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ABSTRACT

Gas flow in fuel cell porous electrodes is usually modelled
with Darcy’s law, which requires the definition of a resistance
constant for the material. This can be done directly via
experimentation or indirectly via numerical tuning to fit
experimental data on cell behaviour. Both methods lack generality,
as they do not take into account the particular porous structure of
each electrode.

In the present work, a numerical procedure for calculating
the resistance constant for a given porous structure is presented.
This procedure is based on Lattice Boltzmann models, which treat
the problem from a microscopic point of view, reproducing
collisions between fluid molecules and solid particles. It can be
demonstrated that under certain hypotheses, these models yield
Navier-Stokes equations on a macroscopic scale, hence obeying
fluid mechanics laws.

Here the flow in a set of thirty randomly generated porous
structures was analyzed, thus obtaining a distribution of values for
Darcy’s constant. The analysis was repeated for ten different
pressure gradients applied to a portion of the electrode and for
three different volume porosities.

The results showed that, for a given volume porosity, the
value of Darcy’s constant is strongly affected by the material
porous structure. On the other hand, the mean value of resistance
remained almost constant while varying the applied load, thus
correctly reproducing the linear dependence between velocity and
pressure gradient, as stated by Darcy’s law.

As fuel cell models are a great help in designing and
predicting component operation, a further analysis was carried out
in order to study the influence of the electrode resistance constant
on cell performance prediction. The Lattice Boltzmann model was
used to obtain resistance data characteristic of fuel cell electrodes,
and the results were implemented in a one dimensional fuel cell
model.

The simulations showed that the variation of Darcy’s
constant does not significantly affect the prediction of the cell
polarization curve, while a significant effect was found on the
prediction of the exact operating point on the polarization curve.

In conclusion, if accurate modelling of a fuel cell is
required, great care must be taken in evaluating the electrodes
resistance constant. The procedure presented here, coupled with a

non destructive tomography scan of the electrode structure could
greatly help in refining existent fuel cell models.

INTRODUCTION

Throughout the last decade, a considerable amount of work
was carried out in order to obtain ever more refined models of
proton exchange membrane (PEM) fuel cells. The mathematical
models obtained were first numerically implemented in one
dimension [1-6] whereas, recently, several research groups have
produced detailed three-dimensional models of this type of fuel
cell [7-15]. Such models helped considerably in understanding the
complex phenomena occurring during fuel cell operation, thus
allowing a more accurate cell design.

While the refinement of modelling techniques and the
increase in computer power allowed for the creation of very
accurate fuel cell numerical models, the developers of such tools
always faced the same problem: retrieving reliable physical data
concerning fuel cells parts. The lack of accuracy and reliability of
numerical constants used in the models seriously affects, and in
some cases cancels out, the improvements done in the numerical
code. Post process tuning of physical parameters to fit model
predictions with experimental data is the way normally followed in
this case. This problem is of particular significance when dealing
with fuel cell models, as the experimental data available is usually
limited to the cell polarization curve, which represents the integral
of the effects of all the constants used in the model.

Flow of gases in fuel cell porous electrodes is usually
modelled with Darcy’s law. This characterizes the material with a
resistance constant, to be evaluated experimentally or numerically
adjusted to match experimental data. Both these methods pose
problems when dealing with fuel cells. The small electrode
thickness makes it difficult to accurately measure the material
hydraulic constant and guarantee its independence from the
electrode porous structure. On the other hand, the numerical tuning
of such a parameter to fit experimental data of cell performance,
namely its polarization curve, neither guarantees that the true value
is found, as the cell behaviour also depends on other adjustable
parameters, nor its independence from the different load
conditions.
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The present study tries to address the problem following an
alternative approach. Here a procedure for calculating the
hydraulic constant as a function of material structure and applied
pressure gradient was defined. Even though common numerical
codes for a Navier-Stokes model could be used to solve the flow in
each microchannel of the porous media, computational overhead
and heavy post-processing render them unsuitable for solving the
flow in the porous material and obtaining Darcy’s constant.

On the other hand, the lattice Boltzmann methods (LBMs)
are efficient numerical tools to investigate flows in highly complex
geometries, such as porous media [16, 17, 18]. Even though
traditional Navier-Stokes solvers could be used to describe porous
media flow, LB methods do not require pressure-velocity
decoupling or the resolution of a large system of algebraic
equations [19, 20]. They solve a simplified Boltzmann equation for
an ensemble-averaged distribution of moving, interacting particles
on a discrete lattice. The macroscopic quantities that describe the
fluid flow can be calculated as integrals of this distribution. Since
the motion of particles is limited to fixed paths connecting lattice
nodes, the resolution process needs only information about nearest
neighbour nodes. In this way, fluid flow through complex
geometry can be analyzed by means of an easier mesoscopic
approach. Analogous considerations apply to wall boundary
conditions, such as those in porous media. They can be easily
implemented for any geometric configuration in order to ensure
no-slip condition at solid occlusions.

The aim of the present paper is twofold. Firstly, to
investigate the influence of different porous structures on the
material resistance constant in order to evaluate whether different
structures with the same volume porosity behave differently with
respect to fluid flow through them. Secondly, to evaluate in which
way different electrode porous structures, characterized by the
same value of volume porosity, affect the prediction of fuel cell
operation by a one-dimensional numerical model.

MATHEMATICAL MODEL FOR POROUS MEDIA FLOW

Continuous model

Under some simplifying hypotheses, kinetic theory states
that the evolution of the single particle density distribution in a
rarefied gas of rigid spheres obeys the Boltzmann equation [21].

%+v~Vf+a-va=Q(f7f) @

where f(x,v,t) is the continuous single particle distribution
function, v is the microscopic velocity, a is the acceleration due
to an external field, and the quadratic expression Q(f, f) is the
collision integral. Macroscopic quantities, such as the density
p(x, t) and the macroscopic velocity u(x, t), can be calculated
as the moments of the density distribution function:
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The collision integral Q(f, f) in the Boltzmann equation

can be replaced by the single-relaxation-time collision model
J(f) proposed originally by Bhatnagar, Gross, and Krook (BGK)

[22].

o vvVitav, fodD=-2(-t9 @
ot T
where 7 is the relaxation time and f€ is the Maxwellian

equilibrium distribution function which gives a vanishing collision
integral Q(f¢,f%)=0,ie.
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f e(X, v, t) = ﬁ[%J eXp|:— —@:| (5)

m 2 2

where C(x,t) is a scalar characteristic velocity which can be

expressed physically in terms of internal energy.
The term that takes into account the effect of the external
force field can be simplified as follows [23]:

vazvvfe:—c%fe(v—u) (6)

Substituting equation (6) into equation (4) yields the final

form of the adopted BGK model.
of 1 en 3 e
—+v.-Vi=—=(f-f")+—=f"(v-u)-a (7
ot T c?

Using the Chapman-Enskog procedure, a suitable
expansion of certain solutions of equation (7) recovers the Navier-
Stokes macroscopic description when the bulk viscosity is
neglected [23]. Thus,

9P v (pu) =
pe +V-(pu)=0 (8)

9 (pu)+ V- (pu®u) =
ot )

-Vp+V: [pg“(Vu+VuT)]+pa
where p= pc2 /3 can be identified with the pressure and

=1 c? /3 with the cinematic viscosity of the fluid. A proper set

of boundary conditions for single particle distribution function
must be considered in order to ensure the no-slip condition at the
walls.

Discrete model

To solve the BGK equation (7), the discrete ordinate
method can be applied [24]. According to this method, a set of
discrete microscopic velocities v; must be defined on which the

distribution function is evaluated. The generic function f; (x, t) is
the single particle distribution function evaluated for velocity v;

at (x,t). Hence the BGK equation, which is an integro-
differential equation, reduces to a system of differential equations,
such that

ot T c

Since only the distribution functions for discrete
microscopic velocities are considered, an interpolation test
function must be adopted to calculate the macroscopic quantities.
In this way, the previous integrals (equations (2) and (3)) reduce to
weighted summations of the considered functions. The
interpolation test function should be as similar to the Maxwellian
distribution function as possible in order to easily include the
equilibrium conditions. If we consider the regime of low speed

fluid motion |u|<<|v]|, the equilibrium distribution function
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(equation (5)) can be linearised around the state at rest [24],
namely,

fe(x,v, 1) = K(v) p®%(x, v, 1) (11)

D/2
1 3 3v-v
K(V) = mCD [g) eXp(-EC—Zj (12)

vou 9(v-u) 3u-u
(oe(x, v, t) =p [1"1‘ 3—2“1‘—(—2} ———2] (13)
C

where

2\ ¢ 2c
Since the deviation of the distribution function from the one at rest
is also small, it is assumed that the function
o(x,v,t)= f(x,v,t)/K(v) can be approximated by an

interpolation test function @(x,v,t) = F(x, v,t)/ K(v), which
isa D dimensional polynomial of second degree as it rigorously
happens for the function ¢@°(x,v,t). This test function includes
1+ 2D unknown parameters, which can be determined by using
the values of the distribution function for discrete microscopic
velocities @(x, vi, t) = i (x,t)/ K(v;) = ¢ (x, t) . The modified
distributions functions for discrete microscopic velocities ¢, (x, t)
satisfy a system of differential equations similar to the original one
(equation (10)) for f;(x,t).

The macroscopic quantities operative definitions must be
modified according to the discrete ordinate method [24]. Thus,
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where W, W', wi and W' are the dimensionless coefficients of

the quadratures. Since usually the number of unknowns for the
interpolation test function, 1+2D, is smaller than the number of
discrete microscopic velocities, Q, the problem is ill posed and a
proper strategy must be adopted in order to recover the Navier-
Stokes macroscopic equations.

The system of differential equations for modified
distribution functions can be simplified by applying the method of
characteristics. Let us consider the sheaf of characteristic surfaces
for each discrete microscopic velocity.

t

X (t) = IVi dt + (2] (16)
0
Moving on characteristic surfaces, the rate of change for

the distribution function reduces to a time function, and our system
of differential equations becomes:

(15)
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Finally, the explicit Euler rule can be applied, such that
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Fig. 1: Lattice discrete velocities for D2Q09.
o (xX+vdt+a) =

ot ot 3ot
(1—?) @ (x,1) +7¢7ie(x’t) +C—2¢ie (vi—u)-a

(18)

where Ot is the time step, which must satisfy the stability
threshold ot <27 .

In the following computations, a square lattice (D2Q9)
[25] which makes use of a two-dimensional computational domain
(D =2) and nine discrete velocities (Q=9) is considered. The

lattice discrete velocities are shown in Figure la and are
analytically given by:

i=0 [0, 0]
i=12314
v, = clcos(iz/2—712),sin(ix/2-r12)] (19)
i=5,6,7,8
cﬁ[cos(i;r/Z—Q;zM),sin (iz!2-9714)]

In this case, a proper strategy for the choice of the
dimensionless coefficients of the quadratures is: Wy =W,=4/9,
w=w;=1/9 for i=1234 and W =w;=1/36 for
i=5,6,7,8. These values allow satisfying the operative

definitions of macroscopic quantities, equations (14) and (15).
Let us consider the following equivalence for the
considered lattice:

Q [ . ] Q P
iz:l:W. vi ®lgy (vi —u) ZiZ:l:W. Vi®(18W| Vij (20)

Since the effect of the external force field appears only in the
momentum equation (9), the previous equivalence can be used to
simplify the discrete BGK equation (18) [26], which becomes
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(21)

where g = pa.

A Chapman-Enskog procedure is again applied to derive
the macroscopic equations of the model, namely,

aa_f+v.(,3a):0 (22)
%(EGHV-(Eﬁ@ﬁ):
B ) i (23)
_v{?,s}v-[gV(ﬁﬁ)+§V(Eﬁ)T]+g

where 5:.{(1—0.5&/1). The previous equations are valid

only if the low speed limit |u |<<C is satisfied, as highlighted in

the derivation process. The macroscopic equations for the discrete
model (22, 23) do not recover directly the Navier-Stokes model, as
it happened for the continuous model (8, 9). Some hypotheses must
be introduced to eliminate this discrepancy.

Electrode model
The discrepancy with the Navier-Stokes model resides in
the momentum equation, given by
L)+ (ue-
) (24)
C ~ ~Z o= ~T
—V[?pJ+V~[p§ (Vu+Vu )]+g+e
where
e=v.(fi®Vi+L Vi®i) (25)
If the compressibility factor is small enough, then the density
gradients are mainly due to pressure gradients vﬁ:vﬁ/cg,
where Cg is the speed of sound. If we consider the incompressible
limit |u |<< Cg, the divergence argument in equation (25) is very
small:
Cu®Vp+L Vi®u ‘<<‘ 5 (Vu)l ‘<<1 26)
If we suppose that the divergence argument does not change

rapidly around zero, the error (equation (25)) can be neglected.
Let us consider a forcing term that depends on the pressure

gradient g =—/3V p . If the parameter S is properly chosen, i.e.
p=1- c? /(3C§) , then the Navier-Stokes model is recovered,
namely,
0 ,~~ ~— ~
—(pu)+V-(pu®u)=
ot @7)
—VP+V- 55(vﬁ+vﬁT)]
The previous equation is valid only if the low speed limit |u |[<<C
(microscopic condition) and the incompressible limit |u << Cg

(macroscopic condition) are satisfied, as highlighted in the
derivation process.

In the following computations, the lattice velocity ¢ and
the collision time 7 are chosen in order to produce selected values

for the cinematic viscosity ¢, and spatial step 5y =Xy =0, .
Thus,
_ 6w &y

_ 28
2—m @8
2
Tzz—g)a_o (29)
6w <o

where @ = ot/ 7 is the dimensionless collision frequency and has

a fixed value due to a stability criterion (w=1.2+1.6). The
previous expressions (equations (28) and (29)) allow one to
consider different spatial resolutions in order to produce a mesh-
independent solution. In the following computations, a mesh-
independent solution is found when the results for the default mesh
and finer mesh differ by less than 2 %.

Finally, a proper set of boundary conditions must be
considered [27, 28]. Since the computational domain was chosen to
be smaller than the physical thickness of the electrode, periodic
boundary conditions were considered at the domain border. Inside
the domain, additional boundary conditions for single particle
distribution functions must be considered in order to ensure the no-
slip condition at the walls, i.e. at the interface with the solid
occlusions. Let us consider the surface wall node shown in Figure

1b. The boundary is aligned with the x-direction and ¢, , @5, @

are the inward-pointing links, which are unknown because they
depend on the wall behaviour. The quadratures (equations (14)

and(15)) and the specified velocity components GX = Gy =0 are

not enough to determine ¢,, @5, @z and p because the

resolution system is under determined. The additional condition
needed is called the bounce-back rule and prescribes complete
reflection for weighted inward-pointing distribution functions

normal to the surface (W, ), namely
Wo, +Weg +Wegpg — p =
—WoPo — Wi — Wa@3 — Wy@y —We 7 —Wa(g
Ws@5 —We@s = p Uy [ C— Wiy — Wggdg + Was + Vo0
Wo, + Ws@s + W@ = 0 Gy 1C—Wo 7 — W04 — Wgpg
Wo@y = Wy@y (30)

In this way, the problem is well posed and can be solved, resulting
in

P = Wo@g + Wiy + Wa3 + 2 (W0 + W07 + Wedg)
s = Wy, — 0.5 (Wi — W)/ W
s = [Weeg + 0.5 (Wi, — Wa3) |/ wg
Py = (Wa04) [ Wy
Since the bounce-back method (BBM) was also applied
originally to Wsgps and Wgeg, the present one is called the

improved bounce-back method, (IBBM) because it reduces the
arbitrary assumptions [28]. It can be demonstrated that the IBBM
is equivalent to supposing a preliminary distribution due to ideal
reflection and then operating a mass redistribution for inward-
pointing links. As evident from solutions (31), the IBBM allows
one to determine the values of three unknown discrete distribution
functions. When analyzing complex porous geometries, some
configurations exist for which the number of unknown functions is
smaller (see Figure 1c) or greater (see Figure 1d) than three. In the
first case, the node is called over-conditioned, while in the second
it is called under-conditioned. In both cases, the IBBM would
produce ill-posed problems and it cannot be applied. In the

C)
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following computations, ill-posed configurations are analyzed by
the original BBM.

Numerical implementation

A numerical code which implements the lattice Boltzmann
scheme discussed in the previous sections was developed. A brief
description of the main characteristics of the code is reported here.

In the following calculations, the collision operator in the
discrete BGK equation (21) is assumed constant during each time
step. This assumption introduces a second-order truncation error,
but the only effect is a change of the effective viscosity (v — V).
The main advantage of this is the possibility to decouple the
resolution of the BGK equation into two easier steps. During the
collision step, the new discrete distribution functions are evaluated
as follows

o *(x.1) =[1—§] (x)+

ot ot

—or(x )+ 7Vi'g
T 6 i C

During the streaming step, the new discrete distribution functions

are properly assigned to correct spatial locations, i.e.

(32)

o (X+V; A t+q) =g *(x,1) (33)

At each time step, the operations performed by the code
can be grouped into four phases:

1. Collision. The discrete Maxwellian equilibrium distribution
functions are evaluated by using the macroscopic quantities
and the new values for each discrete velocity are calculated by
means of equations (32) and stored.

2. Streaming. The discrete distribution functions are updated
according to equations (33).

3. Boundary conditions. All values of unknown discrete
distribution functions for inward-pointing links are evaluated
by BBM. For links that refer to nodes out of the computational
domain, the periodic boundary conditions are directly applied.
The subclass of inward-pointing links, which belong to well-
posed configurations, are corrected according to IBBM so as
to ensure the no-slip condition.

4. Moments. The macroscopic quantities, which are moments of
the distribution function, are evaluated by means of equations
(14, 15).

The main goal of the numerical code is to calculate the
mass flow rate induced by a given pressure drop applied to a
randomly generated porous structure, so as to evaluate the material
resistance constant that appears in Darcy’s law. Let us define a

hydraulic parameter kp (Vp) as
(pu)=—kp(Vp) Vp (34)
where <pu> is the average momentum in the computational

domain and can be considered macroscopically as a point value
because lattice dimensions are much smaller than electrode
thickness. Darcy’s law prescribes that the hydraulic parameter can
be assumed to be approximately constant.

Here, the flow in a set of randomly generated porous
structures was analysed, thus obtaining a distribution of values for
Darcy’s constant (kp). A typical example of the considered porous
geometry is reported in Figure 2.

FUEL CELL MODEL

In order to evaluate the effect of different resistance
constants on a PEM fuel cell performance, a one-dimensional
implementation of a fuel cell model was used. Its features are
briefly described here.

Fluid flow was modelled using continuity, species
conservation, and the Navier-Stokes equations, modified to take
into account the porosity of the flow domain, i.e. continuity:

J.[a(wp)JrV-(Kpu)}dQ:O (35)
oL ot
species conservation:
[o(@p)
J. TK+V~(pkKu)+ 40— 0 (36)
el -V-(ILKVp)-o§
and momentum conservation:
[ 0(wpu)
———+V - (pKu®
J- at + (p u u) + dQ _ O (37)
e +oVp-V-(KA)-wS,

The fluid flow was considered isothermal and motion of
charges was modelled with Maxwell’s fourth equation for charge
conservation:

IQ (V2p—S,)dQ2 =0 (38)

As the characterization of the porous media presented here
does not take into account the effect of the presence of liquid water
in the electrode pores, the water present in the cell was considered
to be in the vapour phase, and the membrane was assumed to be
fully humidified. This approach was shown to yield accurate
predictions [12], as long as the cell operates in regions of the
polarization curve where mass transfer losses, strictly connected
with electrode flooding, are negligible.

A single domain approach was followed; i.e. boundary
conditions were applied only at the cell boundaries and not at the
interface of each single component of the cell (such as electrodes,
membrane, catalyst layers and gas channels). As a result, source

Fig. 2: Example of the porous structure (void fraction 50 %).
The black regions are solid obstructions. The fluid regions are
marked by grey scale according to velocity magnitude.

Copyright © 2004 by ASME



terms were added to modify the aforementioned equations to take
into account particular phenomena occurring in some of the
domain sub-regions. For example, proton production occurs in the
anode catalyst layer, hence a sink term
JAiM y, My,
SHe ST ToRve. 2FL (39)
C.L. C.L.
is added to the hydrogen species equation.
Oxygen destruction and water production occur in the
cathode catalyst layer, where the terms

Mg,

S (40)
o, 4FL.,
JM H,O

Swo =2 (41)
2FLc,

are added.

Source terms in the momentum equation are used to
account for additional body forces, namely Darcy’s drag and
electro-osmotic drag. As a result, the source term becomes

SeL="Ru (42)
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; —&— Void Fraction 40%
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Fig. 3: Calculated values for Darcy’s constant

(error bars define the range [<kD > -0, <kD > + g])
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Fig. 5: Effect of Darcy’s constant on polarization.

in the electrode backing layers, and
K
SicLue =-Ru+ itz Fve, (43)

h
in the catalyst layers and membrane.

The source term for the charge conservation equation
differs from zero only in the catalyst layers, as charge flows out of
the anode, through the electric circuit, and back into the cathode. It
can be easily determined, as it is strictly linked to the cell electric
current density, i.e.

J
S,=—+ 44
T (44)
where the membrane conductance varies according to water
content and temperature, as found by Springer et. al. [3]

The cell electric potential can be defined as the difference
between the maximum (reversible) cell voltage and all the voltage
losses inside the cell such that

cI)cell :q)rev_zwi (45)
where:
25X 10" oo
ol —& Void Fraction50% | {71
—8— Void Fraction 45%
—&— Void Fraction 40%
L Y U — R U

—_

_______________________________________________
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Fig. 4: Calculated mass flow rates

(error bars define the range [< kD> -0, <kD > + O—])
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Fig. 6: Effect of Darcy’s constant on cell voltage.
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O, =D, +¥[In py, +0.5In py, —In szo] (46)

rev

Reaction activation losses can be represented by an
“activation” voltage loss [16]. Reaction kinetics and activation
voltage loss are strictly related, as described by the Butler-Volmer
equation namely,

_7cF‘/7act
-e KT (47)

P YaF Pact
C a acl
k e RT
CkO

Other losses that need to be taken into account are ohmic
losses in the electrodes. Under the hypothesis of homogeneous and
isotropic electrode porosity, the electrode conductance can be
considered constant, and the ohmic losses can be described by a
particular case of Ohm’s Law given by the more general equation
(38). The ohmic losses are, thus

|
Pq = c (48)

Combining all the losses, equation (45) becomes:

cheH = q)rev ~QPact,a ~ Pact,c ~Pa,c — Pa,c ~ Pact,c (49)

To close the model two further equations must be provided.

The first one allows the calculation of the nitrogen partial density

without solving a transport equation for this species, applying the
constraint:

PN, =P~ Pu, = Pho (anodesside)

Pn, =P~ Po, — Puo (Cathodeside)
while the second one allows the correlation of cell voltage and
current via the external load connected to the cell stack, providing
a feedback relation to equation (45). Thus,

j = P gack _ Neat P (51)
ZAcq ZAcq

Finally, Dirichlet boundary conditions for velocity at inlet
and pressure at outlets were applied. Inlet gas velocities were
calculated according to the stoichiometry of the reactions, using
the reference cell current density value of 1.2 A/lcm?,

Neumann no-flux boundary conditions for all the variables
were applied elsewhere in the domain.

j:Ajex[

(50)

RESULTS AND DISCUSSION

A two-dimension Lattice Boltzmann model using a nine-
velocities computational molecule was used to solve for the flow
field in randomly generated porous structures with different
porosities. The final purpose was to evaluate the possible
dependence of the hydraulic constant upon the porous structure
geometry, when varying the macroscopic void fraction and the
applied pressure gradient.

The operating conditions of a real fuel cell cathode were
used to characterize a physical computational domain, which
represents a square two-dimensional portion of porous medium
with a 0.8 um side. Some test configurations were generated by
considering different values of porosity (40%, 45% and 50%) and a
set of pressure gradients (ten values in the range 3 to 243 MPa/m).
The analysis of each configuration was repeated for a statistically
significant number (thirty) of porous structures. The related flow
field was obtained, thus giving a distribution of hydraulic constants
for each porosity value and pressure gradient (figure 3). The mean
value of the predicted mass flow rate and the related error bar,
were reported in figure 4.

The data obtained from the previous analyses was used in a
one dimensional fuel cell model in order to evaluate the effect of

o
[

o
o
= o

005 _"""""-‘E ------- H H H H
—— using Darcy constant + ¢
—&— using Darcy constant - ¢

-0.05

o
—_—

TN N R N SN

i i i i i
0 0.2 04 0.6 0.8 1 1.2
Predicted Cell Current with Average Constant [Afch]

o
)

Variation of Predicted Cell Current [Afcmz]
o

Fig. 7: Effect of Darcy’s constant on cell current.

Darcy’s constant on the prediction of the cell polarization curve
and working point. For each load condition three simulations were
carried out, using the mean value of the calculated Darcy constant
plus the standard deviation, the mean value, and the mean value
minus the standard deviation. Figures 5, 6 and 7 show the results of
this analysis for a void fraction of 45 %.

Some interesting conclusions can be drawn from the results
obtained in the two analyses. As shown in figure 3, the hydraulic
constant was found to vary considerably for different porous
materials having the same volume porosity but different
distributions of the solid particles in their structure. On the other
hand, the second analysis confirmed the suitability of Darcy’s law
for modelling fluid flow in fuel cell electrodes, as the dependence
of velocity on the pressure gradient was found to be linear.
However, as figure 4 shows, the dependence of the hydraulic
constant on material geometry greatly affects the accuracy of the
estimation of the mass flow rate flowing through the porous media
for a given pressure gradient in the cell electrode.

As reported in figure 5, the analysis with the fuel cell
model showed that a significant variation in the value of Darcy’s
constant does not affect an accurate prediction of the fuel cell
polarization curve.

However, a significant error was found in estimating the
exact operating point of the cell as the value of Darcy’s constant
was varied within the range of twice its standard deviation. Figures
6 and 7 show how the predicted cell current and voltage vary as
Darcy’s constant varies with respect to its mean value. Voltage
differences of 40 to 60 mV were observed. This lack of accuracy
can lead to a wrong estimation of cell efficiency, as this is strictly
related to the cell voltage [29]. The analysis presented here showed
that the different porous structures can lead to errors in efficiency
estimation up to 3-5%.

CONCLUSIONS

The present work has dealt with the definition of a
procedure for the evaluation of Darcy’s constant for porous
materials, given their microstructure. Its application to fuel cell
electrodes proved to be useful for reducing the uncertainty of
estimation of this physical parameter required in fuel cell
numerical models. Furthermore, variations in the predicted
operating point showed that a parameter usually considered less
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significant for cell performance estimation, must indeed be taken
with greater care, if greater model accuracy is sought.

The current two-dimensional analysis provided sufficient
insight into the problem of material resistance constant estimation.
Moreover, work is currently in progress to extend the code to
analyse three-dimensional specimens of porous structures, and to
simulate the presence of liquid water in the pores. The results that
will follow will provide a more accurate estimate of the influence
of Darcy’s constant on the prediction of fuel cell operation.

The combination of the procedure described here with a
tomography scan of the material porous structure could provide a
precise, non destructive tool for evaluating material hydraulic
characteristics.
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NOMENCLATURE

: acceleration due to external field
: geometrical area

: boundary condition

: electric conductance

: lattice speed or molar concentration
: number of spatial dimensions
: diameter

: continuous single particle distribution function
: Faraday’s constant

: electric current

: electric current density

: area porosity

: permeability

. length

: single particle mass

> molar mass

: number of items

: surface normal vector

: pressure

: number of discrete microscopic velocities
: universal gas constant

: source / sink term

: temperature

: time

: macroscopic velocity

: microscopic velocity

: volume

: load impedance

: charge number

: coefficient of quadrature

: coefficient of quadrature

: kinetics exponent

: discrete step

: diffusion coefficient

: transfer coefficient

: electric voltage

: voltage loss

: shear stress tensor

: dynamic viscosity

: density

: standard deviation

Ao E P 1oV ENNL<<e 4005 ZZ3rx X =T 206 00>y

: control volume surface
: collision time

: control volume

: volume porosity

: cinematic viscosity

Ng Dawm

Subscripts and superscripts
a :anode,
B.L. :backing layer
C.L. :catalyst layer

¢ :cathode

D :Darcy

e :equilibrium
eff : effective value
ex :exchange

flow : available for fluid flow

G.C. :gaschannel

: hydraulic

: chemical species

: membrane layer

: membrane

: momentum

: electrokinetic

: related to the charge equation
: reference value

ce®c3Mx=
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