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AwnoTtanis. JocnizkeHHs HEMHIHHUX KOMUBaHb 1 MPOLECIB B amapaTax, 0 BiAOyBAOTHCS MiJ BIUIMBOM CKJIAJHUX KOJHMBaHb, BUKIUKAIOTH
3HAYHI MaTeMaTH4Hi TpyaHomi. CHIbHI HEeiHiiHI KOJUBaHHSI MOXYTh iCTOTHO iHTEHCH(IKYBaTH TEXHOJOTIUHI IponecH abo sk 00yMOBIIIO-
BaTU pyHHYBaHHS €JIEMEHTIB KOHCTPYKIii. ToMy mpobiieMa BUKOPHCTAHHS KOJNUBANBHOI €HEprii, 0 BUHUKAE B TEXHOJIOTIYHHUX araparax
NPUPOTHUM IULIXOM, Ha3piBaia TPHUBAIHI Yac 1 y NPOEKTYBaJIbHHUKIB 00JIaIHAHHS, 1 y TEXHOJIOTIB BUPOOHHIITB.

3anpornoHOBaHO KOMII'IOTEPHY MOJIENb Ha OCHOBI AU(EPEHIiaNbHOrO PIBHAHHS A1 BU3HAYEHHS 9acTOT i ()OpM 3THHAIBHUX KOJIHBaHb TPYO-
YacTOro pe30HaTopa. 3aCTOCYBaHHS MOJEN J03BOJIIE Bi3yalizyBaTH ()OPMH 1 4acTOTY KOJIMBaHb UL PE30HATOPA Y BHIVIANI IMTiHAPUIHOL
YAaCTHHHU TEXHOJOTIYHOro amapary Oyab-skoro posmipy. [Ipu 1poMy BpaxoByeThCsI TOBIIMHA CTIHOK, 30BHILIHII i BHYTpIIHIN AiaMeTp eM-
HOCTI amapara, ioro noBxuHa. MoJienb BpaxoBye THII KPIiIUICHHS €EMHOCTI 3 Bapiallieto )KOPCTKOCTI OHOPH.

BinMiHHOIO 0COOJMBICTIO OTPUMAHOI MOJIEI € Te, IO BIEpIIe BUKOPUCTAHMUH ITiAXil 10 pO3B’sI3yBaHHS TU(EpEHIIaIbHOTO PiBHSIHHS €EMHO-
CTi HE IULIXOM OTPUMAHHS YUCENBHOrO PILICHHS, @ OTPUMAHHS aHAIITUIHOTO BUPa3y s KOKHOI GOPMH KOJIMBAHHS 3 HACTYIHOIO Bi3yali-
3amiero 3acobamu Python.

Ku1ro4oBi cji0Ba: pe3oHaTOP, KOJIMBAHHSA, aMILIITYAa, YaCTOTA, EMHICTh.

AHnHoTanus. VccienoBaHue HEIMHEWHBIX KOJEOAHMH M HPOLIECCOB B alapaTax, KOTOPbIE MPOUCXOAAT IMOJ BIMSHUEM BO3MYIIAIOIINX
BO3I[CﬁCTBHI>i, NPEACTABIIACT 3HAYUTECIIBHBIE MAaTEMATHICCKUE TPYAHOCTH. B03Hm<a}0ume CHJIbHBIE HEJWHEHHBIE KOJICOaHMs MOTyT Ccylie-
CTBCHHO MHTeHCMd)HHHpOBaTB TEXHOJIOTHYIECKUE NPOLECCHI HIIN KE 06yCJ'[0BJII/[BaTB paspylmeHus 3JIEMECHTOB KOHCprKHP[ﬁ. HO3TOMy 3ajJjada
HCIIOJIb30BAHKE KOJIeOaTeIbHOM OHEPruM, KOTOpas BO3HUKACT B TEXHOJOIMYECKUX alraparax €CTCCTBEHHBIM METOAOM HaspeBaJia NJIUTEIIb-
HOE€ BpEMSA U Y IPOCKTUPOBIIUKOB 060pyI[OBaHI/[H, 1 TEXHOJIOTOB IIPOU3BOACTB.

Hpeﬂnomeﬂo KOMIIBIOTEpHAass MOAEIIb HA OCHOBE Z[I/[Cb(bepeHL[I/[a.HLHLIX ypaBHeHnﬁ JJIL OIPEACIIEHUS 9acTOT U (bOpM BBITHOHBIX KOJIEOAHHUM
Tpyb4aToro pesoHaropa. [IpuMeHeHne MOIeNH MO3BOMSIET BU3YaIU3HPOBATH (POPMBI U YACTOTY KOJICOAHHS ISl PE30HATOPA B BHIC LIMIHH-
Z[pPI‘IeCKOﬁ JacTU TEXHOJIOTHMYECKOIo armapara J1I000r0 pa3smepa. HpI/I OTOM YUYHUTBIBACTCSA TOJIIIHWHA CTCHOK, BHEIIHUN U BHy’I‘peHHI/[ﬁ Jaua-
METp €MKOCTH arirapara, €ro JjInHa. MOZIEJ'IB YYUTBIBACT TUII KPETUJICHUSA EMKOCTH C Bapnauueﬁ JKECTKOCTH OIIOPBI.

OTIUYUTENbHOI 0COOCHHOCTBIO MOMYYCHHOH MOJIENH SBISIETCS BIIEPBbIC HCIIOIb30BaHUE MOAXO0A K PeIeHU 0 qudhepeHIIHaIBHOrO ypaB-
HEHHUS €EMKOCTHU HE ITYTEM IIOJIYYEHUS YHUCIEHHOI'O PEIICHUE, a UCIIOJIb30BAHUE ITOAX04a, YTO BKIIIOYACT IOJIYYECHUE aHAJIUTUYECKOI'0 BBIpa-
JKEHUS IS Kax10M (popMbl KoJIeOaHusI ¢ OCIIeAyolIeil Bu3yanusamyei cpeactsamMu Python.

KuroueBble ciI0Ba: pe30HATOP, KOJIe0aHUsl, AMILTUTY/1a, 4ACTOTA, EMKOCTD.

Abstract. The study of nonlinear oscillations and processes in apparatuses that occur under the influence of complex oscillations presents
significant mathematical difficulties. The arising strong nonlinear oscillations can significantly intensify technological processes or cause the
destruction of structural elements. Therefore, the problem of using the vibrational energy arising in technological devices naturally matured
for a long time both for equipment designers and production technologists.

A computer model based on a differential equation for determining the frequencies and forms of bending vibrations of a tubular resonator is
proposed. The use of the model makes it possible to visualize the modes and frequency of oscillations for a resonator in the form of a cylin-
drical part of a technological apparatus of any size. This takes into account the thickness of the walls, the outer and inner diameter of the
vessel of the apparatus, and its length. The model takes into account the type of tank fastening with variation in the support stiffness.

A distinctive feature of the resulting model is that for the first time an approach was used to solve the differential equation of capacity not by
obtaining a numerical solution, but an approach was used that includes obtaining an analytical expression for each waveform with subse-
quent visualization using Python.
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Beryn

VY texHomoriyHOMY 00agHaHHI (0apOOTaXKHI KOJIOHH, anapaTH 3aHYPEHOTO TOpPiHHSA, CKpyOepa i T.J1.) Mo-
JKYTh BUHUKATH CHJIbHI HENiHIWHI KOIWBaHHSA, 00YMOBJIEHI TypOyITi3amieo MOTOKIB, IPUPOIHUME OapOOTaKHUH
mpolecaMu B CepeinHi pe3epByapiB amapariB. [IpoBeeHi JOCHTIIKEHHSI CBITYaTh, 110 TaKi 00'€KTH MarOTh CKJIa-
JIHY CTPYKTYpY 1 HE MOXKXYTh OyTH aJ€KBaTHO ONMCaHi JiHIHHUMY MoaessiMu [1].

Pazom 3 Tum, gaHi [2,3] 103BOJSIOTH TOBOPUTH TIPO TE, 110 1[I0 KOJUBAIBHY €HEPTi0 MOXKHA 0yJio O BHKO-
PHUCTOBYBaTH IS iHTEHCH(iKaMii TEXHONOTIYHHUX MPOIECiB (HAIPHUKIAM, TiIBUITYBaTH TEIUIOHANPYKEHICTH TO-
MIKOBHX KaMmep (5K 1e BiAOyBaeThCs B KaMepax BiOpaIlifHOTo TOPiHHS), MOKPAITyBaTH TEILIO- 1 MacOOOMiH, 3HH-
KYBaTH TiApaBIiqHAN o11ip) [4].

OpHak, ZOCHiPKEHHS TaKUX HETIHIMHNX KOJIMBAHb 1 MPOIIECIB B amapaTax, 0 BiI0OYBaIOTHCS il BIULTMBOM
TaKUX CKJIQJHUX KOJMBaHb, MPEICTABIISE 3HAUHI MaTeMaTH4Hi TpyaHomi. Jlani, oTpuMani B podorax [3, 5] cBia-
YaTh MPO HASBHICTH 3BOPOTHOTO 3B'SI3KY MK KOJIMBaHHAMH IapaMeTpiB ra3y i TEIIOMAacOIiIBOJIOM, IO MpPHU3-
BOJIMTB JIO TOTO, L0 KOJIMBAaHHS CEPEIOBHIIA B ariapaTi caMo30ymKyroThes [3].

VY psai po6it [6-9] Oynu oTpuMaHi 3aJIe:KHOCTI aMILTITY IM KOJIUBAHb CEPEIOBUIIA B TEXHOJIOTIUHHX anapa-
Tax BiJl MapaMeTpiB cepefoBHIIa (TUCKY a00 T'YCTHHH), aje JAOCIIJUKEHHS HOCSTH BY3bKO HAaIlpaBJICHHH Xapak-
Tep, OTPUMaHi MOJEN JUIl KOHKPETHHMX anapaTiB 3 ypaxyBaHHAM iX iHAMBIILyaJlbHUX PO3MIpiB KOHCTPYKILIH,
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THUITy KPIIUICHHSI ONOPH, XapaKTEPHCTHK CEPEAOBHIIA BCEPEAWHI. YHIBEpCAIbHI aITOPUTMH IJISI PO3PaxXyHKY
KOJIMBAJIbHUX XapaKTEPUCTHK PI3HUX anapariB He HABOIMIIHCS.

Tomy croroHI HAHOLTBII MOMUPEHUM MTiAXOJOM 0 KOHTPOJIIO KOJHMBAaHb TEXHOJIOTIYHHUX alapariB € BU-
Mip BiOpariif oO6magHaHHS 3 MOAAJIBIINM 3aCTOCYBaHHAM AeMIiipyrounx npuctpois [10]. InTercndpikyoTh BILUH-
BY MU IbOMY 3TIACHIOIOTHCS PI3HUMH CIIoco0aMu (MEXaHIYHHWH, aKyCTHYHHH, €JIeKTPOMArHiTHHHA 1 T. 1.) 3a
PaxyHOK TIiIBEeJCHHS T0AaTKOBOI eHeprii [11-12].

TakuMm 4yMHOM, PO3pOOKa MaTEMAaTHYHOIO arapary i OTpUMaHHSI MaTEMaTHYHUX MOJENeH, o 103BOJISIOTh
YHCETHHO OIIHUTH KOJUBAIBHI XapaKTEPUCTUKHU arapariB 3 ypaXyBaHHSAM Pi3HHX KOHCTPYKTHBHHUX PillICHb ITO
X KpIIUIEHHIO, € aKTyalbHHM HAIPSIMKOM JOCII/KEHb, a po3po0Ka KOMIT'TOTEPHOT MOJEN [JIsl BUPIIIEHHS 110C-
TaBJICHOT'O 3aBJaHHS JI03BOJINTH BPaxOBYBaTH MOJKJIMBI KOJHMBAIBHI MPOIECH 1 BUKOPUCTOBYBATH LI €HEPTil0
JUTSL THTeHCU(IKAIliT TeXHOJIOTIYHHUX MPOIECIB.

AHaJi3 JiTepaTypHHX JaHUX

[TutaHHS BUKOPUCTAHHS KOJIMBAJILHOT €HEPril, siIka BUHUKAE B TEXHOJIOTIYHHX anaparax MpUPOJHUM LUIS-
XOM HEOJIHOPa30BO AOCIILKYBAJIOCh pO3pOOHHKAaMH 00T HaHHS 1 TEXHOJIOTaMH BUpOOHHUITB [4, 5, 6]. Pazom 3
THUM, OCHOBHI HANPSIMKHU JTOCTI/KEHb OyJIM CIIPSIMOBaHI Ha MiHIMi3aIlil0 WX BIUIMBIB NUIIXOM 3aCTOCYBAaHHS
pizHEX AeMndpyroYux npucTpois [7, 8].

VY psni pobit Oyna gociimkeHa BiOpoakycTHYHE HAaBaHTAKCHHS TPYOOIPOBOIIB, TOKa3aHi Pi3HI THITH KOM-
TIOHOBKH 3aJISKHO Bifl JOBXHHU TpyOorpoBoniB [§]. BincyTHiCTh 007Ky B OTpUMaHHX MOJEISX BIUIMBY KOHC-
TPYKLIHHUX XapaKTEPUCTUK TPyOONpOBOMAiB (TOBIIMHU CTiHKH, JiaMeTpa MEpeTHHY) i mapaMeTpiB TEXHOJIOTIU-
HOTO CEpellOBUINA BCEPEIUHI YHEMOJKIIMBIIIOE 3aCTOCYBAHHS PE3yJbTaTiB JOCTIDKEHb I TEXHOJOTIYHHX
anapariB. Kpim Toro, OUIbIIICTh MOJENel po3paxyHKy BiOpOaKyCTHYHOTO HaBaHTAXXEHHS TPYOOIPOBO/IIB 3aCHO-
BaHi Ha Au(epeHIliaIbHOMY PIBHSHHI KOJMBaHHS OaJKH, [0 POOUTH PE3yIbTaTH PO3PAXyHKIB 3aHAATO MPHOIIH-
3HUMH.

VY pobotax [8,9] po3polbiieHi TeOpeTHYHI OCHOBH BiOPOYACTOTHOTO METOLy KOHTPOJIO €PEKTHBHOCTI PoOO-
TH TEXHOJIOTTYHOTO anapary i ycTpiii aBTOKOJIMBAIBHOT CUCTEMH. Y JTOCIIHKEHHSX BUKOPHCTOBYBAIN POTOPHO-
IMITYJICHUH arapar, TOMy OTPUMaHUX MaTeMaTHIHI MOJEIi HEMOXKIIMBO BUKOPHUCTOBYBATH IIPH KOHTPOJII KOJIH-
BaJIbHUX IIPOIIECiB, AKi 00YMOBJICHI TypOyi3alli€ro MOTOKiB, MPUPOAHAMHU O0apOOTaKHUH TpOIIecaMy B CEPEIHHi
pe3epByapiB amapatiB. KpiM Toro He BpaXxOBYBaJHCS THIN KPIIUIEHHS amapaTiB i pi3HI BapiaHTH >KOPCTKOCTI
omnop kpiruienHsi. OCHOBHI THITH KPIIUICHHS PO3TIISIHYTI B YUCICHHUX [pkepenax [10-14].

Brme THITY KOMITOHOBOK KpIiIUIEHb Ha BiOPOAKYCTHYHE HaBaHTa)KCHHS BHBUAIOCS B PAIl POOIT 3 BUKOPH-
CTaHHSAM KOJHMBaHb 0anku [4, 15]. OgHak pobOTH Tak caMo MPHUCBAYCHI MOOYIOBI Mojeneil BiOpoaKyCTHIHOTO
HaBaHTAXXEHHs 0e3 ypaxyBaHHS I'€OMETPHYHHUX PO3MIpIB TpyO, TOBIIMHY CTIHOK 1 HIIJIBHOCTI MaTepiaiy.

ABTOpamu OyJi NPOBE/IEH] AOCIIKEHHSI, sIKI MITBEPXKYIOTh HasBHICTh B3a€MO3B'sI3Ky B3aeMoii BiOpa-
IIITHOTO MOJIsI Pe30HATOPA, B AKOCTI SIKOr0 Oyjia BUKOPHCTAHA YaCTHHA TEXHOJOTIYHOrO armapary (TpyOu) 3 KOH-
TPOJIbOBAHUM CEPEIOBHIIEM Pi3HOT I'YCTHHH. BCTaHOBJIEHA HASBHICTD 3aJIC)KHOCTI 3MIHHM YacTOTH ab0 aMILIITY-
JI1 BJIaCHMX KOJIMBaHb €MHOCTI amapaty BijJ HapaMeTpiB cepeloBHIa BcepenuHi B amnapary. KoHCTpyKTHBHI
napaMeTpy €MHOCTEH, MaTepial miadupaics eKCepUuMEHTATBHUM HUISIXOM.

BincyTHICTE po3pO0ICHOr0 MaTEeMAaTUYHOTO amapary, KOMI FOTEpHOI MOJENi AN PO3paxyHKY 1 aHamizy
(hopM 1 yacTOT KOJIMBAaHb EMHOCTEH anapaTiB 3 ypaxyBaHHSM THITy KPIIUICHHS yCKIIaJHIOE PO3PaXyHOK Ta O0JIK
MPUPOJHIX KOJIMBAIBHHUX MPOIECIB Ha cTajii MpoekTyBaHHA oOnamHaHHA. (s eheKTHBHOTO KOHTPOIIO HE0O-
XITHUH TOYHHIA pO3PaxyHOK YacTOT i (POpMU KOJNMBAHb JUITHOK TPYOOIPOBOAY MiX KPITUICHHSIMH 3 YpaxyBaH-
HSM X pO3TalIyBaHHS 1 JKOPCTKOCTI OIOp, IO JO3BOJIHNTH KOHTPOIIOBATH MICISI MAaKCHMAJIbHUX HANpy>KeHb i
BIJITIOBIZTHO 3/1MCHIOBATH JIIKBIJAII0 aBapiiHUX CUTYAIliif, 110 OCOOJIMBO BAXJIMBO MPH MEPEeKavyBaHHI JIETKO-
3aMHUCTHX 1 CHJIBHO TOKCHYHHX pianH. OTpUMaHHS TaKHX MOJEJEH 1 IX mporpaMHa peasisallisi cTaHe 3arpe0y-
BaHUM IPOJYKTOM Y KOHCTPYKTOPIB TE€XHOJIOTIYHOI'O OOJIaJIHAHHS, JO3BOJIHUTh BUPIIINTH NpOOJIEMy JOCTOBIp-
HOTO KOHTPOJIIO TEXHOJIOTIYHUX MapaMeTpiB BcepearHi 00a HaHHs IIUIIXOM BU3HAYECHHS MapaMeTpiB 4acTor i
(hopm KONMBaHb CepeIOBHUITIA.

Merta

Meroro 1aHoi poboTH € po3poOKka KOMITIOTEPHOT MOAENI aHali3y (GOPM 1 4aCTOT KOJIMBaHb PE30HATOPIB B
SKOCTI SIKNX BUKOPHCTOBYIOTHCSI €MHOCTI TEXHOJIOTIYHHMX amapariB 3 pi3HUMHU THIAaMH KpPIIUIEHHS arapaTiB 3
BUKOPHCTAaHHSM Bi3yaJbHUX 3ac0o0iB Python.

Po3podka KoMIn'IOTEPHOI MO/IeJTi Pe30HATOPIB 3 BUKOPUCTAHHAM Bi3yaibHOro nmporpamysanus Python
B ocHOBY Mojeni nokinaneHo audepeHIiaibHe piBHIHHS, sIKe OyJI0 3aCTOCOBaHE B poOOTax Ul BH3HA-

YEHHs 4acToT 1 HOpPM 3TMHHHUX KOJNUBaHb TpyOUaToro pesoHaTopa rycruroMipy [11-12]. 3acrocyemo ue piBHsIH-
HS JUIsl BU3HAUEHHS 4acTOT 1 pOPM 3rHHAIBbHUX KOJIHMBAaHb PE30HYIOUOT EMHOCTI TEXHOJIOTIYHOTO anapary:

4

y
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ne El — )OpCTKIiCTh NpH 3rMHaHI B IUIOMIKHI KONWBaHb; E — MOy b IPY>KHOCTI MaTepialy pe3oHyl40i €MHOCTI;
| — craTnyHMt MOMEHT iHepIii MOTIEPEeYHOro Mepepizy €MHOCTI MIOA0 OCi KOJIHBAHB; m,, m,— Maca OIIMHUILIL
JIOBXKMHHM €MHOCTI 1 PIIMHHOI CyMillli BCEpPEHHI anapary BiAlOBITHO; y— BIAXHMJIICHHS OCI EMHOCTI SIK (DYHKILiS
qacy t i KOOpJMHATH X B3/IOBXK OCl TPyOKH.

Po3B’s130k piBHsiHHA (1) OyaeMo IIyKaTH y BUIIISLII BUpa3y, 0 BU3HAYa€ BU3HA4ae (OpMy KOJIHMBAaHb pe-
30HYIOU0{ EMHOCTI:

y=Asin(kx)+Bcos(kx)+Csh(kx)+Dch(kx), (2)

Ie y — hopMa KoJmBaHb, BIIXMIICHHS TOYOK BiCi PE30HYIOUOI €EMKOCTI Bi BepTHKAIBHOI Bici; 4, B, C, D1 — Koe-
¢imieATH, SKi BU3HAYAIOTHECS YMOBAaMH 3aKpIIUICHHS KiHIIB PE30HYIOUOi €MHOCTI TEXHOJOTIYHOTO amapary;

2 2
K4 mp _k® [EI
27 \'m
Po3p’s3anns audepeHniansHoro piBHAHHSA (1) 3HalIeMO He 3 BHKOPHCTaHHSIM KIACHYHOTO YHCEILHOTO
pilIeHHs, a 3aCTOCYEMO TIiJIXi/I, [0 BKIFOYAE OTPUMAHHS aHAJITHYHOTO BUPA3y I KOXKHOI (POPMHU KOJIMBAHHS.

[Tpu BHOOPI KpaiioBUX YMOB, sIKI BU3HAYAIOTHCS CIIOCOOOM 3aKpIIUIEHHS TOPLIB EMHOCTI, BUKOPHCTOBYEMO
3aralbHONPUIHATHHN miaxiz, Bigomuii 3 [13]:

> 3. 3)

ne y — koedinient Iyacona, | — moskuna emuocti anapara, ho — TOBIIMHA CTIHKH, @ — PajliyC IEPETHHY €MKOC-
Ti.

Sxmo BigHOMmEHHS (3) BUKOHYETHCS, TO IIIUTIHAP BBAXKAETHCS TOBTUM 1 BIUIMB KPAaHOBHX YMOB Ma€ TiTBKH
MICLIEBHI XapaKTep, Majlo BIUIMBA€E Ha YaCTOTY KOJMBaHb OCHOBHOI (hopmu. [Tomuika, 00yMOBIeHa TAKMM NPU-
MYIIEHHSM B pe3yJbTaTi po3paxyHKy 4acTOTH KOJIMBaHb EMHOCTI, HE Ma€ BIUIMBY, OCKUIBKH 3aBXKAU JUIs MOOY-
JIOBU TPaJyIOBaJbHOI XapaKTEPUCTUKHU CJiJl 3 BHCOKOI TOYHICTIO €KCIIEPUMEHTAJIbHO BH3HAYATH IOYATKOBY
4acTOTy KOJIMBaHb pe3oHaTopa [13].

KpaiioBi yMOBH 3aKkpiIUIeHHS anapaTiB BUOMPAIOTHCS BIAMOBIIHO A0 ICHYIOUMX YMOB 3aKpiIUICHHS, 3TiHO
[11]. Ha puc. 1 npencraBieHi po3paxyHKOBI CXeMH KOMIIOHYBaHHsI KpiIlJIeHb 3 ypaxyBaHHsAM Tuity onop. XKopc-
TKIiCTB OTIOP 321a€THCS TIPU BHOOPi KOMITOHOBKH.

=
Nel Ne2 Ne3
=
No 4 Nes

Pucynok1 — Po3paxyHKOBI cXxeMH KpiIUICHHS TEXHOJIOTYHUX amapariB OJHUM KiHIeM (KpituteHHs 1, 4) i apoma
KiHIsIMH (KpiTtuieHHs 2, 3, 5)

[Ipu BimpHOMY KiHII pe3oHyro4uoi emMHOCTI (Tun KpiruteHHS Nel, Ned4) cuia i 3ruHaIBHUI MOMEHT JOPiB-
HIOIOTh HyJI0: y" = y"'= 0; npH )KOPCTKOMY 3aKJIaJaHHI pellT pe3oHytouiil emHocTi (Tun kpirwteHHs Ne 1, Ne 2
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Ne 3) — mporuH i KyT MOBOPOTY JOPIBHIOIOTH HYJIO: Y =y'= 0; Ipu NpY>XHO 3aKpilJIeHOMY KiHIII pe3oHaropa,
BUTMHAE MOMEHT JIOPIBHIOE HYIIIO, a MIONIEPEeYHA CUJIa IOPIBHIOE peakiii Npy»KHOro 3akpimieHHs: y =y '= 0 [12].
Jlictuar mianporpaM po3paxyHKy koedinieHTiB A, B, C, D mo xpalioBuM yMOBaM 3aKpiIUIeHHS KiHIIB pe-

30HYIOUill €MHOCTI HaBeZIeHO B TaoOm. 1.

Po3paxoByroThes 3HaueHHs KoedillieHTa k s mepmux Tprox (GopM KOJIMBaHb (PO3paxyHKH (HOpM KOIH-
BaHb BUIIE TPETHOI HE MAIOTh IPAKTHYHOTO 3aCTOCYBAHHS, OCKIIBKH B IIbOMY BUIIAJIKy CHIIBHO YCKIIAIHIOETHCS
cucreMa 30yIKeHHS KOJMMBaHb pe3oHaTopa). it qeMoHCcTpanii MOKIHBOCTEH KOMI'TOTEpHOI MOJIeTi st oOpa-

HOI po3paxyHKOBOi cxeMu (puc. 1) BU3HaueHi KoedilieHTH TproxX GopM KomuBaHb (TadmI. 1).

Tabnuist 1- PospaxyHok koedirieHTiB K s mepiinx Tpbox GOpM KOTHBaHb

S(k,x):
(cosh(k*x)+cos(k*x))/2
T(k,x):
(sinh(k*x)+sin(k*x))/2
U(k,x):
(cosh(k*x)-cos(k*x))/2
V(k.x):
(sinh(k*x)-sin(k*x))/2
¥(x):
A*S(kx)+B*T(kx)+C*U(kx)+D*V(k,x)

#Kpaiiosa ymosa ¥(0)=0

pl=y(x).subs(x,0)

res=solve([p1],A)

A=res[A]

#Kpaiiosa ymoBa y(I)=0

p2=y(x).subs(x,l)

res=solve([p2],C)

C=factor(res[C],B,D)

#Kpaiiosa ymosa dy(0)/dx=0

p3=y(x).diff(x,1).subs(x,0)

p3=factor(p3,B,D)

# KoedinienTn npu Bepizomux B,D nepma cucrema

al=p3.diff(B.1)

b1=p3.diff(D,1)

#Kpaiiosa ymosa dy(I)/dx=0

p4=y(x).diff(x,1).subs(x.l)

p4=factor(p4,B,D)

# KoedinienTn npu Hepizomux B,D gpyra cucrema

a2=p4.diff(B,1)

b2—p4.diff(D,1)
f(kk):#BH3HAYHAK CHCTEMH

(al*b2-b1*a2).subs(kkk)

Tun xpin- | Ilignmporpama po3paxyHky koediuieHtis A, B, C, 3HaueHHsI KoediuieHTiB K
JICHHA D no xpaiioBuM ymMOBaM KpiIIeHHS KiHIIIB pe30- [epma Hpyra Tpers ¢o-
Ne HYI0YO01 EMKOCTI dbopma ¢dopma pma
1 var(kx AB C DY) 4.73 7.853 10.996
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var(kxABCD")
del S(k,x):

refurn (cosh(k*x)+cos(k*x))/2
def T(k,x):

return (sinh(k*x)+sin(k*x))/2
def Uck,x):

return (cosh(k*x)-cos(k*x))/2
def V(k,x):

return (sinh(k*x)-sin(k*x))/2
del y(x):

return A*S(k,x)+B*T(kx)+C*U(kx)+D*V(kx)

#Kpaiiosa ymoBa y(0)=0
p1=v(x).subs(x,0)

res= solve([p1],A)

A=res|[A]

#Kpaiiosa ymosa dy2(l)/dx2=0
p2=v(x).diff(x,2).subs(x,l)
res=solve([p2].C)
C=factor(res[C],B,D)
#Kpaiiosa ymoBa dy(0)/dx=0
p3=v(x).diff(x,1).subs(x,0)
p3=factor(p3,B,D)

# Koedinicarn npu Hepinomux B,D mepma cAcTeMa
al=p3.diff(B,1)

b1=p3.diff(D,1)

#Kpaitosa ymosa dy3(l)/dx3=0
p4=v(x).diff(x,3).subs(x,l)
pd=factor(p4,B,D)

# KoedinienTn npu Hesinomux B,D apyra cacrema
a2=p4.diff(B,1)

b2=p4.diff(D,1)

defl f(kk):#BH3HAYHHK CHCTeMH

1.875

4.694

7.855

var(kxABCD")
def S(k,x):

return (cosh(k*x)+cos(k*x))/2
del T(k,x):

return (sinh(k*x)+sin(k*x))/2
def Uk,x):

return (cosh(k*x)-cos(k*x))/2
def V(k,x):

return (sinh(k*x)-sin(k*x))/2
del y(x):

return A*S(kx)+B*T(kx)+C*U(kx)+D*V(k.x)

#Kpaifiopa ymosa y(0)=0

pl1=y(x).subs(x,0)

res= solve([p1],A)

A=res[A]

#Kpaitopa ymoBa dy2(I)/dx2=0
p2=y(x).diff(x,2).subs(x,l)

res= solve([p2],C)

C=factor(res[C].B,D)

#Kpaitopa ymosa dy(0)/dx=0
p3=v(x).diff(x,1).subs(x,0)
p3=factor(p3,B.D)

# KoedinieaTn npn Hesizomnx B.D nepma cucrema
al=p3.diff(B,1)

b1=p3.diff(D,1)

#Kpaitopa ymoga dy3(I)/dx3-(c/EJ)*v(l)
p4=y(x).diff(x,3).subs(x,l)-c*y(x).subs(x,)/EJ
p4=factor(p4,B.D)

# Koediniearn npn aesizomnx B.D apyvra cacrema
a2=p4.diff(B,1)

b2=p4.diff(D,1)

def f(kk):#BH3HATHAK CHCTEMH

4.694

7.855

10.996
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4 var(kx AB CD) 473 7.853 10.996
def S(k,x):
return (cosh(k*x)+cos(k*x))/2
def T(k.x):
return (sinh(k*x)+sin(k*x))/2
def U(k,x):
return (cosh(k*x)-cos(k*x))/2
def V(k,x):
return (sinh(k*x)-sin(k*x))/2
def y(x):
return A¥S(kx)+B*T(kx)+C*U(k,x)+D*V(k,x)

#Kpaiioga yMoBa dy2(0)/dx2=0
p1=vy(x).diff(x,2).subs(x,0)

res= solve([p1].C)

C=res[C]

#Kpaiiosa ymora y(1)=0

p2=vy(x).diff(x,2).subs(x,l)

res= solve([p2].A)

A=factor(res[A],B,D)

#Kpaitosa ymoBa dy3(0)/dx3-(¢/EJ)*v(0)=0dy(0)/dx=0
p3=v(x).diff(x,3).subs(x,0)-c*y(x).subs(x,0)/EJ
p3=factor(p3,B,D)

# KoedinieaTn npu Hepizomux B.D nepma cacTeMa
al=p3.diff(B,1)

b1=p3.diff(D,1)

#Kpaiiosa ymosa dy(l)/dx=
p4=v(x).diff(x,3).subs(x,l)

p4=factor(p4,B.D)

# KoedinieaTn npu mesitomux B,D apyra cactema
a2=p4.diff(B,1)

b2=p4.diff(D,1)

def f(kk):#BHE3HAYHAK CHCTEMH

5 var(kxABCD") 4.73 7.853 10.996
del S(k,x):
return (cosh(k*x)+cos(k*x))/2
def T(k,x):
return (sinh(k*x)+sin(k*x))/2
def U(k,x):
return (cosh(k*x)-cos(k*x))/2
def V(k.x):
return (sinh(k*x)-sin(k*x))/2
def y(x):
refurn A*S(kx)+B*T(k,x)+C*U(kx)+D*V(k.x)

#fKpaiioBa ymora dy2(0)/dx2=0
p1=(v(x).diff(x,2).subs(x,0))

res= solve([p1],C)

C=res[C]

#Kpaiiopa yMoBsa dy2(l)/dx2=0
p2=y(x).diff(x,2).subs(x,l)

p2=factor(p2.A,B,D)

res= solve([p2],A)

A=factor(res[A],B,D)

# Kpaiiosa ymoga dy3(0)/dx3-c1*y(0)/EJ=0
p3=(y(x).diff(x,3).subs(x,0))-c1*y(x).subs(x,0)/EJ
p3=factor(p3,B.D)

# KoeginieaTn npu Hepizomux B, D nepma cucteMa
al=p3.diff(B.1)

b1=p3.diff(D.1)

# I'papa4uHOoe YciaoeHe dy3(l)/dx3-c2*y(l)/EJ=0
p4=(¥(x).diff(x,3).subs(x,I))-c2 *y(l).subs(x,0)/EJ
pd4=factor(p4,B.D)

# KoedinicaTn npu Hepintomux B, D nepma cucteMa
a2=p4.diff(B.1)

b2=p4.diff(D.1)

def f(kk):#BH3HAYHAK CHCTEMHA
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[Ticns Bu3HauUeHHs KoeillieHTIB U1 NepuX TphoX GopM KonmBaHb GOPMYETHCS Bizyallizallis OTpUMaHO-
TO aHAIITHYHOTO BUpa3y (OpMHU KOJIMBAHb 3 TOOYIOBOIO rpadika NepIIuX TphoX (OPM 3TMHAIBHUX KOJIHBAHb
0CBOBOI1 JIiHIT pe3oHaTopa s o0paHoi cxemu KpirtuteHHs (Tadin.2). [IporpaMHO BH3HAYA€ETHCS TaK CaMo 9ac Po3-
paxyHKY, OTHAK OCKUTBKHM BiH 3aJIS)KUTH Bl TEXHIYHUX XapakTtepuctuk 11K, nani He nmpencrasieHi.

Tabmmms 2 — Bizyamizatist popM i 9aCTOTH KOJIMBAaHB pe30HATOpA I 00paHOi PO3paXyHKOBOI CXeMH KPIIJICHHS

Tun I'pagix po3paxyHKy GopM KOTHBaHb Bun 3anexHOCTI 4aCTOTH KOJIMBAaHb €MKOCTI
KpiI- pe3oHaTopa BIA TYCTHUHHU PIAWHA
JICHHA
Ne 1 Mepwi TP pOPMU KONMBAHL AN KpinneHHs Ne 1 3aNeMHICTL YaCTOTU KONNBaHb EMHOCTI
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3aN1eXHICTh 4acTOTW KONIMBaHL EMHOCTI

Ne 4 Mepwi Tpn hopMn KoNMBaHL ANA KpinneHHsa Ne 4 BiAL FYCTVHU PIAVIHN A8 KpinneHHs Ned
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Po3pobiiena koMI''oTepHA MOZEINb TO3BOJISIE BidyanlizyBaTH (OpMH i 4acTOTy KOJHMBaHb IJIs pe30HATOpa Y
BUIIISI HTIHAPHYHOT YACTUHU TEXHOJIOTTYHOTO arapaTy OyAb-sIKOTro PO3Mipy 3 ypaXyBaHHSAM TOBIIHHH CTiHOK,
30BHIIIHBOTO 1 BHYTPIIIHBOTO JliaMeTpa EMHOCTI, 11 TOBXUHH. Po3paxyHOK BUKOHAHUH IS KOXKHOTO THITY KpIII-
JICHHSI PO3PAaXyHKOBOI CXEMH 13 3a3HAUCHHSIM KOHKPETHOT )KOPCTKOCTI OMOPH.

BinMiHHOIO 0COOJIHMBICTIO OTPUMAHOT MO € Te, IO BIEPIIe BUKOPUCTAHUN MIAXIT 0 BUPIMICHHS Jdude-
PEHLIaNbHOTO PIBHSIHHS €MHOCTI HE LUISIXOM OTPHUMaHHS YMCEIBHOIO PIllleHHS, a BUKOPHCTAHUI MiIXiJ, IO
BKJIFOYA€ OTPUMAaHHS aHAJITUYHOTO BHPA3y Ul KOXKHOI (hOpMH KOJMBaHHS 3 MOJAANBIION Bi3yalli3alli€ro 3aco-
6amu Python.

BucHoBkH

1. Po3po0iieHO KOMI'IOTEPHY MOJIeIb aHali3y (OPM 1 4aCTOT KOJIMBAHb PE30HATOPIB B SIKOCTI SIKMX BUKO-
PHUCTOBYIOTBCS €MHOCTI TEXHOJIOTIYHUX amapaTiB 3 PI3HUMH THIIAMH KPIIUICHHS armapariB 3 BUKOPHUCTAHHSIM Bi-
3yanbpHUX 3aco0iB Python. Monens 3acTocoByeThes 3 METOI0 BUOOpPY ONTHMAlIbHOT CUCTEMH KPIIUICHHS TEXHO-
JIOTIYHUX arapariB

2. Amnani3 ¢popM i 4acTOT KOJIMBaHb PE30HATOPIB 3 METOIO BUOOPY ONTUMANIFHOI CHCTEMH KPIIUICHHS TTOKa-
3aB, 1[0 MaKCHMaJbHa YaCTOTa KOJMBaHb y PE30OHYIOUill eMHOCTI Oyae mpw TuIl KpirwieHHs NeS (nBa KiHIA 3a-
KpiIUieH] MpyXHO). MakcuManbHa aMIUTITyJa TMpH THIT KpimieHHs Ned (OAMH KiHEeNb 3aKpiluIeHHH MPY>KHO).
Jisa migBunieHHs eheKTUBHOCTI Ta iHTeHCHpiKamii TEXHOIOTIYHUX MPOILECiB B PIAMHHOI CEPEIOBHII BCEpEANHI
anapary JOLIJIbHO BUKOPHUCTOBYBATH THI KpituteHHs NeS5. V ToM ke yac, Ha MPAKTHI YacTille 3a BCE BUKOPHUC-
TOBYIOTh JPYI'Mi THI KPIIUICHHS, SIKMH XapaKTepH3YEThCsl HAHMEHILIO YaCTOTOI KOJMBAHHS PE30HYUiil pi-
JIUHY, IO MTOMITHO MOK€ 3MEHITUTH €(PEKTUBHICTH MPOIIECY.

3. Tounuii po3paxyHOK 4acToT i pOpMH KOJMBaHb pe3epBYapiB TEXHOJOTIYHUX alapaTiB 3 ypaxyBaHHsM i
JKOPCTKOCTI (TiJATIMBOCTI) OMOP KPIIUICHHS JO3BOJIUTH KOHTPOJIIOBATH MICISI MaKCHMAJIBHUX HalpYXeHb i
BiJITIOBIZTHO 31MCHIOBATH JIKBIJAIiF0 aBapiiiHUX CUTYyaIlill, [0 0COOIMBO BaXKJIMBO IMPH MEPEKadyyBaHHI JIETKO-
3aliMHCTHX 1 CHJIBHO TOKCHYHMX PiJUH B XIMIYHOT IIPOMHCIIOBOCTI.
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