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Abstract

Steady-state and three-dimensional simulations were carried out to study the influences of geometrical parameters on the performance of PEMFC
under different hydrating conditions. Flow fields, species transport, transport of water in polymer membrane and movement of liquid water in
cathode and anode porous layers were determined, in order to accomplish a complete estimation of ohmic and concentration losses of PEMFC
power. The geometrical parameters were thickness of the polymer membrane, cathode catalyst layer as well as gas channel to rib width ratio.
Every simulation was made under different relative humidities of inlet flows (50 and 100%) for every change of characteristic length. Results show
that the influence of the geometrical parameters on ohmic and concentration losses is of considerable importance. The performance of PEMFC
is seriously affected under dehydrating conditions. However, such performance may be considerably improved by using suitable geometrical
parameters. Cathode and anode liquid saturation may not only affect the transport of species, but also the polymer electrolyte water content. These
results show the importance of simultaneously calculating both the water absorption and desorption through the polymer electrolyte and the liquid
saturation in the cathode and anode porous mediums to obtain an actual view of ohmic and concentration losses of the PEMFC performance.

© 2007 Elsevier B.V. All rights reserved.
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1. Introduction

Modeling and numerical simulation of PEMFC should be
aimed for simultaneously calculating the water transfer through
the polymer membrane and catalyst layers interface as well as
the liquid water saturation in porous mediums. PEMFC’s simu-
lations under different hydrating conditions become essential
when numerically analyzing the water management. Estima-
tions of concentration and ohmic losses of power under different
conditions are important for the optimization of flow fields.
Overall losses of power are highly dependant on the water
transport and especially on the water content of the polymer
membrane, which may be affected by many conditions and para-
meters.

Many numerical models have been created to account for
water management [1-13]. The Wang’s review [14] shows a
complete description of the most important models published
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up to now. Recently, Matamoros and Briiggemann [15] simul-
taneously calculated the water transport in polymer membrane
(electro-osmotic drag, back diffusion and water interfacial trans-
fer) and liquid saturation in the cathode porous mediums under
different operational conditions. In this former work [15], the
authors pointed out the importance of simulating both the poly-
mer electrolyte water transport and the liquid water saturation
in order to determine the actual ohmic and concentration losses
variations. The condensation of water may not only have an
influence on the concentration losses, but also on the ohmic
losses by affecting the fraction of water that may be transferred
to the polymer membrane. Hence, the water management sim-
ulations should include both polymer membrane and two-phase
calculations, in order to provide insight into diverse phenomena
that can take place when operating the PEMFC under different
conditions.

The objective of the present work is to analyze the influences
that some geometrical parameters (thickness of polymer mem-
brane, cathode catalyst layer and gas channel to rib width ratio)
may have on the water transport and as such on the performance
of a straight PEMFC under different hydrating conditions, in
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Nomenclature

A1/ VL gas-liquid interfacial area (m~1)
Agupert Pt area per Pt mass (m? kg_l)

Cp volumetric thermal capacity (Jkg—! K1)

C molar concentration (kmol m~3)

Co,ret  OXygen reference molar concentration
(kmol m~3)

Co,s  oxygen molar concentration at the agglomerate

surface (kmol m~3)

CCL  cathode catalyst layer

CCLT cathode catalyst layer thickness (m)
CGDLT cathode gas diffusion layer thickness (m)
D diffusivity (m>s~1)

F Faraday constant

GCW  gas channel width (m)

Toref reference exchange current density (A m~—2
Ky hydraulic permeability (m?)

mpt Pt mass per volume (kg m~3)

M molecular weight (kg kmol~!)
AGLH,0 volumetric condensation rate (kg s~! m_3)
N molar flux (kmolm—2s~1)

Nprag  €lectro-osmotic drag
(kmolp, o (kmoly+)~ D)

P pressure (Pa)

PM polymer membrane

PMT  polymer membrane thickness (m)

r reaction rate (kmols~! m~3)

Rage agglomerate ratio (m)

RH relative humidity

S saturation factor

S source term

T temperature (K)

\% velocity (ms™ 1

X molar fraction

y mass fraction

Greek letters

o transfer coefficient cathode side

1) thickness (m)

€ porosity

n cathode overpotential (V)

0 contact angle (rad)

A water content (kmoly,0 (kmolsof )_1)

I dynamic viscosity (kgm~!s™1)

0 density (kgm ™)

o surface tension (Nm~1)

Subscripts

agg agglomerate

(¢ capillary

G gas

H* proton

H,O water

i species i

im immobile

)

factor

j species j

L liquid

m mixture

0)) oxygen

SOz~  sulfonate group
v vapor

order to analyze the diverse phenomena that may dominate
electrochemical mechanisms in these systems.

The effects of the parameters, like gas channel and ribs width
as well as the porosity of the gas diffusion layers, on the PEMFC
performance were recently studied in Refs. [12,13] using CFD
modeling. In these works [12,13], isothermal operation and sin-
gle phase flow were assumed. The interfacial polymer membrane
water content was evaluated in Refs. [12,13] by using Springer et
al. [16] equilibrium correlation at 30 °C. This means that the dif-
fusion resistance in the non-equilibrium process of water transfer
through the polymer membrane interface was not considered.
The boundary condition at the polymer membrane interface
should be modeled by diffusion in both mediums when using
differential modeling. Otherwise the water transfer in and out
of the polymer membrane cannot be established. It is impor-
tant to mention that the equilibrium polymer electrolyte water
content at higher temperatures than 30 °C should be estimated,
given that the polymer electrolyte is dehydrated by increasing
the temperature. The data of Hinatsu et al. [17] at 80 °C can be
useful to achieve an estimation of the equilibrium water con-
tent of the polymer electrolyte at temperatures between 30 and
80 °C by linear interpolation. When assuming catalyst layers as
a surface, ohmic losses in this region are considered as neg-
ligible. It is important to model the resistance to the proton
flux exerted by the polymer electrolyte contained in the cath-
ode catalyst layer, especially at dehydrating conditions, given
that such process may affect the activation potential of the cat-
alyst, and so the sensitivity of the numerical modeling under
different conditions may be different. As aforementioned, the
present work aims for studying the effects of several geometri-
cal parameters on PEMFC performance, giving special attention
to ohmic losses in the polymer membrane and cathode catalyst
layer, which highly depend on the water movement in PEMFC.
Consequently, the phenomenon like the interfacial water transfer
through the polymer membrane boundaries, the change of poly-
mer electrolyte water content at different temperatures, and the
change of overpotential in the cathode catalyst layer should be
properly accounted for. Therefore, the present work shows the
considerable sensitivity of this modeling under different condi-
tions which may be interesting when studying and understanding
the electrochemical and transport processes that may dominate
the power output of PEMFC using numerical tools.

Even though the concentration losses in the anode side are
considered insignificant in the present work, the liquid water sat-
uration in anode porous mediums is included in the simulations,
given that this phenomenon may influence the water trans-
fer through the polymer membrane and anode porous medium
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interface. In other words, the presence of liquid water in the
anode porous mediums affects the anode water balance. Conse-
quently a fraction of water may be either absorbed or desorbed by
the polymer membrane, another portion may be condensed and
the rest may be disposed by the gas flow in channel. Therefore
the overall ohmic losses may be affected by the anode condensa-
tion of water, which means that this phenomenon should be taken
into account, even though the concentration losses in anode may
be considered as negligible.

2. Fundamental equations and source terms

The model is three-dimensional and simultaneously calcu-
lates the variables of gas channels, catalyst layers and polymer
membrane in a straight PEMFC. As mentioned above, the liquid
water saturation is not only estimated in the cathode but also in
the anode porous layer to improve the estimation of the poly-
mer membrane water content field. Conservation balances and
source terms are showed in Table 1.

Diffusion is assumed to be the primary mechanism of trans-
port in the gas diffusion layers and catalyst layers while the
convection is assumed as negligible. The pressure drop in gas
channels (source term of momentum in gas channels) is esti-
mated using the Darcy friction factor, consequently the use of
coupled pressure—velocity equations was avoided. The source
term of the continuity equation can be ignored [18].

Joule heating in polymer membrane, heat produced in cath-
ode reaction and heat produced in condensation—evaporation
entropy change are taken into account as source terms of energy
St. Joule heating S71 in the membrane is calculated by using
the proton conductivity in Nafion ky+ and the proton flow. It
is important to mention that the energy balance in the polymer
membrane was calculated assuming the thermal conductivity
as 100Wm~!K~! [19]. Heat produced in the cathode reac-
tion is determined using the reaction heat of oxygen reduction
AHrp, and reaction rate, which basically consists of heat pro-
duced by the entropy change and cathode overpotential [20].
Condensation—evaporation entropy change in cathode porous
mediums is estimated using the latent heat of vaporization of
water at local temperature Hy g and the volumetric condensation
rate.

The electrochemical kinetic was determined by using the
agglomerate model [21-25]. The electrochemical reaction rate

Table 1
Conservation balances and source terms

obtained from the agglomerate model is considered as source
term of species S; in catalyst layers. The stoichiometrical factor
of every species is derived from the well-known mechanism of
reaction in PEM fuel cells. The agglomerate model states that
the catalyst layer is a porous medium composed by platinum
and carbon particles mixed together with polymer electrolyte.
This mixture is defined as spherical agglomerates, which have
void spaces between them. In this work, the polymer electrolyte
is assumed as Nafion, the water is assumed to be produced in
gas phase and condensation could take place in this medium.
The anode reaction is assumed to be dominated by the cath-
ode reaction kinetic, and so the reaction rate is finally expressed
as

_ 3DugeCoys(1 —€)

I+ 5 (ORygg cothOR,ge — 1) (1)
Rige
The Thiele modulus (9R,ge) can be defined as follows:
A ] Fi
‘9Ragg _ Mp Aguperfloref Ragg €XP (_Olc 77) )
FDygoCoyret 2RT

The Henry constant for the dissolution of oxygen in water is
used to calculate the concentration at agglomerate surface [26]:

P 666
COzS = szm exXp ( — 141) (3)

T
The reference exchange current density (ioref) is calculated by
the correlation presented by Wang et al. [25] made from the
experimental data [27]:

, 4001
log(ioref) = 7.507 — - )

The diffusivity of oxygen in Nafion D,g, is calculated from the
correlation presented by Marr and Li [23], which is made from
experimental data [27]:

_ _ T —273
Dyge = [—1.07 x 107 +9.02 x 107 exp (106'7)} e

&)

It is important to mention that the parameter m}, represents
the volumetric cathode catalyst loading which consists of the
relation between the cathode catalyst loading per area and the

Balance Differential expression Source terms

Momentum V.VoV==-VP4+VuvVV 4+ Sy Sy =0

Energy V- Voc,T = —VkVT + Sr Sri = “V;IH%F)Z; S12 = AHro,70,; S13 = HLG/GLH,0
Species V- Voyi = =VDinVoyi + S; Si = M;ri; Su,0 = AGLH,0

Continuity VoV = Sm Sm =0

Polymer membrane VD; VA = Ms03~ dNorag Ny S, =0

0505~ dx

Saturation in porous mediums
HH,yO(L)

om0 KpS® [ dp, _
vEOLT (dR) Vs = 5,

Ss = GLH,0
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cathode catalyst layer thickness as follows:

v mpy
mpg =
dceL

Q)

The product of mp Aguperf yields the volumetric platinum area,
which is coupled with the reference exchange current density on
platinum surface iyt to define the current output of the cell with-
out considering the concentration and ohmic losses. The cathode
catalyst loading value of mp, = 1.0mgPtcm™2 was arbitrar-
ily chosen as base case, and its performance depends on the
surface area value (Aguperf = 250 cm? Pt mg_1 Pt), which was
also arbitrarily chosen in the range of 110-1400 cm? Ptmg~! Pt
according to Marr and Li data [23]. Therefore, the performance
of present PEMFC directly depends on these factors that numer-
ically yield moderate and high current densities under diverse
conditions.

To account for the voltage losses induced by the Nafion resis-
tance to the transport of protons to active sites, a 1 D-expression
of Ohm’s law is defined to estimate the increase of cathode
overpotential in the cathode catalyst layer:
ke [(1 — e)eagg]‘j% = Ny+F 7
where ky+[Q27!'m~!] is the proton conductivity in Nafion
expressed as [16]:

ky+ = (0.5139A4 — 0.3260) exp [1268 (3(1)3 - ;)] ®)
Two-phase flow in the cathode porous medium (gas diffu-
sion layer and catalyst layer) is assumed as separated phases.
Berning and Djilali [6] proposed a liquid water velocity field
considering both convection and capillary forces. In this work
the liquid is assumed to flow individually driven by capillary
pressure gradients, produced by gradients of liquid saturation
and surface tension [4,7], consequently the convection is con-
sidered as negligible in porous mediums. The capillary pressure
is semi-empirically calculated by means of the Leverett function
J(S) for hydrophobic unsaturated porous mediums [7,10]:
Po= 20 s) ©)
(Kp/e€)

The Leverett function J(S) for hydrophobic porous mediums is
expressed as

J(S) = 1.4178 — 2.1208% + 1.2635> (10)

where the reduced saturation factor S is as follows:

§ = 27 fim (11

1 — Sim

Below the saturation value sj;,, (immobile saturation), the water
is assumed to be a discontinuous flow pattern, and as such the
capillary flow can be assumed as negligible. At the gas channel,
the liquid water is disposed either by high convective air flow or
by evaporation. Then, the reduced saturation factor is assumed
to be zero at the gas channel and gas diffusion layer interface

[7].

In order to calculate the water change of phase to establish
the saturation factor in porous medium, the condensation kinetic
theory is used to determine the volumetric condensation rate
AGLH,0 Which is expressed as

Arg P06 — P
VL RT

The factor K¢, consists of diffusion terms for the condensation
process [7]. The evaporation was assumed to be the inverse of the
condensation process. The gas—liquid interfacial area Ay g/ VL
was arbitrarily assumed as constant. It is important to mention
that the condensation and evaporation process in porous medi-
ums is considered as additional source term for water gas balance
(Table 1: species balance).

To calculate fuel cell potential, the cathode overpotential and
polymer membrane voltage loss are subtracted from the equilib-
rium potential. The voltage loss produced by bipolar plates and
contact resistance between gas channel ribs and gas diffusion
layers was assumed as negligible:

AGLH,0 = KGLMH,0 (12)

2.3RT

E=123-9x10"%T —298) + log(P§, Po,)

i
—_y - — 13
n ke (13)

2.1. Transport properties

Gases are assumed as ideal. Dynamic viscosity is determined
using the kinetic theory of gases.

In order to consider the influence of porous medium on the
conductive transport, the following correction factors were used
for catalyst layers and gas diffusion layers, respectively [28]:

fle) =€ (14)

flo) = e(““) (15)
1 — €p

The factor €g is considered as 0.11 and « is 0.527 for in-plane
diffusion and 0.785 for cross-plane diffusion [7].

Thermal conductivities are expressed as an average between
conductivities of phases involved in each infinitesimal element
of the system:

k=ksf(1 =€)+ kcf(e)1 —s)+kLf(e)s (16)

Volumetric thermal capacity is also regarded as an average
between phases. Consequently, thermal equilibrium between
phases is assumed:

cp = cps(l —€) + cpge(l — 5) + cpLes (17)

Mixture diffusivity was approximated by the mixture rule
[29]:

n
g xiM;
i=l,i#j
n

= n
> xiMi Y xi/Dij

i=1 i=1,ij

Dim (18)



L. Matamoros, D. Briiggemann / Journal of Power Sources 172 (2007) 253-264 257

Binary diffusivities were calculated using the following corre-
lation for gases at low density [29]:

PD; j
(Pei Pej) (T T, (1) My) + (1/ M )12

b
T
cilcj

In this equation, a and b are constants. If the mixture diffusivity
is calculated for a porous medium, Eqgs. (14) and (15) are used
to account for the effect of porosity and tortuosity of the catalyst
layer and gas diffusion layer, respectively. The effect of liquid
water saturation is accounted for by using a normalized function
fls)=010-— $)13. Therefore, the final form of the diffusivity is

D m-corrected = Di,mf(é)f(s) (20)

For the polymer electrolyte, the electro-osmotic drag coeffi-
cient Nprg was calculated at 30 and 80 °C using the empirical
data for Nafion from Springer et al. [16] and Neubrand [30],
respectively. Concerning the diffusion coefficient of water in
the polymer electrolyte, the following approach was made from
the data of Zawodzinski et al. [31] (30 °C) and Neubrand [30]
(80°C) to determine the value of this property:

D; = 1.5 x 107 /) e 286/ (1)
2.2. Boundary conditions

In order to determine the interfacial water transfer between
the cathode and anode porous mediums and the polymer mem-
brane, the difference between the bulk concentrations of water
in each phase and the equilibrium concentrations of water at the
interface was used as driving force of absorption and desorption
of water by the polymer electrolyte. The convective mass trans-
fer is neglected, and so the water exchange is expressed in terms
of the molar fraction of each phase (¥; and X;) and the mixture
diffusivity of species i by each phase (D;m1 and D; mp):

X; — X* Y — Y,

= 0yDj oyt " 22
M Ax; 02D;im2 (22)

D:
010 m1 MoAxy

The equilibrium data from Springer et al. [16] at 30 °C and
from Hinatsu et al. [17] at 80 °C were used to complete this
interfacial mass transfer model by relating the molar fraction of
water of each phase at the interface (¥;* and X7). The interfacial
polymer membrane water content at different temperatures is
calculated by linear interpolation. The water uptake from vapor
phase is likely to mostly hydrate the polymer membrane [31],
given that the catalyst layer and gas diffusion layer must be
almost flooded to account for a significant liquid water uptake.

Considering that ohmic losses are also calculated in the cath-
ode catalyst layer, the water content of the polymer electrolyte
contained in this region is assumed to be uniform and equal to
the calculated interfacial water content of polymer membrane.
Hence, the water content balance (Table 1) is only used in poly-
mer membrane. Using a model for the absorption and desorption
of water in the catalyst layer would be highly difficult, given

the complexity of the porous structure of this region. There-
fore, the water transfer in and out of the polymer electrolyte is
assumed to take place only at the polymer membrane—catalyst
layer interface which is considered as a plane.

3. Results and discussion

As mentioned above, the concentration and ohmic losses may
either highly or slightly depend on the geometrical parameters
of PEMFC. The geometrical parameters can be of high impor-
tance when simulating such systems, consequently their effects
should not be taken for granted when either analyzing the water
management or validating data. Values of thickness of polymer
membrane, cathode catalyst layer and gas channel to rib width
ratio were varied between low and high magnitudes under dif-
ferent humidifying conditions (50 and 100%). The effect of gas
diffusion layers permeability is also simulated in order to analyze
the behavior of concentration losses caused by liquid satura-
tion when using gas diffusion layers with different properties.
Results are mostly presented as transversal averages along the
gas channel, given that two- and three-dimensional displays are
not practical to make comparisons. Power density distributions
represent the product of current density and cell potential distri-
butions. It is important to mention that the local ohmic losses in
the polymer membrane and the overpotential are used to estimate
the cell potential distribution. Results are also showed as polar-
ization curves, in order to enhance the presentation of power and
current density distributions.

Table 2 summarizes the base geometrical and electrochemi-
cal parameters arbitrarily used in this work. Both cell potential
and current density were output variables in simulations. The
cathode overpotential is used as controlling input variable, given
that both cell potential and current density mainly depend on the
concentration and ohmic losses fields in the polymer membrane
and cathode catalyst layer. Therefore, their averages and fields

Table 2

Geometrical and electrochemical parameters

Description Value
Channel height (m) 0.0004
Channel width (m) 0.001
Channel length (m) 0.10
Channel rib (m) 0.0002
Gas diffusion layer thickness (m) 0.0001
Gas diffusion layer porosity 0.5
Catalyst layer thickness (m) 0.00001
Catalyst layer porosity 0.4
Polymer membrane thickness (m) 0.0001

Pt loading (mg Ptcm™2) 1

Pt surface area (cm? Pt g ' Pt) 250,000
Agglomerate porosity 0.2
Agglomerate radii (cm) 0.00001
Inlet cathode volumetric flow (m?s~!) 0.000001
Inlet anode volumetric flow (m3 s~1) 0.0000005
Inlet cathode flow temperature (K) 353.0
Inlet anode flow temperature (K) 353.0
Inlet cathode flow pressure (Pa) 300,000.0
Inlet anode flow pressure (Pa) 300,000.0
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Fig. 1. (A) Average along-channel power density and (B) voltage loss in polymer membrane for different polymer membrane thickness and inlet flow relative

humidities.

are known at end of every simulation. The base value of cath-
ode overpotential at the interface cathode catalyst layer—polymer
membrane was kept constant at 0.760 V (when calculating distri-
butions of power and current densities) using the electrochemical
parameters arbitrarily chosen in this work. This value repre-
sents the reaction resistances in the cathode electrode without
considering the concentration and ohmic losses [20] (mainly a
property of platinum and external circuit resistances). Therefore,
cathode overpotential is assumed constant at 0.760 V for every
case (except for the polarization curves), in order to obtain high
numerical PEMFC output. Such input data configuration was
considered suitable to achieve objectives of the present work.
Otherwise, a trial-and-error procedure would be necessary to
achieve results at constant either current density or cell poten-
tial which would not be practical when considering both cell
potential and current density as output fields. Inlet flows, pres-
sures and temperatures were kept constant. The cathode inlet
flow is three times higher than the necessary flow to produce
1.0 Acm™2. Hence, the concentration losses by oxygen deple-
tion are considerably reduced. Each geometrical parameter was
varied at constant inlet relative humidity. Afterwards, the same
procedure is repeated but using a different inlet relative humid-
ity. Values of inlet relative humidity were 50 and 100%. Even
though the stoichiometry may vary for different inlet relative
humidities, its change is assumed as negligible in most of the
cases given the excess of reactants.

3.1. Variation of polymer membrane thickness

Polymer membrane thickness is an important parameter to
study, due to its influence on the ohmic losses by proton flux
resistance from anode to cathode. The proton conductivity may
be highly affected by the water content of polymer membrane,
and as such ohmic losses in this region depend not only on the
proton flux and length of resistance, but also on the interfacial
water transfer through the polymer membrane during operation.
As well the thickness of polymer membrane is an important
length in the process of hydration, given that it proportionally
defines the amount of water to be transferred to increase the
water content, consequently its magnitude may have a nonlinear

influence on ohmic losses and as such on the performance of
PEMEFC.

Fig. 1 shows averages of the along-channel power density
and ohmic losses in the polymer membrane for different PMT
using 50 and 100% of RH in both cathode and anode inlet flows.
It can be observed in Fig. 1(A) the influence of RH of inlet
flows on power density. The magnitudes of power density are
lower at 50% RH in comparison to the 100% RH values; given
that ohmic losses in CCL and PM considerably increase for
lower RH as shown in Fig. 1(B). The PEMFC power density
improves for thinner membranes, given that the ohmic losses in
PM are considerably decreased (Fig. 1(B)) for both RH cases.
The ohmic losses at 50% RH seem to be uniform along the gas
channel, on account of the compensation between the gradual
humidification of polymer membrane and the increase of cur-
rent density along the gas channel. This increase of current and
power density is produced by the decrease of ohmic losses in
CCL and PM as a result of the humidification of the polymer
electrolyte. Under fully humidifying conditions, the lack of oxy-
gen depletion causes uniform polymer membrane voltage loss
along the gas channel. In conclusion, it can be seen in Fig. 1
that the ohmic losses can be considerably reduced when using
membranes thinner than 50 wm for both 50 and 100% RH.

Fig. 2 shows the polarization curves for different polymer
membrane thickness at 50 and 100% RH, in order to improve
the former observations. The ohmic losses seem to be consid-
erably diminished at 50% when using thin polymer membrane
(e.g. 25 and 50 pm). The differences between 100% RH (fully
humidifying conditions) and 50% (dehydrating condition) are
not dramatical when using such thin membranes. Therefore,
suitable operation can be achieved under such conditions. These
results show the importance of numerically taking into account
every effect that may influence the water transport, in order to
determine the actual ohmic and concentration losses and reliably
predict the actual PEMFC behaviors.

Fig. 3 shows 100 wm thick polymer membrane water content
fields (base case) at different inlet flow RH (50 and 100% RH,
respectively) to provide insight into water distributions in the
polymer membrane. It can be seen in Fig. 3(A) that the poly-
mer membrane is considerably dried at the entrance of the gas
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Fig. 2. Cell voltage vs. average current density for different polymer membrane
thickness and inlet flow relative humidities.

channel when operating at 50% RH. The ohmic losses reduce
the cathode reaction rate and so the water production is not high
enough to effectively increase the along-channel water content
(approximately from 4 to 7). At 100% RH (Fig. 3(B)), the water
content is almost uniform along the gas channel. Even though
the water fraction increases along the gas channel, the water
content tends to be slightly higher at the entrance as product
of the higher cathode reaction rate in this area. This behavior
means that most of the water is more likely to be disposed by
the gas and liquid phase than to be transferred to the polymer
electrolyte under fully humidifying conditions. Therefore the
polymer membrane water content may be almost uniform along
the gas channel under fully humidifying conditions as a result
of the water saturation in the control volume (activity 1). The
electro-osmotic drag tends to dry the anode side of PM espe-
cially at 50% RH. However, fully humidifying conditions in the
anode inlet flow (in case B) and the back diffusion contribute to
keep water content of PM in anode side.
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Back diffusion is an important factor that may be affected
by the polymer membrane thickness. Hence, the polymer mem-
brane thickness is a parameter that may nonlinearly affect the
performance of PEMFC. Fig. 4 shows two contours of water
content along the gas channel at 50% RH, in order to provide
insights to this factor for PMT (A) 200 pwm and (B) 50 wm. Aver-
age current density is 0.8 A cm ™2 for both Fig. 4(A) and (B). As
itcan be seen in Fig. 4(A), the water content considerably dimin-
ishes from cathode to anode as a product of the electro-osmotic
drag and the long path for diffusion of water molecules from
cathode to anode side. This effect is considerably decreased for

Top: cathode side

Flow direction

/"

Bottom: anode side
(B)

Fig. 3. Polymer membrane water content field [kmoly,0 (kmolso3- )_1] at different inlet flow relative humidities A (50%) and B (100% RH).
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thinner membranes, given that back diffusion becomes impor-
tant in comparison to the electro-osmotic drag, as a product of the
shorter path from cathode to anode side (Fig. 4(B)). Fig. 4 shows
the high negative effect of the polymer membrane thickness over
back diffusion and as such over ohmic losses in PEMFC.

3.2. Variation of cathode catalyst layer thickness

Catalyst layer thickness defines the length for the proton
transport through the polymer electrolyte to active sites in the
cathode. Ohmic losses in this region depend directly on this
parameter. Dehydrating conditions may affect the cathode reac-
tion rate for diverse CCLT. For these reasons the catalyst layer
thickness is varied maintaining the catalyst loading per area
(1.0mgPtcm™2) constant under different humidifying condi-
tions. Even though, the change of catalyst layer thickness causes
a variation of catalyst concentration, the total mass of catalysator
in the system remains constant.

Fig. 5 shows averages of the along-channel current density
for different CCLT using 50 and 100% of RH in both cathode
and anode inlet flows. As shown in Fig. 5, ohmic losses in CCL
considerably decreases for thinner CCLT. Thinner catalyst layers
enhance cathode reaction rate diminishing resistance to transport
of proton to reactive sites. Therefore, thin CCLT favors higher
current densities, consequently the performance of PEMFC is
increased. This enhancement is more important at dehydrating
conditions (50% RH). As it can also be seen in Fig. 5, current
density is considerably improved for the two thinnest CCL at
50% RH, given that current density distributions are consider-
ably similar at 50 and 100% RH. Hence, ohmic losses in CCL
could be considered insignificant for these values. It is important
to mention that the slight difference of current density observed
for the thinnest CCL is a product of the increase of stoichiometry
caused by higher oxygen concentration at 50% RH. However,
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this observation do not change the fact that ohmic losses are
rather small for thinner CCL than 6.25 pm.

Polarization curves were built to show the whole performance
of PEMFC (ohmic losses in CCL and PM) for different CCLT at
50 and 100% RH (Fig. 6) and to complete the former observa-
tions. As shown in Fig. 6, ohmic losses in CCL are considerably
reduced when using thinner electrodes (less than 6.25 wm) at
different RH which is in agreement with former observations
(Fig. 5). Given that the polarization curves of the two thinnest
CCL almost overlap for both RH, it can be concluded that ohmic
losses in CCL may be considered as negligible for these val-
ues. Therefore, the difference of performance observed in Fig. 6
at different RH is mostly caused by ohmic losses in polymer
membrane (base case: 100 pm).

These results show the importance of including CCLT in sim-
ulation of PEMFC, even at 100% RH. CCL should be considered
as an active volume and not as an active surface, in order to
account for ohmic losses caused by polymer contained in this
region. Considering CCL as a volume would enhance analyzes
concerning PEMFC optimization.

3.3. Variation of gas diffusion layer permeability

Gas diffusion layer permeability is an important parameter
that may considerably affect PEMFC performance under fully
humidifying conditions. In case the gas diffusion layer perme-
ability is small, water saturation may considerably increase and
so power density may be affected by concentration losses caused
by resistance to reactant transport to active sites. In numeri-
cal terms, this factor dominates the magnitude of saturation by
controlling the capillary flow to be disposed to the gas channels.

Fig. 7 (A) and (B) shows the effect of gas diffusion layer
permeability on power density (polarizations) and water satu-
ration, respectively. The performance of PEMFC considerably
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Fig. 7. (A) Cell voltage and average current density and (B) water saturation assuming different cathode permeabilities.

decreases when permeability is low (Fig. 7(A)), given the consid-
erable increase of concentration losses produced by the liquid
saturation (Fig. 7(B)). The porosity of gas diffusion layer is
kept constant, consequently the behavior observed in Fig. 7
is only caused by changes of the tortuosity of the path for
disposal of liquid water. The power density tends to be con-
stant for permeabilities higher than 2.5e—15m? under high
current densities, which means that the saturation is consider-
ably controlled over this value (less than 0.2). These results
show how the PEMFC performance may be affected by the
liquid saturation and the importance of two-phase flow simu-
lation to reduce the concentration losses caused by the water
condensation.

3.4. Variation of cathode gas channel width

Gas channel width represents a characteristic length perpen-
dicular to former lengths. The relation between gas channel and
rib width may be of importance, given that the reactants flow
through the gas channel and electrons flow through the ribs.
Therefore, both lengths are highly important to be considered
when analyzing the concentration and ohmic losses. However,
the resistance to electron transport through ribs is assumed as
negligible in this work.

Gas channel torib width ratio is varied from 5.0 to 1.0, in order
to analyze the behavior of the concentration losses under these
conditions. As shown in Fig. 8, the polarization curves overlap
for 50% RH. Hence, the effect of GCW is rather small at 50%
RH, provided that the ohmic losses dominate over concentra-
tion losses induced by narrow gas channel, and so the oxygen
diffusion accomplishes to supply the reactant demand under
such low cathode reaction rates. Oxygen diffusion is also more
effective, given the higher oxygen concentration at dehydrat-
ing conditions. The concentration losses at 100% RH increase
in comparison to ohmic losses. The increment of humidifying
conditions decreases the negative effect of polymer electrolyte
proton resistance and as such the cathode reaction rate is favored.
Under these conditions, the intensity of reaction is higher and as
such is the demand of reactants. To satisfy this demand, the reac-
tant transport must be effective, but the characteristics length like
channel width may exert control over the mass transfer. For these
reasons the polarizations show slight differences for diverse

GCW at 100% RH where the wider gas channels tend to enhance
the performance of PEMFC by increasing the area for diffusion
of species. As seen in Fig. 8, effect of gas channel width may
only be important at high current densities under fully humidify-
ing conditions, given the importance of diffusional control under
these conditions. Otherwise, the effect of this parameter can be
ignored.

Liquid saturation may not play an important role in these for-
mer observations. Fig. 9 shows along-channel distributions of
water saturation for different GCW at 100% RH. As it can be
seen in Fig. 9, wider channels tend to diminish the saturation
in porous mediums, which is a result of major elimination of
liquid water by capillary flow. However, the change of water
saturation for different GCW may be considered as negligible
when analyzing the effect of the gas channel width on PEMFC
performance. Under conditions favoring liquid accumulation in
gas diffusion layer, gas channel width may play a more impor-
tant role. As seen in former section, liquid saturation is likely
to be highly governed by parameters like the permeability of
gas diffusion layer. Liquid saturation is also dominated by the
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hydrophobicity of the gas diffusion medium, which is assumed
optimal in this work (68 ~ 110).

3.5. Effect of ohmic losses on temperature and saturation
distributions

Temperature distributions are mostly affected by distribu-
tions of ohmic losses in PEMFC. If ohmic losses were low
and almost uniform along the gas channel, the system could
be assumed as isothermal. As seen before, ohmic losses play
an important role for thick polymer membranes, whose effect is
considerably decreased when using thinner membranes. Given
that the optimal configuration of geometrical parameters con-
siderably reduces the overall ohmic losses even at high current
densities and dehydrating conditions, isothermal operation may
be assumed in most cases. Temperature distribution may play
an important role in a system with serious ohmic losses (e.g.

Along-channel
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thick membranes greater than 50 wm). Fig. 10 shows tempera-
ture and saturation contours for two different polymer membrane
thickness ((A and B) 200 wm and (C and D) 50 pm, respec-
tively) when operating at 100% RH, in order to determine the
importance of temperature distributions caused by ohmic losses
under fully humidifying conditions. The heat is mostly pro-
duced by the overpotential at cathode catalyst layer and the
Joule heating in the polymer membrane. Therefore, the temper-
ature in gas diffusion layer is likely to show the same tendency
as the local current density. In this case temperature distribu-
tions are almost uniform as a result of the high convection at
gas channel—gas diffusion layer interface and low ohmic losses
under fully humidifying conditions (Fig. 10). However, the effect
of Joule heating in polymer membrane on temperature and sat-
uration distribution can be observed in Fig. 10. Temperature
increases for thicker membranes as a product of higher Joule
heating and diminishes along the gas channel due to the gradual
reduction of cathode reaction rate (Fig. 10(A)). In direction from
polymer membrane to gas channel, the temperature is almost
uniform due to the small path to dispose the excess of heat to
the gas channel flow. Due to the small residence time of the
gas flow, the gas channel temperature may considered uniform,
and so the temperature in the along-channel direction shows the
decreasing tendency observed in Fig. 10(A). Water saturation
basically depends on water activity and temperature. At the gas
channel entrance where temperature is higher, water saturation
shows an increasing tendency related to the water production
in cathode and decrease of temperature along the gas channel
(Fig. 10(B)). However, the water saturation reaches a maximum
and starts diminishing as a result of the lack of water produc-
tion. As shown in Fig. 10(C) and (D), the temperature is almost
uniform along the gas channel (Fig. 10(C)) and only a slight
decrease of water saturation along the gas channel is observed
(Fig. 10(D)). As seen in Fig. 10(B) and (D), cathode water sat-
uration is highly dominated by capillary flow and values do not
overcome the magnitude of 0.2, given the high permeability of
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base case (le—13 m?). Behavior of temperature distributions
at 50% RH is assumed to be similar to the case of 100% RH,
except for the case of thick membranes where ohmic losses are of
considerable importance, especially at dehydrating conditions.
Given that ohmic losses are considerably reduced when using
thin membranes and cathode electrodes (Figs. 1 and 2), tem-
perature distributions at different hydrating conditions (50 and
100% RH) are assumed to be similar for systems with low ohmic
losses.

3.6. Comparison to experimental data

Data validation is an important aspect of every work con-
cerning numerical simulation. Therefore comparisons between
experimental and numerical distributions become of high impor-
tance not only to confirm the suitability of the numerical data,
but also to improve the understanding of different important phe-
nomenon that may take place in the control volume. Up to now,
some experimental setup [32-36] have been developed to get
approaches of current density distributions in PEMFC, which
are important advances, given that the polarization curves may
be misleading for data validation [14]. In this work, some of data
of Mench et al. [37] is used to show the suitability of this model
to study the behaviors of PEMFC (Fig. 11) over a wide range of
current densities. The numerical input data was adjusted to the
experimental conditions of Ref. [37] in order to achieve a reli-
able validation. Results show that the numerical current density
distributions show a reasonable increase when lowering the cell
potential and working under mass transport limitations (oxygen
depletion). This behavior is in agreement with the experimental
data presented in Ref. [37], consequently this modeling proves to
be sensitive to different factors that may govern the performance
of PEMFC.
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Fig. 11. Comparison between numerical and experimental [37] current density
distributions.

4. Conclusions

Results showed that geometrical parameters may have an
important influence on PEMFC performance under conditions
arbitrarily chosen in this work. This work also showed the
importance of simultaneously calculating water absorption and
desorption by polymer electrolyte and water saturation, in order
to establish actual ohmic and concentration losses under differ-
ent hydrating conditions.

Polymer membrane may cause serious ohmic losses if thick-
ness is high. Use of thin polymer membrane considerably
enhances PEMFC power by reducing ohmic losses, especially
under dehydrating conditions.

PEMFC power may be improved by using thin cathode
catalyst layers. Proton resistance to active sites is small; conse-
quently cathode reaction rate is not affected by activation losses.
Not only ohmic losses may be enhanced but also concentration
losses. Concentration of platinum particles becomes higher, and
so reactants transfer control may be reduced. Therefore cathode
catalyst layer thickness plays an important role when optimizing
electrochemical parameters.

Permeability of the gas diffusion layer is an important factor
to control the liquid saturation. In numerical terms, high per-
meabilities (greater than le—15m?) could enhance disposal of
liquid water in the gas diffusion layer, keeping the saturation in
porous mediums controlled (less than 0.2).

Wide gas channels yield lower concentration losses under
fully humidifying conditions, and as such better performance is
achieved under these conditions at high current densities. How-
ever, ribs width should be wide enough to avoid ohmic losses
by electron transport from anode to cathode.

Temperature gradients could be important when current den-
sity causes high ohmic losses. Otherwise, the system could be
treated as isothermal under the electrochemical and geometrical
conditions of this work.

Effect of the humidity over PEMFC power density could
be considerably diminished if using the optimal geometrical
parameters to minimize ohmic and concentration losses. Oper-
ation at 50% RH showed to be satisfactory when using polymer
membranes thinner than 50 um. In the case of catalyst layers,
PEMEFC performance is likely to become independent of this fac-
tor if using a thickness thinner than 6.25 pm even at dehydrating
conditions like 50% RH.
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