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ROKRXEBAZMA T T FBIEEROR BT B THRT 2T RN ZIEBINIT N ELRDETRINS.
COIZE. HAENA RO FE TH S LFREHERT Bt KOERFOFEEROLE NZEDITHNIZTE
RI32LERD, AEEROFIAEMETI2ENFHZIND.

HEAOFAEREADIIGREL TEILLTFHETBNS.

- FEHDOLFROER (LLFIEEOEN, SR(CEEE) - WHIHNFRIEER Iy bOFIA)

- FEHDOTFROER (BRTOEES -{FIENEIRER Iy bOFIA)

FFRETIFRIENENEDIZESHEN . DO FREREDFFIECART I 2 _EFREEROMETH 2
BIEEUEMNNREIT RICINA FRCEE VIR LS DD,

QFRIREIRNS RIcHREN—TOZEAENADIIG

PV OFFEDO—DEL T BB I ZIFHEIHMRIEI 2. EARRICIBBIORRIHEOHCFEE T SIENFEITBN
%, COI. KARRE (RENS PV LRNOHHZELSIVE) OH—T(E PV OBAILKCHOT. BEO
RIS SIADEEZRY . BEIOTFENAESCESAH BROFLIEBECLS FIFROEARNMNELRE—
75 ERBBEOL - IERBRITH CORBEIAROFTEDEMCAL>TEIMNL THD, RUTEFRIFHCREIT T, 5
BN &G T AIR(TIBINSE 2 ENHD.

CDERFBEDN—T OZEAENADMEREVTEIATHEFBNS.

- BIREAOZTMEOHER (HKHEOER. B TOREE -EIENMERI Y OFIA)

- RRATOLNZLREOHR (ILHIEEOEN. HHE(LREOASRIZY bOFIA)

@RREZEME (RREBEBOREI. TEE) O

BLE(SHRATE 3 DOFRE. WINOIFERFOFTHEHE COFRE CHolz. MU T, BIREIRDE A, 4H(C
PV PLREDDLS(CZE R (12—F) TRHFISGERIDIBROBANEDICONT, FSHFORKLZE ST,
SOREZNTRENDLIICBOTETVD. BARMICHVT, BHIFOREEDOHIFEEI (& ZOZEMERELDRE
HAEZ VD BIRICEO TV, FHAIENE I 2L EHHIFEEN (&, AR KRERIERFOE ML HZALC
LRJ|AETONTOAOER (BIEEOKEE T ORI WWE) | SEEFOEMEROMIE (REIL—-DBNE
(CARBIR) PENENHIGCLIETRTOER (AHLZEMOHIHIES) RECTHD. CNSORENZZEH
BRCERIIBRENSIEMI DL, MR NEEDHSN TVIERRETHD. FITHAMIAHEIZL TLVRW, LIZHD
T, IROBHRFOEAICEV TR, FHEFORMEZEMERAROER NS, KSRz TR (CEHEnER
DBEIXERICEETURZ LI TEY, HIEEL LORIAKEIRNE N RRCWIIESNTOBI LN NEERD.

COEIRIENS BN DOBANESTIT> KT, BEEEERZ—ELANIL L SHRBICTIIENTVS
LRI DERAMTON TV, BARNIICE. BIR (AH) BREDEBINNSEMATIENOHN, FEL
MBI ENZE D OFIL T, ERIEZIRIU T ERBLIGEREIN TS, COLEZER(E SNSP (System
Non-Synchronous Penetration) EIF(EN., IRART(E 55%H EFREEERERO TS, FEICLEL TR DS
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MMEDNL. SNSP A EIREEZEZ FEISERIAFNDIHZAICE. AAOOHHZHIFIL. SNSP % LIRIERAICEDD
ERMTONTLS(1.1-4,5).

B EDTENSEEEFORM L EEEORENDMEREL T LLTFHETBENS,

- EEIREROWINSHOHER (EIEREFELRMALLTOEMNE . TEMEMEFCHEREENDOHER)

® EEEOZENADITIG
PV PREDODBIREROH N ERREMHMKGFIZDH. FBOERTEETS, 0. BIRERENMKE
([CEASNIHECZE. FEEBAOZEENCKTIET BIDREIREGHRE NN E T DN RSN TER(1.1-3). PV
DEANMENTBICONT. COLIRIEEHIOZENCDVTI(E, HIBHICHEIL TBIRERMEIEIT 3Ll
% RIRAELTOH D DIEIUEIRNGDDIENDNHTETHD, BAEDILKICLEL T, HEERDITEHADAEE
IOIBINEREBRVEVSRBUNMEENTNS, UNURNS, SAEHONESZOEOENIL. Fe. INETHE
REGREE N IRHL CER NN EROUF EENHA T 2ERARN O ES R TESRIRZ AN BRI
. IR ELIRSD,
[ERREGREE %R DI DX IHEREL TITIA T HZEIFBNS,
- LFC &, ZLEREORERIZY ~rOFIFA
- KO RIZR(E (BIEROZKBEICIIAROIRER. 13K EERRFDREIREGAEE N DR I REL 12D Te8h. 15
KEENRIAFNZBEIFREIH O NERCEHT S TED)

BIFG L. KIGAREOKREEANCLDZBNFRNTDAMRFICAIITERRBLLT. (1) HM5HE%E
RORMBABZAREBEEORIMNOMEE, (2) BIXRBRARTHRICELDIRHN OARSHENEEND
D 2 FNEETHS. TOHICF. (1) [CHUTRRREE PHENZLEREDR LLEEICTDREDM
faNORERN, (2) (SHUTEFEUREEMNH HZELRE DR _E(CINZ TSR] EEEEZAT B DKL 1

(=LFC FBR) 3IETFIFNkebBN3.

HRT(E HBNEORWEKEBP N HEENZOREIZRILTVSN BIREROKREEARFRICIHER
T, SERZEEEEBIREFIRTHS. ENCAIFT BIREROLD FAFIMORFED, EEMAEES
BB ORFERENMEDSNTVSEDD, BIECSVTEFAREEDOM L. BECHWTEFIZXMER. L0
FEREBIRRIE. AESLRL. FERINERERZ .

BAROEEBENEZR L. FHOHFEBENE(F 10247 {8 kWh (2019 £, BT 1.2
kW) THaH. EFE-IISOEEEE 1 186,500 5 kW (2019 FE) THO. 10 BFENS 22 BFLEET
EUHBENMFRLTWS. BROFEZRL(E. BRBEDIRVTRET . 22 KEFTRVEIIHEN R I3
&, ZFLUFICHEINGE RO TISEFEIREL THIFF TERVKIZHORBEZMOBIR THTULRINERSR
Ve ZNUCIKRIZFFEEBREN (I TNV E(ED, BNREBOHED. FRESOVTHIGHIIFFTER
VRO ARBNCFRAE T D NSRS RIOHRET | SRR KIRZE(LCLD TS - EAITHAZENELSS.

(3) BARKEEICTHDOEHEBNENRI-E B EFBRBOVEN

BARROREMZREDD A5/t -BOFEBOREEAICINEUSDT CAERIRRFBE(HEIB(C
(&, FBEAMFAFELHERETN R R THD. ZEASNBTTREVTILUUTHEFENS(1.1-6) (FEMAEEE
ZABNZEER) .
- BKFEOER (85 BIRCOWHR)
- BEMREOBINNF—SRTLAOEA EA (OXb, EHAHEHETH)
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- HUSRIERIROERILA - 1858 (BER&E. Rl TEE)

» TYYRLARYX (DR) O5EA (FERRFEZEEIEHELR)

- KBS -BAOEDFARER LB DIHEELL (FARE. BEEORR)
- ABHOBVAKIEOERIEENEE L GRARFE)

BIKFEB(L, B -FILERENMRNCE, HEBOHRSTREIBNZIHKOR THICABE(CETB CEILH
MSENOTHGHBIIIEBCEDIBFETHS. UNLANS, £E(CITIC 2,700 5 kKW OFENHD. I7HID
FIREN STRARLA_E DIEFS (SR, Fo, KRR EREBRICBVLTENTNIRILF—BRIBHISNRN,

SEMIL TORODBEOTHEEI 2 ENHD. BAFHEORTREIFIHRGEORIEN DD BafEFIR/ NSV
B EIRINT 3LCFBNTVSH, FZIPKIEDZZEEV DL RERABGZEFEEDOH N ZELOHFT(HIET BT
WV BEFFRIFADERECE LDRFORIGNADRE (L DI ERAOZEERURN LLERIREN EEZASND

(2L, COBE . BRSO DBERES KBREMICHE) . Fle. BBMOBARTOERKITITE
AR DR ERICEHT BHDA VN -TTOIERKXNEFS T TRIK 3 BIREOERNEDS.

Hiisk & SRR ODIE ALK - 18581 DR OFERICOWTE. BRE&E, ERI-ILORE. BENOREREHERFD
REN'ZC, Fe, BEOBACFBENTHIN, TECPURTESNMNITRIRTIIEERENZ 0,

K- BAOE D FRNEER EEERLEDEHA THHN . BARIRRE FATHECHLTHEC 100%89H
FBHILEARBIRETHD. FRITMNECDTE(LEEFSNEN,

K- RN FEEOH R ZMTI DLHIC, HERIFCOWDOTEBNZMIEIT ARV ETH D, NNIFEEH
B FARZHHE T BRDICBV TV DO TEREB TES, T, BARMICBVTIFREBH DI T, EKE. &
EFEZLZELTIRENDD. NI FEEFBOLOIBEEMEERI RN RBIEIRTHS, UHT, SEENDFE
BifRIBNOREMRE mBEZTEIRLEZXD.

5 HRI-E> (GT) PHRAI-EEEFESE (GTCCO) (F TR 1.1-1 (TRILIIC, MMONDFEEED
RTHERENRE . BEE(CRE(CBNIREFFETHD. VXINCHEIFDENRFETOKREE - RO FEEDBIR
BB U THZEER AR GT TIRIRT 2FHINHD. GT OERZEERIRNOFESHNRESNTVS (L. 2
NBES>TNBAI)L GT THB1s. GTCC (CEEARBNEMRNENERETHD) »

#1.1-1 SENNFEELHOIIRTOERIELER )

KB GT GTCC IpSava) WADERR
T ENBFE
[ ,;-wavéiéﬁ] 30 9 # 60 9> 3 BHRS 3 B5RS
Ry RZA—h
=IEEY | X
. 10%/53 5%/53 9 5% 3%
(50-100%&735)
R e - 45% 20% 20%

INFTE, RFERICHVWTHREREREPRIREGHR(CHIST BI2(C. & 1.1-2 [LHFESINBLIC, =
(CRIIHECL B TFARIIMERSN TS, TRART(E, DO EE R T H AT B ERE TR R ORRENTEE
EMED 8%, HHERETHHORARENFTEEEMED 5%. BEEIFRHNEEREOEHFEBREMBD 3%

(REN BEEF R DOAREL) £ENTLS,

1-1.6



®1.1-2 FEHonE®

DHE HEHE B

BREN TR ERBSERORERESUE F (U TS S ERAL | HF-TU-%

(10 AZELA) . DB BIETRANFEEN
3FETHkEEL CE BB R EHA D

bC LI G VB FEEFEIA (10 DIZELIR) TESEL. FFRA | SN aEnEERH0
HEBII 2 THRIGL CRELISSHIEH RKOFEEWHRS

FIEFFHR DK

St B V) RENSEEMZEPFTICRIGHIEEZEI TR | FLEFHEHROND

BIMNKEEAINIZE . INSFRAONSHBICEEERDBENTFEEND . EHLIEES HEERKR D
BHEICEIZEEL0ZOTRIFEHTITE REERIRIT-AES EABRONE BHYATLR
FNEER FIEFRETI-F 0N -TBVT. [TEROEHEF RO DM BEDREEDOHF TE+DREEH
SNTVRV, BIREALKPARIEBR L EEICLZEREORPNASTEIMBLIEADIIIRCOVNT, &k
ITOINETHD |EEIBEN TV, e TGN ASHIEUIN =D OB M - EDIRET T [BIROE ALK
(CEOT. EFAMEUIE CHRIGINEEIMNIER (CARZRBEZZRE(RFT I EINE, 1eHD. BIRASE AT
DD OEFROEEENENN TS,

S RNSEECMNI TORERIERBEDZELY ., RO KRZEVKIRDBE(CLB LRI KEREZRFEDE
{EICIUTIE, DSS (Daily start and stop) 6L(IEREEELESR CIFHEE . KEXE - RADREN D INC
RBEHARZRFINUIBSIRN, SRADFRERETIE ERLE OV SERER TOLLER/ NS (AT EE
THDN. FRIBEORBENKENCE, BIEERHCLDIGHKR TN -FIDEX, GRADTEILOLIDEZ
FLEERDID. DSS PRIRERINSOEERENZECIEREETH D,

—73. GTCC (&, DSS t K [FREEEETZNMSOSRE N LR SERBE T (SHUME—XISEEN N 9D,
Flo. BEIERNS< CO2 DHEHENDM RV, MEBIRFOHRENTEDH. (LAREIEE (CO2 HEH=E)
DOARBHHIEINTIEE THD. UDNULEDS. TNETOD GT. GTCC DAFRRF AR - SR BM THD,
fLENRE PEEE L REERMOR L2 EREVATRARE T2 REN TR,

Ulcho T BIRAKEBARA(CBII BN RRLE/LICEBT 3. ERMICEN GTCC O
MHETHD.

(4) BHEENTEIRY-ECEERERMCLDFEININR

HNRDLS(C. BIREROAEEA IFIENTOADMRHCKREBFHEZSZ5%. CORBEITH I DIRAEIL
MREBIRBROLDHETHD, TGN AHERFOER RN SRR A HIEIN eI sE THNL, FEZAE
B TED, UNULH5. CO2 HEHEHNH (M TR IRBIROL D HENEEH/\RICHIZ ZRTREBNE, B0
FREHALT, B/ SORAOHEFEBIRERORAFIAOM S ZIEVKDHDIBENDD.

ZZTIF GTCC DitREM ENFTHEN T ROHIFEB IRBRORAFIAB(CEDISBZN RN G DN ZTE R
BIEY D, HRH-E2OMEEA LELTE AT D 4 DZ2EET 3.
- AR D OIEIRL
- BAELREDIEX
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- ECENRFREIDITHE
- BREfENEROE £

INBOMREN T LUIHSEDMREEZS LT, FTBIREROREEAR(CHITIHHE/NTD AHFORR
N'$Hd. Tz, Tfa/\ T AR RFEARLL TRBDERN(CKIRIDELEEE THD. DD, K NEBIROER
JRN (ARBELESEDH) 2ERIDILEL. S5, CO2 BHEEERICENTEITFS TENOEERFHR
ERB. LLTFTRINSOER NS GTCC DMEREM_EICEDFEN 3 R2EET 3,

TGN MO RNS(E. BIREROAZEADFZE(LHNRUL 5 DOREDA. @%FFR< 4 DITZH
F B, INBICDWVT, GTCC DMREM_ENERBDFBR(CT S I INENDEMR I ZR 1.1-3 (TRT. I
T RPDONRIBBEERT

* 1.1-3 TR\ ROV THIEEN 3R 110

SRR BARH IR HHZ(CERE T BN EF AR
PN

OFREBRRIDFEE O O O
RERORIEEEME (GTCC [CkDiEE Nz | (GTCC (CLD TRzt
WU FFRMYLKR RUTWBIEE) #EN | RUTVSIER) FIELT
HBROLHOBELEN | WTETFROMRHTEN
WAL FFRDMLEKR (&, FlaHOERODDY
BZEBNERDL. FTERH

/%N
QOTFAIMNADISE O O

FRSMUCEDECS AN | FRFMNICLD EFRAR
SDAZSDBERHTED | BUIIBEIC AVIFVR

EEDEERHTES
EEH-TOZAL O
ADTF S BRBEOZCCHET
BRHDISTEY DR
CB5TE3
CEEHROZEIND O
X ZHIRATO LFC OZALE
EOERCES5TE3

*) CCTIRREATOERODENE(CREZIET

CO2 HELEDEROH(C(F. 1) BIXERZEHRTS (WAOIIFIZENIETD) | 2) KPZRI
NEORVEHTERIS. 3) ARNDOFAZRZRWAFETD. MEHEEZEND, —75. XHDOERIR
MERI(CIUT, 1) (GNP OEROINEIERZIHIAMERCTIAOMNRERD. Few 2) BIAMERICES
F%. UNLRNS, 3) (FAEROMASHEISETAEVERIRD T I SIRD. KD DERIZ ML TMBEINNT E
=8B, GTCC DMEREM ENESFEERFINEEZSHILT. CO2 HHEEH LN D DERIR MARIRKITD
WTTFRESN R EMERCERIETHIENTES,
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(5) BHENEHRI—L EARERFORREIE

RBFROBIZEEL T, 10 HIZEUATEREL & - BIRERARCSMTENE, & 1.1-2 (CRURES
. BT RN B T RNCFRNZTEN TE., BT RN IR 3D ROR VEERE Bin I 2N E
HEC REBEE S CO2 HEHEHIRICEM T3, £, REABRERHOBANMEA TVIHIHTOE
BRI EENIERICEIUTHD. TOERM (EILRENS 10 DUATRAL A, BajeE)
~BAENET 2 HREY) §BR(CHS. UHDT. 10 DTOERERECORENBELENE R
LTEIBN3S,

(6) BERMEZEE

RAOFEEOER MM EOAEMECONTIE EOREBERICEAEINTVS TRAFUTOEITHD.

2016 F 6 ARBEEEAONREARN D FEIHIRRAMO— Ry T 1(C@F [NOFEBOF/IIERIEOEXIMiFHFE
(&, FBEFE. SR ERMTZHEERUDDEDZENERITH). [ERFCFAMOERTHNZ. FERMICEE
BJREIRILF—DILK(CHIE N ZEBNTHIET B2HICF. BENER M ZERUCRMEZ ELIITCERNT 1%
fiiomE_ L EERETHD, S RERFITORFECRIT TR ZEDH TV ICENREN., BDHAEHELTRNNFESR
OEREDE) EOREIEDPZ DI ERFATRFE(CEDMEO ZENBAEE SN,

2018 fF 7 BICRERRESNIEIEE 5 RIRIINF-EARSTEITE, [02) A2 RYA DIV DFEBRERAT R
DEEMATEDDLLDC. BREHIHT2EENEDE_EREDFHZFTEDDIVENDS | [BIFRCONT
(&, 5| ESHEFTEYTHEEL TLK. 2O, REFaE(E. REIOSIE(E EIAMEEZEOATRRERLBEZERICE
B ITENTRDN. LDEAHRTTEHRENT.

Fz. 2019 £F 6 BICRIFRELUZN )R E(CE D AEREEREU CORRREME I TE. T XNHFEEOVTE,
BIRCHIST BIHORFEHEL TOFREINMEL TETWVS, COTs., s MRUBIER N D FRBFROERE -t
EZBU T, LDFERFREICOH P FEEDER D @R O A L 2RO TUVKIENEE THD 1EL. NDFEE
DOFENEVTOEEMNSH(TEL TOBIENTRENTVS.

&5(2, 2020 £ 12 BICHRBEZEANFERULI2050 FH—RD 21— MIUEIT -V RRERE I TR, [HB
IFFEALKCHIFBDRNESEZIN Do, FIRHBHISRIF2RBUHAE D IR MRRERY
BUY—ADILKICE)I TEHGEZESD D |CENTRENT WS,

(7) tHFROHGEIRGT
HFRCHITD GTCC OIZARR (LR KA TEHE T DEF RSN TS, K5l BKRZFOEEZFLICBIRD
REBEATZLCHN BREREMTICAOTISNER T S ENIIFTED,
2025 FLIRE. BIHIZOA. BRZEMICHIZOEIEN 5 F8(C 10%I DIBIILILEE. 2040 F0Omh
IBRUR(L. 3.2 JEFHTHD. S5ICEA GTCC HiEOFF DN, BRZIMIGCRIEE, HRERTEET 3.3
JEFRDTIZHEDILANERGF TES,
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i HRE—E LA AR 1)L
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— —

900 ’ Ji
900 14,900 208 3.3JkH

1.1-4 GTCC Otz
{88 : World Wide NAOFEEREBECSRKRAAAROBVAEITREEL (ELHFE, 2015) Zitlc NEDO (CT
HEET

GE @ HA BUIfZA—-E>DM4EEZRT - I2I\A > RYA)LELTOE I E—EHT 9HA.01 B 660MW,
9HA.02 BUf} 826MW THD. BN 63% % BA TS, tEBNH(CBIT21HRELL T, B LEE(E 9HA.01
BN 65MW/53 (9.8%/43) . 9HA.02 BUH' 88MW/43 (10.7%/4%3) THh. INA2 RS AT LATOERIEKL
FIEHEFEL S 33%. Ry MEBHBERE(IMHFESD 30 D AREL TS, 2016 F£DH504Y (Powering the
World 2016) Tld. 9HA.02 BAOERZLREN 77MW/93 (10.1%/43) THD. ZEFRICEEATHEEN
B_ELTOR),

ESMCHFE. BERIOS1IMNIED GT OIAFTRFEDIRR LA T OB TH S,

KETE. K 1.1-5 (RFELS(C. DOE (Department Of Energy) 22 F® NETL (National Energy
Technology Laboratory) OFEE(CTEIENRY—EFMOAFERRFENMTHN TS, GE Tld, BEE 172
B ($1=¥105¢070) #I&U. DA RYLIILELTORGIER 65%(LHV)DEIRZEIEL T, BETEE
1700°C(3100°F )(CralF fz T RBER AT A B DBEFEZ 7 —Jy hEL TS . CNBSLBSMTHIBERFRE CO2 B4
I, ENTA U RRSERHEDRAMTE DT R FEZHEEL TLV3,

Fie, BUN TR, B 1.1-6 (CRI LSS, EU TOT 1/ M FP7 1. [Horizon 2020 (CTHAZEBIFRESEHEL .
2014~2020 N 7 EMICBVTIRILF—BIERT 59.3 18€(7,700 E8M. €1=¥130). 2021 ENBEFHTS
O> 17 Horizon Europe ] h'FIAL. 2021~2027 &0 7 FRBITIRILF— - TUR - EEUT(BRIC 152 {8€
(2 JEM)MHEUBN D CNSDHT, FoET—EATMIC LD ILFSTIVNAFE (BEHF : FLEXTURBINE) 0
FFETE, 14 BAZ%0 GEERE HEEIOILR Y Fdn, /A E L. ZEEOM EOHOMFTREFENMTHN
Iz MRICERRBEBROA ST ERUEH SEIHRA O BENE NI,

KE, BRMNFECEZEEOERFEN GTCC OIAMBIFIIRA SN TOBIRIRIEEH DL BN ED GTCC Hitt
RiE CHRPEHII TUHCE, EOZIBO T CRRICEAMBIFRICETF - £t 20BN DD MMEOFHS A
HEBROIEZZ RN SRR ZED THED. ZORFERF(EEMEL TWVD. BN EOERRHSE D 0RIEDTZsH(C
(&, BFRCFKALTRER O A% RHACHET - RAEL. WERCBHTIRZIERF I ENMNETHD.



HKE DOE* 1 FONETL 20EE(CTEIEN Y- AR OATRRIFED., CC3IFL65% (LHV4) D
Sl SEIRZEIEL. AEBEE1700°C(3100°%F ) [Crald At REERT M BRI ORI RN T — 4y ~

4 GE N ( Siemens )

(FIRA] . (GEEACED)
®Multi-Tube Mixer : IGCC™H2UyFARIEIF(Z DIBIENOXZ ERIRIES 25 /s
__ BFEUIEDZRANACER @AM + CMCHEA T

QOEBEMISTIIYIEEEME (CMCT) OBREFITIZF(RE

@OFBEMIEAE - BENREERI LR ;

©F—E> TN I o L -

“Ev=/ER BT : 1448F (DOEMBNSSIEM)  xs1-¥105

[oOo¥1IhM]

-HARG : 2005~2024 BIENOXSEHREES 2T

: ARE = EM) xs1-¥105 Page 3

S5 - 17215F (DOE#BN107{8F) 5 in “Extremely Low NOx Axial Stage Combustion System”
Multi-Tube Mixer CMC https://www.netl.doe.gov/sites/default/files/2019-
P 11/2019%20UTSR%20Project%20Review%20Mta/November%205/ Track%20A/
age 13 Page 1 North.pdf
in “Advanced Multi-Tube in “High Temperature
Mixer Combustion for 65% Ceramic Matrix Composite - - A0 Ay ek
: " Hybrid Oxide CMC - -+ / Ew
Efficiency, DE-FE0023965 (CMC) Nozzles for 65% Hybrid Oxide CMC --- HHIZSBOER{L
Efficiency” Pages 5~6
i S in “Ceramic Matrix Composite Advanced Transition for 65%
e AR D Combined Cycle Efficiency, DE-FE0023955"

https://www.netl.doe.gov/sites/default/files/event-
proceedings/2017/utsr/track3/Morrison.pdf

*1 : Department Of Energy. *2 : National Energy Technology Laboratory.
*3 : Combined Cycle, *4 : Lower Heating Value.

*5 : Integrated Gasification Combined Cycle.

*6 : Ceramic Matrix Composite. *7 : Additive Manufacturing

1.1-5 KECHBFBERTOSTINCBIFBRH RS- AR BRI R (L 114-16)

EUZOS 17N FP7)., [Horizon 2020](CCHRZERISEAEME (2014~20205 074, TR
YAV +—Baf% : 59.3(8€(7,700/8M)) . 20214~ $i7O0S 17N Horizon Europelfiia (2021

’\’2027350)7&&!3\ I?\)I/:f"— e ﬁﬂ; ‘ :EICUU_"(E&{% 5 152{%€( 29[qu)) ° XE1=¥130
(DI —E VIR & BTV HS T AT ) (ommEonEERUEASEFRIALOTWE
(B&¥R : FLEXTURBINE) (B&#R : TANGO) Fig. 37
- B D EFEEHLA T DIcdDY — TRl I EL 4t -PRBEAR DIRGER TETE in ’;ﬁgrvnig;g:g:t fcf'se Naris Clne ?{f{fﬁf;ﬁg?
- Af;ﬂﬂ/}é{%@%i\ %ﬁ‘n/?ﬂi@ﬁJ:O)\)—JI///\T'U\/’J&?IFE ﬁEﬁéd)Tc&b\ gg/ﬂi@] Journal of Spray and gurr;bustion Dynamics,
- STEIMEIE OB LE . BB/ ZEREOE EOFBEIVR—3 2~ [BOERITSROMER, | Vol 11 pp-1-53(2019)
o3RI IR m%fﬁuﬁ{ﬂ%;ﬁo)sﬁ% T;tszéz;);{ggl?fosgasoe ub.com/doi/pdf/10.1177
-HAfE : 2016/1H~2019/3H -HAR9 : 2012/118~2016/108
-SBEEAER 1 10.7ME(1MEM) [EUAERNG.5ME(8.4EM)] | | - J5ea%a : 3.7ME(4.9(8M) [EULLEHEN]
\-%@%Eﬁ : GE, Siemens(dUs, 2344E9 ) (%E%&%Bﬁ : Siemens. Ansaldol(3Ush. 8tkes )
(. n % N . N
BZES1-Eh, REEER-F—EVHBEFEHDMR @REASESRAMBEIFEMEM S EGREAR
(mﬁﬁ % FACTOR) Fig. 1 (mgﬁ ] OXIGEN) Figure 4.4a
-TMEBE IR MEDIZBD. | in “Design, Integration and Operation of a Rotating -BALM S BB O, | ' Oxide Dispersion Strengthened
KRBRERL—C S OF ) |Sombuster b Incscion estig i e BT, EAUJFIDIBA | Manufaciweof igh Temperature
TR e (OTR0 s sl e
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Summary

It is expected that a large amount of introduction of renewable energy power sources
such as photovoltaic power generation and wind power generation will be carried out in
order to drastically reduce future COz2 emissions. Since the output of the power source is
affected by the weather and it is unstable, measures to cope with load fluctuation for
stable operation of the electric power system are important issues. Gas turbine combined
cycle power generation (GTCC), which has high efficiency and excellent flexibility, is
promising as a power source that handles load fluctuations. In the previous research,
the target performance to be developed by 2030 and concrete technical development
tasks were clarified. Furthermore, the effectiveness of energy saving and the reduction
of CO2 emissions obtained by advanced GTCC with improved flexibility performance
were clarified.
At the same time, issues to develop and disseminate advanced GTCC were also examined.
The introduction of a large amount of renewable energy power sources inevitably reduces
the operation rate of thermal power plants. Therefore, to establish a business for power
producers, it is indispensable to design a new system, which not only charge income due
to the amount of power generation but also the value of thermal power as an adjustment
power that contributes to the stable operation. Technological development is not able to
be easily accomplished, so it is too late to start development after the system is
established. In this research, we began to develop key element technologies that
promptly realize advanced GTCC that coexists with renewable energy and achieves both
stable operation of the system and reduction of CO2 emissions. The design concept for
improving maneuverability such as rapid start-up and ramp rate was clarified. In
addition, studies were also made for development project proposals, and a development
plan was also drafted.
Research items and main results are as follows.
Item A: Conceptual design of large-scale gas turbine combined cycle power plant system
with rapid start-up and ramp rate

Clarified system configuration and operating conditions that is able to achieve target
performance set in previous research

Designed a GT control concept capable of ensuring stable combustion and misfire
resistance
Item B: Basic investigation of weight saving technique of rotor and turbine blade

Designed a concept of GT rotor blades that is able to simultaneously realize high
performance cooling structure, reduction of unsteady thermal stress and weight
reduction

Development of a method to strongly couple the thermal fluid dynamics analysis inside



the rotating shaft and between blades and analysis of stress, temperature distribution,
and deformation

Item C: Variable mechanism control technique around the blade for improvement of
efficiency during partial load operation

Designed the concept of clearance control by temperature control of shroud
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Drum-type HRSG BENSON® Once-Through

= Thick-walled = Eliminates HP

HF drum limits drum, thereby
operating enhancing
flexibility due operating
to high thermal flexibility
stresses -
* Maintains

= Natural natural
circulation circulation flow
principle characteristics

[

Superheater

The BENSON™ system - Elimination of thick-walled components

(1) Benson AR 1 7 & N T LHIK A T D LK

Power

aperatian in
unfavorable

5

Exemplary combined cycle plant start-up curve

Reduced
start-up time

Time

(2) kB 5y [ 6 o> )
4.1-16 BENSON® Once-Through technology for Heat Recovery Steam
Generators(*1-5)
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ThiE, BRI L TR EZHEEME N2 /b (X 4.4-10).
Z OB, §E Pitch R ENEMEEEE (Axial Gap) XX 4.4-11 0@ Y £+ 5.

LB ROFEHICACDEFRMEESAITEROMIRIAE b0, ZOFHE
AT ORREREEIZERGRAIICX 4.4-12 27T Y Tod Y, Axial Gap/Pitch @ N
WA LHEEBEENICHAT 2. ZofELL, EimiFREAKE 1.25 fFic8ms
w5 LR #%émérﬁﬁﬁ(%%ﬁ)%%#ﬂf%é%ﬁkﬁé

COMREIEEE CFD N CREM L 72K, ERFRICERN T 28HERE O
JEDNEEITH 4.4-13 (2R F @0 & 720, F 3 BCEOE NI wauf@@ Tl (X
4.4-12) L RAEDOENEIHEW Z R L1z, B2, FEM S &MHic X v gD (£
— XN T —R) BT H &, B TR, EiREREEEE 1.25 5108
M2 tBHEORIK T RENS ) ZRFEM TR EZEL (X 4.4-14).

54



N

B8 {CUNE /1N

(W&ﬂém)g

M4.4-10 2—EFFEBR (FEOERBE/N -

_—

mEE M)

BHERBEMIZES Pitch @A &
BEE/NMEDGap KT
Gap/Pitch A%k X

THRBERBE 125 ETHET
BRENBINZIEHES (BEEAH)
NPEBTE2ERTE

-A- £ 37 Pitch| -4~ AxialGap -« AxialGap/Pitch € 1.0

o.o% : : : : $0.5 Eos

= : : : &

2 \ ! . 5 ©

=1 1 1 1 E o 06 -
— v .- : - iz

ﬁ 1 1 1 o N2

g 4 |0 T § | o4 pauxs

% : : : = i 14 (RiE)

: : < i 02 : LRt
e ! ! ﬁ-ﬁl 3 1.75f%
e e T e T 0.0 1.25¢ - -
( ) AR Axial Gap / Pitch

X 4.4-11 ERBEMEE K 4.4-12 ERBREIZCKDIEAME

Axial Gap/Pitch o B %

BESHOCEREE

CFD @ CHE M/ (X 4.4-12) &
RERECEHEHETZFE.

FEM & BITCH L RSB EHRYEE
1.25 & L33 LTRHIEAHER.
IR (X 4.4-12) LRI S BEE,

—EFTAHE (B8E) — R 2518
— R 515 — R R 754

ERHE
S @

| R
EE o>\
& B i
W&
R
o ¥ o=’
g = 4 )
o P U NN
i e Y5 o T i, s X
5o
© 00 02 04 06 08 10
X/Cx [+]

- EEHAH =miEH

@ & ® o [
S S R
8N | | "
X Y i [ 1 2
R | | | | ®
ELS I i ! ! |
H | : | W
: . L. R
: -..\_.“ 1 -[lﬁ
: : i [ [=
15 1.25ff% 1.54% 1.75 1%
(F 1)

BREIAR M

B G i (X 4.4-12)

k5 E

4.4-13 BEREOENELEH
(EER CFD BT HER)

55

4.4-14 BEDORKAN
(FEM IS &R R)



KENE (HEhRAMNEY) 228452 LIk 2R NEBOATHEMICO WD
THMmat L7, ##E % Open U A& 4, ¥ % Close U A% %7 L T ([ 4.4-15)
KEhEZEE L-HA (X 4.4-16), LR~y "EPNER T2 (K
4.4-17), LFRFHFRICER T HREGHOE NDEEH R HIM L (X 4.4-18), R
JNEIMT D8R & 72 o7 (K 4.4-19).

Mo, BRA (RENGT) ZERBT2H5ICEKBELHMIELILENH
HEZEZXDHN, ZOHEIEET T AT (FIEJ1) OB (K 4.4-19) BNHEK &
A, Fl, LIREBEEEMELEARD EHRRAEBIKE SN EnD,
I ELTIESRELERE L CHEIERZ L EEZD.

JREH
B4.4-15 2—EVEOIVREH (RBEER)

REIEERRBICKY
LIHRBBEIIN\EALR
AN
N\
;ﬂ_ﬁﬁlJz‘gﬁﬁ +ﬁﬁlJ1&ﬁﬁ ‘ &E}]E:{_EE _______ Jié;l]}rﬁl—:—'%—
S 2 ! !
=8 ! ! s
5921 : ¥ B
a & ! ! b
R0 . &
"o 1 5
X &1 : : =
"W, EBYRSAT o
= REEER | _ , ) , ,
N ' 00 02 04 06 08 1.0
REIE 0.05 XICx[]
E44-16 #—EVBYRA A B 4.4-17 L& E 50%Height @
kDA RBEZEI EEBIYNELH

56



EEhE—F (D FENZEIENE (LR E N ER )
FEE S FENE: K

-

ki

ERBETYN\BLERT
BEDOEHAEEIEM,
(EBLKD Tip A

B HEMIZHE S, )

x e I
>
. g
AL ‘
| >
u

fem

| .

M4.4-18 BEORHE—F FINHR) LRAENED (CFD&E)

- ERARN =B O RBEZERTIEMETERHEM,

, | CEBT YR

@ M |k |_BRBEEsSE.)

$<i::::j Y P ErmEEcHEAZERT smA,
13 i 3 EEARN (B H) (TEMEREEEY
R ! @ ! N H R
iy : : !
15 i ! W

L ! R

. <> | U

| | 0.05 ! [5)

& &

smg (51
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(4.4-1) Liang, J. J. et. al., “Effects of Alumina on Cristobalite Crystallization and
Properties of Silica-Based Ceramic Cores”, Journal of Materials Science &
Technology, Vol. 33 (2017), pp. 204-209.
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(4.4-2) Kim, Y. H. et. al., “Influence of silicon carbide as a mineralizer on
mechanical and thermal properties of silica-based ceramic cores”, Ceramics
International, Vol. 42 (2016), pp. 14738-14742.

(4.4-3) Kim, Y. H. et. al., “Shrinkage and flexural strength improvement of
silica-based composites for ceramic cores by colloidal alumina infiltration”,
Ceramics International, Vol. 42 (2016), pp. 8878-8883.

(4.4-4) Kapranos, K. et. al., "Advanced Casting Methodologies: Investment Casting,
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Comprehensive Materials Processing, Vol 5 (2014), pp. 39-67.

(4.4-5) Asthana, R. et. al., Materials Processing and Manufacturing Science (2006), p.
39-67, ELSEVIER.

(4.4-6) Jebaraj, P. M. et. al., “Prediction of Thermal Shock of Ceramic Shells Using
Fused Silica as Reinforcing Filler at Casting Conditions”, National
Conference on Advances in Production Technology, February 7-9 (1998), pp.
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(4.4-7) Li, Z. et. al., “Deformation and recrystallization of single crystal
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ceramics used in investment casting of superalloys”, Journal of Materials
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(4.4-9) Kazemi, A. et. al., “Effect of zircon content on chemical and mechanical
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(4.4-10) Jiang, W. et. al., “Effect of silica fiber on the mechanical and chemical
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(4.4-11) Yuan, C. et. al., “Investigation of fibre modified ceramic moulds for
investment casting”, Journal of the European Ceramic Society, Vol. 23 (2003),
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(4.4-12) Wilson, P. J. et. al., “The role of zircon particle size distribution, surface
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4.5.2 #HEE{tHFR CMC

NIMS TRIZ L7-H bW H CMC IZHoW\WT, GTDO X —t v — B B #3455~
OEAAEEZBFLE. Y2y b v P THEHBAENLTWS CMC Btk

(SiC/SIiC BAME) EEBEOMBREMEICEANL D, FHEH2EOHAMN
ITRRNZ E0D 1B00CEREUTOHMMICLNEH I AT o7, NIMS
TIEIAREWICIHEREE ICEA TR R EICE B L, By &R E 2By
Thidryra=TIlonTHEGHEORERMAZMAB LS £, Z0
I AT D~ MU v 7 AMEE LT BaZrOs & ET 5 & & b ICHME - ~
FU w7 2AOBEALEENZ B S L7-G52D. KB IEE TiEZ @ NIMS B % O Hr
A% CMCIZHOW T, /NRIFEMZREL CTHREM L IRGET 52 & T,
MR E~O@EAAEEZHNCTIZEZHEME L.

X 4.5-1 (2 BaZrOz~ ~ U v 7 % 80wt%, ¥ /L = =7 ili# 20wt% T 1E L 7= B
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B % CMC DO RFAi HFEM D I 7 v ik z = .
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NIMS TRIR L7728 TIAl A &I HOWT, GT DX — v v g K B8 3~ o @ H
AEMEETBR L. EREHEIER, KEEO0BETHLIZ LD, BE
MRERACcCEhEERAFOoERRKICMZ, AMISHEIICEsTr—% %
BELTEDRED, EFKELTELVWREB(LDIEIEGEOND. Vv Fxv
VU THT T UKRKEFBEICTIAIEENEHEINLTEBY, EELWVWE
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WThHfithsZ &3 5.

4.5-6 ICE R #E CHRIFEL 72 /N RSB M OBl L VL% O I 7 o fifk
Z TIAl & & TE kM & ik L T3 . BRI TIAl & 4 0 20 [H 8% 0% M1 KR 12 B 4F
Thy, FLREREOI Z b E LI MM Z L8 g05. BWLHE
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EOlEZRT. B TIAl A 41X 800°C £ T TIAI BLIRM L v F L EomER
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Wi A REST D0k, ARBEEICENZ TIAl A8 2 AW D Z & i
ThdN, TRz, B, #E, KENLTE0L TERIZE W TRAES
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~OBEHAREEEZRF L. 8%, NiEBASIRERELZN LT 57201
Xy HOEBROBMAVLETH DD, ZHICHEWEEENE T+ 5.606- T,
0— X CHE RSN TIEERITBEEORR LV ARER EICRARH -
oo WK/ 2y b2 U U AT 4 A7 TIEBERRE ESFICEY, BR
BAEM OB, BAMNMIbATEEZR, GT HAkAlo —% TIxHmREEM %
AT 22 L 32X ME0BAPRETHD.

— 745, NIMS TIZH LWHAICSH &S\ THRE & OB L2 BB KA
LA EICILET 5 TMW &4 (Ni-25C0-14Cr-3Mo-1W-2AI-6Ti (wt%)) % BE ¥ L
s CofeeEre — XA TIENE - RIS E D E L VR ELS
FECTX 2. AWFSEHEHE TIEZ O NIMS Bi% TMW &>\ T, BEFET — 4 %
P52 & T, AMHE~O@EHATREELHANCT 22 2B E L.

45-12 12 02% 27 UV —7EZ Y = v b= ¥ H Ni EBEBASTUR
LR AL TS, INTI8 TRSMHEHIN TS — KB RHMETH Y,
Alloy720Li T FEHILINTZBRM & L TEEREBEOME TH 5. B
TMW & 413 Alloy720Li 28 THMHREL 76 CH M ET25 2 B3 0n5.
4.5-13 1T 650°C TOIRY A 7 V& J7 FetE %, Alloy720Li & Hofg L 72 4 R 2 R
T. TMW 8137 V—7BEIXIRBICE VDI 20bbT, K17 L
FRE D Alloy720Li K VBN TWD Z ERN oD, X 4.5-14 |12 TMW & 4 O £
M EEMONBEE 27T . A XX ¢440mm TH Y GT O —% L 0 L/
SWVWR, SBOKRMELT e AR EOEICL > T GT Hre — & Rk o flaE Mk
NhHhHEEAD.

B, b Tl EHniEr -2 OB E OB R I 4.7 S0
BEemlLAR 2z —Zart 7 omE)] CR#ELTWS.

1000

0.2%9Y-7"¥5% )

T ' }
w224 [650°C ' "
800 THIW-4M3 LJ s "T\Llo\o\':zgml I
T20Li < . o Thead |
Aoy’ 12+ a % -4M3 |
- B TMW-4M3 !

= -
g INT18 g
3 § 1o}
5 00 -g L TMW-aM3
76°C '_i Alloy720L1" :
5 osf
AR EUP
200 L . L 06 !
F. ] Fd n 23 10 ' i3
Larson-Miller parameter (LMP) Number to failuer, Nf (cycle)
[LMP=(T+273)x(log¢ +20), T:°C.¢ :hours]
E4.5-12 TMWW&4Ds Y — K4.5-13 TMWWEEDEYA UL
TREORKM L DL EAHEOERRKM EDO LR

65



B 4.5-14 TWEEDRBEBERM DI

455 AMAHREDOLEL®
Prxy b oYV ICRIAERLENT 3FEOEE - &R M EBGH A B o
MIZ GT ou—%, BIROBEICEFLLADTH LN, HEHERE, A4 X%
MBI OBRMOEFETIEGT CHEAHRNECTCH L. = 2T, E AR
BANWE - MR ZE RS (NIMS) TR L, SRtk 2 L 7o 3 o i B8 44 8
WOWT GT ~D MR EZ B L. fRIZULTOEY ThS.
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X ik
(4.5-1) IR, HHEISL, EA RSB EIERMABIEY R CMC OB, F
43 FIR AR T A —v reaEMimmEes CkF) FEEGmCEE, 2015.9,
pp.75-78.

66



(4.5-2) [ELHFEBHFEIEN WE - M BHIFEERE 2 L o = 7 Sk M & R
RETI VI ANLRDLIEGMEE T O JTIE”, FiFE 2014-04742.

(4.5-3) [EZHFFEBHFEIEN WE - MORHIT ST B AR BV SR E Y TIAL ARG e, Fr
7F 5 6202556 & .

(4.5-4)  BR)IEHE, & A, MEER, DNRE, BEIE=, FEBEAL, BHE, =
EE B Ni-Co RiEEB A& ZHWIEEY — T 4 27 O
W RE ", B ARA B S48, Vol.74, No.3 (2010), pp.221-225.
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HAZ - OEEANEHEICLI2IBBREDOISEE2NMBICTH T 572
DO —EEHEK S I 2 b —va U PEICOVTRF L. BEEOKRER®
BrefmBgir # El S S ARERMIra— REMET LI L LI, B—F KN
HIRB B RO, ZELBEIFEEEMTZRANTH LML, £72, Wi
RIEEHHLE TH D IER KEH 2RI, KEE L ORFEEESEOFHHE2T 572,
FER, MK - BEERBARO LV FEMRRIET — X OMNEERIA LN E 25Tz,

46.1 AAREBDOEM

R LV EENRELSEAT D2RE - B HFEENERRICKEEA
ENDHZZENRRRAENTWEHTED, TAX—EUVRETT7 2 Ml £ TU
FOBERBERENDNMVLELEIND. ZORD, TALZ =Y OARET BN,
WEICEE LM ESEHIMNERDL Y, RETEEIPLINOEZ THMT 57200
BTN RD LT D.

AWFFRER T, A —HBEER Y I a2 —va ryroEmEfIcEY, GTOF
WHEE) - AMEHEIC L2 BWBEOINESCCRENFMEL WM TR 2 FIEEZ K
AT S, EFz, BESLEBEL CTHEISEZICR T D EER & LR OIS
DIRESMEZ TR L, BELZEBT 2R E T 2MITIEORELHRITT 5.
Flo, YIab—TaryOoEEE/RCTT T, RIEO LD OIEE R RAVIERT
— 2 - EET 5.

oo & Xy, EEBEMRTELY S ERL, SlEB) - AfE RO
EREINECRE A G2 ERBEICY I 2 b — T 5 FEOHENICH T CHEE
ST 5.

462 BEBBEWERBWEARETIERBREOBEDRE

B IEfRAT & WRARRAT 2 Bk S, H R X — B B R oI A 2 A S A
EMNGE DD DO ABREFIFIZY I 2 b—3a U3 5 Tk (IS S % kiR
fr) oI T T, AREFREIC LY EERNOIRES OB & RETE O ET
ZRIFFICHETT 2, RERPEAEEMHT 70 77 L2 ME L. £z, HE
Lica— Pz EMERAEOFARAERE - FEERSED Z LICHELTHRIL,
3 0t P S B E R R AT O EH e e i L.
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4621 BUFRMARERZEBRBHOERR

Table 4.6-1 ([ZH W2 R XHE%A, Tabled4.6-2 I WD HEERT. AN
BoEERRERIL, BEoRERE 2R T 2720, Bk HREXICEMIERE
ﬁ%%%bkﬁﬁﬁ%ﬁ&?é.m&%i,izwﬁ—%fm:%d<@6%
A r A L, RBREHREEREESICLY, HECEBmIATVDS.
B RS OIS L, IR -ERERRICEBWT, IR oRAICEHE T 5 EHEE »
"o, WELEZESAZEZLIICZETRODOND. RBAWEITAKMER %
ALRWEOEEEAOALEZEETIEL . Z0 X512, B5HERBESIE
IS N-EHBABRRXENLCHEEKE LTS, AR, BEEGEHEO - OMEEK,
BUIEEICH LT —E L L.

Table 4.6-1 ® LGB XIL, BT O W E R bl & 4 K & L 7= Total Lagrange
B K o TIPS RTINS AE D 20 8 ZREFEZHWEARERIEIC
Lo THiHfbsn, D2 VERE CHMITERFHZBERI M52 2 &N
ETHD.

BIXENIZOWTCIHEREEZHET 50T, WAMLFEXOHILIZIE, Newton
Bk SEmBIcEHshcElsMoRREEZH WD, —7F, Bz iR
RAEHETHIBEICH L TRETH D2, BEEEZ BT Newton 5%
AW 2R 1EOHEST R AFBRANRMTMEELZ LN TED. 2L
Table 4.6-1 A, B E FREAFTOFE _HE TH 2N EMR KA L, 2EZDOE
wO(BAERE: x=X+u) ZHESEKELTCLo270, KEMALEXTHEI I N
BRHOEMNMEZHEICHNWD Z LICHEBRTHAILEND D.

B Y LN, 74»4/%%ﬁbt%ﬁ&%@ﬁ%ﬁ%btﬁ@&f%é
ILUQQ) AT B e A ECEZ iz, 722 L, BERIEFICHELS R H A
BWT, BHEEBELERXRCORERMHELICE NI D DITHERTE TR,

4.6.2.2 O— FOKREE (1 : FORMBY)
BOTHRICELDEENIE LI DI L A2HRT D20, —FERIEE TN
L7z M EL%@@U%EM&Ltﬁﬁ%%MLt.ﬁ%@#%ﬁ
20mmx20mmxim T&H 5. MEHIH (a =121 [1/K]), LR E O KLAER E LT, =
300 [K] & L7z, EREHELT, R @Tmﬁ@ﬁu%o I, WEE T,+A4T
[KIICEEL, thomizaS CRERL -WAKMELLE., 2oL &, BREOT
RTOEBTHE CIRE (Toy+4T) L7 bMNEI I, EKEERELOEIZL-
TEOUORFERIND.

Fig. 4.6-1 I&, TUimEDOWE LECLEREFHFMOBMOLE OEFEERT. AR
ERIBICE DM IIMITICEHINS2EZELLHBHLTEBY, KV AN
BOWICLDERFHNELLBYVADTNDE I ERERTE .
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Table 4.6-1 Governing equations for the developed thermo-structure FEM code

]l P )
éu-poadVy + | SE:SdVy = f Su-tdS,+ | du-pygdVy
{5 A8 41 # = Y Y 5 Y
sg = L[0%% asu’ N a5u’ du N ou’ d5u
“2|0x ' ox X 0X  0X 04X
il J 8Tp,C or dVy + f V(8T) - (kVT)dV, = | 6Tq-dS
jﬁ‘/]i‘%j?t Ve pO at X v, (K ) X = 5, q X
Green-Lagran . 1[ou  ou” ou” ou
ge & “2loxTox Tax ax
Sll A + 2/1 2/.1 2/.1 0 0 0 E11 - ‘ST
[522] [ 2/1 A + 2/.1 2/.1 0 0 0 E22 - ST
J& -2 S33 =| 2u 20 A4+2u 0 0 0 ||Esz—er
B £ 5 Si2 0 0 0 2z 0 O Ep
523J 0 0 0 0 2u OJ Eys
Sa3 0 0 0 0 0 2ull Esx
BOT AL T =Ty
N3 Er=a -
T B 17 %k ! °

Table 4.6-2 Nomenclature

0o density without deformation q heat flux vector
a acceleration vector A Lame’s elastic constant
u displacement vector U Lame’s elastic constant
E Green-Lagrange strain tensor &r thermal expansion strain
S 2nd Piola-Kirchhoff stress coefficient of linear thermal
a
tensor expansion
position of material point before
T Cauchy stress tensor on surface .
deformation
position of material point after
g volume force vector i
deformation
T temperature S, surface vector after deformation
C specific heat capacity Vy volume before deformation
t time Ve volume after deformation
K thermal conductivity ) test function or virtual field
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Fig. 4.6-1 Verification on the thermal growth of a heated bar

46.23 O—FODO®KRIE (2 : BEHZZERL - Hot-Cold ZE#)

BESAHN D DIREICE W T, BLFEIZIITW FEM £ 5 L TIE L WILE B 5
NHZ EEMENDDIZDIC, BRESH % EE L7 Hot-cold £ #2 (RIERIR &2 K
W5H) OMEZRY B, BANIFEFHER A AR I LT 5 NASA Rotor 67
TH Y, [EEEEIEL 16200rpm, MEHIF X THDH. Z Z TIE, Fig. 4.6-2(a) I
AT X oI, BRCTENMEZ2EE, R 288.15K, Ui TR 338.15K OB R
G E Bz, BmIIMmMERL, ByiRAeL E L.

ZOEMEFMEOL &, EHREFER (EERRER) 20 /RErER (fF
IEREIR) ZREMIZKRD D, THUNWK L TWDE D IL, WHE L 7BER
B IR L 22 R AR O ZE T ER SN E Eotcon 2T =X — L THEND D.

€hotcold = Max(xdeformed - xdesign)/MaX(lu|deformed)

Fig. 4.6-2(b) 1T 52 bNTEREMEOL ETINK LAZEES, REHTHY,
RESHTRICEEREREESANGZONTWEZERNbND. ZhaitR
T2 T 5 7 Newton 18, Hot-cold 28 & @ 7% # % Fig. 4.6-2 (¢) (2”7 .
BRENMIZRT 2EEEEDZE%2 104 F TS 37121X, 20 BFIFEE Newton K18
MK SELZEB/NERIE, LrLAOTANH > TH Hot-Cold £ #1
ELLKIRHEICH>TWDHI ENbN5.
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(c) Convergence history of Newton iteration and residual of hot-cold
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Fig. 4.6-2 Hot-cold transformation of NASA rotor 67
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BIED FEM 22— RIZRFM Mo EH 2 BHE L2 EFERELZM Y L e L
TEAfbLINTWD 720, HiEiEESEMELY MR 202X, FEEFM
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3. BuRiR - JREONIEFIEDEE
FEM =2 — R I EREEM ZRAK = — NIZE L, #iZigKka— R
MTHEHBINTZBAWRKEZ FEMa— RICET L0 E#EKZ 5 2 C
W5, ZZT, CFD & FEM O#& TR LB B ERE L —MIC KE A
L0, MOLNPONFEFREIVLETHD. EHXLERELEE LML ZOE
P HZoWT B/ R yE] ZRA L THET 2 FIEGSD 2805
LTWDA, EEUOFENSHTEIAEEND S
4. fRNTET N — A DS
AR CIXHEAMICAEEMRT 70 /7 A2 ERLEZOARTHY, HIK
MRIEHAMRLETNERDT AN —RIZOWTIIHES. TR oi.
Ta T AOHERLERNISAICHEZ D L DR, EMECK —E 0
R O ZENl, BLXRENEMIT T H72DDOET VT — A2 5 %N L
TWHERH DL EEZOLND.

463 ARA—ECEBRABORMXERBROXREFEE EBH

B DOZELRRCBRET ANLELENDIHT AL - DEMmESL Y — v T,
EH P OMBLHmEANIZ LV EEE - Mo RERNREFH L RS, EHFP
ORI Z T T 5 72O IXEN ) S8 LI 7z B E S DR E 5 AL’
ETRTAMLERSDLN, TOEOICEBEREOHOAATFTHNIEETH D .
L2 L, FICEMBEOEANTO LS, @FmMOBERO® DEERT A7 X
YET A NTIE, TAANZMANEER, P OoMITIEREERD2ZEND, FHIC
FoTHEEEINDIFENLEAEAL, Y ET A NORESSBHRKICKE B
ERIEFTZENRMONTWD . T OPAVITRF TR 22 0 K & W 6B o 1% B
THEZEICAEL LD, EEIO/NZIWEEBEMAIZI T 2 350 R o 7 3=l # 1<
Lo THRFICHEETHL EEZZIZOLND.
ZOFRANTHEIN D EMEE AT ROV T, Ansari b 462 Smirnov
5 (463> Detached Eddy Simulation, Sun o @ Large Eddy Simulation (4.6-4) 73 &
Eddy resolving 7e i@ AT FIE N B R 2 EMHEMICHIBL L, RANS LV L ERN Lk
WORERH D .

AWFFEEE TiX, EMEE 2RO ERAIIREAZIZHOWNWT, mFGRE - 2B -
R OIEEFWWNEN 2 H T+ 52 & T, EAMEEANE T4 U 25 Bkt i
BEO2EG 25528, SHICIERANS LB EITHI ZEEHMNE T 5.
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Fig. 4.6-3 Internal flow path of E® HPC shaft.
Positions of referential and measured temperatures are also shown.

Table 4.6-3 Test conditions and results of core performance test results (4-6-6)

(a) Test conditions

T25 [K] 302
P25 [kPa] 96.6
T3 [K] 808
W [rpm] 12600
Thore [K] 302
mbore [kg/S] 025

(b) Measured temperature
TC1 [K] 530
TC2 [K] 561
TC3 [K] 302
TC4 [K] 545

46.3.1 BHEETIL

AW TIE, FMEELIZZY —E L I2 o0 T Dk ZEK % DR SR & 0
FERAE 2N AP ST b CER%Z & L, NASA Energy Efficient Engine (E®) & &
JEAGRE 23t g & Uiz, JEAMBEIX 10 e CIE DM 23 2 Bl3 5 X 912, 1980 1%
A Y R e ORI K 0 B EFS vz, FEMZe ek EH T Holloway & (469 o,
TR ZER R DR RS R (X Stearns 5 (469 > NASA Report & & X L7z,

Fig. 4.6-3 (ZfifHT %t 5 O KX %, Table 4.6-3 (2 JF i #5385 11 & & 3 I %
ENENRT . EATIIAE»POZEEFTENREN OO T A A7 X v BT 4
2B 70, il 7 E R &4 Station C1~C9 & A AP 5. diPNER A @l 4 B i
TEMEAOD LY NN, SR E - MiIcikT TN . E, BIETST Y
M7 =T 4 27 ARMICAENEGFH 4GOI TEY, YO
ERFHE SN TS, b OFHE2 Table 4.6-3 (b)) TH 0 [EFMEHEA D - H O
RO TR OBRMERFZMHMIIH N Z LIZT 5.

Fig. 4.6-4 |2, MITET VO R2KG LERAEMHEEZRT. £7 Fig. 4.6-4 (a) I
ETNOEREBTHY, JEMBERTHFICHBEEO R AR, HEMOH D TR BE
REBWTWS., kB, MESTOEEITIMENERMELEI> XL HOICHEL T
WD R AR oD il R [ R e, IRE NIRRT H D .
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HP shaft: sr 4R SR 6R 7R _8R 9RI10R
mapped temperature 2R
\

LP shaft:
adiabatic wall

(a) 3D view of the disk cavities and boundary conditions

800}

(b) Wall temperature mapped on the HP shaft

Fig. 4.6-4 Computational model and thermal boundary conditions

Fig. 4.6-4 (b) 12, @EEAIC~ vy B VSN RES 2R, JEMEAD -
HORE & BES R X v, MEMRE, Bilinear il Z2HAEbE T~y
Y LTWD., EMERBEDO T ANRZMIFEERENGS RoTWDH I &R Do
5.
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B R B ET W 2 e RIS SRR FE R L A TAH BRI ISR T 5 .

RANS O fLitE 7 /v & LT, 1 XA D Spalart-Allmaras €7 /L (SA) &,
T &L L= DES (SA-DES) %l \W7=. SA 7 /L ix — Wk ot @ il 5 #5541,
SA-DES ZI =Wt ORFEIFEHFHHEICHEHL, METLEDL ) ICFHAERKEN R
B MEPFHNRD

Fig. 4.6-5 T, AT THW D T2 =3 . RWER 0 A & il BE m A& 1, B
/\zxﬂwt74mmﬂ%¢ HTRETTHY, ZhbzEAKTIETERLT
W5 BEE R FIREEIC IR o 7o W), BEEEE 5 M), JE 5 I 4L E 4L (2462x50%400)
', HERETIT (950x210x400) A ER L, G 129M L (HhfEE 2 A
hf 160M E/V) Th 5. G EIXEE G M - @5 mic 1.0mm T, &5 MW

TIEANERER 4y T 4.1mm LL FIZ 72 > TW 5. F/hE FiE1E 10um TH v, y*<1 %
‘(?Eﬁbfvw:s.

REMETICIE S REEO =A% B ES % 3EONHBKRELE EbICHWD. I
M%) 71X 1.0x10°%sec Td v, #h 1 [FIEZ124) 4762step Z L H L T 5. LG O K
fSE¥0%, #hEldEs 42 [BlEi5 H ~ 147 [BEE HIZ DWW TIT > 7=

(a) Meridional view, upper half domain

(b) Detailed view around the 5th to 10th rotor disks
Fig. 4.6-5 Overset mesh for HPC disk cavities
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(a) Meridional view, 2D-SA
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(b) Meridional view, SADES
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(c¢) Radial distributions inside the cavities

Fig. 4.6-6 Time-averaged temperature distributions in the meridional plane
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Fig. 4.6-6 (c) 21X, ¥ ¥ 7 s NP RO PR G MIEE 5% CL~C9 £T%
NENRLTWD.C2 LY AETEM TIiX2D-SA & SADES O ZET1F & A E 7208,
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D T-0IZ, Fig. 4.6-7 |2 DES T b AL 7- B REE £ 4 /R 7. Fig. 4.6-7 (a) @
TAME KT, EMoWEE RS E, BEMOF Y ET ¢ (C6~CI9) T W
TEIRO T ANRTHBICHH I FR b5, — T HFAlOWETIE,
AT EOKBHRASF Y ET A NICHEALTWS.

Fig. 4.6-6 (b) % Fig. 4.6-7 (a) OFELZNIZHIE T 28K F ¥ €7 4 WORE DA T
5. ATEEM O C2,CATIEHZNIZFEREARIBESMILIALNT, KR RIANAAHE
EHLHADLIR VD, REM O C7, C9 TIXKJE i+ Ur o IR 3 4K 23 “radial arm”
(D Lo htEgE) 250 Rnb, Y ET A NITEAL TWIEKTDDL)
LH. ZTOEIBRMNEENR T HEOHBBELE Yy ET s NTMEAAS TR D
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(b) Axial plane, front (C2 and C4) and rear (C7 and C9) stages
Fig. 4.6-7 Instantaneous temperature distributions inside the disk cavities
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Fig. 4.6-8 Axial and circumferential development of heated air
discharged from the cavities
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(Study on High Flexible GTCC Contributing to Stability of Electric Power Systemon)
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Enhancing flexibility of GTCC is one of the most effective measure to compensate for unstable
outputs of renewable energy generation systems such as solar power and wind power. Therefore,
study and development of high flexible GTCC has been carried out. In this paper, we will show the
background and process to this study, results of examining the system configurations and
conditions to achieve development goals of the GTCC.
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ABSTRACT

To design a gas turbine combustor for low emissions, carbon
monoxide (CO) generated near the cooled wall is one of the
important indexes. However, the measuring of CO concentration is
difficult in experiments in actual conditions of high pressure and
temperature. In this study, in order to take the heat loss effect on the
cooled wall into account, a non-adiabatic flamelet generated
manifolds (NA-FGM) approach, which can account for the change
of gas composition due to the heat loss, is applied to
two-dimensional numerical simulations of premixed flame near the
cooled wall and the effect of equivalence ratio variation on the CO
concentration is investigated. The results show that the CO
concentrations predicted for the equivalence ratio of 1.0 using the
NA-FGM approach are in good agreements with those using the
detailed reaction approach, and that the NA-FGM approach can
adequately catch the tendency of CO generation in the vicinity of
the wall with heat loss.

NOMENCLATURE
c Progress variable
Cp Isopiestic specific heat
Dy, Thermal diffusivity
D, Diffusion coefficient (D, = 1/pC,)
h Enthalpy
p Pressure
Qloss Source term of heat loss
R Gas constant
Sy Laminar flame velocity
T Temperature
u Velocity vector
Vi Diffusion velocity of chemical species k
Wy, Molecular weight
Yy Mass fraction of chemical species k
Z Mixture fraction
Greeks
a Adjustment parameter
6. Laminar flame thickness
A Thermal conductivity
T Shear stress tensor
¢ Equivalence ratio
p Density
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Ay, Generation rate of progress variable

Wy Chemical reaction rate of chemical species k
Subscripts

k Chemical species

INTRODUCTION

Aim of a recent gas turbine development is to reduce air
pollution emissions (CO, NOx and etc.) with low environmental
load. In this developed combustor, premixed combustion is applied
to reduce NOx emissions. For premixed combustion fields, CO
emission is one of the important issues to solve at a partial load for
an industrial gas turbine [1, 2]. CO emission is mainly generated at
the flame front, actually reaction zone, in the combustion chamber.
When CO emission is formed in the vicinity of the wall, unburned
fuel and CO are prone to flow out downstream. Therefore the
prediction of CO emission in the vicinity of the wall is important in
order to design a low emission combustor. However the
measurement of CO is difficult at actual gas turbine conditions in
high temperature and pressure fields.

Computational fluid dynamics (CFD) is a powerful tool to
investigate the detailed distributions of various chemical species
and temperature under the complicated combustion fields. CFD has
been used to support to engineers in predicting the property of
flame dynamics during the combustor design process [3-9].
Prediction of CO emission with high accuracies is required
consideration of the detailed reaction mechanism in general.
Because this detailed reaction approach needs to pay much
expensive computational cost, a number of combustion models
have been proposed. Conventionally, the G equation model [10, 11]
is used to calculate premixed combustion; however this model does
not calculate CO concentration accurately because it calculates
unburned and burned gas compositions in the equilibrium
conditions. Recently, the flamelet generated manifolds (FGM)
approach [12] has been used for premixed combustion, because this
model considers the detailed reaction mechanism by database
called flamelet library. However, the database of the conventional
FGM approach does not included the effect of heat loss. The FGM
approach taking heat loss effect into account is called the
non-adiabatic FGM (NA-FGM) approach. Some researches have
attempted to develop efficient NA-FGM approaches [12-15].
Fiorina et al. [13] and Proch and Kempf [14] have suggested the
way to take the heat loss effect into account to the database and
verify its applicability to the steady burner flame. Firorina et al.
[15] have performed three-dimensional large-eddy simulations and
showed the improvement in the accuracy of the flame height. There
are some researches employing NA-FGM approach, however, most
of their studies targeted on the steady turbulent flame, and the
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applicability to propagating turbulent flame is not well
investigated.

In this study, the validity of the NA-FGM approach to predict
the CO concentration in the vicinity of the wall with heat loss is
examined by comparing with those employing the detailed reaction
approach, and the effect of equivalence ratio variation on the CO

concentration is investigated using the NA-FGM approach.
TURBULENT COMBUSTION MODELS
Detailed reaction approach

The governing equations for the detailed reaction approach can
be written as:

L4V (pu) =0 (1)
t

LY (puw) = -Vp+V -7 )
aon | o _op

?‘l'v (phu)—Dt

+V « [pD (VA — X (M VY)) — p X (hiYiVid] + T:Vu (3)

apYy

o TV (pYu) = =V + (oY, Vi) + pary 4)
Yk
p= pRTZkW—k (5)

where p is the density, u is velocity vector, p is pressure, T is shear
stress tensor, h is enthalpy, hy, is enthalpy of chemical species k,
Dy, is thermal diffusivity, Y} is mass fraction of chemical species k,
Vy is diffusion velocity of chemical species k, @y is chemical
reaction rate of chemical species k, T is temperature, R is gas
constant and W, is molecular weight of chemical species k.

Flamelet Generated Manifolds approach
The governing equations for the FGM approach can be written

as:
L+V-(pu) =0 (6)
‘%u+v-(puu)=—Vp+V-T 7
2LV - (phu) =224V + (pD,Vh) +7:Vu 8)
apZ

- TV (pZu) =V - (pD;Vh) ©)
apC .

S5tV (pCu) =V - (pD:VC) + pac (10)

where w¢ is generation rate of progress variable, C is the progress
variable defined as mass fraction of burned gas (H,O, H,, CO, and
CO) , D, is diffusion coefficient (D, =21/pC,) , A is thermal
conductivity and Cj, is isopiestic specific heat.

This model needs a database called a flamelet library, which is
obtained by the calculation of laminar flow flame under various
conditions and generated by the calculation of a one dimensional
laminar premixed flame. The governing equations for generating
the flamelet library can be written as:

a(pw) _
Tor 0 an

m
N&¥ember¥7-22, Tokyo, Japan

Revgew Cyo d o June 113,20 .
puCy,—= Tgf—ﬁ _%k Cp]ké_zgk hy ™y

u@egte_d%l ternational Gas Turbine Congress 2019 T?lf%)’

(13)

Pox  ox
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This library was generated by the calculation of a one

dimensional laminar premixed flame. This library was calculated
by the detailed elementary reaction calculation with the
FlameMaster code [16] in combination with GRImech-3.0 [17].
This database provides all filtered scalar quantities as a function of
the filtered mixture fraction Z and filtered progress variable C .
Figure 1 shows an example of flamelet library for the FGM
approach.

CO mass fraction 7

oI 0.1
Fig. 1 An example of flamelet library for FGM approach

Non-Adiabatic Flamelet Generated Manifolds approach

In general, flamelet library for the FGM approach is not
considered with heat loss. However, flame is generated in vicinity
of the cooling wall for gas turbine combustor. Therefore, we
applied a NA-FGM approach [14] due to include the effect of the
heat loss.

Flamelet library considered the effect of the heat loss is
calculated by the eq. (11), (12) and the following equation (14).

a oT
- (14)

ar oT , . .
puC, Pl 5(15) =2k Cpjk Py Y by e + Quoss

ioss = & L hie Ty (15)
where ¢, is the source term of heat loss and « is adjustment
parameter. In this study, adjustment parameters from 0.0 to 0.4 were
calculated every 0.05. The adjustment parameter is based on the
maximum value of predicted heat loss. The maximum value of
predicted heat loss was calculated by enthalpy of burnt gas at wall
temperature. Figure 2 shows an example of flamelet library for the
NA-FGM approach. Flamelet library for NA-FGM approach is
defined three variable (mixture fraction Z, progress variable C and
difference of enthalpy Ah) in order to output some physical
quantity. Difference of enthalpy Ah can be written as:

Ah=hy—h (16)

where h is enthalpy without heat loss, h is enthalpy obtained by
eq. (8).

ol o1
Fig. 2 An example of flamelet library for NA-FGM approach
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DESCRIPTIONS OF CALCULATION SETUP

In this study, two-dimensional premixed flame propagation
near the cooled wall was adopted as verification object. Figure 3
shows the diagram of premixed turbulent combustion regimes [18].
According to this diagram, corrugated flamelets, thin reaction
zones regime, and broken reaction zones regime are mainly
recognized as a combustion configuration of the gas turbine
combustor. This object can set thin reaction zones regime as
calculation conditions for each equivalence ratio.

103
Broken Reaction Zones
(BRZ)

Thin Reaction
Zones (TRZ)

10! Tar%et
Corrugated
100 Flamelets (CF)
Laminar Wrinkled Flamelets
o1 Flame (WF)
10! 100 10! 10? 103 104

1/6

Fig. 3 Diagram of premixed turbulent combustion regimes

The schematic diagram of the calculation domain is shown in
figure 4. These calculations were conducted under atmospheric
pressure in two-dimensional combustion field. Calculation domain
is two-dimensions rectangular (40.96 mmx5.12 mm). The x
coordinate means a direction parallel to long side and the y
coordinate means a direction vertical to long side. Computational
grids are divided into same range (20 pm) as staggered grid. 2048
grids are set at x direction and 256 grids are set at y direction. The
boundary at x direction is outlet. At the outlet boundary, the
dirichlet boundary condition was imposed for pressure, with free
outflow conditions being imposed for the other variables. The
boundary at y direction is set the cooled wall, which is 700 K
constant. A no-slip condition was used for all walls.

Table 1 lists the calculation conditions. Pressure is 0.1 MPa and
temperature is 700 K (premixed fuel) as initial conditions. Fuel
composition is methane only. Three equivalence ratios are changed
as a parameter to evaluate the sensitivity of CO concentration. For
ignition in case of using the NA-FGM approach, Cig, (2000 K for
Z,,) in flamelet library is set at central position of computational
domain. On the other hand, gas composition for Z, and Cj,, in
flamelet library and temperature of 2000 K are set at central
position of computational domain in case of using the detailed
reaction approach. Simulation using the detailed reaction approach
was carried out for equivalence ratio ¢ =1.0 in order to compare the
results with NA-FGM approach. Simulation using the NA-FGM
approach is carried out for equivalence ratios ¢ =0.8, 1.0 and 1.2.

T =700K

Initial Condition
P=0.1 MPa

T="700K
$=08,1.0,1.2

L. = 40.96 mm (2048 grids)

Fig. 4 Schematic diagram of the calculation domain
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Table 1 Calculation conditions

Equivalence Initial Initial CFD approach
ratio @ pressure temperature Detailed
[-] [atm] [K] reaction NA-FGM
0.8 1.0 700 - Done
1.0 1.0 700 Done Done
1.2 1.0 700 - Done

Figure 5 shows the initial turbulence fields in this study. As
initial turbulence conditions, artificial turbulence fields obtained
from the inverse fourier transform of an energy spectrum are
applied [19]. Turbulence variance intensity, laminar flame velocity,
laminar flame thickness and integral length scale are decided to
become a thin reaction zones regime for each equivalence ratio.

0 —— o 30(
Velocity Magnitude

m/s]

Fig. 5 Initial turbulence fields (artificial)

The Laminar flame velocity S; was calculated by the detailed
elementary reaction calculation with the FlameMaster code [16].
The laminar flame thickness §; is calculated by equation (17).
These parameters are calculated at 700K. Lewis number is assumed
1 in case of the NA-FGM approach. Reynolds number is
approximately 50 for each equivalence ratio.

=1 (17)

L PCpSL

In this study, inhouse-code FK? is used [20-23]. The spatial
derivative of convective term in the momentum equation is
approximated with a fourth-order central difference scheme, and a
WENO scheme [24] is used to evaluate the scalar gradients. A
third-order accurate SSP Runge—Kutta method [25] is adopted in
time integration. Combustion behavior was calculated for 0.01 sec
using CRAY: XE6 at the ACCMS, Kyoto University, with 1024
cores and 62.5 h of wall clock time in case of detailed reaction
approach, and with 256 cores and 33.5 h of wall clock time in case
of NA-FGM approach. CFL-number of all cases is less than 0.15.
Time-step is 0.1 psec.

RESULTS AND DISCUSSION

Validation of NA-FGM approach

Figures 6 and 7 show the instantaneous distribution of
temperature, enthalpy, CO mass fraction at 800 psec. The
equivalence ratio of these results was set as stoichiometric ratio.
The results using the detailed reaction approach are shown in figure
6. The results using the NA-FGM approach are shown in figure 7.
In this study, high temperature region, which is more than 1500 K,
is defined as flame.

Flame front structure is complicated by the effect of turbulence
intensity for thin reaction zones regime. Flame reached the wall is
propagating along the wall. After 800 psec, maximum temperature
2291 K for the detailed reaction approach is similar with 2307 K for
the NA-FGM approach. However, the NA-FGM approach
underestimates flame reaching time at the part of calculation
domain (a). This reason is that flamelet library does not consider
flame stretch and unsteady flame phenomenon.

There is a difference of enthalpy for the detailed reaction
approach between burned gas and unburnt gas on the line (b). The
distribution of enthalpy on this line (b) for the NA-FGM approach
does not agree well with the results of detailed reaction approach.
However, the NA-FGM approach can reproduce the decrease in
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enthalpy near the flame reaching wall.
From these points on, we confirmed the NA-FGM approach is
effective for predicting the phenomenon in the vicinity of the wall.

700 I 2350 [K]

(1) Temperature

-2 105 I 4 % 105[J/kmol]
(2) Enthalpy

0 M () (7 [ke/kg]
(3) CO mass fraction

Fig. 6 Instantaneous distributions of temperature, enthalpy and CO
mass fraction by detailed reaction approach at ¢ = 1.0

700 IR N 2350 [K]
(1) Temperature

-2 10- I 4 x 105[J/kmol]
(2) Enthalpy

0.07 [kg/kg]

o HEET  TaEm
(3) CO mass fraction

Fig. 7 Instantaneous distributions of temperature, enthalpy and CO
mass fraction by the NA-FGM approach at ¢ = 1.0

Figure 8 shows the schematic diagram of point I , point II, line
A-A’ and line B-B’ in order to validate CO mass fraction and heat
flux in the vicinity of the wall. Figures 9 and 10 show the time
series data of CO mass fraction and temperature at points I and II.
The results at point I for NA-FGM approach are captured the
trends of temperature and CO mass fraction when time is passing.
On the other hand, at point I, the results of the NA-FGM approach
need to be shifted for 300usec due to overestimating flame
propagation rate as shown figures 6 and 7. By shifting time, both of
the result is match well as shown (c).

Figure 11 shows the instantaneous distribution of CO mass
fraction on lines A-A and B-B. The distribution of CO mass
fraction for the NA-FGM approach was compared with the results
ofthe detailed reaction approach. On line A-A’, the results using the
NA-FGM approach are in good agreement with the detailed
reaction approach. On the other hand, the NA-FGM approach
cannot reproduce the distribution of CO mass fraction at the point
(d) on line B-B’. This is caused that the turbulent flow affected to
flabrespropd gitloiexdbiongl (aathiushing, Clongresa LB Ieky Alow
fieNbiesebeT he-Maiokyeadapafinot considering turbulence flow
siRelangoushn grisacs ta e unpeed-A ) and lower (B-B ) wall

surfaces. By considering the turbulent flow, the flame propagation
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velocity in the upward direction and the downward direction are

different as shown Fig.9 and 10. There was no significant
difference in temperature and CO mass fraction between detailed
reaction and NA-FGM at the upper wall (A-A) where the arrival
time was fast. This is because the reaction is sufficiently advanced.
On the lower wall (B-B) where the arrival time is slow, the reaction
shows good agreement with the detailed reaction at the position
where the reaction has progressed sufficiently (x=2~10 mm).
However, the difference becomes large at the position where the
flame has not arrived (x = -10~2 mm). This feature is indicated for
other scalars as well as for CO.

Figure 12 shows the comparisons of the time series of maximum
heat flux between detailed reaction approach and the NA-FGM
approach on each wall. Since the wall heat flux affect the lifetime of
the combustor, it is significance to investigate the predictability of
the maximum wall heat flux. In figure 12, for the case of the
NA-FGM approach, although the timing when the wall heat flux
starts to increase is faster than the detailed reaction approach, the
maximum wall heat flux value is approximately same as the
detailed reaction approach.

800 ps A

ey
(2) CO mass fraction

Fig. 8 Schematic diagram of point I, point II,
line A-A’ and line B-B’,

2300 + Detailed reaction
ONA-FGM
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= i ]
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300 : : L L
0 0.2 04 0.6 0.8 1
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2
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2
& 0.04 2
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Fig. 9 Time series data of temperature and
CO mass fraction at point I
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Fig. 12 Comparisons of time series data of maximum wall heat
flux on the wall between detailed reaction approach and
the NA-FGM approach at ¢ = 1.0.

Effect of equivalence ratio on CO concentration

Figures 13, 14 and 15 show the time series of temperature,
enthalpy and CO mass fraction distributions at each equivalence
ratio. Figure 16 shows the time series of CO, mass fraction
distributions at ¢ =1.0. Figure 17 shows the schematic diagram of
point IIl. Figure 18 shows the time series of CO mass fraction at
point III obtained by the NA-FGM approach. Flame propagation
rate at ¢ =1.0 is fastest in this study by the difference of laminar
flame velocity. Flame propagation rate at ¢ =0.8 is 17% slower
than that at ¢ =1.0. Flame propagation rate at ¢ =1.2 is 10% slower
than that at ¢ =1.0. There is a little difference of enthalpy
distribution at all equivalence ratio, and maximum value was
changed by the quantity of heat loss at each equivalence ratio. This
feature is also obtained for CO mass fraction. For lower
equivalence ratio, CO mass fraction generated at flame front and
flame zones is lower than higher equivalence ratio. Moreover, CO
is prone to oxidize near the cooled wall. This is because CO
oxidation, an exothermic reaction, is activated by decreasing
temperature due to the heat loss. This is also evident from the
increase in CO, as shown figure 15.

Figure 19 shows the time series of CO rate of change by heat
loss at point Il obtained by the NA-FGM approach. 0 msec means
flame reaching time to the wall. CO rate of change by the heat loss
is calculated the following equation (18).

Yeona_rem
Ycoan=o

AYCO = (18)
where Y¢o,, .o, 18 CO mass fraction obtained by the NA-FGM
approach, Ycpan=o is CO mass fraction obtained at Ah = 0. by the

NA-FGM approach.
AY;o peaks immediately after flame reached the wall. Then

AY¢o is decreasing gradually as time goes by. The rate of AY, at ¢
=0.8 is slower until 0.4 msec. However, the rates of AY, at ¢ =1.0
and 1.2 are slower than that at ¢=0.8 after 0.4 msec. This is
because the fuel is lean ¢ = 0.8 and oxygen is sufficiently present.

Copyright © 2020 Gas Turbine Society of Japan



JGPP Vol. 11, No. 3

International Journal of Gas Turbine, Propulsion and Power Systems
June 2020, Volume 11, Number 3

200 ps

CONTS

800 ps

7 7
~z 7
N 4

700 IS — 2350 [K] 2% 105 I 4 X 105 [J/kmol]
(1) $=0.8 (1) $=0.8

200 ps
400 ps
600 ps

800 ps

I‘I‘I‘I
I‘I‘I‘I

700 I 2350 [K] 2 105 I 4 x 105 [J/kmol]
) ¢=1.0 ) $=1.0

200 ps

400 ps

I‘I‘I‘I
I‘II‘I

700 I 2350 [K
K] 2% 10 I 4 X 10° [J/kmol]

3 =1.2
3) é 3) p=1.2
Fig. 13 Time series of temperature distributions at ¢ =0.8, 1.0 and . . . L _
1.2 by NA-FGM approach Fig. 14 Time series of enthalpy distributions at ¢ =0.8, 1.0 and 1.2

by NA-FGM approach

Presented at International Gas Turbine Congress 2019 Tokyo,
November 17-22, Tokyo, Japan
Review Completed on June 11, 2020

Copyright © 2020 Gas Turbine Society of Japan

14



)

600 ps

q

Q

800 ps

P

0_ N 0.07 [ke/kg]
(1) $=0.8

0 s— 07 [kg/kg]
) $=1.0

0 I — 0.07 [kg/kg]
(3) =12

Fig. 15 Time series of CO mass fraction distributions at ¢ =0.8, 1.0
and 1.2 by NA-FGM approach

7

November 17-220T WF8M#pan 0.13 [kekke]
%M%wg@g&&@%glﬁs $igsgion distributions at ¢ = 1.0
A-FGM approach

International Journal of Gas Turbine, Propulsion and Power Systems

15

June 2020, Volume 11, Number 3
T V4
( &SAl
)\
NA-FGM approach - ¢ = 1.0 - Temperature
Fig. 17 Schematic diagram of point III

RIINTH

0.1
R (P=08
£ 008 —¢=1.0
= -——- =
E 006 £ ol
n N S e e e e e e e e oo
25004 K
3 L
o 002 P
L T
o S e oo oo
0 02 04 06 08 1 12 14

Time [msec]
Fig. 18 Time series of CO mass fraction at point III
by the NA-FGM approach

—
S

—_

o
0

o
=)

by heat loss [-]

CO rate of change

<
~

0.8 1

0 02 04 0.6
Time [msec]
Fig. 19 Time series of CO rate of change by heat loss

at point [llby the NA-FGM approach

CONCLUSIONS

We applied two-dimensional numerical simulations employing a
NA-FGM approach to consider the effect of the heat loss in the
vicinity of the wall and examined the validity of the NA-FGM
approach to predict the CO concentration by comparing with those
employing a detailed reaction approach. Then we investigated the
influence of the equivalence ratio on the CO generation in vicinity
of the wall. The main results obtained are summarized as follows:

1) The NA-FGM approach can predict the progress of CO
generation in the vicinity of the wall and maximum wall heat
flux accurately for turbulent lean premixed combustion.

2) The CO concentration in the vicinity of the wall predicted
using the NA-FGM approach tends to decrease due to the effect
of heat loss through the cooled wall at each equivalence ratios.
The effect of the heat loss plays an important role in prediction
of CO generation near the wall for turbulent premixed
combustion.

In conclusion, these results suggest that the NA-FGM approach
is quite effective for the CO prediction for turbulent premixed
combustion.
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