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11 HEESE

EBRA 7 ZE it &X' 7 ik a2 hl & U CABE R CRIBICIR T 2 Z LA RIAENS. 2011 FFEIEIC
BiF 5 JADC (Japan Aircraft Development Corporation: H AMIZEEBZHE) O HITIE, 5% 20 4
OIZERE IR I AR TEB L FER 48% TH AT L L SN TS (K 1.1) W Z iUz, MrZeskbisg
WCEBWTEINETICORE E SN TEAEEIGRREN L VIR & o> CTHEL T2 Z LR THEIND. FFIC
B TEIT T DETT T4 NS > CEBE L RDONEEETE (BUSE, B, e OHKTHS.
HC B BT 2000 4R LARE O S 72 RIHMIlAE O mifig 2 1 s I CEHESE TR N D 2 FIE N SRR L TR Y,
2008 4F 7 AIZFisk L7 JFGm RS ($147/bbl) CTHUE L7254, MBS NEEETEMIZHD 2EE41% 6 i k-
Llansll ZoX 5 ITREHE OBIRIEMZESAHOFRRICERET2HE TH Y, HIZEMBIRICEIT D RO
ED—2>ThH2D. IHIF IR THIERERLA~DER D fiA & LT bR BT ERT A2 2020 4% Tl2E
AT 52 ENICAO RBIZBWTHEINDL R E, BREMEAYEOUCGEIZ T xRt b A TN D,

MEREEOZAIANSBEICED ETOY =y P P UBRIZEBWT, BB HIRIC T T Thn C& 7z
B0 R A TRERE SR O & EE OO 2 DICKBITE 5. BT A 7Aool ki & 2 #EtEh =R ok
RBEE I & BENROM LIZ X 20 A 7 VBGHROUEIZ L - T, BETEEMOBEASCT ¥ O L
RECE ST, ENFNERSNTE 2. ZORREEF ORI TIT A SAA 10, 2B 50 128 5
LONBNTND., S%EHRDE AL A, EENERED SND EB 2 B, £ OBEMKIZIT
IV ER DR EHEEF Lo E T AWM AR ETEX 200N EERFINREE 725, L LEAR LB O gD
RIT RIS BT AR ZEBRBDORAE) A7 ZREELZENMONTNS. HAZ—E U NFERL
SNTLE, JEMSRGOREE & U CHEICIEET 5 ONEAMEBIZI: TR AT S gL EORLEHLE T
b5, BEEERIIGS T EPREMIZHE LN NS OBZICKR L, EBGEHTREIIE D UEEEE <
72O EEEERI & FERORNIC —EORTE ERE~—, K 1.2) 2% 5 2 EBRER SIS, ITHED
TV EMEREL, ERIGIENT TR MO I, RISV RO CEE B R O~ v F L SR L D Tk
DRHZEE L < 2o CETHBY, FEBRORREICHHEND RO DI O BRI 28 5 K 5 22 EEhHRAS
BRETE RNV EORBENET TS, ZTOTDRLEBROREL R DR EEBRAILRT 2 2 E gk
HHNTNDHDOD, ZivE TITHED bV TE 72 L 9 RZENI RO LRI K 2RI OSEO A ClrIkig /e
ZEMN EREHEL L 720 2oH 0, FERIFGEOBIGEME & Fric 2 sl FEOMNI S EEE A L TE TV 5.

RPK[billions]
14000— T

Ave. Annual Growth Rate [%]

12000r 19912011 2012-2031 Others
North America 3.0 3.3 3016
10000+ Europe 54 3.1 4
Asia/Pacific 7.2 6.6
8000~ Rest of World 42 6.0

Total World

4.8 4.8

Asia/Pacific
4909

4000r Europe

6000

2614

Actual <=> Forecast 2717

19‘95 2000 2005 2010 2015 2020 20‘25 2030

Figure 1.1 Forecast of world revenue passenger kilometers (JADC [1])
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12 TEEXKEICET HBEEDHE

BEE I B3 2 WF7E D I3 <, Whittle &

DTIER L, T LATINC I U 7= il 3
VAR T
<.
THFFEITK L THAHIICEEIT 5720
2%, FEFESEIEZE OFEAL
72T <, BEWRINAERT D RmIR I k- T#&
X2 OBEEMENFTIR SN CTURE, BFICHTZ - TR
DED LN TET.

Emmons 661458 & 3 5 #IHIOMZE Tl

LDV y by ORFAIHN
—IZBW TR SN OR R DR Th H & 4158,
T DHARLFE R DA 72 P S 20D JF RN & - THEIN L 72BRIT,
LHNNAERNZ AT 5.
fr k72 OTIX7e < JEMGFSENE ORIHRHEE 1 0 3BV T, BEOEL L [ U micaiE L Tun
ZNUHFERISGE (rotating stall) EFHINATIRTH D, JERIFKENS—ERAET B L KB/ ITEIRE]

(Z DA DA 2T
E%%@$@%éﬁﬂ’ﬂ#é4//?yxﬁ¢@ﬁ
— WA DORFNOF OEBIT—FI I D
_9LT%$Lt%@%W<%ﬁﬁw)

XL

, TID ORI A TIENL & IR & 2 2 BIZ i d 5 Z L1
D RIR R EREEERE DK F A= o VU VAT AR S R L RIT LSS

LW Tz 5 S ZFfalRiEnH 5. £ Oiz el SR
i, FEERAYTS K OBAERATHY 298I & D G R D55 /)

, FERIJGEIS X 2 & ROBEAIREEE OIARZ®ET 5 2 & &

FHRIZHER] St DIRFE R E & Stk Dk & %i@ﬂﬁ‘é*ﬁ:@ﬂ%%#ﬁ N ERA BV~ Emmons & 1356 &

FREHT ORE B IS TERI SIS

R LIS
Surge Line Stall Marei
all Margin
8 Annular Stall N
< Z
f Rotating Stall
=
2
5
A
Operating Line

Mass Flow

Figure 1.2 Compressor characteristics plot and

the region at which flow instabilities are encountered

l

-

CYLINDRICAL
VALVE BODY

: COMPRESSOR CASING
'

HINGED
FLAP

<=3

ROTOR IGV

Figure 1.4 Schematic picture of trapdoor-type

air injection valve [7]

BT D RKHBEE N DEMERIZMEREA I =X L RDO K DI LT,

B 1.3

2 WITHY 7R ERERE RS 2 AE LB, MO 1OBERIZE > T Fnsni (ZZTEEB) TRHE

A : Stall stimulated by inflow

Direction of /t . | High angle of attack

stall propagation / /,»
///

/

//

Figure 1.3 Illustration of stall propagation mechanism

B : Blade under stall

C : Stall suppressed by inflow

| Low angle of attack

based on Emmons’ exposition

—

Servo
Motor

=

IGV
Figure 1.5 Schematic picture of active stabilizing device

u Flow
Hot Wire -

with oscillating inlet guide vanes [8]

-8/150 -



ZA
(i)
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515

DAEUTSE, OB AB IXKEFIIC L > T—HRERND. ZORE LR ORI L > T E
TIALET DI A KT DA T AR UREMEE SN D —F, TIRICALET 2 CITktd 514 7
» RIER Ll IH S 5. Z 00 IR LR & IZF4T 2 2 & CHSE ) B3 oD [R]85 7 1) & 67 T AG
FHEL T, BLE® Emmons 51T &2 BERMNTICM AR L, HRAa Z2BERRAENT 23 J4 S v7z s, FERIJGHIC B D
5 BB IR 22 R EAME - TV D 2 & oMU NETEERIC L B JERIGEDORBUCRA N H 572 2 & 72 &
LHROET I & FRITIZIIARERNCRHEERE D Z LB Z o728l RRlZ Il 5 BEIEFE I BV CRAET S
BlIGrofiFBl=e, JlmOTRNCE L Qa8 s LTk &,
Z DB D S AR LTI 2 DITE, FERIJSGHEOIHN S A2 Y TFER L < Thh b L 912k
=, BEENHIENC X 2 EEIZSEOMHT Epstein S0 K o THRAINCZF OSSR &, ik & @O0 FEfE I
LTI 44— KNy JHliHZNNT D2 ETRE—V U 2SETE DI ENERRAITIC L VRSN, Day™id
DU B AR A O R BB 3 B PR OBER (M L 72 ZEKE S 900> b 22 R A REEh RIS K L TSR35 2 &1t kv,
TR ED 1%L FOZEKMEHIZ LV Rl & —COREZBLED ZENARETHLZ LA RLE (K
1.4). Paduano & B ZH LIRS EREFEO BN FIIChE Lz IGV OV 7 M 42 Y —=Re— 22 10 filf#d
L ETHRERKE~—Y rOuEEZ S (M 1.5). 2D OFERIIFFEIIERERE O m AR EE SRR VTR
AT 2 Z LI L TWD D0, %HikT 5 L5 REHREOEILEZ S spike M YIAE & R R OHEEL
ZFE 5 modal BUIHEWIAED 2 FEEEICKHGHIR A LERH D Z L 72 E0 D, IS BT 57 34 A& LTERMET
L ECIEEEEN RS 2 & bRIRRO RS, LED XD 7, JHA G YN 5 72 D OFIE LA R T 5 B
FRAENTINZ2FSE &, RBEDT N A R DB AT K 0 ERINTKGEAAT 2 FEOMIZ, KEFIERFOBIG 2 BfE+ 25 =
ET X0 FEEIIGERH O SR 2 LN E 5 &AM — T < 72 &7z, McDougall 50468 & 32 K5I
FFEIZ R0, JEEIFGHTE, AR RGER AN N OEELO R L > TRAEFRRENIKREL 2212017 bhbd 2
LA BMNER 5T, 1 -DHIE Moore H 00N X 2 FIERFEHTIC K » THAED "2 S 41, McDougall 5128 - THE
PRt Sz, Wb b modal MOKHEYAETHSH (M 1.6). Modal MO SEWIAET, HEMHEOMEREIZ 1
Wiz & 92 &9 72— FOBELD, EMEOSAMERIRFICB W TREIND 2 LR RET D T L TRE~E
Ma D TEREDISGHEMATH 5. 2 2 HIE McDougall® 5> Daylll, Camp H021% 450 & U772 EERIC L - CTHED
BENTe, WD spike HOKEYAETHS (X 1.7). Spike HOIGEHIANL, JEMHEES TR OEAE /3 FREE
LD ZE R — L D/ SUVBEELS RIEFE AR D ERT CLERBLI,  BUEMEHREIRARF & v 9 2 < ERFE CRul 1T 38
L, AR IEA LD TERED S W) TH 5. Modal FANVEIZB W TARLZE % b 72 507 modal I % D
HLDOTHDLHDIZXF LT, spike MAIEICIIT D spike N ARLEL &2 LT HEBENRFRTH LD, HDHWITE

MODE SPEED: 43%{ ICELL SPEED: 43% STALL CELL SPEED: 69% {
t ' ]

: i
EMERGING STALL CELLJ

20 M/SEC

VELOCITIES AT 6 ANN{LAR POSITIONS
20 M/SEC
| —

VELOCITIES AT 6 ANNULAR POSITIONS

- - WW\MJ
EMERGING STALL CELL‘*\
RV 5 W*\
.
|

: :
—— - ! — T . 7 T T T T T T v T gl

a 5. 10. 19, 20. 25. a. 5. 10. 15, 20. 25
TIME (ROTOR REVS.) TIME (ROTOR REVS.)
Figure 1.6 Hot-wire measurements showing a stall cell Figure 1.7 Hot-wire measurements showing a stall cell

emerging smoothly out of a flow field containing a modal emerging from a flow field in which no modal perturbations
perturbation [11] can be detected [11]
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ot

91

TR RZEDORER E L CBII SN D TEEET CTH 50, TOWTNTHINIHECE-S>THLT LHHL M
WZIZ STV R, Vo 5081 spike BUGHERIAE A 5| & Z 7 RIA & L CRIBRAALOFENE B UKD =k
JCIERRES A5t G & LT BABfhT 2 9l L7z, 2 OfER, (EENARTo LA & & bICEmRIRNL & ik & o5t
DEF A, oAy TR T 1) & FATIZ 72 o T BRI B3R O LIt 2 BAGIRALIRA LA E] U 3A A CREREE ~ &
JiiLiAte“tip leakage flow spillage” N %ET 2 Z Ll LV EimlcB i 2 A8 LElbneEsns L, 2o
spillage DFEEN spike % & L CTHUAI S 2 & fGimfHid 7. Saathoff & 04 EGH DO s EAEHED 7 — o o VRER
WML AT 5 2 LIC X0, JEURERT I EN & BimRAVt O S m A E maifx L 0 b ERicE v iz
LR LTz, 72 Yamada & U813 ELEE ORI A 2 kG2 SR & At &2 52k d- 5 2 212k 0, ik
e & IR HA G D & 5 2 & T U S BImnN ik 2 R G~ BB 75 Z &I ko T, Ml
ATRRIZ I 5 spillage Zih% Lol 25| &L 23 & L, Pullanl6l & & {Edbit =itk 2 65 & U7-figtr 238 U C
BRI -5 7.

AR Z 31T D spike BURHH)AE & BIRIRATILOZEE) & OBFEICER 2B E 5, EEHEMREICRs )
T b BRI OB GRIR AV  JIE T2 S\ THB M, EROM N & Z LN 73 S -0,
Adamczyk 5RNTESIE T 7 xR & U BUEMATIC L0, Bumimavi & B & O TS BE m U s | AR E
WA b3 L, & L TEBMBRAGFIE LIRWEFIZE W TUIZ ORSEA L, ZEFIRS IR THZ L
Zm L7, Hoeger O RWIFGHIHAVIME & L & 0TI K DA B OO K3 22 &,
Z UCKRIRERT CIIERI & 7 — o o VREESE g O TP X 0 BEETE; Chth £ TR TSN ERND Z &
IR o THERENR L2535 Z &R L7, Suder 5222413 NASA Rotor 37 %5 & L7-ERIZL -,
EENA D B57- & &SI — 3 o VREIT A E iR Vi & BRI OFHNTER T D JARR 7 1 v 7r— VDR
ENDZ L EMER LTZ. Yamada 5125 26113 NASA Rotor 37 Z %15 & UT-Eilfitiric K- ¢, Zimmiim & g
WOTWIMAEL G SEZ T2 &, ZOMAENIEEFHNIRE T2 2 &L DNRERFORZENECEET 5 2 &
Zaallc, UbED X5z, BEFEEMREEOTNYG & REBGICEREZ Y TR N ETIZEZ hanTE
23, B OFIEIC KV BEmTEE O AV ORI A EME L BICHEMEL 702 Z Ln D, BmfhIo 7 a v /-
—VHET D ER & ZIUT LY FERFEIE SND VT U ANTONTIKIR & L THIRZR IR 22 L Tu7eu.
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13 77— UMb AVNIET BEDHRE

JEAFRS BT A a7 B0 R AN AT U, TR 30 1 D A S BT R OWAUCEIR L CRAET D Z &N
19 2 CLABRISE 242 R OMSITEBEE 28 LT D, BRIEREEDS spike BLOMIEIC L0 JGfi~ LD
FHCIE, I ERREI ORI ET 2 HAEBIGUI KT U CREBIN RS 21T 5 Z ENREECTH L Z & dnn, =
BT S AU KD RIEIHN T DR L FWERE E - TV D REEAIHIT 25287 1 ADREH b DI
=7 h)—hkA R (casing treatment) 3% 5.

=y 7 R — R A M, JEREEERERRGA TR E H L 2 WIEHR AT 5 2 & BSIGEBRIUC -2 DR
% EEBRIICIA L CWZBRIS, iR E 2l L Chb b lkli~—Y U RlE L 2 L2 & ot & LTRIS
NnNiz& asnall, Zo%ESHOEBRMTONTZNB, JRF7e N U — b X 2 MEIRIZR T 5 R0 722 5 RIX
Osborn 5BMZ X - THFI /2. Z 2 TOsborn 516 1SFFHAD b U — K A ¥ MEKROZENENIZONT,
BEEHEAREOVEREO KRR KT TR EZHAEL, ZONDRIZ OV TILBAF 2 I NIRRT 5 D
EERTELBIL, AUy T ARV a IR DRV VDR T EM I DRPRIADD & L. &
— 7 N — R A2 NOYIBRNII T AT, X 1.8 12T X 2 2SRRIk O 23 A & v 7= 23,
FHDEE LW RITZE ORI EIF 5 2 ENREY, ImFTHhITODAIEDL  IIREL ST T2/
FORY— R AL MBIRO ELENERHRE LTWA. 1 DHITEFOMH (slot) & B3O 7 — v ZBEMHIC
JE G AN BLE U2l gl - — > 7 R U — R A b (axially slotted casing treatment) [30. 31,35, 36,37, 381 C &,
%5 (KM1.9). WEORIIHEX ITHRESNTWDA, BMRELZ iS22 A T Dr—v 07 M) — A FOP T
BRI R N K& W S D, L LEEIC L A F 220 72k a2 B~ S iR S, Tite ORIT
IERLMNDIRAEZ 5 XEZITHETH L7, EARIZKEMHIN R E ) SRR TR RENEEND. 2 D
HIZJE G MO (groove) Z &GO 7 — o v ZBERIET AN BLE U728 g r—y v 7 s U — b A2 B

(circumferentially grooved casing treatment) [30.31,35,37,400C4 % (X 1.10). #iFAIER & Lhld2 & Joddm
FIZHFITE TR & D S DD IRNEFAR N CRIEIMHIZNREN IR CE 2RISR H D & SN D, E 7o
KIBRRGIRTHHT2DMLa R FAMESMZ N R HEN EARTH D L Ind.

R — v T R — R A FNabhHE LT, 7= 7 R — kA2 MI—HRIZ tip critical 72 EAik
Bha (BB DOIIGHNA AN FH R OMOF AR TR KRBT SNV TN E, BEGO KN EE 2R e L
CTORZEMBOIEAEDE DT & 72D KO 22 EHMEENEE) (T3 L CRICm WG R A b7 b9 & &b
0. 42 Z D728 spike BDIIEHIEZF: O MM~ D] & EIH A 1 = X L DfFHNZ <AL BTN D.
Takata © R8T AR LR —> 0 7 M) — R AV M EfET Z ik, Kfi~—v
DYERT % Z & 2 FRAICHERR L7=. Shabbir & U8l IARIE AR A G EAEREdT 2 525 L, 8 51l r — o
7 R Y— N A2 M XD ISEMRIED, r— v TREEIZ BV CEFRICHEET 5 8 & OESh By 2 1N
DOEEHNBERDY THZLICL-oTHEb 3N &%, BHEOHV EWWIER L-EmICI VR,
Bailey34| 3 &l AR 2 X BT, IEOARBONEE L Z - FRE T T HZ L2 E 0, IEOREN 3 KTHD
B O iR EALE N RGO X v R a— MEEMHDICFEET 5 2 L 2R Uiz, Lu O WA & xh 52
& LT BT OFRER D, 77— 7 R U — b A2 MZ X > THRE I S5 OITEOREIZ I - THEIRR
TBNEHER N OB XS N 5720 THD & L, Miiller 545 461> Chen & 147 ¢, B 3£k 2 k1 52 & U 75l
fiEdT L 0L Lo fmm A B E H L7,

JASF IR r— 2 7 N U — R A2 M K o THEM O K~ — P v B2 R D56, RANICIIEEOES
BRITDZ Lo TUE—AR RO RO/NS ZEHM ) L Vol AR IND. L LEDOBRIZZENZNOMEN
O BEN LR ORNUTLIRENDEC D Z ENTRIND. ZIVE TIATON WD KB o I Dl %
KEL LTHEY, M) —FAY MENRNGIZRIETREZPRECIEZ 5N TWD EIINT LE S 2.
Houghton & B9 40 3AEGEEAEHE L6 L C 1 ARDJEF L L, EOMEZXIGRE LIRTA N v 7 AZT 4
Ze R OBUEARATIZ L0 i L7z, ZORER, ORERREGEITIAmRMAITE Iy Fa— FHIo 2 fFHEric
FET D Z EDREN, EENENOREME T 2 IEMH O A = X RTBENRSH D & Lz, EE
JEAfS 2 et & LToFECld, Heinichent8! 523 1 AR JE H Al 4 3 FEHO B wEAERSI it L 72RO 5228 % 5k
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Airflow
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Blade rotation s

Blade rotation wp

Blade rotation s

Blade rotation wp
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(a) Perforated casing

(b) Honeycomb casing

(c) Circumferentially
grooved casing

(d) Axially slotted
casing

(e) Skewed slotted
casing

Figure 1.8 Example of casing treatment configurations applied in past experiments [35]

Figure 1.9 COOREFF bend skewed slot

casing treatment [82]

Tip leakage vortex

Shock wave

Figure 1.10 Typical application style of circumferentially

Figure 1.11 Illustration of common flow structures in transonic compressors
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grooved casing treatment [45]

ERATIZ L > THONZLTWD. LML ZOMFRICE T DEOMEIXETE SN TEBY, £RME0EELE
ZHE 9 R TORAS O DO HELY > T 5 7 EIEP TN IIE T BRI S COF Rid e &
TV, EEEERERE O 7 — > v VT REm TS ClIIER OB mRAVIL, BRI, BERE e Lo
DAREIAENT 5 2 & THMRRNG DR SN TR Y
FRHMCHE 2, JEIHI DA D= A LA EMNNCT 52 SN r—2 v 7 ) — M AL R ERHT D008
BHEMENLT D O A TRIOERN
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b
i
EN

14 WHEZEHNEMREFE

PO EDG, AFRTIILLFD 3 SOBMEHRET H. £7, 1 ROFHEN r—> > 7 F)— kA
b O 5 TRl AL E RS L OV & D3 B AR O TG I E T 8% S e BT I K-> T O MICT 5.
W r—2 7 R Y — b A2 RBRABIC RIE T L 23U & 2 JH R OB L O RSB &2 G DB 2%
WUTHEL, r— 7 bU— h A2 M XD REMHI O TR A =X LEHHNNCT 5. KEICE
DT IGEIHNC BT 2RSS &R r—3 v 7 R U — b A v N ORGHER AR T .

T E OB MR TN OV TR R 2153 5 729, RANS I & B EUEATHIFIEZEA L, gD
JHIERE L JSHIC B DR BIRICH LT —v v T b — R A R RIETRELBIR L. £/, r—y v
7 BEEN i1 Ol T MR BN E SRS AL S BT NRTA N v 7 ARF 4 2 EZfiT 52 LIk - T, BH
TOWNSGOIRILE BEA T CTr—y 7 P — A bORREER L.

15 MmXHIE

AL 5 BENHRKD.

%1 ECTIIAMEOE 2R, BRI TONIFREE /R L BT H I D\ Tk 7z,

B2 ETIIATIECONTERS., FHLZHE 2 — FOMES, 7¥—2 7 M) — A MNERLTE S —
¥ T BERTIR A YN BT D T OIOEA LT AR FEOE R, K OEMENITAIV ORI AR X 5 7o DI
HIZEA LTI DWW TR R 5.

%3 IR LT 2@ E IOV T B NI 72 » TG O RS & JaE R A D A B = X BIZHON TR
RL. =T MU= A MEE L TOVRWERAETRELZ S & 2 I PMAUS OV TR B R 21T Z LT
Lo, i EATETT— 7 M) — b AV NOREEERTOEORENINY L35,

HABETITIARDE T ENER r—> 7 b ) — b A2 b OB R ENE & RS 2B L SET- T A R v
JART 4 DFERAIRARD . =207 R U — b A2 MZ XD BRI IRALIR O ZEE O 2 LLRH N
DTy —VHIROSARCFHNCE B U CGiam & BB 2. BN YG & st O 2 s B 2541, 5k
ITRDEEN D — 7 N — R A MR AKREMHERZELEL, 7—2 07 ) — Ay FEREHT
LD A IRRET 5.

B, 5 ETARML O mAEE L DD,
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21 WiBFETFE

211 XEAER

Fp A L LT 8 kot Navier-Stokes TR Z M 5. Huch B RICKT L CHHE @ T x fl[E] V) % [
%5750 MRS ( x,y,zt) 12351 5 Navier-Stokes HFERITK DI Y FSh 5.

9Q ,9(F-F,), 0(G-G,), 9(H-H,)

=S (2.1)
ot 0X oy 0z
7272 L,
A o] - o]
pu pu? +p v pwu
Q=| pv F=| puv G=| v’ +p H=l owv
o puw oW P+ p
e (e+p)u (e+ p)v] (e+p)w)
[0 ] [ 0] [ 0] 0
Oy Ty Txz 0
Fv: Z-yx sz Uy HV= Tyz S= ,0(0&¢y+2W)
T x sz g, PP\ pz—2v
_ﬁx_ _ﬂy_ _Bz_ O
a. :glu Zﬂ—ﬂ—a_vv g :gﬂ Zﬂ—a_vv—% g :gﬂ Za_W—%—ﬂ
X3 ox oy oz) ' ¥ 3 dy 0z ox) 23 9z ox oy
__ _ (ou ov _ . _ (ov ow __ _ (ow o0u
Ty =Tyx = H a_y+& ’ Ty =Ty =H E"'a_y ) Tox =Tz =H &"'E
_ oT _ oT _ oT
By =0U+ T, V+T,,W+ K& . ByErputoNvET WA Ka—y s By Er TN o WA KE

ZIZT, pIXEBE, u,v,WIXRHREERICBIT D X, y, 2 FEEERS, T, pldZnShiRE, £, elXHEAL
DT DL 2L —e NOE LTI ANEZ R LT —ZEZLI|WETHS.

e:e’—%,orzq'a2 (2.2)

B, ENOplIZnazHWTUTOL IR ZENTED.
p:(y—l){e—%p(u2+v2+wz—r2¢2)} (2.9)

K(2.1)® Navier-Stokes FERUITT L MBS ( x,y,zt ) TRELENTVDD, EEROREFEIIMEEA
T2 IV THT 5 O TRES RN R (7,0 ) ICEBT D UERD .
RPERESR NS T A NEERAOL i N Y A, SUNEREOLHRE LCUTOL S IcRSND.

dx Xe X, Xz d&
dy|=|Ye Y, Yo |l dn (2.4)
dz z; z, ;| d¢
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Z DTN,
d&| | W2 = YeZy ZpXe T Zp%y %Yo T XeYy | dX
dn|=J YoZe = YeZs  ZpXe = ZzXp X Ye = XeYo dy (2.5)
d¢ YeZy = YpZe  ZeXg T ZpXe XYy X% Ve || 0Z
l:X{(yﬂZ(_yZzn)+Xﬂ(yizé_yc‘z()+XZ(y<‘Zf7_yf72{)
J
7-77L, JiZvr=te 7 (Jacobian) &MEINALEHURHTH S.
—J, R(2.4) LT D, T NEERD S —RERER~OEH L~ N Y 7 A,
dé| | & &, &, || dx
dn|=|nx ny n,|dy (2.6)
a¢ | ({x ¢y {,||0z
LETFHMG, 2.5 ER(2.6)0 5,
§&=3wz-vez) o &=zx-z%) o &=300yv %y, )
=3z =vez ) o ny=Nzxe-zex ) L 1= I ye %y, )
szJ(y{z”—y”z{) ) Zy=J(zgx,7—Z,7X{) . ZzzJ(X{y,I—X,,yf)
2% 900D A MY Z A (metrics) 2155, 728, Y€ T AISEEMOBALE LV OERREICHYS T 5.
_o(éng) _[sEEmMowLkE |
J= = @.7
o( xyz) |PEEMEOELIEHE ]
DLEOBRE RN TR DO FTERAEXZHZ H 2 LI2L Y, —REERICBIT AU TONREES.
2, 9(F-F,),0(6-6,),0(H-H,)_& ©.8
at o an Y
o] o] v ] oW ]
_ A _ | AU _ |V _ | WS
sz o F =37 U +¢&p G:j AN +1nyp H =37 AW +{p
ow pnU +&,p PNV +17,p PVW +,p
e | (e+p)u | _(e+p)v | | (e+p)w |
i 0 i [ 0 i i 0 i
<t)(r)()( + g(yr)(y + g(ZTXZ ”XTXX +,7yTXy +,72TXZ ZXT)()( + Zyr)(y + ZZT)(Z
~ 1 ~ _1 ~ 1
Fv_j STy T SyTy * Sy G, 3 MxTyx ¥ 1yTyy ¥ 11y Hv_j Iyt $ Ty + <y
<tXTZ)( +<tyTZy + gZTZZ ,7XTZX +,7ysz +,72TZZ ZXI-ZX-‘-Z)/TZ)/-'-ZZTZZ
| $xBx t 6By +$B, | | 3By 1y By 115, | | $iBxt{yBy + (B, |
0
1 0
S=3 pg(gy+2w)
p¢(¢zz—2v)
0

-16/150 -



2T KB Tk

7E, UV WIERAEHRETHS.
U=§u+év+é,w . V=pu+pv+pw , W= u+{ v+J,w

212 ®FRIBEOEHME
—HIFRYE L%

fli 2 DA X — ADFEWTEAREFUCEB T 2V EOFMEFIEDENE LTHRENS. ZUEREHTOY —
~ >R A PSRN TR R A2 B 3 5 FIER R 6T Y, 2 1E Roe IZ L » TREINEBLY —~
gl (FDS: Flux Difference Splitting) Ui sirHfEE (FVS: Flux Vector Splitting) 734517 5.

g 562X FVS Ot B E LTk IR EOBEE A E A L. FVS TIXEREOIEAIZIE U TxHEHEO &
BESEPRET HOICK L, —RFREEETIE 1 SOWEK A CRTHEEZRFT D LI ITEETS. =770,
B EYR & TEJHEO S BEO TR T 5.

BAREIZ20 LT, X HIROBAEFEH F 12 F OSBRI Lo BB S5,

0

1
u
IE=%(md3+pN), o=|v| , N=[g (2.9)
W
h

m=poU , U:{Xu+€yv+fzw , h=
72770, mIFEERK, U IIKERE, hiZEfEEHZYVOETZ 2LV E—Th5h. —h IR EETIE, &
B m %A FDS £721X FVS # TR, 20 m OFF 520G U TR AARE S0 D £ 9 IR~ Mk

m_|m|¢_+5N (2.10)

ET D, ZZTIMERIIREROE® ELACQODOREET. £ pIdEAD~ v M, & HAWTZEDIRA T,

p=pB.p. +B-p-
B.=1(2FM, M, 1) i |M|<1
B.=1,8.=0 if M, >1
B.=0,4.=1 if M, <-1

Thd. —RAIEEET #ICRQ1I0TERT Z LN TE .

SHUS

KPR OFHMIZIE, R FrE BEOERL & UCEHRRH, LRSS, BEDO S TEALTWS &b SHUS
(Simple High-resolution Upwind Scheme) B2% /2. ZOXF—ATIHEERKE ML, OLEDFY, @
BItHEIC L 2R MM, @FENDFHEE, &L TERIND.

B, B AT AT S

=20+ a0, )0 - 2
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M, =2 2.12)
C
Z I TAFEADES) (Ag=q- -q,) ThDH. BEEHETREECEEZEDITRD DI
— U, +0;_ Pt
u =—+_-= = 2.13
i 2 P 5 (2.13)
T AMENG L. CITEHEOHT, =2 TIEfEHEIC
o= [y Pt P (2.14)
Pt P
L LTz, AF— NPPEHEROBROFITHE T, EEHOWNG TIE RO L 2 ICEELTH LW, B 1ET %
HOTRO LS IcRIND.
2
B, =1(2¢ U_ii j(u_ii ﬂj (2.15)
-4 C C

SHUS O R & L TILL FDOENET B s.
- BEFUE SO T IR B OBl A IERE IR A DD
- EERPEOXIFR R RIC OV CIERIZ LR TH D

213 BEREILFE
MUSCL £

1 YRS 755328 TVD S %07-3 2 12 H LT, MUSCL & TIXB/ABER j +1/2 O & o e
BuOWREE (ug Uy ) & Z OB OWELE) L ONIFIZ K-> Tk, Thae W ORI A5 E 5. PRICH
WRHIBRBAS A B A L2 WIGEIE, Bl MRS OEME L 70 278, JiRHIREMA NI ORFRIEATH 2 &
T, TVD &4 diiic 3 2 LN TE S, RFHE T 3 K MUSCL ffilfl 2 T, A¥—ADEgELZIT>
TW5.

TR VN OB O, 2 u DEOfZE u(x) TERL, LA HYICT A BB LT 2K
DIEFE THL- TEET L,

u(x)=u.

] +i(x—xj )Jju+ {(x—xj )2—(4:(2)2}51% (2.16)

2(ax )

(Xj—l/z SXs X1+1/2)
LERIND. ZEL,

i+y2

1
u; _EJJ’—J/ZU( x) dx (2.17)

RQ.1IEA =Y3D & Z 2 MDA L 720 SIRKEEE G2 5.
£, ENFRE
1 2
dju:E(uj+l_uj_l) 5 5] u:u]'+l_2uj' +Uj_1 (218)
L, Uj _uj—l =4, Uj+1 _Uj =4, kﬁ_ﬂ{i?ﬂ/ﬁﬁf@%ﬁgibi,
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1 K
(u) ey =y +§5ju+z512“
=Uuj +%(1_K)(uj _uj—l)+%(1+K)(uj+l_uj) (2.19
=y, +%[(1—K)A_ +(1+x)A]
1 K
(”R)j+1/2=“i+1_551+1U+251+12U
1 1
=uj+1—Z(1+K)(uj+l—uj)—z(l—/{)(uj+2—uj+l) (2.20)
1
:Uj+1‘z[(1"()4‘+ +(1+x)A]
L%, LERIBFENENEEEROLEM EAMNEERTD.

TR PR ES %
TVD S&fFaiifie S L5720, R2.19), K220 sidlfilRE % s 2 5AL,

(u) jryo=uy +§[(1—KS)AL +(1+xs)al, (2.21)

(UR)i+1/2=uj+1_§[(1_KS)A—+(1+KS)A+]j+1 (2.22)

AREE WL, FREGHIFREISIZ 1 Venkatakrishnan OfiIfRRISAEE L=,

_ 344 +¢
24, -A)+344 +¢

s £, =max{30¢|, *107) 2.29)

Z .

214 BFREETE
(=355 S

IERIRE A0 IR & < 01T CIBMRTE L [afifih o 2 FREEN B 5. Bafiis &%, JEiE iR B 5 e Bk L 72
Blo L] (n + 1step) ISR 2 RAEAME—SE EN 5 & 5 ERMET 2 L DT, BIICZ DR FHTX 2.
—FREfREIE, B U BRI O RIS 2 L EE En A Ko E kT s b 0T, BRICEBE NS -
D —RITAREANTIR S Z LN TE R, BIREIIE TIIdH 5725, CFL S:0HI#I7> & BRI LI 2005 2 5 1/ A
ST AMENREL BT, FERIICHE I X FRIERKIZRD Z EBEW. 65T, CFL &0 EEMTXx 5
Rexfiftih: 2 AHFSE IR 5.

D 7= DIZRU2.8) ) B AEMETE Z 34k L7~ Euler FFRNTE 2 2 &, TEHFERITLL T O L o ICHiib S 5.

~ntl  =n ~\ N+l ~\N ~\ n+l ~\Nn ~\ N+l ~\N
Qm-Q +{A(6—FJ +(1—/I)(6—FJ +A("_G] +(1—A)[G—GJ +A(6—H] +(1—A)[6—HJ }:o
At oé oé on on od o{
(2.24)
72721, A 1% Crank-Nicolson f##CTd ¥, A =1 DIk Euler fafiiik (Rffi] 1 YHSEE) , A =1/2 OFF Crank-Nicolson
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Rafis (R 2 W) Thod. 22T, &HMICET 2 REEZ O EM F ™ G™ &R 2 11Tk e
G CTORMBBMNBN 2D, FZT, BIZIEE HFROEMEFFICE L CLLFD X 5 2 b & hid.

"loa
~i5ﬁﬁ®ﬁﬁ?:57yﬁﬂﬁké.E%Kmiﬁﬁ®ﬁﬁ?3377ﬁﬂ%%m%hié&E%?é&
RQE2DFHAD LS IZEE TED.

[| ot L A rat 2B a4t ¢ }AQ— At[(aFJ ["GJ +[6—H” (2.26)
0& on FYe 0& on Y4

VIBEAID % [RHS] &3 5.

AQ % 3R B 7= DI AEIAREA TH % SR SR [RHS) 1200 TROAUT 0, RIS 2 OF AR I %
< OEFEHT DI :h%ﬁ%ﬁ%ﬁéﬁ%iﬁ%%?iﬁm Z 2 CEBOFHTIC BN TIX Z IO K
521 & 2> OUTUS ;n%ﬁbfk@ Z OB EN RN 52BN OFEZ AT TN 5

LU-SGS i&

WRERRE 0 (2B D HEME 7T R 2 [B1RE - B e b — R0 722 HIRIE IR ik 2 VWD Z L Th 5. dTfElA
5 %Mi&@%ﬂ TV TEDFEREATHN 2 FHE BN VTS DRI 2208 W) RICH D,
AHFFECERH L7z LU-SGS 1A TIIAAR BI85 T =A1T5IL, xtA1T5ID, E=A175IU OofnL A7z, LA
Tk 572l LDU (Lower Diagonal Upper) 3% [EHET 9.

L+D+U =[L+D]D™D+U]+0(at?) 2.27)

BT CHARE £ RS L7z Buler FEROBEILR (12.20) 2K E LT, & FMOWHRY 2 7 AT A
&I BRI ERILE R
FEkr = BT L ATH A R (L TTRE T D,

A=RA*RT+RATRI=A* +A”

TIEENENIEG, FETEOERAEEBHTITH S, ANAQ O Z DI AEH L, gL AT,

AL
A FNENOEITHENCHEASN BN L EX T4 L,

(2.28)

Z I, BSTIE, B CIHOBRBITHINTNEN ACBIT D F AR, Sy, ARk LT
W5, FOEHR2.28)DAEVMEEITINIULTDO L HICL,D U ~ENRTX 5.

at ~, at =, at =,
L:_A_Ai—l,j,k _/]_Bi,j—lk _/]_Ci,j,k—l (229)
AE an A
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At N+ ~- At ~+ ~— At ~+ ~-
D=1 ”'A—{(Ai,j,k - Ai,j,k)”'A—U(Bi,j,k - Bi,j,k)"'/]A_Z(Ci,j,k -Co i) (2.30)
At ~_ At 5- At ~_
U :AA_CtAi"'l,jyk +AA_”Bi,j+l,k +AA_ZCi’j’k+l (231)

INnHoFERLDLERQINOELUZ L > TRQ2)IFLL TO L H ICEHETX 3,

| Ak Bl Sk |, [ Al AL, Bk “Biik | Chik ~Ciix
VYT RV A& an aZ

- ~ ~ ~ -~ ~ -~ -1
Al ik = ALk +Bi+,jk‘Bi,ik +Ci+,ik‘ci,ik
A An A7

(R, Br,-Br, G-G A B Gl <
| + At ijk ijk + ijk i,jk + i,jk i,jk + At i+1jk _ PijHk jk+1 AQi ik :[RHS]
A Aan A7 AE an Vire '

(2.32)

LU BT Buler RAICH T 2 EXMETH Y, FEPEHD %é%abtUT@%ﬁmt ZR89 % Yoon HDHY
WL, LDU SEIIEREMEIE DO I DN T TR, BRI OW TS E D IR 7 s %

9 7n i"’n i"'n A4t i"'n A =
{I+/1At(a—gA 375 +OZCJ Re( AN+ — T +a(C” HAQ [RHS] (2.33)

LUK L, AFHRTIITFROBINRR LI LI OB AT 5 2 L2 K- TR S & O 1 /L 256
M %.

e [A+p(£) |+ "2_1,0(/1')| i%@ﬂzl (2.34)

72721

Lo if i(U{i'C,/rfg+f,$+f(2)20
¥ 0, if i(ugtc,/g‘§+$,§+$§jso

al i%“%ﬁffi&f%@ 101 BENZSTHD L SND. 1, pA) 70 ACkiT 527 MR THS.
T L IROEEFZESZ WD LATHIDORERIZ A T T — L7, EARZ KRIBICERBICE 5.
f;:lb, LU-SGS IEIC BT 2 EBEOHEL, R(2.32) L0 2BEMO AT v F2R5Z L TIThhb.

Dijx AQ; jx = [RHS]i,j,k +/\At|.(,-5\+A6* )i—l,j,k +(§+A6* )i,j—l,k +(6+A6* )i,j,k—l] (2.35)

Aéi,j,k =A6*i,j,k - Di_,lj,k/mtl,('&_ﬂé)iﬂ,j,k + (é_Aé )i,j+1,k "'(6_4'6 )i,j,k+1J (2.36)

727120 D IZA 71 7 —1741IT,

01 =1 +aat| [ o(R 1 (8 ) o[E)+ 22 i+l onf @87

i,jk
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k
T<j
Hyperplane A i

1

Hyperplane A-1

(a) Forward sweep (b) Backward sweep

Figure 2.1 Hyperplane

REINRTEHEDE 1 27 v 7T, (i,jk)SIcB 5 4Q kv sichizo<(i-1,7k),(i,j-1k),
(i, jk-1) DIEENABE 25, £ 2T OFFITITARANT A /S0 (i+ | +k=const Th Hif) ZFIHL
FA—THRANLNRS. K210 A EOSETDAQ IHEWHNITH Y A-1 i EDSETDAQ 12X > ThHH
PESND. L—71F A1 H—A H—A+H]L HORECETZ LR Y, ZORDIOE 1 AT v 7 ORI
Forward Sweep &IN5, 77, REI3OITFRTHEDOH 2 27 v 7Tk, (i,jk) RIcHT54Q1%
(i+1,5.k),(i,j+1k), (i, [ k+1) OEEABRIEEND. TDI=0 T OF 2 2T v 7 OFFFilE Backward Sweep
T, =TT A+L A A1 O S ICEG 2 L2725,

2.15 $LMEIEOEHE
BEMEIE T,

AQ=[RHS] At[ AT az] (2.39)
DO LD HINTFHINT 5. REPEEOZEFIM Sy ORI &, & OB T 58 E ARLOFMIZ I 2 YRS .07E
SR LAVH
X(2.3D%,

D,y = +M{a{p(7&)+p(ﬁ)+p(6)}+4—;’(|us|2+|ua|2+|uf|2)} (2.59

i,jk

&5 2 & TEODREATHIOER AMEZHE L TS,

216 ERETIL

ELIE & IR ARANCELL CEE T 2 IRIEZ DO, KE R A7 — )L TOfa BRSIERGRD & 5 2/ S 72 27
— VO D ETOMfE LIoiia 9 i Th 5. ELIROBUEMHTIZ 72 U Navier-Stokes S 2% [ELH# <
W20, ELIEIE 2 IEREIC LT 2 72 OIS & R U A 7 — L DR E 7200 DREBGRICE /N S 7eii £ T4
RBRTNTR BT, BFOREZIEFITNES S LTERINDIBO A7 —MZEOERITER B0, BFEREEL
BLIE CIX N 2R T 205/ HEFZa 312 7 (Kolmogorov) A7 —/VThhH7es, ZHEIRZ DD
TR MEFIER ZORE S LY /AL RITFAER LRV, arEdr 7 27—/,
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I3

gl
I, =|— (2.40)

TEHRIND. I TeITET R —HoR, vIZERERETHD. MhORFEELZU , RERSEL L
T 2% LELIE TR L — R

13
ez (2.41)
L
ERTZENTE, LITORIRIED L.
__ .34
_£{£% _ R4 (2.42)
[ v

RER S ZFHEBEROBERIBRETEZ D &, L/ XELRZ EENICEZ L 9 LT 5256 O RE8CnT 5.
X oC, EEEE SRITIT L L D LT 55A, TORTAEIILVA VO 94 Fe kD b RELS THHME
WD, ZIUIHED &, A TG LT DBEREMEOTNY (Re= 10°~10°) OFFFTIZITIE L2 101~
10U SO HPBETHDH Z L2720, HFBIENLRBIROF BNV EL 2D, - TE OGS, LA
W 2BRICITZ OELRBSIZET UL EIE L, ¥TiEE Ve Ia 7 A —WZE TR 5 Z & 72 M HER
BHEIND., ZZTIEHLFMIZESHOLRL TS LA 2 L XEEET /L (RANS: Reynolds Averaged
Navier-Stokes equation) Z+¢/H L7=.

LA/IVXEHETIL

Navier-Stokes HFREX AT 25 2 & T, KEQRAF—/)LOER) & /IMEELEZ 2T TE X, ZORyIMETL
FIEMET NV TEERZ 200 LA I VAEHET L THS. 3 IRITTEHENM Navier-Stokes HREZUZBWT, JH
e & TEED F T,

9, 9 _ (2.43)
ot 0x
9pu; +_6pquj :—£+—aaij (2.44)
o o ox X '
2 1( du, 0u;
= ylos 25,5 | = e L 2.45
Gjj /-1( S 33« “j Si 2(6)(] 6xi] (2.45)

TSN, u,p,p,u BERENBEOEESY NVORRSY, I, B, MR CH 5. W f XL
A NPT &, BB T LN TR S, £, Ty — TR =4 [P EERL, 77 —F
NTEIRIN S DB % 1 L ERT B,

f=f+f'=f+f" (2.46)

X(2.46) & iift D R(2.43) & EEN R ADITRA L TER L, UTOREHGS.

9 , 9Py _ (2.47)
ot 0x

== OG0 95, ot

opu;  OpuY; __9p , 005 9T (2.48)

ot 0X;

i 0X;
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_ f y (=~ 1=~ o
Gy =24(S; -39 )zzﬂ[ Si ‘§3<k5ijj , T =TPYL; (2.49)

K(2.49)D X 51T, Ty (ZFHE (0) ORI TE 2. 1 (LA VX FEIHEEEIC K- THi
WD T2I]T, LA S AVRIENEMEY, ZORMD VA VRGN BB D T2DIZZ O HRERIZZ O F £ Tl
PAL7e<7eoTLE.

LA VRS ST R A R T2, VA VRGN B OFT A Z A L i 6720,
Z 2 Cld 1y % Boussinesq DHERE L7 FIETHEIT 5. 1y 2 FEEEDOARUTIAFT 5 & L TR O & 51
T 5. k&L= F—L LT,

~ ~ 2 ,
=28 35 - 2AG kel e (P e (]2 @50

ZD XD RET VLI TV EMHEN D . Z OIS T B W TELTTHTEAREL 1 IXTRFIECTH v, K Fl
FAET DEIEET ML Z O gy RO 51D OB RO L - T 0, 1, 2 FRAET LR L& RIS D.
Baldwin-Lomax €7 /V®D X 5 72 0 FFERTE T /L CIIBETLIT 7 L vy LB Bl C 2 ORI 307> T
W éfa/\b ILET LN FRETH D05, HIBECHEEN: & A8 OT e L ORI 2k LTI #E L
L FRUCKL 1 R E I 2 FREAE TV TCIEELROBE 2 r— L KO S A7 — W Zxbd 5 gz i <
Z k (2 & o THELIRELR I 4, 23RO D 728D, B TOTND LD NIROTMNIH G- R D5 BRET 5 Z &N
T&5. FetE T2 FBRAET VDK -a T VEFM LI

Wilcox @ k-w 25K ETIL

k-a fLEET VIR RV —k &, BAELR TR X —H72 0 OtFE o ELFROTRE H 2 VWIEELTEO
RFRIA 7 — L OWETH Y w=¢g/k TEZRIND) BT 2L HERAEFHE L, WSS Uz il tEreE
w BT B, 2L, e R (e=ojuj [p) Th5.

WMMK&@%%%MK%?NT,Eﬁ<if®#ﬁfk£i@%@if%@,%E@EKW@LQW.%
ROBITREIE S CHERSZ L ELE LN &, BIUOBEREMERT 4V 7 LA TEZ BN -0FEN
BEATDHETHD.

L= —k & ERBORE o 1Tk 2 A

0 0 00 o .. 0 [(n. o Yok

5 (,ok)+—a (pu k) —j B pak +—an {(/,{+0’ ”t)_axj} (2.51)
0 0 w au _ pO= 0 _ ow
p (pw)+—ax (p0,w)=a¥ i _a Bpu? o |:(/U+J:ut)_axj:| (2.52)

Eleh. ZITHELNIEKBLCa 20> TELHMERE 14 B SN S, BLITHEGESRS LR S 27—/
=%k, 1 =k¥2/w TV, FELA LV AHIERe=k/av Th D, wldu =a kjw&7es. Fi-, Fiik
DR E LT

,Bmzlgom[l"'fDF(Mt)] ’ ,lego_ﬁODCtDF(Mt) ’ F(Mt):lMtz_MtOZJH(Mt_MtO) (2-53)
LIEET D, H X Heaviside D AT v VBT, £EHIILLFO@EY ThH 5.

,0=9/100 ,  a=59 , B,=340 , o=0"=y2 , =32 , Mg=VY4 , a"=1

LA JIVAEEEEIC L0, =3 F— GRS G IBEIMENEND . Bk -a TT NVERBIAALTE LA
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)L R3] Navier-Stokes FFEAITA(2.47), K(2.48), XDk, a D 2 iczx1F—K,

op olpiH)_ o[ 5 VoK (4. g \on
+ = |Gz, +0r; +\u+ou)—-| =+ L1 |2 2.54
ot 0X; 0X; i T (,u ”‘)axj Pr Pr, )ox @59

A T-ARTRERD. 7o, EBLUHIZE=e+k+u,/2,H=h+k+uu,/2LE&XKTS.

217 iEE
PDFHEERER

TR E = — UK TH D LACETIUR, BES () CEEAR GEA) XhldT5. 2ok &okf)
TR RIS CH D, 0 TR IMEE DS TFAE LA WGB3 IR IS IAFIE CE IR ch Y, i
FEDLDEEE A5 2 ENERICE > THEPD HILTWDS. 2 TAIZETIE, Sutherland DAL

3
_ To+S| T 2
y—yo(T +S)(Toj (2.55)
SR © T, =288.15[K]

Sutherland &% : S=110.40[K]
FEHEREVERREL © 1y =1.82%107° [Pa - sec]

Z Az, Z o Sutherland OAZUE 120~1500 [Klo#iH T L WiEEl 2 5 2 5

DFEMRBRY, ALRAMEERE

o FEMBELRECD SRBEDMFE L2V EITE, ENIERR CIRE D RKTFT 5. o FEMERE & 531k
PEREL L ITE R BRICH Y, 7T M REN L TRO K IckSND.

C
w=t=n

(2.56)
Pr
—77, IMBMEERG FRRICELT 7 T o MABERE LELTR MR R DR L.
C
m:ﬂtp (2.57)
Pr;

218 ESHFE

= N — b A N EBEEICE U2 RSO X O M IR 0 OfitT & Sk HBRICRRE &
RDBDPKETERLTHD. BHIPRED Y OB FAEROEE L SICHHISET 572007 7 u—F i —RICEEHK T &
FERERR I RBI S 5. BEAEBFITFER A2 W< OOMEBICOEI L, Z 1w LTS L= sk +
EHERT D2 L CHEEIREZ KRBT 2 HETH Y, HEIESNFIROER D 23 SRWEAK LB R 23T
HAKF VI, RES DT T2OOHFNMAET . HEKTTIE, HFISNICHIROBEE T T % —xt
—CHERTHAT D22 L, HERIEDOR D HNATS D TRART 2 L1 K> TIRAFRIZHEF 5 2 L 3 Hl e
ThDHD, ROGHEIENE £ D LR HENINT L H RS Tidewy. Uk LEAK 38 1AL oE#E %
FLABEZEDIZEOT, TRENORE MR E TE 5720, A /TR OME R, EAH11X
—WIZFERZ A O T2 D ERAFRIE R L 2 &R0, WNIRIC X D EHRFFH O R B A & L TR b 5.

G EER s —2 o 7 R — R AV b RS E LI ZNE TOMETIL, 8% OEMSTNOMITOER & L
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(a) Overview (b) Close up

Figure 2.2 Grid for circumferentially grooved casing treatment with unmatched interface [47]

TRERIFEEEOFHERE T D O BEEHIIVMIEDO D EED D Z L2 L > THEOAREFH LTA& T2 1EK T 5 T
SIS, GRS -2 BYFEIE L PN OREIR &S E LIRS T A D TERT (1K) 2.2), FEMEES -2 W
D HER 92 B BTN D, FTE OFE TITEHAGEEMEOBLED HFFA T & D RAKIR O BEATIE AR L
FEFEHUTEL— 07 M) — M A FOIRDIRE S A, FEHOFIETIIE L I=REMU O & 1o
k& & DR DI P BSRIEE 72 5. BIRIRICEEG T 2 K O ER S A&+ 0 LI E T i O 1 28263
LS, ENENOM IR i CHEGIIC N D KO A ERT 2013 —IZIZEE L. o7z, B
FZFH LT AR CIEEERmIC T DA TR ORERZTF L, €0 9 2 CHHmIZIB W TRIFRIZN 2 S
L X O e fT TEDBIS  BASINTWD. 2O X ) NG AR TR L= FEICH, L LLLTFO XD
PRRIEREIES D, AR s —> 7 U — b A2 b OHERITfRICE R 2 — FREOSUI—1 » MEREIC
REFEN DT, B EERNEE TIIBRERO A — VI 0 BFEIET D, 2 D7 ORIFEN O — A
] S D BB DR (105~107 ASFREE) TI, 1 L IR ORI T 2B O 2822 5 9 2 CliE
WIZE L R D120 O FRBIIARR T 5. EANERHEGH - CTldr— v v ZBER L IO OBROTEIK A B
T O DIEANIIAFEL TB O T, o TRIVEDR R E < B LT DI EE Dbt & ERERICFR M O 7Tl
AT CE VRSO ET OLERH S,

UL EORERZ SR, AR TITERGHK L BEAEFOMAEDRIC LT — 7 R — AV PO
WaERBTLHFELZEA L. B2V E I BT TOMNGOERZHITIT FujildD$g4E Lz FIEIZ SN T
fignsilE s (FSA: Fortified Solution Algorithm) # M\ /o, HFELEOFEHICOWTIIRiR+T o2 L & L,
PUF CIEARMIEIZEBT 2 EAEE TIEORD W EZIRR2 9 2 TUEE L 72 5 FHIZOWT FSA O EZ k<%,

fR5R | & % (Fortified Solution Algorithm)

fRTRHIEHE T, BRVE IKRFRICERICKERTRER RS, FORERFR CRVEOFRE(5E LR
NOHREROFEIIGEZRD D, Z 2Tk FSA (2B 3 HEA %, IR 2 kot Navier-Stokes e
K& HFNFHBAT 5.

aQ,0F-F),06-6)_, (2.58)
o of on

FSA (281 2 A HFEITEE O Navier-Stokes S RO DT MEIHEZ N 2 7-2R(2.59) D & 5 B THRILE
na.
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>

Q3 -F,), af
ot o an

= 1[0, -9) (2.59)

ZIT, x BT A—4, Q IEEAV A D b 5 S OKT R BRI H T ik 2R TH 5. 1(2.59)
DEWTHE A2 L VAMEICT 5720, R(2.592%F L CHES LA i LLLF ORI %,

OULT, CLENC YRR S (1 TS 2.60
Q 1+ x4t < 1+)(At(Q QJ (2.60)
=77 L,

- OE™  gF ™ OE" OF"

4Q. =-At!A + (-4 + 2.61

Q" +AQ, ILith# » Navier-Stokes FIRAZ MV ZBEDOMQ™ & 525 = b, HIckE vy N2 bz
EATIEQM™MMNQq Ik THHIMICES ;I ONS. —J, x=0 & L& ZATIEREFRAITER O
Navier-Stokes FFERUTIFE L, BAHNEDORIVEORENZE DO E TN b.

SRR

FBOWH AT A—4 y HRE SN TERICH L THEZ ONDMEMQ, 1T, b9 —HOlB TR THELN
T FRMTRE B IS WD CEYNZIHE S N2 T e 5720, “IRITCOEEEFINCER D B )BT ROET %X 2.3
IR, K B ORI A LIS FERICH LT, AL Q 252560 ET 5. Z 2T, KTER
ORMEEIPERES (CUF, “EHTLEY) P TFEESROREBEFET 2O LBEL, KT BOBEEFL
HERY T 5 AEERLAE 34 (CRIETHIUE 45 BT ANDERL, Zh50 DR LOME L
AT B EE % b & AT T- B OB LSO BT3B R 2 SR & o TR LTz b 0 & B &
T 5. ZIRTOBEOEFIFEONIFROM SN 2K 2.4 17T, 22 TREALE ARITEN KA LI B 0%
FRLAERT. RPORTREOERICESOT, RO, I Fo@b HEsns.

Xp = S + Ry + WXy (2.62)

. S S
Qf =(L-s-t-u)Qy +sQ +1Q, +uQs =>.C,Q (2.63)

i=0
FETRIE LTI+ ZER ORI 2 B 2RI K> TEEHMZ T\ A7, filfROZ I L 2179
2 DDA FZOR DR IGI R R DT ORBENME N L TLE S, A< &b, @il T A—% y ORE
78E) 0 B 2 BFT CLARTHF-3RIC & % TS ORGSR Tl 2 WEN b 5. ABFFE CIEFH M+ O i
TE LR DRAFMEETFET D Z L2 L - T, ZORBIZ L DEEBELHELBY /NEL LTWD. FERRICHHTIZfE

H U EK T ICHOWTII%it T 5.
3
vz
O
%

1

®:Grid A = Q/-E> O: Grid B
&\

1o

s

Figure 2.3 Schematic of overlapping grid system Figure 2.4 Linear interpolation of fortified solution

\

-
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-27/150 -



2T KB Tk

BRI EFROER

SRR LT S\ = T A T- ORRFTIC 35U Tl BRI/ 8T A — 5 x ZRE LIRSS OWIR A S8 5 i
RQ, ZRDBHIEDIT, Tl A DT ENZHOMK TEHROMENHE TOIET 5 - L PLEL 25, 025
12 B FEHIL P 2R T L 572 4 SO TEERLE b 9 — HF O F 5 RO M B 7275 L= b o
Thb. RITTT LS, ORI L 4 8005 b 1 A R LTRY 3 MOMEANY ML %, %, % & 5
%, AL OHIGRNC Lo TR P ORI F L R 2%

Xp =K+ + WKy = | Yp |=S| Yy |+t| Yo [+U| Vs (2.64)

EIAZ L0 RQ6DIFLLTO L ) I E NS,

(7]

X X X3 | %
LI=IYr Y2 ¥ Yp (2.65)

c

FDDRREATING Xy, Ry » R BTN T B IR FAEATHE T 5720, 1E L < MR S AU 3HERS T Tl Ty
TR S, b, U IIMHTROITRE 5. AP 4 MOWNENCHET 5 L %, A5 ORI FORMHEEMRET 5.

0<s,0<t,0<u,s+t+u<l (2.66)

4 HOMBEDEEEZ RN LU EOHEEITY ZLI2L->T, AP ERY AT X 5 s FERTLERET D
DODPNLEIERRBOIEAN e & 72 5. R RIS 22O RMICHREBE L L 9 & Lchh, 8 SOk
FTHHEHEFIN L > THER SN D ANHEEEX 2.6 DX I 50 OMERICYEIL, Ththucs LT hRR L~
HIEZATZIZ L. LovL, EBETHATICHW S K 5 223 FRE 7 CIIoNmE O Z 2ot s 2 & v ks
N, 4 OOTEENE—FH EICFEE LW ENEW. 2D LI REAICIER 26 D 1 8% — DR THEILT-
72T CIIRBIRNADSAE LD AREMER H D, LU T TIEZEOFIA & MEE L 72 DXRIZOWV TR,

B 2.7 ORPLAEIEET L. KT OBRNITZNEIUE T EROTLERL, mA, B, C, DIXFE—Fi RZfFE
L72vy. AR ABCDEFGH & Ak ABCDEFGH %2 EHIX 2.6 D/F — AZiE-> THEI LB
ABCD N ED L 5 R =M HEI SN A MIER T 5. Al ABCDEFGH A4%| L THZR A WHEHAD 5 Hif
ABCD tHiZIHFET DD type 1 & type 3 DWEHETH Y, 25125 - T ABCD 1 4ABD & /BCD (247
EEns (142.8). —JiNmik ABCDEFGH % 4yE| L CHisk s WEfAo 5 Hif ABCD & i A3 2 DI type
2 & type 4 OWMAEIATH Y, 252X - Tl ABCD 1Z/ABC & AACD i EI &5 (K2.9). s A, B, C,
D A B ET 5 O ThiE JABD+/IBCD=/ABC+/ACD=ABCD & 72 % 7= OFHCRRE & 72 5 3E[K
I, U LRl BICFEE L2 WA JABD, /BCD, AABC, AACD iZZhZhICER Y ADT,

Type 1 Type 2 Type 3

Type 4 Type 5

Figure 2.5 Schematic of grid searching procedure Figure 2.6 Segmentation patterns of hexahedron
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E
F A Typel
B E'
H
Fl
G D
HY
C
E G'
F A Type3
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Fl
G D
HY
C
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Figure 2.8 Segmentation of hexahedron ABCDEFGH
according to the patterns defined in Figure 2.6

E

F A

B E'
H
FY
G D
HV
C
Gl

Figure 2.10 Tetrahedron ABCD generated between

hexahedron ABCDEFGH and hexahedron ABCDE'FG'H’

E
F A Type2
B E'
H
F!
G D
Hl
C
E G'
F
H
G

Figure 2.9 Segmentation of hexahedron ABCDEFG'H’

according to the patterns defined in Figure 2.6

Type 9 Type 10

Figure 2.11 Additional segmentation patterns of

hexahedron

WiHAEZ#ERT 2 (K2.10). ZOMHER ABCD ONEIIMBEOXMHRE LD A (K25 1T858 P) BMEET
HE, FOITNEER ABCDEFGH & AN {E ABCDEFGH OWTHNOWNEIZ L IFET 5 L i3l T, &

FPLINTLE .

DX D kRN Z EhEE D — DAL, ARNEROSEI NS — 2D & O NHEIAR

TTESEZ L THD. WOH 5 NEMEICH LT, 0FEIT5/32 = 26 21F type 1~ 6 (X 2.6) & type 6~
10 (X12.11) THREICHIDEZ 5 2 L2 X > CTOSEERO R O EIFENBEY A 9 RNEIR TR D &) IRE B

STENTES.
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(i) Outlet boundary (iii) Inter-blade boundary

(iv) Blade & hub boundary (v) Casing wall boundary

Figure 2.12 Numerical domain and boundary surfaces

219 IBR&EH

AW TH L7t = — R CIBERSEE & L CEEu=(u,v,w), £ p, RET, SLITES=FLF—k &
HBuhE o 252 5. [RHRESEIKOFHAEIC L CRIET 28R SHE, KE< ST 212 O 5180 23
FET S, UFTIETNENDEREM & Z D52 HFZHONTE~5.

) RAZER

SRS O A O BERLEICIImNOMERE (Riemann RER) Z W% 1 RortBERNERSMHZ 5.2 7-.
FHEMEEE AN S FHRGEE N~ L[] 9 Riemann A&, ADBERO—SHRIOREIRIZE T HENHRD
XolZitHETx 5.

rg=u-—— (2.67)
y-1

Z @ Riemann AEEERRT, #HWDH Z LT, AR Uje (RO LD ICLTEETE 5.

_(y=2)rs +yay(y+DRT/(y-1)-2(y-2)r,?
uinlet - (2.68)
y+1

AFETIIANBERZBOTRE p, RIRT,, WMAMAZIMEL, Riemann REENHFRE L72 Upe & TEAFAD
DEFUC G 2 2HE =i %, WMASIE p MOEEAZ RO TWS. ANBERICE 2 5 iLET = L ¥ —k L Lt
WORTR o 1, BT BEH# NASA Rotor 37 #xt% & L THEMENZ CFD #iFV —7 v 3 v AT HTHEN
7o EFELAVE | = 0.03 D50 L | Menter62I 23459~ 2 — kR 1 O LR O G AUHES T, ZREIRD X
INZRHE LTz,

kzg@_i)zzgxo.oszxﬁz . w=— (2.69)

22U & LB ZRIBhOREIE L REES Th5.
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(i) FRHZTR

FHELSEIR O H 1 Tl o BRIl A f5OE L CHE A [EE Uiz, S5 R BERE CIE, Sidvod 8 5 s EE L
X DEOLTNTHIN G D KO RENSAADERFNAE T D, A TIEHOEERO hub f7E (r =ry,,) I
BT DT Py, ZHEUEE S & UCHEE L, [EHEHEESEN D 5 r OIBICB T 28EEZRO X 5 I LTEE L,
BRI UCRE LT

-1
2
I =Thup Ug
= 1-—= (2.70)
p phub[ r RT]

FEu, v, w & FRRT I3 ABER ) 6 — >R FEHRIZRB T DA /MG L.

(i) FRERRIES

AW TR T 24813 ey F M OSER TR FR R T 2 IO ER L Th D, £ 2T R
DOFHREFEE L TIRAOFHREFEIRENZN) BERImO—SWRIOK FERIZB T 2WHELFLEY, Thbx
W LT L L TE 25 2 & CRMIBER M2 52 7.

(iv) BE@-/N\JBEEESR

B & T REFN TN AR RITKT L TERIE L TWA 729, BRICBITAEiZu=v=w=0%, T LERIC
IO FEFZ BT A EEINET D 2 & T v M UWrENEES 20 U7z, BERICR T A ELER — ¢
JL— L IO RIE, Menter®2DHELES 2 RHlIZHEVEL F 0@ W FHE L 7=,

ov

k=0 , @w=10——— 2.71)
,Bl(AY)Z

I TAYIEBERGM A 5 2 DA FEROBER PO EEER OMOERECH Y, BIX B =0.075072 5 EHTH 5.

W) F— U TREER

BB RICBW T — o VBRI ERRE D I @5 U728 TBEIT 5. £ 2 Tr—3 v ZREEICEH
WA EI ¢ D BEEICATE LTV D E LT, UTOHRIZEL > TRO-BERBEEE 2RSS LTEHEx
7=,

0
u=ge, xr=| gz (2.72)
-y

R =Ry DS OBER SR TR S0/~ 7 BEH & [FIRR DS A 7R LITEEE & L7z,
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22 FENZORRIEERROMEE
221 FERFTANIVTA

FHEHEMERE D) | & KRAEHRRE O KX, TERITEE Lo 7o ZROCHMERAIS T LT b BT ) F 15 4
MT 22 Lanred Lic. BEMTIC &> TGN D HREImO TE <, I b SO & (EB) &, %L,
TARNNF =) PBENENDOFFEMEFERCT LTS TE LS. UL, AERENEAT 3L, 2L THEE
T LWL DEHAL T 212 L, WD SNDRRFREZLE L TGO LEET 5 Z L3Rk s, £
DI=DT S PDFHE Lo THIARREZLH L, BB RBRR 2T 2 Z LN EE LD,

RGBT DG 2 FET 551k E LTE, QIEZRINY 2750 L OEA DR a2 3% 05
ERENDHD. ZHUKL, Levy HENILLTFOR(2. 73T K- TER I NI LAY 7 1 H, & Tl
b5 Z EaRE L.

ulé
Jul e
Levy HI%, fitiO L CTIE—RICHRIHAR Y blu SERY ML EDRTAN 0ITAS ZEEZFIAT22 LT,
TN AFAET DHERONE % H , OFERHEIZ £ > T, ZOMOEEEOM X % H, OB L > TAI{ETE 5 =
xR LT, ARICB W CIER T 28I 0—>Th 2 Bk S BRI 2GR CTh 57280, £ OZE) 2 H4E
T2 DIEERITAY 27 413 LTV D, FRCEERRAVIRD K 5 205t & B & O TN Ko T FE
L72BRICiE, THAIEOT < FRICB W TSNS 2 WIIKEET 5 Z ENM B TND0, LLEDZ &b,
R T~V T 4 E IR DI\ LORE FEZ I THWA Z &2 - T, Rimiwiuih & EBRE O TRk
TEBRT 5.

H, = (2.73)

222 @D

WS O LR & R E T D BRI Bk O SERTTA~Y T XAV, SAER 7ML A L L U A\ O 2
DIFIETE E LT Sawada OFFEAFEERICEE DV 7O RIEES 2 FVW =, ZOFETIE, X7 MO RHT
WIEYEDRED S &, HEARLT v Y NV EAMRTT 5 2 Ik 0 s oF AR L, o %17
9. LLF CEOBEIZ OV TR 5.

FHEFIR2 DK 213 IR T L 912 4 DO REEROH T &, ZOWNERO S OBEFE x &% Z CTOWHE u (3R B
p=(p,q,N)ZHNTUTDOLIITETZENTE S,

X=X1+(X2_Xl)p+(x3_X1)q+(x4_X1)r ) u=u1+(u2_ul)p+(u3_ul)q+(u4_ul)r (2.74)
=77,
0<p, 0<q, O<sr/>p+q+r<1 (2.75)
(%45 Va» 24)

(x3, ¥3> 23)

" (x, Y, 2)
(1, y15 21)

(%2, V2, 23)

Figure 2.13 Schematic of local coordinate system
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B DN T D WO SRR 7 &2 VTN BRI D Z LI XV LT oA TE A 6N 5.

dx
u

=dr (2.76)

ZoRFHQ2.79) L KQR.TEIZE - T

8; &y 3| P b,
zap+b=|ay a, ay| ql|+ b (2.77)

A3 dz agz )\ r bs

do
dr

LB TE D, Z T CHREATS a R OMREAZ PV b ORNFEWT I S 2.7 DREATHITICHLN 25 sl 1T
LYELEIN DTSR ONDMETH D, ZONIS HICERRHRETH Y, BT LIZX > TUTO=E
PRI T REDN D,

3 2
d_g - d [3’ -yp= k (2.78)
dr dr?

Z OB FRERD BRI TER N - al? + A -y =0 B E D X 5 iR E AT 50y, & L THREATSa 23 1EH
THOLNEINNZ L > TR STEERE L 5.

FPIMREATIa BERAITH Y, 2OREHRAL a2 + Ay =01 =2DMWA, A, , A AT 5504448
ETDE, —RAITLLTO L 9 I2RES.
e/hr + Aze/]zr + Ase/]sr _ kp/y
q(r)= Be™ + B,e'? + Be™ - Kq/V (2.79)
r(r)= Ce +Ce" +C e - k [y

ZIZC, R AoR L Bl LRI TS a oEAE S 1L 8T 5. 2, RQIIOELEEIINT b Y
EEGXHI LIS TRIELEDLDEHTHS.

KQIVNZ L > THZ LD E 722 (SIREHEZHRI <) DI TRXORD S H 15 (RICA &
T5) NEEAMHTED 25 (A,,45) WEEEAHEOEAORTHD. O, Bk R = A Bk
NEELZ IR0, BIEERE LD, T OBOFRROFENIEEAMEOETOERICE Y & DR HBI ATHE
T, iz ‘:C/\f@lﬁfﬁ@%%‘ﬁﬁi‘*%f%é@% 1L DS EhER E LT ORI TR ik & 720 (K
2.14a), WA HIE— 0@5_%%¢5ﬁﬂh%&5(ﬂzmw.it,M@ﬁ%&Abhwiﬁwﬁ%#
Wi FA@ DOEAE GEHLHL | ofﬁﬁ%éwi%ﬁféﬁk&é(mzmw.::@,%ﬁﬁﬂ#u
TIATH TH LR E, A, & A, %if_zﬁkéﬁ WA L 72 D RIZHET 5.

P EOSMTFTIE, woffRo AT EMIC Q.79 S AHR Y 2 B0 R ZE TU T X2 1cBE b6
5.

b(r)= A€ -k, /y
a(r)= Be™ -k, /v (2.80)
F(r): Cleﬁlr -k /y

P> THRASHNZ M LD SR

b(r)+kp/V: f](r)+kq/y: Po)+k/y

(2.81)
Al Bl Cl
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ICEDBREND. HEFORMICE LTRSS OERO% (A By Co) BSEEAM A, (XIS LiEH~Z kL
ThHDHI ENREDT2D,

A1 1By :Cy = apan - a13(a22 _/11): A1843 ~ a23(a11 _/11): (311 _/11)(322 _/11)_ ap182 (2.82)

DEIERAE Y Lo, LLEDS, (AT a 23 IERI TRt R 03 — S O EEAE & “ SO HRE A 6L
AT D5EOMPLOREEETHS.

— 07, AT a DA IERI TRV G A S RN OBt m 2 1 < FTREMED B 5. T DBIZHRIZT moo kT —
—DWFTHOMRIZ BN T H#NIHRE ERAZ A ST, TR Fmifz i< (X 2.15). £0 k97
BRI CIE, R2.T8) DRARIUTLL T D457,

{a=,8=0,y>0 W)

, . (2.83)
a#0,4#0,y=0,a°-43<0 OIFEHR

IS OEEITITRIOFFERIZ L D TP LOFREREZRD D Z ERAHRETH D03, FHMIC OV TIEZ 2 TIXAms
T5.
PLEASIBFLORHEEOHE CH 5. EBEITHATHE RIS L TR OORIEZIT 2 HaiE, B shizimh
ODAER T A NUEERZ SIS 285604, WMPLBAFEET 2L LTIV S . BEMICE, WP OofFEs£T
¥ (izec &75) ZHEL, WHORWTNOOHE ERZET D EHESNZIUERD 4 SOTERIIKR L TIX
c=1, WEBZIRHOERAEIE LW UREROTESIZH L Cidc=0252 5 Z L ¢, #@472BE (ki2c=08)
CEEE A< SifTL AR b T E 5.

T o SO,
- \. f))/ Vortex center line K.{')\/ /

(a) A, >0, Re(A,) >0,Re(13) >0 (b) A, <0,Re(A,) <0, Re(A3) <0 (¢) A,>0,Re(Ay) <0,Re(A) <0

Figure 2.14 Streamlines of vortical flow when the coefficient matrix (@) is regular

=)

A

A

/17)
v/ //

Vortex center-line

Figure 2.15 Streamlines of vortical flow when the coefficient matrix (a) is not regular
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DD LT Ko TRIMEIIRR 2 BUS L7, SEATRERMOR L7e E ) 3 A D L D ofit sk JONRE &R o5%
ZEBIRRICEES W TCHIE Lz, W OFHIfE2S— & OEIZHNT U7e < 7o 7 Rps CRHRL D EERY 7o R E L2 Bfa
ST BT L, AU G DI RIT SR 2 A CIIRE R EER LT, ARSI 2N
& EEROERAEDERE X 2.16 &K 2.17 1261& UORT. RgaC T3 ReErERIE, RN 22 =54
R EEN R/ NDOIEBN SN SE S 2R T LD LT 5. 7ok, KB OHIEENTAAT O T2 OIS St fE D%
TE T DR AR IE AT OfRHT CEMERKED 0.1%IZHE— L7z,

0.58¢ _
¥,
= 2
on =3
=} . s
= ~—— Converged solution o)
2 o

£ / 5 10°F 1

<
2 0.56¢ : s
; Stall point é
£
2 o
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- 5
Numerical stall E
0.54r ‘ ‘ 1 10 ‘ ‘
3 4 5 s 3 4 s
Numerical time step [x10 7] Numerical time step [x10 7]
Figure 2.16 Time history of outlet mass flow rate at Figure 2.17 Time history of average residual of temperature
near stall operating point at near stall operating condition
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HEEIZIR D £ 9 KEiiL Ch D, T b OIRHEGRAC K DI IR O i AR Z 35 1T 2 SR O 53U
FEEDDE SN, EIAFEREMDEER LB T 5 2 & Tk 0 oOF ghimfEss e L, B
HFEME T2 Z ENESN EFMREIC EREZ 52 5. [EMEENICER S D 2o X 9 kvt “7 ey r—
U7 LRI SN, TOEBENERINTE . L, 7ayr—Y W) EHEOEKRT L E Z AT
HiETCIER <, BEOMTT vy /r—y L) BEEME SN2 5E8120E, FIUTEEL OB Y5
EMER LB COMEFIRO SV T LW ENE ot 7Try b r—UNEHSIND b EH &EDOHEKT
B DFEEH O OA MG & OBREICINZ T, IAETIZ A 7 BISSEA & BRI OB RO AE £
B2, BV & BIGRAVRALO R E &2 E~E L BT 5 L9 Riih OR b Ele 7 vy r—V LRI Z
B Z TN,

JEREH A R e L Tz 7 vy r— U 2 E ' /AR S 23 TREMZe H D1 Khalid 56612 X 5 H
AL, Suder HRNZ XLV A TH S, Khalid HITREIGRAVIEIVOEAFISIEREIC RIT T R E LA Eim T 57
WICHE AT 277 loading parameter & 7' 11 v r— U DiEifE % # 7 blockage parameter Z3E A L, IO
Tl /X7 A—# L BRI & OBIRIZOWTIEEL L7=. Suder & I3EEHLHE NASA Rotor 37 & %R IZL—
PP F A L7232 FE i L, 15 DN BmEEE A OFERICESNTT e v r— U OREL AL 5 2
LT XY, EimRAVIR & BB OTFPRNC X o TA U ARG ) ERREIC G 2 285288 L. liE T
HETLH01E, 7ryr—VERMLL 2 LR o TRBH N OFEDEEAZHEE L LD L LR THY, 07
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FEREMHERIRIC BT 2R BOHRE X o 13X 2.18 qﬂwnaﬁ%{%ﬁﬁ LT FOR(2.89)1

o = j [1—jjdy

EFRIND.

(2.84)

TOBX SR TRTEITHEE L, SERRHIEEN A I 5D D T i U O Ay B R 5.

Pvock = [ [ (1— ppe:’ ]dA

e

(2.85)

ZZCRIEE 2 200, FEFEHERRICIST 2 T u,, (AR 32 FERMEDER u, 2 ED X 9 I L TR 270

T&)é JEAERE DS Tt ﬁm@u% Lo THMDEEN R/ 570, —kk7Ru, ZRETDHZ

LBk

. Z07=®» Khalid & Suder i%, FHEKIENOEEAEIZEH LTE LKHT@J: 5 7o R B ASERE LT
Eﬁf[ﬁ%@ﬁ.fdﬁlﬁ%7lﬂ vV E T E DEREED, T a v — ORI B i & JERL MR

LEDTNA,

Khalid: |0)(ou)|

Suder: %

r9

flL LT Suder DFETHRE SN T v v r—UHEKAOH#K 219 (7. 7Tr v r—UERIC
TRIBNONIEIZ L > TERZA D72, Khalid & Suder 132(2.85) CHEIN A FEHE I HBR1Z, 2%
VBRI i A O E S Ak T 2 IR U, THDH E LTV D,

YYYYYYYYYY

ll“ rYYYYY

l
g
B

Figure 2.18 Schematic of displacement thickness of boundary layer

a) Axial Velocity Contours b) Defect Region

cutoff = 2.5

cutoff =1

RANNDLLL

(2.86)

(2.87)

BUF B
EmE0T7ay

Figure 2.19 Procedure to calculate blockage downstream of the blade row

(a): actual axial velocity contour, (b): edge of the defect region [24]
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AMEIZEITHTavr—o

INBOTFEEZEAN LT Khalid 5 & Suder HOEXE, ik L7zX 91, WEEH OIS 2600 iHfEZ
EEMICAEDL Y, 7y r—UnNEN ERRECS 2 DB 2HECERT D2 EThoTz. —F, A%
BWTERERDD0IT5 &35 EMEICB W TERAILE LREEZFRT Lo R LToTa vy r—
THY, Khalid 5X° Suder 5OFEKRT L7 0 v r— L AMNROBERT L7 0y r— L3202 85060
ThbH. F£7z, Khalid 5 & Suder 5OFEEIH FTHRLESE LTOTa v r— VKO EFEZ RO 5 T
ETHY, Tuyr—UHEE TS 2 E 2 HE LT, K2.86) E R@.8NICE -~ TCHBIEN D T 1
o =V DBERNE LRTOIEH L T THEARLNDRKEWETTHY, 7 avr—I88BI0 ko TiRHER S
NAEBIIFERME L o7 a v — VO L S, 7 a v r—UBEROME &% 2 TO
HWRFR L TH-oTH T a v r—UHNEOFEIC L > TTa v r — I K DBERRENET 565K 2.20 (2R
F T, EEE U2 SEICkEL D K O it 2N EMn L, B ALHHCEEMICHTE S X
I I FIEE AR CTIXHT-ICEA L, IR CiE7 v v r— Ut & i3 2 FiEZ2 R~

HBENL 2@ 5 £ 9 7 x —EOWE S A ARET 5. Z OWiE SIC Lo THIN S DK FEEHEA N i 5 &
LT, 205 bi FHOKFERZOWHERA A, REEPDEHSNAEREERE (), 32 (M2.21). 79,
Bk T HFD (pu), ZEOKE NS OB~ ZES % () 55 (K2.22).

(o) 2 () . (j=1mN-1) (2.89)
YA A YA A
| Uy, »| Uy, : Uy, : Uy,
E p u@ B E —»z p ue N -
/) =) < W 5

Figure 2.20 Effect of velocity distribution within the defect region to displacement thickness

Figure 2.21 Schematic of evaluation procedure of blockage region: cross section of numerical cell

(p”)i 4 (p”)j 4

Sort
2 cee NN o = cee  N2NI N
1|_|3 | | [ !

Figure 2.22 Schematic of evaluation procedure of blockage region: array containing mass flux of each cell
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ZNENORTEROUINTI 2 @E T 57 R A (o), Z j =125 | = NI TREL L TV /2B, & LIER
T W T 1 v o — DFIBIFET D 72 DIEREEIE — B A — N — 2 — b L7241, Wil A @miE T 2 i
LB LR LS (X2.23).

j N
m, = kZIAk (u), , m= kZiAk(pu)k (2.89)

Wi S 45T 2 I BRI HE L T B DA — A= a— b S EHOK FEEEZ TTHY, fEoTE2
TORRGFHR (u),  ZBUEE LT, ZR& 0 VERIHRN NS MG TERE T 1y 7y — Y LHET 5. KROM

Hrcid, FTRITRT LI RERQ 27 vy r—VHEBOBHIRE L LTEAL, Q=00%EmICE->TT7ry
= VRO A 2 AL LT

1 }(ﬂu)j (/’U)jcm; ‘blockage (2.90)

<
Blockage indicator: 2 = { -1 (pu) j2 (,OU) i/ :nonblockage

ZOFEOREIZT O v =V DOBEREEFRT DT OICREN R BEEZBEANTAVNENEN L L oy r—
VA 2SR & LTI TE A720, [EEOWIHICBW T 1 v/ —UHEROKE S 2 EEAIGHITE 55T
HD. FELERNMOHALN X HIZ, T 2 TH AT 5 blockage indicator |IARETWIHE S NI RKHFRZ: FIBECE
SRAVITEAL7 & DFROKHEE R 2 AT 2BE N A E LR WRV ADELZ & 5 2 L3 e, T72bh, EitkE
X wake 72 EIIEAMIC T 0 v — U LTRAZLTE LT, EROMNEZERIICIEE T 2B E R %
BT TWDZLITHAYT 5.

j
> 4 (pu), &
k=1

77/ B ¢ e

>

jcrit N

Figure 2.23 Schematic of evaluation procedure of blockage region: definition of jg
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31 REDOHE

ﬁﬁ-ﬁf 37— 7 R — A NORBRHHT HOBEOREE L THIE L TB < X% smooth wall 1

B D AT RE R A 7R AW 73)@%)?)@“%%&?5 NASARotor STIZOWTHIIEDORE L R IZIa D A D

:X‘A@%?—E T952LT, r—v 7 hJ—FhKR DI~ 2 DB ERTOEORLZ MY &
T 5.

32 MRHRR

NASA Rotor 37 i% 1970 41X NASA Lewis Research Center (2 THIZEMEH = 7 = o ¥ 0 O JEHet 0] Bx B
Halt L CHEINZRAEBREESE TH D (X 3.1). Rotor 37 D EEARIRFFEICER 3.1 IR T. AKIIH%
B L I MO IEMFSEE S L CREEF SN TR Y, T L CRYES 7 Stage3s, 36, 38 L 3L|Z Stage37
& U CEBAFED G & PERED RN 72 STz, BXEFOFEMIIS K OBLRME O FHIIFE R A2V TiX Moore 5167
B L' Reid 5681123 L. Rotor 37 13% D% 1994 412 ASME/ IGTI (International Gas Turbine Institute)
DOFHEIZ LV 39 MIEPEA A X — U2 CEM &z CFD MFEY — 7 ¥ a » 7 I281F 5 blind test 7
e LTS, TS TR A L7283 IR Rotor 37 & U THEEBRN I S vie. BUafitT
a— NORGEZ B E LIZEHIME T & D5kl & FIEIZESWTEm I, O DORRPNIAS AR S
T3 Z &b Rotor 37T1EV—2 v a vy UGS < OIFJE TR L LTIY B 5T & 7208 19, 25
26, 691 = 4 O BE A HUEMEATRS R &, EBRICI T DA OFHARE R B LA kT 5 2 LT, BED
Rotor 37 DM WEALZICEI L CThk % f&% M THI TV 5. NASA Lewis Research Center (2351 Tkl
WENE S - BEORBRE OB A X 3.2 12, 7 A M7 v a v OFFRIRINIZE T 5 Rotor 37 DEHHE & i
ORI L O TR 23 FTRE 72 Wi il O & A [X] 8.3 IZENLZEALRT .

Table 3.1 Design specification of NASA Rotor 37

Number of rotor blades 36
Tip solidity 1.288

Rotor inlet hub-to-tip diameter ratio 0.7
Rotor blade aspect ratio 1.19

Tip clearance [mm (%span)] 0.356 (0.45)
Rotor tip relative inlet Mach number 1.48
Mass flow rate [kg/s] 20.93
Design wheel speed [rad/s] 1800
Tip speed [m/s] 454.136

Rotor total pressure ratio 2.106
Rotor adiabatic efficiency 0.877

Infet throltle vatves Y
Flow N
5— Oifce-, W _—

¢ Collectr tor tis valve

‘YCH(

Drive motor ~, Teststage - Plenun

i Vacuu extauster piping

o~ Atmospreric
exhauster piping

| co-l09611

Figure 3.1 Photograph of rotor wheel geometry [23] Figure 3.2 Schematic of test facility in NASA LRC [23]
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Aero Performance Data Laser Anemometer Spanwise Survey Aero Performance Data
A
. f . . . . \ .
Station 1 Station la Station 2 Station 3 Station 4a Station 4
Shroud Laser Anemometer
Blade-to-blade
Survey Planes
~ | /— 95% span
I E—
=
=} N

=i 90% span
2]

& / / ~— 70% span
=

'—g ~— 50% span
=

N 30% span

¥ Trailing Edge
b N\ L eading Edge Station | 1 la 2 3| 4a | 4
x [em] [-4.19[-5% chord | 10% chord | 4.57|10.16 | 10.67
? * x = 0 at intersection of hub and leading edge

Axial Position, x

Figure 3.3 Meridional view of NASA Rotor 37 showing locations at which experimental data were acquired [69]

100+
80r
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g
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20l ® : Measured data
— : B.C. for calc.
o *Prgf» =101330 [Pa] |
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Figure 3.4 Upstream total pressure condition at measuring station 1

33 FIREMEEEHERY

AR CIXER R 2 ET 5728, MO B2 T LR —iEE S 2 5t RERICR T L. §HHEE
WoAQEREHAOERT, BEDOERTT 0 —7 %2 H = 2830 J5 1A 320 S 7= station 1 & station
4\ ZFENENERE Lz, fENTIX NASA Rotor 37 23kt B3 CIEEN 9~ 25 5o & %52 %86E L 7=. Station 1
DALE TEF SRR, REICESWTHEARMFEEZRET D2 LT, ERITKIT D IFENRKSEM & B EEE
RBEHZHB L. ANABEFIA G Le2EOS M a2 X 3.4 127, 723, AIRIET, =288.15[K] & L TX
PRSI RRICRRE LT, AR T O/EBRE, Rotor 87 ~DARXHRE AR 1T &E8, X3 12bi-
S THEHRTH 572 OFEWITER L2k x 7B 03 E U 5. Rotor 37 IS0 B4 & L CHEIRILIG &
RN & DT X AIGEHE O BN T b s, mEOHIZE Tl Z OEE S 7 v r—2 & LTE
AT D71 OICE RGN BRI LE S, Dhor—2 0 b A0 ES 10% S O > T A4
CHZEmERERMEnTWBREB. Z 50 Z &2 5 Rotor 37 I3 tip critical R EMETH D EEZ BN
TV,
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34 EHEHF

NASA Rotor 37 DT Tl ] L7255k T O8L 4# [X] 3.5 |27, FHREMERE CTEWERMEZHERFT 2
2O T T OB L= fic k> TR L72. BBV 12T O Buks+ #3) #IE L, ZORi%% H
Bifs+ (#1, #2) THAZLOZ S LW S H BT #4, #5) TERAZ AT, BEHEEREICIE HO
G- (#6, #7) O 2 FHIR A HDIAAT. BT OVERRICIE NUMECA O[S~ v F 7 1 v 7 #ikE
FHEVAERY 7 b7 =7 AutoGrid5™ Z ] U7z, BEAEER EOKR/IME IR, v <1O5MFE20E LEESR
[N CTE D LD 5.0X106 [mlIZERE L=, B FOME 2K 3.5 12, TNENOMERIZEIT D1 5580
W % 5% 3.2 1T~

H-grid (#007)

O-grid (#006)
H-grid (#001)

H-grid (#004)
H-grid (#002)
H-grid (#005)

Figure 3.5 Numerical grid for NASA Rotor 37 analysis

Table 3.2 Number of numerical cell

Zone number Number of cell
Passage Zone #001~#005 1,433,600
Tip clearance Zone #006~#007 87,360
Total 1,520,960
* Number of cell in axial direction 1 148
tangential direction : 60
radial direction 2112
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35 MRTIERLER

351 EEBHEREDKREE

FHEIZ X > T B L7z NASA Rotor 37 DJEAFHFEEAh AR 2 SZERFE R & e L7= b 0 & X 3.6 (27”3, il
ORI, HREEREEREROVTNOERICBT ST a —2 @&l > TRk L. 7ok, EBRIC
BUIDHF a—7HEN 20.93+£0.14 [kg/slThHo72L Z A%, HEAICL > THLNZF a2 — 7 EIT 20.78
[kg/s] T o7z, EBRTIIAN U HROFNLE TS SN 2T L 2REZ TN 2L X — B IO &
B LT B RER AR H L TS, FHERXEDFIORT.

I N P = _7{1 N
r i 14 r
— Z[ . ] Pi (UXAAan)i ZT|:0| (uxAAan)i
R _|i= Pref T =i (3.1)
Pe & , N ‘
' Z,Oi (UXAAan)i Zpi (uxAAan)i
i=1 i=1
S
_Ry/R) Y -1 (32
T,/ T -1

KD THEFTOI T AR FHOFHANIEZ, N, ZA R HFHOFHEEEZRT. A0, TFHILESNET D
WB DT =2 7 AHifE & L, station 1 & station 4 i & B OFHED (4A,,), IFZNEHE 3.3, #3412
SV HEZ2ons. HERBREEEREREOREZITOICHTZ D T —XUEO HFIEDOFEWIZ L > TRAENRAE
L7k 9, ERTOFHUNEIZK T IWEELFEERPOAFL, LiiéR—-oFIHETADLEHAOILE
TR RROEHHEE R L. 3.6 XV, TR RITBIRAVTIE I L2 RIT, A i/ MR
THMHEMIZH D Z EnbND. ZOBEAIIMOFIEE I L% RANS fFTHER DL THMR TX Hl69.701 7 L
725, RANS fEHTIC X 2 PRI EEICIRA R H D5y, &5 WIE— RN SN 5 3R OR E N EEE OB
BEBEICKM L TN EORTREMENRZ 2 5N 5. LUF TIX ARV R OMEES A & BRI & g5
HZEICEST, TNFROAGEMICHOWTHFAET 5.

98% I EAFEN A & 92%it EAEE AL D station 4 [ZF1F 2 2JE, 4R, Mkt H /4, WrhvhR, 35 3 (454.14
[m/s]) CTEERILAL L=t E 07 mieE, $EZ o A v J5 1 50A0 & F2EriE Fe & i L= b o & [X
3.7 L¥ 3.8 T. WTHOSM b EREROMMZ, MARIFICHEL TWLZ ENMHETE L. £74

22 92% M ci f:n rate 09
® e (cafeulatior) 98% Mass flow rate
& o 00 ° (calculation . %O—
<
x o) g ° IS
° 0.88 o
° 21 92% Mass flow rate ° 0 ® o v o
5 . (experiment) o ‘§ o . PY [ ] °
§ 98% Mass|flow rate :c::c 0.86 ©
A (experiment) o § : °
5 O :Experimental o * O :Experimental
L ‘ ° :I‘\Iumer‘ical ‘ 0.84 ‘ ® I‘\Iumer‘ical ‘ |
0.92 0.94 0.96 0.98 1 0.92 0.94 0.96 0.98 1
Normalized mass flow rate 2/ 1,z Normalized mass flow rate 12/ 1,z
(a) Overall pressure ratio (b) Overall efficiency

Figure 3.6 Comparison of rotor performance characteristics at design speed
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Table 3.3 Aerodynamic survey measurement locations [70]

(a) Station 1, z=-4.19 cm (b) Station 4, z=10.64 cm
Point  Span[%] Radius [cm] A4, [cm2?] Point  Span [%] Radius [cm] A4, [cm2?]
1 97.0 25.4203 59.3723 1 97.0 23.7134 25.3625
2 94.0 25.1765 45.7621 2 94.0 23.5915 22.5758
3 90.0 24.8412 57.0518 3 90.0 23.4086 31.3590
4 85.0 24.4450 63.1837 4 85.0 23.1648 33.2834
5 80.0 24.0182 62.1197 5 80.0 22.9514 30.7671
6 75.0 23.6220 58.8042 6 75.0 22.7381 32.6485
7 70.0 23.2258 60.0314 7 70.0 22.4942 32.3201
8 65.0 22.7990 69.7699 8 65.0 22.2809 36.2286
9 58.0 22.2504 78.8012 9 58.0 21.9761 42.0868
10 51.0 21.6713 78.8530 10 51.0 21.6713 43.5641
11 44.0 21.0922 74.7585 11 44.0 21.3360 42.9205
12 37.0 20.5435 72.7605 12 37.0 21.0312 40.2774
13 30.0 19.9644 61.3109 13 30.0 20.7264 35.7477
14 25.0 19.5682 50.5746 14 25.0 20.4826 29.4308
15 20.0 19.1414 49.5106 15 20.0 20.2692 27.1778
16 15.0 18.7452 46.6640 16 15.0 20.0558 28.7959
17 10.0 18.3490 47.4221 17 10.0 19.8120 28.4675
18 5.0 17.9222 68.3072 18 5.0 19.5986 39.8218

JES3A Tl 40%~80% A /S AZT TITEBRAER & ORI BAF e —BMR 6D, —FH T 98%, 92%ii D
EBLHDOEMTYH 0~40%A X OFIBITEE & 80%~100% A /3 OFURITEE TIEAE2N08 KIZFHM ST
5. M 3.6@ICBNTZEA EOEEATRIELNERME D & KEWOIXZ ORI & BIELHFICB T
LHEBMELEOEVNIEDZLDOTHD. ETERIBIYTIE, 10%A NI TEENMETT 2 “EBHR OBFES
DNEAEFRAT DS B TIXFERE RIS T/AES BN TV, ZOEBERIIEATEMED S EAMEMt £ TOIA
WEENEEPH CHRAET D & b a—F—HIBE L, EBREE O N7 I\AFET H [RlEsE 4 & FEREERE S & O D
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Figure 3.7 Comparison of spanwise flow distribution at station 4 for 98% mass flow rate
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Figure 3.8 Comparison of spanwise flow distribution at station 4 for 92% mass flow rate
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Figure 3.9 Comparison of relative Mach number distribution at 95% span surface (92% mass flow rate)
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Figure 3.10 Pressure and efficiency characteristics plot and three operating points which will be on focus
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Figure 3.11 Contours of relative Mach number distribution at 30% span surface

o
(a) Operating point A (b) Operating point B (c) Operating point C

Figure 3.12 Contours of relative Mach number distribution at 50% span surface

/
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(a) Operating point A (b) Operating point B (c) Operating point C

Figure 3.13 Contours of relative Mach number distribution at 70% span surface
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(a) Operating point A (b) Operating point B (c) Operating point C

Figure 3.14 Contours of static pressure distribution at 30% span surface
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(a) Operating point A (b) Operating point B (c) Operating point C

Figure 3.15 Contours of static pressure distribution at 50% span surface
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(a) Operating point A (b) Operating point B (c) Operating point C

Figure 3.16 Contours of static pressure distribution at 70% span surface
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(a) Operating point A (b) Operating point B (¢) Operating point C

Figure 3.17 Location of shock wave and edge of boundary layer at 30% span surface

Boundary layer

(a) Operating point A (b) Operating point B (c) Operating point C

Figure 3.18 Location of shock wave and edge of boundary layer at 50% span surface

Boundary layer /

(a) Operating point A (b) Operating point B (c) Operating point C

Figure 3.19 Location of shock wave and edge of boundary layer at 70% span surface
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Figure 3.20 Comparison of limiting streamlines and axial shear force distribution at the blade suction surface

— : Point A

— : Point B
LE — :Point C

(a) 30% span height (b) 50% span height (c) 70% span height

Figure 3.21 Comparison of boundary layer thickness among three different operating points
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Figure 3.22 Comparison of spanwise distribution of total pressure loss coefficient

(Left: total pressure loss coefficient, Right: difference plot from the loss distribution at operating point A)
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Figure 3.23 Relationship between the operating point and the shock loss at mid-pitch location
in three different span height
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(a) Operating point A (b) Operating point B (c) Operating point C

Figure 3.24 Contours of relative Mach number distribution at 96% span surface
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Figure 3.25 Contours of static pressure distribution at 96% span surface
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Figure 3.34 Comparison of flow angle distribution at 30% span surface
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Figure 3.35 Comparison of flow angle distribution at 50% span surface

(a) Operating point A (b) Operating point B (c) Operating point C

Figure 3.36 Comparison of flow angle distribution at 70% span surface
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(a) Operating point A (b) Operating point B (c) Operating point C

Figure 3.37 Comparison of flow angle distribution at 96% span surface
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Figure 3.38 Schematic of the flow field near the rotor blade tip [73]
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(a) 99.5% mass flow rate (b) 99% mass flow rate (c) 98.2% mass flow rate
(Operating point A)

(e) 96.5% mass flow rate

(Operating point B)

<)

R I N T =)

(g) 93% mass flow rate (h) 92.8% mass flow rate (i) 92% mass flow rate
(Operating point C)

Figure 3.39 Leakage flow streamlines colored with normalized helicity

and relative Mach number distribution at 96% span surface
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(a) 99.5% mass flow rate (b) 99% mass flow rate (c) 98.2% mass flow rate
(Operating point A)

(e) 96.5% mass flow rate

(Operating point B)

N £

(g) 93% mass flow rate (h) 92.8% mass flow rate (i) 92% mass flow rate
(Operating point C)

Figure 3.40 Vortex core within the blade passage expressed by iso-surface colored with normalized helicity

(bold line: shock wave at 96% span surface)
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Figure 3.41 Close up view of the vortex core near the  Figure 3.42 Flow schematic for strong vortex breakdown

redirection

i .
recirculation shock

stagnation point \ach disk Ma<1

position where it interacts with shock wave caused by shock-vortex interaction [64]

(93% mass flow rate, vector: relative velocity)
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Figure 3.43 Trajectory of tip leakage vortex

_ 12 ' ' ' 1 % ‘ -
I A R - Poi <N Shock interaction
< e S oo
&~ 1r | Point C 1 . Decrease of dy?fijnic pressure
2 o8 Y g 0.5
= / (=9
N ;S 2
L . [ g
= [ Decrease of static pressure T <
2 0.6 / § 0.4t
e AN © ‘
3 . ) e
5 047 Shock interaction E
= 2 03f
=} .
0.2' L . s L 1 L L L
0 10 20 30 0 10 20 30
Relative chord [%] Relative chord [%]
Figure 3.44 Static pressure along the core of Figure 3.45 Dynamic pressure along the core of
the tip leakage vortex the tip leakage vortex
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(a) Operating point A (b) Operating point B (c) Operating point C
Figure 3.46 Streamlines of tip leakage vortex and entropy distribution
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Flow
interface
(s =50)

(a) 25% tip clearance gap height (b) 50% tip clearance gap height (c) 90% tip clearance gap height
Figure 3.47 Streamlines of tip leakage flow originating from three different tip clearance gap height

(Color: Normalized helicity, Bold line: flow interface at 96% span surface)

-63/150 -



H3EE B LM NASA Rotor 37 DifdVEE & S

355 REifRNANEREREDAN=XL

PLEoiEGm L v, NASARotor 37 DIGEMAIZKT 5 I v Ra— RHEOREEGKATAL DB 5- 23R8 S 1
7. VEEVEMT S B L2 BRIC R OIS - TEITT 5 & ) RBEMIFENENNS I v Ra— RE»5
EL, ZOWNIZE DT vy — VRN BREERML CEROEN D2 ME RS, /3T U A%
WRSHSD., 20X 7KEA D =X A5F U UIRIRHEERE#IC B W TBIE S D spike B Rdliw)A: & 4
W DENZV. KETIXEPHERILE L ZDOHAEICONWTEEIITONEIENLE LN TV D R 7R
FIR AT 5. RIZ, NASA Rotor 37 M IHIZHED BRI D EHERI S D, spike B AIAEIZDOWTE
DFREAT=AL L, TG ORHE e &% STEBGRE DR RAZFIH L bk~ 5.

FERI IR T ORI L 0 A U fdiaeik (k' v) mEhEOEHE & A S T I ai& 35, i
BONTEIDORAONTELEARLZEBLG Th S, EIKREREL « mAMEBISRMIC TR E O T 21
STHN, =P UMERICERE L RIT T2 CThJIHM AN E D 2 763 2 LI X o> THROMKE
FRIEFEZTERNAND D, KEEAMEIET D A H =X 0% Emmons SR LIZET /L (551 %K 1.3)
WZEoT, KiEEroT ey r— U ENRBEEAE COMAAZZLIEDLZLICLDHDOTH D Lilik
INTE-. L, TFETIEZOET /WVTERZRBEEICIIEST O O DOEBEO S EY LIS LB E 0
TLHXMIEZ LD TIERNE WS RbLRIND LI/ oTE TS, FRICRHIZHENT - THOE
ELAAE WE B CTBLINL D, Wb b spike B DK AE 2 A9 5 [EAEHKIZIE VO TlE Emmons & D€ T /VIZH
% 89 IR RIRRE 2 B EIEE & IR ORI X D REIRENTFET D Z EnNHES TV 5.

Spike MUJCH A A LB ARG O WAL DB & BRSNS 5. EMEEICIIFBI AR O EIRE 5 2 5

“critical incidence” WF(EL, BIRICRBIT D4 T U AN I E EAlD K 5 72 5 EREHE D /E - 72 B
2, —fZIC spike & FRIEILD BB/ AN AL, JEMEMNIEICHR D, BIRCBIT A4 v T v A%
WRESEDHRA L 222 ONREIRTEIL T 5H. Saathoff & 14Tl [ EHEHE & BELEREL D 7 — 0 FBEME I
wf U CHBEZEHT 2 28I E 0 r—y 0 JEER EORRGRBREZ AL Lz, TOMRICED &, KN
OEEMITEE TIHIFIE IR D7z - TSR S TE Y, £ & OFWmIc I\ CTRER THtALas HEkE L
TW5. ZOHBERITERT AW E TR EDTHIC L > TR S, ZOMBIIHRENMETT51EE, B
BN LR T 51T E R~ BET D, B E TOEBSEMA I LT, HEEROMEZ R LZH O
ZX 348 1T . IRWEMRE L THHL I TV D RBER O E D, ARWRENEDT 213 E Bk ([
) ~LBET DT R TE 5. Vo o WSIHEEREE 2 x5 & LI IEE W EEMNTIC L - T, EEhEfAT D
R E L HICEGAN & BRI OEEBESE AL, ZHBNREORICHEVETENME T 5 A
FRANEHL BT D2 LIk > CTFHEARET D & L. Vo HITRKMICTHE NSRS L 0 b Bt
£ L7 BEMEC spike RO IGHIZIED LHER L, b —HEO T vt XMoo TRAET H, R 2 Rinlw
AUTRALAN[E] Y AT “tip clearance flow spillage” & ¥4 #% & B imRiLitiL23[E V JALe “tip clearance backflow”

e e d b -
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Figure 3.48 Machine casingwall oil flow picture [14]
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Figure 3.49 Schematic of near tip flow which illustrates the criteria

which have been proposed to be necessary for the compressor to cause a spike type stall inception [13]

Adverse pressure gradient
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separation vortex
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Figure 3.50 Illustration of tornado-like separation vortex Figure 3.51 Structure of tornado-like separation vortex

and tip clearance flow spillage [15] visualized by A, vortex criterion [16]
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Figure 3.52 Entropy distribution during stall inception  Figure 3.53 Instantaneous streamlines just below rotor
process in NASA Stage 35 [77] tip which is indicating the obstruction of blade passage
near the blade tip [78]
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Figure 3.54 Schematic of free-stream and Figure 3.55 Axial location of the incoming flow-
counter-flow wall jet interaction [80] leakage flow intersection line as a function of flow

coefficient [80]
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Figure 3.56 Axial distribution of flow momentum density of tip leakage flow in three different operating points
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Figure 3.57 Axial distribution of tip leakage flow angle
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Figure 3.58 Schematic of control surface at the blade tip

and the definition of coordinate system
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Figure 3.59 Blade surface pressure distribution at

99% blade height in three different operating points

Axial position x/c,

Figure 3.60 Pressure difference between PS and SS at
99% blade height
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Figure 3.61 Flow momentum density distribution of the flow near the blade tip region
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Figure 3.62 Comparison of streamlines of tip leakage flow in three different operating points
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INFETOFEmEY, AT 1T D NASA Rotor 37 DREFRAEA I =X L& LU T O X 5 IZh w72,

FPAMBE KT DM > TS B~ E R L, @RIEHi% COENENIERT S, 2tk
SHRALIE & BB O TR E Y, IWARENSI X I &ND Z LT LY r— v TRE U O IR EFR IS
7o o TIRETEINER S5, 2 OGEBERANSEEE ORI TICEE L, Z£O—HARimHERIZERY
AENDZ LTIy Ra— 264 LT 2E RN OIILA &G nEB &2 KT 5. R,
20%~50%l =1 — RENLE D5 4 U5 BBV Y AT B BT 2 BE R E AN ER AR D FH L &
BIIERTHZ EHH Y, BiEIHR LTH 60 D MAEICE CREMRAN TR 2 ohnd. 2 oREERN
AV E RV OMAERL & o — 2 v FEEmR OB A 90 RS, BEEEATRICm o TEITL, £Z TR
WPBWMATD2ERETWT 5. 207 ry r—URIC K o TERMERN S, BERERRATRAT U O 34 faf
DR L, HEImRALHO R & ERE ORENBIZRE SN D, REMICEmRAGI & Ei & o Wmn
AR L D b B~ #ET D2 LI R o TRENFIEEZSND EEX DAL, ZORRIZIE Vo b DRET 5
spillage D X 5 72Widv a5 fREMEN B 5. K AT O EBN RT3 1T 5 s 5 O fit i OE &K % 4]
3.63 12/~ 7.

821277 Rotor 37 (ZBIT 2 BUEMATHIMIZE Ci, Chimall8<° (LA & 8173 52 b€ 1 i O B ik
MOFRET DV MEOIRIIGILCER L, ZADNBEERAO 7w v r—V % BT HERTHDL L L
7= (X 8.64). —J7C Yamada 5125 2613 S5 s < CRURRAVIBOMAEN AT H L L, il L 5 1KH
DT 1 — VR spillage AR T H I ENKEBAEDFRINTH D LA (K 3.65). Blo
EE TN 2 ot & L72irgECid, Miiller 515 463 RirkgD © A L= BRIV (core vortex) (THE
S 72 BIERATAIIC X > TERR S5 core vortex &l Z 0 K 9 721 (induced vortex) 237 1 v 77—
VAR T DL L, T spillage AT D EHERI L 72 (X 8.66). ARSI T O AL AERIT KD
FHICEBRNRSIRAREZ K 24 &\ 9 4 C Yamada 5 3@ 528, TR 70 v r—I08Ro
BRI LA Chima RUAR D OERIZUTV. F£72, EfE EETHT 208 @O LIz,
HhmmA LR A AT 2 BN ALV L D b W EIRERHIBR S S b4 UTIRRIV T h 5 & & 2 7o i TIEARDE
ZE DG Miiller 5 OFEGIZIEI TV D2, core vortex (28 & LS 1L A %5 /L U7~ induced vortex £ 0 $3#
SRALIR 2 FERC L 72 W E IS & T 23RN 7 e vy r— Y OERTH D & LI RIZERN B
L. SEEH SN REEAEA T =X 0L, BERERARMAEICB T 270y —VOREAY = MROE
SniRALIRAL & BRI OMAE O W TN X Tiind, HENREHIck-ThlgRzshd &
THRTIND O L FBAERIZT S.
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Shock wave
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Tip leakage flow
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Figure 3.64 Tip leakage vortex and jet-like leakage flow Figure 3.65 Absolute vorticity distributions on crossflow

originating from the leg of shock wave [81] planes at near-stall condition [25]

induced vortex .,

Figure 3.66 Streamtraces from mid-tip gap in near stall condition [46]
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Figure 3.68 Comparison of characteristics plot

VEEh A T2 2 BURIRAVIRAL DO PR & 96% A /X @ S 3 1T D FI%f~ v oA # X 3.69 (2”7 .
VAR 25% F s R R SO E ISR A R AR E U CERC L, BRoe~Y o7 ¢ TEAT L7e. £7 case 1105
H+2E, case 112& » THEELE TIZEF A THAICHEDL ST, BRI IRICIBAEED kI TER TE 72
VN, CEERE & BURIRALIR & OFWALE O PRSI S A REEEIIIA <, oBEROEM O =<
TR E TR L CWA. Case 2~4 & Z D case 1 & HHEET 5 &, case 2~4 IZ8B 1T A IRHEEE IXBEEE & @
MHZE TR DORIBENERINTEY, 2 OFDOMRBIIHE FRERZWIEEIR. Zb D &b EB

BIGHIRALIR O TR L o THA U D2 IREFEIRITHE 7 S D e 0 IE E 2 O R & & &l IR T AN KIZFEN S
NAHMEENZH D Z oD, Case 1 THAMEN A L T WIS S Bb &3 Eh A 1 28I K3 k- T
LEIDIE, AEBAEIZE > THLEL 3N T ThrLERN OO Y &, BKIZFHE X - B imi
1 TROERNAE O TCLEI O TH D EBEZ LN, FEIA TITR T 2 BRI O R xHEB) 525
FEOEh T Ak W, &2 X 8.70 12RT. 2w Ka— RAEIZR 5 BRIV O 7 miES) &%, case 11
BWTHEK, case 4 IZBW /N2> TEDY, U EOEGNEBIRNAKNOEINEOHB SO LELITH
ns.

VN TIEENLS I BT 2 RIBRN RO L 96% A3 & SIS I T S5t~ v B4 X 3.72
VR AR T 26% 3 EIBR i S AL EC RS AR R A B E L CERC L, EROCA~Y T o TEAMT Lz, AR
FERL7ZZEI2L 5 Tease 2~4 TIXMAENEEL TWA Z N5, BAAEORAEICLY, BEREROE
BT E CGEFE A IER L CRBY, ZHcLV Iy Fa— RHEEOREGE LA U5 BmFEhiino 7 a
v =V RBHERT S AR LICI T 5 BIEIRAVTE O FE xHE S &5 Qs T pk oy W, 2 K 3.72 1TR
T IRAREORA L GHEROBAIIZ LY case 2~4 [IZBWVWTH I v Ra— FAEEO W AR L7-FER,
v R a— RHTOEEBEEE O IINT IO —RAZB W TH case LIZIEWHD L7 ->TND Z &b
5.

PLEIZE Y, BIRNIROMAEZ BT 720300 OZERMBGEENRERSND Z &, KOZEM
AR AR U7 5 A I AR AU 23 1 2 FEA S 40 2 45 R AR E 3 54 L7 Wiz b B b 3 R o R 41X
D LARFEDMEMICHDZ ERNbhrolz.
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Figure 3.69 Leakage flow streamlines colored with normalized helicity

and relative Mach number distribution at 96 % span surface (operating point I)
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Figure 3.70 Comparison of tip leakage flow momentum density (operating point I)
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Figure 3.71 Leakage flow streamlines colored with normalized helicity

and relative Mach number distribution at 96 % span surface (operating point II)
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Figure 3.72 Comparison of tip leakage flow momentum density (operating point II)
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36 AEDFLED

= S R — R AL RETE L TWARWIER O smooth wall §4 D78 53 £ 45 NASA Rotor 37 & x4
& U CEENE U728 fgAT L 0 L F oftinx 157,

« NASA Rotor 37 DI ST O VES A CIXBIIRAVIB AN E R & T4 5 Z ik CilbfELZ 5 & i
ZF. ORI & D FREE ORI DN T AU EMER IS FEL & L.

- BRIV QMBI X o TA U 2 K0T m AR B SR 2 3 W TR O IEE H L6712 £ CTRIE
5. EEEOERMREEB O N RIEMBICRVIAEND &, BREMENZEIC LD B0 EEHRL
2T, FERISHTT 2 ORE WRERAWRNZTERT 5.

- NASA Rotor 3712 W TREZHI S E TR L 05D, WMAEEZE Z U723 mRimic K 2 8%

WoTmy r—URke, By Fa— MREnoRET L 70 v r—VRoEmWEERITN TH
5.
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41 XKEOHME

A2 TIE NASARotor 37 127 — > 27 h U — R~ A v k&l UT- 5ot TEM LU= BB Ofs A2~ . £
PTor— 7 R Y — h AV FNEREENTAUC RIE TR L, FIE CES LA R GEmd 5. TD
#%, T OZEED Rotor 37 DRBEIRAEA D= XL ED L HICEET AN EELET S,

42 MRITHR

%G LT HRINTITE| EHiX NASARotor 37 #8H L, Znicr—v v 7 hU— kA2 F&hE L7-5MT
fEfTZFm L7z, B 1 ECTHHR L LI, BEToCEMEDOHFTr— 7 U — M AV M
Bex RIBRPIBEIN TN D, RIFETIEZEOFR THEHE CTORBNRL N EEZ B D JE G r—
YU RY—=bFRAMIER L., BIOEOAZ 1 RE LTZOREMERCIERIS 2k ICEbSE5 2 L
W&V, BEHEEMREOBRBIERVICE L Tr— 7 P — A2 R RIETEEOMIAZRALT. fif
Mradihi Legtb2 R 4112F 2D 5. WTOEMATHIERIZERH 2 — RED 7.0% CHEE L, Hmek
ENLE Z Al DEREITHIT T 108Y, HEORS Z&l#E (shallow groove) & (deep groove) @ 2 i
D C b XA, 20180 OBEmRIS KT UCREMT 2 520 L7z, Wi 231 5 3 & 8 ON0E BEAR & G
EERIBIZOWVWTH 4.1 1R 7. ZNENOENE IR E LML Lzt i mofE (%ce,) (2T
“config~" L4 fHTH 2 E TRAIL, EOWIITEE THNIT “S”, RETHIUL “D” ZIEILEOAFRD
BIZOT D2 E TR S, BIZIE, Rl D 20% C MLE ICH L 72 RHEIL “configd20D” & MEFRY 5.

Table 4.1 Casing treatment configurations

Groove front ~ Width w Aspect ratio AR
location [Yocy] [%cx]  (D: deep, S: shallow)

Config000 0.0 7.0 D:3.0,S:0.33
Config010 10.0 7.0 D:3.0,S:0.33
Config020 20.0 7.0 D:3.0,S:0.33
Config030 30.0 7.0 D:3.0,S:0.33
Config040 40.0 7.0 D:3.0,S:0.33
Config050 50.0 7.0 D:3.0,S:0.33
Config060 60.0 7.0 D:3.0,S:0.33
Config070 70.0 7.0 D:3.0,S:0.33
Config080 80.0 7.0 D:3.0,S:0.33
Config090 90.0 7.0 D:3.0,S:0.33
Groove front et
; location d AR=diw

/ Blade \

*Groove depth / Tip clearance =1.82 *Groove depth / Tip clearance =16.4

Width : 7.0%¢, P e Width : 7.0%c,
Aspect Ratio : 0.33 H HEE Aspect Ratio : 3.00

- -
! !

0 10 20 30 40 50 60 70 80 90 100  [%c,] 0 10 20 30 40 50 60 70 80 90 100  [%c,]

(a) Shallow groove (b) Deep groove

Figure 4.1 Meridional view of groove alignment near the blade tip
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43 FIEMEEEHREEYE

B CRENTAS IR 2 7% L7z smooth wall §:44- COMNT & [RIER, | — IRy & XS TE | MbT 2 50t L 7=.
FHRMERO AN OBER & HOBERONME, KO 53 28R 5 M%134C smooth wall /L #— L, NASA
Rotor 37 235% GHaliint CIEBN 5 4 & 5k S\ it hT % 0 L 7.

44 ETEIEF

Grooved wall {4 COMNTIZEH L7t B OBl 2 X 4.2 1R T, Z IR LI FIERE < 3
WZHHTE D, 1 DHITANKD Rotor 37 Dieits & BOFLIRIZE O TIERR L7 “VilH 1 (passage grid)”
ThV, ZIITIEKFITR LTE#I~#T OFERSEYS T 5. EE 2R B O K 52 HEL, 5729
OFTHY, IEOFMIZEDRE~—T L OELE N TFATHEmT 5 7291 smooth wall G TfliH L 724&
FEZFOEFMBERFELTHEHLE. 2 DB 7 —3 7 MU —MX 2 MEORNE ZD 5 “MEKK T

(groove grid)” TH YV, ZIUIZKFIT R L7Z#9 O H M0 YS 35, B FEiEAkD r—y 0 7B
ORI, 7 EEITEOIKE O RICENENA DY TEKR L, RiG(HTIZis i 2 22 Mg 4 b s
CERIFREE TR 2 A T2 OB T o FRIFRIZ—FE & B3, BIEE FICH ST 5870 E Fm oo+ 4%
ZOIZEDT-. 3O BITIRIEAE T LB T L OB ZE F5> “Fi 7 (intermediate grid)” TH Y, i
WK O#8 @ H B 23 S5, S I3 — > v ZREmICH YS9 5 1 H b BEimM R O 80%m S 47
TERCL, VBT ONEICTERICEZR D X O ICHE L.

H RS IR RS ONEBICSERICE END T2, FREITICER U CIIMssfi]E 8L (FSA) (23S THIfRH
K- L UREEAS O TR O A RS 5. RIS T & R T OZ N E OB HE LR O E BRITE
BN > TR L, ZRAEMFREE T —2 7 7 A0 LTRIFL TR E, T EITRHCG AL ZAT
I W RlAZES AT, FREHE T LB T, TRENTIEFREOMRE] ST A —% y A5 LT B3RO
&% config020 HOFHHEME 1 ZHIZX 4.3 17, RF TR B Y D58 LI EFr s g o CIEFE DM
HRT A=Ky A5 Uk EH#E %2, P TRICEDY D5 LIZBEFT N RS - CHEFEOME] T A —H y
G LI T BREZNTIRT. T0bb 60O\ FERICB T 2HALOERIL, ERY
B MO FIZBIT DN OB RIC L - THRHEIFNICER S NS Z L 2B T 5. Ml N7 A —2 0 AR
B 725 E N — & LU IR

RS o FHRE T ORERE D 2 8 H £ TORKFERIIEFEOREINT A —FERETDH. 2721,
JE BT R IEER <

sk~ BERERPORP PR FONIICHFEL, DOPERFOSRE L Lo TWRWE S REHRF
DRI HEFEORENT A —=F ZRETD.

U EDA—Z 8y, BERSR (— L OBFICB U 2 90mb R 25 Ok FOBEPLANSRT S 2
&) BDEERVWEIERE L., 0, HEFIRREBKET LI3ERY 60T, TR &Rk B
T D &9 HWITIERR SN TW D 7w, TR &R & OR TIZRES T2 /L H CTEEYEE O &
L&AT D &9 Y o 7. AL TIIMHT 21T 5 55 & 3 2 BERTZIRIC & DX TR+ SR 7 2 1ER L,
Z OFFERE FHINLENF MOMBEAT o7, TNENOFIROKE B OME L £ 4.2 1R 7.
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H-grid (#007)

O-grid (#006)
H-grid (#001)

H-grid (#004)
H-grid (#002)
H-grid (#005)

(a) Overview

(b) Near the groove

Figure 4.2 Numerical grid for grooved wall analysis
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(a) Intermediate grid (b) Passage grid
Figure 4.3 Location of the fortified numerical cell for config020 grid

(red: intermediate grid, green: passage grid)
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Table 4.2 Number of numerical cell

Zone number Number of cell
Passage Zone #001~#005 1,433,600
Tip clearance Zone #006~#007 87,360
Intermediate Zone #008 288,000
Groove Zone #009 230,400
Total 2,039,360
* Passage grid--++-+--- Number of cell in axial direction 148
tangential direction : 60
radial direction 2112
** Intermediate grid - - - - Number of cell in axial direction : 100
tangential direction : 144
radial direction 2 20
% Groove grid s+ oo Number of cell in axial direction . 40
tangential direction : 144
radial direction : 40
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45 FRITIERLEER

451 $FHERBOZEIE

Rl L RIS 2 REm 2 L 72 S COMNT I D Rtk iR 2 e 4.4 L X 4.5 1279, TRy b
L7 22D B O e/ N B AU AT IS B B Il L kPG 3 5. F£72, smooth wall Seff & il U7
DRFE~—V DR EREZ Ty FLELOEK 46 (27T, Kiliv—Yr M iZR@DIZRLTE
CumpstylBlZ LB ERICHKSWCHET I LD L L, KE~v—T OSERAM LUEERE M 2 FNEh
X4.2), K@)z L v EDHT-.

PR i
M =1-| —Pek Meal (4.1)
PRgaii Mpeak
SMI = ASM/SM g (4.3)

ZZTCIRTO peak & gtall IZFNZENOFERKR I8 IT D@ a L KA AR T

F T 4.4 DEIESMTI T D E I AREMIRIZE R 35 &, (FBLAE B AL E ClEn oS
BT HFEMER ECORMELRZERITIR OS2, Lo LE D% configd00S TIFJE b EHNEEIT HI2 7
D, RERIZEIT D ETI L smooth wall 5544 92%FREIZE TR F3 5. %72 configd40S~090S (23517
5 UGHRIE D config000S 12 ETEHAZRWLODE T T AHMICH S, T D OWEERMICEIT 5 Iad AT
smooth wall LRICH R TENEREMICH D, L LA NERFHEA CTH DL Z &, F-TE0YE
DANBMENARTHL Z EEHEEZDE INOLDOREATREDOEAN T — 7 MU —MA L FOFHRICEK
LH2HDTHDINEIDEZORNSTETTHBT5 Z i3 Ly, 2kt L, configd10S~0308 TIL/+ /)
MK T35 2 &R RN KIREM~EBE L, REOCHKENMHEIINTNDZ RS, FRiC
config020S (XK H A B D ZAL BN ED L AR D EOZEAL L g L THalc k& <, KRiEEFEiE D
FUWAUTKE LTI B 22D ENHI R MBI 72 Z L S HERI S 5. REEZ I L7 Tl b 0ZE R LV B
TR EICHANL D K 91272, 1 TH config010D~config 030D T2 EVEEhIR MK B~ & K&
HERSH, X0 EWREMSIZENSEONTHDZ Enbnd (K 4.5().

JEJHAZ DWW TIZLA ED X 5 IZ8 O DIBEAEIZ BV T smooth wall BB R 5N 50, — KT
RIZO W TUITEDONL B I L D EMITRD L2 (K 4.40), XK 4.50)). fmzhRa, i
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Figure 4.6 Comparison of stall margin improvement among each grooved wall condition
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Figure 4.7 Mass flux of the fluid passing through the bottom surface of casing groove
(Shallow groove)
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Figure 4.8 Mass flux of the fluid passing through the bottom surface of casing groove
(Deep groove)
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Figure 4.9 Static pressure distribution at 99.5% blade height surface
(Smooth wall)
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Figure 4.10 Limiting streamlines and axial at the surface of casing wall with axial shear force distribution
(Smooth wall)
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Figure 4.11 Schematic of the region where characteristic pattern of fluid exchange between

blade passage and casing groove takes place.
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Figure 4.12 Schematic of flow interaction between flow inside the groove and the main flow
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Figure 4.13 Pitch-wise distribution of radial mass flux at the bottom surface of the groove (1/4)
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Figure 4.13 Pitch-wise distribution of radial mass flux at the bottom surface of the groove (2/4)
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Figure 4.13 Pitch-wise distribution of radial mass flux at the bottom surface of the groove (3/4)
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Figure 4.16 Correlation between blade tip pressure difference and effective leakage flow area
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Figure 4.17 Comparison of blade surface pressure distribution at 99% blade height surface

among smooth wall condition and grooved wall conditions (1/3)
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Figure 4.17 Comparison of blade surface pressure distribution at 99% blade height surface

among smooth wall condition and grooved wall conditions (2/3)
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Figure 4.17 Comparison of blade surface pressure distribution at 99% blade height surface

among smooth wall condition and grooved wall conditions (3/3)
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Figure 4.18 Schematic of flow structure at the blade tip in the region near the casing groove
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Figure 4.19 Comparison of leakage flow streamlines, relative Mach number distribution at 96% span height

and leakage flow momentum density among smooth wall condition and grooved wall conditions (Config000)
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Figure 4.20 Comparison of leakage flow streamlines, relative Mach number distribution at 96% span height

and leakage flow momentum density among smooth wall condition and grooved wall conditions (Config010)
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Figure 4.21 Comparison of leakage flow streamlines, relative Mach number distribution at 96% span height

and leakage flow momentum density among smooth wall condition and grooved wall conditions (Config020)
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Figure 4.22 Comparison of leakage flow streamlines, relative Mach number distribution at 96% span height

and leakage flow momentum density among smooth wall condition and grooved wall conditions (Config030)
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Figure 4.23 Comparison of leakage flow streamlines, relative Mach number distribution at 96% span height

and leakage flow momentum density among smooth wall condition and grooved wall conditions (Config040)
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Figure 4.24 Comparison of leakage flow streamlines, relative Mach number distribution at 96% span height

and leakage flow momentum density among smooth wall condition and grooved wall conditions (Config050)
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Figure 4.25 Comparison of leakage flow streamlines, relative Mach number distribution at 96% span height

and leakage flow momentum density among smooth wall condition and grooved wall conditions (Config060)
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Figure 4.26 Comparison of leakage flow streamlines, relative Mach number distribution at 96% span height

and leakage flow momentum density among smooth wall condition and grooved wall conditions (Config070)
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Figure 4.27 Comparison of leakage flow streamlines, relative Mach number distribution at 96% span height

and leakage flow momentum density among smooth wall condition and grooved wall conditions (Config080)
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Figure 4.28 Comparison of leakage flow streamlines, relative Mach number distribution at 96% span height

and leakage flow momentum density among smooth wall condition and grooved wall conditions (Config090)
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(c) Flow momentum density difference 4%k (Config020D) (d) Leakage flow streamlines (Config020D)

Figure 4.29 Comparison of leakage flow momentum density distribution at 99.75% span height between

smooth wall condition and config020D condition, and streamlines of tip leakage flow at config020D condition
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Figure 4.30 Comparison of the trajectory of tip leakage vortex among smooth wall condition and

grooved wall conditions (Operating point C)
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Figure 4.31 Comparison of pressure distribution at 96% span height surface among smooth wall condition

and grooved wall conditions (Operating point C) (1/2)
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(e) AP (Config0d30D) (f) AP (Config040D)

Figure 4.31 Comparison of pressure distribution at 96% span height surface among smooth wall condition

and grooved wall conditions (Operating point C) (2/2)
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Figure 4.32 Comparison of pressure distribution at the suction side of the blade surface among smooth wall

condition and grooved wall conditions (Operating point C) (1/2)
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Figure 4.32 Comparison of pressure distribution at the suction side of the blade surface among smooth wall

condition and grooved wall conditions (Operating point C) (2/2)
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Figure 4.33 Comparison of static and dynamic pressure along the core of the tip leakage vortex among

smooth wall conditions and grooved wall condition (Config000D)
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Figure 4.34 Comparison of blockage distribution at 96% span height surface among smooth wall condition

and grooved wall conditions (Operating point C) (1/2)
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Figure 4.34 Comparison of blockage distribution at 96% span height surface among smooth wall condition

and grooved wall conditions (Operating point C) (2/2)
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Figure 4.35 Changes in the near tip flow structure caused by applying a casing groove,

and its relationship with blockage region
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Figure 4.36 Comparison of flow angle distribution at the surface 5% C, upstream of the leading edge

among smooth wall condition and grooved wall conditions (Operating point C) (1/2)
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Figure 4.36 Comparison of flow angle distribution at the surface 5% C, upstream of the leading edge

among smooth wall condition and grooved wall conditions (Operating point C) (2/2)
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Figure 4.37 Comparison of span wise distribution of total pressure loss coefficient among

smooth wall condition and grooved wall conditions (Operating point A)
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Figure 4.38 Comparison of span wise distribution of total pressure loss coefficient among

smooth wall condition and grooved wall conditions (Operating point B)
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Figure 4.39 Comparison of span wise distribution of total pressure loss coefficient among
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Table a.1 Design specification of IHI FRTM

Number of rotor blades 20
Tip solidity -
Rotor inlet hub-to-tip diameter ratio 0.43
Rotor blade aspect ratio 1.34
Tip clearance [mm (%span)] 1.120 (1.22)
Rotor tip relative inlet Mach number 1.49
Mass flow rate [kg/s] -
Design wheel speed [rad/s] 2453
Tip speed [m/s] 422.812

Rotor total pressure ratio -
Rotor adiabatic efficiency -

Figure a.1 Photograph of rotor wheel geometry Figure a.2 Photograph of single rotor blade
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Table a.2 Casing treatment configurations

Groove front ~ Width w Aspect ratio AR
location [%cy]  [%cx]  (D: deep, S: shallow)

Config000D 0.0 7.0 3.0
Config010D 10.0 7.0 3.0
Config020D 20.0 7.0 3.0
Config030D 30.0 7.0 3.0
Config040D 40.0 7.0 3.0
Config050D 50.0 7.0 3.0
Config060D 60.0 7.0 3.0
Config070D 70.0 7.0 3.0
Config080D 80.0 7.0 3.0
Config090D 90.0 7.0 3.0
Groove front et
; location d AR=diw

e
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Figure a.5 Meridional view of groove alignment near the blade tip
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Figure a.6 Numerical grid for THI FRTM analysis

Table a.3 Number of numerical cell

Zone number Number of cell
Passage Zone #001~#005 1,686,528
Tip clearance Zone #006~#007 101,376
Intermediate Zone #008 288,000
Groove Zone #009 230,400
Total 2,306,304
* Passage grid-«++--+++ Number of cell in axial direction : 160
tangential direction : 64
radial direction : 108
** Intermediate grid - - - - Number of cell in axial direction : 100
tangential direction : 144
radial direction : 20
*** Groove grid +=++ev-- Number of cell in axial direction : 40
tangential direction : 144
radial direction 1 40
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Figure a.7 Comparison of characteristics plot (Deep groove)
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Figure a.8 Comparison of stall margin improvement (Deep groove)
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(a) Operating point A (b) Operating point B (c) Operating point C

Figure a.9 Comparison of blockage region distribution within the blade passage

(a) Operating point A (b) Operating point B (c) Operating point C

Figure a.10 Comparison of streamlines of tip leakage flow and Mach number distribution at 96% span height surface
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(a) NASA Rotor 37 (b) IHI FRTM

Figure a.11 Comparison of tip leakage flow momentum density among three different operating points
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Shock wave
Increase in

incidence angle

Figure a.12 Schematic of stall inception mechanism
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Figure a.13 Comparison of tip leakage flow momentum density between

smooth wall condition and config040D condition (Operating point C)
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(a) Smooth wall (b) Grooved wall (Config040D)

Figure a.14 Comparison of tip leakage flow streamlines between

smooth wall condition and config040D condition (Operating point C)

(a) Blockage indicator @ (b) Blockage indicator difference AQ

Figure a.15 Comparison of blockage indicator distribution between

smooth wall condition and config040D condition (Operating point C)
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Figure a.16 Mass flux of the fluid passing through the bottom surface of the groove (Operating point C)
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