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Table 1 Types of SAF in ASTEM D7566-22 ¥
Annex No. type summary raw materials Mixing limit
Biomass Gasification Wood, municipal waste,
Annexl FT-SPK 50vol%
Fischer-Tropsch Synthesis cellulosic biomass, etc.
Annex2 HEFA SPK Hydrogenation of fats and fatty acids Fats such as used cooking oil 50vol%
Annex3 SIP Sugar-derived synthetic isoparaffin Biomass sugar 10vol%
Synthetic kerosene with alkylated non- . .
Annex4 SPK/A Non-petroleum-derived aromatics 50vol%
petroleum-derived aromatics
Hydrogenation after conversion Biomass sugar and
Annexb ATJ o i 50vol%
of biomass to alcohol municipal solid waste
Hydrogenation hydrothermal cracking of
Annex6 CHJ yeros y & Microalgae and used cooking oil 50vol%
microalgae and used cooking oil
Annex7 | HC-HEFA SPK | Hydrogenation of microalgae-derived oil Microalgae extract oil 10vol%
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Fig. 4 C-FUEL (biodiesel fuel)

Fig. 5 C-FUEL manufacturing plant

Fig. 6 Cross-country race in Asia (2006)
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Offsetting and Reduction Scheme for International
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2. Vv MABRUSAFIZOWT

2.1 Ty MABROBE

MR Y v MBREHE, Yy bV YOI RN
—RE DWW CTH D, Yoy MREHE, KT
40 % T Il 2 A3 2 & BOH B2 B 2 2wl & v )
AEHRBICBVWTHOIIEDEREZ B L, KBk

% RHERERETMEROLELRI ANV F-RELT,

H% jil - S Twb,
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WBREMTH Y, ORI L T Al
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bo —HERZAMMERY =y MR (Jet A) Db
B OBV A Table 11 /R 2D &9 RALEMBIIIN 2
T, Yz v MR AR EBE B ASTM D1655
Standard Specification for Aviation Turbine Fuels
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VUYNTOBRIANF—DORR ST, fleEIIBIT5
MEWEZR EERBE L, BIRRZERA 7 TOMB Y AT
ATOMEZEHZHERL TV 5,

Table 1 Hydrocarbon Composition of Average Jet Fuel

Average
(Jet A POSF10325)
Composition,wt%:
n-alkanes 20
iso-alkanes 30
monocyclic alkanes 25
bicyclic alkanes 7
aromatics 19
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SAFIE, JRFIIEIEAMWMER» S BE SN, LBHh
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REMEA WL L C, CEFRRAEI S A EZEFE L7729 2
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Bo7Ly F3hzAMbky = v MBS, ASTM
D1655IZ# A L7z e L TOR D kv Z e L 3 4,

Z DASTM D7566 & ASTM DI1655%% K @ BIARTE R
7 1 —%Fig. 138

Blended Fuel
ASTM D7566 Table 182 Acceptable

So— = ASTM D1655 Acceptable

Blending Component

Fossil SAF Blend

ASTM ASTM D7566=ASTM D1655

D1655

Varies by Annex
Aurwunhy

SAF

ASTM

D7566

Annex A1-AT

Fig. 1 Blending Flow of SAF and Fossil-based Jet Fuel
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EoT, ML74—=FA Ly 27 THEMBIIHEA 2515
HARENT WD, 20720, CEFREIEMREDY) X b
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3.2 ASTM D7566 Annex2 SYNTHESIZED PARAFFINIC
KEROSINE FROM HYDROPROCESSED ESTERS AND
FATTY ACIDS
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3.3 ASTM D7566 Annex3 SYNTHESIZED ISO-
PARAFFINS FROM HYDROPROCESSED FERMENTED
SUGARS
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3.4 ASTM D7566 Annex4 SYNTHESIZED KEROSINE
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nkﬁ%@FTMﬁ X587 74 YT RREEDE
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3.5 ASTM D7566 Annex5 ALCOHOL-TO-JET
SYNTHETIC PARAFFINIC KEROSENE (ATJ-SPK)
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ERETY v MREMET 5. Gevotl L ULanzatechth i
NAFHRT NV A=V E2ET LEMEATHEETH
A, BREHRKE FIZ 7 v a— Vo EREHE D, N4
%E%@?»:—wﬁ%& L72bDOTHHEET 50 Bl
R TRA VT )=V Ry ) — U PSBRES T W
5705 HE XY =V EUEME AT =y b
PREMEATTRETH %o mAI R IREHLR L, £ V3T
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3.6 ASTM D7566 Annex6 SYNTHESIZED KEROSINE ATWD,

FROM HYDROTHERMAL CONVERSION OF FATTY B RIZBWWT, ZOREHICEFRERES LT 2\,

ACID ESTERS AND FATTY ACIDS
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3.7 ASTM D7566 Annex7 SYNTHESIZED

PARAFFINIC KEROSINE FROM HYDROPROCESSED ZEXH

HYDROCARBONS, ESTERS AND FATTY ACIDS (1) US. Department of Energy Bioenergy Technologies Office
MFk HC-HEFA SPK. Hydroprocessed Hydrocarbon- (BETO), Sustainable Aviation Fuel Review of Technical

HEFA & W5 EbA» ¢, HHC-HEFA & K S5 2 Pathways, (2020)
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(4)  Gurhan Andac, Stephen Kramer, 100% SAF - Background,
status, considerations, (2022)
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PREHLRZ S5 7 4 v FROSPK T, $icyranxsg

7 4 Y HB0massLL T EE L, Y un 7 74 VIZRo pdf> (B [120234E6 H 23 )
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SAF Standardization Process and
Honda’s Approach

At KA HA "i(EIS*Z

ISHIMARU Daisuke HASHIMOTO Kohtaro

X¥—7— K :SAF, Yz v MEEL BRIE, MERATAY—E TP, Oring, LBO
Key Words : SAF, Jet Fuel, Standardization, Aviation Gas Turbine Engine, O-ring, LBO

1. [FU&HIC

Hondalx, ASTM International (2L FASTM) 23
W CSAF (Sustainable Aviation Fuel) @ # %1t % 3£
9 A0EM Paneld X ¥ )N — & LT, Mz OB
WRFALDYTH HSAFOE JAZHBL TR EH LT
%", Honda Aero, Inc. (4 HE A L3 E D100% T =
#1) & General Electric Company (GE) &, #i¥E
F &% T HGE Honda Aero Engines (GHAE) # i%
VL, GHAED®E W& L CTHF1200 R A GEH 2 2013412
A% L 72%, 2 D 1%20224E 1ICIZHF 1200 ARAT IR [ 25 3R 5
2077 W] 25 L T\ A%, —F T, OEM& L T2050
FEFTICHGEHZ GO TH—R 22— 5 V%H
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SAFIZBD B GBI FLA TV S,

A Tix, SAFHRBEILO T A4 K54 »ASTM D4054
RO, Z0E% GHSAFDOSHBIZOWTHRNHT S &
& 12, SAFICEY 2 Honda®d L Y A Z AT %o

2. Yxv MEAROSE

2.1 fEROY v MR
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HERERAL) R T8 8 ~ 15D AL KFE DR

A%’C%Jﬂi’éh“(% D, ZORGTHERIEZINT T 1 260%,

ouaRg 74 v25%, HFERBEISWEETH Do A
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2.2 SAF

SAFIZREIRBL o B & 13 ¥ 7 2 AL & T Tl
BEINTRBEY 2y MRETH %, Fig. LIR30,
RS 25 CUERE MBI I K TH0% IR T ) & & & i
& LCTASTM D7566I2EFKSNTHB Y, RO IEKE
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QMIEHEEMZ A L% ZDF T & %Drop-
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T2OITiE, ERBEEFAFETHLLEFZDLEND D
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FL7=2%OBAET, ERBEOREFRFE2 o/ CTn e
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+ D7566 Certlﬁed - .
+ Re-certified as
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. D655 Certified ~ ° 1est PerD7566

Fig. 1 Concept of Drop-in SAF
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RENTWRV, TR, ZOHKOBERYZERIC ;
bo KREIDMZZMREERPKEOZ ANV F—LF )
TAMERERESICEZ HIWE LT, AMBERTIE 2w
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Aviation Alternative Fuels Initiative) % 20064F (2737
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THIER SN ZHA L7260, BiRoRse
OB 2 HDT566H M E Z N TH Y, Ffe il me kX
R B TlE e v, FD 2, BRIBEMMEE ) EEL 72
SATF (Synthetic Aviation Turbine Fuel) &\ IF-FR
DFH, SAFX D@L Tw59, LaL, SAFE W
BN —RICLCBRELTEBY, ARIIBVWTHZ
TZHE D o BB O Sustainability 12 B9 % BBV — Vg,
CORSIA (Carbon Offset and Reduction Scheme for
International Aviation) 2SifT SN TW52%, KR T
ASTMIZ BT % BUEALIZKE - TS %o

2.3 Co-processing

Fig. 21”3 X 912, TERREIOBIERIZ, kDAt

DR 2 RE/-HI, EREY)OEET O AELTH
Co-processing& M- % HiEd H %, SAFIZD756612
BAEAL LT 528, Co-processingidD1655? Annexl
WCHHAL X LT w5, Coprocessingld#iEicH72- T
PO 2 LB LTI, N FHERERZ: &SR
52 L CHRBHRAL Y 720 o Lk BHEREE TIPS
TENTE D, WEBHMPHZ OGNS R EOREMD 2
U v MA5%n7z8, Co-processing® B Y A X A5 (12
Wz Twh,

Conventional Process

Non-conventional
resource H

—————————————————————— i i D1655 Cod
Cunventlunal ; e
| Petroleu Crude — - - ‘ i

! @
Hydro- Fractionation | Certified as
processing 1 D1655 Drop-in fuel

Fig. 2 An example of Co-processing

3. SAFOFHii 7’0+ X £ OEMDEEI
3.1 ASTM#MHBMLIC I (7 2D4054DHIE D F
SAFOFHili 7 1 £ 2 & L Tk S T 5D405413,
PREHR A ] O'SAF % 87 3 2 B AT 2 26975 &
DTHY, MEZHEHHAPRKD LN TVEDbIFTIRAEW
A%, FEEMIZEME D 2o Tw b, D40541, Fig. 3
2RI X912, OEMIZX 5L ¥ 22— %%} 72Research
Report: TNIZHED S BB IE R EENTH I L %
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Fig. 3 ASTM balloting process
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Fig. 4 ASTM D4054 process
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Table 1 Cost and Fuel amount of D4054 process®

Tier Cost Fuel amount to test
1 > $ 5000 < 10 gal
> $ 50,000 < 100 gal

250 - 15,000 gal

2
3 > $ 1,500,000
4 > 200,000 gal

> $ 1,000,000

& IR OYFEMEDSERMI S N B0 ERBREIHKTH B
D1655MD %K & Al 55 D FORIHH Al S B0 B4 725
MEE 7ot 205 Wik SN DSAFDS, HERRE & H
HETHDHEFOIE, L EEARERHED IS, W
FTAREFEBOTHH 2GS 1 %,
4.2 Tier 2: Fit-For-Purposef¥14
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FWED RFRO AR EEIIERBE L LIRS h, Zofl
RS FNLWEENARH 2 &R R EOEE R LN
HE3hb,
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F 7, BEHISA T I v TolEh R EICHET S
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LUENDH D, Ty MERTIX, EEEOLZEDD
\ZEFFERS IE#] (SDA: Static Dissipator Additive) % i
m32Zen—KMTHY, SAFSSDAGRIMIH LT,
DERIREL & MO EEROYEEN R RO SN L, ZD
728, SDARMEIIHK T 2 IEEAFH S N5,
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<, Hbi L TORFREZEELCIREIY T 1) AME~D
BEMZ EEH S, PERE D DY v TRIED A
CRWRHii &5,
4.2.5 FHMFEDOFEEM TECRBEHTIE, SDADSMC
LEZL OBWMADHHIRDOSNTEY, TS EDHE
EVEDEHM S %o DERIBEHII L CBEICRE EhTw
B IRIMAN DS EEE < RS 5 7, B R ORISR 2
WEDSEHIIEE Th %,
426 T—JU (O-ing) MEEDBEEM

ME AT AR EHREMAPEH IR TBD,
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Differential Pressure Estimation for Gas Turbine Air Intake Filter
with Consideration of Atmospheric Environment
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In gas turbines, many air intake filters are installed to prevent damage and deterioration of the compressor due

to suction of dust in the atmosphere. For reducing the cost of replacing these filters, it is necessary to estimate the

increase in the differential pressure of the filter, which is the criteria for replacement. In this study, we described

the relationship between the differential pressure and the dust collection amount of the filter based on the fluid

drag. Moreover, we proposed a method to estimate the dust collection amount of the filter used in atmospheric

environmental conditions. The test in which the air was continuously ventilated through the filter demonstrated that

the dust collection amount estimated by the proposed method was in good agreement with the experimental result.

Furthermore, the experimental results suggest that the differential pressure of the filter can be estimated from the dust

collection amount of it.
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Key words : Gas Turbine, Air Intake Filter, Atmospheric Environment, Differential Pressure Estimation,

Dust Collection Amount
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Fig. 1 Test equipment for GT air intake filter system
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Case Test period 1 Test period 2
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Testing Central Research Institute of Electric
location Power Industry (Yokosuka area)
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intake Dimension | External: 594x594x95
filter (mm) Opening space: 553 X564
2" air Medium efficiency air filter
intake Dimension | External: 594x594x292
filter (mm) Opening space: 527 X527
3rd air HEPA filter

intake Dimension | External: 610X610X290
filter (mm) Opening space: 572 X 561
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Fig. 2 Mass concentration of SPM and PM2.5 in Nishi
Administration Center during the test periods (created
based on Atmospheric Environmental Regional
Observation System (Ministry of the Environment of
Japan) <https://soramame.env.go.jp/>) (Reference
date 2021.823)
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Fig. 5 Differential pressure of each filter over time in

continuous ventilation tests conducted intermittently
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Fig. 7 Dust collection efficiency of each filter over time in
continuous ventilation tests conducted intermittently
during the test periods
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Fig. 8 Estimation of dust collection amount of each filter
continuous ventilation tests conducted intermittently
during the test periods (TPI1: Test period 1, TP2:
Test period 2)
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Fig. 10 Relationship between the differential pressure and the
dust collection amount of each filter in test period 2
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Development of Oxide/Oxide Composites Using Continuous Zirconia Fiber
as a Reinforcement (2)
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ABSTRACT

TETSUI Toshimitsu

ABEH B

KUBOTA Yuki

gk AE!

Development of the ceramics matrix composites (CMC) which can be used at higher temperature than SiC/SiC

composites is being advanced. It is expected that oxide/oxide composites bring performance improvements of a jet

engine. In this research, using improved C-coated continuous zirconia fibers as reinforcements, CMCs with BaZrOs-

matrix or YSZ-matrix were prepared. Mechanical characterization and structural analysis of CMCs heat-treated

over 1400°C to increase the sinterability of the matrix were performed to investigate the effect of fiber and matrices

soundness on CMC properties. And, by evaluation of the super environment resistance of CMCs, the practicability of

oxide-oxide composites was examined.

X—TJ—K: Vv b UYY, Va7 BACWRESHE, Vvazm TR M) v 2 A,

BB AL, ik BREE 1

Key words : Jet Engine, Continuous Zirconia Fiber, Oxide/Oxide Composites, Zirconia Matrix, Mechanical Property,

Super Environment Resistance
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Table 1 The calcination conditions and the tensile strengths of
fibers as reinforcements

Calcination Fiber Tensil
Fiber temperature/C diameter " € t;l /%P
(atmosphere) /um streng a
Zr-Y (0.1) - Al .
0.1)-Si(0.1) 1000 (Air) 1091 111
9.08 1.01
Zr-Y (0.1) - Al 875 1.20
1000 (N2)
(0.1)-PCS(0.1) : 806 195
8.28 115
Zr-Y (0.1) -
PCS(0.05) 1000 (Ar) 10.64 095
Type S - 12.49 318

Zirconia Fiber

Slurry Impregnation_|- BaZrO,
e

Calcination

| YSZ precursor polymer |—>| Impregnation |

Pyrolysis

Fig. 1 Fabrication process of CMC
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I 100 1
1D-CMC preform
Fig. 2 Fabrication process of 1D-CMC preform
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Fig. 3 Fabrication process of 2D-CMC
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Fig. 4 Tensile test piece with aluminum tabs
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Fig. 5 Apparatus for water vapor exposure test
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Table 2 The heat-treatment temperature and the tensile
strengths at room-temperature of 1D-CMCs

" Heat—treatmerolt Tensile
-CMC t?ffrﬁf)z;reer/e)c Vi Strength/MPa
CMC(ZB)-30 1000 (Ar) 0.24 19.1
CMC(ZB)-31 1400 (Ar) 0.27 175.3
CMC(YSZ)-34 1000 (Ar) 0.32 784
CMC(YSZ)-36 1400 (Ar) 0.30 86.6
Type S/SiC 1000 (Ar) 0.31 329.0
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W 5 HNFEREE6TOMPall E il & D ik A 5, i,
TSR EE X 200MPatE FEICIZE L TWA T E R LT W
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OF | EPATIIHBCBI S, oL R w
B, XMy 7 ADBREIA T THEI LD h S,
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Fig. 6 Stress-strain curve of 1D-CMC
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Fig. 7 Stress-strain curve of Type S/SiC
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Fig. 8 SEM photographs of fracture surfaces of zirconia fiber
1D-CMCs heat-treated at 1000C and 1400C
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Table 3 The flexural strengths at room-temperature of
1D-CMCs after exposure test at high temperatures in
various atmospheres

Exposure Mass Flexural
1D-CMC Vs temperature/C | change |strength /
(Atmosphere) rate /% MPa
CMC(ZB)-8 | 0.14 1000 (Ar) - 34
CMC(ZB)-24 | 022 1300 (Ar) -0.04 35
CMC(ZB)-25 | 0.20 1350 (Ar) -0.72 45
CMC(ZB)-27 | 0.14 1400 (Ar) -2.18 31
CMC(ZB)-29 | 015 1450 (Ar) -346 41
CMC(ZB)-32 | 027 1500 (Ar) -2.67 252
CMC(ZB)-14 | 0.12 1400 (Air) -2.18 77
CMC(ZB)-15 | 0.1 1500 (Air) -248 121
CMC(ZB)16 | 012 | (o | 288 65
CMC(ZB)18 | 012 | (20 | 235 | 139
CMC(YSZ)-10| 0.11 1000 (Ar) - 71
CMC(YSZ)43| 025 1500 (Ar) -248 32
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Fig. 9 The flexural strength and bulk density of 1D-CMCs heat-
treated up to 1500C in Ar atmosphere
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Fig. 10 The relationship between the relative density and the
heat-treatment temperature of BaZrOs compact in air
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Fig. 11 The photographs of 1D-CMC (a) before and (b) after
three-point bending tests at 1400C in air
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Table 4 The results of creep tests for 1D-CMCs(YSZ) in air

1D-CMC T/C Load/N rgflfe%
CMC (YSZ)-200-06 1000 20 >10
CMC (YSZ)-200-10 1000 40 0001
CMC (YSZ)-200-14 1400 20 0001
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Table 5 The results of erosion tests for 2D-CMCs

ZDCMC | omperature/C | loss% |amount/mm
2D-CMC(ZB)4 1963 029 020
2D-CMC(YSZ)5 1846 024 002
2D-Type S/SIC 1634 103 007
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Fig. 12 The photographs of 2D-CMC (a) before and (b) after
erosion tests
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Improvement of Load Changing Rate of Heavy Duty Gas Turbine Applied with
Overground Compressed Air Energy Storage (CAES) System

Rk k!

GOTO Kenta

ABSTRACT

i g1

TAKEDA Youichi

Hillp 5

NAKANO Susumu

In order to stabilize power grid systems, thermal power generation systems, especially gas turbine systems, are

used frequently to regulate the electric power demand. One of functions required for electric power generators as

load following is to improve in the load changing rate. However, most existing gas turbine systems have an issue that

is the so-called “a booting-up congestion owing to the high temperature exhaust gas”. In this study, we propose an

overground compressed air energy storage (CAES) system to solve the issue. The operation method of an existing

medium-capacity gas turbine applying the overground CAES is presented to improve the load changing rate. It

is shown that the time to reach the rated power output from the partial load can be reduced to 1/2 of the normal

operation of the existing turbine system by increasing the air supply from the CAES.

F—TU—FK: ARy -, CAES, Afrsk, WIJZLR, JEME ) -
Key words : Gas turbine, CAES, Load-following, load changing rate, Compressor, Reservoir
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Fig. 2 Characteristic curves of the compressor and operation
method of CAES
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Fig. 3 Shifting method for characteristic curves of the compressor
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Tablel Specifications of target plant and over ground CAES

Rated power of turbine system 109 MW ((GT+ST)x2)

Rated rotational speed 7280 rpm
Compressor 17 stages axial flow
Turbine 3 stages axial flow
Combustor Low NOx combustor

Storage and discharge tanks Sperical shape with a diameter of 18 m

Intermediate |Pressure ratio 4

compressor  |Rated flow rate

10% of turbine system compressor

Inner diameter of piping 0.14m
Initial tank pressure 5 MPa

Normalized rotational speed

Normalized IGV opening

-
(¥

Normalized fuel flow rate

Measured result

Normalized generator output

Normalized generator output Calculated result

Normalized rotational speed, IGV opening,
fuel flow rate

05 0 0.5 1 15 2 25
Time (h)

Fig. 4 Comparison between plant operation data and calculation
conditions and result

Table 2 Calculation cases

CASE Operation Rotational speed | Fuel supply rate
Normal supply

rate

IGV operation

1 [Normal operation |Normal operation Normal operation

Same as normal
Rapid fuel supply |Same as normal |Doubled supply [operation for IGV
rate after .35 h |opening to Generator
output

operation operation

Same as normal

3 |CAES operation | S2me @ normal | Doubled supply  |operation for IGV
operation rate after 1.35 h [opening to Generator

output

12

s,
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Fig. 5 Calculation conditions of three cases

4.2 EEEOILE

Fig. 612 3 7 — Z OB OFH AR %2 R, FEMT
TN EREOREEIRIXIGV B EE68% T )1 L As @ & ) 1t
DT7T% FTLEAL, ZORIGVE EHMEE TR Tw
EEMEIEEICEET B, F— A 20BIHLr—2 1
LR TH B H, IGVHIES% D & EMEHE £ THbH T
MENDEL, ¥ —ECAMNPEREE L ) HHT
HUTHEIN L 72 K78 M R S HET B,

r— 2 313IGVRIEE6R%DIREE T, ¥ — VMERI E T
FETke % 1F, IGVBHRET8%IZ 3B\ T M iz pi it <
FEDWIZRET 5, i — 212 T, CAESHHDZ%E
SUEIC L > TY - VAl Z LT 5720, JEMEIA
TR AR VB R CEIE LI EA L Tn B Z e
b, LL, 7—A3OREHRIIION) —Y~— »
LTI E » T 5,

Download service for the GTSJ member of ID , via 216.73.217.128, 2026/10/29.



438 W ENERERI2NF R (CAES) ICLBHARARI-ERBVATLOMNE(ROYE HAH X4 —ECFREE

14
12 z
CAES operation
2 1 Rapid fuel supply operation
- -
v Normal operation._.+-
Zos
= g
o surgeline .~
'?: 06 urge nne
£ Rated
& 04 "
& opening
02
0 i i "
0 0.2 04 0.6 08 1 1.2

Normalized inlet air flow rate

Fig. 6 Comparison of starting lines for three cases
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Investigation of the Environmental Resistance of Fe in the Simulated Hydrogen
Combustion Atmosphere Provided by Hydrogen and Oxygen Sensor
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The environmental resistance of pure iron was evaluated with an oxygen and hydrogen sensor installed after the

oxidation furnace. The amount of introduced oxygen was precisely controlled by the oxygen pump sensor at the front

stage of the oxidation furnace, and the reaction with hydrogen was analyzed. As a result, when oxygen was supplied,

a reaction between hydrogen and oxygen occurred. Still, when sufficient oxygen was not provided, a hydrogen-vapor

environment was created, and oxidation was not accelerated. However, when the amount of supplied oxygen was

excessive, the atmosphere became an oxygen-steam environment, and the oxidation was accelerated. At that time, it

was clarified that oxidation by oxygen was dominant under the oxygen-water vapor environment, and the weight gain

by the oxidation was accelerated. In addition, the border of the region dominated by oxygen oxidation and that by

steam oxygen was clarified by precisely controlling the amount of supplied oxygen by the oxygen pump sensor.
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Fig. 1 Oxidation experiment equipment using hydrogen sensor and oxygen sensor.
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Fig. 2 Schematic diagram of hydrogen (2) and oxygen (b) sensors.
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Fig. 3 Relationship between standard gas and measured

hydrogen partial pressure.
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Fig. 4 Time dependence of the amount of oxygen supply
as a function of applied current.
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Fig. 5 Relationship between (a) oxygen partial pressure,
(b) hydrogen partial pressure, and applied current.
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Fig. 6 Changes in (a) oxygen partial pressure and (b) hydrogen
partial pressure when the current is varied continuously.
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Fig. 7 Changes in (a) oxygen partial pressure, and (b) hydrogen
partial pressure when pure iron is oxidized.
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Fig. 10 Relationship between oxygen partial pressure and water

vapor generation and applied current.
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Studies on High-Performance Film Cooling Hole Shape using a Flat-Plate Test Facility
- Proposal of Pick-Shaped Hole -

ABSTRACT

A

FUNAZAKI Ken-ichi
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SASAKI Yudai

Turbine inlet temperature (TIT) of gas turbines has been increasing for decades to achieve their larger output

and higher thermal efficiency and the advances in cooling technology for the turbine sections have significantly

contributed to this trend. Among the cooling technologies, film cooling is widely adopted for turbine blades because

of its high cooling performance, however, further studies are still required on the film cooling so as to attain higher

cooling effectiveness with lower aerodynamic loss caused by the coolant injection into the main flow. This study

proposes a new cooling hole shape, called Pick-Shaped Hole. The film cooling performance and aero-thermal

performance of this new cooing hole are investigated experimentally and numerically in comparison with Round Hole

and Fan-Shaped Hole under various flow conditions, such as blowing ratio and turbulence intensity.

X—T—=F 1 HARAY—Y ", 74 NVAEH, HHIL, BEER, FREE
Key words : Gas Turbine, Film cooling, Cooling Hole, Pressure Sensitive Paint, Turbulence intensity
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Fig. 1 Flat plate test equipment
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Table 1 Parameter details

Cooling hole shape RH SH PSH
Diameter (d) [mm] 10 10 10
Metering length (Lm/d) [-] - 25 | 213
Injection angle (a) [deg.] 30 30 30
Forward expansion angle (3) [deg.] - 7 53
Lateral expansion angle (y) [deg.] - 7 11.2
d zZ d PRI o d —~Z
ey B Ve o A N o R
e SR ) RS ()
Vs
g \/y% 4‘;‘66)’}'
_,""— \)‘\\ \B W‘
e || X0 Y 1] ﬁ

Fig. 2 Configuration parameters
(Left: RH, Middle: SH, Right: PSH)

Fig. 3 Cooling hole outlet shapé (PSH)
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Table 2 Concentration estimates at x/d=18

Film effectiveness[-] 0.499
Poy.gus/ Poy.rer [-] 0.604
Oxygen ratio[ %] 12.655

Carbon dioxide ratio[%] 8.325
SH_Tu=1.4%
0.06
_0.05 1
= 0.04 4
=
=0.03 4
_"":' - Air
4 .t ~—Mixed Gas (CO2 8.325%)
20.01 1
2z
a 0 r T T T T T v

0 2 4 6 8 10 12 14 16
Velocity|m/s|

Fig. 4 Relationship between dissipated heat and velocity
at x/d=18
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Fig. 5 Turbulence grid
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Fig. 6 Turbulence intensity and integral length scale
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Table 3 Test cases

Cooling hole shape RH ‘ SH ‘ PSH
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Fig. 7 Analysis domain
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Table 4 Boundary conditions

Reynolds number Re=6,000
Blowing ratio BR=05,10, 15,25
Density ratio DR=153

Velocity profile [m/s]
Temperature: 298.15 [K]
Turbulence: 1.4 [%]

Static pressure: 0 [Pa]

Mainstream inlet

Mainstream outlet

Mass flow rate [kg/s]
Temperature: 194.85 [K]

Secondary flow inlet
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Fig. 14 Contours of film effectiveness and space temperature
calculated by RANS simulation
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1. Overview

This year, the fuel flexibility of the aviation sector
has been recognized to play a key role achieving
the net zero carbon emissions target until 2050.
Sustainable aviation fuels (SAF) or liquid hydrogen
are seen as most promising candidates to replace
kerosene.

This is also reflected in the track Combustion, Fuels
& Emissions, wherein a total of 154 papers were
presented and thus being the largest track of the
conference in this year. The affiliations of the authors
by country are classified as follows: 38 from the United
States, 35 from Germany, 21 from France, 13 from UK,
8 from Italy, 7 from Norway, and 5 from Swiss and
South Korea, respectively. Japan presented 2 papers
(KHI on thermoacoustic oscillations of hydrogen
combustion for gas turbines and Toyota/AIST on the
stability of ammonia combustion for gas turbines).
A total of 50 sessions were held, and additionally 2
plenary/panel sessions and 3 tutorial sessions were
organized.

2. Technical sessions

Continuing the trend of last year, hydrogen as gas
turbine fuel was a significant topic in the technical
sessions. Also ammonia is recognized as a candidate
to replacing fossil fuels. Experimental investigations
of laboratory scale burners with flexible fuels remain
on a high level of interest, and are often accompanied
by numerical simulations of reactive flows, where
unsteady Large Eddy Simulations (LES) are
prevailing. More gas turbine manufacturers entered
the development of hydrogen capable gas turbine
combustors.
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2.1 High hydrogen combustion research

The challenging reactivity of hydrogen is addressed
by new combustion concepts that can be grouped as
follows: lean swirl-stabilized and multitube premixers,
micromixers, and lean direct injection concepts (LDI).

Laboratory scale lean premixed flames with swirl-
stabilization have been studied experimentally at
atmospheric conditions (GT-101461, 101903), high
pressure conditions (GT-102527), and numerically
with LES (GT-102634, 103006) and RANS simulations
(GT-103212). Multitube burners were investigated
(GT-101706, 104021). A laboratory scale lean direct
injection concept has been introduced (GT-101577).
A non-premixed micromix combustion system was
applied to an aero-engine combustor (GT-103970).
Moreover, jet-stabilized flameless oxidation (GT-
102392) and a humid combustion system (GT-103023)
have been investigated for NOx control.
2.2 Ammonia combustion research

A liquefied ammonia-fired gas turbine with a
reformer prior to the combustor has been investigated
(GT-100755). A premixed swirled-stabilized ammonia
and hydrogen blend flame has been developed (GT-
102452). For a real gas turbine combustor, a study
on ammonia and hydrogen co-firing with natural gas
under atmospheric pressure has been conducted (GT-
103364). A Rich-burn/Quick-quench/Lean-burn (RQL)
combustor has been simulated numerically with
natural gas and ammonia (GT-103835).
2.3 Novel combustor design

Novel combustors mainly base on concepts
described in the previous sections. A micro gas
turbine combustor with swirl-stabilized premixed
main flame and central pilot fuel injection for pure
hydrogen was shown (GT-101364). A premixed fuel
nozzle for an annular combustor was presented by
Baker Hughes with testing results from atmospheric
until engine test conditions (GT-102502). A retrofit
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concept of F-CLASS gas turbines from GE with
compact micromixing flames was presented (GT-
101797). A simplified flamesheet hydrogen burner was
investigated regarding the occurrence of flashback and
thermoacoustic instabilities (GT-103779). Moreover,
a new recursive sequential combustion has been
presented at an early development stage (GT-102889).

The hydrogen capability of a lean premixed
combustion concept has been tested under high
pressure conditions by Siemens with the target to
increase the hydrogen capability to 50 vol.% in the
heavy-duty gas turbine SGT5-4000F (GT-103574).
Siemens also reported about their fleet experience
with over 60 vol.% of hydrogen in the smaller SGT-
600 engine with the 3" generation DLE combustor
(GT-103650). Experimental investigation of novel
combustion concepts for hydrogen fuel have also been
presented by Doosan for their 5 MW gas turbine,
including multi-tube nozzles, partially premixed
combustion and non-premixed micromix combustion
(GT-102363).

2.4 Combustion dynamics

Low NOx premixed combustion systems are prone
to thermoacoustic instabilities, but are also gaining
importance for high hydrogen combustion in general.

Flame response investigations: The effect of
hydrogen on flame-transfer functions has been
investigated for a jet flame (GT-103032) and a forced
premixed burner (GT-103741). For spray injectors,
flame-transfer functions have been modelled for an
acoustically forced premixed swirl-stabilized burner
GE15 (GT-103246), an annular combustor (GT-101370),
and experimentally determined with a Jet A fueled
aero-engine combustor (GT-103222).

Experiment: High frequency flame responses of
premixed multi-jet combustors have been studied
experimentally and numerically, with acoustic analysis
and proper orthogonal decomposition (POD) (GT-
101417, 102022, 103598, 104112). Oscillations from the
multi-can arrangement of combustors have also been
reported (GT-103206).

Modelling/CFD: Regarding swirl-stabilized premixed
flames, the thermoacoustics have been characterized
with a momentum potential theory (GT-102831), and
an analysis of their entropy wave generation (GT-
102833). An acoustic transfer matrix uses acoustic
energy conservation as a reduced order model (GT-
101500, 102035). LES is the dominating numerical
method for acoustic analysis. The response of an aero-
engine fuel injector has been investigated with a

hybrid CFD-CAA (Computational Aero-Acoustics)
model (GT-100865). The dynamics of a can-type
combustor (GT-103298) and a jet-in-crossflow (GT-
102853) have been simulated. LES is also applied
to the analysis of thermoacoustic instabilities of a
premixed burners (GT-103438, 103133).

Hydrogen: The dynamics and stabilization of
swirling hydrogen flames with cross-flow injection
have been analyzed (GT-101977). For non-premixed
hydrogen micromix flames, oscillation modes have
been experimentally determined (GT-102068). The
dynamics of a premixed micromix fuel nozzle (GT-
104117) and a partial-premixed combustor based on
LDI (GT-102611) have also been studied.

Spray flames: Flame transfer functions are
presented for a swirl-stabilized combustor for different
degrees of fuel-air premixing (GT-102448). Moreover,
the thermoacoustics of the primary zone of an RQL
fuel nozzle for an aero-engine was investigated (GT-
103105).

2.5 Fuel flex

Fuel flexibility refers to admixing non-carbon
containing reactants, like hydrogen or ammonia, to
fossil fuels. This effect of admixing on a can-type
premixed combustor (GT-102217), an industrial
annular combustor (GT-104113), an industrial gas
turbine fuel nozzle of first combustion stage (GT-
103568), and a jet-stabilized micro gas turbine
combustor are investigated (GT-103418).

2.6 Ignition, flashback, blow-off

Experimental studies on ignition phenomena
comprise a light-around study of methane-ammonia
and methane-hydrogen blends in an annular
combustor (GT-101255), ignition of CO;-diluted syngas
(GT-102356), and ignition inside an helicopter engine
with a laser system (GT-103897). Flashback limits for
hydrogen rich fuels and the effect of mixing quality
(GT-101551), and for a low swirl burner (GT-102221)
are investigated. The effect of water/steam (GT-
101575) and other inert species (GT-102318) to the
flame stability and blow-off limits were investigated.
2.7 Emissions

For aero-engines, a study compared Jet-Al
fuel with SAF (GT-101375). A novel low NOx
combustor concept was also shown (GT-100453).
Soot measurements and flame characterization (GT-
101152, 104174), especially for a RQL burner (GT-
103642) as well as gaseous and particulate emission
measurements (GT-101273) were presented.
For industrial gas turbines, combustion tests for
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CO ; diluted methane flames (GT-101261, 104096) and
pulsed plasma supported combustion (GT-101315,
102621) were introduced.

NOx emissions reduction remains a key criteria for
the transition towards carbon-free fuels. The impact of
preheating on the flame stability and NOx emissions
of a hydrogen injector was investigated (GT-103992).
The NOx emissions are especially critical in non-
premixed industrial heavy-duty gas turbines (GT-
103822). During lean combustion of ammonia, nano-
additives for aviation combustors (GT-103846) and
methane/ammonia blends for an aero-derivative (GT-
103074) have been studied. Fuel-bond NOx emissions
of ammonia admixed fuels from biomass gasification
have also been reported (GT-103191).

2.8 Combustion modelling, kinetics

Combustion models are continuously being
improved. For LES applications, the FGM approach
with the thickened flame model is especially often
used for non-premixed hydrogen combustion (GT-
101075, 102250), premixed hydrogen/methane flames
(GT-101994, 102039, 102427, 102651), and reheat
hydrogen flames with water/steam injection (GT-
103466). Finally a numerical study compared FGM and
EDC models (GT-103205).

A chemical kinetic model was validated regarding
to the ignition delay time for hydrogen and ammonia
(GT-100992). Other studies reviewed chemical
mechanisms for natural gas/hydrogen co-combustion
(GT-101471), syngas and methane (GT-103069).

The effect of the definition of the progress variable
on hydrogen containing fuel has been investigated
with a RANS/FGM model (GT-103664).

2.9 Machine learning/Neural network
Several contributions apply machine learning to
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improve CFD model parameters or predict combustion
oscillations. Turbulence model parameters (GT-103649)
and RANS model parameters (GT-102159) have been
improved by machine learning from LES results using
Bayesian inference. Another study trained a CFD
flame simulation (GT-102543).

Targeting combustion oscillation analysis,
parameters of a low order physics-based model of a
premixed flame were assimilated with flame images.
A Bayesian ensemble of neural networks was then
trained on numerical simulations (GT-101460).
Thermoacoustics of a micromix combustor were
simulated with a wave-based low order network model
(GT-104098).

3. Panel/Tutorial sessions

A nowadays trending topic is the utilization of
Artificial Intelligence (AI), which is also reflected
in the combustion research community. A novel
lecture “Learning Models from Data - Application
to Combustion Dynamics” introduced fundamental
theory of using a neural network instead of a physical
model. For newcomers to combustion research, two
lectures on combustion gave an introduction to “Gas
Turbine Combustion” fundamentals, and to combustion
instability phenomena in the tutorial “Combustion
Dynamics” .

In two panel discussions, significant attention is
dedicated to hydrogen and ammonia applications in
stationary gas turbines in “Carbon free dry low NOx
gas turbine combustion using hydrogen and ammonia’
and the application of additive manufacturing (AM)
in “Additive Manufacturing Enables GT Combustion
System Innovation” .
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&at 20224 | 229 7,005,326 EIPIFI AN | 202248 206 1,690,110
Vs MIAERG 1| 0% L608517| 30% vs RIAEH 6|  3%| A229254| Al12%

20214¢ 22 1,705,600

HOEHR % R 5 & RIAERTRE 2248 b AN — X TR 7YT | 2022 17 33128%

AR 8 B b, U3~ — KT RA KA 9 ) T

Wk b7z, FITHHS A THNCIS & H RO IT it ooz ; 579500

WERIRAADEBE, M b iZHea» <, It vs i 4F3 I8 2 679,600

KR AW o —T, WARBRE O R TIEM 1 flirth i 20214 3 288,045

B WAL bICHEDE, WEa A PP EER SRS W won [ 200 0 0

I 2S5 A I o 53 vs HifEIEIR | A3 A100% | 4288045 | A100%

(204, 214 L bICEMO WA > 1HMT T > b AT O A 0 0

AR (FAE) HAR FOEATA, FRIREET TR | 20226 4 1.322,720

7 vs i AF 8 4 1,322,720
WIEFEIRE L7zo) 20214 3 1,483,800
Wi | 202248 0 0
vs MIAERIR| A3 AL00% | A1,483800 | A100%
20214 28 3477445
WL 202248 23 5315216
vs RIAEIMIL|  A5| A18%| 1837771 53%
20214¢ 228 5,396,809
&at 20224F 229 7,005,326
vs HIAEHIR 1| 0% 1608517| 30%

Wl % W5 & BB — 2 TIZEINIENT A%90% & K% K
2O L, W)= AT AT A375% & B ElE
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AEAHR 2 —E ¥R

2R EIAASRGE L TV b 2X8EDENARTIEEEAN—
A TS 5 54 OHIIC BT REHMEZ % L T
WL oz, WBom TR 7 VT IEIAEE, H
JEBITE, 2F0mB kTl e, BRIFET
WH L72d OO IRFIET, 5HEEROBIME 7o 72,
(204, 2V4EE DICEBDMEEI 72T 7 1, IFRFEIZ
FLETIIIFIRE L)

F5  WERBBEM L E A BT (kW)

2

B EKEYARAY | a-F HE | BEEER (O (kW) | B

20214 | 223 5305559

%A | G | 20026 | 224 6921666
vs WAEHIM| 1| 0% 1616107| 30%

2021 3 11.250

Kar7 | w [ 20226 3 3660
vs WAEHIR| 0| 0%| A7590| A67%

‘ 20215 2 80,000

*Eggé‘i PRR| 20224 2 80,000
) vs WAEHER| 0] 0% ol 0%

20214 | 228 5396809

ot 2022/ | 229 7005326
vs WAEHIM| 1| 0% 1608517| 30%

WEERBHEA ] T IR R, FEEBRA R DIB% % D %o
(204F, 214F & HIZFERMO M o 72EIRE £ OMIEH
idEETRIEFIRE L7zo)

#6  MBKTREEGELECHT (kW)

BRI FRC | BEEE | (KW) | Bk
2021%F 7 272,950
212?529” 20224 3 118,880
s W4 Ad| A57%| A154070 | A56%
- 20214 | 11 4587.300
22,065k W|44130 ~ | 202245 | 16 6490736
~ vs WIAEHEM 5| 45%| 1903436 41%
20214 | 18 4,860,250
Aat | 2002 | 19 6,600,616
vs WM 1| 6% 1749366 36%
20214 | 228 5,396,809
ot 20024 | 229 7005326
vs WI4EHI 1| 0%] 1608517 30%

XN R B & BN — 2 TIERh RIS Ko 7 #5y
Zho, BHNR—Z2TIEREDSHRD & E 50 5,
FREOMEPNI224E D HIEFRETH o

WG MO OIS E, K2 ~FKE5DORITHWT/ME,
B, REEORE, MIMERIFERRE LTWwE0S, 2
e LToANL DX, A —¥ >y (LLFGT) &
WL CTHEABVPREMTH L, THERLE, K
GTANEHMT DR — 20— FHFEEIMEDR, BEHE
HAREERTH B0 —T7, A, HRIGTIIEIZEN
DOIFFEHFEEM DI, EMFEOWRE A S h
LONERTH %
BEPLOBE RS L, 2V HIE TERINTEAK
ST R, R A 2o T, HiEEH &
CEELMRTH 7275, 224R 104 TH BRI
LV EiER LoD, MOAMIETHERE R o7
NHWoOWGZAL L, ENTENY 255 L2214 &
(BRI 224F 13 7 ¥ 7 100 i 1 A5 LN T 35 o0 1R 0 A
i) TEETOMYEEILL 72,

2. 2022FEMMZERAH X2 —E CEERETBIE

(1) =RV b oIV ,/ ¥ —KI77ox2rTv
DOFHBAIRIN DV TIE, WEAE & MERICP- 1B E 3
WHRAEHDOF7-100 A TH Y, BEABIIEED 6 &
PO 1RO TETH 720 TOMICENTHIES
N7y —FK77 x0T, HondaJetlZ##
ENTWAHFI202%d 0, 20144F 12 K EHE I AL 22 H
(FAA) ORISR AT L, 2015412 A A3pilan &
NTWwW5,HF120 v Y VIEKREGER Y ¥ - =71 -
IV AMBTHY, REANTREIN TS0,
AFEHZIZE TN TV, (K13, M8 EM)

(2) WEFBRICY — K70y 70T ¥ OHBEE LM
{, #=R¥x7 b v IroHBEEIRNIIZT700
DAHRELRY, BERKIIEFEDOIRLL 3RMD6H
Thotz. (Rl4, MIZH)

(3) REIMZERH T VY VAT E Y 2 — )V O H R
MAZDOWTIE, A4EIF20204E 75 D a a F /I X 2
a2 HIINCHE U, FEFE 02,2395 5 5176 -5
L, 24156B¢ %7, (M10ZH)

(4) HEROMZEHIT A Y — ¥ Y RESKOFHE LT
i, EEBEEIMT T Y i EEeEKIcH T 0 AL

BN B B B (T (kW) | Bk
202147 2 102
0~ 146| 20224 1
vs WA AL| A50%|  A102 | A100%
20214 | 12 3273
147~ 367 20224 | 12 3441
i vs BIAERIE 0| 0%|  168| 5%
- 20214 | 39 19436
368 ~735| 20224 | 46 23457
vs WIEREM 7| 18%|  4021| 21%
20214 | 53 22811
MNat | 20028 | 59 26,898
vs WIAERIR 6| 11%]|  4087| 18%
20214 | 116 221,938
74321; 20024 | 122 209972
vs WI4ERIE 6|  5%| A11966| A5%
20214 | 34 182,610
4i€239€ 20220 | 29 158840
vs HIAEHIN  Ab | Al5%| A23770 | A13%
i 20214 3 32400
736 ~ 12€%§6» 20224 0 0
22.064kW| vs HIAEHITE A3 |AL00% | 432400 |A100%
o181 - |21 4 76,800
22064 | 2022F
s WIAEHIK A4 | A100%| A76800 | A100%
20214 | 157 513748
ANat | 20028 | 151 368812
vs WIAEHIN AG| Ad%|A144936 | A28%
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EnAs, w4 (2022) AFE12H ARSI NPt
FEMEIIOC [RIHEBIR RS 2 G & LT, JEE
BLOA 7 ) 7 ERFEIRIELZEFIHEAL, 20354
EEToORBETZHET] EHRSh, =T 03
H 3t IL R BAFSICI D ML Ee®, 2 X ) EIBRICTHE
WyaRit v V=7 0FM, @)% EEDSHE
U, BhifssEpE - Hi AR A MRy - b TE A L
EBIT, AWML RS OMBLE LT,
RERIHRIA VLB T E 5, —H KM
EEHI YV VT EY 2 — L OBEEKIZOWT
X, I aFEE TOMRE T E ORI PR
v, GEnx, TrentXWB , PWI1100G-JM®DE Y 2 — )
ByE HRMEEDHN, WYY ARY v METH
% Global750012 # #k & 11 T\ S Passport 20 4E A%
WML 720 AR R M EEEB777X 2 ) — X2
Wy EDOGEIX (20204 9 Hizx > ¥ v BIXUKGEE % HL
%) 5%, i v Y v oREBILEFEYTbILTW»
BHIRIIR, 20244F 121 k% 5 BT AT201 94E 7K HE % ) 2.
THET L ETFHEINTWEIZ E2S, FERMIC
35 %S REMZEEHT VY Y ED 5O 2 EE&H8

¥ s EmEki< L o s,
H(L) : Bifga &~ — & X—3  https//www.mod.
go.jp/j/policy/defense/nextfighter/index.

html

I. #Et
1. BEMAHZ42—E>

L]
.

W(2) : BRRAHIHIT L A1) ) — & https//www.
ihi.co.jp/ihi/all_news/2022/aeroengine_
space_defense/1198116_3479.html

(3) 1 —MeALFEN HAMUZEEE L% [/
44 HARORHLZE T4 13 ]

W4) © — RN HAM RS [ R

MZEREIC B9 287l 2022-2041

=

3. 2022 B EREPIE

(1) ZEpEARE (FE15) 122w Tid, FICHBH T I
S5 # 0% 3 BLALE100mm L T @ Class1i# #5 #%
DA FEEFUZ20104F LIRERS N % fet ) 5 i 5 5 B w2k i
BRI R ICHIME 2 P> TV 5285, 20224F 13 A 4E
(#1636 /) HI11%IMDORIS65H T & o fze TR
PEAK, BE EISTEREAE, ANTYAAN I BERE SR Al &
N5 M E HEALME101mm ~ 200mm @ Class2:8 55 1%
DOEFEBFUZ20194FE T 21020 555 < B A PE B 5L
DA B X COVIDIID 2 S MIE L, RisEDOK
317 (W431HE) &l olze FITHMINEERE M
WAE T S 5 JE #i bR 3R AL £ 201mm L | o Class3 L
Fo#EHEEIZ oW TIE, Class3, Class6, Class9id i
BLTWBEDL DD, Classd, Classs, Class7, Class8
ZBWTIEZENZENH16%, 60%, 10%, 220%14 &
oTHBY, Classl0iZ 0 22510 & oz LT
BAEREE (1494%) 7% ED1598E & 7 - 720 2017
AEDLBEIR AR 12 B - 7255, COVID19D 2L % b
HE, MRAOMINEEOWNA TN, 202244 pE
BEUIINCEE L TWvW 2,

(2) ApERIEL (3R16) 12DWT, 20224E 13 i4E 7 A

=]z 2 AW OTAMA (£Classtr ) Tholo THITET

=3 5|2 T 0L < 7% BB RWE S 2 BN RS 5

4§ E S 728, fERA T ¥ T IS B HEE RS o i ik
10,000 |- 750 |- Dk L CHEAT WS SO0, BESISOHA L > Y
9500 |- 00 b IS L= ia iRl o A #HATE Y, #HR
9,000 |- ELTT7THRSAHEMLZbDLEER S,

650 |-

8500 |
8000 | 600 |-
7500 |

' 550 |-
7000 |- 7005
6500 1= T 6105
6,000 |- 450 | : 5.953
5500 0 b 5,397
5000
4500 |- 350
4000 300 - 277 3735 12
3500 | 252

: 250 |-
3000 | 214 228 228
2500 200 1= 181
2000 | 150 |
1500 |- L0 b
1000 |

500 | 50 -

0= 0 2017 2018 2019 2020 2021 2022
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K1 BEEfHATAY -
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FT 20224V AEREABR T (kW)

X% Size| /\#1  Small Unit | H1%  Medium Unit | A% Large Unit & W N
~735kW 736~22,064kW 22,065k W~ Total
H 7 =R =G R A B = & G B < By M I = G B s RS I B = v~ G I s B |
Application Code | Units | Output (kW) | Units | Output (kW) | Units | Output (kW) | Units | Output (kW)
N— 21— FIEEHN
Generator Drive for Base Load BL 10 4508 11 61,182 15 | 5.850,016 36 | 5915706
Y—zu— F5EH
Generator Drive for Peak Load PL 0 0 0 0 2 679,600 2 679,600
= I& A

o e EM 48 22,390 139 305,000 0 0 187 327,390
Generator Drive for Emergency
[} i Jif|
Merchant Marine M 0 0 0 0 0 0 0 0
& ®
Military Marine MM 1 0 0 2 80,000 3 80,000
At 7o v AH
Oil Refinery and Chemical Process OR 0 0 0 0 0 0 0 0
Zofn7at 2 [
Miscellaneous Chemical Process PR 0 0 0 0 0 0 0 0
£ B A XP 0 o] o o] o ol o0 0
Experimental
z= il H
Air Conditioning ACD 0 0 0 0 0 0 0 0
%. ? fte MC 0 0 1 2,630 0 0 1 2,630
Miscellaneous

PN =

D Total at 59 26,898 151 368,812 19 | 6,609,616 | 229 | 7,005,326

* 1 BUHTER A

BL 15.7%

EM 81.7%

BL 84.4%

B2 20224 @R A BB A (%) B3 20224 B JIEE (%)

— 100 —
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28 20224EMREIBI A BE BB O (kW)
X% Size | /N8 Small Unit | 1% Medium Unit | A%! Large Unit & Woh
~735kW 736~22,064kW 22,065k W~ Total
PRFRERE =R N = G I R B = G I < BN A = G B < s S I = =G < B |
Kind of Fuel Code | Units | Output (kW) | Units | Output (kW) | Units | Output (kW) | Units | Output (kW)
WALK IR A
Liquefied Natural Gas LNG 0 0 0 0] 8 | 3,245,596 8 | 3,245,596
RISH A GNG 0 0 19 84,640 7 | 2,932,320 26 | 3,016,960
Natural Gas
WAL AT A LPG 0 0 0 0 0 0 0 0
-
}?)\é AMM7TS v b THA GOG 0 0 0 0 0 0 0
H iR (FA k) A GCG 0 0 0 0 0 0 0 0
Gaseous | 1y 4, 2 772 GRF 0 0 0 0 0 0 0 0
Fuel
ﬁ!ﬁﬁ A GTW 0 0 2 3,200 0 0 2 3,200
own Gas
R A A
Blast Furnace Gas BFG 0 0 0 0 2 351,700 2 351,700
RS 0 0 21 87,840 17 | 6,529,616 38 | 6,617,456
Sub Total
ATl T 12| 4681 | 22| 41030 | o0 0| 34| 45711
R Kerosene
B e
E
fﬁ Gas Oil K 13 5,900 19 43,200 2 80,000 34 129,100
| ma1
Heavy Oil No.l H1 34 16,317 89 196,742 0 0 123 213,059
Liquid 5 oo =
WARPREL /NGt
Fuel  Sub Total 59 26,898 130 280,972 2 80,000 191 387,870
fih CB 0 0 0 0 0 0 0 0
BEREREL /NG
Sub Total 0 0] 0 of 0 0p 0 0
DA
Miscellaneous Fuel MF 0 0 0 0 0 0 0 0
~ =
DTO taluf 59 26,898 151 368,812 19 | 6,609,616 229 | 7,005,326

WARREEL 83.4%

24 20224 A BE R A (%)

X 5

—-101 —
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#9 20224 HIBHIMABGELOMT (kW)

X45 Size | /M Small Unit | %! Medium Unit | X#¢ Large Unit |
~735kW 736~22,064k W 22,065k W~ Total
bR (=r S I | (=r S I | (=r S I | (=r S I |
Location Units | Output (kW) | Units | Output (kW) | Units | Output (kW) | Units | Output (kW)
v i &
Hokkaido 2 1,000 3 3,600 0 0 5 4,600
w®ode
Tohoku 4 1,436 6 8,400 0 0 10 9,336
o H 17 8,100 76 208,690 0 0 93 216,790
Kanto
% g]hubuﬁﬂ 8 3,468 11 16,300 0 0 19 20,268
I_E] 2
e .
v = & 7 2,820 27 63,600 0 0 34 66,420
Kinki
H
Chugoku 3 1,318 7 8,000 0 0 10 9,318
]
Shikolu 3 1,800 0 0 0 0 3 1,800
Domestic| , Y
6 3,080 8 21,780 0 0 14 24,360
Use Kyushu
?[P. # 2 640 1 1,200 0 0 3 1,340
Okinawa
i ME
Military Marine 1 0 0 0 2 80,000 3 80,000
%. > 6 3,236 4 7942 2 | 1,243,200 12 | 1,254,378
Miscellaneous
AP A 59 26,398 | 143 340,012 41 1323200 | 206 | 1,690,110
Sub Total
= PN
North America 0 0 0 0 0 0 0 0
HoFg ook
South Central America 0 0 0 0 0 0 0 0
7 e 7 0 0 8 28,300 9 | 3,284,096 17 | 3,312,896
ity Asia
t e
Iy A ‘J|| 0 0 0 0 2 679,600 2 679,600
F Oceania
174 P
For | Europe 0 0 0 0 0 0 0 0
Export| @37 - NIS:
xport| BT - NISEH] 0 0ol 0 0] 4132720 4] 1322720
Russia *+ NIS
el R’
Middle East 0 0 0 0 0 0 0 0
7790
Africa 0 0 0 0 0 0 0 0
BSOS 0 0 0 0 0 0 0 0
o =
Htho iy Gt 0 0 8 28,300 15 | 5286416 23 | 5315216
Sub Total
N =
o Total it 59 26,398 | 151 368,812 19 | 6,609,616 | 229 | 7,005,326

—102 —
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210 20224F- W BREPHEAR U A PE B B YT (kW)
X4 Size| /M8 Small Unit | 7% Medium Unit | K% Large Unit & Hoh
~735kW 736~22,064kW 22,065 kW~ Total
B SR B AR e N G I I I = =G < R B = G B < s B ) B B = < G B < s B
Driven Machinery Code | Units | Output (kW) | Units | Output (kW) | Units | Output (kW) | Units | Output (kW)
= R
% Eﬁlﬁ% G 57 25,868 150 366,182 17 6,529,616 | 224 | 6,921,666
Electric Generator
KKV T
Water Pump W 2 1,030 1 2,630 0 0 3 3,660
HEAERE F 7212 mlgR 3 PRR 0] 0 0 0 2 80,000 2 80,000
LIPS DM 0 0 0 0 0 0 0 0
Z DM i B GC 0 0 0 0 0 0 0 0
& it
59 26,898 151 368,812 19 6,609,616 | 229 | 7,005,326
Total
PRR
W 0.1% PRR 1.1%

P16 20224 BEEREBAR S A EE R B (%)

B7 20224 B ERENBEA I 0 EI S (%)

FI1 20225 MBI XA FEAG BRI (kW)

MoK g W) B Mo
Units Output Units | Output (kW)
0~146 1 0
AN 147~367 12 3441
Small Unit

o 735K 368~735 46 23457
/NEF - Sub Total 59 26,898
736~4,412 122 209,972
— 4413~10.296 29 158,840
Medium Unit 10,297~16,180 0 0
736~22,064k W 16,181~22,064 0 0
/NEF - Sub Total 151 368,812
% m 22,065~44,129 3 118,880
Large Unit 44,130~ 16 6,490,736
22,065k W~ /NEF Sub Total 19 6,609,616
& 7 Total 229 7,005,326

- 103 —
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12 20220EFBHIA A & — € v @BV AEEAE LI (kW)

K4 Size /N Small Unit Fiftl Medium Unit KHY Large Unit 2 W)
~735kW 736~ 22,064k W 22,065k W~ Total
i & a—-F| B moh [EF o = B = i BS|
Application Code Units | Output(kW) | Units | Output(kW) | Units |Output(kW)| Units |Output(kW)
~N—Zuo— FREEMN | BL 0 0 0 0 2] 1,243200 2] 1,243200
V—su— F5EH | PL 0 0 0 0 0 0 0 0
5w HREN EM 0 0 0 0 0 0 0 0
ﬁ SRR XP 0 0 0 0 0 0 0 0
Zoft MC 0 0 0 0 0 0 0 0
D i 2 Sub Total 0 0 0 0 2| 1243200 2| 1243200
~N—Zu— FREEMN | BL 4 1272 7] 53240 0 0 1 54,512
V—zu— FEREM | PL 0 0 0 0 0 0 0 0
lg FwHREH EM 48] 22390 131 276,200 0 0 179 298590
% | RsA XP 0 0 0 0 0 0 0 0
gy MM 0 0 0 0 0 0 0 0
Z ot MC 0 0 0 0 0 0 0 0
D"Tf]tg%%vaﬁi“e “ Sub Total 52| 23662 138 329440 0 0 190 353102
P43 Domestic Use Total 52| 23662 138 329440 2| 1243200 192| 1,596,302
~N—An— FREEM | BL 0 0 0 0 10| 4216236 10| 4216236
W |E—zu—FREM | PL 0 0 0 0 2| 679,600 2| 679,600
%‘g R MIEN EM 0 0 0 0 0 0 0 0
s | B XP 0 0 0 0 0 0 0 0
A lewem MM 0 0 0 0 0 0 0 0
Zoft MC 0 0 0 0 0 0 0 0
R e U b Total 0 0 0 0 12| 4895836 12| 4895836
~N—Z2uo— FREEM | BL 0 0 0 0 3] 390580 3] 390580
g |Y—ZOo—FR@M | PL 0 0 0 0 0 0 0 0
téﬁ FemHsER EM 0 0 8 28800 0 0 8 28800
% | A XP 0 0 0 0 0 0 0 0
g MM 0 0 0 0 0 0 0 0
Zoft MC 0 0 0 0 0 0 0 0
N b e U ol 0 0 8 28800 3| 390580 11| 419380
#ih &7t For Export Total 0 0 8 28800 15| 5286416 23| 5315216
~N—AO— FEEM | BL 0 0 0 0 12| 5459436 12| 5459436
Y—zuo— FREM | PL 0 0 0 0 2| 679,600 2] 679,600
i JEH SN EM 0 0 0 0 0 0 0 0
RES ¥l XP 0 0 0 0 0 0 0 0
A MM 0 0 0 0 0 0 0 0
Zoft MC 0 0 0 0 0 0 0 0
LA w%H & 3 Tomal 0 0 0 0 14| 6139036 14] 6139036
~N—Z2u— FREEH | BL 4 1272 7| 53240 3] 390580 14| 445092
V—ru— FREM | PL 0 0 0 0 0 0 0 0
% I RIS EM 48] 22390 139 305,000 0 0 187 327.390
e ] XP 0 0 0 0 0 0 0 0
S MM 0 0 0 0 0 0 0 0
Zoft MC 0 0 0 0 0 0 0 0
Private Usea %1 & 3 Total 52 23,662 146| 358240 30 390,580 201| 772482
i Grand Total 52| 23662 146| 358240 17| 6529616 215 6911518

Note : Code Explanation BL : for Base Load PL : for Peak Load EM : for Emergency

— 104 —
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2. MERAHRZ—E>

]
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2,000

1,000

Power Output

X 8

]

iz
Eﬁ
=
|8
g
120 F
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80 |
60 |-
1148 1148
40
20k 20 20 19 z1
6 7
0 2017 2018 2019 2020 2021 2022
4 Year
LA NVIEI N dVAVIVE At N A g VRV

&

ins

No. of Units

5,000

4500 - 4324

4,000 -

3,500 3.359

3,000

2,583

2500 2468 2415

2,239
2,000
1,500 [

1000

500

2021

2022

2017 2018 2019 2020

4 Year
X10 KRRz Y Y HEY 22—

K13 20220EF =KV 2y bV Y S I =K T VY
EREGEIL AT A bEFE (KN)

25 A MR
Thrust

BT
Number of Units

I LR A T A b
Normal Thrust at Sea Level Static Condition

%1

#14 20228EF — KV ¥ 7 VLUV Y ¥ —RKTay S LYY
EEREB O (kW)

=z =
= |2
&ls WE
Rz S
=|2 =
120 120F
100F 100
80 - 80 -
60 - 60 -
40 | 40
21
20 - 20 - 16 . 1
8 4 2 6
oL 0 . = = L
2017 2018 2019 2020 2021 2022
4 Year

K9 F—Kvx7bvrIr/ ¥—RTuy s Iv

—
" 0~735kW | 736kW~ | 4
2 2 %2
Mok || T | B0 |
Application | Units O(i%)fl)lt Units %it\%t Units O(Et\%)lt
[ 5 B
Fixed Wing Aircraft 0 0 0 0 0 0
~N) a7y _ _
Helicopter 6 0 0 6
% B By
Aux. Drive Units 0 0 0 0 0 0
a 6 - 0 0 6 -
Total
%2 i AR R

Normal Output at Sea Level Static Condition

— 105 —
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3. EiarE
#15 7 5 AROEMAERE #16 27 I AP oML
X Vi Size X o Size
e & (mm TR /%
Clase %ﬁﬁ%ﬁ;ﬁr 03 201745 [ 201845 | 20194 | 20204 | 20214 | 202245 Clase gﬂiﬁﬁfﬁglgf) 201745 | 201845 | 20194 20204 | 20214 | 202245
Compressor Impeller Compressor Impeller
Class 1| O~ 100|623 | 51877 | #5835 | 049275 | 06363 | 56505 Class 1| 0O~ 100 18| 48| 49| 46| 47| 47
Class 2| 101~ 200 |39,008 37,067 | 17,867 | 8012 |13574 |43090 Class 2 | 101~ 200 25| 21| 21| 20| 20| 22
Class 3| 201~ 300 897 | 1005| 1154| 1009 760| 715 Class 3| 201~ 300 6] 15| 15| 15| 14| 18
Class 4| 301~ 400 64| 172] 165| 200| 192] 222 Class 4| 301~ 400 13| 10| 11| 10| 9| 6
Class 5 | 401~ 500 239| 181| 216| 233| 180] 288 Class 5| 401~ 500 13 12| 11| 12| 10| 11
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Class 9| 801~ 900 u| 10| 36| 49| s2| 36 Class 9| 801~ 900 5| 2| 2| 3| 2 1
Class 10| 901~1000 ol ol o] o] o 10 Class 10| 901~1000 ol o] o] o o 1
Class 11| 1001~ ol ol o] o o o Class 11] 1001~ ol o] o] o o o
2t Total™ 40651 |38763 [19,795 | 9844 | 15,068 | 44,688 &l Total™ 95| 79| 78| 75| 67| 74

Class 1 DHBEEHZ W72, Class 2 ~ 11O 2R T,
As the Production number of Class] is too many, Total number only
includes Class2 to Classll.

W

a1l

=1
T

iR
No. of Models

L]

3 BRIV ITNIPXA I - TH D,
Every model is an exhaust turbine type supercharger.

4 AR, EATRIEAMELOOMm % 8§ 5 2 R,

Total number of superchargers over 100mm in impeller diameter

JE AR HAHE (mm)

Diameter of Compressor Impeller

[M11 20224F A FE A B OB (%413 K162 )
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“Future Prospects of Gas Turbine Combustion Towards Carbon Neutral Society”
Part 1 : Aircraft Gas Turbine
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