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Abstract

Two-phase transport of reactants and products constitutes an important limit in performance of polymer electrolyte fuel cells (PEFC).
Particularly, at high current densities and/or low gas flow rates, product water condenses in open pores of the cathode gas diffusion layer
(GDL) and limits the effective oxygen transport to the active catalyst sites. Furthermore, liquid water covers some of the active catalytic
surface, rendering them inactive for electrochemical reaction. Traditionally, these two-phase transport processes in the GDL are modeled
using so-called unsaturated flow theory (UFT), in which a uniform gas-phase pressure is assumed across the entire porous layer, thereby
ignoring the gas-phase flow counter to capillarity-induced liquid motion. In this work, using multi-phase mixtyferiialism, the constant
gas pressure assumption is relaxed and the effects of counter gas-flow are studied and found to be a new oxygen transport mechanism. Furthe
we analyze the multi-layer diffusion media, composed of two or more layers of porous materials having different pore sizes and/or wetting
characteristics. Particularly, the effects of porosity, thickness and wettability of a micro-porous layer (MPL) on the two-phase transport in
PEFC are elucidated.
© 2004 Elsevier Ltd. All rights reserved.
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1. Introduction port. This phenomenon is termed “flooding” and becomes
a major limiting factor of PEFC performance. Hence, it is
Polymer electrolyte fuel cells (PEFC) have been the cen- critical to understand the two-phase flow and transport in
ter of attention for over a decade as a possible candidate forPEFC, and a mathematical model is useful to improve this
next-generation energy conversion, being versatile, highly understanding.
efficient and environmentally friendly. In the past two Several studies on two-phase transport in PEFC have ap-
decades, research has accelerated in order to successfullpeared1-7]. While some studies incorporated the flooding
deploy this promising technology in daily life, particularly effects as a lumped parameter into single-phase transport
for terrestrial transportation to increase the overall energy equation via a reduced effective diffusivity,2], others have
conversion efficiency and reduce exhaust emissions of au-modeled two-phase transport, but in the hydrophilic GDL
tomobiles. [3-7]. Whereas these prior studies shed light on the effect
Due to its lower operating temperatures70-90°C), of flooding on PEFC performance, investigation and anal-
PEFC is prone to gas-liquid two-phase formation, particu- ysis of two-phase transport in hydrophobic GDL have been
larly under highly humidified or high current density condi- lacking. Only until most recently, Nam and Kaviaf8} and
tions. When GDL and catalyst layer become saturated with Pasaogullari and Wan{p] proposed a theory describing
water vapor, the product water starts to condense and blocKiquid-water transport in hydrophobic GDL. A brief review
open pores, reducing the available paths for oxygen trans-of this subject was given most recently by Weag].
The objective of the present study is two-fold. The first
* Corresponding author. Tel:814-863-4762; fax:+814-863-4848. goal is to introduce a one-dimensional analytical model of
E-mail addresscxw31@psu.edu (C.-Y. Wang). liquid—gas, two-phase transport, using the well-established
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multi-phase mixture (M) formulation [11], which allows the interface between MPL and PEM. The present model for

modeling of co-existent two-phase and single-phase regions the two-phase transport in GDL can be readily integrated
Traditionally, unsaturated flow theory (UFT) has been fol- into a full fuel cell model to investigate GDL—catalyst layer
lowed in PEFC modeling4,7,8], which has to assume a interactions, and water flow among the cathode gas diffu-
constant gas pressure across the GDL. We shall assess thi§ion medium, the membrane, and the anode GDL. Such an
assumption implicit to UFT by using the more complete example was presented [h2].

M2 model. The second objective is to investigate the effect

of the micro-porous layer (MPL) on liquid-water transport 2-1. Unsaturated flow theory (UTF)

across the cathode gas diffusion medium, which consists ) .

of the coarse GDL and thin and finer MPL. MPL is often  Much of the prior fuel cell models treating two-phase
placed between a coarse GDL and the catalyst layer and hadf@nsport in GDL have been using a theory known widely
vastly different micro-structural and wetting characteristics. 25 Unsaturated flow theory (UFT) in the larger community
We shall analyze the effect of MPL through a parametric ©f two-phase flow through porous medteL]. UFT entails

study by varying the porous and wetting characteristics as & €ssential assumption that the gas-phase pressure is con-
well as relative thickness, in order to optimize the MPL stant across the porous medium; therefore the liquid-phase
properties. pressure simply becomes the negative of capillary pressure

between gas and liquid phases; i.e.:

Pc = Ppg— DI (1)

2. Model development The liquid-phase flux is expressed by Darcy’s law using the

i relative permeability of individual phases.
The present analytical study focuses on two-phase trans-

port taking place in the cathode due to the production of ;, — _K_k"vpl 2)
water in the cathode catalyst layer and the electro-osmotic M

drag of water across the membrane. Therefore, the problemynerek;, represents the relative permeability of liquid phase.
domain under consideration is confined to the cathode GDL, |y this work, we assume isotropic GDL with the relative

where the major mass transport_Iimi?ations.occur. We also permeability of each individual phase proportional to the
assume thg cataly;t layer to be infinitely thin an_d the oxy- cupe of phase saturations, i.e.:

gen reduction reaction (ORR) takes place at the interface of 3 3

polymer electrolyte membrane (PEM) and GDL, in the case ki =% kg =(1—3) 3)

of a s_ing!e-layer.GDL. A schgmatic of the_ modeling do- gjnce yFT approximation involves the constant gas-phase
main is given inFig. 1, along with the associated transport pressure across the porous media, liquid pressure can be
processes. In the case of two-layer gas diffusion medi”m'expressed as:

consisting of a coarse GDL and a finer MPL, the domain is
extended to include the MPL which is sandwiched between P! = —pPc+ pg.  Vpi=—Vpc (4)
PEM and GDL, and the ORR is assumed to take place at

Liquid Flow =777 A
V'
Liquid
Pressure, p AC“fa] UFT
Capillary Capillary
Pressure Pressure
PPPEE) j
Z UFT approximation for gas pressure vy | Water Flux
Oxygen Flux F¥=="¥sifiaivuiiu. '..,,,__""_. ) H.0 I ( )
Gas T, 7 — 2o+ ]
. ; | Gas e i J
]U: [ — Pressure, p, > e 2F
4F ' Gas Flow ) ¥

Gas Channel- Catalyst Layer-
GDL GDL
Interface Interface

Fig. 1. Modeling domain and transport processes for a single layer GDL.
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Then, the liquid velocity is given as: The general form of the above equation is usually known
Kk asRichards equatiomand is traditionally solved similar to a
u = —Vpe (5) diffusion equation. Herel, is:
M
o COS(6¢) dJ(s)
Capillary pressure between gas and liquid phases can beDc = —TC(SK)l/zkrl 45 12)

related to the phase saturations [44]:
Eq. (11)is a first-order ordinary differential equation,

e\ 1/2 . . L. .
Pe = 0 CoS(6c) <_> J(s) (6) which requires one boundary condition. In general, this

K boundary condition is governed by the two-phase flow in the
whereJ(s) is the Leverett function, and given §9]: channel and liquid droplet size and distribution on the GDL

@)

1.417(1 — 5) — 2.120(1 — 5)2 + 1.263(1 — 5)3, if 6. < 9O°
S) =
1.417s — 2.120s% 4+ 1.2633, if 6o > 90°

Note that for a hydrophilic medium, the wetting phase is surface, however in this work, the gas channel is assumed
the liquid phase, therefore Leverett function is expressedto be free of liquid water and hence, the liquid saturation
in terms of gas-phase saturation, whereas in hydrophobicat the channel-GDL interface is assumed to be zero. This
medium, the gas phase becomes the wetting phase and sgondition of zero surface coverage by liquid water is quite
the liquid-phase saturation is used. Contact arggleof the  Valid for carbon cloth GDL and holds true for carbon paper
GDL is dependent upon hydrophilic{G< 6; < 90°) or hy- GDL under large air stoichiometry.

drophobic (90 < 6; < 180°) nature of the GDL, and varies

with the Teflon content. Here, the surface tensignfor 2.2. M model

liquid-water—air system is taken as 0.0625 N/m.Combining

Eq. (6)with Eq. (5) the liquid-water velocity is expressed ~ The multi-phase mixture model @1 is an exact

in terms of liquid saturation such that: re-formulation of classical two-fluid, two-phase model in a
single equation. The main difference from UFT is that it
i = M@KWZ/{“ @W (8) does not require the approximation of constant gas-phase
M ds pressure. Another salient feature o Nb that it can be

Then, a governing equation for liquid-water transport is ob- conveniently used in a problem domain where single- and

tained by combining the above relation of liquid-water ve- double-p_hase zones co-exist_. In the classical two-fluid mod-
locity (Eq. (8) with the liquid continuity equation, whichis: ~ €IS, the interface between single- and double-phase zones
has to be tracked explicitly, which substantially increases

Aeprs) Y(pii) = 0 ) the numerical complexity. . '

ot Mass conservation for the two-phase mixture as given by
In this work, due to the assumption of isothermal system, M? model is:
no condensation or evaporation takes place in the porousd(¢p) 4 V(pii) = 0 (13)
GDL. Note that also, since the water vapor concentration ¢ o=
remains constant at the saturation value across the GDL’SimiIarIy to UFT model, the above equation implies no

f[he 9"%5'Phase d_|ffu5|on of water vanishes. Furthermqre, thephase change in the isothermal, two-phase system across the
implicit assumption of constant gas-phase pressure in UFTGDL. In the aboveji is the superficial two-phase mixture

model also leads to zero gaS'F’hase veIociFy. Therefqre, the\/elocity vector. Here, the density of the two-phase mixture
only mode of water transport in the GDL is the capillary is defined ag11]:

transport of liquid water. Here, the net water flux across the

membrane from anode to cathode is assumed to be con- = ois + pg(1 —s) (14)
stant and characterized by a net water transport coefficient
a. Combining net water transport with water production,
Eq. (9)is integrated over the GDL under steady-state, which
yields to:

'When the continuity equation for the two-phase mixture
(Eq. (13) is integrated over the GDL under steady-state, one
has:

__° Ho 1,0
it — —%(20& 4 1)pO (10) pu=—or Qo+ 1M~ + 4FM (15)
where the right-hand side is net mass flux from GDL
where the right-hand side represents the net water flux intothrough both gas and liquid phases. Here, the first term in
GDL. the right-hand side represents the net water flux into the
InsertingEq. (10)into (8) yields: GDL at the GDL/CL interface, while the second term is

I H-0 the net oxygen flux out of the GDL.The species conser-

—DeVs = -5 Qo+ DM (11)  vation equation of M model, written in terms of molar
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concentration, i$12]: current density and the net water transfer coefficient, which
ci combines electro-osmotic drag and backward (i.e. cathode
8( ) C)_V[eD’ eff(l_s)vc ] to anode) diffusion in the membrane. In this wotk,is
ot assumed to be equal to 0.5.
mfl  Ch\ - The total water concentration is expressed in terms of
Vil 5. )0 (16) liquid saturation a$12]:
Note that, the gas and liquid phases have different velocities, 120 = MH 5t 3H§t0(1 —5) (23)

therefore, the convective transport of the total two-phase
mixture needs to be corrected via an advection correction Using this relationEq. (22)can be rewritten using liquid

factor, y, i.e.[12]: saturation as the primary variable. Inserting the mixture ve-
N 20 locity from Eq. (15) mixture density fronEq. (14) advec-
ﬁo H' 5+ g sat for water tion correction factor fromEq. (17)and liquid flux from
Ve = 22 \ M™2 g (17) Eqg. (19)into Eq. (22) a governing equation of liquid satu-
(/01)»9 ) for other species ration is written as:
pPgL—¢§

Ye 1 Ho, I .o
- —_— | ——(2 HM™2 — M2
i eff ; ( 2F((¥+) +2F

Here, the effective diffusivity of gas phaseg " is modified pg(L—5)+ pis

according to Bruggeman correlati¢h3], such as: 1 H,0
Di‘eff _ 1 TDi 18 X ( Is-iazto(l — s)) - C'S_at
g =[e(1—=9]"Dy (18) whzo T MF0 " py

The significant departure dig. (16) from a single-phase e 1/2 dJ(s)
species conservation equation is the last term on the x ( Ko cos(fc) ( ) s VS)

right-hand side, which describes the transport of species via I

capillarity-induced motion (i.e. capillary transport). Note = —ﬁ(2a+l) (24)
that, the capillary transport term in this equation, contrary

to the UFT approach, also accounts for the gas flow counterThis equation is a non-linear first-order ordinary differential
to the capillary-driven liquid flow. For details of ¥model equation for the unknown liquid saturati@which requires
development and how gas-phase pressure and counter-gasne Dirichlet-type boundary condition. The same boundary
flow are incorporated into the model formulation, the reader condition described for UFT, which assumes zero liquid sat-
is referred to[11]. Here, in the absence of gravity, liquid uration at the GDL—channel interface is also used for this

flux, ji, is given by[11]: equation.

L Mg Once the liquid saturation profile is obtained fr&. (24)

Ji=—"KVpc (19) and the mixture velocityy calculated fronEq. (15) the in-
dividual velocities of liquid and gas phases can be calculated

where )| and 14 are the relative mobilities of liquid- and

) as follows:
gas-phases, respectivglil]: .
et /v pitiy = ji + Aipii (25)
M) = e Agls) = 1= M) (20) . 3
/v + keg/vg Pglitg = — JI + Agpu (26)

If GDL is isothermal and saturated with water vapor, the

water vapor concentration is uniform, thus the gas-phase
diffusion vanishes. Moreover, in PEFC, only water is present
in liquid phase, hence the mass fraction of water in liquid Vo —
phase, m,lf'zo is uniformly unity. Therefore, under steady Kkek
state,Eqg. (16)can be rewritten for water species as:

H,0 1 cE\ -
V(ycuC™?H) + V| | = — Jjl=0 (21)
¢ MH20 Pg

The individual phase pressures are then obtained from
Darcy’s law, e.g.:

(27)

2.3. Multi-layer diffusion media

It is been widely recognized that liquid-water transport in
the porous cathode can be improved by utilizing composite
porous structures, consisting of multiple layers of different
micro-porous and wetting characteristics. Kong et[#]

1 C I found that introducing large pores in GDL increase cell per-

yeuC20 4 <W - ;at > J= —E(Z‘X +1 (22) formance by accumulating liquid water in the larger pores
9 and providing a better path for reactant transport. Advan-

where the right-hand side represents the net molar watertages of placing a thin micro-layer between PEM and GDL
flux into GDL from the catalyst layer, being the local were also experimentally demonstrated by Qi and Kaufman

Integration of the above equation over the GDL thickness
yields:
H20
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[15]. In this work, we analyze the multi-layer diffusion me- side). Integratingeq. (30) across the GDL in steady-state
dia on two-phase transport in the cathode of PEFC, which yields:

consists of a coarse GDL and a finer micro-porous layer -

(MPL), bqth of vyhich are hydrophobic..The qugid—water Veii — S 0 _ 8Dg>z,eff(1 —5) V(O = x (31)
transport in MPL is also governed by capillary action; there- Py AF

fore, the gas and liquid pressures across the interface of these . i
two layers are continuous. That is, where the right-hand side represents the net oxygen flux

across the GDL, which is obtained from the Faraday’'s
(28) law based on the local current density. Similar to water
species conservation equation, this equation also requires

However, the different properties of two layers cause a dis- @ Dirichlet-type boundary condition. In this work, this
continuity in the liquid saturation across the interface of Poundary condition is obtained from the convective mass

these two layers and this discontinuity is utilized as an ad- fransport analysis of gas channel, using the heat and mass
vantage to decrease the liquid saturation in the MPL. Using transfer analogyo]. The oxygen concentration at the GDL
Eq. (6) the continuity of phase pressures at the interface of SUrface is calculated by:

pCPL = pMPL| _
¢ lepL—mpLint  ©¢ !GDL-MPLint

two layers is expressed as: hm(ngD I C?hzannebo) _ ﬁ (32)
cos(6:.°Ph) (Zii;_)l/z J(sSPLy where the convective mass transfer coeffici@nt, is given
MPL \ 1/2 by:
= cos(6c™) (;MPL> J(sint ™) 29, _ %EPZ 33)
h

Since the primary variable of liquid-water transport equa- and using the heat and mass transfer analogy, Sherwood
tion (i.e. liquid saturations) is discontinuous in this model,  number is calculated from:

the following two steps are followed for numerical solution: Pr

first, the liquid saturation in GDL is solved usiliity. (24) Sh= Nu— (34)
utilizing the GDL—channel interface boundary condition. Sc

Once the liquid saturation of the GDL at the GDL-MPL in-
terface is known from the GDL solution, the liquid satura-
tion of MPL at the interface can be calculated udity (29)
and solution ofEq. (24)proceeds similarly in MPL.

3. Results and discussion
3.1. Comparison of UFT and #model predictions

2.4. Oxygen transport The two approaches for modeling two-phase transport
in PEFC, namely UFT and R are compared in the 1D
The gas-phase flow counter to the capillarity-induced lig- single-layer domain shown iRig. 1 The governing equa-
uid motion provides an additional mode of oxygen transport, tions, Eqs. (11) and (24)respectively, are solved numer-
which has been generally overlooked in previous studies. jcally by using a Runge—Kutta method with adaptive step
Including this additional mode, the oxygen species conser-sjze. The model input parameters and physical properties

vation provided by M formulation is: are summarized iffable 1
In Fig. 2 the liquid saturation profiles predicted by the
Sa(COZ) +V(x 0 = V[8D02,<eff(l I VCOZ] two models are compared. Here, the local current density is
ot ¢ g taken to be 2 A/cr It is clearly seen that the UFT model
O, under-predicts the liquid saturation in the GDL, due to the
Vv (,o_gjl) (30) uniform gas-phase pressure assumption. In tifenhddel

prediction, the counter-gas flow, which causes the gas-phase
The first term on the left-hand side is the transient term, pressure to decrease from the channel to the catalyst layer is
describing the accumulation of oxygen species, whereas thealso accounted for. Therefore, under the same capillary pres-
first term on the right-hand side describes the diffusive flux. sure, the liquid pressure becomes smaller due to the smaller
Note that the diffusion coefficient of oxygen is a function gas pressurep{ = pg — pc). In order to maintain the same
of liquid saturation, since the available open pore path for liquid flux, the capillary pressure, which is a function of
oxygen diffusion decreases with increasing liquid fraction. liquid saturation, has to be higher, thus requiring a higher
The most notably different part of this equation from earlier liquid saturation gradient across the GDL. Furthermore, the
works is the convective component of the equation, which is counter-gas flow also carries saturated water vapor from the
composed of modified advective term (second term on the channel toward the catalyst layer, which further increases the
left-hand side) and capillary term (last term on the right-hand amount of liquid water to be transported away from the cat-
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Table 1 10 = . T r — T .
Physical properties and parameters I e
L M? prediction i

Property e s UFT prediction ]
Total cathode gas diffuser thicknegsng) 300 e s, =S Noflooding ]
GDL contact angleg. (°) 110 e SE m
GDL porosity, egpL 0.5 = B ]
GDL permeability,KgpL (m?) 5 x 10713 E 4E N
MPL permeability (forempL = 0.4), KppL (m?) 1x 107 g [ ]
Surface tension, liquid-water—air (8C), o (N/m) 0.0625 § 5 ]
Oxygen diffusion coefficient in gag)®2 (m?/s) [17] 1.805x 10°° 5 oF ]
Liquid-water viscosity (80C), w (Pas)[17] 3.43x 1074 g F ]
Liquid-water density (80C), pi (kg/m®) [17] 974.85 E sk .
Cathode gas viscosity (8C), vg (M?/s) [17] 20.59 x 1076 . -
Cell temperatureTcen (°C) 80 & A= A
Net water transport coefficiend, 0.5 I %]
Prandtl number for aif17] 0.6994 [ Local current density =2 A/cm’ .
Schmidt number for airvg/DOZ 1.1407 3 GDL thickness = 300 um 7
Nusselt number for gas chanriél7] 2.98 N ~
2 L L L I I | IR R |

T L
0.25 0.5 0.75
Dimensionless distance from channel along GDL thickness

alyst layer to the channel, although it is small in magnitude
compared to the production of water at the catalyst layer. Fig. 3. Oxygen concentration profiles across the GDL.

In Fig. 3, the oxygen concentration profiles predicted by
UFT and M models are compared. Here, the oxygen con- gas-phase oxygen concentration profile in the GDL is also
centration in the channel is taken to be 10 md/iand the calculated and presented iig. 3 for comparison, which
convective mass transport coefficient of oxygen in the chan- assumes that there is no effect of flooding on oxygen dif-
nel (hm) is calculated as 0.032 m/s based on heat/mass transfusion and naturally does not have the enhanced convec-
fer analogy{9]. In the UFT model, the gas-phase molecular tion due to counter-gas flow. It is interesting to see that
diffusion is the only transport mode accounted for, there- the two-phase transport in GDL enhances oxygen transport,
fore the sole effect of two-phase transport is the reduced due to the gas-flow counter to the capillarity-induced liquid
effective diffusivity due to the reduced porosity for liquid flow. This enhanced oxygen transport effect is particularly
flow. However, M model further includes the convective dominant when the oxygen concentration is high in the gas
transport by counter-flow of the gas phase and consequentlychannel. However, it should be noted that this oxygen trans-
the oxygen concentration at the catalyst layer predicted by port enhancement exists only when the liquid saturation is
M2 model is higher, even though the effective diffusivity of low such that the reduced porosity for gaseous diffusion is
oxygen is less than the one calculated by UFT model, be- not significant enough to offset the convective mechanism
cause of the higher liquid saturations predicted. The single induced by the two-phase effect. In severely flooded GDL,
the reduced gas-diffusion will dominate over the convection
promoted by two-phase effects, and consequently a negative

v
v

0.12 = - - . - . . X

i ! ! ' - net effect on oxygen transport prevails.

L M? prediction - In Fig. 4, the phase pressure profiles predicted by the
Gl mmsmme UFT prediction - two models are compared. The gas-phase pressure decreases

v
Ll

o across the GDL thickness inMnodel predictions, whereas
e it is constant by definition in UFT model predictions. It is
also clear from the same figure that Mhodel predicts a
higher liquid pressure because of the counter-flow of the gas
phase, which in turn causes higher liquid saturation.

0.08

0.06

1[[[]][[1'\

Liquid Saturation

3.2. Liquid-water transport in multi-layer diffusion media
0.04 H

Since MPL has significantly different material character-
istics than GDL, the presence of an MPL may dramatically
alter the two-phase transport and liquid saturation profile in
the porous cathode of PEFC. As discussed in detail in the
preceding sections, the difference in the characteristics of
MPL and GDL causes a discontinuity in liquid saturation at
the interface of the two layers. However, the magnitude of
Fig. 2. Liquid saturation profile across the GDL. the discontinuity or the jump in the saturation is not only

0.02 Local current density = 2 A/cm”

GDL thickness = 300 um

=

0 L | Il I | I L | | I L |
0 0.25 0.5 0.75
Dimensionless distance from channel along GDL thickness
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Fig. 4. Phase pressure profiles across the GDL.

dependent on the material properties of these two layers,affected by the thickness of MPL. Here, the total thick-
but also on the liquid-water flux as suggestedHuy. (29)
The discontinuity of saturation at the interface in multi-layer at 300wm. The liquid saturation in MPL is indeed lower
GDL can be utilized to enhance water transport and decreaseat the MPL—GDL interface. However, as the thickness of
the amount of liquid water in the MPL. However, it is essen- MPL increases, due to the lower overall liquid permeability
tial to optimize the characteristics of these layers in order to in MPL (= ky KmpL), the liquid pressure across the MPL
utilize this advantage. Therefore, in this section, we analyze increases, which results in higher liquid saturation distribu-
the effects of such parameters as the thickness, porosity andion in MPL. An MPL thickness of approximately %0m

contact angle of the MPL.

MPL thickness The MPL thickness plays an important
role in the two-phase transport in the porous cathode. As with or without the MPL.
seen inFig. 5, the liquid saturation profile in MPL is greatly

0.14 T T LI I B s s | T
: 8y, =90 um |
oL - - - - ﬁw.[=60 Hm i
B 8y, =30 pm ]
- s 3, =15um -]
{5 [ttt — Single-Layer GDL e ]
“F £
7 = =
iy B o/ ]
= - ]
= 008 -.:‘_
- B . -
2 E : 5
=1 B 2e
oy . L 4=
= 006 ; e
= - Local Current Density=2 A/cm” |[ s
= B i 4 03]
= B GDL: . : |i 3 ]
K=5*10"" m* I
0.04 £ =07 = -
Bopy =110° ]
s MPL: ]
0.02 - K=10" m -
3 Ly 04 7
& Byp=120° ]
0 B L Il Il Il I L L 1 l . . | | I L ]
0 ) 0.25 0.5 0.75 1
Dimensionless distance across the cathode, x/(8,, +8,,,, )

Fig. 5. Variation of liquid saturation in the multi-layer gas diffusion

medium with micro-porous layer thickness.

ness of the cathode gas diffusion medium is kept constant

will cancel out the positive effect, rendering the liquid sat-
uration at the GDL—catalyst layer interface nearly the same

In this work, we also compute the average liquid saturation
in the cathode gas diffusion medium as a measure of the
effectiveness of MPL, defined as:

ngDLSGDL(X) dx + ngPLSMPL(X) dx

(35)
depL + dmpPL

Save =

In Fig. 6, variation of this liquid saturation ratio with MPL
thickness is shown. It is seen that the average liquid satu-
ration in the cathode has a minimum when the thickness of
MPL is between 30 and 45m. Although the catalyst layer
liquid saturation is reduced further with the thinner MPL,
the average liquid saturation increases with the thinner MPL
due to higher contribution from the GDL liquid saturation.
The liquid saturation at the catalyst layer—-MPL interface is
also plotted at the same figure, which clearly indicates that
the catalyst layer saturation decreases with MPL thickness,
as also seen frorhig. 5.

MPL porosity The porous structure of both GDL and
MPL is among the most important factors influencing the
two-phase transport across the cathode. In this subsection,
we analyze the effect of MPL porosity on the two-phase
transport. Kozeny—Carman relatifff] is used to relate the
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porosity to the permeability of a porous medium and it is Since the pore diameter and Kozeny constant remain the
assumed that the pore diameters and Kozeny constant remaisame, it follows that:

the same for different porosities of MPL. Kozeny—Carman 3 2
relation is given by[16]: Ky _e(d-e)” 37)
K>  e23(1—¢1)?

e3d2

K= 36 In Fig. 7, the variation of liquid saturation profile with
160107 (36) 9 q P

MPL porosity is shown. As seen from the inset of the
figure, which shows the liquid saturation in the MPL at
MPL-GDL interface versus MPL porosity, the jump in

F 7 e o © " Yo ot VT ] the saturation at the interface has a maximum around 0.6.
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Similarly, the average liquid saturation in the cathode gas
diffusion medium and saturation at the catalyst layer—-MPL
interface have also a minimum around 0.7. With the higher
porosity of MPL, the resistance to liquid-water flow in the
MPL is smaller, therefore less pressure differential across
the MPL is required. Consequently, the increase in the
liquid saturation in MPL is smaller in larger porosities.
This explains why while the maximum saturation discon-
tinuity is seen around 0.6, the smallest liquid saturation
at catalyst layer—MPL interface is seen around 0.7. With
higher MPL porosity (e.g. 0.8), although the increase in
liquid saturation in the MPL is smaller, the discontinuity
is smaller; therefore catalyst layer saturation is actually
higher Fig. 8). However, with smaller MPL porosities,
the discontinuity and the resistance to liquid-water flow
is higher, resulting in higher liquid saturation in the
MPL.

MPL wetting characteristicsAs with the porosity, the
contact angle of the MPL also affects the liquid trans-
port and hence the liquid saturation profile. Fréiig. 9,
it is seen that, when the MPL contact angle is below a
certain value, (around 95for this case), the discontinu-
ity at the MPL-GDL is reversed. Instead of lower sat-
uration in MPL at the interface, the liquid saturation is
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(around 105 for this case), since change in the MPL hy-
drophobicity (cosf;)) becomes smaller. As also seen in

higher in MPL and increases faster because of the weakerFig. 10 the average liquid saturation in the cathode gas

liquid-water transport due to the lower contact angle. It
is clearly seen that with the increasing contact angle, the
saturation discontinuity at the interface is enlarged and
the increase in liquid saturation in MPL becomes smaller.

diffusion medium decreases with the increasing contact
angle, although the change in the average liquid satura-
tion becomes much smaller with the higher MPL con-
tact angles, similar to the catalyst layer—-MPL interface

This effect starts to disappear after a certain contact anglesaturation.
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Conclusions |

-

Jk
Two-phase transport in the porous layers of a PEFC cath-k

ode is investigated with the #model and the following
conclusions can be drawn from this study:

1.

k
ki

The effect of gas-phase pressure distribution in the Kk
GDL is found to an important factor, which is ne- Mmfy
glected by UFT model. Although the gas-phase pressureM’
drop across the GDL is smal~@0Pa for a current  Nu
density of 2 A/cn), the capillarity-driven counter-gas P
flow becomes an important factor, particularly in the Pr
low-saturation two-phase regime, since it enhances theS
transport of oxygen via convection and decreases the lig- SC
uid pressure at the same capillary pressure. As a result,Sh
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current density (A/rf)

mass flux of phask (kg/n?s)
absolute permeability ()

thermal conductivity (W/mK)
Kozeny constant

relative permeability of phase k
mass fraction of speciasn phase k
molecular weight of specids(kg/mol)
Nusselt number= hd,/ k)

pressure (Pa)

Prandtl number=£ v/«)

liquid saturation

Schmidt number= v/ D?)
Sherwood number= hmdn/ D)

both oxygen concentration and liquid saturation profiles #
are affected. The effect of enhanced oxygen concentra-

velocity (m/s)

tion is more pronounced at high oxygen concentrations Greek letters

(e.g. near the inlet or high pressure operation).

. Placing a micro-porous layer between GDL and PEM en-
hances liquid-water removal and reduces the liquid satu- 9
ration in the catalyst layer. From the analyses, it is seen ¢

that the catalyst layer liquid saturation is significantly Vc
decreased with use of a thin and highly hydrophobic 2k

o

net water transport coefficient, thermal
diffusivity (k/pcp)

i thickness of layer

bulk porosity

advection coefficient

relative mobility of phase k

micro-porous layer. p  dynamic viscosity (Pas)
. _ o kinematic viscosity (1/s)

In this work, the analysis of MPL effect is limited to contact angle?)
liquid-water transport in the cathode gas diffusion medium. ¢ density (kg/n)
However, due to significantly different micro-porous char- .

S surface tension (N/m)

acteristics, MPL also affects the oxygen transport as well
as electron transport in the cathode gas diffusion medlum.Subscripts

Furthermore, MPL may affect the water transport across the

membrane, since the hydraulic pressure balance across thé gzzlllary
membrane is altered by the presence of MPL. As an exten—int interface
sion of this work, our efforts are underway to analyze these | liquid
effects and further optimize the gas diffusion medium struc- sat  saturation

ture.
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Appendix A. Nomenclature

c molar concentration of speciégmol/m3)

d pore diameter(m)

dn hydraulic diameter of the channel (m)

D. capillary diffusion coefficient (rf/s)

Dp hydraulic diameter (m)

D! diffusion coefficient of specieis(m?/s)

F Faraday’'s constant (96,487 C/mol)

hm convective mass transfer coefficient (m/s)
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