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Transient Analysis of Hydrogen Sulfide Posioning Effect
on Cell Performance of PEM Fuel Cell

Student : Tzu-Yuan Lin Advisor : Hsin-Sen Chu

Department of Mechanical Engineering

National Chiao Tung University
Abstract

A new mathematical model was established to simulate the hydrogen
sulfide poisoning effects on the performance of the proton exchange
membrane fuel cell. The hydrogen sulfide poisons the anode reaction
through preferential adsorbing to the platinum surface and the blocking of
active sites of hydrogen. The 'discussions, were focused on finding the
range and effects of existing parameters, and on establishing new terms
simulating hydrogen sulfide” effect. The mechanism was described in
terms of adsorption, desorption, electro-oxidation, and terms of hydrogen
sulfide on capturing platinum surface from adsorbed hydrogen, by which

the performance of PEMFC is affected.

The results showed that it was necessary in the hydrogen sulfide
poisoning model to evaluate the effect of hydrogen sulfide on capturing
platinum surface, and also the effect of sulfide coverage on the parameter
of hydrogen sulfide adsorption. The PEMFC duration was obtained for
variable hydrogen sulfide concentration by employing this model. The
cell duration was 800 minutes for Sppm of hydrogen sulfide, 21 days for
0.2ppm, and 81 days for 0.05ppm. For 0.01ppm, the duration could be
probably extended to about 1 year.
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R Pt AT 95% > w A% 76%H: > 12%CO 0 10%CO: >
13%CHe 22 > -k 5 » £ 2B v F HSd #2123 Bé— 3G af
BEF WL B B BR Y AL B AR R
200~300C 2. R (7 k-F # v F i » 4 2 86%H: » 22%CO: >
0.25%CO > 1.3%CHs4 > g it B keng #:8- HE» - 5 LR P T %
Bt ke g MEATR T 3ISTC o dd § g § 1
ZE M R S T S L B A S S R
DR A S E f (98%) vt WART & - F LR ETR AL o 4o ) 1-1
WP T E E manAR o

ok F I E R E T B F m[12] 0 F - *ﬂmﬁﬁ%j%
2o HBA G EAAB M 20ppm =+ CO v Fra A S G
B3 2R T e — R 1 B MR T R
SR U R e B ER < S S A I GO e et

F o ERLE S A RGO R o QB B T

SRR AR 0 2% ()~ § R sy Y [13] -

B IR A &5 A poa[10,11] qf{ e
ER O.lppm T > FlLErit g (L P PtRuend & { % 0@ ¢ &
w AR MR R = iﬁ{k-% 3 F i (Water-gas-shift):

CO+H,0—->CO, +H, (1-22)
PR ER R R 3 R B D 3 R RS UKk B
FRts o flaben— § vt E i F 2 20ppm oo gk B A 54 CO

FURPFDETF AR A T RAER ER o 2004 £ >
Rosso et al. [10]#% 417 7 # 4 F & PR L 43 ply — § L gk
B h3 2 > A EZRF A D ehg vY - F LREER
10ppm + 7 ] 14 3 R E 4 Fid CO 22 K f ok il 42 ) -
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A

jud
-,
M=
—\
ety

el b ER T A" P 10ppm T E AT A g o
e ERE L A AF S o B FaE R - R o

FREFLE LA > P msE CO & A R4k 5 PtRu
EI[14,15] > AR P R S B AT BYSER A o TS

iF ZE 3 PP RRaie o R
@%%%@%&’%%§§7%W%%&ﬁ%g’aw¥%ﬁ%aﬁ
y TR MR o 4 r £ (Ru)en
BFIE G - § VT € mAEdnE g 0 40 @ PtRu v 1]
S Gk B o ST E Bk BASY AL IR A EF LS A G
FF RVt g - F PRE - F 0 Ko PIg ¥
SO A e T ST o i S ‘u.;ifﬂ D A S
Pt—CO+Ru=0H > Pt+Ru+CO, +H" +e” (1-23)
PPRFEET RO LEHMERAT A E F KRR S BERRE
Foo feptkirg BRI AR AT 5 o F A 4T(Ru)S F
A

T

TABRILBEORF AP HEFEBIMmILH R SR DR
[14] » H=x F]5 @ * 47> €40 e fJ 4k @ W o7 @ 7 2
Bac[ll]> £ » 2 E RIS £- 6% -

¥ - f85 PtMo ®3[17,18] > H s it 2 {r PtRu 48 ¢ > Pt:Mo

P

U

s
i

1251 vt plpc Sk BdF 0 o PtRu f 4K 49 0 PtMo i 4k 9 CO 3
LA L4 R iEG $o § A PMo FIARA LI R g LR - 7 7 en
Log - F O AUE AR SRR S § AL dost - K PMo
FaeR kg A

7 2002 # Yuetal [13] 7 547 & AP 454 dbes L 3R3 #
e - PtRu 3| 45-fo PUC fi 45K 1% 2 = P s 2840 %15 PUC [ 44 4
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B F 3 RFhF RRF 0 Ak PRu B o § MRk 2
@ﬂMé%ﬁ~§ﬂﬁ’ﬂ%@§§ﬁﬁ¢%]WCW%%F@@N
P K o PR Bk g g K "J-ﬂfr"a.f‘}; Rk mp &

w.-ﬂu\
P2

mmmmaau%ﬁm—iﬂﬁaw%mﬁﬂwﬁﬁﬁﬁ?ﬂ%
W2 A58 o Norskov et al. [20]:8— ¥ #-3 § fr— % 5 &Pt -
Ru ~ PtRu ~ Pt:Sni® 5 ff4Lcn® P i8Ik H v imS S F IR o
PtSnih ij £ - § LA iR T A I B L TR LY
¥-& K% - 2005 & Sofia Enback and Goran Lindbergh [21]1 F 5% %

AT R E 2 - F 1B A PIRU/CH B B e o 12 s R

TIENE TR FOPNE T IF R At = Rl R RE LI W i d ch
B R F e TR S MERELEEN R HF bk G - §
CRE A F s EE AR L hnEne PR~ E A

W% F v ~% 7 (Airbleed)it 2 i Mg g (4 4 o

Rohland and Plzak[22]%F il » § § en™> 2 i #— 5 i~ &£ 3%
R ARG RERYFF Y ARG N LR
RF R Eemiaied §FRAZ Kodopt B HRT A Mo ™%
[13]omid »Z 2 #° % # kAR F I »2- 2+ VanZeeetal
[23]F e % T @ >3 5+ 7 2EFHRCOF M a2 g
a5 50 LERDEZTF AP e gt ¢ Van Zee {8

CIHNEE RS TS SRR N S R s £ 2

CEEF A Eﬂuﬁfiﬂ’ﬁ?@ﬁﬁﬁﬁﬁﬁi~&o
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H:0: f#'%% CO F el TS A

5 - 7@_—% ;\: :
H,0,+M - H,0+M(0),, (1-24)
2M(0),, - 2M +0, (1-25a)
M (0),, + M(CO),, - 2M +CO, (1-25b)
EE - Rl
2M +H,0, > 2(M —OH) (1-26)
M(CO),, +M(OH),, - 2M +CO, +H" +¢& (1-27)

P JES e P RR (T 0 AT AT A 4 o
© Furuyaetal [28]#7 % > &ixj — ¥ AR ™ B3 1“4 N7 i
RA MRl R TR RS BRI

§
E e ] BB R R S

- F CRCEE S RO R S B ELAE b bRt e
TR Mt Teomit 4 Ed RE FAfE P T mp i
WA A PR Ed S RAPERNESES R £ R K
TiRBIE LA A srud £ ‘amxmw'ww'»,ar 3o

\TE

Miller and Koningsberger [29]#7% % 1< & © 4zt 3] > it &
TR AR Yo MR B 245 80 Y &R
FAGREFA R EABEEIE FF Lo B SE R
Wl - 5 L gl o

Van Zee et al. [11]sF B & R Br it 0l 3 8 @ 585 &
B R & XK Sppm Eiit d 0 A 70CHE FRE AT 0 600 /v\ﬁ,ﬁ&

L qu

=
G

° )
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FiRme e rdrce 2 F MEER 0.05ppm foriit & B R Ippb
FRFT UL EV LA v F ¥ o Yanetal [30]A 2001 £ F Lk ¢ 0 F
Fiomamitpa b a- SFEEFERATHLAEZRR FliWitd £ 1
B EE T Nt o £ H g it f % PtRu ff et i B S pE[16]0 2
A RAL M A2 F A R R B T L
A TR

FrRitfresgaty £ B8 BN A L

H:S ek i3\

H,S+Pt— (Pt—S)+H, (1-28)
H,S+4H,0 - SO;” +10H" +8e" (1-29)
(Pt—S)+3H,0 <> SO, +6H* + 66 + Pt (1-30)
(Pt—S)+4H,0 <> SO; +8H " +6e” +Pt (1-31)
H28+(Pt—H)<—>(Pt—S)+%H2 (1-32)

SOz ek Ji 54

SO, +2H" +2¢” —»(Pt-S0)+H,0 (1-33)
(Pt—SO)+2H" +2¢- —»(Pt-S)+H,0 (1-34)

Van Zee et al. [11]04F ZeZeza & A a it 20 R4+ B F endic
BHFTREFR BhEE e TR e T

AL I P B g it E B ERAER & A & Ahmed
et al. [B1]F@eHFH? » TP R L e BRMEMTL T IRTER
2003 & & $ 200ppb %i it & » @ A 2005 & &% ¥ F| 50ppb chE B
5228 50ppb HE 4 B e Sl st lppheh i BB LB F o
pavIp A 2010 & Aiv g g F £ 4 > 10ppb » A Fukunaga and
Ponec [321F % ¥ H > & * § 4o kd ke X i>hd £ 1 hEng A
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T % T ER o

Apesteguia et al. [33]F7 7 B > — § “piforit & F PF g 30
HF BB #30 23 F- 0 27 kRS- § it pfr
Fritd 4ot 2 €50 S SETEY - BRI LHFI o8 Y-

L@ ek A Rt @ e & e

F}.
pan|
S
rt
(T8
[
S

>

kai et al. [I6]F7 % & %k ¢ 7 35 FHTF 2
B g s a2 BRI - F LR g RET R
ie H ool g i @#%}Sﬁj’?'ig“% T4 MRl o 52004 £ > Van Zee et
al[34]B 4pF S A 47 d KBE > N g AL T 2 hB S FIR
A B L F feoldE R P TS RA

Tohas R AT 24 NE
I ST S SR L el
TAMRTREOMND F ARG IERETE RS RIERET éi‘g
foo @ F I dmenr BRI AP S B R ek B g o R B
B iat ki & 75 Mt T % o Okada [36,37]% » #& 3| > § 4L

T
LB BB Y BT ART e TR N R B

o

A

SR~ AT AT i F

-‘-.

| BRI S

CERFRD GRS EL A TR ROAET Fhy AL W2
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P A EFF R LR FAER 0 E T RSB o T o R
THBFIR A A SR S BETS AL 7

WPARERon D ARE R PR R J:UPR’)’I-%‘«E!Li F ez
=

PORLL A 5 0 25ppm - § BRI R RS AT R 0 @ de ke op

|/

FRARd o TR G AL lppb HEitd o BT R MR BT A 0

» HUAR R r'wwf d AL RAIE A A e BT
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)

NN
o
d

1

fb
A Lo 4L z 4 N\ > -\ s P VR R . s 2 — /9y v
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S
E
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=
fie
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BRI R IR AR T &

basiy
ETINS
I
D
o

BAE e TP A SR v ERAF BRGS0
S HRY 0 AP BN S R % wa A § e

R S R AP T (B aogo g NP ’ oy
»RE s F mﬂ‘kisa%%"’»%‘%«%%" Frol&-H0jERs X

17



o 1-1 = FAv T # FRt 1 2]

AFC PAFC MCFC PEMFC DMEFC SOFC
FIEEE | 100 205 650°C 80°C 90°C 1000°C
R FF | S0-200C | 180-210C | 600-800C | 80-100C | 60-90C | 800-1000C
2EITR 1.15V 1.14V 1.03V 1.18V 1.183V 091V
#FITTR | 0.8-0.95V - - 0.6-0.8V | 0.4-0.5V -
ez | 60-70% | 37-42% || 350% | 43-58% | ~40% | 50-60%
Sl Ed - 60-70% 80% - - 85%
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Bl 1-1 53 R g e 1 iF R 3 Bl
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Portable Cars,boats, Distributed power

Typical ) ) .
o electronics and domestic generation
applications .
equipment CHP CHP, also buses
POWER
_ 1 10 100 1k 10k 100k IM  10M
in Watts
Mai Higher energy Poteritial for zero Higher efficiency
ain
density than batteries. emissions, less pollution
Advantages ) I ; .
Faster recharging higher efficiency quiet

application of

the different < SorC >
types of < PEMFC >

fuel cell

Bl 1-2 & B 0 o cniB B o * 5 2 3 W2
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ik REIHATR FUR R - S o oy
P 1% 45 & Pt REIHATA;
[ e

1T 4

Bl 1-3 8 - FodEd 2 T 283 s a2 s L8
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- F EBHA

21 8t 3 F L2 BHNA L

A 1988 & » Gottesfeld and Pafford [38]?{& MM FRER - 3
SRR S A R AT E BRI P 2 ]

A2 EER AT F T I 2 B d

B Fpt - f&i%ﬁnﬁquwg:—ruﬁ ,

=
e

Jet

2001 # > Springer et al. [6] > d "B K ek & - K& F B - 3
L 40 D EF BN OB HRZEKER B B EF K

4T ol

H, + 2Pt <« 2(H, = Pt) (2-1)
CO + Pt«——— (CO —Pt) (2-2)
H-Pt— Pt+H +e (2-3)
(CO-Pt)+H,O——> Pt +CO, +2H" +2e° (2-4)

-1V~ % & 3’7 v & & o ATig o S R 2 IR % o (2-2)

NB A - F A AY £ E G PRFERIGIR G T - R EE B en
RAery E4ELERBIE ;A PR3N RELT FRVEF BN R
R AR Q)P A § R AL TR

S AA CEFEST A §F e F A £ g

Fls > Xt § - F P mOTETER G Bl > 250 4 4

. n ) I:77ano e
dtH =K Xy, P(1=6, —0co ) =Dk O — 2K, 6, smh(HTde (2-5)
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dbc,
dt

¢ 2RT

Ko XcoPl1-0, =010 bok ol ~ ol sinh{ "= 1205 | 2-6)
Q&ﬁﬂi@%—ﬁ@%i%iéﬁiﬁﬁ%§$%¥%@ﬁ
e LRS- A LT g R o AR
BCE B AET VRS B EE A (2-6)5% 0 PR A A -
F AR AY £4 TR HI N ER o BQRS5NAL AP o
- F ibpa CEEHGYE E T k2 {8 > Springer et al.[6]FF 4o F
PREF BRIV ZNIREIHRRAAPRFE > EAY
Springer et al.[6]* T iE— H B> & F = rged F ¥ HE - §F C R
ek R B - F PR A A e DR ES M T B
FHREMPE AAGTFLF? F 57 - F PRSI PEAEGA
#_> 402004 & > Wang et al. [S]ov# i@ 2 B35 I % 7 E 51 * Springer
etal. [6] > #7% B I k en#ic® 3% 0 3 i Wang 3 £ #r R fzan 34 &
T H S eaE A 7 (Zero dimensional) > = ,T}n\ 1% 15 4R 1 4 A 3R
od R RER e w0 R AOR LR R T E(2-5)% (2-6)
ST B R RIE2Z B e d A Y R EE LR U His 2K
ey o FI A T S 5 A RN B il o
Akaietal. [16]/7 7 # I %l e 2 S5 FRL it 27
P R B L Bedehe Van Zee et al. [11]d B & Rend B 0 J8H
v &%

i A Gt B F R BT ELEKEMR G R EF R
Ao o
H,S +Pt—% 5(Pt—S)+H, (2-7)
H,S+4H,0 — SO; +10H" +8e~ (2-8)
(Pt—S)+3H,0 <> SO, +6H* +6e + Pt (2-9)
(Pt—S)+4H,0 <> SO; +8H" +6e™ + Pt (2-10)
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HZS+(Pt—H)<—>(Pt—S)+%H2 @2-11)

Q-7 R E At & v £ 4@ i X asogImR g o (2-8)58 B &
AE A fookenE B ood -9 HrQ-10) R E At A T VB R R
FoR AP HEAL R R ed F R - F R RZT 0(2:9)
Fr(2-10)3¢ 0 E i T ¥

RS

F 03 o FAARE S o A (2-1D)F
FRiCE RS S E U T kP e Bed 2 i n R B[34] o e
*i;“ﬁﬂiii’fjﬁttﬁlj?mﬂ?itnf BoPibEE B kA4
REMGR G > g > A28 A F 407 [11]

dé

0 = KePus(-6.-6,) (2-12)

PR L - RAR L Y &4 R
;A
(]

AL S E R RS ey S 1
i1

FRBEF (s 0 TG, BR oS Fe gl T L
ddits kP (1-6,) (2-13)

FA A TEE =0 FF 9.=0 {80

0, =1-e " (2-14)
LN R Ao d St 40 2300 A 4N TR E AR > (2 A2

=
&

RAM PN FE AR T A BB E e P oA
AL P4 M EGUE R S AR 0 B T AR - § e E
CHR LT R G A A d - H R F

FAcE v b ehE B o U il d ek g o
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2.2 K AKX

A BN E AT A LR S BEEA TF
BEE et s RES R FIERETE R ORER > FP 0 4K

¥ g B L e B R A A (0<2SL) 0 A& SER LT

-\

. — a2 8 & A4k % %bo

2. TP RSTERA R o

3. FRMLIEEF A

4. 5P HT2ICH LB AT o

V)]

AT m@ﬁiﬁjﬁ_—\ o
BRSNS RE F oG 2 B -
7. EvERRTY & R VB R e

2.3 i 4350

N

<

F ot ¥ 2 I AMCRI2EIEF R d A B AR #

L

PR L BRI LA 0 A R R T LA R A R A o F
REEE AR MBI 2R A 2 R e A BREG HRTA

R mnm fgk e

231 kR & W

B SEDN F FE-F PRTERA T AEXT
TEEFREARE AEFCRERF O HT AT 40T [6]
oc, oc,, di, (s,
. 2 _ D 2 2 2 <7<
H,: & ot €.y, PYE dz n, 0<z<L,
0Cys 0’Chs iy ( Sps
. 22 _ D 22 2 2 <7<
HoS = 8 T T Ee s T dz | n,F O<z<L,
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v+ - N 2 bd s 2L - 27 2 Sy hH o = e
Hoe o NATVHEF S DEB{ICHE N IETEAIZ TR AE s H IV F

0.00266T 2
1
PM H/§S/H2 O-I%IQS/HZ Qp

DHZS/H2 =

(2-17)

A ¢ Pban) A A B4 ~T(K) 3 B $HE & o (A) AP ML R Q, L
AR RA S M AL 23 BAREHEM o m P Gt g ApE

& F P F Dy, B 02768475

232 it m B ES

do (N F P anoge
4 dtH =K XHZP(I_HS — 04 )_bekaHH — 2K Oy Smh(HZTTdJ_ K P s,
0<z<L, (2-18)
dé,
é dt = kstHZSP(l_Hs _GH)_bfskfses + kshPsteh 0<z< Lc (2_19)
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ERfIMRZ G o RBREZLF VEDOEF kb2 g FF
o X GEILFOPERS v EHBEERZORLIET FHY
BoOTRATHER - SR 2R L RFFEPRhgr > 2048
d 232+ AN AT F gl I T R g 2 4
BoMNZ2o 22 HFPEF-HBP FALFIFEFF ANk R
AR AR T BBk 4 S 8ic o Van Zee F 4 [40]F LI RiE 7 A6
0.8V F¥ » 4 MIELAHE J o

Voo §gmrgd FE BB A AR R ESG M
FPL ¥ A T Ao [5]

o(AE 10
Ky =Ko -€Xp %(1@(1{ > j] 0<z<L (2-20)

S R TV AR s s s = T o P o o

FOM o FIET AT AT

o(AE A0
Kis = Kigp - €XP _% 1 —exp 0 —Sl 0<z<L, (2-21)
s

S+ L 2 e R VS NIV S 2’ 5=
HY AE, R ERFLIC T RIGATE 25 5L o

233 RO RRE AT

=
2
4
|
7
—Tf‘.
N
NN
3]
)
:E
m ki
[
>4
o)
=k
(H
A
=
H
N
|
o
X
EY
n

» F] b > i@ 3uen Bulter-Volmer =

i@@?}‘ B R A

£x
AN HY £Fw BEIFEFZI[6]:
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dl dIH . r]H I:77emode
—=—2=2ak,,0 h ——— <z< -
iz dz e Zh ST { JRT O<z<l, (2-22)

HPY a2 F E B ETE 7 2o 3L T FF RAS

F oA RIRBRNFY A i AL DT IRR AR o

EH

TRET IR ARRBOE R > 2 Wang and Bhatia [9]3- 5 £ &R

cell _V —Ta =1 — Tonmic (2-23)

RT i
1, =——sinh”
ofF (2keh o, ]

R
T~ aF i, (2-24)

nohmic = IRohmic

naé‘ F’E"}’é/é TL@;F: fi’nc:‘% //%&3@;3 t‘l’nohmicé’ %’\.&53@? f:—’VOT’;
71“7"&‘-:' Fi Vcellﬁb ﬂ_,/{’l ‘K%‘S?,}i’loCﬁE’%“}’ ﬂ_,/n ’Rohmlc,? \%[_,/J"P\";&
FEoo 12 b BB fe s\ ErIEat £ 4] o

2.4 A4 iE

;’_‘«_I—_?l\ < MTI% * E'J F’r’i‘»\‘&p l'—r— £ n—\l? )«"'l"fl N f“" ,: »fb/:ﬂt@l’.‘:"_" F#‘fl\;

et s fl o 4 L t=0 0 T PG E i F A S0P

B4 F W > BTN AT 40T
C.. (z,0)=C; (z.0) t=0 (2-25)
Cps(2,0)=C{ 5(2,0) t=0 (2-26)
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t=0 (2-27)

On,s (2,0) = O, 5 t=0  (2-28)

hERGEREEING Z LS BEREE » T E(z2=0)

C, =C/ » Cus=Cl; z=0 (2-29)

=0 z=Lec (2-30)

el A b R A R(z=0) LR FF ek

Ag A e 2o Fp g e d BB A A 0 I RT IR R T

0 z=0 (2-31)
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Anode —Z>

GDL | CL Membrane

Lac |°  Lm
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F 2-1 5L 4830

[ 1 1 45

di _ le — 2akeH (9H sinh( Ny I:(¢solid _¢)j

dz dz 2RT
gC 6CH2 :gc Deff 82 CH2 _dIH SH2
" ot "Rt 9z dz (n,F
0 Ci s ff 0" Chis
80 2 = gC De 2
m 8t m—H,S,c azz

dg . n ) I:77ano e
gd—: =K Xy, P(I—HS _HH)_bekaeH =2k, 6, SIH{HTTdJ_ KnPs6,

do,

gdt

=k Xy sP(1-6, - 6,)-byke6, + k4P, 56,

fs™'s
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o 2-2 3R gk

1 4

: oC
_ in Hy —
CHz - CHz "2 oz c ’
- oC
In H,S
= D — =0
CH2S Cst H,S az .
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kTR P AT B L R M AL L LT K s

B > AR A BRI > R LM R I S R
BN R TET U RIEGA N m A P AR a2 2 L UL a2
( Finite difference method ) °

3.0 % VLA

U FOPLE AR KA AeN e 2 o ¥ H o= A eI A
( Forward difference ) ~ & £ 4 ( Backward difference )12 % ¢ & X 4

( Central difference ) :

- S (x) 0 L IES 52 2w g #R B (Taylor
series expansion) > H % % &[5
2 3
BB ER L Hra= fo e O PG @O0, gy
8x 24840x° 31 ox’
. : AP X (Ax) &

/‘fz i . _ — _ ( e -
mIERR CT(X-A0 =10 20 o 3l X (3-2)
ek d S ApE o W iE I

(Ax)* &° f
f(x+Ax)— f(x—AX 2Ax— 22—t 3-3
(X AX) = F (X =A%) = 20K+ 25— (3-3)
SR T BT Sl f R o - A A TG
of _ f(x+Ax)—f(x—Ax)+O(AX)2 (3-4)

ox 2AX
HP OAX) & AT cniAes G 4o 3-1 e B3] 4 {8 0 ¥ 10 #(3-1)
Y - fEA N A

of f.,—f, 2
—| =—+—"+0(A 3-5
OX|; 2AX +O(Ax) (3-3)
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E%?%%ﬁﬁﬁﬁﬁﬁﬁﬁﬁﬁ%%ﬁéﬂﬁibé°w%ﬁ%

G- fr(3-2)58 dp4e > T GHEH WA T 0 @]
62,; _ f(x+AX)—2f(x2)+ f(x—Ax)+O(AX)2 (3-6)
OX (AX)

& F
Of| _ -2+, i _
ol e POV (3-7)

P AT RN VRS Sk S Y A i
35 0 IR R E SRR e 38 0 T LS BB i1 AT A D
R A fF e A AP S 2N R R S x T s
o R FEEAE R (AT LA RJIR 2 e

AR LSS E @ - 78§ RS 2 (Explicit method) 0
G e RN AR KBS ) S R F] A R jET - B
BRSO 0 F LI B PR BT AR A8 B BLen R BcE R TN
4oBl 3-1 977 o ek PEFER S SRR E A A %g =~ 1Bk

$ME AR SAES B B D R EOm Y  F E PR S

e

o

@ & S 82 (Implicit method) B 7 % 3% 1 65 2 0P 4] o
2 ¢ ool 8 enifk s ARG 3T e 4 4| (Parabolic type) o e SR
B2 250 A AT A A

2
ot 0z°

(3-8)

F & % B O #cE (Explicit method) & fZ 0t impic s = A28 B &

(?:%£ﬁmw$i’¢+ TH AR R § 48 Lstable) -
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a b a c;" R,
a b a : :
= . 3-12
a b a : ( )
a b a C,?X“l R
L a b_ _C:XH i Rf‘Wan

#H¢ R =R,-aC >R =R _-—aC"!

nx+1
ClifeCyl F15 Lt i e B PR AR BEG ol @ iR e
fofc o % % * Thomas’ Algorithm ;2 X f2= & 45 > ¥ U3t T -
BRIk R A W E R Flotit g GAEARA G AR
e ALY RSO RILF AR S e
3.0 R iE

O\ /

e
=
=t
A
\_\-\_
L

%%ﬁ*%%ﬁ@m%ﬂﬁ&%%’%{ﬂﬁﬁﬁ

36



;!:'l‘\:1 Cin—lé.ci”é‘j’?—éfl— T[%Eﬁﬁg',&g‘f‘)/%)i ’ @.’i_}%ﬂ E‘;j/%}i?gl%’i/%
EB-1D: s kR A~ BEFAGNUE B RAG S L ED
o 3R B S Fla Bk o BT R BARS © T

3.3 Runge-Kutta = /=
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h
Yiai = Yi +E(K1 +2K, +2K; + K4) (3-14)

He
K, = f(x,y,) (3-15)
h h
K2 = f Xi +E,yi +5K1 (3-16)
h
Ki= %+ + 2K, (3-17)
K, = f(x +h,y, +hK,) (3-18)

A 57 % ¢ 12 Runge-Kutta /% A J2 e 5 Mo 246 B F 5

._P’l’ﬁb";vg\:“ﬁ o

i
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5 L &
R R T 323K
R4 P 101325 Pa
POk B R L. 1.6x10° cm
FRuR 2 F 2T B A Ee 0.4 [8]
P e Rk 4 P 1 atm [8]
o e TR U, 1.23 V [8]
LECRES S o 0.5 [6]
iy E Sh, 0.5 [6]
TFF LT T Ny, 1 [6]
3 F Pk DH2 2x10™* cm?/s [6]
a H gt & o e Iyl A 4—6[8]
I F RV oK K fHO 100 A/cm*atm [8]
& F il ¥ & b, 0.5 atm [8]
FFREF i S - 4 AJem’ [8]
LR SRR S(AE,,)/RT 4.6 [8]
LT Ry W LR
3 0.4 [8]
3k A
323 K pEAR T & woiE & di Koo 15 A/em’atm
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A 42 g E R 0

P iviR Van Zee et al.[11] Ay ficdy
KfsxPHas = 50°C 0.0025+0.0003min” 0.0027
KfsXPHas = 70°C 0.0038+0.0007 min™' 0.0036
KX PHos = 90°C 0.008+0.001 min™ 0.008
Kfs 50°C 15 A/em*atm [39]
Ksh 50°C 0.5 A/cm’atm [39]
Kfs 70°C 20 A/cm*atm [39]
Ksh 70C 0.56 A/cm*atm [39]
Kfs 90°C 44 A/cm*atm [39]
Ksh 90°C 1.12 A/ecm?atm [39]
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