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Effective Transport Properties

Pablo A. García-Salaberri

Abstract Porous media are an integral part of electrochemical energy conversion1

and storage devices, including fuel cells, electrolyzers, redox flow batteries and2

lithium-ion batteries, among others. The calculation of effective transport properties3

is required for designing more efficient components and for closing the formulation4

ofmacroscopic continuummodels at the cell/stack level. In this chapter, OpenFOAM5

is used to determine the effective transport properties of virtually-generated fibrous6

gas diffusion layers. The analysis focuses on effective properties that rely on the fluid7

phase, diffusivity and permeability, which are determined by solving Laplace and8

Navier-Stokes equations at the pore scale, respectively. The model implementation9

(geometry generation, meshing, solver settings and postprocessing) is described,10

accompanied by a discussion of the main results. The dependence of orthotropic11

effective transport properties on porosity is examined and compared to traditional12

correlations presented in the literature.13

1 Introduction14

Macroscopic continuum models are based on a volume-averaged formulation of15

mass, momentum, species, charge and energy conservation equations (Weber et al.16

2014; Wang 2004; Goshtasbi et al. 2019; García-Salaberri et al. 2017). The model is17

closed through appropriate constitutive relationships that define the various effective18

properties of the cell components (García-Salaberri et al. 2018). Effective trans-19

port properties include the absolute permeability used in Darcy’s law, the tortuosity20

factor used to correct Fick’s law of diffusion, or the effective electrical and thermal21
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2 P. A. García-Salaberri

conductivities used in Ohm’s and Fourier’s laws. However, these effective proper-22

ties are challenging to determine in practice due to the thin nature of the porous23

components used in electrochemical devices (thickness ∼ 10 − 1000 μm), such as24

gas diffusion layers and catalyst layers in fuel cells and active electrodes in batter-25

ies (García-Salaberri et al. 2015a, b; Kashkooli et al. 2016; Liu et al. 2019). These26

porous media must fulfill several critical functions, such as providing a transport27

pathway for reactants/products through their pore volume and ensuring charge and28

heat conduction through their solid structure. Catalyst layers and active electrodes29

have the added functionality of providing a reactive surface area. Therefore, as a30

complement to experimentation, numerical simulation at the pore scale has become31

increasingly common. Pore-scale simulations in porous media provide direct insight32

into the impact of the microstructure on transport processes, allowing one to deter-33

mine effective transport properties and explore specific transport phenomena (see,34

e.g., García-Salaberri et al. 2019; Hack et al. 2020; Sabharwal et al. 2016; Zhang et al.35

2020; Gostick et al. 2007; Gostick 2013; Tranter et al. 2018; Belgacem et al. 2017;36

Aghighi and Gostick 2017). A thorough understanding of the mass, charge and heat37

transport properties of porous components is crucial for achieving improved perfor-38

mance and durability.39

Two main pore-scale modeling approaches are widely employed: pore-network40

modeling (PNM) and direct numerical simulation (DNS) (Arvay et al. 2012). PNMs41

idealize the pore space as a network of pore bodies interconnected by throats, whose42

size and connectivity are determined from the microstructure of the porous media43

(Gostick et al. 2007; García-Salaberri 2021). Some authors have also presented dual44

networks that include both the solid phase and the standard fluid phase (Aghighi45

and Gostick 2017). Different transport processes can be simulated on the net-46

works, including capillary transport, convection, diffusion or heat conduction. In con-47

trast, DNS solves the transport equations (e.g., Laplace or Navier-Stokes equations)48

in computational meshes generated on tomography images or virtually-generated49

microstructures of porous media. Numerical methods used to solve conservation50

equations at the pore scale include the lattice Boltzmann method (LBM) or more51

conventional techniques such as the finite-element (FEM) or finite-volume (FVM)52

methods. Unlike the LBM, higher convergence rates are achieved with the FEM or53

FVM using steady-state solvers, although the time invested in the mesh generation54

step can represent a significant portion of the overall simulation (García-Salaberri55

et al. 2015a, b; Liu et al. 2019; Sabharwal et al. 2016). DNS only requires the input56

of the bulk properties of the constituents of the material (e.g., the bulk diffusion coef-57

ficient for effective diffusivity or the kinematic viscosity for absolute permeability),58

providing direct insight into the impact of microstructure on transport. Hence, the59

information that can be potentially extracted from DNS is higher, but the computa-60

tional cost is significantly higher compared to PNM.61

Previousworks that usedOpenFOAMto simulate pore-scale transport phenomena62

in porous components of electrochemical energy conversion and storage devices63

are reviewed below. The literature survey includes works focused both on polymer64

electrolyte fuel cells (PEFCs) and solid oxide fuel cells (SOFCs).65
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Effective Transport Properties 3

In terms of PEFCs, James et al. (2012) examined the effect of inhomogeneous66

assembly compression on the effective electrical/thermal conductivity and diffusivity67

in a commercialGDL (SGLSIGRACET30BA). Themicrostructurewas extracted by68

means of X-ray computed tomography, then triangulated using the marching-cubes69

algorithm, andfinally converted into a volumetricmesh for simulation. The numerical70

results showed that assembly compression significantly affects the effective transport71

properties between the under-the-land and under-the-channel regions. In addition, a72

notable decrease of the effective gas diffusivity was found compared to that predicted73

by widely used correlations, such as Bruggeman correlation (Bruggeman 1935) and74

the random fibre model of Tomadakis and Sotirchos (1993). Pharoah et al. (2011)75

analyzed the effective electrical/ionic conductivity and gas diffusivity of catalyst76

layers as a function of the volume fraction of carbon-Pt, ionomer and fluid phases.77

The microstructure was virtually-generated using spherical particles. It was found78

that Knudsen numbers in the pore space varied between the transition regime and79

Knudsen regime, with higher pore radius leading to lower Knudsen number. In a80

subsequent work, Khakaz-Babol et al. (2012) studied the coupling of transport and81

electrochemical kinetics on microstructural representations of catalyst layers that82

were generated using a similar algorithm to that of Pharoah et al. (2011). Different83

Pt loadings were created by randomly exchanging Pt particles by carbon particles,84

so that the base geometries were identical for each Pt loading. The results showed85

that both the transport of protons and oxygen significantly affect performance, with86

increased local losses in the ionomer at reduced Pt loadings.87

Regarding SOFCs, Choi et al. (2009) analyzed the effective electrical and ionic88

conductivity and gas diffusivity (including Knudsen diffusion) of the anode and89

cathode electrodes. The microstructures were made of randomly distributed and90

overlapping spheres with particle size distributions that matched those of ceramic91

powders. The numerical results were compared against experimental data and the-92

oretical correlations. Gunda et al. (2011) examined the effective transport prop-93

erties (electrical conductivity and gas diffusivity) of ceramic lanthanum strontium94

manganite (LSM) electrodes, whose microstructure was acquired using dual-beam95

focused ion beam-scanning electron microscopy (FIB-SEM). The sensitivity of dif-96

ferent image processing steps (threshold value, median filter radius, morphological97

operators, surface triangulation, etc.) was examined. In addition, the work showed98

that the effective transport properties calculated by FIB-SEM reconstruction were99

more anisotropic than those calculated by numerical reconstruction. Next, Choi et100

al (2011) presented a numerical framework for the computation of effective trans-101

port properties of SOFC porous electrodes from three-dimensional reconstructions102

of the microstructure based on measured parameters, such as porosity and particle103

size distribution. Three different types of grids were considered: cartesian, octree,104

and body-fitted/cut-cell with successive levels of surface refinement. OpenFOAM105

was used to compute the effective transport properties in the three phases of the106

electrode (pore, electron and ion). The model, validated with results from random107

walk simulations, was used to investigate microstructures with monosized particle108

distributions, as well as polydisperse particle size distributions similar to those found109

in SOFC electrodes. Bertei et al. (2014) presented a modeling framework, based on110
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4 P. A. García-Salaberri

random sequential-addition packing algorithms, for the particle-based reconstruction111

of SOFC infiltrated electrodes. Key parameters, such as the connected triple-phase112

boundary length, effective electrical conductivity and effective diffusivity, were eval-113

uated on the reconstructed electrodes by using geometric analysis, FVMand random-114

walk methods. A parametric study showed that the critical loading (i.e., the perco-115

lation threshold) increases as the backbone porosity decreases and the nanoparticle116

diameter increases. Large triple-phase boundary length, specific surface area and117

good effective conductivity can be reached by infiltration, without detrimental effect118

on effective transport properties of the fluid phase.119

In this chapter, the reader is introduced to DNS in porous media using Open-120

FOAM. Diffusion and convection are simulated in virtually-generated GDLs formed121

by a 2D arrangement of randomly-oriented fibres. The organization of the chapter122

is as follows. In Sect. 2, the physical model is presented, including the govern-123

ing equations, boundary conditions and calculation of effective transport properties,124

namely, effective diffusivity and permeability. In Sect. 3, the model implementation125

is described with a focus on geometry generation, meshing, solution procedure and126

post-processing. In Sect. 4, the results are discussed, including the effect of porosity127

on the computed orthotropic transport properties and a comparison with traditional128

correlations.129

2 Physical Model130

Diffusion and convection in the fluid phase of fibrous GDLs are examined. The gov-131

erning equations and the methodology used to determine the corresponding effective132

transport properties, effective diffusivity and absolute permeability, are presented133

below.134

135

Effective Transport Properties of Solid Phase

Effective properties that rely on the solid phase (e.g., electrical conductivity)
can be determined using a similar procedure to that presented in this chapter,
but changing the phase of interest.

136

2.1 Diffusion: Effective Diffusivity137

Species molar concentration C is determined from Laplace’s equation138

∇ · (−D∇C) = 0 (1)139
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Effective Transport Properties 5

C in or p̃in

Cout or p̃out

Wall

x

y

z

SAMPLE < j > or < u >

Fig. 1 Schematic of the computational domain and boundary conditions used to determine effective
transport properties in the in-plane direction (x-direction). Similar boundary conditions are applied
to compute effective transport properties in other directions. Effective diffusivity and permeability
are determined from the computed average diffusive flux and velocity in the direction of interest,
respectively

where D is the bulk diffusivity. This equation is subject to Dirichlet boundary condi-140

tions (C = C in and C = Cout) on the external faces of the domain perpendicular to141

the direction of interest i (i = x, y or z) to create a concentration gradient. C in and142

Cout are the inlet and outlet concentrations, respectively. A no-flux boundary condi-143

tion (∂C/∂n = 0) is set on the remaining faces of the domain and internal fluid-solid144

interfaces. A schematic representation of the external boundary conditions is shown145

in Fig. 1.146

According to Fick’s first law, the effective diffusivity of an anisotropic porous147

medium is given by a second-order tensor, whose diagonal and non-diagonal com-148

ponents can be determined by changing the direction of interest in the calculations149

〈 j〉 = − ¯̄Deff∇C; ¯̄Deff =
⎛
⎝

Deff
xx Deff

xy Deff
xz

Deff
yx Deff

yy Deff
yz

Deff
zx Deff

zy Deff
zz

⎞
⎠ (2)150

where the symbol 〈∗〉 denotes volume-average quantities. In this case, the average151

diffusive flux.152

Since the flux vanishes in the solid region (s) of the porous medium, i.e., js = 0,153

the diagonal components of the normalized effective diffusivity tensor (e.g., the zz-154

component) are given by155

Deff
i i

D
=

1
Vt

∫
Vt

ji dV
D�C

Li

=
V f

Vt

[
1

V f

∫
V f

ji dV
]

D�C
Li

= ε
〈 ji, f 〉
D�C

Li

(3)156

where Vt and V f are the total and fluid (f) volume of the porousmedium, respectively,157

Li is the length of the domain in the direction of interest i , ε = V f /Vt is the porosity,158

and ji = −D∂i C is the diffusive flux in i-direction. Non-diagonal components were159
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6 P. A. García-Salaberri

not determined since they are typically small in the fibrous materials examined (see160

the note below).161

�! Non-Diagonal Components

The full effective diffusivity tensor ¯̄Deff can be determined from three simula-
tions (1,2,3) of diffusive flux fields

(
j1x , j1y , j1z

)
,
(

j2x , j2y , j2z
)
and

(
j3x , j3y , j3z

)
,

corresponding to imposed concentration gradients in the x-, y- and z-
directions, ∇C1

x , ∇C2
y and ∇C3

z , respectively.
Using Fick’s first law, the components of the tensor are obtained by solving
the following system of equations

−
⎛
⎝

Deff
xx Deff

xy Deff
xz

Deff
yx Deff

yy Deff
yz

Deff
zx Deff

zy Deff
zz

⎞
⎠

⎛
⎝

∇C1
x ∇C2

x ∇C3
x

∇C1
y ∇C2

y ∇C3
y

∇C1
z ∇C2

z ∇C3
z

⎞
⎠ =

⎛
⎝

〈 j1x 〉 〈 j2x 〉 〈 j3x 〉
〈 j1y 〉 〈 j2y 〉 〈 j3y 〉
〈 j1z 〉 〈 j2z 〉 〈 j3z 〉

⎞
⎠ (4)

where ∇C2
x , ∇C3

x , ∇C1
y , ∇C3

y , ∇C1
z and ∇C2

z are the average concentration
gradients computed in the transverse directions.
Although in the simulations we prescribe a local no-flux boundary condition
at the sidewalls of the domain, the average concentration gradients and aver-
age diffusive fluxes in the transverse directions are in general different from
zero. Similar considerations apply for the permeability tensor Guibert et al.
(2016).

162

2.2 Convection: Permeability163

Convection ismodeled through the steady-statemass conservation andNavier-Stokes164

equations for an incompressible Newtonian fluid165

∇ · u = 0

∇ · (uu) = −∇ p̃ + ∇ · (ν (∇u + ∇uᵀ))
(5)166

where u is the velocity vector, ν is the kinematic viscosity, p is the static pressure and167

p̃ = p/ρ, with ρ the density. Similar to diffusion, Dirichlet boundary conditions are168

prescribed for pressure on the external faces of the domain in the direction of interest169

i , p̃ = p̃in and p̃ = p̃out. An impermeable no-slip boundary condition (u = 0) is set170

on the remaining faces of the domain and interior fluid-solid interfaces of the porous171

medium.172
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Effective Transport Properties 7

According to Darcy’s law,173

〈u〉 = − K
ν

∇ p̃; K =
⎛
⎝

Kxx Kxy Kxz

Kyx Kyy Kyz

Kzx Kzy Kzz

⎞
⎠ , (6)174

the diagonal components of the permeability tensor, Kii , are determined as175

Kii =
ν

[
1
Vt

∫
Vt

ui dV
]

� p̃
Li

=
ν

V f

Vt

[
1

V f

∫
V f

ui dV
]

� p̃
Li

= ενLi
〈ui | f 〉
� p̃

(7)176

where � p̃ = p̃in − p̃out is the prescribed ‘pressure’ difference and ui is the177

i-component of the velocity vector.178

Calculations of absolute permeability were performed in physical units, consid-179

ering � p̃ = 1 m2/s2 ( p̃in = 1 m2/s2, p̃out = 0), while ν was adjusted to ensure that180

the flow was in the creeping regime, i.e.,181

Re = 〈‖u‖〉d f

ν
≈ 〈ui 〉d f

ν
	 1 (8)182

where 〈‖u‖〉 is the average modulus of the velocity and d f is the diameter of the183

mono-sized fibres. Using these values, the permeability is given by184

Ki,i = ενLi 〈ui, f 〉 (9)185

where 〈ui, f 〉 is the volume-average velocity in i-direction within the fluid phase186

computed in the simulations.187

188

Darcy’s Law

Darcy’s law can be verified by varying � p̃, while keeping the value of ν

constant. The linear relationship between � p̃/Li and Re shows that inertia
is not important and the flow is indeed in the creeping regime, Re 	 1.

189

3 Model Implementation190

The main steps followed for the calculation of the effective transport properties191

are presented in this section, including the geometry generation, meshing routine,192

solver selection and post-processing. An example of the bash script used to run193

the simulations of effective diffusivity (and permeability) is presented below. The194

number of processors in the parallel execution is given as an argument to the script.195

Before running the script, the user must generate the triangulated geometry of the196
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8 P. A. García-Salaberri

porous medium (facets.stl) using the gdl.cpp code. In addition to the solution fields,197

the output results include the average diffusive fluxes (or velocity component) in198

each direction, which are saved periodically (as indicated in controlDict) and in199

the last iteration. The computed values are written into the postProcessing folder.200

The average quantities corresponding to the last iteration are used to determine the201

effective properties through Eqs. (3) and (9), since the dimensions of the domain,202

porosity and bulk properties are known in advance.203

Listing 3.1 Main script used to run simulations starting from the geometry file facets.stl.
#Argument: number of processors (equal to the number of204

subdomains in decomposeParDict)205

206

#Clean folders207

foamListTimes -rm208

rm -r ./postProcessing209

rm -r ./processor*210

211

#########212

#MESHING213

#########214

215

#Run blockMesh216

blockMesh > log217

218

#Copy files219

cp facets.stl ./constant/triSurface220

221

#Run snappyHexMesh222

decomposePar >> log223

mpirun -np $1 snappyHexMesh -overwrite -parallel >> log224

225

#Set initial fields226

ls -d processor* | xargs -I {} rm -rf ./{}/0227

ls -d processor* | xargs -I {} cp -r 0.orig ./{}/0228

229

#Scale mesh to meters [m]230

mpirun -np $1 transformPoints -scale "(0.001 0.001 0.001)" -231

parallel >> log232

233

#Renumber mesh234

mpirun -np $1 renumberMesh -overwrite -parallel >> log235

236

#Check final mesh237

mpirun -np $1 checkMesh -parallel >> log238

239

############240

#RUN SOLVER241

############242

243
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Effective Transport Properties 9

(diffusion) mpirun -np $1 laplacianFoam -parallel -244

noFunctionObjects >> log245

(convection) mpirun -np $1 simpleFoam -parallel -246

noFunctionObjects >> log247

248

################249

#POSTPROCESSING250

################251

252

#Create cell region253

mpirun -np $1 topoSet -parallel >> log254

255

#Calculate average fluxes/velocities256

(diffusion) mpirun -np $1 postProcess -fields "(T gradTx gradTy257

gradTz)" -parallel >> log258

(convection) mpirun -np $1 postProcess -fields "(U p)" -259

parallel >> log260

261

Managing Computational Simulations

Since the meshing step is time consuming, it is recommended to use the
decomposed mesh for calculations in other directions. The boundary condi-
tions (i.e., the direction of the imposed gradient) must be changed as desired
in the 0.orig folder.

262

3.1 Geometry263

Themicrostructure of the porousmedia can be obtained from (1) tomography images264

(García-Salaberri et al. 2015a, b, 2018, 2019) or can be (2) virtually generated using265

numerical algorithms (Choi et al. 2009; Choi et al 2011; Bertei et al. 2014). Volume-266

averaged quantities (e.g., composition fraction) and statistical descriptors (e.g., pore267

size distribution, n-point correlation functions, lineal path function, and chord length268

function) canbeused as objective variables (Pant et al. 2014).Usually, thefirstmethod269

provides a higher degree of fidelity to reality, even though sometimes it is difficult to270

determine the constituents present in the images. An example is the differentiation of271

carbon fibres/binder and polytetrafluoroethylene (PTFE) inGDLs due to their similar272

X-ray absorption properties García-Salaberri et al. (2018). In contrast, the virtual273

generation of materials allows one to overcome this issue, although the creation of274

realistic microstructures can be challenging in some circumstances. An example is275

the complex multi-component, multi-scale geometry of catalyst layers. Here, fibrous276

materials with a 2D arrangement of randomly-oriented fibres similar to carbon-paper277

GDLs were used as an illustrative example.278
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For a specified number of cylindrical fibres, N f , of diameter d f = 10 μm, the279

steps followed for the generation of the material microstructure in a box of size280

[0 − Sx , 0 − Sy , 0 − Sz] (Sx = Sy = 1.5 mm, Sz = 0.25 mm), are as follows:281

1. The 3D coordinates, P1 and P2, of the axial endpoints of the cylindrical fibres282

are generated randomly inside the box of material. The same z-coordinate is pre-283

scribed for the endpoints of each fibre (P1,z = P2,z) to achieve a 2D arrangement.284

2. The x and y coordinates of the axial endpoints are translated−0.25mm, so there is285

some extra material around the cropped domain of size [0 − Lx , 0 − L y , 0 − Lz]286

that is used in the simulations (Lx = L y = 1 mm, Lz = 0.25 mm). This removes287

edge effects.288

3. Once the position of all the axial endpoints is fixed, the lateral surface of the cylin-289

drical fibres is triangulated using a spacing in the axial and azimuthal directions,290

�x = (P2 − P1)/10 and �φ = 2π/20, respectively. The unit normal vectors291

perpendicular to each triangle are also determined.292

4. The vertices and normals of the triangles that define the lateral surface of the293

cylindrical fibres are written into an STL file (facets.stl).294

5. The endcaps of the cylindrical fibres are triangulated using a spacing in the295

azimuthal direction equal to that used for the lateral surface (�φ = 2π/20).296

6. The vertices and normals of the triangles that define the endcaps are added to the297

facets.stl file (Fig. 2).AQ1298

299

Fibre Intersections

Fibre intersection is not explicitly taken into account in the generation of the
geometry. However, when the fluid region is selected in the meshing step
with snappyHexMesh, the mesh is adapted to the external fibres surface and
the intersections among them. The solid regions inside the fibres and their
intersections are removed, since they are unreachable from the fluid region.

300

3.2 Meshing301

The meshing utility snappyHexMesh is used to mesh the pore space enclosed within302

the external surfaces of the domain and the complex geometry of the cylindrical303

fibres. A background mesh composed of cubes is first created with blockMesh. Then,304

the resultingmesh is refined with snappyHexMesh using the facets.stl file as an input.305

Castellatedmeshes were considered here, suppressing the surface snapping and layer306

addition steps. The resulting meshes had around 5.5 millions of cells depending on307

the number of fibres N f in the sample (i.e., the porosity). The maximum number308

of cells is achieved for intermediate porosities around ε ≈ 0.6. An example of the309

generated meshes is shown in Fig. 3, including a close-up view of the refined mesh310

close to the fibres surface. The level of refinement used in snappyHexMesh was set311

equal to (2 4).312
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Effective Transport Properties 11

Fig. 2 Geometry composed of cylindrical fibres of 10 µm in diameter with random orientations in
the material plane (x-y plane) used to mimic the microstructure of binder-free carbon-paper GDLs.
The close-up view shows the triangulated geometry

313

Practical Advice

Guidelines that should be taken into account during the meshing step are as
follows:

1. Introduce a small gap slightly higher than the fibre radius near the bound-
ary faces in the z-direction, so that the axial endpoints of the fibres do not
touch the boundary faces. This facilitates the selection of a point inside
the fluid region during the meshing step.

2. Set the size of the cubic cells in the background mesh similar to the
fibre diameter (d f = 10 μm). This size ensures that the geometry of the
fibres is properly captured during the refinement of the mesh with snap-
pyHexMesh. No significant differences were found in the results using
background cells of 5 μm in size.

314

3.3 Solver and Postprocessing315

Laplace and Navier-Stokes equations used to simulate diffusion and convection are316

solved in OpenFOAMwith the steady-state solvers laplacianFoam and simpleFoam,317

respectively. A laminar simulationType with a Newtonian transportModel is set in318

simpleFoam. The remaining solver settings can be kept similar to those commonly319

used in OpenFOAM.320

For post-processing, the topoSet utility is used to create a cell zone that includes321

the entire computational domain (i.e., the fluid region of the porousmedia). Then, the322
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12 P. A. García-Salaberri

Fig. 3 Castellated mesh generated with snappyHexMesh using a background mesh with cubic cells
of 10μm in size (equal to the fibre diameter, d f ). The close-up view shows the refined mesh around
the fibres surface

average diffusive flux (or velocity component) in each direction is calculated using323

the postProcess utility, defining the function objects in controlDict. The volAverage324

operation is used for volume averaging.AQ2325

326

327

Calculation of Effective Transport Properties

The pre-factors multiplying the average diffusive flux (or velocity compo-
nent) in Eqs. (3) and (9) (such as the length Li or the porosity ε) can be
included as a scale factor in the function objects implemented in control-
Dict. The porosity can be easily determined by dividing the volume of the
fluid region (provided by the postProcess utility) by the total volume of the
domain (which is known in advance). Alternatively, the pre-factors can be
introduced when the results are plotted, for example, using Python.

328

4 Results329

In this section, the computed results for the effective diffusivity and permeability330

are discussed. The results in both the through- and in-plane directions are presented331

given the anisotropy of the generated carbon-paper GDLs. One representative direc-332

tion (x-direction) is analyzed in the material plane (x-y plane). Figures 4 and 5 show333

some illustrative examples of the concentration distributions corresponding to effec-334

tive diffusivity calculations for two different porosities (i.e., number of fibres). The335

pressure distributions and streamlines corresponding to permeability calculations336

are shown in Figs. 6 and 7. The porosities lie within the range typically observed337
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Effective Transport Properties 13

Fig. 4 Concentration fields,C(x, y, z), corresponding to calculations of the through-plane effective
diffusivity for two different porosities, ε (number of fibres, N f ): (left) ε = 0.8 (N f = 1500), (right)
ε = 0.6 (N f = 3500)

Fig. 5 Concentration fields, C(x, y, z), corresponding to calculations of the in-plane effective
diffusivity for two different porosities, ε (number of fibres, N f ): (left) ε = 0.8 (N f = 1500), (right)
ε = 0.6 (N f = 3500)

for uncompressed (ε = 0.8) and mid-compressed (ε = 0.8) GDLs. Higher transport338

properties are found in the in-plane direction due to the 2D arrangement of carbon339

fibres, which creates larger pores in the material plane and facilitates transport in this340

direction.341

A decrease of the overall diffusive flux across the material (at the same concen-342

tration gradient) appears due to the decrease of the porosity and the increase of the343

tortuosity of transport pathways. The increment of tortuosity with porosity leads344

to non-linearities in the dependence between the normalized effective diffusivity,345

Deff/D, and the porosity, ε, as established by the relationship García-Salaberri et al.346

(2015b):347

Deff

D
= ε

τ
(10)348

480148_1_En_3_Chapter � TYPESET DISK LE � CP Disp.:9/12/2021 Pages: xxx Layout: T1-Standard

A
ut

ho
r 

Pr
oo

f

PabloLaptop
Tachado

PabloLaptop
Texto insertado
0.6

PabloLaptop
Tachado

PabloLaptop
Texto insertado
replace the "equal" symbol by "approximately equal" symbol

PabloLaptop
Tachado

PabloLaptop
Texto insertado
replace "equal" symbol by "approximately equal" symbol

PabloLaptop
Tachado

PabloLaptop
Texto insertado
given

PabloLaptop
Tachado

PabloLaptop
Texto insertado
The

PabloLaptop
Tachado

PabloLaptop
Texto insertado
decreases with

PabloLaptop
Tachado

PabloLaptop
Texto insertado
decreasing

PabloLaptop
Tachado

PabloLaptop
Texto insertado
increasing

PabloLaptop
Tachado

PabloLaptop
Texto insertado
. See caption to Fig. 4 for further details

PabloLaptop
Tachado

PabloLaptop
Texto insertado
(and pores), which facilitates transport in this direction.



U
N

C
O

R
R

E
C

T
E

D
 P

R
O

O
F

14 P. A. García-Salaberri

Fig. 6 Pressure fields, p̃(x, y, z), and streamlines (colored by pressure level) corresponding to
calculations of the through-plane absolute permeability for two different porosities, ε (number of
fibres, N f ): (left) ε = 0.8 (N f = 1500), (right) ε = 0.6 (N f = 3500)

Fig. 7 Pressure fields, p̃(x, y, z), and streamlines (colored by pressure level) corresponding to
calculations of the in-plane absolute permeability for two different porosities, ε (number of fibres,
N f ): (left) ε = 0.8 (N f = 1500), (right) ε = 0.6 (N f = 3500)

where τ is the diffusive tortuosity factor. For example, τ = ε−1/2 (Deff/D = ε1.5) in349

the traditional Bruggeman correction for porous media consisting of small, spherical350

solid inclusions (Bruggeman 1935; Tjaden et al. 2016).351

Permeability of fibrous materials is influenced by hydraulic radius, porosity and352

tortuosity, resulting in a non-linear variation as a function of porosity Holzer et al.353

(2017). The Carman-Kozeny equation has previously been successfully applied to354

describe the variation of GDL permeability with porosity Gostick et al. (2006).355

K = d2
f ε

3

16kck(1 − ε)2
(11)356

where kck is the Carman-Kozeny constant, which is used as a fitting parameter357

depending on the porous medium.358
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Effective Transport Properties 15

Fig. 8 Computed through- (TP) and in-plane (IP) normalized effective diffusivities, Deff/D, as
a function of porosity, ε. The Bruggeman correlation Bruggeman (1935), Deff/D = ε1.5, and the
anisotropic random fibre model of Tomadakis and Sotirchos Tomadakis and Sotirchos (1993) (see
Eq. (12)) are also shown

The variations of the normalized effective diffusivity and permeability as a func-359

tion of porosity are shown in Figs. 8 and 9, respectively. The normalized effective360

diffusivity is lower than that predicted by the Bruggeman correlation, Deff/D = ε1.5,361

due to the more complex geometry of fibrous GDLs. Moreover, it is somewhat lower362

than the correlation proposed by Tomadakis and Sotirchos Tomadakis and Sotirchos363

(1993) for random fibre structures364

Deff

D
= ε

(
ε − 0.11

1 − 0.11

)n

(12)365

where n = 0.785 and n = 0.521 for the through- and in-plane directions, respec-366

tively.367

The differences between both models are ascribed to the different methodology368

used for the generation of the fibrous geometry. For instance, the values computed369

here approach those reported for binder-free GDLs, such as Freudenberg carbon370

paper, being Deff/D ≈ 0.36 for ε ≈ 0.65 (Hack et al. 2020; Hwang and Weber371

2012).372

The permeability is well correlated as a function of porosity using Eq. (11) with373

kck = 2 − 4. A steeper decrease of the permeability is found for porosities below374

ε � 0.5, which drops around two orders of magnitude in the range ε = 0.1 − 0.5375

compared to the ten-fold descent in the range ε = 0.5 − 0.85. This shows that perco-376

lation through the porous medium is significantly reduced at small porosities, so that377

important changes in permeability arise from small structural differences. Similar378
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16 P. A. García-Salaberri

Fig. 9 Computed through- (TP) and in-plane (IP) absolute permeabilities, K , as a function of
porosity, ε. The curves corresponding to various Carman-Kozeny constants, kck , are also shown
(see Eq. (11))

results were reported in previous works examining the permeability of fibrous porous379

media (Tomadakis and Robertson 2005; Nabovati et al. 2009).380

Effective Diffusivity and Permeability of Commercial GDLs

For a given porosity, the effective diffusivity and permeability of commercial
GDLs (Toray, SGL Carbon Group and Freudenberg carbon papers) highly
depends on their microstructure. In fact, the volume fraction and porosity
of binder have been identified as key variables that influence the effective
transport properties of GDLs (García-Salaberri et al. 2018; Mathias et al.
2003; Zenyuk et al. 2016). For example, Toray TGP-H series carbon papers
show lower effective diffusivities in the through-plane direction than those
computed here due to the more complex pore structure that arises from the
addition of a practically non-porous binder (García-Salaberri et al. 2015a, b);
Deff/D ∼ 0.22 − 0.28 (Toray TGP-H) vs. Deff/D ∼ 0.45 (present work) at
ε ≈ 0.72.

381

Acknowledgements This work was supported by the projects PID2019-106740RB-I00 and382

EIN2020-112247 (Spanish Agencia Estatal de Investigación) and the project PEM4ENERGY-CM-383

UC3M funded by the call “Programa de apoyo a la realización de proyectos interdisciplinares de384

I+D para jóvenes investigadores de la Universidad Carlos III deMadrid 2019-2020” under the frame385

of the “Convenio Plurianual Comunidad de Madrid-Universidad Carlos III de Madrid”.386

480148_1_En_3_Chapter � TYPESET DISK LE � CP Disp.:9/12/2021 Pages: xxx Layout: T1-Standard

A
ut

ho
r 

Pr
oo

f

PabloLaptop
Tachado

PabloLaptop
Texto insertado
parameters

PabloLaptop
Tachado

PabloLaptop
Texto insertado
an almost

PabloLaptop
Tachado

PabloLaptop
Texto insertado
for



U
N

C
O

R
R

E
C

T
E

D
 P

R
O

O
F

Effective Transport Properties 17

References387

Aghighi M, Gostick J (2017) Pore network modeling of phase change in PEM fuel cell fibrous388

cathode. J Appl Electrochem 47:1323–1338389

Arvay A, Yli-Rantala E, Liu CH, Peng XH, Koski P, Cindrella L, Kauranen P, Wilde PM, Kannan390

AM (2012) Characterization techniques for gas diffusion layers for proton exchange membrane391

fuel cells: a review. J Power Sources 213:317–337392

Belgacem N, Prat M, Pauchet J (2017) Coupled continuum and condensation-evaporation pore393

network model of the cathode in polymer-electrolyte fuel cell. Int J Hydrogen Energy 42:8150–394

8165395

Bertei A, Pharoah JG, Gawel DAW, Nicolella C (2014) A particle-based model for effective prop-396

erties in infiltrated solid oxide fuel cell electrodes. J Electrochem Soc 161:F1243–F1253397

Bruggeman DAG (1935) Berechnung verschiedener physikalischer Konstanten von heterogenen398

Substanzen. I. Dielektrizitätskonstanten und Leitfähigkeiten der Mischkórper aus isotropen Sub-399

stanzen. Ann Phys 5:636–664400

Choi HW, Berson A, Pharoah JG, Beale S (2011) Effective transport properties of the porous401

electrodes in solid oxide fuel cells. Proc IMechE Vol Part A: J Power Energy 225:183—197402

ChoiHW,BersonA,KenneyB, Pharoah JG,Beale S,KaranK (2009)Effective transport coefficients403

for porous microstructures in solid oxide fuel cells. ECS Trans 25:1341–1350404

García-Salaberri PA (2021)Modeling diffusion and convection in thin porous transport layers using405

a composite continuum-networkmodel: Application to gas diffusion layers in polymer electrolyte406

fuel cells. Int J Heat Mass Transf 167:120824407

García-Salaberri PA, Gostick JT, Hwang G, Weber AZ, Vera M (2015a) Effective diffusivity in408

partially-saturated carbon-fiber gas diffusion layers: effect of local saturation and application to409

macroscopic continuum models. J Power Sources 296:440–453410

García-Salaberri PA, Hwang G, Vera M, Weber AZ, Gostick JT (2015b) Effective diffusivity in411

partially-saturated carbon-fiber gas diffusion layers: effect of through-plane saturation distribu-412

tion. Int J Heat Mass Transf 86:319–333413

García-Salaberri PA, García-Sánchez D, Boillat P, Vera M, Friedrich KA (2017) Hydration and414

dehydration cycles in polymer electrolyte fuel cells operated with wet anode and dry cathode415

feed: a neutron imaging and modeling study. J Power Sources 359:634–655416

García-Salaberri PA, Zenyuk IV, ShumAD, Hwang G, VeraM,Weber AZ, Gostick JT (2018) Anal-417

ysis of representative elementary volume and through-plane regional characteristics of carbon-418

fiber papers: diffusivity, permeability and electrical/thermal conductivity. Int J Heat Mass Transf419

127:687–703420

García-Salaberri PA, Hwang G, Vera M, Weber AZ, Gostick JT (2019) Implications of inherent421

inhomogeneities in thin carbon fiber-based gas diffusion layers: a comparative modeling study.422

Electrochim Acta 295:861–874423

Goshtasbi A, García-Salaberri PA, Chen J, Talukdar K, García-Sánchez D, Ersal T (2019) Through-424

the-membrane transient phenomena in PEM fuel cells: a modeling study. J Electrochem Soc425

166:F3154–F3179426

Gostick JT (2013) Random pore network modeling of fibrous PEMFC gas diffusion media using427

Voronoi and Delaunay Tessellations. J Electrochem Soc 160:F731–F743428

Gostick JT, Fowler MW, Pritzker MD, Ioannidis MA, Behra LM (2006) In-plane and through-plane429

gas permeability of carbon fiber electrode backing layers. J Power Sources 162:228–238430

Gostick JT, Ioannidis MA, Fowler MW, Pritzker MD (2007) Pore network modeling of fibrous gas431

diffusion layers for polymer electrolyte membrane fuel cells. J Power Sources 173:277–290432

Guibert R, Horgue P, Debenest G, Quintard M (2016) A comparison of various methods for the433

numerical evaluation of porous media permeability tensors from pore-scale geometry. Math434

Geosci 48:329–347435

Gunda NSK, Choi HW, Berson A, Kenney B, Karan K, Pharoah JG, Mitra SK (2011) Focused436

ion beam-scanning electron microscopy on solid-oxide fuel-cell electrode: image analysis and437

computing effective transport properties. J Power Sources 196:3592–3603438

480148_1_En_3_Chapter � TYPESET DISK LE � CP Disp.:9/12/2021 Pages: xxx Layout: T1-Standard

A
ut

ho
r 

Pr
oo

f



U
N

C
O

R
R

E
C

T
E

D
 P

R
O

O
F

18 P. A. García-Salaberri

Hack J, García-Salaberri PA, Kok MDR, Jervis R, Shearing PR, Brandon N, Brett DJL (2020)439

X-ray micro-computed tomography of polymer electrolyte fuel cells: what is the representative440

elementary area? J Electrochem Soc 167:013545441

Holzer L, Pecho O, Schumacher J, Marmet Ph, Stenzel O, Büchi FN, Lamibrac A, Münch B (2017)442

Microstructure-property relationships in a gas diffusion layer (GDL) for polymer electrolyte fuel443

cells, Part I: effect of compression and anisotropy of dry GDL. Electrochim Acta 227:419–434444

Hwang GS, Weber AZ (2012) Effective-diffusivity measurement of partially-saturated fuel-cell445

gas-diffusion layers. J Electrochem Soc 159:F683–F692446

James JP, Choi HW, Pharoah JG (2012) X-ray computed tomography reconstruction and analysis of447

polymer electrolytemembrane fuel cell porous transport layers. Int JHydrogenEnergy 37:18216–448

18230449

Kashkooli AG, Farhad S, Lee DU, Feng K, Litster S, Babu SK, Zhu L, Chen Z (2016) Multiscale450

modeling of lithium-ion battery electrodes based on nano-scale X-ray computed tomography. J451

Power Sources 307:496–509452

Khakaz-Babolia M, Harvey DA, Pharoah JG (2012) Investigating the performance of catalyst layer453

micro-structures with different platinum loadings. ECS Trans 50:765–772454

Liu J, García-Salaberri PA, Zenyuk IV (2019) The impact of reaction on the effective properties of455

multiscale catalytic porous media: a case of polymer electrolyte fuel cells. Transp Porous Med456

128:363–384457

Mathias M, Roth J, Fleming J, Lehnert W (2003) Diffusion media materials and characterisation.458

Fuel Cell Technol Appl 3:517459

Nabovati A, Llewellin EW, Sousa ACM (2009) A general model for the permeability of fibrous460

porous media based on fluid flow simulations using the lattice Boltzmann method. Compos Part461

A 40:860–869462

Pant LM, Sushanta KM, Secanell M (2014) Stochastic reconstruction using multiple correlation463

functions with different-phase-neighbor-based pixel selection. Phys Rev E 90:023306464

Pharoah JG, Choi HW, Chueh CC, Harvey DB (2011) Effective transport properties accounting465

for electrochemical reactions of proton-exchange membrane fuel cell catalyst layers. ECS Trans466

41:221–227467

Sabharwal M, Pant LM, Putz A, Susac D, Jankovic J, Secanell M (2016) Analysis of catalyst layer468

microstructures: from imaging to performance. Fuel Cells 16:734–753469

Tjaden B, Cooper SJ, Brett DJL, Kramer D, Shearing PR (2016) On the origin and application of470

the Bruggeman correlation for analysing transport phenomena in electrochemical systems. Curr471

Opin Chem Eng 12:44–51472

Tomadakis MM, Robertson TJ (2005) Viscous permeability of random fiber structures: comparison473

of electrical and diffusional estimates with experimental and analytical results. J Compos Mater474

39:163–188475

Tomadakis MM, Sotirchos SV (1993) Ordinary and transition regime diffusion in random fiber476

structures. AIChE J 39:397–412477

Tranter TG, Gostick JT, Burns AD, Gale WF (2018) Capillary hysteresis in neutrally wettable478

fibrous media: a pore network study of a fuel cell electrode. Transp Porous Med 121:597–620479

Wang CY (2004) Fundamental models for fuel cell engineering. Chem Rev 104:4727–4765480

Weber AZ, Borup RL, Darling RM, Das PK, Dursch TJ, Gu W, Harvey D, Kusoglu A, Litster S,481

Mench MM, Mukundan R, Owejan JP, Pharoah JG, Secanell M, Zenyuk IV (2014) A critical482

review of modeling transport phenomena in polymer-electrolyte fuel cells. J Electrochem Soc483

161:F1254–F1299484

Zenyuk IV, Parkinson DY, Liam GC, Weber AZ (2016) Gas-diffusion-layer structural properties485

under compression via X-ray tomography. J Power Sources 328:364–376486

Zhang D, Forner-Cuenca A, Oluwadamilola OT, Yufit V, Brushett FR, Brandon NP, Gu S, Cai487

Q (2020) Understanding the role of the porous electrode microstructure in redox flow battery488

performance using an experimentally validated 3D pore-scale lattice Boltzmann mode. J Power489

Sources 447:227249490

480148_1_En_3_Chapter � TYPESET DISK LE � CP Disp.:9/12/2021 Pages: xxx Layout: T1-Standard

A
ut

ho
r 

Pr
oo

f


	portadilla_postprint_eng
	GarciaSalaberri_EffectiveTransport_2022.pdf



