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triangular cross sections are realized. A complete three-dimensional, isothermal,
unsteady and single-phase model is employed. The finite volume method in the
cylindrical coordinates is used to discretize the continuity, momentum and species
conservation equations. A FORTRAN program is developed to resolve the discretized
equations system. The velocity, reactants and water distributions are obtained for the
three studied cross sections. The results establish that the triangular configuration
shows the best performance relative to the trapezoidal and rectangular cross-sections,
this configuration increases strongly in the flow velocity of reactants, enhancing water
evacuation process and reactant consumptions. The rectangular cross section has the
worst cell performance.
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1. Introduction

Fuel cells convert the chemical energy of a fuel directly into electrical energy with water
production. They have the potential to reduce the energy use, pollutant emissions and dependence
on fossil fuels [1-2]. The Proton exchange membrane fuel cell (PEMFC) is one of the most important
types. Many factors influence the performance of the PEMFC, such as the operating conditions and
the flow field design. The modification of the flow field dimensions and configurations such as the
length, width and depth of the channel as well as its cross section form can be enhance the transport
process of reactants through the catalyst layers, which can improve cell performance. Several
numerical works have been developed in the main purpose of dealing with the complexity of the
PEMFC phenomena that cannot be studied experimentally, and to improve the cell efficiency by
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optimizing the channel configuration [3- 8]. Different designs of flow channel configurations have
been proposed, including pins, meshes, integrated channels, Cascade channels, straight channels,
serpentine and Interdigitated channels [3-4]. The fuel cell performance can be enhanced by using
partial blockage of the flow along the channels [9]. Different types of blocks with profile shapes,
square, semicircle and trapezoid, were used. It is confirmed that the influence of channel indentation
increases the electrical current produced compared with the no-dent; also known as the base case.
Besides, channel indentation causes a pressure drop along the dented channels [10]. Another
parameter that can affect the cell performance is the channel cross section’s shape. Dewan Hasan
Ahmed et al., [11] studied the channel cross section shape effect on a planar PEM fuel cell with
straight single channels by using three different cross section shapes: parallelogram, trapezoidal and
rectangular; they found that the channel with a rectangular cross section gives the highest cell
voltages compared with the other two cross sections. Likewise, the trapezoidal cross section
configuration improves the reactant distributions.

Wang et al., [12] investigated numerically the effect of different cathode channel shapes namely;
triangle, trapezoid, semicircle, and rectangular channel on the cell performance by using a three-
dimensional, two-phase, and non-isothermal model of a planar PEM full cell; they found that triangle,
trapezoid, and semicircle channel designs increase the flow velocity and enhance liquid water
removal and reactants consumption. Compared with the rectangular channel design, these designs
increase the current density and improve cell performance relatively. Shimpalee et al., [13] used a
commercial code to investigate the effect of channel cross section shape on the cell performance;
that is, the channel’s width/height ratio and the channel/rib width ratio. They found that the draft
angle of the channel cross section affects strongly the performance of the PEMFC, and shows the
biggest impact on uniformity in gas distributions, heat transport and pressure drop. The channel
number influences on the PEM fuel cell performance has been investigated by Juarez-Robles et al.,
[14]. They have introduced a numerical three-dimensional non-isothermal model of a planar PEM
fuel cell with concentric spiral flow channels. They found that the use of a bipolar plate with four
channels increases the current density produced, decreases the pressure drop and leads to a more
uniform reactants distribution, which means the enhancement of the cell performance. In order to
study the effects of the channel width, the number of turns of the spiral channel and the flow
direction on the reactant consumptions in a planar PEM fuel cell, a three-dimensional model has
been developed; it is found that the increase of the channel-rib width ratio improves the reactant
distributions uniformity and enhances the cell performance. Increasing the number of turns of the
spiral channel leads to similar results. Moreover, the advantage of using spiral channel design is the
creation of a centrifugal force that enhances the cell performances when the reactants are injected
by the outer side of the spiral channel [15]. To improve PEMFC power density, cost and durability, a
tubular-shaped PEM fuel cell was compared with a conventional planar one. Regarding the
temperature and reactants distribution, results showed that the tubular architecture shows better
performance and a higher current density [16,17]. Khazaee and Ghazikhani [18] Introduced a single-
phase, non-isothermal model for PEMFC with annular cross-section. They showed that increasing the
number of connections between GDL and bipolar plates enhances the fuel cell performance and
increases the current density. Akbar Mohammadi-Ahmar et al., [19,20] used a three-dimensional
model of a tubular PEMFC to study the effects of arrangement and number of membrane, and
catalyst and gas diffusion layers on the cell performance. Using the same active area and input mass
flow, a comparison was made for different arrangements of the tubular-shaped PEMFC. Results show
that by increasing the number of layers, the consumption of reactants is remarkable, which means it
enhances power production. Furthermore, a numerical simulation under a steady state and non-
isothermal conditions was developed to improve the fuel cell performance by using different cross
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sections for tubular PEMFC [21]; it is found that circular and square cross sections increase the
current density and lead to more uniform reactants distribution, but this is not the case with
octagonal cross section designs. Sierra et al., [22] proposed cylindrical geometries with three flow
fields namely: serpentine, interdigitated and straight channels to evaluate the performance in PEM
fuel cell. Numerical results showed that the configuration with cylindrical channels reduces the
pressure drop owing to the gradual reduction of the angle of the flow path. Therefore, it facilitates
the ejection of liquid water from gas diffusion layers.

Innovative architectures and flow fields designs could enhance PEM fuel cell performance and
reduce their cost. Hence, the tubular architecture is more advantageous than of the planar
architecture according to several reasons: it results in more uniform reactant distributions, more
uniform pressure applied to the MEA by the cathode and a greater cathode surface that increases
the amount of oxygen reduction [16].

In the present study, which represents a continuation of our ones [23-31], a novel geometry of
tubular PEM Fuel Cell with twisted channels is suggested. The effect of different channel cross-section
shapes namely: rectangular, trapezoidal and triangular on the reactant consumptions are
investigated to explore PEM Fuel Cell possible potential for being one of the best candidate
configurations for the next generation of the PEM fuel cell productions.

2. Model Description
2.1 Physical Model

In this study, we used a single cell model, which consists of a membrane, an anode and a cathode
superposed as three concentric tubular thin layers and two twisted flow channels on both sides of
the tubular MEA (Membrane Electrode Assembly) as it is shown in Figure 1. The dimensions of each
configuration are presented in Table 1. The catalyst layers are considered as thin interfaces between
the membrane and electrodes. To study the effect of the channel cross section shape, we realized a
comparison between three different configurations using rectangular, trapezoidal and triangular
cross sections. The three cross section shapes proposed for PEMFC have the same active area and
operation conditions. In addition, the cell’s electrochemical properties are presented in Table 2.

Table 1
Channel cross section dimensions
Cross section geometry Dimensions
A(mm) B(mm) C(mm)

Rectangular 1 1 1
Trapezoidal 1 1 0.5
Triangular 1 1 0

2.2 Model Assumptions

The used assumptions to carry out and complete the simulation of the proposed three-
dimensional model are as follows: (i) flows in channels are supposed laminar. (ii) Inlet gas is an
incompressible fluid. (iii) The system operates under the unsteady state condition. (iv) Water in
channels and gas diffusion layers is considered as vapor. (v) Water is produced in the vapor state. (vi)
Diffusion layers are homogeneous and isotropic. (vii) The membrane is fully humidified so that the
ionic conductivity is constant.
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Fig. 1. Simulation domain for the three different studied cross-
sections: (a) rectangular; (b) trapezoidal; (c) triangular

Table 2

Electrochemical properties [13]
Property Value
GDL and catalyst conductivity 53 Q7 1/m
GDL porosity 0.4
Catalyst porosity 0.4
Concentration exp. (anode) 0.5
Concentration exp. (cathode) 1
Transfer coefficient (anode) 2

Ref. current density (anode) 10° A/m?3
Transfer coefficient (cathode) 2

Ref. current density (cathode) 3x10° A/m?3
Hydrogen reference diffusivity 1.1x10* m?/s
Oxygen reference diffusivity 3.2%x10° m?/s
Water reference diffusivity 7.35X10° m?/s
Permeability 2x100 m?
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2.3 Governing Equations
The governing equations of continuity, momentum and mass conservation represent the
transport phenomena occurring inside a PEM fuel cell. A three-dimensional isothermal unsteady

model in cylindrical coordinates was applied to describe the different phenomena.

2.3.1 Continuity equation

d(pur) 1 d(pug) d(puz) _
ar r a0 T az =0 (1)

2.3.2 Momentum equations

Three-dimensional Navier-Stockes equations are resolved in cylindrical coordinates
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where S, Sg,and S, represent the source term. It is expressed for each velocity component as follows
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2.3.3 Species conservation equation

The equation of species represents the mass conservation for each individual species of a gas
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Sk: the source term for the species k, which can be Oxygen, Hydrogen or Water. The diffusivities are
corrected using the Bruggemann correction formula [8]

D;jf — Dk 81'5 (9)

D,ifis the effective diffusivity of the species k, Dy, is the diffusivity of the species k and € is the layer’s
porosity. The diffusivity of oxygen, hydrogen and water are calculated using Eq. (10) [9,18]

=02 (2" (%) o
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D,‘g is the diffusivity of the species k at the reference temperature and pressure, T, = 300k and Py, =
1 atm, respectively. The catalyst layer thickness is negligible: it can be considered as a thin interface
between the membrane and electrodes [32]. At the cathode catalyst layer interface, the source terms
for oxygen water are respectively given by

Jc

So, =~ 35 (11)
Jc

S0 = 55 (12)

At the anode catalyst layer interface, the source term for hydrogen is given as

Sp, = —2% (13)

2 2F

F is the faraday number and j, and j. are the volumetric current density at the anode and the
cathode respectively. The volumetric current density can be modeled by the Butlere-Volmer equation
[15]

ref
Co2

Yo,
. . Co aaF _ack
je = Jg,if < 2 > (e RT Nactc + e RT Tlact,c) (14)

ref
CH2

Cc YH2 agF acF
ja =j(7)”"‘31f <ﬁ> (eﬁnact.a + e—ﬁnact,a) (15)
The cell potential is determined using the following formula
Ecen = E —Nact — Nonm — Npifr (16)
The equilibrium potential is determined using the Nernst equation [16,33].
- _ 1
E = 1.229 — 0.85 x 10~3(T — 298.15) + 4.3085 X 10~5T [ln (Pu, + EPOZ)] (17)

Activation overpotential is given by: [15,33,34]

Nact = —[& + &T + &T In(Cp,) + &,T In(D)] (18)

l|||l

where is the current density and €1, €2, €3 and &4 are parametric coefficients for each fuel cell
model [15,34]

& = —0.948
&, = 0.00286 + 0.0002 In(Ayga) + 4.3 1075 In(Cy,) (19)
§,=7.610"5
\ &, =—1.9310"*
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The membrane resistance, due to the ohmic overpotential produced by the hydrogen ions transport,
is given by the following expression [15]

Sm

Nohm = 1= (20)

Om

0, and om are respectively the membrane thickness and conductivity, this last one is a function of
water content and temperature, its local value is defined by the following empirical expression
[18,22,35]

o, = [0.51391 — 0.326] exp [1268 (L - l)] (21)

303 T

The water content A is given by [12,14,18,22,35]

{A =0.043+17.10a —39.85a? +36.00a3sia<1 (22)
A=140+14(a—1)sia>1
The water activity a can be expressed as [9,15]

_ CHZORT

N Psat (23)

The saturation pressure of water vapor can be calculated by the following empirical equation
[9,12,14,34-35]

109 10 Psar = —2.1794 + 0.02953(T — 273.15) — 9.1837 X 1075 x (T — 273.15)% + 1.4454 x
107 x (T — 273.15)3 (24)

Diffusion overpotentials are given by [16,34]

Noirr = o2 In (1 - ) (25)

2.4 Initial and Boundary Conditions
2.4.1 Initial conditions

The stack is initially supposed empty (there is no reactant) while the initial concentrations of the
different species are null. The velocity is initialized by a null value as

Py =Upp =Ugp = Uz = Co =0 (26)
The boundary conditions are applied to all external borders of the computational domain.
2.4.2 Inlet conditions

Pressure, velocity and Species concentrations are imposed (Dirichlet condition) at the channel
inlet and the flows of hydrogen and oxygen were fed in the same direction.
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2.4.3 Output conditions

At the flow channels outlet, we assume that the gradient of all variables in the flow direction are
null (Neumann condition).

dug _ 0ur _Ou, _ 9P _ 0Co, 9Ch, 0Ch,o0 _ 0

rd6  ra@  ra6  rae  rae Y a6 (27)

2.4.4 External surfaces

The species concentrations gradient is null which means there is no matter flux through the
external surfaces. The velocities on the external surfaces are null because of the condition of
adhesion to the wall.

2.5 Numerical method

A FORTRAN program has been developed to construct the computational domain geometry, to
create the mesh and to solve the problem governing equations. The essential steps of the simulation
program are shown in Figure 2.

To ensure that the solutions are independent of the grid size, we tested several grids with
different sizes, as shown in Figure 4. A grid with 590000 cells showed an error less than 1.5% in the
power density, which is the lowest error. This grid size is required to provide an acceptable solution
of the problem.

The module responsible on the generation of geometry and mesh is illustrated in Figure 3.
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Fig. 2. Computational algorithm
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v

Computation of Ar for each zone:
Ar = (zone thickness) /(izone — 1)
Computation of AB:

A8 = (yyrns X 2M/(nj — 1)
Computation of Az for each zone:
Az = (Zyax )/ Mpyrns X (nk — 1))

!

Determination of the coordinates of each node of the grid P(r, 6, 2):
F1 =T N = i + Ar

-1

foreachj:z = Az X (k— 1) + Zpax X —"

b

Plot point P(r, 8, )

Fig. 3. Main steps of the algorithm used to create geometry
and mesh
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Fig. 4. Mesh independency checking, a :30*295 *40 for the MEA and
20%*295 *20 for channels, b :30*%295 *36 for the MEA and 20*295 *18
for channels, ¢ :30*295 *32 for the MEA and 20*295 *16 for
channels, d :30*%295 *28 for the MEA and 20*295 *14 for channels

93



Journal of Advanced Research in Fluid Mechanics and Thermal Sciences
Volume 66, Issue 1 (2020) 84-103

The governing equations take the shape of the transport equation which can be written for function

¢ as
% (epgp) + div(epugp) = diV(I’ grad(db)) + S¢ (28)

The discretization of the conservation equations by the finite volume method in the cylindrical
coordinates lead us to obtain a set of linear algebraic equations which needs to be solved. The
conservation equations have been discretized in time over a finite number of intervals of constant
length [t,,, t,, + At] According to an implicit scheme which is unconditionally stable. The power
scheme has been chosen for the discretization of convective terms. This scheme has the advantage
that it is less expensive than the exponential scheme, while reproducing its behavior. After a
rearrangement of the formula (28), we have the final form

ap t+At = a,. ¢t+At +ae ¢t+At +as ¢§+At + ap. ¢t+At +Cl ¢t+At +at'¢’11:" +a2_¢zt)+At +
Su.AV (29)

The problem of pressure-velocity coupling equations is solved by using the projection algorithm
[36]. In order to reduce the dimensionality problem from three dimensions to one dimension, we
applied the ADI method on the set of algebraic Eq. (29)

The ADI method consists of dividing each time step into three subintervals: from "t" to "t + At /3"
, from "t + At/3" to "t + 2At/3" and from "t + 2At/3" to "t + At". In each subinterval, one
direction is implicit but the two other directions are explicit and the Eq. (29) can be written in each
subinterval as [15]

First subinterval

1 1
+iat +iat t+ . ,
—aw; j k ¢l Lik T aPijk Cbu K T ik Piiq ik = TASijk Pijork T ANjk Pijark T
0 t
abl,j,k ¢L,j,k—1 + atl,],k ¢l,],k+1 +ap i,jk d)i,i,k + SPi,j,k AV (30)

Second subinterval

The discretization will be implicit in the tangential direction 8 and explicit in the other two directions

t+§At t+§At t+§At t+§At t+§At
—aSijk ;i Zy e T Wik Pijr — Wijae Dy jiap = TAWijue D) Ta8jk Dy ip T
t+iat t+iat 0 t+iat
ab; j i ¢i,j,13<—1 tatijk ¢i,j,l3c+1 tapije b t Spijx AV (31)

Third subinterval

The discretization will be implicit in the tangential direction z and explicit in the other two directions

t+AL t+2At t+2At t+2At
—ab; j i ¢ijk L+ ap e PO — ati gk G jrrr = TWijk b1 ta ke Gy T
t+2At t+2AL t+2At
aSle¢lJ 1k+anl}k¢11+1k+apljk¢uk +SPl]kAV (32)
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Each of the Eq. (30), (31) and (32) presents a one-dimensional problem which can be resolved using
the tridiagonal matrix algorithm. For every step of time, the pressure equation takes the form of
Poisson equation, so we resolved it using the iterative method of Gauss-Seidel.

3. Results and Discussion

In the aim to define the effect of the channel cross section on the reactant consumptions, the
simulation results, for different used configurations, will be presented and discussed in this section.
The profiles of velocity, concentration of oxygen, hydrogen and water, as well as, the polarization
curves will be presented.

For validating the present work, the obtained results for the PEM fuel cell polarization curve was
compared with experimental data of Wang et al., [37] which is presented in Figure 5. However, the
results indicate a slight deviation from the experiments but show a very good agreement. Hence, the
three-dimensional numerical model can be used to accurately analyze the effects of the cross-
sectional channel shape on the tubular PEM fuel cell performance.

This behavior indicates that the PEMFC test system does not produce liquid water even at low
operating voltage, which confirms that the numerical model with the assumption of a single water
phase predicts well the transport phenomena inside the cell [15].

10

09

— - = Numerical Model
B Experimental [37]

Voltage (V)

3+
0.0 0.2 0.4 06 0.8 1.0 12 1.4

Current density (A/c1112)
Fig. 5. Polarization curve of the Comparison between the
numerical model and the experimental data

3.1 Velocity Distribution
Figure 6 presents the velocity contours obtained by using three different cross-sections. These

configurations are supplied with the same flow rate. We can observe that the maximum velocity
distribution in the rectangular cross section is all along the center of the channel and maintains a
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laminar profile. While in the case of the triangular cross section, the maximum velocity is located
closely to the channel-GDL interface due to the dead zone developed at the summit of the triangular
cross-section and to the suppression faced on the two side walls. Similarly, the replacement of the
rectangular cross section by the trapezoidal one engenders a displacement of the maximum velocity
position in the same direction as in the triangular configuration; the trapezoidal cross section shape
is an intermediate configuration between the rectangular and triangular ones. We also note that the
rectangular cross section seem to show the largest channel cross sectional area and the least maximal
velocity, which can affect the reactant distributions and consumption.

velocity
1

0.9
0.8

0.7

0.6

0.5

0.4

0.3

0.2

0.1

(c)

Fig. 6. Velocity distribution along the twisted channels: (a) rectangular, (b) trapezoidal, (c) triangular

3.2 Reactants Distribution

The hydrogen and oxygen distributions are respectively presented in Figure 7 and 8 for different
configurations. As shown, the gases concentrations decrease along channels from the inlet to the
outlet due to the reactant consumptions at the catalyst layer. In order to study the effect of the
channel cross-section on the reactant consumptions, we take the rectangular one as a reference
configuration. The replacement of this configuration by the trapezoidal one decreases the channel
cross-section area and increases the flow velocity (in order to conserve the flow rate), which
enhances the mass transfer process; more reactants are seeped to the gas diffusion layers and
consumed at the catalyst ones. The enhancement of electrochemical rate increases the current
density production and improves the cell performance as it is shown in Figure 10. The triangular
configuration shows the best performance; the dead zone at the summit of the triangular channel
acts as an obstacle which forces the flow to directed to the GDL across-which the reactants will
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penetrate towards the catalyst layer. Hence, the conservation of the inlet flow rate and the area of
the contact surface between the channel and the GDL have allowed us to conclude that the smaller
channel cross-section will engender a higher velocity which will increase the seepage of reactants
into the GDL enhancing the cell performance.

H2
concentration
36

30

24

18

mole/m?®

3.5

2.5

1.5

B

i -
0

(al) (b1) (c1) mole/m?®
Fig. 7. Hydrogen concentration distribution along the twisted path: (a), (b) and (c) in the entire cell, (al),
(b1) and (c1) in the cathode CL/GDL interface

3.3 Water Distributions

The study of water concentration and distribution is required in order to avoid, at the same time,
drying and submersion of the membrane and to ensure the proper functioning of the cell. The
detailed distribution of water molar concentration in the cell is shown in Figure 9. As it is seen, water
distribution contours in the anode and cathode for three cross section shapes (rectangular,
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trapezoidal and triangular) in tubular geometry. Water is produced at the catalytic layer on the
cathode side, where it can be seen that its concentration reaches maximal values. The concentration
of water gradually decreases away from this layer, which engenders the water transfer by diffusion
in this direction. The water produced at the cathode is divided into two parts. The first part passes
through the membrane and the diffusion layer to the anode channel and the second part passes
through the GDL to the cathode channel. Water in channels is carried by the convective forces in the
flow direction and is ejected outward; that is the reason why water concentration in channels is
gradually increasing from the inlet to the outlet, in which the maximal concentration of water in this
zone is observed (Figure 9 (a2), (b2) and (c2)).

Water concentration in the cathode side is greater than that in the anode side because of the
water generation on the cathode side and the membrane low permeability. Compared with the
rectangular and trapezoidal configurations, the triangular cross section has the maximum value of
water distribution in the MEA due to the high consumption rate, which decreases the furthest it gets
into the twisted path. As shown in Figure 6, the triangular cross section has the most important
velocity, which generates the most important convective force and enhances the water evacuation
process; while the rectangular cross section provides more water distribution along the channel,
which means that water is not removed but is accumulated in the cell parts. Hence, reduces the cell
performance making the rectangular cross section the worst channel configuration performance
wise. In brief, these novel tubular geometries considerably affect the water generation and its
distribution along the cell.
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Fig. 8. Oxygen concentration distribution along the twisted path: (a), (b) and (c) in the entire cell,
(a1), (b1) and (c1) in the cathode CL/GDL interface
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(tension:

4. Conclusion

In the present work, a software program using FORTRAN language was developed to investigate

the effect of using different channel cross-section shapes on the velocity distribution, the reactant
consumptions and the water generation, as well as to evaluate the performance of a novel tubular
PEM Fuel Cell. The finite volume method was used to discretize the conservation equations, under
an unsteady state, in the different parts of the cell. Under the same inlet flow rate, the conclusions
drawn from the analyses are

Contours of reactants and velocity distributions revealed that the reactant consumptions
using the triangular cross section is much higher compared to the other configurations.

With the largest channel cross-sectional area, the flow velocity in the rectangular cross-
section is far less than the other configurations which affect directly the reactant distributions
and consumption.

The cell performance is strongly dependent on channel cross-section shapes. Compared to
the rectangular and trapezoidal channels configurations, the triangular one enhances
significantly the water evacuation process that improves the cell performance. It is far better
than trapezoidal and rectangular channel ones in terms of efficiency, uniformity of reactants
distribution and water. Hence, the triangular cross-sectional configuration can be therefore
considered as the basic design for the tubular PEMFCs new generation.
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