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Abstract

This study presents a performance analysis of ORC(Organic Rankine Cycle) to recover the exhaust heat
of marine engine. In order to select the suitable working fluid, the critical temperature is chosen as the
evaluation criterion. In this study, toluene and benzene with medium temperature fluids(150-250C) are
selected as the working fluid. The influence of turbine inlet temperature on the system performance is
evaluated to analyze the power output and efficiency. The simulation results show that the efficiency of
toluene is slightly higher than that of benzene. When the turbine inlet temperature is 543 K, the thermal
efficiency of ORC system increases by 28.4% using toluene as the working fluid.
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<Table 1> Main parameters of marine engine

Parameter Value
Max power 51,480 [kW]
Rotate speed 102 [rpm]

Bore 960 [mm]
Stroke 2,500 [mm]
Exhaust mass flow 105.5 [kg/s]
Exhaust temperature 587 [K]
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[Fig. 1] Schematic diagram of ORC system
<Table 2> List of organic fluids
Name Te(K) Pc(MPa) Type M(g/mol) ODP GWP
R123 456.83 3.66 isentropic 152.93 0.02 76
R134a 374.21 4.06 wet 102.3 0 1430
R245fa 4272 3.64 isentropic 134.05 0 1030
R1234yf 367.85 3.38 isentropic 114.04 0 <1
R410A 344.5 4.9 - 72.58 0 2088
R744(Carbon dioxide)| 304.13 7.38 wet 44.01 0 1
Benzene 562.05 4.89 isentropic 78.11 - -
Toluene 591.75 4.13 ‘dry 92.14 - -

- 1524 -



%

2t dlFlel viy| Hg 3|5

TE Ts AEAM %3} 57 dE=ZY A9
71&71el et 7] fAE VA R B
gt = 712717F oxok oW wet A, 03
e 2o isentropic -A 18]x 0XTh AW
dry F-A12 A2t} [Fig. 2]+ Toluene®] T-s Al
S5 YR Qv

14 Tw.out

S [kI/kgK]

[Fig. 2] Temperature-entropy diagram

D7), TV a8 #47] e s A
2o w77k HEE2YE dE 358k
7td, S a8la BhEoe] EHoE Fo7 3
TS A 3 ENS wAueth
Hg U wE 7] 7t d35TE Bolvt
71 FA7F AG7Z Eo7)

Aol mg {71 fAE 7FEAZI 4sl571E
U2 7] 7the S57IE 207 AR &

d F gz oa) Wsel A A5, o
], F7) e el R SR,

3. AlAE ZERIE

Ulﬂ]ﬂoﬂ O]—/ﬂ _T— t\ﬂ Jé_o] \:‘}jzi Q@E]O%O}:
&}, <Table 3>o] UER wle} 7t} Alo]E 7t
Aol el dejstzl deEe 47 Al od
A BE AT A% wE WHS A el

5t7| 218t R71421 Alo]E2] O|2H iy

<Table 3> Main parameters assumed for the ORC

system
Parameter Value
Turbine inlet temp. 473-543 [K]
Evaporation pressure 1.217 [MPa]
Condensing pressure 29.65 [kPa]
Atmosphere pressure 101 [kPa]
Cooling water initial temp. 298 [K]
PPTD of evaporator 30 [C]
PPTD of condenser 10 [C]
Turbine isentropic efficiency 80 [%]
Pump isentropic efficiency 70 [%]
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[Fig. 319 2% FHo=2RE 25 {9 A
#F e el fs vt 22 ovA 29
A& AREgT)

mc, (Ty— T,

My = q”’ifgm ) 1)
A71A ¢, = A9 A1l Afele] Hat 2o
A ARt

wj7] 70 el 85

- 1525 -



C dEgs F7he) spge] ATk R 29 Mg
(e}

9 B FEe et gol AN & 9

Wiy = morg(hl _ h2) ...................................... (4)

A7IA, ne BRI WiF &
i

&
SE7 WER A2 o Al s A
At w W2 FOE Lzt 10CE 7Y k]
MR FygPA oz e Wzt4 {FE AAkdich

$%712 e AE fAE Bz 98 4=
8 5 2% fae gsel 9A B 45k
SHE AellA m7ke B4 AR dER
Zph EAa. Ase) ndgash BzelA &
g AEe ohg 2ol g8 49 F 9k
h5 :hx1+(h55*h4)/77mmp ........................... (6)
Wy = morg(hs —hy) e (7)

AZNA s BES TH EHS LERITE

A 6014 HleRvls thgel oux BEo
=7 et

org(hG hs)_ morg(hZ _ h3) .................... (8)
AtolZel g8l AR = EH AA AtelE
8o 717 e 2o,
vat — VVtur _ V[/me .................................. (9)
VVTUT - vaump
N = e L ( 10)
Y kaap

Al2~E AlEF o] AL Matlab EHFA 2 E
wzage Agsel SR, AE A9

o
N

A

-
Ni

2 o
3
=S

]+= REFPROP 9.1 H|o]EIH|o]AS Alg-3}o]

A e

1. 7=|—||. I;Lcl _Tl_il-

=
2 AeMs 49l Aukg oA qdzxle] &
255 587KE 183 A TS 1055 kg/s
2% T BNl YT EE 4739014 573K7F
H

Y

A ABANAE W ORC A2E &= 29 9 &
&5 AAreTy 183 ORC A AE9 = &
A= Toluene@} Benzenes AHESISITE

[Fig. 4= HY 7" =% Wsle] m& 528

6ollA1 9] &&= ®igkE vEbdTh

500 T T T T T T T T

460 1 Toluene
L —a— Temp. at point 2
440 | —e— Temp. at point 6 b

420

400

T K]

380 |-

360 |-

340 E

320 - -

300 [ . 1 1 1 1 1 1 1
470 480 490 500 510 520 530 540 550

Turbine inlet temperature [K]

500 — —— ————————————

480 | (b) i

460 | Benzene 4
—=&— Temp. at point 2
—e— Temp. at point 6

440 |

420 -

400

T K]

380 -

360 -

340 | -

320 - E

300 1 1 1 1 1 1 1 1
470 480 490 500 510 520 530 540 550

Turbine inlet temperature [K]

[Fig. 4] Temperature variation with turbine inlet
temperature (superheat)



%

2t AlFlof 7] &

H2e 2w AZE BRlelA 33k —fF A3
712 2ol W] 2xolal Hed HE 7kt
H 3 d3gU|R o4 o % %
Toluene®] 79 EHle] U+ &
A 2HY A 6ollHY &7} ‘%kﬂ =07t
HEE Lq‘fj/]’ 29 227F ¢ =
of Atk= AL & & Utk wide| Benzene-J
A5 Rl {9 257 s wie A 29 69
25 A vt gl Y9 257 SUHE
of wat HA LAt FUkekeE ACE e
t}. H294+= Toluene@} Benzene = TF 2} BRI
ATt 2LolA &8 A7} vlszskARE A6l
)= Benzene2] 7d-% TolueneX T} ZHFH O &2 2
we] =717} A7) wEel Aoz Azt

[Fig. 5= EHHl 7+ &% ®Wsle] m& wj7|7}h
A EF % HlE Yebddh

460

440 |-

X]

420

gas,out

400 |- E
380 | E

360 |- B
[ R U NS R RS R B B
470 480 490 500 510 520 530 540 550

Gas turbine inlet temperature [K]

[Fig. 5] Temperature variation of exhaust gas with
turbine inlet temperature (superheat)

w717k~ 25 7F AF =F(acid dew point) ©] 3}
2 "ol A o] 2Ash,
=T RS R
whe} ek, Shu et
al(2017)9‘ Ak %@‘% W%M Flsto] w77k

ETRE7F AT mA@403K) ool HEE A OP

Atk Yang(2016)> kg A <qlxe] #HY

Z71 ZFoA HrI7tA ETLEE 411KE ﬂi

A wHe 3}

5t7| 218t R71421 Alo]E2] O|2H iy

7 5 270w ARt ueba] B Ay
A= 72 WA e w7t 2T
7} 410K ©]al® Wolxx] knZ HAsle] A|E
gol e sy 1o RRE & £ 9%
o] WiZ|7}A EFT L& 417~463K2 ol

Aol ek B ST SRS e, 3
wg 2 3 AsAE A

= (e} O~
st AS & 5 8l

off

471 ——T—— T T

a0k —=&— Toluene |
—e— Benzene

20 1 1 1 1 1 1 1 1
470 480 490 500 510 520 530 540 550

Turbine inlet temperature [K]

[Fig. 6] Variation of Mass flow rate of working
fluid with superheat

[Fig. 7<= BRI 47" &% ®igte] & gule
=9 A3 g2 of A9 WstE yehia 3l
om, [Fig. 8] « =9 49 Wsts vehix
ot J”HoERE & 4 A%E°] Ttoluene©]
Benzene .U E# o] °FF A UERGEOH, BNl
Ol FATI} Z7}at

ol w2 e gad
B9tk ol2e HAwst Tl weh A%
FAS A fol P, mebd gl &7

oA A5 fAel EFE i) ﬂm}h A
4 wEolth A% B olux Makgol

- 1527 -



O ZoAA wH= Aiph foh wEbd o B
=85 Ak fEiAE BHE o AEEE
wA AAsks Aol f2lstt) [Fig. 617 [Fig. 7]
o] AFHEFE EWel o3 Aid ¥ AF
A A 5 BN YT - Alele] <l
gy zpolof wheh Pdepivhs & & 5tk

8000 T T T T T T T T
7000 - I Tolucne b
- Benzene
6000 - I Tolucne 7
5 Benzene )
E 5000 [ ] -
Z 4000 | -
=
23000 | E
2000 -
1000 -

470 480 490 500 510 520 530 540 550

Turbine inlet temperature [K]

[Fig. 7] Power variation of turbine & pump

6000 ———F——————T————T——

5500 -
| —=— Toluene

5000 —® Benzene i

4500 |-

4000

3500 4

Net power [kW]

3000 4

2500 4

2000 1 1 1 1 1 1 1 1
470 480 490 500 510 520 530 540 550

Turbine inlet temperature [K]

[Fig. 8] Variation of net power with superheat

[Fig. 9] H®W 5 &% Hisle] m& ORC
A2 dgg WskE JERdth JHoEY Y
o & SlFol daES HR o AE=TF Tt
stoll we} F718k=tl Toluene®] -9 Ul €&
o O

2 oF 284%% UEA O, Benzene®] 79 oF

26.7%% HYERASIGE. A7t S7hekel] whel o

rr
ofX
N
<

47] dFHHe)ANA s FAe] 2%
) wigbA a7 gl e FAlSE Hi)
7k~ E94(12) Abole] AR At

[Fig. 10]¢l 7 A2} Yephd k.

0.45 |- B
—=— Toluene

0.40 | —e— Benzene i

0.35 - E
0.30 - 4

0.25

0.20 - B

Thermal Efficiency [%]

0.15 - 4

470 480 490 500 510 520 530 540 550

Turbine inlet temperature [K]

[Fig. 9] Variation of thermal

superheat

efficiency  with

500 T T T T T T T T

Toluene
—&— Temp. at point 12

L e !
460 1 Temp. at point 6 |

440 | 4

420 |- e 1

TK]

380 - — B

360 - o 4
I I I I I I I I
470 480 490 500 510 520 530 540 550

Turbine inlet temperature [K]
[Fig. 10] Temperature variation of points 6 & 12
O] SF71oA W &2 oUA7F BHA

= AL WA FH(Wei et al, 2007). 121 F
Wi Bt A FAVE Fehe duAe &

oA AsHoz gelA AFsAR
%9 e BARS} FIhRe] wet pasd, I
A8 /e "

- 1528 -



v.4dE
B AT ME wW7kAe HEe §5E 2
G71971 Alo]|2e Murg <9 a5

N ATe BARSE FAkel mek 2
sl A FFe gashs Ao vehdek

[N}
lna!
=3
°
v
k%)
12
kr
N
N
ol
N
N

=
-
i)
kD
o M

)
1°

EL}E} U%,

- 7 Ao
A 292 ZF fA9 A &

el <13 4
3} e gl
T Atole] Qlgs jolo] upet webxivh

. 3 ol T
7b Skl wet SUtkeke Ae® dEbTh
Toluene®| 74-¢- A8 oF 284%%F Eh
WO, Benzene? ok 26.7%% YERAT

References

Bonilla J. J.-Blanco J. M.-Lpez L.-Sala J.
M.(1997). Technological recovery potential of waste
heat in the industry of the Basque Country.
Applied Thermal Engineering. 17, 283~288.

Chen, M. - Sasaki, Y. & Suzuki, R. 0.(2011).
Computational ~ simulation ~ of  thermoelectric
generators in marine power plants. Mater Trans,

52(8), 1549~1552.

Dolz, V. Novella, R. - Garcia, A. & Sanchez, J. H.
D(2012). Diesel engine equipped with a bottoming
Rankine cycle as a waste heat recovery system.
Part 1: study and analysis of the waste heat
energy. Appl. Therm. Eng., 36, 269~278.

He, M. - Zhang, X. - Zeng, K. & Gao, K. (2011). A
combined thermodynamic cycle used for waste heat
recovery of internal combustion engine. Energy, 36,
6821~6829.

Jing, G. & Fan, J(2010). Review of energy
utilization technology for marine diesel engine.
Diesel Engine, 6, 1~4.

Larsen, U. - Pierobon, L. - Haglind, F. & Gabrielii,
C.(2013). Design and optimisation of organic
Rankine cycles for waste heat recovery in marine
applications using the principles of natural
selection. Energy, 55, 803~812.

Liang, Youcai -+ Shu, Gequn - Tian, Hua - Wei,
Haigiao - Liang, Xingyu - Liu, Lina & Wang, Xuan
(2014).  Theoretical  analysis of a  novel
electricity-cooling ~ cogeneration  system (ECCS)
based on cascade use of waste heat of marine
engine. Energy Conversion and Management, 85,
888~894.

Shu, G.-Liu, L.-Tian, H.- Wei, H. & Yu, G.
(2014). Parametric and working fluid analysis of a
dual-loop organic Rankine cycle (DORC) used in
engine waste heat recovery. Appl Energy, 113,
1188~1198.

Shu, Gequn - Liu, Peng - Tian, Hua - Wang, Xuan &
Jing, Dongzhan(2017). Operational profile based
thermal-economic analysis on an Organic Rankine
cycle using for harvesting marine engine’s exhaust
waste heat. Energy Conversion and Management,
146, 107~123.

Song, J. - Song, Y. - Gu, C. W.(2015). Thermodynamic
analysis and performance optimization of an
Organic Rankine Cycle (ORC) waste heat recovery
system for marine diesel engines. Energy, 82,
976~985.

Tchanche, Bertrand F. - Lambrinos, Gr. - Frangoudakis,
A - Papadakis, G.(2011). Low-grade heat conversion
into power using organic Pankine cycles - A
review of various applications. Renewable and
Sustainable Energy Reviews, 15, 3963~3979.

Teng, H. & Regner, G.(2009). Improving fuel
economy for HD diesel engines with WHR rankine
cycle driven by EGR cooler heat rejection. SAE
Technical Paper.

Teng, H.-Klaver, J.-Park, T.-Hunter, G. L. &
Velde, V. D.(2011). A rankine cycle system for
recovering waste heat from HD diesel engines e
WHR system development. SAE Int., 2~4.

Teng, H.-Regner, G. & Cowland, C.(20006).
Achieving high engine efficiency for heavy-duty

- 1529 -



el - 0l&7|

diesel engines by waste heat recovery using
supercritical organic-fluid ranking cycle. SAE Tech.
Pap. Ser., 1~3.

Teng, H. - Regner, G. & Cowland, C.(2007). 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.
Tian, H. - Shu, G. Q.- Wei, H. Q. - Liang, X. Y. &
Liwu, L. N.2012). Fluids and parameters

optimization for the organic Rankine cycles (ORCs)
used in exhaust heat recovery of Internal
Combustion Engine (ICE). Energy, 47, 125~136.
Vaja, I. & Gambarotta, A.(2010). Internal combustion
engine (ICE) bottoming with organic Rankine

cycles (ORCs). Energy, 35, 1084~1093.

Wei, D.-Lu, X & Lu, Z.(2007).
analysis and optimization of organic Rankine cycle
(ORC) for waste heat recovery. Energy Convers.
Manage., 48(4), 1113~1119.

Yang, Min-Hsiung(2016). Optimizations of the waste
heat recovery system for a large marine diesel
engine based on transcritical Rankine cycle.
Energy, 113, 1109~1124.

Performance

e Received : 21 June, 2017
e Revised : 03 April, 2017
o Accepted : 08 April, 2017

- 1530 -



	선박용 엔진의 배기 열을 회수하기 위한 유기랭킨 사이클의 이론적 해석
	Abstract
	Ⅰ. 서론
	Ⅱ. 시스템 개요
	Ⅲ. 결과 및 고찰
	Ⅳ. 결론
	References


