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Abstract

A study has been conducted on the effects of flow distributor and diffusion layer geometries and morphologies on the transport phenomena
of reactant gas from flow channels to gas diffuser, and on the performance of a proton exchange membrane fuel cell. The emphasis of the
analysis is placed on the effects of the cross-section of the channel of the anode flow distributor and the porosity of the gas-diffusion layer.
By applying a two-dimensional mass transport model, the effects of the channel width fractioie /¢, the channel numbel, the
porosity of the diffuser layee, and the surface overpotential of the catalyst layern the resultant current density are investigated. The cell
performance is evaluated by the predicted voltage—current density curves. Itis disclosed that an increase N eitheray lead to a better
cell performance. At relatively low overpotential, better uniformity in current density distribution along the width of the diedidtion)
can be attained. Based on the present results, a correlation of overpotentials is proposedygamely,65.0-0935y02033:0.0856 yhjch
may serve as a guideline to justify the validity of a simplified one-dimensional model.
© 2003 Elsevier B.V. All rights reserved.
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1. Introduction West and Fullef1] studied the effects of the rib spac-
ing of bipolar plates and the thickness of the gas-diffusion
The proton exchange membrane fuel cell (PEMFC) is electrode on cell performance. It was found that the
a most promising energy source due to its environmen- two-dimensional effect only slightly alters the half-cell
tal attributes as well as its high efficiency The latter fea- potential for a given applied current, but has a significant
ture depends strongly on the operating conditions, transportinfluence on water management. Jordan ef2ilexamined
phenomena in the cells, electrochemical reaction kinetics, the influence of diffusion-layer morphology on cell perfor-
mechanical design and manufacturing process, etc. Crucialmance. A model of the hydrophobilicity and the porosity
among these is the reactant gas transport in the flow dis-of the gas-diffusion layer was used to explain the influence
tributor and the gas-diffusion layer before the reactant gas of the diffusion-layer morphology. In other wofR], these
reaches the catalyst layer to carry out reaction. Different authors obtained results which showed that a low-porosity
types of flow channel, such as the serpentine channel, multi-acetylene black enhances water removal from the membrane
ple channels in parallel type and interdigited channels, haveelectrode assembly (MEA), and thus gives an improvement
been analyzed in order to reach optimization of the cell per- in gas-diffusion. Guran et a[4] proposed a mathematical
formance. The geometric parameters and the morphologiesnodel to obtain an analytic solution of the mass transport
of the gas-diffusion layer and the catalyst layer have also of reactant gas in a half-cell, in which the effects of the
been investigated. porosity and the tortuosity of the gas-diffusion layer and
the catalyst layer were explored.
To obtain details of the flow distribution and gas-diffusion,
* Corresponding author. Fax:886-4-24516246. numerical computations have been carried out recently by
E-mail address:cysoong@fcu.edu.tw (C.Y. Soong). a few investigators. For example, Dutta et @] solved
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Nomenclature

D  Mass diffusivity (nfs™1)

F Faraday constant, 96,487 C mé|

I current density (A m?)

lo  maximum current density at=0 (Am~2)

] transfer current density (An?)

¢p  base width of the flow distributor (m)

Le gas channel width (m)

L shoulder width (m)

Mo, molecular mass of oxygen, 32.0kg mél

n number of electrons in transfer current
density relation

N number of flow channels

P pressure (Pa)

R universal gas constant, 8.314 JmbK 1

tc thickness of catalyst layer (m)

tg thickness of diffusion layer (m)

tn  thickness of membrane layer (m)

T temperature (K)

\% cell voltage

w oxygen mass fraction

wo  Oxygen mass fraction at inlet

Greek symbols

o transfer coefficient for the reaction

g1 porosity of diffusion layer

&2 porosity of catalyst layer

& volume fraction of ionomer in the catalyst layer
n surface overpotential (V)

K reaction rate constant (molrhs 1)

A channel width fraction{/¢y

Aw  Mmembrane water content, kmob8/kmol SG~
0 density of oxygen (kg m°)

o ionic conductivity of the ionomersg=tm—1)

71 tortuosity of diffusion layer

T2  tortuosity of catalyst layer

T tortuosity of the ionomer in catalyst layer

¢ ionomer phase potential (V)

three-dimensional Navier—Stokes equations with a electro-
chemical relation model for the mass source/sink terms to

examine the mass exchange in serpentine flow channels at
both the cathode and the anode. To achieve optimization of

the flow field and to enhance fuel cell performance, Hon-
tanon et al[6] focused attention on the flow distributor rather
than the whole cell. Two types of flow distributors, were

evaluated, namely, grooved plate and porous material, by

employing Navier—Stokes equations as the flow model and
Michaelis—Menten type two-step kinetics as the gas reaction

model at the anode. The computational results showed that
fuel consumption can be increased by decreasing the per-

meability of the flow distributor, especially when the per-
meability decreases to a value below that of the anode. In
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terms of the reactant gas utilization based on the same pres-
sure drop, it was claimed that porous materials are more
advantageous than grooved plates. For flow distribution in
the channel networks of typical planar fuel cell layers and
stacks, Kee et a[7] have recently proposed a generalized
computational model, in which only mass and momentum
transfer are considered.

The objective of the present work is to study the effects of
the flow distributor and the diffusion layer morphologies on
the transport of reactant gas from the flow channels to the gas
diffuser, and on the performance of a PEMFC. Emphasis is
placed on the effects of the cross-section of the flow in terms
of the ratio of the channel width. to the base plate width
lp, i.e. X = £c/Lp, and the morphology of the gas-diffusion
layer in terms of the porosity of the layer. By applying a
mass transport model, the effects of these two parameters
and the overpotential on the resultant current density are
investigated and the cell performance is evaluated by the
voltage—current density or performance curves. Based on the
results with various overpotentials, a correlation is proposed
to serve as a guideline for justification of the validity of a
simplified one-dimensional model.

2. Theory
2.1. Model development

A schematic diagram of the cross-sectional view of a
half-PEMFC is shown irFig. 1 The shoulder area, which
is essential for electronic transport from the electrode to the
current-collector, affects the fuel cell performance by chang-
ing the ohmic and contact resistance in the cell. Therefore,

c B6 b
tm Membrane
BS
tc| B7 Catalyst Layer B3
B4
tq y Gas Diffusion Layer
X
o B1 B2 a
Lt s
lb
c b
M
CL
o . GDL
cs [ FC ] ¢ [_FC T ©¢s |gp
cc

Fig. 1. Half-cell model of a PEMFC. FC: flow channel; CS: channel shoul-
der; CC: current collector; BP: bipolar plate; GDL: gas-diffusion layer;
CL: catalyst layer; M: membrane; B1-B7: boundary numbers.
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it is important to investigate the effects of shoulder area on 2.2. Boundary conditions

the transport phenomena of the reactant through the cathode

and on the ohmic resistance of the flow distributor. More-  The conditions subjected to the boundaries numbered
over, the area ratio between flow channel and shoulder need881-B7 in Fig. 1 are described as follows. The boundary
to be optimized for both gas transports and electronic re- conditions for the oxygen mass fractian, are:

quirements.

Oxygen gas transport through a half-PEMFC is simu-
lated. Gas transport from the flow channels to the catalyst 8_w
is by diffusion, which is driven by the concentration gradi- 3y
ent. A steady-state, two-dimensional transport equation for
the oxygen mass fractiony, in the diffusion layer can be o 0, atboundariesB3andB7 (8c)
expressed by: dy

w = wg, atboundaryBl (8a)

=0, atboundariesB2andB5 (8b)

0 ( o 0w 0 (4 0w
- — _ — ) = ad d
o ( 1pD 3x> + 3y <81 pD— 0 (1) w_ = wy, g?Da—w = ggzDa—w, atboundary B4
y y
wherep is the gas densityD the mass diffusivity;; and (8d)

r1 are the porosity and tortuosity factor of the diffusion N .
catalyst layer, respectively. In the catalyst layer, the oxygen The boundary conditions for potentiglare:
is consumed and the transport equation becomes: o

g 5 5 5 . Fl 0, atboundaryB4 (9a)

7 w T w J y
— D— )+ — D— |- —-Mo,=0 (2
ox (82 P E)x) + dy <82 P ay) 2nF 92 @ a¢p

- , — =0, atboundariesB3andB7 (9b)
wherej is the transfer current density;the number of elec- dy
trons in the transfer current density relatidhthe Faraday o 2
73 had _

constantg, andry are the porosity and the tortuosity factor ¢_ = ¢, &3 , atboundaryB5 (9c)
of the catalyst layer, respectively. dyl- Iyl

Assuming that the oxygen reduction reaction (ORR) is ¢ =0, atboundaryB6 (9d)
irreversible and first order in oxygen, and that electroneu-
trality holds in any representative elementary volume, the 2.3, Evaluation of cell potential
cathode transfer current density can be expressed as:

. anF With the potentials given by the above model, the cell
J = nFew exp<ﬁ> : (3) potentialV can be calculated by the following equation:
SubstitutingEq. (4)into (2), gives: V=Voc—n—A¢d (10)

12 whereV is the ideal cell potentialy the surface overpo-
i (82 PD§> + a_y (82 PD—) tential; A¢ is the average phase potential difference and can
be expressed as:

kMo anF
— 5 2 eXp<ﬁn> w=0. (4) Ly dx
A¢ = (¢6 — ¢4)e_ (11)
The expression for the membrane phase potential is: 0 b
P 3 3 3 in which ¢y = ¢; + ¢s is the base width (one-half of a
P <o§> 5 ( a—y) =0. (5) channel-shoulder pitch), angh and¢g denote phase poten-

tials at boundaries B4 and B6, respectively.
In the catalyst layer with the presence of transfer current
density, the phase potential equation is:

¢> ] 3. Results and discussion
= J’

9 (4 0d o ( 5 0¢
ox (Si Gax) + ay <8' ? ©

1
a
Y ) ) The model described above is solved by a finite differ-
wheres; andz; are the volume fraction and the tortuosity - ence method with a uniformly distributed grid having 201
factor of the ionomer in the catalyst lay@g, the membrane  and 221 points in the andy directions, respectively. The
water contenty is the membrane ionic conductivity and is  yajues of the parameters considered in the present study are
evaluated by: listed inTable 1 The numerical results are presented to dis-
o = (0.513%, — 0.326) exp cuss the effects of some phyS|caI.and morphological param-
eters. The geometry is characterized by a parameter named
x [1268<i — 1) x 102} ) @) the channel width fraction, = ¢./¢p, of which three val-

303 T ues,A = 0.25, 0.5, and 0.75 are considered to explore the
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Table 1

Parameters used in present analysis

Parameters Notation Value

Temperature (K) T 333

Pressure (Pa) P 303975

Reaction rate constant (mofths1) K 1.5 x 10°°

Oxygen mass fraction at inlet wo 0.17

Gas channel width (m) le (a) 4-channel, 5¢< 10~*

(b) 2-channel, 1.0< 1073
(c) Single-channel, 2.6 103

Channel shoulder width (m) ls (d) 4-channel, 5x 1074
(e) 2-channel, 1.0< 1073
(f) Single-channel, 2.0« 103

Thickness of diffusion layer (m) tg 5x 1074
Thickness of catalyst layer (m) tc 5x 1075
Thickness of membrane (m) tm 2.0x 104
Porosity of GDL &1 0.8
Tortuosity of GDL 71 15
Porosity of catalyst layer £2 0.3
Tortuosity of catalyst layer T2 15
\Volume fraction of ionomer in CL £3 0.3
lonomer tortuosity in CL 73 15
Faraday constant (C mot) F 96487
Universal gas constant (kJkmdlK—1, Jmor1K-1) R 8.314
Molecular mass of oxygen (kg knot) M 32.0
Number of electrons in relation participating n 2
Current density (Am?) I

Surface overpotential (V) n

lonomer phase potential (V) ¢

geometric effects of the flow channel on the performance. the gradient becomes moderate. The phase potential distri-

In addition, the number of flow channely, is also an im- butions in the catalyst layer §610~% < y < 5.5x10~%) and
portant parameter worthy of investigation. For a fixed chan- the membrane (5 x 10°% < y < 7.5 x 10~4) of porosity
nel width fraction,A. = 0.5, three configurations oV = 1, ¢ = 0.3 are presented iRig. 3. It is found that an increase

2, and 4 are studied. Finally, to explore the effects of the in the channel width fraction alleviates the potential gradi-
porosity of the gas-diffusion layer, various values of poros- ent in thex-direction. Additionally, at a large value af the

ity are considered. Without loss of generality, the porosities total difference between the potentigisaty = 7.5 x 10~*

of the catalyst and membrane have the same value as thaand ¢4 at y = 5 x 1074 along thex-direction, A¢ =

of the gas-diffusion layer, i.e = sj = ¢1, and porosity in f(fb((pe — ¢4) dx/£p, becomes small and, frofqg. (10) the

the range of B < £1 < 0.6 are examined. In the following  cell potential increases. This phenomenon is attributed to a
discussion, unless otherwise stated, the results are generateghore uniform distribution of oxygerF{g. 3).

at the conditiore; = 0.3. The current density distribution at the interface between
bipolar plate and gas-diffusion layer, i.e. boundaries B1 and
3.1. Effect of channel width fraction B2 inFig. 1, under various given conditions of surface over-

potential, n, is shown inFig. 4. With periodic conditions

The contours of the oxygen mass fraction in the diffusion at left and right sides, i.e. boundaries B3 and B7, the ef-
layer (0< y < 5x 10~%) and the catalyst layer (610~ < fects of relative channel width are explored by examining
y <5.5x 1074 of &1 = 0.3 in the case oN =2,y = 0.2 the current density distributions in thxedirection. It is ob-
andA = 0.25, 0.5 and 0.75 are presented-ig. 2 The bold served that the distribution of the current density in the
line on the bottom right of each contour marks the axial lo- x-direction at the interface of the gas-diffusion layer and
cation of the shoulder (or rib) of the channel. In the region the catalyst layer can be uniform at low overpotentials. At
corresponding to the channel central region (left portion of a high overpotential, the surface reaction rate becomes fast
the contour), a relatively higher oxygen mass fraction ap- and the relatively weak diffusion leads to a non-uniform
pears and, then, the oxygen diffuses towards the porous ma<urrent density. This situation is prevailing over the various
terial that covers the rib where there is no oxygen source onchannel width fractions considered, ize= 0.25, 0.5, and
the interfacey = 0. The concentration gradient of the oxy- 0.75.
gen is more noticeable in the case of a smaller channel width  Current density distribution with variation of overpoten-
fraction, i.e.A = 0.25, and with increasing channel width, tial is plotted inFig. 5 The data clearly show the level
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Fig. 2. Oxygen mass fraction contours in diffusion and catalyst layer Witk 2, n = 0.25, and (a)» = 0.25; (b) A = 0.5; (c) » = 0.75.

o] U |
-0 -0.4 -0.3 0.2 -0.1 -0.0
@ 0.00070
Y 0.00060 7
0.00050 -
0.0000 0.0005 0.0010 0.0015 0.0020
X
®) 0.00070
Y 0.00060
0.00050 - '
0.0000 0.0005 0.0010 0.0015 0.0020
X
(¢) 0.00070
Y 0.00060
0.00050
0.0000 0.0005 0.0010 0.0015 0.0020

X

Fig. 3. lonomer phase potential contours in catalyst layer and membraneVwitl2, n = 0.25, and (a)» = 0.25; (b) » = 0.5; (c) » = 0.75.
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Fig. 4. Effects of surface overpotential on current density distribution aledigection with N = 2 and various channel width fractions. (&)= 0.25;
(b) » =0.5; (c) » =0.75.

and the non-uniformity ofi distribution with increasing  (iii) saturation regimef > 0.3)—wherelg approaches an
overpotential. The maximum current density which appears asymptotic value and further increasejnhas little
at the locationx = 0 is denoted bylg. The n-dependence effect onlg.

of lg is presented iffrig. 6. It is found that, as overpotential

is increased to enhance the surface reaction, the maximun]:. 6d trate that the infl f the ch | width
current density changes dramatically. Increase in the over- 'g. ©demonstrate that the influences ot the channet wi
fraction onlg are just moderate. Thi versusn curve

potential enhances the surface reaction. The local maximum tr — 05 al t coincid ih that &t — 0.75. Thi
current densityg is a parameter can be used to characterize & # = -2 aMost coincides wi a = 075 IS

the level of the current density in the fuel cell model. The ;anllers] tt::at the_effect Oﬁ on Iofvanlsh?sdak Zt Of.5. tAhl_ ¢
data inFig. 6disclose that the variation ¢f can be divided ough the maximum values ot current density for the two
into three regimes: geometries are extremely close, the distributions shown in

Fig. 4(b) and (c)provide evidence of better performance
(i) slow reaction regimer( < 0.12)—in which the current  with A = 0.75 than withA = 0.5. This is attributed to
density is low and the increase inhas little effect on the higher local values of current density and the bet-

The correlations of current density with overpotential in

lo; ter uniformity attained in a case of larger channel width
(i) high sensitivity regime (A2 < n < 0.3)—the regime fraction. To explore the influence of channel width on per-
is characterized by remarkable changesginvith in- formance, thd versusV correlations at. = 0.25, 0.5, 0.75

creasingy; and 1.00 are presented kig. 7. These curves demonstrate



W.M. Yan et al./Journal of Power Sources 125 (2004) 27-39 33
10000 T T T T
—_— e — Y
8000 = -~ ~ (a)A=0.25  -*+—n=0.15 -
——1=0.16
\ =—n=017
6000 " \ —+—n=0.18 -
| —>—n=0.19
- . - *—n=0.20
4000 = - -
2000 -
—— e —— i — e —— - — i — i — g —— - —
0 1 [ ] 1 [ |
0 02 04 0.6 0.8 1
X
10000 T T T T
—_——— (bYyA=0.5 -+—n=0.15
8000 = T ——n=0.16 =
-~ ~ —+—n=0.17
~ —+—1=0.18
6000 ——n=0.19 "

= *—n=0.20

40008 M
2000} i .
—— e e —— . —— —— iy —— —— ——— —— —— i — —]
0 I | L L L
0 0.2 0.4 0.6 0.8 1
X
10000 T i T T
(©2=0.75 ™= n=0.15 ——1=0.17 ——n=0.19
3000 b— w— ——1=0.16 ——n=0.18 - *=n=0.20
—_—— — -
— =
— —_— - -

: 6000 —— T = =1
4000 = =
2000 = -

—— i e e e e e —— iy —— —— - — —— re -
O 1 1 1 1
0 0.2 04 0.6 0.8 1
X

Fig. 5. Quantitative representation of current density distributions atafigection corresponding to caseshiy. 4. (a) A = 0.25; (b)» = 0.5; (c) » = 0.75.

that the larger is the channel width fraction, the better is cell, the models with a fixed channel width fractians= 0.5,
the performance. Without consideration of the details of the are used. The effect of overpotential on the current density
electrochemical reaction and other factors, the results aredistribution with channel numbe¥ = 1, 2 and 4 is shown in

reasonable from a geometric viewpoint.

3.2. Effect of channel number

Fig. 8 from which the effect of channel number can also be
extracted. From a comparison of the local distribution of the
current density at a fixed overpotential, it is found that better
uniformity can be obtained for a flow channel design with

To explore the influence of the flow channel number on a larger channel number. The inherent distributive nature of
the diffusion of gas reactants and the performance of the fuelthe multi-channel design is the major reason. Three-regime
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Fig. 6. Correlation of local maximum current density and surface overpotential with various channel width fractions.

nature of the maximum current density curves,ligecersus 3.3. Effect of gas-diffusion layer porosity

n plots, defined above is clearly seerrig. 9. The effects of

channel number on the value I, like that of the channel The effect of gas-diffusion layer porosity in the range

width fraction, have little significance. 0.3 < ¢ < 0.6 on current density distribution at the interface
The influence of the channel number on the performance, between this layer and the catalyst layer alorgjrection

i.e. thel to V correlations in the cases &f = 1, 2, and 4 of the models withV = 2, andi = 0.5 is shown inFig. 11

are presented iRig. 10 The predictions of the performance An increase in porosity enhances the diffusion transport

curves reveal that a larger number of flow-channel leads to of the reactant gas through the porous layers and, in turn,

better performance for the effective distribution and utiliza- increases the local values of the current density with a spec-

tion of reacting gas. ified overpotential. This strong transport rate of the reactant

0 2000 4000 6000 8000 10000 12000 14000

I

Fig. 7. Comparison of vs. V performance for flow channel models with various channel width fractions.
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Fig. 8. Effect of surface overpotential on current density distributions aledgection of models withh. = 0.5 and channel number: (& = 4; (b)
N=2;(c)N=1.

gas in the across-the-cell direction does result, however, in ais a consequence of shortage of the reactant gas at high
relatively non-uniformity in thex-distribution of the current  current density in which more reactant gas is required for
density. Obviously, cell performance depends on the GDL fast reaction. A gas-diffusion layer of higher porosity has
porosity. InFig. 12the |-V curves demonstrate that a better an ability of stronger diffusion transport, which is beneficial
performance can be obtained by using a gas-diffusion layerin that it supplements the reactant gas to the catalyst layer
of higher porosity. The remarkable drop in cell potential and thus shifts the occurrence of the performance drop to a
is caused by a mass transfer or concentration loss, whichhigher value of the current densitii¢. 12).
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Fig. 10.1 vs. V performance curves for flow channel modelsiof 0.5 andN =1, 2, and 4.
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Fig. 11. Effects of gas-diffusion layer porosity on current density distributions atetigection of models fotv = 2, » = 0.5 and various overpotential:
(@) e1 =0.3; (b) &1 = 0.4; (c) &1 = 0.5; (d) &7 = 0.6.
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Fig. 12. Comparison of cell performance curves for models with porosity in rarlgje 6; < 0.6.

3.4. Criterion for justification of one-dimensional model
analysis

tribution can be regarded as a weak functiom.cfherefore,
the x-dependence can be neglected and an one-dimensional
analysis can be regarded as appropriate; otherwise, at least

From the current density results discussed above, it is re-two-dimensional analysis should be considered. At a higher
vealed that uniform distribution of the current density can overpotential, more reactant gas is required for the relatively
be attained at a low overpotential. To facilitate the analy- strong and fast reaction, and therefore, the reactant gas from
sis, a parameter is defined as the relative deviation of localthe flow channel may not have sufficient time to distribute

current density along thedirection (Imax — Imin)/Imax tO

judge of the uniformity of the current density distribution.
Imax (=lo) andlmin denote the maximum and minimum val-
ues. For(Imax— Imin)/Imax < 10%, the current density dis-

uniformly over the width of the cell. With non-uniform dis-
tribution of the reactant mass fraction, the resultant current
density distribution also has a noticeable non-uniformity.
Based on the computations with the developed model, the
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Fig. 13. Critical overpotentials for 10% deviation in uniformity of current density distribution.

values of overpotential forlfyax — Imin)/Imax = 10% are as a guide for justification of the appropriateness of the
plotted inFig. 13 It is observed that the critical overpoten- one-dimensional approximation in the analysis.

tial is increased with an increase in eithem, or ¢. A cor-

relation ofner = ner (A, N, €) can be fitted with the present

predictions. Finally, this gives: 4. Concluding remarks
ner = 0.165),0-0935)70.2033,0.0856 (12) _ . _

A theoretical model has been developed to investigate
The calculated values gt; by Eq. (12)with the parameters  the effects of flow distributor and diffusion layer morphol-
considered in the present analysis are of only less than 3%ogy on the transport phenomena of reactant gas from flow
deviations from the numerical predictions. With a set of the channels to gas diffuser and the effects on performance of a
given data ofa, N, ande, the critical valuene, can be PEMFC. By applying this two-dimensional mass transport
evaluated fronfEq. (12) For a value of overpotential < ncr, model, the effects of overpotential, channel width fraction
the one-dimensional analysis can be accepted for only 10%in the cross-sectional view of the anode flow distributor,
or less non-uniformity in prediction of thedistribution on number of flow channels, and porosity of the gas-diffusion
of the current density. This correlation may be employed layer/membrane on the resultant current density are
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investigated. The cell performance is evaluated by the More profound investigations are needed to include the
calculated performance curves. Based on the results, the electrochemical effects for a more precise prediction of
following conclusions can be drawn: cell performance.
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