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HIGHLIGHTS

¢ A multi-disciplinary cold start model considering coolant circulation is built up.

e The model enables the study of coolant circulation effects on fuel cell cold start.

e The coolant flow rate and total capacity affect the cell cold start performance.

e At lower startup temperature the coolant circulation effects are more obvious.
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It has been well recognized that cold start is one of the key issues of proton exchange
membrane fuel cell (PEMFC) used as the engine of vehicles. Coolant circulation is usually
launched synchronously with the fuel cell during cold start to avoid sudden large tem-
perature variation, which greatly increases the cell thermal mass, lowers the heating rate,
and worsens the cell performance. Considering the flow and heat transfer of coolant cir-
culation, a three-dimensional, transient, multi-disciplinary model for cold start is built up.
The numerical results agree reasonably well with experimental data, indicating that the
model can be used for the investigation of PEMFC cold start processes. The analysis of
circulation parameter effects shows that increasing the coolant flow rate or coolant tank
capacity has little influence on the cell voltage, but will increase the non-uniformity of
temperature distribution along flow direction. At lower start-up temperature, this non-
uniformity is more obvious. With higher coolant flow rate, although the distribution of
current density becomes more evenly, the ice formation amount increases and its distri-
bution and location are greatly affected.
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Nomenclature u fluid velocity, m st
v volume, m?
A area, m?
a effective specific area in catalyst layer, m~* Greek characters
C molar concentration, mol m—3 o transfer coefficient
Cp specific heat at constant pressure, J kg * K * € porosity
D diffusion coefficient, m? s~* n overpotential, V
F Faraday constant, 96,485C mol* K ionic conductivity, S m*
h latent heat, J kg*1 A water content per sulfonic acid residue, mol H,0/
I current density load, A m—? mol SO3
io exchange current density, A m 2 I viscosity, Pa s
j volumetric reaction current density, A m—> & stoichiometry flow ratio
K permeability, m? P density, kgm 3
R thermal conductivity, W m ' K* a electronic conductivity, S m™*
M molecular weight, kg mol~* T shear stress, N m 2
n number of electrons in electrochemical reaction; ) potential, V
Bruggeman exponent .
g8 .p . Subscripts
Nq electro-osmotic drag coefficient
p pressure, Pa a anode
. ; c cathode
R universal gas constant, 8.314  mol * K !
. . e electrolyte
S source term in transport equation S
. . o . . k species index
S ice fraction; stoichiometry coefficient in
. . ref reference value
electrochemical reaction .
s solid, ice
T temperature, K N
U, equilibrium cell potential, V w water
Introduction One important parameter influencing the cold start ability

To reduce air pollution, hydrocarbon-free electrified vehicles
are becoming a mainstream trend of automobile industry.
Lithium-ion battery driven electric vehicles have been widely
deployed around the world, though some drawbacks like
insufficient battery capacity and long charging time exist
[1-3]. The proton exchange membrane fuel cell (PEMFC),
which can be filled up with hydrogen in 3—5 min, is a prom-
ising clean power for future automotive applications with
high fuel-to-energy conversion ratio. However, cold start (i.e.,
to start the PEMFC from below 0 °C environment) is one of the
most key issues to be resolved before widespread application
of PEMFC vehicles [4]. During cold start, the mass transfer
resistance due to ice formation/presence and the micro-
structural damage caused by volume expansion during
freezing/thawing will not only degrade electrode perfor-
mances, but also decrease service life of the fuel cell.

A successful cold start depends greatly on the competitive
relation between water freezing and temperature rise, which
is affected mainly by material properties and operating pa-
rameters, such as water transport properties [4—6], start-up
temperature [7—11], purge method [12—14], thermal mass
[15—17], and loading strategy [18—21]. If a fuel cell has a water
storage potential high enough to prevent the three-phase
interface from being completely covered by the ice formed,
while the temperature rises rapidly to zero degree Celsius,
then the cell could start up successfully.

of PEMFC is the cell thermal mass. During cold start or at
normal operations, the cell thermal mass increased by the
coolant circulation ensures that the heat is distributed more
uniformly throughout the stack [22]. The deactivation of the
cooling circuit during cold start may result in stack degrada-
tion due to inhomogeneous temperature distribution and
even hot spots in the stack [14]. However, it will also increase
the difficulty to start up successfully. Experimental investi-
gation by Schiepwohl et al. [14] shows that reducing the
thermal mass of the cooling circuit by two-thirds halves the
stack startup time. Besides, at the inlet, temperature decrease
caused by coolant flow may cause sudden condensation and
additional gas diffusion resistance [23]. The coolant could also
be pre-heated above 0 °C by external heating to assist a rapid
start-up [16,24].

In order to explore the multi-disciplinary coupling pro-
cesses during cold start of PEMFC, many models have been
developed. Fuel cell models can be generally categorized into
lumped 0D or 1D models and 2D/3D CFD (computational fluid
dynamics) models [25]. Sundaresan and Moore [22] developed
a 1D layered thermal model, in which each cell in a stack was
taken as one layer of uniform parameter, to reveal the effects
of the endplate's thermal mass. Khandelwal et al. [16] modeled
the convective heat transfer of gas/coolant flow in their 1D
stack thermal model to account for the heat uptake by coolant
with time-dependent coolant inlet temperature. In the system
simulation by Tang et al. [23], the stack model with spatial


https://doi.org/10.1016/j.ijhydene.2019.06.147
https://doi.org/10.1016/j.ijhydene.2019.06.147

22162

INTERNATIONAL JOURNAL OF HYDROGEN ENERGY 44 (2019) 22160—22172

resolution in two directions was proposed to study the two-
phase effects in cold start. To investigate the detailed
freezing mechanism inside the catalyst layer, the 2D/3D CFD
method was applied. Meng [7] and Jiang et al. [26] developed
non-isothermal numerical models to elucidate the in-
teractions of water flow with heat transport. Yanget al. [6] and
Yao et al. [27] proposed CFD models considering the super-
cooled water mechanism to show its effects on the dynamic
performance of PEMFC. While detailed temperature distribu-
tion inside a cell was demonstrated, the effects of coolant on
heat transfer is not included in those models. In the numerical
investigation by Ko et al. [15], the cold start performances
were compared between empty cooling channel and the one
filled with coolant. The startup time of PEMFC with cooling
channel filled with coolant is almost twice longer than the
other counterpart even without considering the slower tem-
perature rise rate caused by the flow circulation of coolant.

Although many cold start researches have been conducted
for PEMFC thermal analysis, the coolant circulation effects on
the cold start performance has not yet been investigated. This
study focuses on the flow rate and total capacity of coolant
circulation to investigate their effects on thermal mass and
temperature distribution inside the fuel cell. A multi-
disciplinary coupling numerical model with built-in cooling
channels is developed to simulate the coolant flow and heat
transfer. The relationship between the cell temperature dis-
tribution and coolant circulation parameters is analyzed. Be-
sides, the effects on current density and ice distribution are
discussed.

Mathematical model

Fig. 1 shows the basic working principle of PEMFC. Bipolar
plate (BP), cooling channel (CC), gas channel (GC), gas diffusion
layer (GDL), micro-porous layer (MPL), catalyst layer (CL) and
proton exchange membrane (PEM) are main regions of a
PEMFC. The subzero temperature self-start process takes
advantage of the heat generated by electrochemical reactions
and ohmic transport of anode and cathode to warm the fuel
cell, until the temperature reaches 0 °C and the output power
rises to the target value. The coolant used is the glycol coolant,
which is stored in the coolant tank. The coolant circulation is
launched synchronously with the cell cold start operation. A
circulation with low flux instead of static coolant could avoid
unexpected hot spots as well as temperature drop when the
low temperature coolant suddenly flows into the cell.

The present multi-disciplinary numerical model is formu-
lated based on the governing equations of mass, momentum,
species, charge and energy conservation laws as well as elec-
trochemical reactions to simulate the multi-transport and
electrochemical process occurringin the interior of this fuel cell.

Model assumptions

Based on the characteristics of a cell starting up from subzero
temperature and properties of macro-scale multiple transfer,
some basic assumptions are made [28]. The fluid is assumed to
be an incompressible ideal gas mixture. The special pore-
structure of MPL is assumed to have no additional influence

on PEMFC cold start and it is thus combined with the GDL [26].
The porous layer (GDL/CL) is considered as isotropic and ho-
mogeneous. It is also assumed that when the vapor reaches
saturation, it will instantaneously sublimate. For the coolant
circulation, the coolant is assumed to be evenly distributed to
each single cell from the manifold. After the coolant flows
from the outlet, the mixing with coolant in the coolant tank is
assumed to be very soon that the temperature is uniform in
the coolant tank.

Governing equations

The governing equations and source terms for PEMFC cold
start [26] are summarized in Tables 1 and 2, respectively.

The flow field is determined by mass and momentum con-
servation equations. In mass continuity equation, there is no
source term since the influence of the consumption/formation
of reactants/products on the flow characteristics is negligible
[29]. For flow in open channels, i.e. GC and CC, there is no source
in momentum equation while for that in porous media, GDL and
CL, the drag force on fluid by solid matrix is given as S, = — gu.

The general species conservation equation for H,, O,
vapor, and water content in ionomer are given in terms of
molar concentration. The species source term Scj = 7%)‘ rep-
resents a source/sink in CLs arising from electrochemical re-
actions, which is proportional to volumetric current density j.
In addition, the effects of electro-osmotic drag on water
transport in PEM and CL and the source term due to phase
change are considered in the water source term. The phase
change source is given as:

()7 (:}{2() f; (:§§¥3
o [e] H,0
S — rfveeze (anzt - CHZO) ) CHZO > CI:azt and T< Tfréeze (1)
h Tmete (Ci” — C™0), T=Tp2)  ands>0
0, T>T®° ands=0

freeze

To account for the effects of porosity and tortuosity of
porous layers (GDL/CL), the effective species diffusion coeffi-
cient DZ in the above equation is modified via Bruggeman
correlation as follows:

DF = Dye" 2)

The Bruggeman index related to tortuosity is usually set as
n = 1.5. The blockage of species diffusion caused by ice for-
mation can be simply corrected by ice fraction s, that is:

DT — Dyfe(1—s)" (3)

The source terms of electrolyte and electron phase given in
the charge conservation equations have equal absolute value,
indicating the sum of current flow by protons and by electrons
are constant and always equal to the applied current loading.
Based on Butler-Volmer equation, the electrochemical-
reaction kinetics for anode and cathode reactions in CL can
be given by

1/2
. ; Ct: o + «
H. a C
Ja = Algjs <_Ci}> exp< RT F n) (4)
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Fig. 1 — Schematic (a) and computational domain (b) of the PEMFC.

. .0, C%2 «a

_ 0. c

Je= a5 exp( — ) (5)
ref

where the surface overpotential 7 is defined as

n=¢s — d. — Uo (6)

In the energy conservation equation, heat source term may
contain the entropic heat, irreversible electrochemical heat,
ohmic heat and latent heat.

Calculation of coolant circulation

The mass, momentum and energy conservation equations are
solved for coolant in CC. No external heating is considered in
this model, and the coolant is warmed up by the heat gener-
ated in PEMFC itself.

According to the coolant flow distribution assumption, the
coolant flow rate for single cell can be simply calculated by
dividing the coolant flow rate of the stack by the number of
cells ivsinglecell = V;ﬁ:ﬁ;) .

The coolant in CC as well as the coolant in tank increases
the total thermal mass of PEMFC which is manifested in the

Table 1 — Governing equations for PEMFC cold start
model.

Governing equations

Mass d(esps)  0(ep) .
ot T ot + Ve(pu) =0
Momentum 1[9(pu) 1 N
e[at +€V (pu®)| = —Vp+ Ver+
Su
Species a(gfk) + V-(uCy) = V- (DT vCy) +
Sck
Charge 0 = V- (xF V) + Spe
0 =V-(aVes) + Sps
E 0(pc, T
ASEY % + Ve (pcuT) = V- (kTVT) +

St

mixing process. The coolant from the outlet is firstly mixed
with the coolant in the tank, and then is pumped back to the
coolant inlet. The tank temperature change during mixing is
calculated as

Tcoolant.uut VeoolantAt + Tcoolant.tank Viank

Teoolant tank = 7 ’
coolant,tan Veoolant At + Viank ”

where the T'cotant out ad T'coolant tank are the outlet and the tank

temperature in the previous time step, Veooiant the volume flow
rate of coolant and At the time step.

Boundary and initial conditions

The 3D computational domain considered in this work is
displayed in Fig. 1(b). The cooling channel on the shoulder of
BP at both sides is devised in our model. Due to the symmet-
rical structure, only half of the single cell with straight flow
channel is built to shorten the computational time.

The hydrodynamic boundary conditions for GC and CC are
to specify velocity and pressure (relative) at the inlet and the
outlet, respectively. The velocity of the coolant inletis given in
terms of the pump flow rate. The velocity in GC is determined
by reference current density, I, and stoichiometric ratio, £, as
follows:

ey EcaeApEM
y  Uine = (8)
CH AaAGC COQACAGC

Uina =
2

At the inlet of GC, the concentration values for H, and O,
are set as constant, and zero for vapor under the assumption
of that the inlet gas is dry. The temperature of the inlet gas is
equal to that of the environment. The coolant inlet tempera-
ture is the same as that of the coolant in tank as given by Eq.
(7).

Equations 9 and 10 give the charge transport boundary
conditions. A reference electronic phase potential (zero) is set
at the anode side and a constant flux (current density loading)
at the cathode wall, so that the calculated electron phase
potential on the cathode wall would be the cell output voltage.
For the electrolyte phase potential, zero-flux boundary con-
dition is applied on the walls at both sides:


https://doi.org/10.1016/j.ijhydene.2019.06.147
https://doi.org/10.1016/j.ijhydene.2019.06.147

22164

INTERNATIONAL JOURNAL OF HYDROGEN ENERGY 44 (2019) 22160—22172

Table 2 — Source terms for PEMFC cold start model.

GDL CL PEM BP CC
Mass Sm = PiceSice / 0
Momentum G = — %u S, = — %u / / 0
Species® Sc=-S; Skj ng. _ L (Md: / /
P € ice Sc= — kaI.{_ V. (?dle) Sice Sc=-V (?le)
Charge / Sge =] / /
0 Ses = —j / /
Energy i2 . dup\ i i i2 iZ 0
ST:;S+ hsgSice St :}<77_Tﬁ>+1<9%+§+ hsgSice St :Ke% St :;S

2 The electro-osmotic term is only applied for water in ionomer phase, and S is for H,0 transport only.

o

(¢S)anode wall = 07 (an =1 (9)

)cathode wall

0

(%an =0 (10)
All the other external boundaries are assumed to be zero-

flux for all the other main variables not mentioned above.

The initial temperature for the whole PEMFC is set as that
of the environment. The reactant species in GCs and GDLs are
initially set to have the same molar concentration as the inlet
gas. Before cold start, it is assumed that a sufficiently long
purge with gas of 50% relative humidity has been performed
that the initial water content in ionomer phase and in PEM is
Ao = 3.3 [30], and the initial ice fraction in the cell is assumed
zero [31].

The cell dimensions and material properties are listed in
Tables 3 and 4, respectively. The proton conductivity in the
membrane, k, and the water diffusion coefficient in the
membrane, D}, are given by Eq. (11) [32] and Eq. (12) [33],
respectively.

1 1
Kk = exp |2222 (ﬁ - T)} (051392 — 0.326) 1)
31x1072(-1+e2) [ e ], 0<21<3
Dy = (12)
417 x 10°83(1 + 161e*) | e #* |, otherwise

Mesh and numerical procedure

A structured grid as displayed in Fig. 1(b) was applied, and a
finer grid was used in the thin region of membrane electrode
assembly (MEA) where the reactions take place. The conser-
vation equations along with the boundary conditions and
initial conditions are solved using the commercial CFD flow
solver, Fluent®. By customizing its user defined functions
(UDFs), we implemented the various source terms, physical
properties, diffusion terms and non-standard
advection—convective terms in the governing equations. The
well-known SIMPLE (semi-implicit method for pressure linked
equation) algorithm is used to address the pressure—velocity

coupling and the first order upwind differencing scheme is
generally used for discretization of the velocity field. The in-
fluence of grid number on calculation result was examined in
advance to ensure its grid-independence. Table 5 compares
the cell voltage calculated using meshes of different grid
number. As grid number increases, the value of cell voltage
gradually reaches to an asymptotic value and the error
compared to the finest mesh (Mesh 5) decreases. Mesh 3 with a
numerical error less than 3% is used for model calculations to
save the computation time with no significant compromise at
the calculation accuracy.

Validation
Comparison with experimental data

The present model predictions were compared with the
experimental results for the cold start process at —20 °C [34],
as shown in Fig. 2. The experiments were carried out in SAIC
Motor with respect to a real PEMFC engine. The experimental
setup for cold start of the cell stack contains a PEMFC stack, a
climate chamber, an electronic load and sensors. The test rig
was put in the —20 °C climate chamber for 24 h to make sure
the temperature the stack inside drops to —20 °C. H, was
supplied by a high pressure hydrogen bottle and its pressure
and flow rate was controlled by a decompressor. A compressor
was used to feed air into the fuel cell stack.

In the experiments, the current loading increases gradually
to keep lower output power, and in the model, a step-loading
with approximately the same loading rate as the experiment
is applied. The coolant initial temperature is set as —17 °C, the

Table 3 — Cell dimensions.

Description Value
Cell length 0.28 m
Width of anode/cathode GC 0.9/1.2 mm
Width of anode/cathode CC 1.1/0.8 mm
Depth of GC 0.4 mm
Thickness of BP (6zp) 0.1 mm
Thickness of GDLSs (d¢pr) 0.2 mm
Thickness of CLs (6cr) 0.015 mm
Thickness of PEM (6pgm) 0.018 mm
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Table 4 — Material properties.

Description Value Units

Porosity of GDL/CL (egpr/ect)  0.51/0.40

Permeability of the GDL/CL 6.1 x 102 m?
(KGD[/KCL)

Electronic conductivity in BP 1.4 x 10° Sm™
(o8p)

Electronic conductivity in GDL/ 300 Sm!
CL (o6p1/oct)

Thermal conductivity of BP 16 WmK?
(kep)

Thermal conductivity of GDL/ 1.7/0.27 Wmtk?
CL (kGDL/kCL)

Thermal conductivity of PEM  0.16 Wm'K?
(kPEM)

Thermal conductivity of 0.25 WmtK?
coolant (keoolant)

Thermal mass of BP (pcp sp) 4000 Km3K?

Thermal mass of GDL/CL 230/580 Km3K?
(pCp,cpL/PCp,cL)

Thermal mass of PEM (pc, pev) 2300 Km3K?

Thermal mass of coolant 3400 Km3K?

(Pcp,coolant)
Diffusivity of H,/O, in gas (Dyy/ 8.67 x 107°/1.53 x 107> m? s *

Doy)

Diffusivity of vapor in gas 179 x 107° m?s?t
(Dvapor)

Dry membrane density (opev) 1980 kgm3

Equivalent weight of 1.0 kg mol !

electrolyte in PEM (EW)

same as the experimental. It can be noted that the model
predictions for the cell voltage agrees well with the experi-
mental data. In the loading phase, the cell voltage predicted by
the model is higher than the tested, which is because that the
current density applied in the model is lower than that in the
experiments. When the current density remains constant, the
predicted cell voltage is less than the tested with a relative
deviation less than 6%. This deviation can be explained with
the temperature results shown in Fig. 2(b). The calculated
coolant inlet temperature increases in accordance with the
experimental curve. For the coolant outlet temperature, both
experimental and simulated curves show a flat stage first and
then they keep rising later on. The calculated coolant outlet
temperature curve shows almost the same rising rate with the
experimental value, while there is about 6 °C temperature
difference between the two curves. This temperature differ-
ence can be ascribed to the additional thermal mass of fluid
manifold/distributer and the heat transfer resistance of the
real PEMFC engine, which are not considered in the simula-
tion. The comparison results indicate that the model could
give a reasonable prediction of PEMFC cold start
performances.

Heat and water balance

In the present model, many parameters, such as reaction
intensity, diffusivity, proton conductivity and saturation
value of vapor, are functions of temperature; the tempera-
ture field is influenced by current density and proton

Table 5 — Grid-independence check.

Grid  I=1200A/m? =3 I= 1200 A/m?
number do=5
Cell voltage Error Cell voltage Error
V) V)
Mesh 24,640 0.5028 5.8% 0.4679 6.8%
1
Mesh 56,700 0.5212 3.6% 0.4868 3.9%
2
Mesh 89,320 0.5298 2.0% 0.4953 2.2%
3
Mesh 136,160 0.5361 0.9% 0.5018 0.9%
4
Mesh 179,450 0.5408 / 0.5064 /
5

conductivity. Therefore, getting a converged solution is
challenging. The water transfer is a complicated multiphase
yet important equilibrium process since it contains vapor
diffusion, water diffusion in ionomer, electro-osmosis and
freezing.

The total heat generation is composed of irreversible re-
action heat, ohmic heat, entropic heat and latent heat. By
integrating the heat source terms over the entire cell, various
heat generation rates are obtained. Heat generation rates as
functions of time are shown in Fig. 3(a). Note that the heat
generation values have been divided by the BP side surface
area and therefore has a unit of W/cm? It can be seen that
except for the latent heat, all other heat generation rates in-
crease with current loading, and the latent heat due to
freezing of water begins to appear at around 14 s. The irre-
versible reaction heat, contributing to about half of the total
heat generation, is mainly associated with oxygen reduction
reaction and changes slightly if the currentload is unchanged.
The ohmic heat decreases with time during each current load
stage because of the increase of water content and proton
conductivity of the membrane. In order to examine the solu-
tion of energy conservation equation, the heat absorption rate
(= mc,/A-dT/dt) is also integrated over the entire cell and the
coolant circulation. Plotted by the scattered points, the heat
absorption rate shows good coincidence with the total heat
generation rate, indicating the energy conservation equation
is well converged.

Fig. 3(b) illustrates the evolution of water production rate
and water flow/removal rate. The positive curve shows the
total water production rate in PEMFC, which should theo-
retically be equal to M,,I/2F. The other curves are the water
accumulation rate in ACL, PEM and CCL, as well as ice for-
mation rate and vapor exhaust rate. Since CCL is where
water comes from and PEM has large water storage potential,
the water in PEM and CCL accumulates faster than the other
regions. On the contrary, the vapor outflow rate is very small
due to low saturation pressure. Except for the water stored in
CCL, most of the water produced diffuses to PEM and to the
anode side, and when the water content reaches saturation
at around 14 s, the excess water starts to form ice. At each
time point, the sum of water accumulation rate, ice forma-
tion rate and vapor outflow rate is balanced with the water
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Fig. 2 — Comparison of present model prediction with experimental results. (a) Evolution of cell voltage and current density;

(b) Evolution of coolant temperature at inlet and outlet.

production rate, proofing the convergence of water transport
equation.

Results and discussion

This section presents a parametric study of effects of coolant
flow on PEMFC cold start. The current loading profile is the
same as that in Section Comparison with experimental data
while the stoichiometry coefficient at the anode and the
cathode are 2 and 3, respectively.

Effects of coolant flow rate and coolant capacity on
temperature

The flow rate and total mass of coolant are key parameters
relevant to coolant circulation. The coolant flow rate could be
adjusted by controlling the circulation pump, while the total
mass of coolant in the circulation usually depends on the
volume of coolant tank (including pipeline of the circuit)

which is immutable for a PEMFC system. Under normal
conditions, the coolant flow rate is calculated according to
the cooling requirement and temperature difference be-

tween coolant inlet and outlet (Vcoolam = WM); the

coolant capacity design is affected by the heat dissipation
performance. Discussion here only provides some reference
for the coolant capacity design in view of cold start. A
dimensionless volume ratio is used to represent the total
mass of coolant, that is:

Viank + Vi
Teoolant,v = % (13)
cc

Cases with different coolant circulation parameter at start-
up temperature of —20 °C are compared in Fig. 4. Simulations
stop once the cell maximum temperature reaches 0 °C when it
is ensured that the PEMFC successfully starts up. According to
Fig. 4(a), voltage curve drops slightly when the coolant flow
rate increases from 20 LPM (liter per minute) to 80 LPM with

Fig. 3 — Evolution of heat balance and water balance. (a) Heat generation rate of each sources and total heat absorption rate;

(b) Water production rate and accumulation rate of each region.
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Fig. 4 — Evolution of cell voltage and coolant inlet
temperature. (a) Different coolant flow rate; (b) Different
coolant capacity.

the same coolant tank volume (rcoolant,v = 3.5). With 20 LPM, it
takes 23.9 s for the cell maximum temperature to reach 0 °C
while increasing the flow rate to 80 LPM prolongs this time to
33.2 s. Increasing the coolant flow rate results in more heat to
be taken away by the coolant through heat convection. Hence
the coolant inlet temperature rises faster, but more time is
required to heat up the PEMFC.

The total thermal mass of the coolant increases with the
coolant tank capacity. As shown in Fig. 4(b), the coolant inlet
temperature rise rate decreases significantly when reoiant,v
increases from 1.7 to 5.2. For the three coolant capacity
considered here, the cell voltage curves are in a similar trace
in the early period, and they diverge as the curve associated
with a larger thermal mass has a weaker rising momentum.
The three cases stop (meaning the maximum temperature in
the cell reaches 0 °C) at 22.0, 23.9, 25.2 s, respectively. As ex-
pected, the larger coolant capacity prolongs the start-up
process.

Although the effect of coolant flow rate or capacity on the
output voltage is small, their influence on temperature dis-
tribution is not negligible. Fig. 5 compares the average tem-
perature along y direction of coolant, BP and MEA. The

temperature, as seen, increases gradually over time for all
the cases. At 1 s, the temperature difference between MEA
and coolant, ATolant,Mea, 1S small, then as constantly heat
generated from CCL and PEM, this difference increases to a
stable value. Comparing the 20 LPM and 80 LPM cases in
Fig. 5(a) and (b), more even temperature distribution along y
axis is observed for the latter as a result of faster circulation,
which is in accordance with the PEMFC stack performances
under normal conditions [35,36]. At 23 s, the temperature
difference between the inlet and the outlet portions in MEA,
ATwyea are 9.7 °C for 20 LPM case, while only 2.9 °C for 80 LPM
case. However, with the higher flow rate, as a result of the
slower temperature rise rate much more time is needed for
the coolant to reach 0 °C. In the comparison of different
coolant capacity in Fig. 5(c) and (d), the relative low coolant
inlet temperature of reoiant, v = 5.2 case leads to more uneven
temperature distribution with ATyga = 11.8 °C which is more
than twice the value of Teoiant,y = 1.7 case (4.9 °C). Even
though the big difference in coolant inlet temperature, the
coolant outlet temperature shows only slight difference be-
tween the two cases. The uneven distribution of temperature
has a great impact on the performance of PEMFC, which will
be detailed in Section Effects on current density and ice
distribution.

Effects of ambient temperature

The PEMFC cold start performances are greatly affected by
the ambient temperature. At low ambient temperatures, the
water diffusivity in ionomer and the proton conductivity of
MEA decreases; and much more heat is required for cell
temperature to leave the sub-zero range especially with
circulating coolant. Hence, it is more difficult to start PEMFC
at lower ambient temperatures. The evolution curves of cell
voltage and coolant inlet temperature are shown in Fig. 6(a)
for different ambient temperatures from —10 to —30 °C. It
only takes 12.0 s for the maximum temperature to reach
zero for —10 °C case whereas with a lower ambient tem-
perature, i.e. for —30 °C, the time is more than triple, 39.2 s.
Similarly, the output voltage is much lower at a lower
startup temperature. It can be concluded that the low pro-
ton conductivity due to low temperature increases the
ohmic loss, so the output voltage (Vout = Vierst - Mact - Mohmic -
Neonc) decreases significantly. The coolant inlet temperature
also increases faster when more Joule heat is generated for
the —30 °C case.

The temperature along y axis is shown in Fig. 6(b) and (c).
At 11 s, the temperature difference between the inlet and
the outlet portion in MEA, ATyga, are 5.7 °C for —10 °C case
and 7.4 °C for —30 °C case, while at 37 s this value increases
to as much as 10.2 °C for the latter case. This indicates more
uneven temperature distribution if the initial startup tem-
perature is lower. On the other hand, the average temper-
ature difference between coolant and MEA, ATcolant,mea, 1S
larger with the —30 °C case hence more heat is taken away
by the coolant. At 11 s, the ATcsolant, Mea 0f —10 °C and —30 °C
case are 1.2 and 1.4 °C, respectively, as a result, more heat is
transferred to the coolant. It could be seen that lowering
initial startup temperature boosts the effects of coolant
circulation.
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Fig. 5 — Temperature distribution of coolant, MEA and BP along y axis (flow direction). (a) rcsotant,v = 3.5, 20 LPM; (b)
Ycoolant,y = 3.5, 80 LPM; () Tcoolant,v = 1.7, 20 LPM; (d) Tcoolant,v = 5.2, 20 LPM.

Effects on current density and ice distribution

As mentioned above, low coolant flow rate of large coolant
tank capacity could result in more uneven temperature dis-
tribution. The further effects on proton transfer and ice for-
mation are discussed as follows.

Fig. 7 shows the proton current density contour in mid-
MEA plane at different time under a start-up temperature
of —20 °C. The current loads at 1, 7, and 13 s are 530, 2330,
and 2760 A/m?, respectively. The dashed lines show the rib
boundary at anode and cathode sides, which marks off the
region under BP and under GC in the MEA. When t = 1 s, for
coolant flow rate of both 20 and 80 LPM, the temperature of
the whole cell is close to that of the environment, therefore
the effects of temperature distribution is negligible while the
gas concentration and electron conductivity are dominant
factors in determining the reaction intensity distribution. In

the region under BP, the electron could transfer directly
along x axis from GDL to the adjacent BP. Nevertheless, in
the region under GC, the GDL is next to the GC rather than
the BP so that the electron transfer path is longer than that
in the region under BP. Hence the current density is higher in
the region under BP due to lower resistance. Along the flow
direction, the current density demonstrates a decreasing
trend due to the similar distribution of the H,/O,
concentration.

The inside temperature of PEMFC increases when the heat
being continually generated from the reactions, while the
inlet gas temperature still stays at a lower value. For the 20
LPM case, since the mid-MEA temperature increases from
inlet to y > 0.5l with a maximum difference of about 3 °C at
7 s (Fig. 5(c)), the water diffusivity and proton conductivity at
y > 0.5l are higher than the rest region according to Egns. 11
and 12. Combined with the effects of gas concentration and
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Fig. 6 — Comparison between different start-up temperature. (a) Evolution of cell voltage and coolant inlet temperature; (b)
Temperature distribution along flow direction for T, = —10 °C; (c) Temperature distribution along flow direction for

To = —30 °C.

electron conductivity, the maximum current density region
shifts to the middle from the inlet. With more even temper-
ature distribution, the current density of 80 LPM case likewise
shows more uniform distribution along y axis. The difference
of current density distribution becomes more pronounced at
t = 13 s when the maximum current density region is located
near the outlet for the 20 LPM case with large gradient, while
the current density is still much more evenly distributed for
the 80 LPM case.

The ice fraction in CCL in the —20 °C startup temperature
case is demonstrated in Fig. 8(a) and (b) for different coolant
flow rate. At 23 s, because of the higher water transfer
resistance and the larger current density, more ice forms in
the region under BP than under GC. Clearly, higher ice

fraction is shown for the case with larger coolant flow rate as
expected. When the initial startup temperature is as low as
—30 °C (see in Fig. 8(c) and (d)), the amount of ice is much
more at the whole region and the maximum ice fraction is
seen in the region toward the outlet. In comparison with the
20 LPM case, the ice fraction of the 40 LPM case is relatively
more evenly distributed along y axis and is larger due to the
lower temperature rise rate. The maximum ice location for
—30 °C startup temperature cases is apparently different
from that for —20 °C cases, indicating the effects of initial
startup temperature on water diffusion in MEA are signifi-
cant. With a lower ambient temperature, more water is
accumulating in CCL and especially in the region toward the
outlet where reaction is more intense.
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Fig. 7 — Proton current density distribution in mid-MEA (—20 °C) at 1, 7 and 13 s. (a) 20 LPM,; (b) 80 LPM.

Fig. 8 — Ice fraction distribution in x = 0.643 mm plane (in CCL). (a) 20 LPM, —20 °C; (b) 80 LPM, —20 °C; (c) 20 LPM, —30 °GC; (d)
40 LPM, —30 °C.
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Summary and conclusion

In this work, the effects of coolant circulation on PEMFC
cold start performances are investigated. For this purpose,
a transient three-dimensional computational model
including coolant circulation was developed based on the
multi-disciplinary coupling governing equations. The cell
voltage curve predicted by the model was validated
against the experimental data, and the convergence of
energy and water conservation equations were examined
by heat and water balance calculations. The validated
model was then used to run a parametric study. The cell
voltage and temperature variation under different circu-
lation parameters or different initial startup temperature
are studied.

The results show that the coolant flow rate as well as the
coolant tank capacity have negligible effects on cell voltage,
but the temperature distribution is more uniform with higher
flow rate or lower coolant tank capacity. Meanwhile the start-
up process is prolonged obviously with higher coolant flow
rate. At lower ambient temperatures, the PEMFC is more
difficult to start up and the non-uniformity of the temperature
distribution increases. Our analysis of the current density and
ice formation showed that the temperature difference along
flow direction significantly affects the electrochemical reac-
tion intensity as the MEA properties are functions of temper-
ature. With a more uniform temperature distribution under
high coolant flow rate, the current density and ice fraction are
also distributed more evenly, whereas the maximum ice
fraction is larger. Besides, the ambient temperature shows
great impacts on the ice accumulation position and the total
ice formation amount.
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