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A two-dimensional  design analysis of  a membrane-electrode assembly for a proton-exchange mem- 
brane fuel cell is presented. Specifically, the ribs of  the bipolar plates restrict the access of fuel and oxi- 
dant  gases to the catalyst layer. The expected change in cell performance that  results f rom the partial 
blocking of  the substrate layer is studied by numerical  simulation of  the oxygen electrode and the 
membrane  separator. The effects of rib sizing and the thickness of  the gas-diffusion electrode on 
the current and water distributions within the cell are presented. For  all of the cases considered, the 
two-dimensional  effect only slightly alters the half-cell potential  for a given applied current  but  has 
a significant influence on water management .  

Concentra ted solution theory with variable t ransport  properties is used in the membrane  electrolyte 
to solve for the electrical potential  and local water content.  The Stefan-Maxwel l  equations are used in 
the gas-diffusion electrode to determine the local mole fractions of  nitrogen, oxygen and water vapour.  

A control-volume formulat ion is used for the resolution of  the coupled nonlinear differential equa- 
tions. One advantage of the control-volume approach over finite-difference methods  is the relative 
ease in which internal boundary  points in fuel-cell and battery models are handled.  This and other 
advantages are briefly discussed. 

List of symbols V 
x 

a specific interracial area (m -1) 
A k kinetic parameter defined by Equation 19 

(kA m -2) 
c concentration (mol m -3) 
di~ coefficient in Equation 14 
D diffusion coefficient (m2s 1) 
fie~ coefficient in Equation 14 
F Faraday's constant (96 487 C equiv -1) 
h mesh spacing (m) 
i current density in electrolyte (A m -2) 
io exchange current density (Am -2) 
I superficial current density (A m -2) 
L m thickness of membrane (m) 
Ls thickness of substrate (m) 
Ly thickness of rib (m) 
M molecular weight (gmol 1) 
Ni flux of species i (mol m -2 s 1) 

n number of electrons transferred 
p pressure (Pa) 
R universal gas constant (Jmo1-1 K -1) 
Rh relative humidity 
R i reaction state of species i (tool m -3 s -1) 
si stoichiometric coefficient 
T temperature (K) 

Y 

cell potential (V) 
molar fraction of gas, and distance normal to 
membrane face (m) 
distance (m) 

Greek symbols 
c~ diffusion coefficient (Jmol2 m -1 S -1) 
c~ e weighting factor 
/3 e weighting factor 
Ax element size in x-direction (m) 
Ay element size in y-direction (m) 

potential of electrolyte (V) 
e porosity or numerical error 

conductivity of electrolyte (S m-l)  
A dimensionless water concentration in 

membrane (moles water/mole sulfonate 
group) 

p membrane density (kgm 3) 
CrAB characteristic length (m) 
w0 mass fraction of water 
~AB diffusion collision integral 

transport number of water 
# chemical potential, J mo1-1 

Subscripts 
e east face 
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eft effective transport property 
m membrane 
s substrate 

1. Introduction 

The design of flow fields for fuel and oxidant feeds of a 
proton-exchange membrane (PEM) fuel cell is consid- 
ered. The ribs of the bipolar plates restrict the access 
of fuel and oxidant gases to the catalyst layer, affect- 
ing the current distribution in the cell. The expected 
change in cell performance that results from the 
partial blocking of the substrate layer is an important 
factor in the design of a fuel-cell system. The sizing of 
the ribs and the thickness of the substrate also affect 
water distribution within a PEM cell. Perfluorinated 
ionomer membranes require absorbed water to main- 
tain sufficient electrical conductivity for practical use, 
and it is vital to manage the water content in the solid- 
polymer electrolyte. From the inception of solid- 
polymer-electrolyte fuel cells, water transport was 
recognized as a problem. Water motion is caused by 
the movement of hydrogen ions, which is propor- 
tional to the current. High current densities can result 
in the transport of water away from the anode- 
membrane interface at a rate that is greater than the 
rate at which it can be restored by diffusion, or trans- 
ported from a humidified gas stream. 

Modelling is an important tool in the design and 
optimization of batteries and fuel cells. The numerical 
solution to the coupled, nonlinear, partial differential 
equations is usually carried out by means of a finite- 
difference formulation, using a block, tridiagonal 
matrix algorithm (TDMA), normally based on the 
Thomas method. For the numerical simulation of 
fuel cells and batteries, there are two shortcomings 
associated with the standard, Taylor series-based 
finite-difference approach. 

First, inherent in any battery or fuel-cell system are 
interior boundaries separating distinct phases. For 
example, the interface between the electrolyte and 
the gas-diffusion electrode of a fuel cell forms a 
boundary for the gas and electrolyte phases, for which 
interior boundary conditions must be imposed. The 
standard finite-difference formulation of these interior 
boundary conditions results in block pentadiagonal 
matrices, which are more difficult to resolve than the 
tridiagonal matrices. Various schemes, including the 
employment of pentadiagonal matrix solvers, have 
been used to circumvent this problem [1, 2]. An alter- 
native is to use derivatives whose accuracy is only first 
order in the node spacing. Although this allows inter- 
nal boundaries to be readily handled, the low accuracy 
of this method may give unsatisfactory convergence 
results. 

Second, the standard finite-difference method does 
not rigorously conserve material (or momentum and 
energy). The amount of electrolyte in a battery, 
for instance, may increase with simulation time, 
clearly a nonphysical result. The control-volume for- 
mulation, sometimes called the finite-volume method, 

Superscripts 
e east face 
* reference pressure (bar) 

rigorously conserves material and handles easily inter- 
ior boundaries. These two advantages of the control- 
volume approach will become even more important 
as two or three-dimensional numerical simulations 
become prevalent. 

The objectives of this paper are to review the 
control-volume formulation and to apply it to a 
two-dimensional problem of interest for fuel-cell 
modelling. 

2. Control-volume formulation 

The control-volume approach has been used exten- 
sively in heat-transfer and fluid-flow simulations [3], 
but to a lesser degree in the modelling of battery 
and fuel-cell systems. Recently, Fiard and Herbin [4] 
compared a control-volume approach to a finite- 
element method for the simulation of a solid-oxide 
fuel cell. They found that the control-volume tech- 
nique was computationally superior to the finite- 
element approach and somewhat easier to implement. 
The control-volume method, or integrated element 
approach, has been used in conjunction with the 
finite-difference method to handle interior boundaries 
in fuel-cell [5] and battery modelling [6]. However, it is 
more logical to use the control-volume approach 
across the entire solution domain, as was done by 
Pollard and Newman [7, 8]. The benefits and details 
of their approach are not given in their paper. 

The control-volume concept is simple - the differ- 
ential form of the material balance is replaced with 
an integrated form. Consider one-dimensional trans- 
port in the element shown in Fig. 1. At steady state, 
a shell mass balance is written as 

{ r a t e o f  } { r a t e d f  } { r a t e o f  } 
mass in - mass out + production = 0 

or on a unit area basis, 

N A ( X - - ~ ) - - N A ( X ÷ ~ )  ÷RAh---=O (1) 

NA is the flux of species A, R A is the homogenous pro- 
duction rate, and h is the thickness of the element. 
Typically, after making the balance for a shell of finite 

x-h x x-h 
Fig. 1. A control volume used in the integrated-element approach. 
Fluxes are evaluated at the faces between node points. In this 
approach, material is rigorously conserved. 
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thickness, one lets the thickness of the shell, h, become 
infinitesimally small. Performing this and substituting 
Fick's law for diffusion gives 

d ( n  dCA'~ 
dxx ~k l'zA - ~ x /  -l- RA = 0 (2) 

Equation 2 is then cast in finite-difference form via a 
Taylor-series expansion, and the resulting algebraic 
equations are solved numerically. 

For the control-volume approach, the step letting 
the size of the shell become infinitesimally small is 
omitted, and one works directly with Equation 1. 
The fluxes at x + l h are expressed with Fick's law 
and cast in finite difference form. In the limit of 
infinitesimally small h, the two methods give identical 
results. 

One of the more attractive features of the control- 
volume formulation is the integral conservation of 
material, momentum etc. Since the fluxes in the 
common face between two adjacent control volumes 
are represented by the same expression, material is 
rigorously conserved. This conservation is preserved 
regardless of the mesh size. In contrast, it can be 
shown that, when D A is not constant, the standard 
finite-difference approximation of Equation 2 con- 
serves material only in the limit of h approaching 
zero [9]. We should note that the spacing between 
grid points may still need to be reduced to obtain 
numerically the desired solution accuracy. 

The control-volume approach is demonstrated by a 
two-dimensional model of the cathode of a PEM fuel 
cell. This problem, which is outlined below, was 
chosen because it is a good illustration of the tech- 
nique, is a relevant problem to the technology, and 
is conceptually easy to follow. 

3 .  M o d e l  

Figure 2 depicts the proton-exchange membrane, 
substrate, and flow fields for a typical PEM mem- 
brane and electrode assembly. In recent years, a 
number of models of PEM fuel cells have been pre- 
sented [5, 10, 11]. As a consequence, we will give 
only the salient features of the physical model and 
concentrate on the control-volume formulation and 
the two-dimensional results. 

Humidified air or oxygen flows through the gas 

iiiiii:~:~:~i~ ii: substrate 

x=O 
x = L  m x = L m + L  s 

Fig. 2. Schematic of the regions of the positive electrode that  are 
modelled. The substrate  is porous carbon through which gases 
diffuse, the membrane is a polymer electrolyte with transference 
number of one, and oxygen reduction occurs at  the catalyst layer 
x = L m. Humidified air is fed through the (white) flow channels at 
x = L m + L s . 

channels (the white space at x -- L m + Ls). Between 
the bipolar plate and the catalyst layer, a porous sub- 
strate made from carbon cloth or carbon paper is 
placed. A ribbed structure is used for the flow fields. 
These plates serve to provide an electronic connection 
between the substrate and the adjacent cells in the 
bipolar design and to direct the flow of gases. Because 
of these ribs (the hatched region), access to a portion 
of the substrate is blocked. Oxygen must diffuse across 
the substrate to the interface between the membrane 
and substrate, where the platinum catalyst is located. 
Oxygen is reduced here to form water. This product 
water vapour must counter-diffuse out through the 
substrate and into the gas channels. The nitrogen is 
stagnant at steady state. 

Within the membrane, hydrogen ions move from 
the anode to the cathode under an electric field. The 
hydrogen ions react with oxygen at the cathode cata- 
lyst. Water is transported in the membrane by concen- 
tration gradients and by the electroosmotic drag 
associated with proton movement. Since the catalyst 
layer is thin in PEM cells, it is assumed here to have 
zero thickness. 

3.1. Gas-phase diffusion in substrate 

For diffusion in the substrate, the Stefan-Maxwell 
equation for molecular diffusion is used: 

Vpi ~--~piNj-pjNi 
R T  = z._, p ~ .  (3) 

j ¢ i  zj 

For m gas species, there are m - 1  independent 
equations of the form of Equation 3. A relationship 
among fluxes is required to completely define the 
gas phase transport problem; here the flux of 
nitrogen is set to zero. For  a three component 
system, the Stefan-Maxwell equations can be 
inverted to give 

P [DBc PA ~ ] 
LX"AB['n-"-- ~ C  vpc - ~7pA R T  J (4) 

NA =  'DBc PA P_a_  + Pc / 
[ .DAc DAB DAB f 

DBcpVpc DBC 
- -  N A - -  (5 )  

RTpc DAC 
NB 

and 

N c = 0 (6) 

A represents oxygen, B water vapour and C nitrogen. 
A material balance on species i (where i = A or B) 

gives 

0 = - V . N  i + R i (7) 

where R i is the rate of production of species i per unit 
volume of electrode. The flux relationships (Equations 
4-6) are substituted into Equations 7. The control- 
volume approach is used, evaluating the fluxes 
between mesh points (see Equation 1) using a central 
difference approximation for the gradients in partial 
pressure. 
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3.2. Electrode kinetics 

In this analysis, the thickness of the catalyst layer is 
assumed to be zero and the homogeneous reaction 
rates are zero. The reduction of oxygen is adequately 
modelled with Tafel kinetics first order in oxygen 
pressure [12]. The flux of oxygen at the substrate/cata- 
lyst layer interface, given by Faraday's law, can then 
be related to the applied potential V through the fol- 
lowing equation: 

i io P02 f - F  } 
No2[x=Lm - nF-nF-~ozozeXp~-f(V- 55), (8) 

where V is the potential of the metal at the catalyst 
layer, and 55 is the potential in the membrane at the 
catalyst layer. In our example, at x = L m the current 
flows in the x direction only. The fluxes of other gas 
species are assumed to be directly related to the 
current through the reaction stoichiometry: 

4H + + 02 ÷ 4e- ~ 2 H20 

At the interface between the membrane and the gas 
phase, we assume equilibrium absorption of water 
vapour [13]. 

3.3. Membrane transport 

Transport in the proton exchange membrane is 
described with concentrated solution theory. The per- 
fluorinated ionomer membrane of the PEM fuel cell is 
a binary electrolyte. If  there is rapid equilibrium 
between species, one can assume that there are only 
three species in the treatment of transport. We con- 
sider these to be the polymer with covalently bonded 
sulfonic acid moieties, hydrogen ions, and water. 
Since the hydrogen ions are the only mobile charged 
species, electroneutrality requires its concentration 
to be constant. Thus, two variables can be used to 
model the transport in the membrane: the electric 
potential 55 and the chemical potential of water 
#n2o. The current density and flux of water are pro- 
portional to gradientsof  these variables [14]: 

i = -~V55 - ~-  V#H2O (9) 

~ 2  
NH2O = -~-~;~ V55 -- { a + -ff~-} V#H2O (10) 

where a, a transport property of the membrane, 
relates the flux of water to its gradient in chemical 
potential when the current density is zero: 

NH20 = --ozV#H20 (when i = 0) (11) 

A balance on water in the membrane and conserva- 
tion of charge lead to 

V-i = 0 (12) 

and 

V.Ui%o = 0  (13) 

The transport properties of the membrane, which 

membrane substrate pecify 
No--0 I I m°le 

/ [fractions 
axis of symmetry ~ ~  

x=O x=L m x-Ls+ L m 

Fig. 3. The solution domain. The thick grey lines represent insulat- 
ing boundary conditions. 

depend on water concentration, were estimated from 
data in the literature. More details are given in the 
Appendix. 

3.4. Boundary conditions 

The solution domain is shown in Fig. 3. On the two y 
boundaries (the centre of the ribs and the centre of the 
gas channels), symmetry is assumed. Thus, zero flux 
conditions for all species are imposed. At x = 0, the 
flux of water is assumed to be a constant (zero for 
the results presented here), and the potential 55 is arbi- 
trarily set equal to zero. If  the negative electrode were 
also treated, the assumption of constant flux could be 
relaxed. This simplification was made to demonstrate 
the control-volume approach without introducing 
unnecessary complexity. At the interface between 
the substrate and the membrane, the flux of oxygen 
is related to the current density through Faraday's 
law. Since absorption and evaporation of water is 
allowed, the difference between the flux of water in 
the membrane and in the flux in the substrate are 
related to the current density through Faraday's law 
at this interface. At x = L m + Ls, for y > Ly/2 zero- 
flux conditions are imposed, and for y < Ly/2 the 
feed is assumed to be humidified air at a total pressure 
p = 105 Pa with a specified relative humidity (assumed 
to be 90% in this paper). 

3.5. Numerical approach 

The conservation equations for oxygen, water (in the 
membrane and substrate) and current were discretized 
according to a control-volume formulation. In this 
approach, fluxes are specified at the element faces 
(between node points). The general, linearized flux 
expression for species i at node point j along the 
'east face' (see Figs 1 and 4) can be written as 

e OCk[ e 
Ni, e = ) £ d i ,  k ~  x +fi, kCkle (14) 

k e 

where the kth variable at the east face can be written 
as an average of its value at node pointsjx andjx + 1: 

Ckle ~ C~eCk(.~ + 1) + (1 - OZe)Ck(L) (15) 

and the derivative is approximated by 

Ock 
e~ fle(ck(jx + 1) -- ck(Jx)) (16) Ox 
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Fig. 4. An illustration of the two-dimensional mesh. At the bound- 
aries, control volumes of zero thickness were used. In the mem- 
brane, the element size was Axm x Ay, and in the substrate, 
Ax s x Ay. 

The weighing factors (2 e and/3e are given by 

Axj  and fie --  2 (17) 
ae - Axj + Axj + 1 Axj + Axj + 1 

For clarity, the subscripts x have been omitted from 
Equation 17. Where the mesh size is uniform 
(Axj = AXj+l), % = 1/2 and 3e = 1/Axj,  and these 
equations are accurate to order (Ax) 2. As is indicated 
in Fig. 4, the 'zero-control volume method' was 
employed to take care of the boundaries and internal 
boundary (x = Lm). Equations 17 are still valid for 
the zero control volume, but the weighting values 
are different even for a uniform mesh size. In com- 
parison with standard finite-difference methods, it 
appears as if 'half-mesh points' have been introduced 
to discretize derivative boundary conditions. Analo- 
gous relationships are written along the west, north, 
and south faces. For  example, the equations for the 
north face are 

• ---, N O @  
Ni'N = ~k 'di'k 0--~ N 4- fi'NcklN 

ChiN ~ OZNCk(jy + 1) + (1 - aN)ck(jy) 

a y  :v 9N( k(J  + 1) - 

2 
A yj and ~ N  - -  A yj + Ayj+ a aN - -  Ayj + Ayj + 

The resulting set of coupled algebraic equations 
were solved with a standard line-by-line, successive 
over-relaxation procedure [3]. To solve for one line 
of variables, Newman's BAND and MATINV sub- 
routines, a block TDMA, were used. Convergence 
of the two-dimensional solver was improved signifi- 
cantly by using an initial guess generated by the ana- 
logous one-dimensional problem, where at x = Lm + 
Ls the mole fractions are everywhere specified to be 
the feed value. A relative convergence tolerance of 
10 7 w a s  used. 

Figure 4 illustrates the mesh that was used. The size 
of the rectangular element in the substrate is 
Axs x Ay and is Ax m x Ay in the membrane. The 
convention of placing the node point in the centre of 
the element (i.e., the region between dashed lines) 
was followed. An equal number of elements was 
used in the substrate and the membrane, thus 
(AX)m = Lm/Ls(Ax)s.  For all of  the results reported 
below, the number of elements in the y direction was 
set so that (Ay) = 2Lm/Ls(Ax)~. For most of the 
results reported below, (Ax)s=0 .05Ls ,  corre- 
sponding to a 43 x 42 mesh, was used. Node-point 
doubling was used to verify that results did not change 
appreciably. 

3.6. Model parameters 

Typical parameters are given in Table 1. The dimen- 
sions were taken from work of Wilson et al. [15] and 
are representative of typical values in PEM fuel cells. 
A more complete design of the bipolar plate and flow 
fields would also consider the pressure drop of the 
gases, structural integrity of the ribs, limits on 
machining, and the electronic resistance of the plates. 
For  the results presented here, the ribs were assumed 
to cover half of the flow field, and the thickness of the 
substrate compared to the width of the rib was varied. 
Transport  and kinetic data are summarized in the 
Appendix. 

4. Results and discussion 

To show that only one kinetic parameter influences 
the half-cell performance, Equation 8 for the flux in 
the x direction at the catalyst layer can be written as 

{F ,~}  (18) N°2lx=Lm -- A~f~°2 

where 

Ak = io f - - 7 - e x p ~ V ;  (19) 
P02 I. / ~ 1  J 

In Fig. 5, the influence of the kinetic parameter Ak on 
the results of one-dimensional simulations is pre- 
sented. The solid line gives the current density, and 
the dashed lines are the dimensionless water concen- 
trations A at x = 0 and x = Lm, where A is the number 
of water molecules per sulfonic acid group. At low 
values of Ak, the current density is proportional to 

Table 1. Summary of dimensions and parameters used in the 
simulations 

A k varies 
L s 350 #m 
L m 50 #m 
Ly between 300 and 1200 #m 
p 105 Pa 

Relative humidity of feed 90% 
T 80°C 
e 0.4 
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Fig. 5. Summary  of  one-dimensional simulations. The solid line 
gives the current density as a function of  the kinetic parameter  
A k. The dashed lines give the dimensionless water concentration 
at the two edges of  the membrane.  

A k. At larger Ak, the transport limitations of the mem- 
brane and substrate reduce the current density. With 
the zero-flux boundary condition imposed at x = 0, 
a concentration gradient of water i~ established in 
the membrane to balance the elecroosmotic drag 
toward the cathode. At higher current densities, the 
anode side of  the membrane dehydrates and the water 
content in the cathode side increases. 

-<I 

9.5 

9.0 

8.5 

I I I [ 

/ 
Ly/L s = 3 / 

/ 
Ly/L s = 2 

8 . 0  

7 . 5  I I I I 

0.0 0.2 0.4 0.6 0.8 1.0 

y~y 
Fig. 6. The dimensionless water concentration at the catalyst 
layer (x = Lm) as a function of  dimensionless distance for 

2 A k = 150 kA m -  and three geometric ratios. 

In Fig. 6, results of two-dimensional simulations 
are shown. Specifically, the dimensionless membrane- 
water concentration A at the catalyst layer (x = Lm) is 
given as a function of dimensionless distance y/Ly for 
A k = 150 k A m  -2. The variation in water concentra- 
tion is shown for three geometric ratios. The water 
concentration reaches a maximum at the top of the 
cell (under the centre of the rib) because the water 
vapour must travel the longest distance from this 
point to exit into the flow field. For  this simulation, 
the membrane is thin and the substrate thick. 
Consequently, the profile at x = 0 is nearly identical. 
Qualitatively similar water-concentrations profiles 
with a maximum at the top of the cell resulted from 
all simulations. 

In Fig. 7, the current density at the catalyst layer 
(x = Lm) as a function of dimensionless distance 
y/Ly for A k = 150kAm -2 and Ly/Ls = 3 is repre- 
sented by the open circles. That  the maximum in 
current density appears at the top of the cell is perhaps 
surprising since the oxygen mole fraction Xo2, shown 
by the bottom solid curve in Fig. 7, decreases with y. 
The explanation for this is that exp(F,~/RT ) increases 
with increasing y. A decrease in ohmic potential drop 
near the top of the cell causes q5 to become less nega- 
tive. This decrease in ohmic potential drop - despite 
an increase in current density in this region - arises 
because the membrane conductivity increases with 
increasing water concentration (see Equation 24). 

The variations of A, Xo2, and exp(F~/RT) with 
y/Ly were qualitatively similar for all cases studied. 
Nevertheless, since Xo2 decreases with y and exp(F~)/ 
RT) increases with y, the qualitative behaviour of 
the current density (see Equation 18) is more difficult 
to predict. In fact depending on the values of A k and 
Lm/Ls, simulations indicate that the maximum in 
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E 
4.36 

4.34 "O 

4.32 
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4.26 - i 
0.0 0.2 
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0 0.30 

o ° ~0 .25  ~ 
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© 

° ~ x  0.10 o ~ 

i i I 0.05 
0.4 0.6 0.8 .0 

y/Ly 
Fig. 7. The spatial variations of  current density (the hollow points), 
mole fraction of oxygen, and electrical potential at the catalyst layer 
(x = Lm) for A k = 1 5 0 k A m  -2 and L y / L  s = 3. 
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Fig. 8. The flux of water into the membrane  as a function of position 
along the catalyst layer for A k = 150kAm 2 and three geometric 
ratios. A positive flux represents water entering the membrane,  
and a negative flux corresponds to water exiting the membrane.  
The spatial average of  the flux is zero. 

current density can occur at any position along the 
catalyst layer. For all of the cases studied, the differ- 
ence between the maximum and minimum current 
was less than twenty percent, and the difference 
between the spatial average of the current density 
and the current density resulting from the one- 
dimensional simulation was less than ten percent. 

In a one-dimensional, steady s!mulation, conserva- 
tion of mass requires that the water flux across the 
membrane be constant. Since a zero-flux condition is 
imposed at x = 0, the flux of water would everywhere 
be zero. This is not necessarily true in two-dimensions 
since water can exit and enter through different 
positions along the catalyst layer. This is illustrated 
in Fig. 8, which shows that water enters into the mem- 
brane near the top of the cell and exits near the 

bottom (at the centre of the flow fields). Of course, 
the net flux averaged over the catalyst layer remains 
zero. This effect is small and probably not of practical 
significance. 

As mentioned above, simulations indicate that par- 
tial blocking of the substrate by the flow field will only 
have a minor impact on the half-cell performance 
(based on total current for a given Ak). It should be 
realized though that it is assumed in these simulations 
that there is no water condensation within the sub- 
strate. Since it is known that the existence of liquid 
water can have a major impact on fuel-cell perfor- 
mance, the two-dimensional effect may actually have 
a larger impact on the current-potential relationship 
than the simulations predict. At the least, as Fig. 9 
indicates, the effect has important implications for 
water management, which is almost always a design 
consideration. 

In Fig. 9, results of the two-dimensional simula- 
tions are summarized by the maximum in dimension- 
less water concentration (i.e., ;~ at y/Ly = 1) along the 
catalyst layer as a function of A k. Results for three 
geometric ratios are compared to the results of the 
one-dimensional simulations. The two filled points 
for Ly/Ls = 4 correspond to the use of an 83 x 82 
grid (i.e., doubling of the node density). 

According to the absorption data of Hinatsu et al. 
[13], when ,~ exceeds around 9.2, water precipitation 
is expected. Thus, the one-dimensional simulation 
suggests that it is possible to operate at relatively large 
applied potentials (i.e., Ak) before condensation in the 
substrate occurs. For the ratio Ly/L s = 4 for example, 
precipitation is expected at around A k = 65 kAm -2, 
corresponding to an average current density of 
around 3 k A m  -2. For even larger geometric ratios, 
simulations predict water precipitation at still lower 
current densities. 

The prediction of water precipitation within the 
substrate is in accord with actual behaviour. Never- 
theless, once appreciable precipitation occurs, the 
present model should not be expected to provide 
quantitative agreement with a real system. The devel- 
opment of more realistic computer models for use in 
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Fig. 9. The variation of  the dimensionless water 
concentration at x = L m and y = Ly with the 
kinetic parameter A k and three geometric 
ratios. For comparison, the predictions of a one- 
dimensional simulation are shown (the solid line). 
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fuel-cell optimization requires that water precipitation 
be included. In addition to modifying the governing 
transport equations in the substrate, the model should 
include information concerning how the membrane 
properties and the electrode kinetics change in the pre- 
sence of liquid water. 

5. Conclusions 

The control-volume approach, applied here to a 
two-dimensional problem but also valid for one- 
dimensional studies, offers two advantages over the 
standard finite-difference formulation: it rigorously 
conserves material, and it facilitates the treatment of 
internal boundaries. 

It is difficult to draw specific conclusions concerning 
the management of water in PEM fuel cells because 
thermal effects have not been treated, and the 
constant flux boundary condition imposed at x = 0 
is a severe simplification, particularly for the two- 
dimensional simulation. Nonetheless, these results 
indicate that increasing the width of the ribs strongly 
affects the water content in the membrane well before 
the catalyst utilization is reduced because of oxygen 
diffusion resistance. For the positive electrode model 
presented, the resistance to the diffusion of product 
water from under the ribs caused the water content 
in the membrane to increase. Analogously, we should 
expect that the rib size of the negative electrode would 
have a strong effect on the hydration level of the mem- 
brane at the anode. 
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Appendix 

(a) Transport properties in gas phase 

The diffusion coefficients in the gas phase were 
estimated from kinetic theory. Assuming the ideal- 
gas law holds, Bird et al. [16] give the approximate 
formula 

</1 
DAB = 1.8583 x 10 5 ~ ÷ ~  

pO.IB~AB (20) 

The effective transport properties for the gas phase 
were estimated using the Bruggemann relationship, 

Def t = De 1.5 (21) 

(b) Transport properties in membrane 

Equations 9 and 10 can be replaced with [17] 

i = -~Vd9 ~;{ d~H20 VA 
F dA 

and 

NI~2O = -7~-~-~ V~ 

pDo dwo t~ 2 d# H20 
(1--wo)MH20 dA + F 2 dk / )VA 

(23) 

(22) 

where p, D o, w o, ~c and ~ all depend on the water con- 
tent of the membrane A. The following experimental 
data were used. 

Springer et al. [11] measured the electrical conduc- 
tivity of Nation ® 117 membranes at various tempera- 
tures and water contents. 

~ = (0.005 139 A .  0.003 26)x  exp{ 1268 (3~_ ~ 1 ) }  

(24) 

The mutual diffusion coefficient is estimated by [17] 

D o = 3 . 5 ×  10 2exp 14 

The transport number of water is estimated with [17] 

_( 1 1 -1/4- 

= 0.3~A) 4 + ~ (26) 

The density of the membrane is assumed to be [17] 

(1.98_+ 0.0324A~ (27) 
P =  103\ 1+0.0648A J 

The mass fraction of water within the membrane is 
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given by 

)~MH20 (28) 
~o = AMH20 + E W  

where the equivalent weight of polymer, EW, is 1100. 

(c) Thermodynamic and kinetic data 

Equilibrium was assumed between the water vapour 
and the membrane at 80 ° C. The curve fit of Hinatsu 

et aI. [13], for various membranes including Nation @ 
117 and Nation ® 125 was used: 

A = 0.3 + 10.8 R h - 16.0R~ + 14.1R~ (29) 

where R h is the local relative humidity. By equating 
the relative humidity to gas-phase activity of water, 
a relationship between chemical potential and ~ was 
obtained and used for d#~2o/dA in Equations 22 
and 23. 


