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PaccmarpuBaetcs 3amada o CBOOOJHBIX KoJIeOaHMSIX HIEaTbHOH HEC)KMMAeMOH JKHIKOCTH B KOAKCHAIBHBIX 000JI0YKax
BpameHus. llpenmonaraercsi, 4To MABIDKEHHE >KHUAKOCTH SBISIETCS O€3BHXPEBBHIM. OTO IO3BOJISIET BBECTH IOTCHIHAI
ckopocteid. OTHOCUTENIFHO MOTEHIHaa CKOpocTel chopMyIHpoBaHa KpaeBas 3a1ada, KOTopas Janee CBOAUTCS K mpobiieme
COOCTBEHHBIX 3Ha4YeHHH. [ pemenus KpaeBoi 3aqa4um Juisl ypaBHeHUs Jlamiaca IprMeHeH METOJ TPaHHYHBIX JIEMEHTOB B
npsmMoit hopMynupoBke. [lodyueHHOE CHHTYISIpHOE YpaBHEHHE pelaeTcs METOAOM AHUCKPETHBIX ocobeHHocTed. Obnactb
MHTETPUPOBAHUS COJEPKUT CBOOOIHYIO ITOBEPXHOCTD JKUIKOCTH, KOTOpasi B CIydae KOAKCHAIBHBIX 000JI0YEK MPENCTaBISIET
coboii kobno. [IpoBeneHo YHCIIeHHOE MCCIIeIOBAaHUE, TTO3BOJIMBIIEE ONPEACIIUTE YaCTOTHl M (JOPMBI IJIECKaHMUIT )KUIKOCTH B
00010YKax MPHU Pa3HBIX OTHOLIEHHUAX PAJANYCOB BHYTPEHHEH M BHEIIHEH HITMHAPHIESCKIX KOAKCHATBHBIX 000I0YeK.

Knwueesvle cnoea: cuneynaproe unmezpanibHoe YpAGHEHUe, YUCIEHHOe peuleHue, KOAKCUATbHble 000N0YKU, WNIECKAHU
orcuokocmu, c80000HbIE KOIeOAHUA

PosrnsHyTO 3amady mpo BUIBHI KOJMBAaHHSA 1l€abHOI HECTHCIMBOI DPIIMHM B KOAKCiaJbHUX OOOJOHKAaxX OOepTaHHS.
BBaxkaeThes, 10 PyX PIMHU € OE3BUXPOBUM, L0 JO3BOJISIE BBECTH MOTEHIIA MIBUAKOCTEH. B 3a3HaueHHX yMOBaxX MOTEHIIiaN
MIBUIKOCTEH 3a70BONbHAE piBHAHHIO Jlammaca. ['panmuHi ymMoBH copMyIpOBaHO Ha 3MOYEHHX IMOBEPXHIX OOOJIOHKOBOT
CHCTEMH Ta Ha BINBHIM IMOBEPXHi piAMHM. YMOBa HENpPOTIKaHHS Mae€ BHKOHYBAaTHCh Ha 3MOUYEHHX MOBepXHAX. Ha BinbpHIiH
MOBEPXHi 3aCTOCOBYEMO JUHAMIUHY Ta KIHEMAaTHYHY FPAaHUYHI YMOBH. J[MHAMiYHA rpaHWYHA YMOBA MOJISITa€e B PIBHOCTI THCKY
pimvHM Ha BiNBHIM moBepxHi aTMochepHOMy THCKy. KiHemaTH4yHa rpaHM4Ha yMoBa MOTpe0ye BHKOHAHHS PIBHOCTI HYJIIO
MOBHOT MOXi/HOT 32 yacoM Bix (yHKIT, 10 onucye piBeHb MiAHOMY BUIBHOI MMOBEPXHI B KOXKHMH MOMEHT 4Yacy. BimHocHO
MOTEHIiany MIBUAKOCTeH c(hOpPMYIbOBaHO KpaioBY 3aiady, SKy JAali 3BEJEHO 10 NPOoOJeMH BIACHUX 3Ha4eHb. J[is
PO3B’s13aHHS KpaifoBoi 3amayi 11 piBHAHHS Jlamaca 3acTocoBaHWi METO] TPAHUYHUX €JIEMEHTIB B MIPSIMOMY (hOPMYITIOBaHHI.
Ocecumerprudnaa (popma 000JIOHOK 0OepTaHHS IO3BOJISE 3BECTH OTPUMAHY IPH I[bOMY CHCTEMY CHHTYISIPHUX IHTETPAIbHHUX
PIBHSHD 10 OJHOBHMIPHHX DIBHSHbB. SIpa CHHTYISPHUX ONEpaTopiB B IUX PIBHAHHSIX 300pakeHi y TepMiHAX EIMNTHIHUX
IHTETpaliB MEepIIOr0 Ta OPYroro poay Ta MAroTh Jorapumiddi ocoOmuBocTi. Po3pobieHo crnemianpHy mpoueaypy s
e(eKTHBHOTO OOYMCIIeHHS Takux iHTerpaniB. OTpUMaHe CHHTYISIpHE pIBHSHHSA pPO3B’S3aHO METOJOM JUCKPETHHX
ocobnmBocTeld. OOMacTh IHTErpYBaHHS MICTUTH BiJIbHY HMOBEPXHIO PiIUHM, SKa B pa3i KOAKCiaJbHHX OOOJOHOK Ma€ BUIIIS
KinbIsl. TakuM YHMHOM, BCTQHOBJICHO MOXJIMBICTH BHKOPUCTaHHS METONY TPaHMYHUX IHTErpalbHHUX PIiBHSHb CYMICHO 3
METOJIOM AUCKPETHUX OCOOJIMBOCTEH JUTs pO3B’SI3aHHS CHHIYJISIPHUX IHTETPAIbHUX PIBHSHB 3 HE3B sI3HOIO Mexkelo. [IpoBeneHo
YHUCIIOBE JOCHIPKEHHS, SIKE 1aj0 MOXKJIMBICTh BU3HAYUTH YaCTOTH 1 (GOpMH TUIECKaHb PiMHU B 00OJIOHKOBHX CHCTEMax IpH
PI3HUX BiITHOIIEHHSX pajiyciB BHYTPIITHBOI i 30BHINTHBOT HMITIHAPHYHHUX KOAKCiadbHUX 00070HOK. OTprMaHi popMu BIacHUX
KOJIMBAHb PiJJTHA MOKHA 3aCTOCOBYBATH AK 0a3ucHI QyHKIIi IpW BUBYCHHI BUMYIIICHUX KOJMBAHb PIAWHU B Pe3epByapax.

Knrwwuoei cnosa: cuneynapue inmeepanvhe pieHAHHA, YUCETbHUL PO36 30K, KOAKCIANbHI 000IOHKU, NIECKAHHA PIOUHU, GLIbHI
KONUBAHHSL.

The paper deals with the problem of free vibrations of an ideal incompressible fluid in coaxial shells of revolution. It is
assumed that the motion of the fluid is irrotational that allows us to introduce the velocity potential. In these suppositions the
potential is satisfied to Laplace equation. The boundary conditions are formulated on the wetted surfaces of the shells and on
the free liquid surface. The non-penetration conditions are applied to the wetted surfaces. On the free surface we consider
dynamical and kinematical boundary conditions. The dynamical condition consists in equality of the liquid pressure on the free
surface to the atmospheric one. The kinematic condition requires that total time derivative of the free surface elevation will be
equal to zero at any instant. Regarding the potential of velocities, a boundary value problem is formulated that is further
reduced to the eigenvalue problem. To solve the boundary value problem for the Laplace equation, the boundary element
method is used in a direct formulation. The axial symmetric form of the shells allows us to reduce the obtained system of
singular equations to one-dimensional equations. The kernels in singular operators of obtained integral equations are expressed
on terms of elliptical integrals of the first and second kinds, and have the logarithmic singularities. The special numerical
technique is elaborated to treat with such kind integral equations. The resulting one-dimensional singular equation is solved by
the method of discrete singularities. The integration region contains the free surface of the fluid that in the case of coaxial
shells is a ring. So, the possibility of using the boundary integral equation approach coupled with application of the discrete
singularities method is established to solution of the singular integral equation with incoherent boundaries. A numerical study
has been carried out that made it possible to determine the frequencies and modes of the liquid sloshing in the shells for
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different ratios of the inner and outer radii of cylindrical coaxial shells. The obtained modes of natural vibrations will be used
for numerical simulation of forced liquid vibrations in the tanks and reservoirs.

Key words: singular integral equations, numerical solution, coaxial shells, splashing fluid, free vibrations.

1. Beryn

KoakcuanbHble 000JI0YKH BpallleHUs, YaCTUYHO 3arOJHEHHBIE KUAKOCTHIO, ITMPOKO UCIIOIB3YIOTCS
KaKk KOHCTPYKTHBHBIC OJJIEMEHTHI B Ppas3iIHYHBIX HWHKEHEPHBIX MPWIOKCHUSX, HANpUMep, B
HEe(PTEeXVUMUYECKOM W aTOMHOW NpoMbINUIeHHOCTH. CHCTeMBI TpPYOONPOBOJOB TaKKE MOTYT
MOJICITUPOBATECS KOAKCHATBHBIMH O0OJOYKAMH, MEXJY KOTOPBIMH JBYIKETCS JKUAKOCTH [1-3].
[lpumeHeHne aHaTUTUYECKUX METOAOB IJISl M3y4YEHHs BUOpAIMH TaKUX CUCTEM BO3MOXKHO JIUIIb IS
CPaBHUTEIBHO HEOONBLIOTO KJIacca KOaKCHaJbHBIX 0Oomouek. [losToMy MHOrme mpoOiieMbl pacueTa
yactoT ¥ (opM KoneOaHWH KHUIKOCTH B KOAKCHAIBHBIX OO0OJIOUKAX OCTAIOTCS HEPEIICHHBIMU W
TpeOyIOT pa3BUTHS COBPEMEHHBIX 3(D(hEeKTHBHBIX YHCICHHBIX METOAOB. B manHOW paboTe mis pacuera
4acTOT U (hOpM CBOOOIHBIX KOJEOAHUH JKUIAKOCTH B JKECTKUX KOAKCHAIBHBIX 000JIOYKAX BpAIICHUS
NPUMEHEH METOJI TPaHW4YHBIX 5JeMEHTOB. Hamu ucrmons30BaHbl pa3pabOTaHHBIC paHEe METOJbI
pEILICHHS CHHTYSPHBIX WHTETPATbHBIX YPABHEHUH, BOZHUKAIOIIKE B 3a1a4aX O KOJCOAHUAX 000JIOUEK,
YaCTHYHO 3allOTHEHHBIX XHUAKOCTHIO [4-6]. B [4] m3ydeHpl cBOOOMHBIC M BBIHYXICHHBIE KOJCOAHWIS
yOpyrux O0OJOYEeK BpaIleHWsl C JKUAKOCTHIO; B [5] paccMoTpeH ciydail AefcTBHS CEHCMHYECKOM
Harpy3kd; B [6] paccMOTpeHBl OONbIIME aMIUIMTYIbl BHEIIHErO BO3ICHCTBHS, YTO IPHUBEIO K
MOSIBIICHUIO XAaOTHYECKOTO XapakTepa koneOanuil. Llempio manHO# paboThl siBIseTcs 0000IIeHHE
METO/IOB TPAaHWUYHBIX HHTErPAIbHBIX YPaBHEHWH W JUCKPETHBIX OCOOCHHOCTEH MJISl ONpEIeIICHUs
4acToT ¥ (hOpM CBOOOITHBIX KOJICOAHUH KHUIKOCTH B JKECTKUX KOAKCHAJIBHBIX 000JIOUKaX.

2. O01as NoCTAaHOBKA 3a/1a4U
PaccmaTtpuBaroTcs 1Be KOaKCHANbHBIE jKecTKHe 000ouku. O0JacTe Mexay OO0OI0YKaMH MOXKET
OBITH MOJTHOCTHIO WM YaCTUYHO 3aI0JTHEHA MACATEHON HEC)KUMAaeMOH XUIKOCTHIO, puc.2.1.

Puc. 2.1. Koakcuanvnvle 0060104k, codeparcawue HeUOKOCMb

TpeOyercss HaliTh 4YacTOTHl W (OPMBI KOJEOAHWH KUIKOCTH, 3arONHSIOMEH 007acTh MEXAy
obosoukamu. [Ipearnonaraercs, 4To NBMKEHHUE )KUIKOCTH O€3BUXpeBOe. B 3THX yCIOBHSIX CYIIECTBYET
MOTCHITMA cKopocTed @, yHIOBIETBOPSIONINI BCIOMYy BHYTPH OOJIACTH, 3aHATOH KUAKOCTHIO,
ypaBHenuto Jlamnaca. JlaBieHHe KUAKOCTH P HAa CMOYCHHBIE TTOBEPXHOCTH O0OJIOUEYHOW CHCTEMBI

OMpPEACIACTCA U3 JIMHCAPNU30BAHHOT O MHTCTpaIa BCpHyJ'IJ'II/I
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31eck ¢ - yCKOpEHHE CBOOOTHOIO MAaJeHUs, P, -IUIOTHOCTb >KUAKOCTH, [,- aTMOC(HEpPHOE NaBICHHE.

Jua pemenus ypaBHeHus Jlammaca 3amaguM KpaeBble yciaoBusa. Ha CMOYEHHBIX IIOBEPXHOCTAX
KOAKCHAJIbHBIX 0007104eK S;,S, NOTpeOyeM BBHINOIHEHHS YCIOBHS HENPOTEKAHUS
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Ha cBoOomHON moBepXHOCTH S, 3aAaguM KHHEMAaTHYeCKOe U IUHAMHUYECKOE YCIIOBHUS.

JuHamMuueckoe yCIOBHE COCTOMT B PaBEHCTBE IaBICHHS >KUAKOCTH Ha CBOOOTHOH IMOBEPXHOCTH
aTMoc(epHOMY JABIECHHIO P,, @ KMHEMAaTHYECKUE YCIOBHE 3aKIIOYAeTCs B TPeOOBAHUM PAaBEHCTBA
HYITIO TIOJTHOW TMPOW3BOJHON MO BPEMEHHU OT (PYHKIIMH, OMUCHIBAMOIIEH YPOBEHb MOJABEMa CBOOOTHOM
IIOBEPXHOCTHU
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3nech ynkus { onuceBaeT GopMy cBOOOIHOW MOBEPXHOCTH U €€ moyoxkenne. OTMETHM, 4TO Ha
CBOOOJTHOM MOBEPXHOCTH TUHAMUYECKOE YCIOBUE MPHOOPETACT CICAYIOIINI BH/I:
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Jnst ogHO3HAYHOW pa3pemmMocTH KpaeBod 3amaum (2.5) morpeOyeM BBITIONHEHHS YCIOBHUS
Helimana
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B mpennonokeHuu, 4To paccMaTpuBaeTCs 3a/1adya O MallbIX KOJNeOAHHUSX KUIKOCTH, HEU3BECTHBIN
MOTEHIIHAJI CKOPOCTEN TIPEJICTABIISIEM B BU/IE
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[Ipuxoaum k npoGiieme cOOCTBEHHBIX 3HAYECHUI
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3/1eCh ® - 94acTOTa COOCTBEHHBIX KOJIEOAHUM KUIKOCTH B CUCTEME U3 KOAKCUAJIBHBIX 000JI0UEK.

3. MeToa CHHTYJISIPHBIX HHTEIrPAJbLHBIX YPABHEHU I
B oOnactu, 3aHATON KHIKOCTBIO W OTPAHMYEHHOW MOBEPXHOCTAMHU Sy,S;,S,, IUIS ONpeAeTeHHS

TapMOHUYECKOW (YHKLIHUH ¢ HCIIONb3yeM CleAyIollee HHTErpalbHOE peAcTaBieHue [7]:

Cpoe 1 o 1 B
ZKQ(PO)—Lfé—nmdS—J.SJ‘(p%mdS, S—SOUS]_USZ (31)

3mech |P - P0| - IEKapTOBO PaCCTOSHUE MEKIY TOYKaMHU Py U P, HaXOIAIIUMUCS Ha TPaHHUIE 00JacTH

S, N - OpT BHEIIHEH HOPMAJIX K IOBEPXHOCTH S .
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B [8] moka3aHo, 4TO MpU UCHOIB30BAHMHM HHTEIPAIBLHOTO TpencTaBieHus (3.1) kpaeBas 3amavya
(2.8), ommceBaromasi mMpoOieMy COOCTBEHHBIX 3HAYEHWH, CBOOUTCS K CIEAYIOIIEH CcHCTeMe
CHHTYIIIPHBIX HHTETPATbHBIX YPaBHEHHMN:

o [ o e e Sty o g0
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B ypaBuenusix (3.2) yepe3 ¢ 0003HaUeHBI HEM3BECTHBIE 3HAYCHUS MTOTEHIMANA HA TIOBEPXHOCTAX S;,S, ,
a uepes (g — 3HaUCHHS MOTeHIIMANIa Ha CBOOOJHOM MOBEPXHOCTH Sy, .

Hanee, ananornano [9] BBoAUM WHTETpaILHBIE OTIEPATOPHI

Ag= 2n|qo+s{j o= r(Plpo)dS,B(po:g%%dS, C(p0=J;O(pO§(%)dS,
1-5;
e us o [fe. tas. |
sl{l[sl¢a”|P_P°| > Foo g%r > (33)

C ucnonn3oBanueM (3.3) mpuBOAMM KpaeByro 3anady (2.8) k cienyroiieli oneparopHoii hopme:
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UckmounB u3 ypaBHeHuil (3.4) ¢yHKUMO ¢, NOJIyYydM 3agady Ha COOCTBEHHBIE 3HAUYCHHUS B
orepaTtopHoi (opme, IPU TOM HEM3BECTHBIMU OYIYT JIMIIb 3HAUCHHUS MMOTEHIMANA (p HAa CBOOOAHOM
TTOBEPXHOCTH

(DAIC+2nl)y, —M(DAB+F)p, =0, A=%%/g. (3.5)

CoOcTBeHHbIE 3HAYEHWsI W COOCTBEHHBIE BEKTOPHI MpPOOJEeMbl CcOOCTBEHHBIX 3HaudeHWH (3.5)
SBJIAIOTCS 4acTOTaMH M (OpMaMH CBOOOIHBIX KOJEOAHWI JKUIKOCTH B CHCTEME KOAKCHAIBHBIX
000JI0Y€K.

[Mycts I' =T; UT, - obOpasyromiasi cocraBHO# 000n0ukn BparieHus. B [8-9] momydeHs! cnemyromue

COOTHOIICHMUS:

R
] wan[|P Pst jcp(z)@(z 2,)r(2)dr H%'P ik =.(|;(p0(r)<1)(P,P0)rdr,

S1U8;
ol g [ e - e
o(P,P,)= J;Tb F, k) E, (k)= (—1)“(1—16a2)n_(/[2c03 200yy/1-K?sin? ydy »
Fa(k)z(—l)“njzw,a: 2 +(z -2, b =2, K =22, 1 =1, (3.5)

0 1_k25in2\v a+b

@opmynsl  (3.5) TO3BOJISAIOT CBECTH AByMepHble HHTerpaisl (3.3) K OJHOMEpPHBIM, KOTOpHIE
BBEIYHCIIAIOTCS TI0 O0Opa3yromiel coCTaBHONH OOOJOYKKM W BIOJIb paguyca CBOOOJHOW ITOBEPXHOCTH.
[Hony4yennoe B pe3ynbrate npuMeHeHus Gopmyn (3.5) k unterpaiam (3.3) CHHIYIApHOE HHTETPajIbHOE
ypaBHEHHUE peIaeTcss METOJIOM AUCKPETHBIX ocobeHHoctel [10].

B dopmymax (3.5) mapamerp o 03HaYaeT KOJIMYECTBO Y3JIOBBIX JTUAMETPOB (MIJIM BOJTHOBOE YHCIIO).
Ecin 0=0, TOo paccMaTpuBaroTCsi 0CECHMMETPUIHBIC KOIEOAHHS.



BicHuk XapkiBcbkoro HawjioHarnbHoro yHisepcutety imeHi B. H. Kapasita, 2019 69

4. Anpo6anusi MeToaa

B kadecTBe TECTOBOI paccMaTpHUBaeTCs 3ajada O KOJICOAHMSIX KHJKOCTH B HKECTKOU ChepUdIecKoi
obostouke. Paccmorpum chepuueckyro 00oouky paauyca R=1M, 4aCTUUHO 3aMOJHEHHYI HJICAIbHOM
HEC)KMMAEeMOW KHUAKOCTbIO, ypOBeHb 3amoiHeHus hN. UYucieHHbIH aHaaM3 MPOBOAMICA IS
(0.2<h/R<1.99), h =h/R. IlpumMeHeH MeTOJ rpaHMYHBIX dMeMeHToB (MI'D), omucaHHbIH BbiuTe, U

anaguTHaeckuii momxon [11]. Ilpm wWcmoap30BaHMK METOAA TPAHHUYHBIX 3JIEMEHTOB HCIOJIB30BaJIOCh
150 a;meMeHTOB BIOJB paguyca cBoOOaHOM moBepxHOCTH M 300 3JE€MEHTOB BIOJL CMOYCHHOW YaCTH
oOpasyroieid. PaccMaTpuBaiich rpaHUYHBIC SJIEMEHTHI C MOCTOSHHOW anmpOKCUMAIIMEH TUIOTHOCTH,
YTO COOTBETCTBYET HJICOJIOTHH MeToJa AMCKpeTHBIX ocoOeHHocter [10]. [lanbHeliniee yBennueHue
YHCIIa DJIEMEHTOB HE MPHBEJO K CYIIECTBEHHOMY M3MEHEHHIO pe3ynbTaToB. B Tabmmue 1 mpuBeaeHb
pe3yJIbTaThl pacieTa YacTOT OCECHMMETPUYHBIX KojIeOaHuii skunkocty (B Hz) ¢ MOMOIIbI0 yKa3aHHBIX
METO/IOB.

Tabauya 1. Yacmomul ocecummempuinsbix Ko1eOanuti #UOKoCmu 8 chepuyeckoli 000104Ke

MeTtox VYposens 3amoarenus h, M
h;=0.2 h;=0.6 h;=1.0 h;=1.8 h;=1.99
[11] 3.8261 3.6501 3.7451 6.7641 29.0500
MID 3.8314 3.6510 3.7456 6.7665 29.1811

PaccMOTpeHbI pa3uyHbIe YPOBHH 3aIlOJIHCHHUS JKUAKOCThIO, BKiIto4Yas h;=1.99, 4To cooTBeTCTBYET
«ice-fishing problemy, [11]. Pe3ynbTarsl pacueToB OJIHM3KH, B HEKOTOPHIX ciydasx MID maer Gonee
BBICOKYIO TOYHOCTh. 3ameTHM, 4to «ice-fishing problemy (manast cBoG0HasI MOBEPXHOCTD, TPOOIEMA
HOJICTHOM PBIOANKH)) ABIAETCS KaMHEM HMPETKHOBEHHS Ui MHOTMX YHCICHHBIX METOIOB, BKIFOYAs
METOJ] KOHEYHBIX JJIEMEHTOB. MeToJ TpaHWYHBIX HWHTETPANbHBIX ypPaBHEHHH M B OTOM CIydae
JICMOHCTPHPYET BBICOKYIO TOYHOCTh M HAJCKHOCTh. JTO JaeT OCHOBAaHHE CUUTATH IEJIECO00Pa3HBIM
NPUMEHEHHE MeETO/a IUCKPETHBIX OCOOCHHOCTEH (KaK YHCICHHOIO aHalora MeEToJa TPaHHYHBIX
UHTETPAIbHBIX YPaBHEHWI) M B CIydae JOCTaTOYHO MajJoro 3a30pa MEXAy MOBEPXHOCTSIMHU
KOaKCHaJIbHBIX 000JIOUEK.

5. AHAJIM3 YHCJIEHHBIX Pe3y/IbTaTOB

PaccMoTpeHsb! 1Be MUITMHIPUYECKHE KOaKCHAIBHBIE 000JI0YKH pa3HbIX panuycos. [lycts R, paamyc
BHYTpEeHHeH 000J04KH, R, - paguyc BHeIHed 000704KkH, H — ypOBEHb 3allONHEHHS >KUIKOCTHIO
BHYTPEHHEH 4YacTH 000JI0YEeYHOW KOHCTPYKIHMU. PacueTsl MpOBOAMIMCH MPH HUCHOJb30BaHmH 150
TpPaHUYHBIX 3JIEMEHTOB C IOCTOSHHOW amnmnpoKCHMAaIlfeld IUIOTHOCTH BJOJb pajuyca CBOOOIHOM
noBepxHOCTH ¥ 300 37eMEHTOB B0JIb 00pa3syrollel Kaxaoi u3 obojiouek. B Tabnuile 2 mpuBeeHbI
4acTOThl KOJNEOAHMH COCTaBHOM CHCTEMBl M3 KOAKCHAJbHBIX IHIMHAPUYECKUX O00O0JOYEK.
IIpuanmanoce, uto R, = H =1m. PaccmaTpuBanuch pa3nuuHble 3HaUeHHs BHYTPEHHEro paauyca R;. B
TabnuIe 2 TPUBEACHBI 3HAYCHHUS 9acTOT KOJICOAHM )KUIKOCTH B CHCTEME M3 KOAKCHAIBHBIX 000JI0YEK
1pu o = 1 IpH pa3HBIX OTHOIIEHUSAX PanyCcoB R; /R, .

Ta6ﬂuua 2. Yacmomeol 0CeCUMMEMPUUHBIX KOeOaHull Jcu0KOCmi 8 Cucmeme KOAKCUAIbHbIX 000104eK

Ri/R, 0.0 0.01 0.1 0.2 0.3 0.4 0.5 0.6 0.7 0.9

® 4247 | 4247 | 4204 | 4086 | 3.937 | 3.785 | 3.641 | 3.516 | 3.403 | 3.212

(DOpMBI KoJleOaHMi KHUJIKOCTH B CUCTEME KOAKCHUAJIbHBIX 0001104eK NpEaACTaBJICHBI HA PUC. 5. 1, 5.2.
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Puc. 5.1 Iepsvle ocecummempuunbie popmol KoreOAHUL HCUOKOCMU 8 CUCEME KOAKCUANBHBIX YUTUHOPUUECKUX
obonouex, a=0

Puc. 5.2 Ilepsvie neocecummempuunsle popmvl KOaeOAHUIL HCUOKOCHU 8 CUCEME KOAKCUATbHBIX
yurunopudeckux obonovex, ¢ =1

[MpuBenennsie Ha puc. 5.1, 5.2 ¢opmbl KoneGaHWH KHUIKOCTH COOTBETCTBYIOT CIEIYIOIIEMY
otHomeHnto R;/R, =0.5. AnamornyHo QopMam KoneOaHWH UWIMHAPHYECKHMX W KOHUYECKUX

obomnoyek, paccMoTpeHHbIX B [9], BUauM, 4To (QopMbl KOeOaHWH CBOOOJHON MOBEPXHOCTH HUMEIOT
xapakrtep, npucymuid ¢yskuusam  beccens.  [lomydennsle  gopmbl  KojneOaHMH  SIBIISIOTCS
OpPTOTOHAJILHBIMH M MOTYT OBITh MCIIOJIb30BaHbI NPH PELICHWH 3a/1a4 O BBIHY)KICHHBIX KOJIEOaHUIX
KHUJIKOCTH B KOAKCHAIBHBIX O0OJIOYKAaX, a Takke Kak OazucHas cucrteMa (QYHKIUH MPU H3YYCHUH
HEJIMHEHHBIX KOJIeOaHUH.

5. BeiBoabI

MeTonbl TpaHWYHBIX WHTETPANBHBIX YPaBHEHHH M JIMCKPETHBIX OCOOCHHOCTEH IMOyYMITH
JANbHEWIIee pa3BUTHE TPH PEHICHWH 3a1ad O KOJeOaHWAX >KHIKOCTH B IKECTKHX KOAKCHAIbHBIX
00oJo4Kax, Korga CBOOOJHAs IOBEPXHOCTb JKUAKOCTH HMMEET BWA KOJNbLA. 3agada OIpelesieHHs
MOTEHIMalla CKOPOCTEH W JaBJIEHUS JKUJKOCTH CBEJEHA K PEIICHUI0 CHUCTEMBI OJHOMEPHBIX
CUHTYJISIDHBIX ypaBHeHUWi. Pa3pabortan 3(dekTuBHBIN YHCICHHBIH MeToJ| ee pelieHus. [IpoBeaeHo
TECTHPOBAaHHE aJITOPUTMA, M YCTAHOBJIEHO HEOOXOJMMOE KOJMYECTBO TPAHUYHBIX BIIEMEHTOB IS
MOJTyYEHHsI 3alaHHOW TOYHOCTH.
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