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Summary In this paper water management in proton exchange membrane (PEM) fuel cell is considered. First mass conservation
law for water is applied. Next proton transport is described by the Nernst-Planck equation and liquid water convection velocity is
eliminated by the Schlagl equation. Electro-osmotic drag coefficient 1s related to hydrogen index and experimentally determined
swelling coefficient. Three partial differential equations for molar water concentration C, electric potential ¢ and water pressure
P, are formulated. Current density vector i is derived from proton flux expression. These equations together with adequate

boundary conditions were solved using finite element method. The distribution of electric potential and current density in func-

tion of geometrical parameters is investigated. At the end some illustrative example is given.

1. INTRODUCTION

One of the ways to understand a operation of fuel
cells is to treat them as a sort of the ordinary battery.
Both devices produce electricity through electrochemi-
cal reactions. The difference between them consists in
that a fuel cell can constantly produce electricity as long
as it has a source of fuel whereas a battery needs to be
recharged. Thus, since a fuel cell does not store energy
internally but it is supplied externally, a fuel cell will not
run down like a battery. Fuel cells directly convert the
gaseous fuel into electricity whereas a battery has to be
recharged from an external source. The fuels used by a
fuel cell to generate electricity are hydrogen and oxygen
[3]. Hydrogen is rarely found in its pure form. Most fuel
cells employ a device called a reformer to extract hy-
drogen from hydrogen rich other fuels, as earth gas, oil
and etc. The by-products of such reactions are carbon
dioxide, less than half the amount generated by tradi-
tional electricity generation methods, and fast no of
nitrous oxide. The type and the reforming reactions are
hardly dependent on the type of fuel cell [4]. This article
describes the electrochemical reactions and energetic
consideration in a typical proton exchange membrane
(PEM) fuel cell

2. PRELIMINARY CONSIDERATIONS

In proton exchange membrane fuel cell water and
proton transport are driven by potential, diffusion and
pressure gradients. Water is mainly produced at mem-
brane-cathode interface in electrochemical reaction, but
also it can be supplied from anode side, because of hu-
midify of anodic inlet gases. The water molecules are
dragging from anode to cathode by migrating protons
which are on the other side moved back by diffusion
process of water from cathode to anode. When current
density electro-osmotic drag dominates over water dif-
fusion process then dehydration on the anode side of the
membrane may occurred.
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Fig.1. Computational domain together with geometrical
dimensions.

In order to avoid membrane dehydration, adequate
water management schemes that relay on the humidifica-
tion of the anodic and cathodic gases are employed.
Such procedure requires adequate balancing osmotic
drag and diffusion process in order to avoid excessive
water condensation of the gas diffusion layers that can
flood the pores and prevent diffusing gases to the reac-
tion sites. Also membrane from the anode side should be
adequate hydrated.

In this article the empirical model proposed in [5]
relating drag coefficient with molar water condensation
is employed. Extending earlier modeling studies this
paper presents two-dimensional isothermal model of the
partially-hydrated membrane. The main goal of this
publication is focused on calculation electric potential
and current density distribution. In order to attain this
goal first liquid water and proton molar concentrations
are to be calculated.

3. MAIN EQUATIONS

Molar flux of liquid water in polymer membrane is
governed by the following three processes: electro-
osmotic drag, diffusion process of water molecules
driven by concentration gradients and convection driven
by pressure gradient:
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where 5, is electro-osmotic drag coefficient, F is Fara-
day's constant, i is current density vector. D, is water
diffusion coefficient, C,, is molar concentartion of water
ky is water permeability of membrane, 1 is viscosity of
water, € is the volume fraction of water in membrane
and p, is the pressure of liquid water.
The electro-osmotic drag coefficient n, is given by [5]:
o
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where A is the hydration index which is relating to C,
through following empirical formula:
ed
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Here, f is empirical swelling coefficient for the mem-
brane and e is expressed as:
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where pis a density of the dry membrane and E,, is

the equivalent membrane weight. Using above depend-
encies we can express ny coefficient as:
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Because water is not produced in the bulk of the electro-
Iyte, divergence of the water flux has to be zero:

VN, =0 (6}
Introducing (1) into the above relation we get:
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Because V-i =0 and V’p,, = 0 we have [7]:
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Introducing the electro-osmotic drag coefficient n, into
above formula we get first partial differential equation
describing the problem:
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Now we have to express current density vector i in terms
of C,, p,, and ¢@. We start with general expression for i:

i=FY ZN, (10)
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where 7Z; is a charge number and N; 15 an flux of the
ionic species. Because in the PEM the only charged
species are the protons, thus n= 1 and:

i=FN, (I
The proton flux N, is described by the Nerst-Planck
equation:
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The velocity of the liquid water U, is assumed to fulfill

Schligl equation:
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where Z; is the charge number of the fixed charges and
Cyis the fixed-charge concentration. Introducing Schlogl
equation into Nerst-Planck equation we get:
N = -Z ,.f,.;; C +£?~é""‘FZ C.C \Vo-
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Because of electroneutrality of PEM [8]:
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we get:
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Current density given by (11) can be written in extended
form as:
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Let us define proton conductivity in polymer membrane
as:

(D, ke ), ,
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so the equation (18) can be expressed as:
i=-kVo-FDNC, ~F-—L¢g!CVp, (20)
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Introducing & into (17) gives:
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Now proton concentration C, should be related 1o
water concentration C,. Similarly to equation (3) for
water concentration also proton concentration can be
described by relation [1.5]:

thus:
C,=e-[C, (23)

Current density vector i can be expressed now as [8]:
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Because of molar conservation law V-, = 0 we have:
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3 FD; 2  Ffer . .
vip-rve, Alve vp 0 a0
'S MK
From (9) we have:
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Introducing the above formula into {26) we get the sec-
ond final partial differential equation:
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Third partial differential equations is the assumption of
linear distribution of liquid water pressure [1]:

v? p,. =0 (29}

4. BOUNDARY CONDITIONS

Boundary conditions used in this numerical simula-
tion have following values [1, 2, 6]
- from anode side: C, = 3.75 10° Emol.f’cnﬂ, @ =0[V]
P =3 [atm],
- from cathode side: C, = 9.5 10° [mol/cm’], 7]
=-1.2 (1.5 (x - L2)* + 0.6) [V], p, = 5 [atm],
5. ILLUSTRATIVE EXAMPLE
Geometrical dimensions of the analyzed problem are
given in fig. 1. Following physical parameters of mem-
brane model are used [1,2]:
F = 96485 [C/mol], k, = 1.58E-14 [em’], k, = 7.18E-16
[cmg}% e = 0.0018 [mol/em’], f= 0.0126, 1 = 3.56E-3,

D, = 4.5E-5 [em%s], D, = 0.2 D,, €] =028 T =353

[K], R=8.31451 [J/molLK]. x=0.17.

The set of equations (9),(28) and (29) together with
(20) and the adequate boundary conditions were solved
using two-dimensional finite element method. The com-
putational domain was divided into 244 finite elements
of the third order, what gives 960 nodes and 2880 de-
grees of freedom.

In the fig 2. the equipotential line distribution is
presented. Uniformity of the lines at the cathode side
results from the non-uniform distribution of the potential
on the catalvtic layer. This uniformity of the other side,
is a consequence of the non-uniform distribution of the
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Fig.2. Equipotential lines distribution of the electric
potential @ in the membrane of the PEM fuel cell.

Fig.3. Current density vector i represented in vector
Jorm.
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Fig.4. Distribution of molar concentration of water C,,
along the line from (L/2,0) to (L/2,H,,) given in
b3
[mol/enm” s ].
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Fig.5. Distribution of the magnitude of the current den-
sity vector i along the line from (L/2,0) to (L/2,H,,) given
, 7 )
in [A/em” ],
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Fig . 6. Dependence berween magnitude of the proton
Slux and the coordinate y from (L/2,0) to (L/2,H,,) given
in [mol/em’.s].
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Fig.7. Distribution of liquid water pressure P, in atm
along the line from (1/2,0) to (L/2,H,,).

reacting species on the membrane-cathode surface. In
the fig. 3 current density vector i in the vector form is
presented. The direction of this current is consistent with
flow of the protons flux N,,.

In the fig. 4. molar concentration of the liquid water
across the membrane is plotted. The concentration has
the greater value at the cathode side because of produc-
tion of water during the electrochemical reaction on the
cathode catalyst layer.
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Fig. 8. Distribution of the potential on the catalytic
layer ar the cathode side given in [V].

In the figs. 5 and 6 distribution of the magnitude of the
current density vector i and proton flux N, across the
membrane is presented. The value of this current de-
creases with the v coordinate because protons are con-
sumed at the anode side in the electrochemical reaction
between protons. molecular oxygen and electrons which
takes place on the catalytic layer.

In the fig 7 dependence between liquid water pres-
sure and y coordination is shown. Because of assump-
tion that pressure obeys the Laplace equation the de-
pendence from spatial coordinate is linear. The assumed
distribution of the electrical potential at the electrolyte-
cathode boundary is shown in fig 8. This function is the
result of numerical simulation of the distribution of the
reactant gas components in the gas diffusion layer [6].
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