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A key performance limitation in the polymer electrolvie fuel cell
(PEFC), manifested in terms of mass transport loss, originates
from hquid water transport and resulting flooding phenomena in
the constituznt components. A key contributor to the mass
transport loss is the cathode gas diffusion layer (GDL) duc to the
blockage of available pore space by liquid water thus rendering
hindered oxygen transport to the active reaction siws in the
electrode. The GDL, therefore, plays an important role in the
overall water management in the PEFC. The underlying porc-
morphology and the wetting characteristics have significant
influence on the flooding dynamics in the GDL. Another important
factor is the role of cell compression on the GDL microstructural
change and hence the underlying two-phasc behavior. In this
anticle, we present the developrment of a pore-scale modeling
formalism coupled with realistic microstructural delineation and
reduced order compression model 10 study the structure-wetiability
influence and the effect of compression on two-phase behavior in
the PEFC GDL.

Introduction

In recent years, the polymer electrolyte fue! cell (PEFC) has cmerged as a promising
power source for a wide range of applications. Despite tremendous recent progress in
enhancing the overall cell performance, a pivotal performance limitation in PRFCs
centers on liquid water trans port and resulting flooding in the constituent components (1).
Liguid water blocks the porous pathways in the catalyst layer (CL) and gas diffusion
layer (GDL) thus cansing hindered oxygen transport 10 the reaction sites as well as covers
the electrochernically active siies in the CL thereby increasing surface overpotenual. This
phenomenon is known as “flooding™ and is percetved as the primary mechanism leading
10 the limiting curremt behavior in the celf performance. The cathode GDL plays a crucial
role in the PEFC water management (1) aimed at maintaining a delicate balance between
reactant transport from the gas channels and water removal from the electrochemically
active sites. In the last few years, water management rescarch has re >d wide
attention, evidenced by the development of several macroscopic models for liquid water
transport in PEFCs (2-6). The macroscopic models for liquid water transport. reporied in
the literature, are based on the theory of volume averaging and treat the GDL as a
macrchomogeneous porous layer Due 1o the macroscopic nature, the current models fail
10 resolve the influence of the pore morphology of the GDL on the underly ing two-phase

dynamics. Another important lactor having strong influence on the GDL pore

morphology and hence the underlying 1wo-phase behavior 1s the cell clamping pressere
The importance of cell clamping pressure on fuel cell performance has been studied by
several researchers. Notable works include Mathias ez of. (7), Wilde er al (8) and Thonen
el al. (9). Mathias e al. (71 reported compression and flexural behavior of carbon paper
and carbon cloth GIDLs and indicated the effect of compressive characteristics on the
channel flow-field pressure drop. Wilde ef /. (8) studied the impact of compression force
on the GDI. properties, namely electrical sesistivity, porc size, and peimeability for
different materials and briefly described the resulting influence on PEFC performance.
Thonen and co-workers (9), on the other hand, tricd to assess experimentally the influence
of clamping pressure on the GDL flooding phenomena. Although substantial rescarch,
both modeling and experimental, has been conducted 1o study flooding and water
transport 1n PEFCs, there is serious paucity of fundamental understanding regarding the
influence of cell compression on the GDL microstructure change and the underlying two-
phase behavior, which affect the cell performance

In the current work, a comprehensive pore-scale modeling framework is presented to
study 1he influence of cell compression and microstruciure change on the flooding
behavior in the PEFC non-woven carbon paper GDL.

Modeling Approach

The modeling framework comprises of threc components: (1) a siochastic fibrous
microstructure reconstruction model, (2) a reduced order porous media compression
model, and (3) a two-phasc latticc Boltzmann (LB) model for two-phase transport in the
GDL microstructure.

Microstructure Reconsiruction

In this work, a stochastic reconstruction technique is developed to generate non-
woven carbon paper GDL microstructures. The stochastic simulation technique creates 3-
D realization of the non-wowven carbon paper GDL based on structural inputs, namcly
fiber diameter, fiber orientation and porosity which can be obtained either directly from
the fabrication specifications or indircctly from the SEM (scanning clectron microscope)
micrographs or by cxperimental techniques Details about the carbon paper GDL
microstructure  reconstruction mcthod along with the underlying assumptions arc
claborated in our recent work (10). Briefly, the stochastic reconstruction technique is a
Poisson line process with onc-parametric directional distribution where the fibers are
realized as circular cylinders with a given diamcter and the directional distribution
provieds in-plane/through-plane anisotropy in the reconstructed GDL microstructure
10).

Figure 1 shows the reconstructed microstructure of a typical non-wowen, carbon paper
GDL with porosity around 72% and thickness of 180 pm along with the structural
parameters in erms of the estimated pore size distribution (PSD) and the anisotropy in
the in-plane vs. through-plane permeability values (10).

Reduced Order Compression Maodel

ed modeling of a porous material under compression is a challenging task of
uctural mechanics The reduced compression model employed in the current
S cetional morphological displacement of solid voxels in the
GDL suucture under losd and with the assumption of negligible wransverse strain. The
reduced compression model is detailed in our recent work (10). However, h the
reduced compression model, it is difficult 10 find a relation between the compression ratio




and the external Toad. The compression ratio is defined as the ratio of the thickness of
compressed sarmple to that of the uncompressed sample. Nevertheless, this approach
leads to reliable 3D morphology of the non-woven GDL structures under compression.
Figure 2(a) shows compressed, reconstructed non-woven GDL microstructures with 20%
and 40% compression along with the uncompressed structure and representative 2-D
cross-sections. Due to the compression of the structure, the pore size distribution is
expected to shift toward smaller pores. Figure 2(b) shows the pore size distributions of
the uncompressed and 50% compressed GDIL. microstructures. It can be observed that the
mean pore size shifts from around 17 pum to approximately 10 pum under 50%
compression, while the width of the pore size distribution shows negligible variation.
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Figure |: Reconstructed non-woven carbon paper GDL microstructure along swith pore
size distribution and the evaluated structural properties.
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Figure 2 Reconstructed uncompiessed and compressed non-woven GDI. miccostructures
along with pore size distribution.

Two-Phase Lattice Boltzmann Model

In recent years, the lattice Boltzmann ([.B) method, owing to its excellent numerical
stability and constitutive versatilty, has developed into a powerful technique for
simulating (luid flows and is particularly successful in fluid flaw applications involving
interfacial dynamics and complex geometries (11). The LB method 1s a first-principle
based numerical approach. Unlike the conventional Navier-Stokes solvers based on the
discretization of the macroscopic continuum equations, lattice Boltzmann methods
consider flows to be composed of a collection of pscudo-particles residing on the nodes
of an underlying lattice structure which interact according to a vclocity distnibution
function. The lattice Boltzmann method is also an ideal seale-bridging numcrical scheme
which incorporates simplified kinctic models to capture microscopic or mesoscopic flow
physics and yet the macroscopic averaged quantitics satisfy the desired macroscopic
cquations (11).

The two-phase lattice Boltzmann model developed in this work is based on the
interaction potential model, oricinally proposed by Shan and Chen (12). This model
introduces 4 distribution functions for a fluid mixture comprising of & components. Each
distribution function represents a fluid component and satisfies the evolution equation.
The non-local interaction between particles at ncighboring lattice sites is included in the
kinctics through a sct of potentials. The LB equation for the Ath component can be written
as:
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where f*(x,/) is the number density distribution function for the &th component in the ith
velocity direction at position x and time £, and &, is the time increment. In the term on the
right-hand side, =, 1s the relaxation time of the k&th component in lattice unit, and
£1"(x,1) is the corresponding equilibrium distribution function. The right-hand-side of
Liq. [1] represents the collision term, which is simplificd to the equilibrium distribution
function " '(x,n by the so-called BGK (Bhatnagar-Gross-Krook), or the single-time
relaxation approximation (13). A three-dimensional 19-speed lattice (D3Q19, where D is
the dimension and Q is the number of velocity directions), shown schematically along
with the velocity directions in Fig. 3, is used in the model. Surface tension between the
two phases is realized through a Muid/fluid interaction force and the wall adhesion cffeet
i.¢. the contact angle is incorporated via a fluid/solid interaction force. The details of the

twg-phase lattice Bolzmann model devcloped for this study are furmished in Ref.
(12,14.15).

Twe-Phase Numerical Fxperiment and Setu

[n this study, a numerical ¢xperiment is specifically designed for investigating liquid
water transport and two-phase dynamics through the reconstructed GDL microstructure.
Before describing the details of the numerical experiment, it is important to mention that
the two-phase transport in the PEFC GDL is characicrized by capillary ransport as
evidenced by very low Capillary number (Ca ~ .07, /o ~ 107) operation (15,16). In the
Capillary number expression, (' and p; are the non-wetting phase Darcy velocity and
dynamic viscosity respectively, o is the surface tension. In the capillary transport regime,
surface forces dominate over the inertial. viscous and gravity farces (15,16),

The numerical setup is devised to simulate a quasi-static displacement expreriment,
detailed clsewhere 1n the literature 1n the context of geologic porous media transport (17),



for simulating immiscible, two-phase transport through the GDL microstructure. A non-
wetting phase (NWP) reservoir is added to the porous structure at the (ront end and a
wetting phase (WP) reservoir is added at the back end (15). It should be noted that for the
primary wage (PD) simulation in the hydrophobic GDL, liquid water is the NWP and
air is the WP. The primary drainage proc is simulated starting with zero capillary
pressure, by fixing the NWP and WP reservoir pressures 1o be equal. Then the capillary
pressure i$ Increased incrementally by decreasing the WP reservoir pressure while
maintaining the NWP reservoir pressure at the fixed initial value. The pressure gradient
drives liquid water into the initially air-saturated GDL. by displacing it. The details about
the numerical setup corresponding to the primary drainage simulation arc furnished in
Refs. (15). For the subsequent two-phase simulations, a reconstructed GDL structure with
100~ 100100 Ilattice points is used keeping in mind the significant computational
overhead in LB calculations. The primary objective of the quasi-static displacement
simulation is to study the liquid water behavior through the fibrous GDL structure and the
concurrent response to capillarity as a direct manifestation of the underlying pore-
morphology
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Figure 3: D3Q19 lattice structure.
Results and Discussion

Figure 4 shows the liquid water distribution as well as the invasion pattern from the
primary dranage simulation with increasing capillary pressure in the initially air-
saturated uncompressed carbon paper GDL characterized by hydrophobic wetting
characteristics with a static contact angle of 140", Physically, this scenario corresponds to
the transport of liquid water generated due to the electrochemical reaction in the CL into
the otherwise air-occupied GDL in an operating fuel cell. At the inttially very low
capillary pressure, the invading front ovcrcomes the barrier pressure only at some
preferential locations depending upon the pore size along with the emergence of droplets
owing to strong hydrophobicity. As the capillary pressure increases, several liquid water
fronts slart to penctrate into the air occupied domain. Further increase in capillary
pressurc exhibits growth of droplets at two invasion fronts, followed by the coaleseence
of the drops and collapsing into a single front. This newly formed front then invades into
the less tortuous in-plane direction. Additionally, emergence of tiny droplets and

subsequent growth can be observed in the constricted pores in the vicinity of the inlet
egion primarily due to swrong wall adhesion forces from interactions with highly
hydrophobic fibers with the increasing capillary pressure. One of the several invading
fronts finally reaches the air reservoir, physically the GDL/channel interface, at a
preferential location corresponding to the capillary pressure and is also referred to as the
bubble point. Additionally, 2-D liquid water saturation maps on different cross-sections
along the GDL through-planc direction corresponding to a representative liquid swater
saturation level are shown in Fig. 5 which demonstrates the porous pathways actually
available for oxvgen transport from the channel to the CL reaction sites. It is worth
mentioning that the LB simulation is indeed able to capture the intricate liquid water
dynamics including droplet intcractions, flooding front formation and propagation
through the hydraphobic fibrous GDL structure, Furthermore, it is important to note that
the liquid water transport and flooding dyanmics through a woven carbon cloth GDL
would lead to very diffcrent scenario owing to liquid water motion along individual fibers
as well as between (iber bundles as opposed to that in the non-woven carbon cloth GDL.
Further investigations are currently underway to understand the influence of different
pore morphology and wetting charactenstics of GDL structures on the resulting flooding
dynamics.

Figure 6 shows the liquid water distnibution as well as the invasion patiern from the
primary drainage simuiation with increasing capillary pressure in the initially air-
saturated 30% compressed carbon paper GDL  microstructurc characterized by
hydrophobic wetting characteristics with a static contact angle of 140°, similar to its
uncompressed counterpart, described earlier. The reduced compression model was used
to generate the compressed structure. Similar to the uncompressed GDL, at very low
initial capillary pressures, the invading front overcomes the bartier pressure only at some
preferential locations depending upon the pore size. As the capillary pressure increases,
several liquid water fronts start to penetrate into the air occupied domain. Owing to the
compression induced microstructural change, further increase in capillary pressure
exhibits coalescence of drops and concurrent merging of the fronts into a single front.
This newly formed front propagates in the through-plane direction with liquid water
build-up and subsequent action of capillarity. llowever, no preferential front migration
toward the in-plane dircction, as opposed to that in the uncompressed structure, is
observed, which can be attributed to the increased tortuosity owing 1o the compression of
the GDL. Emergence of droplets and subsequent growth can also be observed in the
constricted pores primarily due to strong wall adhcsion forces from interactions with
highly hydrophobic [ibers with the increasing capillary pressure. Finally, the predominant
front reaches the air reservoir, physically the GDL/channe! interface, at a preferential
location and the corresponding capillary pressure is referred to as the bubble point
Concurrent to the bubble point, the microstructural change also reflects in the movement
of water in the in-plane direction which could rather be attributed to the liquid water
build-up at the corresponding saturation level, and differs significantly from the two-
phasc transport in the uncompressed GDL shown in Fig. 4. Additionally, the 2-D liquid
water saturation maps on different cross-sections along the GDL through-plane direction
corresponding Lo a representative liquid water saturation level are shown in Fig, 7 which
demeonstrates the porous pathways actually available for oxygen transport {rom the
channel to the CL reaction sites in the compressed GDL. The roughened fiber cross-
sections also suggest overlaying of fiber lavers from compression leading to higher
tortuosity. It is worth mentioning that the LB simulation is indeed able to capture the
intricate liquid water dynamics and reflects the influcnce of compression induced GDL




microstructural change on the flooding behavior. Detailed investications are currently
urderway to understand the influence of different pore morpholowy and wetting
characteristics of GDL structures under the influence of compression on the resulting
flooding dvnamics. Furthermore, a micro-FE (finite ¢lement) formalism is also under
development to caplure the realistie structural mechanics effect (n order to dirgetly relate
the compression load to the microstructural change of the GDL. Tt is impartant to note
that the mesoscopic LB simulations provide fundamental insight into the pere-scale
liquid waier transport in uncompressed and compressed GDL structures and would likely
enable novel GDIL microstructure design for flooding mitigation,

> Increasing Capillary Pressure

Figure 4: Advancing liquid water front with increasing capillary pressure through the
initially air-saturated uncompressed GDL microstructure from the primary drainage
simulation.
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Figure 5: 2-D phase distribution maps on scveral cross-sections along the through-plane
direction in the uncompressed GDL structure from the primary drainage simulation.

Figure 6. Advancing liquid water front with incieasing capillary pressure through the
nitially ai-saturated GDL microstructiore with 30% compression from the primary
drainage simulation.
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Figure 7- 2-D phase distibution maps on several cross-sections along the through-plane
direction in the 30% compressed GDL structure from the primary drainage simulation

Conclusions

The gas diffusion layer plays a crucial role in the overall PEFC performance due 1o
the transport limitation in the presence of Hiquid water and flooding phenomena. The cell
compression affects the GDL porc morphology and hence the underlying liquid water
transport characteristics. [n this work, the development of a pore-scale modeling
formalism including a stochastic microstructure reconstruction model, a reduced order
microstructure compresston mode! and a two-phase lattice Boltzmann model is presented
in order to reveal the structure-wettability influence and the effect of compression on the
underlying pore morphology and flooding dynamics in the PEXC GDL. The liquid water
transport in the non-woven GDL structure with hydrophobic wetting characteristics
shows intricate interfacial dynamics including droplet interactions, flooding front
formation and propagation. The compressed GDL structure exhibits enhanced resistance
10 liquid water transport in the in-plane direction due to the change in the underlving pore
morphology leading to increased tortuosity.
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