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JAHAMHUYECKASI HEYCTOMYUBOCTD NNOJAKPEIJIEHHBIX
KOHUYECKHUX OBTEKATEJEN PAKET-HOCUTEJIEN B CBEPX3BYKOBOM
I'A30BOM IIOTOKE

Hccnenyrores: kone6aHus KOHHYECKHX oOTeKaTenell pakeT-HOCHTENeH, MOJKPEIUIeHHBIX IIIMaHrOyTaMu, B
CBEPX3BYKOBOM ra30BoM notoke. O6TeKaTe MOACINPYIOTCS TOHKUMH KOHHYECKIMH 000JIOUKAMH, YCUIICHHBIMH
BHYTPEHHHMH KoIbLaMu. [IpoBomuTcs aHamM3 MOTEpH JUHAMHYECKOM yCTOMYMBOCTH KOHCTPYKIUH,
cooTBeTcTBYIOmEe Oudypkamuu Xomda. s mccaenoBaHHs IUHAMHYECKOH HEYCTOMYMBOCTH KOHHYECKHX
000J104€K CO LIMAHIOYTaMH B CBEPX3BYKOBOM ra30BOM IOTOKE IPUMEHSETCS METOJ 3aJaHHbIX (opm. JlaBienue,
JIelicTByIoIee Ha OOOJIOUKY, OIMNCHIBaeTCs INOPIIHEBOH TeopHeld. KuHeTnueckas M NOTeHIMAlbHAs JHEPTHU
KOHCTPYKIIMM TIPEACTABIIIIOTCS 3aBHCSIIMMHM OT KOMIIOHEHT BEKTOpa IepeMelmeHuid oOomouku. Jlus
UCCIICZIOBAHUS JMHAMMYECKOH HEYCTOHYMBOCTH OPEOPEHHBIX O000J0YEK B CBEPX3BYKOBOM TIa30BOM IOTOKE
MONy4eHbl MOJENTM C KOHEYHBIM UHCIOM CTeleHeil CBOOOABI. Adpoympyrue KonebaHUsS O0O0O0IOUKH
MIPEICTaBIIIOTCS B BU/IE YKOPOUSHHOTO PsA/a 110 COOCTBEHHBIM (hopMaM KonebaHuUi, KOTOPbIe HAXOISTCSI METOJ0OM
Penes—Puria. AHanu3 cBOOOAHBIX KOJEOAHHIT KOHHYECKHX OOONOYEK C PA3HYHBIM YHCJIOM IINAHTOYyTOB
MI0Ka3aJ, 9YT0 OpeOpeHne yBeIMInBaeT BeININHEI COOCTBEHHBIX YAaCTOT OoJee 4eM B /iBa pa3a. YBeIHYEeHHE YHCIa
IIIIAHTOYTOB C IISITH 0 CEMU HE BIMSET Ha IePBbIC TPU COOCTBEHHBIE YAaCTOTHI KOJIeOaHNH KOHCTpyKIuH. Yncio
Y3JIOB IIEPBOil COOCTBEHHON (OPMBI KOHCTPYKLUH CO INMAHIOYTaMH B IOJITOpA pa3a OOJbIle, YEM YHUCIIO Y3JI0B
Tol ke (opMbI KoebaHui KOHCTpyKIuH 6Oe3 mmaHroyroB. Kpurtnueckas gactora aBTOKoIeOaHUH, B OCHOBHOM,
3HAYHUTENBHO BBINE IIEPBOH COOCTBEHHOH YacTOTBl KOHCTPYKLHMH. OTH YacTOTHI ONHM3KH UL KOHHYECKOH
000JI04KH C TpeMs LIIaHroyraMu. YacToTa aBTOKOI€0aHUH MEHbIE NIEPBOH COOCTBEHHOM YacTOThl KOHCTPYKIIUU
C IATHIO M CEeMBIO IIMaHroyramMu. YacTOThl aBTOKOJIEOAHWH M HepBas COOCTBEHHAs YacTOTa KOHCTPYKIUH HE
H3MEHSIOTCS, €CJIM YUCIIO IIIaHTOYTOB YBEIUIUBACTCS OT IISITH IO CEMU.

JloCHiKyIOTECSI KOJNMBAHHS KOHIYHHX OOTIYHUKIB pPaKeTOHOCIIB, IIO IiJKpIIUICHI MINAHTOyTaMH, Y
HaJ3BYKOBOMY I'a30BOMY moToui. OOTIYHUKH MOJCIIOIOTECS TOHKUMUA KOHIYHUMH OOOJIOHKAMH, ITiICHIICHUMHU
BHYTpiIHIMU Kinbusimu. [IpoBOmUTHCS aHami3 BTPATH AMHAMIYHOI HECTIHKOCTI KOHCTPYKIii, IO BiAMOBiga€e
Oipypkauii Xomda. s AOCHIPKEHHS AWHAMIYHOI HECTIMKOCTI KOHIYHMX OOOJIOHOK i3 INMAHrOyTaMH B
Ha/3ByKOBOMY T'a30BOMY IIOTOL 3aCTOCOBYEThCS MeTon 3amaHux Qopm. Tuck, mo i€ Ha 00OJOHKY,
MOJIETIOETBCSL TOPIIHEBOIO Teopieo. KiHeTnmyna Ta moTeHUiiiHA eHepril KOHCTPYKILIl MpeaCTaBIsIOTHCS
3aJIOKHUMH BiJl KOMIIOHGHT BEKTOpa MepeMilieHb OOO0JOHKH. J[JIsi IOCHiJKeHHS AMHAMIYHOI HECTIMKOCTi
opeOpeHnx O0O0JIOHOK y HaJ3BYKOBOMY Tra30BOMY IOTOILl OTPUMaHi MOJAENI 3 KIHIEBHM YHCIOM CTEICHIB
cBoOOaM. Aeponpy:KHi KOJIMBaHHS OOOJOHKH MPEJICTAaBIAIOTHCS Y BHIVISAI YKOPOYEHOTO PAdy 3a BIACHUMH
(hopMamu KOJIHMBaHb, SIKi 3HAXOAAThCS MeTOAOM Penes—Pina. AHaui3 BIaCHUX KOJUBAHb KOHIYHUX OOOIIOHOK 3
PI3HHM YHCIIOM IINAHTOYTIiB IIOKa3aB, IO OpeOpeHHs 30ibIIye BEJMYMHHU BIACHUX YacTOT OLIBII HiXK B JBa
pasu. 30ibIIEHHS YUCTa MNAHTOYTIB 3 II'ATH 10 CEMH HE BIUIMBAE Ha MEpIli TPU BIACHI YaCTOTH KOJHMBAaHb
KOHCTpYKLii. Yucio By3miB nepiiol Bi1acHoi GOpMU KOHCTPYKIIT 31 IIMTAHTOYyTaMM B MiBTOpa pas3u Oijblie, Hixk
YHCIIO BY3JTiB TOH ke (GOpMH KONMBaHb KOHCTPYKIii Oe3 mmaHroyriB. KpuTuuHa WacToTa aBTOKONHBAHB, B
OCHOBHOMY, 3HaYHO BHILE NEPIIOT BIACHOI YacTOTH KOHCTpYKUii. L{i yacToTn GMu3bKi U1 KOHIYHOT 00O0TOHKH
3 TppOMA INMAHroyramu. Yactora aBTOKOJIMBAHb MEHIIIE MEPHIO] BJIACHOI YaCTOTH KOHCTPYKUIl 3 I’sThbMa Ta
chOMa IIMAHrOyTaMH. YacTOTH aBTOKOJIMBAHb 1 IepIilla BIacHAa YacTOTa KOHCTPYKIIi He 3MIHIOETBHCS, SIKIIO
YHCJIO IIIAHTOYTiB 3pOCTAE 3 I’ SITH JI0 CEMHU.

Vibrations of launch vehicle conical fairings stiffened by rings in gas flow are investigated. Fairings are
simulated using thin conic shells stiffened by inner rings. Losses in a dynamic structural stability corresponding to
the Hopf bifurcation are analyzed. Using the method of given forms, one can study a dynamic instability of conic
shells with rings in a supersonic gas flow. The pressure acting on the shell is described by the piston theory.
Kinetic and potential energies of the structure are intended to be dependent on the component of the shell
displacement vector. To study a dynamic instability of ribbed shells in a supersonic gas flow, models with the
finite number of freedom degrees are developed. Aeroelastic vibrations of the shell are presented in the form of a
shorten series on natural modes of vibrations, which are determined by the Rayleigh-Ritz method. The analysis of
free vibrations of conic shells with the different number of rings demonstrated that ribbing increases values of
natural frequencies more than by a factor of two. An increase in the number of rings from five to seven does not
effect on the first three natural frequencies of structural vibrations. The number of assemblies of the first natural
mode of vibrations of the structure with rings is 1.5 times greater than the number of the same mode of vibrations
of the structure without rings. A critical frequency of self-excited vibrations is basically well above the first natural
frequency of the structure. Those frequencies are closely related for a conic shell with three rings. The frequency
of self- excited vibrations is less than the first natural frequency of the structure with five and seven rings.
Frequencies of self-excited vibrations and the first natural frequency of the structure do not change, if the number
of rings increases from five to seven.

© YepuoOpsiBko M. B., ABpamos K. B., baryruna T. f., lerrapenko I1. T'.,
ToukoHOXeHKO A. M., Cyneitmenos V. C., 2015
Texu. mexanuka. — 2015, — Ne 1.

15



KiroueBble c10Ba: xonuueckas 00010YKA €O WNAH2OYMAMU, CE8EPX38YKOBOU
2a306blll NOMOK, Memoo 3A0aHHbIX POPM, NPOCMPAHCMEEHHAS (Popma nomepu
YCMOUYUBOCU.

Bgenenue

Celiuac yKkpamHCKasi KOCMHYeCKas TEXHHKA ITOJIb3YETCS IMUPOKAM CIIPOCOM.
ACCOPTUMEHT BBIBOIAUMBIX Ha OpOHMTY IMOJE3HBIX TPY30B CYIIECTBEHHO
pacmmpuics. [Ipu BeiBojie Ha OpOUTY TMOJIE3HBIN TPy3 3alUIIAETCS 00TEeKaTeIeM,
KOTOPBIA SBJISIETCS TOHKOW 0007I09KO0il. OTH 000JI0YKH 9acTO MMEIOT KOHHYECKYIO
¢dbopMy, mepexosIlyl0 B LWIMHAPHYECKYIO 000J04YKy. B OCHOBHOM, Takue
KOHCTPYKUUH YCHJIMBAIOTCA M3HYTpH CTPUHTEpaMH W IINAaHroyramu. B momere
oOTeKaTenn CHapyXd B3aHMOJEWCTBYIOT C Ta30BBIM IIOTOKOM, HYTO MOXET
OPUBECTH K HX ad’poynpyruMm KomneOaHusiM. Takue KoneOaHusT MOTYT OBITh
NPUYMHON pa3pylIeHUs] 00TeKaTeNs WU MOJE3HOTo Ipy3a. DKCIepUMEHTaIbHbBIC
WCCIIEIOBAHNAS CBHIETENICTBYIOT, YTO HA TPAHC3BYKOBBIX M CBEPX3BYKOBBIX
CKOPOCTSIX TI0JIeTa PaKeThl HAOFOIAl0TCSl MHTEHCHBHBIC a3pOYIPyTHe KOIeOaHMs.

Paccmotpum myOsuKaIvu, MOCBAIICHHBIC TUHAMHKE KOHUYECKHX O000JIOYCK.
B cratbe [1] mist mccnenoBaHusl TMHAMUKA KOHUYECKOW OOOJOYKH MPUMEHSETCS
metof Penes—Puriia. KoMos3uTHbIe, HOJIOTHE, KOHCOJbHbBIE KOHHYECKUE 000I0UYKH
paccmarpuBatotcs B [2]. B crathe [3] aHanM3UpyrOTCS CBOOOIHBIC KOJICOAHUS
3aMKHYTBIX KOHWYECKHX oOonouek. KoneOaHus 000J04eK pacKiIaabIBalOTCS B
panel Dypbe 1O OKPYKHOM KOOpIMHATE, a IO MPOJOJBHONM KOOpAUHATE
MPOU3BOJUTCA AUCKPETU3ALNA C TOMOIIIBIO MECTO/Ja KOHCYHBIX 3JICMCHTOB. TCOpI/IS[
MOJKPEIUICHHBIX 000JI0UeK MOApPOOHO paccMmarpuBaetrcs B padore [4]. B [5]
paccMmarpuBaeTcs NPUMEHEHHE METO/Ja KOHEYHBIX DJJIEMEHTOB JUIA pacdera
MTOIKPETUICHHBIX 000JI0YEK.

Tenepb paccMOTpUM pe3yJIbTAaThl aHAIN3a a3POYNPYTHX KOJeOaHU 000I0ueK
BpameHus. [IpuMeHeHre MOPIIHEBON TEOPUH K aHATHM3y adpoyINpyrux KoyieOaHuit
00oIloUeK BpalleHus pPacCMOTpeHo B pabote [6]. MccnemoBaHuUs a’poympyrux
KOJIeOaHWH KOHWYECKHMX OO0OJIOYEK C HCIOJIBb30BaHHEM MOPITHEBOH TEOpUH
npuBeneHsl B paborax [6—8]. O030p pe3yabTaToB,  IMOCBSIIEHHBIX
KOHEYHORJIEMEHTHBIM HCCIICJIOBAHUSAM a3pPOYIPYTruX KoJIeOaHUH KOHCTPYKIIHIA,
NpeACTaBIIeH B [9].

B 3101 craThe paccMaTpUBalOTCS KOHUYECKHE O0TEKATeNd paKeT-HOCHUTENEH,
MOJIKpEIUIeHHBIe mmaHroytamu. llpeamonaraercs, yTto 000J0OYKa TOHKas, a ee
KOJIeOaHUsI OMHCHIBAIOTCS TPEeMs MPOCKIHMSIMH TepeMeNeHrn Ha KOOpAWHATHBIE
ocu. Konbna, moxkpernstone 000JI09Ky, yCTaHABIMBAIOTCS BHYTPH KOHUIECKOTO
oOtekatens. Ilpu nedopmMupoBaHuM OO0TEKaTeass KOJIBLIO HM3rHbacTcs B CBOCH
IDIOCKOCTH M B TIEPIIEHAUKYJISIPHOM HAIIPAaBIIEHUH; OHO PACTATHBAETCS, COKMMAETCS
n ckpyumBaeTcs. O00j04Ka OOTEKaeTCs CBEPX3BYKOBBIM Ta30BBIM TEUEHHEM,
KOTOpPO€  ONUCBIBaeTCs  NOpIIHEBOM  Teopued. Iloreps  auHamudeckou
YCTOWYMBOCTH O0OJIOUYKH COOTBETCTBYeT Ondypkanuu Xormda. B cratee uncieHHO
HCCIIeAyeTCsl MPOCTPAHCTBEHHAs! (hopMa MOTEpU YCTOMYMBOCTH OOOJOYKH IIPH
oudypkanuu Xomnda. [IpuBoaarcs pe3yiabTaThl aHaiM3a CBOOOJHBIX KoJeOaHUI
obonoukn MetonoMm Penes—Purna. UwuciaeHHo wuccienyeTcs AMHAMHYECKas
HEYCTOHYMBOCTH 000JIOUEK C Pa3INYHBIM YHCIIOM HINAHTOYTOB.

1. IlocTaHoBKAa 3a1aYM U OCHOBHbIE YPABHEHHUS
PaccmoTpum oOTekaTenu pakeT-HOCHTENEH, KOTOpbIe SABISIOTCS TOHKHUMHU
KOHMYECKMMHU o00oJoukamMu. OO0J0YKa YCHIMBAETCS H3HYTPH IIIAHTOYTaAMH.

16



KoHcTpykiust cHapyxu oOTekaeTcsi Ta30BbIM TMOTOKOM. Kak crieayer w3
OKCIIEPUMEHTAIILHOTO  aHallM3a JTOM CHCTEMbI, WHTEHCHBHBIC adpOYIpyrue
KoJIeOaHusT HAOMIOMAIOTCS TPH OKOJO3BYKOBBIX M CBEPX3BYKOBBIX CKOPOCTSX
notoka. Mccnenyercs auHaMuka oOTEKaTeNlss B CBEPX3BYKOBOM Ta30BOM IOTOKE.
PaccmarpuBaeTcs M30TpOIHAs, TOHKAas KOHWYECKass 00oiodka BbICOTOM H U ¢
pammycoM ocHoBaHmst R. CpeamHHas MOBEPXHOCTH 3TOH 000NOYKH M300pakeHa
Ha puc. 1. Yrom o wMexay oOpasylomedl KoHyca U OCblO Z YyIOBIETBOPSET
cootHomenuto: o = arctg (R/H ). OGonouka uMeeT MOCTOSHHYIO TOMIUHY D ;
HWDKHSISL CTOPOHA 00O0JIOUKH 3alleMIIeHa.

O0010uKa YCHIMBAETCS U3HYTPH ImaHroytamu. [1ImaHroyTel pacmonaratoTcst
NMapajuileIbHO OCHOBaHWUIO OOOJIOYKH Ha OJWHAKOBOM PACCTOSHUM  JIPYT
otHocuTenbHO Apyra. Koncrpykumst mmeer N mmanroytoB. Bce mmaHroyTs
CIeNaHbl M3 OJHOTO M TOTO JKE€ Marepuaja W MMEIOT TOCTOSIHHOE IOTIEPEYHOE
ceuenue. lllmanroytel  m3rubaroTcss B IJIOCKOCTH  OOONOYKH W B
MEPIEHINKYIIPHOM — HampaBiCHWH, 0o0jJee TOro, OHHU CKPYyYHUBAIOTCA |
pacTIrUBaIOTCSI.

Puc. 1

IlonoxkeHnss TOYEK Ha CPEOUHHOM IOBEPXHOCTU OIPEIEISIETCS IBYMS
KoopauHatamMu S u @ (puc. 1). Pagmycsl KpuBU3HBI B0 KOOPAWHATHBIX JIMHUH

su @ ompenensiorcs Tak: R = R/cosa.—(H/cosa—s)-tgar, Ry=c0.
[TonoxeHnre MpOU3BONBHONW TOYKH OOOJIOYKH OMMCHIBAETCS TPEMs KOOPIUHATAMH
(s,(p, E_,) , Tie & — BHEIIHSST HOpMaJlb K CPETMHHOM MOBEPXHOCTH 000JIOUKH.
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Mecra KpeluleHHs —INIAHTOYTOB  BIOJb  OOpasyiolieil  OMHUCHIBAIOTCS
CIIEAYIOIINMHI KOOPAHHATAMH S]f; j=L1..,N: S? =jH/ [(N +1) Cosoc].

Tak kak 000JOYKa TOHKAs, CABHUTYM M WHEPIUS BPAIICHUS HE YYUTHIBAIOTCS.
Hampspxkenno-gedopmupyeMoe coCTOSHHE OOOJNOYKH yIOBJIETBOPAET THIIOTE3aM
Kuproda—JIssa. Hanpsoxenws u nepopmanny mpeanonaraloTcss MajJbIMH; TO3TOMY
BBINOJHAETCS 3akoH ['yka. Ilpoekuuu TmiepeMeleHnii TOYEeK CpEeIUHHOU
MOBEPXHOCTH Ha ocu S, @ u & oOo3HawaroTcs vepes U(S,o,t),v(s,@,t) u

W(S,®,t) COOTBETCTBEHHO.

BepmuHa koHyca SIBISI€TCS CUHTYJISIPHOM TOYKOH. J[JI1 MCKIIOYEHMS 3TOU
0COOEHHOCTH BBIPEKEM MAJICHBKUH KyCOUEK 00OJOUKH OKOJIO €€ BepIIMHBI. Takoi
moaxon mpemnokeH B [10]. Torma B BepxXHEW dYacTH OOOJIOYKH TIOSBIISCTCS
MajeHbKas JONOJHWTENbHAas cTopoHa. IIpenmonaraercs, 4YTO 3Ta CTOpOHA
LIApHUPHO omepTa. BrIpe3 MaJeHBKOTO Kycodka OOOJOYKH HE BIMSET Ha ee
JTUHAMWYECKUE XapAKTEPUCTHKH.

IloreHnmanbHas SHEPTUS KOHCTPYKIMH COCTOUT W3 IMOTEHIUAIBHOW dHEPTUU

KOHHMYeCKOH o6onouku [I; M NOTEHIMANbHONW SHEPrHU IIMAHIOYTOB H(zl);

N
I=1..,N: II=I1; + ZH(ZI) . lloTeHIIaTBHY0 HEPTHUIO 00O0JIOYKH MIPEICTABUM B
1=1
BUJIC!

2n

!

— N T

L
1 H .

I, == G11€11 + O 99€0y +G19€1» ) R—| —— =5 |sina |dsdedé, 1
175 5[( 11811 T 022822 + 012812 [COS(I j odg (1)

N

rae h — tommuna o6Gonouku; L=H/coSo— mmvHa 00pasyoleil KOHHYECKOi

000JI0YKH; Gy1,015,02 — ODIEMEHTHl TEH30pa HANpPsKEHUH; €11,€10,E00 —

3leMeHThl  TeH3opa nedopmanuit. Huwknuit npemen wunTerpupoBanus 0F
0003Ha4YaeT, 4T0 MHTErPUPOBAHME HAYMHACTCA C MajoW BEIMYMHBI. DTa Majas
BEJIMYMHA OMUCHIBACT BBIPE3 MAJIIEHBKOTO KyCcOYKa O0OJIOUKH OKOJIO €€ BEpIIHHEI.
DneMeHTHl TeH30pa JeQopManiii W TPOEKIHUU TEepPeMElIeHU TOYeK O00OJIOYKU
YIIOBJIETBOPSIIOT CIEAYIOIIUM YPABHEHUSIM:

T
e Cas
_v v, 1 o 1| o'W aw vy @)

27575 T de stga stga| 0sdp SOp s S

v 1 |ov &°w| ow
—+u-tgo+w|+¢§

& = _—_ | |
22" stga | 09 s2tg?a| p Og® | sds

C yuerom (2) u 3akoHa ['yka moreHumanbHas sHeprusi obonouku (1) mpumer
CJEeNyIOIUN BU;
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2n L

Tl_v)goj'{ E +E ) —20- v)(ElEZ—%Qlﬂ{R—(%—stina}dsdcp

7—)7 i[K1+K2 -2(1- v)(K1K2 Qz)]{R—(C:K—sjsina}dsdq),

rae E — monyns Onra; v — xoaddunuent Ilyaccona,

@)

Elza—u, E, = 1 @Jrutgoww
oS Stgoc op

e (1 [or_cw] aw
o 27| 2t a| 09 og? | sos )

v v o 1 1{82W8\N8V\/}

os s acp stga’  ° stgo|osop soe 05 S
Jns monydeHus MOTCHIMAJIBHOW SHEPTUHM | -TO KOJbLA PACCMOTPHUM €ro

nedopMaIiOHHOE COCTOSIHHE. YYacTOK KOJbIla TOKa3aH Ha puc. 2. KpuBusHy
CPEMHHOM JMHMM  ]-ro Koibla o0o3HaunM depes R;j. [lna onmcanus

neGOpMUpOBAHUSA  |-TO KOJbIlA BBEAEM JIOKAJIBHYIO CHCTEMY KOOPAWHAT
(YJ-,V j,fj). JlennaHays HONEepeYHoOro CeuYeHMs KoJblia He YYUThIBaeTcs. M3ru6
KOJIBIIA B JBYX MEPICHIMKYISPHBIX HANPaBIeHHAX 0003HaunM uepes U;(Yj,t) u
w;(yj,t), a ero pactskenue W cxatHe onmceiBarorcs Qymkmmed V(Yj,t).

Kpyuenmne komnbra omnwmchiBaeTcs (QYHKIHEH ¢ J-(Vj,t). Bce o0000menHsie

MEePEMEIICHHMSI [TOKa3aHbl Ha PUC. 2.

Hedbopmarin 1 0000IIEHHBIE TIEPEMEIICHHUS KOJIbIA CBA3aHBI MEXKIY COO0Oit
cooTHomeHusmu [11]:

— T T= _ o~
o%u; @ o’w, W
J J J J
=" T X2=—"= t—5 4)
& R & R

TAE Y1,Y2 — M3MCHEHHE KPHMBHM3HBI CPEIMHHOW JIMHUU KOJBLA; €— OKpYXKHas
neopManysi; T— OTHOCHTENBHBINA YTOJI 3aKPYYHBaHMUSI.
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Puc. 2

[ToTeHIMANBbHYI0O DJHEPrUI0  j-TO KOJbIIA C Yy4ETOM BhIpakeHHd (4)
MPEICTaBUM B CIICAYIOILEM BUE:

2

oV olu; o,
m “)zlf EjF| 22k | vE9, | e 2E )
2 j R TP R
o%w; Wi ou dp: )Y
+Ej‘]Xj ~ZJ +—i +Gj‘]j —i—& dyj’ (5)
&; Rj Rjoyj oy,

rae E;,Gj—monyns [OHra u momynb czpura martepuana j-ro Kojblia; Fi—
IUIOINAAb MOMEPEYHOTO CEYCHUS KOJbIIA; sz,JXj,Jj — MOMEHTBI HHEPIUU

MOINEPEYHbIX CEUCHUH KOJIbIIA.
BuemiHsisi cTopoHa KOJbLIA JKECTKO CBSI3aHA C BHYTPEHHEH CTOPOHOU
000JIOYKH, UTO OMUCHIBAETCS YPAaBHEHUSIMH, KOTOPbIE UMEIOT CIIeAyomuil Bux [4]:

u; (5. =u(s]. 0.0 — e (s] 0.0),

Vi (§5.0) =—v(s}.0.) — hjo, (s} @.1). (6)
w; (V1) =-W(sj, 1),

0; (Vi) =¢i(s],0,1),

\ (s, o,t) ow(s; o) v(sj.et) ~ ~ h
rae (P]_(Sj;(Pvt):— y 2= = + , hj ZHj-‘r-— ,
0s oy oy R; 2
Ijlj — paccTosHME OT BHYTPEHHEW CTOPOHBI 000JIOYKH [0 CPEJIMHHON JIMHUU
KOJIb1IA.

Teneps cooTHomieHHe (6) BBEAEM B MOTCHIUAIBHYIO SHEPTHIO KOJbIa (5) U
WCTIONb3YeM TIONIYYeHHBIE COOTHOWIEHUS ¥ BbIpaxkeHwe (3) i 3amucu
MOTEHIIMATBHOW DSHEPrUH KOHCTPYKIMU. Torja MOTEHIHMAIbHYIO JHEPrHIO
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KOHCTPYKITUM TIPEJACTABHM OTHOCHTEIBHO KOMIIOHGHT MEpPEMENICHUN O0O0IOUKH.
[ToTeHIMANbHYI0 DHEPrHI0 KOHCTPYKIIMM MOXKHO 3ammcaTh B CICHYIOIICH
orepaTopHoi Gopme:

2n L

= j J.A(u vw)dsdq)+2§/\ [u(s 0.1),V(S],9,t),W(s], (pt)]dyj, ©)
0 0"

rIe A(u,V,W),AJ-[U(S}r,(p,t),v(s?,(o,t),W(S?,(p,t)]— OIEpaToOpbl OTHOCHTEIHHO

nepemMerieHnii 0007104k, OHU UMEIOT JTI0OCTATOYHO CIIOXKHOM Bux [12] u mosTomy
311ECh HE MMPUBOIATCS.

Kunerndeckyio 3HEpPTrui0 KOHCTPYKIUH MPEICTaBUM Tak: | = T1+ZT(J),
j=1
rae T; — KMHETHYecKas SHeprus KOHHUYECKOH 000J04Ky; T(J) — KHHETHYECKast

OHEPrus J -T'O IIIMaHIroyTa. Kunernueckas OHEprus 000JIOYKH UMEET BU.

| CRCEI SE

rJie p — INIOTHOCTh MaTepuaia 000JIOUKH.
KHHETHYECKYIO SHEPTUIO | -T'O IIIAHrOyTa MPEICTABUM TaK:

. 2

hy_ PAFic(a A ~ A
T}”:ij(u]?+vf+w?)dyj+

rae O; — IUIOTHOCTh MaTepHaia WINAHroyTa; J; — HOJSPHBIH MOMCHT MHEPLUN.

Hcronb3yst (6), KHHETHYECKYIO »SHepruro immanroyra (9) BbIpasuM depes
MPOU3BOHBIE OT MepeMelieHus o0ojouku. [IpocymmupoBaB pesynabTar ¢ (8),
MOoJTyJyaeM KHHETHYECKYIO SJHEPTUI0 KOHCTPYKIIMH B IEPEMEIICHUSIX 000JI0UKH.
CHapyxu oOojnouka oOTekaeTcs ra3oM. Ha 3HauuTENbHOM YHAJEHUH OT
00OJIOUKH, Ta3 JBWXKETCS B TOJOXHTEILHOM HAmpaBlIeHHH OCH Z  CO
CBEPX3BYKOBOH ckopocThto V¢ . [l ommcanHusi jaBieHHs, ACHCTBYIONIETO Ha

000J104Ky, MpUMEHsIETCsl mopiiHeBasi Teopust. COTIaCHO 3TOM TEOPUH, TaBICHHE
omnuceBaeTcs Tak [6 — 8]:

PVE| ow (MZ—Z)aw
B |os Vp® ot

rae B=,/M 2_1: M —uucno Maxa; p¢ —IUIOTHOCTb rasa.

BuptyanbHyto paboTy a’pojnHaMHYECKOTO JAaBicHUs OA ¢ ydeToM BHUJA
nasienus (10) mpencTaBuM Tak:

2 2
IMT jjvfa"" M ~2 M[R—[L—sjsina}iwdsdcp, (12)

Vipt 2 o M2_1 ot cosa

rjae OW — BUPTyaJIbHOE MEPEMEICHHE KOHCTPYKIUH.
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2. InHaMH4YecKast MOAeJIb ¢ KOHEYHBIM YHCJIOM CTeneHeii cB000abI

Jns wccnemoBaHMs AWHAMHYECKOW HEYCTOMYMBOCTH OOOJIOYKH BBEIBOIHUTCS
JUHAMAYCCKAs MOJCIbh ¢ KOHCYHBIM YHCIIOM CTeleHedl cBoOomsl. s 3TOoro
MpUMEHsIeTCss MeToJ 3adaHHbIX (Gopm [12]. TIpoekimu nepeMenieHuit 000I0YKH
pacKiIambIBarOTCS B YKOPOUYEHHBIE PSRl TIO COOCTBEHHBIM (popmMaM CBOOOIHBIX

konebanuit U, (S,0),V, (S, 9),W, (S, ) Tax:

u(s,p,0) = > q¥ MU, (5.9,

n=1

v(s,0,0) = 3 g (V, (5. 9), (12)

w(s,p,0) = > g (W, (s, 0).

n=1
O606III€HHI>I€ KOOpAWHATLI CUCTEMBI CI'PYHIIUPYEM B BEKTOpPA TAKUM 06pa3OMZ

q(“)=[q1(”),. (U)] q(V) _[q(V), (V)] q(W)_[q(W) q(W)]

st pacuera coOCTBeHHBIX (GOpPM KoJIeOaHUN MPUMEHSETCS MeToj Penes-
Purnia [12]. Co6cTBeHHBIE (pOpMBI KONIEOaHNH TIPEACTABUM B BUJE:

U,(s,¢) = ZZ*\(”’ () (s)cos jo,

1=1 j—l
Va(s,9) = ZZ B{"y ") (s)sin jo, (13)
1=1 jfl
W, (s,0) = ZZC“) ") (s)cos jo,
1=1 j=1

rae Aﬁn),Bﬁn),Cén) — HeW3BECTHBIE KOX((UIIMEHTHI, KOTOpPBIE HAXOIATCS W3

npo0sieMbl  COOCTBEHHBIX 3HauYeHWH. DyHKIHH wfu)(s), \ul(v)(s) SIBJISTFOTCSI
COOCTBEHHBIMH (pOpMAMU MPOJONBHBIX KOJEOAaHHH KOHCOJBHOTO —CTEPIKHS.
DOyHKIHH \|/| W(s) omucHBAKOT M3rHGHBbIC (OPMbI KOICOAHMII KOHCOIBHOTO

CTCPIKHI:

) (8) =y (s) —sin 2= "Ll)“s,

y"(s) = (cosh{k, (1—Eﬂ—co{k, [1—EJD— (14)
__sinh(ks) +sin(ks) ([ (1_3) sinl Kk [1_3}
2(cosh(k;s) —cos(k;s)) "L "))

22



Jist  ymporieHus nandbHEWINEro aHaiu3a BCe OOOOIICHHBIE KOOPIWHATHI
oobemuanv B ommn  Bexkrop  q=[qY,qV,q"]= [Gy-Ong 1, Te
Ng =N, +N, + N,

Teneps BeIBeeM coOTHOMIEHMs Ui 0000meHHbIXx cun Q,, n=1..,Ng.
Bektopa 0606mennsix  cunr QW QM QM coorsercreytor  creayrommm
BEKTOpaM OOOOIICHHBIX KOOPIUHAT q(“),q(v), q(W). Bce anmeMeHTBI BEKTOPOB
Q(u),Q(V) paBHBI HYJIIO Q(u) =0, Q(V) =0. DneMeHTHI BEeKTOpa 000OIICHHBIX CHIT

Q™ onpenensirores ¢ yaerom (11) Tak:

S ] o ol - oo

Vips 0 ot -1t cosa

n=1...,N, .

Paznoxxenune (12) BBemeM B mocienHee COOTHOIIeHHE. B pe3ynbTare BEKTOp
00O0OIICHHBIX CHJI TIOJYYUM B CIICAYIOIIEM MaTPUYHOM BHUJIC:

Q(W) _ K(W)q(W) + C(W)q(W), (15)

rre CW — Matpuia aspoauHammyeckoro aemuguposanus; K — marpuna
a’pOAMHAMUYECKOM KECTKOCTH.

Pasnoxenust (12), ucnons3ys (13) u (14), BBenem B noteHuuanbuyto (7) u
KMHETHYECKYIO DHEPTUM KOHCTPYKLUMH. B pe3ynbraTe MOTEHIHMAIBHYIO 3HEPTHIO
MONlyduM B BHUAE KBaapatudHOW (opmbl 00OOMIEHHBIX KOOpAWHAT, a
KHHETHYECKYIO SHEPTHIO — B BU/I€ KBaJpaTHUHOH (OopMbI 0000IIEHHBIX CKOPOCTEH.
Ot coorHomenns npeactaBuM  Tak:  IT=TI\gy,...,0ng ), T =T(q1,...,qNG

Ucnons3ys (15), ypaBHeHus Jlarpanka, OMUCHIBAIONINE ABIKCHUE KOHCTPYKIIHH,
3aIlHIIeM B BHJIE!

Mllq(U) + K11q(u) + K12q(V) + Klsq(w) =0
M 22q(V) + K21q(u) + Kzzq(V) + Kzsq(w) =0

Masd™ + Kayq® + Kapg™ + Kagq™ + KWW 4 cWlgw _ o (16)
rae M;; — muaronanbHele MaTpuisl Mace, 1=12,3; Kij — MaTpHlIbl KECTKOCTH,
1=123; j=123.

Kak crnenyer u3 [12], coOcTBeHHBIE 4YAaCTOTBI C MPEOOJIATAIOIIUMU
MPOJOJIBHBIMA U KPYTHJIBHBIMH KOJEOAHUSMH 3HAYUTEIBHO BBIIIE COOCTBEHHBIX
9acTOT C MPEOOIaAAI0IINMHA H3TMOHBIMU KoJieOaHusaMH. [109TOMY HHEPITHOHHBIMHU

MPOIOJIEHBIMU M KPYTHJIBHBIMH CJIaraeMbIMH MOXHO TIpeHeOpeyb: q'(“) = q'(V) =0.
Torma 3 mepBeIX ABYX ypaBHEHHI CUCTEMHI (16) momydanm:

9" =Ky a™:; 0" = K™, (17)

rie K,y u K, — marpuner pasmepom N, xN,, u N, xN, . Pemenune (17)

BBOJIUTCS B TpeTbe ypaBHeHue cuctembl (16). Torma momydgaem cuctemy
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OOBIKHOBEHHBIX U PEepeHINANBHBIX YPAaBHEHUH OTHOCHTENIBHO O00OIIEHHBIX
KOOPAMHAT U3THOHBIX KOJICOAHUH B CIIeIyIONIeH MaTpuaHOU hopme:

Mgz ™ + K, g™ +CWg™ =0, (18)

rae K, =KgKyw+ KK,y + Ksz + KW CW=cW i A; A— uaronansnas

MaTpHIIa, OMMCHIBAONIAs AeMII(UPOBaHNE B MaTepHalie KOHCTPYKIINH.
JanbHeliee pemeHue ypaBHeHui (18) mMpoBOAUTCS YHCICHHBIMH METOIaMHU.
Henpro Hamiero aHamu3a SBJISETCS OmMpeaesieHue uucen Maxa MmoToka, Mpu

KOTOpOM HaOIIofaeTcs MOoTeps AMHAMHUYECKOW YCTOWYMBOCTH. Takue 3HaueHUS

gucen Maxa Ha3bIBalOTCsA KpuTHUecKuMHU. OcoOblii MHTEpEC BBI3BIBACT (hopMma

00O0JIOUKM TIpU TMOTepe JTUHAMHYCSCKOW YCTOWYMBOCTH KOHCTPYKIMHU. Meton
pacdeTa 3To¥ popmbl 0000OUKK TIOIPOOHO paccMmaTtpuBaeTcs B [13]. 3aech 3ToT

MeToJT OyneT MPUMEHATHCA Ul YHCIEHHOTO pacdera MPOCTPaHCTBEHHOW (popMbI

MOTEPH YCTOWYMBOCTH KOHCTPYKIIUY.

3. UncjieHHbIil aHAJIN3 KOJIe0aHU I
UKCIIEHHO MCCICAYIOTCS 4YeThIpe BapHaHTa KOHMYECKOW OOOJIOUKH C
opeOpeHusiMu. Bce 3TH KOHCTPYKITUH COepKAaT KOHUYECKYIO 000JIOUKY C BBICOTOMH

H = 5,24 M, pamuycom ocHoBanuss R = 1,95M u TommuHOM h=2.10" wm.
Konunueckass 000704YKa HM3rOTOBICHA W3 MaTepuaja Cco  CICAYIONMMH

MEXaHUYECKUMU XapaKTEPUCTUKAMMU: E=72-10° Ila; p= 2770 kr/m3, v= 0,3.

[lepBrIii BapuaHT HcclneayeMOl KOHCTPYKIIMH SIBISIETCSI KOHUYECKOW 000JIOUKOit
0e3 mmaHroyToB. Bropas, TpeTbs U yeTBepTasi KOHCTPYKIMU COACPIKAT TPH, TISITh U
CeMb IIMAHIOYTOB, COOTBETCTBEHHO. Bce MIMaHroyTsl HMMEIOT OAWHAKOBBHIE
nonepeyHsle ceueHus; oHu [ -oOpasHble. [lnomany 3THX MOmepeyHbIX CeUeHHUH

TakoBbl:  F; =57-10% M2 Paccrosus MEXAy IINaHroyTaMH W TOPLEBBIMHU

CEYCHUSIMU OOOJIOYKH M INMAHTOYTaMH OJMHAKOBBL. [ KOHCTpyKIHMi ¢ Tpems,
ISITHIO M CEMBIO INMAHTOyTAMHU PACCTOSHUS MEXAy HUMHU TakoBbl: O;= 1,398 m,

ds= 0932m u d;= 0,699 M. MexaHnueckne XapakTepUCTUKH MaTepHaia

MIMAHTOYTOB U KOHHMYECKOW 000JIOUKH OJTMHAKOBBI.

Hnst pacdyera coOCTBEHHBIX dYacTOT W (OpM KONeOaHUH KOHCTPYKIIMA
npumensiercs meton Penes—Putma. Konebanus KOHCTPYKIIUN TPENCTaBISIOTCS B
Buje yKopoueHHBIX psioB (13). IlodydeHHbIe pe3ynbTaThl pacyeToB COOCTBEHHBIX
4acTOT W (OpPM CpPaBHUBAINCH C JAHHBIMH, I[ONYYEHHBIMH IPOTPAMMHBIM
kommiekcoM ANSYS. Pesynmbrarel pacuera coOCTBEHHBIX YacToT B [l Bcex
YEeThIPEeX KOHCTPYKIHUH MpezcTaBieHbl B Ta0. 1. laHHble U3 Ta0n. 1 cpaBHUBAIUCH
C pe3ylbTaTaMH pPAacYeTOB METOJOM KOHEUYHBIX dJieMeHTOB. OTHOCUTENbHas
pa3HUIA Pe3yJIbTATOB, MOJYYSHHBIX JBYMsI METOJIaMH, HAXOIUTCS B npeaenax 2 %;
1,7%; 0,4 % u 2,7 % 1is KOHCTPYKIMK O3 MIMAaHTOYTOB M i KOHCTPYKLHUH ¢
TpeMs, IATHI0O U CEMbBI0 IIMAHTOyTaMH COOTBETCTBEHHO. AHAN3 COOCTBEHHBIX
4acTOT YeThIpEX KOHCTPYKIUH MOKa3ai, 4T0 OpeOpeHrne KOHCTPYKIIUN TPUBOINUT K
YBEIMYEHUIO COOCTBEHHBIX 4acTOT OoJiee 4eM B JBa pasa. Kak ciexyer u3 tabdm. 1,
YBEJIMYCHHUE YHCJIA IIMAaHTOYTOB OT IMATH JO CEMH HE BIIMAET Ha IEPBBIC TPHU
COOCTBEHHBIE YACTOTHI KOJIEOAHNH KOHCTPYKITHH.
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Tabnuna 1

Howmep bes C tpems C maTer0 C cembio
YacTOThl | IIIIAHTOYTOB | MIMAHTOYTaMH | IMMTAHTOYTaMH | HIMAHTOyTaMu

1 27,088 60,952 69,674 70,761
2 27,465 61,179 75,105 76,993
3 27,973 61,842 77,557 77,764
4 28,671 62,171 85,804 91,175
5 30,474 63,418 86,024 109,02
6 31,23 63,83 86,306 111,9
7 32,753 65,418 86,921 112,16
8 35,437 66,818 87,075 112,69
9 38,485 67,404 87,553 113,25
10 41,873 69,078 89,031 114,31

Hccnenyem cobcTBeHHBIE (DOPMBI KOJMEOAHHH KOHCTPYKIMH. Pe3ynbraTel
aHanmM3a MepBo coOcTBeHHOW (opMbl Tonepeunsix komeOanuit Wi (S, )

KOHCTPYKILHH C Pa3IMYHbIM YHCIOM IIITAaHTOYTOB MpeICTaBIeHHI B Ta0u. 2. Yucio
y3JI0B TEpBOi (OPMbI KOHCTPYKIMH CO IIMAHTOYTaMH B TOJNTOpa pasa Ooublie,
YeM YKCJIO Y3JIOB MEepBOM (OPMBI KOHCTPYKIUH 0€3 INaHroyToB. Yncio y3ioB B
OKPY>KHOM HaIIpaBJICHUH HE U3MEHUTCS, €CIIM YHCIIO [INAHTOyTOB YBEIWYUBATH OT
3 mo 7. IlepBas cobcTBeHHas popMa KOHCTPYKIMH HE UMEET Y3JIOB B MPOIOJILHOM
HanpaBieHur. OpeOpeHue O00OJOYKU CYIIECTBEHHO WM3MCHSECT BHUJA IIEPBOM
COOCTBEHHOH (POPMBL.

Temnepr 4nuCIIEHHO UCCIEIyeM AUHAMHUYECKYIO HEYCTOMYMBOCTh KOHCTPYKIIUH
B CBEPX3BYKOBOM  Tra3oBOM  moToke. Jlmsi  3TOro  pacCcUMTHIBAIOTCS
XapaKTepUCTHUECKNE TTOKa3aTeNN JUHAMUIecKol cucteMsl (18) st pa3HbIX ducert
Maxa. Uwmcma Maxa 3amaroTcs ¢ HEKOTOpeIM  marom  hy,  Tak:

Mj=1+jhy;j=12,.... Jus  Kaxmoro  3Ha4YeHHs M HAXOATCS

XapaKTepHCTUYECKHe MoKa3aTenu. B pesynpTaTe Takoro pacuera ONpEeNsercs
nuanazoH uucell M, B KOTOPBIX COCTOSHHE pPaBHOBECHS YCTOWYHMBO WIIH
HeycToHunBo. I'paHnvHOe 3Ha4YeHHe uucia Maxa, Ipu KOTOPOM YCTOWYHMBOE
COCTOSIHME PABHOBECHSI CMEHSIETCSl HEyCTOWYHMBEIM, Ha3bIBAETCS KPUTHUECKUM.

Taonuua 2

bes C tpems C mAThI0 C ceMblo
[IIAHTOYTOB | HIMAHTOYTAMM | IIMAHTOYTaMH | IINAaHTOyTaMu

Yucno y3ioB
B OKPYXKHOM 24 36 36 36
HaIpaBJICHUH

Bun cBepxy
epBOi
COOCTBEHHOU
(hopmbI

CeucHue
COOCTBEHHOM
¢dbopmbI B
MIPOIOIEHOM
HAIPaBICHUNA
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B uuncnennbx pacueTtax IUIOTHOCTHb Ta30BOr0 IIOTOKa NPUHUMAIACh Pjf =

=1 kr/M®. B pasnoxenusx (12) ucronb30Bagoch OJMHAKOBOE YHCIO CIAraeMbIX
N, =N, =N,,. Uucna ciaraeMeIx B 3TUX pa3I0oKeHHUAX NpUHUMAIKCH &, 9, 12, 15,
18, 21. CooTBeTcTBEHHO, AUMHAMHUUecKas cucteMa (18) mpu Takux paszioKEeHUSIX
umeet 8, 9, 12, 15, 18, 21 creneneii cBobomel. Kputnueckue uncina Maxa M,

OTIPENEISAIOTCS Il MOJCIICH C Pa3IUYHBIM YHCIOM CTemleHed cBoOoabl. Takum
o0Opa3oM, HCCIEAyeTCsl CXOAUMOCTh pasioxenus (12). PesympTaThl pacueros
KpUTHYCCKHX yucesl Maxa s cuctem ¢ 8, 9, 12, 15, 18, 21 creneHsMu cBoOObI
odeHb OJM3KH. bonee Toro, KOHCTPYKIUU C TPeMsl, TSTHIO U CEMBIO IITAHTOyTaMH
MMEIOT OYeHb ONm3Kue KpuThdeckme uncia Maxa. HeycroitumBoe cocTosHue
paBHOBeCHS KOHCTPYKIHMH B CBEPX3BYKOBOM Ta30BOM IIOTOKE HaOiromaeTcs B
cienyromeM nuamnasone uucen Maxa: 1<M <1,414. VcroiumBoe COCTOSHUE
paBHOBecusa HaOmonmaercs mpu M >1,414. Urtak, eciau BelIWYMHA KPUTHYECKOTO
gucta Maxa BbIOpaHa B KadecTBe KpHUTEpUs CXOomuMocTH pemeHus (12), To
CXOIUMOCTh HAOIIOMAeTCs I MaTeMaTHISCKUX Mojeinen konebanwit (18) ¢ 8, 9,
12, 15, 18, 21 crenensamu cBoOo bl [loquepkHeM, YTO 3HAYCHUE YACTOThHI Havaja
aBTOKOneOaHui (); MOXKET ObITh BBIOPAHO B KayeCTBE KPUTEPHSI CXOJUMOCTH

pemrennst (12). PesympTaThl pacdyeToB KPUTHYECKHMX YaCTOT aBTOKOJEOaHWI
KOHMYECKHX 000JI04eK 0e3 MIMaHTOyTOB U KOHUYECKUX 000JI0YEK C TpeMs, MATHIO
W CEMBIO MITaHrOyTaMH TpejacTaBieHbl B Tabn. 3. B 3Toil Tabnuie npencraBieHsl
pe3ynbTaThl pacdeToB cuctemsl (18) ¢ 9, 12, 15, 18 u 21 crenensmu cBobonbl. Kak
cienyer w3 Tabm. 3, cxoamMocth pemeHus (12) wabmiomaercs IS Bcex
paccMaTpuBaeMbIX KOHCTPYKIMM, KOTOpBIE ONMCHIBAIOTCS MOAEIIMH C 12
CTEIEHsIMU CBOOOIBI U OOJIBLIE.

HccnenoBanock moBeneHWe TepBOMl COOCTBEHHOW YaCTOTBI M YaCTOTHI
ABTOKOJICOAHUI JJIsl Pa3NMYHBIX KOHCTPYKIMK (B 3aBHCUMOCTH OT HOMeEpa
KoHCTpyKIuH). Konudeckast 0060souka 0e3 MIaHroyToB 0003Ha4aeTcss HoMepom 1,
a KOHMYECKHM 000JI0YKaM C TpeMs, ISITHI0 U CEMBIO IIMAaHT0yTaM IPHCBANBAINCDH
HoMmepa 2, 3 u 4 coorBeTcTBeHHO. [loBeienre nepBoi COOCTBEHHOM YaCTOThI ) U

KPUTHYECKOM 4YacTOThl aBTOKojieOaHuii €2; B 3aBHCUMOCTH OT HOMepa

KOHCTPYKIIMH MOKa3bIBaeTcs Ha puc. 3. KpuBasi, onuchIBaronias moBeeHue epBOi
COOCTBEHHON 4YacTOTBl ;, oOo3Hauaercss mudpoit 1. Kpusas, omnmceiBaromas

KPUTHUYECKYIO YaCTOTY aBTOKoJeOaHuii ;, 0003HaueHa nudpoii 2.

Tabmuna 3
N be3 C tpems C narero C cembio
w IITMMaHTOyTOB HIaHroyraMmu mraHroyramMu Irma"HroyraMmu
9 63,18 65,623 57,841 58,256
12 57,113 58,938 60,113 60,147
15 56,657 60,007 60,532 60,734
18 56,392 60,319 61,096 61,045
21 56,389 60,317 61,095 61,044

Kak crenyer u3 puc. 3, st KOHHYECKOH 000JI0UKH Oe3 IIMaHrOyTOB 4acToTa
aBTOKOJICOAHWH 3HAYUTENBHO BBIIIE NMEPBONM COOCTBEHHON YaCTOTHI. JTH YaCTOTHI
OJIM3KA 1T KOHUYIECKOW 000JI0YKY ¢ Tpemsl mimaHroytamu. Kpurtnuaeckas gactora
aBTOKOJICOAHUN MEHBITE, YeM TIepBas COOCTBEHHAs YacTOTa IJIsi KOHCTPYKIIMHA C
OATbI0 M ceMblo mmaHroyramu. [loguepkHem, dYTO KpUTHUYECKas 4YacToTa
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aBTOKOJICOAHMI U nepsas COOCTBEHHAsI YaCTOTa KOHCTPYKIIMH MaJI0 U3MCHAIOTCA,
€CJIM YUCJIO IIIMMaHT0yTOB YBEIUYHUTCA OT IIATH 10 CEMMU.
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BeiBoabI

st nccnenoBaHus AMHAMUYECKON HEYCTOMYMBOCTH OpeOPEHHBIX 000JI0YeK B
CBEPX3BYKOBOM I'a30BOM ITOTOKE B CTATh€ MOMYUYEHBI MOJCIH C KOHEUHBIM YHCIIOM
cTemneHel cBoOOABI. Adpoynpyrue KoieOaHus 0O0NOUKH MPEACTABISIOTCS B BUC
YKOPOYEHHOTO psifia M0 COOCTBEHHBIM (popmMaM KoyeOaHH, KOTOPhIE HAXOMSTCS
meTosioM Penes—Putna.

AHanu3 cBOOOJHBIX KOJICOaHHI KOHHMUECKUX 000JIOUEK C Pa3IMYHBbIM YHUCIOM
IIMAHTOYTOB TIOKa3all, 4TO OpEOpEeHHEe YBEIWYMBACT BEIHMYHUHBI COOCTBEHHBIX
yacToT OoJiee ueM B JiBa pasa. [loguepkHem, 4TO yBeTUUCHHUE YHUCIIA IIIAHTOyTOB C
MATH JO CEMH HE BJIMSIET Ha IEPBbIC TPU COOCTBEHHBIC YACTOTHI KOJEOAHWIH
KOHCTPYKIIMH. UWcIo y310B TEpBOH COOCTBEHHOH (HOPMBI KOHCTPYKIIUH CO
IIMAaHTOYTaMH B TIOJNITOpa pa3a OoJbIlle, YeM YHCIO Y3JOB TOH e (opMbl
KOJIeOaHWH KOHCTPYKIMU Oe3 IMaHroytoB. YwWcio y3j10B mepBOil  QOpMEI
KoJeOaHWil HEe W3MEHHTCS, €CIM YHCIO IIIMaHrOyTOB Bapbupyercs ¢ 3 mo 7.
[lepBrie Gpopmbl KONeOaHUI BCEX MCCIETyEMBIX KOHCTPYKIIUN HE COJEpkKaT y3JIOB
B MPOJIOIFHOM HAINPaBICHUH.

AHanu3 CXOAMMOCTH pEWIEHUH Ui TepeMelieHH KOHCTPYKUMH B
CBEPX3BYKOBOM Ta30BOM IIOTOKE IPOW3BOIMICA C TIOMOINBIO TUHAMHYECKUX
Moxeneii ¢ 8, 9, 12, 15, 18 u 21 crenensmu cBobobl. Kpurnyeckue uncna Maxa
JUIS BCEX OTHX Mojenei Omm3ku. [losToMy ecinu kpuTHueckue umcia Maxa
BEIOMPAIOTCS B KA4eCTBE KPHUTEPHUS CXOAMMOCTH PEIICHHS, TO CXOJUMOCTh
pe3ynbTaToB Habmomaercs s mogmeneir ¢ 8, 9, 12, 15, 18, 21 cremenamu
cB0OOAbI. OjHAKO, eclaM 3HAUCHHE KPUTHYECKOW 4YacTOThl aBTOKOJIEOAHUI
BBIOMPACTCS B KAUECTBE KPUTEPHSI CXOUMOCTH, TO OHA HAOJIFOIaeTCs JIJIsl MOJIeIIeH
¢ 15 crenmensmu cBoOozpl. [lomuepkHeM, uTO KpuUTHYeckwe unciaa Maxa s
Mogenedt ¢ 8, 9, u 12 cremeHsMH CBOOOJBI CYIIECTBEHHO pas3HATCS. MTak, s
aHallu3a CXOJIUMOCTH pEIlIeHUs 3ajlad O JUHAMHUYECKOH HEeyCTOMYMBOCTH
KOHCTPYKIIUH B TIOTOKE ra3a KaK KPUTUYECKHE IapaMeTphl MOTOKa, TaK H
KPUTHYECKAast YaCTOTA aBTOKOJICOAHUI TOJIKHBI YUYUTHIBATHCS B aHAIH3E.

Kputnyeckas wactota aBTOKOJeOaHMA, B OCHOBHOM, 3HAYUTEIILHO BBIIIE
MepBOd COOCTBEHHOW YAaCTOTHI KOHCTPYKIIMH. OTH YacTOThl ONW3KH IS
KOHUYECKOH 000JIOUKH C TpeMs IIMaHroyramu. YacTora aBTOKOJIeOaHUIN MEHbIIE
MepBOl COOCTBEHHOM YAaCTOTHI KOHCTPYKIIMHM C TSATHIO M CEMBIO IIIAHTOyTAMH.
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[loguepkHeM, YTO YAcTOTHl ABTOKOJNICOAHWUH W TepBas COOCTBEHHAs YaCTOTa
KOHCTPYKLUM HE W3MEHSIOTCA, €CJIM YHUCIIO IIIAHTOYTOB YBEIMYUBAETCS OT ISATH
JI0 CEMU.
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