Study of Dynamic Electro-Chemical Reaction
for the Fuel Cell
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ABSTRACT

The purposes of theoretical modeling and analysis for the fuel cell consist
of providing the bases for the improvement of cell operating conditions
and the enhancement of electrical performance, and helping the optima
design of the fuel cell. In order to achieve these targets, complete
dynamic electro-chemical reaction models are needed for simulating the
fuel cell. This project then proposes to collect and study the journal
papers related to the electro-chemical reaction models, finds the
appropriate ones, and subsequently applies these models into the CFD
code. The results of this project can help the original project perform

the more complete simulation works.
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(Thermal-Hydraulic
Characteristics)
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CFDRC  CFD

3.1
3.1.1
CFDRC
1. (Steady State Condition)
(Laminar Flow) (Ideal Gas)
2. (Flow Channel) (Gas Diffusion Layer)

(Catalyst Layer)



3. Stefan-Maxwell equations

(Mass Transfer)
4. Butler-Volmer equation
5. Nerst-Planck equation (Polymer
Membrane)
6. (Gas Diffusion Coefficient)
(Porosity)
7.
8.
3.1.2 (Governing Equation)
(Species) (Conservation Law)
(Finite Volume Approach)
Butler-Volmer(BV)
(DC Conduction Equations)
(Porous Media) ( )



(Mass Equation)

a T J—
§(p)+V-(pU)—0

(Momentum Equation)

— a";u_{_v.(puﬁu):—a—p+V[(ﬂVU)
ot ox
0pV > Jp
— —+V-(pUv)=——+VL(uVv
y " (pUv) dy (uVv)
7 — aIO_W+V.(pU_\>/V):_a—p+V[(ﬂVW)
ot 0z
Yo,
P
u (Viscosity)
V]

(Concentration Equation)

%(pYi)_i_V.(pUYi):V.Ji

Y, 1 Species (Mass Fraction)
J, (Diffusion Flux)
3 oY, AM
J, = pD,VY, +V D.VM — pY, ZJ: D,VY,; - pY, WEJ: D,Y;
M
Diffusion Stefan-Maxwell

D, = Di,FSgT

-1

(3-2)

(3-3)

(3-4)

Fickian

(3-5)



D, ks 1 £ T

(Tortuosity)

p) R
5(8/0) +Ve(gpU)=0 (3-6)

YLy

K

J . _ . gud  £Cep
at(s,oU)+V (g0UU)=—eVp+Ve(er)+eB+ 7 U[U (3-7)

Darcy-Forchheimer (Drag)*’

Darcy ( (Viscous Drag)
)  Forchheimer (
(Pressure Drag) (Form Drag))
Cr
T
B
K
o = :
a(epYi)+V0(£pUYi):V0Ji + 0, (3-8)

1 Species a Ji D;



(3-4) (3-5)

(Multi-Step Reaction Mechanism)

Ng

Z a.Ate— Z aJAi for j=1,2,..., Nsteps (3-9)

i=1

a; Normalized Stoichiometric

Coefficient

steps

j
ZM (8 =)= L= pD,VY, (3-10)
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(A/m’)
F
M. i

1

steps J Yi —Y i
Z M8y —a;) == 5 (3-11)

w =@~ a{)jfT (3-12)



J; (A/m2) Butler-Volmer

| N o F P i
R— ]ak,,[exp(ﬁn]exp(ﬁnﬂxH[Ak]* (3-13)

) HI,(\‘:I [Ak,ref k=1
J, (Open Circuit Voltage)
Qo j O j (Transfer Coefficient)
[/\«] k
N
Ol j k J
n Py Dy
Yi
- Y -Y,.[S
w; = D i Pi| >~ _
PO~ M (3-14)
eff
g
\ eff
Vi=0
(3-15)
i
( Ion Phase, 1;) ( Electric Phase,
is)
VTF - Vig =0 (3-16)



3.1

N

- - . S S stepts_
—Vig +Vis =] [—} :[—] Yot (3-17)
TVeff Veﬁj:1T7l

(3-18)

Electrochemical Reactions

3.1



3.2

(Direct Methanol Fuel Cell, DMFC)

CH;0H+H,0 - CO,+6H +6¢”
6H +6e+2/30, - 3H,0 (3-19)
CH;0H+2/302 - CO,+2H,0
3.2 ° DMFC

[ /
(Back Diffusion Mechanism)
o ( ~2.5)
L
(Methanol
Crossover)
DMFC 25°C (Reversible Potential)

1.21 V (Proton Exchange Membrane
Fuel Cell, PEMFC) 1.23V DMFC

DMFC  PEMEFC

(1)

Electro-osmotic (i1)
(@)

10



(Cathode Potential) (ii) (iii) (

(Cathode Poison) (iv)
DMFC

PEMFC DMFC (Actual Voltage)

(Activation Overvoltage, or Overpotential)

(Resistance Overvolatge) (Mass Limitation

Overvoltage)

E=E" —7actanoce ~ Mactcatnose ~ ik~ Tinass ~ Merossover (3-20)

E=

E'= (Ideal Voltage or Reversible Voltage)

T act.anode =

T act cathode =

) =

1 mass

! crossover = Hikata 6

7 crossover =KN N k
Hikata 7 k=0.278

33

33

electro-osmotic

ac* Jo ¢
Ncrossover =_Dm 0 + Ny FW

(3-21)

a

N = (Molar Flux)

crossover

11



c =
cl =
ng = (Drag Coefficient)
jo = (Alem?)
w? =
( ¢=0)
D a H a
Ncrossover = mCt + nd J_O Ct
‘. F w®
(=
2 0" _ Jo
g = N rossover
ox 6F
D = Backing Layer
Backing Layer
_Dgl Jc’ ~ Dtr:\ (Ct? _Cta)
ox 03
0% = Backing Layer
. . -1
¢/ =Cp —% 1+,B+nd!—°]
Jm ) Jw)
. Da a D a . Da a
j=6F = | g ijb . =Fn
Eb Dbﬁm fb

(Limiting Current Density)
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Jo = In

(3-22)

(3-23)

(3-24)

(3-25)

(3-26)



,B+nd¥

Ncrossover :J_Iné —JW 1_!_2) (3_27)
6 1+ 4+n, J—" I
JW )
Kulikovsky ® DMFC (Performance Curve)

a C jOEm

Ecell = Eoc -n-n-—- (3_28)
O-m

E., =DMFC
E,. =DMFC
nt =
nt =
Com = (Conductivity)

(Ohmic Resistance)

”—a=¢>[ do ]h{!—g)— Ink® — y° ln(l —!—g]+ % h{l +B+n, #1(3-29)

m W)

7 ¢(!_g]1n[!—g]—1nkc —y lr{l - r} (3-30)
j

m J
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Backing Layer

o(y) =1+
I+y
. 20n?
=l e =20y
o®F 03
. 20ns
n::RTa Jf: 0-177, ka_
o'F 05
. ﬂ+nd¥°
Feross J_r: JW' 1-
Im 1+ﬁ+nd!—°
Ju
) Dicy
jm =4F ==
Eb
o/ =
02 =
Qi Kaufman
( I crossover)
| — nFADMethCMeth
crossover d e
n=
A=
DMeth =
CMeth =
d =

DMFC

Nafion ~1100 g/mol

(l_Jo/Jr(;])

(3-31)

(3-32)

(3-33)

(3-34)

(3-35)

(3-36)



Dry Nafion ~2.1 g/cm3

1M ~04  20.7
Vet :$:7.6x104 mol /cm’* (3-37)
34
Kulikovsky®
(Proton Current Density) j(x)
9j(X) c
== 3-38

E Q" (x) ( )

. on°
g 3-39
j0=-oi— (3-39)
o, =
Q° = Tafel
CC }/c c
: o

c _ *c t ¢ 3-40
0 '(C:J oo (3-40)
i = (Exchange Current Density, per unit volume)
Crcef =
y© = (Reaction Order)
C?ef =
0 = (Transfer Coefficient)
F= (Faraday) (9.6495E4 Coul/g-mole)
R= (8.314 J/K g-mole)
T=

(3-38)~(3-40) C a
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DMFC
o (Convective Mass Transport)
[ (Methanol Oxidation)
o (Oxygen Reduction)
L
L
L
3.5.1
Sundmacher 10 McNichol"!
(R1) (Dissociative
Chemisorption)
3Pt+CH,OH < Pt, —COH +3H" +3e” (3-41)
o F 1 F
=Kk eXP(RI—Tﬂa J{Gi’tcgth - KGXP(_ ﬁﬂa })Pt3—COH } (3-42)
(R2) (Hydroxylic Groups)

3Ru+3H,0 & 3Ru—OH +3H" +3e” (3-43)
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o, F 1 F
r= k2 exp(Rz_Tna J{QRu - K_exp(_ ﬁna FRU—OH } (3_44)
2

(R3) (Surface Reaction)

Pt,- COH - 2Ru- OH < Pt- COOH - H,O- 2Pt- 2Ru (3-45)

r = kg{GptS_COH Oruon — %3®pt3_cm®§t®éu} (3-46)
(R4)
Pt- COOH - Ru- OH < CO, - H,0- Pt- Ru (3-47)
r, = k4{®pt_c00H®Ru_0H —K%cggz@pt@m} (3-48)
= j
k= ]
€, = 1 (Component)
a=
CH,OH =
Co, =
HY =
0, =
Pt =
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Pt,- COH =
CL=
(R1) (Rate-Determining Step)  (R2)~(R4)

(3-44),(3-46),(3-48)

1 F
®Ru - K_zexp(_ ﬁna PRU—OH =0 (3_49)

1
_K_®Pt3—COOH 050, =0 (3-50)

3

2
®Pt3 —-COH GRU -OH

1
Opt_coonOry-on — K_CgézeptG)Ru =0 (3'5 1)

4

3.5.2

%Oz +6H" +6e” < 3H,0

3/2
oiF F P
I = kS exp( RST 7. J{IGXP(R_TUCI pO; ] }

6= (Standard Condition)
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CH,OH/H,0/
co, Catalyst Layers | Air/H,0
(CL, 10 um)
o 5l PEM i o
S 1 (200 um) = °
o < s — =
= O o %) E
< HY, B O
s
e = e
e CO= HzOE : ¢
5 t CH,OoH* B 5
§ L ia: 5:5— S
5 _za' S
S o

Diffusion Layers

CH,OH/H,0 | pL. - 100 um) Air

3.2 DMFC

c /
C;: I
Gy
B Io]
% €
= 1]
c e
I [&]
=
s [14]
% =)
o
o @ o=
=] ©
% [&]
.
S

33
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3.6. CFD

CFDRC
(Serpentine) CFDRC
CFDRC CFDRC
PEMFC (Polymer Membrane) DMFC(
) CFDRC DMFC
PEMFC CFDRC
34
(Anode) (Cathode)
Inlet Outlet
(Membrane Electrode Assembly, MEA) (Current
Collector) 3.1 3.5
4,7,4,4 95256 198660
3.2 3.6
(a) ( (b) C )
3.6(a)
( 3.7(a))

(Gas Mixture)
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3.8(b))
( 3.7
( 3.9 3.9 (
) ( ) ( )
( )
3.10
(Convection
Mechanism) (Diffusion Mechanism)
3.11 (Current Density)
0.6V
(I-V Curve) (Performance Curve) 3.12
(Activation Polarization) (Ohm Polarization)

(Concentration Polarization)
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0.34

Hydrogen Mass Fraction

Cathode Qutlet

0.33 —

0.32 —

0.84
— 0.82
=
e
| &
B L
i i
W
i % — o080 B
Hydrogen | *J =
= = = Qxygen E
=
S
ol o
Catmiyat Ly
Fiow Channel  1Cifuteon Lirgen J/” -
. i I . | . 0.76
0.0E+0 4.0E-4 £.0E-4 1.2E-3 1.6E-3
Distance from the Flow Channel Bottom (m)
Cathode Inlet
Currant Density (Afcm® )
0.0
DLBE+D4
1.6E+04

3.11
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Voltage (V)

1.0

0.5

0.0

.

e

™~

0.0 0.5

1.0

1.5

2.0

2.5

Current Density (A/lcm2)

3.12
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3.1

1.2 mm

50 mm

1 mm

1.2 mm

1 mm

0.018 mm

0.026 mm

0.2 mm

Membrane

0.035mm

25 mm
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3.2

300 cc/min

(100%RH)

300 cc/min

(100%RH)

1 atm

50

0.6 V
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(Computational Fluid Dynamics, CFD)
( CFX-4', PHOENICS?, CFDRC® )
CFD

CFDRC

CFDRC

Butler-Volmer

CFDRC
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