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Thermal analysis and efficiency optimization of Otto-Stirling combined cycles
with Sl engine exhaust heat recovery
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ARTICLE INFORMATION ABSTRACT

Original Research Paper A Stirling engine cycle is combined with a Spark Ignition (SI) engine cycle to recover the Sl engine
Received 28 October 2015 exhaust gas waste heat. One dimensional combustion simulation code is prepared for Spark Ignition
Accepted 08 January 2016 type engine (M355G) simulation. The accuracy of numerical simulated results were validated with

Available Online 14 February 2016 M355G experimentally. The experimental generated power and exhaust gas temperature vary in the

range of 84.1- 176.7 kW and 610-710°C, respectively. The 1D code estimates the generated power with

E?;‘{V?;C%S\',ery maximum 5.9% error and average exhaust gas temperature with 3.8% error in the operating range of the
Combined cycle engine. Thermal analysis was done, and the results show that about 25% of input energy transfers by the
Stirling engine exhaust gas are waste. The results indicate that, by installing a Stirling engine heater on the exhaust pipe
Sl engine of the SI engine about 8.4 kW of the waste heat can be recovered in the best condition. The simulation

Thermal efficiency of Alpha-type Stirling engine was done by GT-Suit program and the Solo V161 experimental results

were used for the validation. According to 9% error in generated power calculation for validation, the
new Stirling engine is suggested for installation in exhaust pipe. The generated power and thermal
efficiency were estimated for Stirling engine in various exhaust gas temperature which occurred in
various S| engine working conditions. The coupled engines heat balance showed that the thermal
efficiency is about 2-3% more than the ordinary one.

5L Gl slaygige 4 jamme S slog 095 loss ool piiie el dodo -1
Sy 921552050 JLos 15 o5k 2 Suo5 4 2014 Jlo 0 055:ke 900 is 65 g Lud Coge p133 als ( SouYT dles pas Sl b
Ol & S g 550 900 40 sgu 0 Jslts (5lg slag 095 5 [1] il laysise u3lr i ol ol G 4y ]S (e o)
@ 59551 5 GBS s Langs 00,060 390> 13 5 008 Jias ke Bl el o it (5551 (2b3L L jgige plensly I3l (31

Please cite this article using: “awbod 03wl i3 @yl 5l dlis opl @ gla ) (1
A. Batooei, A. Keshavarz Valian, Thermal analysis and efficiency optimization of Otto-Stirling combined cycles with SI engine exhaust heat recovery, Modares Mechanical
Engineering, Vol. 99, No. 9, pp. 9-99, 9999 (in Persian)


https://dorl.net/dor/20.1001.1.10275940.1395.16.2.26.1
https://mme.modares.ac.ir/article-15-8350-en.html

[ Downloaded from mme.modares.ac.ir on 2024-11-01 ]

[ DOR: 20.1001.1.10275940.1395.16.2.26.1 ]

Ol Hoglss’ e 9 (SHgis LS ule

SIS Blyial sgige 39351 3 295 AW (633 ksl sotike &y Sin)piusl - 351 S 35 JSaaw Glodils 5 )lwding 9 s LT

lo)550 &5 (2l 31 PO 2 105 so ol (g (y9s 5 L oy il 53
G S5 s siluand Giagh Gl o andliee (mlee 5 Llse sl
2550 bawgs (6551 bl Ol B gy Slp W g5 Sad il 55
sl 0 plosl S il

S ledily g9, x5 Sl jl2d )*-’L Gode D g
S Gl jeise )5 iz glayes jo oS S S g S il
A iy 90 1500 Sl yige (Sligs C e 0930 pln]
s9ye JUl (5> b g 5555 5 2as sles 3l o ous b S
olesily 95 2 o b 5 Kyl IS 0 Shoe (55, 5 (IS 32>
» ¥y Jele Jlw Glge @ pade 05dioe oy eSS S
sl 28,5515 sy 2 990 ) 70 560 <50 (5,15 (slo L

@S Loy * > 355 ol 59l ysise (iluand @l (5 i a0
Gl ous plonil iy ato olKils Sy liggs oKinlojl yo )25
Sy 4 I S 890 Si9d Sy 5 (B (29,3 55 sbes [14]
@ azg b Sl j5ige o)Sles allise 55 Az 99 b Ol
Slite (Sygo ot 0 lime Djg0 4 95T )5 (29,5 led
L e Sl jsise siluad mls o S ams ol ol (g 2 550
o3 plil 191 (55 oo 15390 (595 2 S (925 (o) S S oolin]
O3 e 5 o plowl S 5 IS 5l 5T Lt o [15]
sF5e 6,5 el slaygo 0 g IS 4 Cond (oS 5 S pledily
Slp o Shes a0 Geizmer Sl oud gy LB Gl
el o0l duwle (oS 5 S Lol oy it

R (G )10 amo 9 510 @I gl 59590 (53 lwdmd -2
10 @l Hgige gilwanis -1-2
Jbisl o3 @S5 ol e ool ags 3lisl gom S5 g ludnd aaliy
2 T a eleed giledse ol o ales oo Jow |, blusl 5 5l
el ool azd 3 La po slasloes aly S S e (30,5 agly o -
Los glylo o515 al o po ok Slhgime Slawlxe al>ye 2 UL o -
s oland Jols (o gl el g blul Jsb o jasdew ©lgise -
8,8 0 PR CSESs 5 bl jaikew u g jailiw ojlgs sles -
00 5 00 Aigus 03900 98 3yl Jsb o lowle aly o 5lEl o -
el oo e KaSs jlaled gliy lawgs a5 o)ls 052
Seelindge s slwodls 95 p (e Siln AL » S sladse 2ST-
Jslaz I yolie (Sealiadge s (lss sln wailiee sl bsle <52 52
[16] Sl 00l oolarwl o

s a5l g TS g 4 Ol Jlal e aciloee gl
J17] o5 oo oolizsl (1) alasl,y sollae ol

K

q=apRe’ (T, = Tw) + C(T,*-T," 1)

s Galguyeae Slo w5 D 4Ty Ty Re (1) aal, o
yaidew o8 g pelS s p joihew o)l Gled 5 jaidew 9,0 slajlE
Sygeo & g didd ol olxlcjb‘a%|,,z.uu¢;&wﬁ

5- M355G

2 oloiis 16 )9 1395 i)l (o) Sulse SwAdie

S5A sk sl cenlin (o8 1V 1[2] sgdioe cula gise 5l >
ST OlE ol Gl Saz & (cotans 3l 3925 38508 551
S 301313 105 0 0als T BT 55 i3l e c5.5 g o3lit
39513 z95 Sil s o Gl A L 3l IS Glol o (LeeSS
Olgie ar eSSl IS 5l ooliialaly b3k sly sl (g, Wl oo
plwl (goby Slisiad aie) (nl 53 5 Conl Jglatio gl JSow (2 leil S
Sy S sl 4 Sl (5550) S 31 o0l [8-3] sl ot
SV pleaily Fomly (e S 5 o SanY] sl oble gl
S5 el 5351 09555 gt 51 oslizal 5 GVsb Sleasi 40 & 5L
G BT sgise & el sl Sl W 35l 5 sateS
il e

@l Sslite slo e 5l ooliza Sl (2014) [9] o) Sed 5 sosl>
gl sl lodgad gy |y LI B2l Sise 59351 51 51 sl
plsl 6555 5 (225 @S G dmlie Ll 50 5 0350 (o p 1) Ladoe
797 8 S8 bk Saz s Gl Jue sae anlllas uilosls
sl (2014) [10] o] Kan 5 a5 bawgi L3I Glixl 350 35557 5
IR P90 $9) 2 S Jdee 5 (R3R P S9) 2 S oSl 0ad
2 Sl bk Ol sy 2 b e g slal b ol sald sl
Lol 00 (o 5350 Bl sl g L 90

sbols 555l bk sln 5SSl IS (sl ceilin ()1 Sl S
ous plil (2015) [11] e 5 Kz Lawsss sy 350 5| (29)>
=55 P I oleily 5 Dbk lesily ((Sealiusge i lanil ol
byl ool oad dlome calin Jole Jlw ol 5 b
P13 245 ] by e bae b 53 5 ool (i
ol oals odalin oS 5 S degazme ) (eSSl IS 5o oolail

Sl el S b g3l (oS5 U5 (2011) [12] (Jss
oud ol e ysb & S 99 (Sonliadgoy Ul ol 03508 (o0
2590 3351 5l ze Sl e LU by e 90 Lule 5 ol
oy byt o)l Gl Sad il jgise (SeS 55, 2 oS A3 sl
S gl 53 adion batye sy & Pagume oy Salnage s
Sl sige b Syl jgige 0,501 cga wglite 5 LSy Slig0
{ sz 590 Sln 8 290 Sl Gl el 00 )y IS
1500 =l Jlygo ce o jo jlid pudas b aige oo (e 5 00 dulons
oals plxl jgige ol 590 ;o (gilw e ol onl Candy 4B 8o 5 0
90850 Shed Sy i Ze P S sles i ale el STy ol
ol 0085 oy 50 A S g

$ooliil 51 A6 oy Laals3l 31(2011) [13] o Kan 5 i1,
Py Nogad gy 1y oyl 5 93l oS 5 S o Sl 990
Slhoslanal bl cwyr 9550 59,995 5l 990 (Supsdl jl S il
o2l o arled e el 3 oo 5 5 lie ey S5l 4z 0 75 (glas 3D
" ol 9993 )15 KB s Langi a8 00 (6551 51 Loy SOLS
sl & Sl jgise gl ol Sy 950 (T (e 5 05
S5lse 5 Az ) 9,095 plad gise dend

ez 0,8kae p3ilSe sl S il (Jlas 5 59590) il

1- Waste heat recovery system (WHRS)
2- R245fa

3- Finite Time Thermodynamics (FTT).
4- GPU3
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Fig. 3 Experimental and simulated exhaust heat load results of
M355G engine
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Table 2 Heat analysis of distributed energy to cooling system,
exhaust system, ambient and useful power of M355G.

(%) lamo (%) 5551 (%) 5,5 (%) oles (rpm) 390,90

14.6 27.9 26.3 31.2 1000
14.1 24.2 26.6 35.1 1200
13.6 24.8 25.8 35.8 1400
131 25.7 24.6 36.6 1600
15.4 26.1 23 35.5 1800
14.7 26.6 22.8 35.9 2000
14.4 27.5 224 35.7 2200

2 ol 16 )9 1395 i)l (R Suille widie


https://dorl.net/dor/20.1001.1.10275940.1395.16.2.26.1
https://mme.modares.ac.ir/article-15-8350-en.html

[ Downloaded from mme.modares.ac.ir on 2024-11-01 ]

[ DOR: 20.1001.1.10275940.1395.16.2.26.1 ]

Oy So9lbS e 9 (F9is Ld e SIS Byial y9ige 19551 51 5393 AW 5l il sekiio & i yiusl - 93l S 3 JSaww Vo i) SIwding 9 Il LT
T T T T TS 14
® ) ® ) ® o °
i Bl el B A Sl Bl @ 4
dm
dt
. [ul daxa 1 15
_ dp.A+meu—4Cfpu2u .%— p(;Pu|u|)A (15)
dx
Vector parameter Scalar parameter d(me) _ dv ) .
= _—PE+Z(mH)—hAS(Tf—Tw) (16)
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Table 2 Comparison between experimental and simulated
results of Solo V161.

MU
% W) (kW) o2 (bar)
22.1 6.2 15 16 30
26.5 6.7 2.8 3 50
27.8 10.9 4.1 46 70
28.5 113 47 5.3 80
28.6 10.2 5.3 5.9 90
28.7 12.2 6.5 74 110
28.8 11.4 7 7.9 120
28.2 10.6 76 8.5 130
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Fig. 6 The hot and cold cylinder volume
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Fig. 9 The mass flow rate diagram of simulated results for
heater, regenerator and cooler
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Fig. 10 The heat transfer rate diagram of simulated results for
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Fig. 8 The hot and cold cylinder temperature of simulated
Stirling engine
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power
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combined cycle thermal efficiency
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Fig. 16 The Stirling engine thermal efficiency in various
pressures working against engine speed
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Fig. 17 The combined engines thermal efficiency in 50,60 and
70 bar working pressure against engine speed
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