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Abstract

The dynamic performance of PEM fuel cells is one of the most important criteria in the design of fuel cells with application to mobile
systems. To study this issue, we extend our previous steady model of gas reactant transport to an unsteady one and employ it to exami
the transient transport characteristics and the system performance of the PEM fuel cells. With the assumption of the two-dimensional mas
transport in the cathode side of PEMFC, the effects of the channel width fractieri; /¢y, the porosity of the gas diffuser layeg, and the
surface overpotential of the catalyst laygrpn the transient characteristics of the resultant current density and mass transport are focused in
this work. It is disclosed that an increasexinor n may lead to a faster dynamic response for the fuel cell when the PEM fuel cell system is
started up. Results of a typical case demonstrate that, although the dynamic response time may be as long as 10 s due to the mass trans,
lag, the fuel cell system needs only less than 0.4 s to reach the 90% response.
© 2005 Elsevier B.V. All rights reserved.
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1. Introduction response of the fuel cell depends strongly on the operating
conditions, transport phenomena in the cells, electrochemi-
Proton exchange membrane (PEM) fuel cells have beencal reaction kinetics, mechanical design and manufacturing
recognized as a promising candidate of power generatorsprocess, etc. Among these, the reactant gas transport in the
for both stationary and automotive applications due to their flow distributor and the gas diffusion layer (GDL) before oc-
merits of low operating temperature, high efficiency and ex- currence of the chemical reaction is one of the crucial points.
tremely low pollutant emission. In applications of PEM fuel The GDL morphology, geometry and porosity, as well as
cells to mobile systems, the dynamic response to the start-upthe flow channel arrangement, e.g., parallel, serpentine or in-
of the system is important. In addition, the time interval from terdigited channel, have significant influences on optimiza-
the start of operation to the steady state is one of the signifi- tion of the cell performance. In the past years, studies related
cant performance characteristics of the system. To attack theto the above issues have been performed. Bernardi and Ver-
transient behaviors of the PEM fuel cell, the time interval and brugge[1] developed a one-dimensional model to examine
other potential time constants, the unsteady reactant gas transthe proton transport behaviors in the membrane. Their re-
port in the PEM fuel cell shall be considered. The dynamic sults indicated that if the membrane is maintained at fully
saturated condition, the resistance then becomes significant
* Corresponding author. Tel.: +886 2 2663 2102; fax: +886 2 2663 1110, atthe current densities greater than 200 mA énDkada and
E-mail addresswmyan@huafan.hfu.edu.tw (W.-M. Yan). colleague$2—7]studied water transport with and without im-
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a two-dimension model to examine the water and thermal

Nomenclature management of PEM fuel cells of interdigitated flow chan-
nel. They found that the interdigitated gas distributors can
D Mass diffusivity, nfs—1 reduce mass-transport overpotential and improve the flood-
F Faraday constant, 96487 C mél ing phenomena in the cathode side. In addition, it is found
I current density, A m? that the cell performance can be enhanced by decreasing
lo maximum current density &=0, Am 2 the electrode thickness or increasing the number of the gas
i transfer current density, AT? channels. To obtain an optimization of the flow field and
L base width of the flow distributor, m to improve the fuel cell performance, Kee et HI2] em-
Le gas channel width, m ployed the Navier—Stokes equations as the flow model and
Ls shoulder width, m the Michaelis—Menten type two-step kinetics as the gas re-
Mo,  molecular mass of oxygen, 32.0 kg kmél action model at the anode to explore the effects of flow dis-
N number of flow channels tributors. For flow distribution in channel networks of typ-
n number of electrons in transfer current density  ical planar fuel cell layers and stacks, Hontabon ef18]
relation proposed a generalized steady-state computational model, in
P pressure, Pa which only mass and momentum transfer are considered. Um
R universal gas constant, 8.314 JmbK 1 et al.[14] studied two-dimensional transport phenomenon of
T temperature, K the PEM fuel cells numerically. The results showed that the
t time, s hydrogen dilution deteriorates the cell performance. Most re-
S thickness of catalyst-layer, m cently, Yan et al[15] developed a two-dimensional model to
Sd thickness of diffusion layer, m investigate gas reactant transport at various conditions of flow
Sm thickness of membrane layer, m channel width ratio and GDL porosity. They disclosed that
Vv cell voltage an increase in either or ¢ may lead to a better cell perfor-
w oxygen mass fraction mance. At relatively low overpotential, better uniformity in
Wo oxygen mass fraction at inlet current density distribution along the width of the cell can be
attained.
Greek letters The previous studies mentioned above are all concerned
o transfer coefficient for the reaction with the steady-state transport phenomena and the system
£1 porosity of diffusion layer performance of PEM fuel cells. In application of the fuel
&2 porosity of catalyst layer cells as power systems of automobiles, start-up time is prob-
& volume fraction of ionomer inthe catalyst layer ably a most significant performance index. However, in the
n surface overpotential, V past years, only a few analyses focused their attentions on
K reaction rate constant, morms—1 the transient characteristics of PEM fuel cells. Francesco and
A channel width fraction{c/ ¢y Arato [16] investigated the transient response of an automo-
Aw membrane water content, kmo tive power system by employing a model of fuel cell stack and
H,O/kmol S~ a compressor. Their model and results showed that a proper
o density of oxygen, kg m3 range of the values of the air relative humidity and temper-
o ionic conductivity of the ionomeQ~tm~1 ature must be maintained for system start-up under stable
1 tortuosity of diffusion layer condition. Yerramalla et a[17] developed a mathematical
T2 tortuosity of catalyst layer model for investigating the dynamic performance of a PEM
Ti tortuosity of the ionomer in catalyst layer fuel cell with and without assumptions for linearization. Sig-
1) jonomer phase potential, V nificant differences between the linear and non-linear results
were found. Without special emphasis on the transient behav-

iors of the fuel cell systems, Um and Waji@] developed a
three-dimensional unsteady computational fuel cell dynam-
purity ions in membranes of PEM fuel cells. Gurau e{&]. ics (CFCD) model for analysis of interactions between mass
proposed a one-dimensional model to examine the charactertransport and electrochemical kinetics. In a recent investiga-
istics of the mass transport of reactant gas in a half-cell, in tion by our group, Chen et gl19], we investigated the tran-
which the effects of the porosity and the tortuosity of GDL sient behavior of the water transport across the membrane
and the catalyst layer were investigated. of the PEM fuel cell to seek for effective control schemes

For more details of the steady-state flow distribution so that the best dynamic performance of the fuel cell can be
and gas diffusion, a number of studies on two- and three- obtained. It is found that both a larger starting operational
dimensional transport phenomena in PEM fuel cells have current density and a smaller operational current density can
been carried out. Dutta et §8] used the software packageto lead to a shorter dynamic response time, while control of the
analyze the distributions of gas density and velocity in flow humidification of the fed fuel is the most powerful as well as
channel and GDL. Nguyen and cowork§t6,11]developed the most feasible scheme.
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The objective of this work is to study the effects of the flow (A) In the diffuser layer
distributor design and the GDL morphology on the transient
. . ow d ( - ow a ( . ow
behaviors of reactant gas transport and dynamic cell perfor- pEl— = — gllpD— 4+ — gllpD— (1)
mance of a fuel cell system subjected to a start-up operation. o  dx dx
The dynamic response time for the system state changing(g) |n the catalyst layer
from the start-up operation to the steady state will be exam-

ined. The emphasis of the analysis is placed on the influences Sza_w _ 9 <g’2p08—w) T 9 <8r2pDa_w)

of the channel width characterized by a fractioe= £¢/¢p ot ox \ 2 ox 2 dy
(=channel width/base plate width), and the porosity of the j

GDL. By applying the time-dependent mass transport model ~ 5, p Mo (2)

developed in the present analysis, the effects of these two pa-
rameters and the overpotential on the t_ransientcharacteristicg,,vhereD stands for the mass diffusivity of the gasand
of the mass transport and the dynamic response of the cell, 5re respectively, the porosity and tortuosity factor of the
performance are explored. catalyst layer. Whilen denotes the number of electrons in
transfer current density relation aRds the Faraday constant.
In Eqg. (2), j represents the cathode transfer current density

2. Theory and can be formulated by the following equation under the
assumption that the oxygen reduction reaction is irreversible,
2.1. Model development first-order in oxygen and that electroneutrality holds in any

representative elementary volume,
A schematic diagram of the cross-sectional view of a half-
PEM fuel ce_II model is shown ifrig. 1, whereSy,, &, and j = nFiw exp(anF) 3)
Sy denote thicknesses of membrane, catalyst layer, and GDL,
respectively. The parametets, ¢s, and{, = £ + £5 stand I . .
. titut E to (2 I
for the widths of the channel, the shoulder and the base plate,SUbS ituting Eq(3) into (2) yields
respectively. The area ratio between flow channel and shoul-  dw o ( 4, 0w 0 ( 4, ow
— & pD— | + 8_y &y Da_y

der is one of the most important geometry parameters onpgzﬁ ~ ax
the behaviors of the PEM fuel cells. With the assumption of

- ox

the two-dimensional mass transport in the cathode side of _kMo, exp<@n> w (4)
PEMFC, the unsteady two-dimensional transport equations 2 RT
for the oxygen mass fractiom, in diffuser layer and catalyst | the membrane and the catalyst layer, the phase potential
layer can be expressed as follows: equations can be expressed as follows:
(A) Inthe membrane
c B6 b
I d o a dp
o (a—) L3 (a—> ~0 (5)
S Membrane ax \ ox ay \ dy
B5 (B) In the catalyst layer
A B7 Catalyst Layer B3 3 . % 3 . % .
__i_ g'o + g'o =j (6)
B4 ox ox ay ay
Sy y Gas Diffusion Layer Due to the presence of transfer current density in the catalyst
X  B1 B2 layer, there exists a source term in E8). In addition,s; and
o ) i [ - 7j stands for the volume fraction and the tortuosity factor of
& ' s the ionomer in the catalyst layer, andfor the membrane
tb ionic conductivity and is evaluated by
. P 101
M _ _ - = —2
cL o = (0.5139, — 0.326) exp[1268<303 T) x 10 }
o L GDL )
[e5] FC CcS FC cs BP
cc 2.2. Initial and boundary conditions

Fig. 1. Half-cell model of a PEM fuel cell. FC = flow channel; CS = channel In thi k. the fuel I t . dtob t
shoulder; CC =current collector; BP =bipolar plate; GDL =gas diffusion n this work, the fuel cell sysieém IS assumed to be sta-

layer; CL=catalyst layer; M=membrane; BAB7 =boundary numbers  tionary initially (t<0). At timet=0, the fuel cell system is
[15]. subjected to a start-up operation, thereafter, the system shows
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a transient response until the steady state is reached. Therewhich the time derivative term is approximated by the back-
fore, the initial condition about the mass fractioiis zero. As ward difference method and the space derivative terms by the
for the boundary conditions with the boundaries numbered central difference. With the coupled finite-difference equa-
B1 to B7 inFig. 1, they can be described as follows. The tions, the linear algebraic equations are solved by the Thomas
boundary conditions for the oxygen mass fractioare, algorithm[20] with iterations. In this work, uniformly dis-

tributed grids having 201 and 221 points are used inxthe

w=wo atboundary BL; (8a) andy directions, respectively. To obtain enhanced accuracy
ow . ) in the numerical computations, grid independence is tested
3_y =0 at boundaries B2 and BS; (8b) in the separate numerical runs. Itis found that the deviations
P between grid points of 20 201 and 40X 401 with first
2 —0 atboundaries B3 and B7; (8c) time interval 0.001 are less than 2%. Accordingly, the com-
dx putations on the grid system of 281201 points in thexand

ow ow y directions with first time interval 0.001 are sufficient to un-

_ 1% %%

W-=we. & D ay £2D dy atboundary B4 (8d) derstand the transient behaviors of the reactant gas transport

The boundary conditions for phase potengiare,

inthe PEM fuel cells. To further check the adequacy of the nu-
merical scheme, the limiting case of steady one-dimensional

9 0 atboundary B4: (9a) model is first evaluated. The predicted results agree well with
ay y B4 those of Gurau et aJ8]. Through the above tests, it confirms
o that the presented model and numerical method both are ap-
i 0 atboundaries B3 and B7; (9b) propriate for the present problem.

X

_ 59| _ 99 :

o- =0+ & - vl atboundary BS; (9¢) 4. Results and discussion
¢ =0 atboundary B6 (9d)

2.3. Evaluation of cell potential

The cell potentiaV is evaluated by subtracting surface
overpotentialy and the average phase potential difference
A¢ from the ideal cell potentid¥ge, viz.,

The values of the parameters considered in the present
study are listed infable 1 The numerical results are pre-
sented to discuss the effects of various parameters. The ge-
ometry is characterized by a parameter named channel width
fraction) = ¢¢/¢p, and three valueg,=0.25, 0.5, and 0.75,
are considered. In addition, the effects of the GDL morphol-

V=Voc—n—A¢ (10)
. Table 1
and the Va|Ue Oﬂq& can be evaluated by the fO”OWIng ex- Parameters used in the present ana|ysis
pression, Parameters Notation Value
Eb(¢ Temperature, K T 333
6 — ¢a) dx p ,
Ap = fo— (12) Pressure, Pa P 303975
o Reaction rate constant, molths—t K 15x10°°
in which ¢4 andgs, respectively, denote the phase potentials gxygeh” masls f_r;%"on atinlet vo (511710 .
. as channel width, m c x 10~
at the boundaries B4 and B6. Channel shoulder width, m s 5x10°%
) ) Thickness of diffusion layer, m S 5x 1074
2.4. Evaluation of time constant Thickness of catalyst layer, m S 5x 107
Thickness of membrane, m Sm 20x 1074
In the study of the transient behaviors of the PEM fuel _‘;OVOS"Y of ?SEL €1 2-2
cells, the time interval and the time constant are important oS © i '
) . . . Porosity of catalyst layer £2 0.3
when the system is subj_ecteo_l to a start-up operation. In thiSTortyosity of catalyst layer . 15
work, the time constant is defined as the time needed for thevolume fraction of ionomer in CL el 0.3
value of current density reaching 90% of that at the steady lonomer tortuosity in CL T 15
state. Faraday constant, ¢ mol F 96487
Universal gas constant, kJkmdlK—1 R 8.314
or JmoltK-1
. Molecular mass of oxygen, kg knol M 320
3. Numerical method Number of electrons in relation n 2
participating
. . . R 2
The above set of equations for time-dependent transport inCurrent density, Am '
. Surface overpotential, V n
PEM fuel cells have to be solved numerically. In the present )
lonomer phase potential, V ¢

study, we adopt a fully implicit finite difference method in
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Fig. 2. Oxygen mass fraction contours in diffusion and catalyst layers with Fig. 3. Oxygen mass fraction contours in diffusion and catalyst layers with
1=0.50 andn=0.2 at different transients: (&)=0.01; (b)t=0.05; (c) 4=0.5 andn=0.225 at different transients: (a5 0.01; (b)t=0.05; (c)
t=8.35. t=4.215.

ogy are explored by considering the values of the GDL poros- at a steady state after experiences a time period of transient
ity in the range of 0.3 ¢ <0.6. variation.

Fig. 2 presents the contours of the oxygen mass frac- In this work, the surface overpotentialrepresents the
tion in the GDL (0<y<5x10%) and catalyst layer voltage loss due to chemical reaction within the catalyst layer.
(5x 104 <y<5.5x 104 withe; =0.5,5=0.2and =0.5 Therefore, a higher surface overpotential means a fuel cell
at time instant$=0.01, 0.05 and 8.35. The right half of the with a faster surface reaction rate. To explore effects of the
x-axis in each contour corresponds the axial location of the surface overpotential on the reactant gas transport, the con-
shoulder (or rib) of the channel. An overall inspection of tours of the oxygen mass fraction in the gas diffuser layer and
Fig. 2discloses that in the region corresponding to the chan- catalyst layer ot; =0.5,7=0.225 and. =0.75 at different
nel central region (left portion of the contour), the relatively instants are shown ikig. 3. Comparison ofrigs. 2 and 3
higher oxygen mass fraction appears and, then, the oxygerdiscloses that a smaller oxygen concentration is noted for a
diffuses towards the porous material covering the rib where system with a high surface overpotentialThis is resulted
there is no oxygen source on the interfgee0. In the early from the fact that a PEM fuel cell with a higher surface over-
initial stage, seéig. 2(a), only a higher oxygen mass frac- potential represents a fuel cell with a faster surface reaction
tion presents in the region near the inlet of channel central rate. This explains why the dynamic response is faster in the
region only. This is because the oxygen fuel gas does not havecase with a highes.
sufficient time to penetrate in depth when the systemis just To examine the effects of the channel width fraction
started up. As time elapses, however, the oxygen diffuses toon the reactant gas transport, the temporal variation of the
the regions far from the inlet. Finally, the system researchesoxygen mass fraction in the gas diffuser layer and catalyst
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Fig. 4. Oxygen mass fraction contours in diffusion and catalyst layers with X
A=0.75 andn=0.2 at different transients: (a)=0.01; (b)t=0.05; (c) ) ) o ) )
t=2.184. Fig. 5. Transient variations of oxygen mass fraction along interface between

the gas diffuser layer and catalyst layer: {ay 0.5,A = 0.5 andy =0.2; (b)

- £1=0.6,4=0.5 andn=0.2; (c)e1=0.5,.=0.75 andy =0.2; (d)s1 =0.5,
layer of e1=0.5,7=0.2 andx =0.75 are shown irrig. 4. 2=0.5 andy = 0.225.

Comparing with the results iRig. 2, it is shown that, in the

case with a larger channel width fraction, the distribution of aries 3 and 7, the distributions of the mass fraction at the left
oxygen is more uniform. This means that the concentration sides (i.e.x< 0.5) are higher than that at right sides. A careful
gradient of the oxygen is more noticeable in the case of a examination ofFig. 5a) indicates that as the time is about
smaller channel width fraction, i.2.= 0.5. Additionally, the 0.194, the mass fraction is very close to that at steady state
time needed for the system to reach the steady state is longeft=8.35). It is found from a separate numerical run that at
for a smallen.. This can be made plausible by noting the fact t=1.0, the mass fraction almost collapses with that at steady
that for a narrow channel, the effective inlet region is smaller. state. This implies that, after the PEM fuel cell system is
In this situation, it takes a longer penetration time to diffuse started up, it arrives at the steady very quickly. Comparison
oxygen to the steady state when the system is started up.  of the corresponding curves tf 0.01 s inFig. 5a) and (b)

Fig. 5 presents the local oxygen fraction distributions discloses that the dynamic response to the power surge of the
along the interface between gas diffuser layer and catalystPEM fuel cell is faster in the initial stage for a system with
layer, i.e. boundary B4 ifig. 1, under various conditions. It  a higher GDL porosity. This is owing to the fact that a high
is noteworthy that in the early state, etg.0.01, the oxygen  GDL porosity enhances the diffusion transport of the reactant
fraction is almost zero. This means that the oxygen does notgas through the porous layers and, in turn, increases the local
penetrate to the interface at this short duration. Later, the oxy-values of the oxygen mass fraction. However, the time needed
gen fraction increases with time till steady state is reached. for the system to reach the steady state is longer for a PEM
With the periodic conditions at left and right sides, i.e. bound- fuel cell with a higher GDL porosity. As explained ig. 3,
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the distributions of the mass fraction along the interface be-
tween the GDL and catalyst layer are relatively uniform for a
larger channel width fraction, séég. 5a) and (c). Besides,
a shorter dynamic response time is experienced for a PEM
fuel cell with a larger channel width fractiokig. 5d) shows
the transient variations of the mass fraction with= 0.5,
n=0.225 and. = 0.5. Relative td-ig. 5a), it is observed that
an increase in the surface overpotengiedsults in a decrease
in the mass fraction. This phenomenon is attributed to the fact
that a PEM fuel cell with a higher surface overpotential repre-
sents a fuel cell with a faster surface reaction rate. Therefore,
the mass fraction along the interface of the catalyst layer is
lower. In addition, the response time is shorter for a PEM fuel
cell with a highenm,.

In Fig. 6, the unsteady phase potential distributions along

the interface between the catalyst layer and the membrane at

the conditions corresponding to thathig. 5are presented.

An overall inspection orfig. 6 discloses that, in the early
transient, the value of the phase potential is almost zero, i.e.,
the value of initial condition. But as the time elapses, the

phase potential decreases until the system becomes steady. As
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Fig. 6. Transient variations of phase potential along interface between the
gas diffuser layer and catalyst layer: @)=0.5,1=0.5 andy=0.2; (b)
£1=0.6,2=0.5 andn=0.2; (c)e1=0.5,1=0.75 andy=0.2; (d)e1 =0.5,
»=0.5 andy=0.225.
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Fig. 7. Transient variations of local current density along interface between
the gas diffuser layer and catalyst layer: {a¥ 0.5,A =0.5 and; =0.2; (b)
£1=0.6,A=0.5 andn=0.2; (c)e1=0.5,2=0.75 andy=0.2; (d)e1=0.5,
A=0.5andy;=0.225.

the interpretation for the results kig. 5, a shorter dynamic
response time is noted for a PEM fuel cell with a higher GDL
porosity, channel width fraction and surface overpotential. In
fact, with the results of the phase potential distributions, the
average phase potential difference and the voltage can then
be obtained.

The distributions of the local current density along the
interface at various instants with the same conditions in
Figs. 5 and @re shown irfFig. 7. Slow response of the sys-
tem in the early initial transient is again demonstrated by the
very low current density. With the time going, the oxygen
mass fraction penetrates into the catalyst layer from the in-
let. Thereafter, the oxygen reacts and produces the significant
amount of current. Additionally, a higher current density is
found fora PEM fuel cell with a higher GDL porosity, channel
width fraction and surface overpotential. Since the increase in
GDL porosity enhances the diffusion transport of the reactant
gas through the porous layers and, in turn, increases the lo-
cal values of the current density with a specified overpotential
(by comparing-ig. 7(a) and (b)). However, this high transport
rate of the reactant gas in the across-the-cell direction may
result in a relatively non-uniformity ix-distribution of the
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currentdensity as a penalty. A careful comparisorigf 7(a)

and (d) indicates that the distribution of the current density voltage. InFigs. 8(a) and 9(a}he effects of the GDL poros-

in x-direction is relatively uniform at low overpotentials. At ity on the current density and dynamic response time can be
a high overpotential, the surface reaction rate becomes fasiyhserved.

and the relatively weak diffusion leads to a non-uniformity In the study of the transient response of a PEM fuel cell

in the current density distribution. system, the time constant is one of significant parameters

Inthe study of the transient behaviors of reactant gas trans-for evaluation of the system performance, especially for the
port in PEM fuel cell, the dynamic response time for the

PEM fuel cell subjected to a power surge is important un-

der various conditions. Therefore, the temporal variations of 04 d T g T y T y

the current density and voltage for different conditions are n=0.2
presented irFigs. 8 and 9respectively. It is disclosed that 03 ;‘,;3;3 N
when the PEM fuel cell is subjected to a power surge from 1=0.225

the stationary condition, the PEM fuel cell responds quickly
to the change. Although, the full time duration to the steady
state is much longer than 1s, but the PEM fuel cell almost
changes to the 99% value at steady within 1s. In addition,
a drastic response occurs at the instant of about 0.1s. It is
found from the separate numerical data that at the instant S w W w . w
less than 0.001s, the PEM fuel cell does not respond to the €

change in the operating condition. This means that the PEM

fuel cell is still stationary with almost null current density and Fig. 10. Effects of GDL porosity; on the time constant.
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