
Effect of porosity heterogeneity on the permeability and tortuosity of
gas diffusion layers in polymer electrolyte membrane fuel cells

Aydin Nabovati a, James Hinebaugh b, Aimy Bazylak b, *, Cristina H. Amon a

a Advanced Thermal/Fluids Optimization, Modelling and Simulation (ATOMS) Laboratory, Department of Mechanical & Industrial Engineering, University of
Toronto, 5 King’s College Road, Toronto, Ontario, Canada M5S 3G8
b Thermofluids for Energy and Advanced Materials (TEAM) Laboratory, Department of Mechanical & Industrial Engineering, University of Toronto, 5 King’s
College Road, Toronto, Ontario, Canada M5S 3G8

h i g h l i g h t s

� Stochastic, 3D carbon fiber material models generated with controlled porosity heterogeneity.
� Lattice Boltzmann method employed to measure bulk hydrodynamic properties.
� Porosity heterogeneity contributed a negligible effect on modeled transport, compared to porosity and material composition.
� Tortuosity increases with binder & PTFE fraction, which was unexpected by the authors.
� Permeability increases with permeability and binder & PTFE fraction.
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a b s t r a c t

In this paper, we study the effect of porosity heterogeneity on the bulk hydrodynamic properties
(permeability and tortuosity) of simulated gas diffusion layers (GDLs). The porosity distributions of the
heterogeneous reconstructed samples are similar to those previously reported in the literature for Toray
TGP-H 120� GDLs. We use the lattice Boltzmann method to perform pore-level flow simulations in the
reconstructed GDL samples. Using the results of pore-level simulations, the effect of porosity distribution
is characterized on the predicted in- and cross-plane permeability and tortuosity. It was found that
porosity heterogeneity causes a higher in-plane permeability and lower in-plane tortuosity, while the
effect is opposite in the cross-plane direction, that is a lower cross-plane permeability and a higher cross-
plane tortuosity.

We further investigate the effect of adding poly-tetra-fluoro-ethylene (PTFE) & binder material to the
reconstructed GDL samples. Three fiber volume percentages of 50, 75, and 100% are considered. Overall,
increasing the fiber volume percentage reduces the predicted in- and cross-plane permeability and
tortuosity values. A previously reported relationship for permeability of fibrous materials is fitted to the
predicted permeability values, and the magnitude of the fitting parameter is reported as a function of
fiber volume percentage.

� 2013 Elsevier B.V. All rights reserved.

1. Introduction

Hydrogen-based power systems, specifically fuel cells, have
attracted significant attention in the last decade due to their low
local CO2 emission, high efficiency, and versatility. Among different
types of fuel cells, polymer electrolyte membrane (PEM) fuel cells,
which typically have energy conversion efficiencies over 50%, are a

promising option for the transportation sector, distributed power
generation, and backup power generation, to name a few applica-
tions [1e4].

Considerable advancements have been made towards the
commercial development of PEM fuel cells in areas such as reduced
platinum loading, higher current density, and reduced costs;
however, there still exist challenges that should be removed before
PEM fuel cells can become commercially viable. Mass transport
issues such as liquid water flooding at high current working con-
ditions leads to inefficient performance [5]. Overcoming these
operational challenges requires more research on characterization
and performance-evaluation of PEM fuel cell materials, which will* Corresponding author. Tel.: þ1 416 946 5031; fax: þ1 416 978 7753.
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inform new material designs for improved efficiency and product
reliability.

Computational modeling, next to experimental studies, has
been widely used to study mass, energy, and charge transport at
different length scales inside PEM fuel cells. The numerical studies
can be categorized into two groups, namely: (i) studies that use first
principles, thus, can only include small system sizes comparable to
length scales of the transport phenomenon under study, and (ii)
studies that use models and relations to predict transport phe-
nomena inside multiple components of a fuel cell, and predict the
cell-level behavior. These models usually include larger combined
domains, and need effective transport properties of each part of the
cell as an input. The aim of many of the works under the first
category is to predict effective transport properties of individual
components of a PEM fuel cell, which will be used in the studies of
the second type.

One particular part of a PEM fuel cell, which is the focus of this
paper, is the gas diffusion layer (GDL). The GDL is a layer consisting
of carbon fibers in either woven or non-woven formats. The
thickness of a GDL is typically between 200e400 mm, with fiber
diameters in the range of 7e10 mm. In a conventional PEM fuel cell,
the GDL is placed between the micro porous layer (MPL) and a
graphite plate that includes gas channels. The produced water in-
side the cell passes through the GDL to be guided out of the system
via gas channels. The GDL should be of overall high thermal and
electrical conductivity, and should be structured in a way that
prevents excess water accumulation.

The GDL influences many aspects of a PEM fuel cell’s operation,
thus, accurate prediction of its effective transport properties is
crucial in understanding the cell performance. El-Kharouf et al. [6]
presented a comprehensive review of available ex-situ measure-
ment techniques for determining a range of GDL properties.

A review of available methods for bulk porosity measurement
techniques is presented by Cindrella et al. [7]. Determining effective
thermal conductivity of GDL samples has also been subject of many
previous studies [8e13]. Another important bulk transport prop-
erty of a GDL is its absolute permeability. Bulk permeability pre-
diction in GDL samples has been widely investigated numerically
and experimentally [14e19]. All these works focus on determining
the bulk permeability, and do not discuss the effect of pore-level
structural parameters on the permeability. Recently, Fishman
et al. [20] showed that porosity distribution through the thickness
of GDL samples is not uniform. Through rigorous analysis of
computed tomography (CT) scan images of samples from different
manufacturers, they reported typical porosity distribution profiles
of different types of GDLs. In another work, Fishman and Bazylak
[21] studied the effect of poly-tetra-fluoro-ethylene (PTFE) and
binder material addition on the overall through-thickness porosity
profiles of GDL samples. They reported that PTFE and binder ma-
terial accumulate in low porosity areas, where the density of fibers
is higher.

It is known that the heterogeneous porosity distribution affects
the overall transport properties of porous material [22,23], how-
ever, this dependance has not been quantified. Fishman et al. [24]
applied the available relations for permeability/tortuosity of
porous materials to the measured porosity profile inside the GDL,
and mapped the porosity profile into permeability/tortuosity pro-
files. In this work, we show that their method of calculating the
resultant bulk permeability is only accurate for the in-plane
direction.

In this work, we use pore-level flow simulations to investigate
how the heterogeneous porosity distribution of the GDL affect
overall bulk hydrodynamic properties (i.e., permeability and tor-
tuosity). In order to conduct a parametric study, GDL samples are
reconstructed over the entire range of relevant bulk porosity values

with homogeneous and heterogeneous porosity profiles. The het-
erogeneous profile is similar to that reported previously by Fish-
man et al. [20,21] from CT scan imaging of core section of Toray
TGP-H 120� GDL samples. Furthermore, the effect of the PTFE &
binder addition on bulk hydrodynamic properties of GDL samples
has also been systematically investigated. PTFE and binder are
treated as one solid material.

We have followed the lattice Boltzmann method (LBM) [25]
approach for solving the steady-state three-dimensional single-
phase fluid flow in the reconstructed geometries. Due to its
capability in easily handling complex geometries, the LBM has
been used widely to model fluid flow in reconstructed porous
structures [17,26e29]. In a recent work, Froning et al. used the
same methodology to study the compression effect of the pre-
dicted permeability in three-dimensional reconstructed media
[30]. In all these works, the porous structure is reconstructed by
randomly placing cylindrical fibers in a three-dimensional
domain. However, while randomly placing the fibers in the
planes, we control the through-plane porosity profile. This enables
us to systematically study the effect of porosity heterogeneity on
bulk properties. Furthermore, we also investigate the effect of
Binder & PTFE addition.

2. Methodology

In this work, steady-state three-dimensional fluid flow was
simulated using LBFlow,1 which is a single-relaxation-time imple-
mentation of the LBM [25].

The LBM is a mesoscopic approach for modeling fluid hydro-
dynamics, where fictitious particles represent fluid volumes. The
macroscopic hydrodynamic parameters (e.g., density and velocity)
are calculated based on the moments of the distribution function
of these fictitious particles on each lattice site. The LBM algorithm
includes two steps, namely: (i) streaming step, where the distri-
bution functions move in the direction of their assigned discrete
velocity set, and (ii) the collision step, where new distributions are
calculated on each lattice site based on pre-defined collision rules.
The collision step includes the effect of the external forces and the
boundary conditions. The details of the numerical methodology
and method validation for LBFlow are presented elsewhere
[27,31e33].

The computational domain of the porous region is specified as a
three-dimensional binary array of solid and fluid nodes. Physical
properties of working fluid are set to those of water at 20 �C. The
coordinate system is defined such that the z-direction is aligned
with the cross-plane direction, and the xey plane is the plane
parallel to the carbon fibers of the GDLs. A pressure gradient, in the
form of a body force, is applied in the direction of each main axis,
and the obtained three-dimensional flow field is averaged to yield a
volume-averaged velocity vector, u. The permeability tensor (K) is
then calculated using Darcy’s law, as follows:

ui ¼
Kij

m

dp
dxj

(1)

where ui is the volume-averaged velocity in the direction i, Kij is the
ijth component of the permeability tensor, m is the working fluid
viscosity, and dp/dxj is the applied pressure gradient in the direc-
tion j. Considering the structure of GDL samples in this work, we
assumed that off diagonal elements of the permeability tensor (Kij,
I s j) has negligible value in comparison to its diagonal elements
(Kij, I ¼ j).

1 Available from http://www.lbflow.co.uk.
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