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X TH PFBC QYRS v PMOIEEAMIZD T DTS, 1GCC 75 v b Tid. LNG B
BEWNTBH RS —EvAKRE QAT BT & SHUTH BN ZALBISHTI O Miieds 4
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ERLEINDBRNA R Y — E VHFOBESERPMTH . Shid "WHEl & H

BHEHT 1tk - THRAON TR,

Figure 1-5 127 27—V ORBALEIN OB ERT . REBINOM TR, ¥ —E 1L
& DO E IR G IR/ NR OB EHIER TEINTHEIT A fodic. A OB Rt O gk
DIThh T B, Eio, B, BEEBHPAERE LTI, T30 v N A 7 VTR
f[HEEHLUTOABIENSHEIDESICAFTE. BWHIK E UTEN I EER 2 R D2k
K[AME UEKINHAT R 7 — 2 ORI ED ST B,

R O Tld BESPEREED ¥ — £ I Ni 2652 Co A DTHEMEIC BN
ToBMEA 2R UTHEHESIZ X > T Esh B L5 1Kl 5 oo FIT, —HNEEREITTP
Bk BIROBASENT DN 7 U — PN HR- 0B 97 i IE G O B L O TR IT & B 16 it
P L OB DN TIND, Eiol IRBMEHROY T I v F AMIC L BT —F 4 >~
7" (Thermal Barrier Coating : TBC) &\ RBA AP SEM~NOBAMEMZL LI &INT
EFAHDT. A ZINVREDIKTRH B WNTRMLICHRITH 5, BUIMBESRTERLINTE
D, A, WABRELNTICHKLOLSY —EVBHRADBEN OB M bh TS, £LT.
S EHIIERTHEBEIC LD ENIES 3T v 7 REBRBER P Y —E VRRERMICHMET S
ZEIC & 5T BRI AR OIERIC & B 4R 5 — U HtED LA B U7 pgebit
HoNTnb, ZOLIUFERIEMAEAT R —E L OMIEIZHEN UTHEIBILZR D ( F&
BTS b OUAE L-EBEHRA I BN B - E2R L HENTO S, |

HR G — B ORI I, WO, B RS RE . £ LTHETs e 2
O RGBS D[R LS M OHEE L BERFUR DG 14k 4 I - T B, — 770 J§
W77 bOMPMITIE. 77—V HHRO LD 8BRS GO » FREFE BB PR
MEMRINTNE, SOLIERENS. FRF —E L OHEBRIETHEEN SRR, 2 L
TT7 4 =N FlGEE T, HRY—EORAINSM)IETD BN A 2V ELTD 1%



Uiz Z OB - T 3,

1. 2 AUHE0BN |

R LOERAEIEIT, FIEITHT BUREEM LT, HRY—E L OEIBLHIH
VIS B AR A N E E DTN D, X 512 FREAR B LTI E T 0 DBE R4
MOME~DOWDHLA & FHRH 25— v OHFADBEBEFOMMITONTHER
LT3,

H 2y —E v OBREIICIT 2R EEA KBTI RIF T, PHEOLLEN: & BiE
FUFNARIKT B Fd DIFRFRE RN B o KHETOWEPREOI D &35 % Table 1-1 12+
&t BIERALONSYC 1T B HE B E Table 1-2 IR T

W2ETIE, ¥F—EVHHROBEMEED N OB S EICE R UL Hic. milizgo
BUWETIRENC S 2 7y — EVIIRAND BT, —_U v 4 AMGRARE L
180° 11 D 857 ¥ DUE L AL M 5 P9 D BV M S BR 2 50 L T L #b b KOs T
AALIEITLE ) 7 ORIFIT DU T IR A 73 BME G 2 BT B BESiI3 . THBK PIRE T D B
R AR B - DO ERAMED TH <« BHERIZRA TR - 120 RITI,
EHES T b B SFHUATRRAEHN S R 7 L2 M T 5 2 &0k - Ty BHREICH L TEEE
1Y TEIIC & B BEREE O YD LM B BIE R OB L S NCT B,

WDEMEE LT, LR OB O F— & 21 7 — © VISR v 7
LA UT, 1800°CHRSY — BV WEISEENT 50 ABHIRUE. M3UT Co d. B3I Ni
WDBERETA VRAMF ¥ AT 4 VT HRICE DEBHEIC L - TR EE N B FERTH Y.
INEEIRY — B BRI HLAAA T S &R LR + Bl R 55 0H & T o0 I 3k
1T WA 7 VIR & » THEIMEGEAREIIT 0 FINHC. 20PEAEOME i A %
BRI 5 2 EIT ko Ty Willl, 22J0% KUBRISHEERE O AR D & — BV AHIROY%
BADBEN DD DFHIEIT S

WYHTIR, F—EVIIIHE UTHMNEN TS Ni EBA4 INTISLC A5 s X -
THEOLMTH S v MOIELMEE &ML, W& DMBEESMILT, 0D
T AREMIEIC It s 7 — E VBTSN Ly H RS — B VMo A 7 VR
AHEET B, 2 LT, SO A FVREEAINZI LTS — BV RMOBGEESRA TN 2 ik
PS5, MUEN IO WA BTINC Z OS5k % M LTRSS R 2 M5 2 &10 -
T MR & BELOENAE WD WIS, BRI I BN b o f



(B S ENTREN BT, € DRI U CRITHLIE £ RTRE
TY!

@%%»mU%%ub#Kféo
ik 51z THORIOFRAISN ] & TRGRAREITEIN] £RETSZ itk - Ty
t,.‘ﬁ;

2 5 — £ v QiEER R [k TR A 5 VIR — R R — R O B R %

53
fzﬁiu

’:;«vu,&“; 4T hHo
i, AT — B it o ST AMEE R IBZER LT D E LTI b THE D <

LT A S VEE BEE LB NEAFTREIS N TN S, o, A 8 VIRBEASTE I 5
g e B e REOHBRICOWHLL Y ) - TRITBEOETER L, 5 —E VR
S LAGFE b SF T I Be SOXDUTBIEH RS — & VAURITRY BRI S
AP FARC 7o, MiET 0y — BV HIRORMHLIES A &7 VIR O R AT
e T B B ARSFEE OB & UTIRIRT b,
m4wmu,$i\y—by%MEKﬁ%:~%4yr%ﬁmT5LT®m%m%®M%
W T 4 v 7 OFIEHRSH T AR O LB AR, WHI—F 4 R by
Fae— b CEEROIE S I v ZBERY FO— NOSBEN ST B, WA
HAEME N TERERA RBED LRS5O IAHMESHEEEERT 2 2 E03TE, U
DT T OEMBH RS —E L OUEM LICERT 3 2 &0 B, B2BETHEUAER
¥ U RBRE IS T —F ¢ YR USRI S — E VIR AL AAS . T —F
¢ 2V RBT.OMREBEREE HBT 3 2 E10 & - Ty 2 OMEENREEY ST B
RIS B —F ¢ VAL U7 2R LT BN R S S 1 &
A BEEG LT HEHRBORII AW SMT B, £, I—F 4 VIRREEFIALL
TGN S U TR AN A BT B0 by 7O— PERY Fa— PRI & 3
LNDWFS WIRBEIT X 3R Fa— b LICAERT 3 AlOs JEORE & RIS O %
TLTHY VI~ b DTl & 58S DM R AV SNNTT B0 & 512, BUS4E
RIS T & 2 MBS, 0 — 7 4 o 7 DRI ATT 5 72D DT EF VAR T 5 o

WA T VRIS NI 3 —5 ¢ 2 3T O S WTLERI & BT & B T2
R E DHIAAY] & 124 5,

WHRETIE, Ry — E VRSS2 1y 7 ROBINICX B TS5 v MG Lo 5L

A i I .
%ﬁé”%H%wMTéoiv\%/quauéwmuty—ayﬁmwﬂmm&ﬁb\
%}}4 o)a\‘\ o = RS 3R Ayt 3

® */bZt/d%tﬂﬁ@%wmﬁmm&ber%@nmaémeﬁufaots

© 2 T IRDG & DB St 5 % o o 2D < o Ly o R 5y

._4.._.



v DERERZWS M UT, SEEM D/ » DRREHES E TR,

wizy €/ U Yy THOEOHIIHEMEEO R 22 5 Blab o RGFAMEICEN IR
HWAMBTESET Iy 7 AERMMEE G 2 - 7RI H DS LD 5 72010 Bk
ME RO —E VbR ARE L. By A 7 VR T O SRR ET) 2 EBEE LT, 5
& UTORBHABMUEFTMT 5, Fioc, HRI—-EVEEICLEES Iy 7 ERTHOR
R ILT BIbIT. I OREE: & AR 5 — L OREH S & ORI (S R
TORTATIRIBEEM U/ Ti5ERE L] 2RET 5,

%6 WTIE. LRTHRURE LB ORROBEMIZL S 1300°CREYRT Ry —E Y
ORFERRZ I NB 2 UT 1500 CRIESIBHA R 7 —E VDT o MR &K EN R
L RASINTT Do FEKEDKRERBELE Uiz 1700°CHUK S BB —E v /S5 v b
v R T LOBEERRE S IR D HITG O &R & WEFARE 2T, FoxIyw i a TS
S MR GOULL LA MK TE B RAAZ S INIT B,

W7 RTIE, AU DR OBTE L EDET D,

BH R

(WHARA R T — BV ELPIRNEREGY, 725 —E 0 D@L & BHEIN, 1997), p.3.

QBB =, T Y/NA 2 R VIR DBUR & T, BAN RS —E VA5 21-83,
(1998), p.4.



Fuel Combustor

Generator  Steam turbine

Compressor Turbine

Heat recovery steam generator

Condeniser Exhaust

Water M
Steam ' 3

Figure 1-1  Diagram of combinad cycle power plant. (Single shalt type )
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IFigure 1-2 Cross section of large capacity heavy duty gas turhine
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Figure 1.4 Trend of power plant performance in gas turbine and combined cycle
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Table 1-2 Relationship of high temperature technology
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Table 2-1

Specifications of air-cooled turbine stator vanes

-

Inlet gas pressure
inlet gas temperature

Cooling air temperature

+ Pin—-fin cooling
+ Film cooling
End wall ; Impingement
+ Film cooling
0.98 MPa
1400 °C
405 °C

First stage Second stage
-
No. of vane 48 48
Material Co base super—alloy Co base super—alloy
FSX-414 FSX-414
TBC 8%Y,0,~Zr0, 8%Y,0,-Zr0,
Cooling type Airfoil : Impingement Ajrfoil ; Impingement

+ Pin-fin cooling

End wall ; Impingement
+ Film cooling
045 MPa
1075 °C
296 °C

Table 2-2  Specifications of air-cooled turbine moving blades

Inlet gas temperature

Cooling air temperature

passages
+ Pin—fin cooling
+ Film cooling
1312 °C
400 °C

First stage Second stage
No. of blade 92 92
Material Ni base super—alloy Ni base super-alloy
Mar-M247 Mar-M247
Cooling type Serpentine cooling Serpentine cooling

passages

+ Pin—fin cooling

1036 °C
400 °C

e Y e
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Figure 2-28 High temperature turbine experimental apparatus

Table 2.3 Specilications of high temperature turbine

No. of turbine stage 2 stages
Rotor speed 10200 rpm
Turbine output 14500 kW
Inlet gas flow - 236 kg/s
Inlet gas temperature (at 1st stg NZL) 1400 °C
Ditto (at 1st stg BLD) 1312 °C
Inlet pressure 098 MPa
Pressure ratio 53
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Table 3-1  Material for gas turbine hot. parts

Parts Chemical composition .(%)
Cr Ni Co Fe w Mo Ti Al Nb c B Ta
Moving blade
U500 185 Bal. 185 - - 400 300 300 @~ 007 0006 @ -
IN738 160 Bal. 83 02 26 175 340 340 0.9 040 0001 175
GTD111 140 Bal. 95 - 38 150 490 300 @~ 0.10 0010 2,80
Stator vane
FSX414 | 290 100 Bal. 1.0 7.0 - - - - 0.25 0.010 -
GTD222 | 225 Bal. 190 - 2.0 - 230 120 08 010 0008 1.00
Combustor
Hast. X 220 Bal. 15 19 0.7 %00 - - - 0.07 0.005 @ -
Nim.263 | 200 Bal. 200 0.4 - 600 210 040 - 0.06 - -

Table 3-2 Operating conditions and required material characteristics

[or turbine cooling blades

Operating conditions Required material characteristics
* Hot gas, Centrifugal force, Gas bending ———-—— Creep rapture strength
« Start &stop operation Low cycle fatigue
* Turbulence intensity High cycle fatigue
+ Foreign object ——= Toughness
- High speed flow, particle Erosion
* Contaminant Corrosion

—_ ) .
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Figure 3-1  Deterioration of gas turbine hot parts
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Table 3-3  Chemical composition of IN738LC studied (mass %)

c Ni | Cr | Co{ Al | Ti W | Mo | Ta | Nb B | zr

Aging
Materiat | 0-10| Bal. 1582 | 8.60 | 358 | 340 { 2.90 | 1.48 | 1.83 | 0.87 0.011}0.054

Creep
Material 0.09 | Bal.|15.92] 8.18 | 352 | 354 | 255 | 1.74 1.76 | 0.89 10.010{0.034

1123K aging :
(a) 0h
(b) 1o00h
(c) 3000h
(d) 1o0o00h

24000h aging :
(e) 1023K
(f) 1073K
(8 1123K
(h) 1173K

Figure 8-6  Microstructure of IN738LC aged al several conditions
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Figure 3-6  Image analysis results of 7’ in aged IN738LC
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[igure 4-1  Cross section of thermal barrier coating

Hot gas temperature rising

Hot gas

Hot gas

Cooling air Cooling air

Substrate Substrate TBC

(a) Temperature distribution without TBGC (b) Temperature distribution with TBC

Figure 4-2  Elfect of thermal barrier coating for increasing hot. gas temperature
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Figure 4 -3 Various factors encountered by thermal barrier coating

under service conditions

Table 4-1 Specifications of specimen
Specimen B1 B2
Top coat 8%Y,0,~Zr0,

S A

0.2 mm thickness

Aluminized layer

Aluminized layer

5 u m thickness

Bond coat NiCoCrAlY
_
0.1mm thickness
Substrate Ni base super-alloy —_
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Figure 4-4

- B Duplex TBC

Burner Rig Test : 900°C
® Triplex TBC

I

A | | N 1 : | 4
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Exposure time (hrs.)

Weight gain of specimens in burner rig test, H00°C)
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ross section after burner rig Lest (900°C,500h)

»
’

Figure 4-5 SEM image and EPMA of «
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[Migure 4-6  Cracking in Lop coal during thermal cycle test,

(1100°C heating and 150°C cooling in air) -
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Figure 4-7 Comparison of life time to spalling for various thermal barrier coalings

Pre-
treatment Cleaning and blasting for substrate
Bond coating JAlr plasma
(CoNICALY) spraying Yacuum plasma nprqy\ng .
Addition of ' -
Pra-oxidation -

oxidatlon 1 westment uminlsing
nslstnnco :
&img@o ' Alr plasma sypraylng

<Al> <VIi> <V2> <V3i>

Figure 4-8 Manufacturing process of various thermal barrier coating specimen
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Figure 4-10  Schematic diagram of thermal barrier coating and boundary conditions
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Table 4-2

Caleulating conditions

Hot gas side Cooling air side
Temperature K) 1823 673
Heat transfer rate  (W/m?*K) 2500 3000

Surface roughness on bond coat

R

oo (M)

0, 14, 28, 42, 56, 70, 84, 98

Table 4-8 Physical properties of top coat bond coat and substrate

Thermal

conductivity

Young's Medulus

Thermal

expansion co.

Poisson’s ratio

(W/mK) (GPa) (X107%/K) (=)
Coating
Top coat 20 20.0 10.0 0.23
Bond coat 15.0 110.0 16.0 0.23
Substrate
(Co base 250 140.0 17.0 03
super alloy)
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Figure 4-13  Schematic diagram of thermal barrier coatings and boundary conditions

Table 4-4  Physical properties of top coat, bond coat, Al:Os and substrate

Thermal Young's Modulus Thermal Poisson’s ratio
conductivity expansion co.
(W/mK) (GPa) (x107%/K) (=)
Coating
Top coat 20 200 100 0.23
Bond coat 15.0 110.0 16.0 0.23
Oxide scale 60 | 240.0 1.9 0.25
(Al,04)
Substrate
(Co base 25.0 140.0 17.0 0.3
super alloy)
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Figure 4-24  Thickness and aspecel ratio of particle of ZrOz and CoNiCrAlY
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Figure 4-25  Flow chart of Lthermal stress analysis
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Figure 4-28  Distribution of ZrO2 and CoNiCrAlY in graded thermal barrier coating
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Table 4-5

Physical properties of coatings and substrate

Table 4-06

Thermal |[Young's Thermal Poisson's
conductivity|modulus|expansion co.| ratio
(W/mK) (GPa) (x10-6/K) (-)
Coating
Zr02-8%Y203 2.0 20.0 10.0 0.23
CoNiCrAlY 15.0 110.0 16.0 0.23
Substrate
Ni base 25.0 140.0 17.0 0.30
superalloy ‘

Calculating conditions

T ¢ Heat transfer
emperalure | = osefficient
(K) (/n2K)
Hot gas side 1823 2500
Cooling air side 673 3000
r x
. 1333K
13131(:—';:2::—.——""'
Yy 1293KA— _———— =S —
i%ggE/EfiffEffffsziigéizzzfzzi:::::Graded coating
—_
1233K// 1173K ‘ -
1213K/ [=== R
Coating/
ubstrate
| 1153K interface
1133K
Substrate
1113K
1093K
1073K

Figure 4-30  Steady state temperature distribution in graded thermal barrier coating

in turbine stator vane
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Figure 4-32 Transient thermal stress distribution of graded thermal barrier coaling
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[Figure 5-10  Appearance of {est disk with ceramic moving blade
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Table 5-1  Specifications of ceramic turbine stator vane

HZXE~EVvHH 16 MW
§—-EVANEHE 1673 K
§—-EAAQED 1. 55 MPa
S~EARNR 43. 6 kg/s
3519 BR

R ® & 63. 2 mm

Ko—-FE 59. 1T mm

K A E 3. 9 mm

R i} ARG EY—~y

AR

Figure 5-11 Ceramic turbine stator vane
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Figure 5-12  Penctration dye check of turbine stator vane

(View from down stream)

I

Figure 5-13  Chipping of ceramic turbine stator vane
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Figure 5-16  Flow chart for simulation of chipping analysis

Table 5-2 Physical properties and strength characteristics of ceramics

used {or turbine stator vane

* Material : Sialon
-+ Young's modulus ! 304G Pa(1000C)
* Poason’s ratio : 0.28 t
* Bending strength : 637MPa
* Crack growth rate index: 82.4 t
* Wibull modulus : 20 t

* Fracture toughness  : 4.5MPaym 1
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Figure 5-17 Stress distribution near forced load
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Figure 5-18 - Analytical results of crack initiation
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Figure 5-19 Change of maximum principal stress during crack propagation
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Figure 5-20 Process of crack propagation
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Figure 5-21 Comparison ol analytical fracture surface of chipping and actual one
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Figure 5-22 Chipping lest specimen and lest conditions
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Table 5-3  Test resulls of chipping

Specimen
Test condition c=0.2 mm ¢=0.5 mm
Compression only failure no failure

compression 8700 N

Compression failure no failure

+ compression 2250 N

Friction force

Gompression load Compression load

Crack

Crack
Friction force

(a) Compression load () Compression load with friction force

Figure 5-23  Mode of crack surlace displacement, with various loads
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Diameter =¢ 1.58 velocity 113m/s

160m/s

Specimen A Specimen B

Figure 5-26 Resulls of FOD test for CMC specimens

Figure 5-27 Shroud segment after high temperature tunnel test
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Figure 5-28 Relation of dimension and {hermal stress in shroud segment.
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Figure 5-29  Combustion liner and mesh in FEM analysis
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Figure 5-30 Analytical model
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Figure 5-81 Thermal stross in combustion liner
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Figure 5-32  Combustion Liner

FFigure 5-83  Shroud Segment,
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Table 5-4

Specification of CMC

Fiber/Matrix

Fiber volume fraction

Fiber structure

Manufacturing

Bending strength
(3 point, room temp.)

Young's Modulus
(1000°C)

Poisson’s ratio
(1000°C)

Thermal conductivity
(1000°C)

Thermal expansion co.
(1000°C)

SiC/SiC
30 %
Filament winding method
Reaction sintering
First matrix cracking 130 MPa (45°/45°)
Max. 209 MPa (45°/45°)
225 GPa (45°/45°)
9.7 GPa (laminate)
0.26 (45°/45°)
0.008 (laminate)
30.4 W/mK (45°/45°)
16.7 W/mK (laminate)
5.1X107° 1/°C (45°/45°)
54X 10°1/°C (laminate)
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Figure 5-35 Test Apparatus

Il‘l

able 5-5  Test conditions and results

TEST CONDITIONS

- Fuel : Distillate oil (Atmospheric pressure combustion)

— Heat cycle : Pre~combustor ; continuous combustion
: Main combustor : fuel shut down
- Gas velocity at hot gas pass : 153 m/s (1500°C)

TEST RESULTS

= No. of heat cycle total 217
*1300°C/400°C cycle (15 min/10 min) 51
*1500°C/400°C cycle (20 min/10 min) 166

= No. of inspection 15

= No. of crack Combustor combustion air hole 1

Shroud segment notch No.1,4 2
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Figure 5-36  Temperature palierns of 1500°C/400°C heat cycle test

~195—



i T :_. ‘h.,.
SRR S lZl.”mmm/di

{¢) No. of heat cycle : 132

Figure 5-37  Crack in shroud segment,

—196—



Crack Length . mm

20
1300°C/400°C 1500°C /400°C
16 | Heat Cycle — " Heat Cycle
19 Notch 1 (side Tace) |
IE :
g J
4 I :
: Notch 1 (Hot gas face)
E L [
0 40 80 120 160 200 240
No. of Heat Cycle , Times
IPigure 5-38  Crack propagation of shroud segment,
SUR 11

(R IR TR
PREQ ¢ botgrsou

1. 50007
1 VRIesnT
1, V3R 00
100603
LO%1e403
1007 e 03
£ E3HR 07
[OR-AER
[ s LT
‘vn b, dAdeansy

B0

fme Creanies Wmal acalysle cher ted

Tenper atures

Figure 5-39  Temperature distribution of shroud segment,

in condition of 1500°C hol. gas

~ 197



mc 1
SuE o
TIBL ¢ o) (et
FREC © 0 Qe s ln

5, PRy st

P M TRy

LS 40

L70%e 00

BRI

4

i 0]

L FOGR 00

FLETRRAN

RS

[ARST YT

T.OTaeann

FRr geramlee Fheca} sTeent pnslysie caes L \

Trcd Comp of Streds in Freferpgt Cnoetd

(a) Vertical divection 1o flow (2 axis)

(LS 1
e "
THHE ¢ O oan
o
LTI

TN

LRI 100

L3

A 00

1,91 7000

T ANReON

1. BaGre 0

3,600 01

IRELTRT

& T

L LA

eme cpramlier tneral cleess annlpele coge 16

1ot Comp of Steere an Prefereen Coned

MY IFlow direction (x axis)

AT ) . . . ,
Figure 5-40) Stoeady state thermal slress distribution of shroud segment

in condition of 1H00°C hot. gas

— 198~



NEE29 4024
200 — .
—o—N5641

—&—N4024

stress , MPa

0 10 20 30 40

time , sec

Figure H-41 Pransient, thermal stress distribution ol shroud segmoent.

in condition of fuel shul, down

—199—



5. 6 #iFE
53y 7 ADHRY —E VB ANOB)NIT X B H R 5 —E YL LD R T
T AN A oTre Fl2e T/ Vw75 1y 7 2% Y —E VRSN U T rallUmib il
MEYdiLice TULT CORRES NFHMETES 3w ZROF v E v TOFRLDIL S

mktb,:@%vfyfmﬁ&%M®mU&Mmm%MHtit 1z, SRERDY I 2

L— 3 g T SIS F v B0 TEBET PO, LUFORZN] ST L,

CI)HRZ—E VO MTH BB, ¥—E Vs LTy a5 FesA s b
DEF Iy 7 RN EBH AT —E BRI T N v B A 7 VBRI 1%
145,

(205 3y 7 OISR 351 B 77 2 7 — B 0 it b i 1 i g £ T b 5 42 {1
Fiinod Yy AR U8 £ 7 VIRT. 2R E LTRORSMEEMRT S 2 &
DTEI, LOLED S, £ 1y 7 ORI & DHAIIZF » B0 7 DI O
iz,

(8)t3 3wy, GIEHEMEEDWTE T TR O TEEI ZEA LT O R, &5
Ty 7 HMO T RS RIS AN U, A b & LS D ERT F » 2 7
AR

(4) SEADEDITIZE B F w E v 7 aniizikig,  Camiah A TU/ L Lzt T 2y 7RO
HBAROREIRE LB LTE D, SBCHNEOR LR OIMIRIT & - TE L e
Y Lalb—Ya P BMTILEO Z TR E LT,

(5) SLRUEREBFYTREN BICINTLT) U8 DS 4L L NIBRE TILME g ic i TUs )R
Ml A A3 L, W SADHELS 5 B OB C M L 5. ZOMINE LT, &
SOERED WIS Z AT N & DI JIRERIA: U, BTN T DL U T Ml D%
FTEITHDTH B,

(6)F v E 7 SRINOLNHAIL, TEHGTTOAOWMEIE— N U THY, JEHHA T
BB T BMAEE— N I+ NDRGE— NER D, ZORGE—-RNTIZEZNT
OIS IMRE L BIDIT, F o EVTORENRLI NP3,

(7)) Wi S A BT 3w 7NN TIE O AEIIRT DS B35 3w 7 4
MNT—=F R, MDD ERELLTEIEICEST, £F 1w 7 MO/ L T 245
PEIETE, Fo B T RLEOUNELMTFTE B,

KIZCMC DMBDHTE & il D BEHLERT CMC MA W 5 7o R 5 — B hh it

—200-



& S A AR GA & U2 RHIRGAR AT 0. IFomE] ol Ui
) BHERNIOaI—F 4 v 7 ET MY v 7 ANDEMITE > T &< ) v 7 ZRTER
BRI 5 2 &0k » Ty R CAMFIE A AIRIC S Uic CMC #3007 L7,

(2) £33y 7 AEGMBME UTHEINT S LTy M OHWZ B/ NRICINZ B 71l 77
A7 —E v OWHMRIB S b 1)y TN E O HRIE T 0 #E T8 & I ool
AP B LTS OV M TS 2 TR IR ITE ) Z PR Ui,

(3) HAY—E VM THIMPERS A+ &7 —EVMKEMIKT 5257 F
A NERBIC T 4 S A Y N TA VT 4 o FIUREN LTSRS TR TRE U
JEARBEANIZ 2 - T MBI EA O & LARRENLZ £F Jl @“7@: Pl 1 S QN R 15
D DGR ERHETT A& B 2 ENTETS

(A1) A A 7 VSRS BT, Yo sy Ky Ay roidic) v FhonESgoil
[T Uy SEOTEAITERES OB TR ONB A, Y1 7 MO
&S, LR A LT A HINAR LT D, B2 ) Yy ZTHMO & D S
BEI07E & S KT 4 B o NTH 3 MiH & UTOMBRf 24T LTS
Z ERER LT,

(5) a5 KEZ Ay hOBYA 7 VBT ) v F 0050 EFN0: Ui & J8 L0
DI ST O« T QBB ITIERSA 1T B 00 J8 S Ui B
ENT ORI ETS 9B T E M Lo

el

5 SCHR
(T, Tkeda, H. Okuma, N. Okabe, Study of Ceramic Application in Heavy Duty Gas-

[

Turbine Blades, ASME Paper 91-GT-372, (1991).

O) PUFA), BUBFRE - WPIMLLE, AR, IR, BT Dy IR A E LT A D,
B, 5O-557, B (1993)..310.

YN, Okabe, T, Tkeda, 7. Okamura. A. Koga, A, lzumi and [ Hirala, An Experimental
Study on Ceramic Moving Blades for Heavy Duty Gas Turbine,  Proc.d)] Yokohama
Int. Gas Turbine Congress, 9 1-YOKUHAMA- 1GTC-102, (1091).

C) TJime e IS, FIGB0E, WIBEEA, (1A 2 & — B PR Ay — B U BCRik
SXRRRTR UL, (1993), 1299
(3)T.Iijikata, A.Koga and K.Asakuma, Reliability of Ceramic Stator Blade Tested in Hot

—-201—



Wind Tunnel, 95-YOKOHAMA-IGTC-79 (1995).

6) MRS, LR, N IIER, WOEKAE, SFMXZ, €5 1 v 7 RIERBIREGMEICE D
BFw B Ie &2 ORI, AN 27— E %485 10 04 R 7 — 2 RREEM
STIEASCIE, (1995), p.179.

(DT.Kameda, S.SuyamaY. [layakawa, N. Amiji, M.Umezawa and ll. Ichikawa,
Development of Ceramic Matrix Composites, Proc. 4th Japan International SAMPE
Symp.,Vol.1 (1995), p.252.

(8) A.Sayano, C.Sutoh, M.Asayama, M.lkeda, N.Amiji and H.Ichikawa, Application
Study of Ceramic Matrix Composites for 1Tot Parts,in Proc.4th Japan International
SAMPEE Symp.,Vol.1 (1995), p.258.

(9)G.S.Corman, J.T.1einen and R.ILGoelze, Ceramic Composites for Industrial Gas
Turbine Kngine Applications: DOE CFCC Phase I Iivaluations, ASME Paper, 95-
GT-387 (1995).

(O)MARTEERR, K, #in %, OVErEsh, KIEX:R, €5 3w 7 RWEEMBO TR 4 —
EVADBENNCMY A—B5, AT Z Y —E VLW 2NN A7 — e Wit s a8
BRSCIE, (1995), p.1i1.

(LD ROFFRERR, -LRER, U8, J6IINER, ABILL), SiC AEMMMAH O 2y — &
VRIS RN, AR 2 75 TR RE Sl nii 2 AR DL, (1998)

CL2)/NIL, A JF, A, BHN, hL, L AES 3w 2 Z I ham CEE, 96-5 (1988), p.539.

(IDRS L&, BREPERK, AR, B S TN h S BT O 8 [IRIAMTIZ 8 2 B ¢
T &TRIE, HEH, 6O-569,A Hi(1994),p.71.

—~202—



A

RS Ay —EORFEITEIT S

= AL B O



6% BIURH Ry —E OISR SR i D & H

6. 1 #5

50 TWOSE 5 E T, ARy — BV ORIREE R ORI LTl TN6D
J&%%]MWTM%%%ﬁZ&“EVQW%KﬁMb\é%n\fﬁyFmﬁWﬁméﬂﬁb
ot E4G TRO0'CHAT 2 & — E v OIRRITR DI A 7 L FL Y AT L ELTD 17007CH
KHEHALE S — LRI DHEERTHI K IR B,

AFETHL E9. (11 15MW O 1300°CIERNRAT 2 7 — B OIS E € ORFE R
4. H2AY—EVRBIETI AU LT, AR Y — B PRI, T LTy -
B D BHTE G OB A TR AT > Th Bo & BTy FETRMIHEZE i L TIT > T
B0 o HLESED ¥ — L2 & O FHR A O B A S A DT & D T Do

TESeL & — B U BHITIZ DTN ST B8, KGO 1500°CIAT A 7 — E TR,
Vo B A b A o T KR 2 5 — B v OIS Bo &Y MALNE LTS S
W ETEA DA DTS v MR ETTOL T 8o 2 B A o WAV B RN
DERNEE T ST Do % LT IEIEHE & LT OMADMEERTEIZOVT, HAIFIC
RN L7z 4 A R0 U T HA & WBETHI L T 6o FEios W —F 4 TRy — B
P EIE B = & Ty A DGR & BIA &7 VUL DFER LI & BET) DIRIE)
AW SNIT S

i*@*mKWH&btiﬂmtmm4Hwﬂﬂﬂmmy B Ry AT LAORERE
EFF. DA LT & — B IR ORI sUl & BRI R LT Bo G
& LTI A TS v b YEfE AT RITH BH5. Sl vk s e OO TR A I I AT
et Uit il Lo 70w RSB BRE LT B o 20 Sl JE3n Tz 1700°CHf y — E
LV IR DR AT L SIS B B ALY WD VEE A LT B Eioy ATEI
U R F A BRI TRERT NOs ® COp A S PHIE NN R L3y ¥ a
7Sy NTHY VAT LSRR S TR G0 % BL 1O M T i 75 v MR

DVLAAENTND

6. 2 ALl &
6. 2. 1 HRy—EOIIEERBHMGE
Wit cn Uiy —E > imdl RS E e U Tl J1 1MW @ 1300 CHFENRAT A ¥



—EVEMIETHICHD . BENHRETEARD 1T00CHUAT R —E 2D 27~20% Lbing
2% E THNHLT B I ERMAIEE LT B, AT Ry —E id, LSO BN D
&R R IE D720 DB H R E FIR U THE O 20 >0 EIKT 27201z,
F9' . KA EFRDIENRRZTT - T THENEUN D BR EWL - T O T8 G A 17
o7ce WIEUIAH RS —Evid E9°0 SR DY 1300 o TR U THERE LB bR 45
PED MRABR & 1T - 7oty T NICER BRI S EITT 4 UL U T i & 2 it 2 47 - T
By, FeiE -f’ﬂié PESNTHIE LT 380 20 i3t o) RIS LT B,

R —E /A3 Wl SEAR U AL 2 U AL B 45 (L AE DT Th A1, 7 — B IR
18 EDFERTEMNE 7 U — PHRUEPARY 1 7 WAEINT X B A RZII TN B, SOk H 2Bl
FRNMALZ L > THDTEN A LD TH D ity —E ViR R 7 —E v oMo
METERLETZETICBES L, Tl XY —E VO BN AR 2 =
I & LTSGR TH Do AT 0Ty Ll LI fis iz & 2 kel 4
AREE LTIND HLATO B,

S5, BRI T ABO MG L E &9 KILEH R 7 — B L ot biy il
DS E UT TBC WO AP RHERIE R N - g gEls, NS IR o i
SUEHERT B0 ThOOBHIRAERIELTH R Y — EVIHAAA T, Sebbiilizge
12 543 B L T 2 el LT B
6. 2. 2 WUMCHRZ —E o LATHLBIE A 7 LY R F L

BUECIB00CA R —E v & linfea vXA LV KA 2 LTS 0 M ENTE 0.
WIS Rl & LD 72 1500°CHA X & — B VRO INZE A MEb T Bewma, 24— i
FITIAEIT K B il IL & IS L BRBE LIS S0 T B 7205 DR NOL L & Togizs it ds 2 .
%mwm75yh%M®ﬁMWW&m<]ﬂMMMW%%%K&%F%f%NOy@M%U»y
Low NOs Combustor : DLNC) 2UEI SN THE D o #REF IGO0 A T 3 2o i .
HRBESR &7 — E 2 DB Oy MK TN SN T Bo Ty SALS SIS 0 &t
N o H?%il‘l'li/l-:ﬁEOJ‘ll'd [ E MM D BITEACR D &N B T DL D IIRWD T, el s
SUTHITAUO B 5 LU A ORI A AT TN TE Do, 200 & LTELNEA X 4
—Eyﬁ%éwoWMMW%ﬁﬁﬁéﬁﬁuﬁié:&T\%47»%%«@&%@%%7
Z%Awﬁm\ithMW&brm%%m%ﬂﬁ%@ﬁ«m%ﬁﬁ@%%ﬁ?ﬂénat
WO UETE E ORI B PN DT MO A Jedlid 5 Tg

BAEe KNFERT 5 2 NI KA ZEMELE U7 KB T VXt v YA 2 LD AS &

— 204 =



S TENRT. DO ORI ANy V=875 bEIBIL TS, LN ]
AT Ut i 246 o84 v B4 2 LTS5 v ORIRHTEDHED SHTED. 75
v NOULEDEITEAN BB H D LN LD, :@J:')chtJfﬁ).ﬂ'»"tiiiié%é:./k%%3
5y & UToBHLUK T H D« NOy & CO2 D HEN T S NBNT T Y N VAT LATH B B
HHRA DTN 5 29 NOy OHEIIE. B34 % NO, BESRoORN L WiZ. 75 Y MIT
2T BRI i A g B = & T KD S B e AR LA S5
BRI A & Ty NOs DU T L AL ZYH LTI D CO2 KDWTEL IR
SISO T HR T £ ORI O i & F 2 S 1D F TSR » TN CO:
P T NI 75 & b BGRO I 112 & B MBI OGS & 2GS L 6 NTH 5,
O E B AR B o T A0 KA 2RI K EPBIBHR A DT S T CO2 DM
H T S B AT D KT o 2T ORI ST Do BifLL EEa=R e
T30 Ty KB RV — R KD JF TR O THA R b F — ARMUCK#ERREL,
D IKB AR & UTRALANC R R 7ok - MRS EIRE S — B V2T LORERIT
P HIEITAHED 5M T B, SOV AT L 7 —EVATTIEE 1700°CH#E Tromt
L UTEDREAER - THE D £, KE- - B LTI BB 0D 72 WO HAREL ) T KHERD AT
NO;s % COs 13—/ LN BBHRAN S b u T Ty ¥ g VENEET 2 BITEY AT L
TH D, & Tlh. KBy AT LOHERIE DY AT A AT B Y — E VIR ON
W b X O HIDERE L AT A 2T Lol T REEE B LT VB B0,

—205—



6. 3 1300 CHMEMBEATRS—EDlZE
6. 3. 1 BHIIREN & BERENIISE
(1) HIEHGEN RS —E v DRIR
Mﬁwmwaaxwwm@ﬂ%%%ﬁz7~5yam5@M%wﬂ%wm;étﬁbt
(Figure 6-1) o
ORI R — VAT E B RMWHET > © &
@ =D KERENRA RS — B L OMARE IO ORI LT TAMBL ]
ik o T EEIRAT R F — E 2B 50
TN ERMIE. HRY —CrOIEHES, B, 7— B /EFORRENNIEEED 5,
& LR DN 28 S LA S LA B AT R & — B OB N AR A A T o
BT XN T H 2 7 — B VBRI H T TR A HhE U THTOL I & LT ol
EHIPEOBGE & B CH 2 5 — E v Bk OB Z T D o
HAZ—E D& AU RN T2 2 EBRNoNTED ARy —E &
50Hz B J7 200MW 7 5 A KEHA R 7 — E v E QMBI O BFHE Table 6-1 12739
ZOHE T AFBRBALAE UT G5 O« 501z BIZeh U THIBIE 1n=1/3.4 TH#
INUTW A, IHEEIE n 4% U CEHAIEN S LTHADT, o— BT REER U &8
D, [Tk LU0y —EVBR. £ L To—%F 7« R B G IR LS & [/l U
THb, [LHH, &—E A D MTADMEE, [FJIOIRIBEIE FIBRIT KBIEE & 7] U
THYH RIINOHE SIS0 [T AL A A 24U B3] EHEBA 1T ORI iR L
BT 2DOT 1M B, HAY — E NSRS LIEB B 72 I 278 %,
Z 2Ty MR DILSA T R 7 —E D L SITILKINA & O &L M, 77— B ikl
DOLAJIVZE Re W FNRBED T, TORPIZE > THWIBIHRIME M T 5, ZD2d. H R
7 —E VI EBREIE. KRERBITIENTHE MRS 8D | Mﬂﬁ@mMMT%3%EMM&
F B
CODEIT HRAZ—EVPHBINOIMRICH B & ISV IS A 2 &L i
N CTH D7D ENGEVED LN &L Z LTMERM U THEDTY —E DAl
FA DB ILODT, HHHIN A ZDH A7 —E 2 Ofuidiic & » T Ry —E
EUTh ERHIRIITH S I ), AT HNERIEY 5 ST E B,
GT15 # A7 —E v OMNHILIK & LMD % Pigure 6-2 239 AHT R —E
DORITLL FOMD TH 5,

—206—



- PZE R TEEIR 320 DFIIRER A J2 L U, SRIZDAZEAAT - 7ol 26MW @ 1100°C
WA Ry —E Y (725 OBIHRIT, 29%TH D, +3% DGR L2 ER LTS,
CHEA ZIIEDS GO0 CEYE &S . T—=V e r b=V al, TN Y A7 IVTN
TS5 MEEE A ENTE b, ,
CJEJTH 16 OFEIE AT TEATERBE AR 17 B, & — E VBRI Brd 3 Ry N RT
ZFEHP LTS,
A TR A S B Ty S BRI TR T & T AR R R T
x5,
(2) BEFHINDHIE
HAZ—E O TEERTH S Mk, BB, Fiy —E Vi3 Figure 6-3 1K H A Y
L P BRI TN T - 7200, Z OB O MERR IR Figure 6-4 1X28 7
WA B 20 G B B kg fs JEJIEE 16 3BT ERBIZTE 0> 2 a7 2 & — B GT2his &
o THIEE A LTI S A ZE0PEE, JERBEIR o BRI, IR OB EAT 5 720
= OIEH LIRS T DI O LI & L TR SN T o MBI BT
TN 1R B TR M ST S AL, i DT 2B BUEATINR
JHASILA X AV THER O NOx #82 UTASAGITETE S 0 B S 115, O
13 KT A Z 5 — B B O Akt & T UAME, 1)1 L SL OB TITE o E
Jo o WHITIHR Liodiiny — © Bl in SN Th b« S ORI L ER o
WA LA LT YA 25 — v & U R sl s 77 A 4 Tl e & 57— BV IARO
YL GER 2 DTEGEAR T - 720
S LM R OO WA B2 G Rl i Qs AR Y — E v DL ik & W CALRR R ERIT U
T . 2 OMNEE LA KT 27 — N RO BT LT Do (il y —t
BRI IE . 2 B O AR A NAAL S EINTE, QTS A AY —E VORI, 2 Bk D
Py BV 50 A LA A AT 1300°CROD iR & 1T - T DR E T 720 ML O IR IE, SO
EE 7 — B BRI T HL A A AL AR AL 5 TUEME L PB4 7 VIS0 L
MATFO. S BIEORI e KL LO& S I = O AN A AL o TURICIDO AT 2
L0 HA N UT ZOURIK YA 25— 0kl PHIEIMIR UT,
B. 3. 2 HZy—bErOFMEEER
AT L N O 5 Pigure 6-5. T8GR, L#I1ZE Table 6-2 WZaid, HAT—E
SlE L SR IBMW. B 3200 R E SO T ATOHRETS 2o B TETE

— 207 —



1T D 3% & LR Pigure 6-0 127890 1991 4RICTIJIFF 2 Al - 7o 29073 e Sl U 7o .
1992 45 3 JI D S I~ WHmZ 1iZ 56T LTy 199341 1 N r O k4 &2 5 1 .
FERARNEA DHIA Ulco 84 Lo N3P EIMIN TS 2 L & BIT. BIIRMICHIE SN T

— R E LTEN IR TS,

SRERFERTTTO RS & ZDIRBUZ DN THlNB, 1993 1E 1 J1h D 90 JIETO%
)H:fi%@%f“’?/l;%’h DO MlEETT O, b TEN MR E R E MR 5 2 et
(Table 6-3) o BIE. G AEEIZA D MBIz MIEAFT - TV B, HAY —EUEfiEE LTy 3
W KM INEFHNPEEA N/ LT A 2 E&MFRR U [EREE TR 3T K 5 oA A it
WEDH RS —E T 254 DF— &2}, ¥ —E VAR, 4T
WZIIE T OB TR LT ED, & — RGBT 1285 O F0 W AT & il oD 38
A FIVIRIEZALOFI P TERE S AHEF ORI AL . 7 —EVFv 7o)
7T ADEL LML TN S,

551 O UIR A% 199345 11 JHZITO, A A7 — BV NIBO O UL 1R T i 178
FIETTH O BBERIE HRBERR S A F NI U T —F 4 7 (TBC) 1Ko s8I
£ o TSR O NI MIIER T, b2 oDy g Y E=RGRHIARLLGIE R SR h
2720 ¥ —EBWIBIIHIAEIC TBC A4 LU TR O BEORIT - EEDL St
ENE T — EVIRARE E b N ARIEA MEY Lz (Pigure 6-7)

6. 8. 3 WKIEALH R & — B AT 0> Vi ar

WA —EOURIMEZED DS Z T A RNE LT Wideil |, BlNgo
Z LT WEGTRIEDN | 2B 2 EMTE B, 1300°CHA R ¥ — E o ifigeiliz b
ELD L KIMUT RS —E VORI E LTa—F 4 v IR EA TR Y — E VIS A
ATIIIRREE SN LT 0B, Z LT, IHITTOMEEAYE Y Uz K5 4k NOx #s st o
PEBEATIT & B MM R L LI 5 B AR A A0 = 22k NOx OBIFPE
bIr-Twde Eiew 75 2 FOMHEGRIVEI Eo I E LTH R 7 —E 0Bk il
DUHFELADTEY . TN S HMITH I BRI DU TRILM R & B YA 25 0T &
DI % k| LT3,

F—E VIO TBC 2 5120 WAPEDIN 14 & LT Wi koo
=T A YTHHONRELEDTE O . 20 ORI YLE KR Uz TRC ORI 4F ] -
Tdo MAT=F 4 X 7ITO0TH, BHOI—F ¢ 7% it 12Uz B o> 3 e 4 Y
LT Ge &—EVTAND - JH0EE NS Sk DN 5L O A& 5 F 50 ST 35

—208—



Y. B YT EROTAME & KT RPN BB A 92 U T & ze T ok
2B HBRIROFBTIETOMIE 7 — 7 HIETNE LT —E o —FIilARAAL
MEAEAEE LT A (MNigure 6-8) o

BERADTD 5. KT A% NOx MRS OMRIIMUETH 5o HUTTOWMOGET LIk
HESL A HN A ZTH B8 ORISR Uy S TO NOx JHEAFTESHRE R
DRETHER AT - T Do Fioe BFEITIZOWT . 75 PORTY, #0126 ZELNf
DOBIRETOUEN NOx 2V — 7 T v ET DUEROTDIT. 7 7 ¥ 4 78 EOWMENT 2
P2 & B gl E i LT B,

DT UNA Y YA 7 IV RAERK Sl RAROFELRTZ & — B2l s
NB A, PELOTI O R TIE TH LIS WG B &N B, AR— b — 710l
IRTEIC [ B A I BT E B K S 1o, A S — B OIRBEALOHD) (FRD 50
A EF 5 B A BMIC NG 2 1 DI ED TS

- 209~



Large capacity Medium capacity

Test

Test

gas turbine = GT15 &P Manufacturing ¥ Operating®™® power

design similarity design plant
Gas turbine technology development
*High temperature turbine
*Compressor
«Combustor
Figure 6-1  Process of gas turbine development,
Table 6-1  Similarity of GT15 and large capacity gas turbine
Similarity ratioc 1./n=1,-3.4
B50Hz large capacity
gas turbine GT15
Dimension(mm) 1 1/n
Rotor speed(rpm) 1 n
Circumferential speed(m.”s) 1 1
Stress(Mpa) 1 1
Temperature (K) 1 1
Pressure(Mpa) 1 1
Air flow(kg's) 1 1./n?
Output (MW) 1 1./ n?
Thermal efficiency (%) 1 ~
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(1) Cross seclion

(MY Gas turhine assembly

Figure 6-2 - GT15H gas Lurbine
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Figure 6-3  Gas turbine technology test facility

Figure 6-4  Test apparatus in gas turbine technology lacility
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Figure 6-5  Indoor view of gas turbine test power plant,
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Table 6-2 Specifications of gas turbine test power plant

Gas turbine

Type Simple open cycle
Output 15000 kW
Thermal efficiency 321 %
Rotor speed 10188 rpm
Turbine inlet temperature K
Pressure ratio 16
Air flow 51 kg/s
No. of compressor stage 17 stages
No. of turbine stage 3 stages
No. of combustor 8 cans
Generator
Type Air cooled
Capacity 18000 kVA
Voltage 11000 V
Rotor speed 3000 rpm
No. of frequency 50 Hz
Power 0.85
Main transfer
Type
Capacity 20000 kVA
Voltage 10500 V
22000 V
DeNOx
Type
efficiency > 856 %
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Iigure 6-6 Constructions and operations at test power plant

. Table 6-3 Gas turbine operational results at. test power plant

1H B £ ik
- 1993 % | § 25 B~1993 %3 B 31 A,
o ¥z A R 1993% 68 | B~1993% 9 A 30 A
23351 DIEIE 123 @)
BEER K 99 [@)
$5E e RE ) 743 h
PRI R 8,203 MWh
EuEHE 100 %
W (BRI 98.3 %
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(a) .Gas turbine (c)

Figure 6-7 Gas turbine overhaul inspections after one year of operation

Figure 6-8 Directionally solidified(DS) and single-crystal(SC) alloy moving blades

installed in turbine rotor
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Figure 6-9  Air flow distribution in gas turbine

Table 6-4 Calculation conditions of gas turbine and combined cycle

Atmospheric conditions ; Temperature 15 °C
: Pressure 0.1013 MPa
. Relative humidity 60 %
Fuel Natural gas
Fuel heating value (HHV) 12980 keal/kg
(LHV) 11750 keal/kg
Compressor polytropic efficiency 929 %
Turbine polytropic efficiency 865 %
Turbine cooling air flow 20 %
Combustor pressure loss 5 9%
Inlet pressure loss 100 mmAg
Exhaust pressure loss 670 mmA«g
90 °C

Gas temperature at HRSG exit
3 Drams , Reheat cycle

Steam system
10.2 MPa , 538 °C

Steam conditions ; High pressure

. Medium pressure 22 MPa, 538 °C
. Low pressure 0.39 MPa, 230 °C
Generator efficiency 99 %
Single shaft

Type of combined cycle
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Figure 6-10 Characteristics ol gas turbine and combined cycle
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Table 6-5 Calculation conditions of steam-cooled gas turbine cycle and combined cycle

N or. B (LHV)

Cooling steam temperature | Cooling steam pressure
Type of steam cooling system | Posttion of Supply Temp. tising Supply Pre. loss
bleed/feed /Feed incoclingbladd  /Feed
T C MPa %
Closed loop—High pre. (CLHP) | HP rehet ex| 338 /538 150 102 /959 6
/HP tur. Inet
Closed loop—Med. pre. (CLMPY MP rehet ex. | 230/ 380 150 22/207 6
/MP tur. Inet
Open loop-High pre. (OLHP) | HP rehetex| 388/ - - 102/ - -
/ —
Open loop-Med. pre. (OLMP) | MP rehet ex| 230/ - - 22/ - ~
/ —_—

Gas turbine thermal efficiency Combined cycle thermal efficiency

50

60
45 - . 551
: =
T
£
40 - = 50}
8
=
35 451
Go : Compressor inlet air flow Go : Compressor inlet air flow
30 L 1 i 40 { ] 1 .
300 400 500 600 700 500 600 700 800 900

Specific power , kW/kg/s Specific power , kW/kg/s

(a) Steam cooled gas turbine (h) Combined cycle

Figure 6-11 Characteristics of steam-cooled gas tarbine and combined cycle
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Figure 6-13  Metal temperature of first, stage turbine stator vane
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Table 6-6  Subjects of steam cooling technology

H H N & X
K B D DA c EBREHICKARE
s BWRICED 7 4 M LABHIYP
G ISR HEEICEN, A TN EMa-F 4 v 7ick3
AATOEBREEMNKE L s
cHEOMEI BB KD F L
R pesa, Ed, RIAREOMKILE - WEHEDORIE
O — iR e V= VEORIF
REAFNL— FL—rvick MR, s R R U B H O &
7SR
R — WDt SHEEOKT APV - OB

- RAURER

—227—~




6. 5 wmtﬁm%mm&—Ey%%vx%A®MﬁEﬁ&%H£W&n
6. 5. 1 RBYRATFLOMEAE

1700°CHRK% « MAEEREEY —C 0 Y X7 LORBOTHERAE 5 LT IRICTRT L
ILEMEIC DNV TIRETT B,

- BRIRCONULDT S v b A 7 NDBRE

-L%ﬁ%7wtﬁdmt757}ﬁ&&ﬁ—ey%ﬁmm%&ﬁ

EST YN VAFLEHET B Y — B RHHOBHFTRORE SRE

BIEBARED SN TS 1500°CHRA AT —EVARA Uica w34 » R¥A 7 L0k
I, 52~54% (HHV HHE) THO . BIRH60% LU O HER, BRD I NS VR
YA TV ATFLTY — tykmﬂﬁéwﬂmTMkmmmbttﬁf@ﬁ&#%wmwm\
%#47w®hm&/27A® BB AL E TR B, YA 7 EUTIR. ER/KESEETD
AR E UTHBPRRAZMB 2MAEE TS Vv F A I ] RS — Y KENBRE
LT3 [F5=UY A7) BHB, ZOTI7—=YHAL 7NV vy BV L7 N0DT
AP ATNVER DIV TYATNDT VF YA T NVEREG VRS A 7 I THRE
NTN Do FETIEADKIAT DB ER CO2 D & I EAEF N ZEHM Utcli ~ DY A 7 U8
RASNT B, :

AHICHBOTES FERREKERE LI 7 =L I NERERY AL I N ET 5, 75
v MY B HEE D PN R OB IR ks L RS A PR AR R LTk —
fNT U REMA. T MEGRO BEEEIRTE 20D A 7 MRETEFT D o Rl LS
BOoNIEZAT, 77 v POEKIKE & — E VPRI MBS ORI O ML R+
T9. KITS ¥—E VG HIROWHT OB ZEFT D HEREICH > TIE. 75 v MLEfE
RAILFRIYEGD T F 2 P RO R LELE T 5. ShOFHRITE Iy —EVRO®

HIEF AN LTy AR OMEA A HRY B
(1) YA 7 IVHER «

BB 27 LARNT B LTO. WAFA 2 A% Figure 617 KRFo 75 > b
BOOMW 27 S5 ZATH B, ZOHA 7 ide ARMNCKEKEMEDRKE LicT L b b

INES VFEIHA T IVDBEFAINTEH D T LA b 7 MIHEKULRSE, KE -
RS HAMBER 3 S OWIR Y — E VD SR E M T 5 HRULHHRA D DZERGA & LTS
WE 106.1kgls, [EJ7 0.014MPa, RIE 114 CORFIFIITBEEROIRIBIZH 5, THi
B OO HESZ 0.5MPa Ty FRiIE 37 TH B0 HBEIRIEKIE - TRHTY B LLMEHTT

—228—



PN 3. BESY —E v HE ORI A DB U TRE S — B &l U 7o B ke
st s XN D, ¥ —EVANOERLSRER 1700°CT. Ml 222.4k g/s SHMIREAS
B T RIEICHIM L TR 0. MEDH RS —E Y TR I OEIMNTH DA FibtE
PRENT EZTS— VYA 7 VO TH B, 5 VF A7 NVTRESIEES - ¥
L2 LTHRSE S AR IO SHBR AN TS, SRy —EVIBMICBSRGENH D &
ERENERY — L OHNEKEBTRUTEES —EVADICMREN G, o, AKX
M%®¢%%@7V4byﬂ47wm#BMﬁént%ﬁm\ﬁE&~8me%éhfb
Bo i

(2) BHAFRFORELTF v MR
mmm647Kﬁbtt"kﬁﬁyzm%ﬁ&—EV@%%%%%ﬁtamﬁﬁimﬁx
UZFLTHD. MEOERY — BV EMKT 5 LT BEIRHINIEL DD, mHFRKL
LTHix A2 oNBN, ROEEBEHLIEE U,

- 5 v MR T ORI S NI &

- Bl S OB A TE AR O EHIT SV L DI UT B, EiREEls &

Ol A R TS5 &

T OH 2y —EVTiEy —E v ORENIEABELLD SHISE SN TS LM LIEA6,
5 —EVROEHNZENLERI R SN 5 2 E2FHcd 5 & MR imHIT L~
THBHEHENSAELLEZOT, 7T— R [EHBNLINIE 5, ZOX) UHREERT S
L. TR 7 —QEWEINC LB TS v MEEOET REEEORTENRH 5/, ROH
S AE LIS, TOLD RO, BRIRMITELSY — BV RS e I
BT EE U, COEKRMIT 520°CEMEIMAE LTIRRWRETH Y Jilly—-E20D
HERITAHRAERIT T 850°CETHET 5, Fio. WHAROERELHUTRIES —E Y
DER AL LNE S LTIRRIETI%E 0.655MPa i 11 T L4453 & UT 0.055MPa = fifi{f
LThvb,

¥ — B ORI E B & O — VB RS O # RS O M EIRRE TR S i &
JHNTTS v b E— MRS Y ZADEHEAITO. T ORUEE Figure G-18 1733, ZD LS
Hb— NS VREHGZETTS » bOBEIHRIL 0% LR LTS, /2, 75
b SR & I R D MR A Figure 6-19 1289 yEIERSEHERAS 0% DR DAL T\
WA A 7LD HEMTRNMEZRR LT B0, GIEY — E VI OE1A2 B RO FEH
ST BIE LI, U MEBIE T TH S, JOMITHD TN HIEIKT D

—229— -



BANSVD DB B, Eo. WHRSRREE LTS BA. B ORI LI
HOMEHEI AT, HEETAOREBIINEL . ZOBENS, 75 v MEEDTE M S
i35 —EVROBHAFRIERKXPERNTH S EEL D,

TS5y MEREBICRET A AR L UT. RiRY — B v O W INCHE RS R CEMRL
WSS E . IO THRENEIT - TREERICER S, LWbWwa 7 LA b oA 7 VEREY
AINETBEIET. 770 PEGIRIT 19T HHIER LARE Z N TX 5,

6. 5. 2 F—EVHHROBETRE

FiRy — B OIIFE Table 6-TICAR Y. MES IUMREY —EVREHIGThEN 4,3
BREDE TBRETH B, MR — E > ORRITROBEASAXOREELTD 1D DFHIZT
- 710 WHEHIFNE LT, ROFTEMBZL N5,

¢ 2T EE ( Full coverage film cooling : FCFC) ——KiH U

@ [T 5 |

&1 7)) v FAN (EREGIRIE U4t a4 57770

\ ZiNGES IR

L /B
IS0 LT IROEFIZHE » TR 21T - 720

5 M -

- 7 —E IR

- Y —EVROMEM

PULRES i
ZENENOEH TR T BFHE D4R A Table 6-8 IR T
& &

- BHIMADOERKHUTT T v MBI SAFITH %,
\ QUL e
C BHPE DRI U D T, T v MEELFRITH 5,
- TBC MR 1400~1500°C & FEROWINBREETH 2 1100 CRILD & 7 THFERG

DR TH B
* TBC ASEIRICI & h B 7. TBC OHLMBIZ £ 5 5 — £ RIROWAIH DS

%o
®KGH T

—230—



c 7 - EVRIEHEAH T A F VBB IR TF LBE 20 @Izl ioRsuk o 7S
v MBI EDIcH DR ENIEL L 75 v MEFEDIE T 23k /-9,
» 5 — E U BHIRO BEEREIC R — )V OHERRIZ & B BRAEM AL IS HI RIS T A3k,
CWELEEIC R — IV DOHENC KA AR T, 7 — BV ROMAMICH S H 2, BILE
L BRDI T v 7 DRELHOENSDKRFM T, ¥ — L NOMOERIESADRE:
KICEBWHREI—EVOBER NS T NI DR REMARIE L T 5,
) Z AN
CIREEERD 2T ER Uo .
T L, BITLEE O BIEROEL THRIEROED) U, A 7 VIREDBS, BRH0
Bt A 7N K AIES T AT HEEA3H 5,
ONA Ty FER
« FBATITRENDOAS R & LT EIRGEGTWIL USREDRIR Uic g 770 RS BN
HAENTH D ExRMM e RIEBOFHAO S N 7Y »w FARE. BRRO TS »
MEGEDSFEI OIS & FCRC Dyt fE, A8t DA tE, MR FEE IR liZ 0 5.
MEFHITENIAENTH D, TOXAEE LTz,
6. 5. 3 F—UE L YBREHIGREI
(1) WIBHY ML DR St & oy A i
RIRY —E Vv OYBTIROMEIR TR & T O AERICHERE Lty —EVROE
YA Z N E N Table 6-9 & Table 6-10 12789 BRI DK E U TR HIHOWEY
KDFTA Y ZF Ll bifier Urc it e U TRl I i 770 v FERZEELTH
Do FMBE LTS, BIES BEPRIL & LT V) — ZRRIL DK o 7 WS R n
728 2 SO NS S CMSX-4 ZERINT Bo Fio TBC OFNEY — BV A 5 ViRIEZEY
TTOBEIIEHER U URMZHEF T 21230 A ROBIMTH %o TBC DML LS LTS
BUYE, & —EURAOBNE LTS X ORIRETT > TOED & oI D
SR &N B BB-CVD 1 & B HikditE Tl § L SO TS DN T S AR
WA T B, |
SUEEL L 7 — B D B S TN IR 0 By H A i & Pigure 6-20 & Figure 6-21 1X7°8F
PIBRBE. WA RN TR S E T 4 FITKY SN TENT ORISR A 3
— M TAZ N T B, BHALEABT Y R+ — VD o &N 5, HiikgibemHEd
BRHGUTA 2 — MIUNT SR BN S RANIMZK ST oh T Y EVIX L b

—281—



WHEHIET . £ LTRIZHZ Y v 7—~y FIBH L TERBERFIME L INSG, Fiol
— RO EMD 7 4 )V LHEIE UTRINT > TRE S h 5. BRBETI, S
SO XN BHIZELIMES ) 7R A Sl el LT C ORI A Uickk. Bl

ISR o cligEili- TS %M%%Hb\%ﬁ#éiﬁdﬁ¢t&%&éhéo~%®
HIZESIIWBRRAICENIN T, =2 Py 4 =W oNie 7 4 VA DR E X
NTIY KD 4= AT 4 VARHI LT B0 ROMREIE, RTEA V5 — b ThALTE
PRI N TV B, RNTTICHERLY 7728 T SR & FRk. M AR > T B

F9. BHELINBI Y K4 — b oBMNOmEREIC I TENZHL, £
D%, WY N4 —/Lic#8HAN THAHLTM A D LTI OALERE U, FURMCE D
AAT Z OEALOBEER A BE L THHILT, AT v B — )V Omilll el - Te
H Utk BRI —EVOBMBERADICREINZ, —#. BRI o7 4 VAN G
ﬁmm%ofﬁéméﬂf74WA%ﬂKMénéo:@iom\ﬁmﬁﬂm\mﬁﬂﬁ%
A & 5 1T IR LD R U AN IZ AR S A ERA ISR S T hE, FPRET
MR E Utong 70w RIFSNARET U T B i Uiri R et 01313 50 % f
ETHb,

Wiz GBI DWTHNG, BEldy—X 7 A vipHilEE A s LT, #MRIHR
&Hﬁ\m%%&%ﬁ%uwﬁb&\ﬂ*%BMHW&%L%&LLA%?U;ITW%%
mbfwéo%ﬂﬂﬁud@ﬂU7%mzfméo%H%ﬁu&—tyn—yéﬁvfﬁ®
FGAIC A SN B, THEIIE Y + T —~y FIC L B HH EHMERMIZT 4 )V LFLERT
T T A NLAHET > TN B, BB RO M IBAEERL TR D, il
1510 M 4T3 U C BUAEHRAN © R KUITIR Z I &M Ao TR EIESE T L 72t U
SATRIZIR D« B — 7 OIR D Oy ELTE AT - THBERATHIREN 5,

(2) RANTOBIZERE A 7 JVIREEFNT

5 —E VRO A ¥ MRS &R B I iy RIMOBIEERE 7 4 )V Lish®
3 LU IR ‘Ai:-lliuﬂ‘wﬂﬂwiz-‘ﬁ@?!ﬁ@?‘?Iﬂ?&ﬁ%{’lt%ﬂ}-5;1‘4\2‘270%Z>o PIBE IR & THITT DL
T A Z VRS A RD B IHOMF AL LTED . 22T RICHIROBFAEFICD
LNT R~ Do BHIEENC 3T B HIRO T ARIEIIROMD TH B,

a) TBC ORRRLE < 1200°C
b) A7 VORERE < 930°C
c) FEMIE A REE < 10%h 7V —FREWITREEDIRIE + REMHR D

—9232—



T a) IR ABERER. TBC OBEENE S 725 PG DE » THRMDHI/N UL £
Dtedr 7 5w 7 HBELTT B COMAMIMET 5 E&IET 57D LRIBETH 5
a9, F72. b) OEREIE. A ZANERKELEHLKTRRBREIHEISES 5720 LRR
BETHb,

R RSB B RAMEERATEE Figure 6-22 1587 LA/ VR, Re=
1£xﬂﬁ?%5om&mm%mﬁﬂmmmi\ﬁﬁ@&émmmuiactmﬁémmt&\
C DEOBEERIE L o T B 7 4 IV LBHISIROD L% Figure 6-28 12790 K
oo [ R/ ORI O BUE R IR A Figure 6-24 179 BRI, R OREL#
GRERIIHELT, A YEVIA Y PEHICE A EVEEEREER LTS, JOLINI
SEpEN B . TR OIBIESTT AR U7o#51—% Figure 6-25 1789 TBC RIMARE & A 7 ViR
I AREAMET AHENEB LN TN S, RWTHONEEIREL 738°CTH D HIRDE
LSS 3O 10 5h 7 U — FRMiREEFSITIHE LT 5 2 EEMER U7,

WRIT TIRUTHT » 1B & [ URIECHIR DRI AR F- 452 % Figure 6-26 10K T
3R LRk, LEOBREHRAME LTS I EEMR U7,

6. 5. 4 ASEOUFEREOML

1700°CHUKTE. MR BN S — B VBB Y X7 LA HEBT B70010. SHBIND Al ~&
BRSERRRE A LI T IR

1) 5 v hbak

< KR - BRHE Y B LR

S BEY A 7S BIT BN — T Y AT L O UG O HEL

- EIRBART IR D T /8y b b & ALEEE T

2) 7—E IR

C HHIROBEEI LB TS N EREDINL

» TBC Difif APED R & T EIRL DA |-

- NiE A O BK A SER ST T DML AT & BOBHRICRT 1 DL
8. 6 HRH¥—EVHIENDRRLEI

Pl 1800°C#:, 1500°CHiB LT 1700°C#AT R & — £ DIHFENDHHIE L OMEHZIY
H B BEIBECEMOBMIZ OV THRRTELD. T 5% Table 6-111IKID FEDTRT .

—233—



HVdrﬁgen Oxygen

HT Turbine HP Turbine  LP Turbine

/ Generator

Compressor

Heat recovenisteam generator

\ / Steam 1!
y'y S [ Condenser
Water Feed pumpu H20

Figure 6-17 Diagram of Graz cycle

—234—



487.7 MW

Plant thermal efficiency 60.02 %
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Figure 6-18  Heat balance for 1700°C c¢lass hydrogen combustion turbine system
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Figure 6-19 Relation of thermal efficiency of power plant and cooling steam flow
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Table 6-7 Specifications of 1700°C class hydrogen combustion turbine

SeX2—Er ata—-Er
EEeE -t [ eRlEES-E
EEF:3 6000rpm 3000rpm 6000rpm
EEE 4 2 . 6
AQEH 4. 75MPa 0. 70MPa 19. 4MPa
ACEE 1700°C 1069°C 746°C
HOFEH 0. 70MPa 0. 15MPa 5. 55MPa
HIRE 1069°C 761°C 503°C
EHtk 6.8 4.7 3.5
e XU Ak BEZ—E>
BEERER R -
EER 6000rpm 12000rpm 3000rpm
BEH 12 22 4
AQEAS 0. 14MPa 0. 67MPa 0. 14MPa
AR 114°C 306°C 349°C
HOED 0. 67MPa 5. OMPa 0. 005MPa
HIORE 306°C . 637°C 33C
EAk 4,8 7.5 28
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Table 6-8 Evaluation of cooling system for first stage turbine blades

Cooling type FCFC Closed loop Hybrid Water Vaporized
cooling cooling cooling
Cooling fluid Steam Steam Steam Water Water /
Steam
Evaluation items
Plant efficiency A1) O O A 4) A
Cooling efficiency @) AN O O 5) O 7)
Durability of blade O N 2) O A A
Operating reliability O A 3) O X B) X 8)
Result A A O A A

Table 6-9 Design conditions for {irst stage turbine cooling blades

Stator vane Moving blade

Inlet main steam flow

Mean temperature °C 1700 1570

Max. temperature °C 1809 1641

Pattern factor % 10 7

Pressure MPa 474 3.7
Cooling steam ,

Temperature °C 350 374

Pressure MPa 54 5.69

Cooling flow % 6.4 7.1
Thermal barrier coating

Thickness mm 0.2 0.15
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Table 6-10 Specifications of first stage turbine cooling blades

Stator vane Moving blade
Cooling type Hybrid type Hybrid type
Material . Ni base super-alloy Ni base super-alloy
Single crystal | Single crystal
CMSX-4 CMSX-4
Blade height 70mm 70mm
Chord length 135mm 45mm

NNNRRE

“

i
BR

Figure 6-20  First stage turbine stator vane
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'f‘CooIing steam

Figure 6-21 First stage turbine moving blade
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Figure 6-22  Heat transfer rate on airfoil of first stage turbine moving blade
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Figure 6-23 TFilm cooling efficiency on airfoil of first stage turbine moving blade

30000 ! 50 % ]span

(\l¥ | l

\E 25000

=

© 20000

o

b 15000 |-

w“—

v

C t

§ 10000 | ,

= |

-

3 . Closed loop ; Closed loop

5000 | Impines s s% . |

2 ) t mpingémen enti .

Blowing [2kage .~ &blowing  passage  Blowing
O N i /\/\-I PAYA) i FAY 7
~1.0 -0.5- 0.0 05 1.0
Pressure side Blowing position ~ Suction side

Figure 6-24 Heat transfer rate in cooling channel of {irst stage turbine moving blade

—240—



50 % span

Ge/Gg =7.14 %

Tave =738°C

1400

T

1200

1000 -

800

600 |-

Metal temperature ,

200

+
i
© g
¥
H

400 |- -

i
!
i
i
I

|
|
l
|
|
|
N il = Metal inside

Al TBC surface

Metal outside

-1

0 -0.5

Pressure side

0.0

Blowing position

0.5 1.0
Suction side

Figure 6-25 Metal temperature distribution of first stage turbine moving blade
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T able 6-11 Application of high temperature technologies for development of gas turbine
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