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ABSTRACT for stationary, portable, and automotive applications [1].
A one-dimensional, steady-state, two-phase,The fuel cell has many important features such as
isothermal numerical simulations were performed to high-energy efficiency, low noise, low emission, and low
investigate the effect on cell performance of a PEM fueloperating temperature (i.e., quick start-up at ambient
cell under non-uniform porosity of gas diffusion layer. In temperature). Several literature reports intend to
the simulation, the non-uniform porosity of gas diffusion enhance the performance of PEM fuel cell. The cell
layer was taken into account to analyze the transporperformance is critically depending on the catalyst
phenomena of water flooding and mass transport in theactivity in the catalyst layer and the optimal design
gas diffusion layer. The porosity of the gas diffusion layer configuration of the catalyst layer.
is treated as a linear function. Furthermore, the structure

of the catalyst layer is considered to be a cylindrical The gas diffusion layer (GDL), as a component of

thin-film agglomerate. the membrane electrode assembly, plays an important role
Re:gardlng the dlstrlbutlo_n analysis of liquid water in the PEM fuel cell through aﬁg,ctri)ngythe diff?Jsion of
saluration, oxygen concentration and water concentratio reactants and water as well as the conduction of electrons
d_epend_ on the porosity of gas diffusion Iayer. In the [2-6]. Water accumulated in the GDL reduces the
simulation, theecs andég represent the porosity of the Porosity of GDL, causes the flooding of electrode, and
:;grf?ﬁees Zestwg%zstigﬁ ﬁgagpegr%ndthgeascggrSslfnlalagreretards the transport of reactants to the catalyst layer.
€9 ) ay - y Yeh Gurau et al. [7] developed an analytical solution for a
respectively. The S|mulat|o.n resullts |.ndlcate that Whef‘ thehalf-cell model. The discrete porosity is adopted for the
(Eca: €ac) :th(o'& 0d4f)f h'gh?r I|qU|ddv;/;1ter ?altur?tllon GDL. Results showed how the limiting current density
appears In the gas dirtusion fayer én € calalyst 1ayeryng electrode polarization were effects by the fraction of
On _the contrary, Wh_en theds, &c) = (0.4, 0'4_)' Ipwer liquid volume. Chu et al. [8] investigated the effect of
liquid water saturation appears. Onc_e the liquid waterina non-uniform porosity of GDL on the performance
produced by the electrochem|cal_react|0n and condensat\(fvith various testing parameters. Several complicated
of vapor water may accumulate in the open pores of thg,,qe|s have been developed to demonstrate the influence
gas diffusion layer and reduced the oxygen transport ¢ the two-phase flow in the diffusion media. Nguyen
the catalyst sites. This resgarch attempts to use a t.h.'n'f""&nd his co-worker were one of the pioneers investigating
agglomerate model, which analyze the significanty o hhase flow. They clearly indicated that water
transport pheno_mena of water floodlng and_ MaSSgaturation has a significant effect on the cathode
transport under linear porosity gradient of gas diffusion performance. Their two-phase models used empirical
layer in the cathode of a PEM fuel cell. expression for the saturation function [9-13]. Wang
[14-17] conducted a numerical study to investigate the
Keywords PEM fuel cell, thin-film agglomerate model, effects of GDL rooding with various flow configurat_ion,_
gas diffusion layer, porosityradient GI|3dL structural, reaction rate, and fuel cell operating in
cold start.

INTRODUCTION
The proton exchange membrane (PEM) fuel cellisa ~ Zhan et al. [18] used a two-phase flow model for the
type of lower temperature fuel cells and has beenfUEI cell electrode to show that a GDL with a porosity

regarded as promising candidate of future power source§radient improves the liquid water removal from the
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catalyst layer. Tang et al. [19] experimentally 4. The membrane is impermeable to gaseous species.
investigated the effect of a porosity-graded micro porous5. The catalyst pellets are homogeneous.

layer on cell performance. Results revealed that thes. The catalyst pellet radius, Nafion film thickness, and
improved performance is probably due to fast water water film thickness are constant.

transport through large pores and gas diffusion through7. The water produced by the oxygen reduction reaction
the small pores. Kong et al. [20] also found that the on the cathode is in liquid form.

pore-size distribution is an important structural parameter
affecting the cell performance as well as the total

porosity. Conservation Equations

The main governing equations are listed on Table I.
The flux (N) for the gas “i" is
Several researchers proposed that the agglomerate N=- D[Ei (1-9]*oc (1)

model might be the best among other models for e
simulation of catalyst layer of a real PEM fuel cell. Where the subscripi™ is denote for oxygen or vapor.

lczkowski and Cutlp [21] considered cylindrical The g is the porosity of the GDL or the catalyst layer.

agglomerates and this model considered the diffusion ofn this study, the porosity in the GDL is a linear function
oxygen, nitrogen, and water in the gas-filled pores of aof &candésc.
PEM fuel cell. The reactant gas diffuses through this &5, (J) = €ac +tep (Eoe —€ac)! Hep) (2)

porous film to the catalyst, where the electrochemicalype & is the porosity at the interfaces between flow
reactlpns occur. Chang and Chu .[22, 23] presented Rhannel and GDL. Thessc is the porosity at the

one-dimensional, two-phase transient model.  TheYjniarface between the GDL and the catalyst layer. The
investigated the critical parameters and the operat|nq_|GDL is the thickness of GDL. Note that in this study, to

conditions for cylindrical and spherical agglomerates in
the cathode catalyst layer of a PEM fuel cell. &tral enhance the performance of the PEM fuel cell, wedgt

[24] presented a one-dimensional, two-phase, steady state, “°¢
isothermal model for a PEM fuel cell cathode. Their
simulation results revealed that the operating parameters  The interfacial transfer rate between vapor and water,

affected the water generation and removal process. Ry is a simplified switch function between condensation
and/or evaporation of water as given by equation (3).
These studies mentioned have recognized that a KM(&P- R if  x,P>P, 3)
porosity gradient in the GDL on the cathode side will R, = RT
enhance the transport of the gas reactants and increase the kvﬁ(x”P—Pﬁ), if  x,P<P,
remove of the water in a PEM fuel cell. Therefore, the M.,

purpose of the present study is to investigate the transpoM/herek.andk, are the condensation and evaporation rate
phenomena of water flooding and mass transport undefonstants, respectively. The, is the molar fraction of

non-uniform porosity of GDL in the cathode of a PEM Water vapor, thé/,, is molecular weight of water, and the
fuel cell. P..is the saturation pressure of water. It is temperature

dependant.

DESCRIPTION OF THE MODEL
The physical model employed in this study consists In the catalyst layer,R,, represents the oxygen

of three parts, namely a GDL, a catalyst layer, and areduction rate within the catalyst pellet. It is derived
polymer membrane on the cathode side of the PEM fuefrom Thiele modulus method and is given by

cell, as illustrated in Fig.1. In the catalyst layer, RT/HS‘ @)
cylindrical pellet geometry is used to describe the catalyst R, = e ng

composite, which combines features of the thin-film and Iy " 3, Ho, + 1

agglomerate models. Porosity of the GDL is assumed arDc')“2 a,Dg, ng &,

non-uniform. The gas inlet position (x = 0) is defined at
the interface between the flow channel and the GDL.
The position at x = L is located at the interface betweenbetween air and liquid water. Thﬁgz is Henry's

the membrane and anode. constant of oxygen between air and the Nafion phase.
The Dy and Dgz represent oxygen diffusivity in liquid

Where H» represents Henry's constant of oxygen

Assumptions water and the oxygen diffusivity in Nafion phase,
This model incorporates following assumptions: respectively. Thea, is the outer surface area of the
1. The system operates in a steady state, isothermal, angyglomerates per unit volume of the catalyst layer as
isobaric process. given by equation (5).
2. All the gases behave as ideal gas and the liquid water o 5
is incompressible. & =5 1-&") ()
3. The electronic resistance of the GDL and catalyst PN _
layer is negligible. Whererp and gy are denote for the radius of the catalyst
2 Copyright © 2011 by ASME
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pellets and for the Nafion film thickness, respectively. The liquid water saturation level and liquid water flux at
this interface are

The reaction rate constakt is expressed by the NW‘GDL = NW‘CL (15a)
Tafel equation: cl=0 (15b)
B L a00: 230:‘{V5 —¢—Uref) The ionic potential is set to be zero.
K; —(1—50 )7%t i,exp - )
4FCo, o b i, =0 (16)
(6)

whereaz” is the active catalyst surface area per unit

volume of agglomerates and is expressed as: At the interface between catalyst layer and membrane

The concentrations of oxygen and vapor water are

agg — trnPt (7) g — 17a
B 5CL31—£‘§L‘ Ny cL 0 (172)
For the cylindrical, the effectiveness fact@) {s denoted NS, =0 (17b)
by The liquid water saturation level and liquid water flux are
_ 1% cot{3p)-1 N, =N (18a)
=0T (8) W‘CL - W‘MEM
¢ 3¢ CN - C N,eq (18b)
Where¢ represents the Thiele modulus and is given by D C o ] ) )
o The ionic potential and ionic current is continuous at this
¢= Te L (1N_50) 9) interface.
2 Do, er i, o= i, VEM (19)

Capillary force dominates the transport of liquid « At the interface between membrane and catalyst layer
water in the porous media. Therefore, present model on the anode side

uses Darcy’s Law to describe the flow of liquid water in The concentrations of oxygen and vapor are

these porous media. The liquid water flux is expressed by: cg =0 (20a)
N, = - p,\v;le(S) R (10) co=0 (20b)

The transport of liquid water is dominated by water The liquid water saturation level and water flux are

concentration gradient and electro-osmotic drag, which is SN= 0 . (21a)
given by: _ C, = Cw(j‘jnode) (21b)
N, :L+nd -pMoch (11) The ionic potential is approximately zero due to rapid
hydrogen oxidation rate.
¢=0 (22)

Initial and Boundary Conditions
Initial conditiong and bogndary conditions are RESULTS AND DISCUSSION
necessary and crucial for solving governing equations  present study established a one-dimension PEM fuel
mentioned above. They are described in the following.  ¢e|| model to simulate the water flooding phenomena and
mass transport process inside a GDL with non-uniform
« At the gas channel boundary (x=0) porosity. The effects of porosity gradient on cell
The inlet molar concentration is determined by the Performance are also elucidated. Table II listed the major
inlet pressure, the temperature, and the humidity,9€ometric dimensions and physical properties. Six cases
according to the ideal gas law. Therefore, the With different porosity gradients were studied. Those

concentrations of oxygen and vapor water are porosity gradients weredg, sc) = (0.8, 0.8), (0.8, 0.6),
o = (12a)  (08,0.4),(06,0.), (0.6,0.4) and (0.4, 0.4).
0, — 0,
ce=Cc (12b)

The inlet molar concentrations of individual species
were calculated from the inlet pressure, the temperature,
S=5 (13) and the humidity, according to the ideal gas law. The
membrane/anode interface condition was assumed to be

) fully humidified and the cell temperature is a constant at
e Atthe interface between GDL and catalyst layer 333 K.

The concentrations of oxygen and vapor water at this
interface are

The liquid water saturation level is

g T (14a) Figure 2 plots the polarization curve at various
©:lepL Czlc porosity gradients of GDL of cathode. Among six cases,
9 o = N2 o (14b) the case with porosity @tc=0.8 andesc=0.8 leads to the
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highest current density. Whereas the case with thecathode, flooding level, oxygen diffusion, and cell
porosity ofecg=0.4 andesc=0.4 yields the lowest current performance. GDL in the mode has non-uniform
density at 0.2 V. Current density at this voltage wasporosity. The simulation results show that the GDL
mainly affected by the concentration over-potential or in porosity ofecc=0.8 andegc=0.8 has a better performance
the other words, the mass transport process in thehan others. The GDL with porosity atc=0.8 and
electrode. Water is more difficult to transport in the GDL g5c=0.4 has a lower cell performance than others. This
with low porosity than the GDL with high porosity. Water is due to that GDL with low porosity region near the
tends to accumulate in the electrode with low porosity catalyst layer and high porosity region near flow channel
GDL. For porosity gradient GDL, the cell performance results a net pulling force of water from catalyst layer
with porosity gradient 0écc=0.8 andegc=0.6 was higher through GDL to the flow channel. Accumulation of
than the porosity gradient ofcc=0.8 andegc=0.4 or water inside GDL reduces cell performance. Water
ece=0.6 andegc=0.4. Tang et al. [25] indicated that GDL blocks the pathway of fuel, causes the reduction of fuel

with low porosity region near the catalyst layer and high supply, and reduced output current density.

porosity region near flow channel results a net pulling
force of water from catalyst layer through GDL to the
flow channel. However, if the porosity gradient is
opposite, the water cannot expel from the GDL.
Accumulated water blocks the pathway of fuel, causes th
reduction of fuel supply, and reduced output current
density.

Figure 3 and 4 show the distributions of oxygen
concentration and vapor inside cathode for six cases at E']
cell voltage of 0.2 V. The vertical dotted line indicates
the interface between the GDL and catalyst layer. The
results reveal that the oxygen concentration gradually,
decreases along the x-direction owing to the consumptior{z]
of oxygen in the cathode catalyst layer. Therefore, low
0oxygen concentration appears in the catalyst layer of each
case. On the contrary, the concentration of water vapor
gradually increases owing to the production of water in
the cathode catalyst layer. The oxygen concentrations irl;g]
the case 0fcg=0.8 andegc=0.8 is the highest among
other cases. This is due to low water accumulation
inside GDL. The phenomena of oxygen concentration[4]
distribution in the CL show the similar trend to the study
of Wang [17].

5]

Fig. 5 is the profiles of water saturation level of six
cases at cell voltage of 0.2 V. Results reveal that the
water saturation is discontinuous at the interface betweeif6]
GDL and catalyst layer. The capillary pressure is
continuous at the interface. However, the discontinuous
of porosity, permeability, and contact angle at the
interface causes discontinue of water saturation profile.
Moreover, from Fig. 5, it can clearly be seen that the[7]
liquid water saturation level of the GDL with porosity of
£cc=0.8 andggc=0.4 is the highest among other cases.
On the contrary, the water saturation level of the GDL [8]
with porosity of ecc=0.8 andegc=0.8 is lowest. This
result represents that the GDL with high porosity offers
pathway for oxygen transport, decreases the oxygen
diffusion resistance in the GDL, and improves the cell [9]
performance.

CONCLUSIONS

A one-dimensional, steady-state, two-phase,
isothermal PEM fuel cell model has been developed to
investigate the transport phenomena of water inside

4
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Tablel. Governing equations

Variables GDL CL MEN
Cs, Do, &5™ [(1— g 0cg +0Mfl-s) O [cgz] =0 D& [(1— sy 0*cg +0Mf-9'0 [(;gz]— R,, =0 Cg =0
c! pef-goice+nti- 9 0c]-R, =0 pet[a- 9 micy +0if- 0wy )-R, =0 cs=0
¢ N/A Kyes O’ 4FR, =0 0%=0

prwo dP 2 2 pWKW 0 dP 2 2 L -
S —2 -—= || §° s+ (0 |+R, =0 —=2 -—=¢ | 8% s (0097 |+{41F +2)R, +R, =0 s=0
C. N/A 0%ch =0 prorCy +% 0%p=0

Tablell. Summary of parametersin the simulation

GDL properties

Thickness @so. ) 0.025 cm

Liquid water permeability at 100% saturatiot®0-  10° cn?

CL properties

Porosity €5~ ) 0.06

Thickness @z, ) 0.0016 cm

Liquid water permeability at 100% saturatiolst B x 101 cne

Catalyst loading (% ) 0.4 mg cn?

Specific surface area of Pa§ ) 1000 crd mg?

Volumetric fraction of Nafion in catalyst pellet{ )0.393

Volumetric fraction of carbon in catalyst pelle(  )0.469

Radius of catalyst pelletrf ) 105cm

Thickness of Nafion film 6, ) 106cm

MEM properties

Thickness @yen ) 0.005 cm
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Figure 1 Schematic structure of PEM fuel cell
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