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Abstract

Water management is critically important for polymer electrolyte membrane fuel cells (PEMFC), and is complicated by the electroosmotic
flow of water from anode to cathode through the polymer electrolyte membrane. In this study, electroosmotic flow in polymer electrolyte
membranes is modeled incorporating the electrokinetic effect, and key parameters affecting the PEM fuel cell performance are identified.
The governing Poisson—Boltzmann and the Navier—Stokes equations were solved numerically for a single membrane pore to determine the
electroosmotic flow through the membrane over a wide range of geometrical and operating conditions. It was found that the electroosmotic
drag coefficientKprag, increases with the pore diameter. The membrane thickness has a significant effect on the electroosmotic flow. At
constant cell voltage, the electroosmotic flow through thicker membranes (e.g. Nafion 117) is reduced because of the reduced electric field
strength. The pressure difference required to stop electroosmotic flow is very large due to the extremely small pore diameters. In the presence
of sulphuric acid, numerical results have revealed that the electroosmotic flow increases with the acid concentration.
© 2004 Elsevier B.V. All rights reserved.
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1. Introduction cathode. This phenomenon, also called electroosmotic flow
(ordrag), increases the membrane resistance and reduces fuel
Polymer electrolyte membrane fuel cell (PEMFC) is cell performancégl,2].
one of the most promising candidates as zero emission The water content in the solid polymer electrolyte mem-
power sources for both stationary and mobile applications. brane is determined by the balance of water production at
It is highly efficient and environmentally clean. During the the cathode and its transport during the fuel cell operation.
PEMFC operations, the polymer electrolyte membrane pro- Fig. 1 depicts schematically the mechanisms of water trans-
vides the transport medium for the protons, generated duringport in a PEM fuel cell. Water is carried into the fuel cell
the anodic oxidation of the fuel, to migrate to the cathode via the humidified gas streams entering gas diffusion elec-
and complete the electric and mass transport circuits. There-trodes. Some combination of water vapor and liquid water
fore, high proton conductivity in the membrane is essential passes through each electrode to the electrode/membrane in-
to achieve high performance in PEM fuel cells. The protonic terface. Water crossing this interface assists in the hydration
current through the membrane, however, tends to drag wa-of the membrane. An additional source of water is the oxy-
ter molecules along resulting in the water depletion at the gen reduction reaction occurring at the cathode. Inside the
anode side and water accumulation (hence flooding) at themembrane, water is transported in two ways: electroosmotic
flow and back diffusion from cathode to anode. While both
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Fig. 1. Schematic of water transport and electroosmotic flow through the
polymer electrolyte membrane in a PEM fuel cell.

The electroosmotic drag coefficieKprag, defined as
the number of water molecules transferred through the
membrane per proton in the absence of other water transport
mechanisms, has been measured by a variety of techniques.
The measured value of this coefficient for Nafion, the most
commonly used membrane, however, exhibits a wide scatter.
LaConti et al[3] measured the transferred water volume us-
ing capillary tubes. They reported a linear increasg ifag
from O (in the dry state) to 4-5 (in the fully hydrated state) for
Nafion membranes with equivalent weights of 1150-1275
and found no temperature dependence. Zawodzinski[é{ al.
used a similar method and obtain&gag between 0.9 and
2.5 for partially and fully hydrated Nafion 117 membrane
at 300K, respectively. Fuller and Newmd4#] measured
electroosmotic drag for Nafion 117 in @8 concentration
cell. They reportedKprag~ 1.4 for hydrated membrane
and a decrease ®prag = O for the dry membrane at 2&.
From the same kind of measurement, Zawodzinski R4l.
later found Kprag= 1 for vapor-equilibrated membranes
over a wide range of water content and almost independent
of the membrane microstructure. In fact, this coefficient
would best represent the macroscopic phenomenon of
electroosmotic drag in an operating PEM fuel cell, since
the majority of the water molecules in the membrane are in
the form of vapor at the fuel cell operating conditions. Xie
and Okadg5] measuredKprag = 2.6 for a fully hydrated
membrane using the streaming potential. Recently, Ren et al.
[6] presented a method of measuring electroosmotic drag in
a direct methanol fuel cell and obtained, for a fully hydrated
membrane, an increase Bbrag as a function of temperature
from 1.9 at 15C to 5.1 at 130C. The wide range of scatter
in the reportedKprag Clearly shows the sensitivity and
difficulties involved with the experimental techniques.

The PEM electroosmotic driven flow in general, and the
electroosmotic drag in particular, can also be investigated
with the knowledge of the pore geometry and electrokinetic
effect. It is therefore the aim of this study to develop a
model that describes, under steady-state conditions, the
electroosmotic flow in an operating fuel cell using the
fundamental physical mechanisms. The formulation is from

profile across the membrane. Itis therefore very important to 4 macroscopic point of view, but with sufficient incorporation
determine and manage the extent of the electroosmotic flowof the nanoscopic information, although it may be much

in the membrane to optimize the PEM fuel cell performance. simplified, such that the resulting model has sufficient pre-
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dictive capability with acceptable accuracy for macroscopic as illustrated irFig. 2. According to these models, region A
engineering application. Therefore, it is not interested in consists of hydrophobic fluorocarbon backbone material. The
including all the fine features of the nanoscopic or molecular ion-cluster regions, C, generally described as pores or aque-
level mechanisms of the proton transport processes. Toous solution environments, with sulphonate groups =90
this end, the Poisson—Boltzmann and the Navier—Stokesas fixed-charge sites and movable ions (usuatfyfbt acidic
equations were solved numerically to investigate the elec- membranes) as counterions. The interconnecting region B
troosmotic flow in a simplified PEM pore configuration over is an amorphous hydrophobic region of lower ionic content.
a wide range of geometrical and operating conditions. The hydrophilic ion clusters C and region B are responsible
for ionic conduction. A network of these hydrophilic clusters
of the size 50-64\ is cross-connected with other hydrophilic

2. Model formulation channels of smaller diameters 10-28].
A number of physical models have also been developed
2.1. The physical problem to identify the mechanisms of water and ion transport in

the ionomer membranes. The hydrodynamic model approach

Perfluorinated sulphonic membranes, such as Nafion, are[15], solubility and transport mode[46], partition coeffi-
the ionomeric materials typically used in PEM fuel cells. cient mode[17,18] and random network model of a micro-
The study of water and ions transport in polymer electrolyte Porous polymer electrolyte membraft] are only a few
membranes requires extensive knowledge of the membraneexamples. These models do not represent the true morpho-
morphology, water sorption thermodynamics and proton dis- logical features associated with the ionomer membranes, and
tribution in the membrane, interactions between the protonsrely on the input parameters. As a result, their predictions
and the membrane, and proton transport in aqueous solutionoften deviate from the experimental measurements.
Agreat number of experimental techniques have been applied Molecular theoretical studief20,21] directed towards
in an effort to understand the morphology and ion distribu- understanding these remarkable properties of ionomer
tion of polymer electrolyte membranes and the correlation of membranes are limited for several reasons. Polar-solvent
these two properties. Some of these techniques include smalenvironments profoundly affect charge transport processes
and wide ang|e X-ray Scatterir{g,g], dielectric relaxation like proton transfer, where collective solvent effects, in-
[10], dielectric spectroscogit 1], electron microscopjl2], cluding orientational polarization, require consideration
and AC impedance investigatiofis], to quote afew. Despite ~ Of large molecular ensembles in computer simulations.
the substantial work conducted for characterization of poly- Proton motion exhibits quantum mechanical behavior such
mer electrolyte membranes, a fundamental understanding of2S zero-point energy constraints and tunneling, requiring
the mechanisms of proton and water transport is not fully quantum mechanical treatment that is computationally
understood14]. This is largely due to the very inhomoge- challenging and expensive in multi-body systems.
neous nature of these membranes when hydrated. However, On the other hand, the proton transport through the
majority of these studies consider polymer electrolyte mem- membrane electrolyte has been conventionally modeled by

brane as being made of three microphase-separated region&1€ phenomenological Ohm’s law in most of engineering-
oriented calculations for operating fuel cell22]. This

macro-homogeneous approach does not offer any fundamen-
A tal insight on the mechanism of actual proton transport pro-
cesses at the molecular level. The present model envisions
the electroosmotic drag phenomenon from another perspec-
o tive. The hydrophilic tortuous electrolyte regions within the
OO ‘ / membrane are considered as continuous, parallel conduction
S0 2O Viss e pathways with average diameters ranging from 20 t&,80
e SO A= ST 0 perpendicular to the membrane surface with uniform sul-
A0 Poheese C phonic ions fixed at the wall resulting in an equipotential
e Sa e, surface. The physical and electrochemical properties (with
‘ Se%e the exception of electrolyte permittivity) are assumed to be
SSSeTUE eI Soet obsh constant and independent of the position. This approach is
SR je%02 advantageous because it is physically sound, simple, and re-
SIS AR quires no experimental data. As a result, it can be used for
Sone parametric study and provides some design and optimization
X rules without going into the detailed molecular level transport
/177 Flurocarbon backbone material phenomena'
o080, ©sS0* oH OHO The presence of the negative sulphonic charge on the wall
results in the formation of a diffuse layer of counterions (e.g.
Fig. 2. Nafion cluster network modgf,8]. protons in the present case) where the concentration near the
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(AE) imated mathematically as:
'l" Electric Field > > -| 17 n<7.8A
ooce e=14 17+237(—7.8) 7.8<n<105A 2
81 n > 105A

The net charge density can be expressed in terms of the Boltz-
mann distribution af25]:

e Pe = Zien; 0o EX 3
ANODE CATHODE ¢ Zl b p(k T ) ®)

S 8ulonligrou; 0 Protone Wafar molepLies wherez; is the valence of the dissolved iomg », is the ionic
number concentration in the bulk soluti@is the fundamen-
tal electronic chargég is Boltzmann'’s constant, afids the
absolute temperature.
Eq. (3 can be simplified for the proton-conducting mem-
brane used in PEM fuel cells where only counteriong (H
= +1) are present:

Fig. 3. Electroosmotic flow of water in a membrane pore of a PEM fuel cell.

sulphonic wall is at the highest and decreases gradually with
distance until it reaches equilibriuf23]. The resulting elec-
tric potential is therefore minimum at the wall and gradually
increases towards an equilibrium level as the concentration
of protons approaches the bulk concentration at farther dis- —ze 4
tances. Pe = Zeftoo EXP (kBTI/f> )
If an electric field is applied across the membrane, asin an
operating fuel cell, an electrokinetic body force is exerted on
the charged analytes (e.g. fre€ libns not interacting with
SQO37). The protons will then move in the narrow hydrophilic
pores under the influence of the applied electric field, taking 1 d L dy*
with them the hydrating water molecules, and resulting inan o g, (r dr
electroosmotic flow as illustrated Fig. 3. The fluid move-
ment is carried through to the rest of the fluid in the pores by The non-dimensional variables are defined as:
wscpus for.ces. It should be pointed out that the _glect_rlc po- . 4 and =" ©)
tential (or _f|eld_) across the membrane, as showidn 3, is " (ksT)/(ze) T4
after considering the effect of the electric double layers near
the electrode and the membrane electrolyte interfadg

Substitution ofEq. (4)nto Eq. (1) and transforming it into
non-dimensional form results in the Poisson-Boltzmann
equation as follows:

) = G exp(-y) )

wherer is the radial distance ardalis the pore radius.
The so-called Debye—Huckle parameter, which is a
measure of the diffuse layer thickness, is define[2@k

2100222 1/2
ecokgT

2.2. The charge distributions

The electric potential distribution existing in the charged *1 = ( @)
analytes flowing inside a membrane pore showRim 3is
due to the presence of diffuse layer in a cylindrical pore; it Ed- (9 is subject to the following boundary conditions:

can be related to the local volumetric net charge density of i dy*
the electrolytepe, using theory of the electrostatif25]: atr” =0, e 0; and
__Pe Yw
V- (eVy) = 1) rf =1, = = U 8
o V= e~ W ®
wheree is the dimensionless dielectric constant of the elec- The potential at the pore wall;y, which is also the bound-
trolyte, ¢ is the electrostatic potential, aigd is the permit- ary of the fluid flow problem, is called zeta potentialThis

tivity of vacuum. The dielectric constant of the electrolyte potential is typically determined empirically from electroos-
varies as a function of the radial distance from the pore wall motic or streaming potential flow measuremegf].

due to the change in the orientations of the water molecules.

A dielectric saturation model was developed by Paddison and2.3. The velocity distribution

Paul [26] for fully hydrated Nafion membranes. According

to this model, dielectric constant remains that of bulk water ~ The electroosmotic-induced flow can be obtained with the
for distances of at least #2from the wall, but begins to fall  knowledge of the liquid velocity distribution. With the pore
sharply as the arrays of —SO fixed sites are approached. sizes in the order of nanometers, the Reynolds number is
Based on their model, variations of dielectric constant as a very small and the entry length effects can be neglected such
function of the distance from the pore waijl,can be approx-  that the axial velocity would be a function of radiu$ ¢nly.
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However, the minute pore geometry may not hold enough  Eqg. (12 is subject to the following boundary conditions:
number of molecules to satisfy completely the concept of

ES
continuum. The corresponding Knuds&m) number can be atr* =0, di* =0; and
calculated from: dr
5 r* =1, u* = ug(slipvelocity) (15)
Kn = - ©)

a

where the lattice spacing, is about 3 for water[28]. For 3. Solution method

an average pore size of 80 the Knudsen number is about

0.06 and a slip flow regime is expected to existin the pore. In ~ There is no exact solution for the non-linear Poisson—
the absence of thermal creep, the dimensionless slip velocityBoltzmann equationEg. (9. A finite volume scheme with

at the pore wall is calculated as: variable cell spacing was developed to discretize the equa-
. tion. To facilitate convergence, the exponential term has been
k= Kna;—" (10) linearized as follows:
n
(% — A LRY ] * A
wheren and subscrips stand for the outward normal (unit) eXP(—Vi41) = eXPV;) — expyy) (Vi — Vi) (16)
vector and the tangential (unit) vect¢29]. wheren refers to the iteration number.

For the pore wall negatively charged, the electroosmotic  The resulting system of algebraic equations was solved us-
flow will be in the direction towards the cathode as illus- ing the Gauss—Seidel iterative technique. Totally, 500 control
trated inFig. 3. The body force per unit volume created volumes were created. The grid spacings were reduced suc-
by electric field acting on the charged particles is given by cessively by 5% to condense the control volume sizes in the
Fg = peE, WhereE is the electric field strength. The Navier—  region near the wall, where the electroosmotic effect is sig-
Stokes equations for a Newtonian laminar liquid flow with nificant. The calculated electric potential distribution is then

constant densityy, and viscosityu, in a horizontal cylindri- substituted into the momentum equati@u. (12, which is

cal capillary under the influence of both an external electric also solved numerically to obtain the flow distribution. A
force and pressure gradient can be expressg@%is tridiagonal matrix algorithm (TDMA) was implemented to
UV — Vp + peE = 0 (11) obtain pore velocity profiles and the electroosmotic drag co-

efficient in the capillary pores.
representing the balance among the net viscous force, pres-

sure force, and electric force acting on the fluid particles for ) _

the steady flow under consideration. 4. Results and discussions

Eq. (13 can be non-dimensionalized as: ] ) ) ] ]
Non-dimensional potential and Navier—Stokes equations

1ld (r*d“*) LFELFE=0 (12) were solved simultaneously to obtain the electroosmotic flow
r* dr* dr* P E— and to identify its flow characteristics in a PEM pore structure

under a variety of design and operating conditions. All of the

simulations are based on fully hydrated Nafion membranes
under the condition that the water content of the membrane on
the anode side is sufficiently high to replenish the water and
maintain the membrane hydration. The membrane thickness

whereu* is the liquid velocity normalized with some ref-
erence velocityl/, considered as 1 mnt$ throughout this
work. Fj and Fj; are non-dimensional pressure and elec-
troosmotic body forces, respectively, defined as:

A Pa? is considered to be inflated by 30% to account for the hydra-
P E=M Pe tion. The parameters studied and the cell physical properties
are summarized iflable 1
and
2 Table 1
M* = M, E* = g, Parameters and properties used in the present PEM simulations
nUL ¢ Quantity Value
s = Pe = exp(=vy™) (14) Cell temperature 8ec
ZeNoo Pore water viscosity Bx104kgmltst
Pore water density 980 kgTd

whereA P represents the pressure difference between the an-
. . Cell voltage 0.70V

ode and cathode ends of the pore ansithe capillary length.  rjyeq charge site concentratigsi] 12 % 10-3 mol crm-3

The dimensionless group/*, is the ratio of the electric to

. . W hick
viscous forces per unit volumeg. (12 shows that pore hy- et membrane thickness

Rl > Nafion 117 281x10*m
drodynamics is influenced by two driving forces: pressure  nafion 115 165 % 10~4m
difference across the membrane and the electric force acting Nafion 112 660x 10 °m

on the charge carriers. 2 |nflated thickness.
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4.1. Estimation of potential

In order to solve the governing equations, one needs to
know the wall potential{ potential). To the best knowledge
of the authors, this quantity has not been yet reported for
the membrane in PEM fuel cell under operating conditions.
Therefore, in the first set of calculations, thpotential was
varied over a reasonable range (fre00 to—100 mV) and
the resulting electroosmotic drag coefficients were compared
with the already reported values in the literature.

Fig. 4adepicts the variation of the non-dimensional charge
density,p, as a function of the non-dimensional pore radius,
r*, for three differentz potential values and zero pressure
difference between the anode and cathode ends. As expected,
the sulphonic wall attracts free protons creating a large charge
density at the boundary. The charge density decreases rapidly
away from the wall and levels off at the pore center. The
resulting non-dimensional potential and velocity distribution
are shownirFig. 4b and crespectively. As seen ig. 4b the
electric potential has a minimum at the widl= 1 (i.e. the:
potential), and increases rapidly towards the pore center. The
effect of the cell electric field is thus maximum in the near
wall region wherepj is at the highest. Fromig. 4¢ it is seen
thata non-zero velocity:) exists at the wall which increases
slowly in the direction of the pore centerline such that a plug-
type flow distribution prevails in the pore. The larger the
potential (absolute value), the stronger the driving forces (by
increasingoy), thus the larger the electroosmotic flow in the
pore.

The volumetric flow rate arising from the electroosmotic
flow in the capillary pore was calculated by integrating the
velocity distribution across the pore arddag. 5adisplays
the variation of the flow rate as a function of thpotential.

The electroosmotic drag coefficient can then be calculated
from:

Na [y ugo(r)rdr

17
Water fg Ny+(r)ugo(r)r dr 7

Nu,o [ p
KDrag= 2 _( )

NH+ M
whereN, is the Avogadro numbek) is the molecular weight,
Ny+ isthe number density for protons, aingeb is the velocity
distribution due to the electroosmotic flow.

The variation ofK pragas a function of potential is shown
in Fig. 5h As seen from this figure, the most reasonable
¢ potential is the one giving rise tKprag = 1, comparable
with the previous studies summarize®ection 1 Therefore,
the corresponding value @f= —0.327V is taken for the
current parametric study calculations which are presented in
the following sections.

4.2. Effect of pore diameter

— = 04V

=== 01V ]

0 0.2

0.6

0.8 1

0 0.2

0.8 1

Fig. 4. Effect of zeta potential on the distribution of (a) the charge den-
sity, (b) the potential, and (c) the resulting electroosmotic velocity through
the fully hydrated Nafion 117 membrane with the parameter valisgs=
(~1315, —6.57, —3.29), P* = 0, M* = (—3.48, —1.74, —0.87), ande* =
(~1.75, =35, —7.0).

Eq. (5), but also influences the strength of the viscous forces

(M*) in Eq. (19. Fig. 6ashows that the larger the pore di-
There exists a pore size distribution in the Nafion mem- ameter, the lesser the charge density becomes towards the
brane. Therefore, itwould be useful to investigate the effect of pore centerline. Also, the larger source ternEig. (5 re-
pore diameter on the electroosmotic flow. Theoretically, pore sults in a larger potential at the pore centerline, as shown in

diameter not only affects the diffuse layer thicknesg:(in

Fig. 6b. The larger diameter further enhances electroosmot-
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10°

4
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-0. 0.3 0 -0. : : N
(b) Cvl (b) r
Fig. 5. The variation of (a) a single pore flow throughput and (b) the elec- 18.6
troosmotic dr_ag coefficient as a function of thepotential for the fully 1850
hydrated Nafion 117 membrane.
18.4
18.3
ically induced flow velocity in the pore structure, evident in 182
Fig. 6¢ o
With no pressure differenc€jg. 7ashows how the elec- R
troosmotic flow through a single pore increases non-linearly 18
with the pore size. Variation of thEprag with the pore size 17.9
given inFig. 7b reveals that this parameter is almost linearly -
changing with the pore diameter. O RN S SO S
4.3. Effect of electric field strength 178, 02 o4 06 08 1

(c) r

Both membrane thickness and the cell voltage affect
the electi el srengih across e electolte MebTae e e ascrosmons v e
AIthOUgh. the pOt.entl.aI d|str|but|_on IS una_ffeCted' the elec- E}ydrate?i Nafionyll7 membrane Withgthe parameter valgs= —10.75, ’
troosmotic velocity increases linearly with (Eq. (14). P* = 0, M* = (—0.46, —2.84, —7.28), andE* = —2.14.
This linear dependency has been experimentally observed
for electric field strengths of up to8 10’V m~1[30].

If the cell voltage remains constari; will inversely de- However, this could be balanced with the lower back diffusion
crease with the membrane thickness resulting in a signif- and higher ohmic resistance usually involved with thicker
icantly lower electroosmotic flow (or higher water content) membranes. On the other harkhag is unaltered as the po-

for thicker membranes such as Nafion 117 as showging. tential distribution is unaffected by the membrane thickness.
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Fig. 7. The variation of (a) a single pore flow throughput and (b) the elec-
troosmotic drag coefficient as a function of the pore diameter for the fully
hydrated Nafion 117 membrane.

4.4, Effect of pressure differential

Net water transport in the membrane arises from three
mechanisms: electroosmotic drag, convection, and diffusion.
The effect of the first two mechanisms on the membrane con-
ductivity is shown inEq. (12. The momentum equation is
linear and one can decompose the velocity field into two parts:
u* = ufo+uhp (18)
whereu{, andu’, p correspond to the non-dimensional elec-
troosmotic and pressure-driven capillary flow velocities, re-
spectively.

If the electroosmotic flow is to be stopped exclusively by

applying a pressure difference across the membrane, one may

use the Poiseuille equation for fully developed flow in circular
tubes to estimate the required pressure as follows:

_8uLQ

AP
wat

(19)
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x 107

10

Nafion 112

Q [nL/s]

Nafiqn 115
C Nafion 117 |

250

Fig. 8. The variation of electroosmotic flow as a function of the PEM thick-
ness.L, for the fully hydrated Nafion membrane with the parameter values:
U 10.75; P* = 0; M* = —9.96 for Nafion 112-3.98 for Nafion 115,
and—2.84 for Nafion 117.

With the electroosmotic flow rates determined, thes cal-
culated fromEqg. (19 are extremely large and impractical
to apply. This is due to the very small pore diameters in the
membranekig. 9indicates that a pressure difference of about
19,000 atm is required to stop completely the electroosmotic
flow from anode to cathode in Nafion 117 membrane. How-
ever, in practice, application of a few atm pressure differences
has provided a better cell performance due to reduced drying
on the anode side of the membrane.

4.5. Effect of sulphuric acid

Preparation of polymer electrolyte membrane is a key fac-
tor for the fuel cell performance. During the preparation, the
solid electrolyte integrated with the catalyst layers and elec-

20,

-

0.4 06 08

Fig. 9. Counterbalance of electroosmotic and pressure-driven flows in a fully
hydrated, fully developed Nafion membrane pore with the parameter values:
Yy 10.75, P* = —144,M* = —2.84, andE* = —2.14.
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trodes is cleaned by immersing in boiling hydrogen peroxide
solution. This is followed by boiling it in sulphuric acid to en-
sure a full protonation of the sulphonate groups. The process
is completed by rinsing the membrane in boiling de-ionized
water to remove any remaining acid. It is therefore possible
for some sulphuric acid traces to escape the rinsing process.
In some applications, sulphuric acid is intentionally added
to the membrane to enhance its conductivity properties. In
this section, the effect of the presence of sulphuric acid in the
membrane on the electroosmotic flow is investigated.
lonization of sulphuric acid in the membrane modifies
the Poisson—-Boltzmann equatioBg. (5, by influencing
the charge density distribution. With extra"Hand SQ?~
ions present, the non-dimensional net charge densitye-
comes:

P = explv*) + pt2eo [exp(—y™) — exp(2/™)]

Neo

(20)

whereny  is the sulphuric acid bulk number concentration.
The contributions from the acid, Hand SQ2~ ions, are rep-
resented by the second and third term&m (20, respec-
tively. The modified Poisson—Boltzmann equation becomes:

1d [/, dy*
7 dre (r dr* )
— L2 expv) + (coa)? [exp(@7) — expy™)]

T2
(21)

wherex; is the same ag; exceptn replaced by:s .. The
change in the potential distribution due to the presence of sul-
phuric acid also changes the source term in the momentum
equation (e.gF% in Eq. (19) and modifies the electroosmotic

x 107

05
C

H2504 [M]

Fig. 10. (a) Electroosmotic flow and (b) electroosmotic drag coefficient as a

flow distribution in the membrane. Due to the lack of exper- function of sulphuric acid molarity in fully hydrated Nafion 117 membrane.

imental or theoretical data, it is assumed that acid presence
does not influence thgpotential appreciably.

The effect of sulphuric acid concentration on the elec-
troosmotic flow was studied by varying the acid concentra-
tion from O to 2 M.Fig. 10ashows that the electroosmotic
flow increases steadily with acid concentration. The water
transport due to electroosmosis is almost doubled at 2 M acid
concentration compared with that of non-doped membrane.
The value ofKprag however falls steadily with acid concen-
tration, as shown ifig. 1. This is because a larger number
of protons is now taken into account for the calculations in
Eq. (17)

The variation of the electroosmotic flow with acid concen-
trations can be attributed to the changes in ion dispersions and
the resulting net charge density distribution in the membrane.
Fig. 11 shows how the H (from both PEM and acid) and
S0O42 ions are distributed in the pore at 1 M acid concentra-
tion. As expected, S8~ ions, now presentin the membrane,
are repelled from the negative wall and at the same time, more
protons are clustered in the close vicinity of the wall. As a

N [Particles/ms]
2 N

3
ki

1015

— W PEM) |
--- H* (Acid) ||
== 8042 (Acid)

10

15 20 25
r[A]

Fig. 11. Number density distributions for PEM protons and the contributions
from sulphuric acid (1 M) as a function of the pore radius for fully hydrated

result, the net charge distribution is affected which in turn nafion 117 membrane with the parameter valug:= —10.74, P* = 0,
modifies both the potential and the electroosmotic flow dis- m* = —2.84, ande* = —2.14.
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tributions as shown ifrig. 12 The extra protons near the sharply in the near wall region and drop in the center. Nu-
wall increase the charge density there, and additionafSO  merical results show that the wall effects are stronger at all
in the centerline reduces the charge density in central regionsacid concentrations as displayedHigs. 10 and 12b,c

as indicated irFig. 12a This causes the potential to increase

5. Conclusions

The Poisson—Boltzmann and the Navier—Stokes equations
were solved numerically to determine the electroosmotic flow
and the resulting electroosmotic drag coefficient in an oper-
ating PEM fuel cell. Based on the physical model and the
numerical results, following conclusions can be drawn: (a)
Electroosmotic flow through a single pore increases non-
linearly with the pore size. The resultingprag increases
. linearly with the pore diameter. (b) The membrane thickness
_______ - pras _ has a significant effect on the electroosmotic flow. At con-

Pt — NoAcid:p, =4.64 x 10: stant cell voltage, thicker membranes (e.g. Nafion 117) pro-
-7 Y zgw:;:;‘:}gs vide more resistance for the electroosmotic flow. However,

: v Kprag is not affected by the membrane thickness. (c) Due
@) 0 02 04 ; 06 08 ! to the very small pore diameters (egSO,&), the pressure
difference required to completely counterbalance the elec-
4, . ! : i i troosmotic flow is very large and impractical to apply. (d)
‘ ‘ When membrane is doped with sulphuric acid, numerical re-
sults revealed that the electroosmotic flow increases steadily
with the acid concentration.
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