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MOJAEJIUPOBAHHME JIBUKEHHA ...

VIIK 627.8.04

MOIEJIMPOBAHUE JIBUKXEHUSA KABEPH, IIPUBOJIALINX
K IYJIbCAIIMHU TIOTOKA

becumos ¥. H., Xyoaiikynoe C.U., Axwmuobaes /[.C.

['maporexXHUK Ty3miIMa XaBOCH3IMKKA acOCHUU Xa€THi TaxIuajapaaH Oupu
KaBUTAIUS Ba OKUM ITyJICAIIASsIIAHUIITN XUCOOMaHaau. ACOCU Macaianapaan onpu
TUAPABIVK Ty3WIMAJapHU yJIapHUHT TeOpaHWIn XaBpumaH, SHbHA OKUMHHU
MyJCalUsJIaHUII Ba KaBUTAIUSAAAH XUMOS KUIUIIIUP. OKUMHUHT KaBUTALUACH —
Oy FopJapHUHT Takugo Oynumm Oynub, OyTyH OKUM YUYyH XaKUKUH XaB(
TyFaupanad. Ymly Makojiajja KaBUTalMsra anjgaHaJuraH FOPJIAPHUHT Keauo
YUKW Ba MIAKIUIAHUIIA YpraHuwiaau. XaKUKUW OKUMIIapja SXIIH MabIyMKH,
PUBOXJIAHTaH OYIUIMKHUHT CHUPTH CYIOKJIWKHUHT OFUPJIUTH, Fopja KYTapHiil
KYYMHUHT  MaBXYJIMTH, FOp Ba JIyMaJOK IIAKIWHUHT  (papKJIaHMIIH,
uHTEepPENUCTAPHUHT MaBXYIJIUTH, KalWwuigp KyWIapHUHT TabCUPH, Fopiap
arpodugard OKMMJIAPHUHT MaxCyCc XOJUlapd Ba OOIIKAa IMApOUTIAp TabCUPH
Tyaiau Oy3uiaau.

Taanu ubopanap: KNHEMATUK X0JIaT, IMHAMUK X0JIaT, OYILIUK, nedopmarius,
O0ocrM TacaluWIM, XapaKaTIaHyBYM TU3MMHHUHT MapKasd, HO3WK Yy3yHJIHKIIAP,
KBaJIpaTUK SIKWHIUKIIAP, KOJJIEKTOp, MaHOA, HHEKTOP, Ty3 CYBHHHMHT TapKAJIHIIIH,
KOMIIOHEHTIAp, CyB udnocnanuiu, nuddysusi, aHamuTuk hopmyranap.

In hydraulic structures, one of the main real threats to safety is cavitation and
flow pulsation. One of the main issues is the preservation of hydraulic structures
from the threat of vibration of hydraulic structures, the appearance of which is flow
pulsations and cavitation. Cavitation of the flow occurs the emergence of caverns
and is a real threat to the entire flow. In this article discussed the origin and
formation of cavities growing into cavitation. As is well known in real currents, the
surface of a developed cavity is deformed due to the action of such factors as fluid
weight, the presence of lifting force on the cavitator, the difference between the
shape of the cavitator and the circular, the presence of interfaces, the effect of
capillary forces, special cases of flow around the cavitator and other conditions.
There is a fairly wide class of axisymmetric and close flows, which can be studied
theoretically quite fully using the methods of hydrodynamic features and integral
equations, the methods of the theory of small perturbations and the fundamentals
of hydrodynamics of thin bodies. Such, for example, are developed cavitation
flows of ideal weightless and significant liquids arising behind cavity-forming
bodies, the breakdown sections of which are circular or close to circular. When
considering these problems, one can obtain sufficiently reliable theoretical results
that allow one to more fully reveal the laws of behavior of the free boundaries of
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flows. From observations and numerical experiments, it is known that, under the
influence of various perturbing factors, the initially axisymmetric cavity is
flattened, and its cross sections become oval-shaped.

Keywords: Kinematic condition, dynamic condition, cavity, deformation,
pressure drop, center of the moving system, thin elongated cavities, quadratic
approximations.

B ruapoTeXxHUYEeCKUX COOPYKEHUSX OJHUM W3 OCHOBHBIX PEabHBIX YIpo3
0€30MacHOCTH SIBJSETCS KaBUTAIMs U IyJbcanus NmoTtoka. OJHUM U3 OCHOBHBIX
BOIIPOCOB  SIBJISIETCSI COXPAHECHHSI THUIPOTEXHHUUYECKUX COOPYKCHHH OT YTrpo3
BUOpAITUU THAPOCOOPYKEHUH, TTOSIBIICHUS KOTOPBIN SBISICTCS MyIbCAIlUN TTOTOKA U
KapuTarus. KaButamusi moToka MPOWCXOAUTH W3- TIOSBICHUS KaBEPH W SBISETCS
peaIbHOM YyIrpO30M BCErO MOTOKA. JIJaHHOW CTaThe paccMaTpPUBACTCS 3aAPOKICHUS U
dbopMHupoOBaHUS KaBEPH MepepacTaronieii B kapuTaruio. Kak u3BeCTHO B peallbHBIX
TEUCHHSIX TIOBEPXHOCTh Pa3BUTON KaBEPHBI ePOpMUPYETCS U3-3a TCUCTBUS TaKUX
(bakTopoB, KaKk BECOMOCTb >KUJKOCTH, HAIMYKE MOABEMHON CUJIBI Ha KaBUTATOPE,
omune (HOpMbl KaBUTATOpa OT KPYTroBOW, HAJIMYME TPAHUIl pas3jielia, BIHUSHHUE
KaIllWJUSIPHBIX CHJI, 0COOBIE CITydan OOTEKaHUsI KaBUTATOpa U JIPYTUE YCIOBUSL.

Knroueevle cnoea. KuHEMaTHYeCKOE YCIOBUE, IUHAMMYECKOE YCJIOBHE,
KaBepHa, fAedopmaiivs, nepenaj JaBieHus], IIEHTP MOABUKHON CHUCTEMbl, TOHKHE
BBITSHYTHIC KaBEpPHbI, KBaJpaTU4YHbIE TPUOIKEHUS, KOJUIEKTOpP, HWCTOYHUK,
uHXKeKTOp, auddy3us coiaeHorl Boabl, AUGGY3Uss B KHUAKOCTb, KOMIIOHEHT,
3arpsizHeHust BoJ, Auddy3usi, ananutuyeckas popmyina.

| BBEJIEHUE

CymiecTByeT JOBOJIBHO MIUPOKHUM KJIACC OCECUMMETPUYHBIX U OJM3KUX K HUM
TEUEHUU, KOTOPhIC JOCTATOYHO TMOJHO MOXHO HCCIEN0BAaTh TEOPETUYECKH,
NPUMEHSIST METOABl THAPOAWHAMHYECKMX OCOOEHHOCTEHM ¢ HHTErpalbHBIX
ypaBHEHUM, METO/Ibl TEOPUM MAaJIbIX BO3MYIICHHWM M OCHOBBI TUAPOAWHAMHUKH
TOHKUX TeJl. TakuMu SIBISIOTCS, HallpUMEpP, Pa3BUTHIC KABUTAI[MOHHBIC TECUCHUS
WJcaJIbHOM  HEBECOMOM M  BECOMOM  JKMJIKOCTSHM, BO3HHUKaIOIIME  3a
KaBEPHOOOPA3YIOIUMH TEJIaMH, CEYCHHS CpbhIBa Y KOTOPBIX KpPYTOBBIE WIIH
Onmu3kue K KpyroBbiM. Ilpm paccMOTpeHHMH OTHX 3a1a4 MOXKHO ITOJYYHUTH
JIOCTaTOYHO HAJCKHBIE TEOPETUUECKUE PE3YJIBTAThI, MO3BOJISIIOIIME 00Jiee MOTHO
BBISIBUTh 3aKOHOMEPHOCTH MOBEICHUSI CBOOOIHBIX TPAHUI] TCUCHUM.

I OCHOBHAS YACTD

B peanbHBIX T€UEHUSX MOBEPXHOCTh PA3BUTOMN KaBEpHBI AeHOPMHUPYETCS HU3-
3a JeUCTBUS TakuX (PAKTOPOB, KAK BECOMOCTb JKUAKOCTH, HAJIMYUE TMOAbEMHOU
CHJIbI Ha KaBUTATOpE, OTIINYMe (POPMBI KaBUTATOpPA OT KPYyroBOM, HaJTMUKUE TPaHUI]
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pasaciia, BIUAHUC KAITUWIIAPHBIX CHII, ocoObIe ClIydaun 00TeKaHMS KaBUTAaTOpa U ap.
HpI/I MaJIbIX YHCJIaX KaBHUTAIIMHW TOHKadA KaBCpHA, CO3AdHHAA ITPOU3BOJIbHO

*
OPMEHTUPOBAHHBIM  OTHOCUTEJIBLHO ckopocTH YV,  KaBuTaropoMm, Oymer

HECHUMMETPHYHOM, JJIS MOTEHIIMAa BO3MYIIEHHBIX CKOPOCTEH (P 3TOro TeueHUs
MOXKHO HCIIOJIb30BaTh ACUMIITOTHYECKOE BhIpakeHHUE [3,6]

@ =b, +a,In r+Z(a—gcosn0+a—gsin n&j (1)
r r

n=1

KEDKI[OG cjlaracMoc O9TOIr0 BBIPpAXKCHHUA ABJICTCA YaCTHBIM PCHICHHCM

JIBYyXMepHOro ypaBHeHus Jlamnaca B miockoctu X = CONst. Koadduuuentsr 4, u

bn apnstorca gynkuuamu X u U u MoryT OwITh omnpeneneHsl M3 TpaHMYHBIX

yCIoBHii B IIockocth X =CONSt. Koaddumuenr bo B JAHHOM 3ajade

HECYIIECTBEH.
Tak kak U3 (QU3NUYECKUX COOOpaKEHUH CIEIyeT, YTO BO3MYIIEHHAs TO-
BEpXHOCTh KABEPHBI HENpepbIBHA, TO HeCUMMETpHuHylo nedopmanmio &(t,X,0)

rpaHull MEPBOHAYAJIBbHO OCECUMMETPUYHON KaBEepHBI B OOIEM CIydae MOXKHO
MpEeACTaBUTH cXoaIuMcs psigoM Dypre 1o OKpY>KHON KOOpUHATE:

E=¢, +i(§n cosné@+n, sin nd) ()

n=1

3nech 50- 0CECHMMETPHYHOE pACIINpeHHe KaBepHBL, & U 1];- TepeMe-
IICHUE TOTNEePEUYHBIX ceueHuil 0e3 nedopmaru (GopMbl B BEPTUKAIBHOW K

TOPU30HTAIBHOM TIOCKOCTSIX; oo m 1, - neopmanusi camoit (hOpMbl KaBEPHBI.

A 3 » i

D

Puc 11lpodunt xapepHu ¥ 2 DoNepedHOE CEUEHHE

Kak yxe ymnoMuHamoch, Ha >KMAKAX TpaHUIAX CIHPABEAJIMBO YCIOBUE
HEMPOHUIIAEMOCTH (KMHEMAaTU4YeCKoe), KOTOpPOE CBSI3bIBA€T MOTEHIIMAT BO3-

mymieHHoro teuenus P wm nmedopmanmro kaBepHel &. Mcmomb3ys IMHEHHYIO
dbopMy KMHEMaTHYECKOTO YCIIOBHUS , MOJCTABIIIEM B HETO BBIpaXXEHHE UIA ¢ U3

(1), - m (2) 1 npubNMKEHHOE BBIpAXKEHHE ISl MOTEHIIMAJIa OCECUMMETPUYHON
KaBEpPHBI
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®,=R,R,Inr.
[Tosly4aeM COOTHOIIEHUS, ONpPEAEIAIOMUe KOdPPUIUEHTH BO3MYIIEHHOIO
notennmana &, u D, uepes xosddumments psna Pypre GyHKIHH S :

(8 =4, +RE ©
0
1 . L&
a, =——RJ"™ & +R, 2™
n n 0 gn 0RO

1 . 5 77
b, =—=R™| 75, +R, =
n n 0 (nn 0 Roj

BripakeHue /Ui MOTEHIIMAIa HECUMMETPUYHOTO TEUEHHSI TeTeph 3aluIIeTcs
B BUJIE
Q= Ro(éo +R, %jln r—
e | @
-) = (gn+R0R—"Jcosn0+(ﬁn+Rog—”jsin no

n1 NF 0 0

HeusBectueie koadduimenTs a,y,a,,b,, onpeaensroTcs Opu MOMOIIM JIU-
HaMH4YECKOro ycioBus. Onpenenum BCe CllaraéMble JUHAMHYECKOTO YCIOBUSA U
MOJICTaBUM WX B BBIPAXKEHUSI TUHAMHAYECKOTO yclIoBUA. CrpynImupoBaB ClaracMbie
C OJIMHAKOBBIMU MHOXKHTENIsIMH COSNO u SN N u IIpUPABHSIB UX CYMMBI HYIIIO,
MOJIy4YUM OCCKOHEUHYIO0 HEJMHEHHYI0 cuctemy auddepeHnaNbHbIX YpaBHEHUN
BTOPOTO TMOPSAKA I OmpeaeiaeHus: KodOPUIMEHTOB BO3MYIICHUS Cfn u 7,
Kaxxnoe 3 ypaBHEHUN CUCTEMBI COJIEPKUT OECKOHEUHOE YUCIIO HEM3BECTHBIX &,
U 77,, @ WIEHbl ypaBHEHUH, MPEACTABISIONIME COOOM pa3IMYHbIe KOMOWHAIIUU

TUX HEU3BECTHBIX U WX TMPOU3BOAHBIX, MMEIOT Pa3HBIM MOPSAOK MAaJIOCTH.
YOopocTuM  TOMyYEHHYIO CHUCTEMY YpPaBHEHHMU, BBeAS  JOMOJIHUTENIbHbBIE
MPEIONIOKEHHS U BHIIIOJIHHUB OLIEHKY YWICHOB YPABHEHUH.

[TapameTp & ObLT BBEACH paHee ISl ONpPEAESICeHUs MaJOCTH XapaKTEpHOIO
(OCHOBHOTO) BO3MYIIEHHS IO OTHOILIEHHIO K PaINyCy OCECUMMETPUUHON KaBEPHBI

5 zRi [IpeanonoxuM, 4YTO OCHOBHBIMH (OpMamMu BO3MYIICHHI KaBEpHBI
0

SIBISIIOTCS. BEIMYMHBL &1 U 7]y, (MCKpHUBJIEHHE OCU KaBEPHbI B BEPTUKAJIBLHOU U

TOPU30HTAIBHOM IIJIOCKOCTSAX) H 52, 77,, (mepBble YIEHBI ClIara€MbIX,

XapakTepusyomux aedopMalnio caMoil (opMbl KaBEpHbI), a BCE OCTAJIbHbIC
BO3MYIICHUS] —BEJIMYMHBI 0OJiee BBICOKOTO TOPSAIKA MAJIOCTU. DKCHEPUMEHTHI
MOKAa3bIBAIOT: €CJIM BJOJIb TPAHUI] KaBEpHbI HE OOpa3ylOTCsl BOJHBI OONBIION

AMIUIUTY/Ibl, BEJIMYMHBI UCKPUBJIECHUSA OCHU 51 u 7,, OyayT CyIIECTBEHHO OOJIbIIIE
npyrux ¢opMm Bo3MyIlleHUNA. M3 HAOMIOMEHWIA W YHCICHHBIX JKCIIEPUMEHTOB
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U3BECTHO, YTO TOJ JEHCTBUEM pPa3JUYHbIX BO3MYILAOIIUX  (HAKTOPOB
NepBOHAYAIbHO OCECMMMETpPUYHAs KaBEpHA CIUIIONIMBAETCSA, a €€ IOoNepeyHbIe
cedeHusi npuobpeTraroT oBanooOpazHyro Qopmy. IlockonbKky OCHOBHOHM BKJaj B

onmcanne QOpPMBI OBaNa BHOCAT BTOpHIC uieHBl paxa Dypse &, U 7],, TO HX
MOXKHO CYHMTaTh TakKe OCHOBHOM Qopmoit nedopmanuu. [losTomy B cucreme

ypaBHEHMI cjaraeMble BHjIa fnfk (n,k>2) MO)XKHO OTOPOCHTB, a CllaraeMsbie

§1§k 151 fgé:k COXPAaHHUTD. 910 IMPCAITOJIOKCHUC IIO3BOJIICT CYIICCTBCHHO

) n
YOPOCTUTh CUCTEMY YPaBHEHUIl; €CJIM JK€ IPEHEOpEeUb U cllaraeMbIMH MOPSAKA R
0

CPaBHEHHU C E€AWHMIICH, TO CHCTEMa HETUHEHHBIX AuddepeHInaIbHbIX
ypaBHeHHﬁ MMEET CIIEAYIOINNA BUA:

: 1.0 . 2 .
Efoz ) R, + t(RO§O)+E(§f 2+ E 12 )+Ap, U, =0 (5)
1 dl&R2) n-1. - . . .
( ; O) R 06n + gl(gn =) §n+1)_771(77n71 +77n+1)_§2§n+2 -
nR, dt
_77277n+2 _Un _Apn =0
1 d('nRg) n-1s
nR, dt
~1,¢0, U, = AP, =0,(n=12,...)
IIpy n=1 B ypaBHEHUSX CJIEAYET OIYCTUTh CJIAra€MbIE C WMHIEKCOM HYIIb.
Benanuuner U,,U, u Ap,,Ap, SBIAOTCS KOI(DDUIMCHTaAMU Pa3joKEHUS B Pl

Ro77, + é(ﬂn ] ﬁn+1)+ﬁ1(§n—l +§n+l)_£2ﬁn+2 +

®dypre dhyHkmit U 1 Ap:
U

i[un cosnd+U, sin nd|
=0

n

Zw:[Apn cosné + Ap, sin né]
n=0

Cuctema ypaBHeHud (5) JO/DKHA OBITH  JOMOJHEHAa KOHKPETHBIMH
HaYaJIbHBIMU  YCIIOBHSAMHU JUISL  (DYyHKIIHIA E..M, u ux Npou3BOIHBIX. Eciu

paccMarpruBaTb BO3MYIICHHOC KaBHUTALIMOHHOC TCYCHHUC, IAromIce CHMMeTpHCﬁ
OTHOCHUTCIIBHO BCpTHKaHBHOﬁ IINIOCKOCTH yOz, TO cuUCTEMA HEJIMHEHHBIX

muddepeHnnanbHbIX ypaBHEHUH (5) B 3TOM CJIy4ae YIpOIIAETCI U UMEET BUL

d (":ZOR )|n R, +_(R 50) (5'12+§22)+Ap0+U0=0 (6)

dt
1 d( n o) n— 1 ) o
+ — -
nRO dt n g gl( n-1 gnﬂ) §2§n+2
_Un — Apn = O
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(n=12,..)/Cuctema ypaBHeHuil Buaa (6) HCHONB3YeTCS MPU HCCIEIOBAHUM

KaBUTAIIMOHHBIX TCUCHHM 3a KaBUTaTOpaMU JIUIMNTHYECKOM (POpMBI B BECOMOM
)kuakoctu [1,2, 4,5].

111 SBAKJIFOYEHUE
1. I3 HaOmiofieHuii U YMCIEHHBIX SKCIIEPUMEHTOB U3BECTHO, YTO MOJ JCHCTBUEM
Pa3TUYHBIX BO3MYIIAIONTUX (PaKTOPOB MEPBOHAYAIHHO OCECUMMETPUIHAS KaBepHA
CILTIOIIIMBAETCS, a €€ IMOIMEePEUHbIE CEUCHHUSI MPUOOPETAIOT 0 BATIOOOpa3HYIO hopMy.
2. [lomyyena cuctemMa HEIUHEWHBIX IU(PEpeHITNANPHBIX YpPaBHCHUHA IS
WCCJICIOBAaHNY KaBUTAITMOHHBIX TCUCHUHN 32 KABUTATOPAMU AJUTUTITUYECKON (POPMBI
B BECOMOM JKUJIKOCTH.
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