75 ol Sl (wige g pui

VoY BIAD Slio TR o ) o)lad OFR 0593 S yual SKlSo swokigen & i
DOI: 10.22060/mej.2016.768

S9SN (6551 g0 daw ) jame oS )T T Mg e Ko 3,Sbos Julo 5 (53l 00

Caw s plad (35020 dlrne &S o Cunlol>

ul)}l ‘u'ﬂa ‘)».wl Sl o ol&Kuisls ‘La.alyz, u_{zaKm:l.) Jeime

18,913 g )b
WA o5 ) bl
WAF oo VY 106,55 :

3be (oS g el g BB (g Mg i o (Seslndge i (il e dlie oyl 1)) 5l Ban S
S gl jgge S b &S Al go ol a1 (Bges o 4 e S g S S Jold 0 (6 e s

el 4 o 3 48y 5y s s el g sSeoliydse s Jabo <y e 3)00 USaws elinl plod gl i 005 S 5

WAY (03 VY 1 il
Y0 LT VA z T )

1S Gl

dal> S (Brgw Jo
ST

Syl j g0

Sealadgays Jelod

b S 3B oo L] (6 prats s (5 ytolyly dalllan b 4l )3 il 00 plodl 35 Tiome ()l 9 (2lanby i)
> w8y, la sl dlass g S jrul jgige 3 edlitul 3)90 Jlow g5 o) 4 93505 GJE (Sld ygu ppeS
syt s (S5 80 033 (a3 SOLS ol sl 0 () 2 (0 s o M 0l 9 0331 59y 2 (g
03laiw] Cyguo 50 Cpitren bl o Mo D AY 3905 U o ye8 4y (63959 (slaj5 (slod 5 jom peS HLid Cons ]38 L s
oS4m0 Gl gl )So> By 5l b Gl 10310 ol 033l 5 (el e (59 Sl )5ige )3 paale )

A5 8155 (5 e s I oloi 5 (S g I o g S o35 (sl oo 335 ol

Conl pon] dles | il gl 9390 ol g edlasl g oS Sl
bld & .l 03)S" o 05 a1y (o0b laieddMe pa ] cla Jlo > oS
255 & G g Cal (2B 3l Hgige S S il y5ige (S
Sl e 5 ol Wlge 5 aily st QLI i 5 e
dlge 5 g Mg Slaptans (Sl Slowy (idys &5l) 2B
Syl slaygige V] w8 oslaul (SSle 5l Wyl (50
o Sis ol Lod aiT )b 93 g i o alyd g3 5l Jlow) clls
P 85 o )l 8 ool 3)50 iyl 5350 (9,0 45 2ljE el
Oyge Sl plyis g 4 ob)gise ez )3 g oMl )b H9ige
9 Wbl S92 (29,5 B @ laygise £l ) 503 (sgw jl0 S (o
BB 2baygise Gz D ren 4 g 298000 0D i )bl e
I¥] 8l e o
S8 G351l 3a ul 53 0B (Byme Nt (G s 5
o odliwl Syl j9ige lp (2l @ite (e @ Gmyg (29>
ST (B g i S Gy 5l (o5 5 0B (B pre (6 e e
0392 1y pouss Sy 045 B pae e Mbboo Syl 390 g ol
Cnl odes Bun el 4B )13 oy g oS 3590 5k gl Sl
il g (Sl g Gl g ()l il alS et
i digej 3 odid plodl Cliudsy ydey a5 Jad o Ui b o)y
J imen 9 (g S 9 5 g5 A9> OS5 3590 13 Gy
Wi 390 S WBdw oS5 g 0ud pbul Syl H9ige g (g

VAo

doddo —)
P o Coa pLaush ol ) ol Sdegh s o 5l ol
Y Slasgs Lwly ol )3 85590 Josdy (¢ pKouin @lolidl (g5, B puno
0SB pnn g Mgl (clolSiwd (gilwdiny yus 5 (sl sla jibsS o
Ol > S5l Bpae 1) 4 g) Ngy & drg b sl o plodl (55
ST 9 YU (233L L (6551 W s slagius 5 b g, il oalizl
e Sl (03 b 0jg el usl 485 )3 Caglgl ) S
SiP) sy 55 5l odlatnl wile (95U Sl by, 536l Wy
Syl sl ygige 9 1oygil 55 s b im g Sue (g Sl b
culee g bl Ghls Ladgy cul 5l S o o8 wlaid 575118 d g5 390
wlaiel JB (655 0y i SO sl bl o 295 4 (ogaste
Oloe a |y Bow sla 5l odlaisl wyiwd (3 ddien 5 dljaeS
SiP Jhee o B sladn sl 035 (Bpre w0 S
2 300 6338 S, gt & 0jgyel o 1 Koy (551 4 e
ST (B g S (B S e 3 B9 0 Couie (555l Wy
(Oogemdas 223 Veee (JIVe ) (g3 slajls (Vb (slod Js & el
FDT el ly (o5 5 slapian 3 odlatal sl (265 sl Jeily
P Sye s e Can SS9l g 55 b GBS s
Coda b e laygige ;03 59y p Cliid b cul o el (e
il Glesly Jols was slaon) I clylanl 5,8 Gy (g i

jpirkandi@mut.ac.ir :wlsle jboss odin g



ot S Il llio cpl ) 08l o0 Sl ygige 9 (9w S 5
A y5e SSew lipl pled Gl g 5 008 (Bpee ot e
oo S ol 3 b)) S0 (Bogw sl g (Swalindge s Julos S
GBS ool g3 el )5 g0 JolS g o Sl g (aliendy xSl
ot 3l ol 03l 48" 0 plosil il (128 b S sl g0 Sluuslone
s (6 eyl adlllas b caaldl )3 sl S35 95)57 y9590 035 42 (b
©3939 SBIE Glod yguppeS Jlid s il 0nd o)Ll gy pen
sbadobs 2l g Syl jgige )3 odlital 3)90 Jlw £95 oy
Sy pis )3 (S35 (g 9 (SepSIlodil g9y 2 U o 48,84

Sl 04 )

(S e s (§cS 5 -
VUSS )3 oad adllae 35 pl )3 &S Gy e oS Y
ST (B g o 0355 S Jolid (g0lpiniin pitammns Gl 005 00l Lt
b dgp ygwyeS (Sidyial jgige G ayi (ly] dadore el
o 33 &8 38 g ol LU gy g Cogw (P oSl
V& g gemST a0 pd VY Jold 35 48,54 (glon oS 5 g 0392 ()35,

ol 0 i8S Jlai > 59400 duoyd

BE

Syl a8i9s )l Jane

Fig. 1. Schematic of hybrid system
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Table 1. Parameters related to activation over voltage

3 bl
VYeune E_, ., (kl/kmol)
V0« o+ E,, .. (kl/kmol)
Vi) y (A/m?)
yx) .t 7, (A/m?)

oS ot g 51 ol 5 Iyl e o 5l b enl clil
o S G Cunglie cpl Ml e ey il g <8 g (3D
obl slacioglio 2gd o ool Johw (slod o s b & Baw
> 4 g 03 (B o B VLA g ladg pSIl g sl Jals
@bl )3 by Sl Cunglio § (So slable) 13 by by Ceoglie
Som w2l 09 Sl bcaglio cpl gy cpl I 9800 Sl (gl
5 ookl b e sl ol sl oonl 565 €l Lolul o) i e
{A] oo oty o Ly,

Vo =Voman + Votmea T Vormer +Vonmin (v)
Vo =11 ")
r=0op ()
ﬁ=Aexp(§j ()

Do dwdid g 90 & diun &S 009y 00 sbojiel)b 0 54 B polhs
Saon] 5y il Sluslxo ;5 a5 b yial )b ol pdlie [A] 40T o Cans
AT ol 0 035l ¥ Jgds 5> B9 o 03liu]

[A] Sod] 59 Cdl 4 gy po (g wiol b :Y Jgun

Table 2. Parameters related to ohmic over voltage
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Table 3. Geometric characteristics of fuel cell
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Table 4. Operational parameters of Ford 4-215 Stirling engine
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Table 5. Geometric parameters of Ford 4-215 Stirling engine
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Fig. 2. Flowchart of the problem solution
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Fig. 3. Effect of compressor pressure ratio on turbine power output
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Table 6. Comparing the results of the present code with the numerical
results of chan et al.
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Table 7. Comparing the results of the present code with the numerical
results of urieli et al.
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Fig. 7. Effect of compressor pressure ratio on working temperature of
fuel cell
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Fig. 4. Effect of compressor pressure ratio on turbine exhaust gas
temperature
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Fig. 5. Effect of compressor pressure ratio on stirling engine inlet gas
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Fig. 6. Effect of compressor pressure ratio on Stirling engine power

output
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Fig. 10. Effect of compressor pressure ratio on electrical efficiency of
hybrid system
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Fig. 11. Effect of compressor pressure ratio on electrical efficiency of
Stirling engine
o A Comnd S ] 59550 (S S ylonly ol s 1YY SIS
290 08 (5 L

Y40

L —o—TM=1273[K]  —a—TM=1173[K] ——TM=1073[K]

B % 8§ 8 8

(lyph?) Ly ey Ll

10

Fig. 8. Effect of compressor pressure ratio on fuel cell power output
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Fig. 9. Effect of compressor pressure ratio on net power production of
hybrid system

S5 LS S 4 Cannnd s (Slg5 (AN (g5 Wil i 4 S0
9 oS

Al oo Gy s 95 (2l B (Bogus Sy 45 285 ao 435
Lk o5 Wl oo v sl A5 (e i S Qo) (e

Olyss Ve JK5 53 0,8 )8 dagi )90 (Sesldge s sl )
cilizee ()5 gla)lid Cund ) g pd i (oS o
Ol38l b 2ad o odaliie oS jalailen .l odds 03y LS How oS
> 2l snli IS s (S0 S oy e i g
Srae )5 Rl Vb gla)lid Cons )3 i (S Sl o]y alS
2R3 Syl bl (Bgw U 53 M9 Olg7 (8l ol g e eS
s slod Liolidl b oS sas o lis JSKb ol 5o del Cunty gl
YL lylid Cons )3 i (So Sl o]y (Lol (95 42 (639)9
S ppkilan 8,5 18lgs 395 4y b &5 (oS losly 5 033 inS
axdAre (slod )3 (b 4 (639)9 SIS 3980 oamlitio S5 (ul )
e ol il o duopd Ar 39 3 (SO SIN lesly (gl ywgmdas
ol 8l oo BT )L 93 Ui Cannsd 53 (6 yd e (S0 Sl o



VoY B VA doio AYAF Jlo o) 0,leud FR 053 ¢y ool SilSn i 4y

G oG gw Jo glod GBI U 4 ey 4 93909 S sled
395 g & dlas cpl ad dals Jo 3 olewd Jlbil g Ja8 (ial38)
2 585 M s ssllely sl s 3eS S561 & i 45T A5 alss o

ol salss 5929 4 153 (608 (il Jl Sy il s

&

—e—TIT=1273 [K] 1
b —a— TIT=1173 K] .
—o—TIT=1073 [K]
04|

fady) gyl Jlad gy 2l

Fig. 13. Effect of compressor pressure ratio on activation voltage drop
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Fig. 14. Effect of compressor pressure ratio on ohmic voltage drop
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Fig. 15. Effect of compressor pressure ratio on Concentration voltage
drop
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Fig. 12. Effect of compressor pressure ratio on the heat generation in
the fuel cell
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Fig. 16. Effect of compressor pressure ratio and the number of cells on
gas turbine power output

S)5 U S ) Camad (s8G9 (15 oLyt 1T US0
S ow J L dglw 1ani g jom oS

T T T T T T T
\ —o—n=5760 __
| ——n=4508 |
L —w—n=3456 |

TM=1273 [K]

8

N

190 -
180
170

160

(dyple) Riglynl 1830 SlpE Ll

1508 1 1 1 1 1 1

Fig. 17. Effect of compressor pressure ratio and the number of cells on
Stirling engine power output
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Fig. 18. Effect of compressor pressure ratio and the number of cells on
fuel cell power output
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Fig. 21. Effect of compressor pressure ratio and type of stirling engine
working fluid on Stirling engine power output
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Fig. 19. Effect of compressor pressure ratio and the number of cells on
net power production of hybrid system

S et Ay o pilanpn (SIg5 IS (4]g5 ol puts 1V JS
9w Jut (S gk 31T g you oS (5,18

s J e (Rl Syl jgise bawg 8Ly glo)S g adly
ol Sl L a8 adle (L) sloS 4y atly ygise 3 )Shes S0
b il g il Jo3 jw 55 9990 by Mg Oy Ol
il 48 am3 o ol VA 5 VA (ela IS 5 s &) s 1Ko (sgm
e 9 (gw o > Mg 0l g Gl cuw a5k Sl
s g y5m a3 (6 HLiS Cupnd yiall 93 dunlis 0 SalS Gy
AU d ol dlasi (il oS amd o Ui (g Jo a5k
Catls aalgd (6 pat s (L 9 WP O 5> e
g 3o ($9)3 (Brgw Sy S she das Sl e pl 5
o (S S Glodily Slyis Ve JS 53l 0 gy (50
SlaJsho dlasi g cilise ()5 (sloylid s )3 0l (Byme (s ym
L as loe 3e8 Clao 3 &S jehailen sl ond oy LS cglite
@l b oo (R s (S Sl Glodily ju a8 () LS 133

056 T T T T T T T

——n=5T50
—— n=4508
—8—n=3455
TM=1273[K]

8 &

orees g3 ]
8

5

Fig. 20. Effect of compressor pressure ratio and the number of cells on
electrical efficiency of hybrid system
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Fig. 24. Effect of Stirling engine angular velocity on power output of
hybrid system

1 s 5 44 o s S35 G 55 s V€ Y5

S yiw] y5390 (Slagl;
L Y — T T T T T T
o TT=1272[K]
A TIT=1172 K]
DS —e—TIT=1072 K]

it oty il

[T i
ifr/.
\E - L1 1 L ] 1 1
200D A0 a0 2D E-- L1 L 111l

(4538 2 93] nErdymod oty ool Ay Socpee
Fig. 25. Effect of Stirling engine angular velocity on electrical efficiency
of hybrid system
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Fig. 22. Effect of compressor pressure ratio and type of stirling engine
working fluid on power production of hybrid system
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Fig. 23. Effect of compressor pressure ratio and type of stirling engine
working fluid on electrical efficiency of hybrid system
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Fig. 27. Effect of cooling pipe diameter on electrical efficiency of hybrid
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