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edge vortex IZIMATRATHIRINE 2o TBY, 0 L) %RAT TEHEFINOEERNDOELE
IXHEETH 5,

- tip clearance X clearanceflow D& % XA 5, &£ o T tip clearance Z ¥R 3 &, tip clearance flow @
MEAH R 57289 leading edge vortex SHEEFICEEHTAEL TOHAPKRE (HAL, £hd
BEEE O tp BRI R0 Db R R, FEEFEMORBLEE S, tip clearance Z WO T EZD
Wil b,

- tip clearanceflow & 5\ i tip leakage vortex I¥, BER 7 7 v /[EMBEHREY|ORESGLETIX, Ik
[\ 3 D Fe v & ARIBITART R 7, H\V> blockage % & tip DAOMETEYH LTS, &5, [
BAMNICAET ARIIBHETAEROEEIILALZT 2V, SICHRETARIIEETIEOE
# % Z D leading edge vortex Z 18 UCTHIZRIT A, THIEEEEREDEHAMZEZ 5 & &, RE

Bl11IRARY—E KEHES
AiEAm O, 1996.11, (W)
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BTH5,
BTl 0.5% span tip clearance TEHE 21T\, Th b DRERERA, SHEIL, tip clearance B & % %2
2 CHEBROFE LTV, BIEICE SN EROBEE LR T S,
2. BB TFE
TR AR, x @E D ICAEE Q THEET S 7H IV MNEERTEK S N/Z3RIT Reynolds-averaged
full Navier-Stokes AR % — i HMEER TORFEIZER LI DTH S,
a¢g oE oF 3G oE, oF, oG,
o T3 Ton T 9T T 98 Tom T ot t
ZZT, EAMmMEBICHS L,

~)

M

p ad 0 0
I pu R pu U+ § <P R §x1xx+§y1xy+§zrxz =1 0 Q)
0= 1 L4 E=% pvU+E,p Evz% Ex,+E T, +E T, T=‘f Qpw
ow pWUED BT, Bt E T, ~Qpv
(e+p)U-E,p EBAEBIES, 0

Reynolds & /J3E 2B L Tid Boussinesq AUAEL D LD & LTBY | AHEARE & ELRBEERBUIR

DEHICEEBRZ OIS,
U g,
v u ®

—

Pr Pr, Pr,

T ATV E L Cik2BREE 7 IV T % Baldwin-Lomax &7 )V [4] D EEI[S5]1Z VT 5,

FHE P& L Tid Harten-Yee @ non-MUSCL #! implicit upwind TVD scheme[6] % FiV>, Roe Dl
Riemann solver DBAICHE I 2 L7, FT-2B2H8FR105N - SN 5b & 9 1A RAFRER 2B
LTV AB[T. BMEEIEF.OESZAVWGEL L, BB ARV —% —iZik LCI-full matrix operator
ZRHVCHE 2 REETHE LTV, KEZIAIL global time step sequencing % FHV>72[6]e H—T F
A RPN e BERNIBRE T A BBRETH L EIRELTES 1 ¥y FEOFYMMEZEAL, Rl
BITEEZAWT, EERNOFET AU, —V 54 iZT7Ta—-FF5,

BREMGEIFETEIIROB) THS, MAERTIX, 1 RITUOFHERICEONT, 2R, 2F,
BeEERE & FEAHEEZHE L, Riemann AEE X FHEEBL O/HET S, HHERTIX, 2
FLH#E 3 BRaikiHEL, BEZHRET 2. BEOFETSA T FEFERNL AV TRET 2,
hub, casing X UREBEFROEEREIZIX, non-slip F£HEZE Lz, ENREEFHOEBEHFERLS
BHU, BRSNS L DEH L, PSRRI T 2 A COPEREN—F T AHIZ L, tp
clearance 13 E tp £ M) o CTRABISH LR L,

MEEIZETOFRIZB T inlet hub D—HKEFiA* S impulsive start LTV 5, AT TR %2
RETHS, FH2RREONPRE,P LD AHUEOELE bo T, BEMIGRLI DL AL
LTwWh,

3. BTEREER
RIE QAT T 0.5% span clearance D358 DEHT 21T o 72Blo 5 HIZ[E UE T tip clearance % 0.25%
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span & 1.0% span @ clearance |28V CHAT 21T , EEREUIRIEI O & F UEREHHEEE (490001,
pm) ThHb, BN RTH 2 HAMEBTRTEHEBHHETOEEHTER - 1UIRT, FHEATEZN 1
KRS, BATHICIERE L7z, 155X31X31 DN C BT TH 5, tip clearance WITIX, 0.25%
clearance DAt 3 M 2 V%, 1.0% clearance DAL 5 H 4 L VEEE L7,

BIE O Tid, design speedline 123> 72N D EBORET % M L 72 (0.5% tip dlearance)o = 11
5% 2~51Z7R LTH < (clearancegap P DA Mach BiZEE# ; S5 MIE0.05), Th bR, &
EEVE & ZEBEEHFRESBEUCZOME, CWEEOEIZEIZL Y tip leakage vortex 15
EHTEM 2, 3), FEISRL 2D, BEEEHRES MTICEE L CRigERERgR & —5y
5 &, FRITEE tip leakage vortex DFEAE T b EEIRIZHE) L, leading edge vortex & LTHET ST
L™ 4, SHICEEL LTS ESEIX leading edge vortex DA KRKTHZEW®EE 5, £LT
leading edge vortex 2SR O tip BIRRKICHR L2 L ZIZEFERNIBHRET 5 2 L 2EHHICR Z T3
Blo

% b EIZ 0.25% clearance DFE DTHIBDREF % #RFE L Tv> { (clearance gap WD XS Mach 3%
EEH  FERME0.05), X 612 0.5% clearancechoke point & [F] UHEE% 52 72BEORNG LR T
(0.25% clearance choke point), FJ[H DG TH O NL-HEFRBE Y, tip leakage vortex DMEZ 3 HEEE M
HROTHAPRKE (B LTnB I LD, 2 LOREPLHS IS, T, tip clearance
RIS EIZLY, FZ%BED tip clearance flow DIREV WAL, FOLOERIZL 5T tip
leakage vortex SR EFEIZH LDIF o B 06 TH D, 72, BHEEOMNEI K 2 & B L TETRA
WINMEL, HREOHED Mo TWwAH I LIZERESIR-V, TR, tip dearanceflow DFEHRAD
LS LI LY, ZOPRENRIBo77:0ChB, OWNS b tip clearance DHAXZESTHIC
REMHER TS Z 0555, RIZ, 0.5% clearance ? surge point & [F] UHEZ 5 2 72N OBk
Fx2E 8 12T, ZOFFETIE, 0.5% clearance DHa, EERIIRLTEONLE2 o8Bl —RL
THP5 & )12, 0.5% clearance DA & B2 1), leading edge vortex DB AT E (A L, BHEE
D tip B O RE {BENZFFICALE LTV 5, high blockage core b BEHBEOFMICE T > T3,
INLDEFEPLTFREINE LI, MEEEEEZEFL VLR 9, K10 X E5ICEEE R
TWE, 0.25% clearance TEH IR SN2 { &2 o 72N (0.25% clearance surge point) TH 5, 0.5%
clearance ) surge point & [§] U {, leading edge vortex 2SR D tip AI#KIZ A O > THBY, T 7= high
blockage core b BB AOEMKICILA), HOWMNAMIZRE (HAKLTWT, EHIEIINICA
B ERPFTTVD, ZOBAOFIITED TARET, BRESHL CIRE) LK, RUMEHRE I HkE
LCLE o7 @1, |

1.0% clearance D3GHE D, MNBEDEREIE 0.25% dearance, 0.5% clearance D& & BIRETH o7, 1H
U clearance flow DWMEDH 2 724, HEIKIT tip AT VI Tz, £L T, surge point T
i, 120 £ 9 12, leading edgevortex %5, BHER D tip BiFIC RO 5 & & IZEERNIHRET 5,
13 DPCRIBED S & 2 WOSHERR T & 5, .

DLEOFERERP S, 0.25% clearance B U° 1.0% clearance D& DEHEIE, 2K L7~ tip clearance &
BERT7 7 VIEMRO LI AREEDORIGIZBET 5 EF VORI LR TE 2,

CNRETRELLET —A0FKERE, B 14 OEMBIFEMERDS L USEMBERIcE D5,
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DL, HFHPIT tip clearance X WO L72721F T, KFLV—V<—J 0 0mESIBOLND ZEER
LTV 5, tip clearance % 1.0% span %*5 0.5% span 129,53 & choke HiEDHK) 5.0% DY —TV<w—
CHEIEOSN, E5I20.25% span ICHHTED ) 5.0% OV =T —I U OUEIHELNDL, FFE
AR D F 51X, 1.0% span D clearance Z T 5 & 1% OXEOLEBIHEOLNA Z LG5,

—77 0.5% span LT i clearance % 38,5 L TH AEW LHIROWBFBIIR S Wi d o7z, X, B
Bahr S, EHLED optimum clearance (235 1 DOFPEPN 25253 DE N2 5,

4. &5

CNETHEONTVWHEHMEZUTIZE LD S,

-RELAETY, Hb, OBFEY 7 VIEMBRBEAOEERNL, B tp OME,rLRHEN2
leading edge vortex DSBHRE D tip BIMKIC S DOh o 72FRIZSEE IR E T % @tip clearance 1 clearance
flow DFEEZET 5729, tip clearance % ¥ %3 &, clearanceflow DFEIIEIM L, leading edge
vortex SHEERITEE M AEL ZOTHAIFKE(HK, Lo TENHIBEERD dp FIEICEO0
AOLEEY, EEEMOBGEDFE T Sitip clearance 2 WO T EF DM R D, LWV EROER)
A%, tp clearance D & B R 7-RHH 28 L THER I W,

- tip clearance |X, BEET 7 ¥ - EMBORNE - ZEWOWEIS KRN 2 8L RITT,

- EBRTEMRIZHER S T &, tip dearance D T TP DOWISHEL I — Vv — D U OKIER
BHEB7-6FT V) FEII-KTHEEEHERIME LN,

- 0.5% span LAT I tip clearance % 84 L CH REW L REOYF IR bWk b otz THIXEH LD
optimum clearance |ZX1§ 5 —DDFEPP Y ZRTHDOTH 59,

2E UM

[1]Freeman, C, VKI Lecture Series, 1985-05(1985)

[2]Wisler, D. C, ASMEJournal of Engineering for Gas Turbine and Power, Vol. 107(1985), pp. 354-363.
BIEAR KfE B BRER H AR5 — ¥ 2REPRESBERTHR1996)

[4]Baldwin, B. and Lomax, H., AIAA Paper 78-257(1978)

[5]Chima, R. V., Giel, P. W. and Boyle, R. J., AIAA Paper 93-0093(1993)

[6]Yee, H. C., Klopfer, G. H. and Montagne, J. -L., J. Comp. Phys., 8 8(1990), pp. 31-61

[7IEAR  AfFE, BRI WEKF(1995)

R 1 BEREHREIRET

BYEMH 24

L 73 49000r.p.m

TR 2.54kg/s
Il FEH 1.7

B9 1155X 31X 31 BHIMCRIS Wik 7
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[ 5 83 Mach B 5 # (0.5% Clearance Surge Point)
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X 6 8 3 Mach % = # (0.25% Clearance Choke Point)

10t

L-2 NORM OF RESIDURLS
=)
@

1000 2000 3000 4000 5000 €000
« ITERATIONS

[ 7 iX % % ¥ (0.25% Clearance Choke Point)

J X 8 48 xdMach HE %ﬁ (0.25% Clearance; 0.5% Clearance
Surge Point & A U & F)

107t

[=]
d
N

L-2 NORM OF RESIDUALS
5 5 3
(13 £ [4]

2
&

b
5

1000 2000 3000 4000 SC00 6000
= [TERATIONS

[ 9 X K P& FE (0.25% Clearance; 0.5% Clearance Surge
Point & R UEE)



—e—0.25% Tip Clearance

0.96 —=a—0.5% Tip Clearance
B —&— 1.0% Tip Clearance
% 0.94 ® 0.25% Tip Clearance *Surge” Point

s 0.5% Tip Clearance “Surge” Point

C oo | s+ 1.0% Tip Clearance “Surge” Point
E?% 0.9
> 0.88 i P
< X F / / 13
% 0.86 = 0%

0.84
o r
o r
(5 0.82 :
=2 SOUN FUUE UV SO N O

B 10 #83% Mach 2% & # (0.25% Clearance Surge Point) 22 23 24 25 26 27 2.8 [kgs]

lO“J-

=
&
1
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,..
%
./
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3
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NE
| N
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M EREFSHHBREKE L UDRBRE
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a
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RS HRICLBECEHEOT X EHH [ 13

MUZET W BT FeT  fa ek

FANE

HAY—EVOBMBEr— 0 7EDT 22 BBTIHROUERIE. TOREKRHBICKEIL
REBELZ5, C03EF (Bwd &%) OoffiliclLoh b o Hicid. IERERIBROD
—ETHAMBEREAEFALLZBDY | F 4305 U AR EERBBEREAEFALIZD
DY RERFEFALIL DYV HEBFEAINTL S, LHLANS SO
ZOWUWEREN CEBENEBTHEILEND 5,

M6 3SEEISMHER - TEBWBETERINTWAS 5 I v I HRY - EVOWIEH
9 ) Tl F-EVBEINES I v I THELD. AL ohTHW T EER VI EZD
FEFEH I LEARRET, FIZTHERROLSBYEA M EFHAO 72D DREFI 1IN T AL E
E182, UEDZ XY BRNEEBOBAICT X FEHAEITHY FBE LT, FHEMICHIE
NA[RETH S LB L, XOKSIC L A HEHAlEEERA BT EEHMHA L 2R
fEL7ce AMTR IO Y EBIC ‘BT EE Y EMBTHIEICT 5,

1. BRI EFEYOHE L BFiSH

(1) AER=

B 1R ARNIC L A REAERT,
MICHENT. ADSHENINIDPEE LR TR
SIENBHEICET S, CTHAEHETHL2HEAL
MOBEHNEH d OE(LIZ. BATORMEZL dn
PRIETAIEICE-TRDSN, M1 XY BED
BRIEERD X H 1T B,

dm / d = Cos(90 - 2+ @) ----- (N

Z I TO RSB RERICN L TAHT 5 HE
THb, ORAMERELZEET EEMBEAXD | B
EPNLEE LD, ORFELEED Y O : d m: 7€ BEAE
DORENHE, T T, ONELLI¥EHOE '
Y EBE LI, HEMIZ6=40° L LT, B1. tRFAFXOHERE
(2) BRAFFORBREERE )

dm OBHITIE—RBIC 1 IRTEDZIFE T4 L5 A5, %1. CCDEUHDIEREE

BRFRTF

Z OB REREME. S RRRE. IDEHIOERH A ROR ZRBEHRHK 256 bit

WMy EE e Y OHBICKE(RET S, TRETIC | BREYE 3.328 mm
RO P HNSR 5, % E 1500 mV .~ Lux.sec
OCCD (BRESHERTF) vV BRARTFREN 50 nsec
QEMEZEALE 7 F o Y BKAL B H 25 EeEERKY 4 MHz

QA A=V Y A2BRTEIET A NICEFNEFNZAEFERE LD

EBl11myzy—t o KERiES
AEEM O, 1996.11, (EWE)
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BEZARFIRENTNHHEIHH0. XBHETEE L /I TROD 1 KRILCCD %
Al BICIDEVYOHEETT, CCDEUVHIIREREIR L FICRFED B
BERZQEET A VIINVEBRELUTRETSE, ZRNASBRENTOAPRROFRETH 5,
ZHARFICCCDERWIEGE. TORFHEEDIFERES 1T | bit BV ORITRED,

#1X0. & = 3.328,7256 = 0.013 mm
6=40° DB AIE. 6'=0.013,70.985 = 0.0132 mm
ZDBATER]RERREE L 1L, L = 3.328x0.985 = 3.278 mm

ZDLHiz. CCDHUAKDAMEESIE. I TaHUEZBMET IR T ZF M L TR+
FLEZOND, TITHEERDSORMCEENRTAGML X2, 2 EOIERKELF
DHLDEFRA LI, CHICEIDABERET XF vV OLEEEIZH0.007TmmilKE L, KB IOD
Bl e BEREBEIZ L 2 DEIZIE B,

M2icCCDEVHYDOHENES.2RT, CCDII—EDRAYMTERAINTEY. ZOHAIZ
—REBEBICE 2 ISR T L URRRICIE URBAS A ERT, CCTHELENET S dn O
3. EEMEELEES L THEARER (BTES&/ME) 27RTAE TORET, EBICIZZ
ORI A L 7o ZE R DM ES 1~256 OE y METRD TS,

(3) XRDEFER

FeDRSEFA L IESAE T, HAESSR (REHE) — EEEER
DEENEBARBOREH 7 — TEBMHT 2L ELIEOR | ]
REETHIBEN—HNTH D, LHLEAERMI &Y
VORERNETHSEET I v 7id. XoORHHEE L TRIEE
KABHBEHETHHEEZOND, 23 [EF I v IHAR ] '

7 —EVOWERKE] TREINLS VTV -EVBED v R B R
MEARMBELEAEL. SBMEFEHBELICERTH S, E2. CCDHAES
K2 AERARDOREE £33 KBRA~ARERFHRIOXLDES
Rettk (W@ | R&TERK)|BEMIdB]| |[BHEMELT 7/ XTOREE" -13.6 dB
£ ®| fEBX | 647 - 1.89 REICLHEBE (@) -1.89 dB
€BXRE 1.5mm | 30.3 -5.18 SR T 74/ ATOREE" -14.6 dB
2—EEE 1.3mm 1.06 -19.76 wEEE -30.09 dB

EayE 2. Omm 1.60 -17.95 (BEE=1/1021)
HEagE 1. Omm 0.50 -23. 01 B UVUREBICLARELEED S

FEGTEEF LUV RBEROTIUVFIE ) T4 28572010, AIENBICEEIELI Y
YNy FEHRBEROZETORMENT 7 1N THAT HHRE Lz, COBRSEMET 7
ANICAHF INBHFED. KT 74N REBETHE LUEKRNICABRFICBHFHT HET
DRBEEEWUE UIBRERIICRT, I THRT 2 AN TORERNKT 7 1 "\HTDHROK
W, BEICEDEEREE. ZOWMEIENALTH T I2BOHBERFTEL S, COXIIIHT 7
ANENUKRRTEE L YT, 2KELTH -30dB (1.71000) DKRELIDBEES
HELb, UEOZEDOSRIEE L THHA100F @ He-Ne V—HERI . BEAET 7 4
NIZIEATERSOumDKET 7 A NEFERA LI, LML, VL—HFROFETHE2a—L oA
OBEIPHIZEEL. CCDEVHHANRK2ITRT IIUNHEERL D, BRAMEBREIH L
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WHARGREIL B EDRD o1 E1-HT 7 A DBENEE, KT 7 £ WD D EHRE
NEAL. BRKEEARIMEZOLONEL >TLEIIENHBA L, ZHECICE. ¥
VINWE—KRT s ANEERT I, T 7 AN 2HNVIOTHEHEREARL - T4 — %
FRTIMREENEZEZ OND, ULEDZ XD, BEROICHA150VDFE/ V507 %
MU VZXTEAELU. KT 7 A NICAHTEIRERONEELRAT LI EIC Uiz, DR, BiHE
T 7 A 2NIC AT A RBEAXDOH NN —FEFIH 3 5oV m*]1TH - 72,

(4) Bmd Z2FEL HYOHEK

M3 IcAREIXE L YOBRERT, 53 0| i
R s MEREDRRABRLE LS | RN K774 ¢
ToREEZR L ThB, BEIERDET » 43I

WI78& 1.2 DAKRNT 7 A N EANTEH
h, A& 8¢ . AR 30nm OFSHL >~
AT TEENLTE YNy FIZEEZELT
0B, BEMEICELB ARy MRIZFIL ¢
THb, ZHAHKT7 74 NiIZiE. CCDE Y
JOJBBHEOERICEE T, I7HE 25um
DT 7A3%10 & (1§ 5mm) iZHEB L7
KT 7 ANTUALEERHL. A0 X 2,
WMRBLKW 2OV VX T 5L %ML T
oAy FIZEEXZLTWHWS, YAy K
BEARTIEEREHRAREED ) —
TIWICEERREUTERTH S, CCDEVH R
UZ0EBAEKIT 1 >DOEEKICID. FOH 3. BRI EFEztoUOMAK
HER5 LIV 10 SA4vENLT/S—
VFHIVEHEBIIESNS,

(5) B+ = HDORE .

ABWMT XUV OB, ¥
HETHNoNAMEIS (GR/DMENEEE
0.0lmm) iZ. B YNy FEREELILZL
REHRZHRFIETRE LIz, X%
R&HRII %R 28R & R R
FURETRS ET BHBTRIEL 121G
3om OFHRAFELL DO TH 5, #i4
HIZM 3D YNy FEEERGHAS
ATICHEME B EA EAES L LT,
ZOEISHEERFREBEB SR, Z0 SIS -
BOMBADBBICHTIRET X 0 50 100 150 200
vHHAERE L TERD I, CCD Bit Counts

Az DFERDO—FEFRT, ZD
BRI, BIEREIHEELHED. 5mm D Ha. Bimd2F o0t

7.5

]
7
S\
)

6.5
\

Distance [mm

6.

5.5
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B4 +0.015mm~=*0.02mm (CCDOHAEy METx2~3bit) . HIE&HHE D, Onm DIFA
12+£0.01mm & 75 572,

(1) ERpEHESARESE
HRY—EVHEOTXFHAUERET 500, TRFVEERS ETHMENI X 5 EET)
BA 1 SHHAAKOERKE, £— 5 CTRERI T IREREHRAAREECRIEL, BHEE
WMOEYy FHOBERIZ1 20 ¢ THD, HEHRERORHRIE, X2I1ITR LA ITEHAZE
HNETD2ES I v SisNDBOSIOTNVI-EVBHEEREREBETHS, 2PNy b
BR3DEIITH - U EHICEZEINTNWS, BlEREKEA -7 HENICE 5 E— 78I
EEEZEINTED . MEEE 10, 000(rpn] F THEMICAIEZETE 5, BEREEOFHANIIIE.
EER# AT S EBREYOEBERFNIKRHET HIRFEEE VHEAOTH S,

(2) cCCDtEUHYHAESNEBER

CCDEUHHNMEERERIEDO T Oy 7 ¥4 T 75 LEHL5ICTRT, CCDEYY (UT
BHIZCCDETB) Bruy 7 itk 0 @BELAEEESRIT->TEN. 2OHANEHEISORS
ERHROZTBAICRELT. TOHEENYy T 7ICAMNTT 5, E— 7 EKHEIRIEE—BOER
BEANTHRARDOHE (K2 0RATER/NME) 2 rdRHEZEROME (Evy Mi) & UTHKRE
T 5,

—f cco Ny 77 o E— sk o ¢S5 L 1/0

70y

IN—2)F )b
JEE I BN )BT avEa—%

P By 45 5 O] B

B5. CCDHAESABEEBIAYIFTATII L

CCDRZDEEFMNICEBOBRERHIH >72HE. CHoDHRONRARD RS 24U
LEHBORGEZWEMET B, > THEEHREMINICAES 5720HiZid. CCDOEEERHZ

Ts. BIEBIRICHNT A1 E Y FEERAE Tp &35 & Ts < Tp
T TCHEHEE N [rpn]. BHREKEE ns T 5 &, Tp = (60/N) ./ ns
21D TEALCCDOR/NEERRM Ts_min (. Ts_ min = 0.25 ms

UbXYns=18 TEHELMINAETE S HEEEHEE Nmax (L. Nmax = 13,333 [rpm]
WIZCCDDO—ENIEHNESNERIE TIE. NEEOBRNSDESER L LEKENICH
NTHH. MEBREFEET A EETERL, TITHEEOHRERAFE L CEHHlETHIK
H. FRICHESREEREEMM LU, ZHiE—EERABICEBLT. —ERHEN A
TCCDHAZEHE L. TOHNE—REAPEHARET 0B THS (I5BBDOIL) ,
COBBUELRET AHRESEn £T5E. BOREBOFREM e id. v = Tplh-1 + AL)
EWBH, TIIWKALIZNEREES AR T AMES. n = |OBRLOEREAFHRBRTHRL
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72fHTH 5,

B 6 ICENREBEF AT 5 v LEIEAE

CCDEZHERAMES

WAEHIICHE L,
(3) BEMExERHAR

LR U MERREIC X O Bimd 2 XEHAEIT- 72,

55 Kk oo
LB ERT, I I CHIEA 2Ts * 7"
fEIE. BREEESELECCDERAHESIVIDT
—HUE (2R TRUILME) THD, Ub nﬁ%mﬁ%rT
ARFT- - BERIEHEABREETITIALA 0.5

r* Tp >
BEES : I |~L

-
]
1

1

]
LY

1
1
—T— |
1

Fﬁﬂw;

He MEESZFALFY—F

EEEEES

M 7IicllESRO—FETT, CNIER—DOHRIZONT, EEREE N = 6692 [rpm] ZEWH
T, 100 4o FNAZELEERE LR N SLATRLEBDDTH %, BT THRARY VTFIVET
DORFEMIE 0.56[mm] . KD FHHEIE 0.538[mm] TH B, FHH 8 IXRA—DHEIZONT
[Bl#EBEN 21060 ~ 6690[rpm] EZEZ CTHIE LR EFEHETRLICBDTH 5,

N =6692 [rpm] dT = .28 [msec]
Clearance of max counts = .560[mm]

o

Clearance of mean value = S38[mm]

30

20

No. of Sample [%]
1

o

0.35 045 0.55 065 075
Clearance [mm]

Clearance [mm]

0 1 2 3 4 5 6 7
Revolution*” [rpm]

B7.AEEED—H

M8 THMEZHETCOERKORUEMIZ. 7D
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Figure 1: Schematic view of a spinning pattern excitation system.

Download service for the GTSJ  Via 3.142.133.182, 2025/05/01.



FIZEMRBTRE Lz, &£ R4 2=y M, 16 Fy Rt A PFIZ Lo TENENMR
SNAZHIEME R E S A DNVTEMEST D, a2 =y NMIIF4~40W DA T2 5272, RTA4 =
= M T ALY S ERAL oF 0 EEBRAIIIAEB SR E X 2 MNFRIIZENLER 10° |
26mm AR TCT7 7 vy av U MA T EREBETETLODF v TRl THY, v~ 7 &2FEHAL
RNE XTI R ESHIMA L > TWD, TRHDT VAL X o THET — & OEBINITD
. FTORERNPLE— RORENTED, 79vvavyr b~ 20T7 ADOLERANZIZ, 70
— T A I DOFELES 7 NEHOEBEONEIZBENTA20D NI 13— v JiEEZRE
L7,

Wave Form AEDETH B 16 Fr o R A PiL, ar ba—Ihbtbhbs&F ¥
VENDTUANEFRESET I u BB L, T F 2o —FZHIEESE R T AEEE B
D, RO, T o RNVEOMEEZMIY L CTCED A, KOlary ha—I CHELLZEE
DT VENERERET D N TEDIRICH D, HRBEIT 20kHz X 16CH., 2048 S D5
%%TE T BT v o RIVICE ET%% B ZiE, MECTE o —T R — B HTT)

Wi, ERRIROT VX VIR AR L, F ¥ o RIVEIINIFEZE,

360x N 6
¢ _ MX lobe _ 3 ;)X 5 =1125° (Nlobe o — 7R, Mactuator

actuator

T T az—FE) (1)

ERTETRE T — 228 TF ¥ RNVD AT VIEEETIIE LI, 77 Fa—FHiX 16 T
BT, 8D —T IO TIIBEY & 9 F % RVEOAAEZEDS 180° L7820, R =17
WNE = NTERS R, WXV AT A TEEADPFARR e —T7HIE, m=1~T7 L7425, I
D m=1%F— FCERFRERE 1 =0) DR E K E % 5E T 5 & 410Hz TH Y [ [F U< (m, 1)=(2,0)
E— ROMERTE R $0Y 680Hz TH D,

BELZAY = IR —V BT AT, Tu—TA 7% b X—XTBHEN, KT T7T
vV avUr heA T VA% ED, SEIORBR T, HAFMOoo—T7HICOREFEBT D20
FENY T DBEEICY AR EEEL, IhE R TIAN—XTHI LT, XY NREROME
FRIDEE LMAAOSFEEE L. BE LA IR — R RET AICEdT-, #HElLE
RERFIFET — & # BiEBE K Blade Passage Frequency)Z F.OMIHHFIR 7 4 V& 120F T
236, EHENEBICB T AEESTH LY 77 L X & DM EES Ay BT 5, B—DXE°
:Vﬁ%wFﬁ%iLTmh@\F?waﬁ%%ON&m AL Z GBI BE LA

RaFER L, V77 LR E OMFEEIZ OV TR, -180~+180° MDERSAAI T—T
&ﬁ YETBND, 2B, BRSMOBEX FMIIA L FRICHET 5,

&ﬁﬁgwﬁ%ﬁ%&%?W77VﬂB®%ﬁ%~F%m
ﬂma@é ERBRSLIRIT, BEEIRIEZ ST ET VT 7 o DEERSMENBRE LT, ETNVT 7
i]ﬁ&@FRP%7V~F&%®LmWL%W%T RE I 16 ROTHREHA 2 v R T
BEND, 77— F- 0y REOTHIZEIY o —TKE 1 DR =2 7% — L 3358< Bhid &
N, REENFIERBROE — B L L TH—E— FORBREEEE B L EREEEE T T, (1,0)
~@,00E— ROLDB Ty bA L LR DEMETRERT 22 &2 L, HEENT 4000~5250rpm T
BV, BEBFEKET 1066~1400Hz TH -7, REBEEMELFE 11077,

= 1.5 OYERERBR

A:(1,00F— REARER B:(2,0)F— REARBR
T3 (FEd) B R B 1000 Hz 1000 Hz
F ¥ ¥ ROV AEZE 22.5° " 45.0°
AN} — /CH. 13W 13W

Download service for the GTSJ  Via 3.142.133.182, 2025/05/01.



¢ m=22.5(deg.), m=1.

finput. = 1000 Hz

— 120 _ 120+ |
) = i
g: 1 1 Ot 00
8 - 100 ] 3

S 8- gor "~ OS.P.L data - 55

g0 & @ got ® Phase data 180 g 3

90 2% se

D @ O

© £ L=

-90 g o o &

L - o0 £ 88

0 30 180 2r0 360 0% 0 30 80 70 360'°0& E

Circumferential location of
microphone, 8 (deg.)

9 m=45.0 (deg.), m=2
finput. = 1000 Hz

Circumferential location of
microphone, 6 (deg.)
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Figure 2A: Experimental results of
performance of control sound,
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Prediction of Swirling Turbulent Flow Using Different Turbulence Models

2 #® (B # K W

1. Introduction

A series of experimental studies have been conducted on a burner fitted with a specially
designed double swirler, as a part of the effort to reduce the NOx emissions from gas turbines
and propulsion engines[1][2]. From the NOx and species measurements, it was found that the
low NOx emissions and high efficiency were achieved simultaneously in the direct fuel injection
combustion system, and that the burner with the double swirler (DS burner) could produce the
lower NOx emissions than the conventional combustors. The further understanding of the
physical processes in the burner, however, requires the revelation of the detailed flow
characteristics in the swirling flow.

The predicted flow characteristics of strongly swirling flows is much influenced by the
turbulence models used[3]. Among turbulence models, the standard k—¢ turbulence model has
been widely applied to engineering practice, but has been described as being unsatisfactory in the
simulation of strongly swirling flows. Many efforts thus have been made to modify K—& models,
such as Richarson corrections or C, correction. Since these are only ad hoc modifications to the
standard K—& model, those models are still not able to yield satisfactory predictions of swirling
flows with a wide range of swirl intensities. Recently, the development of the Renormalization
Group (RNG) provides a new methodology for the turbulence model. The model, which is
derived mathematically, is claimed to be free from any empirically adjustable parameters. Among
the proposals of the RNG theory is the two equation RNG k-& model[4].

In the present paper, the numerical calculations of the swirling turbulent flows in the
double swirler burner are conducted by employing both the standard k—e and the recently
developed RNG k-¢ model, the predicted results and the measured flow velocities are
compared, and the predictive abilities with the two turbulence models are assessed based on the
comparisons.

2. Problem Description and Experimental Measurements

The flow system for which the present study is conducted is shown in Fig.1. It mainly
consists of a swirler, a divergent connecting channel and a flame tube of 300 mm in length and
80 mm in diameter. The double swirler is co-rotational, having 16 curved vanes in the inner and
outer annular passages with an angle of 45 degree. The entering air is splitted between the inner
and outer channels with a ratio of about 1:2, and the inner channel is of curved shape and
convergent, as shown in Fig.2. In the present study, the total flow rate, the flow rates entering
the inner and outer swirler are 50.2, 16.73 and 33.47 g/s respectively, and the flow in the burner
is isothermal.

To better understand the flow characteristics in the double swirler burner and evaluate
the predicted results from the numerical calculations, measurements of velocity fields were
performed using a laser Doppler anemometer (2D Dantec LDV system) in the backward scatter
mode. The measurement points in the burner were carefully and finely arranged in both axial and
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radial directions in attempt to provide the detailed features of the flow field. The experiment
provided the axial and tangential velocities.

23

Ite pajeay

Fig.1 Schematic diagram of flow system Fig.2 The double swirler configuration
3. Turbulence Modeling and Computational Method

Standard k—& Model: The transport equations for k and ¢ in the standard k—€ model are
described as follows:

w JK
9 =2 +H, 1
aJ(puJ ) aj(xax]) ey
W o€
—(puf )=—( —)+H, 2
Ot ij
the source terms are:
H, =-pe - pt S, ©)
2
H, =-pC, —1: /S, - pC, = ()
K

whereox ,0¢, C,, C, are constants (1.0, 1.3, 1.44, and 1.92 respectively). The values of the

above constants are the standard ones suggested by Launder and Spalding [5].

The eddy viscosity w is calculated via the relationship:
2

K
w = pC, - ©)

where C,=0.09.

The shortcomings of the standard k—¢ model are: (1) the model is empirically based. (2)
it can not be extended to low Reynolds number flows. (3) the k and € equations can not be
integrated to the wall, so wall functions are needed. (4) it assumes isotropicity for the eddy
viscosity.

RNG k—¢ Model: The RNG k-¢ model is derived from the Renormalization Group theory[4].
In this new turbulence model, the k equation is the same as that in the standard model but the
source term in the & equation is given by the following expression:

2

H, =~pC, - £1,8,-pC, - pR (6)
K

The extra term, R, the rate of strain, is written as follows:
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C 31_y
. . ( 710)82
- 3
1+ Bn K

(7)

1
where =]—<—(2S1.JAS,.J.)2 , N, =438, andf =0.015.
€

The coeflicients derived from the RNG theory are C;=1.42, C,=1.68 and ox=0:= 0.72
respectively, and the effective viscosity ( ey = w + pe) in the RNG k—& model is computed by

the following expression:

Uer = uf1+ pﬁ“ %]2 ®)

The RNG k—¢& model is derived from theory, so it is valid over the regions from high to
low Reynolds number and can be integrated to the wall. The strain term in the more
fundamentally treated & equation should give improved predictions for € in regions of high strain
and consequently leads to a more realistic value for K, and together these should yield an
improved prediction for p, The p,, however, is still a scalar according to Eq.(8).

>

Computational Method: The differential equations for continuity, momentum and the
turbulence models, which are highly nonlinear and strongly coupled, are solved by utilizing the
finite volume method [6], in which a finite volume formulation of equations that are derived by
integration of the differential equations over control volumes of finite size is employed. The
equations are solved sequentially via a line by line (TDMA) process, underrelaxtion factors are
used for iteration to help the convergence, and the factors are changed in the processes of the
calculation. The solution procedure used is the SIMPLE algorithm[7].

4. Results and Discussion

Grid System: In this work, the fact that the configuration of the DS swirler is complicated, the
size is small, and the wall of the inner channel is of curved shape requires the use of body-fitted-
coordinates in the solution. Fig.3 shows the grid system of total 230x50 grid nodes used for the
present calculation, in which a body-fitted-coordinate’s subsystem for the zones in the double
swirler and divergent connecting channel is generated by an algebraic/elliptic method.

Grid ( 230 X S0 )

Fig.3 The grid system for the calculation
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Results and Discussion: Figure 4 presents the calculation with the standard k—& model. Figures
4(a) and (d) are the velocity vector and stream function distributions respectively, which clearly
show the flow pattern in the DS burner. As expected, a central toroidal recirculation zone
(CTRZ) , which is the result of swirling motion, is formed in the front central region of the
burner, and a corner recirculation zone (CRZ) , that is induced by a sudden expansion of the
flow, is also produced in the corner of the flame tube. The size of CTRZ, which can be observed
from the axial velocity distribution in Fig.4(b), is less than half the total length of the burner.
The distribution changes greatly in the front region , but tends to be fully developed at a certain
distance in the downstream. The combined swirling effect from the two swirlers, as indicated
from the tangential velocity distribution in Fig.4(c), forces the stream to flow close to the
divergent channel wall. '

83 ms
—

i 99 mvs
- [
S2mis 49ms
L )

-2.95x10°
2.28x10°
-1.62x10°
-9.56x10"
-2.91x10*

a -1.81x10°
b -1.28x10°
¢ ~7.47x10*
d -2.13x10*
e 3.21x10%

o0 oe

(a) The velocity vectors (b) The axial velocity (c) The tangential velocity (d) The stream function

Fig.4 The predicted results Fig.5 The predicted results
Using the standard k—& model Using the RNG k—¢ model

Figure 5 is the predicted results with the RNG k—& model. Compared with the results in
Fig.4, it can be seen that the flow pattern given by the RNG k—& model is also characterized by a
strong swirling flow, e.g., a small CRZ and a much longer CTRZ, and the corresponding
velocity distributions are similar. With the RNG «—& model, however, there are some changes to
the details of the flow field, mainly the size of CTRZ and the distribution of tangential velocity.
For comparison, the axial and tangential velocities predicted with the two turbulence models,
together with the obtained experiment data, are all given in Fig.6.

The axial velocity distributions show that in the region where the distance H from the end
wall of the flame tuber is smaller than 30 mm, the predictions obtained by both turbulence
models are in good agreement with the experimental results, as can be seen from Fig.6(a). As the
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distance increases, the standard Kk—& model continues showing good agreement, only
underpredicting the length of recirculation zone slightly, as compared with the experimental
result. The RNG k-¢ model, however, seems to overpredict the width of the recirculation zone
as the distance is greater than 40 mm, although the comparison with the experiment shows
improvement as the distance H increases further.

Axial Velocity (m/s) Tangential Velocity (m/s)

(a) The axial velocity (b) The tangential velocity

Fig.6 Comparisons of the predicted velocities using different models with experimental data
( — the standard x—-¢ model ~ ----- the RNG x—¢ model © the experiment data)

On the other hand, the predicted tangential velocity distributions in Fig.6(b) show that
the two models again give results which agree well with the experimental result, at the distance
shorter than about 40 mm. With a further increase of the distance, however, the standard Kk—¢
model underpredicts the tangential velocity within certain radial distances, while the RNG K—¢
model still shows good agreement with the experiment data. It is known that the profile of
tangential velocity component in the swirling flow can be considered as a combination of forced-
vortex (rigid-body rotation) and free-vortex (potential-vortex) flows. The turbulent
characteristics of the swirling flow between the forced-vortex and surrounding free-vortex
regions are different. The comparisons made above indicate that the RNG k—& model well
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predicts the characteristics of the forced motion in the swirling flow, while the standard x—¢
model fails to show this important physical feature in its prediction.

One important transport property, the eddy viscosity w, which is determined by the
calculated values of k and ¢, as defined in the section 3, can greatly affect the diffusion
coefficients in turbulent transport processes such as momentum, heat and mass transfers. Due to
the modification of k and ¢ transport equations, the K and € distributions in the present
calculation have been changed, and the turbulent kinetic energy becomes relatively smaller near
centerline than near the wall at the same section. The model thus decreases the turbulent
viscosity p in the forced-vortex region and increases the value in the free-vortex motion
relatively. On the other hand, the RNG model still assumes that the turbulence in the flow is
isotropic, this is probably the cause of obtaining the different CTRZ sizes from the RNG model
and the measurement for the flow condition in this work. The present work indicates that the
experiment under broader conditions and more simulation studies need to be done to further
access the turbulence model.

S. Summary

In the present study, the swirling turbulent flows in a double swirler burner are simulated,
and the predictive ability of two turbulence models, e.g., the standard k- model, the RNG k-¢
model, are studied by comparing the predicted results with the obtained experimental ones. The
work can be briefly summarized as follows:

1. Both turbulence models reveal strongly swirling flow patterns, e.g. the existence of an large
central toroidal recirculation zone(CTRZ) and an accompanying corner recirculation
zone(CRZ) .

2. For the flow conditions in this study, the calculations with the different models, however,
predict different CTRZ sizes, mainly in the downstream of the burner. The prediction given
by the standard k—& model shows comparatively good agreement with the experiment data,
while the RNG k-¢ model is shown to overpredict the CTRZ sizes.

3. The comparison, on the other hand, shows that the RNG k—¢& model well predicts the
characteristics of the forced motion in the swirling flow, while the standard k—& model fails
to show this important physical feature in its prediction.
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(3] KAIJIL S. et. al.: Advanced Performance Materials, 1 (1994), pp.149-159
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