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Abstract

The formation—distribution of condensed water in diffusion medium of proton exchange membrane fuel cells, and its
tendency to reduce the local effective mass diffusivity and to influence cell performance, are studied. First the local
effective mass diffusivity of a fibrous diffusion medium is determined as a function of the local porosity and local water
saturation, using the network model for species diffusion. Then using this along with the hydrodynamics of capillary,
two-phase flow in hydrophobic porous media, the water formation rate (hydrogen—oxygen reaction), and condensation
kinetics, the one-dimensional distribution of water saturation is determined and roles of fiber diameter, porosity, and
capillary pressure on cell performance are explored. The results point to a two-layer medium (similar to the added
conventional microlayer) which is then analyzed for optimum performance.

© 2003 Elsevier Ltd. All rights reserved.
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1. Introduction

The repeating unit cell of PEMFC is composed of a
membrane electrode assembly (a polymer electrolyte
attached by two thin catalyst layers made of carbon
particles with Pt impregnation), two diffusion media,
and bipolar plates. The diffusion medium (and the bi-
polar plate guiding the gas distribution) needs to be
optimized to enhance the cell performance. The cell
potential A is [1]

Ap =A¢®” — 1y —n, — 1,
. 2
= A@® — jor, — kyIn (J—) + k. In (p;‘zp‘”) (1)

Jeo PzH,0

where Ag° is the reversible electro-chemical potential, 1,
is ohmic loss, #, is activation loss, and 7, is concentra-
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tion loss. The loss by diffusion and flow distribution
(bipolar plate) is the concentration loss, which accounts
for change in cell potential influenced by the partial
pressures (concentrations) of reactant and product spe-
cies at the catalyst layers.

The diffusion medium should have small diffusion
resistance and high electrical conductivity, so carbon
fiber paper is the primary material for diffusion medium
(due to its good electric conductivity and corrosion re-
sistance). In addition, its water transport characteristic
should be optimized, since presence of liquid water has
significant effect on gas transport. The proton conduc-
tivity of polymer electrolyte membrane (ohmic loss), the
level of catalyst flooding (activation loss), and the ef-
fective diffusivity (concentration loss), all strongly de-
pend on the water saturation in diffusion medium.

The effective electro-osmosis coefficient o, is an im-
portant measure that represents balance of water be-
tween the anode and cathode [2,3],
mlyH20|unode~>cathOde = MHZOCXSOJFC ) (2)
which includes the effect of electro-osmosis (water mol-
ecules dragged by the flow of protons, from anode to
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Nomenclature

Ay/V  liquid/gas specific interfacial area, m*/m?
Ag/V  solid/fluid specific interfacial area, m?/m?

c mole concentration, mole/m?

Dn,; mass diffusivity of species i, m?/s
(Dn,)  effective diffusivity of species i, m?/s
F Faraday constant, C/mole

f(e) normalized porosity function

g(s) normalized liquid saturation function

Ay, heat of vaporization, J/kg
J(S) Leverette J-function

Je current density, A/cm?

Jeo exchange current density, A/cm?

K absolute permeability, m?

Ky relative permeability of liquid water
(k) effective thermal conductivity, W/mK
ka Tafel slope, V

ke concentration loss constant, V

kg thermal conductivity of gas, W/mK
L thickness of diffusion layer, m

M; molecular weight of species i, kg/mole
M, mass flow rate of species i, kg/s

m; mass flux of species 7, kg/m?s

Rgm,0  volumetric condensation rate, kg/m?s

P operation pressure, atm

i partial pressure of species i, Pa

|dp./dS| slope of capillary pressure, Pa

q heat flux, W/m?

R, universal gas constant, J/mole K

Tt cell area specific electrical resistance, Qcm
Te mean radius of curvature, m

s liquid water saturation

Sim immobile saturation

S reduced liquid water saturation
So surface reduced liquid saturation
T operation temperature, K

(T) local equilibrium temperature, K
X; mole fraction of species i

Greek symbols

Oleo effective electro-osmotic drag coefficient
On mass accommodation coefficient

& porosity

Ao cell potential, V

r uptake coefficient

Y volumetric condensation coefficient, s
n potential loss, V

I viscosity of water, kg/ms

P density of gas species i, kg/m?

o density of water, kg/m?3

o surface tension, N/m

0. contact angle, degree

Subscripts

H,O water

O, oxygen

H, vapor

nw, w  non-wetting, wetting
I, g,s liquid, gas, solid

Ig liquid/gas
c capillary or coarse-fiber layer
f fiber or fine-fiber layer

cathode) and the back diffusion (diffusion of water due
to gradient of water content in membrane). At high
current density, the electro-osmosis becomes dominant
and the region of membrane near the anode is vulnera-
ble to dry-out and large ohmic loss. To solve this
problem the membrane is made thin to enhance the back
diffusion. In practice, both fuel and air gases are hu-
midified, to provide the desired water in the anode side
of the membrane and to reduce the evaporation of water
in the cathode side of membrane.

In cathode diffusion medium, the product water flows
towards the channel through gas-phase diffusion or
liquid-phase motion. The humidification of oxygen gas
makes it difficult for diffusion, therefore, liquid water
becomes ever present in the diffusion medium. At high
current densities, the liquid flow rate increases due to
increased condensation, and when the channel is at the
local vapor saturation condition, liquid water flows out
of diffusion medium and surface droplets are formed.

The presence of water saturation in the diffusion
medium not only imposes more resistance to the oxygen
diffusion toward the catalyst layer, it also influences the
catalyst flooding (partial coverage of catalyst particles
with liquid water). While the diffusion resistance is
controlled by average saturation in the diffusion me-
dium, the catalyst flooding depends on the water satu-
ration near the catalyst layer. The carbon fiber paper
used for diffusion medium is generally hydrophobized
with PTFE (Teflon) to reduce water saturation, and this
is expected to facilitate the water transport.

Here we begin by determining the dependence of the
effective mass diffusivity of fibrous diffusion media on the
local porosity and saturation (Section 2). Then we de-
velop a capillary pressure model for the distribution and
motion of water in the diffusion media (Section 3). Then
we use these results to develop a two-layer diffusion
medium for enhancement of cell performance (Section
4).
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2. Local effective diffusivity

The effective diffusivity (Dy,,) of diffusion medium, is
correlated with porosity ¢ and saturation s using nor-
malized functions f(¢) and g(s), i.e.,

(Do) = Do f(0)g(s), 5= =2, 3)

==
where Dp,; is the multi-component mass diffusivity in
plain medium, s is the water saturation, and ¢ is volume
fraction of liquid water.

The effective medium theory has been used to esti-
mate the effective diffusivity [4-8], and for packed
spherical particles it gives

<Dm7i> - Dm,[f(s) = DmA[81'5~ (4)

Mezedur et al. [9], for multi-length scale, particle-based
porous media such as catalytic converter wash-coat,
suggest

(Dms) = Dim,if (£) = D[l = (1 = )"*]. ()

The microstructure of their model is sintered spherical
particle mixtures, with different pore size distributions
and the applicable porosity range is rather small, around
0.3.

Tomadakis and Sotirchos [10] suggest a percolation-
type correlation for random fibrous porous media, i.e.,

(Dni) = Dasf )= Du( =2 ) (©)

1—¢,

where ¢, is a percolation threshold, and « is an empirical
constant. For porous media composed of two-dimen-
sional, long and overlapping, random fiber layers, ¢, is
found 0.11 and « is 0.521 and 0.785, for in-plane and
cross-plane diffusion, respectively. Such percolation be-
havior in diffusion is a typical characteristic of fibrous
porous media [11,12].

The liquid saturation restricts the gas diffusion by
reducing the diffusion area and creating tortuous diffu-
sion path, and this is commonly modeled by a normal-
ized function g(s) as

g(s) = (1—s)". (7)

If the pore structure does not change with water satu-
ration, m = 1.5 from prediction of the effective medium
theory. Mezedur et al. [9] numerically determine
m = 0.71 for their porous medium. Using the network
model, we now determine f(¢) and g(s).

2.1. Network model

The diffusion media used in the PEMFCs are made of
stacked, two-dimensional random carbon fiber mats,

(a) Random Fiber Structure

(b) A Single Fiber Screen

(d) Pore Space of
Stacked Fiber Screens

I |
Fig. 1. Detailed microscale model for fibrous diffusion medium:
(a) SEM of random fiber structure (a Toray carbon paper), (b)
a single screen made of overlapping fibers with square pore

spaces, (c) stack of fiber screens and (d) pore spaces of stacks,
with an arbitrary screen position shifting.

shown in Fig. 1(a). The fibers are assumed infinitely long
in the x- and y-directions (in-plane) using periodic
boundary conditions, and overlapping of the fibers is
allowed (excluded from the solid volume).

Instead of constructing a pore network, we focus on
the pore spaces surrounded by four intersecting fibers.
The solid structure is modeled as stacks of continuously
interwoven (overlapping) fiber screens (Fig. 1(b) and (c))
with regular, square pore spaces. The position of each
layer is shifted by a randomly selected distances in plane,
thus pores are connected to upper and lower pores, and
the average coordination number for any one pore is 8
(Fig. 1(d)).

The porosity of diffusion media is around 0.5, and
smaller than unused carbon fiber papers (0.7-0.8) due to
compaction upon assembly. Then for the square geo-
metry (Fig. 1(d)), we have

b

(lp + lf)z 7 (8)

&=

where [, and /; are the representative pore and fiber
dimensions.

A total of 100 pore spaces (10x10) in a fiber screen
are generated with periodic boundary condition. The
cubic domain made of more than 50 layer of such fiber
screens is discretized into small cubic volumes with /.
Thus, a typical domain with porosity of 0.64 (I fiber
diameter and [, =4/; pore size) is composed of
50x50x 50 cubic cells, prescribed as either pore or solid
(occupied by fibers).

The diffusion mass flow of species i, between two
adjacent (face-contacting) cells j and £, is
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(M), = (Dm<,-)A_,-,kl_77 9)
where 4;_; and [;_; are cross-sectional area and length
for diffusion, and (Ap,), , is the concentration difference
of species i between the two cubic cells. For the given
geometry, the face-conductance becomes equal to the
effective mass diffusivity (Dy,,).

In addition to the above, there is an additional dif-
fusion flux between two diagonal (edge-contacting) cells
when they have a common, face-contacting solid cell (see
cell I and IV in Fig. 2(a) which face-contact the solid cell
II, in common). This is due to the circular cross-section
of the fiber which allows for diffusion through small
open space (fiber shoulder). Considering that the
smallest open space is 0.143/; and the diffusion length is
2172, the edge-conductance (between two diagonal cells
through a solid cell) can be roughly estimated to be
0.143 of the face-conductance.

The edge-conductance in the model does not signifi-
cantly contribute in Fig. 2(a), because the main diffusion
path between cell I and IV is the face-contacting cell I1I.
However, for configuration shown in Fig. 2(b), if the
edge-diffusion through the small throat between the two

(a) Edge-Diffusion (b) Throat Area = 0.2861;

>
111

T
Face-Diffusion

v

‘\

X2 +(y—«/§a)2 = 42

—a
T

X

R(x)= D-y(x) ~1.05a

dx

1 r1.05a
R(x)=2— -
J ) DIO 2a-@dimd® - x*

= 5.724% ~. 1/R=1/5.724D=0.174D

21 2-1.09
D

Fig. 2. Diffusion through the unit cells: cells I and IV com-
municate through cell I11 in (a) while they do not communicate
in (b), if the edge-diffusion is not considered. In (c) detailed
edge-conductance through a solid cell containing a fiber is
presented. The ratio of the edge-diffusion conductance to the
face-diffusion conductance is 0.174.

diagonally positioned fibers is not considered, the pre-
dicted effective diffusivity will be much smaller than it
should be. More detailed about the edge-conductance
is shown in Fig. 2(c).

The liquid water droplets in hydrophilic fibrous me-
dia tend to extend their contact lines to the fibers, while
in hydrophobic fibrous media, they tend to remain
spherical, minimizing the contact lines. Possible topol-
ogies of water between fiber screens (different pseudo-
droplet geometries) are shown in Fig. 3. The random
spherical droplet scenario, Fig. 3(b), produces isotropic
reduction in the effective diffusivity, while the others
produce anisotropy.

There are two models for pore-filling water distri-
bution, random and continuous (or correlated). If the
liquid-phase does not contribute to the transport of
product water, the water distribution can be discontin-
uous and a random distribution of water-filled pore
spaces is found, depending on the saturation. Since the
liquid-phase transport of product water is important,
continuously connected water-filled pore spaces (to
upper and lower screens), which we call correlated
saturation distribution, is needed. The fully-correlated
saturation will result in a pillar-type liquid water dis-
tribution, similar to that in Fig. 3(c). Then the cross-
plane effective diffusivity will be almost a linear function
of the liquid saturation (m in Eq. (13) approaches 1), as
the tortuosity would not change much with this water
distribution. Water droplets in hydrophobic diffusion
medium are believed to be not fully random and not
fully correlated, but intermediate.

2.2. Network computation

In absence of any net motion and reaction, we have
the species conservation equation [13]

Vip, =0, (10)

with boundary conditions for lower and upper bound-
aries of cubic domain,

p; = p;1 at lower boundary,

p; = p;» at upper boundary, (11)

and periodic boundary conditions for the other two di-
rections. After the converged distribution of p; (at all
nodal locations) is obtained, the effective diffusivity is
found from

L / . L / .
D) = md4d = —— m;dA. 12
< ) Ap; Pi1 — Pip (12)

Eq. (10) is solved by the Gauss-Siedel iteration with
slight over-relaxation and a convergence criterion of
1x107%. The saturated (water-filled) pores are either
randomly selected, or selected to obtain continuous
liquid-phase flow path (contact to at least one saturated
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(a) Pore-Filling Liquid,
Random or Continous
Distribution

(b) Spherical Droplets,
Random Distribution

(c) Cylindrical Droplets.
Random Distribution

Fig. 3. Models for water droplet topologies in fibrous porous medium: (a) pore-filling, (b) spherical and (c) cylindrical.

pore at the neighboring upper and lower screens). Once
p;(x) is converged and the fluxes for upper and lower
boundaries are determined, the average of the two is
used to determine the effective diffusivity. For each po-
rosity and saturation, 10 set of different random net-
works are solved and then averaged.

2.3. Results and discussion

Variation of effective, cross-plane diffusivity with re-
spect to porosity is shown in Fig. 4(a). The comparison
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with existing correlations shows a close agreement with
that of Tomadakis and Sotirchos [10]. The estimated
percolation threshold is between 0.2 and 0.3.

In Fig. 4(b), both the cross-plane and in-plane ef-
fective diffusivities are compared with the prediction of
Tomadakis and Sotirchos [10]. The higher in-plane ef-
fective diffusivity is due to the alignment of fibers, where
there is less blockage. When the porosity is as low as
0.44 (I, =2I; square pore), the predicted cross-plane
diffusivity becomes larger than the in-plane. This is

due to the intersection of fibers allowed in our
1.0 T T T T
Present Prediction y
08 L O  Cross-Plane 7
: O In-Plane //
06 Tomadakis and Sotirchos [10] |
—~ Cross-Plane
@ /
~ | === =-- -
g In-Plane -
04 - -
02 - L i
(b)
0.0 - 1 1 1
0 0.2 0.4 0.6 0.8 1

T T
Cross-Plane Diffusivity
In-Plane Diffusivity
Effective Medium Theory |

g(s)

Fig. 4. Variation of the predicted effective diffusivity of fibrous diffusion media with respect to porosity and liquid water saturation: (a)
comparison with effective cross-plane diffusivity correlations, (b) comparison with effective cross-plane and in-plane diffusivity of
Tomadakis and Sotirchos [10], (c) the effect of liquid water saturation for randomly prescribed pore-filling water distribution and (d)
for continuous pore-filling water distribution (¢ = 0.56).
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model (diffusion flux through two crossing fiber is

ignored).

Two different water distribution is considered, and
Fig. 4(c) and (d) show the variation of effective diffu-
sivity for random and correlated water distribution, as a
function of saturation. The 1 — s dependence is always
higher than 2. The cross-plane diffusivity is more sig-
nificantly reduced in the presence of water, because the
water droplets are assumed to have a thin rectangular
shape, and more significantly increases the tortuosity for
the cross-plane diffusion. The random distribution se-
verely limits the effective, cross-plane diffusivity, while
there is no significant difference between in-plane diffu-
sivities with random and continuous water distribution.
The continuous water distribution allows for the empty
pores to also be continuous, which reduces the tortu-

osity for cross-plane diffusion.

A saturation of 0.5 reduces (D,,;) by one orders of
magnitude for cross-plane diffusion. Experimental results
[14,15] also exhibit similar trend, significant reduction in
effective diffusivity due to rather small liquid saturation.
Recently Martys [16] numerically studied the effect of
saturation in a porous medium with spherical incursions.
The liquid water distribution was obtained by the lattice-
gas calculation, and then used to define domain. The
results show that for ideal wetting/non-wetting system,
the 1 —s dependence has a power of around 2. But
for contact angle of 90° this is much larger than 2,
which results in negligible gas diffusivity at saturation

of 0.5.

The effective diffusivity as a function of saturation is
shown in Fig. 5, for porosity of 0.56 and 0.64. Here we

suggest (similar to [10]) as

(D) = Dm;if (e)g(s)
e—0.11

0.785
—Dm_le(1_0.11> (I—s).

(13)

T
(a) e =0.56

0.6 -

f(&)gls)

0.4 F--.

Present Prediction
O  Cross-Plane

[m]

In-Plane

Effective Medium Theory
Mezedur et al. [9]

Tomadakis and Sotirchos [10]
with (1—s)? dependence
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3. Water saturation distribution
3.1. Modeling water transport in hydrophobic media

Water (non-wetting) in hydrophobic porous media
preferentially resides in larger pores, where the curvature
is decreased (with smaller contact area between the non-
wetting phase and solid surface). The pressure difference
between the wetting and non-wetting phase is given by
the capillary pressure p. as

Pe = Pnw — Pw = PLH,0 — Pg- (14)

This shows water pressure is higher and makes it pos-
sible to transport liquid water out of the hydrophobic
diffusion medium without severe flooding, and also
prevents wicking of water from the channels.

The water saturation in diffusion medium is not very
large, which allows for a continuous gas phase with a
uniform pressure. Then the gradient of the capillary
pressure is

(15)

We assume that the product water is in vapor phase and
through non-equilibrium condensation of water vapor
on the pre-existing liquid surface or condensation sites
(hydrophobic coating defects), liquid water is introduced
into the cathode diffusion medium. Fig. 6 shows two
consecutive environmental scanning electron micro-
graphs (ESEM), when a diffusion medium is exposed to
a water saturated atmosphere (low temperature and
small water vapor pressure). Our view of water transport
is similar to the condensation and transport process
shown in Fig. 6. When the liquid/gas interfacial area is
large, the non-equilibrium condensation model ap-
proaches the equilibrium model. We focus on relatively
high water saturation, where the channel is at vapor
saturation condition, therefore, evaporation in the dif-
fusion medium is negligible.

Vpe = Vpimo — Vpy = Vpim,o.

1.0 T T T T
(b) e=0.64
0.8 - Present Prediction .
: O Cross-Plane
O In-Plane

ON U Effective Medium Theory
& | - Mezedur et al. [9]
@ 11 Tomadakis and Sotirchos [10]
Z 04 P with (1—s)? dependence .

0.2 -

ootn4t— 1 — =

Fig. 5. Variation of the predicted effective diffusivity of fibrous porous diffusion medium with respect to local water saturation: (a) for

¢ =0.56 and (b) for ¢ = 0.64.



J.H. Nam, M. Kaviany | International Journal of Heat and Mass Transfer 46 (2003) 4595-4611 4601

100pm

100um

Fig. 6. Two consecutive environmental scanning electron micrographs (ESEM) of a diffusion medium exposed to water-vapor sat-
urated atmosphere. In ESEM the sample is cooled such as only a small water vapor pressure is needed for condensation. The diffusion

medium is a Toray carbon paper.

Two types of water transports, micro- and macro-
transport, are believed to occur simultaneously. Near the
catalyst layer a large number of condensation sites are
activated to form micro-droplets, which agglomerates
upon contacting with other liquid water bodies. As the
spherical shapes of these small water droplets are less
restricted by the solid structure, their capillary pressures
are determined by the size of droplets. Thus, micro-
transport of water occurs from small to large micro-
droplets or from micro- to macro-droplets. Since droplet
growth and agglomeration is a random process, the
micro-transport does not contribute to the global (mac-
roscopic) water transport. Instead, the role of micro-
transport is transferring the condensed water from the
condensation sites towards the flowing macro-droplets.

The micro-droplets continue to agglomerate to make
pore-filling water droplets until a continuous liquid-
phase (macro-droplets) is formed by reaching the
threshold of the immobile saturation s;,. The macro-
transport of water through this flow path, composed of
connected many macro-droplets, occurs toward lower
saturation region (toward the channel), as the pressure
of liquid water is higher in the high saturation region no
matter what the wetting phase may be (hydrophobic or
hydrophilic). While flowing towards the channel, water

Membrane

Oxygen
Diffusion

Vapor
Diffusion Liquid
Permeation

Channel

preferentially selects larger pores, since it requires
smaller capillary pressure and lower flow resistance.

Based on the above, the distribution of water is as-
sumed to be the branching-type geometry shown in Fig.
7. The topology is composed of large main streams and
smaller streams, connected to homogeneously distrib-
uted condensation sites. Water vapor condenses at the
surface of the micro-droplets (rather uniformly distrib-
uted), which intermittently agglomerate to provide the
macro-droplets with liquid water. The large main
streams is extended from the catalyst layer to the
channel, in order to transport the accumulated water
through capillary motion. While large streams act as
backbones for the macro-transport, smaller streams
transport condensed water from the micro-droplets to
the macro-droplets. Then the distribution of water in the
capillary porous diffusion medium is controlled by
condensation (micro-droplets) and by liquid-phase
capillary flow (macro-droplets).

3.2. Capillary transport

Condensation and capillary motion of the conden-
sate has been analyzed in [17]. The local water mass flux
induced by capillary pressure is [18]

Pearl] Droplets:

Trapped Micro-Droplets
Hydrophilic Regions:

Cracks, Coating Imperfections, etc.

Fig. 7. Rendering of the water transport model, showing the branching micro- to macro-transport.
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. p]KKrl p]KKrl dpc
- e =——[ == s 16
M 1,0 : Vp : S VS (16)

where S is reduced water saturation

S — Sim

S =

(17)

1_Sim'

The capillary water flow in (both hydrophobic and hy-
drophilic) porous media occurs always from the higher
saturation region towards the lower saturation region.
However, hydrophillic porous media wick in water from
the surface due to the lower water pressure.

Along with the local water flux equation, there is a
local volumetric condensation rate 7ty n,0

) Pei,0 — pryo(T)

gm0 = Mp,0)———— 2~ 18
ol H,O H,07 RgT s ( )

where y is the volumetric condensation coefficient that
depends on kinetics of the condensation resistance, dif-
fusion resistance, and liquid/gas specific interfacial area

A/ V.

3.3. Transport parameters

Microscopically, the capillary pressure is a function
of the curvature of the liquid/gas interface, i.e., the di-
ameter in case of a spherical droplet. Due to the complex
pore structure of the fibrous porous media, the curva-
ture of liquid/gas interface is not easy to determine. As
the curvature of liquid/gas interface is governed by how
the wetting and non-wetting phases partition the avail-
able void space in porous medium, saturation can be
used to estimate the curvature and the capillary pres-
sure. The Leverett J-function is generally used for the
capillary pressure versus saturation behavior, i.e.,

o cos 0,

Pc = PLH,0 — Pg = WJ(S)
:%[1.4175—212%2 +1.2638%), (19)
&

where term (K /¢)'/? is related to characteristic capillary
radius r. as

re = 2(K /&) o ILSdf. (20)
In Eq. (16), we note that (dp./dS) is important and by
differentiating Leverett J-function we obtain (dp./dS) as
a function of reduced saturation. However, for sim-
plicity, a constant slope |dp./dS| is used for the analysis
instead of (dp./dS). We have estimated this linear slope
for reduced saturation in the range from 0 to 0.5, and a
good correlation is found between the linear slope by
Leverett J-function and that by the measured pore size
distribution (for a fibrous diffusion).

The empirical Kozeny—Carman relation is used to
estimate the absolute permeability K [18]

3 2
= &2’ (21)

16k]((1 — 8)
where kg is Kozeny constant and for fibrous media
(0.5 < £ < 0.7), this constant is taken as 6.

The flow in a partially saturated porous medium, is
strongly dependent on the local saturation, similar to the
effective diffusivity. For the relative permeability for
liquid phase K,;, we used [18]

Ky =S°. (22)

In general, a larger contact angle is preferred for a more
efficient transport of the liquid water in the diffusion
medium. The contact angle 0. of a liquid droplet is
defined as [18]

Osg — Ol

cos 0, = — (23)

o

The intrinsic contact angle for the hydrophobic coating
(PTFE) is about 108° when measured for water droplets
on flat and smooth surface.

Hydrophobic surfaces with a significant roughness
exhibit super-hydrophobicity (6., > 170°), with an ap-
parent contact angle 0., larger than the intrinsic contact
angle. A simple equation for the apparent contact angle,
considering roughness, is [19]

cos O, = ¢pg(cosO. + 1) — 1, (24)

where ¢, is the ratio of the actual solid/liquid contact
area under the droplet to nominal base area. For a 50%
contact by the droplets (¢, = 0.5) and for 0. = 90-120°,
0., = 120-140°.

We assume that the apparent contact angle of water
in diffusion medium is about 120° (| cos 0.,| = 0.5).

The statistical threshold saturation for the phase
continuity in porous media is the immobile saturation
Sim. The immobile saturation in diffusion medium is re-
lated to the invasion percolation [22], except that the
water is introduced by condensation within the medium.
Nucleation/percolation concept is reported by Du and
Yortsos [23] in context of a critical gas saturation for
formation of the continuous non-wetting gas phase
(bubble) in a porous medium, saturated with the wetting
liquid. The critical gas saturation depends on the number
density of the activated nucleation sites, which implies
that the immobile saturation of diffusion medium can be
higher than that predicted by the invasion percolation.

Morrow [24] has conducted an extensive experiment
on the irreducible saturations in spherical particle pac-
kings, with different particle size, size distribution, con-
tact angle, etc. The measured irreducible saturations s,
were similar regardless of the variation of physical
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properties, but significantly increased when a spatial
heterogeneity was introduced. Considering this, we as-
sume that the immobile saturation of the diffusion me-
dium is sy, = 0.1, because the spatial heterogeneity is
minimal in the random fibrous diffusion medium.

Heterogeneous condensation of water vapor occurs
in diffusion medium and requires a pre-existing liquid
layer or the existence of a hydrophilic region, on the
fiber surface. From the kinetic theory, the condensation
rate (per unit interfacial area) is [20]

Mg H,0 = %ﬁm“mMHZOIMOT?m(T)7 (25)
where #,, is mean molecular speed (8RgT/nM)1/2, and o,
is the mass accommodation coefficient which is mea-
sured to be between 0.01 and 0.07 (0.04 used here).

The condensation rate is also limited by mass diffu-
sion and heat transfer. Due to condensation of vapor at
the liquid/gas interface, there are more non-condensable
species present adjacent to the interface. Using an up-
take coefficient I', we have

. 1 0 — T

Mgl H,0 = ZumFMHzong{pR—];flz()()7 (26)
g

1 1 U ! 1 31

L . L . (27)

' oy 4Dpmo  om 4 Kn'

where Ip is the characteristic length for diffusion, and Kn
is the Knudsen number defined as 1//p (mean free path
/. of water vapor at 1 atm and 70 °C is 0.05 pm). As-
suming /p is 10 pum, we obtain Kn = 0.005 and
I = 0.006.

The volumetric condensation rate is

. . Alg
NgH,0 = mgl,H207
1Alg, ngO_PHO(T)
— _ & M, S St S
g4y Mmd MO R,T
— T
— gy o Ptz ~Pro(T) (28)

R,T

and for 70 °C and 1 atm, the volumetric condensation
coefficient y is estimated to be 0.94,,/V.

The liquid/gas specific interfacial area 4,,/V depends
on the water saturation and a maximum 20% of the
solid/fluid specific interfacial area Ay/V was obtained
[21] for hydrophilic spheres packings at small water
(wetting) saturation. Due to hydrophobicity and fibrous
medium, we assumed that the liquid/gas specific inter-
facial area is uniform (independent of local water satu-
ration), since the micro-droplets are assumed to be
uniformly distributed in the diffusion medium.

The liquid water condensed in diffusion medium
moves towards the channel and forms droplets on that
surface which in turn would evaporate or be mechani-

cally removed. The surface saturation s, denotes the
liquid water saturation adjacent to the diffusion me-
dium/channel interface. The fraction of surface area
covered by water droplets is not the same as the surface
saturation, so we use the surface coverage for that. The
lower bound for this surface saturation is the immobile
saturation (which is the smallest saturation for a con-
tinuous liquid distribution).

Consider that the liquid water accumulated within
the diffusion medium flows through a hydrophobic,
circular pore (diameter d,) to enter the channel and form
a droplet. For this to happen, the liquid water pressure
should exceed the breakthrough pressure (4o cos6/d,)
of that capillary pore by a sufficient saturation accu-
mulation. After the breakthrough, the liquid water
pressure should remain higher than 2¢ cos §/d,, to secure
the pore for liquid flow. Using this, the capillary
breakthrough experiments (with a very thin diffusion
medium) or invasion simulation with a realistic pore
network model can be used to infer minimum surface
saturation.

The surface saturation is believed to depend on the
current density and the channel condition, and the two-
phase flow characteristics of the diffusion medium. In
general, s increases with the rate of liquid-phase flow
out of the diffusion medium, with the current density,
and with the channel humidity.

3.4. Summary of one-dimensional governing equations

Based on the above mathematical formulations and
transport parameters, the water distribution in the dif-
fusion medium is obtained from the conservation
equations and the constitutive relations. This is rendered
in Fig. 8 and a list of the major parameters is also given.

Assuming a local thermal equilibrium among the
phases, the one-dimensional, steady-state energy con-
servation equation with dominance of conduction
becomes [25]

Channel | Diffusion Catalyst
| Medium Layer
Condensation &
| " Liquid Flow
e i
X0, A]?]gngl,HZO — Xo,c
XH,00 Het.t,0 : XH,0.¢
m
Sim gVHZO SL‘
I y Impermeable
to Liquid
y=0 y=L

Fig. 8. Rendering of the one-dimensional transport problem in
the diffusion medium.
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G D]
dy[ (k) dy } Ahygirg 1,0, (29)

and at the diffusion medium/catalyst layer interface
(v =L), we have

—qr = al(A(po - A@)]e - 05601‘4]'12()erAhlg7 (30)

and at the diffusion medium/channel interface (y = 0),
we have (assuming dominance of the internal resistance)

T=T,, (31)

where T, is the prescribed temperature. The same as-
sumption is also applied to concentration, i.e., the sur-
face concentrations are equal to those of the local
channel conditions.

The species conservation equation for oxygen is
diy *CM02<Dm‘02>dzic—;)z+X02Mo2 i Am7[, =07 (32)

where c is total mole concentration (P/R,T), m;, is mass
flux, and M; is molecular weight of species i. At the
diffusion medium/catalyst layer interface, we have

_moz = _MOz i_;v (33)

and at the diffusion medium/channel interface, we have
602 = COZ,OQ, (34)

where co, is the mole concentration of oxygen, deter-
mined as co, = cxo,.

Similarly, the species conservation equation for water
vapor is

dtzo rh[
M, —
dy + xu,0MHu,0 Ei M

= —g H,0, (35)

d
d_y — cMu,0(Dmm,0)

and at the diffusion medium/catalyst layer interface, we
have

—g 1,0 = Mo 2= (1 + 20t,), (36)

Je.
2F
and at the diffusion medium/channel interface, we have
CH,0 = CH,0,00- (37)

The volumetric condensation rate im0 iS given by
Eq. (18) and the saturation water vapor pressure is
approximated by

5800

+0.4176 x 107T? — 0.1445 x 107'T?

+ 6.5461n(T)). (38)

The liquid mass conservation equation with a volumetric
condensation is

d KK, (dp.\ dS .
)2 = 39
dy { o I (dS) dy} Mgl H,05 (39)

and at the diffusion medium/catalyst layer interface, we
have (s, is designation of saturation at this interface)

im0 = 0, (40)

and at the diffusion medium/channel interface, we have

0 — Sim

S=38 =

1 — Sim ’ (41)

where sy is the prescribed surface saturation.

3.5. Results and discussion

The results presented in Figs. 9 and 10 are for the
base parameters given in Table 1. Fig. 9(a) shows the
saturation distribution across the diffusion medium,
where the most noticeable variations are near the
channel interface. This is due to the highly non-linear
dependence of the relative permeability on saturation
and also due to the distributed condensation. The con-
densation flux rig 1,0 is higher near the catalyst layer,
but the resulting water flux 7nn,0 is larger near the
channel, as shown in Fig. 9(c). The mole fraction dis-
tribution of the water vapor shown in Fig. 9(b) indicates
that thermodynamic equilibrium model can be used
when the condensation rate is sufficiently large. The
small vapor flux towards catalyst layer near the channel
(shown as negative vapor flux in Fig. 9) indicates
that water vapor diffuses into the diffusion medium
along with the oxygen diffusion flux which becomes
dominant where the vapor flux is negligible due to
condensation.

Fig. 10(a) shows the variation of cell voltage and
saturation adjacent to catalyst layer s. as a function of
the current density. The limiting current density jejm
shown in Fig. 10(a) corresponds to the oxygen diffusion
limit, shown in Fig. 10(b). The water saturation at the
diffusion medium/catalyst layer interface (s.) also varies
non-linearly, due to the relative permeability function.
The temperature difference and the concentrations
change almost linearly with increase in the current
density, as shown in Fig. 10(b). The temperature
difference across the diffusion medium A7 is smaller
than 1 K for ordinary operation condition (j. <1 A/
cm?) similar to Shimpalee and Dutta [26], which vali-
dates the use of isothermal assumption in the thickness
direction.

The effect of liquid/gas specific interfacial area 4,,/V
on the condensation rate is considered in Fig. 11(a) and
(b). For 4,,/V > 1000 m*/m?, the entire water vapor
condenses within the 500/m thickness of the diffusion
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Fig. 9. Spatial distribution of: (a) water saturation, (b) con-
centrations and (c) condensation flux, vapor flux, and water
flux, for current density j. = 1 A/cm?.

medium. In case of Aj/V =10,000 m*/m’, the con-
densation occurs over about 100 m portion of the dif-
fusion medium, and this indicates that full condensation
of water vapor produced by reaction at j, = 1 A/cm?
requires about 1 m?/m? of area specific interfacial area
Ajz/A4 (same as nominal area). Since the solid/fluid spe-
cific interfacial area Ay /V of a typical diffusion medium,
determined from 4(1 —¢)/d;, is about 3x10° m?/m?,
Ayg/V of 10,000 m?/m? is only about 3% of A/ V.
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Fig. 10. Variation of: (a) cell voltage and catalyst layer satu-
ration and (b) temperature difference across the diffusion me-
dium and species concentrations at catalyst layer, with respect
to current density.

Fig. 12(a) shows the effect of variation in the specific
interfacial area on the saturation at the catalyst layer s.,
and on the limiting current density j. ji,,. The results show
that the higher condensation rates result in a higher water
saturation in the diffusion medium, but this water satu-
ration is not very sensitive to the condensation rate. Also
the results show that regardless of the increase in the
water saturation, the cell performance is enhanced (larger
limiting current density) with the higher condensation
rates. This is primarily due to the reduction in the vapor
flux which acts as a convective resistance to the oxygen
diffusion, and also due to the reduction in the vapor mole
fraction in the catalyst layer. Thus to improve the fuel cell
performance, we should optimize the capillary flow
characteristics of the diffusion medium, while increasing
the condensation rates as high as possible.

Fig. 12(b) shows the effect of change in the magni-
tude of the capillary pressure, characterized by |dp./dS]|,
i.e., increasing |dp./dS| lowers the water saturation in
the diffusion medium. The limiting current density also
increases with |dp./dS|, primarily due to the lower dif-
fusion resistance caused by the lower water saturation.
Altering |dp./dS| would require change in other
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Table 1
Parameters and properties for simulation of water transport in diffusion medium
Porosity € 0.5
Diffusion medium thickness L 0.5 mm
Fiber diameter dp 7 um
Operation temperature T 70 °C
Operation pressure P 1 atm
Operation current density Je 1 Alcm?
Oxygen mole fraction X0,,50 0.1
Vapor mole fraction XH,0,00 saturated
Hydrogen mole fraction XHy 00 0.2
Immobile saturation Sim 0.1
Surface reduced saturation So 0.0
Specific interfacial area AV 1000 m2/m?
Slope of capillary pressure |dpe/dS| 30,321 Pa
Absolute permeability K 2.55x1071% m?
Surface tension a 0.0644 N/m
Cosine of contact angle [cos O, 0.5
Effective electro-osmotic drag oo 0.5
Maximum reversible voltage Ag° 1.253 Vv
Exchange current density Jeo 1 mA/cm?
Total area specific resistance " 0.15 Qcm?
Slope of Tafel plot ka 0.02V
Concentration loss constant ke 0.05V
Oxygen diffusivity Dy o, 30.3 mm?/s
Vapor diffusivity Din 11,0 34.5 mm?/s
Hydrogen diffusivity Dy, 114 mm?/s
Heat of vaporization Ahyg 2,334,000 J/kg
Heat partition factor a 2/3
Thermal conductivity (k) 4 WimK
Density of water 25 py 978 kg/m?
Viscosity of water n 0.000405 kg/ms
0.002 0.002
¢ » |
E (o]
~0.001 . 0.001 -
Q, o)
z £
S0 ~
- I -
100
A, 1V, m*/m’
0.000 0.000 L L L L X
0 100 200 300 400 500 0 100 200 300 400 500
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Fig. 11. Effect of liquid/gas specific interfacial area 4,,/V on spatial variation of: (a) condensation rate and (b) liquid water flux, for

Je =1 Alem? and 4,,/V = 10%, 103, 10*m?/m>.

geometric parameters, other than the hydrophobicity
determined from the contact angle 6.,. This apparent
contact angle is determined from the PTFE content and
its distribution in the diffusion medium. Then the hy-
drophobicity is also related to porosity ¢ (not a free
parameter) as the PTFE coating can only be included
with a sacrifice in the pore volume.

To increase |dp./dS|, we can reduce the fiber dia-
meter. Fig. 12(c) shows this increase in the capillary
pressure by reducing the fiber diameter, is not desirable,
since a diffusion medium with larger fibers is preferred
for reducing the water saturation. The small fiber size
does increase |dp./dS|(x 1/d), but it reduces the abso-
lute permeability K(oc d?). Thus the liquid water flux,



J.H. Nam, M. Kaviany | International Journal of Heat and Mass Transfer 46 (2003) 4595-4611

0.25 T T ———r] 2
(a)

o 0.20

0.15 . Ll .
100 1000 10000

0.25

w” 0.20

0.15 L T Eh. o) |
1 10 100

d; , pm

»° 020

4607

0.15 : : 1
10000 100000
|dp, /dS| , Pa
0.25 T T T 7 2
(C)) .0

. 2
je,lim ’ A/Cm

0.15
0.4

Fig. 12. Effect of variation in: (a) liquid/gas specific interfacial area 4,,/V, (b) gradient of capillary pressure |dp./dS|, (c) fiber size d;
and (d) porosity ¢, on the catalyst layer saturation s, at a current density of 1 A/cm? and the limiting current density j.j,. For the
variation of the catalyst layer saturation with respect to porosity, a current density of 0.9 A/cm? is used.

which is proportional to the product of |dp./dS| and K,
decreases with decreasing fiber diameter.

To increase |dp./dS|, we can also decrease the po-
rosity as shown in Fig. 12(d). However, the results show
that the larger porosity is better for the reduction of
water saturation, in spite of the increase in |dp./dS|. The
effect of porosity on the limiting current density is more
noticeable, and this also favors a larger porosity. From
Fig. 12(d), we can infer the effect of hydrophobicity
(PTFE content) on the cell performance. Due to the high
sensitivity of the limiting current density on the porosity,
increasing the hydrophobicity by adding more PTFE
coating material is questionable.

Based on the parametric studies for a single-layer
diffusion medium, we now proceed to the introduction
of a two-layer diffusion medium, which partly removes
these contradictory tendencies.

4. Enhancement of water transport using two-layer
diffusion medium

Efforts continue to improve the water transport in the
diffusion medium and to reduce the flooding of catalyst
layer, and as was noted, the larger capillary pressure,

porosity, and fiber diameter are advantageous (but are
not compatible).

Consider expressing the capillary water flux, Eq. (16),
as

. _ leKrl % %
mH,0 = —ﬂl |:( 6S )VS + (adl Vdf

op. Ope
+(aoc‘u>vec,a+(ﬁ)vr+---}. (42)

This suggests the role of the spatial gradient of several
parameters, in enhancing the water transport. Now, by
introducing the spatial variation of the fiber size, hy-
drophobicity, etc., the water transport can be maximized
by utilizing the additional driving forces for the water
transport. The above equation also suggests that main-
taining isothermal condition is desirable.

By introducing macropores (around 50-100 pm in
pore size) into the diffusion medium, Kong et al. [27]
obtained a better cell performance. The macropores
readily accumulate water in neighboring pores and form
flow paths which are less resistive. So the macropores
wick in more water, while reducing the water saturation
in the micropores. Thus the liquid and gas phase are
effectively separated.
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Experiments have demonstrated the advantage of
placing a thin microlayer (made of fine carbon particles
and PTFE) between the diffusion medium and the cat-
alyst layer [28,29]. The role of the microlayer is ex-
plained with the concept of the capillary barrier,
commonly used to protect a specific region from con-
tamination in underground water transport. Regions
with coarse-grained particles prevent the liquid water
accumulation, as capillary pressure there is less than
the rest (hydrophilic).

Fig. 13(a) shows the capillary pressure curves for two
hydrophobic porous media. Porous medium I has a
smaller characteristic capillary radius r., compared to
medium II, which is achieved by changing the fiber
diameter dr or the porosity ¢. When partially saturated
(e.g., S =0.2) porous media I and II are brought to-
gether, the saturation distribution in each porous me-
dium evolves to make the capillary pressure p. uniform
everywhere. This requires the transport of water from
the medium I to II (fine to coarse medium) and the
resulting saturation jump is shown in Fig. 13(b).

When using a microlayer (smaller ) near the catalyst
layer, the water condensed in the diffusion medium
cannot readily penetrate into the catalyst layer. This
additionally reduces the water saturation in the catalyst
layer, as water saturation environment in the diffusion
medium is effectively screened by the microlayer.

The concept of the saturation jump is useful for en-
hancement of the water transport capability of the dif-
fusion medium. The hydrophobic, two-layer, diffusion
media made of fine and coarse fiber layers are shown in
Fig. 14. We assume that water condenses in a thin
condensation zone in the inner region near the catalyst
layer and flows with constant flux from right to left. Due
to the distributed condensation, the water flux is largest
at the diffusion medium/channel interface, but for large
Aig/V, the water flux rnyp,0 becomes rather uniform
throughout the diffusion medium, as shown in Fig.
11(b). Then the water saturation distribution is obtained

(a) Capillary Pressure Curves
for Two Porous Medium

(b) Initial, and Final Equilibrium
Reduced Water Saturation
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Fig. 13. Jump in saturation across the interface of porous
media I and II, due to discontinuity of capillary characteristics.
Medium I has finer pore structure compared to medium II.
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Fig. 14. Saturation distributions in two-layer diffusion me-
dium, with constant flux of liquid water flowing from right to
left. Four double layers are shown, fine-fine, fine—coarse,
coarse—coarse and coarse—fine. The difference between the fine
and coarse layers is the fiber diameter, dry =1/2d;., and
Ly = L.

as shown in Fig. 14, using the saturation jump condition
(from the continuity of capillary pressure) at the inter-
face of fine/coarse fibrous layers.

Fig. 14 shows that the order of placement of the fine-
and coarse-fiber layers matters greatly. The results are
for Ly = L., and diy = 1/2d; . Placing the fine-fiber layer
between the coarse one and the catalyst layer (similar to
microlayer) is optimal for reduction of the water satu-
ration in the diffusion medium. The coarse-fiber layer
transports liquid water with less flow resistance (larger
permeability), while the fine-fiber one reduces water
saturation with a higher capillary pressure.

The thickness of the coarse layer L. is varied (while
the total thickness is maintained constant) to investigate
its effect on the water saturation and the cell perfor-
mance. The fiber diameter of the coarse layer is twice
that of the fine layer, the same as above (Table 2 gives
the other parameters). The uniform liquid water flux can
be related to the current density as
Je KS?

1+ 20) = —py——
2F(+a) plﬂl

ds
dy’

dp.

miu,0 = Mu,0 as

Integration of the above equation for the coarse layer
results in the saturation distribution

Table 2
Capillary flow parameters for simulation of the two-layer dif-
fusion medium

Properties Coarse layer Fine layer

dr 2 um 1 pm

K 1x10712 m? 0.25% 10712 m?
|dpc/dS| 10,000 Pa 20,000 Pa

Do 0 Pa 0 Pa
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S() = (4acy + 5" (0 <y <L), (44)
where a. is
4 = 1,01y (45)

B leC|dPC/dS‘c ’

and S, is the surface reduce saturation (assumed zero
here).

At the interface of the two layers (y = L.), there is a
jump in the reduced saturation from S;_ (in the coarse
layer) to S;, (in the fine layer). S;_ is determined from
Eq. (44) as

i = S(Lc) = (4acL. +SH'*. (46)

Assuming that the immobile saturation s, of the two
layers is same, the capillary pressures are linear func-
tions of the reduced saturation given by

dp.
pc,c:p0,0+ l S7
ds
¢ (47)
et |9 g
Def Pof 'dS . P

and that the capillary pressures at zero reduced satura-
tion, po. and pyy, are negligible, then the continuity of
capillary pressure gives the saturation jump condition as
_|dp./dS|, 1

S-.’, = —Si., (y = Lc) (48)

S = ldpo/ds], > =2

The saturation distribution in the fine-fiber layer is
found similar to Eq. (44), as

S() = (dar(y — L) + 8 )"* (Lo <y <L), (49)

and the maximum reduced saturation at the diffusion
medium/catalyst layer interface S, is

S. = (dac(L — Le) + 8¢)"*

1, 31 174
= (ESO + 8a.L — Zach) , (50)
where a; = 2a..

The predicted water saturation distribution in the
two-layer diffusion medium is shown in Fig. 15(a), for
three different partitions, which shows that two-layer
diffusion medium can increase the water saturation. The
fine-fiber layer should be thin to reduce the water satu-
ration within the diffusion medium and near the catalyst
layer. The saturation jumps and the saturation at the
catalyst layer, given as functions of thickness of the
coarse-fiber layer, shown in Fig. 15(b), suggests that
the fine-fiber layer should be less than 1/3 of total
thickness to be effective.

Using Eq. (13) to obtain the effective diffusivity, Fig.
15(c) shows that the effective diffusivity with the diffu-
sion medium averaged saturation (s) is optimal when it
is made with L./L = 0.7. Though the transport of water
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Fig. 15. Effect of partition of the diffusion medium into fine
and coarse layers, with constant total length L, + Ly = 500 um.
(a) Water saturation distribution for three different partitions,
(b) the variations of water saturation jumps s; — and s; ,, and the
saturation at the catalyst layer s, = s(y = L), with respect to the
coarse layer thickness and (c) variation of the averaged satu-
ration factor g(s) and its maximum value for enhanced diffu-
sion.

from the fine- to the coarse-fiber layer reduces the water
saturation in the diffusion medium, the gain in the
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effective diffusivity (due to saturation reduction of two-
layer structure) is not large.

5. Summary

The porosity and saturation dependence of the ef-
fective diffusivity of fibrous diffusion media have been
determined using the network models for anisotropic
solid structure and liquid water distribution. The results
are given by Eq. (13).

The water saturation distribution is predicted using a
one-dimensional description of the water vapor con-
densation kinetics, species mass diffusion, and capillary
motion of the condensate in a hydrophobic fibrous dif-
fusion medium. The effects of the fiber diameter, po-
rosity, and capillary pressure on the water saturation
and the cell performance are examined and it is shown
that in a single-layer diffusion media there are contra-
dictory tendencies.

Then the two-layer diffusion medium is introduced
for an optimal cell performance. It is shown that by
creating a saturation jump across a fine and a coarse
layer and by placing the fine layer adjacent to the cat-
alyst layer (similar to the conventional microlayer), the
cell performance is improved. The design specifics of the
optimized two-layer diffusion medium are suggested.
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