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Abstract

Fuel cells have demonstrated very high efficiency and are also much less harmful impact
to the environment in general. Among these, solid oxide fuel cell (SOFC) has been considered
as one of the promising energy technologies due to its high efficiency (up to 90%) that can be
achieved by hybridizing with combined heat and power (CHP) system because of its
operation at high temperature (500-1000 °C)

In this thesis, we are interested in exploring the effect on efficiency and fuel utilization
by changing flow channel design of the planar solid oxide fuel cell stack. Through numerical
investigation for improving the design, we can obtain several important operating parameters
which can not be obtained through experiments. Therefore, we employ a commercial
Computational Fluid Dynamics (CFD) code, named Ansys Fluent, by using its SOFC module
in the current study. These studies include flow analysis, thermal analysis, and
electrochemical analysis.

The results show that a new design, named Type C, in which the gas flow is directly
across the interconnects diagonally, 12% and 14.6% of power density and fuel consumption,

respectively, are found as compared to the counter flow design presented in Sembler et al. [1].
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2R o AP B AP L4 0 SOFC & 5 5 chif Lo > BT R * & F b en
WAL e @ REDRET R MR R TS P I SRR L v B T
PAFrESTRE IS A KGR T TR R AR ERPF
EHARHEFTIEIHE P RARTFES TV EEAZ B foF H g T s
ARG FiRF ORE

Solid Oxide Fuel Cell

Fuel H.0 + CO
H, + CO - -
2 > CO+H,0 - H2+CO2 Heat
Paﬂn::hla w ( lt
noce 2H2+ 20= 4e' + zuzo Hig o e

Impermeable | g=

Electrolyte fot

Permeable 02+ 4*-_* 20'

== [T
Alr Depleted Oz
— Oxidant Heat
BQ2-1) Afd 2T » T £ B8]



P2t fj B SOFCHmT g 3m~ ~ L1284 4 0375 5 4 )2 7 3dpsitde » A7 (7
Ao 2 A EHA 6w A QLR SHEARY 2y R R hE
iR e BB RO SOFChed (55 FH MM BmEFRLTH A5 -

22.1 B BB NT BRI

¢ TR RS T @RS a0 T 4 5 BT (4 423) 5 P-SOFC

24§ 43 HO-SOFC A 48 - B % 1 & 4 B i 3] 5 O-SOFC > #-kZ jf 0

l-u..

EAE
F%%&_omPSOFCmizﬂ%@T% LAt A B R 0 - R M ERDE F S E

WA RS SRR A E RFTAZ PR EF T Mg oand A A TR Bt

L
e
hpas)
2|
W

TR AN A P e FEE 0 A e B 5§07 O-SOFC 5 4 o
222 AR AR TABHE

TAAHARY ALRIAMP T L@ E LRI HORALERcH R T
A LT RFMFIHITIRETA > THRIH F EARF AR > R H IV F e B
WhReAEL, RF T RENEFFIFZERTORURGET B A SR o

o TP VOURSN O TARREBRTAF BRI T -BEAFEEELY
Ao deT BI2-2)4F o SWFENE DA S B A AN N WITE MR
LA T RERT RERG -2 NFFH PR PR A o 57 " Mk

TRRECRCTMRTOEBRLICE SN F - oa Y BE AE YT gl RS
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UHBELFAFLEF PR T R R kA

P
o

THAR L OB X X
QR ER B AR K
Q] 2. b ¥ 4.1 H)

B X (Ducipd & :
QARSI & X
G e R ARG % - I

S L8 (DR & b
QOBAER RN K
G A A% : T

2R A%: ORBHL:
Q)RR R X : /)
G (i & 4 2R BERK: F

BI(2-2) BAEE I ROR R LR B A9

223 B F LT RITER

j

TR F T Rk FEAT A S B E2B00~1000°C) ~ ¥ E A](600~800°C)

2GR AN(=600°C) = o — R ARB IR Y B F B FARE-T B g AR > BRI
FARL R ARE B AT A ARCE R AT @ EF 5 il 4 AR L T e Ak
B NP R ) R A R L MR R PR (600°C) F 4 et R R it AT
TR AR MGR A FE A F PR T 5 (600-700°C) o B A I 3 (TR B ehdp ¥ iR

LI b B(2-3) 9 o
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p_______ T P

high temperature medium temperature low temperature
materials available o materials available - materials available

+ technology existent o technology existent - technology existent

+ cell performance o cell performance - cell performance

+ fuel processing o fuel processing - fuel processing

o long term stability o long term stability* + long term stability*

- dynamic operation o dynamic operation* + dynamic operation®

- system costs o system costs* + system costs*

*estimated

B(2-3) # PHREERFACALT CHFBHTH BB R (DET BB (2T 248 (0)F ¢

Z (D)) ik 5 [10]

224 FHip g VR g F T N

BT B T N AR EE - BARE BRI RETS > W) - 0

=H

5 R

e

CERVBAET R A REAOFE T B 0 FiRA Ry b o BF R
ZREPwFERSB O BT BT A

air

(a) Itl

cathode| l
. sealant

electrolyte —

(b)

cathode I I

N

electrolyte anode

anode

]

fuel fuel +air

fuel

ad 1o
<t
| 1
e
EEE SRR R e
L1
1
¥

Fig. 1. Schematie of fuel cells: (a) dual-chamber SOFC, (b) single-chamber SCOFC; () flame fusl e=ll

BI(2-4) B F o3 8 38 172 X0 1]
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2241 BF BEHALE 2T % (Dual-Chamber Solid Oxide Fuel Cell,

DC-SOFC)

R T ELF LT s §p

C:::I
i
o
R
"
pina
e
-
F_*
=3
s
-F
9
~F
b
=
"

PABFEL FERA - BEF N R

f =0 By WFRE RN R o 8 R DA &

ez § BFF > NEIFE T NP Do BTN HF MR IR RV R TET

AALEVERER b 0t ¥ b S AR R aiseF b oo

BEF RE DR AT & (2-3)7T o

FHE R TS MR S UGN R A YR DR 5 A 3T o R

Gue sk kit LRI S AET RS R AR FE Y b oA

GRS

RERT o 3d EAFP DL EEY SR

TR o ek TR R AT TROE R Tk kR R

o

Advantage

Challenges

® Does not require catalytically selective

electrodes

® [arge-scale stationary power generation.

® Configuration is not considered suitable for
portable applications in which frequent and
rapid start-up and shut-down

® [arge internal stress during the heating and
cooling processes between cell components

and sealant.

2(2-3) BF BT AT 4T 5 (DC-SOFC) chife 287 34 5[ 12]
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2242 BF B2 HALES Y HFRET#  (Single-Chamber Solid Oxide Fuel Cell,

SC-SOFC)
SC-SOFC €4 & BB Eia® 4 » 7 I h E A BFPHH > JF &

EREDPPEZF FHEFTF BFRT o WXV PHAEHFEP B P B U AR

[

BT FERRE ek 0 P RE L RS EE B g o B RO N
T BI(2-5)% 7
Anode :

2CH, + 0,—2CO+2H,
2CO+2H, + 20* (SE) — 2CO,+2H,

Gas
4CH,+20, mixture »
CH, : 0,=2:1

sl 2CH,+2H,+2CO,

Cathode :
2CH,+04—20%(SE) + 2CH,
BIQ2-5) EF B3 TH AL CF 2T A - A B CLEEE + 3 EB 4 SE: & §

ST R F(13]
PR N B REEA A Y MBS AR RIRG T RT T U M S e

ORI OEE . S Y ARk BT 0 SR o BRI R

¥ IZ%‘%‘\J gﬂ?’i‘ﬁ;‘:'l}}}\?fﬁm uj\FIi (L {—t f,ﬁafﬁf?f({‘{{,u fi’rzi;‘}! ‘j"‘#‘g&"’ﬁ"ug

TRAEFHMETLBT S 2o 40T BQR-6)T7F > S fE
CE MR F S B I N MR L FRAE P T E TR B
By PR P (Mixed
Reactant SOFC, MR-SOFC) o SC-SOFC i-imeifdd 8L > 4o % (2-4) #7577 °
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Exhaust gas (H,0, CO,)

BN /‘“J

el

F.-L'a- S O
wm

ICN

LB

Fuel mixed with air in

B(2-6) g F AN ALT 4

- Anode-A
[Z23- SE(0%)
[FZ55] - Cathode -C

- Interconnect-ICN

H]]]]]M Current

collector-CC

il 5 04 4 (MR-SOFC) % 3+[13]

Advantage Challenges

®  Scaling-free structure ® Highly selective and catalytically active
® [ess complex gas mani folding materials necessary.

® Increased thermo mechanical stability ® [ ow efficiency due to parasitic,

® More compact and simplified designs non-electrochemical reactions.

® Easier stack assembly ® Lower fuel utilization than in dual-chamber
® (Qreat potential for miniaturization SOFCs.

® No need for gas-tight electrolyte ® Risk of explosion for fuel-air mixtures at
® Exothermic reactions to sustain cell high temperatures.

® temperature

® New cell designs

® Fasier fabrication

2Q-4) EFREALT P RET

# (SC-SOFC) g 8187 3+ [ 12]
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BARCGREET S A RF Y #

T R A L RN R

FEFMAER BECMPE TR A

DFFC t-imehifd BL o 40T 4 (2-5) #F7 o

e

ER LBV E ¥ (Direct-Flame Solid Oxide Fuel Cell, DFFC)

Ak J%m-ﬂs =\ J;L J%/ﬁ;ﬁ% ﬁ 1d J;L,i, j\#!t 14,

SEEF 3 SOFC Ecds o 8 i 4 chid B
AR ARG 3 5 LG & Rk o

Advantage

Challenges

® Ultra-simple cell configuration

® Highly flexible fuel selection

® Frequent and rapid start-up and shut-dewn
([

Portable power generation

® Thermal management.

® The uneven heating of the flame will
induce the thermal stress within the fuel
cell and may cause it to crack.
Fuel utilization.

®  Most of the fuel is consumed by
combustion and therefore the total
electrical efficiency is low.

System design.

Flames in real situations are generally hard

to control and may often be unstable.

F(2-5) B E N IGHERE

23 BERBEIFSALS

=H
s
ﬁm
F_

<l
Rd

T E AR AR e 3 S

@%J TR R AR s F A A s

T1IE NPT u;ﬁd B AT 1R

FR o F MRS AT e AT R

g T 3

# (DFFC) i 282 + %[ 11]

Ly

EE ="

-l

SETRB Y W ira s MU G FF S PR L g

* ] e lz\ﬂf\?ﬁﬂffﬂb ¥ 7

+ o FL R R S L &

@ —@%}—6 L’J’JP\ %K% Lo ‘z\ﬁ\/n l’g‘; v m/n 'E‘*"

CRRBBRA G ME T 0E D % i




Aol o e T RTBAAG R L & AR R T A AR g o H P s T s AR
PRI AR A GBI SRS e T R s

CHEF BETESALY C PRI RaFR T ERRS 2 T P B
Bzt b pA S oG by 5 RS CFDEcRE G L Y0 T % 538 o 4o ¢ STAR-CD -

CFD-RC ~ Fluent¥ % - & gt 55 # 3 (7} cnifdl Biodg £ 3t iy o

FE I ADNE A L BTN SR VE PR LA ARG M B T B R R PF EAL=Z LRI

U R FUE A e B RGE E Bh[14] o e AR 2 B R R G LR e
Bt o F IR [15-16] VR I A TR SRR 7] ~ 2 RIRE[18-19] ~ & A E
[20] ~ B R onig [21] ~ s iURkiag [22]% & 0 B 5 01,198 3 SOFC i3k 3+ 47 4 [23-24] -
4o B(2-7)¢ 7T o = A HOpal el s Pena ek T e F R R e A B TR

FARE A B LR RS AT PR L R AR LR e

~

KAWL A S AL F IO BT RS G A o T A AT B A

T4 L 5 0307 % (tape casting) e N % F i o
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B(2-7) & A8 nT N B F PR s L kR 21]

BB E  Faa g > N KRR AR AR F L G e ai(Co-flow) ~ i e i
(Counter flow){r < 45 /i (cross flow) o 392003 # > K. P. Recknagle & 4 [25]c#7 7 » i
B E MG BAFOF T Frednal ¥ FIER LB 0 e F T A
BREAS B Ao B(2-8) £(2-6)%77F o B R P FHaRKIEY o L IET UG R A

PR R kA o 4 F) PR B A S SRR Y R AR TR

_ ' L _ :
r—m = N i [ N R

P N —

|~ F——— 7
——— ]

—710 —

T
e =

aso /
/ g0 FX\\ ,/——-wu | [—m-

Sl — o
/—\ f 830 ——— N
870
/ " —&% HM (- i Fuel )
(a) Cross-Flow {b) Co-Flow (c) Counterflow
Fig. 4. Temperature distribution on the active cell area, °C.
fe | P e NEPEET s
—’—. Air
— AirtFuel o l
06— 20 T 0.3 1
T — N 2]
04— P
/"_"“II.S- ———T f— _—
- -0.6- —_
= —

, iz
—— 0| E

T 07— [ 7 {Ful
(a) Closs»FIow (b) Co-Flow (c) Counterflow

Fig. 5. Current density distribution on the active cell arca, Alem®.

<

Bl (2- 8) % 45 7+(Cross flow) ~ F # iit(Co-flow) ~ i # 7 (Counter flow) s & & 1 &2 % 7§ B A 15 v- $i2[25]
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Outcome results (0.7V)

Flow PEN temp 0C PEN delta I avg. Alem? Fuel utilization
configurations temp 0C %

Cross-flow 769 269 0.69 62

Co-flow 763 184 0.71 64

Counter flow | 758 267 0.73 63

% (2-6) 2 457 (Cross flow) ~ e @ i (Co-flow) ~ if w ji(Counter flow)ed + B B £ 22 /% & £ 14 i

2.3.2 iR o {8 i WO

IR SR R SRR 15 0 S um R i o AR T B A ST ST
Ao fe AR B ¥ R eORT 4R LR B TREERSES RN g A 2 e @ 1345 2007 & > Ping
Yuan £ Syu-Fang Liu <787 57[26] » &R 4575 > 2 @3 enr v iAo 0 ¢ 3 F 5

Tt H AR R A G E TR A O R R R R RS R R

ST -

FRaneL 32 i rrvdicomef TR BETF PR EiMALET

s
3|
—ml
N
ﬁm
hin
d_ux
3
3
=
=
=
J
w

AR TR R IR aTR 0 B IR

TARFEBY A A EPRE F 0 FREY S ihf Witk S e @y

P
e
(7
A
|
B
B 1%
\_.

o
e
beic
o

L5 2008 # C. M. Huang % 4 [27]# Valery A. Danilov % * [28]
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F(2-9) & #impren® W AR BT T e R R 29]

Fobd gl Bt e st E SURE R RE TN R Ep ehehs [30] o et

BB F L bdpid B A

DB bR > R R R F T ARG p o3 L P RER

Feng s st k5o B(2-1)RIE P & NTT Energy and Environment 2> & #72 3+ ¢11[f] 2

FHA P BR Rkl R R o R

&

hoo) b o
R..fb'l“J—,E’a_‘

i
=
&H
R
[
=
&
-3;%
B0\
[\
=
0
=

Hedp et 50 T MR R ARG BB I A T 24§ R R
BEs R o H AT T b e e b I

%2011 # William J. Sembler % 4 e%2 3 ¢ [1] 7 #&3] > ¥ 14 %ﬁé H 9 chiihe
SORAER GRS R R A ARR TS TG A R T o @ 3
2008 # Ping Yuan e7#7 3 [31] > @ FRIGE T w AT v T A M U RHA TR s 47
P Ao B(2-12)5 7 o X F A hidw BRI Y o A R A v R B BT R

TR e S AR A AR S R RS FARG o @ A5 g o v

20



ERFLPMDERA T o gy~ AR T RT3 0T IDE RAZK o 7 e r B0 RALH

CNC NIRRT v I N s PRS2 IS - -G B 22 R st S it R A S = I s

BB RSNSOI Aot A HERP o

e

FEEES T ERFRF > 4 g * 2011 £ William J. Sembler & 4 987 3 #7 (¢

3
Y

Foent N W E A kIR 5 R A s ayikin o & Willlam J. Sembler ¥ A Ty F L

TR S T AF T A AT § T g § 8 Bkl b LR sy

’

TR P FERR 2 N TR A R . AF TRty 2 o e B
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(Gas manifold (Fuel exhaust)

ifold {Fuel fi
Gas manifold (Air feed) Gas mantfold (Fuel feed)

Cell holding part

Cathode interconnector

Cathode plate

Cell holder

Anode plate

Anode interconnector

Air

(c) Pattern I11 (d) Pattern IV

FIQ-12) = 48734 5~ v i sA i 05 31]
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e

,K/%”J?lsz | CFD % ;ﬁd;uﬁﬁgrﬁgﬂgﬁiﬁ

il

QTN R IPES

BTIEB AR 4o C+t
2 MATLAB ¥ % ig 7 B 93 & - § 2 0 % Skl e A vt L0 chp Wi

%-2_STAR-CD ~ ESI-CFD -~ Fluent ~ Comsol ~ ANSYS-CFX % - % & 7§ % % pF i

g 1
P kR SR eniRal 2 ANSYS-fluent 35 49§ A2 Jndl 4 FiF 5 504 F g
PEBIRRLAN TR PERER S LTS el e i AR 2 R RGP
%

% #hp ¥ #d ANSYS-workbanch /i & 4k %5 ANSYS Ap b chigdp g4 A 474k - #
FHEREES AP RE D

g oot > AFTT A B 12 Ansys 13.0 ¢ o fluent i& (7 n 3
BRSNS AREPEHSOFCH e m it g atrc Hph > 258 f R g
S Bl JE 2R T e T e

3.1 i g5\

A, i — e 3872 f7 5% (Navier-Stokes equations)
Al Fi =45
0
P v (pv)=S,
ot
A2 &8 753 f2 38

8;v+v (PP7) = ~Vp+V-(2)+ pg + F

= u[(VF+V¥") =2V .3]]

A3 & FE &S
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a’a';tE+v-(v(pE+p)) =V (kyVT =21, J, +(t 4 V) +S,

B. kR > At

opY,
ot

0
+§(pqum +Fm,j) = Rm

J

C. Ui B2 § reiic e

V()= VN

ernst

o

v,

Butler-Volmer

+V

anode

+V

hmic cathode

D.2 it 74 > 4258 (Nernst equation)
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FR™ 258 % Hy+ 07 <=>H,0 + 2¢

1
RT | Pu,Po?

¢1’ ea = ¢0 =
e 2F Pho

=——1In

1
RT sz }702 E RT p02 ,cathode
Nernst = ln

2F  p,, 4F

p02 ,anode

D.3 Butler-Volmer equation

a,n(¢=¢) F an(p—¢) F
i=ije T —e H )

TEF AL R R T

RT . 4 i
VButler—Volmer = a_FSlnh ](_J

)

VOhmic = ZRI

DS BigiE it >

I/zmode :Eln l_i
2F i

D.6 EiiEit 7 i

RT i
I/cathode = E ln[l - l_j

c
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3.2 #ciE 3
A. Pressure-based finite volume discretization

R W E P, o Ansys Fluent #-igdt suipr= 4258 4 7 =

dpd, 0 o,
L ST o -, —=|=5 k=12,..,N
o &(wm Cax, )

) , g it 0
Tyfe Sy, & ) L fc el 80T - § 473 R 5 B0 0 Bl =0

st W

s

: 59,
— ¢ —L —=1=S5 k=12,..,N
o [Pul¢k ko j * sLyeees

i i

B. 7 B 34¢

B.l #RAAT Ah Y A R BAOEE ) T2 2 o

GESE g

B.2 &4 D Ah v AR 2 3EgEaE F R0 2 (standard) o
B3 #H 1 AREH Y ¥ H K A b k2 B 3E andgdr 2 % MUSCL (Monotone

upwind-centered scheme for conservation laws)
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3.3 Hok SlcR T

G SOFC #HL T3 A9 » T Proo il a2 a & ¢ § 0 ~ R 2 B HHATe

R BETE AT S E AR

Pis
&
4
6

BB o L

ARIATR B A E R L A B R T A F g
SRR AP SR RS L A A AR o R R B A -
TEMR..E2E S CERET A ERDFER LR T G RILR 0 e £ Ry 4
T Gl4edt I AL endk i o & R (Tortuosity)~ 5 i 4% % #( Anode transfer coefficient)

£33 o dep o T S HH RIS SR R -

PR E Fa e R s hI B R N IR R R e .

Gl v R G TG AR KA § AR AR e
AR RS 24 O R LA EARA B K

EAIRER GG o TR F A N R ke - AR AN F R B ¥

S BRESE AR A R ARG AR S R A A T AR R

=k

JFALERER SR  BRER

DA LR T RINHE

gm

PRVER PR F S ARSI T ER
UERCRECEE SRS 0 SRR R T) 2338 K SRR AUELIS T3 4

DH MR FAT DR~ o S IR R R RS A T B
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3.6 Tt

BLBEALIE SR .
Btk Ry ALk < HETR &
#®
#
-~
X
__<<§f%§;>__
\ 4
RATRTHE
(Design Model) v
ERET &
— (Fluent)
R
(Mesh)
\ 4 v
FHRT g L2 RS 2
(Fluent) "~ B il » &
R

BI(3- 1) #cio 173 (F425 B

RS TT 0 FAMRARREL THREFETRE S A P UK S
BT AT EFRP AN wd NP E VD IRRA R alipg L2
P R ] A R O H R TR A o LR e (TR e ¢ R
E SR

H A2 %P 12500 CAD #c88 %l » ® » Ansys ¢ ¢ DesignModeler #; 4 &
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B 3F g ek %0 2 18 £ 04 Ansys ¢ Mesh #iRiE TR G E o 2 P F] fluent e
TR MG A et laa e FRATA o i ® % Ansys fluent 3% T
FBc R EE O TR B TR LR R E R - Ryt A
fluent X7 > & ZFMAG TR REALAGT ERAALAGT -FHIVIAREE - A kT

J1#* Ansys Workbench #-§ & $8 4 e4p b ficdp 3 0 2 #4249 808 > 2 I 18 ohR
Bt A5 o AHT1E 0 A BEE MA AR W e B E IIRRT FLRA T &
TR R BRI ot EAF R (T o

t it * fluent fsg~ 47> /f ,%%d 4v e SOFC ke ko i 24 g o 3~ 5 427 > fluent

§AMITHCERS -FBERLS T Z MR RNE S 2% SOFC frle it (7 R a7 8
5 o Ul B 2k A fluent B FTF - ety oo 4ot F R E SRR

fofcacs b o hoT BI(3-2)5% 7 o H ¥ F R anE B 2 SOEC Hoe Y 3k o

s

Local species /SOFC Module\

concentration and
Fluent temperature Nernst Voltage
Species
Current Distribution
Momentum and Over Potentials at
Electrolyte
Energy

Electric Potential Field Electric Potential

Species and heat .
flux at the Field Boundary

\ / c boundaries7 \ Conditions /

B](3- 2) Fluent and SOFC Module[34]
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41 FER TEEH

BB TR 5 R AT % LR L RIS o R sk £ X B F LB

R B R

we¥tena (8207 2011 & William J. Sembler & A %7 3

FESE s A

st L enp dhe

411 HE FEAFRFER R

Fri®o s madi i i w R e AT Y

Sembler ¥ * %7 3

BohET TP EF RIS BAER 2L AT R R i

TS RS T ST et

p (1778 % Ap Bl S8k T aliedip vt ¥ enplsE o 4p M AR

(4-1)#71 ©

A 54 A

Porous anode Thickness 1.8 mm

(NiO+YSZ) Density 6500 kg/m’
Specific heat 450 J/kkg K
Thermal conductivity 10 W/m K
Electron conductivity 333,330 1/Q-m
Viscous resistance (x,y,z direction) | le+13 1/m’
Porosity 0.24
Tortuosity 3
Anode transfer coefficient 0.7
Cathode transfer coefficient 0.7
Exchange current density 200,000

30
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Porous cathode (LSM) | Thickness 0.03 mm
Density 5620 kg/m’
Specific heat 450 J/kkg K
Thermal conductivity 11 WmK
Electron conductivity 7937 1/Q-m
Viscous resistance (x,y,z direction) | le+13 1/m’
Porosity 0.375
Tortuosity 3
Anode transfer coefficient 0.7
Cathode transfer coefficient 0.7
Exchange current density 800

Electrolyte (YSZ) Thickness 0.02 mm
Density 5480 kg/m’
Specific heat 450 J/kg K
Thermal conductivity 2 WmK
Electrolyte resistivity 0.1

Current collector Density 5480
Specific heat 446 j/kg-k
Thermal conductivity 72 w/m-k
Electron conductivity 1.5e+07 1/Q-m
Contact resistance with anode le-07 Q-m*
Contact resistance with cathode le-08 Q-m*

BN TR E G 0 BF v 5 FRF T 5 (mass flow inlet) o d1 F ¢ i R B3R

% (4-1) i Sk

T TR A I v (pressure outlet) % 0] H - K F R hIRERRIK w2 2N F e BAER

Ho ARG E4-2) -
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¥ & [l
Biar T ind 4.48x107 kg/s
Bier v g 973 K
e L 97% H,, 3%H,0 B
i r v in g 2.17x107 kg/s
I RN 973 K
Eta(Z 4 ) T =0 100% dry air

P iR A 1 atm
IR R R iE 2 Adiabatic

4 % ' (H/O ratio) 2/1.785 F R

%(4-2) A B R A

412 Bite & B RHER T

B A1 2011 # William J. Sembler & A 087 7 [1]18 @il B w2 hE T ¥ kit
(Bl4-1)> F ek c T @lef AuEInET A e dx=025mm -~ jifE 3 A
% dy=0.25 mm ~ i £ B2 wodz=0.5 mm *r 3] o HdE 6 K S 1AtRr 3K 0 HERE
TR 2k o ARt 44 Rt 2L e BI(4-2) 0w o R E 0 AR R 1123K B
PR RE F AEEL 090 24 RITEES 19503 Rl B AY DK o B R
FWEARGEIAs e koo AA R L RDERT > L RREIRT Uy Ty
PR BT AT 0 3B S T R BRI E R IR0 AN BT A0 PR R BIE R B
MERREFRAET AR LR At BEELBIA 4 AL 1%

TR o
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Anode flow channel

Anode

Cathode

Cathode flow channel

B(4-2) 2 3leRgd
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R A 2A-2)R REFHRE Y o BT RS % L TR A& (exchange

current density)£? # 5 S #cis 38 (7 Bedp it 0 B [V ¢ M2 William J. Sembler & 4 %7

T REARIS &g Bl(4-3) @ R 4 Aete Bl WilliamJ. Sembler & 4 787 7 % %
BEREB O R44) R HRFALTSEFRT > wirdeang U 2 DRI RE(T

ROVHRGE S ERTR VSRS L ERY RELET LG SEK T - KA A
B e 2 BER LAY WG SRR BT AT BT A ke
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421 HE BB B

AR A AR FARF TR Al milt & BB RAE A D 1.8 mmet i 1 mm:
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EERAL A PRI § G ACRARIES KRR LT E h e B 8RR
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Radiation wall
Anode top -
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5% FMARE ¥

i R 1 mm
te 5 R 0.1 mm
BiEEiiim s v g 973 K

Anode transfer coefficient 0.5
Cathode transfer coefficient | 0.5
hIRE R E (% R {5 5+#. @ (External Emissivity =1)

BB R iEE(E T oG) Adiabatic

2(4-3) AR E SR T

422 g B BELH
PR A SURE T R R A R TR B R R R D
B R WP AT 10 R | R LR A S 5 8 e R licde ™ F(4-6) ~

B(4-7) ~ & (4457 o

Cathode current collector

Ca' flow cha|.

Cathode
Anode

A]. flow chan.

Anode current collector

Bl(4-6) WALipliniE B R hy s WAL RIRE RAR W FRFBEBEFT R s 24 RISES A b 2§ 7

RE R W BEFEERA TR c
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X R I
0.25 mm
Test 1 h, 1 mm

0.5 mm
Test 2 h, 1 mm 0.5 mm
Wa, WC, 1 mm 1.4 mm

Test 3
Ca, Cc 1 mm 0.6 mm
Wa, WC, 1 mm 1.8 mm

Test 4
Ca, Cc 1 mm 0.2 mm

1(4-4) i S BPA T R R T

I Cathode IOW Channell Cathode flow channel

Cathode g 7
e Cathode

Anode

Anode flow channel
Anode flow channel

Cathode flow channel

'athode .v channe.
Cathode

Anode Cathode
Anode

. Anode .’ channe.

Anode flow channel

-thode -chanm-

Cathode
Anode

-\node & channe-

I (e

B(4-7) g B2 K ETF LB (@)h,=0.5 mm, (b)h,=0.25 mm, (c)h=0.5 mm,

(dw,=w.=1.4 mm, c,=c,~0.6 mm, (e) w,=w.=1.8 mm, c,=c.=0.2 mm
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4.2.2.1 BB RIRE B RBEE

Al > TR A w11V P 0.55V #egk kg W -V @ Ao
BIFEA el g % & (hy) 1 mm -~ 0.5 mm ~ 0.25 mm o LR H $5 T M @l B o

AR R T A A R R RS DA o8 B hdot i WA (max

power density) F * 3% 2 1% 2+ > Bl(4-8)~ £(4-5) ¥ L H 7 & o el

MEEF AR B4-9) TUEREMIRER R & F AT Auhd § 3R ARS
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¥ & Max power density (mW/cm®)
h.&h, 1 mm 752.23

h, 0.5 mm 758.47 (0.83%)

h, 0.25 mm 761.02  (1.1%)

F(4-5) g g R

0.96
- lj gl
0.86

# * it £ % A (max power density)

«— H,

081
0.77
0.72
067
062
0.58

= lmm

053
048
043
038
034

ha -

0.5mm

0.29
024

0.19
0.14
0.10
0.05
0.00

FI(4-9) il

h, =

ERARIE LA

4222 2 F RISER RBE

~

EAN
)
~
i

i
A
v
Eﬂ}
ey

0.25mm

fir B](H, mole fraction) » 0.8V R4 %

4ogg ok E % o nd o : Lmg ) 2
v G IR E D RPN T AP ]
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Kb B ROREAA L RURE O L mm AR kR

"2 900
10 F m P 4 750
. }_/,
08 |- T~ 4600 ‘g
L
I e 1 %
S "~ =
< 06 | » " 140 2
= / E
0.4 —=—h_1mm-lV 4300
4 h_0.5mm-IV - g
o [=¥
02k / +hc_1 mm-IP | 150
W h_0.5mm-IP
. o l
0.0 r P T U S EA U R EU TS B 0
0 200 400 600 800 1000 1200 1400 1600 1800 2000
Current Density (mA/cmZ)
FI(4-10) %4 RLAER BB E 1V & RF
¥k ® Max power density (mW/cm2)
h 1 mm 752.2
h 0.5 mm 754.9 (0.36%)

#(4-6) 2 F RIVAiE B RARE &+ i £ % A (max power density)
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021
0.20

020
020
0.20
0.19
0.19
0.19
019
0.18
- 0.18
0.18
0.18
017
017

017
0.17
0.16
0.16
0.16

Bl(4-11) Z 4 RliniE & A BE 5 § » # B(O, mole fraction) » 0.8V fp] AR

4223 #ERE L F RN ERRAERERA LA LT

RIFEF o e R AR (W) R T ¥ el &R (co) » T F BRIV B (Wo)
BRI B R TR(C) BB HE T e

BRI N R T A TS 23% 8 T 2k S B(4-12)~ £ (4-7) -

Flmarfiid P g il- BRE, FREBFET? POERITARIF TR R{0F

\.

FAGLEIG (305 piB% > @ hd § AT L THERL § PR ¥ oS F AT B 4
e Bl(4-13)FI B(4-16) 577 o iz T4 f WE T ok REF G L7 10 F s L T
ke i g f RARITR PP LY i & R LI THRFA D
ERCE @ F R f i TR TEBRFRATAR BA TR SR
UREZFUFIECTBEEF o it TR LR T F RS fF 0 e B4-17) -

Tt % 4 & 2011 & Zuopeng Qu[22]F A T B % AP £ o
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1.0 \ = 170
08 4600 g
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% 06 | - 450 E
G z
> — W, Wc_'l mm-1V g
04 F w,, Wc_1.4mm-IV_ 300 e
o
—o—w,, w_1.8mm-IV z
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—a— w_, w_1mm-IP A
02 & — 150
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Current Density (mA/cmz)

Fl(4-12) #4012 % F RAE EAEEF LRI T AT IV ¢ 2F

¥ F9 Max power density (mW/cm®)
Wa&W, 1 mm 752.2

ca&Ce 1 mm

Wa&W, 1.4 mm 767.4 (2%)

ca&Ce 0.6 mm

Wa&Wo 1.8 mm 773.6 (2.8%)

Wa&W, 0.2 mm

2@4-7) PERELF RSETATEERFEF T RSE &% i £ B & (max power density)
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400000
380000
36000.0
34000.0
32000.0
30000.0
28000.0
260000

240000
22000.0
20000.0
18000.0
16000.0
14000.0
12000.0
10000.0
8000.0
6000.0
40000
2000.0
00

BI(4- 13) Al 2 § RIGAE TR ’f“’%‘fw‘m % i@ A& A i (Current density, A/m?) » 0.6V
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020
019
018
017
016
015
014

013 ‘ i {|

012 O O O O L

o reeeryy ‘

0.09 ‘ ‘ WA U ‘

008

007

006

005

004

0.03

002

o . W, We = 1.4 mm - W, ,W, = 1.8 mm
0.00 a» c . as’c N

B4 14) SR RlE2 F Rl B A FEEF R T ARE £2F 45 § 4 4 i (O, mole fraction) » 0.6V
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0.96
091
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081
017
072
067
062
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053
048
043
038
0.34
029
0.24
019
0.14
0.10
005 Yo
0.00

W, , We = 1.4 mm

W,,W,=1.8mm 39

Bl(4-15) wpdpler 3 5 RIng # 4~ i (H, mole fraction) » 0.8V

073
AR BLERR . -
g

T T T T T

0.69
W Moot
0.69

e JL L JL LI L L)L %% 00mn

. ————
oo ¢,=¢,~ 0.2 nim
ew __JLYEJL L LI L L L

0.63
0.63

B4-16) ez § RigE TATREFRAT ALY T 25 & § » & (H, mole fraction) > 0.8V
45



nel

B(4-17) 2§ RIRE RS FRF R TR SHET LR > od BIET & §F B i izl

423 &%7 § RirgBEL T

PR 2T 0 3 TR R R e T FRIRE R PP B R o e A
FLwd {FEr A4 o MRt B A KRl o AR ERFEATAT
Design | 5 Z § RIViig BB 82V RIVLE B R4l o Design 2 P12 2 § RIVLE B R 9 5
PR TR DS @ o AR BEF & T 6 R TRIE ) & iR BRI

B 3o U B 4o 4 (4-8) © BI(4-18)F 7 -

PSS & £ Al

Wa, We 1 mm 0.8 mm

Design 1 ha, he I mm 0.5 mm
Ca, Cc 1 mm 0.2 mm

Wa 1 mm 0.8 mm

Design 2 We I mm 1.8 mm
hy, he 1 mm 0.5 mm

Ca, Cc 1 mm 0.2 mm

(4-8) BH T F RIITE AT R T
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Cathode flow channel Cathode flow channel

H E_ N = I .

N Anode

Anode flow channel

Anode flow channel

Design 1 Design 2

B(4-18) #¥ 3 7 RInEFEL1HA7 L B

BETHFIR B R AEI PRI R F e i TR RO ERERE
fIo v RE FAXE S DAET R EEF oAl S R oo S (o

4Bl (4-19)F] B)(4-22)~ % (4-9) #7177 o2 P Design 2 +* Design 1'3% & 7 5 3% 7 205
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P S & Max power density (mW/cm?)
Wa&W, 1 mm 752.2
h,&h, 1 mm
ca&cCe 1 mm
Designl | w,&w, | 0.8 mm 812.3 (8%)
h,&h, 0.5 mm
ca&cCe 0.2 mm
Design2 | w, 0.8 mm 838.2 (11.4%)
We 1.8 mm
h,&h, 0.5 mm
ca&Ce 0.2 mm

#(4-9) $43 F Rling & (max power density)

24000.0
22950.0
21900.0
20850.0
19800.0
18750.0
17700.0
16650.0
15600.0
14550.0
13500.0
12450.0
11400.0
10350.0

"IIIIIIIIIII‘
8250.0

i T M'HWWNWWWNWWWW

61500 Design 1 Design 2

5100.0
4050.0
3000.0

RI(4-20) 4 %t7% F RIiciE #2585 0 £/ % A& (Current density, A/m’) » 0.65V
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0.95
0.90
0.86
0.81
0.76
0.71
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0.62
0.57
0.52
048

043
03 | |
033 ‘ !

029 | H2 t
024 -
0.19 xj’ ) x-;1 .
0.14 Design 1 Design 2
0.10

0.05
0.00

mole fraction) > 0.65V
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0.32
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0.30
029
028
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0.26
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023
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0.22
021
0.20

Design 1

B(4-22) #7247 RUGCETRAREE 25 & § » & (Hymole fraction) » 0.65V
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HBY RAehE S R R RGO AR R B o
B(4-24) 5 #H RIEFERF R F 8D HP - S8 BT A F RBEL A ENT
N BRI BT AR
Bl(4-25)z amda e & n LW ez MAF S AL ge e
FI(4-26)5 T 3 £ 305 Bl % F BIRH— o 58 » MG o W pliRs— o 5
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Flow in

Flow o

Flow out

Bl(4-24) AR R o e AR E R T R
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)

Air T Fuel

F(4-25) = & 2% # w7 LW
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Type A Flow o

Flpw out Type B

ME33) = 673 T

B(4-34) A GERF 7 LH
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Type B

B1(4- 38) Type A &2 Type B 4L p|iiiif & § 7 £ & & +* #(H, mole fraction) » 065V
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