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Abstract

A fuel cell is most interesting new power source because it solves not only the environment problem but
also natural resource exhaustion problem. CFD modeling and simulation for heat and mass transport in
PEM fuel cells are being used extensively in researches and industrial applications to gain better
understanding of the fundamental processes and to optimize fuel cell designs before building a prototype
for engineering application. In this research, full three-dimensional, non-isothermal computational fluid
dynamics model of a tubular-shaped proton exchange membrane (PEM) fuel cell has been developed.
This comprehensive model accounts for the major transport phenomena such as convective and diffusive
heat and mass transfer, electrode kinetics, transport and phase-change mechanism of water, and potential
fields in a tubular-shaped PEM fuel cell. The model explains many interacting, complex electrochemical,
and transport phenomena that cannot be studied experimentally. Three-dimensional results of the species
profiles, temperature distribution, potential distribution, and local current density distribution are
presented and analysed, with the focus on the physical insight and fundamental understanding.
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1. Introduction

Modelling and simulation play significant roles in fully characterizing a PEM fuel cell. Changes in
operating conditions and physical parameters affecting its performance are qualitatively much better
understood using CFD coding [1]. Fuel cell modelling combines multiphysics couplings ranging from
electrochemistry and thermodynamics over transport phenomena in porous media to material science.
The development of physically representative models that allow reliable simulation of the processes
under realistic conditions is essential to the development and optimization of fuel cells, the introduction
of cheaper materials and fabrication techniques, and the design and development of novel architectures
[2]. The difficult experimental environment of fuel cell systems has stimulated efforts to develop models
that could simulate and predict multi-dimensional coupled transport of reactants, heat and charged
species using computational fluid dynamic (CFD) methods. These models can generally be characterized
by the scope of the model. In many cases, modelling efforts focus on a specific part or parts of the fuel
cell, like the cathode catalyst layer [3], the cathode electrode (gas diffusion layer plus catalyst layer) [4-
6], or the membrane electrode assembly (MEA) [7]. These models are very useful in that they may
include a large portion of the relevant fuel cell physics while at the same time having relatively short
solution times. However, these narrowly focused models neglect important parts of the fuel cell making
it impossible to get a complete picture of the phenomena governing fuel cell behaviour. Models that
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include all parts of a fuel cell are typically two- or three-dimensional and reflect many of the physical
processes occurring within the fuel cell [8, 9]. In a real PEM fuel cell geometry, the gas diffusion layers
are used to enhance the reaction area accessible by the reactants. The effect of using these diffusion
layers is to allow a spatial distribution in the current density on the membrane in both the direction of
bulk flow and the direction orthogonal to the flow but parallel to the membrane. This two-dimensional
distribution cannot be modelled with the well-used two-dimensional models where the mass-transport
limitation is absent in the third direction.

Berning and Djilali [10] used the unified approach to develop a three-dimensional model of a straight gas
flow channels fuel cell. The model studied reactant concentrations, current density distributions and
temperature gradients within the cell as well as water flux and species transport.

Nguyen et al. [11] developed a three-dimensional model, which accounts for mass and heat transfer,
current and potential distribution within a cell using a serpentine flow field. Their results show that
oxygen concentration along the gas channels decrease in the direction of flow. Also, in the gas diffusion
layer, the oxygen concentration is a minimum under the land area. At high current densities the oxygen is
almost completely depleted under the land areas. The result is an uneven distribution of oxygen
concentration along the catalyst layer resulting in local overpotentials, which vary spatially.

Um and Wang [12] used a three-dimensional model to study the effects an interdigitated flow field. The
model accounted for mass transport, electrochemical kinetics, species profiles and current density
distribution within the cell. Interdigitated flow fields result in forced convection of gases, which aids in
liquid water removal at the cathode. This would help improve performance at high current densities
when transport limitations due to excessive water production are expected. The model shows that there is
little to no difference at low to medium current densities between an interdigitated flow field and a
conventional flow field. However, at higher current densities, a fuel cell with an interdigitated flow field
has a limiting current, which is nearly 50% greater than an equivalent cell with a conventional flow field.
Jeon et al. [13] performed a CFD simulations for four 10 cm” serpentine flow-fields with single channel,
double channel, cyclic-single channel, and symmetric-single channel patterns to investigate the effect of
flow-field design. High and low inlet humidity operating conditions were studied by calculating the
distributions of overpotentials, current density distribution, and membrane water content at different cell
voltages. The model shows that at high inlet humidity, the double channel flow-field was predicted to
have better polarization performance and uniform current density distribution, while at low inlet
humidity there were little performance differences among four serpentine flow-fields. The current
density profiles of cyclic-single channel and symmetric-single channel flow-fields were observed to have
periodically similar plots and showed significantly low pressure drop. Considering low pressure drop of
cyclic-single channel and symmetric-single channel flow-fields, these flow-fields would be advantageous
for the larger scale system and low inlet humidity operation.

Choi et al. [14] used a three-dimensional CFD model to study the effects of anode flow field. In their
study, hydrogen gas flow in micro-channel was numerically analyzed about various channel shapes to
improve the efficiency of micro fuel cell. Flow characteristics with the same boundary condition were
simulated in six different shapes of micro-channels which have been already developed and newly
designed as well. The result of analysis shows that characteristics of flow such as velocity, uniformity,
and flow rate, depend highly upon the channel shape itself. That means it is expectable to increase the
efficiency of micro fuel cell through optimal configuration of channel shape for hydrogen gas flow.

A stepped flow field is proposed by Min [15] to improve the performance of a proton exchange
membrane fuel cell. A three-dimensional model that accounts for activation polarization, ohmic
polarization and concentration polarization is developed to achieve this. Numerical results demonstrate
that overpotential values decrease at high current density. Generally, the concentration polarization can
be ignored because of its low value. Using a stepped flow field improves the reactant concentration
distribution, local current density distribution, water vapour concentration distribution and cell
performance. If the number of steps approaches infinity, the stepped flow field extends to a tapered field
that has the lowest cell performance. The lower the number of steps and the height of the outlet channel,
the greater is the improvement in reactant diffusion to the porous layers, local current density
distribution, water management and cell performance.

Virk et al. [16] presented an isothermal, three dimensional numerical analyses of a PEM fuel cell’s
performance with the perforated type gas flow channels. Finite element based numerical technique was
used to solve this multi transport numerical model coupled with the flow in porous medium, charge
balance, electrochemical kinetics and membrane water content. Numerical analyses provided a detailed
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insight of the various physical phenomena, affecting this type of PEM fuel cell’s performance. Results
showed a better distribution of reactant species in this design of the perforated type gas distributor.

One of the new architectures in PEM fuel cell design is a tubular-shaped fuel cell. Fuel cell companies
and research institutes may have carried out various systematic experimental studies for this type of the
fuel cell, for different specific purposes, but most the data would be proprietary in nature and very
limited data are available in the open literature. There are several reasons that make the tubular design
more advantageous than the planar one for medium to high power stacks: (i) elimination of the flow
field: lower pressure drop and no time-consuming machinery, (ii) uniform pressure applied to the MEA
by the cathode, (iii) quicker response when switching from fuel cell mode to electrolyser mode in a
unitized regenerative fuel cell, (iv) greater cathode surface that increases the amount of oxygen
reduction, the rate of which is slower than the hydrogen oxidation rate. In addition, (v) tubular designs
can achieve much higher active area to volume ratios, and hence higher volumetric power densities.

2. Model description

The present work presents a comprehensive three—dimensional, multi—phase, non-isothermal model of a
PEM fuel cell that incorporates the significant physical processes and the key parameters affecting fuel
cell performance. The model accounts for both gas and liquid phase in the same computational domain,
and thus allows for the implementation of phase change inside the gas diffusion layers. The model
includes the transport of gaseous species, liquid water, protons, and energy. Water transport inside the
porous gas diffusion layer and catalyst layer is described by two physical mechanisms: viscous drag and
capillary pressure forces, and is described by advection within the gas channels. Water transport across
the membrane is also described by two physical mechanisms: electro-osmotic drag and diffusion. The
model features an algorithm that allows for a more realistic representation of the local activation
overpotentials, which leads to improved prediction of the local current density distribution. This leads to
high accuracy prediction of temperature distribution in the cell. This model also takes into account
convection and diffusion of different species in the channels as well as in the porous gas diffusion layer,
heat transfer in the solids as well as in the gases, and electrochemical reactions. The present multi-phase
model is capable of identifying important parameters for the wetting behaviour of the gas diffusion layers
and can be used to identify conditions that might lead to the onset of pore plugging, which has a
detrimental effect of the fuel cell performance. This model is used to analyse and evaluate the
performance of a planar and a tubular-shaped PEM fuel cell.

2.1. Computational domain
The full computational domains for the planar and tubular-shaped PEM fuel cell consist of cathode and
anode gas flow fields, and the MEA are shown in Figure 1.

2.2. Model equations

2.2.1. Gas flow channels

In the fuel cell channels, the gas-flow field is obtained by solving the steady-state Navier-Stokes
equations, i.e. the continuity equation, the mass conservation equation for each phase yields the volume
fraction (I‘) and along with the momentum equations the pressure distribution inside the channels. The

continuity equation for the gas phase inside the channel is given by;

V-(r,p,u,)=0 (1)
and for the liquid phase inside the channel becomes;
V-(rpu)=0 2

where u is velocity vector [m/s], p is density [kg/m’].

Two sets of momentum equations are solved in the channels, and they share the same pressure field.
Under these conditions, it can be shown that the momentum equations becomes;

V-(pgug ®u, —ygVug):—Vrg(P+§,ugv-ugj+v-[yg(Vug)T] 3)
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Figure 1. Three-dimensional computational domalns of the planar and tubular-shaped PEM fuel cell: (a)
planad and (b) tubular.

ISSN 2076-2895 (Print), ISSN 2076-2909 (Online) ©2013 International Energy & Environment Foundation. All rights reserved.



International Journal of Energy and Environment (IJEE), Volume 4, Issue 1, 2013, pp.1-26 5

2
\& (p|u| du, _Mvul): =V [P "‘Eﬂlv : U|j+V ' [M (vul )T] (4)
where P is pressure (Pa), u is viscosity [kg/(m-s)].

The mass balance is described by the divergence of the mass flux through diffusion and convection.
Multiple species are considered in the gas phase only, and the species conservation equation in multi-
component, multi-phase flow can be written in the following expression for species i;

N

M VM VP
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where T is temperature (K), y is mass fraction, X is mole fraction, D is diffusion coefficient [m?/s].
Subscript i denotes oxygen at the cathode side and hydrogen at the anode side, and j is water vapour in
both cases. Nitrogen is the third species at the cathode side.

The Maxwell-Stefan diffusion coefficients of any two species are dependent on temperature and
pressure. They can be calculated according to the empirical relation based on kinetic gas theory [17];

175 3 V2
D. - T"” %10 L N L ©)
u 13 1372 M, |\/|j
P [kaij {kajj
k k

In this equation, the pressure is in atm and the binary diffusion coefficient Dij is in [cm/s].
The values for (kai) are given by Fuller et al. [17].

The temperature field is obtained by solving the convective energy equation;

V.(rg(ngpgugT—kgVT)):O (7)
where Cp is specific heat capacity [J/(kg.K)], k is gas thermal conductivity [W/(m.K)].

The gas phase and the liquid phase are assumed to be in thermodynamic equilibrium; hence, the
temperature of the liquid water is the same as the gas phase temperature.

2.2.2. Gas diffusion layers

The physics of multiple phases through a porous medium is further complicated here with phase change
and the sources and sinks associated with the electrochemical reaction. The equations used to describe
transport in the gas diffusion layers are given below. Mass transfer in the form of evaporation

(m ohase > O) and condensation (m < 0) is assumed, so that the mass balance equations for both

phase
phases are;
v'((l_sat)pggug): mphase (8)
V N (Sat.p| 5‘U| ) = mphase (9)

where sat is saturation, ¢ is porosity

The momentum equation for the gas phase reduces to Darcy’s law, which is, however, based on the
relative permeability for the gas phase (KP). The relative permeability accounts for the reduction in pore

space available for one phase due to the existence of the second phase [10].
The momentum equation for the gas phase inside the gas diffusion layer becomes;

u, =—(1-sat)Kp.VP/u, (10)
where KP is hydraulic permeability [m?].

Two liquid water transport mechanisms are considered; shear, which drags the liquid phase along with
the gas phase in the direction of the pressure gradient, and capillary forces, which drive liquid water from
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high to low saturation regions [10]. Therefore, the momentum equation for the liquid phase inside the gas
diffusion layer becomes;

KP, 0P
+—1 ¢ Vsat (11
H, 4 osat

where Pc is capillary pressure [Pa].

The functional variation of capillary pressure with saturation is prescribed following Leverett [10] who
has shown that;

12
P, = z‘(%j (1.417(1— sat)—2.12(1 —sat)* +1.263(1 — sat)3) (12)
where 7 is surface tension [N/m)].

The liquid phase consists of pure water, while the gas phase has multi components. The transport of each
species in the gas phase is governed by a general convection-diffusion equation in conjunction which the
Stefan-Maxwell equations to account for multi species diffusion;

> M VM VP
—(1-sat)p ey, 3Dy I\/I-Kvyj +Y; M}“(Xj _Yj)P}r
! =m

V- =
(I-sat)p ey, -u, +eD VT—T

(13)

- phase

In order to account for geometric constraints of the porous media, the diffusivities are corrected using the
Bruggemann correction formula [11];

eff .
Dij = DIJ xgls (14)

The heat transfer in the gas diffusion layers is governed by the energy equation as follows;
V- ((1-sat) o, eCp u T — ke &V )= BTy —T)— eM o AH (15)

phase evap
where keff is effective electrode thermal conductivity [W/(m-K)]; the term [¢B(Tsolid—T)], on the right
hand side, accounts for the heat exchange to and from the solid matrix of the GDL. The gas phase and
the liquid phase are assumed to be in thermodynamic equilibrium, i.e., the liquid water and the gas phase
are at the same temperature.

eff ,g

The potential distribution in the gas diffusion layers is governed by;
V-(4,Vg)=0 (16)

where Ae is electrode electronic conductivity [S/m].

In order to account for the magnitude of phase change inside the GDL, expressions are required to relate
the level of over- and undersaturation as well as the amount of liquid water present to the amount of
water undergoing phase change. In the present work, the procedure of Berning and Djilali [10] was used
to account for the magnitude of phase change inside the GDL.

2.2.3. Catalyst layers

The catalyst layer is treated as a thin interface, where sink and source terms for the reactants are
implemented. Due to the infinitesimal thickness, the source terms are actually implemented in the last
grid cell of the porous medium. At the cathode side, the sink term for oxygen is given by;

Sy = ——=i 17

© 4F ° {17
where F is Faraday’s constant (96487 [C/mole]), i is cathode local current density [A/m?], M is
molecular weight [kg/mole].

Whereas the sink term for hydrogen is specified as;
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S Mu, 18
= — 2 1

H, 2F a ( )

where i, is anode local current density [A/m?]

The production of water is modelled as a source terms, and hence can be written as;
M H,0

S = i 19
H,0 2E c ( )

The generation of heat in the cell is due to entropy changes as well as irreversibility's due to the
activation overpotential [2];

4= {M + et } [ (20)

n F

€
where ¢ is heat generation [W/m’], ne is number of electrons transfer, § is specific entropy [J/(mole.K)],
mact is activation overpotential (V).

The local current density distribution in the catalyst layers is modelled by the Butler-Volmer equation
[18, 19];

. ..« C F F
i =i~ exp( E LI ] + exp(— e ] 1)
’ CO2 RT ’ RT ’
1/2
i — i ref i ex ﬂ + ex — ﬂ (22)
a 0,a C,:ezf p RT nact,a p RT nact,a

where CH2 is local hydrogen concentration [mole/m’], C;fzf is reference hydrogen concentration

. . f . .
[mole/m’], Coz is local oxygen concentration [mole/m’], Ccr,i is reference oxygen concentration

= ref
|

. . sref .
, Iy, is anode reference exchange current density, i, is cathode reference exchange current

[mole/m’]
density, R is universal gas constant (8.314 [J/(mole-K)]), aa is charge transfer coefficient, anode side,
and ac is charge transfer coefficient, cathode side.

2.2.4. Membrane
The balance between the electro-osmotic drag of water from anode to cathode and back diffusion from
cathode to anode yields the net water flux through the membrane;

|
Ny =ngMy o E_v'(prvcw) (23)
where Nw is net water flux across the membrane [kg/(m>s)], nd is electro-osmotic drag coefficient.

The water diffusivity in the polymer can be calculated as follow [8];

11
D, =13x107" exp| 2416 — — — 24
W p{ (303 TH @9

The variable C, represents the number of water molecules per sulfonic acid group

(i.e. mol H,O / equivalent SO;" ). The water content in the electrolyte phase is related to water vapour
activity via [20];

¢, =0.043+17.81a—39.85a> +36.0a° (0<a<l)
cy =14.0+1.4(a-1) (1<a<3) (25)
c, =16.8 (a>3)
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The water vapour activity a given by;

a=x,P/P, (26)

at

Heat transfer in the membrane is governed by;
V(K -VT)=0 27)

where Kpem is membrane thermal conductivity [W/(m-K)].

mem

The potential loss in the membrane is due to resistance to proton transport across membrane, and is
governed by;

V-(1,Vg)=0 (28)

where A, is membrane ionic conductivity [S/m].

2.2.5. Potential drop across the cell

Useful work (electrical energy) is obtained from a fuel cell only when a current is drawn, but the actual
cell potential, (Ece), is decreased from its equilibrium thermodynamic potential, (E), because of
irreversible losses. The various irreversible loss mechanisms which are often called overpotentials, (77 ),

are defined as the deviation of the cell potential, (Ece), from the equilibrium thermodynamic potential
(E). The cell potential (Ec) is obtained by subtracting all overpotentials (77) (losses) from the

equilibrium thermodynamic potential (E) as the following expression;
EceII =E- Mact — Mohm — Mmem — Moitt (29)

The equilibrium potential is determined using the Nernst equation [21];

E =1.229-0.83x10(T —298.15)+4.3085 IO‘ST{ln(PHz )+%ln(Poz )} (30)

2.2.5.1. Activation Overpotential

Activation overpotential (77, ) arises from the kinetics of charge transfer reaction across the electrode-
electrolyte interface. In other words, a portion of the electrode potential is lost in driving the electron
transfer reaction. Activation overpotential is directly related to the nature of the electrochemical reactions
and represents the magnitude of activation energy, when the reaction propagates at the rate demanded by
the current. The activation overpotential can be divided into the anode and cathode overpotentials. The
anode and cathode activation overpotentials are calculated from Butler-Volmer equation (21 and 22).

2.2.5.2. Ohmic Overpotential in Gas Diffusion Layers
The Ohmic overpotential (77, ) is the potential loss due to current conduction through the anode and

cathode gas diffusion layers, and can be modeled by equation (16).

2.2.5.3. Membrane Overpotential
The membrane overpotential (7., ) is related to the fact that an electric field is necessary in order to

maintain the motion of the hydrogen protons through the membrane. This field is provided by the
existence of a potential gradient across the cell, which is directed in the opposite direction from the outer
field that gives us the cell potential, and thus has to be subtracted. The overpotential in membrane is
calculated from the potential equation (28).

2.2.5.4. Diffusion Overpotential
Diffusion overpotential (77 ) is caused by mass transfer limitations on the availability of the reactants

near the electrodes. The electrode reactions require a constant supply of reactants in order to sustain the
current flow. When the diffusion limitations reduce the availability of a reactant, part of the available
reaction energy is used to drive the mass transfer, thus creating a corresponding loss in output voltage.
Similar problems can develop if a reaction product accumulates near the electrode surface and obstructs
the diffusion paths or dilutes the reactants. Mass transport loss becomes significant when the fuel cell is
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operated at high current density. This is created by the concentration gradient due to the consumption of
oxygen or fuel at the electrodes. The mass transport loss at the anode is negligible compared to that at the
cathode. At the limiting current density, oxygen at the catalyst layer is depleted and no more current
increase can be obtained from the fuel cell. This is responsible for the sharp decline in potential at high
current densities. To reduce mass transport loss, the cathode is usually run at high pressure. The anode
and cathode diffusion overpotentials are calculated from the following equations [2];

RT i
o =—Inl1—-=5 31
77D|ff,c 2F [ iL’CJ ( )
RT i
. =——Inl1--2 32
77D|ff,a 2F ( iL,aj ( )
2FD, C
i - 7% 70, (33)
Ol
2FD, C
i _ THy"H, (34)
Ol

where i_¢ and i, are cathode and anode local limiting current density [A/m’], Ogp. 1s the gas diffusion
layer thickness [m], D is the diffusion coefficients [m?/s].

The diffusivity of oxygen and hydrogen are calculated from the following equations [2];

3/2
Do :3.2><10—5( L j [101325] (35)
. 353 P
3/2
D, ::1.1x104( T } (101325j (36)
: 353 P

2.2.6. Cell power and efficiency
Once the cell potential is determined for a given current density, the output power density is found as;

chll = I'Ecell (37)

where | is the cell operating (nominal) current density (A/m?).

The thermodynamic efficiency of the cell can be determined as [2];

2Ecell F
E,.=——"— (38)
My, LHV,,

where LHVy;, is the lower heating value of hydrogen [J/kg]

2.3. Boundary conditions
Boundary conditions are specified at all external boundaries of the computational domain as well as
boundaries for various mass and scalar equations inside the computational domain.

2.3.1. Inlets

The inlet values at the anode and cathode are prescribed for the velocity, temperature and species
concentrations (Dirichlet boundary conditions). The inlet velocity is a function of the desired current
density, the geometrical area of the membrane, the channel cross-section area, and stoichiometric flow
ratio. The inlet velocities of air and fuel are calculated according to [22]:

U..=¢ —I A ! ne 1 (39)
in,c CAE | MEA Xo.n P. A,

u e I A 1 na 1 (40)
in,a a s | MEA Xet i P, A,
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where Ayea 1S the area of the MEA [mz], Aqh 18 the cross sectional area of flow channel [mz], and & is the
stoichiometric flow ratio.

2.3.2. Outlets

At the outlets of the gas-flow channels, only the pressure is being prescribed as the desired electrode
pressure; for all other variables, the gradient in the flow direction is assumed to be zero (Neumann
boundary conditions).

2.3.3. External surfaces
At the external surfaces of the cell, temperature is specified and zero heat flux is applied at the surface of
the conducting boundary surfaces.

2.3.4. Interfaces inside the computational domain

Combinations of Dirichlet and Neumann boundary conditions are used to solve the electronic and
protonic potential equations. Dirichlet boundary conditions are applied at the land area (interface
between the bipolar plates and the gas diffusion layers). Neumann boundary conditions are applied at the
interface between the gas channels and the gas diffusion layers to give zero potential flux into the gas
channels. Similarly, the protonic potential field requires a set of potential boundary condition and zero
flux boundary condition at the anode catalyst layer interface and cathode catalyst layer interface
respectively.

2.4. Computational procedure

2.4.1. Computational grid

The governing equations were discretized using a finite volume method and solved using a
computational fluid dynamic (CFD) code. The computational domains are divided into a finite number of
control volumes (cells). All variables are stored at the centroid of each cell. Interpolation is used to
express variable values at the control volume surface in terms of the control volume center values.
Stringent numerical tests were performed to ensure that the solutions were independent of the grid size.
A computational quadratic mesh consisting of a total of 11371 nodes and 60778 meshes for planar cell
and 16927 nodes and 94547 meshes for tubular cell were found to provide sufficient spatial resolution
(Figure 2). The coupled set of equations was solved iteratively, and the solution was considered to be
convergent when the relative error was less than 1.0x10° in each field between two consecutive
iterations. The calculations presented here have all been obtained on a Pentium IV PC (3 GHz, 3 GB
RAM), using Windows XP operating system. The geometric and the base case operating conditions are
listed in Table 1. Values of the electrochemical transport parameters for the base case operating
conditions are taken from reference [23] and are listed in Table 2.

2.4.2. Solution algorithm

The solution begins by specifying a desired current density of the cell to be used for calculating the inlet
flow rates at the anode and cathode sides. An initial guess of the activation overpotential is obtained from
the desired current density using the Butler-Volmer equation. Then follows by computing the flow fields
for velocities u,v,w, and pressure P. Once the flow field is obtained, the mass fraction equations are
solved for the mass fractions of oxygen, hydrogen, water vapor, and nitrogen. Scalar equations are solved
last in the sequence of the transport equations for the temperature field in the cell and potential fields in
the gas diffusion layers and the membrane. The local current densities are solved based on the Butler-
Volmer equation. After the local current densities are obtained, the local activation overpotentials can be
readily calculated from the Butler-Volmer equation. The local activation overpotentials are updated after
each global iterative loop. Convergence criteria are then performed on each variable and the procedure is
repeated until convergence. The properties and then source terms are updated after each global iterative
loop based on the new local gas composition and temperature. The strength of the current model is
clearly to perform parametric studies and explore the impact of various parameters on the transport
mechanisms and on fuel cell performance. The new feature of the algorithm developed in this work is its
capability for accurate calculation of the local activation overpotentials, which in turn results in improved
prediction of the local current density distribution. The flow diagram of the algorithm is shown in Figure
3.
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Table 1. Geometrical and operational parameters for base case conditions.

Parameter Symbol Value
Channel length L 0.05m
Hydrogen flow channel: diameter(tubular) / height Hy; le-3m
and width(planar)

Air flow channel: height (tubular) / height and Hai le-3m
width(planar)

Land area width Wiang le-3m
Gas diffusion layer thickness SepL 0.26e-3 m
Wet membrane thickness (Nafion® 117) Omem 0.23e-3m
Catalyst layer thickness ScL 0.0287e-3 m
Hydrogen reference mole fraction XE?: 0.84639
Oxygen reference mole fraction Xéezf 0.17774
Anode pressure P, 3e5 Pa
Cathode pressure P, 3e5 Pa
Inlet fuel and air temperature Teen 353.15K
Relative humidity of inlet fuel and air v 100 %
Air stoichiometric flow ratio & 2

Fuel stoichiometric flow ratio & 2

Table 2. Electrode and membrane parameters for base case operating conditions.

Parameter Symbol Value
Electrode porosity £ 04

Electrode electronic conductivity Ae 100 S/m
Membrane ionic conductivity (Nafion®117) Am 17.1223 S/m
Transfer coefficient, anode side a, 0.5

Transfer coefficient, cathode side o 1

Cathode reference exchange current density |gecf 1.8081e-3 A/m’
Anode reference exchange current density |ge; 2465.598 A/m’
Electrode thermal conductivity Kest 1.3 W/m.K
Membrane thermal conductivity K mem 0.455 W/m.K
Electrode hydraulic permeability kp 1.76e-11 m’
Entropy change of cathode side reaction AS -326.36 J/mol.K
Heat transfer coef. between solid and gas phase B 4e6 W/m®
Protonic diffusion coefficient D,. 4.5¢-9 m*/s
Fixed-charge concentration Ct 1200 mol/m’
Fixed-site charge Z; -1
Electro-osmotic drag coefficient Ng 2.5

Droplet diameter Darop le-8 m
Condensation constant C le-5

Scaling parameter for evaporation @ 0.01
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Figure 2. Computational mesh for (a) planar and (b) tubular-shaped PEM fuel cell.

ISSN 2076-2895 (Print), ISSN 2076-2909 (Online) ©2013 International Energy & Environment Foundation. All rights reserved.



International Journal of Energy and Environment (IJEE), Volume 4, Issue 1, 2013, pp.1-26 13

START

Input the desired (nominal) cell
cmrent density.

Initialization
]

h 4

Solve the continuity and momentmn
equations for w, v, w, and P,

v

Solve species transport equations for
mass fractions of Water, Oxygen,
Hydrogen, and Nitrogen.

v

Solve the energy equations for T.

¥

Solve potential equations for ¢.

Update v
properties

L

Update
source terms
F

Calculate local cunrent densities.
Calculate activation overpotentials.

Convergence
criterion fulfilled ?

Calculate diffusion overpotentials.
Calculate cell potential.

Figure 3. Flow diagram of the solution procedure used.

3. Results and discussion

Performance curves for planar and tubular-shaped fuel cell are shown in Figure 4 at the same operating
conditions. The multi-phase model is validated by comparing model results to experimental data
provided by Wang et al. [18] for the planar cell. It can be seen that the modelling results compare well
with the experimental data. The importance of phase change to the accurate modelling of fuel cell
performance is illustrated. By including the effects of phase change, the current model is able to more
closely simulate performance, especially in the region where mass transport effects begin to dominate.
The polarization curves of the two models clearly show that higher cell potentials are achieved with the
tubular design mainly because of lower activation and diffusion overpotentials. Better gas replenishment
at the catalyst sites in the tubular model results in lower activation potentials. The tubular-shaped fuel
cell does not seem to have higher mass transport losses. The linear behaviour of the voltage-current curve
for the tubular-shaped fuel cell suggests that the overall overpotential is driven mainly by ohmic losses.
In order to gain some insight into why the polarization curve is better in the tubular-shaped PEM fuel
cell, the oxygen and hydrogen distribution, local current densities, temperature distribution, and potential
distribution are plotted in Figures 5-13, respectively, for a fixed nominal current density of 1.2 A.cm”.
The detailed distribution of oxygen molar fraction for both geometries is shown in Figure 5. In the GDL
of the planar shape, oxygen concentration under the land area is smaller than that under the air inlet area.
The concentration of oxygen at the catalyst layer is balanced by the oxygen that is being consumed and
the amount of oxygen that diffuses towards the catalyst layer driven by the concentration gradient. The
lower diffusivity of the oxygen along with the low concentration of oxygen in ambient air results in
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noticeable oxygen depletion under the land areas. The tubular shape gives more even distribution of the
molar oxygen fraction at the catalyst layer. At a tubular shape, the oxygen mole fraction variation is low
enough not to cause diffusive limitations, whereas at a planar shape the concentration of oxygen under
the land areas has already reached near-zero values. The molar oxygen fraction at the catalyst layer
increases with more even distribution with tubular shape. This is because of a better gas replenishment at
the catalyst sites of the tubular shape results in quite uniform distribution for the oxygen to reach the
catalyst layer.

Due to the relatively low diffusivity of the oxygen compared with that of the hydrogen, the cathode
operation conditions usually determine the limiting current density. This is because an increase in current
density corresponds to an increase in oxygen consumption.

The hydrogen molar fraction distribution in the anode side is shown in Figure 6 for both geometries. In
general, the hydrogen concentration decreases from inlet to outlet as it is being consumed. However, the
decrease is quite small along the channel and the decrease in molar concentration of the hydrogen under
the land areas of the planar shape is smaller than for the oxygen in cathode side due to the higher
diffusivity of the hydrogen.

Figure 7 shows the local current density distribution at the cathode side catalyst layer for both
geometries. The local current densities have been normalized by the nominal current density in each case
(i.e. ic/I). The local current density of the cathode side reaction depends directly on the oxygen
concentration. The diffusion of the oxygen towards the catalyst layer is the main impediment for
reaching high current densities. Therefore, it can be seen that for a tubular shape, the distribution of the
local current density is quite uniform. This is change for planar shape, where under the land areas a
noticeable decrease takes place. It can be seen that for a planar shape, a high fraction of the current is
generated at the catalyst layer that lies beneath the air inlet area, leading to under-utilization of the
catalyst under the land areas. This can lead to local hot spots inside the membrane electrode assembly.
These hot spots can lead to a further drying out of the membrane, thus increasing the electric resistance,
which in turn leads to more heat generation and can lead to a failure of the membrane. Thus, it is
important to keep the current density relatively even throughout the cell. For optimal fuel cell
performance, a uniform current density generation is desirable (as shown in tubular shape), and this
could only be achieved with a non-uniform catalyst distribution, possibly in conjunction with non-
homogeneous gas diffusion layers for planar shape.

The temperature distribution inside the fuel cell has important effects on nearly all transport phenomena,
and knowledge of the magnitude of temperature increases due to irreversibilities might help prevent
failure. Figure 8 shows the distribution of the temperature (in K) inside the cell for both geometries. The
result of the both geometries shows that the increase in temperature can exceed several degrees Kelvin
near the catalyst layer regions, where the electrochemical activity is highest. The temperature peak
appears in the cathode catalyst layer, implying that major heat generation takes place in the region. In
general, the temperature at the cathode side is higher than that at the anode side; this is due to the
reversible and irreversible entropy production. The tubular shape design results in more even distribution
of the local current density with low fraction than planer shape design. Therefore, the maximum
temperature gradient appears in the planar shape design as can be seen in Figure 8. For an optimum fuel
cell performance, and in order to avoid large temperature gradients inside the fuel cell, it is desirable to
achieve a uniform current density distribution inside the cell.

Several transport mechanisms in the cell affect water distribution. In the membrane, primary transport is
through (i) electro-osmotic drag associated with the protonic current in the electrolyte, which results in
water transport from anode to cathode; and (ii) diffusion associated with water-content gradients in the
membrane. One of the main difficulties in managing water in a PEM fuel cell is the conflicting
requirements of the membrane and of the catalyst gas diffusion layer. On the cathode side, excessive
liquid water may block or flood the pores of the catalyst layer, the gas diffusion layer or even the gas
channel, thereby inhibiting or even completely blocking oxygen mass transfer. On the anode side, as
water is dragged toward the cathode via electro-osmotic transport, dehumidification of the membrane
may occur, resulting in deterioration of protonic conductivity. In the extreme case of complete drying,
local burnout of the membrane can result.

Figure 9 shows profiles for polymer water content in the membrane for both geometries. The influence of
electro-osmotic drag and back diffusion are readily apparent from this result. The tubular shape design
results in more even distribution of the water content in the membrane.

ISSN 2076-2895 (Print), ISSN 2076-2909 (Online) ©2013 International Energy & Environment Foundation. All rights reserved.



International Journal of Energy and Environment (IJEE), Volume 4, Issue 1, 2013, pp.1-26 15

Activation overpotentials (in V) distribution for both geometries is shown in Figure 10. The activation
overpotential profile correlates with the local current density. For the planar shape, fresh air coming from
the air inlet area has a longer distance to diffuse through to reach the land areas. This fact results in a
diminished oxygen concentration at the catalyst sites under the land areas of the planar shape. Therefore,
the planar shape fuel cell leads to a distribution where the maximum is located under the centre of the air
inlet area and coincide with the highest reactant concentrations. Better gas replenishment at the catalyst
sites in the tubular shape results in lower activation potentials with quite uniform distribution.

To perform a comprehensive comparison study for each components of the cell, two types of ohmic
losses that occur in MEA are characterized. These are potential losses due to electron transport through
electrodes and potential loss due to proton transport through the membrane.

Ohmic overpotential is the loss associated with resistance to electron transport in the GDLs. For a given
nominal current density, the magnitude of this overpotential is dependent on the path of the electrons.
The potential field (in V) in the cathodic and the anodic gas diffusion electrodes are shown in Figure 11
for both geometries. The potential distributions are normal to the flow inlet, fuel and air, and the side
walls. For planar shape design, there is a gradient into the land areas where electrons flow into the
bipolar plate. The distributions exhibit gradients in both x and z directions due to the non-uniform local
current production and show that ohmic losses are larger in the area of the catalyst layer under the fuel
and air inlet.

The potential loss in the membrane is due to resistance to proton transport across the membrane from
anode catalyst layer to cathode catalyst layer. The distribution pattern of the protonic overpotential is
dependent on the path travelled by the protons and the activities in the catalyst layers. Figure 12 shows
the potential loss distribution (in V) in the membrane for both geometries. It can be seen that the
potential drop is more uniformly distributed across the membrane for both cells. This is because of the
smaller gradient of the hydrogen concentration distribution at the anode catalyst layer due to the higher
diffusivity of the hydrogen.

The variation of the cathode diffusion overpotentials (in V) is shown in Figure 13 for both geometries.
Tubular shape design improves the mass transport within the cell and this leads to reducing the mass
transport loss. Better gas replenishment at the catalyst sites results in lower and quite uniform
distribution of diffusion potentials. For planar shape design, there is a much stronger distribution of
diffusion potentials at the catalyst sites, with higher values under the air inlet area. This is due to the
reduction of the molar oxygen fraction at the catalyst layer under the land areas.
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Figure 4. Comparison of the model and the experimental polarization curves.
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Figure 5. Oxygen molar fraction distribution: (a) planar and (b) tubular.
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Figure 6. Hydrogen molar fraction distribution: (a) planar and (b) tubular.

ISSN 2076-2895 (Print), ISSN 2076-2909 (Online) ©2013 International Energy & Environment Foundation. All rights reserved.



18 International Journal of Energy and Environment (IJEE), Volume 4, Issue 1, 2013, pp.1-26

Manc 1.4
13
1.2
111
= 11
= oo 0050
k=)
T 0.9
% 0.0010
©  goo2 _
00015 ) = 0.8
o)
k4 4 0.0005
KO 0.7
f/}?/ 0.0000 0.000 .
Min: 0.65
(a)
Mlanc 1.4
D050 .-
' 13
0.040 | 1.2
11.1
0.030
11
0.020
0.9
0010 i g g B 0.8
0.7
0.000 ] S
00024 00016 Min: 065
00080 8 = -0.0080
: = 00000
0.0080 ] : 0.0080
i 00016
0.0024 0.0024
(b)
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and (b) tubular.
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Figure 8. Temperature distribution inside the cell: (a) planar and (b) tubular.
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Figure 9. Water content profiles through the MEA: (a) planar and (b) tubular.
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Figure 11. Ohmic overpotential distribution in the anode and cathode GDLs: (a) planar and (b) tubular.
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Figure 12. Membrane overpotential distribution across the membrane: (a) planar and (b) tubular.
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Figure 13. Diffusion overpotential distribution at the cathode sites: (a) planar and (b) tubular.
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The performance of fuel cells is affected by operating point (cell voltage and related current density).
Operating conditions that give optimal fuel cell performance depend on the application area. Stationary,
portable, and transportation applications all have different requirements and operate in different
environments. What all this means that the present 3D model can make it fast and easy to try all sorts of
combinations of geometries and operating conditions to come up with an optimum design for the
application. Usually, many compromises in the operating points (cell voltages and related current
densities) of the specific cell are necessary to meet the application requirements, obtain lowest system
cost, and achieve acceptable cell life. Operating points are based on defining specific system
requirements, such as power level, voltage, efficiency, and system weight. It is necessary to select the
cell operating point (cell voltage and related current density) that satisfies system requirements (such as
lowest cost, lightest unit, and highest power density or such as highest efficiency and lowest operating
cost). For example, a design point at high current density will allow a smaller cell size at lower capital
cost to be used for the stack, but with lower system efficiency (because of the lower cell voltage) and
attendant higher operating cost. This type of operating point would be typified by a portable application
(such as vehicle, laptop PC, or cell phone) where light weight and small volume are important drivers for
cost effectiveness. Operating at a lower current density, but higher voltage (higher efficiency, and lower
operating cost) would be more suitable for stationary power plant operation. Figure 14 shows the
relationship between the thermodynamic efficiency and the power density of the cell operating at base
case conditions. Also, the figure shows the variation of the maximum temperature gradient inside the cell
with cell power density. It is clearly shown that the efficiency at maximum power is much lower than the
efficiency at partial loads, which makes the fuel cells very attractive and efficient for applications with
highly variable loads where most of the time the fuel cell is operated at low load and high efficiency. The
cell's nominal efficiency is therefore an arbitrary value, ranging anywhere between about 0.4 and ~ 0.7,
which can be selected for any cell based on economic rather than on physical constraints. For example,
for a planar cell operates at base case condition, one may select a maximum operating point at 0.56 V
and 1.25 A/em?’, resulting in 0.7 W/cm? and an efficiency of 0.455 with maximum temperature gradient
inside the cell of 7.9 K. However, one may get the same power output by selecting two cells, connected
in series, operating at 0.733 V and 0.5 A/cm’ each. Obviously, the latter would be twice as expensive,
weight, and size, but it would be more efficient (0.584), and therefore would consume less fuel. Also, the
latter two series cells runs with less temperature rise inside each cell (only 2.73 K), and this leads to
prevent drying out of the membrane and excessive thermal stresses that may result in rupture of the
membrane, and therefore less thermal management problems, and achieve long cell life.

For a tubular cell operates at base case condition, one may select a maximum operating point at 0.613 V
and 1.25 A/em’, resulting in 0.766 W/cm” and an efficiency of 0.49 with maximum temperature gradient
inside the cell of 7.6 K. However, one may get the same power output by selecting two cells, connected
in series, operating at 0.755 V and 0.5 A/cm” each. Obviously, the latter would be twice as expensive,
weight, and size, but it would be more efficient (0.601), and therefore would consume less fuel. Also, the
latter two series cells runs with less temperature rise inside each cell (only 2.69 K), and this leads to
prevent drying out of the membrane and excessive thermal stresses that may result in rupture of the
membrane, and therefore less thermal management problems, and achieve long cell life.

However, since efficiency drops with increasing power density, there is a trade-off between high power
and high efficiency. Fuel cell designers must select the desired operating range according to whether
efficiency or power is paramount for the given application.

4. Conclusion

Full three-dimensional computational fluid dynamics models of planar and tubular-shaped PEM fuel cell
have been developed to investigate the performance of each type. The results show that higher power
densities are achieved with the tubular design mainly because of lower activation and diffusion
overpotentials. Better gas replenishment at the catalyst sites in tubular design results in lower and quite
uniform distribution of activation and diffusion potentials. A tubular shape evens out the local current
density distribution. For a planar shape a much higher fraction of the total current is generated under the
air inlet area. Therefore, the maximum temperature gradient appears in the planar shape design. The
models are shown to be able to: (1) understand the many interacting, complex electrochemical and
transport phenomena that cannot be studied experimentally; (2) identify limiting steps and components;
and (3) provide a computer-aided tool for the design and optimization of future fuel cells to improve their
lifetime with a much higher power density and lower cost. The analysis offers valuable physical insight
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towards design of a cell and a cell stack, to be considered in a future study. Finally, the development of
physically representative models that allow reliable simulation of the processes under realistic conditions
is essential to the development and optimization of fuel cells, improve long-term performance and
lifetime, the introduction of cheaper materials and fabrication techniques, and the design and
development of novel architectures.
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