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20.2 Recovery at boiler

17.8 Recovery at heat exchanger

C )

w 37.9 I

43.9 Output
137.9 P
100
Exergy of fuel
Heat exchanger Exhaust gas
L o8 B '|6'9|
; oiler loss
3.6 Turbine loss
Comp.loss 83
Mixer loss
241
Combuster loss
(a) RSTIG-1
13.9 Recovery at boiler
42.5 Recovery at
heat exchanger
56.4
A
156.4 45.6 Output
100
Exergy of fuel
» 4.9
Exhaust gas

N 4

4.0

Comp.loss 7.0
Mixer loss

53

Turbine loss )
Boiler loss

24.3
Combustor loss

(b) RSTIG-2
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Type of fuel cell

Solid oxide fuel cell

(Internal reforming)

Fuel CH,y
Operating temperature 950 O (inlet)/1050 O (outlet)
Unit cell voltage 0.7V
Fuel utilization ratio 80 %
Electric generation efficiency 48 % (HHV)
(v arcin =)

Fuel reforming

Steam reforming

S/C ratio = 3.0
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U 32 000000b0bbuo0oadgon

Atmospheric temperature 250
Atmospheric pressure 1.0 atm
Adiabatic efficiency of compressor and turbine 80 %
Temperature effectiveness of heat exchanger <90 %
Pinch point of HRSG > 300
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Turbine inlet temperature 1125 O
Fuel flow ratio SOFC 0.70
AB 0.30
Air ratio SOFC 5.85
System 4.11
Power ratio SOFC 0.58
GT 0.42
Thermal efficiency (HHV) 58.6 %

342 OJ0O0OOOOOOOO

O000000DOO0O Turbine inlet temperatured O O TITOOOOOOOOOOOOO
O000000000000000 32(a), (h)DODODOOOODDOOOSOFCOODOOOO
0000000000000 bOOo0bOO0oOooDOOoooOoosSorFcooooooOo 1125000
O000O0TITO 112500000000 32()00112500000000 3.2(b)0000

TITO 11250 0000000000000 0000DO0ODLDOOD0ODODOOOObO0ODbDOO
000000000000 00O00O0DOD0DbO0DbO0ObOO0ODODODOODOODODbOOO A
O000BOOOODOOOOOOODOBOOOOODODOODOOOOODOOOOOOO 90%0
O000000b0O00boO00b0ooO0o0ooOoO00ooOoO00oDOoOooDObDOoooDODOoOon
0000000000000 0DO0bO0o0ooO0ooOO0ooD0ooD0obOO0bObDOoDOooDOooDOoD
0000000000000 00O00o0ooO0o0bOO00oDOOOo0obOOoOobDOooDOOOn
000000000000 00O0DO0bO0O00O0ooOO0oDOO0oDO0obOO0obObOOoDOooDOooDOon
0000000000000 3000000000000000000000000 90%0
000000000000 00DO0 AODDODO0OD0ODOOODODOODOODODODO 30
0000000000000 0O0bO0O0O00oOO0ooDO0ooDO0obOOobObOOoDOooDOooDOon
0000000000000 0O0bO0O0O00oOO0ooDO0ooDO0obOOobObOOoDOooDOooDOon
OO00oOooDooo

godl2s00oooooTITOh OO0 DO0OO0oODOo0obOooDooooboOooooon
OO0TITODOODOODODODODODODOOOO

000000000000 00000DO0000000DO0D0D0DOD0O0O00oooDOoog
O0000000000ooooooooo €% o0000oooooooooTITOO
000000000000 00000TITOODODDODODODO0ODODO0DOO0OO0ODOO0OOO0O0OO00O



3.4. 000 SOFC-GTOOOOOO

70
TIT 1125°C
A B TIT 900°C
60 —
TIT 700°C

/

1 2 3 4 5 6 7 8 9 10
Pressure ratio r

N
o

Thermal efficiency (HHV) %

(a) TIT < 112500

e 60

2

T 50

>

Q TIT 1500°C
o 40

5 / \TIT1400°C
=

O TIT 1300°C
T 30 \

£ / TIT 1125°C
(O]

e

I_

N
o

1 2 3 4 5 6 7 8 9 10
Pressure ratior

(b) TIT > 112500

032 000 SorCc-GTUooooooonog

45



46 030 0DoOobooboobooboobobobobboobooboon

000000000000 TIT112500000 3000 58.6%000000000000
ugb 330000000

3.5 0O0O0O0OO0OSOFC-GTOOOOOO

Oo0o0o0OoOgSsorc-GroooooooosorcooboboobobooonoooDooobn
gboobobobooboobooboobobobobbobooboobooboobo
OoooDooo0 M ¥oo0000000000000000000D0000000000
OogoosorcooobobooooooooooooboooooooOooobooobobooo
OoobOoOoOoOoooooooooooboboobDbOOoOoboDbOOOoOoOoOoDOOOSoFC
gboobobobooboobooboobobobobbobooboobooboobo
gboobobobooboobooboobobobobbobooboobooboobo
gboobobobooboobooboobobobobbobooboobooboobo
gbbooboobooboobooboobooboboboobooboobobbo
OooooooDboOooboDooooooboboooo sore-Ggroooooooooooo
gbooobgboboboobooboobon

HRSG
215°C

’\/\r—@— Water

A

» Exhaust Gas

128°C

335°C
734°C

HE
663°C
TV
Y > 803°C
208°C N\ SOFC
FC NNAA— | LT V.V |- \ A\
—>| Anode 1100°C
r=6 950°C 1050°c | AB
270°C —>»| Cathode >
CHa | [I&ERs] sy
AC 803°C GT
/ 663°C
1 r=6 r=6

Air

033 000000 SOorCc-GTOOOO0bOoboooooogon



3.5. 000000 SOFC-GTOOOOOO

47

Exhaust Gas 798°C
. 660°C
276°C HE
AN/ CHs4 CO2 H20
pr— NN\ > 670°C
i DAY IR SOFC
...... A ol A sl
r=4 o —1 Anode > 1100°C
CHa 204°C 1050°C 1050cc | AB
—>»| Cathode >
950°C
AC 776°C GT
=4 737°C =4
Air
034 000000 SOFC-GTOO0OO0OO0OO0OO0OOOOO
3.5.1 0O0OO

03300340000000 SOorCc-GrTooobooboobooooooogs33oonog
goboboos40b0o0oooobogboobooooooobo sorconoooboooooon
gobbobuoggsodbboboooobbbuoooobbbuoooobbibdodI1oso

O34 000000SOrFC-GTOOUODOODOOOOOOODObDOobOoObOOooDOon

Pressure ratio 6.0
Turbine inlet temperature 1100 O
Fuel utilization ratio 80.0 %
Air ratio 2.01
Power ratio SOFC 0.72
GT 0.28
Thermal efficiency (HHV) 66.7 %




48 030 0DoOobooboobooboobobobobboobooboon

O35 000000 SOrC-GTUOoU0bOobooboooooobobooboooo

Pressure ratio 4.0
Turbine inlet temperature 1100 O
Anode gas recycle ratio 60.0 %
Fuel flow ratio supplied fuel 0.88
(Anode inlet) circulated fuel 0.12
Fuel utilization ratio 91.0 %
Air ratio 2.39
Power ratio SOFC 0.79
GT 0.21
Thermal efficiency (HHV) 69.5 %

0000000000 60%00000000000000000O0DODODOODOOO 6700
gobbboodgbbbuoooobbbdooobbbuoooobbbuoooobbooo
gobbobooogbobobuoooobbbooobbboooobbobuoooobbooo
gobbobooogbobobuoooobbbooobbboooobbobuoooobbooo
000000000 00oooooooooOoO0gooooooe%booooooooong
0000000 SsS/CO0024000000000000 SOFC-GTOOODOOOOOOO
goboboogog 3400 350000

3.5.2 UO0OOOOOOOO

O000D0O0O000ooooooboOog 350000 Doooooooooooo
0 Steam addition layoutd O O 0 O O O O O Fuel circulation layout0 0 OO0 OO0 O0O00OOO
O00oo0ooooboobo0oooooboooooooob oobobooooobooo
O00000000000000 8% 00000TITOOOD 110000000000
000000000000 00000000DO0bO0bO0000DO0oD0ooDOooDOooDOon
000000000000 000000000000000000000 66.7%0000
600000000000 69.6%200004000000000000000000 3400
350000000



3.6. 000 SOFC-GTOOOOOO 49

80

Fuel circulation layout

~
o

Thermal efficiency (HHV) %
(@]
o

N

Steam addition layout

N
(@)

1 3 5 7 9 11 13 15
Pressure ratior

N
o

035 000000 SOrFC-GTOOOOO0ODOO0O0O0

3.6 0U0O0OSOFC-GTOOOOOO

OO0 SOrFC-GTOOOOoOoOOoOoooobosSorcobbooboobooooobooog
gobooboobooboobobobooooboboooboooooSorcobooboooogoo
goboobooooooooigoog sorCcooboooooooooooooooooon
O000O0O0OooooooosorCcO00oOoOoOoOoOooooos%boooooooon
goo0o200000 300 SOFC-GTOOoOOoOoOoOooobobobooonboog

3.6.1 200 SOFC-GTOUOUODOOOOOO

200 SOFC-GTOOOOODOODOoOoO3e0OoOoOoSorcOobbooooobooOon
gooodplosoggpbbobo200dbbbouooobobboduooonoobodan
gbooboodbbuogobooobooobbooobboobbuoouobooonboobo
go0oopoobooosooobooboooooobboboobogooo sorcoboooono



50 030 0DoOobooboobooboobobobobboobooboon

HRSG
215°C

’\/\,——@— Water

N\

» Exhaust Gas

120°C

266°C

847°C

778°C

950°C | 857°C
] [
1st SOFC LAAS lan SOFC ryw
NP N P N e
1050°C
1050°C 950°C — AB
—| Cathode /N Cathode
‘
950°C 857°C GT
778°C | r=3.5
H

C

4

0 3.6 200 SOrFC-GTOOODOODO

gboobobobooboobooboobobobobbobooboobooboobo
OOobDOooboobooop200 sorc-GToOOoDOOoOoboOobooooDobooboOon 360
goo

3.6.2 20000000O00O0OOOOOOOONO

2000000000000DL0ODOOOOO03YODO00OOOOOoOOOOO TITOOD
gboobobobobobobobobuoboooooboboonnz24agoboooood
gboobgobobooboobooboobobobobbobooboobooboobo
o000 AOdODOOOBOOODOODOOOOOOOOODOODOOODOOODOOO
Nonreheat 0O DO OO0O0ODOOOO0OOO0OODOODOOODOODOOOOODOODOOODOO
O00AO0ODOBOODOOOODOAODOBODOOOODOOOOOODOOOO
gbgobgboboboboboboobbobbobbobbobboooobooboobobo
gbooboboboobooboobgoobobobobbobooboobooboobo
gbooboboboobooboobgoobobobobbobooboobooboobo
gbobboboobgoobobobobooboobobbooboooTITODOODO



3.6. 000 SOFC-GTOOOOOO 51

0 3.6:200 SOrC-GTOOOOODOOODOODOODODOO

Pressure ratio 3.5
Turbine inlet temperature 1124 O
Fuel flow ratio 1st SOFC 0.47
2nd SOFC 0.42
AB 0.11
Fuel utilization ratio 88.5 %
Air ratio SOFC 3.10
System 2.75
Power ratio 1st SOFC 0.34
2nd SOFC 0.37
GT 0.30
Thermal efficiency (HHV) 66.9 %

gobboboogobbooooboboboooobbouooobobboooobobboao
gobboboogobbooooboboboooobbouooobobboooobobboao
gogboboboobboouoooobbbobbbboooooo20bbobbbodago
0000000000000 0000O0O TIT11240000669% 00000000000
ggg3debbbobbbuooooubbbobboodoooooobboobbbodaad
gobbboooobboooobooboooobboooobobobooooboboboo
gob0o0b0o0obo0ooooboooboobobooboogoboosorcibooboobooobooo
gobbobuoooobbboogobobboooooboooooon



52 030 0DoOobooboobooboobobobobboobooboon

70

- B
\\Q TIT1124°C\
65 -

60 Non reheat

95

TIT 900°C /

TIT 700°C
50

Thermal efficiency (HHV) %

45 | | | | | | | |

Pressure ratior

0 3.7 200 SOrFC-GTOOOOODOODOODO

3.6.3 300 SOFC-GTOUOUOODDOOOOO

00 SorCc-GToOOoOOoOo0oOoooOoOobD3gooono20b000O0oosorconon
OoooboooOobooOooooooooboosorcobboooboooooboboooboobooo
gbooboobbogwoboobobooboobobobboobooboobb 20
O0oooooooooooboboobOobOoOooooD2000000 3000 SOFCO
gobbboodgbbbuoooobbbdooobbbuoooobbbuoooobbooo
gbbogbogdgbilibboboodobbuoobboobboogo20b0boo3bbon
oobooooboobobobooboooooboooobooboboboosorCcoooon
gobbbuooobbbuoooobbbo3stublibuooobbbbooonobil
gbogbogboggsioobobbligbbobbobobooboobbobbobbo
ooboooboobbooboobbooboooooboooobooboogs3gn SOFC-GT



3.6. 000 SOFC-GTOOOOOO

93

HRSG
215 '\/\,——@— Water
N\ Exhaust Gas
124°C
326°C
754°C
J 694°C
HE
N\
950°C | | 863°C | 771°C
208°C ] [ ] [ |
-\ 1st SOFC YW l 2nd SOFC ] l 3rd SOFC TV
=6 —>| Anode N\ Anode N\ Anode [—— 1124C
270°C 1050°C 950°C 1050°C 950°C — AB
CHa —»| Cathode Cathode Cathode
M\, M\, ‘ BAS
950°C 864°C 770°C GT
r=6 |
Air 693°C | =6
CHa4
0 3.8 300 SOrC-GTOOOOOO
Steam
Fuel
—> |1 |1 >
—>| Anode »| Anode »| Anode >
— >
Air —>| Cathode Cathode [—>| Cathode >
1st SOFC 2nd SOFC 3rd SOFC
CO2, H20

039 000000000S/C mole ratio = 3.00



54 030 0DoOobooboobooboobobobobboobooboon

Steam ——
Fuel
—> - | > - | > 3>
3! Anode »| Anode »| Anode >
— >
Air —>| Cathode Cathode | Cathode >

1st SOFC 2nd SOFC 3rd SOFC

CO2, H20

0 3.10 0000000000S/C mole ratio = 1.10

0 3.7 300 SOrCc-GTOUODO0OO0O0OboDobooooooobooooboobooogon
gobboooogn

All cells steam addition | 1st cell steam addition

Pressure ratio 6.0 4.0

Turbine inlet temperature 1124 O 1124 O
Fuel flow ratio 1st SOFC 0.32 0.37
2nd SOFC 0.29 0.31
3rd SOFC 0.31 0.32
AB 0.08 0.0

Fuel utilization ratio 91.7 % 92.1 %
Air ratio SOFC 2.05 2.18
System 1.89 2.18
Power ratio 1st SOFC 0.23 0.25
2nd SOFC 0.24 0.26
3rd SOFC 0.27 0.27
GT 0.26 0.22

Thermal efficiency (HHV) 68.8 % 70.9 %




3.6. 00O SOFC-GTOOOOOO 55

gbooboobboboboboboobuool1boobooboo20b0o00b0o00b0
gbgobobboobooboobg3rgoon

3.64 30000O0O0OOOOOOUOODOONO

j0d00b0ooboOobOoUobOoobDs11gbo0o0bo0oboobOobUoboboOoooOAn
cells steam additiond 0 10000000 OO 1st cell steam addition0 OO0 0000000
O0OO0ONonreheat D ODAODODOO BOOODOOOO 3700000000000 2
goboobo3soboobobuooobuoobobo3tobobuooob 2b0ooboooobo
gbobooobobobouoobobobouoobobOo3ubuo200boboooDoOo1og
00b000O00o0O0obOO00bO00oO0oOoO0bO0o0oDOO0bODOO0obOo0ooDOooObDOoDbOog
00000b00000O00000O00000 A00DO0ODOODOOODOOoDbDObODOODOOD
000300000000 0000000O000DOD0DOO0D0DODO0O0ODODODODODODOADOD
000000bO00O0000DO00O0b0bO0o0ooDO0oDO0ooDOobOO0obOoOoDOooOOooDOoon
0000000010000 0000000DO0D000O0DO0OD ADODODODODOD

75
’r\(’a%féat D 3 stage type
© /"\/ (1st cell steam addition)
o
= 70 - -
T |
=5 | :
> 65 i ;
c ! !
G_) ! 1
O | :
Y 1 1
© 60 <— <€ > >
— Non A ' B
© reheat
£
© 55
= /
— 3 stage type
(All cells steam addition)
50 | | | | | | | |

1 2 3 4 5 6 7 8 9 10
Pressure ratio r

0 3.11 300 SOrCc-GTOOOoOoOoDOoDO



56 030 0DoOobooboobooboobobobobboobooboon

gboobboobbooboobboosbooboobboobbobbuoobobo
O00068.8%00006001 00000000000 70.9% 0000400000000
gbooooboob37booboon

3.7 UU0Oooooog

O Sorc-GTOOOOO0O0DOOO0O0ObOoOOoOooDO 120000oooooooooon
0000000000000 00000000O0DO0O0O0O000000o00O0%O00
oooboooooogoooboogoTITooboooobooobooobooobobo0ooboooon

AC+FC

SOFC AB GT HE HRSG

Exhaust gas

Power

Standard type

Internal heat recovery
(Steam addition)

Internal heat recovery
(Fuel circulation)

2 stage type

3 stage type
(All cells steam addition)

")

63.13

72.23

75.25

72.28

74.46

3 stage type
(1st cell steam addition)

76.67

0%

20%

40%

60%

80%

100%

0 3.12 SOrC-GTUoonooboooooboooooonon



3.8. 0OO 57

goopoosorc-GToOOoOOOOoODOOOooOOoOoooOoSsSorcoooboooooon
10%000000000SOFCO000D0O00O0DO0O00DOOUOODOODOOODOOObODOO
000000000000 2030%000000000000000000OO0OOODOO
gosorc-GTOoooooooOoOoOooooooooobooooooooooboobooboog
goopooosorchobooobooubobooooobooobboooboogosore-GgTo
gbbuogbbuoodboodbobbooobobodobbuoobbuoobobooobbo
0000000000000 00000000000DO000OOO0D0OoOO0O 30%00
gobbboodoobboooobbboooobboooobbboooobbboao
gobbbuoogbboboooobbbbouoooobbboooobbboaboao
gobbboodoobboooobbboooobboooobbboooobbboao
goboobooboooboooooobooooobooo sorCcoobobooboooobooo
gbogbobbobodgbuoobobbooboobuodobobobobooboaobobo
gobbboodoobboooobbboooobboooobbboooobbboao
gobbobuoooobbbuoooobbbooad

3.8 0UOUOO

ooooosorc-GTOOO0OOOObOOobOobOobOobUObOobDOobDOobooboooGg
gobbboooobboooobbboooobboooobbboooobbbao

()000000000000O00000D00000ODOO0O0D0D0oDODUoooOooOoOOO
gobpobogoobobooboooobgoboTIrobgoooobooboboboon
gobbboogdgbbbuoooobbbuooobbbbooobbbboooobobb
gobbboogdgbbbuoooobbbuooobbbbooobbbboooobobb

(2) SOFC-GTUOUOUOOOOODODOOOODOOSOFCOODDUDOOOUOOOOoDOOOO
Oooooooooooooobooooooobobooo0ooooobDoboOooO SOFC-
GrogoooooboobooboboboboobooboboobobobOobOobOooo
gobbbogobobbodaod

(3) 0000000000000 000000000ODOO0O000D0DUOOOoOoDOOOO
gobbouoogbobbuoooobobuooobobbbooobboboooobob
gobbouoogbobbuoooobobuooobobbbooobboboooobob
gooo

(40000000300 (1000oopoo)SorFCc-GTU00oooooooogoo
O0000000o0oogo7% (HHV)ODoooo



o8 ooD
HRERN
[1] Palsson, J., Selimovic, A. and Sjunnesson, L., “Combined Solid Oxide Fuel Cell and

Gas Turbine Systems for Efficient Power and Heat Generation”, J. of Power Sources,

Vol.86, pp.442-448, 2000.

Massardo, A. F. and Lubelli, F., “Internal Reforming Solid Oxide Fuel Cell-Gas Tur-
bine Combined Cycles (IRSOFC-GT): Part A — Cell Model and Cycle Thermodynamic
Analysis”, ASME J. of Engineering for Gas Turbines and Power, Vol.122, pp.27-35,
2000.

000,0000,0000 “000000000000000000000 (010,
0000000000000000000000), 000000000 (BO), Vol.66,
No.652, pp.3256-3261, 2000.

Palsson, J., Selimovic, A. and Hendriksen, P., “Intermediate Temperature SOFC in

Gas Turbine Cycles”, ASME Paper, 2001-GT-0091, 2001.

Rao, A. D. and Samuelsen, G. S., “A Thermodynamic Analysis of Tubular Solid
Oxide Fuel Cell Based Hybrid Systems”, ASME J. of Engineering for Gas Turbines
and Power, Vol.125, pp.59-66, 2003.

Kuchonthara, P., Bhattacharya, S. and Tsutsumi, A., “Combinations of Solid Oxide
Fuel Cell and Several Enhanced Gas Turbine Cycles”, J. of Power Sources, Vol.124,
pp.65-75, 2003.

Kuchonthara, P., Bhattacharya, S. and Tsutsumi, A., “Energy Recuperation in Solid
Oxide Fuel Cell (SOFC) and Gas Turbine (GT) Combined System”, J. of Power
Sources, Vol.117, pp.7—13, 2003.

Onda, K., Iwanari, T., Miyauchi, N.; Ito, K., Ohba, T., Sakaki, Y. and Nagata, S.,
“Cycle Analysis of Combined Power Generation by Planar SOFC and Gas Turbine
Considering Cell Temperature and Current Density Distributions”, J. of The FElectro-
chemical Society, Vol.150, pp.A1578-A1585, 2003.

000,0000,0000 “O000000000000O0OOOOOOOD (D20,
00000000000000o0ooO0), 000000000 (BO), Vol.66, No.652,
pp-3262-3267, 2000.



000 59

[10]

[11]

[12]

[13]

[14]

[15]

[16]

[17]

[18]

[19]

Johansson, K. B., Bafalt, M. H. and Palsson, J., “Solid Oxide Fuel Cells in Future
Gas Turbine Combined Power Plants”, CIMAC Congress 1998, pp.277-285, 1998.

Winkler, W. and Lorenz, H., “The Design of Stationary and Mobile Solid Oxide Fuel
Cell-Gas Turbine Systems”, J. of Power Sources, Vol.105, pp.222-227, 2002.

Campanari, S. and Macchi, E., “Performance Prediction of Small-Scale Tri-Generation
Plants Based on Integrated SOFC and Microturbine Systems”, ASMFE Paper, 2000-
GT-318, 2000.

00oO00,0000,0000,0000,0000,40,0000000000000
0000000000007, 000000000 (BO), Vol.59, No.565, pp.2702-
2708, 1993.

Riensche, E., Achenbach, E., Froning, D., Haines, M. R., Heidug, W. K., Lokurlu, A.
and Andrian, S., “Clean Combined-Cycle SOFC Power Plant — Cell Modelling and
Process Analysis”, J. of Power Sources, Vol.86, pp.404—410, 2000.

Harvey, S. P. and Richter, H. J., “Gas Turbine Cycles with Solid Oxide Fuel Cells Part
I: Improved Gas Turbine Power Plant Efficiency by Use of Recycled Exhaust Gases
and Fuel Cell Technology”, ASME J. of Engineering for Gas Turbines and Power,
Vol.116, pp.305-311, 1994.

Harvey, S. P. and Richter, H. J., “Gas Turbine Cycles with Solid Oxide Fuel Cells Part
IT: A Detailed Study of a Gas Turbine Cycle with an Integrated Internal Reforming
Solid Oxide Fuel Cell”, ASMFE J. of Engineering for Gas Turbines and Power, Vol.116,
pp-312-318, 1994.

Campanari, S., “Full Load and Part-Load Performance Prediction for Integrated SOFC
and Microturbine Systems”, ASME J. of Engineering for Gas Turbines and Power,
Vol.122, pp.239-246, 2000.

Costamagna, P., Magistri, L. and Massardo, A. F., “Design and Part-Load Perfor-
mance of a Hybrid System Based on a Solid Oxide Fuel Cell Reactor and a Micro Gas
Turbine”, J. of Power Sources, Vol.96, pp.352-368, 2001.

Magistri, L., Costamagna, P., Massardo, A. F., Rodgers, C. and McDonald, C. F., “A
Hybrid System Based on a Personal Turbine (5kW) and a Solid Oxide Fuel Cell Stack:



60

[20]

[21]

[24]

[25]

[26]

[27]

god

A Flexible and High Efficiency Energy Concept for the Distributed Power Market”,
ASME J. of Engineering for Gas Turbines and Power, Vol.124, pp.850-857, 2002.

Selimovic, A. and Palsson, J., “Networked Solid Oxide Fuel Cell Stacks Combined
with a Gas Turbine Cycle”, J. of Power Sources, Vol.106, pp.76-82, 2002.

Massardo, A. F., McDonald, C. F. and Korakianitis, T., “Microturbine/Fuel-Cell Cou-
pling for High-Efficiency Electrical-Power Generation”, ASME J. of Engineering for
Gas Turbines and Power, Vol.124, pp.110-116, 2002.

Palsson, J. and Selimovic, A., “Design and Off-Design Predictions of a Combined

SOFC and Gas Turbine System”, ASME Paper, 2001-GT-0379, 2001.

Chan, S. H., Ho, H. K. and Tian, Y., “Modelling for Part-Load Operation of Solid
Oxide Fuel Cell-Gas Turbine Hybrid Power Plant”, J. of Power Sources, Vol.114,
pp-213-227, 2003.

Veyo, S. E., Shockling, L. A., Dederer, J. T., Gillett, J. E. and Lundberg, W. L.,
“Tubular Solid Oxide Fuel Cell/Gas Turbine Hybrid Cycle Power Systems: Status”,
ASME J. of Engineering for Gas Turbines and Power, Vol.124, pp.845-849, 2002.

Lundberg, W. L., Veyo, S. E. and Moeckel, M. D., “A High-Efficiency Solid Oxide
Fuel Cell Hybrid Power System Using the Mercury 50 Advanced Turbine Systems Gas
Turbine”, ASME J. of Engineering for Gas Turbines and Power, Vol.125, pp.51-58,
2003.

Hyprotech Ltd., HYSYS Plant Ver.2.1.1, 1999.

U.S. Department of Energy, Fuel Cell Handbook (Fifth Edition), Morgantown, WV,
2000.



61

40

Jotbogbogbotubotdboobotbood

4.1 0O0OO

000000000000000000000000000000000000000
0000000000000000000000000000000000000000
0000000000000000000000000000000000000000
0000000000000000000000000000000000000000
0000000000000000000000000000000000000000
000000000000000000000000000000

Bejan' 000 0000000000000 O0O0O0O0O0O00O00O0O00OO0O0OO0O0
00000000000000000000000000000000000000000
0000000000000000000000000000000000000000
00 POSan0 Bl00O00D0D0O000OPoulikakesd WOOO0ODODOOO0O0D0OOO0OO0OOO
0000000000000000000000000000000000000000
00000000000000000000000000

00000000000000000000000000 590 Puri®0 Hiwase O 6 O
O000O0Dattad MOOO0O0O0OArpaciD 00000000000 O0O0O0OOOO
0000000000000000000000000000000000000000
0000000000000000O0Dattal ¥O00000000O0O0O0O0O0O0O0OOO
0000000000000000000000000000000000000000
0000000000000000000000000000000000000000
00000000000000Duwbar0 000000000000 00O0O000OO0
75%000000000000000000

000000000000000000000000000000000000000
0000000000000000000000000000000000000000
D00000000000000000000000000000000000 Mooo



62 040 00OO000OO0OO0OOOOOOOOOOOOD

gboobgoboobobboobbobboboboboboobooboobobbo
gboobobobooboobooboobobobobbobooboobooboobo
gboobgobbobobobboobbobbobboooboobooboobobbo
gboobobobooboobooboobobobobbobooboobooboobo
gobbbooogbbbuoooobbbooobbbuoooobbbuoooobbooo
gobbbooogbbbuoooobbbooobbbuoooobbbuoooobbooo
gobbbooggbbbuoooobbbdooobbbuoooobbbuoooobbooo
gobbbooggbbbuoooobbbdooobbbuoooobbbuoooobbooo
gobbbugbuoooobbobuoooobbbboooobobobbuooobobbogo
gobbbooggbbbuoooobbbdooobbbuoooobbbuoooobbooo
gobbouogbbbuooooboobbbuoooobbbooobboboab

4.2 0O0OO

gbgobobobobbobob

g goooo
H gogoooo
H; 0o0oogoooo
Ji 0o0oooon
n; 0o0oogn
D oo
q ugno
T; 0o0oogn
S goooog
Si Jdogooooog
T RN
U goooooo
v uad
w; dogooog
Lbi D0 ooooooooo
p gd
ggno

¢ 000



4.3. 00000 63

4.3 UOOOOO

4.3.1 O0O0O0OO0Ooobooood

gobbobuoggobboooooboboboooobbobboooobobobbooooboo
gooon

Dp

Doooo : 2P (v 4.1
o= Vo) (4.1)
D

0ooooo : ,7§:—Vp4Vwﬁ+m (4.2)
DH Dp

0ooooooo : pr = —(V-a) = (7: Vo) + T (4.3)

0ooooooo : p2$:>4v49+n (4.4)

4.3.2 0O000O0O0OO0OOOO

gobbbuogobobboooobbboooobbboooobobbboooobobo
0000000000000000000000000000000o000 Mg

gbboggbbuodgbbdoooboobobobooobbobboobbooobbda
gbobbbooobbbuooobobbooad

DS

o
A B s 4.
T Vst s (4.5)

js0000000000000000¢/TO0000000O0O0O0O0OOOOOOOOO
gbobboboooobbbooodobobbilioooobbboo2000b00b00000

045 000000000C0O0000000DODO0O0OD 46)DO00ODDDOOODOO
goboooboogboboog

dU =TdS — pdV + > pdn; (4.6)

0dS00000000000000000000000pdV 0000000
0 (4600000000 (4.1)000000000000 (4.3)000000000000
(44)00000000000000 @7 000000000



64 040 00OO000OO0OO0OOOOOOOOOOOOD

p%f = % [—(T : Vo) — (g, - VInT) — (;jfvﬁé) - (Zurﬂ
- [v- (q? +3 4 S)] (4.7)
0 (47)00q0w0x, 0000000 (48)0(4.10)0000000
q.=q— ) Hij; (4.8)
H; = TS; + ju; (4.9)
Vu; =V +S;VT (4.10)

0(48)0000e. 000000 DODDODODOOODODDDDOOODODODODDOODODDOODODOO
gbogoobobbobooboobod

0 (4500000000 47000000o0o0OO0O0O0 10000000 200000
0000000000000 45 000000000000

O =) + 0y + Oy + D, (4.11)
¢, = —(7: Vo) (4.12)
Oy = —(q,.- VInT) (4.13)
0=~ (4.9 (4.14)
by = — <Z I - ri> (4.15)

o, 00, 0bgboobobooooboboooboboobobuoe,0bonbon
gboboboboooobe, bbb obuoboboobobobOono,
gbobobooooboboboobobe,0bobobooobobobooboDbo
0000000 470000200000000000000000000000000
gobboooobbobuoooobbboooon



4.4, 000OO0O0OOOOO 65

4.4 0OUOOUOOOOOO

000000000000000000000000000000000000000
0000000000000000000000000000000000000000
000000000000000000000000 CHEMKINOOOOOO 2800
oooooo

000000000000000 1000000000000000CHEMKINOOO
00000 Moo0o00000000000000 2000000000000 800
0 H,, 05, H,0, N,, O, H, OH, HO,0 OO ODOOOO 1600000 Mooooooooo
32000000000 1800000 M OO00000ONO, 0000000000000
00000000000 100mmO00000000000000000000O00000
00000000 0.00mmO0000000000000D0000000O0O0O00O0OO0
000000000000000000000 HyeN,=0.3:070000000000000
00000000000000000000000000000 100mmO00000 70mm
0000000000000000000000000000 0.00bmmO000

000000000000000000000000000000000000000
00000000000000000000000000000000000000000
00000000000000000000000000000000000000000
00000000000000000

4.5 UO00O0OO0O0OOO0OOO0OOO0OO0OO0O0OO0

gogobbliobbbododdgooogobboboobbbboodoooooooboboooon
gobbboooobbooogbooboooobboooooboboooobobooboo
ERERE

4.5.1 O0O00OOO0OUoObObOooooooood

gboobooboboboobooobuoobooboobobboboobboobooD
004100000000 ¢=10000000200000,00000000000£O
gbooboboobobbooboobobbe=10015mmO0000000000O00
OooboHO0000C000O0OO0O00DOOOO0ODODODOOODbOOODOODOOOODOOO
gbobobobez=10mmO00000000O00O00O0O0OO0O0O0OODOODOO0OO
0000000 217m/s000000 M OD0OD0000000000000

042000000000000000000000Viscous dissipation 0 O O 0O O OHeat



66 040 00000O0OOOO0OOOOOODOOOOO

0.4 | | | | 2500
03 2000,
.8 (D)
5 1500 %
£ 02 =
2 11000 £
= 01 =

: 1 500
0 0
0.5

041 OD0O000O0O0ODO0ODOOOOO0ODOD:O0O0¢=1000000:2500

25 [ [ [ | 2500
i Total
i'c; 20 - Temp 2000
; i Reaction | A
§2 15 .
g & I Heat conduction 1 1500 j§
5 10 . - o
°>‘3>, - Mass diffusion 11000 &
?2 > _ Viscous dissipation - E)
5 0 B C-S. - 1500
: ' ~—Entropy diffusion ]
_5 | \/ | | | O
0.5 | 1.5 2 2.5 3

042 OD000000000O0DO0OOOOO0O0O0D00:b000¢=1000000:2500



4.5. J0oOoobOOoDobOOobOoOoOoboobooond 67

conduction J 0 0 O O Mass diffusion D O 0O O OReaction0 0000000 0O0OOOO
0000000000000 TotalDOODOODDOODODD OO Entropy diffusion 0 0 O
go00o0oobO0bOOo0o0oooO0ooO0obOobOoooOooO0oDOobOoboooooOooDoo
O00z=1.0015mm0O00000000004.100000000000DO000DOO00OO
000000bO00O00000O00O0b0bO0o0ooDO0ooO0ooDobO0oboobDOooOOooDOoo
0000000000000 00O0O00UU0OOOOoOooooooOnO 72.6%00000
O000000oo0ooooooooooooo 21.6%0200000000000000
0000000000 b00o0o0O0obD0DOooDobOOobObOoOooOoOobDOooDOooDOooDOoon
0000000000000 DO0ooDOobOoooooog

4.5.2 0O000O0O0OO0OODOOOOOOODOOO0

gobbbuogobobboooobbboooobbboooobobbboooobobo
0004300000000 ¢=10000000 200000 x=2002mm 00000
gobbboooobboooobbbuoooobboooobbboooobbbao
1700KO0O0000000000000000000 038m/s000000 MOoOoOoOoOO
gobobobooodn

044000000000000000000000z=mm0U0000000000O
gbodgbuoobudgbudgbuogobbobodbudobuodbdld e=25mm0doggog
gobbboogobboooobooboooobbooooboboboooobobboo
goboboboogdgobobbuoooobbbbooooboboboo20000bbo0ao
000000000000 000000000DO00000oooOoOooOOg 55.3%0
0000000000 0o0U0ooooooouooooo 379% 000000000 0on
00000000000000000000 (4.7 )OOoooOoOoOooOoooooooooo
gobboboooobbooooboobuoooobboooobobboooobobboo
gobboboooobbooooboobuoooobboooobobboooobobboo
gbboogobooubbogbbuoobbooobobooobbuoobbuoobobooobobo



68 040 00000O0OOOO0OOOOOODOOOOO

025 T T T T T T 2500
- H, (x10) Temp 1

0.2 s

0.15

2000

1500

0.1 £ - 1000

Mole fraction

Temperature K

0.05 = 500

X mm

043 OD00OO0O0O0ODOO0ODOODOOOOOOOD:0D0ODOe¢=1000000:2500

5 I I I I I I 2500
L Total ]
jl_,é ;I' i Reaction o Temp 2000
_5 @ 2k Heat conduction f
%E 1+ Mass diffusion 1 1500 E
< 0 oL i s
o:E ‘\ \\/\ - 1000 qg
g -r L Viscous dissipation . o
g2 ¥ - 1 500
3k e Entropy diffusion |
-4 | | | | | | 0
1.5 2 25 3 35 4 45 5

X mm

044000000000000000000000O0:0000¢=1000000:2500



4.5. 0000000000 OOQOOOOOOOOOO 69

4.5.3 U0O0OO0OO0OOOUOOOOUOooObOOoOn

0000 ¢=0v000000000O0O0DOO0DOOOOODOODOOOOODOODOOOO
oubo4s50000¢=100000000000000DOD0OODODOODOODODOOOODO
gobbobuooodgbbbogo

O46000000000000DO0O0OO0O0O0ODODO¢=100000000DO0O00ODOO
gobbobuaboboooobbbooodoobbbuoooobbboooobobboao
goooooooboooobooboboboboboobobobe=1000000D00D0ODO
gobbboooobboooobbboooobboooobbboooobbbao
goobooo

454 0O00O0O0OO0OO0OOODOOOOOOODOOO

gobboboggsoguobbobuoooobbbbuooobbbooooobobb
gboobgbo4rgobobobog20boboobooboobooboboobg
gboboobobbbobobooboboobobboboboboO 2457TKO00OO
ggon

g4800000000000000DO0ODOO0OOOOODOO 20000000000
gbbogbbooogobooobobbooobboobbuoobboobobobbo200
gobbboogobobooooboobuoooobboooobobboooobobboao
gooooog2guuuuooouoouooooboggoouououoooooooo
gbboougbobooggboogbbabooobooobbuoobbuoobobooobobo
O0000000o0o0o0o00o0oDooo0Uooooooooo B3%U0000oDoooooo
O00000ooooooooo 17e6%0000



70

0.25

0.2

0.15

Mole fraction

0.05

0.1 -

040 00OO000OO0OO0OOOOOOOOOOOOD

[ [ [ [ | 2000
1500
o
=
1000 &
QO
Q
g
500 &
0

045 OD00O00O0O0ODOO0ODODOOOOOOODO:0D0ODOe¢e=070D0ODOO:2500

1 5 T T T T T 2000
- Total

2 1+ Temp

c Reaction 41500 v
€205 .

.ng Heat conduction - o
= B
2y 0 1000 §
o;z; Viscous 1 2.
& -0.5 dissipation &
= - 500 ﬁ
=3 -1 Entropy diffusion

-1.5 | | | | | 0
1.5 2 25 35 4 45 5
mm

O460000000000000000000O00ODO:00D0O0¢=070000DO:2500



4.5.

047 DO00OD0O0OODOODODOOOOOOOO:ODO0ODe=1000000:50000

gboobooboboboobboobooboao

0.3

0.25

Mole fraction
o
O

12 I I I I I I
" Reaction Total
8 Temp
= 8F .
=5 |
2.7 Heat conduction ]
=g 4
S f Mass diffusion -
ST 0 -
a= | L 1
g 4 P Viscous dissipation
S 4 r '
=4 t . .
R ¥ Entropy diffusion 1
- | ¥ | | | |
1.5 2 25 3 35 4 45 5
X mm

2500

2000

1500

1000

Temperature K

500

2500
2000 ,
v
1500 £
5
(@
z
1000 B
500

71

048 000000000000 00O0O00OO0DOO0ODO:0000¢=1.000000:50000



72 040 00OO000OO0OO0OOOOOOOOOOOOD

4.5.5 U0O0OOO0OOOOOODOOOOO
gbogobobboboobooboobobobobbobooboobooboon

gobbuodgogbbbuoooobbbdooobbbuoooobbbuoooobboao
gobbbuoogbobbbooodobbobooodon

Eoss = Ty - dS (4.16)

E.,.. 0000000000, OOoobuoooodSobooboobooooog

gbogbboobodbouoobuooubobobbooboobbuoboboo 490D
gbboogdguubooooubbboooobobbooooubbbooouonooo
gudooboobbbouoooooooooobbbbbboooooooooy
000000000000000000000000000000O00 237.2kJ/(mol-fuel)0
818.0kJ/(mol-fuel) O O O O

0000000000000 00000o2p% 000000000 27.5%000000
090%00000000000000000000000000DoOooOoOOOOOOn
O00000Db000OO0O ¢o=1000 ¢o=0.7T000D00O00O0DODOOOOODODOOODO
0000000000000 00oooouooooooooooo 328%0000000

Heat conduction Mass diffusion Reaction
/ [

H2 fuel 4 —
$=1.0 4.3 145 20.0%
Tin = 25°C
CHea4 fuel
$=1.0 104 15.2 27.5%
Tin = 25°C ‘
CHa4 fuel
$=07 12.9 17.9 32.8%
Tin = 25°C
CHa fuel %
$=1.0 13.6 18.5%
Tin = 500°C ] J

0% 10% 20% 30% 40%

049 goboobobooboobooboobo



4.6. 00000ODOOOODOOOODOOOOO 73

gbooobogb2gboscotobobobooobobooobobooboobobg
0000000000000 0000D0O0O 185% 0000000

4.6 U00OU0OO0OOUOOOOOOOOOOOOOO

gbogobobobobooboobuooboobobobobbooboobooboon
gbobod410gooboboboobooboboboobooboboobobo
gboboooobobooobo4smmb6.ommUb0do0oooooooooboonog
000000000000 35m/s000000000000OOO 1./m/sODO0OOOO
gbboboboobobobobob200bdb0b00000000000O000O00
r000000000000000000=100mm000r=70mm0000000000

o

100 mm

Domain

cross sectionof z —. —. —. 1. S

£
Fuel |A
3.5m/s

25 m

I
I
I
I
I
Computation :
I
I
I
I
I
I

I —

nozzle Air 1.7m/s

‘ |56mm

0 410 bgooboooobobobooboobd




040 00OO000OO0OO0OOOOOOOOOOOOD

0.3 . . . . . . . 2000
025 [\ Ho o\ Temp
= 02 B 02 1 1500 M
o . -
S 5
&0.15 F H,0 0 (x100) 41000 &
L [}
é o1 L (x10) OH (x10) g*
’ ~ ()
it HO, (x1000) 1500 &=
0.05 & A
- ) \\
0 AL o | I 0
0 5 10 15 20
r mm
(a) z=25mm H
0.3 - I - I - I - 2000
025 - Temp
£ g 0, 41500 &
. — 02 —
€ 0.15 0 (x100) 41000 E
2 A g
e OH (x10) =
005 HO, (x1000) 4500 &
e g
0 5 10 15 20
r mm
(b) z=50mm
0.3 . . . . . . . 2000
0.25 + Temp
_ 0, 41500 u
S 02} Y
g 1 2
E0.15 - O (x100) 41000 €
O (0]
S o1 OH (x10) g*
= HO, (x1000) 4500 &
0.05
0 L g
0 5 10 15 20

r mm

(¢) z=75mm

0411 DOgooOOoooboOobooboobod



4.6. J0DOO0O0OODOOOOOODOOOO0On

60 ' | ' T - T - 2000
2 50
= " 4 1500
_5,«40 - Heat conduction ©
Ee, | =
%5 30 Reaction 41000 §
N~
v, Mass diffusion =2
§ 20 g
E 10 I Viscous dissipation | 500 =
0 ' 0
0 5 10 15 20
r mm
(a) z=25mm
60 . - . - . - 2000
% 50 Temp Total
~ - =4 1500 w
_§ ~40 | Heat conduction o
= . 3
'EM 30 - Reaction 41000 g
A
N I Mass diffusion =
ol :
= B Viscous dissipation | 500
=10
0 : ' : 0
0 5 10 15 20
r mm
(b) z=50mm
60 : . : . : . - 2000
50 I Total
3 ) -4 1500
pé Heat conduction M
x40 o
Sm r -
: =]
éi 30 - Reaction 41000 §
=3 Mass diffusi g,
§ 2 90 ass diffusion g
= I Viscous dissipation | 500
=10
0 : : : L - 0
0 5 10 15 20

r mm

(c) z=Thmm

0412 DO000OOoooOOooobobooboobon



76 040 00000O0OOOO0OOOOOODOOOOO

gogd

UoobobO =250500mmmd00000000000000O0000000000
4110 0000000000 r=3.00400mmO000000O0ODOOO H,OODOODOO
gbgobgbobobobobboobobobobbobooboobooboobobbo
gobbooggbbbuoobobbod

g41200000000000000000000DOODOO0O0OODOOOODOO0
gboboboboobodobugboboboboobooboobobbobuoobobbo
gobooboboooooboooooboboboooobobooooooRO000D
gobbbuoogbbobbbuooodobbbbooobobbbuoooobbboao
gbogbobboobbobbobobobboobuoobuoobobobuobbobobobbo
gobbboodgbbbuoooobbbdooobbbuoooobbbuoooobbooo
gobbboodgbbbuoooobbbdooobbbuoooobbbuoooobbooo
gobbbooogbbbuoooobbbdooobbbuoooobbbuooobbooo
gobobooodn

gbobbbuogoobbobooooobbbboooobbbouoooooooooboo
gobbbooogbbbuoooobbbdooobbbuoooobbbuooobbooo
gobbooggbobobuoooobbbooobbbuoooobbobuoooobbooo
gobbooggbobobuoooobbbooobbbuoooobbobuoooobbooo
gobooobouoooobobbooobobobooogn

4.7 0O0OO

gbgobugbobbobbobbobudgbuooboobobobobboboobo
gobbbooogbbbuoooobbbdooobbboooobbbuoooobboao
gbbogobbuodgbbobboobdbbuooobboobbooobboobboo
gobbbooogbbbuoooobbbdooobbboooobbbuoooobboao
gobobodago

()0000000000O00O000000000ODOO000D0DoDUoooOoOoDoDOOOO
gbobboooobbobuoobobbbooobobboooobobobooooboo
0000000000000 00O0C000O000UUOUOUOOUOoOOOOoOo 20.0%0
00000000 2r5%00000000000090% 0000000000000
gooo

(2)00000000D0OC0OOO00000O0DOCOOO0O00OUDODOoDooOoOoOOOOOo



0ooQ 77

gboobobboobooboobuooboboboobobboobooboobon
gbgobobobobooboobuooboobobbobooboobon

3) 0000000000000 0O00000ODOODO00D0DU0D0D0DODOOOODDOOOO

gbooboooboobooboobooboobooboobooboobon
gobbbooodgbbbuoooobbbuooobbbbuooobbbboooobobb
goboboboogdn

(4)00000000000000000DO000000DO00O0DO0ODOO00OOOOOOO

gobbbooodgbbbuoooobbbuooobbbbuooobbbboooobobb
gobbbooodgbbbuoooobbbuooobbbbuooobbbboooobobb
gobbbooodgbbbuoooobbbuooobbbbuooobbbboooobobb
gobbooogobbbuoobobbod

oo

1]

2]

Bejan, A., “A Study of Entropy Generation in Fundamental Convective Heat Trans-

fer”, ASMFE J. of Heat Transfer, Vol.101, pp.718-725, 1979.

Bejan, A., “The Concept of Irreversibility in Heat Exchanger Design: Counterflow
Heat Exchangers for Gas-to-Gas Applications”, ASMFE J. of Heat Transfer, Vol.99,
pp.374-380, 1977.

San, J. Y., Worek, W. M. and Lavan, Z., “Entropy Generation in Combined Heat and
Mass Transfer”, Int. J. Heat Mass Transfer, Vol.30, pp.1359-1369, 1987.

Poulikakos, D. and Johnson, J. M., “Second Law Analysis of Combined Heat and Mass
Transfer Phenomena in External Flow”, Energy, Vol.14, pp.67-73, 1989.

Puri, I. K., “Second Law Analysis of Convective Droplet Burning”, Int. J. Heat Mass
Transfer, Vol.35, pp.2571-2578, 1992.

Hiwase, S. D., Datta, A. and Som, S. K., “Entropy Balance and Exergy Analysis
of the Process of Droplet Combustion”, J. of Physics D: Applied Physics, Vol.31,
pp.1601-1610, 1998.

Datta, A. and Som, S. K., “Thermodynamic Irreversibilities and Second Law Analysis

in a Spray Combustion Process”, Combust. Sci. and Tech., Vol.142, pp.29-54, 1999.



78

8]

[9]

[10]

[11]

[12]

[13]

[14]

god

Arpaci, V. S. and Selamet, A., “Entropy Production in Flames”, Combust. Flame,
Vol.73, pp.251-259, 1988.

Datta, A., “Entropy Generation in a Confined Laminar Diffusion Flame”, Combust.

Sci. and Tech., Vol.159, pp.39-56, 2000.

Dunbar, W. R. and Lior, N., “Sources of Combustion Irreversibility”, Combust. Scu.

and Tech., Vol.103, pp.41-61, 1994.

Hirschfelder, J. C., Curtiss, C. F. and Bird, R. B., Molecular Theory of Gases and
Liquids, John Wiley N.Y., USA, 1954.

Kee, R. J., Rupley, F. M. and Miller, J. A., Chemkin-1I: A Fortran Chemical Kinetics
Package for the Analysis of Gas Phase Chemical Kinetics, Sandia Report, SANDS&9-
8009B, 1991.

Kee, R. J., Dixon-Lewis, G., Warnatz, J., Coltrin, M. E. and Miller, J. A.; A Fortran
Computer Code Package for the Fvaluation of Gas-Phase Multicomponent Transport
Properties, Sandia Report, SAND86-8246, 1986.

Kee, R. J., Grear, J. F., Smooke, M. D. and Miller, J. A., A Fortran Program for Mod-
eling Steady Laminar One-dimensional Premized Flames, Sandia Report, SANDS85-
8240, 1985.

Takagi, T. and Xu, Z., “Numerical Analysis of Laminar Diffusion Flames — Effects of

Preferential Diffusion of Heat and Species”, Combust. Flame, Vol.96, pp.50-59, 1994.
Gas Research Institute, GRI-Mech 3.0, 1999.

Lewis, B. and Elbe, G., Combustion, Flames and Ezplosions of Gases, Academic Press,

Orlando, FL, pp.382-387, 1961.



79

50U

Jotbogbogbotubtboboubotdbogbod
Jooogon

5.1 0O 00O

00000000000 Solid oxide fuel cell, 10 SOFCOOODOO0OO0O0O0OOO0OO
000000000000000000000000000000SOFCO000O00nO
0000000000000000000000000000000000000000
0000000000000000000000000000000000000000
oooooooooog

SOFCO 0000000000000 0000000000000000000000
00000000000000000 M¥osoFcO0000O0OnoNOooooooonn
0 O Campanari! 0 Nagata 0 @0 Boersmal BlO0 00 SOFCO0OODOOOODOOOO
0000000000000000000000000000000000000000
000000 Achenbach®0 Iwata O B0 Yakabe O 67 0000 SOFCOOOOOOOO
00000000000000000000000000000000000000000
0000000000000000OFergusonD B 0000000000000 O0O000
0000000000000000000000000000000000Aguiard P10
O00SOFCOO0O00O0N0NONONDONONDNDONONONDONONONDOONONDOONONDOoOooNond
0o00o0o0oooo

00000 SOFCO0D00O0DODNONONDONONONDNDONONDNDNOONONDONOONoDoOon
0000000000000000000000000000000000000000
00000000000000000000000000000000000000000
0000000000O0MCFCOOOOOOOODO ¥MOoooooo0o0o0o0oooooon
0000000000000000000000000000D0D0O0D0D000000000
0000000000000000000000000000000000000000
00000000000000000000000 SOFCO0000000NnOoNoononn



80 Ugs50 0ODoOOobOoobOooboobooboobobboobooboon

gboobobobooboobooboobobobobbobooboobooboobo
gboobgobobobobboobbobbobbobbooboobboboobobo
gboobgoboobobboobbobboboboboboobooboobobbo
OoooogooooosorcobooooooooooooboooboooopobooobOoo
gobbbooggbbbuoooobbbdooobbbuoooobbbuoooobbooo
oooooooooooobogoogosSorcobooooooooooboooooboooboooon
gobbbodoodgobbbouoooobbboooobbbbobuoooobbobbbooo
gbbodgbbuooboboodgbboobbuoobboooboboobboobboobo
gobbobooogbbbuoooobbboooobbbuoooobn

5.2 0O0OO

gbgobobobobbobob

D;; ggboboobo20000b0004d m? /s

Dij. free gobobo2000o0oood m? /s

E goooo \Y

F sjslsfs)sfsls J/(V mol)

AG gooooooooobobn J/mol
goooooobobobon J/kg

i Jdogooooog J/kg

AH gooooooon J/mol

i 0ooo A/m?

7 ;0000000 kg/(m? s)

M; 000 kg /mol

m; ;0000000 kg/(m? s)

D; ;00o0oon atm

R 0ooooo J/(mol K)

T goooooobobobon mol/s

s 00000000000 J/(kg K)

5; ;000000000 J/(kg K)

AS afsislslsfslsls J/(K mol)

Sam Oooo0000000 S/m?

SCCL

gogboobooodan

S/m?



5.2. 00O

‘/act
Veeur
‘/Conc

ZCCL

Pan
Pea
Pel
Pr

Tt

gogoo

gogoo

an

gooo
goooo
goooo
gooo

gooo

00
(JERERERENNEERN
gbooodgg
gbooodgg
goooo
gooo-.000
goo
gooboodd
gooboggd
gooo
goboooogon
Uo0o0oogoooboo
U0 oggooobogo
0O
gooboodd
gooboodd
oooooo
oood
oooooo

ooogo

oooboobob
Doboboooboogn
Doboboooboogn
Dooooboon
oooo

< < < < =

%
%
kg/(m s)

J/kg OO0 J/mol

J/mol
kg/m3
Q' m
Q' m
Qm
Qm

81



82

ca

el

Ugs50 0ODoOOobOoobOooboobooboobobboobooboon

oooo
000

000400
000,00

5.3 U4

OooooooosorCcobobooslibgoboobobouobo200ooooonoon

gobbooogbobobuoooobbbooobbboooobbobuoooobbooo
ggbbobboogobbboooobbbbooooobbbouooobobogo
gobbooogbobobuoooobbbooobbboooobbobuoooobbooo
gobbooogbobobuoooobbbooobbboooobbobuoooobbooo
gboboggbbobboodbbuoobooubbooobbuooobboooboog

—e 0

1 2 3 4
Cathode | Electrolyte | Anode
+ [\ o o A —
— —
2-
—0=>|L O He—
H20
- No—=> N
0 z
an Zel Zan

0 5.1 SOrCcOOnoOoOoOoOO



54. 000O0O0O 83

O s5.1: 00ggoooooogbon

Component Thickness Thermal conductivity
Anode (Ni/YSZ cermet) Zan = 100 X 1070 m 11.0 W/(m K)
Cathode (LaSrMnO3) Zea =2.0x 1073 m 2.2 W/(m K)
Electrolyte (YSZ) 2 =40 x 107% m 2.7 W/(m K)

gobboboogobbooooboboboooobbouooobobboooobobboao
gobbobuooogboboooobbbbouooooboboooobbobboooobooao
ggbobbboooooboobboooobobbbooooobbbooooboboboboo
gobbbuoooobbooooboboboooobbbuoooobbboooobon

Anode: 0% + Hy = H,0 + 2¢~

1
Cathode: 502 + 2~ = 0%~

O0bD0o0b0ooboobOobboOobOos1000b00b0bo0boOobOoObDdSiemens-
Westinghouse 000000000000 SOFCO0OO0 MOOO0ODDODOO0OO0OOOOO
000000000000 000000000000 :00000000000000
gobbboodgoboboooobooboooobbooooobbooooboboboo
gobbbuoooobbooogoboboooobobbooooobobod

54 O0OOOO
SOFCOO00000000000000000000000C0

54.1 0O00OO0OO0OOOOOOOOOOO

00000000 mm00000FickOODOOOOOO (b.)OODOOOOOODOO
gobbobuogoobbodao

dwi

- dz
m; 00000 : 00000000000
le
muy, = —MH2 (52>

2F



84 Ugs50 0ODoOOobOoobOooboobooboobobboobooboon

(5.3)
e
2F
0(.1)00000000000000 (5000000 R28¥0000000e,/r=0.1
0ooo

mH2O = MHQO . (54)

1>
Dij = Dij,free : ?p (55)

t

oo ooboootoooo oo oooooogoboog
DDDDDDD(5.6)DDDDDDDDDDDDDDDDDDDDZDDDDDDDDDD
goooooooooobooguoooggono

dh d dT dw;

— = |\ h; | —pD;i — - 72 5.6

pvdz dz[ dz+zi: (p ]dz>]+p te (5.6)
go0ooodgoooo 1gpooggoo 20000 boobooooboooouoooog
DDDDDDDD(5.17)D(5.18)DDDDDDD
DDDDDDDDDDDDDD(5.7)DDDDDDDD

d dT

— A= = py -2 5.7

() = 7)
DDDDDDDDDDDDD(5.19)DDDDDDD

5.4.2 UUOULOOOLOOOOOOOO
000000000 EO0OO0 (h.8)00000000O0DDDO MO

_AG®  RT| pm, 05,
2F 2F  pmo
SOFCO0000000000000000000000000000000000000

0000000000 (5.90000 Mo

(5.8)

‘/cell =L - (V::onc,an + ‘/conqca + Vact,an + ‘/act,ca + ‘/r> (59)

54.3 0000

0000000000000 000000000000000000000000000
D00000000000000D00000000000000D00000000000
0000 (5.1000(.11)0000 Bo

Vinen = L D203 PH s (5.10)

ﬁ PH3,3 * PH204
RT pOQ,l
n—

‘/concca = 5.11
= T, (5.11)



55. 000000000 85

54.4 0O0O0O0O0O
000000000000000000000000000000000000000
00000000000000000000000000000000000000000
000000000000 (5.12)0(5.13) 000000 B0

. E |: <2F‘/act,cm> - <_F‘/act,an>:| (5 12)
e = 3F San |€XP 7RT exp 7RT .
. RT 2F‘/;:Lct,ca _QFVact,ca

ZC"4F“%“{@q)< RT ) eXp( RT )} (5.13)

00000000 s,,0s, 0000000 1617

—138000

sm1:]256><uﬂ%mp<Bﬂ,)-pgﬁg (5.14)
—136000

%a:627x]ﬂ%mp<—7ﬁ:—)-ﬁfz (5.15)

5.4.5 U000

gobbbuoooobboooobobboooobbobbooooboboooobon
O000000Ooooooo (s.16)0oooooo

V; =l (panzan + PeaZea T ,Oelzel> (516>

0000000000000000000000 (5.17), (5.18), (5.19)000000 B8O

1392

sz=:000298€xp<: ) (5.17)
600

pal::(y008114ex1>(<f¢) (5.18)
1

per = 0.00294 exp (g) (5.19)

5.4.6 0UOUU

gboboobooobobuoobooboboooboogEvVOODoobobooooo
gboobooobooboob

o AG ‘/cell
Neelt = A0 " "R

x 100 (5.20)

5.5 UUOUOOOOOOO

gobogoboobboobooboobboobbooobooboooboobooo



86 Ugs50 0ODoOOobOoobOooboobooboobobboobooboon

5.5.1 O0OO0OO0OO0OO0OOOOOO0OO0
O00000000000O0O0O0o0O0O (s2)0ooo

4 (dv\* A [dT\’ dw;\ dy, y
& T §“(a> +T<E> _Z{<_p%$>' dz}“’r'%

pvdz T -

2 xl(m))

000 1000000020000000000000000000000000000
00000000000000000000000000000000000dy,/dz00
(5.22)0000000

du; _dp sd—T
dz  dz “dz

O00000000000000000 (b.23)0000

A [dT? S d (AT
T <$> +pel .| — % <—T£> =0 (523)

ggb1l1gobbobobd2bbdoodoboobobbbbuooooobbboadao
gobbooogobbbuoooobbboooobbd

ds 1

(5.22)

1

T

5.5.2 HUOOUOOOUOOODLDOOOOOOOO

000000000000000000dS[J/(Ks)] 000000000000 (5.24)
0Doooooo

dS = —% EZ:(/:% “T) (5.24)

0000000000000000000000000000000000 00000
1, 0000000000000000000000 40000000000000000
Dooooooooooo g

4000000000 00000:0000000000%FE;000 ImolODOOO
gobobbouogoobobooogbob »=00000



56. 0000 87

5.6 O UOO

sorCcO0bobobooooooooboobooboboboboboooooooDoboooDooD
0000000000000000000000 CHEMKINODODOODOO R2Ioooon
goboboogdgod

()0000000000O0O0O0O0O000D0O00O0ODOODO0D0DODODOOOOODOOOO
gboobobboobooboobuooboboboobobboobooboobon
gbogoboobobbobbobooboobogs2obooboob

(2)00000000000000000O00O0O0OO0OO (.)boOooODDOODODOOOOO
goooboodoooodogobooooooobooooooooooon pb;; 0
gobboooobboooobbbooad

(3)0000000000000000000000ODOO0O000D0DUOoOOoOoDOOOO
gobbouoogbbbuoooobo

(4)0000000000000000000000ODO0O0O000D0DUOOOODOOOO0
O000000000000000000 (5.26), (5.2 00000

(5)0 000000000000 000000O0000DODO0O0D0OODOODOOOOOoOO
gobbbooodgbbbuoooobbbuooobbbbuooobbbboooobobb
gobbbooodgbbbuoooobbbuooobbbbuooobbbboooobobb
gbobbbooooooobbbuoooobbodgo

5.7 U000

0000000000000 0O00ouoooooooogg (5.26), (20000

gobobooogoaon:

dTan dTel . Z‘c o
(Aan dz - >\el dz > + V;wt,an 2 + (AGan - A-[{an) . ﬁ =0 (526)
ooooooodod:
dTel cha . Z‘c
e, L et (AGuy — AH,,) - ¢ = 2
<)\el dz >\ca dz ) + Vact,ca 1e + ( Gca ca) oF 0 (5 7)

oo01000b000bOoobOoobD2000000000000O00O0 300 AG—-AH

O=-TASODOO0OO0OO0O0OOOOO0ODOOOO0OOOOODOOODOOOOOOODO
gbooboobooboobooboobooboobboobboobooboob

gboobobbobooboobooboobobbobboboobooboobo



88 Ugs50 0ODoOOobOoobOooboobooboobobboobooboon

0520000
Fuel H,
Current density 3000 A/m?
Anode side:
Pressure 1 atm
Temperature 1273.15 K
H,/H,0 mole fraction 0.9/0.1
Cathode side:
Pressure 1 atm
Temperature 1273.15 K
O5/N3y mole fraction 0.21/0.79
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—TAS 59519.7 J/(mol-fuel)

0000000000000 0000000000000000000000000 220
0000000000000000000 -TASO=AG-AHOOOOORPIODOoDOOO
goboboooobbs3uobboad

5.8 UUOUOULOUOUOLOOUOLOUOULUOUOLOOOO

gbbbbuoooobbbuooooobbbbooouooooobbbuooooooboo
gobbbouodgbboboooobbboooobbos20bbbbouogbbbod

gs200s300bbugobobuoooobobuoobboooobobuaboooon
gobbobooogbobobuoooobbbooobbboooobbobuoooobboao
gboobobobooboboboobooboobookKboobboobuooboobo
gobbooggbobobuoooobbbooobbboooobbobuoooobboao
gbboogobobooobboobbooobbboobboobbooobbdo2lo



58. 000000000 OO0OOOOOOOOOO 89

127320 T T T T T T T T Anode
- Cathode <— 4
1273.19 |- >
N Electrolyte |
S 127318 | .
s |
g 1273.17
2 :
(D] .
F
1273.16 |- 7
1273.15 - | - | - | - L
0 0.5 1.0 1.5 2.0
Z mm
052 0U000ooouoooooao
1.0 . : : 1.0 : . . .
0.8 12 . 0.8 H, -
o 5 7
5 0.6 - . 5 0.6 .
g | £
S 0.4 | - 2 04F _
= I = I
0,
0.2 5 02+ H,0 .
O 1 L 1 L 1 L 0 L 1 L 1 L 1 L 1 L
0 0.5 1.0 1.5 2.0 204 206 208 210 212 214
Z mm Z mm
(a) Cathode (b) Anode

053 0bboboobd

golebbuooobuoobobobuooobbuooobbuooobboobboobboo
gobbboogobobooooboobuoooobboooobobboooobbboo
gobobuoooobobooogon



90 Ugs50 0ODoOOobOoobOooboobooboobobboobooboon

5.9 UUOLOOOObObOOoboboOobobon

00000000 H,O00,000000000000005400 5700000000
0000000000000000000000200000000000000000
0000000000000000000000000000000000000000
ooooo

05400000000000000000000000000(G)000000(b), (c)
0000000000000 D0O000(), (e),(f)D0D0000DD0OD0OO0OOOO0O0000O0
00000000000000000000000000000000000 1400K 0 0
0000000000000000000000000000000000000000
0000000000000 000000000000000000000000000
0000000000000000000000000000000000000000
0000000000000000000000000000000000000000
000000000O0ooooooooo fg

00000000000 5500000000000000000001atmO0 10atm
00000000000 56.6%00 64.3%000000 8%00000

00000000000000000000000000000000 56005700
00000000000000000000000000000000000000 00
001.000000000000000000000

000000000000000000000000000000000000000
0100000000000000000000000 3000A/m?00000000000
00640 0000000000000000000D00000D0000000000000
00000000580 00000000000000000000000D00O00O0
0000000000000000000000000000000000000000
0000000000000000000000000000000000000000
0000000000000000000000000000000000000000
00000000000000000

0000000000000000590000000000520000000000
0000000000000 540000000000000000000000000
000000000000000000000

SOFCO000000D05400000000520000000000000 SOFCO
000000000 Siemens-Westinghouse D 0000 SOFCM 0000 0.7vOoO OO0
1000000000 3000A/m?00 SasakiD 20000 SOFCOOOODOD 0.72v0000
000 Campanaril! 0 NagataO P 000000 SOFCOO0O0ODOO0O0O0O0O0ODOOOOO



5.9. J0OOoooopoobobooboo 91

100 —— 1
Y 12
s ) 1.0 =
= 60 | )
1= N (e 0.8 ;f‘g”
= 40k 0.6 =
é Typical =
& 20 (c) l(d) condition 404 ©
= - .
7 (€) A
i /T Heell 0.2
0Lt A I S S SR
500 1000 1500 2000

Temperature K

0540000000000000000000000: 3000A/m2, 00: latm, 000
0: Hy/H,0=0.9/0.1, O5/N»=0.21/0.790

O 7771117

75

65 |-
i 0.9

60

Cell voltage V

Thermal efficiency %

Typical
condition —40.8

50-. [T N SN NN RO AT SO AN S SN TR SN S

55

Pressure atm

05500000000000000000000: 3000A/m2, 00: 1273K, 0000 :
H,/H,0=0.9/0.1, O5/N,=0.21/0.790



92

Os5600000HO00000000000000D0O0O0DDOO:

O 57000000, 000000DOO00O0000ODDODODODOO:

Thermal efficiency %

80

70
60
50

40

30

20

50

goboboobooboobobobobobobbobooboo

Heell

Typical
condition

0.2

0.4 0.6

H, mole fraction

O00: 1273K, 0000: Oy/N2=0.21/0.790

Thermal efficiency %

80

40

0.8

3000A/m? 00 : latm,

30

Typical
condition

1.1
1.0
0.9
0.8
0.7
0.6
0.5
0.4
0.3

0.7
0.6
0.5

Cell voltage V

Cell voltage V

0.2

0.4

O, mole fraction

0.6

O0: 1273K, 0000: Hy/H,0=0.9/0.10

0.8

3000A/m?, 00 : latm,



5.9. J0OOoooopoobobooboo

6000

2

Limit current density A/m

0.02

5000 -
4000 -
3000 -
2000 -

1000

Non-operation

Operation

Typical

current density

0.04

0.06

0.08 0.1

O, mole fraction

93

0.12

O5800000O0,00000000000000O00: 1atm, O0O: 1273K, 0000:

H,/H,0=0.9/0.10

75

70

1.0

65
60

55

Thermal efficiency %

50

0.9

0.8

0.7

45
1000

2000

3000

4000

Current density A/m’

5000

Cell voltage V

05900000000000000000: latm, 00: 1273K, 0000: Hy/H,0=
0.9/0.1, 05/N»=0.21/0.790



94 Ugs50 0ODoOOobOoobOooboobooboobobboobooboon

O 5.4: SOrCOOO0ODOO

Electromotive force 1.0V
Concentration polarization 9.0x 1073V
Anode 9.0x 1074V
Cathode 81x1073V
Activation polarization 0.14V
Anode 0.04 V
Cathode 0.09 V
Ohmic polarization 0.013 V
Anode 3.0x10°°V
Cathode 78x 1074V
Electrolyte 0.012 V
Cell voltage 0.84 V
Power density 2.5 kW /m?
Thermal efficiencyld HHVO
Theoretical 67.3 %
Practical 56.6 %
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Cathode/Electrolyte 2.19 x 107! J/(K m? s)
Anode/Electrolyte 1.04 x 107! J/(K m? s)
Total 3.23 x 1071 J/(K m? s)
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1 1
TTLH2 = —MH2 . % TTLHQO = MHQO . % (61)
1 1
mco = —Mco % mco, = Mco, % (6.2)
7
mo, = —M02 F (63)
1 =1g, +1co (64)
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Reformer
d
Mass : — =
ass 7 (pu)
dh P,
Energy : pu% = A_rar(Twall - Tr)
. dw;
Species : pu =
dz
Fuel channel
d P
Mass : E(p )—A—];zz:mZ
d P P,
Energy : —(puh) = L > (mihi) 4+ ap(Teen — Tf) | — ——ap (T — Towan)
dz Af i Af
d P
Species : %(puwi) = A_fcml +7;
Air channel
d P,
Mass : — = — i
ass 7 (pu) 4,2 m
d P,
Energy : —(puh) = —= Z(mlhi) + ao(Teeny — T,)
dz Ay |5
d P,
Species : E(puwi) A_aml
062 0000000000000000OO0OO0O M
Catalyst Ni/ZrOy cermet
Porosity, % 55
Zirconia, vol % 30
Mean pore size, ym 1.05
Bulk density, g/cm? 4.374
Reaction order of CH, 1.0
Reaction order of H,O a=—1.28
Activation energy, kcal/mol E, =178
Frequency factor, mol-CH,/(h g-catalyst MPa'*®) ko = 490.0
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Eq

roH, = ko exp ( RT) PCHAPH,0 (6.5)
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gbooboobobooboobdg

AGShiﬂ) X, Xco, (6.6)

Ksi = - =
hift eXp( RT XooXmo

Kain0AG,000000000000000000000000000000000

(3)0000 0000000000000 (6.7)000000 R

_Nu-)\

o a0

(6.7)

00000000000 Ne=366000000000000000000000000
D000000000000000N«DODD0D0000000000000000000
00000 NuOD (6.8)000000 20

1+k A fluid
Nu =12 = 4 .
" R (H /\salid ) (6 8)
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1 2F i, \ E
=k, FHz <_ a ) 6.9
Rocts,  RT ’H2<;ﬁ ) P\ RT (6.9)

1 2F pco\ ( E, )
=k, = — 6.10
Rocco  RT ( P ) P\ Rr (6.10)
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m=0.250 ko pr, = 2.13 x 1080 kg 00 = 2.98 x 108A/m?0 E,=110000J /mol 0 0 0 O
H,0COODDODDDODOOODDDDDDDDDDDDDDDDODDD (611)0000
Oooo g

‘/act,an - Ract,Hz ' in - Ract,CO . iCO (611>
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Ian,n = Ian,n—l - In (612)
[ca,n = lean—1 + [n (613)
(En - ‘/p) - Rel-[n - Rcalca,n = (En+1 — ‘/;)) — Rel]n+1 — Ran.[an’n (614)

E00000007L,,0L,0,000000000000000000000R,,0R.,0R,
000000000000V,000000000000000000 (6150000000
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Set the cell structure and size

!

Set the operating conditions
(inlet temperature, pressure, velocity, concentrations, current)

!

Set the initial distributions of current and temperature
in the electrodes

Compute the gas concentration and temperature distributions
in the reformer

Compute the gas concentration and temperature distributions
in the fuel and air channels

!

Calculate the electromotive force and polarizations

!

Calculate the current distribution based on Kirchhoff law

!

Calculate the temperature distribution in the electrodes

Convergence of temp. in the electrodes

N YES

NO Convergence of temp. at reformer wall

YES

END
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ge63:00o0gn

Cell length 300 mm
Diameter of reformer 6.0 mm
Outer diameter of fuel channel 10.0 mm
Inner diameter of air channel 16.4 mm
Outer diameter of air channel 22.0 mm
Support tube thickness 2.0 mm
Anode thickness 0.15 mm
Cathode thickness 1.0 mm
Electrolyte thickness 0.05 mm

U 64: 0000

Reformer inlet Pressure 1.0 atm
Temperature 1173 K
Velocity 0.9 m/s
Gas composition CHy: 0.25
(Mole fraction) H,0: 0.75

Air channel inlet Pressure 1.0 atm
Temperature 1173 K
Velocity 1.5 m/s
Gas composition 0O,: 0.21
(Mole fraction) Ny: 0.79

Current density 3000 A/m?
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ges5 00ogon

Current density 3000 A/m?
Cell voltage 0.67V
Power 25.1'W
Fuel utilization ratio 73.4 %
Air utilization ratio 175 %
Thermal efficiency (HHV) 42.8 %
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