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a b s t r a c t

This paper presents a three-dimensional numerical modeling of a PEM fuel cell with tree-like flow field
channels. Four different tree-like configurations are considered for the study based on a statistical
analysis of the veins of the leaves of different trees. The number of bifurcations of the vein and their
inclination are considered as parameters for the characterization. Four different configurations are the
most recurrent, corresponding to one level of bifurcation at 37� and 74� and two levels of bifurcation at
37� and 74�. The model considers a complete solution of the mass, momentum, energy, and electro-
chemical equations. An entropy generation analysis is developed as a post processing once the solution of
the models is obtained. Because new geometries for the channel configuration in the bipolar plates are
introduced, special attention is considered for the entropy generation due to mass flow. Results indicate
that the configuration with two levels of bifurcation at 37� is efficient at removing water from the
cathode channels, resulting in a good current density production. In addition, a better performance of the
PEM fuel cell (higher current density production and lower entropy production) is obtained by increasing
the number of bifurcations.

© 2017 Elsevier Ltd. All rights reserved.

1. Introduction

A proton exchange membrane (PEM) fuel cell is an electro-
chemical device that directly converts the chemical energy of
hydrogen into electricity without the need of a combustion process
[1,2]. PEM fuel cells are a promising substitute for fossil-fueled
technologies because of their relatively high efficiency (40e60%),
fast start-up, silent performance, near-zero emissions to the envi-
ronment (residues are only liquid water and heat), and they are not
limited by the Carnot efficiency [1,2]. PEM fuel cells are also a good
alternative when coupled with other technologies in form of
microgrids [3e6].

The main drawbacks of a PEM fuel cell to date are the high in-
vestment costs and short periods of durability associated with the
materials (especially for the platinum in the catalyst layers that is
expensive and is highly affected by CO2 poisoning), and also the
non-homogeneous current density production due to an

inadequate distribution of the reactants in the fuel cell [1,2,7]. With
respect to the latter, the shape of the channel cross sectional area,
the channel dimensions, and the gas flow channel configuration
have to be properly designed. The motivation of the present work is
on the design of the gas flow channel configuration, where much
effort has been devoted during the past years [8e10].

For the gas flow channels, four configurations are considered as
conventional, i.e., straight, parallel, serpentine, and interdigitated.
The straight channel configuration [11,12] provides a good pro-
duction and distribution of current density, but its main limitation
is the geometry itself because a very long channel is needed to
produce an acceptable amount of energy. However, the straight
channel configuration is the base for most of the subsequent ge-
ometries proposed. The parallel channels configuration [13e15]
provides a high current density production, but presents zones of
water accumulation and, as a consequence, a non-uniform current
density production. The serpentine configuration [13,15e18] pro-
vides a high current density production and a good removal of the
water generated at the cathode, but its main drawback is the high
pressure drop for the gas flow due to the length of the channel and
the many sharp turns along the path. The interdigitated* Corresponding author.
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configuration [8,19e23] is a modification of the parallel channels
configuration that forces the gases to pass through the porous
media, improving the water removal and having a better use of the
reactants, but its main limitation is the high pressure drop for the
gas flow which limits the overall performance of the fuel cell.

New gas flow channel configurations are proposed as an alter-
native to the conventional geometries. A radial configuration [24]
shows a low pressure drop for the gas flow and areas of high cur-
rent density production, but also areaswherewater is accumulated,
showing a negligible current density production in these areas. A
spiral configuration [13,25] allows the PEM fuel cell to have an
uniform current density production on the active area and a low
pressure drop for the gas flow, but still the overall fuel cell per-
formance is limited. A parallel channel configuration in which the
injection of the gases to the channels is modified in order to have a
more uniform and homogeneous flow distribution in all the
channels [26], and Pin-type configurations [13,27], provide an
uniform current density production and a low pressure drop for the
gas flow, but the overall fuel cell performance is still limited. A
maze flow configuration [15] shows a rapid voltage decay at high
values of current density, thus, presenting a very poor overall fuel
cell performance. Other alternatives are to combine gas flow ge-
ometries, for instance, serpentine (anode) and interdigitated
channels (cathode) [28], which show a good fuel cell performance
in terms of water removal. Recently, porous media instead of
channels are also proposed as gas flow distributors [29e31],
showing a good mass distribution of both, hydrogen and oxygen, as
well as a good overall fuel cell performance.

Biomimetic configurations [32] are also proposed as an alter-
native to the conventional geometries. These configurations are
inspired on the observation of nature, under the premise that
systems that reflect the natural configuration of biological systems
are more efficient [33]. Biomimetic geometries are obtained using a
deterministic principle for the generation (optimization) of geo-
metric form in natural systems, limited to global and local con-
strains in order to improve the performance of the system under
analysis [33]. Along this line, a tree-like pattern which results from
a multiparametric optimization [34,35] shows a reduction of the
pressure drop and a maximization of the net power produced.
Fractal geometries based on respiratory systems [36,37] provide a
low pressure drop for the flow of gases, but large areas of the cell
are not used well, obtaining a non-uniform current density pro-
duction. Other fractal geometries [38] produce a flooding of the
channels due to the poor water management of the geometry. A
configuration based on the geometry of the veins of leaves [39]
provides a good performance of the fuel cell, but for the partic-
ular geometry proposed, the water management is not efficient
because areas of water stagnation are present.

Although all these different non-conventional configurations for
the gas flow channels, including nature-based and non-nature-
based configurations, provide improvements for the PEM fuel cell
performance, they still are not able to provide a better fuel cell
performance than the conventional serpentine configuration. Also,
only numerical studies are presented for most of these non-
conventional geometries, leaving experimental studies as an open
area of research.

In this paper, an analysis of the performance of a PEM fuel cell
using four different tree-like configurations for the gas flow dis-
tributors is presented. The channel configurations mimic the dis-
tribution of the veins of a leaf, and consist of configuration models
with one and two bifurcations and with two different angles for the
inclination of the veins with respect to the main channel.

The paper is organized as follows: section 2 presents a
description of the PEM fuel cell system under analysis; section 3
outlines the mathematical model used for the analysis; section 4

presents the numerical results of the PEM fuel cell performance
with the four different configurations, including an entropy gen-
eration analysis; and section 5 concludes the paper.

2. System description

In order to define the tree-like configurations for the flow field
channels, 30 of the most common trees in the Bajío region of
M�exico are randomly chosen, and 20 leaves from each tree are
photographed. Measurements of the number of bifurcations and
the bifurcation angles of the veins of a leaf are taken for all the
images from the collection of pictures obtained for the analysis. The
data is analyzed to define the most recurrent number of bi-
furcations and their inclination angles.

With respect to the number of bifurcations on the veins of
leaves, two different configurations are found as the most statisti-
cally repetitive, i.e., a configuration with one level of bifurcation
(one main channel and one flow branch), and a configuration with
two levels of bifurcation (one main channel and two flow
branches). A configuration with three levels of bifurcation is not
studied because it causes the channels to cross with each other,
thus, causing turbulence and instabilities in the gas flows. These
instabilities cause that the PEM fuel cell reduce its current density
production because the gases are not uniformly distributed on the
active area. With respect to the bifurcation angles, the leaves
collected are categorized in two sets. For the first set of leaves, the
mean value of the bifurcation angle is 37� and the standard devi-
ation is 0.823�, with a confidence interval of 95%. For the second set
of leaves, the mean value of the bifurcation angle is 74� and the
standard deviation is 0.947�, with a confidence interval of 95%.

The combination of the number of bifurcations and the different
angles results in four different configurations for the flow channels,
that is, one level of bifurcation at 37+ and at 74+ (Fig. 1a) and two
levels of bifurcation at 37+ and at 74+ (Fig. 1b).

The PEM fuel cell system consists of current collectors, flow
channels, diffusion layers, and catalyst layers for each side of the
cell (anode and cathode), and a membrane between the catalyst
layers. The catalyst layers are 0.03-mm thick, the diffusion layers
are 0.5-mm thick, and the membrane is 0.05-mm thick. The total
active area for the PEM fuel cell is 9-cm2 for all configurations. The
flow channel configuration at the anode is chosen to be the same
than that at the cathode. The cross sectional area of the flow
channels is square (1� 1 mm for the main vein), and decreases
according to Murray's Law [40,41] by a factor of 2�1=3 from one
branch to the other. The branches are at the same level with the
main vein. The design of the bifurcations are in line with the

Fig. 1. Channel flow field pattern with: a) one level of bifurcation at q ¼ 37+ (or 74+)
and b) two levels of bifurcations at q ¼ 37+ (or 74+).
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