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a b s t r a c t

Transient characteristics of proton exchange membrane (PEM) fuel cells with parallel and interdigitated
flow fields upon changes in voltage load were investigated by applying a three-dimensional, two-phase
model. Effects of channel to rib width ratios and cathode inlet flow rates on the transient response of PEM
fuel cell were examined in detail. Current overshoot and undershoot occur because the time scale for the
voltage change is much shorter than for the oxygen concentration changes. Therefore, the oxygen con-
centrations on the cathode diffusion layer-catalyst layer interface immediately after the voltage changes
are essentially the same as before the voltage changes, which results in higher reaction rates causing
overshoots when the voltage decreases or lower reaction rates causing undershoots when the voltage
increases. The predictions also show that as the voltage decrease rate is reduced, the overshoot peak
weakens and the response time shortens. Since the interdigitated flow field has higher oxygen concentra-
tions on the cathode diffusion layer-catalyst layer interface due to the forced convection, the overshoot
peaks and the undershoot valleys are all greater than for the parallel flow field. For both flow fields, larger
channel to rib width ratios cause larger overshoots, smaller undershoots and longer response times.

� 2011 Elsevier Ltd. All rights reserved.

1. Introduction

Over the past decade, numerous efforts in terms of numerical
modeling have been made to investigate the operation of proton
exchange membrane fuel cell (PEMFC) [1–21]. Transient models
for PEMFC predict their performances at start-up and shut-down
processes for automotive applications.

Amphlett et al. [22] modeled the behavior of the stack temper-
ature and the voltage during start-up, shut-down and load steps,
with only the solid energy balance being modeled dynamically
with all the other equations assumed to be quasi-steady for a given
solid temperature. Lee and Lalk [23] investigated dynamic behavior
of PEMFC stack using quasi-stationary models. Um et al. [24] devel-
oped a two-dimensional (2-D) fuel cell model with one figure
showing the transient behavior describing the current overshoot
corresponding to a step voltage change. The overshoot in local cur-
rent density may severely deteriorate integrity of PEMFC.

Natarajan and Nguyen [25] presented a 2-D, two-phase, tran-
sient model for an isothermal PEMFC cathode. They concluded
that liquid water transport would prolong the cell response time,
especially under the current-collecting region. Wagner [26] showed

that the impedance of a fuel cell is a powerful tool to characterize
the intra-electrode processes occurring in gas diffusion electrodes.
Ceraolo et al. [27] developed a simplified, one-dimensional, tran-
sient model of a PEMFC based on SIMULINK to simulate the tran-
sient behavior of the cell voltage to a load change on a time-scale
of seconds. Yerramalla et al. [28] conducted linear and non-linear
analyses of a PEMFC system to describe whole, complex dynamic
characteristics using SIMULINK. Golbert and Lewin [29] developed
a transient along-the-channel 1-D model for a parallel flow field
PEMFC incorporating mass balances of the liquid water and water
vapor in evaporation, condensation and reaction. Friede et al. [30]
developed a one-dimensional mathematical model to characterize
the transient behavior of a PEMFC and concluded that the mem-
brane water transport has a very strong influence on fuel cell tran-
sients. Shan and Choe [31] predicted the transient response of a
PEMFC to an electric load change using a 2-D model that separated
the fuel cell into several components, the membrane, catalysts, gas
diffusion layer and bipolar plates. Pathapati et al. [32] solved for
the transient response of the characteristic parameters of 2-D fuel
cell to a step change in the current density using SIMULINK. Berg
et al. [33] presented a half-cell transient discharge 3-D model
for a delicately segmented PEMFC. Yan et al. [34–36] demonstrated
a half-cell transient 2-D model capable of predicting the gas trans-
port dynamics with respect to different channel/landing ratios and
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electrode porosities. Wang and Wang [37] developed a three-
dimensional (3-D), single-phase, isothermal model to study the
evolution of water accumulation and the corresponding transient
response of the cell performance, where the effect of the mass
transport of the gaseous reactants was not explicitly dictated. Their
results demonstrated that the effect of water transport in the mem-
brane is characterized by a timescale in the range of 10 s, whereas
the charging and discharging of the electrochemical layer is very
fast. Kumar and Reddy [38] studied the steady-state and transient
performance of a 3-D PEMFC for different gas-flow channel shapes.
Their results showed that it took about 10 s for the fuel cell to reach
a new steady-state after a load change. Wang and Wang [39] stud-
ied based on a 2-D model the transient phenomena for current den-
sity step changes on a PEMFC, with a focus on dry cell operation.
They concluded that a step increase in the current density instanta-
neously dries out the anode due to the influence of electro-osmotic
drag. Song et al. [40] developed a transient one-dimensional non-
isothermal two-phase PEMFC model to investigate transient liquid
water transport in the cathode gas diffusion layer. Shimpalee et al.
[41,42] numerically simulated the transient responses of a PEMFC
subjected to variable load changes based on a 3-D, single-phase,
isothermal PEMFC model. The simulations were conducted for a
PEMFC with a serpentine flow-field and a 10 cm2 reactive area.
They presented numerical results for excess, normal, and minimal

fuel and air supplies. Wang and Wang [43] developed a two-phase
transient model and analyzed the dynamics of gas diffusion layer
dewetting and its impact on PEMFC performance. Wu et al. [44]
developed a transient 2-D single-phase non-isothermal model of
a PEMFC with the heat transfer equation to analyze the electro-
chemical double-layer charging/discharging, species transport,
membrane hydration/dehydration, and heat transfer processes.
Based on their numerical results, these authors concluded that
the heat transfer exerted a significant influence on the fuel cell dy-
namic response. Wu et al. [45] attempted to analyze the liquid
water effect by defining a fixed liquid saturation of 10% in the por-
ous materials in a PEMFC. Shah et al. [46] developed a transient
non-isothermal model for a PEMFC. They presented numerical re-
sults using a 1-D model in the form of potential sweeps and were
able to quantitatively predict the hysteresis phenomenon often ob-
served in PEMFC experiments. However, their model was one-
dimensional and, thus, could not be applied to fully investigate
the complex multi-dimensional physics in practical PEMFC opera-
tions. Meng [47] developed a two-phase, non-isothermal, mixed-
domain 2-D model to investigate 2-D PEMFC transient response
and concluded that the liquid water in the porous materials in-
creases the current density overshoots and undershoots.

Although researchers have developed various transient models
to investigate the response characteristics of PEMFC, most of these

Nomenclature

Ajref
0;a exchange current density at anode [A m�3]

Ajref
0;c exchange current density at cathode [A m�3]

a water activity
b source term of variable /
C mass fraction
CF quadratic drag factor
D mass diffusivity [m2 s�1]
Dk,eff effective mass diffusivity for the kth species [m2 s�1]
dporous equivalent surface diameter of porous media [m]
F Faraday constant [96,487 C/mol]
i current density [A m�2]
I average current density in the fuel cell [A m�2]
ja transfer current density at anode [A m�3]
jc transfer current density at cathode [A m�3]
kc coefficient of water vapor condensation rate [s�1]
ke coefficient of water vapor evaporation rate [atm�1 s�1]
kp permeability [m2]
Lc channel width [m]
Lr rib width [m]
M molecular weight [kg mol�1]
p pressure [atm]
psat saturated water vapor pressure [atm]
P0 perturbed variation of pressure in a control volume
R Universal Gas Constant [8.314 J mol�1 K�1]
s volume ratio occupied by liquid water
S0 surface area [m2]
Sc source term in the species equation
Sj source term in the phase potential equation
SL source term accounting for the phase change of water
S~u source term in the momentum equation
T temperature [K]
t time [s]
~u velocity vector [m s�1]
V0 volume [m3]
Vcell operating voltage [V]
x x direction coordinate [m]
y y direction coordinate [m]
z z direction coordinate [m]

Greek symbols
aa electrical transfer coefficient in forward reaction
ac electrical transfer coefficient in backward reaction
e porosity
eeff effective porosity
g over-potential [V]
k water content in membrane
q density [kg m�3]
rm proton conductivity [S m�1]
rs electron conductivity [S m�1]
s tortuosity of the pores in the porous material
Um ionic phase potential
Um electronic phase potential
/ dependent variables
N/ exchange coefficient

Superscripts
ref reference value

Subscripts
a anode
c cathode
channel channel
CL catalyst layer
eff effective
g gaseous phase
k kth species of the mixture
l liquid phase
porous porous medium
GDL gas diffusion layer
H2 hydrogen
H2O water
MEM membrane
O2 oxygen
sat saturation
total total
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models have been one or two dimensional. Two-dimensional mod-
els are deficient in illustrating performance response of commer-
cial PEMFC with complicated flow channels. Recently, some 3-D
models have been developed but with single-phase and/or isother-
mal assumptions. Moreover, most studies have only focused on a
step voltage change for a specified PEMFC flow field, with few anal-
yses of the effect of the flow field type and flow field design param-
eters on the transient response characteristics. The present paper
presents a 3-D, two-phase, transient PEMFC model to compare
the transient characteristics of parallel and interdigitated flow
fields. The effects of various voltage load changes, channel to rib
width ratios, and cathode inlet flow rates on the current overshoot
and undershoot and the cell response time are examined in detail
for both flow fields.

2. Flow field design

The transient characteristics of PEMFC were investigated for
parallel and interdigitated flow fields. Considering the symmetry,
only the essential part of the fuel cell is analyzed as the computa-
tional domain to reduce the computational time. Fig. 1 shows the
computational domains for both flow field designs which consist
of the anode flow channel, anode diffusion layer, anode catalyst,
proton exchange membrane, cathode catalyst layer, cathode diffu-
sion layer, and cathode flow channel. For the parallel flow field, the
computational domain includes a half flow channel and a half rib,
while for the interdigitated flow field it includes a half inlet flow
channel, a rib, and a half outlet flow channel. The effect of the

channel to rib width ratio on the transient characteristics were
analyzed for three different width ratios for both flow fields. For
cell 1, the flow channel width is 0.67 mm with a rib width of
1.33 mm. For cell 2, the flow channel and rib widths are both
1 mm. For cell 3, the flow channel width is 1.33 mm with a rib
width of 0.67 mm. Thus, the channel to rib width ratios, K, are
0.5, 1.0, and 2.0. The dimensions of all the cell components are
listed in Table 1. Thicknesses for gas diffusion layer, catalyst layer
and membrane were referred to experimental works by Yan et al.
[48].

The operating conditions for the fuel cell were assumed to be a
fuel cell temperature of 323 K, the reactant gases on the anode side
include hydrogen and water vapor with a relative humidity of
100%, the reactant gases on the cathode side contain oxygen, nitro-
gen, and water vapor with a relative humidity of 100%, and the out-
let pressures on the anode and cathode sides are both at 1 atm.
Table 2 lists the inlet flow velocities for the parallel and interdigi-
tated flow fields for the various channel to rib width ratios.

3. Model development

A 3-D two-phase, transient PEMFC model was developed to
analyze the electrochemical reactions and transport phenomena
of the reactants and products in the cell using the finite volume
method. The governing equations included the mass, momentum,
species and electrical potential conservation equations. The model
assumes that the system is at transient state; the inlet reactants
are ideal gases; the flow is laminar; and the porous layers such

Cathode Flow Channel
Cathode Diffusion Layer
Cathode Catalyst Layer
Proton Exchange Membrane
Anode Catalyst Layer
Anode Diffusion Layer
Anode Flow Channel

z
x

y
z

x
y

Fig. 1. Schematics of 3-D models of the parallel and interdigitated flow fields.
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as the diffusion layer, catalyst layer and PEM are isotropic and
isothermal.

The transport equations for the gaseous phase in the 3-D PEMFC
are:

Continuum equation:

@ðeeffqgÞ
@t

þr � ðeqg~ugÞ ¼ �SL ð1Þ

where e and eeff are the porosity and effective porosity of the porous
material, qg is the density of the gaseous mixture, and ~ug is the
velocity vector for the gaseous mixture.

Momentum equation:

e
ð1� sÞ

@ðqg~ugÞ
@t

þ e
ð1� sÞ2

r � ðqg~ug~ugÞ

¼ �erpg þ
e

ð1� sÞr � ðlgr~ugÞ þ S~u ð2Þ

where s is the liquid water saturation defined as the ratio of the li-
quid water volume to the pore volume, lg is the viscosity of the gas-
eous mixture and S~u is the source terms based on the Darcy drag
forces imposed by the pore walls on the fluid which usually cause
significant pressure drops across the porous media, which can ex-
pressed as:

S~u ¼ �
e2lg~ug

kpkrg
�

e3CFqgffiffiffiffiffi
kp

p j~ugj~ug ð3Þ

where krg is the relative permeability for the gaseous mixture ex-
pressed as krg = (1 � s)3 which accounts for the reduction in pore
space available for the gaseous phase due to the existence of the li-
quid phase, CF is the quadratic drag factor, and kp is the permeabil-
ity of the porous material whose dependence on porosity can be
described by the Blake–Kozeny equation [49]:

kp ¼
d2

porous

150

 !
e3

ð1� eÞ2

" #
ð4Þ

where dporous is the equivalent pore diameter of the porous material
expressed as dporous ¼ 6V 0porous=S0porous.

Species equation:

@ðeeffqgCkÞ
@t

þr � ðeqg~ugCkÞ ¼ r � ðqgDk;effrCkÞ þ Sc � SL ð5Þ

where Ck is the mass fraction of the kth species and Dk,eff is the
effective diffusion coefficient with the Bruggeman correction [50]
employed to describe the influence of the porosity on the diffusion
coefficient

Dk;eff ¼ Dkes
eff ð6Þ

where s is the tortuosity of the pores in the porous material. In the
present two-phase model, the water produced in the cathode cata-
lyst layer is assumed to be in the vapor phase, so in the species
equation, the source term, Sc, in the catalyst layers due to chemical
reactions equals �ðja=2FÞMH2 for hydrogen, �ðjc=4FÞMO2 for oxygen,
and ðjc=2FÞMH2O for water vapor. In these expressions, ja and jc de-
note the transfer current densities on the anode and cathode,
respectively, calculated by the Bulter–Volumer equation:

ja ¼ Ajref
0;a

C H2

Cref
H2

 !1
2

eðaaF=RTÞg � 1
eðacF=RTÞg

� �
ð7Þ

jc ¼ Ajref
0;c

CO2

Cref
O2

 !
eðaaF=RTÞg � 1

eðacF=RTÞg

� �
ð8Þ

where Ajref
0 is the reference exchange current density, aa and ac are

the anodic and cathodic transfer coefficients for the anode and cath-
ode reactions, g is the overpotential, F is Faraday’s constant, R is the
ideal gas constant and T is the fuel cell temperature.

In the catalyst layer, the potential difference between the elec-
trolyte and catalyst drives the transfer current that maintains the
electrochemical reaction. The current may be split into the ionic
current,~im, and the electronic current,~is. The continuity of current
leads to:

r �~im þr �~is ¼ 0 ð9Þ

These two currents interact through the electrochemical reactions.
Application of Ohm’s law to this equation yields the current
conservation:

r � ðrmrUmÞ ¼ Sj ð10Þ
r � ðrsrUsÞ ¼ �Sj ð11Þ

where rm and rs are the proton conductivity and electron conduc-
tivity, Om and Os are the ionic phase potential and electronic phase
potential, and Sj is the electrical source term, which is zero in the
PEM without the electrochemical reaction and is �ja or �jc on the
anode or cathode sides. Based on the theoretical analyses in
[37,45], since the electrochemical double-layer charging/discharg-
ing process is very fast, the transient terms in Eqs. (9)–(11) can be
safely neglected. The proton conductivity in the membrane is
strongly dependent on the membrane water content, k, and can
be calculated using the formulas developed by Springer [1]:

rm ¼ rref
m exp 1268

1
303
� 1

T

� �� �
ð12Þ

where rref
m is the membrane reference conductivity expressed as

rref
m ¼ 0:5139k� 0:326 ð13Þ

In the flow channels, gas diffusion layers and catalyst layers, the
governing equation for the transport and formation of liquid water
can be expressed by the generalized Richards equation:

@ðeqlsÞ
@t

þr � qlkpkrl

ll

@pc

@s
rs

� �
�r � qlkpkrl

ll
rpg

� �

þr � ndMH2O

F
~im

� �
¼ SL ð14Þ

where ql is the density of liquid water, ll is the viscosity of liquid
water, MH2O is the molecular weight of water, krl is the relative per-
meability of liquid water equal to s3, and nd is the electro-osmotic

Table 1
PEM fuel cell dimensions.

Quantity Value

Channel length (mm) 100
Channel height (mm) 1
Channel width (mm) 0.667, 1, 1.333
Rib length (mm) 100
Rib height (mm) 1
Rib width (mm) 1.333, 1, 0.667
Gas diffusion layer thickness (mm) 0.3
Catalyst layer thickness (mm) 0.005
Membrane thickness (mm) 0.035

Table 2
Cathode inlet velocities for the parallel and interdigitated flow fields for the various
channel to rib width ratios.

K Vc,in (m s�1)

Parallel flow field Interdigitated flow field

2 0.7254 1.4508
1 0.9720 1.9440
0.5 1.4727 2.9454

2378 X.-D. Wang et al. / International Journal of Heat and Mass Transfer 54 (2011) 2375–2386



Author's personal copy

drag coefficient taken as nd = 2.5s. The electro-osmotic drag is only
active in the catalyst layers where the ionic phase current exists,
not in the channels and gas diffusion layers where the ionic phase
current density is zero. The capillary pressure, pc, is defined as

pc ¼ pg � pl ð15Þ

The capillary pressure can be further expressed as [37]

pc ¼ r cos hc
e

kp

� �1=2
ð1:417ð1� sÞ � 2:120ð1� sÞ2 þ 1:262ð1� sÞ3Þ

h < 90�

pc ¼ r cos hc
e

kp

� �1=2
1:417s� 2:120s2 þ 1:262s3
	 


h > 90�

ð16Þ

where r is the surface tension of water and hc is the contact angle of
water on the porous material.

When the water vapor partial pressure is greater than the water
vapor saturation pressure, the water vapor is assumed to condense
and fill the pores in the porous media. The source term, SL, in Eqs.
(1), (5) and (14), is a simplified switch function between condensa-
tion and/or evaporation of the liquid water evaluated as [17]:

SL ¼
MH2Okc

eð1�sÞxH2O

RT ðpH2O � psatÞ if pH2O > psat

keesqlðpH2O � psatÞ if pH2O < psat

(
ð17Þ

where kc and ke are the vapor condensation and evaporation rate
constants, xH2O is the mole fraction of water vapor, and psat is the
water vapor saturation pressure calculated as [37]:

psat ¼ 10�2:1794þ0:02953T�9:1837�10�5T2þ1:4454�10�7T3
ð18Þ

Assuming water exists only in the liquid phase in the mem-
brane, the liquid water transport equation in the membrane can
be expressed as:

@ðqdryMH2Ok=MmÞ
@t

þr � adMH2O

F
~im

� �
k�

MH2Oqdry

Mm
Dk

� �
rk

� �
¼ 0 ð19Þ

where ad is a constant equal to 2.5/22, qdry is the membrane dry
density, Mm is the membrane equivalent weight, and Dk is the diffu-
sivity expressed as a function of the membrane water content as
[1]:

Dk ¼ Dref
k exp 2416

1
303
� 1

T

� �� �
ð20Þ

Dref
k ¼ 10�10 k

ð1þ 0:0126kÞað17:81� 79:7aþ 108a2ÞD0k
ð21Þ

Dk ¼
k=4 k 6 2
0:5þ 3:25ðk� 2Þ=4 k 6 6
3:75þ 4ðk� 26Þ=15 k > 6

8><
>: ð22Þ

where a is the water activity.
At the interface between the membrane and catalyst layer, the

water content is related to the water activity as [1]:

k ¼
0:043þ 17:18a� 39:85a2 þ 36:0a3 0 < a 6 1
14þ 1:4ða� 1Þ 1 < a 6 3
16:8 a > 3

8><
>: ð23Þ

where, a is the water activity expressed as:

a ¼ CH2ORT
psat

ð24Þ

The conservation equation of the water content, Eq. (19), is
linked to water vapor concentration by two internal boundary
conditions at the interfaces between the membrane and the two

catalyst layers on both anode and cathode sides. The interfacial
boundary conditions can be established based on thermodynamic
equilibrium conditions and flux equalities. The detail boundary
conditions can be referred in Meng’s work [51].

The overpotentials are defined as:

g ¼ Us �Um on anode side ð25Þ
g ¼ Us �Um � Voc on cathode side ð26Þ

where Voc is the open-circuit potential defined as [2]:

Voc ¼ 1:23� 0:9� 10�3ðT � 298Þ þ 2:3
RT
4F

log p2
H2

pO2

� �
ð27Þ

The fuel cell voltage is given by

Vcell ¼ Voc � ga � gc � gm ð28Þ

where gm is the Ohmic overpotential in the membrane defined as:

gm ¼
Z

mem

iave

rm
dz ð29Þ

The boundary conditions at the anode flow channels and the
cathode flow channels are that the inlet flow rates are constant,
the inlet gas compositions are constant, and the flows are fully
developed at the anode and cathode flow channels outlets. The so-
lid walls are no slip with zero flux boundary conditions. At the
interfaces between the gas channels, the gas diffusion layers, the
catalyst layers, and the PEM, the velocities, mass fractions,
momentum fluxes, and mass fluxes are all assumed equal. The
computational domain for the electrical charge equations included
the anode catalyst layer, the membrane and the cathode catalyst
layer. The boundary conditions included: at the interface of the an-
ode catalyst layer: Us = 0, @ Um/@z = 0; at the interface of the cath-
ode catalyst layer: Us = Vcell, oUm/@z = 0. All of the fixed parameters
used in the model can be found in [52]. There have been efforts to
refine the material parameters describing water transport in GDL,
MPL, and so on (see Ref. [52, and listed therein]). The parameters
adopted in this work are to demonstrate the transient response
and mechanisms responsible for the noted response of fuel cells
with different flow fields. Use of refined parameters does not affect
the basic trends numerically yielded using the present material
parameters.

The coupled equations were solved iteratively using computa-
tional fluid dynamics package FLUENT (version 6.3, Ansys, USA).
Iteration criterion for convergence was 10�6. The model used
non-uniformly distributed elements in the x, y and z directions.
The grid independence was examined in preliminary test runs.
Fig. 2 shows the predicted local current densities along the center
line of the flow channel in the membrane for the parallel flow field

0.00 0.02 0.04 0.06 0.08 0.10
7000

7500

8000

8500

9000

9500

10000

I y
A

 m
-2

y  (m)

 Mesh 1:101×11×25
 Mesh 2:151×13×33
 Mesh 3:201×15×41

Fig. 2. Influence of the number of elements on the local current densities for the
parallel flow field design with K = 1.0.
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with K = 1.0. The results show that the 151 � 13 � 33 mesh for the
parallel flow field and the 151 � 25 � 33 mesh for the interdigita-
ted flow field can provide sufficient spatial resolution. The inde-
pendence of the time step size, Dt, was also examined as shown
in Fig. 3 with Dt then taken as 0.01 s except for the Case 2 in
Fig. 4 which Dt = 0.005 s. The accuracy of the present transient
model was demonstrated by Li et al. [53].

The temperature change in the PEM fuel cell is not taken into
account in the present model, i.e. isothermal model is used. This
is because we focus on a single cell with a small dimension.
Although the electrochemical reaction and the phase change of
water produce heat, the produced heat flux is low and the thermal
conductivities of the porous layers and the bipolar plates are high.
Wang et al. have demonstrated that with the constant temperature
boundary condition applied at surfaces of anode/cathode current
collectors, the isothermal and non-isothermal models predict
almost the same performance and the operation temperature of a
single fuel cell with a small dimension can be kept almost constant
in all the regions of the working fuel cell [54].

4. Results and discussion

4.1. Voltage loading effects

Four different voltage reduction rates (from 0.7 V to 0.5 V) were
selected to investigate the effect of the voltage loading on the tran-
sient characteristics of the parallel flow field fuel cell. Case 1 had a

step voltage change with Vcell = 0.7 V for t < 0.05 s, Vcell = 0.5 V for
t > 0.05 s; Cases 2–4 had voltage decrease rates of 1 V s�1,
0.5 V s�1, and 0.2 V s�1 starting at t = 0.06 s. Fig. 4 shows that for
the step voltage change in the parallel flow field design for K = 1,
the average current density abruptly increases to 14,580 A m�2 at
0.06 s with the strongest current overshoot, then begins to de-
crease at 0.29 s to steady-state at 0.5 V with a response time of
0.24 s. For Case 2, the average current density begins to increase
at 0.06 s, exceeds the steady-state value at 0.5 V at 0.195 s, reaches
the maximum of 10,688 A m�2 at 0.26 s, and then gradually de-
creases to steady-state at 0.40 s with a response time of 0.14 s.
For Case 3, the average current density begins to increase at
0.06 s, overshoot occurs at 0.36 s, the average current density
reaches the maximum of 10,093 A m�2 at 0.46 s, and then de-
creases to steady-state at 0.59 s with a response time of 0.13 s.
For Case 4, the average current density begins to increase at
0.06 s, overshoot occurs at 0.96 s, the average current density
reaches the maximum of 9744 A m�2 at 1.06 s, and then decreases
to steady-state at 1.15 s with a response time of 0.09 s. These re-
sults indicate that as the voltage decrease rate is reduced, the over-
shoot weakens and the response time shortens.

To fully understand which factors affect the current overshoot
and response time, the step voltage change results were analyzed
to describe the local dynamic transport characteristics inside the
cell. Fig. 5 shows the transient response of the local current densi-
ties along the center line of the channel and rib in the membrane.
At t = 0.01 s, the cell is at the steady-state of 0.7 V. With the weak
electrochemical reaction rates at the high operating voltage of
0.7 V, the local current density is distributed uniformly over the
membrane. At 0.06 s, the voltage is abruptly reduced to 0.5 V, the
local current density rapidly rises with a small difference develop-
ing between the values under the channel and under the rib, so the
local current density is still relatively uniform over the membrane.
The maximums of the local current density under the channel and
rib both occur at the cell inlet with the local current density grad-
ually decreasing from the inlet to the outlet. At 0.10 s, the local cur-
rent densities under the channel and rib are both lower than at
0.06 s with a more significant decrease under the rib; thus, the dif-
ference in the local current densities under the channel and under
the rib has increased. Moreover, the gradient in the local current
densities from the inlet to the outlet also increases as the distribu-
tion becomes non-uniform over the membrane. At 0.24 s, the local
current densities under the channel and the rib are further reduced
and more non-uniform. At 0.29 s, the local current density distri-
bution approaches steady-state with a response time of 0.24 s.

Fig. 6 shows the transient response of the oxygen concentra-
tions along the center line of the channel and rib on the cathode
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current densities during a step voltage decrease for the parallel flow field for
K = 1.0.

0.0 0.3 0.6 0.9 1.2 1.5
3000

6000

9000

12000

15000

0.40

0.45

0.50

0.55

0.60

0.65

0.70

0.75

0.80

case 1

case 2

I
A

/m
2

t (s)

case 2

case 1

case 3 case 4

V ce
ll (V

)

case 4case 3

case 1  step change
case 2  1 V s-1

case 3  0.5 V s-1

case 4  0.2 V s-1

Fig. 4. Transient response of the parallel flow field fuel cell for K = 1.0 for the
various voltage reduction rates. Solid line: average current density; dashed line:
voltage.

0.00 0.02 0.04 0.06 0.08 0.10

4000

8000

12000

16000

20000

I y
A

 m
-2

y (m)

t=0.01s t=0.06s t=0.10s t=0.15s
t=0.20s  t=0.29s t=0.40s
t=0.01s t=0.06s t=0.10s t=0.15s 
t=0.20s t=0.29s t=0.40s

channel

rib

Fig. 5. Transient response of the local current densities along the center line of the
channel and the rib in the membrane during a step voltage change for the parallel
flow field design for K = 1.0.

2380 X.-D. Wang et al. / International Journal of Heat and Mass Transfer 54 (2011) 2375–2386



Author's personal copy

diffusion layer-catalyst layer interface for the step voltage change
for the parallel flow field design for K = 1.0. Fig. 6 indicates that
at t = 0.01 s, there are high, uniform oxygen concentrations under
the channel and rib because the electrochemical reactions are
weaker with a small amount of oxygen consumption at the high
operating voltage of 0.7 V. At 0.06 s, the voltage is abruptly reduced
to 0.5 V, which causes the electrochemical reactions to rapidly in-
crease. Since the high oxygen concentrations under the channel
and the rib at this time supply the electrochemical reactions, the
local current densities under the channel and the rib simulta-
neously rapidly increase with small differences between them.
Therefore, the current overshoot can be attributed to the initially
high, uniform local oxygen concentrations inside the cell when
the voltage abruptly decreases. The higher local oxygen concentra-
tion will increase the overshoot, as will be verified later. At 0.10 s,
the local oxygen concentration decreases from that at 0.06 s as the
oxygen consumption by the electrochemical reactions is higher
than the transport from the flow channel, which leads to reduced
local current densities. With a longer diffusion path, the oxygen
concentration under the rib decreases more significantly than un-
der the channel; thus, the decrease in the local current density un-
der the rib is more visible as shown in Fig. 5. Subsequently, the
oxygen concentrations under the channel and the rib continue to
decrease until it reaches the steady-state values at 0.5 V. The oxy-
gen concentrations approach steady-state at 0.20 s which is
slightly faster than the response time for the current density of
0.26 s. Therefore, the initial oxygen concentrations are far higher
than the steady-state concentrations at the low voltage which
leads to the current overshoot and significantly affects the local

current density distribution, but it is not a decisive factor for the
cell response time.

Fig. 7 shows the transient response of the hydrogen concentra-
tions along the center line of the channel and the rib on the anode
diffusion layer-catalyst layer interface for the step voltage change
for the parallel flow field design for K = 1.0. Fig. 7 indicates that
as the voltage decreases from 0.7 V to 0.5 V, the hydrogen concen-
tration gradually increases. Although the hydrogen consumption
increases along with the increasing electrochemical reaction, there
is also a net water transport from the anode to the cathode along
with the proton transport, which causes the relative hydrogen con-
centration to increase because the molecular weight of water is
much larger than that of hydrogen. Fig. 7 also indicates that due
to the lower anode inlet flow velocity, the hydrogen concentration
still does not reach the steady-state value at 0.45 s, so the hydro-
gen concentration is also not a key factor determining the response
time.

Fig. 8 shows the transient response of liquid water concentra-
tion along the channel center and the rib at the anode diffusion
layer-catalyst layer upon a step voltage change for the parallel flow
field design at K = 1.0. Since water transport response time (in the
scale of 100 s) is much greater than that for reactant (product)
transfer (in the scale of 1 s) [55], the liquid water concentration
at 0.54 s does not change much from that at t = 0.01 s (the stea-
dy-state of 0.7 V), although the current density has approached a
steady-state of 0.5 V.

Fig. 9(a) shows the transient response of the local current den-
sities at y = 0.05 m along the cell width direction in the membrane
for the four different voltage reduction rates for the parallel flow
field design with K = 1.0. At t = 0.01 s, for the four cases, the cells
are all at the steady-state voltage of 0.7 V, the local current densi-
ties under the channel and the rib are uniformly distributed due to
the lower electrochemical reaction rates. For Case 1, the voltage
abruptly decreases from 0.7 V to 0.5 V at 0.06 s causing the average
current density to sharply increase to the maximum and a local
current density gradient to develop from the channel
(15,462 A m�2) to the rib (14,275 A m�2), so the local current den-
sities are still distributed relatively uniformly. For Case 2, with a
voltage reduction rate of 1 V s�1 starting at 0.06 s to 0.5 V at
0.26 s where the peak overshoot of the average current density oc-
curs. Moreover, for Case 2 the local current densities under the
channel and the rib are significantly lower than for Case 1, and
the difference between the local current densities under the chan-
nel and under the rib increases (from 13,364 A m�2 under the
channel center to 7315 A m�2 under the rib center), so the non-
uniformity of the local current density distribution is much more
evident. With the slower voltage reduction rates, the overshoot
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peaks of the average current densities are further reduced for Case
3 and Case 4. The average current densities reach peaks at 0.46 s
for Case 3 and at 1.06 s for Case 4, with the local current density
distribution differences from the channel to the rib become more
non-uniform and closer to the steady-state distribution at 0.5 V.

Fig. 9(b) shows the transient response of the oxygen concentra-
tions at y = 0.05 m along the cell width direction on the cathode
diffusion layer-catalyst layer interface for the four different voltage
reduction rates. When the cell is at the steady-state voltage of 0.7 V
at 0.01 s, there are high oxygen concentrations at the cathode dif-
fusion layer-catalyst layer interface. For Case 1, as the voltage
abrupt decreases to 0.5 V at 0.06 s, the oxygen concentrations are
still high, which results in the strongest overshoot. From Case 2
to Case 4, voltage reduction rate gradually decreases, a longer time
is available for the oxygen concentrations to decrease; thus, the
current overshoot becomes less than for Case 1. As the time for
the voltage to decrease from 0.7 V to 0.5 V becomes longer, the
local oxygen concentrations become lower and closer to the stea-
dy-state distribution for 0.5 V with less overshoot and shorter
response times. These results further verify that the higher local
oxygen concentrations cause more overshoot.

Fig. 10 shows the transient response of the parallel flow field
fuel cell for K = 1.0 during a sinusoidal voltage change between
0.8 V and 0.6 V (Vcell = 0.7–0.1 � sin(t � 0.05)). For comparison,
Fig. 10(a) also shows the transient response of the average current
density for a step voltage increase from 0.7 V to 0.8 V and a step
voltage decrease from 0.7 V to 0.6 V. Fig. 10(a) indicates that along
with the sinusoidal change in the voltage, the current density also
changes sinusoidally with no current overshoot as the voltage de-
creases to 0.6 V and no undershoot as the voltage increases to
0.8 V. Fig. 10(b) compares the local current density distributions
at t = 1.63 s (Vcell = 0.6 V) for the step and sinusoidal voltage

changes, which indicates that when the voltage decreases to
0.6 V along a sinusoidal path, the local current densities under
the channel and under the rib are almost the same as for the stea-
dy-state voltage of 0.6 V. Therefore, the current overshoot and
undershoot can be eliminated by controlling the voltage change.

4.2. Comparison of parallel and interdigitated flow fields

The flow field design in the bipolar plates has a very important
effect on the steady-state performance of a PEMFC because differ-
ent flow field designs provide the different reactant transport and
liquid water removal rates. The previous analyses have shown that
the overshoot, undershoot, and response time are all related to the
oxygen concentration and the membrane water content; thus, it is
expected that the flow field design will also affect the transient
characteristics of a PEMFC. Thus, this section will analyze the dif-
ferent transient responses of the parallel and interdigitated flow
fields.

Fig. 11 shows the transient response of the average current den-
sities for both flow fields during a step voltage change. At
t 6 0.05 s, the both cells are all at the steady-state of 0.7 V and have
almost the same performance with slightly better performance for
the interdigitated flow field. At t = 0.06 s, the voltage abruptly de-
creases to 0.5 V, the average current density sharply increases to
the maximum and the overshoot occurs with peaks of
15,299 A m�2 for the interdigitated flow field and 14,580 A m�2

for the parallel flow field, indicating that the interdigitated flow
field has a more overshoot. Later, the average current density is
gradually reduced to the steady-state value of 0.5 V. For the paral-
lel flow field, the steady-state average current density is
9587 A m�2 with a response time of 0.24 s, while it is
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11,187 A m�2 for the interdigitated flow field with a response time
of 0.36 s.

Fig. 12(a) shows the transient response of the local current den-
sities in the membrane at y = 0.05 m along the cell width direction
for both flow fields. The interdigitated flow field flow channel can
be divided into an inlet channel and an outlet channel. In Fig. 12,
x < 0.5 mm corresponds to the inlet channel, 0.5 mm < x < 1.5 mm
corresponds to the rib, and 1.5 mm < x < 2.0 mm corresponds to
the outlet channel. For both flow fields, at t = 0.01 s, the local cur-
rent density distributions are very uniform over the membrane. At
0.06 s, the local current densities sharply rise and then slowly
decrease along the x-direction, indicating that the local current
density distributions are still uniform over the membrane. At
0.15 s, for the parallel flow field the local current density already
approaches the steady-state distribution with the local current

density under the channel far higher than that under the rib, show-
ing a non-uniform local current density distribution. However, for
the interdigitated flow field, the local current density is still quite
different from the steady-state distribution (the difference occurs
under the outlet channel) with a significantly non-uniform distri-
bution. The local current density reaches steady-state at 0.29 s
for the parallel flow field and at 0.41 s for the interdigitated flow
field, indicating that the interdigitated flow field has a longer re-
sponse time. During the transient response, the local current den-
sity for the interdigitated flow field is higher than that for the
parallel flow field all the time, so it has a stronger overshoot.

Fig. 12(b) shows the transient response of the oxygen concen-
trations on the cathode diffusion layer-catalyst layer interface at
y = 0.05 m along the cell width direction for the both flow fields.
At t = 0.01 s, there are high local oxygen concentrations for both
flow fields with the interdigitated flow field having a higher oxy-
gen concentration than the parallel flow field. Since both cells
are still at the steady-state of 0.7 V at this time with a very little
difference between the average current densities, and the oxygen
consumption rates by the electrochemical reactions are almost
the same, thus, the interdigitated flow field can transport more
oxygen to the gas diffusion layer and catalyst layer. At 0.06 s, the
voltage abrupt decreases to 0.5 V; since there are still higher oxy-
gen concentrations on the cathode diffusion layer-catalyst layer
interface for both flow fields, the average current densities are
higher than the steady-state value of 0.5 V; thus, the overshoot oc-
curs. At this moment, due to the uniform local oxygen concentra-
tion distributions for both flow fields the local current densities
are still distributed relatively uniformly. With the higher local oxy-
gen concentration, the interdigitated flow field produces a higher
local current density than the parallel flow field and more over-
shoot. At 0.15 s, the local oxygen concentration already approaches
the steady-state distribution for the parallel flow field, while for
the interdigitated flow field the oxygen concentration under the
outlet channel is still slightly larger than at the steady-state
distribution. Therefore, the interdigitated flow field needs
longer time for the oxygen concentration to reach the steady-state
distribution, resulting in a longer response time than for the
parallel flow field.

Fig. 11 also shows the transient response of the average current
densities for both flow fields during a step voltage increase. At
t = 0.54 s, both flow fields are all at the steady-state of 0.5 V. At
0.55 s, the voltage abruptly increases to 0.7 V, so the average cur-
rent densities are sharply reduced, lower than the steady-state va-
lue of 0.5 V for both flow fields, so current undershoot occurs with
a more undershoot for the parallel flow field. The average current
densities for both flow fields then gradually rise. The parallel flow
field reaches steady-state at 0.78 s, while the interdigitated flow
field reaches steady-state at 0.73 s, indicating that the parallel flow
field has a longer response time during step voltage increase,
which is opposite to what occurs during the step voltage decrease.

Fig. 13(a) shows the transient response of the local current den-
sities in the membrane at y = 0.05 m along the cell width direction
for the flow fields during the step voltage increase. At t = 0.54 s, the
interdigitated flow field has a higher local current density than the
parallel flow field and for both flow fields the local current densi-
ties are reduced along the cell width direction with significant vari-
ations. At 0.55 s, for both flow fields the local current densities
sharply decrease as the voltage abruptly increases from 0.5 V to
0.7 V. The local current densities still vary along the cell width
direction and are lower than the steady-state value of 0.7 V, which
results in the current undershoot. The local current densities for
both flow fields then gradually increase and become more uniform.
For the parallel flow field, the local current density reaches steady-
state at 0.78 s, while for the interdigitated flow field it reaches
steady-state at 0.73 s.
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interdigitated flow fields during step voltage changes.
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Fig. 13(b) shows the transient response of the local oxygen con-
centrations on the cathode diffusion layer-catalyst layer at
y = 0.05 m along the cell width direction for both flow fields during
a step voltage increase. At t = 0.54 s, both cells are at the steady-
state of 0.5 V and the local oxygen concentrations are very low
and non-uniformly distributed along the cell width direction. At
0.55 s when the voltage abruptly increases to 0.7 V, the lower local
oxygen concentrations result in lower local current densities than
the steady-state densities at 0.7 V, which results in undershoot.
Moreover, the local current density distributions are not uniform
for both flow fields due to the non-uniform oxygen concentration
distributions. At 0.55 s the parallel flow field has a lower oxygen
concentration than the interdigitated flow field, so the parallel flow
field deviates more from the steady-state of 0.7 V, with more
undershoot. At 0.60 s, the oxygen concentration for the interdigita-
ted flow field approaches steady-state under the inlet channel,
while still deviating from steady-state under the rib and outlet
channel. However, for the parallel flow field, at 0.60 s, the local
oxygen concentrations under the channel and rib all significantly
deviate from the steady-state value. At 0.78 s, although the oxygen
concentration has not completely reached steady-state, the local
current density no longer increases because the oxygen provided
for the cathode catalyst layer already satisfies the need of the elec-
trochemical reactions. For the interdigitated flow field, there is
similar phenomenon at 0.73 s where the oxygen concentration
has not reached steady-state, but the local current density no long-
er increases. These results again indicate that the cell response
time is not determined by the oxygen concentration distribution.

4.3. Size effects

The channel to rib width ratio, K, significantly affects the stea-
dy-state performance of a PEMFC. Wang et al. [18] found that for
the parallel flow field, as K increases the cell performance im-
proves because the reactants are transported into the diffusion
layer and the catalyst layer mainly by diffusion. A larger K in-
creases the contact area between the reactants and the diffusion
layer, which allows more reactants to diffuse directly into the por-
ous layers to participate in the electrochemical reaction which en-
hances the reaction rates. For the interdigitated flow field, the
baffle forces more reactants to enter the cell and participate in
the electrochemical reaction, so K has less effect. K is also ex-
pected to affect the transient characteristics of the PEMFC; there-
fore, this section will discuss the effect of K on the transient
response of the parallel and interdigitated flow fields.

Fig. 14(a) shows the transient response of the parallel flow field
with various channel to rib width ratios during a step voltage
change. For the parallel flow field, the optimal steady-state perfor-
mance occurs for K = 2.0 with the worst steady-state performance
for K = 0.5. During the step voltage decrease, the voltage abruptly
decreases from 0.7 V to 0.5 V at t = 0.06 s. For the cell with K = 2.0,
the average current density reaches a maximum of 14,943 A m�2 at
0.06 s and reaches steady-state at 0.33 s with the strongest over-
shoot and a response time of 0.28 s. For the cell with K = 1.0, the
average current density reaches a maximum of 14,580 A m�2 at
0.06 s and reaches steady-state at 0.29 s with the less overshoot
and a response time of 0.24 s. For the cell with K = 0.5, the average
current density reaches a maximum of 13,640 A m�2 at 0.06 s and
reaches steady-state at 0.24 s with the weakest overshoot and a re-
sponse time of 0.19 s. During the step voltage increase, the voltage
abruptly increases from 0.5 V to 0.7 V at t = 0.55 s. For the cell with
K = 2.0, the average current density reaches steady-state at 0.86 s
with the weakest undershoot and a response time of 0.31 s. For
the cell with K = 1.0, the average current density reaches steady-
state at 0.83 s with more undershoot and a response time of
0.28 s. For the cell with K = 0.5, the average current density
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Fig. 13. Transient responses of the parallel and interdigitated flow fields during
step voltage increases. (a) Local current densities; (b) oxygen concentrations.
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Fig. 14. Transient responses of the parallel and interdigitated flow fields for various
channel to rib width ratios during step voltage changes. (a) Parallel flow field; (b)
interdigitated flow field.
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reaches steady-state at 0.80 s with the strongest undershoot and a
response time of 0.25 s. These results indicate that for the parallel
flow field, cells with larger K have more overshoot, less under-
shoot, and longer response times. The longer response times can
be attributed to the lower cathode inlet velocities for the cell with
larger K.

Fig. 14(b) shows the transient response for the interdigitated
flow field with various channel to rib width ratios during a step
voltage change. For the interdigitated flow field, K has little effect
on the steady-state performance. For the cell with K = 0.5, which
has the best steady-state performance, the average current density
reaches a maximum of 15,236 A m�2 at t = 0.06 s and a minimum
of 3451 A m�2 at 0.56 s. For the cell with K = 1.0 the average cur-
rent density reaches a maximum of 15,299 A m�2 at t = 0.06 s
and a minimum of 3419 A m�2 at 0.56 s, while for the cell with
K = 2.0, which has the worst steady-state performance, the aver-
age current density reaches a maximum of 15,312 A m�2 at
t = 0.06 s and a minimum of 3381 A m�2 at 0.56 s. Therefore, for
the interdigitated flow field, cells with larger K have more over-
shoot and less undershoot along with the worst steady-state per-
formance. As with the parallel flow field, as K increases the
response time increases for the interdigitated flow field. Therefore,
for the interdigitated flow field, a smaller K not only slightly im-
proves the steady-state performance but also reduces the cell tran-
sient response time.

4.4. Cathode inlet flow velocity effects

Fig. 15 shows the transient response of the parallel and inter-
digitated flow fields for various cathode inlet velocities during step
voltage changes. Fig. 15 shows that for both flow fields a higher
cathode inlet velocity only slightly increases the steady-state

performance at 0.7 V, but significantly improves the steady-state
performance at 0.5 V. During the step voltage changes, the higher
cathode inlet velocities results in the more overshoot, less under-
shoot, and shorter cell response times.

5. Conclusion

A 3-D, two-phase, transient model was adopted to investigate
the transient characteristics of PEMFC with the parallel and inter-
digitated flow fields. The effects of various voltage load changes,
channel to rib width ratios, and cathode inlet velocities on the re-
sponse time, the current overshoot and undershoot were analyzed
in detail. The conclusions drawn from the analyses are:

1. The voltage reduction rate significantly affects the transient
characteristics of PEMFC. The overshoot peak was reduced
and the response time declined at low voltage decreasing rate.
The step voltage decrease created the strongest overshoot and
the longest response time. The sinusoidal voltage change does
not create the overshoot and undershoot.

2. The overshoot and undershoot are related to the local oxygen
concentration distributions. During the voltage decrease, the
high, uniform oxygen concentration at the initially high voltage
induces the overshoot. On the contrary, during the voltage
increase, the initially low, non-uniform oxygen concentration
at the initially low voltage induces undershoot.

3. Since the interdigitated flow field yields higher local oxygen
concentration than does the parallel flow field owing forced
convection effect, the former has more significant overshoot
and less profound undershoot.

4. The channel to rib width ratio also significantly affects the tran-
sient characteristics of the parallel flow field but has less influ-
ence on the interdigitated flow field. For both flow fields, a
larger channel to rib width ratio causes more overshoot, less
undershoot and longer response times.
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