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a b s t r a c t

The effects of arrangement and number of Membrane, Catalyst layer (CL) and Gas Diffusion layer (GDL) is
investigated in present study. A full three-dimensional model was developed for tubular shaped PEMFC
and the distribution of reactant concentration along anode and cathode channels, current density, power
consumption and production were studied through computational Fluid dynamics (CFD). In order to do
so, five arrangements of the tubular-shaped PEMFC namely: circular peripheral (CP), circular with two
channels (C2C), circular with four channels (C4C), circular with six channels (C6C) and circular with eight
channels (C8C) are presented. Comparison was made for new arrangements of layers, for the same active
area and input mass flow in the anode and cathode. The results of polarization curve and power density
shows that via increasing the number of layers, and thereby reducing the length of the fuel cell, more
reactants are consumed along the tubular-shaped PEMFC. Among the five new arrangements, the CP case
due to having high flow velocity for the same flow rate, has lower consumption along the channel and
demonstrates undesirable results. Also in the dual-channel case (C2C) the core of the reacting flow is
far from the reaction location (i.e. CL) therefor showed the lowest consumption and thus lowest power
density. Whereas the eight-channel (C8C) configuration because of the appropriate distance between
Membrane, CL and GDL layers and the core of the flow, increases the power output and reduces the cost,
simultaneously due to shortest length in comparison to other cases. The results of present study can be
employed for the manufacturing of new tubular-shaped PEMFC.

� 2016 Elsevier Ltd. All rights reserved.
1. Introduction

1.1. Problem presentation

Fuel cells are electrochemical energy converters that convert
chemical energy of fuel (typically hydrogen) directly into electrical
energy and water as the other reaction product is produced as well.
Based on the types of electrolytes the fuel cells can be classified as
polymer electrolyte fuel cells (PEMFC), solid oxide fuel cells (SOFC),
phosphoric acid fuel cells (PAFC), molten carbonate fuel cells
(MCFC) and direct methanol fuel cells. Different types of fuel cells
are in different stages of development and among different types
that are being developed, proton exchange membrane fuel cells
(PEM) benefit from compactness and low weight and are capable
of working at low temperatures. Moreover they have high output
power density and low environmental impact. For this reason,
numerous works dealing with the use of power management and
components size optimization in hybrid systems of fuel cell and
vehicles battery have been carried out. [1–3]. Other advantages
of these fuel cells are extraordinary commissioning system and
appropriate shutdown performance [4,5]. The operation of PEM
fuel cell not only involves electrochemical reactions but the distri-
bution of flow, fluid mechanics, species transfer, heat and water
management are also included. Understanding such complex elec-
trochemical reactions and restrictions on transferring new reac-
tants using experiments are difficult and in many cases impossible.
1.2. Overview of literature

Modeling of PEM fuel cell provides a more comprehension of
such electrochemical reactions and transport phenomena. The
aim of such modeling is to determine the parameters to obtain
maximum power and to decrease losses in the PEMFC [6,7]. For
instance a numerical model was presented by Tiss et al. [8] to
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Nomenclature

Aa;c area cross section channel for anode and cathode ðm2Þ
Amem active cell area ðm2Þ
a water activity (–)
D mass diffusion coefficient ðm2=sÞ
F Faraday’s constant ðC=molÞ
K permeability ðm2Þ
k thermal conductivity ðW=m � KÞ
M molecular weight ðg=molÞ
P pressure ðPaÞ
R universal gas constant ðJ=mol � KÞ
T temperature ðKÞ
Voc open circuit voltage ðVÞ
X mole fraction (–)

Greek symbols
a water transfer coefficient (–)
e porosity (–)

q density ðkg=m3Þ
c concentration coefficient (–)
l viscosity ðkg=m � sÞ
r membrane conductivity ð1=ohm �mÞ
k water content (–)
n stoichiometric ratio (–)

Subscripts and superscripts
an anode (–)
cat cathode (–)
eff effective (–)
mem membrane (–)
m mass (–)
i individual specie in the reference condition (–)
ref reference value (–)
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study the mass transport phenomenon in PEMFC having partial
blocks in the gas channel. The performance of an open cathode
PEMFC was investigated by Al-Zeyoudi et al. [9] which revealed
that the performance can be improved by humidifying the anode.
Ghanbarian and Kermani [10] studied the influence of incorporat-
ing gas channel partial blocks in a parallel flow field and concluded
that the performance can be improved over 25% in some specific
cases.

Performance, durability and cost of the PEMFCs are the most
important challenges for the full commercialization of this type
of fuel cells [11–13]. Many promising efforts has been carried out
to overcome these challenges hitherto [14–16], but some issues
is remained unresolved [17,18]. Flow field design and supply and
distribution of reactants within the stack, plays an important role
in performance, durability and cost of the PEMFC [19,20]. More-
over, Wang et al. [21] carried out a numerical simulation on PEMFC
having serpentine flow fields to study the effect of gas channel size
on the fuel cell performance. Their findings showed that liquid
water removal and oxygen transport takes place much easier in
smaller channel sizes and therefore the performance is enhanced.
Heidary and Kermani [22] performed a numerical study on the
effect of partial blocks and corrugated wall on the heat transfer
in flow field channels of a fuel cell. They found that number of
blocks on the bottom wall and the corrugation shape, considerably
affects the heat exchange between the core flow and channel walls.
Perng et al. [23] modified the flow field to observe the alterations
in species transport behavior and the PEMFC performance. They
predicted an 8% improvement for the PEMFC performance.

Common architecture of PEMFC (base case) has limited poten-
tial to solve issues such as the large amounts needed for brittle gra-
phite bipolar plates, non-uniform distribution of flow and
temperature, low and non-uniform distribution of reactant diffu-
sion in the catalyst layer and relatively large volume of PEMFC
stack. Many efforts have been made in recent years, to minimize
these losses through the development of new catalytic materials
and different types of new electrolytes [24,25]. However, very
few studies have been reported on the design of flow field and
bipolar plates [26]. The geometry of the flow channel is a very
important parameter for the performance of proton exchange
membrane (PEM) fuel cells but this parameter is less significant
in solid oxide fuel cell (SOFC). Reactant as well as products, are
transmitted through channels to or from cells. Different configura-
tions of the flow channels including: parallel, serpentine, interdig-
itated and other combinational versions have been developed [27].
In this regard, Nguyen et al. [28] developed a three-dimensional
model which took into account the mass, heat transfer, current
and potential distribution within the fuel cell using the serpentine
flow field. Their results showed that oxygen concentration is
reduced along the gas flow channel in the direction of the flow.
Also, in the gas diffusion layer (GDL), the oxygen concentration
under the land area is minimal. At high current densities, oxygen
is almost completely omitted under the land areas. This leads to
a non-uniform distribution of oxygen concentration along the cat-
alyst layer and causes the local overpotentials which is varied in
terms of position. Um and Wang [29] used a three-dimensional
model to study the effects of interdigitated flow field. The model,
considered the mass transfer, electrochemical kinetics, species pro-
files and current density distribution within the cell. Interdigitated
flow field causes forced convection of gases that contribute to
eliminating the liquid water at the cathode. This improves the fuel
cell performance at high current densities because of transfer lim-
itations caused by production of water. The model showed that in
middle and low current densities little or no difference between
observed interdigitated flow field and conventional flow field.
However, at high current densities, fuel cell with interdigitated
flow field has limiting flow, where it is almost 50% larger than that
of cell with base flow field. Wang et al. [30] improved the perfor-
mance of PEMFC at low operating voltage through applying baffles
in the serpentine channel. They also optimized the serpentine con-
figuration by changing the channel height for a better distribution
of the reactants on the membrane electrode assembly (MEA).
Ramos-Alvarado et al. improved the power generation by changing
the spiral symmetric flow pattern [31]. Chen et al. studied a new z-
type flow field and interdigited channels [32].

Based on the works reviewed, it could be concluded that cell
performance can be improved by utilizing appropriate architecture
and optimal design of flow field. One of the new architectures in
the design of PEM fuel cell is tubular-shaped fuel cell. Fuel cell
institutes and companies have performed experimental researches
with specific objectives for this type of fuel cell, but most of the
data is proprietary and very limited data are available publicly.
Tubular design has the advantage over the planar for the high
power stacks for several reasons namely: (i) elimination of loss
of flow field: lower the pressure drop and no time-consuming
machinery; (ii) uniform pressure distribution applied to the MEA
by the cathode, (iii) faster response when switching from fuel cell



Fig. 1. Computational region and boundary conditions for base model.
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mode to electrolyser mod in integrated recovery fuel cell [33]. In
addition, circular tubular PEMFC has structural advantage over
the planar one because the clamping pressure is uniformly
distributed on the surface. This uniform distribution of contact
pressure can lead to better mass transfer and improved perfor-
mance including power density in comparison to planar PEMFC
[34].

In recent years, limited work has been carried out on tubular
architecture which is presented as follows. Al-Baghdadi [5] com-
pared the performance of new cylindrical PEM fuel cell with con-
ventional planar fuel cell. He concluded that the cylindrical
geometry offers better performance for the transfer of reactants
and provides higher current density. Also the effect of geometrical
parameters and materials was also evaluated in the new PEM fuel
cell. Khazaee and Ghazikhani [27] presented a single-phase three-
dimensional model for annular-shaped proton exchange mem-
brane (PEM) fuel cell to study the effect of connections between
the bipolar plate and gas diffusion layer on the performance of
the fuel cell, current density, temperature and gas concentration.
They found that cell performance gets better when the number
of connections between the GDL and the bipolar plate is increased,
but in the case of one connection conditions the influence of
changing connection location on connectivity is trivial. They also
found that the mole fraction of water along the cells gradually
increased and the maximum value was near the connection
between GDL and bipolar plate. Recently, Sierra et al. [35] evalu-
ated the performance of three flow fields with cylindrical geome-
tries namely: serpentine channels, interdigitated and straight in
PEMFC. They found that the configuration with cylindrical chan-
nels reduces the pressure drop due to gradual reduction of the
angle of the flow path. Thus it facilitates the expulsion of liquid
water from gas diffusion layers.

Therefore, in this paper, the effect of the number of GDL, CL and
Membrane layers on the performance of circular tubular-shaped
PEMFC of the same active surface area or in other words with dif-
ferent lengths is investigated numerically for the first time. For this
purpose, five circular tubular-shaped architectures are investi-
gated, with different configurations of layers which are called:
Peripheral (CP), dual-channel (C2C), four-channel (C4C), six-
channel (C6C) and eight-channel (C8C). Simulation of conventional
PEMFC (planar model) with new configurations, and the perfor-
mance characteristics including input supply, relative humidity
and flow rate to the cathode and anode has were evaluated for
identical active surface areas, geometrical and boundary condi-
tions, and the results were compared. Moreover, to ensure the
accuracy of the numerical model, the results for the base case were
validated with experimental results of Wang et al. [36] for the
same operating conditions.
2. Description of the numerical model

Fig. 1 illustrates the base PEMFC model that contains direct
channels for reactants flow. New computational models proposed
in this work is also presented in Fig. 2 which contains five circular
tubular-shaped configurations having different number of layers
i.e. CP, C2C, C4C, C6C and C8C, shown in Fig. 2(a), (b), (c), (d) and (e)
respectively.

Also, the dimensions of each five configurations as well as pla-
nar geometry is presented in Table 1 for the same conditions.
Each of these configurations includes gas diffusion layer (GDL),
the catalyst layer (CL), membrane (MEM) and electrode layers
(EL). In this paper, the three-dimensional single-phase non-
isothermal parallel-flow model, was considered for different cir-
cular cylindrical PEMFCs configurations. Using computational
fluid dynamics (CFD) and comparing the polarization curves, the
results were studied for circular cylinder models with different
number of channels with each other and compared to conven-
tional PEMFCs (planar model). The advantage of the novel circular
geometry with the interior layer architecture includes: uniform
temperature, flow and reactants distribution within the stack
and reduction of the size (length) and consequently reduction
of the cost of PEMFC.

In order to obtain accurate results and to ensure that the
obtained results are independent of the grid, appropriate grid
was selected and the simulations were carried out. The parameter
that was used to analyze the grid independency was current den-
sity. Finally the grid number used in models for five circular
tubular-shaped configurations with different numbers of channels
namely: CP, C2C, C4C, C6C and C8C were 224,640, 649,600,
425,600, 365,568 and 313,600 hexahedral grids, respectively. For
instance, the grid used for circular tubular-shaped six-channel con-
figuration (C6C) is presented in Fig. 2(f).
2.1. Model assumptions

Simulation of the new models were carried out using the fol-
lowing assumptions:

(1) System works based on steady state conditions.
(2) Ideal incompressible fluid for inlet gas composition is

selected.
(3) Pressure gradients and flow velocity are low and therefore

the laminar flow inside the channel is established.
(4) Membrane, catalyst and gas diffusion layers are considered

homogeneous porous areas and isotropic.
(5) Mon-isothermal and stationary conditions is taken into

account.
(6) Electrochemical reactions occur at catalyst layers.
(7) The liquid water transfer mechanism in the membrane is

governed by osmotic drag and diffusion.
(8) Species diffusion and electrochemical reaction is based on

theory of the dilute solution and equation of the Butler-
Volmer kinetic, respectively.

(9) The entry condition is considered fully wet for the cathode
and anode.

(10) The amount of liquid phase water from the chemical reac-
tions is negligible and phase changes or two phase trans-
ports are not considered.



(a) CP (b) C2C

(c) C4C (d) C6C

(e) C8C (f)

Fig. 2. (a–e) Computational region and boundary conditions of new configurations and (f) grid of C6C case.
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2.2. Governing equations

The transport phenomena’s occurring inside PEMFC are
expressed by the equations of conservation of mass, momentum
and charge and species transfer. These equations can be described
as follows:
2.2.1. Continuity and momentum equations

r � ðqVÞ ¼ Sm ¼ 0 ð1Þ
where q expresses the fluid density and V is for the velocity vector.
Momentum equation can be written as follows in steady state:



Table 1
Geometrical parameters of planar case along with five tubular cases.

Parameter Symbol Units Planar CP C2C C4C C6C C8C

Gas channel length L mm 50 10.9 50 25 16.7 12.5
Diffusion layer thickness dGDL mm 0.26 0.26 0.26 0.26 0.26 0.26
Catalyst layer thickness dCL mm 0.0287 0.0287 0.0287 0.0287 0.0287 0.0287
Membrane thickness dM mm 0.23 0.23 0.23 0.23 0.23 0.23
Gas diffusion layer porosity eGDL ___ 0.4 0.4 0.4 0.4 0.4 0.4
Membrane porosity eM ___ 0.4 0.4 0.4 0.4 0.4 0.4
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r � ðqVVÞ ¼ �rpþr � ðleffrVÞ þ SP ð2Þ
where p is static pressure, leff shows average viscosity of the mix-
ture and SP is a parameter to demonstrate the physical properties of
the porous regions and is expressed as follows:

SP ¼ �ðl=KÞV ð3Þ
where K stands for the permeability of GDL and CL. l is the viscosity
of the gas and V is apparent velocity vector in porous zones [37].

2.2.2. Species transportation equation
To specify local mass fraction of each component of yi, species

transport equation is utilized as follows:

r � ðqVyiÞ ¼ �r � ðqðDir � yiÞÞ þ Si ð4Þ
where Si is the source term for each phase and Di is the diffusion
coefficient for each species which can be expressed as follows:

SH2 ¼ �MW ;H2

2F
Ran ð5Þ

SO2 ¼ �MW ;O2

4F
Rcat ð6Þ

SH2O ¼ MW ;H2O

2F
Rcat ð7Þ

Di ¼ e1:5D0
101325

p

� �
T

300

� �1:5

ð8Þ

where D0 is the distribution of component mass in the specific tem-
perature and pressure [37].

2.2.3. Energy equation
By solving the following energy equation, the temperature field

is achieved:

r � ðVðqEþ pÞÞ ¼ r � ðkeffrT�
X
i

hið�qDir � yiÞÞ ð9Þ

where E is total energy, keff is the coefficient of effective conductiv-
ity and hi is the enthalpy of each species.

2.2.4. Electrochemical model
To consider the transportation of electrons in the CL, GDL and

plates and also for transporting of protons through the membrane
and CL, solving two following equations is essential to predict elec-
trochemical phenomena taking place in the PEMFC [37]:

r � ðrsolrusolÞ þ Rsol ¼ 0 ð10Þ

r � ðrmemrumemÞ þ Rmem ¼ 0 ð11Þ
where r expresses the ionic conductivity, u stands for the cell
potential and R is the convection currents. Also mem and sol sub-
scripts represent the solid and the electrolyte phases. By employing
the Butler-Volmer’s general equation the local current density in
the catalyst layers is obtained as follows:
Ran ¼ Jrefan
H2

H2;ref

� �can
exp

aanFgan

RT

� �
� exp �acatFgan

RT

� �� �
ð12Þ

Rca ¼ Jrefcat
O2

O2;ref

� �ccat
� exp

aanFgcat

RT

� �
þ exp

�acatFgcat

RT

� �� �
ð13Þ

where Jref represents the reference transfer current density,
H2=H2;ref and O2=O2;ref are the reference and local species concentra-
tion on the anode and cathode, respectively, c demonstrates the
concentration coefficient, a transfer coefficient, F the Faraday con-
stant and g the activation losses. The activation losses, g, or local
surface overpotential controls the reaction. This parameter is influ-
enced by the potential difference between the electrolyte surfaces
and the electrodes ðumem;usolÞ. This overpotential includes the open
circuit voltage, Voc and is calculated for both the anode and cathode
sides. Thus, the potential difference between the electrodes can be
expressed as:

gan ¼ usol �umem ð14Þ

gcat ¼ usol �umem � Voc ð15Þ
where Voc is for the open circuit voltage and is calculated from the
Eq. (16) [38]:

Voc ¼ 0:0025T þ 0:2329 ð16Þ
membrane is modeled as porous media and its ionic conductivity,
rmem, and electro-osmotic drag coefficient is a function of water
content as follows [39]:

rmem ¼ ð0:00514k� 0:00326Þexp1268 1
303�1

Tð Þ ð17Þ

k ¼ 0:043þ 17:81a� 39:84a2 þ 36a3 ða < 1Þ ð18Þ

k ¼ 14þ 1:4ða� 1Þ ða > 1Þ ð19Þ
where a is the water activity.

2.3. Boundary conditions

The boundary conditions needed for the numerical domain are
shown in Fig. 1. Inlet velocities at the anode and cathode gas chan-
nels are calculated using the Eqs. (20) and (21) [40]:

uin;a ¼ nanIAmemMH2=ð2FÞ
qH2

Aan
ð20Þ

uin;cat ¼ ncatIAmemMO2=ð4FÞ
qO2

Acat
ð21Þ

Inlet velocities at the anode and cathode gas flow channels are
obtained through the stoichiometric flow ratios, nan; ncat , PEMFC
operating current density (I), the cross-sections of the anode and
cathode, Aan;Acat , and finally hydrogen and air density which is
employed for solving the momentum equation. Furthermore, at
the inlet channels of the five different cylindrical fuel cells (CP,
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C2C, C4C, C6C and C8C) the same mass flow rates were applied. For
discharge simulation, zero gauge pressure conditions at the outlet
have been applied. Also, according to Neumann boundary condi-
tion, for other parameters, zero gradient was considered along flow
direction. Non-slip boundary condition for velocity and coupled
boundary condition and zero species flux is established at the
fluid-solid interface. Ambient temperature has been applied at
the external surfaces of bipolar plates.
Fig. 3. Comparison of polarization curve between the base model predictions and
experimental data [36].
2.4. Numerical methodology

Finite volume method, SIMPLE algorithm in the Ansys Fluent 14
was employed to achieve conservative form of the governing equa-
tions including convective, diffusion and source terms [41]. Alge-
braic multigrid method was used in order to speed up the
convergence. Then calculation was carried out in more than one
grid level by eliminating high errors and low frequencies. For the
interpolation functions, second order upwind method was utilized.
The F-cycle along bi-conjugate gradient stabilized method
(BCGSTAB) was applied in the multi-grid method. The maximum
number of cycles was set to 60, along with one pre-sweep and
two post-sweep steps. The finishing criteria for the computational
process was that the relative error of each parameter reached to
10�7 for the predetermined convergent criteria. Other physical
and current parameters are presented in Table 2 five circular tubu-
lar cases cases.
3. Results and discussion

The base model was created utilizing geometric, boundary and
flow conditions stated in experimental work performed by Wang
et al. [36] and the obtained results for the fuel cell polarization
curve was validated with experimental data which is presented
in Fig. 3. The results indicate that in a broad range of values, the
numerical model is in acceptable agreement with experimental
results. Although, it can be seen that at lower voltages values
obtained from the numerical model varies slightly from experi-
mental results. The difference between the results of numerical
model and experimental results is caused by the elimination of liq-
uid water produced in the catalyst layer which is considered as a
vapor phase in the numerical model. Thus, the liquid water fills
Table 2
physical parameters and boundary conditions used in the base model and five tubular
cases.

Parameter Symbol Value Units

Permeability K 1:76� 10�11 m2

Faraday constant F 96,485 C=mol
Anode pressure pa 3 atm
Cathode pressure pc 3 atm
Inlet fuel and air temperature Tin 353 K
Fuel/air stoichiometric ratio na=nc 2/2 –
Relative humidity of inlet fuel and air

(fully humidified conditions)
RH %100 –

Electrode electronic conductivity ke 100 S=m
Membrane ionic conductivity

(humidified Nafion117)
km 17.1223 S=m

Transfer coefficient, anode side aa 0.5 –
Transfer coefficient, cathode side ac 1 –
Electrode thermal conductivity ke 1.3 W=m � K
Membrane thermal conductivity km 0.455 W=m � K
Membrane equivalent weigh – 1100 g=mol
H2 diffusivity DH2�H2O 1:1� 10�4 m2=s
O2 diffusivity DO2�N2 3:23� 10�5 m2=s
H2O diffusivity at cathode DH2O�N2 7:35� 10�5 m2=s
H2O diffusivity at anode DH2O�O2 7:35� 10�5 m2=s
the pores in diffusion layer, thereby preventing oxygen molecules
from reaching to the catalyst surface and thus decelerating the
reaction. According to Fig. 3 this factors increases the consumption
of species, therefore the power density is obtained higher than that
of experimental one.

The results of polarization curve and power density for five dif-
ferent architecture of layers in the cylindrical PEMFC, along with a
planar geometry corresponding to the new cylindrical architec-
tures in terms of surface area, geometry and boundary conditions,
is presented in Fig. 4. In order to demonstrate the improvement,
the results of conventional planar model fuel cell is shown in as
well. Fig. 4(a) illustrates that the circular-tubular architectures
provided greater current densities in all cases, except for the C2C.
This have increased the output power density in Fig. 4(b). Another
important point that can be seen in Fig. 4(a) and (b) is that upon
increasing the number of layers, the current and power density
can further be increased. In addition, the numerical results show
that placing the layers peripherally cannot increase the current
and power density compared to other configurations of layers.

3.1. Cell polarization curve

3.1.1. Reactant transport
3.1.1.1. Oxygen mass fraction contours. To fully interpret the results
shown in Fig. 4 the species consumption and the reaction amount
should be studied in each of the five cases. To do so, the oxygen dis-
tribution contours at the voltage of V = 0.4 (v) is depicted in Fig. 5
as the representative of species consumption. As shown in Fig. 5
(a)–(e) by moving along the channel length, the oxygen concentra-
tion is reduced due to reaction. In peripheral configuration of lay-
ers (CP) according to Fig. 5(a) due to the high velocity of the flow
inside the channel, there is not ample time for the flow to permeate
from the channel to the GDL and therefore the oxygen consump-
tion is very slow in this case. In Fig. 5(b) for C2C configuration,
because the flow core is far away from layers of GDL and CL only
the flow in the vicinity of the layers are able to permeate and par-
ticipate in reaction and therefore a greater amount of oxygen exits
the channels unconsumed. Through increasing the number of
channels due to approaching the flow core to GDL and CL, the
amount of permeated species is increased and thus more percent-
age of passing flow undergoes reaction which can be observed in
Fig. 4(c)–(e). Maximum oxygen consumption was achieved in 8-
channel case (C8C) which is shown in Fig. 5 (e).



Fig. 4. Comparison of the results of different arrangements (a) current density and (b) the power density.

(a) CP (b) C2C (c) C4C

(d) C6C (e) C8C

Fig. 5. Oxygen mass fraction contours at V = 0.4 (v).
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3.1.2. Water mass fraction contours
The amount of water and heat produced in the cathode side

within the fuel cell is indication of the intensity of the reaction.
Fig. 6 illustrates the distribution of water vapor mass fraction con-
tours in the anode and cathode side for five different configuration
of layers (CP, C2C, C4C, C6C and C8C) in tubular geometry at the
voltage of V = 0.4 (v). According to Fig. 6(a)–(e) the amount of
water at the anode side gradually reduces. This reduction of water
from the anode to the cathode stems from the electro-osmosis
effect. In addition, the mass fraction of water in the cathode side
increases gradually which is caused by the reaction and production
of water. According to Fig. 6(e) eight-channel case (C8C) produces
more amount of water because it consumes larger amount of
species.



(a) CP (b) C2C (c) C4C

(d) C6C (e) C8C

Fig. 6. Water mass fraction contours at V = 0.4 (v).
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3.2. Pressure drop at different voltages

Pressure drop between the inlet and outlet of the fuel cell for
the reactant is defined as Dp ¼ pin � pout where pin is the average
pressure on the inlet surface and input and pout is the average pres-
sure on the outlet surface. Fig. 7 shows the pressure drop in terms
of voltage for the five different cases. The pressure drop presented
Fig. 7. Comparison of the pressure drop of different arrangements along the
channel length.
for each configuration, is the total pressure drop at the cathode and
anode. As it could be seen in Fig. 7 increasing voltage in all cases
does not cause significant changes in pressure drop. Also, by
increasing the number of layers the pressure drop increases. In
addition, circular peripheral (CP) case due to having larger contact
surface experience maximum pressure drop, while the dual-
channel case (C2C) due to having smaller contact surface demon-
strates the lowest pressure drop, in comparison to the other cases.

To investigate the heat produced in five different configura-
tions of GDL, CL and Membrane layers, in the circular tubular
geometry, contours of the temperature distribution in different
areas of the fuel cell is shown in Fig. 8 at V ¼ 0:4 ðvÞ. As shown
in Fig. 8(a)–(c) the maximum temperature can be seen in the cat-
alyst at the cathode side which is due to reaction in this area. It
was also observed that moving along the channel length, the heat
penetration into the cathode side of the channel and thus the
temperature gradient in the transverse direction is reduced. Com-
parison between Fig. 8(a)–(e) reveals that the highest and lowest
temperatures occur in eight-channel case (C8C) and dual-channel
case (C2C), respectively. The reason for high temperature in eight-
channel case (C8C) is that the chemical reaction is more along the
channel compared to other cases.
3.3. Temperature distribution contours

Contours of current density distribution for five various cases at
V ¼ 0:4 ðvÞ are shown in Fig. 9. The local current density at the
inlet is high and by moving along the channels, its value decreases.
Reduction of the current densities along the channel length is due
to downfall of the reactants concentration along the channels
length. In general, the current density distribution is almost uni-



(a) CP (b) C2C (c) C4C

(d) C6C (e) C8C

Fig. 8. Temperature distribution contours at V = 0.4 (v).
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form for the five cases mentioned. Fig. 8 indicates that in all the
cases, the current density is higher in CL and GDL because they
are the main gates for the output current. Comparison of Fig. 9
(a)–(e) confirms the results presented in the previous sections, in
which the amount of output current density can be considered as
fuel cell ultimate performance. The more uniform the reactions
takes place, and thus the more species are consumed and water
and heat is generated, the higher current density can be achieved.
In this study the eight-channel case (C8C) resulted in maximum
current density and the two-channel case (C2C) provided mini-
mum current density.

3.4. Current density (I)

3.4.1. Power consumption and production
Based on the above results, by considering the extra pumping

power caused by pressure drop, the total output power from
PEMFC is taken into account as the most important indicator for
the real performance of the PEMFC. The power production and con-
sumption for the tubular shaped PEMFC is calculated using the fol-
lowing equations:

PFC ¼ I � V � AEL ð22Þ

PC ¼ Dp� Ach � uin ð23Þ
where PFC represents the cell power, AEL is for the Electrode area at
the cathode or anode side, PC expresses the additional pumping
power in order to deliver the reactants along the channel, Ach the
inlet area of flow channel, and uin is the inlet velocity.
The variations of fuel cell power production per watts and con-
sumption per microwatt at different voltages for five different
architectures of layers CL, GDL and Membrane is shown in
Fig. 10(a) and (b). For all cases, by reducing the voltage (increasing
the current density) the power production increases. According to
Fig. 3(a) the current density values are close in both peripheral (CP)
and dual-channel (C2C) cases. But because the length of the C2C is
greater (due to considering the same active area) which causes
enlargement of AEL and finally the output power in C2C would be
more than CP. In addition, the largest power production in all volt-
ages, is for C8C. In order to pump the reactants in the channels,
extra power is needed to be consumed which is the power to com-
pensate the pressure drop when the fluid flows along the channel.

The power consumption for each of the five configurations of
the layers in the tubular geometry was calculated through Eq.
(23) per micro-watts and the results are displayed in Fig. 10(b).
According to Fig. 9(b) the circular peripheral (CP) case due to high
pressure drop shows the greatest power consumption and more-
over by reducing the number of layers because the pressure drop
is reduced, the lowest power consumption is achieved by dual-
channel (C2C) case.
4. Conclusions

In the present work, five geometries of the tubular-shaped
PEMFC are developed by changing the arrangement and number
of Membrane, CL and GDL layers. The results can be summarized
as follows:



(c) C4C (d) C6C

(e) C8C

(a) CP (b) C2C

Fig. 9. Current density contours at V = 0.4 (v).
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� The results of the polarization curve and power density revealed
that except for the C2C case, in all other cases, through increas-
ing the number of channels, higher current density and thus
higher power density could be achieved.

� Comparison of oxygen concentration distribution along the
channel indicated that through increasing the number of chan-
nels, the permeation of the species was elevated and hence
more uniform reactions take place at the cell.
� Through increasing the voltage in all cases, the total pressure
drop between the inlet and outlet of the anode and cathode
sides of channels does not show significant change. The CP case
has the highest pressure drop compared to the other cases.

� The temperature distribution and current density distribution
contours indicated that the maximum temperature and current
density is achieved in C8C case and the lowest temperature and
current density occur in C2C case.



Fig. 10. Power profiles versus different voltages; (a) production and (b) consumption.
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� Variations of fuel cell power production and consumption
revealed that for all the cases, the power production was
increased through reduction of voltage (or increasing the cur-
rent density).
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