and
D3Q19, and are represented in Fig. 6.

[ 3 5
Q

2 / 1

7 4 8

Figure 6. Most common lattice arrangements applied in LBM. D2Q9
(left) and D3Q19 (right).
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The backbone of LBM is the Boltzmann transport
equation, which is based on the distribution function. The
distribution function corresponds to the number of particles in a
determined region within a range of velocities at one specific
time. The distribution function remains the same if there is no
collision between the molecules (streaming); otherwise, it will
have a net change in the distribution function (collision). A
simplified form of the Boltzmann equation can be expressed as:

IED | cvpere = ®

where f is the particle distribution function that depends on
position, velocity ¢ and time. Q is the collision operator that is a
function of f.

To solve the Boltzmann equation, one approximation is
used for replacing €; this approximation is called the
Bhatnagar, Gross, and Krook (BGK) approximation. Then, Eq.
(8) can be expressed as:

0ﬂ(r t)+clvfl(r.t)— GRS AC) @

where fi(r,t) is the particle distribution function at position r and
time t; f*(r,t) is the equilibrium particle distribution function
and 1 is the relaxation time, ¢ is the velocity in the
corresponding i- direction.

To solve Eq. (9), it is necessary to define the equilibrium
particle distribution function (f%) in a different way for each
problem to be solved. LBM can solve the diffusion, advection-
diffusion, momentum, and energy equations. The equilibrium
particle distribution function comes from a Taylor polynomial
approximation and Maxwell’s distribution function, and can be
written as [17]:

ffP=¢w [A+Bc.u+C(c.u)?+Du?] (10)

where U is the macroscopic velocity vector, w;is the weighting
factor, and A, B, C and D have to be defined based on the
conservation equation that is applied; for more detailed
information about the definitions of these values (A, B, C and
D) the reader is referred to Mohamed [17]. @ is a scalar
parameter that often refers to density, temperature or species
concentration.

Once Eq. (9) is solved, it is possible to recover
macroscopic parameters such as density, velocity and
momentum by the equations below.

p= % (1

n-1
1
=I—);fici a2

LBM advantages

LBM presents many advantages in the modeling of
different processes in several research fields. LBM can be used
to solve problems related to single and multiphase flows,
unsteady flows, and heat transport [16]. Comparing Navier-
Stokes equation and Boltzmann equation, the first one is a
second - order differential equation where it is necessary to
treat the non-linear convective term; the Boltzmann equation,
however, is a first - order differential equation and avoids the
convective term [17].

This method is useful in predicting and visualizing
physical processes in microstructures [11]. LBM is a suitable
candidate for efficient parallel computations due to the
algorithm used in solving the problems [18]. LBM is a useful
tool for mesoscale modeling of single-phase and multiphase
flow [19], e.g., two-phase flow in mixing layers, electro-
osmotic flow, and viscous fingering phenomena. LBM is
computationally more efficient than the finite difference
method for the same grid size [20].

The results of investigations show that LBM is a viable
alternative solution method to traditional numerical methods
for solving flow problems in heterogeneous porous media [21].
The study of porous media is of vital importance in FCs. The
next figure shows the porous structure of an SOFC electrode.

Figure 7. SEM micrograph shows the porous structure of a SOFC
cathode. Credits: Ningbo Institute of Materials Technology &
Engineering (NIMTE).

LBM APPLIED TO FC MODELING

LBM is a useful tool to model different parts and
phenomena in PEMFCs and SOFCs. In PEMFCs, the CL and
GDL are frequently modeled, and in SOFCs, the anode is the
part more researched.
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One of the most recent investigations of PEMFC using
LBM is related to GDL. Akbari and Molacimanesh [22]
investigated the effects of GDL microstructure on species and
current density distributions.

Using D3Q19, Akbari and Molaeimanesh studied the
behavior of different parameters when the orientation of the
carbon fibers (Fig. 8) in the GDL anode was changed.

[~ Carbon fibers

™~ orientation fibers

(]
l | — Catalyst layer
Figure 8. Carbon fibers representation in GDL used by Akbari and
Molaeimanesh, [22].

The investigation considered the variation of a factor
called anisotropic parameter 8. Depending of the [} values the
fibers have different orientations. If f is around 0.01 the fibers
are more normal oriented to the material plane. Three GDL
were reconstructed with the same lattice size, porosity and fiber
diameter but with a different anisotropic parameter. The fibers
were considered cylindrical and infinitely long. Figure 9 shows
the mole fraction distribution of the two reconstructed GDLs.

Figure 9. Oxygen mole fraction distribution of two
reconstructed GDLs by Akbari and Molaimanesh [22].

The results of the Akbari and Molaimanesh investigation
showed that when the carbon fibers are mostly perpendicular to
the catalyst layer, i.e.,, § = 0.01 (Fig. 9 right side) the oxygen
density boundary layer is thicker.

Several studies have been made using LBM such as flow
simulations in GDL and pore-scale transport phenomena in CL.
The following table shows other applications of LBM in
modeling of PEMFC and the corresponding schemes used.

Table 1V. Characteristics or part of PEMFC research using LBM

Characteristic/part researched Scheme
Pore-scale simulations of the fluid
flow for the direct numerical D3Q19

calculation of the permeability [23].

Pore-scale transport phenomena in the
GDL and CL as well as proton D2Q9
conduction in the CL [24].

To perform  pore-level flow
simulations in the reconstructed GDL D3Q-
samples [25].

To obtain effective material properties
- permeability and tortuosity - of paper
type GDLs [26].

D3Q19

To examine the interfacial phenomena
in liquid water transport in porous D2Q-
materials [27].

To investigate water flow in the GDLs
using a combination of the LBM and

X-ray computed tomography at the D3Q19
micron scale [28].

To obtain the velocity field in the

porous media through the 3D void D3Q27

space of segmented GDL [29].

LBM is applied to model of several parameters in
microstructures and porous media in the SOFC anodes. Paradis
[11] developed a microscale model to resemble an SOFC anode.
Momentum transport was implemented in a D3Q19 scheme and
D3Q7 was used for heat, mass and charge transport. Paradis [11]
used LBM to model the transport processes in a porous medium
in 2D and 3D. The 3D geometry is constituted of spheres of
different sizes to represent the two materials, i.e., Ni and YSZ.
The next figure shows some characteristics of the
computational domain used in the model.

Reaction sites (light) Ni-YSZ (dark)

75 um

Figure 10. Schematic domain of the SOFC anode used by Paradis [11]
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The velocity distribution in the porous domain and the
concentration distribution of hydrogen were modeled in the
schematic domain previously described. Figure 11 shows the
concentration distribution of H,.

[10
- 8
75 um ’6

¥

I

Figure 11. Concentration distribution of H, [mol/m’] in the modeled
porous domain by Paradis [11].

LBM is applied to study heat and mass transfer in
microstructures, to solve gaseous, ionic and electronic transport
equations and to describe the diffusion process in complex pore
structures. Some characteristics and properties investigated in
different SOFC models from other authors are presented in
Table V.

Table V. Characteristics or part of SOFC research using LBM

Characteristic/part researched Scheme
To evaluate the numerical simulation
method for cell anode polarization
using  Ni-YSZ microstructures
reconstructed [30].

To predict the overpotential of three-
dimensional microstructure of mixed
ionic and electronic conducting
cathode [31].

Examination of the transport processes
in the heterogeneous electrode
structure [32].

To solve gaseous, ionic, and electronic
transport equations with
electrochemical reactions at the three
phase boundary (TPB) [33].

To describe the diffusion process in
complex pore structures [34].
Evaluation of tortuosity factors in a
three dimensional reconstructed anode D3Q6
[35].

D3Q6

D3Q6

D3Q19

D3Q19

D2Q-

To model multicomponent diffusion D3Q19

trough the pore space [36].

CONCLUSIONS

Knowing and understanding the behavior of different
elements and transport phenomena that occur in FCs is possible
to reach better efficiencies during the energy conversion
process. FC modeling appears to be a helpful tool for getting
several descriptions about processes that happen within the FC.
To obtain a complete description along the complete range of
scales, the study of micro- and mesoscale represents a
fundamental issue to be researched.

LBM is a connection between the continuum and discrete
approaches. This method presents several advantages for
modeling processes in FCs such as solving problems in
complex geometries, multiphase problems, and porous media.
An overview of different applications of LBM in FC modeling
applied to PEMFC and SOFC was given.

Modeling and simulation of several phenomena that
occur in FCs provide a detailed description of the physical and
chemical phenomena involved. Furthermore, it helps to
improve FC efficiency and reduces material cost.

Nomenclature

c lattice velocity connection

AG Gibbs free energy (J mol™)

AH enthalpy change of reaction (J mol™)
E voltage (J C)

F Faraday’s constant (C mol™)

r position

t time

u macroscopic velocity

w weighting factor in f*

z number of electrons in the reaction (-)

Abbreviations

AFC alkaline fuel cell

BGK Bhatnagar, Gross and Krook

CHP cogeneration or combined heat and power
CL catalyst layer

DMFC direct methanol fuel cell

FC fuel cell

GDL gas diffusion layer

LBM lattice Boltzmann method

LGA lattice gas automata

MCFC molten carbonate fuel cell

MD molecular dynamics

MEA membrane electron assembly

ocv open circuit voltage

PAFC phosphoric acid fuel cell

PDF particle distribution function

PEM proton exchange membrane

PEMFC  polymer electrolyte membrane fuel cell

SOFC solid oxide fuel cell
TPB three phase boundary
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Chemical

Cco carbon monoxide

e electron

H hydrogen ion

H, hydrogen

H,0 water

Ni nickel

0O, oxygen

o* oxygen ion

YSZ yttria-stabilized zirconia

Greek symbols

B anisotropic parameter
p density

T relaxation time

¢ scalar parameter in f*¢
Q collision operator
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Compress effects on porosity, gas-phase tortuosity, and
gas permeability in a simulated PEM gas diffusion layer
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SUMMARY

Among the parameters to take into account in the design of a proton exchange membrane fuel cell (PEMFC), the energy
conversion efficiency and material cost are very important. Understanding in deep the behavior and properties of functional
layers at the microscale is helpful for improving the performance of the system and find alternative materials. The
functional layers of the PEMFC, i.e., the gas diffusion layer (GDL) and catalyst layer, are typically porous materials. This
characteristic allows the transport of fluids and charges, which is needed for the energy conversion process. Specifically, in
the GDL, structural parameters such as porosity, tortuosity, and permeability should be optimized and predicted under
certain conditions. These parameters have effects on the performance of PEMFCs, and they can be modified when the
assembly compression is effected.

In this paper, the porosity, gas-phase tortuosity, and through-plane permeability are calculated. These variables change
when the digitally created GDL is under compression conditions. The compression effects on the variables are studied until
the thickness is 66% of the initial value. Because of the feasibility to handle problems in the porous media, the fluid flow
behavior is evaluated using the lattice Boltzmann method. Our results show that when the GDL is compressed, the porosity
and through-plane permeability decrease, while the gas-phase tortuosity increases, i.e., increase the gas-phase transport re-

sistance. Copyright © 2015 John Wiley & Sons, Ltd.
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1. INTRODUCTION

Fuel cell (FC) appears as one of the most propitious de-
vices to reduce fossil fuel consumption and therefore the
reduction in emissions of polluting gases such as carbon
dioxide and sulfur dioxide. This electrochemical device
directly converts the chemical energy present in the fuel,
i.e., chemical compounds with hydrogen as constitutive
element, into electrical energy and water. Their conversion
efficiency is considerably high in comparison with the
other kinds of energy systems [1], i.e., combustion engines
and turbines, especially if small-scale power plant is
considered.

There are different types of FCs, and they are classified
depending on the electrolyte employed in the energy con-
version process, operating temperature, or applicability.
Two of the most widely investigated FCs are proton ex-
change membrane (PEMFC) and solid oxide fuel cell.

1528

PEMFC has low working temperature and fast start-up,
but pure hydrogen as fuel is required, whereas solid oxide
fuel cell because of high-temperature operation can work
with a variety of fuels [2].

For portable applications, because of the previously
mentioned characteristics, PEMFCs are more suitable. Re-
ducing cost and increasing performance represent the
topics to be focused on this type of FCs to solve part of
the energetic demand in the near future and compete with
the traditional energy sources. Knowing in deep, the
behavior of the fluids (hydrogen, oxygen, and water) inside
the PEMFC allows us to improve the functional
components. Such components present in the electrodes,
i.e., gas diffusion layer (GDL) and catalyst layer, are often
porous media [3] and permit the fluid and charge transport
for energy conversion.

Studies concerning to thermal-hydraulic characteristics
and effects over the behavior in PEMFCs have been

Copyright © 2015 John Wiley & Sons, Ltd.
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carried out [4,5]. Additionally, some experimental mea-
surements and analytical studies related to the GDL struc-
tures and performance have been realized [6-8]. However,
there are still some characteristics of the fluid flow behavior
through the GDLs to be studied, especially considering
properties at the microscale, such as porosity, gas-phase
tortuosity, and through-plane permeability.

The aim of this work is to study the behavior of gas
phase flow through a porous domain and to calculate the
porosity, gas-phase tortuosity, and through-plane perme-
ability in a 2D artificially generated GDL under different
compression conditions. These variables were computed
together with the velocity field at steady state, by the lattice
Boltzmann method (LBM). This method is considered be-
cause of its feasibility for solving problems in complex ge-
ometries, such as in porous structures.

The rest of the paper is divided as follows: the second
part focuses on reconstruction of GDL, domain character-
istics, and the variables studied in this work. The third sec-
tion is related to LBM, governing equations, boundary
conditions implemented, and applied methodology. Sec-
tion four is dedicated to the results and discussions, and fi-
nally the conclusions are presented.

2. GAS DIFFUSION LAYER—
BACKGROUND INFORMATION

GDL plays an important role in the distribution of the reac-
tant gases on the catalyst layers in each side of PEMFCs.
The porous characteristics allows the flow of the gases
and liquid phase. Figure 1 shows the image of one GDL
obtained by scanning electron microscopy. Typical thick-
ness of the GDL is around 250-350 um with a typical po-
rosity between 60 and 90% [9].

There are two types of permeabilities analyzed in
GDLs. One type is considered when the flow goes in par-
allel direction relative the layer (in-plane permeability)

Figure 1. SEM image of carbon paper without teflon treatment.

Scanning electron microscopy (SEM) image of a GDL from

Zamel [10] allows us to observe the microstructure of the layer

and permit to have an idea for the model implemented in this
work. Image used with permission of the author.
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DOI: 10.1002/er

M. Espinoza et al.

and the other type when the flow is normal to the plane
(through-plane permeability). This work is focused on the
variations of porosity, gas-phase tortuosity, and through-
plane permeability when the GDL is compressed. These
properties are computed for six different thicknesses of
the modeled domain during the digital compression
process.

2.1. Domain characteristics

Based on the image showed in Figure 1, and considering
the model studied by Nakajima [11], the modeled domain
can be considered as an aleatory arrow of thin carbon fibers
place in different directions. Figure 2 shows the 2D ap-
proximation of the GDL implemented in this work. Our
studied domain is a 90 x 180 um rectangle region.

In reality, i.e., in the 3D case, the pathways for the fluid
flow are connected in and out the plane implemented in our
model. Thus, while constructing the model, it is necessary
to avoid overlapped fibers in order to ensure continued
pathways through the porous domain.

2.2. Variables computed

2.2.1. Porosity

As mentioned, the anode and cathode of PEMFCs are
considered porous media achieving multi-functions of fa-
cilitating the flow of gases and liquids, as well as charges.
Porosity is defined as the ratio between the void space and
the total volume. General expression to calculate this vari-
able is as follows:

e / £
= =
= =
2 3
180um S \ =2
2 3
= =
< 90um —>|

Figure 2. Artificially generated porous domain that represents a

GDL. Digital representation of the porous domain used in this

work. The fibers are placed in arbitrary positions and directions

over the rectangular domain. In order to have a continuous path

flow, no overlapped fibers in the model are used. This restriction
could be avoided in a 3D representation.
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~ Void Volume
" Total Volume

4 M

Because the physical domain analyzed in this work is a
two-dimensional case, the previous equation is modified to
calculate the porosity in the modeled GDL,

_ Void Area Ay
20 = Toal Area Agir + Asolia

2

where A,;, is the part of the domain occupied by the voids,
whereas Ayqjiq is the region of the domain covered by the
solid material, i.e., carbon fibers. According to the defini-
tion, the porosity is dimensionless and can only reach
values between 0 and 1.

2.2.2. Gas-phase tortuosity

In the porous domain, where the flow path is not
straight, it is important to define a variable that allows us
to describe this phenomenon. There are three main kinds
of tortuosity to analyze in PEMFCs, i.e., hydraulic, ionic,
and electrical. In this study, we are studying only the gas
phase, and therefore, the hydraulic tortuosity is deter-
mined. The hydraulic tortuosity values are helpful to de-
scribe the diffusion of species as mentioned in Zhang and
Jia [3]. Therefore, this variable plays an important role in
the microstructural analysis when the GDL is compressed.
Hydraulic tortuosity as well is called as gas-phase tortuos-
ity and is defined as the ratio between the actual length and
the shortest length followed by the fluid. Based on this def-
inition, the expression for computing the gas-phase tortu-
osity can be expressed as

Laclual
Tgag = —— 3)
& Lshonesl
Measuring the actual and the shortest length of the com-
plete group of particles is not an easy task. Therefore, an
equivalent expression to Eqn (3) is based on the fluid
velocity and is expressed as follows [12]:

_ Z,‘Jumag (lv.])

Toas =~ 777 T
o Zi_j'u/\‘(l*])‘

where up,,, represents the velocity magnitude at position
(iyj) and u, corresponds to the velocity in the main flow di-
rection of the fluid. The velocity magnitude at the position
(i) can be calculated with the following expression:

“)

tinag (7,J) = A/ ux(i,J) + uy(i,) &)

Based on the definition, the gas-phase tortuosity is a di-
mensionless quantity and bigger than 1 if obstacles are in-
cluded in the domain.

2.2.3. Permeability

The physical property that allows the fluid, i.e., gas or
liquid, flow through the material is called permeability.
There are different ways to calculate the permeability,
and several studies have been performed to determine this
variable [13,14].
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Depending on the porosity, direction of the flow
through the material, and fiber radius, some expressions
have been proposed. One expression for anisotropic
permeabilities in carbon paper GDLs was presented by
Hao and Cheng [15]. They determined a relationship to
calculate the permeability as function of the porosity of
the material. This expression is based on simulation results
and written as follows:

3 (6)
where ¢ is the material and
C=8.9504x 10" m’,

In a previous study about permeability in fibrous porous
media with applications to PEMFCs presented by Van
Doormall and Pharoah [16], the permeability was related
not only to the porosity but also with the fiber radius.
The expression is as follows:

porosity of the

K =0.26

3.6
4 2 )
-9

where ¢ is the porosity of the material and r is the fiber
radius.

Another relation to calculate the permeability of random
fiber structures is proposed by Tomadakis and Robertson
[17]. This equation, similar to previously mentioned, was
related to porosity and fiber radius, but in a more complex
relation, and it depends on other characteristic constants:

K__2? (W B %>°‘” 2 @8

S (o e o]

where variables ¢, and a depend on the dimension of the
analyzed case and the direction of the flow, i.e., parallel
or normal to the fibers. In this study, the permeability is de-
termined using ¢,=0.11 and ¢ =0.521.

3. METHODOLOGY

A simulated GDL was created to analyze the effects on the
porosity, gas-phase tortuosity, and through-plane perme-
ability when the thickness is decreased by a digital com-
pression. The model corresponds to an arrow of thin
fibers placed in a rectangular domain. The fluid motion
through the porous domain is captured for each case. Be-
cause of the feasibility to handle flows in porous media,
the LBM is applied for getting the velocity field.

The backbone equation of the LBM is the Boltzmann
equation that is based on the particle distribution function.
The Boltzmann equation is expressed as follows [15]:

of (.t

TED 4 epirn) - ©
ot

where fis the particle distribution function that depends on

position r, velocity ¢, and time 7. The Q is the so-called col-

lision operator.
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Commonly, the collision operator is replaced with the
Bhatnagar, Gross, and Krook approximation. Therefore,
Eqn (9) can be expressed as

T 4 o¥f(r) = 22 —£ir0] (10)
t 71
where f;°4(r,t) is the equilibrium particle distribution func-
tion, 7, corresponds to the relaxation time, and c is the ve-
locity in the corresponding i direction.
After solving Eqn (10), the macroscopic variables such
as density and velocity field can be recovered using the fol-
lowing expressions:

=3 an
lnfl 12
= (4

In Eqns (11) and (12), n corresponds to the number of
linked directions that the group of particles has with its
neighborhood. This value is defined according to the
LBM scheme used. The problem investigated in this paper
is a 2D case, and the scheme applied is D2Q9.

3.1. Algorithm and solution method

Initial GDL thickness is defined as 90 lu; the momentum
equation is solved in order to evaluate the velocity field.
Based on the velocity field, and using Eqn (4), the gas-
phase tortuosity is computed. From the digital domain,
the fiber thickness is determined and the porosity is calcu-
lated using Eqn (2). With the results obtained (porosity
and fiber radius), the through-plane permeability is com-
puted using three different relationships (Eqns (6-8)).
After this process, the thickness is reduced by 3 lu in each
side. This process is repeated until the final thickness,
ie., 601u.

In general, the solution steps for calculating the vari-
ables in this work is presented in Figure 3.

3.2. Boundary conditions

Boundary conditions are implemented in each side of the
domain. The flow direction is from the left to the right;
the top and bottom boundaries are considered periodic.
Over the inlet boundary (the left side), Von Neumann
boundary condition was applied based on Zou and He
[18]. On the outlet boundary, because the model is one sec-
tion of the complete GDL, second derivative approxima-
tion was implemented as proposed by Mohamed [19].

The domain where the boundary conditions were ap-
plied is shown in Figure 4. Figure 4a shows the case under
initial conditions, i.e., the thickness is 90 lu, while Figure
4b presents the final case with a thickness of 601u. There
are four other cases (not shown) between them. By each
thickness, the boundary conditions are applied in the same
manner. To match the real problem to the lattice domain,
1 um was considered to be equivalent to 1 lu.

Int. J. Energy Res. 2015; 39:1528-1536 © 2015 John Wiley & Sons, Ltd.
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Because its digital nature, the domain implemented in
this work can be compressed continuously to a lower thick-
ness; but to get a realistic solution, the digital compression
process should not be followed ad infinitum. In this model,
the final thickness after several compression steps was
established in 66% of the initial thickness. This value falls
approximately in acceptable compression ratios according
some experimental and numerical studies previously per-
formed [20,21]. It is important to notice that every GDL
will have different rate of compression depending on its
microstructure and the assembly pressure. For example,
the maximum compression ratio presented in this study,
i.e., 66% of the initial thickness, can be reached with
around 15 MPa according to [20].

4. RESULTS AND DISCUSSIONS

As mentioned, the velocity field was calculated using LBM
for six different thicknesses. In Figure 5, the normalized

E—
Initial
parameters
—>
Velocity field®—— LBM
Porosity e— Eq. (2)
Tortuosity e———— Eq. (4)
Fiber radius e Digital
calculation
Y — K, = Eq. (6)
Permeability e——< K, = Eq. (7)
J’ K.=Eq.(8)
Decrement of | Digital
thickness process

Figure 3. Solution steps followed during the calculation procedure.

The diagram shows the different steps followed to compute

the properties involved in this work until to get the final com-
pressed thickness.
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Figure 4. Fiber position and comparison between the initial and final

thickness conditions. During the digital compression, no signifi-

cant rotation of the fibers is assumed. The fiber thickness is

not changed between the initial thickness and the last thick-

ness. The thickness of the layer was digitally compressed to
66% of the original value.

velocity (related to the inlet velocity) for initial thickness
(t,) and the final compressed thickness are presented.

The predictions demonstrate that the velocity values are
higher when the thickness is lower, i.e., low porosity.
These higher velocity values in the compressed thickness
are presented in the 80% of the modeled domain. The re-
gions close to the inlet and outlet boundaries, i.e., the first
and final 10% of the total length, are not in concordance
with this behavior because of the major presence of obsta-
cles close to the boundaries reduces the velocity values and
therefore the gain is reduced.

To present the results in Figure 5, normalized average
velocity was considered for the relative length to the total

15

1.0 —0—-GDL Compressed Thickness (60 lu)
~#-GDL Initial Thickness (90 lu)

Normalized velocity (U/uin)

10% 20% 30% 40% 50% 60% 70% 80% 90% 100%
Fraction region along the thickness[-]

Figure 5. The computed normalized average velocity show that the

higher values are obtained in the compressed GDL. The figure

represents the average velocity in nine different positions along the

thickness direction. The average velocity is normalized with

the inlet velocity. If compressed thickness is studied, the fibers

are closer, and under the same flow conditions, the velocities
are higher.
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length. The values in horizontal axis represent the fraction
of the thickness, each 10% of the total length.

To better understand the behavior of the fluid, the 2D
velocity field is presented in Figure 6. Note that where
the place is occupied by fibers (the solid and impermeable
obstacles), the velocity must be zero. The zero velocity is
represented by blue color, and the higher velocities are
shown in red color.

4.1. Porosity results

Compression of the GDL turns into a reduction in the void
space between the fibers. If the void space between the fi-
bers is reduced, the porosity must decrease. The following
figure shows the porosity calculated for five different thick-
nesses obtained after the compression. The horizontal axis
in Figure 7 corresponds to the fraction of the thickness rel-
ative to the initial thickness (z,), and the vertical axis repre-
sents the porosity calculated from the model.

The results confirm that the porosity decreases when
the GDL is compressed. In this work, no deformation
of the fibers was considered during the compression pro-
cess. The deformation of the domain is assumed only in
x direction. This assumption does not produce an impact
on the results because the compression is considered as
the decrement of void spaces. The position of the fibers
placed in the center of the domain is assumed not

Original Compressed

-

1
| 1 | |
— 90 [u —> €60 lu—>
Figure 6. Normalized velocity distribution showing higher
velocities when the fibers are closer to each other. Blue color
represents zero velocity regions, and red color region is
representing the higher velocity value. The velocity field is
normalized with respect to the inlet velocity in the model.
When fibers are closer, the velocities are higher (red color zones),
and in the presence of obstacles, velocity field must be zero.
In the left hand side case (90 lu), the maximum velocity is
0.0075 lu/ts, whereas in the right hand case, this value is
higher, i.e., 0.0089 lu/ts.
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Figure 7. Calculated porosity shows that the porosity values decrease
while the thickness decreases. The trend between the porosity and
the decrement of thickness because of the compression are clear.
The porosity values are computed using the model. GDL
subject to compression decreases its thickness and the void
spaces, and therefore, the porosity decreases.

affected by the digital compression, and the other fibers
are approached in a uniform way in x direction. Taking
into account these considerations, the predicted porosity
results corroborate the equation proposed in Gostick
et al. [7], that is expressed as

po=1- 12 (13)

t

to

where ¢, is the porosity of the GDL after the com-
pression, whereas that ¢, ¢ and 7, are the known values
of porosity, actual thickness and initial thickness,
respectively.

Considering the porosity results obtained, and using the
fitting curve, the following expression can be used to es-
tablish a relationship between the porosity and the ratio
of compression ({=1#/t,). Note that the following expres-
sion is valid for the specific thickness and compression
range presented in this work.

0(0) = 03928 + 0.728(0) — 0.2893(0)>  (14)

where { is the ratio between the actual and the initial thick-
ness of the GDL. The fitting parameters were chosen using
the sum of squares due to error (SSE) and root-mean-
squared error (RMSE) criteria. Considering the SSE, the
estimated is 9.407e-07, and by the RMSE, the error is
5.6e-04.

4.2. Gas-phase tortuosity results

As presented in the previous section, if compressing the
thickness of the GDL, the porosity is expected to decrease,
i.e., also the gas-phase tortuosity changes. The gas-phase
tortuosity values are calculated after the velocity field is
obtained using the LBM. Once the velocity field is found
for each lattice node, Eqn (4) is used to calculate the gas-
phase tortuosity values.

Following the same analysis that in the previous sec-
tion, one curve can be approximated to express the relation

Int. J. Energy Res. 2015; 39:1528-1536 © 2015 John Wiley & Sons, Ltd.
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between the gas-phase tortuosity and compression. One
expression for fitting these results in a better way is a
second-order polynomial function, which reads as follows:

Tes(§) = 1353 — 0.03343() — 0.1145(8)>  (15)

where ¢ corresponds to the ratio between the actual and the
initial thickness of the GDL. The SSE and RMSE errors
are 9.479e-05 and 4.868e-02, respectively.

Figure 8 shows the gas-phase tortuosity values for each
compressed GDL. Reducing the thickness of the GDL re-
sults in increased gas-phase tortuosity.

Several general studies have been performed to find a
relationship between the porosity and gas-phase tortuosity
[12,22] in porous media. If we compare the gas-phase tortuos-
ity values found in this work, and the gas-phase tortuosity cal-
culated using the previous studies mentioned in the preceding
texts, the deviation error is lower than 8%. The comparison
between the gas-phase tortuosity calculated in this work and

1.30
o
—
) o
S 12s)
-
5 A
- A
@
8 120f &
<
N
%]
5]
R ! : . .
0.6 0.7 08 0.9 1

Ratio between actual and initial thickness (t/t )

Figure 8. Gas-phase tortuosity results show that the tortuosity

increases while the thickness decreases. The results reveal the

relation between the gas-phase tortuosity and the compression

of the GDL thickness. If we relate these calculated gas-phase

tortuosity with the porosity values shown in Figure 7, the porosity

decreases when the thickness decreases; as a result, the gas-
phase tortuosity must increase.

Table I. Deviation between the calculated porosity and gas-
phase tortuosity with other relations in literature.

Values calculated from
the model in this work

Deviation compared to
previous ¢ — 74,5 relationships

Gas-phase
Porosity (p)  tortuosity (z) Ref. 22 Ref. 12
0.8315 1.2073 6.01% 5.09%
0.8195 1.2216 6.32% 5.44%
0.8056 1.2337 6.34% 551%
0.7894 1.2582 7.13% 6.38%
0.7703 1.2707 6.84% 6.18%
0.7473 1.2787 5.99% 5.46%

The porosity—tortuosity relationships found in the referred previous
work were obtained analyzing the fluid flow through a 2D porous
domain. All gas-phase tortuosity values computed in this work are
larger than the tortuosity values in the referred literature.
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the one calculated in the literature as a function of the porosity
is presented in the next table (Table I).

Note that the first column of the table corresponds to the
porosity values calculated from the model for the different
compressed thickness and the second column presents the
values of gas-phase tortuosity computed using LBM for
each different compression thickness. The third and fourth
columns correspond to the comparison between the gas-
phase tortuosity obtained in this work with the tortuosity
calculated (based on porosity values in column 1) using
the mentioned relationships.

4.3. Through-plane permeability results

Once the porosity and gas-phase tortuosity have been
computed, the permeability is the variable to be
analyzed. Using the porosity calculated in the model
and the fiber radius computed, the through-plane
permeability was determined using Eqns (6-8). It was
found that the permeability decreases when the GDL
is compressed. K, — K, were assigned to the Eqns (6-8),
respectively. The through-plane permeability for each
compressed thickness is shown in the following figure
(Figure 9).

Although the computed values differ in each
compressed thickness, the behavior of the through-
plane permeability presents similar trend. The results
obtained in this work are compared with the experi-
mental data from [7]. Figure 10 shows the comparison
mentioned, different to the previous figures, horizontal
axis correspond to the porosity (calculated by each
thickness), and the vertical axis represents the
through-plane permeability.

As shown in Figure 10, our simulated results are
consistent with the experimental data reported in
previous work.

E 210811
E A
3 4 g
9 140611 A
£ ]
: A 8
Q
£ & o
s 7.00E-12 |- A o OKa based on Eq.(6)
.u:‘:n o BKb based on Eq.(7)
g AKcbasedonEq.(8)
£ 495613 L L - L
= 0.6 0.7 0.8 0.9 1

Ratio between the actual and initial thickness (t/to)

Figure 9. The computed values show that the through-plane perme-

ability decreases while the GDL thickness decreases. The input vari-

ables in the relations presented (Egns (6-8)) are porosity and

fiber radius. It is seen that the relationship 'K}, agrees well with

'K, when the ratio of compression (#/t,) is close to 1 and agrees

in good manner with ‘K" when the ratio of compression is close
to 0.7.
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1.00E-11

OKabased on Eq.(6)
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@ GDL Experimental Data 1
O GDL Experimental Data 2
B GDL Experimental Data 3
[ GDL Experimental Data 4
1.00E-12 L L .
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Through-plane Permeability [m’]

Porosity [-]

Figure 10. Permeability increases with the porosity, and calcu-
lated values agree well with the previous measured data. The
figure presents the behavior of the through-plane permeability
values versus porosity values. Because in this work the porosi-
ties calculated are within 0.7 and 0.9, some experimental data
were selected from Gostick et al. [7] to contrast them. It is seen
that the values obtained in this work agree with the referred data.

5. CONCLUSIONS

To sum up, we have obtained the values of porosity, gas-
phase tortuosity, and through-plane permeability for an ar-
tificially generated GDL. Computations were carried out to
different thickness simulating the mechanical compression
of the thickness. The LBM for solving the velocity field in-
side the porous media was applied. In a GDL, porosity and
through-plane permeability decrease with the compression,
whereas the gas-phase tortuosity increases.

According to our results, if the thickness of the GDL is
reduced to 66% of the initial value, the porosity decreases
with around 10%, and the gas-phase tortuosity increases
approximately 6%, whereas that the through-plane perme-
ability is reduced, in average, to a 36% of the initial value
calculated. The current study was limited to 2D, but ac-
cording to the results obtained, can be considered a good
approximation for a more realistic model. The computed
variables are in good agreement with the previous theoret-
ical and experimental measurements. Future work will in-
clude the calculation of the inertial coefficient and the
analysis of the in-plane permeability. In order to get a bet-
ter approximation of the reality, the presence or absence of
ribs of the flow plates in the FC scheme can be considered.

NOMENCLATURE

BGK =Bhatnagar, Gross, and Krook
CL =catalyst layer

r =fiber radius

FC =fuel cell

GDL =gas diffusion layer

Int. J. Energy Res. 2015; 39:1528-1536 © 2015 John Wiley & Sons, Ltd.
DOI: 10.1002/er
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LBM =lattice Boltzmann method

Tu =lattice unit (LBM length)

m =meter

PDF =particle distribution function

f =particle distribution function, Eqn (9)
K =permeability

r =position

PEMFC =proton exchange membrane FC
RSME =root-mean-squared error

SEM =scanning electron microscopy
SOFC =solid oxide fuel cell

SSE =squares due the error

t =thickness

ts =time step (LBM time)

u =velocity

i =X position

j =Yy position

Greek symbols

a =constant value, Eqn (8)

0 =porosity

u =micro

p =density distribution

T = gas-phase tortuosity

7y =relaxation time

Q =collision operator
Subscripts

p =constant porosity value, Eqn (8)
o =initial

in =inlet (boundary condition)
mag =magnitude

X =x direction

y =Yy direction

solid =solid material, Eqn (2)

air =void space, Eqn (2)

gas = gas phase

2D =two-dimensional case, Eqn (2)
Superscripts

eq =equilibrium state
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Predicting transport parameters in PEFC gas diffusion
layers considering micro-architectural variations using
the Lattice Boltzmann method

Mayken Espinoza*'T, Martin Andersson and Bengt Sundén
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SUMMARY

A deep understanding of the behavior of microstructural parameters in proton exchange fuel cells (PEFCs) will help to re-
duce the material cost and to predict the performance of the device at cell scale. Changes in morphological configuration,
that is, fiber diameter and fiber orientation, of the gas diffusion layers (GDLs) result in variations of fluid behavior through-
out the layer, and therefore, the microstructural parameters are affected. The aim of this study is to analyze, for three se-
lected fiber diameters and different percentage presence of inclined fibers, the behavior of the different microstructural
parameters of the GDLs.

This study is carried out over digitally created two-dimensional GDL models, in which the fluid behavior is obtained by
means of the lattice Boltzmann method. Once the fluid behavior is determined, the microstructural parameters, that is, the
porosity, gas-phase tortuosity, obstruction factor, through-plane permeability, and inertial coefficient, are computed. Sev-
eral relationships are found to predict the behavior of such parameters as function of the fiber diameter, presence of inclined
rods, or porosity. The results presented in this work are compared and validated by previous theoretical and experimental

studies found in the literature. Copyright © 2016 John Wiley & Sons, Ltd.
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1. INTRODUCTION

A fuel cell (FC) is an electrochemical device that converts
the chemical energy present in the fuel (commonly hydro-
gen or some chemical compound with hydrogen as consti-
tutive) into electrical energy and water. This device has
been pointed as one of the most promising devices to
produce electrical energy as during the energy conversion
process, it provides no production of noise, emission re-
duction of pollution gases, and high efficiency [1]. There
are different types of FCs, and they can be grouped accord-
ing to different aspects such as operating temperature,
electrolyte, application, or output power generation.
When a fast start-up is required because the FC system
takes part of a mobile application, the polymer electrolyte
membrane fuel cell (PEFC) is commonly used. A PEFC
is formed, additional to the current collectors, by several
functional layers such as gas diffusion layer (GDL), cata-
lyst layer (CL), and a thin polymer electrolyte membrane.
Figure 1 shows a simplified scheme of a typical PEFC.

Copyright © 2016 John Wiley & Sons, Ltd.

All the layers together form the so-called membrane elec-
trode assembly (MEA).

As shown in Figure 1, GDLs are placed on both sides of
a PEFC, that is anode and cathode, and play an important
role during the energy conversion process. Through this
functional layer, electronic and fluid transport processes
occur. The anode side is crossed by the hydrogen flow
(H,), whereas on the cathode side, the oxygen (O,) flows.
The GDLs act as an interface between the CLs and the flow
plates; therefore, they have to offer a good electrical and
thermal conductivity and to give mechanical support to
the MEA [2]. Because of the importance of the GDLs, sev-
eral parameters of this multifunctional layer are studied in
this paper under different morphological conditions that
will be detailed in the corresponding sections.

Reducing material cost and improving efficiency of the
FC systems have been the aim during the last years in order
to increase the presence of the FCs in the world market.
Modeling research appears as a helpful tool to give de-
tailed information to reduce manufacturing cost of
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Figure 1. Simplified scheme of a PEFC showing the different

functional layers. GDLs are placed between the flow plates
and the CLs.

materials, decrease aging effects, and improve the FC effi-
ciency. Cell or system scale models often require several
input parameters, frequently assumed, that can be obtained
from microscale analysis. Due to the complex geometries
found in GDLs, pore-scale modeling provides exclusive
conditions to understand the fluid behavior throughout this
functional layer considering the microstructures of the
medium. Among the different methodologies applied to
describe the GDLs can be mentioned: the fine-scale com-
putational fluid dynamics (CFD), molecular dynamics,
and lattice Boltzmann method (LBM) [3]. The ultimate
mentioned method is applied in this study because it has
been proved to be a powerful tool for solving different
transport phenomena at microscale in complex geometries
as found in the GDLs [4-6].

During the last years, numerical and experimental stud-
ies have been carried out on GDLs and their microstruc-
tural parameters. From an experimental point of view,
different effects on PEFC performance related to the fabri-
cation processes of GDL are presented in Ref. [7], and pa-
rameters as porosity and permeability have been measured
in Ref. [8]. On the other hand, the effect of the permeabil-
ity on water and thermal management using CFD is pre-
sented in Ref. [9] as a modeling study. However, there is
no research works presented to evaluate the transport pa-
rameters like the thickness, orientation of fibers, and the
percentage of inclined fibers. The aim of this study is to
predict the behavior of different microstructural parameters
appearing in the GDLs and in particular to consider thinner
fiber diameters and various percentages of inclined fibers.
LBM is applied for solving the fluid flow through the
two-dimensional digitally created GDLs. The parameters
calculated in this work are porosity, gas-phase tortuosity,
obstruction factor, through-plane (TP) permeability, and
inertial coefficient. The presented results in this work help
to predict the behavior of the GDL parameters, and based
on these findings, the FC performance can be described.
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The results obtained offer relevant and insightful informa-
tion that can be applied in the 3D microprinting of FCs,
following the manufacturing process of microbatteries as
presented in Ref. [10].

The rest of the paper is divided as follows: Section 2 is
dedicated to the description of the microstructural parame-
ters computed in this work and their definitions. Section 3
presents the methodology applied and characteristics of the
solved domain. Section 4 is mainly aimed to the obtained
results and discussions. Finally, the conclusions are given
in Section 5.

2. MICROSTRUCTURAL
PARAMETERS

The GDLs are crucial in the charge and fluid transport dur-
ing the energy conversion process. They do not only dis-
tribute the reactant gases from the channel to the CLs but
also transport the free electrons from the CLs to the current
collectors. Additionally, they help to remove water to the
catalyst in order to prevent flooding and provide mechani-
cal strength to the MEA. The microstructural parameters
have influence over the mentioned GDL transport proper-
ties. The following sub-sections are aimed to define the
parameters studied in this paper and their characteristics.

2.1. Porosity

The porosity is one of the essential parameters measured in
the GDLs and represents the availability for the fluid to oc-
cupy a certain volume. This is a dimensionless parameter
and can be computed according to the following equation:

Void volume
= (1)

" Total volume

According to the definition, this parameter can reach
values between 0 and 1 and frequently is represented as a
percentage. Considering the two-dimensional characteris-
tics of this study, the porosity is determined as follows:

Void area Apid

~ Total area  Apia + Asolia

2

&

where Agys and Ag,,, are the 2D regions in which the
fluid can flow and the solid material occupies, respectively.
A digitally created image representing the cross-sectional
view of a material with porosity 0.5 is shown in Figure 2.

2.2. Gas-phase tortuosity

To describe the microstructural morphology of the porous
media, gas-phase tortuosity is one of the proper parame-
ters. The gas-phase tortuosity is a measure of the complex-
ity of the pathways the fluid has to follow through the
material. There have been several studies showing that this

Int. J. Energy Res. 2017; 41:565-578 © 2016 John Wiley & Sons, Ltd.
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Arluid

Figure 2. A digitally created domain with porosity equal to 50%.

The black color regions represent solid material, and the white

color region represents a void space. [Colour figure can be
viewed at wileyonlinelibrary.com]

parameter has a considerable impact on the gas diffusion
process [11,12].

When a cell scale model is developed, the gas-phase
tortuosity value is generally approximated or assumed.
These approximations are carried out by using theoretical
or empirical relationships, mainly as a function of the po-
rosity [13,14]. In order to avoid these assumptions, the
gas-phase tortuosity can be determined as the ratio be-
tween the actual path length and the shortest path length
trajectory followed by the fluid. According to the defini-
tion, this parameter can be stated as follows:

Lactual
Tgas = Lit 3)

shortest

Based on Eqn (3), the gas-phase tortuosity is a dimen-
sionless parameter. The values obtained are always greater
than unity, with the lowest case being unity when the po-
rosity is 100%; that is, the fluid is moving in a medium
with no obstacles. Figure 3 shows a simplified representa-
tion of the pathways of the fluid.

1]
2]
-
c
[

. (———

Figure 3. Digital representation of the actual and shortest length

paths. Fluid avoiding the obstacle results in actual length incre-

ment. For this graph, tortuosity is approximately 1.12. [Colour
figure can be viewed at wileyonlinelibrary.com]
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To measure this parameter, the velocity field through
the porous media is used as proposed in Ref. [15]. Consid-
ering the x positive axis as the main flow direction, the gas-
phase tortuosity can be determined as:

Xijtmag (])

as — N~ 1 7. N 4
T =3 Tl @

where u,,,¢(i,j) corresponds to the velocity magnitude at
position (i,j) and u,(i,j) is the velocity vector in the main
flow direction through the porous media. Considering
Eqn (4), the calculation of the gas-phase tortuosity values
differ if another main flow direction is considered.

2.3. Obstruction factor

When the diffusion takes place through a porous medium,
the effective diffusion parameter has to be determined.
Mason et al. [16] showed that the effective diffusion
coefficient (D) is smaller than the diffusion coefficient
(D) according to the following equation:

&

Dy = ;D )

where the ratio (/) is the so-called obstruction factor, and
therefore highly dependent on the morphological proper-
ties of the porous media analyzed. In the study performed
by Van Brakel et al., [17] the ratio D,y/D is introduced
as the diffusibility (Q), and they found a very high depen-
dence of this parameter on the porosity and gas-phase tor-
tuosity. However, they added a parameter called
constrictivity, which is not considered in the current study.
Constrictivity is not considered in our study because the
uniformity of fiber distribution gives a ratio between
maximum and minimum cross-section less than two, and
according to data presented by Van Brakel et al., the
constrictivity is approximately unity. In analysis of trans-
port phenomena, as the percolation and constrictivity are
considered, the ratio defined in this subsection receives
the name of the M-factor. More detailed information can
be found in Ref. [18]. Given the characteristics of the pro-
posed model, the computation of obstruction factor by
using Eqn (5) is an approximation in which the porosity
and tortuosity are considered.

2.4. Through-plane permeability

Permeability is a measure of the ability of a porous me-
dium to allow the flow of a fluid. Considering the very
low Reynolds numbers present in the different layers of
the FCs [3,19], to describe such flows through the porous
media the Darcy's law can be applied. According to the
Darcy experiment [20] and reordering the original expres-
sion, the permeability can be evaluated by using the fol-
lowing relationship:
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AX
K=WE (6)

where g is the Darcy flux (ms~"), x is the dynamic viscos-
ity (Pas), AXis the thickness of the analyzed material (m),
and AP is the pressure drop across the layer (Pa). Using
appropriately the corresponding units, the permeability is
obtained in m”.

Because the pressure drop is applied in a perpendicular
direction relative to the plane, the TP permeability is
analyzed. Notice that the permeability can be measured
in different directions for the same material depending on
where the pressure drop is applied.

2.5. Inertial coefficient

Reordering the terms and using the gradient definition, Eqn
(6) can be stated as

u
—VP == 7
d ()]

Because of the low velocities, in Eqn (7), only viscous
effects are considered. However, at higher velocities, the
relationship between the Darcy flux and the pressure gradi-
ent is not linear. Under the mentioned conditions, the
Forchheimer term [21], a second-order polynomial Darcy
flux term, has to be added to the right-hand side of the
equation as follows:

—VP=%q+ Brq’ (8)

where £ is the inertial coefficient often called the non-
Darcy coefficient (m™") and p is the fluid density (kg m™>).
Although high velocities are not expected in normal oper-
ating conditions in FCs, it can occur exceptionally, that is
an unexpected high flow rate of reactants, and therefore af-
fect the overall performance of the FC system. Considering
such situations, some studies determining the value of the
inertial coefficient in GDLs have been carried out [8,22].

3. METHODOLOGY

The two-dimensional models artificially generated in this
work, consider the microstructural characteristics of the
GDLs. Due to the transport phenomena involved during
the energy conversion process, these layers are constructed
as porous media. To solve the fluid flow behavior through
the porous media, the LBM is applied.

There are two main types of GDLs, carbon paper and
carbon cloth. The building up of the model is based on
the model of a carbon paper type, in which the fiber
thickness and percentage of inclined fibers can be con-
trolled during the manufacturing process. These variables
can be controlled given the accuracy which the micro-
printers are generating to the different elements present
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in energy conversion systems [10]. Taking into account
the physical characteristics of the GDL type, that is, typ-
ical dimensions and average size, the porous media are
digitally generated to describe the importance of not only
the fiber diameters but also the presence of a specified
percentage of inclined fibers in the domain, on the mi-
crostructural parameters mentioned in Section 2. More
detailed information related to the model characteristics
and methodology applied is presented in the following
sub-sections.

3.1. Lattice Boltzmann method

Lattice Boltzmann method has been widely applied for
solving different transport phenomena in the different FC
functional layers [4,23]. The basic idea of LBM is to con-
sider the fluid as a group of particles distributed throughout
a lattice. Each group of particles receives the name of par-
ticle distribution function (PDF), and they interact with
other groups of particles of the same or different nature,
that is fluid—solid or fluid—fluid. The backbone of LBM is
the Boltzmann equation, which can be expressed as
follows [24]:

VD | vy -a o

where f'is the PDF, which depends on the position 7, bulk
velocity ¢, and time ¢. The right-hand side of Eqn 9 repre-
sents the collision operator, which is often replaced, in the
simplest way, by the approximation proposed by
Bhatnagar et al. [25]. Replacing the Bhatnagar, Gross,
and Krook approximation in Eqn (9) and discretizing the
lattice Boltzmann equation is obtained:

f i(ry1)
ot

+a¥y ) = S [0 ~£iln0] - 10)

where 7’ is the relaxation parameter and /7 represents the
equilibrium particle distribution. The subscript k represents
the number of linked velocities that each analyzed lattice
element has with its neighborhood. The linked velocities
allow the momentum transfer between the lattice elements
in the domain when LBM is applied. To recover the total
density for each lattice node, the sum of the PDF:s in all di-
rections should be effected. The velocity field is deter-
mined by using the following equation:

ulr :Zkfkck(rﬁt)
(r,1) GO an

where £ is, as mentioned, given for the number of linked
velocities. As the models in this study are solved in 2D lat-
tice systems, each lattice element transfers the physical
properties to its eight lattice neighbors, that is one for each
cardinal direction and one for each intercardinal direction,
and additionally, its own velocity is considered giving a to-
tal of nine linked velocities. This solution scheme is called

Int. J. Energy Res. 2017; 41:565-578 © 2016 John Wiley & Sons, Ltd.
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D2Q9. More information about the scheme can be found in
Ref. [24].

One of the critical things to be taken into account for
obtaining an accurate model and avoiding instability is
the selection of the right boundary conditions. Figure 4
shows a schematic of the boundary conditions imple-
mented over the domain.

The porous media generated for this study is repre-
sented by a rectangular domain (more details are given in
the next sub-section), in which periodic boundary condi-
tions at the bottom and top are implemented. On the left
and right boundaries, the pressure-driven boundary based
on the Zou and He [27] procedure is applied. When

Periodic boundary

Porous
medium

L =200 um
H =600 pm

Pressure given boundary
(In-flow)
I
Pressure given boundary
(Out-flow)

Periodic boundary

Figure 4. Rectangular domain where the pore domain is gener-

ated. Periodic boundaries at the bottom and top, and pressure

given at left and right boundaries are implemented. The thick-

ness of the GDLs is defined as an average value from commer-
cial products and previous studies [4,6,26]

Cross-sectional plane
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fluid—solid lattice nodes meet, bounce-back boundary con-
ditions are applied.

3.2. Domain characteristics

A typical GDL can be described as an array of carbon fi-
bers grouped in several layers. In practice, carbon fibers
can be oriented at different angles with respect to the z
axis, but for this study, the inclination is assumed to be
45°. Figure 5 shows the manner in which the approxima-
tion of the model is carried out. The pressure drop is given
along the x axis direction and, given the pressure condi-
tions, from the cross sectional view, that is, x—y plane,
the fluid is moving from the left to the right. Given the
characteristics of the model, that is, a rectangular domain
with constant dimensions, orientations different than 45°
are not considered because it may result in a partial or total
blockage of the flow through the layer. To reconstruct the
GDLs, fibers belonging to the same layer are distributed
on a semi-random manner into the domain. Such specific
conditions can be achieved by using microprinters, which
allow obtaining micrometer-scale devices [28].

The 2D approach, as presented in Figure 5, is selected
to perform this study considering that the computational
demand of a 2D approximation is lower compared with a
3D approach as already has been pointed out and demon-
strated in various previous studies [29,30]. On the other
hand, the study of the fluid behavior in the x—y plane is
of great importance because one of the variables to analyze
is the TP permeability, that is permeability computed when
the gas flows in the normal direction to the layers. In addi-
tion, this mentioned plane allows recognition of the fluid
flow behavior from the channel flow plates to the active
sites in the FCs.

Three different fiber diameters are considered, that is
4.00, 5.00, and 6.00 um. These values were selected to de-
termine the effects of fiber diameter lower than the values
found in the literature [8,22]. This is because of the trend
of reducing the physical size of the FCs [31,32] by decreas-
ing the GDL thickness. Furthermore, the GDL thickness is
important because the reactant concentration at the

2D approximation Final GDL

representation

i — Inclined
fibers (circular) \ fibers (oval)

N R

Y

(@

Figure 5. First 3D approximation of a GDL (a). In-plane and through-plane view of the GDL (b). Rectangular domain where the pore
domain is generated in the through-plane view (c). Final digital GDL representation showing 50% of inclined fibers in (d). [Colour figure
can be viewed at wileyonlinelibrary.com]
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GDL/CL interface is less than the reactant concentration in
the flow channels. Accordingly, decreasing the GDL thick-
ness will decrease the concentration losses. Additionally,
the percentage of presence of the inclined rod sections, rep-
resented by oval-shape obstacles, for each pore domain is a
variable taken into account. For each fiber diameter, the
percentage of inclined fiber varies from 0 to 100% in steps
of 12.5% is considered. Subsequently, a total number of 27
digitally created GDLs are considered.

Although the inclined fibers are placed in the domain in
an aleatory way for all the GDLs, the number of cross-
sectional fibers does not change; that is, the number of rods
per area is maintained at a constant value. This condition is
considered to evaluate the incidence of the micro-
architectural variations without changing the amount of
material during the manufacturing process of the GDLs.
After the porous media have been digitally generated, the
fluid flow behavior is solved by using LBM in order to an-
alyze the different variables mentioned in Section 2. In ev-
ery model, some assumptions are needed. To implement
the models in the current work, the following assumptions
are made: the fluid is treated as incompressible and the pro-
cess is isothermal, the porosity is considered as the effec-
tive porosity; that is, all the void spaces can be occupied
by the fluid in the model, and no overlapping of cross-
sectional fibers is enforced. From a cell scale point of view,
the land/channel region effects are neglected. All the fibers
are assumed to be rigid and undeformed rods with circular
cross section (Figure 5). Physical fluid characteristics to
match the Reynolds number in GDL are defined according
to Froning et al. [19].

Based on the simulation domain size presented in
Figure 4, computations of the variables considering a range
of +30% of the domain size variations were carried out.
The magnitude of error for the computed variables falls
in a range of 1073 and 10’2, which means that the selected
domain size generates acceptable results.

4. RESULTS AND DISCUSSIONS

Once the steady state is reached, that is once the sum of re-
sidual velocities at all lattice nodes fall below 107, the
GDL4(0)  GDL4(50) GDL4(100)  GDLS5(0)

GDL5(50)
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iterative process is terminated and the velocity field is pre-
sented. A representative sample region of nine (from a total
of 27) GDLs is presented in Figure 6. The red color repre-
sents high velocities, and the blue color regions correspond
to zero velocities. To specify the results obtained for a cer-
tain GDL fiber thickness, they are adequately named. GDL
with fiber diameter equal 4.00um is titled GDL4. If
5.00um is the diameter, it is named GDLS, and the one
corresponding to 6.00um is entitled GDL6. To identify
the percentage of inclined rods, whenever needed, GDL
and the number followed in a parenthesis with such a per-
centage are presented. For instance, GDL4(25) corre-
sponds to the GDL with fiber diameter 4.00 um, and 25%
of the fibers are inclined. Results obtained, discussions,
and validation by comparison with previous theoretical
and experimental works are presented in the following
sections.

4.1. Effects on porosity

It is important to notice that the obtained porosity results
are based on a 2D approximation of the GDLs. This 2D
porosity, for a given configuration, that is fiber thickness
and percentage of inclined fibers, does not change in
function of the z-coordinate (Figure 5) because the
cross-sectional material is obtained from the same amount
of fibers. In other words, changing the z-coordinate where
the cross-sectional material is obtained, produces a
change in the position of the circular and oval shapes,
but no variation in the amount of solid material involved
in the simulations.

Using Eqn (2), the porosity for each GDL is computed.
Results show that the porosity for GDL4, GDLS, and
GDL6 falls between 0.83-0.77, 0.75-0.63, and
0.63-0.51, respectively. Notice that for different fiber
thicknesses, it is possible to have the same porosity de-
pending on the percentage of inclined rods. An example
of the mentioned situation is that the porosities of GDL5
(100) and GDL6(0) have the same value. From GDL4(0)
to GDL6(100), the porosity decreases about 38.55%.
Figure 7 shows the results of the computed porosity for
the GDLs.
GDL5(100)

GDL6(0) GDL6(50) GDL6(100]

-

1.0

0.0

Figure 6. Fluid behavior for nine representative GDL samples are presented so readers can observe the incidence of the fiber thick-

ness and inclination. The red color represents high velocities, whereas the blue color represents low velocities. Fiber diameter is in-

creasing from the left to the right. At top of figures, fiber diameter and percentage of inclined fibers are labeled as previously
explained. [Colour figure can be viewed at wileyonlinelibrary.com]
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Figure 7. Porosity data collected for each GDL. Minimum and
maximum computed values are 0.51 and 0.83, respectively.
Fitted curves are presented together with the data.

For a given fiber thickness, the porosity varies linearly as
a function of the percentage of inclined rods. This is shown
by fitting the curves by using the values computed. The co-
efficient of determination (so-called R-square), which repre-
sents the percentage of the data that can be predicted with
the fitted curve, is unity, and the sum of squares due to error
is extremely low, that is an order of magnitude —32, for
each fitted relationship. The expressions that relate the po-
rosity and the percentage of inclined fiber for a correspond-
ing fiber diameter in the modeled GDLs are as follows:

ecpra(d) = —0.0004%5 + 0.8267 (12)
eGpre(0) = —0.0012%6 + 0.6267 (14)

where o represents the percentage of inclined rods as a per-
centage value; that is, if 20% is the value of the inclined fiber

Figure 8. Flow pathways for two selected representative GDL
samples. GDL4(0) and GDL6(100) are presented on the left
and right sides of the figure, respectively.

Int. J. Energy Res. 2017; 41:565-578 © 2016 John Wiley & Sons, Ltd.
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present, then ¢ should be replaced by 20. Porosity results
agree with the values found in manufacturer data sheet and
in previous studies related to GDLs [26,33].

4.2. Effects on gas-phase tortuosity

Gas-phase tortuosity is another variable to take into ac-
count when the microstructure is analyzed. As mentioned
in Section 2, in porous media, the tortuosity always is
greater than unity, and it can be determined by using Eqn
(4). As a precedent step, the velocity field is solved by
using LBM. Depending on the complexity of the geome-
try, the fluid through the porous domain follows different
pathways as depicted in Figure 8.

The complexity of the porous media gives the fluid dif-
ferent pathways to flow and therefore influences the gas-
phase tortuosity computation. The values found in this
work grouped according to the fiber diameter, that is
GDL4, GDLS, and GDL6, are presented in Figure 9.

Although the gas-phase tortuosity values found do not
follow a uniform or linear behavior, the trend is clear: a
larger fiber diameter implies a larger gas-phase tortuosity.
Considering the gas-phase tortuosity values for a given fi-
ber diameter, a relationship for the tortuosity as a function
of the percentage of inclined rods is established. These re-
lationships are as follows:

Top14(0) = 6.737 x 107% 43252 x 107
+1.068 15)

t6ps(0) = 5.290 x 107%8% +5.393 x 1075

+1.096 (16)
t6pi6(9) = 2.188 x 107%%% +2.089 x107*#9
+ 1121 (17)

where o represents the percentage of inclined fiber as a
percentage value. All the gas-phase tortuosity values ob-
tained in this work can be predicted by using Eqns 15-17
in a percentage of 96%, 92%, and 89%, respectively. The

=
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@

g 1.04 ¢ GDLA ——Eq.(15)
® m GDLS - - - Eq.(16)
8 A GDLE —._.Eq.(17)

0.98 - - .
0.0% 25.0% 50.0% 75.0% 100.0%

Percentage of inclined fibers [-]

Figure 9. Gas-phase tortuosity values found for the modeled
GDLs. The values found are disperse and fall between 1.067
and 1.163. Fitted curves are presented together with the data.
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last mentioned percentages correspond to the coefficient of
determination between the variables involved, that is tortu-
osity and percentage of inclined fibers.

There are several studies showing relationships, both
theoretical and experimental, between porosity and gas-
phase tortuosity in porous media [34]. Considering the
values found in this work, a relation between the gas-phase
tortuosity and porosity is proposed. Figure 10 shows the
data found in this work for each corresponding porosity
previously computed. It is possible to observe the approach
of the gas-phase tortuosity to unity when the porosity ap-
proaches the same value.

Three different ways to fit the curves are applied to find
a relationship describing the values found. One is based on
a rational function, and the other two are considering the
gas-phase tortuosity as a power function of the porosity.
Such relationships are entitled as Ratl, Pow1, and Pow2.
The mentioned relationships are evaluated for a range of
porosity values and are depicted in Figure 11.

Table I shows the relationship for the obtained curves,
depicted in Figure 11, with their corresponding parameters
to evaluate the goodness of fit.

Considering the smallest sum of squares due to error
and biggest R-square, that is, 2.846x 107> and 0.8617,
respectively. The most useful curve for prediction is the
labeled as Powl, and it is expressed as follows:
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Figure 10. Gas-phase tortuosity versus porosity values found
for the modeled 27 GDLs. [Colour figure can be viewed at
wileyonlinelibrary.com]
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Figure 11. Fitting curve for data obtained in the current work.
Three proposed curve fits are applied.
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Taus—phase = 1.042% 017 (18)

Notice that the proposed relationship is expected to pre-
dict values of the gas-phase tortuosity as a function of the
porosity in the specified range of porosities in this study,
that is 0.51-0.83. To validate the results, the computed
porosity—tortuosity values are compared with previous
studies in Figure 12.

In addition to Figure 12, the tortuosity values found in
this work compared with the previously mentioned refer-
ences show deviation errors falling in acceptable range,
that is around 10%.

4.3. Effects on obstruction factor

Diftusion of gases is affected by the obstruction factor as
shown in Eqn (5), and therefore, the performance of the
FCs is affected. Taking into account the porosity and
gas-phase tortuosity values found in the current work, the
obstruction factor is computed as mentioned in Section 2.
This value helps to determine the variation of the effective
diffusion coefficient for the different GDLs. The computed
obstruction factors are presented in Figure 13, where
GDLA4(0) is the reference to analyze the behavior.
Comparing GDL4(0) and GDL6(100), there is a differ-
ence of 44% in the factor to determine the effective diffu-
sion. Considering Eqns (5) and (18), the effective
diffusion coefficient can be estimated, as a function of

Table 1. Empirical relationships for tortuosity values as a
function of porosity with their corresponding SSE and R-square

values.
Name Empirical relationship SSE (x107%) R-square
—211 &4+1086
Rat1 —2LLerlse 3.582 0.8259
Pow1 1.042 %70 2.846 0.8617
Pow2  —02223:%7+1.157 4.103 0.8007

Gas-phase tortuosity [-]

100l | —Ref.[35] -~
- - -Ref. [36]
— —Ref.[37]
0.90 |
—Eq. (18)
0.80 - L x
0.50 0.60 0.70 0.80

Porosity [-]

Figure 12. Gas-phase tortuosity vs. porosity. Relationships

found in literature data [35-37] and relationship found in the

present work. [Colour figure can be viewed at
wileyonlinelibrary.com]
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the porosity and diffusion coefficient, using the following
expression:

Doy = 0.9597%¢"175D (19)

where ¢ is the porosity, which can be evaluated in the range
proposed in this work.

4.4. Effects on through-plane permeability

In order to apply the Darcy's law, to calculate the
permeability, it has to be demonstrated that the pressure
difference has no influence on the computed permeability.
In other words, the permeability is a constant value inde-
pendent of the pressure drop applied over a specific porous
media domain. To demonstrate this, the permeability was
calculated for GDL4(0), GDL5(0), and GDL6(0) subject
to different pressure gradients. Computed permeability
values are shown in Figure 14.

It is shown that the permeability is independent of pres-
sure. TP permeabilities for all the modeled GDLs are deter-
mined. The minimum and maximum values of the TP
permeability ~ obtained are  2.72x 10 ®m?  and
2.28x 1072 m?, respectively. These values correspond to
an acceptable range if compared with previous studies
[8,22]. Figure 15 presents the TP permeability found in
the current work grouped for each selected fiber diameter.

Considering the values shown in Figure 15, and
representing such values as a function of the inclined fibers
in the model, expressions relating the TP permeability and
the percentage of inclined rods can be proposed:

Kapra(d) = 3.619 x10717#5% — 1.209 x107'##¢
+2.264 x107'% [m’] (20)

Kepis(0) = 4.726 x10717%6% — 1.415 x 107145

+1.439 %107 [m?] 1)
100% 4
‘0’.
*
*e 1 *GDL4
90% 1 n W GDLS
. [ ] A GDL6
80% - [ ]
Dest g 9
b 70% . .‘A‘
A
AA
60% - A A
—_— A
so% 0% 100% !
0% 100% 0% 100%

Percentage of inclined fibers [-]

Figure 13. Obstruction factor variation for the different GDLs

modeled in this work considering GDL4(0) as a reference value.

For each GDL label, the percentage of inclined fiber goes from 0
t0 100%.
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Figure 14. Permeability values obtained have no significant var-
iation for different pressure gradients.

Kapre(d) = 2.084 x1077#5% — 5.014x1075%¢
+5.993 x107" [m?] (22)

where o represents the percentage of inclined rods as a per-
centage value. All the TP permeability values can be pre-
dicted using Eqns 20-23 in a percentage of 99%, 99%,
and 86%, respectively.

The obtained TP permeability values are presented as a
function of the porosity in Figure 16. It is clear that the re-
lationship between these two variables is not linear.

To find an expression of the TP permeability values as a
function of the porosity, fitting tools are applied. The best
fit is given by a power function as follows:

Krp(e) = 4.27x107 1253988 %)

where ¢ is the porosity and the TP permeability is
expressed in m?.

There are several theoretical, numerical, and experi-
mental studies to describe the relationship between the
permeability and porosity. The most common expression
to relate these two variables is the so-called Kozeny—
Carman (KC) equation. The KC equation can be adapted
according to the characteristics of the medium being

5.00E-12
-
E I .
S S
-E B --a
= e EEN N
-y A _ -
@ S.00E-13 F ~ TAC-c-A-.L A -y
@ A= -z A N
£ A R R T SR
£ i
o ¢ GDI4 ——Eq.(20)
o. m GDLS -==-Eq.(21)
= q. (21)
A GDIE - .-. Eq.(22)
5.00E-14 ! i 1
0.0% 25.0% 50.0% 75.0% 100.0%

Percentage of inclined fibers [-]

Figure 15. TP permeability values found in the current work.
Notice that the vertical axis is in logarithmic scale. Fitted curves
are presented together with the data.
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227612 F *
& GDL4 *

= o

£ 187612 | m GDIs
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[}

]

E 107612 -

= (]

o

o 6.70E-13 - (1]

= iam®

2.706-13 & A - :
0.50 0.60 0.70 0.80
Porosity [-]

Figure 16. TP permeability increases in a non-linear fashion as a
function of the porosity. Fitted curve is presented as a continu-
ous line.

described [38,39], and generally, some fitting parameters
are determined. The adaptation of KC equation proposed
by McGregor [40] relates the porosity, permeability, and
the fiber diameter. This equation is expressed as follows:

2.3
= dfigz (24)

16 k](c (1 - 8)
where d; represents the fiber diameter, ¢ is the porosity,
and kgc is the KC coefficient. Based on the values ob-
tained in the current work, the KC coefficient was deter-
mined and presented in Table II. The KC coefficients
computed in the current work fall in the range found in
the experimental work performed by Gostick ez al. [8]

The values of porosity and permeability were grouped
with respect to the fiber diameter, and the KC coefficients
were determined by using Eqn (24). The average and stan-
dard deviations for each group of data are presented in the
last column in Table II.

The validation of the obtained results can be carried out
by using the dimensionless TP permeability, that is the
computed values of the TP permeability divided by the
square of the fiber diameter. Figure 17 shows the values to-
gether with results from previous studies.

The results obtained in this study agree well with the re-
sults presented in Ref. [41,42] as depicted in Figure 17. To
finalize the TP permeability section results, Figure 18 is
presented. As an attempt to relate the computed variables,
that is porosity, gas-phase tortuosity, and TP permeability,

Table Il. KC coefficient based on the porosity, diameter, and
permeability computed in this work.

Porosity Permeability
Diameter [um] [~ [x107"?m?] Kkc
4.00 0.83-0.77 2.28-1.41 7.33+0.64
5.00 0.75-0.63 1.43-0.50 6.18 +0.51
6.00 0.63-0.51 0.64-0.27 5.41+0.99
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Figure 17. Dimensionless TP permeability as a function of the
porosity compared with previous results.

the two first variables are matched in the x—y plane,
whereas the TP permeability is represented as a function
by using a color scale. The dark red color represents high
permeability values, while the dark blue color represents
low TP permeabilities.

4.5. Effects on inertial coefficient

At low flow rates, the inertial effects are not considered,
but if the flow rate values reach high levels, such effects
have to be taken into account. Several studies related to
the inertial coefficient in GDLs have been carried out
[8,43] calculating this parameter by using the rela-
tionship proposed by Liu et al. [44]. It is expressed as
follows:

S =288 x 1070 i 25)

where the constant (2.88x107%) is in length units.
Although the mentioned studies use Eqn (25), they esti-
mate the tortuosity values by the theoretical well-known
Bruggeman equation. Such an estimation is not

TP permeability contrasted
with porosity and tortuosity

-12
x10° " m?
22

114

Tortuosity [-]
-
S

1.06
050 055 060 065 070 075 0.80 0.85

Porosity [-]

Figure 18. Porosity and gas-phase tortuosity depicted in the x—y
plane. The TP permeability is represented by a color scale.
[Colour figure can be viewed at wileyonlinelibrary.com]
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Figure 19. Inertial coefficient versus TP permeability compared
with previous studies.

considered in the current work because all the involved
parameters in Eqn (25) are computed from the proposed
models. The inertial coefficient values versus the TP per-
meability are depicted in Figure 19.

According to Figure 19, the values computed agree with
several values presented in Ref. [8,22]. In the previously
mentioned works, the permeability values are determined
experimentally from real GDLs. More investigations re-
lated to the inertial coefficient have to be carried out to re-
veal its importance in the PEFCs behavior.

5. CONCLUSIONS

A detailed analysis of porosity, gas-phase tortuosity, ob-
struction factor, TP permeability, and inertial factor for
27 different two-dimensional models of GDLs was carried
out. For each GDL model, all the variables were computed
after the fluid behavior through the porous media had been
obtained by using the LBM.

To predict the porosity values as a function of the
percentage of inclined rods in the porous medium, three
different relationships were presented for a given fiber di-
ameter. In a similar way, three equations relating gas-phase
tortuosity values and inclined rods were proposed. The
obtained values of porosity and gas-phase tortuosity agree
well with previous studies, that is fall in a range of 10% of
deviation error considering the minimum and maximum
deviation. Additionally, an expression for the gas-phase
tortuosity and porosity was addressed.

Porosity and gas-phase tortuosity have influence over
the diffusion parameters. According to the definition of
the obstruction factor, it was found that the ratio of the ef-
fective diffusion coefficient and the bulk diffusion coeffi-
cient may decrease until about 55% due to the porosity
and gas-phase tortuosity variation given by the morpholog-
ical changes in the microstructures.

Darcy's law was applied to determine the TP perme-
ability in all the GDL models. Previously, it was assured
the independence of the permeability of the pressure
drop. Equations relating the TP permeability and the per-
centage of inclined rods for a given diameter were

Int. J. Energy Res. 2017; 41:565-578 © 2016 John Wiley & Sons, Ltd.
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presented. As part of this study, an expression for deter-
mining the TP permeability values as a function of the
porosity was given. Also, based on the KC equation,
the KC coefficient was determined for a given fiber di-
ameter. The computed TP permeabilities agree well in
comparison with previous theoretical and experimental
studies.

Finally, results related to the inertial coefficients were
presented. Although the results showed similar behavior
as previous studies, more studies related to this variable
are as its incidence in PEFCs is not yet determined.

In our study, the inclination of the fibers during the
modeling was established in 45°. This condition is a con-
venient choice due to the constant rectangular dimensions
of our 2D domain. The incidence of the inclination differ-
ent from 45° will be addressed in further studies as a 3D
model is considered. In such conditions, the percentage
of inclined fiber and diameter will not be the only variables
to be considered, but the angle of inclination needs to be
considered as well. This will allow carrying out compari-
sons between the different transport parameters in a wide
range of fiber inclinations.

In general, for all the analyzed variables, the simplified
assumptions presented in this work have shown good
agreement with the behavior of the parameters in actual
real GDLs. This study proposed several relationships
which can be useful for future manufacturers using
microprinting techniques and modeling researchers in
predicting the different microstructural parameters accord-
ing to the morphological conditions employed during the
build up of the GDLs.

NOMENCLATURE

A = area [L°]

BGK = Bhatnagar, Gross, and Krook
c = bulk velocity

CFD = computational fluid dynamics
CL = catalyst layer

d = diameter [L]

f = particle distribution function
FC = fuel cell

GDL = gas diffusion layer

H = height [L]

K = Permeability [L2]

KC = Kozeny—Carman

L = length [L]

LBE = lattice Boltzmann equation
LBM = lattice Boltzmann method
MD = molecular dynamics

MEA = membrane electrode assembly
P = pressure [ML" T’Z]

PDF = particle distribution function
PEFC = proton exchange membrane fuel cell
q = Darcy flux [LT"]

r = position vector

t = time
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TP = through-plane

X = thickness of the material [L]
Chemicals

D = diffusion coefficient [L>T ']

Dy = effective diffusion coefficient [L*T ']
H, =hydrogen

0O, =oxygen

Q = diffusibility

Greek symbols

£ =inertial coefficient LN

A = change of a property or variable
J = percentage of inclined rods

& = porosity [—]

u = dynamic viscosity [ML™' T™']
p = density [ML™’]

Y = summatory

T = tortuosity [—]

7' = relaxation parameter for LBE

¢ = diameter [L]

Q = collision operator in Eqn (9)

V = gradient symbol

Subscripts

KC = Kozeny—Carman constant

2D = two-dimensional case

Fluid = refer to a fluid component

Solid = refer to a solid component

actual = refer to the actual distance

shortest = refer to the shortest distance

i = refer to the ith x position

J = refer to the jth y position

k = refer to the number of linked velocities in Eqn
C))

mag = refer to the magnitude vector

X = refer to the x direction

y = refer to the y direction

z = refer to the z direction

f = to define the fiber diameter

Superscripts

eq = refer to equilibrium particle distribution
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Diffusion phenomenghrough the gas diffusion layer (GDL) at the
microscale arene of the most complex physiqaienomena to be
describedn protonexchange fuel cell (PEFGumerical models
Predicting transportparameter behavion GDLs is a valuable
stageto propose micr@rchitectural designswvhich can improve

the efficiency and performance of fuel cells (FCs). The purpose of
this paper is to propose axpression to estimate parameters
involved in the diffusion process such as-ghase tortuosity and
effective diffusion coefficientvhen the effects of the land/channel
region are considered. Three-dimensidBBIL approximationsre
generated awsidering real characteristics of miguorous layers
employed in FCs. The fluid behavior through the porous media is
simulatedusing the Lattice Boltzmann meth@dBM), and the
mentioned parameters are studied. The incidence of the
land/channel presenawer the gagphase tortuosity is determined
and its effects over the effective diffusion astimated

Introduction

There are several muiphysical phenomena that occur inside the FCs during the energy
conversion process. These phenomena occur Wiereactant gases patwough the
diffusion media present in the FC layers, i.e., gas diffusion layer (Giatalyst layer

(CL) or electrode support layesnd reach the active sit€canning electron microscope
images of the porous media can be observed in (1) and (2). In PBECsattant gases
must flow in the directionfrom the flow plates, specifically frorthe channel, to the
active sites present in the interfaCk/electrolyteto allow the electrochemical reactions.
When the electrochemical t@n is carried oytthe hydrogen molecules {Hare
oxidized, the positive charge passes through the electralydethe free electrons flow to

the current collectors. These free electrons flow towards an external circuit, where they
can be used in electric appliances. A simplified scheme of the different components of
the proton exchange fuel cell (PEFC) anode is presented in Figure 1.

Given the anisotropic and morphological characteristics of the GDLs, a deep
understanding of the fluid behavior through the diffusion media will help to improve the
efficiency andto predict the performance of the FCs. However, describing the fluid flow
through the diffusion media dhe microscaleis not an easy task, and computational
approximations of this phena@non can describe the fluid behavior through the
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mentimed layers in a better way. From a mawmalepoint of view several models related
to FCs have been implemented using the LBM (3).

CL

Electrolyte

N/

Channel Rib

Figure 1. Schematic representing the different components in a REBGe.The region
enclosed the dotted lines represents the modeled volume. Details about the modeled GDL
are given in the Methodology section.

In porous media a fundamental property to be coewig the porosity, which
represents the percentage of the total volume that can be occupied by the fluid. It can be
determined numerically as:

Void Volume

€= Total Volume [1]

It is a dimensionless property, and for GDLs the ptyare commonly between 0.60
and 0.90 (5). Considering the anisotropic characteristic of the GDLs, th@hgae
tortuosity plays an important role in the gas diffusion phenomena. Thehgas-
tortuosity is a measure of complexity of the mediamd it can be computed as (6):

_ YijUmag @.))
Tgas = i jluy D] [2]

whereung represents the magnitude of the fluid velocity through the porous medjum, u
corresponds to the velocity in the main flow direction, i.edjrgetion. The gaphase
tortuosity is a dimensionless value, and in poyous medium is expected to be always
bigger than unity. Taking into account the two mentioned properties, and based on the
study carried out by Mason et ), the ratio between effective diffusion coefficient and

the diffusion coefficient can be determined as:

Derr _ &
D Tgas [3]

Most of the GDL models estimate the right hait® of equation [3] by means of the
Bruggemanapproximation (8)i.e., &> However, in the currentvork the mentioned
approximation is not usedince all the porosity and gaghase tortuosity values are
computed for each GDL

The purpose of this study is to determine the impact of the land/channel region over
the diffusion parameters such as -ghsse tortuosity and the effective diffusion
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coefficient. The modeled GDLs are generated based on a realistic porous magerial us

FCs considering the layer and fiber thickness as a constant value. The fluid flow behavior
through the GDLs is obtained by the LBM, and the diffusion parameters are computed
for each &nd/channel ratio. The simulated GDLs as well as the fluid behavior are
computed in Matlab® R2015a, the complete code is developed by the authors. The rest of
the paper is divided as follow3he second sectiois mainly devoted to the applied
methodology, boundary conditions and GDL reconstruction. The third section presents
the resuk obtained and the proposed expressions for the diffusion parameters. Finally,
the conclusions are given.

M ethodology

The LBM has been applied to compute the fluid flow behavior through the GDLs.
Since this study is a threBmensional case, the D3Q19 scheme is implemented, i.e.,
there are nineteen linked velocities connecting the lattice neighlnotkis study one
section of the complete GDL is considessddepicted in Figure 2.

N
t
i
< a
X
7
a
e a - side
t - thickness
L-land
L C C - channel

Figure 2. Schematic of the modeled volume considered in the current. sthdycross
sectional area is given by,andt is the thickness of the layers. L and C are the wadith
the landand channel, respectivelyh& inlet velocity is initially established indirection
in the channel region.

The volume representirige GDLs is given by? timest, which are constant during
all the simulations. The inlet velocity through the chamagion is kept at low values,
considering that in GDLs the Reynolds number is expected to be lower tAaasp@ct
to the fiber diameterd). Each digitally generated GDL is subjected to the inlet flow only
in the channel region, such inlet velocity is established in ttieegtion. For the outlet
boundary condition (upper side of the volume in Figure e second derivative
approximation is considered. Finally, on the other four sides of the volume, periodic
boundary conditions are implemented. The digital re-construction of the GDLs is based
on Figure 3. It can be described as an array of fibers arranged in a random, renner
fibers are aligned ithe in-plane direction. In each simulation, one land/channel mstio
evaluated for thie corresponding comparison. The first simulation is given when the
land/channel ratio is not considered, and then the land/channel ratio is increased in steps
of 0.1 until to reach the unity.
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40 pmi

Figure 3. SEM image of a GDlusedfor gas diffusion media in FCThe arrange of the
fibers represents the patron considered for generating the GDLs in the current work.
Credits: Dr Tingshuai Li, UESTC, China.

Fber diameter, porosity and the length of the land and channel region are established
from the values found in the literaturd),( (5), (10) and (1)1 For simulation purposes,
the GDL fibers are considered infinitely long, i.e., limited only by the model domain.
Values for thecrosssectional area, layer thickness and porosity are given in Table |I.

TABLE |I. Characgristics of the modeled domain

Length Values
a 1600 um -
t 200 pm -
L/C - No presence, 0.1 to 1 in steps of 0.1
Porosity - 0.7416-0.7693

It is important to notice that the thickness of the GDLs in practical applications can
rangefrom dozens of micraneters up to around 400 um. However, the selected @L
thickness of this work corresponds toarerage valueThe fiberdiameter is considered
as a constant value for the whole domain.

Results and discussion

The first result obtained with the model is the porosity value.fibees are placed
randomly over the volume farmulaing the GDLs, and due tthe fact thathe digital
process determinethe number of fibers, whiclean be different at each array.h@&
porosity variesalong the thickness as presented in Figure 4. The porosity is computed
every 10 um along the flow direction, the figure shows the porosity values for one of the
samples.
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Figure4. Porosity values along the flow direction for one of the GDL samples.

For the given example in Figure 4, the average porosity of the complete domain is
0.7620. The average porosity, corresponding to the porafsthe whole domairfor all
GDLs is computed. fie mean and standard deviation for all the GDLscaleulatecto:
0.7555 +£0.0139. A measure of dispersion of the data relative to the mean is the
coefficient of variation, and it is defined as:

standard deviation
C, = [4]
mean value

Considering the porosity values obtained from the GDLs, it can be seen that the
dispersionof the computed porosityfrom the mean is not considerable since the
coefficient of variation is low, i.e., 1.83%. The averageporosity for all the GDL
samples ishown in Figure 5.

‘r._.,_._0_._.4._._4._._0_._2._.4_._._9_._4_._._

0.00 Il Il Il Il Il Il I Il I
1 2 3 4 5 6 7 8 9 10 11

GDL Sample
Figure 5. Computed porosity values for all the G®Used in this work. There is no
considerable dispersidn porosiy values GDL 1 corresponds to the GDL in which no
L/C region is considered, whereas that in GDL 6 the L/C ratio is 0.5. For GDthd 1,
L/C region is unity.

For GDL 1, i.e., the GDL sample in which no L/C region is considered, thghgase
tortuosity is 1.1431 with a porosity of 0.7496. Theseueslnay be compared with
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previous studies in which the tortuosipprosty relationship isproposed. Previous
proposed relationships, current computed porosity and gas-phase tortuosity and deviation
errorare presented in Table II.

TABLE Il. Conparison of gaghase tortuosity and porosity values of GDL 1 with previous prop
relationships

. . Computed Gas-phasetortuosity Computed Deviation error
Tortuosity-porosity . . gas-phase )
) . porosity calculated with . in gas-phase
relationship (Ref.) . . . tortuosity :
GDL 1 previous relationships GDL 1 tortuosity values
3—-¢
T= (12) 1.1252 +1.77%
T=2—-¢ (13) 1.2504 -8.42%
r=e2 (G 0.7476 1.1550 1.1431 -0.86%
r=g3 (14) 1.1008 +4.02%
t1=1-ILne (15) 1.2882 -11.1%

Thelast column of Table Il shows the deviation error between théogassity value
computedin the current work and the expecte@lues using previous proposed
relationshipsWith a maximum deviatiorof 12% a reasonablegreement of the gas
phase tortuosity computation was attained

The fluid behavior through the GDlvgas computed usindpe LBM. Figures6, 7 and
8 show the steady state solution of the fluid flow at three selguisitions along the
flow direction. As expected, the presenagbsence of the land/channel region influences
the fluid distribution The scalebar in the following figures representie normalized
velocity values for the corresponding lattice element involved in the calculations where
1.0 represents the highest velocity and 0.0 the lowest velocity.

- - - . B .

L/C interface, y=0 Midplane, y=t/2 CL interface, y=t
Figure6. Crosssectional view of the fluid distribution at three different positions when
the land/channel region is not considered. Lower velocities are represented by blue color
regions.
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" 0.0

L/C interface, y=0 Midplane, y=t/2 CL interface, y=t
Figure7. Crosssectonal view of the fluid distribution at three different positions when
the land/channel ratio is 0.5.

” 0.0
L/C interface, y=0 Midplane, y=t/2 CL interface, y=t

Figure8. Crosssectional view of the fluid distribution at three different positions when
the land/channel ratio is 1.

Observing the previous figures, it is clear the incidence oltBeregionover the
fluid distribution The impacis observable not only in the fluid distribution near the flow
plates(L/C interface) but it is also considerable near the electrol@k interfacd. The
effect of the L/C ratio @ the gasphase tortuosity and the diffusion coefficieist
estimatedby compuing these variables for different L/C ratiosGasphase tortuosity
values as a function of the L/C ratio is presenteligure 9.

1.65

1.45

1.25

105 1 1 1 1
0.0 0.2 0.4 0.6 0.8 1.0

L/C

Figure9. Gasphase tortuosity behavior relative to the land/charata. r
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According to the obtained values, if the land/channel region increases, thkeagas-
tortuosity increases. Fitting the values to a curve, the expression that relatesghasgas
tortuosity and the land/channel region is approximaged

Tgas = To + 0.4496 (g) 5]

where 7, represents the gashase tortuosity of the GDL whehe L/C region is not
considered, i.e., the gas-phase tortuosity of the GDL when the FC has not been assembled.
The fitting gives to gthe value of 1.13, and the goodness of thesuich as Rsquare is

0.909 that means that around 91 % of the gas-phase tortuosity values can be explained by
the proposed relationship.

According to Van Brakel and P. M. Heertj€st), the ratio between the effective
diffusion coefficient and the diffusion coefficient can be nauiffidsibility (Q), and a
simple approximation for @ the ratio between th@orosity andhe gasphase tortuosity.
Similar to the comparison presented in Table I, the diffusibility computed in the current
work is compared with previous studies. Table Ill presents several diffusfimlitsity
relationships, and the diffusibility computed in this study.

TABLE I11. Compaison of computed diffusibility of GDL 1 with previous proposed relationships.

Diffusibility
Diffusibility-por osity calculated with S]?fr:ggltﬁ? Deviation error in
relationship (Ref.) previous GDL 1 y Diffusibility values
relationships
Q= 32 ¢ (16, 17) 0.6638 -1.48%
— &
0=e (8,18 0.6464 +1.18%
0.6540
Q _ &
- 0,
. %Ln i (19) 0.6527 +0.21%
0=és (20) 06785 -361%

The last column of Table Ill shows the deviation error between the diffusibility value
computed in the current work and the expected values using previous proposed
relationships. With a deviation error ranging if%, a reasonable agreement of the
diffusibility computation was attained.he impact of the AC region oveQQ is presented

in Figure 10.
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Figure10. Diffusibility behavior relative to the land/channafio.

An expression that relates the diffusibiityd the L/Cratios is obtained by fitting the
computed values, andéxpressed as follows:

Q = Q,—0.1839 (%) [6]

where, according to the fitted curv@, is 0.6561.The R -square valudound in this
fitting is similar to the previous relationshignd therefore; the prediction of diffudiby
using equation [6] is reasonaldgcurate.

Thevariation from the fittedcurve observed in Figure 9 and Xcurbecause the
porous medirepresenting the GDLs uséol mimicking the fluid behavior ardifferent
Although all the GDL samplesare different, they are createtbllowing the same
algorithm generation, and therefore the porosity variations are not considerable as shown
in Figure 5.

It is important to notice that although the chanel region has been considered for
computing the gas-phase tortuosity and diffusibility, the compression of the GDL when
the assembly is effected has not been taken into account. If this scenario is considered,
the porosity will vary non-uniformly, i.e., the porosity change rate in the land region is
bigger than in the chanel region, and therefore; the gas-phase tortuosity and diffusibility
will have different behavior.

Conclusions

The impact over diffusion parameters suctlgasphase tortuosity and diffusibility
when the land/channel region is considered in GDL models has been estimated.
Characteristics such as porosity, layer thickness, and fiber thickness of the GDLs are
based orreal porous layers for FC3he fluid behavior through ten digitally generated
GDLs has been obtained using ttBM approachand relationshipg approximate the
gasphase tortuosity and diffusibility taken into consideration the L/C ratio has been
proposed.
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One of the key elements in a polymer electrolyte fuel cell (PEFC) is the gas diffusion layer
(GDL). The GDL offers mechanical support to the cell and provides the medium for diffusing
the reactant gases from the flow plates to the electrolyte enabling the electrochemical
reactions, and therefore the energy conversion. At the same time, it has the task of
transporting the electrons from the active sites, near to the electrolyte, towards the flow
plates.

Describing the fluid flow and mass transport phenomena through the GDLs is not an
easy task not only because of their complex geometries, but also because of these phe-
nomena occur at microscale levels. Most of the PEFC models at cell scale make assump-
tions about certain microscale transport parameters, assumptions that can make a model
less close to the reality. The purpose of this study is to analyze five different proposed
correlations to estimate the through-plane (TP) diffusibility of digitally created GDLs and
using lattice Boltzmann (LB) models. The correlations are ranked depending on their pre-
cision, accuracy and symmetry. The results show that the best estimation is given when
the porosity and gas-phase tortuosity are taken into account in the correlation.

© 2017 Hydrogen Energy Publications LLC. Published by Elsevier Ltd. All rights reserved.

Introduction

temperature, output power, applicability or electrolyte. The
last mentioned characteristic is the most commonly used
parameter to classify them.

Due to its clean nature and high efficiency, fuel cells (FCs)
appear among the most convenient devices to reduce the
emission of polluting gases to the environment. This device
converts the chemical energy present in the supplied fuel into
electrical and thermal energy by means of electrochemical
reactions that occur in the active site regions inside the de-
vice. There are different types of FCs which can be group-
ed according to different variables such as: operating

According to the Fuel Cell Technologies Market Report [1],
the polymer electrolyte fuel cell (PEFC) is the most widely
applied FC type around the world, especially because of its
applicability in the transportation market, mobile and sta-
tionary applications. Although the use of PEFC around the
world has been increasing during the last years, its presence
in comparison with other technologies is still small. This is
mainly because of the material and production cost of the

* Corresponding author. Department of Energy Sciences, Lund University, PO Box 118, 22100 Lund, Sweden.
E-mail addresses: Mayken.Espinoza_Andaluz@energy.lth.se, masespin@espol.edu.ec (M. Espinoza-Andaluz).
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PEFCs. A deep understanding of the complexity inside the
PEFCs will help to find suitable materials and better micro-
structural configurations which lead to a better performance
and cost reduction.

In brief, a PEFC consists of several layers, each one
providing different mechanical, electrical and thermal sup-
port to the system. The electrolyte is a polymer membrane
which allows only the passage of the positive ions resulting
from the oxidation of hydrogen (H,) molecules. This hydrogen
oxidation is carried out in the active sites on the anode side of
the FC. In a PEFC the hydrogen acts as a fuel, but before
reaching the active sites present in the boundary between the
catalyst layer (CL) and the electrolyte,; it has to flow through a
complex medium known as the gas diffusion layer (GDL). The
fluid and mass transport phenomena through the GDL are
concerns of the present study.

The morphological and complexity of GDLs make their
study a non-easy task from an experimental point of view,
especially because of the characteristic lengths involved. In
this sense, a computational study at microscale can give us
detailed information about the fluid and mass transport
through this complex geometry. Fig. 1 shows a SEM (scanning
electron microscopy) image of a GDL that is considered in this
study.

There are three main types of GDL, carbon-paper, carbon-
cloth and non-woven. Independently of the GDL type, this
layer provides mechanical support to the PEFCs and is
responsible for conduction of the free electrons from the
active sites to the current collector. At the same time, the GDL
plays an important role in the diffusion of the reactant gases
from the flow plates to the three phase boundaries (TPB).

Although there are plenty of models describing a single
channel or the whole PEFCs [2—5], most of these models rely
on assumptions regarding the microscale behavior of the fluid
and mass transfer through the layers. To obtain a detailed
description of the phenomena through digitally created GDLs,
the lattice Boltzmann method (LBM) is applied. LBM has been
widely used to mimic the fluid and mass transport phenom-
ena in different layers of PEFCs [6—8|. Froning et al. investi-
gated the effect of compressed GDLs over the permeability
and gas-phase tortuosity using the LBM [9]. A study of
microstructural parameters in GDLs was carried out using a

Fig. 1 — SEM image of a porous layer employed as GDL. This
GDL corresponds to the carbon paper type.

2D lattice Boltzmann (LB) fluid model [10], and Garcia-Sala-
berri et al. presented a detailed study about the effective
diffusivity in partially-saturated GDLs [11]. Chen and Jiang
applied the LBM to study the distribution of liquid—gas flow in
simulated GDLs [12], while Wu and Jiang reconstructed CL and
GDL to evaluate different parameters such as tortuosity and
pore-size distribution [13]. In addition, an analytical study to
determine the effective diffusivity of micro-porous layers has
been carried out by Andisheh-Tadbir et al. [14]. However, an
exhaustive comparative analysis of the ratio between the
effective diffusion coefficient and the bulk diffusion coeffi-
cient considering the computation of transport parameters at
microscale in GDLs has not been carried out yet.

This study aims, based on several stochastically created
GDLs, to analyze and compare different proposed correlations
to estimate the diffusibility from a microscale point of view.
The degree of over- and underestimation is determined for
each correlation, as well as their accuracy and precision to
predict the mentioned diffusion parameter. At the end, all the
correlations are ranked considering the accuracy, precision
and estimation. The code for generating the GDLs and solving
the fluid and mass transport have been completely developed
by the authors.

The rest of the paper is divided as follows: in the second
section, a review of the different diffusibility correlations is
given. The methodology applied, which involve GDL genera-
tion, model solution and parameters computed is presented in
Section “Methodology”. Results and discussions are detailed
in the fourth section. Finally, conclusions are presented in
Section “Conclusions”.

Diffusibility correlations

Due to the presence of solid obstacles which produce different
flow paths of the gases, the mass diffusion coefficient in the
free space (D) differs from the mass diffusion coefficient in
porous media (D¥). According to Hoogschagen [15], the ratio
between the two mentioned parameters can be defined as
diffusibility:

Deff
-5 ®
bulk

There have been several attempts to obtain a correlation
that allows to determine the effective diffusion coefficient as a
function of the bulk diffusion coefficient. From a modeling
point of view, the widely accepted correlation to scale the
effective and bulk diffusion coefficient is [16]:

off )
- @

Dpule  Tgas

where ¢ is the porosity of the medium and 74, is the gas-phase
tortuosity, both representing geometrical aspects of the
porous media. However, from a cell scale analysis, to deter-
mine the gas-phase tortuosity value is not an easy task, and
therefore; several correlations in which this variable is not
involved have been proposed.

One of the first studies is based on the electrical conductivity
of materials with a certain amount of non-conducting particles
presented by Bruggeman [17]. In the mentioned study, the
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sample consists of a group of particles classified as two different
phases randomly distributed in the medium. Making an analogy
between the electrical transport properties and mass transport
properties, the Bruggeman approximation is written as:

Def
Dyue

£15 ©)

Neale and Nader in their study [18], based on a geometrical
model in which the porous medium is formed by a bed of
impermeable spheres, proposed a rational function of the
porosity to estimate the diffusibility. Their prediction modelis
independent of the size distribution of the spheres and can be
applied to diffusion, electric conduction and fluid flow with
similar success. The mentioned correlation is expressed as
follows:
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In studies in which the diffusibility is analyzed [19,20], the
expression proposed by Das et al. [21] is also considered. Das
et al. based their work on the Hashin—Shtrikman model to
obtain a correlation to determine the diffusion parameters in
CLs and GDLs. For the last mentioned layer, the simplified
expression is expressed as:
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However, applying simple mathematical rules and evalu-
ating several porosity values into Eq. (5), the obtained diffu-
sibility values from this equation are equal to those obtained
from Eq. (4). Because of this issue, the relationship proposed
by Das et al. is not considered in the current study.

Considering the orientation of the fibers and porosity of the
porous domains, Tomadakis and Sotirchos [22] proposed a
way to determine the effective diffusion coefficient. They
calculated, in a computational study, the effective diffusion
coefficients of fibrous beds using the mean-square displace-
ment of random walkers. Based on the percolation theory, the
expression obtained is as follows:
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where ¢, is the percolation threshold, and a.is a parameter that
depends on the spatial simulation approach, i.e., 1D, 2D or 3D.
For the current study, the parameters for a 3D approach are
considered.

Taking as a base the correlation proposed by Tomadakis
and Sotirchos, Nam and Kaviany [23] proposed different values
for ¢, and o. They studied 3D fibrous diffusion media by using
network models for anisotropic solid structure, and based on
the percolation theory they obtained the required values in the
correlation, i.e., e, and o, to estimate the diffusibility. The
applicable values for Eq. (6), considering the digitally con-
structed GDLs in the current study are presented in Table 1.

Methodology

The methodology applied in the current study can be divided
into three main stages. The first one related to the porous media

Table 1 — Percolation threshold and empirical values to be

replaced in Eq. (6) according to different authors. Both
studies are based on the percolation theory.

Authors & o
Tomadakis and Sotirchos [22] 0.037 0.661
Nam and Kaviany [23] 0.110 0.785

generation which represents the GDLs. Once the porous media
are generated, the LBM is applied to obtain the fluid flow and
mass concentration through the GDLs. Finally, based on the
obtained results, the transport parameters can be computed.
Each of the stages is described in detail in the current section.

GDL generation

During the last years, there have been several attempts to
reconstruct and analyze the properties of carbon paper GDLs
as reported in Ref. [24]. From a microscopical point of view, a
GDL can be represented as an array of fibers randomly placed
in a 3D domain. To generate the solid/pore structure, Fig. 1 has
been considered as the reference. The digital generation of the
GDLs employed in the present work can be explained by
means of the following steps:

(a) For each layer, randomly determine the center axis of
the cylinders representing the fibers. The inclination of
the axis of the fibers is related to the cross-sectional
dimensions.

(b) Generate the 3D geometry around the center of the axis
determined in step (a).

(c) Stack the group of layers until the desirable GDL thick-
ness is reached.

The thickness of the modeled GDLs is established at 200 pm
as an approximation of the real values found from the man-
ufacture's data [25]. Based on the study presented by Inoue
etal. [26], the cross-sectional area of the domain is determined
as 200 x 200 um?. For all the generated GDLs, the simulation
domain is represented by 120 x 120 x 120 voxels.

Although the mentioned characteristics can give a good
reproducibility of structural properties, several assumptions
are considered in the GDL generation as follows:

Carbon fibers are considered infinitely long and only can be

cut by the box domain.

- Carbon fibers are considered as undeformable cylinders
with constant diameter.

- Fibers are not allowed to stay in the direction of the GDL
thickness, but are allowed to penetrate when they found
each other.

- Land channel region is not considered for both, compres-

sion effects or fluid distribution.

Considering the mentioned assumptions, a digital
approximation of the GDL employed during the current study
is presented in Fig. 2.

For all the modeled GDLs, the porosity was restricted to be
between 0.70 and 0.76 as found in real cases and also used in
previous studies [25,26]. As mentioned in the assumptions,
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Fig. 2 — Digital representation of the generated GDLs used
to compute the different transport parameters.

the fiber diameter is considered as constant based on [26,27],
and equal to 7.0 pm.

Lattice Boltzmann method

To solve the fluid behavior and the mass transport phenom-
ena through the modeled GDLs, the LBM is applied. The cen-
tral basis of the LBM is the lattice Boltzmann equation (LBE)
which is expressed as follows [28]:

Whalr,t)
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where f is the so-called particle distribution function (PDF),
which is a function of the position r and the time t. In LBM the
whole domain is divided into several lattice elements, and the
connections between the lattice elements are the linked ve-
locities entitled by c. To each discretized velocity is given a
certain weight depending on the model to be obtained, the
weight is assigned according to the linked lattice neighbor in
the a-direction.

The right hand side of Eq. (7) is a result of the so-called
Bhatnagar Gross & Krook (BGK) approximation [29], in which
the equilibrium particle distribution, f*9, should be defined
according to the transport phenomenon to be solved. The
relaxation parameter, 7y, is also related to the viscosity and
the mass diffusion parameter when the fluid flow and mass
transport LB model is applied. For more detailed information
about LBM, the readers are referred to [30].

Fluid flow LB model

The fluid flow behavior through the GDLs is recovered when
the equilibrium distribution function defined by Ref. [31] is
replaced in Eq. (7). Such an equilibrium distribution function is
expressed as:
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Here, p is the local density, w represents the weighting
factor, ¢, the lattice speed of sound and u is the velocity. Both,

u and p are updated every iterative step, and can be obtained
by the following expressions:

p=Yf ©
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The treatment of the boundary conditions represents
another important issue to be considered to obtain the fluid
flow solution. At inlet and outlet, pressure boundary condi-
tions are implemented according Zou and He [32]. In the other
four sides of the domain, i.e., parallel to the main flow direc-
tion, periodic boundary conditions are implemented [28]. At
the fluid—solid interface, the simple non-slip boundary con-
dition is employed. The first author's code for solving the fluid
flow LB model has been validated against benchmarked
problems and also in porous media applications related to FCs
[7,10,33]. During the simulation process, physical flow char-
acteristics to mimic the fluid behavior through GDLs were
considered. The Reynolds numbers related to the fiber diam-
eter are computed, and in the current simulations these are
smaller than 10* for each sample, which match with the ones
found in PEFCs [34,35].

Mass transport LB model

According to the Fick's Law, from a macroscopic point of view,
the mass concentration of gases, C, through the void space of
the GDLs can be described as:

V(DpurVC) =S (12)

where S is a source term, which due to the nature of the cur-
rent work is set as zero. The mass transport LB model requires
a modification of the equilibrium distribution function, and is
expressed as [36]:

951 = Cw,q [1 +
Cs

3 cllz u] (12)

Similar to the fluid flow LB models, boundary conditions
should be implemented. At the inlet and outlet, the mass
concentration is prescribed according to [37]. When the fluid
and solid are in contact, a simple bound-back boundary is
applied. On the other four sides of the domain, periodic
boundary conditions are imposed.

To validate the developed mass transport LB model, the
mass diffusion in a 3D square duct is simulated. The analytical
solution of Eq. (11), with no consideration of the source term
and due to symmetry in only one direction, is given by the
following linear function:

@y +Cin (13)

Here, Cy, and Cyy¢ are 1.0 and 0.1, respectively. The length of
the square duct is given by L, which will represent the thick-
ness of the GDLs. Fig. 3 shows a comparison between the mass
concentration profile obtained from our mass transport LB
model and the analytical solution, i.e., Eq. (13).

Results show a good agreement between the analytical and
LBM simulations. The deviation error falls in the range of —1.17%
and 0.52% with an absolute average deviation error of 0.33%.
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Fig. 3 — Comparison between the LBM simulation and the
analytical solution for the mass concentration distribution.

Computed transport parameters

The first parameter to be computed is the porosity. Once GDLs
are generated, giving the characteristics of the LBM, the whole
domain is divided into small lattices. Each lattice is assigned
zero or unity value to void space and solid material, respec-
tively. The porosity is determined by:

_V

&= Vr

(14)
which represents the ratio of the void space (V,), the volume of
the material that can be occupied by the fluid, to the total
volume (V7).

The second parameter considered in the current study is
the gas-phase tortuosity. The fluid behavior through the GDLs
is computed with the LBM, as a result the velocity field can be
obtained using Eq. (10). To determine the gas-phase tortuosity,
the following expression is employed [38]:

_ Systis (i)
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where upq, represents the magnitude of the velocity in each
position, and u, corresponds to the velocity in the main flow
direction.

Finally, based on the obtained results from the mass
transport LB model, the diffusibility of the GDLs is computed.
According to [11], the diffusibility can be determined as
follows:

(15)
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(16)

where j is the local diffusive flux which can be computed as
explained by Ref. [39], A is the cross-sectional area of the
analyzed GDL, L corresponds to the GDL thickness and 4C is
the concentration difference between the inlet and outlet.

It is important to notice that the gas-phase tortuosity and
diffusibility are directional dependent. In this study, only the
through-plane (TP) direction for both variables is considered
due to the importance of the fluid and mass behavior between
the flow plates and the electrolyte. From now on, when dif-
fusibility and gas-phase tortuosity are mentioned, it should be
noted that the through-plane direction is analyzed.

Results and discussions

The mentioned variables in the previous section are
computed once the steady state has been reached, i.e., when
the relative variation of the studied characteristic fall in a
range below 10~°. The diffusibility for all the digitally created
GDLs is computed by using Eq. (16), and these values are taken
as expected values to be compared with the other correlations
in which the porosity and gas-phase tortuosity are involved.

To obtain the gas-phase tortuosity, the fluid flow LB model
through the GDLs is applied. The velocity field is determined
and the gas-phase tortuosity is computed by using Eq. (15).
Fig. 4 shows the fluid behavior at three different positions in
the main flow direction. Regions with higher velocities are red
colored while regions with lower velocities are represented by
blue color. As expected, the velocity is zero in the regions
occupied by the fibers and high velocities are found in the pore
space material.

Following the fluid flow LB model, the mass transport LB
model is applied to the GDLs. The mass concentration in each
lattice element is computed and the diffusibility is determined
by using Eq. (16). Fig. 5 shows the mass concentration distri-
bution for three different positions in the gradient

y=L

X

Fig. 4 — Digital representation of fluid flow velocity through
amodeled GDL at three different positions in the main flow
direction (y-+).

1.0

Fig. 5 — Digital representation of the mass concentration in
the pore space through a modeled GDL at three different
positions in the gradient concentration direction (y+).
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concentration. In analogy to the previous description, higher
concentrations are given by red color regions and lower con-
centration are represented in blue color regions. At the fiber
positions, zero mass concentrations are found as expected.
Considering the computational nature of the current work
and the randomness induced due to the GDL generation, the
number of simulated GDLs should be limited to avoid waste of
computational resources. The required number of samples to
be implemented in this work is determined based on the cu-
mulative standard deviation (CSD) and standard error of the

< Individual sample —&— Cumulative mean

S S I I
i

1 3 5 7 9 11 13 15 17 19 21 23 25 27 29 31

Number of samples

Fig. 6 — TP diffusibility values computed for each GDL
sample. All the values fall in the range of 0.55 and 0.70.

mean (SEM), detailed information about these parameters is
given in the appendix.

The computed diffusibility for each sample, the diffusi-
bility cumulative mean, and the cumulative standard devia-
tion are presented in Fig. 6. Considering all the samples the
diffusibility of the GDLs is 0.6144 + 0.0377, while the obtained
porosity is 0.7368 + 0.0166. The computed GDL porosities agree
with those found in real ones and in previous studies [21,22].

To determine the most suitable correlation to estimate the
diffusibility, a comparison graph showing the computed dif-
fusibility and each estimation relationship, i.e., Egs. (2)—(4)
and Eq. (6), is presented in Fig. 7. In each graph the vertical
axis represents the values of the computed diffusibility, and
on the horizontal axis the value obtained with the correlation
is depicted. Additionally, a straight line is shown, the line of
equality, which allows to evaluate the overprediction or
underprediction of each relationship.

From a simple inspection of Fig. 7, the most suitable pre-
dictions are obtained in (a), (b) and (d). These are the rela-
tionship in which the porosity and gas-phase tortuosity are
involved, the Bruggeman relationship and the one proposed
by Tomadakis and Sotirchos, respectively.

Similarly, based on Fig. 7(f), it is easy to conclude that the
relationship proposed by Neale and Nader overpredicts the
diffusibility values for most of the samples, while the Nam and
Kaviany relationship underpredicts the mentioned parameter
for almost all of the GDL samples. In addition, although not so
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Fig. 7 — From (a)—(e): Comparison graph between the computed diffusibility values according to the mass transport LB model
(vertical axis) and the previous proposed relations in which only transport parameters such as porosity and gas-phase
tortuosity are involved (horizontal axis). (f) Under- and overestimation regions.
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clear, the obtained values with the Nam and Kaviany rela-
tionship are the most dispersed diffusibility values.

To evaluate in detail the relationships in the current work,
average, standard deviation and the degree of under/over-
estimation are determined. The corresponding values are
presented in Table 2.

The computed standard deviations help us to evaluate the
observations in Fig. 7. The most dispersed data are produced by
the Nam and Kaviany relationship, i.e., the standard deviation
of the diffusibility values computed with this relationship is
the greatest. On the other hand, the less disperse diffusibility
data are obtained when porosity and gas-phase tortuosity are
considered, i.e., Eq. (2). The data dispersion is one of the pa-
rameters to be considered in order to find the most suitable
relationship predicting the diffusibility. In measurements, the
dispersion of the data is often called precision.

To determine the accuracy of the proposed relationships,
the average of the diffusibility values obtained with the re-
lationships is compared with the average of the diffusibility
values obtained with Eq. (16). The most positive relative de-
viation error occurs when the Neale and Nader relationship is
used, i.e., +6.00%, while the less negative deviation error oc-
curs if the Nam and Kaviany relationship is used, i.e., —8.89%.

The last parameter to be considered to choose the best
predictive relationship is related to the percentage of over-
and underestimated values. An ideal relationship is consid-
ered to be one in which the number of overestimated diffu-
sibility and the number of underestimated diffusibility values
is the same, and it is named symmetry factor (SF). To deter-
mine SF, the following expression is used:

MAX]over, under]

SF=—— D 2
Total — MAX|over, under|

17)
where, over and under correspond to the number of over-
estimation and underestimation, respectively. The mentioned
values are determined for each relationship, and MAX is the
function to choose the maximum value of these. According to
this definition, the prediction is more symmetric when the SF is
closer to unity. The SF is obtained from the data of the analyzed
relationship, showing that the most symmetric is the one in
which the porosity and gas-phase tortuosity are involved, i.e.,
SF = 1.21. In the opposite extreme, the less symmetric relation-
shipis found by the proposed by Nam and Kaviany, i.e., SF = 30.0.

Considering the three mentioned characteristics, i.e., pre-
cision, accuracy and symmetry, the relationships can be
ranked to analyze a suitable option. Fig. 8 shows the ranking of

Table 2 — Average, standard deviation and percentage of

under- and overestimated TP diffusibility values
according to the previously proposed relationships.

Relationship Average Standard % of predicted data
deviation 50 Under-
Eq. (2) 0.6096 0.0180 452 54.8
Eq. (3) 0.6326 0.0214 67.7 32.3
Eq. (4) 0.6513 0.0195 77.4 226
Eq. (6)° 0.6017 0.0226 419 58.1
Eq. (6) 0.5598 0.0243 3.20 9.8

“See Table 1.
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Fig. 8 — A ranking of the relationships analyzed in the

current work considering the precision, accuracy and
symmetry.

the five relationships analyzed in the current study. In all the
parameters, the best ranked is the relationship in which the
porosity and gas-phase tortuosity are considered in the esti-
mation of the diffusibility.

Conclusions

A detailed analysis of five different correlations to estimate
the TP diffusibility has been carried out. The GDLs employed
in this study have been digitally created by using an in-house
code. Similarly, to obtain the fluid flow behavior and describe
the mass transport phenomena through the GDLs, the fluid
flow LB model and mass transport LB model were applied,
respectively. All the simulations are carried out for single-
phase flow, and therefore; no water content or water satura-
tion is considered.

It has been demonstrated that the most suitable correla-
tion to estimate the TP diffusibility in the GDLs is the one
considering both transport parameters, i.e., porosity and gas-
phase tortuosity. Its suitability is supported by three param-
eters: precision, accuracy and symmetry. If precision and
symmetry are the parameters considered, the proposed rela-
tionship by Tomadakis and Sotirchos is ranked second. The
correlation proposed by Neale and Nader ranks second if the
accuracy is the only parameter analyzed. Among the five
correlations analyzed in this work, the Bruggeman ranks in
third place for all the considered parameters.

It is important to notice that the influence of the micro-
porous layer (MPL) and the poly-tetrafluoroethylene (PTFE)
content have not been considered in the current study. This
will be analyzed in a further study taking into account that
these variables can affect the flow paths of the fluid through
the GDLs, and therefore influence the gas-phase tortuosity.
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Nomenclature

A

Cross-sectional area, Eq. (16)

1D, 2D, 3D One-, two-, three-dimensional

BGK Bhatnagar Gross & Krook

c Discretized velocity, Eq. (7)

C Concentration, Eq. (11)

CsD Cumulative standard deviation
CL Catalyst layer

D Mass diffusion coefficient, L2 T~*
f Particle distribution function, Eq. (7)
FC Fuel cell

g Particle distribution function, Eq. (12)
GDL Gas diffusion layer

i),k X-, y-, z-position, Eq. (15)

j Local diffusive flux, Eq. (16)

L Length, thickness, L, Eq. (13)

LB Lattice Boltzmann

LBM Lattice Boltzmann method

LLN Law of large number

m Unit length, international system
MAX Maximum value, Eq. (17)

MPL Microporous layer

Over Number of overestimated, Eq. (17)
PDF Particle distribution function
PEFC Polymer electrolyte fuel cell

PTFE poly-tetrafluoroethylene

Q Diffusibility, —

R Position vector, Eq. (7)

S Source term, Eq. (11)

SEM Scanning electron microscopy
SEM Standard error of the mean

SF Symmetry factor, Eq. (17)

T Time, Eq. (7)

TP Through-plane

TPB Three-phase boundary

u Velocity vector, M L%, Eq. (8)
under ~ Number of underestimated, Eq. (17)
\% Volume, L, Eq. (14)

w Weighting factor, Eq. (8)

Y Flow direction position, Eq. (13)
Chemicals

H, Hydrogen

Greek symbols

« Empirical value, Eq. (6)
4 Variable change, Eq. (16)
€ Porosity, —

» Density, M L3, Eq. (8)

T Tortuosity, —

T Relaxation parameter, Eq. (7)
i x107°

Subscripts

a Lattice directions, Eq. (7)
bulk Refer to bulk, Eq. (1)

9 Void space, Eq. (14)

gas Gas-phase

in Inlet, Eq. (13)

mag Magnitude, Eq. (15)
out Oulet, Eq. (13)

p Percolation threshold, Eq. (6)
R Relaxation parameter, Eq. (7)
H Sound, Eq. (8)

T Total, Eq. (14)

y Main flow direction, Eq. (15)

Superscripts
Eff Refer to effective, Eq. (1)
eq equilibrium, Eq. (7)

Appendix. Determination of the number of
samples

To determine the number of times that the model should be
run, i.e., the number of GDL samples required in the study, an
analysis of the cumulative standard deviation (CSD) and the
standard error of the mean (SEM) was performed based on
[40]. As observed in Fig. 9, the CSD seems to stabilize around
the sample numbers 7 to 13. However, there is still a small
variation around 0.040. Considering this variation, the runs
continued until the value of the CSD was smaller than 0.040
for 5 consecutive samples.

Considering the CSD and the computed average, the coef-
ficient of variation (CV) is determined. For all the samples, CV
in percentage is equal to 6.14%, which is an acceptable value in
engineering applications. The average and standard deviation
of the diffusibility for all the samples is 0.6144 + 0.0377. Based
on the SEM obtained for all the samples, i.e., 0.0069, there is a
probability that the true population mean falls between 0.60
and 0.63 with a 95% of confidence. This can be corroborated in
Ref. [41]. Additionally, the change in the cumulative mean was
analyzed as presented in Fig. 10. The trend is that the change
in the cumulative mean decreases as the number of samples
increases, which is compatible with the law of large numbers
(LLN) in experiments.

The continuous line shows a curve approximation of the
behavior of the change in the cumulative mean of each sam-
ple. The function can be expressed as follows:

f(n) = 0009717008375 ”

—es— Cumulative standard deviation —©— Standard error of the mean
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Number of samples

Fig. 9 — Behavior of the CSD and the SEM of the TP
diffusibility from the computed GDL samples.

Please cite this article in press as: Espinoza-Andaluz M, et al., Comparing through-plane diffusibility correlations in PEFC gas diffusion
layers using the lattice Boltzmann method, International Journal of Hydrogen Energy (2017), http://dx.doi.org/10.1016/
j.ijhydene.2017.02.096



http://dx.doi.org/10.1016/j.ijhydene.2017.02.096
http://dx.doi.org/10.1016/j.ijhydene.2017.02.096

INTERNATIONAL JOURNAL OF HYDROG

EN ENERGY XXX (2017) I—10 9

Fig.

0.016

0.012

0.008

Change in cumulative mean

0.000

9 11 13 15 17 19 21 23 25 27 29 31
Number of samples

10 — The evaluation of the cumulative mean shows a

decreasing trend as the number of samples increases.

where n is the number of samples. As expected, whenn — oo,
the change in the cumulative mean approaches zero.
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