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Abstract

In this paper, a transient multiphase multi-dimensional PEM fuel cell model has been developed in the mixed-domain framework for elucidating
the fundamental physics of fuel cell cold start. Cold-start operations of a PEM fuel cell at a subfreezing boundary temperature of —20 °C under both
constant current and constant cell voltage conditions have been numerically examined. Numerical results indicate that the water vapor concentration
inside the cathode gas channel affects ice formation in the cathode catalyst layer and thus the cold-start process of the fuel cell. This conclusion
demonstrates that high gas flow rates in the cathode gas channel could increase fuel cell cold-start time and benefit the cold-start process. It is
shown that the membrane plays a significant role during the cold-start process of a PEM fuel cell by absorbing the product water and becoming
hydrated. The time evolutions of ice formation, current density and water content distributions during fuel cell cold-start processes have also been

discussed in detail.
© 2007 Elsevier B.V. All rights reserved.
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1. Introduction

PEM fuel cells as future automotive power plants have to be
able to start up successfully from subfreezing temperatures and
simultaneously maintain the cell integrity and performance. In
order to meet these critical requirements, substantial research
efforts have recently been expended to investigate cold-start
phenomena and freezing processes in PEM fuel cells.

Cho et al. [1] studied the PEM fuel cell characteristics after
repetitive freeze/thaw thermal cycling between 80 and —10 °C. It
was found that the cell performance degraded with the increased
polarization resistance and ohmic losses after a number of ther-
mal cycles. They concluded that the increase of the polarization
resistance could be attributed to the deformation of the electrode
structure, while the increase in the ohmic resistance was mainly
due to the increase of the contact resistance between the mem-
brane and the electrode. Both phenomena were caused by the
volume dilatation during the freezing process. In order to prevent
PEM fuel cell performance degradation after the freeze/thaw
cycling, Cho et al. [2] later successfully applied the gas-purging
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method, by which water was removed from the fuel cell through
feeding dry gases to the cell, and the solution-purging method
by using an anti-freeze solution instead of the dry gases.

Hou et al. [3] also demonstrated that with appropriate gas
purging, no performance degradation and MEA delamination
in a PEM fuel cell would occur after 20 freeze/thaw cycles
from —20 to 60 °C. The experimental studies of McDonald et al.
[4] indicated that with membranes and MEAs assembled under
ambient humidity conditions resulting in low water contents, no
catastrophic physical or chemical failures were observed in the
fuel cell membrane after repetitive freeze/thaw cycles.

In order to examine basic cold-start behaviors of PEM fuel
cells, Oszcipok et al. [5] conducted isothermal potentiostatic
cold-start measurements of a single cell. It was shown that the
product water initially increased the membrane humidity at sub-
freezing temperatures, and after the membrane humidity reached
its maximum, the product water would flood the catalyst layer
and the gas diffusion layer (GDL) and become frozen. Ice for-
mation would subsequently lead to strong current density decay
and cell degradation. They also carried out a mathematic curve
fitting and statistic regression analyses, and showed that dryer
membrane and high gas flow rates would benefit the PEM fuel
cell cold-start operations. Oszcipok et al. [6] further developed
a physical PEM fuel cell model to describe the transient behav-
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Nomenclature

a water activity or surface area

c molar concentration (mol m—3)

Gy constant-pressure heat capacity (Jkg~! K=1)

D mass diffusivity (m?>s—1)

D;, water content diffusivity (molm~!s~1)

EwW equivalent weight of the membrane (kg mol~!)

F Faraday constant (96487 C mol~1)

hyi enthalpy of desublimation (Jkg~!)

i current density (A m~2)

J transfer current density (A m™>)

k thermal conductivity (Wm~—! K~1)

ke desublimation rate coefficient (s~1)

K permeability (m?)

ng electro-osmotic drag coefficient

p gas-phase pressure (Pa)

Ry universal gas constant (J mol 1 K1)

Sice ice fraction

S source term

t time (s)

T temperature (K)

u gas-phase velocity (ms™!)

U, open-circuit potential (V)

|4 volume (m?)

Veell cell voltage (V)

W molecular weight (kg mol~1)

Greek letters

€ porosity

&m fraction of the membrane phase in the catalyst
layer

n over-potential (V)

K proton conductivity (Sm™1)

A water content

m viscosity (kgm~!s~1)

0 gaseous density (kg m—>)

o electronic conductivity (S m™!)

T viscous stress tensor

@ phase potential (V)

X mole fraction

Subscripts

cl catalyst layer

e electrolyte or energy

i species

m membrane

S electron or solid phase

sat saturation value

vi water vapor to ice phase

W water

Superscripts

cl catalyst layer

eff effective value

sat saturation value

v vapor phase

iors of a PEM fuel cell under isothermal subzero operations. The
model was able to account for the effects of the reduction of the
active catalyst surface and the increase of the contact resistance
on the cell performance.

Tajiri et al. [7] developed an experimental procedure for elu-
cidating the isothermal PEM fuel cell cold start by introducing a
method of equilibrium gas purge using the partially humidified
gas with a specified relative humidity to effectively control the
initial water distribution inside the cell. During a cell startup
from —30°C under a constant current density, they found that
a PEM fuel cell with a low membrane water content experi-
enced three stages of voltage evolution, namely an initial voltage
drop, a voltage recovery period resulting from the membrane
hydration by the product water, and a final voltage drop-down
owing to ice formation and its blockage of species transport
and coverage of the active catalyst surface. Tajiri et al. [8] also
examined the effects of various parameters on the PEM fuel cell
cold-start capability under isothermal conditions, including the
purge methods, startup temperature and current density, and the
membrane thickness.

Thompson et al. [9] developed an experimental procedure to
determine the oxygen reduction reaction (ORR) kinetics in PEM
fuel cells at subfreezing temperatures. No fundamental change
in the ORR reaction mechanism was found at subfreezing tem-
peratures. Thompson et al. [10] also measured low-temperature
proton conductivity in the Nafion membrane as a function of
water content and temperature, with temperature ranging from
—45 to 25°C. A crossover in the activation energy for pro-
ton transport with temperature coinciding with the melting and
freezing of water was found, and the crossover temperature
depended on the initial water content of the membrane and dis-
played a hysteresis phenomenon between heating and cooling
processes. However, this observation contradicted that of Tajiri
et al. [7], obtained with a temperature range of —30 to 30 °C.
Tajiri et al. [7] found no noticeable phase transition of water
occurring inside the membrane and thus no slope change in the
proton conductivity. Therefore, an uncertainty remains in this
area.

Yan et al. [11] investigated PEM fuel cell cold-start behaviors
and the effect of the subzero temperature on cell performance
using a 25 cm? cell. They found that the cell was capable of cold-
start operation at —5 °C without irreversible performance loss,
but if the cell temperature fell below —5 °C, irreversible per-
formance loss occurred. Significant damages to the membrane
electrode assembly (MEA) and backing layer were observed
after the fuel cell operated at temperatures below —5 °C, includ-
ing the catalyst layer delamination from the membrane and
cracks in the membrane.

Ge and Wang [12] conducted visualization experiments on
liquid water transport and ice formation using a transparent PEM
fuel cell. It was concluded that the freezing-point depression of
water in the cathode catalyst layer should be less than 2 °C and
its role in cold-start practice should thus be negligible. They later
further narrowed down the value range to 1.0 £0.5°C [13]. It
should be noted that this conclusion contradicts that of Ishikawa
et al. [14], who found that water existed in the super-cooled
liquid state when a PEM fuel cell was operated at —10°C.
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Therefore, more research work is needed in this area for fur-
ther clarification. However, all the studies have observed that no
matter which phase of water, liquid water droplets or ice parti-
cles, existed, it could appear on the catalyst surface only after a
period of cell operation after the membrane became hydrated.

In parallel to experimental studies, numerical investigations
have also been conducted. A number of research groups focused
on modeling the stack behaviors during cold-start operations.
Sundaresan and Moore [15] developed a stack thermal model
to study PEM fuel cell cold start. They focused on a layered
model, which separated the stack into different layers, to deter-
mine the temperature distribution within the stack. The model
could reveal the effects of the endplate thermal mass and the
internal heating method on the stack cold-start operations. Khan-
delwal etal. [16] developed a one-dimensional thermal model for
a PEM fuel cell stack to investigate the cell cold-start capability
and the corresponding energy requirement at various operating
and ambient conditions. They observed that an optimum range
of operating current density existed for a given stack design for
rapid cold startup and recommended thermal isolation of the
stack at the endplates to reduce the startup time. It was also
found that flow of heated coolant above 0 °C was an effective
way to achieve rapid stack cold start.

Ahluwalia and Wang [17] developed a simple two-
dimensional model of a single cell for simulating PEM fuel
cell cold start. It was shown that for rapid and robust cell self-
start, operation of the fuel cell near the short-circuit condition
was desirable because of its maximum hydrogen utilization and
favorable waste heat production. They concluded that preheat-
ing the feed gases, electrically heating the cell stack, and the cell
operating pressure produced only small effects on the ability of
the cell self-start and startup time.

Mao and Wang [18] developed a lumped analytical model to
study heat balance, ice formation in the cathode catalyst layer,
water transport, and voltage variation during a PEM fuel cell
cold start from —10 and —20 °C. The key parameters control-
ling PEM fuel cell cold-start operations, including the initial
membrane water content and the thermal mass of the bipolar
plates, were investigated. Mao and Wang [19] further developed
adetailed transient multiphase multi-dimensional PEM fuel cell
model within the single-domain framework for cold-start sim-
ulations. The model incorporated various transport phenomena
and accommodated ice formation by assuming instantaneous
desublimation of water vapor after it reaches its saturation value,
which should be physically valid based on the visualization work
of Ge and Wang [12,13]. The three-dimensional results, calcu-
lated under a constant current density, illustrated distributions
of current density, temperature, membrane water content, and
ice fraction in the cathode catalyst layer. The effects of the
startup current density and membrane thickness on cell cold-start
behaviors were also examined.

In this paper, a transient multiphase multi-dimensional PEM
fuel cell model, based on the previously established mixed-
domain approach [20-23], has been developed for elucidating
fuel cell cold-start behaviors. Cold-start operations of a PEM
fuel cell at a subfreezing boundary temperature of —20 °C under
both constant current and constant cell voltage conditions have

been numerically investigated, focusing on a two-dimensional
configuration for fundamental physical understandings and clear
result presentation.

2. Theoretical formulation

The transient multiphase multi-dimensional PEM fuel cell
model accommodating ice formation is developed based on a
previously established transient two-phase multi-dimensional
mixed-domain approach [23] and is briefly described in this
section. This numerical model is intended for simulating the
isothermal cold start of a PEM fuel cell at a subzero boundary
temperature, i.e. —20 °C, under both constant current and con-
stant cell voltage conditions. As in the modeling work of Mao
and Wang [19], an assumption of instantaneous desublimation
of water vapor to ice has been taken in the present formulation.
Based on the visualization data of Ge and Wang [12,13], this
assumption could be physically justified below a cell tempera-
ture of —3 °C. Therefore, in the present PEM fuel cell model for
cold-start simulations, no liquid water exists at the subfreezing
cell temperature.

First, the transient conservation equations in the gaseous
phase are presented.

Mass conservation:

dle(1 — sice)p]

V(pu) =0 1
o + V(pu) (D
Momentum conservation:
1 A pui oo
(ou) V(pitii)
e(l — Sjce) Ot 82(1 — Sice)
=—-Vp+Vrt+S, 2)

Species conservation:

e (1 — sice)cil

p” + V(iic;) = V(DY) + S 3)

In Eq. (3), according to the mixed-domain approach [20,21],
the water vapor concentration is solved only in the gas chan-
nels, gas diffusion layers, and catalyst layers on both the anode
and cathode sides. In the two catalyst layers, the dissolved water
phase (water in the membrane phase) is assumed to be in thermo-
dynamic phase equilibrium with water vapor, and its transport
process is combined into the water vapor transport equation
using the following water diffusivity [20,21]:

DY = el3(1 — sice) P D8 4 613 Dkﬂd—k )
Psat da

The effective porosity in Eq. (3) for water transport, £°, could

be modified as

e — ot Em pmequi)L
(1 = sice) EW pgy da

®

For the other species transport equations, the effective poros-
ity remains as

geff —¢ (6)
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Table 1

Electrochemical and physical relationships

Description Expression Unit

. 12

Transfer current density j=a' ](r)ez (ﬁ) (% F 77) in anode side Am™3
j= HEffj(rfi (%) exp (— %Fn) in cathode side

Over-potential n=¢s — Pe in anode side \%
n=¢s — e — U, in cathode side

Open-circuit potential Uy =1.23—0.9 x 1073(T-298) \%

Electro-osmotic drag coefficient _ ) LO0fori <14
‘ £ m= 1.5/8(x — 14) + 1.0 otherwise
Water activity — %

Water saturation pressure

log;op™ = —2.1794 4 0.02953(T — 273.15) — 9.1837 - 1075(T — 273.15)2 + 1.4454 - 1077(T — 273.15)° atm

Partial pressure of water vapor p¥ =CwR,T Pa
e 3.1- 1077 A0 — Del=2346/T1 0 <) <3
m _ = 2.1
Membrane water diffusivity Dy = 417 10-8A(1 + 161e2)el=246/T) otherwise m-s
Water content diffusivity D), = £ Dy molm~!s~!
.. 1 1 -
Proton conductivity k= (0.51391 — 0.326) exp [1268 (ﬁ — 7)] Sm~!

Considering the effect of ice formation, the effective gaseous
species diffusion coefficients should be further modified as

D" = Die" (1 = sice)" 7

In addition, ice coverage of the active catalyst surface is
modeled using the following linear relationship:

a® = (1 = sice)a (8)

The effective surface area, a°ff, is related to the electrochem-

ical kinetics, as shown in Table 1.
Next, the transient conservation equation of the ice phase can
be derived as
0(&PiceSice)
ot

where the parameter, sice, iS the ice fraction, defined as the ratio
of the volume of ice to the pore volume in the porous materials

Viee
V[’

= SiWy ©))

(10)

Sice =

The volumetric desublimation rate in Eq. (9), Si, is expressed
in the following form:

Syi = hpc(PV - Psat) (11)
where the desublimation parameter is defined as
k 1—s: v _ sat
e = Kot = s | " = ] (12)
2RuT pV — psat

This formulation indicates that water vapor would start to
freeze after it reaches its saturation value [19]. Combined with
the thermodynamic equilibrium assumption, Eq. (5), this for-
mulation would result in the delayed ice precipitation after the
membrane phase become hydrated, consistent with the experi-
mental observations [12—14].

The transient water content conservation equation inside the
membrane is in the following form:

3 [ pmh
(") = V(D3 VL) + S5

- 13
ot \ EW (13)

Since we focus on ice formation in the cathode catalyst layer,
the effect of phase transition inside the membrane is neglected
in the present numerical investigations. Based on more compre-
hensive experimental studies, this physical phenomenon could
be further considered in the future work.

The transient conservation equation of energy is derived as

0 -
S LPC) T+ V(pCpiiT) = VUEVT) + 7 (14)
where the effective parameter, ( ,on)eff, can be determined in the
following general form:
(PCp)™ = £(1 = sice)pCp + £8ice(PCp);ce
+ (1 — & —em)(pCp), + em(pCp),, (15)
The source term in Eq. (14) is given as [24]
dU, i?
St=J(n+T=22) + — + hiWaSyi (16)
dTr cond

where the second term inside the bracket is considered only on
the cathode side. The parameter, cond, in Eq. (16) is either kT or
o°T, depending on the location in the fuel cell. The last term in
Eq. (16) is the heat of desublimation. The related parameters are
provided in Table 2. The effective thermal conductivity of each
cell layer is approximated as a constant in the present numerical
studies and is also listed in Table 2. It should be noted that, in
this paper, specific heat capacity, Cp, of the membrane material
has been substituted with that of PTFE, since it is not available
in the open literature, as also discussed in [25].
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Table 2
Physicochemical parameters

Anode volumetric exchange current density, ajo (A m~3) 1.0E+9
Cathode volumetric exchange current density, ajo (A m~—3) 1.0E+4
Reference hydrogen concentration, cy, (mol m‘3) 40
Reference oxygen concentration, co, (mol m?) 40
Anode transfer coefficients ag=a.=1
Cathode transfer coefficient o=
Faraday constant, F (C mol") 96,487
GDL porosity 0.6
Porosity of catalyst layer 0.2
Volume fraction of ionomer in catalyst layer 0.4

GDL permeability (m?) 1.0E—-12
Catalyst layer permeability (m?) 1.0E—-13
Equivalent weight of ionomer (kg mol~!) 1.1

Dry membrane density (kg m~3) 1980
Effective electronic conductivity in CL/GDL (S m~ 1) 5000
Operation pressure (atm) 2
Desublimation rate coefficient (s~!) 3.0E+7
Thermal conductivity of GDL (Wm~' K1) 1.5
Thermal conductivity of CL (Wm~' K1) 1.5
Thermal conductivity of the membrane (Wm~' K~ 1) 0.5
Enthalpy of desublimation (Jkg™!) 2.64E+6
Density of carbon material (kg m~>) 2200
Density of ice (kgm™) 900
Heat capacity of carbon material (Jkg~! K~1) 1050
Heat capacity of membrane material (Jkg~! K~1) 1050
Heat capacity of ice Jkg~' K~1) 2100

Finally, the conservation equations of proton and electron
transport are derived as [26,27]
Proton transport:

V& Vge) + Se =0 17)
Electron transport:
V(o TVe) + S =0 (18)

Since the electrochemical double layer charging/discharging
process is very fast, the transient terms in the two equations can
be safely neglected and the two equations thus remain in the
steady-state form.

The relevant expressions for the source terms and the other
physicochemical relationships can be found in Table 1 and Ref.
[22]. The temperature effect on transport parameters has been
considered in the present numerical model, but it should be
noted that because of the lack of sufficient experimental data and
also existing uncertainties in the experimental studies, some of
the expressions could be further improved specifically for cold-
start simulations, but they should be sufficient for the present
parametric studies.

The present numerical model has been applied for simulating
PEM fuel cell cold-start operations at a subfreezing boundary
temperature under both constant current and constant cell volt-
age conditions, focusing on a two-dimensional cross section
perpendicular to the flow direction, as shown in Fig. 1. The
boundary conditions have been defined in Ref. [22] except for
the one related to the ice fraction, which can be defined as zero
flux at all the five boundaries

Viice =0 (19)

(=)
cgaQ
UG

Charnel Chahnel

@\
M C
N L
X Anode @ Cathode

Fig. 1. A two-dimensional cell geometry.

3. Result and discussion

The present PEM fuel cell model for cold-start simula-
tions has been implemented into a commercial CFD package,
Fluent, through its user coding capabilities and applied for two-
dimensional calculations for elucidating fundamental physics
and conducting parametric studies. The geometric configura-
tion is illustrated in Fig. 1, and the geometric parameters are
listed in Table 3.

The PEM fuel cell is operated at 2 atm on both the anode
and cathode sides. The cell stoichiometry number is two on both
sides with a reference current density at 50 mA cm~2. For all the
calculations carried out in this paper, the boundary temperature is
fixed at —20 °C, simulating an isothermal cold-start condition.
Dry hydrogen and dry air are fed into the anode and cathode
side, respectively. Based on these operation conditions, the inlet
species concentrations can be easily determined and specified at
boundaries 1 and 2.

The numerical simulations have been conducted for both a
constant current density at 50 mA cm™2 and a constant cell volt-
age at 0.55 V. The fuel cell is purged to an equilibrium condition
using a dry gas with 25% relative humidity on both the anode
and cathode sides prior to its cold start. Therefore, the initial
water content in the membrane can be easily determined and
is assumed to be uniformly distributed. The initial ice fraction
inside the cell is neglected in the present numerical studies.

Table 3
Cell geometric parameters

Fuel cell geometry (mm)

Layer thickness

Diffusion 0.3

Catalyst 0.01

Membrane 0.025
Land width 0.5
Channel width 1.0

Computational cell numbers ~1600
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Careful grid independence study has been conducted [22],
and a total of 1600 computational cells are sufficient for
obtaining grid-independent solutions in the present numerical
simulations. A non-uniform grid system has been employed in
the through-membrane direction, with 10 computational cells in
the membrane, 10 in each of the gas diffusion layers, and 5 in
each of the catalyst layers. Variable time step has been applied
with an initial minimum time step at 0.25 s, while it increases
gradually to 1 s as the calculation progresses.

Since the water vapor concentration at boundary 2 (an inter-
face between the GDL and gas channel) on the cathode side
influences the water vapor distribution inside the cathode cata-
lyst layer and GDL, it significantly affects ice formation and
cold-start process of the fuel cell. The effect of the water
vapor concentration in the cathode gas channel on ice for-
mation and cell performance is investigated first by defining
different water vapor concentrations at boundary 2, which basi-
cally represents different downstream locations along the flow
direction as the water vapor concentration increases in this direc-
tion. This modeling flexibility clearly shows an advantage for
elucidating fundamental physics using a two-dimensional con-
figuration.

Under a constant current density at 50 mA cm™2, numeri-
cal calculations are conducted with two different water vapor
concentrations of 0.074 and 0.033 mol m~—3 at boundary 2, rep-
resenting 100% relative humidity and 45% relative humidity in
the cathode gas channel at —20 °C, respectively. Transient vari-
ations of the cell voltage are depicted in Fig. 2. With a higher
water vapor concentration (0.074 mol m~3) defined at bound-
ary 2, the fuel cell cold-start operation shuts down sooner at
around 200, since in this case the water vapor concentration
inside the cathode catalyst layer and GDL reaches its saturation

t=50s =75s
1.1E-03 0.028
1.0E-03 0.027
9.1E-04 0.027
8.2E-04 0.026
7.3E-04 0.025
6.3E-04 0.024
5.4E-04 0.024
4 5E-04 0.023

3.5E-04
2.6E-04
1.7E-04
7.3E-05

0.022
0.021
0.021
0.020
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0.55

2 \
w  0.50 \
g \
S
- |
= r Water Concentration |
o - (mol/m’) |
045 - 0.074 !
F ——=- 0.033 l‘
I [
I |
I |
0.40 TN I N Y T T N N N TN T S T I N A B T T T
0 50 100 150 200 250
Time (s)

Fig. 2. Time evolution of cell voltage during an isothermal cold start under a
constant current density of 50 mA cm ™~ and different water vapor concentrations
at boundary 2.

value and start to freeze earlier. This result indicates that high
gas flow rates on the cathode side could increase the fuel cell
subzero operation time and benefit the cold-start process, a con-
clusion consistent with the experimental result of Oszcipok et
al. [5].

Transient variations of the cell voltage in Fig. 2 clearly show
two-stage evolutions for both cases, namely an initial voltage
recovery period owing to the membrane hydration by the product
water, and a voltage drop-down period caused by ice formation
and its subsequent blockage of oxygen transport and coverage
of the active catalyst surface. This trend is consistent with the

t=150s t=195s
0.380 0.920
0.370 0.906
0.360 0.893
0.350 0.879
0.340 0.865
0.330 0.852
0.320 0.838
0.310 0.825
0.300 0.811
0.290 0.797
0.280 0.784
0.270 0.770

m N

Fig. 3. Time evolution of ice fraction in the cathode catalyst layer during an isothermal cold start under a constant current density of 50 mA cm™2 and a water vapor

concentration of 0.074 mol m—> at boundary 2.
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t=60s t=120s

: 4.6E-04
4.1E-04 [—
3.7E-04
3.2E-04
| 2.8E-04

o a0
1.9E-04
1.4E-04
9.9E-05
5.5E-05
1.0E-05

— |

0.120
0.110
0.099
0.089
0.079
0.068
0.058
0.047
0.037
0.027
0.016
0.006

experimental observation of Tajiri et al. [7]. It should be noted
that in the results of Tajiri et al. [7], a three-stage evolution
of the cell voltage was observed, but the first stage of the cell
voltage drop-down is entirely caused by a gradual load increase,
a procedure specifically designed for their experiments but not
presently simulated.

As also shown in Fig. 2, during the voltage drop-down period,
the cell voltage initially decreases gradually; once the ice frac-
tion in the cathode catalyst layer reaches around 80%, the cell
voltage drops dramatically. This phenomenon has also been
reported in the work of Mao and Wang [19] and is in a qual-
itative agreement with the experimental results of Tajiri et al.
[7].

The time evolution of the ice fraction in the cathode cata-
lyst layer with a water vapor concentration of 0.074 mol m—3
at boundary 2 is illustrated in Fig. 3. Ice starts to precipitate
at around 50s, and grows faster under the current-collecting
land. In addition, the numerical results indicate that ice also
grows faster at the interface between the catalyst layer and
GDL. The reason is that at low current density operations, the
electrochemical reaction (ORR) and consequently the water pro-
duction mainly occur near this location, leading to faster ice
formation.

The time evolution of the ice fraction in the cathode catalyst
layer with a lower water vapor concentration of 0.033 mol m 3 at
boundary 2 is further depicted in Fig. 4. By comparing the results
in Figs. 3 and 4, the effect of a lower water vapor concentration
in the cathode gas channel on ice formation and its evolution can
be clearly seen to render lower and more uniform ice fraction
directly under the gas channel on the cathode side.

The time evolution of the current density distribution in the
lateral direction (z direction) inside the membrane is presented

147
t=180s t=260s
- . 0.400 0.920
0.373 0.906
0.345 0.893
0.318 0.879
0.291 0.865
. 0.264 0.852
0.236 0.838
0.209 0.825
0.182 0.811
0.155 0.797
0.127 0.784
0.100 0.770

Fig. 4. Time evolution of ice fraction in the cathode catalyst layer during an isothermal cold start under a constant current density of 50 mA cm~2 and a water vapor
concentration of 0.033 molm~3 at boundary 2.

X

in Fig. 5. Initially (i.e. at 1 s) there is a uniform current density
distribution along the lateral direction as defined at boundary
4. With the membrane becomes hydrated by the product water
(at 1005), the current density under the current-collecting land
slightly increases, since the membrane water content is higher
in this region as shown in Fig. 6. With time further increases,
the ice fraction grows faster under the land, as illustrated in
Fig. 3, resulting in a rapid drop-down of the current density in
this region towards the end of the cold-start process.

The time evolution of the lateral water content distribution
in the middle of the membrane is shown in Fig. 6. The water
content inside the membrane increases towards the end of the
cold-start process, indicating a fraction of the product water is

20 [ Land + " Channel ™ Land
L / N
o / A\
i r / \
"= 60 / \
: [
~ r .-/‘ -
= 50 fmmemee T e i e
i i P \ P
2 b7 N
- /! \ e
E 40 ; \
E L / Is \
< C / ——imm 100s \
' - \
0, e - 175s 8
L, - — — - 195 N
e ~ .
20 L 1 1 I SR L 1 L
0.0 0.5 1.0 15 2.0
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Fig. 5. Transient variation of current density distribution under the same condi-
tions as in Fig. 3.
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Fig. 6. Transient variation of water content distribution in the middle of the
membrane under the same conditions as in Fig. 3.

absorbed into the membrane and thus the membrane plays a
significant role in the cell cold-start process. In addition, Fig. 6
indicates that the water content initially attains a higher value
directly under the gas channel inside the membrane, but the
trend reverses towards the end of the cold-start process, when
more product water is absorbed into the membrane under the
current-collecting land.

Fig. 7 illustrates a typical temperature distribution in the
two-dimensional cross section. Temperature reaches a highest
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Fig. 7. Temperature distribution in the 2D cross section under the same condi-
tions as in Fig. 3.
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Fig. 8. Time evolution of current density during an isothermal cold start under a
constant cell voltage of 0.55 V and a water vapor concentration of 0.074 mol m 3
at boundary 2.

value in the middle of the cell directly under the gas channel,
as expected. The temperature difference across the entire cross
plane is, however, very small with the maximum difference at
around 0.2 °C. Therefore, the entire cell can be considered to
operate under an isothermal condition.

The transient variation of the current density during a cold-
start operation is shown in Fig. 8, calculated under a constant
cell voltage of 0.55V and with a water vapor concentration of
0.074 mol m~—3 defined at boundary 2. The result also shows a
two-stage evolution; the current density initially increases from
0 s to around 75 s owing to the membrane hydration by the prod-
uct water, and then gradually decreases due to ice formation.
This is in the same general trend as the isothermal potentio-
static cold-start measurements of Oszcipok et al. [5]. However,
a rapid drop-down of the current density was observed in the
experimental results and was attributed to the increase of the
contact resistance between the membrane and the electrode
by a statistic regression analysis. Since the transient variation
of the contact resistance has not been included in the present
numerical model, the rapid current density drop-down cannot
be observed in the simulated curve. This difference between the
numerical and experimental results, however, indeed confirms
the conclusion of Oszcipok et al. [5] that the rapid current den-
sity drop-down results from the cell structure changes and the
subsequent increase of the contact resistance during the fuel cell
cold-start process.

The transient variation of the ice fraction in the cathode cata-
lyst layer calculated under the constant cell voltage condition is
illustrated in Fig. 9. In this case, ice starts to precipitate from 50 s
after the cold-start process. Ice grows faster under the current-
collecting land and accumulates more at the interface between
the catalyst layer and GDL, a picture similar to that obtained
under the constant current density condition.

The time evolution of the current density distribution inside
the membrane is clearly depicted in Fig. 10, under the same
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Fig. 9. Time evolution of ice fraction in the cathode catalyst layer under the same conditions as in Fig. 8.
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Fig. 10. Transient variation of current density distribution under the same con-
ditions as in Fig. 8.

operation conditions as in Fig. 8. The current density initially
distributes uniformly along the lateral direction with an aver-
age value at around 36 mA cm™2, it then increases to an average
value more than 62 mA cm~2 at 75 s. After that, the current den-
sity decreases gradually due to ice formation, especially in the
regions directly under the current-collecting land.

4. Conclusion

In this paper, a transient multiphase multi-dimensional PEM
fuel cell model accommodating ice formation has been success-
fully developed based on a previously established mixed-domain
approach. This model is applied for elucidating fuel cell cold-

start processes at a subfreezing boundary temperature of —20 °C.
Cold-start operations of a PEM fuel cell under both constant cur-
rent and constant cell voltage conditions have been numerically
investigated.

Numerical results clearly indicate that the water vapor con-
centration inside the cathode gas channel affects ice formation
in the cathode catalyst layer and thus the cold-start process of the
fuel cell. This conclusion demonstrates that high gas flow rates
in the cathode gas channel could increase fuel cell cold-start
time and significantly benefit the cold-start process.

During the cold-start processes under both constant current
density and constant cell voltage conditions, the membrane
would absorb the product water and become hydrated. There-
fore, the membrane plays a significant role during the cold-start
process of a PEM fuel cell.

Under both constant current density and constant cell voltage
conditions, the cold-start process of a PEM fuel cell with an
initial low water content inside the membrane experiences a
two-stage evolution; an initial cell performance increase owing
to membrane hydration by the product water, and the subsequent
performance drop due to ice formation in the cathode catalyst
layer and its blockage of oxygen transport and coverage of the
active catalyst surface.

In addition, numerical results indicate that ice grows faster in
the cathode catalyst layer directly under the current-collecting
land and accumulates more at the interface between the cathode
catalyst layer and the gas diffusion layer.
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