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bstract

The dynamic performance of PEM fuel cell is one of the most important criteria in its design with application to mobile systems and portable
evices. To analyze the features, this work employs an unsteady model about single phase transport in cathode side of PEM fuel cell with
nterdigitated flow field, which considers both convection and diffusion processes. Two types of dynamic performances, start-up and state-to-state
perations, are analyzed. The effects of channel width fraction, porosity of the gas diffusion layer, pressure drop and the surface overpotential of

he catalyst layer on the dynamic performance are investigated in detail. Predicted results found that the response time is generally quite fast, less
han 0.1 s, to reach the 90% response. The time interval from the start-up to a steady state or from one steady state to another steady state mainly
epends on the end condition.

2005 Elsevier B.V. All rights reserved.
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. Introduction

Proton exchange membrane (PEM) fuel cells have extensive
pplications due to their merits of high efficiency, low pollu-
ant emission and convenience, and now the main application
s as power generators of mobile systems. Moreover, it also
as some promising applications in portable devices, such as
obile phones, laptop computers and digital cameras. In appli-

ations of PEM fuel cells to these systems, the dynamic response
f the system is important. The dynamic response involves
wo operations, start-up operation and state-to-state operation.
he time interval from the start to a steady state or from one
teady state to another steady state is one of the significant per-
ormance characteristics of the system. The dynamic response

f the fuel cell mainly depends on operating conditions, mass
ransport process in the cells, electrochemical reaction kinetics,

echanical design and manufacturing process, etc. Among these

∗ Corresponding author. Tel.: +886 2 2663 2102; fax: +886 2 2663 2143.
E-mail address: wmyan@huafan.hfu.edu.tw (W.-M. Yan).
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actors, the reactant gas transport in the cell is one of the crucial
oints.

The gas diffusion layer (GDL) morphology, geometry and
orosity, as well as the flow channel arrangement, e.g., parallel,
erpentine or interdigitated channel, gas pressure drop have sig-
ificant influences on the optimization of the cell performance.
ome studies on modeling mass transport and parametric anal-
sis in the PEM fuel cell have been performed. The pioneer
ork is from Bernardi and Verbrugge [1], who developed a one-
imensional isothermal model to examine mass transport in fuel
ell. Gurau et al. [2] proposed a one-dimensional model to exam-
ne the characteristics of the mass transport of reactant gas in a
alf-cell, in which the effects of the porosity and the tortuosity of
DL and the catalyst layer were investigated. Springer et al. [3]
redicted the net water-per-proton flux ratio across the mem-
rane. Okada and colleagues [4] studied water transport with
nd without impurity ions in membranes of PEM fuel cells. For

ore details of the steady-state flow distribution and gas diffu-

ion, a number of studies on two and three dimensional transport
henomena in PEM fuel cells have been carried out. Dutta et al.
5] used the software package to analyze the distributions of gas
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Nomenclature

D mass diffusivity, m2 s−1

De effective mass diffusivity, m2 s−1

F Faraday constant, 96487 C mol−1

j transfer current density, Am−2

i average current density, Am−2

k permeability, m2

lc length of channel, m
ls length of shoulder, m
MO2 molecular mass of oxygen, 32.0 kg kmol−1

MH2O molecular mass of oxygen, 18.0 kg kmol−1

n number of electrons in relation participating
P pressure, Pa
R universal gas constant, 8.314 J mol−1 K−1

Rh hydaulic radius, m
Sc thickness of catalyst layer, m
Sd thickness of gas diffusion layer, m
Sm thickness of membrane, m
t time, s
tc time constant
T temperature, K
vx superficial velocity in x direction
vy superficial velocity in y direction
V cell voltage
Voc ideal cell potential, V
wO2 mass fraction of oxygen
wH2O mass fraction of water vapor
x x direction
y y direction

Greek letters
ε1 porosity of GDL
ε2 porosity of catalyst layer
η surface overpotential, V
λ channel width fraction, lc/ls
λw membrane water content
µ Viscosity
κ reaction rate constant, mol m−3 s−1

ρ density, Kg m−3

σ ionic conductivity of the ionomer, �−1 m−1

τ tortuosity
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Φ ionomer phase potential, V

ensity and velocity in flow channel and GDL. Jordan et al. [6]
xamined the influence of diffusion-layer morphology on cell
erformance. A model of the hydrophobilicity and the porosity
f the gas-diffusion layer was used to explain the influence of
he diffusion-layer morphology. Yi and Nguyen [7] developed

two-dimension model to examine the multi-component gas
ransport in PEM fuel cells of interdigitated flow channel. And

hen they [8] developed a two-phase model to examine the water
nd thermal management of PEM fuel cells with interdigitated
ow field. They found that the interdigitated gas distributors
an reduce mass-transport overpotential and improve the flood-
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ng phenomena in the cathode side. Yan et al. [9] developed a
wo-dimensional model to investigate gas reactant transport at
arious conditions of flow channel width ratio (λ = channel width

c/shoulder width ls) and GDL porosity ε1. They disclosed that
n increase in either λ or ε1 may lead to a better cell perfor-
ance. At the case with a relatively low overpotential, better

niformity in current density distribution along the width of
he cell can be attained. Chen et al. [10] investigated the tran-
ient behavior of the water transport across the membrane of the
EM fuel cell to seek for effective control schemes so that the
est dynamic performance of the fuel cell can be obtained. It is
ound that both a larger starting operational current density and a
maller operational current density can lead to a shorter dynamic
esponse time, while control of the humidification of the fed fuel
s the most powerful as well as the most feasible scheme. Yan
t al. [11] studied transient gas transport in the cathode side
f PEM fuel cell with straight flow field. They concluded that
n increase in channel width ratioλ, or surface overpotential η

ay lead to a faster dynamic response of a PEM fuel cell sub-
ected a start-up operation, and a higher surface overpotential
esults in a fuel cell with a faster surface reaction rate. The time
nterval from start-up to a steady state may be as long as 10 s
ue to the mass transport lag, but it is only about 0.4 s to reach
he 90% response. The surface overpotential η represents the
oltage loss due to chemical reaction within the catalyst layer,
nd is the effect of the current of a fuel cell. A higher surface
verpotential means a faster surface reaction rate when other
onditions are the same. For a certain fuel cell system, the value
f η or the reaction rate can be controlled by adjusting external
oad.

Although the previous studies concern many issues about the
EM fuel cells, from steady state analysis to unsteady analysis,
o work has been done about dynamic analysis of fuel cell with
nterdigitated flow field. It features the combined influences of
onvection and diffusion processes and excellent anti-flooding
unction. The objective of this work is to numerically inves-
igate the dynamical response of this type of PEM fuel cells.
arametric analysis is performed. The emphasis of the analy-
is is placed on the influences of the channel width ratio λ, the
orosity of the GDL ε1 and pressure drop 
P on fuel cell. By
pplying the time-dependent mass transport model developed
n this work, the effects of these parameters and the surface
verpotential η on the transient characteristics of the mass trans-
ort and the dynamic response of the cell performance are
xplored.

. Numerical modeling

.1. Problem statement

In this work, the single phase multi-component transport pro-
ess is considered only. This assumption has its limitation. The
aximum vapor pressure in the cell is limited to be below the sat-
rated pressure at the operating temperature, which is 0.047 MPa
t 80 ◦C. And generally, the value of the maximum vapor pres-
ure increases with current density when it is below the saturated
ressure. Therefore, the density current can not be too large.
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Fig. 1. Half-cell model of a PEM fuel cell. BP: bipolar plate; GDL: gas diff

therwise, the result will not reflect the real flow process. Wang
t al. [12] predicted the onset current density for the two-phase
egime at different inlet dry air velocity under certain configu-
ation. When the velocity is about 1 m s−1, the critical current
ensity is about 2 A cm−2. Although single phase condition is
ot correct at the operating condition of high current density,
t is often reasonable in low current density with dry air entry
hen no liquid water is formed or the liquid saturation is very

ow.
Multicomponent consideration accounts for the effects of

uch inert species as nitrogen and water vapor. Two-dimensional
ondition is assumed, and the computational domain is perpen-
icular to the axial direction of channels in bipolar plate. This
reatment is consistent with the main mass transport direction
ormal to the channels in the fuel cell. As shown in Fig. 1, only
alf-cell is adopted. Gas mixture enters the gas diffusion layer
GDL) from channels connected with inlet plenum of bipolar
late and exits from its neighbor channels. For simplicity, a unit
tructure is considered as the computational domain, as shown
n the right graph. There are totally three layers, gas diffusion
ayer (GDL), catalyst layer (CL) and membrane. Gas transports
ithin the GDL and CL, and convection and diffusion processes

re both crucial in this problem, which is different from the
as transport in the PEM fuel cell with other types of flow
elds.

.2. Assumption

In this study, the membrane, GDL, and CL are respectively
reated as homogeneous porous media with uniform morpho-
ogical properties, such as porosity, tortuosity and permeability.
he gas mixture is considered to be ideal gas and the viscosity is
ssumed constant. Isothermal condition is assumed, so energy
quation can be omitted.

Gravity effect is neglected. Darcy’s law is employed to
ccount for superficial velocity in porous medium. Fick-
an law is introduced to account for species diffusion pro-
ess. The oxygen reduction reaction (ORR) is adopted in the
nalysis.
.3. Mathematical model

The single phase multicomponent model of PEMFC con-
ists of four kinds of principle equations: continuity, momentum,
pecies and phase potential equations.

W
1

layer; CL: catalyst layer; lc: width of the channel; ls: width of the shoulder.

.3.1. Continuity equation
∂(ρvx)

∂x
− ∂(ρvy)

∂y
= j

2nF
(MO2 2MH2O) + ε

∂ρ

∂t
. (1)

Where ε represents the porosity of GDL ε1 or CL ε2, and j
epresents the cathode transfer volumetric current density and
an be formulated by the following equation according to the
RR assumption.

=
⎧⎨
⎩

nFκwO2 exp

(
αnF

RT
η

)
in the catalyst layer

0 in the GDL
(2)

.3.2. Momentum equation
According to Darcy’s law, superficial velocity in porous

edia is expressed as below.

x = − k

µ

∂P

∂x
. (3a)

y = − k

µ

∂P

∂y
. (3b)

In Eqs. (3), the k is permeability of porous media. To test
he influence of porosity of GDL on mass transfer, especially
onvection process, Carman-Kozeny equation [13] is employed
o express the permeability k as a function of porosity ε and
ydraulic radius Rh.

= εR2
h

f
(4)

here the f is the Kozeny constant. It is assumed that the mor-
hology of the same kind of porous media keeps similar when
ts porosity changes, and

h = C
√

ε (5)

o the relation between permeability and porosity is established
s below

= ε2

f ′ , where f ′ = f

C
(6)
In this work, the value of f′ is set to be 3 × 1011 m−2.
hen the value of ε is 0.6, the corresponding permeability is

.2 × 10−12 m2.



er So

2

o

C

b

D

D

2

σ

σ

2

F

P

P

H

w
m
d
t
m
d
t

w
t
c
c

f

A

J. Zou et al. / Journal of Pow

.3.3. Species equation
Only two kinds of species equations are needed, and here

xygen and water vapor are selected.

∂

∂x

(
ρDe

O2

∂wO2

∂x

)
+ ∂

∂y

(
ρDe

O2

∂wO2

∂y

)
− ∂

∂x
(ρwO2vx)

− ∂

∂y
(ρwO2vy) = j

2nF
MO2 + ε

∂(ρwO2 )

∂t
(7)

∂

∂x

(
ρDe

H2O
∂wH2O

∂x

)
+ ∂

∂y
(ρDe

H2O
∂wH2O

∂y
) − ∂

∂x
(ρwH2Ovx)

− ∂

∂y
(ρwH2Ovy) = ε

∂(ρwH2O)

∂t
− j

nF
MH2O (8)

ombining Eqs. (1), (3), (7) and (8) yields

∂

∂x

(
ρDe

O2

∂wO2

∂x

)
+ ∂

∂y

(
ρDe

O2

∂wO2

∂y

)
+ k

µ

∂wO2

∂x

(
ρ

∂P

∂x

)

+ k

µ

∂wO2

∂y

(
ρ

∂P

∂y

)
= j

2nF
(MO2 (1 − wO2 )

+ 2wH2OMH2O) + ρε
∂wO2

∂t
(9)

∂

∂x

(
ρDe

H2O
∂wH2O

∂x

)
+ ∂

∂y

(
ρDe

H2O
∂wH2O

∂y

)

+ k

µ

∂wH2O

∂x

(
ρ

∂P

∂x

)
+ k

µ

∂wH2O

∂y

(
ρ

∂P

∂y

)

= j

2nF
(−MO2wH2O + 2wH2OMH2O − 2MH2O)

+ ρε
∂wH2O

∂t
(10)

The effective diffusivities of oxygen and water vapor are as
elow.

e
O2

= DO2ε
τ (11a)

e
H2O = DH2Oετ (11b)

.3.4. Phase potential equations
∂

∂x

(
σ

∂Φ

∂x

)
+ ∂

∂y

(
σ

∂Φ

∂y

)
= 0 in the membrane (12)

∂

∂x

(
ετσ

∂Φ

∂x

)
+ ∂

∂y

(
σετ ∂Φ

∂y

)
= j in the catalyst layer,

(13)

In the above equations, the Φ is ionomer phase potential and

is the membrane ionic conductivity and is evaluated by

= (0.5139λw − 0.326) × exp

[
1268 ×

(
1

303
− 1

T

)]
(14)
urces 159 (2006) 514–523 517

.3.5. Boundary and initial conditions
For description simplicity, each boundary is numbered in

ig. 1, from B1 to B8. At boundary B1,

= Pin, wO2 = wO2in, wH2O = wH2O,in (15a)

In this work, wO2in, wH2Oin are respectively set 0.17 and 0.01.
At boundary B2,

= Pout,
∂wO2

∂n
= 0,

∂wH2o

∂n
= 0 (15b)

ere Pout is set 0.1 MPa.
At boundary B7, total mass flux is

k

µ
ρ

∂P

∂y
= 2Scα

′ j

nF
MH2O (15c)

here α′ represents the net water transport coefficient in the
embrane, and is mainly combined effect of electro-osmotic

rag and diffusion. The value of α′ depends on several condi-
ions, such as type and thickness of membrane, water content of

embrane, and have a quite wide range [14,15]. For certain con-
itions, the value of α′ can be assumed constant, and is specified
o be 0.5 in this work according to related stusdies [7,16].

Oxygen and water vapor flux are respectively
(

ρDe
O2

∂wO2

∂y
+ wO2

k

µ
ρ

∂P

∂y

)∣∣∣∣
B7

= 0 (15d)

(
ρDe

H2O
∂wH2O

∂y
+ wH2O

k

µ
ρ

∂P

∂y

)∣∣∣∣
B7

= 2Scα
′ j

nF
MH2O

(15e)

here Sc is height of the catalyst layer. Here there is an assump-
ion that electrical conduction is one-dimensional and oxygen
oncentration at the interface represents average value in the
atalyst layer.

Combining Eqs. (15c)–(15e), we have the reduced expression
or the condition of boundary B7

∂P

∂n

∣∣∣∣
B7

= 2Scα
′(j/nF )MH2O

(k/m)ρ
(15f)

∂wO2

∂n

∣∣∣∣
B7

= −2wO2Scα
′(j/nF )MH2O

ρDe
O2

(15g)

∂wH2O

∂n

∣∣∣∣
B7

= (1 − wH2O)2Scα
′(j/nF )MH2O

ρDe
H2O

(15h)

t boundary B6,
(

ρDe
O2

∂wO2

∂n

)∣∣∣∣+ =
(

ρDe
O2

∂wO2

∂n

)∣∣∣∣− (15i)

(
ρDe ∂wH2o

)∣∣∣ =
(

ρDe ∂wH2o
)∣∣∣ (15j)
H2O ∂n ∣+ H2O ∂n ∣−(

k

µ

∂P

∂n

)∣∣∣∣+
(

k

µ

∂P

∂n

)∣∣∣∣− (15k)
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The boundary conditions for phase potential Φ are as follows.
t boundaries B4 and B5

∂Φ

∂x
= 0 (16a)

t boundary B7

+ = Φ−, (16b)

ετ ∂Φ

∂y

∣∣∣∣− = ∂Φ

∂y

∣∣∣∣+. (16c)

t boundary B6

∂Φ

∂y
= 0 (16d)

t boundary B8

= 0 (16e)

There are two types of initial condition. For start-up opera-
ion, the initial condition is as below.

O2 = 0.0, wH2O = 0.0 (17)

And for state-to-state operation, the initial condition is the
as distribution of the former steady state.

The cell potential V is evaluated by subtracting surface over-
otential η and the average phase potential difference 
Φ

etween boundary B8 and boundary B7 from the ideal cell poten-
ial VOC, that is,

= VOC − η − 
Φ. (18)

. Numerical method
To numerically solve the above set of equations, the implicit
nite difference method is adopted. The time derivative

erm is approximated by the implicit or backward difference

s
t
9

able 1
he values of the parameters used in this work

hysical quantity Notation Unit

iscosity of gas µg kg m
2 diffusivity with substance of Aira DO2 m2 s

2O diffusivity with substance of Aira DH2 m2 s
bsolute Permeability in CL kCL m2

orosity of CL εCL

eaction rate constant κ kmo
ortuosity of GDL/CL τ

et water transport coefficient of the membrane α′
niversal gas constant R J km
araday constant F c km
peration temperature T K
ransfer coefficient for the reaction α

umber of electrons in relation participating n
hickness of GDL Sd m
hickness of CL Sc m
hickness of membrane Sm m
idth of channel lc m
idth of shoulder ls m

a The values are derived at the pressure 1 atm and temperature 353 K.
urces 159 (2006) 514–523

cheme, and space derivative term by the central difference
cheme. With the coupled finite-difference equations, the linear
lgebraic equations are solved simultaneously, firstly obtaining
pproximate pressure and velocity profile by solving continuity
nd momentum equations and then calculating species profile
y species equations. The uniform grid system is used in this
tudy. The grid points in the x and y directions are 81 × 316,
espectively, which is tested to satisfy the grid independent
equirement.

. Results and discussion

Four important parameters are chosen to investigate their
ffects on the performance of the PEM fuel cells. They are
hannel width fraction λ ≡ lc/ls, the porosity of GDL ε1, pres-
ure drop 
P and surface overpotential η. The values of other
arameters considered in the present study, listed in Table 1, are
erived from the practical applications. For the PEM fuel cell
ith straight flow field, channel width fraction λ affects the cell
erformance significantly, and an increase in λ may lead to a
etter cell performance [9,11]. In this work, however, the results
how that λ just slightly influences the cell performance. The
ifferent transport process and boundary conditions may lead to
his result. For the PEM fuel cell with straight flow field, only
iffusion process accounts for gas transport and oxygen mass
raction wO2 at the exit is considered to be constant. While for
he PEM fuel cell with interdigitated flow field, the convection
nd the diffusion processes are combined and the normal gradi-
nt of wO2 at the exit is zero. So, this paper will not analyze the
ffect of λ further on the cell performance, and the default value
f λ is fixed. The results are organized in two sections, start-up
peration and state-to-state operation.
Just as Yan et al. [11] indicated, although it may spend con-
iderably long time to reach completely a steady state due to
he mass transport lag, it needs only quite little time to approach
0% response. So, it is necessary to define a time constant tc that

Value Reference

−1 s 2.03 × 10−5 [17]
−1 2.71 × 10−5 Incropera and DeWitt, p.927 [18]
−1 3.35 × 10−5 Incropera and DeWitt, p.927 [18]

1.2 × 10−15 [17]
0.4 [17]

l m−3 s 1.5 × 10−5 [11]
1.5 [11]
0.5 Set

ol−1 K−1 8314 Constant
ol−1 96487000 Constant

353 Set
1 Set
2 Constant
3.0 × 10−4 Set
1.5 × 10−5 Set
2.0 × 10−4 Set
1.0 × 10−3 Set
1.0 × 10−3 Set
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ig. 2. Effects of GDL porosity ε1 on time evolution of average current density
hen the PEM fuel cell is subjected to a start-up operation at 
P = 7 mbar,
= 0.2 V.

eflects how long a start-up operation or a state-to-state opera-
ion will almost reach. In the present study, the time constant

s defined as the time interval needed to reach 90% response of
verage current density. For the start-up operation,

(tc) = 0.9i(t =∝) (19a)

t
T
n
o

Fig. 3. Evolution of oxygen distribution along interface between CL and GDL at 

urces 159 (2006) 514–523 519

or the state-to-state condition,

(tc) = 0.1i1 + 0.9i2 (19b)

here i1, i2 are respectively, the average current density of the
ormer steady state and the latter steady state. Start-up operation
an be considered as a special case of state-to-state operation
hen i1 is zero.

.1. Start-up operation

In start-up operation, the initial current density is zero as
nitial oxygen mass fraction in catalyst layer is zero. After the
ystem is started up, oxygen mass fraction and current density
radually rise, and soon approach a certain condition. The sys-
em is regarded to reach a steady state when it satisfies a certain
riteria.

Fig. 2 denotes the effects of GDL porosity ε1 on the time
volution of average current density when the PEM fuel cell is
ubjected to a start-up operation under the condition of pressure
rop 7 mbar and surface overpotential 0.2 V. It is clear that as

he ε1 increases, the average current density in steady state rises.
his means that better mass transport in the PEM fuel cell is
oticed for a larger GDL porosity. In addition, the response time
f start-up operation is fast for a larger GDL porosity. So, a

P = 7 mbar and η = 0.2 V (a) ε1 = 0.3; (b) ε1 = 0.4; (c) ε1 = 0.6; (d) ε1 = 0.8.
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ig. 4. Evolutions of average current density with various surface overpotentials
at 
P = 7 mbar and ε1 = 0.6.

igher porosity of GDL leads to better cell performance at the
nly consideration of mass transport. The value of time constant
s quite less, about 0.1 s, and is generally less than that of the

EM fuel cell with straight flow field [11].

As the catalyst layer is quite thin, the oxygen mass distri-
ution in this layer can be regarded one-dimensional, and the
istribution along the interface between the catalyst layer and

0

d
d

ig. 5. Evolution of oxygen distribution along interface between CL and GDL at
= 0.250 V.
urces 159 (2006) 514–523

he GDL can represents the distribution in whole CL region.
ig. 3 shows the evolutions of oxygen distributions along the

nterface between CL and GDL at 
P = 7 mbar and η = 0.2 V
nder different values of ε1, 0.3, 0.4, 0.6 and 0.8. The time
eeded for almost reaching steady state from start-up condition
an be figured out to be about 0.1 s. When the porosity is larger,
niformity of current distribution is better.

The evolutions of average current density with various sur-
ace overpotentials η under a certain pressure drop 7 mbar and
orosity of GDL 0.6 are presented in Fig. 4. A careful inspection
f Fig. 4 discloses that as the η increases, the average current
ensity in steady state rises, and the time constant of start-
p operation decreases. Additionally, the time constant varies
argely, ranging from 0.01 to 0.1 s.

The evolutions of oxygen distribution along the interface
etween CL and GDL under different values of η, 0.175, 0.200,
.225 and 0.250 V at constant pressure drop of 7 mbar and poros-
ty of GDL 0.6 are shown in Fig. 5. It is clearly found in Fig. 5 that
he times needed for almost reaching steady state from start-up
or different surface overpotentials are very fast and range from

.01 s to 0.1 s.

Figs. 6 and 7 compare the effects of pressure drop on the
ynamical behaviors of the PEM fuel cells. These two figures
epict that the steady-state average current density increases


P = 7 mbar and ε1 = 0.3 (a) η = 0.175 V; (b) η = 0.200 V; (c) η = 0.225 V; (d)
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ig. 6. Effects of pressure drop on the dynamical behaviors of the current density
t η = 0.20 V and ε1 = 0.6.

ith the pressure drop and the response time decreases with pres-
ure drop. The difference under various pressure drops, however,
s smaller than that under various surface overpotentials.

Fig. 8 plots and compares the effects of the surface over-
otential η and the pressure drop 
P on the time constant tc.

enerally, the tc decreases when the η increases or when 
P

ncreases, and the value of tc is below 0.1 s. When the value of η

s relatively small, the tc changes dramatically with 
P, and the
alue of tc at 
P = 0 mbar is four times of that at 
P = 10 mbar.

n
b
w
i

ig. 7. Evolution of oxygen distribution along interface between CL and GDL at η

P = 10 mbar.
ig. 8. Time constant variations with various pressure drops 
P and surface
verpotential at ε1 = 0.6.

hen the η is relatively large, for instance larger than 0.24 V,
he tc changes slightly, and remains a value below 0.02 s.

Although the initial oxygen mass fraction is zero, the distri-
utions of oxygen change at once after the system is started
p. The oxygen mass is always not uniformly distributed at
he beginning. It is always true that the oxygen mass fraction

ear the inlet is larger than that near the outlet. The deviations
etween the oxygen mass fractions at different local spots vary
ith time, increasing firstly and then decreasing. When the η

s relatively small, the oxygen mass distributions develop to be

= 0.2 V and ε1 = 0.6 (a) 
P = 0 mbar; (b) 
P = 3 mbar; (c) 
P = 7 mbar; (d)
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Table 2
Corresponding current density and surface overpotential for four steady states

State no. State 1 State 2 State 3 State 4

C 10000 15227 20430
S 0.22513 0.239513 0.256604
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Table 3
Response time constants from state-to-state operation (Unit: s)

s
from a higher current state to a lower state, as the lower graph
depicts, the current density jumps down to a quite low level in
the beginning, and then increase gradually. For both operations,
the value of current density may change up to 5 times.
urrent density (A/m2) 4500
urface overpotential (V) 0.206888

uite uniform. When the η is relatively large, the distributions
re still non-uniform. It seems useful to introduce the ratio of
RR speed to gas transport speed to account for the discrepancy.
he larger the value of the ratio is, the more non-uniform the
istribution will be. In the corresponding conditions of Fig. 5,
he pressure drop is constant, which means similar gas trans-
ort process, and η dominates ORR speed so as to dominate the
atio. In the corresponding conditions of Fig. 7, surface over-
otential is constant, meaning similar ORR speed, and pressure
rop dominates transport speed so as to dominate the ratio.

.2. State-to-state operation

In the state-to-state operation, the initial conditions differ
rom that of start-up operation. The main feature is the oxy-
en mass distribution is not void but at a steady condition of the
ormer state. In practical operation, operators change operating
ondition through external load adjustment, and the overpoten-
ial reflects the current drawn. So the current density, in this
tudy, is chosen as the identification variant of various states.
table cases analysis is firstly conducted. Fig. 9 shows the polar-

zation curves for various pressure drops 
P. It indicates that the
imiting current density increases with the pressure drop. It is
uite normal, as larger pressure drop means better gas trans-
ort capability and less transportation overpotential. Fig. 10
xpresses the relation between surface overpotential and cur-
ent density for various 
P. According to the plot of Fig. 10,
our states at 
P = 7 mbar are chosen to analyze transient char-
cteristics of state-to-state operation. The detailed information
bout the four states is listed in Table 2.

Fig. 11 shows the dynamical performance from one state to

nother state. When the cell performance alters from a lower
urrent density state to a higher current density state, as the
pper graph depicts, the current density jumps up to a quite high
evel in the beginning, and then decreases gradually till to the

ig. 9. The polarization curves for various pressure drops 
P at ε1 = 0.6.

F
p

teady state. On the contrary, when the cell performance alters
ig. 10. Relation between current density and surface overpotential for various
ressure drops 
P.

Fig. 11. Dynamic cell performance from one state to another state.
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The time constants from one state to another state are listed
n Table 3. The values of time constants also differ obviously.
he large value is one order higher than the low one. As shown

n Table 3, the response time generally depends on the new state.
or instance, the response time is around 0.024 s when the new
tate is state 1. It is necessary to notice that the time constant
rom state A to state B is different with that from state B to state
. For example, the time constant tc from state 1 to state 4 is
.004230 s, and tc from state 4 to state 1 is 0.023891 s.

. Conclusions

In this work, the transient transport process of PEM fuel cell
ith interdigitated flow field is numerically investigated. Two
perations, start-up and state-to-state, are analyzed. Parametric
tudy is performed. Some conclusions are resulted.

. The transient response time is generally quite small, below
0.1 s, and decreases with the surface overpotential, the poros-
ity of GDL and the pressure drop. But when the surface over-
potential is considerably large, the response time changes
slightly with the pressure drop.

. The ORR speed and mass transport speed determine the
response time. Response time of the PEM fuel cell with
interdigitated flow field is quite less than that of the PEM fuel
cell with straight flow field, as the mass transport speed of the
former cell is quite larger than that of the latter one. The mass
transport of the former cell is dominated by both convection
and diffusion, and that of the latter is only by diffusion.

. The ratio of ORR speed to mass transport speed determines
the steady oxygen mass distribution in catalyst layer. The
larger the value of the ratio is, the more non-uniform the dis-
tribution will be. A relatively low overpotential, a high poros-
ity of GDL or a high pressure drop leads to a better uniformity
in current density distribution along the width of the cell.

. For state-to-state operation, the value of current density
changes largely, especially in the beginning. The response
time mainly depends on the new state condition.
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