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ABSTRACT

This work establishes three-dimensional transient numerical models of proton exchange membrane
fuel cells (PEMFCs) with different cathode flow field designs. Exactly how flow field design and voltage
loading affect the transient characteristics of the PEMFCs are examined. When the operating voltage
instantaneously drops from 0.7V to 0.5V, the electrochemical reactions increase. To ensure sufficient
oxygen supply for the fuel cell, the oxygen mass fractions are high in the cathode gas diffusion and cathode
catalyst layers, causing overshoot of the local current density distribution. When the operating voltage
suddenly increases from 0.5V to 0.7V, the electrochemical reactions become mild, and furthermore
the oxygen mass fraction distribution becomes low, leading to undershoot of the local current density
distribution. The transient response time required to reach the steady state for the parallel flow field
with baffle design is longest in the event of overshoot or undershoot among the different cathode flow
field designs. The overshoot or undershoot phenomena become more obvious with larger voltage loading
variations. Moreover, the transient response time for the Z-type flow field with baffle design is longer

than for the Z-type flow field design.

© 2010 Elsevier B.V. All rights reserved.

1. Introduction

Numerical models have been establishing extensively to under-
stand the physical phenomena and steady state or transient
characteristics of proton exchange membrane fuel cells (PEMFCs).
They possess the advantage of reducing the costs and time involved
inresearch and development, offering easy comparison with exper-
imental data, and enabling the calculation of physical quantities
that are hard or impossible to measure.

Most studies on the numerical simulation of fuel cells emphasize
the steady state characteristics of one-dimensional [1,2], two-
dimensional [3-6], and three-dimensional [7-12] models. Flow
field design [13-16] and parameter design [17-21] have attracted
considerable interest.

Pertinent literature reviews demonstrate that numerical sim-
ulations of steady state characteristics of fuel cells are well
established. However, transient characteristics of fuel cells have
received limited attention [22-39]. Transient load changes during
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operation of PEMFCs often occur in stationary or automotive appli-
cations, for example a sudden variation of load as a device starts
or as a vehicle is accelerated or decelerated. The current density
overshoots its final steady state value when the operating voltage
changes abruptly from high to low; by contrast, the current den-
sity undershoots its final steady state value when the operating
voltage changes abruptly from low to high. The transient response
times for the overshoot and undershoot phenomena to reach steady
states are important to evaluate the dynamic performance of PEM-
FCs. Thus, numerical models capable of investigating the transient
characteristics are needed in the analysis of PEMFCs, when the
operating conditions vary with time. Amphlett et al. [22] devel-
oped a transient model for predicting transient characteristics of
proton exchange membrane fuel cells. Moreover, Yan et al. [29]
designed two-dimensional transient numerical models of proton
exchange membrane fuel cells to examine the transient transport
characteristics and system performance of the PEMFCs. The study
found that with increasing channel width fraction, porosity of the
gas diffusion layer and surface over-potential of the catalyst layer
reduces the transient response time. Kumar and Reddy [32] demon-
strated a clear effect of flow field design on the steady state and
transient performance of the polymer electrolyte membrane fuel
cell. Their investigation studied four different flow field designs,
namely serpentine, parallel, multi-parallel and interdigitated. The
parallel design exhibited the highest transient response. Mean-
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Nomenclature

Aj{ff reference exchange current density (Am—3)
C mass fraction

Cr quadratic drag factor

D mass diffusivity (m2s-1)

F Faraday constant (96,487 C mol~1)

i current density (Am~2)

1 average current density (Am~2)

j transfer current density (Am~3)

ke coefficient of water vapor condensation rate (s~1)

ke coefficient of water vapor evaporation rate
(atm~1s-1)

kp permeability (m?)

M molecular weight (kg mol~1)

p pressure (atm)

ng electro-osmotic drag coefficient

R universal gas constant (8.314J mol~1 K1)

S saturation of liquid water

Sc source term in the species equation

Si source term in the electric potential equation

SL source term due to phase change of water

Si source term in the momentum equation

T temperature (K)

t time (s)

u velocity (ms-1)

Veen operating voltage (V)

Xx,¥,z  coordinates (m)

Greek symbols

ol electrical transfer coefficient in forward reaction

o electrical transfer coefficient in backward reaction

£ porosity

n over-potential (V)

A water content in the membrane

0 density (kgm—3)

Om ionic conductivity (2-1m1)

o electronic conductivity (-1 m™1)

" dynamic viscosity (Pas)

T tortuosity of the pores in the porous material

D electric potential of the ionic phase (V)

D electric potential of the electronic phase (V)

Subscripts and superscripts

a anode

C cathode

ch channel

CL catalyst layer

eff effective value

k kth species of the mixture
GDL gas diffusion layer
g gas

H, hydrogen

H,0 water

1 liquid

m membrane

0, oxygen

sat saturation

ref reference value

while, the interdigitated design exhibited the slowest transient
response. Guilin and Jianren [38] established a three-dimensional,
transient, non-isothermal and single-phase CFD model of a pro-
ton exchange membrane fuel cell with a serpentine channel to

describe the transient process and dynamic characteristics of the
PEMFC.

The literature on transient characteristics of fuel cells focused
mainly on one-dimensional or two-dimensional models with par-
allel or serpentine flow field. Therefore, this study establishes
three-dimensional computational models of the proton exchange
membrane fuel cells with five different flow field designs, namely
parallel flow field, Z-type flow field, serpentine flow field, paral-
lel flow field with baffle and Z-type flow field with baffle. Finally,
the effects of voltage loading on the transient response time, local
current density distribution, oxygen mass fraction distribution and
hydrogen mass fraction distribution for the different flow field
designs are discussed.

2. Analysis

This study establishes three-dimensional transient numerical
models of PEMFCs with five different flow field designs using the
finite volume method. The flow field designs in the PEMFCs include
the parallel flow field, Z-type flow field, serpentine flow field, par-
allel flow field with baffle and Z-type flow field with baffle, as
illustrated in Fig. 1. The transient characteristics of the PEMFCs are
examined by analyzing the electrochemical reactions and transport
phenomena of the reactants and products in the PEMFCs.

The fuel cell comprises the anode gas flow field, anode gas dif-
fusion layer, anode catalyst layer, proton exchange membrane,
cathode catalyst layer, cathode gas diffusion layer, and cathode
gas flow field. The governing equations for the analysis include
mass, momentum, species and electric potential equations. The fol-
lowing assumptions are made: the cell system is isothermal; the
reactants and products are ideal gases; the flow is laminar and
incompressible; the electrochemical reactions only occur in the
catalyst layer; the porous layers, such as the gas diffusion layer, cat-
alyst layer and proton exchange membrane, are isotropic. The fuel
cell has dimensions 2.3 cm x 2.3 cm x 2.645 cm. Furthermore, the
width and height of the flow field are 1 mm in all cases. The thick-
nesses of the diffusion layer, catalyst layer and proton exchange
membrane are set to 0.3 mm, 0.005mm and 0.035 mm, respec-
tively. Finally, the fuel cell temperature is assumed to be 323 K.

Given the above assumptions, the governing equations are as
follows.

Continuity equation:

9 (£etrog)
ot
where ¢.¢ denotes the effective porosity of the porous material, pg
represents the density of the gaseous mixture and i is the velocity

of the gaseous mixture.
Momentum equation:

+ V- (errpgllg) = =St (1)

e 0 (Pgﬁg) £ -
(1-s) ot (1-sy? V- (paligls)
= —&Vpg + _f v. (ugVﬁg) +5S; (2)

(1-5)

where ¢ denotes the porosity of the porous material, s represents
the saturation of liquid water, defined as the ratio of liquid water
volume to pore volume in the porous material, pg is the pressure of
the gas mixture, pg denotes the dynamic viscosity of the gas mix-
ture, Sy represents the source term based on the Darcy drag force
imposed by the pore wall on the fluid, which generally causes a
significant pressure drop across the porous material, and is repre-
sented by

2,10 3
___Euglg  eCppg iy

Y kpkeg v/ kp

iig (3)
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Fig. 1. Numerical models of the PEMFCs with different flow field designs: (a) parallel flow field, (b) Z-type flow field, (c) serpentine flow field, (d) parallel flow field with

baffle and (e) Z-type flow field with baffle.

In Eq. (3), krg denotes the relative permeability of the gaseous
mixture given by kg =(1-s)3, C¢ represents the quadratic drag
factor, and kj is the permeability of the porous material. The rela-
tionship between the porosity and permeability is expressed by the
Blake-Kozeny equation [40]

dgyorous &3
kp:( 150 ) {(1—8)2} @

where dporous denotes the equivalent pore diameter of the porous
material.

Species equation:

9 (ertogCr)
ot

where C;, represents the mass fraction of the kth species and Dy ot
is the effective mass diffusivity of the kth species. The Bruggemann
equation [15] indicates the influence of the porosity on the mass
diffusivity.

+V - (errpogligli) = V - (0gDrerrVECi) +Sc —Su (5)

Dk,eff = DkS‘erff (6)

In the catalyst layer, the source term in the species equation, S,
represents the source term that produced by the electrochemical
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reaction, which differs among the various reactants, for exam-
ple Sc is — (ja/2F) My, for hydrogen, — (jc/4F) Mo, for oxygen, and
(jc/2F) My, o for water vapor. The parameters j, and jc denote the
transfer current densities on the anode and cathode sides, which
can be calculated using the Butler-Volmer equations [3].

1/2

Cy 1

: iref AF[RT

Ja=Ajg, Crezf [e(u IR — e(oth/RT)n:| (7)
Hy
Co 1

. ref 2 F/RT

R [eaxa IRTY _ e(acF/RT)VI:| (8)
0z

where Aj{fg and Aj{fcf represent the reference exchange current den-
sities at the anode and cathode, 5, and o are the electrical transfer
coefficients, F denotes the Faraday constant, R represents the uni-
versal gas constant, T is the fuel cell temperature and n denotes the
over-potential.

The potential equation is used to calculate the electric poten-
tial and electric current produced by the electrochemical reactions.
The current density includes the ionic current density, im, and elec-
tronic current density, is. The equation for current conservation is
as follows [7]

Viim+V-is=0 9
From Ohm’s law, the following two equations are obtained:

V- (0mV®Pm)=S5; (10)

V- (0sV®s) = -5, (11)

where o, denotes the ionic conductivity, o represents the elec-
tronic conductivity, @p, is the electric potential of the ionic phase,
&5 denotes the electric potential of the electronic phase, and S; is
the source term, which is zero in the PEM without electrochemical
reaction and —j, or —jc on the anode or cathode sides. The ionic
conductivity is calculated using [41,42]

om =0 exp [1268 (3%‘%)] (12)

where the membrane reference conductivity o%¢f is given by
oref = 0.0051391 — 0.326 (13)

In the flow channels, gas diffusion layers and catalyst layers,
the equation governing liquid water transport and formation is
expressed using the generalized Richards equation.

d(ep18) Prkpke1 dpc P1kpke
5 +V. 0 WVs -V. i Vpg

ngMu, o0~
J,-V <d FHZOim) :S]_ (14)

where p; denotes the density of liquid water, u; represents the
dynamic viscosity of liquid water, pc is the capillary pressure, My, 0
denotes the molecular weight of water, k; represents the relative
permeability of liquid water, and nq is the electro-osmotic drag
coefficient.

When the partial pressure of the water vapor exceeds its sat-
uration pressure, the water vapor is assumed to condense and fill
the pores in the porous material. The source term, Sy, is evaluated
using [8]

&(1-5S)Xu,0
IVIHZOch2

keespr (Pry0 — Psat)

(PHy0 — Psat)  if PHyo > Psat

SL= (15)

if pu,o < Psat

where k. denotes the condensation rate constant of water, ke rep-
resents the evaporation rate constant of water, xy,o is the mole

Table 1

The fuel cell parameters (Gurau et al. [3], Mazumder and Cole [7,8]).
Parameter Quantity
Ech 1
£cpL 0.5
EcL 04
&m 0.28
kpvch 0
kvaDL 1.76 x 10710 1'1'12
kp.cL 1.76 x 101" m?
kp,m 1.8 x 10718 m?
Tch 1
TGDL 1.5
TcL 1.5
T Dagan model
Aj{fg 9.227 x 108 Am—3
Aj{fﬁ 1.05x 10 Am—3
a/oc (anode) 0.5/0.5
o,/a (cathode) 1.5/1.5
ke 100s!
ke 100atm—!s-!
o 50002 'm!
Om,CL 42Q 'm™!
e 1000 kg m—3
Pry 1980 kgm—3
I 3.65x10~4Pas
Mm 1.1 kg mol~!

fraction of water vapor, and psac denotes the saturation pressure of
water vapor calculated by

— _ —572 —773
Dsat = 107 21794+0.02953T-9.1837x10°T7+1.4454x10”"T (16)
Assuming water exists only as liquid phase in the membrane, the
liquid water transport equation in the membrane can be expressed
as

0 (pdryMHZO)L/Mm)
ot

Myt,0- M
+V. <(“d FHZOim> - <H20'Odrny> vx) ~0 (17)
m

where pg4,y denotes the membrane dry density, M represents the
membrane equivalent weight, o is a constant, and D, denotes the
diffusivity.

The boundary conditions in the anode and cathode flow chan-
nels are as follows: the inlet flow rates are 65cm3min~! and
175 cm3 min~! on the anode and cathode sides, respectively. Fur-
thermore, the inlet reactants on the anode side included hydrogen
with relative humidity of 100%, the inlet reactants on the cathode
side contained air with a relative humidity of 100%, and the flows
are fully developed at the outlets of the anode and cathode flow
channels. The solid walls are assumed to be no slip with zero fluxes.
Attheinterfaces between the gas channels, diffusion layers, catalyst
layers, and PEM, the velocities, mass fractions, momentum fluxes,
and mass fluxes are all assumed to be equal. Table 1 lists the model
parameters. The initial condition is obtained as the steady state
solution using these parameters and a given operating voltage.

Three non-uniform  distributed grid configurations,
namely (I) xxyxz=70x70x40, (II) xxyxz=93 x93 x47
and (IlI) xxyxz=116x116x54, are employed to deter-
mine whether the solutions are independent of the
mesh. Fig. 2(a) shows the effect of the grid number on the
I-V curve of the fuel cell. The I-V curves obtained using grid
configurations (II) and (III) display little difference. Furthermore,
the relative error in current density is 0.19% at operating voltage
0.3V. However, the difference in the I-V curves obtained using
grid configurations (I) and (III) is larger and the relative error in
current density is 6.23% at operating voltage 0.3V. The relative
error is defined as the absolute value of the difference between the
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Fig. 2. Grid point and time step tests: (a) grid point and (b) time step.

calculated value and the exact value divided by the exact value.
The mesh with x x y x z=93 x 93 x 47 is used to achieve a tradeoff
between computational effort and accuracy. Fig. 2(b) shows the
effect of the time step on the current density of the fuel cell when
the operating voltage undergoes a step change from 0.7V to 0.5V
at t=0. Notably, the predicted current densities are close for the
time steps of 0.001s, 0.002s, 0.004 s and 0.005s. Thus, this study
adopts the time step of 0.002 s.

The accuracy of the steady state version of the present numerical
model was demonstrated by Yan et al. [43]. Fig. 3 shows a compar-
ison of the calculated transient current density distributions with

Fig. 3. Comparison of the calculated transient current density distributions with the
results by Wang et al. [44].

the results by Wang et al. [44]. It is found that the current density
distributions are almost overlapped when the operating voltage is
0.7 V. Additionally, the average relative error in the current density
distribution is 7.26% for the parallel flow field and 3.93% for the
parallel flow field with baffle when the operating voltage is 0.5V.
Hence, itis adequate to use the three-dimensional transient numer-
ical model for analyzing the dynamic performance of the PEMFCs.

3. Results and discussion

The transport characteristics of the fuel and moving rates of
the liquid water are different for proton exchange membrane fuel
cells with different flow field designs. Thus, the flow field design
significantly influences the steady state performance of the PEM-
FCs, indicating that different flow field designs may influence the
transient characteristics of the PEMFCs. This study investigates the
transient characteristics of proton exchange membrane fuel cells
with five different cathode flow field designs, namely parallel flow
field, Z-type flow field, serpentine flow field, parallel flow field with
baffle and Z-type flow field with baffle. Specifically, the effects of
the flow field design and voltage loading on the transient response
time, local oxygen and hydrogen mass fraction distributions and
current density distribution are analyzed.

3.1. Effects of cathode flow field design on transient
characteristics of proton exchange membrane fuel cells

Fig. 4 illustrates the effects of the dynamic voltage loading
on the cell performance of the PEMFCs with different cathode
flow field designs. Fig. 4(a) shows the V¢ -t curve of the PEMFCs

Fig. 4. Effects of dynamic voltage loading on the cell performance of PEMFCs with
different cathode flow field designs: (a) dynamic voltage loading and (b) dynamic
response of cell performance.
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Fig. 5. Local current density distributions at different times at the middle of the PEM along the x axis for different flow field designs: (a) parallel flow field, (b) Z-type flow
field, (c) serpentine flow field, (d) parallel flow field with baffle, and (e) Z-type flow field with baffle.

where Vi =0.7V for t<0s, Ve =0.5Vfor0s <t<0.3s, V=07V
for 0.3s<t<0.6s, and Ve =0.5V for 0.6 s <t. The voltage loading
exhibits three step changes between 0.5V and 0.7V at t=0s, 0.3 s
and 0.6 s, with the voltage loading decreasing att=0s and 0.6 s, and
increasing at t=0.3 s, respectively. Fig. 4(b) shows the I-t curves of
the PEMFCs. The fuel cell operates at a steady state correspond-
ing to Ve =0.7V for t<0s, and the PEMFCs with the five cathode
flow field designs all exhibit similar cell performance. At t=0s, the
operating voltage decreases suddenly from 0.7 V to 0.5 V. Addition-
ally, the current density increases abruptly and overshoot occurs,
then the current density decreases slowly before achieving a steady
state. The transient response time required for this overshoot to
reach the steady state is 0.17 s for the parallel flow field, 0.174 s for
the Z-type flow field, 0.188 s for the serpentine flow field, 0.266s
for the parallel flow field with baffle, and 0.214s for the Z-type
flow field with baffle. At t=0.3s, the operating voltage increases
rapidly from 0.5V to 0.7 V. The current density decreases abruptly
and undershoot occurs, then the current density increases slowly
and stabilizes. The transient response time required for the under-
shoot to reach the steady state is 0.198 s for the parallel flow field,
0.198 s for the Z-type flow field, 0.19 s for the serpentine flow field,
0.232s for the parallel flow field with baffle, and 0.212s for the
Z-type flow field with baffle. To summarize, the variation of the
current density is largest and the transient response time is longest
for the parallel flow field with baffle in instances of overshoot or
undershoot.

Fig. 5 shows the local current density distributions at different
times at the middle of the PEM along the x direction for different
cathode flow field designs. At t=—0.01s, the operating voltage is
0.7V and the electrochemical reactions are mild. The local current
density distributions differ little among different flow field designs.
At t=0s, the operating voltage reduces from 0.7 V to 0.5V, and thus
the electrochemical reactions become strong and the local current
density distribution increases markedly. The local current densities
differ little under the channels and ribs. The local current density
distribution is larger than that corresponding to the steady state
for an operating voltage of 0.5V and overshoot occurs. At t=0.1s,
the local current density distribution is smaller than at t=0s. Addi-

tionally, the local current densities under the ribs decrease more
significant increasing the differences in the local current densities
under the channels and ribs. The local current density distribu-
tion is comparatively uniform for the parallel flow field with baffle
among the five flow field designs. The local current density distri-
butions differ little between t=0.28 s and 0.1 s, suggesting that the
steady state is reached. At t=0.3 s, the operating voltage increases
from 0.5V to 0.7V, and thus the local current density distribu-
tion becomes small. The differences in the local current densities
under the channels and ribs exceed those at t=0.4 s. Moreover, the
local current density distribution is less than that corresponding to
the steady state for an operating voltage of 0.7V, and undershoot
occurs. At t=0.58s, the local current density distribution almost
overlaps with that at t=0.4 s, implying that the fuel cell reaches a
steady state.

Fig. 6 shows the oxygen mass fraction distributions at different
times at the middle of the interface of the cathode diffusion and
catalytic layers along the x axis for different flow field designs. At
t=-0.01s,thecell voltageis 0.7 V and the electrochemical reactions
are mild. Consequently, the oxygen consumption is small and the
oxygen mass fraction distribution remains high and uniform under
the channels and ribs. At t=0s, the operating voltage decreases
suddenly from 0.7V to 0.5V. Because the oxygen mass fraction
distribution is high and the electrochemical reactions become
strong, the local current density distribution increases markedly
and exceeds the steady state value at 0.5V, resulting in overshoot.
The supply of the high and uniform oxygen mass fraction distribu-
tion under the channels and ribs also increases the uniformity of
the local current density distribution. Thus it can be inferred that
the overshoot results from the high and uniform oxygen mass frac-
tion distribution when the operating voltage immediately changes
from high to low. The PEMFC with the parallel flow field with baf-
fle possesses a higher oxygen mass fraction distribution among
the five different flow designs, and thus exhibits more obvious
overshoot behavior. At t=0.1 s, the local oxygen mass fraction dis-
tribution is lower than at t=0s and exhibits higher variation under
the channels and ribs, leading to a less uniform local current den-
sity distribution. At t=0.28 s, the oxygen mass fraction distribution
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Fig. 6. Oxygen mass fraction distributions at different times at the middle of the interface of the cathode diffusion and catalytic layers along the x axis for different flow field
designs: (a) parallel flow field, (b) Z-type flow field, (c) serpentine flow field, (d) parallel flow field with baffle, and (e) Z-type flow field with baffle.

almost overlaps with that at t=0.1s, implying that the fuel cell
reaches a steady state. At t=0.3 s, the operating voltage increases
from 0.5V to 0.7V, and thus the electrochemical reactions become
mild. The oxygen mass fraction distribution is lower than for the
steady state at 0.7 V. Hence, the local current density distribution
is lower than for the steady state value at an operating voltage
of 0.7V, and undershoot thus occurs. Moreover, the oxygen mass
fraction distribution is less uniform under the channels and ribs,
implying that the undershoot phenomena result from the lower
and non-uniform oxygen mass fraction distribution when the oper-

ating voltage instantly changes from low to high. The PEMFC using
the parallel flow field with baffle possesses a lower oxygen mass
fraction distribution among the five different flow designs, and thus
exhibits more obvious undershoot behavior. At t =0.4 s, the oxygen
mass fraction distribution exceeds that at t= 0.3 s. Additionally, the
distributions under the channels and ribs do not differ obviously.
At t=0.58 s the oxygen mass fraction distribution almost overlaps
with that at t=0.4s, implying the approaching of a steady state. To
summarize, the oxygen mass fraction distribution critically influ-
ences the overshoot or the undershoot phenomena and the current

Fig. 7. Hydrogen mass fraction distributions at different times at the middle of the interface of the anode diffusion and catalytic layers along the x axis for different flow field
designs: (a) parallel flow field, (b) Z-type flow field, (c) serpentine flow field, (d) parallel flow field with baffle, and (e) Z-type flow field with baffle.
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Fig. 8. Variation of current density over time for different voltage loadings.

density distribution of the PEMFCs with different cathode flow field
designs.

Fig. 7 illustrates the hydrogen mass fraction distributions at dif-
ferent times at the middle of the interface of the anode diffusion and
catalytic layers along the x direction for different flow field designs.
At t=-0.01s, the operating voltage is 0.7V and the electrochemi-
cal reactions are mild. Consequently, hydrogen consumption is low
and the hydrogen mass fraction distribution remains uniform. At
t=0s, the operating voltage reduces suddenly from 0.7V to 0.5 V.
Although the electrochemical reaction is severe and the consump-
tion of hydrogen increases, the water movement along with the
proton from the anode to the cathode owing to the electro-osmotic
drag effect also increases. The numerical results demonstrate that
the local hydrogen mass fraction distribution exceeds that at
t=-0.01s. With the continuation of the electrochemical reactions
and the process of water formation and transport, the hydrogen
mass fraction distribution at t=0.1 s becomes much higher than at
t=0s. At t=0.28 s the hydrogen mass fraction distribution does not
overlap with but slightly exceeds that at t=0.1s. Thus, the hydro-
gen mass fraction distribution does not reach a steady state. At
t=0.3s, the operating voltage increases from 0.5V to 0.7 V, and thus
the electrochemical reactions become mild. Hydrogen consump-
tion decreases, and so too does the amount of liquid water moving
from the anode to the cathode. The numerical results show that
the hydrogen mass fraction distribution decreases significantly. At
t=0.58s, the hydrogen mass fraction distribution is much lower
than that at t=0.3s. Furthermore, the distribution remains very
uniform for all cathode flow channel designs. The operating voltage
is 0.7V at —0.01 s and 0.58 s. However, the hydrogen mass fraction
distributions clearly differ at —0.01 s and 0.58 s for any cathode flow
field design, indicating that the hydrogen mass fraction distribu-
tion does not stabilize, and is not directly related to the overshoot
or undershoot.

3.2. Effects of voltage loading on transient characteristics of
proton exchange membrane fuel cells

The above discussion demonstrates that the cathode flow field
designs significantly influence the transient response time and
overshoot or undershoot. The subsequent section investigates the
effects of the voltage loading on the transient characteristics of
the proton exchange membrane fuel cells using the Z-type flow
field and Z-type flow field with baffle. Different dynamic voltage
loadings are applied to examine their effects on the transient local
current density distribution and oxygen mass fraction distribution
of the proton exchange membrane fuel cells.

Fig. 8 shows the variation of the current density over time
given changing voltage loadings, including V. =0.7V for t<0s,
Vel =0.6V, 0.5V or 04V for 0s<t<0.3s and V. =0.7V for
0.3s<t<0.6s. When t<0s, the operating voltage is 0.7V and the
electrochemical reactions are mild. The current density distribu-
tions are close for different flow field designs. The overshoot of
the current density is clearer when the operating voltage decreases
from 0.7V to 0.4V at t=0s than when it decreases to 0.5V or 0.6 V.
This difference arises because the electrochemical reactions are
stronger and the increase in the current density is greater when the
decrease in the operating voltage is larger. Additionally, the over-
shoot of the current density is larger for the Z-type flow field with
baffle than for the Z-type flow field. Over time, the current den-
sity decreases slowly and reaches a steady state. The time required
to reach the steady state is 0.16s, 0.174s and 0.188s for the Z-
type flow field when the operating voltage decreases from 0.7V
to 0.6V, 0.5V or 0.4V, respectively. Meanwhile, the time required
to reach the steady state is 0.206s, 0.214s and 0.234 s for the Z-
type flow field with baffle when the operating voltage decreases
from 0.7V to 0.6V, 0.5V or 0.4V, respectively. Moreover, the cur-
rent density is higher for the Z-type flow field with baffle than the
Z-type flow field because the former offers better water removal
and fuel utilization. The undershoot of the current density is larger
when the operating voltage increases from 0.4V to 0.7V at t=0.3 s
than when it increases from just 0.5V or 0.6 V. This is because the
decreases in the electrochemical reactions and current density are
clearer when the increase in the operating voltage is larger, result-
ing in larger undershoot. The undershoot of the current density is
clearer for the Z-type flow field with baffle than for the Z-type flow
field. Over time, the current density slowly increases and reaches
a steady state. The time taken to reach the steady state is 0.18s,
0.188 s and 0.204 s for the Z-type flow field with operating voltage
increasing from 0.6V, 0.5V or 0.4V to 0.7 V, respectively. Further-
more, the time taken to reach the steady state is 0.188s, 0.212s
and 0.222 s for the Z-type flow field with baffle when the operat-
ing voltage increases from 0.6V, 0.5V or 0.4V to 0.7 V, respectively.
To summarize, the overshoot or undershoot are more significant
and the transient response time is longer when the variation of the
operation voltage is larger for the Z-type flow field with baffle.

Fig. 9 displays the local current density distributions at different
times at the middle of the PEM along the x axis when the voltage
loading changes with V¢ =0.7 Vfort<0s, V¢ =0.6 V,0.5Vor 0.4V
forOs<t<0.3sand V. =0.7Vfor03s<t<0.6s. At t=-0.01s, the
operating voltage is 0.7V and the electrochemical reactions are
mild, resulting in a relatively uniform local current density distri-
bution. At t=0s, the operating voltage drops suddenly from 0.7 V to
0.6V,0.5Vor0.4V.The electrochemical reactions intensify and the
local current density distribution increases markedly. Furthermore,
the variation of the current density under the channels and ribs is
not obvious. The increase and overshoot of the current density dis-
tribution is more obvious when the operating voltage decreases
from 0.7V to 0.4V at t=0s than when it decreases to 0.5V or 0.6 V.
The local current density distribution is smaller at t=0.1s than at
t=0s for the Z-type flow field or the Z-type flow field with baffle.
As the scale of the drop in the operating voltage increases, the local
current density distribution becomes less uniform. The decrease in
the local current density distribution becomes more obvious under
the ribs than under the channels. The local current density distribu-
tion at t=0.28 s is almost identical to that at t=0.1 s, indicating that
asteady state is being approached. At t=0.3 s, the operating voltage
suddenly increases to 0.7V, leading to a low local current density
distribution. The differences in local current density distribution
under the channels and ribs exceed those at t=0.4 s. Moreover, the
undershoot of the local current density distribution shows that val-
ues are smaller than the steady state values corresponding to the
operating voltage of 0.7 V. The local current density distribution at
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Fig. 9. Local current density distributions at different times at the middle of the PEM along the x axis for different voltage loadings: (a and d) decreases from 0.7V to 0.6 V
then increases to 0.7 V, (b and e) decreases from 0.7 V to 0.5V then increases to 0.7 V, and (¢ and f) decreases from 0.7 V to 0.4V then increases to 0.7 V.

t=0.58 s is almost identical to that at t=0.4 s, indicating the arrival
of a steady state.

Fig. 10 presents the oxygen mass fraction distributions at dif-
ferent times at the middle of the interface of the cathode diffusion
and catalytic layers along the x axis when the voltage loading
changes with Ve =0.7V for t<0s, Ve =0.6V, 0.5V or 0.4V for
0s<t<0.3s and Vg =0.7V for 0.3s<t<0.6s. At t=-0.01s, the
operating voltage is 0.7V and the electrochemical reactions are
mild. Therefore, the oxygen consumption is low and the oxygen
mass fraction distribution is high for both flow field designs. At
t=0s, the operating voltage decreases suddenly from 0.7V to 0.6V,

0.5V or 0.4V. The electrochemical reactions are strong and the
oxygen consumption significantly increases. The increase in oxy-
gen consumption grows with the decrease in operating voltage. At
t=0.1s, the oxygen mass fraction distribution is lower than that at
t=0s. Moreover, the differences in the oxygen mass fraction distri-
bution under the channels and ribs are clearer when the operating
voltage drops from 0.7 V to 0.4V than whenitdropsto 0.5V or 0.6 V.
The oxygen mass fraction distribution at t=0.28s is almost the
same as at t=0.1s, suggesting that a steady state is being reached.
At t=0.3s, the operating voltage suddenly increases to 0.7V, and
hence the electrochemical reactions weaken and the oxygen mass

Fig. 10. Oxygen mass fraction distributions at different times at the middle of the interface of the cathode diffusion and catalytic layers along the x axis for different voltage
loadings: (a and d) decreases from 0.7V to 0.6 V then increases to 0.7V, (b and e) decreases from 0.7V to 0.5V then increases to 0.7V, and (c and f) decreases from 0.7V to

0.4V then increases to 0.7 V.
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Fig. 11. Variation of current density over time for different voltage loadings.

fraction distribution increases. Furthermore, the oxygen mass frac-
tion distribution increases with the operating voltage. At t=0.4s,
the oxygen mass fraction distribution exceeds that at t=0.3s. The
oxygen mass fraction distribution at t=0.58 s is almost the same as
at t=0.4s, indicating the arrival of a steady state.

Fig. 11 plots the variation of the current density over time given
changing voltage loadings, including V. ;=0.6V, 0.5V or 0.4V for
t<0s, Ve =0.7Vfor0s<t<0.3sand V. =0.6V, 0.5V or 0.4V for
0.3s<t<0.6s. When t<0s, the operating voltage is low and the
electrochemical reactions are strong. The local current density dis-
tribution increases with low operating voltage. The Z-type flow
field with baffle provides better water removal and fuel utilization
than the Z-type flow field. Therefore, the current density distribu-
tion of the Z-type flow field with baffle is higher. The undershoot of
the current density is clearer when the operating voltage increases
from 0.4V to 0.7V at t=0s than when it increases from 0.5V or
0.6V. This phenomenon occurs because the electrochemical reac-
tions are mild at 0.7 V and the current density decreases more given
a large increase in operating voltage. Over time, the current den-
sity increases slowly and reaches a steady state. The time taken to
reach the steady stateis 0.2s,0.216 s and 0.222 s for the Z-type flow
field when the operating voltage increases from 0.6 V,0.5V or 0.4V
to 0.7V, respectively. The time taken to reach the steady state is
0.2125,0.23 s and 0.238 s for the Z-type flow field with baffle when
the operating voltage increases from 0.6V, 0.5V or 0.4V to 0.7V,
respectively. When t=0.3 s the operating voltage decreases from
0.7Vt0 0.4V, 0.5V or 0.6V, intensifying the electrochemical reac-
tions. The overshoot of the current density is more obvious with
a larger decrease in operating voltage. Additionally, the overshoot
of the current density is clearer for the Z-type flow field with baf-
fle than for Z-type flow field. Over time, the current density slowly
decreases and reaches a steady state. The time taken to obtain the
steady state is 0.16s, 0.176 s and 0.188 s for the Z-type flow field
when the operating voltage decreases from 0.7V to 0.6V, 0.5V or
0.4V, respectively. Meanwhile, the time taken to obtain the steady
stateis 0.206s,0.228 sand 0.232 s for the Z-type flow field with baf-
fle when the operating voltage decreases from 0.7V to 0.6V, 0.5V
or 0.4V, respectively. Hence, the overshoot or undershoot phenom-
ena are more significant and the transient response time is longer
given larger variation of operating voltage and the use of a Z-type
flow field with baffle.

4. Conclusions

This study numerically investigates the transient characteris-
tics of the PEMFCs with five cathode flow field designs. The effects
of voltage loading on the transient behavior and local fuel mass

fraction distribution are analyzed to understand the overshoot and
undershoot phenomena involving the current density. This study
concludes the following.

1. When the operating voltage is at a steady value of 0.7V, the
electrochemical reactions are mild, and hence the local current
density distributions do not differ clearly among different flow
field designs.

2. When the operating voltage reduces from 0.7V to 0.5V instan-
taneously, overshoot of the current density distribution results
from the high and uniform oxygen mass fraction distribution.
The parallel flow field with baffle design has the highest oxy-
gen mass fraction distribution among the five cathode flow field
designs due to the rapid variation in voltage. Thus, the over-
shoot phenomena are clearest and the transient response time
is longest for the parallel flow field with baffle design.

3. When the operating voltage suddenly increases from 0.5V to
0.7 V, undershoot of the current density distribution results from
the low and non-uniform oxygen mass fraction distribution.
The parallel flow field with baffle design has the lowest oxy-
gen mass fraction distribution among the five cathode flow field
designs owing to the prompt voltage variation. Thus, the under-
shoot phenomena are clearest and the transient response time
is longest for the parallel flow field with baffle design.

4. Ranked in decreasing order of time taken for the overshoot of the
local current density of the PEMFCs to reach the steady state, the
various flow field designs are as follows: parallel flow field with
baffle, Z-type flow field with baffle, serpentine flow field, Z-type
flow field and parallel flow field. Ranked in increasing order of
time taken for the undershoot of the local current density of the
PEMECs to reach the steady state, the various flow field designs
are as follows: parallel flow field with baffle, Z-type flow field
with baffle, Z-type flow field, parallel flow field and serpentine
flow field.

5. The overshoot or undershoot phenomena become clearer
given large voltage loading variations. Moreover, the transient
response time required to reach the steady state for the Z-type
flow field with baffle design exceeds that for the Z-type flow field
design.
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