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Hunamixa i miynicms mMawiun

IEBYEHKO IOPI1 MUKOJIAMOBUY
(08.07.1926 - 07.03.2016)
BUAATHUHA BYCHHUII-MeXaHIK, 3aBilyBad Bigaily [HCTHTYTy MeXaHIKU
iMm. C.IL.Tumomenka HAH VYkpainu, wien HarioHanpHOTO KOMiTETy
Ykpaiau 3 TeopeTHIHOi 1 MPUKIAAHOI MeXaHikH, Jaypeat [lep:kaBHOI
npemii YKpaiHu B Taiy3i Hayku i TexHikd, npemii iM. O.M. JuHHNKA
ta iMm. M.K. fnrens, akagemik HAH Ykpainu.

3 1961 p. npamosas B InctutyTi Mexaniku im. C.IL
Tumomenka HAH VYxkpainu. 3aBimyBau Bimaury Tepmo-
iactuanocTi (1972 p.), npodecop xadenpu onopy mare-
pianiB KniBCHKOTO HalliOHAJIIBHOTO YHIBEpCHTETY OyiB-
HUNTBA Ta apxitektypu (1973 - 2003 p.). FO.M. IlleBuen-
KO 3aCHYBAaB Ta OYOJIMB YKPaiHCBKY LIKOJY T€PMOILIACTHU-
YHOCTi, OCHOBHOIO CIPSIMOBAHICTIO SIKOI € po3poOKa Bij-
MOBIJIHUX TEOpiil Ta METO/AIB PO3PaXyHKY Ha MIIHICTh i
JIOBIOBIYHICTb €JIEMEHTIB MAIIHHOOYJIBHUX KOHCTPYKIIiH,
110 NPAIOITh B YMOBaxX BUCOKUX Temmepatyp. [1ix kepi-
BHUIITBOM [Opist MukonalioBuya BHKOHAHO BEJIUKUN
UK CKCIePUMEHTAIBHUX JOCTIHKEHb 3 MEPEeBIPKU OC-
HOBHHX TiIOTE3 1 MOCTYJIATIB, MOKJIAICHUX B OCHOBY PO3-
pobieHoi Teopii. 3anpOOHOBaHI BUEHUM Ta HOTO yUHSIMHU
METOIM PO3B’S3aHHS INUPOKOro Kiacy 3ajgad Tep-
MOB’SI3KOIUTACTUYHOCTI 3 ypaxyBaHHSM icTopii HaBaHTa-

JKCHHSI Ta BHYTPINIHBOI FeOMeTpii TpaekTopii aedopmy-
BaHHS JAalOTh MOXJIMBICTH JETAIBHO JOCIIIUTH MIIHICTh
Ta Mpale3/laTHICTh KOHCTPYKTHBHHUX €JIEMEHTIB eHepre-
THUYHOT'O YCTAaTKyBaHHsS Ta BHPOOIB HOBOI TEXHIKH, SIKi B
Tporieci eKcIuTyaTanii 3HaXOAIThECS B yMOBaX CHIIOBOTO i
TEIJIOBOTO HABAHTAXKCHHSI.

IO.M. [lleBueHnko OyB WICHOM pENAKIiITHOI KOJeTil
MDKHApOJHOTO HayKOBOro xypHany «IIpukianHas mexa-
Huka»y (3 1976 p.), uienom HarioHaTBbHOTO KOMITETY
VYkpaiau 3 TeOpeTHYHOI 1 HMpUKIagHOi MexaHiku (3 1993
p.), WICHOM peAaKuiiiHOl paau Mi>KHAPOJHOTO HAYKOBOTO
xypHany «Bicauk HTY «XIIIy». [luHamika Ta MIlHICTH
manme» (3 1972 p.).

IO.M. llleBuenko omyoOxiikyBaB 15 moHorpadiii Ta
noHax 240 HaykoBux po0Oir, miarorysas 10 gokTopis i 29
KaHIUJIaTiB HayK.

Bicnux HTY «XIIl». 2016. Ne 26 (1198)
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VJIK 539.3
T. H. IIEHKO, JI. B. KYPIIA, E.O.BE3ETKO, A.A.OCETPOB

K 90-JIETHUIO CO JHA POKXKJIEHUA AKAJEMHUKA HAH YKPAUHBI
BJIAJUMHPA JIOTBUHOBHUYA PBAYEBA

Cratbst nocssmmena 90-JIeTHIo co THS POXKACHHMS BBIIAIOIIETOCS YKPAHHCKOrO YYSHOr0 B 00JaCTH MaTeMaTHKH, MEXaHUKH U KHOep-
Hetuky, akagemuka HAH Vkpaunsl Bnagumupa Jlorsunosuya PadueBa. B craThe onucan xu3HEHHbIH U TBOpueckuil myTh B.JI. PBa-
4yeBa. BrlieneHbl OCHOBHEIE pe3yJsibTaThl HayuHOH aesitensHocTd B.JI.PBaueBa, mo3BosmBIIME ClenaTh CyIIECTBEHHBIH PBIBOK B 00-
JIACTH aHAJIMTHYECKON MICHTH(UKAIY reoMeTPHYECKUX 00BbEKTOB U PEIICHUs KPAaeBhIX 3a/1ad MaTeMaTH4yecKkoil ¢pusuku. [Ipusene-
HBI HEKOTOpbIe BbICKa3biBaHus B.JI.PBaueBa, B3AThIe 3 ero AHEBHHUKOB. IIpencTaBieHo KpaTKoe OMMCAHHE PE3yNbTAaTOB, MOTYyUYEH-
HbIX B.JI.PBaueBbIM B MOCIEHNE TO/IBI, CBSI3aHHBIE C TOCTPOCHUEM HEAPXHUMEIOBBIX CUUCIIECHNH U UX BO3MOXKHBIMU TPUIIOKEHUSIMU

B (u3MKe JambHero kocMoca. [IpeacTaBinen ciucok OCHOBHBIX myOnukanumii B.JI. PBagesa.
KuroueBble ciioBa: akagemuk B.J1. PBaues, 90-netne co nust poxxaeHusi, teopus R-pynkuuit, 6norpadus.

21-ro okta6pst 2016 roma mcnomusiercst 90 ner co
nHs poxaenus akanemuka HAH Vkpaunsl Brnaaumupa
JloreBuHoBn4a PBauesa.

Binagumup JlorBuHoBuu PBaueB — M3BECTHBIN yKpa-
MHCKUH yYeHBII B 0ONacTH MaTeMaTHKH, MEXaHHKH H
KnOepHeTHKH, akajeMuK HaloHanbHOW akageMHH HayK
VYkpaunsl, naypeat ['ocygapcTBeHHON NpeMun Y KpauHbI
B 00J1aCTH HayKHU M TEXHUKH, 3aCITy>KEHHBIH JIeATellb Hay-
KA M TEXHUKH YKpauHbl, mpodeccop, AOKTOp (H3HUKO-
MaTeMaTUYECKUX HAyK, KPYIHBIA OpPraHM3aTOp HayKH,
CO3/1aTellb BCEMHPHO IMPU3HAHHOW HAy4yHOM WIKONBI MO
merony R-¢ynkimii. OH OTHOCHTCS K IUIesie BBLAAIO-
HIUXCS YYEHBIX JBaALATOro Beka. Ero uMs BOHUIO BO
MHOTHE SHIUKIONEINYECKHE CIPABOYHUKU. A TJIABHBIM
Hay4HbIM OTKpBITUEM, NpociaaBuBLIMM PBaueBa B.JI., kak
BEJIMKOrO Y4YEHOro, SBIIIETCA CO3JaHHA1 MM TEOpHUs
R—dyHKuuii ¢ ée MHOTOUHCIEHHBIMH PHII0KSHUSIMH.

B.JI. PraueB pomwics 21 oktaOps 1926 r. B
r. Yurnpune Yepkacckodl 00jacTH B CeMbe Y4UTEJEH.
Orten — PaueB Jlorsun ®enopoBuy npenoaaBai AUCIHI-

DOI: http://dx.doi.org/10.20998/2078-9130.2016.26.79921

October 21, 2016 is the 90th anniversary of the aca-
demician of National Academy of Sciences of Ukraine
Vladimir L. Rvachev.

Vladimir L. Rvachev is an outstanding Ukrainian
scientist in the field of mathematics, mechanics and cy-
bernetics; Academician of the National Academy of Sci-
ences (NAS) of Ukraine; Ukrainian State Prize Winner in
Science and Technology; Honoured Worker in Science
and Technology of Ukraine; Professor; Philosophy Doctor
in the field of Physics and Mathematics; major organizer
of scientific activities; and the founder of the new world
renown scientific school in the method of R-functions. He
belongs to the outstanding scientists of the twentieth cen-
tury. His name is in many encyclopaedic reference books.
A major scientific discovery of V. Rvachev is creating the
theory of R-functions with its numerous applications.

V. Rvachev was born on October 21, 1926 in the family
of teachers in Chyhyryn, Cherkassky region, Ukraine. His
father Logvin Fedorovich was a teacher in the humanities
subjects. He was an active participant of the revolutions in
1905-1917. The mother of V. Rvachev - Ksenia A. Rvacheva
(Chernomordik) taught mathematics. Influenced by mother
all five children (Vladimir was the youngest) got education in
Physics and Mathematics. Three of them got their Phil. Dr.
degree in Physics and Mathematics. Sister of V. Rvachev —
Catherine Yuschenko (Rvacheva) became the first program-
mer in Ukraine, internationally famous scientist and mathe-
matician, specialist in the software field. She was elected to
the members of the NAS of Ukraine and also became a
member of the International Academy of Computer Sciences
and Systems.

In 1937 V. Rvachev’s parents were subjected to re-
pressions. His father died in confinement, and the mother
was released in 1940. In 1956 V. Rvachev’s parents were
exonerated.

In the beginning of the Great Patriotic War, the
whole family of V.L.Rvachev was evacuated first to vil-
lage Arkhangel’'skoye, Voronezh region. Later they
moved to Tashkent where V. Rvachev, after graduating
from the secondary school, worked as a turner’s appren-
tice at the Tashsel’'mash Fabric. In 1943, he started his
study at Kharkiv Institute of Railway Transport Engineers,
but in 1944 he was drafted to the Navy.

After being demobilised in 1947, V. Rvachev joined the

© T. . leiiko, JI. B. Kypma, E.O.be3nerko, A.A.Ocetpos, 2016

Bicnux HTY «XIIl». 2016. Ne 26 (1198)

7



Jlunamixa i MiyHicms Mawun

ISSN 2078-9130

JUHBI TyMaHuTapHoro mukia. OH ObUT aKTUBHBIM y4YacCT-
HUKOM peomrornid 1905-1917 rr. Mate — PBaueBa (Yep-
HoMmopankK) Kcennss AsnexceeBHa mpernoiaBaga MaTeMaTH-
Ky. Ilog ee BimsHHEM Bce msaTepo aereil (Bmaammup —
caMblii MJiIammui) u3dpanmn B 00pa3oBaHUM (PH3HKO-
MaTeMaTH4ecKoe HalpaBjieHHe. Tpoe U3 HUX CTaIu JOK-
TopamMu (HU3MKO-MaTeMaTu4ecKkux Hayk. PomHas cectpa
Brnagumupa Jlorsunouya — Exatepuna FOmenko (PBaue-
Ba) BIIOCJIEACTBHH CTaia IEpBOi NMPOrpaMMHUCTKON B YK-
pavHe, BCEMHPHO W3BECTHBIM YYEHBIM-MAaTEMaTHKOM,
CHELHATICTOM B 00JAaCTH NPOrpaMMHOIO OOecHedYeHusl.
Ona Obputa u3bpaHa uineH-koppecrmoHgeHToM HAH V-
pauHbl M JCHCTBUTENBHBIM WIEHOM MexXnyHapoaHoH
aKaJeMAN KOMITBIOTEPHBIX HAYK W CUCTEM.

B 1937 r. poaurenu B.JI. PBaueBa Obutn pemnpeccu-
poBanel. OTen ymep B 3aKirodeHnH, a Matb B 1940 T oc-
BoOoaumu. B 1956 r. pomurenu B.JI. PraueBa Obutn pea-
OMIIMTHPOBAHBI.

C nauanom Bemukoii OTeuecTBEeHHOW BOWHBI CEMBS
PBaueBbIX 3BakyHpoBajiach B cesio ApxaHreibckoe Bopo-
HEXCKOM oOiacth, a 3aTteM B TamikeHt, rae B.JI. PBaueB
1OCJIe OKOHYAHWS CpeIHed IIKOJBI padoTal y4YeHHKOM
ToKapsi Ha 3aBoge «Tamicensmarm». B 1943 r. on mocty-
nui1 B XapbKOBCKUW HHCTUTYT HHXKEHEPOB KEJIE3HOMA0-
POXKHOTO TpaHCTOpPTa, a B 1944 r. ObII IpH3BaH Ha JEHCT-
BUTEJIbHYIO ClTy0y B BoeHHO-MOpCKoit (i1oT.

B 1947 r. nocne memobmimsanuu B.JI. PBaues mo-
cTynwi Ha (u3uKo-marematuyeckuil ¢axynbrer JIbBOB-
ckoro yHuBepcureTa. Cpelu ero yuyuresei ObUIH H3BECT-
Hble ydeHble — akaaemuku M.S. Jleonos, [.U. CaBun,
S1.B. Jlomatunckuii, B.M. Moccakosckuii, B.B. ITanaciok,
u 1p. bynyuu crynentom, B.JI. PBaueB akTUBHO y4acTBO-
BaJI B OOIIECTBEHHOW >KU3HH YHHBEPCUTETA, OB CTaINH-
CKAM CTUIICHIUMATOM U B 3TH K¢ TOIBl Hayal aKTUBHO
3aHUMAThCS COBPEMEHHBIMHI HAYYHBIMH IpOOIeMaMu MO
PYKOBOJICTBOM H3BECTHOTO MEXaHHWKAa TOTO BpPEMEHHU
M.41. JleoHoBa.

B 1952 r. B.JI. PBaueB ¢ omimmaneM okoH4YMI JIBBOB-
CKUIl yHUBEPCHUTET U ObUI HANPABJICH Ha IPENo/aBaTellb-
CKyI0 paboTy B OJHO M3 BOMHCKHX Y4YEOHBIX 3aBEICHUI
Boenno-Mopckoro ®@nora B r. [Tymkuno JleHuHrpaackoit
obmnactu. B mepuon ¢ 1952 mo 1955 rr. oH akTHBHO pabo-
TaeT HaJl HAYYHBIMH TpOoOJIeMaMH B OOJIACTH MEXaHHKH,
MPEAIOKIIT PEIIeHNs psiia 3a7a4d O ACHCTBUM INTaMIla Ha
YIpYyroe MoJyNpOCTPAHCTBO. DTH PEILIECHUs JIETJIM B OC-
HOBY €r0 KaHIUAATCKOW TUCCEpTaIii, KOTOPYIO OH yC-
MeNrHo 3anuTi B 19551, B JIbBBOBCKOM YHHUBEpCHUTETE.

B atom xe rogy mocne memobmmmammu B.JI. PBaue
n30MpaeTcs 3aBeyrolM Kadeapoit Beiciell MaTeMaTHKy B
BepasHCcKOM mearornaeckoM HHCTUTYTE. 3/1eCh, 3aHIMAsICh
HAayYHO-TIPETIOJABATENBCKON JeATEeNbHOCTRIO, OH aKTHBHO
MHTEPECYeTCsl BBIYUCIUTENBHON TEXHUKOH W NPHOJIMKEH-
HBIMU METOAAMM PCIICHUA KPACBbIX 3a1a4 MaTeMaTUYECKON
¢usuku. [To naunmaruse B.J1. PBaueBa 1 mipu ero Hemocpe1-
CTBEHHOM y4acTHU B BepasHCKOM IejarornyeckoM MHCTH-
TYTE CO3/1A€TCsl BEIYUCIINTEIILHBIH LIEHTP.

B 1960r. B Hucturyre mpobinem mexanukn AH
CCCP B.JI PpaueB 3ammmiaer IDOKTOPCKYHO IHCCEpTa-
IO, TOCBAIICHHYIO MPOCTPAHCTBEHHBIM KOHTAKTHBIM
3amadaM Teopuu ympyroctr. Ero ommoHeHTamMu ObuTH
unen-koppecrionienT HAH Vkpaunsr W.S. Hltaepman,

faculty of Physics and Mathematics at Lvov University.
Among his lecturers were famous scientists-academicians:
M. Leonov, V. Mossakovsky, G. Savin, Ja. Lopatinsky,
V. Panasjuk and others. When he was a student, V. Rvachev
was involved in the University social activities; he was
granted a Stalin scholarship, and became engaged in scien-
tific activities under the guidance of M. Leonov who was
well known in the field of Mechanics.

In 1952 V. Rvachev graduated with honours from
Lvov University and was assigned to teach at one of the
military schools of the Navy in Pushkin, Leningrad re-
gion. In 1952-1955 he was actively working on scientific
problems in the field of mechanics. He proposed solutions
of some problems about the action of a stamp on an elastic
half-space. These solutions were the basis of his doctoral
dissertation, which he successfully defended in 1955 at
Lvov University.

The first scientific progeny by V. Rvachev. Laboratory of
Technical Cibernetics, Berdyansk, 1961. The first one on
the right-hand side in the middle row is V. Rvachev

At the same time V. Rvachev was elected as the
Head of the Chair of High Mathematics at Berdiansk
Pedagogical Institute. He was involved in scientific and
tutorial work, and got an interest in computer engineering
and approximate methods of solving boundary problems
in mathematical physics. By the initiative of V. Rvachev a
computing centre was set up at Berdiansk Pedagogical
Institute.

In 1960 V. Rvachev defended his Doctoral thesis dedi-
cated to 3D contact problems in the theory of elasticity at the
Institute for Problems in Mechanics of the Academy of
Siences (AS) of the USSR. His opponents were
I.Ya. Shtaerman, Correspondent-Member of the NAS of
Ukraine; M.Ya. Leonov, Academician of AS of Kyrgyz, and
Professor D.I. Sherman. They estimated his work positively.
Especially they noted the results related to his first, intuitively
obtained equations of complex geometric objects.
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akagemuk Kuprusckoit AH M.S. JleonoB u mpodeccop
J.N. IllepmaH, KOTOpbIE KPOME IOJIOKUTEIBLHON OLEHKU
paboThI 0CO00 OTMETHIIN Pe3yNIbTAaThl, OTHOCSIINECS K €r0
MEPBBIM, MHTYUTHBHO MOJTYYEHHBIM YPaBHEHUSIM CIJIOXK-
HBIX T€OMETPHUYECKUX OOBEKTOB.

B 35 ner B.JI. PBaueBy ObUIO TIPHUCBOCHO Y4YEHOE
3Banue npodeccopa. OCHOBHBIM HAYYHBIM HAIIPABICHHEM
B 1952-1962 rr. ObLIO pelIcHHE IPOCTPAHCTBECHHBIX 331a4
TEOpHUU YIPYrocTH. B pesynpraTe 3THX HCCiIeIOBaHUIN
B.JI. PBaueB noay4ua TOYHBIE PEIIEHUS CIEAYIOLIMX 3a-
Jlad: MPOCTPAHCTBEHHOIH KOHTAaKTHOM 3alaydM O LITaMmIle,
nMmeromeM (GopMy OeCKOHEYHOH MOJIOCH, JeKalleHd Ha
YIPYroM HOJIYNPOCTPAHCTBE, NPH IPOU3BOIBHON HATPy3-
K€; 33/1a41 0 KJIMHOOOPa3HOM IITAaMIIE, UCCIIEI0BAIl TAKKE
XapakTep HanpsKeHUH MOoJA IITaMIIOM MOJIMTOHAJIBHOMN
(hopmel B TUTaHE.

CranoBnenre B.J1. PRaueBa kak y4eHOTro COBMAJIO C Tie-
proioM OYPHOTO Pa3BUTHS KUOCPHETHUKH M BBIYHCIIHTEIIHHOM
TEXHUKU B cTpaHe. bymyun yke npu3HaHHBIM CHIEHUAINCTOM B
00MacT MEXaHWKH, OH CYLIECTBEHHO PacUIMpWi KPYr CBOHX
MHTEPECOB, paccCMaTpHBasi KpaeBble 3a/1a4l MEXAHUKH C OOIIX
nosuimii Teopun MHpopMaTuky. Ero BHMMaHME IpHBIEKIIA
mpobrieMa ydeTa TeOMEeTpUIecKor HH(pOopMAIie, XapaKTepHast
JUTS IIAPOKOTO KJIacca 3a/1a4 ONTHMIBAIA 1 MaTeMaTHIECKOH
(hIBUKY, pelaeMbIX MPHOIKEHHBIMA METOIAMH C TIOMOIIBIO
OBM. Maremaruueckas Tteopusi R-pyHkimii  (QyHKumid
B.JI. PraueBa) BO3HWKIA HA CTHIKE KIACCHUECKMX METOMIOB
TIPUKIIAJHOM MaTeMAaTHKH, COBPEMEHHBIX METOJIOB KHOEpPHETH-
KU M MareMarnueckoil Jiornku. OcHOBBI Teopuu R-hyHKimid
Obu 3anokeHsl B.J1. PradeBbiv B 1963 1. BriepBble nousiTie
R-tynkimit Opu10 BBenieHo B.JI. PBaueBbIM B CBsI31 ¢ BO3HHK-
11el HeoOXOIMMOCTBIO COCTABIISITh YPABHEHHS! CIIOXKHBIX JIOKY-
COB JUISI TIOCTPOGHMSI NMPUOJIMKEHHBIX DEIICHHH HEKOTOPBIX
MPOCTPAHCTBEHHBIX KOHTAKTHBIX 33/ia4 TEOPUH YIPYTOCTH.
Permarortieii B 5ToM HampapieHIH cTajia ero padota «/lo po3s's-
3Ky OJTHI€T 3a/1a4i Teopii MMOTEHITaTy», B KOTOpOi chopMympo-
BaHA 3a7a4ya O MOCTPOEHUM YPaBHEHHMM CEMENCTBA MOBEPXHO-
CTEN.

[Ipobema TOCTpOEHHsI ypaBHEHHH TPAHMI] CIIOXKHBIX
T€OMETPUIECKHX 00BEKTOB BOCXOIMT ellie K [lekapTy 1 U3BecT-
Ha B JIUTEpaType KaK oOparHasi 33/1aua aHaTUTHIECKOW reOMeT-
pUM: 3a/1aH TEOMETPUYECKHI 00BEKT, TpeOyeTcsl HallucaTh €ro
ypaBHeHue. Hanpumep, Harmvicarb ypaBHEHHE TPaHHLIbI KBA[pa-
Ta, WM YCEYCHHOTO KOHYyCa C IIMHIAPUYECKHM OTBEPCTHEM,
3ybuaroro koneca u T.4. [Ipu 3Tom QyHKIMS, onmchIBaroIas
YpaBHEHHE TpPaHWIBI OOBEKTa, JODKHA MMETh BHJ €IMHOTO
AHATIITUYECKOTO BEIpaykeHsL. C MoMOIIIbIO TeoprH R-pyHKIwiA
o0patHas 3aaya aHAIMTHYECKOH TeoMeTprr OblTa pemeHa. 1
3TOT Pe3yNbTaT SBISETCS OJHUM M3 TVIABHBIX M (hyHIaMEHTAIb-
HBIX pPe3yJIbTaroB, NnoiyueHHbIX B.JI PBaueBbiM. B mepBbix
pabotax mo Teopru R-pyHKumMiA yxe ObUT ompereneH J0cTa-
TOYHO IIMPOKMM KpPYr BO3MOMKHBIX €€ TPHIOKEHUM: OMNTH-
MaJIbHOE pa3MelleHue TeOMETPUUYECKHX OOBEKTOB, pacrio3Ha-
BaHHE 00pa3oB, MaTeMaTHYECKOE MPOrPaMMHUPOBAHHE, KOHCT-
PYKTUBHBIE CPEZICTBA TEOPHUH (DYHKIMI M OCOOEHHO pEIlIeHHe
KpaeBbIX 3a]1a4 MaTeMaTHIeCKOl (PM3UKH B 00JIACTSIX CIIOXKHON
TeOMETPUYECKOH (DOPMBI.

Henp3st HEe cka3aTh HECKOJIBKO O CJIOB O MPOUCXOXK-
JIEHAH Ha3BaHUS 3ToH Teopuu. Jlemo B ToM, 4To OykBa
«R» orobpaxkaeT He TONBKO MEPBYIO OYKBY (haMMIINU aB-
TOpa, OTKPHIBIIEr0 HOBBIH Kiacc (GyHKnui. B 310 Ha3Ba-

V. Rvachev was awarded the academic status of Pro-
fessor when he was 35 years old. The key scientific area
of his research in 1952-1962 was solving 3D problems in
the theory of elasticity. As a result of this research,
V. Rvachev obtained exact solutions of the following
problems: 3D contact problem for a stamp having the
shape of an infinite strip supported in an elastic semi-
space under an arbitrary load; the problem of a wedge-
shaped stamp, and research in the features of stress under
a polygon-shaped in plan stamp.

V. Rvachev’s formation as a scientist coincided with
the period of rapid development of cybernetics and com-
puter engineering in the country. Being an acknowledged
expert in the field of mechanics, he significantly extended
the scope of his interests by considering boundary prob-
lems in mechanics against the general background of the
theory of information science. He focused his attention on
the problem of accounting for geometric information
common for a wide class of optimisation and mathemati-
cal physics problems solved by approximate computa-
tional methods. The mathematical theory of the
R-functions (V. Rvachev’s functions) appeared at the in-
terface of classical methods in applied mathematics, and
modern methods in cybernetics and mathematical logic.
The fundamentals of the theory of the R-functions were
laid down by V. Rvachev in 1963. The concept of the R-
functions was introduced by V. Rvachev due to the per-
ceived need of the complicated loci equations construction
for form of approximate solutions of some spatial contact
problems of the theory of elasticity. The key work in this
field was the paper «On Solving One Potential Theory
Problem» where he formulated the problem of creating
equations for the family of surfaces.

Historically, this problem of complex domains equa-
tion construction can be traced back to Descartes, and in
the literature it is known as the inverse analytical geome-
try problem: for a given geometric object, one has to write
its equation. For instance, one should write an equation of
a square or a truncated cone with a cylindrical hole, a gear
wheel, or others. Wherein the function describing a
boundary of an object should have a form of a unique ana-
lytical expression. With the help of the R-functions the-
ory, the inverse problem in analytical geometry was
solved. This is the main and fundamental result that was
obtained by V. Rvachev on the basis of the R-functions
theory. In his first scientific works in the field of the
R-functions theory, V.Rvachev defined a fairly wide
range of its applications: optimal allocation of geometric
objects; pattern recognition; mathematical programming;
constructive theory of functions, and especially, solving of
boundary value problems in mathematical physics in do-
mains of complex geometrical form.

A few words about the origin of the name of the new
theory. The letter ‘R’ is not only the first letter of the sur-
name of the author, who has discovered a new class of
functions, but there is a deeper meaning. A short explana-
tion by V. Rvachev, in which he tells the story of the ori-
gin of the letter ‘R’ is given below:

"First of all, I would like to justify myself in relation
to the letter «R» in the name of the method. Its appear-
ance is not my fault. In 1960 I lived in Berdyansk and I

Bicnux HTY «XIIl». 2016. Ne 26 (1198)



Jlunamixa i MiyHicms Mawun

ISSN 2078-9130

HHUE BJIOXKeH Oozee riyOokuit cmpicn. W Ham ceifgac xo-
4eTcs ~ TPUBECTH  paccka3  (OOBACHEHHWE)  caMoro
B.JI.PBaueBa, B KOTOPOM OH paccKasbiBaeT 00 HCTOPUH
HPOUCXOXKACHUSA OYKBBI «R) .

«lIpedicoe 6cezo, xouy onpasoamuvcs 6 OMHOULEHUU
oykevl «R» 6 naseanuu memooa. Ona nosasunacs me no
moeti sune. B 1960 2. s oicun 6 beposincke, a 00kmopckyro
OJuccepmayuro sawuwan ¢ Mockee ¢ Hucmumyme mexa-
Huku AH CCCP. O0num u3z moux onnonenmos 6win HMinvs
Aroenesuu [lImaepman. On noxsanun mow pabomy, HO
ckaszan, 4mo Haubonee UHMEPECHbIM NPeOCMAasIsAemcs
Mamepuan, cooepucawjuiicss 8 NPULodCeHuu (mpu cmpa-
HUYbL) U UCNOIL30BAHHBIN 6 OOHOU U3 2118 OUCCepmayuu,
20e Dbl NOCMPOEeHbl YPAGHEHUS NPAMOY20IAbHUKA, Mpe-
V2ONbHUKA U HEKOMOpbIX OpY2UX NpOCMEHbKUX 2eoMen-
puyeckux 0bvekmos. A He npuoasan ocobenHoeo 3nave-
HUSL 9MUM pe3yibmamam, Ho nocie cnog Mnvu fxoenesu-
ua Hauan Oymams @ SMOM HANPAGIeHUuU U NOoLyYeHHble 6
umoze pe3yiomamyl 6 YepHOGOM UOe NOCLAL MOeU cecm-
pe Examepune Jloeeunosne Owenrxo 6 Kues. Ona ovina
ucmopuyecku nepeou npoSpamMmMucmkou 6 Hauiem NoJy-
wapuy u y4acmeosand 8 HeiecaibHOM CO30aHUU nepeoll 8
CCCP eviyucnumenvHoli MauwuHbl 100 PYKOBOOCMEOM
axademuka Jlebedesa. A 3abvin u dymamev 06 s3mux pe-
synemamax, kax eopye nonyuun us JAH CCCP ommucku
¢ moell cmamuell, 20e ¢ yousnenuem yeuoei mepmur «R-
@yuxyuuy. Cecmpa cama ogopmuia mou ueprogvle ma-
mepuansl 6 ude 3mou cmamou. A mym dice Nno36oHUN
cecmpe U B03MYMUICS NOAGIEHUIO OVKebl «Ry», ma umo
yenvuman omeem: «Mnozo mel 0 cebe, moul bpamux, 60-
obpadicaeutb. Omo — 6 wecmv Hawe2o0 omya (no2uduiezo 6
T'VJIAT e)». Hpuwinoce mHe cmupumscs, u menepb, K020d
A yumaro 8 cmamvax «Qynxyuu Peauesa», mo mue dasice
menieem Ha oyuie.»

B 1963 r. B.JI. PBaueB mepeexan B T. XapbKOB, I/
BO3IJIaBIII KaheApy BBIYMCIUTENLHON MaTeMaTHKN Xaph-
KOBCKOTO MHCTHTYTa FOPHOTO MAaIIMHOCTPOEHUSI, aBTOMa-
TUKH ¥ BBIYUCIMTEILHON TEXHUKH, a BIIOCIEICTBHUH, IO-
cie Ipeo0pa3oBaHusi MHCTUTYTA, OH CTall IEPBBIM PEKTO-
poM XapbKOBCKOTO HWHCTHUTYTa paguodIeKTpoHUKH. C
1963 roga u a0 nocnenHux nHe Brnagumup JlorBuHOBHY
PBaueB xun u paboran B r. XapbkoBe. Ero mpemnonasa-
TEJIbCKast JAEATEIBHOCTh MPOXOAMIA B TPEX BBICIIMX
yueOHBIX 3aBe/IEHHSX ropoja: XapbKoBckuii Harmonans-
HBIIl YHUBEPCUTET PaAHO3IEKTPOHUKH, XapbkoBckui Ha-
uuoHanbHbIl yHUBepcuteT «XIIM», XapbkoBckuil aspo-
KocMuyeckuil yHuepcuteT «XAM». Ho oCHOBHbIM Me-
cToM ero paboter, HauuHasg ¢ 1970 roma U Mo MOCIETHIX
nmHer, 01 akamemuueckuit MucTHTYT [IpoGiiem Marmrm-
Hoctpoerust uM.A.H.I[Toagropporo HAH Ykpaunsl. 3aech
OH PYKOBOAWI OTJEJIOM HPHUKJIAJHONW MAaTEMATHKH U BbI-
YHCIIUTEIBHBIX METOJIOB.

B 1969-1970 rr. oH 3aBenoBan KadeApoi MPHUKIIAI-
HOW MaTeMaTHKHU (B TO BpeMs Kadenpa TeOpEeTUYeCKOn U
maremarndeckoil ¢pusukm) B HTY «XIT», a nozxe Bia-
quMup JIorBMHOBMY paboTayl MO COBMECTHTENBCTBY B
JIOJDKHOCTH TIpodheccopa 3ToM ke Kadeapsl.

Bbynyun mexanuxom B.JI. PBaueB cepre3Ho 3aHHU-
MaJICsl IMIPUIOKCHNUAMH TeopuH R-GyHKIMN 11 pereHus
3amad MeXaHUuKH aehopmupyemMoro TBepaoro tema. OH
0o0paTui BHUMAaHHE, YTO B TE€UEHHE IJIUTEILHOTO BPEMEHH

defended my doctoral dissertation in Moscow at the Insti-
tute of Mechanics of the Academy of Sciences of the
USSR. One of my opponents Ilya Y. Shtaerman praised my
work, but said that the most interesting is actually the part
in the appendix (three pages) and the chapter of thesis
where it was used. This was the chapter about construct-
ing the equations for the rectangle, triangle and other
basic geometric objects. I did not put much importance to
those results, but after talking to 1. Shtaerman, I worked
more in that direction and obtained some new results,
which I sent later as a draft to my sister Catherine
Yuschenko. She was historically the first programmer in
this hemisphere, and under supervision of Academician
Lebedev she participated in the illegal developing of the
first computer in the USSR. Later I forgot thinking about
those results, which I sent to her, and was very surprised
to receive the prints of my article from the Academy of
Science. I was even more surprised to see the term «R-
function». My sister arranged it — she published my drafi-
results as an article. I immediately called her and asked
about the letter «R» - as an answer I heard: "You think
too much about yourself, my dear brother. Letter ‘R’ is in
honor of our father (who died in the Gulag)." I had to give
up and let the term ‘R-functions’ stay. Since that whenever
I read in the articles "Rvachev’s functions”" or ‘R-
Sfunctions’, I think of my father and it warms my heart."

In 1963 V. Rvachev moved to Kharkov where he be-
came Head of the Department of Computational Mathe-
matics at Kharkov Mining Machine-Building, Automatics
and Computer Engineering Institute. Later on, after the
Institute was reorganized, he became the first Rector of
Kharkov Institute of Radio Electronics. From that moment
V. Rvachev stayed in Kharkov. He was teaching in three
Universities: Kharkov National University of Radio Elec-
tronics, Kharkov National University "KhPI" and Kharkov
Aerospace University "KhAI".

In 1969-1970 V. Rvachev was the head of the De-
partment of Applied Mathematics (at the time it was the
Department of Theoretical and Mathematical Physics) in
National Technical University "KhPI". Later he worked as
a part-time professor at the same department. Since 1970
he was the head of the Chair of Applied Mathematics and
Computational Methods at the A.Podgorny Institute for
Mechanical Engineering Problems, NAS of Ukraine.

Being an expert in mechanics V. Rvachev worked
seriously towards applications of the theory of the R-
functions, in particular to solve problems of solid mechan-
ics. He noticed that, during a long time application of
classical variational methods was restrained by absence of
constructive tools for building of coordinate functions
series in explicit form. Such functions must exactly fulfil
with the given boundary conditions for complex-shape
domains and the property of completeness must be satis-
fied.

Many scientists were considering this problem as not
solvable for the complex geometric domains. Thus,
J. Ortega and V. Reinboldt wrote on this issue: «Though,
formally, Ritz’s method applies to 2D variational prob-
lems and higher-dimensionality problems, one faces a
serious practical challenge involving building suitable
basis functions for common domains». With the help of
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NPUMEHEHNE KIACCHYECKUX BAapHALMOHHBIX METOJOB
CAEPKHUBATOCH OTCYTCTBHEM KOHCTPYKTHBHBIX CPEICTB
JUIL TIOCTPOCHHMS IIOCIEIOBATEIBHOCTEH KOOPIMHATHBIX
¢bynkmuii. Takue (QyHKOMM JOJDKHBI TOYHO YAOBIIETBO-
PSTH 3aJaHHBIM KPAcBBIM YCIIOBHSM M 00JaJaTh CBOMCT-
BOM IIOJIHOTBI.

Hdnst obnactell cloXHOW reoMeTpudeckor (Gopmbl
3Ta TpobsieMa MHOTMM YYEHBIM Ka3ajach MPAaKTUYECKH
Hepaspemumoi. Tak, J[x. Oprera m B. PeitHOonar mo
3TOMy HoBoAy mucanu: «Xots (opmaiabHO MeTon Puria
pacipocTpaHsieTcst Ha ABYMEpHbIE BapHallIOHHbIE 3a/1a41
M 3ama4n Ooyee BBICOKOW Pa3sMEPHOCTH, 3[€Ch HMEETCS
cephe3Hasi MpaKTHYECKash TPYAHOCTb, COCTOSIIAs B IIO-
CTPOCHUHU TOAXOIIIMNX Oa3UCHBIX (YHKIUN ISl OOLINX
obmacreit». B.JI. PBaueB ¢ mMOMOIIBIO KOHCTPYKTHBHOTO
anmapata Teopun R-¢yHKnmi paspaboTan emuHbBIN MOA-
X0 K mpo0JieMe NOCTPOeHHsI KOOPAWHATHBIX MOCIIEN0Ba-
TEIBHOCTEH JJI1 OCHOBHBIX BapUAIIMOHHBIX U IMPOCKIIMOH-
HBIX MeTOJOB. [Ipu 3TOM peyb uAeT He MPOCcTo 00 OJHO-
ponHOH 3anade Jlupuxie, a 0 KpaeBbIX YCJIOBUAX CaMbIX
pa3IMUHBIX THUIOB JUIsi 00JacTed NPaKTUYECKH NpPOU3-
BOJIbHOM (opmbl. VIM OBUTM TIpe/UIOKEeHBI CliennalibHbIe
mudepeHraIbHbIe OepaTophl, KOTOphIE Ha TpaHHIS
obJyiacTn coBHagaiu ¢ MPOM3BOJHBIMU 0 HOpPMAJM U Ka-
caTeNbHON M MMENN CMBICK BHYTpH oOmactu. Takue ome-
paTopsl MO3BOJISUIN BBIOIHATH MPOAOJIKEHIE TPAaHUIHBIX
yCIIOBUI1 BO BHYTpPb 00JIacTH.

[IpennokeHHBId METOJA MOCTPOEHUS CHUCTEM Oasmc-
HBIX (YHKIMH U o0nacTeil CloHOM (OPMBI U pa3iiiy-
HbIX BUIOB I'PAaHUYHBIX yCHOBl/Iﬁ — 9TO BTOPOC YHUKAJIb-
HOC M OYC€Hb BAXKHOEC OTKPBLITUEC, CACTIAHHOC BHa}II/IMl/IPOM
JlorsuHoBuuem. Takum 06pa3om, OBUIO MOJT0XKEHO HAYATIO
merony R-pynkumit (RFM), KoTOpBIH 103BOIHI JOOUTHCS
3HAUUTENBHBIX YCIIEXOB B PEIICHUH psia HPUKIAJTHBIX
3a7a4 TEOPHU YIIPYTOCTH, M3rnda M KojeOaHWil TOHKHX
IUTACTHH W 00O0JIOYEK, IEKTPOTUHAMUKH, TEIUIO(DU3HUKH,
METPOJIOTHH U Jp.

ITouck 3¢ peKkTHBHON OpraHU3alMU YUCICHHOTO Pe-
IIEHHS KPAeBBIX 3aJa4 MaTeMaTHYeCKOH (U3UKH IpUBEN
B.JI. PRaueBa kK cO3AaHUI0 HOBOW TEXHOJIOTMHM IpOTpam-
MHUpPOBaHMS, PEANU30BaHHON B BHJE CHUCTEM ceMelcTBa
ITOJIE. B 1970r. mox ero pykoBOJCTBOM B OTJeJNE€ MPH-
KJIaJHOM MaTeMaTHUKH W BBIYUCIHMTEIBHBIX METOHoB MH-
cTuTyTa npobnem mammHoctpoennss HAH Ykpaunsl Ha-
YMHAIOTCS! pabOTHI IO CO3aHHIO NEPBBIX BEPCHI CHCTEMBI
[TOJIE. I'maBHY!O pONB TPH 3TOM CHIrpajia KOHCTPYKTHB-
Hasl YHUBEPCATBHOCTh MeTOAa R-QyHKINA, KOTOPBIA OBLT
MOJIOKEH B OCHOBY JAaHHBIX chcTeM. [IpenMeTHO# 00ia-
cteto cucteMm TIOJIE sBasieTcst peanu3amuisl NMpsSMbIX Me-
TOJIOB PEIICHHs KPAEBBIX 3aJay, ONHCHIBAEMBIX ypaBHE-
HUSIMU (MJIM UX CHCTEMaMHM) C YaCTHBIMH MPOU3BOJHBIMHU.
ITonp30BaTenu crnenuanu3upoBaHHBIX cucteM cepuu 110-
JIE yka3biBaloT (OpPMYJIUPOBKY 3a/laud, MCXOJHBIC JaH-
HbIe, TpeOyeMyr (OpMy BbIA4M PE3yJILTATOB HA IIPO-
0JIeMHO-OPHEHTHPOBAHHOM SI3bIKE BBICOKOTO YpPOBHS, KO-
TOPBIII MaKCHMaJIbHO NPHOJIMKEH K S3bIKY MaTeMaTHde-
CKOTO OMNMCaHUs MOCTAaBICHHOW 3aJaud U alropuTMy ee
pemenns. [lo stomy 3amanmio cuctema [IOJIE cozmaer
BBIYHCIINTEIBHYIO CXEMY, & 3aTeM aBTOMAaTHYECKH CHHTe-
3upyer palodylo MpOrpaMMy pELIEHHs IOCTaBICHHOM
3aJa4ul. 3aJ0KEHHBIE B SI3BIKOBBIX CPEIICTBAX BO3MOXKHO-

the constructive tool of the R-functions theory,
V. Rvachev developed a unique approach to the problem
of coordinate sequences building for the basic variational
and projection methods. This can be done not only for the
uniform Dirichlet’s problem, but for the boundary condi-
tions of various types for arbitrary shaped domains.
V. Rvachev proposed to use special differential operators,
which coincided with the derivatives along the normal and
tangent to the boundary and had sense within the domain.
Such operators allowed to carry out the continuation of the
boundary conditions inside the domain.

The proposed method of construction of systems of
basic functions for the complex shaped domains and dif-
ferent types of boundary conditions is the second unique
and very important discovery, made by V. Rvachev. This
was the beginning of the R-functions method (RFM),
which allowed to solve a number of applied problems in
the theory of elasticity; flexing and vibration of thin
plates; electrodynamics; heat physics, etc.

In order to optimize the procedure of numerical solu-
tion of various boundary problems in mathematical phys-
ics, V. Rvachev thought of creating a new software, which
he called POLYE. In 1970 the development of the first
version of POLYE under his supervision was started in the
Department of Applied Mathematics and Computational
Methods at the Institute for Mechanical Engineering Prob-
lems NAS of Ukraine. The basis for this new software is
the constructive and universal method of the R-functions.
POLYE proposes direct methods for solving boundary
problems, which are described by systems of partial dif-
ferential equations. In order to use POLYE a user should
define the problem, initial values and the required format
of the output results presented in a high-level problem-
oriented language, which is as close as possible to the lan-
guage of the mathematical description of the stated prob-
lem and its solution algorithm. Based on the input parame-
ters POLYE creates a computational scheme and after-
wards automatically produces the execution program to
solve the stated problem. The possibilities of specifying
algebrised solution structures embedded in the language
tools allow to change the form of the object efficiently and
within one algorithm, by just changing its parameters. It is
also possible to employ both known exact solutions and
approximate solutions obtained earlier. The experience of
working with problem-oriented languages and POLYE
has shown that they dramatically simplify and speed up
the most involved stages of the computational experiment:
programming and debugging of the modules, and analysis
of the obtained results. Thus, already in 1980s POLYE
became a key software for numerical experiments while
solving applied problems. Using POLYE implies less
technical and programming work for mathematicians and
engineers. Nowadays, when computational technology is
developing rather fast, numerous software packages were
developed for solving boundary problems, such as: AN-
SYS, ABAQUS, NASTRAN, PLASTRAN, MATLAB,
MAPLE, etc. Most of them are using Finite Element
Method (FEM), while POLYE is based on the numerical-
analytical method of the R-functions. POLYE and POLE-
RL were among the first computational software packages
and are still being used with great success.
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CTH 3aJlaHUsI CTPYKTYp pEIICHHUS MO3BOJIIOT, padortas c
napameTpamu, d3PPEKTHBHO U MOOMIFHO B paMKaxX OJHO-
r0 JITOPHTMA CYIIECTBEHHO W3MEHATh (hopMy OOBEKTa, a
TaK)X€ YYUTHIBATH OCOOCHHOCTH IIOBEJCHUS HCKOMOIO
pemenns. ONBIT MPUMEHEHHS TIPOOJIEMHO-OPHEHTHPOBAH-
HBIX SI3BIKOB U CHEIHMAIM3UPOBAHHBIX cucteM cepuu 110-
JIE moka3bIBaeT, 4TO OHU 3HAYMTEJIPHO YIPOILAIOT U yC-
KOpSIIOT HauOojiee TPYAHBIE OTalbl BBIYHCIUTEIHLHOTO
JKCIEPUMEHTA: NPOTPaMMUPOBAHNUE U OTIAAKY MOIYJEH,
aHalu3 MOJIyuYeHHBIX pe3ynabTaroB. Eme B 80-e rogsl
npounoro cronerus cucteMsl IIOJIE ctamu uHCTpyMeEH-
TaTBHON 0a30i MPOBENCHHUS YHCICHHBIX KCIIEPUMEHTOB
W peLIeHNs] MPaKTHYECKUX 3aad, OCBOOOXKAAIOIIEH MaTe-
MaTUKOB M WH)KEHEPOB OT Ipolecca MPOrpaMMHUPOBaHHS.
B Hacrosimee BpeMs, KOTAa BBIUMCIUTENbHAS TEXHHKA U
MH(OPMALMOHHBIE TEXHOJIOTHH PAa3BUBAIOTCS C OTPOMHOM
CKOPOCTBIO, CO3aHbl MHOTOUHCIIEHHbIE CHCTEMBI, I103BO-
JISIOIIKME aBTOMAaTH3MPOBATH IPOLECC PEHICHUS KPaeBbIX
3agaa: ANSYS, ABAQUS, NASTRAN, PLASTRAN,
MATLAB, MAPPLE u apyrue. BonbIIMHCTBO U3 U3BECT-
HBIX IAKETOB UCMONB3YIOT METOJ KOHEYHBIX 3JIEMEHTOB
(MKD). Onnako cucremsl cepun I1OJIE, POLE-RL, 0a-
3UPYIOIIMECS Ha YHCICHHO-aHAJIWTHYECKOM METOJe
R-pyHKImit ObUIM B YHCIIE TIEPBBIX WHTEIJIEKTYalbHBIX
CHCTEM IOJOOHOTO THIA M YCIIEIIHO HCIIOJIB3YIOTCS JI0
CETOJHALIHETO JHS.

B 1972 r. B.JI. PBaueB nzbupaercs 4IeH-KOPPECIIOH-
neHToM, a B 1978 r. — pgelicrButenbHeM wieHom HAH
Ykpaussl.

Ay «® ﬁU AETO €O 2490

BbICTABKA HAYYHbIX -*’?2

60-neTHuii roouneii akagemuka B.JI. PBauesa

B.JI. PBaueB Kak y4€HBbIM OTIMYAICH YMEHUEM BHU-
JIeTh IIUPOTY NPWIOKEHUS chep pe3yabTaToB CBOMX
(yHnamMeHTaNBHBIX HccnenoBaHui. Ha 0aze Teopun
R-¢pyHKIMI BEIONMHEH psii pa3pabOTOK, BHEIPEHHBIX B
HapOAHOE XO34KcTBO. IloABMANCE CaMOCTOSATENbHBIE Ha-
MPABICHHA, Pa3BUBAaEMble YYEHHKaMU M MOCIEI0BATENS-
mu B.JI. PRageBa. OiHO M3 TaKWUX HANpaBIICHUHA — TEOPHUS
TeOMETPUYECKOTO ITPOEKTUPOBAHNS, BKIIFOYAOIIAs 3a1a41
ONTUMAJIBHOTO PACKpOsi MPOMBILUIEHHBIX MAaTEPHATIOB Ha
3arOTOBKU CJIOXKHOHW (DOPMBI M pa3MeIIeHHs MTPOCTPAHCT-
BEHHBIX OOBEKTOB, 33J[a4ll TPACCUPOBKH C OJHOBPEMEH-
HOW KOMIIOHOBKOH 00OpYZOBaHUS B OOJACTSX CIIOXKHOM
¢opmbl. Crozia e OTHOCATCS 33/1a4d ONTUMH3ALMK pa3-
JIMYHBIX TEXHUYECKUX CHCTEM II0 T€OMETPHUECKUM U (-
3u4eckuM napamerpam. Meron R-dyHkumii ssBucs Takxke

In 1972 V.Rvachev was elected Correspondent-
Member of the NAS of Ukraine. Later in 1978 he became
an Academician of the NAS of Ukraine.

As a scientist, V. Rvachev was distinguished by his
capability to find application areas for the results of his
basic research. A number of projects, based on the
R-functions theory, have been implemented in the national
economy. Independent research areas have emerged,
which were being developed by the followers of
V. Rvachev. As an example, one of such new research
direction is the theory of geometrical design, where prob-
lem of optimal cutting of industrial materials into com-
plex-shaped pieces and allocation of 3D objects arise, next
to the routing problem with simultaneous layout of
equipment in complex-shaped domains. It was also ap-
plied to the optimisation problems for various engineering
systems based on their geometric and physical parameters.
The R-functions method also appeared to be an efficient
tool in the theory of pattern recognition.

V. Rvachev’s report in the NAS of Ukraine. The second
one on the left-hand side in a presidium is a president of
the NAS of Ukraine, Paton B.E.

Further development of the RFM allowed to general-
ize and implement the Lagrange-Taylor-Hermite formulas
in functional space. Furthermore it was possible to find
the new class of functions which are finite and infinitely
differentiable. They are called atomic functions and play
an important role in the development of the approximation
theory and in the numerical methods for solving boundary
problems in mathematical physics.
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3¢ PEKTUBHBIM WHCTPYMEHTAPHEM B TEOPHH PacIliO3HaBa-
HUS 00pa3oB.

HanbHeitmee pa3Butie MeTona R-QyHKIME 103BO-
U0 0000LIUTE U KOHCTPYKTHBHO pean30Bath B (DyHK-
LUOHAJBHBIX IPOCTPAHCTBAX IIHUPOKO IPHUMEHSEMBIC
dopmyasl  Jlarpamxka-Teiopa-OpMuTa, HAHUTH HOBBIN
Kjacc GpUHUTHBIX, OECKOHEYHOE Yncio pa3 auddepeHnn-
pyembIX (DyHKLMH, Tak Ha3bIBaeMbIX aTOMapHbIX (YHK-
LM, UMEIOIINX Ba)KHOE 3HAYCHUE JUIS Pa3BUTHUSI TCOPUH
anMpoKCHMAIM ¥ METOIOB PEIICHHs KPaeBbIX 3a/iad Ma-
TEMaTHYECKOH (PU3UKH.

B 1989 r. B.JI. PBaueB mpeanoxuin HOBOE anredpamn-
YeCKH M30MOp(HOE KIACCHIECKOMY MCUHCIICHHE, Ha3BaH-
HOE HEapXMMEIOBBIM, TaK Kak B HEM aKCHOMa ApXxuMmena,
copMyIpoBaHHAas I OTPE3KOB, HA KOTOPOH Oasupyer-
Cs BeCh KJIACCHUECKHWH MaTeMaTHYeCKWi ammapar, Oblia
3aMEHEHa AaKCHOMOH O CyIIECTBOBAHHM HaMOOIBIIEro
yucna. beiim Takke HayaTel pabOThl MO NPUIIOKEHUSIM
HEapXUMEIOBBIX UCUHCICHUH B (DPM3HKE JAIBHETO KOCMO-
Cca 1 CAC/IaHbl IEPBbLIC HECTPUBUAJIBHBIC BbIBO/JbI TOM, YTO
CMEUIEHUs CIIEKTPOB HEMOABHXHBIX 00OBEKTOB B KPACHYIO
CTOpOHY HE SIBJISIETCSl CIEACTBHEM pacluupeHus Bcenen-
HOH, a maes O ee POXKACHWM B pEe3yibTaTe OOJIBIIOTO
B3pbIBA MIUUIMApABI JIET Has3aj] COMHHTENbHAa. HoBble
unen B.JI. PRaueBa ObUTH TOAXBaYeHBI €r0 YYCHUKAMHU B
VYkpanne u ydeHbMu-¢usukamu Wamnu. Tak B 2000 T.
BBIIUTA B aMepHKaHckoM xkypHaie «Foundations of
physics» coBmectHas ctartba B.JI. PraueBa u K. Apunamma
(Uunus), B KOTOpOl HeapXMMEAOBBl MCUUCICHHUS HAlUIN
HOBBIC ITPUJIOKCHUA, B YACTHOCTU B TCOPUHN I'PaBUTALIUU.

Hayunsle nccnenosanus B.JI. PBaueBa oTpakeHbl B
COTHSIX paboT, B TOM YHCIIE CEMHAANATH MOHOrpadusx u
psine aBTOpcKuX cBuaeTenbeTB. Ocoboe MecTo cpenu HUX
3aHMMaloT Tpu MoHorpaduu B.JI. PBaueBa, ompenensio-
IIMe 3Talbl ¥ MEePCIEKTUBBI Pa3BUTHA TeopuH R-(yHKImiA
U €€ NPUIOKEHHM.

Tak, B 1967 1. BhmDIa KHHUTA «I ecomempuyeckue
npunodicenus ancebpvl 102uKu», B KOTOPOH H3JIO0KCHBI
METO/Ibl AHATUTUYECKOTO 33JaHUsI CIIOKHBIX F€OMETpHYe-
cKHX 00BeKTOB. B Hell onmcriBaeTcs anmnapaT R-yHKmid,
C TIOMOILBIO KOTOPOTO MOXKHO COCTaBJISITh YpaBHEHHS
CJIOXKHBIX JIOKYCOB, a TaKKe MX ceMelcTB. PaccMOTpeHbI
TaK)Ke HEKOTOpble NpwiIokeHHus R-yHkumit k 3amauam
ONTHUMAJIGHOTO TUIAHUPOBAHMUS, ONTHMAIBHOTO PACKpOs, K
KpaeBbIM 3a7adaM MareMaTtudeckod ¢usuku. B sToi pa-
0oTe, SBUBIICHCS TEPBOI MOMBITKON CHCTEMAaTHYECKOTO
OCBEIIEHHSI BOIPOCOB, CBSI3aHHBIX C R-pyHKImsIMH u nx
MPWIOKEHUSIMH, YIa4yHO C(OpPMYIHpOBaHBI MOYTH BCE
OCHOBHBIE HAIPaBJICHUS UX JAIbHEHIIETO Pa3BUTHS.

B 1974r. Obma m3mana moHorpadus B.JI. PraueBa
«Memoobi aneebpuvl 102UKU 8 MAMEMAMUYECKOU usuxey,
otmedeHHas npemueit uMm. A.H. lunauka AH YCCP. Ora
KHUT'a BCJICACTBHUC CUCTCMATUYCCKOI'O M3JIOKCHUS TCOPpUUN
R-dyHkumii 1 ee nmpuMeHeHHsT B 00NacTH KpaeBBbIX 3azady
MareMaTH4eckol (PU3MKHU MOYTH JECATH JIET ObUIa OCHOBOM
WCCIIEJIOBaHUI M MPAKTHYECKOW JESTETbHOCTH MHOTHX Ma-
TEeMaTHKOB — BBIYMCIIUTENCH, MH)KEHEPOB M HAYYHBIX CO-
TPYIHAKOB, PAaOOTAOMIMX B OOJACTH TEOPHH YIIPYTOCTH,
pamnoU3NKY, a3po- M THUIPOANHAMUKH, TEOPHH IUIACTHH,
000JI0Y€EK, AEKTPOTUHAMUKHI U TEOPHH (PUITETPALIHH.

B Beimemmeit B 1982 r. moHorpaduu ydeHoro

In 1989 V. Rvachev proposed a new numerical ap-
proach, which is algebraically isomorphous to the classi-
cal one. It is called non-Archimedean numerical calculus,
as the Archimede’s axiom, which is the basis for the entire
classical mathematical approach, was replaced by the
axiom of the greatest number existence. This new ap-
proach was also applied to the problems of space physics.
Interestingly, it was concluded that shifts of the spectrum
to the red side are not the results of expansion of the Uni-
verse, and thus the concept of the Big Bang billions of
years ago is dubious. New ideas of V. Rvachev were fur-
ther investigated by his students in Ukraine and by physi-
cists in India. In 2000 the American journal «Foundations
of Physics» published the joint paper by V. Rvachev and
K. Avinash (India), in which non-Archimedean numerical
calculus approach was applied to the theory of gravity.

The results of V. Rvachev’s scientific research have
been published in hundreds of papers, including 17 mono-
graphs and several Author’s Certificates for inventions.
Three V. Rvachev’s monographs are of the key signifi-
cance. They defined the stages and perspectives of devel-
opment of the R-functions theory and its applications.

The book «Geometrical Applications of the Alge-
bra of Logic» was published in 1967. It contains the
methods of analytical statement of complex geometrical
objects. It also describes all the details of the
R-functions which can be used to generate equations of
complex loci, as well as their families, including given
parameters. Several applications of the R-functions to
problems in optimal planning, optimal cutting, and
boundary problems in mathematical physics are dis-
cussed. This work was the first attempt to systemati-
cally expound issues related to the R-functions and
their applications, clearly stated almost all the key lines
of their further development.

The monograph «Methods of the Algebra of Logic in
Mathematical Physics» was published in 1974 and
awarded the A. Dynnik Prize of the AS of Ukraine. Due to
a systematic recitation of the R-functions theory and its
application in the field of boundary problems in mathe-
matical physics, this book became a basis for research and
practical activities of many computational mathemati-
cians, engineers and research staff working in the field of
the theory of elasticity, radio physics, aero and fluid dy-
namics, the theory of plates and shells, electrodynamics,
and the theory of filtration.

The monograph «Theory of R-functions and Some
Applications» was published in 1982. It gave an exposi-
tion of the key results obtained over about 20 years of
development of the R-functions theory; pointed to certain
features of implementing RFM for applied problems, as
well as posed challenging issues. In the theoretical aspect,
this book is a unique source of information on the
R-functions theory and RFM.

V. Rvachev paid a lot of attention to the training of
scientists. He was Honorary Doctor of the Kharkov State
Polytechnic University, Kharkov Technical University of
Radio FElectronics, and the Wisconsin University (Madi-
son), U.S.A.

He has created a scientific school, with more than 70
candidates and 20 doctors of sciences. Among the progeny
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«Teopuss R-pynxyuii u Hexomopuvle ee npuiodCce-
HUs», B KOTOPOH H3TIOKECHBI OCHOBHBIE PE3yNbTATHI, I0-
Jy4eHHBIE TIOYTH 32 IBAANATHICTHHN NEepUOI Pa3BUTHA
Teopun R-QyHKIMH, OoTMeYaloTCs HEKOTopble crenudu-
4yecKkre 0coOeHHocTH peanusaimun RFM B NpHKIAIHBIX
3a/1a4ax, a TaKKe IOCTaBJIEHBI BOMPOCHI, HOCSIINE IPO-
OneMHBIN XapakTep. B TeopeTnyeckoM acrnekrTe 3Ta KHUra
JIO CETOJHSIIHEr0 JHS SIBJISETCS YHUKAJIbHBIM HUCTOYHH-
koM uH(popmanuu no reopun R-pynkuuii 1 RFM.

B.JI. PRaueB yaemnsur OONBIIOE BHUMAHKE ITOATOTOB-
ke KaapoB. OH SBIISJICS MMOYETHBIM TOKTOPOM XapbKOB-
CKOTO TOCYJapCTBEHHOTO MOJUTEXHUYICCKOTO YHHBEPCH-
TeTa, XapbKOBCKOTO TEXHHYECKOTO YHHUBEPCUTETA PaJIO-
SJEKTPOHUKHU, BepIsTHCKOTO MeAarormdeckoro YHHBEPCH-
teTa, Buckoncunckoro ynuepcurera (Madison) CILIA.

3aKIIIOYUTENBHOE CTIOBO TpeIceIaTes
CHELUATM3UPOBAHHOTO YIEHOT'O COBETA B
WIIMam HAH Ykpanns B.JI.PBaueBa

WM co3nana HayuyHas IIKOJA, HACUMTHIBAroLIas 0o-
nee 70 xanaumatoB u 20 noktopoB Hayk. Cpenu yueHH-
koB  Bilagumupa  JlorBUHOBMYAa  UMEIOTCA  WIEH-
koppecrnionentsl HAH Yxkpaunsl (CrosiH HO.I'. u box-
ko A.E.), 3acimyxeHHBIH nesTens Hayku Poccuiickoit ¢e-
nepaunu (Kpasuenko B.®d.), maypearst ['ocynapcTBeHHOM
npeMurd YKpauHBl B O0JacTH HAayKd M TEXHHUKH
(FO.T". Crosn, B.C. [Iponerko, I'.IT. Mansko, T.W. Hlei-
ko, H.C. Cunexon, A.Il. Cnecapenko), maypear mnpemMui
B.M. I'mymkoBa u Octporpaackoro (O.H. JlutBun).
MHuorue yuennku Brnagumupa JIorBuHOBHYa BO3IJIABIIA-
10T WM BO3IJIABILUIN Kadexphl B By3ax ropoaa XapbKoBa
nu gpyrux ropomax  Ykpaunel  (b.H. Bopucenxo,
B.II. By3sko, B.H. Bepxuxosckuii, UW.B. I'oHuapiok,
B.J. Koxyxos, JI.B. Kypma, JI.H. Kynenko, O.H.Jlut-
BuH, B.C.IIpouenko, H.C.Cunexon, W.b. Cupomxa,
B.IT. ®enpko, FO.II. Illabanos-Kymmnapenko, T.U. eii-
ko, JL.W. Hlxmspos, A.B. [lImaTko u np.).

B.JI. PRayeB  BRIMONHAN  OONBIIYIO  HAYYHO-
00IIeCTBEHHYIO paboTy: Ha MPOTSHKEHUH PAA JIET SBIISII-
cs wieHoM cexuuu Komurera no ['ocynapcTBeHHbIM mpe-
MUSAM YKpauHbl, 4IeHOM HanuoHanbHBIX KOMUTETOB YK-
paunbl 1 Poccuu no TeopeTnyeckon U NMpUKIAIHON Mexa-
HUKe, IpencenareneM XapbKOBCKOM cekuuu Hayunoro
coseta HAH VYkpaunsl no npobneme «KubepHerrkay,
Hay4YHBIM PYKOBOJUTENIEM Psiia BCEYKPAUHCKUX HayYHBIX
CEMHHApOB, MpeicenaTreiaeM CIeHaIN3HPOBAaHHOIO yde-
HOTO COBETa M WIEHOM psija Hay4YHbIX M Hay4dHO-

of Vladimir Rvachev are corresponding members of
the NAS of Ukraine (Yu. Stoyan and A. Bozhko), honored
scientist of the Russian Federation (V. Kravchenko),
prizewinners of the State Prize of Ukraine in Science and
Technology (Yu. Stoyan, V. Protsenko, G. Manko,
T. Sheiko, N. Sinekop, A. Slesarenko), prizewinner of
V. Glushkov and Ostrogradskii Prize (O. Litvin). Many
students of Vladimir Rvachev head or headed departments
in the universities of the city of Kharkov and other cities
of Ukraine (B. Borisenko, V.Buzko, V. Verzhikovsky,

I. Goncharyuk, V. Kozhuhov, L.Kurpa, L. Kutsenko,
O. Litvin, V. Protsenko,  N. Sinekop, 1. Sirodzha,
V. Fedko, Yu. Shabanov-Kushnarenko, T. Sheiko,

L. Shklyarov, A. Shmatko et al.).

V. Rvachev was involved in important scientific and
public activities. For several years he was a member of the
Section of the Committee for State Prizes of Ukraine;
member of National Committees of Ukraine and Russia in
Theoretical and Applied Mechanics; Chairman of the
Kharkov Section of the Scientific Council of the AS of
Ukraine for Cybernetics; Scientific Head of several
ukrainian-wide seminars; Chairman of the Special Scien-
tific Council; member of several Scientific and Scientific-
Engineering Councils; and member of the Editorial
Boards of leading scientific-engineering journals and pro-
ceedings.

V. Rvachev in USA together with his follower
T.I. Sheyko and his nephew M.A. Rvachev

V. Rvachev at the Department of Appiied-Mathematics,
NTU «KhPI» together with his followers L.V. Kurpa and
E.S. Arhipova

Since 1994 V. Rvachev was involved in activities
within the framework of the Agreement on Scientific
Cooperation between Ukraine and the U.S.A. Several
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TEXHHYECKHX COBETOB, YJIEHOM PEIKOJUIETUH BEAYIINX
HAay4HO-TEXHUYECKHX JKypPHAJIOB U COOPHHUKOB.
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DnektpoHHoe yaocroBepenue B.JI. PBaueBa Bo Bpems
npeosiBanus B CIIIA, 1996 r.

C 1994 r. B.JI. PBaueB npoBOAMII aKTHBHYIO padoTy B
paMKax JIOroBOopa O Hay4HOM COTPYIHMYECTBE MEKIY YK-
pauHoit m CILIA. Psim paboT BHIIONHEH COBMECTHO ¢ Brc-
KOHCHHCKMM yHUBepcuteroM (Madison) o rpaaram NATO
Linkage grant PST.CLG.976192, HTECH. LG 941352
(NATO), DMI-9522806 National Science Foundation USA,
DMII-9502728 USA CAREER. On sBisiicst 4ieHOM ame-
prukaHckux HayuHbIX oomects ASME, IEEE, AMS.

PaGorer B.JI. PBaueBa Obutn mojzepkaHbl Takxke
rpantamu INTAS 97-31854 u International Soros Science
Education Program of International Research Foundation
grant SPU 071055.

CorHu Hay4HBIX padot u 17 moHorpaduii B.JI.PBaueBa
MOATBEP)KAAIOT 3HAYMMOCTh 3TOT0 YUEHOro B 00JacTH Ma-
TEeMaTHKA W MEXaHWKW. MHOrorpaHHas IUIOJOTBOpHAs Ha-
yUHas u Hay4YHO-TIeJarOrnaecKast JIEATEIILHOCTh
B.JI. PRaueBa oTMeueHa NpaBUTEILCTBEHHBIMU Harpajgamu, B
ToM umcie opraeHamu Tpymooro Kpacxoro 3Hamenw,
Jpyx651 HaponoB, «3Hak Iloueray, SIpocinaBa Myaporo u
MenasiMu. B 1980 1. 3a co3zpanue, pa3BuTHe U BHEIPEHHE B
HapoJHoe X0351HcTBO Teopun R-dynkumii B.J1. PBaueBy (py-
KOBOJIUTEITIO pabOThI) M €ro ydeHHKaM OblUla MPUCYKICHA
l'ocynapctBeHHass npemusi YKpauHbI B 0OJNacTH HayKH MU
TexHuku. B 1997 r. B.JI. PaueBy npucBauBaroT 3BaHue 3a-
CITY>KEHHOTO JIeSITeIIsl HAyKH ¥ TEXHUKH Y KparHBL.

B 2004 roxy B XaprskoBe ObDIa IpoBeneHa [-as me-
JKIyHapoIHas KOH(QEpeHIHs 10 HEeIWHEHHON IHHaMuKe
«NONLINEAR DYNFMICSy», Ha KOTOpO#l MPHUCYTCTBO-
Baym yuenole u3 Poccum, CHIA, Kananp, Urammm,
[Monpmn, Y30ekucrana, BenmukoOpuranmu, Kopen u apy-
rux crpad. Bnagumup JIorBHHOBUY BBICTYIHII NIEPEn yda-
CTHUKaMH KOH(EpEeHIMH C TPUBETCTBEHHOH peubl0 Ha
XOpOUIEM aHTJIMACKOM SI3bIKE.

C Bnamumupom JIOrBHHOBHYEM BCer/ia ObUTO OYCHB
MHTEPECHO HE TOJBKO KaK C YYEHBIM, HO M KaK OYCHb
00pa30BaHHBIM U MYJIPHIM YEJIOBEKOM. Y HEro ObUIO YeMy
HAY4UThCS. XO0YETCsl MPUBECTH HEKOTOPBIE MBICIH U3 €T0
MEMyapoB, KOTOpPbIE OyIyT IMOJIE3HBIMH MOJIOJBIM H TIEp-
CHEKTUBHBIM yUCHBIM.

«be3 camokpumuxu 6 nayke oenrams Heuyeco. Heno-
6Ky CaMOYBEPEHHOMY NI0DAs COOCMBEHHAS MbICIb Ka-
JHCEMCsL 2EHUANBHOU, U OH BCEMU CUNAMU NbIMAEMCcs ap-
2ymenmuposams ee 6e3ynpeurnocmy. Meswcdy mem, kpam-

projects were executed jointly with the Wisconsin Uni-
versity (Madison) under support of NATO grants, viz.
Linkage grant PST.CLG.976192, HTECH. LG 941352
(NATO), DMI-9522806 National Science Foundation
USA, DMII-9502728 USA CAREER. He was a mem-
ber of the American Scientific Societies ASME, IEEE,
and AMS.

The research of V. Rvachev was also supported by
grants INTAS 97-31854 and the International Soros Sci-
ence Educational Program of International Research
Foundation grant SPU 071055.

V. Rvachev is the author of hundreds of scientific
papers and 17 monographs in Mathematics and Mechan-
ics. His scientific and pedagogical activities were appreci-
ated by the government.

V. Rvachev was awarded the Order of Labour Red
Banner; Peoples” Friendship, «Badge of Honour»,
Prince Yaroslav the Wise of V degree, and medals. In
1980, V. Rvachev (Project Manager) and his followers
were awarded the State Prize of Ukraine in the Field of
Science and Technology for creating, developing and
implementing the R-functions theory in the national
economy. In 1997, V. Rvachev was awarded the title of
Honoured Worker in Science and Technology of
Ukraine.

The 1st International conference on nonlinear dy-
namics "NONLINEAR DYNFMICS" was held in
Kharkov in 2004. It was attended by scientists from Rus-
sia, USA, Canada, Italy, Poland, Uzbekistan, the UK, Ko-
rea and other countries. Vladimir Rvachev held a welcom-
ing speech at the from of the conference participants with
good command of English.

It was always very interesting to deal with Vladimir
Rvachev not only as a scientist but also as a very educated
and wise man. He had a lot for us to learn. We would like
to share some ideas of his memoirs, which will be useful
to young and promising scientists.
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yauwuil nymo K 00KA3amMenbCmsy 3motl 0e3ynpeuHocmu,
eciu makosds uMeemcs — UCKAMb ee ONpo8epi’ceHie.
Omo meopueckas ucmuna (nHazogem ee M Ne2), neus-
eecmuas monvko canaxcamam om uayku. O6 ucmune
H Ne | — komopas 8 cenemuyeckom Kode, cKaxcy nosoxce,
deno Oenuxamuoe. UNe 2 ¢ smom kode, ckopee 6cezo,
Hem, hopmupyemcsi ona 6 npoyecce 06paA3068aHUs U 60C-
numanus. Bnpouem, smu, xax u mHocue opyeue, ycmas-
Hble UCIUHBL, OMHOCAMCS He MOAbKO K HAYKe, HO U K Jio-
oot dpyeoii desmenvrocmu. Cmanun eosopun: «Eciu 6
Kpumuke ecmv 5% npagowl, mo K Hetl Ha00 NPUCTYUANb-
cay. Tlo moum nabnrooenusam, noou, 6 6oIbuUHCIEe C80-
eM, NOCMYnarom HAobopom: eciu 3amemsm 8 Kpumuke
XOomb Kanuo Henpagovl, OmOPACLIBAION ee YEeTUKOM.
Ocobenno 2mo 3amMemHO 8 OMHOUEHUAX MeXHCOY NOKOJle-
Huamu. B osmom, Hnasepmnoe, u cocmoum Kiaccuueckas
npobiema «omyos u oemetiy.

Bnagumup JIOrBUHOBHY OYEHB JFOOMI MOI3HUIO, OT-
POMHOE KOJIMYE€CTBO CTUXOTBOPEHUM 3HANI HaU3ycTh. Yac-
TO MpHBOAWI nUTaThl U3 npousseneHuit A.C. Ilymikuna,
T.I'. llleBuenko, B.B. MaskoBCKOr0O M MHOTUX JAPYIHX
mo3ToB. MIHTEpecHO OBLIO B €ro JHEBHUKAX MPOYECTH HE-
KOTOPBIE U3 CTUXOTBOPEHUH, KOTOPBIe OBLIH 3aITMCAHBI UM
B JaJIEKUe TOJBI BO BpeMs CITy:KOBI Ha (hioTe:

O. Beprromnen

Cesupenswiti 6paz cmoum y cme,

Ocmepeseneno 8 20pod peemcs,

I'posum 6edoti ... Ho meoxcoy mem

banmgnom cmeemcs....

U 6om nocmompum mul, — koeda

K Bepnuny 6yoem npubnusxcamocs,
Cymerom au OHu mozoa

Xoms 6 Hao wem-HubyOb cmesimocs ?

Mot meepoo snaem: Iobeoum!

Bce npegosmodcem, umo npudemcs

U eposno nao epazom ceoum

banmgnom Cmeemca!

B ero nHeBHMKax OBUTM BBINKMCAHBI CTUXOTBOPEHHUS,
kotopbiM OH clieIoBaJI B CBOEH *u3HU. Hampumep, onHo
U3 HUX:

JKueu no cosecmu u uecmu,

Cnyoicu 6e3 noonocmu u tecmu,

U om Omuusnsl 0o Konya,

He omseopauueaii nuya!

A BOT 311 cioBa JI. OmanuHa OH OY€Hb YacTo MO-
BTOPSLT:

3aboma y nac npocmas,

3aboma nawa maxasi,

JKuna 6v1 cmpana poouas,

U nemy opyeux sabom

A BOT 3TO — OJIHO W3 TMOCJIETHUX CTHXOTBOPEHHUIH,
3allMCaHHOe B JAHeBHUKe Bragumupa JlorBuHoBuYa
(2005r.)

Ilpocmume 3a cmenocmv u mpaunocms. Bovl 6edv
6cez0a npowaeme...

Ilepeo enazamu — dcusHu Kaopvl 6HOBL U GHOGb.
Hns onmumuzma nem yice npUdUHbI.

Mne geunbiM X01000M U T6OOM CKOBANLO KPOBb.
Om cmpaxa scums 1 om npeouyecmeus KOHUUHbL.
Kpyorcumces 6 kapycenu cpeds Hegexco,

Participants of I-th International Conference "
Dynamics" NTU "KPI", 2004

Nonlinear

"Without self-criticism you cannot do anything in
science. For a self-confident person any of his ideas seem
brilliant, and he would try to argue its perfection. Mean-
while, the shortest path to the proof of integrity is only
one. This is to look for its denial. This is a creative truth
(let's call it truth # 2), which is unknown only to people
out of science. About the truth #1 - which is in the genetic
code, I will say later, it’s a delicate matter. Most probably
the truth#2 is not in the genetic code, but it is being
formed later, as a part of education and upbringing. These
two items which I mentioned can be related not only to
science but to any other field. Stalin said: "If there is 5%
of the truth in the criticism, then it is worthwhile to listen
to it." What I typically observe, is inverse: if there is any
false in the criticism, it is being rejected. Especially it
happens often in the relationship between generations.
This explains perhaps the classic problem of "fathers and
sons".

Vladimir Rvachev was very fond of poetry, a great
number of poems he knew by heart. Often he quoted from
the works of Alexander Pushkin, Taras Shevchenko,
Vladimir Mayakovsky and many other poets. It was inter-
esting to read in his diaries some of the poems which have
been written down by him in early years when he was
serving in the Navy.

In his diaries the poems were written, which he fol-
lowed in his life. One of them is below:

Live by conscience and honor,

Serve without baseness and flattery,

And from the Motherland to the end,

Do not turn away your face!

Or he often repeated these words of L. Oshanin:

Our concern is simple,

Our concern is that

Of needing' long life for our motherland

And haven't other concerns

Here is one of the last poem, which was in Vladimir
Rvachev’s diary (2005)

Forgive me for the courage and gloom. You always
forgive ...

16
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He 6u0s gvixooa uz uepnoco mymaa.

Bawm ne cayscums pabom y npuspaunsix Haoexnco,
He noxnonsamucs 6oavue uoonam obmaua.

A mak xomenocw Hcumv, CMESIMbCS, NeMmb,

He nokopstimecs pagrnooyuuro, He Haoo!!!
Kenaro Bam, ceit BOEBUJIb YUK docmompemy,
Ymo nam ycmpounu npedamenu u3 aod.

26 ampens 2005 roga Bnagumupa JlorsuHoBu4a He
cTajno. YUYEeHUKH U Bce Te, KTO 3Haji Braaumupa Jlorsuno-
BUYa, XPAHAT CBETIIYIO AMSTH O HEM.

Wnen, 3anoxenHsle akagemukoM Bnangumupom Jlor-
BUHOBHYEM PBaueBbIM €ro M3BECTHOH TeopueH, Mpoaoii-
JKafOT Pa3BHBATHCS CETOAHS M INHUPOKO IPHUMEHSIOTCS B
Pa3IMYHBIX 00]acTAX MEXaHUKH, (PU3UKM, MaTeMaTHde-
CKOTO MojenupoBaHus. Hammcansl MoHOrpaduu ydeHu-
kamu B.®. Kpasuenxo, JI.B. Kypmna, K.B. Makcumenxko-
[eiiko, 3ammmensl nokropckue (K.B. Makcumenko-
[Heiiko, B.M. KononsxHbli) 1 KaHAWAATCKUE TUCCEpPTa-
win  (I.H. [Tuneryn, I'.H. Tumuenko, O.C. Masyp,
H.A. bynnukos, E.N. JIroGurkasi, A.A. Ocetpos,
10.C. Cemepuu, MN.A. bapanos., O.1O Jlucuna, J.0. JIu-
CHH U Jp.), TIOCBSIICHHBIE JaJbHEHIIEMY Pa3BUTHIO TEO-
pun R-pynxmmii. OnyOnmkoBaHO OONBIIOE KOIHYECTBO
crateil, B KoTopblx RFM npumeHseTcs: K pelieHuI0 HOBBIX
KJIaCCOB 3a/1a4, B TOM YHCJI€ M HEIMHEHWHBIX, CICIaHBI
JOKJIa/Ibl Ha MHOTUX MEXIyHapOIHBIX KOH()EPEHIUX.

B 2006 romy B XapbkoBe ObLTa MPOBEICHA MEXKIY-
HapojHasi  KOH(epeHUus, IocBsuieHHas  80-ieTHro
B.JI.PBaueBa, Ha KOTOPOH BBICTYNHJIM C JOKJIAJAaMHU HE
TOJIbKO YYCHUKU BJ'Ia[[I/IMI/Ipa HOFBI/IHOBI/I‘Ia, HO U MHOIruec
YKpauHCKUE YYEHbIE, W y4YeHble W3 3apyOeXHBIX CTpaH:
Poccun, Utanuu, [Tonenm, Cepbun u ap.

B 2007, 2010, 2013 rr. ObUIH IPOBECHBI 2-51, 3-51 U 4-51
MEXXITyHapOAHBIE KOH(PEPEHINH 110 HEIMHEHHON TUHAMHKE
«NONLINEAR DYNAMICSy, opranmoBansbie Kadempoit
MPUKJIATHON MaTeMaTHKH W HHXEHepHO-pr3ndeckuM (a-
kynsreroM HTY «XII», Ha KOTOpBIX OBLIN TpeCTaBICHBI
JIOKJIaJbl YYEHbIX W3 MHOTHX CTpPaH, a TaKXKe JOKIaJbl, I0-
CBALIEHHBIE NpuiIokeHnto RFM k peleHnio HeJTMHEeWHBIX
3a71a4 JMHAMUKH TUIACTUH U 000JIOUEK.

Jupextop UIIMam um. A.H. ITogropaoro

HAH Yxkpauns! akagemuk, HAH Ykpannbt
Mauesutsiii FO.M. oTKpbIBaeT KOHPEPEHIHIO «AKTYyalb-
HBIE MTPOOJIEMBI IIPUKIIJHON MAaTEMAaTHKN U MEXaHUKHY,
noceseHHyo 80-netuto co n1HA poxkaeHus B.JI. Prauesa

Before the eyes - life footage again and again.

I have no reason for optimism

My blood was chained by eternal cold and ice
From fear to live and from a premonition of death.
We lace in the carousel among the ignorant,
Seeing no way out of the black fog.

You will not be a slave to illusory hopes,

Do not worship to idols of deception.

And so I wanted to live, to laugh, to sing,

Not to conquer indifference, do not !!!

I'wish you, this VAUDEVILLE to watch to the end
That the traitors from hell made for us.

V. Rvachev died on April 26, 2005. The disciples
and all those who knew Vladimir L. Rvachev, keep the
bright memory of him.

The ideas embodied by famous theory of V. Rvachev
continue to evolve nowdays. They are widely applied in
various fields of mechanics, physics and mathematical
modeling. Followers of V.Rvachev have written new
monographs. Doctoral (K. Maksimenko-Sheyko) and PhD
theses (G. Pilgun, G. Timchenko, O. Mazur, N. Budnikov,
E. Lyubitskaya, A. Osetrov) devoted to the further devel-
opment of the R-functions theory were submitted. Many
articles were published in known international journals.
Presentations devoted new applications of RFM including
nonlinear problems have been made in international con-
ferences.

In 2006, an International conference dedicated to the
80th anniversary of V. Rvachev was held in Kharkov. Not
only students of V. Rvachev presented their work, but also
many Ukrainian and foreign scientists (from Russia, Italy,
Poland, Serbia, etc.) participated in the conference.

Participants of the conference "Actual Problems of
Applied Mathematics and Mechanics" dedicated to the
80th anniversary of the birth of V. Rvachev, the
A. Podgorny Institute for Mechanical Engineering
Problems (IPMach) NAS, 2006

In 2007, 2010, 2013 the 2nd, 3rd and 4th interna-
tional conference on nonlinear dynamics "NONLINEAR
DYNAMICS" were held. These conferences were organ-
ized by the Department of Applied Mathematics and En-
gineering Physics Faculty of NTU "KhPI". Reports of the
scientists from many countries were presented. Here ap-
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B cenra6pe 2016 roma Oyzmer mpoBeneHa S-S MexX-
nyHapoxHas koH¢epeHmus «NONLINEAR DYNA-
MICS», nocBsimiennas 90-neTuro co AHS poXkaeHus Pra-
yeBa Bramumupa JlorsuHoBrua. B pamkax 3Toit KOH(pe-
pernun Oyzer paborate Munu-cumnosuym «The R-
FUNCTIONS THEORY, IT’s DEVELOPMENT and
RECENT APPLICATIONS», Ha koTOpoM OyIyT 00CyX-
JCHBI HOBBIC PEC3YyJIbTAThl, MOJTYYECHHBIE C ITOMOLIbBIO TCO-
pun R-¢yHkuumii 3a mocnennue math jer. Chopmymupo-
BaHbl HOBBIE TPOOJIEMbI, KOTOpbIE HEOOXOAMMO PEIINThH
JUIs najbHeiero pazsutust RFM!

Binagumup JlorBuHoBuu PBaueB ormanm Bce CMIlbI
pa3BuTHIO (QyHAaMEHTaJIbHON Hayku Ha YkpamHe. OH
OBLT M OCTaeTCs SPKUM MPHUMEPOM HE TOJNBKO IUIS CBOHMX
YYEHHUKOB, HO W MHOTHX YYEHBIX, 3HABIIUX €T0 JIUYHO,
KOTOpbIE ObUIM BOCXHIIECHBI €r0 TaIaHTOM, JPYAULMEH,
00pa30BaHHOCTHIO, YECIIOBEUSCKUMH KadeCTBAMHU. XOTe-
JI0Ch ObI, YTOOBI MaMATh 00 3TOM BbIHaroIeMcs Yemoseke,
Y4eHOM, KOTOPBIM OTHOCUTCS K KOIOPTE TEX YHUKAIbHBIX
JoJIed, 0 KOTOPBIX roBopsAT «Ce YeIOBEK MHOTO 3BaHBIX,
MaJio U30paHHBIX » COXpaHUIach HaBCETAA.

B 3akmoyeHun aBTOpaM 3TOM CTAaTbU XOTENOCH OBI
npuBecty ctuxu Koxyxosa Banepust ImutpueBnya, Ha-
MMCaHHbIE MOCIIE yX0Aa U3 >XU3HU Branumupa JlorsuHo-
Buya PBayeBa.

VYyurenp Haml, CIBIILY I71acC 51 B HOYH,

B nywe moeii Tuxo Bam rosoc 3Byuur,

1 nomHio Bce Bamu 3aBeTs! s

« He Boru ropiiku 00XUraroT, Apy3bs

Ko Oynenisb Thl CHIIBHO HaJl KHUKKOU MOTETh,

Kous Oyenib ay1oro uaeei ropers,

Ko Oyzner Ta KHATa CHUTBCS HOYAMU,

Kotopyto nHem MBI ¢ TpyoM pa3Oupainy,

To cmoxentb npobiieMy, 3a1a4y peLIHTh.

Bce 6yzmer OK, Tak ycTpoeHa KHU3Hb.

Jlvs tymaii o gese, Z0OBITOM TPYIOM,

A cnaBa , ycriex, BCe IPHIET, BCE IIOTOMY

Cnacn00, Yunrens, Mbl BMECTE BCETa,

CeroaHs u 3aBTpa, U )KUBBI ITOKA.

YV Bcex HAC OJHA JHIIb MpsiMas JOpOra,

U Bce M1 R-perunM npen anrapem R-bora!

Jlutepartypa o s;kM3HM U AesiteabHOcTH B.JI. PBaueBa:

plications of RFM to the solution of nonlinear dynamics
problems of plates and shells were discussed.

In September 2016 the Sth International Conference
"NONLINEAR DYNAMICS" will be held in Kharkov.
This time it will be dedicated to the 90th anniversary of
V. Rvachev. As part of this conference there will be a
mini-symposium «The R-FUNCTIONS THEORY, IT's
DEVELOPMENT and RECENT APPLICATIONSy, in
which the new results in the field of of the R-functions
theory will be presented. The new challenges in the fur-
ther development of RFM will be discussed at the confer-
ence.

Vladimir L. Rvachev gave all his energy to the de-
velopment of fundamental science in Ukraine. He was and
will always be a great example not only for his students
but also for many scientists who knew him personally,
who were delighted with his talent, erudition, education
and human qualities. It would be great if the memory of
this remarkable person, who belongs to the cohort of those
unique people about which it is said "Behold the man
many are called, few are chosen"is preserved forever.

In conclusion, the authors of this article would like to
quote verses Kozhukhov Valery, written after the death of
Vladimir L. Rvachev.

Our Teacher, I hear the voice in the night,

Your voice silently sounds in my heart

And I remember all your precepts :

"No gods pots, friends

If you will drop your sweat on a book,

If your soul will burn with idea,

If the book will appear in your dreams at night,

Which we barely understood last day,

Then you can solve the problem and task,

Everything will be OK, because that's the way of life

Just think of the deal produced by work,

As for fame and success, everything

Will come at a later time"

Thank you, Teacher, we are always together,

Today and tomorrow, and while we are alive

We all have only one straight road,

And we all R-growl before the altar of R-God!
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10. M. AH/IPEEB, E. U. /IPY’KUHUH, A. A. IAPUH

BEKOBOW IOBWJIEM ITIPO®ECCOPA JIbBA U3PAWJIEBUYA IITEMHBOJIb®A

B crarbe npencraBieH KU3HEHHBIH ¥ TBOPUYECKUH My Th U3BecTHOrO yueHoro u3 XIIU — npodeccopa JI. 1. lreitnBonsda. Anannzu-
pyeTcsi ero BKJaJ B Pa3BUTHE TEOPHU KOJEOAHUI M JMHAMUKY MAIIWH, a TAKKe IPaKTUUECKOE MPUMEHEHHE HAYYHBIX JIOCTH)KEHHUIL.

Iocesmaercs 100-neTuro co IHS pOXKICHUS.

KiroueBble ciioBa: TeopeTHUeCcKas MEXaHHKa, TEOpHs KoieOaHUH, JMHAMHUKA MAIllMH, CHCTEMa KOMIIBIOTEPHOMN anreOpbl, Tell-
JIOBO3HBIC U TAHKOBBIE CHJIOBbIC YCTAHOBKH, BUOPAIIMOHHAS AUArHOCTHKA.

23 anpens 2016 roma ucnomuamwiock 100 met co gHs
poxaenus JIbBa M3pawmneBnua IllTefinBob(da, U3BECTHO-
ro yducHoro B 06J'IaCTI/I MCXaHUKH, TUHAMHWKW MalluH U
NPUKIIaIHOW TEOpHH KoyieDaHWH, JHOKTOpa TEeXHHYECKHX
Hayk, mpodeccopa kadeapsl TEOPETHUYSCKONW MEXaHUKU
XapbKOBCKOTO TOJMTEXHUYECKOTO MHCTUTYyTa. HayuHble
nccnenosanus JI. W. lllteiiHBonb(a MOCBSMIEHB CaMbIM
pa3sHo0Opa3HbIM NpobiIeMaM JIMHAMHUKY CHIIOBBIX TIepenay
0O0EBBIX U TPAHCIIOPTHBIX MalIiH. L[eHHOCTh ero HayJHOH
paboTHI 3aKITF0YaTach B TECHON CBS3H C IMIPOU3BOJICTBOM U
MTOCTOSTHHBIM BHEJPEHHEM pEe3yNIbTaTOB HCCIIEIOBAHUN B
MPAKTUKY KOHCTPYKTOPCKUX OIOpPO, 3aHMMAIOLIMXCS pac-
4eTaMd M JOBOJKOI CHJIOBBIX Iepenad C JBUTATEISIMU
BHyTpeHHero cropanusi. OcoGennocts JI. M. IlTeiin-
BOJIb()a YYEHOI'O — COUYETAHHE INUPOKHX MPAKTHYECKUX
3HAHUM M aKaJeMHUYECKON aHAIUTUYECKOW MEXaHUKH.
T'oBOpst COBpEMEHHBIM SI3BIKOM, €r0 OTJINYaia WHHOBAIH-
OHHasl HalpaBJIeHHOCTH B pabore. C caMoro Hayaia IosiB-
JICHHS AJIEKTPOHHBIX BBRIYMCIIUTEIFHBIX MAIIIHH, a MO3HEe
U TIEPCOHANBHBIX KOMIIBIOTEPOB OH CTPEMHJICS] BHEIPHUTH
B MPAKTUKY WHKCHEPHBIX W HAYYHBIX MEXaHWYECKHUX pac-
YETOB caMble COBPEMEHHBIC, 3a4acTyI0 HMEHHO MM pa3pa-
OaTpIBaeMbIC CHENHANbHBIE AITOPUTMBI U MOAXO0Abl. He-
OLIEHMMBIN €r0 BKJIaJl B pa3BUTHE CUCTEM KOMITbIOTEPHOM
anreOpbl B 00JIaCTH MEXaHWKH W BHEIPEHHUE TaKUX METO-
JIOB B HAy4HYIO, MpPaKTHYECKYI0 W Yy4eOHYIO JesiTelb-

DOI: http://dx.doi.org/10.20998/2078-9130.2016.26.79922

HOCTh. M omyOnmukoBano Oonee 150 HaydHBIX cTaTei,
ZIB€ OpOIIIOPBI 1 MOHOTpadus.

JI. . llItetinBonbd poawics 23 anpens 1916 roga B
Exarepunocnase (¢ 1926 r. lnenponerpoBck). Ero orers
Wzpawnns bopucosuy 11ITeiHBOIB( OBLT TOPHBIM HH)KEHE-
pom. Jlo 1924 roga on padoran B JlonOacce, a B 1924-m
BMECTE C ceMbel mepeexan B XapbKoB, rae A0 1956 rona
paboTanm B pPa3IMYHBIX OPraHU3aIMsIX, CBSI3aHHBIX C
yroJibHOU mpoMsblnuieHHocTh0. B 1931 rony Jles Uzpau-
JIEBUY OKAaHYMBAET CEMHJICTHIOIO IIKOJY M IOCTyHaeT B
(abpruno-3aBoackoe yunmnuiie (P3Y) npu XapbKoBcKoM
anekTpoMexanmdeckoM 3aBoae. [locie @3V B 1933 romy
OH TOCTyTaeT Ha pabounii pakymbTeT mpu XapbKOBCKOM
MEXaHMKO-MAIIMHOCTPOUTENbHOM HHCTHTYTe' (XMMU).
OxonuuB pabdak, B 1934 romy CTaHOBUTCSA CTyIEHTOM
XMMMU. IlonyunB B 1939 romy awmioM HHXEHepa-
MEXaHHKa MO0 CHeNHaTbHOCTH «J[MHAMHWKa MaImHy,
JI. W1. UlreitnBonbg mocrtymaer B acnupaHtypy XMMU
1o TO¥ ke crennanbHocT. OHaKo yueda B aCIUpaHType
ObUTa TIpepBaHa BOWHOW, W BMECTE C HMHCTHTYTOM JleB
Uzpaunnesnu sBakyupyercs B ropoa Kpacnoydumck, rae
paboraer crapimuMm npernojaBaresieM Kadenps! «JBurare-
U BHYTPEHHETOo cropanus». Ho yxe B ceHtsOpe 1942
roja ero npu3bBaoT B KpacHyro ApMHIO U HAIIPaBIIAIOT B
Boenno-nonutuyeckoe yuywiume. Ilocne okxoHuaHuUs
YYWIAIIA TI0 COKpaIleHHOH mporpamme, B Mae 1943 rona
ITeiinBonb( HampaBieH Ha Kypchl MIIAJIINX JIEWTEHAH-
TOB MOCKOBCKOI'O BOGHHOI'O OKpyra, rae 10 QeBpajs
1944 roma ObLT crymaTesaeM, a MOCiIe KOMaHAUPOM y4ueo-
Horo B3BoAa [1, 1. 1, 5].

PaboTy Ha;m KaHAMIATCKOM TUCCEpTaIluei, KOTOPYIO
JleB M3pamsieBUY BBIIOJIHSII IO/ PYKOBOJICTBOM Ipodec-
copa SI. M. Maiiepa, oH BO30OHOBIII ITOCIIE JIeMOOMIIHA3A-
muu B aprycre 1945 roma. B cBoeir pabore
JI. W. llITefiHBONB( TPOIOIIKUI WCCICAOBAHHS MasTHH-
KOBBIX aHTHBHOPATOPOB, HAdaThle €r0 NPEANICCTBEHHHU-
KOM, Takke ydeHukoM Maiiepa, 0. A. T'onmom [2]. On
OIPOOHO paccMOTpeN MPUMEHEHHE MAasTHUKOBOTO aHTH-
BHOpaTOpa Ul TameHWs KPYTWIBHBIX KOJIeOaHWH Baso-
mpoBonoB JIBC u mpemnoxun ymZoOHBIH WH)KEHEPHBIN
METO pacucTa HEPC3OHAHCHBIX BBIHYXICHHBIX K0ﬂ66a—
HUM IPOM3BOJIBHON MHOTOMAacCOBOM CHCTEMBI C IpUCOe-
JMHEHHBIM MasTHUKOBBIM aHTUBHOpPATOpOM Ha OMQUILSp-
HOM II0/IBECE TIPH YCTAaHOBKE €ro Ha MPOM3BOJILHON MHO-
romaccoBoii cucteme [3]. It yTouHeHUs OOIMX BOTIPO-

' B 1930 r. XapsKoBCKHii MOTHTeXHHUeCKHi uHCTHTYT (XITH)
ObUI pa3jiefieH Ha MATb CaMOCTOSTEIBbHBIX BY30B, B HX YHCIE
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6su1 1 XMMMU. B 1950 r. XMMMU Bowien B cocTaB BOCCTAHOB-
nenHoro XIIH.

COB TEOpHH, METOJIOB pacueTa HEpEe30HAHCHBIX Koieba-
HUHA 1 3P PEKTUBHOCTH BO3ACHCTBUSI MasTHUKOBBIX aHTH-
BHOpATOPOB BIIEPBBIE OBLIA HCIOJH30BaHA HKCIEPUMEH-
TaJbHAsl YCTaHOBKA, KOTOpas OKazalach YHHUBEpPCAILHBIM
CPEICTBOM, ITO3BOJISIONIMM HCCIENIOBATh IENBIA DS BO-
MPOCOB KPYTHIBHBIX Konebanuii [3, c.211]. Ycmemmnas
3amuTa quccepranun cocrosnack B 1947 roay [1, m. 7].

C 1945 rona JleB UzpawmieBuu ctan paboTarh accu-
CTCHTOM Ha Kadeape TeopeTruueckoir mexanuku XMMMU,
KoTopyto Bo3miaeisut M. M. babakos. MBan MuxaitnoBuy
6])1.]'[ BbIAAOMIMUMCA YYCHBIM B O6J'IaCTl/I MCXaHHKH, aBTO-
POM OJIHOTO M3 JIy4YIIUX Y4YE€OHHMKOB IO TEOpPHHU Koyeba-
HUH, IPEKpacHbIM I€aroroM M OpraHW3aTOpOM CHELH-
ajgbHOCTU AuHamuka MamuH [4]. OH oka3al OrpoMHOE
BIIMSTHYE HA TTOJITOTOBKY HAYYHO-IIEIATOTHICCKUX Ka/IPOB,
u B ToM uncie Ha (opmuposanue JI. U. lllteitrBonbda,
KaK YYeHOTO W IeAarora, mpopaboTaBIIero ¢ HUM MHOTO
neT Ha kadenpe Teopernueckort mexanuku. C 1953 roga
OH paboTaeT Ha JOJHKHOCTH JOIEHTa, a B 1954 roxy emy
MIPUCBOEHO U COOTBETCTBYIOIEE YUCHOE 3BAHHE.

B 1957 rony B XIIM Gbuta otkpbita [IpoGnemuas
nabopatopus «JluHaMu4eckas MPOYHOCTh JeTajied Ma-
IIMHY», KOTOPYO BO3TJIaBUJI U3BECTHBIHM yUSHBINH B 00J1aCTH
MaTeMaTUKd ¥ MEXaHUKH, WIeH-KoppecroHaeHT AH
YCCP npodeccop A.I1. dwmmmos. JI. U. lTeitHBONBD
OBLT MIPUTIIAIICH B ATy JIAOOPATOPHUIO ISl OPTaHU3AIUHN U
PYKOBOJICTBA HAYYHO-HMCCIENOBATEIBCKON TPYTIIION CHITO-
BEIX YCTaHOBOK. Ero HaydHBIE WMHTEpecHl Bcerja ObLIH
TECHO CBS3aHBI C MPAKTUYECKUMH MpoOIeMaMu, U, B 4a-
CTHOCTH, C IpoOJIeMaMy CO3/IaHuUs M COBEPIICHCTBOBAHUI
TPAHCIOPTHBIX MAIINH, OCHAIICHHBIX IBUTATEISIMU BHYT-
pennero cropanus ([IBC). Hapsiny ¢ 3amauamu ananmsa
peuIajivuCh TaKK€ M 3aa4 HOBOI'O HAIlpaBJICHUS — CUHTC-
32 MEXaHMYECKUX CHCTEM, a TAK)KE YIPaBJICHHs CIIEKTPOM
coOcTBeHHBIX 4YacToT. B 1967 romy ydeHbl ycremHo
3aIIUTHI JOKTOPCKYIO JHCCEPTaLUIo Ha TeMy: «JlnHaMu-
Ka MEXaHWYECKUX IMepeaad CHIOBBIX YCTaHOBOK TEIUIOBO-
30B». B Hell paccMOTpeHBI 00IIHe BOMPOCH! pacueTa CBO-
OOIHBIX W BBIHYXXICHHBIX KOJICOAHWUH, MepexXOJHBIX IIPO-
[IECCOB, CHHTE3a MEXaHWYECKHX TIiepenad W pacdera
(bpukIMOHHBIX aBTOKONeOaHui. B pabore Takxke naH aHa-
JIN3 CYIIECTBOBABIIMX TOTZIa METOJOB pacueTa cOOCTBEH-
HBIX 4acToT ¥ QopMm konebanuii. [Ipu pacuere BBIHYX-
JICHHBIX KOJIOAaHMH paccMOTpeHa 3aMeHa HEeJIMHEHHOTOo
)leMl'[(bI/lpOBaHI/lH SKBUBAJICHTHBIM JIMHEHHBIM M3 ycCiioBuUs
paBeHCTBa palbOT NEHCTBUTENBHBIX JIEMIIQUPYIOMINX CHII
Y SKBUBAJICHTHBIX CHUJI BSI3KOTO TpeHUs [5].

Jles U3paunesuu B cBOEH AOKTOPCKOW AUCCEpTALUU
pell BaKHEHIIME HapOJHOXO3SMCTBEHHbIE 3anaud. B
xoze paboTHl OBUIM MPOBEACHBI IHHAMHUYECKHE PACUETHI
MEXaHUYECKUX Iepead CHIIOBBIX YCTaHOBOK TEILIOBO30B
T33, TO10, u TO40 npousBoACcTBa XaphbKOBCKOTO 3aBOJIa
TpaHCHIOPTHOTO  MammHocTpoeHust (X3TM)  wuMeHu
B. A. MansimieBa u temioBo3os 2TD10JI, M62 u TI'106
JIyranckoro TemjIOBO30CTPOMTENILHOTO 3aBOJla WMEHHU
OxTs10pbcKoll peBoitonMy. Jta paboTra mMmena Ooblioe
HapOﬂHO-XO3ﬂI‘/IICTBeHHOC 3HAa4YCHUEC, UMCHHO Marucrpajib-
Hble Teru1oBo3bl cepuit TO3 n TO10 obecnieunim nepeBox
COBETCKHX JKEJIE3HBIX JOPOT Ha TEIUIOBO3HYIO TAry [6].

JanHbie paboTBHl HE YTPATWIH CBOCH aKTyalbHOCTH, B
CBSI3U C YeM HAYYHO-TEXHUYIECKHE OTUETHI 110 HAM MPHHS-
THI HAa BEYHOE TOCYIHApCTBEHHOE XpaHeHue B LleHTpainb-
HBII TOCYAApCTBEHHBIM HAayYHO-TEXHUUYECKUN apXUB YK-
paunsl [7].

HayuHble nccnenoBaHus 1Mo pa3iIMyHbIM IpodiieMam
JAVMHAaMHKH CHUJIOBBIX HEpead TPAHCHOPTHBIX MAIIWH BbI-
nonssutuck JI. U. lIteliHBoab(pOM 1Mo Hauboiee akTyallb-
HBIM HalpaBJICHUSM Pa3BUTHUS TPAHCIIOPTHON TEXHUKH, Ha
6aze COBPEMEHHBIX JIOCTHXEHUH MaTeMaTHKH, MEXaHHKH
n kubepHeTukH. HayuHas rpynima, KOTOpYIO BO3IJIABIISI
Jles M3pammeBud, oTiMYaiach BBICOKOH pabOTOCIIOCOO-
HOCTBIO, B HEW mapria mpeKpacHas TBoOpUyecKast aTMocde-
pa. 3a ronsr cymectBoBarus B [Ipobnemuoit mabopatopun
HEOOJIBIIOT0 M0 COCTaBY KOJUIEKTHUBA TPYIIIBI, B HEM TIOA-
TOTOBJICHO /IBa IOKTOpa M 16 kxaHanmaTtoB Hayk. [IpuBie-
YeHHBIH CO CTYAEHYECKHX JIeT Ui Hay9HOW paboOTHI B
rpymne Bnamumup Huxonaesuu Kapaban moj pykoBo-
ncreom JI. U. lITeiiHBonmb(a cTajn KaHIUAATOM, a 3aTeM
JOKTOPOM TEXHHYECKHX HayK, 3aBelyloumM Kadeapoii
Teopernueckoin Mexanuku XI1U.

C 1960-x ronoB B IpakTUKE HAYYHBIX HCCIEIOBAHUI
CTalll TPUMEHSTHCS SJICKTPOHHBIE HU(PPOBBIC BBHIYHCIH-
tenpHbIe MamuHbl (DLIBM). C storo Bpemenu Jles U3-
panieBUY aKTHBHO BHEIPSET B MPAKTUKY PacueTOB KOJIe-
0aHMIT MAaIIMH BBIYMCIUTENBHBIE METOABI C MPOrPaMMHU-
pOBaHHMEM WX JUIS BBIOJIHEHUs pacdeToB Ha DI[BM. B
pab6ote [8] JI. U. llIteiiHBonbpOM HaH 0030p PA3ITAIHBIX
HOAXOJOB K pacyeraM COOCTBEHHBIX 4acTOT M (OpM KO-
J1e0aHuil TMHEHHBIX MEXaHHUECKUX CUCTEM U 000CHOBaHA
3¢ PEeKTUBHOCTh NPUMEHEHHUs1 B nporpammax Juist J1[BM
QR-anropurma. Jlanee 5To HalpaBiieHUE MOJYYMIIO Pa3-
BUTHE B pacuerax BBIHYXICHHBIX KOJE€OaHHH, YTO OTpa-
KeHo B ero pabdote [9]. Otmerum, uto BHenpenue I1[BM
B MPAKTHKY PacyeToB Ha KOJEOAHMS MEXaHWYECKHX CHUC-
TEM CIIOCOOCTBOBANIO 3aMETHOMY NOBEIMICHHIO 3(pdek-
TUBHOCTH B TIOJIyYE€HUH PE3YJIETATOB IPH HCCIEIOBAHUU
KOJe0aHWH JIMHEHHBIX OUCKPETHBIX cucTeM. Hanbosib-
IIyI0 TPYAOEMKOCTh TPH STOM COCTAaBIILI IPOIECC CO-
CTaBJICHHS BPYYHYIO MATPHIl WHEPIIUH U )KECTKOCTH CHC-
TEM ypaBHEHHH, ONMCHIBAIOIIMX JlaHHbIE KojeOanus. [1o-
aToMy, ¢ Havyana 1970-x rogos, JI. U. llrelinBonbg co-
BMecTHO ¢ B. H. MuTuHBIM Hauanu pa3pabarsiBaTh METO-
JIbl aBTOMAaTU3UPOBAHHOTO TOCTPOCHMSI CHUCTEM ypaBHe-
HUM, OCHOBAaHHOTO Ha IPUMEHEHHMH, TaK Ha3bIBAEMBIX
cTpykTypHBIX Matpun [10; 11], xoTopble HamuM BOILIO-
meHue K koHuy 1970-x rogoB cHavana JUisl Tak Ha3blBae-
MBIX «IICTTHBIX CHUCTEM». B nampHeWIeM 3TOT TOAXOI
MONTyYWJT JANbHElee pa3BUTHE U CHCTEM IPOH3BOIb-
HOH CTPYKTYpBI.

BaxxHelmuM ~ 3TanioM  HAy4HOIO  TBOPYECTBA
JI. W. lllteliHBOMIb(a CTATU KCCIICAOBAHUS IO HEJIWHEH-
HBIM KOJ'le6aHl/I$[M B MalllnHax, 4TO CBA3aHO C YCJIOXHCHU-
€M TPaHCHOPTHBLIX U 6OCBbIX MallliH W IOBBIINICHHBIMHU
TpeOOBaHUAMH K MX paboTe MpH AKCIUTyaTaluu. Y4eHbIH
MIPEKPACHO TOHMUMAJ, YTO ONpPENeNSIOmeH TeHAeHINeH
pa3BUTUSL 3apy0eKHOT0O M OTEYECTBEHHOTO MalIMHO-
CTPOCHUS SIBISIETCS CO3JaHHNE HANIC)KHBIX M TOJITOBEYHBIX
MallMH C IOCTOSIHHO BO3pAacTalolledl IWHAMUYECKOW U
(yHKIMOHATHHON HarpyXeHHOCTHI0. KpoMe Toro mccie-
JOBaHWE [WHAMHUKH CHJIOBBIX TIepenad, SBIISIOIINXCS
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BaXHEUIIMMH JJIEMEHTAMH MaIllWH, YacTo TpeboBaim
paccMaTpuBaTh MX MEXaHHUECKUE MOJIETH KaKk MHOTOMac-
COBBIE, CTPYKTYpPHO CJIOKHBIE C HAJIMYHEM KOHCTPYKTHB-
HbIX WM TEXHOJIOTMUECKUX HenuHenHocTed. Iloatomy
oz ero pykosozactsoM B. M. IllatoxuapiM ObutH pa3pa-
0OTaHBl AITOPUTMBI M TPOTPAMMBI, PEAIN3YIOLIHE MPHU-
MeHEeHHe uTepanuoHHoro mMeroaa Hetorona-Kanroposuua
JUIs HEJMHEWHBIX WHTETPANbHBIX YpaBHEHHUH, OIMCHI-
BAIOIIMX CBOOOJHBIE W BBIHY)XICHHBIE KOJICOAHWS MIMC-
KpeTHBIX cucteM [12; 13]. 3aTem 3TOT moaxoy ObLI pa3BUT
JUIs MCCIEJOBAaHUIl M pElIeHuil 3a7ad ONTUMM3ALUU U
CHHTE3a, a TaKKe JJIS MCCICNOBAHUS MEPEXOIHBIX PEXKH-
MOB B JHCKPETHBIX MEXaHHYecKmx cucremax [14; 15].
OTMeTHUM 3/1eCh OPUTHHAIBHBIA Pe3yNbTaT, TMOTyIeHHBIN
JI. U. lIrerinBonbdom coBmecTtHO ¢ FO. M. AHIpeeBbIM B
00JacT KOMMYECTBEHHOH OICHKH BIMSHHS ITapaMeTpoB
JTUCKPETHBIX AJIEMEHTOB MEXaHHUYECKOW CHCTEMBI IPOU3-
BOJILHOM CTPYKTYpBI Ha ee cCOOCTBEHHbIE 4acTOTHI [16].

[TotpebHOCTh B yNpaBiICHUH JMHAMUYECKUMH HPO-
L[ECCAMU U YJIYUIICHUH XapaKTepUCTUK CUJIIOBBIX Iepenay
noOyXIajo BKIIOYaTh B HHUX KakK JJIEMEHT OOBEMHYIO
THIpOIIepeaady, 4acTo B COUeTaHHH C TuddepeHuans-
HBIMH MEXaHH3MaMH, YTO MIPUBOAMIO K TIOSBJICHUIO Ooee
IIMPOKOTO KJlacca CHCTEM, a MMEHHO THApOMEXaHWde-
CKHX, KOTOPBIE IMENHU Pl MPEUMYIIECTB 110 CPAaBHEHHUIO C
YICTO MEXaHW4YeCKHMH. VccremoBaHue AWHAMHUKH THJ-
POMEXaHHYECKUX CHJIOBBIX IIepefad B TO BpeMs OBLIO
CBSI3aHO C OIPEAEICHHBIMU TPYIHOCTSIMH MOJEIHPOBa-
HUS,, K KOTOPHIM MOYXHO OTHECTH aBTOMAaTH3HPOBAaHHOE
MOCTPOCHUE MX YpaBHEHWH JBMKEHUS Ha OCHOBE CUCTE-
MBI KOMITBIOTEPHOI aJireOpbl U OLIEHKY B3aHMMOJIEHCTBHS
pabodell KHJIKOCTH C 3JIEMEHTaMH MEXaHW4YeCKOW 4JacTh
CWJIOBOU mepenauyn. PacueT ycTaHOBHUBIIMXCS U NEPEXOA-
HBIX PEXHMOB B T'MAPOMEXAaHUYECKUX CHCTEMAax SBILSUICS
HAYKOEMKOW MpoOIeMOi, MMEBIIEH Ba)KHOE IPaKTHUC-
ckoe 3HadyeHue. [IpuHIMNHATbHAS BO3MOXXHOCTh OLICHKU
B3aMMHOTO BJIMSIHUE KOHCTPYKTHUBHBIX ITapaMeTPOB MeXa-
HUYECKOM 4acTH CUJIOBOM IEpENayu U IMHAMUKHU [OBEJE-
HUsl pabodell >KHIKOCTH THUAPOMEXaHWYECKOW Iepenadn
Ha CTa/IUsIX MPOCKTUPOBAHUS U JIOBOJKH OMNBITHBIX 00pa3-
1I0B, OE3yCJIOBHO, MMEJIa BaKHOE 3HAYCHHUE UIss obecre-
YeHUsl JalbHEHNIIel Ka4YeCTBEHHOM JKCILTyaTalluid CHCTe-
MBI B 11eJI0M. Bce nepeunciieHHble BhIle TPYIHOCTH ObLIH
ycrnemHo npeojonensl JIsBom U3paunesuuem u ero yde-
Hukamu [17; 18].

Crnemyer MOOYEPKHYTH, YTO HAYYHBIC TOCTIKEHUS
0 BCeM yKa3aHHBIM HAIpPaBJICHUSAM WMENN BaKHOE TPaK-
Tnyeckoe 3HadeHue. IIpogeccop IlreitHBomeg JIU.
MOJIF30BAJICSI OTPOMHBIM aBTOPUTETOM Cpeir pabOTHHKOB
MPOMBINUICHHOCTH. Ero Hay4Hble AOCTIKCHHS HAILIA
MPUMEHEHNE TPU pemIeHHH NpoOjeM MPOYHOCTH W Ha-
JISKHOCTU TaHKOBBIX CHJIOBBIX ycTaHOBOK. Ha mpotske-
Huu MHorux jet Jles M3pawieBud U €ro y4eHUKH 3aHU-
MaJiich npoOiieMaMu Koje0aHUi TaHKOBBIX CHIIOBBIX YC-
TQHOBOK, OCHAILEHHBIX YHHKAJIbHBIMHU OU3EISIMH CEeME-
crBa T]l, paspabateiBaembix Ha X3TM nm. B. A. Maisl-
mesa [19]. PaboTbl B 3TOM HanpaBJIEHHU MPOAOJDKAN €To
yaenuk B. M. IllaroxuHn, 3amurusmmii B 2006 T. TOKTOp-
CKYIO JFICCEPTAINIO IO cIieruanbHoCTH «bpoHeTankoBas
TEXHHKA U BOOPYKCHHE.

WccrnenoBanusi, HAYaBIINECS C CO3JAHHS aBTOMAaTH-

3MPOBAHHOTO COCTAaBJICHUS cpencTBamu JDBM ypaBHeHHI
KoJieOaHUH B MAaIIMHAX, HAIIUIM NPOJOJDKEHUE TIPH CO3/1a-
Hun nporpammuoro komriekca (ITK) KuluM, umeroniero
Ba)XHOE NPUKIAIHOE 3HaueHHe. KoMIuiekce, SABIAIOMMNACS
JanbHEHIINM pPa3BUTHEM HIEU CTPYKTYPHBIX MATpHII,
OCHOBaH Ha NPUMEHEHUU CIIELMAIBFHO CO3JaHHOW CHCTe-
MBI KOMITBIOTEpHOH ainreOpbl. OH MO3BOJISET aBTOMATU3U-
poBaTh MPOLECCHI TOCTPOCHUST MATEMaTUUECKUX MOJEIIECH
W OTBICKaHWS PEIIeHWH 3ajady KUHEMATHKH, CTaTHKH H
JUHAMMKH IS IMUPOKOTO KJIacca AMCKPETHBIX MeXaHnu4e-
CKUX CHCTEM, CO CTallMOHAPHBIMH M HECTAllMOHAPHBIMH,
TOJIOHOMHBIMHU U HEroJIoHOMHbIMH cBsi3samu. [IK KuJluM
MOYKHO CUMTAaTh CaMbIM I'TaBHBIM Hay4HBIM JOCTIKCHUEM
JIpBa M3pamneBnya u ero yaeHUKoB. OH HCIIONB3YeTCS B
pacderax MallMiH ¥ MEXaHW3MOB, B TOM YHCIIE U C HENHU-
HEHHBIMH 3JIEMEHTaMH, B HCCICAOBAHUSX YCTaHOBUB-
LIMXCA ¥ IEPEXOJHBIX MPOLECCOB B MAIMHAX. Y YaCTHUKH
npoBoauBIINXCA B 80-€ TOABI MPOLUIOTO CTOJIETHS BCe-
COIO3HBIX KOH(EpEeHLMi 110 npolieMaM CUCTEM aHaJIUTH-
YeCKHUX BBIYMCICHHH B MEXaHUKE ITOMHSIT 6HCCT§IH1M€
nokianst JI. M. llreiinBonbda, NOCBSMIEHHBIE YIIOMSHY-
TBIM Bompocam, a Takxke npumenenuto 1K Ku/luM k uc-
CJICIOBAHUIO CUCTEM C HECTAIIMOHAPHBIMH M HETOJOHOM-
HBIMH CBsi3sMH. [locnenHee HAIIIO OTpa’keHUE B CTATHAX
[20, 21], omybnmkoBaHHBIX yke mocie cMmeptd JIpBa 13-
panneBuya.

C 1986 roga mo morosopennoctu ¢ 0. I1. Bosomm-
HBIM, CTaBIUIUM TOTZla TJIaBHBIM KOHCTpyKTOpoM YeOok-
CapCKOTO 3aBOjia MPOMBINUICHHBIX, Oblla HayaTta pabota
IO CO3/IaHHI0 OOJIBILIOrO MPOTrpaMMHOro Komiuiekca Ku-
JuM. Komruiekc Obl1 NpU3BaH CYIIECTBEHHO OOJIETYUThH
pacyerHyto npaktuky Kb o pacueram aHannsa u cuHTesa
cucreM ¢ JIBC Ha 0a3e crnenuanbHO pa3pabaTbiBacMOn
JUISL 3TOTO CHCTEMBI KOMITbIOTEpHOI anredpsl. Han atum
MIPOTPaMMHBIM MPOJYKTOM 1oJi  PYKOBOJCTBOM
JI. W. llrefinBonbda Tpyawmck B. H. Mutun (sapo cuc-
TeMBI KOMIbBIOTepHOH anreOpsl), FO. M. ArnpeeB (1ipo-
rpaMMBbl pacdeTra JIMHEHHBIX U HETMHEHHBIX CBOOOAHBIX U
JUHEWHBIX BBIHYXKACHHBIX KoieOammit), A. A.Jlapun
(mporpammsl custoBoro pacueta), B. M. Illatoxun (pacue-
Thl HEJIMHEWHBIX BBIHYXKJEHHBIX konebanuit), E. U. [py-
KMHUH (pacdeThl CHCTEM C TMAPOOOBEMHBIMH Iepeiaya-
MH) ¥ JAp. ydeHsle. BrociencTBun paspaboTaHHBINA mpo-
rpaMMHBIH KOMIUIEKC ObUT BHeApeH B npaktuky Kb Ye-
GOKCapcKoro 3aBojia MPOMBINUICHHBIX TpakTtopoB u Kb
3aBoja UM. B. A. MaJsbleBa.

Hayunoe HanpasiieHne 1o pa3paboTke U peasin3annuu
TEOPUH W AITOPUTMOB CIIELHAIBHON CHCTEMBI KOMIIBIO-
TEpHON anreOpsl Al MCCIENOBAHUS TUCKPETHBIX MeXa-
HUYECKHX CHCTEM OOILEro BHAA C IPOU3BOIBHBIMHU CBS-
35IMM, KOTOpPOMY mnojoxun Hawgano Jles M3pawibeBuy,
ycmemHo pa3BuBan ero yuyeHuk FO. M. Anapees. B
2009 r. OoH 3aIUTUI AOKTOPCKYIO IUCCEPTALUIO HA TEMY
«Pa3paboTKa aHAIMTUYECKUX KOMIIBIOTEPHBIX METOJIOB
aHaIM3a ¥ CHHTE3a AWHAMHUKHU MaIlWH», LEJIUKOM HOCBS-
HICHHYO 3TOU TIpolIieMe.

C camoro Hawama pabor nHany I[IK KuJluM
JI. W. llrefinBonbd coBmectHO ¢ B. H. MutnHusIM, a, BIo-
ciencteun u ¢ HO. M. AHnpeeBbIM, BHUIS TIEPCIIEKTHB-
HOCTh TIpUMeHeHHs B ydeOHoM mpomuecce XIIM, ncnois-
30BaJl €0 IPU U3YUYEHUU KYyPCOB TEOPETHUECKOM 1 aHaNu-
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TUYECKO MeXaHUKU. DTa padoTa yxe mocie cMeptu JIpBa
N3pameBnya OblIa yCHENIHO NPOJOJDKEHA €r0 yUeHHKa-
MH U BHEIpeHa B y4eOHBIN mporecc Kadeap TeopeTnde-
CKOM MEXaHUKHU U CUCTEM M Ipoueccos ynpasieHus HTY
«XTIN» mpu m3yyeHHH Y4eOHBIX OUCLHUIUINH MEXaHWJe-
CKOro 1ukia [22].

Ocoboe mMecTo B HayuHOM TBOpYecTBe JIbBa M3pan-
nesuya llIteiinBonbga 3aHuMaeT pa3paboTka MeToaa Au-
arHocTuKH pabodero mponecca [ABC 1o KpyTHIBHBIM
KoJIeOaHHSIM €ro BaJIONPOBOJIA, MPOBOJMBIIASACS O] €T0
pykoBoacTBoM A. A. JlapuabiM. OCOOEHHOCTBIO ITPEJIO-
JKEHHOTO METOJa [MarHOCTUKHU SBISETCS IOCTPOCHHE
JIMarHOCTUYECKOW MOJENH, aJEeKBaTHO OTpaKkarollen
CBSI3b M3MEPAEMBIX CHTHAIOB C IMATHOCTHPYEMbBIMU Ka-
gecTBaMu. Ipy co3naHun JaHHOTO METOa OBIJIO HCTIONb-
30BaHO TaKOE€ HOBLIECTBO KaK CIICIMAbHAsI IpOrpamMMa —
UMHUTATOp CIyYailHBIX KOJIeOaHWH, NMPUMEHSIONIasAcs Ha
CTaguy Pa3pabOTKH C LENIbI0 3aMEHUTH JIOPOTOCTOSIIUE
OKCIICPUMEHTBI CUTHAJIaMH, IMOJYYCHHBIMHU C IOMOUIBIO
OBM [23]. HoBu3Hoii ObUIO Takke NPUMEHEHUE METoJa

budauorpagus:

peryisipm3annyd 10 THXOHOBY JJsl PEIICHUS CHUCTEMBI
YpaBHEHHH, pealN3yIOIIEH alrOpUTM TUATHOCTHKH [24].

IIpodeccop JI. U. UlteitnBonbd BHEC OOIBIION
BKJIQJ] B JIEJIO MOJTOTOBKH MH)KEHEPOB M HAYYHBIX paboT-
HUKOB. B pasHbIe Tobl OH YWTall OPUTHHAIBHBIE KypPCHI
TEOPETUYCCKON M aHAIUTUYCCKON MEXaHUKHU, TCOPUU KO-
HeGaHI/Iﬁ U JUHAMWUKW MalllWH, YTO HALIJIO CBOEC BbIPAXKE-
HHE B M3JaHuUM MoHorpaduu «J{MHamuueckue pacyersl
MalllUH U MEXaHU3MOBY [25].

JleB M3panieBnd sSBISUICS 00Pa3oM MPUHIUITHATEHO-
TO ¥ BHUMATEITLHOTO BOCIUTATENS MOJIO/ICKH, BCETIA OTITU-
Yajicsi M3BICKAHHBIMA MaHepaMH YeNIOBEKa, YBEPEHHOTO H
JOCTYITHOTO JUTSl OOMIEHs, ObUT TpeOoBaTeNbHBIM, HO B TO
JKe BpeMs M CHUCXOJUTEIBFHBIM K OrpexaM y4eHHKOB. [Ipo-
¢deccop JI. U. IllteiiHBosibd MOJIB30BANICS  3aCITyKEHHBIM
ABTOPHUTETOM KOJUIEKTHBA BCETO YHUBEPCHUTETA, CTYJCHTOB U
BBIITYCKHHKOB HMH)KEHEPHO-()H3UYeCKOro (hakyibTera, Crie-
IHUaJIMCTOB B OGHaCTM JWHAMUKKW MallllH. BI)IHyCKHI/lKI/l
MHOT'UX HOKOJ’ICHI/lﬁ CTYJICHTOB HaBCE€raa COXpaHUJIN NaMATh
00 3TOM 3aMevaTelIbHOM y4E€HOM U IeJjarore.
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VJIK 539.3

JI.B. ABTOHOMOBA, C.B. BOH/]APb, A.B. CTEIIYK, B./1.XABHUH, C.IO. IIEPT'UH

VJIAPHOE JTE®@OPMHUPOBAHUE TOHKOCTEHHOI KOHCTPYKIIUA

[IpoBeneHO KOHEYHORIIEMEHTHOE MOJCIMPOBaHKE Mpolecca YAapHOro AehOPMHUPOBAHUS TOHKOCTEHHON KOHCTPYKIIMH W3 aTIOMH-
HHUEBOTO CIUIaBa MPH yAape MNPOOOHHUKOM ¢ KOHYCcO000pa3Hoit popmoii paboucii yactu. PelieHne IUHAMHYECKON KOHTaKTHOM BsI3-
KOTUTACTUYCCKON 3aJa4u¥l TI03BOJIUIIO OMPEICIIUTh TOJIs HAMPSDKECHUN U AedopManuil i KOHCTPYKIIMHU € JAOTIOJHUTEIBHBIM peOpoM
KECTKOCTH . AHanu3 nojel aedopMaLuil mokasai, YTO HaIWYKME JOMOJHHUTENBHOIO pedpa MPUBOIUT K MepepaclpeesieHUIO MOt
HaNpsDKEHUH Y IPUBOIMT K YBEJINYEHHIO KECTKOCTH BCEHKOHCTPYKIIUH.

Ku1roueBble €JI0Ba: TOHKOCTEHHAS! KOHCTPYKLUS, yaap, MpoOOWHUK, KOHTAaKTHAs 33/1a4a, METOJ] KOHEYHbIX 3JIEMEHTOB.

BBenenue. /Iy mpensTCTBUS NPOHUKHOBCHHUIO B
pa3uYHble OMELICHNS TPUMEHSIOTCS Pa3IBIIKHBIE KOH-
CTPYKUHMH 3alIUTHBIX YCTPOMCTB, KA4eCTBO OXPaHHBIX
(GYHKIMI KOTOPBIX 3aBHCHUT OT MPOYHOCTH U JKECTKOCTH
UX COCTaBHBIX 3BEHbEB. Kak MPaBUIIO, 3TH 3BEHBS CIIOXK-
HOM KOH(HUrypamun COCTOAT U3 IUIACTHHYATHIX JJICMEH-
TOB, CBsI3aHHBIX pebpamu. IIpu co3maHuM HAAEKHOTO Ka-
YEeCTBEHHOTO 3alIUTHOTO YCTPOWCTBA MPEXIE BCEro He-
00xonuMo obecneunTh (PPEKTUBHOE CONPOTUBIICHUE €T0
9NIEMEHTOB YAAapHOMY BO3JCHCTBUIO IPU COXPAHCHUH
(YHKUMOHATIBHOTO  Ha3HayeHus.  [IpenBapuTesbHBIH
MNPOYHOCTHON aHANN3 JUHAMUYECKOH MPOYHOCTH TaKHX
HPOCTPAHCTBEHHBIX TOHKOCTEHHBIX 3JIEMEHTOB II03BOJISIET
cleaTh BBIOOpP MaTepHana M T€OMETPUUYCCKHX Mapamer-
POB U 00ECIIEYNTh PAlOHAIBHOE PAa3MEIICHUE OIKPETI-
JISTIOIINX pedep.

AHaJIN3 MOCJEeHUX HCCJIeJOBAHUNA M JIUTEepaTy-
pbl. VccrnenoBaHusiM BBICOKOCKOPOCTHOTO yJApHOTO Jie-
(hopMHpPOBaHUSI TOHKOCTEHHBIX KOHCTPYKIMH TOCBSIIEHO
MHOTro padot [1-4]. BausHuro noaxpemsionmx pedep Ha
HaIpsDKeHHO-/1e()OPMUPOBAHHOE COCTOSIHUE TOHKOCTEH-
HBIX 3JIEMEHTOB TPU YAAPHOM BO3JCHCTBUU MOCBSILEHBI
uccienoBanus [5-7]. UucieHHO-aHATIMTUYECKUMH METO-
JlaM{ pELIeHbl 3aJayd BIUSHUS pedep Ha JKeCTKOCTh U
MPOYHOCTh OJHOMEPHBIX M JBYMEpPHBIX TeJN, KOTOpBIC
BOCIIPUHUMAIOT AHHAMUYECKHE COCPEAOTOUCHHBIC YCHIIHSA
[6]. UucnenHoe MonenmupoBaHHE Iporecca aedopMupo-
BaHMSA TOHKUX IUIACTHH IyTeM yjaapa HpOoOOHHHMKOM C
YYETOM CBSI3aHHOCTH (DU3MUYECKUX MOJICH MOXeT OBITh
MIPOBEICHO METOJIOM KOHEYHBIX 3JEMEHTOB C IOMOIIBIO
CHENMaTU3UPOBAHHBIX IMPOrPaMMHBIX KOMIUIEKCOB [7].
Tak B pabore [5] npeacTaBieHbl pe3yIbTaThl KOHEUHO -
JJIEMEHTHOIO pacueTa IUHAMUYecKod mnpouHocTH II-
00pa3HON TOHKOCTEHHOH KOHCTPYKIHMH, ITOJKPEIUICHHOH
pedpamu JKECTKOCTH IpH BO3AEHCTBUU Ha HEe JICTSIINM
IIapPOM.

Ileabr0 gaHHOW CTaThbU SIBISAETCS YUCICHHOE MOJIE-
JUpOBaHUE TIpolecca AeGopMUPOBAHHSA TOHKOCTEHHOU
KOHCTPYKIMH KOpoO4yaToro mpoduis MpH yaape KOHWYe-
CKUM NPOOOMHUKOM M HCCIIEIOBAHHE BIMSHHS JOMOJHU-
TEIBHOTO pedpa )KECTKOCTH Ha €€ KECTKOCTD.

IlocTanoBka 3agaunm. MaremaTudeckas MOJCIb,
KOTOpasi OINHUCHIBAET paccMaTpUBAEMbIH MPOIIECC, BKIIIO-
YaeT CIEAYIOIINe YpPaBHEHUS: 3aKOH COXPaHEHHsI HM-
MyJbCa, 3aKOH COXPAHCHUS SHEPrHH (SHEPreTUYCCKUN

DOI: http://dx.doi.org/10.20998/2078-9130.2016.26.79923

0ayaHC), KBa3HCTAI[HIOHAPHBIE YCIOBUS IUIACTHYECKOTO
nepopMHupoBaHUs (BOIHOBEIC MPOIECCH HE YUIUTHIBAIHCH
BCIIEICTBHE HEOONBIION CKOPOCTH yaapa), YCIOBHE
CKOITBKEHUS (TpEHHs) Ha OABIDKHOW TpaHUIIe T, Helr-
HelHpIe (PM3MYSCKUE COOTHOIICHHS B BHAC HEIHMHEHHOU
3aBUCUMOCTH HAIPsDKEHUH OT CKOPOCTH AedopMaruii u
TemnepaTypsl. s cXIMaeMBIX MaTepUalIOB W3MEHEHHE
TUAPOCTATUYCCKOTO JaBJICHUSA YUYUTBIBACTCA .yPAaBHCHUCM
I'pronaiizeHa, yuuTBIBAJIOCH YCIOBUE pa3pylieHus Tak xe
YUUTBHIBAETCS TEPMO-MEXaHWYECKasi CBA3b (DU3UUECKHUX
MIPOLIECCOB.

st coxuMaeMbIx
I'pronaiizena:

oy = GOCZ,uj [l—i- -y, /2);1‘? —a,ujz- /2]/

N8 =Dty ~Sa? 1ty 1= Su 112 +
+(ro+au;)-E,
I'I€ 0y — MHTCHCHUBHOCTb HaHpﬂ)KeHHfl, 0p — HaydajJbHadA
HUHTCHCUBHOCTDH HAIIPSKECHUU, &, — HadaJlbHass CKOPOCThH

MaTepualioB MOACIIb Mu-

nepopmuposanus, C, Sy, S, 1 S3 — KOHCTaHTHI, )y — ITOCTO-
stHHAs [ 'proHaiizeHa, a — KoppeKnus o0beMa IepBOro Io-
psakau pu; =oy/op—1.

MoOMeHT pa3pyIleHHUs OLCHHBACTCS 10 HAKOTICHHIO
nepopMannu B COOTBETCTBUU C

g = [D1 +D, exp D; 0'*][1 +D,ln g][l + DST*],
rae Dy, Dy, D3, D4, Ds — 3KciepUMeHTalbHbIE KOHCTAHTHI,

.k o *
& — ckopocTh jdedopmainuii, ¢ — OTHOIICHUE Oy K
3¢ PeKTUBHBIM HanpsbKeHusM, T — Temiepatypa:

L f
* &
Ag?

>1.

paspylueHue Hactynaer npu D = Z G
&

UucnenHas peanusalusl JaHHOM JUHAMUYECKOU
KOHTAKTHOH 3a/1a4dl MOXKET OBITh OCYIIECTBICHA METOJJOM
KOHEUHBIX JJIEMCHTOB Ha 0a3e HE3aBHCHMOTO MOIX0Ia
Jlarpamxka-Diiniepa Mpu MOMOIIM YUCIEHHBIX MPOrpaMM-
HBIX KOMIUIEKCOB. TakoW MOAXOJ MpPEACTaBIISIETCS HUC-
IIOJIb30BAHUEM IIOJIHOCTBHO CBSA3aHHBIX ypaBﬂeHMﬁ JBH-
JKCHUs, CBA3BIBAIOIINX BMCECTE CKOPOCTU ABUIKCHHUA KakK
MaTepHaJIbHBIX TOYEK, TaK U y3710B KO-ceTku.

[TonHoe AMHaMUYeCKOEe YpaBHEHHE PAaBHOBECHUS B
MaTpUYHOH (hopMe, KOTOPOE MO3BOJIICT MOIYYHUThH IPH-
palleHus] MaTepUallbHbIX Y3JI0OBBIX MEpEeMEIEeHul, CKOpo-

© JI.B. ABtonomoBa, C.B. Bonnaps, A.B. Crenyk, B.JI.XaBus, C.1O. leprun, 2016
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CTell M yCKOpEHHH 3a MepHoja BPEMEHU OT [ 10 ¢+ At
NPUHUMAET BHUI:

Mia+C"+CP G -vO)+Ku+ KA w-ud) =
=f-M"+MDa+(C"+CP 1My, .

1 2

B pa6ote [8] momyuenst matpurs M-, M, ¢ C*,

B, ¢ KH K uv,a - MPUPALLEHUS] BEKTOPOB Mare-
pHUANBHBIX Y3JIOBBIX MEPEMEIICHUNA, CKOPOCTEN U yCKOpe-
HHUH 338 OTPE30K BpeMeHu oT ¢ mo ¢+ Af; u®,v8 — mpu-
palieHus Y3IOBBIX TEPEMEIICHUI 1 CKOPOCTEH sl He3a-

BHCHMOT'O IBHKEHHS Y3JIOB CETKH 32 OTPE30K BPEMEHH OT
t o t+At; v, a — 3HaYCHHUs Y3JIOBBIX MAaTEpUABHBIX

CKOpPOCTEH M YCKOPEHHUH B MOMEHT BpPEMEHH #; f — BeEK-

TOp Y3JOBBIX ycunuid. [ pemeHuss HEMTUHEHHOrO Mart-
PUYHOIO ypaBHEHHs HCHONb3yeTcss Meron HproToHa-
Padcona. Jlns MHTErpupoOBaHUsl IO BPEMEHU HCIHOJb3Y-
ercsi sBHas cxeMa HeliMapka, KoTopas 3aKir4aercs B
OIIpEJIETICHNH HEU3BECTHBIX MPUPAILEHUN MEPEMEHHBIX U
CKOpOCTEH B MOMEHT BpeMeHH [ + At.

YuciaeHHasi peanqu3anusi U o0Cy:KAeHHe pe3yJib-
TaToB. [Ipu pemeHny TMHaAMHUYECKO KOHTaKTHOH 3a/1auu
ObUTM TIONyYEHBI ITapaMeTphl HaNpPsHKEHHO-AehOopMUpPO-
BAaHHOT'O COCTOSIHUSI B TOHKOCTEHHOH KOHCTPYKIHH KO-
pobuaroro mpoduis aJOMHHHUEBOTO CIUIaBa NpPU ylape
CTaJBHBIM MIPOOOWHUKOM Maccoi IKr ¢ koHndeckon dop-
Mol paboueit wactu (yrom araku 30 Tpaz.), KOTOPBIA
IBIDKETCS CO CKOpOCThio 5 M/c. Ha puc. 1 nmpuBenena pac-
YyeTHas CXeMa.

B T1abn. 1 npuBeneHBI TeOMETPUYECKUE TapaMETPhI U
(M3HKO-MEXaHUYECKHE XapaKTEPUCTUKU CTAIBHOTO IPo-
0olfHMKa ¥ KOHCTPYKIMHU M3 aTIOMHUHHEBOTO ciuiaBa. Ko-
HEYHO3JIeMEHTHas MoJenb BiiItoyaeT 2290 31eMeHTOB U
3675 y3mno0B.

0007

Pucynok 1 — Pacuernas cxema

UYncneHHOE  MOJCIMPOBAHHE  PACCMATPHBAEMOTO
YIapHOTO HPOLIEcca MO3BOIMIO YCTAHOBHUTb, YTO IS JAaH-
HOHM TeOMeTpHH U MaTepuana KOHCTPYKIMH HPOUCXOIUT
[UIACTHYECKOe JAeOpPMHUPOBAaHHE TOJNBKO BEpXHeil Iia-
CTHHBI 03 pa3pyLeHusl.

Tabnunal — [TapaMeTpsl KOHCTPYKIUH

[Tapamerp Craib AmoMuHui
JUtuna, M 34-10° 5-10°
Ulupuua, M 34107 34-107°
BricoTa, M 0,18385 8,566 - 10
Tommuna, M 1,0-107°
TLI0THOCTD, I/M° 7826 2710
Monayns ynpyroctu, MIla 2,5-10" 0,8-10"
[Ipenen mpounoctu, MIla 470 275

Ha puc. 2 nmpuBeieHo mone pacnpeneneHus Iepe-
MEIeHNH (@) U HarpsHKeHUH (0) B TOHKOCTEHHOH KOHCT-
PYKLIMH aJIOMHHHEBOTO CIIIaBa MPH YAAPHOM BO3ICHCT-
BHM. MakcUManbHOE 3HAUYEHUE NEPEMEIECHUH BEpXHEH
noBepxHocTu gocturaet 0,0035 M, a 3HaUEHUS HaTIpsKe-
Hull Mo Mu3ecy cocTaBisIOT: MakcuMaibHoe — 204 Mlla,
MuHuManbsHoe — 22,7 MIla.

2060.6 Min

0

Pucynok 2 — Pacnpenenenue nepemerieHni (a) u HanpsbkeHui (60) B TOHKOCTCHHOM KOHCTPYKIIMH ITPU yIapHOM BO3ICHCTBUH

a

6
Pucynok 3 — Pacnpenenenue nepemerieHuii (a) u HanpsbkeHUi (6) B TOHKOCTEHHOM KOHCTPYKIIMU
C CepeANHHBIM PeOPOM JKECTKOCTH IPH YAAPHOM BO3JCHCTBUI
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Ha puc. 3 npuBeneHo moie pacrnpenerneHus Iepe-
MeIIeHuH (a) 1 HanpsHKeHuH (0) B TOHKOCTEHHOW KOHCT-
PYKILUH KOpOOUATOTo MpoQuIsi TOTO ke pa3Mepa ¢ 100aB-
JICHHBIM CepelMHHBIM pPEeOpPOM JKECTKOCTH IIpH ylape
npoOOWHKUKA B TOYKE C TEMH e KOOpauHaTamu. Makcu-
MaJlbHOE 3Ha4YeHHUE MepeMelIeHUi BepXHel MOBEPXHOCTH
causmiochk 10 0,0027 M, a MakCHMMaJabHOE 3HAYCHHE Ha-
npspkeHui o Musecy cocrasuio 262 MITa.

AHanu3 HanpsLKEHHO-IE()OPMHUPOBAHHOTO  COCTOS-
HUSI TIPY YAAPHOM B3aWMOIEHCTBUH C TPOOOHHHUKOM NpH
CKOPOCTH JBIDKCHHS 5 M/C Ha TOHKOCTEHHYIO KOHCTPYK-
U0 TOKa3aJl, YTO HaIW4Yhe JOOABOYHOTO CEpeIMHHOTO
peOpa yBeJIMUMBaeT KOHTAKTHYIO JKECTKOCTh BCEH KOHCT-
PYKLHMH B 4YeTHIpe pa3a M CYLIECTBEHHO yMEHbIIaeT 00-
JACTh MIACTHYECKOr0 Ae(OPMHUPOBAHHUS.

BeiBoabl. MccnenoBaHo yaapHOe B3aUMOIEHCTBUE
po0OoitHUKa ¢ KOHyco00pa3Hol Gpopmoii paboueii yacTu ¢
TOHKOCTEHHOW KOpOOYaTOil KOHCTPYKIMEH H3rOoTOBJICH-
HOW W3 AJIIOMUHHEBOTO cIjaaBa. YHUCIEHHOE MOAEINPOBaA-
HUE YIApHOIO Mpolecca MPOBEACHO C MOMOIIBI0 METoaa
KOHEYHBIX 3JEMEHTOB Ha 0a3e HE3aBHCHMOTO IOJX0Ja
Jlarpamxa-Oiinepa st IByX BapHaHTOB TOHKOCTEHHOH KO-
po0YaTO KOHCTPYKIMU. AHAIU3 MPOYHOCTH TOHKOCTEHHON
KOHCTPYKIIMM KOpOOYaToro NpoQuis U3 aTOMHHHEBOIO
CIUIaBa NpPU yHApHOM BO3IEHCTBHU NPOOOHHHWKOM 3HAYH-
TEJIBHOW MAaccChl MOKa3ajl, YTO MPU BBEJCHUU JONOIHUTEIb-
HOTO CepeJMHHOTrO pebpa B KOHCTPYKIIMIO, TTO3BOJMIO H3-
MEHUTB KECTKOCTb TOM KOHCTPYKIUH U YIYYIIHUTb IIPOY-
HOCTHBIE CBOMCTBA BCETO COCTABHOIO 3ALIUTHOrO yCTPOMCT-
B, AJIEMEHTaM1 KOTOPOTO OHA SBJISIETCS.
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B. ®. BACUJIBPYEHKO, A.H. JOMAKHH

ONITUMM3ALUA KPYIJIBIX IVMIACTHUH ITPU HECTAIIMOHAPHOM HAT'PYKEHUUN

PaccmarpuBaloTcst KpyTible IUIACTUHEL, MOJBEPralomuecs NEHCTBHIO HECTAIIMOHAPHOW HArpys3kd. [IpemnoskeH anroputM permeHus
3a71a4d O IUIACTHHE MUHHMMAJBHOTO BECa C OTPaHWYCHMSAMH Ha MEepeMEIIeHHs U HalpshKeHMs. 3afada pemraeTcss Ha OCHOBE METona
HOCIIeIOBATENBHBIX Npubamkennii. HeoOXxoaumble ycoBrs ONTUMAIBHOCTH (GOPMYIHpPYIOTCS Ha ocHOBe npuHIuna [lontpsruaa. Ha
OCHOBE JaHHBIX YCJIOBUII ONTHMAJIBHOCTH W alrOpHUTMa METOAA ITOCIIEAOBATEIbHBIX NMPUOIMKEHHH pa3paboTaHa yHUBepcalbHas
nporpaMma ONTHMHU3ALUK KPYTJbIX miacTHH. C ee MOMOIIBI0 HaXOIATCsl KOHQUIypalukl MHUHHMAaJIbHOTO 00beMa ¢ OrpaHUYCHUSIMU
Ha HalpsDKEHUs U epeMelleHus Ul IPOU3BOJIbHOIO 3aKperuieHus. IIpu 3ToM UCXOHbIe U CONPSHKEHHBIE IEPEMEHHBIE ISl KaX10ro
KOHKPETHOT0 T€OMETPHYECKOr0 HCIIOJMHEHMs IUIaCTUHBI h(r) MIIyTCsl IMyTeM Pa3joKeHUsl M0 COOCTBEHHBIM (opMaM KojeOaHHH .
KpaeBble 3a1aun penraroTcs METO0M HadalbHbIX apaMeTPOB; HadallbHbIE 3a/1aul [IPU 3TOM HHTErpupyrorcsa MmerogoM Pynre — Kyt-
Ta. MakcuMu3anusi TaMWIbTOHHAHA TPOU3BOAUTCS B KOHEUHOM Habope TOuek Mo pajauycy MiaacTuHbl. [IpuBeneHs! pe3yabTaTsl pac-

qeTa ONTHUMAaJIbHON IJIACTHHBI.

KniodeBble cJI0OBa: IUIACTHHBI, ONTUMU3ANNS, HAMIPSHKEHHO-AE(OPMHUPOBAHHOE COCTOSIHHE, MAHUMI3HPYIONIHI 00BbeM, Kpae-

Basd 3aayva.

Beenenune. Kpyrible MmiacTHHbI, NOJBEPraroIInecs
BO3JICHCTBUIO HECTAIIMOHAPHBIX HW3rHOAIOIIUX HATrPY30K,
CITy>KaT MOJEISIMH Pa3HOOOPa3HBIX AIIEMEHTOB KOHCTPYK-
uil. DTO NUCKU TypOOMAIIMH, KPBIIIKHU-TICPETOPOIKH,
nuadparMbel, OCHOBaHHSA POTOPHBIX MAaIllWH U T. . B ma-
TEMaTHYCCKOM IUIaHE 3aJa4d ONTHUMH3AIUU  KPYTIIBIX
TUTACTHH OJM3KHA K COOTBETCTBYIOIINM 3a7adaM OIITHMH-
3allid CTEPXKHEW MpH U3rHOHBIX KoJicOaHusx. B To ke
BpeMsl Uil HAX XapakTepeH W PsiA OTIMIUTEIBHBIX OCO-
OCHHOCTEH, KOTOPBIE TPEOYIOT JACTATM3AINN H U3y UCHUS.

ocranoBka 3agaum. B cratee paccmarpuBaercs
3a7a4a MUHHMH3AIUM MAacchl KPYIJIOW IUIACTUHBI IPH
OTpaHMYCHUSX, HAKIIAIBIBAEMBIX Ha XapaKTEPHCTHKH Ha-
HpsOKEHHO-1e(OPMUPOBAHHOTO cocTosiHUA. [ uccneno-
BaHMS NPUBJIEKACTCS MaTeMaTHUECKUH amnmapar NpUHIH-
na Makcumyma llonTpsruna [1]. Beraucnenune ontumans-
HBIX TapaMeTpPOB OCHOBBIBACTCS Ha METOJE II0CIIECOBa-
TEJIbHBIX NPUOIMKEHHH BapbuUpyeMbiM (yHKuusM [2].
AJNTOpPHUTM peleHus 33/1a4 ONTUMHU3AINN JIEMEHTOB KOH-
CTPYKLHII B ciTydae NepUOAMIECKOTO HarpyXXeHHs Ipen-
cTaBJieH B KHUTE [3].

Pemenue 3agaun. PaccMOTpUM KpYIJIyIO IUIACTHHY
C BHYTPEHHHUM PAJMyCOM 7| ¥ BHEIIHUM 7,, HArPy>KEHHYIO
MPOM3BOJILHON OCECHMMETPUYHON H3rubarouield Harpys-
Koi ¢(r, t). Jedopmanuy mIaCTUHBI OIHCHIBAIOTCSl CHC-
TeMoit TudhepeHnnaTbHBIX YpaBHEHUH.

ow _ op__M_7y,.
or ’ or D r'’
oM
=0-0-ppL+Lu; )
or ror
o0 o*w

— = phr————q(r,t)r .
o P q(r.1)

3nece w(r,t), p(r,t) — mepeMerieHne 1 yroj IoBOpoTa
Ha OKPY>KHOCTH Painyca » B MOMEHT BPEMEHH ¢
M=rM,; Q=r0,
rne M, (r, t), O, (r, f) — n3rudaromuii MOMEHT U nepepe-
3bIBAIONIAsl CHJIA, IPUXOJSIIAsCS Ha €AWHMILY JUTUHBI OK-
25

12(1-77)
KECTKOCTb; E, 7, p — MOAYJIb YIPYrOCTH, KOIDGUIIMECHT

PYXXHOCTH paxuyca r, D = — MWIHHIPUYECKas

DOI: http://dx.doi.org/10.20998/2078-9130.2016.26.79924

IlyaccoHa u IIOTHOCTh MaTepuana; /() — 3aKOH U3MeHe-
HHS TOJILIMHBI IUIACTHHBI 1I0 PAanycCy (KOH(QUTypaius).

Cucrema ypaBHEHHH JOTOJIHAECTCS HaYalbHBIMH yC-
JIOBUSIMH

W(r, 0) = Wy (r); =V @

ow(r,0)
ot
Y TPAaHUYHBIMH yCJIOBUSIMU
aw(ry, 1) + b1 Q(r1, 1) = Cy(2);
az p(r,8) + boM(ra, 1) = Cx(2);
as w(ra, 1) + b30(rs, 1) = C5(2); (3)
ay (0(1"2,0 + b4M(I"2, t) = C4(t),
KOTOpBIE JJIsl Pa3NUYHBIX 3HAYCHUH KOA(PPHUIUCHTOB a;,
b;, C; peanmu3yroT Hamboiee ymoTpeOUTENbHBIC CIIOCOOBI
3aKperuIeHHs] BHYTPEHHETO 7 = 7| U BHEIIHEro 7 = 1, KOH-
TYPOB KOJIBLICBOI! IIACTHHEI, & TAKXKE JalOT BO3MOXKHOCTb
yUYEeCTh Harpy>KeHHE KOHTYPHBIMH CHJIAMH U MOMEHTaMHU.
Jns CIUTONIHBIX TIACTHH HEOOXOAMMO YYECThb YCIOBHS
@=0uM=0 B Touke r=0.
Bapsupyemoii Oynem cumtath KOHGUTypamuo A(r),
HOAYMHEHHYIO KOHCTPYKTUBHBIM OTPaHUYCHUSIM
hF)Y<h(r)=h,, “)
a 3aJaya ONTHUMM3AIMH OyIET COCTOSTH B OIPEAEICHUH
KoHUryparuu /(r), yZOBIETBOPSIONIEH OTPAaHUICHUSM
(4) ¥ MUHIMU3HPYIOIIEH 00BEM TUTACTHHEL

]
Iy=V= 27rj.rh(r)dr
u
MIpH YCJIOBWH, YTO Ha 3aJaHHOM HuHTepBasie BpemeHu (0,
T) BeIIOTHEHB! OrpaHUYEHUS Ha IEPEMENICHHE W WHTEH-
CHUBHOCTb HaIIPSHKEHUH

\W(rOEW, ;s o,=yo? +0}-0,0,<0,. (5

PanuanbHoe W OKpy»XKHOE HOPMAIIbHBIC HATIPSKCHHS
MOJICUMTHIBAIOTCS depe3 pemieHus kpaeBoi 3amaun (1) —
(3) mo popmynam
_6M _Eh
—rh—z, O'Q—EQ)‘F)/O',,.
OrpaHuueHHs HA MIEPEMELICHHS ¥ HANPSDKEHUS] CBO-

JATCA K HHTETPAJIBHBIM YCJIOBUAM
Tnr Tr

L,=[[K,\W|drdt=0; I,=[[K,oldrdt=0
0r 0r

”
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¢ IOMOITbI0 MTpPapHBIX HyHKIHH
K| W(r,0)>Wy;

K. (r.t)=
020w < W

KZ’Ui(rst) >0y,
Ky(r,t)=
0,0;(r,t)=20,.
3nadeHuns napametpoB K, K, 3apaHee HEU3BECTHHI U

yCTaHABJIMBAIOTCS MPOOHBIME pacuetamu. HeoOxoaumbie
YCIOBHS ONTUMANBHOCTH (OPMHUPYIOTCS Ha OCHOBE
npuHIMIa MakcuMyMma [ 1] u OyyT npeacTaBIeHbI UCXO/I-
HOW KpaeBo#l 3amauei (1) — (3), compspkeHHOH KpaeBoii
3anaueit

dw - dp M ¢ o,(2-v)+0o,2v—1)
S —p; Py T 6K, .
dr dr rD r rh?
M 1= L Y-k, 06, -5), (6)
dr ror 2r
do d*w .
— = phr ——— K, sign(W
o Pk gn(W)
C OﬂHOpOﬂHBIMI/I Ha4YaJIbHBIMHA YCJ'IOBI/ISIMI/I
— w(r,T
1) =T %

Y IPaHUYHBIMH YCIOBHAMU
alW(rlst) +le(r2$t) = 0,
a,0(11,0) + by M (7,1) =0 ;
a3W(r2,t)+b3§(r2,t):O; ®)
a4go(r2,t)+b4M(r2,t) =0

3aMKHYTBIMH Ha ONTUMAaJBHOM /(7) yCIOBHEM MaKCHUMY-
Ma raMuJIbTOHHaHa

T _ _
H=| MM -2 p22
0 rD r
_de 2
+ phrW % —-K,o7 |dt _rh. 9
t

Ha ocHOBe HaHHBIX yCIOBHH ONTHMAILHOCTH U all-
rOpUTMa METOJIa TOCIeI0BATEIbHBIX pHOIMKeHni [2, 3]
OpUTa pa3paboTaHa yHHBEpcalbHAs MPOTPaMMa OITHMI-
3anMd Kpyraelx macTuH. C ee MOMOIIBI0 HaXOAATCS
KOHpUTypalid MHHUMAIBFHOTO 00BeMa C OrpaHIYCHHS-
MH Ha HalpsOKCHHUS M epeMENIeHHs AT IPOU3BOIBLHOTO
3aKkperuieHus. [Ipu 3TOM UCXOIHBIC W COMPSIKCHHBIC TIC-
PEMEHHBIC I KaXKIOTO KOHKPETHOTO T€OMETPHYECKOTO
WCTIOJHEHUS IUIACTUHBI /(r) HMIMYTCS MyTEeM Pa3IOXKCHUS
mo cobctBeHHBIM (popmam konebanuii [4]. KpaeBrie 3ama-
YM PEIIA0TCsS METOJIOM HAavYaJIbHBIX MapaMEeTPOB; Haualb-
HBIC 337a4¥ [IPH STOM HHTETPHPYIOTCSA MeTonoM PyHre —
Kytra. Makcumu3arus raMmmibToHuana (9) mpou3BoauTCs
B KOHEYHOM Ha0Ope TOUYEK M0 paaNyCy TIACTHHBL.

Ipumep. B kauectBe mpuMmepa paccMaTpUBacTCs
peIIeHne 3a1a9i ONTUMH3AINN HAPYKHOTO IIHATa MOIIIHO-
ro typooreneparopa. Illur nomxeH obmagate HEOOXOM-
MO JKECTKOCTBIO M TIPOYHOCTHIO, 4 TAaKXKe 00ECIIeUnBAaTh,
3a CYET YIUIOTHCHHS MECTa COCIUHCHUSA C POTOPOM, rep-
METH3aIHI0 BHYTPEHHEH IMOJIOCTH CTATopa, TJIe O] HEKO-
TOPBIM HM30BITOYHBIM JIABICHHEM HAXOAUTCS OXJIAKAAI0-
miast cpeqa — BOJOPO.

Hcxons U3 TeoOMETPUYECKHX Pa3MEpPOB KOHCTPYK-

LIUH, MOJIENIBI0 HApY>KHOTO IIUTA MOXKET CIYXHTh KOJIb-
LIeBast IUNIACTHHA C BHYTPEHHUM M BHELTHUM PaJHyCaMu
rn=04m rn=18m
[TapameTpel MaTepuana:
E=206-10"Tla; v=03; p=7.84"10"xr/v’.

PacueTHas Harpyska ¢ = 7,84 - 10° Ila npuknansisa-
eTcsi B MOMEHT BpeMeHH ¢ = 0 U UMHUTHPYET BHE3AIHBIN
B3pBIB OXJIAXAAIOIIEH Cpebl.

HeobxoanmMo HalTH 3aKOH WM3MEHEHUs TOJIIHMHBI
IMTa 1O pajguycy, MOMYUHSIONIMICS KOHCTPYKTHBHBIM
orpanndenusiM 0,07 M < A(r) < 0,2 M ¥ MUHUMH3HDPYIO-
muii 00beM MaTepHaia IPpU YCIOBHM, YTO IUIST BCEX
reln,r],t€[0,T] (T = 0,02 c) BHIIOIHEHO yCIOBHE OT-
HOCHTEJIbHO MHTCHCUBHOCTH HAIPSDKEHUH,

ol (rt)<oy, (10)
r7le MakcUMallbHOE 3Ha4eHHE WHTEHCHBHOCTH HaIpshKe-
HUM JUI WCXOJHOTO BapHaHTa W3TOTOBJICHHSA IIHUTa
h(r)=0,14 m. Ycimoue (10) obecrieunBaeT s OITH-
MaJIFHOTO IO BECOBBIM XapaKTEPUCTUKAM IIUTA TAaKOH XKe
3amac Mo MPOYHOCTH, KaK W JUIS MCXOJHOTO BapuaHTa
KOHCTPYKIIHH.

[Tocne aHanmmM3a 3KCIEPUMEHTAIBHBIX JaHHBIX OblLIa
paccMOTpeHa MOZETb IUTACTHHBI CBOOOIHON Ha BHYTpPCH-
HEM KOHTYpE OTHOCHUTENBHO JIMHEHHBIX MepeMelleHUH U
yIOpYro 3akpemieHa Ha NpyXHHe xKecTkocTeio C,
(Cc,=03" 10° HM ') OTHOCHTETBHO YITOBBIX MepeMere-
HUi. BriOpaHHas MozeiIb COOTBETCTBYET HadaJbHBIM M
TPaHUYHBIM YCIIOBUSM

WV,O)=@=O; M (1it) + R C,p(ri.1) = 0;
O,t) =W(ry,t) = @(r,,t) =0.
My
f g

h/h,

0,8 /
0,6\

03

0,4 0,6 0,8 r/ry
Pucynoxk 1 — OntuManbHas KOHQUTYpALHs KOHCTPYKITIH

BoeiBoasl. Ha prc. 1 npuBeneHa ontumansHas KOHGH-
ryparms. [IyHKTHpOM MMOKa3aH HCXOMHBIA TpoekT. OnrTu-
MaJIbHBINA TTPOEKT JIaeT SKOHOMHIO MaTepHana okoio 15 %.
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boamanckuii, P. B. I'amkpenuoze, E. @. Muwenxo. — M.: Hayka,
1969. — 384 c. 2. Yepnoycvxo @. JI. BapnaunoHHBIC 3ama4u
MeXaHWKH ¥ ynpasienus / @. JI. Yepnoycvro, H. B. Banuuyk. —
M.: Hayka, 1973. — 238 c. 3. I punes B. 5. Ontumuszanus sie-
MCHTOB KOHCTPYKIMH 110 MEXaHHYECKHM XapaKTepUCTHKaM / B.
b. I'punes, A. I1. Qunnunos. — K.: HaykoBa nymka, 1975. — 295
c. 4. Tumowenxo C. I1. Konebanus B nmxenepnom neie / C. I1.
Tumowenxo. — M.: Hayka, 1967. — 444 c.
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JI.T. BHHOTPAJICKHH, A.I. AHIPEEB

B3AUMHOE BJIMSIHUE COEJJMHEHU C HATSITOM

Jlannas paboTa MOCBSIIEHA MCCISI0BAHUIO B3aNMHOT'O BIMSHHS COSUHEHUH C HATSATOM JUIsl BAPUAHTOB COECIMHEHUI: CIUIOIIHOM Ba
C IBYMs BTYJKaMH, JIBa CIUIOLIHBIX Baja C BTYJIKOH, IMyCTOTEJNbIH BaJl C IByMsS BTYJIKaMH, 1Ba ITyCTOTEJbIX Bajia ¢ BTyJkoiB IIK
ANSYS.ITonyuens! xapaktepuctuku H/IC (3xBuBaneHTHBIE HanpspKeHUs. KOHTaKTHBIE AaBIEHUs CyMMapHBIC IEPEMEICHHUs) B 3a-

BHUCHUMOCTH OT BCJIMYUHBI HHTEPBajia MEXKIAY COCAUHECHUAMM C HATATOM.
Ki1ioueBble ¢JI0Ba: COSIUHECHUS € HATATOM, METOJ KOHCYHBIX 3JICMCHTOB, HAIIPS)KCHU, I[CCI)OpMaL[I/II/I.

Beenenue. CoequHEHHE ¢ HATITOM IIMPOKO TpUMeE-
HSIOTCS B Pa3NUYHBIX MAIIMHAX M MEXaHHW3MaxX, Korma
TpeOyercss mepenada OOJBINIMX OCEBBIX CHJ, KPYTSIIHX
MOMEHTOB WJIM Harpy3ok. IIpo4HOCTb W OTHOCHUTEIbHAS
HETMOJIBM)KHOCTD ITUX COEJMHEHHUH 00eCreuuBaloTCsl CH-
JIaMU TPEHMsI, KOTOPBIE 3aBUCAT OT JABJICHUS MEXIY CO-
SMHUTEIBHBIMU JIETANISIMHU, U OIpPEeNseTCs] BETHYUHON
HATsTa - Pa3HUIBI Pa3MEPOB OXBATHIBAIOMICH M OXBATHI-
Baemoii aeraneid. Cuibl TpeHUs1 00yCIOBJICHBI CO3/JAaHUEM
pacrpeeieHHOH HOPMalbHON Harpy3kd (JIaBJiCHHWS) Ha
COTIPSDKEHHBIX OBEPXHOCTSX COCAMHSAEMBIX JeTajeH.
[Tocamounblii pa3mep OXBATHIBAIOLIEH JAeTanu JElaroT
HECKOJIBKO MEHBIIIE MTOCaZ0YHOTO pa3Mepa 0XBaThIBaeMOn
neranu. [locne coequHeHns TOCaJOYHBINA pa3Mep aeTanel
CTaHOBHUTCS OOIINM, ITPU ATOM IOCAIOYHBIIA pa3mMep oXBa-
THIBAIOIICH NIETalu B pe3yibTaTe YHIpyrux nedopmaruii
YBEIMYMBAETCSA, & OXBAaTbIBAEMOW — yMmeHbluaercs. U3
COCIMHCHUH JeTaneld ¢ HATATOM HauOOJBIIEe PacIpo-
CTpaHCHHE TONYYMIN NWIHHAPUIECKAE COCNUHCHUS, Y
KOTOPBIX OJTHA JI€Tallb OXBATHIBAETCS] BTOPOH MO IMJIUH/I-
pUYECKON MOBEPXHOCTH. XapaKTEPHbIMU MPUMEPAMHU JIe-
Tajneil, COeIWHEHHBIX IOCAJAKOW C HATATOM, SIBISIFOTCS:
BEHIIBI 3yOUaTHIX M YEPBIYHBIX KOJEC, IMOMIIUITHUKA Ka-
YEHUsI, POTOPHI DJIEKTPOBUTATENEH U T. 1.

IMocranoBka 3agayu. IIpyu yanuHeHuM BanoB WK
COEIMHEHUH UX C NOMOIIBI0 BTYJOK HCIHOJIb3YIOTCS IIO-
CaJIKM C HATATOM, KOTOpPbIe MOTYT BIUSTH APYT Ha JIpyra,
MOCKOJIbKY (DaKTUYECKHH Hatsr He OyJeT paBeH HCXO[-
HOMY T'€OMETPHUYECKOMY, a OyleT CKOPPEKTHPOBAaH BIIUS-

DOI: http://dx.doi.org/10.20998/2078-9130.2016.26.79925

HHUEM PSJIOM HaXOJSILErocs BTOPOrO COSANHEHHS C HaTs-
TOM, a TaKKe KOHCOJBHBIM 3(P(PEKTOM BBICTYNAIOUINX
YyacTel BaJIOB M BTYJIOK.

Lemnpto maHHO# pabOTHI ABISIETCS BBIACHCHHE, B Ka-
KOW Mepe 3TO CIIPaBEAIUBO.

PaccmarpuBatoTcs 6 THITOB COEANHEHUS C HATSTOM:

— TUN A—CIJIOIIHON Bajl W BTYJIKA PABHBIX OCEBBIX
pa3mepos (puc. 1),

— tun b - mycroTenslii Ball ¥ BTyJIKa paBHBIX OCEBBIX
pa3mepos (puc. 2),

— Tun | — CIIIONIHOM Baj ¢ AByMs BTYJIKaMu (puc. 3),

— 1nn Il — 7Ba CIIJIOMIHBIX Balia ¢ BTYJIKOM (pHcC. 4),

— tun Il — mycToTenslit Bax ¢ AByMs BTYJIKaMH (pHC.
5):

— Trmt [V — Ba Iy cTOTENBIX Baa ¢ BTYIKOH (pHc. 6).

ITpu orieHKe B3aMMHOTO BIMSHUS C HATSTOM OYEBHTHO,
yT0 M000e u3 coeaunenuit tvmna I, 11, III, IV — 310 2 coenu-
HeHMs THIa A win b 1 KOHCTPYKTHUBHO OOBEUHSIOIIHE UX B
OITHO LIEJIOE JIEMEHTHI B BUJIE BAJIOB U BTYJIOK.

Tabnuna 1 — XapakTepucTHKH MaTepuaa

Dusnyeckuil mapameTp 3nadeHus i cranu 40X
Monyies ynpyroctu E, MITa 2,1-10°
Koadpdurmenr Ilyaccona v 0,3
T110THOCTE P, KI/M 7800
[penen texyuectu o,, MIla 785
[Ipenen npounoctu 6, MIla 980
Koaddunuenr tpenus p 0,15
Hatsar B coequnennun A, M 0,00012

© A.I'. Bunorpaackuii, A.I'. Auapees, 2016
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3aMMHOMY BIUSHHUIO COCIMHEHUH C HATATOM COOT-  TOYKHM (pUKCAlMU HAa pUCYHKaxX 1-6 0603Ha‘ICHBI *
BETCTBYET U3MEHEHUE HSHEPTUM ITHX COCAMHEHUHU. 9Hep Pewmenue 3a, ;[ ayu MK3 p OJUT K CUCTEME JIMHEHN
T'Msl, HAKOIUICHHAs B COSIMHEHUHU TUMna A uimu b mpu tex X anredpau X ypaB
HOJIOTUYECKOW OINepaliy «IOCaKa C HATITOM» KOppEK- K]{ U} {F 1, )
THUpYyeTCs IpH Mepexoe dTux coenquHeHnit tuna A unmu b e [K] — maTpuma >KecTKOCTH Tena, cocm;nuaﬂ u3 Mart-
Ipu B COC onHoro u3 coeaunenuit tuma I, 11, 111, IV p Il JKECTKOCTH KOHEYHBIX 3JIEMEHTOB; {U} — BekTOp-
BCJIEJICTBU onber y3i nepeme m i; {F} — BekTop npuBe-

1) x bHBIX 3] dexToB CTYNAIOIIUX  JICHHOM BHeII rpy
TEIl BAJIOB U BTYJIOK, ®Dopmysl 1S pac YILGJ'IBHOFO ZIaBIIeHHs Ha T10-
2) nedopManmy KOHCTPYKTHBHO OOBEAN HS[IOHI BEPXHOCTU KOHTaKTa B 06 W yIpyrux aedopmarui
3JIEMEHTOB B BUJIE BaJIOB WJIM BTYJIOK COEIMHEHU al, [1]:
IL, I, IV, KxoTOpBIE B 3TOM CIy4Yae OKa3bIBAIOT Hpon - P N ) @)
€M COOTBETCTBYIOIIMX BAJOB M BTYJOK COCIHHE ’
a A wim Tamna ]}3] g (Cl [E+C /E)dx
1+(d, /d ) 1+(a/d, )
TeopeTrnyeckne OCHOBBI. IlocraBieHHas 3a, aua G =—5 U = ~+ U, 3)
MozenupoBanacs ¢ nomomipio MK3 B ITIK ANSYS. s 1_(d1/ d ) 1_(d/ d 2)
peleHus: MpoOJIeMbl HCIIOJIb30BAJICS CTaHIAPTHBIN ko- rae £y ta E; — MO,E[YJIL ynpyroctu; N — pacueTHbII
HEYHBII 3JIEMEHT IMPOrpamMm aKeTa - TPEXMEPHBIN HaTﬂI‘, — HOMUHAJIBHBIA pa3Mep COeAUHEHHs; d — BHYT-
BBBBBB y310Boil oObeMHbIH 3nemeHT PLANES2, xoto- pen )1 aMmeTp Baia d — HapYXHBIl JUaMeTp BTYJIKY;
pBI IMEEeT TpH €HH CBOOOIBI B KaxIoM y3ie. s p — xoa(durenTs [lyaccoHa COOTBETCTBEHHO Bajia
cozgaHust KoHTakTHOW mapel B IIK ANSYS ucnons3osa (p c. 1 2)

HHHHHHHHHHHHHHHHHHHHHH CONTA 172 u TARGET 169.

d, 240

R90

AN

.
\\%\&\\\\\\\\\\\\\\\-

R90
R60
R40

R90 ‘

R90
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AHAJW3 MOJyYeHHBIX Pe3yJIbTATOB.

B pesynberare mccienoBaHus BBISICHHWIIM, YTO B JHa-
METpalbHOE CEUCHHUE, MPOXOIIee Yepe3 CepeauHy KOH-
TaKTHOM 30HbI (pacyerHbie Touku A', B', C', D', E'), Biusi-
HHE BTOPOTrO COCJMHEHMs C HATSArOM Clabo JOXOMIWT, B
CBSI3H C YeM OyJeM HCIOJB30BaTh TUAMETPATIBHOE TOPIIC-
Boe cedenue ¢ Toukamu A, B, C, D, E myist onpenenenust
xapakrepuctuk HJIC.

KpuBble Ha mociemyromux rpadukax OyayT cOOT-
BeTcTBOBaTh ToukaM (A, B, C — Ban, D, E — Brynka) c
TaKUMU 0003HAYCHUSIMU:

—— A 8 B —— C —X-—

D —E

HJIC coennHeHusi Baja u BTYJKH (Tl A, Tun b)
[TonmyuyeHHBIC pe3ysIbTAaThI IPUBEACHBI B TA0M. 2, 3.

sUB =1 |
TIME=1 I
aTEP=1 SEQV (V)
aus =1 |
TIME=1
SEQV (ave) |
DMX =.599E-04
8MN =.513E+08
aMx =.1BSE+09

DMX =.633E-0%
SMN =727036
SMX =.21BE+09

727096
- 249E+ DB

-513e+08
-185E+09

a

Ta6muua 2 — Xapakrepuctuku HIIC coennuenus
tuna A (cm. puc. 1)

Pamnyc R, MM | G, MIla P, MIla Us - 10", m
0 70,2 76,2 0
30 69,4 69,9
60 70 140
60 183 469
90 84,5 377

Tabmuna 3 — Xapakrepuctuku HIAC coenuuaeHus
tuna b (cMm. puc. 2)

Paguyc R, MM | Gy, MIda P, MIla Us - 107, m

20 142 71,6 142

40 80,1 145

60 75,2 180

60 172 446

90 79,4 361
STEP=1

8UB =1

TIME=1

SEQV (RVG)

DMX =.627E-04
SMN =576227
8MX =.213E+09

-21BE+09

576227
241!*03 .TIZEHW E 113!+DB v 165E+09 <213E+0%

Pucynok 7 — DxBuBaneHTHbIe HanpspKeHus 1o Musecy: a — L =0, 6 — L = 50mm, 6 —L=120 MM

piEIC] fave)
BIVS=U

i = S06E-04
Wx =, 506E-0%

PODAL SCLUTICN

FrRE=1
UB =1

TPIHE=1

FET™ {R¥GEE

BSUE=0

LW =, 482B-04

Y =, 482B- U4

582e-0% +185E-04

] 103804 L205E-04 .3082-04 .aloe-04
- S13E-U5 +154E-0U4 SEE~ ~35%e-04

a

-462E-04

.11ze-04 .225E-04
Iﬂlt’r'

uaum Lana)

Bava=(0

oo =.S04E-04
WX =, 504E-04

S44%E-04

J224E-04
Ldege-04 L280B-04

A48E-04

o vl :I.;.‘Erﬂﬂ
5 JS04E-04

+338E-04
LS80B-0% .392E-04

8

Pucynok 8 — Cymmapnsie nepememienns: ¢ —L =0, 6 — L =50 mm, 6 — L = 120 Mmm

HJIC coequHeHHUii CIUIOLIHOIO Bajia M ABYX BTY-
Jok (tum I)

[Nomy4eHHbIe pe3ynbTaThl MPUBEACHBI HA pHC. 7-12.

[poananu3upoBap rpaduKH, MBI MOXXEM CYAUTh, YTO
SKBUBAJICHTHBIC HAINPSKCHUSI B TOPLIEBOM CEUYEHHUU Baja

YMCHBIIAIOTCS TIPH yBEJIWYEHUHW WHTEpBana L, cTabwuim-
supyrores pu L = 120 mm. B 30He KOHTakTa Ha BTyIKE
Hanpspkerne pacter 1o L = 50 mm. CymmapHble epemMe-
meHust 7o L = 50 MM B Basie majiatoT, BO BTYJIKE PacTyT.
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Ous » MMa O%KB, MnNa P, MNa
100 23 105
90 et bo—o—o
220 100 -/ ~——
80 i \( [
70 N 210 |— —— 35 /
60 A ; 90
50 — 200 r
o0 TRy ol
190
30 80
20 180 75
10 1 L mm
0 L Mm 170 L Mm 70
0 50 100 150 200 0 50 100 150 200 0 50 100 150 200
Pucynok 9 — DxBHBaJIeHTHBIE HaMpsDHKE- Pucynok 10 — DxBuBaneHTHBIC HANIPsDKE- Pucynok 11 — KonTakTHble 1aBieHHs
Hus o Musecy HuA o Musecy
Uso /10 Yo M/L07
140
500 i
120 \ //
100 450
80
60 400 ‘?r#
40 _T 4
350
20
—o * . _.-4;—.———?
0 300

ATEP=1
8SUB =1

50 100

150

L, s

0 50 100 150 L'W

Pucynok 12 — CymmapHsle nepeMenieHus

HJC coennnennii ABYX CIIONIHBIX BaJIOB M BTy aku(THn II)
ITomyueHHble pe3ynbTaThl IpUBEAEHBI Ha puc. 13-17.

C yBenuueHHeM 3a30pa L B TOPLIEBOM CEUEHHM HKBHUBAIECHTHBIC HAIpS-
JKeHMs BTYJIKU MaJaroT, B BaJleé PacTyT, KOHTAKTHbIE JABJICHHUSA PACTyT, BCE
MEPEMEIIEHUS] YMEHBIIAIOTCSA U TOJIBKO Ha BTYJKE B 30HE KOHTaKTa MOBBIIIA-
1ot1cs. [Ipu 3Havennu L = 150 MM OHU epecTaroT CyIECTBEHHO U3MEHSATHCS.

8TEP=1
8uB =1
TIME=1

STEP=1

> SEQV (avG) =
TIME=1 _ sUB =1
o Smniin s =
DMX =.461E-04 X 7'155!‘*09 SEQV (ave)
8MN =.503£408 o DMX =.475E-04
SMX =.183E+09 SMN =.313E+07
SMX =.1B6E+09
«34BE+08 682E+08
+515E+08 .185E+09
.503E+08 -139E409 9 «313E+07 -43BE+08 .B46E+08 -125E+09 .166E+09
45E+08 24B+09 -183E+09 .235e+08 .642E+08 -105e+09 .1462+09 -186E+09
a 6 6
Pucynok 13 — DxkBuBaseHTHbIe HampshkeHus o Musecy: a —L=0,6 — L =70 MM, 6 — L = 150 mm
40 Bicnux HTY «XIII». 2016. Ne 26 (1198)



ISSN 2078-9130

Jlunamixa i miynicmo mawum

Lae)

=
SWE =, 175E-06
2w =, 964E-04

L464E-04

Y TSE e

LSESE-0T ECEEET]
LS1SE-0%

. 204E-04

N L I0EE-0S
LA5sE-04 \255E-04

L357E-04

L 408E-04
L 45%E-04

a

- 105E-04 .207E-04 .310E-04
$31B-0% - 1%58E-04 .259E-04 -361E-04

USUH

Rave=0

m(( =.465E-04
=.238E-06
=.46%E2-04

A3 I

-464E-04

.238B-08 106E-04 2102-04

.saze-0s .18ER-04 " .zéze-0a

o 8

+313E-04 417E-04

.38SE-04 .48SE-04

Pucynox 14 — Cymmapnsre nepememienus: a — L =0, 6 — L =50 mm, 6 — L = 150 MM

0., MMa P, MNa Uy, M/107
268 170
500 |
180 P\-’\ 150 450
160 400 )§<
prd \
140 J 350 —
120 110 300 o
100 90 250
[ 200 thee =
80 70 150 F: : m
4 Ligm " 100
60 = 50 £, Mm
0 100 200 300 0 100 200 300 0 100 200 300

Pucynok 15 — DkBUBaIE€HTHBIE HAIPsKeE-
Hus o Musecy

STEP=1
8uB =1
TIME=1
SEQV (av6)
oMK =.61BE-04
SMN =.122E+08
SMX =.205E+09

STEP=1
8UB =1
TIME=1
SEQV (avG)
DMX =.576E-04
BSMN =.469E+08
aMx =.172E+09

i

-122E+08

‘ibﬁ!*‘UB . T46E+08 . 102E+0Y -130E+0Y L15HE+0Y
-60BE+08 .BA5E+08 -1168+09 -1442+09 -172E+09

a

Pucyhnok 16 — KoHnTakTHbIE 1aBlIeHUS

L I

—-——:—- i

Pucynok 17 — CymmapHsble epeMeneHus

8TEP=1 ]
§un =1
TIME=]
SEQV (avG)
DMX =.618E-04
SMN =660773
BMX =.205E+09
3
.205E+0%

S4G1E+08 L916E+08 L13TE+09 L 1BZE+

660779

—_

09
- 205E+09

o 8

Pucynok 18 — DxBuBaneHTHBIE HanpspkeHus Mo Musecy: @ — L =0, 6 — L =50 MM, 6 — L = 100 Mm

HJC coenuHenue JBYX MNYCTOTeJIbIX BaJOB H
BTyJakH(THH 1V)

[Nomy4eHHbIe pe3ynbTaThl MPUBEACHBI HA pHC. 23-27.

C yBenuueHneM 3a3opa L SKBUBaJICHTHbBIC HaNpsKe-
HUSI B TOPIICBOM CEYEHHWH BaJla TOBBIMIAIOTCS, BO BTYJIKE
cHmxkarorcst, 1 npu L = 100 MM crabmmsupyrores. Kon-
TakTHbIE MaBiaeHus pactyT po L = 100 mm. CymmapHbIe
HepeMelleHnss Ha Bajly YBEJIMYMBAIOTCA, a BO BTYJKE

YMEHBILIATbCSA U, NpU JOCTIKEHHH 3a3opa L = 100 mm
MIEPECTAIOT CYLECTBEHHO MEHSThHCS.

B Tabn. 4 v 5 mpuUBeICHBI CBOHBIC XapaKTCPUCTUKA
HAC coenunenwii Tva A Wi THIIA b U COOTBETCTBYIO-
mux uM coeaunenusM tuna I, II wnu 111, IV, npuuem stu
XapaKTePUCTHKH COOTBETCTBYIOT pacdeTHBIM Toukam C u
D mns R = 60 MM B TOPIIEBOM CEYCHHH COCAMHEHHWHA C
HATArOM IIpU 0ceBOit koopauHare [ = 0.
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AT VGt
BavE=0

ront =, 487E-04
WX =, 487E-04

2B4P-04
aWx =.4684E-04

e
1082-04 2162-04 325804 433254
SSALE-05 LJEIE-04 LAP0R-04 ~ITOR-04 LARTE-4

& S5 W19gE-T4 405204 3Tt 3 STIED Tar gt

323m-04

A1E-05 ~147E-04 L245E-04 ~IHE-14 443204 S372-05 A1E-04 165E-04

a o 6
Pucynok 19 — Cymmapnsie nepemenienus: a —L =0, 6 — L = 50 mm, 6 — L = 100 Mm

P . Mla P..MMNa

L3r6E-0%

4302-04
H842-04

195 195
100 L i ‘ 100 L

95 95

90 90
85 { 85 {
80 80
/
/
l

75 75 ’
70 70 I
65 9 65 4
60 60
L, mm L, mm
0 50 100 150 200 0 50 100 150 200
Pucynox 20 — DxBUBaJIeHTHBIC HaNPsHKEHUS 110 Musecy Pucynok 21 — KonTakTHble JaBleHUs
Uge M/107 Uy, M/107
500
160 480 =
140 -y 460 /
120 440
100 420
20 400
60 AT
0 I 360
I 340
20 320
0 Emm 300 £, mm
0 50 100 150 200 0 50 100 150 200
Pucynok 22 — CymmapHble epeMeleHust
Tabmuia 4 — HJIC coenunenuii ¢ HatssroMm Tuna A u tuna I, 11
XapakTepuctu- Pamuyc Tun A Tun [ Tun 11
xu HAC JieTalu L, mm L, mm
0 50 70 120 0 50 100 150
6. MIIA Brynka R60 183 181 218 217 212 185 165 150 141
e Ban R60 70,2 89,2 55,9 54,3 51,9 69,8 135 148 164
P, MIla R 60 76,2 73,3 103 102 102 78,8 137 151 163
Us - 107 Brynxa R60 469 462 505 506 505 445 321 259 302
’ Ban R60 140 145 97 100 102 207 283 300 291
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Tabmuma 5 — HAC coenunenwnii ¢ Hatssrom tuna A u tumna 111, IV

XapakTepucTu- Paguyc Tun b Tun 111 Tun IV
xu HJIC JieTanu L, mm L, mm
0 30 70 100 0 30 50 100
s Brynka R60 172 166 199 206 205 167 140 135 126
exe. Mila Ban R60 75,2 88,9 68,7 53,5 50,6 80,4 140 141 150
P, MIla R 60 71,6 66,8 95,5 101 101 76,6 112 125 140
Ue 10" m Brynxa R60 446 442 448 486 484 409 322 232 270
X ’ Ban R60 180 160 118 124 126 232 300 321 341
8TEP=1
SUB =1
TIME=1
=y et = 435208 i
:iﬁj‘- (rVG) o = 1302405 ::%jl i)
i =i

8MX =.171E+039

.549E+08 <S05E+08
.465E+08 .T41E+08 .102E+09 .129E+09 L157E+09
-GO3E+0R -R7RE+08 -115E+n3 -143F+09 +17T1E+09

a

mﬂ &
BE

370E+08 T27E 09
«1

4E+0

26E+09 +162E+09

-168E+08 -B0SE+08 -105E+0S -149E+09 -194E+09
-388E+08 -830E+08 <127E+09 -171E+09 -216E+09

[

Pucynok 23 — DxBuBaieHTHBIE HanpshkeHus 1o Musecy: ¢ — L =0, 6 — L =50 MM, 6 — L = 100 Mm

PEN {aws]
| BRYS=0

oy = 431e-04

W =.153e-04

T L 2 = 4318-04

Fa3ue=0

THE =, 4182-04
2y =,1418-04
2WE =, 4188-04

SA5IE-08

Hll 4

~FESE-T4 ~326E- 4
4E-0¢ 485204 JALRE-04

a

'm

ae (A

Baya=0

Tt =, 436804
sy =,79TE-05

e =, 4368-04

JATIE-04

I_
. 193L-05 159204 239004 e L I9EE-14
20204 J19%e-04 L2792-04 I5RE-04 43az-04
6

Pucynok 24 — Cymmapnsie nepemenienus: a —L =0, 6 — L = 50 mm, 6 — L = 100 Mmm

IIpoBepka pe3yabTaTOB

Jnst mpoBepKU MPaBUIIBHOCTH MONTYyYECHHBIX Pe3YIlb-
TaTOB HCIIOJNB3YyeM COCAMHEHMS C¢ HarsroM tuma A u b
(cM. puc. 1, 2)u cpaBHUM KOHTaKTHbIC JABJICHHS, MOJY-
yeHHbIMH B iporpamme ANSY'S u o dopmyne (2) [2].

Coennuenne tuma A:
_ 78,749 —-177,87 — 1116 %.
78,749

Coenunenne tumna b:
71,999 - 72,60
71,999

[omy4eHHble pe3ysIbTaThl CBUAETENLCTBYIOT O IPaK-
TUYECKOM COBMNaJeHHE NaHHBIX nporpaMMel ANSYS u
cTaHAapTHBIX Gopmyn (2) [2].

=0,835%.
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PucyHok 25 — DKBHUBaJICHTHbIE HaNpshKe-
Hus o Musecy

BeiBoabl. VccnenoBanock BIMSIHUE OJHOTO COEIU-
HEHUSl C HATATOM Ha JAPYroe Ajsl CIEIYIOIIMX COeIuHE-
HuM: tan I — crlomHoN Ban U ABe BTYJKH, Tvn Il — aBa
CIUIOLIHBIX Baja U BTyJka, Tun III — myctorensiii Ba u
JIB€ BTYJIKH, TUII [V — [1Ba IMyCTOTENBIX Bajia U BTYJIKA.

Pacuersr moarBepmmm naeatnaHocts HIAC kaxmo-
ro U3 JIByX COCIUHEHHH C HATATOM, BXOJSALIUX B COENIHU-
wenwust Tuna I, 11, 111, IV.

B coenuneHusx ¢ Hatarom tama A u tuma b xapak-
tepuctukd HJIC B nuaMeTpanbHBIX CEYEHUSX OTHOCH-
TeIbHO paBHOMEPHBI. OHAKO B coeauHeHusx Tumos I, 11,
II1, IV, xorma coeqMHEHUS ¢ HATATOM CBSI3BIBAIOTCS MEXK-
Iy co0oif BalaMy WM BTYJIKAMH, BO BHYTPEHHUX TOPIIC-
BBIX KPOMKAaX COEIMHEHUI BO3HUKAET BCIUIECK HampsKe-
HUM, 9TO OOYCIIOBIICHO BJIMSHUEM CBS3YIOIIAX COCIUHE-
HUS KOHCTPYKTUBHBIX 3JICMEHTOB M «KOHCOJIEHBIM» 3(-
(heKTOM BBICTYHAIOIIMX YacTeH BAJIOB U BTYJIOK. [Ipu yBe-
JIMYEHUH MHTEpBaja L MeXIy BalaMH WIA BTYJIKaMU OHU
CHayala WHTCHCHBHO HM3MEHSIOTCS, 3aTeM CTaOWIM3Hpy-
FOTCS1, IPU IOCTHKEHUU 3HaYEHUd L.

Ilo mepe yBenuueHus uHTEpBajga L MEXIy BTYJIKaMu
WIN BaJIaMH G, BO BTyJIKax coeauHenuil tuna I u I pac-
TyT, B coequnenusax tumna III, IV napator, B Banax coeauHe-
nuit Tvna I, II naparot, B coeaunenusix tuna II, IV pactyt.

Jis G, UHTEPBANBI CTAOWIM3ANUU Lj COCTABISIOT:
s coenuaennid tuna [ — 120 mm, tun 11 — 150 mMm, Trna
III, IV — 100 mm.

JI1st KOHTaKTHBIX NaBIeHUH P, MHTepBabl CTAOWIH-
3alMH COCTABIIIIOT: [ coenuHenni tumna [ — 100mMm, i
II - 150 mm, Tama III, IV — 100 mM.

Jns cymmapHbIx nepemenienuii Uy MHTEpBAnbl CTa-
OuIM3anuy Lo COCTABISIOT: i coeaquuenuii Tumna I — 100
MM, Tur [I — 150 mm, Tuna I — 50 mm, IV — 100 Mm.

Xapakrepuctuku HJIC coegunenuit tuna I, II, III,
IV mpu L = 0 no cpaBHEHUIO ¢ XapaKTePUCTUKAMH THIIOB
A, B 10BOJILHO OJIM3KH.

Ilosmy4eHHbIE pe3yJIbTaThl COMIACYIOTCS C paclpeese-
HUEM HaNpspDKeHUH B 3azmade JIAMe O TOJICTOCTEHHBIX IH-
JIMHJpAX MO/ ISHCTBUEM BHYTPEHHMX U BHELIHUX JABJICHUI.

Pucynok 26 — KoHTakTHBIE TaBlICHUS

Lram 150 T
4 L, mm
200 300 0 100 200 300

Pucynok 27 — CymmapHble NepeMeleHust

Pesynbpratel ucCieNOBaHMsI CBUAETEIbCTBYIOT O
BO3MOXHOCTH IpuMeHeHus npuHimna CeH-Benana k co-
€IUHEHUSAM C HATATOM.
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VJIK 539.3

A.B. BOPOIIAH, E.C. MATAXOB

HECTAIIMOHAPHBIE KOJIEBAHUSA CTPYH U UX CUCTEM, KOHTAKTUPYIOIIHUX
C PA3JIMYHBIMU COCPEJOTOYEHHBIMU HAT'PY3KAMMU

PaccmarpuBaroTcs HecTanMOHApHBIE KOIEOAHHsI CTPYH M UX CHCTEM, BBI3BAHHBIE KOHEUHBIM KOJIHMYECTBOM COCPEIOTOYEHHBIX HATpPY-
30K. HecTaruonapHbsIMH Harpy3kaMy MOTYT MOJEIHPOBATHCS BHEIIHHUE CHIIBI, TAKXKE PEaKIHH, COOTBETCTBYIONINE BIMSHUIO COCpe-
JOTOYEHHBIX Macc Win JeMndepoB. s CHCTEMBI CTPYH, NEPEeCceKaloIUX OJHY OOLIyI0, CTPOUTCS 000OIICHHAs CXeMa HCCIeJ0Ba-
HUs. M3naraeTcst METOMKa MOCTPOCHUS CUCTEMBl YPaBHEHHH, COCTOSIIICH M3 OJHOMEPHBIX BOJHOBBIX YPaBHEHUH IJIsI HEKOTOPOTO
MPOU3BOJIBHOTO KOJIIMUECTBA CTPYH, KOTOPAs 3aMBIKAETCsl JOMOTHUTEIbHBIMUA COOTHOLIEHUAMH B TOUKaX KOHTakTa. ITomydeHHas cuc-
TeMa sIBISIeTCS CUCTEMOM MHTErpaibHBIX ypaBHeHUI BoibTeppa, KoTopas mociie AUCKPETU3aLUK CBOAUTCS K OJIOYHOM cucTeMe Ju-
HEWHBIX ypaBHEeHHH. B kauecTBe mpmmepa pemaercs 3ajada O HECTAIMOHAPHBIX KONEOAHUSX CTPYHBI C ABYMs HMPHCOCIMHEHHBIMHU

nemrepamm.

KiroueBblie cj10Ba: CTpyHa, HECTAllUOHAPHAS HArpy3Ka, BOJIHOBOE ypaBHEHHE, PEryJIIPUUPYIOIUNA allrOpUTM, HHTETPaIbHOE

ypaBHeHHe Bonbreppa, npsimast 1 oOpaTHas 3a1aya.

BBenenne. Bonpocam BbIBoJia ypaBHEHHsl Koseba-
HUSI CTPYHBI M €r0 pEIIeHHs IOCBSIICH LEeNbId pa3aen
MaTeMaTu4eckoil (M3MKM, KOTOPBIH INpHBeieH B 00Jb-
MHCTBE y4yeOHMKOB, Hampumep [l1, 2]. MccnemoBanue
MOBEICHHS CTPYH M UX CHCTEM H3JI0)KEHO BO MHOTHX pa-
Oorax, HampuMep, B padore [3] IpUBOIUTCS ITOCTaHOBKA
MpsIMOI 1 00paTHOM 3a/1ad sl HeCTAIlMOHAPHBIX Koleha-
HHUH CHCTEMBI TPEX CTPYH, U X PEIICHHE ¢ IPUMEHEHNEM
Merona perymnsipuzaund A. H. TuxoHoBa u KBazpaTypHbIX
dhopmyn. OTaenbHO OTMETHM CTaThIo [4], B KOTOPOH OmH-
CaHO TallleHHEe KPYTHJIBHBIX W TPOAOJBHBIX KOJIEeOaHUH
KaHara, IpUYeM B yKa3aHHOM HCCJEJOBaHMHU Ui Ooiiee
CJIO)KHOTO MEXaHUUYECKOT0 0OBEKTa MCIOJIb3YETCs CTePIK-
HeBasi MOJeNb, OHAKO 3aJaya CBOJMTCS K aHaju3y I0-
JIOOHBIX BOJHOBBIX ypaBHeHHMH. B ornmune ot [4], npu
HCCIIEJOBAaHUN MaJIbIX IIONEPEYHbIX KOJIeOaHU KaHATOB U
UX CHCTEM I1eJec000pa3HO UCIIOIB30BATh MOZEb CTPYHBI.

B maHHOW paboTe HCCIeAyrOTCS HecTaIlllOHapHBIC
KoJIe0aHUsI CHCTEMBI CTPYH UIS OOIIETO CiTydasi Harpy»xe-
HUSL C y4YETOM JONOJHHUTENBHBIX NEMI(HUPYIOMNX 3JIe-
MEHTOB U COCPEIOTOYEHHBIX MacC, a TakK K€ OMPEACIISAIOT-
Csl IOTOJIHUTENIbHBIE KOHTAKTHBIC PEaKIMM, BO3HUKAIO-
M€ MEXIY CTPYHaMH U 3THMHU 3JIEMEHTaMH.

IMocTaHoBKa M pelieHHe 3aa4H O HATPYKEHHH
OIHOIi cTpyHBI. PaccmarpuBaeTcst 3aKperuieHHasi CTpyHa
KoHeuHO! anmuHbl. Ha cTpyHy amelicTByroT N cocpenoTo-
YEeHHBIX Harpy30K, KOTOPHIE BHI3BIBAIOT HECTallMOHAPHBIC
konebanms cTpyHsl (puc. 1).

Fy(x1) F,(x,) Fy(x1)
. l l « e l :

Pucynok 1 — Ctpyna ¢ N Harpy3kamu

Konebanust onmuchIBaloTCsl OJTHOMEPHBIM BOJIHOBBIM
YpaBHEHHEM:!

0% u(x,t 26 1) 1
Lé(tf)—a ”(x) z (1) . (1)

B ciyuae ecnu co cTpyHO# B HeKOTopof/i TOYKE KOH-
TaKTHPYET COCPEAOTOUCHHAsI Macca WM JeMI(upyromee
YCTPOMCTBO, TO WX BIHMSHHE MOKHO MOJEIMPOBAaTh JO-

DOI: http://dx.doi.org/10.20998/2078-9130.2016.26.79926

0aBJIEHHEM JIONOJHUTEIBHBIX COCPEJIOTOYEHHBIX CHJI,
KOTOpBIE Ha CaMOM Jeie OyIyT SIBISATHCS PEaKHUsIMH Me-
YAy CTPYHOM M 3THUMHM JIeMEHTaMHu. AHaJOTMYHBIN MOA-
XOJ MOXXHO HCHOJIb30BaTh M B CJIydae KOHTaKTa JBYX
cTpyH. TakuM 00pa3oM, Harpy3Ky B IpaBOH YacTH ypaB-
HeHus (1) MOXHO TIPECTaBUTh B BUE:
F,(x.1)=R,()3(x~x,). )
TZIe X, — TOYKH MPHUIIOKEHHS N-TOH HAarpy3KH Ha CTPYHE, a
cuiibl R,(f) MOTYT OBITh BHEIIHMMH BO3MYILIAIOUIMMH CO-
CPE/IOTOYCHHBIMH Harpy3kaMmu, peakuueil Ry(f) mexmy
CTPYHOH M COCPEIOTOUYEHHOM Maccoi mim peakuueit Rp(f)
MEXIYy CTPYHOM W JOMOJHHUTEIBHOW JeMI(pUPYIOIIEH
oropoii. YpaBHenue (1) TOTONHSETCS CIEXYIOIIUMH Tpa-
HUYHBIMH ¥ HAYJIBHBIMH yCIIOBHSIMHU:
du(x,0)
dt

[TepemerieHne CTPyHbI, MOJYYEHHOE IMPU pPEIICHUN

(1), npencraBuMo B Bujie CyMMBbI CBEpTOK[3]:

u(x,t)=ﬁ:j.K,,(x,t—r)-Rﬂ(‘[)dT, “)

n=l g

u(0,6) =u(l,t)=0, u(x,0)= =0. (3

TJ1e SIpa UMEIOT BUJT

K, (x,0)= ii-sin(wkz)-sin(ﬂk -x,)-sin(4, -x), (5)

k=1 Oy
uobosnaueno C=2/(l-p), w,=a-A, , A, =7k/l.
B ciydae mpHcOeIMHEHHS COCPEIOTOYECHHBIX Macc
BBINOJIHSACTCS CIISAYIOLIHE YCIOBHE KOHTAKTA IS KaXKI0H
MacChl:

d*u(x,, t
%’ 6)

IJIE Xj — TOYKA KOHTAKTA CTPYHBI U MacChl, M — Benu4nHa
Maccel. M3 cooTHOmeHUs (6) MOXKHO IMONYyYHTH IepemMe-
LIEHUE B TOUKE KOHTAKTa C MAaCCOM:

RM(t):M'

u(x,,,1) = %j(t—z’)RM (r)dr . (7
0

Ecnu crpyHa mnoIKperuieHa —JOMOJHUTEIbHBIMU
IeMIIpUPYIOMIMMA 3JIEMEHTAMH, TO BIUSHHE TAKUX [10-
MTOTHUTEIBHBIX OIOpP MOXKHO YYHTHIBATH H0OAaBICHHEM
JOTIOTHUTEIBHBIX PeaKIiil BUIA:

© A.B. Boponaii, E.C. Manaxos, 2016
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du(xp,t) (@)
e’

IJIe Xp — TOYKAa KOHTaKTa CTPYHBI U JIeMidepa, Kk — K03(h-

¢dunuent nemndupoBanus. BeipaxkeHue i mepeMelne-

HUIf B TOYKE YCTAHOBKH jaemidepa u3 cooTHomeHus (8)

HUMEET BUJI:

R,(1) =k

u(xD,t)zij‘RD(r)dr. )
0

IMocTaHOBKAa M pelieHHe 3aJa4Yi O HATPY:KeHHH
cucTeMbl CTPYH. B ciydae nccienoBaHus CUCTEMBI CTPYH
— JUIA KaXJOH CTPYHBI 3alHCBIBAEM COOTBETCTBYIOIICE
peIllcHHEe BOJHOBOTO ypaBHEHHs BUaa (4), B KOTOPOM
KpOME CHCTEMBI BHEIIHUX CHI R,(f), a Takke peakiuuid
MEXIy CTPYHAMH W JONOJNHHUTEIBHBIMUA SJIEMEHTAMHU
Ry(t) 1 Rp(f) no6GaBASAIOTCS OTOTHUTEIbHBIC CHIIBI KOH-
TaKTHOTO B3aWMOJEHCTBUS MEXAY CTPYHAMH — PEaKIUU
R;(?) (cuna KOHTaKTa MeX [y i-OM M j-0i cTpyHamn).

JUIs CTIOKHBIX CHCTEM C OOJBIINM KOJIWYECTBOM Ha-
IPy30K, JOMOJHHUTENBHBIX OMOP M TOYEK KOHTAKTa YHCIIO
ypaBHEHH OyJieT paBHO YMCIY CTPYH M BCErJla MEHbIIE
YKclla HeU3BeCTHBIX. KonnuecTBo HEOOXOAMMBIX ypaBHe-
HUI OyZeT ONpeaessIThes Mo ClIeAyIoNIel KpaTKOH cXxeMe:

(J) BBIpaskeHuit auist CTPYH;

(N g ) coOTHOIIEHMH 1171 IOTIONHUTENBHBIX;

(10)

(J —1) coorHomei mst R;.

Ha o6mieit cxeme (10) mokaszaHo, 4TO MOJIHAS CUCTE-
Ma, ONpeJENsIoNasl MepeMeNIeHusl CHCTEMBI CTPYH, CO-
cTOMT U3 J BhIp@XeHUH BUAA (4) U1 KaKaoi i-od cTpy-
HBI, YTO HE JIOCTATOYHO JJISl PEIICHHs 3a/1auH, ¥ I03TOMY
cucreMa JomonHsAeTcs Ny COOTHOIICHUSIMH AJISL JOTIOTTHH-
TENBHBIX PEaKIWd B TOYKAX MPHUCOCTUHEHUS MacC H
nemmdepos Buna (7), (9) u 3ameikaercs J — | kuHEeMaTH-
YECKHMH COOTHOLICHMSAMHM Ui R;; B TOYKax KOHTAKTa
cTpyH (YTOYHHM, 4TO KojmdecTBO (J— 1) cooTHomeHHi
mopa3ymeBaroT, uto (J — 1) cTpyH nepecekarot J-10, 1 He
MEPECEKAIOTCS MEXy COo00it).

[Ipu perieHny npsMON 3ajauM BHEIIHEE Harpyxe-
HHE 3aJIaHO, 2 HEN3BECTHBIMH B ITOH CHCTEME, KpOME Iie-
peMEIIEeHNH caMHX CTPYH ufx,f), OyIayT elle W peakuuu
MEXy CTpyHaMu R;(), a Taxxe peakLuH MeXy CTpyHa-
MU U JOTIOJIHHUTEIBHBIMU dMIeMeHTaMu R (t) 1 Rp().

K mpumepy, B ciay4ae Harpy>KeHHS CHCTEMBI Tpex
CTpYH C IByMs nemmdepamu OyIyT HEU3BECTHBIMH [IBE
CHIIBI KOHTaKTa MEXIy CTPYHaMH, [BE CHJIBl PEaKIHUU
MEXy COOTBETCTBYIOIUMHU CTPYHAMHU M Jemiipepamu, a
TaK e MepeMeIIeHNs] CaMUX CTPYH, TO €CTh 7 HEM3BECT-
HbIX QyHKUui s 3-x crpyH. Takum oOpa3om, TpH BbI-
paxenust Bujaa (4) DOMONHAIOTCS IBYMSI COOTHOIIEHUSIMHU
Ui nemiiepoB B TOYKAX HUX YCTAHOBKHM W JBYMS
(3—1=2) BblpaXeHMAMH JUI1 TOYEK KOHTaKTa JBYX
CTpYH.

B oOparHbIx 3ama4ax, KOraa HEM3BECTHO BHEIIHEE Ha-
TpyXeHHe, B KaueCTBE MCXOMHBIX NAHHBIX IOJDKHBI OBITH
3a/1aHbI TIEpEMEIIEHISI B HEKOTOPBIX TOYKaX CTPYH, IPHYEM
YHCIIO TOYEK, B KOTOPBHIX 3aJaHbl (PYHKIUH TEepEeMEIICHIS
CTPYH BO BpeMEHHU u{(X,,t) = f{f) MOIDKHO ObITh HE MEHbILE
YHCIIa BHEITHUX HEM3BECTHBIX COCPEAOTOYEHHBIX HArpy30K,
BBI3BIBAIOIINX HECTALMOHAPHBIE KOJIeOaHMSI.

[Ipu paccMOTpEeHHH CHCTEMBI CTPYH, COCTOSIIEH U3
HECyIeH CTpyHbI OObIIEH JUTMHBI U MOJKPETUISIONINX ee
OoJsiee KOPOTKUX CTPYH, M3TI0KEHHBIH ITOAXOM AAeT Clie-
IYIOIIYIO0 CHCTEMY BBIPDOKEHHN ISl IEpeMEIIeHUH u,(x,f),
3alllCaHHYIO B ONEpaTOpHOI (opme:

ul = _Z Aln : Rn 5
uZ = _z A2n ' Rn;
" (11)
u, =y AJ,-R,.
T/ BBEJIEH UHTETPAIbHBIA ONlepaTop:
t
Ai, = j Ki (x,t—7)dr, (12)
0

B KOoTOpoM i =1...J — HOMEp CTpyHBI, @ HHIEKC 1 COOT-
BETCTBYET HOMepy Harpysku R,(?). B cucreme (11) mpen-
BapUTENbHO OBIIO HCIIOJIB30BAHO YCIOBHE aHTUCHMMET-

PUYHOCTU KOHTAKTHBIX CHUJI MEXKAY CTPpYHaAMH Rij = _R/'i

U BBeJIeHbI 0003HaueHus R, = (Rm ®) Pn(t))r, rae P,(7)

0003HaYaeT BPEMEHHYIO COCTABILIONIYIO BO3MYIIAOIIIX
HATpY30K, a R;,(f) — KOHTaKTHas CHJIa, BOSHUKAIOIIAS TIPH
B3aMMOJICHCTBUH CTPYH WM NpPHU KOHTaKTe CTPYH C JI0-
MTOTHUTEIBHBIMHA 3JieMeHTaMu. ClieyeT yTOYHHUTh, YTO
3HaK MHHYC TEpe] CIaraéMbIMU CTaBUTCS B TOM Cliydae,
ecnu R, COOTBETCTBYET KOHTAKTHOW CHJIe, BOSHUKAIOIIEH
TIPY B3aUMOJCHCTBHH CTPYHBI C AeMIT)EPOM HIIA MACCOM,
WIA XK€ U3 YCIOBHS aHTHCHUMMETPHUYHOCTH. BEIpaxkeHus
s iepeMenieHuit (11) TOMOMHSAIOTCS YCIOBUSAME BHIA
(7) m (9) nns kaxaol cTpyHbl. Tak e HE0OOXOIUMO yUH-
THIBaTh TPEANOIIOKEHHE, YTO B TOYKaX KOHTAaKTa CTPYH
WX TIePEeMEIICHNs ITONHOCTBIO COBMANAIOT, TO €CTh BHI-
TIONTHSIOTCSI CIIEAYIONTHEe KHHEMATHIECKHAE YCIIOBHS:
u(x,,,1) =u;(x;,,0) . (13)
Heun3sBecTHbIC KOHTAKTHBIC CHJIBI HaXOASTCSA C HC-
0JIb30BaHNeM BhIpaxkeHUH (7) U (9), KOTOpbIEe MOJCTaB-
msuack B (11). [locne moacTaHOBKY TPOBOIUTCS JAUCKPE-
TU3AIHs METOJIOM YaCTHYHOTO UHTETPUPOBAHMS:
t J i-At
j K(t-7)-R(r)dr =Y R, jsin(a)k (t;,~7)dr =
0 =l (i-1)At
(14)
J .
:zRi-isin wy, - (j—i)+l -At |-sin @ A ,
o0 W 2 2
rae t;=j-At — nuckpetHoe Bpems. Takum oGpaszom,

MOTy4aeTcsl CAEAyIOmas CHCTeMa MAaTPUYHBIX YPaBHEHHUH
JUISL TUCKPETHBIX SIAEP:

- A1, R, =) A3 ‘R,;
n p

(15)

~2 Al R, = A3, R,

n p
rae Mmarpumna Aip,, COOTBETCTBYET IMCKpPETHOH (opme
anep Ki, (x,,,t;), TO €cTb MHIEKC 71 0003HAYAET TOUKY

TIPUIOKEHUS CHIIBL, M — TOUKY UCCIECIOBaHMS, a | — HOMEp
CTPYHBI.
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IIpu pemennn npsamMeix 3ama4d BekTop R, cooTserct-
Bytomuii cune P,(f), cauTaeTcs U3BECTHBIM, TIOATOMY Cla-
raemble ¢ R, noMemarorcsa B npaBylo 4acTh, a OCTaIbHbIE
— B Jnesywo. IIpu pemrennn oOpaTHBIX 3ajga4 BekTop R,
HEM3BECTEH, a HEOOXOANMO 3HATh MEPEMEIEHHS U, B He-
KOTOPBIX TOYKaX CTPYH, COOTBETCTBYIOIMHUE u,(x,,,t) . B

pesynbrare Oyner moiydeHa cucrema Buza (15) B xoto-
pO¥i N3BECTHBIE NEepeMELIEHHs U, TOMELIAIOTCS B IIPaBYyIo
YacTh COOTBETCTBYIOIIMX ypaBHeHUU. [Ipu pemeHuil kak
MPSIMO#T TaK M 0OpaTHOM 33aJaul 3Ta CHCTEMa TIPUBOIUTCS
K KOMIIaKTHOH 3amucH IpU MOMOIIM COOTBETCTBYIOIMINX
0003HaYeHUI (x IpUMeEpy A, =Al,+A3,,

B, =-A3,; -R;). Takum o6pasom, (15) nmpuHnMaeT BUA

pm>

0JI0YHOTO MaTPHUYHOI'0 YPAaBHCHUS C HCM3BECTHBIMH R,:
Au AI(J—I) R1 B1
: : S A P 1)
A B,

A R,

(J-D1 J-1)(J-1)
Pemenne Gmounoro marpuyHOoro ypasHeHHs (16),
COOTBETCTBYIOILIETO CUCTEME UHINESPATbHLIX VPASHEHUl
Bonemeppa, sBnsiercst cymecTBEHHO HEKOPPEKTHOH 3aja-
yell [S], u Ui peleHus UCTIONB3YIOTCS 0600uenHbIll al-
eopumm Iaycca [6] wim 0bodwennsiii anecopumm Kpame-
pa B COUCTAHUU C pe2VasApUsUpyIOuWUM aicopummom
A. H. Tuxorosa. PaccMoTpum 6oitee IoJpoOHO Ha IIprMe-
pe pelieHus 3aJadd MpH IIOMOIIM OOOOIIEHHOTO airo-
purma Kpamepa, KOTOpBI 7151 CHCTEM 10 4-X WHTETpaib-
HBIX YpaBHEHHUI faeT 0ojee yCTOHYNBEIC pe3yIbTaThl:

R, =(AAT -AA+a-C)_1 AAT A
R, :(AAT.AAJFO[.C)" AAT A,

(17)

rae
Ay AI(J—I)
AA = : ;
A(J—l)l A(J—l)(J—l)
Bl Alz Al(J—l)
A = : : : : ;
BJ—l A(J—l)z A(J—l)(J—l)
A11 AI(J—Z) Bl
A= : : : :
A(J—l)l A(J—l)(./—Z) B,

— OmpeAenuTeN OJOYHBIX MATPHIL, . — HapaMeTp pery-
nsipuzanuu; C — CUMMETPHYHAST TPEeXIHaroHajdbHas Mat-
puIa, BUA KOTOPOii puBeaeH B [5].

[Moce HaXOXKIEHUsI KOHTAKTHBIX CHJI TIEpeMEIleHHUs
B TIPOM3BOJLHON TOYKE X, 000N W3 CTPYH MOXKHO BEI-

YUCIIUTh Ha OCHOBE cooTHoIeHu (11). CTOUT OTMETHUT,
NPU YBEIWYEHHH KOJIMYECTBA CTPYH U JIPYTUX JOMOJIHH-
TENBHBIX AJIEMEHTOB MPOUCXOIUT HE3HAUUTEIBHOE TEOPE-
THUYECKOE YCIOKHEHHE 3aJayd, OJHAKO 3HAYUTELHOE
YBEJIMYCHUE BPEMCHU BBIYMCIICHUH.

IIpnMmep penieHnsi KOHKPeTHOI 3agauyM: KoJie0a-
HHMSl OJHOW CTPYHBI, NOAKPEIJICHHOH AByMs JeMide-
pamu. PaccMmarpuBaeTcs 3akpeIuieHHas CTpyHa KOHEYHOMN
JUIMHBI, K KOTOPOH NMPHCOEIUHEHBI JBa JOMOIHUTENBHBIX
nemmpupyronmx s1ementa (puc 2). CocpenoroueHHas
Harpy3ka, BbI3bIBAIONIasi HECTAI[HOHAPHBIE KOJIcOaHHs
cucteMsl, nmeer BUL F(x,t)=P(t)0(x—x;), TOE X3 —
TOYKa MPHUIIOKEHNS HArPY3KH Ha cTpyHEe. TOUYKM KOHTaKTa
CTpYHHI ¢ AemripepaMu O0OO3HAYECHHI X; M X, COOTBETCT-
BEHHO, a TOUKa HAaOTIOCHUS — X,.

P@)d(x-x,)

. T + 'Lz
A A

Pucynok 2 — CtpyHa ¢ aByms nemmndepamu

Komnebanns TakoW CTPYHBI ONHCHIBAIOTCS CIEHYIO-
LM OJHOMEPHBIM BOJHOBBIM YPaBHEHHEM:

2 2 3
TUED_ 2 SHED _ LS R 6(x-x,),  (19)
ot Ox Pl
rae Ry(f), Ry(t) — peakmmu, 00yCIOBICHHBIE B3aHMOCHCT-
BHEM CTPYHBI C COOTBETCTBYIOIIMMH AeMIipepaM, a R;(f)
COOTBETCTBYET IPHIIOKEHHOM K CTpyHE Harpyske.
BonnoBoe ypaBuenue (18) momomHsercs HavalbHBI-
MH ¥ KpaeBBbIMH YCJIOBUSIMH (3), @ Tak k€ yCIOBUSIMHU TH-
na (9) ans nByx aeMrdepos:

u(xl,t):ij.Rl(r)dr; u(xz,t):ij‘RQ(r)dr. (19)
K% %

Kak moka3zaHo BbIllIe, pelIeHHEe MPEICTaBUMO B OIle-
paTopHoii popme:
u(x,t)=—A"\"R —A,'R, + AR, , (20)
t
roe A',= J. K, (x,t—7)dr . Tlocne muckpernsanyu WHTeE-
0

rpaidbHOTO ypaBHEeHHS (21) M HCHOIB30BAHUS YCIOBHU
KOHTakTa ¢ aemndepamu (19), Obula mosydeHa cucrema
JIBYX MATPUYHBIX YpaBHEHHI:

Al ' ' At
-A'1'R -A' R, + AR, :K_'Rl;

1
A 21
t
1 1 \ —
—A R —A Ry + ARy =—R,.
K3
IIpu pemenuu 3amaum BekTop Rj;, COOTBETCTBYIO-
muit cune P(f), cunTaeTcs M3BECTHBIM, MOATOMY Cllarae-
Mble ¢ R; momenaroTcs B mpaBylo 4acThb, a OCTAIBHBIE — B
neByto. Cucrema (21) npuBOANUTCS K KOMITAKTHOM 3aIicH
TIPY TIOMOIIM COOTBETCTBYIONINX 0003HAYECHHH:

Ay =AY A K, Ap =AYy, Ay =AY,
—_ '

A22 _ A 22+At/K2 5 Bl = A'13'R3 s B2 = A‘23'R3 .
Takum oOpazom, MOJy4EeHO MAaTpUYHOE YpaBHEHHUE C He-
n3BecTHBIMU R; 1 R,:

All A12 . Rl _ Bl (22)

A21 A22 R2 B2
Cucrema ypaBHeHHH (22) siBiseTcss OIOYHBIM Mat-
PUYHBIM YPaBHEHHEM, KOTOPOE SKBUBAJICHTHO CHCTEME
unmezpanvuslx ypaeuenuti Bonomeppa 1-ro poma. Hems-
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BECTHBIC KOHTAKTHBIC CUJIBI IIPUHUMAIOT BUI:

R, :(AAT ~AA+a-C)_1-AAT'A1;

L (23)
R2=(AAT~AA+a~C) AAT A,
e AA = All A12 : AI _ Bl A12 : Az _ All Bl _
AZl AZZ BZ A22 A21 BZ

OTIpEJICTINTENN OJIOYHBIX MAaTPHII.

[To M3BECTHBIM KOHTaKTHBIM CHJIaM BBIUHUCIISIEM Iie-
peMenieHHe CTPYHBI B IIPOM3BOJIBHON TOYKE Ha OCHOBE
cootHomreHus (20) B qECKpeTHOI popme.

BbrunciauTe/bHbIH 3KCIIEPUMEHT. Pacuer cui KoH-
TaKTHOT'O B3aUMOJICHCTBUS MPOBOIMIICS CO CIEAYIOIIMMU
napamerpamu: / =25 M — mmHa cTpyHBL; dy; = 0,0052 M —
nmuamerp cTpyHsr; p = 0,109 kr/M — JuHEHHas TIOTHOCTH
CTpyH; a = 214 M/c — CKOPOCTh PacHpOCTpaHEHHs BOJH B
crpyne, x=200— xodpduuuent nemrndupoBaHusS I
oboux nemmgepos. /s HarIsaHOCTH BHAa4aje paccMoOT-
pUM CHUMMETpHYHBIA cirydaid: x; = 0,04 -/, x,=0,96 -1 —
TOYKH pacHoyiokeHust nemrgepos, x; =0,5-/ — Touka
MPUJIOKEHUST BO3MYyIIaromeil Harpy3ku. Todka Habmoze-
Hust — xs = 0,45 - [, a mapamerp perymspuzamun o = 107"
BEIOMpAJICSI COTJIACHO METOIUKE, W3JI0KEHHOW B pabore
(71

W3menenne Bo3Mymiaromeii cuiasl P(f) BO BpeMEeHH
MIPU PELICHNH 33/1a49H B BUE BEPXHEH MOIYBOJIHBI CHHYCA

P(t) = g, -[sin(@yt J(H(t —t,) - H(t-1,)),
rae qo= 10 H — unTeHcuBHOCTH Harpysku, fp=0,25c u
t; = 0,5 ¢ — Hayano W KoHel HarpyxeHws. MccrenoBaincs
MPOMEXKYTOK BpemeHH T =2c. Bmecto OECKOHEYHBIX
CYMM B BBIP@XCHHUSIX IPOM3BOAWICS y4YET KOHEYHOTO
gucna 4wieHoB psaga K =200, anms QucKpeTH3any 1mo Bpe-
mean At =T/J =0,004 ; J =500 maros.

60

40

4

0.2

0.1

-0.1

0
Pucynok 3 — VI3meHnenne Bo BpeMeHH (CHMMETPUYHBIN CITy4ai):
@ — KOHTAaKTHBIX CUJI; 6 — IICPEMEIICHUS

Ha puc. 3, a moka3aHbl H3MEHEHUSI KOHTAKTHBIX CHIT
BO BPEMEHH IMpH KOHTAaKTe CTPYyH C JeMndepaMu, a Ha
puc. 3, 6 TIoKa3aHbl IEPEMEILICHUS] CTPYHBI JUIS Harpy3KH,
onucaHHo# Bbime. CIUIONIHAS KPUBasi COOTBETCTBYET pe-
aKIuu R, a TOUKaMu MOKa3aHa peakiust Ry(f).

YkaxeM Ha TO, YTO B MEPUOJ IO Hayaja JICHCTBUS
BO3MYIIAMOIICH HArpy3KH BUIHO HE3HAYUTEIHHYIO BEJH-
YHHY PEaKIMii MEXIy CTPYHOU U nemrdepamu, 4Tto 00y-
CJIOBJICHO, TIO-BUIUMOMY, BEIYUCIIATEIEHBIMU TTOTPEITHO-
CTSIMH TIPH PEIICHUH CUCTEMBI HHTETPAThHBIX YPAaBHCHUH.
B cuiny cHMMETPUYHOTO pPaCIIONOKEHUS Peakluii BO3HU-
KaIOUIMX MPHU KOHTaKTe CTPYH C JAemidepamu, a TakkKe
MPUIOKEHUST BO3MYILAIONINE HATPY3KU B CPEIHEN TOYKE
CTPYHBI J€laeM BBIBOJ, YTO peaKkiud R; U R, JOIKHBI
COBIIAZaTh, YTO JEMOHCTPHPYET pHC. 3, a. DTO coBIaje-
HUE MOATBEPKIACT JOCTOBEPHOCTD BBIYUCIICHHH.

B KkauecTBE HECCHMETPUYHOTO Ciiydyas BbIOEpeM
CIEAYIONIMEe  TOYKH  PACIOJOXKCHUS  JEeMI(EpOB:
x1=0,1-1,x=0,75"1, ax;=0,4 - [ — TOUKa IPUITOKCHUS
BO3MYyIIAMOIIed Harpy3ku. B cuimy Toro, uto nmemmgeps
PACTIOIOKEHBI TOPa3o ONIMKe K TOUKE HATPY3KH, MOXKHO
3HAYUTEIBHO YMCHBIINTE KO3(QHUITMEHT neMIpupoBaHus
x = 20. Touka HaOIIOIEHNS TA KE.

wn
12

0 0.5 1 L

Pucynok 4 — I3MeHeHne Bo BpeMeHH (HECUMMETPHYHBIN CITy-
Yaif): @ — KOHTAKTHBIX CHJI; O — IIepeMeIIeHUs

BuiBoasbl. B manHoi paboTe moka3zaHa METOIUKA TIO-
CTPOEHMS 3a/la4yl O HECTAILIMOHAPHBIX KOJIEOAHUAX CTPYHBI
U CHCTEMBI CTPYH I0J AeHCTBUEM HEKOTOPOTO KOHEUHOTO
KOJIMYECTBAa HArpy30K, OOYyCIOBJIEHHBIX IEHCTBUEM CO-
CPE/IOTOYEHHBIX HArpy30K, Macc, JIeMIr(epoB Wi B3au-
MoJieiicTBUeM caMux CTpyH. llpeanoxeH anroputMm pe-
IIEHHs JaHHOHM 3a/laud Ha OCHOBE MPSIMOTO M OOpaTHOTO
npeodpazoBanus Jlamnaca, o6o0menHo merona Kpamepa
U PEryIsIpU3UpyoInero anroputMa Tuxonosa. B kauectse
IprMepa, MOJIyYeHO pelIeHne NpsSMOi 3a1adu o Koyeba-
HUH OJTHOH CTPYHBI, IIOAKPEIUIEHHOH ABYMsI JeMIl(epamu.
IIpoBeneH YMCIIEHHBIN 3KCHOEPUMEHT, B KOTOPOM IOKa3a-
HO, YTO JUI CHMMETPHUYHOTO CIydash Harpy)XeHWs peax-
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UM, 00YCIIOBIIEHHBIE AeMIIepaMu, COBIIAIAIOT, UTO TIOA-
TBEPXkAAET JOCTOBEPHOCTHh BbluMciaeHU. Ha ocHoBe
MPEUIOKEHHOTO B CTaThe MOAXO0Ja MOXHO HCCIEI0BATh
MOBE/ICHHE CTPYHBI, PaCIOJOKEHHs HeMN(epoB U pas-
JIUYHBIX COCPEAOTOYCHHBIX HArpy>KEHUH B IPOU3BOIBHBIX
TOYKAX CTPYHBI.
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E.JI. TPO3EHOK, 3.4. CHMCOH, A.B. CTEIIYK, C.IO. IIEPTHUH

YUCJIEHHOE MOJEJIUPOBAHUE TEMITIEPATYPHOI'O IIOJIA 3AI'OTOBOK
P UHAYKIIUOHHOM HAT'PEBE JIUISI U3TOTOBJIEHUSA ITOJHINITHUKOBBIX KOJIEL

HpOBeI{eHO MAaTEMAaTUICCKOC MOACIIUPOBAHUE MIpoLECCa NHAYKIIMOHHOI'O HarpeBa III/IJ]I/IHIII)I/I‘{GCKOﬁ 3aroTOBKH JJId MMOAIIHUITHUKOBO-
T'0 KOJiblla U MOJIYUCH paHPIOHaJ'ILHbIﬁ peKUM pa6OTI>I UHOYKTOpa. C YYU€TOM OCTBhIBaAHUSA 3arOTOBKHU IOJYYCHO PACHPEACIICHUC I10JIA
TEMIIEpATyp NEPEa Ha4daJioM Hpouecca mTaMIIOBKHA. Yucnennoe pemI€HUE, MOJYYEHHOC METOJOM KOHECYHOI'O 3JIEMEHTA, CpaBHHUBA-

JIOCh C OKCIIEPUMEHTAJIbHBIMU JaHHBIMU.

KnrodeBble cioBa: IMIMHAPUYECKas 3aroTOBKAa, MHAYKIMOHHBIA HarpeB, Pal[MOHAIBHBIA PEXHM, TEPMO3IEKTPOMArHUTHAS

3aga4ya, METOA KOHCYHBIX 3JICMCHTOB.

Beenenne. Ilponecc H3roToBJIEHUS MOAIIMITHHKO-
BBIX KOJIELl BKJIIOYAET BBINOJIHEHHE LENIOYKU IOCIEN0BA-
TEJIbHBIX TEXHOJOTMYECKUX ONepaluid: HHIAYKUMOHHBIN
HarpeB LWIMHIPUYECKON 3arOTOBKM, LITAMIIOBKY M pac-
karky. llepBblil 3Tanm BK/IHOYAET MHIYKLUUOHHBIA HAarpeB
MIIAHAPUIECKOW 3arOTOBKH IO HEOOXOAWMOW TemIiepa-
TYpBI, YTO MO3BOJISICT B JAaibHEHIIeM 3()(QEeKTHBHO mpou3-
BOJIUTH €€ TUIACTHYECKOe NeOopMHUpPOBaHUE, T.K. IS yC-
MEeNIHON peau3alii [ENOYKH TEXHOJOTHYEeCKHX orepa-
UMM HarpeTblii MeTall JOJDKEH HMETh OIpPEAETIEHHYIO
MHUKPOCTPYKTYpY, (DU3UKO-XUMHUYECKHe cBoiicTBa. [lpu
BEIOOpe peknMa paboThl WHAYKIMOHHOTO HAarpeBaTels
HEO0OXOIMMO HCKJIIOUHUTH MEPEkKOor, HEPaBHOMEPHBIN Ha-
TpEB WIK HEJOTPEB 3arOTOBKHU, TaK KAK OHU MOTYT IIPUBO-
JIUTh K TEPMUYECKUM HAMPSHKEHUSIM, XPYNKOCTH, HU3KOH
MPOYHOCTH MaTepujia KOHEYHOTO M3IeNus (KOJbIa IO-
munHauKa). [1o3TroMy BO3HHMKAaeT HEOOXOTUMOCTH B IIPO-
BEJICHUH TIIATEIEHOTO MOICITHUPOBAHUS M BBIOOpA PaIlHo-
HaJbHOI'O PEXXUMa Harpesa.

AHAJIN3 MOCJEeIHUX HCCJIEJOBAHUNA M JIUTEpaTy-
pbl. MccnenoBannsaM MHAYKIMOHHOTO HarpeBa 3arOTOBOK
JUIS Pa3IMYHBIX TEXHOJOTUYECKHUX IPOIECCOB (KOBKH,
IITAMIIOBKH, PYOKH, NMPOKATKHU, THOKH, a TaK:Ke 3a-
KaJIKH) MOCBALICHO psif paboT [1-4]. IIporHo3upoBaHuio
CTPYKTYpPBI M CBOICTB CTaJId IPH TEPMUYECKOH 00paboT-
Ke TOCBAMICHBI paboThl [1-3]. 3aaa4ya TEIIONpPOBOAHOCTH
JUTSS MHIYKIMOHHOTO HAarpeBa IMOJIIAITHIKOBEIX KOJIEIl
nepe packaTkoil paccMorpena B paborax [4, 5]. I[Ipouec-
Cy HarpeBa HECKOJBKUX 3arOTOBOK, ITEPEMEIIAIONIIXCS C
MMOCTOSTHHOW CKOpPOCTBIO dYepe3 HHIYKTOp, IOCBAIICHA
paborta [6], B KOTOpOH MpeAcTaBIEHO pelIeHUE 3aaadn
ONTUMAJIBHOTO YTIPABIICHHS MTPOIECCAMHU IEPHOANIECKOTO
U HEMPEPHIBHOIO MHAYKIIMOHHOTO HArpeBa 3aroTOBOK I10
KPUTEPHsIM OBICTPOJCHCTBUS U MUHUMYyMa Pacxoja 3Hep-
rur. OTMEYEHO, YTO ISl OOJBIIOrO JMANa30Ha IHaMeET-
POB 3arOTOBOK HE IIeJIECO00Pa3HO HCIIONB30BATh YHUBEP-
CAIBHBIA WHAYKTOP, TaK KaK C YBCIMYCHUEM OTHOIICHUS
BHYTPEHHETO AMaMeTpa MHIYKTOpa K ITHAMETPY 3arOTOB-
KM YMEHBIIACTCS CBA3b MATrHUTHOTO TIOJNS HHAYKTOpa C
3aroToBKOW. BcerencTBue 3Toro asis Kaxaoro TUIopasMe-
POB 3aroTOBOK M MHAYKTOPOB TPeOyeTCsl IMPOBOANUTH JKC-
MEPUMEHTAIBHO-TEOPETHYECKOE MOJCTUPOBAHNE TPOIIEC-
ca HArpeBa W BBHIOOP PAIMOHATIBHOIO PEXKHMA PAOOTHI
Harpesares, 00eceyrBaloIero HeoOX0IMMbIE XapaKTe-
PUCTHUKH TEMIIEPATypHOTO IOJIs B 3aroToBKe. MaTeMaTH-
9YecKoe MOJICIHPOBaHUE MpoIlecca HWHAYKIMOHHOTO Ha-

DOI: http://dx.doi.org/10.20998/2078-9130.2016.26.79927

rpeBa W YNCICHHO-aHAIUTHIECKUE METOIBI pacdera dJIeK-
TPOMAarHUTHBIX CHCTEM WHIYKTOP-3arOTOBKA MPEICTaBIIe-
HBI B MHOTOYHCIICHHBIX paboTtax Kysammuna [7]. OmHako,
TPU YKCJICHHOM DELICHUH CBSI3aHHOM HEJNIWHEHHON HecTa-
LIMOHAPHOM TEPMOAJIEKTPOMAarHUTHOM KpacBOM 3ajadu C
YYETOM HEJIMHEHHOM 3aBUCHMOCTH (PH3UKO-XUMHYECKHX U
CTPYKTYPHBIX XapaKTEepUCTHK MaTepuanga OT TeMIepaTyphbl
BBOZSTCSL ONpEACNICHHbIE JOMYIICHUS (HE YYHTHIBAeTCS
BJIMSTHHE HArpeBa 3arOTOBKH HA TOK B HHAYKTOPE), TO3TOMY
IUIL TapaHTHH JIOCTOBEPHOCTH PE3yJIBETaTOB HEOOXOIMMO
CpaBHEHHHE X C SKCIICPIMEHTAIBHBIMA TaHHBIMH.

Leab0 paHHOM cCTaTbU SBJISIETCS KCCIIEIOBAaHUE
3JIEKTPOMArHUTHOTO M TETIJIOBOTO MOJIEH, BO3HUKAIOIINX B
UUJIMHAPUYECKON CTalbHOM 3aroTOBKE, MpeIHa3HAUeHHOU
JUTSl TIOAIIMITHUKOBOTO KOJIbIIA MPU WHAYKIIMOHHOM Ha-
rpeBe, a TAaKXKe BBHIOOP PAIMOHAIBHOTO PEKMMa PabOTHI
HHIYKTOpA.

I[ocTranoBka 3amaum. J[ns peamu3anuy MOCIEAYIO-
LIEro 3Tana KauyeCTBEHHOM IITaMIIOBKH HEOOXOJUMO YTO-
Obl 00BEMHOE HEpaBHOMEPHOE TEMIIEPaTypHOE IIOJIC IIH-
JUHIPAYECKON 3aTOTOBKH C yYETOM BPEMEHH OCTHIBAHUS
MEXIy WHAYKIIMOHHBIM HAarpeBOM U OCAJKOH 3aroTOBKH
MOJ] TPECCOM JIOJDKHO OTBEYATh JKECTKHUM TPEOOBAHUSIM:
MakcuMalbHas TemmepaTypa HarpeBa Tn.x = 1150 °C, a
nepenaa TeMnepatypbl Tn.x — Tmin = 50 °C. MaTemaruue-
CKasi MOJIeITb, KOTOPasi ONMCHIBACT MHYKIIMOHHBIH HATPEB
OWIAHAPUIECKON 3arOTOBKH, BKIIFOYAET YPABHEHHUSI AJICK-
TPOMArHUTHOTO IIONIT MakcBelia W HecTallmoOHapHOE
ypaBHEHHE TEIUIONPOBOAHOCTH Dyphe C COOTBETCTBYIO-
[IMMHA TPAHUYHBIMHA ¥ HAYAIBHBIMU YCIOBHSAMH C YIETOM
CBSI3aHHOCTH (PM3HYCCKUX IPOIECCOB. YPABHEHHUS DIICK-
TPOMAarHUTHOTO TOJISt UMEIOT BUJ [8]

OE OB oH
rotH=0c(l)E+&e—; rotE=—=—u(T)—;
(DE+e2, o HD%

oD
i =o(T)E +—,
Jj=o() =

rae H — HanpsyKeHHOCTh MarHUTHOrO Mo, E — Hamps-
KEHHOCTH JICKTPUIECKOTO TOJIs; B — MarHUTHas WHIYK-
LHA; j — IUIOTHOCTD TOKA; D — 3JIeKTpHYecKas MHIYKIU;
o(T) — amexTprudeckas MPoBOAUMOCTh U (1) MarHUTHOU
MPOHUIAEMOCTSIX, HEJTMHEHHO 3aBUCSAIINE OT TeMIepaTy-
psl 7. HauGonbmiasi mioTHOCTh TOKA j, PU HarpeBe IH-
JIMHJPUYECKOH 3aroTOBKU OyeT Ha rTyOMHE CKHH CJIOS 0,
a K LEHTPY CHIKATHCS SKCIIOHEHIIHAIBEHO
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j r= J Oe_kr .
['myOuHa TPOHWKHOBEHHS O OMpEIENAETCS 3aBUCH-
MOCTBIO:
So |2Pe ’
WOHH
rae o =2zf yriaoBas 4acToTa, [ — 4acToTa TOKa, p, —
YAETbHOE COMPOTHUBIICHHE MaTephalia 3aroTOBKH, [y —
MPOHHUIIAEMOCTh BaKyyMa, i — YAeTbHAas MPOHUIIAEMOCTh
MaTepuajia 3aroTOBKH. I[IITOTHOCTh WMCTOYHHWKOB TeEILIa
paBHa
_ 2,0 15
p()=c(DE“(t)=———j(1).
o(T)

IIpu temmepatype 721 °C B yriepoaucTod cranu
MPOUCXOUT BBIACICHUAE TCIUIOTHI MPH MPEBPAIICHUH HC-
XOIHOHN CTPYKTYpPBI MEPJNTa B ayCTCHUT, TUIOTHOCTh HC-
TOYHUKOB KOTOPOH MOYKHO OTIPE/ICIHTH KaK

Q=pL@£,
ot
rae L — oObeMHas IIIOTHOCTDh UCTOYHMKA Termna, ¥ — 00b-
eMHast Ol IPEBPAIEHHOT0 ayCTEHUTA, p — INIOTHOCTb.

HenuneiiHoe ypaBHEHUE TEIUIONPOBOAHOCTH IS

pacueTa TeMIepaTypHOIo HOJSI B 3arOTOBKE UMEET BUJ:

PO = div(AT)eradT )+ 00+ p(o),

rne C(7T) — rermoemkocTb U A7) — KO3 UITHEHT TerIo-
MIPOBOAHOCTH METAJIIA, 3aBHUCSIIUE OT TEMIIEPATYPHI

Tak kak TpH HarpeBe MOBEPXHOCTHOTO CJIOE€ 3aro-
ToBKH 10 TemmepaTypsl 1200 °C, BenmYWMHA TEILIOBOTO
MOTOKA B PAaMAIIbHOM HANpaBJICHUH Ha TOPAIOK OOJbIIe
MIOTOKa B OCEBOM HallpaBIECHUH, IOITOMY MOXKHO IIPEHEO-
peub nepenayeit Temia BAoJIb OCH UUIWHIPUYECKOM 3aro-
TOBKH (TOPIIBI 3aTOTOBKH MOXKHO CYHMTAaTh TEILIOU30JIHPO-
BaHHBIMH), Ha OOKOBOH JX€ MOBEPXHOCTH MMEET MECTO
KOHBEKTHBHAsI M JIy4HCTasl TEIUIOOTAadYa. | paHW4HBIE yC-
JIOBUSI HA TIOBEPXHOCTH 3arOTOBKH UMEIOT BUI:

1297
on

nos
e oy — KO3(GPUIUEHT KOHBEKTUBHOT'O TEMII000MeHa, g, —
K03(h(UIMEHT TEeTI00TAAYN U3ITydeHueM, 1,,, — TeMIiepa-
Typa TNOBepXHOCTH, T, — TeMIepaTypa OKpy»Karomeil
Cpelbl.

:aAn“—Q)ﬂ%&4—Tﬂ,

nos cp

YucjeHHAas peanu3anmsi U o0cCysKAeHHe pe3yJib-
TaToB. PaccMOTpeHHBIN MOAX0 OBUT MPUMEHEH IUIS OII-
peneNeHusl paroHAIEHOTO PEeXUMa padOThl WHAYKTOPA,
KOTOPBIN OXJakaaercss BOAOW g0 TemmepaTypsl 60°C,
NWIMHIPUYEeCKOH 3aroToBku u3 cramu IIX15 mmmHO#M
/=190 MM u paguycoMm r = 50 MM. MeTOIOM KOHEYHBIX
anemenToB (MKD) Obuta 4nciieHHO peleHa KpaeBasi He-
CTalMOHAapHAasl TEPMODJIEKTPOMArHUTHAs 3ajava JJisi Oll-
pelneneHus pacrpeeseHns: 00beMHOTO TI0JIST TEMIIEpaTyp.
KoneunosnementHas monens BkiatodaeT 60221 snemeHTOB
n 16346 y3nos. Ha puc. 1 mpuBeneHa pacueTHas cxema
HWHIYKTOpA C 3aTOTOBKOM.

Ha puc. 2 mpuBeneHs WCHOJIH30BAaHHBIE B pacdeTe
rpaduKy, 3aBUCUMOCTH OT TEMIEpaTyphl.

HarpeB 3aroToBKH OCYIIECTBISETCS WHAYKTOPOM C
yacToToil Toka /= 800 I'll 1 MakCMMaNbHONH MOIIHOCTHIO

W =40 kBT 3a Bpems ¢ =300 c. PacueTHBIM ITyTeM orIpe-
JIEJSUICS. palMOHAJIbHBIA pEXUM HarpeBa 3arotoBku. Ha
puc. 3, a npuBeneH rpaguKk U3MEHEHHsI BO BPEMEHHU MOIII-
HOCTH MHIYKTOPA, IPH KOTOPOM IPOUCXOAUT HArPEB ITH-
JINHAPUYECKOM 3arOTOBKM O MAKCUMAJIbHOM TemImepaTy-
Pl Timax = 1150 °C ¢ pa3HOCTBIO TeMIepaTyphbl He OoJjee
Trax = Trmin =40 °C.

Pucynok 1 — Pacuernas cxema

Heat Capacity Thermal Conductivity

Heat Capacity Thermal Conductivty
128792 51793

108280 472347

897768 42676

Tozemt | 38174

507615 smsser | A

100 w28 62 sWs 1180 14128 10 se2s  ss sers  ME 14128
Ternperature

Temperature

a o

Magnetic permeability Resistivity

Magnetic permeailty Resistivity
104085 000130625

8418 oomossz |

337 000083415

a2s8 ooooers |

278 oooods0s |

1 i i H | 0000251 i i i i

2 oes  sws  mes 082 136 10 352 04 sse 1108 1380
Temperature Termperature

6 2
Pucynok 2 — 3aBucUMOCTH 3HaYCHHH (U3NUSCKUX XapaKTepH-
CTHK OT TeMIiepaTypsl s ctanu LIIX15: a — rermmoemkocTH; 6 —
TETIONPOBOAHOCTH; 8 — MAPHUTHON MPOHMI[AEMOCTH; & — DJIEK-
TPUYECKOH IPOBOANMOCTH MaTepHaia CTaIbHON 3arOTOBKH

Volume charge Volume charge

Volume charge volume charge
#1500 41500

35200 00 [

28000 2800 |

22800 22800

16300 : : : : 0 [

10000 i i i i 10000 P

a1 o 73 1T 2,5 2s 37S
Time Time

a o
Pucynok 3 — 3MeHeH#e MOIHOCTH HHIYKTOpa OT BPEMEHU
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Ha puc. 4 npencraBiieHo pacrpeneieHie Mo TeM-
mepaTypsl B CEYCHUHU 3arOTOBKH IIOCIIE HAarpeBa B MHAYK-
Tope. Tak TemmepaTypa Ha TIOBEPXHOCTH paBHa
T,0s = 1140 °C, a Ha ocu 3aroToBKH 7, = 1110 °C mpu
MaKCUMAaJIbHOM YpOBHE TeMIIepaTyphbI BHYTpPH
Tmax = 1150 °C. Tak kak B mpoliecce UHIYKIIMOHHOTO Ha-
rpeBa 3arOTOBKHU MPOUCXOIUT OTBOJ TEIlIa C BHEIIHEH ee
MIOBEPXHOCTH, TO BO BHYTpeHHeH o0bemMe o0Opazyercs 30-
Ha, Harperas Ha Oollee BHICOKYIO TEMIIEpaTrypy, 4TO MO-
JKET TIPUBECTH K IEPEerpeBy BHYTPEHHHUX CIIOCB CTAaJH.
st mepexona K NOcHenyoed TEXHOIOIMUECKON onepa-
UM — INTAMIIOBKE KOJBIIa HEOOXOAMMO PEIIUTh 3a1ady
OCTBIBaHMS 3arOTOBKM B BHJE HECTALMOHAPHOM 3amaun
TEIUIOIPOBOIHOCTH C YUETOM IOJIy4YE€HHOTO ITOCIIe Harpe-
Ba TEMIICPATypHOTO TMOJisA. B KauecTBe TPaHUYHBIX yCIIO-
BUH 3a71aBaJICsl TYYUCThIH U KOHBCKTHBHBIN TEIUIOOOMEH C
Bo3ayxoM (7, =20°C) Ha BceXx MOBEPXHOCTAX LUIMH]-
pudeckoii 3arotoBku. Ha puc. 5 mpuBeseHO Temmeparyp-
HOE TIOJI€ 3aTOTOBKH TIOCJIC OCTHIBAHKS B TEUCHUU { =5 C,
mocJie 4ero HadmHaeTcs mporecc mrammoBku. Cremnyer
OTMETHUTh TIepepacIlpenelicHie W CHIDKCHHE YpOBHEH
TemmepaTyp. Tak Ha OCH 3a CYET TEIUIONPOBOJIHOCTH TEM-
nepatypa noassiack 10 7,., = 1140 °C, Ha moBepxHOCTH
3a CYCT TEIUIOOTBOJIA TIOSBHIIUCH 30HBI C MHHUMAJIBLHOU
temrepaTypor T, = 1090 °C u MakcuMalibHO# Temmepa-
Typa HarpeBa T, = 1130 °C.

Time 300

Temperature (C)

1110
1110 Min
1150 Max

X

L

PucyHnok 4 — PacnipeniesieHue nosist TeMIeparypsl B CE4EHUU
3arOTOBKHM NPU HAarpeBe B HHAYKTOPE

Time 305

—— w Temperature (C)
1090
1080 Min
L 1140 Max
r—; L

Pucynok 5 — Pacnipenenenue mosist TeMnepaTypsl B 3aroTOBKE
I10CJIe OCTBHIBAHUS

[nst mpoBepku aJeKBaTHOCTH MaTEMaTH4YECKOH MO-
JIETTH, ONHCHIBAIOIIEH IPOIECC MHAYKIMOHHOTO Harpesa

3arOTOBKH, OBLIA pelieHa 3afada WACHTH(PHUKAINN TeMIIe-
paTypHOTO TONS UL pPeXMMa HArpyKeHHS HWHIYKTOpa
MIPUBEICHHOTO Ha puc. 3, 6. [IpoBoanIoCcs mupoMeTpude-
CKOE€ HW3MEpeHHe TeMIIepaTyphl 3aroTOBKH Ha OOKOBOM
noBepxHocTd (paguyc »=50MM) U B HeEHTpe (pamuyc
r=0) TopreBoi yactu 3aroToBku. Ha pucynke 6 mpen-
CTaBJIEHBl YHCIIEHHO HalJEHHOE paclpesesieHne TeMIle-
patypsl Ha TopIie 3aroToBkH. B Tabm. | mpuBeneHsl 3Ha-
YeHHUs TEMIIEPATyphl, MOMYUCHHBIE PACUETHBIM H IKCIIE-
PUMEHTANBHBIM Ty TEM.

Ta6uuua 1 — PacyeTHble v 9KCIIEPUMEHTAIbHBIE 3HAYECHHSI
TeMIIepaTyp Ha Topiie obpasua

Payc #, Mv Pacuetnoe W3mepennoe
’ 3nayenue 7,°C 3nauenue 7,°C

0 1030 1030

50 1140 1130

CpaBHEHHE Pe3yNbTaTOB IIOKA3al0 XOpOollee COBIa-
JICHUE pacyeTHBIX M SKCIEPUMEHTANILHBIX 3HaueHui. Tak
MOTPEITHOCTD JUIsl TIepernajga TEeMIIepaTypbl Mexay Io-
BEPXHOCTBHIO M OCHIO 3arOTOBKH, HOJyYSHHAs! pacyeTHBIM
1 SKCIIEPUMEHTAIIBHBIM ITyTeM, cocTaBisieT 9 %, 4To cBu-
JeTeTbCTBYET 00 alleKBaTHOCTH MOJENH PEeaTbHOMY HpO-
neccy.

Time 300

Temperature (C)

1030
1030 Min
1140 Max

x_k
Pucynok 6 — Pacnpenenenue Beruucinensoro MKO nons
TEMIIepaTyphbl B CEUEHUU 3aTOTOBKH

BoiBoabl. B pabote npoBeneHO YMCIIEHHOE HCCie-
JIOBaHHE WHIYKLIHOHHOTO HAarpeBa LIMIMHIPUYECKON 3a-
TOTOBKH HOJIIUITHUKOBOTO Kojbla. [Ipu momomum merona
KOHEUHBIX JJIEMEHTOB pEllIeHa HeCTallMOHApHAas CBs3aH-
Hasl TEpMOIJIETPOMArHUTHAs KpaeBas 3a/a4a U ONpeesieH
palrOHANBHBIA PEXXUM padOThl HHAYKTOpA, P KOTOPOM
TEMIIEpaTyPHOE I0JIE€ B 3arOTOBKE COOTBETCTBYET TEXHO-
JIOTHYECKUM TPEeOOBaHMAM JUIA MOCIIEAYIOMIEro mponecca
wTamMnoBku. IIpy MakcUManpHO JOIyCTUMOM TeMIlepaTy-
pe Harpesa JOCTUTHYT MUHHMAJIbHBIN Iepenaj TeMiepa-
Typ B 00beMe 3aroTOBKH, TO €CTh obecredeH ee Ooiee
PaBHOMEpHBIA HarpeB. DKCHEPUMEHTAIBHO MOATBEPIKIe-
Ha JOCTOBEPHOCTb MOJIENIM pacyeTa TeMIIepaTypHOro Io-
.

Cnucok jgureparypbl: 1. Denis S. Revue de Mettallurgie / S.
Denis // CIT/Science et Genie des Materiaux. - fevrier 1997. — P.
157-175. 2. @edocos C.A. KommbrorepHas nporpamMma ajst pac-
YeTa MapaMeTpoB TEPMHYECKOrO LHKIA IPH HMITYJIbCHOM I10-
BepxHocTHOM Harpese / C.4A. @edocog // Matepuainsl U ynpou-
Hatomue texHonorud —99. — V11 Poccuiickas HayyH. TE€XHHY.
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TPUBOJIOTTYHA CHUCTEMA YVYJIbTPAZBBYKOBOI'O 3BAPIOBAHHSA. IHNIJCUCTEMA YJIBTPA-

3BYKOBOI'O IHCTPYMEHTY

Po3pobneno mixcucteMy ynbTpa3ByKOBOTO IHCTPYMEHTY 3 BHKOPHCTaHHSM IporpamHoro komiekcy ANSYS, mo iHTerpoBano y
TpUOOJIOTIYHY CHCTEMY yJIBTPa3BYKOBOI'O 3BapioBaHHs. [IpoBeseHO MOJETIOBAaHHS YIbTPAa3BYKOBOTO iHCTPYMEHTY, CHUMETPHYHOTO
BIZIHOCHO OCi, Ta YNCENbHI pO3paxyHKU poO0OU0i Pe30HAHCHOT YacTOTH Ta (POPMH KOJIMBaHb. 3alPOIIOHOBAHO IiXi/ 10 IHTETpyBaHHS
HOBOI IiJICUCTEMH Y 3arajbHy TPUOOJIOTiYHY CHCTEMY YJIbTPa3ByKOBOT'O 3BapIOBAHHS.

KurouoBi ciioBa: TpubosoriuHa cucTeMa, BUCOKOYAaCTOTHE HABAHTAXKCHHS, YJIbTPa3ByKOBE 3BapIOBAHHS.

Beryn. TpubomoriuHy cucTeMy yIBTPa3BYKOBOTO
3BaproBaHHs (Y 33), mo Oyio 3anpononoBano y [1, 3], mus
OLIbIII TOYHOTO MOJICTFOBAHHS yCiX MPOLECIB, 110 TPOXO-
JIITh BHACITIZIOK B3a€MOJIii YJIBTPa3BYKOBOTO iHCTPYMEHTY
(V3I) Ta meraneit, mo oOpOOIIOIOTHCS, Tpeba TOTOBHUTH
IICUCTEMOIO YIIbTPa3ByKOBHH IHCTpyMeHT. [lizcucrema
V31 Ga3yerbcsi Ha po3paxyHKaX PE30OHAHCHUX PEXHMIB
YIBTPa3BYKOBOTO IHCTpYMEHTY (Hamalli iHCTPYMEHT abo
MOJIETIb), 10 MOJEIIOETHCS 3 BUKOPUCTAHHSIM aKTHBHUX
Ta MaCUBHUX MartepiaiiB [5], 10 BiAMNOBINAIOTH KOHCTPYK-
TUBHHUM eneMeHTaM Y3I — m’e30kepaMiuHOMY IepeTBO-
pIoOBady, CHCTEMi XBHJICBOMIB 1 poOOYOro HAKOHECYHHKA,
10 y CBOIO 4epry € 3HIMHUM. Hampyra reneparopa 3MiH-
HOTO CTPYMY IIOJa€ThCsl HAa ENEKTPOAM I €30KepaMidHUX
€JIEMEHTIB, BHACIIIZOK IT'€30€(DEeKTy KOJMBAHHS EIEKTPH-
YHOTO CTPYMY IEPETBOPATHCS B MEXaHIYHI KOJHBAHHSI, a
BUKOPHCTAHHS €JIEMEHTIB 3BOPOTHOTO 3B’SI3KY IO3BOJISE
MiIBUIINTH €(EeKTUBHICTh CUCTEMU aBTOMATHYHOTO KOHT-
POJIIO Ta YIIPABIiHHS TPOLIECOM 3BapIOBAHHS.

VY pamkax poOOTH MPOBOIAMTHCS T€OMETPHYHE MO/IE-
JIIOBAaHHS yJIbTPa3BYKOBOI'O IHCTPyMEHTa 3 ypaxyBaHHSIM
oco0nmBOCTE KOHCTPYKIIi, Ta PO3pPaXxyHOK PEe30HaHCHOI
dhopmu kommBaHb Y3l 3 BUKOPUCTaHHSM MOXJIMBOCTEH Ta
MpOTpaMHUX 3ac00iB porpaMHOro Komruiekcy ANSYS.

Onuc mincucremu Y3I. V pamkxax maHoi poboTn
Oyio 3amporoHoBaHO I MojemtoBaHHS Y3l BHKOpHC-
TaHHS BICICHMETPHYHOIO IIOCKOTO KiHIIEBOTO €JIEMEHTY.
®Di3uK0o-MeXaHIuHI XapaKTepUCTUKH MarepialliB, 10 BHU-
KOPHUCTOBYIOThCc Yy Moxeni Y3I, 3i0pani y mimcucremi
MarepiaiiB i opMaizoBaHi K (YHKIIII, 10 3aJeKaTh Bij
TEMITEpaTypH.

XapaKTepUCTHKH THTAHOBOTO CILIABY, 3 SKOTO BHIO-
TOBJICHUH IHCTPYMEHT, HaBe/IeH] B Ta0I. 1.

[T’e30KepaMidHa OPTOTPOINHICTE OOYMOBJIEHA MOJISI-
pH3ali€ro Marepiany y3Z0BXK oci X, II0 CIPOIILy€e BUA Ma-
TPHIIb.

Martpuiis Npy>XHUX MOCTIHHUX:

¢ a3 ¢3 00 0
cpy ¢, 0 0 O
c 0 0 0
C= 33
caa 0 O
cum. css 0
L Co6 |

MatpHuiis JieIeKTPUYHUX TOCTIHHUX

DOI: http://dx.doi.org/10.20998/2078-9130.2016.26.79928

&n 0

0 E33
Matpuiis 11’ €30€IeKTPUIHNAX TOCTIHHUX:
533
$31

S=| 53
S1s5

S1s

linbHicTs p = 7500 Kr/ M°.

Tabmuns 1 — XapakTepHCTHKN TUTAHOBOTO CIUIABY
XapakTepucTuka Po3MipHicTh Benuunna
Monynb npyxHoCTi, E H/m? 10,7-10"

Koedimienr Ilyaccona, v 0,3.

IlinbHICTD, p Kkr/ M3 4450

[TapameTpu pobodoro npouecy Y3l po3paxoByrOTb-
sl 3 BAKOPUCTAaHHAM METOJIVK, 110 OyJIM 3aIpOIIOHOBAaHI y
[3] 3 BUKOpPHCTaHHSM IIJCUCTEMH TEPTS Ta TEPMOAMHAMI-
YHOI MiJCHCTEMH TPUOOJOTIYHOI CHCTEMH YIbTPa3ByKO-
BOT'0 3BapIOBaHHSI.

Bukopucranas mporpamHoro komiuiekcy ANSYS
moTpeOye HANMMCAHHSA Ta BiANPanbOBYBaHHS CIIEIiami3o-
BaHoro iHtepgeiicy [2] mix ITK Ta TpubonoriuHowo cuc-
Temoro Y33.

I'eomerpuuna moaensb Y3I. [ncTpymeHT siBsie co-
0010 KOMOIHAIIF0 IWIIHAPUYHHUX 1 KOHIYHHMX TUI, SIKI B
MIepeTHHI MaloTh MPSIMOKYTHHK 1 Tparenio, i € BicicuMer-
puuanM. Y ITK ANSYS 6yno nobymoBaHo nepeTnH, KA
Hagami OyJo MOBEpHEHO HABKOIIO Bici (puc. 1).

Pucynok 1 — Ilepernn Y3I, sikuii moOyn0BaHO MPOCTHMHU
JOTUPUKY THUKAMU

Po36mBKY 1mI0CKOTO TIEpeTHHY OyJio MPOBEICHO 3a
JIOIIOMOT0X0 criemiaibHoro exeMerra MESH200, mio He €

00'emHuM (puc. 2). JIns BUKOPUCTAHHS ILOTO KIHIIEBOI'O

© C.M. Icaxkos, O.C. Icakos, C.I. Mapycenko, 2016
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eJeMeHTa ISl PO30MBKY IUIOCKHX MEPETHHIB HeoOXigHoro  po3paxyHKy B IIK ANSYS meromom Jlanmoma.

YMOBOIO € BHOIp OMIii KiITBKOCTI BY3JiB i CTYIIEHIB BiJlb-
HOCTI y BY3JIi.

T

kil
INEEEI

i

T
I |

Lt

Pucynoxk 2 — [lepetrH Mozeni, 10 po30UTO €IEMEHTOM
MESH200

Touku 3 KOOpOMHATaMHM TaKHX BY3JIB 30iraroThbCs
aBTOMAaTHUYHO, TOMY IO N0 BU3HAa4YeHHIO (yHKLIi (opm
PiBHI oMHMILI Y JaHid Todwi i Hymo y Beix iHmmM. Kpim
I[bOr0 BUKOPHCTAaHE BH3HAYEHHS 3B'SI3KY IVIOOAJIBHUX 1
KPHUBOJIIHIMHUX KOOpJIUHAT 3a0e3euye reoMeTpUIHy Bifl-
MOBIHICTh €JIEMEHTIB, TOOTO Ba CYMDKHHX EIIEMEHTH
OyIyTh CTHKATHCSI MO BCi€i rpaHUIi, TOMy IO (QyHKII
(opM 3aOBOJBHAIOTE yMOBaM Oe3mepepBHOCTI. Taki
EJNIEMEHTH, y SKUX QYHKIIi GopM, 110 BU3HAYAIOTH TeOMe-
Tpito ¥ HeBiIOMY (DYHKIIIIO MepeMillieHb, OJTHAKOBI, Ha3HU-
BAIOTHCA 130IIapaMeTPHYHUMH. Y CYYacHUX IIPOIPaMHHX
KOMIUIEKCaX 3BHYalfHO 3aCTOCOBYIOTHCS IIECTHUTPaHHI
i3omapamerpuyHi kpuBoniHiitHi KE 3acHoBani Ha ¢yHKI-
X (popM cepeHIUITOBOTO CIMEHCTBA €JIEMEHTIB.

Ha momwHi moBHHHA 30iraTtucst KiTbKiCTh BY3JIB 1
CTYNEHIB BUIFHOCTI Ha rpaHi o0'emHOro emementa. lle
BOCBMH BY3JIOBHI KBaJIpaTUYHHI €NEMEHT i3 TphOMa CTY-
MIEHSAMH BUTBHOCTI y By3mi. Y poOoTi OyB BHKOpHUCTaHHN
ob0'emanit enemeHT SOLID9S5 nBaamsaTén By3IOBHHA i3
TpbOMa CTYINEHsSMH BUIBHOCTI y By3ii. JlaHi omepariii Bu-
KOHYBAJIMCS IJIsI CTBOPSHHS BIIOPSIAKOBAHOI CITKH B KiH-
LIEBOMY pe3yJIbTaTi.

[Ticnst oGepTaHHS TUIOLIMHU HABKOJIO OCI CUMETpii

Oyno OTpHMaHO TpPUBUMIPHE BICICUMETPUYHE TLJIO
(puc. 3).

|

I

ul

Pucynok 3 — O06'eMHa MoieNb IHCTpyMEHTA

NODAL SOLUTION
STEP=1
SUB =16
FREQ=23141
UsuM (AVG)

RSYS=0

DMX =9.528
SMN =.072823
SMX =9.528

e bt

.072823 2.174 4.275 8.478
1.123 3.225

Pucynox 4 — Po6oua ¢opma konmmBanb Y31

Po3paxyHok po6oyoi ¢popmu konusanb ¥Y3I. Yac-
TOTH ¥ (OpPMH KOJHMBaHb OyJO OTPHMAHO B PE3yJbTaTi

[Tomyk wacror mpoBoamBcs B miamas3oHi Bixm 0 mo
35000 I'y, kyau motpanmio 11 gacrot (tabum. 2).

Tabnuus 2 — YactoTH, 10 3HAHICHO Y 3aJaHOMY Jiana3oHi

/\ Results File: rydka.rst
Available Data Sets:
Set Freauency Load Step Substep Cumulative

1 0.0000 1 1 1

2 0.0000 1 2 2

3 0.0000 1 3 3

4 0.0000 1 4 4

S 0.0000 1 S s

& 4.67562E-03 1 6 6

7 4032.3 1 7 7

8 4032.3 1 8 8

9 8302.8 1 9 9

10 8302.8 1 10 10
11 13375. 1 11 11
12 13375, 1 12 12
13 18820. 1 13 13
14 18945, 1 14 14
1S 18945, 1 15 15
16 23141. 1 16 16
17 25184. 1 17 17
18 25184. 1 18 18
19 27861. 1 19 19
20 32402. 1 20 20
21 32402. 1 21 21
22 35766. 1 22 22
23 37562. 1 23 23
24 40419. 1 24 24
25 40419. 1 25 25
26 42636. 1 26 26
27 48570. 1 27 27
28 48570. 1 28 28
29 51071. 1 29 29
30 51597. 1 30 30

Next Previous

PoGounii pexuM KOJHMBaHb YJIBTPa3ByKOBOTO 1H-
CTpYMEHTY BifOyBaeThcs Ha yactoti 23,141 k['1, a popma
konuBaHb Y3l HaBeneHa Ha puc. 4.

BucnoBku. IIpoBeneHO MOAENIOBaHHS Ta Po3paxy-
HOK po0040i 4acTOTH KOJIMBaHb Bicicumerpuynoro Y3l Ha
6a31 moxumBocter ITK ANSYS, mo 3a gonomororo cre-
miamizoBaHoro iHTep(deicy Oyio IHTErpoBaHO y IIiICHC-
temy Y31 TprOOJIOTidHOI CHCTEMH YJIBTPAa3BYKOBOTO 3Ba-
PIOBaHHS.

[Monanbmri nocmipKeHHsT MaloTh OyTH CIIPSIMOBaHi Ha
MOJIeTTIOBaHHs HeBicicuMeTpuuHux Y3l 3a momomororo
Creliali30BaHNX CKIHYEHHUX EIEeMEHTIB [4], po3poOKy Ta
HaJIAIITYBaHHS ITJCHCTEMH BHMYIIEHHX KOJHBaHb Ta
MTOANBITY iHTErpalif0 HOBHUX IICHCTEM 3 IiACHCTEMaMHU
Tpudomoriunoi cucremu Y 33.
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mozeni Y3 3BaproBanus / C.M. Icaxoe // IndopmaniitHi TexHO-
JIOTii: HayKa, TeXHiKa, TEXHOJIOTIsI, OCBiTa, 310poB’s: Te3u formo-
Bigedt XXI mixnap. Hayk.-nipakT. koHd., .1 (Xapkis) / 3a pex.
mpod. TosaxkusachKOTO JLJI. — X.: HTY «XIII», 2013. - 1 c. 2.
Aemonomosa JI.B. YupapineHue napaMmeTpaMu TEXHOJIOTHYECKO-
ro mporecca CTPYKTYpPHOCBSI3aHHOH aKyCTHYECKOil chucTeMbl /
JLB. Asmonomoea, C.H. Hcarxos [/ BoctodHo-eBporeiickuii
JKypHaJI nepenoBbIX TexHonorui. — X.: 2008. — Ne 1/5 (31-2008).
— C. 3-6. 3. Hcaxos C.H. TloctpoeHue TpubOIOrHIecKoi cucre-
Mbl ynbTpa3BykoBoil cBapku / C.H. Hcaxoe // Bicuuk HTY
«XIII». 36. Hayk. mparp. Cepist: JluHamika i MilHICT MalInH. —
X.: HTY «XIII», 2013. — Ne 63 (1036). — C. 55-59. 4. Isakov S.
Designing of ultrasonic waveguides in conditions of spatial os-
cillations/ S. Isakov, O. Kedrovskaya // MicroCAD’99 "Informa-
tion technologies: Science, Technique, Technology, Education,
Health". — 1999. —Iss. 7, part 1. — P.293-299. S. Isakov S. Adap-
tive Structures Optimization / S. Isakov // Modelling and Control
of Adaptive Mechanical Structures — Fortschr.-Ber. — VDI Reihe
11 Nr. 268. — Diisseldorf: VDI Verlag 1998.- PP. 249-256.

Bicnux HTY «XI1l». 2016. Ne 26 (1198)

55



Jlunamixa i MiyHicms Mawiun

ISSN 2078-9130

Bibliography (transliterated): 1. Isakov S.M. Trybosystema v
yakosti modeli UZ zvaryuvannya. Informatsiyni tekhnolohiyi:
nauka, tekhnika, tekhnolohiya, osvita, zdorov'ya: Tezy
dopovidey XXI mizhnar. nauk.-prakt. konf., Ch.1 (Kharkiv) za
red. prof. Tovazhnyans'koho L.L. Kharkiv, NTU "KhPI" (2013):
1 p. 2. Avtonomova L.V., Isakov S.N. Upravlenie parametrami
tehnologicheskogo processa strukturnosvjazannoj akusticheskoj
sistemy. Vostochno-evropejskij zhurnal peredovyh tehnologij.
Kharkiv 1/5 (2008): pp. 3-6. 3. Isakov S.N. Postroenie tri-
bologicheskoj sistemy ul'trazvukovoj svarki. Visnyk NTU

"KhPI". Zb. nauk. prats'. Seriya: Dynamika i mitsnist' mashyn.
Kharkiv: NTU "KhPI", 63 (1036). 2013. pp. 55-59. 4. Isakov S.,
Kedrovskaya O. Designing of ultrasonic waveguides in condi-
tions of spatial oscillations. MicroCAD’99 Information tech-
nologies: Science, Technique, Technology, Education, Health.
Iss. 7, part 1 (1999). pp. 293-299. 5. Isakov S. Adaptive Struc-
tures Optimization. Modelling and Control of Adaptive Me-
chanical Structures - Fortschr.-Ber. VDI Reihe 11. Nr. 268. Diis-
seldorf: VDI Verlag (1998). pp. 249-256.

Haoitwna (received) 03.06.2016

Bioomocmi npo aemopis / Ceedenus 06 asmopax / About the Authors

Icaxoe Cepeiti Mukonaiioguy — KaHIWIAT TEXHIYHUX HAyK, CTAPIINN HAYKOBHUH CHiBpOOITHHK, Kadeapa «Ormip
MatepianiBy, Harionansauii Texaiganit yHiBepeuteT «XI1I», Ten.: (057) 707-61-78. si@manoilgroup.com.

Isakov Sergei — Candidate of Technical Sciences (Ph. D.), Sr. Researcher, Department of Resistance of Materials,
National Technical University "KhPI", tel.: (057) 707-69-78. si@manoilgroup.com.

Icaxoe Onexcini Cepziiiosuy — acnipant, Hauionanbnuii TexHiuyauii yHiBepeutet «XI1I».

Isakov Oleksii — postgraduate, National Technical University "KhPI"

Mapycenko Ceéimnana lsaniena — HaykoBuii criiBpoOiTHHK, Kadenpa «Omip marepianiBy, HauioHanbHuid TexXHi4-

Huii yHiBepcuret «XI1I», Ten.: (057) 707-61-78.

Marusenko Svitlana — researcher, Department of Resistance of Materials, National Technical University "KhPI",

tel.: (057) 707-61-78.

YK 519:539:534

C.B. KPACHHKOB

MOJIEJIMPOBAHUE KOPIIYCA MAPOBOW TYPEMHBI U1 AHAJIN3 OCHOBHBIX BUBPAIIMOH-

HBIX XAPAKTEPUCTHUK

Hccnenyiorcss BUOpanvoHHBIE XapaKTEPUCTUKH KOpIyca MapoBOi TypOHHBI U €ro B3auMmozaelcTsue ¢ ¢pyHaameHToM. OOBEKTOM HC-
ClIeJIOBaHMS SBIIsIETCSl Haubonee rHOKui KOpItyc MapoBoi TypOMHBI — LMJIMHAP HU3KOTO JaBjieHus. PaccMaTpuBaeTcsi naposas Typ-
6uHa, KOTOpasi OTHOCUTCS K KJIaCCy HaMOOJIBIINX MOIIHOCTEH CPEeAN KOHCTPYKLHI 3TOro THIia. MOACIHPOBaHNE U NPOBEACHUE pac-
YEeTHBIX HCCIICIOBAHMII BBINOJHEHO C HCIOJIB30BAaHMEM METOJAa KOHEYHBIX JJIEMEHTOB. I1OCTpOEHBI CepuH KOHEYHO-3JIEMEHTHBIX
Mozeneil paccMaTpuBaeMoi KOHCTpYKIHH. [IpoBeneHb pacueTsl COOCTBEHHBIX KoIeOaHuil Ha cepur U3 Aecsti Mojenel. [lomydeHs
OCHOBHBIE BUOPAI[OHHBIE XapaKTEPUCTHKH IPU PA3IMYHBIX BapUAHTaX MOJCIMPOBAHMUS B3aMMOCBSI3H KOpIyca MapoBOW TYpOHHBI C
¢ynnamenToM. IlomydeHHbIE pe3ybTaThl MOXKHO MCHOJIB30BaTh JUIsl OLIEHKH BUOPALMOHHOTO COCTOSIHUSI KOpPITyca IapoBOH TypOMHBI

1 QpyHIaMEeHTa Ha KOTOPBIH ONMupaeTcs Kbl KOpITyC.

KuroueBble cjoBa: BuOparys, naposas TypOHHA, HIIMHAP HU3KOTO IABJICHUS, METOJ KOHEYHBIX 3JEMEHTOB, COOCTBEHHBIE

YacTOTHI, (PYHAaMEHT.

BBenenmne. DHepreTuka KpyIHBIX MPOMBIIUIEHHBIX
PETHOHOB Oa3upyeTcs Ha YHEProOJIOKax cpeaHeld U 0O0Jb-
mI0M MOIIHOCTH. B KOHIIE BOCBMUIECATHIX TOJOB IPO-
IIJIOTO BEeKa OBUIM CO3IAHBI IMAapOBbIe TypOWHBI MOIIIHO-
cTei0 ok010 1000 MBT. D10 mocTMKeHHME OcCTaercss He-
MIPEB30MICHHBIM U B Haile BpeMs. HoBble 5Heproookw,
KaK MpaBmiio, UMe0T MomHocTh 800 MBT u 6oxee. st
3THUX HHEProOJIOKOB MApPOBBIE TYPOMHBI THITUYHO HMEIOT
COCTaB M3 HECKOJbKUX IWIUHAPOB HHU3KOTO JaBICHUS U
OJIHOTO WJIM HECKOJIBKUX I[MJIMHJPOB BHICOKOTO JIaBJICHHUSI.
Bce xopmyca mapoBoil TypOWHBI yCTaHABIHBAIOTCS Ha
dyrmament. Kopiryca mapoBoif TypOHHBI UMECIOT BO3MOXK-
HOCTB TIEpEMEIAThC OTHOCHTENBEHO (yHIaMEHTa B paM-
Kax 3aJlaHHBIX orpaHmueHuil. Kopiryc mummHApa HA3KOTO
JTABJICHUS TTapOBOW TYpOWHBI TIOJBEPTaeTCs BO3ACHCTBUIO
TePMHUYECKUX, TPAaBUTAIIMOHHBIX ¥ TUHAMUYCCKUX HATPY-

DOI: http://dx.doi.org/10.20998/2078-9130.2016.26.79929

30K. HawmOompiie KOJIMYECTBO OTKA30B HSHEProOIOKOB
MPOUCXOMIUT B PE3yJIbTaTe MOBBIIICHHOTO YPOBHS BUOpa-
it [1, 2]. Kopmyca mumdHAPOB HU3KOTO JABIICHUS SB-
JSIFOTCSL  TIPOCTPAHCTBEHHBIMHU IJIACTHHYATO-CTEPIKHEBBI-
MH KOHCTPYKUUsiMA. OHM UMEIOT 3HAYUTEIILHO MEHBIIIYIO
JKECTKOCTh 110 CPABHEHHIO C KOPIyCaMH LWJIMHIPOB BBI-
COKOro JaByieHus U ¢pyHaameHToM. [TosTomy mist obGecte-
YeHHs HAJEKHOCTH >HEproOioka ocoboe BHUMaHHUE yIe-
JIAETCS TUHAMUYECKOMY IMOBEICHHUIO KOpITyca IHIHHIPA
HU3KOTO JaBieHus [3].

Hear padorsl. HeoOxoqumo nccnenoBaTh 3aBUCH-
MOCTbh OCHOBHBIX BUOPaIlMOHHBIX XapaKTEPUCTHK KOpITyca
TYpOHHBI OT pa3IMYHBIX BapHaHTOB €r0 B3aHMOCBS3H C
¢byamamenToM TypOuHEL. OOBEKTOM MPOBEIECHHBIX HCCIIe-
JOBaHUI SBISAETCS KOPIYC LMIMHIPA HU3KOTO JABIICHUS

© C.B. Kpacnuxos, 2016
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napoBod TypOuHBI MomHOCTRIO 1100 MBT. IIpenmerom
UCCIICIOBAHMUS SIBISIFOTCS COOCTBEHHBIE YacTOTHI U (POPMEI
KOpITyca IPY Pa3INYHBIX COCTOSHUAX €r0 B3aHMOCBS3H C
(hyHIaMEHTOM.

ITocTpoenne MaTeMaTu4eckoi mogenu. Iccneno-
BaHMsI 0a3UPYIOTCS Ha TEOPUH KoJieOaHUH M UCIIOIb30Ba-
HUHM METO/a KOHEYHBIX DJIEMEHTOB. 3aliCh OCHOBHOTO
(yHKIIMOHATA B 00LIEM BHJIE:

L(z, 0) q() = R(»), (1
rie O — pa3iIudHbIe COCTOSHUS B3aMMOJIEHCTBHS KOpITyca
TypOuHbI ¢ pyHIameHnToM; L — nuddepeHnnansHoe ypas-
Henwue Jlarpamka 2-ro pona; R — BHEIIHUE CHIIEL.

B cooTBeTcTBHM C METOIOM KOHEUYHBIX JIEMEHTOB
[4] BeIpaxernne (1) B MaTpUYHOM BHUAE WMEET CIEIYIO-
IIYIO 3aIUCh:

[M]{q)} +[CH{q()} +[K]{q()} =0, 2
rne M — marpuna mMace, C — marpuna aemnduposanus, K
— MaTpHIIa )KECTKOCTH.

Pemenns ypaBHeHus (2) it 3amaqd COOCTBEHHBIX U
BBIHYX/ICHHBIX KOJIEOaHMI COOTBETCTBEHHO 3aITHCHIBAIOT-
cs B Buze (3), (4).

det[K - piM1=0;  ([K]-pi[MD{,;}=0, (3)

TJIe p; — j-1 COOCTBEHHAs YacTOTa CHCTEMBI; {V;} — BEKTOp
Jj-# coOCTBEHHOW (POPMBI CHCTEMBI.

IHocTpoenue pacyerHoi Moaeau. I'eomeTpruyeckue
MOJIeNH KOpIyca LMIWHAPA HU3KOTO JABIEHUS MMOKa3aHbI
Ha puc. 1-3. Ha puc. |1 mokazana BepxHsisl 4acTh KOpITyca,
Ha pHUC. 2 — HWKHASA 9acTh, HA PUC. 3 — cOOpHAs TeoOMeT-
pudeckas MOJIeTb BCETo KOpITyca IMJIMHAPA HU3KOTO JIaB-
JICHUSL.

Pucynok 1 — I'eomeTpudeckas MoJiellb BEpXHE 4acT KopIryca
TapoBOH TypOUHEI

BbuTH OCTpOEHBI Cepur KOHEUHO-3JIEMEHTHBIX MO-
JieNiel KopItyca HWINHIpa HU3KOTO AaBieHus. OHU OTiIH-
YaloTCsl MOJICTIMPOBAHMEM B3aWMOJEHCTBUS KOpITyca Ia-
poBoii TypOuHBI ¢ pyHnameHToM. MccnemyeMslii Kopiyc
IWJIMHIpPA HU3KOTO JIABJICHHSl YCTaHaBIMBAeTCs Ha (yH-
JITaMEHT TTapOBOH TYpOMHEI, UMEET CII0KHOE COeTMHEHHE C
(yHDaMEHTOM M IPYTHMH YacTsIMH TApOBOIl TypOWHBI B
BHZI€ CHCTEMbI TPY)XWH, LITOHOYHBIX COCAWHEHUH W
ONOPHBIX MOJOK. JIUCKpeTu3auus MoAenel B3ATa Ha Oc-
HOBE paHee pa3paboTaHHBIX MOAX0IOB [5, 6]. HanHbIe O
MOJISIISIX TPUBEACHBI B Ta0J. 1 ¥ MOKa3aHbl Ha puc. 4-6.

B mogmensax T1 u T2 paznuuHble COCTOSHHUS B3aUMO-
JIEWCTBHS KOpIyca TypOWHBI C (pyHIaMEHTOM MOJIEIHPY-
10TCS pa3Hoi cuctemoit crepxkueit [7-9]. Jns monenu T2

cucTeMa CTepkHel mokaszaHa Ha puc. 4. Jnsa mogenn T1
9Ta CHCTEMa COJEPIKHT TOJIBKO BEPTHKAIBHO OPHEHTHPO-
BaHHBIE (110 ocH Y) cTepkHU. Y Monenu T3 OTCYTCTBYIOT
CTEPKHH, Y376l KOTOPBIX HAXOAATCA B IUIOCKOCTU CHM-
Metpun YOZ [10, 11]. ¥ moxenu T1 BMecTo 3THX CTepK-
Hell CTOWT 3alpeT IMepeMEelIeHHH B COOTBETCTBYIOIIMX
HarpaBJIeHUsIX.

Pucynok 2 — ['eomeTpudeckast MOJeTs HIKHEH YacTH KOpITyca
apoBoOil TypOWHBI

Pucynok 3 — I'eomeTpuueckast MoJenb KOpITyca apoBoi
TypOUHBI

Tabmuma | — ITapaMeTpsl KOHEUHO-3JIEMEHTHBIX MOJIeNei

Hassa- | Homep KomnuectBo
HUHE | PUCYH- | Y3IIOB |DIIEMEHTOB| CTENEHEH
MOIEIN Ka CBOOOIBI
T1 4 13183 15135 78873
T2 5 13270 15222 78876
T3 13267 15219 78876

Pe3yabTaThl YHMCJIEHHBIX Hccaeq0BaHuii. Pabodas
4acToTa paccMaTpuBaeMoil mapoBoil TypOunsl 25 I'n. B
CHITy crelM(UKH TeHepaTopa BHIHY KAAIOLIas Harpy3Ka Ha
KOpIyC LMJINHIpPA HU3KOTO NABJICHUS UMEET 4acTOTy He
tonbko 25 I'n, Ho u 50 I'n. TToaTOoMy Mccnemyemsblit aua-
Na30H ISl TMHAMHYECKHX XapaKTEpUCTUK BBIOpaH oT 0 10
55Tm.

Bicnux HTY «XI1l». 2016. Ne 26 (1198)

57



Jlunamixa i Miynicmo mMawiun

ISSN 2078-9130

Ff sy
4/:4‘-'#_’,;#

o
Y

\
N
s

Boutn mpoBeneHbI pacdeTsl COOCTBEHHBIX YaCTOT H
(dbopMm KonmeOaHWIl MPH  Pa3TUIHON JKECTKOCTH OMOPHON
CUCTEMBI CTEp)KHEH. Pe3ynbpTaThl pacueToB NPUBEACHBI B

Tabm. 2.
Tabnuna 2 — Pe3ynpTaThl aHanm3a COOCTBEHHBIX KOJICOAHUH
, — KomnnuectBo PE30HAHCOB
< g ¢ = 10 ANana3oHaM
§ OE E E g ;'3 E 0-25Tm | 0-55T'g
Io é = g 85 é 0-55Tm | 0-25T | (rmmo- (70~
@ = 2| (scero) | (scero) | Gamb- | Gamb-
HBIE) HBIC)
1 | T1 10" 335 30 5 5
2 | TI1 108 334 29 4 5
3 | T1 10" 325 23 4 5
4 | T1 1072 325 22 1 5
5 | T2 108 334 30 5 5
6 | T2 | 10" 331 27 5 5
7 | T2 ] 107 325 23 3 5
8 | T2 | 10 330 27 5 5
9 | T2 | 107 325 23 4 5
10 | T3 | 107 331 28 5 5

YV moneneit T2 u T3 xKecTKOCTh CTep>KHEH B HAIIpaB-

neHnsiX X ¥ Z OAMHAKOBAa M OTIMYAETCS Ha HECKOJBKO
MOPSIIKOB OT AHAJIOTMYHOW BEJIMYMHBI MO HAIIPaBJICHHIO
Y. B tabn. 2 nosunmsm 5-7 COOTBETCTBYET KECTKOCTb
CTEep>KHEH B HampaBleHUsAX X U Z MEHbIINE Ha 3 mopsaka
OT JKECTKOCTH CTEp)KHEH HaIpaBJIEHHBIX MO Y, MO3HIHSIM
8-9 — na 8 nmopsakoB, a mo3uuuu 10 — Ha 5 TOPSAKOB.

W3 tabn. 2 BHOHO, YTO B HMCCIEIYEMOM IHMAIla30HE
0-55 T'm Kopmyc IUIWHApPA HU3KOTO MABICHHUS HMEET
OopIoe 9rcno pe3oHaHcoB. [Ipyu 3TOM riToOaNbHBIX pe-
30HAHCOB TOJBbKO 5. OcTaybHBIE PE30HAHCHI CBSI3aHBI C

KOJIEOaHUAMH OTACNIBHBIX CTEPKHEH U TIACTHH.

Mopenp no3unuu 1 (cM. Taba. 2) omIMYaeTcs Hau-
MeHbIIIeH xKecTkocThlo. Hambonbpluee oTaudue ee Ivo-
OaJBbHBIX PE30HAHCOB OT BCEX OCTAIBHBIX B TOM, YTO HMe-
eTcsl TOJIBKO OIMH TIIOOANBHBIM PE30HAHC C MaKCHMallb-
HBIMH KojeOaHusiMu 1o ocu Y. EcrectBeHHO, uTO TIIO-
OaJbHBIC PE30HAHCHI 3TOH MOJENM MMEIOT HAaNMEHbBIIHE
BEJINYMHBI COOCTBEHHBIX YaCTOT.

Pucynok 5 — Koneuno-anemenrtnast mojeins T2

X Y W3 Tabn. 2 BumHO, 9yTO MOoAenb T1 mpwm KecTKoCTH

ﬁ orop ot 10* H/M umeer He Gomble 4 TIOGATHHBIX Pe30-

ﬂ ;1 HaHcoB B muamnasoHe 0-25 I'm. B sToM gmama3one 4acTtor

‘1 ‘T Mozenu T2 u T3 mpum KecTKOCTH ONOp B BEPTHKAIHLHOM

F nanpasiesnn (Y, puc. 5) or 10° H/M nmeror 10 5 rio-
OaJbHBIX PE30HAHCOB.
C TIOBBIIIEHHEM JKECTKOCTH OIMOPHBIX CTEpPIKHEH KO-
N JIMYECTBO TJIO0AJBHBIX pe30HaHCOB B auanaszone 0-55 I'n
ocTraercsi HeM3MeHHbIM. KoJlmuecTBO TIOOATBHBIX PEe3o-
\ HaHCOB B auamna3oHe 0-25 'l yMeHbIIaeTcsl TOIbKO HpU
3HAYUTEIHHOM YBEJIMUYEHUH >KECTKOCTH OIoOphl — Ha 4
nopsaka. [Ipu 5ToM ecii yMEHBIIHUTD JKECTKOCTh OTIOPHI B
mrockoctd XOZ #, COOTBETCTBEHHO, YBEINYNTH PA3HUILY
JKECTKOCTe ¢ HampaBieHueMm Y (mo3umuud 8 u 9, cM.
Tab1. 2), TO KOJIMYECTBO pe30HAHCOB B Auanazone 0-25 '
YBEIUYHUTCSL.

CpaBuuBas mno3uumio 10 ¢ mozumusiMu 5-9  (cm.
Tabi1. 2) 3aMETHO HECKOJBbKO ocobeHHocted. [Ipu ymane-
HUM CTEpIKHEW, MOJENUPYIONINX TaK Ha3bIBaEMbId «(UK-
CIyHKT» (Moaenb T3), KoIr4uecTBO II00ATBHBIX PE30HAH-

A 7771

Pucynok 6 — OnopHas cucteMa CTep KHEH JUTsi KOHEYHO-
3JIeMEHTHOH Moaenu T2
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COB B paccMaTpHBacMbIX IHANa30HaX HE OTJIMYACTCS OT
6azoBoit momemu T2. Ilpu sToM aHanm3 COOCTBEHHBIX
(hopm ronebaHuMil MOKa3all, YTO COOTHOIICHHE KOJIeOaHMi
3JIEMEHTOB KopImyca B miockoctd XOZ mepepacnpenein-
JIHCBh, a (HOPMBI KosleOaHU B BEPTUKAILHOM HAIlPaBICHUH
Y UMeroT CXOJCTBO.

OO1mas kapTuHa U3MeHEHHs (OpM COOCTBEHHBIX KO-
nebGaHuil crenyromas: Mpyu yYBEIUUSHUN KECTKOCTH OIOp-
HOH CHCTEMBI HAaWMEHBIINE HM3MEHEHUs HUMEIOT (OPMBI
KoJeOaHWH C MaKCMMyMaMH KOJE€OaHW B IUIOCKOCTH
XOZ, Ho nepepacnpeeneHue COOTHOLIEHNS KECTKOCTEN
OKa3bIBaeT HA HUX OOJBIIOE BIMSTHHUE.

BeiBoabl. IlocTpoeHBI TeOMETpUUYECKHE MOAEIU U
cepysi KOHEYHO-3IIEMEHTHBIX MOJIeIeH KOpITyca IIIHHAPa
HU3KOTO JaBJICHHS MapoBON TypOWHBI OONBIION MOIIHO-
ctu. IIpoBeneHHble pacueTsl COOCTBEHHBIX KojeOaHUM
mokasanu, uro B auamnaszone 0-25 I'it maxomsares ot 20 mo
30 coOCTBEHHEBIX 4YacTOT, a B auama3oHe 0-55 I't okojo
325-335. Tlpu 5T0M Ti100aNnEHBIX opM KoJeOaHuit B ana-
nazone 0-55 I'tp crabunbHO 5, a BEMHYMHA >KECTKOCTH
OTIOPHBIX KOHCTPYKIUH ((QyHIAMEHT W CHCTeMa CBSI3Ci)
JTake TIPH YBEIMUYCHUH Ha HECKOIIFKO MOPSIKOB HE3HAUH-
TETHHO YMEHBIIAeT KOIMIECTBO TII00ABHBIX PE30HAHCOB
B auanasone 0-25 I'n. 3HaunTenbpHOE BIMSHUE HA 3TO KO-
JUYECTBO OKAa3bIBAE€T COOTHOIIEHHE >KECTKOCTH OIOp B
BEPTUKAJIHHOM M TOPU30HTAIHHOM HAIIPABICHUAX.
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JI.B. JABHHCKHH

AHAJIN3 IE®GOPMUPOBAHUSA COCTABHBIX KOHCTPYKIIAIA

IMPA SJIEKTPOMATHUTHOM TIPECCOBAHUUN

[pencrarieHa MaTeMaTHYECKAasl TOCTAHOBKA 3a/Ia4M aHAJK3a YIPYTOIUIACTHIECKOTO ePOPMUPOBAHUS CHCTEMBI 3JIEKTPOIPOBOIHBIX
TeJ IpU JIEHCTBUU 3JIEKTPOMArHUTHOTO 1oist. [IpenokeH yuciieHHbli METO/I pellieH s COTJIACHO CXEMbl METO0J1a KOHEUHBIX JJIEMEH-
TOB. [IpemioxKeHHbI METOI, 6a3UpyeTCs HAa BApUAIIMOHHOM MPUHIIMAIE CTAIIMOHAPHOCTU MOJHOW SHEPTUU CHCTEMBI. PaccMOTpeHO
MPUJIOKEHHUE TAHHOTO METO/a K aHaNu3y JehOPMUPOBAHUS COCTABHOM MATPHUIlBI Ipecc-(HOPMbI, KOTOPask HCIONB3YETCs IS IPECcco-

BaHMA NOPOILIKOBBIX MAaTEPUATIOB.

KiroueBble ¢j10Ba: 3JI€KTPOMarHUTHOE 110JI€, YIPYTOIUIACTHYECKOE JIe(OPMHUPOBaHHE, IPECCOBAHKE ITOPOLIKOB, METO]] KOHEU-

HBIX 3JICMCHTOB.

BBenenne. DOHeprust 3IEKTPOMAarHWTHOTO — TIOJIS
(BMII) ucnonb3yercs Uit OONBIIOTO YHCIIA TEXHOJOTH-
YecKuX omneparuid. Vi3BecTHO OOJBIIOE YHCIIO TEXHOJIOTH-
YECKUX MPUIOKEHUH, II€ UCTIONb3YETCs CUIIOBOE BO3/IEH-
crBue DMII Ha 0OpabaThiBaeMblii 00BEKT, C 1IEbI0 HE0O-
patuMoro neOpMHPOBAHUS, B TOM YHCIIE U IIPU IPecco-
BAaHWU M3JEIUHI U3 MOPOLIKOBBIX Marepuanos. IIpu atom
CHJIOBOE BO3JICICTBHE HCIBITHIBAET HE TOJBKO 00padaThl-
BaeMasi 3aroTOBKa, HO M MHIYKTOP, C TOMOIIbI0O KOTOPOTO
reepupyercss OMIL. OcHOBHBIE KOHCTPYKTHBHBIE pelle-
HUSI U OCOOEHHOCTH 3JIEKTPOMAarHUTHOTO IIPECCOBAHUS
MOPOIIKOBBIX MAaTEPHAJIOB, a TAKXKE IMOAXOABI K YHCIEH-
HOMY MOJICTUPOBAHMIO TIPOIIECCA, ONMCHIBAIOTCS, HANPH-
Mmep, B pabore [1].

OO0O0OIIIEHHO TEXHOJIOTUYECKasd CUCTEMA B JAHHOM
Cilydae BKJIIOYAeT: MHAYKTOpP, MaTpHIly W IOpOIIOK. Bce
3JIEMEHTHl TEXHOJIOTHYECKON CHCTEMBI MOTYT HCIIBITHI-
BaTh CHJIOBOE BO3JEICTBHE 3a CUET BOZHUKHOBEHUS JIICK-
TPOMAarHUTHBIX CHII. DHeprus, pasBuBaemas DMII, moxer
JIOCTHTaTh YPOBHEH, HPH KOTOPBIX BIIEKTPOMAarHUTHbIE
CHJIBI BBI3BIBAIOT Pa3pyIICHHE SJIEMEHTOB TEXHOJIOTHYE-
cKkoii cucteMbl. Takum 00pa3om, B JaHHOM CITydae aHain3
HJC »51eMeHTOB TEXHOJOTUYECKOW CXEMBI SIBISIETCS He-
OTBHEMIIEMBIM 3TAIIOM TIpOIiecca MIPOSKTUPOBAHUSL.

Taxoke MIPOKO NUCIIONB3YEeTCs MPECCOBaHUE N3IETHN
C TIOMOINBIO MOPOIIKOB TYTOIUIABKMX COCAWHEHWH THIa
KapOuz Bodb(pama, KoOanbTa, HUKEIS MPH TEMIIEpaType
qo 1800 °C u paBnenuwsix npeccoBanusa 3040 MIla B
npecc-popMax MPOBOANUTCS B MATPHUIAX M3 TYTOIUIABKUX
Matepuanos. [Ipu gaBnernsx 6ombire 40 MIla maTpuirsr B
npecc-popMax pazpymarorcs. IlosroMy coszganue pac-
YETHBIX METOJOB OLIEHKH IPOYHOCTH Ha 0Oa3e aHaau3a
HAaIpsDKeHHO-1e(OPMUPOBAHHOTO  COCTOSIHHUS  SIBJISIETCS
aKTyaJIbHOM Hay4dHOU 3amadedl. B pabore [2] mpoBenen
neranbHblil anann3 HJC cocraBHBIX MaTpull pecc-(popm
U3  YIVIEpOA-YIJEPOAHBIX KOMIO3UTHBIX MaTepualioB
(YYKM), onpezenceHbl peeabHbIC TaBICHUS MPECCOBa-
HUSL. [ CHIDKEHUSI CHIIOBOT'O BO3/ICHCTBHSI HA MAaTPHILy B
HEKOTOPBIX CIydYasX BO3MOKHO COBMECTHOE HCIIOJIb30Ba-
HHE HM30CTaTHYECKOTO W SJIEKTPOMArHUTHOTO IIPECCOBA-
HUSL.

MaremaTnyeckas mocTaHOBKA 3aaauM. PacueTHoe

OlLIEHMBaHHE KOHCTPYKIIHOHHOW IMPOYHOCTH CHCTEM JJIEK-
TPONPOBOJHBIX Tel OasupyeTcs Ha aHaJIU3e YIpPYro-

DOI: http://dx.doi.org/10.20998/2078-9130.2016.26.79930

TUTACTHYECKOro 1e()OPMUPOBAHUS, KOTOPBIA OMHPaeTCs
Ha TpeIBapUTENBHBIN aHanmm3 pachpeneneHus OMIL.
Pacnipenenerne BeKTOpHBIX KOMIIOHEHT OMII B 31exTpo-
TIPOBOJHOM TeJIe ONMCHIBAETCS CHCTEMON (hyHIaMEHTaIIb-
HBIX ypaBHEHM MakcBenia, KOTOpbIe JOMOJIHIIOTCS Ma-

TEPHATHHBIMH COOTHOIICHUSIMA M TPAHHYHBIMH  YCIIO-
BUSMH:
6><FI=8L—+], *xg‘:—yca—H; \% fl=0,
ot (1
V-E=0.j=y.E+ylixB]
D=¢,E; B=uH; Epxii=0;
(2

Dp-ii=0; Hpxi=0; Bp-i=0,
rae H,E,H F,E ' — BEKTOpa HaNpsHKEHHOCTH MarHUTHO-
TO W DIIEKTPUYIECKOTo Tojel B o0veme u Ha rpanure (1)
tena; D, B, Broér — BEKTOpa JIEKTPUYECKON U MarHuT-
HOW HWHAYKIIMH B oObeMe W Ha rpaHune (/) Tena;
Ep» U,y — DICKTPUYESCKAs. U MarHUTHAs MPOHHLAEMOCTB,
¥ 3JIEKTPONPOBOIHOCTh MaTepPHaNa; j — BEKTOpP MIIOTHO-

CTH TOKa; 71 — BEKTOP HOPMAJM K TPaHHIIE Tea.

Pacnipenenenre KOMIOHEHT TEH30POB HaIPSLKEHUN
o ¥ jedopmanmii £, a Takke BEKTOpa IMEpeMeNICHUi
i YIIOBIIETBOPSICT CHCTEME YpaBHEHHI, KOTOpas conep-
x*uT auddepeHnnanbHble YpaBHEHUs] paBHOBECHS, TI'eo-
METPUYECKHE COOTHOILIEHHSI, MaTepUallbHble COOTHOIIIE-
HUSI ¥ TPaHUYHBIE YCIIOBHS:

e SN | A
Vo+pf=02 :E[Vu+(Vu)T];
7=15 .5, 3)
G, =p+—Ep +i(3ﬁxﬁ+f)xHr,
2 2
TAe p — IUIOTHOCTH MaTe€pualia; f — BEKTOP MHTCHCHUBHO-
CTH 00BEMHBIX CHUII (B Cllydae ydera 3JIEKTPOMArHUTHBIX
CHIT: j; =jxB); “Ws TEH30p COOTBETCTBHSI 4-T0 paHra,

KOTOPBI B CiTydae ynpyroro aeopMHpOBaHHs HMEET BU
COOTBETCTBEHHO JIMHEHHOro 3akoHa ['yka, p — moBepx-

HOCTHasA Harpy3ska, E,l — IIJIOTHOCTb MOBEPXHOCTHBIX

3aps10B U TOKOB.
Hpouecc MpeCcCoBaHuA TIOPOIIKOBOTO MaTepuaia

© [.B. JlaBunckwmii, 2016
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MOJKET OBITh Pa30UT Ha TPH dTama: YIUIOTHEHUE, YIIPYyroe
ne(OPMHUPOBAHUE 3aTOTOBKH, IUTACTHIECKOE JTehopMUpO-
BaHHUE 3aroToBkU. Ha nepBoM sTane cuinoBoe BO3AEHCTBUE
Ha TEXHOJIOTHYECKYIO0 OCHACTKY MPEHEOPEKUMO Mallo, Ha
BTOPOM H TPETHEM JTallaX MBI IMEEM JIEeJI0 YKE C TBEPIIO-
TENBHOM 3arOTOBKOM, MaTepuan KOTOpPOW o0JajgaeT oco-
OpIMU CBoWicTBaMH. Tak Kak, LENbI0 pabOTHI SBISETCS
ananu3 H/IC sneMeHTOB TEXHOJIOTHYECKONH OCHACTKH, TO
JIOIMyCTAMO HCIIOJIb30BAaHUE TPAJIUIHUOHHBIX ITOIXO0B
JUIsL y4eTa yIpyromiacTH4eckoro aehopMUpOBaHUsI.

[Ipu paccMOTpeHHH YHPYyTO-IUTACTHYECKOTO Aedop-
MHpPOBaHHA, TOBEICHHE MaTepHhasa pacCMaTpPHUBAeTCs B
WHKpPEMEHTabHON ¢opme (3) COBMECTHO C yCIOBHEM
IUTACTHYHOCTH Pa3oM (4):

s-8.
o;

’ “)

E

g5 =1 (do- —3—do—01]+ de?
1+v

e O; — MHTEHCHBHOCTh HAIDSIKCHHI; | — eIHHUUHBII
TEH30p; O(— LIapOBOIl TEH30p HANPSDKCHWH; § — JeBHA-
Top Hanpsukenuit; £7 — Tensop medpopmanuii IIACTHYHO-
cty; &/ — MHTEHCHBHOCTD IIACTHYECKUX AedopManuit; £

— MoayInb ynpyroctu; v — ko3¢ ¢unuent Ilyaccona; oy —
Ipesen TeKy4ecT; £, — MOIyNb YIPOUHEHHUS.

AHanmu3 ynpyromIacTH4eckoro neOopMHPOBaHUS
CHCTEM 3JIEKTPONPOBOIHBIX TET CIOXXHOW T'€OMETpHH
TpeOyeT MCIONB30BaHUs YHCICHHBIX MeTonoB. K Hanbo-
Jlee YHUBEPCAJIBHBIM OTHOCHTCSI METOJ KOHEYHBIX JJIe-
MeHTOB (MKD), KOTOpBI MO3BONAET B paMKaxX €IWHOU
pacdeTHOH CXeMbl paccMaTpuBaTh pacHpenesieHHe BeK-
TOPHBIX KOMITIOHEHT DOMII 1 TeH30pHBIX KOMIIOHEHT TIpO-
recca aedopmupoBanus. Konkpernas peammsanus MKD
B JJaHHOM CIIy4ae MOXKET ONMpaThCsl Ha BapHalMOHHBIA
NPUHIUI CTallMOHAPHOCTU TIIOJTHOM SHEPrUM CHCTEMBI
AIIEKTPONPOBOIHBIX Te [3,4].

Jns yMeHbIIeHNsT KOJIWYEeCTBa ypaBHEHUH, KOTOphIE
ONMHCHIBAIOT pacnpeneneHue OMII BBoguM B paccMoTpe-

HHE BEKTOPHBI MarHUTHBIH TOTEHIIHAI A, cBs3aHHBIH ¢
OCHOBHBIMH BEKTOPHBIMU KoMmoHeHTamu OMII crexyro-
UM 00pa3oM:

B=Vx4; (6)

V><(V><A)z,ucj. @)
VYpasuenus (1) 3anmcansl Ui cirydasi IpeHeOpexe-
HUSI HEJIMHEHHBIM «MarHUTHBIMY» TIOBEJICHUEM MaTepuaja
u 0e3 ydera «3JeKTprIecKoi» cocrasistonieit IMII, mo-
CKOJIBKY ISl aHanm3a Ae(OPMUPOBAHUS 3JIEKTPOIPOBOI-
HBIX TEJI €€ BKJIAJ SIBIISICTCS HECYIECTBEHHBIM.
BripaxkeHne A NOJHOW 3HEPTUM HMEET CIEAYHO-
LU BUI:

E=U+W, ®)
rne U — sHeprusi KBa3uynpyroro nedopMmupoBanus; W —
sreprust OMII (B mpeHeOpeKEeHNH «IIEKTPHUYECKOW» CO-
CTaBJISIOLIEH ).

U==[z-c gav [ (jxB)iav -
2V 14
©)
j(p—l——sz)ﬁdA;
— ~12 - =
W:IJIE‘VXA‘ —j-AjdV, (10)

rie “We - TEH30p KOA(PHUIUEHTOB YIPYTOCTH.

Pemenne M0OMKHO yIOBIETBOPSTH CIEAYIOIIEMY Ba-
PpHALMOHHOMY YPaBHEHUIO:

OE=0U+oW=0. 11

YpaBHenue (11) IpUBOANT B UTOTE K PEIICHUIO ABYX
HE3aBHCHUMBIX CHCTEM aJreOpandecKuX ypaBHEHHH OTHO-
CHUTEJIFHO Y3JIOBBIX TEPEMELICHUH W Y3JIOBBIX 3HAYECHHH
BEKTOPHOTO MarHUTHOTO MOTEHIHANA.

Oco0eHHOCTH BapHAIlMOHHON ITOCTAaHOBKH aHAN3a
YIPYTOINIACTHYECKOTO Ae(OPMHUPOBAHUA CHCTEMBI Telw
npu geiictBun DMIT noapoOHO H3JIOKEHBI B PadoTax
[5,6], meranmpHOE omMMCaHWE aNTOPUTMA U1 YHCICHHOW
peanm3anuu npeacTaBieHo B pabote [7].

IIpumep pacdera. PaccMoTpuM ynpyromactude-
cKoe e(opMHUPOBaHUE IJIs PACIETHOH CXEMBI, IPE/ICTaB-
JeHHol Ha puc. 1. 'eomeTpuueckue pa3Mepsl 3I1€MEHTOB
KOHCTPYKLIMM COCTaBHOM MaTpHIIbl TaKHe JKe, KaK U B pa-
6oTe [2], ToNIIMHA BHEUIHEr0 MHAYKTOpa NpUHHMAJAch
TaKOM ke, Kak U Yy Hapy» HOT'0 HECYIEro HMIUHApA.

(TTTTETERTTTNTY )

-
Ribidiidididiin

A

Pucynok 1 — PacuetHas cxema:

1 — BHYTpEHHUIl IUIMHIP-BKJIA/IBIII, BEIIOJIHEHHBIH U3 rpadu-
Ta; 2 — HApY KHBI{ HECYLINH IMIUHAP, U3TOTOBICHHBIHN 13
YVYKM: 3, 5 — BepxHuii u HIxHUi myaHcoHs! u3 YYKM; 4 —
TIOPOIIOK, C TIOMOMIBI0 KOTOPOTO MPECCYIOT N3AENTUS; 6 — MHO-
TOBUTKOBBIN HHIYKTOP

MexaHnnueckue CBOMCTBA MaTepuana MPUHSTHI Cle-
JOYIOIINMHU: IIWIMHAP-BKIAaABII — rpaduT: Ipeaen mpod-
HOCTU Ha pacTskeHue — 15 MIla, npenen npoyHocTu Ha
cxkarue — 51,5 Mlla, w™ogyns ympyrocth ——
1,05 - 10* MIa, xo>dduuument ITyaccona — 0,2; Hapyx-
HbI Hecymuid nunueap — YYKM: npenen npoyHocT Ha
pactsoxerne — 110 MIla, mpeaen mpodHOCTH Ha C)KaTHE —
100 MITa, moxyms ynpyroctu — 1,8 - 10* MIa, xoaddu-
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muenT [lyaccona — 0,19; u30msaus TOKOIPOBOAa HHIYK-
TOpa — MaTepHal KampoJOH: MOIYyJb YNPYrocTH —
2,5 10° MIla, xosdduuuent ITyaccona — 0,3, mpenen
MPOYHOCTH TIpH pacTsbkeHnu — 70 MIla, npenen npodHo-
cti npu cxatud — 90 Mma; TOKOmpoBOA HMHIYKTOpa —
Meb: Moaynb yrpyroctd — 18 - 10* MITa, xosddumment
ITyaccona — 0,33, npenen Texydectu — 180 MITa.

Hasnenne mnpeccoBanus mnpuHumanock 100 MlIla,
aMIUIUTYJa CHIIbI Toka B uMmityibce — 30 KA. 3amaua pe-
IIeHa JUIl OCECUMMETPHYHOM Monenu. B kauectBe 6azo-
BOTO BBIOMpAJCS YETHIPEXY3JIOBOH OCECHMMETPHYHBIN
KOHEYHBIH 3JIEeMEHT ¢ OMIMHEWHOHN amnmpoKcHManuen Ie-
peMeIIeHNH U OKPYXKHOM KOMIIOHEHTHI BEKTOPHOTO Mar-
HUTHOTO TmoTeHnuana. OcoOEHHOCTH WCIIOJIB30BAHUS
9JIEMEHTOB TIOAOOHOTO THIA MOAPOOHO PAacCMOTPEHBI B
paborax [8,9]. Ha rpanumax paszena MeXIy COCTaBHBIMHU
YacTSIMH KOHCTPYKIUH BBOJWIINCH CIIOM KOHTaKTHBIX KO-
HEYHBIX 3JIEMEHTOB. Bompochl, CBsI3aHHBIE C BBIOOPOM
XapaKTEPUCTUK «KOHTAKTHBIX» KOHEUHBIX 3JIEMEHTOB IS
OCECHUMMETPUYHBIX KOHCTPYKIMH paccMaTpUBaliCh B
pabote [10].

Ha nepBom stamne perieHus MoiaydeHb! pacrpesese-
HUS BEKTOpHBIX KommoHeHT OMII. Pacuersr mokazanu,
YTO MaKCHMaJbHble 3HAYCHUS KacaTeIbHOW KOMITIOHEHTHI
HAINpsDKEHHOCTH MarHUTHOTO IOJISl BJIOJIb T'PaHUIBI pas-
JieNia «BKJIAJIBIII — 3ar0TOBKa) HAOIIOAl0TCs HA CepeuHe
JUIMHBI BKJIa IBIIIA, CJIEJ0BATENLHO, IMEHHO 3JIECh CIIeIy-
€T OXHWIATh CHIKEHHE CHJIOBOTO BO3JEHCTBHS TPH CO-
BMECTHOM HCIIOJIb30BAaHUH TICEBOAOM30CTATHIECKOTO H
3JIEKTPOMAarHUTHOTO NTPECCOBAHUSI.

c./c

1’ ~imax

0,75

wn

025—1 \

z/L

1

\
0 0.2 0.4 0,6 0.8 1
PI/ICyHOK 2 — Pacnpez{eneHI/Ie HMHTCHCHUBHOCTHU Hanpmke}mﬁ B
TOYKaX BHyTpeHHeﬁ HOBerHOCTI/I BKJIaabIlIa

Hanee mpoanammsupyem HJIC cucteMbl «MHIYKTOP
— COCTaBHasl MaTpHIla — 3arOTOBKa» MPU HCIIOJIb30BAHUU
MICEBOJION30CTATUYECKOTO U 3JIEKTPOMArHUTHOTO IMPECCo-
BaHus. Ha puc. 2 mpuBeneHo kauecTBEHHOE pacrpeene-
HUE WHTEHCHUBHOCTH HAINpPSHKEHUH B TOYKAX BHYTpEHHEU
MOBEPXHOCTH BKJIaAbIma. CIUIOMIHAS JIMHUS — AT Cilydast
MICeBIOM30CTaTUYECKOTO IpeccoBaHus [2], IITpHUxoBas
JIUHHA — VI CIy4as COBMECTHOTO HCIOJIb30BAHUS IICEBO-
JIOM30CTATUYECKOT0 U AIEKTPOMArHUTHOIO TPECCOBAHMUS.
Kak m B cioyd4ae MceBIOM3CTAaTUYECKOTO IPECCOBAHUS
MaKCHMaJlbHbIe 3HA4YeHWs] HAOMIONAlOTCS Ha CepenuHe

JUTMHBI BKJIQJBINIA, HO HAJMYHE 3JIEKTPOMArHUTHBIX CHIT
371ech, ACHCTBUTENBHO, IPUBOANT K 3HAUYUTEINBHOMY (TIO-
psanka 15 %) yMeHbIIEHNI0 MaKCUMalIbHOW MHTEHCHBHO-
CTH HANpPSKEHUM.

BriBoawl. B paGote npezacrarieHa ooOmas MaTema-
TUYeCKasi TTOCTAaHOBKA 3aJlauM YIPYTroIIaCTUYECKOTO Jie-
(hopMHUpPOBaHUS CHUCTEM 3JICKTPOIPOBOAHBIX Teil. [lpen-
JIOKEH YHCICHHBIH METOJ pEIICHUS B COOTBETCTBHUHU CO
CXEMOW MEeTOJ]a KOHEYHBIX DJIEMEHTOB, KOTOPBIH 0a3upy-
eTCs Ha TPUHIIUIIC MUHUMYMA TTOJTHOW YHEPTUU CHCTEMEBI
ten. IlpemioKeHHbII METOJ MCHOJIb30BaH AJIs aHalu3a
IeOpMHUPOBAaHUS COCTABHOW MATPHIBI Tpecc-(hOPMBL,
KOTOpasi UCHOJIB3YeTCs ISl COBMECTHOTO IICEBIOM30CTA-
THYECKOTO M 3JIEKTPOMATHUTHOTO MPECCOBAHHS MOPOII-
KOBBIX MaT€pHaNOB.
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0.0.JIAPIH

EKCIIEPUMEHTAJIBHA OIIHKA XAPAKTEPUCTHUK OIIOPY BTOMI I'YMO-KOPJHUX KOM-
IIO3UTIB ITPU JE®OPMYBAHHI B HAIIPSIMY OPTOI'OHAJIBHOMY APMYBAHHIO /10 TA III-

CJIs1 ITYYHOI'O CTAPIHHA

VY po6oTi BU3HAYAIOThCS MOKA3HUKU OIOPY BTOMI T'yMOBOTO KOMIIO3MTY, IO TIOCHJICHNH apMyBaHHAM TEKCTHJIBHUM KOPAOM Ta 3aKO-
HOMIPHOCTI iX 3MiHU BHACTIJOK CTapiHHA. J{OCIiKEeHHs IPOBOIATHCS EKCIIEPUMEHTANBHO 3 INIOCKUMH 3pa3KaMH Ha PO3TAT 13 IHUKJIi-
YHUM 3aBHaHHAIM AedopMainiid. OKpeMo 0CIiHKyBaTUCh 3pa3Ki MaTepial A0 Ta micis ctapiHad. CTapiHHS 331aBanoch MITYYHO IUIA-
XOM TPHBaJIOi BUTPHMKH 3pa3KiB B TepMOKaMepi Ha (ikcoBaHil mifBUIIEHi TemmepaTypi. [IpoBeneHo MOpiBHAIBHUI aHali3 3MiHK

napaMeTpiB KpUBHX yTOMH 3 4aCOM B HACIIiJIOK CTapiHHSI.

Kuarw4ogi ciioBa: FyMOBi KOMIIO3UTH, CTapiHHH, eKCHepHMeHTaJ’ILHi TE€CTHU Ha BTOMY, KapKac MMHEBMATUYHOI IITUHU.

Beryn

B cyuacHOMy MammHOOyIyBaHHI IIHPOKO 3aCTOCO-
BYIOTHCSI TYMOBO-KOP/IHI €JIeMeHTH KOHCTpykuii. Lle mo-
KyTh OyTH CHelialibHI IUIAHTH, NeMI(yodi TPOKIIaIKy,
TYMOBI NIpY’>KHI BCTaBKM B INpHJIajgax aMOpTH3alii, THEB-
MaTHYHI IUHA aBTOMOOLTIB [1-3] Ta iHTIe.

HapiiiHiCTh TIepeniueHnX eIEMEHTIB KOHCTPYKINH €
iX B@KIMBOI XapaKTEPUCTHKOK, MO Ha€ MOXIUBICTH
OTPUMATH OIIHKH EeKCIDTyaTamiiHoro pecypcy. JocToip-
Hi OI[IHKH TI0 CTPOKY CIYOW TYMOBHX Ta TYMO-KOPIHIX
KOMITO3HIIITHUX €JIEMEHTIB JIO3BOJISIOTH MOMEPEAUTH pa-
MTOBI BIIMOBH, CIJIAHYBAaTH PEMOHTHI POOOTH TOLIO.

3 OaraThoX MOCIHIIPKEeHb, 10 HaBEAEHI B JiTepaTypi
BiJIOMO, [0 HAMIOIMIMPEHIIIIMMA THIIAMHU BIIMOB Y TYMO-
KOPAHUX €JEMEHTax KOHCTPYKLIH € IOIIKO/PKEHHS, IO
3'BJISIOTHCST Ha TOBepxHi [4] abo mix mapamu [5]. Ho-
CJIIIPKEHHS TIOKa3yIoTh, 110 B iCHY€ BiIHOCHO citabka Mixk-
(ha3Ha MIIHICTh, 1 B HACTINOK Jil HABaHTaXCHb 3'SBIIS-
I0ThCS BHYTPIIIHI ITOYATKOBI TPIIIMHH, SIKI IOCTYIOBO
MEPEepPOCTAIOTh B 30BHIIIHII I'yMOBHIi mIap, M0 IPHBOANUTH
JI0 OCTaTOYHOTO POo3puBY [4, 5]. Y3aranpHIOIOUH HaBeACHI

DOI: http://dx.doi.org/10.20998/2078-9130.2016.26.7993 1

JlaHi, MOXKHA CTBEPXKYBaTH, LI0 poOOTa MEXaHIYHUX 00'-
€KTIB TYMOKOPIHHMH €JIeMEHTaMH, K IPaBUIIO, BigOyBa-
€TBCSl TIPU JUHAMIYHOMY (IMKJIIYHOMY) HaBaHTa)XCHHI,
110 MTPU3BOJUTH JI0 HAKOMTMYEHHIO BTOMU B MaTepianax.

[TuTaHHAM OIIIHKM XapaKTEpPHCTHK OIOpPY BTOMI JUIs
Pi3HHUX MarepialiB NpUALIIETECS 0araTto yBaru B JITepa-
Typi, 30KpeMa 1 MUTaHHSIM MPOTHO3YyBAaHHS BTOMHOI JIOB-
TOBIYHOCTI y TymononiOHux matepianax [6,7] OCHOBHOIO
XapaKTepPUCTUKOIO OIOpY BTOMi € eKCIepHMEHTaIbHA
kpuBa Benepa, sika BH3HAYa€ 3aJIeKHICT MIXK aMILTITYIa-
MU MapaMeTpy HampyxeHo-nepopmonanoro crany (HIC)
BiJl KUTBKOCTI LUKIIB AedopMarliii (HampyKeHs), M0 BHU-
TpUMae 3pa3oK JI0 MOSIBU TPIIUHHU 33/1aHOTO po3Mipy (abo
JI0 pyHHYBaHHS).

TyT cmig 3a3HAYMTH, IO BiJOMi CKCIIEPHUMEHTAIbHI
aHl MO 3aJIeXHOCTSIM KUIBKOCTI LUKIIB 0 BiZIMOBH Bif
napametpiB H/IC Bka3ye Ha Te 10 3aBXXIM iCHY€E JOCUTH
CYTTEBUH CTaTUCTUYHHWH PO3KHJ y BHU3HAYEHHI Marepia-
JIBHUX KOHCTaHT [8,9].

KpiM 1pOTO, OIHIEID 3 BAXIIMBHUX OCOOIMBOCTEH
€JTaCTOBHMIPHHX MarepialliB, 30KpeMa TYMOBHX CYMIIIEH,
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€ TposiB edexTy mpupomHoro crapiaus [10-14]. Bizomo,
0 TYMOMOAiOHI Marepialli 3[aTHI iCTOTHO 3MIHIOBATH
cBOi (hi3nKo-XiMiuHi BiacTuBocTi 3 yacoM. [Ipu domy Taki
XapaKTePUCTHUKH, SK CTaTHYHA MILHICTh Ta OMip yTOMIi
MOXYTh 3MIHIOBAaTHCh B JIEKUIbKA pa3iB 3a HOMIHAJIBHUIA
TEpMiH eKcIuTyaralii KOHCTPYKIIl ISl TYMOBHX €JeMEH-
TiB HaBITh, SKiI HE 3HAXOAATHCA B POOOTI (HAIIPUKIAM, ITi[
yac 30epiranns) [10, 11]. 3a3Buuaii, TepMiH rapaHTOBaHO-
ro 30epiranHs (HaBiTh HE eKcIuTyaramii) ckiamae 5-6 po-
KiB, TiCTS SKAX KOMITaHii BUPOOHHUKH HE PEKOMCHIYIOThH
BUKOPUCTOBYBATH JIaHi KOHCTPYKIIi 4yepe3 HU3bKY IX Ha-
IIHICTH, OCKIIBKY BIACTHBOCTI TyMH 3a I 9ac CyTTEBO
nerpanyrots [10—-14]. Omke aHammi3 3aKOHOMIPHOCTEH 3Mi-
HU BIIACTUBOCTEH T'YMOBHX MAaTepialliB 3 4aCOM € TaKOIO
CaMOI0 BXJIMBOIO MPOOJIEMOI0, SIK 1 JOCIIKSHHSI T0YaT-
KOBHX XapaKTEPUCTHK I[UX MaTepiaiB.

Ha npouiecu crapiHHs BIUIMBa€ BENHKa KiJIbKICTh 30-
BHIIIHIX (DaKTOpiB, cepell SKUX HaHOLIbII CYTTEBHUMH €
TEpMiuHEe CTapiHHS, O30HYBaHHS (HACHYEHHS KHCHEM),
BIUIMB XIMIYHHX PEYOBHUH (30KpeMa Jy)e arpecHBHY Hi0
peanizyloTh HaTONPOAYKTH Ta COJILOBI PO3YMHH), YJIbT-
padioneroe ompominennst tomo [12, 13]. BpaxoByroun
O3HaueHi (aKTOpH, Cy9acHi eNEeMEHTH KOHCTPYKIIH, 10
MarTh T'YMOBI YaCTHHU BHTOTOBJISIIOTH 3 THM a0H yHUK-
HYTH O€3MOCepeaHbOT0 BIUIMBY 3a3HaueHHX (DaKTOpiB Ha
Hecydl eJeMEHTH KOHCTPYKIiH, TOOTO iX HOKPHBAIOTH
3aXHCHUMHU €JeMEHTaMd. TakuM YHHOM, 32 HAJIeKHOIO
30epiraHHs Ta MPaBHJILHOI eKCIUTyaralii OCOOJMBHUIA BILUIUB
Ha CTapiHHS BiOYBacThCs MEPEBAKHO Yepe3 MeXaHI3MH
TEpMIYHOTO CTapiHHs (pemra (akTopi y Oyap-sKomy pasi
BHOCHUTH CBil TIEBHUI1 BKJIajl, HATIPHUKJIA, 3aBXKIH TIPUCYTHE
Jwm(y3iifHe MPOHUKHEHHS KHCHIO y Tymy) [13].

TepmiuHe crapiHHS — 1ie ponec 3MiHH (Qi3MYHNX Ta
XIMIYHAX XapaKTepPUCTHK TYMH I J€I0 TeMIlepaTypu
[14]. Cruim Bim3HAYWTH, MO NAHWHA TPOIEC MPOTIKAE 3a
OyIb-IKHX TO3UTHBHHUX 3HAYCHH TEMIIEpaTypu (HaBiTh 3a
KIMHATHHX) BiIOYBaIOTHCS IPOLECH CTapiHHSA. 3BUYANHO,
Jlerpafaiisi € TMM OUTbII IHTEHCHBHOK YWM OLUIBIIOIO €
Temrneparypa. JaHuil (GakT MOKIaJAeHO B OCHOBY MpPOBe-
JCHHA TPHCKOPEHHX BHIPOOYBaHb T'yMH Ha MEXaHIYHY
MOBEAIHKY y HITYYHO 31CTapEHOMY CTaHi.

Ciif HaroJOCHTH Ha TOMY, IO CTapiHHS BIUIMBAE
TaKOX 1 Ha TMIOKa3HWKW OIOpPY BTOMI JUISl X MaTepiaiB.
[Tpu oMy B JiTepaTypi € JOCHTh OOMeXeHa iH(pOopMaIlis
II0/I0 BIUIMBY CTapiHHS Ha i XapaKTEPUCTHUKH, a OuIb-
IICTh BIIOMEX OCTIIKEHb ONHUCYIOTh 3MiHY Y daci mpy-
JKHUX TTapaMeTpiB Ta MOKa3HUKIB MimHOCTi. [Ipote came
3MiHa XapaKTePUCTHK BTOMH JaHWX MaTepialliB JIGKHUTH B
OCHOBI OLIIHKMA HaIIMHOCTI BIAIIOBIAHUX €JIEMEHTIB KOHC-
TpykuUiil. TakuM 4MHOM, BU3HAUCHHS XapaKTEPHCTUK OIO-
Py BTOMi BIAIMOBITHUX KOMIO3HUIIIMHIX MaTepialliB € Bax-
JIMBOIO HAYKOBO-TIPAKTUYHOIO 3a/1a4elo.

Meta po6oTu

MeTor0 aHOTO AOCITIKEHHS € eKCIIepUMEHTAIbHE
BU3HAYCHHS 3aKOHOMIPHOCTEH 3MiHHM MOKa3HHUKIB OHOPY
BTOMI TYMOBOTO KOMIIO3HUTY, IIO IHOCHICHHH TEKCTUIIb-
HUM KOPJIOM BHACIIJOK iX MITYYHOTO CTapiHHA.

ExcrniepuMeHTaibHe BH3HA4YEHHsSI MOKa3HUKIB
KPUBHX YTOMH JJI51 TYMOKOP/HOT0 KOMIIO3UTY

B nmaHniit poboti Oys0 MpoBeIeHO Cepito eKcrepume-

HTaJIFHUX BHAIMPOOYBaHb HA NUKIIIYHY BTOMY i3 KOMITO3UT-
HUM MaTepiajoM SKHH € MapoM KapKacy ITHEBMaTHYHHX
KMH. BiAMOBIqHUN KOMITO3UT CKJIaJaeThCsl 3 TYMOBOI Ma-
TPHL, 10 TOCHIEHa TeKCTHIFHUM KopaoM. Excniepumen-
TH NIPOBOIMINCH Ha OJHOBICHUI po3Tar. [ mocmimKeHb
OyJI0 BHKOPHCTaHO 3pa3KH TI'€OMETpisl SKUX BiIMOBIJIA€E
BUMOTaM CTaHAAPTiB, LIOAO0 MEXaHIYHHX BUIPOOYBaHb
TYMONOZAIOHUX MaTepialiB Ta T'yMO-KOPIHHX KOMIIO3UTIB
ISO 527-2 1A.

3pa3ky Many HAacTyHHi (haKTH4YHI T€OMETPUYHI ITa-
pametpu: toBumHA: /i = 10+0,1 Mm; mmpuHa: b =10 Mm;
JIOBXKUHA pobodoi yactuau: L = 80 MM; 3arajmbHa JOBXKH-
Ha: Ly, =150 mM. ToBmmHa 3paskie Mana 1% Bapiamiro
BHACIIJTOK BUPOOHUYHX JOMYCKIB, IO iCHYIOTH TP BUTO-
TOBJICHHI TymMoBoro jucty. Ha puc. 1 HaBeneHO eckizHe
KpecJieHHsI reoMeTpii 3paskiB Ta (ororpadis HATypHOTo
eK3eMILLAIPY.

3pasku KOPCTKO (PiKCYBAJIKMCh y MEXaHIYHHUX 3aTHC-
Kayax, sIK M0Ka3aHo Ha pHc. 2. 3a/1aBajioch JKOPCTKE HaBa-
HTa)XEHHsI, TOOTO 3amaBauCch (pikCoBaHi 3HA4YeHHS aedo-
pmamii 3pa3ky. IIHeBMaTWuHi 3aTHCKaui JO3BOJSIOTH
yTpUMyBaTH (iKCOBaHE 3HAUYEHHS 3YCHJUI, IO YTPUMYE
3pa30K HaBiTh MPH 3MEHIICHHS HOTO TOBIIMHW BHACHIIOK
mposiBy edekry [lyaccona. [Ipu BunpoOyBaHHIX Ha BTOMY
3a[1aBaIOCh JKOPCTKE IMKIIIYHE HABAaHTAXKCHHA, TOOTO
3ajaBanuch (pikcoBaHi 3HaYeHHs AedopMallii 3pasky.

170~ (JIS K7162 — 1A 150~)
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Pucynoxk 1 — 'eometpist 3pa3kiB uist BUIPOOYBaHb

Pucynok 2 — ®ikcauis 3pa3kiB y BAMIpIOBaIbHOMY KOMILICKCI
INSTRON E3000 ans mpoBeieHHS OUKIIYHUX TECTIB

B pamkax maHOi poOOTH, MOCTIKEHHS O0OMEXyBa-
JIUCH JTHIIEC BUIPOOYBaHHSAM 3pa3KiB MPHU HABAHTAKCHHI B
HAMpsIMY MEPICHIUKYISIPHOMY 10 apMYyBaHHSI.
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3 METOI0 YHHKHEHHS IPOSBY €(PeKTy BTpaTH CTaTH-
9HOI cTilikocTi gedopMyBaHHS 3pa3KiB Oyio 6e3 cTHCKaH-
Hi. TakuM YMHOM NPOBOIMIOCH LIUKJIIYHE Ae(OPMYBaHHSI
MPU JKOPCTKOMY HaBaHTaXEHHI (3aaaBanuch aedopmairii)
i3 (IKCOBaHUMH CepeqHiM piBHeM naedopmaiii B LUK
(133 %) ta 3 pizaumu ammrityaamu: 133 %, 100 % 87%
Ta 66 %. BinnoBigHO po3paxoBaHi 3a JIIHIHHOWO HXEHEp-
HOKO oOIiHKo (Momyns 100 ckmamae 3 MIla) piBHI Ha-
npyxkenpb [lianma-Kipxroga wmamm cepeaHe 3Ha4YeHHS Yy
4 Mlla, a amrmunityani 3HaueHHs Oy Ha piBHI 4 Mlla,
3 MIla, 2.6 MIla Ta 2 MIla BigmosigHo. YacTora IUKIIiB
ckianana 5 I'n. [lane 3HaueHHA Oyno 3HAWICHO 3 MIPKY-
BaHb 3a0€3MeYeHHs BIACYTHOCTI JUHAMIYHOI CKIIAJIOBOi Y
MOBEIiHIN 3pa3Ky (medopmariii mpoxoamna KBa3iCTaTH4-
HO), a TakoXX 3a0e3reduyBaio BiJICYTHICTh HMOMITHOTO Ha-
rpiBy 3pa3kiB (Ipu OLIBIIMX 3HAYEHHS CIIOCTEPIralnuch
BiOparii BUITPoOyBaibHOI MAalIMHK, a TAaKOXK ICTOTHE ca-
MOHArpiBaHHS 3pa3KiB).

Kpim TOro TEcTH Ha BTOMHY JIOBIOBIYHICTH IPOBO-
JIAITHCh I CTa0llli30BaHOrO Marepiany, TOOTO CrioyaTrky
BUKOHYyBatoch 10 nukiiB nedopmarii 3paska 3 SKOTO Iic-
7Sl BOTO 3HIMANIOCh TOBHICTIO HaBaHTaXeHHs. Taka mo-
HepelHsl TpoleAypa NO3BOJSUIA IO030ABUTHCH BIUIUBY
edexty MariHa Ha IOJAJbII PE3yIbTATH.

B pesynbraTi TpHBanoi Aii MUKIIYHOTO HaBAaHTAXCH-
HS B 3paskax (hOpMyBaIUCh MIKPO-TIOLIKOPKEHHS B MicC-
six npupoanoi konnentpaiii HJC — HaBKkoJo KOpaHUX
BOJIOKOH (pHC. 3, @), SIKI 3 4acOM PO3BUBAJIHCH Ta PO3IIO-
BCIO/KYBAJIUCh Ha BCIO IIMPHHY 3pa3Ky, 10 BPEIITI peIT
MIPU3BOIJIO JI0 HOTO MIOBHOTO pyiHYBaHHS (puc. 3, 6).

ExcriepumeHTanbHi  TOYKM Oy/M  anpoOKCHMOBaHi
IPSIMOIO JIHIEI0 Y NOABIHHUX JOrapu(MivHUX KOOpPMHA-
TaxX, TOOTO BINMOBITHO A0 piBHSHHS Benepa, okpeMo s
nedopmaniit (1) Ta icrurHUX Hanpyxens Komri (2):

‘g:zngNg:g(;ngNOS; (1)
O-ZlJNO':O-(;nUNOo" (2)

Ig(e,)

ne N, N, — KinpkicTe muKIiB medopmarii (HampyXeHb
Komri) mo BiAMOBH 10 BTOMi IpW aMIDITYAi Aedopmariit
&, (200 BIINOBIIHO: TIPU aMIUTITYAaX HanpyxeHb Koii o,
m — MOKa3HUK HaxWjy BiAmoBigHol kpuBoi Benepa, Ny —
0a30Be 4MCIIO IMKJIIB J0 BIIMOBH, &) Ta 0y — TEOPETHYHI
(yMoOBHI) rpaHMIi BTOMH (JUIs KpHUBHX 1O Aedopmariism,
a00 Harpy)XeHHsIM), TOOTO T[] 0y, HAPUKIIAJ, PO3YMITH-
MYTBCSl aMILUITyIy HanpyxeHb Komri 3a sKMX BigMoBa
3pasKy Oyze CrocTepiraTuch depe3 0a30Be YMCIIO IHKITIB
(N 06)'

a o
Pucynox 3 — ®ororpadii po3BUTKY MOIIKOKEHD Y 3pa3KiB
Iijyac BUNpoOyBaHb Ha BTOMY

B nawniii po6oTi OyJ0 MpoBeNeHO anpoKCHUMAIlil Ta-
KHM YHHOM, 1110 OyI0 3adikcoBaHO 0a30BHil piBeHb aMil-
nityn nedopmyBaHHs Ha piBHI 50% i mpu npoMy napame-
Tpamu KpuBoi Benepa, 1o miansararoTb BU3HaYEHHIO BBa-
JKaJIMCh TIOKa3HUK HAaXWIy 1€l KpUBOI 7 Ta KUTBKICTh LU-
KIIB Ny 10 pyHHYBaHHS 3pa3Ky.

Ha puc. 4 npencrasieHi KpuBi BTOMH ISl 3pasKiB
TYMOKOP/IHOTO KOMIIO3UTY HPH HOTO OJHOBICHOMY HaBa-
HT2)XCHHI B HaNpsiMi TNEPICHIUKYSIPHOMY apMyBaHHIO
TEKCTHJIBHUM KOPIOM.

Pucynok 4 — KpuBi Bromu 3pa3kiB KOMIIO3UTY IIPEACTABIICHI I aMILTITY X AedopMaltiii (¢) Ta iCTHHHUX Hanpy»XeHb (6)

Ha puc. 3 3ipoukaMu MOMI4€HO E€KCIIEPUMEHTAIbHI
TOYKH, a MpsMi JIiHII — ampokcuMarlii, mo no0yxoBaHi
METOJIOM HaWMEHIIMX KBajpaiB. Byio orpumaHo HacTyn-
Hi mapaMeTpu ampokcuMmariii: m, = 8, Ny, = 5,3'106 ISt
3aJIeKHOCTI amInIiTyn aedopmaniii (HamnpyxeHn [liama)
Bil KUIBKOCTI UWKIIB [0 pyHHYBaHHS, Ta: m,= 18,

Ny, = 5-10° s 3ameXHOCTI aMIUTITY iCTHHHEX Hampy-
JKEHbB BiJl KUIBKOCTI LIUKIIIB J0 JUIsl pyHHYBaHHS. SHAYCHHS
mapaMeTpy m OKPYIJICHO 10 mijoro uucia. Ciis BiaMiTH-
TH, 10 MPOBEJCHI TECTH 3aCBiJUYyIOTh, IO Uil KOKHOTO
(ikCOBaHOTO piBHS HAaBaHTXKEHHS KUIBKICTH LUKIIB JIO
BIIMOBH, IO (iKCyBajach MiJ 4ac EKCIEPHMEHTIB Mae
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JIOCUTH iICTOTHHH po3kuA B Mexax 30 % Bix 3HaUeHHS, 110
OTpPUMaHE anpOKCUMAIII€I0.

Jinst moJanpIoro MpakTHYHOTO BHKOPHCTAHHS 3pY-
YHO IPUBECTH OTPUMaHI pe3yJabTaTh 10 YMOBHO CHMETpPU-
30BaHOTO LHUKIY. 3 I[I€0 METOIO OYyJI0O BUKOPHCTAHO PiB-
usHHs ['epOepa (3), sike BKazye Ha BIUIMB CEpelHIX 3Ha-
YeHb B [IUKJIaX Ha XapaKTEPUCTHKHA BTOMH:

2—1

Oasym =04 " 1- G_WI ’ (3)
O

u

Bropucranus ¢opmynmu  (3) Ui mepepaxyHKY
KPUBHX YTOMH HE MPH3BOIUTH [0 3MIHH Hapamerpy
HaXHITy i€l KpHBOi (m), a nume 3MiHIOE 3HaYEHHS
KITBKOCTI LIUKJIB IO PYy#HYBAHH, 10 BUTPHMAE MaTeplan
IIPU CUMETPUYHOMY IHKJIi. TakuM 4HMHOM TepepaxoBaHi
IUIL CHUMETPUYHOIO IMKIY JAepOopMyBaHHS 3HAuYeHHS
KIJIBKOCTI  IIHMKJIIB z10 pyHHYBaHHS 3pasky Mmarepiary
ckimano Ny, = 3,1 107 mist 3aexHOCTI aManyzL nedop-
Martiit i Hampy»xens ITiana ta: Ng, = 9- 10° IUIS ICTHHHHUX
HanpyxeHp Korri.

MeTtoauka mpOBeleHHSI NPOUEIYPH IITYYHOI0
cTapiHHS TYMOBHX MaTepiaJjiB

HactynmauM eramom mociikeHb Oylio TPOBEACHHS
QHAJIOT1YHUX BHUIIPOOYBaHb VIS JAHOTO KOMIIO3UTY ITiCIIA
Horo crapiHHs.

Jnst mTydHOTO CTapiHHA 3pa3Kd I'yMH BHTPUMYBa-
JIMCh TpHUBaNWii yac Ha (pikcoBaHiil MiABUILEHIN TeMmIepa-
Typi. Jns 1i€i mpoueaypu BHKOPHCTOBYBajlach TEpMO-
kamepa SNOL 44/200 LNP 3 npumycoBor0 KOH(]EKIIi€F0,
gKa  OCHAlleHa  MIKPOIPOLECOPHUM  KOHTPOJIEPOM
OMRON ES5CK. Jana cymmneHa mada Hamgae MOMKIH-
BICTh (popMyBaTH Ta YTPUMYBATH PIBHOMIPHUIA 10 Kamepi
TEMIIEPaTypHUN CTaH.

Bigomi B siTeparypi aHi, 1010 IITYYHOTO CTapiHHS
THEeBMaTUYHUX IIMH 3arajioM Ta IITyYHOTO CTapiHHA iX
OKpEMHX EJIEMEHTIB BKa3y€e Ha Te IO BUKOPHUCTAHHS Tep-
Mo-Kamepu 3 (ikcoBanuM piBHeM Temmeparypu 70 °C
NPUIIBHALIYE TIPOLECH CTapiHHA IO XapaKTePHCTHKAM
MirHOCTI y (30-40) paziB [6]. V 3a3HaUYEHNX TOBiTKOBUX
JDKeperiax Ta PeKOMEHAAMIAX 10 MPUIIBHAMICHOMY MITY4-
HOMY CTapiHHIO TYMOBHMX MarepialliB 3a3Ha4a€ThCs, IO

lg(&)

a

MIPOIEAYPH MITyYHOTO CTApiHHS CIIiZ IPOBOANUTH HE TIepe-
BuIyoun Temreparypu 100 °C.

3 MeTol0 NPUIIBHALIEHHS MITYYHOTO CTapiHHA IPH
JOCITIKEHHSIX, 1110 MPOBOMJIMCH B JaHiii poOOTI BUKOPH-
croByBajochk crapints Ha temmeparypi 80 °C. ExBiBaneH-
THI 3Ha4YeHHs 10 4Yacy 30epiraHHs (eKcIulyararii) IIUH B
3BHYalfHUX YMOBaX MOKHA BU3HAYUTHU 3 MOJIeNi AppeHiy-
ca JUIsl po3paxyHKy Koe(ili€eHTy 3MiLIeHHS:

k = exp B L + p

L T

ne k — KoedilieHTy 3MILIeHHS, SIKH TTOKa3ye Y CKUIbKH

pa3iB MeHIlIe 4acy HeoOXIJIHO BUTPUMATH 3pa30K B yMO-

Bax 3 TemIepaTyporo 7 Juisi Toro mod Horo BIacTHBOCTI

MIITHOCTI 3MIHWJIACh TaK CaMoO sK JJIs 3pa3Ky Marepiairy

SIKMI TiepeOyBae y temrepatypi T»; Ey — eHepris aKTHBi-

3amii XIMIYHMX peakmiid B Mmarepiani, R — yHiBepcaibHa
ra3zoBa ctana (R = 8,31446 JIx/(monp-K) ).

Enepris axTtuBamii Ej € eMIipHYHAM HapaMeTPOM,
SKAH HEOOXiJHO BU3HAYMTH 3 MOPIBHIHHS IEBHOI Xapak-
TEPUCTUKH BU3HAYEHOI ITiCIs BUTPHMKH 3aJaHUK 94ac Ha
pi3HuX Temmeparypax. Tak, HapUKIA, A XapaKTepHc-
THUK MIIHOCTI TYMOBUX CyMillleii MHEBMaTHYHUX ILIHH Bi-
JIOMO, 1110 HaWOLTBIIHA KoedilieHT 3MimeHHs cknamae 40
Ui MaTeplany, 10 3HAXOIUTHCS MPH TeMnepaTypl 70 °C
y TMOpPIBHSAHHI JI0 MaTepiany, SKUil € y 3BUY4ailHUX YMOBaX
[10, 11]. Buxopucranus Gopmyiu (5) s OKpeCIeHHX
BHUIIIE NTAapaMeTpiB J03BOJISIE BU3HAUYUTH €HEPTil0 aKTHBa-
il JJIsl Tpolecy JAerpajaiii BIacTHBOCTEH IIMX TYMOBHX
3paskiB Ey = 105 x/Ix/Mob.

BukopucToByrour OTprMaHe 3HAuYeHHsS JUIS eHepril
aKTHBaIlil, MOXXHa pO3paxyBaTH Koe]illieHT 3MilleHHs
JUISl TyMOBHUX 3pa3KiB BUTPUMAaHUX 1 3a OLIBIIOI TemIepa-
Typu. B maHiif poboTi Ui IPUCKOPEHOTO cTapiHHS OyIo
BHKOPHCTaHO BUTPUMKY 3paskiB 10 mid y Tepmo-kamepi
Ha temmeparypi 80 °C, o Bimmosinae nmepeGyBaHHIO 1BO-
ro Marepiagy B HOPMAaJbHUX YMOBax 30epiraHHS MpPOTS-
roM 3 poKiB.

Ha puc. 5 HaBeZieHO KpHBI YTOMH 3pa3KiB T'YMOBOT'O
KOMITO3UTY, II0 TTOCHIEHHH TEKCTWJILHHM KOpPJIOM i3 Ha-
BaHTQXEHHSM B HANpPSIMKy IEPHEHIUKYJISIPHOMY apMy-
BAHHIO MICJIA iX IITYYHOTO CTapiHHS.

; Q)

Pucynok 5 — KpuBi Bromu 3pa3kiB KOMITO3UTY IiCIs HOTO MITY4HOro cTapinus (Butpumka 10 ni6 Ha temmneparypi 800C),
SIKi TIpeCTaBICH] ISl aMILTiTY q Aedopmaiii (a) Ta icTHHHUX HanpyxeHs Ko (6)
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Ha pucynkax cyninbHI KpUBi Ta CHHI TOYKH BiJIOBi-
JAIOTh AHUM OTPUMAaHWUM JUIs 3pa3KiB 10 CTapiHHS, a
MYHKTHPHI KPUBI Ta YepBOHI TOYKH BiJIIOBITHO — KPUBUM
YTOMH MICIs IITYYHOTO CTapiHHs 3pa3kiB. 3adapOoBaHu-
MH 30HaMH IOKa3aHO PO3KH[ EKCIEePHUMEHTAIbHHX 3Ha-
4yeHb 3 koedinienTom Bapianii 0.3.

[opiBHSIHHS KPUBHX YTOMH MOOYIOBaHHX OKPEMO
JUTS aMILTITY T AeopMartiii Ta icTHHHUX HampykeHsb Kori
JUTSL 3pa3KiB KOMITO3MTY, IO TOCITI/PKY€EThCS TIOKa3ye, 10
MOKa3HUK HAXWIy KpHBOI BTOMH HE 3a3HA€ BHUPAKCHOI
3MIiHH 1 MOXKE BBa)KaTHUCh CTAIUM. TaKOX OYCBHIHUM €
SIKICHAH BHUCHOBOK, IIOJO TOTO, IO CIIOCTEPIraeThCs CYT-
TEBE 3MEHIIEHHS KITBKOCTI LIUKIIIB 10 BIIMOBH, SIKE MOXKE
BUTPHUMATH JaHWU Martepian micis crapinHsa. Tak, 6a3oBe
YHCIIO LUKIIB O BiIMOBH Ha (PIKCOBAHOMY PIBHI aMILIi-
Tyn npedopmarnii y 50 % 3meHmmiocs y 12 pas, a aHano-
riyHe 3MEHILIeHHS 0 KPUBUM, 110 MOOYAO0BaHI JJIsl iICTHH-
HHUX HanpyXeHb crioctepiraerscst y 16 pas. B tabmmui 1
HaBEJICHO JIaHi 10 XapaKTePUCTHKaM KPUBUX YTOMH JI0 Ta
TICJIST CTapiHHSL.

Tabmuns 1 — [TapameTpu KpUBUX yTOMH 3pa3KiB T'yMO-KOPIHOTO
KOMIIO3UTY JI0 Ta MICJIsl INTYYHOTO CTAPiHHSI

[TapameTpu KpuBOi BTOMH

Marenian Just nepopma- Jst icTHHHUX

P i HalpyXeHb

mg ]\F O¢ My ]\F 0o

V mepsicHoMy cTani | 8 3.1-10 18 9-10°
Miens wryssoro § | 2510° | 18 | 54.10°

CTapiHHA
BucHoBku

B po6oTi mpoBenieHo KOMIIEKC eKCIIEpIMEHTAIBHIX
BUNPOOYBaHb T'YMOKOPJHUX 3pa3KiB KOMIIO3UTY Ha BTOM-
HYy MIIHICT IO Ta MICIIA iX mTy4HOro crapinas. [Ipore-
Iypa CTapiHHS MPOBOAMINCEH IIIIXOM BUTPHMKH 3pa3KiB
y TepMokamepi Ha ¢ikcoBaHi Temneparypi 80 oC mpoTs-
rom 10 ni6. BcranosneHno 3a moneiutto AppeHiyca, IO
Taka BUTPUMKA Ul AaHOTO Marepialy BIANOBizae HoOro
MPUPOTHOMY CTapiHHIO MPOTATOM 3-X POKIB.

B pamkax pmocnipkeHHS MOOYAOBaHI KPUBI BTOMH
(xpuBi Benepa) mo medopmanisiM Ta iCTHHHHM Harpy-
sxenusM Ko, TTopiBHSUTBHUE aHANI3 OTPUMAHUX PE3YIib-
TaTiB MOKa3ye, IO TOKA3HUK HAXWIYy KPUBHUX YTOMH HE
3MIHIOETBCS Yepe3 CTapiHHSA B TOHM 4Wac sIK 0a30Be YHCIIO
IUKTIB 10 BIZIMOBH CYTTEBO 3MEHIIMIOCH (OLTBIN HiXK Ha
mopsiok). Tak, 3a 3 yMOBHHX pOKH 0a30Be YHCIIO HUKIIIB
IO BIZIMOBHM TYMOBHX 3pa3KiB 3MEHIIWIOCH y 12 Ta 16 pa3
BIIMOBITHO IJIsI KPUBHX YTOMH ITOOYTOBAaHWX BiTHOCHO
nedopmariiii Ta iCTHHHUX HanpyxkeHsb Koriri.
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HWCCJIEJOBAHME HJIC IMCKA BOPOHBI HA MHANBUYAJILHOI PYKUHHOM CTOMKE

IIpoBeseHO KOMITBIOTEPHOE MOAEIUPOBAHUE ITPOLECcca IKCINTyaTallll AUCKOBOH OOPOHBI Ha MHAWBHIYAJIBHOW IPYKUHHON CTOMKE.
CoopmynupoBaHa 3amada 0 HCCISJOBAaHUIO TIOBEACHNSI CTOMKH IIPH CHIIOBOM U KMHEMAaTHIECKOM HATpy>KeHUH CTOMKHU OT IeHCTBUS
IKCIUTyaTallMOHHBIX HArpy30K, a TaKKe MPOBEICH YaCTOTHBIH aHAJ M3 KOHCTPYKUHMH. AHanu3 nojed JedopMauuii U HampspkeHHi
MOKa3aJl, YTO CTAaTUYECKOe M KMHEMaTHYeCKOe Harpy)KeHHe caMo Io cebe He MPUBOAUT K pa3pylieHHIo CTOWkH. [lo pesynbraTam
HCCIIeI0BaHNs TOBEPXHOCTH M3JI0Ma pa3pylIeHHe HOCUT KOMIUIEKCHBIN XapaKkTep: HAaKOIUICHHE yCTaJOCTHBIX OBPEXASHUIT ¢ mocie-
JYIOIIUM Pa3pylIeHHEM OT CTATHUECKOH KMHEMAaTU4eCKOi Harpy3Ku.

KnioueBble ciioBa: quckoBast 60poHa, IPy>KUHHAs CTOHKA, COOCTBEHHAsI acTOTa, Pa3pylIeHHEe, METO/] KOHEYHBIX SIEMEHTOB.

Beenenne. [l mpoBeneHUs B MONHOM OOBbEME UHC-
JICHHBIX HCCIIEAOBAHMH HAIPsDKEHHO-Ie(OPMHUPOBAHHOTO
COCTOSIHHISL TMCKOBOHM OOpOHBI HAa TPY>KHHHOM CTOWKE TIpH
BCEX 3aJaHHBIX IapaMeTpax HeoOXoauMa HaydHO 0OOCHO-
BaHHasl MOZIENIb paboUeil cpefibl, TO €CTh MOUBBI, KaK CILIOLI-
HBIX CpeJl, KOTopasi uMena Obl B Ka4ecTBe MapaMeTpoB TBEp-
JIOCTb M BIIAXHOCTb, 33/laHHbIE B pACUETHOM 33aHuH. B
JITAaHHOW paboTe OnpeiesuINCh a0COMIOTHBIE 3HAUCHHS CHIT B
pacuere Ha 1 M 3axBaTa, a TAKXKe 3aBUCHMOCTH TUX CHII OT
yIJia aTaku, TITyOHHBI 00Pa0OTKM M CKOPOCTH MOCTYTATEITh-
Horo JBrkeHus. C Lesbl0 yCOBEPIICHCTBOBAHMS KOHCTPYK-
UK TPY>KHUHHOM CTOMKM TNPOBEJECH CTaTHMYECKHI aHAIU3
HJIC mpu pmeiictBum Ha Hee CHIIOBOTO M KHHEMATHYECKOTO
Harpy’KeHWs, a TakkKe OIpeneNieHa COOCTBEHHAs dYacToTa
CHCTEMBI M YaCTOTA BBIHY KIAIOMIEH Harpy3Ku.

AHaJIN3 MOCJEeAHUX MCCJIeJOBAHUNA M JIUTEpaTy-
pbl. CoBpeMeHHbIE TeXHOJIOTHH BO3JEIBIBaHUSI U yOOPKU
CEJIbCKOXO3SHCTBEHHBIX KYJIBTYP BBIABHIAIOT BBICOKHE
TpeOOBaHUsI K pecypcocOepexeHHI0 U 3HeprodheKTrB-
HocTHu miporiecca [1,2]. Ha 3tom ¢oHe AMCKOBBIC Opyaus
MOJYYWJIM IIUPOKOE PACIPOCTPAHEHBI B CETLCKOXO3SHCT-
BEHHOM CEKTOpE.

Ha prIHKe CelTbCKOX035HCTBEHHON TEXHUKU CYIIECT-
BYET OOJIBIIIOE MHOXKECTBO PA3IUYHBIX BAPHAHTOB KOHCT-
pyKnuu pabodmx OpraHoB. B 9acTHOCTH TUCKATOpHI, B
OCHOBHOM CBOEM OOJBIINHCTBE, CIPOSKTHPOBAHBI INOO0 C

DOI: http://dx.doi.org/10.20998/2078-9130.2016.26.79932

€IMHBIM BaJIOM, Ha KOTOPBIH IOCa)XEHBI JAUCKOBBIE pado-
4He OpraHbl, TM00 ¢ HAOOPOM MPYKUHHBIX CTOEK, Ha Ka-
JKIYIO M3 KOTOPBIX KPEIHUTCS OJIH IHCK [3].

B nurepaType u3BECTHBI PabOTHI OCBSIIIEHHBIE 3KC-
NIEPUMEHTAIILHOMY OIPEIEICHUIO CHIIbI, ACHCTBYIOLIEH
Ha aucku Bo Bpems pabotel. Hampumep, B CKb 3aBona
«Cubcenpmanr» Ob1a pa3paboTaHa W H3TOTOBIIEHA CIIe-
[UaibHasi AWHAMOMETpPHUYECKasl TeJIeKKa Ul MPOCTpaH-
CTBEHHOTO JIMHAMOMETPHPOBAHMSI THCKOBBIX Oarapeil, ¢
KOTOpPOH OBUTH TIPOBEIEHBI COOTBETCTBYIOIINE JKCIIEPH-
MeHTHI [4]. B maHHO# paboTe MpUBOISTCS NaHHBIE TOJIE-
BBIX WCIIBITAaHWH Ha JAWHAMOMETPHYECKOH TEJEkKe, Mpo-
BEZCHHBIC JJISI TPEX Pa3IMYHBIX BHIOB 00pPaOOTKH MOYBHI
— TpennoceBHOW 00pabOTKH, 0OpabOTKH MApOB W IyIIe-
HUS cTepHU. BOo Bpems OmBITOB exemHeBHO 1o 3-4 pasza
oTpenensaiach TBEPAOCTh M Opajch MPOOBI BIAKHOCTH
MOYBBl. 3aTeéM Ha KaXAOM YYacTKe II0JCUUTHIBAIOCH
cpezHee 3HauYCHHE TBEPJOCTU U BilaxHOCTH. KomnyecTBo
ctebneit Ha 1 M* coctasmsno 400-500 wT. BeicoTOH 150-
200 MM, KOJTMYECTBO COPHSKOB 9-15.

eablo naHHON cTaTbU SBIAETCS YUCIEHHOE MOJE-
JTUpoBaHuE Ne(pOPMHUPOBAHUS TPYKUHHOH CTOHKH TpH
IITATHBIX CHJIOBBIX Harpy3kax, KHHEMaTHYECKUX Harpys-
Kax, a TaK)Ke MCCIIEAOBAHUS CIEKTpa COOCTBEHHBIX M BBI-
HYXJICHHBIX 9acTOT KOJIE€OaHNH KOHCTPYKIMHU B TIPOIIECCe
9KCTITYaTaIHH.
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IMocranoBka 3aaun M YHCIEHHAsl peajn3anus.
Harpyxenne cToifki 60poHBI ¢ pabodIrM OpraHOM B TIPO-
necce pabOTBl MOJENHPOBAIOCH CHCTEMOH IBYX CHII
(puc. 1) B cootBeTcTBHH C [4, cTp. 226-230].

Pucynok 1 — PacueTnas Mmozenb AuCKa Ha MPYKUHHOM CTOlKE

OneMeHTapHbBIE CONPOTHBIIEHHS IOYBHI, BO3HHUKAIO-
mye Ha pabouyeldl TMOBEPXHOCTH W JIE3BMH BEPTHKAIBHO
YCTaHOBJIEHHOTO C(HEPHUYECKOro IUCKA, HE MUMEIOT OXHOMH
paBHOAEHCTBYIOLIEH CHIIBI, OHU MOTYT OBITh PUBEAEHBI K
IByM mepekpemuBatomumcs cuiaMm R' u R". Cumna R' ne-
JKUT B TUIOCKOCTH JTUCKa W TIPOXOAUT Ha PAacCTOSHUH P
Huxke ocu aucka. Cuia R" mapannenbHa ocu BpalieHHs!
JTUCKOB, HAXOJWUTCS Ha riIyOmHe h OoT gHa GOpO3.bI, paB-
HOM NIPUMEPHO IIOJIOBUHE TIIyOMHBI XOAa IHMCKOB, W Ha
paccTosiHMM [ Briepey BEpTUKAIBHOM TIOCKOCTH, IPOBe-
JIEHHOH depe3 och BpamleHus JuckoB. OTpe3ok / mMam u
€r0 MOYKHO ITPHUPABHATH HYIIIO.

AHanmm3 TOJTy4YeHHBIX B [4] MaTepHasioB IO3BOJIILII
CUNTATh, YTO CPEJHEE 3HAUCHUE IapaMeTpa p COCTABHIO
okono 3 cm. OceBasg cuia R" mgms ManbIx yrioB araku
MPOXOJUT HECKOJIBKO €33 BEPTUKAJIBHOIO JHaMeTpa
nucka. [Ipu yrmax ataku cBbime 35°, cuna R" mpoxoaut
BIIEPEIN BEPTUKAIBHOTO auameTpa (s yriia 45° [ paBHO
7 cM). Tem He MeHee, B IPAKTUUECKUX pacyeTax Ul yr-
7oB ataku 15-35° MOXXHO NPHHUMATh, YTO PACCTOSIHUE [
PaBHO HYJIIO.

BennunHa cwmemieHuss IUcKa Hazad, B CTOPOHY H
BBEPX OIPEAEIsIach Kak BEJIMYMHA COOTBETCTBYIOIIETO
NepeMeIIeHne TOYKH Ha OCH CTymuIbl. i1t onpeneneHus
(haKTHIeCKUX YTIIOB HAaKJIOHA OOPOHEI B TIporiecce padoTHI
U3MEPSIIOCH TIEPEMEIIEHNE TOUEK Ha OKPY’KHOCTH JUCKaA B
BEpXHEH M HIKHEH TOYKax B HAaNpaBJICHUH MEPIEHINKY-
JSIPHOM TIOCKOCTH Jcka. Pemraercst 3amaua ompenene-
Hust HIIC npy>kuHHOI CTOIMKY Npu CHIIOBOM U KMHEMAaTH-
YECKOM Harpy>KeHWH, a TaK)Ke BBIYHCISIETCS CHEKTp co0-
CTBEHHBIX M BBIHYXX/ICHHBIX YaCTOT KOJIEOaHHH.

[on cuioBBIM Harpy>K€HHEM IOJpa3yMeBaeTCsl pe-
aKI¥s TTOYBHI IPU 00paboTKe, a KWHEMAaTH4ECKOe — Hae3]l
Ha KECTKOE TEJIO B I0JI€ M MOCIEAYIONINN MepeKaT depes3
HETO.

Jnsl 9uCNIeHHOTO pelIeHHs TOCTAaBJICHHBIX 3a1ad B
TPEXMEPHON NMOCTAHOBKE UCIIONB3YETCS METO], KOHEUHBIX
3JIEMEHTOB.

IIpy KOHEUHO-3IEMEHTHOM MOJEIHPOBAaHUU B Kade-

CTBE TPAHWYHBIX YCIOBHH IPHHITO 3alleMUTh BEPTH-
KaJbHBIE TIOBEPXHOCTH CTONKH B 30HE (PAKTHYECKOTO Kpe-
TIJIEHUS K )KECTKOM pame.

Oocy:xaenne pesyabTaroB. [locme mpoBeaeHuUs
pacyera IpU CHJIOBOM W KHHEMAaTH4YeCKOM HarpyKeHWU
TOJTy4€HBI paclpeziejIeHUs] SKBUBAJICHTHBIX HaIpsHKSHUH
B KOHCTpYKIuH (puc. 2, 3).

Pucynok 2 — PacnipenienieHre 5KBHBaJICHTHBIX HAIPSHKCHUI
(cuI0BOE HArpyKEHHUE)

0,000 0,200 0,400 (m)
—
0,100 0,300
Pucynok 3 — PacnipenienieHre 3KBHBaJICHTHBIX

HanpspKeHUH (KHHEMaTHYeCKOe Harpys>kKeHHe)

MakcuMmanbHbIe HalpsDKeHHS B TaKOM CITydae BO3-
HUKAIOT B 30HE 3aKPYTKH CTOWKH U cocTaBIsitoT 250 MITa.

ITpu pacuere Momeny ¢ KUHEMAaTHUECKUM HaIIpsxkKe-
HHEM HMWTHPOBAJICS Hae3]] Ha TPENATCTBUE BBICOTOM
75MM. MakcuMasbHbIe HalpsDKEHUST B TAKOM CIIydae Tak-
K€ HaXOAATCS B 30HE 3aKpyTKH U cocraBistoT 700MIla
npu mnpefene Tekydectd pasHoM 1100MIla.OueBunHo,
YTO TaKWe HANpPsDKEHHS HE MOTYT IPHBECTH K paspylile-
HUIO NPY>KUHHOM CTOMKHU.

IIpn nBWXeHMM OHICKa B «TSHKEIOM» TPYHTE CyIIe-
CTBYET peallbHasi ONACHOCTH IIONAaJaHusA KOHCTPYKLHUH B
pe3onanc. Ilpeamonaraercs, 4ro mpu oOpabOTKE ITOYBHI
Ka)Kz1ast Mpope3b B TUCKE MPUBOJUT K MHKPO-YAapy C 4ac-
TOTO#, 3aBUCSINEH OT CKOpOCTH 00paboTKu. Jlist mpoBep-
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K OBUT TIPOBEIEH pacdeT COOCTBEHHBIX YacTOT Koieha-
HHH, a TaKXKe HCXOI M3 TeOMETPHUECKUX Pa3MepoOB IHC-
Ka PacCYMTaHa 4acTOTa MUKPO-YAApOB B 3aBHCHMOCTH OT
CKOPOCTH JBIDKCHHS TPaKTOpa. 3aBHCUMOCTH BBIHYXK-
JAalOIIel YacTOTBl OT CKOPOCTH MABWKCHHUS, a TaKkKe
CIIEKTp COOCTBEHHBIX 4YacTOT(pa3dpoc oOyCIIOBIEH He
TIOJTHOW OTIPEJeTICHHOCTBIO TPAaHUYHBIX YCIIOBUH B MECTe
KOHTaKTa JAWCKa C TPYHTOM) N300pakeHbI Ha pHcC. 4.

— ¢ -8

8 9 10 1 n 3 1 15 16
CKOpOCTL ABEKEHHS KM/9

PucyHok 4 — I'paduik COGCTBEHHBIX M BBIHYKACHHBIX 4aCTOT
KoJIeOaHUH KOHCTPYKIUH

W3 momydeHHBIX JaHHBIX BHIHO, YTO BTOpas COOCT-
BEHHas 4YacTOTa TOMAaJaeT B PE30HAHC MPHU CKOPOCTAX
o0pabotku ot 8 o 10 km/u. Popma KonebaHMd Ha BTO-
POl COOCTBEHHOW YacTOTE€ COOTBETCTBYET KPYYCHHUIO B
30He m3ruba crovku. [Ipu KoeOaHUAX KOHCTPYKIUH Ha
3TOM YacTOTE 30Ha MAaKCUMAJbHBIX HAINpPSDKEHUN TaKxke
HAXOJUTCS B MECTE 3aKPYTKU.

BruiBoabI

1. 3oHa MakCUMaJIbHBIX HAMPSDKEHUH COOTBETCTBYET
30HE (PAKTUIECKOTO IKCILUTYaTAIIHOHHOTO PAa3PyIICHHUS

2. B ciydae KMHEMaTH4E€CKOIO Harpy>KeHus, Korma

KaKOH-TO IUCK Hae3kaeT Ha npensarcteue (7-10 cm.), Mak-
CHUMaJIbHBIE HANPSKCHUS CYIIECTBEHHO ITOBBIMIAIOTCS IO
680MI1a (pa3pyuieHne He TPOUCXOTUT)

3. PerynspHbple IUKIMYECKHE BO3IEHCTBHA COBEp-
maroTesd ¢ gactoToil 11-24 I', a coOOCTBEHHBIE YaCTOTHI
Bappupytorcs oT 5 I'm — mepBas, 12I'n — Bropast u 22-
24 'y — TpeThs

4. Ha pe3oHupymoleil yactore B 30HEe pa3pylLIeHUs
MIPOUCXOMAT W3TMOHO-KPYTHJIBHBIE KOJIEOaHHs, COOTBET-
CTBYIOIIHME 2-if COOCTBEHHOM YacToTe.

5. PexoMeHI0OBaHO BBIBECTH COOCTBCHHBIC YaCTOTHI
CHCTEMBI U3 CIIEKTPa BEIHYKIEHHBIX YaCTOT BO3ICHCTBHS.

Crnncok jurepatypsl: 1. CoBpeMeHHBIE dHeprocOeperaronye
TEXHOJIOruu 00pabOTKU MOUBHI [DNEKTPOHHBIN pecypc]. Pexxum
JoCTyTa: http://urozhayna-gryadka.narod.ru/energosber.
technologii.htm 2. TexHonorus «HyneBO» 00PaOOTKH TOYBHI
[OnexTponnsrit pecypc]. Pexxum moctyma: http://opyt.t30p.ru/
post/leopoliss-No-Till-eto-znachit-bez-vspashki-Tehnologiya-nu
levoi-obrabotki-pochvi.aspx 3. babuyxuii JI.®@. AHamu3 KOHCT-
PYKIMH TUCKOBBIX ITOYBOOOPaOATHIBAIOIINX pabovYnX OpraHoB /
JL®. Babuyxui, A.C. Mepenos // CoBpeMeHHbIC MpPOOIEMBI
Haykd U TexHuku. — 2014. — Ne 6. 4. Cmpenvouyxuii B.®. Cuio-
BbIC XaPaKTEPUCTUKHM PabOYMX OPraHOB IMCKOBBIX JIyLIHMJIBIIH-
KOB 1 00poH / B.®. Cmpenvbuyxuii. — TpakTOphl U ceIbX03Ma-
muHEL — 1968. — Ne 1. — C. 30-33.

Bibliography (transliterated): 1. Sovremennye energosberega-
yuschie  tehnologii obrabotki pochvy. Available at:
http://urozhayna-gryadka.narod.ru/energosber.  technologii.htm
2. Tehnologiya "nulevoj" obrabotki pochvy. Available at:
http://opyt.t30p.ru/post/leopoliss-No-Till-eto-znachit-bez-vspash
ki-Tehnologiya-nulevoi-obrabotki-pochvi.aspx 3. Babickij L.F.,
Merenov A.S. Analiz konstrukcii diskovyh pochvoobrabatyva-
yuschih rabochih organov. Sovremennye problemy nauki i
tehniki. 2014, No 6. 4. Strel'bickij V.F. Silovye harakteristiki
rabochih organov diskovyh luschil'schikov i boron. Traktory i
sel'hozmashiny. 1968, No 1, pp. 30-33.
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3. A. CHMCOH, C. A. HA3APEHKO

AHAJIN3 TPOYHOCTHU U TUHAMUKH ITIOBOPOTHO-CUMMETPUYHbBIX
MHOTI'OKOMITIOHEHTHBIX KOHCTPYKIIMU (ITOAINUITHUKOBBIX Y3J1I0B KAYEHMUS)

OcobeHnHocTH NOBOPOTHO-CUMMETPUYHBIX KOHCprKIII/Iﬁ NO3BOJISIIOT IYTEM CO3JaHUs CIICHHUAIIU3UPOBAHHBIX Teopnﬁ U YHUCJIICHHBIX
TEXHOJIOT U HepeﬁTH oT 06HIPIX MCTOAOB aHa/In3a K CIICHHUAaJIbHBIM, 3BHAYUTCIIBHO MEHBIIICH PasMEpPHOCTH. PaCCMOTpCHH U IIpoaHaIun-
3UPOBaHbl METOABI IMPOYHOCTHOTO U JUHAMHUYCCKOI'O pacde€Ta Ha MPUMEPE MOALIMIIHUKOB Ka4CHUA. I[opa60TKa METOZla PCIICHUS
CHCKTpaHLHOﬁ HpO6J’IeMLI HCK 6a31z1pyeTc;{ Ha BKJIFOUCHHU MCTOJIa KBA3UIUKIIMYCCKHUX pa3n0>1<eHHﬁ «BHYTpPb» ajiIrOpUTMa UTCpaln-

OHHOT'O IPe0OPa30BaHUs IIOIIPOCTPAHCTBA.

KiwueBrle cioBa: MEXaHUKa, IIOBOPOTHO-CUMMETPUYHBIE KOHCTPYKIUH, ITOAIIUITHUKN Ka4y€HUs, OouHas urepanys, KoHe4d-

HBIC DJICMCHTHI.

BBenenne. B MexaHnke ¥ MalIMHOCTPOEHHUH IIUPO-
KO pacmlpoCTpaHEHbl MHOT'OKOMIIOHCHTHBIE ITOBOPOTHO
(muximmaeckn) cummerpuudble koHCTpykmmu (LICK) [1-
4]. Ocobennoctn LICK mO3BOISIIOT ITyTeM CO3JaHHS CIIe-
LUAIU3UPOBAHHBIX TEOPUH M YHCICHHBIX TEXHOJIOTHH
MEPeUTH OT OOLIMX METOIOB aHalInW3a CHCTEM K CIHELH-
AIBHBIM, CYIIIECTBEHHO MEHBIIIEH pazMepHocTH [1-5].

MHOFOO6p33HbIe IIOAIIUITHUKKY Ka4u€HUs SABJIAKOTCS
Kak HauOoJyiee paclpoCTpaHEHHBIM COOPOUYHBIM Y3JIOM B
MAaIIMHOCTpoeHuH, Tak U npumepom L[CK mHoroxommo-
HEHTHOU CTPYyKTYpshI [5—9]. IloamMnHUKOBEIE y3IIbl Kade-
HUS (BaJl — BHyTPEHHEE KOJIBLO — POJIMKH — CEMapaTop —
BHEIIHEE KOJBLO — «aJanTop») OCYLIECTBIISIOT IpoO-
CTPAHCTBEHHYIO (PUKCAMio POTOPOB M MEPENAlOT CTaTH-
YeCcKHe W JUHAMHYECKUE YCHIIUS OT BPAIAfoOLIUXCs J1eTa-
Jiel Ha HENOABIXXHBIE onopsl. [losBistomasics npu QyHK-
LIMOHUPOBAHMUH MOJIIMITHUKOBBIX y3JI0B KaueHUsl BHOpa-
st 00yCIIOBIMBACTCS OOJIBLIMM KOJIMYECTBOM (haKTOPOB
Y JOCTAaTOYHO CJIOXHO CTPYKTypUpoBaHa [6, 7].

IIpu pacuetnsix uccnenoanusax L{CK npumensrorcs
KOHTUHYAQJIBHBIC U JUCKPETHLIC MOJCIIN. KOHTI/IHyaJ'II)HbIe
MO3BOJISIIOT YY€CTh KOHCTPYKTHBHBIE OCOOCHHOCTH OT-
JIEBbHBIX DJIEMEHTOB M ONpPENENUTh XapaKTEPUCTUKU
MOJIIIMITHIKOB KauyeHHs, KaK CBSI3aHHOW cucTeMbl. Jluc-
KpEeTHBIE (C COCPENOTOYCHHBIMH IMapaMeTpaMHu) MOJICIH
GoJiee IPOCTHI M YACTO MPUMEHSIOTCS IJISl HCCIISIOBAHMA
apdexroB otknoHenuit ot L[CK, cratmcrudeckux mapa-
METPOB AWHAMHYECKUX M MPOYHOCTHBIX XapaKTEPUCTHK.
AHanu3 HayYHO-TEXHHUYECKOH MOKYMEHTALMH IIOKa3all,
9TO NMPOOJIEMBbl JUHAMHUKU MOJIIMITHUKOBBIX Y3JI0B Kaue-
HUS HEOCTATOYHO MCCIIEeIOBaHbI [6, 7].

Ananu3 IICK Ha npuMepe MOAIIMIHUKA Kade-
Hust. [lonnmnHuky kaueHusi OyzleM paccMaTpuBaTh Kak
MHOTOKOMITIOHEHTHYIO CBSI3aHHYIO CHCTEMY IIpH HEIH-
HEWHOH W3MEHIEMOCTH XapaKTEPUCTUK MaTepHajioB C
YYETOM TEXHOJOTMYECKOH HAaceJICTBEHHOCTH, BO3HH-
KaroIIel mpu ux u3rotosieHud (8, 9]. Hammune cummer-
PHUH ¢ TIO3WIIUH pacdeTa JaeT CYIIeCTBEHHBIC MPEUMYIIe-
CTBa, TIO3BOJISI CBECTH 3a[ady K aHAIM3Y MOJEIH OJHOTO
CEKTOpa C HAJIOKEHHBIMH yCIOBUSIMH IUKIMYHOCTH.

IICK MO0XHO TpeACTaBUTh B BUaE N CEKTOPOB, I'e0-
MeTpHYecKue U (pu3nvecKre napaMeTpbl KOTOPBIX COXpa-
HSIOT WHBAPHAHTHOCTH IIPU MIOBOPOTE OTHOCHTEIBHO OCH
BpalleHust Ha JIt000i yrou, kpatHblil y = 27/N. [lopsimok
CUMMeTpuH N — YHCIIO POJIMKOB B Cllydae MOALIMITHUKO-

DOI: http://dx.doi.org/10.20998/2078-9130.2016.26.79933

BEIX y3IIOB KaueHus (puc. 1).

Jna aHanm3a WCIOIB30BAJICS METON KOHEUHBIX 3JIe-
MeHToB (MKD), cuntaromuiics HanOoiee YHHBEpCATbHON
¥ MOIIHOW TEXHOJIOTHEH MOJEIHPOBAHUS CIOKHBIX KOH-
CTPYKLMH U aJaliTUPOBAHHBIN K IOBOPOTHOM CHMMETPUH
[10, 11]. Hna reomerpuueckoro mnpexacraBineHus [[CK
JOCTAaTOYHO MOCTPOMUTH ANNPOKCHMHUPYIOIIYI0 T€OMETPH-
YEeCKYI0 MOJIeNIb OJHOW THUIIOBOM MOJCTPYKTypbl. Omnuca-
HHS OCTAJbHBIX IOJIYYalOTCS W3 Hee NpeoOpazoBaHUEM
HOBOPOTHOM cuMMeTpuu. B obmiem ciydae HarpyxeHwus
CEKTOPOB TPeOYIOT HHANBUAYAJIbHON alllIpOKCHMAIIHH.

Anamuz LICK HaumnHaercs ¢ MOCTpOEHUS MOJENU
CEKTOpa, Ha KOTOPYI0 HAHOCUTCS KOHEYHODJIEMEHTHAas
cetka (puc. 2.). BBogsTcs ycnoBus 3aKperuieHust KOHCT-
PYKIHH, a Tak)Ke TOBOPOTHON CHMMETPHUHU Ha TPaHUIIAX C
COIIPEICIIbHBIMU CEKTOPaMH.

Pucynox 1 — TBepaoTenbHas MOJEINb:
a — NOANINITHUKA KaueHus; 6 — cernaparopa

Pucynok 2 — KD Mozen1b KOHTaKTHPYIOLIKX (parMeHTOB POJIH-
Ka, BHYTPEHHET0 M BHEIIIHETO KOJIEL ¢ NPHCTABHBIMU OOPTHKAMH

bnounoe YpaBHCHUC PABHOBCCHUS KOHCYHODJICMCHT-

© 3. A. Cumcon; C. A. Hazapenko, 2016
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HOM MOJENM j — TOW TUIIOBOM MOACTPYKTYpPBI CBSI3bIBAET
0000IICHHBIC TIEPEMEIICHUS j — TO TPAHHYHOTO CECYCHUS
Y1 » BHYTpEHHeH olnactn cekropa g, (j+ 1)-ro rpa-
HUYHOTO CCUCHHs ),; € BHCILIHUMU Harpyskamu F; u
BHYTPCHHUMHU peakuusiMu ¢,; U ¢,; (j=1,N), 3ame-
IIAIOIINMHE BO3JICHCTBHE CONPENEIBHBIX IOACTPYKTYP

K, Kis Ky M1 Flj qy;

Kg Kss Kgo |y Vg Fgr+4 0 . (1

Ky Kyy Ky Yaj sz q2;

Pa3zmepHOCTb 0JIOKOB MaTpHIBI )KEeCTKOCTH K 3aBH-
CHUT OT YHCJIa CTENeHEeH CBOOOBI BHYTPEHHEHW M TpaHHY-
HOH oOnacTell cexTopa. 'paHUYHbIE 30HBI B 3aBUCHMOCTH
OT reoMeTpu4ecKor (opMbI CEKTOpa MOTYT COCTOSTH M3
HECKOJIBKMX HECBSA3HBIX oOnacTel. [ nx onmcaHus BBO-
JIITCSI CBSI3aHHAsI CHCTeMa KOOPAMHAT, OJJHA M3 Oceil Ko-
TOPOM HampaBJieHa BJOJb OCH LIUKIMYECKOH CUMMETPUH,
JIBE ApPYTrue MOBOPAYMBAIOTCS BOKPYT HEE NPU INEPExXojie
OT OJHOTO ceKTopa K apyromy Ha yroxa y. Ilpm cOGopke
MOJIETIH j — Tasi TPaHUYHAs! 30HA COBMEINAET JIEBOE Ceue-
HUE j — F0 CEeKTOpa U MpaBoe ceueHue (j — 1)-ro cexropa.
CBsi3aHHasi cucTeMa KOOPAMHAT MO3BOJISET IPEICTa-

BUTH riiobanbHyto Marpuny xectkoct LICK B kBa3uIuk-
JIugecKon hopme

4 4 0 ... 0 0 4
A 4 A ... 0 0 0
K=l oor oo e e |, 2)
0 0 0 A A A
4, 0 0 .. 0 A 4
KW +KynV) K
e A = " 11;/1 +hKypV,  ViKis ’
KV Kss
ViKi,V, 0
2= e or o A=4T, O
K¢V, 0

Vi m V, — Marpuupl 1epexona OT CUCTEM KOOpPJIUHAT
(j — 1) -T0o U j-T0 CEeKTOpa K CBA3aHHBIM KOOPAMHATAM j-T'O
cedyeHust. BekTop Harpy3ok uMeeT Buj

= (= N = V1Fl'+V2F2‘
F:{Fj}j=l; Fj: ./q J A

Fy

KBasunukinnueckas CTpyKTypa MO3BOJISIET OT aHAJM-
3a riobanpHOM cucteMsl ypaBHenuid LICK mepeiitu k pe-
LICHUIO CHCTEM YpPaBHEHHii, pa3MEepPHOCTh KOTOPBIX 00Y-
CJIOBITUBAETCS YKCIIOM 00OOIIEHHBIX MepeMeIleHHi BHYT-
peHHEH 00JIACTH U TPAHUYHOTO CEYCHUS CEKTOpa!

4)

e A; =4 +(A2 +A3)cosyj+i(A2 —A3)sin7/j,
- 1 Y - _
G, =—Z(cosk;j-Fk—isinky’~Fk).

T ING

Ilepemeruenns Y ;, COOTBETCTBYIOIIME KBAa3HCTPOKE,

(dhopmupyroTest cynepriosunueid pereHuid (5) ¢ cooTBerT-
CTBYIOILIMMH BECOBBIMH KOA(DPHIIUCHTAMH.

KomrmiekcHble cucteMbl ypaBHeHHH (5) B Beliect-
BEHHOW (hopMe IpeACTaBISIOT CUCTEMBl YpaBHEHHH C

CUMMETPHUYHON MaTpHuiel KodQQHUIUEHTOB, YTO TTO3BOJISI-
eT HCIIONb30BATh IS MX peaM3alliil CTaHIAPTHOE IIPO-
rpaMMHOE oOecrieueHne
N oamlE] fer)
= . J=LLN. (6)

Im Re £Im ~Im
Aj A LS G;

Metox kBazummkIndeckux pasioxenuit (MKLP)
TO3BOJISIET TIEPEUTH OT PEIIeHHs 3a7aqd OOJBIION pa3-
MEpPHOCTH K HECKOJIBKHM CYIIECTBEHHO MEHbBIICH. Dd-
(EeKTUBHOCTH METOJ]a MOKHO 3HAYUTEIHHO MPUYMHOXUTD
CYMEPAJIEMEHTHOM CBEPTKON (MOJTHONW WJIM YacTHUYHOM
KOHJICHCalei) BHYTPeHHEH 001acTH.

st nHepezonancueix 3aaa4y auHamuku L{CK nmpume-
Herne MIIKP ornuyaercst TonbKO (pU3NYECKUM 3HAYCHU-
eM Marpuibl KoddduimeHToB, KoTopas B 3TOM cllydae
SIBIISIETCS] MATPHLIEH TMHAMUYECKON )KECTKOCTH

K;,=K-w* M,
rae M —marpuua Mace, ( — 4acTOTa BbIHYK/IAIOIIEH CUIIBL

U3 pemenuss 0000MEHHOTO ypaBHEHHS KOJIeOaHUI
MHOTOKOMIIOHEHTHBIX CTPYKTYp C y4Y€TOM HEIMHEHHBIX
JMCCHUIIATHBHBIX 3()()EKTOB BHIHO, YTO BBIPAXKEHHS, BXO-
JSIIIME B yPaBHEHUE PE30HAHCHOW KPUBOM, IPEICTABIISIIOT
(YHKIIMOHAJIBI, 3aBUCSIIUEC OT PE3OHUPYIOIICH COOCTBEH-
HOHM wactoThl u (opmbl kosiebanuid [12]. Tlpu perueHnn
crnekrpanbHoi mpobnemsl LICK Ha ocHOBe cekropa BO3-
MOXHBI pazHooOpa3Hble komOuHaiu MKLIP u GiouHoit
(unm oOpatHO#) UTepalyy, 00yCIOBIMBAIOLINE PA3INIHO
c(OpMHUPOBAHHBIE TPYIIIHI 9aCTOT U (HOpM.

Pemenne 3amauu B TEpPBOM BapHaHTE IOBTOPSET
cxemy (1) — (6), rne marpuna Ko3((UINEHTOB B YpaBHE-
HusX (1) mpencTaBisieT MaTPUIly AUHAMIYECKON YKECTKO-

cru K, cexktopa, Harpykenue cekropa F; =0, @ — ucko-

MbIe cOOCTBeHHBIE YacToTHl. Torma (5) mpeobpa3yrorcs B
CHCTEMY OJHOPOJHBIX YPABHEHUI.

HTepalioHHBIIl METOI PEHICHHsS MPOOJEMBI COOCT-
BEHHBIX 3HAUCHUI TO3BOJISIET HAWTH OTHOCAIINECS K KaXK-
JIOMY j-My TapameTpy LUUKIMYHOCTH CIEKTPhI YaCTOT Wi,

j=1t,N . [Ipu momoOHOM TOJX0/I¢ HEOCYIIECTBUM YIIO-

PAIOYCHHBIN OUCK 3aJaHHON YaCTOTHI.
Cob6ctennsie hopmbl LICK st @ MMeIOT BUA
: ) W =~ 1 W
9 = U ={cos jony &8¢ —sin jony El Y
Bropast cxema mnpenamonaraer Brimodenne MKIP
«BHYTPB» aITOpUTMa OJIOYHON HTEpaL PEIICHUs CIIeK-
TpampHOH mpobiembr LICK (Ha sTame HTEparmoHHOTO
npeoOpa3oBaHusl MOIPOCTpaHcTBa). [lomxon mo3Bossier
OTBICKMBATh HIDKHIOI 4acTh CIIEKTpa (JIn0O MaKeT 4acToT,
OmpKalMX K 3aJaHHOMY 3HAuUeHHIO, IPU HCIOJIb30Ba-
HUU «CIBWKKI») BHE 3aBHCHMOCTH OT NPHHAIC)KHOCTU
COOTBETCTBYIOIINX COOCTBEHHBIX (DOPM TOMY WIIM HHOMY
mapaMeTpy IUKIHIHOCTH.
B sTOM BapmaHTe METOI WTEpaIlUy IMOAMIPOCTPAHCT-
Ba MpHUMEHSETCS K TI00aIhbHOM MOAETH KOHCTPYKIHH B
CBsI3aHHOM cucreMe koopauHat KY = MX.

Hnst MaTpHLIbI HavyaJbHBIX MpUOIKEHU I
N
j=1

0 _lyo0 o -
X = {X j } . bopmupoBanue npasoil wactu F'= Mx°
CKJIa[IBIBAETCS IIOCEKTOPHO

F={F, };V:l =M ML XM X Y
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(Xo=Xy); (Y1 = T1),
rae cTpykrypa My, M,, M; ananoruana A, A,, Az (3).

IToce Toro kak Marpuia MpaBbIX dacTe chopmu-
poBaHa, BeIYHCIEHUS TpoBoaaTcs mo cxeme MKIIP (2) —
(5). Onepanyu MeTo/la UTEPUPOBAHUS MOANPOCTPAHCTBA
Y'KY u Y'MY (axtiuecky CBOAATCS K IPOLEIype OIpe-
JIeJIeHns] TIPaBbIX 4YacTeil CieAylomero npuoamKkeHus F,
to ect KY? = FV = pyD, [Ipu Takom monaxone ocyuie-
CTBJISICTCS HAIIPABIICHHBIH ITOMCK CIIEKTPa HIXHHUX YaCTOT
Beer LICK, npu 3TOM 4MCI0 OTHICKUBAEMBIX YACTOT 3aBU-
CHT JIMIIb OT Pa3MEPHOCTH UTEPUPYEMOTO HOANPOCTPaH-
ctBa. [Ipoueaypa moayyeHusl pelieHUs] CTATHYECKOHN 3a-
nmaun LICK ¢ pa3nmudHBIM Harpy»XeHHEM CEKTOPOB CTaHO-
BUATCS 0a30BBIM MOIyJeM Ui JWHAMHYECKHX 3al1ad, a
pPa3MEpHOCTh CHCTEMBI pa3pellaroliuX ypaBHEHHH OIpe-
JIEJIAETCS] TUCKPETHONH MOJAETHIO OAHOTO CEKTOpa.

Konebanns MOAMIMITHUKOB KaueHHWs OOYCIOBJIHMBA-
I0TCSI B OCHOBHOM JIe(hOpMaIMsIMU €ro KOJIeIl — C «Y3J10-
BBIMHU JuameTpamu». [TaBHbIe crienuduyeckue 0coOeH-
HOCTH KoJicOaHMi moaumnHukoB kaueHus kak [{CK cBs-
3aHBl C HAJIMYMEM B CIIEKTPax JBYKPAaTHBIX COOCTBEHHBIX
gacToT. [lapameTp IMKIMYHOCTH j XapaKTepH3yeT Lenoe
YUCIIO BOJIH TEPEMEUICHUI Ha OKPYKHOCTH KOJer («y3-
JIOBBIE THaMETPBD»). OTMETHM, UTO COOCTBEHHBIC (POPMHEI,
cootBercTByromue j =0 u j = N/2 — onuHapHBIE, a COOT-
BETCTBYIOIIHNE IIPOYUM j — KpPaTHEIE.

OTnuauTenpHas YepTa TPyHIbl COOCTBEHHBIX (HopM,
cootBeTcTBYIOIINX j =0 — cuH(pa3HbIe KOIeOaHHs CEeKTO-
POB C OJJMHAKOBHIMU aMIuIMTyAamu. B rpymmne ¢opm ko-
Je0aHui ¢ mapaMeTpoM HMUKIMYHOCTH j = N/2 TaKkKe Cek-
TOpa COBEPIIAIOT KOJCOAHHUS C OJAMHAKOBBIMH aMILIHTY-
JlaMH, HO COCEJTHHE CEKTOpa KoJIeOIroTCes B IIpoTHBO(dase.
B ocranpHbIX rpynmnax j coocTBeHHbIE (HOPMBI KOJIeOaHUH
uMeroT Ooliee CIOXKHBIN BHI. B 3aBucuMocTn ot HOMepa
TpymIsl popma KoxeOaHu UMeeT HECKOIBKO LETBIX BOJH
MEepEeMEIIEHN B OKPY>KHOM HAIpPaBJICHUH, TTO3TOMY CO-
CEe/THUE TIPOJIETHI MEXKAY POJIMKaMHU MMEIOT BCETa pa3HbIe
amMIUIMTY/Ibl KojieOanuii. C yBenn4eHHeM j HCKa)KEHHbIC
«Y3TIOBBIE JaMETPBD) BCE OOJBINE MCKPUBIAIOTCS M pac-
MOJIATa0TCs Ha KOJBIaX BAOJb POJIUKOB.

B cuity ci10)KHOCTH M CBSI3aHHOCTH KOHCTPYKIIMH Y3-
JIOBBIC JIMHHUU CUJIBHO WCKPUBJICHBI, YTO 3aTPYAHACT 3KC-
NEepUMEHTAIBHYIO WACHTH(HUKANWIO TapaMeTpa j Al co-
OTBETCTBYIOIICH (POPMBI, OCOOCHHO MPH WX OOJBIIOM
yucne [6, 7). Unentudukanus coOCTBEHHBIX (OpPM 3a-
TpyOHEHA TIOTOMY, YTO IO YHCIY BCIUIECKOB Ha mepude-
pUH He Bcerja MOXXHO ompenenuTh mapametp j. CoOct-
BEHHBIE YAaCTOTHI OOBIYHO BO3PACTAIOT C POCTOM YHUCIIA j.

BbiBoabl. PaccMoTpeHbl U npoaHaIM3UpOBaHbl Me-
TOABI MPOYHOCTHOTO M AuHammuueckoro pacuera [[CK (na
npuMepe MOJIIMITHUKOB KaueHus). JlopaboTka merona
pewmenus crnekrpanbHoi npobnemsl LICK Gasupyercst Ha
BritodeHnn MKIP «BHYTpb» anropurMa UTEparioHHOTO
npeoOpa3oBaHusl NoANpocTpaHcTa. Ha crenyromem sra-
ne pabor OymeT NpoBeAEH aHAUM3 YyBCTBUTEIHHOCTH
MPOYHOCTHBIX U AMHaMHUueckux xapakrepuctuk [{CK.

Cnucok sureparypsi: 1. Shi C. Vibration mode structure and
simplified modelling of cyclically symmetric or rotationally
periodic systems / C. Shi, R. G. Parker // Proceedings of the
Royal Society of London A: Mathematical, Physical and Engi-

neering Sciences. — 2015. — Vol. 471, Ne 2173. — P. 20140672. 2.
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VJIK 539.3
B.T. CYKHACOB

AHAJIN3 PEJIAKCALIMU KOHTAKTHOI'O JABJIEHUA MEXAY BA3ZKOYIIPYI'UM KOMIIO3UT-
HBIM BAHJAKOM U TPYBOITPOBOJAOM

HW35105KeHBI IOCTAaHOBKA M METOJMKA MPUOIIHKCHHOTO aHAIMTHYECKOTO PEIICHHs 33/1a9i O B3aUMOJICHCTBUH KOMITIO3HTHOTO PEMOHT-
HOTO 0aHIaXka CO CTaIbHBIM TpyOompoBogoM. Bs3koynpyrue cBoiicTBa OpTOTPOIHOIO KOMIIO3UTA MOJEIHPYIOTCSI HA OCHOBE IIPUH-
IIUIIa COOTBETCTBHsI BojbTeppa, B cOYETAHUM C IPABHIOM CMeced. 3aBUCHMOCTh KOHTAKTHOT'O JaBJICHHS OT BPEMEHH IOJyYeHa C
HOMOIIBIO OJHOCTOPOHHET0 MHTErpPajbHOrO npeobpa3oBaHus Jlamaca [uist pa3iMYHBIX 3HAYEHHH OOBEMHOrO COICPXKKAHUS apMH-
PYIOLINX BOJIOKOH.

KroueBble ciioBa: GaHznax, TpyOOIpoBO, BA3KOYNPYTHE CBOMCTBA, KOMIIO3HT, KOHTAKTHOE JaBleHIe, Tpeobpa3oBanue Jlamiaca.

BBenenne. MecTHble KOPPO3HOHHBIE MOBPEXKICHHUS
MaruCTPalbHBIX TPyOONPOBOAOB B YCIOBHAX BBICOKHX
9KCIITyaTal[MOHHBIX Harpy30K MOTYT HPEICTaBIATh YIpo-
3y uis 6€30MacHOCTH TPaHCIOPTHPOBKHU. D((HEeKTUBHBIM
crocoOOM peMoHTa TPyOONpOBOJIA SBJISETCS YCTAHOBKA
KOMNO3UTHOTO OaHmaxa [1-3] myTem HaMOTKH TOIydad-
pHKaTa Ha MOBPEXKICHHBIN Y4acTOK C MOCIEAYIOIUM OT-
BEP)KICHHEM, B X0Jle KOTOPOTO (OPMHPYETCSI HATIPSKCH-
HOE COCTOSIHHME W3-3a YCaJKH IOJIMMEPHOTO CBS3YIOLIETO
[4]. OTo oka3wBaeT Ha TpyOy ONarompusATHOE CIKUMAFO-
11ee BO3/eiicTBYE, B TAJIbHEWIIEM ociiabeBalolee 3a CUeT
pelakcanuy HalpsDKEHHH BCIIEACTBHE BA3KOYIPYTOTO
nedopmupoBanus Oannaxa. OnucaHue Ha MakpOypOBHE
BOJIOKHHICTOTO KOMIIO3HUTA PETYISPHON CTPYKTYPHI OOBIU-
HO HUCXOJHT U3 PACCMOTPEHUS €ro KaKk OJHOPOAHOU OpTO-
TPOITHON Cpebl, CBOWCTBA KOTOPOH OMPEIEISIIOTCS JIHO0
OKCIIEPUMEHTAIIbHO MyTEM HWCHBITaHus 00pa3uoB, JH00
TEOPETHUYECKH 110 U3BECTHBIM XapaKTEPUCTUKAM MaTpPHIIBI
U apMHPYIOLINX BOJOKOH, C TPUMEHEHHEM TE€X WM HHBIX
CXeM roMOreHu3auuu [5,6]. AHaIM3 NPOYHOCTH U KECT-
KOCTH OTPEMOHTHPOBAHHOW TpPyOBI, KaK NPaBHIIO, OCHO-
BBIBAa€TCSl Ha JIMHEHHO YNPYroil MOJENN KOMIIO3UTa, TPH
3TOM HCIIONB3YIOTCS TaHHBIE O CBOMCTBAaX TOTOBOTO MaTe-
puana [1-3, 7]. Heo6xoaumocTs obOecriedeHns: MPOYHOCTH
KOHTaKTa OaHmaxa M TpyObl Ha MPOTSHKEHHH BCETO CPOKa
SKCIITyaTanuy TpeOyeT ydera peslaKCallid, IIPH 3TOM JIU-
HEHHBIA XapakTep BSI3KOYIPYToro MOBEICHHUS KOMIIO3HUTA

DOI: http://dx.doi.org/10.20998/2078-9130.2016.26.79934

MO3BOJIACT pacCMaTpuBaTb HE3aBUCUMO 3(1)(1)€KTI)I OT yca-
JOYHBIX HaprDKCHI/Iﬁ W IENCTBUS BHYTPCHHETO JaBJICHUS.

IocTranoBka 3agaun. OOBEKTOM H3YUYCHHUS SBIACT-
csl B3amMoJieiicTBre Oe3 HaTsAra Mexmy (parMeHTOM Me-
TAJITYECKOTO TPYOOIPOBOAa M PEMOHTHBIM OaHIaXKOM U3
KOMIIO3UTa Ha IMOJIMMEPHON ocHoBe. PacueTHas monenb
MPEICTaBIsAET cO00il MOKa3aHHBIH Ha puc. | IBYXCIOi-
HBIH IWIMHADP TOJ| AeHCTBUEM BHYTPEHHETO JaBJICHUS, B
YCIIOBUSX IUIOCKOH AedopmMaru. Marepuall BHyTPEHHETO
muuHApa | ynpyruilt H30TpONHEIN; HApYKHBIM HUIHHAP
Il cumraercst OpTOTPONMHBIM Bsi3KOynpyruMm. OcoOeHHO-
CTBIO BSI3KOYIPYTOro JeOpMHPOBAHMS SIBISETCS 3aBU-
cuMmocTb OoT BpeMeHu kommnoHeHT HAC. lns anuzotpon-
HOW JIMHEWHO-BSI3KOYNPYTrOW Cpeabl HACIeICTBEHHOTO
THIA ONPEACIAIONINE COOTHOWICHUS B MpPAMON Qopme
HMEIOT BH [5]

£y ()= [ Ay (t=$)doy (&) (i kil = 13), (1
0

tae Ay (8) = Ay () = Ay (1) = Ay () — Moxynn nonsy-
9eCTH, IPEICTABIIOMME CO00M KOMIIOHEHTHI TeH30pa 4-
ro panra. O6paTHas (opMa YIOMIHYTHIX COOTHOIICHHIA:

oy ()= [Cyut=$)dey(£), (i, joki1=13),  (2)
0

© B.T. Cykunacos, 2016
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rae Cyyy (1) = C iy (6) = Cyy (1) = Cys (1) —

canuy, KOMIIOHEHTHI TeH30pa 4-T0 paHra.

i
<

s

MOJYJIH penaK-

l\)l\)‘\:/
Q@Q\

Pucynok 1 — Moznens Tpy6onpoBosa ¢ 6aHgaxoM

[Tpumenenue k BeipaxenusiM (1), (2) onHOCTOpOHHE-
T'0 UHTErpalIbHOTO Npeobpa3oBanus Jlamnaca

f()=[ f(yexp(=st)dt » (3)
0

rze s — nmapaMmeTp npeoOpa3oBaHus, f{f) — OpUTHHAIN, f(s)

— m300pakeHue, MPUBOAMT 3a CUET TEOPEMBI O CBEPTKE
[8], mpu ycmoBum cTaOMIBHOCTH MEXaHWYECKUX CBOKCTB,
K COOTHOLICHHSAM OTHOCHUTEIILHO H300paKeHHH

& =540 0y =SChép 4)

KOTOpBIE BHEIIIHE, C TOYHOCTBIO 1O 0003HAYECHUH, TTOBTO-
psrOT 3aKkoH I'yka [uisl ynmpyrod aHHU30TPOIIHOM Cpenpl.
OTO BHENIHEE CXOJCTBO, MMEIOIIEe MECTO TaKXKe W JUIA
npeoOpa3oBaHHBIX 10 Jlammacy cTaTHYecKMX M KHHEMa-
THYECKUX COOTHOIICHHH, JISKUT B OCHOBE NPHUHIUIIA CO-
orBercTBHUs Bombreppa [9]. JlaHHBINH TPUHIKIT TO3BOJIIET
HCCIIE0BATh BA3KOYNpPYyroe JeOpMUpPOBAaHHUE C ITO3HUIIUH
pelIeHus] yIpyroi 3aJadd OTHOCHUTENFHO M300paKeHUH
COOTBETCTBYIOIIMX Benn4ynH. OH XK€ JaeT BO3MOXKHOCTb
JUTS TIPUMEHEHHsI TIpaBUIIa cMeced [6] mpu ompeneneHun
3 QEKTUBHBIX XapaKTEPUCTHK KOMIIO3UTHOTO MaTepuaa.

CpoiicTBa moauMMepHOW MaTpuubl. Martpuma
MpeACTaBIsIeT CO00M N30TPONHBIN BA3KOYIPYTHi MaTepu-
ain, 1uist Kotoporo Bxozsume B (1), (2) Mmoaynm npuHuMa-
10T BUJL

Ay () =[FU @) = £ J (0166 + 5T (NS48 + 6464 5

Cyu () =[K(2) - %G(t)]é‘gﬁkl +G()(040; +60), (5)
rae J(t)=2¢,(t)/0,(0) n U@)=06()/0y(0) — dyHk-
UHA CIIBUTOBOM " 00BEMHOI I0JI3YYECTH;
G(1)=Lo1,(1)/ £,,(0) 0 K(1)=04(1)/ 0(0) — ymrium

C/IBUTOBOM M 00BEMHOU pelakcanuu; § — OTHOCUTEIbHOE
U3MEHEeHHe 00beMa; o) — CpeHee HOpMaJbHOE Harpshke-
Hue; J; — cumBon Kponekepa. IToaromy cootnommenus (1),
(2) mpuobperatot opmy [10]

£;(0) = [LJ(t={)ds($)+ 8, [LU-{)doy ()5 (6)
0 0

o (1) = j 2G(t - {)dey ($)+5; j K(t-0)doy, (D
0 0

T1e S; U e; — KOMIIOHEHTHI JIEBHATOPOB HANPSKEHHH U
nedopmanmii coorBeTcTBeHHO. M300paxkerns mo Jlammacy
YIIOMSHYTHIX BbIIIE (DYHKIUH CBSI3aHBI COOTHOILCHUSAMH

s2G(s)J(s)=1; s*K(s)U(s)=1. ®)

Pewienne nJs1 coctaBHoro nuuiaunapa. Paguansaoe
U OKpPY>KHOE HAIPSDKEHUS, a TaKXKe pajualibHOE IepeMe-
IICHWE BO BHYTPECHHEM H30TPOIHOM IIMIIMHAPE C YIPYTH-
MH XapaKTEePHUCTHKAMH Eu OTIPENIEIIAIOTCS. M3BECTHBIM
pewenuem Jlsime

1 2b2
O =5 —z| Ba’ ~Bb* ~(F, = B)=
b —a
2b2
Cop =— Pa’—Pb* +(P, - -R)— 9)
b —a?
I_ 1+V 2b

= El(bz— ) (1-2v7 )(Pa —Pkb )y +(P—F,)
rae P, — KOHTaKTHOE JIaBJICHUEC Ha MOBEPXHOCTH COTPH-
KOCHOBCHHS ¢ OaHIaKOM.

JIJIs OPTOTPOTHOTO BSI3KOYIPYTOro HApPY>KHOTO ITH-
JUHIpA C TJIABHBIMH OCSMH BIOJNb PagUadbHOTO 7, OK-
PYXHOTO 6 U OCEBOrO z HAMpABJICHHUN OIMPEACISIONINE

COOTHOIIICHHSI B N300pakeHUAX (4) IPUHIMAIOT BUJT

~1

= 54,61 —sd 5l gl = 54,60 54,67 (10)

I/1306pa>1<eHH;1 PaaMaIbHOTO U OKPY)KHOTO Harpske-
HHH, a TaKkkKe PaJUaJbHOrO MEPeMEIICHHS B HAPyKHOM
[IJIAHIPE OTPEACIISIOTCS KaK

u+lp 2u
~I _ b Bc -1 _ C

>

[ T
CZ,u _b2,u r,u+1
u+lp 2u
~II /Ub Pk r,u—l + ¢ . (11)
Opp = p
2,u _b2,u r,u+1
pHp 2u

~I u C
Z“—bz“ (usAgg — sA.9)r* + (usAgy + s4,5) — |

rie p= 1[2,,/299 .

I[Ipumenenne mpaBuiaa cmeceii. Bxogsamue B (10),
(11) k03¢ purMeHTHI OIpeAENSIIOTCS COTIIACHO (GOpPMyIIaM

1 * ok 1 * o

~ V.V —Vo:Vz0 .

SAI’V:+D SAgg =~ > (12)
r E6’

* * % * * ok
Vg +ViVeo  Vor TVeVer
* "
E, E,
4yepe3 d3PPEeKTUBHBIC «yNPYTUe» XapaKTePUCTHKA KOMIIO-
3uTa (OTMEYEHBI 3BE3/J0YKO), KOTOPhIE, B CBOIO OUYepeb,
3aBHCAT OT CBOWCTB BOJIOKOH U MAaTPHIIBI (ajiee cHaOMe-
HBI UHJICKCAMH «f» U «m» COOTBETCTBEHHO).
Jis  IMHEHHO YOpPYruxX apMHUPYIOMIMX BOJOKOH
CIpaBEe/JTUB 3aKOH FyKa

e =[1+v)a] —v/ ol S;1/ET, (i,j.k=13). (13)

CootHomenust (6) Ui BA3KOYNPYrod MaTpuibl B
I/I306pa)KCHI/I${X HpI/IHI/IMaIOT BUJ

g =1sI6) +1s5, [0 -1 16y, G, j.k=13) (14)

WU B (bopMe 3akoHa ['yka

SArH -
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&' =104V —V"GiS, 1 E" ).k =13), (15)
9sKG n_ 31?—2(}
3K+G 23K +G)
PeanbHble oNMMepHBIE MaTePHAIIBl IPAKTUIECKU HE
o0OHapyXuBaroT 00beMHOM BsizkocTH [10], 4To mMo3BossieT

IpHU ONMCAHUM MATPHULBl MOJEIbI0 CTaHJAPTHOU BSI3KO-
yopyro# cpenpt [9] cuuraTs

G(t)=G, +(Gy~G,)e"";
rae Gy

rae, cornacHo (8), E” =

K(t)=K,=const., (16)
u G, — MTHOBEHHBI ¥ [UINTENBHBIH MOIYIH
ciagura; T — Bpems pemakcauun; Gy =1 Ey/(1+vp);
K, =%E0 /(1-2v,). Torna xapakTepUCTUKH MaTpPHLBI B

(15) mproOperaroT BHI

Em=E0S+ﬁ/T; o= 0s+)//r’ (17
s+Kx/t s+Kx/t
rae
G, Hv,—L(12v, 2(1+v 1-2v,
poGo o, WfU20) | 20g)(-2vy)

Gy 3v, 3

O¢ddexTuBHBIE CBOHCTBa KOMIIO3UTA C apMHPOBAHU-

€M B OKPY)XHOM HAIPABJICHHUH ONPEIEISIOTCS COTIACHO
MpaBUITy cMeceii [6]:
*

E, =wE’+(1-0)E™;
* * "
Vo, =V, =ov! +(1- o)W ;

(18)
A ETE™
E=E=——"—
@E"+(1- )E’
o x _a)E'”vf+(1— @) E V"
" wE"+(1-w)E’
raec o — 00BeMHOE COACPIKAHNE BOJIOKOH.

OmnpenejieHHe KOHTAKTHOro AaBJjeHusi. 300pa-
skeHue 10 Jlammacy KOHTAKTHOTO JaBJIEHHs CIELyeT W3
9), (11) B BUZE

~ B

P= )
s 1154 1+# sA + D
HsAgg (c/b)Z”—I 6
rJie JUIsl KPaTKOCTH BBEJICHbI 0003HAUEHHUS IByX KOHCTaHT

A-v'*Pa* (+vHI=2vHb*+a?]

B=2= 55 D= T2
E'(b"—a”) E'(b"—a”)

Henocpencresennoe obpamenune (19) He npexacras-
JSIETCSl BO3MOXHBIM B BHUJIy YPE3BBIYAHHO TPOMO3IKON
3aBUCHMOCTH OT HapaMeTpa § B pe3yJsibTare Mocieq0Ba-
TeNbpHOM moacTaHoBKH (Gopmyn (12), (18), (17). IToaTomy
UCIIOJNIB3YeTCsl TPHONKEHHBIH MOJX0J, CyTh KOTOPOTO
COCTOHMT B Pa3liOKECHUHM TPAHCIEHJCHTHOH 4acTH 3HaMe-
HaTellsl B YCEYEHHBIN CTENEHHOW pAll 1O MapaMeTpy S, C
MOCJIEAYIONMM OTBICKAHWEM OPHMIHHANA CPEICTBAMH
BCTPOEHHO OnbIoTeku nakera Maple.

BrruncneHus BbITTOJIHEHBI npu CICAyromux MUCxXon-
HBIX AaHHBIX: a = 0,485M; b = 0,510Mm; ¢ = 0,560 Mm;
P,=7MIla; E'=2,1-10° MIla; V=0,3;
EF'=735-10"MIla; Vv =02; E,=3,4-10°Mlla;
vo=0,35; f=0,65 7=2400c.

B pesynbraTe mosydeHsl NPUOIMKSHHBIE 3aBUCHMO-
CTH KOHTaKTHOTO JaBJICHUSI OT BPEMEHH, NOKA3aHHbIC HA

(19)

puc. 2-4 g pa3TUIHBIX 3HAYCHAN .

0.19

P, MII
k 318 \\
\

0.17

0.16

0.15 \

0.14

0 2 4 6 8 10 12 14 16 18

103 ¢
PucyHoK 2 — 3aBHCHMOCTH KOHTAKTHOTO JABICHHS OT BPEMEHH
131
E, MIla \‘
\
13 ‘\
\ 0=04
. \
\
128
0 2 4 6 8 0 no1 a6 18
10% ¢
PucyHoK 3 — 3aBUCHMOCTb KOHTAKTHOTO JIABICHUS OT BPEMEHH
1.944
Ii,, MIla \
1.94 \
1.936 \ 0w=0.7
\
1932 \\
1.928 N\
\
1.924 S —
T
0o 2 4 6 8§ 10 12 14 16 18

t10° ¢
PI/ICyHOK 4 — 3aBI/ICI/IMOCTb KOHTAKTHOI'O J1aBJICHUSA OT BPEMCHU

BoiBoabl. [lonyueHHbIe pe3yabTaThl HIUTFOCTPUPYIOT
3¢ ¢EeKT NOBBIIIEHHUs KECTKOCTH OaHIaka IpH yBeJnde-
HUU JOJIA apMUPYIOUIUX BOJIOKOH, YTO, OJHAKO, MPaKTH-
YECKH HE BIMSET Ha BpPEeMs pellakcallid BA3KOYNPYroro
KOMIO3MTa. 3aBUCUMOCTb Ha PUC. 2 JUISL CiIydast OTCYTCT-
BUS BOJIOKOH IOJIHOCTBIO ITOBTOPSIET PEIICHHE, MOTydIEH-
HOE B 3aMKHyTOM Buze [11] mia 3amaun o B3amMOAEHCT-
BHU TPYOBI C BA3KOYIIPYTOH U30TPOITHONW HAKIIAIKOM.

Cnucok gureparypsl: 1. Lukacs J. Experimental and Numeri-
cal Investigations of External Reinforced Damaged Pipelines / J.
Lukacs, G. Nagy, 1. Torok, J. Egert, B. Pere // Procedia Engi-
neering 2. — 2010. — Vol. 2. — P. 1191-1200. 2. Costa-Mattos
H.S. An alternative methodology to repair localized corrosion
damage in metallic pipelines with epoxy resins / H.S. Costa-
Mattos, J.M.L. Reis, R.F. Sampaio, V.A. Perrut // Materials and
Design. — 2009. — Vol. 30. — P. 3581-3591. 3. Kopple M.F.
Composite repair of through-wall defects in pipework — Analyti-

76

Bicnux HTY «XI1I». 2016. Ne 26 (1198)



ISSN 2078-9130

Hunamixa i miynicms mMawiun

cal and numerical models with respect to ISO/TS 24817 / M.F.
Kopple, S. Lauterbach, W. Wagner // Composite Structures. —
2013. — Vol. 95. — P. 173-178. 4. Anvmenbax X. IIporHo3upo-
BaHHE TEXHOJOTHUYECKUX HANpsHKEHUH B TpyOONpPOBOJE IIPH €ro
pPEMOHTE KOMIO3UTHOH Haknankoi / X. Aremenbax, K. Haymen-
ko, I'. JIveos, B. Cykuacos, A. [loozopuwiti // MexaHuKa KOMIIO-
3UTHBIX MaTepuanoB. — 2015. — T. 51, Ne 2. — C. 197-222. 5.
Kpucmencen P. BBenenue B MexaHHKy KoMmo3utoB / P. Kpu-
cmencen. — M.: Mup, 1982. — 333 c. 6. Tuttle M.E. Structural
Analysis of Polymeric Composite Materials / M.E. Tuttle. — New
York: Marcel Dekker, Inc., 2004. — 640 p. 7. Duell J.M. Analysis
of a carbon composite overwrap pipeline repair system / J.M.
Duell, J M. Wilson, M.R. Kessler // International Journal of Pres-
sure Vessels and Piping. — 2008. — Vol. 85. — P. 782-788. 8.
Jumxun B.A. HTerpanbpHple IpeoOpa3oBaHusl U ONEPaLlUOHHOE
ucuucnenne / B.A. Humxun, A.Il. Ipyonuxos. — M.: Hayka,
1974. — 544 c. 9. Meiiz [Jorc. Teopus 1 3a7a4l MEXaHUKH CIUIOLI-
HbIX cpen / [oc. Meiz. — M.: Mup, 1974. — 320 c. 10. Mockeu-
mur B.B. CompoTHBICHHE BS3KO-YINPYTHX MaTepuajioB / B.B.
Mockeumun. — M.: Hayxka, 1972. — 328 c. 11. Jlvgog I /. Vc-
CJICIOBAHNE BSI3KOYIPYToro Ae(pOpMHPOBAHHS COCTABHOTO IIH-
muaapa / I M. Jleeos, B.I'. Cyxuacos // Bicauk HTY «XIID».
Cepis: JIunamika i minaicts MammH. — X.: HTY «XI1I», 2013. —
Ne 58 (1031). — C. 119-124.

Bibliography (transliterated): 1. Lukacs J., , Nagy G., Torok I.,
Egert J., Pere B. Experimental and Numerical Investigations of Ex-

ternal Reinforced Damaged Pipelines. Procedia Engineering 2.
2010, vol. 2, pp. 1191-1200. 2. Costa-Mattos H.S., Reis J.M.L.,
Sampaio R.F., Perrut V.A. An alternative methodology to repair
localized corrosion damage in metallic pipelines with epoxy resins.
Materials and Design. 2009, vol. 30, pp. 3581-3591. 3. Kopple
M.F., Lauterbach S., Wagner W. Composite repair of through-wall
defects in pipework. Analytical and numerical models with respect
to ISO/TS 24817. Composite Structures. 2013, vol. 95, pp. 173-178.
4. Altenbah H., Naumenko K., Lvov G., Sukiasov V., Podgornyiy
A. Prognozirovanie tehnologicheskih napryajeniy v truboprovode
pri ego remonte kompozitnoy nakladkoy. Mehanika kompozitnyih
materialov. 2015, T. 51, No 2, pp. 197-222. 5. Kristensen R. Vve-
denie v mehaniku kompozitov. Moscow: Mir, 1982. 333 p. 6. Tuttle
M.E. Structural Analysis of Polymeric Composite Materials. New
York: Marcel Dekker, Inc. 2004, 640 p. 7. Duell J.M., Wilson J.M.,
Kessler M.R. Analysis of a carbon composite overwrap pipeline
repair system. International Journal of Pressure Vessels and Piping.
2008, vol. 85, pp. 782-788. 8. Ditkin V.A., Prudnikov A.P. Integral-
nyie preobrazovaniya i operatsionnoe ischislenie. Moscow: Nauka,
1974, 544 p. 9. Meyz Dj. Teoriya i zadachi mehaniki sploshnyih
sred. Moscow: Mir, 1974, 320 p. 10. Moskvitin V.V. Soprotivlenie
vyazko-uprugih materialov. Moscow: Nauka, 1972, 328 p. 11. Lvov
G.IL, Sukiasov V.G. Issledovanie vyazkouprugogo deformirovaniya
sostavnogo tsilindra. Visnik NTU "HPI". Seriya: Dinamika i
mitsnist mashin. Kharkiv: NTU "HPI", 2013, No 58 (1031), pp.
119-124.

Tlocmynuna (received) 05.07.2016

Bioomocmi npo aemopis / Ceedenusn 06 asmopax / About the Authors
Cykuacoe Bnaoumup I'eopeuesuy — xaHanaaT TeXHUYECKUX HAyK, JOLEHT, NOLEHT, Kadeapa JUHAMUKU W MPOY-
HOCTH MauinH, HaunoHansHbli TexHudeckuit yunsepeuret «XI1W»; ten.: (057) 7076879; e-mail: dpm_161@mail.ru.
Sukiasov Vladimir Georgievich — Candidate of Technical Sciences, Associate Professor, Associate Professor, De-
partment of Dynamics and Strength of Machines, National Technical University "KhPI"; tel.: (057) 7076879; e-mail:

dpm_161@mail.ru.

VJIK 539.3

C.H.CKJIEIIYC, A.3. TA/THIITUH

O MNPOI'HO3UPOBAHUM BPEMEHU 10O PA3PYHIEHUSA ITPU NNOJI3YYECTH OCECUMMETPUYHO
HATI'PYKEHHBIX ITOJIBIX UJIMHAPOB U HUJIMHAPUYECKHUX OBOJIOYEK

90-nemuio axademurxa HAH Ykpaunoi
FO.H. llleguenxo nocesujaemcs

PaccmoTtpena 3anada onpeesieHus HanpspDKeHHO-1e(opMUPOBaHHOTO COCTOSHIS, MOBPEKAAEMOCTH U JUTUTEIILHON IIPOYHOCTH MOJIBIX
OWIHHIPOB U HWIMHAPUYECKUX 000I0UEK, Pa0OTAONINX MIPH TOJI3yUeCcTd. PemeHns s 000I0ueK pa3inyHON TOJMIIWHBI, OCHOBAH-
HBIE Ha TUNIOTE3aX MPSIMOJIMHEHHOTO 3JIEMEHTa, COMOCTABIIIOTCS C MPOCTPAHCTBEHHBIMH PEIICHUSMH IJISI OCECUMMETPUYHO Harpy-
JKCHHBIX TIOJIBIX HWJIMHIPOB. VcCclieIoBaHO BIMSIHUE COOTHOIIICHHSI TEOMETPUICCKIX Pa3MEPOB HA TOYHOCTH 000JI0YEYHOTO PEIICHHSI.
Paspaboran crmocod mporHo3upoBaHUs BPEMEHH 10 Pa3pyIICHHs B IPOCTPAHCTBEHHOW MOCTAHOBKE Ha OCHOBE JaHHBIX O BPEMCHH JI0

pa3pyIIeHUs MOJYYSHHBIX IO 000JI0UCHUHON TCOPUH, K HA0OOPOT.

Kuarwuesble ciioBa: TOJI3YYECTh, MOBPEKAAEMOCTDL, BPEMA 10 paspylICHHs, IIPOTHO3UPOBAHUEC, TTOJIBIN OUJIABAP, UAJIUHAPUYC-

cKast 000JI0YKa.

1. BBegenune. B COBpEMEHHOM TEXHHMKE HaXOIST
IMIMPOKOE TPUMEHEHHE 3JIEMEHTHl KOHCTPYKLHUH B BHIE
TN BpalleHus, paboTaromue B ycIoBuix moisydectu. C
LENbI0 CHUKEHHS KOMIIBIOTEPHBIX 3aTpaT AJSl TAKUX 00b-
€KTOB 3a4acTyl0 MPUHHMMAETCsl pacdeTHas CXeMa B BHJE

DOI: http://dx.doi.org/10.20998/2078-9130.2016.26.79935

obomouku BpameHus [1-8 u np.]. Ilpu sTOM IpUBIEKAIOT-
Csl KaK KJlaccudecKas TeOpHs, TaK M Pa3UIHbIe YTOUHEH-
HBIE TEOPUHU O0O0JIOUEK, YUUThIBAMOLIKME HedopMaluy Ho-
mepeyHoro capura. [lorpemHocTs penieHns, MoaydeHHO-
ro B paMKax TOW WJIM UHOHM TEOpUHU 000JI0UEK, 3aBUCHUT OT
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COOTHOIIICHUSI TEOMETPHUYECKHX pa3MepoB, TPAHUIHBIX
YCIIOBHH, YCIOBUH HArpy>KEHHsI, MEXaHUIECKUX XapaKTe-
puctuk marepruana u np. OZHOBPEMEHHO W3yYUTh BIHS-
HUE BCeX (DAKTOPOB SBJSIETCS CIIOKHOW 3amadeit. OmgHUM
13 BO3MOJKHBIX IyTEHl UCCIIENOBAHMSI IOTPEILIHOCTEN MpU-
OJIVDKEHHBIX TEOpUH 000JIOUEK SIBIISETCS COINOCTABJICHHE
MOJyYeHHBIX HAa HX OCHOBE pEIIEHHH C pe3ysbTaTaMu
peleHust TpeXMepHbIX 3a1a4 [9]. AHanu3 NpUMEHUMOCTH
KJIaCCMYECKOM U YTOYHEHHBIX TEOPUH B 337a4ax yIpyroro
nedopMHupoBaHUsS 000JI0YEK AaH B padoTax [9, 10 u ap.].
B ToO e Bpemsi, MCCIIeIOBaHHIO NPUMEHUMOCTH 000J10-
YEYHBIX MOJIENIEH B 3a7jadax IOJI3YYeCTH, TOBPEKIAEMO-
CTH W JIUTETHHON MPOYHOCTH IUIMHAPHYECKUX 000I10-
YeK TIOCBSIICHBI eANHUYHBIE paboThl. Tak, B cratee [11],
OBUIM WCCIIEIOBAHBI TIOJI3YYECTh W TOBPEKIAAEMOCTH
BCJIEICTBHE ITOJI3YYECTH OJOT0 MIUIMHAPA B paMKax oce-
CHMMETPHYHOM NMPOCTPAHCTBEHHON NTOCTAHOBKH 1 Ha 6aze
runore3 Kupxroda-Jlssa. B aroii pabore yuuthiBanoch
pasnmuuHoe noseneHue cmiasa AK4-1T mpu pactsokeHuH
U CKaTHH B YCIOBUSX Hoi3ydectu. B ornuume ot [11], B
HACTOSIIEH CTaThe HCIIOJB3YeTCs YTOYHEHHAs MOJENb,
OCHOBaHHasi Ha T'HMIIOTE3aX NPSMOJIMHEWHOTO 3JIEeMEHTA.
CBOMCTBa MON3YyYECTH CUUTAIOTCS HE3aBUCHUMBIMH OT BH-
Jla HAMPsDKEHHOTO COCTOSHESA. Pe3ynpTaThl perieHus 3a-
JTa9{ TIOJI3YYECTH W MOBPEXKIAEMOCTH JJIST 000JI0UEK pa3-
JIUYHOW TOJIIMHEI COTOCTABIISIIOTCA C Pe3yIbTaTaMH IpO-
CTPAaHCTBEHHOTO PEIICHUs IS OCECHMMETPHYHO Harpy-
YKCHHBIX TTOJIBIX ITHJIMHIPOB.

B nuteparype Takxke OTCYTCTBYIOT pabOTBI, MOCBS-
IIEHHBIE IPOrHO3MPOBAHUIO BPEMEHHU [0 paspyLICHUS
MOJIBIX MUJIMHAPOB BCJICACTBUEC MOJIBYUCCTH.

Henn paboTsr:

— COIIOCTaBHUTh PE3YJIbTATHI PELICHUS 334X IOBpe-
JKTAeMOCTH BCJIE/ICTBHE TOJI3yYECTH TOJBIX UJIMHAPOB B
paMKax IpOCTPAHCTBEHHOHN W 000JI0YEYHOM ITOCTaHOBOK;

— pa3paboTaTh CHOCOO MPOTHO3UPOBAHUS BPEMEHH
JIO pa3pylIeHHs B MPOCTPAHCTBEHHON MOCTAaHOBKE Ha OC-
HOBE NAHHBIX O BPEMEHH [0 Pa3pyIIEHHs, MOIYyYSHHBIX
o 000JI0YETHOH TEOPHH, U HA00OPOT.

2.IlocTaHOBKa W MeTOJ pelIeHHs Ha4YaIbHO-
KpaeBoii 3aJayd MOJI3y4ecTH WIWIMHAPAa B paMKax
NMPOCTPAHCTBeHHOIT Moaenan. PaccMoTpuM KpyroBoit
OCECHMMETPUYHO HArpy>KCHHBIH IIOJIBIH  M30TPOITHBIH
IWIMHAP B WIMHIPUYECKOH cucteMe KoopauHat Orgz.
Ocp Oz coBmnanaer ¢ ocklo BpamieHus. I[lomaraem, 4ro
Temnepatypa mtuHapa 7(r,z,f) Hem3MEeHHa BO BPEMEHH ¢
u Beimonusercsa ycnosue 7(r,z,0)=1T,, rne Tp — Haganb-

Hasi TeMIepaTypa (TemIeparypa €CTeCTBEHHOTO, HEeHa-
MPSDKEHHOTO U Hele(hOPMHUPOBAHHOTO COCTOSIHUA ).
3anauy OyneMm permiaTh B TCOMETPHUCCKU JTMHEUHOM,
KBa3MCTaTUUYECKON MOCTAHOBKE M B MPEIOIOKEHUH, UTO
B Ipolecce AeOpPMHUPOBaHUS IUTACTHICCKHE Tedopma-
LMW HE BO3HUKAIOT. [IpHHMaeM, 4TO KOMIIOHEHTBHI CKO-

pocreii ynpyrux nebopmaimii £, u CKopocTell Heobpa-
THMBIX JeopMaliyii IOI3y4ecTn p,, a[UIATHBHBL:
. - e . A
gkl = gkl +pkl N (k,l :1,3)
Jnst onucaHus MON3Y4eCTH U MOBPEKIAAEMOCTH BOC-

MOJIB3yeMCsl ypaBHEHUSIMH paboTsl [12], KoTopsle mpen-
CTaBUM B BUJIE:

3 m k

Pu=+ S5 w=B——. (1)

A—2L
2 (1-y) (1-p)

3necy A, B,m,n, k,q — KOHCTaHTHI MaTepHana; ; —
WHTCHCUBHOCTh HANPSDKCHUH; Sy, — KOMIIOHCHTHI JICBHA-
TOpa HANpsDKEHUH; W =W (r,z,/) — CKaJISIPHBIA mapamerp
MTOBPEKIaeMOCTHU: 1//(r, z,O) =0, l//(r,z,t* ) =1, roe ¢« —
BpeMsI 10 pa3pyLICHHUS.

B nununapuyeckoi cucteMe KOOpAMHAT UMEEM:

‘c}rr (r’ Z’t) = 8; (r’ Z’t)+ prr (}", Z’t);
ézz(r’z’t) = é‘j_,(l”,z,t)+pz_,(r,z,t);
€ pp (r,z,t): € pp (r,z,t)—i— Py (r,z,t);

é (rzt)=¢é(r,z,0)+ p.(r,z.1).

3meck U ganee TOYKa HaJl CHMBOJIAMH O3HA4YaeT II0JI-
HYIO IPOU3BOIHYIO IT0 BPEMEHH.

OCHOBHBIE HEHM3BECTHBIC 3aJ[adil IOJI3YYEeCTH U IO-
BpPEXJAEMOCTH BCJIEICTBHE IOI3YYECTH B IIPOU3BOJIEHON
TOYKE IIMIUHIPA, B TOM YHCIIE B TOYKAX MPOCTPAHCTBEH-
HOM JMCKpeTH3allud KpaeBoW 3a/Jaud, MOKHO HaWTH U3
penrenus 3amaun Ko mo BpeMeHU JUIsl CHCTEMBI OOBIK-
HOBEHHBIX TU(hepeHIMATbHBIX YpaBHEHUH [7]

du, . du .
—=u,; —=u,;
dt dt
dgrr J . dgzz J— . dg(ﬂ(ﬂ — uir .
a7 oAt 7 At o’
dyrz zzdgrz zd’.z+dzr;
dt dt ' ’
do,, . . . . . ..
df :/11(8)'r_prr)+ﬂ’(gzz+g¢qp—pzz_p¢gp)’
do . . . . ) .
e AleL - p)+ Mé, 46y =P —py):
do,, . . . . . )
dl :Al(g(p(p_pww)-i_ﬂ(grr+€zz_prr_pzz);
do . .
= _ Gy, -2p,.);
dt (7}2 p}z)
dprr — 7 . dpzz — 7 -
dt prr s dt pzz 2
ap,, dp. . dy .
—_— = ; ”Z = n ’ _— = . 2
o Pes g TP @

3nech ur(r, z, t), uz(r, z,z) — MepeMEIICHUs BIOJb

oceit Or u Oz COOTBETCTBCHHO; &,,, &, &,,, £,, — KOMIIO-
HEHTBI TEH30pa NONHBIX nepopmaumit; o,,,0,.,0,,, 0, —
Ev

KOMIIOHECHTBI TE€H30pa HAIIPSHKCHUH, A =m,

L=1+2G, G= ),r,ue E, v — monyms FOnra n

E
201 +v
koo(uument Ilyaccona marepuana; p,., p.., Doy Pr. —
KOMIIOHEHTHI TeH30pa Jedopmanuii nonsydyecTu.

B HavanpHBII MOMEHT BpeMeHH Ie(OpMaIliil II0JI-
3y4ecTH W IapaMeTp MOBPEKAAEMOCTH paBHBI Hymo. Ha-
YabHBIE YCIOBHS JUIS OCTAIBHBIX HEM3BECTHBIX (QYHKIUIA
CIeYIOT U3 PEIleHUs 3a1a4i YIPYTroro AeopMHPOBaHHS
LUITHH]PA.
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Pewienne HayaibHOHM 3aAauu 711 CUCTEMBl ypaBHE-

HUil (2) Oymem mpoBomuts wMmeromoMm Pynre-Kyrra-

Mepcona (PKM) ¢ aBTOMarndeckuMm BBIOOpOM Iara Io

BpemeHHU. IIpaBble yacTu ypaBHEHHUI, B MOMEHTHI BpeMe-

HH, cooTBeTcTByMoIMe cxeme PKM, Oynem Haxomuth u3

peleHus] BapHalMOHHOW 3amauu Juid (QyHKOMOHama B
dhopme Jlarpanxa [7]

: . . u

A(U): 05[[| Af 7, +il. +=%

Q r
i, (i, +1t...)

+2A u, u, +
r

c

U,Ny

. ° c . ° ¢ ° c . .
- J'J' uV,rNV + uZ,ZNZ + + Ni'Z (ui',z + uZJ') rdrdz -

o r

~ [(B,ii, + 2., o 3)
o0,
3nech U:(zi,,(r, z,t),u.(r,z,t)) — Bextop ckopo-

cTell nepemelieHui; (2 — MepUAMaHHOE CEYeHHE IMINH/I-
pa; 0Qp — 9acTh KOHTYpa OC), T/ie MPUIOKECHBI BHEIITHHC

cunbl, P,, P, — CKOPOCTH HOpPMalbHONH U KacaTeIbHOU

COCTABIISIONIUX BHEIIHUX CUI; N, T — BHELIHSSI HOpMalb U
KacarelpHas K  KOHTYypy 0

n,,n, — HalNpaBlIsIOIME KOCHHYCHI

u,=un, +un,,
U, =u.n,—un,;
HopMasit N. CKOpPOCTH «(UKTUBHBIX» CHJI, 00YCIIOBJICH-
HBIX Ae(GOpPMaNsIMH ITOI3yYeCTH, BEIMUCIIOTCS IO (hop-
MyJaM:

N =i+ Ao+ o Nl N2 = [+ 200, + )

Ng = [ﬂ’lp(p(p +ﬂ’(prr +pzz)]; Nrcz = 2Gprz .
Ckopoctu nedopmanuii mon3zydect B pyHKIHOHAE
(3) cumTaroTcs H3BECTHBHIMU M HE BapbUPYIOTCA.
Bapuanmonnsie 3amaun st pynkuuonana (3) pe-
IAl0TCS METOAOM PuTha B coueTaHun ¢ meTogoMm R-
¢dynkuwmii [13].

3. IlocTaHOBKA M METO/] pelleHHs 3aJa4u Ha OcC-
HOBe 000J109e4HOII Teopun. PaccMaTpuBas ocecuMMeT-
PUYHO Harpy>KeHHBIH MOJBIA HWIMHAP B paMKax yTod-
HEHHOU TeopHuu 000JI0YEK, IPeIoNIaraeM, 9To BBIIOIHS-
FOTCSI THITOTE3HI TIPSMOJMHEHHOTO areMenTa [9]. B coot-
BETCTBUH C JAaHHBIMH THUIOTE3aMH CBSI3b MEXKIY OCEBBIM
4, M HOPMAJBHBIM 1, TIEPEMEUICHUSIMH IPONU3BOILHOM
TOYKH O0OJIOUKH C COOTBETCTBYIOUIMMH MEPEMEIIECHUIMHU
TOYKH CEpeANHHON MOBEPXHOCTH U, W UMEET BHU]L

u,=utgy.; u.=w; y.=-w+y,, “)
rne ¢ — KoopAuHaTa, KOTOpasi OTCYMTHIBAETCS 10 HOPMaJIH
K CpPEIMHHOW MOBEPXHOCTH C PaguycoM r=R; ., 7, —
TOJHBIA YTOJI MPSAMOJIMHEHHOTO 3JIeMEHTa U Yroi, 00y-
CIIOBJICHHBIH TIOTIEPEYHBIM CIBHTOM, COOTBETCTBEHHO;
IITPUX O3HAYaeT IPOM3BOAHYIO MO KoopauHare z. Mc-
noJe3ys (4) u coorHontenust Komm, cBsi3b MEXIy KOMIIO-
HEHTaMH TeH30pa aedopMaruii B MPOU3BOIBHON TOUYKE
OOOJIOUKH &, Epy, €z, KOMIIOHEHTAMHU JedOpMaluy cepe-
JWMHHOH TOBEPXHOCTH &, &,, NAPAMETPOM HM3MEHEHHS €€
KPHUBHU3HBI k, U YTJIOM CIBHIA Yy, IPEJCTAaBUM B BUJE

€. =& TGk, &y :S(p/a(p; 2824 =72

e.=u'; ¢,=w/R; x.=y.; a,=1+¢/R. ®)

z

KoMITIOHEHTBI HAPSDKEHUH ONPENENSIFOTCS PABEHCT-
BaMH

— — a., — _ a .
o, =B+ Blzg(p(p 0.5 0, = Be,, + Bllgw Opys

zz %

ng = B33€zg - G:g > (6)
rae Bj; — )ecTKOCTHbIE KO3 GUIINEHTHI
E
B, :71_‘/2 ; B,=VB,; By;=2G.

Beauuuner ¢ HUHACKCOM «a@» O3Ha4YakT OOIIOJIHHU-
TCJIBHBIC HAIIPSI)KCHU S

O-Zz =Bll(pzz +Vp(pw); O-;(p :Bll(p(p(p +szz);

0. =Byp..,

TI€ P-z, Pops D=z — KOMIIOHEHTHI JiehopManyii oa3ydecTy,
KOTOpBIE 3aBHUCAT OT HANpPsDKEHUH, KOHCTAHT MOJI3y4YeCTH
U THapaMeTpa MOBPEXIAeMOCTH Marepuala U OmpeJens-
I0TCS IyTeM YHCJICHHOTO HHTETPHUPOBAHUS (HH3MYECKUX
ypaBHeHuH. Kak u B ciyuae mpoCTpaHCTBEHHOM 3a/1auH,
9TO UHTErPUPOBaHUE ocyIIecTBIsIeTCs: MeTogoM PKM.

BBoas B paccMoTpeHHe MHTErpaibHbBIE XapaKTepH-
CTHKM HalpsDKEHHOTO COCTOSIHMS — paauanbHoe N,, oce-
Boe NN, yCHIIHS U OCEBOM M3rubaromuiit MOMEHT M., 1, Uc-
T0JIB3Ys ypaBHEHHMs paBHOBecHs [9], kuHemarnueckue (5)
u pm3mueckue (6) ypaBHEHHS, pEIICHIE 3a0aull CBEAEM K
cucTeMe OOBIKHOBEHHBIX Au(pdepeHInaNbHBIX YpaBHEHUH
LIECTOTO MOpPsIIKa BUIA

Y'=P@Y+E, Y={N, N, M u,u,p}, ()
rae P(z) — marpuna CUCTEMBI, 3aBUCSILIAs OT YHPYTHX
KOHCTaHT Marepuana; f — BEKTOp CBOOOIHBIX YIICHOB,
KOTOPBIH 3aBUCHUT elle W OT AedopMaruii Moia3y4ecTH, U
rapamerpa TOBpexaaeMocTu. Pemrenne cucremsr (7)
JOJDKHO YZOBJICTBOPSTH TPAHUIHBIM yCIOBHUSIM Ha TOPIAX
nuuHapa. HeHynessie aneMeHTsI MaTpULbl P(z) 1 BEKTO-
pa f onpenenstoTcss paBeHCTBAMHU

P =—Pu=—M/R; py=-py=1/R;
Pra = (Cop + 1 Coy = 1,C1)) R? 5

P31 =Py =1; Psy =Cy /6
P =P =—Cig/0; pg=Co/0;
Si=—(yNZ+ Ny —1,M?2)/R—q_;

Py =1/Cy;

fo==q.; fi=-m f,=0!/Cy;
Ss=(CyyN! =C,(M?)/5;
fe:_(cloNza_CooM:)/é‘s 3

tae = (GG —Cp1Cy)/ 05y =(CogCyy = CpCip)/ S5
2
6 =CyCyo = C -
Bxopsamue B (7) BENUUUHBI ¢, G, M, O3HAYAIOT NPU-
BEJICHHbIE K CPEIMHHOM MOBEPXHOCTH pacClpe/eiIeHHBIC

MIOBEPXHOCTHBIE Harpy3ku M MoMeHT [9]. MHTerpanbHble

JKECTKOCTHBIE XapakTepucTuku C,,, Cs; a Takxke J0MO0J-

HuTenbHble yoeunus N7, N, OF u moment M ompe-

ACISIOTCA paBEHCTBAMU

C, =By Flbs"} (p.g=0,1,2); Cy,=2Gh;
hi2

by=a,; b=v; bzza;lg F{...}z _[()lg,
—h/2
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N¢=Flota,}; N¢=Flot,|;

z z7p (44

0:=Flota i M!=Flotasl. O

Bxonsmue B (9) uHTErpassl BEIYUCIAIOTCS YHCIICH-
HO Ha OCHOBaHMHU IIPOLEAYphl, COUETAIOIIEH MeTObI
Cumncona u Herorona. Ha xaxaoM mare mo BpeMeHH
KpaeBas 3amava (7) pemaercst merogoMm Pynre-Kyrra c
nuckperHoit oproronanusanueii no C. K. 'oxyHoBy.

31ech HEOOXOAMMO OTMETHTS CIEIyIoIIee:

1. ITpuBeneHHBIC BHIIIE YpaBHEHUS NpeIHAa3HAUYCHBI
JUISL OIIMCAHMsA 1e()OPMHUPOBAHHS B YCIOBHUSX ITOJI3y4ECTH
ITHHIPUYECKUX 000JI0YEK C yUETOM MTOBPEKIAEMOCTH H
P OTCYTCTBUM TEIUIOBBIX BO3IEHCTBHI. B ypaBHEHUsX
YUUTHIBAIOTCS] BEIHYHUHBI (/R. YepikaHue 3TUX BENWYNH
MOJKET OKa3aThCs IIeTIECOO0pa3HBIM IS 000JI0UeK Cpes-
Hell TOJIIMHBI U OECIIOJIE3HBIM JUIsl TOHKUX 000JI0YEK.

2. HezaBuCHMO OT TOTO YYHTHIBAIOTCSI HJIM HE y4H-
TBIBAIOTCS BENWYMHBI (/R, pa3peniaroniue ypaBHEHUS,
OCHOBaHHble Ha runore3ax Kwupxroda —Jlssa, moryr
OBITH MOJy4YeHB! ¢ MOMOIIBIO (8), ecli B HUX IOJOXHUTH
1/C;; =0, a B paBeHcTBax (4), (5) nonoxuts y, =0 [4].

3. B pabote [14] moka3aHO, 4TO MPH HATHIUH TEM-
nepaTypHBIX AedopManuil yaeT BeTnduH (/R MOXET MpH-
BECTH K IOSBICHHIO 3HAYUTENBHBIX «(HKTUBHBIX» Ha-
npspkeHud. [losToMy B TemnepaTypHBIX 3afadax STUMHU
BEJIMUMHAMH CJIeNyeT TpeHeOperarh MO CPaBHEHUIO C
€MHULIEeH.

4. Yncaennble pe3yabTaTtbl. B mepBoMm mpumepe
MIPOBEJIEHO COMOCTABJICHUE PE3YJIbTATOB PELICHUS 3a1auu
MOJI3YYECTH U MOBPEKAAEMOCTH AJIsl TIOJIOTO LUJIUHAPA U
MUIMHAPUYECKOW 0000uku. B mocneayromumx npumepax
Oyzer omrcaHa METOJVKA IMPOTHOZUPOBAHUS BPEMEHH 0
pa3pyIICHUs TIPH MTOJI3YIECTH IS TAKIX 0OBEKTOB.

Ipumep 1. PaccMOTpUM TON3y4YecTh OWIMHApA, HA
HapyXHOW NMOBEPXHOCTU KOTOPOTO MPHIIOKEHO JaBIICHUE,
U3MEHSIoIIEeeCs 10 3aKOHY

P, =P(z)= %PO 1+ cos(zTﬂzj

I'eomerprueckue pasmepsr: mmHa [ = 0,1 M; pagmyc
cpemmaHOM moBepxHOCTH R = 0,1 M; TommmHa /7 = 0,01 M.
O0603HaYNM

(10)

E=h/R. (11)

B mannom cimywae &= 1/10. [Ina Benuuuusl Py, om-
penersronieil MakCUMallbHOE 3HaUYCHUE Harpy3Kd, MPUHS-
TO, ut0 Py = 18,7 MIla. Yrpyrue KoHCTaHTBl MaTepuana:
E=60TTla, v=0,35. Koncrautsl MaTepuana B ypaBHe-

HUAX (1): A=55-102MIa ™"y
B=55-10"MIla"uq" k=9, n=q=3.

rpaHI/I‘{HI)Ie yciaoBus Ijid KpaeBoﬁ 3aJa4n B paMKax
HpOCT‘paHCTBeHHOﬁ IOCTAHOBKH 3aJaBaJIMCh B BUJIC:

m=17,

.=0,0,=0 mm z:ié;

. . h
6,=6,=0 mar=r, =R-—;
2
. h
o, =- W,—O G, —Ozumr:rm‘,:RO+§,

Mo>kHO MMOKa3aTh, YTO CTPYKTYypa pelIeHusl, yI0Bie-

TBOPSIIOIIAS KHHEMATUYECKUM TPAHUYHBIM YCIOBUSIM IS

CKopocTeit HepeMeH.[CHI/H/I AMEET BUL:

u, =od; u, =z0,,

rae @, ®, — HeompeneneHHbIE KOMIIOHEHTBI CTPYKTYPBI
2

peuieHus; o= 7 Z—zz >0 — mosoca €2, 3aKIIOUYeHHAas

Mexay JuHusMHA z=—l2 u z=12 (0=0, @ -1 Ha

on
rpannne 0, o >0 BHyTpu monocel). [Ipu ymcneHHOH
peanuszanum, HeonpeneiaeHHble KoMIoHeHThl @y, O, npen-
CTABIISUIACH B BUJIE KOHEYHBIX PSIOB BUAA:

ZC,,() U, 2);
D, rzt) ZC rz)

rie CY(¢), C'¥(¢) - neonpenenennsie koI uIHIEHTEI,

n

rzt

KOTOpBIE Ha KaXXIOM BPEMEHHOM IIIare HaXOJSITCS METO-
noM Putna; ¢ — HEKOTOpbId (DUKCHPOBAaHHBIA MOMEHT
BpeMEHHOM auckperuzarmu cxemsl PKM wnm nuckpetn-
3allMM 10 BpPEMEHHW JJIs BBIJAud PE3yJNbTATOB pPACUeTa;

{f W f (2)} — cHCTeMa JHHEHHO HEe3aBHCHMBIX Ga3MCHBIX

n n

¢yHKIMHA. 31€ech B KauecTse {f (1), £ (2)} UCTIONB30BaINCh

n n
6ukyOunueckue crutaiinel [llenOepra. Cucremsl criaifHOB
cTpomwiuch Ha peryisipHoit cetke K, X K., rne K,, K,
KOJIMYECTBO OTPE3KOB IMCKPETU3AIMU BAOIH oceil Or u
Oz, COOTBETCTBEHHO.

Pemenne 3amaun Mon3ydecTH LUIMHAPA, CHopMy-
JINPOBAHHON B paMKax MPOCTPAHCTBEHHOW ITOCTAHOBKH,
OBbLIO TOJIyYEHO MPU CIEAYIOIUX apaMeTpax MpoCTpaH-
CTBEHHOM M BpeMeHHOM muckperm3anuu: K, = 10, K, = 20;
HavyaTbHBIH mar no BpeMenn A, =10 u; 3anaHHas mo-

IpemHoCTh BhluncIeHui B Meroge PKM &= 107", Tlpu
YHCIIEHHBIX pacueTax KpUTEpHEM OKOHYaHUsI Ipolecca
pELIeHUs] ¥ HaXOXKICHUsSI BPEMEHH 110 pa3pyLIeHUs ObLIO
BBITIOJIHEHHE B KaKOH-TMOO TOYKE MpPOCTPaHCTBEHHOU
JUCKpeTH3aluu yciaosus y > 0,9.

[Tpn pemeHnu 3amadu B paMKax TEOPHH 00OJIOUYEK
paccMmaTpuBaach IpaBas CUMMETPHYHAs MTOJOBHHA 000-
moukn 0<z<//2.Ha MepuamanHoe cedeHHE 0OOIOUKH
HAaHOCHJIaCh paBHOMEpHas ceTka, coctosmas u3 101 Tou-
ku 110 z 1 11 Touek 1o TommuHe. Jpyrue mapaMeTpsl Juc-

-5 —

KpeTH3aIMHi NPMHAMANH 3Haderns: Ayt =107 4, ¢=10"°,

I'paHnYHBIC YCIOBHS B paMKax TEOPHH 00OJIOUEK
(bopMyTHPOBANUCH B BUJIE

N r = uz = l//z = O >

N.=M_=u,=0,

Harpyska Ha CpemMHHOI MOBEPXHOCTH OOOIOYKH

omnpenensack no Gpopmyne

q. :_(H_Z};{jp(z)'

Pacuersl moKkazamy, YTO B TPOCTPAHCTBEHHOM U
000JI09€YHOM PEUICHHUIX Pa3pylleHHe HAYMHACTCS B IICH-
Tpe Ha BHYTPEHHEH NOBEPXHOCTM LWIMHIpa. Bpems no
pa3pyIIeHus B IPOCTPAHCTBEHHOM PEIICHHH t3p = 4266 |,
a B 00osoueyHoM — fsy = 3305 4 (cumBOI «*» s TIpo-
CTOTBHI omy1eH). To ecTh OTVIMYME B ONpEAEIEHUN BpeMe-

npu z=0;
npu z=1//2.
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HHU 10 paspymeHus coctamiseT 22,5 %. Hekotopsie pe-
3yJbTaThl PacueToB IpeacTaBieHbl Ha puc. 1-5. Ha puc. 1
MOKa3aHbl TpaKN M3MEHEHHUs BIOJIb OCH LWIMHApPA pa-
JUANbHBIX NEPEMELIEHUN CPEIUHHON IOBEPXHOCTH B pas3-
JIMYHbIE MOMEHTHI BpeMeHH. KpuBble 1 COOTBETCTBYIOT
MoMeHTy BpemenH ¢ =0; 2 — ¢t =20004; 3 — ¢ = t+. 3mech
U Jlajiee JNMHUM C MapKepaMH COOTBETCTBYIOT pe3yibTa-
TaM NPOCTPaHCTBEHHOrO pemieHus. Ha puc. 2 nms tex sxe
MOMEHTOB BpEMEHH ITOKa3aHbl I'pa)KW W3MEHEHHs Iia-
paMeTpa HMOBPEXKJAEMOCTH HAa BHYTPEHHEH MOBEPXHOCTU

/ //
/

50 =

w10*, M

-60 -
0 1 2 3 4 5
z10% M
Pucynok 1 — PanuanbHble epeMeIieHnst TOYEK CPEANH-
HOM TIOBEPXHOCTH IIWJIMHAPA B PA3INIHBIC MOMEHTEI

BpPEMEHHU

40

-40

)/

-160

Gop» MMa

-200

0 1 2 3 4 5
z10%, ™M

a

LWIHHAPA, T1Ie HAYMHACTCS pa3pyllIeHHE.

Ha puc. 3, a moka3anpl aHAIIOTHYHBIE TPaQUKH IS
OKPY)KHBIX O,, & Ha PUC.3, O OCEBBHIX 0., HANPSKEHUH.
Takue xe rpadMku A1 OKPY)KHBIX p,, U OCEBBIX p.. Jie-
(dbopMmanuii Mon3y4ecTy MpUBeIeHB! Ha puC. 4.

Puc. 5 wunocTpupyeT M3MEHEHHE BO BPEMEHH Ma-
paMeTpa TMOBPEXAAEMOCTH Y (KPUBBIE @) M OKPYXKHBIX
HanpsHKeHu# o, (KpuBble b) B IIEHTpE Ha BHYTPEHHEH
TTOBEPXHOCTH LIMIIMHJPA.

10 (L\
08 \
06 \

—
RN

m
0,0 t t f

z10% ™M
Pucynok 2 — [NapameTp moBpexIaeMOCTH HA BHYTpEHHEH
MTOBEPXHOCTH LIIIMHIIPA B Pa3INIHbIE MOMCHTHI BPEMEHHU

o
N
w
~
3]

NN
0 NS~

-40

G2z, MnNa

-80 |
0 1 2 3 4 5
z10%, M

0

Pucynox 3 — OkpyxHbIe (@) 1 0ceBbIe (0) HaPsDKEHHS HA BHYTPEHHEH MTOBEPXHOCTH MIIHHIPA
B pa3JIMYHbIC MOMEHTHI BPEMEHH

° )/o/
0\3 2 )-O_O—‘(___,-/

n-s /

3
-4 //
0 1 2 3 4 5
z105, M
a

~

Pz, %

0 1 2 3 4 5
z10%, M

o

Pucynoxk 4 — OxpyxHbIe () ¥ oceBbIe (6) nedopManuy Moja3ydecTH Ha BHYTPEHHEH MOBEPXHOCTH HWJIMHIPA
B Pa3IMYHBIE MOMEHTHI BpEMEHH
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Pucynok 5 — [ToBpex1aeMOCTh U OKPY>KHBIE HANIPSIKEHUS
B IIEHTPE Ha BHyTPEHHEH MOBEPXHOCTH LUIUHAPA

W3 pucyHKOB BHJIHO, YTO B HadajbHBIH MOMEHT Bpe-
MEHH (B YIIPyrOM pEIICHNH) TOIYYeHO IPAKTHYECKH TTOJTHOE
COBIIQJICHHE PE3YJIFTATOB JUIS TIEPEMEILCHUI 1 HAIPSDKCHHUH.
C pocToM BpeMeHH pacxOKICHHE YBEININBACTCS.

Hanpumep, nipu ¢ = 2000 4, HaOMOJAI0TCS 3aMETHBIE
(mo 28 %) pacxokaeHHs B MEPEeMEIIECHHAX, AeOpMaInIX
MOJI3YYECTH | JUIA TIapaMeTpa MoBpeXxaaeMocTd. B 1o xe
BpeMs HaIlpsDKEHUS B 00JIACTH MaKCUMAJIBHBIX 3HAUCHUH
OTJIMYAOTCS JUIIb Ha 5 %. B MOMEHTBI BpeMeHH, COOT-
BETCTBYIOIINE 3aBEPIICHHIO CKPBITOTO pa3pylIeHUs], pe-
3yJIBTAThl COIIACYIOTCA XOpolio. B Iiemom MoxHO cre-
JaTh BBIBOJ O JIOCTaTOYHO XOPOILEM COBIIAZICHUU PE3YIlb-
TaTOB ISl XapaKTEpUCTHK HalpspKeHHO-Ae(hOpMUPOBaH-

HOTO COCTOSIHHS, MOJYYCHHBIX C TMOMOIIBIO MPOCTPAHCT-
BEHHOU M 000JI0UETHON TEOPHIA.

Crenyroline IpruMepbl MOCBAIIEHBI Pa3padoTKe CIIo-
co0a MPOTHO3UPOBAHUSI BPEMEHH 10 Pa3pyIICHHS IMOJIBIX
LUIHHIPOB Ha OCHOBE JIaHHBIX O BPEMEHHU 0 paspyliie-
HUSI, TTOJYYCHHBIX 110 000JI0YEYHON TEOPUH, U HA00OPOT.

Ipumep 2. PaccMOTpUM HWIMHJP U3 MPENbIIYIIETO
npuMepa, MpH TeX K€ TPaHUYHBIX YCIOBUSX, CBOHCTBAX
MaTepralia ¥ TeOMETPHUECKHX pa3sMepax, 3a UCKIFOYCHHU-
eM ToJIWHEL. 3HadeHus ¢ OyneM BapbHpOBaTh B IIpelie-
nax ot 1/50 mo 1/8. Bennunusl Py (Tabin. 1) BeIOMpammch
TaK, 4ToObl BpeMs 1O pa3pyLIeHHs BO BCEX BapHaHTaX
pacdeta 6s110 O6mI3K0. Kak u paHee pa3pylieHue st BcexX
3HaueHWH ¢ HayWHAeTcsl B IIEHTpE IWIMHIpPA, HA BHYT-
peHHEl moBepxHOCTU. B Tabmn. | mpuBeaeHs! 3HAYCHUS t3p
BpPEMEHH 10 pa3pyLIeHHs, INOJTy4YeHHbIE B pacderax IIo
MIPOCTPAHCTBEHHON MOJENH, M 3HAUCHUS f5y BPEMEHU JO
pa3pyLIeHus, TOyYeHHbIE HA OCHOBE O0OJIOUEYHOH MO-
nenu. B Tabi. 1 Takxke momerieHsl 3HaUeHUsT OTHOCHTEIb-
HOTO OTKJIOHEHUS JUIsl BpPEMEHH JI0 pa3pyleHus

A= Lip —ley (12)
t3D

BugHo, 4TO BO BCEX PACCMOTPEHHBIX CIydasx

t3p > tgy, TIO3TOMY OTKJIOHEHUs (12) BCIOIY MOJIOXKHTEIb-

HbL. V3 TaOmuIlsl Takke BHIHO, YTO C POCTOM ¢ OTHOCH-

TEIIbHOC OTKIIOHEHHE A BO3pacTacrT.

Tabmuma | — 3HaueHns t;p BpeMEHH 0 pa3pylIeHus], MOJIy9YeHHbIE B pacyeTax
10 TIPOCTPAHCTBEHHOH MOJICIH, ¥ 3HAYCHHS /5y BDEMEHH JI0 Pa3pyIICHHS

4 1/50 1/25 1/20 1/16 1/10 1/8

Py, MIla 3,17 6,95 8,85 11,3 18,7 23,8
tsp, g 4096 3750 3806 3623 3305 3108

tip, 9 4245 4111 4291 4216 4266 4291
A 0,035 0,088 0,113 0,141 0,225 0,276

thy 4 4056 3744 3813 3628 3315 3095
th, g 4287 4117 4284 4210 4254 4309

AHaNMM3WPysl 3aBUCHMOCTH TPUBEACHHBIX OTKJIOHE- . Lo
HUH A OT BenMW4mHBI ¢, MPUXOIUM K BBIBOJIY, YTO OHA lip = 1—k&" (16)

OIm3Ka K JIMHEHHON M €€ MOXKHO ammpoOKCHMHPOBAThH 3a-
BHUCHMOCThHIO
Alg)=k¢ . (13)
Yoot koadduiuent k B (13) onpenernsuics MeTo-
JIOM HaUMEHBIIINX KBaJPATOB U OKA3AJICS PABHBIM
k=2.23.
I[lpy  3TOM  HCHOJB30BAIUCH
£=1/50;,1/25;1/16;1/10 .

[Ipunas mns mapamerpa A anmpoxcumarmio (13),
noiyyuM (GopMyJTy IJIsL IPOTHO3UPOBAHMSA BPEMEHH M0
pas3pyleHus o 000JIOYEYHON TEOpHHM Ha OCHOBE IIPO-
CTPAHCTBEHHOT'O PEIICHUS

iy =t (1-kE). (15)

N3 (12), (13) taxxe ciexyer ¢opmyna, MO3BO-

nsromas 6ase 000JI04YE€YHOrO peIleHHs IPOrHO3UPOBATh

BpeMs 10 pa3pyLIeHHUs B MIPOCTPAHCTBEHHOW IMOCTAHOB-
Ke

(14

Ia”HHblE I

Ota (opmyna MpUBIEKaTebHA TEM, YTO IS TIPOTHO-
3UPOBAaHUS BPEMEHH [0 Pa3pyLICHUs B MPOCTPAHCTBEHHOM
ITOCTaHOBKE HEOOXOIMMO 3HATh JUIIb KO3(DOHUIHECHT k ©
3HAYeHNE BPEMEHH JO0 Pa3pyLICHHUs B 000JOYEYHOH MoCcTa-
HOBKE. YUWTbIBas, YTO 3aTPaYCHHOE BpeMs Ha IOJyYeHHE
MIPOCTPAHCTBEHHOTO PEIIEHHS MOXET Ha HECKOJIBKO IOpSi-
KOB TIPEBBIIIATh COOTBETCTBYIOLIEE BpEMsSI B 00OJIOYEHHOI
MIOCTaHOBKE, T0JTy4aeM HECOMHEHHYIO BBITOJLY.

Ha ocHoBe HaiinenHoro koaddunmenra k (14) mo
¢dopmynam (15), (16) BbUHCIEHBI TPOTHO3UPYEMBIE 3Ha-

YeHUs] BpEMEHU JI0 pa3pylieHust B 00ojoueqHoil 5, u

IPOCTPAHCTBEHHON #{;, MMOCTAHOBKax (cM. Tabm. 1). Mox-

HO yOeIUTHCSI, YTO MAKCUMAILHOE OTJIMYHME PACUCTHBIX U
MIPOTHO3UPYEMBIX 3HaueHuil cocrasmster 1,3 %. Cnenyer
OTMETHTbH, YTO TPH OMNpeJeNcHHH KodQQuiueHTa k He
HCTIONIb30BANMCh daHHble st £ =1/20m1/8, omHako

TIOJTYy4Y€HHBIE PACUCTHBIE W HCXOJAHBIC 3HAYCHUS TaAKKE

82

Bicnux HTY «XII». 2016. Ne 26 (1198)



ISSN 2078-9130

Junamixa i MiyHicmo Mauium

XOPOIIIO COTTACYIOTCSI MEXKAY COOOH.

OueBHIHO, YTO Uil MOCTPOSHUS MPSIMOM, HCXOJs-
el U3 Havyaja KOoOpAWHAT Ha uiockoctd COA mocraTod-
HO 3HaTh OJHY TOYKy. [lycTh 3Ta TOYKa COOTBETCTBYET
sHadyeHnto & =1/10 . Torma yrimoBoit ko3ddurent oyaer

paBeH k| = 2,25, 94TO HE3HAYUTETHHO OTIMYACTCS OT 3HA-
gerns (14). MoxHO J1erko yOenanuThCs, 9TO MMPOTHO3UPYE-
MBI B 3TOM CIydYae 3HAUEHHs BPEMEHH IO pa3pyLICHHS
OyIyT MaJjio OTIIMYAThCS OT IPUBEACHHBIX B Ta0M. 1.

Ilpumep 3. PaccMOTpUM IMIMHAD, HATPYXSHHBIA
MOCTOSTHHBIM BHYTPEHHHUM JaBJIEHHEM

-1
P, :E:p 1_i ,
2R

rae P — naBlieHre, OTHECEHHOE K CPEIMHHOM MOBEPXHOCTH
(tabn. 2). OcranbHble YCIOBHS COBIANAIOT C YCIOBHSIMH
npenpIaymero npuMepa. B tabi. 2 mpencraBieHsl pacyer-
HBIE Zgp, 13p 3HAUCHHS] BPEMEHH JI0 Pa3pyILECHHs 1 3HAYECHNS

inn

otkioHeHns A. Pazpymienne mis BceX 3HaYeHUHA ¢ HaYMHA-
eTcs B LIEHTpe LWIMHApPA, HA BHYTPEHHEH NOBEpXHOCTH. B
OTIIMYME OT TpuMepa 2 311eck Bee oTkiIoHeHust A (12) otpu-
narenbHbL. 3aBUCHMOCTh A(E) Tarke MOKHO arpOKCHMH-
poBath BeipakenreMm Buna (13). Ilpu stom kodddunment
ANMpOKCUMAIIMH OTPULIATENICH U PaBeH
k=-221.
ITporHo3upyemble 3HAUEHHSI BPEMEHH /10 PaspyILECHHs

¢ pr

pr
t 3D >

SH >
MelleHb! B Ta0ll. 2. MakcuMaibHOE OTKIIOHEHHE PacueTHBIX
Y NIPOTHO3MPYEMBIX JTaHHBIX Habmomaetcs npu <= 1/8 u He
npesbimaet 1,3 %. JIuHeWHas 3aBHCHMOCTH, MOCTPOCHHAS
o onHOM Touke (st & = 1/10) ¢ xoadurmentom k; = 2,12,
JIaeT MaKCUMAaJIbHYTO TIOTPEIHOCTH 1,6 %o.

OueBHIHO, YTO VIS MIMHIPOB, PACCMOTPEHHBIX BO
2-M ¥ 3-M mpuMepax, MOXHO MPHHSTH eAnHbIH Kodddu-
LEHT C MOJYJIEM, PaBHBIM CpeJHEMY apU(PMETHUYECKOMY
MozyJieit Ko3(QHUIMEHTOB k IPpU BHYTPEHHEM M BHEIIHEM
JaBJICHUH, TO €CTh |k| = 2,22.

Haienusle o ¢opmynam (15), (16), Taxxe mo-

Tabmuma 2 — PacuerHsle fg, , {;, 3HAUCHHS BPEMEHH [0 Pa3pyIICHUS

¥ 3HAYCHHUS OTKJIOHCHUS A

¢ 1/50 1/25 1/20 1/16 1/10 1/8
P, MIla 2,55 5,1 6,4 8,0 13,0 16,5
tsi, 4 4594 4707 4688 4892 5200 5422
tip, 4 4360 4281 4172 4277 4291 4304
A -0,054 | -0,099 | -0,124 | -0,144 | -0,212 | -0,260
thy 4 4553 4659 4633 4868 5239 5493
i, 4 4400 4325 4222 4298 4259 4248

Ilpumep 4. Jnsa mpoBepku pabOTOCTIOCOOHOCTH
NPEIUIOKEHHOW METOUKH MIPOTHO3HPOBAHHS BPEMEHH JI0
pa3pylIeHUss PacCMOTPUM IWJIMHApP M3 mpumepa 1, HO
BIBOE OoJbIel JHHBL, TO ecTh ¢ [ = 0,2 M. B pesynbraTe
pacueToB yCTAaHOBJICHO, UTO t3p = 957 4 U gy = 768 .

VYuuTeIBas, 4TO BHJ Harpy3Kd He U3MEHHICS H, HC-
noJp3ys 3HadeHue koadounmenra k (14) Haiimem coor-
BETCTBYIOIINE NPOTHO3UpPYEMbIE BpeMEHa J0 paspylle-

HUA: t], =988 un tf;, =744 4. To ecTb pacXOXIEHHS C

pacueTHBIMH 3HAUEHHSIMU COCTaBISIIOT okoso 3,2 %, 49To
noATBepxkaaeT 3pHEeKTHBHOCTH MPETIOKEHHOTO MOIX0/1a.

Ilpumep 5. VccnenyeM NpUMEHUMOCTh IPEIIOKEH-
HOTO MOJXO0Ja ISl TPOTHO3UPOBAHUSI BPEMEHHU 110 Paspy-
IIEHUS TOJICTOCTEHHBIX LWIMHIPUYECKHX 000J0YeK H
IWIHHIPOB. 3aMeTUM, 4TO0 JuIsi 00osouek ¢ &> 1/8 orkiio-
HEHHE PACUYETHOTO BPEMEHHU IO Pa3pyIIEHHs fsy OT f3p
npessimaet 30 %. B atux ciywasx, s nomydenus 6oinee
JIOCTOBEPHOTO pEIICHUs, HYXXKHO HCIIOIb30BaTh Oosee
CJIOJKHBIE TEOPHH OOOJIOUYEK, YYHTHIBAIOLINE, HAMPUMED,
norniepedHoe ooxarue. OTMETUM TaKKe, YTO JUIS TOJICTO-
CTEHHBIX 000JI0YEK 3aBUCUMOCTH OTKIOHEHHS A(E), momy-
YeHHas Ha OCHOBE TEOPUHU 00O0JIOYEK CpEeIHEH TOJIIUHBI,
MOXET CHJIBHO OTKJIOHATBCS OT JIMHEHHOTO 3aKOHa.

PaccMoTpuMm munmMHAp mMoj AEHCTBHEM Hapy)KHOTO
JIaBJIeHUs, U3MeHsonerocs: o 3akony (10) u mmiauHAp
MOJ| JAEHCTBUEM IIOCTOSIHHOTO BHYTPEHHETO [aBIICHUSI.
Jlns oboux ciydyaes otHowenue //R=1/5. I'pannunbie

YCIIOBUS U CBOICTBa MaTepuasa — T€ k€ YTO U B IpUMe-

pax 2, 3. Jist Hapy>KHOTO ¥ BHYTPEHHETO IABJICHUH IMPH-
meM: Py = 40,4 MIla, P = 28,2 MIla.

Jna umnuHapa nox AeWCTBUEM HApYyKHOTO JIABICHUS
TIOTY4YeHBI CIEAYIONINE pacyeTHbIE 3HAUCHUSI BPEMEHH 10

paspylleHust: t,, =4307 4, ¢y, =2471 4. Ucnonb3ys dop-
Myl (15), (16), tne k=2,22, nnst NpOrHO3UPYEMBIX 3HaUe-
HUI BpeMEHH 70 paspylieHus nomyumm: () =44444q u

tf, =239549. OrTMYEe TPOTHOZHPYEMOTO M PacueTHOTO

BPEMEHH 0 Pa3pyILICHHs B MPOCTPAHCTBEHHOM CIydae CO-
craBisieT 3,2 %, a mo Teopuu obonouek — 3,1 %.

Jis nuiaMHOpa Mox BHYTPEHHHM IaBIICHHEM IIOTY-
YeHO: t,, =4203 4, ¢y, =5562 4. Ucnons3ys (GopMyIsl

(15), (16), toe k= —2,22, nis MPOTHO3UPYEMBIX 3HAUCHHI
tf,=38529 mn
té; =6069 u. COOTBETCTBYIOIIME MOIPELIHOCTH COCTaB-

10T 8,4 % 1 9,1 %.

TakuM 00pa3oM, IIOJyYEHO YAOBIETBOPHTEIHLHOE
COBMAJICHNE pAcCUYETHBIX M IPOTHO3HPYEMBIX 3HAYECHHN
BpEMEHM 10 paspyuieHus. Eciu mpHHATH BO BHUMaHHUE
Oompmioll  pa3dpoc AKCIEPUMEHTANBHBIX JaHHBIX Ha
TPETheH CTaguu MOJN3YYECTH, Il 3HAYCHHs BPEMEHH MO
pa3pylIeHUsI MOTYT OTJIMYATHCS B 2 pasa, TO MOXKHO clIe-
JaTh BBIBOJ O IPUMEHHUMOCTH IPEIIOKEHHOTO MOAXoza
IUIsl IPOTHO3UPOBAHMS BPEMEHH 10 pa3pyIIeHUs TOJCTO-
CTEHHBIX 000JI0YEK M IIMIUHIPOB.

[MpennoxeHHbIH cr10cOO MPOTHO3UPOBAHUSI BPEMEHU

BPEMEHH [I0 pa3pylICHUS MOIydUM
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JI0 pa3pyLIeHMs], OCHOBAaHHBI HA JIMHEWHON anmpoKcuMa-
un Buzaa (13), npuMeHNM B ITUPOKOM JHANa30HE H3Me-
HEHUS! OTHOCHUTENIBbHOM TOJNIIUHBI LWINHIAPA U AT HaXo-
xneHust koadduirenra k Tpedyer Bcero IByX pacyeToB
IpH KakoM-TO (MKCHPOBaHHOM 3HayeHHu ¢. B aTom 3a-
KJIIOYaeTCsl €ro HECOMHEHHOE IOCTOMHCTBO. B nmpyrux
ciyvasx (Hampumep, Ui JPYTHX TPaHUYHBIX YCIOBHUM
WIN BUJIa HArpy3Kd) HEOOXOIMMO IPOBEPSTH MpHEMIIE-
MOCTb JaHHOH anmpokcumaru. OrmpeneneHne paMoK
MPUMEHUMOCTH JINHEWHON WM KakoW-Iubo npyrod am-
MIPOKCHMANUH TPEeOYeT AOTIOTHUTEBHBIX HCCIICTOBAHMUM.

5. BoiBoasbl. Pa3paboTtan cnoco0 mpoTHO3HPOBAHUS
BPEMEHH JI0 PA3pYIICHUS B YCIOBHSAX MOI3YYECTH TTOJIBIX
WIHHAPOB ¥ OWIMHAPUIECKUX 000JI0UEK, HAXOISIIIXCS
IO/ EHUCTBUEM IONEpEeYHON Harpys3ku. lIpenioskeHHbIi
MOAXOJ OCHOBAaH Ha aHAJIM3€ OTKIOHEHHS 000J04YEYHOTO
peleHust OT NMpocTpaHcTBeHHOro. OH IO3BONIAET JOCTa-
TOYHO TOYHO IPOTHO3UPOBATh BpeMs A0 paspyllIeHUs B
MPOCTPAaHCTBEHHOW ITOCTAHOBKE, WCIIOJB3YSl PE3YJIbTaThI
000JI04€4HOTI0 peuleHus, ¥ Ha000pOT — MPOTHO3MPOBATH
BpeMs JI0 pa3pymieHus] B 00OJIOYEYHOH ITOCTAHOBKE Ha
OCHOBE ITPOCTPAHCTBEHHOTO PELICHUS.
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C.H.CKJIEIIYC

MOJIBYYECTh U MOBPEXJIAEMOCTD IOJIOT X OBOJOYEK CJI0XHOM ®OPMBI
N3 MATEPHUAJIOB C XAPAKTEPUCTUKAMMU, 3ABUCAIINMU OT BUJA HATPYKEHUSA

CraThs MOCBSIIIIEHa UCCIIEOBAHMIO ITON3YYECTH U ITOBPEXKIAEMOCTHU MOJIOTHUX M30TPOIHBIX 000JI0UEK CIOKHOH (OpMBI B IUIaHE, U3
MaTepHaIoB C XapaKTePHCTHKAMH, 3aBUCAIINMH OT BUJAa HarpyXeHHus. B mocTaHoOBKe 3aiauyl UCIIOIB3YIOTCS OIIPECIISIONINE COOT-
HOUICHUS], OIUCHIBAIOLIME JAUCIOKAUOHHYIO IOJ3yUYecTh NE€PBOHAYAIBHO M30TPOIHBIX MAaTEpPUANIOB C XapaKTepUCTUKaMHU, 3aBUCS-
IIMMH OT BUJIA HATPY>KEHUsI, aCCOLMUPOBAHHYIO ¢ 00pa30BaHUEM U POCTOM IUTOCKMX MHKPOTPEIINH C IPEHUMYIIIECTBEHHON OpHUeHTa-
mueil. HauanpHo-KkpaeBas 3ajaya MON3yYeCTH U MOBPEXKAAEMOCTH PELIAETCS C MOMOIIBI0 COBMECTHOTO HMCIONIB30BaHUsI METOZI0B R-
¢yukiwmii, Putna u Pynre-Kyrra-Mepcona. HccienoBano BiausiHEE HalpaBlIeHUs] BHEIIHEW HArpy3Kd HA MOJ3YYeCThb, MOBpPEXKIac-
MOCTh U JJUTEIHHYIO IPOYHOCTH C(hepHdecKOi MOJI0roif 000JI0UKH CIIOKHOH (OPMBIL.
KroueBble cj10Ba: MON3ydecTh, TOBPEKIAEMOCTh, BPEMsI JI0 pa3pyIIeHUs], ooras 00o1ouka, MeTox R-dynkmmii.

1. BBegenue. Penienuio 3amay MoJI3y4ecTH U IIO-
BPEXKIAEMOCTH 00O0JIOUEK TMOCBAMICHEI MHOTHE CTaTbU U
MoHorpaduu [1-3 m ap.]. B OompmmHCTBE paboT pac-
CMATPUBAIOTCS PA3IMYHBIC ACIEKTHl TON3YYeCTH U II0-
BpPEXXIAEMOCTH 000JI0UYeK W3 MAaTepHaNOB HEYYBCTBH-
TENBHBIX K BUAY HarpyxkeHus. CyIIeCTBYIOT JIHIIb €H-
HUYHBIE MyOJIMKAIlUN, B KOTOPBIX HCCIIEAYETCS BIMSHUE
BHJa HArpyXeHHs Ha IOJI3Y4eCTh M IOBPEKIAEMOCTH
obomouek. Tak, B pabortax [4-8] mcciemoBaiach MOJN3Y-
4ecTh 000JIOUEK M3 MATePHAIOB C XapaKTCPUCTHKAMU,
3aBHCSIIMMHU OT BUJIa HaTPY>KeHHs 0€3 yuera MoBpexIac-
MOCTH MaTepHaia.

B nanHHOW cTaThe WcCeayeTcs BIUSHHE BUIA Ha-
TPY’KEHUS Ha IOJI3YYECTh MOBPESKIAEMOCTh W JITUTCIh-
HYIO TIPOYHOCTh M30TPOITHON MOJOTOH OOOJIOYKH CIOXK-
HOW (HhOpMBI U3 MaTepHaa ¢ XapaKTePUCTUKAMH, 3aBHUCS-
IIAMH OT BU/Ia HATPY>KEHUS.

2. IMocTtanoBka 3amauu. Metoa pemeHus. Pac-
CMOTPHM B IIPSAMOYTOJBHON IE€KapTOBOW CHUCTEME KOOP-
quHaT OX X,z W30TPOIHYIO TOHKYIO TOJOTYIO 000JOYKY
TOJIIIMHON A ¥ Ipou3BoJIbHON (opmbl Q B mane. Ock Oz
NepHeHANKYIsIpHa IIaHy obOonodku. Temmeparypa o06o-
JIOYKHM TOCTOsiHHasA T (xl,xz, z, t)=const. Oo6onouka Ha-

q. = qz(‘x17 X5 t)‘
Crpena mogbemMa OOOJIOYKHM Hal IUIOCKOCTBIO OX, X, :

Tpy’keHa TIONEepeYHOoll  Harpyskoi

f<al5, Tne a — HaMMEHBIINI XapaKTEepHBINA pa3mep 000-
nouku. ITonaraem, 4ro nporudsl B mpouecce Moia3y4ecTH
ocrarotes ManbiMu (ctpena mporuba w, < h/4). O6o-

J04YKa npezronaraeTcs JOCTAaTOYHO TOHKOH
(10<a/h<80), 4TOOBI BBHIIONHAINCH THUIIOTE3BI KHpx-
ro¢da-Jlasa.

KpaeBas 3amaua momsydectu, B IPOU3BOJBHBIN MO-
MEHT BpeMeHH ¢ # 0, MoXeT OBITh CBe/ieHa K BapHalOH-
HOI 3amade mus QyHKIMOHanma B Gpopme Jlarpamka, ompe-
JEJIEHHOTO HAa KHHEMAaTHYeCKHd BO3MOXHBIX CKOPOCTSX
nepeMenieHui [7, 9]

Ay, iy w)= 05[] 1,2, 443, + 97 (k2 + 42 )+
Q

+ 2v'v(k1a1’1 + ki, , ))+

24, (i iy + ikt + Kyt )+ ey )+

DOI: http://dx.doi.org/10.20998/2078-9130.2016.26.79936

+ 4, (121’2 + az,l)z -
- 2Bl (”.‘l,lw’ll+d2,2w’22+w(k1w’11+k2w’22 ))_
—2B, (dl,lwazz +d2,2w»11+w(k1W722 +k2W,1, ))_
— 2B (i iy, )+ Dy (02402 )+
2D, Wy Dy ey, —
—”(Nﬁ%,l + Nzczuz,z + Nfz (”1,2 +iy ))dxldxz +
Q
[ g M 10,0 420 i ) ey —
~[[lg° +4. piev s . (1
Q
rne L.ll(xlﬂ X2 t)’ az(xn X2 t), W(xn X2 t)

IepeMeIIeHu KOOPIUHATHOW ITOBEPXHOCTH O00O0JIOUKA
Bronb oce Ox;,Ox,,0z, COOTBETICTBEHHO; Kk, k,

CKOPOCTH

TJIaBHbIE KPUBU3HBI O00JIOYKH.
JKecTkocTHbIE XapaKTEPUCTUKH OOOJIOYKH BBIYMC-
TSI0TCS 110 hopMyam:

4, = %a’z; A, =VA,; 4y = dez;
wl=v 0

B, = J‘ﬁzdz; B, =vB,; B, :ZJszz;
= (i)

2
£z sdz; D, =vD,; D, :4IGzde,

il =V (i
a «(DUKTHBHBIEY» CHIIBI, O0YCIIOBJIEHHBIE MOJI3YUECTHI0 —
o hopMmyiam:

e E . ) _
e (}[)ﬁ(pn o iz
282 = _"72(1722 +W11)d2 ; Ny = ZIGplde;
=V )

‘e E. . . .
My, = _[722(1711 +14)22)dz ’
(h)l—V
%([522 +l4511)dz; My, = ZIGl.?uZdZ 5
Y (n)

e E . . . .
q = jl 2 [kl(pll +lp22)+k2(p22 +1p11)]dZ-
()"

3necs E, v, G — moaynb FOnra, koaddurment [lyac-
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COHa M MOZYJIb CIIBUTa Marepuana obosouku. Kommonen-
TBI TEH30pa CKOpOCTeH medopMmanuii TOI3IydecTH
Py (i, jzl,z), BXOJSIIIIME B BBIPAKCHUS Ui «(DUKTHUB-

HBIX» CHJI, CYUTAIOTCS 33aHHBIMH.

B pacuerax OynmeM HCIONB30BAaTh ONPENEISIOINE
YpaBHEHUs, OINKCHIBAIOIINE IOI3YyYeCTh MEPBOHAYAILHO
M30TPOIHBIX MaTEPUAJIOB C XapaKTePUCTUKAMH, 3aBHCS-
IAMH OT BUJAA HAarpy>XeHWs, B KOTOPBIX HaOsomaeTcs
JHCIIOKAIIMOHHAs II0JI3y4ecTh, aCCOLMUPOBaHHAas ¢ 00pa-
30BaHMEM M POCTOM Ha TIpaHAX 3€pPEeH MHKPOTpPEIIUH C
MPEeUMYIIECTBEHHON OpHeHTanuen [9]:

v, \(Coy+AlLS;

pk] = O-:l + Bekel ,
Ve—VW Oe2
(k,l = 1,2), 2)
rae o,=0,+ao,, o, =Be,o,e;

_ 2 . _ . _ .
o, =+Al[ +CIl, ; I, =0y; I,=0,0,; €, —KOM-

MOHEHTHl EIUHUYHOIO BEKTOpa €, XapaKTepU3yIOIIero
OPUEHTAIII0 MUKPOTPEIIMH U HAIpaBIEHHOTO MepIeHan-
KYJSIpHO K IUIOCKOCTH TpemmHsl; A, B,C,m,q — napa-
METpBl MaTepHana, KOTOpble HaXOAATCS HAa OCHOBE IaH-
HBIX 0a30BBIX SKCIIEPUMEHTOB Ha OJJHOOCHOE PACTSKEHUE,
CcXKaTHe M 4MCTOE KpyudeHue. B nanpHeiiieM monaraem,
YTO MUKPOTPELINHBl OPUEHTHPYIOTCS MNEPHEHIUKYJISPHO
HalpaBJICHUIO AEHCTBUS MaKCUMaJbHOTO TIJAaBHOTO Ha-
HNpsDKEHUS 01, AEUCTBYIOMIETO B IIockocT Oxix,. B aToMm
cilyyae KOMITOHEHTBI BEKTOpa € MOTYT OBbITh Haii/IeHbI 110
dhopmynam:

0,-0pn .
e == ;e

(022 — 0 )2 + 0_122

Oy

=t

>

(022 — 0 )2 + 0122

rae o, = 0,5((711 +0y, + \/(0'11 -0y )2 + 4c7122 ) .

Kunernueckoe ypaBHEHHE IUIA TapamMeTpa MOBpEX-
JIaeMOCTH UMeeT BU [9]
W q
o m+1 *
y=ol | (3)
V,—vy
35ech B KauecTBE CKASIPHOTO TapameTpa MoBpekiac-
MOCTH ((// € [0, v, ]) B3AITA Y/ICIIbHAS SHEPTUS PACCESTHUS

t
% =J.0',.jpijdt .
0

HauaneHoe 3HaueHne y =0 COOTBETCTBYET HEMO-
BPEXKJICHHOMY COCTOSHHIO, @ KPHUTHYECKOE 3HadeHHUE

t,
v, = J.O'i/. Py dt — BPEMEHH JI0 PaspylICHHS L.
0

VYpasHenus (2), (3) onuCHIBAIOT pa3IUYHOE MOBEIC-
HHE MaTepHayia NpH PACTSHKEHHH, CKaTUH M Kpy4YeHUH,
pa3IMuHOe pa3BUTHE MOBPEKAAEMOCTH TPH PaCTSHKEHHH,
CKaTUHM M KPYYCHUH, CKIMAEMOCTh MaTepHaia IpH I10J-
3ydectd, 3¢ ekt IlodHTHHTa, BIMSHAE THIPOCTATHYECKO-
ro JaBIICHUS, a TaKXKe AHU30TPOIHIO, OOYCIOBICHHYIO

MOBPEXKIAEMOCTBIO.

HarmpaBneHHbI xapakTep NMOBPEXIAEMOCTH OIUCHI-
BaeTCs TEH30PHOHI Mepou TIOBPEXKIAEMOCTHU
(y/ij ) =ype®e= y/f)eie ; ), rae OWajgHoe IPOHM3BEICHUE

e®e o0pazyeT CUMMETPUYHBIA TEH30p BTOPOTO paHra,
XapaKTepU3yIOIUi aHU30TPOIMIO MaTepHana, o0yCIioB-
JICHHYIO IOBPEXKAaEMOCTHIO.

OCHOBHBIE HEW3BECTHBIC 3a[audl IOJI3YYEeCTH U I0-
BPEXKIAEMOCTH BCIIEJICTBHE TOJI3YYECTH B MPOHU3BOJILHOM
TOYKe 000JIOYKHM MOKHO HaWTH M3 peuteHus 3agadn Komm
0 BPEMEHH UTS CUCTEMBI OOBIKHOBEHHBIX IU((EpeHITH-
AIBHBIX YpaBHEHHI [9]

du _ oo oduy_odw_
a U a7V At
d;tll =d1,1 +hw—zwy 5 dez,z +hyw—zw,,,
dy, . . .
=u,,+u,, —2zw,,;
di 1,2 2,1 12
do E . . . .
7“ :ﬁ[gn TVEy _(pu +W22)];
do,, E . . . .
—= = &,y HVE, — + ;
di 1_V2[ 2 1 (Pzz VPU)]
do . .
2 = G(712 _Zplz); 4)
dt
dp,, _ . . dpy . dp, _ . . v_ .-
d e P dt P25 d V.

B HauanbHbI MOMeHT BpemeHH ¢ =0 nedopmannu
MOJI3y4ECTH M MapaMeTp MOBPEXKIAEMOCTU paBHBI HYJIIO:
Py =Py =Ppn =W =0. HavyanbHele ycnoBus mid oc-

TaJbHBIX HEM3BECTHBIX (DYHKIMH CIEIYIOT U3 PEIICHUS
3ajayn ynpyroro jaedopmupoBanust obosouku. s pe-
LIGHHS YNPYTroil 3aJayd MOXeT OBbITh HCIIONB30BaH IPH-
Be/IeHHBIN BbIIe QyHKunoHan. [Ipu stom B dopmyne (1)
HEoOX0MMO 3aMEHUTh MPOMU3BOJHBIE (PYHKLHWI 1O Bpe-
MEHH caMUMH (QYHKIHSAMH, & PU BHIYUCICHUH «(DUKTHUB-

HBIX» CHJII IONOXKUTb p  =p =p =0.

Pemenue HayalbHOM 3a7auu ISl CUCTEMBI ypaBHE-
HUi (4) Oynmem mnpoBomuth MmeronoM Pynre-Kyrra-
Mepcona (PKM) ¢ aBTOMaTH4YeCKMM BBIOOPOM IIara mo
BpeMeHU. [IpaBble 4acTH ypaBHEHHH, B MOMEHTHI BpeMe-
HH, cooTBeTcTBYyome cxeme PKM, Oynem HaxomnTh u3
peleHns] BapHallMoOHHOM 3amau it pyHknuoHana (1),
KOTOpasl pelaercs MeToAoM Putna B coueTaHuu ¢ MeTo-
noM R-dyrkmmii [10].

3. Hucaennble pe3yabTaThl. B kadecTBe mpumepa
pacueTa pacCMOTPUM MOJ3yUYEeCTh IOJIOTON cepruecKoi
000JIOUKH C UIMNTHYECKUMHU HAApe3aMH IOCpPeanHe Ka-
kK10# u3 ctopoH (puc. 1). MaTtepuan 000JI0YKH — aTFOMHE-
mueBslii cmiaB AK4-1T npu temmeparype 7 =473K.
OO6omnouKka HaxOAWTCS TMOJ JEHCTBHEM PaBHOMEPHO pac-
IpelleNleHHo nonepevyHoil Harpy3ku | g, |=16 MIla.
Ieomerpraeckue pasmepsl: a=4-1072m; b=2-107m;
c=3-1072 M; TodIHa h =28 - 1073 M; TJaBHBIE KPUBH3-

-1
Hel k, =k, =10,0m " .
Yopyrue KoHCcTaHThl Matepmana: FE =60 I'Tla;

v=10,35. KoHcTanTsl MaTepuana B ONPEICNISIONIUX ypaB-

HEHUsX nonsyuectu [9, 11]:
2m 2

A=-733142-10"MIIa ™'y ™,
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m 1
B=3,17926-10"*MIIa mg m+ ;
2m 2

C=1,6603-10"MIla ™'q ™1 ; m=8; ¢=3.

X4

o

Pucynok 1 — I1nan nonoro#i chepryeckoit 0007109KH

Kputnueckoe 3HaueHHe Hapamerpa IMOBPEXIaeMoO-

CTH 3aBHCHT OT BHJa HANPSHKEHHOTO COCTOSHHUS M BBIYHC-
1
nsgercs mo dopmyre [11]: w, =5(3I2 —IfXa—bll), rae
—4 -1 = )

a=4-10"MIla™"'; b=4-107 MIIa™.

Ha xoHTYpe 000I0YKH 3a/laHbl YCIOBHS IIapHUPHO-
IO 3aKpEeIUICHUs, HEMOJBIKHOTO B TaHTCHIHMAILHOM Ha-
npaBJeHUH. B 3TOM ciydae KHHEMaTHYeCKHE TPAaHUYHBIC
YCJIOBHS M COOTBETCTBYIOIIAst CTPYKTypa PEIICHUS] UMEIOT
BUJ:

w=0; u, =u,n —in, =0;
w=ad; 1, =0, O, +a0;; 1, =0, P, +aD,.

3nece O, (i =1,4) — HEOTpeAeJICHHbIE KOMIIOHEHTHI

CTPYKTYPBI PEILCHUS; 1j, Ny — HAPABIISAIOIINE KOCHHYCHI
BHEITHEH HOpMaJld N K KOHTYpYy obOomouku 0Q. OyHKIus
a)(xl,xz) CTPOUTCS C TOMOILIbIO TeOpHH R-(yHKIMHA u

JOJDKHA yJOBIETBOPATh ycnousaM: ®w=0, o,,=-1 Ha

rpanune 0Q u w >0 BHyTpH obnactu Q.

IIpn 4yncneHHOW peanM3alMM, HEOINpeIeIeHHbIE
KOMITOHEHTHI TPEJICTABISUINCh B BHJEC KOHEYHBIX PSJIOB
BUjIA!

Ni ) )
(Df(xla X5 t) = Zcél)(t)fn(l)(xla xz)’
n=l1

i

TIe C,(,)(t) (i=1,4) — HeompeAereHHbIe K0A((UIHMEHTHI,
KOTOpBIE Ha KaKIOM BPEMEHHOM IIare HaXOIATCS METO-
moMm Putma; ¢ — HEKOTOpHI (PUKCHPOBAHHBII MOMEHT
BpeMeHHOU auckperusauuu cxeMbl PKM wnn auckperu-

3alMM 110 BPEMEHHM Ul BBIJAYM PE3yJbTATOB pacuera;
)
n

3H€CB B Ka4CCTBEC {fn(l)} HCIIOJIB30BAaJIMCh CTCIICHHBIC I10-

CHCTEMBI JIMHEIHO HE3aBUCUMBIX (DyHKLMIA.

JINHOMBL.

HopMmanuzoBaHHOE 70 TEPBOTO TOPSIKA YpaBHEHHE
rpaHuIbl 001acTh () MMEeT BUI:

a)(x)= [(Fl o Fz)/\o (F3'/\o th’)]/\o (Fs’/\o Fé’):()’

rae A, — cuMBoa R-konbronkiuu [10]:

Jino fa= 1 +f2_\/f12 +f22 ;

2 2).
(a* —x?);

1
F=F[F? +(gradr V|2, (1=34556):

1%:%"‘@_1; 11:4=i+(xz"‘2a)2 _1:
bl b2 bl bZ

b =b; by=a-c.

WuTerpupoBanne mo obmactu 2, MPU BBYHUCICHUU
3JIEMEHTOB CHCTEMbI PHTIIA, M MO TONIIMHE, MIPU BBIYHC-
JEHUH «(QUKTHBHBIX» CHJI BBINOJIHAIOCH C ITOMOIIBIO
KBapaTypHbix Gopmyn ['aycca pa3nuuHON CTeneHH TOY-
HOCTH.

VYCTaHOBIEHO, 4YTO CTAaOWIM3anus NpUOIHKECHHOTO
PCELICHHs JOCTUTaeTCsl NMPH CIEAYIOINX 3HAYCHHUSIX CTerne-
Hell nomuHoMoB: B, =16, P, =8, P,=PF, =13 u obumem
YHCJIe Y3JIOB MHTETPHPOBAHMS O YETBEPTH 0OJIacTH, paB-
HOM 980. KomiuecTBo y37I0B HHTErPUPOBAHMS TI0 TOJIIINHE
paBHsuloch 14. 3amaHHAs TOTPEIIHOCTH PEIICHUS 3a[a4ud
Komm metonom Pynre-Kyrra-Mepcona 6 = 107,

b HaliieHbl  BpEMEHa 10 pa3pyLUEHUS:
t«y = 17011 u, npu neiicTBMM HAa OOOJIOUKY HAPYKHOTO
nasiieHus (g, = 16,0 MIla) u t+, = 39973 4, npu nefictBun
Ha 000JIOUKY BHYyTpeHHero nasienusi (g, =—16,0 MIla).
Bpemst 10 paspyuieHusi HaXOIMIIOCh C TOYHOCTBIO JIO Be-
JUYHUHBI TIocaeanero mara (At ~8+1641). B obonx

Cllyyasix pa3pylIeHHUE HAuWHAeTCs B LIEHTPE Ha BHYTPEH-
HEH MMOBEPXHOCTH OOOJIOYKH, TJIe MHTCHCUBHOCTH HAmps-
KCHUM MakcuMallbHa. Bpemsi m0 paspymeHust cyuect-
BEHHO 3aBHCHT OT HAIpaBJICHUS PUJIOKCHHON Harpy3KH.
IIpu neiictBuu Ha 00OJOYKY BHYTPEHHETO MJaBICHUS B
HEll MpeBAIMPYIOT CHKUMarolue HanpsbkeHus. IIpounecc
MON3YYECTH Ul AAHHOTO MaTepHaia MpH CKATHH WACT
MEJUIEHHEE M, COOTBETCTBEHHO, BpeMsl JI0 pPa3pylleHHs
oKa3pIBaeTcs B 2,35 pa3a OONbIINM, UM B CIIydae Hapyx-
HOT'O JIaBJICHUS TOH k€ MHTEHCHUBHOCTH.

Ha puc. 2-4 mnokazaHo n3MeHEHHE BO BpEMEHH a0-
COJIIOTHBIX 3HAUEHWH NMPOrHOOB, MHTEHCHBHOCTH HAIps-
KCHUH M Tapamerpa NOBPEXIaeMOCTH Ha BHYTpPEHHEH
MIOBEPXHOCTH B LeHTpe obosouku. Kpussie 1, 2 cooTBert-
CTBYIOT JaHHBIM, IIOJYy4YeHHbIM i1 ¢,= 16 MIla un
q.=—16 MIla. Kak BumHO u3 puc. 3, A HaNpsHKCHUN
MMEEM DPA3HYI0 KaueCTBEHHYIO KapTHHY HX H3MCHEHHS.
Jst 06051049KY 1101 BHYTPSHHUM JaBJICHUEM B HadaJIbHbIC
MOMEHTBl BpPEMEHHM MPOUCXOIUT POCT HHTEHCHBHOCTH
HaIpsDKEHUH, BCJIEACTBUE YEro MpoLEcC MOI3Y4eCTH HH-
TEHCH(ULIUPYETCs, U TOJIBKO 3aTeM HAYMHACTCS peslaKca-
1y HarpspkeHui. J{i1st 0007109Ky HarpyKEHHOMH BHEITHUM
JIaBJICHUEM CHIDKCHUE YPOBHsI HaNpsDKEHUH HaOmoqaercs
B TE€YEHHE BCEro Mpolecca MOA3yYeCTH, BIUIOTh A0 OKOH-
YaHUsI BDEMEHH CKPBITOTO pa3pyLICHUsL.

Taroke OBbUT BBIOJHEH pacdeT O0OJOYKM IIOJ Ha-
PYXHBIM JIaBI€HHEM Ha 0a3e «KJIACCHYECKHX» OIpeie-
JSTFOIIIMX COOTHOILICHMI, OCHOBAaHHBIX TOJBKO HA JKCIIE-
PUMEHTANBHBIX TAHHBIX NPU pacTsDKeHNHU. Bpemst mo pas-
PYLICHHUS COCTABHIIO f+; = 1315 4, uro OGonee uem Ha mo-
PANOK OTIIMYAETCS OT f+) U tx).

last step

Bicnux HTY «XIIl». 2016. Ne 26 (1198)

87



Jlunamixa i MiyHicmo Mawiun

ISSN 2078-9130

5 -

w104, M
w

[¥)

1 . . . . . . . .
0 10 20 30 40
t+102 u

Pucynok 2 — [IporuOsi B 1IeHTpe 000I0YKH

220

200 |

(83

—

100 —
0 10 20 30 40
t+103 u
Pucynok 3 — VIHTeHCHBHOCTb HAalPsDKEHUH B IICHTPE HA BHYT-
PEHHEH MOBEPXHOCTU 000I0UKU

20 [
1
. L5 )
=
2
&
5 10 [
P
=
05 [
00 . . . ,
0 10 20 30 40
102 g

Pucynoxk 4 — IToBpexaaeMocTh B ICHTPE Ha BHYTPEHHEH
MMOBEPXHOCTH 000JIOUKU

4. BoiBoabl. 113 TmpeacTaBICHHBIX Pe3yJbTaTOB
MOXHO CJIENIaTh BBIBOJ, YTO aOCONIOTHBIE BEIMYHMHBI MIPO-
ruboB, HANPSDKEHUH, YPOBEHb MOBPEKAAEMOCTH M BPEMs
JI0 pa3pylICHUs] CYLIECTBEHHO 3aBHCAT OT 3HaKa IIOIe-
pEeYHON BHEIIHEH Harpys3ku, pU OJHOW U TOH ke ee WH-
TeHcuBHOCTU. «Kiaccuyeckue» onpenessone COOTHO-
LIEHUS] HE YUYHUTBIBAIOT PealbHbIE CBOMCTBA Marepuana H,
UX HCHOJB30BAHUE BHOCHUT CYLIECTBEHHBIE MOIPEIIHOCTU
IPHU UCCIEAOBAaHUM MOJ3y4ECTH U MOBPEXKIAEMOCTH IO-
JOTHX 000JIOYEK W3 MaTepHalioB C XapaKTEePHUCTHUKaMHU,
3aBUCSIIIIMH OT BU/IA HATPY KECHHUS.
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C.A. HIEBYEHKO, A.JI. TPUTOPBEB, M.C. CTEIIAHOB

HCCJIETOBAHME JIMHAMMYECKOMW YCTOMUYNUBOCTH PEI'YJISITOPA JABJIEHUSA
C MHEBMATHUYECKHAM YIIPABJIEHUEM ITPU YYETE KOJIEBAHUI CTOJIFOB I'A3A

B TPYBOIIPOBOJAX

CocraBiieHa JUCKPETHO-KOHTUHYaJIbHAA HEJIMHEHHAs MOJIeNIb U BBIBEICHO TPAaHCUCHACHTHOC XapaKTCPUCTUUCCKOE YPAaBHCHUC IJIA
HCCICA0BaHUsA CBO6OZ[HLIX KoJIeOaHuit peryjdaTopa MHEBMOCUCTEMBI 3aIlyCKa PAKETHOI'O ABUTATECIIA. Pa3pa60TaH MCTO HAXOXICHUA
T'paHuIbL JIMHAMHUYECKON yCTOﬁ‘IHBOCTH CUCTCMbI U KpI/ITepI/Iﬁ yCTOfI‘{PIBOCTH €€ Npe€ACJIbHOr0 IUKIIA. Ornucan 1(0]0):01(0) S HaCTpOfIKPI

CHCTEMBI Ha aBTOKOJICOAHHUS MaJIO AMIUTUTY IbI.

Karwuesble ciioBa: IMHEBMOCUCTEMA, NUCKPETHO-KOHTUHYaJIbHAasA MOJ€JIb, FTAPMOHHWYCCKas JIMHCaprU3alus, MEXaHUYCCKUN UM-

nefaHc, AMHAMAYECKasl yCTOMYMBOCTb, aBTOKOJICOAaHHS.

BBenenne M nocraHoBka 3aaauM. Vccnenyemblii
PETYIATOP NABICHUS YCTAHABIMBACTCS B ITHEBMOCHUCTEME
3amycka JXPJI Tpetbeit ctynenn pakersi-Hocutens (PH) n
MpeIHa3HaueH s CTa0WIM3aluK MapaMeTpoB padbodero
Tena (C)KaToro Telus), MOCPEICTBOM KOTOPOTO OCYIIIECTB-
JISIeTCsl PacKpyTKa TypOOHACOCHOTO arperara IpH BKIIO-
yenuu nsurarens. [logpoOGHoe omucaHue ocoOeHHOCTEH
paboTHl THEBMOCHCTEMBI M €€ MAaTEeMaTHYECKUX MOJEIeH
MPUBEACHHI B CTaThsX [1-4]. PacueTHas cxema MHEBMOCH-
CTeMEBI TI0Ka3aHa Ha puc. 1; B HEW TPyOOIPOBOIBI U TPY-
JKUHBI PacCMATPUBAIOTCA KaK KOHTHHYaJbHBIE TIOICHCTE-

MBI C paclpeleliCHHBIMH TIapaMeTpaMu, a IIOJIOCTH, Kia-
TIAHBI ¥ TTOPITHA — KaK MOJICHCTEMBI C COCPEIOTOYCHHBIMU
napameTpam. CONOCTaBIIEHHE PACUETHBIX U JKCIIEPH-
MEHTAJBHBIX JAHHBIX, IMOJYYCHHBIX NPH CTEHIOBBIX W
OTHEBBIX HCIBITAHUSIX OIBITHOIO 00pa3iia Takoi CHCTEMbI
Ha apuratene P/I861K, moaTBepauno mpaBHILHOCTh OC-
HOBHBIX MPUHIIMIIOB, UCIIONBb30BAHHBIX MPU MOJIEIHPOBA-
HUH, ¥ OTKPBUIO JOPOTY JUIS HCIIOJIB30BaHUsS pa3padoTaH-
HOTO MPOTrpaMMHOI0 KOMIUIEKCA NpHU pPELIEHUW 3aaady
MPOEKTUPOBAHUS HOBBIX YCTPOICTB MOJOOHOTO Ha3HAYE-
HUSL.

1 2 3
pZPka‘/ZpkrThk
Py, T, Pin.pk ,Vin.pk ;Tin pk
du
17 |
g ) L,
i :
16 15 4 pVT\;r/'/
di rMnTAh' 14 1 3 12 ]' lLﬂ\k
L_s/ dt6 Xek dis
X Pu Vac T PieMo,Tie
= = R sVCnt ,Tmt
e B JIpEHAX
Kope B %f_ Py ——_Tun, 10 9 8
22 2
. Lo ﬁ ‘ Li //// Pricz Moz Tz
{ th
L o — L 7 - Pois Vi s
10
18 P oo 7 >:,/
Lu ﬁ Lig : Pl 5 k4,Tpk4
19 / pl_ta t:’l/
/s
207 25 26 21

Pucynok 1 — Pacuetnas cxema nueBmMocuctemsl 3amycka JKP/: 1, 17 — mapo6amionsr; 2, 5 — BXOIZHOH U BBIXOAHOW TPYOOIpPOBOALI;
3 — nmHeBMoOKIIanaH; 4,14 — peryiarops! naBieHus; 6,7,24-26 —xukiep;8,10,11,13,15,16,18-23—1pyO6onpoBoabl TMHUH yIPaBICHHUS;
9— TpoHHHUK; 12— 3IEKTPOITHEBMOKIIATIAH.
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OnHOM U3 BaKHEHWINX 3a/1a4, KOTOPYIO TPUXOAUTCS
pemaTh MpH CO3MaHUU HOBOW ITHEBMOCHCTEMBI, SBISCTCS
obecrieyeHre AWHAMHYECKONW YCTOHYHMBOCTH PEryisropa
JaBlIeHUs Tas3a. PemieHuio 3ToW MpOoOIEeMBbI TMOCBSIIEHO
MHOXECTBO paboT (Hamp., [5-7]), HO B HAX HE YUHUTHIBA-
JOTCSI CBSI3aHHELIE KOJeOaHus CTOJIOOB ra3a BO BXOJHOM H
BBIXOZIHOM TPyOOIPOBO/IaX, a TaKKe B MHOTOYMCIICHHBIX
TpyOOIpPOBOJAX CHUCTEMbI YIpaBicHUs. B To ke Bpems,
KaK CBHUJICTEIILCTBYIOT PE3yJbTaThl PACYETHOIO HCCIEI0-
BaHUS (puc.2), a TaKXKEe OIBIT IUTCIHLHONH JOBOJIKU
OIIBITHOTO 00pasna,

— OTa ITHEBMOCHCTEMaA pa60TaeT Ha mpencie nuHa-

pin.pk’ pz’
MlIla Mlla
35
P, T LS
30 :
pin4pk : B 1
25 : 05
0 0.5 t, c
a
pin.pk’ p2’
MlIa MlIIa
Py
35 ~—
E 1,5
30 1
25 . 0.5
0 0.5 t, C

MHYECKOH YCTOMYMBOCTH;

— U3MEHEHHE JUIMH TPyOONpOBOJOB BIMAET HA YC-
TOUYHUBOCTH €€ paOOTHI.

Hcmonb3oBanne mporpaMMHOro Komimiekca [1-4]
MIO3BOJISIET B JIECATKH pa3 COKPATUTh 3aTpaThl HA pas3pa-
0OTKY HOBOI1 ITHEBMOCHCTEMBI; B TOM YHUCIIE, C €r0 MOMO-
LIbI0 MOYKHO IPOBEPUTH CIIPOEKTUPOBAHHBIN 00pa3el Ha
JUHAMUYecKylo ycroituuBocTs. Ho, K coxarneHuto, pe-
maemble auddepeHIuaIbHble YpaBHEHHs SBISIOTCS He-
JIMHEHHBIMU W CIIOKHBIMH, YTO MPEMSTCTBYET HCIIOJB30-
BaHWIO CTAaHAAPTHBIX JJISI TEOPUH PETYIMPOBAHUS METO-
JIOB IPOBEPKH JIMHEHHOW CUCTEMBI HA YCTONUMBOCTb.

pin.pk’ p2’
MlIla 3 MlIla
Foee r‘f.'b- s
: - 2
35 } .
P, s qLs
25 105

pin.pk’ p2’
Mlla MlIIa
2
35
1,5
30 1
25 M| 4l 0.5
|
0.5

0 t,C

2

Pucynok 2 — BnustHue 1utnH TpyOOIpoBOOB Ha KOJeOaHHS AaBICHUS ra3a 0 U MOCIe PerysTopa:
a-Li=43m;L,=19m;Ls=1,7M; 6 —usmeneno L, =53 m;6—-L,=24m;e—Ls=2,7™m

i ycTpaHeHHS 3TOTO MPENATCTBHS HENWHEHHYI0

CUCTEMY ypaBHEHUI nuHeapusytoT [8,9]; mpu 3ToM mouy-
YAIOT YCJIIOBHE YCTOHYMBOCTH ISl KOJICOAHUI Majaol am-
IUTMTYBI, TOE, Hamp., pa3Max KojeOaHWW KialaHa He
npeBbimaer 10% oT ero mombema. 3aMeTHM, YTO TaKHe
KoJe0aHusI, TaKe eCIM OHM HE 3aTyXaloT CO BPEMEHEM,
3[IeCh HE OIAacHBI; 0OJiee TOTrO, OHH JKENATEeNbHBI, IO-
CKOJIBKY YCTPAHSIOT TPEHHE MOKOS B YIJIOTHHUTEIBHBIX
MamkeTax [10]. [ToaToMy BBIBOI KPUTEPHSI YCTOHYINBOCTH
JUTS MaNbIX KoJieOaHUI He aKTyalieH.

OZ[HaKO, KaK CJICAYCT M3 OSKCIICPUMCHTAJIbHBIX JaH-

HBIX, TIOCJIE CBOETO OTKPBITUS KJIallaH PEryjsITopa 3ToH
MMHEBMOCUCTEMBI UMECT 3HAYUTCIIbHYIO aMIUIMTYy KOJIC-
6anwmii, cocrasmsttomyro 15-20% ot ero nmogbema. Kpome
TOrO, Jasiee OyZeT MOKa3aHO, YTO YCTOHYMBOCTH PEryJisi-
TOpa 3aBHCHUT OT aMIUTUTYABl KoieOaHui kmamana. [lo-
3TOMY JIMHEAPU3AIMIO CIEAYET IIPOBOANTH C YUETOM aM-
TUTATYABI KOJIeOaHUH KaK JOMOJHUTEILHOTO HETMHEHHOTO
(dakropa.

Ilenpro paOoOTHI sBNAETCA IONYyYCHHE AHAIUTHYE-
CKHX U rpa(oaHaIMTHYECKHX 3aBUCUMOCTEH MEXIy Ia-
paMeTpamMH ITHEBMOCHCTEMBI, OOECIIEUMBAIOIINX €€ yC-
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TOMYUBOCTH TIPU OOJBINUX AMIUIHTYIAX KojeOanwid. s
JOCTIDKEHUS LeNId HeOOXOAMMO PEUINTh CIEAYIOIUe 3a-
Jlauu:

— nuHeapu3oBath Gopmynsl CeH-Benana c yderom
YCTaHOBHBIIUXCS KOJEOaHW KialmaHa, MMEIONNX OO0Jb-
LIYI0 aMIUTUTYy, ¥ BBIBECTH (DOPMYJIBI ISl KOJeOaHWi
pacxojia ra3a uepe3 JpOCCeNH U KJIalaHHYIo ILIelb pery-
JATOPA;

— MOJIyYHUTh aHAJIMTHUYECKHE 3aBUCUMOCTH aMILIUTY-
Il KOJIeOAHU IaBJIEHHMH ra3a BO BXOJHOM, BBIXOAHOM U
YIPaBISIOMIEH MOJOCTAX PETYIATOpa OT aMIUIUTYIbl U
4acTOTHl KOJIeOaHUI CKOpPOCTH KiamaHa (TO €CTh HAWTH
VOenbHbIll MeXaHu4yeckuti UmMneodHc IS BXOTHOTO, BEI-
XOJHOTO ¥ YIPABISIONIETO TPYOOIIPOBOAOB);

— BBIBECTH YpaBHEHHE IJISI YaCTOT CBOOOJHBIX KOJIe-
OaHMf TTHEBMOCHCTEMBI, HMEIOIINX M3BECTHYIO aMIUIATY-
Iy, ¥ cOpMyIIUpOBaTh JOCTATOYHBIE yCIOBUS ISl 0Oec-
IICYCHUA yCTOI‘/II’-Il/IBOCTl/I npu 6OJ'II)I_HI/IX aMIUIMTydax,

— yKazaTb YCJIOBHS BbIOOpa IapaMeTpoB, MPUBOJIS-
IIMe K aBTOKOJIeOaHUsIM MaJIOW aMIUIUTYbL.

[ono6HbIe 3a7aun paccMaTpUBAINCh B HAYYHOU JIH-
Teparype, B 4aCTHOCTH, B Tpyaax B.A. becexepckoeo u
E.II. Ilonosa (8], b.®. Inuxmana [9], b.B. Byreakosa
[11], craBmmx kiIaccuueckuMu. MeToa TapMOHHUYECKOU
JTUHeapHu3alni, OMMCAHHKINA B HaBHe# padote JI.C. [orb0-
¢apda [12], B nanpHeWmeM NOIYYHI IIMPOKYIO H3BECT-
HOCTBh M 9aCTO HCIIONB3YeTCs AJISl MCCIeI0BaHUs Koneba-
HUAW TIPU HEJTMHEWHOM TpeHUH. MeXaHWYeCKUl MIle1aHC
JUTSL UCCIICIOBAHUS TPYOOIIPOBOIHBIX CHCTEM ObLT BBEACH
B HayKy b.®@. [muxmarnom, npog. B.A. becexepckum pas-
pa6aTI)IBaJ'II/lCI) METOAbl AMHAMHWYECKOI'O HCCICAOBaAHUA
KOHTHUHYaJIbHBIX CHCTEM, JUIS KOTOPBIX BBIBOAMIOCH
TPaHCLEH/ICHTHOE XapaKTepUcTHUeckoe ypaBHeHue. On-
HaKO /ISl UCCJIEJOBAHMS CIIOXKHOW ITHEBMOCHCTEMEI, I10-
Ka3aHHOW Ha puc.l, IpU NPUMEHEHUU U3BECTHBIX PE3YJIb-
TaTOB MOTpeOOBaIach, KaKk IMoKa3aia MpakTHKa, UX CYIIe-
CTBEHHAs TOpabOTKa.

YpaBHeHHe IBHKeHHSI KJIANAHA U €r0 aHAJIOT /ISt
KOMILIEKCHBIX aMILUIMTY/ KoJsiepaHuid. B KoHCTpyKuuH
perymistopa 4 (puc. 1) miomaab Tapelk Mo 3aOpHOMY
KOHTYpY Onm3ka K Iuiomaau mroka f; u omimyaercs oT
Hee Ha Manyto BenmuuHy Afy muddepennmanbHOM 1UT0-
IIaJKH KJIallaHa, MTOCPEACTBOM KOTOPOH YacTHYHO KOM-
MEHCUPYETCs BIMSHHE OTPHIBAIOUIEH Ta30IMHAMHYECKOH
cuiibl. [109TOMY B OTHOILICHHH OCHOBHOTO Tepernajia JaB-
JICHUS P| — P), U3MEHSIOIIETOCS 32 BPEMsI MHOTOKPATHBIX
BKJIFOUCHUH MHEBMOCHUCTEMbI B HIMPOKHX MpEAeiax OT
35 MIla go 6 Mlla, 3T0oT KJIamaH MPAaKTUYECKH pasrpy-
KEeH. YpaBHEHHE NIBIKCHHUS KiamaHa peryisaropa 4 (cM.
puc.l) umeert BUI;

my,h = £5 - (ps —po) — 3 - (P3 —Po) —
—(fy —Afy)-(p4 —p1) —Afy - (P4 —Pg) —
—f6 (P —P2) =K jufi; (h)-(py —p2) -
~Frp i (1) =2y (N ),
rae mg, =my +(1/3)m

(1)

— NMpUBEACHHAsA Macca Kia-

h

KOX(QHUIHEHT KECTKOCTH W TIpeNBapHUTENbHAs nedopma-
ousl 3TOH TpYXWHBL, h — coBMecTHOe mepemerneHne hy

TIp.KJI

ImaHa U IBIKYIIUXCS BUTKOB €r0 NPYXWUHBI, Z

K> k0

KJIallaHa ¥ ero mopiuHel; {3, f5 — mromann nopmHei pe-
T'YJIMPOBaHUS U yIpaBleHus; fs — mIomans NonepeyHoro
cedeHus monoctu npyxuusl; K o, pfi, — xoadduument

ra3oivHaMu4ecko cuiel [1] 1 3 pekTnBHOE MPOXOIHOE
cedeHue KinamaHa; F,, — cyMMapHOe TpeHHe B TpeX MaH-
KETax peryisiTopa, ompenensieMoe (hopMmyliaMH pabOTHI
[10],

Fipm = 0$3an.c x(v) Sign(h) , V= |h > @)

Nipe — TpmwxuMaromas cuna; x=x(v) — kodddunuent
TPEHUs, 3aBUCAIINN OT CKOPOCTH CKOJILKEHHMs (puc. 3, a);
Po — JaBJIeHWE Ta3a 3a MOPIIHIMH (B IBUTaTEIbHOM OTCE-
ke PH nmu B mabopaTtoprom 6okce).

Ecmu B muddepennmanpHbIX ypaBHeHUsX [1], omm-
CBIBAIOIINX Pa0OTy MHEBMOCHCTEMBI, OOHYJIHTH IPOU3-
BOJHBIC 10 BPEMEHH, TO IMOJIYyYHM IapaMeTpbl YCTaHO-
BHBIIIErOCS P&XKMMA TOJAuM ra3a — MOAbeM Kiamana h',

* *
AaBieHus p;, cuiy Tpenus E u np. bynem uckartpb

Tp.M
TICPEMEIICHUE KJlallaHa Y U3MCHECHUA ,[[aBJICHI/Iﬁ u CUll B

(dopMe He3aTyXammuX TapMOHHYECKUX KOJeOaHW C
KOMIUIEKCHOH 9acTOTOH A:

h=h" +hexp(Lt); o =p? +pjexp(ht);

Frpn = Frpa + Frpa €Xp(L 1),

Tp.M Tp.M
rae A=1- ®; 1 —3TO MHUMAas AMHUIIA; (O — KPyroBas yac-

Tota KoneGanuit; h, p;, Fpy

— B0oOOIIE TOBOPS, KOM-
IIeKcHbIe uncna. Torga momo6HO (1) moiaydymM aHamo-

TUYHOC YPAaBHCHUC JIs1 KOMINJICKCHBIX aMILIATY/[T:
My h = fsPs — £33 — (4 — Afy) (Ps —Py) -
—Afy (P4 —P6)—f6 (P —P2)—
Ky hfien (0 (By =)~
—K, htfiy (W) (= p3)h—Fyp oy — 7y

e mTpuxoM obosHadeHa npoussonnas duf,,(h)/dh.

3ameTumM, uto ypaBHeHHe (3), Tak xe kak u (1),
COJIEPKUT MHOTO HEM3BECTHBIX H HE SBIISICTCS 3aMKHY-
TBIM, HO 3TO TIOJIOKEHHE MOYHO HCIIPAaBUTh, €CIU yKa-
3aTh (DOPMYJIbI, CBS3BIBAIOIINE AMIUTUTYABI KOJEOAHUS
NABICHUN C KOMIUIEKCHOH aMIUIUTYJOH V W KOM-
IJIEKCHOW YacTOTOW A Koile0aHWU CKOPOCTH KIIAIlaHa;
TaKhe 3aBUCUMOCTH HAa3BIBAIOT VOeIbHbIMU MeXaHuue-
ckumu umnedarcamu [9]. MBI IOIYIHM 3TH 3aBUCHMO-
CTH Jlajee, HO HauyHEM C aHalu3a KoJeOaHHil cyxoro
TPEHUS B MaH)KETax.

I'apMoHuYeckas JUHeApHU3ALHUs CYXOro TPeHUsl B
Mam:keTax. B pabore [13] onmcan MeTox rapMOHHYECKOM
JIMHEapu3aluy Ul aHau3a KojieOaHWi pacxosa rasa de-
pe3 Apoccelb IpU MajbIX MEpenafax JaBICHUs

Ap(@)=Ap sinp, p=m-t.

Hcnonp3yercss HenMHEWHas pacxofHas XapaKTepH-

ctuka bepHynnu Buga

G(¢) = uf \2pAp |sing| sign(sing)

rZie p — 9TO IUIOTHOCTb ra3a; XapaKTepHCTHKa Ipeobpasy-
eTCsl K BUIY:

G(9)=[ufy2pAp ] K(9),
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mocjie 9ero MepeMeHHBIH MHoxwuTenb K(¢) 3ameHsercs
ero ko3¢ ¢purmentom Oypoe

b, =E.J.TEK((p)-sin(pd(p=E~J.nsin3/2 edp~10/9.
n 0 n 20

B pesynpTaTe MOMyYWIM 3aBUCUMOCTH JJISI aMIUIH-

X
0.1 //
0.05 pd
_//
0
0.05 0.1 wvm/c

a

Ty KoJeOaHui
G= knp,ﬂpuf«/szh R

rae KodpPuuueHT npuseneHus Ky, = 1,11.

s
0.1 //
0.05 e
_p"/
0
0.05 0.1 A,mc
o

Pucynox 3 — 3aBucuMocTb K03 (OHITMEHTOB TPEHHUS Y U Y pp:
@ — OT CKOPOCTH CKOJIbXEHUS V (propomnacta-4, 6 — OT aMIUTUTYAbI KOJeOaHUH A CKOPOCTH KIlariaHa

AHaNoOrn4Hyo Npoueaypy HpUMEHUM K (opmyre
(2), B KOTOpOH 3aBUCUMOCTH KOI(PQHUIMEHTa TPEHUS OT
CKOPOCTH CKOJIbXKEHHSI alllPOKCUMHUpPYeM (OpMyJIoit

%0> VSV,
x(V){

Yo VI Ve, V>V,
rae v= = 0,04 m/c; koaddurpent y=~ 0,03 (cMm. puc. 3, a).
Ecmn ammutyna A kosneGaHME CKOPOCTH Mana, TO
ecTb A <Vx, TO TPEHHE B MaH)XeTaX SBIISETCS CYXUM, H
k03 punment dypre

2 ¢m . 4
by :—-IO Yo sinede =—-y,,
b4 e

OTKyZa KO3 (QHUIINCHT IPUBEICHUS
(A)=4/n~1,27.

Jns GONBIMIMX aMIUTUTYA TPEHHE B MAHXKETE SBIISA-
€TCS CMEIIAHHBIM — IIPH MAaJIBIX CKOPOCTSAX CKOJIBKECHHUS
CYyXHM, a NpH OOJBIINX — CYXHM U BSI3KHM OJHOBpE-
MmeHHO. [Ipu Haxoxnenun koddduuuenta dypbe BoC-
MOJIb3yeMCs cuMMeTpuei rpaduka hyHKIIH
y(@) =y(v-sin®) OTHOCHUTEIBHO BEpPTUKAIBHOW OCH

Knp.m

¢ = /2 ¥ MOIXy4IuM:
4 om/2
by _;Jo

_4 +4J-n/2
T[XO TV

(v sing)sinpdp =

Yo (V/Vx) sin’ ¢ do,

siny =v«/Vv.
Bbrumcisist 3TOT MHTErpai, HaxoAWM HCKOMBIH KO-
3G PUIMEHT TPUBEICHNS
(A)=4/n+2/m)x

Knp.m

X[(A/vx)arccos(vs / A) —/1— (Vs /A)2 1.

XapakTep U3MEHEHUsI TPUBEACHHOTO Ko durireHTa

TPEHUS Y = Kypy X0 B pabouemM auanasoHe CKOpPOCTEi
K1anaHa A < vy =0,15M/c¢ nokasad Ha puc. 3, 6.
CrenoBareibHO,
M = 0'3an.c X0 knp.M A). 4)

JluHeapu3anus MyJLCHPYIOIIEro pacxoaa NpH
KPMTHYeCKHX Mepenagax aapjieHus. B kiamanHOH 1mie-
JU PEryjsITopa, a Talkke B BBIXOJHOM JIpOcCelie Hccie-
QyeMOW ITHEBMOCHUCTEMBI HaOMIOJaeTcss KPUTHYECKUN
PEKUM TEUCHUS CKATOTO Temust. Pacxoy ra3a BEIYUCIACT-
cs1 o yrouHenHou popmyne Cen-Benana [4], B koTOpoi
yuteH 3¢ ekt xoyns-Tomcona:

HEPS 3VIS (0 byp;/T))),

RT; 16
rae pj, Tj — maBieHMe W TeMIepaTypa rasa nepej apocce-
neM; R — raszosas mocrosiHHas; b, =1,378 [K/MIla] —

G_

BUPHAJIBHBIA KO3()(UIIMEHT B ypaBHEHHU COCTOSHHS pe-
aJLHOro ra3za Aoes.

Jlns aHaM3a KoyieOaHui UCTIONB3yeTCs aauadbaTnye-
CKasl MOJIeJTb, MMOITOMY KOJIcOaHUs JAaBJICHHUS U TeMIepa-
TYPBI IMEIOT CBSI3aHHBIC aMILTUTYIBI:

* oo .
p; =pj+p;sin(ot);
Ty =Tj (p; /P! = T 1+ (/K B/ py) sin(w1)),
roe k — aTo mokasarens aguadaThl; 3BE30YKA 31ECh U

Jajee 0003HaYaeT napaMeTpbl YCTAHOBUBLICTOCA pEKHUMa
TCUYCHM rasa.

Cﬂe,HOBaTeJIbHO
b P LS p—j.sin(mt));
f AR
, ) k
p]3/2 (p_]3/2 +3 pJ Sll’l(())t))
(1,2 (1) 2k p

IToncraBuMm 3TH 3Ha4YEeHUs B (GOpMyITy [UIS pacxoia u
MOy 4UM:

G ~G™ [1+(k+1)/(2k)-(p;/p;)-sin(wt)] -

(t)upj 3J_'

BTOpOC cjlaraéMo€ Majo, U UM MOXXHO HpCHC6pC‘IB.
Hamumm nckomyro (GopMyily IS aMIUIMTYIbI ITyJIbCALAN

92

Bicnux HTY «XIII». 2016. Ne26 (1198)



ISSN 2078-9130

Hunamixa i miynicms mMawiun

pacxona
G =ky, (;/p;)G",
rae ki, = (k+1)/(2k) ~ 0,8 .

[Tomy4yeHHBIH pe3yapTaT OBUT IPOBEPEH MPU UCTIONb-
30BaHMM METOJa TapMOHMYECKOH IMHEapH3alud; Mpu

—_ *
yenouu p;/p; <0,2 xoopuupent npusenenus ki or-

KJIOHSIETCSI OT YKa3aHHOTO BBINIE 3HAYCHUS HE Oojiee uem
Ha 1,5 %. To ecTb 3TUM pe3yabTaTOM MOKHO IOJIb30BATh-
csl M [T aHaJi3a OOJBIINX aMIUTUTYA KOJIeOaHui.
3amMeTHM, 4TO MPU HCCIENOBaHUU KojeOaHui mapa-
METPOB r'a3a B TpyOOIpPOBOJax M IOJIOCTSIX MTHEBMOCHUCTE-
MbI HCIIOJB3YEeM akycmuueckoe npubnudxcenue [14], B
paMKax KOTOPOro IUIOTHOCTH P M CKOPOCTh 3ByKa a CUH-

* *
TAaTCs MOCTOSHHBIMU BEIMYMHAMU: P;=p; U a;=4a;.
[MosTomy mmst ammumuTy 1 Konebanuii Q oOBEeMHOMN CKOpo-

CTH Ta3a, MPOMICIIEro Yepe3 IPOoccelb, moiaydaeM (op-
MYJIBI, aHAJIOTHYHEIE (POpMyIIaM [T PacXxoia Macchl:

Q=Kypp MEV2/p)AD:  Q=kie (B;/p))Q*. (5)

p,V Py, Vo

(<fot»

PucyHnok 4 — CxeMa TOJIOCTH € JKUKIEPOM

MexaHuyecknii WMIEIAHC NPH  KOJeGaHUSX
TMOPIIHS B MOJIOCTH ¢ KAKJIepoM. Cxema HCcCieayeMon
MOJICUCTEMBI TIOKa3aHa Ha puc. 4, Ha puc.l el cooTBETCT-
BYIOT KaMepa HaJ| IITOKOM KIIaraHa, [OJOCTh MPYKUHBI,
KaMephbl peryIMpOBaHUs U YIIPABICHUsI perynstopa 4.

Cryuaif, xorja CXKHMAaeMOCTbIO ra3a B IIOJIOCTH
MOXHO TIpeHeOpeub, m3ydeH B [13]; 3meck mccuemyercs
obmmii cioyvair. Kak m B [13], u3MeHEHHEM IUIOTHOCTH
rasa p npu JIpoCCeIMPOBAHUH NPEHEOPEKEM, a IS pacue-
Ta MCHOBEHHOH 00BEMHOM CKOpPOCTH Q MyJbCHPYIOIIETO
TEUEHHMsI ra3a 4epe3 JPOCCelb UCIOIb3YEeM Pe3yJbTaT rap-
MOHHYECKOH TMHeapu3anuu Gpopmyiibl bepHyin

Q= Kup.1p K\ 2/(0] 5] A,

rIe K =1,11; Ap — aMIuIUTyia K3MEHEHUS Tepenaia

np.ap
JaBieHus Ap.

B nHavane 3T0i yactu ucciieioBaHus OyIeM CUUTATh,
YTO IOJIOCTB 32 JPOCCENIEM MMEET OONBIION 00BEM H TO-
CTOSIHHOE JaBJIEHUE Ta3a Py, Toraa Ap =p — po.

3amumieM ypaBHEHHE CKUMAaeMOCTH Tra3a B IOJIOCTH,
MpeIoIarasi STOT IPOLECC aanadaTHIECKIM:

V dp
— -1 C,-Q,
2 e Q

TO €CTh

VvV dA
—~ 2R ¢ -Z-Ap,
a’p dt
IJIe @ — 3TO CKOPOCTh 3BYKa B raze, V — 00beM moJiocTH; fy;
— IJ1omaab HOpH.IHﬂ,

Z=ufup \2/P[AP).  pifip = Ko pp i

W Uil HaXOXIEHUs T'apMOHMUYECKOTO pELICHUS 3TOTO
YpaBHEHHS BOCIIOJIB3YEMCSI METOJOM KOMIUIEKCHBIX aM-
TUIATYA:

C, =Aexp(At); Ap=Ap exp(At); A=iw,
npudeM OyaeMm cuutarh, uro ammmutyga A >0, a Ap —

9TO KOMIIUICKCHOEC YHCIJIO.
IloncranoBka u COKpAIICHUE SKCIIOHCHT Ja€T paBC€H-
CTBO

(xV/(azp)+z)A15=an, (6)
OTKyZIa
((m-v/(azp))2 + 72 ) |Ap* = 1,242,

Yurem dopmyny mwist ko3dduimenra Z U morydaum
KBaJIpaTHOE YpaBHEHHE U aMIUIATYIbI KOJeOaHU! 1aB-
JICHHS:

2 ~
(- V/(@°p))” |AB]” +(ufyp)* (2/p)[AD| = £,7A%.
Ero pemenue umeer Bua:
|AR] = p (£ /ufi)? A2 A(1+4148%)
rie B — 310 KoaghPuyuenm cosuea gaswt,
B=f,AoV/(a’nfy).

Ecmu koaddunuent B =0, To ectb V=0, TO KOIE-
OaHusl TaBJieHNs] OyAyT UMETh Ty e (asy, uTo U Kojeba-
HUS CKOPOCTH, 31€Ch UMIICaHC Z MOJ0XUTEIbHBIN, IPO-
MOPLUHOHANBHBIA aMIUTHTY/e KOJeOaHHH CKOPOCTH M He
3aBUCSIIUHA OT YaCTOTHL:

Z=p(f, /nfy)* A.

OTO XapaKTepUCTHKa KgaopamuyHno2o mpenusi. B
HCCIIeTyeMOH ITHEBMOCHCTEME XapaKTepHBIE 3HAYECHUS
koa(ddumenTos casura (aspl, BEIUYUCICHHBIE IPU YaCTO-
tax ® = 600 1/c u ckopoctsax A = 0,05 m/c, COCTaBIAIOT:

— A sxukiepa ufy o, Bepxneil kamepsl — = 0,0001;

— s okuknepa pfyn, KaMepsl perynupoBaHHS —
B=0,038;

— nna oxuknepa pfsy, Kamepel ympaBieHus —
B=1,419;

— JUIsl APOCCEIMPYIOIIUX Ia30B B Tapeiu KiaraHa
ufs np mMomocTH npyxusel — = 0,002.

Kak BumuMm, B Tpex cirydasx Irepenaj IaBICHHUs Me-
KLy TIOJIOCTSIMU OTIpENeIISieTCs] KBaJpaTHYHBIM TPEHHEM,
1 B ypaBHeHUH (3) MOXXHO NPUHATH, YTO
2 ¢ 2

A5 P3=Py+pa| >
M4 mp Hf3.np
2
fo | a2,
M6 mp

- ~ * 2
P4 =P1+p| AT

Ps = P2 +P2

ITocne yero 310 ypaBHEHHE YIPOCTUTCA U C yUETOM
MOJIyYEHHBIX BBIIIE PE3yIbTaTOB MPUMET BU:
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M A2 h+ (A + e / A+ (2 + 7, ) =

=f5ps —Afy py = (f; - Af}) py,
THC Ykv» Y — KOIDOUIMEHTHI TPEHHS B APOCCEIIX U B
MamxeTax,

Xkv = pT fé% /Mfinp + p; f; /p-f?az.np + p; f63 /Hf62.np 5 (®)
Am = 053an.c X0 kHp.M A),

Zr; — KOO(DOUIMEHT KECTKOCTH Uil Ta30IMHAMHYECKOM
CHUTH,

(7

’ * * L
Zrp = Kr.;[ ufea (h ) (pr —p2)s
wiomans Af; = Afy =K ufy, (h").
B kamepe ynpapieHus caBur (a3 sBiseTcs CyecT-
BEHHBIM, U BMECTE C CHJION KBaJpaTUYHOTO TPEHHUS BO3-

HHUKaeT 3aMeTHas cuia ynpyroctu. U3 paBenctsa (6) Haii-
JIeM KOMIUTIEKCHYIO aMIUIUTYRy KoJeOaHUH aBIeHHs

£, A Y

Ap = |2z =
(oV/(@%p)* +2°

azp
2 2,2 2
_|ap| Z+l.|Apl (0”V/(a”p))
£A A £ A
HepBoe cjJaracmMmoce HpaBOﬁ JaCTu OTBEYACT KBaApa-

THYHOMY TPEHHIO, 8 COOTBETCTBYIOIIAS KOMIIOHEHTA JaB-
JICHUS M3MEHSETCS B (ha3e O CKOPOCTHIO TOPIIHS:

(f, /uf, )2 A? 32
p(fy / pfyp
» “—“2 i [2/p
_ |apfz 1+41+B
ApKB: = = 9
A f, A (€]
p(fy /ufyp) N2 A7

A+41+p>)*'?

Bropoe ciaraemoe oTBeuaeT CHIIE YIPYTroCTH Ta3o-
BOW MPY>KUHBI, 00pa3yrOLIeNcs] MKy MOPIIHEM U JKHUK-
JIEpOM; COOTBETCTBYIOIAsi KOMIIOHEHTA JABICHUS H3Me-
HSIeTCs B OJTHOH (ha3e ¢ mepeMeIeHneM MOPIITHS:

188 @V i@2p)  p(fy/ufp) AP A

ynp — - Y
A, A (1+\/1+[32)2 A

B pesynbpraTe nmynapcanuu AAaBJICHUS NPEICTABIIAIOT-

Cs B BUJIE CyMMBI
Ap = Ap,; cos@t+Apy,sinot,

Ap - (10)

rae nepemerueHus h, u ckopoctu C, HOPIIHS U3MEHSIOTCS
10 3aKOHY
h, =Asinot/®; C, =Acosot.

OnTumuzanus KBajgpaTu4yHoro tpenus. OmuH n3
MOCTYJIATOB TEOPUU JUHAMUYECKOM yCTOMYHMBOCTU TJACHT,
YTO YBEJIMYEHUE TPEHHUS NOBBIIIAET YCTOHUMBOCTBH. Jlanee
MBI IOK2KEM, 4TO 3TOT 3aKOH CIIPaBEAINB U UL UCCIIEye-
MOW CHCTEMBI. YBEIWYEHUE CHJIbI CYXOrO TPEHUSI B MaHXkKe-
Tax BO3MOXKHO MPH UX YAJIMHEHHH, YTO BCTYNAET B MPOTHU-
BOpeUre ¢ TpeOOBaHMEM O0ECIIEYNTh MUHIMAIHLHYIO MacCy
u rabaputhl. Bsiskoe TpeHHe, BO3HMKAIOIIEE B TEX K€ MaH-
JKETaxX TpU OOJBIINX CKOPOCTSIX CKOJBXXEHHUs, a TakkKe B
TpyOOIpOBOAAX, SIBISIETCSl CIEACTBUEM COOTBETCTBYIOIINX
(m3naeckux 3p(heKToB, ¥ MOBIUATH HA BEJIMIMHY 3TOH CHIIBI
HerpocTo. JIpyroe 1eno — KBagpaTHM4YHOE TPEHUE, KOTOpOoe

BO3HHKAET NP TEUSHHH Ta3a 4epe3 JPOCCENH M CHIIBHO 3a-
BHCHT OT AMameTpa apocceii. Ho u 31neck mpu npoekTupo-
BaHWM ITHEBMOCHCTEMBI MHOropa3oBoro 3amycka JKP/l Bo3-
HHKAIOT OTPaHUYCHHS:

— YMEHbIICHHE IUIOIAaay MPOXOJHOTO cedeHus |ify
n/unmn Pfy TPEmITCTBYeT CBOEBPEMEHHOMY 3aIllOJHEHHUIO
COOTBETCTBYIOIMX IOJOCTEH CXKATBHIM TeHeM, 4TO yBe-
JIMYMBaeT Ha4aJIBHBIH 3a0poc KiIamaHa peryasaropa u IpH-
BOJWUT K HEJOIYCTHMO BBICOKOH KOJe0aTeIbHOCTH Iepe-
xoJHoro nporecca [15];

— YMEHBIIIEHHE IUIOUIa M MPOXOIHOTo cedeHus pf;
3aMeUIIeT U 0CialdisieT NeficTBIe OTpHIaTeIbHON 0Opart-
HOM CBSI3, YTO CHIIKAET YCTOWYHBOCTH;

— Ipu BBIOOpE TUTOLIAAM TPOXOJHOTO cedeHus ufs
HEO0OX0MMO, C OJTHOH CTOPOHBI, OTCPOYUTH Hadajlo MOIb-
eMa KJIaraHa peryssiTopa 0 Hadyana OTKPBITHS THEBMOK-
JanaHa, a ¢ IPyroi — He TOMyCTUTh 3aMETHOTO YMEHbLIIe-
HUS KPYTH3HBI 33JHEr0 (DPOHTA Y UMITyJIbca MOa4H rasa.

[TocnenHee yCnoOBHE MPEAOCTABISET KOHCTPYKTOPY
HEKOTOpYyI0 CBOOOAY B BBIOOpE AmameTpa ds ympaBisio-
LIEr0 XKHUKJIepa. B 3TOM IyHKTE MBI HailieM 3HaueHUE
3TOr0 AMaMeTpa, O0eCleuuBarollee MaKCUMyM KBajpa-
THUYHOTO TPEHHUSI.

B dopmyny (9) nnomanes pf,, BXOAUT HemocpeacT-
BEHHO, a Takxke dyepe3 Kodp¢uument casura aser .
[pusenem dhopmyiy (9) k Buny:

2
APy = oo B-[2/ (1414322,
(O]
dorrr’
MM 6h:0.2 e ® ° 00"

0.5 D et

0 50 100

Yacrora, I'11

PucyHok 5 — 3aBHCHMOCTS ONTHMAIIFHOTO THaMETpa IPOCCEs
dyr OT 4ACTOTHI M AMILTUTYIBI KOJICOaHHIA Sh

150 200

Hcnons3yemas 31ech QyHKINSA

2413/2
Xd(B)=PB-[2/A+1+B7)]
HMEET MaKCUMyM IIpU [3:2\/5 ~2,82, 4TO HETPYyIHO
YCTaHOBHTS ITyTeM T depeHIpoBaHus. YUTeM, 4TO

B=f,AoV/a’ufs) n V=f,(hy+h,),

re XOja KiamaHa hy OTBeyaeT HAYaIbHOMY 3HAYEHHIO
00BeMa MOJIOCTH.

CrnenoBaresnbHO,
uf,  oyf(hg+h,)Ah
= WA
£2 242a

@y/(hy +h*)Ah

MKy 242a

(11
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rae d, D — nmametpsl apoccens u mopmas; Ah = A/o —
aMIUTUTYa KoJeOaHui A7 IepeMelIeHni Kilanana.

Kak BumuM, onTumanbHOE 3HAYEHHE JHaMETpa
apoccenst dgnr 3aBHCUT OT YacTOTHI M OTHOCHUTENBHOH aM-
IUTUTY ABI

8h = Ah/(hy +h*)
Kosiebanuii (puc. 5), HO 3Ta 3aBUCHMOCTh cjiabasi; KpoMe

TOr0, BOJMM3M MaKCHMyMa CHJIa TPEHUSI U3MEHSETCS MeJl-
sieHHo (puc. 6). i 3HaueHUiA

® =600 1/c; Ah=0,15 mm; hy + h« = 1,5 mm; p=0,7

¢dopmyna (11) npuBoaut k cootHouenuro d/D =1/60, a
JMana3oH ONTHMAJIFHOTO BEIOOPa COCTABIISICT

1/80<d/D<1/40.
Xd Ca
1 1
-.-.....m
0.5/ 0.5
o L 0

0 2 4 6 8 P

Pucynok 6 — XapakTepbl 3aBUCHMOCTH CHJI TPSHUS g U yIIPyTO-
ctr (¢ B TIOJIOCTH yNIpaBIIeHHs OT KodddurmenrTa 3

Jlnst ynpaBisroIIei MONOCTH MTHEBMOCUCTEMBI UME-
eM ds/Ds = 1/45, T0 ecTh 3TO COOTHOLIEHHE 00ECIIEUNBAET
MpeeNbHO OOJBIIOe KBaApaTu4Hoe TpeHue. [ BepxHei
kamepsl ds/Ds=1/4, nng momocTH  perynupoBaHUS
d;/D; = 1/20, u 3TH COOTHOIICHHSA, IO yYKa3aHHOU BEIIIIC
MPUYKHE, TAICKU OT ONTHUMAIbHBIX 3HAYCHUH.

Uro kacaeTcs ynpyroro JaBlICHUS Af)ynp , hopmyna

(10), To Mo Mepe yMEHBLICHHS OUAMETpa XKHUKJIEpa OHO
MOHOTOHHO BO3pacTaeT BMecTe ¢ (hyHKIHeH

2 \\2
Ca(B) = (B/A+y1+B7)",
HO MMEET OYCBUIHBIN npeaci, KOTOpLIﬁ OTBCYACT MOAY-
JIFO CO)KUMMACMOCTH I'a3a B IIOJIOCTH U COCTABJISCT

Apympn =T a’pAh/ V;

C MPAKTHYECKOH TOYKH 3PEHHUS Mpeaesl JOCTHraeTCs HpH
3HavyeHusx > 4 (puc. 6).

HWmnenanc nosioctn ynpaiaenusi. Komnonents! (9)
u (10) KOMIUIEKCHOTO UMITe/IaHCca

W (hA) = Ay +APypp /%

KaMmephl YIIPaBJICHUS MPOIIOPIMOHANEHBI GYHKIHAM Y4(B),
C4(B) m 3aBHCAT OT 4aCTOTHI M AMIUTHTY/IBI KOJICOAHUH, KaK
9TO MOKa3aHO BhIe. HO OrpaHUYUTHCS MCIIONB30BaHHEM
9THX 3aBUCHMOCTeH B ypaBHeHmu (7) HE ymacTcs, Io-
CKOJIBKY JIaBJICHHE 32 YIIPABIIOLINM JKHKIEPOM SBIISETCS
HEepeMEeHHBIM; KpOME€ TOro, CXKMMAaeMOCTh Ta3a B STOH
Kamepe BIHMSET Ha aMIUIMTYAy IyJbCallid pacxoja B
JKUKJIEpE, YTO HEOOXOJMMO YYECTh IIPH pacuere HMIIe-
JaHca TpyOOIIpoBOJia YIPaBICHUS.

[TosTOMY MBI YCIIOXKHUM pacueTHyIo cxemy (puc. 7),
00beM V, OyzeM 31ech cuuTaTh HEOONBIINM, a JaBICHUC
Po — epeMeHHbIM. KpomMe Toro, y4urem, 4To KOMITJIEKCHBIC
aMIUIUTY bl MyJdbCallid JaBIEHUS Py U CKOPOCTH U,

ra3a B KOHIIEBOM CEUYCHHH TPYOOIPOBOJA CBSI3aHBI 3aBHU-
CHMOCTBIO

130 =Yent ) 110 > (12)

rae We(A) — umnenanc TpyoonpoBojia, KOTOPIA B ATOM
3aJjaye CYMTACTCS W3BECTHOW (yHKIMEH (OH MOIydeH
nanee).

p,\\/ po’Vo

\ t
I

Pucynok 7 — Cxema ynpapisiroiei mojaocTi

E O

3anuieM ypaBHEHUS! CKUMAEMOCTH Ul IOJIOCTEHN
paccMaTpuBacMOl CUCTEMBbI

vV d
T'd_p:fncn_Q(p_pO);
ap dt
Vo dpg
0. 20 _Q-(p-py)-f., uy,
azp dt Q-(P—po) T “0
a TaAKXKE UX OYCBHUAHOE CIICACTBUEC
V_d(p—po) vV dp
S g = fCa = = Qpo), (13)
a’p a’p

rae fi, — 3To mIomaas NONEPeYHoro ceyeHus Tpyoonpo-
BOJIA.

VYpasaenue Buna (13) Mbl pemany BhIIIE, TOATOMY
Cpady MOXEM 3alucaTh PaBEHCTBO MJISI KOMILIEKCHBIX
AMIUIUTY] TAPMOHUYECKUX KOJIeOaHui

P—Do = Ps(hA)(A—[(A V) (£,a°p)]pg).  (14)

[lepeiiieM B ypaBHEHHAX CHKUMAEMOCTH K KOM-
IUICKCHBIM aMITJIUTyAaM:
"o N N
T'p:an_Q; T'p:Q_pru():
a‘p a‘p

u gononHuM cootHomenus (14) u (15) pasercTeom (12).

(15)

[Tpummym x cucreme 4-eX JTUHEMHBIX ypaBHEHUH st
4-ex HEU3BECTHEIX D, Do, Uy ¥ Q. Pemas sty cucremy,
MOJIy4aeM HUCKOMYIO 3aBUCUMOCTb

f, :
I 104V, Y 2 +7‘2Voj_fn i‘v W (h,A)—-1
p_ amt®)  a’p a“pf,
A f,
G| S w1 |
Yo a p \a’p a’p
500540
p=Ps(hA)A+
f, AV ’
T =W (W A) | Wep (WA
. pr fna p (16)
1+ Vo +V 1—%\115(7&) Lmz(%)
fa’p fpa’p
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Takum 0Opa3oM, MEXaHHYECKHH UMIIEJAHC MOJIOCTH
YIpaBJICHUS BKIIOYAET B ceOs MMIIENAHC YIIPABISIOMICTO
npoccenst Ws(A,A) kak OTHOENpHOE ciaraeMoe; IMOATOMY
AQHAJINTHYECKHE 3aBUCHMOCTH, IIOJlyYeHHBIE B IPEIBITY-
IIeM ITyHKTE, OCTAIOTCS aKTyalIbHBIMU W JUIA OOIIETOo CITy-
yas. Uto KacaeTcs BTOpOro ciaraemMoro paseHcTBa (16),
TO BBIJCIICHHE €TI0 KOMIIOHCHT aHAJIMTUYCCKHM MCETOJ0M
3aTPYAHUTENILHO, HO JIETKO OCYIIECTBUMO IPU IMOMOIIU
KOMIBIOTEPHOH MPOrpaMMBbI.

[IycTh COOTBETCTBYIONIMI HMIICIAHC MMEET OIHCa-
Hue Buna Z(A,A). Torga cymmsl

s M A) = 0,5(Z(0, A) + Z(=1,A)) 1
Wy yip (8) = 0,5 (Z( A) = Z(=1 A) )/

SABIISIOTCS AHAINTHYECKUMH (QYHKIUSIMH OT BEIHYHHBI
A2 (TO ecTb, YETHBIMH 110 KPYTOBOH 4acTOTe ®) U Mpea-
CTaBJISIIOT TPEHHE M YNPYToe CONPOTHUBIICHHE Ta30BOH
MPYKHUHBI, PACTIOIIOKEHHON 3a IPOCCENeM YIIPaBICHUS
n BUOpHpYIOIIEH C yKa3aHHOW 4acTOTOW M aMIUIUTY-
Joil.

Hmnenanc mMeer Takyro ke (QU3NYECKYl0 pasmep-
HOCTb, KaK BOJHOBOE COIPOTHUBIIEHHE ap, U 3TOT MHOXKHU-
TeJIb MPUCYTCTBYET B (OpMyJax Jyisi MMIeJaHca TpyOo-
npoBoJoB. [I03TOMy Ha HEro MOXHO pa3feIUTb BCE HM-
MeTaHCHl U MEPEeUTH K Oe3pa3MepHBIM BenmunHaM. Torma
paBeHcTBO (16) mpuMeT BHI

PmiVai Pm2Vm2 Pm3Vas PmaVas

A
mEREEEEER

pm ’Vm
usn T
Py V,
Uo p N
PoYo e
a o

L _w.oaa+
ap

2
f[l—”%(x A)j YDA (17)
f fa
+ .
l{vow(l_ww,mﬂ_w
fa fipa

Nmnenanc rasosoii npy:xunbl. [Ipocreiimas pac-
YyeTHas cxeMma OJIOKa yNpaBJICHUsS] ITHEBMOCHCTEMBI MOKa-
3aHa Ha puc. 8, a. Ecnm 1 3TOi cXeMbl JTOMOJTHUTEIEHO
MIPUHATE JIOMyIIEHHE, YTO O0BEM TYNHUKOBOM IOJIOCTH
V1 =0, ToO MBI IOJy4UM KJIACCHYECKYIO T'a30BYIO IPYXKHU-
Hy, KOTOPYIO B aKyCTHYE€CKOM INPHOJIMKEHUH PAaCCUUTHI-
BAIOT 110 TeM ke (opmyiiam [14], 4TO ¥ HMIMHIPUYECKYIO
npyXuHy cxatus [16]. B wactHOCTH, DaBieHHs B KOHIle-
BBIX CEUYEHMSX cToj0a rasa MpeAcTaBIsIOTCS B BHIE Clle-
JYIOIINX OECKOHEUHBIX CYMM:

Po(t) = ap[uo(t)+2K2 uo(t—21)+2K4u0(t—4t)+..} ;
P (1) :ap[zKuo(t—r)+2K3 U (t—31)+
2K ug(t-57)+...|,

rae T=L/a — 3ana3apiBaHue BOJIHBI HA JUIMHE TpyOOIpo-
Boma L; K=exp(—&t) — xoapduumeHt ee 3aryxaHus.

—E—EE—X
E STk

s “%
IR

IIK8 IIK6 IIK7 IIK9

8

OIIK1

HK3

IIK5S

Pucynok 8 — PacueTHble cXeMbl THEBMOOJIOKA YIIPABIECHHS: @ — IPOCTEHINast; 6 — pa3BETBICHHAS; 6 — PealbHasl.
Ha cxeme npunsts! cokpammenust: [IK — maeBmoknanan; DI1K — sanexrpornHeBmMoknanan; Pl — perynsatop naBieHus

@akrop 3aryxaHus & ans TpyOOmpoBOJOB OJ0Ka
YIPABJICHUS] BBIYUCIIETCS TIPU HCIIOJIB30BAHHU 3aKOHO-
MEpHOCTEH HEYCTaHOBHBILErOCS JIAMUHAPHOTO DPEXUMa
Te4eHus 1o GopmyIe u3 padboTsl [17]

g, =6v, /d> +(8/d)\Jo, (n7) ,

r7e v, — KHHeMaTH4eckas BA3KOCTh rasza; d — nmuamerp
TpyOOIpoBOA.

DaxTop &, 3HAUUTENBHO (Ha MOPSIO0K) IIPEBOCXOAUT
AHAJIOTMYHBIM PE3yJIbTaT, IOJIYYAOIIUNCA II0 TEOPUH

ITyaseiins 11sl CTALlMOHAPHOTO TEUEHUSI.
YuTem paBeHCTBO

g (t) = g exp(h1)
U HucnonbzyeM (GOpMyly A1 CyMMBl I'€OMETPUYECKOH
HPOTPECCUH; TOTrIA 3TH (POPMYJIBI IPUMYT BHI:

Po =api [(1 + K2 exp(—221)) (1- K2 exp(—ZM:))J - (18)

pr =apu [ZK exp(—-At)/(1- K? exp(—Zkr))J . (19

B pesynpraTe HECHOXKHBIX HpeoOpa3oBaHHUH PaBEH-
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ctBa (18) u (19) cBopaunBarotcs:
po =apcth((A+&,)D)uy;
pr =ap[l/sh((A+&,) D] ug, (20)
HO st (18) mam moHamoOuTcs eme oxHa Qopma. Boc-
MOJI3yEeMCSl PaBEHCTBOM
exp(—2At) = (1-th(A1))/(1+ th(A1))
U TIOJTY9UM:
po=2ap [(1+8th(7w)) /(8+th(7n))] ug, 21
rae
§=(1-K?>)/(1+K?).
Takum 00pa3zoMm, IS MPOCTEHIIEH CXEMBI yIIpaBie-
HUS IMITETaHC IMEET BH
W (M) = ap[(1+8th(A1))/(5+ th(A1))],
HO, ‘1TO6])I MpaBUJIbHO MOACIUPOBATH HMKHHUE YaCTOTHI
KoyiebaHui Tpy>XuHBI [16], 3TOT pe3ysabTaT HYKHO yTOU-
HUTb U JONOIHUTH craraeMbM (§/A)W . (A) :

W o (M) = ap[(1+8th(A1) (3 + th(ht)] (1+E/R) . (22)

@opmynsl (20) - (21) yrounsror Teopuio padoTsI 8]
0 nepeAaToyHol (QPYHKUUH U UMIIEIaHCe MEXaHHMYECKOro
YETBHIPEXIOJIIOCHUKA C PACHpPEENCeHHBIMU MapaMeTpaMHu:
B HUX ra30JJMHAMHUYECKOC COMPOTUBJICHUE TPYOOIIPOBOIA
YYTEHO Kak pacnpejieieHHOe, a He MECTHOE.

Temepb y4TeM CKMMAeMOCTh ra3a B TYIMHKOBOH IO-
JIOCTH, HuMerIel o00beM V>0, mIg 4ero 3amuilieM

cht’
H/™m Al
A,
10° 5 K
0 ced e
-10°
0 50 100 150
Yacrora, [

a

yYpaBHEHHE C)KUMAaEMOCTH:

AV f
- -i(F+W):Lp-(F—W), I
a“p dt ap

Vi -i(F+W):F—W,

fpa dt

rae F, W — ipsimasi ¥ oTpakeHHast BOJIHBI AaBJICHUS,
F+W=p,, (F-W)/(ap)=u,,
U TiepereM B 3ToM TudQepeHInaTbHOM COOTHOMEHHH K
KOMITJIEKCHBIM aMIUTUTYIaM TApPMOHNYECKHX KOJIEOaHUM:
AV, /(fpa)] (F+W)=F-W,
otkyma W =Ky, -F;
351ech KO3 GHULIMEHT OTPaKEHUS
Ky =(1=2V, [(fgy @)/ (14 2V, /(Eyp @)
B pesynbrate paBenctso (18) mpuHuMaeT BUI
Po =apii [(1+Ky exp(-2(+&,) 1))/
/1=Ky exp(=2(A+ &) ’C))] ,
nim
po =ap [(1+3th((A+&;)D)/(5+th((A+E,)1)] Uy, (23)
rie
d=(1-Ky)/(+Ky)=AV)/(fa).

Zcm’
H/™m
Al - AZ
5-10° : \
. ]“‘
0 \ 7
.ﬁ' \‘ A3
-5-10°
0 50 100 150
Yacrora, ['ng

0

PucyHnok 9 — 3aBucuMocTH KOA(pPHUIMEHTA )KECTKOCTH OT YaCTOTHI M aMILTHTY b KoJeOanuii kianana (A; = 0 m/c, A, = 0,05 m/c,

A; = 0,1 M/c): a — mpocTeiiias cxema; 6 —

3HaueHus KOIDDUIMCHTA KECTKOCTH Z, Ta30BOU
MPY>KUHBI, MOJYYEHHBbIE KAaK pEaKTHBHAs COCTaBIIAIOIIAS
nmnenanca no ¢opmynam (16), (22) u (23) anst pasHbIX
YacTOT M aMIUINTYZA KoJjeOaHWil KiamaHa, IOKa3aHbl Ha
rpadukax puc. 9, a. HayanbHblil y4acTOK COOTBETCTBYET

3aBUCUMOCTH

) 2.
Zept =4 p(f5 /(VT +Vcnt )+ Mept AT 24)
_ 2
Mept = p(f5 /fcnt) Vcnt’

re NepBOE CIaraéMoe OIMUCHIBAET CXKUMAeMOCTh raza B

cymMMapHOM o0ObeMe TpyOorpoBoma Vi, ¥ TYNHKOBOH
nojoctu Vr, a BTOpoe — MHEPLUIO ra3a B TpyOonpoBoe.

MeTtox pacyera MeXaHM4eCKOro MMMedaHca JJIst
NHEeBMOOJI0Ka ynpaBienus. K coxanenuto, npocreitmas

Pa3BCTBJICHHAA CXEMa OJ10Ka yHpaBJICHUA

cxeMa, TOKa3aHHas Ha puC. 8, @, MJIOXO COOTBETCTBYET
peaibHOM cxeme Oj10ka ynpasieHus. [IpuauHoil sBisiercs
TO, 4TO K Hayayry pabOThl MHEBMOCHCTEMBI 3amycka JKP/]
y’K€ OTKPBITHI JJIMHHBIE JIMHUM YIPaBJICHUS, BeIylIHe K
OpyruM notpedutensM. bonee peanmuctiuHO# sBIsIETCS
pacyeTHas cxema, [oKa3aHHas Ha puc. 8, O, 1 IMEHHO OHa
WCIIOJh30BaHA B NporpaMMHOM Komruiekce [1-4]. 3xech
BBIJIENICHA [IEHTPaIbHAs MOJIOCTh 00BbEMOM V,, OT KOTO-
poii uayT TpyOOTIPOBOIBI K TYIHKOBBIM HOJIOCTSIM, @ TaK-
e K TIOJIOCTH yTIPABJICHUsSI PETyJIATOPA.

3aMeTuM, 4TO CeTh TPYOOIPOBOIOB YIIPABICHHS SB-
JIAETCSL HEMPOTOYHOM M HE MMEET MapajuleNIbHbIX LENei u
AKTHBHBIX 3JIEMEHTOB, BO30YKJAlOIMX KoyebaHus. ITo
MO3BOJIMJIO OTKA3aThCs OT CIOXKHBIX METOMO0B [9], ucmons-
3YIOIIUX MEePEeAaTOYHbIE MAaTPULBI WIIK Ipadbl, U Mpeaso-
KUTb HPAMOU MemoO paciema UMNeOaHcd, KOTOPBIN
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omnupaercs Ha pa3paboTaHHbIC NpaBHA MEPEcYeTa ITOH
BEJIMYMHBI [IPU TOCIIEI0BATEILHOM COEAMHEHUH TPYO.

HamomuuM, 4to BenuuuHa, OOpaTHas MMIETAHCY,
Ha3pIBaeTCsl aomummarncom [12]. Bymem cumrath, 4TO
aJIMUTTAHC C BXOJUT B COOTHOIICHHE

u=cp/(ap),

TO €CTh C TOYKH 3peHus (U3NKU 3TO Oe3pa3MepHas BeJH-
guHa. ChopMyIarpyeM U JOKaKEeM JBE TEOPEMBI.

Teopema 1. Ilycmv 6 nonocms obvemom V npuxo-
oum 0dun mpy6onposoo ¢ niowaovio cevenus fy, a yxo-
osam n mpyb6onpoeodos, umerowux niowaou f, ..., f, u
AOMUMMAHCHL Cy, ..., Cy. T020a 6x00HOU MPYyOONPo6oo Ha
CMbIKe ¢ NOAOCNbIO UMeen AOMUMMAHC

co =W /fp)ep +...+ (£, /fg)e, +(V/IEp)A/a. (25)

JokazarenscTBO. 3amumeM ypaBHEHHE CKHMAaeMO-
CTH JUIsl TIOJIOCTH U NIepeiieM B HEM K KOMIUIEKCHBIM aM-
TUIMTY/IaM KOJIeOaHH:

V dp

T~d—=f0u0— Z fJuJ =
a‘p dt =L

AV ~ ~
:>—~p=f0u0— Z fJuJ
j=L,...,n

8.2[3

Bocrnonb3yeMess  onpeneneHueM

u; =c;pl(ap) ,
j=0,1,...,n ¥ monyuum
AV foCOf)_ Z fJCJf)

_f) =
j=L...,n ap

azp ap
OTKyza
AV
—=f000— Z fJC]
a j=l,...,n

VYTBepKIEHUE N0KA3AHO.

Teopema 2. Ilycmv y mpybonpoeoda ¢ 2azom OnuHa
paBHa L, a 6 e20 @bix00HOM ceuenuu admummanc pasen
Cron- 1020a AOMUMMAHC 60 6XOOHOM CEYEeHUU EbIYUCTISC-
cs no opmyne

Craq = (Cxon + Cp ) /(14 Con crp) > (26)
20€ Cy, — 9MO0 AOMUMMaHc mpybonpoeooa npu 3axKpulmom
8vixooe,

Crp (M) = [(8 +th(A1))/(1+3 th()ﬂ:))] ;

§=(1-K?)/(1+K?); t=Lla.
JoxkazarensctBo. Bocmonesyemes pasenctBamu (20),
a TakkKe CHMMETpHel cToyiba Ta3a B OTHOIIEHWH BBIOOpa
KOHIIEBBIX CEYEHUH U JIMHEHHOCTBIO €r0 YpaBHEHMH, OT-
Ky/ia BBITEKAIOT CJICIYIOIIUE (POPMYJIBI IS KOMITJICKCHBIX
aMIUTUTY;
Praq /(@p) = W1 Uyaq — V5 Uy
Pron /(8p) = W5 Uyq — W1 Ugoys
rae Wy =cth(A-&)1); ¥, =1/sh(A-&)1).
YdreM, 94TO IO YCIOBUIO TEOPEMBI
Uon = Cxon Pron /(@P)
CJIEIOBATENIEHO
Pron = V2 Uyaq /(1+ ¥ Co) =
~ 2 ~
= Puay = (\Pl - ‘P2 Ckon /(1 + \Pl Cxon )) Upag
TO €CTh

C

Ha4y

1+¥ _
= 2 1szH = “lplz ~W3 =1, % =cpp
Y+ -¥2)e

KOH
_ Crp + Cxon

1+ C1p Cxon

Teopema nokasana.

3ameTuM, 4TO B OJIOKE yNpaBiIeHHS OOJIBIIMHCTBO
TpyOOIIPOBOZOB MMEET OJMHAKOBYIO IUIOLIA]b, & aJMHT-
TAaHCOM TPYOONpOBOJA SIBISIETCSI TMIIEPOOJIMUECKUI TaH-
re’c u ¢opmyina (25) COOTBETCTBYET IpaBUITy BBIYHCIIE-
HHUS THIEpOOMUECKOr0 TaHreHca CyMMBL [loaTomy
CMBICTI JIOKa3aHHBIX TEOPEM MOXKHO Iepe/iaTh CIEAYIOIer
(pazoii: Mpy MapauIeIbHOM COESANHEHUH TPYOOIIPOBOIOB
CYMMHPYIOTCSI 3HAYeHHUS! aJMHTTaHCOB — THIepOosmye-
CKHUX TaHT€HCOB, a IIPU MOCIJIEA0BATEIILHOM COCIMHEHUN —
CYMMHPYIOTCSI 3HAUCHHUS UX apIyMEHTOB (TO €CTh apKTaH-
TEHCBI OT aIMUTTAHCOB).

Pesynprar npumenenus teopem 1 u 2 K pacdeTHOH
cxeMme, TIOKa3aHHOW Ha puC. 8, 6, IPOUJUTIOCTPUPOBAH HA
puc. 9, 6, rae mokasaHbl TpadUKH PEAKTHBHOW COCTaB-
JISIIOILEH yJeNbHOT0 MeXaHudeckoro umnenanca. Cpas-
HUBas Cc puc. 9, @, 3aMedaeM CYIIECTBEHHbIE OTIUYHSI TIO
PacIoNOKEHUI0 PE30HAHCHBIX YacTOT; KPOME TOro, Ipu
OJIMHAaKOBOM O0BEME ra3a yTOYHEHHas cxema o0Jiajaer
BIBOE OOJbIIeH mpuBeneHHON Maccoi. [TosTomy s pe-
LIEHUs 33/1a4 3TOT'0 UCCIIEIOBAHMS IIPECTABIISETCS LieIIe-
COOOpa3HBIM HE 3aHUMAThCS YIPOLICHUSIMH, a TIEPEUTH K
peampHON cxeMe OJOKa yIpaBIIeHHs, ITOKa3aHHON Ha
puc. 8, 6. Ilpu ucnonszoBanuu Gopmyi (25) u (26) ana-
JU3 CXEMBI, coaepkameil okojo 20-Tu TpyOOIpOBOIOB,
HE MPEZCTaBISIET OONBIINX TPYAHOCTEN.

Meroj pacyera umrnenaHca OjioKa ynpaBieHHs HC-
HOJIb3yeT OOBIYHBIA aJIrOpUTM 00paboTKH rpada, B KOTO-
POM OT MEJIKMX BETBEH MEepexXoasiT K Ooiee KpyIHBbIM BET-
BSM, a 3aTeM II0 CTBOJY JIepeBa CITyCKAlOTCsS K KOPHIO,
KOTOpPBI B ATOW MOJENHU pacrojaraercs B IOJOCTH 3a
YIOPaBIAIOIUM JIpocceneM. AIMHUTTaHC KpaliHel BeTBU
BBIYHCIIIEM IO (pOpMYyIIe

¢i= (Sj + th((k+§j)rj))/(1+ Sj th((A + F,j)rj));
a aJIMUTTaHC TPOWHHKA — 10 opmyIie
¢ =(8+cy +cy Hth(A+&)) 1) /(1+(8) +cpy +C, ) ¥
xth((A +&)) 1)),

I7ie MHJIEKChl M U N OTBEYAI0T MEJIKUM BETBAM, KOTOpHIE
00BeANHSIOTCS B OOJiee KPYITHYIO BETBb C MHAEKCOM .

Tpolinuku Ha cxeme puc. 8, 6, 0003Ha4eHb! U ppa-
mu 1,2,...,9. PesynpraT peannzanuu 3TOro MeToja pacue-
Ta O1M30K K Tpadukam puc. 9, 6.

[Tocne pacuera peakTHBHOH Z., U aKTHBHOH f., CO-
CTaBJIAIOUICH MMIIeAaHca OJIOKa YIpaBIICHHS ypaBHEHHE
(7) npuHUMAaeT BU:

mmkzﬁ"'(ka.C A+cht T Am /A)}"ﬁ"' 27)

H(Zn + Zp g+ Znp 5 + Zone) D = —Af) Py = (F; — Af)) Dy,

e Ykve =Xkv T Xmp.55 Xmps5» Zups — KO3 HULHEHTBI
TPEHHUS U YIIPYTO# CHIIBI B YIPABIISIOIIEM JApOCCee,
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Top.s (@,8) = 0.505 (£3 /ufs ) )AP[2/(1+/1+ B2 2
Zp.5(0.8) = p5 £5/pf3 L AoB/(1+41+B7);

*2 02
Bp=1f5sAwVs/(as ufsyy) .
TakuM 00pa3oM, [UIs BBIIOJHEHUsI MOCTABICHHBIX
3a/1a4 OCTAIOCh HANTH CBSA3b MEXIY aMIUIUTYIAMHA Py, Py

1 h xomeOanwmii HaBiIeHNs ra3a U MOAbEMa KilallaHa.

HMnenanc BXOAHOTO M BBIXOJAHOTO TPYOONPOBO-
AaoB. B ortimume ot Gnoka ympaBieHHs, O 3THM TpyOo-
MPOBOJIaM TedeT TYpOyJIEHTHBIH IOTOK Ta3a, MMEIOIIHH

MOCTOSIHHYIO CPEIHIOI0 CKOPOCTh uik 5 U IIyJIbCUPYIOILYIO

COCTABIISIOLIYIO CKOPOCTH U, 5. [loaTomy ¢haxrop 3aryxa-
HUS BOJHBI BEIUUcIAeTcs 1o popmyne [Ipasarns

(2]72 = 0, 079 uik’23/4 Url/4 /d15’/24 .

CymmapHsbIii k03¢ uItneHT moTeps AaBICHUS 3aMe-
HSI€TCS AKBHUBAJICHTHBIM PACIPEICIEHHBIM COIPOTHBIIE-
HHEM, KOTOpO€ YBEINYMBAET 3HaUCHUE (paKTopa &.

O0beM OayyloHa NPUHHAMACTCS OECKOHEYHO O0Jib-
IIMM, [TO3TOMY TpeAebHbIN nepexon B (18) npu ycinoBuu
A — o0 IPUBOJUT K PaBEHCTBY

pp =—a;pp th((A+&)1))u; =
th@r)+th@Ery) o
1+th(r) thEry)
rze a;, p1, T| — CKOPOCTh 3BYKa, INIOTHOCTH ra3a M 3amas-
JIBIBAaHUE BOJIHBI HA IJIMHE BXOAHOTO TPyOOIPOBOA.

CBshKEM IyJIbCAllMIO JIABJICHUSI C ITyJIbCAIl[eHd CKO-
poctu kiamana. C)KMMaeMOCTBIO ra3a B MOJOCTH Tepen
KJIaraHoM TpeHeOperaeM. Toraa BMeCTo ypaBHEHUS CHKU-
MaeMOCTH UMEEM PaBEHCTBO 00BEMHBIX CKOPOCTEH:

flul :Ql +Afll.l 5
OTKyZa, ¢ yaeToM (5), moiaydaem
fi 8y =k (B /1) Qf +K,, (h/h")Qf +Afy Ah,

(28)

=-a1 P

1501040
Uy /uf =ky, Py /py +K, h/h" +(Af /f)(Mh/uT), (29)

Yo L~ m k2
..... A /]
0.9 v V 1
0.8 10
£ N I
0.7 : -1
0.6 -2
0 50 100 150
Yacrora, 'l
a

TJI€ MHOXHWTEIb K“ €[0,9; 1,2]; ero BenuM4MHA 3aBUCHUT
OT XapakTepa n3MeHeHHs KodpPHIreHTa pacxoaa:
* * * ’ *
Ky (") = 14 0 (e (h"))' /g ().

Vurtem, uto Af)/f; <0,005 u A/uj <0,01, mosto-

My TocliefHee ciaraemMoe B (29) moxHO oTOpocuth. U3
CUCTEMBI paBeHCTB (28) u (29) momydaem

u_ K h

o L+ATY) pt
B K, I+ th(hty) th(g;7y)) .
1+ A th(ET) + th(hr) (th(EyT) + At)

- KW i
apu; IHATY)
K, (th(§;7y)+th(rty))

1+ At th(§ 1))+ th(At)) (th(§ 1)+ AT) .

(30)

b
h*’

h
h_*’
rac
* * *
At =k upaypy/py =ky, (ug /a)) 75
\Pl = th((}\.‘i‘(gl)'fl) .
Z; — (haKTop CXKMMAaEeMOCTH TEJHsl BO BXOJHOM TPYOOIIpo-

BOZIE
Bocnonb3yemcst paBeHCTBOM

(a+b)/(c+d)=(ac—bd)/(c? —d?)+(ad —bc) /(c* —d?)
U TOCJIe HECJIOXKHBIX NpeoOpa3oBaHuil npuseaeM (opmy-
ny (31) x cremyromeMy KaHOHHYECKOMY BUY:

—p M(@1p) =Wy W)L+ WPh,  (32)

rae W Woir

JSIOLIME MMITEIaHCa BXOAHOTO TpyOONpoBOAa, KOTOPHIE
SIBIIAIOTCS YETHBIMH (DYHKIUSIMU OT YaCTOTHI KOJIEOaHHH.
K ananornunomy Buny npusoautcs dpopmyaia (30):

pla > — OTO AaKTHBHAd U pCaKTHBHAA COCTaB-

U /uf =¥ (W) Ah+ ¥ (A)h; (33)
rpagyku  UCNONBb3YeMbIX (YHKIMHA TPUBEJCHBI Ha
puc. 10, a.

lPaz lI"r2

3 N\

.o
o
O
g
0
o
*
Q
R

e, :PrZ
o 0.5

2 — 0
\ -‘Ila2 i
1 . -0.5
0 -1
0 50 100 150
Yacrora, 'l

0

Pucynok 10 — 3aBucumocts akTuBHOM ‘W, M peakTuBHON W, KOMIIOHEHTHI UMIIEJAHCA OT YaCTOTHI:
a — BXOJHOM TpyOOIIpoBO; 6 — BEIXOJHOM TpyOOIpoBog

Jns aHanmm3a BEIXOZHOTO TPYOOIpPOBOJA 3amHIIEM
YCIIOBHE OTPAXKEHHSI BOJIH y BBIXOAHOTO IPOCCEIIS:

K [(F+W)/p3Ju5 = (F-W)/(ayp,).,
OTKyJa Iojy4acm
W:KOTPF,

rae Py =a3py/(kzy)
Komp = (1=0.5(k+1)zy u3 /ap) [(1+0.5(k+1)z5 u3 /ay),

F, W - npaMas U OTpaK€HHasli BOJIHBI AaBJICHUS; a),
P2, Z» — CKOPOCTH 3BYKa, MJIIOTHOCTb U (I)aKTop C)KUMAacMO-

Bicnux HTY «XIIl». 2016. Ne 26 (1198)

99



Jlunamixa i MiyHicms Mawun

ISSN 2078-9130

CTH Tenws B BBEIXONHOM TpyOompoBone; K, — mckombrit
KOX(QUIUEHT OTpaXeHUs, KOTOPBIA, KaK OKa3ajoCh, B

OCHOBHOM 3aBHCHT OT 4mcia Maxa U3 /a, M MOKasaTens
apuabarsl k; ki, =(k+1)/(2k) — xoadpdunuenr nunea-

pu3ammu Kputudeckoro pacxona (hopmyna (5)).
PaBenctBo (18) mis BBIXOJHOTO TPyOOIpPOBOJA TMO-
JIy9aeT BUJI

2
1+K* Ky exp(—241,)
2 b
1-K"Krp exp(—2115)

P2=2a3py Uy

1501040
Py =ayp, [(1+8, th(A 1)) /(8; +th(Aty))] Uy,  (34)
rie

8y = (1=K* Ko ) (1+K? Ky )  0,5(k +1)zy u5 /2, .

orTp
VY ananuszupyemoi cuctemsl O, €[0,2;0,3], a ecnu
MPHUHATE 0, = 0, TO MPH HU3KHUX YaCTOTAX

P2 ®aypy /(A1) U, .

[TosToMy, HCTIONIB3YS aHAJIOTUYHBIE BHIKIAKH, PABEHCTBO
(34) 6pL10 IPEBENIEHO K CBOEMY KaHOHUYIECKOMY BUAY:

~ -1 2 21~
P2 /(a2p2) = (A13) " [¥o0 AF)A+ W5 0] Uy5 (35)
Takas (popMa MpeNCTaBICHUS STOW 3aBHCHMOCTH OKa3a-
Jach YAOOHOH Iutsl manbHeirero pemnieHus. Mcmonssye-
MBI€ 371eCh (DYHKIIMU OITUCHIBAIOTCS (popMyamMu
%)
2= ;
83 cosh? (A1) —sinh? (A 1)
2
_ (1-83)th(A15) (A1)
th®(L1,)— 53
a ux rpaduku mokas3ansl Ha puc. 10, 6.
Temeps, mpeHeOperas CKUMaeMOCTBIO Ta3a B MOJIOC-

TH IOCIIEe KiamaHa, a Takke Iuomanbpio Af), 3amuinem
PaBEHCTBO ISl 00BEMHBIX CKOPOCTEH:

(36)

\Pr2

frup =(py/pp)fyuy +f3h,
OTKya
ﬁz = (plfl /p2f2)ﬁ1 +(f3 /f2)7\.fl , W1
82 =[(Prf)) (P22 0] [¥a1 W) A+ ¥ 0F)]+Af3 /£ 1.

Yurem paBeHCTBO (35) M MONyYUM HCKOMYKO (op-
MYJTy ISl IMITEaHCa BBIXOAHOTO TPYOOIPOBOIA:

~ a
p2 :2—p2[‘ljaz}\.+l}1r2]x
7\.’52

fi (Y f ~
><|:pl 1 -u1~( rl+‘{1a1j+—3:|'7\,h.
pafa A fy

YpaBHeHue Il 4ACTOT U AMIUIMTYA CBOOOJHBIX
HeJIMHEHHBIX KoJie0aHuil MHeBMOcUCTeMbl. B mpeabl-
IyIeM MyHKTEe (aKTHUSCKH MPCHEOPEry BEITHUHHON
wiomany Af; B ypaBHEHHSX CKIMAEMOCTH Ta3a; CieIoBa-
TEJNBHO, YTOOBI COXPaHUTh CUMMETPHIO YPaBHCHUH Mexa-
HUKH, TOJDKHBI NMPEHeOpeYh 3TOW BEIMYUHON B ypaBHE-
Hun aswkeHus (27). [loacraBum B 3T0 ypaBHeHHE (op-

Myny (37) 1 mocne cokpamieHus Ha aMIuuTyny h u apy-
I'MX OYEBUJIHBIX IPE0OPa30BaHUI MIOIYUYUM 8E€KOB0€ YPAG-
HeHue IS 9acTOT A (M aMIuUTyX A) CBOOOIHBIX HEJIH-

HENHBIX KOJE€0aHWI CUCTEMBI:
Ag 2+ A (2, M)A + A, (A2, M)A+ A3 (A2,A) =0, (37)

rmue
Ag =my,;

Al =Lhye A+ Xent + o / A+ Wy (My + M7 W) 13
Ay =2z +2p + Zup5 + Zent + KWW+
+P 2 My +M7¥,1) 157 + Yo
Ay =Kr¥ Wi + 2 &ns
K =K, (f;/f,)a3G" /h}; My =ApKp 1o k(L;/Ly);
My = (f3/£,)° 3oL, .

Hanmomuum, 4To B 3THX (hopMyIiax OT aMIUIUTYAbI A
KoJe0aHuH CKOPOCTH KIIaIlaHa 3aBHCAT Takxke K03 uIm-
CHTBI Ykv.co XM> Xents Zz[pAS; Zent-

Benmuuaer Mt 1 My uMerOT QU3NYECKyI0 pa3Mmep-
HOCTb MaccChl, MpuueM My — 3TO MpuBeAeHHAs (K peryu-
pyloleMy TOpIIHIO KJIalaHa) Macca ra3a B BBITYCKHOM
TpybomnpoBoze, a My — obmias mpuBeIeHHas Macca rasa
BO BIIyCKHOM U BBIIYCKHOM TpyOompoBoaax. Bemuunna
Kt umeer pazmeprocts H/m, 310 xoappduyuenm ocecm-
KOCmu 06pamHoll 653U pecyisimopa.

®opmanbHO ypaBHeHue (37) 3ammcaHo Kak KyOwde-
CKO€ JUISl 9YaCTOTHI A, UTO JIaeT OJIMH M3 KIIIOYeH K ero pe-
LIEHUI0, HO OHO SBJISIETCS HE anreOpanyeckuM, a TpaHc-
LIEHACHTHBIM, 1 3TO CYLIECTBEHHO YCIIOXKHSICT aHAJIH3.

[pocrevimmit meron pemeHus (37) ommMCHIBaeTCS
UTEpALMOHHON CXeMOU

Ao 1y + A YOG M)A + Ay (A, A Ay + A3 (4,4) =0,
j=0,1,2,...,

rze Juiss HEKOTOpOoW (MKCHPOBAaHHON aMIUIUTYABI A BbI-
OmpaeTcss HadaIbHOE 3HAYCHHE MCKOMOM YacTOTHI Ay W3
muarrazoHa 100i...500i, a 3aTeM 3TO 3HAUEHUE YTOUHSIETCS
IMyTeM IIOCIEIOBATEIBHOTO PEIICHUS KyOMYECKHX YpaB-
Henui. [Tocne ka0l Tepanny U3 TpexX 4acToT BRIOMpa-
€TCs MUHUMAJIbHOE T10 MOJLYJIFO YHCTIO A ;.

Pe3ynpraT Takoro pemeHus MPOWUTIOCTPUPOBAH Ha
puc. 11, a. Bennuuna

K, =exp2rno/®), a+i-o=i, ©>0

ompenenser koddpduiment 3aryxaHus (WM, B APYTHX
clIydasix, BO3pacTaHms) KoneOanuil. s amMmmuTymsl
A =0,008...0,035M/c anroOput™M CXOAMTCS K PEUICHUIO,

KOTOpOE SIBJISIETCS KOMILIEKCHBIM YHCIIOM, a Ha APYTHX
yuyacTkax He cxoiutcs. IlosydeHHbIe peleHus] OTBEYAIOT
3aTyXaloIIM KOJIeOaHHsM.

Jlist ManbIX aMIUTUTY[, KaKk MOKa3aHO Jayiee, 3aBH-
CUMOCTH K03(D(HUIIMEHTOB Ay OT YaCTOTHI A OCTabeBaeT, U
B QITOPUTME JOIMYCTHMO HCIIOJIB30BATh CpPEIHEE 3Hade-
HME Acpj, BEIYUCIAEMOE 110 ABYM MMHMMAIBHBEIM (II0 MO-
AyJII0) KOPHAM KyOM4YECKOro ypaBHEHHUS A 1 »:

7\‘Cp.j = 05R€(7\.J1 +}\.J2)+051m0\.—|1 _}\’jl) .

B pesynaerate pocturaercss CXOOUMOCTh METOHA
(puc. 11, 6), HO TmONMy4YEeHHBIE 3aBHCHUMOCTH SIBIJISIOTCS
MIPUOIIIKEHHBIMH.
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K, VvV, K, Vv,
1.0 = 1.0 =
0.8 Y 1% 08 1%
7 L
| \ | A
0.6 7 74 40 0.6 )/ / 40
K,
0.4 1 / 0.4 4
/f 120 [, 120
02H ,ﬂ“/ 0.2 |
0 0
0 0.01 0.02 0.03 0.04 A,m/c 0.005  0.015A m/c
6

a

Pucynok 11 — 3aBucuMocTH 9acToThI vV ¥ Ko duirenTa 3aTyxanus konebanuii K, ot ux aMmuuty s A:

a — METOJ IPOCTHIX UTepauuii; 6 —

3ameTuM, 4YTO BEKOBoe ypaBHeHHE (37) MOIe3HO
MPEACTaBUTh B BUJIE!

A2 +B;(A2,A)A+B,(A%,A)=0.

e By =(A;+A3 /A3 /Ag; By =Ay/Ag.

Ecmu B (38) 3nauenns B, B, 3apuxcupoats, momy-
YUM KBAQJPAaTHOE YpaBHEHHE, OIUCHIBAIOIIEE YACTOTHI
KoJIeOaHUN OJJHOMACCOBOW CHCTEMBI.

(3%

Cayuyaii MaJbIX aMIIuTya koJjedanuii. Koxpdu-
LUEHT KeCTKOCTU 00PATHOI CBA3U M CTATHYECKAs yC-
ToiunBOCTh. 13 popmynsl mns xorddunmenta A, cie-
nyet, aro mpu ycnosuu A — 0 u wactora A — 0. Ecim
YacTOTHI KOJICOAHUI Malbl, TO B KOX(P(QHUINEHTAaX ypaBHE-
Hus (38) 1OmyCTUMBI 3aMEHBI

th(r 7)) ~ At (1-(A1))*/3),

KOTOpPBIE 03HAYAIOT, YTO TPYOOIPOBOMAKI C Ta30M MOJIEIH-
PYIOTCS KaKk PaBHOMEPHO CXKHUMAaeMbIe MIIHHIPUIECCKUEC
MPY>KUHBL, TNI€ YYUTHIBACTCS KECTKOCTh W TPHUBEICHHAS
Macca BUTKOB. [I0CKONBKY Majbl M aMIUIMTYIBI Koyeha-
HUH, MOXHO TIpeHeOpedb KBaJpaTHYHBIM TpeHHeM. B pe-
3yJbTaTe BEKOBOE ypaBHEeHHE (38) M3 TpaHCIEHICHTHOTO
IIpeBpalaeTcs B KBaApaTHOE ypaBHEHHE

MpA2 + (/A= My 83 1A+ Zyy =0,

(39)

(40)

rac
My, =Ky (1/85 =1)13 /8 + Mgy +my, ~ Ky 75 /83 ;
an ZKT /82 +Zr.£[ +Zept +--- R KT/SZ

— Macca 1 K03 (PUIHEeHT KECTKOCTH, IS KOTOPBIX B 3TOM
YpaBHEHHM OCTaBJICHBI IJaBHbIE (110 BEJIMYHMHE) clarae-
MBIE.
Tak,
Zyp (=2, ) > 10,

Y 9TO 03HAYAET, YTO YCJIOBHUE CTATUYECKOM YCTOMUMBOCTH
JUTS TIOJIOJKEHHSI pAaBHOBECHs KilamaHa, KoTopoe obecre-
YUBACTCS 60CCMAHABIUBAIOW Ul CUNOL, BBITOJHEHO C
OonpmuM 3amacoM. CIIOHTAaHHBIM OTKJIOHCHHSM OT PaB-
HOBecHs (HAmp., MPH BKIIOYEHHH HOBBIX MOTPEOUTETICH)
MPETATCTBYET OONbINas CHIIa HHEPIHHU; BETMYNHA TIPHUBE-
JIEHHOH K KJIalaHy Macchl rasa My, npeseimaer 350 kr, a
Macca camoro KjamaHa my, =~ 0,3 kr. 3amMeTuM, 410 0O0JIb-

UTCpalyu ¢ yCpEAHECHUEM 4aCTOT

[IF€ 3HAYCHUS TPUBEACHHON MacChl U )KECTKOCTH Xapak-
TEPHBI AJIs1 HU3KUX YacTOT, M IPHU MEpexoie K 4acToTaM
v = 60 't oOHM yMEHBIIAIOTCS Ha J1Ba TIOPSIKA.

U3 ypaBHeHus (40) MOXKHO MOJIyYUTh 3aBHCUMOCTh
YaCTOThI OT aMILTUTY/IbI:

A=0.5(1-Ag /0)3, 151 +4(0.5(1- 80/ 8)8, ;) e
Ap =AMT2 /(an82) ~0,0017Mm/c;

0 = Zpp /Mpp; Vo =00 /(21) 24,611

ITpu A > 0,005 m/c grcna A SBISTIOTCS KOMIUIEKCHBI-
MH H OIHUCHIBAIOT T'apMOHMYECKHE KOJEeOaHHs, IpH
A < 0,005 m/c konebarus anepuoamdeckue (puc. 12).

rac

Kz V,FI_[
A%
-\-l L] Sagag
1.5 -
e —20
1.0 b—=
. —10
0.5 =
0 _— 0
0 0.01 0.02 A,wm/c

Pucynok 12 — Pe3ynbraTsl yIpoIeHHOI0 MOJCIUPOBAHUS
MHEepLHH ra3a B TpyOonpoBogax

ComocraBnienne puc. 11,6 u puc. 12 mokassiBaer,
yro 3aBucuMoctH V(A) u K,(A) O6nm3ku npu yacrorax
v<10Tn, roe annpokcumanyst (39) BBINONHSETCS C BbI-
cokoit TouHocThi0. Ho mpu wactorax v>20 I'm pacxox-
JICHHE pEe3yJIbTaTOB HOCUT Ka4yeCTBEHHBIH XapakTep.
VYpaBuenue (40) mpeackasbiBaeT TUHAMHUYECKYIO HEYC-
TOMYMBOCTH NpU dYactoTax v=24[1 W amIuIUTyAax
A> A, dero y 3Toif mHeBMOCHUCTeMEI HeT. CiemoBaTelnb-
HO, TIPH €€ WCCIICAOBAaHNHM Ha JUHAMHUYECKYIO yCTOWYH-
BOCTh HEOOXOJWMO YYUTHIBATh HE MHEPIIMOHHOCTH, a KO-
nebaHus raza B TpyOOIIpoBOaax.
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MeTtoa HAXOKAEHUS] YACTOT M AMIUIUTYX Hpe-
JeJIbHBIX UKJIOB. B Teopry aBTOMATHYECKOro yrpasie-
Hus [8] ypaBHerusa Buna (37) mpeobpa3yroT K paBeHCTBY
JUISL Xapakmepucmu4ecko2o komniexca Muxaiinosa

C(L,A) = Co(A2,A) +C (A2, AL =0, 41)
rae, i 9Toro cnyqa;l, MOXXHO HCIIOJb30BaTh OBC KOHKy-
pupyroiue GpakTopu3aIum:

A— Co=Agh?+A,;Cl=A+A3/A> n

B — Co=A 0" +A5;C =AgA2 +A,.
KonebarenpHyto TrpaHully 00JacTH JHHAMHYECKON
YCTOWYHMBOCTH 00pa3yl0T MHUMBIE YUCIa A =1 ® U COOT-
BETCTBYIOIINE UM aMIUTUTY bl KOJIeOaHUI CKOPOCTH
A0, vy ]; vy =0,15m/c,
KOTOPBIE SIBIISIIOTCS PEICHUSIMH CHCTEMBI
{ Co(-0*,A)=0; Cj(-0>,A)=0. (42)
Cucrema (42) conepXuT 1Ba HEJIMHEHHBIX ypaBHE-
HUS JUIS ABYX HEU3BECTHBIX, HO MOXET OBITH CBEICHA K
OJHOMY YPaBHEHHMIO IIPU UCIIOIB30BaHHU METOJA MCKIIIO-
YEHUS] HEM3BECTHOM. {11 MCKIIIOYEHMsI UCTONB3YIOT Iep-
BOE YpaBHEHHUE, KOTOPOE PEIIAIOT YHCIEHHO.
Kak 310 ciemyeT m3 mpuBeOEHHBIX BhIe (Gopmyi,
11 pakTopu3anuy A BBIIOJIHACTCS YCIOBHE MOHOTOHHO-
ctu 0Cy/0A >0, u 31ech pelieHUe eIMHCTBEHHO. [l

¢axropuzatun b ycinosue 0Cy/O0A >0 BbImonHsAeTcs
npu A €[0,v,], Ho mpn A €[v,, vy | uMeem HepaBeHcT-

Bo 0Cy/0A <0 ; B 3TOM ciyuae 3ajaya UCKIIOYEHHS He-

N3BECTHON MOXKET UMETh OJTHO JIH J[Ba PEIICHHUS.

3adukcupyeM B IepBOM YpaBHEHHH KPYTOBYIO dac-
TOTY ® M HalJEeM OTBEHYAIOIIYI0 €My aMIUINTYRy A, Ams
Yero BBIYMCIIUM 3HaUCHUS QYHKIINU

Co (-0, vy -j/100);  j=1...100,

[IOCJIE YEro JIOKAIN3yeM KOPEHb 3TOr0 YpPaBHEHHUS U
yTOUHMM 3HaueHne A(®), MCHOIB3ys JIMHEHHYIO HHTEp-
noysinuio. IlogcraBuM 3TO 3Hau€HUE BO BTOPOE ypaBHe-
HHE U HOJIIyYUM QYHKYUIO HeeA3KU, KOTOPYIO ONpPEeAesIuM
CIIeIYIOIM 00pa3oM:

5(@) ==Ci(-0”, M)
Junst pakropuszanuii A 1 b cOOTBETCTBEHHO
Sa =(AgA3—A1Ay)/ Ay m
b =(Ag Az —A1A2)/ Ay,

TO €CTbh HEBSI3Ka CONEPKUT MuHop I ypeuya u3 oHOUMEH-
HOTO anredpamyecKoro Kpurepus ycroiansocTd [ 18].

I'paduxu sTo¥ ¢GyHKIMHM mMOKa3aHB Ha puc. 13.
[Ipu Bu3yanm3anuu HeBs3ka {, yMHOXKaeTcs Ha BelH-
9yuHy A W TONydaeT CMBICH HexocTaromeil (M30bITou-
HOW) cwiibl TpeHust B mamxere. s dakropuzanuu b
rpaMKu UMEIOT JBE BETBH, YTO OOBSACHIECTCS HEMOHO-
TOHHOU ()OpPMOU 3aBHCHMOCTH CYMMAapHOH CHJIBI Tpe-
HUS OT aMIUTUTYIbI koiiebanuti. KopHU Vi, Vo HEBI3KH
(1 cOOTBETCTBYIOIIME aMIUIMTYABl Ay U A,), IpUCYTCT-
BYIOIIME HA pUC. 13, OTBEUAIOT rpaHuUlle yCTONYMBOCTH,
WIH COOTBETCTBYIOLIEMY APEOeNbHOMY YUKILY KOeba-
HUL.

(43)

Cb,
AM/c Ga,H A m/c A M
0.15 50 015 e 0
K 0./Ca '—' ’ .'
0.1 e 0 0.1 pe= 4 -1
AT G 1.
0.05 = S O AL mpww s S 15 i ey
..........:/ \;o... -100 O:_’_.—-———""""' ™~
50 55 60 65 70 50 55 60 65 70
Yacrora, ['i1 Yacrora, ['11
a o

PucyHok 13 — OnpezenieHue YacTOT U aMIUTHTY/ IPEACIbHBIX LIUKJIOB M IIPOBEPKa yCTOHYHBOCTH:
a — ¢axropuzaus A; 6 — dpaxropuzanus b

I'padoananuruyeckuii KpuTepuil ycToH4YMBOCTH
npeaeJibHOr0 HMKJA. 3BecTHO, YTO yCTOWYUBBIN mpe-
JITIBHBIA IIMKJI COOTBETCTBYET aBToKoyieOaHusM. Ilpen-
JIO)KEHHBI B 3TOM IIYHKTE M HCIOJb30BaHHBINA B HaIlei
pabore KpuTepuil YCTOHYHBOCTH SBISCTCS Pa3BUTHEM
M3BECTHBIX METOJIOB, ONMMCAaHHBIX B [8, ri1.18].

Ecnu M3BECTHBI 4acCTOTHI Vj BCEX NPEJENbHBIX LHK-
JIOB,

O<vy<vy<vy <.,
W LUKIIBI npocmble (HEBSI3Ka HE MMEET KPAaTHBIX KOpHEN),
TO YacTOTHI C YETHBIMH HOMEpPAaMH OTBEYarOT aBTOKOJIE-
0GaHuUsIM, C HEYETHBIMH — HEYCTOWYMBBIM LIUKIIaM, U
— mpu v <V| U B HHTEpBANAX (Voj,Vai), J = 1.2,...

cBOOOIHBIE KOJICOaHUS 3aTyXaloT,

— B MHTEpBAJIaX (sz—la"zj)a j=L2,... cBobonHBIE

KoJeOaHHs PacTyT.

CnenoBaTenbHo, eciu npu uvactorax v <50TIn
MpeAeNbHBIX IIUKIOB HET, TO MpH V, = 62 ' cuctema
“MeeT aBTOKoNeOaHus, a mpu v =~ 58 ['y HaumHaeTCs
WHTEpBaJl YacToT, T¢ aMIUITYIBl ee KoieOaHwmil pac-
TyT. Ho, Kak oka3anoch, K 3TOMY BBIBOJY MOKHO NpPHIi-
TH 0e3 HMCMONb30BaHUA HHPOPMANHH O APYTHX Ipe-
IENBHBIX MUKIIAX.

Kpurepuit onmpaercs Ha BcHoOMoOraTelbHBIE YT-
BEPXKJICHHsI, KOTOPbIC MMCIOT HECJO0XXHOE J0Ka3aTellb-
CTBO, HO3TOMy MBI €TI0 OHyCKaeM. LII/IC.]'II/lTe.]'lI/I HpI/IBe-
JICHHBIX HUXE APo0ei MOXKHO HAWTH B aHATTUTHICCKOM
METOJI€ MCCJIEeOBaHUSA YCTOMUHUBOCTU U3 [8], KOTOpBIE
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TaM Tak)Xe MmaHel 0e3 IokaszareinscTBa. HO B Takoi
dopme, Kak yKa3zaHO HUXKE, YTBEPXKICHHUS CHOPMYIH-
pOBaHbI BIEPBBHIE.

Jlemma 1. ITycmov 3a6ucumocms KOMNAEKCHOU Hac-
momosl A=0+1-®, o,,0 € R om amniumyosr A onucei-

saemcs neseuvim ypasnenuem (41) C(A,A) =0, u evinon-
neno ycnosue C(hg,Ayg) =0, 20e Ly =1-0g; ©y,Ay > 0.

Tocoa 6 mouxe A=Ay, A = Ay 015 3asucumocmu o) 6bvi-
HOJIHEHO PABEHCMBO

do. 1 8Cq/0A-0C, /30> —aC, /oA-0C, | 3.2
da 2 (@g -6C; /ON2)? +(8C, / DAY

. (44)

Jemma 2. Jna ynxyuu nessisku (43) 6 kaowcoou
MouKe ee epaura 6bINOIHEHO YCI08Ue

2
95 _ 2™ a0, /an-0C, 1802 —aC, 10M-0Cy 1302) . (45)
do 0Cy/0A
PaccmoTpuM cneacTtBus U3 3THUX PE3yJbTaToOB. Ye-
mMoiiuuUeOCmy NPedeIbHO20 YUKIA IKGUGATIEHMHA YCIl0-
6uto do/dA <0 ; Torna, Hamp., CIIOHTAaHHOE yBEIWYEHHE
aAMIUTUTY bl PUBOJUT K 3aTyXalOIIUM KOJIEOAHUSAM, YTO
yMeHbImaeT aMuntyny. CpaBHUBas TpaBble dacTh (44) u
(45), mpuxoanuM K paBEHCTBY
sign(da/dA) =sign(dg/dw)-sign(0C / 6A) .
Takum obOpasom, eciau npouspogHas 0Cy/0A >0,
a B KopHe HeBs3ku mpomsBoaHas dg/dw< 0, To mpe-

JNETbHBIA ITUKI COOTBETCTBYET aBTOKOJCOAHWIM; IPHU
MOJO0KUTEIBHBIX MPOU3BOIHBIX 0Cy/0A>0 "

dg/dw >0 on neycroiuusslii. Kpome toro, eciau npu
BbINOJHEHUH ycaoBus 0Cy/0A >0 umeem g(w) <0, TO

cBOOOIHBIE KOJeOaHMs SBIAIOTCS 3aTyXalOIIMMH, a ec-
a1 ¢(w) >0 — To mpH 3TOH YacCTOTE€ OHH PACTYIIHE II0

aMIUTATY JI€.

3ametnM, 9TO CGHOPMYIHPOBAaHHOE W JOKa3aHHOE
YTBEpK/IeHHE OOBEANHSIET /1BA PaBHONPABHBIX KPUTEPHS,
CBSI3aHHBIE C JABYMs (DaKTOpU3ALMAMH, W Ha IPAKTHKE
JIOJDKEH MCIOJIb30BAThCSI TOT KPUTEPHUI, KOTOPbII yaI00eH
Juisl NaHHOW 3amaun. [lpm aHanuM3e MTHEBMOCHCTEMBI 3a-
nycka JXXPJ] Gonee ynoGHoii siBnsiercst hakTopuzanms A,

MOCKOJIbKY 371eCh (DYHKIHS CO(—(:)2 ,A) MOHOTOHHO 3a-

BUCHUT OT aMIUIMTY bl A.

Kpome Toro, kak 3To ciemyer M3 JOKa3aHHOTO YT-
BEPXKIICHHSI, YBEJIMYCHUE CHJIBI TPESHUS IOBBINIAET 3aIlac
JMHAMHYECKOH YCTOHYHUBOCTH ITHEBMOCHCTEMBI.

Crnemyer ocob0 momguepkHyTh, 4TO rpaduku puc. 13
OITMCHIBAIOT 3aBHCHMOCTD aMILTUTY Bl OT YaCTOTHI TOJBKO
JHIIB JJIsL OKPECTHOCTEH NpeneibHBbIX LHUKIOB; U1 OC-
TaJIbHBIX YaCTOT OHH CTOJIb XK€ YCJIOBHBI, KaK ¥ U3BECTHAs
kpusaa Muxaiinosa.

I'padoananuruyeckuii MeTo pelieHUs BEKOBOI0
YPaBHeHHs JJIsl 3aTYXAalOIUX WM PacTylIuX Kojeda-
HHIi. B 0cHOBE MeTO/1a HCIIOJIB30BAH CIIEIYIOIINH TPUEM.

BepHeMcss K HMCXOOHOM TOYKE MCCIEAOBAaHHUS, a
MMEHHO K YpaBHEHHIO (3), 1 K MHUMOMY YHCIYy A = i®
J100aBUM BEIIECTBEHHYIO YacTh 0, TO €CThb OT YHCIA A
nepeigemM Kk cymme o +A=a+1i-®. Teneps npu ycio-
Bum o <0 MBI OygeM aHanMM3WpOBaTh 3aTyXamwllwe, a
mpu yciaoBuu o> 0 — pacTymue rapMOHHYECKHE KOJle-
OanHms.

Taxoe U3MeHEeHUEe MPUBEAET K MOSIBICHUIO AOTIOIHH-
TCJIBHOT'O J3KCIIOHCHIUAJIBHOTO MHOXHUTCIIA pPAAOM C KO-
s puLmeHTOM 3aTyxaHus BoJHbI B hopmyuie (18):

Bo =api [(1 + (K exp(—an))? exp(—2A1))/

/(1= (K exp(~at))> exp(—2kr)):|,

U B JIPYTUX aHAJIOTMYHBIX (OPMYJax, TO €CTh OHO CKOp-
peKTupyer 3HadeHust 3Tux koddduimentos. B pesynbrare
ypaBHeHue (37) mpuMeT Bug

Ag (@+20) + A (0%, A, 0) (o +1)% +
+A, (M2 A, a) (a+0)+ Ay (A2, A, 0) =0,

rae Aj — 3TO CKOPPEKTHPOBAHHBIE YKa3aHHBIM 00pa3oM
BEIIECTBEHHbIE (DYHKIMH, 3aBHCAIINE OT TPEX apryMeH-
TOB. Jlajzee nosy4aeM ypaBHEHuUE

Ap A3+ (A +30A0) 2% +(Ay +302A0 + 20A,) A+

+(A3 + (ISAO +(12A1 "rGAz) = 0,
KOTOpoOe mpeodpasyercs K paBeHCTBY Buaa (41):
COLA,0) =Co(A2,A,a)+C (A2, A,a)h =0. (46)

B ypaBuHenun (46) BemecTBeHHOE 4YHCIO o (MO0
CBSI3aHHBIA ¢ HUM Kod(dduuueHT 3aryxanusi BomHbI K,
4TO ynOoOHEH JJIsi MHTEPIPETAluu pe3yIbTaTOB HCCIIEI0-
BaHMs) UTpaeT pojib IapaMerpa. JDTOT mapamerp (pukcu-
pyeM Ha HEKOTOPOM YPOBHE, a IOJIydYEeHHOE ypaBHEHHE
JUISL IBYX TNEPEMEHHBIX A U A penraeM ONHMCaHHBIM BbIIIE
rpa)0aHATUTHIECKAM METOIOM.

[IpakTrueckas peamu3amnusi TAKOrO IMOAXOMA IS
HCCIenOBaHusA KoJeOaHWii HU3KOM 4YacTOTHI IOKa3aHa
Ha puc. 14, a. JIns ckaHUPOBAaHMUS KOMIUIEKCHOW ILIOC-
KOCTH 4YacTOT HCIojJb30Banochk 3Hauvenne K,=0,1.
KopHu HeBsS3kM OTBeYalOT mapaM OJWU3KHX 4YacToT,
pHUYeM, B CHIIY J0Ka3aHHOI'O KPUTEpHUs, B KXKAOW ma-
pe Ooublias yacToTa siBisieTcs CTaOWIBHOM, a MEHbLIas
— HeycToluyuBoii. OgHAKO KOrja 3a nepuoj KoneOaHui
aMIuIMTy1a yMeHbinaercs B 10 pa3, cTaOMIBHOCTD MMe-
€T TeopeTnyeckoe 3HaueHue. J[J1si MpakTHKH Ba>KHO, YTO
mpu yactorax 20...30 ' konebaHus OBICTPO 3aTyXArOT,
a UX MaKCHUMaJbHas aMIUIUTyJa HE MPEeBOCXOAHT 3Ha-
genus 0,004 m/c.

DTOT K€ METOA HMCHOJB30BaH I HCCIEIOBAHUS
pactymux KkosebaHuil mpu uacrorax v e (vy,v,). Ko-

sa¢ppumment K, = 1,04 obecreunn noiaydeHre KpaTHOTO
KOPHsl V¢, HEBA3KHU (CM. puc. 14, 6). AMmiuTyzaa Koe-
Oanuit A;, 6onpme A, Ha 35 %. CrnenoBaTenbHO, U3Me-
HEHHE 9acTOT V| — V., 3aHUMaeT 12 mepuomoB Koie-
6anuii, mwin 0,2 c. 310 30 % ATUTETHPHOCTH YCTaHO-
BHBLIETOCS PEXHMMa IOAa4H ra3a. Y 4acTKU MeIICHHOTO
W3MEHEHHs aMIUIUTYAbl KOJIeOaHUH NMPUCYTCTBYIOT Ha
puc. 2, a —s.
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Pucynox 14 — MccnenoBanue 3aTyXaromux KojaeOaHU HI3KOW 9aCTOTH M PAaCTYIIHNX KOJIeOaHWH B HHTEPBAje YacTOT
MeXIy nmpenensHsiMu nukiaamu: a — K, =0,1; 6 - K, = 1,04

JocTraToyHoe ycioBMe IMHAMMYECKON YyCTOHYM-
BOCTH MHeBMocucTeMbl. [lomyunm npocreiimee ycioBue
YKa3aHHOTO THIa, KOTOPOE HAKJIAaAbIBAETCS HA OCHOBHBIE
napaMeTpsl cUCTeMBL. 113 cBOIICTBa MOHOTOHHOCTH

0A,/0A=0Cy/0A >0

CJIEAYCT, YTO CHCTEMAa HE HMEET IPEACIBHBIX IHUKIIOB,
€CJIM ITPU BCCX YAaCTOTaX BBIMOJHACTCA HEPABCHCTBO

Ay + Ay (-0%,0)> 0. (47

Yurem dopmysnbl s K03()(UITMEHTOB, HO OCTaBUM
B HHUX TOJIBKO CTapllUe MO BEJIMYMHE claraeMble:
AO = mm; A2 ~ KT‘Pa2 (0))‘{11.1 ((L)) + Zl".,[[ +ZCIlt .
BenmuuHsl 7. ;, a TAaKXKEe Zc, IPU CPEOHUX YACTOTAX
(cwm. puc. 9), orpunarensHel. [locie nucnonp3oBanus Gop-
MyJabl (24) u oTOpachIBaHHA BTOPOCTETIEHHBIX MOJIOXKH-

TCIIBHBIX YHUCECII HepaBeHCTBO
2
K1¥ 0 (0)¥ 1 (0) = (Mg +my ) o > -z,

OKa3pIBaeTCsl Oosiee CHIBHBIM, 4eM (47). MHUHUMYM ero
IpaBOH YacTU HOCTUTaeTcs MpHU 4acToTe oy, ~ 0.51/1, u

cocTaBisieT npumMepHo 0,5 J,.

[puueM, ecian NPUHATH YCIOBHE My = 0, TO TOIIpa-
BOouHBIA KO3 ¢ummeHT 0,5 HyxHO 3ameHuTh Ha 0,8, 9TO
JHIIHAK pa3 MOJYEPKHUBACT CHIIBHOE BIMSHUE KOJCOaHUI
rasa B yHpasJsIOIINX TpyOOIpOBOAaX Ha JMHAMUYECKYIO
YCTOWUYUBOCTb.

[Ipu mompaBoynoMm ko3¢ ¢ummente 0,5 moxysaem
CllelyIollee HEPaBeHCTBO:

0,582 KT > _ZI‘.I[ .

WK, I1OCJIC MMOACTAaHOBOK U COKpaHIeHI/Iﬁ,
82 (f3 /fz) > AM 5 (48)
e

Ay ==2K, ;T -(p) —p2) (G" ad) » 22K, /u(h™) ;

fKJI , L — IUIoIaAb IpPOXOAHOTIO CCHCHHA 1O CCAJY Kiama-

HA ¥ COOTBETCTBYIOMIUI KO3()(MUIMEHT pacxoja, 3aBHCS-
muid OT moxbkeMa kiamana; koddduuuent K. , razomuna-
MHUYECKOIN CHIIBI JIUIsl KJIAMAaHOB TAKOTO THIA OTPHUIATEIb-
HBIN ¥ neXuT B ipenenax —0,5...—0,3 [1].

[Mony4eHo mpocToe u yaoOHOe Ui MPaKTHKU YCIIO-

BUE, a €CITU €r0 3aMEHHUTh PABEHCTBOM, TO BIUIOTHYIO IIPH-
ONM3UMCS K TpaHulle JUHAMHYecKol ycroiunBocTH. Ko-
3¢ GUIUEHT J;, B OCHOBHOM, ONpeielsieTcsi unuciaoM Maxa,
M03TOMY NpaBast yacTh (48) M3MeHseTcs NPUMEPHO IIPo-
nopuuoHansHo m3MeHennio (1/f), a JuHaMuueckas yc-
TOWYHMBOCTH ITHEBMOCHCTEMBI CHIIBHO 3aBHCHUT OT BBIOOpa
IraMeTpa BBIXOZHOTO TpyOompoBoaa. B anammsmpyemoit
KOHCTPYKIIMHU Ha TIEPBOM BKJIIOUCHUH ITHEBMOCHCTEMBI

82 (f3 /fz) ~ O,SAM

W €CJH, Halp., YMEHBUIUTh JHAMETP BBIXOAHOTO TPyOO-
npoBozaa Ha 5 %, To ycTpoiicTBo Oyner padorars O6e3 aB-
Tokosiebannii. OHAKO KOPPEKTHPOBKHU JHaMETPa BBIXOJI-
HOTO TPYOOITPOBO/IA AJIsi TOHKOM HACTPOMKHN HA aBTOKOJIE-
OaHNsT MaJOH AMIUTUTYIbl HEJOCTAaTOYHO; KPOME TOTO
HE00XO0ANMO Y4eCTh M3MEHEeHHEe Kod(QHIHMEeHTa pacxona

u(h?), J€ L5 st pa3nuuHbIX BKIIOYESHUIT IBUTATENs.

Hacrpoiika nHeBMocucTeMBbl Ha aBTOKOJIeOaHUS
Majoii ammiauTyasl. Kak crenyer u3 (48), BRIIOTHEHHE
HEpPaBEHCTBA

82 (f3 /fz) < AM . (49)
SIBIISIETCSL HEOOXOOUMBIM YCI08UEeM BO3HUKHOBEHHS aBTO-
kosiebanmnii. Ho anst mosydenust aBTOKOneOaHMH Majoi
aMIUTUTYZbl OHO HE SIBIAETCS IOCTATOYHBIM, IOCKOJBKY
€ro BBINIOJIHCHWE HE 3aBHCUT OT BbIOOpa mmamerpa ds
YTIPaBISFOLIETO JKUKIIEPA.

IIpu OOJBIIIOM JHaMeETpe JKUKJIepa OCHOBHBIM (hak-
TOPOM HEJIMHEHHOCTH CTaHOBHUTCS CyXO€ TPEHHE; 3Haue-
HUS K03 (HUIHeHTa SKBUBAJICHTHOTO BA3KOTO TPEHHS

-1
Xe = Xkve A+ Xent +on / A+ ¥ a2 (MV +Mrp lPal) )
JUIA ATOTO CIydas MOKa3aHbl Ha puc. 15, a. B ypaBHeHnn

Co (—mz,A) =0 3aBUCHMOCTH JIEBOH YacTH OT A CTaHO-

BUTCS CJ1aOOH, M 9aCTOTHI V), MPEAENbHBIX LHUKIOB COIH-
xatorcst. ClieoBaTeNbHO, B ATOM CIIydae aMIUTUTYABI A,
OTBEYAIOT TOYKAaM IIEPECeYeHUs] OJHOrO M3 Tpadukos,
MOKa3aHHBIX Ha pUc. 14, a, c TOPU30HTAIBHOMN TMHUEN

y:A3(c02)/c02; O=27iv|,,

KOTOpasi TaM He IokaszaHa. [Ipu 3Tom amruiutyna A, yc-
TOWYMBOTO IHMKJIA pa3Mernaercs 3a Toukod vx= 0,04 m/c
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MHHHMYyMa CHJIBI TPEHHUS M, KaK CIICICTBHE, OKAa3bIBACTCS
HEIOIYCTHMO OOJIBIIIOMN.

Ecan nuamerp ynpaBisromiero jxuxiaepa ONH30K K
cBoeMy onTuMaiabHOMy 3HadeHuto 0,7...0,9 MM, TO y cuc-
TEMBI MOSBIISETCS 3HAUUTENIBHBIH KOY(PQUINEHT jKecTKO-

CTH  Zyp s (A), Onmaromaps 4yeMy MEXIy 4YacTOTaMH Vi,

XC:
Kr/c
10
8 4% Y
& 3
|
RX
6 .. -~ --‘
le./.'-.-l"""
4 VZ N Py
0 005 0.1 A, wm/k
a

npelenbHBIX UKIOB 00pasyercs 3a30p. Tenepb 3HauCHUS
%e(A,v12) pacnonararoTcs Ha pa3HBIX KpUBBIX (puc. 15, 0),
a aMIUIMTYAB! A, (Ipu ONaronpusATHBIX 3HAYEHHAX APY-
T'HX [IapaMeTPoB) MOJYy4al0T BO3MOXXHOCTh CMECTUTHCS OT
3HAYEHUs Vx B OJJHY CTOPOHY M YHOBJIIETBODSATH YCJIOBHUIO
A5 < 0,04 m/c (Tabm. 1).

XC >
Kr/c

12

10

0 0.05
6

0.1 A m/c

Pucynok 15 — 3aBrucuMocCTH CyMMapHOTo Ko QuiMeHTa TpeHusl ). OT aMILTUTY IbI A
1 4acToThl Konebanuit v (vi = 50 ', v, = 60 'y, v3 = 70 ') mpu pa3HBIX AMaMeTpax yIpaBIIsSIOIIEro Jpocceis:
a — nuametp ds = 2 mm; 6 — auametp ds = 0,8 MM

Ta6mz1ua 1 —Yacrora u AMIUINTYda aBTOKOJIcOaHuI IIpU BapbUPOBAHUHN JWAMETPa YHPABJIAIOLICTO APOCCCIIs

dova | 070 | 075 | 08 | 08 | 09% [ 095 | 100 | 105 | 1,10
[TepBoe BKJIFOUCHHE CHCTEMBI, pl*: 30 MIla; Tl*: 293 K

vy, T'1x — 60,6 62,8 63,4 63,7 63,8 63,8 63,7 63,6

Ay, M/C — 0,029 0,041 0,051 0,062 0,076 0,093 0,114 0,138
TpeThe BKIIFOUCHHE CHCTEMBI, pl*: 22 MIla; Tl*: 253 K

vy, T'1x — 55,1 56,4 56,7 56,9 56,9 56,8 56,7 56,6

Ay, M/C — 0,032 0,044 0,056 0,071 0,088 0,108 0,130 0,156
[IsiTo€ BKIIOYEHHE CUCTEMBL, 1*: 15 MIla; Tl*: 213 K

vy, T'1x — 48,2 49,4 49,7 49,8 49,8 49,7 49,7 49,5

Ay, M/C — 0,030 0,042 0,054 0,068 0,084 0,102 0,124 0,148

Takum 00paszoM, smopoe HeobxoOuMoe yciosue 3a-
KITIfo9aeTcs B (MpUOMMKEHHOM) BBITIOJTHEHHH COOTHOIIIE-
Hus (11) o ontuMansHOMY BeIOOpY Auamerpa ds.

YactoTa W aMIDIATya aBTOKOJeOAaHWM 3aBUCIT OT
MHOTuX ()aKTOpOB, B TOM YKCJIE U OT JUIMH TPyOOIpOBO-
noB (puc. 2). Ho, kak mokassiBaeT Taba. 1, ecnu myrem
KOPPEKTHPOBKU pa3MepoB TPYOOINPOBOJOB BBINOJIHUTH
ycnoBue (49), To MOCTaBICHHYIO 3a/ladyy MOXKHO PELIMTh
3a cueT BBIOOpa IMaMeTpa yIpaBisoero xukiepa. Oka-
3aJ10Ch, YTO IPH M3MEHEHUH IIapaMeTpoB rasa B OaJuIoHe,
MPOMCXOJSILEM IO MEpE HCIIONIb30BaHMsI paboyero Teia
Ha BKIIOYCHHUS IBUTATEINs, aMIUTUTYIBl aBTOKOJIEOaHWH
COXPAHSIOTCS, a YaCTOTHl CMEIIAIOTCS BMECTE CO CHHKE-
HHEM CKOPOCTH 3ByKa B TPYOOIIPOBOIAX C Ta30M.

Tpemve Heobx00umoe ycrosue 3akirouaeTcsi B odec-
MEYSHNU BBICOKOM MHTEHCHUBHOCTH BO30YXIeHHUs KoJieOa-
HHUW, HIMEIOIIMX YacTOTHl V >V =~ 5811, M ero BBIIONHE-
HUE 3aBUCUT OT HoMepa BkitoueHus KP /1.

IIpu mepBOM BKJIIOUEHUM HAaYallbHBIA YPOBEHb /1aB-
JeHus p; = 1 aTM, MO3TOMY IOCIIE OTKPBITHS THEBMOKIIA-

MaHa W3 BXOJHOTO TpPyOONpOBOAAa MPOHCXOIHUT 3abpoc
ra3a B NPAKTHYECKU MyCTYIO MOJOCTh. YTO MPUBOAUT K
WHTEHCHUBHBIM KOJICOAHUSIM JaBJCHHUsI ra3a U CKOPOCTH
KJlalaHa Ha IEepPeXOoJHOM pexuMe paboThl yCTpoiicTBa
(puc.16, a) n aBTOKOJICOAHHUSM Ha YCTAHOBHUBILEMCS pe-
xume (puc. 17, a). Ilepectpoiika paBieHuid Ha HpoMe-
KyTke BpeMeHu te (2,15, 2,25),¢c o0bsacHsIeTCS TOA-

KIIIOUCHHEM HOBBIX HOTpeOHTENel, 4To, KpOMe MpOUEro,
M3MEHSAET UMIIEAAHC OJIOKA YIPaBIECHUS U BIHMAET HA aM-
IUINTYZABI aBTOKOJIEOaHUH.

K Hauvany mocnenyromux BKJIOYEHHH MEXIy ITHEB-
MOKJIAIAHOM U PETYISITOPOM COXPAHSIETCSI OCTATOYHOE
nasienue p;~0,3...0,6 p,. [losTOMYy MHTEHCUBHOCTH 3a-
Opoca raza B 3Ty IOJIOCTh O CPAaBHEHHIO C IEPBBIM
BKIIIOUCHHUEM CHUIKACTCA: aMIUIUTYAbl BBICOKOYAaCTOTHBIX
KosiebaHuii ymeHpmiatorcest B 2-3 pasa (puc.16, 6), a ux
CyMMapHasi 3Heprusi — B 5 pa3 u Oonee. Bmecto aBTOKO-
nebaHuil MmoydaeM JWHAMHYECKYI0 YCTOHYHBOCTH (pHC.
17, 6), mpudyeM 3Ta e 3aKOHOMEPHOCTh HAOIIOHaeTcs U
TIpH JPYTUX JITHHAX TPyOOmpoBoaoB (puc. 18).
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Pucynok 16 — AMmmuty as1 mpeodpaszosanus Dypbe Ui pacdeTHBIX 3HAYCHUH JaBICHUS ra3a Iepejl peryIsaTOpOM H CKOPOCTH Kila-
IIaHa PETYJSITOpa Ha MEPEXOIHOM PEXUME: g — IIepBOe BKIIIOYEHHE; 6 — BTOPOE BKIIIOUCHUE.
PacueT nepexonHOro pexxuma BBIIIOJIHEH 110 METOAY, OIUCAHHOMY B [1-4]

p27 p2)
MllIa Mlla
2 (va;n PR T 2 V‘"
1 1
0 A 0
1.8 2 2.2 24 26 tc 1.8 2 2.2 24 26¢tcC
a 6
Pucynok 17 — JIaBneHue raza B BEIXOJHOM TPYOOIPOBO/IC MTHEBMOCHUCTEMBI 3aITyCKa
IIPU OTHEBBIX UCTIBITAHHUSX JIBUTATENs: a — IEPBOE BKIIOUCHUE; O — BTOpoe BKiIroueHue JKPJ{
pin.pk’ pza pin.pk’ ‘p2>
Mila AV AW I MIla Mlla "\ MIla
294~ 1.76 294 1.76
p2 p
2
26.8 132 268 1.32
Pi i
24.2 v‘\'/\/0.88 242 »«ZH 0.88
Pin i """\_\\‘
21.6 044 216 J e A AUNAA0 44
19 0 19 0
0 0.2 04 0.5 0.6 08 t,c 0 0.2 04 05 0.6 08 t,¢c
a

o
Pucynok 18 — JlaBjieHue raza BO BXOJHOM Diy pk ¥ B BBIXOJHOM P, TPYOOIPOBOJIE MHEBMOCHCTEMBI 3aITyCKa

IIPU OTHEBBIX UCTIBITAHHUSX JIBUTATeNsl C YBEJIMUEHHOH JUIMHOI BXOAHOTO TPYOOIIPOBOIA: @ — MEPBOE BKIIOYEHUE; 6 — BTOPOE BKIIIO-
genne KP/]

HO, €CJIM HACTpPOUTb CUCTEMY Ha aBTOKOJICOaHUs
MaJIOH AMIUTATY OBl TIPU TMIEPBOM BKIIFOUYCHHUHW ABUTATEIIA,

TO TaKoe pemieHne coxpansieT 3G GeKTHBHOCTE U IS Apy-
I'HX BKJIIOYCHHMI, TIOCKOJILKY OHO 00€CIICUMBALT:

YCTaAaHOBUBLICMCS PCIKHUMCE ITOJAAa1HU I'a3a,

MaKCHMAIIbHBI yYacTOK TOJBEMOB KIlalaHa
* ~ (v}
h <h,, oTBeHarommx AWMHAMHYECKONW HEYCTOWIMBOCTH, U

ISSN 2078-9130

— MHMHHUMaJIbHO BO3MOXXHOE 3aTyXaHHE€ U MaKCH-
MaJbHYI0 HPOAOJDKUTENBHOCTh KoJIeOaHWH KialaHa Ha

106

MIPEeNIEHO KPYThIe (PPOHTHI HMITYJIhCA MTOJa9H Ta3a.
JuHamuueckass HEyCTOMYMBOCTb ITHEBMOCHUCTEMBI
MpU MaJlbIX TOIbeMax KiamaHa MOATBEPXKIACHA B JKCIIe-
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pPUMEHTaX 10 HECTAIMOHAPHOH MPOAYBKE METaIIOpyKaBa
[19]. dnsa cHwkeHHWs pacxoia raza AHaMETp JKHKIepa 6
ymeHpmanu B 1,5...2 pa3za. Yopyromnactaueckue aedop-
MAaIf¥ yIUIOTHUTEIHHOTO KOJBIIA W3MEHSIOT T€OMETPHUIO
KJIAITAaHHOW IIENTH, TTO3TOMY IPU MalbIX IMOJABEMax Kiama-
Ha ero koddduimeHT pacxoaa taxke Mai. Yto Hapyiaer
ycioBue (48) U MPUBOAUT K HEYCTOWYHMBOCTH, KOTOpas B
skcnepuMenTax [19] mposBisutace B opMme Mmyibcaruid
JIaBJICHUS M pacxojia rasa.

Bo03M0OXXHOCTH aHAIMTHYECKOTO PELICHHs 33jJa4d Ha
5TOM HCUEPIaHbl, 1 OKOHYATENbHYIO (TOHKYI0) HACTPOUKY
Ha aBTOKOJICOAHUS MaJOW aMIUTUTYABI TPOBOAWM TIpU
WCTIOJIh30BaHUN pa3paOOTaHHBIX MPOTPaMM pacdera, a ee
pe3yIbTaT IPOBEPsieM Ha MCTIBITATEFHBIX CTEHIAX.

BbiBoabI.

Hnst uccinenoBanus AMHAMMYECKOM YCTOMYMBOCTHU
COCTaBJIEHA YIPOIICHHAs AUCKPETHO-KOHTHHYalbHas He-
JIMHEHHAs JUHaMH4YCCKasds MOJACJIb ITHCBMOCHUCTCMBI 3a-
mycka JKPJI, ommceiBaromiasi mojady cxaTtoro reius U3
GatoHa 1o TpyOOIpoBOAaM uepe3 peryssiTop ¢ MHeBMa-
TUYECKUM YIIPABICHHUEM.

IIpy ucCnonB30BaHMM METOAA TAPMOHUYECKOW JIM-
HEeapH3aliK BBIBEIEHBI (DOPMYIIBI ATl pacdeTa aMIUIUTYA
KoseOaHM pacxoma rasza yepes3 JIpoccellb W KIIAaHHYIo
Hielb, a TAaKKE€ aMIUIMTY[ ITyJbCAllUM CHIIBI TPEHHs B
MamXeTax, IIpY yCTAaHOBUBLINXCS KOJeOaHUAX KiIalaHa.

Pa3paboran MeTon pacuera yAENBHOTO MEXaHH4e-
CKOTO MMIIeJaHca JJs Mpollecca YCTaHOBUBIIUXCS KOJe-
OaHuii cTOJOOB ra3a B Pa3BETBJICHHBIX CHUCTEMax TPyOoO-
MPOBOJIOB W TOJy4eHb! (GOpMyIIbI JJIsl UMIIEIaHCa BXO[-
HOTO, BBIXOJHOTI'O M YIPABISIOIIEro TPpyOOIPOBOIOB HC-
CleyeMON MTHEBMOCHCTEMBI.

BriBeieHO TpaHCLEHAEHTHOE XapaKTEepUCTHUYECKOE
YpaBHEHME, CBA3BIBAIOIIEE YACTOTHI U aMILUIUTYIbI FapMO-
HUYECKHUX HEJIMHEHHBIX CBOOOIHBIX KoJeOaHWI KiamaHa
peryisropa MHEBMOCHCTEMBI. Pa3paboTaHbl MeTOIBI pe-
HIEHUS 3TOTO YPAaBHEHMs IJI CIy4aeB YCTAHOBUBILUXCH,
3aTyXaLMX U PacTyIIHUX KoJeOaHUH.

[IpenmoskeH ¥ MCHONB30BaH HOBBIA TpadoaHaIUTH-
YeCKMH METOJ HaXOXJIEHUsI MHUMBIX KOpPHEH XapaKTepH-
CTHYECKOTO YpaBHEHHUsI, ONPEEISIONNX KojieOaTenbHyI0
TpaHUIly AUHAMHUYECKONW yCTOMUMBOCTH CUCTEMBI, a TAKXKE
MOJIyYeH HOBBIM KPUTEPUN yCTONUUBOCTHU JUIl COOTBETCT-
BYIOIIUX MIPEENIbHBIX LIUKIIOB.

[TokazaHo, 9TO YCTOWYMBOCTH M KOIIEOATEIEHOCTH
ITHEBMOCHCTEMBI 3aBHCHUT OT pasMepoB TPyOONPOBOIOB U
JIaMeTpa YHpaBJSIoOmEro >xukinepa. OmnucaH TOPSIOK
HACTPOWKH WCCIEIyeMOW CHCTEMBI Ha aBTOKOJICOAHUS
MaJol aMIUIMTYAbI.
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V.A. BAZHENOV, O.S. POGORELOVA, T.G. POSTNIKOVA

DANGEROUS BIFURCATIONS IN 2-DOF VIBROIMPACT SYSTEM

Dynamic behaviour of strongly nonlinear non-smooth discontinuous vibroimpact system is studied. Under variation of system pa-
rameters we find the discontinuous bifurcations that are the dangerous ones. It is phenomenon unique to non-smooth systems with
discontinuous right-hand side. We investigate the 2-DOF vibroimpact system by numerical parameter continuation method in con-
junction with shooting and Newton-Raphson methods. We simulate the impact by nonlinear contact interactive force according to
Hertz’s contact law. We find the discontinuous bifurcations by Floquet multipliers values. At such points set-valued Floquet multipli-
ers cross the unit circle by jump that is their moduli becoming more than unit by jump. We also learn the bifurcation picture change
when the impact between system bodies became the soft one due the change of system parameters. This paper is the continuation of

the previous works.

Keywords: Vibroimpact, Discontinuous, Hertz’s law, Bifurcation, Multiplier, Nonlinear, Stability.

Introduction. Nonlinear problems are arising in
many different domains of science and engineering. Often
they are modeled using sets of ordinary differential equa-
tions with discontinuous right-hand side. For example
they are the systems with mechanical impacts, stick-slip
motion from friction, electronic switches, hybrid dynam-
ics in control, and genetic networks [1]. Vibroimpact sys-
tem is one example of such systems. Vibroimpact system
is strongly nonlinear non-smooth one; the set of its motion
differential equations contains the discontinuous right-
hand side. Many new phenomena unique to non-smooth
systems are observed under variation of system parame-
ters. Jumps and switches in a system’s state represent the
grossest form of nonlinearity. Recently the investigations
of such systems are developed rapidly. But today it has
become clear that many aspects of dynamical behaviour of
non-smooth systems aren’t investigated and understood.
Especially systems with impacts are of the particular in-
terest for scientists. Under variation of system parameters
a nonlinear system can often exhibit catastrophic bifurca-
tions that destroy the desirable system state. Discontinu-
ous bifurcations that occur in non-smooth vibroimpact
systems are dangerous ones. They are hard bifurcations.
Just such hard bifurcations can portend the crisis and ca-
tastrophe [2—4].

A crisis is a sudden discontinuous change in a cha-
otic attractor as a system parameter is varied. The crisis
can be considered as a catastrophe that one endeavours to
avoid. Catastrophic events can occur in different form in
various kinds of nature, physics and mechanic systems.
After the crisis the system state is quite different from that
one before the crisis. If the nonlinear dynamical system
state before the crisis is normal and desirable then the
state after the crisis may be undesirable or destructive.
The hard bifurcations were the subject of Catastrophe the-
ory. Catastrophe theory was introduced in the 1960s by
the renowned Field Medal mathematician Rene Thom as a
part the general theory of local singularities [5]. Since
then it has found applications across many areas, includ-
ing biology, economics, and chemical kinetics. By inves-
tigations the phenomena of bifurcation and chaos, Catas-
trophe theory proved to be fundamental to the understand-
ing of qualitative dynamics. The famous books [6, 7] are
devoted to this topic. The theory was very fashionable at

DOI: http://dx.doi.org/10.20998/2078-9130.2016.26.82732

70th years of 20th century. Then this fashion went away
and terminology from catastrophe returned to singulari-
ties, discontinuous bifurcations and so on. But the catas-
trophes and crises remained. Blue Sky Catastrophes, the
Swallow’s Tail bifurcations are learnt by contemporary
scientists [8].

The bifurcation analysis execution and the bifurcation
diagrams building allow to find and to distinguish the safe,
explosive, and dangerous bifurcations in dissipative dynami-
cal systems. There are crying needs for investigations of aris-
ing of the safe, explosive and dangerous bifurcations in dy-
namical systems, of the crises and catastrophes for chaotic
attractors. We have observed the fold catastrophe in two-
body 2-DOF vibroimpact system [9-11].

We investigate the dynamic behaviour of 2-DOF vi-
broimpact system by numerical parameter continuation
method in conjunction with shooting and Newton-
Raphson methods. Short review was made in [10]. The
works [12, 13] were discussed in this survey. We simulate
the impact by nonlinear contact interactive force accord-
ing to Hertz’s contact law. Such simulation gives us the
possibility to find the motion law along the whole time-
base including the impact phase, to determine the impact
duration and to find the contact impact forces. We find
discontinuous bifurcation points where setvalued Floquet
multipliers cross the unit circle by jump that is their
moduli becoming more than unit by jump. It is phenome-
non unique for nonsmooth systems with discontinuous
right-hand side. We also learn the change of vibroimpact
system dynamical behaviour when the impact between
system bodies

became the soft one due the change of system pa-
rameters. This paper is the continuation of the previous
works [9-11].

The aims of this paper are:

To find discontinuous bifurcations which can be the
dangerous ones under variation of excitation amplitude for
strongly nonlinear 2-DOF vibroimpact system.

To find discontinuous bifurcations under variation of
excitation frequency.

To analyze the change of vibroimpact system bifur-
cation behaviour under the impact softening.

Problem formulation. The initial equations. So far
as this paper is the continuation of works [9—11] the prob-
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lem formulation is the same. We’ll repeat it shortly.

We analyze the dynamic behaviour of discontinuous
nonlinear vibroimpact system presuming it is a two-body
two-degree-of-freedom one (Fig. 1).

F@)

o] C

m my
| ko

X
Figure 1 — Vibroimpact system model

This vibroimpact system is formed by the main body
and attached one, and the latter can play the role of per-
cussive or non-percussive dynamic damper. Bodies are
connected by linear elastic springs and dampers. The main
body is under the effect of periodical external force:

F(t)= Pcos(at+ ¢,) (1

We consider impacts as low velocity elastic collinear
collisions without friction. The contact surfaces are
smooth curvilinear ones without roughness. Thus real sur-
face geometry in contact zone may be approximated by
«Herzian» geometry.

The initial point of x coordinate is chosen in the
main body mass center at the moment when all springs are
not deformed. The initial distance between bodies at this
moment is D. The structure of the system is experiencing
transformation during the movement. The reason is its
dynamic states modification forced by the impact contacts
between elements.

Motion equations of the system have got the form:

X, =28 0x - Colle = 28,0, (X, —X,) =
—yx(x, —x, + D)+
1
+;[F(t)_17con(xl _x2)]’ (2)

1

. . . 2
X, ==28,0,(%, = %) =@ (x, = x, = D) +
1
+_F;,‘U}’l ('xl - x2)9
m,
k, k, ¢
0=, /—, W, = [— §1=2 >
V m U m, m, e,

) m,

= ; y=—, o, o, — partial oscillation,
2m,m, m,

where

&

F,_ . (x,—x,) — contact interaction force, it is simulating

the impact and working only during the impact. Initial
conditions are:
x,(0) = 0,x,(0) = D,x,(0) = 0,x,(0) = 0. 3)
We considered in detail the impact simulation man-
ner in [14,15]. To simulate the impact here we use the
Hertz’s contact interaction force based on quasistatic
Hertz’s theory [16, 17]:

Fopp (6 = x,) = K[(x, = x,) H (%, — ,)] 2
4 q

_4 1=V
3(8,+8,WA+B’

=
Emn

> 2

where (x, —x,) is the relative bodies rapprochement due
the local deformation in contact zone, H(x, —x,) is the

Heaviside step function, v; and E; are respectively Pois-
son’s ratios and Young’s modulus for both bodies, A, B
and q are the geometry characteristics of contact zone. We
consider these surfaces as spherical ones, then
A=B=1/2R, +1/2R,, where Ry, R, are the contact sur-

faces radiuses. Only local deformations in contact zone
are taken into account by the Hertz’s theory. There are
different proposals to make Hertz’s formula more precise.
Nevertheless Hertz’s theory is widely used for analysis of
vibroimpact system dynamics now too. Just impact simu-
lation by nonlinear contact interaction force allows to find
the motion law at all timebase including impact phase, to
define impact duration and contact forces values.

Bifurcation analysis. Bifurcation analysis of vibro-
impact system dynamic behaviour was fulfilled by nu-
merical parameter continuation method in conjunction
with shooting and Newton-Raphson methods [9]. Periodic
motion stability or instability was determined by matrix
monodromy eigenvalues that is by Floquet multipliers’
values. The periodical solution is becoming unstable one
if even though one Floquet multiplier leaves the unit circle
in complex plane that is its modulus becoming more than
unit. Such multiplier value characterizes the bifurcation
kind of this bifurcation point. We have described the theo-
retical basis for analysis of two-body 2-DOF system in
[9], numerical system parameters are given in [9—11].

Discontinuous bifurcations under excitation am-
plitude varying. We have plotted out the oscillation am-
plitude dependence on excitation amplitude for both sys-
tem bodies that is the loading curves. Their global view in
wide range of excitation amplitude is given at [10]. Now
we’ll look at their partial view where discontinuous bifur-
cation occurs (Fig. 2). Here and further the upper curve
corresponds to attached body, the lower one — to main
body. Unstable regimes are dotted by red colour. The os-
cillation amplitude is calculated as

Amax = (|xmax )/2 .

(1,1)-regime

+ |xmin

(1,0)-regime

quasiperiodic unstable branches
Amax, m D

2

-~ //

0,1 4 < 7
] /’A/\/

0;'/* ————————————— C
B 1

0 T T
0 200 400

Excitation amplitude PN
Figure 2 — Partial view of loading curves

Point B is a point of discontinuous bifurcation. It is
phenomenon unique for non-smooth nonlinear system
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whose equations have discontinuous right-hand side. The
vibroimpact system converts its motion from impactless
one (section OB) into motion with periodic impacts — un-
stable (1,1)-regime. Other regimes — stable and unstable
branches of (5,2)-regime' — are arising here. At point B
Floquet multipliers are experiencing a discontinuous
change and accepting big values [18, 19].

The set-valued Floquet multipliers cross the unit cir-
cle in direction of real positive axis by jump that is their
moduli becoming more than unit by jump. Floquet multi-
pliers behaviour in the excitation amplitude range
0 <P <500 N is shown at Fig. 3. Fig. 4 also shows well
these jumps for multipliers p, and ,.

Table 1 shows these jumps by numbers.

Naturally the contact force also has a discontinuous
bifurcation at point B.

| 1
:Disconlinuous : Bifurcation
1 Dbifurcation 0
i i
[ | i
41 o :
1
0 - i 1
i i
[yl E i
4 1 1 i
1 1
1 1
’ _I\;__
0 T T
0 200 40D

Excitation amplitude PN

Figure 3 — Floquet multipliers jumps under discontinuous
bifurcation at loading curves

Im(w) 7

-1,5 4
Figure 4 — Floquet multipliers behaviour in OBC section

Table 1 — Floquet multipliers p; and p, jumps at point B
P | Re(u) | ImQu) | [l | Re(uy) | Im(uy) | |
98.48 | -0.25 0.83 0.87 -0.25 0.83 | 0.87
98.98 | -0.25 0.83 0.87 -0.25 0.83 | 0.87
99.48 | 3.57 0 03.57 1.12 0 1.12

Discontinuous bifurcations under excitation fre-
quency varying. We have plotted out the oscillation am-
plitude dependence on excitation frequency for both sys-
tem bodies that is the frequency-amplitude response. Their
global view in wide range of excitation frequency is given

"'We call nT -periodic regime with k impacts per cycle as
(n, k)-regime [20]. T is period of external loading (1).

at [10]. Now we’ll look at several partial views where
discontinuous bifurcations occur.

At Fig. 5 at point B we observe phenomenon unique to
non-smooth systems with discontinuoius right-hand side. The
point B (Fig. 6) is the point of discontinuous bifurcation. The
vibroimpact system converts its motion from impactless one
into motion with periodic impacts. T-periodic stable impact-
less regime is becoming T-periodic unstable regime with one
impact per cycle — (1,1)-regime. Other regimes are arising
here — stable (3,1)-regime and stable (4,2)-regime. Let us
note by the way that (3,1)-periodic regime is stable in small
frequency range. It is rare attractor [21].

At point B two complex conjugate Floquet multipliers
y; and p, are leaving the unit circle. They are experiencing
change by jump and accepting big values (Fig. 7). One can
also see the jump of monodromy matrix in this point.

(1,1)-regime (4,2)-regime (1,0)-regime
quasi

(3,1)-regime unstabile branches
Amax, m

0,1 -

0,06 -

0,02

37 4 43 46
Figure 5 — Partial view of frequency-amplitude response
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| Discontinuous
B! bifurcation

Il ﬂ
10 4
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0

4 425 1 45 4,75 o, rad-s

Figure 6 — Floquet multipliers jumps under discontinuous
bifurcation at frequency-amplitude response
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Figure7 — Set-valued Floquet multipliers jump under
discontinuous bifurcation

Another partial view frequency-amplitude response in
narrow range of excitation frequency is depicted at Fig. 8. At
point N we observe phenomenon unique to discontinuous
system — discontinuous fold bifurcation. The discontinuous
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fold bifurcation connects a table branch to an unstable
branch. Here set-valued Floquet multiplier p; makes huge
jump along the positive real axis (Fig. 9). Its motion along
positive real axis is demonstrated by Table 2.

Amax, m ’ M
o ‘ (1,1)-regime

0084 L - (1,0)-regime

— =T - instability
0,04 A N

o esssneo oo

0 . y
7.8 10,2

o w,radxs!
Figure 8 — Partial view of frequency-amplitude response

27 >3 4> 149 150 151 152

Re( )

Figure 9 — Floquet multiplier jump under discontinuous
bifurcation

Table 2 — Floquet multipliers p; and p, jumps at point B

oprads’ | 8.03 8.04 | 8.05 | 8.06 |8.07|8.10 | 8.16
Re(p;) | 0.595 | 0.593 | 151.4 | 90.1 | 659 [37.4]19.7
Im(y;) | 0.654 | 0.652 0 0 0 0 0

|1y 0.8828 | 0.8829 | 151.4 | 90.1 | 65.9 | 37.4 | 19.7

Naturally contact impact force also has the discon-
tinuous bifurcation at these points.

Vibroimpact system dynamic behaviour under
change of impact kind. There is the vibroimpact system
classification by different aspects [22]. One of them is
impact kind characteristic — rigid or soft impact. Some
principal distinctions between rigid and soft contact were
formulated in [23]. The main sign is its duration. Just im-
pact duration dictates the way of its simulation. If impact
duration is large then impact isn’t instantaneous. Its simu-
lation by boundary conditions with Newton’s restitution
coefficient using based on stereomechanic theory isn’t
possible [14]. The stiffness of vibroimpact system ele-
ments causes the impact softness. The soft impacts take
place in engineering very often. What influence will im-
pact kind change exert at vibroimpact system dynamic
behaviour particularly at discontinuous bifurcations?

The clear criterion of impact rigidness or softness is
absent. The typical trait of impact softness is its duration.
Is it instantaneous or not? We have introduced the coeffi-
cient of the relative impact duration k., =T, /T -100%
at (1,1)-regime. Here T,,, — the time of impact that is the
time of contact between bodies. Rigid impact is almost
instantaneous because its duration is very small. Relative
impact duration is k,, =0.09 % for the motion with rigid
impact at (1,1)-regime. We have changed vibroimpact
system parameters in such a way that impact between bod-
ies became the soft one [11, 24, 25]. Relative impact dura-
tion became k., =20.9% for the motion with soft im-

pact at (1,1)-regime. We have plotted both loading curves

and frequency-amplitude response in wide range of excita-
tion amplitude and frequency. We have discovered that
discontinuous bifurcations are absent for our vibroimpact
system with soft impact. Is it regularity or chance? Does
impact softening make a vibroimpact system safer always
by removing the dangerous discontinuous bifurcations?
Further investigations may answer this question.

Conclusions

1. Numerical parameter continuation method pro-
vided the solution step by step and allowed to examine
dynamic behaviour of two-body two-degree-of-freedom
discontinuous vibroimpact system under variation of pa-
rameter continuation.

2. Impact simulation by Hertz’s contact force al-
lowed obtaining impact duration and contact forces under
rigid and soft impact which wasn’t instantaneous.

3. At rigid impact discontinuous bifurcations occur
under variation of both excitation amplitude and excitation
frequency.

4. A dangerous discontinuous fold bifurcation was
observed under excitation frequency varying.

5. At soft impact discontinuous bifurcations are absent.
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Y. GRIGORENKO, E. BESPALOVA, N. YAREMCHENKO

SOME STATIONARY DEFORMATION PROBLEMS FOR COMPOUND SHELLS OF REVOLUTION

A common approach to solving stationary deformation problems for compound systems composed of shells of revolution with
different geometry and structure is developed. The approach is based on the use of shell models with different level of rigor and of the
general numerical-analytical technique for solving corresponding problems. The examples of studying the subcritical stress-strain
state, vibrations, and dynamical instability of complex form systems are presented, features of their deformation are noted.

Keywords: Compound systems, stationary deformation, common approach, analysis.

Introduction. Many constructions of modern engi-
neering are modeled by the elastic systems consisting of
conjugated shells of revolution with different geometry
and structure. For example, they include airframes of
rockets and rocket engines, underwater vehicles, protec-
tive coatings for nuclear reactors, surface tanks on cylin-
drical or conical supports, a.0. Study of stationary defor-
mation of these systems covers the wide range of theoreti-
cal and applied problems. Their solving is related to rea-
sonable compromises between the choice of the model,
which describes adequately behavior of the construction
on the one hand, and its effective realization for the fol-
lowing rational studying on the other hand. In large meas-
ure, these requirements are taken into account by the au-
thors in developing approaches to the design of complex
shell systems [1—4].

1. Principal Ideas. The present report addresses the
following three classes of problems for stationary defor-
mation: subcritical state of flexible shells, vibrations of
branched shell systems, dynamical stability of the shells
undergoing harmonic actions.

These problems are united by the common object of
studying and are solved using the common models of de-
formation and ideology of a numerical-analytical tech-
nique.

As object for study, the system consisting of J shells
of revolution with different geometry, which are coaxial
with respect to the 0z-axis, and including, in the general
case, a number of branches from the meridian-generatrix
is chosen (Fig. 1, where a ={a; € (a.?,a_‘;M’ )} (j=LJ)
is the variable that changes along the meridian).

The shells may be whether single-layer with con-
tinuous inhomogeneity of elastic properties over the
thickness or consisting of several layers whose interfaces
are in ideal contact (discrete inhomogeneous shells). This
system undergoes actions of a stationary axisymmetric
force and temperature loads, in particular, distributed
along the meridian actions, as well as of forces-moments,
which are concentrated on the shell ends or in a number of
normal cross sections z = const. It is assumed that the lay-
ers are made of isotropic or orthotropic materials and are
deformed elastically within the range of actions being
considered. The ends of the shell system may be under
arbitrary physically consistent boundary conditions, while
the equilibrium conditions of static characteristics as well
as the continuity condition for the kinematic characteris-

DOI: http://dx.doi.org/10.20998/2078-9130.2016.26.82742

tics of the stress state are formulated at the lines connect-
ing two or several shells in the general coordinate system

(r02).
r Y
a./
a»/l aJ‘MJ
12
“ Lﬁ
0
a
0 0 J-1
a a,
0 1 0
a, a aJ—lM o e
z
0
Figure 1 — General view of the generatrix- meridian of the shell

system

The geometrically nonlinear mean bending theory
formulated within the framework of the Kirchhoff-Love
classic model, first-order shear Timoshenko-Mindlin
model, and nonclassical one taking into account transverse
shears and reduction is used as theoretical foundation for
the analysis. The respective mathematical models are pre-
sented in the form of nonlinear one-dimensional problems,
linearized two-dimensional boundary-value problems, and
eigen-value different order problems.

The ideology of the numerical-analytical technique
for solving corresponding problems is based on the ra-
tional reduction to one-dimensional linear boundary-value
problems, which are solved numerically with high accu-
racy by the orthogonal-sweep method. To do this, the fol-
lowing methods are used: Newton—Kantorovich—Raphson
quasilinearization method, reduction of dimensionality
using the Fourier series, and step-by-step method as the
variant of reverse iteration with formation of the Rayleigh
relation.

2. Stress State of Flexible Shells. The stress-strain
state of the systems composed of inhomogeneous shells of
revolution within the wide range of static axisymmetric
loads is considered in the subcritical stage of deformation.
The study is carried out within the framework of the
above prerequisites using classic and shear Timoshenko-
type models and involving the quasilinearization method
in combination with the orthogonal-sweep method.

Let us study the stress state of the system which con-
sists of the following three shells of revolution (Fig. 2 a):
cylindrical one with radius r., length /. (marking C), tore-
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elliptical one of negative curvature with the ellipse semi-
axes a, b and distance 7y of the ellipse center to the axis
of revolution 0z (marking E™), tore-elliptical one of posi-
tive curvature with the same semi-axes and distance 7y, of
the ellipse center to the axis of revolution (marking E").
All the shells are of the same thickness /# and made of the
isotropic mylare material (£ is the elastic modulus, u is
Poisson’s ratio) with both end contours being rigidly
fixed. The C— E — E" system is acted upon by the exter-
nal force field of the intensity g.

In problem solving, the following input data are
used:

r.=01m, 1l /r,=10, b/r,=2.0,a/b=05-2.0,
ry/r.=3.0,1,/r.=1.0, h/r,=0.01, E=5.0285GPa,
1=033; ae[0,7/2]
(a 1s the central angle of both elliptical shells).

w, . 10°, m
—
b
"'01
—a
. Foo
P z
a
Wx10, m Nex104,N/m
3.
400+
24
/‘ 200
1 | N
0 % 200
1 400
N\
24 | 600
\\/’

T T T T T T
0 1020 30 40 50 60 70
Sx102m

[+
0 1020 30 40 50 60 70
Sx102, m

c d
Figure 2. View of the generatrix of the system C—E~ —E* (C'is
cylinder, £ is ellipse of negative curvature, £ is ellipse of
positive curvature) (a); «load — deflection» curves wy,,(q) for
the ellipticity parameters £ =a/b=1.0 (b); distributions of the

deflection w = w(s) (¢) and circumference force Ny= Ny(s) (d)
along the system generatrix s

The results obtained are presented in Fig. 2, b as the
«load — deflection» curves wp,(q) for different values of
the geometrical parameter f=a/b=0.5;1.0;2.0 (b is
fixed) that characterizes the ellipticity of the shells £~ and
E'. Here the strokes correspond to the linear theory for
£ =0.5. The value of the limiting critical load decreases
monotonically within g, €[25.4-49.8] kPa with j.

The distributions of the deflection W and circumfer-
ential force N, along the meridian-generatrix s for f=1.0
near the critical load ¢/q, =0.93 are shown in Fig. 2, c,

d, respectively (heavy lines are referred to the nonlinear

theory, thin lines to the linear theory, normal sections
s =const of the conjugated elements of the system are
marked by vertical straight lines). The qualitative charac-
ter of these curves both defined by the linear and nonlin-
ear theories is same for deflections as well as for stresses
while quantitatively the maximum values of these func-
tions differ more than two times.

Figure 2, d shows that the compressive stresses at the
given external load peak in the zone of the positive curva-
ture of the elliptical shell £*. For this reason, this zone is
the most dangerous link considering the stability of the
whole system. Let us assess the possibility to define the
limiting value of the load for the C— E — E' system as a
whole by this single the most dangerous element. Values
of the critical load for the shell E* under condition of
hinged supporting in the section of conjugation with the
shell £ for S €[0.5—-2.0] are collected in Table 1. Val-

ues of the limiting load for the C—E — E' system are
presented here also.

Table 1. Values of the critical load for the tore-elliptical element
with positive curvature (E") and for the system as a whole

(C—E —E
ger, kPa
B=alb 0.5 1.0 1.5 2.0
E 9.43 152 | 21.6 | 284
C-F —-E' 254 | 322 | 419 | 498

As is seen from the Table, values of the limiting load
for the system as a whole exceed appropriate values for
the above shell by 1.5-2.5 times. This example demon-
strates that all the elements of the shell system are interre-
lated in determining limiting critical loads.

3. Vibrations of the Branched Shells of Revolu-
tion. To study vibrations of the compound systems com-
posed of branched shells, we involve the nonclassical
model which takes into account transverse shears and re-
duction and employs the step-by-step method with reverse
iteration in combination with the orthogonal-sweep
method.

Consider the fragment of the mine pipeline with like
periodically arranged external circular ribs spaced by I
The design schema of the fragment is presented by the
shell system, which consists of the cylindrical shell of
length /, midsurface radius R, thickness 4 and of the circu-
lar plate with the inner radius R, outer radius R +/ and
thickness % conjugated with this shell in the section
z=1/2 (Fig. 3 a).

The symmetry conditions are specified at the cylin-
der ends z=0 and z=/ It is assumed that the outside
contour of the plate x = R + [ is free, the conjugation con-
ditions are given in the section of the cylinder z =//2 and
at the inside contour of the plate x = R. The cylinder and
circular plate are made of an isotropic material with elastic
modulus and Poisson’s ratio E,,u, and E,,u, respec-
tively.

The lowest frequencies of the shell system were
studied depending on the relative stiffness of its elements
with the parameter n=E,/E, e[-1;5] with E. = fixed.

When 5 <—1 (the first limiting case), vibrations of the
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system are governed only by the plate while the cylinder
may be considered as the element that provides rigid fixa-
tion of its internal contour. If # >4 (the second limiting
case), to the contrary, the cylinder dominates while the
plate can be considered as the element that provides rigid
fixation of the half-length cylinder.

The results of these (R=0,Im,

h =h,=5-10", 1 =1,=0,1m; E, =29.8110"MPa,
#=0.3) for the frequency parameter 1 =A(x) are pre-
sented in Fig. 3 b (17 €[1.0-5.0], A= w* where o is the

minimal natural frequency). As is seen from the Figure,
the system vibrates as a single whole only within the in-
terval 7 €(2,25;3,75). Outside of this interval, the sys-
tem vibrates whether as a cantilever circular plate
(7 <2.25) or as a half-length cylinder with the rigidly
clamped contour s =1 /2 (3> 3.75).

studies

X ;
| Lo 0.8
e
c i 2 2
\J/ H ., ¢
_F—— ) P —— | 0,6 -
%]
/l\ 0,3
L, R
0 .
0 z 1 2 3 4 n
a b
w°,c Q,Z’C-Z s
il s w,c
0,06 12470 25 1
n= 0 v 1 .. 7 24 & n= 35
! ' K =
0041 ! 081 N7 154
' 0,6 - > Y
4 1 4 ‘e
0,02 2 0,4 4 o
. 0.2 n= 3 05 4
.- !
0+ 0 +——r—r—r— 0 +————

0123456k 0123456k
c d e
Figure 3 — Design schema of the fragment of the cylindrical pipe
with circular plate (a); dependency of the frequency parameter
/. = w” on the parameter 77 of the relative stiffness of the cylinder
and plate (b); dependency A = A(k), where £ is a number of the
nodal diameters of the form of the system vibrations in the
circumferential direction, for =1 (c), n =3 (d), n =5 (e)

Note that conditional dependencies A= A(k), which
are typical for shells of revolution, demonstrate within the
above intervals of variation of # qualitatively different
character (see Fig. 3 ¢, d, e, k is a number of nodal diame-
ters in the circumferential direction). The dependency
A=Ak) at y =1 (Fig. 3 ¢) is typical for bending vibrations
of plates. It is monotonic function which increases with a
number of the diameters k. This dependency at # =35
(Fig. 3, e) is typical for smooth cylindrical shells and is
nonmonotone being minimal at k=4. The dependency
A=A(k) at n =3 (Fig. 3, d) takes an intermediate position
between the two above considered cases and consists of
two branches. The first branch at k=0, k=1 is a mono-
tonically increasing functions that corresponds to prevail-
ing vibrations of the plate 4,,> 4. in the whole shell sys-
tem (A4,; and A4, are the relative maximal vibration ampli-
tudes of the plate and cylinder, respectively). The second
branch at k> 2 is presented by the nonmonotone function

with the minimum at k£ =3 which indicates that vibrations
of the cylinder are prevailing (4. > 4,,).

Thus, we can conclude that in the case of branched
shell systems the known dependencies typical for vibra-
tions of their single components can undergo not only
quantitative changes but and qualitative ones.

4. Dynamical Stability of Shells of Revolution. Let
us consider the main domain of the dynamical instability
(DDI) of shells of revolution undergoing the axisymmetric
periodical actions P(s,t) = F,(s)+ P, coswt , where s is the

length of the generatrix-meridian, Py(s) is the static com-
ponent of the action, @ and P,(s) are the frequency and
amplitude of its dynamical portion, ¢ is the time variable.
In studying, the following assumptions are used:

— the general state of the shell Y =Y"+5Y
(Y° =Y, (s)+Y,,(s)coswt is the initial axisymmetric sta-
tionary state, Y is the nonaxisymmetric perturbation) is
described, as above, by the two-dimensional inhomogene-
ous dynamical problem of the mean-bending theory with-
out allowing for energy dissipation;

— perturbation 0Y(s,0,t) is defined from the homo-
geneous dynamical problem, which is obtained by lineari-
zation of the initial problem and contains the components
of the initial axisymmetric state ¥ with allowance for its
inhomogeneity in the form of parametric terms;

— the existence conditions of periodic solutions of
the homogeneous linearized problem with periods
T'=27x/w and 2T, these periods correspond to the
boundaries of the main DDI in approximating them by
trigonometric series over the circumferential coordinate
and time for each number of the harmonic £ and are de-
termined from solving two one-dimensional two-
parametric eigenvalue problems.

In what follows, we will study features of the main
DDI of shells with alternating Gaussian curvature in com-
parison with the shells of constant (zero) curvature using
as an example corrugated and smooth cylinders.

Assume that the generatrix-meridian of a corrugated
shell is described by a plane sinusoid curve with an ampli-
tude a and period / whose coordinate axis is distant by R
from the z-axis of revolution. At a =0, we deal with the
cylindrical shell of the radius R. The both shells are iso-
tropic, of same thickness /# and length 2L along the z-axis,
ends are hinged, and in the central section z =0 are sub-
ject to the shearing harmonic force with the amplitude
P =Q" and frequency o.

Figure 4 shows distributions of the meridional ¢ and
circumferential N, = N,E,/Q" forces along the genera-

trix for the smooth (Fig. 4 a, I) and corrugated (Fig. 4 b,
II) cylinders for 7/R=0.05; 2L/R=2; a/R=0.16;
2L/1=4; R=500/,; E=E,; u=03; p=p,, where [
is the characteristic linear dimension, E is the elastic
modulus, u is Poisson’s ratio, p is the material density. As
is seen, the meridional forces in the cylindrical shell are
absent while the circumferential forces are tensile and
concentrated in the vicinity of the place where the load is
applied. In the case of corrugated shell, we can observe
alternation of tensile and compressive zones both for me-
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ridional and circumferential forces with the circumferen-
tial ones exceeding considerably the meridional.
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Figure 4 — Distributions of the meridional N, and circumferen-

tial N, , forces for the cylindrical (a) and corrugated (b) shells
and their main DDIs (c)

The main DDIs for these two shells are presented in
Fig. 3 ¢ with axes A=w()/w,0) and

n=~P~P/P, €[0;0.5], where w,(0) is the natural frequency

of the shell with alternating curvature. As comparison of
the domains presented above shows, the DDI for the cor-
rugated cylinder (/) is arranged higher on the frequency
axis and is significantly narrower than for the smooth cyl-
inder (/).

Thus, the stress state of the shells of alternating cur-
vature is defined by the existence of the zones with tensile
and compressive stresses that, as distinct from the shells
with constant curvature, may cause the loss of stability
both under internal and external pressures. Besides, em-
ploying of such shells makes it possible to decrease suffi-
ciently the domain of dangerous parameters of the har-
monic action.

Conclusions. The common approach to solving a
number of problems on stationary deformation of the
compound systems composed of shells of revolution is
proposed. The approach involves shell models with differ-

ent degree of severity and general numerical-analytical
technique to solve the relevant problems by the rational
reduction of them to one-dimensional linear boundary-
value problems.

Using the illustrative examples, the interrelation of
all elements of the shell system in determining limiting
critical loads as well as the possibility of qualitative
change of the known dependencies typical for vibrations
of its single components are shown.
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P.V. KROT, V.V. KORENNOY

VIBRATION DIAGNOSTICS OF ROLLING MILLS BASED ON NONLINEAR EFFECTS

IN DYNAMICS

This paper intends to describe nonlinear effects occurring in rolling mills dynamics. That is necessarily for vibrations damping and
reliable diagnostics of rolling mills equipment under non-stationary working conditions. Three types of nonlinear effects are investi-
gated taking place in drivelines and stands of different design, namely, transient torsional vibrations in hot rolling mills, chatter vibra-
tions in tandem cold rolling mills and parametrical vibrations in high-speed wire and rod rolling mills. The procedure is proposed for
natural frequencies identification when short transient torque signals restrict application of the Fourier transform. Examples are given
on using nonlinear effects for wear diagnostics and vibrations control based on natural frequencies and modes analysis of multi-body

systems.

Keywords: Rolling mills, nonlinear oscillations, chatter vibrations, identification

Introduction. The different types of rolling mills for
production of steel strips, rods and tubes belong to the
most dynamical large-scale industrial plants. A wide vari-
ety of drivelines designs are formed by multistage gear-
boxes, pinion stands, universal spindles, switchable cou-
plings and the huge number of rolling stands types with 2,
4 and up to 20 rolls including compact rolling mills
(blocks) with both vertical and horizontal rolls for wire
and rod production.

Standard maintenance procedures usually imple-
mented for majority of rotating machines (balancing,
shafts alignment) are not applicable for rolling mills due
to frequent changes of rolls and technological schedules.
Harsh operating conditions of rolling mills affect vibration
parameters and diminish implementation of standard di-
agnostics methods where loads and speeds are supposed to
be stationary. That makes very important to understand
the causes of different dynamical processes occurring un-
der variable working conditions.

Research of nonlinear effects in rolling mills dynam-
ics covers a wide range of domains in mechanics theory
including elastic-plastic behavior of deformed metal,
nonlinear torsional vibrations, chatter vibrations synchro-
nization and parametrical axial vibrations of rolled rods in
the multi-stand tandem mills where neighboring stands
coupled by rolled metal. Interrelation of several nonlinear
effects, which cause high dynamics, complicates the de-
velopment of vibration damping methods in certain type
of mills and appropriate diagnostics procedures.

This research intends to represent a systemized over-
view of nonlinear effects observed in steel rolling mills of
different types. Three problems in rolling mills dynamics
are discussed: 1) transient torsional oscillations in drive-
lines of hot rolling mills subjected to excessive wear (an-
gular and radial backlashes); 2) chatter vibrations in con-
tinuous cold rolling mills; and 3) parametrical oscillations
in high-speed compact reducing sizing mills with multi-
stage gearboxes which structure is controlled by
switchable servo couplings. The possible methods are
proposed for rolling mills equipment diagnostics and
resonance modes detection for vibration damping based
on analysis of nonlinear dynamical effects.

1. Transient torsional vibrations in the drivelines
of hot rolling mills. The drivelines of hot rolling mills are

DOI: http://dx.doi.org/10.20998/2078-9130.2016.26.82743

operated under high specific loads, harsh conditions and
are characterized by increased wear. Backlashes as bilin-
ear stiffness (Figure 1a) and frequent step-like loads cause
the most severe failures in the drivelines. The typical
geared driveline of hot rolling mill includes (Fig. 1, b): 1 —
rolled strip; 2 — work rolls; 3 — spindles with the sliding
pads or universal joints; 4 — pinion stand splitting drive
torque; 5 — intermediate coupling; 6 — gearbox; 7 — motor
shaft coupling; 8 — electric drive (5-12 MW).

Quick wear causes angular and radial backlashes
which are opened before transient process for uncertain
part o;, then, coupling stiffness become equal to tg(f).

1
ﬂ;
/-50 06 o
a
1 2 3 4 5

_‘677

- : A =il
: _ e

4

7

b
Figure 1 — Bilinear stiffness characteristic (a); geared driveline
of the hot rolling mill (b)

Standard methods of vibration diagnostics [1], e.g.
based on envelope spectrum analysis, require stationary
drive speed and work load for defects recognition. It is
almost impossible to provide constant conditions because
of metal temperature and friction variation in the deforma-
tion zone. To solve these problems, a new approach is
proposed for wear diagnostics based on detailed models
(Fig. 2, a) of drivelines and their analysis in the range of
natural frequencies of vibration [2]. Its implementation
requires enough accurate identification of natural frequen-
cies by the short and noised transient signals in order to
compose reliable diagnostic rules.

© P.V. Krot, V.V. Korennoy, 2016
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1.1 Natural frequencies identification for short
transient vibrations. Torsional moments of inertia are
determined by the equipment drawings and referred to the
rolls rotation speed. To determine the elasticity coeffi-
cients with sufficient accuracy by the drawings is virtually
impossible, because coupling parts have a complex shape,
and there is a natural variation in modulus values. It is
proposed to determine the elastic constants by the known
analytical relations of the first and second harmonics of
torsional vibration in the 3-mass system (Fig. 2, b).
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Figure 2. Design schemes of multi-body driveline of rolling mill:
a — full; b — reduced to 3-mass model,

(Qi — the moment of inertia of rigid components; Ci — the stiff-
ness of the massless elastic couplings; Aii — gaps; hii — damping
coefficients; @i - angular displacement; Mmot, Mroll — motor
and rolling torques)

Torque signals can be represented by the following
expressions:

F@) =110+ L0+ f,0);
J1(®) =(a, -cos(as 1)+ a; -sin(as - 1)) - exp(a; -1); (1)
S2(1) = (a, -cos(a, - 1) +a, -sin(aq 1)) - exp(as - 1);
f3(0) = ay - (1—exp(ay, 1)),
where f1(f) and f5(f) — 1st and 2nd natural frequency modes
of damped oscillations, f3(f) — exponentially increasing

rolling force (input load), a;...a;p — coefficients of ap-
proximation (Table 1).

Table 1 — Coefficients of transient signal approximation

aio
36,7

ay a) as ay das dg ar ag ag
-1471 85191 [-31]11,99 2091 | 22,17 | 3,65 | 112

Approximation required when short records of real
transient process restrict application of the Fourier trans-
form to determine natural frequencies. The useful parame-
ters from the Table 1, reflecting the transient process, are:
as, ag — first and second natural frequencies of the drive-
line (Hz), ay — static value of rolling torque (kN m), a;o —
rate of the rolling torque rise (characterized by rolls speed
and metal reduction during the transient process).

Comparing the values of natural frequencies ob-
tained from the equipment drawings and experimental
data (Table 2), a notable difference can be seen in S,
16,66...12,03 Hz and 3, 25,98...21,09 Hz.

The influence of moments of inertia on the natural
frequencies is significantly lower than the influence of the

stiffness. In turn, the stiffness (elasticity) is difficult to
determine accurately, since parts often have a complex
shape, different material components (different values of
modulus), but it significantly affects the values of natural
frequencies. Adjusted values of stiffness are determined
by using the known relations of natural frequencies with
parameters of 3-mass vibrating system:

B, =L~d~\/a—b;
2n

B, =L~d-«/a+b;
2n

a=(f+ec) b=y(f-ec)+c; @)
c:&; d= &; e:Ql+Q2; f:Q2+Q3.
Cy \ O, 2-0 2-03

Knowing the initial parameters Q;, O,, O; — calculated
from drawings and S, f, — defined from real signals re-
cordings, the adjusted values of stiffness Cj, and C,; (Ta-
ble 2) are determined by solving numerically the system
of equations (2). Results of simulation are represented in
Fig. 3.

Table 2. Initial and enhanced values of natural frequencies of 3-
mass driveline

Parameters|0;x10°]0,x10°]03x10°|C12x10%]Cy3x 10°] By, | B,
kg'm® | kg'm® | kg'm® |N'm/rad|N-m/rad| Hz | Hz
Calculated, 214,10 | 30,68 |16,66/25,98
Adjusted 46,70 | 1185 | 248 68,77 | 32,81 |12,03|21,09
|—memurement ------- approximation ----mode]jng|
250
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Figure 3 — Transient torque modeling with enhanced values of
natural frequencies

The most significant factor affecting approximation
is the non-linear behavior of torque when it crosses zero
level. The phase shift appears in signals at this moment
(after first period of oscillation) due to gaps opening and
closing. Therefore, approximation should be restricted by
logical conditions or measured data should be taken when
all samples are above zero level.

1.2 Using transient torque signals for wear diag-
nostics. Abovementioned nonlinear effects during tran-
sient processes can be used in wear diagnostics to over-
come problems in non-stationary signals. For example, it
can be used the difference of the first (second) period of
transient signals for diagnostics purposes. Vibration signal
needs low-pass filtering before analysis. The low-pass
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filter cutting frequency should be twice more than highest
natural frequency of the oscillating system [2].

Torque amplification factor (TAF) is one of the main
parameters in dynamic systems analysis. However, dy-
namic response of nonlinear systems depends on static
rolling torque. It was shown that mill driveline exhibits
higher TAF with decreasing static torque for different
angular wear. This nonlinear effect is also used in drive-
line wear diagnostics (couplings, bearings). The distinc-
tive advantage of proposed approach is that instead of full
gaps, only their opened part can be identified which has
influences on driveline dynamics. It was shown that radial
gaps in bearings have the same influence on TAF as the
angular ones. The highest TAF corresponds to opposite
direction of shaft weight and teeth coupling reaction. The
response of linear dynamic model is taken as reference
values for wear diagnostics.

2. Chatter vibrations in the tandem cold rolling
mills. Since the end of last century, chatter vibrations
phenomena in the high-speed cold rolling mills is still
intensively investigated because it significantly (by 20-
30%) reduces annual plant productivity and strip quality.
The most advanced tendencies in this domain of research
were discussed in [3] and other studies. The main reason
of vibration amplification in the tandem mills is consid-
ered the regeneration effect due to periodic variation of
strip thickness and roughness [4-8] as well accounting
viscoelastic properties of deformed steel strip [9].

Strategies of tandem mills control are based on mod-
ern approaches including adaptive models, fuzzy logic,
neural nets for parameters prediction to meet very high
demands on steel strips flatness, roughness and thickness
tolerance (<5 microns). Nevertheless, sensors and actua-
tors in conventional Automatic Gauge Control (AGC)
systems because of narrow pass band (<10 Hz) are not
able to control high frequency chatter vibrations. Nowa-
days, the only practical way to cancel chatter and prevent
strip break is to drop down the mill speed by the alarms
from vibration monitoring system. Such control impacts
reduce overall mill productivity and affect strip quality
due to transient processes excited in the drivelines.

Chatter vibrations were investigated in the 5-stands
high-speed 4-high cold rolling mill 2030 (rolls length in
mm). The real-time chatter vibration monitoring and diag-
nostics system was developed for early detection of peri-
odic defects on rolls (Fig. 4, a) and strip (Fig. 4, b).

a b
Figure 4 — Chatter marks on rolls (@) and strip (b)

It was shown by the detailed FEM analysis that 4-
high rolling stand cumulative mass fraction is about 0.80-
0.85 for the first 4-9 modes [10]. The composed model

(Figure 5a), unlike other known studies, includes the work
rolls bending units and backup rolls balancing units which
are accounted as corresponding stiffness instead of exter-
nal forces. Such approach allows fulfilling a dynamic
analysis of the 4-high stand under the variable operating
schedules. It is assumed symmetrical vibration for both
service and drive sides of stand. Beside it, horizontal sta-
bility is analyzed of rolls chocks within the gaps &y, & and
displacement a within stand housing under the rolling
force P (Fig. 5, a). The effect of chatter regeneration due
to strip thickness variation is investigated along with asso-
ciated natural modes of stand vibrations (Fig. 5, b).
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Figure 5 — Dynamic model of 4-high stand with rolls bending
units (@); natural modes of roll stack vibrations (b)

There are studies devoted to chatter regeneration in
cutting tools dynamics [11]. The similarity of cutting ma-
chines and tandem rolling mills is that material is moving
from one stand to subsequent stand and periodic defects
have the influence with certain delay, but rolling parame-
ters affect this delay significantly. Investigations of regen-
eration effect in rolling mills are mainly based on linear
models or parametric excitation of strip due to variable
stiffness in the rolls gap.

In distinction of known approaches, reliable chatter
detection can be provided due to the commonly known
physical phenomenon — synchronization of the mechanical
oscillators via the couplings between them. The rolling
stands of tandem mill are synchronizing by the elastic
strip. Synchronization is accompanied by the effect of
involving of close natural frequencies of adjacent stands
and drift of their phases of vibration to certain value, iden-
tical in all stands. This effect results in decreasing of fre-
quencies deviation from average value and increasing the
correlation coefficients in adjacent stands. Frequencies
and phases of chatter vibration begin to change even for
minimal energy exchange between stands. Two main con-
ditions for chatter early detection were derived as:

G,<0C K 2K s 3)

min 2 mean

where o, — current root mean square (RMS) deviation of
the principal modes frequencies in the adjacent stands
within chatter frequency range (Hz); o;,;, — minimal dif-
ference equal to spectrum frequency step (Hz); Kean —
mean correlation coefficient of vibration in the n-/ pairs
of adjacent stands; n — number of stands; K,,,. — maximal
correlation coefficient for steady rolling without chatter-
ing (K < 0.2-0.3).
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3. Parametrical oscillations of rolled rod in high-
speed compact mills. Nowadays, many enterprises pro-
ducing long products like wire and rods, subjected to ef-
fect of vibration excitation in the high-speed compact
mills with complicated geared drives. Increasing working
speed above 110 m/s is limited by high probability of in-
cidents due to vibrations in the constrained space between
pairs of rolls (twisted by 90° in adjacent stands) and the
subsequent loss of longitudinal stability.

The problem also lies in the fact that rolling mills de-
signed by Morgan Construction Company (USA), in con-
trast to all previously studied mills, has a gearbox with
variable structure providing certain technological advan-
tages in rods rolling of various sections (Fig. 6).

G3 Gg G G3 G Gy
CI—=H1 [ 111
oo, | S5 T'6a e o5, lpserl o
LTIl i1 T~ 1

v o 4
S Se, % B % St
II II 1T

|.l 11 =y “ ].l | 1 “/—J
I |‘|42\1--| I_J-r42

l.I 1l i “

Y4 v Gq4 Ge s ¥ G4

Figure 6 — Geared drive with variable structure of Reducing
Sizing Mill (RSM)

The nature of this instability is still not clearly un-
derstood, because torque measurements during rolling in
fully closed housing are very difficult. Dynamic analysis
and vibration diagnostics of such type of gearboxes con-
trolled by servo couplings are very complicated. There-
fore, in-depth analytical study of driveline and rolled rod
dynamics has been carried out [12].

A detailed kinematical scheme of reducing sizing
mill (RSM) is represented in Fig. 7, a. Gearbox consists of
four stages A, B, C, D and four stands 1...4 coupled by
shafts. Dark points correspond to places of vibration sen-
sors installation, M1...M9 are the controllable servo cou-
plings to change gears ratios in accordance with rolling
schedule.

In some previous studies of such type of mills on
mathematical models [13, 14], authors addressing the dy-
namic phenomena by detuning from the resonance fre-
quency bands proposed the following means: flexible
couplings (change torsional stiffness); changes in the
number of teeth (gears overlap); change in mass of rotat-
ing parts (moment of inertia). It was concluded that flexi-
ble couplings only briefly reduce peak loads in the gear-
box. More effective is the change in the number of teeth
of gears (for the same gear ratios), as the main cause of
the oscillation is a periodic variation in the stiffness of the
gears and couplings. The amplitude of the oscillation in
gearing stiffness depends on the coefficient eg of teeth
overlapping. Range considered in studies of change eg =
2.5...4.1 can reduce the dynamics of the driveline to ac-
ceptable values. The same result was obtained for split-
path gearbox of slabbing mill where parametrical oscilla-
tions were investigated [15].

With an increase in the rolling speed on the wire and
rod mills, defects become important in the driveline: the

eccentricities of the work rolls; unbalance of components;
misalignment of shafts; defects of mounting; wear of
gears and couplings, breakage of teeth; defects of bearing
assemblies. Beside the failures, defects cause kinematical
perturbations affecting the accuracy of the rolled rod.
Therefore, the main approach to solving the problem of
increasing the rolling speed is the equipment condition
monitoring and rod tension control [16-17].
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Figure 7 — Geared driveline of Reducing Sizing Mill (RSM):
kinematical scheme of gearbox with stages A, B, C and servo
couplings M1...M9 (a); calculation scheme (b); scheme of axial
vibrations excitation (c)

Analytical multi-body model of RSM is shown in
Fig. 7, b. A detailed analysis of natural frequencies and
associated modes is represented in Table 3.

There are natural modes at the 22.7, 25.2, 31.8, 62.8
Hz where pairs of neighboring stands, 2-3, 3-4, 1-2, 2-3
accordingly, oscillate with opposite phases (relative am-
plitudes shown in frames).

Natural frequencies of transverse oscillations of rods
are calculated with taking into account relation of elastic-
ity modulus with temperature and section size are:
19.5...13.8 Hz (stands 1-2); 18.9...13.4 Hz (stands 2-3);
55.4...39.2 Hz (stands 3-4). Hence, if the frequency of
natural mode will be twice less than excitation frequency,
such modes may cause parametric oscillations. The calcu-
lation scheme of parametric oscillations is represented in
Figure 7c. The corresponding equation of rod vibration is
as following [18]:

4

CZ y+(PU + P-cos ©r)

2
X

2 2
w0 @
ox® or*
where Py — mill setup tension force; P — excitation force be-
tween stands; y — displacement of rod from center line; x —
longitudinal coordinate of rod; m — mass of rod between
stands; @— excitation frequency; C — stiffness of rod.

Then, initial equation can be reduced to standard
Mathieu form:

+m

d*x

2
T

+(a—2q-cos2t)x=0. &)
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where a, ¢ — constants depending on rolling conditions
(input and exit rod sections, reduction in stands, modulus
of rod depending on metal temperature).

Further, stability of RSM when rods rolled in every
pass schedule can be analyzed by standard Ince-Strutt

diagram and mill control optimized to avoid resonance
zones within the ranges of geared driveline working
speed. Software is developed to calculate on-line stability
conditions of rolling process for different reduction
schedules.

Table 3 — Natural frequencies and modes of RSM geared driveline

Masses Natural frequencies and modes (Hz)

20.1 22.7 25.2 31.8 45.6 62.8 102.0 156.0

Q1 (drive) -0.324 0.073 0.001 0.001 -0.09 -0.001 -0.059 0.015
Q2 (stage A) 0.130 0.017 0.001 0.001 0.187 0.003 0.854 -0.530
Q3 (stage B) 0.073 -0.040 0.001 0.001 0.406 0.005 0.452 0.835
Q4 (stage C) 0.167 -0.232 0.001 0.001 0.346 -0.653 -0.147 -0.089
Q5 (stage D) 0.205 0.090 0.001 0.001 0.575 0.662 -0.204 -0.120
Q6 (stand 1) 0.278 -0.473 0.001 -0.707 -0.328 0.226 0.016 0.004
Q7 (stand 2) 0.278 -0.473 0.001 0.707 -0.328 0.226 0.016 0.004
Q8 (stand 3) 0.569 0.491 -0.707 0.001 -0.252 -0.127 0.013 0.003
Q9 (stand 4) 0.569 0.491 0.707 0.001 -0.252 -0.127 0.013 0.003

Conclusions. The conducted research of nonlinear
effects in rolling mills dynamics is the basis for condition
monitoring and diagnostics of mechanical equipment and
technological processes.

Using transient processes during metal biting in hot
rolling mills allows developing the algorithms for diag-
nostics of angular and radial backlashes in drivelines.
Short recordings of transient signals require special proce-
dures for natural frequencies calculation since Fourier
transform is not sufficient.

The multi-body dynamic models of cold rolling mills
improve accuracy and diminish time lag in chatter vibra-
tion detection. Effect of neighboring stands synchroniza-
tion is efficiently used in chatter monitoring system on
industrial tandem mill 2030.

The multi-ratio gearbox of high-speed wire and rod
rolling mill has advantages in production of variable sec-
tions of rods. Parametric oscillations of rod are excited
due to out of phase natural torsional modes of vibrations
in pairs of stands.
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Jo 90-pivust 3 aus HapoxxkeHnss Axkagemika HAH Ykpainu Bonogumupa JloreuHoBuua Peauosa / T.I. Ieiixo, JI.B.
Kypmna, 0.0. Be3nerko, A.O. Ocerpos // Bicuuk HTY «XIIl». Cepis: Junamika i minnicts Mamut. — X.: HTY «XIII», 2016. — Ne
26 (1198). — C. 7-26. — bi6miorp.: 44 na3B. — ISSN 2078-9130.

Crarts npucBsuena 90-piudro Bif ITHS HapOKEHHS BHJATHOTO YKPAiHCHKOTO BUYCHOTO B Taly3i MaTeMaTHKH, MEXaHIKH 1 Kibep-
HeTukH, akajgemika HAH Vkpaiaun Bonogumupa JlorsuroBnda PBadoBa. Y crarTi onucanuii >kuTTeBUi i TBOpumii nusix B.JI. Pauo-
Ba. 3BEpHEHO yBary Ha OCHOBHI pe3yJbTaTH HayKoBOI AisuibHOCTI B.JI.PBauoBa, 1m0 103BONMMIM 3pOOHUTH iCTOTHHII PUBOK B 00JacTi
AQHATITHYHOT ieHTH(iKaLi] reOMeTpHYHNX 00'€KTIB Ta PO3B’sI3aHHS KpaioBHX 3a7a4y MaTeMaTH4HOI (i3uku. HaBeneHno neski BUCIIOB-
moBaHHs1 B.JI.PBauoBa, B3sTi 3 ioro monaeHHuKiB. [IpencraBieHo KOPOTKHUN ONKC pe3yibTatiB, orpuManux B.JI.PBayoBuM B ocTaHHi
poKH, a came O0Y/I0BOI0 HEapXiMeJOBOr0 OOYMCIICHHS Ta MOXJIMBHM HOTO 3acTOCYBaHHsIM B (i3uli Jaiekoro kocMocy. HaBeneHo
CIHMCOK OCHOBHHMX ITyOuikaniii B.JI. PBauosa.

Kurouosi ciioBa: akagemik B.JI. PBauos, 90-piyus 3 1HS HapoIHKeHH, Teopis R-ynkuiit, Giorpadis.

YK 621.01 (092)

CroutiTHiii 1oBiJ1eli npogecopa JIsBa I3paiieBuua Il teiinBosbda / FO. M. Auapees, €. 1. Ipy:xunin, A. O. Jlapin // Bic-
ik HTY «XTIIl». Cepis: Aunamika i minHicTs MammH. — X.: HTY «XTIII», 2016. — Ne 26 (1198). — C. 27-31. — Bi6miorp.: 25 Ha3B. —
ISSN 2078-9130.

VY cTaTTi NpeACTaBIICHO XUTTEBUH 1 TBopuMii nuwsix Bigomoro BueHoro 3 XIII - mpodecopa JI. I. lteitnBonbda. AHami3zyeTbes
HOro BHECOK B PO3BHMTOK TEOPii KOJIMBAHb i JUHAMIKM MAlIMH, @ TAKOXK MPAKTUYHE 3aCTOCYBAHHS HAayKOBHX HOCSATHEHb. [IpucBsay-
etbest 100-piydro Bif [HS HAPOPKCHHS.

KurouoBi ciioBa: TeopeTnyHa MexaHika, TEOpisl KOJIMBaHb, AMHAMIKA MAIIMH, CHCTEMa KOMIT'FOTEPHOI anredpu, TeImIoBO3Hi i
TaHKOBI CHJIOBI YCTaHOBKH, BiOpauiifHa JiarHOCTHKA.

VK 539.3

YnapHe qedopMyBaHHS TOHKOCTIHHOT KOHCTPYKLii/ ABToHOMOBa JI.B., Bonaap C.B., Crenyk A.B. , Xagin B.JI., Illeprin
C.10. // Bicank HTY «XIII». Cepis: Junamika i mirnaicts MamuH. — X.: HTY «XIII», 2016. — Ne 26 (1198). — C. 32-34. — bi6miorp.:
8 ma3B. — ISSN 2078-9130.

[IpoBeneHO CKIHYEHHO €IEMEHTHE MOJIEIIIOBAHHS MPOLECy yIapHOro aeopMyBaHHS TOHKOCTIHHOI KOHCTPYKIIT 3 allOMiHi€BO-
ro CIJIaBy MpH ynaapi NpoOiifHUKOM 3 KOHYCONOAIOHOK (OpMO pobouoi yacTUHH. PO3B’sA3aHHA  JAWHAMIYHOT KOHTAKTHOL
B’A3KOINIACTUYHOT 3a/1a4i J03BOJINIIO BU3HAUUTH II0JIsL HAIIPY>KeHb 1 JeopMariiii [u1st KOHCTPYKLIT 3 JOJATKOBUM PeOPOM HKOPCTKOCTI.
Amnasi3 noniis gedopmariii mokasas, 10 HasIBHICTh JOAATKOBOTO pedpa MPUBOAUTD A0 MEPEPO3IOALTY MOJIsS HAPYKEHb i IPH3BOIUTH
10 301ITBIIEHHS YKOPCTKOCTI BCi€l KOHCTPYKIIIT

Ku11040Bi c10Ba: TOHKOCTIHHA KOHCTPYKIiSl, TOKPHUTTS, NpOOiifHUK, KOHTaKTHA 3a]]a4a, METO/I CKIHUCHHUX €JIEMEHTIB.

VK 539.3

OnTuMmizaniss KPyriaux MIACTHH NPH HecTalioHapHOMY HaBaHTaxeHHi / B. ®@. Bacuabuenxo, O.M. Jlomakin // Bicauk
HTY «XTIIl». Cepis: Junamika i minHicts MamuH. — X.: HTY «XIII», 2016. — Ne 26 (1198). — C. 35-37. — Bi6miorp.: 4 Ha3s. — ISSN
2078-9130.

Po3risaaroThest Kyl IUIACTHHH, IO ITiIAI0THCS il HECTalliOHAPHOT HaBaHTAKCHHS. 3aIPOIIOHOBAHO AITOPUTM PO3B'S3aHHS
3aj1a4i [po IUIACTUHI MiHIMaNbHOT Bark 3 OOMEXCHHSIMHU Ha MEPeMIlleHHs i Hapy>KeHHsI. 3aBaHHs BUPIIIYETHCS HA OCHOBI METOY
MOCITiIOBHUX HaOImkeHb. HeoOXifHI yMOBH onTHManbHOCTI GOpMyYITIOIOThCS Ha OCHOBI mpuHuuiy [lontpsrina. Ha ocHoBi maHux
YMOB ONTHMAIIBHOCTI Ta aNTOPUTMY METOIY IOCITiIOBHHX HaONMKeHb po3poOJcHa yHiBepcalbHAa MporpaMa ONTHUMi3amii Kpyrimx
IUTacTHH. 3 i OTIOMOTO0 3HAXOAATHCS KOHQIrypamii MiHiMaIbHOTO 00CATYy 3 00OMEXEHHIMHU Ha HANPYTH 1 IEPEMIIIEHHS IS T0BITb-
HOTO 3aKkpimieHHs. [Ipn npoMy BHXiAHI Ta MOB'S3aHi 3MiHHI JUI KO)KHOTO KOHKPETHOTO T€OMETPUYHOTO0 BUKOHAHHS IDTacTUHH h (1)
IIYKAIOThCS LUIIXOM PO3KIIaJaHHs 10 BiacHUX (opM Konupaeb. KpaitoBi 3amadi BHPILIYyIOTHCS METOIOM IMOYaTKOBHX MapaMeTpiB;
MOYATKOBI 3aBIaHHs MMPH LBOMY IHTETpYyIOThCS MeTogoM Pynre - Kyrra. Makcumizallis raMHIbTOHHAHA TIPOBOUTHCS B KiHIIEBOMY
Habopi TOYOK 1Mo paziycy miactiuHu. HaBeqeHo pe3ysbTaTu po3paxyHKy ONTHMAIbHOI ITACTHHH.

KurouoBi ci10Ba: miacTvHu, ONTUMI3ALliS, HAIPYKeHO-Ae(OPMOBaHUI CTaH, 0 MiHIMI3ye 00csr, KpaioBa 3aaaya.

VK 539.3

B3aemuuii BiuiuB 3'eaHanb 3 HaTsrom / JI.T. Binorpancekmii, A.I'. Anapees // Bicuuk HTY «XIII». Cepis: duHamika i Mi-
nHicTh MammH. — X.: HTY «XII», 2016. — Ne 26 (1198). — C. 37-44. — bi6miorp.: 8 Ha3s. — ISSN 2078-9130.

Jana po6oTa mpucBsUeHA TOCTIHKEHHIO B3aEMHOTO BIUIMBY 3'€JHaHb 3 HATATOM JJIs BapiaHTiB 3'€JHAHD 3 HATATOM: CYLTBHUN
BaJI 3 JBOMA BTYJIKAMH, JBa CYyLLIbHI BAJIM 31 BTYJIKOIO, ITyCTOTLINII Ball 3 JBOMA BTYJIKaMH, ABa ITyCTOTLII Bayu 3i BTynkoio B ITK
ANSYS. Orpumani xapakrepuctuku H/IC (exBiBaJleHTHI Hanpy»eHHsI, KOHTAKTHHUH THCK, CyMapHi IIepPEeMilIeHHsT) 3aJIeKHO BiJl Be-
JUYHMHY IHTEpBaly MiX 3'€IHAHHSIMHU 3 HaTAroM. BcTaHOBIEHO, 10 3 Mipoo 30UIbIIEHHS LBOTO iHTepBady Xapakrepuctuku HJIC
CIOYATKy IHTEHCHBHO 3MIHIOIOTHCS, MOTIM CTaOUTI3yrOThCS, MOCATIIM TIEBHOTO 3HAYCHHs iHTepBany. [lomiOHa 3aKOHOMIpHICTH Ma€e
XapakTepHi 0COOIUBOCTI Il KOXKHOTo THITy 3'eaHanb. KoxkHe 3 IBOX 3'€IHAHb 3 HATACOM, SIKi HaJeKaTh O JAHOTO THITY 3'€HAHb,
ineHTH4Hi 3a cBoimMu xapaktepuctrkamu HJIC. OTpumani pe3ynbTaTd y3ro[pKyIOThCS 3 PO3HOALIOM HaNpyXeHb B 3axadi Jlsme mpo
TOBCTOCTIHHI IIWJIIHIPY 1 CBiYaTh PO MOXIIUBICTB 3acTocyBaHHs npuHIuy CeH-Benana 1o 3'€qHaHb 3 HATSATOM.

KurouoBi ci1oBa: 3'eTHaHHS 3 HATSTOM, METOJ CKiIHUCHHUX €IEMEHTIB, HANPYy>KeHHs, Ae(opMarrii.
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HecranionapHi KOJMBaHHSA CTPYH Ta iX CHCTeM, 0 KOHTAKTYIOTb 3 Pi3HOMAHITHHMH 30cepe:KeHHMH HABAHTAKEHHsI-
mu / A. B. Boponaii, €. C. Manaxos // Bicauk HTY «XI1l». Cepist: Junamika i minaicts MamuH. — X.: HTY «XI1I», 2016. — Ne 26
(1198). — C. 45-49. — Bi6miorp.: 7 Ha3. — ISSN 2078-9130.

Po3risaroTecst HecTAIlOHAPH] KOJMBAHHS CTPYH i IX CHCTEM, BUKJIMKaHI CKIHUCHOIO KUIBKICTIO 30CEpeKEHUX HABAaHTa)KCHB.
HecranioHapHUMN HaBaHTa)KCHHSIMH MOXKYTb MOJEJIIOBATHCS 30BHILIHI CHJIM, @ TaKOX PEaKIii, sKi BiANOBIAIOTH BIUIMBY 30Cepe-
JDKeHHX Mac abo nemndepiB. Jist cucteMu CTpyH, SIKi IEPETHHAIOTH OJHY 3arajibHy, OyIy€ThCs y3arajlbHEeHa CXeMa JOCIIPKCHHS.
Bukinanaerbess MeTonMKa 100YJ0BU CHCTEMHU PiBHSHb, 110 CKIANAETHCS 3 OJHOBUMIPHMX XBHJIBOBHX DIBHSHB VIS A€SKOI JOBUIBHOI
KiJIBKOCTI CTPYH, SIKa 3aMHKA€ThCS TOJaTKOBUMH CITiBBIJHOLUICHHSMH B TOYKaX KOHTakTy. OTpHUMaHa cCUCTEMa € CHCTEMOIO iHTerpa-
JMBHUX PIBHAHB BojbTeppa, sika Mmiciisi AUCKpETH3amlii 3BOMUTHCS 10 OJOYHOI CHCTEMH JHIMHUX pPiBHSAHB. SIK MPUKIAA BUPILIYETHCS
3a7a4ya MMpo HeCTaI[iOHapHI KOIMBAHHAX CTPYHH 3 TBOMA MPHETHAHUMH IeMIThepamMH.

KonrouoBi cioBa: cTpyHa, HecTalioHapHE HaBaHTAXXEHHS, XBHJIHOBE PIBHSIHHS, PETYJIIPU3YIOUHIl alNrOpUTM, IHTETpanbHe PiB-
HsHHS BonbTeppa, npsima 1 oOepHeHa 3a1a4a.

YK 539.3

YucenbHe MOEJIIOBAHHS TEMIIEPATYPHOIO IOJIA 3aroTiBOK NPH iHAYKUiliHOMY HArpiBi JJisi BUTOTOBJICHHS NiANIMITHU-
KOBUX Kisens / €./1.I'pozenok, E.A.Cimcon, O.B.Crenyk, C.}O.leprin // Bichux HTY «XIIl». Cepist: Jlunamika i MilHICTh Ma-
mmH. — X.: HTY «XIII», 2016. — Ne 26 (1198). — C. 50-53. — Bioumiorp.: 8 Ha3s. — ISSN 2078-9130.

B po6oTi npuBeneHo pillieHHs HeCTaliOHAPHOI TEPMOCIEKTPOMArHITHOI KpaifoBol 3aadi AJisi BU3HAYEHHS PO3MOALTY 00'€eMHOro
MOJIsl TEMIIEpaTyp NpH iHAYKIIHHOMY HarpiBaHHI IHJIIHAPUYHOI 3aTOTOBKH UTS MIAIMIMITHUKOBOTO KiJIbLIS 3 BpaXyBaHHIM 3aJIeKHOCTL
€JIEKTPOMATrHITHUX XapaKTePUCTUK MaTepiajy Bia Temmeparypu. UuceabHe MOICTIOBAHHS MPOLECY 1HAYKIIHHOTO HArpiBaHHS LIMITiH-
JPUYHOI 3arOTOBKH BUKOHYBAJIOCh METOJIOM KiHLIEBUX €JIEMEHTIB 3 BUKOPHCTAHHSI CIICLialli30BaHOr0 IIPOrpaMHOro koMiuiekcy. I1po-
BOJMBCS MiAOIp €IEKTPHYHMX IapaMeTpiB, AKi 3a0e3MedyroTh palioHaIbHHH PEXUM POOOTH iHAYKIIHHOTO HarpiBada. ParmioHanbHi
HapaMeTpH Iig0uparcs 3 METOI0 3a0e3MeUeHHs] MAaKCUMAaJIbHO PIBHOMIPHOTO PO3IOJLTY TEMIIEPAaTypH 110 BChOMY 00’ €My 3arOTOBKH
HIIIIUITHIKOBOTO KBS, 3 ypaxyBaHHSM IIPOLIECY OXOJIO/DKEHHS OTPUMAaHO PO3IOALT IOJIs TEMIIepPaTyp B 3arOTOBLI Hepel Hodat-
KOM HPOIECy raps4yoro MTaMIlyBaHHs, SKe BiJIIOBiJa€ BUMOTaM He IIePEBHUIIECHHS 33/1aHOr0 MaKCUMAJILHOTO IIeperay TeMIepaTypu
B 3aroToBui. OTprMaHi pe3ysibTaTH PO3MNOALTY TEMIEPaTypy B LMIIHAPUYHIN 3arOTOBLI MiAIIMITHAKOBOTO KilbIs OPIBHIOBAIUCS 3
EKCIIePUMEHTAIbHUMH JIAHUMH HMIPOMETPUYHHUX BUMIPIOBaHb TEMIIEpAaTypH Ha OOKOBiil MOBEpXHi Ta B LEHTPi TOPLEBOT YaCTHHH 3aro-
TOBKH.

KurouoBi ciioBa: mutiHApUYHA 3aroTiBKa, IHAYKIIHHAN HATPIB, pallioHaJBHAN PEeXUM, TEPMOECIEKTPOMAarHiTHa 3a/1a4a, METO.
CKIHUEHUX €JIEMEHTIB.

YK 539

TpuboJioriuna cucreMa yJbTPa3ByKOBOI0 3BapPIOBAHHS. iJcHCcTeMa yJIbTpa3BykoBoro incrpymenry / C.M. Icakos, O.C.
Icakos, C.I. Mapycenko // Bicauk HTY «XIIl». Cepis: JJunamika i minaicts MamuH. — X.: HTY «XIII», 2016. — Ne 26 (1198). — C.
54-56. — Bibmiorp.: 5 Ha3B. — ISSN 2078-9130.

Po3po06ieHo migcucTeMy yibTPa3ByKOBOTO iHCTPYMEHTY 3 BUKOPUCTaHHIM mporpaMHoro komiuiekcy ANSYSS, mio inTerpoBano
y TpUOOJIOTiYHY CUCTEMY YJIbTPa3BYKOBOTO 3BapioBaHHs. [IpoBeieHO MOAEIIIOBAHHS YJIbTPa3BYKOBOIO iHCTPYMEHTY, CHUMETPHYHOIO
BIJTHOCHO OCi, Ta YHCEIIbHI PO3pPaxXyHKH poOOUOi Pe30HAHCHOT YaCTOTH Ta (OPMHU KOJIHMBAaHb. 3aPONOHOBAHO MiAXiT A0 iHTErpyBaHHS
HOBOI MiZICHCTEMH Y 3arajibHy TPHOOJIOTIYHY CUCTEMY yIbTPa3BYKOBOTO 3BApIOBAHHSI.

Kurouosi c1oBa: Tpubosoriuaa cucremMa, BUCOKOYAaCTOTHE HABAaHTAXXEHHS, YJIbTPAa3ByKOBE 3BApIOBAHHS.

YIK 519:539:534

MopneawBaHHs KOPIYCY NAapoBoi TYpOiHM Ta aHaJi3 ocHOBHUX Biopamniiinnx xapakrepucruk / C.B. KpacHikos // Bicauk
HTY «XIll». Cepis: [lunamika i minHicts MamuH. — X.: HTY «XTIII», 2016. — Ne 26 (1198). — C. 56-59. — bi6miorp.: 11 Ha3s. — ISSN
2078-9130.

JocmipKyoThest BiOpaliitHi XapakTepHCTHKU KOPITyCy HapoBol TypOiHH Ta #oro B3aemomis 3 gyngamentom. O6'ekToM nocCiti-
JDKEHHS € HallOUIbI THYYKHH KOpITyc MapoBoi TypOiHM — LMITIHAP HU3BKOTO TUCKY. Po3risnaeTbcs naposa TypOiHa, 10 BiIHOCUTHCS
JI0 KJacy HaHOUIBIINX MOTYXKHOCTEH cepel KOHCTPYKI[H IbOro THIy. MOJETIOBaHHS Ta MPOBEICHHS PO3PAaXyHKOBUX IOCIIIKEHb
BUKOHAHO 3 BHKOPUCTAaHHSIM METONy CKiHUeHHX eneMeHTiB. [1oOymoBaHi cepii CKiHUCHHO-EIEMEHTHHX MOJeNeil KOHCTPYKIii, 110
posrisigaeTbes. [IpoBeneHi po3paxyHKH BIACHUX KOJIMBAHb Ha cepil 3 mecaru moneneid. OTpuMaHi OCHOBHI BiOpaliifHi XxapakTepuc-
THKH TIPY Pi3HUX BapiaHTax MOJEIIOBAHHS B3a€MO3B'I3Ky KOpPITyCy nmapoBoi TypOinu 3 pynmamenToM. OTpuMaHi pe3yJIbTaTé MOXKHA
BUKOPUCTOBYBATH JJIS OL[IHKY BiOpauiifHOTo cTaHy KOpITycCy IapoBol TypOiHu Ta (yHAAMEHTY, Ha SIKHI ONUPaEThCsl KOXKEH KOPITYC.

Koarouosi cioBa: BiOpariis, naposa TypOiHa, IMITIHAP HU3BKOTO THUCKY, METOJ| KIHIIEBUX €JIEMEHTIB, BJIAacHI 4acToTH, (yHna-
MEHT.

VK 539.3

AHaJi3 n1edopMyBaHHsSI CKJIAJeHNX KOHCTPYKUiii mpu enexTpomarHitHomy npecyBanui / JI.B. JlaBinchkuii // BicHuk
HTY «XIll». Cepis: Aunamika i minHicTs MamuH. — X.: HTY «XTIII», 2016. — Ne 26 (1198). — C. 60—63. — bi6miorp.: 10 Ha3s. — ISSN
2078-9130.

HaBeneHO MareMaTH4HY MOCTAQHOBKY 3ajadi aHali3y MpYXXHO-IUIACTUYHOrO Je(hOpMyBaHHS CHCTEMH €JIEKTPONPOBIAHHMX Til
HpH Aii eNeKTPOMArHiTHOrO IOJIsl. 3alpOIIOHOBAHO YHCEIbHUI METO] PO3B’SI3aHHS BiJIIOBIIHO 10 CXEMU METO/Iy CKIHYCHHX eJIeMEH-
TiB. 3anpoNOHOBaHMH MeTOox 0a3yeThCs Ha BapialliiHOMY MPUHIMII CTalliOHAPHOCTI MOBHOI eHepril cucteMu. Po3risHyTo 3acTocy-
BaHHS JaHOTO METOAY JI0 aHajdi3y AehOpMyBaHHS CKIaJIEHOI MaTpULi npec-GopMu, 110 BUKOPUCTOBYETHCS ISl TIPECYBAHHS OPOLII-
KOBHX MaTepiais.

Kuaro4oBi ci1oBa: ejekTpoMarHitHe mojie, NpyKHO-TUIACTHYHE Ie(opMyBaHHs, IPECyBaHHs MOPOIIKIB, METO]] CKIHYCHHX elle-
MEHTIB.
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VK 539.431:678

ExcrniepuMeHTaIbHA OLIHKA XapAKTEPHCTHK OMOPY BTOMi I'yMO-KOPAHHUX KOMIIO3MTIiB Hpu Ae)OpMyBaHHI B HanmpsiMy
OPTOrOHAJIHLHOMY APMYBAHHIO /10 Ta Hicias wry4Horo crapinns / 0.0. Jlapiu // Bicank HTY «XIII». Cepist: unamika i MilHICTb
mammH. — X.: HTY «XII», 2016. — Ne 26 (1198). — C. 63—68. — Bibmiorp.: 14 na3s. — ISSN 2078-9130.

V po6oTi BU3HAYAIOTHCS [TOKA3HUKU OIOPY BTOMi I'YMOBOT'O KOMIIO3HTY, IO HOCUJICHHI apMyBaHHSM TEKCTUIIBHUM KOPZOM Ta
3aKOHOMIPHOCTI IX 3MIHM BHACIIJOK CTapiHHA. [IOCIIJDKEHHS NPOBOASTHCS EKCIEPUMEHTAIBHO 3 IUIOCKMMH 3pa3KaMH Ha po3Tsr i3
LUKJIIYHAM 3aBaaHHsAM Jnedopmariiid. OkpeMo JOCiIKyBaJINCh 3pa3Ku MaTepian 1o Ta micis crapinis. CTapiHHs 3a1aBajloch ITYYHO
LUIIXOM TPHBAJIOI BUTPHMKH 3pa3KiB B TepMoKamepi Ha (ikcoBaHiil migBuiieHii Temmeparypi. [IpoBeaeHo MOpPIBHIBHUN aHAami3
3MiHH MapaMeTpiB KPUBUX YTOMH 3 YaCOM B HACIIIIOK CTAPiHHI.

Ku11040Bi c10Ba: TyMOBiI KOMITIO3UTH, CTapiHHS, EKCIIEPUMEHTANIBHI TECTH Ha BTOMY, KapKac MHEBMAaTHYHOT ITUHH.

VK 539.3

Hocaimxkennss HAC nucka 6oponu Ha inguBinyaiabHiii npy:kunniii croiiui / E.A. Cumcon, J1.C. SIrymun // Bicauk HTY
«XII». Cepis: [Junamika i MiricTs MammH. — X.: HTY «XTIII», 2016. — Ne 26 (1198). — C. 68—70. — Bibmiorp.: 4 na3s. — ISSN 2078-
9130.

[IpoBeneHO KOMIT FOTEpHE MOACIIOBAHHS IPOCCY eKCILTyaTalil TMCKOBOI OOpOHHM Ha IHAMBiNyasbHIH npyxunHid criiiui. Cdop-
MyJIbOBaHa 3aj1a4a 100 JOCIIKCHHS MOBEIIHKH CTIMKH MPU CHIOBOMY Ta KIHEMAaTHYHOMY HABaHTAXKCHHSIX CTIMKH MiJ] €0 CKC-
IUTyaTalifHIX HaBaHTaXXEeHb, a TAKO)K BUKOHAH YAaCTOTHHUII aHaJi3 KOHCTPYKLil. AHani3 noneit qedopmariii i HanpykeHb BUSIBUB, 110
CTAaTUYHE Ta KiHEMAaTH4YHE HABAHTA)XXCHHS HE NPUBOAUTH [0 PYHHYBaHHS CTIHKH. 3a pe3ysbTaTaM AOCIHiLKEHHS HOBEPXHI 3JI0My pyii-
HyBaHHSI Ma€ KOMIIIGKCHUH XapakTep: HAKOMMYEHHS BTOMHHUX ITOLIKO/PKEHb 3 MOAAIBLINM PYHHYBaHHSAM BiJl CTATHYHOTO KiHEMaTH-
YHOTO HABaHTAXKCHHSI.

KurouoBi ciioBa: auckoBa 60poHa, NPYKHHHA CTiiiKa, BlIaCHA 4acToOTa, pyHHYBaHHS, METO/ CKIHYCHHX €JIEMCHTIB.

YK 539.3

AHani3 MinHoCTi Ta TUHAMIKH §araTOKOMIOHEHTHUX MOBOPOTHO CUMETPHYHUX KOHCTPYKUii (MiIIIMIHUKOBHX BY3JiB
koueHHs) / E. A. Cimcon; C. O. Ha3zapenxo // Bicauk HTY «XI1l». Cepist: Jlunamika i mitnicts ManmH. — X.: HTY «XI1I», 2016.
—Ne 26 (1198). — C. 71-74. — bibniorp.: 12 Ha3B. — ISSN 2078-9130.

Oco06IMBOCTI MOBOPOTHO CHMETPUYHHX KOHCTPYKLIil JO3BOJSIIOTH IIUIIXOM CTBOPEHHS CHELiali30BaHUX TEOPii 1 YMCETbHUX
TEXHOJIOT1H MepelTH Bifl 3arajJbHUX METOIB aHali3y /0 CHeLiaJbHUX, 3HAYHO MEHIIOI po3MipHOCTi. Po3riisiHyTO Ta npoaHati3oBaHO
METO/U PO3PAXYHKY XapaKTEPHCTHK MIIIHOCTI Ta AWHAMIKM Ha TMPUKIALl MiIIIUITHAKIB KOYeHHs. [|00mpalioBaHHs METOAY BUPIIICH-
Hs criekTpansHOi mpodnemu LICK 6a3yeThcs Ha BKIIOUSHHI METOMY KBa3iiKIIYHHX PO3KIaJaHb "BCEpeHMHY" alrOPUTMY iTepaiiii-
HOTO IIEPETBOPEHHS MIAIIPOCTOPY.

KonrouoBi ciioBa: MexaHika, HOBOPOTHO-CUMETPHYHA KOHCTPYKIis, MIAITMITHAKY KOYEHHs, OJIOUHI iTepallil, KIHIeBI eJeMeHTH,
MOJielIb, CEKTOP.

YIK 539.3

AHaui3 penakcanii KOHTAKTHOIO THCKY MiX B'S3KOIPYKHUM KOMIIO3UTHHM OanjazkeM i Tpyoonposogom / B. I'. Cykia-
coB // Bicuuk HTY «XIII». Cepis: Junamika i mitnicts Mammus. — X.: HTY «XI1I», 2016. — Ne 26 (1198). — C. 74-77. — Bibmiorp.: 11
Ha3B. — ISSN 2078-9130.

BuknaneHo MOCTaHOBKY 1 METOIUKY HAONMKEHOTO aHAJITUYHOTO PIllIEHHS 3a/1a4i PO B3aEMOJII0 KOMIIO3UTHOTO PEMOHTHOTO
OaHIaXy 31 CTaJeBUM TPyOONpOBOAOM. B's3kompy» Hi BIaCTHBOCTI OPTOTPOIHOTO KOMIIO3UTY MOJICTIOIOTHCS Ha OCHOBI NMPHUHIIHITY
BiAmoBinHOCTI BosibTeppa, B MoeaHaHHI 3 MPaBHIOM CyMilled. 3aeXHICTh KOHTAaKTHOTO THCKY BiJl 4acy OTpHMaHa 3a JOIIOMOTOIO
0JHOGIYHOTO IHTETpaNbHOTo IepeTBOpeHHs Jlamaca it pi3sHUX 3Ha4eHb 00'€MHOT0 BMICTY apMYyIOUHX BOJIOKOH.

Kurouosi ciioBa: 6annax, TpyOonpoBif, B'SI3KOIPYKHI BIACTUBOCTI, KOMIIO3UT, KOHTaKTHUH THCK, HepeTBopeHHs Jlaruiaca.

YIK 539.3

IIpo nporuosyBaHHs 4yacy 10 pyiiHyBaHHS IIPU NOB3Y40CTi 0CECHMETPHYHO HABAHTAKEHHUX NMOPOKHUCTUX IUJIIHAPIB Ta
NWIiHAPpUYHUX 00010H0K / C.M. Ckienyc, O.3. I'animun // Bicauk HTY «XIIl». Cepist: Aunamika i minnicts Mamus. — X.: HTY
«XTIII», 2016. — Ne 26 (1198). — C. 77-84. — bibmiorp.: 14 na3s. — ISSN 2078-9130.

Po3risHyTO 3a/1ady BU3HAYCHHS HAIPYKEHO-Ae(OPMOBAHOTO CTaHY, HOLIKOPKYBAHOCTI Ta TPUBAJIOI MILIHOCTI MOPOKHUCTHX
LOWIHAPIB 1 MITIHAPUIHUX 000JOHOK, IO MPAIIOTh MPU NOB3Yy4O0CTi. PO3B’S3KM A7 000IOHOK Pi3HOT TOBIIMHM, IO 0a3yrOTHCS Ha
rinoresax NPSMOIIHIIHOTO eleMeHTa, 3iCTaBISIOThCS 3 IPOCTOPOBUMH PO3B’SI3KaMHU ISl OCECHMETPHYHO HABAHTAXXCHHX TTOPOIKHHC-
TUX OWIHAPIB. J[OCTIIPKEHO BIUIMB CIIIBBIAHOIICHHS T€OMETPUYHHX PO3MIpIB Ha TOUYHICTH OOOJIOHKOBOrO po3B’s3Ky. Po3pobieHo
croci6 mporHo3yBaHHS Yacy J0 pyHHYBaHHS B IPOCTOPOBiil MOCTAHOBLI HA OCHOBI JAHHUX IIPO Yac [0 PYiHHYBaHHS OTPUMAHHUX IO
000JIOHKOBIH Teopii, i HABHAKH.

Kuro4oBi cjioBa: noB3yd4icTh, MOIMIKOHKYBaHICTh, Yac A0 PyHHYBaHHS, IPOrHO3YBaHHS, HOPOXKHUCTUH LUIIHAP, ATIHAPUYIHA
000JIOHKA.

VK 539.3

IloB3y4icTh Ta MOLIKOAKYBAHICTH MOJIOTMX 000JOHOK CKJIaAHOI (popmu i3 MaTepiajiB 3 XapaKTepUCTHKAMH, L0 3aJ1e-
:kaTh Bia Buay HaBantaxeHHs / C. M. Ckuenyc // Bicauk HTY «XIII». Cepis: Junamika i mingicts MamuH. — X.: HTY «XIIDy,
2016. — Ne 26 (1198). — C. 85-88. — Bibmiorp.: 11 Hazs. — ISSN 2078-9130.

CTaTTIO PUCBAYCHO JOCHIKCHHIO MTOB3YYOCTi Ta MOLIKO/KYBAHOCTI MOJIOTUX i30TPONMHUX 000JIOHOK CKiagHOi GOpMH B IUIa-
Hi, i3 MaTepianiB 3 XapaKTEPUCTUKAMH, 1110 3aJIeKaTh BiJl BUIYy HaBaHTaXXEHHs. B mocTaHoBLI 3a/1a4i BUKOPHCTOBYIOTHCS BU3HAYAIbHI
CIIBBiJHOIICHHSI, 1[0 ONMUCYIOTh JHCIOKALiHY MTOB3y4iCTh IOYaTKOBO i30TPOIHUX MarepialliB 3 XapaKTePUCTHKAMH, LIO 3aJICKATh
Bifl BU/ly HaBaHTA)KEHHS, aCOL[IOBaHy 3 YTBOPEHHSM i 3pOCTaHHS;M IUIOCKUX MIKPOTPILIMH 3 IepPEeBaKHOIO opieHTariero. [logaTtkoBo-
KpaiioBa 3a/ja4a MMOB3y4OCTi Ta MOUIKOKYBAHOCTI PO3B’S3y€THCS 3a TOMOMOIOI0 CHIJIbHOIO BUKOPUCTaHHs MeToniB R-dyHkiii, Pit-
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na ta Pynre-Kyrra-Mepcona. JIoCiDkeHO BIUIMB HANPSMKY 30BHILIHBOTO HABAHTAKEHHS Ha IOB3Y4iCTh, MOIIKOKYBAHICTh Ta TPHU-
BaJIy MilHICTh cheprIHOT MOJI0r0i 0O0IIOHKU CKIIAAHOI (POPMH.
Ku1r040Bi c10Ba: MOB3yUicTh, MOMIKOHKYBaHICTh, Yac 10 PyHHYBaHH:, 0J0Ta 000I0HKA, MeTo R-pyHKIIii.

VK 621.646.45: 621.05: 621.454.2

JocixzkeHHs] AMHAMIYHOY CTIHKOCTI peryisitopa THCKY i3 NHEBMATHYHUM KePYBAaHHSIM MPH BpaxXyBaHHi KOJIMBaHb CTO-
BHiB raza B Tpyoonposogax / C.A. lllesuenko, O.JI. I'purop’es, M.C. Ctenanos // Bicauk HTY «XI1II». Cepist: lnHamika i Min-
Hicte MamuH. — X.: HTY «XIII», 2016. — Ne 26 (1198). — C. 89-108. — bi6miorp.: 19 na3s. — ISSN 2078-9130.

Cxi1aieHO AMCKPETHO-KOHTHHYAJIbHY HENiHIHHY MOJIENb Ta BUBEICHO TPAHCLECHICHTHE XapaKTepUCTHYHE PiBHSIHHS JUIs JOCTi-
JDKEHHS BUIBHUX KOJIMBaHb PETYJISATOPA ITHEBMOCUCTEMH 3aIlyCKy PAaKETHOrO JBUI'yHA. PO3po0ieHO MeTo/ 3HAXOKEHHS MEXi JUHA-
MIYHOT CTIHKOCTI CHCTeMH Ta KpUTepiil CTIHKOCTI 11 rpaHuyHOro uukiy. OmucaHo NOPSAOK HACTPONKH CHCTEMH Ha aBTOKOJIHMBAHHS
MaJIoi aMILTITyAH.

KurouoBi cjioBa: mHeBMOcUCTEMa, TUCKPETHO-KOHTHHYallbHAa MOJIETb, TAPMOHIYHA JiHEApU3allisl, MEXaHIYHUN IMIIeIaHC, -
HaMi4Ha CTIMKICTh, aBTOKOJIMBAHHS.

VK 539.3

Hebe3neuni 6igypkauii mpu pyci BiopoyaapHoi cucremu 3 1Boma crenensimu cBodoau / B.A. Baxenos, O.C. IloropeJo-
Ba, T.I'. llocTHukoBa // Bicauk HTY «XIIl». Cepist: Iunamika i minaicts Mamut. — X.: HTY «XTIII», 2016. — Ne 26 (1198). — C.
109-113. — Bi6umiorp.: 25 HazB. — ISSN 2078-9130.

BuBuaeThcsi AMHAMIUHA MOBEIIHKA CHIBHO HENiHIHHOI Hernaakoi po3puBHOI BUOpoyaapHO# cuctemu. Ilpu 3MmiHI CHCTEMHHX
napaMeTpiB MM 3HaXOJUMO PO3pHBHi Gidypkauii, siki € HeOesneunnmu. Le siBuIe yHIKaIbHE IS HETJIAJKUX CHCTEM 3 PO3PHBHOIO
MPaBOI0 YacTHWHOIO. BibpaymapHy cucTemy 3 IBOMa CTYHHSMH BUTBHOCTI MH JOCTIIKYEMO YHUCEIBHUM METOJIOM IPOJOBKEHHS 3a
mapamMeTpoM pa3oM 3 Meronamu cTpiisdu i HetotoHa-Padcona. Yaap MonemoeTbesl HEMiHIHHOIO CHUIIOI0 KOHTAKTHOI B3a€MOIT Bif-
MOBIHO O KOHTaKTHOTO 3aKkoHy ['epma. Po3puBHi Gidypkamii BU3HAYAIOTHCS 3a 3HAUCHHAMHU MyJIbTUILIIKaTopiB dioke. BuBuaerses
3MiHa 0ihypKaIiifHOi KapTUHH, SKIIO yJap MK TLTaMH CTa€ M'SKUM.

Korouosi ci1oBa: HeniHiiiHa po3puBHa BiOpoyapHa cucrema, 3akoH ['epua, 0idypkartis, MyJIbILTIKaTOP, CTIHKICTS.

YK 539.3

Jesiki 3ana4i cranionapHoro ne¢opMyBaHHs CKJIaJieHUX CHCTeM 3 000/10HOK o0epranns / SI.M. I'puropenko, O.1. Bec-
nasioBa, H.IL. SIpemuenxo / Bicauk HTY «XIII». Cepis: Hunamika i mitnicts Mammt. — X.: HTY «XIII», 2016. — Ne 26 (1198). —
C. 114-117. — bi6mniorp.: 4 Ha3. — ISSN 2078-9130.

Ha ocHOBi 000I0HKOBHX MOZIETIEH PI3HOTO PiBHS CTPOTOCTi MOOYIOBaHO €MUHMHN MiAXiJ 10 PO3B’sI3aHHS PALY 3a7ad CTalioHap-
HOTO AeopMyBaHHS Ul IPYKHUX CHCTEM 3 000JIOHOK 00epTaHHs CKIanHOi (hopMH i cTpyKTypH. [ligXia BKIIFOYa€e €TUHY YHCETBHO-
AQHATITHYHY METOJHKY, III0 0a3y€eThCs HA palliOHAIbHOMY 3BEIEHHI IO OJHOBUMIPHUX JIHIHHUX KpaioBux 3amad. [IpoBeneno aHami3
HaIpy>KeHO-1e(OPMOBAHOTO CTaHy I'HYYKHX 0OOJOHOK 00epTaHHS, IX KOJIMBAHb IPH HAsIBHOCTI PO3TAYXKEHb Ta JHHAMIYHOI CTiHKO-
CTi B IOJIi NEPiOAUYHNX HABAHTAKCHb.

Kiro4oBi ciioBa: ckiiajicHi CHCTEMH, TIOCTiiHA fedopMallis, 3aralbHHMA MiaXi/, aHai3.

VK 539.3

BiopoaiarHocTuka NpOKaTHHUX CTaHIB HAa OCHOBI HeqiHiliHuX edekTiB B AuHamiui / I1. B. Kpor, B. B. Kopinnuii / Bicauk
HTY «XIIl». Cepis: Aunamika i miraicts MamuH. — X.: HTY «XII», 2016. — Ne 26 (1198). — C. 118-123. — Bibmiorp.: 18 Ha3B. —
ISSN 2078-9130.

VY crarTi onucaHi HeNiHIMHI edekTH, 10 BUHUKAIOTh y AWHAMINI NpOKaTHUX cTaHiB. Lle HeoOXixHO st neMndipyBaHHS KOJIH-
BaHb i HaJIHOI NIarHOCTHKM OOJIaJHAHHS NPOKAaTHUX CTaHIB B YMOBAaX HECTALiOHAPHHUX PEXHUMIB poOOTH. J[ocimimKeHi Tpu THUIIN
HEJHIHHNUX e]eKTIB, IO CIOCTEePIraroThCsA y TPAHCMICIAX 1 KIITAX Pi3HOI KOHCTPYKLIi, a came, MepexigHi KPyTWIbHI KOJMBaHHS B
CTaHaX rapsa4oi NPOKATKH, KOJMBAHHA «4aTTep» B CTAHAX TAHJIEM XOJIOAHOT POKATKH i TapaMETPUYHI KOJIMBAHHS B BUCOKOIIBHAKIC-
HOMY CTaHi MPOKaTKH APOTY 1 MPYyTKiB. 3ampornoHOBAaHO METOMMKY IS iAeHTU(IKALil BIACHUX YaCTOT MPU KOPOTKHUX MEPeXiIHHX
CHT'HaJIaX KPYTHOTO MOMEHTY, KOJIM 3aCTOCYBaHHs nepeTBopeHHs Dyp'e oOMexxeHo. HaBeneHi nmpuKiIaan BUKOPUCTaHHS HEIIHIHHMX
e(eKTiB JUIs AIaTHOCTHKH 3HOCY 1 KOHTPOITIO BiOpalliii Ha OCHOBI aHaJi3y BIACHUX YacTOT i pOpM KOJIMBaHb 0araTOMacHUX CHCTEM.

KitodoBi ciioBa: mpokaTHi CTaHH, HETiHIHHI KONMWBaHHSA, BiOpaLii «4aTTepy, iqeHTHU(IKALis.
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PE®EPATHBI

VK 539.3

K 90-seruio co ausi poxnenuss Axkaaemuxka HAH Ykpaunbl Baagumupa JlorsBunoBuua Pauesa / T.U. Illeiixo, JI.B.
Kypna, E.O.Be3nerko, A.A.OcetpoB // Bicuuk HTY «XIII». Cepisi: Junamika i mitnicts Mammms. — X.: HTY «XTIII», 2016. — Ne 26
(1198). — C. 7-26. — bi6miorp.: 44 na3B. — ISSN 2078-9130.

Cratbst mocBsimeHa 90-1eTuio co JHA POXKACHMS BBIAAIOMIETOCS YKPAHHCKOTO YYEHOTO B O0JACTH MaTeMaTHKU, MEXaHUKH H
knbepHernkd, akagemuka HAH Vkpaunst Bragnmupa JlorsunoBnua PBadeBa. B craTtbe ommcaH »XM3HEHHBIH M TBOPYECKUH ITyTh
B.JI. PBaueBa. BeleneHbl OCHOBHBIE pe3yJbTaThl Hay4HOU AesTenbHocTy B.JI.PBadeBa, mo3BonuBIIME ClENaTh CYLICCTBECHHBINA pPhI-
BOK B 00JIaCTH aHAJMTHYECKOW MICHTH(HUKAIMN T€OMETPUYECKUX OOBEKTOB M PEIICHUS KPAaeBbIX 33Jady MaTeMaTHYeCKOH (pU3UKH.
IIpuBeneHs! HekoTophle BbickasbiBaHus B.JI.PBaueBa, B3dThle U3 ero AHEBHUKOB. IIpeacTaBiieHO KpaTKoe ONUCAHUE PE3YJIBTATOB,
nonyueHHbIX B.JI.PBaueBbIM B mocneiHHE TO/IBI, CBSI3aHHBIE C MTOCTPOSHUEM HEApXUMENOBBIX UCUUCICHUH M UX BO3MOXHBIMH IPH-
JOKeHUsAMHU B QU3HKE JaibHero kocMoca. [IpecTaBien ciucok OcCHOBHBIX myOuukaruii B.JI. PBauesa.

KuroueBble ciioBa: akagemuk B.J1. PBaues, 90-netne co nust poxxaenus, teopus R-pynkuuit, 6norpadus.

YK 621.01 (092)

BexoBgoii 100m1eii npodeccopa JIspa M3pannesnya llrteitnBoanda / FO. M. Auapees, E. U. Ipy:xunnn, A. A. Jlapun /
Bicauk HTY «XIII». Cepist: JJunamika i Minaicts MamuH. — X.: HTY «XIII», 2016. — Ne 26 (1198). — C. 27-31. — Bi6miorp.: 25 Ha3B.
—ISSN 2078-9130.

B craree mpencraBiieH JKM3HEHHBIH M TBOPYECKMH IMyTh M3BecTHOro ydeHoro u3 XIIM — mpodeccopa JI. U. lreituBomabda.
AHanu3upyeTcs ero BKJIaJ B pa3BUTHE TEOPHM KOJCOAHUH M JUHAMUKH MallIUH, a TAKKe MPAKTHYECKOE TPUMEHEHHE Hay4HBIX JJOC-
ToxkeHui. [Tocesmaercst 100-neTuio co AHA pOKACHUS.

KnioueBble ci10Ba: TeopeTnyeckas MEXaHUKa, TEOPHS KoseOaHMH, JMHAMUKA MAIINH, CHCTEMa KOMITBIOTEPHOH anreOpel, Te-
JIOBO3HBIC U TAHKOBBIEC CHIIOBBIE YCTAHOBKH, BHOPAI[OHHAS AUArHOCTHKA.

YK 539.3

Ynapnoe gedopMupoBaHne TOHKOCTeHHOI koHcTpykuuu / JI.B. ABronomoBa, C.B. bonaaps, A.B. Crenyk, B.JI.XaBuHn,
C.1O. llleprun // Bicank HTY «XIIl». Cepis: JJunamika i minHicTs MammH. — X.: HTY «XII», 2016. — Ne 26 (1198). — C. 32-34. —
bi6miorp.: 8 na3s. — ISSN 2078-9130.

ITpoBeeHO KOHEUHONIEMEHTHOE MOJIEIMPOBAHKE ITPOLIECCa YAAPHOTO 1eOPMUPOBAHNS TOHKOCTEHHOH KOHCTPYKLHMH U3 alio-
MHUHHEBOTO CIUIaBa MpU yAape NpoOOHHHKOM ¢ KOHycooOpa3HOH ¢opmoii paboueii yactu. PemeHne auHaMUYeCKOW KOHTaKTHOM
BSI3KOIUTACTUYECKON 3a7a4u MO3BOJIMIO ONPEIETUTD MO HANpsHKEHUH U fedopmaruii A1 KOHCTPYKIHU C JOMOTHUTEIBHBIM ped-
POM >KECTKOCTH. AHaiU3 moyei nedopmaruii mokasaj, 4TO HaJW9IHE JONOJIHUTENBEHOTO pedpa IPUBOAUT K Hepepaclpe/eleHHIo
OIS HAIIPSDKEHUH W IIPUBOJMT K YBEINUCHHUIO XKECTKOCTH BCEHKOHCTPYKIUH.

KroueBble cj10Ba: TOHKOCTEHHAss KOHCTPYKIUS, YAap, TPOOOHHNK, KOHTaKTHAsI 3a1a4a, METOJ{ KOHEYHBIX 3JIEMEHTOB.

VK 539.3

OnTuMH3anusl KPYrJibIX IUIACTHH NPH HecTallMoHapHoM Harpy:kenun / B. @. Bacuabuenko, A.H. Jlomakun // Bicunk
HTY «XIIl». Cepis: Aunamika i mimaicTs MammH. — X.: HTY «XTIIl», 2016. — Ne 26 (1198). — C. 35-37. — bi6miorp.: 4 Ha3B. — ISSN
2078-9130.

PaccmarpuBaroTcs KpyTiible INIACTHHBI, ITOBEprafonyecs AeHCTBIIO HEeCTalMOHApHOH Harpy3ku. [Ipeioxken anropuTM pere-
HUS 33/1a9H O TUIACTHHE MHHUMAJIBHOTO Beca C OTpaHMYCHHUSIMH Ha IepeMeIeHNs U HalpsDKeHs. 3a1ada peraeTcss Ha OCHOBE METO-
J1a TOCJIeI0BATENbHBIX PHOIKeHNH. HeoOxoauMble yCioBus ONTUMAIBHOCTH (popMyITHpYIOTCsl Ha OcHOBe npuHIMNa [ToHTpsruHa.
Ha ocHOBe HaHHBIX YCJIOBHMH ONTHMAaJIBHOCTH U aJrOPUTMA METOAA MOCIEIOBATEIbHBIX IPUOIKEHHH pa3paboTaHa yHUBEpCAJIbHAsS
HporpamMMa ONTUMHU3ALMU KPYTIIbIX miacTiH. C ee MOMOLIbI0 HaXOAATC KOHQUrypaln MHHHMMAIBHOIO 00beMa ¢ OrpaHUYCHUSAMU
Ha HaNpsHKEHUs ¥ IepeMeNeH s sl IPOU3BOIBHOIO 3aKkperuieHus. IIpu 3ToM HCXOIHbIE U CONPSHKEHHBIE IEPEMEHHBIE IS KaXI0ro
KOHKPETHOTO T€OMETPUYECKOT0 HCIIOJHEHUs IUIACTHHBI h(r) WIIyTCs MyTeM pas3liokEHHUS MO COOCTBEHHBIM (hopmaM KoneOaHHHA .
KpaeBble 3a1aun penraioTcss METOA0M Ha4aIbHBIX NTapaMeTPOB; Ha4YaIbHbIE 3aadH [IPU 3TOM HHTETpUpyIoTcs MetogoM Pyrre — Kyt-
Ta. MakcuMup3anus TaMIIbTOHHAHA IPOU3BOAUTCS B KOHEUYHOM HabOpe TOUEK IO pajuycy IUIacTHHEL. [IpuBeneHs! pe3yIbTaTsl pac-
4yeTa ONTHMAJIbHON ITACTUHEL.

KnioueBble cj10Ba: ITACTHUHBI, ONTUMH3AIMS, HANPSHKEHHO-Ie()OPMUPOBAHHOE COCTOSHUE, MHHIMHI3HPYIONHN 00beM, Kpae-
Bas 3aj1aya.

VK 539.3

B3anmHoe Biausinue coenunenuii ¢ Hatsrom / JI.T. Bunorpanckmii, A.I'. Anapee // Bicuuk HTY «XIII». Cepis: dunamika
i mimHicTh MammyH. — X.: HTY «XTIII», 2016. — Ne 26 (1198). — C. 37-44. — Bibmiorp.: 8 Ha3B. — [ISSN 2078-9130.

JlanHas paboTa MOCBAIIEHA MCCISIOBAaHUIO B3aUMHOTO BIMSHHS COCAWHEHHH C HATSATOM JUIS BAPHAHTOB COCIWHEHUH C HATs-
TOM: CIUIOIIHOM BaJl ¢ IBYMsI BTYJIKaMH, [[Ba CIUIOIIHBIX Baja C BTYJIKOH, ITyCTOTENbIH Bajl C IBYMsI BTYJIKAMH, [[Ba ITyCTOTENBIX Baja ¢
Brynkoi B ITK ANSYS. ITomydens! xapaxrepuctiku HJIC (SKBUBaseHTHBIE HANPSDKEHUS, KOHTAKTHBIE JaBICHHs, CyMMapHEIE Iepe-
MELICHNS) B 3aBUCUMOCTH OT BEJIMYMHBI HHTEPBaJIA MKy COSIMHCHUSIMU C HATATOM. Y CTAHOBJIEHO, YTO MO MEpe YBEIHYCHHS ITOIO
nuHTepBaia xapakrepucTuku HIC cHavyana MHTEHCHMBHO U3MEHSIIOTCS, 3aT€M CTaOMIM3UPYIOTCS NPY JOCTH)KEHUH HEKOTOPOTO 3Ha4e-
Hus uHTepBana. [logoOHas 3aKOHOMEPHOCTh MMEET XapaKTepHbIe OCOOEHHOCTH Ul KakIOoro TUma coequHeHui. Kakmoe m3 maByx
COCIMHEHUH C HATSIrOM, BXOISIIUX B JAHHBIN THI COeTUHEHUH, HISHTUYHO 10 cBouM Xapakrepuctukam H/IC. IlomyueHHsle pe3yiib-
TaThl COTJIACYIOTCS C PAcIpeeleHneM HaNpsDKeHUH B 3amade JIsMe o TOJNICTOCTEHHBIX IUINHAPAX U CBUAETENBCTBYIOT O BO3MOXKHO-
cTr mpuMeHenus npuHImina CeH-BeHaHa K COeANHEHNUSIM C HATATOM.

KnioueBble c10Ba: COSIMHEHHNS ¢ HATSTOM, METO/ KOHEYHBIX DJIEMEHTOB, HANPSDKEHHUS, ehopManum.
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VK 539.3

HecrannonapHble KoJIeOaHUSI CTPYH U X CHCTEM, KOHTAKTHPYIOIIMX € PA3JIMYHBIMH COCPEI0TOYEHHBIMU HATPY3KaMHu /
A. B. Boponaii, E. C. ManaxoB // Bicauk HTY «XIIl». Cepis: Junamika i minHicTs MammH. — X.: HTY «XIl», 2016. — Ne 26
(1198). — C. 45-49. — Bi6miorp.: 7 Ha3. — ISSN 2078-9130.

PaccmarpuBaloTcs HeCTalMOHApHBIE KOJEOaHHUs CTPYH M MX CHCTEM, BBI3BaHHBIC KOHEYHBIM KOJIMYECTBOM COCPEIOTOYCHHBIX
Harpy3ok. HecranmoHapHeIMHM Harpy3kaMy MOTYT MOJEIMPOBATHCS BHEIIHHE CHIIBI, TAKXKE PEaKIMH, COOTBETCTBYIOLIHME BIHSHUIO
COCPENOTOYCHHBIX Macc wiH aeMidepoB. JJist cuCTeMBbI CTPYH, IIEPECEKAIONINX OJHY OOILYI0, CTPOMTCSA 000OIIEHHAs CXeMa Hcclle-
noBaHus. M3maraercss METOMKA IIOCTPOCHHSI CUCTEMBI YPaBHEHHH, COCTOSIIEH U3 OJHOMEPHBIX BOJIHOBBIX YPAaBHEHHH U1l HEKOTO-
POro IPON3BOJIBEHOTO KOJIMYECTBA CTPYH, KOTOpask 3aMbIKAeTCsl JONOJIHUTEIBHBIMI COOTHOLICHUSMH B TOUKax KoHTakTa. [lonmyueHHas
CHCTeMa SBJIETCS CUCTEMOH MHTETpalbHBIX ypaBHEHUH BonbTeppa, KoTopas mocie IUCKPEeTH3allMd CBOJUTCS K OJIOYHOM cucTeMe
JMMHEWHBIX ypaBHEHNH. B kauecTBe mpuMepa pemaercs 3ajada 0 HECTAMOHAPHBIX KOJIEOAHUIX CTPYHBI C IBYMSI IPUCOETHHCHHBIMU
neMndepamu.

KiroueBble cjloBa: CTpyHa, HECTAllMOHAPHAS HArPy3Ka, BOJIHOBOE YPaBHEHHE, PETYJIPH3UPYIOLIMIl aJrOpUTM, HHTEIpaIbHOE
ypaBHeHHe BonbTeppa, npsmas u obpartHas 3aiava.

YK 539.3

YucieHHOEe MOJeTHPOBAHME TeMIEePaTYPHOIO MOJISI 3ar0TOBOK NPH MHIYKIHMOHHOM HarpeBe JJIsl M3TOTOBJIEHHS IOJ-
mumHIKOBBIX KoJjen / E.JI. I'po3enok, I.A. Cumcon, A.B. Crenyk, C.1O. llleprun // Bichuk HTY «XIll». Cepis: Junamika i
minnicts MamuH. — X.: HTY «XTIII», 2016. — Ne 26 (1198). — C. 50-53. — Bi6miorp.: 8 na3s. — ISSN 2078-9130.

B paboTe mpuBeneHo pelieHre HeCTalHOHAPHON TEPMOAIEKTPOMAarHUTHOM KpaeBOH 3aJaduul ISl OTPEAeIICHUsT paclpeelICHUs
00BEMHOT0O MOJIST TEMIEPATYpP MPY HUHAYKIMOHHOM HATPEBE IMIMHIPUYECKOW 3arOTOBKH ISl MOMIIHUITHUKOBOTO KOJIBIA C YYETOM
3aBHCHMOCTH DJICKTPOMATHUTHBIX XapaKTEPUCTHK MaTepHaia OT TeMIepaTypsl. UNCICHHOE MOACIMPOBAHKE MMPOLECcCa WHIYKIHOH-
HOTO HarpeBa [IIMHIPUYECKOH 3arOTOBKH BBIMOJHSUIOCH METOJOM KOHEYHBIX 3JIEMEHTOB C HCIOJB30BAaHHE CHECHUATA3UPOBAHHOTO
MPOrPaMMHOTO KoMILIeKca. [IpoBoamIICs moAO0p AMEKTPUIECKUX MAPAMETPOB, KOTOPhIE 00ECIICUNBAIOT PALOHAIBHBINA PEKUM pabo-
ThI HHAYKIMOHHOTO HarpeBarels. ParroHanbHbie TapaMeTphl MOAOHPATIHNCH C LEbI0 00ECIeYeHUs] MAKCHMAIBHO OJHOPOIHOTO Pac-
MpeIeNICHUs] TEMIIEPATYPhI 10 BCEMY 00bEMY 3arOTOBKH MOIIHITHAUKOBOTO KObia. C y4eTOM HpOIiecca OCTHIBAHUS MOIYyUYECHO pac-
npeesieHUe MoJIs TEMIIePaTyp B 3arOTOBKE IIePe/ HayajaoM Mpolecca ropssyeil ITaMIIOBKH, KOTOPOe OTBe4YaeT TpeOOBaHMsM He Tpe-
BBIIICHHS 33/IaHHOT0 MaKCHMAJIbHOIO Mepernajga TeMIepaTypbl B 3aroToBke. [1oyueHHbIC YHCIICHHBIC PE3YJbTaThl PACIIPEACICHHUS
TEMITepaTypbl B LHJIMHAPUYECKOH 3ar0TOBKE HMOAIIMITHUKOBOTO KOJIbL@ CPABHUBAIUCH C SKCIEPUMEHTAILHBIMU JAHHBIMH HPOMET-
PHYECKHX M3MEPEHHI TeMIIepaTypbl Ha OOKOBOW MOBEPXHOCTH U B LICHTPE TOPLIEBOH YaCTH 3arOTOBKH.

KnroueBble ciioBa: IMIMHAPUYECKAs 3aroTOBKA, MHAYKIMOHHBIH HArpeB, PAallMOHAIBHBIA PEKHM, TEPMOIIECKTPOMArHUTHAS
3aJ1a4a, METOJ] KOHEUHBIX 3JIEMEHTOB.

VK 539

Tpuoosoruyeckas cucrema yJabTpa3sBykoBoii ceapku. Iloacucrema yiabTpasBykosoro uncrpymenta/ C.H. Hcaxos, A.C.
Hcakos, C.A. Mapycenko // Bicauk HTY «XI1l». Cepis: Junamika i minaicTs MammH. — X.: HTY «XII», 2016. — Ne 26 (1198). —
C. 54-56. — Bi6miorp.: 5 Ha3s. — ISSN 2078-9130.

Pa3paborana moacucreMa yiabTPa3ByKOBOTO MHCTPYMEHTa C HCIONB30BaHHMEM IporpammHoro kommiekca ANSYS, xoTopsrit
MHTETPUPOBAH B TPUOOJIOTNYECKYIO CUCTEMY YJIBTPa3ByKOBOI cBapku. [IpoBeneHbI MOJIeIMPOBaHKE YIbTPa3ByKOBOTO HHCTPYMEHTA,
CHMMETPUYHOTO OTHOCHTEIILHO OCH, M YHCIICHHBIE PacueThl pabouel pe3oHaHCHOH JacToThl U Gopmel kosebanuii. [Ipemnoxken noa-
XOJ1 K HHTETPUPOBAHUIO HOBOM TTOJICUCTEMBI B OOLIYIO TPUOOTOTUUECKYIO CUCTEMY YIBTPAa3ByKOBOH CBAPKH.

KnrodeBble ciioBa: Tpubogornueckas CHCTEMa, BBICOKOYACTOTHOE HArpy KeHHe, yIbTpa3ByKoBas CBapKa.

VYJK 519:539:534

MopesupoBaHue KOpIyca MapoBoii TYPOUHBI H AHAJIH3 OCHOBHBIX BHOpanMoHHBIX XapakTepuctuk / C.B. Kpacuukos //
Bicauk HTY «XIII». Cepis: lunamika i minHicts ManmmmH. — X.: HTY «XTIII», 2016. — Ne 26 (1198). — C. 56-59. — Bibmiorp.: 11 Ha3B.
—ISSN 2078-9130.

Hccnenyrotcst BUOpallMOHHbBIE XapaKTEPUCTUKH KOPITyca IapoBOl TypOUHEL U €ro B3auMmoiecTBue ¢ pynnamenToM. O0beKTOM
UCClefIoBaHus sIBIsieTcs Haubonee ruOkuil Kopryc mapoBoi TypOHHBI — LMJIMHAP HU3KOTO JaBieHus. PaccmarpuBaercs mapoBas
TypOHHA, KOTOpasi OTHOCHTCS K KJIacCy HaMOONBIINX MOILIHOCTEH CpeAn KOHCTPYKIMH 3Toro Tuma. MojenupoBaHue U NPOBEICHHE
pacdeTHBIX HCCIIEOBAaHUI BBIMOIHEHO C UCIMOJIb30BAHMEM METOJa KOHEUHBIX 3J1eMEHTOB. IIoCTpOeHbI cepuu KOHEUHO-3IEMEHTHBIX
MoJIeNieil paccMaTprBaeMol KOHCTPYKIHMU. [IpoBeneHsl pacyeTsl COOCTBEHHBIX KOJIeOaHUI Ha cepuu U3 AecaTH moxenei. [lomyuenst
OCHOBHBIEC BUOPAIIMOHHbBIE XapaKTEPUCTUKH IIPH PA3INYHBIX BApHAHTAX MOAEIMPOBAHMS B3aHMMOCBSI3H KOPITyca MapoBOil TypOHHBI C
¢ynnamenToM. ITomydeHHBIC pe3yIbTaThl MOXKHO MCIOJIB30BaTh IS OLIEHKH BHOPAIIOHHOTO COCTOSTHHS KOPITyca IapoBOH TypOHHBI
u pyHIaMeHTa Ha KOTOPHII ONMUpaeTcs KaXKAbIi KOPITyC.

KoaroueBble ciioBa: BHOpalys, mapoBasi TypOUHa, IMIMHIP HU3KOTO JABJICHUS, METOJ KOHEYHBIX JJIEMEHTOB, COOCTBEHHBIC
4acTOThl, PyHIaMEHT.

VK 539.3

AHanu3 1epopMHPOBAHNUS COCTABHBIX KOHCTPYKUHUIA NPH 3J1eKTPOMarHuTHoM npeccoBanuu / JI.B. Jlapunckmii / Bicauk
HTY «XIl». Cepis: Aunamika i minHicTs MamuH. — X.: HTY «XTIII», 2016. — Ne 26 (1198). — C. 60—63. — bi6miorp.: 10 Ha3s. — ISSN
2078-9130.

[IpencraBiena MaTeMaTHUeckasl IOCTAHOBKA 331auyd aHAJIHM3a YIPYTOIUIACTUYECKOro Ae(OPMHUPOBAHHS CHCTEMBI JJICKTPOIPO-
BOJHBIX TEJ NPU AEHCTBUU 3JIEKTPOMArHUTHOro 1oJist. [IpeyioxeH YNCIeHHbIH METO]| PEIeHHUs COTJIACHO CXEMbI METO/Ia KOHEUHbIX
aneMeHTOB. [IpeioxkeHHBIN MeTo/1 6a3upyeTcs Ha BapHallOHHOM IIPHHIIMIIE CTAl[HOHAPHOCTH ITOJHOM YHEPruu cucTeMbl. Paccmot-
PEHO NPUIOKEHUE JaHHOTO METOZA K aHanu3y Ne)OpMHUpPOBaHMS COCTAaBHOH MaTpHLbI Ipecc-GpOopMBbI, KOTOpas MCIONB3YETCs U
HPECCOBAHNUS OPOIIKOBBIX MaTEPUAJIOB.

KiroueBble ¢j10Ba: 3JIEKTPOMarHUTHOE I10JIE, YIPYTOIUIACTHYECKOE Ie(h)OPMHUPOBAHHE, IPECCOBAHKE ITIOPOLIKOB, METO]] KOHEU-
HBIX DJIEMEHTOB.
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V]IK 539.431:678

OKcNepUMEHTAJIbLHAs OlIeHKA XapPAKTePUCTHK CONPOTHBJICHHS YCTAJOCTH Pe3HMHO-KOPAHBIX KOMIO3HTOB NpH Aedop-
MHMPOBAHHMM B HANPABJIEHUH, OPTOTOHAIHHOM APMHPOBAHHUIO /10 TA MOCJE HCKYCCTBEHHOro crapenus / A.A. Jlapun // Bicauk
HTY «XIl». Cepist: Aunamika i miricts MammH. — X.: HTY «XIII», 2016. — Ne 26 (1198). — C. 63—68. — Bi6miorp.: 14 nHa3s. — ISSN
2078-9130.

B paboTte onpenensioTcest IoKa3aTeld CONPOTHBIICHHS YCTAIOCTH YCHICHHOTO TeKCTHIBHBIM KOPJOM PE3MHOBOIO KOMIIO3HUTA H
3aKOHOMEPHOCTH MX M3MEHEHHMs B pe3yJibTare cTapeHus. McciaenoBaHus MpoOBOIATCS SKCIEPUMEHTAIBHO ¢ IUNIOCKMMH 00pa3liaMu Ha
pactspxenue. OTAeNBHO HCCIEI0BAINCh 00pa3libl MaTepHana A0 U nocie crapeHus. CTapeHHe MPOBOAUIOCH HCKYCCTBEHHO ITyTEM
JUTATENILHOM BBIACPKKH 00pa3loB B TepMOKaMepe Ha (PMKCHUPOBAHHOM MOBBILICHHON Temmeparype. IIpoBeneH cpaBHUTENbHbIA aHa-
T3 U3MEHEHHS ITapaMeTPOB KPUBBIX YCTAIOCTH CO BPEMEHEM B PE3yJIbTAaTe CTApCHHUSL.

KniodeBble ci10Ba: pe3NHOBBIM KOMIO3HUT, CTApPEHUE, SKCIIEPIMEHTAIbHBIE TECTHI HA YCTAIOCTh, KapKac MHEBMAaTHUECKON MIN-
HBL.

VK 539.3

HccaenoBanne HAC nucka 60poHbI HA WHAWBUAYAJIbHOI NMpy:KUHHON cToiike / D.A. Cumcon, JI.C. SAryaun // BicHuk
HTY «XI1ly». Cepist: Jlunamika i minnicts MamuH. — X.: HTY «XI1I», 2016. — Ne 26 (1198). — C. 68—70. — biomiorp.: 4 Ha3s. — ISSN
2078-9130.

[IpoBeneHO KOMITBIOTEPHOE MOAEIHPOBAHME MPOLIECCa SKCIUTyaTalud AWCKOBOM OOpPOHBI Ha MHAMBUIYAJIBHON MHpPY>KUHHOU
croiike. ChopMynmpoBaHa 3a/ada MO UCCICIOBAHHMIO TOBEICHHS CTOWKU MPH CHIOBOM M KMHEMAaTHYECKOM HArpy>KeHHH CTOHKH OT
NIEHCTBUS SKCIUTYaTAIlHOHHBIX HArPYy30K, a TaK)Ke MPOBEACH YaCTOTHBIM aHATN3 KOHCTPYKIWHU. AHAIN3 nojied aedopmanunii n Hanpsi-
JKEHUH TI0Ka3ajl, 9YTO CTAaTHYECKOe W KHHEMaTHIEeCKOe Harpy>KeHHe caMo 1o cede He MPUBOAUT K pa3pymeHuro cToiku. [1o pesyibra-
TaM HUCCIEJOBaHMA [IOBEPXHOCTH M3JI0Ma Pa3pyllICHHE HOCUT KOMIUIEKCHBIH XapaKTep: HAaKOIUIEHHE YCTAJOCTHBIX IOBPEXKICHUHU C
HOCIEAYIOIIUM pa3pyLICHUEM OT CTaTHUECKOI KMHEMAaTHUeCKOH Harpy3KHu.

KonroueBrble ciioBa: quckoBast 6opoHa, IPyKUHHAsK CTOHKA, COOCTBEHHAsI YacTOTa, Pa3pyLIeHHEe, METO/] KOHEUHBIX JJIEMEHTOB.

VK 539.3

AHaJIM3 MPOYHOCTH M JUHAMHKH NMOBOPOTHO-CHMMETPHYHBIX MHOTOKOMIOHEHTHBIX KOHCTPYKIMIA (IMOJLIMITHHKOBBIX
y3J0B kadyenus) / J. A. Cumcon; C. A. Hazapenko // Bicauk HTY «XIII». Cepis: Junamika i mirHicTs MammH. — X.: HTY «XIDy,
2016. — Ne 26 (1198). — C. 71-74. — Bi6miorp.: 12 na3s. — ISSN 2078-9130.

Oco6eHHOCTH TOBOPOTHO-CUMMETPHYHBIX KOHCTPYKIIHH ITTO3BOJISIIOT ITyTEM CO3/IaHHMS CIIENUAIN3UPOBAHHBIX TCOPUH U YHCIICH-
HBIX TEXHOJIOTU MepeTH 0T OOIIMX METO/IOB aHAIM3a K CIICLMAIbHBIM, 3HAYNTEIEHO MEHbIIEH pa3MepHOCTH. PaccMOTpeHb! 1 npo-
AQHAIN3UPOBAHBI METO/BI IPOYHOCTHOTO M JIMHAMHMYECKOI0 pacyera Ha IMpHMepe MOIIMITHUKOB KaueHus. JlopaboTka Merona perie-
Hus cnekTpanbHoil mpobnemsl LICK Gasupyercs Ha BKIIOUCHMH METOJa KBAa3UIMKINYECKUX Pa3lIoKCHUN "BHYTph'" allrOpUTMa HTe-
PALMOHHOTO PeoOpa30oBaHus MOAIPOCTPAHCTBA.

KitoueBble cj10Ba: MexaHHKa, TOBOPOTHO-CUMMETPHYHBIC KOHCTPYKLUH, HOAIIMITHUKYA Ka4eHuUs, OI0YHAast HTepauus, KOHed-
HbIE 3JICMCHTBI.

VK 539.3

AHa/IM3 peJlaKcalliid KOHTAKTHOIO AABJICHHUs] MEKAY BA3KOYNPYTHM KOMIO3UTHBIM 0aHAaxkoM U Tpydonposoaom / B. I'.
CyknacoB // Becthuk HTY «XIIW». Cepust: lunamuka n npounocts Mamms. — X.: HTY «XITH», 2016. — Ne 26 (1198). — C. 74-77.
— bi6nuorp.: 11 na3s. — ISSN 2078-9130.

W3noseHsl NOCTAaHOBKA U METOAMKA NMPUOIMKEHHOTO aHAIUTUYECKOTO PEIICHUS 3a[a4l O B3aUMOAEHCTBUU KOMIIO3UTHOTO pe-
MOHTHOTO 0aHIaXa CO CTaIbHBIM TPYOONPOBOAOM. Bs3KOympyrue cBOMCTBa OPTOTPOIHOTO KOMIIO3UTAa MOAENUPYIOTCS Ha OCHOBE
MpPHUHIAIIA COOTBETCTBHA BonbTeppa, B cOYETaHNM C PABUIOM CMecel. 3aBUCHMOCTh KOHTAKTHOTO JAaBICHHS OT BPEMEHH MOTydeHA
C TIOMOIIBI0 OXHOCTOPOHHETO MHTETPaIbHOro npeodpasoBanust Jlammaca Juist pa3iHYHBIX 3HAUYCHUH OOBEMHOTO COJCPXKaHUS apMH-
PYIOLIHUX BOJIOKOH.

KnioueBble cioBa: 6aHnax, TpyOOIIPOBOI, BI3KOYIPYTHE CBOMCTBA, KOMIIO3UT, KOHTAaKTHOE JaBJIeHHe, Ipeodpa3oBanue Jlam-
naca.

VK 539.3

O nporHo3MpoBaHNH BPeMeHH 10 Pa3pylLIeHHs! MPH MOJI3yYecTH 0CeCHMMETPHYHO HATPYKEHHBIX MOJBIX HHJIMHIPOB U
nuianHapuyeckux o6osiovek / C.H. Ckaenye, A.3. INannmun // Bicauk HTY «XIII». Cepia: JuHamika i MirHicT MamuH. — X.:
HTY «XIII», 2016. — Ne 26 (1198). — C. 77-84. — Bibmniorp.: 14 Ha3zs. — ISSN 2078-9130.

PaccmoTpena 3amada onpezneneHns HanpsHKeHHO-1e(hOPMHPOBAHHOTO COCTOSHHS, MOBPEXKIAEMOCTH U AIUTEIBHON MIPOYHOCTH
HOJBIX [WINHAPOB M IMIMHAPHYIECKUX 000JI09eK, PabOTaromMX NpH IMOoi3ydecTH. PemeHus mis o00iI0ueK pa3iudHOI TOJIIUHEL,
OCHOBAHHbBIE Ha THIOTE3aX MPSIMOJIMHEITHOTO 3JIEMEHTA, CONOCTABIISIIOTCS C IIPOCTPAHCTBEHHBIMU PEILCHUSIMU JJISI OCECUMMETPHUYHO
Harpy>XeHHBIX MOJBIX LMIMHAPOB. VcclieoBaHO BIMSHUE COOTHOIICHUSI F€OMETPUYECKHX Pa3MEepoB Ha TOYHOCTH 00OJIOYEUHOTO
pewenus. Paspaboran crioco0® MPOrHO3MPOBaHUS BPEMEHH 10 PaspyIICHHs B NPOCTPAHCTBEHHOW MMOCTAHOBKE HA OCHOBE JAHHBIX O
BPEMEHH 10 Pa3pyIICHHs MOTYyYEHHBIX 110 000I0YEYHON TeOpHH, 1 HA000POT.

KitoueBble ¢J10Ba: MON3y4eCTh, HOBPEKIAEMOCTh, BPEMs IO pa3pyLICHHs, TPOrHO3HPOBAHUE, MOJIBIA LIHINHAP, HINHAPHYC-
cKast 000JI0UKa.

YK 539.3

HccaenoBaHue moJ3y4ecTH M MOBPEKIAEMOCTH MOJIOT0i 000JI0YKH M3 MaTepHaia ¢ XapaKTePUCTHKAMH, 3aBUCAIIIUMUI
ot Buna Harpy:keHusi / C. H. Ckaenyc // Bicauk HTY «XI1l». Cepist: Jlunamika i minaicts ManmH. — X.: HTY «XI1l», 2016. — Ne
26 (1198). — C. 85-88. — biomiorp.: 11 na3s. — ISSN 2078-9130.

Crathsl MOCBSILIECHA UCCIIEIOBAHUIO TTOJ3YYECTH U TIOBPEKAAEMOCTH TTOJIOTUX H30TPOIHBIX 000JI0YEK CIIOKHON (OpMBI B ILIaHE,
U3 MATEpUajIoOB C XapaKTePUCTHKAMH, 3aBUCSIIMMH OT BHIa HArPy)XeHHUs. B MOCTaHOBKE 3a1a4K MCIIOIB3YIOTCS OMPEACISIOLIIE CO-
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OTHOILECHUSI, ONUCHIBAIOIIUE JUCIOKAMOHHYIO MOI3y4eCcTh IEPBOHAUABHO U30TPOIHBIX MaTEPUAIOB C XapaKTEPUCTUKAMH, 3aBUCS-
MK OT BUJIA HATPYKEHUsI, aCCOLMUPOBAHHYIO C 00pa30BaHUEM U POCTOM IUIOCKMX MHKPOTPEIINH C MPEHMYIIECTBCHHON OpHUCHTa-
mueil. HauansHo-KpaeBas 3ajada MOJI3YyYECTH W MOBPEKAAEMOCTH PEIIAETCsl C IIOMOIIBI0 COBMECTHOTO HCIONIB30BaHUS METOJ0B R-
¢ynknmii, Putna u Pynre-Kyrra-Mepcona. HccnenoBano BiusHHE HalpaBlIeHUs BHEIIHEH HAarpy3KH Ha ITOJI3Y4eCTb, IOBpEXJae-
MOCTb U JIUTEIBHYIO IPOYHOCTH CHEPHIECKOI MOIOT0i 000IOUKH CIIONKHON (POPMEL.

KiroueBble c/10Ba: 0J13y4ecTb, IOBPEKIAEMOCTb, BpeMs JI0 pa3pyLICHUs], 1o1orast 000104ka, MeTo]] R-dyHKIui.

VK 621.646.45: 621.05: 621.454.2

HccnenoBanne THHAMUYECKOH YCTOWYHBOCTH PeryJsiTopa JaBjeHHs] ¢ THeBMATHYECKHM YIpaBJIeHHeM NMPH ydeTe Ko-
JebaHuii c¢T0s100B raza B Tpydonposoaax / C.A. llleBuenko, A.JL. I'puropres, M.C. Ctenanos // Bicauk HTY «XIII». Cepis:
Junamika i migaicts MamuH. — X.: HTY «XTIII», 2016. — Ne 26 (1198). — C. 89-108. — Bibmiorp.: 19 na3s. — ISSN 2078-9130.

CocTaBieHa AUCKPETHO-KOHTHHYAJIbHAS! HEIIMHEHHAss MOJICNIb U BEIBEACHO TPAHCICHACHTHOE XapaKTePUCTUUECKOE YpaBHEHHE
JUISL HCCTIEZIOBAHMS CBOOOHBIX KOJIeOaHHH peryisTopa THEBMOCHCTEMBI 3aIlyCKa pakeTHOro aBurarens. Pa3spaboTaH MeTON HaXOX-
JICHUs TPaHUNBl JUHAMUYECKOH YCTOHYMBOCTH CHCTEMBI M KPHTEPHI YCTOWYMBOCTH ee mpejenbHoro nukia. OnucaH MOpsioK Ha-
CTPOIMKH CHCTEMBI Ha aBTOKOJICOaHUs MaJIOi aMILIUTY IIbI.

KnroueBble c10Ba: MHEBMOCHCTEMA, IUCKPETHO-KOHTUHYaIbHAsE MOJIENIb, TapMOHMYECKas JIMHEApH3alusl, MEXaHHIeCKHH HM-
HeJaHc, AMHAMUYecKas YCTOHYMBOCTh, aBTOKOJICOaHHS.

VK 539.3

BaxenoB B.A. OnacHble 0udypKauuu Npy IBUKeHUU BUOPOYAAPHOIi cMCTeMBI ¢ AIBYMs cTeneHsiIMH cBo0obI / B.A. ba-
:keHoB, O.C. IToropenosa, T.I'. [ToctuukoBa // Bicauk HTY «XI1I». Cepis: Junamika i minHicTs MammH. — X.: HTY «XIII», 2016.
—Ne 26 (1198). — C. 109-113. — bi6miorp.: 25 na3s. — ISSN 2078-9130.

W3yuaeTcst mMHAMHUYECKOE MOBEJCHUE CHIBHO HEIMHEHHOW HErIankoi pa3phIBHON BHOpoymapHO# cucteMsl. [Ipy n3meHnenun
CHCTEMHBIX IapaMeTPOB MBI HaXOJHUM pa3pbIBHbIC OH(YpPKAIMH, KOTOPBIC SBISIOTCS ONMACHBIMH. OTO SBJICHHE YHHKAIBHO JUIS He-
IJIaJKUX CHCTEM C pa3pbIBHOH IpaBoil yacThio. BubpaynapHyro cucTeMy C ABYyMs CTEHICHSMH CBOOOIBI MBI UCCIIELYyEM YHCICHHBIM
METOJIOM MPOJI0JDKEHHMS 110 TapaMeTpy BMecTe ¢ MeToamu crpenibObl 1 HplotoHa-Padcona. Y nap Monenupyercst HeTMHEHHOM CHIIoi
KOHTaKTHOT'O B3aUMOJIEICTBUS B COOTBETCTBUH C KOHTAKTHBIM 3aKoHOM I'epuia. Pa3pbiBHble OMdypKanmyu onpenenstorcs o 3Ha4eHu-
M MyJbTUIIHKaTopoB Proke. M3ydaercs Taxke m3MeHeHHe O0MQypKallMOHHON KapTHHBI, KOTAA yAap MEXIy TeTaMH CTaHOBHThCS
MSITKUM.

KiroueBble cjioBa: HeMMHEHHAs pa3pbiBHas BHOpoyIapHas cucTema, 3akoH ['epua, Omdypkaius, MyIbIUIMKATOp, YCTOHYH-
BOCTb.

YK 539.3

Hexoropsie 32724y cTaHOHAPHOro AeopMHPOBAHUSA COCTABHBLIX CHCTEM H3 000s104eKk Bpamenus / S1.M. I'puropenko,
E.N. Becnauosa, H.II. SfIpemuenko // Bicuuk HTY «XI1I». Cepist: Junamika i minnicts Marmmt. — X.: HTY «XIII», 2016. — Ne 26
(1198). — C. 114-117. — bi6mniorp.: 4 Ha3zs. — ISSN 2078-9130.

Ha ocrHoBe 0005109€9HBIX MOJIENEH Pa3IMIHOTO YPOBHS CTPOTOCTH IIOCTPOEH €IWHBIH MOAXO0M K PEIISHUIO psiga 3a4ad CTaluo-
HApHOTO Ae(OPMHUPOBAHUS ISl YIIPYTUX CHCTEM M3 000JIOUEK BPAICHHUS CIOKHOH (OPMBI M CTPYKTYpBL. I1o1X0/ BKIIIOUaET eqUHYIO
YHCJICHHO aHAJMTHYECKYI0 METONUKY, KOTOpasi 6a3upyeTcs Ha PalMOHAILHOM CBEICHUH K OJHOMEPHBIM JIMHEHHBIM KpPaeBBIM 3ajia-
gaMm. IIpoBeseH aHamM3 HalpsHKEHHO AE(OPMHPOBAHHOTO COCTOSHHSI THOKHX 00OJIOYEK BpAalIeHHs, UX KOJIeOaHWI, NP HAIUIUH
Pa3BEeTBICHUN U IMHAMUYECKOH CTOMKOCTHU B 110JIE IEPUOJUUECKUX HATPy30K

KroueBble c10Ba: COCTaBHbIE CHCTEMBI, IIOCTOSTHHASL AeopManys, 00Kl MOAXO/, aHAJIH3.

VK 539.3

Bu6poanarHocTuka NpoKaTHHIX CTAHOB HA OCHOBe HeJMHEHHBIX Y dexToB B tuHamuke / I1. B. Kpor, B. B. Kopennoii //
Bicank HTY «XIII». Cepis: Aunamika i mirHicTs MammH. — X.: HTY «XII», 2016. — Ne 26 (1198). — C. 118-123. — Bibmiorp.: 18
Ha3B. — ISSN 2078-9130.

B crarbe onucansl HenrHeHHbIE () QEKTH, BO3HUKAIOMNE B JUHAMUKE IIPOKATHBIX CTAHOB. DTO HEOOXOAUMO I AeMIIpHPO-
BaHMS KOJEOAHMH W HaJEeKHOW NUAarHOCTUKU OOOpYIOBAaHMS NPOKATHBIX CTAHOB B YCJIOBHSX HECTAMOHAPHBIX PEKUMOB PaOOTEHI.
HccnenoBanbl TpH THNA HENUHEHHBIX 3()(EKTOB, HAOMIOAaEeMBIX B TPAHCMHCCHSX M KIETSAX Pa3IMYHON KOHCTPYKIHMH, a MMEHHO,
HepexoAHble KpyTHJIbHbIE KoleOaHHs B CTaHaX ropsuel MPOKATKH, KOJeOaHHs «4aTTep» B CTaHAX TAaHAEM XOJIOAHOH NMPOKATKH M
napaMeTpUyuecKue KonebaHus B BBICOKOCKOPOCTHOM CTaHe IPOKATKH IIPOBOJIOKU M NPYTKOB. [Ipeuioxkena MeToanka a1 uaeHTudu-
KalMK COOCTBEHHBIX YacTOT IPH KOPOTKMX IEPEXOAHBIX CHUIHAAaX KPYTSILIEro MOMEHTa, KOT/la PUMEHEHHe npeodpasoBanus Pypbe
orpaHn4eHo. IIpuBeeHBI IPUMEPHI HCIIOIb30BAHUS HEMMHEHHBIX 3Q(EKTOB I AMATHOCTHUKK U3HOCA W KOHTPOJI BHOpaluii Ha Oc-
HOBE aHAJIN3a COOCTBEHHBIX YacTOT U (popM KoneOaHuii MHOTOMacCHBIX CHCTEM.

KnioueBble c10Ba: IpOKaTHBIE CTaHBI, HEJIMHEWHBIE KOJIeOaH!sI, BUOPAIIUN «JaTTepy, NACHTH (UKL
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ABSTRACTS

To the 90™ anniversary of V. Rvachev, Academician of the NAS of Ukraine / T.I. Sheyko, L.V. Kurpa, 0.0. Bezdetko, A.O.
Osetrov // Bulletin of NTU "KhPI". Series: Dynamics and strength of machines. — Kharkiv: NTU "KhPI", 2016. — Ne 26 (1198). — P.
7-26. — Bibliogr.: 44. — ISSN 2078-9130.

The article is devoted to the 90th anniversary of the birth of the outstanding Ukrainian scientist in the field of mathematics, me-
chanics and cybernetics, Academician of NAS of Ukraine Vladimir L. Rvachev. The article describes the life and creative path of
V. Rvachev. The main scientific results of V. Rvachev, that allowed a significant breakthrough in the field of analytical identification
of geometric objects and solving boundary value problems of mathematical physics, are discussed. Some statements and quotes of
V. Rvachev, taken from his diaries, are listed. A brief description of the results obtained by V. Rvachev during his last years, related
to the construction of non-Archimedean calculus and their possible applications in the physics of deep space, is given. A list of the
main publications of V. Rvachev is also provided.

Key words: academician V. Rvachev, 90™ anniversary, R-functions theory, biography.

Centenary of Professor Lev Izrailevich Shteinvolf / Ju.M.Andreev, E.I.Drujinin, A.A. Larin // Bulletin of NTU "KhPI". Series:
Dynamics and strength of machines. — Kharkiv: NTU "KhPI", 2016. — Ne 26 (1198). — P. 27-31. — Bibliogr.: 25. — ISSN 2078-9130.

April 23, 2016 marks the 100th anniversary of the birth of Lev I. Shteinvolf — who was a well-known scientist in the field of
mechanics, a doctor of technical sciences, and a professor of theoretical mechanics at Kharkiv Polytechnic Institute. His contributions
to the development of computer algebra systems in the field of mechanics, and the introduction of such methods in scientific, practi-
cal, and educational activities were invaluable. Noteworthy is his creation of the theoretical foundations and practical implementation
of a fundamentally new software in the field of machine dynamics calculations: the KiDiM computer algebra system. The article con-
tains biographical data, and the results of the research and teaching of Professor Shteinvolf and his disciples. Graduates over many
generation have forever preserved the memory of this remarkable scientist and educator.

Keywords: theoretical mechanics, theory of vibrations, machine dynamics, computer algebra system, diesel tank and propulsion
systems, vibration diagnostics.

High-speed deformation of a high-strength coated thin plate / L.V. Avtonomova, S.V. Bondar, A.V. Stepuk, V.L. Khavin, S.Y.
Shergin // Bulletin of NTU "KhPI". Series: Dynamics and strength of machines. — Kharkiv: NTU "KhPI", 2016. — Ne 26 (1198). — P.
32-34. — Bibliogr.: 8. — ISSN 2078-9130.

The punch with cone-shaped working part impact into aluminum alloy thin-walled structures is mathematical modelled applying
thermo-mechanical coupling of the physical processes during their deformation. The nonlinear physical properties contain a nonlinear
stress-strain rate dependence of temperature. To solve the contact problem the sliding boundary conditions (friction) on moving bod-
ies introduced. Numerical simulation of impact process performed using the finite element method and the independent Lagrange-
Euler approach for two variants of the thin-walled box structure. The solution of the dynamic viscous plastic contact problem allowed
to determine and to design the stress-strain fields in the thin-walled box section. For comparison, the deformation process of the simi-
lar aluminum construction with an additional rib considered when the punch with the conical working part impact. Analysis of stress-
strain state for two various types of structural geometries demonstrated that mounting the additional medial rib into its design let re-
distribute the stress fields and significantly reduce the plastic deformation area during the impact because of four fold increasing in its
contact stiffness. Such modification of the structure rigidity may improve the strength properties of the entire composite security de-
vice applying changes only to its part.

Keywords: thin-walled structures, kick piercer, punch, contact problem, the finite element method.

Optimization of the circular plate in unsteady loading / V.F.Vasilchenko, A.N. Lomakin // Bulletin of NTU "KhPI". Series: Dy-
namics and strength of machines. — Kharkiv: NTU "KhPI", 2016. — Ne 26 (1198). — P. 35-37. — Bibliogr.: 4. — ISSN 2078-9130.

We consider the round plate is exposed to a non-stationary load. An algorithm for solving the problem of the plate the minimum
weight with restrictions on the movement and tension. The problem is solved by a method of successive approximations. Necessary
optimality conditions are formulated based on the Pontryagin principle. On the basis of these conditions are optimal and the algorithm
of the method of successive approximations developed a versatile program of optimization of circular plates. With it are the minimum
volume configuration with restrictions on the stresses and displacements for any fixing. At the same time the original and conjugate
variables for each specific geometric execution of the plate h (r) are sought by an expansion in their own forms of vibrations. Bound-
ary problems are solved by the method of initial parameters; the initial problem with the integrated by the Runge - Kutta method.
Maximizing Hamiltonian performed in a finite set of points along the radius of the plate. The results of calculating the optimum plate.

Keywords: plate, optimization, stress-strain state, minimizing the volume of the boundary value problem.

Mutual influence of connections with a tightness / D.G. Vinogradsky, A.G. Andreev // Bulletin of NTU "KhPI". Series: Dynam-
ics and strength of machines. — Kharkiv: NTU "KhPI", 2016. — Ne 26 (1198). — P. 37-44. — Bibliogr.: 99. — ISSN 2078-9130.

This work is devoted to research of mutual influence of connections with a tightness of options for connections with a tightness:
solid shaft with two hubs, two solid shaft sleeve, hollow shaft with two hubs, two hollow shaft sleeve PC ANSYS. The characteristics
of the stress-strain state (equivalent stresses). The contact pressure of the total displacement), depending on the size of the interval
between the compounds with an interference fit. It was found that increasing the interval characteristics of the stress-strain state of the
first change-intensive, then stabilize when it reaches a certain value range. A similar pattern has the characteristic features of each
type of compound. Each of the two connections with a tightness, included in this type of connections are identical in their characteris-
tics of the stress-strain state. These results are consistent with the stress distribution in the Lame of thick-walled cylinders and indicate
the possibility of applying the principle of San-Venan compounds with an interference fit.

Keywords: connections with a tightness, finite element method, stress, strain.
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Nonstationary vibrations of strings and their systems contacting with different concentrated loads / A.V. Voropay,
E. S. Malakhov // Bulletin of NTU "KhPI". Series: Dynamics and strength of machines. — Kharkiv: NTU "KhPI", 2016. — Ne 26
(1198). — P. 45-49. — Bibliogr.: 7. — ISSN 2078-9130.

Nonstationary vibrations of strings and their systems, caused by a finite numbers of concentrated loads, are considered. External
forces can be simulated by nonstationary concentrated loads. We can use nonstationary concentrated loads to simulate the external
forces and reactions, conformed to influence of mass or dampers. A generalized layout of research was built for system of strings,
where all strings intersect a common one. A method for constructing the system of equations is given. The system consists of one-
dimensional wave equations for several strings. The system is closed by additional relations in contact points. The obtained system is
the system of Volterra integral equations. The system is reduced to block matrix equation after discretization. The problem of nonsta-
tionary string vibrations with two joined dampers is solved as an example.

Keywords: string, transient loading, the wave equation, regularization algorithm, Volterra integral equation, direct and inverse
problem.

Numerical simulation of the workpieces’ temperature field for manufacturing bearing rings during induction heating /
L.D.Grozenok, E.A.Simson, A.V.Stepuk, S.Y. Shergin // Bulletin of NTU "KhPI". Series: Dynamics and strength of machines. —
Kharkiv: NTU "KhPI", 2016. — Ne 26 (1198). — P. 50-53. — Bibliogr.: 8. — ISSN 2078-9130.

Non-steady thermo-electromagnetic boundary problem is solved to define volume temperature filed distribution within the bear-
ing ring during inductive heating of the cylinder work piece; its material magnetic characteristics assumed to depend on temperature.
Numerical modeling was executed with software package based on finite elements. To make available the rational working regime of
the inductive heater a few scheme parameters varied. Their choice defined to provide the most even volumetric temperature distribu-
tion within a work piece. Given the process of cooling, the temperature field distribution in the work piece obtained before hot stamp-
ing process start, which are limited with the predefined highest changes in temperature in the work piece. The latter meets the re-
quirements to do not exceed a predetermined maximum temperature difference in the work piece. The obtained results of the tempera-
ture distribution in the cylindrical blank were compared with the experimental data of pyrometric temperature measurements on the
face surface and in the center of the perform tore end-part.

Keywords: cylindrical workpiece, induction heating, rational mode, thermos-clectromagnetic problem, the finite element
method.

Tribological system of ultrasonic welding. Subsystem ultrasonic tool / S. Isakov, O. Isakov, S. Marusenko // Bulletin of NTU
"KhPI". Series: Dynamics and strength of machines. — Kharkiv: NTU "KhPI", 2016. — Ne 26 (1198). — P. 54-56. — Bibliogr.: 5. — ISSN
2078-9130.

A subsystem of the ultrasonic instrument using ANSY'S software system, which is integrated in the tribological system of ultra-
sonic welding, is developed. The simulation of the ultrasonic tool, which is symmetrical about an axis, and numerical calculations of
the working resonance frequency and waveform are fulfiled. An approach to the integration of new subsystems into the overall tri-
bological ultrasonic welding system is proposed.

Keywords: tribological system, the high loading, ultrasonic welding.

Modelling of the hull of the steam turbine and the analysis of the basic vibration characteristics / S.V. Krasnikov // Bulletin of
NTU "KhPI". Series: Dynamics and strength of machines. — Kharkiv: NTU "KhPI", 2016. — Ne 26 (1198). — P. 56-59. — Bibliogr.: 11.
—ISSN 2078-9130.

Investigates the vibration characteristics of the casing of the steam turbine and its interaction with the foundation. The object of
the study is the most flexible housing of a steam turbine — low pressure case. The steam turbine is considered, which refers to the
highest capacity among the structures of this type. Modeling and computational studies performed using the finite element method.
Built a series of finite element models of the considered structures. The calculations of self-oscillations to a series of ten models. The
main vibration characteristics at different options for modeling the relationship between the hull of the steam turbine with the founda-
tion. The obtained results can be used to assess the vibration condition of the shell of the steam turbine and the foundation on which
rests every case.

Key words: vibration, steam turbine, low pressure case, finite element method, own frequencies, foundation.

Deformation analysis of compound structures under electromagnetic press-molding / D.V. Lavinsky // Bulletin of NTU "KhPI".
Series: Dynamics and strength of machines. — Kharkiv: NTU "KhPI", 2016. — Ne 26 (1198). — P. 60-63. — Bibliogr.: 10. — ISSN 2078-
9130.

The paper under consideration deals with the deformation analysis of compound conductive structures. It is considered the ine-
lastic deformation of the die molds for electromagnetic compactions of powders. It is presented the general mathematical statement of
the problem. The statement includes equations for electromagnetic field and for inelastic deformation. The numerical method of solv-
ing is based on the variation principles of full energy stationarity. The proposed numerical method is used for analisis of deformation
of one type of press-molding for electromagnetic powder compaction.

Keywords: electromagnetic field, inelastic deformation, powders compaction, finite element method.

Experimental estimation of fatigue resistance of rubber-cord composite under orthogonal to reinforcement deformation be-
fore and after artificial aging / O. O. Larin // Bulletin of NTU "KhPI". Series: Dynamics and strength of machines. — Kharkiv:
NTU "KhPI", 2016. — Ne 26 (1198). — P. 63—68. — Bibliogr.: 14. —ISSN 2078-9130.

The paper defines parameters of the fatigue resistance of the rubber-base composite with textile reinforcement and the regularity
of their changes due to aging. That material is presents pneumatic tire's carcass layer. The research has carried out experimentally
using a modern measuring system INSTRON. Tests have been carried out with specimens on cyclic tensile uni-directional deforma-
tion in a displacement control condition. The amplitudes of deformation was fixed and the specimens cycles around the set middle
level of deformation, that avoids the effect of specimen buckling. The results of the tests on cyclic deformation up to failure at differ-
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ent amplitudes of the load have been approximated by the straight lines in a double logarithmic coordinates, i.e. classical Wohler
fatigue curves were obtained. The specimens before and after aging have been studied independently.

The aging of samples was gained artificially using the procedure of thermal prolonged exposure in a heat chamber at a fixed
temperature. Based on the recommendations given in the literature, the samples were kept for 6 days at 80 °C, that corresponds to the
natural aging of this material at a room temperature during the 3 years.

Comparative analysis of fatigue curves obtained for samples of the material before and after artificial aging shows that the slope
of Wohler curves does not change over the time, but the basic number of cycles to failure is significantly reduced. The parameters of
the approximations for fatigue curves are obtained relatively for the amplitudes of strains and Cauchy true stresses.

Keywords: rubber composites, aging, experimental fatigue tests, carcass layers of the pneumatic tire.

The stress-strain state research of disk harrow on an individual spring rack / E. A. Simson, D. S. Yagudin // Bulletin of NTU
"KhPI". Series: Dynamics and strength of machines. — Kharkiv: NTU "KhPI", 2016. — Ne 26 (1198). — C. 68-70. — Bibliogr.: 4. —
ISSN 2078-9130.

An operating process of disc harrow on the individual spring rack was conducted by computer simulation. A problem is set on
research of rack under power and kinematic load from the action of operational loads, and also the frequency analysis of construction
was conducted. The analysis of strains and stresses fields has shown that static and kinematic loading itself does not lead to destruc-
tion of the rack. By results of fracture surface research destruction carries complex character: the accumulation of fatigue damage
with the subsequent destruction under kinematic static load.

Keywords: disc harrow, spring rack, natural frequency, destruction, finite element method.

Strength and dynamic analysis multicomponent cyclically symmetric structures (rolling bearings) / E. A. Simson, S. A. Naza-
renko // Bulletin of NTU "KhPI". Series: Dynamics and strength of machines. — Kharkiv: NTU "KhPI", 2016. — Ne 26 (1198). — P.
71-74. — Bibliogr.: 12. —ISSN 2078-9130.

This paper reviewed and analyzed the methods of strength and dynamic analysis of cyclically symmetric structures. The original
method of analysis has been proposed cyclically symmetric structures such as rolling bearings. Rolling bearings are commonly used
in industrial machines. Fea-tures cyclically symmetrical designs allow the creation of specialized by theory and numerical techniques
to move from the general methods of analy-sis in the direction of special, much smaller dimensions and costs. Methods for solving
spectral problems for cyclically symmetric structures are based on the inclusion of quasi-cyclic decomposition scheme "inside" of the
iterative algorithm conversion subspace. Each step of the method is modeled on the basis of cyclical sectors. This allows processing
sector finite-element model for each stage. Connectivity is achieved by cyclic recombination inter-face degrees of freedom. The func-
tionality of this approach has been tested. Conclusions of the vibrations of rolling bearings were made.

Keywords: mechanics, cyclically symmetric structure, finite element method, rolling bearing, reduced order modeling tech-
niques, stress, sector.

Analysis the relaxation of contact pressure between viscoelastic composite band and pipeline / V. G. Sukiasov // Bulletin of
NTU "KhPI". Series: Dynamics and strength of machines. — Kharkiv: NTU "KhPI", 2016. — Ne 26 (1198). — P. 74-77. — Bibliogr.: 11.
—ISSN 2078-9130.

The statement and an approximate analytical method of solving the problem of interaction between the composite repair band
and a steel pipeline are outlined. Computational model is a two-layer cylinder in plane strain conditions, under internal pressure. With
one-sided Laplace transformation the viscoelastic problem solution is obtained in the images, according to the Volterra correspon-
dence principle. The viscoelastic properties of the orthotropic composite are simulated by mixtures rule, taking into account the char-
acteristics of reinforcing fibers and a polymer matrix. To find the original describing the time dependency of the contact pressure used
the approximation of the transcendental part of image by truncated power series. The calculations were performed for different values
of the reinforcing fibers volume content.

Keywords: band, pipeline, viscoelastic properties, composite, the contact pressure, the Laplace transformation.

On prediction of the creep rupture time for axisymmetrically loaded hollow cylinders and cylindrical shells / S.N. Sklepus,
A.Z. Galishin // Bulletin of NTU "KhPI". Series: Dynamics and strength of machines. — Kharkiv: NTU "KhPI", 2016. — Ne 26 (1198).
—P. 77-84. — Bibliogr.: 14. —ISSN 2078-9130.

The problem of determining the stress-strain state, damageability and long-term strength of hollow cylinders and cylindrical
shells, working under creep conditions, is considered. Solutions for shells of varyous thickness, based on the hypothesis of rectilinear
element, compared with the 3D solutions for hollow cylinders under axisymmetric loading. The effect of aspect ratio on the accuracy
of solutions based on the shell theory is investigated. Prediction approach of time to failure in 3D formulation on the basis of data,
obtained by the shell theory and vice versa is elaborated.

Keywords: creep, damageability, time to fracture, prediction, hollow cylinder, cylindrical shell.

Investigation of the creep and damageability of a shallow shell from material with characteristics dependent on the kind of
loading / S.N. Sklepus // Bulletin of NTU "KhPI". Series: Dynamics and strength of machines. — Kharkiv: NTU "KhPI", 2016. — Ne
26 (1198). —P. 85-88. — Bibliogr.: 11. — ISSN 2078-9130.

The paper is devoted to the investigation of creep and damageability of isotropic shallow shells with complex shape made from
materials with characteristics dependent on the kind of loading. For the formulation of the problem are used the constitutive equations
which describe the dislocation creep of initially isotropic materials with characteristics dependent on the kind of loading, associated
with the nucleation and growth of planar microcracks with the preferred orientation. A method for solving of the non-linear initial-
boundary value problem of creep and damageability is based on the combined application of the R-functions, Ritz and the Runge-
Kutta—Merson methods. The influence of the direction of the external load on the creep, damageability and long-term strength of
spherical shallow shell with complex shape has been investigated.

Keywords: creep, damageability, time to fracture, shallow shell, R-functions method.
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Dynamic stability research of the pressure regulator with pneumatic control with allowance for the gas column oscilations in
the pipelines / S. Shevchenko, A. Grigoriev, M. Stepanov // Bulletin of NTU "KhPI". Series: Dynamics and strength of machines. —
Kharkiv: NTU "KhPI", 2016. — Ne 26 (1198). — P. 89—108. — Bibliogr.: 19. — ISSN 2078-9130.

The discrete-continual nonlinear dynamic model of the liquid rocket engine pneumatic starting system is developed. The model
describes steady oscillations at compressed helium supply from a gas tank through the pipelines and pressure regulator with pneu-
matic control. By using the harmonic linearization method the formulae have been derived for calculation of the gas flowrate oscilla-
tions in the throttle and throttling gap as well as collar friction forces. The calculation method of mechanical impedance has been de-
veloped for gas columns’ oscillations of the control unit’s piping system and formulae have been obtained for impedance of the cavi-
ties contacting with the regulator. The transcendental characteristic equation for frequencies and amplitudes of the regulator and
pneumatic system free oscillations has been derived and methods of its solution have been developed. The graphic-analytical method
of the dynamic stability system limit determination has been proposed as well as the new stability criterion for corresponding limit
cycles has been obtained. It is shown that stability and oscillation depend on the pipes dimensions and control orifice diameter. The
system adjusting sequence for self-oscillations of small amplitude is described.

Keywords: pneumatic system, discrete-continual model, harmonic linearization, mechanical impedance, dynamic stability, self-
oscillations.

Dangerous Bifurcations in 2-DOF Vibroimpact System / V. A. Bazhenov, O. S. Pogorelova, T. G. Postnikova // Bulletin of NTU
"KhPI". Series: Dynamics and strength of machines. — Kharkiv: NTU "KhPI", 2016. — Ne 26 (1198). — P. 109-113. — Bibliogr.: 25. —
ISSN 2078-9130.

Dynamic behaviour of strongly nonlinear non-smooth discontinuous vibroimpact system is studied. Under variation of system
parameters we find the discontinuous bifurcations that are the dangerous ones. It is phenomenon unique to non-smooth systems with
discontinuous right-hand side. We investigate the 2-DOF vibroimpact system by numerical parameter continuation method in con-
junction with shooting and Newton-Raphson methods. We simulate the impact by nonlinear contact interactive force according to
Hertz’s contact law. We find the discontinuous bifurcations by Floquet multipliers values. At such points set-valued Floquet multipli-
ers cross the unit circle by jump that is their moduli becoming more than unit by jump. We also learn the bifurcation picture change
when the impact between system bodies became the soft one due the change of system parameters. This paper is the continuation of
the previous works.

Keywords: vibroimpact, discontinuous, Hertz’s law, bifurcation, multiplier, nonlinear, stability.

Some Stationary Deformation Problems for Compound Shells of Revolution / Y. Grigorenko, E. Bespalova, N. Yaremchenko
// Bulletin of NTU "KhPI". Series: Dynamics and strength of machines. — Kharkiv: NTU "KhPI", 2016. — Ne 26 (1198). — P. 114-117.
— Bibliogr.: 4. — ISSN 2078-9130.

A common approach to solving stationary deformation problems for compound systems composed of shells of revolution with
different geometry and structure is developed. The approach is based on the use of shell models with different level of rigor and of the
general numerical-analytical technique for solving corresponding problems. The examples of studying the subcritical stress-strain
state, vibrations, and dynamical instability of complex form systems are presented, features of their deformation are noted.

Keywords: compound systems, stationary deformation, common approach, analysis.

Vibration diagnostics of rolling mills based on nonlinear effects in dynamics / P.V. Krot, V.V. Korennoy // Bulletin of NTU
"KhPI". Series: Dynamics and strength of machines. — Kharkiv: NTU "KhPI", 2016. — Ne 26 (1198). — P. 118-123. — Bibliogr.: 18. —
ISSN 2078-9130.

This paper intends to describe nonlinear effects occurring in rolling mills dynamics. That is necessarily for vibrations damping
and reliable diagnostics of rolling mills equipment under non-stationary working conditions. Three types of nonlinear effects are in-
vestigated taking place in drivelines and stands of different design, namely, transient torsional vibrations in hot rolling mills, chatter
vibrations in tandem cold rolling mills and parametrical vibrations in high-speed wire and rod rolling mills. The procedure is proposed
for natural frequencies identification when short transient torque signals restrict application of the Fourier transform. Examples are
given on using nonlinear effects for wear diagnostics and vibrations control based on natural frequencies and modes analysis of multi-
body systems.

Keywords: rolling mills, nonlinear vibrations, chatter identification.
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