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Development of a Power Generation Unit Driven by Waste Heat
(Study on Working Fluids and Expansion Turbines)

by Naoyuki INOUE, Takao TAKEUCHI, Atsushi KANEKO, Tomoyuki UCHIMURA, Kiichi IRIE, & Hiroyoshi WATANABE

A practical power generation unit, made using study results on working fluids and expansion turbines, was tested in the course of
developing a simple and compact, waste-heat-driven power generator. A comparative study was made on the characteristics of various
working fluids in a low-temperature heat source cycle (evaporation: 77 C & Condensation: 42 C). Study results indicated that TFE,
R123, and R245fa were working fluids suitable for the intended power generation cycle. Among these TFE was selected out and a radi-
al turbine was designed and manufactured as a turbine for use with TFE. A power generation experimental apparatus, driven by hot
water as the heat source and cooling water as the cooling source, was put together and operated. The generated power was transmitted
to the electric utility system via an AC converter. Power generation cycle and expansion turbine characteristics were clarified through
tests using the actual power generation unit.

Keywords: Power generator, Waste heat, Ranking cycle, Working fluid, Expander, Radial turbine
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Table 2 Efficiency used for cycle calculation
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ZRTE L ; R T

Evaporating temp. Ty 7 C Circulation pump np 0.60
B i FE ) Fre

Condensing temp. Te 12t Electric generator e 0.95
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Table 3 Calculated results of the rankine cycle power generator (available power 10 kW)

VEBY AR TYEST| Funsy | Ty K ;
Working fluid NH, C,H, C.Hy, H,0 R123 R134a | R245fa | TFE
LA =
Btdr B kPa 3879 2959 948 419 453 2469 732 115
Evaporator vapor pressure Pg
e
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Condenser vapor pressure Pe
£ _
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Table 5 Specifications of turbine/generator

VEB A
Working fluid TFE
;?{/:‘
ALZESIE 115 kPa
Inlet vapor pressure (sat.)
Py
IZESET) 2 KkPa
Outlet vapor pressure
Flow rate 042 kg/s
Wik — C Ak 050 _
Turbine efficiency (target) ’
Rk 7 — ¥ AL
Turbine work 132 kW
A 095 -
Generator efficiency ’
% 2B
éﬁ k) 125 kW
enerator power
T o .
Rotational speed 23600 min
45 -
J AWV
: Nozzle
S =
H o
00 1 1 1 1
0 0.2 04 0.6 0.8 1
T/ T PR A
Meridional distance
N7
Hub side
£ 5
L3
S &
H o
Fv 7l
Tip side
_18 1 1 1 1 ]
0 0.2 0.4 0.6 0.8 1

-4 T L

Meridional distance

R3 A
Fig. 3 Distribution of loading

IoNF R No. 211 (2006-4)



PR EIE OB (TREA R R 5 — ¥~ OB

J ANV EBROBEFTH A AMSHMIIELESY 02
NETOTITTIVY —E VGIORERD S i & & 2T
WBLDTHAb, / ANVOEMGAIEE OO F 4T
K& LRt oA, BEoanmsfhis, N7
TIHPEAN, Fv FMTIIREAaNI G E Lz, R4
WIERBR ISV 2 2 XV EBROBIRE RS, BiEAL
13150 mmTH 5,

6-2 RNEE
SRICHFFBCTHREIL72BIR Y — ¥ v ) XV EBHE
,FET A= AT— Fa W TRIVRNT 2175 72
fENF 2 — FIZCFX5 (ANSY#L) Z /o BN A » &

J AN
Nozzle

®4 7 XV EBHEDOIIK

Fig. 4 Geometry of nozzle and rotor

12

+ /) Nozze
¢ BE Rotor

1Dﬂt:mmﬂ
£ 08 r ++++ {Eq:h}
% k1
A 06
04 | ?QWQ
e sraes 208
02 AT 0y
““ [ Hub side
00 1 1 1 ]
0.0 05 1.0 15 20
Fr T

Meridional distance

2IIHEER T T, Ay v aid ) )V EBEEREG bR T
WI6 HEHFLE L, FETA =27 AHBRROMEITH
BfRAR I & L7z

K512 7 Zn EBFE O N TN F v T 0B
JEpAie R, Ms&RAE ) ANVATFEHRD AT — bH
WAL T BV EMNEICETOT A 72— 3 vhdH 5D
SHIBIR AT ETIEF 1 72—V 3 ¥ /S RIS
AL — AR GiREBREER L TWh,

TEAUIRNT I K 2 Wi 2R 3l 1L 86.9% & 70 1) 7k T H AL i
RERTE DL AW L 7,

7. SEBRIOB

7-1 EEBREYIII
HEHEEOEBRBENAZE 61" T . KBTI, B
RY—E RMAREZBEATLEIHA7VELT W5, 7
SO EFBMOOESIRELZ L TOW A LLT, &R
FEE R IR Y — ¥ v ORISR MR & 7T, L 72
WL, BN  7WEAIC R Uz VB BEAARIE
BRI, JEHE S B O WIS — 212 72 5 L9 1Tl B
R 7Ol EE % G U7z YEB Bk o3 A& L OV
R (JRIC, BRBERORE) 1L IEREIEA
T 205, VEBIARRE L3 0~ 20 08P TH-o 72

7-2 RS —E L REH

BEL2Y —C U REROMLAEE EKSIZ, BEERT
RS ¥ —E B E BT — 5 L IZTERL,
MEOFEMRIETE) VAT —VTHHEL TV, %E
WAT—51%, ¥— v ZIMINCET72Y % r v MU,
Bt D OBAZ B L THH L T 5, BEET—5
DOENZINE R —=NRT ) 7% v, UL, B a5
SOEBIBARTHH L T b SN HEHBEAIL, B

12
1.0 " + /X Nozze
*+ ¢ BE Rotor
08
= Fohy
s 5
N
a, 06
L Won,
04 ”‘ 00000 “’...“
Fo 71l e
0.2 o
Tip side
00 1 1 1 J
0.0 05 1.0 15 20
-7 T P

Meridional distance

X5 LA

Fig. 5 Static pressure distribution on the blades

INT IR No. 211 (2006-4)



PR BB OBSE (TREAA R R 5 — &~ DR

Biccn pover WO & RFER O 720D 4 23— 5 Z R L 728

> acme]- A{INV]-> Ac MELTV2, ESIHEE AT, Wity — v REHK

Tane . [—- TR LB & R LR, ZORREESH
Eip e s I GRAGER LB BIEN EISRE) 1255 9

2, A 5= 5 THREAOMDERE WY 5. R
AR TR ) IS EAMET L, A% s

o BWEA LT 5o 204 28— 12 & HBIERECHIE
| ot 5 — U Y OGRS CE 52 LA 5, WSS
DHRERIT 5. REROFRELAREROT— 5

RN B L 72 L & % %%, SRR (8
DL TIE, RERIAVOY 75 A RO

ST B

Separator

R 7

It

Evaporator

1= @[f ] PTTEN

iy A To electric utility system
TV i Pump .
Hot water AC DD
o From vapor generator
N—
6 7% 442Ny AT AOERMKRK INV Y
Fig. 6 Schematic diagram of rankine cycle system
DC
NN 2o TR _{ ks —er
, —Ev 12 2 ;
FEEET—5 Tﬁzlrbine ﬁoxz)zle Conv. AC ggi:crt:;gr Turbine
Generator rotor
HEEI TR CAON
e To condenser
= |
Bearing .
8 LI
Fig. 8 Control of electrical power
’;\%EE‘% AC DC Vi ... ,.3 phase
Electric generator AC
"""""" t ﬂs Ec
1 G
Turbine rotor @ "_>INV"" B
z N© 3900
IR 7
HEAT—5 Beari £ --# "
Generator stator canng ,IQO,m,Q, 800 ”H . 1T
s00 [L=3708 V at N =23600 min’! ov

7 IR — U IsTERE
Fig. 7 Turbine & generator unit

BIRLTVA0OT, HAKCRER (R7—5, ) > & N
AMENCHHLTWL I L kb, 4B, BRIORE 2 3 -
WET— 5 OEBEEOWRL S, BROFIEE =g Moo
Ns=055&L, #4 X0 liEdHE 22TV 5, ; - 20000 min’
7.3 & 1 200 for 18000“““ ,,,,,,,,,,,,,,
BAFA 7 VIS E B RBEITIE, IS, Wiy — | | |
U U AORRIR A LT, SR B A 4T - oo ; o " 2
TWb, HREEEZAHEL72DORE R, S R
2RO R Y — ¥ oMk &, IS IEE Electric power Ec
CEETHY, TR EHEEICELATH D, o RS el a
SO TIE, S5 HEE R TR ST, %8 Fig. 9 Simulation of the generator

IoNF R No. 211 (2006-4)
17 —



PRAEEIE ORI (TREA R R 5 — &~ ORED

06-73 01/211

TE SHE

Photo View of the experimental apparatus

2, BERBE T2, SOBNZBRPFELL, fid
DAL= ~DAJERERE LT %, HHRHEEZ /S
FA—HIZ, FEENT) L EREIREL O MR E k>
32l —Ya v TROREIIIRT, B, KIEBEKROFE
HEEEX0.0157 V/min™ TH %o K9H 5, HEERE
& E R ) & RIS O BRI D 5 o RELE %
200 VE10%&E 35 &, #RICULERR/NERETE,
220 % (8/3)" =359 VIZHRAH 7 4 V¥ OB B S %
M 72370 VREEIZ % %0 FEpEl <L HEEE370 V
L7

7-4 KEREE

AIEL 72 BB A TEIIR T, JMETEIE L1800
mm X W900 mm X H2000 mm T %, ZFR & 7% 5 K
EARAS TRGEL, GHIEE L EHKIGEHETREL
T, ERBRBR B L7z L Z2BAULRMAERL
TWABY, JEEkikIce—F TIHE S8, hois~o
WBEMZ 72, EHRERGE, FEERNT), KRR,
WERE T E S (EBLRER >~ 7, R Y 7, H#ER) 2,
N — A= THlE L, &R, T, ket
WZF—=ruaf—%2@L T/ a VY RAAT

8. HBREREEER

8-1 ERMRICHT 348

IR 77 C, B 42 CoL X FEEREIL 135 kW,
COLEFAZNVEHIZT.0%% 572, FEIEE OIS
B3 (EBRAR Y7, WR Y7, Gl L6 1R PR
DE ) % GLeh, EEINOEK, WHKR Y 7EOH T
EEFERV) 9580 Wi ELGIKE67%L%o7, £3D
AEIDET LTV 2%, BEAARGEERRO— % & 5584

B LEMBMICE L2 EICX 204 7 VRO
T, LROMEBRAR Y 7 OB IIAK EL, EIZHIER O M
B EOIERENBRLTN S, &8, KRR A
YN=F ERFRHLTHEMCHHETE 28123 [kW]
T, 4 N =F5IF96%TH o 72,

8-2 A—EREBHOREELARTRERD

B3R % — B~ Wisah=

TKIEE & @ HIKIEE 2 22 L S/ C, S % i
L7z HEBRAEROHR. S, HEMEII135 kW R
DOHPHTEI L 720 2B, K6DBIESY —¥ v ALEIC
VTR, EERIEaEE LTwd, K101,
HHUKIREZ /89 X =212 LT, BAIEROBISIE
LRBERBROWIESY — v OEKREOBGRERT .
AREREEPHIC BT, Wik Y — € v 2iih 2 LRI,
WHUKIRE DR E 2T, ARBAEBOEFRRETE
BLENTW5, WSR2 58EEE, WEK
EEDMKT 3 2 IV L T 228, WHUKRERT
2 X BEHMGIREE - JEJJOMCT T, AR mAFE—-TH
RY —COBEEVPMRT S EICL D, 2L, W
HIZKIREAMIGIACT LT % L, BERMRKOE G
Yl lroTwd, TOMMIE, WEHKREIMKTLT
%Ly — ¥ roiatn (U/Cy, =071E) » o4t
NTLB2L8dY, Biky - v Osa R 11
WRTEIIETLTL 2720TH 5,

ks — € OlEGCENDMEN LB L TH D,
ik & — ¥ L m A LRD ) XNV BT B ) 5k sk
e RIS, W AEII I Pry/Pry & ALTIRTE Pry/
(Tr) @ ENSHBENDLEL, ZOK(TO—8F X —

T 05
BHIKEE  Cooling water inlet temp.
¢ 32C +26C A20C X 15C 8
4 04
<&
L . ~
2 b X Y
o} Flow rate A0 4 03 2
= £ = £
A 15 g
s il
i 3 3
g3 ® g
R @E 10 W
5 |
0
50

ASgE T

Evaporating temperature

10 FEERIN T 2 BT EOR) R
Fig. 10 Effect of evaporating temperature on power generator

IoNF R No. 211 (2006-4)



PR BB OBSE (TREAA R R 5 — &~ DR

09
08
g
# .2
=22 07
",’3\J k5]
i3
2
EE=
e 06
05 - WHIKEE  Cooling water inlet temp.
¢ 32C +26C A20C X 15C
04 1 1 1 ]
04 05 0.6 0.7 03
U/Crn
11 ¥ —E iR
Fig. 11 Turbine efficiency
TU—1%5x—% =G/ (P11/T11%)
Flow parameter
100 G : i Flow rate kg/s
P11 AJJET] Inlet pres. MPa
g Tr1 0 AJJULEE Inlet temp. K
S s A AAX XX
g . o oA AK X
XS <
G§ 60 -
]
o
g
=}
w40 L
N
': N
é‘ WHIKEE  Cooling water inlet temp.
A ©32C +2C AT X15C
0 I I I I )

£ P1i/Pr2

Pressure ratio

K12 - rHBRo7a—3F x—%
Fig. 12 Flow parameter of the tested turbine

¥ ) 21217, ARERIE, I Pry/Pr 3
BRFUEI 18 2 2 2 #PHTIToTHY, 7u—s3875
A= FIHFEFEIC R > T,

8-3 YA VIEREREY A VIVFHEDOREF

B 1312, ARIEA % OARTEIIE & BEHRE & 0722
AT HREROBEROBMBERT A 7 VR,
2D X 5% A 7 VOERERICH L CTEIZT—AOR
THEDL, LHL, EBRTIEKIIOX S IHEIKEE
DT L3RIk Y — ¥ VBRI MET L, 1 7
MR E G 2TV,
FAZNREE, FEEBE A S I BRI B) ) (400

BHIUKIRE  Cooling water inlet temp. 410
©32C +26C A20C X15C
18 N 18 R4
e BLEX X N
16 Efficiency 16 M‘%
RE
N @
14 44 § P
= 2 N
z 12 B
8 2
i) T 10 =40
®
Rz s .
&)
6 4
4 ~
2 u
0 1 1
20 30 40 50

TrinEE K
Dew point difference Ty~ T

13 FEHBRIIN S 2 I ORR

Fig. 13 Effect of temperature diff. on power generator

x1000
30 q 10
% | I X .-
. - A

) Rotational speed w%x ‘N
T -
£ 2F s+ 0¥ Y3al—vay
g 2 x-* Simulation - 6 £
wy 3 B
;‘é§ 15 | MN 2
e < N
E & 14 2 F

0T .’ %4 -

v
0’ Torque
1 2
5 *
0 1 1 1 0
0 5 10 15
FEEBEIT) kW

Output of generator

14 Wik Y — ¥ V8B O [l
Fig. 14 Rotational speed of turbine/generator

~600 W) 22 LBIWAzbDL Lz, KR OEHIKSR
Ry TR EOBIIIELIIVTW AR, BEEED? O R
FEHLR SN2 BINIRHERA ¥ =5 ORISR L
TIKTFT 5D, 4 NN =F5IT94~96%TH - 720
8-4 HA—ERERBROEIEE

K142 % — ¥ R EEO MR 287, BRI,
9 (7-38i) OFEHES I 2L —3 3 VIZBWT, HiR
BIEZ370 VICL72L ZONEEHETH 5, RitRA
YN—=FTIE, BRBEOBERELEDS ~EMICZR5 LI
FEANOM P ZREL, BEBENOAMGZ»PIT T 5D,

IoNF R No. 211 (2006-4)



PRAEEIE ORI (TREA R R 5 — &~ ORED

Bk s — € v ofEEE, TOLEDOEs -
FEBEDVNT VATLHREL b, AEETIE, K
14 DNz RE TEIZETEX S 2 L 2R L. M0
Ky — U RBREICBIT 225 E & P L <l g
AT TR, R RL, Rl R E
THRHHESRE TS L L DI, HEEEENTHTE, L
b AR OB A &9 A B33 2 5T 2 IR K BRA
HTE L) EEEZ D 5TV,

AREERTIE, FEBOMR B THDAEART 2 &,
HEME D DEERREI R - 720 FEEAR T & iz
HENS PV 2RI LT, HI14I1RT . MixdE
AT AN, BEROBRAD D\ Vi u— 5 iRE
ES GHERICER) 12X 2 KABAOBIKT 72 &5
MR LT, BERNR MVIRENPARR L TEZD
LEZT05,

9. &

il

HEBLIS A E & LT, 80T~ 90 CHEPE Dk % Lk
LY ARBHEBOMEEIT>T2e INFE T, PEEIEEL
BEOREIZ MPREEL LY, —RICELLTWERWT
L, FEIAMIEZMRT HIEE LT, MR
BEOMBIL, a7 Mex HEEE Lz, 3, I F
A T WA B SREAEB AR DT A 7 VERE & MG
L, ##ICX DM 2 Lz HIS, fligfk, a8
7 M, Bk — ¥ v LRER L OBEK, BRI
DI EREERE) 22 & DD B ABREIT 5 720 KFHFET
&, TEBRIC TFE 2 W Tk Y — € V8 EBHR OB
3 - RERATV, BEEE & L COERRBRZ L 72,

VEBEARRGGT, RERHAMER OV R Z B L, RO X
) e T EDG o T2

(1) BHVEBNEEAIC X 254 7 VPkBERGT <, 1ES)
BARIEER AR » TE ISR & B a5 2, RESEEE
B2 RIS %,

(2) SHEHDOEBBARICOWTH A4 7 VIEREZ AT L,
TAKERB DA, T 287 MEICHE L 7= VEBY Al
& LT, TFE, R123, R245fa %2157z,

(3) Wk s — ¥ v Ik o Mlin R B #i P 2 IR % &,
FEEA M L7 BEARAEAL T 50 10 kKW REEIZK LT

W TFE2S4F £ LS, 50 kW #1272 % & TFE O
Z— ¥ VMR EAMET L, 3827 MEIZIZRI23 H
BHWIER245fa M F L & B0

(4) REAFETIIEHBARICTFEZRAL, Biks—¥
YERBITREEEL 720 ERRBRTIRYIAL—T g
VXD EE LIRS — € Wi BRI T W E DR
T&7,

(5) Wiy —v r2RhEsA5mEE, 70—/%7
A—=%5 G/ (Pr/Tr”) OETEDLTL, Bk - D
WA TT M Pry/ Py B3R S ) M % 88 2T B AR GBR
#HPHT, 3T—EMHEICR> TV 5,

(6) FEEMEOFRELIFE L RHEHER A ¥ =5 Dl
TRERREEFINT 2 LT, BAMEZRHEETIC,
ks — ¥ oDl RS TE 5 2 & 2R L 720

BT TEDFEITIZ B 72 O STEFFEE OSBRI FoBr
MBHFEMTZE 15, 1648 REFE 5 15307) Ol
i b /0N U TR NPT SR e € A O N i
RFDWEGREEIZ, FHEREDEIZICIIH 4 oS %21
Wiz, TIINEHOBEERT S,

ZZ XK

1) &R, FIEE W AR SCEB, 51 (461), 134
(1985).

2) R. F. Steidel, H. Weiss, J. E. Flower: Trans. ASME, J. ENG.
Power, 104, 231 (1982).

3) AL, T, AMHME, FRBY, BERIUAR - H AR
FomSCEB, 51 (467), 2471 (1985).

4) BEHIE—, HEWERER @ H AR S B, 51 (524),
1167 (1990).

5) Akiba, M, Thani E. A, Tomizawa M. : JSME Int.J., 36 (1), 178
(1993).

6) TEFE, MRS, SFESERE, wOBYE, MILEsA o SRR
KEFBLAREZEAT e, 86, 3 (1979).

7)) WHAKEIZ ARV E—, 34 (7), 18 (1982) .

8) NIST Reference Fluid Thermodynamic and Transport Prop-
erties Database (REFPROP) Version7.0, U. S. Department of
Commerce, Maryland (2002).

9) H. Bokelmann, M. Renz: Ki Kloma-Kalte-Heizung, 11 (10), 403

(1983).

H. E. Rohlick: NASA TN D-4384 (1968).

11) Zangeneh, M., ASME Turbo Expo. 1990, ASME Paper 90-GT-
235 (1990).

12) Zangeneh, M., Int. J. Numerical, Methods in Fluids, 13, 599
(1991).

13) Hiroyoshi, W. et. al, ASME Paper, No. GT2003-53583 (2004).

—_
(=)
=

IoNF R No. 211 (2006-4)



