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Outlook for Future Energy Supply and Demand using a Energy Model
*Minoru SONOYAMA (Mitsubishi Research Institute, Inc.)

ABSTRACT
We use a MARKAL energy model to have a view of Japan's future energy supply and demand facing many

challenges. This presentation introduces its methods and analysis examples and describes future challenges and

possibilities.
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Role of natural gas under low carbon society and
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Development of CCS and CCS-Ready Technologies for Coal Power Plant
*Yasuro YAMANAKA, Toshiya MATSUYAMA and Toshihiko YAMADA (IHI Corporation)

ABSTRACT

Coal power plants are important electric power sources in the world, but the main drawback concerning the

utilization of coal is CO2 emission per unit calorific value in comparison with other fuels. CQ, Capture and

Storage technology (CCS) is one of the key technologies for CO; reduction of coal power plants emissions. This

paper introduces the position of coal resources in the power generation sector, CCS technology and recent

activity of THIL.
Key words: CCS, CCS-Ready, Coal Power Plant
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Flame Behaviors and Stabilization in Rotating Flows

*Satoru ISHIZUKA (Hiroshima University)

ABSTRACT

A rotational motion of flnds plays an important role in gas turbine combustors.

In this paper, flame

behaviors and stabilization in rotating flows are briefly presented based on recent studies by the present author.

From a fundamental viewpoint, characteristics of tubular flame established in a stretched, rotating flow field and

flame movement in a vortex flow induced by the so-called vortex bursting mechanism are presented first,

followed by presentation of tubular flame combustion for practical use.

Premixed tubular flame combustion

with a large-area laminar flame, rapidly-mixed type tubular flame combustion to prevent flame flashback, micro

and large tubular flame burners, oscillatory combustion with high frequencies of circumferential acoustic mode,

and NOx emission through different routes and their reduction methods are described.

Key words: Vortex, Tubular Flame, Limits, Lewis Number, Vortex Bursting, Oscillatory Combustion, NOx
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T, BEL OWMFRLEARIITORL TS, LT,
FEEIIL, £&1, VAP RIERDETHS.

I ORI, fihe 3 BER, FAT, [@IE, AliEDs,
TSN DA, PTHEEFORLTEREIBRE .
L25Iz, A2 XEOBFRIZ W TiIEWnAnA LR
HMOBFEERSEVD, EEREE kR OBRIE, bR
TEANTA LIS WEEDoT=.

BT, AR F— e T B A PIEER 2 B D
L, EEERTCBT 2k OEE), Thbh, Efk
#ed LTOBRARITEEEERREKE LTOFRALT v
P AN=RT o L DK SBEOERE[2], NS, Zh
ZFIA LR RBRIE (311250 T, B S T
L& EwmimT5.

2. EERBIZEIT S M0,

21 ERAKHE

211 kFEAR BRAE, Fig LIKRTR O, =)
v b b AR A 2 B ERICERFRICKREH LAY,
ZILEAR OB LRNEIC Ao TIREB LAY T3
EWEE AN A [4]. Fig 20, STEOART— BB R KA
S—FPRTTERE & i 2 K I OB 2T,

GLASS TUBE

TANGENTIAL
INLET 5L

PORCUS )
CYLINDER

Fig.1 Swirl-type and counterflow-type burners [4]

Fig.2 Tubular flame obtained with a swirl-type burner

2000 T

W= 1 omsace

Ti°Ck

CENTER OF THE

1500} /Luwmms FLAME 20ME 7

Wfﬂ

N z{dﬁ_ N pd

N { tamy 19

Fig.3 Radial temperature distributions of lean methane/air tubular
flames (r = 0, 13.4 mm: wall surface, slit width : 3 mm}) [4]
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2.1.2 ke 3eilE  ZokdE, Fig 30RBEHEIRE ST
PRT XD, AMAXEEOFBRA A, PHITEIEDR
BN A LIpoTHY, MBS AL —F M bk &
thH 4], Fi, BESTOREME,S, BN O
MBRRTET DL 00, k&R PR KL THRD
DEE AR TR0 BagEiE L e > T 3,

2.1.3 BREBR Li=23-T, 2B kEMRiELA
ELTHDE, BRI 4m & WV IMERTH, B0
DERE L HEET S KL TRESAETHRBR[S) I
ITVREHRE & TARPM AT TH 5 Fig 4[4])). F7r,
W 30m OEALEHEREE A, FEET R THFRLE
BEOY— 7 BE (CKEARR TR R R TIRE Y R B E)
b, BEMNLFETELAFEL Y KEVWERERELN
v 3 (Fig 506]).

18 T T T T T T T T T
O LIMET EXTRCTION
i
CORRUGATEC TUBLLAR
0k CURVED FLAME h _
< AEGION C 1. AME REGION
5 =g
B
o v aner ‘“?%ﬁ////
EAN LIMIT TUSULAR FLAME REGION 7
EXTNCTION
) L L 1 : I . | L 1
2 3 a4 5 6
Wi (mssec)

Fig.4 Mapping of the stable flame region for methane

o, 4

1 4mO flCHg o

A (N Urgein ), T)
Fig.5 Dilution limits determined with the counterflow type burner

Table lid, BRO R 28k A—THlE &Il
T EERER THD. Zabetakis[5] OIEHEN] S jECHLE

SR AR RGR < £ TRBHPHMENS A0 T,

IORAEM LT, PlAE, AX OFETIARRS. 0%
AL, A28 A—F THI4 8% K DT, kSN
BENnD. FORY, HEAFEIT, HARIOMERTFG
B AR R ER ISR L H ST

Table 1 Comparison of the extinction limits determined by the swirl
type burners of different inner diameter with the others {1]

CH, CiHe
Reference Method - H;
Lean Rich lean Rich Lean
This work Tabular D = 3.6 mm 53 130 2.6 9.4 4.5
Aare D=i8 mm 49 3.2 23 0.0 3¢
{frotatingi D =21 mm LR 137 23 1.2 a7
D=2 mm 46 140 22 13
Tshizwka Tubdar Aame (nontotating) 47 151 2.0 93 42
Zabetakis Propagating flame 50 150 21 9.5 40
Tshizuka and Law Binary flame 48 158 20 97 4.3

2.1.4 LA RBHR b, BEOWHREMALEL TX
RPWEINDOE, Wib@dAA AFDRIZLS. +
febhh, ERARIERRBICER SRR, TEE
BL TR DROBEAL Y, REREE « MBI

DO THSZAA 2 Le{=x/D)MH 1 LD /EVKE

TAZOFBERER, BLW, oL EomkR
LAFRBHOBRESERTH, {LFT s -0
FRABMBIC BT - THBEN R Sh, TTRAIRR 2B A
TREPERETE DT, NDEREEOKE LR TE
&7 % (Fig 6[1, 4]).

Streamline

Flame
0 —— -

Heat [Conduction

Fig.6 Schematics illustrating the directions of the heat conduction
and the mass diffusion of a limiting reactant and the filament-type,
threadlike lean hydrogen flame [1,4]

2.1.5 ZERNFEABMME —FH, AEE&RT, L
ST, BEONSREMRY X, HEILEET, Ledo
T, BEOXKEERET AN H5FR AR, BEEH
o Ti% Rayleigh Stability Criterion[8] & ¥ Z2& 15/
LEFEIRD, £, XV v LB ETKRE BRE
KDL A S VAEBEFIRICH > Th, K - BURAT R
Vo) < EOLAOEVIC L gk L9, 10], ERLLE
Tk RHEBAEREND.

Fig. 7ix, BEIEH - FFEIES OE Pk SO & E 2R
RERELLRRET, el Elk, SEaEgmE
Eoll ThD, BENLVES, il UES SN
BTRE S AEE AR Y 1000s BE L T 5 L BRRES
RTHoTHHEAT IO LI, EEEENLD LK
FHZHBEEE AL s 12]. b, A
EROFIR AR ERIRAThE, 2o FortbokEi
N—TEEAEZENTES.

T T T TTTTTT T T TTTTIT T T TTTTIT
1.5k ©®0 Nonrotating @ Rotating -
&
1+ ]
0.5k .
1 | N N | IR 1 | I N N
10! 10° 10° 104

-1
£,0s7]
Fig.7 Comparison between the blow-off limits of swirl-type
and non-switl type tubular flames [12
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228N T 9D RR—ZT 4 LTIk DN BERE
221V BAFYOAN—=AT 20 FAFousrrAlL
A E LT, s =y s b St AT
LFBEOHBEETMOR AL DTt AT
BB TOEMERRORBEL, JO—HEORETHS.
A, Fig. 8 \omrT X 3z, AN RO@O P Tk
BERENTETH. T2, BENSHCELT LR
WITKRERTZICENEREL S, R R, BRI =
DEEEFNFR p,. pp, 7 F - OEAEREREL
FORREEE o 215 L, AESNRRENS, R
B LTokEEmOEHE,
2
1_(&J } S
Pu

SR TORE, KEERRBTAMNFICE EFATNRD
BT, BB S, BEREASRBANCH S AT
BEITDZ - LicAed Thl, RAF ol AR—RTF 4
YT AR XL LIRS K RSO T H B [13].

2
AP = p Vo nax

ketatlon
FLAHE

Cold UnburnadW/\ Har Buraed fizs
by ¢ Large \—/\/k/ oy ¢ amal)

Buled Ppic)

T Brraed Oes r

Unburied Gas

Pplt)

i

7,0

Fig.8 Vortex bursting mechanism [2]

2.2.2 he#eHR Tig 9 1%, HE 30m, EEX ImOHF
ZEO— A D RERIE AT TAME T A R EHL, B
B TRk LIz &, BERNEBETAIARERETHD.
Fig 10 1%, EABEEIRI " R koo L b ke A X %4 )
T4 AL L L XD T E BIRGREBET 5k
KRERTHH. WTRh, BEBANIOORR & Lk
BHEF S, BORWVESOEEL L CBET 5.

2.2.3 K#EE RIRNOKREE X BENEEE - O
FAHIE LR A Fig 1SR, 44, £ 512 4P 78,
WA ADERYC A X — p V2 2, BBV, ERE
ooV B SR, KISEERRREEED (20, /0y .
bHAEWE, Jou/p, HETEEICADLEZSRIN,
ERFEICH, RRAEEREETHL I Edibhao7n[14].
ZhiE, A\ @Rk A0, KETEE THESHED
ENIC R RO EEHE LIRT Zh, B4 40en/s O
MEELZERTAL, RATvd AR TF 70k
DR INWSEAZER, RRAF AOEHE L ITTAT
ATHEBERZIFE o TNAIERERLTNE,

Fig.9 Flame in a vortex flow in a mbe

{a) s {b)2.0ms {4l ms

11

{N100ms

(@) 60ms €)3.0ms

@ 120ms () 140 ms ) 169ms

Fig.10 Schlieren sequence of vortex ring combustion

10 . Ty
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V;=nmv'!;7~:‘ f / {r
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P 7
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:s: / i / 5ot Vemaayf1 4
> f // 5
5 Iy e
é [/ Y
o ! P \
o H // b
E vy e e (B
Bl /. o4 o N
) arit
I/ £ 35
AN &
{7/ %‘J VYoo V.
L e s .
!’ /A o T ’[I)J:“mmm
1 B O Dy=drmm
I/ v ©  DyrI0mm
n 13 "
I i 2

Maximum Tangential Velocity, V. f0/s)

Fig.11 Relation between the flame speed and

the maximum tangenfial velocity [14]
224 RFER LIAHT, FAT v s ASRARTF
FAHZALTREEND RS, BRAKRAE Bik
B EN, B2, MEZESTBRERD, LA
AEOEBEZTT D, Fig 1213, AF/ZER, el
V/ESECROBREAEBET 5 KKERE L BREE
DEOHEHRICEAEERELZHERTHDL. AF
TG, et TIBREIT, RRIELHEIRIC
W ERCRY, BEEISERD L, FOMR, AR
FOE< FTAEDNMFEIND DI L, A F OlRH,
Fa oS DFREAITE, SR TOERKEH, ik
D AR P O B T L EREN TR & A2 5 [15].
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Fig.12 Variations of the flame/core diameter ratio with the
equivalence ratio [15]

FORER, Sl arDiEs, HFERAS T,
EREEEDNSETY, kAR EEEETER
LifpdolzatL, BRBEER T, FREAEEOKER
B CEEO NS kAR AN, TOEEIERE
HEL D ENLODM, RAF vI AA—AT 7 R
B XA LA KROEEITRE L A 5 (Fig.19).

T T T T T T
c,u, @ P .'ﬁaf C,M, B ¢=ll By ) om0
o
|-e$. 8 m ..é o s E:
e &P WH oog
i R T, e XY
T T T T v T T T ¥
» S«;uﬂe M’mure o * Same Misture & Same Mixture [/
L Mitrogen ; + Nitrogen : * Mitrogen oA
LT, h o Air Al ooAr
) ; E g / : Vs
»E h 5 i : y 41 L / R
A s r rd .
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/ 1 (R - ]
18- - L - g
" L . N . L
[ EE ER ST R -
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Fig.13 Variations of the flame speed and the flame/core
diameter ratio with the maximum tangential velocity [15]

3. EERPTOLEOERE
31 ER g —F
BRELESIE <, BRI HEESE IR ORE
EENSL, EREIOBEREA-TBEEINLTHS
Fig WD 70 b ¥ A4 70O L0OT, —HE2AUTEA
R o b AR, iR E T AR L e T B
A= 100mm, AKEE O £121000mTH B, TOR
R, kKkmEmoy—aERaks, HERESE,HBIRE
ERIZEEDECYELEA - @A TERIN
(Fig. 15), (2)FOKEHEEL, EERE BRREEE
TRLEEBICIZIEEL <, Fh, () kIR - Bk
HABEMIE—ETHED Loigh-T [3,16,17].

Injecciion

Section Prrex Tube
{ 16 {100 4 X1000L)
Yuartz !
¥indow |
S 3
998

.&‘-:‘J

Igniter
SHL(3.7x95. 9) mitarf

T { bt Roter Meter
C [0 sl
é - ®
Orifice T
- Turbe Blower
ot (~~Ten’*imin)

3()2,“m;r.’[

TXnm Bamer Fnd

Fig.14 Prototype burner and the tubular flame [16]

30—
_Rich Limit (propane) 2.51

S e

® methane

20 © propane |
L. ——Rich Limit (methane) 1.69
L Extinction
A, —
1.0+ Tubular Flame Region -
. Lean Limit (propane) 0.51

[ A e e -cqik—oo-—-'
Extinciion

™ Lean Limit {mzthrxmi) 0. 50
1] 100

Gioiat (Nm*/y200

Fig.15 Mapping of the tubular flame region [17]

TR T, ERAELIL, KEARBH kKLY
BHOREELWY, FA—F T, BHTERIC, TE
DRERBHKEMEND Z &, FF, RO AT —
ELEREERR TR, WWELNLIC L v ELEEE S, KR
7, HEAFRENT Y ORGSR THM SN D BAMKREY
TH0IE L, BkE A—F i, BLICL 0 kk
gk L, mEese, HEMEEHLY OREETEM
END L O ABRBEAIT I ERACEE SV
3.2 8P ETER I I AR

ET, BRAEA-FTCRREOTFRAEREHLED
Zlpkbino s, Wk EREAMEL 2L, FIT
METENAON, Fig 18IRT, BE L ZERER L DA

Vo babiREHL, FRTREZRESSHETHLER
R SRS ER AR TH D3, 18],
Rapidly Mixed

Fig.16 Rapidly-mixed type combustion [18]
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Fig. 1713, FRASEFWEHLAEGE L, BELER
R 2R E I LSO ARAEETT. BRRPR)Y
v FEEAE L TERL, S—FOAT AR50 E
&L, R E /Ll TR E M TIREE L IZIEFE
DERKRHEEND Z LB LTI~/ [18]). F i,
HAGIORE, SERGHETY TIRAIE L RO
e ARG LN 2 L ERE N 19].

Fig.17 Appearance of flames, (a) premixed and (b) rapidly-mixed
combustion; burner diameter 52 mm, equivalence ratio: upper 1.2,
middlte 1.0, and lower 0.7 [18]

2T — L HAE 4 8 B R EVIBS ORNE£PIVT
RIFE Lz —#%Fig 18I, FEEAGERE, S0 m@ifE
BlfE & 7o TSR, BREERE, KAEPAITREE AKX
T {HEMTA—F, BLAEIERE, Ao, #EmE
ELIFLA YR EARGRY AR I L TEY,
T AH — MRS T EIRIE T A OB RER TR

ENHDEREIHFERBENRKE B> T [20].

R, B, WAkORoEERRERARIE YRR
BeA Ml £ THORT 5B M ThIL T A.

30 T T T T RS t
= P Cotmbustion @ Combustion
£ 40 remesom 1 2 T Flame front"|
E’ :4:/( e fFont :=- /
e [ T 30k i
2 30- P
ER E ok N
£ =t
£ 20k 2
2 Cold flow RPN Cold flow .
2 [ < ‘/
£ 10 1 4 ol

2% 3 10 IS 20 2%
§ M on T T T T =
S ERE b
O 3 g
Pt wriP T l.LE' WINPT PR P |
0 5 10 15 20 25 a b Lo B2 25
Radial disinnce r fmm) Radial distance # {nun)

Fig.18 Radial distributions of circumferential and axial velocities [20]

3.3 2o0ft&XEE

ke g5 I— 1k, R4 5 30enE TRIEAhTHE
N, BIE TR, LTOW(F 3L, KR/’ (210, BE I
2MW AT, R15MW/n) DZAH AR BT S (Fig 19).

Fig.19 4mm- (left) and 30cm-diameter {right} tubular flame bumers

3.4 IREMRIE BARAEAS—FTHRREUEL, HANEK
15 L RERSEARAET S, Fig 20[2204%, 8 4 FR
O3 OBPERE LTI R TH DD, fENE <,
B, BEikd LTt b Z ATIEESRIEARET 2.
3 T T T T T T T
Extinction

2 .

Combustion Oscillation

Extinction

0 L 1 1 ] i 1 1 1

0 200 400 600 800
Ga ol

Fig.20 Mapping of various combustion modes in the 8-inch burner.

—RIZ, BRERENDE, b L BRE) LB EE
FHRENE B33 0, ~V AR Y BIOREEIL, TFc,
MEERTIER dg , BNV, BHEE Ly L 3hid,

_ ¢ | 4dg
h= 27 \J Velg 2)
—7%, FEENEENASEO R, shmOAR T

e(2n, —1) @)

Faxial = 4(£+Af)

BEmME— NETERTHE
2 2
_i a’i‘i (an—])ﬂ‘
f‘zz\/( r J +{ 2(e+4w)} @

TEZERE (L, ZIT, a,, : n R~y 0%
J, DAl fdx=0Dm FERAOE, #(=0,1,2,-) : AKMH
- N, mi=12,-)  BEFET— FKRE, o
—FEE n, (=1,2,-) : HHBEOE— FRED).

Table 2 [22]1, AFRE— K4 4 EE L= TEEH
RE O EAE & B Wi E RS % REaer L

REETHL, BEEREL 3, 5OBEEL =10
BrFEREET— KO m=1230REHEFNFNST
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=L, ~AFVYRURS (A3 —FC100HARE ),
HhH EEEEMRE (2R TH300HZTRE) (T ~HEE
WKBOCEREORATME— FRREED 2L 805,

Table 2 Comparisons of radial and circumferential modes of natural

frequencies (A) and peak frequencies of pressure fluctuations (B) in
the 8-inch burner [22]

(A) Caluculated (B) Experimental
“J Radial mode Peak Frequency
3 1 2 3 (Hz)
2 1st 2450
= | 0 {5050 | 9240 | 13400
p= 2nd 5060
E 3d | 7330
= 1 |2430 | 7030 [11250
§ 4th 9830
8] 5th | 12100
2 | 4030 | 8840 (13130
6th | 14800
3.5 NOxDERE

Table 3[21]iZ, EANOxDER/L— FETF3. HAH
— T, EARENOT, NoA—- L ERINS.

Table 3 Various NO formation routes

Therrmal Mechanism Fenimora Mechanism
M +HO=N+NO (178) Ng+H=NH+N (196)
M, +OH=NH+NO (198)
N20 Mechanism Ny+GO=NCO+N (225)
Ny+0,=N,0+0 st NA+CO=NGONG (220)
N+OH=N,0+H (183) Ny +CH,=H,CN+ (238)
N+HO=N,0+0H (184 Nz+C=CN+N (239)
N+ O+M=N,0+M (185) N+CGN=HGN+N 240)
N+CH+M=HCNN+M (241)
NNH Mechanism N+CH,=HCN+NH (242)
Ny+H=NNH 204) Na+CH,(S)=HGN+NH (243)
Ny +H+M=NNH+M (205) Np+CO+HH=HCNN+O @257
Nz+HO=NNH+O, (208) NHCO+O=HONN+O,  (258)
Ny+OH=NNH+0 (20m) N,+HCO+H=HCNN+OH  (250)
N,+H,=NNH+H (209) N+GH,=HCNN+H (261)
Ng+H,O=NNH+OH (290)
Ny#+CH=NNH+CH, 2n)

Fig 211, —RL TR E A EOLEE (0. 5en) i23R1T BNO
BEL, BRC(EEAR), LIGEMFHR), (0G(a—27 R
FHA), KBIIH LHE LR TH D, RISFroRE:
A AR O P T, BT A REOEVOLDGE B o & BNO
BEREILN, P ANOFTERRE N

BFG LDG

& Full mechanism
O~ Thermal NO

& Fenimor: NO
0 NO from NNH mec_
L. —C—NO from N2O mee,

Fig.21 Contribution of respective NO formation mechanisms {23]

Fig. 221%, E&E30cnDE W A HE—FTBFG, LDGEEE
LT EEONOHEFBRT, mREHLR#ESL L5 L
ETERR AT 5 B IC LG THNZ RIBICEK - E 5
ZlRbih, SLII2EESES L, W00CTROE
ETHNE100ppmEA FIZ CT& 2 2 ¢ BNEBTHRIE SN
T % (Fig 23).
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Fig.22 Reduction of NO by increasing the injection velocity[3]
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Fig.23 Reduction of NO with two stage combustion [3]
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b, EERPICRT D AROEBERES LT, B
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AH = AL E D FREARE LIZITR UERE TRENB
oI, i, BRAKEBELVOIETENSHS
ZEREEBBENLE SBOTRY-EUBERDOR
B« BEBIIBRILTIEETHD.
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Turbulent Flame Structure and Combustion Control

*Mamoru TANAHASHI(Tokyo Tech}, Masayasu SHIMURA(Tokyo Tech)
and Naoya FUKUSHIMA(Tokyo Tech)

ABSTRACT

To develop the theoretical strategy for controls of turbulent combustion, sound generation mechanism in
turbulent reactive flows has been investigated from direct numerical simulation (DNS). The turbulent
combustion controls based on local flame structure were demonstrated on the swirl-stabilized combustor. The
controls of a combustor were conducted by adding secondary fuel injection, The combustion noise can be
reduced about 10dB by adding continuous 1% secondary fuel injection and about 5dB more by controlling
frequency of a secondary fuel injection. The relation between local flame structure and pressure fluctuation
was discussed by using the simultaneous measurement of CH-OH PLIF and pressure. The combustion-induced
oscillation is well correlated with the beat frequency observed in pressure, and the global characteristics of flame

fronts are also correlated with the beat frequency. By adding this beat frequency to the secondary fuel injection,

the maximum noise reduction can be achieved. The mechanism of noise reduction by a

secondary fuel

injection was also clarified by combined laser diagnostics and DNS.

Key words: Combusticn Control, Turbulent Combustion, Direct Numerical Simulation, Laser Diagnostics

1. 1XL&IC

ITHEDOHIER - BREEEIRE = SR T A Iz, TR Z
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KDoNTVWD., b BB T A0, &
2 E— RS Tl EILLR TIRS %Bﬁ?ﬁ Txfﬁ
SHEEDHTWEE, FEEG TOARMARITITE
EMEH L, BRIEEHIC X - TIZIEEREEORE
FEAE LD, BEERHFFILR TR EH
T O, BLRARIBEOME, 2hs bR
B, SBIBERS L OBMRE AR LTS
VEXRHDL. £, LVESERRERSREY

1ZhE,  ELFTEANE S AR AT R Ak

—, BT S ARCHIET L T) X AERE
MICERZE L, T 0 LEMAREEcET A
EHMATAI LT, ELIBRIRES ORERIEEN A
I T ALETHD,

AR T, RIGVEELIRIZ ISV B Bmaste, ELEm
BESR O FER 77 P45 B OELIR TR &k 5k ORIk,
b L IREE R MREEEE S ORI O T,
F HELI TR A K AR O REEDHI I O BBUZ MV CTIT
Ph-EEEEHEERECLEELSZHAIZEIZ LS
EECOWIELIEIT 5.

2. ALRBEBICE T 5ER
2.1 BEAH T r—

—RITHR TR OTE LR T A5 S, BRE Bk
DI U Navier-Stokes HF23A25 Lighthill i2 k-
TEPNWCLUTORFBRRAHVLnS.

@p 1 §p 0T,

o M aexr, axox
LLT, RO I SITERE SN D Lighthill OEL
TN T IV Th B,

1 1 1
Mzé{;p—pJ—E;a (2)

Z ZCHE, Lighthill EEoO L4 2 VX8, =2 b

IR O IRA N EN Ty, T, Ty EDBEL T
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FEFICHEROE R Y EZWRT 258, LREOF
—IA, bbbl A N REHENEE SR
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Combustion Controls by a Secondary Fuel Injection.
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Fig.6 Emission Index of the Swirl-Stabilized
Combustor with Secondary Fuel Injection.

TURBREIREE R E LT T AT Th B,
—RRIS, ZHREDER TRIRE L 72 5 D NOx BE
HETHD., i, @ ZRRED bk ik E
FERTHLEZDHTHAD. Fig. 6 i3 Emission
index /R LTV 5., KRIFFETHBL L7 4K
BERR OB S, IRMRELEEST L7 & LT NOx
HMETEIY T, ok ERICH 5. Z 2T,
L < EAEMFETER L TV 5 ZRBEE R HE,
Thbh, BEDBRCEAAEORNTHY, &
NEDRTG A= kb L THERT S & EHES,
PR T E R U NOx SRS EIZ &< 2 L o i
ERETRT Y.
3.2 ZTURRHIMEIRESIC & S REERIH

Rk DA BESR I 5\ T TR & SEAE A L2 S At
T5HEXSITRIEREA BT S L8 TEEL 2
5 Y. Fig7 X TIRKELOWE S B 5 TEHTED 1%
ELIEmEITOWT, EHBERR S BIEET ORN
FETRL TS, FlzE, EREFEED 300 Vmin
DG, ZIRREMER B E e i BT T
LRBEEREE LR T L, #) 40Hz TR CHREEBE S 3
WMEERTRT. SOITEBERE BT A L BRERES I
MAXLTLEY. Do TEET &AL o)
HERR OB BN EUL, 117Hz /5 130Hz DEFET
B0, FEbHHEZED RS FE L 40Hz & i1
FEENTWAB 2 ThH. BB, BERNEHE
B) L EEE S DT — 217 UL, b 117Hz

_19_



0,70 —10%  © 200/, ¢=03519]
O 250 Ymin, g= 079?:
& 300 Ymin, §=0.819 7
200 Hmin, ¢ = 0.772
20 230 Jmin, ¢=0.783 ]

- 300 Ymin, ¢=0.790
g MIB 3
£ a
(Y
“ oo TR EE R w2
E- O o z 85 o
QOE;%OO o H B o4
80:“..l...»I....I....\....I....I.-..I....

Frequency [Hz]

Fig.7 Effects of Injection Frequency of the Secondary
Fuel on Combustion Noise.
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Fig.10 Streamlines Obtained from the Phase-
Averaged Velocity Maps with Contour Surfaces of
Progress Varable ¢ =0.5.
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Fig.12 Instantanecus Contour Surfaces of the Second
Invariant(white) and Contour Lines of Heat Release
Rate(red) for Reactive Cases(a: $§=0.6, b: §=1.2).
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Velocity Components and Instantaneous Distributions
of Heat Release Rate on y=0(a: 5=0.6, b: §=1.2).
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A Strategic Consideration for the Future of Japan’s Jet Engine

ABSTRACT

It must be very mmportant time for the new jet-engine business for at least coming 20yeas.

Japanese hi-tech

industries are also anticipated to grow in order to bring the innovation to nation’s economics and science and
technology levels under the steep competition with the recent developing countries in Asia.  The aviation market
study shows us the single aisle small transports will be still promising and the ultra-lugh bypass engines with 15t
size level will the major market of the propulsion system rather than the conventional and open-rotor engines. The
Japanese engine industries together with the aircraft makers should consider strategically for accessing that market,

because it could be essential for the future grow of the industries.

The authors provide some points of

consideration for planning the strategies of the engine and/or technology developments for the future.
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Atomization Characteristics of Liquid Sheet and

Application of Euralian/Lagragian Hybrid Analysis
*Chihiro INOUE, Toshinori WATANABE, Takehiro HIMENO, Seiji UZAWA(Univ. of Tokyo) and
Yosuke MIYASHITA (School of Eng., Univ. of Tokyo)

ABSTRACT

For the prediction of atomization phenomena, Euralian/Lagragian hybrid method has been developed.

Corresponding experimental measurement was also conducted on atomization of liquid sheet, which was

produced by impingement of two water jets. The method, CIP-LSM/DDM, computes continuous liquid sheet by
CIP-LSM (CIP-based Level Set & MARS), and tracks the motion of drops by DDM (Discrete Droplet Model).

Numerical results of flow visualization coincided with corresponding experimental results at large Weber

number in a qualitative sense. Additionally, liquid flow rate was able to be represented by numerical analysis.

Henee, it was confirmed that CIP-LSM/DDM had potential to analyze the sequence of atomization phenomena.
Key words: Atomization, Liquid Sheet, Flow Visualization, CFD, CIP-LSM/DDM Hybrid
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Table 1 Physical Properties of Working Fluids
fluid density coet. of f(:oef. of
ul dk gfl'll ] '\E?gg?ls SUTJ?SI?NI?SIS]IOH
air 1.2 1.8x10°
N 70
water 1000 LOx1¢r

Fig.3 Atomization Phenomena and Applied Method

Table 2 Physical Properties in Eq.(9)

Physical properties X
p Density p
C,  Specific heat at constant p pCy
C,  Sound velocity (pCH!
B Volume expansion coefficient B
H Coefficient of viscosity Ji
i Thermal conductivity A
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TR & Y 2 EOTER A, | B TR
TRZTWS D, KD X %, Table2 iIZ7T,
HJJ=L££&’ )

X = 0.5(Xiig + Xeas) + Ho Xiig — Xeas) (9)
LT, JiEvarTy, QRWEREART,

Kz, RrBEREIC Nk~ 5 , T,
DDM(Discrete Droplet Model) V%A L7z, RFE
T, KFEHTI L - TEARE SN ik
Mr, BEHAFEANOEZWZLTTF SIS V28
WiERR T A,

wp%z-pmwpg (10)
T, e, Foid, FREFNRERTOHE,
HE, [URoMmgEEicfE5EnsE+, {dos
BEOFpid, ROADERADLHE L,
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ar
Fp=CoAp Pl _"gz) |4y = | (12)
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24 1. 2
= (1+—Red’ Res <1000
c, = REd( c ¢a’}  (forRed ) (13)

0.44 (for Re 4 2 1000)
RHio Fpil, MEBERBINSRKICEZ SR E LT,
EEERTFNQ R AN,

BN, A 7Y FARE(CIP-LSM/DDM) D &
LEMIZBE S LT, HEEMANOEEL-ET,
ZoOBERE L P, TOB, #ROETE,
BE, #E4Y, —FEOHEZEEETAHAERTHIC
BIHE L, - T, EERE, GEERIC
=T, EHOEERESMR SN D, 220, i
e TFNREFRRTOFRET VIBAIN TS
B, SHOMEE L THEENTWS,

3. EREHR
EBiGfF & Table 312§, HREE U2 T,
Table 3 Injection conditions.

U, m/s We

Casel 4.1 200

Case2 7.5 800

Case3 19.8 5,500

Cased 27.3 10,500

Table 4 Experimental Visualization of Liquid Sheet Atomization at Impingement Type Injector

Casel Case2

Case3 Cased

Front
view 10mm

0-2)

10mm

Side
view

(z-x)

ﬂmm 1 Em

<—t\<
[\ ]
¢ o bt | ) 8, s gt AR

EREE
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Table 5 Injection conditions.
Arithmetic Sauter Mean
N; dn;ber Averaged Diameter Diameter
o rows (d1o) (ds)
Casel 1,957 124 um 451 ym
Cased 5,449 82 um 388 um
1,000frames were measured in each case.
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g : : : :
90 01 02 03 04 05 08 07 08 09 10
Equivaiant diameterfmm]

Fig4 Distribution of Drop Diameter of Cased
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Fig.5 Distribution of Liquid Flow Rate
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Fig.6 Numerical Grid System.

Table 6 Visualization of Atomization (Cased4).
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tBottom
view
(1)
X

no image
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Fig.7 Distribution of Liquid Flow Rate in
x-direction.
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Improvement on Ignition Performance for a Lean Staged Low NOx Combustor

*Masayoshi KOBAYASHI, Ryusuke MATSUYAMA, Takeo ODA, Hideki OGATA,
Atsushi HORIKAWA (KHT) and Hitoshi FUITWARA (JAXA)

ABSTRACT
KHI (Kawasaki heavy industries Ltd, Japan) and JAXA (Japan Aerospace Exploration Agency) have been working

together since 2004 to improve lean staged concentric fuel injector technologies. One of the weak points of a lean

staged fuel injector is said to be ignition / light around performance. Ignition characteristics were assessed on several

fuel injector configurations in burner tests. Laser diagnosis, CFD analysis and high-speed video camera recording

were used to understand the effect of fuel injector geometry on fuel spray distribution and ignition characteristics.

They showed a clear relationship between the burner geometry and ignition characteristics. Light around

characteristics was ¢valuated with the burner configuration optimized in burner tests. Light around performance

deteriorated in multi sector unit compared to that in bumer test. CFD analysis and some ignition tests with different

configuration of combustor gave a clue to restore the light around characteristics detertorated in multi sector unit

Key words: Combustor, Lean, Combustion, NOx
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Fig. 1 Schematic view of lean staged fuel injector
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Table 1 Design Parameters

No. Lip length | Inner swirler angle
1 L -45 degree

2 L2 -45 degree

3 L3 -45 degree

4 L4 -45 degree

3 L -45 degree

6 L -20 degree

7 L 0 degree

¥-_Pilot Inner Swirler Angle:
(Same effective area)
-45, -20, 0 deg

. Fig.2 Design Parameters
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Fig.3 Single bumer ignition / lean blow out test unit
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Fig.4 Single burner ignition / lean blow out result
{Effect of pilot outer lip length)
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Fig.5 Single burner ignition / lean blow out result
(Effect of inner swirler angle)
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Fundamental Combustion Characteristics of Light Cycle Oil
*Hiroyuki NISHIDA, Nozomu HASHIMOTO and Yasushi OZAWA(CRIEPT)

ABSTRACT
The objective of this study is surveying applicability of the conventional fossil oils, non-conventional and

other alternative energy resources for gas turbine, which is the most important component of gas furbine

combined cycle plant. LCO{Light Cycle Oil), which is produced as a by-product of petroleum refinery and

considered as one of the surplus energy resources, is surveyed by performing spray diagnostics and atmospheric

combustion tests, and comparing with #2 diesel oil. As a result of the combustion tests, in addition to increase

of soot and heart flux from flame, slight decreases of NOx were observed. From the results of the test, it has

found that reducing in the exhaust gas is the most important in applying LCO to  gas furbines. Applicability

for gas turbine of the non-conventional fossil oils to gas turbine, and other alternative fuel will be evatuated in

detail in the near future.
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Introduction of a TMW-class Gas Turbine , M7A Dual DLE type
Combustor and Liquid Standby type Combustor

*Satoshi TOYOTA, Shigeki AOKI, Takeo ODA and Masahiro OGATA(KHI)

ABSTRACT
We introduce the Dual DLE (Dry Low Emission) combustor which can fire both gas and liquid
fuel in low NOx mode, and the Liquid Standby combustor which can fire gas fuel in low NOx mode
- and liquid fuel in diffusion mode for TMW-class KAWASAKI Green Gas Turbine “M7A-02". These
combustors are upgraded from the gas-firing DLE combustor of time-proven. They are applying
enhanced swirl flow and improved premixing path. Dual DLE combustor can guarantee the NOx
emissions 25ppm(0,=15%) with gas fuel, and 50ppm(0,=15%) with liquid fuel.

Key words: Combustor, DLE, Gas Fuel, Liquid Fuel
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Development of the Combustor for 1700°C EGR Gas Turbine.

*Satoshi TAKIGUCHI, Keijiro SAITOH, Yuichiro KIMURA, Eisaku ITO,
Koichi NISHIDA, Katsunori TANAKA and Keizo TSUKAGOSHI (MHI)

ABSTRACT

From the standpoint of global environmental protection, improvement of thermal efficiency of gas turbine

combined cycle (GTCC) is required.  For this purpose, Mitsubishi Heavy Industries Ltd. has been participating

in a national project aimed at developing 1700°C gas turbine technology. In this project, Exhaust Gas

Recirculation (EGR) system combustor is currently under development for NOx reduction at such a high

temperature condition. For the EGR combustor development, the high-pressure combustion test with a test

burner and the EGR simulated combustion test with full scale combustor were carried cut.  As the result, the

qualitative NOx prediction tendency was verified by the high-pressure test. And, the full scale EGR simulated

combustion test results indicate the development target (NOx:50 ppm, CO:10 ppm) is expected to be satisfied at

the actual plant pressure condition.

Key words: Gas turbine, combuster, 1700°C, EGR, low-NOx
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Characteristics of Plasma Actuator under Relative Humidity Atmosphere

*Tatsuro UCHIDA, Taro NOGUCHI, Hisashi MATSUDA and Motofumi TANAKA(Toshiba)

ABSTRACT
The effect of the plasma flow control device on high humidity atmosphere was investigated experimentally.

This device is operated in relative humidity(RH) ranging from 45 up to 99%, voliage amplitudes(V) ranging

from 5 up to 9kV, and temperature(T) ranging from 10 up to 35 degree centigrade. PIV (Particle [mage

Velocimetry) measurements of the induced velocity field downstream of the plasma flow control device are

taken for each test condition. These test results show that induced velocity reduced as RH increases, and that

induced velocity increased as V increases, and that induced velocity reduced as T increases.

Key words: Plasma actuator, Relative humidity, Particle Image Velocimetry, CO, tracer
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Active Control of Flow Separation by Plasma Actuator and Fiber Grating Sensor

*Takehiko SEGAWA(AIST), Timothy JUKES(AIST), Hirohide FURUTANI(AIST),
Shigeru MAEDA(PSI) and Shinya TAKEKAWA(PSI)

ABSTRACT
Instrumentation and control of flow separation over a NACAQ0024 airfoil have been investigated using

dielectric barrier discharge plasma actuators (DBD-PA) and fiber Bragg grating flow sensor (FBG-F3) at

Reynolds numbers 1.25x10% < Re < 5.0%10* in an open-circuit blower type wind tunnel with 200mm X 200mm

X 600mm test section. The DBD-PAs made of 125 pm thick polyimide film sandwiched by copper electrodes

(thickness = 35 umj are placed at the leading edge and 25% of chord length of the airfoil and tangential flows in

the range of the maximum flow speed, 0.1 < u;,., < 1.0 m/s, are induced near the surface. Separation flow

controls under angles of attack of o = 8, 12, and 16 degrees are successful at several conditions of 1,4,
FBG-FS to construct feedback control system with DBD-PA has also been examined for feasibility tests to detect

flow separation.

Key words: Active Flow Control, Dielectric Barrier Discharge, Fiber Bragg Grating, Flow Separation, PIV
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Fig.4 Averaged Velocity Distributions around
NACA0024 at = 12° and Re = 5.0 < 10*,
{A) Without Control, (B} Control by DBD-PAL.

Table 1 DBD-PA Effectiveness for LE
o =8° a=12° o =16
Re=125x10"  10.1% 10.8% 10.1%
Re=2.5x10° 7.7% 9.5% 1.8%
Re=5.0x10° 7.5% 17.0% 0 ~14.8%

Table 2 DBD-PA Effectiveness for QC

o =8° a=12  a=16
Re=125x%10" 13.9% 17.8% 5.9%
Re = 2.5 x 10* 13.2% 1.5% 0.5%
Re = 5.0 % 10* 5.7% 1.5% 0.0%
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Fundamental Experiments for Flow Separation Control of Turbine Blade
Suction Surface Using Plasma Actuators

*Takayuki MATSUNUMA, Takehiko SEGAWA (AIST)

ABSTRACT

Plasma based active flow control using dielectric barrier discharge plasma actuators was investigated to

reattach the simulated separation flow on suction surface of turbine blade at low Reynolds numbers. The flow

separation was induced on a curved plate installed in the test-section of a low-speed wind tunnel, Particle image

velocimetry (PIV) was used to obtain two-dimensional velocity field measurements. The amplitude of input

voltage for plasma actuator was changed from £2.0 kV to £2.8 kV. Large flow separation was moved closer to

the curved plate by the flow control of the plasma actuator. The displacement thickness of the boundary layer

near the trailing edge was reduced as much as 74.5 % at the maximum input voltage £2.8 kK'V.

Key words: Plasma Actuator, Flow Separation, Active Flow Conirol, Turbine, Particle Image Velocimetry (PIV)
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Effect of Microjet on Supersonic Jet Noise and Flow Field

*Ryuichi OKADA (School of Engineering, Univ. of Tokyo), Toshinori WATANABE, Seiji UZAWA,
Takehiro HIMENO (Univ. of Tokyo) and Tsutomu OISHI (IHI)

ABSTRACT
Jet noise reduction is required for the realization of environmentally-friendly and highly-efficient
supersonic jet propulsion system. In the present study, experimental and numerical investigations

were performed in order to clarify the effects of microjet injection on supersonic jet noise and the

mechanism of the noise reduciion. The experiments were focused on under-expanded supersonic jet

with Mach number of 1.47, generated from a rectangular nozzle with high aspect ratio. Far field

acoustic measurements were executed and the spectra and sound pressure data of jet noise were
obtained. Flow field visualization and CFD analysis were also conducted to clarify the mechanism
of noise reduction and to study the influence of microjet on the thrust.

Key words: Jet Noise, Supersonic Jet, Active Control, Microjet Injection
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Suppression of Fan Stator Surface Pressure Fluctuation Using Rotor Surface Blowing

*Tomoaki KURATA {School of Engineering, Univ. of Tokyo), Toshinori WATANABE,
Takehiro HIMENO, Seiji UZAWA and Chihiro INOUE (Univ. of Tokyo)

ABSTRACT

It is known that flow control by blowing secondary air from rotor blades can be effective to reduce velocity
deficit in rotor wake and to suppress fan tone noise generated by rotor-stator interaction. In the present research,
two-dimensional flow of rotor-stator stage was numerically simulated by using an unsteady Navier-Stokes
solver to clarify the effect of blowing on rotor wake and unsteady pressure fluctuation on stator surface. From
the results, amplitude of surface pressure fluctuation was carefully examined for different blowing mass flow
ratio. It was revealed that air blowing from ejection slot at 80% chord position on rotor suction surface achieved
90% attenuation of area-averaged surface pressure fluctuation. Thus the result suggested a promising effect of

surface blowing on fan noise reduction.

Key words: Fan, Rotor-Stator Interaction, Surface Pressure Fluctuation, Noise, Blowing
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Table 1: Characteristics of rotor and stator cascade
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A Study of Leakage Flow through Linear Cascade in an Axial Compressor
—An Effect of Half Shroud—
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ABSTRACT
This paper deals with a partially shrouded (half shroud) blade tip for restraining leakage flow. In this experiment, a plate
imitating half shroud was installed at the tip of a linear cascade composed of seven blades in order to investigate the flow
field and leakage mechanism around the blade tip. The motion of the blade relative to the casing is simulated through a
moving belt running at a constant speed. Traverse measurements were taken in the pitch-wise and span-wide directions

using a five-hole Pitot tube. The results showed that the half-shroud could effectively reduce the loss of the tip region with

a mnning moving belt. Internal flow of the cascade was also investigated in detail with CFD.

Key words: Compressor, Leakage Flow, Half Shroud
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Effect of Circumferential Grooved Casing Treatment on
Flow Instability of Transonic Compressor

*Yasunori SAKUMA, Toshinori WATANABE, Takehiro HIMENO (Univ. of Tokyo),
Dai KATO, Motohiro IMAEDA (IHI)

ABSTRACT

CFD analysis was carried out on two different transonic compressor rotors with circumferential single grooved

casing treatment. The differences in flow field and stall inception mechanism among two rotors are presented with

principal focus on tip leakage flow behavior, passage blockage, and vortical flow structures. The effect that the casing

groove placed above the blade leading edge has on stall margin and flow phenomena is then studied. The interaction
of the groove with the flow in the tip region was different between two rotors depending on the original flow structures.

It was also found that whether the casing treatment showed positive enhancement on the compressor stability or not

was not only dependant on the groove induced flow itself but also on its relationship with original stall inception

mechamsm.

Key words: Unsteady flow, Compressor, Rotating Stall, Stall Inception, Casing Treatment
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Table 1. Design specification of Rotor 37 and EPF2

NASA Rotor 37 IHI EFF2
Number of rotor blades 20 36
Blade tip radius [mm) 252 161
Tip gap [Yespan] 0.45 0.16
Rotation speed [rpm} 17,188 25,078
Relative Mach number at tip 1.48 1.49
Total pressure ratio 2106
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(b) Operating point C

Fig.3 Streamlines and blockage region (Rotor37)
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(a) Rotor37

(b) EPF2

Fig.10 Normalized changes in pressure, velocity caused by casing treatment
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Studies on the Flow Field around Highly Loaded LP Turbine Airfoils for Aero Engines
—Effects of Passing Wakes and Free-stream Turbulence Intensity—

Ken-ichi FUNAZAKI (Iwate Univ,), *Kazuki OKAMURA (Iwate Univ.)
Yasukuni SATO (Iwate Univ.), Masaaki HAMABE (IHI Co.)

ABSTRACT

This paper details experimental studies on the flow field around the LPT (Low Pressure Turbine) airfoils.
Highly Loaded LPT blades are one of the key paths to successiul future aero-engines. However, those blades are
usually accompanied with separation bubble, especially at cruise condition, eventually leading to the increase in
aerodynamic loss. M easurement method is hot wire anemometer and pneumatic probe to clarify unsteady flow
around the LPT blade. The purpose of this study in to clarify the performance of passing wakes and free-stream
turbulence intensity affected separated boundary layer at low Reynolds number. This paper focuses on influence
of the passing wakes and free-stream turbulence Intensity around the LPT blade.

Key words: LFP Turbine, Separation Bubble, Wake Interaction,

Free-stream Turbulence Intensity, Boundary Layer Measurement
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Table 1 Cascade Information

Actual Chord{mm)] 113.85
Axial Chord[mm] 100
Span[mm] 260

Inlet Flow Angle[deg] 47
Outlet Flow Angle[deg] -60
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Table 2 Turbulence Grid Information

NoGrid | GridA | Grid B
Mesh Size[mm)] - 16X16 | 20x20
Bar Size[mm] - 1 3
Opening Rate[%)] - 77 72
FSTI[%5] 08-1.0 | 1.9-2.0 | 3.1-32
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A Study of Bypass Transition on Low Pressure Turbine Airfoils of Aero Engines

*Taku SAITO(Iwate Univ.), Ken-ichit FUNAZAKI, Hideo TANIGUCHI(Iwate Univ.), Hiroshi SAKAI(GNF-J)

ABSTRACT
This paper deals with an experimental study of detailed process of bypass transition of separated boundary layer on
low pressure turbine airfoils of aero engines. In this experiment, hot-wire probe measurements are performed at
three Reynolds numbers and four levels of freestream turbulence conditions on the suction side of low-pressure
turbine blades installed in a linear cascade wind tunnel. In addition, flow visualization experiments are performed to
investigate the behavior of the flow near the separation area using high-speed camera and fog oil.

Key Words - Low Pressuve Turbine , Bypass Transition , Separation Bubble , Boundary Layer
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Fig.1 Experimental Equipments
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Fig.3 Distribution of Intermittency (Re=130,000)

Table 2 Transition Starting Point

- - -
By KA Lot N BT 5. = e SR o,
LT, b—HF— B SNERARRED 7+ 7 : X
DB % Vision Research tL B = EEH 2 5 130,000 1.0 79%Cx
PhantomV9.1 # AW THEL T 5. 5.8 72%Cx
170,000 0.5 78%Cx
Table 1 Test Condition 210,000 ’ T7%Cx
Re Tu(%e)
0.5 Table 3 Transition Ending Point
130,000 10 Re Tu(%) Starting Point
<2 0.5 86%Cx
. )
170,000 os 130,000 1.0 82%Cx
210,000 ) 58 79%Cx
170,000 0.5 82%Cx
4 BT —T I L BHBOKR 210,000 ‘ 84%Cx

4.1 EFRENOFE
I EEFRINOBREOCRE T, M

-102-




B 4 V28R T o — 72 X B EH O R S A
ayF—HErRT. EEa L F R EOAHILE
NENDOME TOMWED RMS RERDOMETH
L. E, HPCEAEICL Y IRE LB
BOMEZETR LTS, X5 ITEHEERE RMS
3y —ERT.

VI B SR BIROTE R R TR O M
ZE) RMS EXFRUTRA D D LA » Tt 5
M, Vol AT BEE LTI BRaA TR LD
CEEERE O HEEE RMS iLiE 4 5. AT
I OMERICEESIEZELTRY, BE 2
=L Ao R TIE FOERILLOEET
BT < BEAIL 68%Cx~69%Cx THAHZ LML o
7.

—7F, A CIREAE S BER T TOEE
R EOFEEN PR UMD ANE L EELTWD
B, Bf#ESITTHENSE AL ieon T RR
Pz L TWAZERERINTWA, Fiz,
F4%2R2LEHMEANDBE BTN TIE B

EORKE SIS T 5EBICSH L 2 &0 mh5.

4@+ Es(@x R E, B4 T Bass
BEREEZDZ-MEOT CTROME TR 5()
O RMS EA LR LTUVLWAZ L3555,

AT, M4@EMREICL OPELERM
B ONEZ D EERRESITIT B K
KEBEOMBOT CTFRICME L TWA I LD
5. EEEOMER S 4b) & B S, B4 - F
S()DfAEbE TER LN, ZhODORERAGIT
<ERRZBEHANERILL T D EEZ B
&,
6,7 BLURIZENFNESERENICET S
HREx, EHEES, BREEKETT. K6 %
BaL, EMEANRE L3I > THREZD
= OEENRELLTWAZ EghE,. —F,
K7 OEEHEE L EMELNLOEiZ X D BEEN
FEAYRORW. T b RHELhOHE
Mok, H<HRogREIHEHL LTS
ERgnA. FREEREABRWVIECHRESD
V= OB FEICBEN LT B 2 nid
EHEORREIOMES FRICBE LTV AHER
AR LN, EFENOEmC L AERE O RE
BARLTLA,

©

G

a5 055 ©£6  pEs  0F 8/ DA GBS
EL Ty

Fig.4 Time-averaged Velocity Counter for Re=130,000 ((2)Tu=0.5% ., (b)Tu=1.0% , {¢)Tu=5.8%)

©

L
048 05 ©5s OB RS o7 R L] L 0.4% L] [ (2. 085

=

[ XY T T D48 Qb 066 08 DES  4r 0% 4K DME

Fig.5 RMS Velocity Fluctuation Counters for Re=130,000 ((a)Tu=0.5% , (b)Tu=1.0% , (¢)Tu=5.8%)

3

. =
«1"4 *\

; Turd 5% - *]‘* ;
/(y? BE o - PR
e S X

3 - '
25 Tord 0 oo FusD6%
Tuol0% 3 &8 Fuxlot M
Tu=58% o= 85
2
o8}
E o £
) O
(2] M@
i 3
i w,,s:-‘z?f"
g 1] e
ank }*K?{X’fﬁ"xﬁ( B
7 v

0.4 us L ©r on 0y LA L4 [X3

Fig.6 Displacement Thickness for

Re=130,000 Re=130,000

[L=1

Fig.7 Momentum Thickness for

0z [X] a8 a4 L] G a7 LY o9

Fig.8 Shape Factor for
Re=130,000

-103-



41 Lo 2 NV ZXEOEHR
H 9 EMEN 05%ICBIT AR LA 2 VAED
BIXREORETT. 2F, AEO X S ZHRE
HROI-BREES LERR T SIRFNLENE2
BIORIZRELTWAS., ThHOBRMLS,
A 7 REBRROCIE CERBERLE L ERET AN
LHENCBE L TWAZ SIS

1

REt30.000 e \7« -
RatHEBOD - o
F
Rezfogto e J
e} i f
7 ;
i ;‘
g ¢
oBL ;."
k) ?"
/ i
.; 7
oel 5 ;
A
oz /
b /
o :
Pl 7
i e

of : o 08 LX]
HOx

Fig.9 Distribution of Intermittency (Tu=0.5%)

10 imElEa 7 HE, HI1ICEEESHD
RMS a2 —H&ERd. RIS uUBiroL

A N ZEORET Y 68%~69%Cx T TH Y,
LA JAZEOBENCIAERRE Y. L
L, BfEEELA 2 AZESAEWTE Al
BB L WA ERNR SN,

RI0ERAE, LA JAREREL 2BIFEER
CEHADR KB INRBELLTWD I Lghd.
7, WEENERA L, EMENEELE
VHEERIBICEE D 2 —RTiE{ Eiank
K& EAZMBEOT T TRMS i LR
LTWaZ Edimgng.

B 12,13 RN 14 Wi FERENRE VA /L AEC
BiTAHmE S, EEEERE S, BRIEEE T,
12, 132R5E, LA /JNWAEPE RHITY
HEREEOr—7DE S LEBREFE INELS L,
H<BHADRRBENED L TWA Z 30D,
i, VA VIR EL RLHEFEREE O —
7 OALED ERACEEN L, d<BaORARS
OFEER BRI E L T AEmE R A Z LA
HEs.

INEOFERLY, A AREOEMIES
EREERORLER I

(©)

i

Das [ .85 os hBs [ EEL) [k (.53 048 o8 045 (2] 288
X T

0T 24 08 D45 D& 2S5 DH D& DT O7S 4 088

HGx

Fig.10 Time-averaged Velocity Counter for Tu=0.5% ((2)Re=130,000 , (b)Re=170,000 , {c)Re=210,000)

(b)

&5 L56 ve LX)

wTK

=Gy

{c)

¥ el

L
445 ix 258 o6 055 -k 4 o5 ar 85
2

Fig.11 RMS Velocity Fluctuation Counters for Tu=0.5% ({2)Re=130,000 , (b)Re=170,000 , {c)Re=210,000)

Hal3

& fmrwt

ne 04 s o e B a4 o5 ab o on [H a4 as [ or L]
=] L W

Fig.13 Momentum Thickness for
Tu=0.5%

Fig.14 Shape Factor for
Tu=0.5%

Fig.12 Displacement Thickness for
Tu=0.5%

—104 -



5. ATHRALFHRIORER THERALTODMR VIS~ TE 6, 17 TREL
b — IR VT PO B

15 FRILEHANE & 0 8 i Re=130,000,  C R VE Vi HAZT=ARNINI LRSS

Tm0 SO RAEEOEMEF BB & bios VI ERARABIILE S 2ic XD, @<

LT, ComRTIRE ks Kxy  ORARSBRYLE D LRRALESAONG.

BEENDE VRSN, TS TRARRT
DEBREL T BT ABETES. £, [

15(c) TR V, O LR CTH 7218 V, BB ST flow DHrection
BY, B]EHLAEG S OFEIR AL B FO%CR

=ht-. BO%CX

Separaticn Bubble

Flow Direction

FO%Cx

Fig.16 Vortex Shedding of Flow Visuvalization

s0%Cn (Re=130,000 Tu=1.0%)

Flow Direction

80%Cx

Fig.17 Vortex Shedding of Flow Visualization
{Re=130,000 Tu=5.8%)

90%Cx

- 18,19 {2 ix TN F N EFEELN Tu=0.5% @
t=tot 0.004286 5 ] Re=170,000 & Re=210,000 O AIRILEHEDER %
LTS, 1sEE18, 1958258, 15
TERALTHLEm V,IICHE~TR 18, 19 THREL
TSI Vs VI A — D/ SN ERghs,
TR LA SRR L R L ERE

Flow Direction MBEARY, FHCEo Tk @R oR R &N
FOUEN i ﬁ’}\ L/TC: kﬁ‘ﬁlﬁfik%i roj’bé

80%Cx

G0%{Cx

Flow Direction

t= -t 0010000 s

F0%Cx

Fig.15 Vortex Shedding of Flow Visualization
(Re=130,000 Tu=0.5%)

16,17 {2 £ R E 1 Re=130,000 D FEiiELiv Fig.18 Vortex Shedding of Flow Visualization
Tu=1.0% & Tu=5.8%0 F DO FR{LEHAI D EE % (Re=170,000  Tu=0.5%)
ALTWA. B1s &6, 17852RDE, K15

-105-



Flow Direction

S0%Cx

A\

Fig.19 Vortex Shedding of Flow Visualization
(Re=210,000 Tu=0.5%)

A TIBOERE “BBRERETEXE
Dy o TR ERMA L SR L CHEABOBRE FEiE-
REE” LEHEL, RBOBRELY “BHEOROE
TABRREDLE” LERLTWS, ZOESE
WESWTEIZHE LI BONEE2 A TAHS L,
Re=130,000, Tu=05%D&EHTRNBELEL TS
DB LF 80%Cx~82%Cx DYETHY, —h
R A@QD I BHEDERKE S OB LN L
Boahnd. T, ZOWRPBERE L TV AALE R 84%
Cx~86%Cx fHEE 2 ->TEY, ZHEE @D
RMS EMN EH LT AMB LTV 2055505,
FEFEOERIIMOEFILN L LA 2 XSt
THRH5ZENTE A,

F, INOHOBMOFESHLBRAEIZILVHEES
NIBERGE, BERTSLETSE, BB
MiESITEARE SN TWARBOT CTFRICH
BL ZBBETSIIRPRELTHAEESITL
W LRSS,

B 20 12X, SERLE o — FEETESh R
KOEEEE)RMSED 2 BiEARLTWS, 2D
EIZEN OB 2L ¥~ ICBHRTAETHLS.
20 L9, Re=130,000, Tu=0.5%" & CHEEL
& RMS fED 2 BENRE— 27201 TWAE
(87%Cx ) TIX, X 15(c)> 13 < BEAERZD &
HENZB vV, NERICHRE ROBREASIFER,
B OE > BRIt/ 25k LTw3
ZEDHERINTWD. FEO@ER D Tu=0.5%"
Re=170,000 » Re=210,000 DFEHT LR TE 5,
L7zh-7T, BRMOILMET TOLF) FHIRD
L2 EZ NS, 9, B EERERN LN
HHE A TERBIEES. T LTEOWA TR
i eRelE L, SLhoOBEie v —0 k
KEZHX L ZATHEAREL, HFx2BEK
HFHEOENIC T R F — B0 U P CELITICTE
BETT5, Zhaid<Bisf>ZHAaEmENE
DEBBEETHILEZLND,

RRi30,600 ——
REE70.000 -
Hez10,000 -
sk
%W 3 P N ]
w s
E
< x -
£ Vi ®
¥ e
; -
t A /
/
X e
o o .
055 0.7 075 0.8 065 08

wGx
Fig.20 Distribution of Maximum u,.,~ for Tu=0.5%

6. /=
BNRFEE L B 0 — I L AR R
£V, VA A EERINERT A2 LL
REERRE DM AT T, £, BiE
EHAZEBOTRNOTHREHB 2T, &
TNTERIILUTO®EY ThH.
c EfELN O R
ERMENAB B E VIR EBAORRE X
DAL, FoMED LA BET S, o
MR, ERELAD ERACRET S
« LA S RO TR
LA VAR @ b L ERORRE
EEL L, FOMNENSLEMCEETS. F
DOFER, ERELABENLEZEEEFLL, &
MG A ERAICFEET .
- AR EEHRIC L Y, BVE e X AFE L
Bk EREAP LA 2 A XEOEI L5
BiianmEKE S OWL B L, BORECHRE
DOUBIZE L THER T -7 L AR OFKE
X IV k> AU el

7. BEW

[1] Ablirfg— - B ORFK - BHE, HEAEEY —
ELCEREREO A A ABBICETAINE, ¥
— R 2, (2010), 626

[2] Anibrf— - APE - ik, MY o K
EF—viziBdsmAtmbicl+Ta2maE (88
- EEARREIC KT 5 B EE 0O RZERFXKE
fi7), AAMRMFESRILEBIR, 74-747 (2008),
2301

[3] LHM.FRANSSON, M.MATSUBARA,

P.H.ALFREDSSON, Transition induced by free-stream

turbulence, Journal of Fluid Mechanics, Vol.527
(2005), 1

-106 -



FIEAFHNRAA—-E2ESEHEES (K) EEREE 20117

[BFZE#RE]

FSUREL—L a3 ailEEY S
E#R52 —E VBB RN OMIERE

R B, BE BhEECRD, il B GEER)

Numerical Analysis of Flow in Linear Turbine Cascades
with Transpiration Cooling
“Tomoya TAKANASHI , Tetsuya KANNO , Hoshio TSUJITA

ABSTRACT
The firther improvement of gas turbines efficiency requires the development of cooling technique with reduction of cooling air
mass flow rate as well as the increase of the turbine inlet temperature. The theoretically most effective air cooling method is the
transpiration cooling, which is expected to reduce the cooling air mass flow rate. In the present study, the flow in the linear turbine
cascades made by the porous material with transpiration cooling was analyzed numerically by the commercial CFD code. The
caleulations were performed in order to examine the influences of the porosity and the mean diameter of particles of the porous

material and the blowing ratio on the cocling efficiency.

Key words : Transpiration Cooling , Porous Material , Turbine Cascade , Numerical Analysis , Ergin Equation
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Table 2 Properties of PM2

& Dy(mm) a(kg’m4) ,lli(kg,’rrl3 ] k(Wim * K}
0.5 0.5 1356 10° | 4.113<10 6062
Table 3 Properties of PM1
& Dy(mm) ofkg/m') Plgim’ - 5) | ky(Wim - K)
0l 0.05 30584 10° 1.666 % 10° 08172
01 0.1 1525%10F | 4164 40F 08172
0.1 0.2 7265% 107 1041 10° 08172
02 005 3389 10 1,645 10° 0.6308
03 005 8787X10° | 3732107 05077
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Fig.2 Static pressure difference distribution
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Table 5 Calculation condition 2
(0.1, M=0015)

Case 1 4 5
D, (mm) 0.05 01 02
Table 6 Calculation condition 3
(E 1=0. I R Dp1=005mm)
Case 6 7 8 9 1

M 0.0015 | 0003 | 0006 | 0009 | 0015
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Laser Imaging Diagnostics of Lean Premixed Flame with Swirling Flow
in Various Oxygen Concentration

*Yohei FUJITA, Masaharu KOMIYAMA,
Kenichiro TAKEISHI, Kiyonobu NAKAYAMA(OSAKA Univ.)

ABSTRACT

In heavy-duty gas turbine engines, one of the promising approaches to reduce NOy emissions is the adoption

of lean premixed combustion. In addition, exhaust gas recirculation (EGR) system in the gas turbine engine is

considered. But, characteristics such as burning veiocity and reaction zone of lean premixed flame are

influenced by reducing oxygen concentration in the gaseous mixture.

In this study, we measured lean premixed flame temperature and OH concentration distributions

instantanecusly using laser imaging techniques. And from the measurement results, we investigated the

characteristics of lean premixed flame. As a result, it is appeared that the width of the flame zone is broadening

as the oxygen concentration decreases. And OH-LIF intensity in the reaction zone is decreased with decrease of

oxygen concentration. In addition, local extinction of the premixed flame was recognized in high air ratio and

low oxygen concentration conditions.

Key words: Gas Turbine, Premixed Combustion, Swirling Flow, Rayleigh scattering, OH-LIF
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Bl 5.0 95.0 0.0 21.0 2.0
B2 5.0 57.0 38.0 12.6
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Characteristics on Oscillatory Combustion of an Annular-type Combustor
for a Propane-fueled a Several hundred W-class Micro Gas Turbine

*ABE Hiroshi, SAKURALI Takashi, and YUASA Saburo (TMU)

ABSTRACT

An annular-type propane-fueled combuster for a several hundreds W-class micro gas turbine was
developed. A lean-premixed combustion method was applied to realize low NOx emission, and the volume
of combustion chamber is 60cm3 with a space heating ratio of 800MW/(m3 - MPa). To evaluate
combustion characteristics of the micro combustor at elevated pressure, the combustor exit area was
decreased by  introducing a turbine stator nozzle, resulting in the occurrence of the oscillatery combustion.
The cause was that the Helmholtz oscillation with a low frequency of around 100Hz or less occurred due to
the pressure interference between the fuel injector and the combustion chamber., The inner exit diameter of
the injector was decreased to increase the fuel supply pressure, which suppressed the Helmholtz oscillation

and improved the flame stability.

Key words: Micro combustor, Propane fuel, Lean-premixed combustion, Micro Gas Turbine,
Oscillatory combustion, Helmholtz oscillation
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Fig.3 Typical flame appearances of the combustor
with dilution air without and with a turbine stator
nozzle: m,=4.0g/s, ¢~0.32
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combustor with dilution air using d1.0-injector: ¢, =0.8
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Table 1 Natural frequencies of the Helmholtz

oscillation due to the combustor system instability
Combustor element | Helmholtz frequency
Fuel injector 63Hz
Primary air slot 670Hz
Dilution air hole 880Hz
Premixing room 3350Hz
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Fig.5 Pressures in the combustion chamber at the
upstream of the injector for the combustor with
dilution air using d1.0-injector: ¢,=0.8
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A Study of Low NOx Combustor
*Hiroyuki Kashihara (Kawasaki Heavy Industries, LTD.)

ABSTRACT
A new concept combustor for Dry Low Emission has been studied. It is the combination of strong

awirl main burner and no—swirl pilet burner. In addition, A new structure of the supplemental

fuel burner has been studied. These techniques improved pre-mixture in comparison with the

conventional burner. Using this concept, a prototype model of the 7MW class Gas turbine combustor

was produced, This combustor was tested with the rig test and the engihe test. As a result,

NOx has been reduced to single digit ppm levels.

Key words: Gas turbine, Combustor, DLE
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Studies on Heat Transfer Characteristics of Internal Cooling Channels of
Air-Cooled Turbine Blade (Experiment and CFD)
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ABSTRACT

This study deals with the experimental and numerical investigations on heat transfer characteristics in
internal cooling passages of an air-cooled turbine blade for gas turbines. One-passage and two-passage
return-flow models with repeating ribs are employed. A transient measurement technique using
thermochromic liquid crystal is used to determine the heat transfer coefficient on the rib-roughened surface.
An attempt fo take streamwise temperature decrease of the main flow into account is made in this study,
using measured temperature data of the main flow. Numerical simulation using ANSYS CFX is also
executed to enhance the understanding of the flow field that directly affects the heat transfer

characteristics inside the cooling passage..

Keywords: Heat Transfer Measurement, Cooling Channel, Numerical Simulation, Transient Method
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ABSTRACT

This study deals with the experimental and numerical studies of the effect of three-dimensional
device on flat plate film cooling. The study examines several test cases with four blowing ratios
(BR=0.5, 1.0, 1.5, 2.0} and four types or test piece (BASE, 3D Deviecel, 3D Device2, 2D Device).
The temperature measurement of the test piece surface was performed by the infrared camera. RANS
using Shear Stress Transport turbulence mode are addressed to solve the flow field. In the case of
BR=0.5, secondary air was diffused in the spanwise direction by the device, and film effectiveness
increased, but mixing of the mainstream and secondary air was promoted. When BR was high,
averaged film effectiveness became lower in 3D Device cases than the case where device is not

prepared.

. Key words: Film cooling, High pressure turbine, Control
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Fig.1 Overview of film cooling hole with Device

Table.] Device geometry

a b C e

BASE 0 0 0 0
3D Devicel 1.5d 1.0d 1.0d 1.5d
3D Device2 1.5d 1.0d 1.0d 0.75d
2D Deviece 1.5d 1.0d 0 0.75d
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The Effect of Endwall Film Coocling on the Formation of Horseshoe Vortex at the
Junction of Airfoil Leading Edge

*Shintaro KOZONO, Kenichiro TAKEISHI, Yutaka ODA, Junichi SEGUCHI (Osaka Univ.)

ABSTRACT
Film cooling is one of today’s most effective ways to protect endwall and vane surfaces from high

temperature combustion gas. This study looks at the effect of endwall film cooling at the junction of a first stage

nozzle guide vane where complex vortex patterns including a Horseshoe Vortex are known to exist. This

experiment has been simulated by using a single symmetrical airfoil with a single shaped cooling hole on the

endwall in front of the airfoil. Experimental techniques such as Pressure Sensitive Paint (PSP}, Laser Induced
Fluorescence (LIF}, and Particle Image Velocimetry (PIV) were used to determine the film cooling effectiveness
and to visualize the flow fields at the junction of the leading edge with varying the distance between the airfoil
and coeling hole, and the mass flow ratio,. In conclusion, this study shows the effectiveness of the endwall film

cooling for the suppression of horseshoe vortex formation, and the mechanisms of the suppression.

Key words: Film cooling, Horseshoe Vortex, Gas Turbine, Heat transfer
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CFD Modeling for Sea-Level Jet Engine Test Facilities

*Norio Asaumi(IHI), Shinsuke Matsuno(IHI), Masato Izawa(IHI),
Takayuki Taguchi(IHI) and Satoshi Miura(IHI)

ABSTRACT
Measured thrust in a test facility (indoor cell) is different from the gross thrust which is the true thrust of a jet

engine. This difference is caused by aerodynamics effects induced by the secondary airflow which bypasses the

engine in the indoor cell. Thrust correlation parameter between the measured thrust in an indoor cell and the gloss

thrust is called cell factor.

From past survey, it has been revealed that the total pressure loss of rear parts in an indoor cell is larger than that

of front parts. It means that the rear configuration in an indoor cell affects more strongly on the airflow compared

with the front configuration. In this paper, CFD modeling for rear configuration in an indoor cell is investigated

and the accuracy is improved successfully. It was also found that the real porous model for the blast-suppressor is

better than the model which is a simple unity surface with Darcy law. In addition, some examples of parameter

survey about the indoor cell configuration by CFD are reported in this paper.

Key words: Test Facility, Aerodynamics, Thrust Drag Correction, CFD
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Numerical Simulation of Ice Accretion Phenomena in Rotor/Stator Interaction

Kei KAWAKAMI, Masaya SUZUKI, *Makoto Yamamoto (TUS),
Shinichiro SHISHIDO, Takeshi MUROOKA and Hirosht MIYAGAWA (IHI)

ABSTRACT

Any aircraft have the possibility to encounter icing atmospheric condition in flight or on the ground.

The occurrence of ice accretion leads to the performance degradation in jet engines and cause serious

mechanical damage to the fan and the compressor components of jet engines. Therefore, jet engines of

aircraft need to prove the ability to work on icing conditions to match the certification criteria. If we can

simulate ice accretion and improve the performance in design phase, it should become possible to

reduce the cost and design period of jet engines. In the present study, we simulated ice accretion of

rotor-stator interaction between the fan and the FEGV of jet engines to investigate the ice shape and

how the ice affects the aecrodynamic performance. It was confirmed that the amount of ice is much

larger on the rotor than on the stator, and the stator has only thin ice layer on the leading edge.

Key words: Ice Accretion, Computational Fluid Dynamics, Rotor-Stator Interaction
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Table 1 Computational Conditions

Rotor Tip Speed [m/s] 300
Inlet Mach Number .44
Inlet Total Pressure [MPa] 0.1013
Inlet Total Temperature {K] 2563.16
Liquid Water Content [g/m3] 1.0
Median Volume Diameter[um) 20
Exposure Time [s] 3.0
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Performance Prediction of Partial Admission Stage
based on Simulation of Unsteady Three-Dimensional Flows

*Yasuhiro SASAO(Tohoku Univ.), Shinji TAKADA(Tohoku Univ.), Tadashi TANUMA(Teikyo Univ.)
and Satoru YAMAMOTO(Tohoku Univ.)

ABSTRACT

In this paper, the performance of a partial admission stage is parametrically predicted using the high-order
high-reselution numerical method developed by our group. Compressible Navier-Stokes equations are solved by
the high-order high-resolution finite-difference method based on the fourth-order compact MUSCL TVD
scheme, Roe's approximate Riemann solver, and the LU-SGS scheme. The SST-model is also solved for
evahiating the eddy-viscosity. Unsteady three-dimensional flows through half-arc nozzle-rotor cascade channels
considering a partial admission are numerically investigated. 54 nozzle passages with two blockages and 30
rotor passages are simultaneously calculated. The influence of the flange in the nozzle box to the lift of rotors is
predicted.
Key words: Partial admission stage, Numerical Turbine
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Fig. 6 Instantaneous Mach number contours.
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Multi-Physics CFD Simulation of Cold Spray Process
*Ryohei SAKAMAKI (Grad. School of Tokyo Univ. of Science)
Yohei IZUMI, Masaya SUZUKI , Makoto YAMAMOTO (Tokyo Univ. of Science)
and Youji OOKITA (IHI)

ABSTRACT

Cold spray method is one of useful processing methods to restore solid surface of various mechanical

components. Matertal particles accelerated by supersonic gas impact and accumulate on the target surface.

According to some experimental studies, this method has an optimal condition of some parameters such as

particle temperature impinging velocity and so on. The particles with adequate velocity and temperature can coat

the surface, while the particles with unreasonable condition lead to erosion. However, it is difficult to measure

these parameters experimentally. This paper presents the multi-physics simulation procedure considering flow

field, particle motion, and deposition process, in order to reproduce cold spray process computationally.

Key words: Cold Spray, Gas-Solid Two-Phase Flow, Deposition, Computational Fluid Dynamics
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Influence of Tip Leakage Vortex Breakdown on Impeller Stall
in a Transonic Centrifugal Compressor

*Kazutoyo YAMADA(Kyushu Univ.), Takahiro UENO(Kyushu Univ.)
Hisataka FUKUSHIMA(Kyushu Univ.), Masato FURUKAWA(Kyushu Univ.)
Seiichi IBARAKI(MHI) and Isao TOMITA(MHI)

ABSTRACT

Transonic centrifugal compressor impellers for automotive turbochargers operate from near surge limit to

choke limit. In order to improve operating range of compressors, it is indispensable to understand flow physics
behind unsteady flow phenomena at off-design condition. In this study, DES (Detached Eddy Simulation) has

been conducted to investigaie influences of tip leakage flow on off-design flow field in a transonic centrifugal

compressor impeller with splitter blades. The simulation shows that thanks to tip clearance, vortex breakdown

happens instead of leading-edge separation, and generates large blockage and unsteadiness near the tip.

Key words: Transonic Centrifugal Compressor, Impeller, Rotating Stall, Tip Leakage Vortex
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Fig.1 Meridional view of the test compressor
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Effect of Recirculation Device on Performance of High Pressure Ratio
Centrifugal Compressor

*Hideaki TAMAKI(THI)

ABSTRACT
Centrifugal compressors used for turbochargers need te achieve a wide operating range. A recirculation device,

which consists of a bleed slot, an upstream slot and an annular cavity connecting both slots, is often applied to

them. This paper discusses how the recirculation device affects the flow field in a transonic centrifugal

compressor by using steady 3-D calculations. The followings are clarified. The bleed slot works in a similar way

to circumferential grooves applied to axial compressors. It reduces the blade loading in the impeller tip region.

And hence the velocity of tip leakage flow exiting the bleed slot becomes lower compared with that without the

recirculation device. The flow through the bleed slot impinges on the tip leakage flow. It also deflects the

trajectory of the tip leakage vortex. In addition to these effects, the bleed slot removes the fluid near the casing.

It moves shock downstream due to the reduction of blockage. All these effects induced by the recirculation

device coniribute to the enhancement of the compressor operating range.

Key words: Centrifugal Compressor, Casing Treatment, Recirculation Device

1. [FLHIC

WBAAHTE A S h 23 LEMEE I EERE TH
HIEMEREINDG, ZOEREFERTLIZDIC
Fig.l iz"+#ERR Yy — 7P — R4 b
(Recirculation device, LI T4 —3 7 U — kA
MBRELBEBENTHNS, OS5 — T MY
—hAY MR, AT AQIAMET D LRE
(Upstream slot) & FiiZ{Z BT 5 T i (Bleed
slot), Zh 6 & F5E 4 AERKiAEBE(Annular cavity)
MHBR AN, FRECELAR LREDE L
DHELRRDEA T EBEBRT AHEO -5
TiEER A A, BRWBEAFE T, LiE» 5
A 2iT BiR~BRAT S, [EREE TiL TS
L ERBOEAEPERL, A 2T ~FRA (B
ER) T OMENENT D, ZOkD, EHEA
AETitA v o F o ANHESIND, FORER.
A T SelmE O A b — A & hAEB AN IR
KTBRZEBRMERTWA, BE LA BEH
FICENLE 5.7 DB LEAREEBRR Ui, RENESR
B EBIR A KT A0y —3 S R U — |k
ArrEREAL, FOEPEEHELRLY,

FFE T, EOEA 5.7 O OFEH A R E

X U, 77— 27 P U —bA Y ML BIES
HHERICoWT (EE) CFD OB RE2 M CTHH
4B, A=A —TUORLE R ERHE CIHM
TEZLEETHS, Ll REMBEOLD
EBENTA v F a—FERETETHIELD
JEMEME T, BBEE L BiRRLEhOTHICLD
T =R L BRI RES B
HIEPMEIR TS 230, F 2 CRIFRETIE S
— R ) — kA RAVERN L BiRA A
RIFTEEICES S YT CFDORERE S LT,

iy

Bleed Slof

V%%%é%

Iy

Fig. 1 Schematic view of recirculation device
2. BEEHEE & e R
Table | \CARWFSETHEN U EfERO TEREKE
R £, Fig2 ik, A oS ABRB LW

S

-175-



HAEHEOTEE LTI, 1 T X ERRE
blade)l &+ F I HPURER™ splitter), FHPHR (3¢
splitenz H 35, £i2, 7T« 7 2 —FIZIZPRA
X5 4 7 2—FEANTVD, FEHEERE N (8
7 v A Mu)id 73680rpm (1.62) Tdh B,

Tablel  Main parameter of investigated compressor

Impeller
1T HniE
72.2 mm 8.0 mm
PR HEE PR A
(IR INEAT IR (RINE/ P INEE IR
18 (6/6/6) -15°%-16°%-11°
Vaned diffuser
PR A DIE A PEEE
13 66.5° 6.0 mm

4 splitter

1% gplitter

Fig.2 Picture of investigated compressor

Fig.3 [ZJEME#MERE 2 =4, R Q. QdixZh
TNIRE., SREHREE =<4, SWidr—3 7 b1
— kA NEL, RCIZESY - P —RAL b
BFYoEBERTHDL, Fr— VMU —hA
ML > TH—VRENSELDT A2 &3 0h5,

AR TR TIREN BRI T8
DWTRET D202 SW, RCIIHIZ, RC @ B
BEENEERECLT GROY 25 Ry—u s
PEER LB ICOWT LI 2T o 15,

6
56
52t

48 T

Pressure ratio &
[Ned © ol -
[=-] (-] [=2] -y -

g
FN

-l

04 05 0.6 07 08 0.9 1 i1
Q/Qd
Fig.3 Measured compressor performance

3. MENMELER
3.1 HEstE

HEICIIEHEED 3 — FE2EH L, FEIC
iZ Chakravarthy - Osher @ TVD A &% — A% ELHETE
FAAZIL Spalart - Allmaras &7 % FV TG,
ART F 4T a-FEREFR | By FEET
MeEL, BEREREFE AL, £, BT
EIXT T T ERRER U, BT AL
SW 239300 755, GR. RCH 420 FEAXAG. v
3 BAFE L, 2, EHECHIEE SO
HEF A EREO R BB RE LT,

Figd IZRRETREEIZ BT 51 2T o, FHE
ft&F (7 2 FHROBT 2 2E(EREA DS
FELDMYyn, ns 27T, IHOHEHETES
ENegr— T ARKERE(ZOWRE L
OO RETCIIHENAREE L RLME)ERLT
WA, REKER SW 2 QQd=096. GR A
Q/Qd=0.93, RC 73 Q/Qd=0.89 T35, £7-. Figs
Wiy = b= b A N ERBEETLHE L
[EfettEREBO{ERTKESE Qi =Y, [T
Bt I B(Q/QA) DA BRI E AN
T35,

rar ——SW
-0—GR
- 7 F @Qd=0.89 QJ’Qd'=0¢96 —&—RC
[ :
:
o 66 [
& e
S62
A :
-]
2 Q/Qd=0.93
%58k oy
5.4 ' - -
085 0.9 095 1 1.05

Q/Qd

Fig.4 Calculated pressure ratio at impeller and diffuser exit

with and without recirculation devices

=~ - ©
T T, 1
g2
8]
=
1]
o
o0
@

]
T

Q/Qd=0.96

08 085 09 095 1 105
Q/Qd

Recirculation flow rate /
Discharge flow rate Qr (%)

o

Fig. 5 Recirculation flow ratio Qr

3.2 SWORERE Q/Qd=0.96 [ZBITEHnB

-176 -



Fig.6 (2 223 Sl 351t 5 2o Jr mAARHR
NAESHE LT, QIQd=0.96 2R A RERTEER
1359 2%(Fig.5) TH B A%, RC OFth AL SW, GR
LiZiER—Th B, > T, SW OEERETIT
RCIZA 2 i T v AOWBECARE LT E S LT
W B Ak D, Fig7 12 90% A3 T O B EFHE G
v BEBESMETT, BESTILERED
PriE % BT 72 DIZIERL L 72, GR, RC DIBE
BEBTEORNTIEREd v MBIV T
WTEHMES N, BRECL > TERESRTWA,
GR & RC DEMEIEIISW L0 L FROMNBIZSH D,

1 r B TIP OF BLADE
—— SW
0.8 o— GR
—&— RC
0.6

0.4

0.2

Spanwise distance from hub

-90 -60 -30 0
Relative flow angle (° )

Fig. 6 Relative flow angle at Q/Qd=0.9¢

Relative Mach number

—8W —©o—GR w====RC

0.2 !

0.0 0.2 04 0.6 038 1.0
Normalized meridional length m/m,

(a) Relative Mach number on full blade at 90% span

(b) Static pressure distribution at 90% span / Position of shock
Fig.7 Relative Mach number and static pressure distribution
Fig.8 i3 95% A/ TOEE FMEE 5T & .
Figd 1 FHSE T ORMMEZ BB 5 M5 &
W 95% A/ TOEM < v O 27T, iR
DEITFEFEEEICHIGT 5, FETEEET
ARTHND OB =79 FAYFmEEL: L
72, GR & RC i THREMIOAEI TilhvaRO

(32 Z 7 Kb T ~ma 9 )48 7 16 3 B Ak
S TEY, THRE»LREFBERT EICWEAZ
ihB LR TV A, ZORNIATEmEIEFIC
Ty r—TEERTH, iEBEEETHL
¥, Fig7 OL3T—BE#EIND3, TRiE®Y
THKEALBEIET A0, 7o ir— U8
DL THMIEI S,

st

Relatlvah number OK 317 3§1.6 Radial Velc;lty-Sﬁg
Fig. 9 Streamline under bleed slot and relative Mach number
Fig.1013.99.5% A /S 834 B b 5 6] % 75 F ©
D, XFAANLGHAO~ANS FMEEL
LTwW5a, BimRndh 8 Emic e+
LHEBICHRAT S, ZORBRILRNLEA T
~NRAT DFAIER) E SR L, FiE & HICTF
~[Ah D, BB E FREAENRL D
W, MNDORERPFLET D, ZOTERIFEE
LBV ROEZ L 7 S B, T REE SR ORI TR
mEARILARE EATWAHESTH Y, Ehm
WEMREDLA~ELT SER NI BRI
BHEELTVWSEEFELLN D, GREBLURC Dl
&, AOBITMEESRS T g TE Tkl T
W5, ZAUIRAIED THRENG Y 2T 7 MU~

- 177 -



EFAFhadh L BERLELOESICERT 3,
IOREITE - TEBBNENO EZFR A~ »
& B A, Figll 12 95% Ao B 2BEEH
(Binsfizrnd, BEERICBIIENEE|IE
& DEL(EAWIZEANFERFELHGNL 3
7. GR & RC OREMII THRBEIET SW L
LT LTWADT, GR & RC O FHELERL
BT 5 RImELRAOFEZL SW L b bt 3,
Table 2 (2R T HEERRIC IS 1 5 Bk % @i
TOMENZOZLEEMITHD, ZORKER
NMNFOEOFPIZ L - TERRBILREHED L
BT EHHFEEINE, LEOZ MG, TiHED
REI, ERGERBLRNLOBRHLCEET
HRIBRNIROBIICED TH D,

Fig. 10 Axial velocity distribution at 99.5% span
Table 2 Tip leakage flow rate at bleed slot

SwW GR RC

Relative to SW 1.000 0.784 0.653

25

Bleed slot o

Static pressure
/Inlet Total Pressure

—8W —©—GR ===RC

0 0.2 04 0.6 08 1
Normalized meridional length m/m;
Fig. 11 Static pressure on full blade at 95% span
BRIZVE » TIEQENAERBFET D, Rt
(ARGl S AR L, & & st
FAFET D O, B OB EESEHEE TREEE

IO b REVE, iR TH I A HEREY
BB A ERTES, BEORFOREE. #Bst
BOMEBIUCERL DRECL > TECEHER
(EmAMEE LT, Bk, EEEAT
Wiz ET 2 &, BRhm G L & h % Il
DMBEMTHZ L2 T, ET, R HEER
HECHdHOT, TiEBET I L, Haigibos
BERF A, MEHARLBLTS, BILE
B A TIRICET D 2 & CERE L ERBILR
DOFHIERR T 2 EE (7 2 v r— IR
AEE LTS, GR & RC OEBEILSW X
WL TFMOMBILH D, 20D, FRiETRER
RIRE EFRBREOFHICRERTA T oy r—om
WEREZMFEITADEAL L LD LERENS,
GR & RC ONBIZIE 2 2OZERRE D, | 2
b3 RC OWBRK L GR &0 THizHD Z & (Fig.T.
£ 2 15X GR @ T g5 TR DBl 7 mE
D 1 EHHEREL TWD R Th 5H(Figs), Figl? X
99.59% 2 /22 T GR, RC DR J5 B E 4546 & R
T, RC DFE, THELFE CEOREFRERE %
Homtdmh s bR h BB i 5,
ZOBHLIZE > TRC OEFRKIZGR LY b T
WrET S5, —H. GROBE., LilEXE LR
TWAHT, TRENSWREALTRERRE X
P, 1 NI TREE S TRBRLENEESE L.
HRFEhmhE2FEEE LTS, FRELHOE
HLOFENGR P RCOEREZRERTHA LA
Zeh3,

-100 SRR (vs)

Fig. 12 Radial velocity component at 99.5% span
GR O T itk i5 € B Oh 7 M iR,
Bimiwhi® @AFmEEOE|ORER N TimiER
HFTAREmRN~BEHTIFEEETRLTWD,
Fig.13 iX 95% A /S DAERt RS &7, SW,
RC CIHEMANSERE T TERMN 1 2THDLD
bzxf U, GRICH 2 BRTOBAE 2 AHE s h
%, Fig13 11, GR OHMSESHICHESTM LA
OB rEEREEBEREZEHLRLTWA, IO
XA 5., GR OEBED 2 FEF CRIGFLR & Tk
LTWBIZLRHEIND, RCOBE, THIER

-178-



REIALZ LRI LOBMEOMIEER ), K&
IABPE U HAE T TREAD LIRS, GR
D X9 ARSI A 522 (Fig12),

e

B Negative axial velocity region in GR

Total pressurefinlet total pressure
1.0 BEEE  30

Fig. 13 Relative total pressure distribution at 95% span
(Bottom-righ : combination with relative total pressure, shock

position and negative axial velocity region)

Relative Mach number

0—2 i 1 1 1 1
0.0 0.2 0.4 0.6 0.8 1.0
Normalized meridional length m/m»

(a) Relative Mach number on full blade at 90% span

(b) Static pressure distribution at 90% span / Position of shock
Fig. 14 Relative Mach number and static pressure distribution
at Q/Qd=0.93
3.3 GROEERE QQd=0.93 IIHIT5Fihiz

GR DRF R Q/Qd=0.93 TiL, LML H &
DF A%HBIER L TS, GR DEILIR 95% 23

TOMEIFmNAIE-632°, RC ZF-61.7°Th-7-,
Fig.14 {2 90%R /3 TOREMR < v ~E oA &
oMt BT RAAN AR LN
R, A T AN GR O ISEFE T
LEZOND,

GR CiT AR o E 8RS PR LRz
b5, THEPLREATNDRFIERE TR
AT A0, TREIELRaFoERRN
WAL OVE R OAMBETE LT Q/Qd=096 TR.G
NEBBRERE W,

3.4 RC O%£ERE Q/Qd=0.89 1B+ BFhniB

Fig.15 {2 95% A -3 T Q/Qd=0.96.0.93.0.89
BT HEREMNBEGES At ERALEKETRT,
B ORUD I VBRI T LR ~BET %, Fig.16
IZ Q/Qd=0.89 {2815 99.5%, 95% A/ TOY
BEREESNETRT,95% A TR TRIERT
TOADPEREEEA RGN 2V, HBES LR
~BEY DL TTHRE - EREROE HEE
RKTDH, TN Lo TTFHENSORTBIBL,
THRBE»PEOREAALNBLST D, ARE
(Q/Qd=089) CIL FHiIEIIEIMEIFE -2 b | fE3k
DA T AREN T2 EB I K L A B,

N

Fig. 15 Position of shock of RC
(Static pressure distribution at 90% span)

-100 & o (m/fs) -5 == HIS
Fig. 16 Radial velocity distribution at 99.5 and 95% span
4. FEBGER

GRIZHHET A r— 7 5BUEL, %4
pol, Figl7 \ZEREMMERES R, Fig17(a)ix
Fig3 &AMFIZITRT & T 0 7 = —F & vz
OIEMEHEMERE, Figl 7O NREL T 4 7 2 —F %

-179-



RWIZBFOMERETH A, GR DA L - TEEE
IR TOF—UMBENELT D, ZOZENST
TS EEIRIL T AL TV 5 2 L R T &
5, Figl7(a)ix CFD(FigHDEM & Bied, Z0=
iX Figl7(b)7> & CFD MR ERKEBER 2 A 27T
BHHEWE LR L, EEITIZIMBA &7 1
Ta—VREOXTERTHLZ LICEALTNA,

5. F&8

JERLE 5.7 ORLEMEIZ W TR —
Y7 MU= RA S MRS RN RIET
B CFD iz L » T,

(D FHmAHNIBICRIFTRE, FoERn R
RN T AR ERBERE S — R Y
—hAVIMDOLERERHA L — v TERWT
FELE, THRENRDHIGEES, BErbL2F7 7R
A~k AT DBTFET DL ER L, 20
MATEIRRARNL ERE L, BREhmh 2%
M35, £, THELE T 27 BEER
DOAEBPETF L, BRI OEEI BT 5,
BLEDZ & TREBZERRBRENICERT 2
BEInRLmERO 2R EbHLBLLLE, &
B THIREFICITET 2, BiimRhithit
BRE L FEHET AR LROEREZ TS, ZD
=, EEELLBERNELOTHCL-TED
L7y lr—-v, TRBEVOr— 7z k
STHRMEND Z ERfFEENS, Fio, Tl
SRR OMNEICLERA 5L,

QO THERLEREEZNLTA 7 L L dEiE
AND L, FREEYy— v SRR R AR X
AT, O 1 BERWVHT, TOFR, @RI
TRz E Dt L (D TR~ FER L BRI
AMNOTFHIZL A7 2 v r— VIR REREN
LT D, WEISRLT L, FREXRIE
LY EEDA T ATE DS EO/EEL
KB e n,

BVERA r— 7 b —F A bk, LT
LAV F U ADHEF T TS, B
ELBRERNTENOTEHEICERTL Ty r—v
FIERET AR H V. o L EERIE Ko
—R® ThH 5,

& E XM

1) Tamaki, H., Unno, M., Kawakubo, T., Hirata, Y., 2009,
“Acrodynamic Design to Increase Pressure Ratio of
Centrifugal Compressors for Turbochargers,” ASME
GT2009-59160.

2} Marconcini, M., Rubechini F., Amone, A., 2006,
“Numerical Investigation of a Transonic Centrifugal

Compressor,” ASME GT2006-90098,

3) Ibaraki, S, Sumida, K., Suita, T, 2009, “Design and
Off-Design Flow Fields of a Transonic Centrifugal
Impeller,” GT2009-59986

4) Hazby, R. H,, Xu, L., “Role of Tip Leakage in Stall of a
Transonic Centrifugal Impeller,” ASME GT2009-59372

5) Lakshiminarayama, B., 1996, “Fluid Dynamics and Heat
Transfer of Turbomachinery” John Wiley Sons, Inc. New
York, U.S.A, pp.339-347.

6 Greitzer, E. M., Tan, C. S., Graf, M. B., 2004, Internal
Flow Concepts and Applications, Cambridge University
Press, Cambridge, UK, pp.140-142 and Chap. 8

7) Kablitz, S, Hennecke, D. K., Passrucker, H., Engber, M.,
2003, “Experimental Analysis of the Influence of Sweep
on Tip Leakage Vortex Structure of an Axial Transonic
Compressor Stage,” Proc. 16th ISABE, Cleveland, Ohio,
2003-1226

Q/Qd= O.BlE)/(i.i/O.%
r

6 |

56

52

48 I

44 r

4t

36 [

Pressure ratio 7

32 r

28 T o

24 1

2 . . . ; : )
04 05 0.6 0.7 08 0.9 1 1.1

Q/Qd
(a)Compressor with vaned diffuser

56
Q/Qd= 0.89/093/0.96
52
48 r

44 t

36 r

Pressure ratio 7T

32 r

28 1

24 1

04 0.5 06 0.7 08 0.8 1 11
Q/Qd
(b)YCompressor with vaneless diffuser
Fig. 17 Measured compressor performance

—180 -



FWEAXRFTREI—-EEETFHREES (I0F) FHEBEXSE 2011.7

(B3R E]

B-18

v A0S NBREDOEEEENFIECET BRI

*Khairil Akmal bin Nan (#ikFz), W8 i, fEA

—HE (R,

A EB (Go EX), Reinhard Niehuis (Univ. Bundeswehr Muenchen)

Experimental Survey on Unsteady Aerodynamic Characteristics
of Gyromill Wind Turbines

*Khairil Akmal bin Nan (M2 of Takushoku Univ.), Takanori HIRANO, Ichiro FUIIMOTO (Takushoku
Univ.) , Masaaki HIRAMOTO (former lecturer of Tokyo Univ.) and Reinhard Niehuis (Univ.
Bundeswehr Muenchen)

ABSTRACT

For the purpose of improvement in startup performance of gyromill wind turbine, an experimental survey has been

performed. A rotating torque was measured for a four-blade wind turbine model with considering the variation of

rotating speed ratio and setting angle of blade. Furthermore, the same experiment was performed for one-blade model

and to compare the difference of the aerodynamic characteristics. The result shows that it is effective to set the setting

angle of blades with large minus angle because the drag force is large in startup.

Key words: Gyromill Wind Turbine, Unsteady Aerodynamics
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Study on IGFC systems with CO; recovery

*Eiichi KODA (CRIEPI)

ABSTRACT
IGFC (Integrated coal gasification fuel cell combined cycle) is thought as one of the ultimate goal of R&Ds

on coal-fired power generation technologies. And if it is equipped with carbon recovery systern, a carbon free

and highly efficient power generation would realize. However, a vaniety of system configurations can be

considered as [GFC+CCS system, and there seems no comprehensive study about them vet. Therefore, in order

to clarify the appropriate sysiem configuration, we conducted the technical consideration and thermal efficiency

analysis on them. In case of using ordinal oxygen-blown coal gasification, the system equipped with CO,

recovery facility between SOFC and combuster is better. In case of using CQ» recirculation type oxygen-blown

coal gasification proposed by CRIEPI, the system with MCFC is better. The detailed analysis of thermal

efficiency shows that more than 45% (net, HHV) thermal efficiency is possible for both systems with recovering

CO;. In addition, we summarnized the challenges to improve the thermal efficiency calculation and the measures

to improve efficiency.

Key words: Power generation plant, IGCC, Fuel Cell, Thermal Efficiency
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Table 1 IGFC with CCS systems considered in this study

Grp. | No gzsa‘nﬁfl; refo?éry EXP| Fuel Cell refoi’;ry Combustor | GT| HRSG |CO, recovery
1 . Oxy-combustion| GT | HRSG
2 . pressurized Air-combustion | GT | HRSG
3 pressurized Oxy-combustion HRSG
@ 4 EXP . Alr-combustion HRSG
5 atmospheric atmospheric Oxy-combustion HRSG
6 Air-combustion HRSG
7 . Oxy-combustion| GT | HRSG
pressurized [— -
8 pressurized Air-combustion | GT | HRSG
@ 9 02 blown gasifier Oxy-combustion HRSG
10 + . | Air-combustion HRSG
11 | Wet gas cleanup ) atmospheric Oxy-combustion HRSG
12 system EXP| atmospheric Air-combustion HRSG
13 . Oxy-combustion| GT | HRSG | Cond. Sep.
14 pressurized Air-combustion | GT | HRSG | Chem. Abs.
® 15 EXP | atmospheric Oxy-combustion HRSG | Cond. Sep.
16 Air-combustion HRSG | Chem. Abs.
19 i 7 =R+ Oxy-combustion| GT | HRSG | Cond. Sep.
® 20 pressurized A9 )0F R | Air-combustion | GT | HRSG | Chem. Abs.
21 |5 CO, [ Oxy-combustion HRSG | Cond. Sep.
2 EXE | atmospheric | g 1 combustion |,/ \| HRSG | Chem. Abs.
17 [CO2 recirculating pressurized Oxy-combustion| GT | HRSG | Cond. Sep.
N ART %;Zifga; deanup EXP | atmospheric Oxy-combustion| GT| HRSG | Cond. Sep,
R1 [O2 blown gasifier Air-combustion | GT } HRSG
® R3 \-I?\:’et gas cleanup pressurized Air-combustion | GT | HRSG ><

( EXP : Fuel gas expander. GT : Gas turbine. HRSG : Heat recovery steam generator)
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Table 2 Properties of Coal

Composition
C 63.28 wt%
H 4.08 wi%
0 17.07 wit%
N 0.82 wi%
S 0.02 wt%
Ash 3.68 wit%
Moisture 11.05 Wit
Higher heating value (HHV) 24.37 Gt
Lower heating value (LHV) 23.19 Gli
Flow rate 103.4 t’h
Total HHV T00 MW
CO; generation 239.76 t/h
Table 3 Calculation conditions
Ambient air temperature 288.15 K
relative hurnidity 60.0 %
Atmospheric pressure 0.1013 MPa
Condenser vacuum 722 mmHg
Mechanical efficiency 990 %
Generator efficiency 985 %
Coal gasifier
02 ratio 0.42
Overall carbon conversion 100 %
Radiation losses 04 %
ASU(Air Separation Unit)
Adiabatic efficiencies
Air compressor 87.0 %
N2/CO2 compressor 87.9 %
02 Compressor 863 %
Intercooler outlet temperature | 298.15 K

Table 4 Heat balance of gasification facilities

@-8 @-17
Input Energy Flow
Total HHYV of coal MW | 700 700
Sensible heat flux
Coal MW | 0.57 0.57
N,/ CO; MW | 1.12 1.44
Oy MW | 2.06 2.06
Sub total MW | 70375 | 704.07
Output Energy Flow
Syngas
Sensible and latent heat MW | 40.09 46.04
Heating value MW | 538.71 | 538.33
Radiation loss MW | 2.81 2.81
Slag loss MW | 2.11 2.1
Recovered heat @SGC MW | 12002 [ 114.77
Sub total MW | 703.75 | 704.07
Cold gas efficiency 76.96% | 76.90%
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Fig.2 Gas cleanup system
Table 5 Purified gas composition
Unit @-8 @-17
CO mol/s 1289.15 1389.50
CO, mol/s 203.34 424.51
H; mol/s 542.29 441.94
H,O mol/s 7.80 7.48
CH, mol/s 20.77 2077
H,S mol/s - -
COS | mol/s - -

N, mol/s 340.57 19.36
Ar mol/s 25.87 25.55
&&t | mols 2429.79 2329.10

Table 6 Heat balance of gas cleanup facilities

Unit | @-8 | @-17
Heat input @ heater MW 3.305 3.429
Heat Removed @ cooler MW | 14341 | 15624
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Table 7 Calculation cases

System @-8SOFC) | @-17(MCFC)
Case B C E D F
FC operating pressure 3.0/ 16.0| 16.0| 160 220
Fuel utilizetion ratio 80%)| 80%] 60%| 80%| 70%
Oxygen utilizetion ratio | 30%| 30%| 30%| 80%| 70%
0,70, @cathod inlet - - - 20 2.0
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Table 8 Calculation results

System (@)-8(SOFC) @-17(MCFC)
Case B C E D F
Output power, MW
Fuel Cell, AC 228.58 234.08 177.25 272,55 245.61
Gas turbine and fuel gas expander 62.37 4848 93.95 90.54 114.63
Steam turbines 106.38 116.59 116.59 126.52 120.7
N2 Expander 0 0 0 3.9 8.9
Gross power output 397.33 399.16 387.83 498.5 489.83
Gross thermal efficiency, HHV 0.5676 0.5702 0.554 0.7121 0.6998
Plant consumption, MW
ASU 37.58 37.58 37.58 78.52 78.52
Cathod recycling gas blower 9.7 24.28 16.32 37.73 20.56
Fuel gas blower 0.38 0.5 0.7 0 0
Pumps 2.4 2.72 2.4 2.59 246
€0, Compression 19.64 19.64 17.17 48.21 536
CO, Recovery 0.2 0.2 0.18 0 0
Others 2 2 2 2 2
Sub total 71.92 86.92 76.35 169.05 157.13
Net power output 32541 312.24 311.48 329,43 332.7
Net thermal efficiency, HHV 0.4649 0.4461 0.445 0.4706 0.4753
CO; recovery ratio 0.8843 0.8843 0.773 1.0 1.0
CO; production rate, kg-CO»/kWh 0.0852 0.0888 0.1747 0 0
536 °C
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127.1 ¢
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Simulation and Exergy Analysis of Solid Oxide Fuel Cell-Micro Gas Turbine
Hybrid System Utilizing Biosyngas

Suranat WONGCHANAPAI, Hiroshi IWAI, Motohiro SAITO and *Hideo YOSHIDA (Kyoto Univ.)

ABSTRACT

In pursuing of green power energy generation, fuel cell energy generation systems are one of the most
promising applications for biomass utilization. In particular, the capability of utilizing a wide spectrum of fuels
(natural gas, coal gas, landfill gas and biosyngas), makes high temperature solid oxide fuel cells (SOFC) the
most suitable candidate for utilizing biomass as energy source, This paper presents a mathematical model
developed in order to simulate 300kW-class biosyngas based SOFC-MGT (micro gas turbine} hybrid system.
This study consists of two parts. The first part focuses on the development of one-dimensional simulation model
for the co-flow and counter-flow types of direct internal reforming planar SOFC. In the second part, the
developed one-dimensional medel is applied to a SOFC-MGT hybrid system fuelled by biosyngas. Energy and
exergy analysis of SOFC-MGT hybrid system are performed based on three typical biosyngas compositions: air-,
oxygen- and steam-blown gasification processes.
Key words: Micro gas turbine, Solid oxide fuel cell, Hybrid system, Biosyngas, Exergy analysis
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Table | Inlet Molar Fraction of Biosyngas and Air

Species Fuel (Steam-blown)  Air
CH, 0.10 0
Co 0.25 0
€O, 0.26 0
H, 0.40 0
0, 0 0.21
N, 0.05 0.79

LHV (/kg) 12624

Table 2 Inlet Condition of SOFC

Fuel inlet pressure 5 bar
Air inlet pressure 5 bar
Fuel inlet temperature 1073K
Air inlet temperature 1073 K
Fuel utilization rate 0.8
S/C 2.5
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Table3 Operating Parameter for SOFC-MGT Hybrid System

Electrical output (kW) 300-350
Biosyngas pressure available(bar) 3
Air inlet temperature (K} 298
Steam carbon ratio {-) 2.-25
Anode gas recycle ratio (-) 0.7-0.9
Turbine inlet temperature (K} 1273-1473
Fuel pre-heater temperature effectiveness (%) 10~30
Recuperator temperature effectiveness (o) 75
Compressor adiabatic efficiency (%) 75
Turbine adiabatic efficiency (%) 30
Turbine mechanical efficiency (%) 90
Fuel feeder adiabatic efficiency (%) 75
Fuel purnp adiabatic efficiency (%o} 75
SOFC pressure drop (Air side) (%) 2
SOFC pressure drop (Fuel side) (%) 2
Recuperator pressure drop (Air side) (%) 4
Recuperator pressure drop (Gas side) (%) 2
Combustor pressure drop (Air side) (%) 2
Mixer pressure drop (%0) 2
Separator pressure drop (%) 2
Inverter efficiency (%o} 95
Generator efficiency (%) 95

Table 4 BioSyngas Compositions

Composition Bl B2 B3

{mole frac.) (Steam-blown)  (Oxygen-blown)  (Air-blown)
CH, 10 10 5
H; 40 40 20
CoO 25 10 20
CO; 20 35 5
Ny 5 5 50
LHV [kJ/kg] 12624 9329 2200
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Fig.6 Power Output by SOFC ang MGT
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Development of Super-critical CO, Closed Cycle Gas Turbine
— 4th Report: Results of Power Generation Experiments in Bench Scale Test Facility —

*Hiroshi HASUIKE, Kiichiro OGAWA(IAE), Motoaki UTAMURA(Tokyo Tech),
Takashi YAMAMOTO and Toshihiko FUKUSHIMA(TED)

ABSTRACT

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

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

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

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

much smaller than the designed specification of the test plant. The main reason of small generated power was

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

presence of leak flow from the compressor outlet to the turbine inlet through the inside of generator.

Key words: Gas Turbine, Carbon Dioxide, Supercritical, Power Generation, Demonstration
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Table 1 Design Specifications of CO, Loop

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

Item Specification
MCHEL Temp. efficiency ‘ 0.98 ‘
Heat exchange capacity 153kW (2 units
MCHE? Temp. efficiency - 0.98 .
Heat exchange capacity 26kW X 1 unit
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Cycle Analysis of Propulsion for SSBJ
* Isamu NEMOTO

ABSTRACT
When core duct exit area right downsiream of a low-pressure turbine is changed by moving a tail cone back and forth, the

low-pressure turbine expansion ratio changes and bypass ratio thereby changes. Operability of engine was analyzed

based on cycle calculation for the purpose of fundamentally clarifying the physical mechanism of why a low-pressure

turbine expansion ratio changes by changing core duct exit area. The result discovered that kinetic energy of working gas in

core duct is converted to turbine work through momentum change. The following advantages on the cycle were obtained by

using this simple variable mechanism for small-size engine for SSBJ.

1) Expansion of core duct exit area can increase fan speed and thrust without increasing fuel.

Therefore, thrust loss

generated by noise-reduction device at take-off can be recovered.

2) Fan over-speed can be prevented by narrowing core duct exit area when increasing thrust with higher fuel flow and

higher overall pressure ratio at transonic climb. Therefore, it is possible to obtain large thrust that enables supersonic

flight.

Keyword: SSBJ, Variable Cycle, Noise-reduction, Operability.

1. [FL&HIC

EVHE, MEEELIYRIIMENTHED . KRR
SST (RBEHEmE) ORBARRARIMEFL D
Koo THEEFELY YV ARA Y o v Ml (S8SBJ Super
Sonic Business Jet) @A, BAEZR L U HBECET
EHHR TS,

=T ARIZEA L, HRAOHEHROBERESSHS 0
FERTRECH 3BT AL FEMTEHOTE Nz 6,
0008 (926 0 ILETHEWS FREFHH.
FEpk2 241 27 3 1 B, @), ok T e
EFXZHE0I, RE - REFEEOESHERESR L
BiE - BAEMEIE T H DR SST OEEHSIC LA
ZEEOD DML AT LORENBFEIND,

LA LRBESST ik, A S BEHENR SN
THY, LOREEEO LA E SSBS %/ 8 88T
AIRE ST (T SEEE TR T B FTHEME B,

SSBJ RHEEL, BEROU 27 ZET A0, KA
OERMT v OB B OFHE T, SRt AZ BT
HENTHH Y,

FHBEE, B A A F— R 7 P ds
+$ 2t (BPR: Bypass ratio) 35 s Ao T
Bk L, BRI BPR & &) T Lt L A

BRENEERE (s f o specific fuel consumption) % 53
LT, 23X P=dar o AAVTONRESTEAMCLS
HHERTH ., SEBETREARET ViR
T EFRHT BPR #EHEHFBBL T, BEFHERTE
HERICT B ETA 2 A2 TREHLE VO THD,

2. FAEHA VI LT DOEE

2.1 ®&x5E

EEEHD T AR—7 FRIZ L BT T4 - FIF
EC, BT R EST LA MR O RITR A b BT
HE8SBIIcE T, FHEEEOBRIL Y —BEELR
EThd, TP r0REERLET A RCL2ERER
oz b LR &AL A - Hicid, KA SST H—
VRN TARTESECLY, YR ED
BPR 2#Z{LS 22 0ERSE, ZOL2HBRNCES
VCE (Variable cycle engine) D#E2R % Fig. 1 1057,

Robe M:xer: ]

Fig. 1 Engine Concept

—203-



DT LY ATERY TIRER L VCE OEES —
alEHE (LPTVG : Low Pressure Turbine Variable
Geometries) 0 RESEOBE2H 7LD Th
D, BEFERRITEARICT O ELEHEE2ds—1
YARRE (TIT) AR R 5@ FdAE T 0 0Tt
LPT AIEHRERGAHTAILERD Y T mET Cildfs
HOAEAELEL7m00EBLE LYV, Aoy
IO L I ERnFEgEE 5 LPTVG 2B L. b
DIZE YIREDEY LPT HAMERd 57— a—u
TC #aiEIZH LALABRIZLT, a7 47 hHOEE
Arc #EAMESETBPR A ELT S BTV rmE
DFFERATE#EE LEbDOTH S,

LTI DL P OIEARELL, BElRE: TCoO
RIEBENZ L - TiTioh 5%, M Arc DIBBUC L 9 KT
F—tr (LPD) DI ¥ LVETENEDY B
BT 20 T7r» (FAN) BEHEIAELT S, Z0kn
ZrryoarTiiofinEg Rl EDL D0 TIERE

(HPC) A B DM RAEREDEITER U THBHREICKHT
DA A EREIED L S VHPC AN EREE 5%
#E (CVSV : Compressor Variable Stator Vane) # 7
DUERED, @, TC BHhOBIHL, Mholfii:s
HEHRDRETHD,

2.2 #£HEREE

HrrrE, BAmES Y 0ERTESFEY. BB
M7 A —F mass flux parameter (MFP) & LT,
# (1) TERTEHY,

i fCp - T
MFP(xc, M) E%_

K M

=4x_r(

--{1)

x+1
k-1

1+ X 22 |
2

LPT ARl a7 &7 MIRDENBLGEREDL %,
MFP 2R T T L HERFANLA (2) 255,

‘DS/P‘TC _A7c MFP(M‘}'c)

[T./T, A4, MFP(M,)

LPT #Fa—Z LT\WA L& A, MFP M;) —E
MR (2) OED Py /P, To T cbt, a7 57
FEA D~ v B M, S ETEE A, o A DB L A5,

BERBE—ETaryy VT HOEE A, 2 L5 &
AT ET PR v B M, HET, MFP (M, o) 72
B4, BEL A, A OBROBEDENKE
LR (2) oEENE®RYT S, BRLEP, P, LR
FTHUTREROWEH T, /T, . bEHT 55, HEUITEH
BTHHEH, STOBNOBEGHREL k5,

MBI BT, 2 FAEOEL, FOM

I AN AASLETHIET S, TC OBBIZL- T
TE7 FHOEE A, EETH L, (EBIT 25 LPT
o pE—fitsE dh LPT Dexr Z BT EMN
WTo<, LPTHABLERET5,

LPTEFOa7 &7 MEREA, 5L ok H
(2 LPT HEDETHAMALI, LPT OS8R 15, £
-TA VCE £ TC DRTEBENCILY 7 7 Bl L
BPR B2 95,

2. 3 BRfFeIEHie & DB

HYPR (EEE#EBAHES27L) OF—FRT
DA EEME AR Tig. 29940, T 7 vEittw o TR
Fig. 3 12, [Efgtlrit~ » 7% Fig. 4 {ZRT°%, Fig. 3.
Fig. 4 2BV T No 1 [TBEHERE T LPTVG %2 - f1EB
&.No.1-1 28RS © LPT-VG 2BV EBETH 5,

BVABL (RH AR A AR BT S

35
&32.5
:
b
15
w 0
A S ..
R T ]
EEER (%)
Fig. 3 HYPR 7 7 - FtE= »
;
5
5
=
&4
3
?

{ NI —
R O¥ 4 0% % B OK % B D
KRR ()

Fig . 4 HYPR EfFE~v 7

—204-



No2 i<, 0. 95 OIMEEEHE, No.ditv v
2. 5iH. Nodid~un3RREAOEISSTHS,
2.3.1 LPT-VG £AZa 74y FHOEHEOEL

LPT'VG Y ER A, & A&+ 5 2 Lo, fiE
2 HPT & LPT Ot BEGAEZ DO L, %
LPT & LPTHEOTFAF RO 42 EZ D8 THD,

LPT-VG D&, & (2) @77 PHROEEA,
BETAZROIZLITRD, THE A, EHRITEE
LBk LPT B8Rl (ZoipEE P, Py B ERT A,
BEL, aFHEESRLTHDOT, Fig. 4 @ No.l IS
A L9 HPC EESEEAMET L. Fig. 3 4 Nol iZm
Sha L2777y RErE, B L 2B ah 5
O TBPRM LET A,

—F, AL VLT, IETRALE L S, B
HE—FETaFF7 MEH A, FRE+T 2L b.
T BRI TELADT, aTHEREL ST
I (AT 77 HEBFHELT. BPREZLEFSEE
B TEDL (Fig. 6 DiEBE 1 — 128,

2. 3.2 RVABl LHZFaF7HY FHOBAODRL

R-VABI (WE 7 7 2o 232 2P = 7 % —) 1,
Fig. 214 80<, 7 7 2 PR b fgiEm ¢
b, ZEWEF T —F - ORHEL LT, £FEE
AR5 L& HPT (2%t 5 LPT O F o i)
D, T TRVABL R & (A, 538, 7
7, Fig. 3 0 No2 iREh A X HIEAR (P,
P AMET L, EEREA#T 2 ESRICBET 5,

IOz X ABERE. BEEEEHENI1 0 0%iE
BHEL, A7 BT AEL—VERE RS
5, 2% ¥ R-VABI i3 LPT & — & - Z8 A7 Al
e TR, TroFERELSR T 7 L
ATHROBECEBTABEORELE LT AL 5 HM
THEIETH S,

TSR L LPTEFOa7H# 7 MNEE A, OE
fuit. LPT 2% LIEA DM TH D EL Po P, e
FHEREED, LA, #ET5E, RVABI @& L
Bipw 7y oREEEENEF L, o P URERET L
WTEAB,

2.3.3 g@Ha—LTCIZ2T

AEf g e b V ERIREO Jumo004
BEIZHW BT, BL, Jumol04 (35 —7F 7 7 T
R4 —FR Yy FTHD, FOAEH R 2— 11
& EESOEELEFE 2 BPR # B4 25T
vy, Jumo004 O 1R A Fig. 5% (RT,

Z OFEHEE = — I RATP O S 2 HIE T A B,
TIT # —FiZR AT, ITRENEZLOTHE,

FROAE A — IR, AT a7 ¥ b
HiZEEL, “hEmMgcBDHra izl BEZ
OOEOEEEEL S, R AR E =T

MNOBREFOHELTEL R, Btk oF
Bo—r TC LS o — o LITEiT Lo BEA £<
Bz 5,

=k 2 =R

GRELR 1w wan

¥ S

4

~,
ey 1" E
kR T T ¥l I =

Gt J X

3 E B

Ry B

Fig. 5 Jumo004 = 1 <7 R

3. HA I HREOER

YA 2 AFBEIZRAWET 7 Ee v 7R Fig 612,
HPC #~ o« 7% Fig 77T, A 3 EEO0L
DTENERO~ » 7 T2, EROBEERRI®O
o HEE R EOBERO I BICEEEL (OPR:
overall pressure ratio) Wb LB e->THEY, Fio
EEEHE# (LPC) LiELRTha, LrLIhbow
y TRF—FRAFTER, FAFRO 62T BPR
BPOETOHEGEE CHLINE2T Y MDEHE
DFATNLEDAY » PEBALNBITSZEILHLDT,
ERIZH 6T ESPR 2BE(IH A I ARFA—F—D
BAERE L. > TE5OEEPSTIX Lapse Rate © (1

35

Pressure Ratio

50

01 0z 03 Q4 05 06 07 08 Li3] 1 11 12
Gorrected Airflow (%)
Fig. 6 Fan operation

=

Pressure Ratio

ER R * R S s

a2 04 08 08 1 32
Gorrected Airflow(%)

Fig. 7 HPC operation

-205-



ZEHES) (M LEGEHESD) | RAEEE L FOFRALS
Tare LILEE L Chizin,

Blicdsv T, 1 hkmgRems (RREEE). 1 — | raptREryc
a7y FHOWEA, RV RS,
9SDOEEE, 2 - 1IIETE LR TEMEA, FK-ok
B (22— 1IXAATHET)., 3idwy 1. 8
DBEFEHOEES S THD,

3.1 ERFREHTOI LUt

Fig.6 . Fig. 7iZR LB &ECBT Az V04

REAE LIDRT,

2= v 0.

2, #oT R-VABI BT 77 »EALE T2
HYPR 7{F&h4 (Fig. 3 » NO.2) Li~5 L LPT RS
BREL goldy, 7 rEALREL RS,
BEFLR2-21F, FOBERELILDLVVIUORE
FHEL, A0k EEDEESTHD, BEHELE
MLT HPC EAthE s, AR T8, T0FFT
FERT 7 VEEREENER LTLEIOT, A, Ef&Y
LPTEEDETEMI T, 77 »rnBEEzEEE <,
BERSH 3 TR, TIT BEmEEL Y, BEY 1
FAOEBEERLTLES BPR Mz 3k, 22T
LA EED, Ty oIREERE 1 00%IED,
3. 2 A, . OFTIZE IR

a7 X7 VHOEE A, OHEBICE 0 2 00%HRS
Behd, TORREEZIORT,

Table. 2 TV fERED A L

IHH BiffE BEHE
IV R 7.83%1 6.0%14

2T HRE 2.41%38 10.97%14

BPR 0.117 % fvME | 0.108 & {/}HEK

EhH 5.837%348 18.826%:
Vv MEE 11.1m/s ¥ 46.79m/s t

s fc 4.33%3; 1.78%1

Table. 1 = 3% f4fE
5[ 1 1-1 2 2-1 3
FRATE B 0 0 10km | 10km | 16km
= v B 4] 0 0.95 | 0.95 1.8
#H 436 | 462 | 135 | 16.0 | 11.79
sfc 0.785 | 0.742 | 1.017 | 1.035 | 1.275
TR 70 | 75.48 | 34.74 | 36.82 | 29.21
aT7HE | 31.82 | 3259 | 1443 | 16.02 | 12.54
BFR 1.2 1.32 | 141 | 1.30 | 1.33
TIT 1721 | 1701 | 1529 | 1637 | 1923
OPR 2025 | 2061 | 185 | 21.28 | 15.39
Vi 633.9 | 622.8 | 686.3 | 733.1 | 949.7
#EHREE | 0971 | 0.971 | 0.389 | 0.470 | 0.426
ArcHA7C)des 1 1.285 | 1.036 | 0.976 | 0.912

A KN, g : kg s. BE K

Fot, BEREFRCERE A 1 M BERA L — 1 ICBESY
BLESEIZ OV TH LTS, 20805,
BERE—T, £/~ HPT & LPT HF s — 7 HREicbh 3,

aFHy FEOEE A, E2BE LPT &z o 0p
BETExH LERILE TS L LPT @m0 —054
FTOTT7 7 oREERE R LYo lmENEnt 5,
LPT EE#HB EXR - bic ko 7y o 7AHA
FHnELY, HPC AN Tk a7 im&me. EH P, &
ET, 4L, HPCIZ, L 9BVWEEOLIEL D
MENTEIUATe, £ > THPCIEERE=E T b« TH A,
BElmE—FE. HPT. LPT ¢ &5 3 — 7 AEMLEH
HPT OftE a3, HLWEUIENEHEAIE. A,
ELFABEBNIEA T, i TR Y, HPT 220 Ed$d4
fblsvs, TZT7 7 roa7flii HPC ~HExiRL
Al WENLRE LRSS, %Y BPR P AN
BB END Z &I D, BRL LTHENRLAEL,
s f cidEREIN, Yoy MEELREDTD (RHEIZER
ZEZELTWARWEOEERERITER I Y EW),

EBETHEH 2 R, Ty o EEREEE 10
0 %IZHERFT 2728 A, B ERIEWT LPT W &%

FTE 1 ODRIIBEREEC, a7 ¥ 7 MHOEEA, .
RERHAONL. 29T L 2P0 HENT.
8%. ITWEN2. 4%EML, BPREE - TH D
M5, 8%, s fchd. 3%BERTT D, KoTER
FRE LT 3 R EAHERERERH D Z LR TE B,
Vv MNEFEH LOMERE., BEHEE 1%V 2
v MEHBEDORTHY, ESPR (BREFESTIKH
BEFEATL) OZOBEEX4dBTHE, E-T
ZOEBEAER CEIUE, AP T, #EAN
DEGES, 837L4d4dBOHE. 23. 35dB%w#R
HEHOTHB LS IEE CED LIRS,

FE2OPDRITORELEWTIODENEHRTH D,
BETEMWITEC TIT 50 OPR 2 LR &8 T, R
A, EREREAEDCHO. 9 8%IENIE-TT 7 184
EERSEOEREPHN1 1 0% ICMLA L, = THED
EmMOFR= -V - REOEMOES L0 KE L, BPR
DTR2EEMRIC, #HIE18. 8%ERTD, fitoT
FEHEBL OEENET 7 ==l L TR T E
HOT, BEARBIIEEIRS,

4. BRW
4. 1 BEOBE—E L LPT RIS
TVVLMEBTTaTEy VHAOKERE 77 8

—206—



AHRERET A, aTROETEp 212 AlD
BT p ;i3 L < Rdhids binny,

P,
Py =Pig =Py = 1 Lime
K, — 2
1+-—= M
( 2 7 j
P
= 6 — e (3)
K 1 ) 1/mt
| ! M
( 2 J
2 P mec
M?B = [_2J 1L e (4)
Ke —1IUp,

mt
M= 2 & -1
x, —1 [\ p,

LITm= (k—1) k. xiZlL#ibk,
A7 FT FHAEE A, Lo AT NETE A,
oI (8) THEALAD,
BPR

(pVA),p = m(pVA)TC &9

4,5 _ BPR M, | Kby
Ay 1+ f Mo kot

a7 &£y PHOEE A, & LPT EREOEEL2 =T
L (2) & EEDK (68) ZFERIZHSFEATIE,
TFE AL AR EE LUNRETRS L, R LPT
FE A ELSEDH LB TED,

M&HAESFTCIZ LA 27 H 7 FHOmMEA, (OTE
H&12 HYPR @ LPT-VG & R-VABI 2 #Fidtii
BEEL->TWAERZ D,

4. 2 B9 ERDS LPTEEAOI ALY

HFA 7 NHERRIE, AUy LPT DEShE
(operability) #HEiF+ 57z, BifERFIZBH S 1 L
1—10LPT AOon (=P fr@, 5, 6, 7C)
OAREERFHE Uz, . BRE 1 GREtS) ik LPT i
A6 ra7HFy PHAOTC OmMBAERSLWE L=, 5HE
B A Table. 3 (24,

BT Lz, LPT 0O 6 OmEO8G~ ~ 03
2L, BOEEBITEALBECREY, 2FN1E1—
L DFFELEOBNZT S FPRTELTHWS, a7 4
7 MEOERE A, FETF3E (1—1), EBRHEN
B LT, ar7&r CACEBIT AIEREET S, X
S TEEH A OBEAET L, BEiT ¥ — RS E
OELEBLTLPTBACERENS,

Table. 3 RfER T LPT A QW B OREEZ L

HE BEfE 1 HERE1 — 1
T, 1409.26 1392.8
t g 1209.67 1195.54
P, 803.11 817.10
P 433.97 441.53
Te 1200.66 1160.50
te 1085.98 1049.66
Ps 389.28 381.65
Ps 259.74 261.33
Ps/P, 2.06 2.09
Me 0.8 0.8
T7c 1154.65
tc 1020.22
Prc 349.23
brc 277.08
Pe/Prc 1 1.12
PP, 2.063 2.34
Ah 7.35kJ 8.20kdJ
M.c 0.8 0.568

—RRITHE KRS (F 7 a—F—) 1. BERTHEA
AELE D, N (2) T A, BRETFELAREITT R L
FOER CIEE D DEORNESERE I E2RLT
Wh, ZAUINHE= TS FAERLE LAERETEARNT
LEBHRLTWVWA, MEOETFAF—-2ERTIHE

CRER (7)) ITRT

pDlh+V?12) &
Dt o

X (7 BoEEORR, o CEDOEER, HEE

RERE. R Lo ToLaELLEBS, EERIT
3/ 3t=0707T, BFCZFALF¥—2MA-, FHin
POEFNF-EBEHT I LRTESRY, AKX
(7) i/, F—ErDLICHEFEO A F—2RET
. B GEBETDE) # Tl bianz L in
LTEY, Table. 3 #ES LT W5, 27 F 7 FRDHE
NAEERE /20, HIELAESE, LT 7 a—¥—iz
RAECIILPTAFa—27 LTWRWEETHS,

Fig. 8 o BEER O & — 2 BT, R oE
HEr I {RLTW5S, P, Piil k1 —1TEN
C(HFELLTFa—7RB), 2757 FHO 70 Tl
R FKELZH2THEOE1 - 170 THD,

Elfsd 2 & — R L o = 3-8 —25 80T, FEE
FmEAE L TORTHOhS LW 2 RERZ, Fig 8§14
BLTWHA,

—207-



ORI, AoDokERL, 77
L LPT B0 —RS 2 L TEES, ErTH—
EoFa—2RETZ MBI - THRREREBEHE ST L.
ATHEERE—EDLF — - FEXRET 5,

Fig, 9 \0ITBEHE EREFO ¥ — VU HIER 2R T, B
EETOMIEMT., HETRBOERIZEZLOT
b, ZORFOTEITH Y MHAEEOEEL. &
BOX T 7 EEREEORE 2 LREFHC L ECH B,

HPT PR

P5/P7C

e 2 e,
%
=
o
-

"o 05 1 15 2 25 3 35 4 45

Corrected flow
Fig. 8 Turbine operation at Take-off

o
o
=
o,
il
[ dermsrravatasssancaanana MR SRR
[N
—
a
-

1

¢ 05 1 i5 2 25 3 35 4 45
Corrected flow

Fig. 9 Turbine operation at transonic

Table 3 225X (8) OREE(EBCLARIER &
Fg L, Table 4 725, Table 4 M HEBA, & ET
DERBEINE ALY (1—1), A, FHH5 L EE
ERE< D (2—1) ZEHha9h5,

f.—t
R=2_7¢ ..., (8)
Ts - T‘?C
Table.4 LPT OKEHE
THH 1 1—1 2 2—1
R 0.593 0.442 0.577 0.695

SHOFRLE LT EHERRO2T 7 FVASGHE,
LPT #EBNEASHOBESL, TEEERENI“HY
NWEELZTHA,

5. BbYlz
BRI A R — R T 7 O BRI SSBI A
T E LT, BMRBETHATHT -2 =2
SHLPTETOa7 2 FHAmHEYFIZEICT 5 VCE
DAFEME AT LTz, #ORE. PR SSTHEO
YaETIMRBBIENSh T,
LPTHEDHIEK LV LPT 2 Fx A X2 L Ew3B L,
1) RBERERFIZBVT, BEIEEILT 1 A TEL LN
BREM IO, a7HERZELEETLL,
LPT HAZHEEE . P MERZENTE SO T,
HRRELROTHERENLEROB LB TED,
2) BEELR, BLUHEET R T, o7 RERH
Ly, TIT # FRESE OPR 2&»iui=7
TR, AN T, LPTOHAZHEL
77 o OWEEREE T, SEAEBL I ERT
25 (IhRTey 881, §EFTI2 CDT
WHO LB ETHES),

B E X H

1) |ZABR &7 — 24 SSBI OE&ER T OWT, F
RSO AT TR 2, JAXA-RR-05-045,pp.7.

2) BAE | ERTETEEERO ZRI b -1 2
AIREY, B3I BEB AR Y —ELRAEMHEES
(f85) MFEERTE (2010.10) pp.266.

3) BHLFE, EEMR . Hrx—vrxrviy, A
E/5, pp.14.

4) Wn{Ef, AEME . HYPR 7o v =7 OHE,
AT R — e rEa5E, Vol.28, No.1 (2000) pp.4.
5) PrafE— . 2 qd 2w RS Iz O RE
BORRK, BERFT R F — v 225, Vol20,

No.77(1992)pp.42.

6) FFE B EFbhWY ey b VoL,
BB, pp.52.

7) FHE Vv b DDA, R, pp.66.

8) JL.rATay s Vxw bV EREA
RS, pp182.

—208 -



EIEBAFHRE2—ELZETFTHERSE (BA) BEEXE 2011.7

[BFEHE]

CCSHEEZMES

C-5

XYL E—ECDOERKEHDRKRE

Y HA (B

Study on the Main Steam Pressure of Modified Oxygen-blow Rankine-cycle
Turbine (MORIT) for CCS

*Hideto Moritsuka (CRIEPI)

ABSTRACT

We are facing the global warming. The main green house effect gas is carbon dioxide from fossil power

generating stations. In addition, in the cause of the nuclear power station accident, we must burn more natural

gas and coal instead of nuclear energy. A lot of carbon dioxide will be exhausted. Using the chemical absorption

or the oxygen and coal fired furnace, the studies to recover CO, of flue gas of coal-fired power stations and to
separate recovered CO, under deep land (Carbon Capture and Separation/CCS) have been developed. But it will
be difficult to achieve CCS economically. In order to achieve economical CCS, it will be necessary to develop

the new power generating system.

Last year, the Author proposed the Modified Oxygen-blow Rankine-cycle turbine (MORIT). Fuel
is combusted with oxygen, heat exchange from the exhaust gas and high concentration CO; will be
gain. The heat and mass balance calculation with biomass derived fuel (BDF) secondary product (glycerol). I the

paper, using natural gas as fuel, the Author calculate the heat and mass balance changing mail steam pressure

66-125 kg/cm’.

Key words: CCS, Oxygen-blow, Turbine, Rankine-cycle
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D AT LERAETT, WEIT s 3K, #1iCBWEREELTT,

; Bh R IR RELEEN N A 0. 22kW/ ke, & LT, BE
it ) 260MW, REEEIRENIER 43. 9%, FTPEE 13. 1%,
EEIRTFE IR WL AT,

fis s
Fig.1 System Diagram of the Modified Oxygen-blow
Rankine-cvcle turbine {MORIT)

3. EBEEMMES :,;f.y-y-,r 558 —E Ot Fig.3-1 Heat and Mass Balance of the Modified

BINEHE Oxygen-blow Rankine-cycle Turbine (MORIT)
3.1 MEEH F
HAY— o E—BHBRIREARL L, S— 900D
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HAE— BB AR A F ik —RiBE., KR obly iy L
7a. BipRERS L UMEKERD LR &, HAEEA =z B’ RR s
ATHEN 2 Ok#RE. CO ) ITMFREGEY E 12 Fig.3-2 Heat Exchange Diagram on HRSG
~13%) & L7, -
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%o X 2-11C 64ke/c’ADH OBMVE I HHE Rankine-cycle Turbine (MORIT)
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Fig.4-1 Heat and Mass Balance of the Modified
Oxygen-blow Rankine-cycle Turbine (MORIT)
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Fig.4-2 Heat Exchange Diagram on HRSG
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Fig.5-1 Heat and Mass Balance of the Modified
Oxygen-blow Rankine-cycle Turbine (MORIT)
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Fig.5-2 Heat Exchange Diagram on HRSG
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Fig.6-1 Heat and Mass Balance of the Modified
Oxygen-blow Rankine-cycle Turbine (MORIT)
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Fig.6-2 Heat Exchange Diagram on HRSG
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Fig.7 Relationship between mail steam pressure

and thermal efficiency

Table. | Heat andMas Balancc of the Modlﬁed_ Oxvgen-blow Rankine-cy

PE, SENIRBLUZBRERET V32317
N - DOEBRRIEAR B IHEBESOEY
FrHELBELLN, - rHRoRMERD
&, HERCHAEE Lo TLEDLBL, E
FEARFTEL, EMRRE 2TV EHELZWLE
b b,

BEOHAZ—Y L LR, BREOBRERE
SR F A — B IS TR e,
FORDVICEREER Y — VB TW5S, K,

BILIRESF — VL OLAM S EBERE R T,

btz d a«&a%

PR T BT
L ﬁ%ﬁ

Fig.8 Conceptual Figure of the Modified
Oxygen-blow Rankine-cycle Turbine (MORIT)

REORMESRES VXL A7 NLHRE—E L
T, REHTAEZELE LT, K 90%DBEDCO,
BT ¢ & | B BLERN A E LIV ok E R
#1 A0%(EFESE S 100kg/cm’ADBE) TEIL T &
Zaﬁﬁ%tﬁ%ﬁ'/xTA-c&;é& bbb,
BEHECHESIIEREL AT AR CCSOBERY
frébﬂ—/\c’)@e;ﬁtl%rﬂ

cle Turbine (MORIT) at 64kg/cm’A

& 5 e
7 H 3 %wcoz FE5+002|3
a E(C) 395 395 1,650 970 97
K Hikeg/om2) 25 25 24.25 1.03 1.03
CH4(mol/s) 0 0 0 0 0
H2(mol/s) 0 0 0 0 0
CO(mol/s) 0 0 0 0 0
H20{(mol/s} 5,803 645 7,091 7,736 7,736
CO2(mol/s) 0 0 638 638 638
N2+Ar(mol/s) 0 ] 68 68 68
02(mol/s) . 0 0 13 13 13
FidB(kg/s) 10.2 43.2 1162 1045 11.6 158.2 169.8 169.8
BEEMW) 569 0 395 329 37 862 657 364
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Table 2 Heat and Mass Balance of the Modiﬁ

Oxygen-blow Rankine-cy

Tutbine (MORIT) at SOkg/cm

" H R FER |BRRBESR 7&?&002 'ERHOOZ FmECO2
w E(CC) 40 20 535 370 370 1,650 970 97
E Hikg/ecm2)| 3125 31.25 80 25 25 24.25 1.03 1.03
CH4(mol/s) 624 0 0 0 0 0 0 0
H2(mol/s) 0 0 0 0 0 0 0 0
CO{mol/s) 0 0 0 0 0 0 0 0
H20(mol/s) 11 0 6,196 5576 620 6,836 7,455 7,455
CO2(mol/s) 0 0 0 0 0 624 624 624
N2+Ar(mol/s) 0 66 0 0 0 66 66 66
02(mol/s) 0 1,260 0 0 0 12 12 12
FiElkg/s) 10 422 111.6 100.5 112 152.9 164 164
HEE(MW) 556 0 380 311 35 833 634 351

% .,? -i_‘.l 6 ’ 7
1" B 3 i,;i%ﬁ PEBRRES AHES BACO2EECO2 ER+C02
m E(°C) 40 20 540 355 355 1,650 970 97
E Hkg/om2)| 31.25 31,25 100 25 25 24.25 1.03 1.03
CH4(mol/s) 610 0 0 0 0 0 0 0
H2(mol/s) 0 0 0 0 0 0 0 0}
CO(mol/s) 0 0 0 0 0 0 0 0
H20(mol/s) 11 0 5974 5,376 597 6,607 7,204 7,204
CO2(mol/s) 0 0 0 0 0 610 610 610
N2+Ar{mol/s) 0 65 0 0 0 65 65 65
02(mol/s) 0 1,231 0 0 0 12 12 12
B (ke/s) 9.8 41.2 107.6 96.9 10.8 148.0 158.8 158.8
R =(MW) 543 0 366 295 33 805 613 339

Table. 4 Heat and Mass Balance of the Modiﬁed Oxvgen-blow Rankme—cvcle Turbme (MORIT) at 125kg/cm’A

E B 4 B 6 7 8
15 H I%ﬁ ‘I?*‘Iﬁ%ﬁ%m HEER %mﬂ:oz AR+CO2|ER+CO2
B E(CC) 550 330 330 1,650 970 97
£ Hikg/cm2) 125 25 25 24.25 1.03 1.03
CH4(mol/s) 0 0 0 0 0 0
H2(mol/s) 0 0 0 0 0 0
CO{mol/s) 0 0 0 0 0 0
H20(mol/s) 5863 5277 586 6,497 7,083 7,083
CO2(mol/s) 0 0 0 604 604 604
N2+Ar(mol/s) 0 0 0 64 64 64
02(mol/s) 0 0 0 12 12 12
JiE(kg/s) . . 105.6 95.1 10.6 1458 156.4 156.4
BEE(MW) 539 0 359 285 32 791 602 333
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Fig.9 Conceptual Figure of CCS using proposed Modified Oxygen-blow Rankine-cycle Turbine (MORIT)
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Numerical

Investigation on Lattice(Matrix) Cooling

*Katsuhiko ISHIDA(KHI)

ABSTRACT
CFD analysis was carried out to investigate flow structure and mechanism of heat transfer enhancement of

lattice cooling ducts. Two duct configuration which have different opening area ratio of turning area were

selected as subject. Results of CFD agreed qualitatively and quantitatively well with those of heat transfer

experiments. It was shown that cooling air tums through mainly through turning are when turning has enough

opening, while cooling air tums

through cross when turning has small opening area. For bath cases,

impingement and vortex flow was formed by transient flow from one to another side of duct.

Key words: Turbine, Internal Cooling, CFD, Lattice Cooling, Matrix Cooling,heat transfer
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Fig.1:Example of a blade cooling passage with lattice
cooling [2]
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Fig. 2:Flow structure of lattice cooling duct [1]
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Table 1 Model dimensions [mm/

ducti duct2
W 60.96 120
L 188.29 268
H 10.35 24
Wi 11.43 24
ti 3.81 8
Bldeg] 45 45
W 8.08 16.97
t 269 557
Dh 9.05 19.88
Ac/Ae 78% 71%
At/ Ae 29% 16%
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Studies on Cooling Performance of an Air-Cooled Turbine Vane Model Made of
CMC Material

*Ken-ichi FUNAZAKI{Iwate Univ.),

Yousuke KUNII(Aisin Seiki),

Yasufumi WATANABE

{Munetaka} and Yoji OKITA(IHI)

ABSTRACT

From environmental and economical viewpoints it is strongly demanded to reduce fuel consumption and
CO2 emission of aercengines. To achieve this goal, reductions of amount of cooling air for hot parts as well
as their weight are quite effective. In this sense, Ceramic Matrix Composite {CMC) can be a candidate
material for hot-section components of next generation aercengines hecause of its durability at the higher
temperature and lower density compared with conventional nickel-based super alloys. Apart from the
material itself, manufacturing vane and/or blade with cooling structure from CMC is a challenging task.

This study first attempts to create an air-cooled turbine airfoil with film and impingement cooling from
S81C/SiC-based CMC, then examines its aerodynamic and cooling performances through the cascade testing.

Key words: Turbine, Material, CMC, Cascade, Measurement, Cooling Efficiency
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Figure 13 Cooling efficiency distributions near L.E. on
the suction surface (top:RP Airfoil / bottom:CMC Airfoil)

—224-



w070 o Viewng Anms
-, 4837 +  Cooing Hede
W 0ae
jg 2
#5050

T Aried
Y N

zIB

Cunsmy Akl .

o

¢ Midspan
&
iawing Disgctiah -~

00 005 015 020 025 03¢ B35
wiCx

00 005 045 020 026 030 038
x/Cx

Figure 14 Cooling efficiency distributions near T.E. on
the pressure surface (top:RP Airfoil / bottom:CMC Airfail)

Suckon Surface

00 02 o4 nE 08 xiCx 1o

Figure 15 Suction surface cooling efficiency
distributions (top:RP Airfoil / bottom:CMC Airfoil)

Cooling Efficiency

Figure 16 Spanwisely averaged cooling efficiencies on
the suction surface

i Pressure Surface
b 8 RETT;

e 02 a4

oy

e

eky b2 oA

Figure 17 Pressure surface cocling efficiency
distributions (top:RP Airfoil / bottom:CMC Airfoil}

e RP
——CMC

ol
a
e

Conling Efficiency

Figure 18 Spanwisely averaged cooling efficiencies on
the pressure surface

3.6 E#EHTOANSHEGTEE
SEHEDFEME
X 19 oL 3B ER BMeER)) GREL, X
T, HBITEMREE (b, h) BEALRTNDE
DOETE TR 1 KaBMEE FRANOE, LA EED.
aT T, -7
g=-A——| =r(T-T,)= I T (3)

dy
#=0 R R Bt
ho Ak,

i, T ANLEHOBRIII I TIRERT S, R

P, R ICHRYT HmEEIEy BRATRETE L.

_L-T, 1
T,-T. L1+Bith/h

7 (4)

ZIT, Bi=hL/x (EAE). ICKERPELOEL
RBeAHoLThHEL LEETSE, ZREORBIHLT
HBESNESEHE (4, . n,) EABZET, U
TOE R b BEUh EWETHI LN TED.
14 By +h [ =Vn.. 1+ Big, +h [k =1/n,,
Biyp = Bigy, = h‘gL(l/)‘RP - 1/)\01140) = l/nfzp - l/nCMC

—-225-



, Ynge =Yoo ©
e L(l/ARP 1/ caic)

hfh, =Yne, —1-h LI\, (5)

RAEEOHHEE, WM (A, =2, )\,=0.2 [
=0.002) ZHW5 &,

h, =760, h [h =0.462

Teds, R &N, BAER TORMSERL ILKTER
ERBICOWTORILSHETYTS. 4B, RAFHED
REETORMEM: 2 Ba— FRALHEL, RiEd
AMEETIVAT S,

h =z
Nu, === = 0.0206 ke Pr'” (6)

A, Uz,
B = 0.0206 x e (T )08 prt
x

=78.0
ZOFERPL, 2BRYMIZROTEERL S FLT
By, )G OFYUEETL TS,

Twi

07

> Tc he y

Figure 19 1D model for the estimation of cooling
efficiency

EREL O

SEIOMFE TR/ LNIZFERN G, EEEETTO OMC
BOWRNELPTEMGT 5. MBS r AL T,
RE, EASEHFOMIZL 4 A XEBUCEY A A KE
CEAp-TWaA, & (6) BELEET, EHMA, HEm
DEMRFOZ A MR ROLICERS.

Nu =bRe" —h =b Re™
& g g g -9 g
Nu =bRe* — h =bRe*

SEoOERBIRBHICEEL - b oTEABER LR
eV, EL A SV A Re K 6.5X10°, Effin—F
FC #0045 ERELT, & B i A i D ER T
FHHOELT, TROLICEEEHTOHERNE
Do ETEET D (Re, / Re,, =Re,, / Re,,)

(M

nCMC‘r - ]/ 1+ hg,rLr ACMG + hg,r h‘
h’?f/h - h /hﬂ‘sf ’ h&‘,e/hc.e -hm/hc.'r =hg‘z/hc,e

%

h L h h L L Re L
gr_ T __ 7.8 & — a,r G
ACMC hge /\GMC Le Reg‘e L
_ (@) 6, T6x0002 1o
1.2 2 2

S Movenr / Terroe = 0.96

LAEORERG, EEEGTOGEADERIL, SEORE
FRSEHOPER CHRILBEDNEDN I6%TEE LIS
5. RELERECLSEE, B3B8 EEs5
LOO, FEBESTYH OMC B+ m it aE 4 E
LI LAHFEEND,

4
ARFFEIE, KA RS- mE—
FEER S~ O A A HREF S T B TR OMC 2 v T
fEEN T ¥ — v BT N OBFIEREM & EHT 5 -
LEAME LTIT- . GERRBROBRMLUTOEER

BT

L. CMC 3Bt RP Bz, BERHEEREZERW-£TO
ERTHEISEAT NI LRSI R 2D
T RP it ~SMeEEAE L, BEREHLD
HHOEELPE O THA.

2. OMCEOBET—F b HA B ORRIIRE
THB. TORKZH OMCEO A EARMRE LT
LEZBZLNDN, FEEEER L IBSICBRE
FEELUGHRMHPLELR D L EREL WS,

3. MCEE RPETOEFEHOBWNILVAENS
S ROERFAA LT, ESE TOGEBEL
HEL, ONCHHBOERMELRHERE L.

l]||}|

ARFTEIE, BBEEEENLOFERELZIT T 2008
FEIERLEZRRECEICHOTYT, EFE2ED S
ild“@tof BREMN L2 DIHBAZ N FEEE L
oo LZICEEBOERRLET

&% 3k

(1] BARE—M, 711 AENHEMNO®RE, BERFRZ
— U LFREE, 35-3, 2007, pp. 156-164

(2] EH £, PHRE, BRHE, RAEA, Ef E,
CMC #4 & — '@ RERSE |, THI $E38, 44-4, 2004,
pp. 261-265

(3] tTHE#HE, PHES, BYFER  MEx PR
CMC D #Ek B3, IHL B8, 46-3,
2006, pp. 101108

[4] Nakamura T. et al.,
Vane, Proc. 7th International Conference of
HT-CMC, 2010, pp. 559-565

Development of a CMC Turbine

—-226—-



E3EAXHRAE—E %
[ E]

ZHD T 4 v LmHIFLIC

STEHEES (BEX) #HEAE 20117

C-8

BT DMNBET S

SEERE) K OCEURHIRT ST

TTRIZH I (BEFRERE),

finlf g — CaFRTP),

NN CEFREE),

HEARE (BRI IHD

Experimental and Numerical Studics on the Flowfield
of Multiple Film Cooling Holes

*Kamil ABDULLAH(Iwate Univ.), Ken-ichi FUNAZAKI(Iwate Univ.), Hisato ONODERA(Iwate Univ.)
and Takeomi IDETA(IHI Cooperation)

ABSTRACT

This paper presents the effect of pitch to pitch distance of multiple cooling holes, Two test models have
been investigated with one having a 3D pitch to pitch distance and the other at 6D. Total of 20 cooling holes
have been arranged to form a 3 times 4 matrix with the hole angle of 20°. The study involved a single Reynolds
number value at 6200 with the characteristic length is base on the hole diameter designated at 10mm. 3D Laser
Doppler Velocimeter have been used to measured the velocity data at two different BR = 1.0 and 2.0. Four
measurement planes have been considered at the location of x/D = 7, 17, 27 and 37. The aerodynamics results
presented in this paper include the distribution of normalize velocity for u, v, and w components, normalize root
mean square velocity component of 1. Additional investigation have been done through CFD to evaluate the
capability of the given CFD scheme to predict the flow structure for the considered hole geometry and

amrangement.

Key words: Film cooling, Multiple holes, Blowing ratio, Pitch distance

1. Introduction

Film cooling i1s a well accepted and widely used
means to keep the surface temperature of a high thermal
loads component at acceptable limits. Coolant air is
released through cooling holes to protect the surface
from having a direct contact with the hot gases. The
injected cold air will form a buffer layer of relatively
cool air between the surface and the hot gases contained
within the turbine flow path.

Extensive studies have been done to improve film
cooling performance with most of all focusing on the
modification of the cooling hole or it surrounding
geometry. Among the noticeable effort are compounded
angle hole, fan shaped hole, placement of trench at the
hole exit and anti-vortex holes. Although there are
endless list of possible alteration on the hole shape and
geometry, all the modification is actually dealing with
the same things which plays an important role in
dictating the film cooling performance namely the flow
structure. By understanding the flow structure of a film
cooling system, we actually value the main reason for
such film cooling performance to be found. Thetefore
investigation on the flow behavior in the film cooling
system is very important.

Given the important of the flow behavior on film
cooling, the aerodynamics investigations have been
started as early as 1980’s. The kidney vortices as the
prominent flow structure in film cooling have been
identified empiricaily by previous research [1, 2]. Thole
et al [3] in its investigation on the flowfield for
expanded exit cooling hole have highlighted the
important of understanding how the secondary air jets

interacting with the mainstream flow. Phenomena such
kidney vortices and flow separation plays a key role in
film cooling performance. Wright et al [4] on the other
hand have presenied the effect of mainstream turbulent
level to the film cooling flow structure. The flowfieid
data have been measured by using PIV on the plane
normal to lateral direction to reflect the previous heat
transfer study using the identical hole geometry.

The present study intended to investigate the effect
of pitch to pitch ragio to the film cooling flow structure
at two different blowing ratios of 1.0 and 2.0 of
multiple cooling holes. Computational fluid dynamics
simulation results will also be presented in the paper for
comparison to the experimental results

2. Experiments

The experiments presented in this paper have been
done in a close circuit wind tunnel. The test duct have a
cross section dimension of 260mm width and 620mm
height with the length of 1550mm. Fig. | shows the test
duct together with the position of the laser probe used
for the measurement. The orientation of the test duct
made the inner surface of the test model to be
perpendicular to the ground level. Such orientation is
necessary to enable access for the Laser Doppler
Velocimeter (LDV) probe to the desired measurement
locations. The secondary air was supplied through a
separate blower equipped with a laminar flow meter.
After passes the laminar flow meter, the secondary air
then enter a secondary air chamber before being
introduced into the mainstream flow through the
cooling hole.
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Fig. 1 Experimental setup

A three-component, coincident, fiber optic Laser
Doppler Velocimeter (LDV) was used to measure the
velocity fields. This commercial LDV system was a
85mm fiber optic probe from Dantec. The probes where
sef to inclined at 25° from the center line to
uppersiream and downstream direction as been shown
in Fig. 1. As the result of the alignment, the measured
velocities will need to go through a transformation
process to represent the actual experimental axis. The
transformation and other data analyses were done
through BSA Flow Software supplied together with the
processor; Dantec’s BS F6( Processor and 3-D
Traversing System by Dantec. Both the primary and the
secondary air were seeded with fog produced by the fog
generator. A fog tank has been used to enable
continuous supply of the fog during the experiments.

The velocities data were measured at four different
plane locations, /D = 7, 17, 27 and 37. The sizes of the
plane have been made flexible as the author try to
reduce the required measurement time period involved.
The plane size has been decided base on the preliminary
measurement results with intention avoiding
insignificant area to be involved in the actual
measurement. The measurement grid size applied on
the plane is set to be at 2mm times 2mm which have
been prove to be small enough to capture the flow
details during the preliminary measurement.

Fig. 2 Details of the test model

Two test model namely Test Model A and Test
Model G have been considered in the present study. For
the purpose of simplification, both of the test models
will be known as TMA and TMG later on in the writing

of this paper. The different between these two test
models is at the pitch to pitch distance with TMA set to
have 6D pitch to pitch distance while TMG to have 3D.
The test models considered have total of 20 cooling
holes in an arrangement of 5 times 4 matrix as shown in
Fig. 2. The cooling hole applied 1s a normal cylindrical
hole with inclination angle, 6 = 20°. The hole diameter
is set at 10mm with the thickness of the test plate
designed to provide the hole length to diameter ratio,
I/D = 6. The inner swface of the test models has been
applied with black paints to reduce the surrounding
noise during the measurement caused by laser reflection
during the measurement.

Experiments have been done at targeted Reynolds
number base on the hole diameter, Rep = 6200, Two
blowing ratio have been considered in the present study
which are BR = 1.0 and 2.0. Details of the experimental
condition are given in Table. 1.

Table. 1 Details on the experimental condition

Targeted Actual
Test | Rep [ BR | Rep BR T | Te
Model ¢C) | )
A 1.0 6222 1.00 10,5 § 201
g [20 [ 6200 [ 200 [ 70 | 170
G 8 [1o]e617] 101 [105]247
2.0 | 6211 1.99 7.0 | 24,0

3. CFD

Computational fluid dynamics analyses of the
present study have been done through the commercial
package of ANSYS CFX ver. 12. The CFD analysis
involved is steady state analysis with the turbulent
model in used is Shear Stress Transport (SST) model.
Fig. 3 shows the computational domain that has been
used for the CFD analyses. The domain has been
simplified from the actual experimental geometry with
only considering the centre line holes arrangement. The
lateral dimension of the test model is set to have the
same value of pitch to pitch distance with 6D and 3D
for TMA and TMG respectively. Unstructured meshes
have been applied in the computational domain through
the usage of ANSYS [CEM CFD ver. 12 with the total
mesh elements approximately at 12 mmllion and 8
million for TMA and TMG respectively.

Sevondary [nlet

Fig. 3 Computational domain for CFD
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The boundary condition value such as mainstream
velocity, mainstream temperature, secondary air mass
flowrate and secondary air temperature is taken directly
from the experimental condition of a given case. Both
the inlets for the mainstream and the secondary air are
set to have turbulent level at 5% which represent
medium level of turbulent. To enable the prediction of
possible interaction between the considered hole line
and the nearby hole which is excluded from the
computational domain, a (ransitional periodicity
boundary type have been applied on both the left and
right side of the computational domain.

4. LDV

Considering LDV is relatively rare in used, a brief
explanation on the working concept of LDV systern
will be made to provide a little insight of the system.
Three dimensional LDV system consists of 6 laser
beams, set to met at one point to creates a so called
laser velume. This laser volume will later on traverse to
the desired measurement location. As the seeding
particle gone through the laser volume, the disturbed
laser volume will transmitting a feedback signal which
is later on interpreted as velocity component, u, v, and
w in x-direction, y-direction and z-direction respectively.
The velocity components were estimated based on the
statistical data of the seeding particle that get intact with
the laser volume. The numbers of counts involved
during the measurement set to be minimum at 750
counts with almost all the considered measurement
points recording the counts value above 1000. Eq. 2,
shows the formulation in determining the velocity
components with & is the total numbers of counts
involved and { is the respective velocity at a given
counts.

7.,. 13, @)

The root mean square (RMS) value of each velocity
component can also be determined from the available
counts data which is described in Eq. 3.

U —RMS-\/Li(U—U )2 3)
Lz - N-15 i XS

5. Results and Discussion

Fig. 4-9 show the normalize w-velocity at all
considered planes measured by the LDV. At both BR in
both test models, a high velocity region can be spotted
to accommodate nearly at the same position, which is at
the center line of the third line cooling holes. The high
velocity region for BR = 1.0 represents a high shear
region cause by the blockage effects afforded by the
secondary air penetration into to the mainstream. The
same physical phenomenon have occurred at BR = 2.0,
but in addition to the blockage effects, the high velocity
region have also been contributed by the higher velocity
of the secondary air exited the cooling hole as
comparison to the mainstream velocity. The growth of
the high velocity region and changes of surrounding

velocity in close proximity region further downstream
of the first row indicates the increase of the lift-off
effect towards the downstream direction. From heat
transfer point of view, such phenomenon is not
favorable as a strong lift-off effect will cause the
secondary air to be separated from the surface leaving
the surface unprotected. Compared between the two
blowing ratio, the lift-off effect can clearly be seen for
the case of higher BR as shown in Fig, 5 and 7 which is
parallel to a generally well known conclusion that
higher blowing ratioc will cause the film cooling
effectiveness to decrease faster at further downstream
of the cooling hole.

2.7
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ig. 4 Normalize u-velocity for TMA at BR=1.0

-2 -1 a i 2 3 -3 -2 - ¢] i 2 3

Fig. 5 Normalize u-velocity for TMA at BR=2.0
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Fig. 6 Normalize u-velocity for TMG at BR=1.0

T T T Y

Fig. 7 Normalize u-velocity for TMG at BR=2.0

In comparison between TMA and TMG, one should
notice that the high sheer layer indicated by high
velocity region in TMA is spotted little bit far away
from the wall compared to TMG particularly at BR =
2.0. This is an indication to less penctration of the
secondary air into the mainstream occurred in TMG
compared to TMA, One of the physical interpretations
of this could be laid on the existent of neighboring hole
which is closer in TMG with pitch to pitch distance at
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3D compared to 6D in TMA. The neighboring holes
will generate similar flow structure consisting of kidney
vortices which growth further downstream after the
hole exit. At some distance the size of these vortices
will be wide encugh enable interaction with other
vortices created by the neighboring hole. The
interaction dampening the vortices thus decreases the
lift-off effects of the secondary air. The above
explanation can be supported by the result of normalize
v-velocity component and normalize w-velocity
component presented in Fig. 8-11 and Fig. 12-15
respectively.

To support the explanation given in the previous
paragraph one should compare the magnitude of the
negative velocity in Fig. 8 and 9 to the one in Fig. 10
and 11 correspondingly. It is clearly shown in the
figures that the negative velocity region in TMG having
a greater magnitude compared to the TMA indicating
the interaction between the two neighboring vortices. At
the outer boundary, both of the neighboring vortices
have the same flow direction thus serving to a high
velocity in the discussed region towards the wall.

A EIIIE 040

3 a . 2 0
Fig. 9 Normalize v-velocity for TMA at BR=2.0
%%%ns,gzza (X - e - 27

T

+ ¢ 1 2 3 3 2 4 0 1

Fig. 11 Normalize v-velocity for TMG at BR=2.0

While the v-velocity results could be used to
interpret the interaction between two neighboring
vortices, the w-velocity result can be used to support the
vortices dampening phenomenon discussed in the
earlier paragraph. The fact that the magnitude of
w-velocity found in TMG is lower compared to the one
in TMA is enough to suggest that the pitch to pitch
distance of 3D applied in TMG have contributed to
dampening the growth of the kidney vortices occurred
in the flow field of the given film cooling configuration.
The difference in the magnitude can clearly be seen at
both blowing ratio. The dampening of the vortices will
lead to a better film cooling effectiveness particularly at
further downstream of the cooling hole. In a common
case, the mixing between the mainstream flow and the
secondary air which is strongly influence by the
strength of the kidney vortices cause the temperature of
the secondary air to increase which lead the film
cooling cffectiveness to vanish at further downstream of
the cooling hole.
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Fig. 12 Normalize w-velocity for TMA at BR=1.0
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Fig. 13 Normalize w-velocity for TMA at BR=2.0
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Fig. 14 Normalize w-velocity for TMG at BR=1.0
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Fig. 15 Normalize w-velocity for TMG at BR=2.0
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Fig. 16-19 show the normalize #-RMS for TMA and
TMG at BR = 1.0 and 2.0. The value of #-RMS which
is given by Eq. (3) normalize to the mainstream flow is
also known as turbulent level, 7 given in percentage.
High 7t region can be interpreted as a region of strong
interaction between the mainstream flow and the
secondary air taken place. The peak Ti level for TMA
recorded to be at 28% while only at 11% for TMG with
both values found at BR = 2.0. Similar to the findings
of Thole et al [3] the high 7is region found to be a just
beneath of the high u-velocity region shown in Fig. 4-7.
The merging of the medium level of Tur region which
can be found in Fig. 19 is another clear evident of the
occurrence of interaction between the vortices
generated by the neighboring hole.

27
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Fig. 16 Normalize -RMS for TMA at BR=1.0
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Fig. 17 Normalize 1#-RMS for TMA at BR=2.0
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Fig. 18 Normalize #-RMS for TMG at BR=1.0

Fig. 19 Normalize 4-RMS for TMG at BR=2.0

Fig. 20 and 21 show the CFD results for TMA and
TMG at BR = 2.0. Although CFD studies have been
done for all experimental conditions, only the
mentioned above results will be presented to
accommodate the page limitation of this paper. Fig. 20
and 23 show the normalize u-velocity for TMA and

TMG respectively. The contour patterns of these two
figures are very similar to each other with the TMG
result showing higher normalize velocity maximum
value. The same phenomenon can also be found in the
experimental results presented in Fig 5 and 7.
Noticeable different between the experimental and CFD
results can be seen on the positioning of the high
velocity region. The CFD prediction show the above
mentioned region existed further away from the wall
compared to experiment. Such different suggest that the
CFD is actually over predicting the penetration of the
secondary air thus on heat transfer point of view 1t will
under predict the film cooling effectiveness value of the
given case.

Fig. 20 Normalize u-velocity for TMA at BR=2.0

arl e 1]

Z 0 3 2 31 2 b 1 H

Fig. 21 Normalize v-velocity for TMA at BR=2.0

- ¢ 1 3 L] i il i

Fig. 22 Normalize w-velocity for TMA at BR=2.0

Fig. 21 and 24 represent the normalize v-velocity for
TMA and TMG at BR = 2.0 produce by the CFD.
Similar contour pattern can be seen as compared to the
experimental results in Fig 9 and 10. Such similarity
can justify the application of the transitional periodicity
boundary type to predict the interaction between the
flow structures generated by the neighboring cooling
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holes. Fig. 22 and 25 show the normalize w-velocity
contour produce by CFD for TMA and TMG Although
similar in pattern, the velocity magnitude presented by
the CFID> seems to be a little bit higher than the one
from the experiment. The different suggest that the
vortices predicted by the CFD could be stronger than
the one in the experiments. Stronger vortices lead to
stronger mixed between the secondary air and the
mainstream flow thus declining the film cooling
effectiveness.

-1 ] 1 b g 1

Fig. 24 Normalize v-velocity for TMG at BR=2.0

-1 ) 1

Fig. 25 Normalize w-velocity for TMG at BR=2.0

6. Conclusion

Empirical studies have been done to see the effects
of pitch to pitch distance on the flow structure of film
cooling arrangement at two different blowing ratios.
Base on the experimental condition, a CFD studies have
been done to evaluate the CFD capability in predicting
the flow structure of the considered holes configuration.

The existent of the lift-off effect which contributed
to the separation of the secondary air from the surface
can be confirmed by the presented experimental results.

As expected the lift-off effect is stronger at high
blowing ratio compared to the lower one. The formation
and growth of the high shear layer is shown to be lower
in TMG and could be contributed by the smaller pitch
to pitch distance of the test model.

The interaction between the kidney vortices
generated by the neighboring holes can be confirmed in
the results of TMG at higher blowing ratio. The changes
of the v-velocity magnitude between the results found
in TMA and TMG indicates the interaction between the
outer boundaries of neighboring vortices. The results of
w-velocity on the other hand suggesting that the
interaction between the neighboring vortices could
possibly dampened the growth of the vortices itself.
Significant reduction on the magnitude of w-velocity in
TMG as compared to TMA confirms the suggested
phenomenon.

Comparisons between the empirical and CFD
results have also been done in the paper. The presented
CFD results confirmed ifs capability in predicting the
principal flow structure occurred in the considered
holes configuration. One of the concern found on the
presented CFD results is the over prediction on the
strength and growth rate of the vortices which could
misleading the predicted heat transfer results by CFD.
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Development of Supercritical CO, Closed Cycle Gas Turbines

—3" report: Development of Regenerative Heat Exchanger—
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ABSTRACT
Since an optimal design point of regenerative cycle exists on the side of lower pressure ratio, heat transfer

surface used in regenerative heat exchangers are requested to have those of low pressure difference type. In

particular, for supercritical CO, gas turbine its cycle efficiency becomes enhanced with regeneration efficiency

over 0.95. Hence, the requirement of low pressure drop heat exchangers is of critical importance in the system.

To this end microchannel heat exchanger with bran new heat transfer surface is fabricated and tested using

supercritical CO, demonstration loop. Experiments show that thermo-fluid correlations developed based on

mumerical experiments generally apree well with experiments. Regenerative heal exchangers tested

demonstrated regenerative efficiency over 0.98 under design temperature and pressure operating conditions.

Key words: regenerative heat exchanger, supercritical carbon dioxide, microchannnel, closed cycle
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Table 1 Specifications of fins

ltem unit, Xfin Sfin

Dy, mm 1.062 1.067
a — 2.63 2.33
B mm_' 1.75 1.56
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The Development of Inlet Fogger Injection Nozzle for Gas Turbine
—1* Report—
*Hidenori Fukutake(Toshiba), Masao Itoh{Toshiba)

ABSTRACT

Requirement for inlet fogger injection nozzle is to minimize the droplet diameter in order to prevent risk of

FOD to gas turbine compressor rotating blades, which makes countermeasure for gas turbine power generation

decrease in summer season. In case of injection nozzle using ene fluid, it is necessary to apply very high

pressurized nozzle to get diameter minimized but short time life due to erosion inside of nozzle. This report

mentions the development of inlet fogger injection nozzle using one fluid to meet design requirement of long

time life with required design droplet diameter. Also this report introduces the effect of nozzle arrangement in

inlet duct of gas turbine with validation test resuits of air flow test stand with scaled model duct.

Key words: Inlet Fogger, Spray Nozzle, Gas Turbine, Erosion
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A Study of Optical Transfer System in Hi-Speed Revolution

*Takehiro NOMURA(IHI), Kenichi SHINOHARA (THI)

ABSTRACT

We discussed the non-contact optical transfer system which is applicable to aircraft engines. This system will

be used for high-speed revolution opiical strain measurement. However the optical signal loss effects is need to

be investigated for non-contact system. In this study, we investigate the effect of optical signal loss by space and

optical signal loss reduction technology. As a result, the optical signal loss is made by the imperfect alignment

and angular misalignment. In addition, TEC technology has good effect to reduce the optical signal loss.

Key words: Optical fiber sensor, Measurerment of strain and vibration, Jet engine,
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An Investigation on Flame Structures of Multiple-Injection Burners
Operating with Hydrogen-Rich Fuels

*Tomohiro ASAI, Satoschi DODO, Hiromi KOIZUMI,
Shohei YOSHIDA, and Hiroshi INOUE (Hitachi, Ltd.)

ABSTRACT
The successful combination of integrated coal gasification combined ¢ycle (IGCC) with carbon dioxide

capture and storage (CCS) for lower emissions and higher plant efficiency requires gas turbines that can achieve

dry low-NOx combustion of hydrogen-rich syngas with a wide range of hydrogen contents, The authors have

been developing a “multiple-injection bumer” to achieve dry low-NOx combustion of such hydrogen-rich fuels.

The purpose of this paper is to investigate flame structures of the burner through visualization and spatial

distribution measurement of flame temperature and gas concentrations in order to examine combustion buzz and

NOx-generating regions. The experiments were carried out under atmospheric pressure. Two kinds of fuel

(hydrogen contents: 40% and 84%) were tested, The mean temperature of the combustion gas at the burner exit

was 1500°C. The flame visualization shows that the flame was attached to the burner by a recirculating flow in

the outer region of the burner and that combustion buzz was triggered by the flicker of the attached flame. The

spatial distribution measurement shows that NOx was produced in high-temperature regions formed downstream

behind the attached flame.

Key words: IGCC, CCS, Gas Turbine, Combustor, Hydrogen-Rich Fuel, Low-NOx Combustion
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Fig2 Schematic Close-up View of Cluster Burner
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Table 1 Compositions of Hydrogen-Rich Gas in CCS-IGCC
Natural Carbon Capture Rate
Gas CC§ 0% [ CCS 50% | CCS 90%
H: vol-% 0.0 26.5 58.0 83.5 _ _
cO Vol % 0.0 00| 305 50 S EHRIEER
CH4 vol.% 884 1.0 1.0 1.0
CmHn vol % 11.6 0.0 0.0 0.0
Inert Gas (N, CO:) vol.% 0.0 12.5 10.5 10.5
Density kgm’N[ 0.826 0937 0.572 0.276
. MJ/m’N 41.0 10.8 10.5 10.0
Lower Heating Value M Fey s 183 362
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Fig.5 Test Burner Configurations
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Table 2 Compositions of Test Fuels

Test Fuels
CCS (% CCS 90%
H: vol.% 40.0 84.0
CH. vol.% 18.0 2.0
N: vol.% 42,0 14.0
Density ke/m’N 0.690 0.265
) MI/m*N 10.8 9.8
Lower Heating Value MYkg 157 6.9

Table 3 Test Conditions

Combustion-Air Flow Rate kg/s 0.129
Combustion-Air Temperature °C 350
Pressure in Combustor MPa Atmospheric
Burner Exit-Gas Temperature °C 1500
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Combustion Characteristics of a dry Low NOx Combustor
for Hydrogen-Rich Fuels (Second Report)

® Satoschi DODO, Tomohiro ASAIL Hiromi KOIZUMI, Shohei YOSHIDA, and Hiroshi INOUE
(Hitachi, Ltd.)

ABSTRACT
An oxygen-blown integrated coal gasification combined cycle (IGCC) plant with pre-combustion carbon

dioxide capture and storage (CCS) is one of the most promising means of zero- emission generation of power

from coal. To satisfy both lower emission and higher efficiency, a dry low NOx combustor for hydrogen-rich

fuels is required in IGCC with CCS. A prototype combustor based on a multiple injection burner is tested under

medium pressure (0.6MPa) to meet above requirement. From the test results, the following conclusions are

obtained: (1) Tesied combusior allows stable combustion without any flashback or any blowout for fuels

simulating 0%, 30% CCS. (2) Fuel nozzle with a smaller injection hole is effective to suppress combustion

oscillation because of higher penetration, but ineffective to reduce NOx emission because of lower mixing. (3)

Air injection angle arrangement, which drives outer region of main burner flame to downstream, is effective to

suppress combustion oscillation and to reduce perforated plate metal temperature.
Key words: IGCC, CCS, Gas Turbine, Combustor, Hydrogen-Rich Fuel, Low NOx
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Table 1 iZCCS-IGCCT 5 o F CH R Z— o ftfg X
DB OB 2 (L RS 2 (Liquefied Natural
Gas :LNG) & g L TR, COBIEER 0% (CCS 0%)
DIEEHT, Ho% 27vol%, CO#% 60vol.% &%, REEIT
LNGD#) U4 THh D, CCS 30%DEEHIH, % 46vol.%,
CO% 43vol Yo E Lokt L 72 5,

Gasifier Gas Clean ; Shift o,
up Unit : Reactor  Recovery i
Coal

Aiir Separation 4 0,

Unit : Condenser
N, Hydrogen i
Rich Fuel
i iguenir |
CAuxi]iary Carbon'e':;i;i;ﬁ'.e- ......................
bmpressor N and Storage (CCS)  Steam
Oil HRSG Turbine

Combustor

Turbine

Compressor Turbine

Fig.1 Schematic Diagram of Oxygen-Blown IGCC Plant with
Pre-Combustion CCS

Table 1 Compositions of Hydrogen-Rich Gas in IGCC Plant

with Pre-Combustion CCS
Carbon Capture Rate
LNG

CCS 0% | CCS 30%

H; vol.% 0.0 26.5 45.5
Co vol.% 0.0 60.0 43.0
CH, vol.% $8.4 Lo 1.0
CoH, vol.% 11.6 0.0 0.0
Inert Gas (N,CO;,) vol.% 0.0 12,5 10.5
Density kg/m’N 0.826 0.937 0.717

3

Lower Heating Value MJYm'N 1.0 108 10.7
MJ/kg 49.6 11.5 14.9
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Fig.2 Schematic View of Multi Cluster Burner Nozzle
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Fig.3 Detailed View of Main Burner Nozzles

Type-A S8} 2 ZOVIDRENER O BB &k U, FE
ORIz A D AT RE L O A U S %R
ORI OB E A EIEIL, BEILT L — bk
OfFF R+ 2B ETERE Lz, Type-A 8 Zno
MEILIEIE ¢ 2mm TH O, / ANSEME SO ERCE
B 7. Type-B B/ bk, ZoRfLic il 2 2oL 5Ei
EHEAL, ESAATERE L RARGT 5 204 HlE
FTHIET, BRoRBMERFNOEEEMH L, ESIL
Fl— MOKRMAFET 22 L 2L T BRI TR L
7=. Type-B #ikl 7 AN-OEBFLARIZ ¢ 3.5mm THY, X
NS R TR ILNERIC E R LR 2 D 20%EA Lz,

FERE T, Type-A ZEKIL L — b & Type-A ¥R
ANDIEIEE Type-1 HABERR, Type-A EEILT L
— & Type-B#AEL 7 ANV LS doE % Type-2 SES,
Type-B ZEKFL7 L— b & Type-B ¥/ XL-milidb
& Type-3 BAERS L R R, Zh 0 O L k2
I L USSR R L UEREHAORBB LR L,

3.2 EBEE

Figd |ZRPRO =5 7 F 2 5 PS5 5lEs | 7~ 5B
EEOMIE SR, EESIITEBEs o S h i E
METER L TR, BN 6 D ERNEERE

ERWTRERES TMRLE, )7 AMEHE
LURERSAE AV THIROREZ R~ L7,
PBERRE DRSSO T RIS T AW ER TR L=,
ARTERIRE, BN ARBIIIER THE L, RS
ZOMAEITEHE S 72 NIRRT L SRR
P4 2 5875 (MEXA-T100: 0B85 BUPEFT) i L 9 NOx,

CO, THC(EHMHRB kA FETotal Hydro-Carbon), 0, CO,
D SRS EBIE Uin, KEORRE, BRESREENS
WA LA ER L EF T DA T ERNTEE L,

[ Prebeater |
Blower

Burner ’ — Pressure
Sampling [water injection] * varve

Druct
Cooling Air I
L Compressor
Gas Analyzer

HHE] B, selfLoader

1]

I

|

| =

| L <% CHy Self Loader
I H_D

1]

I

N, Tank
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Table2 Experimental Conditions under Medium Pressure

Item Unit Carbon Capture Rate

CCS 0% | CCS30%

Gas Turbine Load %% 100

Air Flow Rate kg/s 5.7

Inlet Air Temperature °C 387

Inlet Air Pressure MPa .6

H, vol.% 40 55

CH, vol.% 18 16

N, vol.% 42 29

Lower Heating Value MY¥m’N 11 12
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Experimental Investigation on the Effects of Carbon Monoxide Constituent on
Combustion Characteristics of Hydrogen-Rich Fuels

® Satoschi DODO, Tomohiro ASAI, Hiromi KOIZUMI, Shohei YOSHIDA, and Hiroshi INOUE
{Hitachi, Ltd.)

ABSTRACT

An Oxygen-blown integrated coal gasification combined cycle (IGCC) plant with pre-combustion carbon

dioxide capture and storage (CCS) is one of the most promising solutions for realizing zero emission coal power

generation. In above plant, hydrogen-rich fuels with a wide variation of hydrogen and carbon monoxide contents

are supplied to a gas turbine. Since large amount of CO transport is prohibited by regulation, CO containing fuel

is limited to atmospheric experiments. In this paper, nitrogen diluted methane / hydrogen mixture is adopted as

surrogate CCS fuel mixtures, and tested under atmospheric pressure using preliminary multi-injection burner in

comparison with CO confaining fuel mixture. From the test results, the following conclusions are obtained: (1)

Tested surrogate fuel can be substituted for practical CCS fuel on condition that fuel lean condition is maintained

for every injection point. (2) Smaller outer fuel ratio results in fuel rich condition for first circumferential

injection points, and difference of NOx emission is caused by the difference of local flame temperature.
Key words: IGCC, CCS, Gas Turbine, Combustor, Hydrogen-Rich Fuel, Carbon Monoxide, Low NOx
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Fig.1 Schematic Diagram of Oxygen-Blown IGCC Plant with
CCs
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Table 1 Compositions of Hydrogen-Rich Gas in IGCC Plant

with CCS
LNG Carben Capture Rate

CCS 0% | CCS 30% | CCS 0%

H, vol.% 0.0 26.5 45.5 83.5
CO vol.% 0.0 60.0 43.0 50
CH, vol.% 88.4 1.0 L0 )
CuHa vol.% 1L6 0.0 0.0 10.5
Inert Gas (N2,CO;z) vol.% 0.0 125 105 10.0
|Density ke’ N 0.826 0.937 0717 0.276
Lover Heating Value MJIm'N 410 19.8 10.7 10.0
MJ/kg 49.6 115 14.9 36.2
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Table2 Experimental Conditions

N It Unit Practical Fuel Test Fuel
0.
om " [ ces 0% [ces 30| ccs 0% [ces 0%
Combustion Air
Flow Rate kefs 0.0611
Cooling Air
Flow Rate ky/s 0.0287
Air Inlet o 350
Temperature
Sectional Mean
4 (Temperature c 1500
at Combustor Exit
B ]| Vol% | 265] 455| 400] 550
| 6| c . [CO] | Vol.% 60,0 43.0 0.0 0.0
I ICHJ| Vol% | 10| 10| 180 157
8 IN;] | Vol.% 125 10.5 420 29.3
| 9|Lower Heating |MI/m'N| _108| 107| 108| 116
10 |Value MI/kg 11.35 1493 1560! 21.88
11 [Specific Weight kgm'N | 0939 0.720( 0.690| 0528
12 [Stoichiometric kgkg | 0.3402| 0.2850 | 0.1976 | 0.1438
Ratio
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Temperature
14 gf;’etm] Alr | dimd| 2187| 2235| 2707 2847
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Effect of Pressure on the Ignition and Flame Stability in a Hydrogen-fueled

Ultra-micro Combustor for UMGT
*SAKURAI Takashi (TMU), FUEDA Takeshi (TMU), and YUASA Saburo (TMU)

ABSTRACT
We have been developing a hydrogen-fueled ultra-micro combustor for UMGT. Under the atmospheric condition,
the combustor showed the wide stable flame region including the design operation point and attained high
combustion efficiency with low NOx emission. To evaluate the combustion characteristics of the combustor at
elevated pressure condition, both the ignition and the flame stability limits were examined. The results showed that
the equivalence ratio for the ignition were lower as the pressure increased since the burning velocity of hydrogen/air

premixture increased with the pressure. With the same reason, the flame stable region at the elevated pressure

expanded to the lower equivalence ratio.

Key words: Ultra-micro Combustor, UMGT, Flat-flame, Hydrogen, Elevated Pressure
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Development of Non-Destructive Evaluation Method for Heat Resistance of TBC
on Gas Turbine Blade (Part 2)

*Tomoharu FUJII, Eiji SAKAT and Mitsutoshi OKADA

ABSTRACT

TBCs are applied to various hot gas path components such as combustors, blades, and vanes. The application of a

TBC causes a significant decrease in the temperature of the base metal surface, However, it is reported that under

high-temperature operating conditions, the heat resistance of the TBC decreases gradually because of sintering and

erosion of the TBC layer, Accurate evaluation of changes in the TBC heat resisiance is very important for evaluating

the residual lifetime of a given component. So we have proposed a new concept and have developed a system for

measuring the heat resistance of the TBC layer on a blade. This system is mainly composed of a carbon dioxide laser,

a robot arm, and an IR camera. In this paper, we present a verified result of the measurement accuracy of this system

using a plate shaped TBC sample.
Key words: TBC, NDE, heat resistance
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Development of Heat Resistant Superalloy for High Efficiency Gas Turbine

*Masaki TANEIKE, Ikuo OKADA, Sachio SHIMOHATA, Hidetaka OGUMA (MHI)
Hiroshi HARADA, Tadaharu YOKOKAWA, Toshimitsu TETSUI (NIMS)

ABSTRACT
In past collaboration research between NIMS and MHI, Ni base single crystal alloy which have fine basic

material properties and is expected to be used for 1700 deg-C class gas turbine have been developed. In this

project, research and development for directional solidifying technology and material property stabilizing

technology is now in practice as advanced research leading to mass production technology development. For

practical application of candidate alloy, fine material property even in large size turbine blade castings.

Thermo-mechanical fatigue property of large scale castings with heat treatment in mass-production furnace was

evaluated. Meanwhile material properties of single crystal alloy are severely affected by erystal orientation, Trial

analysis and experiment were carried out, and it was confirmed that the analysis result have good agreement

with experiments in cylindrical shape casting test.

Key words: Superalioy, Turbine, Single crystal, Crystal orientation, Thermo-mechanical fatigue
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Environmental Effects on Creep and Creep-Fatigue Behaviors of Ni-base

Superalloy Inconel® Alloy 706
* Yomei Yoshioka, Daizo Saito, Rie Sumiya and Kazutoshi Ishibashi(Toshiba),
Daisuke Kobayashi, Akihiro Tto, Masamichi Miyabe, Yukio Kagiya(CEPCO)

ABSTRACT

Gas turbine rotor parts are designed to meet the demands of normal operation for the specified life. However,
in the course of service, distress may accumulate based on the operation of the specific plants. Few fleet leader
machines with non-shot-peened wheels made of Ni-base superalloy Inconel® 706 were found to contain cracks
in the first stage turbine wheels. These were inter-granular cracking and observed to be highly stressed and
damage sensitive locations with less potential for oxidation, which is thought to occur due to hold-time
cracking .

To recognize the actual phenomena, creep and creep-fatigue tests were conducted in air and vacuum
environments for the materials taken from the actual component. Creep test results showed equivalent creep
lives in between the air and the vacuum, and remarkably notch-strengthened, but the fracture modes were
completely different. The vacuum test sample showed both surface crack and coalescence of creep voids on the
fracture surface, and the latter appearance was dominant. The air-tested sample did not show such creep voids
and the surface cracks propagated to fracture. In the creep-fatigue tests, no notch-strengthened phenomenon was
observed in the air-tested condition even if heavy grain boundary oxidation was not observed. Grain boundary
deterioration was thought to occur at stress concentrated area beneath the notch.

Key words: Turbine disc, Creep, Low-cycle fatigue, Hold-time cracking
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Fig. 1. Smooth and notch rupture test results under
the condition of 600°C/750MPa in both air and

vacuum,

e

Fig. 2. External appearances of smooth and notched
samples crept in air and in vacuum.(a)Smooth sample
in air, (b)Smooth sample in vacuum, (c)Notched
sample in air, (d)Notched sainple in vacuum.

Fig. 3. The fracture appearance of smooth sample
crept in air under 600°C/750MPa, (a} View points of
fracture surface, (b} Initiation at surface (by SEM), (¢)
Cross-sectional microstructures.

Fig. 4. The fracture appearance of smooth sample
crept in vacuum under 600°C/750MPa. {a) View
points of fracture surface, (b) Initiation at surface (by
SEM), (c¢) Cross-sectional microstructures.

Fig. 5. The fracture appearance of notched sample
crept in air under 600°C/750MPa. (a) View points of
fracture surface, (b} Initiation at surface (by SEM), (¢)
Cross-sectional microstructures,

Fig. 6. The cross-sectional microstructures of notched
creep tested sample interrupted at 3300 hrs. under
600°C/750MPa.
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Fig.7 Smooth and notch fatigue test results under
the condition of 650°C/700MPa with 10 minutes
holding time in both air and vacuum.

Fig.8 External appearances of smooth and notched
fatigue test samples tested in air (a), (¢} and in
vacuum (b), (d).
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Fig.9. The fracture appearance of smooth sample
fatigue tested in air under 600°C/750MPa. (a) View
points of fracture surface, (b) Initiation at surface (by
SEM), (e} Cross-sectional microstructures.
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