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Abstract

In this paper, an approximate technique is used to obtain pressure and velocity distribution in the cathode chamber of PEM fuel cells. The
technique is based on polynomial profile approximation. The technique predicts two dimensional pressure and velocity distribution in closed
form as a function of independent variables. The approximate solution developed compares reasonably with the rigorous numerical solution.
© 2005 Elsevier B.V. All rights reserved.
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1. Introduction or velocity distribution accurately, only numerical solution
has been used and reported in the literature.

Fuel cells are devices that convert chemical energy di-  Most of the model equations for PEM fuel cells are non-
rectly into electrical energy. Fuel cells are believed to be a |inear. However, the pressure distribution for oxygen inside
most promising power source for awide range of applications the cathode chambeFig. 1) can be sufficiently described us-
by virtue of their high-energy efficiency, pollution free char-  ing the Laplace’s equatid5]. Though the governing equa-
acteristics, compactness in design and operation. In the lastion is linear (Laplace’s equation), researchers haven't used
decade significantimprovement has been made in the desigranalytical solution for pressure as the boundary condition at
of PEM fuel cells. the top ¢=H in Fig. 1) has three different boundary con-

Models for PEM fuel cells have features both com- ditions depending on the value far{25,26] In this paper,
mon and different from models for secondary batteries. we arrive at approximate solutions for pressure and velocity
Because of recent interest in PEM fuel cells, researchersdistributions[32,34,35] These approximate solutions will
from various disciplines have started using different kind pe fed into the non-linear convective-diffusion equation for
of models for PEM fuel cells according to their conve- concentration distribution in a later publication to arrive at
nience/objectives/understandifig-15] Recently new mod-  analytical/efficient solution for two-dimensional concentra-
els based on thermodynamics related equations have beefion profiles for oxygen inside the cathode chamber shown
developed to predict the performance of PEM fuel da&. in Fig. 1L The approximate model developed is compared

In order to accurately predict the performance of PEM fuel with a rigorous numerical solution to analyze the accuracy of
cells one has to solve different dependent variables including approximation.

pressure, concentration (or mole fraction), electrolyte poten-
tial, temperature etf29,30] Models varying from 1D-3D,

one region to 3 or 5 regions have been used in the litera-1.1. Approximate models for pressure and velocity
ture [16—31] Even for predicting two-dimensional pressure distributions
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p= P_g p=p wheres =H/L isthe aspectratio. The dimensionless boundary
Pn | W > conditions are given by,
| A P _0 o 1 10
o_o 1 2 3 |, tx=0 -%= <Y< (10)
ax CATHODE ox
| aP
Atx =1 — = <rY<l1 11
P _, X ) ¢ 0 0O=r¥=s (11)
oy MEMBRANE
JaP
Fig. 1. Schematic of the cathode chamber modeled. Atthe membrane}{ = 0), T 0 0O<X<1

e Water exists only in the vapor form and the effects of pore (12)

plugging are neglected?2,43]

The fuel cell is isothermal. L1

Darcy’s law is valid. Attheinlet P=1 (Y =land0< X < —) (13)

Fluid is incompressible. L

Temperature does not affect pressure.

The electrode layer is assumed to be homogeneous witha the current collector 2 _0

uniform physical properties.

e Transport of the reactants in the electrode layer is ne- Lo
( —1and—<X§T)

glected. 14)

The governing equation for the pressure is given by

Laplace’s Eq[25 L
P al23] Attheoutlet P =0 (Y:landfz <x<1

(%Zzpoc, y)) n (%Zzp(x, y)> ~0 M) (15)

Next, a polynomial approximation is made for pressure in

The boundary conditions are summarized as follows, each regiorf11,12] For region 1 pressure is taken as,

ap

ALX =0, --=0 2 Pi(X,Y) = ag(X) + a1(X)Y? (16)
AtX =L, g_p =0 ©) Forregion2 Py(X,Y) = bo(X) + b1(X)Y? (17)
X
Atthe membraney = 0), z_p =0 (0O<x<L) (4 andforregion3 P3(X,Y) = co(X) + c1(X)Y? (18)
y

(5) Note that the termY is left in Eqgs. (16)+(18) to sat-
isfy the boundary condition a¥Y=0 (Eqg. (12)). Next, the
functions ag(X), a1(X), bo(X), b1(X), co(X) and c1(X) are

Attheinlet p = pin (y=Hand0< x < Lj)

ap

Atthecurrentcollectar — =0 found.The volume averaged equation for pressure in the
9 first region P1ave)) is given by integrating the approx-
(y=HandL1 <x < Ly) (6) imation equation forP1(X,Y) in y direction from O to
1.
1 1
Attheoutlet p= post (y=HandLo<x<L) (7) /0 Pi(X, Y)dy = PraveX) = ao(X) + éal(X) (19)
where pi is the inlet pressure armbut is the outlet pressure. By applying the boundary condition ¥t 1 in the first region
The following dimensionless variables are introduced, i.e., substituting Eq(13)in Eq. (16) we get:
p:M’ Yzl’ X=X (8) ag(X)+a1(X)—1=0 (20)
Din — Pout H L

. . . o Eqgs.(17)and(18) are solved to get
The governing equation and boundary conditions in dimen-

, 3 1
sionless form are, ap(X) = —Plave(X) -3

? ” (21)
g <3XZ e Y)) <mp(x, Y)> =0 ©  w= _gl’lave(x) + g
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By substituting Eq(21)in Eq. (16) we get, 2 sinh(v/3/4¢)V/3X
PaveX) = 1+ -
3 1 3 3\ ., 4 cosh(v/3/4¢) + sinh(+/3/4¢)+/3
Pi(X,Y) = S PaveX) — S + (—— 1ave(X) + —) Y
2 2 2 2 N 1 sini(+/3/4¢)/3
(22) 2 4 cosh(~/3/4¢) + sinh(+v/3/4¢)\/3
Next, the approximation equation (E@2)) is substituted in 2 cosh(v/3/4)
the governing equation (E¢B)) and integrated iry from O - , (33)
t0 1 to get 4 cosh(v/3/4¢e) + sinh(+v/3/4¢)\/3
d? 2¢ cosh(v3(1— X)/e)
2( —; Piave )—SPave +3=0 23 — £ Cosh( / 34
’ (dx2 1avefy) | — 3Pravel) @9 peavel) = o e+ smnBag A P

Similarly the governing equations for volume averaged pres- By substituting the above expressions in Ha$), (17), (18)
sures in regions 2 and 3 are obtained after similar stepsand(22)we get
as:

3¢ cosh(v/3X/e)
Pi(X,Y)=1—-
& <dd_X22 Pgave(X)) =0 (24) X 7) |:4 cosh(v/3/4e) + Sinh(\/§/48)~/§]
N [ 3¢ cosh(v/3X/¢) } y2
&2 (dd—Xzz Pgave(X)) —3PzaveX) =0 (25) 4 cosh(x/3/4¢) + sinh(/3/4¢)'3

Note that a single partial differential equation (E9)) is con-

verted to three second order ordinary differential equations

(Egs.(23), (24), and(25)). We need six boundary conditions  P2(X,Y) =1— [
to solve this system of boundary value problems. We get two

2 sin h(v/3/4¢)/3 ¥
4 cosh(+/3/4¢) + sin h(v/3/4¢)+/3

boundary conditions by volume averaging the boundary con- 1 in 71(~/3/46)/3
ditions atX=0 andX = 1 (Eqs.(10) and(11)). 42 sin h(v/3/4¢)'3
2 4 cosh(~/3/4e) + sin h(+/3/4¢)V/3
dPiave
1Y _ patx =0 (26) 26 cosh(v/3/4¢)
dx - . (36)
4 cosh(+/3/4¢) + sin h(v/3/4¢)+/3
dPsave
o —lax=1 (27) 3¢ cosh(v/3(1— X)/e)
P3(X,Y) = .
Next, the pressure and its gradient should be continuous at 4 cosh(v/3/4e) + sinh(v/3/4¢)V/3
X=(1/4) and aX = (3/4). By volume averaging the continuity
of pressure and its gradient we obtain, _ 3¢ cosh(v/3X/¢) y?
4 cosh(+/3/4¢) + sinh(v/3/4¢)v/3

AtX =1, Prave(X) = Prave(X) (28)

Note that a closed form solution for pressure is obtained in

driaveX)  dPrave(Y) terms of aspect ratie. The dimensionless velocity compo-

dx dx (29) nentsU andVin x andy directions respectively are calculated
using the following equations
-3 - P
andatx = 3, Prave(X) = Pzave(X) (30) U= s (38)

X
dPaveX)  dPsave(X)
X dx @Gy o, or (39)

%
Solving the governing equations (Eq23), (24) and (25))
using the six boundary conditions given in the E(5), _ .
(27), (28), (29), (30) and(31) we get, 2. Results and discussion
2¢ cosh(+/3X/e) Parametersl(, Lo, L ande¢) in the model are taken from

Piave(X) =1

2 cosh(+/3/4¢) + sinh(v/3/4¢)v/3 literature[25] and are listed inTable 1 Fig. 2 shows the
(32) distribution for dimensionless pressure predicted using the
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Table 1

Modeling parameters in the electrode

Cathode widthl 0.18cm
Cathode heightd 0.02cm
Length of region 1|1 L/4
Length of region 2, L/2
Length of region 3|3 L/4

approximate model developed. Frdfig. 2 we observe that

pressure varies linearly in the cathode chamber between the.

current collector and the membrane.

In the following figures, rigorous numerical solution ob-
tained by solving Eq9) with Eqs.(10}14)using FEMLAB
[32] is used for comparison.

Fig. 3 shows the profiles for dimensionless pressure at
the boundary<=0. The approximate solution developed in
this paper is compared with a rigorous 2D numerical solution

0.81
0.61
Pressure

0.44

0.29

Fig. 2. Profile for dimensionless pressure distribution in the cathode of a
PEM Fuel cell.
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Fig. 3. Dimensionless pressure distributioXXat0. Dotted line corresponds
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Fig. 4. Dimensionless pressure distributioXat1. Dotted line corresponds
to the approximate model developed. Solid line corresponds to the rigorous
numerical solution.

obtained using FEMLAB, afinite element softw§B&]. Both
the curves started at 0.993 and ended at 1.

Fig. 4shows the profile for dimensionless pressure at the
boundaryX=1. In this case also there is a minor difference
in the magnitude (around 0.001).

Fig. 5shows the profile for dimensionless pressure at the
boundaryyY=0. At this boundary cathode channel and mem-
brane come into contact. Knowledge of gas pressure at this
interface is important because, oxygen passes through cath-
ode gas channel to the cathode catalyst layer where the elec-
trochemical reaction takes place. The curves using numerical
solution and the approximate model developed matches accu-
rately excepting that there is slight bump in the curve obtained
using maple aX = 3/4, this could be because of the reason
that at the interface between second and third regions i.e., at
X=3/4, average pressures and their differentials are equated
instead of equating pressures at valueX.of
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Fig. 5. Dimensionless pressure distribution at the membrane interface

to the approximate model developed. Solid line corresponds to the rigorous (Y=0). Dotted line corresponds to the approximate model developed. Solid

numerical solution.

line corresponds to the rigorous numerical solution.
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Fig. 8. Comparison of y component of dimensionless veloaijydstribu-
tion atX=1 andY from 0 to 1. Dotted line corresponds to the approximate
model developed. Solid line corresponds to the rigorous numerical solution.

X

Fig. 6. Dimensionless pressure distributiolYatl. Dotted line corresponds
to the approximate model developed. Solid line corresponds to the rigorous
numerical solution.
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Fig. 6shows the profile for dimensionless pressure at the
boundaryy=1. Both the curves using FEMLAB and the ap-
proximate model developed matches well in this case, ex-
cepting at the interface between first and second regions i.e.
at X=1/4. The reason for this anomaly could be same as
mentioned in thé-ig. 5.

Figs. 7 and &how the comparison of vertical components
of dimensionless velocityM). The approximate model de-
veloped predicts the behavior reasonably well.

Fig. 9shows the comparison of profiles fdircomponent _
of dimensionless velocity atY=0. The approximate model X
developed fails in capturing the behavior, especially at the in-

terfaces al=1/4 andX = 3/4. To improve the accuracy one Fig. 9. Comparison at component of dimensionless velocity)(distribu-
tion atY=0. Dotted line corresponds to the approximate model developed.

Solid line corresponds to the rigorous numerical solution.

x Component of Dimensionless Velocity U

0.81 !
0.6 g )
0.4 ;
02{ \

Y
0 : : : : : . . . .
“01 02 03 04 05 06 07 08 09 1
> o
2 . =}
S -0.0021 2 2
k- ~ g . .
° 2 18
@ > 164
[} 0 .
2 0,004 9
2 o 14
K=l <
@ 2 124
& 0006 & 1
E E
=) N a 0.84
S N
© S 061 ;
= .0.008- ® ]
5 & 044 Y
c g y N
8 g 0.2
£ £
5 -0011 g 0 :
o > 0 0.2 0.4 0.6 0.8 1
> X
0.012

Fig. 10. Comparison ofcomponent of dimensionless velocity)(distribu-
Fig. 7. Comparison of component of dimensionless velocity)(distribu- tion atY=0. Dotted line corresponds to the approximate model developed.
tion atX=0 andY from O to 1. Dotted line corresponds to the approximate Solid line corresponds to the rigorous numerical solution. Dashed line cor-
model developed. Solid line corresponds to the rigorous numerical solution. responds to the improved approximate model.
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can add more number of terms in the polynomial approxi-

mation (Eqs(16) to (18)). Alternately we found that if we
define

1
1@W®=Af®hww®
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[8] D.H. Kim, AIChE J. 35 (1989) 343.
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443,
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and redo the calculations, we obtain better results as showr|12] C. Yao, C. Tien, Chem. Eng. Sci. 48 (1993) 187.

in Fig. 10 We are currently working on optimizing a function
f(y) which can be used to obtain

1
I@W@=Lf®ﬂ@ﬁ®

we plan to publish this later.
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