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Parallel Computing Simulation of Large-Scale
Polymer Electrolyte Fuel Cells
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Nam-gu, Incheon, 402-751, Korea

ABSTRACT

This paper presents a parallel computing methodology for polymer electrolyte fuel cells (PEFCs) and
detailed simulation contours of a real-scale fuel cell. In this work, a three-dimensional two-phase PEFC model
is applied to a large-scale 200 cm’ fuel cell geometry that requires roughly 13.5 million grid points based
on grid-independence study. For parallel computing, the large-scale computational domain is decomposed into
12 sub-domains and parallel simulations are carried out using 12 processors of 2.53 GHz Intel core i7 and
48GB RECC DDR3-1333. The work represents the first attempt to parallelize a two-phase PEFC code and
illustrate two-phase contours in a representative industrial cell.

KEY WORDS : Polymer electrolyte fuel cell, PEFC(3L=A}71 3 1 5 71 %]), Two-phase(2) Large-scale
(™ 4), Parallel computation(H 2 7|2}

Nomenclature I  : operating current density, A/m’
] . transfer current density, A/m’
a . water activity or effective catalyst area j : diffusive mass flux of the phase, kg/m’s
per unit of the total volume, m’/m’ J - Leverett function
2

A o area, m , K : hydraulic permeability, m’
C : molar concentration, mol/m M : molecular weight, kg/mol

. . .. . . 2 > > .
Di : mass diffusivity of species i, m’/s n : number of electrons in the electrochemical

EW : equivalent weight of a dry membrane, kg/mol reaction or the diffusivity correction factor
: faraday constant, 96487 C/mol

=1

: catalyst coverage coefficient
ng : electro-osmotic drag coefficient

TCorresponding author : 208185@inha.ac.kr P~ pressure, Pa
[ A5 : 2011105 8% : 2011126 ARG : 20111227 | + capillary pressure, Pa
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: universal gas constant, 8.314 J/mol-K
. stoichiometry coefficient in electrochemical

reaction or liquid saturation

: source term in transport equation
: temperature, K
: fluid velocity and superficial velocity

in a porous medium, m/s

: thermodynamic equilibrium potential, V
. volume, m’
. cell potential, V

Greek symbols

: transfer coefficient
: volume fraction of the gaseous phase

in the porous region

: advection correction factor

: membrane water content, molHO/molSO;
: relative mobility of phase «

: phase potential, V

: overpotential, V

: contact angle,
: viscosity, kg/m-s

. density, kg/m3

: dry membrane density, kg/m3

: kinematic viscosity, m’/s

. surface tension, N/m or electronic

o

conductivity, S/m

. viscous shear stress, N/m?
: ionic conductivity, S/m
. stoichiometry flow ratio

Superscripts

. effective value in the porous region
: membrane

. gas

: liquid

: reference value

: solid

. saturation value

: Knudsen diffusion

Subscripts

. anode

HXel ¢

AL AMIE01E

avg  : average value
BP : bipolar plate
c : cathode

CL  : catalyst layer
GDL : gas diffusion layer

H, : hydrogen

i : species index

in : channel inlet

m : mass equation
mem : membrane

0O, : oxygen

ref : reference value

u : momentum equation
W : water

@ : potential equation

0 : standard condition, 298.15K, and

101.3kPa(1 atm)
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Table 1 Two-phase steady-state fuel cell model

ARHA RES AA FPAoE AMEEHIL Q=
200cm™ 2 ¢ PEFC ©Hgl @A o] #-g-8lo] W@
AhE Tt o714 58] FrxEojof & it
S AsAA WFe Fed A4S 4] d5st
7] Qe A= wkEA] AA| A7) gH A PERC #4t
a)2e] Fastrte= AHdelt) o]= PEFC Wi =
E—EQ]- ;101] U:}TE_'— = 151 1:_1 o:]equ]ﬂ.‘:% ;‘(HL’]
= Atol 9] g Aol €13k bypassell o8] & Y=
Wyl 71 bypass @4 1HA3tE 4w F PEFCo|
A o Zo] B7bset] witolty. dAtaA A
2 AA gHA AsdA A ke e, A
92 a4 T A ¥IE (hqu1d saturation), A
o)

E(current density) £XE55 HoFH o

_rET

%
S 2 @l e 1R A A4S AFE 24
wae v PEFCUIA Whlshe el
A4 0% A 2AE F Uk B ATE B
o 7 24 PEFC B ke Aasst o
ARAA FYE *ZH/W}J 2 AEED 52

S ]

2. A NI =K2E

B At A] o] 82 YA (multi-dimensional), TF
2H(multi-phase) PEFCE. 92 7]Z0] Wang¥} Cheng”

Governing equations

Mass V'(pZ): S, (@)
1
Flow channels (Navier - Stokes equation): )V'(/}uu =—VP+V'T )
é
Momentum
Porous media (Darcy's equation): pu——( )VP 3)
Flow channels and porous media: ”
V'('yipmiu [p’D" ‘ffv(m" +Vv- [ m{ 7m ]JrS “
Species Water transport in the membrane:
. pmem ) e ) ( ( ])) JFmem 1 5)
V(( Vol DN M, — V| ny, M+ 7 VPI(=0
Proton transport: V'(kﬁf ! V@P)-ﬁ- S, =0 6)
Charge -
Electron transport: V'(o” ! V@S)* S, =0 ™

870 CEES

A 2 AoUXIEE =28

H22& H6s 20114 128



e
i)l

Table 2 Two-phase steady-state fuel cell model
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Source/Sink terms
Mass In the CLs: S, = ZS +A@v~(0§“"l(%)v>\) ©)
) o n, N
For water in CLs: .S, =/ [— \%4 vl 1)— 7 ®
Species
For other species in CLs: S, =— M, ( ij) (10
Charge In the CLs: S; =j (11)
o oJaf 7| thAHEsHmulti-phase mixture, M) 2.1 22 AIEY0|M
- - 9 - -
RdS 7Rko g gt} ol MY RS 7| xE ¢ BT AR dEAx Ao Ag
AZ AR s rde] ZujHkd 2] (governing equation) a0
9 A8 source term)sh A1 SRS BEAS STAR-CD ver 3.26 #%H A (computational fluid
: T ];l o1 Table 2, Tabl 3:1] 7L7;' L:kE]Loro—;; dynamics, CFD) 3770 el efel 2G5,
= abie abie abie A ZF(mass), —r%%’ﬁ(momentum 3} 8} (chemical
gk 9 (coding), A48 (grid generation) 2 4 2 =u
AzAT 2+ A BT oA Be s AukH ol species), A &}(charge) HEWA A E(COHSGI'V&UOH
e ST e . equation) % ¥&¥ A4 sy(source term) &< A
AFBFE S Judl w=olA A A E L] W - I
’ 1 FE(user code) 715 o83 Z=3} HAJT]
of B =FollA o5 tF AFe AP

Table 3 Electrochemical correlations

9 B PEFC 3142 91ste] o 13593)

Electrochemical reactions:

M, = chemical formula of species i
s M =ne , where {s, = stoichiometry coefficient
k n=number of electrons transferred

(12)

Hydrogen Oxidation Reaction (HOR) in the anode side:

Hy—2H" =2¢

Transfer current density, [A/m3]:
,gf(l )n,.( CHz )1/2 a, ta,

J=ady, s C}[Jﬁf RT |,

Surface over-potential, [V]: n=¢, —¢,

where ai(rfaf =1.2x10"" A/m?, Cityrer

(13)
=40.88 mol/m?, o, =0, =1

Oxygen Reduction Reaction (ORR) at the cathode side:
2H,0— O, —AH" =4¢
Transfer current density, [A/ms]:

C 3/4
(1—s)" ) exp|— R T

2
Surface over-potential, [V]: n=¢, —¢, — U
Thermodynamic equilibrium potential:

U, =1.23—0.9x10°(7—298.15)

_ref
J== o’

Fr/) where ad;,

iref =4.0x10* A/m*, C,_,.; =40.88 mol/m*, o, =1 (14)

ogpref
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Table 4 Cell dimensions and operating conditions

Description Value
Anode/Cathode channel/rib width 1x10%/1x10° m
Cathode channel depth 0.8x10° m
Anode channel depth 0.6x10° m
Thickness of the 3
anode/cathode GDLs (6,,) 0.25<107 m
Thickness of the 3
anode/cathode CLs (6;) 0.01x10" m
Thickness of the membrane (J,,,,,) 0.03x10° m
Anode inlet pressure (/7)) Atmospheric
Anode stoichiometry (§,) 1.33 (30%H,)
Cathode inlet pressure () Atmospheric
Cathode stoichiometry (&.) 2.0 (Air)
RH of the anode inlet (/2H,) 100%
RH of the cathode inlet (/2H,) 100%
Cell operating temperature 60C
Porosity GDLs (e.p;) 0.6
Porosity CLs (e.;) 0.6
Volume fraction of ionomers 023
in CLs (e,,,) ’
Permeability of GDLs (f ;) 1x10™ m’
Permeability of CLs (r;) 1x10™ m®
Dry membrane density (p"™) 1980 kg/m’
Equivalent weight of the electrolyte
in the membrane (£W) L1 kgfmol
Hydraulic permeabiligm $x10"°
of the membrane (x"™)
Contact angle of 900
the GDLs and CLs (6)
Effective electronic 1000 S/
conductivity in the CLs (o) m
Effective electronic 10000 S/
conductivity in the GDL (o) m
Effective electronic 20000 S/
conductivity in the BP (o) m
Surface tension (o) 0.0625 N/m
Liquid water density (¢/(80°C)) 972 kg/m’
Liquid water viscosity (i) 3.5x10™ N-S/m’

872

-dEE - FEE
o] AR7}F 200cm’e] 7)5erA dAke] A-&E )
23 i AsAA Agel A W] 9]

sto] AREE WE HFH Y F EES 12719 PCE
ZAACIE ® o] TM i7 253GHz)9F 48GB &
(RAM, RECC DDR3-1333) 2.2 A %|¢f glar o]t
Yl Y| E9] Z(ethernet network) A]2=¥llol] ]3] 1Ghps
ol £ F AHE Fuvrer) o] o WEAMNEE
2 70%°14< YERA AT

2.2 AAl ZA(Boundary condition)
Golge s

AT 712 Ad(channel) = A
2 (15)~(16)%} 2o, ZH7}e] FEAS(stoichiometric
ratio)d] 5FEH THHUTH

€a ([/2]7)14mem‘/‘jH2
Uina = p—A (15)
Hy""a

E(I/AR)A,,., M,

mem™ "0,
U, = (16)
in,c p()) An

o]7]4, I= PEFC 2% .

AFAE, 4, D A% 7}
zAde) B, pE 247 fhsh §7] AES v

A}, ae]a 2% ALHS 918 2] $Hbipolar plate,
BP)9] %= 52(60C) AAZzHe] 185Ut

Thru-plane
Tn-plane

Along-chaunel direction

BP+ MEA MEA

Fig. 1 Computation domain and mesh configuration of 200 om’
PEFC
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(b)

Fig. 2 Pressure contours in the anode channel (a) and the
cathode channel (b)
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Fig. 3 Hydrogen concentration distributions in the anode gas
diffusion layer (a) and catalyst layer (b)
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Fig. 4 Oxygen concentration distributions in the cathode gas
diffusion layer (a) and catalyst layer (b)
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Table 5 Mass transfer correlations

Gas transport

Species diffusivity in the gas mixture"”
1—x 1013107 < 77 (1 1 |2
DI =— - N where Q‘j:—l/‘i 1/3\2 ﬁ+ﬁ)
X; P(X;‘, 3 +Xj ) 74 1/
i . Xz =707, x,, =12.7, Xy, = 17.9, x, = 16.6

an

Knudsen diffusion coefficient for a porous medium
1/2
o 2[RV (8)
' 3\ M 4

Effective species diffusivity'?

DrH =[e(1—s)"(1/Dr+1/DE)" (19)

Two-phase transport

Diffusive mass flux of the liquid phase3)

- o .- K
J= pul=Npu=—NN'VF,, where 7 =0.0625N/m (20)

Capillary pressure o1
PU:Pg*Pl:O'COSG(E/K)l/QJ(S) @n

Leverett function
Xs) = 1.417(1—5)—2.120(1—s)* +1.263(1—s)* if 6, <90 " (22)
P 4175 — 212087 +1.2635 if 6, >90°

Advection correction factor’
[ g
_ p()\ m; + )\gm{) (23)

hT <5plm§ +(1*s)p7mf)

Transport in electrolyte phase

Electro-osmotic drag coefficient’
_ 25) 24

g =

22

Proton conductivity in the membrane'

k= (0.5139\ — 0.326)exp [1268(1/303— 1/ 7) ] 25
Water diffusion coefficient in the membrane'®
2.692661843 < 10°1° for X\ <2
10 (7.9728—%)
e {0.87(3—\) +2.95(A—2) }<10"% for 2<A<3 (26)
vem _ 2416
) 7.9728 — ——+—
! {2.95(47/\)+1.642454()\73)}><1()’me( r ) for3<ix<4
2416
p 7.9728 —
(2.563 —0.33X+0.0264\% — 0.000671A? ) ¥ 10'106( r ) for A\ >4
Water content of the membrane'
_ {,\-‘/ =0.043+17.81a—39.85a> +36.0a> for 0 <a <1 @7
AN =22
Water activityls)
_GQRT (28)

a
sat
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Fig. 5 Liquid saturation contours in the anode gas diffusion
layer (a) and catalyst layer (b)
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Fig. 6 Liquid saturation contours in the cathode gas diffusion
layer (a) and catalyst layer (b)
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Fig. 7 Current density contours in the membrane
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