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Development of Super-critical CO, Closed Cycle Gas Turbine

— 4th Report: Results of Power Generation Experiments in Bench Scale Test Facility —
*Hiroshi HASUIKE, Kiichiro OGAWA(IAE), Motoaki UTAMURA((Tokyo Tech),
Takashi YAMAMOTO and Toshihiko FUKUSHIMA(TED)

ABSTRACT

Power generation with supercritical CO, closed cycle gas turbine was successfully demonstrated using a

bench scale test facility. 60 minutes self-sustaining operation including 40 minutes of continuous power

generation was realized. Compressor work reduction depending on decrease in compressibility factor at the

compressor inlet was experimentally confirmed. The typical continuous power output was 200W, which was

much smaller than the designed specification of the test plant.

The main reason of small generated power was

estimated to be low adiabatic efficiency of the turbo machineries, windage around the generator rotor, and the

presence of leak flow from the compressor outlet to the turbine inlet through the inside of generator.
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Fig.1 Flow Diagram of CO, Loop for Brayton Cycle

Table 1 Design Specifications of CO, Loop

Pressure Temp. Mass Flow
(MPa) (C) (kg/s)
Compressor inlet 8.23 35 1.2
Compressor outlet 12.0 67 1.2
Turbine inlet 11.8 277 1.2
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Fig.2 Cross Section of Gas Turbine Power Generator
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Table 2  Specification of Recuperators

Item Specification
MCHE] Temp. efficiency ‘ 0.98 .
Heat exchange capacity 153kW X 2 units
MCHE2 Temp. efficiency ' 0.98 .
Heat exchange capacity 26kW X 1 unit
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Fig.3 Trend of Operation Data in Inverter Input Reduction
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Fig.4 Trend of Operation Data in Stable Generation

32 BIMKROHA 7 VIREE

HZt%, RN OR & 70 - T2 8B & OMike
L CHBH N 2 MR L TS W A 7 L IRTEE
% Fig.5 (2”7,
REERENT, T— X BREHA =& 280
B LA O F RN ER T 5028 LT
BRIZAR D72 DT, i T 87,804rpm F TlEIEAEL
N EH U, MO EIHIE 1.66 23554, 2
AU 100,000rpm TOREFHIE 1.46 48 2 T\ 5,
B O [RFREI T 70,104rpm, ¥ —E 2 AL
IRIEIX 263.9CTh o 7o, EMHEDIETIHIT 145 T
BHO . ZOEEEEIZIBVTIEIE 100,000rpm TOH
FHE 1.46 L RIZEOHERERE LR TWD,
EfEgH O b2 — U ARICEL T TOHT
VENLE—BIIND 5 B 65~T0%H AT g /)
bt ENTWS, F—E Oy AnEEomiE
DZFAX—=NEHFHENTEY, Zningsxy
A I NVDEED—>Th 5,



—O— | Max. Speed

—C— | Continuous
1 generation

|

Compressor

P (MPa)
©

\\Rec perator

400 500 600 700 1000 1100

Specific Enthalpy (kJ/kg)

Fig.5 Morrier Diagram of Plant Operations at
Maximum Speed and Stable Power Generation

RXEME & i LT, Wi — R &b A 1SR
PEREER ST WA A > M2 o TV D, RS
DOUTFFITERERE D N = < ﬁﬁﬁlﬁd<@8

JEREE MBI S LD, — 7, BRI SRR T
DY D LA BRI 72 V) « FEREREPY CHELLER

Rz @35 X 5782 LR Z o =GAITE,
JEAES A AR ESEB L, BRI A —V%
B2 5800855, ZDi=s, REFBERE TILE R
BINBA UBEN =R A > b & EREREN D SRR
E LTz, Loy L7and BIEiR R O@fE T, AR
WD IEWERIETH - TH R < JEMiE 2
BT D EMARETHD Z BN LI (3.4
HEM), ZO7=, Z 2R LIz Tl
AN O EEER RISV E ZAICRE LTz,

Ho 1 A REHE R TWDoNn, lr—2A
EH A —EUHAODLT 2NN E—ZERNERE &
DREL RS TNDZETHD, —FHFTHREHN
hERELMMELONTELT., 2 —E v

T I 24T > TRV ATREME Z 7R 2 L T U
5o ZORRIL, HBiET D &0 ITEMEE 02D

BN A2 @R L THX—E U AQICAD Y —7
DFELTWVWAIZHT, 20V — 7 iOMREITZ
—E U ADRE XD ENKL, FENRY—F
YNHREITEHIME L VRS oo TV D EHEE S
s,

3.3 EfEi L ¥ — v OBk
R OJEHERE & ¥ — v OWEVhEy, En &

(DHXBLTQRT LV EHE L., R e (3)0)
kL Ty hLT,
_ hey (Pey»Se) = he (P> Ter) ()
© ho(PeosTeo) = he (Pers Ter)
_ (P Te) =P (Po.Te) @
t htl(metl)_htz(pt2>st1)
$=" AU (3)

ZZT h: = 40— s: = hab’—
p:ES T:REE
m : BB, o BE
A : FEHAME O P
U @ 328
IRRTF c: Efikg t: ¥—Evv
1: AQ@ 2: B

Z—E U NDIREEX 3.5 THIZHRRD U —7 D
WL B0, UV — 7RO E EEEE AW
THIE L7, FEMGEREORIET — & b DR
#E 9% Fig.6 k F1g7 2R,

TEHAFEF TlX, TREMRE ORI A D 72,
%%@(E%%Qw\& B 0.65) 2% LT 0.05
~0.15 &V, ZoHEMBmE L, M TH D
DI TREEEORENOHERENMET LT WD &
W& <, @I OBREZRITH7-0F v 77 )
T I UAERDICHE LI ENRFEEL TS &
EzbNb,

0.6
XS ®
05 | ¢ o,
" *
. +10%
0‘00 - °
* s
*
0.4 . -10%

y =-7336.5x2 + 2406.4x - 196.83

Comp. adiabatic efficiency (-)

03 |
7.48<pcl1<7.50MPa * Experimental Data
02 7%1.3<Tcl<31.4deg | —+10% |
—-10%
0.1 — Quadratic regression |
0
0.163 0.164 0.165 0.166 0.167 0.168

Flow coefficient (-)

Fig.6 Adiabatic Efficiency of Compressor
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Fig.9 Work Balance in Gas Turbine Generator
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Fig.10 Trend of Windage and Leak Flow Heating

36 V—7

AT NI T A S — & NI Az % B
LCHY, tHE L JEMErD & —EicmiT T
FEMONE Z@IRT H ) — 7 MBEL D Z LN
BE BV, Fig 1L IR T L 910, B 7z
CO, DREFIIHAERRL L MEZRZH->TH—E
YANZET S (Ihe TER EFES) 23, —
ERIN R BRSNS A L T —E AR CTER L
BT D, V— 27 ik, FEEENE LM X
NHETTH—E U ALIZRATLHOT, ¥—F
VADBEAZETFTIETH - ofFEL2ED S
., RO A 7 M ERER BEL S E 5,

Recuperator,

Main Flow
Heater

Leak Flow

Compressor Turbine

Recuperator,

Total Flow Cooler

Fig.11 Leak Flow Pass

U — 7 B EFMET 5720, T 2ARFOE
EIMELFHI L2, MO (DFED U —2
BOWER) [TEREE CRELSEB LT, £Z T,
ESICUTONH 21T - 12,

T V=7 FOMBOF T, RKOKRKE (7
BT A R/ & 72> TWAEFTR, O
OUMHEEZHEL TWD EUE Lz, KK
s/ NOFEATIX, TRiEZ—er 2 Avtin, v
—JRIEIAT A NZOHT AEANEF EEZ HILD
S EOEFTOWSE « FTEINTPE L T iosd,
T —r An (Fig8 D A), U — 7 i3 EN
Betin (Fig.8 ® B) OMIEME TRM L7z,

Fig.12 1%, No.20 OIEEIZIBVT, EIRICHT D
V= MEBOERTZHLDOTHDH, V—7fizE
%, EERETHDEZ—E U ANRE & HH) LT
RESBELTHDA, BEKITIZIEETHD,
Z DA OEERICB W T HRBETH 5 7208,
B OED L-LiX, B FEOMHME AR T 5
ZEWZEVEN L, ZEY, EREOBFTO
R ELE AN TY — 27O KN ZFHMET 5 =
EMTEDLZ Dol

YA 7 NEREDETIEY — 7 Fnb g e
F L. ZOTDITIXEERES & # 1R 5 & ORI
DORIMEDB LTI D, — T, Al Ol %
BT 272001, HDORE ORI 2R 4 Do 0%
WD, KBTI, U — 7 MO % HEE
L., ZIICE AT Z Lk viszEoB G4
BT OOV =7 AWM S DL N TE T, K
FEIT BRI TROR 5% EH -T2V — 7 i & ik
BINZIE 1.9%F T S8 5 Z L T& 72 (Fig.13),

0.35 Ratio of mass flow (=) 350
Ratio of volume flow (-)

0319 ... Turbine inlet temp. (deg. C) N -9 800

0.25 s 250

. % w \
2 \ 200
0.15 e 150
/ < = -
0.1 100

0.05 . 50

—_— e e e e e e e e e o o e o = =

Fig.12 Trend of Leak Flow Ratio (No.20)

0.35 350
Ratio of mass flow (-)
03 H ~— 300
Ratio of Volume Flow (-) /
0.25 | — —Turbine inlet Temp. (deg. C) 250
/=
02 | / 1 200
0.15 | - T T - 4 150
N - M
01 | ‘A'i/ 4 100
005 M— vy ™= 50
0 n ! ! ! hillhd i ! 0
o o N o~ o~ N o o N o~ N o o~ o
¥ b 6 -~ § & § b © - & &» ¥ B
™ 3] < < < < < < [fe] I [fe] [Ip] e I

4. HARZEDRREREL

AE OFEREEE ORREHH )T 10kW Th o 72D
Wt U RIS A5 DAL= E 13 200W Th o 72,
FREHEIZRIE L2 2RI, RO 5 THE I
HHND,



(1) #—R~F VU —DZE ke

33 ISR K 51T, ARUEH L7 LA &
A= NI BEDY R EMMZHT20T v T
VT TV ABIRDICE -T2 2 L2k 22k
BEDMEIEIZ 7> TN D,

(2) BEdR K

3SR K DT, HEHe —FEH D)
R REZREENPFEEL CWD LTSNS, =
AU, FEERANE 2 @i 5 U — 7 iORE 5
Mo BRI,

3) V—71ii

V— 7 MOEBETHREN X — o ADRE
MET LTz, 72720 3.6 T ~7= L H 1z, AR
OB THLRRE, WELXDHZ ENTE,

(4) HEHEK

FRETEE ORI DOBLEN S WA X—E
VA~ OWEBR R E 2 A0 L TR0 | EET X
S TH—E L OEFEND LI rTREER S 5,

(5) MEZRDE &

INBZR DR BENTRB DI | I ERERIC 3
WTH—E U ANREZ 3 R TE o
77
UL EOER D 5 BHIMBGR &M, KEWIC

AEBRIEE DN NI CTH DIE BN RE B
T, HENSLIIRETNEBENICEL 2D >
ThAH, SEIOERETIE, b oML
TR A HEDLBOMZ D EICE > THY. ERE
EIRNEHTEELE 2D,

5. RAF—IL7 v JIZHITTDERE
RKAT LOFEAE BT 2DITIE, A7 —
VT THEOEBEIEN R R TH D, ZDOART
— Ty TREBRICET D RERREITIR D KL 5 12E
ZBi5,
FPURITEICE & D72 10kW B IZ 35 1) 2 R
W LTS ZXNE Z ENMETH LN, KRER

BIZk > TH =R~ F V=D FENRREL D

FRFIZEERE NS B 2 LT, BEZOL D
DI NI, ®EEZH#HLLT < RDBDOLH
Do Flo, ik - HEOWK L RSB ITE S
T, HEHOGOME, iz, — R Y
NEDDHAREMN D D, ZDi=H, U —7 L &
BOBERIZHOWTIE, D TR ZT I LERH
Do WHZ, U — 7 oM O T REM DY, FEER
Oz RO IS 1T H EHERILAEIZ /R D &
b,

[EIEEREAR LA DRSS I SN T, B fads
DREBILNDVLETH D, v~ 7 aF v o RLEL

RO Z RifE & X, 7 L— F ORI
b LB OB ZREF L, IRADRD 25613
B A WTNERT 2 L L7 D,

INEAZHIZRE LT, SEAM IR e & 7=
FHEBFI AN BE SN DT, HILEMNLZ
ILEFREBRAT D BN L 2D,

6. £&H
R CO, 7 m— X R AZ—E L DIEEV A

T ADOEF T RXCE T/ MR EREE 2 BUEL

THEHMBEERBR 21TV, LT O E A5,

(1) Az LIIREE TR 40 20, AT & A
TrfiEtse & 4 te H SLARRE CIR 60 23 T Ok et iE s
IR LT,

Q) R AT HITBT D EmhRCEBROHEEEK
ThbH CO, DIEAEREL & EHEEN /1 DOBFRIZ DUV
T, JEMBEADICEBIT 5 CO, DIEMRE DK T
& & BITHEME RIS 5 2 & A JLEERIC R
WTCHERR LT, 72, JEMEHA DIZIR1T 554
o3 0.21 BitE OG- CTLE L CGHEIET 5 Z &
T&T,

(3) RBRIEEIIFEH I 10kW & U CTEE L7223,
AR CE I 113K 200W (28 EE o7,
ZOERFRIL, B E 2 — v ORiE R
MERFHMEL YV B 0.05~0.15 (K -o72 2 &, K
L (FRICEEE) BRE WD & JEHEEN S ¥
— B AT CRERNEBIRT S U — 7 i
FIELTZZ L, B2 b5,

KU AT DOEREICARAIRTHDL AT —NT
v THEDORRFIZEB N T, EFLOE~DO XN
HEREZ2 D03, VU —7 EREBHE I OEIZ DWW T
I, FEMESCES FORIR G & TR 5 2
ENWE LB s,

e
ARBFFEDO AT, ()BT =L — - PESEHARE 5 PR
FHEHE (NEDO) OEFEEBORER, (FoNT-b DT,

2 E X #

DHETRRE, 7L AY U—2 201042 7 19 H.

2) Sandia National Laboratories, Operation and Analysis of
Supercritical CO, Brayton Cycle, September 2010.

3) FEATTIIE D, BER CO, 7 u—X RH A 7 V7 A
Z—ErOBR —F W BERCO, TAX—E D
JR BRI S BRE T —, 5 37 [ AR T A ¥ — B P RE
WS, 2009 4F 10 A.

4) FEA TR, BEER CO, 7 u—X R 7 LI A
= OB —H W ARSI —, &
39 [ AT A — B FRESGES, 201147 J.



