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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?;‘{errcis\',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.
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Fig. 3 Experimental and simulated exhaust heat load results of
M355G engine
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Table 2 Comparison between experimental and simulated
results of Solo V161.
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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
heater, regenerator and cooler
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Fig. 16 The Stirling engine thermal efficiency in various
pressures working against engine speed
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Fig. 14 The Stirling engine generated power in various
pressures working against engine speed

Sied il 50 SIS )L 25 Ol Dl 092 14 YU

2 G Jele Jlw 95500 2l (o)1 jLa8 bl el ol (oS S
il 05 Sl il jgige S 5 505 & Sl Jli dus s
clakd oS 5l ib Sasl 5 Lis Gl L e 5l assl
i S P S 385 oy o W aliee Rl H5ige S e
Al ALl 392y slane ) JLad el e

33 68 LS s Sl ygise (29,5 Olesily Dl 092
Slr 0Pge 193 e p (oS S Olently Dl 092 9 16 S0
ool lis 17 JSi 50 )L 70 360 50 5,5 L 3 o oS5 SIS
i s 039050 40 g 0 oddlin 16 S5 5l a5 jebles el 0o
S gl gge plosily Jb 70 o5 jLsd o aids 540 1400-1800
593 GRIBI L (g9 &Sl e aos sy cpl ol Sl Lo
o Yo Sl j5ige )15 sles &5 4 5 (295 Sla)E sled g
Sl JUT sl p3Y oy e g y9ige Sacl K03 59w 51 Js 09,

160

150

140

130

120

110

Power (kW)

100

90

80

70 L L L L L
1000 1200 1400 1600 1800 2000 2200

Engine speed (rpm)

Fig. 15 The Combined engines generated power in various
pressures working against engine speed

=25 5 S 65 JLid cenm 5 (29,5 Ol Dl 0o 15 IS

156



Ol Hogliss e 9 (Hgis Ld pule

SIS BLial ygige j9 35T 5 52905 AW (653l ka3l gkiie &y S il - 931 1S )5 JSaww ol (5 3busdinig 9 31 JHLT

41 | mOttocycle
@ Combined-cycle

o dd 1a0

35t

2!

29 |

Efficiency

26 |

23

20 —
1000 1200 1400 1600 1800 2000 2200

Engine speed (rpm)

Fig. 19 The comparison between efficiency of Sl engine and
suggested combined cycle

Jlaiad L5 Slasdly 5 518 51 jgise 5 ozys oload]y dglio 19 S5
=S 5 IS

5P S pleadly g Aty lp A 0 Shes 50 Ll o
Wodd owyp oS5 JSew gledily 8,5 aile aids 50 1600
23 se 5l il S & S Gl 0050 23 . Sle oo

e i ygd -6
cobose g
cobose ¢
(MsY) cpm e
(GKg'K™) ol g3 oo S il €,
SBhol s Cf
(m) s D
W) &35 E
(/Kg) o325 s 551 e
(kg'K?") Jwi H
colbsae M
(rpm) 9550 595 N
(kgm™s?) s p
Sl sae Pr
(0) ot 5 slef Qy
)l (egee b R
Vs, 00 Re

(6) oloy t

Kbe T
(Ms™) ey
(Mms?) aless ey U
w5 w

(M) SKe alols

157

JEsl gloy Gaals 5l it Lo Glalidl 3 pleadly Gl 3 an 4
el Ol >

@ S o5 5 e pledily 5 ol RPN ST e amlie Sl
18 J&w BN ol 00l dﬂ)‘ B 6‘41:.4: )|¢9.<)..§ 4&‘0 d‘)"" IP e JS-\-W
Sl sn b 5 Gl 550 onsS 5 S ol G ol
dwolie 19 S jo el ool ools las JSs Gl jeige 4 S
sl 00 00l ylad S 5 S g (AS Gl jgise leail

Sz e -5
Grac g SVl dlas g Lis gl o lagogs Vb o> 4 4295 L
2950 Sl olealy Gl el &5 ol e ol ) (A e
o 09ree Sl Sunds e sl GLLE SWS gl S e
9995 59551 51 (S Sl 55 bk skt by ol o il
9590 5951 (TP 5> Sadflygige (093l lawgs (JSls i 5 gise
2 gy g Tolae BaioS ol 5

355 ¢l y5ige Lot (5T a0 5 and 3l s3ledae (som ST 05
G5k L]y (25 slajls sles ool angd asliyy ol plonil 555
030 (S o> 900 5.9 Sk L 1) gy 5 5 90> 3.8
s 4 008 Jiie (551 90yd Gl Sl sige S LT
9 Sl s9ige (siluancd Conl oud ploxl Lazme g 59551 g 5SS
b pll (5 oz ¥l g 5 W

oslitul 3,50 Joo g S amo (gl 161 (55 slgms j5i90 Livl, cal )0
79 Ol ot sl Jae slas wops ain ol a8 S 8
A eals i 0w, 9.9

i by WS grhe o3lting (o S (S BT alsl o
L8 Rl A eud zrlae Sl g 93l sla S (53luaned S 4
WD o) (S S SS9 Sl gige pledily 555 2 )1 S

200

m Otto-cycle

180 | [

= Combined-cycle

160

Power (kW)
3
—

—

[

[=}
T

100

80

60

1000 1200 1400 1600 1800 2000 2200
Engine speed (rpm)

Fig. 18 The comparison between power of S| engine and
suggested combined cycle

i B8 o5 5 (15 Bl s 5l e Ol amlio 18 U
ERNTICEN

2 o)laiis 16 095 1395 ciums)l (oo Suille wiie



Ol Hoglss’ e 9 (Hgis LS pule

RIS Blyial 3550 393513 95 AW (63,51 ksl sothke &y ig)piunl - 331 S 35 JSaaw Glodils (5 )i 9 s LT

[8] C. Sprouse, C. Depcik, Review of organic Rankine cycles for
internal combustion engine exhaust waste heat recovery, Applied
thermal engineering, Vol. 51, No. 1, pp. 711-722, 2013.

[9]1 M. Hatami, D. Ganji, M. Gorji-Bandpy, A review of different heat
exchangers designs for increasing the diesel exhaust waste heat
recovery, Renewable and Sustainable Energy Reviews, Vol. 37,
No.1, pp. 168-181, 2014.

[10]M. Hatami, D. Ganji, M. Gorji-Bandpy, Numerical study of finned
type heat exchangers for ICEs exhaust waste heat recovery, Case
Studies in Thermal Engineering, Vol. 4, No.1, pp. 53-64, 2014.

[11]D. Jung, S. Park, K. Min, Selection of appropriate working fluids
for Rankine cycles used for recovery of heat from exhaust gases of
ICE in heavy-duty series hybrid electric vehicles, Applied Thermal
Engineering, Vol. 81, No. 1, pp. 338-345, 2015.

[12]B. Cullen, The combined Otto and Stirling cycle prime-mover-
based power plant, PhD Thesis, University of Dublin Institute of
Technology, Dublin, 2011.

[13]S. Prakash, A. Guruvayurappan, Using Stirling Engine to Increase
the Efficiency of an IC Engine, in The World Congress on
Engineering 2011, London, U.K., 2011.

[14]A. Batooei. A.Mozafari, A.Hajilouy, Prediction of heat transfer to
cooling system of converted engine from Diesel To CNG by
simulation, in The 6th International Conference on Internal
combustion engine, Tehran, Iran, 2009. (in Persian .,

[15] E. Rogdakis, G. Antonakos, I. Koronaki, Thermodynamic analysis
and experimental investigation of a Solo V161 Stirling
cogeneration unit, Energy, Vol. 45, No. 1, pp. 503-511, 2012.

[16]A. Mozafari-Varnusfadrani, Predictions and measurements of
spark-ignition engine characteristics using ammonia and other
fuels, PhD Thesis, University of London, London, 1988.

[17]R. S. Benson, N. D. Whitehouse, Internal combustion engines: a
detailed introduction to the thermodynamics of spark and
compression ignition engines, their design and development, First
Edittion, pp. 210-235, Oxford: Pergamon, 1979.

[18]C.-H. Cheng, H.-S. Yang, L. Keong, Theoretical and experimental
study of a 300-W beta-type Stirling engine, Energy, Vol. 59, No. 1,
pp. 590-599, 2013.

[19]D. Thombare, S. Verma, Technological development in the Stirling
cycle engines, Renewable and Sustainable Energy Reviews, Vol.
12, No. 1, pp. 1-38, 2008.

[20]P. Puech, V. Tishkova, Thermodynamic analysis of a Stirling
engine including regenerator dead volume, Renewable Energy,
Vol. 36, No. 2, pp. 872-878, 2011.

2 o )loiis 16 095 1395 i)l (oo Suille wiie

Flg e
Sr) €
(kgm's™) Sealips c3l g
(kgm?) J== p
oVly Slews @
RT3
> b
Je
oSe h
i1
Sl w
&1

[1] How many cars will be on the planet in the future, Accessed 20
September 2014; http://www.iea.org/aboutus/fags/transport.

[2] H. Teng, G. Regner, C. Cowland, Waste heat recovery of heavy-
duty diesel engines by organic Rankine cycle part I: hybrid energy
system of diesel and Rankine engines, SAE Technical Paper, Vol.
1, No. 0537, pp. 1-13, 2007.

[3] T. Wang, Y. Zhang, Z. Peng, G. Shu, A review of researches on
thermal exhaust heat recovery with Rankine cycle, Renewable and
Sustainable Energy Reviews, Vol. 15, No. 6, pp. 2862-2871, 2011.

[4] G. Shu, X. Li, H. Tian, X. Liang, H. Wei, X. Wang, Alkanes as
working fluids for high-temperature exhaust heat recovery of diesel
engine using organic Rankine cycle, Applied Energy, Vol. 1, No.
119, pp. 204-217, 2014.

[5] Y.-Q. Zhang, Y.-T. Wu, G.-D. Xia, C.-F. Ma, W.-N. Ji, S.-W. Liu,
K. Yang, F.-B. Yang, Development and experimental study on
organic Rankine cycle system with single-screw expander for
waste heat recovery from exhaust of diesel engine, Energy, Vol.
77,No. 1, pp. 499-508, 2014.

[6] S.Song, H. Zhang, Z. Lou, F. Yang, K. Yang, H. Wang, C. Bei, Y.
Chang, B. Yao, Performance analysis of exhaust waste heat
recovery system for stationary CNG engine based on organic
Rankine cycle, Applied Thermal Engineering, Vol. 76, No. 1, pp.
301-309, 2015.

[7]1 A. Boretti, Recovery of exhaust and coolant heat with R245fa
organic Rankine cycles in a hybrid passenger car with a naturally
aspirated gasoline engine, Applied Thermal Engineering, Vol. 36,
No. 1, pp. 73-77, 2012.

158



