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Yoockonaneno ososumipnuil nanisananimuuHuil Memoo CKIHYEHHUX eNeMEHMIE 3 Memol0 NPOGCOCHHS AHAIZY
NOWUPEHHST YIbMPA36YKOBUX CHPIMOBAHUX X6UTb Y CMIHYI MALICMPAanrbHUX mpyoonpoeoodie 6 HANpSMKY MEIpHOl
mpyou. [lpedcmasneno mamemamuiny mMooen, wo 6a3yemvcs Ha MOOAILHOMY NIOX0O0L ONUCY KOJIUBAHb NPYHCHOZO
cepedosuwa. Mamemamuuny mooenb npeocmagieHo y Uil XapakmepucmuyHo20 PiGHAHHSI, siKe 00YUCTIOEMbCS
MemoooM CKiHueHHux enemenmis. [looaiomvcs pesyriomamu po3paxyHKy ma po3nooil nojs 3MieHb OKpemMux Moo.
s nopisusnHs pe3yrvmamis po3paxyHKy 6UKOPUCMAHO OUCHEPCHI KPUBI XBUNbOBO20 ducia Moo Jlemba ma 0os-
JHCUHU XGUJI, PO3PAXOBAHI HA OCHOSL 8I0OMUX PI6HSIHb. 13 NP08edeH020 ananizy 00CONCeHb 6CMAHOBILEHO, WO Me-
MoOU HANIBAHANIMUYHO20 PO3PAXYHKY NAPAMEmpie NOWUPEHHS AKYCIMUYHUX CHPAMOBAHUX X6Ulb MAIOMb  MAaKi
0OMedHCeH S, SIK PeCYPCOEMHICMb, CKIAOHICIb AI20pUmMmMie ma iHmepnpemayii pe3y1omamis. 3anponoHo8anuil me-
Moo 00360€ NPOBOOUMU AHAEZ NOWUPEHHSL CAPAMOBAHOL X6ULL 6 MPUBUMIDHOMY NPOCMOPI WiIAXOM AHATIZY NO-
nepeyno2co nepepizy Xeuieeody, Wo 3HAYHO 3MEHULYE Yac NposedeHHs obyucienb. B pezynbmami npogedenns oouuc-
JIeHb BUABNIEHO: @) NPU 3ACMOCYBANHI NEPIOOUYHUX SPAHUYHUX VMO8 MONCHA 3MEHULYBAMU KLIbKICIb CKIHYEHHUX
eleMeHmis, Wo MOOeI0E NONEPey ULl nepepis Xeuneeooy, 00 KiIbKoX enemMenmie Oe3 mpamu moyHoOCmi 00UUCIeHb,
6) 30 3MEHUWEHHAM PO3MIPY CKIHYEHHO20 eleMeHmAd MOYHICMb NOULYKY KOPEHi6 3a0ayl GIACHUX 3HAYeHb 3POCMAE,
npome noYamox ix nowlyKy 3miyemocsi 00 OLIbUUX 3HAYEHb XGUILOBO2O Yucid. Beedene nonsmms Kpumepii
NPAKMUYHOL NPUOAMHOCTIE MOOU 0036051 CRPOCMUMU AHAI3 Pe3YIbmamie po3paxyHKy napamempie noulupenHs
MOO CHPSAMOBAHUX X6ULTb.

Kitr04oBi ci1oBa: BEKTOp 3MIIIEHb, XBUJICBII, KPUTEPil XBHILOBOTO IMOJIsA, BJACHI 3HAYCHHS, TCH30D KOPCTKOC-
Ti, CTYMiHb 30YIDKYBaHOCTI MOJIU

Yecosepuiencmeosan 08yxmephblil ROTYAHATUMUYECKUL MEMOO KOHEUHbIX JJIEMEHMO8 C Yeabio NPOSeOeHUs.
aHanusa pacnpoCMpaHeHus YibmpaseyKoblx HANPAGIEHHbIX OIH 8 CMEHKEe MALUCMPATbHbIX MPYOONpo60006 6001k
obpaszyiowen mpyowi. [Ipeocmasnena mamemamuyeckas Mooeivb, OAUPYIOUASACA HA MOOATILHOM NOOX00e ONUCAHUSL
Konebanuul ynpyeoi cpedvl. Mamemamuyeckas Mooelb NPeoCmaesiend 6 ude XapaKmepucmuyecko20 yPaeHeHus,
KOMOopoe 8blHUCTSIeMCs MemoOOM KOHEeuHblx dllemenmos. [lpedcmagnenvl pe3yiomamsl pacuema u pacnpeoeienue
noJis cMewjeHUtl OmoebHbIX MOO. sl CPAGHEHUsL Pe3yIbMamos paciuema Ucnoib308anbl OUCHEPCHbIE KPUeble 80Jl-
H08020 uucna Moo Jmba u OnuHbl 60HbL, PACCHUMAHHbIE HA OCHOBE U36eCMHbIX YpaeHeHull. M3 npogedennozo
aHanU3a UCCIeO08aHULl YCMAHOGLEHO, YUMo Memoobl NOLYAHATUMUYECKO20 PAcyema napamempos pacnpocmpane-
HUSL QKyCIUYECKUX HANPABIEHHbIX GOJIH UMEIOM MAKUE 02PAHUYEHUS,, KAK PECYPCOEMKOCHIb, CIONCHOCHb ANe0PUni-
MO8 U UHmepnpemayuu pesyibmamos. IIpeonodicennviii Memoo no3eoisiem nposooums aHalu3 pacnpoCmpaHeHus
HANPAeLeHHOt GOIHbL 8 MPEXMEPHOM NPOCPAHCMEE NYMeEM AHAIU3A NONEPEeUHO20 CeYeHUsl 800800, YMO 3HA-
YUMENbHO coKpaujaem epems pacuema. B pesyismame npoeedenusi bluucienull 8ulaeNeHo: @) npu npuMeHeHul
NePUOOUNECKUX SPAHUYHBIX YCLOGULL MOJICHO YMEHbUUAMb KOTUYECMBEO KOHEUHbIX JNEMEHMO8, MOOCIUPYIOUUX none-
peuHoe ceueHue 801H0800d, 00 HECKOILKUX DNEMEHMO8 6e3 Nomepu MOouYHOCMU GbIMUCIEHU 6) ¢ YMEeHbULeHUeM
pasmepa KOHeuHo20 2NeMeHmMAa MOYHOCMb NOUCKA KOPHell 3a0auu cOOCBEHHbIX 3HAYEHUIl 603pacmaem, 0OHAKO
HAuano ux noucka cmewaemcsi K GonbuuM 3HAUEeHUAM 60JH08020 Hucida. Beedeno nonsamue Kpumepuili npaxmuye-
CKOUL NPUOOHOCHU MOObL HO360SIETN YAPOCTNUMb AHANU3 PE3YIbMAMO8 PACUemd napamempos pacnpocmpaneHusl
MOO HANPABNEHHBIX GOJIH.

KitroueBrie ¢10Ba: BEKTOpP CMEIIEHHIA, BOTHOBO, KPUTEPHI BOIHOBOTO IMOJIsI, COOCTBEHHbIE 3HAYEHHSI, TEH30D
JKECTKOCTH, CTEIEHb BO30YIMMOCTH MOIBI

Two-dimensional semi-analytical method of finite elements has been improved which is aimed at the possibility
of conducting the analysis of guided ultrasonic waves propagation within the wall of the main pipelines in the direc-
tion of generating tube. The mathematical model based on a modal approach describing the vibrations of an elastic
medium. The mathematical model was presented in the form of the characteristic equation which is calculated by
the finite element method. The results of calculation and distribution of displacement field of individual modes was
presented. To compare the results of the calculation the dispersion curves of wavenumber and wavelength of Lamb
modes were presented, that had been computed on the base on the well-known equations. As follows from the con-
ducted analysis of the research it was determined that the methods of semi-analytical calculations of the acoustic
guided waves parameters have such restrictions as long time of computation, complexity of algorithms and interpre-
tation of results. The proposed method can analyse the distribution of guided waves in three-dimensional space by
analysing the cross-section of the waveguide, which significantly reduces the computer resources for calculation. As
a result of calculations it has been revealed that: a) the application of periodic boundary conditions can reduce the
number of finite elements simulating the wavelength cross-section to some elements without loosing the accuracy of
calculations, b) with decreasing the size of the finite element the accuracy of problem in order to find the roots of
the eigenvalues increases, however the beginning their search is shifted to larger values of wave number. Intro-
duced notion of a criterion of mode practical usefulness simplifies the results analysis of parameters calculation for
guided waves modes propagation.

Key words: vector displacement, waveguide, the wave field criterion, eigenvalues, tensor rigidity, degree
excitability of mode
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Beryn

3acTocyBaHHS YIbTPa3BYKOBHX CIIPSIMOBAHHX
xBuIb (YCX) mi1st HepyHHIBHOTO KOHTPOJIO HaO0y-
Bae Bce Outbmoro nomupeHas. OCHOBHOO MPUYH-
HOIO TaKOTO 3alliKaBJICHHS HAYKOBIIIB JIOCIIiJPKEH-
HaMu YCX € BIIACTHBICTh OCTaHHIX IIOIIMPIOBA-
THCh HAa 3HAYHO OULIBIII BiICTaHi, HDK MOLIUPIO-
I0ThCsI 00'€MHI XBWJII Ta JaBaTW 3HAYHUHA JyHO-
IMITyIIbC TIpHU B3a€eMoii 3 nedexkramu. Baxknusum €
TaKoX 1 Te, 10 uyTiauBicTh Y CX npu B3aemomii 3
nedexkraMu € IPaKTHYHO OJJHAKOBOIO, HE 3aJISKUTh
BiJl PO3MIILIEHHS HOTO MO TOBIIMHI CTIHKH TPYyOH,
OCKUTBKH XBWJIbOBE 30ypeHHS BiJ CIPSMOBAHOI
XBUJTI TIOKPUBAE BCIO TOBIIHMHI CEPEIOBHUINA TTOIIH-
pEHHSI.

Ha pauuii yac BiOMO JEKUIbKAa MaTeMaTh4d-
HHUX MOjENeH, 1Mo OnuCyIoTh momupeHas YCX B
npyxHomy cepenosuii [1]. Jns HaiOuiem mpoc-
THX (popM XBHIIEBONY (TIACTHHA, IMIIIHIP) i3 Ol
HOPITHUMH YH KOMITO3UTHHMH BJIACTHBOCTSIMH
XBHJICBOAY Ta 130TPONMHHMMH BIIACTHBOCTSIMH IPY-
YKHOTO CEpENOBHIIA 3aCTOCOBYIOTHCSI YHCIIOBI Me-
TOJM PO3B'SI3aHHS TPAHCIEHJCHTHUX PIBHSIHD [2,
3]. AnropuTM po3B'si3aHHS TaKUX PIBHSIHbL Ma€ He-
JIOJIIKH, TOB'sI3aHl 13 THM, IO BiTHOILIEHHS aMILTi-
TyJ 00'€eMHUX XBHIIb IPH MEBHOMY KYTi iX TOIIU-
PCHHSI € BEIMKHM, 1 MA€ MICIle BUXIiJl 3HAYCHb M-
cell 3a MaKCMMaJIbHO JONMYCTHMHUHN Jiama3oH (cre-
miHe yucen nepesuirye 200), B pe3yabTaTi 4yoro
QITOPUTM 3aBepIIye IMOIIYK KOpeHiB [4].  Binmbim
3araiipHi piBHSIHHA onucy mommpernHs Y CX Mox-
HA OTPUMATH UDIIXOM MaTeMaTUYHOTO OIHUCY
POLECY CYHEePHO3HLi 00'EMHUX XBHIIb (II0310B-
KHBOI Ta MOMEPEUHOI), HATIPHKIIAJ, METOJ TEpeIa-
BaJIbHUX MATpHIb ab0 METOJ MATPHULb iMIIEAAHCY
noBepxHi [5, 6, 7]. Lli MmeToau opieHTOBaHi Ha Oa-
raTomapoBi cepeloBUIa i3 B'S3KOMPYKHUMH Ta
aHI30TPOIHUMH BJIACTHBOCTAMH, IIPOTE HEOMIKa-
MH iX € HEJOCKOHAII [POLIEYPH MOLIYKY KOPCHS B
KOMITJICKCHIH TIJIONIMHI, SIKI MOXYTh MPOIMYCKATH
okpemi po3B'si3ku [1]. Jpyrum HemonikoMm BKa3a-
HUX METOMIB € CKIAQIHICTh IOCIIDKEHHS IOMIN-
pennst YCX y XBHIIEBOAAX 13 CKIaIHOIO (POPMOIO.
Jlyis BUpIIICHHST BKa3aHUX HEIOJIIKIB OyJi0 po3po-
OJIEHO HOBUI HaIlBaHAJITHYHHII METOJ CKIHYEH-
nux enementis (HAMCE) [8]. Leii meron Buko-
PHCTOBYE iCHYIOYi aJITOPUTMH IOIIYKY BIACHHX
3HAYCHb, SIKi Peani3oBaHi B IEPEBAXKHIH OLIBIIOCTI
ICHYIOYMX TPOrPAMHHX MAaKETIB CKiHYEHHO-ele-
MEHTHOT'O aHalli3y, Ui MOAAIbHHUX PO3PaXyHKIB.
I'onosHoto nepesaroro HAMCE e Te, 1110 st HbO-
ro HEOOXi/IHO aHANI3yBaTH TLIBKH Iepepi3 XBHIIE-
BONy (TUTOIIMHY, IEPTIICHIUKYISIPHY HAMTPSIMKY TIO-
HIMPEHHs CIPsIMOBaHUX XBIIIb). Lle no3Bossie 3Ha-
YHO 3MEHIIUTH KiTbKICTh CKIHUEHHUX €JIEMEHTIB y
MOPIBHSIHHI 13 PO3OUTTSAM MOBHOTO 00'€eMy XBHIIE-
BOJly IMMHU elleMeHTaMH. SIK pe3ynbTaT 3acTocy-
BaHHS aJrOPUTMIB MOJAJILHOTO aHaJIi3y HEOOX1IHO
3aJIaTd YMOBY, 10 XBUJII € rapMOHIYHUMHU. P0o3BH-
tok HAMCE BinOyBaBcst OCTaHHI TPH JIECATHIIT-
Ts. 3a 1ell 4yac OyJl0 BUOKPEMJICHO JBa OCHOBHI
HATPSMKA JOCTIKeHb. [lepiiiM HampsMKOM €
JOCII/UKEHHS. TUIACTUH 3 OIHAKOBOK TOBLIMHOI.
[pu ubomy HAMCE BHKOpPHCTOBYBaB OIHOBUMi-
pHI CKiHYCHHI €IEeMEHTH, PO3MillleHi HOPMAIbHO
JI0 TOBIIMHU XBWJICBOAY. [OYHICTH PO3PaxyHKY

XBHJILOBOTO TOJS (NEpEMIillleHh Ta HAaNpyKeHb)
3aJIEKUTh BiJI KUIBKOCTI eiieMeHTiB. OnHUM 13 1e-
PIIMX AOCHIDKEHb LIMM METOAOM OYB aHaii3 Ie-
pemiiieHs y OaratomapoBomMy xBuieBozi [8]. Xa-
PAKTEPUCTUYHUM pPIBHSHHAM OIUCY TOIIUPEHHS
YCX Oyno MojanpHe piBHSHHS B 4YacTOTHIHM 00Ja-
cri. ITi3HIm JOCHIIKEHHS IOBEIM MOXKIIMBICTH
MOITYKY KOMIUIEKCHUX XBHUJIBOBHX YHMCEIN JUTS JIHC-
nepcaux kpuBuxX YCX i3 3acTOCYBaHHSIM MOJAJIb-
Horo migxoxy [9]. IlomiOHi mocimimkeHHS Oyiu
3ICHEH] 715 TOOY/IOBH TUCTIEPCHUX PIBHSIHbB JUIS
nommpenHs Y CX B aHI30TPOITHUX MAPyBaTUX Ma-
Tepianax i 6azyBasach Ha PIBHSHHAX Jedopmartiit
y mwomuHi [10]. Jlocnimkenns nommupenss YCX B
IapyBaTHX KpPYyIJIMX HWIHIPHYHAX O00OJOHKAX
npu (HiKCOBaHOMY HANPSIMKY MOIIMPEHHS XBHIIb
Oyno 3IIHCHEHO TaKOX JJIsl OAHOBHUMIPHHX CKiH-
yeHHUX enemeHTiB [11]. B miit pobori Oyno Buko-
PHUCTAaHO TOBHE Mojie aedopMallii s IUIHIpa 1
XapaKTEPUCTHYHE PIBHAHHA Oys0 mobynoBaHe s
OJHOBUMIPHOTO BHNAZKy. Takox Ui TOCIIKEH-
Hs BigouTrs YCX Big TPaHHIIb po3niny cepeno-
BHII[ OYyJIO BUKOPHUCTAHO IIEH MeTOox Tpu (blKCOBa-
HUX 3HAYEHHSX XBUJIBOBOTO YHMCIIA i BUPIIICHHAM
XapaKTePUCTUYHOTO PIBHSHHS y YaCTOTHOMY Jlia-
nasoni [12]. Byino BH3HaYeHO KpuTepil 301KHOCTI
pesynbratie obduncienb. [lomupenns YCX Tta 3a-
racaHHs aMILIITYau 6yno TAKOX 3MIMCHEHO IS
IapyBaTUX XBHJICBOMIB 3 BI/IKOpI/ICTaHHHM OJTHO-
BUMIPDHUX CKiHYeHHMX enemenTiB [13]. Jpyrum
HANPAMKOM € JOCII/UKEHHS XBHIIEBO/LB i3 10BiMb-
HOI0 (hOpmOIo TIONEpPEYHOro Hepep13y [1]. Leit na-
npsMoK Bigomuii sk nsoBumipauii HAMCE. B
IOMY METOJIi aHalli3yeThCs TONEPEUHUl Tepepis
XBHUJICBOAY, SIKAH € TEpHeHIUKYISIPHUM 10 Ha-
npsamky nommpenHs YCX. Bmepiie meil meron
OyJI0 3ampONOHOBAaHO VISl XBHJICBOAIB TPUKYTHOI
¢opmu [14]. BUkopUCTaHHS CKIHYEHHUX €IEMEH-
TiB Y JBOBHMIPHOMY IIPOCTOPI JUIsl aHAIII3Y TIOMIU-
pernst YCXy XBHJICBOAAX 13 MPYXKHOT'O MaTepiany
TOHKOCTIHHOI ()OpMH Ta PEHOK 3aNi3HHMIIL, IJIac-
THH, CTpWXHIB [15-20]. B xo)kHOMY 1IBOMY JOCITI-
JOKEHHI CKIHYEHHI €JIEMEHTH Ha IIJIONIMHI BUKOPH-
CTOBYBAJIMCS JUISl OITUCY TMOJIS 3MIlllEHh B TPUBUMI-
PHOMY MPOCTOPi XBWJIb, IO MOMIMPIOBAIUCH HOP-
MaJIBHO JI0 TJIOMMHHU. MOJeToBaHHs MOIIUPEHHS
YCX y xsunesoni nsosumipunm HAMCE, npu-
4oMy 1oro ¢popMa BBa)kanacs HECKIHUCHHO IIUPO-
KOI, 3amporoHoBano B mpaui [1]. Pesynbratn
PO3paxyHKy MM METOIOM MOXHA IPHPIBHIOBATH
JI0 BIIOMHX METOZIB, 1o 0a3yloThCsl Ha 3aCTOCY-
BaHHI YHCJIOBOTO PO3B'S3KY TPAHCICHJICHTHUX pi-
BHsiHb. HemonikoM MeToy € Te, 1110 Horo 00JacTio
3aCTOCYBaHHS € TOHKOCTIHHI XBHJICBOAW. [HIINM
TUAIIOM jociimpkeHHs nsoBumipuoro HAMCE e
MOJICTTIOBAHHSI XBHJICBO/Y SIK TEPIOAMYHOT CTPYK-
TypH i3 MEpioOM TOBKHUHOK B OJUH CKIHYCHHUN
ENIEMEHT 13 MepioANYHUMH TPaHUYHHUMH YMOBaMH
[21]. Lleit MmeTon MOXKe 3aCTOCOBYBATHChH JJISI XBH-
JICBOJIIB Oy/b-sKOI (DOPMHU MOMEPEUHOrO Mepepizy
Ta opmu TBipHOI XxBUIIeBOAy. s miapyBaTHX Ta
KOMITO3UTHHX MaTepialliB XBHICBOAY JAUCIEPCHI
piBHSHHA Oynu OOYMCIEHI CrelialbHUMH CKiH-
YeHHUMHU eneMeHTamu [22, 23]. 3acrocyBaHHS
neosumipaoro HAMCE anst tpy6 Gyno monudi-
KOBaHO TaKMM YHHOM, MI00 3MEHIIUTH KUTBKICTh
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CKIHYCHHHUX €IeMEeHTIB [24, 25, 26]. B upomy mija-
XOJIi 3aMPOIOHOBAHO CIOCIO MOJIENIOBAHHS MOIIE-
PEYHOro Iepepisy XBUJICBOAY KPyrioi ¢popmu sik
NEPiOANYHOI CTPYKTYPH B IUIOLIMHI Iepepisy 3
BUKOPHUCTaHHAM LMKJIIYHOI CUMETPii, WO peai3o-
BaHa B OUIBIIOCTI MAKETIB CKIHUEHHHUX EJIEMEHTIB.
OOMEXKEHHSM /ISl 3aCTOCYBaHHS METOY € TE, 110
BiH MOXXE ONUCYBAaTH JTUCIIEPCHI BIACTUBOCTI TiJIb-
KH KUTBIIEBUX CHPSMOBAaHUX XBUIIb, SIKI MOIIHPIO-
I0TBCSI TI0 TIEPUMETPY TPYOH.

I3 mpezcraBneHoro ananizy MokHa OOAYMTH,
mo HAMCE moxHa 3acTOCOBYBaTH JUIS aHai3y
noumpents YCX B IIpyKHHX XBHJICBOJAX, 30Kpe-
Ma cTiHKax Tpy6onposozis. [Ipore B rannx mnoci-
JUKEHHSX BIZICYTHI MOJIENI, SIKI CTOCYIOTBCS Maric-
TpaJbHUX TPYOONPOBOAIB BEIMKUX MiaMETPiB Ta
TOBIUMH CTIiHOK, W10 JIOPIBHIOIOTH KUIbKOM JI0BKH-
HaM XBHJb. OOMEKCHHIMMU ICHYFOUMX METOJIB €
HEecTaOUIbHICTh AJITOPUTMIB TPH BEITMKUX 3HAYEH-
HSX BIJHOIICHHS aMIUTITYJ O0'€MHUX XBHJIb, IO
YTBODIOIOTH CHPAMOBaHY XBUJIKO. MeToio JaHoro
JOCIIUKEHHS. €  yJOCKOHAIEHHs JBOBUMIPHOTO
HAMCE s MOXIJIMBOCTI IPOBCICHHS aHaizy
nommpenHs YCX B CTiHII MaricTpalbHUX TPYyOO-
MPOBOJIB Y HANIPSIMKY TBIpHOI TPYOH.

MaremaTu4Ha Mo/IeJIb NOMIMPEHHS YJIBTPa-
3BYKOBHX CHPSMOBAHUX XBWJIb MO0yI0BaHA
HA OCHOBi JABOBHMMIPHOr0 HamiBaHAJTITMYHOIO
MeTOAY CKiHYeHHHX eJIeMeHTiB

Jnist ortucy mons epeMilieHb elneMeHTapHOTo
00'eMy TPY)XHOT'O CEpPEIOBUINA XBUICBOAY 13 OJI-
HAKOBOIO TOBIIMHOKO Bij 30ypenns YCX Haid-
OUTBII 3PYYHUM IIJAXO0JIOM € OIUC TOoJis Tedopma-
it [8]. Takuii migxix MOXKHA TAaKOXK 3aCTOCOBYBa-
TH 1 7151 TOPU3OHTAILHO-TIONISIPU30BAHUX CIIPSMO-
BaHux xBwib [1]. Jnsg ommcy mommpenHs YCX
PO3BIIITHEMO TPUBUMIPHHIA TIpocTip (puc. 1).

nepioaunyHi
rpaHuyHi YMOBU

Pucynoxl — Cxema po3paxyHky
NOINepPeYHoro nepepisy cTinku Tpyou

Ockinbku YCX TOMIMPIOETHCS B HANPAMKY
oci Ox3, TO 10JIE 3MILEHb IPY’KHOT'O CEPEeJOBUIIA
BiJ] TApMOHIYHUX KOJIMBaHb XBHIIi Oyje TakuMm [1]:

ur(xl’x2’x3’t):Ur(xl’x2)el‘(kx}_w‘t) , (D)
e X1, Xp, X3 — JICKaPTOBI KOOPAMHATH;
t — yac;
— KOMIIOHEHTH BEKTOpa IO0JIs 3MIIlIeHb eJie-
MeHTapHoro 06'eMy IpPY>KHOTO CEPEOBUILA;
U, — aMIuiiTya 3MilleHb e1eMEHTapHoro 06'-
€MY TIPY)KHOT'O CEPEIOBHIIA BiJf TAPMOHIYHHUX KO-
muBaHb YCX;

k — XBUIILOBE YHCIIO;

® — YacToTa;

r — IHJEKC, SIKul npuiiMae 3HaueHHs 1, 2, 3;

i — TIO3HAYCHHSI YABHOI YaCTUHU KOMILICKCHO-
ro Yuclia.

Amnanmiz nomupeHHs YCX 3aiHCHIOETBCS Yy
wiomuHi Ox;Ox,. ['pafieHTH TONA 3MillIeHb ene-
MeHTapHOro 00'eMy OyayTh TakumHu [1]:

ox,  Ox '

ou, _ ouU, ei'(k”r“’"), @)
ox, Ox,

ou, iy ouU, ko)

0Ox; Ox;

PiBusinns Eitnepa st MaTeMaTHYHOTO OMHCY
KOJIMBaHb €JIEMEHTAPHOr0 00'eMy MpPY)KHOIO cepe-
JIOBHIIA, 3alMCAHOTO HA OCHOBI 6a30BHMX 3aKOHIB
MeXaHIKM MO0 30epeKeHHs] Macd Ta MOMEHTY,
Oyne Takum [25]:

oT, o’u
—E =p-—L r,k=12,73, 3
x P ar @)
ne T, — KOMIIOHEHTH TEH30pYy HAMpPY)KCHb;
p — TyCTHHA;
t —yac.

3akon ['yka, 3amucanuii y TeH3zopHiii dopmi,
MaTHMe TaKui BUTIAL [27]:

T, = Crlg'lSjl ) 4)

ne C; — KOMIIOHEHTU TEH30pY *KOPCTKOCTI YeT-
BEPTOTrO MOPSIIIKY;

Sji — KOMIIOHEHTH TEH30py e opMartii.

PiBHSHHS pyXy B NIPY)KHOMY CEPEIOBHIIL, 3a-
nucane B JIU(EpPEHIIHHOMY BHIIIAIIB YaCTOTHIH
obnacti 3 BpaxyBaHHsM (3) Ta (4), Oyae Takum:

2
Co o 8] +pwu, =0,

BJIaCTI/IBOCTl TEH30pa XKOPCTKOCTI MOKHA BU-
3HAYWTH 13 PIBHSHb 3aKOHY ['yKa, 3ammcaHoro y
TeH30pHil dopmi [27]:

rk j,1=1,23. (5)

ou ; ou .
T, _FE , Sﬂ=l ou; ow M ouy . (6)
A, 2{ ox, Oxj ox, ﬁxj

ne F, — KOMIIOHEHTH BEKTOPY CHJIH, IO MPHKJIA-
JIeHa 10 MIOIMHU Ay.
Tensop nmedopmarliiii MOXXKHa 3amucaTd B 1H-
ik gpopwmi [1]:
s Ou, R
L, =—>n, ,
Jjl axl k
Je 1, — KOMIOHEHTH BEKTOpa n,
N — BEKTOp HOPMAJTi JI0 TUTONIMHU Aj.
3a cBOIM BM3HAYEHHAM TEH30p Aepopmaniii S
€ CHMETPHHIHHM, 1110 03HAYAE, 1O B HHOro 3aMiCTh
JIEB'ATH HE3aJISKHUX KOMIIOHCHTIB € TUTBKH IICTh,
TpH JiaroHalIbHI Ta TpH HeaiaroHanbHi [27]. Ci.
METpisl TEH30py TaKOXK O3HA4dae, MO MOXHA B
Oyap-sKill TOUI IPOCTOpY niniépaTn TaKy cucre-
My KOOpIMHAT, 1€ O LeH TEeH30p Mae TUlbKU TpH
HCHYIIOBI JlilaroHasbHi KoMIoHeHTH. Lle o3Havae,
IO TAaKAH TEH30p OMUCYBATHME TUTBKH PO3TAT—

A

15
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Tpaucnopr Ta 36epiranHs HadTm i rasy

CTHCK B HANPsSMKy KOOpAMHATHHX oceil. Tensop,
IO CKJIAJAETHCS TUIbKH i3 [IarOHANBHAX EIEMEH-
TiB, Ma€ TaKy BJIIACTHBICTH, 0 CyMa HOTO eeMeH-
TiB (pyHkuis trace (S) = Sy + Sx» + S33 ) € inBapi-
aHTOM BiJl 3MIHM CHCTEMH KOOD/MHAT.

PosrisiHeMo BIacTHBOCTI TEH30pY HAIPY)KEHb
T Ha nmpuknazmi eneMeHTapHOro o0'eMy MpPYKHOT'O
CEPE/IOBHILA, HA AKE MAJA€ YIbTPA3ByKOBA XBUIIS.
B upomy BuMmazKky Ha IOBEPXHI ySBHOIO Kyba
YTBOPIOIOTHCSI HANPY>KEHHSI, TPOMOPIIHHI 3yCHII-
JIAM JI0 TUIONII MOBepxHi rpaHi. Taki 3ycwiuis mo-
BHUHHI OYyTH CKOMIIEHCOBaHWMH, OCKIUIBKH B 1HIIO-
My BHUIAJIKy PO3TJISIIyBaHUN 00'€M MPYKHOTO ce-
penoBuia oTpuMyBaB OM mpuckopeHHs. Ckomrie-
HCOBaHI 3yCHWJUIS BHHHMKAIOTh Ha TPOTHIICKHIH
IpaHi PO3IJIAAYBAHOTO 00'€éMY MPYXKHOT'O CEPElo-
Bumia. Lle o3navae, mo TeH3op aedopmariiii € cu-
METPUYHHMM 13 MIICTbMa HE3aJIOKHUMH KOMITOHECH-
TaMHu.

BrnacruBocti cumerpii TeH3opiB nedopmartiit
Ta HAMpPYXEHb 3yMOBIIIOIOTh TAKy CHMETPilO0 TEH-
30py JKopcTKOCTi [27]:

Crkil = Ckrjl = Crk[j = Ckrzj = lerk . ®)
[epennmemo (5) y Takuii cnocio:
o%u, 0%u, 0’u,
il r3jl +C s +
0x, 0x, Ox;0x, OX, 0X,4
c 62u o B
—+ po’u, ,
r3j3 a a p

r,Jj :1,2,3 k=12,
Ha ocnosi (2) ta (8) piBHsiHHS (9) 3anuieMo
y Takiit popmi [1]'

Cot == o 6 +i(Coa i +Cys a"’

+kc,3j3(kuj)+ po*Su, =0,
=123, k1=12,

Lr=j

6uj

(10)

— kuist Kpouekepa.
0r%] (ynxuis Kp p

Ha ocHosi (2), (6) ta (7) 3anuiiemMo Hampy-
JKEHHSI Ha TPaHIX €IEMEHTapHOro 00'eMY MPYKHO-
ro cepenoBuma [1]:

e 9, =

ou
Trk :Crlg‘la_]nk > vrakajal =1,2,3,
X

ou
Ty = Crkila_]nk +1Cy3 (k”.f b an
!

vr,j=1,23;kl1=12.
V makeri nmporpaMHOro 3abe3neyeHHs, 1o pe-
ali3ye MEeTol CKIHYCHHHMX CJIEeMEHTIB, 3a/ada Io-

HIYKYy BJIACHUX 3HAYCHb 3alUCYEThCS Y Takiil ¢op-
Mi [28]:

Me,u—Ad,u+V-(—CVu—6u+r)+
+B-Vu+au=F,
Vu =grad(u), V-ou= div(u),

v-cw:i(ca—“} a0 (CG—UJ

(12)

ox, \ Ox ox, \ Ox
ou ou
B-Vu=03—+..+3,—,
P ox, P Ox

n
Je e, — Maca MPY>KHOTO CepeIOBUIIA;

d, — MaTpuis nemndyBanbHUX KoedilmieHTiB;

0 — MaTpUIlsl KOHBEKTUBHOT'O KOHCEPBATHBHO-
T'O TIOTOKY;

Y — JDKEPENo KOHCEPBATHBHOTO MIOTOKY;

P — MaTpuIs KOHBEKTHBHUX KOe(Dilli€HTIB;

a — MaTpHuIIsl acOpOyBaHHS,

A — BIIACHI 3HAYCHH.

[pupisHsemo 10 Hyist €,,F Ta v. 3a Bincyrno-
CTi I0JIaHKa i3 €, MaTpuus d, BiAirpaBaTMMe poib
MaTpuil macu. PiBHsHHS (12) MOXKHa 3amucatd y
Takid Gpopmi:

Kdau+V-(—CVu—6u)+B-Vu+au =0.(13)

PiBusiaus (13) MokHa ogaT y opMi TEH30-

piB BixnosigHo 1o (10) Tax [1]:

c. +ila,, —p )a”f ad u, =0.(14)
kil A A 1 (X’r‘k_ 17k . aju; r‘u‘ =v.
% axkaxl 7! 7! &xk 7 7]

B makeri CKIHYEHHUX €NEMEHTIB 3arajbHa

¢dopma rpannunnx ymoB Helimana € takoro [28]:
n-(CVu+6u—r)+qu:g—M, (15)
e ¢ — MaTpuIs aacopOyBaHHs;

g — BEKTOp JuKepera 30ypeHsb;

1 — BekTOp JlarpaHkeBUX MHOXKHHUKIB;

N — BEKTOP HOpPMAJi IO TPaHMIb PO3ALTY JIO-
CITI/PKYBaHOTO 00'€KTa.

Martpuust ancopOyBaHHs  Ta BEKTOp JuKepe-
na 30ypeHb g € BU3HAYECHUMH TUIBKM Ha TPAHUILIX
JOCITIPKYBAHOTO 00'EKTY.

[pupiBHsieMo 10 HYJISI Taki KOMIOHEHTH (15),
K g, u Ta Y. TakuM yuHOM, (15) MOXXHa mopatu y

dopmi [1]
Crkjl

Ou; 16
o, n+oun +qu;=0.  (16)
3amava momryky BiacHUX 3HadeHb (10) € kBa-
OpaTHUM piBHSHHAIM. [ Horo JiiHeapu3aiii He-
00X11HO BBeCTH BekTOp V Takwuii, oo [1]:
MxV=kMxU, (17)
ne M — oBiNBbHA JdiaroHajbHAa KBajpaTHA Mat-
puILs;

k — BacHi 3HaYECHHSI.

Piusinns (17) moxna 3anucatu (10) y dopmi
(14) ta (16). JIna 1poro HEOOXIAHO BHU3HAYUTH
KOMITOHEHTH BEKTOPY 3MIIlIEHb MPYXHOTO Cepeio-
Buma [1]:

T
uz{u,,uz,uS,v,,vz,VS} (18)

Unenn piBHAHHS (13) MaTUMyTh Takuii BH-

rian [1]:

<
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d = 0 D _ ct 0 _ 0 iA
*M 0 (o of ’
(19)
0 -/B M 0
B= ,a= ,
0 0 0 M
Jie HyJIb — HyJIbOBI MaTpHIli BiIMOBITHOTO pO3MIpY,
s —Csu —Cs
D=|-Cys —Cy - 43 |»
5 —CGy —G
—p(o 0 0
—pw’ 0 |,
0 —po’
Cl 1 Clé Clé C12 CIS Cl4
Ca Co Co Co Cos Cg
Ct = Ca Co Co Co Cos Cg ,
C2 1 C26 C26 C22 C25 C24
G Gy G C5 G5 Gy
Cy C46 C46 Cyp C45 Cy
Cs Gy Gy G Cs Css
Cos Cu Ca Cs Cs Cy
A= Cos Cau Ca B- Ca Ciu Cys
Cys Cy Cy Cu Cp Cy
Cs Cu Gy G G Gs
Cis Cy Cgy Cy Gy Gy

[epexin Bin Tenzopy C 4-ro mopsaxy ao Ma-
TPHII pO3MIpOM 6X6 MOXKHA 3IHCHUTH 332 CXEMOIO
(tabm. 1) [27].

Tab6auus 1 — KonBepryBanus
MIK TEH30POM KOPCTKOCTi 4YeTBEPTOr0 MOPSAIAKY
Ta MATPUYHHUM MOJAHHAM

Koediuientn Innexcu Tensopa,
MaTpHuli, I, J rk, jl

1 11

2 22

3 33

4 23 =32

5 31=13

6 12=21

3a pomomororo (19) MoXxHa MPOBOAUTH TPH-
BUMIpHHUI aHamii3 nommpeHHs YCX B MpyKHOMY
XBUJICBOMI 3a pPe3y/bTaTaMU PO3PaxyHKy 3ajaaui
BJIACHHMX 3HAYCHb IUIOMIMHH Tepepidy, IO po3Ta-
[IOBaHa MEPIEHANKYISIPHO J0 HAMPSIMKY ITOIIH-
PEHHS XBUJIb.

I'panuyni ymoBun

[lpu amami3i cTiHKM TPyOONpPOBOAY BEPXHS 1
HWOKHS TPaHUI po3JITy (a3 CTiHKa — HAaBKOJIHIITHE
CepeloBHIIE € BUILHOIO IS TIepeMilieHb. B mpomy

BHITQJKy HEOOXITHO 3aJaTH TI'paHUYHI YMOBH 3a
noromororo pieHsHHS Hefimana [1]:
n-(CVu+6u)=0. (20)
[Mpu ananizi nommpennast YCX € HeoOXiTHICTD
3HATH NapaMETPH IMOIIMPEHHS XBUIIb B MICIISIX 3a-
IIEMJICHHS CTIHKH TpyOM, HANpHUKIaJ, Iij oropa-
MM, XOMyTaMH TOIIO. B 11boMy BHUMaJKy 3acTOCO-
BY€EThCS TpaHn4Ha ymoBa [lipixieno BuOpaHoi Ji-
JISHKY CTIHKHU TpyOu [28]:
u=const . (21)

Komu crinka TpyOorpoBoy KOHTaKTye i3 iH-
MM CEPEIOBHUIIEM, 110 HE € MOBITPSIM, BinOyBa-
€TbCs aIcOPOYBaHHS XBUIILOBOI €HEPrii Bifl CTIHKH
y 30BHIIIIHE cepeloBHIle. B IbOMy BHUITaJIKy Taky
JUISTHKY TpaHHMIll pO3JUTy CTiHKa TPyOM — HaBKO-
JIUIITHE CEPEIOBHINE MOXHA ONMUCATH TPAaHUYHUMHU
YMOBaMH 13 afcopOyBaHHsM [28]:

n-(CVu+6u)=qu. (22)

VY BUMajKy, KOJHM TONEPEYHUH Tepepi3 XBU-
neBopy Habarato OiMbIIMK 3a JOBXHHY XBWIIL,
OIUCYBAaTH BCIO HOTO TUIOIIMHY Tepepi3y CKiHYeH-
HUMH C€JIEMEHTAaMH € PECYpPCOEMHOI0 3aJauero.
ToMy MOXHa B3SITH JJISl ONKMCY YaCTUHY XBHJIEBO-
Iy, 2 Ha OIYHHMX CTOpOHAaX Tepepily 3aJaTH mepi-
OJIMYHI rpaHWU4Hi YMOBH [28]:

u(x)=ulx,), (23)
e Xo, X| — BIANOBIAHO M0YATOK i KiHElb ILIOLIH-
HU TIepepidy XBHIIEBOJY, OMUCAHOI CKIHYCHHUMH
eNeMEeHTaMH.

[NepioguuHi rpaHUYHI YMOBU € MOIU(IKAIIEO
rpaHnYHUX yMoB Heiimana. 3HaueHHS LHUX yMOB
MOJISATa€ B TOMY, IO 3aJaHi IPaHHUIIl MarOTh OJIHA-
KOBE IMEPEMIlllEHHS, IO O3HA4ya€ HEMepepBHICTh
3MIILEHD.

YMoBa MOKIUBOCTI 30yAKeHHSI MOIU YJIib-
TPa3BYKOBOI CHPSIMOBAHOI XBWJIi TNEePBUHHUM
NepeTBOPIOBaYeM

3a 1omoMorow po3poObieHOT MaTeMaTHYHOL
Mozeni onucy BinactuBocted YCX MoKHa BH3HA-
YaTu iX JAUCIEPCHI KPHBI, 3ICKHICTh XBHILOBOTO
yrcia, (a3oBol UM TPYMOBOT MIBUAKOCTI BiJ] 4acTO-
ti. Taka iH(opMals T03BOJISE BU3HAYWTH, YU
MOXYTb ICHYBaTH MOJIH B JIOCITIIKYBaHOMY 00'€KTI
1 Kl iX BIIACTMBOCTI, NPOTE IMCIIEPCHI KPUBI HE
MOXYTb JIaTH BiIIIOBi/i PO CTYMiHb 30yKYBaHO-
CTi MOJIM B O0'€KTi IEPBUHHHUM IEPETBOPIOBAUEM.
Cryninb 30y/DKyBaHOCTI MOAM € OJHI€I0 i3 0azo-
BUX BIIACTUBOCTEH CHCTEMH I'€HEepyBaHHS Ta JieTe-
KTyBaHHSI MOJI aKyCTUYHOTO KOHTpoiro. Konmen-
ist 30ymxyBanocti Mon YCX Oyna 3ampornoHoBa-
Ha TPYIOI0 HayKOBIiB Ha voli 3 I1. Birkokcom st
ix merony HAMCE [24]. Y0CKOHAIUMO MiIXiza
1i€T KOHIIEMIIIT JUIS BU3HAYCHHS CTYIEHS 30YyDKYy-
BaHocti Moj npeacraBieanm HAMCE.

PosrisiHeMo BUMAIOK, KON TapMOHIYHA CHJIA
NPUKIIAJICHA JIO BY3Jla CKIHYEHHOTO ENEMEHTY, 110
OIKCY€E NOCIIIKYBaHMH 06'exT. Micue mpukia-
JlaHHs TaKoi cunn Moke OyTn Oyab-sKuM i He 3a-
JISKUTH Bijl GOPMH MOMEPEIHOro Tepepizy XBHUIIe-
Bony. Ll mpukianena cunia 30yauTh BCi MOJH, TIO
MOXYTh ICHYBaTH B JIOCHIPKyBaHOMY OO0'€KTi Ha
4acToTi, 1[0 JOPIBHIOE YacCTOTI Ii€l CHIIM. AMILTI-
TyJa KOXKHOI OKpEMOT MOJIH MOKe OyTH BU3HAUYEHA
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Tpaucnopr Ta 36epiranHs HadTm i rasy

3a 3MIIEHHIM €IIEMEHTapHOrO 06'eMy NpPYKHOTO
CepeIoBHIIa, OCKUIBKH BHaCJ]l)Z[OK PO3B'sA3aHHS
3a7a4i BIACHHUX 3HAYEHL BCI 3M1meHH;[ B JIOCIHI-
JOKyBaHOMY 00'ekTi BUKIMKaHI Momamu. CTyIiHb
MOKJIMBOCTI 30yIKEHHS MOAM FE,; 3aJIeKHUTh Bif
BEJIMYMHHU MPHUKIAICHOI CUIM Ta 3MILICHHS elIeMe-
HTapHOr0 00'eMY MPY>KHOTO cepenosuiia. Ey; 3a
pe3y/IbTaTaMi  PO3PAXYHKY 3a7a4i BIACHHUX 3HAa-
4yeHb OyJie mponopiliiiHe TakoMy Bupasy [24]:

E36 ocu f ’
ne f—dJacrora KOJHUBaHb.

24)

IIpoBenenns oduucIeHb

[IpoBenemMo oOYHCIEHHST 3ampPONOHOBAHUM
METOJIOM IS BU3HAUEHHS HOro MOXKJIMBOCTEH MO-
nemoBaty nommpeHHs YCX B XBHIIEBOIAX, TOB-
IIMHA SIKKX TEPEeBUINYE TOBXKUHY XBWIi. Bractu-
BOCTI METaJIeBOI CTIHKK TPyOH HaBeneHO B TabI. 2,
pemTa KoedillieHTIB KOPCTKOCTI JOPIBHIOIOThH HY-
JI0, 10 0OYMOBIICHO KYOIYHOKO CTPYKTYpOIO IpaT-
KU CTaJi 1 il BIACTHBOCTSIMH CUMETPI.

Ta6auus 2 — Ipy:kHi BJacTUBOCTI i30TpomHOL
cTajdi CTIHKM TPyOONpoBoay

Ilo3naueHHs 3HadyeHHS

KoedilieHTa KoedilieHTa
Ci=Cy=Cs 282,69, I'Tla
Cnp=C;3=0Cxy 121,15, I'Tla
C44 = C55 = C66 80,769, I'Tla
p 7850 kr/m’

VY pasi mpoBeneHHs OOYUCIIEHHS po3poliie-
HuM HAMCE 0Oyn0 BCTaHOBIIEHO, IO KUIBKICTh
KOpEHIB XapaKTepUCTUYHOTO PIBHSHHSI OOCPHEHO
MPOTOPIIITHO 3aNEKHUTh BiJl BEIUYUHU DPO3MIPY
CKIHUEHHOro eneMeHTty. [lpu BUKOpHCTaHHI Tpa-
HUYHUX TEPIOMYHAX YMOB IIMPHHA MOMEPEYHOTO
nepepizy XBHIICBOJY, IO OMHUCYETHCS CKIHYCHHU-
MU elIEMEHTaMH, MOXKE JIOPIBHIOBATH KITBKOM CKi-
HYEHHUM eneMeHTaM. Hamm Oyrno BuUnpoOyBaHO
NIUPUHY CITKH CKIHUYEHHUX eNeMeHTiB Bin 0,2 MM
no 20 mMm. Ilpu 3BYXEHHI HNIMPHHU CKIHYEHHOTO
ENIEMEHTY MOIIYK KOPEHIB 3a/1a4i BIACHUX 3HAYCHb
3MIIIYETHCS B CTOPOHY 30UIBIICHHS XBHIBOBOTO
qrca.

Jnist TIOpiBHSJIBHOTO aHaNi3y OTpUMaHHX pe-
3yJIBTATIB HaMH OyJI0 pPO3paxoBaHO UCHEPCHI
KpHBI XBHJILOBOTO 4Hciia Moj JlemOa it miactu-
HHU TOBIIHMHOIO 5 MM (puc. 2) [29]. Pesynbratu po3-
paxynky HAMCE (puc. 3) nokasyrors Giibiue Ko-
PEHIB y BKa3aHOMY Jiana3oHi 4actor. MoxHa Bu-
JUTUTH JIBi TPYNX KOPEHIB 3a/1a4i BIACHUX 3HAYCHb
3 MaJlUM Ta BEJMKHM 3HAYEHHSIM XBHJILOBOTO YHC-
na. KopeHi 3 MauM 3Ha4YEHHsM XBUIIBOBOIO YUCIIA
PO3MILLYIOTh HABKOJIO HYIbOBMX MoJ Jlemba, 1m0
MIATBEP/UKYE BIMIOBIAHICTh PO3PaxyHKy TpaHCLe-
HJICHTHUM DIBHSHHSM, SIKi IHPOKO omucani y ¢a-
XOBi#i JiTeparypi. [HII THIIM PO3B'A3KIB HEOOXIMHO
JOCITIKYBATH.

Ha puc.4—6 300paxeHo po3MOILT OIS
3MIllleHb 110 TOBIIMHI XBUJIEBOAY, IO BiJIIOBiIA€
KOpEHSIM PO3B'SI3KY XapaKTEPUCTUYHOTO PIBHSHHSI.
Posmosin mosst 3MilleHb €JIeMEHTAPHOIO 00'eMy
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Pucynok 2 — lucnepcHi napameTpu
YAbTPa3BYKOBHMX CIIPSIMOBAHUX XBWJIb
AJISl IVIACTUHYU TOBLIMHOIO 5 MM
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Yacrora f (M'y)

Pucynoxk 3 — PesyabTaTn po3B'a3Ky
XapaKTEePUCTUYHOIO PIBHSAHHS ISl XBHJILOBOI0
YHcaa MOJA CIIPAMOBAHMX XBMJIb U1 IJIACTUHU

TOBILMHOIO 5 MM

CepeloBHIa TPEICTABICHO KOHTYPHUMH 130JiHi-
SIMH 13 OJTHAKOBHMM 3HAYCHHM 3MiteHHs [30]:

Z(x] ’x2) =u, (xl ’x2)u,‘:c0nst ’ (25)
Je z — KOHTypHa JiHis Ha momuHi Ox;Ox,, Ha
SIKI 3HAYEHHS U,€ OJTHAKOBHIM.

OCKIIBbKY 1, Ma€ OIHE 1 TEX caMe 3HAYEHHS
Ha JIiHi1, TO MOXKHA 110 YMOBY 3anucaTi Tak [30]:

160 )
160 )

® [SSN 1993—9965. HaykoBui BicHuk IOHTYHI. 2012. Ne 3(33)



Tpaucnopr Ta 36epiranHs HadTm i rasy

iinn Iy
S I
I e T S
;Liyf{"xiif_liiii ffiﬁ. 53(f|‘1 L ‘71i [

SNV W W . B A a)
SITHZZES T TS T T
7 Ny {C::“,,/ff \r\\\\i’/ |

/// \\.\“ f LR AT
{5\1 \r’) L & HULA\S\\ ‘/\221 \\ HU},@QQ
For in ,/ﬁﬂ Wi I
IEERE e ENRN 7 6)
NS 7$’///#\\\“:‘%fT]‘ ),
T A T
N I
R T

PO3MOIi BIACHHUX 3HAYCHB:) U1; 0) Up; 8) Us

Pucynoxk 4 —Po3noaiji XBHJILOBOT0 10JIsI MO/ CIIPAMOBAHUX XBHJIb B CTiHIi TPYOH TOBIIMHOK 5 MM
Npu 3HaYeHHi XBUJIL0Boro unciaa k= 371,8 (1/m), uacrori f= 300 (I'tr)
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Pucynok 5 — Po3noij XBUJILOBOI0 MOJISE MO CIIPSIMOBAHMX XBHJIb B CTIHIli TPYOM TOBIIHHOIO 5 MM

3a yactoTu £=1700 (T'1) Ta PO3NMOLTY BJACHUX 3HAYEHB /1] + 115 — 2u,u,
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XBUJIbOBE UuCIoO k, (1/M):a) k= 427,1; 6) k= 543,3

Pucynoxk 6 — Po3noaij XBHJIL0BOT0 1OJIsl MOJ CIIPSIMOBAHUX XBWJIb B CTiHIi TPYOH TOBIIMHOIO 5 MM
NpHU po3moaii BJaCHUX 3HAYEHBb vy, YacToTi f=1700 (I'ir)

u [ToOGynoBa KOHTYpHOI i30MiHIT (akTHYHO 3BO-

=0, (26)  uTBCA 10 MOIIYKY TaKOro HUIAXY, HA SKOMY BH-
_ dn KOHYyeThCst ymoBa [30]:
JI€ N — OJMHHMYHHUI BEKTOP, IO BKA3y€ HAIPIMOK n-grad(u,)=0. @7)

HAWOUIBIIOL 3MIHH U,.

( 161
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Crpinkamu BCepeirHi Ta MO MEPUMETPY MO-
Jienti XBUJICBOY TOKA3aHO HAMNpsiM 3MillleHHs. Be-
JUYUHY CTPUIKH MPOMOPIiiiHA aMILTITYIi 3MillIeH-
Hs1 EJIEMEHTApPHOro 00'eMy MPYXKHOIO CEPENOBHUIIA.
Macmrab CTpiIOK BIAPI3HAETBCS Y  KOKHOMY
OKPEMOMY PHCYHKY, TOMY 32 iX pO3MipamMu MOXHa

OLIHATH TUIBKA BIHOCHWH PO3MOALT aMILTITy ]
OJTHOTO 3HAYEHHS KOPEHS XapaKTePUCTHYHOTO pi-
BHsiHHS. DopMa 3MillleHHsI €IEMEHTApHOro 00'eMy
CepeloBHIIa, PUC. 4a TIOKa3ye BHPAXKEHY CHMET-
pUYHY MOJY, SiIKa Ma€ TakoK noAioHy dopmy 1 s
KopeHst u;. [lopylieHHst cuMeTpii po3moiny mos
3MIllleHb BUAHO Ha puc. 40. Take MOpYyIICHHS BH-
KJIMKaHO THM, IO MO TOBIIMHI CTIHKH PO3MIIIY-
I0TBCSI JIBi IIyYHOCTI, a HE TPH, SIK Ha puUC. 44, Take
PO3MIIIIEHHS BKa3ye Ha 3CyB IO (a3i cTOAYOi XBU-
Jii, 110 hOpMYeE CIIPSIMOBAHY MOJY.

Po3momin momst 3Mimels, o BiAOBigae vac-
toti 1700 I'u, (puc. 4a Ta 46) nokasye, o TyT Mae
Miclle HErapMOHIMHE TMOIIUPEHHS  KOJWBaHb
B3JIOBXK XBUJIEBOJY — OCHOBHA YaCTHHA IPYXKHOTO
cepenoBHIIa 3MIIyeThcs B oWH Oik. [HIIa gopma
PO3MOTY 3MIIllEHb HPY>KHOTO CEPEIOBHILA TTOKA-
3aHa I Tiel K dactord 1700 I'm Tta XBUIBLOBUX
qucen ajie st KopeHiB vy (puc. 6). Tyt 3a popmoro
3MIllICHh MOYKHA MOOAYUTH CUMETPHUHY (pHC. 6a)
Ta aHTUCHUMETPHUHY (pHUC. 66) MOJH.

Sk BUIHO 13 IpeCcTaBICHUX PUCYHKIB, 32 JO-
nomoroto HAMCE moxna orpumarti Oinblie iH-
¢dopmarlii mpo NMpUpPoy YTBOPEHHS Ta TOIIUPEHHS
CIIPSIMOBAHUX XBWJIb, BU3HAUUTH OLIbIIE KOPEHIB
MaTeMaTruHOi Monenmi. Ile o3Havae, mo 3a jgormo-
moroto HAMCE O6inbir MOBHO ONHCYETHCS XBH-
JBOBE T0JIE Y XBHJICBO/II TIPH MOIIMPEHHI B HHOMY
CTIPSIMOBAHUX XBHUIIb.

Cryninp 30ymkenHs moau Y CX BU3HAUYaBCS
Ha [OBEPXHI XBUJICBOAY (IIOBEPXHI CTIHKHM TPYOH),
IHII MICLLSL Y SIKUX MOXKHA 30y/DKYBaTH MOIM HE
JIOCIIKYBAIIMCh, OCKUIBKH iX CKIIQJHO peaizyBa-
™1 (puc. 7). I3 mpencraBneHUX PHCYHKIB BHJIHO,
IO MOJU, SIKi OMUCYIOThCS KOPEHSMH V, MaloTh
OBy CTYIiHB 30y/DKYBAaHOCTI IEPBUHHUM Tepe-
TBOPIOBAYEM Y MOPIBHSHHI 13 MOJAaMH, 1[0 OMHUCY-
I0ThCS BEeKTOpPOM U. [IOpiBHSHHS MOJ 3IiHCHIOBA-
JIOCh ISt HA0OpY XBWIIBOBHX YHCENl OJHOI YacTo-
Th. Lle Mae mpakTUYHE 3HAYEHHS TOMY, IO MOJIH
30y/DKYIOTBCSL OHUM TIEPBHHHUM IIEpPETBOPIOBA-
YyeM, SKAN TPAIIOE Ha OAHIA OCHOBHIM YacTOTI.
[lepuHHMM meperBOproBaueM (GakTUYHO 30Y-
JUKYIOTbCsL HAbip MOJI B OKOJIi HOrO OCHOBHOI yac-
TOTH T4 NPH CIIBNAJIaHHI XBUIBOBUX YHCEI Taa-
10401 XBHJII HA TOBepxHIO Tpyon 1 YCX Bcepenui
CTiHKU TPYyOH.

CTpyKkTypa XBHJIBOBOIO MOJsI NpU 30y-
JKeHHi i momMpeHHi Mo CIPIMOBAHUX XBHJIb

[IpoBeaemo 3aranbHuil aHaji3 3HAHACHUX KO-
PCHIB  XapaKTEPUCTHYHOTO PiBHAHHA  (puc. 3).
Binbina KinbKiCTh KOPEHiB, IO OMHCYE YTBOPEHHS
1 OWMPEHHs MO/ B CTiHUI TPYOH, 3 0AHOrO OOKY,
IIOBHO XapaKTePU3ye XBHILOBE TOJS, 3 IHLIOTO
6OKy, Taka KUIBKICTb KOPCHIB MOXKE yCKIaJAHHTH
BUKOPHUCTaHHS MPEICTaBIeHOI MaTeMaTH4HOI MO-
nemi. [l crpollleHHs BUKOPUCTAHHS Pe3yJbTaTiB
OOYUCIIEHHST KOPEHIB XapaKTepUCTUYHOTO PIBHSH-
Hsl Ta iX CTPYKTYpH3allii BBEEMO TaKe MOHATTS, K
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Pucynoxk 7 — Ctyninb 30y1:KyBanocTi MOAM
NEepBHMHHMM NepeTBOPIOBaYeM B CTiHIi TPyOu
TOBIIMHOIO 5 MM

KPHTEPIii PAaKTHYHOI IpuiaTHocTi Moau . Takuii
KpHUTEpili TOBUHEH 3a1IeXKaTH BiJ:

— MOKa3HMKA FAPMOHIHHOTO MOMMPEHHS MO
e, AKMA Ma€ PAHKyBATU PE3YIbTATH HA APMOHI-
YHI Ta CIaIAI09i MOJIH:

1, V eapmoniunux moo, 28)

0,V cnadarouux moo ;

— KpuTepito 30y/uKyBanocTi Mo Eyq”, snii
TIOKa3y€ HACKUIBKM i-Ta MOjia Mae Oinbmmid CTy-
miHb 30y/KYBAHOCTI TMOPIBHIHO 13 HIIMMH MOJa-
MH, 10 30Y/XKye TEepBUHHUN mepeTBoproBad. He-
Xail epBUHHHN TIepeTBOpIOBaY 30yIKye JMO]I, 1110
MO)KHA BH3HAYUTH 33 PE3yJbTaTaMH OOYHCIICHHS
3alpONOHOBAaHOI MaTeMaTUYHOI MOJeNi, Jiama3o-
HOM YacCTOT Ta XBHJILOBUM 4dncioM. Kputepiit 30y-
JOKYBaHOCTI E.;7i-01 Moy Gyje Takum:

2

Kp 0 E’(Pj
E% =100% ——24

: (29)
Z(Ekp)j
Jj=l1
Kpurepiit 30ymxyBanocti moau E,;" He xa-

pakTepu3ye BCIO MOJY, @ BUKIIOYHO OJIUH KOPiHb
PO3B'SI3KY 3a/71a4i BJaCHUX 3HAYCHb;

— KpHUTEpiIo CIIBMNAAIHHS MOJIU 32 4acTOTOO
| > SIKWM TOBHMHEH BHW3HAYaTH HaCKiJ'ILKI/I qacTtoTa

T )
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MOJH f, CIIBIaJa€e i3 TONOBHOI YacTOTOIO Tep-
BUHHOTO IIEPETBOPIOBAYA. bynp-sikuit - peanbHUM
HepBI/IHHI/II/I HepeTBop}OBaq reHepye aKYCTI/I‘IHl
KOJIMBaHHS y TEBHOMY JiamnasoHi 4acToT Afnp
(puc. 8). Leit mianason 4acToT, K NPABHUIIO, OXOIl-
JIF0€ KibKa Mo, EHeprist XBWIIb y Jiama3oHi dac-
TOT TIEPBHUHHOT'O TIEPETBOPIOBaYa HE OJHAKOBA, & €
HaHOUIBIIO BCEPEAMHI f; 1 CHajae Ha KIHIISIX
niana3ony (puc. 8a). 3MillleHHs] YaCTOTH MOJH f,, 1
TOJIOBHOI YacCTOTH IIEPBUHHOI'O0 IICPETBOpPIrOBada
O3Hauae, MmO Moaa Oyne 30y/DKYBAaTHUCh MEHIIIOH
KUIBKICTIO eHeprii (puc. 86):

A A
S‘f :100%' fﬂﬂ fw ,

M
Y froow € (Frn TAF12); Af, < M s

e f, — YacTora MOJHW, IIO BIiJNOBIiNA€ KOPEHIO
XapaKTCPUCTUYHOI'O PIBHAHHA.

(30)

1
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g 1 [ 1
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0 f, My 6
0)

a) YaCTOTHI Jialia30H IEPBUHHOTO MTEPETBOPIOBAYA
Ta Moau; 0) aucnepcis (pazoBoi MBUAKOCTI MO
Jlemba

Pucynox 8 — 30y1:keHHsT MO
32 YaCTOTHUM KPUTeEpPieM

— KPHUTEPIIo CHiBNaJaHHsI MOJIH 32 XBHIILOBUM
YuCcIOM [y, KM TIOBUHEH BH3HAYaTH HACKUIBKH
XBUJIBOBE YHCJIO XBUII Ky, IO MaJa€ Ha MOBEPX-
HIO CTIHKH TPYOHM OJTHAKOBE 13 XBHIHOBUM YHCIIOM
MOl CIIPSIMOBAHOI XBUJI K00, , OTPUMAHOL B pe-

3yJIbTATI MOIIYKY KOPEHS XapaKTepHCTHIHOTO PiB-
HSTHHS:
9, =100%- o = 31)
nx
Ha ocHOBI po3risiyBaHUX MTOKa3HUKIB MOXKHA
n00YlyBaTH PIBHAHHS [UIl KPUTEPIIO MPAKTUIHOI
npupaTHoCTi Moau ). B pobGori BuGpano minxin
aKyMYJISITUBHOTO KPHUTEPilO . 3TiAHO 3 UM MiJ-
XOJIOM MOJIa € TUM OUTBII MPHIATHOO JI0 3aCTOCY-
BaHHS, YUM OUIBIINM € 3HAUCHHS ;

E¥ +98,+9,
3

Jnst OimpII MPaKTHYHOTO 3aCTOCYBAHHS
PO3B'S3KM 3a71a4i BIIACHUX 3HAUYCHb MOXKHA PaHXKY-
BaTH 32 JIBIIKOBUM KPUTEPIEM !
LYY2 Y0
0,V y< Ynop -
€  JYuop — 3alAHE MOPOTOBE 3HAYEHHS KPUTEPIIO
IIPAKTHYHOI PUIATHOCTI MOJIH.

st IestKkuX METOJiB aKyCTUYHOTO KOHTPOJTIO
€ BQXIIMBUM BHKOPWUCTAHHS TUIBKH Ti€l YaCTUHH
MOJIY, B SIKOi I'DYIOBA IIBUIKICTb MOMIMPCHHS Cyp
Ma€ HE3HAYHUH PiBEHb MUCTIEPCii AC,,,,p HA reBHil
cMy3i yactotd Aw. Jlo Takux METO/IB HAJCKUTh 1
TOBIIHOMETPis YIBTPA3BYKOBUMH CIIPSIMOBAHUMH
XBHIISIMH. BBezieMo 10IaTKOBO KpUTepiil cTanocti
TPYIOBOI BUAKOCTI MOJIH |

1=9,- (32)

Xnp = (33)

op-

((o + A(o) c, (co)
Ay = Aw T
1, Ac,, <Ac,,,, V¢, € [0);(0+ A(o] (34)

9, =
P
0, Ac,, >Ac,,,,

3 BpaxyBanHsM (34) piBHsiHHS (32) HaOyne
BUTIISITY

Ve, €[oro+ Ao’

Kp
EZ +9 o+ 9,
3

PiBusinus (35) He 3amepeuye z[BiI‘/'IKOBHﬁ KpH-
Tepili, 3TiHO SKOrO Pe3yNbTaTH PO3B'A3KY Xapak-

TEPUCTUYHOT O plBHS[HHS[ a00 migXOoAsaTh Ul BUKO-
pucTaHHs a0o Hi.

=99, (35)

BucHoBku

I3 mpoBeneHoro aHamizy AOCIHiIKEHb BCTaHO-
BJICHO, 10 METOJM HaMiBaHANITHYHOTO PO3PaxyH-
Ky MapaMmeTpiB MOMIMPEHHS aKyCTHYHUX CIPSMO-
BaHUX XBHJIb MAlOTh TaKi OOMEKEHHS, K pecyp-
COEMHICTh, CKJIQJHICTh aJNTOPUTMIB Ta IHTEpIIpe-
Tawii pe3ynbTaTis. 3alpONOHOBAHUI METOA J103BO-
JIS€ TPOBOJMTH aHAJ3 MOUMPEHHS CIPSIMOBaHOI
XBUJII B TPUBMMIPHOMY MPOCTOPI LUISIXOM aHAII3Y
MOIEPEYHOr0 Tepepizy XBHUIICBOAY, IO 3HAYHO
3MEHIIYE Yac MPOBEIEHHS 00YNCIIEHD.

B pesysnbraTi npoBeneHHs 0GYMCIEHb BHB-
JICHO: @) MpPH 3aCTOCYBaHHI INEPIOAMYHUX TPAHHY-
HUX YMOB MOXXHA 3MEHIIYBATH CITKY CKIHUYCHHUX
CNIEMEHTIB, 10 MOJICNIOE TOMEPEeYHUH Tepepi3
XBUJIEBONY, /10 KIIbKOX €JIEMEHTIB 0€3 BTpaTH TO-
YHOCTiI OO0YHCIIeHb; 0) TpW 3MEHIICHHI po3Mipy

|
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CKIHUEHHOT'O €JIeMEHTa TOYHICTh TOIIYKY KOpEHiB
3aja4i BIIACHUX 3HAYEHb 3POCTAE, MPOTE MOYATOK
X MomyKy 3MIIy€eThCs 0 OUTBIINX 3HAYEHb XBU-
JBOBOT'O YHCIIA.

BBeneHne moHATTST KpUTEpili MPaKTUYHOI TPH-
JaTHOCTI MOJM JIO3BOJISIE CIPOCTUTH aHaii3 pe-
3yNBTAaTIB PO3PaXyHKY TIapaMeTpiB IOMIHPEHHS
MOJI CITPSIMOBAHHX XBHJIb.

3aBiaHHsIM TOAATBIINX JOCTIHKEHb € TOo0Y-
JI0Ba HaIMIBaHAJITHYHOIO METOMY JJIsl aHaTi3y Ia-
pameTpiB MOUIMPEHHS YIbTPa3BYKOBUX CIPSMOBA-
HUX XBHJIb B 3BapHOMY 3'€HaHI MaricTpajlbHHUX
TpyOOIpOBOIIB.
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