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Computational Justification of Current Distribution
Measurement Technique Via Segmenting
Bipolar Plate in Fuel Cells

YONGJUN CHOl-, GIYONG LEE-, KYUNGMUN KANG-, WHANGI KIM--, HYUNCHUL JU-"

*School of Mechanical Engineering, Inha Univ., 253 Yonghyun-dong,
Nam~gu, Incheon, 402-751, Korea
*xDept, of Applied Chemistry, Konkuk Univ., 322 Danwol-dong,
Chungju, Chungcheongbuk, 380-701, Korea

ABSTRACT

Current distribution measurement technique based on a segmented bipolar plate (BP) has been widely
adopted to visualize the distribution of current density in a polymer electrolyte membrane. However, a
concern is raised how closely the current density of a segmented BP can approach that of a corresponding
non-segmented membrane. Therefore, in this paper, the accuracy of the measurement technique is numerically
evaluated by applying a three-dimensional, two-phase fuel cell model to a 100 cm’ area fuel cell geometry
in which segmented BPs and non-segmented membrane are combined together. The simulation results
reveal that the errors between the current densities of the segmented BPs and non-segmented membrane
indeed exist, predicting the maximum relative error of 33% near the U-turn regions of the flow-field. The
numerical study further illustrates that the erroneous result originates from the BPs segmented non-
symmetrically based on the flow channels that allows some currents bypassing flow channels to flow into
its neighboring segment. Finally, this paper suggests the optimal way for bipolar plate segmentation that
can minimize the deviation of current measured in a segmented BP from that of a corresponding membrane
region.
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Nomenclature

. water activity, m*m’

: area, m’

: molar concentration, mollm’

: current density, Alm?

: specific heat, kJ/kg-K

. catalyst layer

: channel width

: gas diffusion layer

: mass diffusivity of species, m’/s

: equivalent molecular weight of membrane,

kg/mol

. activation energy, kJ/kmol

. electron

: Faraday’s constant, 96487 C/mol

: latent heat of water evaporation, kJ/kg
: hydrogen

: water

: hydrogen ion

: current density, Alm?

. transfer current, 4/m’

: segment width

. hydraulic permeability, m’

: thermal conductivity, W-m/K

: molecular weight, kg/kmol

: mass fraction

: number of electrons transferred in electro-

chemical reaction

: catalyst coverage coefficient

: electro-osmotic drag coefficient

: oxygen

: pressure, Pa

: capillary pressure, Pa

: the universal gas constant, 8.314 J/imol K
: porous radius, m

: source term in transport equation or segment
: stoichiometry coefficient in electrochemical

reaction

: segment 1

: segment 2

: segment width length

: segment height length

: temperature, K

: thermodynamic equilibrium potential, ¥
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: open-circuit potential, V

: velocity vector, m/s

: cell potential, V'

: transfer coefficient

: advection coefficient

: volume fraction of gas phase in porous

region or difference rate of current density

: proton conductivity in the membrane, S/m
: overpotential, ¥

: membrane water content, mol HyO/mol SOy
: fluid viscosity, kg/ms

: kinematic viscosity, m’/s

- density, kg/m’

: ionic conductivity, S/m

. viscous stress, N/m’

: phase potential, ¥V

Superscripts

: effective value in porous region

: gas

: liquid

: membrane

: reference

: standard condition, 298.15 K and 101.3 kPa

(1 atm)

Subscripts

: anode

: bipolar plate
: cathode

: electrolyte

: hydrogen

: species index
: mass equation
: membrane

: nitrogen

! oxygen

: reference

: solid

: saturation

: segment

: segment |
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: segment 2

: temperature, K

: momentum equation

: water

: potential equation

: standard condition, 298.15 K and 101.3 kPa
(1 atm)
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2.1 £XI 2d(computational model)

2 Ao o]-8H ARAA) T2 E W computational
fuel cell dynamics, CFCD)& Jus' "ol <js) 7l
Ao &M 3219 (three-dimensional), °[“Htwo-phase),
H]5-&(non-isothermal) AEHA Zgo|r}, ¥ &
42 dArAx AFEE EXE A& a3 o

FAA 9 A8 F(anode), 7] F(cathode), Z 3

Table 1 Two-phase steady-state fuel cell model

[

-
S=4

i
0x

Hol e +=X18 &S

(catalyst layer)@} 781 “(membrane)l|l A& A
718hshikg3 ARG A Yl gt SAe AT
ot 2do 7tgE g2 a3 2k

1. F3HE 7I2E o7 Al(ideal gas)

2. A5 AR 9] A =FH T A (membrane electrode
assembly, MEA)E 74 3t= 712845 (gas
diffusion layer, GDL), & vl3(catalyst layer,
CL)< SHH(isotropic), &< (homogeneous)3t
T2

3. A4 WA 53 7tas ¥ 58 &
23, ol mzt HdEA FHE 7S

el Aol el Ea st X ujHAd Al(governing

Governing equations
Mass v . (pu) =8, 6]
Flow channels (Navier-Stokes Egs.):
—1—2-V . (pZ;)=—Vp+V o7 @
Momentum €
Porous Media (Darcy’s Egs.): pZ:— §Vp 3)
Flow channels and porous media: 4
 + (gpm)= v + [#D89 (mf)]+ v » [(mi—m)7]+ s, @
Species Water transport in the membrane;
(™ e . _1_) CETT o)
v (EWD“’ V/\)Mw v (ndF M,+v ( TV P=0
Proton transport: Vv « (x¥'V &)+ S,=0 (6)
Charge
Electron transport: v » (o%/vé,)- §,=0 Q)
Energy v (pucin)=v « (xv DtV - (h;gplul)+ Sy ®)
Table 2 Two-phase steady-state fuel cell model
Source/sink terms
Mass In the CLs: S, = 3,5+ M,V * (D;"‘f”'g;’/vA) 9)
N
. For water in CLs: S, = Mi[ v FI) nF] (10)
Species -
For other species in CLs: S;=— Mlz—} (11)
Charge In the CLs: S;=j (12)
. dU, I?
In the CLs: Sp=jin+ TW +W (13)
Energy ;
In the membrane: §,= # 14
4 Sta44 2 AUXIES =28 H21d H1E 20104 2



Fe=-0plg - I3 - 280 - =8E
equation), 4 3H(source terms), A 713}3hurg o 2.2 A Do dA 3 B2E(seament)
® AZ 2 Table 1, Table 29} Table 3¢ 22} 8.9 a3
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T3s}7] S8 489 o
< Fig. 19 (a), ()

Table 3 Electrochemical correlations

Electrochemical reactions:
M; = chemical formulaof speciest (15)
NsiMi=ne , where {s; = stoichiometry coef ficient
k n = number of electrons transferred
Hydrogen Oxidation Reaction (HOR) in the anode side: 16
Hy—2H = 2¢” (16)
Transfer current density, [A/ms]:
e V2 ata s s an
j=(1— &) "ail| = ( < CF17), where qi}”/=1.0x109 A/m’, Cy ,~40.88 mol/m’, o,=0,= 1
) CHz,ref R,T \ A
Surface over-potential, [V]: n=¢,— ¢, (18)
Oxygen Reduction Reaction (ORR) in the cathode side: 19
2H,0— O,— 4H* = (19
Transfer current density [A/m3]:
. v rot]Co, \"* a, e ; _ s (20)
j=—(1—s)"ai® Corer exp|~ TFn where  ai{=2.0x104 A/m’, C,,,.~40.88 mol/m’, o= 1
Surface over-potential, [V]: n=¢,—¢,— U. n
Thermodynamic equilibrium potential: 2
U,=1.23—0.9x10"%7—298.15) @2
Temperature dependence of the ORR kinetic parameter:
. B (1 1 23)
wf _ ref . el
ai (T) = i} (353K) exp[ R,,( T 35375 )]
Gas Qutlet
@
—] Anode Gas Outlet
Thru-plane
i E in-plane /% 2,
' 8 .)\ / 0
= Along-channet 7, e s
© S, L
= ¢ 727
Gas intet ! Cathode
- Width, 10cm
Gas Inlet
(a) ®)

Fig. 1 (a) Two-dimensional and (b) three-dimensional views of the 100 cm’ fuel cell geometry with 3-pass serpentine flow field.
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Fig. 2 (a) Schematic diagram of the 10 by 10 uniformly segmented bipolar plate and non-segmented membrane and (b) detailed mesh
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Table 4 Operating condition

Description Value
Anode and Cathode inlet pressure 1.5 bar
Operating cell voltage 0.6V
Operating temperature 70T
Anode and cathode inlet humidification at 70°C 100%
Anode/Cathode stoichiometry at 1 Alor® 2

x 10cm MEA HA-& wo] 9 FAWEez 24z}
TLHA 105 EFLZH o]Foj o, o] & E3)
% 100709 AFLEEE HolHE 9L 4 gtk
Fig. 2b 283 28l 9Jg dud Afds =
FAE A HgridFe= £ o AAF] BoFo
7} BEFAE Alo]9] AFALE ATar] s &+
3to] gk& FAE 7HA = baffle walle] A Ao

23 2¥ AIEglolM

E Ao AH8d d5AA] 2de A8 Star-CD
A A A) (computational fluid dynamics, CFD)
717 & o]-&3st] AP oH, A& (mass), +5F
(momenturm), 3F8+%(chemical species), A 3Hcharge),
g o\ X|(energy) EEWA 4 E(conservation equa-
tions) ¥ #HE KA ZH(source term)ELS A2
Z(user code) 71%5& ol &3 Z=3H U E3
Meng® Wang'”9] grid-independence &T+2 7]
HEo 2 3o thEF 3005t el AR grid)7b g A
A B ALk AlBgoelAS & AAY
AAEE AKHA g /PR ZE A7)

TUAE ot

3. 2t & 1

& A7l AREE dsAA 2Ee] A8 F(anode)
W F7)5(cathode)ll &= 242 49 3717} 37
RowH, 25271 (operating condition)2 Table 4°i
v o] ot g £ AlEH oA HEE BEA
@ WP (parameter) 53 4 = 2 HE)(property) &
Judl ATV AR RAET 5Yske] Table 59

mem

7| 1.23333
? .20083

i 116832

0.7
1.13581
06 1.1033
1.0708
1.03828
05 B 1.00578
0.4 0.973276
0.940769

0.908262
+ 0.875755
s 0.843248
0.810741
0.778234

[A/cm?]

: | LA
4 02 03 04 05 06 0.7 0.8 09 1.0

(a)

0.0

Gas Outlet

1.36948
%1 131874
= 1.26799
121725
1.16651
1.11577
1.06503
1.01428
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] 0811314
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0.70983
0659088
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Fig. 3 Curent density distributions in (a) the non-segmented
membrane and (b) segmented bipolar plate.
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Table 5 Mass transfer correlations
Gas transport
Species diffusivity in the gas mixture'”
_1-g _1013.1077 . TP 1\
P T oy e @
jiéD,-,j Ty =7072,=12.79,2, =17.9,2, = 16.6
Knudsen diffusion coefticient for a porous medium
v 2SRV @5
D= 3( <M T,
Effective species diffusivity'”
-1
Dl = [c(1~5))" (~-~+ -g—k-) (26)
Two-phase transport
Diffusive mass flux of the liquid phase'”
7= oul-Npu= Exnv P, where 0=0.0625 Nim @n
capillary pressure
1
28
P, = pi- P’—~acos€(—%} J(s) @)
Leverett function
Js)=1.417(1-5)—2.120{1 —5)® = 1.263(1 — 5)* for hydrophilic (©.<90% 29)
Hs)=1.4175 — 2.120s* = 1.263s" for hydrophilic (890"
Advection correction factor'?
 pAmi+ a%my) (30)
HE (sp'mi+ (1-s)p'm?)
Transport in electrolyte phase
Electro-osmotic drag coefficient'™
L 253 3D
"
Proton conductivity in the membrane'”
_1 (32)
&= (0.5139A~ 0. 326)exp[1268( 03 T}}
Water diffusion coefficient in the membrane'®
_m
prem_ {3.1 X107 A0 — 1) 7 for0<A=3 33
w _ 230 )
4171072 (14161 %), 7 Otherwise
Water content of the membrane'
A= {0.043+17.81a—39.85a2 +36.00° forQ<a < 1 (34)
22 fora>1
Water activity'”
CiRT (35)
O TP
U7l s AFHEETF @A 6] At A UG I EERe £ Fo2 ZFE AFUEI) FAad
F gl o)E &7 HoE2 U4E ALFUE(H A% 2R ME geHe Xl‘?%'Oﬂ g A
(19)& Al 2o 449 F2rt Aadte] 34 = JA7]dE Aol7t dEs AT + Ut
Y¢=2(mass transport loss)o] 74317 wjEo)o). Fig. 4= Fig. 39] Hajduts} Lelae A2 &
a2y Fig. 3@ Fig. 39 Hag B3 Asid= e ol it AFEE AdexE Jebd Folth
& gi=med & AUUHXES =28 H21d Mg 2010 28
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Table 6 Cell properties
Description Value

Thermal conductivity for CL, ke 1.0 Wm-*K
Thermal conductivity for GDL, koo 10.0 W/m'K
Thermal conductivity for BP, kgp 10.0 W/m-K
Thermal conductivity for membrane, Kmem 1.0 Wm-K
Contact angle of GDL 110°
Permeability of anode and cathode GDLs, Kapr| 1.0-10™ m’
Porosity of anode and cathode CLs, &cL 0.6
Porosity of anode and cathode GDLs, ¢ cpL 0.6
Hydraulic permeability of membrane, Kmen 5.0-10%° m’
Effective electron conductivity in CLs, ocis 1000 S/m
Effective electron conductivity in GDLs, ogos| 1000 S/m
Effective electron conductivity in BPs, ogp 20000 S/m
o7k pelud AN AFYE Aol W)
Aoe] AFUEE Wpro] A48 Zolt), Fig. 29
Fig 48 9s)2 o, AFEE o3 Peld 2
Ado]l FH(U-turn)He F2oA F=3s ¢
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ke 99 Fig. 58 F3 4%4E 5 A} Fig.
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=

Gas Infet in-oiang

Fig. 4 Contour of relative error between the current densities
of the segmented bipolar plate and non-segmented membrane.
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