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Waste Heat Recovery System on Vessels
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Abstract : Based on the IMO 2020 Regulation and EEDI Phase 3, international demand for eco-friendly
ships is growing. The waste heat recovery system on vessels has a potential to reduce CO, emissions of
5 to 10% while improving engine efficiency. This study aims to design ORC (Organic Rankine Cycle)
and radial outflow turbine for the waste heat recovery system using exhaust gas in vessels. A designed
cycle is simple ORC using R245fa as a working fluid. 1D turbine design utilizes Euler's turbomachinery
equation, specific speed, specific diameter and commercial software. Once the initial model of the ROT
(Radial Outflow Turbine) was designed, a case study was conducted by different numbers of stage. For a
case study, we chose a 5-stage ROT and analyzed its design and off-design performances using rotational
speed, inlet total pressure and temperature. The designed S-stage ROT has the power output of 480.9 kW
and total-to-static efficiency of 86.8% at the design point. The off-design performance can be a
preliminary guidance to operate an ROT in practice.
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Fig. 1 Schematic of the simple ORC cycle

Table 3 Parameters for cycle design

Parameter Value | Unit
Efficiency of turbine 75 %
Efficiency of pump 75 %

Temperature of heat source 200 T
Temperature heat sink 30 T
Minimal Pinch point for o
4 C

condenser
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Table 4 Turbine design conditions

Working fluid R245fa | R1233zd |R1234ze(z)
Power(kW) 4242 482.6 480.8
Mass flow

17.22 17.02 15.
rate(kg/s) 7 70 >89

Turbine inlet

12 1044 1

pressure(kPa) 37 0 359
Turbine inlet 100 100 100

temperature( C)

Turbine outlet

218 188.5 256
pressure(kPa)

Turbine outlet |5 06 | 5336 | 4965

temperature( C)

Pressure ratio 5.768 5.536 5.309
Rotational

3,000
speed(RPM) ’
Table 4 Initial design result
Parameter Value Unit
Mean diameter 400 mm
Number of stage 7 -
Averaged flow coefficient 0.38 -
Averaged .loadlng 0.83 i
coefficient

Averaged velocity ratio 0.70 -

Averaged reaction 0.48 -
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Table 5 Comparison of stage specifications

5 stage | 6 stage | 7 stage | 8 stage | 9 stage
(Case 1)| (Case 2)| (Case 3) | (Case 4) | (Case 5)
Power[kW] |480.90(484.80(489.95[492.11]494.93
Nt 0.8679(0.8680 | 0.8829 | 0.8856|0.8898
C; [mm]  [22217| 16131 | 13344 | 11.8~13 [9~10.6
D,,.., [m] [0.3869]0.3639(0.4160|0.3780|0.3703
D, 2.0851(2.0218|1.9040|2.1182|1.9316
D,y [m] 0.2508(0.2408 |0.2865 |0.2424|0.2526
Do [m] [0.5229]0.4869(0.5455]0.5135 |0.4880
H;, [m] [0.0133]0.0155]0.0113[0.0125[0.0113
H,,. [m] [0.0343]0.0430|0.0328|0.0366|0.0328
Duvg 0.3983(0.3709|0.37740.4208 | 0.4224
Vg 1.2048|1.2716[0.8277[0.8824 | 0.8446
Vg 0.5861[0.56600.70160.6756|0.6909
Agyy  [0.4849(0.4667(0.4771(0.4676|0.4667
S min ®S_max “R_min ®R_max
2% sz 5 ]|
N 3 1 1 5 8
1 N E - B
S!TAGES G!TAGES 7STAGES 8STAGES 9STAGES

Fig. 2 Minimum and maximum number of blades

distribution

2~
e

FYstac @

28, AL, A Zol,
<
=

EER S
2Eo] ] %#
, Table 404 H=

l%ﬁﬂﬂﬂz
o1 4= 9t}

aksiuta 5]

Total-to-total

5 A 5
I 2o s A 9

o] 25 %ﬂa
ROTS] & % Wil
AFAAE BEY
G6312 AF w77 2~

£ 2YAEH 9 ROTQ]-

A=}

H] Jﬂﬁ}%l

o
L

=

4Pl ROTE F

120 SHAIAHZERX] 243 HeZ, 2020 12€

SHIAZY EHl 7|2 M7
BHlS AASYEY. A" ROTY 3~1099

Total-to-static &&= W3t © 7} ZF715H)
wel g&o] FUISIAINE B4 & & ool A=
235 Rustgoh

Hd W3S 9F 0.36 molA 041 mE 6% ROT
7 7B &e AE, 784 ROTVF 7 & AES
=5 AAFEAJY. ZE ROTE 5Y Z7]0A
G 7 Aol HXe dFS 4%6}71 el oF
20 Ax9] AR E(D,)S 2= E AAHJ.

Zt Aol F ZE A9 AU AEEE 85.69
m/sE Hd A o] 714 Z 79 ROTY wiA| = &
ol A A=, EFN49 552U 140.01 m/s
of w3 F&3] =t

7+ Aol BF oF 1.349] Solidity(c;/s)S 2t
1, olo] W& A FE Fig 2014 B A 2th 9
© ROTZ} 124~195 7R &3 28 EF Hdf A
MEE 7FAH, 55 ROTE 54~148 &2 71 A&
= zt=th 6~8Y ROTE frArEE 2l
Zte & AAFEAY. 97 ROT (case 5=
=z & ok Aol 194 N B2 3 F

E X

=

=l

[e)
g’é‘

zt

Hl A

g /K= Z\JJr Zlo] FaEE= T3 Ako]ollA
2 §Yo] Z& F Ak A Fol9 Agols,
Casel 78] Case37HA= H4 2l =olok Hdl 2 =
o]7} H]s=5lt} ) Cased 2} CaseSOllA Ho 3l &o]7}
7kl AL AT & UthFig 3).

o = =) (e}
7t Aol ze] B A% B Y8 oo
HEES 839Uk Flow coefficient(2]  (4)Y),
EH_min HH_max
0.0450
0.0400
0.0350
E 00300
% 0.0250
0.0200
3
= 00150
0.0100
0.0050 I
0.0000
Gstages T7stages S8stages Istages
Number of stages
Fig. 3 Comparison of minimum and maximum blade

height



= = 5-
12
T I ! I [
w2, im
B o 76
i \Q\ 80 \
_ 10 B2, SR . T | S——
= B 88\ 7 Stage
43 [} 8 G ngjg oszl
E i . 8710 W“&) X
: 8550088 ' 082 2
208 ; asf.B..B 50 e oot Lk .
B &) ;
2 A
g ¢ 0629 075
g u0 on 1% Stage
0.6]-- ; RS
60.2
: [
- 540, =
0.4 : | : !

0.1 0.2 0.3 04 0.5
Flow coefficient

Fig. 4 A correlation of 7 stage ROT on Chen and

Baines performance map

Loading coefficient(2] (5)¥), Velocity ratio(%] (6)*),
Total-to-static efficiency(?] (7)")& &3, =z

T BAK(Pavgs Vavgs Vavgs Aavg)S Table 4
oA & 4 Ut

¢ 2} ¢+ Chen and Baines©] #|Q+3t AF3
POE o] gt WFMHAFERIY &S 01]
AHEETE ROTIIE ol& &8317] Hal 1
S5Ok Zb ©hel {7 Aot F3t 74]-1‘
and Baines©] Atk AJAAA W3} vlw S TH
I8y Case 13} Case2v W ZolE BT
Case 3~5v ARG AdS B A Th(Fig. 4). 1A

F Hulg 9ol Smith HEVE &89 A3, =
< Alojxrt We mEE AL FRASAL. o=
H| & ROT= RHERE B 1 1 ok, Case 34
°F 23 misE =W &5
7 HHle] A
I Casel~29] FalAF7 & AL & 7 2o &
AA ZF @o] Sy o)) FTFsHl H L,
A gol 1Agol7] WEo|th o] W & TAE FH
4&38ksk7] siA A (7)l et £
A F T

A
ol
of

+ Chen

2 JIN' 8!

Y

40 Fl

9] Casef"a— A 4’3]"?4_, Case 19] 5@ ROT7} 7}
Ad3 Ao=w J&%LE} H|Z 5¢h gTholl mls] 7
T &&o] FUtskARE, O gEF

o
fol
0=

.zl
=]

rel

=
e

© HE|S3 Chord Zol7} A Aol A3} 7]
e} Bapgel Frste W ol 3 Zwn

= AR fARS ol o Fa
st

[e)
4 1

197.7 mmolt}. 5% ROTE YT+
43 126 bar, YT = 100C, AFHFF 172
kg/s, 7 4H 2.18 bare] Z7olA AAE EH]

oF 480.9 kWo] =93} 86.8%2] Total-total &

718 AAE 57 ROT F4& <83+ Fig. 6,
73 Zo] AAl & Ao I HF Wt e
AAR Aess dolRr] 913 Axstream= ©]&
3 123 A A% sAe FAskAh AA
Rl A Hule] JHEes AF5HAY fF
Z2 7)o Rt 2do] WE BEa 2HS

24T ¢ 7] wWEolth. A 333,000
oA BAF7E 1,000 rpmol A 4,000 rpm O 2
2 0 =9,

ot

==

of
==

m

|

o

%‘@a:°ﬁ°Fg6ﬂH‘i
oA g we 29
4 SE7 47 3
BAY S=

o 3
do
s
£
X
2
el
™
-ll'>

2
£z o

2% o B o Wl B
o
k1
A o
[
()
S
3
=]
o
o
=2

3 (S ISP < R by

e
_(?L
rlr
2y
o
e

(res1dua1)7P ARl e} 5
ARk o7 BNl

R Ty

AA 4

==

o X b
o

2

A

il
£

2
b
fr

e O rlo Mo
i)
il

T 2=
)
N
)
2
>
in
rE



kPa~3,000 kPa7}x] W73l FE< o3t
A= Fig. 7(@)0A Be A o] Sui e
2 ez, 8lg 1 FEL o] #3351
%o gYoltt, FHL LrnTE ¢ ¢ &

T W= AL U £ o, MAH 5T ROT

A Utk 3, 4T G4EH 227 gl
wrel o] ATzl Wty &8o] WEste),
Aekm] Folrt WM3lr] wjEe] o] Erha uk
EA B&0] =0t B £ itk Fig. 1b)= AT
259t 4 24 AAT SEAHNN 52L&
YeRAT) 2F 900 kPaollA 1,500 kPa TIHollA&
oF 84.5%2] Ao w =& FL&L YA
I 9]¢ FHME TEEo] Tades AL AT

-31.3-
:,'2(7 -804 -
A/ T i
L Jiz7 R/
1L — R 4
@7) o
: 127 0.1 g |
R ENRL ¥ 0.2
N s
! 121719” A N Y
127 9 . 0z
;7 12.7 10.2 1?'1
kN7 L[l
——\12.1‘ 113 7 ' 1754
5615 = 1,340 . 59.4

Fig. 5 Meridional dimension of designed ROT(5

stages : left, 6 stages : middle, 7 stages : right)

5.0E5— Deisgn speed 10 50
AA-“"+"""“-A.L
4.5E5 A I . L4s
acaaaaaA® e [
4.0E54 A"AA - | ‘l..‘-_. F0.8 40
r e
3.5E5 4 " L35
-

3.0E5 e

06 |30
2,565 [
2,085 1
1565

1.0E5{ —— Power (W)
—s— Efficiency
—e— Mass flow rate (kg/s)

F0.2 |10

5.0E4

00 00 Lo

1000 2000 3000 4000
Rotational speed (RPM)

Fig. 6 Off-design performance at different rotational

speed

122 SYHAA-ZTUYX| H243 M6, 2020 12&

“PowerkW”

80.0

176
272
368

I
560

656
752
848

Inlet total temperature (°C)

P
i
|

o

i
|
I
r'J

f
1000 1500

f T
2000 2500 3000

Inlet total pressure (kPa)

(a) Power contour in off-design conditions

Inlet total temperature (°C)

o
O B
B

sy

Efficiency t-s (%)/:
77. 67;

8312/

7

7

T T T
1000 1500 2000 2500
Inlet total pressure (kPa)

1
3000

(b) efficiency contour in off-design conditions

Fig. 7 Performance contour of 5 stage ROT in

off-design condition by the inlet total

pressure and temperature

F Aok Aoz o 47 h¥ol 900~1500
kPacl3 7}IE=7l SHd A9 EY &&2 A
sl R F o}, E82 340~660 kW7HA]
A HEE & Utk B A5E d=Fdo=n 4
Al AA SAY CFD 314 Aae} vl AFol &
48 4 a3, AA 21 A HAlY AF 438

+ 9k

583 E
B AFdAE ORC AfelZeA HgE 5 3
AqE AARE AU Bo] HiEzR gL 9



REER

~
S

o
rel

ZAR3¥ BEYROD) disted A 2 124 A

=S FIAt. A4 234E AHestd o

& :
1) ORC Al2®l& &3
£ F JAEE JFNAEFS
14S90ME <1z w7712 Fdoz 342 43
o7 A&

2) ZHEFAE R245fZ oF 424 kW =98 2t
T O ORC FH| Alo]&& AASAL, HH
A&7 20S A 718 ZH 22 A3

3) HI&E, HAA, Wb s, BsAS, F3AS
83t 129 717 HAE YA
|2 Bl E F3 AAHNA <F 480 kW
57@e] ROTE IS =3
ot ROTS BAAIMNA H5 9= AxE
AN SR, EJR AT Z710] 1750 kPa, 120C
o ofF 850 kWl Hoj %S Ve

o o rZ

me
v}

il
)
2
lo
&
O%
i
¥

oy
i)
B
=3
[es]
4
o
=

Author contributions
J. B. Seo; Conceptualization, Writing-original draft,
Investigation, Methodology. Writing-review & editing.
J. H. Moon; Data curation, Formal analysis. H. S. Lee;
Writing-review & editing. H. J. Kim; Supervision.

References

1. E. A. Bouman, E. Lindstad, A. I. Rialland and

A. H. Stremman, 2017, "State-of-the-art
technologies, measures, and potential for
reducing GHG emissions from shipping-a
review", Transportation Research Part D:

Transport and Environment, Vol. 52, pp. 408-421.
(https://doi.org/10.1016/j.trd.2017.03.022)

-0

Z1
=]

rel

SN - =S

2. C. Spadacini, L. Centemeri, M. Danieli, D.
Rizzi and L. Xodo, 2015, "Geothermal energy

outflow

exploitation with the organic radial

turbine", In Proceedings World Geothermal
Congress, pp. 1-6.

3. S. Y. Cho, B. S. Choi and H. S. Lim, 2019, "A
Study  of
Technology of 7 MW Class Steam Turbine",
Journal of the Korean Society for Power System
Engineering, Vol. 23, No. 2, pp. 37-46.
(http://dx.doi.org/10.9726/kspse.2019.23.2.037)

4. S. Y. Cho, B. S. Choi and H. S. Lim, 2019,

Off-Design Point
Two-Stages  Radial
Rankine Cycle",
System Engineering, Vol. 23, No. 5, pp. 20-29.
(http://dx.doi.org/10.9726/kspse.2019.23.5.020)

5. Y. Dogu, 1. Giinaydmn, Z. Kilicaslan, T. Ileri
and S. Soganci, 2018, "Design and cfd analysis

Basic  Configuration  Design

"Optimal Operation on a

Turbines for  Organic

Korean Society for Power

of a 150kw 8-stage orc-rot (organic rankine

cycle-radial outflow turbine) and performance

to blade tip
labyrinth seal", In Turbo Expo: Power for Land,
Sea, and Air, Vol. 51043, p. VO03T28A004.
(https://doi.org/10.1115/GT2018-75612)

6. Kim, J. S. and D. Y. Kim, 2020, "Preliminary
Design and Off-Design Analysis of a Radial
Outflow Turbine for Organic Rankine Cycles",
Energies, Vol. 13, No. 8, p. 2118.
(https://doi.org/10.3390/en13082118)

7. L. Zanellato, M. Astolfi, A. Serafino, D. Rizzi,
and E. Macchi, 2020,

evaluation of geothermal ORC power plants

degradation due clearance of

"Field performance

with a focus radial outflow turbines",
Renewable Energy, Vol. 147, pp. 2896-2904.
(https://doi.org/10.1016/j.renene.2018.08.068)

8. H. Moustapha, M. F. Zelesky, N. C. Baines and
D. Japikse, 2003, Axial and radial turbines (Vol.
2). White River Junction, VT: Concepts NREC.

9. D. Maksiuta, L. Moroz, M. Burlaka and Y.

on

SHA2EZ DR H243 Moz, 2020'H 128 123



10.

Govoruschenko, 2017, "Study on applicability of
radial-outflow turbine type for 3 MW WHR
organic Rankine cycle", Energy Procedia, Vol.
129, pp. 293-300.
(https://doi.org/10.1016/j.egypro.2017.09.156)
H. Chen and N. C. Baines, 1994,

aerodynamic loading of radial and mixed-flow

"The

124 SYAAHIZUOX] H24H M6z, 2020 12€

11.

turbines", International journal of mechanical
sciences, Vol. 36, No. 1, pp. 63-79.
(https://doi.org/10.1016/0020-7403(94)90007-8)

S. F. Smith, 1965, "A simple correlation of
turbine efficiency”, The Aeronautical Journal,
Vol. 69, Issue 655, pp. 467-470.

(https://doi.org/10.1017/S0001924000059108)



	선박폐열회수시스템을 위한 외향반경류형 터빈 기본 설계
	Abstract
	1. 서론
	2. 사이클 설계
	3. 외향반경류형 터빈 기본 설계
	4. 1차원 성능 해석 결과
	5. 결론
	References


