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ABSTRACT

An analysis of the one-dimension non-isothermal mathematical
model for a proton exchange membrane (PEM) fuel cell is developed to
investigate the effect of the temperature gradient on the performance of
the proton exchange membrane fuel cell. We employ the diffusion
equation for the reactant gases through the porous media, and consider
phase change of water with the saturated reactant streams in the gas
diffuser layers, electro-osmotic drag of liquid water in the membrane by
the proton migration, and the energy equation for the temperature profile
across the PEM fuel cell. We investigated the influence of the
temperature gradient on the performance. Besides, we studied the effects
of the operating cell temperature and different anode and cathode inlet

temperature on the performance.



We found that the temperature gradient in the cell is not large, even at
high current density. The results indicate that when the cell temperature
increases, the cell performance will be worse. If one of the inlet reactant
gases (anode or cathode) temperature is constant and varies the other side
inlet reactant gases temperature, the performance of the cell will be
reduced as the other side inlet reactant gases temperature increasing. In
particular, the performance will be much worse when cathode inlet

reactant gases temperature arises.



FEEEII et X
T O 1

LL AT B F B LM cooooessssssssssssnenenos 1

1.2 4L T 4 1 R BID e 2
1.3 S8BT 8 AT oo, 3

1.4 é)l?er_wépf ....................................................................... 8

15 A2 3521 A B oo eee e 12

220 F F FREA T oo 22
2.2.2 & %4p 7 = (Membrane phase potential) ........... 25

2.2.3 7 % E (Current density) .....ccccevevveeveeiieennne, 26

v



3.1 3 *¥Z & ; (Finite Difference Method)...................... 32
3.2 JTRLIE T e 33

B v BB BT 2R e 35

A1 BEE ™ 35 2 B2 oo 36
A.11 FaBEBIZE e 36
4.1.2 B % 2 24BN B e 37

4.2 25508 BB AT e 37



% 4-1

% 4-2

7 P&

A A TR 2 St 1[27]

AR TiE 22 S 2[26]

VI



H O H =H OH

5= H =

s

1-1

1-2

1-7

2-1

3-1

4-1

4-2

4-3

4-4

B2 #%2 THF BRETF IR T LB, 15
LRGSR DREE R R R[] 16

B WA 2 T LA D s A LW

%ﬁﬂﬁiﬁﬂEmﬁéﬁﬁﬁﬁéiﬁﬁﬁﬁﬁﬁﬁﬁ

IR fae B AT B ORI R S 20
P IB B BT A K BB e 31

BB B TR ARIB] e 34
et i WIEACA @ I H R 3By e,(x)=04 0 ARER B
333K P2 45 (b b AL BEP R 5 BBl e, 48
A2 BoiE 5% 8 Gurau & A [27]50f3 47 5 % 3N 1E 5 B4
B¥ 3R Silicl e, (x)=04 0 KAUR AR S 33BK PFZ & W

A< #icid %% 2 Rowe and Li [26] crj347.% % > 1547
Fachk P IV R S BcE e, (x)=04 > 53R B T 353K PR 1R
U BPY BB o 50
AREWNAT AR AGETET 0 F LMER L 353K

VIl



4-5

4-8

4-9

4-10

4-11

4-12

4-13

4-14

€ d(x)=0.4 = > Sf,a‘}@*'ﬂj% k- ﬁﬁﬁ.‘_}é]bﬁs R N R B RS E

EERHNT AR A BT BT g Ed(X) =0.4 > % R

R 353K B IatEf MEH  F AR SR Y § F
E
e

A7 R ITAERT 0 & 72028V 0 £ (x)=0.4 pF - wg&
B F BRI nF F TR A SR L.
BF R TR R T o F 72028V 0 £ 4(X)=0.4 PF > fRLLA

LB EIP A AR AR T A T BB e 57

ZEEEHNTE eqX) =04 F F L AEITEAEABEBLY &R

¥ ey(x) =045 B T ERFRL 353K @ F kR T
=t S T - B 59
¥ egX) =04 Kt T EAFEL 328K @ 4 FHBEs T
AR IR Y | 60
AAFHBEsTEAT > FEEER L 323K 22 353K
7=0.28V > ¢ 4(X)=0.4 B > § REE K - 7 WK & LA

F FHEA TR EB 61

VIl



4-15

4-16

4-17

4-18

4-19

4-20

4-21

4-22

4-23

4-24

4-25

R RBRRsNCEAET > FEEEAR S 353K =028V

€ d(X)=0.4 P& > JR4LR L R EEY AR R A 5 ]

A2 REEACEET > FIEEER 5 353K =028V >
Ed(X)=0.4 FF2_ A it & A FLBB] oo, 63
AAFRHEEBEACTERT > FIEEER 5 323K =028V -
Ed(X)=0.4 FF2_ B 1 & AL FLB] oo, 64
% €dx)=04> Bt rrv BRHAEZTS 3B3K @+ FEiE»T
R PEE R A BB e 65
% edx)=04> B rv BRFTS 323K A % FIEfE T
R R A T BB s 66
AP FEErTERET v HEEEAR S 323K 112 353K
n=028V > e4(X)=0.4F > 5 BB R ~ § WH Ik 254
CEERE SR - R N B 67
A RIEEANTEART > FHEREAR S 353K 7=0.28V >
Ed(X)=0.4 FF2_ 4 it & AL FLBB] oo, 68

A REEsCERT 5 HEREA S 323K =028V

Ed(X)=0.4 FF2_ &1 & A FLB] oo, 69
LA TR FE S BB, 70

AETIEER N CERBE XS IER T E R R L P XA R

AHITHERNTEEXEIEE T E R R L P I R



a, b

P

& 5+ F M HF 4 % #coh Slattery and Bird &3+ ¥ #&
kehs B £ /kgK )

A s (em?/s)

iz 3% ¥ K (C/mol)

kEg g2 (Jg)

Tk A (Alem?)

Tin(A)

R TIERE (Am?)

F feiE 5 ¥ #c (mol/em’s)

7 v E (W /m-K)

¥ 5 HE H (3 mol/K)

el g R (K)



Y FFFEAF

v I A

o @@?J % i

e JEEE Y ERRIf A S
e fIEE T IHR

es  F REBAICA P IPHA
Corr W0 FNiE P 2 APEIIFA

n o @R R (V)

Ao JEWY vk g £ ¥ di (mol H,0/mol SO; )
p RLFHBA (gemd)

c ¥k (Q/cm)

T sl TR

O EEAp R (V)

Xl



oy
‘%W

AN
G
.

Xl



]

4
=%
-
3

LLARE A BB L& H A
B 1839 & % - BYHELE B ARE Fa- B EEF William
Grove # P ik » L F %R EFI* 3 BaRAnliElE F -3 5 0 #
7R Ad o FpFanGalvani 22 Volta A # T P8 F 0 2
TR i B agEd o f8 kenFaraday 74 %2 Nerst#= 3 H A AEM > 70
4 xRS
e > R e & William Grove 11 %8 > S &k > 2 |1 3
B g A S RERFLEERT AN REFZHBNT TR -
FRhAX FRE D - “’TT"J a-F 5 TR S FT TR T AR

WA T A s ok FERTELA A G R R

—

G

S R A PBIRT BN R T e R
o T SR AP AR S R T A RETY R
£

et
=)
r}\
‘\E‘;

i

B EokF o v REHFAYNF O FEFALE LY

Fooded B4 T2 £ 4 (Cogeneration) shfljis » #-5 i ps f§ 2 e

ERIE R D)

St
TR
&
oy
W
s
-_\..
\&_
p)
o
=H
%ll
B
\\q%
ke,
i
fie

PR ERA - A LR AF LR 6 R R RS 2%
B R RRCERA W F § R S PP A ERE 4R g

HF ARG ORI R EGFIR R F # T RRisE -

BT 4 T RCHT

It
ﬁn
¥
oy
_‘E"l
P
-
I

|
gt
I
P

2

PlE S £ K0T LT AR oA pRYETS SR FREAR



1.2 %Al q e el A 1@
VAL AR BB S AN BT T -

4

BT ARIEF-BEIE - BT T IARF R

AN

-

|
e
N
N
NN
@_
7“_.
3
4
&H
4y
:ﬁ\
a3
F_&
.
g.-
Eil3
I
&H
a‘
=
4
W
Eif)
~me
(Iﬂ
3

P Ed PRI RAAT IR F R GERA)
FRLF R A FF ROAP SRR K T Rl s

BE 0 URER 2 B RREEFERERS A XA E Y - i

+ F U 7k (Carnot cycle)z &2 » #51u s bt — P T kR (%
’$ﬁ4§a€’®ms%$ﬁﬁ%ﬂﬁu1%%ﬁﬁ$ﬁ%$?
T AR YOR RS ko B R mAgp e @ 7

% & (Anode) ~ 15 & 1§ 45~ T % 7 (Electrolyte) ~ 1 & /¥ 45 1% #&(Cathode)
LR o AoB] 1-1 o o B P BB iRE AR S T ARy 1R

m T

I~y

\

L FIF ik o G RR T 5 et o
.
wu

pEfEREA A s A R e BT REEARTE S 6] Ao f]
1-2 %7 > B B F ek i

SJREEL NG TR P (1-1)
FEMIEY RRTE I Ed TABIKIBEIF 5T A2



4e” +4H" +0, — > 2H,0 (1-2)

1‘2;

LECHR ISR S5 TRan i St sI L Sy tent R SIS 1
PR Harg hib B 2R T ed B4 B R
URLE- S YEN-S SR R 2 TR SN Sy I L PN I A R

K=
A ©°

1.3 R # fasy

PALR A DR AR RN TR HA R 2y gt
Ak HA G AT L]
(1) #2423 (Alkaline Fuel Cell, AFC)
i AL R e AR 1902 & > e A 1940 & 3 1950 & B A Ak
Bacon 49 o B A A X 23 F s 2 - » A FRRE
TR R IR R R TS R RT AL DL § e g
Beeh k@ T 2 ¥ ok §FMenBiE R 4 frarnk o F 3

MRABRI A Gy P RTEL AHP > B THEDE B 5

ik 2H,+40H —— 4H,0 +4e” (1-3)
et @ O,+4e +H,O0——40H" (1-4)
LTER A %ﬁ%%?%ﬂﬁ$&%ﬁn@;¢;§ﬂwﬁ»@

H

BABEF W T2
RS T LR
f

(2) &+ 2@yt 7 s (Proton Exchange Membrane Fuel Cell,
PEMFC)



FF W gs & 2 s ARREFT BT AR S
(Solid Polymer Electrolyte Fuel Cell) » & _r¢ B+ 2 3 9%00F 5 T 25 o
R T s - AR R o ¥ EITER & 85°C~105C -
B sl e Pt A 23 d i le 2 - o A
FEFRFFLMEWPETE AR B

AR K AR Red Sty RS

BBEADREEYF M RREFIFIZX T A2 HERPET P F 4R
T F) P ats ket 2P RRE R TR T S
AN

B Qv R e A Y o A R R LA 20 2 @ (Dupont)##

B &y Nafion 800 i & £ Re & ¢ % 5 Adpsd > 7
AR PR Fe FAARBAREF T L 2By

¥ Ballard = @ &2 Dow 2 &= & 3 B 1% b e oo <) § 28

3 TR G %M\Fa' G R s R LR T Py

GG P IR B R & TR E B2 AR R iR
RiCEFBELE AT RR D@L T DL F T A
R RIS TSR A R L G R R L P L
FUA R E L o

N



MR EACAR G R T By~ DE
PNy ?;aL;I,erJ éj’-&-g” j‘ﬁ#lggiﬁ"gﬂ\:&o
(3) ? Al (Direct Methanol Fuel Cell, DMFC)

TR 0 L1950 dE RGBT ] o R T g A R
FofrF+ QR T P - R R B AT RV R S Pl 7
AaFga A @ it 0 £>0 80 £ &T{oplaRES o
BEEAA T AR R R X 2RV PV AL od W
TR A %?—1

TR ES 0 g A2 T RS R DI AR oA R 4 i

“k

2 Lok S]] S . [P b= [ /,'“
BT R DA Rt R R

» FE 5 7 R AR % (Methanol cross-over) o B fi#i&-ch3 2 4 (i)
to B S R (1) B PE AR i 4548 < 7 ¢ o ? iR K i ol a5-(ii) F 1L

el > 1\,
/Et H:"f: ﬁ%/ 1 o

_La

(4) mips et #  (Phosphoric Acid Fuel Cell, PAFC)

U%mﬁﬁﬁé?ﬁ?ﬁ%ﬁiﬁ%%:iﬂﬁﬂ%%ﬂé

¥
150~210°C - jf ¥

TL’?‘?‘J}@@"J o b ﬁf'l%fé"’#ﬁf%ﬁ)iit
ok BERRVERLR S AT RO R A Y BB ehe AT S A
BRSO DA 1 TR A TRERT S BT s

3’3’-‘3\3
&3
Phoen

" P
1??oviﬁﬁ%ﬁﬁéﬁﬁﬁ’&ﬁaﬁxﬂﬁﬁ?

6

pad
b
(‘ﬁé
i

m

pE TR ABENAE - AR 6 BRI T B AR

~

2L
Z ’}‘r{. 2% e 1Y B2 B8(SIC matrix) ¥ ek R EREL O ek
7 K4
1&

é

TTARE T F LEER P DTS 0 F 0 FURa ARG
Pt BARGAY AP TS BFAREIER R T

P A2 RO WIS TR O B i oS an



(5) 5 peatph B vt & #  (Molten Carbonate Fuel Cell, MCFC)

FRAEBE TS A S e P RLE R 2 id T
45% 1 > d 3t v @ dE R B BB (600°C ~700°C) 0 A E o A
THPIREFERPEE EauEAR BV R 88 R RUEH ek
B e kB ERF @ ¥ o B AR EE R R R ET RO
S TR W o S N i A s F RN

FEUE 5 > OV OUE MORALT S e A o

BRI R P T R AL A g R & St TR

TR N R W o (Matrix)? > e o AR R R 0B
K

B4 Arde s & B ES V4 H Rt B R S
1 : 2H,+2C0* ——2H,0+2CO, +4e” (1-5)
4  O,+2CO,+4e ——>2CO> (1-6)

2 B R GRS S B BT A B R
il o AL M HehE £ 0 @ BRI AR 0 T R e
B ooy AEF R AL o

6) s i+ T (Solid Oxide Fuel Cell, SOFC)

FllEF PR VORI A g g ek A ny a2
SRR S ETML TR R T S A A T e &
BRARKR T A o F TR RFE 1000C o ARE TR DR fE
FARARBEFRDIAP A2 AR ART R - F FRAF &
# R E B E R AL - SOFC eiF # 8 A& #.% (800°C ~1000C) > # fe % 7
i B I HFREF P IR L aEAr 0 T A REED T



Er etk B TAE G IR R S L R £ H
(YSZ-Ni) > 1485 P4l A - 8 RHET F 8 F st 5 ¢

Bi&: 2CO+20" —— 2CO, +4e” (1-7)
£ @ O, +4e —— 207 (1-8)

B SOFC g @3kt 5 TH S fefld 5o fd o Tt enip
boodkEEL 1R A B I A
©

¥ BT E RS P TS FE L FOE g [35] ¢ W] 1-3 47T 5
ERAT S RERA Y PR PR d BT g T
%ﬂ?%%*%@{ﬁﬁ&é%ﬁﬁwf%i%%?

PABREEETE A PTAE M e g AN
Bty b2 B g mAEp A2 F e Bl 15 5 REp



1-6 #r7m o B 1-7 ¢ 217 Rl G 1 RPFJ i B TR L ATY &
R Y R T s R e e a B pE

Tl 1 2 fEF R eip M Sl s o

TRk

B R T S MRS 2 ;‘%13?']5'1’7@@?‘]5 S HT A
&~ 58 Bernadi f- Verbrugge [6] # B - EREFF AWM
2R @ﬁ%] 5% > 2 Nernst-Planck = #23% % 45 it =+ fﬁ@ﬁi%] gL
PRI ETF FT R T FERR R NIV & R R
AT ﬁ@ﬂi&lﬁ‘u%& » 14 Schlogl’s i & > #2383 2 & B3 fadtfg? 7

=

TR ERA R T m*ﬁfmléﬁi%l*scf@ » & 12 Bulter-Volmer

S e Nd 2t E TN E o BSR4 Stefan-Maxwell = 28 3 R ik A f &

A F M F RIBECK P ISR - Wang [7] ¥ 4 5 ey
ABERF N T E NI TS 2N AR E S AN b

TRA AL I A F R @k o Bt ] 1 & Darcy A2
7 > iz{r Bernadi and Verbrugge 4p fe > FR{S L * 3B A4 B ohficE
Pogg > ;S kfE> 4250 o Dutta ="~ [8] » T BE AN A
SAR A A BT FF PR P EES e g
A2 @ v = Darcy > Azt o f A ki (Fluent) » <~ @ Hi4%
N FREE S F WA Z B W% Ao R B - Okada [9-12]
2 Ay MrpE B A - kR A0S 2% B e 4 (Electro-osmotic drag)
R TR S R RS AR MR ARG R LS

Py RIFA T T AT E R S AP BREF P I0RL S

i@@lm@o&%@ﬁtg%‘r EE A S PR I QAR S il
d I FEIIEE a B R R8T o IR R E



?4iﬁﬁﬁ%$ﬁ@ﬁ3%i’ﬁéﬁﬁﬁﬁﬁﬁﬁﬂonﬁ’
Okada [13,14] £ #-2L w0 5+ 2 W08 B 0 cnfief 8050 3 o 3
TR AR B LR R A st g BT m%] %

2R RBEG DL RRS PN DG AP P BT
AR AL A A A L E N [ I E Mo § T

J?%#éiﬁﬂﬁ4iﬁﬂﬁﬁéﬁﬁﬁﬁ%nﬂmy% L 5

Amphlett % 4 [15, 16] % Ballard = & 2. B3 < #5041 3 0 5
(%5 5 Ballard Mark V)2 Hac 2 (7 % "t~ 7 c B G\ e
£ d AAEER AT FDT AR 2 - LTSRS o
Stefan-Maxwell = #2.3% k45 it % = > F 8 & @R % > 12 Nernst * &3
kT &R BT Griw o 0 Tafel 2 4258 KPP BT RIcR B AR B
% > r2 Nernst-Plank = 258 XX B R4 p R o £ F 1 > S A#H
WA R RBLBECTI S IR R £ R T el 0 A
T F e AR EERY MR SR o RE AT R e
P EP TR G > fS Y 2 AT g o

Springer [17] % A # E 017 - @IZF LS > TP 5
@J r2 Stefan-Maxwell = 4258 ki dy 3> B * B2 T4 6 Kfo-kiTh

THFEE /R NAGOEFRZET S G arkEEFE Ok F

B RSO E DK B ook E AR T

T3l gs ? o iR 1802 3 - 28863
= &% &0 (Interdigitated) » Dohle [18] & A 4-#4idt A5 i ek
VO EF FRRIEFNRERRORL A NN E L RG - &
Bk B3 FEREFIVER R e B0 § R BRI EERE
AU 1*& T4 7adk 0 93 # Nguyen 2 White [19] #& ) 0
E4F e f WAk R N R RN DT AR RS F R R



e S E AR I g MR G TS R e 2 ¢

hoo FHET FMBRE R IR AT F FHT hEF S 2 208 #
Yi 82 Nguyen [20] » 4-¥inig i
o

IR F s N R PO N
PIEBERF MRS LT HRE
PR3 NSt g S LY TIE S BRI PR LR

0 M E L O3 EGER 2

LV Il s, r, = K Ke ; 42
ROBRTEET  HT W a2 o

-

Pt L edE T Ry R LS

THAHE B A BA 2B 2 R A e §

HORE R A5G »canif B2 02 > iz{o Nguyen 2 White chig & S.4p F
e Vb Jg i R WRAIARL > F F WIEEA T AR
TuAR 0 MR R IRASYE 0 B R BV 0 1 e SRt ALY R &
T M en™ 2 o ARFEINE A 0 Yi i Nguyen [21] 4% 7 t8E

do kT UBRIRE R S AR BB AT R F R f Y
FIGUR hE o 27 0 sRch R AR R ORI AT VB A TR i
@?]“‘% A2 Darcy’s law &k f§ it » & &3 fel42 3 g 7 B4 R

o

:ﬁ?@ﬁ*’iﬁﬁﬁﬁ%W%ﬁi@mﬁa F g B
TR BIIRHHER AR R RRR AN Y RS L4
MREBRORF FHEBROBS LR TEIR IR A AR

DR IRRE RARE > FIE T LRI P R 5 o T i F
SR EARF o {2k Nguyen [22] F 4 L4 b oG R
AR A T R BCREF SRRSO KT RIR Bk A
e v P g RHROER L Bt E TipdF Mg K
ARG o AR R TN R R A B AR 0 T O§ MR B IR
et B F Bttt bl o

Fuller 32 Newman [23] # & ) 2 -k # ¢ #5538 § 48 2 Stefan-

Maxwell = #23% 213F > vjp F g on? m e I FT g (71 B &

pead
ﬁ
J

10



em L R A 0 F s B
Zdm oood N E R .ﬁ,};)igxibr"“’ ,F]ngj%l:”
A o B s LIRS A R

2
F
S =R ‘éﬂﬁfﬁ WOk RAG RN ERASN U §

AL ]OR R A & enfFA); > Argyroupoulos [24] & 4 2
BB 5 A KE B DIFC @R > 58 Y 2 e 4
BRiE o~ F RMARACE A A 2 EET R B g > Bk -
YR EREE B ERE R BR G RENS Y KT A AL DR

4
)
i

\..

B U T FROREIE ) AR R JRRA A ] 4 FT
#iE @ F R PR AR M RRGRIAS S SR E

FRegdd o~ 26 @8 ord 2 s o B
Boxdgha BRBLTETESNTE o HFRPFMF]

O PR TS A

Djilali 4= Lu [25] = % # » BT &2 FH = 3L K iTs
170 T Rk -ked = > u Darcy’s law kiR ATV R R D
G R o T wEN R PR et T F R R
Bulter-Volmer = fz;' k £ @ T e f £ > N AT HEY T B
TUE R ST A g if 0 gk I #2 b B 4e 9 Dufour
e MR RRMEOKEFATE R BRS¢ «JIFj TR R REARE R R
)I*Lﬂ o Rowe fr Li [26] m =4z > f28 Mg > g ¥ § R
PR R ROR DR F R RACE B W AR R S R
B 2 G s o Bp B A e i £ 2 At gl
Bulter-Volmer = #4258 K a5 2 VP F Benig & 12 B2 ig i > 3
HOREF AR P EE P S e e
T

e SIS Y *13%%,;,};;’“-% ﬁii\:ﬁﬁﬁﬁﬁ%}éﬁ?f‘—lm ;:%L@%‘!%&,

11



B Al BTG ‘szLIJ‘E'g\::,\'/\LL FE R TP :l%tﬂ T A
RS AG AN A FAT S RITREREET > MR
ﬁ%@’%%’%ﬁaﬁ*’ﬁﬁxa%’aﬁﬁﬁ§ﬁ$’ﬁﬁ@
BA TGRS RINER D B A R4 @ R E T adp L B e o
Gurau % * [27] #-F B SR P FIF ROTAE 2 Rk
PRI A SN R FEREE Y oA FE N - a0
5 755 (A half-cell model) « # 7357 R4k A~ 2 = BTV M A & ¥ #
T TR KT fRAT R # P F AR P DI R T R e
S Mo A2 B F 2 PR DR R §REF RN
BB ITHRUE A AUE BRI BB LY F RO L Rog dE
B b SIBHT AR ] S 6 o0 5 e ¥ [28-37] 445 3
PHEFPICHREORE R HREREL D N NFERT RPIH AR ¥
*ﬂﬁﬂﬂi\ﬁ%ﬁhhwgwiJ%ﬁzbﬁiﬁ&ﬁégFTﬁfﬁé,
Al BRI R AR RS R AR )5 A Y
MBS G ST 3 Ao

lﬂ
B
oy
g
hg

15 &< F4i4g
d b e )gkwggr‘ ) AT G BT R R
RGP &3 e it 2y ondd £ A 2 B v BiclE iR
BRAATERT Y 2 ke ATIL A PR EEHEIR A S R ]
THE R ICF 3 O T BT 2 R
v 31 &jE_Gurau & A [27] gy P s FE ~ > T4~ Rowe
and Li [26] #74% 1 e R AL AR o § AR H R B TER A

w2y &- HIE: BRGNP S c BT KL A

12



WE RSB D

F

BIITERE T R AR T

=3
L

471

S IV -

=2
F

e

St
Fia

-~
AN

[

13



REFEECE B B SR
Hydrogen

Proton

Electron

Oxygen
H,O

Bl 11§ 2T e LW

14

® e



2H, —>4e +4H" N

\4

4H" +4e +0, > H,0O

R |

>
i

Bl 1-2 5+ R #2 T4F RE T i T LR

15




Portable Cars,boats, Distributed power

Typical ) i i
. electronics and domestic generation
applications i
equipment CHP CHP, also buses
POWER
. 1 10 100 1K 10K 100K 1M 10M
in Watts
Main Higher energy Potential for zero Higher efficiency
density than batteries. emissions, less pollution
Advantages . . - .
Faster recharging higher efficiency quiet

application of

the different < SOFC >
types of < PEMFC >
fuel cell

Bl 13 &AL s B s Y F2 e R
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245 d AR RBVET L TFS 0 RTARG - B e o R
BELD T Eend it s S AN BEF MK B
FRR ~ B L AR RIS A WA 0 Tt A BT
B g Y (A full-cell model ) » 4@ 2-1 #7757 » H ¢
0 BARORSE(a) BiaF HMIERE (D) BiRF M
(c) ik o (d) T+ 245 (e) Bk 5 (f) Bief &
Wach 5 (g) Bigs WEE S -1t E2 57 A3 LRUT A
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2.2 Fufr g3\

i s BB ~ B f WABICA - BBk @u 3 HW N A
WA ~ e MBI ~ e WEBE 2 AR k5 4ol 2-1 47
oo b R RERCTEEF MRE R g RS MR G
A REETIEIEF WHSE LR L B RBRFILEMEA LR S Co
REBEIIF+ 2L R LD REIIEBRANA LR E REFE
i MFBIA LRI F REDHiRF WMEByE 5 G plH 2 #g@@

YRR B A2 i RN 4T

221 §FFRA S

%ﬁ@ﬁﬁ%ﬁiﬂﬁ@%ﬁﬁﬁw@@f@%ﬁ%%@ﬁﬁﬂ
FRuck o Gt F MEBEY  F F FTEA F RPN 4o

dY
[PCU)D j=0 0<x<A (21

e p ) LRfef MR~ D, AF F Al Y, U4
BAMEES F FFEAS A X Lol eq alhEf

kY 0§ F TR Fas 2N E

d dy
e 1 p(T)D. —2L=0 A<x<B (2-2)
A1 pmp, 5|
He g(x) fr oty A8 5 F HIBICK P T RILH Ao Gl
Y, A EF Wik Y 03 § T2 4 F o &2 {|* Bruggeman-type
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BEiE [BBkBEF F & d It hE sl o RISET
Wh Y AT BRI FFTRA SR 2 S

i(«9Z°/JC(T)D dY°j=MMoz B<x<C (2-3)

BP g oot AN R EAESEA Y RS Gl Y AR R
FRE R ® o § §F FE& A F -~ F=96487 &2 £ % ¥ ¥ (Faraday
constant) ~ M, =32% f ehh 3+ £ > @ j=2F«Y, exp[2aFn/rT |24
BEEmTIrRA RY o SFRESFVE o LBERE g L
o R B r=83U4-F*FWMFHE A T PIIIVER -

AR F PR A g R iF 4T

Y, =Y, x=0 (2-4a)
dy oy
0, d_Xg = [Sd (X)] ‘ Do2 d_Xd X=A (2'4b)
Y, =Y, x=A (2-4c)
wp, WY _ .o O,
[gd (X)] Doz K =& Do2 dx X=B (2'4d)
Y, =Y, x=B (2-4e)
dy
c_0 - 2-4
ix x=C (2-4f)

TE p et E NP RIEIT R R E[38)

PM
T)= ¢ "¢ (2-5)
p.(T) T
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HeY B A& PIEA ~ M ZKEEPRfcs BLsFE > aRfcs 8

A F R 2N b o

2Py LREERREFTEAF>THO, #45 5 » HO 4

kEF ~ Ny R 2§ F  BEpEfkEf OFE,FEF407 ¢

YH o — PI-T?OM H,0 (2_7)
°7 PM

B kFEF iR+ P eh= f258 40T [17]

log,, (P, )= - 2.1794 + 0.02953T —9.1837-10°°T* (2-8)
+1.4454.107T?

S T TSI R LY T S

EA I L

1-Y, 1 i=gdc (29
1

S HF MBI Dy 110 fe Doy, ¥ ¢ Slattery and Bird 3f iz

i+ [38] k3
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1

b
1013xa£T] (Pcr chrm) (Tcrchrm)5 {1+N:|lj2

Tcrchrm Mk m
D, - V ek (2-10)

,m P

H¢ o a b7 F4F WIFESC A B Slattery and Bird 3 Bk @ T

# or & o1 fRdt o

2.2.2 %% 4p 7 = (Membrane phase potential)

EHK#E"?":’ 54 ,«ﬁa&;}_% BEW R o fEd ;E;‘Hﬁ’:jg

T A AR e L

d do

—| o ™ 1=0 <x< 2-11

dx( X j c<x<D ( )
2H¥Y o & 53—”7*45‘-"" [0 ReE Oy o m:};i#Bi{ =

BRRERA P R R s RNV AT 5

d do

—| gfon = 2-12

dx[ o, dxj i(x) B<x<C (2-12)

0. _, x=B  (2-13a)
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gom 9Pc _ 0O, x=C  (2-13b)
dx dx

O, =0 X

C (2-13c)
D (2-13d)

S
Il
o
X
I

EWT S @R Gl o T S% AN A AT [26]

1 1
o, (T)=(0.51391 - O.326)exp{1268(ﬁ - ?ﬂ (2-14)

I

o

T g2 ;A
ok S gl 2

ETINS

2.2.3 7 o % &K (Current density)

EEE A R R ARG T I A e R R 4 e

- ﬁ;"ﬁ}‘\“? %\' T AeTE

oo 90 B<x<C (2-15)
dx

) ()

m=qﬂ7%; Cex<p (2-16)

AP i AR mBR A TH C AEAMMERE -m RN & EN

B E D ENAR T enE s 0 TR AT IS 5 G (15) 50 & (16)

-~

RO RN AR LR R E AR e bR b 2

S B S AR 0 A I B e UL A R

2.2.4 8 B %~ i (Temperature)
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B IR TR Rl A 4 SR R AT MRS B e d O
Fé ’}:@% 'Eﬁ#% {%] ¢ mv_}i mﬁi‘ﬁﬂ’—’ %E‘;}\' Y F

gio b

l:(m:jw/och,oz + I\IHZO\NHZOCp,HZO + NWWWCp,W:| A S X S B (2_17)

dT, o 2TC | 2
dxd -KJ dx2d R Wo - o 0

d

He KT EF el 1 23805 LB & -NEFau

, 12 o eﬁ: a2z 2 3 » S
BNy BoRehZE g8~ 07 A5 2R BE G Ty 215165 B
kP B R A X BB

— B

v g WAL FE>THHO kT~
O, %% 5 ~WHEIRfK~d g\%f(ﬁ]
H o

d W, o
—(N =
dx( Hzo) w

H,0

A<x<B (2-18)

¥ Whoo 3% AL 7K £ mass source, T 4 57 4o T

eff

O—Sh H,0 fe p Hzo(psat_XHo) ASXSB (2_19)
: L RT p ‘

¢ :aSh 5 Sherwwod number - L 5 #pck & iy T, # £ 7

% T &
_ Surface Area of Water (2-20)
*  Volume of Electrode
AR R B S AR G
9Ny = Who A<x<B (2-21)
dx = " W, 6
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M &F@-’E‘;ﬁg'ﬁ#—}é} oo R R A 75N A

—K:ﬁdT°°+(NWC wCo
dx? dx B<x<C (2-22)

J(X)( )

2F

. i 2
=ﬂ@M+éﬁ

c

He KT g4 e @i talics n 240 BERAY - F 228§

By 1 H TR ] AHET2E ~AS E entropy ez £ ~ T
TR EA ¢ R R o TR C A -
HY oy g B REFAERHE > 750407

dNo, _ Y, () Bex<c  (229)
dx 2F
dN, _ Y, () Bex<C  (2-24
dx 2F

EREAA R L EE IR L SNV AR L R B

S0 207 N N 2 TR B T Vs 4k 2oy Bt .
THEETE R OTFER G o FHP R R SR AR AT

2 i 2
_Krenﬂd-';ermfpwdTm:'mﬁ C<x<D (2-25)

dx dx :
B KN i onm @l T, WY SER - ¢, 5ok

-~

SRV H o 2OML S e R R L R M, B
10°nF

Kena 3R Con WU MAE  THM S AT E 0 bl

B ¢ 0 R R AT A5 5
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2 P2
dTac _ Keff d Tac — IC D<x<E (2-26)
d c

dX2 Geff

(N,W,c . +NWc,)

w W w

Too n BAEFP4EA PR > THH S 2 & F 0 89 i f R fiok®

Bif £ 34255407

dN,, =V, J(x) D<x<E (2-27)

ORI B g AL Rk ER ok R R

dN, _ v, j() D<x<E (2-28)
dx F

P f MAAC ¢ o B R D AR T

|

L c. +N, W, c ., +NWCc
|:( F)\A/Hz p.H, H,0 H,0 ~“p.H, woow p,W:| E S X S F (2'29)
dT, o 47T, | 2
o K g o Mo =0

Tao & F 485 MRS S0 B RUR R i B 6% 4

T,=T.. x=A (2-30a)

K ef chd — K chc X=B (2'30b)
“ dx ° dx

T, =T, x=B (2-30c)

T.=T, x=C  (2-30d)
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Kceff chc — Keff dL X = C (2'308)

dx " dx
T =T x=D  (2-30g)
ket O _ peor T x=D (2-300)
" dx © dx
T =Ta x=E (2-30h)
K of % — K dTiad Xx=E (2-30i)
©odx ¢ dx
Ty =T x=F (2-30j)
REF TR REE L
N H,0.cd 0'1N02,in = 0-12I Xx=B (2-31&)
N, om = 0N, , = —0.1L x=E  (2-31b)
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AR (N Ml PR B e BN R I - £S5 C A
,vﬁﬂ&ﬁ&akﬁU$ﬂo—&ﬂ#%¢%ﬁﬁﬁ%E*%?ﬁ
* 3 UL 2o F S E 4 8 (Computational fluid dynamics) 4+
#c e £ @ (Numerical heat transfer) =% ﬁ%’fi”‘ -3 VL L2

P E I S A
3.1 3 *Z ~ ;= (Finite Difference Method)

FAAPEAKRALG VLA Z P enit * h- B FFF A

v i e

2
d’f | a(x)ﬂz b(x) for x;=<x=x, (3-1)

AP ax)2 b(X)F - ¢ Frehdnfic o A PR X BB A S (ML) B FIE

fi= f(X) fori=1,2,....m
A Xi = Xis1 = X fori=1,2,....m-1 (3-2)
He x0i=1,2,....m> A X®ERB?PBFomBE -

LG PP kLR 2 1 - B R RS AR T AT S

fio,—2f +f fin —fis
E + a(x) - —2Axi = b(x) (3-3)
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143X .ij fo—2f+ [1_WJ fiy =b(x)-AX? (3-4)

d L EHI A F I ML B R g 2 8 f L KR L4
fAprE A T D] (3-1) 5 i i fiE o

BEEARIIF S AN AL A X XA GEEE 2B
R_pF > dpihj: (lterative method) BgaiEs o HQ* % - @
PREIEF - XTE Al R XFE RS REF R Z X TE J

a—a
Serror = * (3-13)
a
2 a 2B s a* s AR o T kPR Y K ATF iE R
7 o BE T aceniE
Serror < 7/ (3-14)

A2 BB =108 & fp & 1000 =X s JTaciE i o
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T~ BEREEW

THEFE? ke E R E LA SBER - ERmAITE FRE
CRRERE SR S SR S IS SR PR &g SRR I e
By ETE S E o A 4D 5 A2 IS REEHEIZE & Garau & £ [27]
SR E R A O SO Bl ~ ik o R b 4 42 e dodioh

BoiEa REAEHBEHNTEETREE Y i FERS RV R

AR T RAAMDERIFELEE TS B LAETE T FA A hdidk
Ok AL S f TR TR R EET IR R oA A
T304 G BT Mo A N TEHLGETRY Th: S F o f
g“ o oyt B ¥ #f& it & 4 (Polarization curve) ™ I 354 o i T R S

Bt K& T AoT o

it R =[V(n),imn)] (4-1)

He V)=V, -Adn)-n R+ TR A V, MIERTERTR -

# &% AW & (Power density curve) 7 ¥ 12T 3ok 6 iF TR 4

S kAT 0 H RN o

HEHRY S =[PW(),i0n)] (4-2)
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41 B> F 2 %E

VR SRR E I N B R IR Ul VNG -l o b AR S
B2 o anh o KAFRA T 22 - Gurau &
A27] # B & - daend F e #icF 5050 (A half-cell model) ¥ -5 18 4%
P AR RICHAE G T BT T REIEITIE A2 B R
T2 RSk cBCERER T 6o 3 UL A ¢ g iR Ko

41.1 % 2kLip):#

RN LS L R S NI SRR A LFil - SRR L
Fafd o Bt o A AR FRERH G F 2w 0 RERRRL 5 H L

o pRzFArFit Bl EHELITPITIEFEZ A
TR oA T RERFARWG S BT E N kB, €
WWEFCPERFY RS R AFTEERFRT  RERFA ST €
Flcie t v #£7 » 34 (Round-off error)frie 2. %2 chsp e & @ ¢ |
KRR L FEE BOE R AR % o F T A R ERREESL ('
By VDT R T RY FERERA GOBE D% &0 R
oo PHAGFAFE ARG E > NEER S S O EfE o

B 4-1 475 5 024 4-1 (e~ Slie B 1A 4R MAFACE ¢
KR Sifice,(x)=042 f& it RILZLPIREE R A2 L B 27
fofegbak it o o ES Ik FitReEs Hod BP w5 41201
g2 1501 g TR enfrit o A L & % > @ 1201 22 601 12 2

|

mEANPEER It R A AR Xk 1201 B ELE
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Ao EF FLTd R bn EREFFFEAFIR S - F 40 &
TRN=032VET F2 ornflT Rk 10% > &F & 0 BT RS
032V 7 A2t Qg2 1AL INEDES o
Bl 46 27 F %% BT /R IE R & 353K gk 12 ff 4

B EA R s G WY R A 6B RARA - g A

R RATE o FE AR ETR §RETCEF BORAR Y
Foa AR T LRy €A RS REFALNTINRAES T2 H
oo @ EWR AT IABRERG FATEALTL A ANER S 33K
% §4 ’,l.};iw,%,b =4

Tms A g F PR o ApF S R IR B R end L

% o g”«‘fpﬁi”ﬂ"\ B=o

B 4-8 4 7 hE I TR R A& 353K chfR T b LR E H N B
,}3‘.\_51.1:-! LA RE ""Kmpb BB BT o X ;‘}’_’fﬁ—'“lfi’/ﬂ—-gifﬂ’fgi\:

wrig SN PP P ST L AR RN THT SRR

38



L4

?&%»m%ﬂ’%u%@%iﬁﬁ*fia FRELAR T PR
AR LSRR T S T F A P F B R R -
RO OUAR RSG - REAE 0 8 R AATOTIIRRE K

=l
B4-9 7% 5 & b endf (TR AT 0 AF WY a2

-~

2

T B §MEF B b @ RS LA P T U F Bk SR R B 363K
. ﬁ_ﬁﬂﬁ%%ﬁi P DA R ke LA kB R A 313K
B § A mi IR k0.1 2 STk SUR R R IR AR
G BT F O RE B IRCE SIS R2 R o R F @R

Bl 4-10 5 2% b o,k Sudf (500 B PF > JRLR 0 R RN iy

R A TR ek SR R B R R B R A T
ai#g%+’ﬂ%£§$%m&uiﬁﬁ%Wm?ﬁ@§%\
TEAEMEFERILA TSR R L HET
ﬁ&&iﬂ%’gﬁﬁﬁiﬁﬁﬁﬁiﬁﬁ*’%iﬂﬁﬁ%%iﬁ

-
1%’,1

¥

TS LN

7L i<
BRI 4 PR A R o & ORI B E A
Bl 4-12 5 1548~ v B & A2 A 353K pFec g s v B A 0 T

RIVEE RS G R TR GBS~ TR R L RAR

39



N R R RS AR AR R RN R B E G R RS
ke ol WA TREE £ Fig A - o

Bl 4-13 215t > v R R F T & 323K e g v LR > &4
MESAEE R A A Rk AP EILER A G ek
4-11 - # > Ee g B H R A3 H @ 34 s R FlY FF L R i
BB H B INAS KL F S o kid AR R R RS o

Bl 4-14 51546~ v B B2 A 323K &2 353K e e ¢ R
B TR EEF MRE . F MBI 2 R R F
a5 d @R BT g N EEE A 328K R F ] AR R S
T et 353K hpFiE > RFIAF R T RRM P € R FRICD
BT D ERE F ARG Y R L R F F AR e
JeinE §REF R R B A d B0 F F iR AL -

B 4152 22 FHE> T EART » §E&ER 5 353K g
=0.28V> € ¢(X)=0.4 P& > fR 4R 12 3 SR e AR T A G v B
YR T G e MR RARMPETE A DT REAR S > R gt S h
T ARG S0 AR AT R B FE oyl Zl AR S
o T e s TR RREPE > R SRR G RS FF T

RERIcFHMBERL > P - FLRFF F I $no 2 F

40



Bl 4-16 52 FHiE T ER > §14H T B R 5 353K 7
=0.28V > £ (x)=0.4 FF2 4R it & U Fl P F A B> R
- B EERER A A 363K BlRE R AR ity A B en
PR— BT A BT A T L R S A R AR TR
Bt A Fup ks RF A RER A R FENSNER
R > &FFBTEAFLA DT R - Ef R AT D
SEILT A E RS F A AT R R 353K F 5 il A
R ABBIE - TIRRRIR E RARREEFREAL S A%

/J\ ) f"g_ ‘g

ol o ATUE SRS DT BRI 2 PR

B 4-17 32 FHBiE v EAE - &> 7B & 5 353K g
=0.28V > ¢ ¢(X)=0.4 Prz_fm 1t & HL B0 FHRT G Ak B
MR E R T L KA 1 TR IR & h R g
U RBREREBR O IEEBEfcF MB AR ER ) > RTE F T
A TR R s v R R FE L 303K Bk P B i E T G
St~ TR R G 323K PF 0 ¥ ;rmﬁﬁ%ifgw, F4c b § R ehgp
FC A ST s s TR R G 32BK e B L R E o s
el AR P R S

Bl 4-18 5 % e4(x)=04 - B> v B A HE L 353K @A 7 kLR

CRAPER A GV RE Vg AR v F IR T

41



LT B R RARECR R R B R L BN g ek o (e dp
FOT IR R R AR R R R e Rl T 5 o B 4-19 RIRY e u(X)
=04 > B > v R A FHTL323Ka * FIEEr TR REER A G
R FRE T g RS U MR DR 0 iR
FOMARACH R AR PR LB S 4R g et OISR
B F%%ﬁfﬁdﬁﬂiﬁﬁﬁi%ﬁ&d* TG e

B4-20 &7 FKEEr>TEAT > FHIREAR S 323K 112
353K > 7=0.28V > €4(x)=0.4 % > 5 WE K ~ 7 WHITE 2 fJ 44 5

FEREAFRUVREBLCBERA-13F FPHENLE 7L §
I AR R AR EMEFRR TR TS S R 7] X & s T
WEREE R N = a FAe a5 5 AT ol B ARE R TR AR T
BAEiR A ec® o F 4 117% ofe i £ D enf B+ o

421 2t TR §BHE A 5 353K g

=0.28V 5 £¢(X)=0.4 Pz it o Sv- B> §E ML T EREFE

kﬂ@

® R R B i&m @ FF F OPpici 4 840 9708 e
Pt TR g RTS b R PETHURE N v R RS
Br TR R B R E RS o TR TR R
B n P BE AN BEREE SRR

Bl 4-22 52 kIt v B R > §HE > T ER 5 323K g

42



=0.28V » £4(X)=0.4 Pz & it & St FF) » §] 4-22 v* §] 4-21 ko
IR EFOLE > R €A M - BB B OB R T
BRIV RMR T B 6 R TR R - Sl 2

A - BB AP A F

Bl 4-23 5 &7 PR TERPFZ 2 34 SO RE 7 g §
f%;g_}i_jﬂﬂ,??’ﬁl:".éﬁﬂ CHIWV R R MEBFRGZE o ik JITR

AX S o TR P FAX D B 0 BB AL T enE - HRho
Bl4-24 5t F 5 tmr v B e RN TR R X
RCERBFHERENCER ARG EE R £ 2 B
FEBER R T AP - EE R Y AT UREYDET R Y
WolbEmER A RET F BB o d S RT A BiRD
BRSO RS T RS G LR R A § B A

HrE L R

%

Bl 4-25 B & F B v @R RFEENCERAFERE S H FH A
WHRR D R TR RM AR T EI B A BT iR &
TR LEEER L AE REFER R AT RIFLHL o A E
o D EWHET R Ld BV oo FBIF A 00 MR
B REmiw i R R BT

agﬁéé]}%ﬂﬁ%“ﬁi?u—‘éﬂ{’ B & X @J“"ﬁ R Av et E o - BPE W

43



BdRer v B R 0 Z e BiRa v R R o 2 T LA S A A

e U R R e A R A iR TR R o

44



3041 AAEFESL flch 1

P 'd i+ 5o N
i r v F HEAR (K) T, 333
£1a/& 4 (Pa) P 303975
Fosid 5% B (—) K 1.5x10”
X=0 % 3 sy. BEAF Yo 0.17
FHEBELR (m) L, 1.0x10°
;;: Wik 5 & (m) Li-Lg 3.5x10™
FRuCR BB (M) Le-Lg 1.0x10°
F MBI 2~ 3 o B £ 0.4
JREER 2 Pa A £ 0.2
FH AR 2 R AR A € 0.136
T+ 2 4#%E R () Lin-Le 5x107
ek g ¥ A 14
= H ATl B ¥ K
K- F 3.640x10™
K-% F a 3.640x10™
FA-5F 2.745x10"
> $ A i dpdkc W K
k-F F 2.334
K- % b 2.334
] 1.823
h B R (K)
-k 647.3
i Ter 154.4
iA 126.2
T &4 (atm)
-k 221.2
i P., 49.7
¥4 33.5

45




% 4-2. R AEITIEE 2

s B &
B ie/& 4 (Pa) P, 303975
Lt/ 4 (Pa) P, 303975
L e S (%) K 1.5x10°
b Xx=0:hf § FT&A S Yo 0.17
FHEFELEE (M) L 1.0x10°
F MBI 5 R (M) Li-Lg 1.8x10™
f 4k &R (m) Le-Lg 1.0x107
FORRIBACA 2 5 2RI A £d 0.4
JRAE-R 25 PV R Ec 0.2
P4k 2 E R AR o g 0.136
F+2#ghk R () Lon-Lec 1.8x10™
R T 2 W K A 16
(shxfe)/L(m™) 2x10°
R IR 1S Y 1.5
1A i :%;srﬂ F % Y 3.0
R CE BRSNS
K-F F 3.640x10™
k-F F a 3.640x10™
¥F4-F 4 2.745x10™
> AT B dpdc W B
k-F F 2.334
k-F F b 2.334
§5-F 4 1.823
=i R (K)
-k 647.3
¥ 5 Ter 154.4
¥ F 126.2
T=h & 4 (atm)
-k 221.2
EN Per 49.7
¥ F 33.5
#0183 % He(W/m°K)
F MBIk Kq 1.6

46




1.5

0.34

47




I I I I I
] -
E -
g
c
-lq—)l —
o
o
% -
@)
0.4 I I I I I
0 0.4 0.8 1.2

Current Density(A/cm?2)

Bl 4-1 Hedmf BIEATh P " MR Slicy ¢,(x)=04 > k3R B A 333K
P2 & it o AL EERR 2 % B

48



12 ] I ) I )
Present Result
1 —
ﬁ (@) Gurau et al.
S i
@
c
9 08— -
(@]
o
o i i
@)
0.6 = -
04 ] I | ] I | ]
0 0.4 0.8 1.2

Current Density(A/cmZ2)

Bl 4-2 + < BB %2 Gurau % A [27]60fE47 8 % 3 AR F ML
BPIHESHE e (x)=04 > IR R S 3BKFZ & W

R

49



12 I I I I I I I
1 - Present data -
O Rowe and Li[26]
-
—~ 0.8 — —_
2
T -
c
2 0.6=- -
)
o
8
0.4 — —
0.2 = -
O I I I I I I I
0 0.4 0.8 1.2 1.6

Current Density(A/cmZ2)

B 4-3 +~~ #icie ¥ % 2 Rowe and Li [26] f#47 % %1545 M
ok ? VMR S8 S e (x)=04 > kSR R B 353K pFZ 4R 1L

¥ A R

50



354 =

353.8 =

353.6 =

353.4 —

Cell Temperature(K)

353.2 =

353

0 0.2 04 0.6 0.8 1
Normalized Distance

Bl4-4 Z2E2R8H AT 2 ki BTRT - F ARER S 363K

€d(X)=0.4 BF > F REIHITH ~ RAE 2R N R R R R

51



1 T
\\~~:\~~‘ — —— — —_— —
- s\ ~‘s‘~ ~
RN
0.8 — N o TT~~o
Nt .
c - \. . \
© ~ .
o Gas Channel ™\, ~ .
C 0.6 — N GDL
LL N
(7)) ‘\ .
@ - N\
E n=0.24 .
0 0.4 — — 1n=0.26 \ \
O 1=0.28 \
— - — =030 \
|
0.2 — —=—=-1=0.32 \
0 — T T T T 1 7
0 0.2 0.4 0.6 0.8

Normalized Distance

Bl 45 28 H AT A R4 aBa BT > F cq(xX)=04> kiR

Bt 353K PF o Kotk i W - §F WA 2 EA Y §F 5

PR A RS G

52




0 ——————
ull — — — — ——— ”””% ‘
-/ '—”" /o <
_--" /
01— ”'_,— /'/
! ~ - Membrane
S ] s
E -’[ / / P
-
o 027 l — =024
2 - — — =026
< 7 , ----- n=0.28
/. — =030
-0.3 =7 | Catalyst layer — - — n=032
L

0.4 ( — T ' 1 ' 1T T T
0

0.2 0.4 0.6 0.8 1
Normalized Distance

BlA-6 7k 4o B0 RPE o UK 2 AR ) R A

53



20000
i n=0.32
16000 =
I
Q& 1 =0.30
£ | !
<
S 12000 = ]
D I Catalyst layer
éc) 1 Membrane
o |
S 8000 — I n=0.28
= N
41
3 ]
| !
4000 —{ !
!: n=0.26
I
1]
n=0.24
O I I I I I I I I I
0 0.2 0.4 0.6 0.8 1

Normalized Distance

Bl 4-7 3 F &5 B TR JRELE 02 TR R TR A G R

54



L2 N R A B
iIsothermal model
_. 0.8 — — — non-isothermal model —
s
I
c
g - -
(@]
o
3
0.4 = -
O |} I |} I |} I |}
0 0.4 0.8 1.2 1.6

Current Density(A/cm?2)

Bl 4-8 i $E A B 353K LR B 2 EOR BN iR U 0 AU ]

55



Oxygen mass fraction

0.6 —

0.4 —

0.2 =

n=0.28
Tc=313K
— = Tc=323K

Bl 4-9

0.2 0.4

Normalized Distance

0.6

B2 R4 ESREART o F =028V €4(x)=0.4 pF o F #

BA > FUBIE LG D3 5 TEA TR RE

56



Membrane phase potential (V)

® 4-10

- --’
'-’ -’¢
- ==
- — .’

Membrane

0.2 n=0.28
1 Tc=313K
} — — Tc=323K
031NN 000 eee-—- Tc=333K

— - = T¢=353K

Catalyst layer
— - - T¢c=363K

0 0.2 04 0.6 0.8
Normalized Distance

BF IR TR AT > F 7=0.28V 5 € o(X)=0.4 B o fR 4L

B EREY AR R A L )

57




X L L L L

Cell Potential(V)

0 — T T T 1
0 0.4 0.8 1.2 1.6
Current Density(A/cm2)

Bl 4-11 2228 H 8T F e9(xX)=04 > 2 F 2 S (TR R PFR 4 R

)

58



360 = -
—
e
-—-:::\-- A
- \~~~\ d -~ .
— \-\\\ - ~ . —
X \ I S
T AN N
o 340 —
5 Cathode \\\ ~_
E \\ - —~
g \ ..
£ T,=353K,n=0.28 N el
F — — T,=313K \ S~ao
T) _ -
S 300 =-=--- T,=323K ~
— -—T,=333K ~
Membrane ~
— - — T,=343K -
] T,=353K Anode
—-—-- T,=363K
300 ] I ] I ] I ] I ]
0 0.2 0.4 0.6 0.8

Normalized Distance
Bl 4-12 5 ¢¢(X)=04 > [t v BRFZ 5 353KA 7 FHfErr f

B PR R A R

59



370

Tc=323K,1=0.28

_ o
s0 — — Ta=313K -
----- Ta=323K .
1—  Ta=sssk Membrane = anode
350 o — - — Ta=343K /

/

Ta=353K

Cell Temperature(K)
w
D
o
|

330 —
320 — -
~
- B —
—— -
310 |} I |} I |} I |} I |}
0 0.2 0.4 0.6 0.8 1

Normalized Distance

B 4-13 # c4X)=04> 14  r B AR AR5 328K @ # bR~ T if

B PR R A R

60



Oxygen mass fraction

0 0.2 04 0.6 0.8 1
Normalized Distance

Bl4-14 2B > BEAET > §EEER S 323K 12 353K >

7=0.28V > e4(x) =0.4 PF > 5 REER - F WIHITHK 214

B en§ f RS SR

61



-0.05 —

Membrane Phase Potential (V)

Membrane

Tc=353K,n=0.28
Ta=313K
— — Tg=323K

-0.25

04 0.6 0.8 1
Normalized Distance

Bl 4-15 a2 kB> ERT > §KEEER S 353K =028V

£ 4(X)=0.4 P& > FELA 1 2 RS A R A G 1 )

62



1.2

Cell Potential(V)

B 4-16

I I I I I I I
0.4 0.8 1.2 1.6
Current Density(A/cm?)

B2 RHEEsCIERT 5 EERER S 353K =028V

€ d(X)=0.4 PFz_ 4 it & 210 fi2 [

63



LT T T T 1

1 Ta=313K

- — — Ta=323K

~os—dNC @0 —
S

© - -
=

2 0.6 — -
o
o
D
O

o
N
|

0.2 =

0 |} I |} I |} I |} I
0 0.4 0.8 1.2 1.6
Current Density(A/cm2)

Bl 4-17 B2k BEr»CBAET  FHEBEAE L 323K =028V >

€ d(X)=0.4 FF2_fh it & - F ]

64



370 I I I I I I I I I
360 — T Tt ~I\/lembrane _
-
¥ 350 —
o -
3 . a— -_
© — -
L 340 — -7
o P
5 1 T,=353K,n=0.28 |
= Tc=313K
& 330 — = Tc=323K =
i N Tc=333K
, — = Tc=343K
320 — - — Tc=353K
- — - - -Tc=363K A
310 I I I I I I I I I
0 0.2 0.4 0.6 0.8 1
Normalized Distance
Bl 4-18 % €4(X)=04 B4 v B R FTE 3B3KA 7+ FEErT

R PR R AT R

65



370
- Ta=323K,n=0.28
~ . —— T=313K
3605 T~ embrane — — Te=323K
_ .. \ embrane Te=333K
e
g 350 — ~ . - ‘. —_— = Tc=343K
) cathode — - — Tc=353K
- athode .
= . \ — - - - Tc=363K
o — Y
P R
=  [mm==e-ea_ - DR Anode
Ieb) — s\‘ -
i ‘\‘-~.\.\‘ E‘
320 —
310 ] I ] I ] I ] I ]
0 0.2 0.4 0.6 0.8 1
Normalized Distance
B 419 % egX)=04 BT BRFLE 323K @ 4 BB T

R PR R AT R

66



Oxygen mass fraction

|| I || I || I || I ||
0 0.2 04 0.6 0.8 1
Normalized Distance

Bl 4-20 A2 FIEErCERT 3 HEEAR 5 323K 2% 353K »
D028V » £4(X)=0.4 B¥ » § REE A « § MIBFCH 2 1T 4K

PF FOTRA SRR

67



S L B L L L

1 — Te=313K =
o —_— = Tc=323K -

_os-"" @ T/ —

b

E - -

=

< 06— _

(@]

(al

D

O

o
N
|

0.2 =

0 A B N N
0 0.4 0.8 1.2 1.6
Current Density(A/cm2)

fw 4-21 eA REEsCEET > FHBREE S 353K =028V >

€ d(X) =0.4 E&—i’]ﬁif"* b ‘é;;lpl. ﬁtl}%:]

68



1.2

Cell Potential (V)

B 4-22

|} I |} I |} I |} I
0.4 0.8 1.2 1.6
Current Density(A/cm2)

eA REEsCEETFBREAE S 323K =028V >

€ d(X) =0.4 E&—i’]ﬁif"* b ‘é;;lpl. ﬁtl}%:]

69



0.5 =

0.4 —

0.2 =

Power Density(W/cmZ2)

—— Tcell=313K
—E— Tcel|=323K
—©— Tcell=333K
+ Tcel|=343K
# Tcel|=353K
+ Tcel|=363K ltl

B 4-23

| ' | ' | ' |
0.4 0.8 1.2 1.6
Current Density(A/cm?2)

B AR ITERPFZ P I R RE

70




Power Density(W/cm?2)

0.6

Cathode Temperature(K)

4 —4€— 313K

—@— 323K
0.56 — —rh— 333K

—W— 343K

—H— 353K
—— 363K

o
4
N
|

310 320 330 340 350 360
Anode Temperature(K)

Fl4-24 &R UEES DA 0 RBIE D TR R PR S

¥ A R

71

370



0.56

Anode Temperature(K)

—&O— 313K
—A— 323K
—@— 333K
—p— 343K
—— 353K
—fH— 363K

Power Density(W/cm?Z2)
o
N
(o]
|

0.44 —

0.4 —

I I I I I I I I I I I
310 320 330 340 350 360 370
Cathode Temperature(K)

Bl 4-25 LFTHE» TR IFEERN T ERF RS HF

¥ A R

72



Ao dF el R R R R R LT e A

RiT 5 jxégig?]/\ EEE 0 EM AT LR IR S N IReng A
o~ EHAP T A TIRA T ERAT HR R R S F
-

W AR SRS LR P AR ;ﬁd BB ekt E 0 %

(o w)i“ii—"/\’ij—‘}l%“' m%#ﬁ%;}%ﬁ, - ‘/‘:;;3 #\k*ﬁ?;‘fé% W FFB%E'{‘JK —

3

A2 AFrenE e - BREAS RS > HhE ppIeE
EEE R R AT R R R HH P e it itk A
P TR RREHE BN B N EHABE vER S
R i B PUSEREHR S AP ERT G R

1 s Bz TAPIGERAGARE IS » 57 4 2

Fren®it > S REEREAPORPTIA FLLT EF 2 d
SR he T FF BB A TR AR R AT

LENP AT R S PR R R F TG -
FApE o RIA PG R MR PR Y RAE ko 1R AL
R o

2. F BRSO FF B §RL NP DR ET

73



4 e TA B ARISF D] o - LRBESERS R S

A RIE AR R R R R o

74



é}ngewéE

1.

Carrette, L., Friedrich, K. A., and Stimming, U., 2001, “Fuel Cells
Fundamentals and Applications,” Fuel Cells, 1(1), pp. 5-39.
Larminie, J., and Dicks, A., 2001, Fuel Cell Systems Explained, John
Wiley & Sons, LTD.

Mosdale, R., and Srinivasan, S., 1995, “ Analysis of Performance and
of Water and Thermal Management in Proton Exchange Membrane
Fuel Cells,” Electrochimica Acta., 40(4), pp. 413-421.

Costamagna, P., and Srinivasan, S., 2001,“ Quantum Jumps in the
PEMFC Science and Technology from the 1960s to the Year 2000
Part I. Fundamental Scientific Aspects,” J. Power Sources, 102(1-2),
pp. 242-252.

Costamagna, P., and Srinivasan, S., 2001,“ Quantum Jumps in the
PEMFC Science and Technology from the 1960s to the Year 2000
Part Il. Engineering, Technology Development and Application
Aspects,” J. Power Sources, 102(1-2), pp. 253-2609.

Bernadi, D. N., and Verbrugge, M. W., 1991, “Mathema tical model
of a gas diffusion electrode bonded to a polymer electrolyte,” AICHE
Journal, 37(8), pp. 1151-1163.

Um S., Wang C. Y., and Chen K. S., 2000 > “Computational Fluid

Dynamics Modeling of Proton Exchange Membrane Fuel
Cells, “Journal of the electrochemical society, 147(12), PP.
4485-4493.

Dutta S., Shimpalee S., and Zee J. W. V., 2001, “Numerical
Prediction of Mass-Exchange Between Cathode and Anode Channels
in a PEM Fuel Cell, ”International Journal of Heat and Mass Transfer,
44, PP. 2029-2042.

Xie, G, and Okada, T., 1995, “Water Transport Behavior in Nafion

75



10.

11.

12.

13.

14,

15.

16.

117 Menbranes,” J. Electrochem. Soc., 142(9), pp. 3057-3062.

Xie, G, and Okada, T., 1996, “Pumping Effects in Water Movement
Accompanying Cation Transport Across Nafion 117 Membranes,”
Electrochimica Acta, 41(9), pp. 1569-1571.

Okada, T., Xie, G.,, and Meeg, M., 1998, “Simulation for Water
Management in Membranes for Polymer Electrolyte Fuel Cells,”
Electrochimica Acta, 43(14-15), pp. 2141-2155.

Okada, T., Xie, G, Gorseth, O., Kjelstrup, S., Nakamura, N., and
Arimura, T., 1998, “lon and Water Transport Characteristics of
Nafion Membranes as Electrolytes,” Electrochimica Acta, 43, pp.
3741-3747.

Okada, T., 1999, “Theory for Water Management in Membranes for
Polymer Electrolyte Fuel Cells-Part 1. The Effect of Impurity lons at
the Anode Side on the Membrane Performances,” J. Electroanal.
Chem., 465, pp. 1-17.

Okada, T., 1999, “Theory for Water Management in Membranes for
Polymer Electrolyte Fuel Cells-Part 2. The Effect of Impurity lons at
the Cathode Side on the Membrane Performances,” J. Electroanal.
Chem., 465, pp. 18-29.

Amphlett, J. C., Baumert, R. M., Mann, R. F., Peppley, B. A,
Roberge, P. R., and Harris, T. J., 1995, “ Performance Modeling of
the Ballard Mark IV Solid Polymer Electrolyte Fuel Cell — I.
Mechanistic Model Development,” J. Electrochem. Soc., 142(1), pp.
1-8.

Amphlett, J. C., Baumert, R. M., Mann, R. F., Peppley, B. A,
Roberge, P. R., and Harris, T. J., 1995, “ Performance Modeling of
the Ballard Mark IV Solid Polymer Electrolyte Fuel Cell — II.
Empirical Model Development,” J. Electrochem. Soc., 142(1), pp.
9-15.

76



17.

18.

19.

20.

21,

22,

23.

24,

25,

26.

Springer, T. E., Zawodzinski, T. A., and Gottesfeld, S., 2002,
“Polymer Electrolyte Fuel Cell Model,” J. Electrochem. Soc., 138(8),
pp. 2334-2341.

Dohle, H., Kornyshev, A. A., Mergel, J., and Stolten, D., 2001, “The
Current \Voltage Plot of PEM Fuel Cell With Long Feed Channels,”
Electrochemistry Communication, 3, pp. 73-80.

Nguyen, T. V., and White, R. E., 1993, “A Water and Heat
Management Model for Proton-Exchange-Membrane Fuel Cells,” J.
Electrochem. Soc., 140(8), pp. 2178-2186.

Yi, J. S., and Nguyen, T. V., 1998, “An along-the-channel model for
proton exchange membrane fuel cells,” J. Electrochem. Soc., 145(4),
pp. 1149-1159.

Yi, J. S., and Nguyen, T. V., 1999, “Multi-component transport in
porous electrodes of proton exchange membrane fuel ce- lls using the
interdigitated gas distributors,” J. Electrochem. Soc., 146(1), pp.
38-45.

He, W,, Yi, J. S., and Nguyen, T. V., 2000, “Two- phase flow model
of the cathode of PEM fuel cells using interdigitated flow fields,”
AIChE Journal, 46(10), pp. 2053-2063.

Fuller, T. F, and Newman, J., 1993, “Water and Thermal
Management in Solid- Polymer-Electrolyte Fuel Cells,” J.
Electrochem. Soc., 140, pp. 1218-1225.

Argyroupoulos, P., Scott, K., and Taama, W.M., 1999,
“One-Dimensional Thermal Model for Direct Methanol Fuel Cell
Stacks Part.1 Model Development,” J. Power Sources, 79, pp.
169-183.

Djilali, N., and Lu, D., 2002, “Influence of Heat Transfer on Gas and
Water Transport in Fuel Cells,” Int. J. Therm. Sci., 41, pp. 29-40.
Rowe, A., and Li, X., 2001, “Mathematical Modeling of Proton

77



217,

28.

29.

30.

31.

32.

33.

34,

35.

36.

Exchange Membrane Fell cells,” J. Power Sources, 102, pp. 82-96.
Gurau, V., Barbir, F., and Liu, H., 2000, An analytical Solution of a
Half-Cell Model for PEM Fuel Cells,” J. Electrochem. Soc., 147(12),
pp. 4485-4493.

Benenati, R. F., and Brosilow, C. B., 1962, “ \oid Fraction
Distribution in Beds of Spheres,” AICHE J., 8(3), pp. 359-361.
Ridway, K., and Tarbuck, K. J., 1966, “ Radial Voidage Variation in
Randomly-Packed Beds of Spheres of Different Size,” J. Pharm.
Pharmacol., 18(1), pp. 168-175.

Vafai, K., and Tien, C. L., 1981, “ Boundary and Inertia Effects on
Flow and Heat Transfer in Porous Media,” Int. J. Heat Mass Transfer,
24(1), pp. 195-203.

Vafai, K., and Tien, C. L., 1982, “ Boundary and Inertia Effects on
Mass Transfer in Porous Media,” Int. J. Heat Mass Transfer, 25(8),
pp. 1183-1190.

Vafai, K. Alkire, R. L., and Tien, C. L., 1985, “ An Experimental
Investigation of Heat Transfer in Variable Porosity Media,” ASME J.
Heat Transfer, 107(6), pp. 642-647.

Lu, J. D., Flamant, G, and Variot, B., 1994, “ Theoretical Study of
Combined Conductive, Convective and Radiative Heat Transfer
Between Paltes and Packed Beds,” Int. J. Heat Mass Transfer, 37(5),
pp. 727-736.

Kamiuto, K., Ilwamoto, M., and Nagumo, Y., 1993, “ Conbined
Conduction and Correlated-Radiation Heat Transfer in Packed
Beds,“ J. Thermophysics Heat Transfer, 7(3), pp. 496-501.

Hunt, M. L., and Tien, C. L., 1988, “ Non-Darcian Convection in
Cylindrical Packed Beds,” ASME J. Heat Transfer, 110(4), pp.
378-384.

Mueller, G. E., 1991, “ Prediction of Radial Porosity Distribution in

78



37.

38.

39.

40.

Randomly Packed Fixed Beds of Uniformly Size Spheres in
Cylindrical Containers,” Chemical Eng. Sc., 46(2), pp. 706-708.

Wu, J. W, and Chu, H. S., 1999, “ Combined Conduction and
Radiation Heat Transfer in Plane-Parallel Packed Beds with Variable
Porosity,” J. Quant. Spectrosc. Radiat. Transfer, 61(4), pp. 443-452.
Bird, R. B., and Stewart, W. E., 1960, Lightfoot, E. N., Transport
Phenomena, John Wiley & Sons, LTD.

Lee, S. L., 1989,“ Weighting Function Scheme and Its Application on
Multidimensional Conservation Equations,” Int. J. Heat Mass
Transfer, 32(11), pp. 2065-2073.

Lee, S. L., Chen, T. S., and Armaly, B. F., 1986, New Finite
Difference Solution Methods for Wave Instability Problems,” Numer.
Heat Transfer, 10(1), pp. 1-18.

79



