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Abstract: Water management is one issue that must be surpassed to ensure high membrane proton
conductivity and adequate reactant transport in the membrane-electrode assembly (MEA) simultane-
ously. A well-designed water management system is based on a comprehensive understanding of
water transport in the inner part of the polymer electrolyte membrane (PEM) fuel cell. In this work,
the water transport phenomena in the MEA PEM fuel cell are analyzed by using a mathematical
model. The transport of diluted species interface is used to model the transport of water in the
ionomer phase in the catalytic layer and the membrane domains. The molecular flux of water is
defined using Nernst-Planck equations, including migration and Fickian diffusion using parameters
obtained experimentally for diffusivity and mobility based on water drag for a fully humidified
membrane. The proposed model 1D model includes anode gas channel, cathode gas channel, anode
gas diffusion layer (GDL), cathode GDL, anode catalyst layer, cathode catalyst layer, and proton
exchange membrane. Water activity, ionomer conductivity, and output voltage are predicted by
changing the humidity on the anode side of the fuel cell.

Keywords: open cathode PEM fuel cell; 1D model; water management; water transport; PDE;
two-phase model

1. Introduction

Fuel cells currently have many applications in vehicles, spaceflight, ship, and building
due to the advantages of generating electricity continuously, zero-emission, and high
efficiency [1]. However, the commercialization of fuel cells still needs to overcome many
obstacles, including the problems of high cost and durability. The durability of fuel cells
benefits from a good design of Balance of Plant (BOP) which affects the performance of fuel
cells [2,3]. Issues of water management are relevant to guarantee electrical conductivity in
the membrane and prevent redundant water from obstructing the reactant delivery [4,5].
Therefore, better water management requires a comprehensive understanding of the water
activity in the interior of the fuel cell, especially the water transportation in the membrane-
electrode assembly (MEA).

The redox reaction of hydrogen and oxygen occurs in MEA to produce electricity,
heat, and water. Water is the only emission from fuel cells. And water management is
considered a critical issue in the commercialization of PEM fuel cells [6]. Researchers
working on fuel cells have described the transport model of water in various components
of fuel cells [7]. Only a small part of water passes through the membrane and the elec-
trode, and the rest is transmitted through the gas channels. This small amount of water
is transported through porous media, but this complicates the overall water transport
mechanism. Normally, water transport in the membrane is governed by the following basic
modes: back diffusion, electro-osmotic drag, hydraulic permeation, and thermo osmosis
flux [2]. Back diffusion is the transfer of molecules from a region of high concentration
to a region of low concentration until a uniform distribution is achieved. The rate of
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diffusion is proportional to the concentration gradient of the substance. In fuel cells, the
diffusion of water molecules from the cathode to the anode side is usually observed [8].
Electro-osmotic drag in membranes refers to the movement of water through a membrane
as a result of the movement of ions caused by the electric field [9]. Hydraulic permeation
can be described as water transported through the membrane as a result of gas or capillary
pressure gradient between the anode and cathode side. Thermo-osmosis water flux is
caused by the temperature gradient [10]. Compared with the transport mechanisms of
thermo-osmosis flux and hydraulic permeation, electro-osmotic drag and back diffusion
have a more profound effect on water transport processes [11]. In the gas diffusion layer
(GDL), water exists in the forms of vapor and liquid in the pore region under normal work-
ing conditions. Meanwhile, water molecules in the gas phase are free to condense back
into the liquid, and vice versa. Liquid water transmitted in GDL is very complicated [12].
Muirhead et al. [13] illustrates that the water transport in GDL mainly consists of two
transport mechanisms, namely, liquid percolation and vapor diffusion, and the liquid water
configuration in high-current density in GDLs is highly affected by the relative humidity of
the cathode. Gholizadeh et al. [14] believed that the required data for electro-osmotic flow
and back diffusion can be calculated by changing the humidity on both sides of the fuel
cell. Experiments about the effect of water balance variation on electro-osmotic flow were
implemented, and the optimum values for the humidity of the anode side and cathode
side were determined [15,16]. Sanchez et al. [17] studied the influence of temperature
and gas humidity on the performance stability of PEM fuel cells. They believed that the
performance stability of a fuel cell possesses a relatively stable behavior when the relative
humidity of the cathode side was in the range between 20% and 50%. Water transport is
strongly determined by current density but also depends on stoichiometry and humidity
level [18]. Much of the research in water transport in the membrane in the last two decades
examined water content of the membrane and the inlet humidity of gases affect proton
conductivity, activation overpotentials, and durability [19]. However, most of these studies
did not involve open-cathode fuel cells. Open-cathode PEM fuel cells are commonly found
in low-power stacks with the cathode air supply subsystem coupled to an air-cooled coolant
system [20]. Affected by the structure of open-cathode fuel cells, the catalytic layer (CL) of
the cathode side is exposed to the atmosphere; consequently, the relative humidity of the
cathode side is highly nonlinear to the flow speed of input air and ambient humidity [21].
The open-cathode PEM fuel cell also has the characteristics of low pressure of the input
gas and small pressure difference between the cathode and anode, which indicates that the
open-cathode fuel cell has low requirements on the auxiliary system.

The MEA of a PEM for an open-cathode fuel cell is the core component of the fuel
cell system. The central part of the MEA is the PEM, which acts as a gas separator
and an ion conductor. Porous CLs (gas diffusion electrodes) are located adjacent to the
membrane, one on each side as shown in Figure la. The catalytic layers contain three
separate phases: gas pores for the reactants, an electron conducting electrode phase,
and an ion-conducting polymer (ionomer) electrolyte phase as shown in Figure 1b. The
surface of the electrode phase in the CLs contains noble metal catalysts to minimize the
reaction overpotentials. GDLs are placed outside the CLs. GDLs are also porous and
carry out the task of conducting electrons and allowing the passage of gases. For low-
temperature fuel cells, water management is of crucial importance for the performance of
the MEA. Running the cell under excessively wet conditions may result in mass transport
limitations of gases due to the flooding of liquid water in the pores, whereas running the
cell under excessively dry conditions may result in poor performance due to the low ohmic
conductivity in the ionomer used in the membrane and CLs. Therefore, modeling is needed
to investigate the effect of relative humidity of the inlet gases on the performance of a
low-temperature polymer electrolyte MEA. The model includes gas-phase mass transport,
water transport in the ionomer, and humidity-dependent ionomer conductivity. Hydrogen
cross-diffusion over the ionomer membrane is not included in the model. The developed
model is coupled with multiple physical fields. The manuscript of the study is presented



Appl. Sci. 2021, 11, 5964

30f19

as follows: The mathematical model with mass transport phenomena is described, and the
MEA component with a focus on water transport is presented in Section 2. The numerical
approach is introduced in Section 3. The simulation results and some experimental data
are presented with further analysis and deep discussion in Section 4. The conclusion is
drawn in Section 5.
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Figure 1. Structure of open-cathode PEM fuel cell: (a) anode channel and cathode channel diagram;

(b) the through-plane configuration of Open-cathode PEM figure.

2. Mathematical Description
Electrochemical Model

A comprehensive 1D model is employed to depict the water transport in the through-
plane direction of a single fuel cell MEA. The Nernst equation employed to describe the
reversible cell potential is given as [22]:

1/2
_ _AG _RT PH, |\ [ POy
ABy=—5p *opln (P,ef> (P,ef M)

Figure 2 shows the schematic diagram of the 1D model domains consisting of anode
and cathode GDLs, CLs, and ionomer membrane [23,24]. The central part of the MEA is the
PEM as a semipermeable membrane separating gases and allowing ions to pass through
it. The model accounts for mass transport in the gas and polymer phases coupled to the
current distribution in the electrolyte and gas-diffusion electrodes. The domains of this
schematic model are described in Figure 2. The overall redox reaction can be divided into
two single steps in anode catalyst layer (ACL) and cathode catalyst layer (CCL) separately
by Butler—Volmer kinetics given by [22].

i =ipa (exp {ﬁRj ] —exp [—%ﬂ] ) 2

where = 0.5 is the half-reaction symmetry factor, # is the activation overpotential defined
as [25]:

_ { AE — AEy in Anode catalyst layer 3)

AEy — AE in Cathode catalyst layer

The inner potential difference between two points in the bulk of two conducting
phases of electron and proton can be defined as:

AE = Egpec — Eprot 4)
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The reversible potential difference is split into two parts based on the different
catalyst layers:

. ~I0pox — Klin[p2])  in ACL .
0= AH-TAS b :
(—2Hgpsese — Kon[72]) in CCL
H2,H20 Membrane
¢ Anode GDL ¢ Cathode GDL
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Figure 2. Schematic diagram of the 1-D model domains.

The direction from the anode side to the cathode side is defined as a positive direction.
The proposed model is depicted as steady state, isobaric, and laminar flow in all channels.
Detailed governing equations contain the transport of gas species, water, heat, and energy.
Related partial differential equations of the steady state are summarized in Table 1.

Table 1. Governing equations.

Description Symbol Flux Equation Continuity Equation
Fourier’s heat conduction T Jtem = kVT V- JTem = Stem
Water transport in ionomer AH,0 JAo == (D,\HZO /Vm) VA +(S/F)Iproton V' Ao = Simo
Ohm'’s law of electrons Eclec Jetee = —etec V Eelec V- Jelee = Selec
Ohm’s law of proton Eprot Jprot = —0prot V Eprot V - Jprot = Sprot
Fickian oxygen diffusion Xo, Jo, = —CDo,VXp, V-Jo, = So,
Fickian hydrogen diffusion X, Ju, = —CDy,VXg, V-Jm, = Sn,
Fickian water vapor diffusion Xu,0 Jmo = —CDm,0VXH,0 V- Jmo = Su,0
Liquid water transport p. _
(Darcy’s law) ° Js = _(M§w>( % Vs VoJs =5
3. Results

The gases mixed with vapor in anode and cathode are regarded as ideal gases. CLs
are attached to each side of the membrane, that is, the anode and the cathode layers.
Conventional CLs include nanoscale particles of platinum uniformly distributed on a
high-specific surface-area carbon carrier. In the CLs and GDLs, the flux of electrons is
assumed governed by Ohm’s law, and E,j, is driven by the gradient of the electronic phase
potential. The equation of the flux of proton Ep in the electrolyte phase of the CLs and
membrane is derived by an analogous equation, as shown in Table 1. The length of every
domain is given in Table 2.

Table 2. Material and through-plane transport parameters.

Symbol Explanation AGDL&CGDL ACL&CCL PEM

L Layer thickness 160 um 10 pm 25 um
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3.1. Gas Diffusion Layer

GDLs play an important role in the current collection, offering an electrically con-
ductive pathway. The electronic connection function between the bipolar plate with
channel-land structure and the electrode is very important [26-28]. Furthermore, other
remarkable features of GDL contain passage for reactant transport and heat/water removal,
mechanical support to the MEA, and protection of the CL from corrosion or erosion caused
by flows or other factors [29-31]. To simplify the transport model, the phenomenon of
diffusion is expressed by Fick’s law rather than the Stefan-Maxwell equation to describe
the gradient in mole fraction of the multicomponent diffusion shown in Table 1. In this
step, the gases in anode and cathode mixed with vapor are regarded as ideal gases. The
diffusion coefficient, also known as diffusivity, describes how fast one material can diffuse
through another material. With the correct diffusion coefficient, the model is close to reality.
The mass diffusivity is modified from Chapman-Enskog theoretical equation given as [32]:

3
T P ref
i ( S) iref Tref P Ep (6)
where D; is the diffusivity of O,, Hy, and H,O in the gas mixture; ¢ is the porosity of the
GDLs; s is the liquid water saturation. The diffusion equation for water vapor contains a
source term that accounts for the phase change of water in GDLs and CLs.

3.2. Catalyst Layers

The CL is attached to each side of the membrane—the anode layer and the cathode
layers. Conventional CLs include nanoscale particles of platinum uniformly distributed
on a high-specific surface-area carbon carrier. The carbon-supported platinum catalyst
is mixed with an ionomer and located between the membrane and the GDLs [33]. It is
the thinnest layer in the MEA but the most complicated part of the operation. Based on
the classical porous-electrode theory of Newman, AE is defined by the two electrostatic
phase potentials E,j,. and Epyot coexisting in the CLs. Accordingly, the flux that occurs at
the anode can be determined by D,;, which is the Knudsen diffusion of water vapor in the
void. The Knudsen diffusion coefficient is expressed by the following equation.

8RT )i .

Dy =yr
cl lpr(ﬂMw

3.3. Water Transport in Membrane

The transportation of gas species on the MEA domain exists on both sides of the
membrane. Crossover gases are ignored due to low-pressure conditions in the open-
cathode fuel cell. The transport of oxygen and hydrogen occurs only on the cathode side
and the anode side, respectively. Water vapor also exists in mixtures on both sides. The only
interdiffusion of the gas species is considered with the assumption of uneven distribution
pressure in the steady state [34,35].

The water and charge transport in the ionomer are determined by ionomer conduc-
tivity, water activity, and diffusivity. The unsaturated flow theory based on soil physics is
employed to depict the liquid water transport of the fuel cell model, which is also com-
monly utilized in two-phase MEA modeling. A represents the humidification degree by
estimating the water molecule number in each acidic group. Water transport through the
membrane is mainly caused by electro-osmotic drag and osmotic diffusion. The calculation
of the molar flux of dissolved water also refers to the superposition of electro-osmotic
drag and osmotic diffusion phenomena. The phenomenon of electro-osmotic drag refers
to hydrogen ions dragging water molecules through a membrane under the influence of
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an electric field. The related parameters of water activity are provided in Figure 3. The
phenomenon can be described by the following equation:

: i
Nelectro = ndf (8)

Diffusion through the membrane also occurs due to the different gradient of water
concentration Vs between the anode and cathode channels. The osmotic diffusion process
is determined by the following Equation [36]:

~ Cocq — C
Nif fusion = Dw v,cat = 9)
m

where ¢, ¢; and ¢y 4, are the water concentration on the surface area of the membrane at
cathode side and anode side, respectively defined by the following equations.

,d
Coca = 151 mAdry (10)
m,dry
Pm,d
Cv,an = Mn;,;fy /\Hi’l (11)

Dy, is the water diffusion coefficient related to the water activity, which is determined
by the water content of the membrane as the following Equation [17].

1 1

where D, is a function of the water content of the membrane.
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Figure 3. (a) The relationship between electrolyte conductivity and water absorption; (b) The
relationship between water absorption and water activity in ionomers.

3.4. Source Terms

The definitions of the source term for one species in different domains are different
due to the varied sites of the reactions. In ACL, the hydrogen/oxygen consumption
rate is related to the current density based on Faraday’s law [37]. The source terms
for hydrogen, oxygen consumption, and water production can be determined by the
quantitative relationship in the hydrogen and oxygen redox formula. The source term of
hydrogen and oxygen can be defined as follows:

P
_J —zF in ACL
Sty { 0  inAGDL 13)
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P
_J —gr inCCL
50, { 0  inCGDL 14

The source term of electrons and protons in ACL and CCL are represented by Sjectron
and Spronton as
—i in ACL
Selectron = i in CCL (15)
0 in AGDL and CGDL

i inACL
Sproton = _l il’l CCL (16)
0 inPEM

The interfacial water transport mainly involves the process of absorption and des-
orption. The process of water absorption and desorption on the ionic polymer is realized
on an hourly time scale, and water is generated from the electro-chemical reaction of the
cathode side not in vapor phase due to the fuel cell working temperature lower than boiling
point [38].

The water produced at the surface of the solid catalyst is in the form of dissolved water
from the electro-chemical reaction. The way water molecules leaving the polymer phase
depends on whether the gas phase is saturated, and sufficiently high-energy to enable
water to evaporate. Alternatively, when the gas phase is saturated, the water leaves the
interface as a liquid, and which is forced to be transported away by the capillary diffusion
or other forced mechanisms. In this study, the source term of water can be described

as follows:
— - (Aeg—A)  in ACL
SH20 = _% (Aeg = A) = Yi(XH,0 — Xsat) in CCL 17
—Yi(Xto — Xsat) ~ in CGDL
0 in AGDL

Liquid water exists in the polymer’s pores, and protons can migrate through liquid
water in principle, enabling electrochemical reactions to occur in the liquid phase, which
may produce water directly rather than as dissolved water. However, the diffusion of
protons occurring in liquid water is considerably smaller than the ionomer. Hence, the
mechanism of dissolved water should be considered. The dissolved water is expressed by
Ja, which is contributed mainly by back diffusion and electro-osmotic drag. Back diffusion
is caused by the moisture content gradient of \yA as shown in Table 1. Electro-osmotic
drag occurs in the action of an electric field, the solution moving in a certain direction.
The flux of the dragged water is related to Faraday constant and current as shown in
Equation (18). The produced dissolved water at the platinum-ionomer phase is affected by
the consumption rate [28], which is given by the following:

G _ 1 (Aeg—A)  inACL a8)
YTl B (Mg —A)+ 4 inCCL

Absorption and desorption in the membrane are accompanied by phenomena with
exothermic and endothermic processes. Water vapor absorption and vapor condensation
are considered as the processes of heat-releasing [39]. By contrast, the water molecules
desorption from the membrane and the evaporation of water should absorb heat to drive
them. The latent heat involved in the two-phase transitions can be regarded as follows:
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oo (Vee)? in AGDL
2 . 1
0o (V) + op (Vo)™ + i1 — 5p - TASkoOR
+Haa 7t (Aeg — A) in ACL
St=19 0p(Vep)’ in PEM (19)

2. ;
ae(wek)2 +0y(Vp)® +in — 4 - TASorr
+Hadﬁim ()‘eq - /\) + Hecyi (XHZO - Xsut) in CCL
Oe(Vpe) + Heci (XHZO - Xsat) in CGDL

The description of the heat generated by the electric and ionic current is based on
the theory of Joule’s first law. The two heat sources contribute to ACL and CCL. The
redox reaction on the CLs is considered an endothermic process, and the dissipated heat is
determined by the sum of activation and Peltier heats.

3.5. Boundary Conditions and Initial Values

Accurate boundary conditions are required for a mathematical model that can suc-
cessfully analyze the transport characteristics of each species. Initial value setting is also
one of the key steps to achieve the convergent simulation results in iterative solvers.

In the study, the normal fluxes are too tiny to account for the membrane boundaries;
hence, all species, as well as electrons, disappear at the membrane boundaries. The
membrane is also assumed as impermeable for all gases. The dissolved water and protons
mainly transport through the ionomer phase supporting the assumption that these two
species have zero fluxes at both external surfaces of CLs [39].

Based on the Dirichlet boundary conditions, the values of electrostatic potentials of
@. at the end of the surface boundary of MEA are 0 and U, respectively. The hydrogen in
anode side boundary condition can be given as follows:

Ko, = i, (1=x0) (20)
where X}, 5 is the boundary condition of vapor in the anode, which is expressed by

RH;Pegt (T,
Ko = “relrll) (21)

In a similar fashion, the gases in the cathode side are listed as follows:

X6, = 20, (1-Xino0 ) (22)
RH_ Py (T:)
Xipo = — 5= Iif ‘ (23)

As temperature exists in all domains in this study, the values at the anode and the
cathode sides are given as T, and T, respectively.

The parameters involved in this simulation model are referred from the presented
literature and some public data of the commercial products. These specified characteristics
are substantial to furnish the established model. Many parameters are not fixed values, but
often, assumptions must be made and some parameters must be set to a constant within a
reasonable range of variation to simplify the model and reduce the calculation cost. The
saturated pressure of water vapor is a remarkable parameter related to the phase change of
liquid vapor in macro homogeneous MEA modeling. The temperature within the water
boiling point is estimated using the Antoine equation as follows [38]:

3816.44

1n<PSgt) - 232 - m

(24)



Appl. Sci. 2021, 11, 5964

90f19

D) =

Condensation/evaporation is another important water activity, and the related coeffi-
cients are as follows:

k 1 densi
yi = { ef1gSred if condension 25)

keag (1 — Speq) if envaporation

The accurate expression of current density plays a crucial role in modeling the distri-
bution of temperature, gas concentration, gas consumption. By measurement of equivalent
weight ionomer, the Bulter—Volmer equation is expressed by the following [21]:

16k]/mol { 1 1 5
(s

ip = 0.27 x exp

Bruggeman correction ¢} s used in the calculations of ionic conductivity and water

diffusivity. It is important in water transport in the ionomer and shown as follows [21]:

15k]J/mol 1 1
R <Tmf_T>] 27)

D, is corrected water diffusion coefficient used in any temperature, which is repre-

S AV 3/2
1.5 w
(Tprot = 81- 116mmax{0, m — 006} X exp

3.842\° — 320302 +67.74\ |\ qcm?

sented as follows:
20k]/mol [ 1 1
_— - = 2
R (Tref T)] @

The water content of the membrane is determined by the ratio of the number of water
molecules to the number of charge (SO3H+) sites [24]:

—2.115A%2 — 33.013A + 103.37

A = 0.043 + 17.81RH — 39.85RH? + 36.0RH° (29)
where RH is the relative humidity determined by Hzto The mass diffusivity derived
from Chapman-Enskog theoretical equation is very important in the calculation of gas
diffusivities in porous media, as given in Equation (6).

4. Mathematical Description

The governing equilibriums represent the transport phenomena in MEA of open-
cathode PEM fuel cell, given in Table 1. The initial values inside every domain can refer to
the boundary conditions, shown in Table 3. The mass transportation phenomena expressed
by several coupled partial differential equations include the transports of proton, electron,
heat conduction, dissolved water, water vapor diffusion, hydrogen diffusion, oxygen
diffusion, and liquid water. MATLAB is utilized to solve the differential equations. The
boundary conditions are applied by purely algebraic simplifications to be used in the solver
based on the real running condition of the open-cathode PEM fuel cell. The anode and
cathode side temperatures are measured by experiments, and the results show that the
cathode side temperature is 2 °C below the anode side because the cathode side is exposed
to ambient and touched cooling flow directly. The humidity of the cathode side is measured
from the real running condition.
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Table 3. Operation condition.

Symbol Explanation Value
RHc Relative humidity in cathode GC 20%
Sc Liquid saturation at CGDL/GC interface 0.12
Ta Temperature of anode plate and GC 60 °C
Tc Temperature of cathode plate and GC 58 °C
Kp, Hydrogen mole fraction in dry fuel gas 1.00
xpo, Oxygen mole fraction in dry oxidant gas 0.21

5. Results and Discussion

In this study, the proposed two-phase model is used to describe the different physical
through-plane transport processes by eight coupled PDEs (electron transport, proton
transport, heat conduction, dissolved water transport, water vapor diffusion, hydrogen
diffusion, oxygen diffusion, and liquid water transport). Among them, water transport
considerably affects the performance of the fuel cell. The coexistence of unsaturated
vapor and liquid water is considered causing the complexity of calculation solutions. The
generation of dissolved water is important in proton conductivity, and the liquid water
may fill the pores of the ionomer, which becomes an obstacle in gas transport. This model
is mainly developed at macroscopical aspects based on many professional and special
experimental devices. The study referred to many previous studies from others’ research
because the involved parameters are difficult to obtain.

The polarization curve as the main characteristic of fuel cell performance is shown in
Figure 4 with experimental data. The power density information also shows in Figure 4.
The simulation curve is almost identical to the experimental curve. Under different cell
voltages, the Galvani potential difference between the electron and proton-conducting
phases is presented in Figure 5a,b. Figure 5a shows the conduction of protons in ACL,
PEM, and CCL, whereas Figure 5b represents the conduction process of the electron in
AGDL, ACL, CCL, and CGDL. The corresponding fluxes are shown in Figure 5c,d.

if
\

/

=1
(=]
i

=
rS

Cell voltage [V]
Power density [W/cm?]

——— Simulation data of voltage

——— Simulation data of power density
Experimental data of voltage

—&— Experimental data of power density

e
L]

0

0 02 04 06 08 1 12 14 16
Current density [Afcmz]

Figure 4. Polarization curve and power density of fuel cell.

Over time, the anode side of the fuel cell continues to expel liquid water. Although
multiple processes such as water generation, evaporation, and liquefaction are continuously
occurring simultaneously in the anode of the fuel cell, the internal relative humidity of the
anode of the fuel cell can be considered 100% after it enters the steady state. The relative
humidity in the cathode cannot be directly determined by analysis because the axial flow
fan blows directly on the cathode channel. Hence, the experimental data are obtained
through the sensor measurement applied on the simulation shown in Figure 6.
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Figure 5. At different cell voltages, calculation of the electrode-electrolyte potentials on through-plane. Subdomain
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potential of proton-conducting phase; (b) the Galvani potential of electron-conducting phase; (c) the flux of proton-
conducting phase; (d) the flux of electron-conducting phase.
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Figure 6. Measurement of relative humidity variation at the cathode: (a) power density varied condition; (b) relative
humidity of cathode.

The processes of evaporation and condensation involve thermal absorption/desorption.
The non-isothermal phenomenon existing in MEA is indisputable. The temperature dis-
tribution is modeled by PDE, and the result is shown in Figure 7. The temperatures of
the open-cathode PEM fuel cell at the anode and cathode sides are different because the
cathode channel is coupled with the cooling channel. The axial fan cools the channel
directly, causing the temperature of the cathode side to be 2 °C below than that of the
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anode side. The heat flux jr determined by Fourier’s low is described in all subdomains as
shown in Figure 7b.
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Figure 7. Thermal profiles along through-plane (a) temperature distribution; (b) heat flux profile.

In this study, the membrane is assumed impermeable to gas based on the simulation
for the open-cathode PEM fuel cell. Open-cathode PEM fuel cells are common in low-power
stacks and operate at a low pressure. The membrane is assumed impermeable to gas to
reduce the complexity of the calculation. Even if infiltration occurs at all, the amount of gas
seepage through the membrane is negligible. Thus, hydrogen is only present at the anode,
whereas oxygen is only at the cathode side, as shown in Figure 8a,b, respectively. The
molecular number of hydrogen and oxygen on the side near the CL is relatively low, which
is due to the constant consumption of fuel on each side of the CLs. As cell voltage decreases,
the diffusion capacity of hydrogen and oxygen in the anode and cathode decreases. The
corresponding change of gas flux also verifies this phenomenon, as shown in Figure 8c,d.
The mechanism of water transport is complicated because it involves phase transition. The
distribution of water vapor and the transport of water in the ionomer are discussed in the
simulation. As mentioned above, the fuel cell stabilization after a period of time, and the
anode water molecules are almost in a saturated state. The purge valve of the gas supply
system will regularly trigger to update the internal gas and remove excess water, and
water in liquid form is observed. Therefore, the gas inside the anode is basically saturated.
However, the cathode side is affected by the fan, which can be taken away by the flowing
air in a time when the fuel cell produces water, failing to gather liquid water. For these
reasons, the water vapor in the cathode runner cannot reach the saturation state, which
causes the rapid diffusion of water molecules. The diffusion of water is more active on the
cathode side, as shown in Figure 9a,b.

The content of dissolved water in the membrane is not high, but it has a remarkable
influence on proton conductivity, and its related activity subdomain is mainly on the
cathode side. In this simulation, the distribution and diffusion of dissolved water are
shown in Figure 10a,b, respectively. When the relative humidity of the gas in the channel is
saturated, the water generated by the fuel cell reaction will be directly precipitated out in
the form of liquid. In case water cannot be purged out in time, the porous media will be
blocked by water, thus reducing the contact area between the catalyst and the reaction gas,
resulting in a decrease in reaction rate. The transport state of liquid water is described in
Figure 11a,b. The theory of describing the transport of liquid water is based on Darcy’s law.
The activity of liquid water is mainly affected by pressure difference and gas saturation.
At the same time, RH¢; = 20% at a given humidity on one side of the cathode, the voltage
at the maximum output power is 0.6 V, and the water distribution on the fuel cell proton
exchange membrane is observed at a different anode humidity, as shown in the results
Figure 12. The water content of the membrane on the anode side is affected by the water
content on the cathode side. This phenomenon is mainly caused by osmotic pressure
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difference and electric traction. In the case of fixed cathode humidity, the influence of
different anode humidity on fuel cell output performance is presented in Figure 13. The
results show that the output performance is more superior when the anode membrane is

adequately humidified.
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6. Conclusions

In this work, the two-phase model with non-isothermal phenomena for an open-
cathode PEM fuel cell is studied, including gas-phase mass transport, water transport
in the ionomer, and humidity-dependent ionomer conductivity. The simulation mainly
focuses on the fuel cell in the steady state, such that the temperature and humidity on both
sides of the cathode and anode are assumed to be fixed. The gas pressure on both sides of
the cathode and anode is relatively low because it is an open cathode fuel cell. The diffusion
of oxygen and hydrogen is only on the cathode side and the anode side respectively, and
no penetration occurs in MEA. However, as the dissolved water moves freely on both
sides of the MEA, the phenomenon is analyzed in detail, as shown in Figure 10. The
channel humidity of the open-cathode side is measured by an experiment that is referred
to as a parameter in the analysis model. Models illustrated that the performance of a
low-temperature PEM fuel cell is affected by the relative humidity of the inlet gases. The
simulation results show that the diffusion ability of all species on the cathode side is more
evident for an open-cathode PEM fuel cell.
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Nomenclature
Abbreviations
ACL Anode catalyst layer
CCL Cathode catalyst layer
CL Catalyst layer
EW Equivalent weight
GC Gas channel

GDE Gas-diffusion electrode
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GDL
HOR
MEA
MPL
ORR
PEM
PDE
Symbols
C

C'U,l?l’l

Cv,ca

My
Mm,dry

N, electro

Ndiffusion
p

p ref

P sat

P,

P.

R

RH
RH,
RH.
SH20
So2
Selectron
Sproton
Swater
51

St

Sred

Gas diffusion layer

Hydrogen oxidation reaction
Membrane-electrode assembly
Microporous layer

Oxygen reduction reaction
Polymer electrolyte membrane
Partial differential equation

Total interstitial gas concentration [mol/ m3]

Water concentration on the surface area of the membrane at the
anode side [mol/m?3]

Water concentration on the surface area of the membrane at the
cathode side [mol/m?3]

Diffusivity of O,, Hp, and H,O in the gas mixture [m2/s]
Diffusivity of i at reference conditions [m2/s]

Knudsen diffusion coefficient [m2/s]

Diffusion coefficient of dissolved water [m?/s]

Water diffusion coefficient related to the water activity [m?2/s]
Faraday’s constant (96,485 C mol~1)

Water ab-/desorption enthalpy [J/mol]
Evaporation/condensation enthalpy [J/mol]

Flux [A/m?]

Layer thickness [m]

Molar mass of water [kg/mol]

Molar mass of water [kg/mol]

The net transport water caused by electro-osmotic drag
[mol/(s-cm?)]

The net transport water caused by back-diffusion [mol/ (s-cm?)]
Absolute gas pressure [Pa]

Reference pressure (1 atm, 101,325 Pa)

Saturation water vapor pressure [Pa]

Gas pressure in anode gas channel [Pa]

Gas pressure in cathode gas channel [Pa]

Gas constant (8.31446 J /mol K)

Relative gas humidity [-]

Relative humidity in anode gas channel [-]

Relative humidity in cathode gas channel [-]

Source term of hydrogen

Source term of oxygen

Source term of electrons

Source term of protons

Source term of water

Dissolved water reaction rate [mol/m3s]

Heat source [W/m?]

Reduced liquid water saturation [-]

Absolute temperature [K]

Reference temperature [K]

Stack temperature [K]

Temperature of anode plate and GC [K]

Temperature of cathode plate and GC [K]

Open voltage of single fuel cell [V]

Molar volume of liquid water [m3/mol]

Acid equivalent volume of membrane [m3/mol]
Active surface area density [1/m]

Liquid—gas interfacial area density prefactor [1/m]
Electrochemical reaction rate [A/m?]

Exchange current density [A/ m?]

Water absorption/desorption transfer coefficient [m/s]
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ke Water evaporation transfer coefficient [m/s]
ke Water condensation transfer coefficient [m/s]
ng Electro-osmotic drag coefficient
T Equivalent capillary radius [m]
s Liquid water saturation [-]
tm Membrane thickness
AE Galvani potential difference [V]
AEy Reversible potential difference [V]
AG Gibbs free energy difference [J/mol]
AH Enthalpy of formation of liquid water [J/mol]
ASHOR Hydrogen oxidation reaction entropy [J/mol K]
ASORR Oxygen reduction reaction entropy [J/mol K]
Greek letters
Xpp Mole fraction of hydrogen in dry fuel gas [-]
X0 Mole fraction of oxygen in dry oxidant gas [-]
B Half-reaction symmetry factor [-]
Yi Water evaporation/condensation rate [1/5]
Oe Electric conductivity [S/m]
Tp Protonic conductivity [S/m]
ep Porosity of the GDLs [-]
n Activation overpotential [V]
K Hydraulic permeability [m?]
A Ionomer water content [-]
Aan Ionomer water content in anode [-]
Aca Ionomer water content in cathode [-]
Aeg Equilibrium ionomer water content [-]
U Dynamic viscosity of liquid water [Pa s]
¢ Electro-osmotic drag coefficient [-]
T Ratio of circumference to diameter [-]
Prm,dry Dry density of membrane [kg m 3]
de Electrode phase potential [V]
Pp Electrolyte phase potential [V]
XH,0 Water vapor mole fraction [-]
Xsat Saturation water vapor mole fraction [-]
X‘hz Hydrogen mole fraction in anode GC [-]
X?JZO Water vapor mole fraction in anode GC [-]
X0, Oxygen mole fraction in cathode GC [-]
XCHZO Water vapor mole fraction in cathode GC [-]
P Empirical coefficient
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