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1.1 AR OEHE

H-OT 7 v PRAEDEI IS, RPFEOEMOBKKEBLERZICES7. 2D
£ BRED S L THFEAT Y v FOREVFT TICHEZ > TS, BHEHT T v b
TiIBEE— FOSRKIL, EREGORIMLICHE Y, - KRV T IIH LEENE
BHELEEEIRDONTVS.

ARFEDF —<rbulry VEI—KRY T4 v Fa—Hid, FHEEEETS
CLWRIVETRETOFYE T — s VREICIZBBETEHIET 572010F
TREO ERICEDMFITONLTMRETHS. 0ry NIRRT 4 v Fa—
Fif, M- BETHEIEHFRDOLATVE 20, SEEPUEEZ T
5. FDHDA T2 —FIIEEAETIIBIPR, BilxxETr—32a USREL
TPIRBTEEZ SIS, YT — L aVBETORNBREIARRZERIRBICHR Y T
(REEFYET -V avPFRELLY, BRAIFYET Y3 vBITFY T —
av—TVEODAREEFYET - arPHEL RS,

REEFXFYETF—Ya v EIREARERTRETAXI Y ET 1 OREEHRER
REWRL22F ¥ TF—2a vy 28®RT 5. KEEXFYYF—3 3 YIIBEKED
B3 OTBETHESNS. ABEOPURETRERX Y EF—Ta VisRE L
BA CENHRLEDEIRR SNE 0@ ERHIRT AREDIEE L2V, /-
REEXYET—Va VIZEMBENERESE S ERF Y YT —2 3 VOREEH
HT B EPFEHEINTVE., CHODEEIXREEXF YT — ¥ 3 VA ERF ¥
EF—2a v iCk 2EEHOMMHICER THHI LERBELTVS ., KEEF v ¥
F=YavidInI) FEEELTYEY, BECBVWIIXREEF YT —
va YOERECERERBIIRERTH Y, BRoy - FEROSEELICEITT
NG DIEEFLEL SRT WD, |

¥ 72, H-I(H), ARIANE-5(BX)B X I'SPACE SHUTTLEX BRICK) D HifAEEE, K
i&—Rﬁ774y?z—%wﬁ%ﬁﬁnﬁwfﬁﬁ#%Ei—vay@%éﬁﬂ



RNTREDOLNz, BEAFYETF—2a VERBEODRMBETTREIIRET A3 %
ETABAREERY, WMEDYICRY—LENNG -V FPREDOEEZEHD1.0~1.2
BORETHREOEEAFMICERTLERTHS. 20 L) 2HEDLD, k&E
FYET— TV avOREHVCEOEERICFEBAL ZVWEiRE»SE CREL 2 o
7o, BERE XY Y7 —Yay3EHES v Fa —F I BOMETH L Z LA
WmEINTWS, HIOBY v POLETZY YV VDY — KRR T4 v Fa—HTidsr—
VUICERMENEMIEREL CTREIF y EF— T a Y EIFIL TV, F0oH
FIREEICE L TYENZHBIENIOATHE Y, 2O L) ZRETIIBWTIZ
FRERSNZ Y — KR TOBHERILISH L THRROEETRALEROBRICES
BV —FRRYTHRFHED DO LA ERRFTORBE TREXF YT~ a3 v
BAIE - B ICEERE L2 REM AL E L &5,

DEDIICREREFYET— Y a Vv OERECRERBOEE, KEFv €
F—2a Y OMBEOELIIIRERSNIEHES - R R 7ORBICH LTL
HAThHAB., LPLeFLUER L) Fx T -V avOEBERREREBLIUV
HHENEICE T 2RI RZEBEA LR ENTEL TITENICOEBMICOIEFICE
BRIRWHIEXNRE Lo TwE. DX ZHRERIZ AV T2 —HIcEL 3
FYEF—Ya vl TAEGENBLUERZEBLT, REEFyEF—av
OUEB LU BAEBEOBEN, EEFY Y5 —3 a v OWFEOREISH L TER
Lzt v 2 EPERFEDEIETH 5.



1.2 HAROES
1.2.1 XEB¥vyEF— 3>

RERFYYT—Yar&id, Acostall(1958)IC L WHE ENA-b DT, BEER
TAVYTTREETHFIYET -V aVvOREDPESLIRECELRZAF YT —
varyThb. &k, 3—1vy/00 5 v P ARIANE-SOVULCAINLT > ¥ B TH
WHNTVBANE Y —FKRY T AV Fa—H BT, KB XYy Y¥7r—Tav
RERERTAOBE) CTREEF YT — 2 a VIS BET A2 L REERL TS
(de Bernardi et al.[21(1993)). 4B A ¥ F 2 —H TREEXF Y ETF—T a3 VI BEL
%E, BNREEDRZVHRE NS -OEFIRTITFEE L %2\, Goirand et al.l3]
A9V EB A ¥V F2—HTHBEVFYEF - a3 VEETEEET YT —T 3
YEERF Y ET - a Y NIX Y HERT 5 EEERENSIBET LT RED, 4
HMEA VT2 — 9 TEEEF YT -3 a VI RETLIENCKEE XY YT —
Ya UPRELENYRERF Y ET -V 3 VOREEERE/NT A 720, @iEEAS
BETHEBVPHETIAILE BB LTS, T DOEMARIANE-ST4HE S ¥ F 2 —
HPRASNTVWEEBEDIDER>TWVA,

W, BEHWNTMZFHEMPIZERT 238 v» T 3 Hashimoto et al.[41(1996)2533 X U°
IBMEA Y TF2—HCELEZFYETF - a ryDEREITV, KBSV Fa2—H%T
BXERFYET -V aVBRBEL, SEBA VT2V OHAICHRTERF Y ¥
T2 avORBEBIHENTASIL, BIUOKREEXFYEF—Y a3 YREET Tl
FhRIIDBEEL W E 2R L TW5,

% 7z, Huang et al5I(1998)I32MEBE DA v T2 —H BV TKREEF Y ¥ 5 —
VavEBELTWAS, FLTREEF Y YT — T a VICLABBRETICOWVWTH
EHELTWw5,

DEFREEFYET—Va VBT 52EBRNIAETH 5. TNLORFREICLY
RERFYYT—Va VdERIXF YT — ¥ a v OFE2IH, T 2bbuiFED
DEEZHHTELVIFEIFHLREH, BGRETHIRIVBLILVWIREEZED
ZEPFELPITRoTWAE, LALEYS, REEFYETF—T 3 VOREBERR



AEBBICEL TREAEZENSZY. ZOXIRTHEASHLICHEHLLT, KXE
BXyU¥5r—vaYilHTAERMAEIZIUED X 51284 %<, BROHEILE
ETH5.

1.2.2 EEF+v¥EFT—>3r

H-II(H), ARIANE-5(®X), SPACE SHUTTLECK)X BEIGABEE, KEF — KRV
TA UV Fa—FOBREBETERF YT —3 3 VOREFTHIRNTEDLN, #
AR =1 V?l—ﬁbbifl_@F‘ixE“Cdb% EDRBBREINTN 5

REI XY ¥T—2a Y ERDNBBRIEDNICRESN-2DOIEIEEOMBEY
19584E D AcostaDFZETH 5. Acostaldff4 o4 ¥ Fa—H2HWTEF Y EF— 3
YOERZTV, BIICALSREIXRED L) ICERETREEF YET— g
VEDPOCBEANGETHIHRYERL TS, T/, IYET7T—Va YREFBIT
5 ERBREVPBAL, RRMICRBEOMERE —HTHILEHAL TS, £
72, B2 5BMEPR)KRESLED D B0, RV T7OKA R ERIBEHICHE
RIREEAN LR E N AT 2B L T 5

Rosenmannl6}(1965)i%, ¥ ¥ ¥F— a Y BETOINEA ¥ F o —H OO/
B3 2L EN 25t L, FREBFENEET 5 LEFEGEAET % HEL
TWwb. EOHMENNT P VIZPREEGZHD1.0~1.2E0FEETHERL, BAED
BTG PO EEHEOTMBERE BT T 5B UTEM . T,
COBRBILEEBBEN TS ERF Y EF—2 a Y ERABTHL I L6, FH
SN EAENEERFYETFT—vavilibsdbntEZONS,

REX ¥ €T — ¥ 3 YOERBOBT IO THL B2 &7z D idKamijo et all7]
Q9T DHFFETH 5. KamijoetaliIBREI X T ICL B ERIF Y ET— a v OKE
2TV, RETKEZSDELDZXIYETF A PPREOHEH LY b EOEE TR
BEOEEAMICE,rLCEMRETAHRFEHLICLA., FERFYETF -V 3
VEERIA VT a— YLk THROTF— VY I TEIEEOFE 2470 T 5.
ZFOEHAER P S, THEHTIIENESH A /NI L TERBTREPZ Y AE
WZEFBHL PRI COEEPLERFY YT - aviE, k- FTHETK



BYLZREOEB 2R, 4 VT2 - AOBOHENICHEET 2 BN LHR
ThHbHIEHHHEL.

BEXY YT —>a 3oy y VA VFa—HICOAROSNEBETIE 2\,
Yamamotol81(1980)iRAA R Y 2 — M ZJL RV THOIKERRELICEL S
FYET—ValORREARXTILLABEBL RV TE - THROENEE DG
HzAT, REFYET—2 a3 VORELZHERL TS, ZOEAFYET —T 3
VIETREOEELEFFEIC, PREMGHD12MEOESITHEZL TS, Z0
BTRLRY TERETAREIF Y ETF—Y a Vi34V Fa—FTH LN L ER
Fr¥F—TvavEEHNLTVS.

REFY EF—Ya VII3HBOTRELLBL TOLABEEEIL DIFTER2 W,
Goirand et al.[3)(1992)iIVULCAINL > I Y HOWHKE Y — KRRV IV LR TWW
BAEA VT2 —HFIZBWTHEEFARETIORE EGEEY 7HICL /T
NEEFY T — 2 a VOBERIIBEDODDICERTHF v EF— 3 a VREICH
LT %5 L 2R L. COZEPLERIFYET — 3 ¥ OBEBITTL
TEBIKRELEEPFOILIHLP IR o7, ZOLHICERIFYETF -3 2
VOFEBIE HERE L TGoirand et al. i3 fEBIF ¥ ¥ 7 — ¥ 3 Y ORBAEERICK
EEX XYY T —Va Vs RETAH-OTHH LEHLTWAS. $72, de Bernardi et
al.2NIVULCAINT. > U VDA EA V' TFTa—HIZELA2F Y ET — T a Y OFERE
BEFTEBBELEI YT — v a v ICLBEEFEMEADTO L VR e %
1o, REF Y €7 =Y a2 B8O THRA G v ¥7 — ¥ 3 VIC X 2 $EH ARG
HERLT.

RE, MEFHEMHERICBVW A REXF Y EF—Y a VERIBTEROEE
PRRL N/, MEFHFHWFEPT O Hashimoto et al.[41(1996)1338 X 4K E 1 ~
Ta—HIZELBFYET—a v DEREREZITV, 4BEA ¥V Fa—YTII3REA
VT a-HOBEIHRTEEFYETF - a vV ORERIFINT BT L2 HERL
Tw3,

DEDFBEZ CORMFYETF—Y a3 Y ICETAERNMETH 5.



—%, RE x5 —¥ a3 ¥ 2BRBTN R ISP bR MR IES 2w, R
FH & L TTsujimoto et al.01(1993)D2RITHTLIHEMNT 238 5. Tsujimoto et al .11 >
F2—HEILRTEFNICEF VL, RRZELECECBI LD EEET AT 7F 2
I—FFARAZEERCIBNEEABEN 2 ToTvwa, TRICE D EEIF ¥ 5 —
VaVZMEEBIINTAF Y ET A HKFEBGOWR, A T7O0-F A YT 7 I8N
EGREASEMGRT 5 L F 1 €7 4 BRESIBRL BT 2)PERET S L2
RENT., FhEEFYETF— Y 3 VICRPRERERICHT 2E XY EF —
VavOREFEEOHZEEEL, TREMEAHHIE)D 1L LOFE b ) DOhEm
FYETF—Ya YOMICOLTORAT L VDERIF YT — ¥ 3 ¥ PERIICHFE
THIEHHHLAZ., LEALR2YL, ERTEAIDNVDORERFYET— 3 U
ﬁﬁ%nt%uﬁ&&<,%ﬁ?émm@maamm%QWﬁ%fA%nt,mn
Oy METLY Y VEAOBKEES — KRR 74V Fa - OMBE/NETVT
BELLBEASTDOVERFYET—Ya v BB LWRID10TH 5.

BB ON1I(1998) 3 AREZRD2ATEFICAE L A EEF ¥ €7 — ¥ 3 ¥ OREE
MEBREREZHAVWTToTWAS, ZRICIYVRRDLIIZTATU— - 54 -
T778RFxET—Vary  AVISAT VAL o F YT~V a VSR
RETHIE BRI F YT~ a v OBITEIT) CLTTEEE oz, ZOME
MRERBERTELAENF Y YT —Yave il YIalb—bLTWVBEIERD
b, EELIIEREF Y €T — ¥ 3 VIRZRTLEEBERN THPB T X 2 MENZHAR
ZETHHERBLTVAS, LPLEYS, EEFYETF—a vy OBERITX Y
Er—2a VRRICELTSATEREBRT—RLTB LT, FLERTEES
NREEF Y ETF—Y a3 VUAOE-FIZoWTIERZ LIS GPoTi W, B
£, CNODOMENFERY - ERMCKRHZERIRIFEL L TRINATVAS.

SRIZDEDAEIDEEIIMAT, REBL TRRD ¥ —FF ¥ FOEHRERIL
T CEBLRMEL 2 2EFAHBHMRS 2 HFH T2 L) BEbS, EEFY
T—arvOREEEZKIE - ARITANKRERWE ST I EVERELBEEL LD
FHEINS.



1.2.3 [EEF++ EF— 3> 0§

REF Yy 7 —va YORAE I BRI MEL L VEL D, EEF+ ¥
T a U RELBLIEHES —REYTOBRICBWTIE, Z0WEEINEEL
BELLB.

EEDOH-NTY v FDELY IV VIETHY — KRRV T4 ¥ F 2 — S OBEREBERE TH
BEhotEF Y EF—3 a3 —3 Y 7 O®BIZE DL 57T 3 (Kamijo
et all12], 1993). L2 Lad55, Z0MEEHEICHE L CyEMREHIIMmE 5Ty
2. ZOMREOKRS MEFHBEMAER TIIREEF Y7 — > 3 Y OIHNICET
BHHFFEDE| 2 FL X 47N 72, Hashimoto et al.10)(1996)i3 @ F v+ ¥'F — > g ¥ 284 —
VYT DERIZE NV SIN I L RBEFIATCLETHY — KRRy A v T2 —HFD
HPHEAETVE A THBRORL 2380y —> V7 OEEF ¥ €5 — 3 3 »HE]
MEEZANZ., COFRIBNTEFr— VY FORBICE VERIF Y ¥F— 2 a v
VHIFI I N2 A5, FOHMFEBBIIHS P ITEN TR, LA L%HS, Hashimoto
etallIEEF Y ET - a VOFIEEL 1 VT2 — S AOMEOBHRAICEL S
FYET—TarlOBEREERHL WA,

FrEEFYET—Ya v OMHICET AR EDO26ITH 5.

TRE S 2 5/084, SESEFEREINSE F—RR Y FIZBWTHER$* ¥
T avOREIESBEELREL 2L ENTHEENS, LA LENS, BE
DEH)TEEF Y ETF —¥ a v OHHICET A2 ROBRIFE AL L, 2 oHF
WRIIRBEHTHZ-0, BEF YT —¥ 3 ¥ Ol THEMIC D EMICDIE

FICEREWIE T —< o T3,



1.3 HROENELVASH

HMETREXZZEREBEIR, FHERIRAEF v ET -V a VORMEB LUR
HEEBOBRE, REF v EF— a3 Y OHHEORTEZENIC, 41 v TFTa—HVICE
UAF v ¥Fr—Ta vOMELEREB L UERN RSP DOTHS.

HBHWBR TR, TTEREIE LA VT2V ICHYTI2RBAIUT, SERRE
FNWCELRAFYET—Va VOBHZRBLTXREEFYET -V a VORBEB X
UREHBIIOVTRET 5. IARHLERRIINTIAR-V YV 7DILEFEDR
FIRRPREEXF YT~ a VIIEX BB OWTEETSH. LIATERT
BREEXY Y5 — Y aViBEROE* b OPRETOABEINRLTWVS, 22
TREFFYET - aVILERBEEBIIOVWTHRE ZMR 5.

RICERF Y 75— a vOHRICETIHMELZT). XEEFYET—TVav
ZEZIVERXYET— Y 3 Y OBEBIH/INT 5 & SN T 5 (Goirand et al.3],
1992) HICEB L, AMEEEICEBHICAERHEZAMT LI LIV REEF Y Y
F—3avDREBEFHEALERFYET—2a VOBEZHHLIIEV) DD
THb. COBEAPS, BIMBEIERHEEZUKRT A LIV AE].RZEZ, B
RN EBYERBE*RETS. 2L T, BB ZUBRLLVWHALORBIZE
DUBREFY ET -V a VICRIBTRELZRARS. SHLILYKREZEETSH I &I
IVUBRENEFYET— Vs VI XA RELRRET S,

—%, EBRMUFETREL LTHEEFYEF -2 a v OFICE T 28 5E% 17
5. BRBOUBRERXEEL-HEDS v Fa—HF2AELT, EMEOUKRB X
COBREFNF YT — v a VIl 2R BERNT5. ZOLTERBENOERE
ZR L CENBZOUKRBITUREDREF YT — 2 a VHHIZIREFFME L, Ik
H¥X v 75— 23y 28flT 57200 PRERFTEOBLANGIT TERAZERZR
i 5.



1.4 BERBIRETIN

AWILDOERBEN T, MEH CTHBIT-HEBNBLIUH#ICH-T, KEEx~
Vr—2avBLPREEFYETF—Ya VICETA2BIT 24T . SHAODEKFT
i, ¥YEF—vavERYSLRET B Y EF—Y 3 v D10 TH L NREEE
FCELZESFYETF—Ta & LTRYIES.
WoFYET—Ta VOEEBITE L TIX, BHEHSERZAV CLEERTRE
FWCELSF v ET — ¥ 3 »II8 L THT o 7z Acosta and Hollander(IBID T B & UK
REZEDOFHREFNICE LS F Y EF — ¥ 3 Y2 L TIT o 72 WadellIDBEATH5H
5., INLDBIMTRFYET A EAPRBIBICERTHSPNEVEVHIRED D
TR ITONT WD, TOBIEREIERERE I(—HLTwa I
b, INLDBHOFMEIRENT NS, |

FEEEWTFYET -2 a VOB TIEF Y 5 4 BRBROBY FN I LTO)E
SR, QFHHBEBIUVGHEHREDIED EFVIREENTVE., FEEHER
HAIZIRE L 7Kim and Acostal SIB L U F ¥y ¥5F—2 3 v a v 754 TV XK, ©X
TR—=5 427775 MzHEREET THRD/zBrennen and Acostall61.(17]5 (X BASE R £ 5
VeRWTwWA., —7, B - BLISIIEHSEMEFVEHVTKB L UMERD
TWwa, L2l, ChHDBINTEF Yy ET A1 BEPBLEVERELEF N
EHVTWE D, FEIOREEZ0ICHIE S €254 DK, MPSEEEROEE —
BEIRICERERTOET VO RYEFEEL 2o Tw5b . % 2 TFuruyall9lid
FYETADRIVENLEBIHAHEE TN E2IRB L, Otsuka et alROIPHEFEE D 5
EREBICEATI TOF YT — Y a v DEETEEREYRDLILICEI LT W
. LPLadb, TNODOBTIIFERRICHT LB TH S 20, HRHIC
B THROTRNOEEHFEREN TS, 2070 RBHEHE /NS VEFICH
LTINOLDBENEERTA5E, TORGROZLUUIMEL LS. COMELE
R, EELRIN1998)IZEFRBEZEORE T 5 BT EL BB L. EED
EEXYET A RIVENMLEBIHAHEBEFVEREL, Otsukaetdl DEAEMREL Y
BRBOBHEFSEVWHENELHVTVWS, ZOBNIC IV EREZEOEFIC



EUBEOFvyET—Ya YOFEEREVFALPICRY, FF v ¥TF—Tav
BT RETAIELIEEF YT — 3 a YOBTNUNTEEE 2o 72, L L,
COEEF Y ET—V a VOBRFTREBORBMNMEENRELRIT TV 720K
ELAEHE~ FUADE—F2do/2 b LTHFNER VAT I ENTELVE
VI EPRENTWS,
FZTHARETIRERLDOF Y ET 1 EFBL LELBBEHHEB TN E HV:
BEREICI S EENLRNZ, EHOBRBMUMEEZEZRAEL LS LIZF Y ET 1
DHTEEBIC X5 EROBREER 2 RAE L LTER LI & ) — i %A IR
BsE7. COBREFVCRERES YT -3 avBLUEESF Y ¥F—3a v
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Fig.2.5 Model for estimation of mixing losses
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Fig.2.6 Cavitation performance
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Fig.2.7 Steady cavity length for the cascade with various solidities and stagger angles
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Fig.2.8 Cavity thickness of the cavitation in the cascade with C/h=2.0, B=71.41" , ¢=0.10(=10.90" )
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+ l ‘lf 72n (SZ)[fn {60’ (C— lsn)s2+ len_ C} +%e‘p](c_ lxn)dSZ

+i [T (O Gor 45 ¢ e

1 T .
+ 2'n {qsn(sl){-fn(§0’ lsns1)+-z7ep+gn(€0’ lsnsl)sl }dsl

1 T .
+i7nbr’}/1.vn(sl){fn(§0’ lsnsl)+Z_Nh-eﬂ+gn(§0’ lsnsl)sl }dsl

2
_izn {ybn(sz)[fn{§0’ (C—lsn)Sé+2lsn—C} +ﬂel

+g.{&, (C-1,)s,+2l,—C}2-5,(C-1)lds,

C-& !
- 2Ym .[ qsn(sl )gn(€0’ lsnsl )lsndsl
C lsm 0

C-& !
_ 2'm .[ 71sn(sl )gn (€0’ lsnsl)lsndsl
C lsm 0

-1

2
. 0
- l_C'—_—l_Zm .f Y2sn(s2)gn (50’ (C— lsn)SZ + 21.\'»1_ C)(C_ lsn)dSZ]
sm 1
{In the case with z, =mhe'™* P+ £+ 0i, | < < C)
+ 72”1(50/ l:m)/z
{In the case with z, =mhe'™* P+ £-0i,1_<E<C}

~— 72m(€0/ l.\'m) /2

(3.22)

(e —iZ-

m n

ﬁ) 2 .
f,,(é‘o,é)=%e ? cot{%(éo—é)e (g -7 = RG.19)

Iy
—-i(F-
(2

(7 a2 2, T B m n (&%
.o, D=(57 | ™ Peosee’ (o= e +( =2 )m)=(GR(3.20)
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3.5 RARMGLAFTRE
BREMEF Y E7 1 ROBITHEERET 2 BERs ), I HE LAANE TEH

T5.
3.5.1 ¥+ EF«RALTEN—F

Fv U7 4 RALOE R~ THOBMBEREp, CE LV ERETS. v ¥
T A DERPTZE LI REICET ERPAL SN/ F ¥ €T 1 RE L [zy=mhei
W2-P+1,51+0i, 0<s1<1] DEB) HF R RA TR E N 5.

ou U du 11 0dp
gt_-'-lm ds, pln9s, (3.23)

L7z2H 2T, FYET 1 RALOEEU+um)dLFTO L) I2ERENS.

wl

UenS D= e+, ¥, =~ ) (3.24)
REINPL/ONEEEuL REB24)ZETEEHILICLY, UTOXFYEF 1 &
HEDERFEFRONS.

ol

Real {w [mhei(nlz'ﬁ)+lmsl+0i]}= U+ucs+,~4;:Ts’ef‘”’ O0<s,<1) (3.25)

E=-LE E0D I TIEE R DBemoulliDR 2 @EHTAHZ LICX Y, Fx i:*-? 1 FHEE

DRELE=LTOENp L DEBRIRD L 5 IZEPNS.

- oU
=p—Ls pv_ (3,26)

u
cs p U 2

a1l

0 <Real{W(mhei(m2—ﬁ)_L)_ W(mhe i(n:/2-p’))} )
ot

-L

+ Ui, — UNcosfi= (3.27)

°|

ZIT, prs P RENENELTOBENEEB L UEEERS, p, 2BAES

ETH5. o200 1p)lpl2i3F ¥ ¥F -2 a VEHTH S, L2 AT, EFigrd
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SEEELEEN - 10D A EBABT, £Ep A —E@E b —E)DEEIZO 2555 b0

LIRET 5. COZEMLY 7 P AOABE TBemouliDXz EAH Y 5 L LT OXA %
bhb.

P
pr=p,~5 U (3.28)

p-L=—pUNcos6 (3.29)
BEDRK(3.26), 32NBLUB29%5, RB2)FDOF ¥ €7 4 RE LOERFN
HBEFREIND.

3.5.2 F¥ET4DHFEELAVEELTY=0
¥ ¥ €7 1 OFE L% WEHE L [z,=mhei@2-B+l,s-0i, 0<s1<11B & Ulz=mheiw2-
B+(C-ly)sa+2Ly-C) 1 0i, 1<52<2] Tld, BICEE LR EERFP0TH S I & 25 RK
RIS B
Tmag {w [mhe™*® +1,5,-0i] }=0 O<s,<1) (3.30)

tmag {w [mhe ™ P +(C~1,)5,+ L, -0 =0i|}=0  (1<s,<2) (3.31)

3.5.3 F+ EF 1 OBEEH
FYUT 4 DEIN (DR RDEBFMER LML HRT 2.

aT]m 1 dl,,, anm i(rl2-
( ] =v(mhe(/2 B)+lms1+0i)=qm(sl)

ar "1 \"""ar 35, (3.32)
O<s,<1)
FYETABAZRDL ) ICEERS L FEEERSITHT 5.
Na(51)= 1,005 )+ 7,05 )e™ (3.33)

RG3)EMBE LR, BRRFLFEERFCTHL, TN OOHBRNZRST
LT YRADGR/ONS.

lsm s ’ ¢
Nem($1)= U folqm(sl)dsl (3.34)
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s ol ,
I, — 6D

Muls)=F [autse " ds]

(3.35)
Zm E wlsm . . _ji(_;m‘(sl_s'l) ,
+F{(1+J.U—sl)qsm(sl)e ds,
CDEE, FYET 4 DBAEEBRARNTEINS.
N,,(1)=0 . (3.36)

3.5.4 KuttaD%&#
EYVBBOREITEHEL AERE TENFERTH HERETH L, EHHFERDLL
KuttaD LT L 9 1cEkENS.

1 2
% JY imGOLds  + [V, (s,XC=1)ds, [+ U -v,,(2)=0 3.37)
0 1

CHIIKelvinDEREH L EMTH Y, BOEBREMICHIC L T &y, QD BEHR

PHRHEINEZEEERLTWS.
HE®SERICIBo THNE ETEHE, BHBHSMIROL IR S,

ol
7,,n=72m(2>exp[-17<§—0/lm} (3.38)
3.5.5 THDOFH

BITHDT 7 VORSVEBRTHLHE2ERS. TOBE, THOKELH
ZEBRKOEETOHFCLVAFH IS, EHEORPSUTOERERIE, N

1
jqn(sl)lndsl}=0 (3.39)
0
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3.6 BAAE
RNGFORAE L, FRBERDEEZG.(51), Nn(51), Pals)DEFE - FEE RS,
FYET4RL, ¥YETARAERELBLUAORELHOKEENTHS. Zh
BORMAMEE, 7(3.24)-(3.27),(3.29)-(3.31),(3.34)-(3.37),(3.3N 2 BH LS & FEEF L
FUETBELTHEONIREMILICEIIRE S, OB, F2ELRKICEHRER
DEFERSFOBEICH L TUTOERXEET 5.
Con(s1)=4,,(s,)/ U
C.G)=7 6/ U (3.40)
Cr.(5)=7,,(5)/ U
RIERESHFOBBILZIT). TDLE, FEES,, SudtFr¥F18#%
B, BRBEBIIEOBTEIIRDEI CEL, INLDHICBITAFREDE
SERHELEZS.

1 k-1 |
S1k=-§ 1-cos N 1" (0<S1<1, k=1~N¢) (3.41)

k-1
N,—17

1
S2k=l+——[1—cos( (0<Syu<1, k=1~Np) (3.42)

2

ZZT, No, NpldFhFhF v €7 1 FED, FFEBOSTELZKTH Y, A5
TEERENITE L. BREGZBAT IRAITSTESHAAMORERL L
2. BREAOBSBERNCEAE A CERRCHHFT 5 LRET 5. Lol
Fr 7 A HBBEHETRANOFBRCIZERL, v 7 1 HHEHT
() ~57 Y1 G60) ~ 57, BBBERE Tq,(s))~(1-5)7"" 10(s) ~ (5, - DT ET
5.

BEDERALET, SESICBT2RREAVESERMEL L TERR LMD
LURERGERET S L, REZW20SE0BRENEDS X CHHELFIRD &
IZRENS.
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- EERICELT
CooS11)

Cle(S 11)
C.po(S 1)

J qu(Su)

AQ,) r:J B, { (3.43)

Cyll(Sll)
€ i (S21)

o/2x

- FEEERSICE LT
306Sy) ] |

710(S11)
V208 x)
3:(811)

A, ®) ] Tm@w) L) o L (3.44)

sn?

V21(821)

S
Y

N

cl

ol,

o,

]
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722U, Afls), Aullen @)iZFREATHI, BEEENZ PV TH 5.

NGB, FEDEEFYET A DR [LVPoRaDBHETH L L 2R L T
5. RGA)FHREEARFERN THS. NE2r O AODENPREDEE 252 554
IIEBBONRT P VIZOTHWARY MV e D, AR5 5 OBFEELD % WA T,
HE TR WEIEET 572012, DT0 X ) ITREBITHAL(m 0)DITFIFA0T 2
iz bk,

A,d,, ©)|=0 | (3.45)

BRARBERo=ogtjoid, RGASHICLVREEI NS, €oT, ZTOAFEKL ¥~
¥5r 4 DRERZF Y ET 1 Rly, H5VIEEMBIZoRalKEFT 5.

HRL LTBONEZRARE R coptjo2EEXF Y EF—2a r0F x5 4
DEELEZAVTUTO L) ICERTILT 5.

Mg/ 27 w,/2w

= 3.46
Ui, ST (3.46)

St=

KETIE, RBAOTRENIZA NI NAHSITTRTOERELEET 2.
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3.7 BTHRLER

Stable Unstable Stable Unstable
[ J O Equal length cavitation ® @) Equal length cavitation
A Alternate blade cavitation A Alternate blade cavitation
— wadel?] — wadel?!
2 1 *

~~~~~~ = Divergence

©
o

~~~~~~ * Divergence

Steady cavity length, ls/h
Steady cavity length, ls/C=Is/h

I (dza)cr\%
O 0 ! 1 | :&u
0 1 2 H 3 4
of2a ol2a
(2)Ch=2.0 (6)C/h=1.0

Fig.3.2 Steady cavity length for the cascade with C/h=2.0 and 1.0, =80°

BR2BEOEEXFYET— ¥ a VOERBBINIIBVT, FYET— ¥ a YREORD
IR, HEK & WEEI(C/R21.5) 2 FoBF| (Bl 2 I£Fig.3.2(2) TlE, EE*~
Er—va DX v ETADREFBIZ0.65hHIETAHLEREEF YT~ av
BN, ZORAEXFYET — a3 VidELAICEET S, HBR/NSVWEE
CIrs1.5) 2 FoB5 (B 2 IEFig3.200) T, EEF Y E¥5 -3 VDF vy EF 1D
BEPBLZ0.65CITIET EERI/C=0.0LL/C1.0DF T ET 4 REFOREE
FrEF—Ta vPENRE, BRACERIYE T3 VICENK XS L EER
PENDLZLHPBELPII Lo TS, £ TEREN T, Ch=2.0,=80" DEFI|L
C/h=1.0,=80" DOEFZHH LT, TN FhOBFIIEBETEF Yy EF—T a v iZ
L TREBTZITo72. WTRDFEDBLIC=1000L LT 5.
3.7.1 HKEILEDKAEEFI(C/h=2.0,=80" )ICELB*vEF— a3 DRER

Fig.3.2(a)l3C/h=2.0,p=80" DEFIICELAF ¥y ¥F—T a vV ODEEFYEFIE

2R, FRX YT — ¥ 3 VEFig32)F, BALOBLUTENG®)L2.30=02a=s
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(a) Strouhal number for equal (b) Strouhal number for alternate (c) Phase angle for alternate
length cavitation blade cavitation blade cavitation

Fig.3.3 Destabilizing roots for the cascade with C/h=2.0 and $=80"

258 ICBVTREEF Y ¥ T — ¥ 3 VEFig32@F, E=AAPFLNTW S,
(OROAIZAEEF Y ET— Y a VEPSERFYET -V a VBIL—RT boRak k&
L, BEBITIC LS L INIIEHEROKE 2BFTIZIZIZ/A=(1/h),=0.651C, /HE
REFTIE/C=(/0)=0.65ICET 5. EEX Y YT — ¥ 3 V#IZ, Fig3.2% 0
ERTRENDLIWadeMDEABEBREICL OB RLE-FH LTS, F¥¥F—Tav
BEBOBAIEY, EEXFYETF—TaVOF Y ET A DREIDVEL LD, 1/h=0.65
KERCERERF Y YT —Va VEFRELSE., TOXRERFYET -V a3
2.30=0/200=2.58=(02Q), DEFA TR A ITFEZEL TW <. oRa<230TIIFEEF ¥
¥5r—2a v BOAEET 5.

Fig 3.2l RENBEEF Y ETF— Y a VI L TITo - REBTIZE W BLR
TARREE— FEH<0)DR bO—NVE#Fig.3.3RT. n=0tn=1DEBE DL
B OAAEZE ERBMAEZE) 6, 3L LTRIESEY, WThOE—Fb6, =055 it
0p1=180" DE—FTHolz. FE— FOBOMNMEG, | %Fig.3.3)F BT 5.
KENIIBTELDOERDE— FHAFR LN, TRTCOERIIH L TERETIE
BERDE— F255ODE— FORERT. E— FI, I, VOF ¥ EF 1 BEOERY
fAEZIZ180C )THAB. THHDE— T, HLAEFETIFYET I OREEIHFEL R
NI, FOEOEROXFYET A OREPEL 2HE-FTH 5. £~ FII, IVD
FYET A EHORBMUMEEG 130THS. E— FI~IVICOWTIIHBTHER T
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. B— FIETRTRA b= N VES=0, BREFk<0, MIHZEG, ,=180° N FA
NPV VABRORREE—FTHAD. ZOE— FTIE, F¥¥Fq113EgT22
L, BEBBMIC—FOBREOX Y YT PRV ENEL 5. 22T
FETE ANV 2V ABRDOE— FILESEEEFYETF— Y 5 v ORERS
#EWw T 5. Fig.3.3(a TidoRa=(020)s, I/h=(/h).,=0.65DFHHEHTE— FIHALO)
PHEETS. L2 oT, 0Ra=(020), /MZ(/M)e=0.651FETHFYET 4
DREFRVERFYET =¥ a VIIAEKE, 0R20>(0120), Iy/h<(yh)=0.6512
FETAXIYET A DEEFEVEREF Y UF— Y a v idBEE L 5.

Fig 32(QIlRENBXREEF Y V5T —2 a3 v I Lo REBTFIC L VEDS
NIAREE— FOR MO =N VEB L CEBMAEZE ZFig.3.3(b),(0lRT. BRI
HEIRVWF YT A PBEFORBICEETAIINDE LTEZEEINL TV A,
Fig.3.3(c)%* b &~ FII~VDF v ¥ 7 1 RO BEMAHZX o2l X YV ELT 57
O, AE=FTHo Tdo2all & VIREIFEBHPEAAT S, ChH5DE—FIF, o2
dfbf(ofza)c,bzi&ﬁ WeBE, ERFYETF— Y a3 v OFNFNRDOE— FIZoh M
5. ERFYET -V avOBEIRONLFTA NV VABDE-FIZRALN
ol o THHLOKRELZEFNORERE X YT -3 VIEETH 5.

DEoketsrn, UTOZEPHEEESND. ZEHEOKE R(CR21.5EFTIZ,
ERXFYET -V a VPRETHD0RaDKELERD S oRad BT L, Iyh= (I/h).
Z0.65L 2B (R ANETHERAERF YT~ a VOEEBREDLDbNA.
(0RO TFTTREREF Y VT —Y 3 VIFRE, REBFYVF—Ya VIEET
HEDTRERFYET—Va VPR ETE. REEXFYEF—Y avidEvEo
FYETADPONEICETS2ETRETS. ZRUTORaTREELREERBITE L
5. ZOX) EBRIESOERERUE - L, EBRCRERELEEEIERE
LZWERIZBWT, REEXFYETF—2arvy0dFy ¥y 4 PSR ERERERD
0.025~0. 155D FFHM TEZF MK E T 2 HEIHEI -
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Fig.3.4 Destabilizing roots for the cascade with C/h=1.0 and =80°
DEDREBIFICIVEONZTFAN—V 2V ABDE— FLIZE RER 2
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WEETAREREF YT —Vavid, RAEEFYET— T a VIGERKL.
Fig 320)ICRENBEEF YT - a VII L TITo R EEBTICI W Eoh
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, VOBE180C N—HOBBDOF ¥ T 1 BEL 25 LT ORBOF ¥ U7 1 4
B % %E—F), E=FI, IVOFZEN(FYET - a v —TJDE-—F)TH5.

E—-FHUIHBTE ANV 2V ABRDOAREZERIT N a=(Ra) 4BV THEET
5. L7zhoT, RELPIREVGE LERRICKELI/DSVWHEIBNTY, o
aA=(0120)z, /CZ(/C)y=0.65DF T ET 41 DEEFEVEEFYEYF— T3 vid
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R, BEAIF Yy E7r—Y a3 VY IERIOBREBOFYETF 1 DOEEDFEVFY U
T—YavilWHLTELLAZ EFbholz., T, REEFYETF—T 3 VIR
ELEDEEIRFTETADOREFEVFIETF—Y 3 VEBINICOD AL ETH
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ERFYET -V aVIIRETH Y, T— FICHYT AFRLEREBOLEES v
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E, FYET -V avREEBASRTCOIREE SR Y ETF — T aviIRERT, &
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Fig.3.5 Steady cavity shapes and velocity in the cascade with Ch=2.0 and $=80.0°" in the case with a=4.0
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NB7WICFig3.5IF ¥ ET A BN BEEES % /RY. Figure3 SR SN 5
WFE Y EF 4 (/h=020) 0 FET A HEIIBNTHF Y ET 1 BHOTH TRHRERIC
T ABRAI/NEL LBLEBIEALNS. D HEBIZI/M=0.650F (Fig.3.5(), I
h=0.640) CHBEOMBE L THELED S, ZOLEMLPOERT—FDXy ¥
TAPERS DL, BEEIIHTHAXHIIWA L, Figl.50ICRT L) ICKER

58



FYETF—YavAFRETS. LEORICERXS LRERF YT —Ya v idFy
7 4 BRTRODZ ADME RO EEFREROMHZETHTHI L0k Y
RETHLEILNE.

59



3.8 ®#E
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LERIGELEEMTHS. 0L &, HEE, BEEORPLLLIEHTE
NENEHOEBZIRE LIIFEICHL TS, S TREHORFIBFRO KRS
Zyh, Zy=2t L CRA%EB 0% RD & 5 \TERTILL 72,
()

_7[ .ZNh
k=kg+jk,= A (Zyn=2) (4.44)

¥/, BEIFYETF—3a VY OBITOBEICR Y —VE—-F2BRNT A0 L5
TORERELEINS”eP 20l RE L. ThiZ¥ 7 FELPERKTHLELIEASL

EMTH5. CCTRIHMBODZEZEBIUAREERES v Fa—HFItEL ALV
BIDERIF v ¥F—a v E2, REBEFYETF - a vy BIUIHB & ICFHRKE
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FURLABEFICELAF Y ETF— Y a VS ERONETHE D TZy=4L L,
G,(5)=-35(5))s §5(s,)=-G,(s) B EEMMEEREL T, B1MBXI2180° DOfiH=E
- BB LREL THENZIT) . KEDORRZWIZy=4)% AV TARKRo%

()
_n-'ZNh

Ur
EERTALT B L, RIZEEDOAFMCHEEOBARIIG TAHE 5. FERK
RERYDGE, HEEFLBEEFEOEROMOEH O” HE" BEMICIIERTE
ZVA, T TRIEBOBTF 2 AL DIETORERE LTELNWABERENE
BT T HEOEROFYET 1 ROEENDONMNAMO 1(=023) 2 MAHEEL LTHW

k=kp+jk,= (Zn=4) (4.45)

5. 72t RIZRPIEB)DHE, I DNAZE G, 1950<600,1<xTHIITEE) T MER & [F(
WYHEIZ, -1<6p,1<0THNITEE L F(ENFAIMEZD B L EZTRWTHA). £
T

kr*=1+kp (0<6p,1<7)

kr*=1-kg (-m<60,1<0) (4.46)
ET NIk IR O RA-BELOGBEEEEFMIE)E &R L2 5.

ABRXPTIE, REEFYETF—Ta Vo 2 E— FOREHICET A BIFT
134.44), REIF Y ¥F— 3 3 OB TIZIR(4.45), 4.46)TRENBEXRTEE
kg, kpk IV TRRELZEET .
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4.6 BRFIHBREEER
4.6.1 BEFvET—I3>

Figure.4.212C/h=2.0,p=80" NHERZRBEINICELLZFR, RERFYE T~ 3
YOFYETAREERLERT, ZOBRFIOFHEREIZ0.2h721T YIR L 12 EF)
DEVHDEICALEZXFYET A DREZ0OOT, AVHORIIAELSZF v ¥
T4 DREEAATRTY. ZBBREIIBT LT TOAEFRZREFIIRAI&ZXK
HIZ02h7Z TR L7:bDTH S, SERREBEFOXRERFYET7T -V a v ORE
EHIELT, FEEREENOREEXF YT — Y a VO RSIBERICELTS.
HHEICRiFErSDAT— b FTHOREL0, LIBRLTWAS, 72, Figd2dD(a)~
@CBITBF ¥ ET 1 BIKZFigd3@)~@IIRT.

T, RAFKEVELIADLELIZ0NRaET ERIGEEXERS. oRadK
EVESIZIZEVED F Y ET 1 DFIE\ (Figs.4.2,4.3D(a),(b)). LT, ol2aD
BT VA FOXFY ET A PTRET S, BVEDOF Y ET 1 DEIH0.65L1IC
ETDLEINDPBBIMTLED, —FRVEDF YET 1 ORSIPIBIEIT S
(Figs.4.2,43D@c),(d). DX I ICFy ¥F 1 B+ 2EiEIL, £3EE AR
¥y EF A BBOTHRICEET 282 AD/NSVRNOEEFBEREOMNE & T
TH2OTHLEELOLNS. CORFOBEHIREEF YT —a L BE/RL
TWBLEEZLNLPEEFYEF—Y 3 VICHYT 28 SEEHICORHY 1D
DoRodZxF LIADBELP/ON NI ERL I I TEERFYE T — ¥ 3 VITHHY
THLDELTHY.

RIZ, oRad /PECETDHoRatEMEETHEEZERL. oRad/hEVEE
CRWThOF Y EF b AT — T TOEMLO, LIN65%L VRS, Fr¥
FA BB THROAZAD/PNEVHNOBERSENZTRLOBERICTH L T 2 RE
WZH B EEZ NS (Figss.2,4.30e)). cRoZEMEELENTNOFYET 4 D
RELBATEY, EREOFXFYET AFRICADT - P ETOEENSRITEL
(Figs.4.2,4.30 (), BEERIIW LTTHFERAZF o LREBLLRITHT. Tk Z
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Fig 4.2 Steady cavity length and its stabilty

Fig.4.3 Steady cavity shape for the cascade with C/h=2.0, 5=80.0°
and Le/h=0.2in the case wih a=4"

for the cascade with Ch=2.0, 5=80.0" ,

Le/h=0.0 and 0.2

FrET 4 RIZBBICOICERE, —HFRVFDEDF Y UT 4 ZBHMIIKET S
(Figs.4.2,4.30(g),(h). /N&zoRahbDRH 5 ML, ZOHITIZaRan/NE %

Mo - E 2D, RETRI2D02ailx LT2HDOF v EF 4 EXFEON
HEGTREDEFREVHTOMAE “REEXFYETF—Yav@i , Thihz
“HEFYETF—Va Vi LR DD, FYETABRBTRODLA
DNS VRN DERSBEEROMBE T HTHLEXL L COBMBERIL) T<CHE

BTE5.

020N KREREP OO R BMBENE L AP SO L MBILERTIIRL,

EEBHPFLEL LV oD XE(2.33<02a<2.500 R 6N 5.

4.6.2 EFBOREH

Figure4.4(a)lZ, Fig420EEXF v ¥y — 3 VICHYT A BICHT ARELETE—
FOREBEE %, Figdd®d)IIF X 7 4 ROEEDRBNAEZEG (=032 RT. €—

FUIEEEAOTH Y €T 1 ROEEAREIZI80 &%), REEFYEF—T 3

VBB TALIBRTAN—V 2V ABDE - FOREEYET. T— FliZo2as

233TR LN, ZOHBOEREF Y YT — ¥ a VEFALE, FhUSNOES TR
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Fig.4.4 Destabilizing roots for the cavitation equivalent to equal length cavitation in the cascade
wih unequal length blade, Le/h=0.2, C/h=2.0 and p=80.0° under the assumption of 6, ;. 5=0.
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Fig.4.5 Destabilizing roots for the cavitation equivalent to alternate blade cavitation in the cascade
wih unequal bngth blade, Le/h=0.2, C/h=2.0 and f=80.0" under the assumption of 6n,n+2=0.

HETHHILERT. T— FOI~VONMHEEIIFigd 4b)IRT X ) ITHEMICELT
5. 0 bE— FdoRad /P EVERF TIIMHZEINEL, =T F— FOLKE)
IZEV. ERPSD L DIIEIEDFEZERFITH Ao W T EEEIRE & R
5bDLEZOND.

Figure4.5(a) i, XREBF Y EF— a vV ICHYST A BT A AREREET— FORF
W%, FigdsSO)XFYET A ROEHOEBMMEELZRT. BEKODY £ /)N—
VxVABRDE-FORREREL HO DRV, ZOZEHPOXHEEFYET—
VaVBRRETHEI LFDHS.
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Fig.4.6 Propagation velocity ratio for equal length caviation in the cascade with equal length blades,
C/Mh=2.0 and $=80.0° under the assumption of ¢, ,,0=180" .

4.6.3 FEZURBEIEDLEK
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EPSHELZELXFYET A ORI EERT, FEELXIYET A DR IEH
MTR LTS, FRZRESITIEIoNaE KELRLEIHADPLBAIIELLEERF v
E5r—2arv0FxET A OREIVERL, TAPE Y FOSBIETHLERS Y
Er—vardPAREL), ARCREEF Y ET—Va VIRELBD 5. X
BEEX Y Y7 —JaviBmELEVWHADXFY ET 4 DEED0, EVWHFDF YT 4
DEEFUEMN EREEFYETF— L a v IARRELERY, BRERXIYETF 113
FIELRL 5.

Figured 2CAEER EEF LB 2RELFYET 1 % (@,M)T, PEELFT Y
71 %2(O,)TRLTWES, EEZREFCBILFYET— ¥ a VOREBD
TRDoRoiF2.30TH DI LT, AERZREFICBITA2F YT -2 avD
REBDTRDoRai32.10TH 5. ZOFRIE, ABZERALICYBRTAILICL.
TEEBELARIER/LIEEZRERTS. LeLeds, EEXFYETF—T 3 /728
FELZVEBQ33<020<2.500 8N 5. Z DEBTIZ, EERNIEES T
P ORERORENTFEENS.

4.6.4 ERIFvYET— 3>
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83



Reduced frequency, L™
n

Phase angle, 00 1( )
o

|
0 L Il L '180

o 1 2 3 4 o 1 2 3 4
ol2o of2a
(a) Reduced frequency (b) Phase angle
Fig.4.7 Destabilzing roots for alternate blade cavitation in the cascade wth unequal length blades,

Leh=0.2, C/h=2.0 and f=80.0° under the assumption of 6, ,, >=180" .

¥r—3a VOBFIRREETRT. T— FI~NIITRTERLFYETF 1 EOLBHOE
BAARZEIZ90" & %o7:. E—FLIFEDLYOREEFYET — 3, E— FII
BAEDOLYOERIFYETFT—Tay, E—-—FIRHIDLYVOERDE—FTH 5.
INHIZTERPLHON TN 2B DEITH 5.

Figured TSR ZRENICELARXRAEEF Y ET — Y 3 VITW LTAiTo 2hel
FYET—VavOBRIINVBONTAREETE—FERT. F¥YET 1 ROLE
DEBNAMEDF v €5 — 3 VRO ELIcE VA E { BbT 5 O CIEEBEER
kR* B ST, BRTEEB DI EITARL:. COE—- FIEOBREE,rOFR
FrEF—TavE—FIICHEYT23DEELIONS.

ERBIUXREEFYET— Va3 VIIHTHINLOBITICLY, KEIFY €
TV aviEREBFXFYET -V avPRETAEL) X v YT A1 R(U/M=0.65)&
NFEXYETF L DEEFEVFYETF -3 a VI L TRETSE I EBHEEE -
7. F7z, BEOREANMNMEED —HZH b > TRELZWVWAEDBEITEICL o TH
EEFXF YT —YaYPFIELSFHITES 2 Ebho7.

Figure4 8ICAEERZERREIICE LA ERF Y UET — ¥ a VICHY T ABIIX LT
TolelgBEF ¥ €T —2a VOBKICL D BONAFRLEET— F%RT. Figured.8
OIZBVWTITRTDE-—FDOF ¥ ¥T 4 ROEEOE HMAMZE 0 H5KEFHTO°

<00,1(=0,,3)<180° DEBEWNIZHB Z & b, FEBIIMEEEER kp*=kz+1TRL
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Fig.4.8 Destabilizing roots for the caviation equivalent to equal length caviation in the cascade
wih unequal length blades, Le/h=0.2, Ch=2.0 and =80.0" under the assumption of

bh,n+2=180" .
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Fig.4.9 Destabilizing roots for the caviation equivalent to altemate blade cavtation in the cascade
with unequal length blades, Le/h=0.2, Ch=2.0 and 5=80.0° under the assumption of

b, ns2=180" .
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5.2 &4
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(b) Strouhal number for alternate blade cavitation (c) Phase angle for alternate blade cavitation

Fig.6.4 Destabiiizing roots for the cascade wih Zy=2, C/h=2.0 and =80"
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Fig.6.5 Destabilizing roots for the cascade with Zy=3, C/h=2.0 and =80°
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Fig 6.6 Destabilzing roots for the cascade with Zy=4, C/h=2.0 and 5=80"
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Fig 6.7 Destabilzing roots for the cascade with Zy=5, C/h=2.0 and B=80°
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Fig.6.9 Destabilizing roots of rotating cavitation
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Fig.7.1 Sketch of experimental inducer

Table 7.1 Design parameters of experimental inducer

Number of blades 4
Tip diameter, D; (mm) - 149.8
Inlet tip blade angle,a ) 7.5
Oulet tip blade angle, ( ) 9.0
Hab/tip ratio at inlet 0.25
Hab/tip ratio at outlet 0.53
Solidity at tip 2.97
Tip clearance, (mm) 0.5

Inlet flow coefficient, %o 0.078

Figure7.1& Table7. 112 E NENHE A ¥ 7= —F OB RIR & TERSTET 2R
Y. AV T2 —HOMEIZSUS3I6FBTH 5. Fig.7.1(llRT 4 ¥ F 2 —40-013H-
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308 L U0-50NEH[#HIEZA ¥ 72 —H0-00ERIBEIr LB IMBEICBHETEFRLENY
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Table 7.2 Geometrical dimensions of inducer leading edge

0

0.05

Inducer 0-0 Inducer 0-15 Inducer 0-30 Inducer 0-50
R(mm) aC ) | Sweep Angle, C ) | Sweep Angle,C ) | Sweep Ange, ¢ ) | Sweep Angle,{ )
18.65 | 27.77 0 0 0 0
20.00 | 26.25 0 0 0 0
30.00 | 18.20 0 0.51 1.03 1.71
40.00 | 13.84 0 292 5.85 947
50.00 | 11.16 0 591 11.82 19.70
60.00 9.33 0 9.14 18.28 30.47
70.00 8.02 0 12.50 25.01 4143
74.90 7.50 0 14.18 28.37 47.28
05
O Inducer 0-0
04 | A Inducer 0-15
o ) X O  Inducer 0-30
; % V Inducer 0-50
2
% 03 |-
%
5]
0.1}
0

How coefficient, ¢
Fig.7.2 Performance curve of the inducer 0-0, 0-15, 0-30 and 0-50
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(b) Side view of cavitation tunnel
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(c) Test section for visualization of unsteady cavitation (d) Test section for measurement of performance
and inlet pressure fluctuation

Fig.7.3 Experimental apparatus
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Fig.7.5 Water tank for visualization of cavitation by high speed video camera
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cavitation
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Fig.7.6 Power spectrum of the inlet pressure fluctuations for various static pressure coefficients
in Inducer 0-0 in the case with increasing . N=3750[rpm] (fg=62.50[Hz])
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Fig.7.6 Power spectrum of the inlet pressure fluctuations for various static pressure coefficients
in Inducer 0-0 in the case with increasing o. N=3750[rpm] (f;=62.50[Hz])
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Fig.7.7 Suction performance and a map showing the occurrence regions of
various cavitation in Inducer 0-0 for the case in which cincreases
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Fig.7.8 Oscillation of tip cavity length for y=0.100(¢=0.080)
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Fig.7.9 Experimental cavity length at the tip of inducer 0-0 at ys=0.165(¢=0.060)
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Fig.7.10 Numerical steady cavity length and its stability in the cascade
with equal length blades, Le/h=0.0, C/h=2.97 and f=82.50"
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Fig.7.11 Destabilizing roots for the cavitation the cascade with equal length blades,

Le/h=0.0, C/h=2.97 and =82.50"
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Fig.7.12 Photo of the alternate blade cavitation at y=0.165 and ¢=0.090
in the Inducer0-0 for the case with decreasing o
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Fig.7.13 Comparison of propagation velocity ratio of rotating cavitation
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Fig.7.14 Oscillation of tip cavity length for yg=0.080(¢=0.085)

@ FYEF—var4-—v

C ENEEARY PV ETETHz~ I0HZBE ORERFFTE L THLNSE. F ¥
F—2ard—JIBIALBELOFY T 1 EORBNELE % Fig.7.140b) IR
T. FYETF—Ya v —YIBTRZEHLEOFYET A ORSIEIXKEES Y
¥Fr— avOREREL, REBFYET—Taroxy ¥F 4 EFig7.140@)%
FHEE LD LEET 5.

732 A Fa—H0-15(C&E LS FvET— 3 M

BB IMB S ICBm THLS WRLAA Y72 —H0-15TiE, FrE¥7—
Va v RBRBor REVAP LB EEHE LN S WAID LEIME R 2GE DERE
BPoXvyEF—Ya VREOBEBEICLIA2BEBIVTXFYUVT 1 OBAEFREC
CATFVIYADEL S Z EHSHBEL /2. Figures7.15, 7.16i3F v ¥ 75— 3 V%%
REVEDPOBDEE TEREToLBHEODENEEGDARY PV Fr—t ¥y
¥5—3vary<y 7%, Figs7.17, 7183 F v ¥F— a VREE /NS WEIS S HEM
B TERERTo B AOENEEDARI PV FX—reXFx T —Ta vy
TEIRY.

AV Fa—H0-15TRIF Y EF—2a vy FILRT LA ¥ F2—H00TH
SN0 2IEFHEF ¥ €5 — 3 3 ¥ (Asymmetric cavitatiom;A.C)DEENA LN S,
COFHEF Y ET—Ta Vv TRERDOFYET 1 BRICEEL, #0015 — Vi
EENFHRTH B, FDLHDANRY M ETREBEERERLEE O BEEHSE LT
s, T, EHFYETF -V a VRABLZEBBRETIREI 2EROHE WV

138



E—————/0.025 025
Alternate blade == Cavitation surge
cavitation ‘ 0.0%0
e Alternate blade cavitation
0.050 050
c 050 o
Equal length cavitation ==
Ayg =
0.010
o.mg ~
i | 0=
o 100 200 300 400 500 4]
Frequency, f[Hz] Frequency, f[Hz]
(2) $=0.090, yg=0.060 (b) $=0.085, y5=0.080
Asymmetric cavitation
Asymmetric cavitation = b.025
noes Rotating cavitation -
Cavitation surge Cavitation surge
\ 0.030
Altenate blade Alternate blade cavitation £ 0.040
cavitation oso
Equal length 050 - = oeo
cavitation oo Equal length cavitation /> o
A Ay
0.010 e 0.010 3
0005 = 0.00 A
0= ) L1 i 0.180 ] /0200
0 100 200 300 400 500 [} 100 200 300 400 500
Frequency, f{Hz] Frequency, f[Hz]
(c) $=0.080, yg=0.106 (d) $=0.077, yg=0.115

Fig.7.15 Power spectrum of the inlet pressure fluctuations for various static pressure coefficients
in Inducer 0-15 in the case with decreasing o. N=4000[rpm] (fy=66.67[Hz])
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Fig.7.15 Power spectrum of the inlet pressure fluctuations for various static pressure coefficients
in Inducer 0-15 in the case with decreasing 0. N=4000[rpm] (fp=66.67[Hz])

140



Static pressure coefficient, Vs

0.2

o©
-t

A.C. :Asymmetric cavitation
C.S. : Cavitation surge

R.C. : Rotating cavitation
A.B.C. : Alternate blade cavitation

E.L.C. : Equal length cavitation

A.B.C.
(Cavity is longer
\ On shorter blade) : Surge //

Sen ol

Fopte 2%
-; .:..-"Wo\(n.”-alt‘ﬂsvoﬂoﬁ ®%a o 040 100e% v
. T %

’ ABC.
, .. (Cavity is longer
’ ‘ *** onlonger blade)

v
L e st SR80 B0 geree * @20 14 o 00

1 " . . N !

0.05
Cavitation number, ¢

$=0.060
¢=0.065

$=0.073

0=0.077
$=0.080

-| ¢=0.085

$=0.090
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Fig.7.17 Power spectrum of the inlet pressure fluctuations for various static pressure coefficients
in Inducer 0-15 in the case with increasing ¢. N=4000[rpm] (f=66.67[Hz])
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Fig.7.17 Power spectrum of the inlet pressure fluctuations for various static pressure coefficients
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Fig.7.19 Tip cavity length of asymmetric cavitation wg=0.130, 0=0.040
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(a) Cavity is longer on shorter blade in the case with decreasing o
(ys=0.172, 0=0.062)

(b) Cavity is longer cavity on longer blade in the case with decreasing o
(ys=0.166, 0=0.045)

Fig.7.20 Two types of the alternate blade cavitation.
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Fig.7.23 Destabilizing roots for the cavitation in the cascade with unequal length blades,
Le/h=0.159, Ch=2.97 and =82.50°
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Fig.7.24 Power spectrum of the inlet pressure fluctuations for various static pressure coefficients
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Fig.7.31 Power spectrum of the inlet pressure fluctuations for various static pressure coefficients
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Fig.7.37 Destabilizing roots for the cavitation n the cascade with unequal kength biades,

Le/h=0.530, C/h=2.97 and 3=82.50
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Fig.7.38 Numerical steady cavity length and its stability in the cascade
with unequal length blades, Le/h=0.720, C/h=2.97 and p=82.50
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Fig.7.39 Destabilizing roots for the cavitation in the cascade with unequal length blades,
Le/h=0.720, C/h=2.97 and 3=82.50°

AR IMBEICERTH6S UBRLAA VY TFTa—H0RFEOEFERE LD, £
72Fig 138 lRTEEF Y ET— T a VEBIIH L TUTo LREBTICL VS RA
ZEE— FOREBRBLIT XY ET 1 ROEEIOBRBNMARE 00,1(0,,3) % TNEh
Figs.7.39(a),(b)IZ/RT. INLDAEEE— FOPTHEEIOTFY YT 1 BDOE
By ORBIAEZE001(0,,3)2%180° DF A N—Jx ¥ ABRIDE— FH%1.55=020=1.85
TAHALNS., ZDE—FRIZDOEEDEBAARZEG),1(0,,3)2%180° TO,,4213180° T
HHZEHPL0EHLIZBHODEIIFY YT 4’?3“@1‘5'6‘%‘2?)3 L, 2&BL3BZBHOED
Fry YT 4 5FEME, ODFEEL2)FEDOF YT 4 PFNETEHTHE—-FTH
5., ZOE—FEI2FENEVEHAVITIEAVEDXFYET A B FNFNTHEX ¥
EFr—2arDFEXYETADONRT—UABITTEE—F2EKRTS. 20MDE—
F, €= FOI~VOID* ¥ Y7 4 ROELEOEMMAAE ZoRolC LV E/RTS. 2D
2 HE- FORZEDEEBEOKREEPLERIBITIAF v EF— ¥ a ¥ — It
T530LEZLNDE. BEOEEAF Y ETF—Y a VICHIBTAE— FCTH B E—
FIL3/{ oo/, 72, E— FIV~VIIIH LT A EENIERTREE S L

173



»rolz.

FAN—T 2V ABOE-FIEBLTCREHNEfTo TR ONAERERS
Fig.7.38ICfCL L T& 5. Figure7 38FDEA(@)B L UVE=AMIFLELEEF Y Y
T—aryThb. oRaF10P 626 NBLTHIHENEVEDEVWFYET 1 LA
WEOEWF Y ET 4 BEEEZRITS. FLTRVEDF Y ¥T 1 ORSPERTH
PHAT— bETOEBEDB X #65%(0.65LO)ICEMF L B#ICKET 5. —F, &
VWEDXFYETAEHANTS. ZOFYET A OREBRBIIERICLIZBER LK
T35,

DEDXHITA YT 2a—H0-501CHLT RIS LTITo 7-BITERLY DE
Mz BIMB EICERTH6S W LAEFNIN L TT o BT RSEBRERIC
v, ZOA—BOERE LT, EEORNGIBRILTH S Z &I L T2RTHE
MET>TVAEFETONEY, FLVWERIZOWTIIRAZHDSL I3z o Tw
B, AR CEAB LB IMBE ICUBRLZBIICELA2FYET 1D
BEERL L URHBUBREOERMLIHE I F YT A DRRARDOER L Vo 2E
HHLEEIIL EORERPOTHIRIONEDDEERI TS,

7.3.6 HRABUIRBORE

AV TFa2a—H0-0NEERICL-oTHLNAF Y ET - a2y F(Fig 7T.DITRE
NBREE* Y €5 — ¥ s VOREBRIENZEORTHILI2L Y 4 V72 —F0-
150%F ¥ €7 —3 3 < v 7 (Figs.7.1671.18) TA LN B EEIF ¥* ¥ 57— a v O 4
BOXHIHNTHI Ll bhol:. T-BEHEEH30° BIUKS IR LA
Y72 —H030BLUA Y F2—F0-50TEHERF Y ¥ T —Ta VIIREL I L
PHBELA. CCTHREBINCIVELALERFYET - a v 2R TE— F(
T- FIDDEREEL EERICE VB ORI F Y €7 — ¥ 3 Y ORBEE
Hekg* % # N EFNFigs.7.40(a), O)ICRT. OB R TALNAERF Y YT —
T avOREBRIERBERLERT22VEVDY, CHREEROEIIREETDH
5. T720R0DBL IHENEEREELFBDT S5 LV H)EMmITETICE DR CIRL
BTV 5. Fig.7.40(a)ilB V> THIFZIBR & Le/h%0, 0.159, 0.318, 0.530& ¥

174



0 =
= Le/h=0.0,0/2a=2.79 ]
S Le/=0.159,0/20=2.65 —» o Lem=00 = O Inducer0-0
> Le/Mh=0.318,0/2a=2.40 A Leh=0.159 = A Inducer-15
E Le/h=0.530,020=2.19 —=| &n=0. 8
3 15 e 0O Leh=0.318 ® 15}
= ¢ Leh=0.530 c
S g
g S
© & 1 i ] o
o 1% g 1
g 0 1 2 3 4 a 0 0.5 1
o2a ol2a
(a) Numerical results (b) Experimental results

Fig.7.40 Propagation velocity ratio of rotating cavitation
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Fig.7.41 Reduced frequency of cavitation surge
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