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SUMMARY

This paper presents a computational investigation of the effect of time-varying modulating conditions on a polymer elec-
trolyte membrane fuel cell. The focus is on developing a better understanding of the fuel cell's water balance under transient
conditions, which is critical in improving the fuel cell design. The study employs a macroscopic single-fuel cell-based, one-
dimensional, isothermal model. The model does not rely on the non-physical assumption of the uptake curve equilibrium
between the pore vapor and ionomer water in the catalyst layers. Instead, the transition between the two phases is modeled
as a finite-rate equilibration process. The modulating conditions are simulated by forcing the temporal variations in fuel
cell voltage. The results show that cell voltage modulations cause a departure in the cell behavior from its steady behavior,
and the finite-rate equilibration between the catalyst vapor and liquid water can be a factor in determining the cell response.
The cell response is also affected by the modulating frequency and amplitude. The peak cell response is observed at low
frequencies. Copyright © 2011 John Wiley & Sons, Ltd.
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1. INTRODUCTION

Fuel cell-based propulsion system for vehicles is gaining
significant interest due to a general awareness to reduce
air pollution and carbon dioxide emissions and the need
to reduce dependence on fossil-based fuels. However, to
compete with the proven internal combustion engine-based
propulsion, a fuel cell-based propulsion system for trans-
portation sector must show significant advantages in terms
of overall efficiency, weight, packaging, safety, cost, and
meet various strict requirements. A key requirement is its
ability to operate under highly transient conditions (e.g.,
during start-up, acceleration, and deceleration) with stable
performance. Hence, an improved understanding of fuel
cell dynamic behavior is critical to its design and control.

Water management and distributions inside the cell are
another critical issue in polymer electrolyte membrane
(PEM) fuel cell design [1–3]. The optimum performance
of fuel cell requires careful balancing between membrane
hydration requirement and the electrode flooding avoid-
ance. Due to its importance, it is one of the most widely
studied issues in PEM fuel cell area. The past studies have

generated a good understanding of water distribution
inside the cell especially under steady state conditions as
discussed in Wang [1]. However, there are relatively fewer
studies which investigated the effect of transient conditions
on water distribution inside the cell [4–10]. It should be
noted that water transport, particularly, membrane water
transport due to slow membrane uptake, is a dominant
mechanism in controlling the fuel cell dynamic behavior
[11–13]. Furthermore, the humidification requirement of
the fuel cell varies with the changes in operating condi-
tions. Hence, understanding of water transport during tran-
sient conditions is critical in developing methodologies for
optimum fuel cell performance under transient conditions.

Using a three-dimensional model, Wang and Wang
[4,5] studied the effect of step increase in current density,
cell voltage, and humidity on the PEM fuel cell dynamic
performance. They estimated time constant for membrane
hydration and showed that the time for fuel cells to reach
steady state was in the order of 10 s due to the effect of
water accumulation in the membrane. Song et al. [6] inves-
tigated the transient dynamics of water transport in the
cathode gas diffusion layer of PEM fuel cells using a
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one-dimensional, two-phase, non-isothermal transient mod-
el. They elucidated the effects of four parameters, namely
the liquid water saturation at the interface of the gas dif-
fusion layer and flow channels, the proportion of liquid
water to all of the water at the interface of the cathode
catalyst layer and the gas diffusion layer, the current
density, and the contact or wetting angle, on the transient
distribution of liquid water saturation in the cathode gas
diffusion layer.

Cho et al. [7] performed an experimental study on the
transient response of a real automotive-size PEM fuel cell
(effective area of 330 cm2) under various operating and
flooding conditions. The study observed undershoot and
overshoot behavior of voltage and time delay when the fuel
cell is subjected to step changes in current. Shimpalee et al.
[8] determined that water phase change and non-isothermal
effects are important during step changes in voltage.
Didierjean et al. [9] also found that the voltage response
depends on the characteristic times of water transport in
the membrane. Vorobev et al. [10] investigated the effect
of finite-time equilibration between vapor and membrane-
phase liquid water within the catalyst layers on the fuel cell
transient response to step changes in voltage and external
humidity conditions.

In many past studies, the transient conditions were gen-
erated by considering step changes in fuel cell current or
voltage. A step change is an important transient type; how-
ever, a fuel cell is subjected to various types of transients
during its operation. Hence, the investigation of other
types of transients is important in elucidating the dynamic
behavior of fuel cell. In the present study, the transient con-
ditions were simulated by considering time-varying modu-
lating cell voltages. It investigates the effect of modulating
cell voltage on the cell's liquid and vapor concentrations by
employing a mathematical model. The unique feature of
the model, presented in Vorobev et al. [10], is that it does
not rely on the non-physical assumption of the uptake
curve equilibrium between the pore vapor and ionomer

water in the catalyst layers. Instead, the transition between
the two phases is modeled as a finite-rate equilibration pro-
cess as proposed by Berg et al. [14,15].

2. MATHEMATICAL FORMULATION

A schematic of the fuel cell considered in this paper is il-
lustrated in Figure 1. The cell consists of porous anode
and cathode diffusive layers, membrane, and anode and
cathode catalyst layers. The model does not include the an-
ode and cathode gas channels, so the boundary conditions
are applied directly at the borders of the anode and cath-
ode. Considering the focus of the present work, a one-
dimensional, transient approach is taken, with all fields
being functions of the coordinate x across the cell and time
t. The model assumes: low humidity operation; no liquid
droplets in the diffusion layers; no condensation occurs
in the diffusive layers; the membrane (including the mem-
brane phase of the catalyst) is filled with liquid water;
phase transition between liquid water and vapor occurs at
the surface of the membrane phase; and the operating tem-
perature of the fuel cell is constant. Using these assump-
tions and notations listed elsewhere [10], the governing
equations for the five components of fuel cell may be writ-
ten as shown in Table I.

The novelty of the model is in the description of the
transport and phase transformation of water within the cat-
alyst layers. Compared to other existing models, the pres-
ent model does not rely on the non-physical assumption
of the uptake curve equilibrium between the pore vapor
and ionomer water in the catalyst layers. Instead, the tran-
sition between the two phases is modeled as a finite-rate
equilibration process by employing a phenomenological
parameter g, which has the physical meaning of the non-
dimensional reciprocal equilibration time and is defined
as g� tg/tg, where tg is the typical relaxation (equilibra-
tion) time and tg is the typical gas diffusion time of the

Figure 1. Schematic of a fuel cell.
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reactant gases through anode and cathode. The relaxation
time primarily depends on the volume fraction of the iono-
mer in the catalyst layer and the area of the contact surface.
The upper bound of this time scale can be estimated as
tg
max = (m1/3 Lc)

2/Dm,eff�0.5s (Lc is the thickness of the cat-
alyst layer, m is the volume fraction of ionomer in the cat-
alyst layer, and Dm,eff is the effective diffusivity coefficient
of the ionomer water). The diffusion time is estimated as
L2=Deff

H2 (L is the total thickness of the cell, and Deff
H2 is

the effective diffusivity of hydrogen), and it ranges
from 0.001s to 0.05s. The parameter g is varied between
100 (almost immediate equilibration) and 0.1 (very slow
equilibration).

Table II lists the physical quantities used in simulations,
which were taken fromWang andWang [16]. All the bound-
ary conditions used in simulations are similar to those listed
in Vorobev et al. [10]. The system of governing equations
was solved by the finite-difference method. Second-order
central discretization formulas were used for spatial dis-
cretization, and Runge–Kutta method of second order was
used for the temporal integration. The spatial node size
varied in each sub-domain ranging from 1.5� 10�5m for
the anode/cathode, 2.55� 10�6m for the membrane and
5� 10�7m for the catalyst layers. The time step was con-
stant and equal to 4� 10�7 s. The grid insensitivity of results

was ensured by performing a sensitivity study. Details of the
solution procedure are described elsewhere [10].

The initial conditions were described by specifying the
uniform distributions of concentration of hydrogen in the
anode and of oxygen in the cathode, of vapor and nitrogen
in both parts, as well as uniform pressure throughout the
entire fuel cell. The water content in the membrane was
assumed to be initially in equilibrium with the vapor con-
centration. The cell was assumed to be fed by pure hydro-
gen at the anode side and by air on the cathode side.

The modulating cell voltage conditions were simulated
by using the following sinusoidal input:

Vcell tð Þ ¼ Vcell�mean � 1þ A� sin 2p f tð Þð Þ

where A is amplitude, and f is frequency of the modula-
tions. It is worth noting that the real transients are quite
random and chaotic, but the simulations consider a mathe-
matically smooth sinusoidal function. This modulation
function was selected since it provides many advantages,
such as better understanding of the fuel cell response to
modulation in terms of its amplitude and frequency, and
ease in comparison with experimental and analytical
results. For these reasons, many past studies used sinusoi-
dal changes to simulate transient conditions [17–19].

Table I. Governing equations for the fuel cell.

Anode and Cathode Gas Diffusion Layers
Conservation of Mass e @r

@t þ @
@x ruð Þ ¼ 0

Conservation of Momentum @p
@x ¼ � m

K u

Species Conservation Equation (for H2 and O2) e @
@t C

X þ @
@x uCX
� � ¼ @

@x DX
eff

@
@x C

X
� �

Species Conservation Equation for H2O e @
@t C

H2O þ @
@x uCH2O
� � ¼ @

@x DH2O
eff

@
@x C

H2O
� �

Equation of State p ¼ RT CX þ CH2O þ CN2
� �

Mixture Density r ¼ MXCX þMH2OCH2O þMN2CN2

Anode Catalyst Layer (ACL) and Cathode Catalyst Layer (CCL)
Conservation of Mass e @r@t þ @

@x ruð Þ ¼ �MX 1
2F j �MH2Og� pmle � CH2O

l

� �
Conservation of Momentum @p

@x ¼ � m
K u

Species Conservation Equation (for H2 and O2) e @
@t C

X þ @
@x uCX
� � ¼ @

@x DX
eff

@
@x C

X
� �

� 1
ZF j

(Z=2 for ACL and 4 for CCL)

Species Conservation Equation for H2O e @
@t C

H2O þ @
@x uCH2O
� � ¼ @

@x DH2O
eff

@
@x C

H2O
� �

� g� pmle � CH2O
l

� �
Equation of State p ¼ RT CX þ CH2O þ CN2

� �
Mixture Density r ¼ MXCX þMH2OCH2O þMN2CN2

Charge Conservation Equation @
@x keff @Φ

@x

� �þ j ¼ 0

Liquid Water Transport Equation for ACL m @
@t C

H2O
l ¼ @

@x DH2O
m;eff

@
@x C

H2O
l

� �
� nd

F j þ g� pmle � CH2O
l

� �
Liquid Water Transport Equation for CCL @

@t C
H2O
l ¼ @

@x DH2O
m;eff

@
@x C

H2O
l

� �
� 1

F
1
2 þ nd
� �

j þ g� pmle � CH2O
l

� �

Transfer Current Equation for ACL j ¼ ja CH2
� �1=2

Φ ; ja � j aref CH2
ref

� ��1=2aaþac
RT F

Transfer Current Equation for CCL j ¼ jcC O2ð Þ exp aΦð Þ; jc ¼ jcref CO2
ref

� ��1
exp acF

RT Vcell � V0ð Þ
� �

; a ¼ acF
RT

Membrane
Equation for Diffusion of Liquid Water @

@t C
H2O
l ¼ @

@x Dm
@
@x C

H2O
l

� �
Charge Conservation Equation @

@x k @Φ
@x

� � ¼ 0

X=H2 for anode and ACL; X=O2 for cathode and CCL.
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However, this function makes the simulated conditions dif-
ferent from the realistic modulations.

3. RESULTS AND DISCUSSION

The numerical model was validated by comparing the po-
larization curve of the present model with the experimental
results of Liu et al. [20], as shown in Figure 2. The figure
shows a good agreement between the simulation and ex-
perimental results, particularly at low current density
values. At high current density values, there is relatively
larger difference between the simulation and experimental
results. This discrepancy was also observed by Liu et al.
[20], who attributed it to the influence of the rib. The nu-
merical model was also validated by comparing with the
results of a three-dimensional model of Wang and Wang
[16] as reported in our previous paper [10]. The validation
results showed the suitability of the present model in sim-
ulating the performance of fuel cell. The fuel cell geometry
and operating conditions are similar to that reported in our
previous paper [10].

The influence of modulating conditions on the fuel cell
dynamic behavior was investigated by considering a steady
operating fuel cell suddenly subjected to sinusoidal varia-
tions of cell voltage. During these oscillations, other inlet
operating conditions remained unchanged. Figures 3–5
show the results of the imposed sinusoidal modulation in
cell voltage, initially set at 0.7V, with a frequency of
1Hz and amplitude of 10%, and g=100. The modulation
causes the cell voltage to vary between 0.63V and
0.77V during each modulation time period.

Figure 3 shows the average liquid water content hli
(which is defined as the number of water molecules per
sulfonic-acid group) in the membrane and the anodic and
cathodic catalyst layers, which respond sinusoidally to
the sinusoidal imposed cell voltage modulation. Similar
to the steady-state behavior [10], hliin the anodic catalyst
layer increases with an increase of cell voltage. Its values
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Figure 2. Experimental validation of the model: Comparison of
polarization curve with the experimental results of Liu et al. [20].
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Figure 3. Effect of the cell voltage modulations on the average
liquid water content (modulation frequency =1Hz, modulation
amplitude=10%, relaxation parameter (g) = 100): (a) anodic cat-
alyst layer; (b) cell membrane; (c) cathodic catalyst layer; (d)

imposed cell voltage modulation.
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follow the sinusoidal pattern of the modulating cell volt-
age. hli attains the maximum and minimum values
corresponding to the peak and trough values of the cell
voltage. The response amplitude (defined as the difference
of peak and trough values divided by the steady-state value
corresponding to the mean cell voltage) is small (0.3%).
With the passage of time, the mean value, around which
hli oscillates, undergoes a slight decrease. The maximum
and minimum values of hli for modulating conditions are
different from the steady-state values of hli corresponding
to the the peak and trough values of the cell voltage. The
difference of the maximum and minimum values of hli
for the modulating condition is 8% of the corresponding
difference for the steady-state case.

The response of hli in the cathodic catalyst layer is sim-
ilar to that of hli in the anodic catalyst layer except that its
amplitude is larger (0.43%). Furthermore, the modulation
brings about a slight increase of the mean value around
which hli in the cathodic catalyst layer oscillates. In the
cathodic catalyst layer, the difference of the maximum
and minimum values of hli for the modulating condition
is only 4% of the corresponding difference for the
steady-state case. The response of hli in the membrane is
very similar to those of hli in the catalyst layers except that
its amplitude is extremely small.

Figure 4 shows the effect of modulating cell voltage
on the average vapor concentrations (expressed in non-
dimensional form as RTCH2O=psat ) in anode and cathode,
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which also respond sinusoidally. The response amplitudes
of vapor concentration are also small (0.23%). The differ-
ences of the maximum and minimum values of vapor con-
centrations in anode and cathode for the modulating
condition are 7.6% and 4%, respectively, of the corre-
sponding differences for the steady-state case. The mean
value, around which vapor concentration oscillates, exhi-
bits a slightly decreasing trend in anode and a slightly
increasing trend in cathode. This trend disappears, and
the mean value becomes constant after a large number
of time periods.

The current density responds strongly (with a high am-
plitude) to the imposed voltage modulations (see Figure 5).
The response is sinusoidal to the sinusoidal imposed mod-
ulations; however, the response is 180o out of phase. This
was expected since the current density decreases with an
increase of voltage in according to the current–voltage
characteristics fo the fuel cell.

Figures 6 and 7 show the effect of relaxation parameter
(g) on the fuel cell water distribution during transient
conditions. These results were obtained by considering si-
nusoidal modulation in cell voltage with a frequency of
1Hz and amplitude of 10%. Results for five different
values of g (i.e., g=0.1, 0.2, 1, 10, and 100) are shown.
Figure 6 depicts that the initial and, therefore, mean values
of hli are different for different values of g. This is in

agreement to our past study which showed that a decrease
of g (increase of relaxation time) leads to a decrease of hli
in anodic catalyst layer and membrane, and an increase of
hli in cathodic catalyst layer [10]. Other than the differ-
ences in mean values of hli, there are no significant effects
of g on the response of hli in membrane and catalyst
layers. Average vapor concentrations in anode and cathode
also exhibit similar response for all values of g except that
the response amplitude decreases with a decrease of g (see
Figure 7). For example, the response amplitudes of anode
and cathode vapor concentrations drop to 0.14% and
0.12%, respectively, for g=0.1 case from 0.23% for
g=100. Hence, a decrease of g reduces the sensitivity of
vapor concentration to modulating conditions. The fuel cell
current density response was found to be insensitive to
different relaxation factors (results are not shown here).

3.1. Effect of modulation frequency

The effect of modulation frequency was investigated by
considering cell voltage modulations with different fre-
quencies. The results presented are for fuel cell, initially
operating at a cell voltage of 0.7V, and subjected to sinu-
soidal oscillation in cell voltage of 10% amplitude.
Figures 8 and 9 depict the results for the case of g=100.
The results show, as expected, that the cell water concen-
tration response to imposed oscillation is high at low

3.34

3.36

3.38

3.40

3.42

3.55

3.56

3.57

0 1 2 3 4

3.65

3.70

3.75

3.80

(a)

Frequency = 0.1Hz Frequency = 0.5Hz 
Frequency = 1Hz Frequency = 5Hz
Frequency = 20Hz

ACL

Time Period (2π ft)

(b)

Membrane

L
iq

u
id

 W
at

er
 C

o
n

te
n

t 
(λ

)

(c)

CCL

Figure 8. Effect ofmodulation frequency on the cell average liquid
water content response to modulations in cell voltage (modulation
amplitude=10%; relaxation parameter (g) = 100): (a) anodic cata-

lyst layer; (b) cell membrane; (c) cathodic catalyst layer.

0.484

0.486

0.488

0.490

0.492

0 1 2 3 4

0.518

0.520

0.522

0.524

0.526

0.528

(a)

Frequency = 0.1Hz Frequency = 0.5Hz

Frequency = 1Hz Frequency = 5Hz

Frequency = 20Hz

Anode

(b)

Cathode

Time Period (2π ft)

W
at

er
 V

ap
o

r 
C

o
n

ce
n

tr
at

io
n

Figure 9. Effect of modulation frequency on the cell water vapor
content response tomodulations in cell voltage (modulation ampli-
tude=10%; relaxation parameter (g) = 100): (a) anode; (b) cathode.

Transient Response of a PEM Fuel Cell S. Noorani and T. Shamim

541Int. J. Energy Res. 2013; 37:535–546 © 2011 John Wiley & Sons, Ltd.
DOI: 10.1002/er



0.0

0.5

1.0

1.5

2.0

0.00

0.02

0.04

0.1 1 10 100

0

1

2

3

(a)

γ = 0.1 γ = 1 γ = 100

ACL

(b)

Membrane

(c)

R
es

p
o

n
se

 A
m

p
lit

u
d

e
(L

iq
u

id
 W

at
er

 C
o

n
te

n
t 

(λ
))

Modulation Frequency (Hz)

CCL

Figure 10. Effect of modulation frequency on the cell average liquid water content response amplitude tomodulations in cell voltage for dif-
ferent values of relaxation parameter (g) (modulation amplitude=10%): (a) anodic catalyst layer; (b) cell membrane; (c) cathodic catalyst layer.

0.0

0.5

1.0

1.5

0.1 1 10 100

0.0

0.5

1.0

1.5

(a)

γ = 0.1 γ = 1 γ = 100

R
es

p
o

n
se

 A
m

p
lit

u
d

e
(W

at
er

 V
ap

o
r 

C
o

n
ce

n
tr

at
io

n
)

Anode

(b)

Modulation Frequency (Hz)

Cathode

Figure 11. Effect of modulation frequency on the cell water va-
por content response amplitude to modulations in cell voltage
for different values of relaxation parameter (g) (modulation

amplitude=10%): (a) anode; (b) cathode.

3.34

3.36

3.38

3.40

3.55

3.56

3.57

0 1 2 3 4
3.72

3.74

3.76

3.78

3.80

(a)

 Amplitude = 5%           Amplitude = 10%
Amplitude = 15%          Amplitude = 20%
Amplitude = 25%

ACL

(b)

Membrane

(c)

CCL

L
iq

u
id

 W
at

er
 C

o
n

te
n

t 
(λ

)

Time Period

Figure 12. Effect of modulation amplitude on the cell average liq-
uid water content response tomodulations in cell voltage (modula-
tion frequency=1Hz; relaxation parameter (g) = 100): (a) anodic

catalyst layer; (b) cell membrane; (c) cathodic catalyst layer.

Transient Response of a PEM Fuel CellS. Noorani and T. Shamim

542 Int. J. Energy Res. 2013; 37:535–546 © 2011 John Wiley & Sons, Ltd.
DOI: 10.1002/er



frequencies, and its transient values approach the steady-
state values at the corresponding cell voltage values. With
an increase of modulation frequencies, the cell response
amplitude decreases, and the difference of transient values
from the corresponding steady-state values grows. At
higher frequencies, the cell's liquid and vapor contents be-
come insensitive to imposed cell voltage modulations. This
‘insensitivity’ is due to effective neutralization of high fre-
quency fluctuations by diffusion processes over the time
period required to convect them. The cut-off frequency
corresponding to the cell's insensitivity is approximately
20Hz. Higher frequencies also increase the initial phase
lag in the anode and cathode vapor content response to im-
posed modulations. Similar results are obtained for other
values of g except that the phase lag in vapor content re-
sponse increases at lower values of g (results are not shown
here).

Figures 10 and 11 exhibit the cell's average response
amplitude as a function of the imposed modulation fre-
quency for different values of g. The results show that
the cell response amplitudes are very low for all values
of g. However, at low frequencies, higher values of g (such
as g=100) bring about a relatively higher cell response
to imposed fluctuations than the lower values of g. Further-
more, the case of higher value of g also undergoes a rela-
tively sharper decrease in cell response amplitude with

the increase of imposed modulation frequency and has a
relatively lower cut-off frequency. Compared to liquid wa-
ter response, the vapor content response is relatively more
influenced by g.

3.2. Effect of modulation amplitude

Figures 12 and 13 show the cell average liquid water and
vapor contents as a function of modulation time period
for different amplitudes of cell voltage modulations. These
results are for fuel cell, initially operating at a cell voltage
of 0.7V and g=100, which is subjected to sinusoidal oscil-
lation in cell voltage of 1Hz frequency. The results show
that the increase of oscillation amplitude generally
increases the cell response. For all modulation amplitudes,
the cell response remains sinusoidal, and the response
amplitudes are relatively small. For example, for imposed
modulation amplitude of 25%, the response amplitudes of
average liquid water in anodic and cathodic catalyst layers,
and membrane are 0.72%, 1.06%, and 0.007% respec-
tively. The response amplitudes of anode and cathode va-
por contents are also very small (approximately 0.55%
for imposed modulation amplitude of 25%). For the condi-
tions studied, other than the response amplitude, the mod-
ulation amplitude has insignificant influence on any other
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aspect of the cell water response. Similar results are
obtained for other values of g except that the response
amplitudes are lower for lower values of g (results are
not shown here).

The effect of modulation amplitude for different
values of g is shown in Figures 14 and 15. For all values
of g, the response amplitudes are low even at higher
modulation amplitudes. The response amplitude increases
linearly with an increase of modulation amplitude. The
response amplitude is higher for higher values of g
(i.e., under fast equilibrium condition) except for the
membrane liquid water content. The decrease in membrane
liquid water sensitivity to imposed changes at higher g
was also determined by Vorobev et al. [10]. Compared
to liquid water response, the effect of g is higher on
water vapor concentration response. The effect of g is more
pronounced at higher modulation amplitudes.

4. CONCLUSIONS

By employing a numerical model, this study investigated
the effect of modulating cell voltage on the water distribu-
tion in anode, cathode, catalyst layers, and membrane.

Compared to many other existing models, the present
model does not rely on the non-physical assumption of
the uptake curve equilibrium between the pore vapor and
ionomer water in the catalyst layers. Instead, the transi-
tion between the two phases is modeled as a finite-rate
equilibration process by employing a phenomenological
parameter g, which has the physical meaning of the non-
dimensional reciprocal equilibration time. The study was
conducted with a range of g values from 0.1 to 100, with
the higher value of g representing the fast equilibration.
The results led to the following conclusions:

• The liquid and vapor concentrations of water in the
cell anode, cathode, catalyst layers, and membrane re-
spond to variation in cell voltage. The response is si-
nusoidal to the sinusoidal imposed modulation. The
response amplitude is relatively small, and the water
concentration values for the modulating conditions
are different from the corresponding steady-state
values. In general, a decrease of g reduces the re-
sponse amplitude (and sensitivity) of vapor concentra-
tion to modulating conditions.

• The current density is also strongly influenced by var-
iations in cell voltage. The response is sinusoidal but
180o out of phase of the imposed sinusoidal modula-
tions. Since the relaxation factor, g, is a measure of
phase equilibrium process in the catalyst layer, it does
not affect the current density response.

• The modulating frequency affects the cell response to
the imposed changes. The maximum cell response is
observed at low frequencies, where the transient water
concentration values for the modulating conditions
approach the corresponding steady-state values. With
an increase of frequency, the response amplitude
decreases, and the cell becomes insensitive to high
frequency modulations. The insensitivity occurs at ap-
proximately 20Hz. Higher frequencies also increase
the phase lag in the anode and cathode vapor content
response to the imposed modulations. The phase lag
in response increases at lower values of g.

• The response amplitude increases, generally linearly,
with an increase of modulation amplitude for all
values of g. The difference in response amplitudes
between different values of g grows at higher modula-
tion amplitude. The increase of modulation amplitude
causes a relatively higher change in response ampli-
tude of g=100.

NOMENCLATURE

a = vapor activity
A =modulation amplitude
Ck =molar concentration of species k (mol/m3)
Dk = diffusivity of species k in gas mixture (m2/s)
EW = equivalent weight of ionomer (kg/mol)
f =modulation frequency (Hz)
F =Faraday's constant (96,487 Col/mol)
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Figure 15. Effect of modulation amplitude on the cell water va-
por content response amplitude to modulations in cell voltage
for different values of relaxation parameter (g) (modulation fre-

quency=1Hz): (a) anode; (b) cathode.
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i = current density (A/cm2)
j = transfer current (A/m2)
K = permeability (m2)
L = thickness of cell (m)
Lc = thickness of catalyst layer (m)
m = volume fraction of ionomer in catalyst layer
Mk =molar weights of species k (kg/mol)
nd = electro osmotic drag coefficient (H2O/H

+)
p = pressure (Pa)
R = gas constant (8.314 J/mol K)
t = time (s)
T = temperature (K)
u = filtration velocity (m/s)
V = voltage (V)

Greek symbols

a = transfer coefficient
e = porosity
Φ = phase potential (V)
g = relaxation parameter
k = ionic conductivity (A/Vm)
l =membrane water content
r = density (kg/m3)
tg = gas diffusion time of the reactant gases (s)
tg = relaxation (equilibration) time (s)
x = stoichiometric flow rate

Subscripts and superscripts

a = anode
c = cathode
cell = cell
e = equilibrium
eff = effective value
k = species
m =membrane phase
max =maximum
ref = reference
sat = saturated value
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