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ABSTRACT

The control of the performance of a fuel cell needs the knowledge of mechanical stresses. A
finite element model submitted to operational static loads is developed for pure me-
chanical analysis of a stack. Adapted to practical implementation in the frame of industrial
projects, the tool runs on work stations. Modelling and simulations at the early stage of the
stack architecture development are mandatory to lower the costs of the stack and to
contribute in designing component dimensions and forms, particularly of stamped
metallic bipolar plates or clamping systems. The model should also be useful for accurate
local analyses and channel geometry of metallic bipolar plates must be modelled in detail.
But the number of degrees of freedom is huge and some model simplification is required to
compute a whole stack. The homogenisation technique was applied, replacing cell parts
with composite finite elements or homogenised representative elementary volumes.

This method is explained considering a single cell. Then a fuel cell stack model is built
and finally computed using homogenised properties. The distribution of stresses computed
at stack level can be applied as boundary conditions on detailed models to analyse local
phenomena.

Copyright © 2014, Hydrogen Energy Publications, LLC. Published by Elsevier Ltd. All rights
reserved.

Introduction: from a detailed single cell to a

homogenized full stack

To control the lifetime of a fuel cell, it is essential to predict
the mechanical stresses. The best method to reach this

objective is to model the stack using finite elements (FE)
and to submit the model to the environmental and opera-
tional loads. Response simulation allows predicting the
mechanical stresses that can be analysed and reworked to
compute the electrical performances, or the lifetime after
implementing the concepts of reliability. Of course the
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model has to be sufficiently accurate to be used in the
design process.

The type of FE model depends on the purpose. In the case
of PEMFC subjected to dynamic loads in transportation envi-
ronments, the design of a stack connection to the chassis of a
car needs a 3D dynamics model to define the eigenfrequencies
of the stack [1], but a detailed description of the stack geom-
etry is not mandatory since the data can be updated using
tests. Other purposes really linked to the stack design need to
estimate dynamic displacements and stresses, and require
simulations taking into account the stiffness, inertial and
damping forces, requiring a detailed description of the stack.
The work of Ahmed [2] addresses an intermediate state (free
vibration analysis). It provides insight into how the natural
frequencies of the PEMFC should be tuned to avoid high
amplitude oscillations by modifying the material and geo-
metric properties of individual components. Since it was not
really a design step of an actual stack, a detailed description of
the bipolar plate was not necessary. Such a description is a
real challenge, when applied to a multi-cell stack, as we will
see later on.

Recent in-house dynamic tests showed that the mechani-
cal dynamic response at high dynamic loads is particularly
non-linear. This is due to non-linear stiffnesses as contacts
between components of the cells but also to particularly
complex friction phenomena. A good modelling of the stiff-
ness into the stack is mandatory before considering the in-
ternal dynamic forces. Of course, it is not obvious that such
models are appropriate in the context of transportation. But if
the first eigenfrequency of the stack is high and when the
connections of the stack to the vehicle provide good filtering,
the external solicitations can be considered as quasi static.
Then a static model, i.e. with only the internal stiffness forces,
can be considered as good enough to estimate the behaviour
of the stack.

A lot of local investigation studies are reported in the
literature. They generally implement local 2D FE models (in
opposite to full stack models). Full stack models were imple-
mented particularly for investigation of the effect of clamping
pressure on the stress distribution in the stack.

A single cell was designed for numerical simulation and
experiments by Lee and all [3]. No detail is given on the
meshing and the number of degrees of freedom (DoF). Good
results on interfacial stresses (pressure films) are reported. Liu
[4] has developed a two-cell stack model with graphite bipolar
plates. The high stiffness of the graphite bipolar plates did not
require particularly attention on a fine meshing. The interfa-
cial nodes between either the bipolar plate and the mem-
brane/electrodes assembly (MEA), or the end plate and the
bipolar plate were coupled in the normal direction to model
the contact behaviour. Although only two cells were consid-
ered, the number of degrees of freedom (not mentioned)
should have been relatively high since the material behaviour
was assumed to be linear elastic and isotropic (instead of
anisotropic) in order to reduce the relatively high computation
time. Another study [5] implemented an original approach
appropriate for designing the stack assembly but it is not
suitable for the local stresses. The stack system is considered
as a mechanical equivalent stiffness model consisting of
numerous elastic elements (springs) in either series or parallel

connections. Basic components were defined and equivalent
stiffnesses and thermal expansion coefficients were
computed. Good results are reported on a single PEMFC be-
tween the spring model and a 3D FE model in the axial di-
rection of the fuel cell. Bates [6] addressed a single-cell PEMFC
and a 16-cell. Unfortunately, no detail is given on the FE
meshing and model. Therefore the limits of the model are not
predictable.

The number of papers dealing with the mechanical simu-
lation of the mechanical stresses in fuel cells is increasing.
The results are more and more accurate and the obtained
values are used to deal, for example, with the inhomogeneous
compression of the MEA or with the associated electrical
contact and thermal resistances [7,8]. But none of them in-
tegrates stamped metallic bipolar plates due to the difficulty
of their simulation.

We consequently decided to develop a tool for pure me-
chanical analysis of a stack. Adapted to a daily implementa-
tion in the frame of industrial projects, the tool runs on
common work stations. To lower the cost of the stack,
modelling and simulations are supposed to be carried on at
the early stage of the stack architecture development. The
resulting tool can contribute in the design of component di-
mensions and forms, particularly of bipolar plates or clamping
systems.

Since the model is also used for accurate local analyses, a
detailed modelling of the channel geometry of metallic bipolar
plates is mandatory. The meshing is necessarily fine with
consequently a dramatically high number of degrees of
freedom. This is the reason why the models developed in the
first phase are limited to one quarter of a single fuel cell
assembly.

To determine the behaviour of a real stack with several
cells under mechanical loads, some model simplification is
necessary, such as the replacement of cell parts with com-
posite finite elements. Also representative elementary vol-
umes (REV) of bipolar plates, showing heterogeneous medium
properties are replaced with homogeneous solids leading to
an equivalent mechanical behaviour.

The results computed at stack level have to be applied as
boundary conditions on detailed models to analyse local
phenomena.

Considering the objective of the modelling work, the paper
is organized as follows:

— the description of the main features of the local models
considering a single cell

— the development of the homogenization method as applied

to bipolar plates

the properties of the entire fuel cell stack,

from the results of the fuel cell stack analysis to prediction

of the local behaviour

The mechanical modelling of a single fuel cell

A very good correlation was observed between FEM detailed
calculations and experimental stress field obtained, for
example, during assembly of a single cell stack, confirming
the choice of the FEM calculation method. For comparison
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