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YK 539.3
0.0. YCATOBA, /1.B. KPFOTYUEHKO

[ncruryT npobnem ManmmHoOyayBanHus iM. A.M. Ilinropuoro HAH Ykpainu
BUMYUIEHI KOJIMBAHHA PI/IUHU B KOAKCIAJIBHUX OBOJIOHKAX

B naw uac icnye bacamo HeupiwieHux npoodiem cmoco8HO MIYHOCMI KOAKCIATbHUX
000JIOHOK, 4aCMKO80 HANOBHEHUX [0ealbHOI HEeCMUCIUBOIO piouHoto. Tomy y 36 3Ky 3 yum,
BUHUKAE HeOOXIOHICMb Po3210Y 3a0a, NO8 SA3AHUX 13 00CTIONCEHHAM OUHAMIYHOL 83AEMOOIT
KOAKCIANIbHUX O00ONOHKU 3 piOuHO. 3adaui HecmayioHapHo20 O0epopMy8aHHs MAaAKUX
000JIOHOK € HalMeHW 00CHiOdHCeHuMU i nompebyloms Oinbwiol yeazu. Busnauuswiu obnacme
IHme2pysanHs 6 3a0auax CMOCOBHO KOAKCIANbHOI 0O00NOHKU, MONCHA 3ACMOCY8amu
iHme2pysanHs 3a yacom cucmemu piensaiHb Hae’'e—Cmoxkca, sika onucye nogeodinky ioeanvHoi i
8 S13K0I piOuHU, alle BUHUKAE YMPYOHEHHS, a came KOIU PIOUHA € HeCMUCIUor abo ciabo
CMUCIUBA — 8 MAKOMY 8UNAOK) He BUKOPUCMOBYIOMb NPAMULL CNOCIO THMe2pYSanHs 3a YACOM.
Bukopucmosyrouu memoo epanHuunux enemenmis, MOMCHA PO38 sA3amu 68i0N0GIOHY Kpatiogy
3adauvy. 3ayeascumo, wo pyx piounu € 6e38uxposum, i ye 00360JI€ HAM BUKOPUCMOBYE8AMU
nomenyian weuoKocmel, KUl 3a0080abHAE pigHAHKIO Jlaniaca ma epaHuyHUM YMO8AM, 5K
HA JHCOPCMKUX NOBEPXHAX 000JIOHKU, MAK I HA BIlbHIL NOBEPXHI PIOUHU, OCKIIbKU PYX 00 €My
PIOUHU NOBHICMIO BU3HAUAEMBCS PYXOM HNOBEPXOHb, WO 11020 obmedxncytomb. Onuc noeedinku
PIiOUHU 3 BIILHOW NOBEPXHEI0 Modce Oymu 36e0eHuti 00 CYKYRHOCMI 3aledCHOCmel, AKI
npeocmasiaoms cobow ymMosu KiHeMamuuHo2o i OuHamiunozo xapaxmepy. Kinemamuumi
VMOBU MOJHCHA PO32N10aMU K MEeXAHIUHI 38'3KuU, SAKI HAKIA0AOMb 00MedNCeHHs Ha sapiayil
Hegi0oMUX, OUHAMIYHI 2PAHUYHI YMOBU SUNIUBAIOMYb 3 éapiayiliino2o npunyuny I amitemona—
Ocmpoepadcbkoeo sk npupooui. Tuck piounu 6Oyoe 3adoeonvHsamu pieHsanHio Kouti—
Jlacpansica. Cminku 060I0HKU MOJNCHA 68adCAMU AOCONOMHO meepoumuy. Baacui uacmomu
KONUBAHHS PIOUHU 3HAYHO MEHW, HINC GNACHI YACMOMU KOIUBAHHS NPYHCHOI OOOJIOHKU 3
PpiouHow. Bnausom nogepxnesozo Hamsazy MOJNCHA 3HeXMY8amu, moomo 6nAUe NOBEPXHEB020
Hamsa2y Ha KOJIUBAHHA pIOuUHU 86adxcacmo manum. IlIpoeedenHo po3paxymku, AKi 0arome
MONCIUBICG BUSHAYUMU YACMOMU | hOpMU NIECKAHHA PIOUHU 8 KOAKCIANbHUX 0OO0JIOHKAX.
Pozenanymi  eumywieni xonusamus piounu nio 0i€l0  20PU3OHMAILHUX — 2APMOHIUHUX,
IMRYIbCHUX MA CEUCMIYHUX HABAHMANCEHD.

Knrouosi cnosa: xoakcianohi 00010HKU, MEMOO SPAHUNHUX €AEMEHMIB, UMYUEH] KOTUBAHHS,
i0eanvHa HeCmMuUCIuBa piounda.

O.A. YCATOBA, /JI.B. KPIOTYUEHKO

WucTuTyT nipo6iiem mammuaocTpoeHust M. A H. [Toaropaoro HAH Ykpaunnsr

BbBIHY’KJAEHHBIE KOJIEBAHUS 'KUIKOCTH B KOAKCHAJIBHbBIX
OBOJIOYKAX

B nawe epemsa cywecmeyem mnoco nepeulenHvlx npoo.iem OmHOCUMeNbHO NPOYHOCU
KOAKCUANbHBIX 000]104€eK, YACMUYHO 3ANOJHEHHBIX UOEAbHOU HECHCUMACMOU HCUOKocmbvio. B
C8A3U ¢ DMUM, BO3HUKAEm HeoOX00UMOCMb PACCMOMPEHUs 3a0ay, CEA3AHHBIX C
Uccne008anuem OUHAMUYECKO20 B3AUMOOEUCMBUL KOAKCUATbHBIX 00010YEeK C HCUOKOCMBIO.
3adauu HecmayuonapHo2o Oe@opmupoeaHus makux 000NOUeK ABNAOMCA HAUMeHee
UCCE008AHHBIMU U HYHCOAOMCA 6 boabuiem eHumanuu. IIpednonazaemcs, 4mo HcuoKOCmy
ABNACMCS HECHCUMAEMOU UNU C1a00 cocumaemotl. Mcnonv3ys mMemoo epaHudHblx 21eMeHmos,
MOJMCHO ~peuums COOMEEemMCmeYIowWyl0 Kpaesylo 3aoady. 3amemum, umo O8udiCeHue
oHcuUOKocmu  A61emcs. 0e36UXpesublM U MO NO380AAem HAM UCNOIb308AMb NOMEHYUAT
cKopocmeli, KOmopulil y0oenemeopsem yciosuio Jlaniaca u epaHudHbiM YClOBUAM, HA
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JHCECMKUX NOBEPXHOCMAX 0D0N0UKU, U HA CB0OOOHOU NOBEPXHOCMU HCUOKOCMU, MAK KAK
ogudicenue 00vemMa HCUOKOCIU NOJIHOCHbIO ONPEOeNsemcss 0BUNCEHUEM NOBEPXHOCMU, YUMo
eeco oepanuuusarom. Onucanue no8edeHUs HCUOKOCU CO C80D0OHOU NOBEPXHOCHLIO MONCEM
ObIMb CBE0EHO K COBOKYNHOCMU 3A8UCUMOCHEL, KOMOpble Npedcmasisiom coboio yciosus
KUHeMAmuyecko20 U OuHamuieckozo xapaxkmepa. Kunemamuueckue ycnoeus MONCHO
paccmompems, KAk MexaHuieckue c6s3u, Komopbvle Hak1aobleam 02paHuienus Ha eapuayuu
HeUu38eCmHbulX, OUHAMUYECKUe VCI08Usl  BbIMEKAM U3  BAPUAYUOHHO2O  NPUHYUNA
T'amunomona—Ocmpocpadckoeo, Kkaxk ecmecmeennvle. Jlasnenue  dcuokocmu  Oyoem
yooenemeopsimo  ycaosutro  Kowu—Jlacpanyica. Cmenku 000104KU  MOICHO — CHUMAMb
abcomomno ocecmkumu. Cobcmeennvle yacmomvl KOACOAHUU HCUOKOCMU, 3HAYUMETbHO
MeHnbule, uYeM COOCMBEHHble YACMOombl KOoAeOaHull Ynpy2ou 000J0UKU C HCUOKOCMbIO.
Brusinuem noepxHOCmMHO20 HAMANCEHUS MOJCHO NpeHeOpeub, mMo ecmb  GlusHUe
NOBEPXHOCMHO20 HAMSJICeHUe HA KOLebanus dcuokocmu, npeocmasisem manvim. Ilposedenvi
pacyemsl, KOmopwvle 0arom 603MONCHOCMb ONpedeumsb Yacmomsl U HopMbl NIECKAHUL
AHCUOKOCIMU 8  KOAKCUANbHBLIX  0bonouKkax. Paccmompenvi  vinydcOenHbvle KoebaHus
AHCUOKOCMU NOO OelUCmBUeM 20PU3OHMANbHBIX 2APMOHUYECKUX, UMNYIbCHBIX U CeUCMUYECKUX
HA2py30K.

Kniouesvie crosa: rxoaxcuanvivie 000I0UKU, MEMOO 2PAHUUHBIX JIICMEHMO8, bIHYHCOCHHbLE
Konebanust, uOeanbHast HeCHCUMAEMAS HCUOKOCHIb.

O.A. USATOVA, D.V. KRUTCHENKO
A.N. Podgorny Institute for Mechanical Engineering Problems of the Ukrainian Academy of Sciences

FORCED LIQUID OSCILLATIONS IN COAXIAL SHELLS

There are many unsolved problems regarding the strength of coaxial shells partially
filled with an ideal incompressible fluid. In this regard, it becomes necessary to consider
problems associated with studying the dynamic interaction of coaxial shells with a liquid. The
problems of unsteady deformation of such shells are insufficiently studied and need more
attention. Having determined the region of integration, supposed that the fluid is
incompressible or weakly compressible, and using the boundary element method, we can
solve the corresponding boundary value problem. Note that the fluid motion is vortex-free and
this allows us to use the velocity potential, which satisfies the Laplace equation and the
boundary conditions, both on rigid surfaces of the shell and on the fluid free surface, since the
motion of the fluid volume is completely determined by the motion of its boundary surface. A
description of the liquid behavior with the free surface can be summarized in set of
dependencies, which are conditions of a kinematic and dynamic nature. Kinematic conditions
can be considered as mechanical bonds that impose restrictions on the variations of the
unknowns, dynamic  conditions follow from the variational principle of
Hamilton—Ostrogradsky, as natural ones. The fluid pressure will satisfy the
Cauchy—-Lagrange conditions. The walls of the shell can be considered as rigid ones. The
natural frequencies of the fluid are essentially less than the natural frequencies of the elastic
shell with the liquid. The effect of surface tension can be neglected, that is, the effect of
surface tension on fluid vibrations is small. The calculations are performed, which make it
possible to determine the frequencies and modes of liquid sloshing in coaxial shells. The
forced oscillations of the fluid under the influence of horizontal harmonic, impulse and
seismic loads are considered.

Keywords: coaxial shells, boundary element method, forced oscillations, ideal incompressible
fluid.
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IlocTanoBka nmpodJemu
KoakcianbHi 000J0HKH € 00’€KTOM 0araThbOX TEOPETHYHHX Ta E€KCIIePHUMEHTAIbHUX
JOCIIIJDKEHb, B 3B 53Ky 3 THM, IO BOHHU IIHPOKO 3aCTOCOBYIOTHCS SIK KOHCTPYKTHBHI
CJIEMEHTH B PI3HUX Taly3sX MpoMuUcioBocTi. Ilpum 3amoBHEHHI OOOJIOHKH PiTUHOIO
3MIHIOIOTKCS i1 TMHAMIYHI BIIACTUBOCTI, TOMY JIOCIIPKCHHS KOJMBAHHS PIIMHU € aKTyaJIbHOIO
pooIeMOIO.

AHAaJi3 0OCTaHHIX JOCTIIAKEHb | myOaikamii

3ayBakuMoO, 10 MaTeMaTH4yHe (QOPMYNIOBaHHS 3aJadi JAUHAMIKH  CHCTEMH
«pe3epByap—piauHa», 3 BUIHHOI MOBEPXHEI0 B BHIIAJIKY HEPYXOMOTO pe3epByapa, €
KpaiioBoro 3amavero Heiimana miis piBHsHHs Jlammaca, 3 JBoMa TpaHWYHMMHM YMOBaMH Ha
BUIBHIN moBepxHi piguHu [1]. Tlpm ropu3oHTaNIBHOMY MOJOXKEHHI KOHCTPYKIIi Ta ii
YaCTKOBOMY 3allOBHEHHI MOPYIIYEThCS CHMETPUYHICTH 32 OKPYKHOIO KOOPIMHATOO, IO
CTBOPIOE MOTPeOy Uil BUKOPHCTAHHs OUTBIN CKIAIHUX MPOCTOPOBUX Mojeneu [2-5]. s
YHCJIOBOTO PO3B’SI3aHHS BKa3aHMX KpaHOBHX 3aJad BHKOPHCTOBYIOTH METOIW CKIHUYCHHHX
pi3HuIis [6], rpaHUYHKMX Ta CKIHUYEHHUX ecleMeHTiB [7, 8], a TakoX MeToau CKIHUCHHHX
06’emiB [9].

B po6oTi ayis po3paxyHKy BHKOPHUCTOBYBATM METOJl TPAHUYHUX EJIEMEHTIB, a TaKOX
OyJM PO3IIIAHYTI BUNAAKH BIUIMBY CEHCMIYHOTO Ta iMITyIbcHOTO HaBaHTaxkeHHs [10].

Meta pocJainkenHs
Po3pobutu MeToaMKy BH3HAUE€HHS 4YacTOTH 1 (OPMH IUIECKAaHHS pIAMHA B
KOaKClalbHUX OOOJIOHKaX 3a JOTOMOTOK) METOJy TPaHMYHUX €JIEMEHTIB. Po3rimsHyTH
BUMYIICHI KOJMBAHHS MiJ J1€10 TOPU3OHTAIBHUX TAPMOHIYHUX, IMITYJBCHUX Ta CEHCMIUYHUX
HAaBaHTAKCHHb.

BuxkJiageHHs1 0CHOBHOI0 MaTepiajy 10CiXKeHHS

@®opMyTIOBAHHS 3a/1a4i TA OCHOBHI CIIIBBIIHOIIICHHS
Po3srnsgaeTsest cucteMa JBOX KOAakKCialbHUX OOOJOHOK OOEpTaHHS NMPU YaCTKOBOMY

3armoBHEHHI piguHOoIO (puc. 1).
zk

Puc. 1. KoakciaabHi 000710HKH, 9aCTKOBO 3aNI0BHEHI PiTHHOI0.

OO0O0JIOHKH BBaXKAIOTHCS KOPCTKUMU. PifuHa, 110 3aMOBHIOE OOOJIOHKH, € 1IeaIbHOI0
Ta HECTHCIIUBOIO. SIKIO pyX PIAMHHU MOYMHAETHCS 13 CTaHY CIIOKOI0, TOJII 3T1THO 3 TEOPEMOIO
ToMricoHa, pyxX PIAMHH € MOTCHIIATILHUM, OCKUTBKU BiH OyB MOTEHIIATPHAM B TTOYATKOBUI
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MOMEHT 4acy. B mux ymoBax icHye moTeHmian mBuikocteil ¢(X, Y, Z, t), 1o 3aJ10BOJIbHSE
piBHsiHHIO Jlamaca:

’p 0’9 0%

Ha >xopcTKuX OBEpPXHSAX 000JIOHOK BUKOHYETHCS YMOBA HEIPOTIKAHHS:

(5%
on

o9
on

=0. @)

Sz

S

Ha BinbHIM MOBepxHI MarOTh BUKOHYBATHCh KIHEMaTWYHA Ta JWHAMIYHA TPaHWYHI
ymoBu. KiHemaTnyHa ymMoBa MOJISITae B TOMY, 110 TOUKH PiAMHU, SIKI 3HAXOAMIUCH HA BUTbHIH
MIOBEPXHI B IOYaTKOBUI MOMEHT 4acy, 3JIMLIAI0THCS Ha L1H MOBEPXHI MIPOTATOM BChOTO Hacy
pyxy. Lls ymoBa mae Burisn:

9p _0¢
on ot ®)

ne QyHkiis § onucye 3MiHY MOJIOKEHHS Ta GOPMU BUIHHOI TOBEPXHI 32 4aCOM.

JluHaMiyHa yMOBa € YyMOBOIO PIBHOCTI THUCKY pIAMHH aTMOC(HEpPHOMY THCKY Ha
MIOBEPXHI PITUHHM 1 ONUCYETHCSI TAKUM PIBHAHHSM:

— +9¢=0, 4)

Jie § € MPUCKOPEHHSM BUTHHOTO TTa IIHHS.

JI71s1 0THO3HAYHOTO PO3B’SI3aHHS CTABUMO JIOJJATKOBY YMOBH Y BUTJISII:

Ja—q)dS:O. (5)

5, 0N

CniBBigHomenHss (1)—(5) cknamaloTh CHEKTpalbHy 3aqady JUis  OOOJIOHKOBHX
KOHCTPYKIIiii 3 pigunoro [11-12].

B po6oti [13] 3a momomMororo METOAY TPaHUYHHX €JIEMEHTIB B OCECHMETPIYHOMY
dopmymnroBanHi [14] oTpumMaHi ¢popMH Ta 4aCTOTH BUIBHUX KOJHMBaHb CHCTEMH (0OOJIOHKa—
piauHa, TOOTO po3B’s3aHO crnekTpanbHy 3amauy (1)—(5). Ili dopmu Oymemo Hamami
BUKOPUCTOBYBATH, SIK Oa3MCHY CUCTEMY Ul 33Ja4ui Ha BUMYIICHI KOJMBAHHS.

Bymemo mrykaTti MoTeHIial NIBUAKOCTEH ¢ Ta QYHKINO { y BUTJISI PSB!

o0

o(r,z,t,0)= 2.0 (r.0.2), (6)
:(r,w):gck(t)%. @)
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Tyt pyHKIIT @k € po3B’sA3KaMH TaKUX KPAHOBHUX 3a/1ay:

Agy =0, (8)
% :% :0’ (9)
onlg onjg
0p, a)kz
—(r,0,2) =—*olr,z,0) .
~ (16:2) . o . (10)

ToOTo ¢k Ta Wk € popmamu 1 YacTOTaMH BITBHUX KOJUBAHb PIAMHH B CHCTEMI
KOaKciaTbHUX 000JIOHOK. UHUCIIOBI MeTOAM po3B’si3aHHs KpaiioBux 3amad (7)—(9) Ha ocHOBI
BUKOPUCTAHHS IHTETPAIbHUX 300paKCHb Ta MPSAMOTO (OPMYITFOBAHHS METOAY T'PaHHYHUX
eJleMeHTiB po3pobiteni B [14, 15].

Busnavyenns popmu BiIbHOI OBEPXHI
Po3rnsiHeMO BUMYIIEHI KOJMBAHHSA PIAMHU B CHUCTEMI KOAKCIAIbHUX OOOJOHOK MiJ
JIE0 TOPU3OHTAIBHOTO HaBaHTaKeHHs. 3rigHo 3 [11, 16] mae micie Taka AuHAMiYHA YMOBa
Ha BUIBHIN MOBEPXHI piAUHU:

99 a (t)x+gs =0. (11)
ot
Tyr g — m$puCKOpEHHS BUIBHOTO MAMiHHA, a,= V[X -a, (t)] € TOPU3OHTAIBHUM

NPUCKOPEHHSIM, II0 3YMOBJIGHO [Ii€I0 30BHIIIHIX CHJ. 3ayBakKMMO, 110 (OPMH KOJIHMBAHb
piavHU € oproroHadbHUMH (GyHKIissMu [17]. YV BHmagKy ropH30HTaIBHOTO HaBaHTAKECHHS
peaizyloTbCsl JIMIIEe HeoCeCHMMETpiuHi (OpMH KOJIHMBaHb, IO BIANOBIAIOTH TEPIIii
rapmowiri: oo = 1 [11].

[MincraBumo psimu (6)—(7), sixi BiamoBinaroTh hopmMaM KOJIMBaHB HpU o = 1 Ta BUpas
(12) B «kpaiioy ymoBy (11). Otpumaemo, BpaxoByrUM, IO X=1IC0SO, Take
CHIBBiAHOIICHHS:

S E(M) g, (1.0, H)+ gic(t)w+ ra, () =0.
k=1 k=1 0z
3rigHo 3 ymoBoto (10) 3Haiigemo:
D> e @ (r.0,H)+D ct) wlp, (r,0,H) +ra,(t)=0. (13)
k=1 k=1

Jlani 3HaxoAMMo CKansipHuii 100yTOoK cmiBBigHOMmIEHb (13) Ha OasucHi QyHKIII ).
Buacnigok oproronanpHocTi [17] OymemMo MaTu He3B’s3aHy CHUCTeMy audepeHIliaTbHUX
PIBHSIHB IPYTOTO MOPSAIKY:

&, (t)+wlc, )+ a, (Mo )=0, k=12, (14)

Jie CKaJISIpHUHM 100yTOK (r, gok) BU3HAYA€THCS 3a (POPMYII0I0:
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(r.o)=[[ro(r.0.H)ds.

3amaua mosiAira€ y BHU3HAYCHHI HEBIIOMHMX KOE(QIIEHTIB, 3alle)KHUX BiJ dacy, Ta
noOynoBu GOpMH BUTHHOI MMOBEPXHI 32 YMOBH [lii TAPMOHIYHHX, IMITYJIbCHUX Ta CEHCMIYHUX
HaBaHTaXCHb.

VY BHUIaaKy rapMOHIYHOTO HABAHTAXKEHHST MA€EMO:

a (t)=a,cosmgt, (15)
1€ a,,®, € BLATIOBIIHO aMILTITYI0I0 Ta YaCTOTO CHUJIM, 1[0 3MYLIYE.

JInst 3HaXOKeHHs HeBiqoMux KoedimieHTiB C, (t) moTpiOHO 3a1aTH MOYAaTKOBI YMOBH.

OckilbKM 32 TPUMYIHIEHHSIM cHUCTeMa «00OJOHKa—piauHa» B TOYAaTKOBHH MOMEHT
3HaXOJMJIACh Y CTaHi CIIOKOI0, TOMY

¢ (0)=0, ¢(0)=0, k=12,.. (16)

[To3naunmo A, =a0(r,(pk). 3rimHo 3 ymoBamu (16) HeBimomi KOediliEHTH MarOTh
BUTJISL

¢ (t)= %(cos ot — COS®,t).
Wy — 0y

S0 i€ iMITyJIbCHE HaBaHTa)KCHHS

a,(t)= = aoa(t), a(t)={$’ tt; (17)

ne vyac 1’ € mepiogoM Jii IMITyJIbCHOTO HaBaHTa)KEHHSI,

3rigHo 3 [18] orpumano Takwuii po3B’s30K piBHAHB (14):

iz—izcos(mkt), 0<t<T,

(&) (O
Ck (t) = 1 1 : :

—5 ——C0s(m,t) —i2+i2COS(x)k (t-T), t>T.

ko O 0y
Hexaii celicMiuHe HaBaHTaXCHHS MOJICITIOETHCS TaKUM YnHOM [18]:

o (t)- {ao sin(12nt/5)cos(2nt), t<T, 18)

0, t>T,

IToznaunmo Q, = %n, Q, = %n. Otpumaemo mpu t < T
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2
2 — @

() pep— {lei”("’kt)—sin(Qlt)}er*

Q,sin(ot)
Q7 - o Oy

Wy

sin(ta)} :

¢ (t)=— A {lein(cok(t—T)) —sin(Ql(t—T))}r

2 2
Q — o, 0y

+

Q,sin(o, (t-T .
ZA* 2[ 2 Sin(o ))—sm(Qz(t—T)) .
Q) — oy @y
Takum ymHOM, oTpuMaHi KoedilieHTH psaiB uid GyHKUiH ¢ Ta . lle mae 3mory
JIOCITITATH 3MIHY PIBHS MiAHOMY BUTBHOI TOBEPXHI 32 4aCOM.

AHaJIi3 YUCI0BUX pe3yJIbTaTIiB
JlocmikeHi KOJNHMBAHHS PIAMHA B CHUCTEMI IIWUIIHIPHYHUX OOOJOHOK Tif €0
30BHIIIHIX HaBaHTaXeHb. BBaxkanock, mo R,=1wm, H =1 m (puc. 1). Takox BBaXkanocs, o
Y BCIX PO3TJISIHYTHX BUMAAKAX PyX PIAWHU MTOYMHABCS 13 CTaHY CIOKOIO.
3ayBakuMo, 1110 pO3TJsaainch (GOpMHU KOJIMBaHb, SKi BiAMOBiAar0Th oL = 1, [9].
B Tabn. 1 HaBeneHi HaWHWXK4Yi YaCTOTH BUIBHUX KOJIMBaHb PIAMHU TPH PI3HUX
CIIIBBITHOMIEHHSX pajiyciB 00oioHOK R, /R, (puc. 1).

Tabmums 1
YacToTu KOJMBaHb PIIMHU B KOAKClaTbHUX 000JIOHKAX, oL = 1

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

® 4247 | 4.247 | 4204 | 4.086 | 3.937 | 3.785 | 3.641 | 3.516 | 3.403 | 3.212

Ha puc. 2 300pakeHO MOBEAIHKY BUIBHOI IMOBEpXHI PIAMHU B TOYI 3 TAaKUMHU
MWTHIPUYHUMHU KoopauHatamu: =1, 06=0, z = 1 mix gi€ro TapMOHIYHOTO HABAHTAXKCHHS
(15) nns o6ononkosoi cuctemu npu R /R, =0.5.

0,02 - C.»
‘| " A |

0,01 H

R ﬂ S D’;Aunvnnﬂﬂh |
N" [ L VU\IW :

i “H N !rML

a) 6)

)
=

Puc. 2. 3mina BiTbHOT MOBEpPXHIi 32 YacoM I/ 1i€10 TApDMOHIYHOI0 HABAHTAKEHHS.
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Puc. 2a) ta 26) BiNOB11al0Th TAPMOHIYHUM HABAHTA)XXEHHAM 3 napamerpamu a,= 0.1,
®,=2T1a a,= 0.1, ®,= 3.64 BiANOBIIHO.

Ha pwuc.3 300pakeHo 3MiHY 3a 4acoM BIJIBbHOI MOBEPXHI 32 YMOBH il IMITYJIbCHOTO
(puc. 3a) Ta ceiicMiuHOTO HaBaHTaxKeHHs (puc. 30).
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Puc. 3. 3mina BiibHOT NoBepxHi 32 YacoM mij Ai€0 iMIYJILCHOTO Ta CeliCMiYHOr0 HABAHTAKEHHSI.

[Tapamerpu iMIynbCcHOTO HaBaHTaxeHHA [ =2, ap=2. Ilpm celicMiuHOMY
HaBaHTA)XKEHHI TAKOK BBAXKAJIOCH, 110 ag=2.

[Tpu 1ii rapMOHIYHOTO HABAaHTAXEHHS, SKIIO YaCTOTa 30BHINIHBOI CHIIA BIAPI3HAETHCS
BiJl 4YacTOTH BUIBHHUX KOJHMBaHb, BIIOYBA€TbCS MEPIOAWYHMNA pPyX BUIBHOI TOBEpPXHI 3
00MEXEHUMH aMILTITYJaMHU.

BucHoBKH

3a J0NOMOro METOJYy TpPaHWYHHX EJIEMEHTIB pO3pOOJICHO METOIUKY, IO Ja€
MOYJIMBICTh BU3HAUUTH YacTOTH 1 (JOPMHU IUICCKAHHS PIAMHU B KOAKCIaJbHUX OOOJOHKAX.
[ToTeniian mBHAKOCTEH Ta (QYHKINA, MO omucye (GopMy BiIBHOI MOBEPXHI, 300pakeHl y
BUTTISAL psfliB 3a (opMamMH  BIUIBHMX KOJHMBAaHb PIIMHH B KoakcianbHuX oOononkax. Lli
dbopMH  OTPMMAaHO METOAOM TpPAaHUYHUX C€JIIEMEHTIB B  aKClaJbHO-CHMETPUYHOMY
¢dopmymoBaHHI. PO3risHyTO BUMYIIEHI KOJMBAHHS Mij 11€10 TOPU3OHTAIBHUX TapMOHIUYHUX,
IMITYJTbCHUX Ta CEHCMIYHUX HAaBAaHTAKCHHS.
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