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Pa3paboTan MeTOA HCCICAOBAaHMS CBOOOJHBIX M BBIHY)KACHHBIX KOJICOAHMIl JKMAKOCTH B JKECTKOM HPH3MAaTHYECKOM
pesepByape. IIpeanonaraercs, 4To KHIKOCTh B pe3epByape HealbHas, HeC)KMMaeMast, a e€ Te4eHUe, BBI3BAHHOE JieiicTBHEM
HPHUJIOKEHHOH Harpysku, 0e3BuxpeBoe. [laBieHHE XUAKOCTH Ha CTEHKH pe3epByapa ONpeAeNseTcsl u3 uHrerpana bepHymm.
OmnpeneneHsl COOCTBEHHbIE 3HA4eHUs W (HOpMBI KoJMeOaHMH XHUAKOCTH B INPH3MAaTHUECKOM pesepByape. I[lomydeHHBIE
coOcTBeHHBIE ()OPMBI M YaCTOTHI KOJIEOAHHUI JKHIKOCTH 00pa3yloT 0a3uCHYIO cucTeMy (DYHKIMH JUIS 3aa9i O BEIHY)KIEHHBIX
KOJEOAHUAX JKUIKOCTH IIOJ [EHCTBHEM IPWIOKEHHOM Harpy3ku. PaccMoTpeH cirydail HepHOIMYECKOrO BHEIIHETO
BO3JICUCTBUSI B TOPU3OHTANBPHOM HampapieHnH. OnpeneneHa (YHKIOUS, OIMCHIBAIOIIAs IOJIOXKEHHEe M (GopMy CBOOOTHOM
MOBEPXHOCTH B 3aBHCHMOCTH OT BpeMeHH. lcciiemoBaHa 3aBHCHMOCTh M3MEHEHHs YPOBHS CBOOOJIHOI ITOBEPXHOCTH B
3aBHCHMOCTH OT YaCTOTBI BBIHY)KAAIOLICH CHIIBI.

Knrouesvle cnosa: npusmamuueckuil pe3epeyap ¢ HCUOKOCHbIO, CB0OOOHbIE U GbIHYICOEHHblE KONeOaHUs, NepuoouyecKoe
sHeuHee 6030eticmeaue, UOeaNbHAsl HECHCUMAEeMAs HCUOKOCTIb

JlocmimkeHHs KOJMBaHb DPIOMHM B pPE3epByapax IMiA i€l 30BHIMIHIX HABAHTKEHb € AaKTYyalbHOIO 3aJader0, OCKLTBKH
IHTCHCHBHUH PyX PiIMHHA MOXE MPU3BECTH A0 CYTTEBOTO MiJBUIICHHS TUCKY PIIMHU HA CTIHKHA OOOJOHKH Ta i pyliHyBaHHA. B
pOOOTI 3alPONIOHOBAHO METOJ A JAOCIIKEHHS BUTPHUX Ta BUMYIICHHX KOJHMBAaHb PIIUHU Y SKOPCTKOMY MPHU3MATHIHOMY
pe3epByapi Ipu HOro 4acTKOBOMY 3allOBHEHHI. Lle mae 3MOry OWiHUTH piBeHb MiTHOMY BUIBHOI MOBEPXHi Ta TUCK PiAWHH Ha
CTiHKM OOOJIOHKH. BBaxkaeThbcsl, 0 pinuHAa, sIKa MICTHTBCS B pe3epByapi, € ieanbHO0, HECTHCIUBOIO, a 1i pyX, BUKJIMKaHUH
J€I0 NPUKIaJCHOT0 HaBaHTaKEHHs, € 0e3BUXPOBUM. THCK PIMHM HA CTIHKHM pe3epByapa BH3HAYAE€ThCS 3 JIIHEApi30BaHOT'O
inTerpany bepryiii 3a HassBHOCTI cvmi TsokiHHS. COpMYITBOBaHO MilllaHy KpaioBy 3amady Ajs piBHsAHHS Jlamiaca BiTHOCHO
MOTEHIiany NIBUAKOCTeH. Bu3HaveHi BiIacHi 3HaueHHs Ta (OPMHU KOJHMBAaHb PiJIMHH B IPU3MAaTHYHOMY pe3epByapi. OTpumMaHi
BIacHI (OpMH CTBOPIOIOTH Oa3uCHY cHUCTeMy QYHKIIH I8 JOCTIHKEHHS BHUMYIICHHX KOJWBAaHb DPIIUHH WA di€l0
HABaHTAXCHHA, AKOMY Mi/U1aHa 000JIOHKA. PO3IJISHYTO BHMIAJOK MEPiOAMYHOrO 30BHILIHBOTO BIUIMBY B T'OPH30HTAIBHOMY
HanpsMKy. BusHaueHo ¢yHKIiIO, fKa OmUCye JOKamito Ta (HopMy BUIBHOI HMOBEpXHI B 3aleXKHOCTI Big yacy. OTpuMaHO
CHCTEMY HE3B’s3aHHX 3BHUYANHUX Au(epeHIiabHUX PIBHAHB APYTOTO MOPSAKY, Ky PO3B’S3aHO MPU HYJIHOBHUX MOYATKOBHX
ymoBax. 1li yMOBH BiAIIOBINAIOTH CTaHy CIIOKOIO JIO MOYATKy Jii 30BHIIIHBOTO HaBaHTakeHHsS. [IpoBemeHO MOCITimKEHHS
30DKHOCTI psmy st QYHKINT, 1[0 ONMHUCYe BUIbHY NMOBepXHIO. basucHUME (QyHKIISIMU [UIst BOTO Psy CIYT'YIOTh HOPMAJIbHI
MOXimHiI Bix 0asucHUX (GYHKIIN IS MOTeHIiany MmBUAKOCTEH. J[OCTiKEHO 3aleXHICTh 3MIHM PiBHS BiBHOI MOBEPXHI B
3aJI€KHOCTI BiJl YaCTOTH 30BHILIHBOTO HaBaHTA)XEHHs. BCTaHOBIIEHO, 110 KOJIM 4acTOTa 30BHINIHFOrO HABaHTaXKEHHS OJIM3bKa
IO 4acTOTH BUTBHUX KOJIMBAHB, BiOYBA€THCS 3HAUHE 3POCTAHHA aMIUTITYAH KOJNWBaHb. [loBeIiHKAa THCKY B 3aJIeKHOCTI Bij
YacTOTH 30BHINIHFOTO HABAHTAXKCHHS Ma€ aHAJOTIYHHUHN Xapakrep. Lle cBiTYUTE Mpo Te, 10 TpagieHT MOTEHIiaTy IBUAKOCTEH
€ TOCUTPH BEIIUKUM, TOMY IIPH TaKUX YMOBaX CIIiJi BpaXOBYBaTH HEJiHIIHY CKIIaJOBY B piBHsAHHI bepHymi.

Knwwuoei cnosea: npusmamuunuil pesepgyap 3 piOuHow, GilbHI Ma SUMYUWEH] KOAUBAHHA, NEPIOOUYHULL 308HIWHIN 6NIUS,
ideanvha Hecmucausa piouHa

The method for simulating free and forced liquid vibrations in a prismatic tank is proposed. The liquid is supposed to be ideal,
incompressible, and its current caused by applied loading is irrotational. The problem of force vibrations is solved by using the
eigenmodes as basic functions. The resonance frequencies are defined. Thin-walled structure elements are wildly used in
different engineering areas: chemical and aerospace industries, transportation, oil and gas producing. Usually these structures
operate under intensive thermal and stress loadings and interact with the fluids located in their containers. These loadings can
cause the destruction of thin shells containing dangerous liquids and can cause an ecological catastrophe. So the topical issue is
estimating stress-strain characteristics, frequencies and modes of vibrations of such facilities. Liquid sloshing often occurs
when the extreme loads are applied to the structure elements with compartments partially filled with different liquids.
Vibration modes usually affect liquid sloshing modes, so the joint problem of fluid-structure interaction is crucial. Since there
are no analytical solutions for tanks and reservoirs with complicated geometrical shapes, numerical methods have been
employed for solving the linear boundary value problems of liquid sloshing in addition to the analytical ones. The presence of
baffles can drastically change the dynamical behavior of fluid-filled structures as well. This paper is devoted to free and forced
vibrations of cylindrical tanks filled with an incompressible ideal liquid. The dynamic analysis of shell structures is often
performed by using finite and boundary element programs. The liquid pressure on the walls of the reservoir is defined by
Cauchy-Lagrange integral. The external horizontal periodic loading is considered. The eigenvalues and the modes of free
liquid vibrations in a prismatic tank have been obtained.

Key words: fuel tank, free and forced vibrations, baffle, periodic external loading, basic functions, ideal liquid, Cauchy-
Lagrange.
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1. AKTyaJbHOCTb PadoThI

OO6osioueuHbIe KOHCTPYKIMH IIHPOKO HCIHONB3YIOTCS B a3POKOCMHUYECKOW, HE(PTEXUMHUYECKOM
MPOMBIIIIEHHOCTH U Ha TPAHCIIOPTE KaK TOIUIMBHBIC OaKu, pe3epByaphl U XpaHESHUsI AKUIKOCTH.

JuHamuka 000JI09€YHBIX KOHCTPYKINI, YACTHYHO 3aIIOTHEHHBIX JKHIKOCTBIO, U3ydaeTcsl B paboTax
MHOTHX aBTOpPOB. [lepBbie pabOTHI B 3TOH 001aCTH MOSBHIUCEH B 60-¢ TOIBI MTPOIIIOTO CTONECTHS U OBLITH
BBI3BaHbl HEOOXOAMMOCTBIO HM3YyYCHHS YCTOWYMBOCTH JIBW)KCHHMS KOCMHMYECKHX ammaparoB [1].
YTOoYHEHHBIN aHaTN3 THHAMUYECKHX SIBICHUH TpeOyeT ydeTa IecKaHui JKUAKOCTH, YIPYTOCTH CTEHOK
pesepByapoB, Haiauuus AeMnupyrommx neperoponok. ®dyHaameHTanbHas MoHorpadus [2],
NOCBSIIIICHHAs aHATM3Y TUIeCKaHuii, omyonukoBana R.A. Ibrahim B 2005 roxy. B aT0it MoHOTpaduu He
paccMaTpUBAIOTCsl YIPYTUE pe3epByaphbl, H3y4yaroTcs TOJBKO CBOOOJHBIC KoneOanus. JlokanmbHble
MaKCHUMyMBbl ~JaBJIEHHS MOTYT BJBOE TIIPEBBIIIATH 3HAYCHUS COOTBETCTBYIOIIMX BEIUYUH B
HE3anoJHEHHBIX pe3epByapax [3]. CBoOOmHBIE M BBIHYKICHHBIC KOJCOAaHHS IHIMHAPHYCCKUX U
KOHUYECKHX PE3epPBYapOB C )KUAKOCTBIO paCCMOTPEHBI B padoTax [4-6]. B pabore [7] MeToa KOHEUHBIX
SJIEMEHTOB HCIOJIB30BaH ISl ONpENeNCHHs 9acToT W (GopM CBOOOTHBIX KOJIEOAHWH >KUIKOCTH B
KECTKOM IIMIMHAPHYECKOM pe3epByape. [lneckanns okas3pIBaloT Hanbolee CylmecCTBeHHOE BIUSHHS Ha
MPOYHOCTh PE3EPBYapOB, KOTOPBIE YACTUYHO 3amOJHEHbl XHIKOCTHIO, IMOCKOJBbKY HHTEHCHBHOE
JBIDKCHUE JKUAKOCTU TPHUBOJUT K CYHNIECTBEHHOMY ITOBBIIICHUIO IAaBJICHUS HAa CTEHKH M KPBIIIKU
pe3epByapoB, YTO B CBOIO O4YepeAb MOXKET NPHBECTH K pPa3pyIICHHUIO pe3epByapa WIH IOTEpH
YCTOMYMBOCTH B MpOIECCE TPAHCHOPTHPOBKH. [103TOMY aKkTyalbHBIM SBISIETCS M3yUYeHHE WMEHHO
BBIHYKJICHHBIX KOJICOAHMH O0OJOYeK M O0O0JIOUEYHBIX KOHCTPYKIHMH C JKUAKOCTBIO. DTOT BOIPOC
HEJOCTaTOYHO MCCIICA0BAH B JIUTEpAType.

2.IlocranoBKka 3agauu
B nmanHO#1 cTaThe paccCMOTPEHBI 337a4d O CBOOOJHBIX U BBIHYXJICHHBIX KOJICOAHUSIX KHUIKOCTH B
NPU3MaTHYECKUX pe3epByapax, puc 1.

Puc. 1. [Ipusmamuueckuii pezep8yap, 4YaCmMuyHoO 3aNOJHEHHbI HCUOKOCTNBIO

IMycts S; 1=1,2,34 -00Kk0BbIE HOBEPXHOCTH INPHU3MATHYECKOIO pPE3epByapa, Sp.- IMOBEPXHOCTH

JIHUINA, a Sy -CBOOOHAsI MOBEPXHOCTh. O003HauuM . S, =5, US,, US,US;US,,

ITpeAmoNoKuM, 9TO KUAKOCTD, 3AIONHSIONIAs pe3epByap ABJISETCS MACATLHON M HECKUMAEMOM, a
ee JBWKEHHe- Oe3BUXpeBoe. B 93THX yCIOBHSX CYIIECTBYeT IMOTCHIMAN CKopoctei @,
yIOBJIETBOPSIOIINE ypaBHeHHIO Jlariaca.

*’d *d oD
st ot 2=
OX oy 0z
Benmnunny maBieHuss P Ha CTEHKM OOOJOYKHM OMpeAeisieM W3 JWHEApH30BAaHHOTO HWHTETpaia
Bepnaynu o ¢popmyie

0

od
P=-p E“'gz + Py
r7ie § — YCKOpEHHEe CBOOOIHOTO MAICHNs, Z — BEPTUKANbHAS KOOPAMHATA TOUKH XKUIKOCTH, p —

TIOTHOCTB JKHKOCTH, p — aTMOC(EPHOE TaBJICHHE.
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KpaeBast 3amaga Ui ONpeIeieHHs MOTCHIMAIA CKOPOCTEH (HOpMyYIUpyeTcss — CIeayoIuM
obpasom [8]

vip=0. 0% _ .00

on (S, onls,

rae GyHKIus  onuchiBaeT (OpMy U MOJOKEHHE CBOOOIHOM MOBEPXHOCTH.

Jis BBIMOJIHEHHS YCIIOBHI pa3pelInMOCTH KpaeBoii 3a1auu (1) HeoOX0IUMO TaKKe yIOBIETBOPHTH
ycnosuro Heilmana
j j g5, =0.

PaccmoTtpum notennpan @ B BUzE cnez[yfomero Ppa3JIoKEHHUS:
M .
o = Z d, o,
k=1
[Ipomudepenmupyem mocneanee paBeHCTBO B (1) 1o t W MOACTaBUM B TONYYEHHOE BBIPAXKEHIHE
3HAUCHUE MIPOU3BOIHOM C; M3 BTOPOro paBeHCTBa B (1).

_%6. 0@ -
=5 at+gcso 0 (1)

IIpencraBum G6asucHbIE QYHKLUU @k B BUIE @, (t, XY, Z) = ei"kt(pk (X, Y, Z).
[Mony4uM i1st onpeneneHust QyHKIMN @k 337249 Ha 006CTBeHHHe 3HAYEHHUS
0 1%,
P, _ Pu _ J'J' (PdeO=0.
oni|S, * on

TpebyeTcst onpenenuTs rapMOHUUECKyto GyHKIHI0 D, y,ZlOBJICTBOpHIOHIYIO ypaBHeHuto Jlamnaca, n
dynxumio {(x,y,t) u3 ycnoswuii (1).

qu)k =O’

2. Onpenenenue co0cTBEHHBIX GOPM K0J1€0aHUIT ;KUTKOCTH B KeCTKOM pe3epByape
Hns onpeneneHust cOOCTBEHHBIX YacTOT U (QopM KojeOaHWH >KUAKOCTH HCIIOIB3YyEM METOJ
pasznenenus nepeMeHHbIX Oypre. Haxonum pemenne kpaeBoit 3amaun (1) B Buze

W At (mf()2+(;rd) Tk ml
= Agch g oh Z* cosz JCCOSZb_'}

Hcnosns3ys yciioBrs Ha CBOOOIHOM MIOBEPXHOCTH OIPEAETUM
Wy = \/gkm tanho\‘kl H)

3/1ech YaCTOTHBIH MapamMeTp A, BBIYUCIAETCS O (hopmyIie

2 2
Mg = Ul + ual
2a 2b

Juist moctpoeHust cucTeMbl 0a3UCHBIX (DYHKIMN JUIS peIIeHHs 3a/1a41 O BBIHYKICHHBIX KOJeOaHHIX
JKUAKOCTH B pe3epByape, nonqu/IM coOcTBeHHBIE (POPMBI KOJICOaHU B BUE

¥y, (x) = C, cos(0- x)sin by, o (X )=Czsin2£axcos(0~y), lI’M(x)=C3sin2—7;xsin2£by,

¥, (x)=C, cos = xcos(0y) ,..
a

B Tabn. 1 mnpuBeneHb YHCICHHBIE 3HAYCHHUS YaCTOT Wjj M YaCcTOTHOIO IIapamerpa )\.ij IJIsL
MPU3MaTHYECKOTO pe3epyapa B hopme kyda a=b=H=1m.
Tabnuya 1. Cobcmsennvie uacmomul KOAeOAHUL HCUOKOCMU 8 NPUSMATMULECKOM pe3epayape

n i J Ai Oij

1 0 1 1.772453851 4.051164194
2 1 0 1.772453851 4.051164194
3 1 1 2.506628275 5.710012556
4 2 0 3.544907703 5.892165855
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Onpenennm ¢pyukuuio C Mcnonb3yem ypaBHEHHUS ISl HAXOKACHUS MOTEHIMAa CKOPOCTEH

M

D= ¢, (o,

n=1

Te 3aBUCHUMOCTh N = n(i, j) rmokasaHa B T1a0un. 1, Gyakmun @, onpenensatores mo Gopmyire

1 cosh(r;z) .
= lII y 1 = ’
" ab coshixini ”(X yh n=n(i.j)

OTCIOI[a JJIs1 (bYHKIlI/II/I C HOJ'Iy‘lI/IM cnezlylomee BLIpa)KeHI/Ie:
u oD
=) c.(t n 2
g Z A pea ()

oD o
rac P L n=1.M -HOPMAJIbHBIC IPOMU3BOAHBIC ITOTCHIHNAJIIOB, BBIYMCIICHHBIC HA CBO6OI[HOI/I
n

So

MTOBEPXHOCTH.
CoOcTBeHHbIE GOpMBI KoJTeOaHni CBOOOTHON MTOBEPXHOCTH ITOKAa3aHbI HA PHC. 2

Puc.2. @opmul konebanuii ceoboonoil nosepxnocmu(n=1,2,3,4)

Takum o0Opa3oMm, mocTpoeHa Oa3ucCHas cucTeMa (QYHKIUN IS HCCICAOBAaHUS BBIHYXICHHBIX
KOJIeOaHM KUIKOCTH B IPU3MATHUECKUX pe3epByapax.

3. BoIHY&/IeHHbIE K0JIeOaHMS KUAKOCTH B KECTKOM pe3epByape

[Ipennonoxxum, 4TO B Ha4YajJbHBII MOMEHT BPEMEHHM J>XUAKOCTb B pE3epByape HaxoIWIach B
coctosHuM TOKos. Ha pesepByap melcTByeT nepuoAuyecKkas Harpy3ka COSmi, NpHiloKeHHas B
TOPHU30HTAIRHOM HampasieHun (mapamiensio ocu Ox).

CocraBuM cuctemy nupdepeHIrnaibHbIX YPaBHECHUH ABHKCHUS JKUIKOCTH, UCXOJS U3 TPAHUYHOTO
YCIIOBHUSI HA CBOOOJHOM MMOBEPXHOCTH

%)+ 95 (%, y)+ Xas(t)( =0, ©)

z=H
riae a (t) =C0S ot . [Toxcrasnss psz (2) B cooTHOmeHue (3), HOTy4IUM

N N
ch (t)q)k(xi Y, H )+ QZCk (t a(Dk(Xv Y, Z)
k=1 = az .

YMHOXKUM paBeHCTBO (4) ckamsipHOo Ha D, U BOCHOIB3YyeMCS OPTOTOHATBLHOCTHIO COOCTBEHHBIX
(hopm. 3anumieM niepBeie TPH MEePBBIX AU GepeHIMaTbHBIX YPABHEHUS MOTYYSHHON CUCTEMBI.

+Xcosat =0 4)

& (1) + o2c, (t) - iz cos wt =0,
O 5)

&, (t) + w3, (t) — 58n cos mt =0, &,(t) + mic, (t) - 2271 coswt =0

Cucrema (5) IIPpU HYJICBBIX HAYaJIbHBIX YCIIOBUAX UMECT CICAYIOIICC PCILICHUC
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8
257 () - o?)

d, (t) = —(coswt—cosayt), d,(t)=-

9% (w} —?)
8

d,(t)=—-
() 1217 (0} - »?)
[oncraBuB Bolpakenuss (6) B dopmyiny (2), momydyuMm GYHKLIUIO, OIMCHIBAIOILYIO TIOBEICHUE
cBoboaHOM moBepxHOCTH. [loBenenne cBOOOTHON TTOBEPXHOCTH, OnMcaHHoe QpyHkuued &, mpu M=3 u
M=4 nokazaHo Ha pucyHke 3. ToukaMu MOKa3aHO pelIeHue MoTyYeHHOe Mpu M=3, CIIIOIIHON JTUHUEH
npu M=4. Pe3ynbTaThl NPaKTUYECKH COBIAIBIOT.
Haxonum um3meHeHHe YpOBHS HOAbEMa CBOOOAHOM MOBEPXHOCTH B 3aBHCUMOCTH OT BPEMEHH B
touke X=0, y=0, H=1 B Ttewenune 10 cek. I[lpu pa3nM4HBIX 3HAYEHHSX YACTOTHI BBIHYKICHHBIX
KoseOaHuil.

(cos at —cos w,t),
(6)

(cos et —cos w,t)

0.015
0.010
0.005

| Hl'l

The

1
Sho

'rl ‘I

Puc. 3. Hzmenenue ypogns noovema Puc.4. Hsmenenue ypoeHs noovema
c80600H01U nosepxnocmu 6 mouxe x=0, y=0, H=1 npu ®=1 Cc680000HOU NOBEPXHOCMU 8
mouxe ®=3.75

Ha pucynke 4 mokasaHbl U3MEHEHHUS! YPOBHSI CBOOOJHON MOBEPXHOCTH IPHU YacTOTe, OJIM3KOHM K
KpUTHUYECKOH. [{71s1 onpeaeneHrs TUHAMHUYECKOM COCTaBISIONIEH JABICHUSI CITY>KUT YpaBHEHHE

M
p= _pzén (t)(Dn ’
n=1

JIe P - IJIOTHOCTh XHUJAKOCTH. B paccmaTpuBacMoM cilydae xXapakTep IMOBEACHUS JABJICHUS TaKOW IKe,
KaK M XapaKkTep MOBEeISHUS YPOBHS CBOOOIHOM MTOBEPXHOCTH.

Ecniu yacrora BBIHY)KIAroOIIed CWIbI OJM3Ka K YacTOTe CBOOOJHBIX KOJICOAHHM, MPOUCXOIMT
3HAYUTENILHBIH POCT AMILIMTYAbI KOJeOaHUH. DTO CBUACTEILCTBYET O TOM, YTO I'PATUCHT CKOPOCTH
JIOCTaTOYHO BBICOK, M TIPH PEIICHUH TaKUX 33734 CIEeIyeT YYUTHIBATh HEIMHEHHYIO COCTABIISIOIIYIO B
uHTerpane bepHysiu.

4. BeIBOABI

Pazpaboran mMeron pacdera KoJeOaHWH KUAKOCTH B MPU3MATHYECKOM pe3epByape NpU ICHCTBUU
MEPUOAMYESCKON FOPU3OHTAIBHON Harpys3ku. OmnpejieneHa 3aBUCUMOCTh YPOBHS ITOJbEMa JKUIKOCTH B
pe3epByape OT BpeMEHU. Y CTaHOBJICH XapaKTep MOBEACHHMS JKUIKOCTH B pe3epByape B 3aBUCUMOCTH OT
YaCTOTHI BBIHYKIAIOIICH CHIIBL.
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