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A one-dimensional, dynamic proton exchange membrane fuel cells stack model is devel-
oped in this paper, where the transports of reactant and water (in both liquid and vapor
phase) are described by partial differential equations (PDEs) in gas diffusion layers
(GDLs) of both anode and cathode, and the lumped model is applied to channels and
MEA. The boundary conditions needed for PDEs in GDLs are provided by the lumped
model. In addition, the convection term is considered in PDEs for GDLs to describe the
convection effect on hydrogen gas purge process on the anode side. As a result, the
purge effect under medium current density (corresponding to ohmic polarization domi-
nated region) can be simulated in an efficient manner by improving the mass transfer
and reducing the effect of water back diffusion from cathode to anode. The presented
gas purge model is validated by the experimental data obtained from our laboratory
as well as other research group. The influence factors to the gas purge schedule on
the anode side, such as the purge interval and purge time, are investigated as well.
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1 Introduction

Owing to their high energy efficiency, low pollution, low noise,
low operating temperatures, quiet operation, fast start up and shut
down, proton exchange membrane fuel cells (PEMFCs) are
widely regarded as a promising technology for mobile, stationary,
and portable application [1,2].

However, factors such as durability and cost still remain as the
major barriers to fuel cell commercialization. There are some con-
current problems related with the two factors arising in a PEMFC
power system. For example, when the PEMFC operates in a dead-
end mode on the anode side, how to control the anode purge valve
to achieve both high fuel efficiency and stable cell performance. It
is well known that the flooding due to liquid water accumulation
can significantly deteriorate fuel cell performance; impurities accu-
mulate in the fuel cell anode will lead to fuel cell performance
decrease as well. On the other hand, the fuel efficiency can be
reduced if the purge interval time is too short; pressure wave trans-
mission generated in the flow channels during the purge valve
switch on and off may lead to mechanical vibrations of the mem-
brane electrode assembly (MEA) and accelerate its damaging [3,4].

Considerable researches on the relevant topics have been done
in the literature. Himanen et al. [5] reported that anode side flood-
ing can be reduced at higher anode gas pressure due to the
increased hydraulic permeation of water through the membrane.
Corresponding to hydrogen pressure drops, Corbo et al. [6]
showed that a slight voltage recovery due to purge intervention
can be observed for those cells that are more affected by the
incoming water flooding. Bussayajarn et al. [7] compared the
purge effects on different cathode design (parallel slit, circular
open and oblique slit). They found that the three cathodes’ designs
are not easy to distinguish as they all reach the same current
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density level; this is because the cell performance is dominated by
water accumulation rather than oxygen transportation. Fabian
et al. [8] declared that purge is required to remove the overpro-
duced water, inert impurities presented in the hydrogen, and the
nitrogen diffused from the cathode to the anode. The accumulated
nitrogen decreases the partial pressure of hydrogen and therefore
reduces fuel cell current density. According to their experimental
result, Miiller et al. [9] also showed that it is necessary to make
the purge schedules optimal and safe in order to lessen the water
and nitrogen accumulation in the anode. Carlson et al. [10] stated
that when purge fractions is lower than 0.6%, the increase of the
nitrogen concentration in the anode compartment results in a
lower cell voltage and hence a lower efficiency. On the other
hand, when purge fraction is too high, a majority of the freshly
fed hydrogen is purged out of the system without being electro-
chemically utilized and hence the efficiency is decreased. Further-
more, they also pointed out that a thinner membrane (<50
microns) needs higher hydrogen purge rate in order to avoid anode
flooding. By controlling each cell’s exhaust and providing the
water management necessary, Nguyen et al. [11,12] developed a
method to achieve a good performance for fuel cell stack.

Xiao et al. [13] studied two purge patterns, i.e., intermittent
purge and annular purge, and concluded that the intermittent
purge greatly affects fuel cell performance and thus it is not suita-
ble for the in situ application; the annular purge process requires a
higher pressure drop, and the critical pressure drop is calculated
from the annular purge model. The results showed that the annular
purge is appropriate for removing liquid water from the anode.
Gou et al. [4] also presented a one-dimensional computational
fluid dynamics model for PEMFC, and found that a long purge
time is necessary to show the entire pressure drop curve, while
only a part of the curve can be attained if a short purge time is
adopted, along with a relatively uniform distribution of pressure
swing which represents the top value of pressure variation at cer-
tain point in the channel during the purge process.

Stefanopoulou et al. [14] described a simple two-phase flow
dynamic model where an anode purge sub-model was included as
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well. This model precisely captured the trend of the voltage recov-
ery after an anode purge event occurs. Based on their model pre-
sented in Refs. [15-17] and the tunable physical parameters
identified by experimental data, McKay et al. discussed in detail
the relationship between stack performance and anode purge. In
this paper, we improve their model in the following two aspects:

(1) The convective transport of gas, which was neglected in
Refs. [14-16], is considered, especially for medium current
density case.

(2) The control strategy of gas purge schedule on the anode
side is given according to the purge model and the corre-
sponding experiment.

The objective of this paper is to extend the purge model of
Refs. [14-18] from low to a medium current density level by con-
sidering both aspects listed above. The improved model shall be
validated by comparing the simulated results with the experimen-
tal data shown in our recent work [19]. Furthermore, the influenc-
ing factors to the gas purge schedule on the anode side is
investigated as well.

The rest of this paper is organized as follows. We describe a
one-dimensional PDE model for the transports of reactant and
water in GDL and a lumped model in MEA and channel in Sec. 2,
introduce the formulation of polarization curve in Sec. 3, and
carry out the numerical implementation and elucidation in Sec. 4.

2 Mathematical Model

2.1 Model Assumptions. To develop a transport model for
the reactant and water (presenting in both liquid and vapor phase),
we need to introduce the following necessary assumptions:

* Oxygen and nitrogen molecules do not cross over through the
membrane [17].

* The loss current density (see Eq. (36) at below) is caused by
hydrogen that permeates the membrane to the cathode side
and then reacts with oxygen [20].

* There is no appreciable contact resistance against the conduc-
tion of heat, electrons, or ions [21].
Water in both vapor and liquid phase exists in the stack.
Ideal gas law is employed for the gaseous species.
The internal cell structure (gas channel, GDL and MEA) is
assumed to be isothermal [15].
Gravity force is not taken into account.
The distribution of cell voltage in the stack is uniform.
Each individual fuel cell is divided into five parts, i.e., gas
channel and GDL on both anode and cathode sides. The trans-
ports of reactant and water (in both liquid and vapor phase)
are described by one-dimensional PDEs in GDLs; whereas
the lumped models are applied to channels and MEA, provid-
ing the boundary conditions for the PDEs in GDLs.

Note that the reaction in certain area on the cathode side is

reduced because fewer proton is transferred from anode side

to cathode side, if the interface of catalyst layer and mem-
brane is occupied by the accumulated liquid water on the an-
ode side. Therefore, we assume that anode and cathode have

the same apparent fuel cell area, A, as defined in Eq. (38).

This assumption is useful for the derivation of Eq. (37).

2.2 Capillary Transport of Liquid Water in GDL. As
described in Ref. [14], in hydrophobic GDL material, the capillary
pressure increases as the pore spaces in GDL are filled with liquid
water, causing the water to flow through the adjacent pores where
less water exist. This process creates a liquid water flow through
GDL, resulting in a liquid injection into the channel. By applying
the conservation law of mass to the GDL volume, the liquid water
dynamics, which arises from the capillary liquid water mass flow,
W), and the molar evaporation rate, Reyap, can be defined as [15]:

% _ ( 1 ) an _ RevapMV
ot p1&A) Oy P

(€]
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where the mass of liquid water in GDL is expressed in terms of
liquid water saturation, s, which represents the fraction of the lig-
uid volume to the pore volume (s = V/V}), Ay is nominal fuel cell
active area, p; is liquid water density, M, is the molecular weight
of water, and ¢ is GDL porosity. Here y represents the one-
dimensional coordinate variable.

The mass flow of liquid water through GDL is a function of the
gradient of capillary pressure, described by Refs. [15, 22]:

eAgep KKy (Ope as
= — 2
i I (35) (5y @

where p. denotes the capillary pressure of liquid water, K is abso-
lute permeability, u; represents the viscosity of liquid water, and S
denotes the reduced liquid water saturation, defined as Ref. [15]:

S — Sim
S={1T s for s;, <s <1 3)
0 for 0 < s < $im

where s;,,, is the immobile saturation describing the critical satura-
tion value at which the liquid water path becomes discontinuous
and capillary flow is interrupted. This capillary flow interruption
occurs when s < s;;,. The relative permeability function of liquid
water, K,;, showing more available pathways for capillary flow as
liquid water saturation increases, is a function of the reduced lig-
uid water saturation, S, given by [23]:

Ky =S “)

Capillary pressure is the surface tension of water droplet inte-
grated over the surface area, defined as [15]:

o cos 0.

/T

where ¢ is the surface tension between water and air, and 0, is the
contact angle of the water droplet.
Finally, the molar evaporation rate reads [16]:

[1.417S — 2.1205 + 1.2635°] Q)

N Psat — Pv

RT (6)

Revap =

where 7y is the volumetric condensation coefficient, R is ideal gas
constant, 7 is temperature, pg, denotes water vapor saturation
pressure that is a function of temperature [24], and p, is the partial
pressure of water vapor. If pg, <py, then Rey,, <0, which means
the condensation of water. A logical constraint must be included
such that if no liquid water is presented (s =0) and pg, > py, then
water shall not be evaporated (Reyqp =0).

2.3 Gas Species Transport in GDL. The gas species trans-
port in the porous medium, i.e., GDL, is driven by convection and
diffusion. Because flow velocity plays the main role in convection
coefficient, the convection spreads its influence along flow direc-
tion only, whereas the diffusion process affects the gas distribu-
tion along the gradient of concentration in all directions, due to
Fick’s law.

The convection effect, which is usually neglected under low
current density, is considered under medium current density in
this paper as an extension of [15,16]. The convectional flux can be
expressed as:

Nex = uCy @)

where N is the convectional flux of the k-th species, u is veloc-
ity of gas flow, and Cy represents molar concentration of the k-th
species.
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The relationship between gas velocity and pressure in the po-
rous medium, can be described by Darcy’s law as [23]:

K dp,
= —kpg ——= 8
Pelt $ g Oy ®)
where p, is the gas mixture density, defined as:
1
Pe =¥ w ®
i pi

here, y; and p; are the mass fraction and density of species i,
respectively. k, is the relative permeability defined as the ratio of
the intrinsic permeability of gas phase to the total permeability of
a porous medium [23]:

kg = (1—8)* (10)
and v, is the gas kinematic viscosity. The total gas pressure, p,,
can be calculated by ideal gas law in porous media [14,25]:

pe= (D2, C)RT

where the subscript i represents gas species water vapor and
hydrogen on the anode side and water vapor, oxygen and nitrogen
on the cathode side. Thus, the convection term can be calculated
through (7)—(11) as follows:

an

ke aC;
Ney = —KRT—2-C ) (12)
>

Pele 0
The diffusional flux of gas species in the GDL is a function of the
concentration gradient, transporting gas from the regions of high
concentration to those of low concentration. The diffusional flux
at both anode and cathode can be modeled as [15]:

13)

where (Dy) is the effective diffusivity of the gas constituents in
the GDL, defined as [15]:

e—0.11) %"
<Dk> = Dkb(m) (1 — S)2

(14)
Finally, the general temporal derivative of gas concentration, as a

function of Nqx + Nk, and Ry, forms a partial differential equa-
tion (PDE),

oCk O(Nax + Nex) R

— = 15

ot Oy (1)
which leads to a transient diffusion-convection-reaction equation
with respect to the gas concentration of species k, Cy.

2.4 Gas Species Transport in Gas Channel and MEA. This
section presents the application of mass conservation in the chan-
nel as well as the model for the water vapor exchange between the
anode and cathode through MEA.

The gas species transport in the anode channel are balanced by
applying mass continuity [18]:

dez sanch

dr (16)

= WHz.in - WHZ out — WHztanch2GDL

dmva anc
por,anch
T = anpor,an,in - anpor,amout - anpor,anch2GDL + Wevap,an

an

Journal of Fuel Cell Science and Technology

dmli id.anc

quid,anch

T = Wliquid,an,in - Wliquid,an,out + Wliquid,anch2GDL - Wevap,an
(18)

where the hydrogen inlet mass flow rate Wy, i, is defined as [15]:

WHz,in - kan,in (pan,in - pan.ch) (19)
where ky, in 1S an orifice constant found experimentally.

In calculating the total channel pressure at the anode, both the
partial pressures of hydrogen and water vapor must be estimated
such that:

(20)

_ RT (mHz,anch
Panch = 75—

m vapor,anch)
Van M, H,

My,0

Because the hydrogen supplied to the anode is dry, the water

vapor/liquid mass flow rate on the anode side are assumed to be
zero, i.e.,

anpor.zm.in =0 and Wliquid,an.in =0 (21)

The total mass flow rate of the outgoing gases in the anode chan-

nel, Wyneh ous €Xisting only for a gas purge on the anode side to

remove both hydrogen and water vapor/liquid, can be calculated
by [15,18]:

Wzmch,out = kzm.outvzm,open (panﬁch - panchnut) (22)

where Uy, open 1S €qual to 0 when the valve is closed and 1 when it

is opened.
Thus, the outgoing hydrogen/vapor flow are given by:

1

Wi, out = ——— Waneh, (23)
H;,out 1 T+ Wan anch,out
Wan
anpor,out = T+w Wanch,out (24)
an
where the humidity ratio, w,,, is usually defined by:
M
Wan = Puy (25)
P, My,

Condensation dynamics is calculated by [18]:

. M,
Wevap.an = min (Afc‘(psal(Tsr)) — Pov,anch an;., -WliquidanchZGDL)
st
(26)
Furthermore, we define:
Miiquid,anch
Wliquid,zm,out = o 27)

Tpurge

Based on Eq. (27), we can describe the quantity of liquid water
that is removed by every gas purge. Thus, the lumped model
description for the anode gas channel is completed.

The lumped model in anode gas channel can provide a time-
dependent boundary condition for the one-dimensional PDE
model in the GDL. In other words, we can calculate the diffu-
sional flux of the one-dimensional model at the interface of GDL
and the anode channel, according to the following relationship:

Wi anch2GpL = NaxMy € Agcncen (28)
In addition, once we deduce the gas mass at the channel based on
Egs. (16) and (17), the species concentration can be obtained by:
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s

Cr =
. Mkvan

(29

Moreover, the convectional flux of the one-dimensional model at
the interface of GDL and the anode channel can be deduced by
plugging Eq. (29) into Eq. (12). Hence, via the diffusional and
convectional flux at the interface of the anode channel and GDL,
the one-dimensional PDE model in the GDL on the anode side is
linked up with the lumped model in the anode channel.

The hydrogen diffusional flux at the interface of MEA and
GDL can be obtained by:

I

— 30
ZSAf(‘F ( )

NH,GDLOMEA =

where [ is the total current drawn from the fuel cell stack and F is
the Faraday constant. The molar flux of water vapor at the GDL-
membrane boundary, NyaporanGpL2MEA, 18 influenced by the gen-
eration of water vapor at the cathode membrane surface and the
flow of water vapor through the membrane, which are defined as
[15]:

1
Nvapor,anGDL2MEA = ENvapor‘MEA (3 1)
1
NvaponcaGDLZMEA = Z Nvapor.MEA + m (32)

The flux of water vapor through the membrane, NyupormEeas
accounts for the effects of both electro-osmotic drag and back-
diffusion coming from cathode, given by [15,18,26]:

) Cvapor,ca, MEA — Cvapor,an,MEA
- W w
AfL-F b

Nvapor,MEA = nq (33)

where n, is the electro-osmotic drag coefficient; D,, is the mem-
brane water vapor diffusion coefficient; and 7,,, is the membrane
thickness. ,, is an experimental parameter which corrects the pos-
sible deviations of the experimental values obtained from the liter-
ature. As they might be obsolete since their being based on older
membranes [18]. The reader can refer to [15,18] for a detailed
description of calculating the parameters above.

In addition, the models in the cathode gas channel are similar to
those on the anode side with two exceptions: (1) the oxygen
instead of hydrogen as the reactant; (2) the purging valve does not
exist on the cathode channel outlet. Thus, Ve open is €qual to 1 dur-
ing the operation.

So far, the sub-models of all parts have been developed, includ-
ing both the anode and cathode side. Based on these models, we
can simulate the process of water transport from the cathode to an-
ode side and analyze the effect of anode purging operation on the
stack performance.

3 Fuel Cell Voltage
A sufficiently accurate approximation for the fuel cell polariza-
tion curve may be obtained by the following equation [15]:
V=E-— n—= Vohm (34)

where V is the output voltage. E is the theoretical open circuit
voltage, which is defined as [20]:

E=— (M) R (PH_ VPO)

—1
2F + n pOLS

2F (35)

here py is the standard pressure. AS and AH are the differences in
entropy and enthalpy from standard state conditions. They are
constants in this paper under the isothermal condition in Sec. 2.1.

031007-4 / Vol. 9, JUNE 2012

n is the activation overvoltage which is needed to make the elec-
trochemical reaction happen, expressed as [20]:

n= IEIH (lapp + lloss) (36)

oF I
where o is the cathodic transfer coefficient of the oxygen reduc-
tion reaction, i, the loss current density due to hydrogen cross-
OVer, Ig,, the apparent current density that is a function of the
reduced active area due to the accumulation of liquid water at the
interface of GDL and channel, defined as:

1

lapp = 1 (37
app

The apparent fuel cell area, A,,,, representing the decrease in sur-
face area on the anode side due to the accumulation of liquid
water, approximately reads [14]:

2mliquid,anch

(38)
ncellsp]twl

Agpp = Ape =

The scaling factor of 2 in Eq. (38) is used to account for the fact
that one half of the surface area at the GDL-channel interface is
occupied by channel ribs, which reduces the area available for the
formation of a liquid water film [15].

ip is the exchange current density which is a function of the
reactant partial pressure and temperature, expressed as [15,20]:

K1
. i Po,. E. T
iy = z()‘)faL.L(- (p;oca) exp {— R_} (1 — T—O)}

where ig“f is the reference exchange current density (at reference
temperature and pressure, typically 25°C and 101.325 kPa) per
unit catalyst surface area, Acm >Pt; a, is catalyst specific area
(theoretical limit for Pt catalyst is 2400 cm2mg71, but state-of-
the-art catalyst has about 600-1000 cm?mg~', which is further
reduced by incorporation of catalyst in the electrode structures by
up to 30%). L. is catalyst loading (state-of-the-art electrodes have
0.3-0.5 mgPtcm ™ %; lower loadings are possible but would result
in lower cell voltages). It is difficult to measure ige ,a.and L. in
practice; thus, we define K, = ifff a.L. as a tunable parameters; K
is the pressure coefficient (0.5 to 1); E.. is the activation energy for
oxygen reduction on Pt, and T, is the reference temperature.
The ohmic voltage loss, V,,,, can be calculated by:

(39)

Ivea

Vohm =IR = (40)

KMEA

where Opea is MEA thickness and ippa is proton conductivity
which can be defined as [1]:

Kmea = (0.51397 — 0.326) exp {1268 <L - 1)} (41)

303 T

Note that our operation is performed at low and medium current
density. The concentration voltage loss due to a mass transport li-
mitation at high current density is negligible [15]. Future work
will include concentration voltage loss when this model is
extended to the case of very high current density.

4 Numerical Implementation and Elucidation

The main objective of this section is to verify the feasibility and
effectiveness of the integrated model of PEMFC described in
Sec. 2 and fuel cell voltage model presented in Sec. 3. Based on
the experimental data given by our laboratory, we validate that
our purge model is basically correct, where the corresponding
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Fig. 1 Comparison of the simulated and experimental data

during purge events with i = 0.333 A/cm?

tunable parameter values of o, K; and K, are adopted as 0.344,
0.0053 and 1.098, respectively. The difference of the model with
and without convection term is analyzed, elucidating the high
purge efficiency of our model. In addition, the control strategy of
gas purge schedule on the anode side is demonstrated as well.

4.1 Model Validation and Discussion. The experimental
data presented in this paper is obtained from a Horizon 1000 W
fuel cell stack with an air-cooling system [27]. The stack consists
of 72 individual cells, being equipped with a 54 cm” membrane
for each cell. A dead-end mode with flush function is adopted for
this hydrogen-feed fuel cell stack. Note that the cathode side of
this stack is open. Thus the air supplied by the forced convection
has dual function by serving as coolant as well as an oxidant. For
simplicity, we assume that the fans can provide enough air to
maintain the constant temperature and sufficient reactant for the
stack. In addition, it is assumed that no severe “flooding” phenom-
enon occurs on the cathode side compared with anode operated by
dead end mode.

In order to verify the model effectiveness under medium current
density, the stack is operated from 0 A/cm?® to 0.463 A/cm? with
0.037 A/em? as the step size (the maximum current operated in
this stack is 30A, corresponding to the largest current density of
0.556 A/em?). For simplicity, we only take the fluctuant voltages
under the current densities of 0.333 A/cm? and 0.463 A/cm® as
samples. The purge events are scheduled to occur after 11s for a
purge time of 0.15s.

As shown in Fig. 1, the simulated results basically fit the exper-
imental data except that more coarseness is seen. It is interesting
to find that the voltage decreases with the time (about 0.2 V
decrease in 11s) before the next purge event happens. When the
next purge starts, the voltage quickly recovers back to the previ-
ous value (about 0.2 V increase in 0.15 s). Hence, we can con-
clude that the purge event can help the stack voltage recovery by
removing the liquid water from the anode channel and GDL. It is
even more significant under medium current density. Note that the
voltage drop in an experimental stack is not totally caused by the
anode but also the cathode. The water transports from the cathode
to the anode through the membrane, because of pressure being
reduced in the anode during the purge.

Figure 2 displays the comparison of the simulated and experi-
mental data during purge events under the current density of
0.463 A/cm?>. It can be seen that the simulated data fits well the
experimental data. However, similar with Fig. 1, the simulated
results are larger than the experimental data during two purge
events, the possible reason should be the accumulation of liquid
water in the anode side is more complex and may not be a simply
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Fig. 2 Comparison of the simulated and experimental data
during purge events with i = 0.463 Alcm?
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Fig. 3 Comparison of the simulated and experimental data pre-
sented in Ref. [15]

linear relationship with time as shown by the simulated results.
Figure 2 shows that the fluctuation of voltage is around 1V, which
is five times larger than that of 0.333 A/cm2. Thus, we conclude
that a medium operating current density may result in a severe
flooding phenomenon, and then a more positive effect on the stack
performance benefited from the gas purge on the anode side.

Furthermore, we also compare the simulated results with other
experimental data presented in the literature. The resulting model
prediction is displayed in Fig. 3 and compared with the actual cell
voltage measured at five different load levels [15]. The corre-
sponding current density change is shown in Fig. 4. The simulated
data I is obtained from the transport model including the convec-
tion term and diffusion term; whereas the simulated data II is
from the transport model including the diffusion term only. As
shown in Fig. 3, the simulated results fit the measured results
under most of the load levels. The mismatch occurring at the first
and second stage may due to the different initial conditions. In
addition, we find that there is a slight difference between the
simulated data I and II, which means that the convection term has
little impact on the cell voltage under low current density. The
further exploration will be presented in Sec. 4.2.

Thus, the purge model is validated against different measured
data from low to medium current density. In next section, an elab-
orative analysis will be given based on this validated model.
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Fig. 5 Comparison of voltages of the models with and without
convection term

4.2 Investigation of the Convection Effect. By comparing
Fig. 4 with Fig. 3, we find that the model with the convention term
presents the smaller apparent current density in contrast to the model
without convection term during the purge cycles on the anode side.

In order to further explore the effect of the convection term, we
increase the load levels up to 1.5 times bigger than the ones shown
in Fig. 4 in order to see how the voltage and apparent current den-
sity change. Figure 5 displays the voltages of the models with and
without the convection effect. It shows that the difference between
two cases is more pronounced than that shown in Fig. 3. Note that
if we only consider the diffusion effect, the voltage decreases with
time. However, the voltage can be maintained at the mean value if
we further consider the convection effect. One explanation for
such difference is that the convection effect on the anode side can
reduce the effect of water back diffusion from cathode to anode
and remove the liquid water from the GDL quickly due to the ve-
locity of gas flow existing in convection term.

To prove this argument, we plot the corresponding water con-
centration and saturation in GDL on the anode side in Fig. 6 and
Fig. 7, respectively. As shown in Fig. 6, the water concentration
obtained from the model with the convection term is lower than
that of the model without the convection term, especially under
medium current density. Low water concentration means less lig-
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Fig. 7 Comparison of anode liquid saturations of the models
with and without convection term

uid water are produced. In addition, due to the convection effect,
the velocity of gas flow can blow off the accumulated liquid water
from the GDL (see Fig. 7).

Furthermore, we also present the corresponding apparent cur-
rent density in Fig. 8, where the apparent current density obtained
from the model without convection term demonstrates the signifi-
cant change at each load level. During the third and fourth stage,
the apparent current density increases with time due to the more
accumulation of liquid water under medium current density. Note
that a higher apparent current density is induced by a reduced
active area and thus results in a higher voltage loss. It is interest-
ing to find that the model with the convection term can keep the
apparent current density decreasing with the help of a constant
purge cycle. However, the model without the convection term can
only reduce the apparent current density at the fifth stage, because
little water is driven by back diffusion from the cathode side.
Hence, many interesting simulation phenomena can be explained
by the existence of convection term.

Thus, based on the improved model with the convection term
being included, we can simulate the voltage fluctuation due to the
purge effect from low current density to medium current density.
In the following section, the gas purge schedule on the anode side
will be investigated.

Transactions of the ASME

Downloaded From: http://fuelcellscience.asmedigitalcollection.asme.or g/ on 09/11/2013 Terms of Use: http://asme.org/terms



0.5 T T T T T T

__o4f 1
o
€
g /]W
- 0.3r q
=
a NN
c
3 l/l/\/l/‘/‘_
°
+— 0.2 d
c
2 ST
a3 i
— nom
o — i,pp diffusion and convection [y
———i___diffusion only
app
0 . . . ‘ . .
0 600 1200 1800 2400 3000 3600 4200
Time (Sec)

Fig. 8 Comparison of apparent current densities of the models
with and without convection term (load level is up to 1.5 times
bigger than that shown in Fig. 4)

0.85 T T T T T T
0.8+ b
0.75F W 1
>
<
0] A
% 0.7 1
= NSNS
o
>
0.651 q
180s
140s
0.6 —100s |
60s
20s
0.55

0 600 1200 1800 2400 3000 3600 4200 4800 5400 6000
Time (Sec)

Fig. 9 Comparison of voltage’s evolutions under different
purge interval

0.6 T T T T T

o
o
T
.

)
i
:

,

— 180s
— 140s
—— 100s
60s
20s

o
S
T
.

Current density (A/cm2)
o

==

o
o
T
A

0 600 1200 1800 2400 3000 3600 4200 4800 5400 6000
Time (Sec)

Fig. 10 Comparison of apparent current density’s evolutions
under different purge interval

Journal of Fuel Cell Science and Technology

0.85 T T T T

0.8

Voltage (V)

1s
0.65s
0.5s

0.55

0 600 1200 1800 2400 3000 3600 4200 4800 5400 6000 6600 7200 7800
Time (Sec)

Fig. 11 Comparison of voltage’s evolutions under different
purge time

[N

o -
© a4 o

cm2)

© o o o o
> 0o N ®

Current densit

o
w

o
S

e

o
-
T

0 600 1200 1800 2400 3000 3600 4200 4800 5400 6000 6600 7200 7800
Time (Sec)

Fig. 12 Comparison of apparent current density’s evolutions
under different purge time

4.3 Investigation of the Gas Purge Schedule on the Anode
Side. This section discusses the effect of different purge interval
and purge time on the output cell voltage. Firstly, we adopt five
purge intervals, 180 s, 140 s, 100 s, 60 s and 20 s, with purge time
of 1 s. As shown in Fig. 9, we can see that all of purge intervals
present the same voltage during the first and the second stage for
the shorter operation time. However, from the third stage, case 1
which uses 180 s as the purge interval shows serious performance
degeneration. This deterioration continues to the fourth stage and
stops at the fifth stage, where less liquid water is produced and the
purge effect can remove this water rapidly. Note that at the last
stage, the recovery rate is accelerated due to the smallest current
density (see Fig. 10) and the least liquid water is produced. How-
ever, in case 2 whose purge interval is 140 s, the degree of the
deterioration is alleviated in contrast to case 1. It is noteworthy
that in case 3, 4, and 5, there is almost no performance degenera-
tion due to the shorter purge interval keeping no liquid water
accumulating and then no flooding phenomenon happening. But
in practice, we consider not only the stack performance but also
the power system efficiency. Hence, there is a compromise
between them which we need to consider in order to guide our
practical operation. Figure 10 displays the corresponding apparent
current density which mirrors the change of voltage.
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Table 1 Physical parameters and properties

Quantity Value Reference

Hydrogen diffusion coefficient, Dy, 1.14 x 10~ * m%/s [13]
Oxygen diffusion coefficient, Dy, 3.03 x 107> m?/s [14]
Water diffusion coefficient, Dy, 0 3.55x 1077 m2/s [18]
Activation energy, E, 6.6 x 10* Jimol [15]
Enthalpy difference, H —228740 J/mol [16]
Loss current density, i, 9 x 107* Afem?

Absolute permeability, K 2.55x 10713 m? [12]

2% 1073 kg/mol
3.2 % 102 kg/mol
2.8 x 1072 kg/mol
1.8 x 1072 kg/mol

Hydrogen molecular weight, My,
Oxygen molecular weight, Mo,
Nitrogen molecular weight, My,
Water molecular weight, My, 0

Standard state pressure, pg 1 atm

Entropy difference, S —44.43 J/(mol e K) [13]
Standard state temperature, T\ 298.15 K

Volumetric condensation coefficient, y 900 5! [14]

Figure 11 presents the comparison of the voltage evolution
under different purge time with the same purge interval of 180 s.
It indicates that when the purge time is set as 1s, the voltage can
be recovered by the purge effect. When time is 4800 s, the voltage
can reach the steady state. However, when purge time are set as
0.65 s or 0.5 s, the cell performance deteriorates seriously, and the
cell voltage still increases even at time = 7800 s. Figure 12 shows
the change of current density which corresponds to the voltage
change shown in Fig. 11. As shown in Fig. 12, the current density
evolution is quite the reverse of voltage evolution. Note that some
purge intervals and time in this study are used for revealing their
influence on fuel cell performance under extreme conditions,
which may be not suitable for practical application.

5 Conclusion and Future Work

Based on what we learned from the presented model at above,
we make the conclusions in terms of the following two aspects:

(1) The convection term can improve the mass transfer and
reduce the effect of water back diffusion from cathode to
anode. With the help of this mechanism, we extend the
model applicability of [14] from low current density to me-
dium current density.

(2) Based on the purge model, the purge schedule is investi-
gated on the anode side by comparing the effect of different
purge interval and purge time on the cell voltage. The con-
clusion is that a shorter purge intervals and a longer purge
time can result in a slighter fluctuation of the stack voltage,
especially under a medium current density. We will adopt a
trade-off strategy for maintaining the voltage level and
improving fuel efficiency in the future work.
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Nomenclature
A = area (m°)
¢ = molar concentration (mol/m>)
D = gas diffusion coefficient (m*/s)
E = theoretical open circuit voltage (V)
F = Faraday’s constant (96487C/mol)
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= enthalpy (J/mol)
current density (Afem®)
current (A)
relative permeability of gas phase
absolute permeability (n7%)
mass (kg)
molecular weight (kg/mol)
number of cells in stack
molar flux (mol/(m* e s))
pressure (Pa)
gas constant (8.314J/(mol e K)) or reaction rate
(mol)(m® e 5))
the fraction of liquid water volume to the pore
volume

S = the reduced liquid water saturation or entropy (J/

(mol e K))

T = temperature (K)

u = velocity (m/s)

V = volume or Voltage morV)
W = mass flow rate (kg/s)

Greek Letters
& = porosity
p = density (kg/m>)
¢ = ionic/electrical conductivity (S/m)
0 = contact angle (°)
1 = viscosity (kg/m e s)

o Zs RERm —~ T
[l

w
I

Subscripts
an = anode
anch = anode flow channel
anch2GDL = species change between the channel and GDL on
the anode side
app = apparent
¢ = capillary or convection
ca = cathode
cach2GDL = species change between the channel and GDL on
the cathode side
ch = channel
d = diffusion
evap = evaporation
fc = fuel cell
im = immobile saturation
in = anode/cathode inlet
k = the k-th species
1 = liquid
nom = nominal
out = anode/cathode outlet
v = vapor
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