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Abstract 
 

Pore network modelling is used to model water invasion and multiphase transport through 
compressed PEFC gas diffusion layers. Networks are created using a Delaunay tessellation 
of randomly placed base-points setting the pore locations and its compliment, the Voronoi 
diagram, is used to define the location of fibers and resultant pore and throat geometry. 
 
The model is validated in comparison to experimental capillary pressure curves obtained on 
compressed and uncompressed materials. Primary drainage is simulated with an invasion 
percolation algorithm that sequentially invades pores and throats separately with excellent 
agreement to experimental data, but required a slight modification to account for the higher 
aspect ratio of compressed pores. 
  
Compression is simulated by scaling the through-plane coordinates in a uniform manner 
simulating a GDL wholly beneath the current-collector land. The relative permeability and 
diffusivity show some dependence on uniform compression. In-plane porosity variations 
introduced by land-channel compression are also investigated which have a marked effect 
on the limiting current. Saturation at breakthrough does not appear to be dependent on 
compression but a more important parameter, namely the peak saturation, is shown to 
influence the fuel cell performance and is dependent on the percolation inlet conditions. 
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1. Introduction 

 
Understanding the multiphase processes occurring within polymer electrolyte fuel cells 
(PEFC) has been the focus of many studies over the years, yet gaps in the knowledge still 
remain owing largely to the unusual or atypical properties of the porous electrode 
components. The gas diffusion layer (GDL), catalyst layer (CL), microporous layer (MPL) 
and membrane are all porous and vary in porosity, thickness, permeability, wettability and 
anisotropy. One particular knowledge gap is how the multiphase transport processes 
throughout the porous media are affected by the morphological changes occurring upon 
compression when assembling the fuel cell. 
 
A summary of the experimental and numerical studies of the various effects of compression 
on the GDL can be found in our previous work [1]. In general the effective transport 
properties (permeability and diffusivity) of the GDL are decreased with compression due to 
the reduced pore volume and connectivity, while electrical and thermal conductivity increase 
as contact resistance is reduced. PEFCs operating at high current density experience 
increased saturation of liquid water owing to increased water production at the catalyst layer 
and condensation from humidified gasses. Therefore, the relative transport properties of 
each phase (gas and liquid) are also important to consider and as yet few experimental 
studies have been performed to understand how compression may affect multiphase flow. 
Gostick et al [2] measured air-water capillary pressure curves on compressed samples and 
found that compressing increased the required entry pressure for water, indicating that 
throat sizes were decreased.  Results from Bazylak et al. [3] and Mortazavi and Tajiri [4] 
suggest that compression actually alters the pathways taken by liquid water, presumably 
because compression alters some pores/throats more than others as well as changes to 
wettability. Ramos-Alvarado et al. have shown that the relative permeability of the liquid 
phase may also increase with compression [5], although they acknowledge that their 
measurement was very difficult to obtain. Markötter et al. have used synchrotron x-ray 
imaging to show that liquid water transport is heavily influenced by the local structure with 
fiber orientation playing a key role [6]. Modelling is therefore important to understand the 
underlying reasons for these changes in multiphase transport and could lead to insights and 
future design improvements for fuel cell components. A key feature of the present model is 
the realistic representation of the fibrous structure and its morphological changes under 
compression, allowing the impact of compression to arise naturally. 
 
Computational fluid dynamics (CFD) has been used to investigate the effects of 
compression on multiphase flow through an idealized GDL [1]. Compression was found to 
induce through-plane liquid fingering as the in-plane (IP) pathways begin to close off, 
increasing transport resistance. However, the model could only produce limited information 
due to expense and limited domain size. Therefore, relative transport relations could not be 
deduced. Pore Network Models (PNMs) are useful tools for analyzing the transport 
characteristics of porous fuel cell components, especially for multiphase conditions. Simple 
and efficient percolation algorithms can be performed, since transport is capillary dominated 
[7]. The general concept of PNMs is to map the pore space onto a discrete network of pores 
and connecting throats, then to conduct simulations using transport algorithms based upon 
nodal balances (i.e. resistor networks) of the transported fluids. In addition to speed and 
simplicity, PNMs have some advantages over the more widely used continuum models [8]. 
PNMs can resolve realistic saturation profiles [9], and have a direct connection between the 
structure and topology of the porous material and transport processes. There are numerous 
ways to generate a pore network model, including defining a cubic lattice [10], [11], [12], 
stochastic methods to produce a topologically equivalent pore networks [13], or extracting 
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networks from tomography images [14]. A little used method for constructing realistic fibrous 
structures is to use Delaunay tessellations and Voronoi diagrams [15], [16], [17]. The 
Delaunay tessellation defines the topology of the pore space i.e. connections between 
pores, while the Voronoi diagram defines the fiber structure and resulting pore and throat 
sizes. This approach is well suited to fibrous media since it allows high porosity, high 
connectivity, and is physically representative.   
 
Anisotropy has been observed in the heat, mass and electrical transport characteristics of 
GDLs [18], [19], [20]. Carbon paper GDLs tend to have an in-plane alignment of fibers which 
increases in-plane (IP) transport compared with the through-plane (TP) direction. PNMs 
representing GDLs have been used to investigate the effects of structural parameters such 
as anisotropy, heterogeneity and coordination on the effective oxygen diffusivity [11] and 
the effect of compression on the saturation profile [21], [22], however most studies employ 
cubic network topologies, so structural parameters can only be adjusted by arbitrarily 
altering pore and throat sizes in particular directions or regions based on assumptions about 
the structural changes. While cubic networks are useful for parametric studies they do not 
fully represent the disordered entangled fibrous structure of common GDLs. The average 
coordination number of a GDL is higher than that of a regular cubic network and the 
orientation of throats is not orthogonal. Anisotropy and heterogeneity can easily be varied in 
a random network when using a Voronoi diagram by scaling the coordinates and adjusting 
pore density distribution. The average coordination and degree of regularity can also be 
controlled to an extent with the configuration of the initial pore placement. The effect of 
compression is also more realistic as changes in the geometry are intrinsically linked to 
changes in the topology; as pores are moved closer together their throats become smaller 
and may close off and therefore coordination decreases. 
 
Becker et al. have numerically investigated the effect of compression on multiphase 
transport using a tomography image of a Toray carbon paper GDL [23]. The image was 
compressed by shifting voxels designated as fiber and the GeoDict software was used to 
compute transport properties. Multiphase properties were calculated after filling the image 
with voxels designated as liquid according to a morphological image opening algorithm [24]. 
The liquid phase was then assumed to be static and essentially treated as an additional solid 
phase with no-slip boundary conditions applied to the interfaces. The results show that 
hydraulic and diffusive transport is reduced with compression with the reduction being more 
severe for the in-plane direction. The relative transport properties are not explicitly shown in 
normalized form so it is hard to draw conclusions from the transport curves, although the 
shape of the curves appears to be unchanged with compression. Becker’s study also 
focuses on uniform compression and so saturation distributions under non-uniform 
compression introduced by channel geometry are lacking. In this paper, Voronoi-based 
PNMs are generated and compressed in an effort to study the effects on the transport 
properties of the GDL. The modelling approach is summarized, networks are validated with 
comparisons to experimental data and light is shed on the effect of compression on single 
and multiphase flow. Uniform compression is simulated to systematically study the effects 
on the relative transport properties of the network. Non-uniform compression is simulated to 
mimic the impact of flow field compression by adjusting the in-plane porosity profile, and the 
effect on break-through saturation and limiting current within an operating fuel cell are 
investigated. It is our aim to present the PNM approach with OpenPNM as a viable method 
for simulating realistic multiphase behavior over a broad range of compressions within a 
single modelling framework. In this way models can be built upon incorporating more 
physical models and investigating a range of materials and geometry scenarios such as the 
full membrane electrode assembly model recently published by Aghighi et al. [25]. 
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2. Model Development 
 
The development of random pore networks using Voronoi diagrams and Delaunay 
tessellations was undertaken as part of the collaborative open source project OpenPNM 
(www.openpnm.org) which has been developed by an international team [26]. The project 
is written in Python, which is also open source, and makes use of many of the functions for 
graph theory, computational geometry and image analysis found in Python's SciPy module 
[27]. This section first describes the process of creating and compressing a disordered 
network, then describes the percolation algorithm and image analysis approach taken to 
investigate the effect of compression on multiphase flow. The next part of the section 
describes how the networks were validated against a morphological approach and 
experimental drainage data and how the pore scale models that determine the saturation 
were set. Finally the transport algorithms used to calculate the relative transport 
characteristics of compressed GDLs are explained. 
  

2.1. Network creation 
 
The steps for constructing the networks implemented as part of this study in OpenPNM’s 
Delaunay network and Voronoi geometry objects are as follows: 
 

i. Randomly distribute pores in space. For the uncompressed network a domain size of 
750x750x375 µm filled with approximately 5000 pores is used. Pores are distributed 
uniformly but with increased density at the domain edges to counteract the naturally 
arising higher porosity introduced by the Voronoi method, explained by Gostick [17]. 
The land-channel results are conducted for networks with a domain size of 
1000x1000x580 µm populated with approximately 6000 pores and have a spatially 
varying porosity in the in-plane x-direction. 

ii. Create throats by connecting nearest neighbor pores according to a Delaunay 
triangulation and saving the connections in a sparse adjacency matrix. 

iii. Define the fibrous geometry with a Voronoi diagram. This partitions the domain into 
proximal regions surrounding each pore defined by sets of vertices forming a cage-
like structure. This cage is known mathematically as the ‘convex hull’ of the set of 
vertices. 

iv. Introduce anisotropy by scaling vertices and pore coordinates. The domain is initially 
scaled in the z-direction by a factor of 0.82 for uniform compression and 0.5 for the 
land-channel model to align fibers along the in-plane direction and reduce domain 
height to 307 and 290 µm respectively. For uniform compression, this scaling was 
chosen to match porosity and single-phase permeability data for an uncompressed 
Toray 090 GDL [18]. 

v. Create the fibers by populating a binary 3D voxel image with a skeletal frame using 
a Bresenham line algorithm on the Voronoi vertices. Distance transforms of the voxel 
image are then performed and re-binarized using a fiber radius of 5 µm as a threshold 
to expand the skeleton and fill the voxel image with thicker fibers. A section of the 
final image is shown in Figure (1). 

vi. Populate a similar “hull image” and use this in combination with the fiber image to 
extract pore and throat sizes by through image analysis. We make use of the convex 
hull to accurately determine pore volumes, as described in detail by Gostick [17]. 
Throat areas are also extracted from the images by identifying those lying on the 
intersections between neighboring pores. An additional distance transform of the fiber 
image is used to identify those “pore voxels” adjacent to “fiber voxels” in order to 
calculate pore and throat perimeter lengths. 

http://www.openpnm.org/
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vii. Compression is simulated by a manipulation of the fiber image to shift fiber voxels 
according to their through-plane position as described by Schulz et al. [28], [23], [29]. 
Compression ratio (CR) is defined as percentage reduction in domain height from the 
307 µm baseline (ܴܥ ൌ ͳ െ ݈Ȁ݈଴ሻ. Five levels of compression are simulated in 10% 
step increases from 0% to 50%, the maximal level likely to be experienced within a 
fuel cell. The land-channel networks remain compressed at 290 µm but contain 
different pore densities for the different sections. 

 

  
a b 

 
Figure 1: Sections of the fibrous structure generated with a) no compression and b) 50% 

compression. 
 
OpenPNM provides pore scale models for almost every geometrical parameter. The 
geometry models implemented in this study are based upon the fiber images generated from 
the Voronoi diagrams and in most cases are the same as those presented by Gostick [17]. 
A full description of all the models implemented in this study is included in the Appendix. 
 
 

2.2. Percolation Algorithms 
 
Two percolation algorithms are used in this study: invasion percolation using the generated 
pore networks and a morphological image analysis performed directly on the fiber image. 
 

2.2.1. Invasion Percolation 
 
The percolation algorithm used to determine the placement of liquid water in the network is 
a modified version of the invasion percolation algorithm (IP) first described by Wilkinson and 
Willemsen [30] and discussed in the context of fuel cells by Gostick et al. [31]. The algorithm 
represents drainage of a wetting phase by invasion of a non-wetting phase. This 
corresponds to the percolation of water in the fuel cell from the catalyst layer at the bottom 
of the domain to the bipolar plate land or gas channel at the top. This process is typically 
simulated by starting with an initially dry network and sequentially invading accessible 
throats belonging to the path of least resistance. Resistance is based on the capillary entry 
pressure, determined by the Washburn equation, details of which are given in section (2.3). 
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The algorithm continues until the entire network is filled and trapping of air is not considered 
as the wetting phase is assumed to form thin films which can always percolate. In the general 
case IP, when a throat is invaded the pores it connects are assumed to also be filled since 
pores are larger than throats by definition. In the present case of highly porous anisotropic 
media with compression, however, some pores were rather flattened and an inscribed 
sphere was often smaller than some or all of the throats. Consequently, the general IP 
algorithm was altered such that the entry pressure of both throats and pores were 
considered when seeking the path of least resistance. 
 
Invasion percolation progresses one element at a time by tracking a list of un-invaded 
elements connected to the invading cluster, and invading the one with smallest entry 
pressure. This enables an invasion sequence to be produced which allows the precise 
determination of saturation at the point of breakthrough. Cluster breakthrough is the point at 
which an outlet pore at the top of the domain first becomes invaded and represents a 
percolating pathway, the significance of which is discussed by Gostick et al. [32]. In 
operating fuel cells the percolating pathways offer less resistance to fluid flow as less 
pressure is required to inflate a droplet interface growing in the fuel cell gas channels than 
to invade smaller pores inside the GDL. Therefore, once a pathway is established the 
breakthrough pattern is often repeated and liquid droplets can be seen forming at the same 
positions over and over, as modelled by Tranter et al. [1], and observed experimentally by 
Quesnel et al. [33]. Saturation at breakthrough is therefore a good indication of average 
medium saturation during fuel cell operation. 
 
Python’s heapq module provided as part of the standard library is used to manage the list 
of accessible un-invaded pores and throats efficiently. The heaps are sorted data structures 
representing a priority queue where the first element (either a pore or throat) always has the 
smallest value. When a pore is invaded, its newly accessible connecting throats are all 
added to the queue and sorted by capillary entry pressure automatically. Similarly, when a 
throat is invaded its connecting pore is added to the queue. The algorithm progresses 
sequentially removing the most easily accessible pore or throat from the queue, marking the 
element as invaded with a sequence and cluster number and adding neighbors until the 
queue is empty and all elements are invaded. The algorithm is a combination of site and 
bond percolation as pores and throats are treated equally and invaded separately, as 
opposed to assuming that once a throat is invaded, its connecting pores are also invaded.  
 
For the uniform compression study individual inlet pores are designated for fluid invasion. 
The inlets are assumed to share the same pressure as if connected to a common external 
reservoir. We randomly designate 50% of the pores along the bottom face of the network as 
inlets. Fazeli et al. present a detailed discussion of the different inlet conditions for fuel cell 
modelling [14] and we consider this to be a fair representation in order to match ex-situ 
drainage experiments. As Fazeli et al. suggest, percolation through the GDL of operating 
fuel cells may occur differently with separate liquid clusters growing at different rates. To 
calculate the breakthrough saturations, in Section (3.3) we apply a cluster inlet condition 
that groups neighboring inlet pores together. Clusters progress individually but are allowed 
to merge together and have their own termination condition at the outlet. We randomly 
choose a number of cluster invasion sites with random grouping radii for our inlet condition. 
The effect of cluster size is not investigated, but 100 realizations are made for each 
simulation to ensure statistical representation, and the simulations are repeated for an inlet 
condition of 10 and 20 clusters. 
 
Once an element is invaded, the volume fraction of each phase is determined heuristically 
by a late pore filling (LPF) model, described in section (2.3). This decreases the residual air 
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phase fraction with increasing capillary pressure. A drainage curve can be produced as a 
post-processing step by summing the volume of the elements with invasion sequence less 
than a critical step. The critical step corresponds to the first element to be invaded with entry 
pressure above a critical value. This critical value is incremented from zero to a maximum 
of 30 MPa in sequence to produce the curves. 
 
In addition to the general compression and transport studies, this work also looks at some 
fuel-cell specific arrangements.  The influence of fuel cell bipolar plate’s land to channel ratio 
is investigated by applying an in-plane porosity gradient to sections of varying size 
determined by a channel area fraction. The invasion percolation algorithm is run for each 
network, selecting clusters of pores in the bottom face across the entire domain for liquid 
water inlets, and all of the pores in the channel section of the top face as outlets. Percolation 
of each cluster continues until reaching an outlet pore and the total saturation is recorded 
once all clusters have either reached an outlet pore to form a percolating cluster, or have 
merged with another cluster.   
 
To investigate the influence of the saturation on the fuel cell performance, we calculate the 
limiting current by simultaneously performing a percolation and diffusion algorithm, 
described in Section (2.4). We set the channel boundary condition at 10% oxygen 
concentration and 0% at the bottom face. The total rate of diffusive flux, Q, is then calculated 
by summing the rates of the bottom face pores and converted to a limiting current using 
Faraday’s law:  
 
௟௜௠௜௧ܫ  ൌ Ͷܣܳܨ  

(1) 

 
where F is Faraday’s constant and A is the area of the bottom face of the network (1mm x 
1mm). Our boundary conditions reflect the environment in the cathode of an operating fuel 
cell running at high current density with humidified gas streams [31]. 
 

2.2.2. Morphological Image Opening (MIO) 
 

As part of the model validation process a morphological image opening (MIO) algorithm is 
performed on the binary image of the fibrous structure. The method is outlined by Hilpert 
and Miller [24] and has been applied to fuel cells several times by Schulz et al. [28], [34] and 
Gostick [17]. The steps taken are broadly the same as that of Gostick except that routines 
from SciPy’s multi-dimensional image processing tool (ndimage) are used as opposed to 
Matlab: 
 

i. Using the fiber image produced by OpenPNM’s Voronoi geometry module as 
described in section (2.1), we perform a Euclidean distance transform (dt1) using the 
distance_transform_edt function. This enables the identification of voxels in portions 
of the pore space at least distance r from any voxel designated as solid thus creating 
a skeletal image for the liquid phase. 

ii. Next identify connected clusters of skeletal voxels using the measurements.label 
function on the distance transformed image. Address access limitations by only 
retaining clusters connected to inlet voxels on the bottom face. 

iii. Perform a second distance transform (dt2) on the remaining skeletal clusters using 
the same radius again to expand the liquid phase.  

iv. Sum the voxels in each phase and correlate this with capillary pressure using the 
Washburn relation. 0 is solid, dt2 <= r is water and dt2 > r is air. 
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v. Decrease r (i.e. increase capillary pressure) and repeat steps (i) – (iv) until r is just 
one voxel length. With a smaller radius the spherical liquid interfaces are able to 
penetrate smaller features of the voxel image and saturation increases. 

 
MIO naturally accounts for LPF and is used to determine the LPF parameters for the PNM, 
thus accounting for sub pore-scale features. 
  

2.3. Model Validation 
 
To ensure that the PNM is a realistic representation of a GDL steps were taken to validate 
the modelling approach. To check that pore and throat sizes are being calculated correctly 
from the fiber image, drainage simulations were performed with each percolation algorithm 
and are compared below in Figure (2) along with experimental data collected in a previous 
study by Gostick et al. [2]. 
 

 
Figure 2: Comparison of drainage curves generated from the PNMandMIO simulations and 

experiment for Toray 120CGDL under compression. 
 

 

MIO erodes the pore space with spherical elements of decreasing diameter representing the 
liquid phase and the capillary pressure is related to the radius (r) of the element with the 
Washburn relation: 
 
 ஼ܲ ൌ െʹߪǤ ݎߠݏ݋ܿ  

(2) 

 
A contact angle (λ) of 120° and surface tension (ı) of 0.072 N/m is used. For calculating 
capillary pressure in the PNM we chose the equivalent diameter because menisci will not 
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be perfectly spherical but conform to the shape of the constriction. As the PNM algorithm 
progresses the volume of the residual wetting phase in each pore (SWP,i) is determined by a 
heuristic relation accounting for LPF as follows [17]: 
 
 ܵௐ௉ǡ௜ ൌ ܵԢௐ௉ ൬ܲԢ஼ǡ௜ ஼ܲ൘ ൰ఎ

 
(3) 

 
where S’WP is a fitting parameter representing the volume fraction of the wetting phase 
remaining in the pore upon initial invasion at capillary pressure P’C,i and Ș is another fitting 
parameter which determines how quickly the residual wetting phase occupancy decreases 
inside the pore when increasing capillary pressure. MIO is used to calculate the average 
fitting parameters for all the pores at each compression ratio by matching Equation (3) to 
the fraction of occupied voxels inside the pores at each pressure. The fitting parameters are 
shown in Table (1) below. 
 

<Insert Table 1> 
 
The LPF parameters show that the residual wetting phase upon initial invasion is quite high, 
and increases with compression. Figuratively, on initial invasion of the pore the invading 
phase (if non-wetting) may resemble a spherical volume similar in size to an inscribed 
sphere, although this may bulge out of the pore in reality. As capillary pressure increases, 
the invading phase will push further into the crevices of the pore space and corners of the 
pore. As the geometry is compressed, the pore volumes become more skewed, and an 
inscribed sphere occupies less of the total pore volume fraction, leading to higher wetting 
phase saturation upon initial pore invasion. The results presented in Figure (2) show close 
agreement between the two numerical approaches giving confidence to use the generated 
pore and throat sizes for further pore network modelling. 
 
The uncompressed experimental data shows higher saturation at low capillary pressures 
compared with the simulations, but this is most likely due to experimental artifacts such as 
water pooling at the GDL surface due to imperfect contact between the GDL and water 
injection source. The compressed PNM curve in Figure (2) shows a steeper increase in 
saturation at around 10,000 Pa than the experimental data, which is most likely due to a 
narrower distribution in pore and throat sizes used in the model. In reality, fibers may deform 
and break under compression, leading to the bisection of pores and creation of micro-pores 
within fibers leading to a larger number of smaller pores. This behavior is beyond the scope 
of the modelling approach however, and a satisfying level of agreement between datasets 
is achieved. The MIO results also agree better with experiment when compared with the 
PNM at low saturations. This is because interfaces are allowed to bulge through the inlet 
pores without fully invading the pores, and because the medium is thin this effect can 
contribute to a significant level of saturation. 
 

2.4 Transport Algorithms 
 
In addition to percolation algorithms, the single phase and multiphase characteristics of 
porous media can be studied with PNMs. This is acheived by employing 1D linear transport 
equations and nodal balances to each set of neighboring pores and then solving the system 
of equations over the 2D or 3D network. PNMs are therefore similar to resistor networks 
where hydraulic and diffusive conductivities used to solve Stokes flow and Fickian diffusion 
are analogous to electrical conductivity used to solve Ohm’s Law. The governing equations 
for mass and species conservation used by OpenPNM as presented by Gostick et al. [9] are 
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summarized in Table (2). For the conductance values we assume an equivalent spherical 
and cylindrical shape for pores and throats respectively: 
 

<Insert Table 2> 
 
Both algorithms are implemented in OpenPNM (StokesFlow, FickianDiffusion) and inherit 
from a GenericLinearTransport object which builds a coefficient matrix based on the 
supplied conductance models and boundary conditions, then solves it using the standard 
matrix inversion routines within SciPy. The effective permeability and diffusivity which are 
intrinsic properties of the networks (K0 and Deff) are then extracted from the predicted flow 
rates, known domain dimensions, and applied boundary conditions. 
 
Multiphase flow is simulated by effectively solving the equations in each phase separately, 
where the conductivity of one phase is severely reduced in pores and throats occupied by 
the other, accomplished by multiplying the single-phase conductance values by a factor of 
1E-06. In this way relative transport characteristics can be determined by running transport 
algorithms at successive stages of the percolation algorithm. A further study of the validity 
of this conductance assumption could be undertaken, as MIO has revealed that a significant 
fraction of residual wetting phase exists upon initial invasion which could be conducting. 
However, this is not the focus of the present study, so it is assumed that corner-filled pockets 
of air do not effectively conduct. 
 
The conductance values are calculated based on the combined contributions of each half 
pore, throat, half pore conduit like resistors in series, as is commonly done [9]. Pore 
centroids and throat centroids are used to calculate the effective pore lengths and the fiber 
diameter is used as the throat contribution. 
 

3. Results and Discussion 
 

3.1 Size distributions and single phase transport 
 

The key geometric properties of the networks under compression are shown below and 
tabulated in the appendix with fitting parameters to a log normal distribution: 
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Figure 3: Key network size distributions for all levels of compression. 

 
The general trend is a decrease in all key properties with compression although some 
changes are more significant than others. Pore diameter is an effective calculation based 
on the volume of an equivalent sphere. Throat diameter is also an effective calculation based 
on the area of an equivalent circle. Throat length is the total conduit length used in transport 
calculations from the centroid of pore i to the throat center to the centroid of pore j. Volumes 
and therefore equivalent diameters of pores reduce the most under compression whereas 
only a relatively small change in throat lengths is seen. However, as discussed later the 
change in throat length is different for different directions. Other properties of the network 
such as contact angle are assumed to remain unchanged with compression.  
 
By also using the throat vector, it is possible to see how the key throat properties that 
influence the transport change with compression in the different directions. The angle 
between the throat vector and the through-plane axis is used to group throats and their 
average properties are normalized by the maximum value in each data set and are plotted 
with compression below in Figure (4). 
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a b 

 
Figure 4: Throat properties averaged by throat normal vector and compression ratio: a) 

throat area and b) throat length. 
 
Figure (4a) shows that in general the throats aligned with the through-plane direction have 
the largest area and Figure (4b) shows they have shortest length. The throat area changes 
significantly for throats aligned with the in-plane direction and not significantly for throats 
aligned through-plane. In contrast, the throat length does not change significantly with 
compression in the in-plane direction. On average in-plane throat length reduces by about 
20% at most which in-turn reduces in-plane tortuosity slightly. Through-plane throat length 
scales proportionally with compression ratio as pores are moved closer together and so 
through-plane tortuosity will remain constant. 
 
Figure (5) shows the effective permeability of the compressed networks for in-plane and 
through plane directions. Reasonable agreement is found between the simulated data and 
a Carman-Kozeny relation given as: 
 
ܭ  ൌ ݀௙ଶߝଷͳ͸ܥሺͳ െ  ሻଶߝ

(4) 

 
 
where İ is porosity and C is a fitting parameter. Here a value of 4.07 for C is used as this 
was found to be in good agreement for in-plane data collected for Toray090 GDL [18]. We 
also include data from a study by Becker et al. conducted on samples of Toray 060 GDL 
[29]. The datasets are similar but the effect of compression on the in-plane permeability 
seems to be more severe in Becker’s study. Toray 0θ0 may have a greater anisotropy than 
Toray 090 or the differences between the extracted and generated structures or modelling 
approaches may lead to the difference. For simplicity, we do not include the influence of a 
shape factor in our hydraulic conductivity which will also change anisotropically with 
compression and could change the results. 
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Figure 5: Comparison of single phase effective permeability for uniform compression 
cases. 

 
Figure (6) shows the effective diffusivity of the compressed networks for in-plane and 
through-plane directions normalized by the diffusivity of air in open space. The simulated in-
plane data is again compared with that of Becker et al. [29] and also with recently obtained 
experimental in-plane data for Toray090 collected by Rashapov et al. [35]. Encouragingly, 
good agreement is found between all data sets.  
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Figure 6: Comparison of single phase effective diffusivity for uniform compression cases. 

 
Both single-phase simulations clearly show the anisotropy in the structures with in-plane 
values typically double that of through-plane values. As noted by Becker et al. the influence 
of compression is more greatly felt by the permeability than the diffusivity because 
permeability depends on the square of the effective pore/throat radius whereas diffusivity is 
more dependent on the tortuosity which is not found to change significantly.  

 

3.2 Multiphase transport under uniform compression 
 
The relative transport properties of each phase are normalized by the transport property with 
full phase occupancy and are expressed as functions of the liquid phase domain volume 
fraction i.e. the saturation including late pore filling. The relative transport of mass and 
species within the air phase is also expressed as a function of a critical saturation or 
percolation threshold, sc, above which no percolating clusters of pores occupied by air are 
found: 
 
௔ܭ  ൌ ௔ܦ ൌ ሺͳ െ ሻ௡ݏ ൬ݏ௖ െ ௖ݏݏ ൰௠

 ሺs ൏  ௖ሻݏ
(5) 

௔ܭ  ൌ ௔ܦ ൌ Ͳ ሺs ൐ൌ   ௖ሻݏ

 
 
The relative permeability of water was found to fit a log normal expression similar to that 
presented by Hwang & Weber [36] for relative air diffusivity: 
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௪ܭ  ൌ ͳʹ ቈͳ ൅ erf⁡ቆെ lnሺͳ െ ሻݏ ൅ ܾܽ ቇ቉ (6) 

 
100 realizations of each relative property simulation were performed using different 
randomizations of the inlet boundary pores for percolation.  
 

a 

 

b 

 
c d 

 

e f 

 
Figure 7: All relative transport relations and their dependence on uniform compression 

ratio. 
 
Figure (7) shows the dependence of the fitted relative transport expressions on compression 
of the networks. The pattern for relative air diffusivity is similar to relative air permeability but 
with slightly lower values. For in-plane relative air transport, the percolation threshold 
appears to decrease with compression, signifying that transport in the air phase is impeded 
more significantly at lower saturations under compression. Compression has the opposite 
effect on through-plane relative air transport which is less impeded at higher saturations 
compared with in-plane. With increasing compression the difference between in-plane and 
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through-plane relative air transport widens, as saturation would appear to hamper in-plane 
transport more significantly. Our results show that an average medium saturation of 0.35 for 
compressed GDL would result in highly reduced air phase transport in the in-plane direction. 
Our generated fibrous structures have in-plane fiber alignment but no preferential alignment 
within the in-plane direction. It is expected that compression would hamper “cross-fiber” 
transport much more severely than “along-fiber” transport. It would be possible to construct 
fully 3-dimensionally anisotropic networks using the Voronoi approach through scaling of the 
vertices but this is left for future work. 
 
For liquid permeability we see a decrease in the in-plane relative transport and relatively 
little change in the through-plane transport. Given the initial anisotropy in the networks, 
which show in-plane conductance typically twice that of through-plane, the results suggest 
that as networks start becoming saturated this anisotropy is assuaged and the effect 
increases with compression. The reason for this re-balancing of through-plane and in-plane 
transport can be explained by the relative change in throat area for the different directions 
shown in Figure (4). Throats that are orientated more towards in-plane close off quicker than 
those orientated though-plane and therefore capillary pressure increases and the path of 
least resistance points more towards the through-plane direction. 
 

3.3 Multiphase transport with in-plane porosity gradient 
 

The results shown in the previous two sections were produced using uniformly compressed 
networks. The GDL is not generally compressed uniformly when assembling the fuel cell as 
current collector flow fields are grooved and present a series of channels and lands as 
reviewed by Hamilton and Pollet [37]. The lands make contact with the GDL and reduce the 
porosity, creating in-plane porosity gradients. Networks are created with lowered pore 
density in a central region of the domain with varying width, representing the GDL beneath 
a channel in the bipolar plate of a fuel cell. The land width to channel width ratio is set at 
3:1, 2:1, 1:1, 1:2 & 1:3 and is expressed in our figures as a channel area fraction. Pores in 
the channel region are further apart and consequently have larger volumes and so the region 
has higher porosity. 
 
The influence of the channel area fraction on the breakthrough saturation is shown in Figure 
(8). There is no discernible pattern and little variation with channel area fraction. There also 
appears to be little difference in the total saturation of the medium when varying the number 
of inlet clusters. No attempt to correlate the inlet cluster positions with the positon of the 
lands is made, and only percolation from the bottom face is considered. 
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Figure 8: Break-through saturation for non-uniform compression with land- channel 

boundary conditions and different numbers of clusters. 
 
The in-plane saturation profiles produced by our simulations agree well with x-ray computed 
tomography data collected by Zenyuk et al. [38], conducted ex-situ under isothermal 
conditions. The bulk of the liquid tends to collect in the higher porosity section of GDL 
beneath the channel. However, under non-isothermal conditions such as those typically 
encountered within a fuel cell, the liquid may condense under the cooler rib sections and 
evaporate where convection is strongest under the channels [39], [40]. Two recent pore 
network studies that investigated phase change phenomena support this hypothesis, but did 
not account for porosity variation or local pore structure changes due to compression [41], 
[42]. Further work is required to assess the relative importance of the competing transport 
effects on the liquid percolation under different operating fuel cell conditions. 

 
 

Figure (9) shows the influence of both the channel area fraction and number of inlet clusters 
on the limiting current. The dry results with no water in the network show that as the channel 
area fraction is increased, the limiting current also increases. This result is intuitive as the 
area open to flow is increasing and so diffusive flux is greater. Introducing water reduces 
the diffusive conductivity of the network, as shown in the previous section, but the influence 
of the saturation distribution also becomes clearer.  
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Figure 9: Limiting current for non-uniform compression with land-channel boundary 

conditions and different numbers of clusters. 
 
Although the total domain saturation at break-through is relatively similar for the 10 and 20 
cluster inlet conditions, the distribution of saturation is skewed more towards the inlets at 
the bottom face for the 20 cluster condition, as shown in Figure (10). This in turn creates 
more of a bottleneck for diffusive transport and reduces the rate at which oxygen can flow 
to the bottom face. Hence the limiting current is reduced compared with the 10 cluster 
simulations. This situation demonstrates one of the effects of introducing an MPL to the 
bottom face of the GDL, which acts to reduce the number of percolating clusters, and 
therefore reduces the bottleneck effect. A recent study by García-Salaberri et al. using the 
Lattice Boltzmann technique also supports these findings [43]. It would seem that peak 
saturation is a stronger indicator of fuel cell performance than average saturation, and 
modelling techniques that can accurately re-produce saturation profiles should be used to 
predict fuel cell performance. Although our inlet condition is not dependent on the level of 
compression or positon within the domain, one might expect the entry points into the GDL 
to depend on cracks in the MPL which are more likely to occur beneath the land. 
Compression is also important for the contact between layers which, if poor, will result in 
liquid pooling at interfaces leading to severe bottle-necks for air transport as discussed by 
Simon et al. [44]. 
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Figure 10: Through-plane saturation profile for the different cluster conditions with a 

channel area fraction of 0.5. 
 
 

4. Conclusion 
 
A series of PNMs subject to compression are presented, with good agreement to 
experimental drainage and single phase transport data. Effective and relative transport 
simulations are performed, and the effect of compression is shown to reduce effective 
transport but increase some relative transport, depending on the direction and phase. It is 
found that compression has a more adverse effect on the in-plane transport than through-
plane and this can be explained by considering the different structural changes to 
constrictions between fibers. 
 
In-plane porosity variation under a land-channel-land scenario is shown to affect the liquid 
percolation pathway with a strong correlation between saturation and porosity. This in turn 
affects the limiting current achievable with a fuel cell which increases proportionally with the 
channel area fraction, and decreases with the number of inlet clusters. PNMs are 
demonstrated as powerful tools capable of characterizing porous materials with great 
efficiency and accuracy. 
 
It is recommended that further investigation into the land-channel influence on transport in 
the GDL is conducted combining the topological considerations presented here and the 
phase change considerations presented elsewhere. It is hoped that performing simulations 
with OpenPNM, an open source framework developed as part of this work, will aid future 
investigations. 
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Nomenclature: 
 

A m2 Network cross-sectional area 

c mol m-1 Concentration 

D m2 s-1 Diffusivity 

df m Fiber diameter 

F C mol-1 Faraday’s Constant 
gd m3 s-1 Diffusive conductivity 

gh m3 Pa-1 s-1 Hydraulic conductivity 

K m2 Permeability 

l m Conduit Length 

L m Network Length 

na mol s-1 Diffusion rate of species a 
through conduit 

Na mol s-1 Diffusion rate of species a 
through network 

P Pa Pressure 

q m3 s-1 Flow through conduit 

Q m3 s-1 Flow through network 

r m Conduit radius 

s - Saturation 

x - Mole fraction 

 
Greek: 
 

İ - Porosity 

ı N m-1 Surface tension 

ș degrees Contact angle 

Ș - Late pore filling exponent 

 
Subscripts: 
 

0 Uncompressed 

C Capillary 

d Diffusive 

h Hydraulic 

ij Between pore i and j 

in Inlet 

out Outlet 

c critical 

f fiber 

WP Wetting Phase 
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Tables: 
 

Compression Ratio S’WP Ș 

0.0 0.312 4.00 

0.1 0.317 3.30 

0.2 0.321 2.87 

0.3 0.333 2.56 

0.4 0.370 2.35 

0.5 0.421 2.08 

Table 1: The late pore filling parameters for different compression ratios determined from 
morphological image analysis 

 

Pore Level Conservation Conductance Network Level Conservation ෍ ௜௝௡ݍ
௝ୀଵ ൌ ෍ ݃௛ǡ௜௝௡

௝ୀଵ ൫ ௝ܲ െ ௜ܲ൯ ݃௛ ൌ ߤସͶ݈ݎߨ  ܳ ൌ ܮߤܣ଴ܭ ሺ ௜ܲ௡ െ ௢ܲ௨௧ሻ 

෍ ݊௔ǡ௜௝௡
௝ୀଵ ൌ ෍ ݃ௗǡ௜௝௡

௝ୀଵ ൫݈݊ݔ௔ǡ௝ െ ௔ǡ௜൯ ݃ௗݔ݈݊ ൌ ଶͶ݈ݎ௔௕ܦܿ  ௔ܰ ൌ ܮܣ௘௙௙ܦܿ ൫݈݊ݔ௔ǡ௜௡ െ  ௔ǡ௢௨௧൯ݔ݈݊

Table 2: Governing Conservation Equations 
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Appendix 
 

 
Table A1: Pore diameter fitted parameters under compression using the lognorm 

distribution from SciPy’s statistics routines. 
 

 
Table A2: Pore coordination fitted parameters under compression using the lognorm 

distribution from SciPy’s statistics routines. 
 

 
Table A3: Throat diameter fitted parameters under compression using the lognorm 

distribution from SciPy’s statistics routines. 
 

 
Table A4: Throat length fitted parameters under compression using the lognorm distribution 
from SciPy’s statistics routines. 
 

 

Property Description 

Pore Volume The convex hull in 3d of the Voronoi vertices surrounding each 
pore, the pore hull 

CR Shape Location Scale

0.00 2.17E-01 -4.67E-06 3.68E-05

0.10 2.69E-01 8.27E-07 2.96E-05

0.20 2.55E-01 -8.11E-07 2.95E-05

0.30 2.34E-01 -3.45E-06 3.03E-05

0.40 2.49E-01 -2.88E-06 2.74E-05

0.50 2.60E-01 -2.41E-06 2.43E-05

CR Shape Location Scale

0.00 1.52E-01 -6.49E+00 1.58E+01

0.10 1.56E-01 -6.02E+00 1.51E+01

0.20 1.51E-01 -6.38E+00 1.52E+01

0.30 1.48E-01 -6.74E+00 1.52E+01

0.40 1.42E-01 -7.51E+00 1.56E+01

0.50 1.21E-01 -1.05E+01 1.81E+01

CR Shape Location Scale

0.00 4.89E-01 -4.52E-06 1.71E-05

0.10 4.89E-01 -4.42E-06 1.65E-05

0.20 4.85E-01 -4.46E-06 1.60E-05

0.30 4.84E-01 -4.40E-06 1.55E-05

0.40 4.91E-01 -4.27E-06 1.48E-05

0.50 5.02E-01 -4.12E-06 1.41E-05

CR Shape Location Scale

0.00 3.32E-01 8.77E-06 2.93E-05

0.10 3.12E-01 6.69E-06 3.02E-05

0.20 3.52E-01 8.83E-06 2.66E-05

0.30 1.45E-01 -2.59E-05 6.09E-05

0.40 2.61E-01 -7.59E-07 3.40E-05

0.50 2.56E-01 -2.33E-06 3.43E-05
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Pore Centroid The position of the local maximum of a distance transform on the 
whole fiber image for the voxels contained in the pore hull 

Pore Diameter The equivalent diameter of a sphere with equal pore volume 

Pore In(scribed)-
diameter 

Twice the maximum of the distance transform used to calculate the 
pore centroid 

Pore Area Cross sectional area based on an equivalent circle using the pore 
diameter 

Throat Area The intersection between neighboring pore hulls in the voxel image 

Throat Vector Vector normal to the throat plane defined by the Voronoi vertices 

Throat Perimeter Length of the splines between the vertices after image erosion by 
the fiber radius 

Throat Centroid As with Pore Centroid but for voxels on the intersection between 
neighboring pore hulls 

Throat Diameter The equivalent diameter of a circle with equal throat area 

Throat In(scribed)-
diameter 

Twice the maximum of the distance transform used to calculate the 
throat centroid 

Throat Length The center to center length from the connecting pore centroids 
passing the throat centroid 

Throat Volume An extrusion volume of the throat area of length equal to the fiber 
radius 

Table A5: Pore and throat geometry models implemented in OpenPNM as part of the 
Voronoi geometry.  
 
 
 
 
 


