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ABSTRACT

Organic Rankine Cycle is widely used to convert the low-grade thermal energy to the electrical energy. However, usually
available thermal energy is not supplied constantly. This makes hard to use positive displacement expanders. Hence,
turbo-expander has merits to apply as an expander in ORC because it can operate well off-design points even though the mass
flowrate is fluctuated. The thermal energy fluctuation causes the turbo-expander to operate in partial admission. In addition,
supersonic nozzles are required so that the partially admitted turbine operates efficiently. In this study, R245fa was chosen as
a working fluid of ORC. A design method and an analysis technique of supersonic nozzle based on R245fa were developed.
The shape of the nozzle was designed by the characteristic method. The thermal properties within the nozzle were estimated
and the predicted results were agreed well with the computed results.
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Fig. 1 Schematic diagram of an organic Rankine system
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Fig. 2 Shape of nozzle converging region Fig. 3 Shape of nozzle diverging region
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Fig. 4 Nozzle shape designed by characteristic method

-

L nhsil meeka

HojF3 9,

271920 Aol2E B qlolx AR &
FFEA G Ao AAH AFEOR 4 AY =B
Q72| Wl wetd v e o

29 g 2sle] AFGFY 2HLS s
Zo] AL A9o] 27 WAL A9
w2370 el Wiolw Ausde F7IIA et

SO IA

si3| ==d: M17d, N6Z, 2014

el

20
15

10

03 05 07 09 11 13

-10 -5 0 5
X

(@) Mach number = 1.4

20
15

10

03 05 07 09 11 13 15

(b) Mach number = 1.6

a0f
sk

20

03 05 07 09 11 13 15 17

qlS -10 -5 0 5 10 15 20

X

(¢) Mach number = 1.8
Fig. 5 Mach Number Contours on a Nozzle shape designed by
characteristic method

A =27 Lt Lebrbe Qo] Asska, ¢
Aol whet WEETHE 2l FUwBolNE ks
£ 2781 Hek, weba] 27)249 wre] net B
olxe] ZT7MskE SHIstelo} Tt

wZollA geiziat A A57|E0R A =5y
At g A(11-12)8 ALg3to] 78 4= Qe ERE o]
Ao} 2293 Aane] BApmsE ekt 19 Bo] g
omRY FapA et

iy

N o

Z
=
5



P
Ol

08 I L L 1 I L

1350,C

10 4

151

1'% 4

19dmun fdosM

e

g

Fig. 6 Variation of Mach Number along nozzle streamwise direction

Vv? dA 5 Vi F
P (V) + 0TI =0 (15)
23 979419 g FHA A(11)2] BAE v]Hsio]

(L'hopital®] FE|ZEE) 4/(16)F Zo| F31A Hrf,
2 2, 0a dp . o
(an ;(Fp)s)(%)z‘*‘[(_Zp(E)p"' (16)
2 oa T oT 51
E(g)p+?+p(&_p)"+” VE)
oo, ds 2 dA 1 dA, dp
(= )))E—"—Z%—i_Adx}(dx)—’_
(—p22 (v ds _ 3pa” dd,dA
" A3 as’Pdr A2 dx’ dx
T T, v w1 0%, , ds
(ﬂ(g b 1)2(69) +mz?(?)p)(a)2+
! v &s > A
(5 (50, oD 5= T S 51 =0
o 7] A 3k FEAtuler AL Aol 9 EAE 27]%

Aoz so] wZo] Folal WA WA AUNEiE wZ
of Sefgdole whetd el oA, dele o) xau)
WA =2 Yol BANE 9A il Fig 68 =2
QT HLES WK Ao S Eolxt T e
Ae] ksl WakE HelFa gick Eel A9 skt
woks 212 1T 4 glom, ojefat Wste] wAle 14
B wZg Aol =297 LEvt WAHoR

wlah waE )] ool

) Tell A = ket Hgele] WakE Fig. 7
oA molFa glow], qhele] F712 ldtel Wt A%
ool Y wZel 4 277} HYS A5l F7}
SRR LS e L REEE R B
SRR w297e] Aewe] Flo] oste] F7HehE Hol
F3 9t

Fig, 8& =& Aty

7
=0
s

Aolle] Aetela Fewe] WEE

P
OB
re

€0 80 100 150 110
s - : : = r oo
B
o .
o 200 - 5 F0IR s
N @
w© 1)
= - _ ®
; 1000 - - L0350 §
c @
u 1200 - F0se B
o 3
= . ™
S 5000 - Fo30 &
?
@, 5200 - 032
(a) total pressure and mass flowrate
e0 80 100 150 110
500 1 . . . 20
T <00 | ) = 2
g £
] -_ @
2 00 | o
3 - 80 §
- | B ]
= 800 @
o , a0 =
£ 1000 ! 5
= a
@ 1500 | 100 5
1400 110
(b) pressure and temperature at throat
Fig. 7 Variation of thermodynamic properties versus total
temperature at nozzle inlet
HoRT lon], = Hewo| F7ld me FeS
WOIZT gleh
3.6 ERSTHAM

3 U §54E SHe] glstel zATolAo
HLE7} 100°C Ql ALE 7]2og 44759l Fluent™

£ ALg3ste] 48519t Density—based solver & ARE3}
0, GREEE kel A8AAAG A
FDS scheme& Z-23}31, 2nd order®] A& =& 212 &
2 os} sl AARAL Aol AGES
A, Eole 9Es ALskel

Fig. 9= Alktel] 289 AAto] A4S Hoja 9=,
Mol Ao Ak y+ ghol 1249] ghg 22 sjolcy. of
S20] Matol AL Z0IA] L619] Bt kst ol
], Sl A9 FElat R4 325.7 kPa €} 60.3°CY| Fh=
Qoitk. wBBAA MOl o= ATete] v]uE Lehhn
U= Fig, 1004 Holg== Z3} o] dA|sh= FFS Hof
230 90tk AToINe] MY 1265 kpa o] Uoforz
R245fa0] EATIE z]sk= AnkS AT}

implicit Roe—

A5}

s=EFHD IS ==28: M17d, M6, 2014



0o s ¢+ e 8§ o 5 ¢

o) L ,f—f__‘_;l'l:;__:‘,::}:: e
B e00{ - T e- T
6 ’_'.-"/’ - - — ——
o -~ e -
© T
§ 4000 {7 _~ ——— e
7 -7 ———- 1l0.C
2‘ ———— 100,C
oy
A 1 ———— 80,C
AR N — W

5000

(a) static pressure

0 N ¢ e 8

© S0

&

3 0 —

3 I

£ @0 - e T

o T T e S

o L - T - SR

a 80 e

2 P ——— I50,C

o 100 177 —————— 0,E

[+]

e ———— 00,

TS0 - ——— a0,C

—————— 80,C

110

(b) static temperature
Fig. 8 Variation of pressure and temperature along streamwise
direction

4. 38 B

e, A, e
37] St 971911

fol 2] S RE 2o *4741
of et A7E D574 Reabta 71202 ATE 33
o

o, ALg9 ez
AR 71EL
e =28 7|EoR A
olErdle A% 8H*47Mj% i}ﬁékﬁg . FAlelE
A9] CFD Ao} vlwate] BoLS wf w=ZofA9] o3
2 Ak A9E Ak webs AAstaat s @

HEol thiEh Ate] S ATt ofe} FgAfel A AEdh=

EjRIS] 1F & AlLFS] 0] ThssA =ik

= 7l
B AT AQEAAAR, FEAYTIENTY, B
A B7Ae) FeHAN AR SAAAOR 498

(a) Mesh

) Mach number

-'.--.-'.-'.J' 'ar-'.—.'
""“'EI-

= - ! - i -

) static temperature [K]

T

= &

[-

(d) static gauge pressure [Pa]
Fig. 9 Flow structures within the nozzle

.ri'-'

KA TS "'4-";
-

A0 80 a0 100 140 150 130
‘IQG L L 1 1 1 vo
o & 5
@ S00 CURRN = CED teenj (;swbsisinie) E
® o -0 g
2 320 - b
o RSN 35
4 300 NN Leo o
| = "B\ . 1+
g 300 N =
“ \\ —_— [=]
[} N ~ - A0
® 400 w N 4
. n
[i+]
_é 100 ® CkD tezn) (buszanis) N o
g 200 A (% 2
Y —
2, e "Q
220 a0
Fig. 10 Comparison of predicted results and CFD results

References

(1) Maizza, V. and Maizza, A. 1996, “Working Fluids in
Non-Steady Flows for Waste Energy Recovery
Systems,” Applied Thermal Engineering Vol. 16, No. 7,
pp. 579~590.

(2) Hung, T. C, Shai, T. Y. and Wang, S. K, 1997, “A



A .
EPN)

Review of Organic Rankine Cycles for the Recovery of
Low-Grade Waste Heat,” Energy, Vol. 22, No. 7, pp.
661 ~667.

(3) Liu, B. T,, Chie, K. H. and Wang, C. H.,, 2004, “Effect of
Working Fluids on Organic Rankine Cycle for Waste
Heat Recovery,” Energy, Vol. 29, pp. 1207~1217.

(4) Tchanche, B. F. Papadakis, G. Lambrinos, G. and
Frangoudakis, A., 2009, “Fluid Selection for a Low-
Temperature Solar Organic Rankine Cycle,” Applied
Thermal Engineering, Vol. 29, pp. 2468~2476.

(5) Hung, T. C, Wang, S. K, Kuo, C. H, Pei, B. S. and
Tsai, K. F., 2010, “A Study of Organic Working Fluids
on System Efficiency of an ORC Using Low-Grade
Energy Sources,” Vol. 35, pp. 1403~1411.

(6) Chen, H. Goswami, D. Y. and Stefanakos, E. K., 2010, “A
Review of Thermodynamic Cycles and Working Fluids
for the Conversion of Low-Grade Heat,” Renewable and
Sustainable Energy Reviews, Vol. 14, pp. 3059~3067.

(7) Vélez, F., Segovia, J. J, Martinh M. C, Antolin, G,
Chejne, F. and Quijano, A., 2012, “A Technical,
Economical and Market Review of Organic Rankine
Cycles for the Conversion of Low-Grade Heat for Power
Generation,” Renewable and Sustainable Energy Reviews,
Vol. 16, pp. 4175~4189

(8) Bao, J. and Zhao, L., 2013, “A Review of Working Fluid
and Expander Selections for Organic Rankine Cycle,”
Renewable and Sustainable Energy Reviews, Vol. 24 pp.
325~342.

(9) Hettiarachchi, H. D. M., Golubovic, M., Worek, W. M.
and Tkegami, Y., 2007, “Optimum Design Criteria for an
Organic  Rankine Cycle Using Low-Temperature
Geothermal Heat Sources,” Energy, Vol. 32, pp. 1698~
1706.

(10) Qiu, G., Shao, Y., Li, J, Liu, H. and Riffat, S., 2012,
“Experimental Investigation of a Biomass-Fired ORC-
Based Micro-CHP for Domestic Applications,” Fuel, Vol.
96, pp. 374~332.

(11) Navarro-Esbri, J. Peris, B. Collado, R. Molés, F., 2013,
“Micro-Generation and Micro Combined Heat and Power
Generation Using ‘Free’ Low Temperature Heat Sources
Through Organic Rankine Cycles,” ICREPQ'13, Bilbao,
Spain.

(12) Twomey, B., Jacobs, P. A. and Gurgenci, H., 2013,
“Dynamic Performance Estimation of Small-Scale Solar

Cogeneration with an Organic Rankine Cycle Using a

P
OB
re

Scroll Expander,” Applied Thermal Engineering, Vol. 51,
pp. 1307~1316.

(13) Quoilin, S, Lemort, V. and Lebrun, J, 2010,
“Experimental Study and Modeling of an Organic
Rankine Cycle Using Scroll Expander, Applied Energy,
Vol. 87, pp. 1260~1268.

(14) Wang, W., Wu, Y., Ma, C, Liu, L. and Yu, J., 2011,
“Preliminary Experimental Study of Single Screw
Expander Prototype,” Applied Thermal Engineering, Vol.
31, pp. 3684~3688.

(15) Zhang B., Peng, X., He, Z., Xing, Z. and Shu, P., 2007,
“Development of a Double Acting Free Piston Expander
for Power Recovery in Transcritical CO; Cycle,” Applied
Thermal Engineering, Vol. 27, pp. 1629~1636.

(16) Qiu, G., Liu, H and Riffat, S., 2011, “Expanders for
Micro-CHP Systems with Organic Rankine Cycle,”
Applied Thermal Engineering, Vol. 31, pp. 3301~3307.

(17) Yamamoto, T., Furuhata, T. Arai, N. and Mor, K,
2001, “Design and Testing of the Organic Rankine
Cycle,” Energy, Vol. 26, pp. 239~251.

(18) Cho, S. Y. and Cho, J. H, 2014, “A Study on the
Organic Rankine Cycle for the Fluctuating Heat Source,”
J. of Fluid Machinery, Vol. 17, No. 1, pp. 12~21.

(19) Fang, X, Xua, Y. and Zhou, Z., 2011, “New Correlations
of Single-Phase Friction Factor for Turbulent Pipe Flow
and Evaluation of Existing Single-Phase Friction Factor
Correlations, Nuclear Engineering and Design, Vol.241,
No. 3, pp. 897~902.

(20) NIST, 2010,
Transport Properties,” Refprop version 9.0.

(21) Zucrow, M. J. and Hoffman, J. D. 1976, Gas Dynamics,
Vol. 1,2 John Wiley & Sons Inc.

(22) Hodge, B. K. and Koenig, K., 199%. “Compressible Fluid
Dynamics,” Prentice hall.

(23) Elliott, D. G. and Weinberg, E., 1968, “Acceleration of
Liquids in Two-Phase Nozzles,” Jet 666 Propulsion
Laboratory, Technical Report 32-987.

(24) Elliott, D. G., 1982, “Theory and Tests of Two-Phase
Turbines,” Jet Propulsion 668 Laboratory, DOE/ER-
10614-1, JPL Pub B1-105.

(25) Granville, P. S., 1959, “The Determination of the Local
Skin Friction and the Thickness of Turbulent Boundary
Layers from the Velocity Similarity Laws,”, David W.
Taylor Model Basin Rept., 1340.

(26) Fluent, 2011, “Ansys Fluent Ver. 14,” ANSYS Inc.

"Reference Fluid Thermodynamics and

s=EFHD IS ==28: M17d, M6, 2014



	유기랭킨사이클용 부분분사터빈의 초음속노즐 설계에 대한 연구
	ABSTRACT
	1. 서론
	2. 유기랭킨 사이클
	3. 노즐설계
	4. 결론
	References


