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Co—generation of Digestion Gas By Micro Gas Turbine

R EE

HAMANO Nobuhiko

Abstract

Ki# —"

OHASHI Yoichi

RE

KODAMA Naoki

Digestion gas derived from drainage is renewable in nature and thereby does not contribute to the

net atmospheric concentration of the green house gas carbon dioxide. Digestion gas composition is 60%

methane, 40% carbon dioxide, a small amount of siloxane, hydrogen sulfide in general. Especially,

siloxane is harmful compound that is volatile organic silicone compounds derived from shampoo, hair

rinse, etc. The conversion of organic silicone components to the abrasive inorganic solid in SiO; in

combustion would cause damage on liner, turbine impeller, etc. MGT co-generation unit with

de-siloxane unit was running under continuous maximum power up to 80kW. Operation pattern was

DSS (Daily Start and Stop), or continuous running. Periodic inspections at each 500hrs by approx.

3000hr were conducted: No affect by siloxane were observed at each inspection.

Key words : Micro gas turbine, Digestion gas, Siloxane, Co-generation
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Raw gas | Treatment gas
CH, Vol% 59.4 60.6
Main co, | voi% | 385 377
component

Cco Vol% <0.5 <0.5

0, Vol% <0.5 <05

N, Vol% 0.8 1.1

H,0 Vol% 0.8 0.3

HyS ppm 149 <0.1

Harmful

component NH; ppm 0.14 <0.05
Si0, u g/m3 <20 <20
Siloxane | ppm 2.8 <0.01
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Photo.1 State of digestion gas test at water treatmentplant
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The Development of a Gas Turbine Combustor for
Dual-Fuel of Liquid and Low-Calorific Gas

Abstract

iy EE

KOYAMA Masamichi

R BAT

FUJIWARA Hiroshi

A dual-fuel single can combustor for the Niigata Gas Turbine (NGT2BC) developed as a

continuous—duty gas turbine has been developed to apply to burn both digester gas and kerosene. The

NGT2BC output is 920kW for continuous use with digester gas and 1375kW for emergency use with

liquid fuel. Digester gas, obtained from sludge processing in sewage treatment plants, is known as a

biomass energy resource that helps reduce CO, and save otherwise wasted energy. Design features for

good combustion with digester gas included the good matching of gas injection and swirl air, and

decreasing reference velocity. Niigata found out the good matching by CFD analysis and atmospheric

rig testing.

Key words : Dual-Fuel, Digester gas, Combustor, Gas Turbine (Niigata Gas Turbine NGT2BC)
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Development of a Dry Low Emissions Combustor
for Niigata 300kW Class Recuperated Cycle Gas Turbine Engine

W A

FUJIWARA Hiroshi

Al IEEY

KOYAMA Masamichi

Abstract ,

The authors have developed a liquid-fueled, low emissions, single can combustor for the RGT3R,
Niigata’s 300kW class industrial gas turbine engine, with the goal of satisfying the most stringent
environmental requirements for distributed power generation systems in Japan. This paper describes
these development efforts, which included non-reacting Computational Fluid Dynamics (CFD) analysis
and combustion rig testing results.

A lean premixed, pre-vaporized combustion concept is used to minimize emissions levels to meet the
strictest emissions regulations in urban areas. This combustion system involves two pilot burners and
two main burners. Each burner has a set of counter rotational axial swirlers to prevent flashback into

| Beflasms

premixing tubes. Main burners are axially staged from stable pilot burners’ flames.

The emissions target is less than 20ppm nitrogen oxides (NOx), 50ppm carbon monoxide (CO) and

unburned hydrocarbons (UHCs) at dry 16% O, correction for kerosene, while operating above 50% load.

Key words :

1. BUBHIC

HEEBRL AN F —DOREMGR T LA N F—

BIFED

ARABOBEANS, FEMIEHEL TRE SN LM

SEEFEIER ST 5B,

NBIDHFRA T —E VEBEILHTHRADRAY 74 —#5

BT, 200~300kW D,
DE VA, BB THNII,

BREZIR (EwE)
FA =N

VIVRHALY TV VICHIL ThIBREDFEREPRAD

B EFRTETz,

ZOLHRTHOD & THERREERASHIE, R
FE L THREN300kW 27 5 ZADNS 7 VA A
& ¥ RGT3ZN—RICEHIRHBETFA I VAR Y —

Y RGT3R 2B L7z COT VY VIZBBR/ND

3?‘)1*1/—

YarvVAFAHELT, BRE (RER

ﬁm¢ﬁﬁﬁ%5%)®mm(ﬁﬁﬁ%F%mm%ﬁ)

Az BREE LTHRES N,

RIBMICE L TIE, #MERCEAINEZ E2HEL,
IR MESFIIOHLHBHEES (TH) T NOx (20ppm LA

T, Fo 4,

16%038) ZERTAETZI v a VB

DLE, Combustor, CED, low emissions, lean premixed, pre-vaporized

Bigs (LT DLE) 2¥®L TV 5, ERICBITLTI v
Va PREER 1 IRY . 2o DLE #%ER (MODI5)
X JAXA B L ORFTHESN/ZDOT, ERERIC
BWTHIZ NOxZOppm PIF, CO R UF THC50ppm LA
TEERL TS, W?

CCTIEEICTA MU, WAk LR OHEREEA R
1t&H (VOC) o % A - 7z DLE BRBEs: (VOC *f
8 DLE) B~— 22 (MOD16) DBFIZDOWT
BRB, TOVOC ODMBIIH A Y —¥ VOF L WS
LLT, THHOIBERICETNAKEED VOC %2
BLRREHTAY —C VITRA S, BRI CREES
TAHZERH-oTWA,

2. HRH—E#E
2.1 {1

ERRLERT LD, KLY U TCIlRBEYL 70
FERALTWA, BEY AL 2 VA& —E Y RGT3R
A 7 VERRECE#EEZR 2, 3 RR1ICRT. B
B A7 VviFEMmE (C), N—F (B), §—EV
(T)&Uﬁ*@%(x)mﬁif%ﬁén hFh

JRSSERE 20044113251 DAY R=A Y P ELT1BRLEMRE, SRR~
BME T 2006812/ 141 BIRBERS, 1E&EF VTN —EVRUTTL—b74 Y

* 1 FHREEHRH Bty —
GT RS — &

T957-0101 Hrid B Av R AR B BT LM 5 — 2756 — 3

BBz V—F

Download service for the GTSJ member of ID , via 3.141.6.24, 2025/05/06.

HAGERALTW S, BEY A 7V TOBMTRIRE
% ) RESHA.01THE S, HRAY - VHHE



48

BEY 1 70 MGT Bsmel

3 & DLE MAKEESDBIS HBERH R4 —E L2

wiay[ppm16%0,]

=3

NOx,CO T

EXHAUST
priniinaia

C: JE A
XA

100 T
80 |

60 |-

20

w(:¢)5l0|:0|:om il oy (e ne
 (over 50%load) \ R

‘E' 3
~NOX20ppm -
| (over 50%load) | ~HFTLL
i & _ ] NOx g

A

250 300 350

150 200
REHH HkWe]

M1 #E#r3via oM (MODI5)

AIR

C

T2 —r v

B: R BE 25
GiFE R

M2 BEYAINVHTAY—YrOHBK

BARD

b DLEXR,

i \5‘_‘ v
A a—)v
B

Tibat]

K3 RGT3RHFA¥—VYrOWH

Download service for the GTSJ member of ID , via 3.141.6.24, 2025/05/06.

BZEBEODLHGFIVR—F > +%, CFD % FEM %
E@CAEV7$%%%LT%%&§L,ﬁmtfwéo

2.2 DLEaY&7hk

T TIIMRFET L7 DLEBSEs 0 v 7 M %K 412
R COMBEEIINSA Oy PFREE2AREAAL VT
BEBE2EREMA T WD, 7340y FN—F FTRAT A
BEEL, AL vN—FF84 0y boN—FIZHL, @
FHNZ30mm A5 —Y ¥ 7 LTwb, A4 FRERM
A3, BRBEESD ATIERTIE/NA 1 v b N—FDREICT
LEWEHIZFREEEZREL, 734 0y hOBBENE
MTATWMTNA Oy POBRBET R LBEEINDL LD
2, ERAMORL D AT T RHAGDYE, FRAEH
ODAT —VEREBELTWS, BARRENIE D R
oL oy PROEZT7 75 A PROA AL VIS
h, kL, Moy NRUAL P FREEERNS
ZERIFICHEF S NS,

HRE R B KBTI S 4 T v b O AR TEREDMIERE &
N, ENOx E—Fichd & A4 95 b REIEHE S
n, 4 ay b (2f) X4 VR OBRE 2GS
bo BIZAMDB LRSS E 2D AL YTHHH 5 KE D
FGEND, TOLH)ITHBBAT—Y 71326 T, K
BHILRE R R ORI ASIER IS Y TR T X B F 5
HFoTwh,

Wa=Wal +Wa2+ Wac+Wad :

Wal : %4 oy PERE g/s

Wa2: X4 V2258 g/s

Wac : $HZ=RE g/s

Wad @ iR E g/s

WE=Wfl+ W12 : BREFE g/s

Wil @284 oy MREER g/s

WE2 0 A A4 VB E g/s

Go =Wf Wa x14.8 : F—N—F— )V Yg}H

O1=WflWalx14.8: 84 T v MY &

D2=Wi2, Wa2x14.8: X 4 ¥ % &M

Op=01:/%4 1y MEEYE

Om= (Wfl + Wf2)/(Wal + Wa2) x14.8 :

A4 VHEBL R
Ta : #RBEEF ATRE (= T3)TC

BRE g/s

%1
300kW FAEY A 7 NVHAZ—E

JEHEt O 1B

PRIERS BAfS A B

B—r FOTN 1B

Sk 4.01

TERE T 290kW

BRI 2.5kg/s

HAY—V DOk




Vol.34 No.1 2006.1

BEY A7)0 MGT FREMAR & DLE RESFORRE

49

Tp: OpiZetd 5,84 oy MEEBALRIEK
Tm: Om s 5 A 4 Y HEBARREK
To : BEES B HREK

SMEVFRAE

Ta
Wal

Wac Wad

 AMUIREE

M4 DLE#BEERD2 > T b

2.3 DLE#BBROHEEE

DLE #Biss DB EEL K 2 1IR T, HRERNOH
WERIC B Bk L v NOx BENICEIE $ 5728, 20ppm
@16%0, % KT HZ L & HEIC L2,

F 72 RBRE S DV T BAE H AR EWN TS HIM I 4
WS, #ERkoBmE R T 2, BEMELTCOR
O UHC i350ppm YL F & L7z A8 TRREESIER $ 99.5%
ke L7

BEMREE 1IN R 710 4 X ORRBERS D EE D> 5 800T LA
T& L7z, BRSO E DL v Y D 5 D ER
CEY5%RUTE L7

#2 DLERBEEORMIEEE
NOx 20 ppm*LLT
CcO 50 ppm*LLT
THC 50 ppm*LATF
PRBEZhR 99.5%*LL b
PREBESRIER 5%LLT
A TRER 800°CLLTF

* BT AR O16%IRE~DEEE, AR 50%LL L

2.4 DLE MABESRDIEENRM

BEYA 7 VBT LBREY X7 A OBESMFOERM
ZERBESF A CREE T3R k4 EH Do 27K & < &1t
THHETHD, RS ITHRESXTFL2DAMIINT S T3
EU0o DELZERT,

IV VIREERIIEASRVEBR I N TW RV,
YINHAL TN (SC) EEMRIHEE TS, ZO08
BE %O BN T3IEREOH200T, BEREIR

- Download service for the GTSJ member of ID , via 3.141.6.24, 2025/05/06.

Load %
M5 eG4t

KiZH 272000 13HADOR0.18TH 5. HAEFOERE
EHICT3RU Qo 232 L L, EAMEBOFEY 1 70
(RC) £UNEKRELEDbLoTWVL, ZDE & T313H
300C, BREHREIZRAICR D 0o 13H0.07E T/ R B,
ZOHIZAFMD LH LI TSRO Do 13412 ER
L, ERARTH6E00C&0.1412% 5,

3. CFD (C& 345t

3.1 FREE®DCFD

FEFE - FRAOGEREICB VT, FRAT~OMK
2P E, THREERZREODICE, FREBENIC
WA (FCHEHEE) PRAET, BB CHiE
B (RS TELOFE T Lv, RBEEIIBNT
WRBERR R RTIC BT LT, PLH CFD v 7 b (FLUENT,
STAR-CD) %#fEWFRAEFEOHMNENEZERL, FiR
BERIR, AVFEAELBIEILL 7
FREEBRIEIA ML=, BRORPFTF -0 38
¥, FPIREEE X13140mm & 70mm DY (5—%),
27 1EEC 2 (K, 4D DR RGER &35 H
BEm, 275 BME~60° 1T WTHNITE EiL 720
X6 - 112EM LA CFD OFEF V2R,

3.2 CFD#%
CFD#EEPSUTOZ EBHS NI % - 72
(1) A7 IR 1EOBGE 3SHEEORRKEIREEIEZEZT
b FRAEPNC ST HA L
(2) A7 7 2EMDOEE D FERHIE FHTI, WHEEIEA
FEHELL
(3) FRABBRILKED T, EERFMORELRL 2 MO
AT G ulAGbE, ATVTRMAELHIEICEIILT
FREENOBTARATE ST, REEZRNIR LD
DI E R MFREEAITE 5
4) FRAEHREZ FL—r0BE, EEFRAORL
5 2DRT S5 EMAEHLETD, FRABEIETRE
BASTE S
CFD IZ X ZFHfi 5 R 2R 3 1T T, /- CFD &R



50 BLEY A 70 MGT BRFREIE & DLE fR3zORR

BAA X % — L3R

A hL—} B0 # T—n
6 -1 TERAEEERK

HEa¥— mis

EE88¢3588308%

Rl el W A
M6 -2 FRAECFD (BE) MR ERENZ M)

DO—HlE LT, FRAERESI0Omm OHE (5F—/%) I
BWT, 275 1 #EA3), 27528 HHU35°,
RI25°) TR 75 1A E IE] B O 5 TR el ok B %2 X 6 —
2R T o SDRERP LT —NOBRCTlIEREIOR L % R
IS5 ERMAEDYE, RAEYEIEICHASDLELZILT
TFREBENICHERPREST, BRBEESNIC T %8 H
BAERENE Z LD b 5b,

3.3 MABEER2(4D CFD

EHEEHEELES, SMuay P2RERAL V218
OFREE 4 MER—EAN @hhm) CERELLEFV
WZoWTC CFD T2 £ L, BET2TFRABT TN
DOFHBEER L,

M7 - 12RTEBYNED203, FREEOMED
PREBEBRFLE DS5mm A Ty P LB TR, BET
5 FRAGEHOORNSHEICTEHET 5,

—77, BRBERSPIEE 0260, FREEOMEABIESR T
L& 083.ommA 7y bLAERETIE, BETLITFR
AEBROOHITTH L2V,

COREIOFREAELH-HNICERE L25HE, B
PEERNBEEZ KT 2h, MIHRORAT =Y v 7 & LT
MIEFRAEHORNOTHLZHITL LB TELZV
balink o¥ N I8

PAEA 54 DLE #REse CI3MREERRNEZ AL (K
7-2), A4 YEWAEMII0Mm AT -V YT EE
R

3. XM RAF—T 2O CFD (MERLE)
FERERADLE & LT 4 FEWKRE OB SIS
30mm R 57— v 7 LB (MOD16) o CFD %
EML7Z. K8 ICHICERICERINMEZI vy v a v
E#EDDH S DLE BREER: (MOD15) @ CFD # 38 & Ihig

#3 TRAE CFD OFH

pryey R 23 CFS NATSHEEC ) HADSEH#EC )

NO 140 70 35 40 45 50 60 25 0 -25 -35 -40 —45

| By 0 0

2 F—IN— [e) [e]

3 1 o] o

4 1 @] o

5 1 o o

6 B ol o o

7 1 o] o [

8 1 olo )

9 1 o) [ o

10 1 [ [ 0

11 1 [ o [9)

12 1 [ o [$)

13 1 [e] (o) o

14 1 [e] [e] O

i5 1 [ Q 0

16 1 O [0

17 1 o 0 o

18 1 O [$) [

19 | 2bL—+ | © 9] 0

20 | 1 [e] O o]

21 1 [$ o )

22 1 [0) [e] [e]

L FMEsY EREL)
LA (R
] pamEnzL
BE: ©:BR.O:R.A T, x EALL
\ _50_

Download service for the GTSJ member of ID ,

via 3.141.6.24, 2025/05/06.



Vol.34 No.1 2006.1

BEY A1 70 MGT FHAEABEIR & DLE BBESRORE 51

MBERF 2K CFD &R (FRAE 4 XK)
5 4 F#£203mm, H.OEEESSmm

MOD15

X o

-

A A PR R4 uy b TRAEEE
M8 FEHIEWA DLE ©® CFD &R

LT, MOD16® CFD ®# % %/,~"3, MODI6TIZ,
N4y bEAL VOFEPL RN L e HERL

4, U702y bT—=7CK 3185

ABBEY AT A TRABETRAMELEHL T3/
® DLE BBEE: 054 1 v MR, XA VHEBEUTHR
W seEREt: (PSR) &IRE LT, 1bEMSH
#Y 7 + CHEMKIN @ PSR % 3 fH#&E LT 727 %
Av MU= L LT, ERBEEBOHOEERFLI v
VarifEEL,

KWV 72832y I —0OBEZRT, VT2 ¥
T3t oy MEBZEEL, 7S 2y MBS AIRLIE S
4 uay MBI FUELIO FRERHE S NS, VT2 %
2121334 0y b OBRBET A LT A 4 225, AIR2E X A
VBB FUEL2O FRERMMBE S NS, VT2 % 3121
A A Y ORRBET A J VAR ER AIR3 (HIZERIZ2T
FRERICED D EIE L) M EINDE, FTHROY
TIPS ERDYT 2 IANDNy 77— ERLT

Download service for the GTSJ member of ID , via 3.141.6.24, 2025/05/06.

K7-2 BEEHEARCFDER (FRAELLER)
F 4 F$8260mm, "H.0OFEEES3. Smm

Wiy, PREHT CTH16 (n-Heptane) AREL, EXD
75— %1 EXGAS"® DATA # o7z, 2842y F, X
17, ZFROBZHERPBERELZ T A—F L LT
AALIZTF=F2EK3IIRT, V72% 1, 2OHOR
EREYT 7% 3OMONO RU CO EVFEDFEL
B (MOD3%KE#L LT%THER) ZKI0LHINUIRT,
MOD3% U° MODAIZBWTIE, V7T 7 % 2 DIREN
2000K B2 TEH, ZO2HONODBREIBENZ L
Bhhb, MERELARSZZEEL 72 MOD6D R A
H, 340y b AL VEEHEE=300:6000L %, Y
7oy 1 RU2 DREENHI900K & 7 ) K NOx ALAsTT
BETHDEHE L

5. B{FMESER (KXHE) ~ '
BB D FEHT ] N BARBRBE B D & RBEZE R B & 734
Oy b 7%, A4 v20%& LT, A DLE BR¥5E %
(MOD16) OARFREMRBERBE L EL, =3I v a s #%
BERRER L7, RBEEO/EZ K1212, ZERIEEE400
R U450C TORBBE R ERIBIRT. ZORKE,
MOD16i%, BEICERICERENMELI v ¥ 3 Y OFERK
D #H 5 DLE BREESE (MODI15) *FZE0HEiE% R L7,
ZOZEHhHEBOERMPIZB T 20ppm LT D
NOx (dry16%0, %#ERTELRAA TR, §HE
BERABRICLVERTLITFETH S,

6. &

(1) CFDf@#ric &k h FREBERZ 7—2%2 L, kN
HEDRELATSZEEL, BAKEHEE(LTLIE
T, FRABEPICERESIFEEL 2V Lavhho 7,
ZOWROFRAEEEMAL, ERRBRTHXIIREL
¥, RIFRRREEELZENTE L,

(2) CFDOEE,POR—MIIZ4EOFREELEE
L723E, 734 ay b AL YOFRNITEHI 5,
DT ENLTHERRITLD, FAFEFEUP EAL Y



52 BEY A 70 MGT BREKEIEE DLE BRRE DR ARARX &2 —F L2458

NAy b R UBREER ARER
PRIGEEIR AIR2 AIR3
AIR1 FUEL2

Reactor

U7 o H 1 o8 ay MNREERR
U7 782 1AL L PRBEFEIR
V7R3 ERAE

AIR1 A vy MER gls » =
FUEL1 A ay MREF gfs 12 BB E DS 8
AIR2 AL TER gls
FUEL2 AL g/S 100
AIR3 ARZER gfs  fmaEE
B9 DLEMBEROUTZ 5%y bU—s vitigutgl
- AMOD15_400C |
"7 'OMOD15 450°C |

k3 VT FERYVNI—2DAIF—%

1348yk 26g/s

EICO g/kg-fuel
s

MOD3| MOD4| MOD5| MOD6| MOD7

AIR1 gls 200 255 400 300 360
AIR2 gls 330 380 350 600 690

AIR3 | g/s| 2020[ 1915 1800] 1650 1500 1
FUEL1 | g/s| 80| 80| 10.0] 80| 9.0 0 005 4 pumy 01 0.15
FUELZ | g/s| 18.0] 18.0] 16.0] 180 17.0 100

woech MOD16_400C
e MOD6_450C |
===AMOD15_400°C
“**[IMOD15_450C |

EINOx g/kg-fuel
=)

RAOvk 28¢/s

1
Resctor 0 0.05 SuEE 0.1 0.15
E10 V72 yHORE BA13  MRBEIIRBE R BRAE R
100 FREKZEMFENAT =Y v 7 LERREZRA L2
80 (3) BBERBSATY FT%, XA V20%DEMHTH
HEBERAE (MOD16) #ERL, K-Iv¥a vOFE
£ 60 ¥DH A DLE BiHiss (MODI15) & F&E0 k% 72,
8 4o Z DR S VOC HISH DLE MBSO ~— 2 & LT
z 2 5 B%ER7z,
20 (4) CHEMKIN 2k %Y 727 % %> b7—27 THRT
o LB . - Ivva VEREL, AW REREEET S AT
MOD3 MOD4 MOD5 MOD& MOD7 &, ERABRESROZRESRINCAEM 2 ERERS 2
M1l Y72 #IONO - CO ENSER ENTE, BTV IF Y —RREHREHICEHTE
HEEZ D,
(5) SBREREBRABREPI 74—V FFA M THERY
WAYEZHRT L2 FETH %o

Download service for the GTSJ member of ID , via 3.141.6.24, 2025/05/06.



Vol.34 No.1 2006.1 BEY A 70 MGT BAMMBER % DLE BEZFORR 53

E

DLE BREER OB BV CBSHE T Lo L7z JAXA
MBS RHWER Y Y ¥y — oMt v 7 — &, \WHAIEE
JERICRHP L EiFEd,

$7:, DLERBSRORBICTHHIHEF L2 A4
LR L B9,

2 EZ XM

(1) Niigata advanced combustion technology, Diesel & Gas
Turbine Worldwide . (June 2004), pp38-40

(2) Sibata, R et al: The Development of 300kW Class High
Efficiency, Ultra Low Emission Micro Gas Turbine
“RGT3R”, CIMAC Congress 2004 (2004), Paper NO.52

(3) SHEEM: BEAEREEYA VIS 7 UTRI—E Y
RGT3R O B%, £l BEERE, H43558 65 (2003411
H), pp206-210

—53—
Download service for the GTSJ member of ID , via 3.141.6.24, 2025/05/06.

(4)

Maughan, J.R, Lusts, A. and Bautista, P.J: A Dry Low NOx
Combustor for the MS3002 Regenerative Gas Turbine,
ASME Paper (1994), 94-GT-252

Richard, P. North and Roger, E. Dawson: The Design and
Initial Development of a Combustion System for The WR-21
Intercooled Recuperated Gas Turbine, ASME Paper (1995),
95-GT-361

Ogata, M., Kajita, S, Kimura, T, Okuto, A. Douura, Y.
Hishinuma, M., Fukutani, N.,, and Asano, Y.. Development of
a Dry Low-NOx Combustor for a 650kW-Class Gas Turbine,
Proceedings of the International Gas Turbine Congress 1999
Kobe (1999), pp.767-773.
http://www.ensic.inpl-nancy.fr/ENSIC/DCPR/Anglais/
GCRecanismsdescriptionecaheptane.htm



54 BEAHZE2—E >

e
F =Rt

Vol.34 No.1

2006.1

| Beirsm S =

A Study of Performance on
Advanced Humid Air Turbine Systems

HIGUCHI Shinichi*

ARAKI Hidefumi*

ABSTRACT

HATAMIYA Shigeo*

MARUSHIMA Shinya*®

Comparative studies are presented to determine the effect of the turbine blade cooling method on
the Advanced Humid Air Turbine (AHAT) system performance. In AHAT systems, two kinds of
fluids can be used as a coolant: air extracted from the compressor and humid air. Three types of

turbine blade cooling systems are evaluated using the in-house heat cycle simulator. As a result, the
thermal efficiency is improved 1.7 percentage points by using the humid air cooling method.
The possibility of remodeling a typical mid-size simple cycle gas turbine for use in AHAT systems

is examined. A remodeled AHAT system, which can be realized by adjusting the compressor intake

flow rate, has 1.3 percentage points higher thermal efficiency than the combined cycle system using

the same core gas turbine.

Keywords : Gas turbine, Humid air, HAT, AHAT, Blade cooling system, Water atomization cooling,

Recuperator, Saturator

1. INTRODUCTION

Gas turbines play a big role in power generation;
they may range from small-scale private power
generation sources to large-scale combined cycle
plants for electric utilities. In combined cycle plants,
which are the most efficient of current technologies
for power generation, the turbine inlet temperature is
increased to enhance the thermal efficiency. However,
gas turbines with a turbine inlet temperature of over
1,500C are difficult to develop because of extensive
increases in coolant consumption and NOx emissions.

This situation has led to promoting improvement of
the heat cycle in recent years. Heat cycle using humid
air is one change that can be made. Various novel
cycles such as Humid Air Turbine (HAT)", Cascaded
Humidified Advanced Turbine (CHAT)® REVAPY,
and TOPHATY have been proposed for highly
effective operation by combining the regenerative

* Z DFICIL20034E IS S N7z IGTC TREENLZDODOHFT
BIZIGTCRYBRARIVEEDOH DO HERBLAD
DTY,

Power & Industrial Systems R & D Laboratory,

Hitachi, Ltd.

7-2-1 Omika-cho, Hitachi-shi, Ibaraki-ken, 319-1121,

JAPAN

*

cycle with humid air.

The concept of the gas turbine system using high
humidity air (HAT system) was reported two decades
ago. It is thought to be suitable for distributed power
supply to a combined cycle because of high efficiency,
simplicity of the system, and applicability to
co—generation. Many theoretical and practical feasibility
studies were made, and a small pilot plant, EvGT in
Sweden, has been put tests operation recently®. It
seems that developing a new gas turbine with an
intercooler would give the highest performance for the
HAT cycle.

The AHAT system is a system which uses existing
mutual technologies and aims at high performance
equal to that of the HAT system ®. It is suitable for a
typical gas turbine, which is widely used for industrial -
small-size to large—size machines.

This paper presents comparative calculation results
on the AHAT system performance and especially
focuses on the influence of different turbine blade
cooling systems. All results are evaluated by the
in~house heat cycle simulator, which performs mass
and energy balancing based on enthalpy calculations.

All blade cooling systems are based on data for a
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middle-size gas turbine. The basic AHAT system has
a conventional turbine blade cooling system which
uses compressed air extracted from the compressor as
coolant. This system is compared with two other
AHAT systems. One uses high humidity air as coolant,
which is humidified in the saturator, for all turbine
blades, and the other uses high humidity air for
turbine nozzle blades and compressed air for turbine
rotor blades.

remodeling

this paper - discusses

method, which converts a typical gas turbine to the

Moreover, a
AHAT system. Comparison of performance for typical
gas turbines (simple cycle and combined cycle) and
the AHAT system are also described.

NOMENCLATURE
znN, nR the n—th stage turbine nozzle, rotor blade
AHAT advanced humid air turbine
G mass flow rate
LHV lower heating value
P pressure
PR pressure ratio
T temperature
TET turbine entry temperature (defined in ISO)
WAC water atomization cooling
W specific work
n efficiency or effectiveness -
Subscripts
c cooling or coolant
g mainstream gas
th thermal

2. SYSTEM DESCRIPTION

Figure 1 shows the conceptual plant scheme of
AHAT system. The AHAT system is suitable for a
typical gas turbine system, which is widely used from

A, Exhaust Gas

Symbols AC  Air Cooler
Comp Compressor Eco Economizer
Gen  Generator Rec Recuperator
Tbn . Turbine Sat  Saturator
Comb_Combustor WR _ Water Recovery

Fig.l1 Conceptual Plant Scheme of AHAT System
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industrial small-size machines to large-size machines
for power generation. The compressor does not need
to be divided for intercooling. The water atomization
cooling (WAC) system is set in the air intake duct of
the compressor, and fine droplets of water are sprayed
there. Some of the water droplets evaporate at the
compressor entrance and cool the intake air. The
remainder evaporate while being compressed in the
compressor, and they suppress the rise of the air

. temperature. The compressed air comes in contact

directly with hot water in the saturator and it
becomes humid air with 100% relative humidity. As a
result, the flow rate and the specific heat of the
working fluid increase, and the turbine generation
power increases. High humidity air flows into the
combustion chamber after it is pre-heated by the
turbine exhaust gas with the recuperator. The high
temperature combustion gas is discharged, after the
turbine is driven and the recuperator and economizer
collect the exhaust heat. The exhaust gas that exits
the economizer contacts directly with cold water in
the water recovery system to be cooled and the
moisture is condensed. The exhaust gas that exited
the water recovery system is discharged into the
atmosphere from the stack after it is heated with the
exhaust gas heater.

On the other hand, the air cooler and economizer
collect heat from the hot gas and supply warm water.
A part of the warm water evaporates by coming in
contact directly with compressed air of the saturator.
The temperature of the remaining warm water has
dropped because it is deprived of the latent heat in
the evaporation process when it was taken out of the
bottom of the saturator. Finally the water is sent to
the air cooler and economizer again, and used as a
heat recovery medium by the high temperature gas.

Figure 2 shows the concept of the WAC system.

Fuel
Generator C"%’@L Turbine
L/
-]
Air Intake .
Component@ Spray Nozzle :
$ oo 00" |Airinlet Duct
A 200
0 o ° ) (DFee_d Walt_erd)
emineralize
i 2%

Fig2 Water Atomization Cooling (WAC) System



56

A Study of Performance on Advanced Humid Air Turbine Systems

AAAZA2—FE > B

a8
F=

The spray nozzle which provides atomization of the
water (Sauter Mean Diameter: 10 microns or less) at
ambient temperature is arranged in the air intake
duct that is located in front of the compressor inlet.
Some of the droplets evaporate in the air intake duct,
and the air becomes humidified air of 100% relative
humidity before it reaches the compressor inlet. This
process and the density of air increase provide
humidified cooling and the compressor intake air flow
rate increases. Fine water droplets in the air evaporate
in the compressor. As a result, the compression work

(a)

Extracted air cooling

(b) Hybrid cooling

(c)
Fig.3 Turbine Blade Cooling Systems

Humid air cooling

decreases, shifting from adiabatic compression to
isothermal compression. This shift is promoted as the
atomization flow rate increases.

In the AHAT system two fluids are considered as
coolant for gas turbine hot parts. One is air extracted
from the compressor which generates the compressed
air the same as in the typical gas turbine system for
combustion, and the other is high humidity air after
the saturator. Three types of turbine blade cooling
systems, which are comparatively studied here, are
illustrated in Fig.3: (a) extracted air cooling, (b) hybrid
cooling and (¢) humid air cooling,

Figure 3(a) shows the extracted air cooling system.
All turbine blades are cooled by compressed air
extracted from the compressor. The coolant piping is
the same as in the typical gas turbine. That is, coolant
for the nozzle blades is extracted from slits facing the
outer wall of the compressor gas path and it is fed to
nozzle blades through external piping linked to the
is
extracted from the slits facing the inner wall of the

turbine casing. Coolant for the rotor blades

compressor gas path and it is fed to rotor blades
through the path inside the rotor.

Figure 3(b) shows the hybrid cooling system. The
turbine rotor blades are cooled by compressed air
extracted from the compressor the same as in Fig. 3
(a). However, the turbine nozzle blades are cooled by
high humidity air which is humidified in the saturator.
This system can be realizable by remodeling the
coolant piping for the nozzle blades.

Figure 3(c) shows the humid air cooling system. All
turbine blades are cooled by high humidity air which
is humidified in the saturator. In this system since the
it
necessary to provide a supply means from a still

coolant for rotor blades is also humid air is
system to a rotation system. Thus, the rotor structure

differs from that of Fig. 3(a) or Fig. 3(b).

3. ANALYTIC METHOD

The in-house heat cycle simulator evaluates the
performance of each system. It performs mass and
energy balancing based on enthalpy calculations. The
thermophysical properties of fluids are obtained: by
JSME“™® The steam tables are based on IAPWS-IF97.

In many cycle analyses, turbine efficiency and
coolant consumption were held constant for simplicity,
but in fact the thermal efficiency of the gas turbine
strongly influences the overall plant thermal efficiency.
Thus in this study, the gas turbine performance is
calculated in detail; the row-by-row turbine design
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code considering aerodynamic analysis for the turbine

performance, thermal analysis for the consumption of

coolant flow and reliability analysis for stress.

3.1 Turbine aerodynamic analysis

The aerodynamic performance of turbine cascades

is calculated using the Ainley/ Mathieson/ Dunham/-
Came and Kacker/ Okapuu (AMDC + KO) loss
prediction method®. Additional total pressure and

dilution losses due to mixing of the coolant flow with

the mainstream are obtained from one-dimensional

analyses for conservation of mass, momentum, and

energy for each cooling and sealing flow ejection.

3.2 Turbine thermal analysis

The consumption of the coolant influences the gas
turbine performance. Thermal analysis predicts the

required coolant flow rate. The coolant flow rate is

calculated from the given peak gas temperature and

the maximum blade temperature,

cooling effectiveness curve for the cooled blade, which
is defined based on in-house experimental results. The
peak gas temperature for the blades is calculated from
the combustor traverse number which gives the

assuming the

temperature difference between the maximum and

average gas temperatures at the combustor exit.
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Fig4 Cooling Effectiveness Curves
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The cooling effectiveness depends on the cooling
scheme, the states of the flow field and the properties
of both the mainstream gas and the coolant. The blade
cooling effectiveness curves shown in Fig. 4 are
defined using two assumptions: advanced cooling
technologies such as V-shaped staggered turbulence
promoter ribs and serpentine cooling passages are
used; and cooling effectiveness for the high humidity
air is obtained from the preliminary cooling design
with the condition that it is about 20% higher than
that for the compressed air extracted from the
compressor due to the gas properties such as specific
heat, gas constant, and thermal conductivity. Figure 4
(a) shows the cooling effectiveness curves for the first
stage nozzle blade, which is made of single crystal
superalloy and is cooled by impingement cooling in
combination with film cooling system. Figure 4 (b)
shows the cooling effectiveness curves for the first
stage rotor blade. It is also made of single crystal
superalloy and cooled by the serpentine passage
cooling system employing V-shaped staggered
turbulence promoter ribs. The solid lines in these
graphs show the effectiveness curves for high
humidity air as the coolant and the dashed lines show
them for compressed air. The effectiveness curves for

the other blades are also defined in the same way.

3.3 Compressor work analysis

To predict compressor work, the evaporation profile
within the compressor gas path has to be calculated.
This profile is calculated by using the CFD code.
Details of the technique were reported by Utamura et

" Figure 5 shows the evaporation profile within the

al
compressor calculated. The simulator employs this
profile to predict the compressor performance and the

gas conditions.
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Fig.5 Accumulated Evaporation Profile within Compressor
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4. RESULTS AND DISCUSSION
4.1 Performance of the optimally designed AHAT
systems

All results are calculated under the conditions for a
mid-size gas turbine shown in Table 1. High grade
supperalloy is used for performance in this study.
Figure 6 shows carpet diagrams of the thermal
efficiency for AHAT systems with different types of
turbine blade cooling. Each blade cooling system has a
different turbine entry temperature (TET based on
ISO) and pressure ratio, the components are optimally
designed for performance. That is, the turbine
cascades and the compressor cascades are designed to
be suitable for each TET, pressure ratio, mass flow
rate and etc. The thermal efficiency and specific
output increase with TET in all turbine blade cooling
systems. On the other hand, specific output increases
as the pressure ratio increases. The optimal pressure
ratio at which the thermal efficiency is the highest
exists in the systems with the same TET. It becomes
higher as the TET increases.

Table 1 Design Parameters of Main Components

Gas Turbine

Type
+ Single-shaft, mid-size industrial
Inlet duct
* Ambient condition = ISO standard condition
* Pressure loss AP/P=0.009
Compressor
* Inlet mass flow (excludes WAC) = 100 kg/s
+ Adiabatic efficiency = calculated
* Pressure ratio = 18 - 24 (surveyed)
Combustor
* Fuel = natural gas
* Combustion efficiency = 0.999
* Pressure loss AP/P=10.04
Turbine
* 7280 rpm, 4-stage
* TET (ISO) = 1,300 - 1,450°C (surveyed)
* IN = single crystal (SC)
2N, 3N & 4N = conventionally cast (CC)
* 1R & 2R = single crystal (SC), unshrouded
3R & 4R = directionally solidified (DS), shrouded
+ Adiabatic efficiency = calculated
* Consumption of coolant flow = calculated
- Diffuser pressure recovery factor = 0,75
* Exhaust gas temperature = calculated
Exhaust duct connecting to the recuperator
* Pressure loss AP/P=0.003
Utilities

WAC system
* Flow rate = 3.5-wt% of compressor inlet mass flow
* Droplet diameter = 10um
Saturator :
* Tintet, gas = 115°C
- Recuperator
+ Temperature effectiveness = 0.95
' Tiulet, high — Texi Tow = 20°C
» Pressure 10ss ( A P/P) = 0.022, (A P/P)exiuagt = 0.035
Economizer ‘
+ Texit, water =200°C
+ Texit, gas = 110°C
+ Pressure 10ss ( A P/P)egpanst = 0.003
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Fig6 Performance of Optimally Designed AHAT Systems

It is clear that the humid air cooling system has the
highest thermal efficiency and specific output among
the three systems and that the gain in thermal
efficiency for TET is the highest. The difference in
coolant consumption causes these results. Figure 7
shows coolant consumption for each system with TET
of 1,350C and pressure ratio of 20. The consumption
of the extracted air cooling system is nearly as twice
that of the humid air cooling system. The consumption
of the hybrid cooling system is between these two.
Extracted air from the compressor has nearly as the
same thermophysical property as dry air because the

Download service for the GTSJ  member of ID , via 3.141.6.24, 2025/05/06.



Vol.34 No.1 2006.1

A Study of Performance on Advanced Humid Air Turbine Systems 59

TET=1350°C, Pressure Ratio=20
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Coolant Consumption Ge/Ggin (-)
>

Fig.7 Coolant Consumption

compressor intake air is humidified with only 3.5wt%
water by the WAC system. However, in.any systems
the mainstream gas is totally humidified with about
20wt% water by the WAC system and the saturator.
Compared with the humid air cooling method, the
extracted air cooling method requires a larger coolant
flow rate because extracted air has lower heat transfer
coefficient than humid air and the temperature of the
extracted air is higher than that of the humid air. This
fact means that the gain in thermal efficiency in the
extracted air cooling system tends to level off at high
TET. Figure 8 shows mass and heat balance diagram.

4.2 Remodeling the simple cycle gas turbine to the
AHAT system
Consideration is given to whether the gas turbine,
which was designed for a typical simple cycle system,
can be remodeled to the gas turbine for the AHAT

Table 2 Remodeling Method

Compressor

- Add WAC system.
- Reduce intake air flow rate to adjust pressure ratio to
the same value as the base gas turbine.

Combustor
- Modify the flow path to connect the utilities located
outside of the gas turbine.
- Combust fuel with high humidity air.

Turbine

- Employ the blade cooling method.
- Tune up coolant flow rate.

systems. If that can be realized, cost and time of
development for the gas turbine suited to the AHAT
systems are saved. The performance and reliability
need to be compared for the optimally designed
systems. ]

Table 2 shows the remodeling method which
converts a typical gas turbine to one for the AHAT
system. The balance of mass flow rate between the
turbine and the compressor in the AHAT systems
differs from that in a typical gas turbine due to the
humidification, which is amount of about 20wt% of the
compressor intake flow rate. Thus either the turbine
or the compressor has to be modified for the mass
flow rate. When manufacturing cost is taken into
account, in general, the turbine is more expensive than
the compressor. From the viewpoint of cost as much
of the present turbine as possible should be utilized.

Since the turbine cascades have already been
decided, the pressure ratio will be decided by the
mainstream gas flow rate based on the turbine
characteristics (nondimensional mass flow rate is

Exhaust Gas

TET=1350°C, Pressure Ratio=20, Humid air coolin G (kg/s)
1053 7 19
101.3P P (kPa)

10%‘1.‘/?5185% 10{3 P
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Fig.8 Mass and Heat Balance
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Table 3 Base Gas Turbine Specifications 56 — -
3 Humid air cooling AHAT
Gas Turbine °>
Type T
+ Single-shaft, mid-size industrial =
Inlet duct 2 _ :
» Ambient condition = ISO standard condition - (Optimally designed
- Pressure loss AP/P=0.009 o |
Compressor .g
« Inlet mass flow = around 120 kg/s & 5
(This value is suited for 100kg/s-AHAT system) w TET=1350C N9 ==
* Adiabatic efficiency = calculated © s | 3 20 22
* Pressure ratio = 20 £ 18
2

Combustor
* Fuel = natural gas
* Combustion efficiency = 0.999
* Pressure loss AP/P=0.04
Turbine
* 7280 rpm, 4-stage
* TET (ISO) = 1,350°C
* IN = single crystal (SC)
2N, 3N & 4N = conventionally cast (CC)
* IR & 2R = single crystal (SC), unshrouded
3R & 4R = directionally solidified (DS), shrouded
* Adiabatic efficiency = calculated
+ Consumption of coolant flow = calculated
* Diffuser pressure recovery factor = 0.75
+ Exhaust gas temperature = calculated
Exhaust duct
* Pressure loss A P/P = 0.006 (for Simple Cycle)
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1.00

PR=Pressure Ratio

=N
o

0.93

0.78 0.86

b
”
r

0.71

o
o

Compressor Air
Intake Flow Ratio (-)

PR=20 PR=18 PR=20 PR=22 PR=24
Simple Cycle Remodeled AHAT (Humid air cooling)

Fig.9 Comparison of Compressor Intake Flow Rate

constant). In AHAT systems, the humid air humidified
with about 20wt% water of the compressor intake air
flow rate will flow into the turbine. It is necessary to
reduce the flow rate equivalent to the amount of
humidification to adjust the pressure ratio to the same
value as the base gas turbine shown in Fig9. In
general, controlling the flow rate by the compressor
inlet guide vane (IGV) decreases compressor efficiency
due to the mismatch of the velocity triangles. Thus,
the compressor of the base gas turbine cannot be used
as it is. One of the methods to reduce the compressor
intake air flow rate while maintaing high efficiency is
to reduce the area of the gas path by cutting off the
blade length.

Since mainstream gas and coolant conditions differ
from those of the base gas turbine, the coolant flow
rate must be reset up to prevent blade metal
temperature from going over the limit.

4.3 Performance of the remodeled AHAT systems
Table 3 shows specifications of the base gas turbine.
Figure 10 shows the performance of the remodeled
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Fig.10 Performance of Remodeled AHAT System
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Cycle Cyde Cooling AHAT Systems

Fig.11 Comparison of Performance

Table 4 Bottoming Cycle Speciﬁéations

Bottoming Cycle

HRSG
* Non-reheat-double pressure
* Natural circulation
Steam turbines
+ Steam conditions : HPT = 5.0MPa, 505°C
LPT = 0.6MPa, 165°C
* Exhaust pressure = 4.9 kPa

system. The remodeled system is almost the same as
the optimally designed system for the conditions of
TET of 1,350T and pressure ratio of 20. The difference
in pressure ratio causes a mismatch between the blade
angle and the gas flow angle and the drop in the turbine
performance. The depression of the aerodynamic
performance is a main factor affecting performance.
Figure 11 compares performance. Table 4 shows the
combined cycle specifications. Triple-pressure reheat
HRSG is not used because the system is mid-size. By
remodeling the base gas turbine, which is designed for
a simple cycle system, to a gas turbine for the AHAT
system, raises thermal efficiency from 37.7% to 54.7%.
On the other hand, combining the base gas turbine
and the bottoming cycle gives a thermal efficiency of
534%. The humid air cooling AHAT system has 1.3
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percentage points higher thermal efficiency. The
remodeled AHAT systems have almost the same
output as the combined cycle system.

4.4 Reliability of the remodeled AHAT systems
Compared with the base gas turbine system, the
turbine work of the AHAT systems is almost the
same. However the compressor work is less than 70%.
The compressor work is reduced by the reduction of
the compressor intake air flow rate and the effect of
the WAC system, which decreases the temperature of
the intake air. The difference between the turbine
work and the compressor work is the output of the
system. Of course, the loss and the work of utilities
have to be taken into account. The difference between
the turbine work and the compressor work in the
AHAT systems is much larger than that in a typical
simple cycle system and this characteristic makes the
output of the AHAT systems larger. In general the
stress which acts on parts is proportional to the work.
For example, the stress on the turbine blade is
proportional to the turbine work. Thus, when the
turbine work becomes larger, the stress on the blade
becomes larger. The increase in the work may make
the stress-over the design limit. However, the turbine
work of the remodeled AHAT systems is almost the
same as that of the base simple cycle system. Similarly
the compressor work does not exceed that of the base.
It follows from this that the typical simple cycle gas
turbine can be remodeled to AHAT systems from the
viewpoint of reliability. Moreover it seems that the
remodeled AHAT system can use utilities for the
combined cycle system because the system output is
almost the same as that of the combined cycle system.

5. CONCLUSIONS

Three types of AHAT systems with different
turbine blade cooling systems were simulated. The
first type cools all turbine blades with air extracted
from the compressor, the second cools all turbine
blades with high humidity air and the third cools the
turbine nozzle blades with high humidity air and the
turbine rotor blades with extracted air. Moreover the
applicability of the typical mid-size simple cycle gas
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turbine to the AHAT system was examined. Main
results are as follows.

1) The humid air cooling system had 1.7 percentage
points higher thermal efficiency than extracted air
cooling system. The advantage of the humid air cooling
system tended to become larger as the turbine entry
temperature became higher.

2) It was found preferable to adjust the compressor
intake air flow rate to get the same pressure ratio
when the simple cycle gas turbine is remodeled to the
AHAT systems.

3) The AHAT system has 1.3 percentage points
higher thermal efficiency than a combined cycle system
using the same core gas turbine.
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BEVERRPRY ZVEORBEEIHRT 5 DT,
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F—TJ— N ! Gas turbine, Small-sized radial turbine, Large eddy simulation, Transition,

Low Reynolds number
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DRB28Z D LB EN D) 1, FIRKFAEEMTRE
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BEWEEOB/NIFT A Y — YL ORRICHET S5
2o Twb, AETIE, ThoOHRHMrLHFAF—E Y
DORNIRFHENC BT BHFFEZ FLISHEAT 5o

2. BBRa{S>EREIIKN

BNH A — ¥ THWONS ¥ — Y TR
NOLAL I VA Re ) BETHPOBITOA—5—
b0, BREOEBBRESY -y OEIEEICKE
RHEBEEZRITHIOLEZOND, LML, BBEZMH-
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K5 T4 A=y TRIY - (FRESES mm)

H6 BERE~ oy "B (FIREAMEL6mm)

BRICBT 5 XENLFEREREZHLPIT L7,
FOMR, ERANEZZRL2VEAL, W5%0E
mﬂn&ﬁlﬁz%Ak@@%@xw—XAﬁ$E%u
Rpsrllhl, EMEEBEINRIE SRBEICTFHT
EpRBLEHEY

3. BINBISTTFLE—EY
LES f# 47 % /4 46mm (K 4) B & FH4E 8 mm

(W5) ONT T NVE—EVERNEFHRNICHETL,

BERAEZENR, O TFUITHT 5% D RANS T
EOME, 1K Re AR EOMBMIICI O BA T B,
2 &0 SRR~ OREER L HIEL TWwb, —#]
ELT, K6 LESMIcE sz y PR
v OB v NBSA R,
72, AOFZE TIIEUEMAATIC PR TR B D Ei L

L]

Bypass
A Valve [————» To Exhaust
&9 0
Flow Meter @Flow Meter

X e ]
h A y 5
Turbocharge
Set.up _@ -9 .
{ Test Turbine H &
i Setup H §
l Atmospheric o
To Exhaust Air E"g
X
¢
“ : Valve
OB

P1 ~ P8 : Pressure measurement

T1~ T8 : Temperature measurement  To Exhaust

M7 EREE

K8 FArEZVar

TW3Y, M7 I HRESE6mm O F — ¥ L ioxtd
PEBEEOMEL AT, EREEIBEZRFECHRE
FBO ¥ — U 2B L, ZOEMEY» S BE
ZREARS —C VIR T 2V AT A TH D, 2K
BIZW3 T A7 YavaeRdT. ABI—Er (X8
H) OBIRIUCIEREEFIALCBY, EMERA
A%EALRAN— TREOZBRIZRIT NV TOKD T
Lo THRINB I OAM R RET 5, BRABRIZLY, W
BEhEL, hRIINTIHBRTF v T2 IVT S5V ADE
BEFMEL, BB LLT— 7 2 BEBER LT
5 —ErORBFAIMEL TS,

4. BHYIK
41, JLFEF 7% Re B, HERRF Y 727077 VR
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5 — ¥ v OIEMR RS X O, MaFLE - T
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(International Symposium on Air Breathing Engines)
X, ORAHPLIAIHETO6HM A YDI 2>
Y CHEE N, ISABEWR Y =RV v b, T4 -
A2 7 5LRPDE 2 &, ZRPBGAARDHZEL YV V4
BEho RBTHY, UV VKERORT] B
LUV UVART A, LT VERIARD B LRI
WHEENDH S, AIAA Joint Propulsion Tid 55 #E#E,
ASME Turbo EXPO Tid#i b H X ¥ —E UV IZET 5 HE
BVBENENEL bR, By YT —<k L
BERLEFHIZH L T LATE S ISABE 11, fizexr
VR AFICESTIRBELRRE Lo TW A,
ISABE 3 EANICBETHBE I N TV S5, EHIT
& o TIFI99EDFEIIME R RELIE, 12550 OE
Lol ‘

EERS#EL VI &, FA NEOMEELFFYTET
FESZHMBET 22 L 24 v, ISABE2005 &
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fEahiz/z0, MTU PFIHEICHE GEE 217o Twiz,
SBENERY AT > T 7227y 755 X MTU OFF
BThh, NBEMIZHIEEMICORBEFTF> TRKEA
= MEEESRTV KL 2% 72

AR o T CORIZTH MRS 1T L,
NYy P TTORBETHEDLETIHOBIEHIH T N,
KE (P&W, GEAE, NASA), #i (MTU, Eurojet,
Europrop), 15 (SNECMA), # (RR), # (CIAM),
i (CARDC), H (IHIAMENIK) & KEOZEHE,
A= H—=BENFNROFEIIBIT L5 - BHRERKIZOW
THEEZIT o720

KEB LU MTU OFHITFIGEEMOBZE 2B~
72b DT, SFCRMR & LA TREES (V4 X, NOx,
CO) ICEREZBWV TV, BHMOMHEEITo 72 MTU
@ Dr.Broichhausen {3, BEFOBEME L CHBSEM O
M T-25~30dB, ¥ 51 Geared Fan 2 v 2 & T
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-35~40dB, F72BREICOWTIRE U BIHM OER T
~7%, Geared Fan & Intercooled Recuperative Cycle
EERALT-17T% &) B2 FhZh81 5 Twniz,

—7, EJ200, TP400-D6& Vw5 FH L I ¥ 2 HD
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ZFOMBRIEVSEFE L LTIE, N—=FRA M54 7 OHME
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BHhole HRIA—FTYIal—va r&2fToi2}
TEEBLO—KIZOWTIIREZOT TS H 5 &9 7225,
Tr v TL—=FTRA54 X3 NWEH, LPC A
FNTWLHEFEIIal—TaryLlTwni
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Prof. Dr. Reza S. Abhari
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International Power Technology Ltd, Korea
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Dr. Kundae Lee, Korea Energy Economics Institute
Prof. Hongde Jiang WEIEEXY
EEEBHRK B PR
O7 =942 (BEMAHAMEHEY)
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& Technology
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