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HIGHLIGHTS

o A modified two-fluid model with the momentum equations for gas and liquid is proposed.

e An algorithm for the liquid momentum equation is presented in place of Darcy's law.
e The velocity distribution of gas and liquid water for a single-unit cell is predicted.
e The effect of porosity on electrical performance and water migration is investigated.

e Optimal permeability is gained to ensure a low liquid saturation and high performance.
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ABSTRACT

To predict the morphology and migration of water in the porous electrode of proton ex-
change membrane fuel cell (PEMFC) more accurately, a modified mathematical model of
with extensions of the original two-fluid model is presented based on the heat and mass
transfer model of unsaturated porous media. The model integrated the mechanisms of the
capillary effect, pressure, diffusion, and phase-to-phase interaction, and was applied to the
numerical study of the single-fluid channel cell herein. The results show that the inter-
action between the gas and liquid is dominated by the drag force caused by relative motion,
which highly depends on the position and local water saturation. What's more, a higher
porosity facilitates the discharge of liquid and gaseous water in the GDL, while for the
permeability, there exists a local optimum value which leads to a lowest liquid saturation
in the GDL and helps to avoid the flooding phenomenon.

© 2023 Hydrogen Energy Publications LLC. Published by Elsevier Ltd. All rights reserved.

Introduction

power generation systems because of its lower operating
temperature and faster start-stop response than other types
of fuel cells [2].

Among the common chemical energy conversion and utili-
zation devices, fuel cell (FC) has been receiving more and more
attention for their high efficiency, low pollution and low noise
[1]. The proton exchange membrane fuel cell (PEMFC) is more
suitable for various portable power equipment and distributed
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The main operating principle of PEMFC is shown in Fig. 1.
At the anode, hydrogen is transported through the flow
channel and gas diffusion layer (GDL) to the catalyst layer (CL)
where the reduction reaction of hydrogen occurs to generate
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Nomenclature

a water activity

C mole concentration, mol-m—3

Cp specific heat at constant pressure, J-kg~>-K~?

D diffusion coefficient, m?-s*

EW equivalent weight of the membrane, kg-mol *

F faraday constant, C-mol*

J) exchange current density, A-m?

J(s) Leverett-] function

K absolute permeability, m?

k, relative permeability, m?

k thermal conductivity, W-m 2-K*

Lp latent heat, W-m—2

M molecular weight, mol-kg™*

m net evaporation of water, kg:m>3-s7*

Nng electro-osmotic drag coefficient

p pressure, Pa

R universal gas constant, J-mol *-K~*

S source term

4S entropy change in electrochemical reactions,
J-mol 1.K?

s water saturation

T temperature, K

u, v, w thevelocity componentin the x, y and z directions,
m-s*

v velocity, m-s~*

v volume, m?

X molecular fraction

Y mass fraction

Greek symbols

Y
0

evaporation and condensation coefficients
dimensionless correction factor of Darcy's
function

€ porosity

n over potential of half cell, V

0 contact angle, °

K electric conductivity, S

A dissolved water content

w coefficient of dynamic viscosity, Pa-s
3 stoichiometric ratio

) density, kg-m 3

o the tension coefficient of water, N-m?
[0) electric potential, V

¢ a specific physical field variable
Subscripts

a anode

c cathode

ch channel

cond condensation

d dissolved phase

D the state corresponding to the reference value D°
e electron

eq equilibrium

evap evaporation

g gas phase

i a specific gas component

1 liquid phase

m proton exchange membrane

T relative

sat saturated

v vapor

Superscripts

eff effective

ref reference

0 original value
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Fig. 1 — Schematic of the operating principle of PEMFC [4].
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protons and electrons. Due to the selective permeability of the
proton exchange membrane, protons are selectively trans-
ported across the membrane to the cathode, while electrons
are transported to the cathode via an external circuit. Simi-
larly, oxygen is transported to the CL via the flow channel and
GDL on the cathode side, where it combines with protons and
electrons in an oxidation reaction to produce water and emit
heat. For PEMFC, the typical operating temperature is in the
range of 40—90 °C [3]. Therefore, both vapor and liquid water
will be present inside the cell. On the one hand, the ion
transport capacity of the PEMFC relies on its own wettability,
which requires the cell interior not to be excessively dry; on
the other hand, too much liquid water in the GDL and CL will
block the pores and hinder the transport of the reacting gas to
the electrochemical reaction sites. A good understanding of
the heat and mass transfer mechanisms inside the cell,
especially in the GDL, is fundamental and critical for achieving
the excellent transport and distribution of moisture and heat
in the PEMFC.

Currently, the research on the heat and mass transfer
mechanism of GDL mainly relies on two means: experimental
tests and numerical modeling. With the help of experimental
tests, researchers can directly observe various heat and mass
transfer phenomena in each component of the cell or even the
whole cell, and obtain the effects of different materials and
processes on the cell performance [5—7], which is helpful to
understand the material properties and energy mass transfer
characteristics in the cell [8]. However, numerous physical
field variables are involved in PEMFC, such as gas components
and water saturation. The observation and quantitative
analysis of the in-situ spatial distribution of these physical
quantities remain a difficult task in experimental testing.
Compared with experimental tests, numerical simulations
can provide quantitative estimation of the distribution of
physical fields by introducing certain assumptions, which
have the characteristics of short time, low cost and good
generalization, and have become an important tool for
scholars worldwide to study the transport mechanism of
PEMFC.

The numerical modeling of PEMFC, which involves the
mechanisms of basic flow, porous media, transmembrane
transport and electrochemical, has been extensively studied
and developed over the past three decades, covering macro-
scopic, mesoscopic and microscopic scales [9]. Springer et al.
[10] and Bernardi et al. [11] were the first to propose a one-
dimensional isothermal model of PEMFC and investigated
the effect of membrane water content on the membrane
performance, and the effect of the distribution of each phys-
ical field within the cell on the cell performance, respectively.
To further understand the mass transfer characteristics in
different directions, various quasi-two-dimensional [12,13]
and two-dimensional models [14,15] have been gradually
developed, in which some non-isothermal models have also
emerged for investigating the hydrothermal management of
the cell. With the improvement of computing power, three-
dimensional models were fully developed. Berning et al.
[16,17] modeled a single flow channel in three dimensions
based on a two-fluid model, estimated the distribution of each

physical field in the porous media layer of the cell cathode by
simplifying the momentum conservation equation of gas and
liquid to Darcy's equation, and described the mechanisms of
gas and liquid transport. Since then, Meng et al. [18], Adroher
etal. [19], Havaej et al. [20], and Zhang et al. [21] coupled more
models on the two-fluid model of Berning et al. for studying
various transport phenomena within the cell. The three-
dimensional models of PEMFC created by Wang et al. [22]
based on the mixed fluid model have also been followed by
many researchers [23—25]. In recent years, a number of re-
searchers have also conducted targeted studies on membrane
electrode components of cells at mesoscopic [26] and micro-
scopic [27] scales, and the internal transport mechanism of
cells has been more clearly understood.

With the continuous development of the PEMFC model, the
fuel cell model has become increasingly sophisticated and
complex. Due to the difficulty of mesoscopic and microscopic
scale models to comprehensively describe the various mech-
anisms, macroscopic modeling plays an important role in
guiding the design and production of PEMFC. And the accu-
racy and applicability of the model determine the credibility of
the calculation results, and further determine the capacity of
the model to predict the problems that may occur in the
operation of the cell. Among the macroscopic models
currently applied to porous media, the mainstream models
are mainly the multiphase mixture model and the two-fluid
model. For the former, the gas and liquid need to be treated
as a hypothetical single-phase fluid [28], which ignores the
interaction between the two phases and cannot accurately
predict the moisture migration as vapor and liquid water in
porous media. As for the latter, the governing equations for
the gas and liquid phases are solved separately, and the mo-
mentum equation for liquid water is mostly downgraded to
the form of Darcy's equation to simplify the solution. Even if
the correction of relative permeability is applied to improve
the calculation accuracy, this model still cannot consider well
the interaction between gas, solid and liquid phases in porous
media, as well as the effect of the phase change between the
liquid water and vapor.

In this paper, a macroscopic, three-dimensional, non-
isothermal, unsaturated two-phase flow heat and mass
transfer model and an accompanying iterative algorithm were
proposed based on the unsaturated (considered as gas and
liquid coexistence in porous media) porous media model
summarized in previous researches [29]. The model com-
plemented the calculation method of vapor velocity, and
considered the interactions between the gas, liquid and solid
phases in the porous media by replacing the Darcy equation
with the liquid water conservation equation. Herein, this
model was applied to the diffusion layer of the cathode to
analyze the distribution and transport of moisture for the
single-unit cell, and the model was compared with the
commonly used two-fluid model. The effects of different
cathode GDL with variable porosity and permeability on the
moisture migration and the cell electrical performance were
also investigated, thus providing guidelines for subsequent
researches on parameters and
improvement.

variable structural
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Model development
Assumption

In order to apply the mathematic model in this paper for
calculation, the following assumptions need to be satisfied.

(1) The PEMFC is operating under steady state.

(2) All flows in the PEMFC are considered as laminar flows
due to the very slow fluid velocities.

(3) The gravity is neglected.

(4) The porous media material is homogeneous, that s, the
physical properties are the same for any representative
elemental volume.

(5) The flows of gas and liquid phases in the porous media
satisfy continuity.

(6) The gas mixture is considered as an ideal gas.

It should be mentioned that the anisotropy of porous
media materials has been investigated by some researchers
[30]. However, the effect of that is not within the scope of this
study. Thus, the assumption of homogeneity is still chosen for
this study to simplify the calculation procedure.

In addition, considering the coexistence of gas and liquid
phase flow in the porous media of the cell, which is also called
unsaturated two-phase flow, both phases can be assumed to
be continuous and a macroscopic mathematical model can be
constructed based on the REV assumption. A random
computational domain unit in a porous media is shown in
Fig. 2, where the dark part is the solid skeleton, the light part is
the liquid-phase fluid, and the blank part is the gas-phase
fluid. According to the assumption of continuity, it is consid-
ered that in porous media, the liquid flows as a liquid film
attached to the surface of the solid skeleton, while the gas
exists between the liquid films in the porous media, especially
in the larger pores. Thus, the continuity assumptions are
satisfied for the solid, liquid, and gas phases in porous media,
respectively. What's more, the physical field variables of a
specific REV depend on the weighted average of the variables
for its internal phases [32], as shown follows:

@)=1 [ sav 0

where ¢ is any physical field variable, such as temperature
and water saturation, (¢) is the volume-averaged physical field
variable, and v is the volume of the selected REV. If a specific
variable is exclusive to a phase, such as the velocity of the

liquid phase \7;, the value of it is considered as 0 for the other
phases. We obtain the equation of each physical field variable
with respect to the coordinate position based on the above
volume averaged method, so that numerical calculations can
be carried out conveniently with the methods of common
computational fluid dynamics. In order to simplify the
expression of the equation, all variables to be solved in this
paper are volume averaged so that they are no longer extra
identified with the symbol (¢).

Governing equations

In previous studies, the two-fluid model has been shown to be
a more comprehensive model than others for describing the
two-phase flow behavior in PEMFC. However, most re-
searchers reduce the liquid water momentum equation to
Darcy's function to simplify the calculation, which may bring
about large errors and cannot fully predict the phenomena of
moisture migration. In the present study, an unsaturated two-
fluid model was applied in cathode GDL for the first time to
obtain the real transport velocity distribution of liquid water
and vapor. And the model mentioned above will be described
in detail in subsection 2.2.2 and compared with the original
two-fluid model.

Model of gas transport

In PEMFC, the transport processes of the gas in the flow
channel, GDL and CL are described by the continuity equation
and the momentum conservation equation. In order to
consider the diffusion effect between the components of the
gas, the component conservation equation is introduced to
calculate the concentration of each component [4].

(b)

Fig. 2 — Schematic of the morphology and the internal component composition of GDL: (a) SEM image of GDL [31] and (b)

representative elementary volume.
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Table 1 — Source terms.

Source term Unit
M+ (1 — 8)Yaupm(A — Aeq)/EW + Sg, (Anode CL) kgm3.s7?
Sgm = { M+ (1 — 8)YayPm (% — Aeq) /EW + So, (Cathode CL)
m (GDLs, channel)
= —_— —_— k _m—2‘s—2
_ g (=5 (Vs W T g
Squ = KRy s e1-3) 4 m52(1 s (Cathode GDL)
m—3.e-1
Sw, = 7% (Anode CL) g
S
By, = f% (Cathode CL) Lo
g = [ M+ (1=5)7apm(A — Aeg)Mp0/EW  (CLs) kgm~*.s7!
H0 = \'m (GDLs, channel)
s = { M+ 5vapm(A — deg)Mu,0/EW (CLs) kgm=>-s7!
m = —m (GDLs, channel)
— — — — Mo 2oq 2
L m Vi # 0-9(Ve V)W g
S = Kk, es Kkrg S s 2(1-3) mg252 (Cathode GDL)
Ml =8_ =1
Sms = 25— [(1 )7+ SYalom( — Jeq)/EW  (CLs) molm s
s _{J« (AnodecCL) Am?
¢~ | Jo (CathodeCL)
Sion = — Se A-m3
TA W-m3
Ja (ma\ + 25) + K¢ e|[* + K8 99ion|* + Simln  (Anode CL) "
] TAS 10,112 + k| Vion||> + Simln  (Cathode CL
St = e el + 4AF + &g [IV@el|” + Kion | Vion ||~ + StmLn  (Cathode CL)
K Ve ||* + Sl (GDLs)
Kot 1V Pion | (membrane)
— -— - —
V- (s Vs ) =Som @ V=V, + Vi (6)
. . where V,  is the diffusion velocity of the vapor, and V, is the
Pg Ve Vg \ _ Vy absolute migration velocity of the vapor, which can be
Vel=————|=-Vpg+ V- [ V| ——= + Squ (3) . .
e2(1-5s) e(1-s) expressed mathematically as a vector sum of the gas velocity
and the diffusion velocity in the form [29,33].
kT eff
v. (,,g v, Yi) -v. (png. VYi) +S )

The source terms of the governing equations are listed in
Table 1 to ensure the simplicity of the equations. For the gas
transport model, the source terms associated with the phase
transition are added to the three equations above; in addition,
since the flow region of the gas is encapsulated by a liquid
film, liquid drag resistance is introduced to describe the drag
force between the liquid phase and the gas phase.

Since the microstructure of porous media is neglected in
this calculation, the effective diffusion coefficient in porous
media needs to be calculated with the Bruggeman's correction
on the basis of the ordinary diffusion coefficient. See Table 2
for the equations of physical parameters and Table 3 for
operating and geometric parameters.

Water vapor is the prime part of moisture in porous media.
The direction of its migration depends mainly on the overall
flow of the gas, as well as on the diffusion caused by the
concentration gradient. Thus, the transport velocity of water
vapor can be calculated by the Fick's law and the definition
equation of gas diffusion:

Vya= — DEffvy; (5)

Model of liquid transport

For PEMFC working below the boiling point of water, liquid
water usually coexists with water vapor internally. In GDL, the
presence of liquid water may block the pores inside the porous
media and thus impede the transport of the reactant gas to the
reaction sites. In fact, due to the diverse and rather complex
internal structure of porous materials, it is too idealistic to
adopt the assumption of homogeneity in the numerical sim-
ulations, which may result in an excessive prediction of the
PEMFC performance compared with the actual process.
Therefore, in addition to the electrochemical performance,
the liquid water distribution in the PEMFC should also receive
focused attention, which can help to predict the location of
localized blockages in the GDL and take measures to avoid the
phenomenon as much as possible.

Numerous researchers have used two-fluid model to
obtain the distribution of liquid water in porous media. In this
model, the saturation and transport velocity of the liquid are
usually calculated using the continuity equation of the liquid
and Darcy's equation, as shown follows:

V- (Vi) =Sm (7)
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Table 2 — Physical parameters.

Parameter Expression
relative permeability, krg = (1— s)*0
o Ry = 50
effective diffusion coefficient, m?-s~* rof 15
Def — e15(1-5)"* (p—) ( L) D?
p TD
saturation pressure, Pa log,o(Psat/101325) = —2.1794 4 2.953 x 10~%(T — 273.15)
—9.1837 x 1075(T — 273.15)*
+1.4454 x 1077 (T — 273.15)>
EOD coefficient, - 2.52
ng = i
equilibrium water content, - = {0.043 +17.81a — 39.85a2 +36.0a> 0<a<1
“ ™ | 14.0 + 1.4(a - 1.0) 1<a<3
water activity, - Q= Pv 125
Dsat

dissolved water diffusion coefficient, m?-s~*

proton conductivity, S-m~*

electron conductivity, S-m™"

exchange current density, A-m >

peff _ [3.1x 10732(exp(0.282) — 1)exp(—2346/T) (0<2<3)
g 4.17 x 1078(1 + 161 exp(—1))exp(—2346/T) (1> 3)

Kion = (0.5142 — 0.326)exp[1268(1 /303 — 1/T)]

kS =0 — o)+

1 1
ref _ 108 _ —
JEt =10 exp< 1400(_[, 353‘15>>

1 1
ref _ _ i =
Je&t =120 exp( 7900<T 353'15>)

Kkvl
M

.
Vi= -

Vpi (8)

after eliminating the velocity of liquid water, the above
equation can be expressed as:

Kk,
V. (m m ‘Vp1> +Sm=0 9)

Eq. (9) is the common liquid water transport equation,
which has been widely used in various numerical calculations
using the two-fluid model. However, the model is derived

Table 3 — Operating and geometric parameters.

Parameter Value
channel length, mm 70.0
channel width, mm 1.0
channel height, mm 1.0
membrane width, mm 2.0
thickness (GDL, CL, membrane), mm 0.3, 0.0129, 0.108
porosity (CL) 0.25
absulote permeability (CL), mm 1.0e
contact angle (GDL, CL), ° 120, 100
density of dry membrane, kg-m~> 1980
equivalent weight of membrane, kg-mol* 11
operation temperature, K 343.15
operation pressure (Anode, Cathode), atm 3.0, 3.0
stoichiometric ratio (Hy, Oy) 2.0,1.5
relative humidity of inlet gas (Anode, Cathode) 100%, 100%
reference current density, A-m > 16,000
reference concentration (H2, 02), mol-m >3 56.4, 3.39
liquid water density, kg-m~> 977.85
viscosity coefficient of liquid water, N-s-m~2 4.05e~*
surface tension coefficient, N-m~! 0.0625
latent heat of water condensation, J-kg™* 2,263,073
phase change coefficient of water, s * 100

phase change coefficient of dissolved water (gas, 1.0, 1.0
liquid), s~*

based on Darcy's law, which requires that the flow in the
porous media is saturated (single-phase) and the relative
permeability is introduced to ensure that Darcy's formula can
also be solved relatively correctly in two-phase calculations.
The relative permeability of the gas and liquid phases can be
derived from empirical formulas, as shown in Table 2.

It should be noted that even if the relative permeability
correction is used, it is still difficult to guarantee a high ac-
curacy of the results because Darcy's law only considers the
dragging effect of the solid skeleton on the flow, while
ignoring its own inertia and the interaction between multiple
phases. In serpentine flow channels and other more complex
flow channels, correction terms need to be introduced to
obtain more accurate results. Chen et al. [34] used the For-
chheimer's correction to consider the effect of inertia on liquid
transport. It is easy to see that with the increasingly complex
design of PEMFC flow channels and porous material struc-
tures, a single Darcy's law cannot satisfy the computational
requirements. To investigate the two-phase flow behavior
occurring inside porous materials by solving the macroscopic
equations, the interaction between the two phases, as well as
the ubiquitous phase transition, must be taken into account.

To solve these problems, the Darcy equation (Eq. (8)) from
the previous model is replaced by the momentum equation
for the liquid phase in the unsaturated porous media model,
as shown in Eq. (10) [29,32,33].

plﬁ\z} _ z
v ( £252 >— Vpi+V <M1V<gs>> + St (10)

This equation for the liquid phase shows the same form as
the momentum equation for the gas phase: the left side of the
equation represents the convective effect of the liquid phase,
the first term on the right side represents the driving effect of
the liquid phase pressure gradient on the liquid, the second
term represents the viscous diffusion effect within the liquid,
and the third term is the source term, in which all interactions
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and phase change effects are involved. As can be seen from
Table 1, the source term of the liquid phase momentum
equation consists of three parts. The first part is the interac-
tion between the liquid phase and the solid skeleton. Due to
the assumption that the liquid phase is attached to the surface
of the skeleton, the transport of the liquid will be affected by
the surface force of the solid. And the closer the liquid to the
surface of the skeleton, the more difficult it is to migrate. The
second part reflects the interaction between the liquid and gas
phases, where the liquid is least bound by the solid skeleton at
the interface between the gas and liquid phases, and thus the
flow is most likely to occur. The relative velocity between the
gas and liquid produces a mutual dragging effect, which leads
to an exchange of momentum between the two phases, so this
part will also be reflected in the source term of the gas-phase
momentum equation. The third part reflects the contribution
of the increase in mass caused by the phase change to the
momentum change.

To simplify the solution of the liquid-phase momentum
equation, the Leverett-J function is introduced to describe the
empirical relationship between water saturation and capillary
pressure [4]:

P1=Dpg — Pc (117)

pc=0 cos OC\/%(S) (12)

I(s) = { 1.42(1—s) — 2.12(1 —5)* +1.26(1 — s5)*

0. <90°
13
1.42s — 2.12s% + 1.265° (13)

0. > 90°

By applying the above equations to the calculation of Egs.
(7) and (10), the transport model of liquid water can be
simplified to a set of equations about water saturation and
liquid phase migration velocity. Thus, a more informative
result can be obtained, which simultaneously considers four
kinds of effects including capillary forces of porous media,
Darcy's resistance of solid phase skeleton to liquid, the inter-
action at gas-liquid surfaces, and inertia forces of the liquid
phase for transport.

Model of phase transition

For a conventional PEMFC (as opposed to a high-temperature
PEMFC), phase changes occur in the flow channel and in the
porous media because the operating temperature is below
the boiling point of water. In this model, the widely adopted
H-K-L equation, derived based on molecular dynamics, is used
to calculate the evaporation/condensation source term, which
can eventually be simplified to the following representation

[4]:

Yeona€(1 —8) Psat — Pv Puv > Psar(condensation)
. RT
m= (14)

Yevap€S % Py < Psat(eVaporation)

The H-K-L equation can be further organized and simpli-
fied to the following form [35]:

m= ’Y]gSSpg (Xsat - Xv) (15)

where the coefficient v, is referred to the parameter of the
model in Ref. [35]. The calculated phase variables are added as

source terms to the momentum conservation equation for gas
and liquid, thus the influence of the phase change on the two-
phase flow is taken into account.

Model of dissolved water transport

The membrane of PEMFC selectively allows the transport of
protons across the membrane to the anode, and this mecha-
nism works by relying on the SO; groups on the membrane.
Due to the hydrophilic properties of these groups, they absorb
and combine with the surrounding water, achieving a wetted
state. The water content is commonly used to describe the
number of water molecules combined with each hydrophilic
group and characterize the degree of wetting of a membrane.
Because of the nature of the membrane itself, water molecules
are transported across the membrane driven by electro-
chemical permeation and gradients, and the water content
conservation equation of the membrane can be employed to
describe this mechanism [4]:

V. (%m) —V. (ﬁo—"‘ effVA) + Sy (16)

where the source term indicates the rate of generation and
conversion of dissolved water. In the CL of PEMFC, the elec-
trochemical reaction occurs at the three-phase interface be-
tween the membrane, the solid skeleton and the gas, and it
can be assumed that the water produced by the cathode re-
action exists in the form of dissolved water on the membrane.
Since the ability of hydrophilic groups to bind water is limited,
the equilibrium water content is introduced to describe the
conversion of dissolved water. When the water content is less
than the equilibrium water content, the free water near the
membrane will tend to be bound to the membrane, and
conversely, when the water content is greater than the equi-
librium water content, the dissolved water of the membrane
will be converted to free liquid or gaseous water. The calcu-
lation of the equilibrium water content relies on the empirical
equations listed in Table 2 and the results are applied to the
corresponding source terms in Table 1.

Model of electrochemical reaction

The electrochemical reaction model of PEMFC consists of
charged particle generation and transport, obtained by solv-
ing two sets of coupled equations: the Butler-Volmer equa-
tions, which characterizes the chemical reaction rates, are
calculated in CL, and the electron and proton conservation
equations, which are used to calculate the direction and
magnitude of current, are solved in CL, GDL (collector plates
are not considered in this study), and membrane and CL,
respectively. These equations can be expressed in the
following form [36]:

0.5
_ qref Cu, Fn, _ _ Fn,
Ja=J4 <Cif) <exp <2RT) exp < 2RT> ) (17)
__qref Coz _ FTIC _ %
Je=J; <Cgezf> < exp(RT> +exp< RT)) (18)

V- (k¥Vp,) +S.=0 (19)
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Fig. 3 — Iterative process for the modified two-fluid model.

V- (kY1) + Sion =0 (20)

in these equations, the physical parameters are chosen with
reference to the data in Table 3, and the contact resistance due
to assembly is neglected in the solution.

Model of energy conservation

The cathode reaction of the PEMFC gives off heat, leading to a
local temperature rise, which affects the migration behavior
of the gases and liquids inside the cell. Hence the energy
conservation equation is introduced, as shown in the
following.

V- (e80CoaViT +e(18)p,Cpg V, T) =V + (kYT ) + 51 21)

where k°f is the effective thermal conductivity, which is
calculated based on the weighted composition of the compo-
nents of the characterized bulk element. The source term of
the equation consists of four components: heat of polarization,
heat of reaction, ohmic heat [37] and heat of phase change.

Numerical implementation

In the present study, all of the mathematical models intro-
duced above are applied for predicting the physical fields of
the PEMFC at steady state. It should be noted that the modified
liquid transport model is only employed in the cathode GDL,
because of the low level of liquid saturation in anode GDL. In
fact, for this model, it is not easy to solve the liquid-phase

continuity equation and the liquid-phase momentum equa-
tion (as known as Egs. (7) and (10)) in a coupled manner,
because Eq. (7) does not explicitly include the water saturation
s as a variable, which is one of the reasons why derived
capillary pressure diffusion equation based on the Darcy's law
of the liquid phase are widely used. In order to enhance the
convergence of the modified model, this paper combines the
advantages of Darcy's law and proposes a matching improved
algorithm based on the SIMPLE algorithm and capillary pres-
sure diffusion equation, whose main solution ideas are shown
in Fig. 3.

By replacing the Darcy equation with the momentum
equation for liquid water, a modified capillary pressure diffu-
sion equation in the shape of Eq. (9) was obtained, as follows:

0 Kkﬂ ap, 0 Kkyl apl 0 Kkyl 6p1
ox <”‘m(1 + 0x) &) toy <”'ul(1 +dy) W) "oz (’%(1 + ) &)
+ Slm =0
(22)

where 4 is introduced as a dimensionless Darcy's law
correction factor to describe the deviation of the liquid ve-
locity obtained by solving the momentum equation for liquid
water from the liquid velocity of Darcy's law prediction.

When the calculation results reach convergence, the re-
siduals of the above equation also tend to stabilize, and a more
accurate capillary pressure field can be obtained by Eq. (22)
compared with that of Eq. (9), which means that a more
informative water saturation distribution field can be
obtained.
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Fig. 4 — Schematic of computation domain and mesh of the single-channel PEMFC.

Model validation

Fig. 4 shows the geometric model and the mesh estab-
lished for the PEMFC of a single flow channel with refer-
ence to the experiments of Wang et al. [36] In order to
reduce the computational effort, the computational domain
is reduced by half using symmetric boundary conditions,
and the main geometric and physical parameters of the
model are shown in Table 3. The flow rates of the cathode
and anode inlets are obtained according to the following
equation [21]:

ngaIrengct
My =~ act (23)
¢ 2F CHzAlgnlet
PETAL,
Me=—r—— (24)
‘ 4FC02Ainlet
a Ap% — RHgPsq
CH2 :pout + p;"l" Dsat (25)
0.21(p§ ApS, — RH,
Co, = 222 Phe + it Psat) (26)

where the subscripts a and c represent the anode and cathode,
respectively, p, represents the gas density at the inlet, £ rep-
resents the stoichiometric ratio, I"*f is the reference operating
current density, Ag: and Ajnr represent the reaction area and
inlet area of the PEMFC, respectively, and RH represents the

relative humidity of the reaction gas. The concentrations Cy»
and Co, of the reaction components at the inlet can be derived
using Dalton's law of partial pressures, and the pressure drop
Ap., along the flow channel can be approximated as O since
the flow channel in this model is a single straight channel. All
of the above parameters can be found in Table 3. The
pressure-out condition with zero back pressure was applied at
the exit of the flow channel. In addition, for the liquid in the
cathode GDL, the slip-free boundary condition is used since
the slip flow behavior at the wall is neglected due to the large
viscosity. Since the modeling of the bipolar plate is neglected,
the boundary condition of constant wall temperature is used
for all walls in contact with the plate, while the others are set
to adiabatic. The wall reference voltage at the anode in contact
with the pole plate was set to 0 V, and the voltage at the
cathode was set according to the specific operating conditions.

In order to ensure the credibility of the model, grid inde-
pendence verification and model reliability verification are
implemented. The grid independence verification results of
the model are given in Table 4, and a partitioning scheme of
263,200 grids is selected. The computational results of this
scheme are compared with the experimental data of Wang
et al. [36], and the differences are shown in Fig. 5. In the
validation process, the same operational parameters as the
experiment are chosen. It can be seen that the model is
consistent with the experimental results in terms of trend and
the numerical error is relatively small, which means that the
model has a high degree of confidence.
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Table 4 — The numerical result at V.; = 0.5 V for different grid systems.

grid grid number current relative liquid relative

systems x- y- - density difference saturation difference
axis axis axis

136,192 32 108 56 1.5088 0.16% 0.0947 4.99%

263,200 40 134 70 1.5106 0.04% 0.0919 1.88%

417,312 46 154 84 1.5111 0.01% 0.0909 0.78%

532,350 50 167 91 1.5112 - 0.0902 -

—— experiment data [36]
—O— the present model
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Fig. 5 — The comparisons of polarization curves of current
model and experimental data.

Results and discussion

In this paper, the mathematical model introduced in the
previous section is applied to obtain the distribution and
migration of moisture in the cathode GDL, and a comparative
analysis with the original Darcy's model was also carried out.
In addition, by changing the macroscopic physical parameters
of the cathode GDL, i.e., porosity and permeability, the mois-
ture migration is obtained under different physical properties,
and the effects on the electrical performance of the PEMFC
were discussed.

Migration of water vapor

As one of the main components of the gas, the transport
mechanism of water vapor in the cathode GDL has a very
important influence on the mass transfer of oxygen. Since the
gas satisfies continuity and is enveloped by a liquid film, a
continuous gas pore channel is formed throughout almost the
entire porous media. In this case, water vapor has different
transport mechanisms inside the gas pore channel and at the
gas-liquid interface. In the interior of the gas pore channel, the
overall flow of gas driven by the pressure gradient affects the
transport of water vapor, and the cathode reaction causes
concentration and temperature differences in the PEMFC,
which leads to the diffusive effect of water vapor. At the gas-
liquid interface, the gas-liquid phase velocity difference and

phase change can be the fundamental mechanisms affecting
water vapor transport.

The distribution and migration of water vapor inside the
cathode GDL at different output voltages are selected in Fig. 6.
The porosity of the cathode GDL for this model is 0.4, the
permeability is 1.76 x 10-** m?, and the three plots of (a) (b) (c)
correspond to the results at an external voltage of 0.7 V, 0.6 V,
0.5 V, corresponding to the low, media and high current
densities. Each plot gives pictures of the data at three loca-
tions along the flow direction in channel at 20%, 50% and 80%
of the cell length. For the water vapor, the concentration
gradient is the dominant driving force. As can be seen from
the figure, the concentration of water vapor on the CL side (at
the upper side) is higher than that on the channel side (at the
lower side) due to the cathode chemical reaction, and it is
lower on the channel side (at the middle side) than on the rib
side (at the left and right sides). The distribution of water
vapor determines the direction of diffusion. Driven by the
concentration gradient, water vapor migrates from the CL side
to the channel side and finally discharges into the channel. At
the rib side of the GDL, the rib plate obstructs the normal
transport of water vapor, and therefore the water vapor at the
intersection of the channel and the GDL is squeezed more
rapidly, especially in the region near the wall of the channel.

At a certain current density, the farther away from the
cathode inlet, the higher the level of water vapor concentra-
tion in the GDL. There are two main factors contributing to
this phenomenon: one is that the water vapor in the GDL can
only be discharged to the channel, and the increase of the
water vapor concentration in the channel will inhibit the
diffusion of vapor from the GDL to the channel; the second is
that the total pressure of the gas in the channel along the flow
direction shows a tendency of decreasing, and the reduction
of the pressure difference makes it more difficult to discharge
the steam with the flow. According to the velocity trend of
water vapor in the plot, it is also clearly to see that the
discharge of water vapor along the flow direction in the flow
channel is gradually weakened. For example, under the
working conditions of 0.6 V, the average surface discharge
velocity of the three surfaces are 9.793 x 1073, 6.541 x 103,
4.844 x 1073 m/s, respectively, which confirms the previous
analysis.

As the current density increases, the migration rate of
water vapor into the flow channel is enhanced. The main
reason for this is that the overall water vapor content in the
GDL increases as the cathode reaction rate and the concen-
tration gradient increases, which leads to the diffusion of
water vapor into the flow channel more significant. In addi-
tion, the higher water vapor concentration also leads to a
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Fig. 6 — Schematic of vapor velocity distribution at different output voltages: (a) Vcen = 0.7 V, (b) Ve = 0.6 V and (c)
Veen = 0.5 V.
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higher condensation rate, so the liquid water saturation in the
GDL becomes relatively higher, which will be explained in
detail in the next section.

Migration of liquid water

Unlike the migration of water vapor, the transport of liquid
water in GDL depends mainly on the driving effect of capillary
pressure and the adhesion of the solid skeleton to liquid water
[38]. According to the Leverett-] equation, the local capillary
pressure in the GDL can be approximated by the water satu-
ration at that location. For hydrophobic GDL, the higher the
water saturation, the higher the capillary pressure, which
drives the flow of liquid water from the highly saturated re-
gion to the less saturated region driven by the capillary pres-
sure. The adhesion of the solid skeleton is defined as its
dragging force to impede the movement of the liquid, And the
Darcy's law considers both of these mechanisms. However,
according to the continuous assumption, liquid water is also
subject to the dragging effect of gas flow, the effect of phase
change of water vapor, and its own inertia and viscosity.
These mechanisms mentioned above are reflected in the
momentum equation of the liquid phase, and the modified
liquid water distribution is obtained through the solving of the
modified model proposed in this paper.

The distribution of liquid water in the cathode GDL and its
migration velocity are shown in Fig. 7. The selection of the
reference cross-sections and the working conditions are
consistent with Fig. 5. It can be seen that the distribution of
liquid water is roughly similar to the distribution trend of
water vapor, but the obstructing effect of the rib is more sig-
nificant to the liquid water, leading to a uniform liquid water
distribution along the Y-axis direction. This distribution de-
termines that the velocity of liquid water in the GDL shows a
tendency to discharge from the CL side to the runner side. It
should be noted that the velocity of liquid water is several
orders of magnitude smaller than the migration velocity of
water vapor. For instance, under the 0.6 V working condition,
the average discharge velocity of liquid water in the three
cross-sections along the flow direction is 5.050 x 1077,
5.718 x 1077, and 6.396 x 10~ m/s, respectively.

The three cross-sections under the same operating condi-
tions show that the overall liquid water content in the GDL is
also increased along the flow direction in the flow channel,
which is mainly due to the increase in condensation rate along
the flow direction. According to Fig. 6, it is known that the
water vapor mass fraction in the GDL grows along the flow
direction in the flow channel, which leads to the supersatu-
rated vapor and therefore a gradual increase in the conden-
sation rate. Unlike the vapor, the change in distance from the
flow channel inlet has little effect on the velocity of liquid
water discharging into the flow channel, which is resulted
from the smaller capillary pressure gradient. As the current
density increases, the increase in cathode water production
causes the liquid water saturation in the GDL and the velocity
of liquid water to increase, which results in a greater
discharge of liquid water from the GDL into the channel at
higher current densities. Microscopically, the increase in
water saturation leads to a longer average distance between

the gas-liquid interface and the solid skeleton surface inside
the cell, and thus the solid skeleton is less able to bind water,
which is the fundamental cause of more likely movement of
liquid water in a high level of water saturation.

For the modified model proposed in this paper, all the ef-
fects except capillarity and viscosity of the solid skeleton are

reduced to the correction factor 6. The three components of
the factor are applied to the equations in three different di-
rections, reflecting the deviation of the velocity calculated by
Darcy's law from the real velocity, i.e., the influence of other
neglected factors on the transport of liquid water. Fig. 8 shows
the variation of this correction coefficient along the three di-
rections, and the average value of the GDL cross-sections
perpendicular to the corresponding direction is used as the
basis of analysis.

In general, among the three components of the correction
coefficients, ¢, is relatively larger, and in some regions the one
is already close to 1 (in fact, the real value in some regions may
be larger due to the fact that the factor is a surface average),
while the magnitudes of 6, and ¢, are relatively smaller, which
means that the original Darcy model may have a larger error
in describing the velocity component in the z-direction of
liquid water. As can be seen in Fig. 8, due to the symmetry of
the computational model, the distribution of the correction
factors in the x-direction also shows symmetry, with the
correction factors on the rib side being higher than those on
the runner side; the correction factors in the y-direction show
a decreasing trend from the channel side to the CL side; and
the correction coefficients in the z-direction show a
decreasing and then increasing trend along the flow direction
in the channel. The primary reason for the above phenomena
is that the velocity difference between liquid water and gas
will produce drag force at the interface, which is not consid-
ered in Darcy's law. On the one hand, the viscous effect of rib
on the liquid water is stronger than that on the gas, which will
cause a stronger relative motion between the two phases, so
the viscous sticking effect near the ribbed plate will be more
obvious. On the other hand, due to the low saturation of liquid
water, the calculated liquid velocity is also largely influenced
by the change in water saturation. Compared to that of other
positions, the smaller liquid water saturation at the entrance
of the flow channel leads to a relatively small liquid water
velocity and a larger velocity difference between the gas and
liquid phases, thus having a larger drag force. And with the
accumulation of liquid water, the liquid water saturation in-
creases and the liquid film within the porous media is fully
developed. Although the velocity difference is reduced, the
average thickness of the liquid film is greater, the velocity is
faster, and the inertia effect is more significant. The above two
factors lead to a trend of correction factors shown in Fig. 8. Itis
worth mentioning that the phase transition rate is lower in
this model, so the effect on the momentum change of the gas
and liquid phases is lower compared to other factors.

It can be seen that in the calculation of the PEMFC with a
single channel, the interaction between gas and liquid and the
inertia of the liquid phase have certain effects on the transport
of liquid water, which is more significant in areas such as near
the rib and entrance of the channel. In terms of magnitude,
the influence of these factors on the velocity in the z-direction
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Fig. 7 — Schematic of liquid water velocity distribution at different output voltages: (a) Vcen = 0.7 V, (b) Ve = 0.6 V and (c)
Veen = 0.5 V.
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axis.

is greater compared to the other two directions, which means
that the two-fluid model needs to be corrected while pre-
dicting the moisture migration and the distribution of the
water saturation field changing along the flow channel di-
rection even more. Therefore, for the simulation of multi-
channel PEMFC stack with higher gas velocity and larger
water saturation, the modified model has greater potential.

Impact of porosity

Porosity is an important parameter of GDL, and its value and
distribution significantly affect the cell performance and the
probability of flooding. The common values of porosity are
about 0.2—0.8, and certain cases are selected in this study to
investigate the effect of porosity in this range. It should be
noted that since porosity can largely affect the permeability
and thus have a complex effect on the calculation results, the
permeability is fixed to be 1.76 x 10~** m? in this calculation to
investigate the effect of porosity alone. The trends of PEMFC
current density and water saturation level in the cathode GDL
for different porosity are shown in Fig. 9. In general, the higher
the porosity, the lower the resistance of the GDL to reactants
transport, and the more the corresponding intense chemical
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Fig. 9 — Variation of current density and water saturation
in cathode porous media with different porosity at
Veen = 0.6 V and Kya1 = 1.76 x 10~ m?.

reactions, which leads to an improvement of the electrical
performance of the cell. At the same time, larger porosity will
also reduce the level of water saturation at the interface
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Fig. 10 — Schematic of liquid water velocity distribution with different porosity at V. = 0.6 V and K, = 1.76 x 10~ m*: (a)
€gdl = 0.3, (b) €gdl = 0.5 and (C) €gdl = 0.7.
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Fig. 11 — Schematic of vapor velocity distribution with different porosity at V.. = 0.6 V and Kya = 1.76 x 10~** m*: (a)
€gdl = 0.3, (b) €gdl = 0.5 and (C) €gdl = 0.7.
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between GDL and CL, thus declining the risk of water flooding.
On the other hand, an increase in porosity leads to a decrease
in the solid phase share of the GDL and a consequent decrease
in the electrical conductivity and physical pressure-bearing
capacity. According to the trend shown in Fig. 9, the in-
crease in porosity slows down the growth rate of PEMFC
output current density due to the weakened conductivity. For
GDL materials with low intrinsic conductivity, the output
current density may instead decrease as the porosity in-
creases [39].

Figs. 10 and 11 show the distributions of liquid and gaseous
water velocity and content in the cathode GDL for three po-
rosities of 0.3,0.5, and 0.7, respectively. It can be seen that the
increase of porosity facilitates the discharge of both forms of
water. Due to the increased porosity, the solid skeleton in the
GDL becomes less, resulting in a reduced resistance to liquid
water transport. What's more, the increase in porosity
changes the capillary pressure gradient distribution in the
GDL, and thus makes the liquid water more inclined to flow
along the sidewalls of the channel, which is beneficial to the
discharge of liquid water through the flow channel walls in a
practical system [40]. For the gas phase, the increase in
porosity also reduces the gas transport resistance and thus
the distribution of gaseous components in the GDL becomes
more uniform. In addition, the liquid water level in the GDL is
lower for larger porosity away from the flow channel inlet, so
it is more necessary to select larger porosity for GDL for elec-
tric stacks with longer flow channel distribution such as
serpentine flow channels.

Impact of permeability

Permeability is an important parameter describing the resis-
tance to material transport in unsaturated porous media, and
its value depends on the material of the porous media,
porosity, pore tortuosity, etc., and ranges from 10~°-10~** m?
in common studies. In previous studies, the effect of perme-
ability on the performance of PEMFC was considered to be
insensitive [35]. However, in fact, the value of permeability
has a very important impact on the liquid phase transport
capacity of PEMFC, thus affecting the probability of cell
flooding. A decrease in permeability will, on the one hand,
increase the capillary pressure gradient in the GDL and
enhance the drive force for mass transfer, and on the other
hand, increase the mass transfer resistance in the GDL and
hinder the liquid water transport therein.

In this paper, the electrical performance of the cell and the
water saturation in the cathode GDL under different perme-
ability were investigated with reference to previous experi-
mental data, and the results are shown in Fig. 12. It can be
seen that at permeability lower than about 1.4 x 107! m?,
lower permeability leads to lower current density and higher
level of water saturation at the GDL and CL interface, which
can block the transport of reactants into CL. While, when the
permeability is greater than 1.4 x 107*' m? the increase in
permeability shows an opposite but slight phenomenon.

The trend of current density is exactly opposite to the trend
of water saturation at the GDL and CL interface, so it can be
deduced that the effect of permeability on the electrical per-
formance of the cell comes from the blockage of the GDL pores

1.1981 5 10.5
—&— current density

—— interface of GDL and CL
1.1980 —24—average of GDL

410.0 32
1.1979 +

1.1978

9.0
1.1977 |

Liquid Saturation, ¢

Current Density, A/cm?

1.1976

1.1975 L— L
0.0 5.0x10"  1.0x10™

1 L 8.0
1.5x10™  2.0x10""  2.5x10™

Permeability, m?
Fig. 12 — Variation of current density and water saturation

in cathode porous media with different permeability at
Veen = 0.6 V and Egdl = 0.4.

by liquid water, which is further supported by the liquid water
distribution and transport diagram shown in Fig. 13. Accord-
ing to Fig. 13(a), at lower permeability (1.760 x 107> m?), even
with a higher capillary pressure gradient as the driving force,
the liquid water discharge capacity is still poor due to the large
interphase resistance for the liquid water transport, which
results in a high water saturation at the GDL and CL interface
and hinders the transport of oxygen to the electrochemical
reaction site. After the permeability exceeds the critical
permeability of 1.408 x 10~'* m?, the interphase resistance
decays gradually at a slower rate due to the inverse relation-
ship between the magnitude of transport resistance and
permeability. At this moment, the weakening effect of the
lower capillary pressure gradient on transport becomes more
significant, so that the liquid water in the porous media layer
appears slightly elevated at the higher permeability
(2.288 x 10~ m?) level. Therefore, there should be a relatively
optimal value for the selection of GDL with different perme-
ability that can maximize the efficiency of liquid water
discharge.

The effect of permeability on gaseous water transport is
mainly reflected in the gas-liquid interphase resistance, and
this value is relatively small compared to the pressure drive
force, so the effect of permeability changes on gaseous water
transport is not significant. In the range of permeability
studied in this paper, the transport of gaseous water is basi-
cally consistent with that shown in Fig. 6(b).

Conclusion

In the present study, a 3D multiphase flow model of PEMFCs is
developed to investigate the migration characteristics of
water in the cathode GDL of the cell under steady-state
operating conditions based on the assumption of unsatu-
rated porous media and REV method. To solve the model, the
velocity of liquid and vapor were obtained according to the
diffusion equation and the liquid water momentum equation,
respectively. The effects of porosity and permeability on the
cell performance and material transport are also investigated.
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Based on the derivations and investigations the following
conclusions can be obtained.

(1) In the cathode GDL of PEMFC, both water vapor and
liquid water show a tendency to be transported from
the internal CL to the external channel, and the water
distribution trends of both forms are generally similar.
The presence of the ribs affects the pressure and
capillary pressure distribution inside the GDL, which
makes the transport velocity of moisture near the rib
side relatively larger. For this study, the discharge ve-
locity of liquid water is several orders of magnitude
smaller than that of water vapor (about 10~ m/s for
liquid water and 10~ m/s for water vapor), so the water
vapor is the main discharge form of the moisture from
the GDL, which accounted for more than 90% of dis-
charged water study.
The influence of porosity on the performance param-
eters of PEMFC lies in the electrical conductivity of the
skeleton and the transport capacity of both gas and
liquid. As the porosity increases, on the one hand, the
weaker confinement of the solid skeleton for liquid
water makes the free water component increased,
thus making the liquid water to discharge more fluent,
and the water saturation at the intersection of CL and
GDL is significantly reduced, which is conducive to the
entry of oxygen into CL. On the other hand, the
growth of current density of PEMFC will be suppressed
or even reduced due to the reduced volume share of
solid skeleton, and the conductivity of GDL will be
weakened accordingly. As far as the electrical and
mechanical properties allow, the highest possible
porosity is helpful for cell performance and preventing
flooding.

(3) The influence of permeability on PEMFC performance
parameters mainly lies in the transport of liquid water.
For the same porosity and output voltage, there exists a
relatively good threshold value of permeability (about
1.5 x 10~ m? for this model). When the permeability is
higher than this threshold, the decrease of capillary
pressure gradient weakens the liquid water drainage in
GDL. And when the permeability is below this value, the
increase in permeability causes the resistance term of
liquid water to increase significantly and thus the liquid
water discharge capacity is limited. Even though the
electrical performance of the cell is not sensitive to
changes in permeability, the distribution of liquid water
inside the GDL prominently depends on the magnitude
of the permeability. There exists a relatively optimal
value of permeability (about 1.5 x 10—11 m? for this
work) that can preferably prevent flooding of the cath-
ode GDL.
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