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1 Introduction

The proton exchange membrane (PEM) fuel cell han veceiving substantial attention as a
potential power source for a wide range of applicet because of its lower operation
temperature compared to other types of fuel clkilfility in size, quick start, environmental

friendly characteristics and high energy densityowdver, further improvements of its

performance, life-time and cost-effectiveness atdl seeded to achieve a large-scale
commercialization and a deeper understanding @il losenomena taking place in the fuel cell is
of vital importance for future development.

A mathematical model is a powerful tool for studyithe various phenomena occurring in a fuel
cell from local to system level. An excellent revief fuel cell models is given by Yao et al. [1].
The accuracy of the modeled results depends highlythe used modeling parameters and
assumptions. Therefore, the experimental evaluatibrthe physical parameters used in the
models is essential. The properties of gas diffusiyers (GDLs) play an especially important
role in fuel cell operation [2] and many experima@studies can be found on subjects such as gas
permeability [3-8], electrical properties [9-14hetmal properties [15-17], water transport
properties [18-28] and the effect of compressionh4®-32]. In accordance with the experimental
studies, significant modeling efforts have beenotled to exploring the impact of these
parameters on the transport mechanisms and fuepedbrmance. Examples of the systematic
parametric study are found on the electric aniggtiaf GDL [33-35], the thickness and porosity
of the GDL [36-39], pore size distribution [40-42Jas permeability [33,43,44], water transport
parameters [45-49], and the effect of compres$HOA53].

One of the most common shortcomings in previous afiog studies is that the effect of
inhomogeneous compression on the GDL induced byiltiiehannel structure of the flow field

plate was not properly considered. A typical carpaper or cloth GDL is soft and flexible and
therefore, when the GDL is compressed between lavo field plates it is deformed and intrudes
in to the channel as shown in Fig. 1. The variaionthe GDL thickness and porosity due to
compression affect the local transport phenomemeesgjas permeability, electric conductivity,
and electric and thermal contact resistances aintieefaces with neighboring components all
depend on compression.

To the authors’ knowledge, only a few studies whiohsider this inhomogeneous compression
can be found in literature, see, e.g. [53-56]. élthh their findings are enlightening, many of the
adopted modeling parameters are subject to a langertainty. Therefore, the authors have
experimentally evaluated the physical propertiesGafL as a function of compressed GDL
thickness [57-59] as well as conducted a modelindysusing the experimental data [60]. In this
paper, the earlier model is improved by applyingae realistic geometry of GDL deformation
and the inclusion of thin contact resistance layeith newly evaluated physical parameters as
well as correcting some inaccuracies. However, tua lack of information, particularly for
those which describe liquid water behavior, the etakcludes two-phase phenomena and the
study on the subject is left for future work.
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Fig. 1 Cross-sectional view of the GDL (SGL 10 BASIGRACET®) taken by optical microscope
(PMG3, OLYMPUS).

2 Model description

2.1 Model assumptions

Making a theoretically rigorous fuel cell model whireflects micro- and macro-scale transport
processes is extremely challenging because of la dfcexperimentally evaluated physical
parameters. Therefore, the following assumptiongwenployed in the model:

(1) Steady state conditions

(2) All gases obey the ideal gas law and are igeniked

(3) Water exists only in gaseous form

(4) Very fast reaction kinetics and small massdfanlimitations at the anode
(5) The catalyst layers (CLs) and membrane areoigimt and homogeneous
(6) The membrane is fully hydrated

(7) Physical properties of GDL under the rib arastant

Because of assumption (3), the model presentediseraid only when the partial pressure of
water is below the saturation pressure. Assumgddimplies that the conservation equations for
mass, momentum and species at anode GDL and Choareolved. Assumption (7) was made
since all the experimental work to evaluate thespial properties of GDL was conducted by
changing the thickness of the compressed GDL utigerassumption that the compression
pressure applied to the GDL was uniform [57-59].

2.2 Modeling domain

The modeled domain is a two-dimensional partiabseection of a unit cell as shown in Fig. 2,
which consists of a half of both the graphite nilol &he channel in the flow field plate, two GDLs
and CLs, the electrolyte membrane and pseudo tinddipers TH1 and TH2 which represent the
contact resistance between graphite rib and GDdL,@GDL and CL, respectively.

The effects of inhomogeneous compression are stugfecomparing two models. In the base

case, Fig. 2(a), the GDL is compressed evenly enghysical properties are assumed constant.
The alternative model, Fig. 2(b), considers th@mbgeneous compression of GDL and the GDL
partially intrudes into the flow channel. The shappéhe deformed GDL and the dependence of
physical properties on the local thickness areritgesd in sub-chapter 2.4.
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Fig.2 Modeled domain (a) base case, (b) inhomogemsaompression.
2.3 Equations

2.3.1 Governing equations and source terms

The transport phenomena occurring within the callraodeled with conservation equations for
mass, momentum, species, charge and energy. Ajdherning equations are listed in Table 1.
Table 1 also includes the subdomains where thetieggaare solved.

The Navier-Stokes equation that describes momegtmservation was reduced to Darcy’s law
since the Reynolds number is less than one and ttieisnertia and viscous terms can be
neglected in the GDL and CL. Darcy's law was corelinvith the mass conservation equation
which gives Eq. (1) in Table 1. The species corst@m equation Eqg. (2) is the Maxwell-Stefan
diffusion equation and takes into account the cotive and diffusive molar fluxes. Since air is
fed to the cathode, the multicomponent mass transt®@lves a ternary gas mixture (oxygen,
water vapor and nitrogen). The charge conservatiags (3 and 4) describe electric current in
electrically conductive components and ionic curiernonic conductive components. The energy
conservation Eg. (5) takes into account both cotili@and convective heat fluxes. Note that on
the anode only the charge and energy conservagjigations were solved.



Table 1 Governing equations

Conservation equation Subdomains
k
Mass O Eﬁ—pt ﬂ—s" Dp] =S, (1) cathode (GDL, TH2, CL)
t
Species Om, =0tevX,)-0deD, 0%, )=S  (2) cathode (GDL, TH2, CL)
Charge (electric) 0-0,.,0@)=S, (3) rib, TH1, GDL, TH2, CL
(ionic) O f-0,0) = S, (4) CL, membrane
Energy DEﬁZpiCp,iVT]—D[@stDT): S () al

The source terms for the governing equations atediin Table 2. The source terms of the mass
and species conservation equation represent theuggation of oxygen and production of water
in the cathode CL. The number of electrons involwetthe reaction (4 for oxygen consumption, 2
for water production) appears in these equatioh& Jource terms in the charge conservation
equation describe the charge transfer current gyelbstween the electric and ionic phases inside
the anode and cathode CLs. The transfer currersittenare expressed with the Butler-Volmer
relation as follows:

i = _avj;ef|:(a: +”ca)': ”a} for anode (6)
RT

o _ o rert| Co _aF for cathode (7)

Jle =& )¢ {ngfJeXF{ RT UCJ

Anode side has fast reaction kinetics and low osemtial compared to the cathode, and thus
anode transfer current density can be linearizeid &s). (6). The reference concentratio{f"zmf is

equal to the concentration of oxygen in air at ¥bRditions and, is the concentration of

oxygen in the CL. In the model, the ratio @f to cgf in Eq. (7), was replaced by the molar
fraction of oxygen,X, . 77a ands, are the overpotentials at anode and cathode,atsgly:

Na =4~ 4sa (8)
,70 = ¢5,c - ¢m - EO (9)

wherekE, is the open circuit voltage.

The source terms in the energy conservation equatorespond to Joule heating, irreversible
heat of electrochemical reactions and entropic beatactions in CLs but only Joule heating in
other subdomains.



Table 2 Source terms in each modeling subdomain.

Region Mass Species Charge Energy
GDL 0 0 0 S =JGDL(D¢5)2
CL
S.,.=- i
(Anode) 0 0 2Tl s o) o (O ¢, + 1B
Sm.a - Ja 2F
iMs M Soz:_aj; SHES i TAS
(Cathode) s, =--oz2+- 12 « i S S =07 (0a) +on Oa) - 1. -,
"o 2F
TH1,TH2 O 0 0 S, =0..(0a)
Membrane 0 0 0 S, =0, (0g,)

The constitutive relations used for the governimgiagions are listed in Table 3. The molar
density can be calculated from ideal gas law a&dn(10). The molar fraction of nitrogen is
calculated from the fact that the sum of molartfas is equal to unity Eq. (11). The effective
Maxwell-Stefan diffusion coefficient tensg, , is related to the non-porous diffusion coeffitjen

D, through the Bruggeman correlation as in Eq. (IBg elements of tie for a ternary system
are calculated from the Maxwell-Stefan binary difan coefficients as in Eq. (13). The
temperature and pressure dependence of the biifargich coefficients was taken into account
with Eq. (14). Also, the temperature dependencexahange current density was taken into
account with Eq. (15).

Table 3Constitutive relations.

Expression
_ _Mp
Ideal gas law p=Me = (10)
Molar mass of gas mixture M, =D XM, (11)
Effective diffusion coefficient tensor Doy = €D (12)
Xo Dy on +@L=X,)D
D. =D O, “H,ON, 0,7 ~0,,H0
11 0,.N, S
Dy . - D
Diz = Xo,Don, =g
2 2Nz S
~N Dyon. — D, 13
Elements ofD D11 = Xy Do, — 010 (13)
Xu,0Po,n +(1_XHO)D H,0
D = D 2 02v 2 2 OZ! 2
22 H,0,N, S
S= on DHzo,N2 + XH20D02,1\12 + XN2 DOZ,HZO
Temperature and pressure dependence Dof _R(T 1'5D (po.T) (14)
binary diffusion coefficients MooplT, ) Po- o
Temperature dependence of exchanqef,T _ el A, (1 _1
. c = e eXg-—— | = (15)
current density o\T T,
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2.3.2 Boundary conditions

Symmetry boundary conditions were applie& at0 andx = x; in Fig. 2, i.e. all the fluxes were
set to zero. No electric current passes throughinterface between the GDL/channel and
CL/membrane. It was assumed that there is no ioaittact resistance at the CL/membrane
interface, and thus the ionic potential and tempegaare continuous. On the other hand, ionic
current does not pass through the GDL/CL interfsinee the GDL is not ionically conductive.
The concentrations and pressure are continuousighr&DL, TH2 and CL, and no boundary
conditions are required at the interfaces. Howethame is no mass flux across the rib/GDL and
CL/membrane interfaces.

At the cathode gas channel/GDL interface, the preswas set equal to ambient pressure. The
molar fractions of the species at the channel/Gbterface were calculated based on the
following assumptions

(1) The modeled cross-section is in the middleadf and produced current is constant along the
channel.

(2) The stoichiometry of air is 2

(3) The air temperature is 325 K and the relativenidity or the air is 40%.

(4) There is no water transport through the menran

Thus the molar fractions of oxygen and water vapere fixed to 0.143 and 0.149, respectively.
Furthermore, heat transfer from the GDL to airhie thannel is calculated via:

-nQ= Kh(TGDL _Tair) (16)

whereQ denotes the heat flux calculated from Eq. {R)the heat transfer coefficientgp, the
temperature of GDL ant, the temperature of air. The temperature of thehjta ribs aty = 0
andy =y; was set to 330 K.

The electric and thermal contact resistances gihgea rib/GDL and GDL/CL interfaces were
converted to corresponding electric and thermabuotivities of TH1 and TH2. Therefore, the
electric potential and temperature through graptiliteGDL and CL are continuous through the
TH1 and TH2 and no boundary conditions have torbequibed.

2.4 Model input parameters

Table 4 lists the cell design parameters and nadtekinetic and electrochemical parameters.
When the GDL deformation is taken into account (Sige 2b), the properties of GDL are varied
as a function of the thickness. These changesemaitied in the following sub-chapters.

2.4.1 GDL deformation

The deformation curve of GDL observed in the phatoographs taken with an optical
microscope (Fig. 1) was fitted with a third ordetymomial (fitting accuracy: R= 0.947) and its
dimensionless thickness can be expressed as:

h m™, X <500x10° m
h(x)=1 © (17)
-1.047m3x®x10° + 2105m?x? x10° -1.070m*x + 3.894x10™*, x>500x10°m

for the case where the compressed GDL thickrigsss 250um. The same process was used to
obtain expressions for the thickness of the GDLmiheh, was varied from 150 to 3Q0m.

11



2.4.2 Gas permeability and porosity

The reduction of the GDL thickness was assumec toaised by the reduction of GDL porosity.
Therefore, the porosity of the compressed GiLis calculated from the equation, see, e.g [5]

£ = h(x) —h5 :l—(l—é' )& (18)
¢ h(x) *"h(x)

whereg, denotes the porosity of uncompressed GDL larttie thickness of uncompressed GDL.
hs is the thickness of the GDL when all the poresl@se

h = (-g)h, (19)

The reduction of GDL porosity leads into a decesiasgas permeability. The gas permeability of
the compressed GDIk(x), was evaluated [57] and the fitted curve (fittacuracy: R= 0.997)
can be expressed as

k(x) = 0.806n(x)® - 6.464x10°h(x)? - 5.305x10°h(x) + 7.164x10™2 [m’] (20)

The porosity of CLgc, adopted by Bernardi et al. [61] and permeabdityCL, ke, reported by
Himanen et al. [62] were assumed to be not affelsyecbmpression.

2.4.3 Electric properties

The electric conductivity of the GDL as a functiohcompressed GDL thickness was evaluated
in a previous study [57]. The conductivity was fduim be anisotropic and fitted with a linear
curve (fitting accuracy: R= 0.964 for in-plane and®& 0.975 for through-plane):

Oepiy =—1.159¢10"h(x) +6.896x10° [S m for in-plane conductivity (22)

0., =—8.385¢10°h(x) +3.28510° [S M'] for through-plane conductivity (22)

GDLy

The electric contact resistances between the GLodmer cell components depend strongly on
the compression pressure. The electric contactteegie between GDL and graphite current
collector, R; cpuicr(he) was found to decrease exponentially as GDL waspeessed [57]. The
Reeoucr(h) was converted into through-plane electric conditgt of TH1, orni(X). The
orr1(X) Was calculated as a function of compressed Gldkrless, and exponential curve was
fitted into the data (fitting accuracy?R 0.983), yielding:

e, (X) =1.714x10" exd- 2056x10°h | [S '] (23)

The electric contact resistance between the GDL @hd R, gpuici(ne), was also evaluated
experimentally by the authors [59]. TRegpucL(ne) Was converted to the through-plane electric
conductivity of TH2,or12,(X), Which was fitted with a third degree polynom(&tting accuracy:

R? = 0.996), giving

Tz, (X) = 7.726x10"h(x)° — 4.943x10°h(x)? + 2.664x10°h(x) +18911 [S M'] (24)

Accurate experimental evaluation of tRecpc(h;) was found difficult as the compression
pressure decreased. Therefore, in ref. [59], thveedd compression pressure at which the
R.cpuci(he) could be evaluated was 0.664 MPa. This correspdnda GDL thickness of
approximately 30um, above which the accuracy of Eq. (24) diministéswever, the trend is
clear — the lower the compression, the higher dmtact resistance.

It should be noted that the values used for thelane electric conductivity of TH1 and TH2,
otH1x @Ndorhzx, Were set equal to the in-plane electric conditgtnf GDL and CL, respectively.
These values were adopted because the laterahtfiow in the TH1 and TH2 can be expected
to follow to that in the neighboring more conduetisomponents, the GDL and CL. On the other
hand, the conductivity of CL evaluated previoudhy][ was assumed to be isotropic since no
reliable experimental data on its anisotropy waméb

12



2.4.4 Thermal properties

Compared to electric properties, relatively litdeperimental data on the thermal properties of
GDL have been reported in the literature. Accordioghe authors’ previous study [58], the
through-plane thermal conductivity of GDkgp, was not affected by the compression pressure
and a constant value was used in this model. Th#aime thermal conductivity of GDL was
assumed to be the same as the through-plane theonmictivity.

The evaluated thermal contact resistance betwesmridgphite current collector and GDL [58]
was converted to the through-plane thermal condtgtiof TH1, w71 (X). The calculated
ktr1(X) @s a function of compressed GDL thickness wasdfitvith a fourth degree polynomial
(fitting accuracy: R= 0.993), giving

Ko, () = ~2.912¢104h(x)* +3133x10°h(x)? - 1170x10°h(x)? +1639x10°h(x) — 0438 [W m™ K] (25)

The thermal contact resistance between the GDLCGAnd/as assumed to be same as the thermal
contact resistance between graphite and GDL. TtvereEq. (25) was used also for the through-
plane thermal conductivity of THZr4,,(X). The in-plane thermal conductivities of TH1 and
TH2, xkrh1x and krhzx Were set equal to the in-plane thermal condugtiof GDL and CL,
respectively, based on the same assumption of ehigngsport at the interface.

The thermal conductivity of CL was calculated frtime data reported by Khandelwal et al. [15].
In their study, the combined thermal resistanee thermal bulk resistance of the CL plus thermal
contact resistance between GDL and CL, was detednio be 1.25 xTom* K W? at a
compression pressure of 1.83 MPa (compressed Glnkn#gss of ca. 250 um [58]). By
subtracting the thermal contact resistance betv&2in and CL, which can be calculated from Eq.
(25), from the combined thermal resistance, thenthe bulk resistance of CL was determined.
The thermal conductivity of Clkc,, calculated using the measured thermal bulk @sist of CL
was assumed to be isotropic and independent of re@sipn.

Table 4 Cell design parameters and material propeigs.

Symbol Description Value

Geometrical parameters

w Channel and rib width 500 um

he Compressed GDL thickness under rib 150-300 pum
Uncompressed GDL thickness 380 um
CL thickness 25 um

Mo Membrane thickness 50 um
TH1, TH2 thickness 10 um

13



Table 4 Continued...

Symbol Description Value

Material parameters
DOZ,HZO ( Po 1To)
Do, n, (Po: To)

DHZO,NZ (Po:To)

diffusion coefficient Q,H,0 3.98 x 16 m? s* [60]
2.95 x 10 m? s* [60]

4.16 x 1¢ m? s* [60]

Binary diffusion coefficient @N,

Binary diffusion coefficient HO,N,

ot CL electric conductivity 320 S™M57]

ot CL ionic conductivity 5.09 S th

KeL CL thermal conductivity 0.476 WHK™ [15]
KDL GDL thermal conductivity 1.18 [58]

OGR Graphite plate electric conductivity 69700 S [A3]
KGR Graphite plate thermal conductivity 128 WK™ [63]
Om Membrane ionic conductivity 5.09 S™T64]

Km Membrane thermal conductivity 0.12 Wi [15]
Kn Heat transfer coefficientfrom GDL to air 5 W ?

KoL Permeability of CL 1.26 x 18 n? [62]
&0 Porosity of uncompressed GDL 0.83 [65]

ecL Porosity of CL 0.4 [61]

Kinetic and electrochemical and other parameters

AEeyc Activation energy (B> 0.8V) 76.5 kJ mot [66]
(Ecen < 0.8V) 27.7 kJ mal [66]
Po Ambient pressure 101 325 Pa
gt + gt Anodic and cathodic transfer coefficients in E(.l. [34]
a Cc (33)
a;s Cathodic transfer coefficient in Eq. (34) 1[34]
AS, Entropy change of anode 0.104 J it
AS Entropy change of cathode -326.36 J ot
aj Exchange current density x ratio of reaction su&rfaf.7 x 10 A m® [60]
to CL volume, anode
it Exchange current density x ratio of reaction s@fac s
a,jrm 2 x 10 A m?[60]
to CL volume, cathode
Cyo, Heat capacity of oxygen 923 kit
Como Heat capacity of water vapor 1996 J'Kg™
Eo Open circuit voltage 1.23V
To Reference temperature 273 K

14



3 Results and discussion

3.1 Polarization behavior and species distribution

In the following discussion of modeling resultse ttompressed GDL thickness under the rib is
250 um for the both cases, i.e. base case andcoasédering inhomogeneous compression,
unless stated otherwise.

The polarization curves for the two modeled caggesented in Fig. 3, were obtained by
changing the cell voltage from 1 to 0.45 V. Thevesrare almost identical for both the cases
except at lower voltages. Since two-phase flowoistaken into account here, the model is valid
only when partial pressure of wate,  , does not exceed the saturation presspre, The

lowest limit for voltage was determined by calcingtthe relative humidity under the rib where
flooding usually starts, see e.g. [67]. Fig. 4 shdhe relative humidity of gaqagzol p...) at the

GDL/CL interface at cell voltages of 0.45 and 0.5 I both modeled cases, water starts to
condense when the cell voltage is below 0.5 V.him following, therefore, the cell voltage is
fixedto 0.5 V.

Fig. 5 shows the molar fraction of oxygen at thelBIL interface for both the modeled cases.
Only slight difference in molar fraction of oxygenobserved between the two cases as discussed
in previous work [60], which suggests that the nteassfer is not significantly affected by GDL
deformation as long as no flooding occurs.

LB L L L L L B BRI LI LR
I.OE @ base case N
W inhomogeneous compression ]
0.8 .
-l
- = 4
o~ - » E
> 06F - .
2 | ®  ue ]
s o e
3 04 " e
= L
0.2F ]
0:|'||||||||||||||I1||||||||I|||||||||I|||||||||1:
0 200 400 600 800

current density (mA cm?)

Fig. 3 Polarization curves for the base case and e considering the inhomogeneous compression.
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Fig. 4 Relative humidity (p420/psag at the GDL/CL interface at the cell voltage of G5 (thin line) and
0.5V (bold line) for the base case and case corsiohg the inhomogeneous compression.

rib channel
.y
[ - --basecase 7
- ——inhomogeneous compression
S 01371 ]
[
[e) L -
= L 4
g
‘g L -
,j:: - -
8 0132} i
Q L -
E L 4
0.127 ERARRERARERRARERRA RN U RN RRN RN RN RN ARERN RN
0 0.2 04 0.6 0.8 1.0

3
x-coordinate (m) x10

Fig. 5 Oxygen molar fraction at the GDL/CL interface at cell voltage of 0.5 V.

3.2 Current density distribution

Fig. 6 shows the current density distribution a tBDL/CL interface. For the base case, the
current density distribution is fairly uniform ovéne active area. However, a notably uneven
distribution is seen when inhomogeneous compressitaken into account. In this case the local
current density is significantly lower in the middbf the channel and increases in the region
close to the edge of the rib. This is because ahgbs in the selective current path, which is
largely determined by the electric contact resistdvetween the GDL and CL, id,(X) in Eq.
(24), and electric conductivities of GDL in Eqsl(and 22). A large portion of the produced
current flows laterally under the channel wheredbetact resistance is high and crosses over to
the GDL near the rib edge (see Fig. 7).

The shape of the current density distribution fiedént from that observed in the previous study
[60]. The difference mainly arises from the estiesatised for the contact resistance between the
GDL and CL, and the shape of the deformed GDL, Wwhioth differed significantly from the
experimentally evaluated values used here. Asdtrége current density was overestimated at
the edge of the rib and under the channel in theipus study.
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Fig. 6 Current density distribution at the GDL/CL interface at cell voltage of 0.5 V.
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Fig. 7 Current density profile at TH2/CL interface (arrow plot) and at cathode GDL (streamline plot).
Note that the magnitudes of arrow and streamline mits are not in scale.

3.3 Temperature profile

Fig. 8 shows the temperature profile at the GDLifterface. It is interesting to note that when
inhomogeneous compression is taken into accountetnperature profile is more uniform than
that of the base case. A possible reason for shikdt the current density under the channel is
substantially smaller when inhomogeneous compressidaken into account than in the base
case (see Fig. 6). All the terms of the heat soageeation include current density, and thus the
current density distribution directly affects tlemperature profile. Among the heat sources, the
irreversible heat of electrochemical reactions ant®for a major part of heat production.

The temperature difference across the active aveathie case considering inhomogeneous
compression, less than 1 °C, is much smaller thanvalue, more than 10 °C, predicted in a
previous study [68]. There, the values for thenarcontact and thermal bulk resistances were
overestimated and the values of electric contasistance between GDL and CL were

underestimated, leading into larger temperatuferdifices across the components.
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3.4 Effect of the compressed GDL thickness

Applying the simulation technique described abdke, effects of compressed GDL thickness on
charge and heat transport were investigated. Tibknthss of the compressed GDL under the rib
was varied from 300 to 150m, and a corresponding expression for the shapiheofGDL
intruding into the channel was used. The physicaipgrties of the GDL were changed
correspondingly.

Fig. 9(a) shows the current density distributioriret GDL/CL interface for various compressed
GDL thicknesses under the rib. The total curreteégrated over the active area increases as the
GDL is compressed more, since both the electritambrand bulk resistances of GDL are reduced.
For example, the case in which the GDL is compiessd 50 pm produces ca. 25% more current
than the case of 300 um at the same cell voltage. V. The shape of the current density
distribution also changes when the compressed Gigkness is changed. A current density peak
is observed at the edge of the rib when the GDtorspressed to 300 um. On the other hand,
when the GDL under the rib is compressed to 150tencurrent density has a maximum at
aroundx = 0.61 mm. In this case, the contact resistantwdem GDL and CL is small enough
even under the channel so that lateral currentsflmmthe CL change the direction and enter into
the GDL. The shape of current density distributigsdargely determined by the profile of the
deformed GDL, on which the contact resistance betvibe GDL and CL depends.

Fig. 9(b) shows the temperature profile at the GILinterface for various compressed GDL
thicknesses under the rib. As predicted in the iptesvstudy [58], the temperature under the rib
increases with decreasing compression because ioicerase in both thermal bulk and contact
resistance. However, the temperature profile besamzre uniform over the active area when the
GDL under the rib is less compressed. This is dube lower heat production under the channel
in such a case. Since the value of oxygen molatifra depends on the porosity of GDL, i.e. the
shape of GDL, lower compression of GDL leads irgtatively higher value of oxygen molar
fraction compared to the case of higher compressidrich in turn results in a lower value of
overpotential in CL. Even though the differenceshieir values are fairly small (ca. less than 2%
for both oxygen molar fraction and overpotentighanges in heat production are notable. For
example, the irreversible heat of electrochemieattions when the compressed GDL thickness
is 200um is ca. 23% higher than that for the case of 8@n an average over the active area.

The minor irregularities in the shape of the curr@ensity distribution under the channel (Fig.
9(a)), such as variation in the value of curremtsity in the middle of the channel and crossing of
the current density curves for the GDLs compressetb0 and 200 pm at arourd= 0.81 mm,
stems from the difficulty of determining the prefibf the GDL intrusion into the chanr€k), i.e.
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the equivalent of Eqg. (17) for each compressed @&ixtkness under the rib. Due to the structure
of the GDL, the profile of the deformed part ané tilmcompressed GDL thickness under the
channel varied from sample to sample in the phatoygraphs taken at the same compressed
thickness under the rib. Therefore, the expressfond(x) are unique for each sample and
compressed thickness, which is in turn reflectetthéncurrent density profiles.
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Fig. 9(a) Current density distribution and (b) temperature profile at the GDL/CL interface at cell
voltage of 0.5 V with various compressed GDL thickess (150—300 pum) under the rib.

4 Summary and conclusion

A two-dimensional model was developed to studydfiect of inhomogeneous compression of
GDL on the local transport phenomena in PEM fudl. déehe results were compared to those
given by a base case model in which the GDL conspresvas assumed to be homogeneous.

The polarization behavior and gas-phase mass wangredicted by the two models were almost
identical, but the current density profiles wereicenbly different. The model which considered
the inhomogeneous compression showed that the tarednt density under the channel was
substantially smaller than under the rib and hadaximum at the edge of the rib, while the
current density for the base case was fairly unifawer the active area. This high variation in

local current density may significantly acceleratembrane deterioration and affect the cell
durability.

The model predicted a fairly uniform temperaturefipe over the active area, with a maximum

variation of ca. 1 °C. This contradicts the reswfsa previous study [68], where a larger
temperature variation, up to 10 °C, was predicté@tiimvthe cell under similar conditions. This

difference stems from the adopted modeling parameseich as contact resistance and
conductivity, and the geometry of the deformed GIHspecially the local current density

distribution, which significantly affects the termpture profile, was found to be very sensitive to
the value and variation of contact resistance batw@DL and CL. Therefore, the right choice of
modeling parameters is essential for accurate giedi of local phenomena which can not be
easily interpreted by the modeled polarization earanly, as discussed in literature [69-71].

The compressed GDL thickness under the rib afféloes current density distribution and
temperature profile. Although the total current ovke active area increased as GDL was
compressed more, the unevenness of the tempegatfies became more prominent. Further
effort should be made to mitigate the detrimentfélots of inhomogeneous compression of GDL,
e.g. by developing rigid GDLs or rigid micro pordagers onto the GDL which do not deform

under compression, or implementing pre-treatmeniclwhcurbs or compensates for the
deformation of the GDL.

A limitation of the model presented here is thaagghchange of water and liquid water transport
are not considered. When the cell is flooded byctivedensed water, gas transport is significantly
19



hindered, which in turn affects the current productand temperature distribution. A further
study using proper water transport parameterdtifoiethe future.
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Nomenclature
ratio of reaction surface to CL volume{m

iy

concentration (mol i)

heat capacity (J KgKk™)

diffusion coefficient (ris?)
Faraday’s constant, 96487 (As ol

thickness (m)

j'I'IUuOO

transfer current density (A

[—

ref

exchange current density (A%n

—

permeability ()

molar mass (kg md)

unit vector

molar flux (mol més™)
pressure (Pa)

heat flux (W nf)

gas constant, 8.314 (J ml™)
source term

temperature (K)

velocity (m &)

X <« 4 W XVDOT = 3

molar fraction

Greek letters
o transfer coefficient

porosity

™

overpotential (V)

thermal conductivity (W iK™
viscosity of air, 1.9 x 18(kg m* s%)
density (kg i)

electric conductivity@'m™)

QA ™D T x =

potential (V)

AN
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Subscripts
a anode

c cathode

CL catalyst layer
GDL gas diffusion layer
GR graphite

H,O  water

i species of gas

m ionic phase
N, nitrogen

O, oxygen

s electric phase

sat saturation

sd subdomain

t mixture of gas
TH1 thinlayer 1
TH2  thin layer 2

X x-direction, in-plane
y y-direction, through-plane
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