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Abstract

Numerical simulations are carried out for a single-channel polymer electrolyte fuel cell (PEFC) undergoing a step increase in current density. The
objective is to elucidate profound interactions between the cell voltage response and water transport dynamics occurring in a low-humidity PEFC
where the membrane hydration and hence resistance hinges upon the product water. Detailed results are presented to show that a step increase in
the current density leads to anode dryout due to electroosmotic drag, while it takes several seconds for water back-diffusion and anode humidified
gas to re-wet the anode side of the polymer membrane. The water redistribution process is controlled by water production, membrane hydration,
electroosmotic drag, and water diffusion in the membrane. The anode dryout results in a substantial drop in cell voltage and hence temporary
power loss. Under extreme situations such as dry anode feed, large step increase in the current density, and/or lower temperatures, the cell voltage
may even reverse, resulting in not only power loss but also cell degradation. Finally, the dynamics of current distribution after a step change in gas

humidification is numerically examined.
© 2005 Elsevier Ltd. All rights reserved.
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1. Introduction

Research on polymer electrolyte fuel cells (PEFCs) has been
a rapidly growing field [1,2]. While the vast majority of efforts
focus on steady-state operation of PEFCs, the dynamic behavior
is of paramount importance in automotive PEFCs, given the
rapid change of loads in the application.

Transient phenomena in automotive fuel cells are poorly
understood at present. In addition to the complex dynamic
response involving various time scales, severe degradation of
MEAs in a PEFC has been observed and attributed to the tran-
sient operation; these include fuel/oxidant starvation, membrane
dryout, electrode flooding, and voltage reversal [3,4]. A simple
type of transients due to gas reactant transport to the catalytic
sites was first explored by Um et al. [5] in 2000 and most recently
further modeled by Yan et al. [6] and Shimpalee et al. [7].
This transient phenomenon typically occurs in the sub-second
range.
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In low-humidity PEFCs where reaction water is used to
hydrate membranes, there exist profound interactions between
water transport and transient cell behavior. First, there is a
time scale for membrane hydration by reaction water. Further-
more, multiple mechanisms of water transport through the mem-
brane, such as electroosmotic drag and back-diffusion, create a
complex transient response involving several time scales. For
example, during a step change in the current density, the elec-
troosmotic drag will immediately remove water from the anode
side of the membrane before back-diffusion of water from the
cathode to anode takes effect. This can cause a temporary dryout
on the anode side of the membrane and hence a jump in mem-
brane resistance or a sharp drop in cell voltage. This voltage
drop is, however, recoverable within a period of time constant
characteristic of water back-diffusion through the membrane,
which is dependent on the water diffusion coefficient and mem-
brane thickness. Understanding transient behaviors of this kind
is tremendously important for successful deployment of PEFC
technology in vehicles.

Several papers have attempted to study transient phenomena
in PEFCs experimentally. Kim et al. [8] measured the transient
response of a PEFC to the load change and found a correlation
between the observed overshoot or undershoot in current density
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and operating stoichiometry. Bensiger et al. [9] took a stirred
tank reactor approach to examine PEFC start-up and dynamic
responses to changes in load, temperature, and reactant flow
rates. The importance of membrane hydration on the dynamic
response of fuel cells was also pointed out based on their
experimental data. Tsushima et al. [10] measured the spatial
profile of water content in a thick polymer membrane in an
operating PEFC using magnetic resonance imaging (MRI), and
indicated that water content on the anode side of the membrane
decreased significantly within 200s of cell start-up, causing a
rapid drop in cell voltage. The use of very thick membranes in
their work was required by coarse spatial resolution of MRI,
i.e. >25 pm.

Detailed modeling of the intricate interactions between tran-
sient water transport characteristics and voltage response has
been absent in the literature. Previous modeling studies were
mostly based on simplified models and did not address the
controlling transient phenomena in low-humidity PEFCs for
modern applications. The model of Amphlett et al. [11,12]
was based on coupling the steady-state electrochemical kinetic
equation with an unsteady, lumped-parameter thermal model.
The one-dimensional model developed by Ceraolo et al. [13]
considered the cathode side and ignored the important cou-
pling of water transport through the polymer membrane and
electrochemical water production. Xie et al. [14] and Patha-
pati et al. [15] developed a system-level dynamic model
using lumped-parameters in each sub-system. The transient
water transport model of Okada et al. [16] was restricted
to the membrane region, and the coupling between mem-
brane water uptake/transport and electrochemical production
of water has been simplified by setting boundary conditions
to the two sides of the membrane. Further, since only the
water transport equation was solved, prediction of dynamic
responses of cell currents and voltages was beyond their model
capability. Their model was later adopted to study the tran-
sient behavior of water and influence of the impurity ions
[17].

Most recently, a three-dimensional transient model, coupling
the species transport, gas flow, and water transport through
the membrane with electrochemical kinetics in catalyst layers,
was developed by Wang and Wang [18]. The transient model
considers vastly different time scales characteristic of the
electrochemical double layer discharging, gas transport, and
membrane hydration, respectively. In addition, numerical
exploration of the transients after a step change in cell voltage
or inlet humidity was carried out. However, to date no study
has been carried out on the transient response of a low-
humidity PEFC to step changes in current load, which is the
standard operational mode of load changes in the automotive
application.

In the present work, the previous model presented in Ref. [18]
is further extended by solving, in addition, the electron transport
equation [19], making it possible to study the transient response
of aPEFC to a step change in current density. Dynamic responses
of a single-channel PEFC with Gore® 18 wm and Nafion® 112
membranes are numerically explored under both fully humidi-
fied and relatively dry cathode conditions.

2. Mathematical model
2.1. Governing equations

The model equations include the following laws of conser-
vation [18,19]:

Continuity : V-u =0 (D
1[ou 1 .
Momentum : - |— 4+ —V - (uu)
e | ot I3
p
=_v<>+v.f+su @)
o
g - IC - eff
Species : €W + V- @Cr) =V -(DJ'VCr) + Sk 3)
Proton charge: 0=V Vo) + So, ()
Electron charge : 0=V - (c°TVe,) + Ss. 5)

where porosity ¢ becomes unity in gas channels. A constant
gas density is assumed in Egs. (1) and (2). Moreover, Eq. (3)
encompasses the water transport equation in the MEA, where
the effective factor in the transient term, &, is expressed as:

dcm pm RT di

- Smﬁﬁg (6)

8=3g+5mf=8g
w

where pp, is the density of a dry membrane and the membrane
water content, A, can be calculated from [20]:

0.043 + 17.81a — 39.85a%> + 36.0a>, 0<a<1
A=< 14+ 1.4a-1), l<ax<3 (7)
16.8, 3<a
The water activity, a, is defined as:
CwRT
a= T ®
where the water vapor partial pressure is calculated by:
log,op*™ = —2.1794 + 0.02953(T — 273.15) — 9.1837
x1073(T — 273.15)% + 1.4454
x107(T = 273.15)3 )

The various source terms, S, electrochemical and physical
properties are listed in Tables 1-3, respectively. In addition,
the present model is based on molar concentration and assumes
constant gas density and no mass source in the continuity and
momentum equations. The validity of these assumptions was
justified in Ref. [21]. In addition, a complete form of the elec-
tron transport equation should include a transient term rep-
resenting the electrochemical double layer discharging [22].
However, as discussed in Ref. [18], the time constant of the
double layer discharging ranges from micro- to milli-seconds,
sufficiently short to be safely neglected for automotive fuel
cells.



3926 Y. Wang, C.-Y. Wang / Electrochimica Acta 51 (2006) 3924-3933

Table 1
Source terms for the conservation equations in each region [18,19]

Su Sk Spe Sps
Gas channels 0 0 - -
Diffusion layers -z é‘DL i 0 0 0
Catalyst layers - K,(L)l i -V ("Tdie) — & j —j
Membrane - 0 0 0

M; is the chemical formula of
species, sy the stoichiometry coef-
ficient and n is the number of elec-
trons transferred

Electrochemical reaction: Z Sk M lf =ne” where

In PEM fuel cells, there are:
(Anode) Hy — 2H* =2e~
(Cathode) 2H,0 — Op —4H* =4e™

Note: nq is the electroosmotic drag coefficient for water. For Hy and O, ng =0.

Table 2
Electrochemical properties

Description

Anode

Cathode

Transfer current density, j (A/m?)

Surface overpotential, n (V)
Equilibrium potential, U, (V)

Exchange current density x reaction surface area, aio (A/m?)

Transfer coefficient, o

1/2
ai Cry (Olm‘HYC .
0.\ T, rer RT

¢s_¢e_ Uo
0

1.0 x 10°

oy +0oe=2

F~n)

d’s - ¢e - Uu
1.23—0.9 x 1073(T — 298)
10000

ac=1

2.2. Boundary and initial conditions

Egs. (1)—(5) form a complete set of governing equations with
nine unknowns: # (three components), P, CH,, Co,, CH,0, Pe,
and ¢;. Their corresponding boundary and initial conditions are
described as follows.

2.2.1. Flow inlet boundaries

The inlet velocity #;, in a gas channel is expressed by the
respective stoichiometric flow ratio, i.e. &, or &, defined at a
reference current density, lf, as:

where A, and A are the flow cross-sectional areas of the anode
and cathode gas channels, respectively. The inlet molar con-
centrations are determined by the inlet pressure and humidity
according to the ideal gas law.

2.2.2. Outlet boundaries
Fully developed or no-flux conditions are applied:

ou aC, 0 0

Mo, Tk _ o, e _ 0, s _y a1
on on on on

2.2.3. Walls

No-slip and impermeable velocity condition and no-flux con-
dition are applied:

CHgPauin ada Cozpcuin cAc

— 2ramnard — —2ferm.erre - dCk oP )

a Tt A and & Tt A0 o0  Lk_y L _y T (12)

2F 4F on on on

Table 3

Physical and transport properties

Quantity Value Reference

ITonic conductivity of membrane, (0.0051391 — 0.00326) exp [1268 (xlﬁ - lT)] Springer et al. [20]

e 3.0 x 1073202 — 1) e~ 2340/ T for0 < <3
m m __ s =

H»O diffusivity in membrane, Dy, Dy = { 417 % 10-42(1 + 161 e=*) - e=246/T  otherwise Motupally et al. [25]
1.0, forA < 14

Electroosmotic drag coefficient, ng ng = 1.5 R Zawodzinski et al. [26]
?(A — 14) + 1.0, otherwise

Dry membrane density, o, 1.98 x 103 West and Fuller [27]

H,/0, diffusivity in membrane, D} /Dg, 2.59 x 1076/1.22 x 10~°

X 32
Gas diffusion coefficient in porous media, DT D°ff = £D, (%) / (%)

Viscosity of anode/cathode gas, u

Bernardi and Verbrugge [28]

Bird et al. [29]

©w=9.88x 107Xy, + 1.12 x 1073 Xy,0 +2.01 x 103Xy, +2.3 x 107X, Incropera and DeWitt [30]
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Fig. 1. Computational domain and mesh of a single-channel PEFC.

In addition, the boundary conditions for the electronic phase
potential, ¢, at the bipolar plate outer surfaces can be expressed
as [23]:

0

& =1 anode

on

BION

& = —1, cathode 13)
on

0

ﬁ =0, otherwise

on

2.2.4. Initial conditions
The initial conditions are either zero or a steady-state field
from a previous operating point.

2.3. Numerical procedures

The conservation equations are solved using a commercial
computational fluid dynamics (CFD) package, Star-CD®, with
PISO algorithm, the pressure implicit splitting of operators [24].
PISOis based on predictor—corrector splitting for unsteady prob-
lems. The specific governing equations with appropriate source
terms developed herein are incorporated in a user code. An aver-
age current density is specified as an input parameter, allowing
the local current density and electronic phase potential to vary
spatially according to local conditions. Thus, the load change
is performed through manipulation of the cell current, i.e. elec-
tron flux, on the bipolar plate surfaces. The mesh of a single-
channel PEFC is shown in Fig. 1. Table 4 lists the geometry
and physical parameters. To accurately describe the electro-
chemical, hydration, and transport processes in the MEA, 10
grids are employed within the membrane and 6 grids are placed
in the catalyst layer in the through-plane direction. Approxi-
mately 100,000 computational gridpoints are used to capture the
detailed three-dimensional electrochemical and transport phe-
nomena. Adaptive time stepping is used in which the current
time step is made inversely proportional to the temporal gradi-
ent of current density at the previous time step with the maximum
of 0.1s.

Table 4
Geometrical and physical parameters [21,31]
Quantity Value
Gas channel depth/width (mm) 1.0/1.0
Shoulder width (mm) 1.0
GDL/catalyst layer thickness, dgpr./ScL 0.3/0.01
(mm)
Membrane thickness (Gore® 18 wm/Nafion® 0.018/0.051
112), 8 (mm)
Cell thickness/length (mm) 2.0/100.0
Anode/cathode pressures, P (atm) 2.0/2.0
Stoichiometric flow ratio & in anode/cathode 1.5/2.0
Cell temperature (K) 353.15
Porosity of diffusion layer/catalyst layer, e/eg 0.6/0.4
Volume fraction of ionomer in catalyst layer, 0.26
Em
Permeability of GDL/catalyst layer, 10-12/10-15

KepL/Kcr (m?)
H,/H, O diffusivity in anode gas at standard
condition, Do H,,a/Do,w,a (m?%/s)
0,/H, 0 diffusivity in cathode gas at
standard condition, Do 0,,c/Do,w,c (m3/s)

1.1x1074/1.1 x 10~

3.24x1075/3.89 x 107>

3. Results and discussion

A single-channel PEFC with Gore® 18 wm and Nafion® 112
(i.e. 51 pwm) membranes, respectively, is chosen for a paramet-
ric study. While the focus of the present work is on elucidat-
ing dynamic behaviors under low-humidity operation, a fully
humidified case is also simulated for comparison in which there
exist the transients of gas transport only and the transient mem-
brane hydration becomes irrelevant as the membrane remains
always hydrated. All results are intended to explore the tran-
sient response to a step change from one steady state to another.
The two types of step changes under consideration are in the
current density and cathode inlet relative humidity.

0.8
L !
: v
0.7 5 |
C | RHa/c=100/100%
0.6 !
L I
. - | _Ewesoow 1 |
505 —_—
- = L Rreswoe 1. _.__._._.__|
(] li L\/ M i
o T R 77~ I
Soaf \ 7 | e
[=] [ | A
- - v P
TGo3fF i A
(&) o N, s
8 |/
0.2 s ) ! 5
- | 4 Step change in current density from 0.1 to 0.8 A/cm
r : | — — — Step change in current density from 0.1to 0.6 A/lcm?
= 1 : —-—.— Step change in current density from 0.1to 0.8 Acm?
01 ji —E= — Step change in current density from 0.1to 1.0 Alcm?
= ;|
B i
- 1
O|\\H||||lrr\|||||rI\|||
0 2 4 6 8
Time (s)

Fig. 2. Dynamic response of cell voltage to the step change in current density
in a PEFC using Gore® 18 jum membrane.
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Fig. 3. Dynamic profiles of water content in the MEA after the step change in
current density from 0.1 to 0.8 Al/cm? under dry operation (RHy/ =50/0%) at
the 10% fractional distance of the PEFC with Gore® 18 wm membrane.

Fig. 2 shows the dynamic response of cell voltage to a current
step increase under various operating conditions. It can be seen
that the voltage response is nearly instantaneous under the fully
humidified condition, while it takes several seconds for low-
humidity cells to attain another steady state. In addition, the
dynamic behavior of all low-humidity cases exhibits a voltage
undershoot. The degree of undershoot increases with the mag-
nitude of current change. When the current density is changing
from 0.1 to 1.0 A/em?, the cell voltage drops to zero. With a
larger current increase (i.e. >1.0 A/cm?), the PEEC will reverse
the voltage and may lead to cell degradation.

To further explore explanations for the voltage undershoot,
Figs. 3-5 present the water content profiles in the MEA at vari-

|
4 Anode | Cathode
catalyst Membrane catalyst
layer | layer
|
3.5 i

25

Water content (#H,0/#S053’)

— — —t=0
2 - - - ; —e— t=0.1s
| —a— t=0.2s
| —— t=0.3s
—»— t=0.5s
| —e— t=1.0s
1.5 i —o— t=6.0s
|
|

Through plane direction

Fig. 4. Dynamic profiles of water content in the MEA after the step change in
current density from 0.1 to 0.8 Al/cm? under dry operation (RHgy. =50/0%) at
the 50% fractional distance of the PEFC with Gore® 18 pum membrane.

8

- Anode Cathode
catalyst Membrane catalyst
B layer layer

Water content (#H,0/#S03)

Through plane direction

Fig. 5. Dynamic profiles of water content in the MEA after the step change in
current density from 0.1 to 0.8 A/cm? under dry operation (RHy, = 50/0%) at
the 90% fractional distance of the PEFC with Gore® 18 jum membrane.

ous time instants and at three locations in the PEFC, respectively,
after the current density changes from 0.1 to 0.8 A/cm?. In these
figures, dashed lines denote the initial water content profiles
immediately before the current change, and solid lines at t=6s
mark the final profiles at the new steady state. It can be seen
from Figs. 35 that just after the step change, the water con-
tent in the anode decreases while that in the cathode increases.
This can be explained by the water electroosmotic drag, which
increases directly proportionally to the current density jump.
The anode hydration levels reach lowest around 0.3 s after the
step change, roughly the same time as the cell voltage reaching
the minimum as shown in Fig. 2. After that time instant, the
anode begins to get water through back-diffusion as the differ-
ence of water concentration between the anode and cathode is
enlarged. The water profiles reach steady state around 6 s, which

is of the same order as the time constant of membrane hydration
PSm AL
[18],i.e. Tmu = &Y
2F

~ 7s. In addition, the time constant of
water diffusion across the membrane, i.e. Tmp = gzmﬁ ~0.2s
at A =3, coincides with the time when the cell voltage reaches
the minimum, indicating that back-diffusion begins to rehydrate
the anode. A difference between these three figures at different
fractional distances into the PEFC is that the water content goes
up higher in the downstream of the cell, due to the effect of water
production.

Fig. 6 displays variations of the water molar concentration
profile in the anode channel with time after the step change. Once
again, the dashed line represents the initial condition before
the step change, and the solid line at t=65 is the new steady
state. It is interesting to note that the water concentration in
the anode channel strongly responds to the step change in cur-
rent density. Further, there is significant dryout of the anode
stream in the downstream region during transients. This phe-
nomenon can be explained by the fact that most of water carried
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Fig. 6. Water concentration profiles in the anode gas channel after the
step change in current density from 0.1 to 0.8 A/cm? under dry operation
(RHy/c = 50/0%) and with Gore® 18 pm membrane.

in partially humidified anode inlet gas is transferred to the cath-
ode in the upstream region due to the fast gas transport across
the anode GDL with a time constant around 0.01-0.1s [18],
leaving the downstream region temporarily dry. Once the water
back-diffusion through the membrane takes effect, the water
concentration in the anode downstream recovers. In addition,
note that the present model assumes a constant gas density and
no mass source. Thus, the anode flow remains constant along
the channel and the change in the water profile shown in this
figure is not due to the flow variation with time.

As aresult of water redistribution during transients, the mem-
brane resistance experiences an overshoot, as shown in Fig. 7.
As indicated by the dashed line, the spatially resolved mem-
brane resistance in this low-humidity cell at the initial state is
seen to increase first along the flow direction, due to the anode
dehydration under the influence of electroosmotic drag, and then
decrease due to water production within the cell. The same spa-
tial trend remains at the final steady state with much higher
current density, except that the anode dehydration region is short-
ened due to the much higher production rate of water on the
cathode; see the solid line at =6 . In transition, the membrane
resistance initially increases overall before drop-down, indicat-
ing the significant role played by dehydration of the anode side
of the membrane. In addition, significant decrease in the mem-
brane resistance occurs in the downstream due to higher water
production on the cathode, in accordance with that shown in
Fig. 4.

Fig. 8 shows that the ionic resistance in the cathode, despite
an eight-fold increase in water production, does not decrease
uniformly: the substantial decrease in the ionic resistance in the
cathode catalyst layer begins only after ~30% fractional dis-
tance into the fuel cell. An interesting phenomenon occurs in the
anode catalyst layer, as shown in Fig. 9: the anode ionic resis-
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Fig. 7. Dynamic profiles of the membrane resistance after the step change in
current density from 0.1 to 0.8 A/cm? under dry operation (RHy/ =50/0%) and
with Gore® 18 wm membrane.

tance shows a substantial increase within initial 0.2 s followed
by areduction over the next 1 s. The resistance increment during
transients is several fold, although the anode hydration level only
shows a small decrease as indicated in Figs. 2—4. The reason can
be explained by the non-linear relation between water content
and ionic conductivity as shown in Table 3, which indicates that
the proton conductivity or inversely the ionic resistance is quite
sensitive to water content at low hydration levels. In addition, it
is noted that the anode ionic resistance during transients is much
higher than those in the membrane and cathode catalyst layer,
indicating its controlling role in fuel cell dynamics.
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Fig. 8. Dynamic profiles of the ionic resistance in the cathode after the
step change in current density from 0.1 to 0.8/cm? under dry operation
(RHy/c = 50/0%) and with Gore® 18 wm membrane.
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Fig. 9. Dynamic profiles of the ionic resistance in the anode after the step change
in current density from 0.1 to 0.8 A/em? under dry operation (RHy/ =50/0%)
and with Gore® 18 um membrane.

Fig. 10 presents the history of the local current density profile
after the step change. A drastic redistribution of the local cur-
rent density occurs during fast transients of about 1 s, while the
average at any time instant remaining the same as the imposed
cell current density. Upon the constant average current density
imposed, the protons would prefer to flow in the low resistance
region, namely the low anode ionic resistance region, which
occurs near the flow inlet during the initial period. Consequently,
high current density first appears in the upstream region and then
shifts to the downstream as the anode ionic resistance is lowered
there. The profiles of local current density shown in Fig. 10 also

Current density (A/cm?)

0.5""|IIII'I‘ T I N N |
0 0.25 0.5 0.75 1

Fractional distance from anode inlet
Fig. 10. Dynamic profiles of the local current density after the step change

in average current density from 0.1 to 0.8 A/em®> under dry operation
(RHy/e = 50/0%) and with Gore® 18 wm membrane.

0.8
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Fig. 11. Dynamic response of cell voltage to the step change in current density
in a PEFC using Nafion® 112 membrane.

help explain the dynamic changes seen in Fig. 8 for the cathode
catalyst layer resistance. Because much higher current density
occurs initially at the inlet, water production there dramatically
decreases the ionic resistance in the cathode, while the resistance
bounces back when the local current density in the upstream
decreases again.

From the above analysis of the dry cell using Gore® 18 um
membrane, it can be seen that dynamic balance between water
back-diffusion and electroosmotic drag causes temporary dry-
ness in the anode and hence dictates the cell performance
response. To further elucidate this dynamic water balance in the
membrane, a comparative case is simulated for a thicker mem-
brane, i.e. Nafion® 112. The corresponding time responses of
cell voltage are shown in Fig. 11 under the same humidification
conditions, i.e. RHy =50/0%. It can be seen that the voltage
undershoot is much more severe for the thicker membrane as
compared with Fig. 2, and the current density increase cannot
even go beyond 0.7 from 0.1 A/cm?, without causing zero volt-
age. In addition, the time period in which back-diffusion of water
begins to take effect triples that of the Gore® 18 um membrane.

2
A similar calculation of T, p = % for the membrane thickness
m

of 51 wm yields ~0.8 s for the time constant of water diffusion
across the membrane (at A =3).

Fig. 12 shows dynamic profiles of water content in the MEA
after the step change under dry operation (RH,,. =50/0%) at the
mid-length of the PEFC using Nafion® 112 membrane. It is seen
that the thicker membrane delays rehydration of the anode by
water back-diffusion, thus amplifying the effect of electroos-
motic drag on anode water loss. In addition, this figure, along
with Figs. 3-5, underscores the importance of the non-linear
description of water transport in the membrane during transients.
A lumped parameter model or simplified analytical model would
fail to capture this feature.

Fig. 13 shows the response of cell voltage to a reverse
step change, i.e. step decrease in current density from 0.8 to
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Fig. 12. Dynamic profiles of water content in the MEA after the step change in
current density from 0.1 to 0.6 A/cm? under dry operation (RHgy/ =50/0%) at
the 50% fractional distance of the PEFC with Nafion® 112 membrane.

0.1 A/cm?, under a dry and a wet case, respectively. While the
initial and final steady states reverse their voltage values, the
transient behavior is generally gradual and smooth in both dry
and wet cases. In practice, vehicle deceleration could be more
problem-free under dry operating conditions as there will be
no concern for electrode and channel flooding. In contrast, a
current density step decrease and ensuing reduction in gas flow
rates under the fully humidified conditions may trigger severe
flooding in electrodes and channels, a topic that is beyond the
scope of the present work.

Fig. 14 presents the time responses of cell voltage to the
changes in the humidification conditions, using Gore® 18 um
membrane. At a constant current density, the change in cell
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Fig. 13. Dynamic response of cell voltage to the step change in current density
from 0.8 to 0.1 A/cm? in a PEFC using Gore® 18 jum membrane.
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Fig. 14. Dynamic responses of cell voltages after the step changes in the humid-
ification conditions at the current density of 0.8 A/cm? in a PEFC using Gore®
18 wm membrane.

voltage is mainly attributed to the ohmic loss or membrane resis-
tance variation corresponding to a varying hydration level. In the
case of RHy =50/0% switched to 100/100%, the cell voltage
keeps increasing, indicating that the membrane becomes better
hydrated by the humidity introduced in the cell. A similar con-
clusion can be drawn for the reverse case, except for a slight
voltage overshoot in the initial split second. Occurrence of this
overshoot can be explained by the richer oxygen contained in
the less-humidified inlet cathode air.

Itis of great interest to study the redistribution of current den-
sity after a step change in external humidification. Fig. 15 depicts
the time variations in the local current density profile when the
external gas humidification switches from RHg, =100/100 to
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Fig. 15. Dynamic profiles of the local current density after the step changes
in humidification conditions from RHg. = 100/100 to 50/0% under the current
density of 0.8 A/cm? in a PEFC, using Gore® 18 wm membrane.
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50/0% under the average current density of 0.8 A/cm?. It can
be seen that initially the local current density is higher upstream
and lower downstream, a pattern primarily controlled by oxygen
depletion and characteristic of fully humidified cells. With time,
however, the current density in the upstream region drops due
to drier gas supply there, which leaves more oxygen molecules
downstream to produce high current density (also benefited from
more humidified gases and hence hydrated membrane by prod-
uct water). Eventually, the current density profile at the new
steady state attains an increasing pattern indicative of the mem-
brane hydration control commonly occurring in low-humidity
cells. Note that the local current density can temporarily reach
1.6 A/cm? during transients, a level substantially beyond steady-
state values. This overshoot in local current density may have
important implications for PEFC durability where membrane
and catalyst degradation is strongly tied to the current density.
A more detailed discussion on membrane hydration/dehydration
can be found in Ref. [18].

4. Conclusions

Numerical simulations of a single-channel PEFC with Gore®
18 wum and Nafion® 112 membranes have been carried out
to study the intricate transient phenomena under current den-
sity step changes, with focus primarily on dry cell operation.
Detailed numerical results are presented to illustrate the dynam-
ics of water transport through the membrane. Specifically, it
is found that a step increase in the current density instanta-
neously dries out the anode under the influence of electroosmotic
drag, while it takes several seconds, consistent with theoret-
ical estimation, for the water back-diffusion to rehydrate the
anode. The water redistribution process in the PEFC, directly
impacting the cell voltage response, is controlled by dynamic
balance between electroosmotic drag and back-diffusion in the
membrane characterized by two disparate time scales. In addi-
tion, the present numerical study reveals that the change in gas
humidification conditions will lead to a drastic fluctuation of the
local current density during transients. This finding may lend
new insight into PEFC degradation caused from fast-transient
cycling.

Future work could include a parametric study of membrane
properties, particularly the water diffusivity and electroosmotic
drag coefficient in the membrane, water uptake, and ionomer
equivalent weight. In addition, the impact of alternative mem-
branes (e.g. hydrocarbon membranes) on the PEFC transients is
worthy of assessment using the present model.
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Appendix A. Nomenclature

a water activity or effective catalyst area per unit volume
(m3/m?)

A
Ca
Ci
D
EwW

VS I RTINS S T

Veell
X

superficial electrode area (m?)
capacitance of the double layer (mF/cm?)
molar concentration of species k (mol/m?)
mass diffusivity of species (m?/s)
equivalent weight of dry membrane (kg/mol)
Faraday’s constant, 96,487 C/equivalent
exchange current density (A/m?)
superficial current density (A/m?)

current density (A/em?)

transfer current (A/cm?)

permeability (m?)

the direction normal to a surface
electroosmotic drag coefficient, HyO/H*
pressure (Pa)

gas constant, 8.134 J/(mol K)

relative humidification

stoichiometry coefficient in electrochemical reaction
source term in transport equations

time (s)

temperature (K)

velocity vector (m/s)

cell potential (V)

mole fraction

Greek letters

LA QD IMrT >R I ® & Q

transfer coefficient

thickness (m)

porosity

surface overpotential (V)
ionic conductivity (S/m)
membrane water content
viscosity (kg/(ms))
stoichiometric flow ratio
density (kg/m?)

electronic conductivity (S/cm)
shear stress (N/m?); time constant (s); tortuosity factor
phase potential (V)

Superscripts and subscripts

a
c
ch
CL
dl
e
eff

GDL
in

©c 3 =

ref

sat

anode

cathode

channel

catalyst layer

double layer

electrolyte

effective value

gas phase

gas diffusion layer

inlet

species

membrane phase; membrane
standard condition, 273.15 K and 101.3 kPa (1 atm)
reference

electronic phase

saturate value

water
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