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Abstract

The fundamental magnitude which can be associated with the performance of a fuel cell is the
contact pressure. The contact pressure sustained by the GDL will directly impact the electrical
performance of the fuel cell, in particular the contact resistance. This contact resistance can be
modeled in two different ways: analytically from the mechanical model and electrically from a
mechanical - electrical coupling model. We opted for the analytical resolution. The contact
resistance was calculated analytically, based on the mechanical model. Note that the contact
resistance is influenced by several mechanical parameters such as the clamping pressure, the
porosity of the GDL and the dimensions of two components GDL and BPP. This porosity
decreases during compression in order to make waterproofing. In our study, to model the porosity
of the GDL, two approaches were presented: pore network approach (used in the case of low
porosity) and continuous approach (used in the case of high porosity). It is necessary to quantify
and verify the influence of three factors: the porosity of the GDL, the bending radius of the bipolar
plate and the thickness of the GDL on the contact pressures. To do this, we conducted two
experimental plans on the stack: one corresponding to low porosity and the other one to high
porosity. The optimal parameters having been identified, we found a good correlation between the

numerical results and the experimental results found in the bibliography.

Keywords: PEMEFC, Design of Experiments, Contact Pressure, Electrical Resistance,

Clamping pressure

© 2020 published by Elsevier. This manuscript is made available under the CC BY NC user license
https://creativecommons.org/licenses/by-nc/4.0/


https://www.elsevier.com/open-access/userlicense/1.0/
https://www.sciencedirect.com/science/article/pii/S0360319920321510
https://creativecommons.org/licenses/by-nc/4.0/
https://www.sciencedirect.com/science/article/pii/S0360319920321510

1. Background and Issues

The fuel cell is an energy converter that allows the transformation of the chemical energy
contained in the hydrogen into electrical and thermal energy. The different type of fuel cells
(AFC, PEMFC, DMFC, PAFC, MCFC and SOFC) are differentiated by the electrolyte, the fuel
and the operating conditions [1]. In the last ten years, the biggest development efforts have been
focused on the Proton Exchange Membrane Fuel Cell (PEMFC) in the automobile industry in
order to allow rapid cold start and increase the performance of the fuel cell at low temperatures
(between 30 and 100°C). A PEMFC is an assembly of cells associated in series of stack constituted
of multiple components (ED, BPP, GDL and MEA). These components must be mechanically
maintained in order to guarantee perfect waterproofing, adequate gas diffusion and electrical

conductivity, thus allowing a better performance of the fuel cell.

The fuel cell is a complex multi-physical system where multiple phenomena are fully coupled:
mechanical, electrical, thermal and fluidic [2], [3] and [4]. This performance depends on several
different parameters like: thermo-mechanical (temperature and clamping pressure), design (dimension
and shape of each component) and material (properties of each component). All these parameters,
especially the clamping pressure, can affect the assembly of the components and particularly
mechanical parameters such as the contact pressure at the interface of each component. The
optimal pressure generates adapted mechanical strain and stresses in the MEA and the GDL and

the gas circulation in the MEA and minimizes the contact resistance.

Atthe component assembling stage, a high clamping pressure provokes irreversible deformations
and high mechanical stress in the thin membrane and the flexible GDL, which affects the contact
pressure distribution, decreases the porosity and the pore size under the BPP channels, damages
the MEA and cracks the bipolar plate... However, a low clamping pressure can cause a leak of
gases between the components, which decreases the contact pressure distribution and the electrical

power density (see Table 1).



Table 1: Effects of the mechanical parameters on the performance of the Fuel Cell [1], [5], [3] and [6].

Mechanical parameters

Explanation

Consequence

Thickness (mm)

Imbalance in the flow of

Reducing the thickness of the membrane reduces its

MEA the ions H+ through the ) )
(0.051< Tmea<0.183) resistance and decreases the ohmic losses
membrane
) Reducing the thickness of the GDL increases the mass
Thickness (mm) Mass transport of the )
transport through it and thus reduces the losses of mass
(0.11< TgpL <0.377) GDL
transport
Increasing the porosity of the GDL enhances the mass
transport and reduces its losses
Porosity (%) Mass transport of the | A weak porosity leads to an insufficient reactive gas
(10<e<90) GDL circulation: the water produced by the electrochemical
reaction won't be evacuated which leads to a flood in
the GDL plate
GDL Deformation of the GDL | A strong pressure compression reduces the
Clamping Pressure (MPa) | and on the contact | permeability of gases, enhance the conductivity and
O<P=<10) resistance between the | reduces the contact resistance between the GDL and
GDL and the bipolar plate | the bipolar plate and reduces the total losses
Width of the channel (mm) | Circulation of reactive | A small channel leads to an insufficient supply of
(05<Wen<4) gases reactive gases
Contact surface between
Width of the Rib (mm) A small width of the Rib leads to a high contact
the GDL plates and the ) )
(0.5 <Wrib<4) ) resistance at the interface
bipolar plate
BPP When the bending radius increases, on the one hand,
) ) the length of contact between the Bipolar plate and the
Bending radius (mm) Contact  between  the

(0.1 <Rgri <0.9)

bipolar plate and the GDL

GDL decreases, which increases contact resistance,
but, on the other hand, an increase in contact pressure

results in a decrease in resistance.

Many experimental and numerical studies are carried out to optimize the assembly parameters of fuel

cells components and improve its performance. Most of the results show a significant impact of the

clamping pressure on the sealing, the damage of the thin flexible membrane and the contact pressure

GDL/ BPP.

Akiki, T. [6] studied the influence of different geometries of the bipolar plate. Akiki, T. showed that at




a very high pressure, the bipolar plate of graphite with a trapezoidal section and a bending radius of

RrB = 0.2 mm corresponds to the best performance of the fuel cell.

Muthukumar, M. et al. [7] studied the influence of the width of the draining channels on the current
density. They show that the optimal width of channels of Wen = 0.5mm produce a maximum of power
density of 0.44W/cm? (V=0.4V). In addition, Kahveci, E. E., & Taymaz, 1. [8] have shown that
increasing the flow channel width of the bipolar plate from 0.8 < Wen < 1.2 mm decreases the gas flow
in the GDL and the current density.

Lai, X. er al. [9] studied the influence of the variation of the bending radius of the bipolar plate Rrs range
from 0.1 to 0.9 mm on the distribution of contact pressure between the GDL/BPP. The results show that
increasing the bending radius of the bipolar plate from 0.1 to 0.6 mm results in a decrease in contact

resistance from 8.5 to 7.10-3 Q. Beyond 0.6 mm, the contact resistance begins to increase.

Dey, T.etal. [10] studied the effect of End Plates shape and the number of bolt on the distribution of
contact pressure. Several geometries were studied numerically (extruded hexagonal, extruded
triangles, plain flat) and have shown that the extruded hexagonal geometry presents better distribution
of contact pressure all over the contact surface, with a contact resistance per unit surface that varies
from R = 0 to 30Q. For the effect of the number of bolts, this study showed a low contact pressure is
observed with four bolts. This contact pressure increases with the number of bolts. Thus, a number of

10 bolts gives a better contact pressure distribution.

Movahedi, M. et al. [11] studied the effect of clamping pressure on the cell deformation, especially
the GDL and its characteristics: thickness, porosity and permeability. They optimize the range of

clamping pressure where the current density and the cell ‘s performance are maximized.

Mason, T. J. et al. [12] showed that with a clamping pressure of P =0.5 MPa, an increase in the mass
transport area of the GDL is observed. In addition, Habibnia, M. et al. [13] proved that the clamping

pressure should be more than P = 2.0 MPa to ensure the full tightness of the assembly.

In the same field, Irmscher, P. et al. [14] studied the influence of clamping pressure P for optimum
contact pressure with two types of GDL (SGL 29BCE, Toray TGP-H 060 and Freudenberg). The
obtained results show that, the SGL 29BCE presents an average pressure of P = 0.5 N/mm?, however
Toray TGP-H 060 and Freudenberg have their optimum in higher-pressure ranges.

Regarding studies on the number of cells, Carral, C. et al. [15], Bates, A. et al. [16], Zhou, P. et al.

[17] and Alizadeh, E. et al. [18] showed that a better uniformity of contact pressure distribution was



observed for a very high number of cells. For a smaller cell number (2 and 5 cells), a low value of contact
pressure is observed (0.1 MPa) causing bad contact. On the other hand, the minimum number of cells is

around 16 for better pressure distribution and therefore better electrical performance.

Lai, Xinmin, et al. [19] developed a 3D model of a fuel cell and studied the effects of clamping
pressure and the position of end plate bolts on the MEA pressure distribution. They used the response
surface method (RSM) to establish a relationship between the design variables (the assembly pressure
and the bolt position) and the output variables (maximum stress on the membrane and the difference
between the stresses maxi and mini) in order to improve and optimize the process. They have shown
that the clamping pressure P influences the pressure distribution of MEA more than the bolt position
of the end plate and that the maximum stress of the membrane occurs when the assembly pressure

and the position of bolts are at their highest level.

Atyabi, Seyed Alj, et al. [20] developed a multi-physical 3D model and studied the effect of clamping
pressure on the contact resistance between GDL/BPP. The results show that the increase in the
clamping pressure leads to a localization of the distribution of electric current in the area located at the
corner of the bipolar plate. In addition, this increase in clamping pressure up to 3.5 MPa leads to an
increase in the electric potential which will accumulate in the area close to the channel wall, on the

other hand above 3.5 MPa, the electrical potential decreases.

Chien, Chi-Hui, et al. [21] developed a mechanical thermal model to study the effect of clamping
pressure on the contact resistance between GDL/BPP. The increase in the clamping pressure from 1
to 7 MPa leads, on the one hand, to an increase in the stress Von. Mises from 0.668 to 4.475 MPa in
the GDL and from 1.684 to 8.470MPa in the BPP and on the other hand, to a decrease in the contact
resistance from 59 to 15 mQ and a decrease in the porosity of 77 up to 72%. Then, they showed that
the variation of the conductivity and the porosity as a function of the clamping pressure makes it
possible to identify the optimal clamping pressure (4MPa) allowing a better performance of the fuel

cell.

Garcia-Salaberri, Pablo A er al. [22] studied the inhomogeneous compression effect on the
mechanical characteristics of the Troray type GDL. They showed that under an imposed vertical
displacement from O to 60 mm, the stress is localized under the corner of the rib of the BPP involving
a reduction in porosity (about 12% for the largest imposed displacement) under the rib of the bipolar
plate, on the other hand an increase in the porosity under the channel since under the channel the

GDL undergoes a slight tensile stress. Then, a comparison between the nonlinear orthotropic model



and two linear isotropic models was carried out in order to study the effect of the mechanical

behavior of GDL under inhomogeneous compression.

Garcia-Salaberri, P. A. et al. [23] studied the effects of compression and channel geometry of BPP on
the performance of fuel cell. Two types of BPP channels were studied (serpentine and parallel). They
have shown that in the case of parallel geometry channels, the current density is higher under the
channel because of the shorter diffusion path required for the methanol molecules to reach the
catalyst layer. The performance of the cell is degraded under the rib of BPP due to the local reduction
of the effective diffusivity. In the case of serpentine type channels, higher current densities were

observed compared to the case of parallel type channels.

Carcadea E ef al. [24] conduct other studies on the influence of different characteristics of the GDL
(thickness, porosity, interfacial resistance between GDL/BPP) on the fuel cell performance. The
results show that reducing the thickness of the GDL from Tep. = 350 um to 250 um leads to an
increase in performance, especially in the two zones of the polarization curve (ohmic polarization and
concentration polarization). In addition, the fuel cell performance improves with increasing the GDL
porosity range from 40 % < & < 78%. The highest current density values (1.7 A/cm?) were those of the

case with the highest GDL porosity (e = 78%).

Vlahinos, A. et al. [25] studied the effect of the elasticity modulus of the bipolar plates (Egpp = 5100
MPa), the thickness of the bipolar plate (Tgpp = 1.27 mm), the thickness of the membrane (Tyea = 0.457
mm) and the bolt clamping force (100 N) on the pressure distribution. The numerical results have shown
that the bipolar plate and the MEA thickness is the most significant factor on the pressure distribution.
However, the MEA thickness Twra and the elastic properties are the most influential input variables on the

pressure uniformity of the MEA in the middle of the stack.

Toghyani, S. et al. [26] studies have shown that increasing the clamping pressure P decreases the
thickness of the GDL, which increases the mass transfer in the GDL and the molar fraction of oxygen in

the catalyst layer.

Other experimental and numerical studies [27-35] have shown that:
* The clamping pressure affects the performance of the fuel cell while also affecting the contact
resistance (due to the assembling procedure), the porosity of the GDL, as well as the permeability.
* The contact resistance between the GDL and the bipolar plate decreases in a non-linear manner

with the increase of the clamping force. Moreover, a uniform distribution of pressure causes a



decrease by 30% of the contact resistance.
* A strong clamping pressure causes an increase of the contact pressure and reduces the
performance of the fuel cell.
* Atightening torque of 1.5 Nm corresponds to a better performance of the fuel cell with a uniform
distribution of contact pressure between GDL/BPP.
* The contact resistance decreases exponentially under high clamping pressure.
As the GDL is the most sensitive component of the fuel cell, any change in its structure results in a
change in its porosity, which strongly influences the performance of the cell. Several studies have
shown the influence of the porosity of GDL on the phenomena of mass transport in GDL. In their
modeling work, the GDL is modeled as a classical porous medium and the transport phenomena are
modeled using classical local equations of the continuous approach of porous media. Consequently, the
major problem will be to enquire the transport properties involved in the models. Most of the authors
are based on the use of classical relations for these properties, resulting from experiments with media
like sand, which are therefore a priori not relevant for fibrous media like GDL. Therefore, the
continuous approach presents a more fundamental problem due to the absence of scale separation
(measured in pore size, a GDL is only about ten pore size thick). This is the reason why it will be
interesting to develop alternative approaches, allowing calculation directly at the scale of the

microstructure.

In our case, we will concentrate on the pore network approach. These pores are filled with a fluid or a
mixture of fluids. Transport phenomena such as flows, diffusion and conduction in this porous
medium and contact phenomena require robust modeling of the geometry of the GDL and precisely
its pores. The modeling difficulty is strongly linked to the singular characteristics of the components

of the PEMFC (thin thickness of the GDL, pore sizes, radius of curvature of the BPP, etc.).

In this context, we have developed two main approaches to characterize the porosity of GDL: first,
we concentrated on the pore networks used in the case of a small variation in porosity (between 10
and 57%). Then we focused our attention on the continuous approach used in the case of a high

variation in porosity (between 68 and 88%).

The literature review shows that no studies associated the design of experiment to optimize the fuel cell
stack parameters corresponding to a better mechanical and electrical performance. This work aims to
understand the influence of the different parameters: geometrical and mechanical on the operating

behavior of a fuel cell system from only a mechanical point of view through an experimental plan.



As there are no studies on the influence of the pore dimensions in the GDL on the distribution of the
contact pressures between GDL/BPP, we are especially interested in some parameters (porosity of the
GDL, thickness of the GDL and bending radius of the BPP) influence the contact pressure. To realize
this experimental plan in good conditions and in reasonable timing of calculations (reasonable

timing), we associated it with a 2D mechanical finite elements model of a fuel cell.

The subsequent parts of this article are organized as follows: the finite element model using
ABAQUS software introduced in section 2 presents the 2D geometry of two half-channel and one rib
of the cell, the behavior of each component and the loading conditions. The design of experiment for
low porosity and high porosity is presented in section 3. The optimal parameters corresponding to a
better performance of the fuel cell stack are used to simulate the behavior of each component under
compression loading. Comparison with experimental results is performed to validate the proposed

design of experiment approach.

2. Material and method

Fuel cell system electrical performance is very dependent on the contact pressure evolution, in
particular, the ohmic losses related to the contact resistance [26], [27] and [36]. To optimize the fuel
cell system and to improve its durability, the design of experiments of a simplified fuel cell stack
assembly is studied numerically using ABAQUS software [51]. In this section, we will present two
approaches to simulate the behavior of the GDL under mechanical compression loading and the

contact resistance between several stack components.

2.1 Finite Element Model

Due to the geometrical symmetry of the cell, the isotropic isothermal behavior and the loading
conditions, only two half-channel and one rib of the cell are analyzed in 2D under the assumptions of
plane strains. Figure 1 shows the geometric scheme and the boundary conditions of the MEA and
BPP assembly that contains one cell stack. The material behavior of each component was assumed
homogenous linear elastic (Table 2). To assemble the stack together, a clamping force imposed on the
top of the End plates, is modelled with a compressive mechanical pressure P=1 MPa. The contact-
friction between different stack is performed by isotropic Coulomb model with a friction coefficient
assumed as ¢=0.3 and assume a perfect gasket assembly contact and avoids losses. It was found in
[29] that the gasket had small influence on the contact pressure distribution and the electrical

resistance. Several recent numerical studies show that there is an optimal clamping pressure for



which sealing and better fuel cell performance are obtained [6, 9, 11, 53]. In this study, with a high

clamping pressure the gasket between the End plate and les BPP is not been taken into account.
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Figure 1: Geometric scheme and boundary condition of one cell stack

Table 2: Geometric dimensions and characteristics of each component of the stack

Component | Parameters Definition Values Reference
Tep Thickness (mm) 5 [18]
Wep Width (mm) 4.2 [18]
End plates Egp Young's modulus (GPa) 70 [18]
VEpP Poisson's ratio 0.33 [18]
Tgpp Thickness (mm) 1.5 [29]
Wgpp Width (mm) 4.2 [18]
Wen Width of the channel (mm) 0.1 [40]
BPP Whip Width of the rib (mm) 4 R
Ten Depth of the channel (mm) 1 [29]
Rrig Bending radius (mm) 0.04 [6]
Egpp Young's modulus (GPa) 200 [18]
VBpp Poisson's ratio BPP 0.3 [18]
TepL Thickness (mm) 0.375 [29]
WepL Width (mm) 4.2 [18]
GDL Dp Diameters of the pores (mm) 0.053 [41]
EgpL Young's modulus (GPa) 0.00613 [29]
VGpL Poisson's ratio GDL 0.3 [29]
TMmEA Thickness (mm) 0.045 [18]
MEA WyuEa Width (mm) 4.2 [18]
EmEa Young's modulus (GPa) 0.021 [25]
VMEA Poisson's ratio 0.001 [25]




2.2 GDL porosity modelling

The microstructure of the GDL made of straight fibers corresponding to a GDL felt type (or
paper ) or curved carbon fibers (diameter varies between 5 and 10 gm) corresponding to a GDL
fabric type (or “cloth”) whose performance is directly related to the morphology of the carbon
paper is illustrated in Figure 2. The characteristics of the pores (shape, distribution, number and
dimension) and the mechanical behavior during the compression loading reduce the performance of
the stack [12], [37]. The behavior of the GDL may depend on the fraction of volume occupied by
the fluid phase, the size of the pores, the ratio of the size between the largest and the smallest
pores, and the distance between the pores.

Investigate the effect of the porosity of GDL to obtain better cell performance by experiments

seems essential. Two strategies of modelling are used to take into account the microstructure of

the GDL part.

Figure 2: Morphology of the microstructure of the GDL with different pores characteristics [39]

a) Mesostructured carbon paper model
To consider the microstructure of the GDL, the pore can be modeled by periodic and random

distribution using the computer-aided design accomplished using the python language script and
MATLAB software [38]. In this case, the GDL is performed by spherical periodic pore
distribution in which the porosity can vary from 10 < € < 57%. In this 2D model, quadrilateral
nonlinear finite elements with eight nodes with reduced integration (CPEG8R) are used to mesh the
fuel cells component.

b) Macro homogenized model
In the macro-homogenized model, the GDL behavior is supposed as homogenous elastic material
with an equivalent Young’s modulus [49]. Three methods have been carried out to find the

equivalent elastic properties of media:



1. Porous GDL: The real microstructure of porous GDL material is based on the assumption of a
periodic distribution of pores. The unit cell model with repetitive pores of diameter Op is
m.1t0’

used to estimate the porosity of the GDL as €= —If’% [29] with m is the number of
*""GDL*

GDL
pore, Jp is the diameter of the pores, Wgp, and Tgp;, are respectively the width and the
thickness of the GDL and EgpL is the elastic Young’s modulus. Advantage of this technique
makes it possible to take into account the real inclusions of the porous GDL but require large
meshes and significant computing times.

2. Homogenous-porous GDL: For the EVR taken from heterogeneous material, the overall
structure can be considered on a macroscopic scale as homogeneous with inclusions, which
have different dimensions, positions, orientations and distributions. In this case, the porous
structure of the GDL is based on the assumption of continuous media with inclusions in which
the pore microstructure geometry is considered with weak elastic mechanical properties Epore =
0.001MPa. Advantage of this technique makes it possible to consider the microstructural
properties of the cells of porous materials of the GDL and does not require large meshes and
significant computing times.

3. Homogenous-continuum GDL: In this case, the effective constitutive model of porous GDL is
performed with the use of the homogenization technique. The technique that links the
microstructure to the macroscopic scale of the material is Mori-Tanaka model [52]. The
equivalent Young’s modulus of the continuum homogenous GDL material E.; is
estimate numerically by inverse identification (variation of the contact pressure between

GDL/BPP according to the GDL contact position). The homogenous elastic modulus of

porous GDL is function of the GDL porosity € and the coefficient 0 < n <1 as:
Eeq:EGDL (1_ 8)n (1)

Advantage of this technique makes it possible to take into account the effective constitutive
properties of porous GDL using the homogenization technique and particular for very high
porosities and not require large meshes and significant computing times.

The comparison between the predicted results of these methods is illustrated in Figure 3. The graph
shows the variation of the pressure between GDL/BPP according to the GDL contact position
using three models. A zero contact pressure is observed under the channels corresponding to the

not contact between the GDL/BPP. The contact pressure increases under the rib of the bipolar plate



and is located at the GDL detachment point, which generates peak pressure. This contact pressure
is distributed almost evenly in saw teeth between Cpress= 1.15 and 0.83 MPa. Since the structure of
the GDL is composed of circular pores, the m the pressure peaks correspond to the pore positions
located under the rib of the bipolar plate. We see that under the rib, there are 34 pores in the GDL,
which correspond to the 34 peaks. In the homogenous-continuum model with an equivalent
Young’s modulus, we noting a uniform variation of the contact pressure. Under the rib of the

bipolar plate, the contact pressure corresponds to the average of the peaks observed in the two

other models.
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Figure 3: Inverse identification approach using different model

2.3 Contact resistance modelling

In a PEMFC, several cells composed of several stack components, are combined in series to give a
high power and voltage. Among these components, the GDL and the bipolar plate are main
elements and occupy more than 80% of the total mass. The mechanical contact between GDL/BPP
strongly depends on the contact area, which allows the passage of the electric current thereby affecting
the electrical contact resistance. The electric power lines constrict to traverse the actual contact
surface, causing a decrease in the volume of material used for electrical conduction and an increase
in electrical resistance.

Several studies have shown that 59% of the electrical power loss is due to the contact resistance

GDL/BPP [42], [43]. This state of contact strongly depends on the external assembly clamping



force, thickness of each component, porosity and permeability of the GDL, channel width of BPP.
The goal is to identify the fuel cell parameters that have the most impact on the electric
conductivity of the assembly. To determine the electrical contact resistance in fuel cell two

approaches have been are proposed (Figure 4).

a) Mechanical approach
In this case, the fuel cell is subject to isothermal mechanical loading (P=1MPa) to estimate the
contact surface ScpL/ppp and the contact pressure Cpress between the GDL/BPP. The interfacial
electrical contact resistance R between the GDL/BPP is estimated analytically using the nonlinear
response relationship [44]:

R= A *( B )'B @)

SepL/Bpp  \Cpress

where Sgprepp(mm?) is the contact surface between GDL/BPP, Cpress(MPa) is the mechanical

interfacial contact pressure GDL/BPP ; A(Q.mm?) ; B(MPa) and 3 are the interfacial electrical and

mechanical coefficients of the BPP and the GDL estimate experimentally [36].

The mechanical approach is adapted to estimate indirectly the interfacial electrical resistance by
determining the mechanical contact pressure distribution and the current contact surface
GDL/BPP. Success in mechanical simulating forward models leads to ambitions for inverse
problems, sensitivity analysis, uncertainty quantification, model-constrained optimization, and

reduced-order modeling.

b) Multi-physical approach

In this case, the fuel cell is subject to mechanical loading (P=1MPa) and electrical conditions
(current density J(A/mm?) at the interface GDL/BPP) to estimate directly the potential of the two
sides of the interface GDL/BPP. The interfacial electrical contact resistance between the
GDL/BPP is estimated using the linear response relationship:

R = (UBPP;UGDL) 3)

where J(A/mm?) is the current density at the interface GDL/BPP, (Ugpp — UgpL) is the potential of
the two sides of the interface.
The multi-physical approach is adapted to integrate and couple within a single software all

physical phenomena in fuel cell (mechanical, electrical, thermal and chemical reaction). This



approach provides excellent results and it makes to estimate directly the interfacial electrical

resistance GDL/BPP by integrating the mechanical tightening and the electrical properties of all

Electrical contact
resistance R

fuel cell components.

Mechanical Multi-physical
Definition of geometry, boundary condition, Definition of geometry, boundary conditions and
and mechanical properties physical properties
P=1MPa l, P=1MPa 1 J=0,01A/mm?
Mechanical modeling ‘ ‘ Electrical - mechanical modeling
Predicted contact surface Sgp;gp and pressure Predicted electrical potential variation GDL/BPP
GDL/BPP Cprese Ugpp — UgpL,

' 1

Calculation of the contact resistance
GDL/bipolar plate a Wspr = Uesn

! . ]

B
R-_A 1]
SGDL /BP Cpress

Figure 4: Mechanical and muti-physical methods of calculating the electrical contact resistance of fuel cell
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3. Results and discussion

Since the GDL is the most sensitive component in the fuel cell, then its physical structure and its
initial behavior change in compression. A high clamping pressure leads on the one hand, to an
increase in the conductivity of the GDL and a decrease in the ohmic losses during the chemical
reaction. In addition, a decrease in the porosity of the GDL leading to an insufficient circulation of
reactive gases: the water produced by the electrochemical reaction wouldn't be evacuated, which
leads to a flood in the plate GDL and reduces the performance of the fuel cell. The performance of
the fuel cell is enhanced by the increase of the GDL porosity, decrease of the contact resistance
between GDL/BPP and the increase of the conductivity.

Thus, the variation in the conductivity and porosity of the GDL according to the clamping pressure
allows us to identify the optimal value corresponding to better fuel cell efficiency. The initial
porosity of the GDL varies between 60 < € <90% and the thickness between 250 < Tgpr <450 pum,
however during assembly, and in order to ensure sealing, the volume of the GDL decreases from

10 to 40% therefore, the porosity decreases and the conductivity increases.



As previously mentioned, the GDL is the most sensitive to contact pressure and the porosity

variation, we propose in this section, to study by design of experiments (DOE) the effect of two

cases of porous GDL (low and high porosity) on the distribution of contact pressure between the

GDL/MEA and the GDL/BPP. Analysis of variance and multilinear regression were performed for

each DOE, in order to estimate the most influential parameters and to establish the relationship

between the input and output parameters

3.1 Design of experiment DOE for a low porosity of the GDL (10<&e<57%)

To go further in the study of contact pressure, an experimental plan has been realized, with the aim
of identifying the influence existing between three types of factors. The statistical approach of the
experimental design leads to a better knowledge of the system for a minimal number of tests and
makes it possible to improve the mathematical modeling by optimizing the performance of the fuel
cell system [45-48]. The porous GDL model is used to simulate the fuel cell assembly using DOE approach
with three parameters: (parameter A) the thickness of the GDL (TgpL), (parameter B) the
bending radius of the bipolar plate (RriB) and (parameter C) the porosity (defined by the

diameter of the pores [Ip).
a) Design of experiment approach (DOE)

To study the electrical performance of the fuel cell and the effect of and the significance of
the of the component parameters, the DOE is performed with three parameters and three

modalities plan giving us 27 experiments (Figure 5).
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Figure 5: Modalities for different studied parameters and responses

Figures 6.a and 6.b show respectively the charts of the effects of three parameters on the contact

pressure GDL/MEA and GDL/BPP. By referring to the chart of Figure 6.a, we can see a significant

influence (54.36 %) of the thickness of the GDL (parameter A) on the distribution of the contact



pressure GDL/MEA. The lowest level of the thickness of the GDL tends to increase the contact
pressure from Cpress = 1.105 to 1.56 MPa (54.36%). With the increase in the contact pressure, a
greater amount of water promotes the hydration of the membrane. An increase in pore diameters (from
Up=0.053 to 0.09 mm) tends to increase by 22.23 % the contact pressure GDL/MEA from Cppes=
1.16 to 1.46 MPa. This increase in contact pressure improves the diffusion of reactive gases from the
bipolar plate channels to the membrane, which avoids the phenomena of drying of the membrane and
thus improve the performance of the fuel cell. A little influence was observed for the BPP bending

radius parameter on the contact pressure.

For the contact GDL/BPP, Figure 6.b shows us a significant influence of the bending radius Rgis on
the distribution of the contact pressure. When the bending radius increases, the contact pressure
between GDL/BPP decreases by 70.24% from 2.75 to 1.8 MPa (same results found and observed in
[29]). The increase in the pore diameter from p = 0.053 to 0.09 mm causes an increase of the GDL
porosity of € = 20 to 57% and the contact pressure from Cpress = 1.987 to 2.366 MPa. A diameter of
Up =0.09 mm accelerates the diffusion of the reactive gases and the evacuation of the water produced
by the electrochemical reaction, thus avoiding the phenomena of flooding in the GDL plate. This
increase in porosity causes a decrease in water saturation and thus an increase in the performance of
the fuel cell (other studies have arrived at the same conclusion [24, 40, 50]). For a thickness TgpL =

0.192 mm, the contact pressure distribution is very high (Cpress = 2.35 MPa).

A little influence on the contact pressure was observed for the GDL thickness. Therefore, this leads
to better evacuation of the liquid water and a decrease in the contact resistance between GDL/BPP and
thus an improvement in the performance of the fuel cell. On the other hand, reducing the thickness
of the GDL reduces the resistance to mass transport of the reactive gases. The thickness and the
porosity of the GDL decrease with the clamping pressure, and as the diffusion and permeability
coefficients are functions of the porosity, so these properties also decrease by the compression of the
GDL.

A very high clamping force makes it possible to break the carbon fibers [14] and the occurrence
of cracks, which increases the resistivity of the GDL and limits the diffusion. Hence, a
relationship between thickness of the GDL, porosity and contact pressure must be defined in order
to performed the optimal clamping pressure for each thickness of the GDL, thus allowing an
improvement in the performance of the fuel cell. In addition to the effect graphs, analysis of

variance (ANOVA) were performed for two responses: the contact pressure between GDL/MEA



(see Table 3) and GDL/BPP (see Table 4).
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Figure 6: Chart of the effects of the three parameters on the contact pressure between: a) GDL/MEA and b) GDL/BPP.

b) Analysis of variance approach (ANOVA)

To confirm our conclusion, the next step is to analyze the values of the responses which purpose
is to measure the influence of the parameters on the observed variation of the response. In order
to achieve this goal, it seemed appropriate to carry out an analysis of the variance. The statistical
tool "ANOVA" consists in determining from which threshold an effect can be considered as
significant. In ANOVA corresponding to contact pressure GDL/MEA (Table 3), a strong
interaction is observed between the two parameters A and C: an increase in the GDL pore diameter

Up and a decrease in the thickness TeopL cause a non-linear increase in the contact pressure



GDL/MEA. There is no interaction between the parameters AB and BC. For the contact pressure
GDL/BPP (Table 4), the parameters A, B and C are the most significant. The AB and AC

interactions have a strong impact; however, the BC and ABC interactions present a small effect.

Table 3: ANOVA table of contact GDL/MEA of low porosity of the GDL (S: Significant)

Parameters Sum sq. % df Mean sq. fs Test (fSieo =3.01)

0.192 <TepL< 0.375 | A 9.16E-01 52 1 9.16E-01 5.64E+03 S
A? 422E-02 | 24 1 4.22E-02 2.60E+02 S

0.04 <Rr<0.2 B 2.14E-02 1.2 1 2.14E-02 1.31E+02 S
0.053 <0< 0.09 C 3.90E-01 | 22.1 1 3.90E-01 2.40E+03 S
A2C 2.01E-02 | 1.14 1 2.01E-02 1.24E+02 S

C? 2.40E-03 | 0.14 1 2.40E-03 1.48E+01 S

AC? 3.38E-03 | 0.19 1 3.38E-03 2.08E+01 S

AC 3.65E-01 | 20.7 1 3.65E-01 2.25E+03 S

RES 2.92E-03 | 0.17 18 1.62E-04 - -

Total 1.76E+00 | 100 26 - - -

Table 4: ANOVA table of contact GDL/BPP of low porosity of the GDL

Parameters Sum sq. % df Mean sq. fs Test (fSneo = 3.05)

0.192 <TgpL< 0.375 | A 1.25E-01 2 1 1.25E-01 3.39E+01 S
0.04 < Rris < 0.2 B 4.07E+00 | 66 1 4.07E+00 1.10E+03 S
AB 1.95E-01 | 3.2 1 1.95E-01 5.29E+01 S

B? 2.78E-01 | 4.51 1 2.78E-01 7.55E+01 S

0.053 < 0p<0.09 C 6.44E-01 | 10.5 1 6.44E-01 1.75E+02 S
AC 3.65E-01 | 5.9 1 3.65E-01 9.91E+01 S

A? 1.11E-01 1.8 1 1.11E-01 3.02E+01 S

B2C 1.15E-01 1.9 1 1.15E-01 3.12E+01 S

ABC 1.36E-01 | 2.2 1 1.36E-01 3.69E+01 S

A2C 7.60E-02 | 1.23 1 7.60E-02 2.06E+01 S

RES 5.89E-02 | 0.95 16 3.68E-03 - -

T 6.17 100 26 - - -

c¢) MultiLinear Regression approach (RML)
To model the relationships between the input parameters and the responses, and after obtaining the
significant parameters for each of the two responses studied, a multilinear regression was performed.

This modeling is performed to estimate the parameters of a specific model, by measuring the



dependence of the responses on the inputs of the process. Since, each parameter of Figure 5 has three
modalities, which gives nonlinear effects, the simplified multilinear regression equations for the two
contacts components are:

1. Contact pressure Cpress between GDL/MEA:
Y, =1.213-0.243A +0.0315B +0.1005C +0.102A* =0.176 AC +

“)
0.0385 C* +0.073 A’C + 0.0265AC’
2. Contact pressure Cpress between GDL/BPP:
Y, =2-0.02A -0.4515B - 0.061C +0.087A° —0.124AB + 5)

0.1715B* -=0.1818AC +0.20575 A*C —0.1304ABC +0.2375B*C

Figures 7 illustrated the comparison between the predicted responses and the RML results. On
the level of the contact pressure response GDL/BPP (Y3), the values of the RML model are not
dispersed and remain close to the values obtained by simulation with coefficients of determination
close to 1, which corresponds to a model with a very good predictive power.

The analysis of the results of the DOE shows that a better behavior of the fuel cell is observed for
the modalities of the following parameters: thickness TgpL = 0.192 mm, Rris = 0.04 mm and [p
= 0.09 mm with a porosity of 57%. It should be noted that the pore diameter of [1,=0.09 mm
increases the contact pressure GDL/BPP (Figure 6.b) which decreases the electrical contact
resistance and improves the performance of the fuel cell. However, the choice of GDL porosity
(distribution, position, orientation and shape of pores) depend on the clamping pressure P. A
strong clamping pressure causes a decrease of the thickness, as well as a decrease of the diameters of
the pores, which can provoke a non-linear deformation of the GDL (non-linear porosity and

permeability).
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Figure 7: a) Contact pressure Cpress between GDL/BPP and b) response surfaces for a low porosity



3.2 Design of experiment for a high porosity of the GDL (68 < £ < 88%)
In this part, we will present the study of the design of experiments for a high porosity. The
parameters used in the DOE are: Tgpr, Rrig and Eeq. In this case, a homogenous continuum GLD

model is used to predict the contact pressure GDL/MEA and GDL/BPP.
a) Design of experiment approach (DOE)

In this part, three levels of porosity are chosen (¢ = 68, 78 and 88%). An experimental plan was
performed as shown in Figure 8. Figures 9.a and 9.b show respectively the charts of the effects of
these three parameters on the contact pressure GDL/MEA and GDL/BPP. In Figure 9.a, we can see
a significant influence (an increase in the order of 86.8 %) of the parameter R on the distribution
of the contact pressure GDL/MEA. A little influence was observed for the E¢q (function of the
porosity and the elastic modulus the GDL material). The thickness Tgpi. effects the contact
pressure GDL/MEA with percentage around 12.18%. For the contact pressure GDL/ BPP (Figure
9.b) we observe the inverse phenomena in which 85.41% of pressure decrease is obtained with
the parameter Rrig and 12.34% of pressure increase is obtained with the parameter Tgpr (results
observed also experimentally in [28]). A porosity of the GDL of 68% makes it possible to obtain a
high contact pressure. A little influence was observed for the porosity (Other studies obtained at
the same results [24, 40, 50, 53, 54]).

For the same width of the GDL WgpL = 4.2mm and the same clamping force P = 1.0MPa, if the
bending radius of the Bipolar plate increase, the contact surface with the GDL decrease which

causes an increase in the contact resistance.
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Figure 8: Modalities for Different Studied Parameters and Responses
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Figure 9: Chart of the effects of the three parameters on the contact pressure between: a) GDL/MEA and b) GDL/BPP.

b) Analysis of variance approach (ANOVA)
Tables 5 and 6 show respectively the results of the analysis of the variance for the two responses
studied: Y (contact pressure GDL/MEA), Y> (contact pressure GDL/BPP). In ANOVA
corresponding to the contact pressure GDL/MEA, the parameters Tgpr and Rri appear
significant. The interaction between the two parameters has a little effect. For the contact

GDL/BPP, the three parameters are have significant effects on the contact pressure.

Table 5: ANOVA of contact pressure GDL/MEA of high porosity of the GDL

Parameters Sum sq. % df | Mean sq. fs Test (fSteo=2.95)
0.192 <Tep.< 0.375 | A 2.29E-03 122 | 1 | 2.29E-03 1.46E+03 S
0.04 < Rris < 0.2 B 1.57E-02 831 | 1 1.57E-02 9.98E+03 S
B? 6.90E-04 366 | 1 6.90E-04 4.40E+02 S
AB 1.69E-04 090 | 1 1.69E-04 1.08E+02 S
RES 3.45E-05 0.18 | 22 | 1.57E-06




T 1.88E-02 100 | 26

Table 6: ANOVA of contact pressure GDL/BPP of high porosity of the GDL

Parameters Sum sq. % | df | Mean sq. fs Test (fSineo=2.99)
0.192 <Tep.< 0375 | A 1.68E-01 123 | 1 | 1.68E-01 9.73E+02 S
AB? 6.94E-03 0.51 | 1 | 6.94E-03 4.01E+01 S
0.04 <Rris < 0.2 B 1.16E+00 84.6 | 1 | 1.16E+00 6.70E+03 S
B2C 1.59E-03 0.12 | 1 | 1.59E-03 9.17E+00 S
B? 1.17E-02 0.85| 1 | 1.17E-02 6.77E+01 S
BC 6.31E-04 0.05| 1 | 6.31E-04 3.65E+00 S

4.52 < Eeg< 5.25MPa
68 % < €<88%

C 1.91E-02 140 | 1 | 1.91E-02 1.11E+02 S

RES 3.29E-03 0.24 | 19 | 1.73E-04
T 1.37 100 | 26

*  Multilinear regression approach (RML)
The simplified multilinear regression equations for each contact GDL/MEA and GDL/BPP are

defined as:
1. Contact pressure between GDL/MEA:
Y, =1.05-0.0105A +0.03B—0.004AB +0.01 1B’ (6)

2. Contact pressure between GDL/BPP:
Y, =1.737+0.124A —-0.249B+0.0205C+0.021B* —0.046AB° —0.01 13BC+0.02425B°C  (7)

Figures 10 illustrated the comparison between the predicted responses and the multilinear
regression results. On the level of the response Y, the values of the RMLmodel are not dispersed and
remain close to the values obtained by simulation with coefficients of determination close to 1, which
corresponds to a model with a very good predictive power. To visualize the combined effect of
these parameters, the response surfaces and contour plots were generated for each parameter of the
fitted models. Figures 10 the effect of TopL and Rris on contact pressure GDL/BPP. We note that,
the maximum response GDL/BPP occurs when the thickness of the GDL is at his highest level and

the bending radius of the bipolar plate is at the lowest level.
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Figure 10: a) Contact pressure between GDL/BPP and b) response surfaces for a high porosity

3.3 Optimized fuel cell stack

The experimental study gives us the choice of the optimal parameters corresponding to a better
behavior of the fuel cell stack: the thickness of the GDL is TgprL = 0.375 mm, the bending radius
of the bipolar plate is Rris = 0.04 mm and the GDL equivalent Young’s modulus is Eeq =
4.59MPa with the porosity of €= 88%. Under the applied assembly pressure P = 1MPa, the predicted
results show the distribution of equivalent von-Mises stress for the GDL and BPP at the corresponding
surface and the contact pressure (Figure 11.a). The von-Mises stress at the interface of the GDL
and the BPP is estimated at 0.99 MPa and the maximum value around of 3.67 MPa is localized in
the corner radius of the BPP. The maximum pressure is located at the GDL detachment point from
the bipolar plate, which generates peak pressures at the detachment point.

The contact pressure between GDL/MEA and GDL/BPP is distributed uniformly (Cpress= 1.02
MPa) in the area between the rib of the bipolar plate (see Figure 11.b). Under the BPP channel
where a swelling of the GDL appears, which causes a separation between the GDL and MEA with
a contact pressure which tends towards zero.

However, since the width of the channel is very small (0.lmm), there was not a complete
separation between GDL and MEA and the contact pressure GDL/MEA decreases to reach a
minimum value under the channel (0.8 MPa).

Figure 11.c illustrates the variation of the contact resistivity GDL/BPP in accordance with the
GDL contact position. We can noting that the electrical resistivity per unit surface of the fuel cell

stack R= 82.4 1073Q.
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To study the effect of the clamping assembly pressure on the electrical contact resistance of
PEMFC, a series simulation is performed with a range of P from 0.3 to 1.5 MPa. For each
clamping pressure, an average value of the contact resistance GDL/BPP is obtained. Under a
compression of P=1.0MPa, the contact pressure between GDL/BPP as a function of the position
of the GDL is illustrated in Figure 11.b. By using Eq. 2, we calculate the different values of the
contact resistance (R) for each value of the contact pressure Cpress between GDL/BPP of the area
located under the rib of the bipolar plate. Then, an average value of the contact resistance is
estimated. Mishra, V. et al. [36] experimentally studied the effects of different gas diffusion
layer and clamping pressure for six types of GDL (GDL -10BA, GDL -10BB, B-3/2050, B-
2/120, B -1/ B and B-1/ D). A fractal asperity based model is adopted to predict the contact
resistance as a function of pressure, material properties, and surface geometry.

Knowing the contact pressure Cpress €volution along the interfacial surface contact GDL/BPP (see
the figure below) we estimate the electrical resistance R using the average mechanical contact
pressure  Cpress for the clamping pressure P = 1 MPa: A= 3.32 10° Qcm?,  B= 1.01MPa and
[3=0.534. The electrical resistance is :

0.534
Rgim = 3.32 = (E) = 3.29mQcm?

A comparison of predicted contact resistance versus clamping pressure with experimental values
of reference [36] is done in Figure 12. Good agreement between the predicted results and the

experimental values. We can see that, the contact resistance decreases according the equation (8)



when the clamping pressure increases. This reduction in contact resistance leads to a reduction
in ohmic losses during the chemical reaction and accelerates the diffusion of the reactive gases
and the evacuation of the water produced by the electrochemical reaction, thus avoiding the
phenomena of flooding in the GDL plate. To find the relationship between the electrical contact
resistance and the clamping pressure P, the contact resistance R (m€2.cm?) data is adjusted to the
inverse power law as:

P°

Where the two constants are deduced from the trend line of numerical results K = 3.2973 and o =

0.532.

—Simulation

° _ o Experimental [36]

Interfacial resistance (mQ.cm?)

Clamping pressure (MPa)

Figure 12: Electrical resistance versus clamping pressure comparison predicted model and experimental results [36]

4. Conclusion

In this study, finite element analysis is associated with a DOE to study the influence of different
parameters on the mechanical behavior of the fuel cell and in particular on the contact pressures

between the different components.

Our results led to the following main conclusions: The maximum contact pressure is located at
the level the detaching point of the GDL from the bipolar plate, which generates pressure peaks

at the detaching point.

The influence of the porosity of the GDL has also been investigated. To establish a comparison

and to have a good knowledge of the phenomena, low porosity and high porosity have been



studied.

The study of the low porosity allows us to identify the optimal parameters: thickness of GDL of
0.192 mm, pore diameters of 0.09 mm and a bending radius of the bipolar plate of 0.04mm. The
contact pressures between the three components of the cell (GDL/BPP and GDL/MEA) are

strongly influenced by these parameters.

The increase in pore diameter (Jp = 0.09 mm), corresponding to a porosity of 57%, with a small
thickness of the GDL (0.192mm) leads to an increase in contact pressures which reduces the
electrical contact resistance, avoids the drying of the membrane. Whereas a greater amount of
water promotes hydration of the membrane and enhances the performance of the fuel cell.
However, we didn't compare our result with experimental results because not a lot of

experiments have been conducted on the study for low porosity of the GDL.

In addition, our simulations were performed under a clamping pressure of 1MPa. And as the
porosity and the thickness of the GDL depends on the clamping pressure: a strong clamping
pressure leads to a decrease in the thickness of the GDL and the pore diameters (closed pores),
which causes a non-linear deformation in the GDL. It would be interesting, in the next future, to
study, for each thickness of the GDL, the influence of compression on the distribution of contact

pressures and the porosity of the GDL.

Then, a high porosity study was performed, where the geometry of the GDL with pore was
replaced by a homogenized model. With the optimal parameters identified (porosity 88%,
bending radius of the bipolar plate of 0.04mm and thickness of the GDL of 0.375mm), we found
a good correlation between the numerical results and the experimental results found in the

bibliography. This point validates our numerical model and its hypothesis.
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Nomenclature
Tep Thickness of the End Plates (mm)
Wep Width of the End Plates (mm)
Egp Young's modulus of the End Plates (GPa)
Vgp Poisson's ratio of the End Plates
Tgpp Thickness of the bipolar plates (mm)
Wgpp Width of the bipolar plates (mm)
Wen Width of the channel of the bipolar plates (mm)
Wrig Width of the rib of the bipolar plates (mm)
Ten Depth of the channel of the bipolar plates (mm)
RRrip Bending radius of the bipolar plates (mm)
Egpp Young's modulus of the bipolar plates (GPa)
Vgpp Poisson's ratio of the bipolar plates
TepL Thickness of the GDL (mm)
Wepr,  Width of the GDL (mm)
Dp Diameters of the pores of the GDL (mm)
EcpL Young's modulus of the GDL (GPa)
VGDL Poisson's ratio of the GDL
TMmEea Thickness of the MEA (mm)
Wyea Width of the MEA (mm)
EMEA Young's modulus of the MEA (GPa)

VMEA Poisson's ratio of the MEA

P Clamping pressure [MPa]

€ Porosity of the GDL

m Number of pore

R Interfacial electrical contact resistance between the GDL/BPP [mQ.mm?]

Sepryep  Contact surface between GDL/BPP [mm?]
Cpress ~ Contact pressure [MPA]

A (Q.mm?), B (MPa) and [ interfacial electrical and mechanical coefficients of the BPP and the GDL estimate
experimentally [36].

J Current density at the interface GDL/BPP [A/mm?]

Uspp Electrical potential on the surface of BPP [mV]

UcpL Electrical potential on the surface of GDL [mV]

Y1 Contact pressure between GDL/MEA [MPa]

Y2 Contact pressure between GDL/BPP [MPa]



Table List

Table 1: Effects of the mechanical parameters on the performance of the Fuel Cell [1], [5], [3] and [6]
Table 2: Geometric dimensions and characteristics of each component of the stack

Table 3: ANOVA table of contact GDL/MEA of low porosity of the GDL (S: Significant)

Table 4: ANOVA table of contact GDL/BPP of low porosity of the GDL

Table 5: ANOVA of contact pressure GDL/MEA of high porosity of the GDL

Table 6: ANOVA of contact pressure GDL/BPP of high porosity of the GDL



Figure Captions

Figure 1: Geometric scheme and boundary condition of one cell stack

Figure 2: Morphology of the microstructure of the GDL with different pores characteristics [39]

Figure 3: Inverse identification approach using different model

Figure 4: Mechanical and muti-physical methods of calculating the electrical contact resistance of fuel cell

Figure 5: Modalities for different studied parameters and responses

Figure 6: Chart of the effects of the three parameters on the contact pressure between: a) GDL/MEA and b)
GDL/BPP.

Figure 7: a) Contact pressure Cpress between GDL/BPP and b) response surfaces for a low porosity

Figure 8: Modalities for Different Studied Parameters and Responses

Figure 9: Chart of the effects of the three parameters on the contact pressure between: a) GDL/MEA and b)
GDL/BPP.

Figure 10: a) Contact pressure between GDL/BPP and b) response surfaces for a high porosity

Figure 11.a: Distribution of von-Mises stress and the contact pressure along the GDL line (P=MPa)

Figure 11.b: Distribution of the contact pressure between GDL/BPP and GDL/MEA all along the GDL line.

Figure 11.c: Interfacial electrical resistance between GDL/BPP along the GDL line (P=1 MPa)

Figure 12: Electrical resistance versus clamping pressure comparison predicted model and experimental results [36]
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