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ABSTRACT

In the present study, 20 kW turbine for OTEC with a ejector and a motive pump is designed and performance prediction is

implemented by means of CFD. The meridional analysis for initial geometry and CFD for detail design are used to design the
turbine. This turbine has about 90.9% efficiency and 28.47 kW power at 15,000 rpm and pressure ratio of 1.53. Homogeneous

mixture model is used because two phase flow can be occurred in the turbine. Performance evaluation is carried out and then

results are presented by plotting of power, mass flow rate and efficiency as varying pressure ratio and rotational speed.

.M B

%4
2} 249 25%= ORC (Organic Rankine cycle) 2t

AzEe] Aedgls 1e dgea Agaiel wHsis A
goz o] 23 AL Qe A | Al T 5 shol
t} Nihous,
OGCM (Ocean general circulation model)& ©]-8-3}¢

Mgk A3 OTECS T3l Akl ¥ 4 A=

ol

OTEC (Ocean thermal energy conversion)-<

>

l

G. C_(I)Q} Krishnakumar Rajagopalan@)

[ RSN
DA

30TWoll &gk Aoz Fristal ol vE B, 9 &
tEo] 2 F53 A qlh ORCE 7[&e 2 &
oA HeAlE E IJothe AlLEHoZ AREHAY A
oA HjEEE douAS 34" P
L4, Bertrand F. Tchanche S“& ORCY] ¢
of, ORC Aol ol AFA BAE 719], Fe= SHEfLt
Zhok & BAH Fol el A7 +As, ol OTEC
N2EolE Heste] HE R M50 WA EAE o2
3 % 4 A= shuel hases B 9t 127 Haruo
Uehara 572 helwl Aoo] AT 4 & 5 MW
onland typeX} 25 MW floating type OTEC &t
sh71% gieh Zeju A8 7Hs Aojo] A ¥

PO R AHgE]
o, 2

e e I oox i Js; de rlo

%5_7} AgHoz o xdoz AIEAY, AAH 58
o] Wo thdS 7|3 9li=t|, Paul J.T. Straatman 5
2 7]&2] OTECY]| STE (Solar thermal electricity) & 57}
st} ewxte] Ziste Ek oF 1299 Ffo| FAE
hybrid OTECE A5t Paola Bombarda §2

o

OTECWAo| oj2] 7)o ORCE | g3lo] Tl ORC tj] o

089 s FHNY S Gl ALHE AL, Nom

jin Kim 592 chorat Wulo] OTEC A5 841 9 )

o] WRAL ool OTEC AAEE A48T 49 HsHE2
]

ojgd ul Hr} 2% A FYH A& .
o]} gro] OTECE] @< sfdstazt sh= At5o] &
3] AY=]ar QUct

ORC A|28] 9 OTECE A5-RA|9 F3F= 2A et
Ulli Drescher” 5L dlo|euj A9} s WA ORCE 4
23 ) &S Yoo tist A3LE £3Y51 1L, S.K. Wang

50 dry ook wet dofel vl A7 Sasiac
o R717, R404a, R245fa, R744 S0
WuhE OTECH] &89S S v 243 shof, S43} <)
o= Alshd R7170] 7H Agdsiial Bt Min-
Hsiung Yang S29] @47 £ chl o] ool cha) )
T AT 2=, o] ATAME RIT0) 1Y et

Jung—ln Yoon 5 ?

A& 1tet7] <t el (Seolutech)

T WAIAAL E-mail : sjhan@snut,ac kr

The KSFM Journal of Fluid Machinery: Vol. 20, No. 2, April, 2017, pp.26~31(Received 25 Jul.
26 SERADHErS] =28 MI20H, H2S, pp.26~31, 2017(=28 +Y

2016; revised 09 Nov. 2016; accepted for publication 10 Nov. 2016)
X} 2016.07.25, =248 Lk 2016.11.09, AARZ LR} 2016.11.10)



20 kW EP-OTEC HHI &= M7

Surface Seawater

L

Evaporator Turbine
Pump 2 d
@+
Motive Pump
Distributor
r
Condenser
Pump :ﬂ
‘ 1

¥ H Liquid-vapor Ejector
I

Deep Seawater
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Table 1 Design conditions of EP-OTEC turbine

Parameter Value
Working fluid R152a
Mass flow rate [kg/s] 1.98
Turbine inlet total pressure [kPal 522
Turbine inlet temperature [K] 294
Turbine outlet total pressure [kPal 340.4
Expansion ratio 1.53

Table. 2 Comparison of refrigerants'”

Refrigerant R134a | Rl152a R32
Saturated pressure[kPa] at 294 K 586.9 5264 | 1509.6
Ozone depletion potential 0 0 0
Global warming potential 1300 120 650
Flammability None Low Low
Toxicity Low Low Low
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Fig. 3 Meridional view of turbine

Table 3 Initial and optimized turbine parameters

Preliminary design | Detail design
Parameter . . .
initial | optimized final
h 20 10 13
Nozzle rl 91 97 91
2 73 80 74
r3 63 76 72
Rotor r4 21 21 25
i) 40 45 45
z1 48 45 50
Number of nozzle blades 15 15 15
Number of rotor blades 10 10 10
Power [kW] 29.7 270 285
Rotational speed [RPM] 15000 15000 15000
Specific speed 0.531 0.465 0.474
Mass flow rate [kg/s] 233 1.98 2.66
Efficiency 0.83 0.89 0.91
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Fig. 7 Designed nozzle (left), rotor (right)

4, MgA A 4587t

4.1 SMEA

‘)l: AA o ) - pa o=
APsHA Fohe SHAIE 7R 2R ER AEHE ERE o
B3 AES Y317] Hof| CFD 34 o]g-3ste] A4 |
_1

3 29 Ul A 4, A4 AR SH0R s 4 gtk
M4 e ShAshe So) o ReshA A4k And

= resource”’} &0} periodic FA RS o]&s}o] 1742 A
Eof 3 AAAE AL APstact AA AAE gHl
=29 Il Ja= 157), 2E+= 10740 tK(Fig. 7). AA=
oF 100971 9] hexahedral AA}E ARE-510] A& =331%
1!, shroud®] 0.2 mm¥] tip clearanceE A-&3}%tt 25
SA+= R152a vapor?} R152a homogeneous mixtures A}
$59T, IR RAS SSTE AL, oot g 27
o A] Table 39] optimized parameters5= 7| FAFO.2 3
AL 4885ttt 18] 3 nozzled} rotorQ] parametere<
HAste] HHRAo g M-S gaskal, o] AyEg Hhst
of FAIEAIE H3YsiA 4%— O & Table 39 final@2]

olElE Atk 2F HYl FAY AHS 91 mm=E Y=

oBL

S=EFAP AR =28 Hi20d, M2<, 2017

re
OH

]
nx
x

—_ 100%

£ 90% - -1

g £ £ e

£ 80% b

"] T .

£ 70% £ Tt

L' )

2 60%

o

2 son

s —= + 9,000rpm

] ; I

e Sid —= =10,500rpm

£ 30% ~71-12,000rpm

2

5 20% - = 13,500mpm

.."§ 10% —&—15,000rpm

'g 0% & |== 16,500rpm
12 14 16 18 20 2.2

Total Pressure Ratio

Fig. 8 Efficiency vs. pressure ratio by inlet pressure variation

4.2 Off-design s =}

Off-design 4’5 B7H= 31240k Bahu] 9
AR w8 0l83 AT, 53| EP-OTEC
92 gaNA Bg
W Aol B8l &7

o e Wsoll W 4 B7HE #REUT. 4 B
A7 3144221 15,000 rpme 7|52 & 60%~110%7H4] 3|4
TE '?1;75}6; EHlo] & ¢ @1% TR A7 Ee

ShA[A 74]/5}?} Az, CFD A2 55 (Wanan) = Refprop
ZRIFE o] gste] ¥ FAEZH Ao el &+
AN Ay AZol(hu—hsa)E  HFO]  total-to—total
isentropic efficiency(nt £ AARIFTHA] 3). P Y+
A4S, Pows 7 AU 2 UHB|= Pow/Prow®lth
AA™ (G En]7F 1.53) Oﬂfﬁ S Ae
Aoz YePdt

Q1 90.9%E Zt=

ol ohg &4z 24§59 2 Sof o7
A rds ) oot A e Ao wel <)

2Fefo] Skl wek @At S7h BRS 27 1hash
AL 2 4 9tk Fig, 9~10& 2& 270K kgl
29



5.0
45
4.0
Z3is
£
2 3.0
Eos
‘E ==+ 8,000rpm
2 20 — =10,500rpm
=15 =[] =12,000 rpm
1.0 == 13,500rpm
o5 & —8—15,000rpm
: 16,500rpm
w .

1.2 1.4 16 18 20 2.2
Total pressure ratio

Fig. 9 Mass flow rate vs. pressure ratio by inlet pressure variation

60

50

§ 40
g —= - 9,000rpm
el — - 10,500rpm
=i = 12,000rpm

== 13.500mpm
—&— 15,000rmm

16,500rpm

12 13 14 15 16 1.7 18 19 20 21 22
Total pressure ratio

Fig. 10 Power vs. pressure ratio by inlet pressure ratio

1.4 BT} Wobd 9ol Fig, 80X
H7k 2718 ek FAsH) 8ol gasts A

il

a}

7F

7‘(&)1—

Ut 53] 15,000 rpm}t 16,500 rpm] WRE 3|7 =0f A
H & fdass 2 Off-design 2= AAH &
T AR thE g R ks Ha, ofof weba &
&0 st AL AR oot 01315P 20K Al2E]
= FY Aol ERIEETE ofy 2t AA| Al2gle] & Fe
7bHBER 9she= o] Fom, 53] & ATAH] o Ajx
g Fai7h o Atk J2EE o] AAES 9T wole A
oA F&3] WHHE FET v IAEEE FHAI
= 4o S Aor Helt

422 B8 FTY WO B2 4

Fig. 11~132 Fig. 8~109] &8 =4

T 2704 QI Sl ETE el

th. Fig, 113} Flg 89| fn|7 P °oF 1. 2%_‘ S Hlasfi
|

rU2

°l

s
o} ol 2e Bule} wﬂiﬁwm e 24Y
w7k 23 o AL et Fig 12014 BRIt
2.2 & e A0l A o o A Rista
7 e e SH(AATONA 186.4 m/s) O v W]

2
0
b

[— s.000m |
|—e —1o.socmeni
30% =L —12.t>ocrp—n;

40%

200 | =er 13,500rpm |
—I—15 Gocrprn |
1650Cr|:m

10%

Total-to-Total Isentropic Efficiency [%]
#

o
&

12 17 22 47 3.2
Total Pressure Ratio

Fig. 11 Efficiency vs. pressure ratio by outlet pressure variation

5.0

4.5

4.0

w35

P eemeregernorfersons

2 3.0
g 25 =
§ —= + 9,000 rpm |
2 20 — =10,500 rpm|
=15 = [ =12,000 rpm|
1.0 : - = 13,500 rpm|
~— 15,000 rpm |
0.5 |
16,500 rpm|

0.0

12 1.7 2.2 2.7 3.2

Total pressure ratio

Fig. 12 Mass flow rate vs. pressure ratio by outlet pressure

variation

80

70

— - 9,000rpm

=— =10,500rpem
=01 =12.000mm
= /= 13.500mpm
—&—15,000rmm

16,500mpm

1.2 14 16 18 20 22 24 26 28 3.0 3.2
Total pressure ratia

Fig. 13 Power vs. pressure ratio by outlet pressure variation

o A} %27} (Choking)©] wgom ufiLolct, ool whet Fig, 13
o 99| F7R1E7)) 0l dadhe Aoz yepdt)
5.8 E
At EP-OTEC AJ&Hof] A== Byl A4 94 A
Az AN s e S, ol fokst

W ok g
) A5 942 R152aE AFESH= EP-OTEC A|AEE E

d

—

4
Hlo® Bl of 153, SHSE 15,000 rpm 24
F52 Tefste] AR,

S=EFAD AR =28 M20d, M2Z, 2017



20 kW EP-OTEC HHI &= M7

) Ao 7|2 AAE F3f 33k CFD sf4s 9f3t HHl
o] 7] 4= AAsIAL, ©l5 Chen, H.(16)5¢
A9 loading, flow coefficient P2 o]-&3}0] A5
= Oﬂz 1A HAEE 3k

A BIE o]gsto] 32+l CFD 4=

W= vhgsto] BY A wEe =24

Stof AIEA Bl A HA3E 43

) 5% WAt ololEl S UsAow, off—design

1A} T

L
N

ﬂlﬁ ﬂ-l_u
N
%
_O‘L

oxl 2

_?L
3R

oft
FI‘F
)

J

£
ofr i wo K FHI

ol oftt rZ
ol
N

>~ ol-N

o,
N
N
il

&
(@)
=
[oN
[}
Q.
oq
=
oxX
. or
ot
N
N
rir
i
re
1o
L o
)
I
i
ot
o
=

_?L
bas
2
Hir
rlo
toh
ol
ot

=2

AL

' ox o
R
o

b
il
PR
o
o

=2

(]
.
J
[
2
>
iAs
-
)
J
o =
e ~

(E
do
>
1
=
®
%

c
<
X,

1
]

o 1% AT
£ ol
B oo

Lo
> =

i)

=)

pu

—rt

ml

o

o,

fi AL A2

é N;
ox
=
o
o
U

] 3] 1l AR A|AE)
£ = 2R sl A& 24 Al afof
o7

o 1%
oo
o,
)
ot
L= I
i)
o
]
o
S
]
)
>
o rl do o
S ok T oflo %@ 2 :

4 4o

5) CFD @F}OM A 2o 2ob AU E =3}
i ET9 A g2 HE S712 Yehde, ole
Aok & oA 9] Hatgho] AE ez AoR

He 7|Qlets Aoz Eyl Yol dH BEL of
2%l 4 Ao= o FErh
g 7

o] =52 2016Wx AE(v]g=zAR) o] AfYoR
S A AT 7|2ATANY AYS ol =3E AdY
o} (2013R1A1A1061156)

References

(1) Nihous, G. C., 2007,
ocean thermal energy conversion resources,”

“A preliminary assessment of
Journal of
Energy Resources Technology, Vol. 129, No.1, pp. 10~17.

(2) Rajagopalan, K. and Nihous, G. C., 2013, “Estimates of
global Ocean Thermal Energy Conversion (OTEC)
resources using an ocean general circulation model,”
Renewable Energy, Vol. 50, pp. 532~540.

(3) Oh, C. and Song, Y. U, 2012, “A Optimization of the
ORC for Ship’s Power Generation System,” Journal of
Navigation and Port Research, Vol. 36, No. 5, pp. 349
~350.

(4) Tchanche, B. F., Loonis, P., Petrissans, M., and Ramenah,
H., 2013, “Organic Rankine cycle systems Principles,
opportunities and challenges. In Microelectronics (ICM),”

g=RMDIHEE =28 H20d, M2s, 2017

2013 25th International Conference on IEEE. pp. 1~4.

(5) Uehara, H., Dilao, C. O., and Nakaoka, T. 1988,
“Conceptual design of ocean thermal energy conversion
(OTEC) power plants in the Philippines,”
Vol. 41, No. 5, pp. 431~441.

(6) Straatman, P. J. and van Sark, W. G., 2008, “A new
hybrid ocean thermal energy conversion - Offshore
solar pond (OTEC - OSP) design: A cost optimization
approach,” Solar Energy, Vol. 82, No. 6, pp. 520~527.

(7) Bombarda, P., C., and Gaia, M, 2013
“Performance analysis of OTEC plants with multilevel
organic Rankine cycle and solar hybridization.” Journal
of Engineering for Gas Turbines and Power, Vol. 135,
No. 4, 042302.

(®) Kim, N. J., Ng, K. C.,, and Chun, W., 2009, “Using the
condenser effluent from a nuclear power plant for Ocean

(OTEC),”  International

Communications in Heat and Mass Transfer, Vol. 36, No.
10, pp. 1008~1013.

(9) Drescher, U. and Briiggemann, D., 2007, “Fluid selection
for the Organic Rankine Cycle (ORC) in biomass power
and heat plants,” Applied Thermal Engineering, Vol. 27,
No. 1, pp. 223~228.

(10) Wang, S. K. and Hung, T. C., 2010, “Renewable energy
from the sea-organic Rankine Cycle using ocean thermal

Solar energy,

Invernizzi,

Thermal Energy Conversion

energy conversion. In Energy and Sustainable Development:
Issues and Strategies (ESD),” 2010 Proceedings of the
International Conference on IEEE. pp. 1~8

(11) Yoon, J. L, Son, C. H, Baek, S. M., Kim, H. J., and
Lee, H. S., 2014, “Efficiency comparison of subcritical

OTEC power cycle using various working fluids,” Heat
and Mass Transfer, Vol. 50, No. 7, pp 985~996.
(12) Yang, M. H. and Yeh, R. H, 2014, “Analysis of

optimization in an OTEC plant using organic Rankine
cycle,” Renewable Energy, Vol. 68, pp. 25~34.

(13) Sami, S. M., 2012, “ORC for low temperature power
generation with low GWP refrigerants,” International
Journal of Ambient Energy, Vol.33, No. 1, pp. 2~8.

(14) Yoon, J. I, Son, C. H,, Seol, S. H, Kim, H. U, Ha, S.
J, Jung, S. H, .. and Lee, H. S. 2015, “Performance
analysis of OTEC power cycle with a liquid - vapor
ejector using R32/R152a,” Heat and Mass Transfer,
Vol. 51, No. 11, pp. 1597~1605.

(15) R134a, R152a, R32 MSDS available at https://www.airgas.
corry, ODP, GWP available at http;//www.engineeringtoolbox.
com/Refrigerants-Environment-Properties—d_1220.html

(16) Chen, H. and Baines, N. C., 1994, “The aerodynamic
loading of radial and mixed-flow turbines,” International
journal of mechanical sciences, Vol. 36, No. 1, pp. 63~79.

(17) Han, S. J. and Seo, J. B, 2014, “20 kW Turbine
development for OTEC system,” The KSFM Journal of
Fluid Machinery, Vol. 17, No. 6, pp. 39~43.



