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(I)OpMI/IPOBaHI/Ie IIOKpLITI/Iﬁ M3 CaMO(l)JIIO(!leI[[eI‘OCH mopoiurka
Ha OCHOBe cTaJjie AYCTCHHUTHOI'0 KJIacca € I[OﬁaBJIEHl/IeM MOJIl/IﬁlleHa

Yia.-xkop. HAH Besapycu, 10KT. TexH. HayK, npo¢. @. U. ManTteaeenKo’,
)

KaH/. TexH. Hayk B. A. OKOBl/lTblﬁl), AOKT. TeXH. HayK, npod. O. T Ilenofmol s
HHKeHepsbl B. B. OKOBHTBIﬁl), A.C. Bo.ﬂonbkol),

wi.-kop. HAH Benapycu, 10KT. pu3.-Mat. HayK, npod. B. M. Acrammnckuii”

1)Eenopyccm/n‘& HallMOHANIBHBIA TeXHUYecKuil yHuBepcuret (MuHck, Peciybinka benapycs),
YUucTuTyT Temno- u MaccooOMeHna nmenn A. B. JIsikoBa HAH Benapycu (Munck, Pecry6inka Benapycs)

© benopycckuii HAMOHATBHBIA TEXHUYECKUH yHUBEpCUTeT, 2021
Belarusian National Technical University, 2021

Pedepar. Onpeneneno Biusiue nodasiaenus Mo u MoS, Ha MEKPOCTPYKTYPY ¥ CBOMCTBA MOKPHITHS M3 TIOPOIIKOB Ha Oase
AyCTEHHUTHBIX cTasieid. [IOKpBITHS HCCIeI0BaIN C MOMOIIBIO peHTreHoBcKoi nudpakiun (XRD), onTHdeckoil MUKpOCKONUH,
CKaHMpYIOIIel 3IeKTpoHHOH Mukpockonuu (SEM) ¢ ucnons3oBanneM TBepaomepa 1no Bukkepcy. AOpa3uBHYIO H3HOCOCTON-
KOCTbh OInpezersii no meroauke Pin on disk. Pe3ysbrars! okas3pIBaloT, 4TO MOKPBITHE, HE coaepxaiiee Mo u MoS,, cocrout
u3 a3 y(Fe), M;(C, B); u (Fe, Cr),B. dobaBnenue Mo u MoS, mpuBoauT k obpazoBanuio a3 My(C, B)s, Moy(B, C)
u FesMo;(C, B), rne M = Fe, Cr, Mo. Llens uccnenoBanuii 3aKioyanach B U3yUYCHUH XapaKTEPUCTUK pacipenenacHus Mo
1 MoS; u BIusiHUS UX J00aBIEHNS HA MHKPOCTPYKTYPY, TBEPAOCTh, a0pa3sHBHYIO H3HOCOCTOMKOCTh TIOKPBITHS U3 CIIIaBa Ha
OCHOBE ayCTEHHTHBIX CTaneil. [/ HalbUIeH!Us UCIIONb30BaI KOMIIO3UIIMOHHBIE MaTepHaIbl HA OCHOBE ayCTCHUTHBIX CTaJCH,
MOJTYYSHHBIX MeTooM IH(dy3noHHOr0 JeruposBanHus (AusOMo), KOTopble UMEIOT ONU3KYIO K cheprdecKoil (popMy dacTHIL
quamerpoM 50-100 MxM. B mopomrok KOMHO3MIMOHHOTO MaTepyajia Ha OCHOBE ayCTEHHTHHIX crayei (Aus3Mo, Aus5SMo
u Aus7Mo) no6asmsutu 3—7 mac. % nopomka Mo u 1,0—-1,5 mac. % nopoimka MoS, ¢ yactuiiaMu iuameTpom MeHee 50 MKM.
Mertozpl HalIaBKH, BKJIIOYAsi Ta30BYIO JIyTrOBYIO CBapKy BOJb(PaMOBBIM 3JIEKTPOAOM, AYyTOBYIO CBApKy B 3aIlUTHOM Tase,
riasMeHHy1o HamnaBKy (PTA) n nasepHyto HaIIaBKy, HIMPOKO MPUMEHSIOTCS B POMBIIUIEHHOCTH /IS MOBBIIIEHUS H3HOCO-
cToliKocTH TMoBepxHocTel. Hanbonee BakHbIe pasmuuus MeXIy TUMH METOAAMM 3aKJIIOYAIOTCSl B CKOPOCTH OCaXICHHUS,
MIPUMEHIMOCTH MAaTepHanoB, pa30aBIeHHU CyOCTpaTa, MHUKPOCTPYKType M CTaOMIBHOCTH TBEPJOCTH MOCIE BO3ACHCTBHS
BBICOKMX TEMIIEpaTyp, a TAk)Ke B CTOMMOCTH M3roToBIeHHs. Cpean METO0B, ONMCAHHBIX BHIIIE, IIIA3MEHHOE HANBUICHHE C
TOCJIEAYIOMUM OIUIABJICHHEM IIPECTaBIsIeT co00il XOpOIIyIo aJbTepPHATHBY JPYIMM IIPOLEccaM HAIUIaBKH MOBEPXHOCTH.
IleperpeBarh MOKPHITHE 10 MOIHOTO PACILIABICHHS HE CIEMyeT, IOCKOIBKY B 9TOM ClIydae IepBUYHBIC KPUCTAUIBI KapOHI0B
1 OOPUIOB XPOMa IEePEeXOIAT B KHIKHH pacTBOP U IPU MOCIEAYIONIeH KPUCTAUIM3AMU 00pa3yoT 6oiee rpyoyro CTpyKTypy,
yXyZIIas KayecTBO MOKPBITHS. VIMEHHO 3TO HE NPOMCXOIUT IPH IUIA3MEHHOM HAINBUICHUH C TOCIEIYIONIMM OILIaBJICHHEM.
Kpome Toro, cmnoco0 aemeB, HMOKPHITHA 001aqai0T JOCTOMHBIM KadeCTBOM, KOHKYPEHTOCIIOCOOHONH H3HOCOCTOHKOCTBIO
1 cTaOUIIBHOCTBIO CBOWCTB IPU BBICOKOH TeMIiepaType.

KnrwueBble c1oBa: mia3MeHHOE HaIlbUICHHUEC, OIUIaBJICHUE, MAaTCpUaJibl, IIOPOIMIKHU, ayCTCHUTHLIC CTAJIU, MOHI/I6II8H, MOp(bO-
Jiorusi, CTpyKTypa HOKpbITHA, (ba30131)1e XapaKTCPUCTUKHU, a6pa31/IBHa51 HM3HOCOCTONKOCTh

Jas nurupoBanusi: ®opmMupoBaHe MOKPHITHHA U3 CaMOQIIIOCYIOLIETOCs MOPOIIKa Ha OCHOBE CTaJeld ayCTEHUTHOTO Kilac-
ca ¢ nmobasnenneM monmbOnaena / @. U. Ilanteneenko [u ap.] // Hayka u mexnuxa. 2021. T. 20, Ne 2. C. 95-100.
https://doi.org/10.21122/2227-1031-2021-20-2-95-100
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Mamlmocmpoenue U MawiuHogeoeHue

Forming Coatings from Self-Fluxing Powder Based on Steels
of Austenite Class Adding Molybdenum

F. I. Panteleenko", V. A. Okovity", O. G. Devoino”, V. V. Okovity",
A. S. Volodko", V. M. Astashinsky”

YBelarusian National Technical University (Minsk, Republic of Belarus),
YA. V. Luikov Heat and Mass Transfer Institute of NAS of Belarus (Minsk, Republic of Belarus)

Abstract. The paper presents a study of the effect of adding Mo and MoS; on the microstructure and properties of a powder
coating based on austenitic steels. The coatings have been studied using X-ray diffraction (XRD), optical microscopy,
scanning electron microscopy (SEM), a Vickers hardness tester, and abrasion wear resistance has been determined by the Pin
on disk method. The results show that a coating that does not contain Mo and MoS, consists of the phases y(Fe), M;(C, B);
and (Fe, Cr),B. The addition of Mo and MoS, leads to the formation of phases My3(C, B)s, M0,(B, C) and FesMos(C, B),
where M = Fe, Cr, Mo. The main goal of these studies was to study characteristics of Mo and MoS, distribution and the effect
of their addition on the microstructure, hardness, and abrasion wear resistance of an alloy coating based on austenitic steels.
Composite materials based on austenitic steels obtained by diffusion alloying (AusOMo), which has a nearly spherical shape
with a diameter of 50-100 pm, have been used for deposition. 3—7 wt. % of Mo powder and 1.0-1.5 wt. % of MoS, powder
with a diameter less than 50 pm have been added in the powder of the composite material based on austenitic steels
(Aus3Mo, Aus5Mo, Aus7Mo). Surfacing methods, including gas arc welding with a tungsten electrode, arc welding in shiel-
ding gas, plasma surfacing (PTA) and laser surfacing are widely used in industry to increase wear resistance of surfaces.
The most important differences between these methods are deposition rate, applicability of materials, substrate dilution,
microstructure and hardness stability after exposure to high temperatures, as well as manufacturing cost. Among the methods
described above, plasma spraying followed by fusion is a good alternative to other surfacing processes. The coating should not
be overheated until it is completely melted, since in this case the primary crystals of chromium carbides and borides pass into
a liquid solution and upon subsequent crystallization, form a coarser structure, worsening the quality of the coating.
This is precisely what does not occur during plasma spraying followed by reflow; in addition, the method is cheap, coatings
are of high quality, competitive wear resistance and high stability of properties at high temperature.

Keywords: plasma spraying, reflow, materials, powders, austenitic steels, molybdenum, morphology, coating structure, phase
characteristics, abrasive wear resistance

For citation: Panteleenko F. I., Okovity V. A., Devoino O. G., Okovity V. V., Volodko A. S., Astashinsky V. M. (2021)
Forming Coatings from Self-Fluxing Powder Based on Steels of Austenite Class Adding Molybdenum. Science and Tech-
nique. 20 (2), 95-100. https://doi.org/10.21122/2227-1031-2021-20-2-95-100 (in Russian)

BBenenue

B TexHONOTHAX HAMBUICHHUS CYMIECTBYIOT IBa
BUJIa MOJIMOIEHOBBIX MOKPBITHHA — U3 YUCTOTO MO-
nuOIeHa U W3 CMECH IMOPOIITKOB MOJHMOEHA U Ca-
ModTIoCyIoIerocs: cruraBa. HameureHne Monmoe-
HOBOW IPOBOJIOKOW IMPH MOMOILIH Ta30IJIaMEHHOU
CTpyn — Ooiee JIemeBBbId U pacnpoCTpaHEHHBIH
TpoIiecc, HO Jydlllee Ka4ecTBO MMEIOT KOMOWHU-
pOBaHHBIC IJIA3MEHHO-HANBIICHHBIE MOKPBITUA C
UCIIOJIb30BAHNEM MOJIMOJIEHa U caMOQUIIOCYFOIIe-
rocst crutaBa [1-3]. Pacecmorpum mMexanusm ¢op-
MUPOBaHUS STOr0 KOMOWHUPOBAHHOIO IIIa3MCH-
HOTO TIOKPBITHS.

W3BecTHO, 4TO TemmepaTypa IUIaBICHUS CaMo-
(dmrocyromuxces cmaaBoB okono 1050 °C, Ttorma
Kak Mopomok MonubaeHa masurcs npu 2620 °C.
Ilpu HarpeBaHMM B IJIa3Me€ TaKOHW MOPOIIKOBOM
CMECH [0 TeMIEepaTyphl IUIABJICHUS YacTHUI[ MO-
nbieHa o0pa3yroTCsi CHIIBHO IEPerpeThie Kariiu
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pacmiaBa camogurocyroierocs criasa. Koraa atu
KaITi TIOMAaJal0T Ha IMOBEPXHOCTh MOJIY4aeMOro
cyOcTpara, y HHX JIOJDKHO XBaTaTh DHEPrUM Ha
BOCCTaHOBJICHUE TONYYaeMbIX OKCHAHBIX IICHOK
U 00pazoBaHME JOCTATOYHOW METaJUTypruvecKoi
CBSI3W C MaTepHajoM cyOcTpara, a TakKe Ha pac-
TEKaHUE 10 TOJy4YaeMOH MOBEPXHOCTH 0 TOTO,
KaK OHH 3aKpUCTaJUIN3YIOTCs. 13-3a HOBONBHO BbI-
COKO#l TeMIepatyphl IUIABJICHUS YaCTHIIBI TOPOIII-
Ka MOJIMOJEHA KPUCTALIU3YIOTCS MPaKTHYSCKU
Cpasy e, IpUX0Js Ha CyOCTpaT, Mpu 3ToM (QyHK-
[USI 3TUX TOJyYUBIIUXCS 3aCTHIBIIMX YACTHI[ HE
MEHee Ba)KHA: OCTHIBAIOIINE TBEPBIC YaCTHIIBI TO-
poIITKa MOJMOICHA COXPAHSIOT YACTUIIBI CaMOQITIO-
CYIOIIETOCS CIUIaBa JUTUTENIbHEE B PACIIIaBICHHOM
COCTOSSHUM W COOTBETCTBEHHO CO3JAal0T 0COObIC
MCXaHUYCCKHUEC TIPCIIATCTBUA JIA O6paSOBaHI/I$I
CIUIONIHOM TIJICHKH TMOJYYMBIIETOCS pPAacIUiaBa,
YTO HEOOXOAUMO JUIS 3HAYUTEIBHOTO YMEHBIIICHUS
yCago4HbIX HaHpH)KGHI/Iﬁ PaCTAXKCHUA B IOJYUUB-
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ImeMcs MOKpHITUU. B pesynbraTe co3gaercs mpuH-
[UIHAFHOE TPEUMYIIECTBO NBYX(Pa3HOTO MOKPHI-
THSI U3 CMECH MOPOIIKOB MOJIMOAEHa U caMOQIIio-
cyromerocs crutasa. [Ipu riasMeHHOM HanbUIEHUH
Ha XOJIOJIHBIA CyOCTpaT IOPOIIKOB MOJMOIEHA
WK caMO(IIIOCYIOIIErocs CIjlaBa Mo OTACIBHOCTH
HEJb3s MOJYYUTh IUIOTHBIC MOKPBITHSA, TOTJA KaK
U3 CMECH JTaHHBIX MAaTE€pPUAIOB 3TO BO3MOXHO. [l
TUTA3MEHHOTO  HANBUICHUS  CcaMOMIIOCYHOIIUCS
criaB Ha 0Oaze aycreHuUTHBIX crtaner [TP-X18H9
00BIYHO WCHOJB3YETCs M3-32 €r0 BHICOKOTO COOT-
HOIIICHUS MPOU3BOAUTEILHOCTH U LEHBI 1O CpPaB-
HEHUIO ¢ ApyruMH ciiaBamu. ITokpeiTue u3 cruia-
Ba Ha OCHOBE ayCTEHUTHBIX CTajeil o0JiafaeT BbI-
COKOH M3HOCOCTOMKOCTHIO, HA KOTOPYIO TJIaBHBIM
00pazoM BIHSIIOT €r0 MUKPOCTPYKTYpa U (ha3oBbIid
coctas [4-6].

JlerupoBanue c¢ ucnonszoBanueM Mo u MoS,
B KAa4ECTBE TEXHOJOTMHU ISl MOBBIIICHHUS] U3HOCO-
CTOWKOCTH CaMOQUIIOCYIOMINXCS TOKPBITUH TpH-
BOJIUT K CO3JJaHUIO OJHOPOAHON MHUKPOCTPYKTYpPBI
MaTpHILBI U, CIIEAOBATENIBHO, TOBBILIEHUIO U3HOCO-
CTOUWKOCTH MOKpBITHA. K coxaneHuro, Mano omy0-
JUKOBaHO paboT Mo BIMSAHMIO no0aBieHus Mo u
MoS, Ha TEpMOCTOWKOCTH IOKPBITHS HAa OCHOBE
ayCTCHUTHBIX CTajei, HAHECEHHOr0 METOIAOM
TUIa3MEeHHOro HambuieHus. [loaToMy B cBoeM mc-
CJI€IOBaHUU ABTOPBI CTATbHM OCHOBHOE BHHMAHHE
YAETSUIA BIVSIHAIO STUX J00aBOK Ha MUKPOCTPYK-
Typy, ($a30Bble XapaKTEPUCTHKH, aOpa3UBHYIO W3-
HOCOCTOMKOCTh TOKPBITUSl U3 CIJIaBa HAa OCHOBE
ayCTEHUTHBIX CTajei, HAHECEHHOr0 METOAOM
TUTa3MEHHOTO HAaNBUICHHUS C MOCJIEIYOIUM OIJIaB-
nexueM. Llenp uccnenoBaHuii 3aKiO4anach B U3y-
YEHUU XapaKTepUCTUK pacrpeaeneHus Mo u MoS,
U BIMSIHUS WX J0OaBJICHHS HAa MHUKPOCTPYKTY-
Py, TBEpAOCTh W abpa3WBHYIO H3HOCOCTOMKOCTH
MOKPBITUA U3 CIUIaBa Ha OCHOBE ayCTEHUTHBIX
CTaJeH.

DopMHUPOBaHHUeE IVIA3MEHHbIX NOKPBLITHH
13 KOMIIO3UIHOHHBIX MaTEePHAJIOB

HAa OCHOBE ayCTEHUTHBIX CTaJIe,
MOJIyYeHHBIX MeTOAOM 1M (P(PYy3HOHHOTO
JIETUPOBaHUS U MOJIMOAeHA

Jis1 HambUIEHWs HCIIONB30BAIM KOMIIO3UIMOH-
HBIE MaTepHalbl Ha OCHOBE AayCTEHWTHBIX CTalei,
TIOJTYYEHHBIX MeTOAOM An((y3MOHHOTO JIETHPOBa-
U (AusOMo), KOTOphIe UMEIOT OI3KYIO K cdhepu-
yeckoil ¢opmy wactuy aumamerpom 50-100 MkwM.

Hayka
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B mopomok KOMIO3WIMOHHOTO MaTepHuaja
Ha OCHOBE ayCTeHUTHBIX cTaneii (Aus3Mo,
Aus5Mo, Aus7Mo) noGasnsiau 3—7 Mac. % mo-
pomka Mo, 1,0-1,5 mac. % mopomka MoS, nua-
meTpoMm yactul, MeHee 50 MkMm. IlokpeiTus Ha-
HOCHJIUCh C HUCIOJb30BaHMEM IUIa3MEHHOM ycTa-
HoBkH YIIY-3]1 u pa3paboTaHHOTO aBTOpamHu CTa-
TbU ma3motpona [7—-10]. [TapameTpsl ma3MeHHO-
ro HaneuieHUA: TOK 350 A, nUcTaHIMs HANBIJICHUS
100 MM, pacxoj MmIa3Mo00pa3yromero ra3za a3ora
s T1P-X18H9 cocrasnser 55 n/muH, Qpak-
uus nopomka 50-100 MKM, TONIIMHA TOKPHI-
tus 350 mxm. Ha puc. 1 nmpuBenena Mukpodoro-
rpadus mornepeyHoro nutuda mokpeTus AusSMo
Ha CTaJbHOM MOMAJOXKKE, MMOJYYEHHOTO aTMocdep-
HBIM IJIA3MEHHBIM HaIlblJICHUEM.

Puc. 1. Tloxpeite Aus5SMo (MexcMmech TOpPOLIKOB
camodutroca Ha 6a3e aycreHuTHBIX cTaneii [TP-X18H9
¢ nobasnenueM 5 mac. % Mo u 1 mac. % MoS,):
cBetnas (haza — MOJTUOICH;

TeMHast — camouIocytomuiics cruias (x500)

Fig. 1. Aus5Mo coating (mechanical mixture
of self-flux powders based on [TP-X18H9 [PR-Kh18N9]
austenitic steels with addition of 5 wt. % Mo
and 1 wt. % MoS,): light phase — molybdenum;
darker — self-fluxing alloy (x500)

OrmuraBneHre MPOBOAVIIN Ha STOH KE YCTaHOB-
Ke IIpH CIEAYIONINX pexumax: Tok 450 A, nucrtan-
nus oraBieHus 65-80 MM, pacxon miazmMoobpa-
3YIONIETo raza a3ora 65 JI/MHUH, CKOPOCThH ITepeMe-
menns 108 MM/MHH, KOJMYECTBO MPOXOJOB 3.
[TapameTps! ObUTH ONTHUMHU3UPOBAHBI C TOUKH 3pe-
HUS TIONYYeHHUS MaKCHUMaJbHOW HAIBUIIEMOCTH,
TBEPIOCTH U TOJIIHMHBI OCAXIEHHS MOCIEe ONTHUMHU-
3aruu. Ha puc. 2 mpeacTaBiieHbl THTUYHBIE cede-
HUs Mopdoorun ocaxkaeHHbIX 00pa3moB. Habmo-
JCHUE TOKA3bIBACT, YTO KaKIBIH 0Opasen MOKET
OBITH B IIEJIOM pa3fiefieH Ha MOKPBITHE U MOAJIOXK-
Ky. ToHKuii Oelnblii cioii (JIMHUS WM 30HA TIaBIIe-
HUS) TUIOCKOM KPUCTAJUIM3aK HAOII0JaICs MEX-
Iy JABYMS YacTSAMH, [TOKa3bIBas XOPOIIYIO MeTal-
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JypPruyYecKyo cBs3b. M3 puc. 2a, b Takxke BHIHO,
YTO THIHYHASI THIOIBTEKTHYECKAs (I0IBTEKTOM]I-
Hasi) MUKPOCTPYKTYypa, XapakTepHU3YIOLascs TeM-
HBIMU JICHIPUTAMH, MOXET ObITh OOHApyKeHa B
HOKpBITHIX 06e3 Mo u ¢ 3 mac. % Mo. Onnako
OYEBHIHAS TUTIEPIBTEKTHUECKAS (3a9BTEKTOUIHAS)
MHUKPOCTPYKTYpa, XapaKTepU3yloIasics SpKUMHU
UTOJIPYaTHIMU COSIMHEHUSIMH, BUTHA B TIOKPBITHIX
¢ mobaenenueM 5 u 7 mac. % Mo (puc. 2c¢, d). D10
CBSI3aHO C TeM, 4To AoOaBieHHe Mo B TOKpHITHE
AyCTEHUTHBIX CIUIABOB YMEHBIIIAET TOYKY IBTEK-
THUKH, TTIOMOTas YBEJIMYUTh OTHOCUTEIBHOE COJIEp-
JKaHWE COEIMHEHWH B HANBUICHHBIX ITOKPBITHSIX.
MO3KHO MPEAIONIOKUTh, YTO THI MHKPOCTPYKTYPBI
MOKPBITHUS, HE copepikamiero Mo, OyJaeT u3MeHeH,
Korjaa nobasnenne Mo mocTuraer omnpeneneHHOTO
3HauYeHUs. B Hamem ucclienoBaHUM THIIO3BTEKTH-
yeckass MUKPOCTPYKTypa MpeBpalaeTcss B TUnep-
IBTEKTHYECKYI0, KOoTJa Ao0aBka Mo moctHraer 5
u 7 mac. %. CpaBHUBas MUKPOCTPYKTYpy HOKpBHI-
TUA, HE cojepxkamero Mo u MoS, (puc. 2a),
C MUKPOCTPYKTYpOii ¢ X gobaBieHreM (puc. 2c, d),
BUJHO, 4TO noOaBieHne Mo u MoS; B mokpsiTHE
U3 CIIJIJaBa HA OCHOBE ayCTEHUTHBIX CTajiell yiyd-
[aeT ero MUKPOCTPYKTYypy. M camast TOHKast MUK-
POCTPYKTypa MOXET OBITh ToNydeHa B 5 mac. %
MOKpBITHS TIpu fo6aBineHun Mo u MoS,. Xots

BIMSIHUE O00aBJICHUS KOMIIOHGHTOB Ha MHKPO-
CTPYKTYpYy MOKpBITUS, HE colepxamiero Mo, He-
SICHO, OHO MOXXET OBITH pe3yJbTaTOM H3MEHEHUS
xXapakTepa 3apojbIeo0pa3oBaHus W/WIU XHMHU-
YECKOTO COCTaBa peaklHU 3aTBepicBaHui. Mox-
HO TPEAMNOJIOKHUTH, 4TO (pa30BOE MpeBpalleHUE H
OCaXKJIcHHE ObUTM TPUYUHON HM3MEHEHHS MHUKpPO-
CTPYKTYpHI mocie podasienuss Mo u MoS; B no-
kpeitie [10-13]. Teepmocts (HV) mns mokpsl-
T 0e3 u ¢ moOasiaeHneM Mo n MoS, moka3zaHa
Ha puc. 3. 13 puc. 3a BUOHO, YTO MOKPBITHA C J0-
0aBleHHEM UMEIOT 0Ooliee BBICOKHE 3HAYCHHS
TBepAOCTH, yeM 0e3 Mo m MoS,, a camoe BEICOKOE
3HAYEHUE TBEPIOCTH MOXKHO MOJNYYUTH MpPU JO-
6aBnenuu 5 mac. % Mo.

Ha puc. 3 mokazana abpa3uBHas H3HOCOCTOM-
KOCTb NOKPBITUH. MOXXHO BHIETH, YTO 00BEM H3-
HOCa MOKPHITUI yMeHbIIaeTcs ¢ nodaBieHrneM Mo
ot 0 mo 5 mac. %. OT0 yka3pIBaeT Ha TOBHIIIEHUE
CTOHKOCTH K aOpa3uBHOMY H3HOCY BCIIEACTBHE
no6aenenuss Mo 1 MoS; B OKpBITHE U3 CIUIaBa Ha
OCHOBE ayCTEHHWTHBIX cTtanell. OmHako Korjga Jao-
0aBka Mo gocrturaer 7 mac. %, o0beM H3HOCA
CHOBA YBEJIMYHMBAETCSI, U B Pe3yJIbTaTe OH MEHBbIIIE,
4YeM y MOKPHITHS, He cojiepkamero Mo, HO 60b-
1Ie, 4eM MOKPHITHS ¢ nobasieHueM 3 mac. % Mo
u MOSz.

,. T
Frep .'I-'l'l" g
":;':\ A

o

Puc. 2. MUKpOCTPYKTYpHI B HAIUTABOYHBIX MOKPHITHAX: a — 0e3 Mo; b — ¢ nobasnennem HaruiaBkoit 3 mac. % Mo; ¢ — 5;
d —7 mac. % Mo (B nokpsitusx 1,0-1,5 mac. % nopomka MoS,)

Fig. 2. Microstructures in surfacing coatings: a — without Mo; b — with added surfacing of 3 wt. % Mo, ¢ — 5;
d—7 wt. % Mo (in coatings 1.0-1.5 wt. % powder MoS,)
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Fig. 3. Vickers hardness (a) and abrasive wear resistance of coatings from FeCrBSi alloys without Mo
and with the addition of Mo (b)

Kak Obut0 mpoaHaNM3MpPOBAHO BHIIIE, 100aB-
neane 0-5 mac. % Mo u 1,0-1,5 mac. % MoS,
B MOKPBITHE W3 CIUIaBa HAa OCHOBE ayCTEHHTHBIX
cTaJsieil He TOJBKO YIy4IIaeT ero MHKPOCTPYKTYPY,
HO ® CHOcOOCTByeT (ha30BOMYy IPEBPAIICHUIO
U OCaXICHHUIO, TIOMOTasl MOBLICUTH a0pa3WBHYIO
WU3HOCOCTOMKOCTh HANbUICHHBIX NOKpbITUH. Koraa
nmobaBka Mo nmocturaer 7 mac. %, MHUKPOCTPYK-
Typa CHOBA CTaHOBHTCS TPyOOii, CHHMXKAs M3HOCO-
cTorkocTh. [loMuMo nedopmanmu MPOUCXOIUIO
XpyIKOe pa3pylleHHe W3-3a YIapOB TUCKPETHBIX
TBEPABIX YACTHI[ MO HAHECEHHBIM MOKPBITHSIM.
OueBHIHO, YTO yBENWYECHHE BA3KOCTH pa3pylie-
HUS TIOJIE3HO JIJISl TIOBBIIIICHUS SPO3HOHHON H3HO-
cOoCTOMKOCTU. B Hacrosiem HCCIeN0BAHUM YTOY-
HEHUE MHUKPOCTPYKTYPHI U (ha30BOE MPEBpaICHUC
u3 tBepuoro M;(C, B); B OTHOCHTEIBHO MiIT-
kuii My3(C, B)e mociie mobamieHus Mo m MoS,
B MOKPBITHE W3 CIUIaBa HAa OCHOBE ayCTEHHTHBIX
cTajel MOMOTarT IOBBICUTH H3HOCOCTOMKOCTD.
Kpowme Toro, ynpouHneHne TBepAOro pacTBOpa, BBI-
3BAaHHOE 3aTBepJicBaHuEeM Mo, yXy/IIaeT BI3KOCTh
pa3pyIIeHus] W3-3a YBEJIMYCHUS WCKAKCHUS KpHU-
crayumueckoit pemetku. CliefoBarenbHO, adpa-
3UBHAs. M3HOCOCTOMKOCTH IOBBIIIACTCS C YBEIU-
yegueM no6asiaenuss Mo ot 0 go 5 mac. %, 4rto
0o0BsICHSICTCS YBEIMYSHHEM pa3Mepa 3epHa, yIpod-
HEHMsI W pa3MsArdeHus BTOpoi (aspl BhINIE, YeM
yIOpodHeHHe TBepmoro pactBopa. OmHako, Korma
nmobaBka Mo mocturaer 7 mac. %, yBeIHIUBAIOIIe-
ecsl YIIPOYHEHHE TBEPJAOTO PacTBOpa M yMEHBIIA-
IoIeecss YIpPOYHEHWE pa3Mepa 3epHa CHUXKa-
0T a0pa3WBHYIO HM3HOCOCTOMKOCTh, U PE3yib-
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TaT a)Xe MEHbIIE, YEM Y TOKPBITHS C JT0OaBICHH-
eM 3 Mac. % Mo.

BbBIBO/IbI

1. Ha HU3KOYTJIEpOAMCTYIO CTalh METOIOM
IJIA3MEHHOTO HAMBUICHHS C MOCIEIYIONUM OIUIaB-
JICHUEM TUIa3MON HAHOCWJIM YEThIPE BUJA TOKPHI-
TUH U3 CIJIaBa HA OCHOBE ayCTCHUTHBIX CTajei 0e3
wm ¢ 3—7 mac. % Mo u 1,0-1,5 mac. % MoS,.
Wzydyeno Bnumsame nobGaBineHwss Mo Ha MHKpPO-
CTPYKTYpPY, MEXaHUYECKHE CBOWCTBA MOKPHITHS W3
CIUIaBa Ha OCHOBE ayCTEHUTHBIX CTaJEH.

2. IlokpeITHSA Ha OCHOBE ayCTEHHMTHBIX CTasel
¢ 0-3 mac. % Mo u 1,0-1,5 mac. % MoS, umeror
TUIO3BTEKTUUECKYIO CTPYKTypy. Ilpu yBenmuueHun
no6asienust Mo 10 5 u 7 mac. % MOXeT OBITh TOMy-
YeHa TUIEPIBTEKTUYECKAs CTPYKTypa. DnemMeHT Mo
pacnpenensiercs B ocHoBHOM B (Fe, Cr)-o6oramien-
HBIX COEIMHEHHUAX U KapOrugax MoubdIeHa.

3. He conepxaiiee Mo MOKpBITHE Ha OCHOBE
ayCTEHUTHBIX cTajneit coctout u3 ¢a3 y(Fe), M;(C,
B); u (Fe, Cr),B. lobaBnenue 3—7 mac. % Mo u 1,0—
1,5 mac. % MoS, ciocobcTByeT 00pa3zoBaHuio hasz
My3(C, B)s 1 Moy(B, C) u FesMos(C, B), 3a wuc-
KITFOYEHHEM TeX, KOTOPHIE CYIIECTBYIOT B TOKPHI-
THH, HE coeprkanieM Mo, 1 yirydInaeT ero MuKpo-
CTPYKTYpy. TOHYalIIas MHKPOCTPYKTYpa MOXKET
OBITh NIOJTy4eHa ¢ go0aBieHueM 5 Mac. % Mo.

4. Tlpu pobaBmennu Mo ot 0 mo 5 mac. %
MOXHO TIOJyYUThb OYEBUIHOE YBEIUUYCHUE TBEPIO-
cru. Korma mo6aBka Mo mocturaer 7 mac. %,
TBEPJIOCTh YMEHBIIACTCH.
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5. Ho6asinenne Mo u MoS; MOXET MOBBICUTH

a0pa3uBHYIO H3HOCOCTONKOCTh MOKPBITHS U3 CILIa-
Ba Ha OCHOBE AayCTEHUTHBIX crayned. HawuBbic-
mass CTOMKOCTh K a0pa3sMBHOMY H3HOCY MOXET
OBITh JIOCTUTHYTA B TIOKPBHITHH C J00ABICHU-
eM 5 mac. % Mo.
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Pedepar. Onaum n3 Hanbonee 3 PEeKTHBHBIX METOIOB JICYSHHS BHYTPHCOCYAUCTHIX 00pa30BaHUH B HACTOSIIIEE BPEMS SIBIIS-
eTCsl IPUMEHEHHE CTYNEHYAThIX YJIbTPa3BYKOBBIX BOJHOBOJHBIX CHCTEM TPyOdYaToro Tuma (KOHIEHTPAaTOPOB-BOJHOBOIOB)
C TOJIBIM CEepPUIECKM HaKOHEUYHHKOM. Ero Hammume oGecreunBaeT BO3MOXKHOCTh ITOJa4uH XKUAKHAX CPEX B 30HY IUCIOKa-
UM BHYTPUCOCYIUCTOr0 00pa30BaHUS C IIENbIO JOMOJHATEIHHOTO KAaBHUTAMOHHOTO BO3JICHCTBHUS, a TaKXKe MaKCHMAaJIbHO
addexTHBHOE paspylIeHNe BHYTPUCOCYIUCTHIX 00pa3oBaHMil 3a cueT BUOpoymapHoro BoszmeiictBus. [Ipm cymecTByromux
0COOEHHOCTAX METOI0B (hopMOOOpa30BaHHS IS TIOMYYESHHUS TIOJIOTO CHEPHUUECKOr0 HAKOHEYHNKA KOHIICHTPAaTOPa-BOTHOBOAA
1[eJIeCO00Pa3HO MCIOJIB30BaTh METOIBI IUIACTHYECKOro Ne)OpMHUpPOBaHHS — pa3fady M OOKHM. B crarhe npencTaBiCHbI
PEe3yJIbTaThl MPEIBAPUTEIBHOIO pacyeTa, YHCICHHOTO MOJEIMPOBAHHS M SKCIICPHMEHTANIbHBIX HCCICAOBAaHUH MPOLIECCOB
(hopmMooOpa3oBaHUs HAKOHEUHHKA KOHLIEHTPATOPa-BOJIHOBOAA pa3jayeil 1 o0xkumoM. Ha 0CHOBE MeTOa KOHEUHBIX 3J1€MEH-
TOB B cpezie mporpamMmHoro kommiekca ABAQUS BbINoIHEHO MOAEIMPOBAaHHUE ONEpalliid pa3fadyn U 00kuMa TpyOHOM 3aro-
TOBKH, MO3BOJIMBILEE: OLECHUTH HAIPSIKEHHO-1e()OPMHUPOBAHHOE COCTOSIHUE AS(GOPMUPYEMOro KOHHYECKOTO y4acTKa 3aro-
TOBKH, U3MEHEHHE TOJIIIMHEI CTEHKU B Ipoliecce GOpMOM3MEHEHHSI U PACCUUTATh JJIMHY 3arOTOBKHU ISl OOPMIICHUS] KOHH-
YECKOr'0 y4yacTKa; YCTAaHOBHUTHh 3aKOHOMEPHOCTH BIIMSHHUS T€OMETPUYECKHX IapaMeTpOB Ha CHIIOBBIC PEXHUMBI IIpoliecca
pa3zayd; yCTaHOBUTB MapaMeTphbl pesKMMOB (HOpMOOOPa30BaHUsT HAKOHEYHHKA KOHIIEHTPATOPa-BOJHOBOIA METOIOM pa3aadn
u 00xkmMa, obecriednBaronue GopmMupoBanue Tpedyemoii reomerpun. I[lomydeHHbIe pe3yabTaThl MPeIBapUTEILHOTO pacyera,
YHCJICHHOTO MOJIEJIMPOBAHUS U 3KCIEPHMEHTAIBHBIX HCCIIENIOBAaHUI mponeccoB (opMooOpa3oBaHNsl HAKOHEUYHHKA KOHIICH-
TpaTOpa-BOIHOBOJA pa3faueii U 00XKHMMOM MMEIOT CXOXKHE 3HAUCHHUS, YTO MOATBEP)KAAeT KOPPEKTHOCTh MCIOJIB30BAHUS KaK
METO/Ia MPEIBAPUTEIILHOTO PacyeTa, TaK U YMCICHHOIO MOZICIMPOBAHMUS PH Pa3paboTKe TEXHOJIOIMH U3TOTOBICHHS KOHIICH-
TPaTOpa-BOJIHOBOJA.

KiroueBble ci10Ba: TpyO4aThlii KOHIIEHTPATOP-BOJIHOBOJ, BHYTPHUCOCYIHCTBIE 00pa3oBaHHs, CHEpHYECKHIl HAKOHEUYHHK,
mractuaeckas qedopmanus, hopMoobpasoBanue pazaadeil 1 00)KUMOM

Jist umrupoBanus: Ilnactuueckoe QopMooOpazoBaHHE HAKOHEUHHMKAa KOHIIEHTPATOPA-BOJHOBOA AN YJIBTPa3BYKOBOIL
SHAOBacKyJsipHOW abmsaumu / dait Bonbuu [u np.] / Hayka u mexuuxa. 2021. T. 20, Ne 2. C. 101-108. https://doi.org/10.
21122/2227-1031-2021-20-2-101-108

Plastic Shaping of Concentrator-Waveguide Tip
for Ultrasound Endovascular Ablation

Dai Wengi", Yu. G. Aliakseyeu”, A. Yu. Korolyov", A. S. Budnitskiy"

YBelarusian National Technical University (Minsk, Republic of Belarus)

Abstract. One of the most effective methods of treating intravascular formations at present is the use of stepped ultrasonic
waveguide systems of a tubular type (concentrators-waveguides) with a hollow spherical tip, the presence of which makes
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it possible to supply liquid media to the dislocation zone of an intravascular formation with the aim of additional cavitation
effect and as efficiently as possible. destroy intravascular formations due to vibration impact. Based on the results of the ana-
lysis on the features of the existing shaping methods for obtaining a hollow spherical tip of the concentrator-waveguide,
it is advisable to use methods of plastic deformation — expansion and crimping. The paper presents results of preliminary cal-
culations, numerical modeling and experimental studies of tip shaping processes of the concentrator-waveguide by distribu-
tion and crimping. On the basis of the finite element method in the environment of the ABAQUS software package, modeling
of the expansion and crimping of a pipe billet was carried out, which has made it possible to: evaluate the stress-strain state
of the deformable conical section of the billet, the change in wall thickness during the forming process and calculate the
length of the billet for the design of the conical section; to establish the patterns of the influence of geometric parameters
on the power modes of the distribution process; to set the parameters of the modes of forming the tip of the concentrator-
waveguide by the method of distribution and crimping, which ensure the formation of the required geometry. The obtained
results of preliminary calculation, numerical modeling and experimental studies of tip shaping processes of the concentrator-
waveguide by distribution and crimping have similar values, which confirms the correctness of using both the method of
preliminary calculation and numerical modeling in the development of the technology for manufacturing the concentrator-
waveguide.

Keywords: tubular concentrator-waveguide, intravascular formations, spherical tip, plastic deformation, shaping by distribu-
tion and crimping

For citation: Dai Wengqi, Aliakseyeu Yu. G., Korolyov A. Yu., Budnitskiy A. S. (2021) Plastic Shaping of Concentrator-
Waveguide Tip for Ultrasound Endovascular Ablation. Science and Technique. 20 (2), 101-108. https://doi.org/10.
21122/2227-1031-2021-20-2-101-108 (in Russian)
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OJTHOW W3 TJIABHBIX MPUYUH CMEPTHOCTH W WHBA- ) | '

JMUAM3annK HaceneHus: Bcero mupa [1]. Ot Tpom- L . 4

0030B ©XKEromHO yMHpaeT onuH u3 250 deloBek, B L N

JKUBYIIUX HA 3€MIIe, HECMOTPS Ha OOJIBIIOE KOJH- Tnydsamsis uscmpyresm-Gonobod A0 S
[

YCCTBO JICKAPCTBCHHLIX IIpEIapaToB, CO3AaHHBLIX
JUIsL JIedeHus: dToro 3aboneanus [2, 3]. B beno-
PYCCKOM HAIIMOHATBHOM TEXHHUYECKOM YHHUBEP-
cuTeTe pa3paboTaHa MPUHIIMIIKAIHFHO HOBas KOH-
CTPYKIHS YIBTPa3ByKOBOH BOJHOBOJHO-KaTeTep-

213:005

Puc. 1. TlpokcumanbHasi, qUcTaibHas 4acTu

HOW CHCTEMBI Ui YCTPaHEHHUS HEMPOXOJUMOCTH
KPOBEHOCHBIX COCY/IOB, OCHOBaHHasi Ha HCIIOJb-
30BaHWU B HEil KOHIIEHTPAaTOpPa-BOJIHOBOAA HOBO-
ro TOKOJIEHUS, a WMEHHO — CTYNEHYaTOr0 KOH-
[IEHTPATOPa-BOJTHOBO/IA TpyO9YaToro Tuma (mamee —
KOHIICHTPATOpa-BOJIHOBOAA). ¢ ¢deKT paszpye-
HUSL TPOMOOB/OJISIIIICK OCYIIECTBIISCTCS 33 CUET
MPUMEHEHUS  KaBUTAIIMOHHOHW CTPYH  KHJIKO-
CTH, KOoTopas ¢opMupyercs NyTeM HWHY3UOH-
HOW MojauyM 4Yepe3 BHYTPEHHIOI MOJIOCTh KOH-
[EHTPATOPa-BOIHOBO/JIA HA €0 JUCTAIBHYIO YacTh
OIHOBPEMEHHO C YJIBTPa3BYKOBBIM BO3IEHUCT-
BUeM [4].

Jns obecnieueHnss MakcuManbHOro 3ddekra
pa3pylIeHns BHYTPUCOCYANCTHIX 00pa30BaHUH ITy-
TeM BHOPOYJAapHOTO BO3JICHCTBUS IIPH YJIBTPa-
3BYKOBBIX KOJICOAHUAX HA IUCTAIHLHOW YaCTH KOH-
IeHTpaTopa-BoaHoBoMa [5] cdopmupoBan pabo-
ynii cepUuecKuil HAKOHEYHHK, HUMEIOIIUN TpH
MOTMEPEYHbIX ¥ IIEHTPAILHOE OCEBOE OTBEp-
crtus (puc. 1).

102

u pa60l{1/1171 HAaKOHCYHUK KOHLEHTpAaTOpa-BOJIHOBOAA

Fig. 1. Proximal, distal parts and working tip
of concentrator-waveguide

CraThe TIOCBSIIIIEHA HWCCIIEOBAaHUIO IpoIecca
(hopmoobOpazoBanuss CHEPUIECKOT0 HAKOHCTHH-
Ka KOHIEHTPAaTOpa-BOJIHOBOAa Ha OCHOBE MeETO-
JIOB TUTACTHYECKOTO JIehOPMUPOBAHUS: C pazgadeit
KOHITa TUCTATLHON YacTH TPyOJaToi CTyleHJaToi
3aroToBKH B opMy Ha JuHy Oynymiero cepude-
CKOTO HAaKOHEYHHKA U JaTbHEUIINM 00KUMOM JUIS
npunaHus emy cepudeckoit popmsl. B [6] mpose-
JeH aHalli3 CYIIECTBYIOIIUX METOIOB H3TOTOB-
JeHUS TOJOOHBIX KOHIIEHTPATOPOB-BOJIHOBOOB,
B TOM uucie U (opmMooOpa3oBaHHE METOAaMHU
IIACTUYECKOTO Ae(OPMHUPOBAHHUS.

IIpeaBapuTebLHBINA pacyeT
NMPOMEKYTOYHBIX ANAMETPOB
NpH pazgayde v 00:KkuMe

Pazpaua — gopmousMeHsiomas onepanus s
yBENUUEHHUS MEpUMeTpa TPYOHOH 3arOTOBKH pac-
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TSOKEHHEM W3HYTPH B pPaJUajibHOM Hampasiie-
HHUU ITyaHCOHOM. O0XHM — Cy’>KeHHE TIONIePEYHOrO
CeueHHs KOHIIEBOM YacTH TPYOHOIl 3aroTOBKH B
panuaibHOM HAIPaBJICHUU B MaTpUIle MyTeM 00-
KaTHs MaTepualla CHapyXXH W YMCHBIICHHS aua-
MeTpa (puc. 2).

a

L

Puc. 2. Cxema GpopmMooOpa3oBaHus pabovero HAKOHEYHHKA
KOHIICHTPATOPa-BOJIHOBO/IA: a — pa3gaya TPyOKu
Ha TpeOyeMble JHaMeTp U JAJIHHY; b — 00kuM B chepy

Fig. 2. Scheme of working tip shaping
of concentrator-waveguide: a — distribution of tube
to the required diameter and length; b — crimp into a sphere

Bo03MOXHOCTE eOpMUPOBaHHS 3arOTOBKH 32
OJIHY OIIepaItuio ompenesiercs: KodddummueHToM
pasnaun K,

D, = K,D, (1)

rae D, — HauOonblmuil JUaMeTp Imocie pasjay;
D — UCXOHBIN AMaMETpP 3arOTOBKH.

[IpenensHbIl KOXGdUIMEHT pa3madul peria-
MEHTHPYETCS OJHUM U3 JIBYX BHUJIOB IOTEPU
YCTOHYHMBOCTH — CKJIAJKOOOpa30BaHUEM B OCHOBa-
HUM 3aTOTOBKU WJIM TIOSIBJICHHEM HIEHKH B OJHOM
WIA OJHOBPEMEHHO HECKOJBKHUX y4aCTKaX KpOM-
KA J1e(hOpMUPOBAHHON YaCTH 3arOTOBKH, IMPHBO-
Jsmeit Kk oOpa3oBaHuio TpeniuHb [7]. Pexomenmy-
eMbIli KO3 (UIMEHT pa3jadd JUisi CTadd COCTaB-
nser 1,05-1,15 [8].

HdedopMupoBaHHOE COCTOSIHUE TMIpH pa3jade
HEOJJHOPOJHO TI0 ovary aeopMaIu U U3MeHseT-
Csl B 3aBUCUMOCTH OT COOTHOIICHUS PaJUaIBLHOTO
U OKpPYXHOTO HOpPMAaJIbHBIX HaIpspKeHui. 30Ha
YTOJIIICHUS] CTCHKHA Maja M0 CPaBHCHHIO C 30HOM
yToHeHUs. [103TOMy ¢ HEKOTOPHIM TPUOIHKCHUEM
MOXKHO CUHUTaTh, YTO B ouare aedopMmamnuu IpH
pasmade CTEHKa TOJbKO YTOHseTcsa. HaumeHs-
asi TOJIIMHA CTEHKU (POPMUPYETCSl Ha €€ KPOMKE
u onpenensiercs mo hopmyde [7]

2)

s =S !
- bl
p Kp
rJ€ S, — TONIIMHA CTEHKH M0CNIE Pa3gayuu; s — TOJ-
[IMHA CTCHKU UCXOJTHOW 3arOTOBKH.

Jnst dbopmupoBanus cHepruIecKOro HaKOHEY-
HUKa W3 TpyOkm muamerpom 1,0 MM TpeOyet-
csl TpeJiBapUTeNIbHAS pa3jiaya 3aroTOBKH JI0 JUa-
metpa 1,35-1,37 Mm (c yueToM TIpHIIycKa o Io-
CIIEyIOIIUe Orepanuy (UHHUITHOW 00padOTKH).
JIJis  BBITTOJIHEHUS 3TOW OMEpaluud HEoOXOAMMO
WCIION30BaHME ITyaHCOHOB HECKOJNBKHUX THIIOpA3-
MepoB. O0XXHM 3arOTOBKH TIOCNE pa3fadyd B BBI-
nykiyo chepuueckyio GopMy HEOOXOIUMO MPO-
M3BOJAUTh B MAaTpHIE C PagycoM 3aKpyTie-
Husa 0,65-0,70 mm. Ilpu 3TOM OCeBoe mepemerie-
HUE MATPHIIBI BBIMOJHACTCS C TAaKUM YCJIOBHEM,
9TO0BI B cpepHuecKOM HAKOHEYHUKE OCTaBaJIOCh
LEHTpaIbHOE OTBepcTHE nruaMeTpoM 0,5 Mm.

KonuuecTBo nepexomoB, HEOOXOAUMBIX JUIs pa3-
mayn TpyOdaroi 3arortoBkum amameTrpoMm 1,00 mm
no auamerpa 1,36 MM, OILEHMBAJIOCh C HCHOJb-
3oBaHueM kodd¢unuenra pazgaun K, mo dop-
myne (1). Jma pacderoB NpHHHMAId 3Hade-
nug K, = 1,11-1,12. Pacuer TONIUHEI CTEHKH BbI-
nonasid 1o (2). Jlmamerpsl IMyaHCOHOB oOmpee-
JSIM  KaKk pasHOCTh Jauamerpa D, W TOJNIIU-
Hbl CTEHKH §,. Pe3yibTaThl pacyeToB NpHUBEIEHBI
B Ta0I. 1.

Tabnuya 1

Pe3y.]'leaTl)I pacueTra 1MaMeTpoB IIyaHCOHOB H TOJIIMHBI CTEHKH

Calculation results of punch diameters and wall thickness

Koaddumnuent Juametp Tonmuna Hapy>xuslit tuamerp BuyTtpennuii nuamerp
Ilepexon
pasnauu K, Dy, MM CTEHKH Sp,, MM Dyap, MM (mmametp myaHcoHa) d;, MM
HWcxonublil — 0,750 0,250 1,000 0,500
1 1,11 0,833 0,237 1,070 0,596
2 1,12 0,932 0,224 1,156 0,708
3 1,11 1,035 0,213 1,248 0,822
4 1,12 1,159 0,201 1,360 0,958
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Bropoii stan ¢opmupoBanus chepuyeckoro
HAaKOHEYHHUKA 3aKJII0Yaics B 00XKHUME C IIOMOLIBIO
cepuueckoro mnyancona. IlpenensHas npedop-
Manus mpu o0xuMe TpyO OrpaHMYHBAETCS MOTe-
peil yCTOMYMBOCTH 3arOTOBKH, YTO HUMEET MECTO
npu s,/D, < 0,025 [8]. IIpu s, = 0,201 Mmm u D, =
= 1,159 MM — s,/D, = 0,173; cOOTBETCTBEHHO 00-
UM MOXHO IIPOBOAUTH 33 OJUH IIPOXOX C HC-
NOJb30BaHMEM C(EepUYecKoro IyaHCOHa HeoO-
XOAMMOTO Pajyca 3aKpyTIICHHS.

MopeanpoBaHue NpoOLECCOB
(hopmooGpazoBaHus HAKOHEYHHKA
KOHLEHTPATOPa-BOJIHOBOAA

JI1s OIIeHKM pa3MEpHBIX IMapaMeTpoB TPyOHOM
3arOTOBKH TIPH pa3fadye Ha pasHbIX dTamax W MpH
dhopmupoBaHUd cPepUUECKON YacTH OO0XKHUMOM
BBIITOJTHEHO YHUCICHHOE MOJEIUPOBAHKUE MPOLEC-
coB (opmooOpazoBanus. Mcmonp3oBana ymnpyro-
acTudeckas MoJiellb  AedopManuy Marepuana
B (OPMYJMPOBKE KOHEYHO-3JIEMCHTHOH CXEMBI
pellicHUsT 3a7ayd B BHJE METOJa MEpEeMEIICHHH,
IJIe ICKOMBIMH CUHTAIOTCS YNPYTUE TIEPEeMEIICHUS
nedopmMupoBaHHOro Tea [9].

Pacder BBITIOJHEH C HCHOIB30BAaHHEM MPO-
rpammHoro komimiekca ABAQUS 6.14 (Momyin
ABAQUS/STANDARD), npenHa3Ha4eHHOTO ISt
pelieHusT WHXKEHEPHBIX 3aJad KOHEYHO-IJIEMEHT-

Hanpaxenma no Muzecy, MMa

Contour Plat
S-Global-Stress camponends wan
Analysis system
Simple Average
4 BTSEHI2
[ 4 3FEHI2
I TAEH2
= 3.250E+02
§— 2 703E-+02
=— 216TE+02

1 625E+012
1 083E+H12
E 5 416E+0
QUDODE-+0D

Max = 4 BFSE+02
PART-1-1 18024
Min = 0.000E-+00
PART-1-1 15553

yieaos)

HOTO aHanu3a (CTaTHKa, TUHAMHUKA, Terlonepena-
4a) B COBOKYITHOCTH C KOHTAaKTHBIMH B3aMMOJICH-
CTBUSIMM W HEJIMHEWHBIMH CBOWCTBAMHU MaTepua-
JIOB, OCHOBAHHOTO Ha HESIBHOW CXEME WHTETPHPO-
BaHHUsl B CTAaTMYECKOH MOCTAHOBKE ISl TUIOCKOM
OCECUMMETPUYHOW MOJENU (CMOJACITUPOBAHO MPO-
JOJBHOE CeueHHe KOHIICHTPATOPa-BOJHOBOA).
[Ipu MoleTMpPOBaHNH ATAIOB pa3fadyu YITECHO, YTO
TpyOHasl 3aroTOBKA TMOIBEPracTCs OTXKHULY IEpe.
KaKIbIM 3TarioM JedopmMupoBanus. Jas kaxmaoro
MOCIIEAYIONIEr0 dTamma pa3iadydl MPHHATA TeOMET-
pusi, TMOJIyYeHHAs MPU pacdeTe NPeAbIAYIIero Ta-
na. J[ns ydera oOpaTHOro MPYKUHEHHUSI TOCIIE 3Ta-
na (GopMooOpa3oBaHusi MyaHCOH H3BICKACTCSA W3
TpyOHO# 3aroTOBKH, 3aTeM IPOBOIUTCS (DHUKCa-
Usl TONIIMH W JAUaMeTpoB. B kauecTBe mpumepa
Ha pHUC. 3 IPUBEACHBI PE3yIHTATHl MOJACITUPOBAHIS
MIEPBOTO ATAIa pa3faayH.

N300paxeHuss TPOMOJIBHBIX CEUCHHH 3aroTo-
BOK IOCJIC YEThIPEX MPOXOO0B pa3fayu MpeicTaB-
neHsl Ha puc. 4. Ha ceueHusix ykazaHbl CMOJIe-
JIUPOBaHHbBIE 3HAUEHUS TOJIIUHBI
CTCHKH TIO JUIMHE 3aroToBku. B Tabn. 2 mpusene-

YHUCJICHHBIC

Hbl BCJIMWYUHBI TOJIIIUHBI CTCHKU W HAPYXHOTO
AunaMeTpa BO3JIC€ KPOMKHU 3arOTOBKH TIOCJIC II€pE-
XOJO0B pa3fgavu, MOJIYYCHHBIC 10 pE3yJIibTaTaM MO-
ACIIUPOBaHUs.

MnacTuueckan gedopmaumn, %

Contour Plot
PEEQ-Equivalent plastic strain{Sealar valug)
Simple Average

2838E-01
E 2523E-01
2207ED
— 1.592E-01

7 1.57FE-O1
= 1L.2B1EO

9.460E-02
B.307E-02
3153E02

0.000E-+10

Max = 2 B38E01
PART-1-1 15374
Min = 0.000E +00
P&RT-1-1 15553
Y

e == X

Puc. 3. Pe3ynpTaTsl MOAEIMPOBAHUS IIEPBOTO 3Tala pa3aadn

Fig. 3. Results of modeling the first stage of distribution
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c d

= 0216
=0198
0.185

0216
0.198
0.185
0217 0200 0105
) 0193
0.209
0 227 0204
0219
beznd 0213
022%
023 .z
0239
0245
0.252 251 0.253 0252

Puc. 4. VI3ameHeHne pa3MepoB 3arOTOBKH B MPOIIECCE pa3gadul i mepexonoB: a— 1;b—2;¢c—3;d—4

Fig. 4. Changing workpiece size in the process of distribution for the transition:a—1;b—-2;c—-3;d—-4

Tabnuya 2
To/myHa CTEHKU U HAPYKHBIH JHAMETP BO3J¢ KPOMKH
3aroTOBKH 1OcCJIe IIepexo0B pa3JayuM, NoJy4eHHbIe
Mo pe3yJbTaTaM MOAEJHPOBAHUS

METPUYECKUX MapaMeTPOB KOHCTPYKIIMH MTOKa3aHa

Ha puc. 5.

Values of wall thickness and outer diameter near the edge
of the workpiece after transitions of expansion,
obtained from the results of modeling

=
NELG]
004

I

[AEE)

Tepexon Tonmuna Hapykubrit
CTEHKH §, MM auaMeTp Diyyp, MM
UcxonHpiit 0,252 1,00
1 0,224 1,13
Puc. 5. PacueTHas cxema MOJeMpoBaHus Ipolecca
2 0,216 1,15
(hopMupoBaHUS cHepHIECKOr0 HAKOHETHUKA
3 0,198 1,27 KOHIIEHTPATOPa-BOJIHOBO/A C YKa3aHUEM TOJIIMHBI CTEHKH
4 0.185 1.38 Fig. 5. Calculation scheme for modeling the process
’ ’ of forming a spherical tip of a concentrator-waveguide

with an indication of wall thickness
I[anee HpCI[CTaBJ'ICHI:I pC3y.]'II>TaTI>I YUCJIICHHOT'O

MOJIEJIMPOBaHUsl mpouecca GOpMUPOBAHUS O0XKHU-
MOM Cc(epHIecKOro HaKOHEYHHKA KOHIIEHTPATopa-
BOJMHOBOJA. PacueTHas cxema ¢ yKa3aHHEM TIeo-

B Tabn. 3 mpuBeaeHB OCHOBHBIE MapaMeTphI
mporiecca GopMUpPOBaHUS HAKOHEYHHKA TPyOJaTo-
ro BOJHOBOJA HA Pa3lUYHbIX 3Tanax AeGopMariim.

Tabnuya 3
OcHoBHBIE NapaMeTpPhI Npouecca (JOPMHPOBAHNUS HAKOHEYHHKA TPY04aTOr0 KOHIIEHTPATOPA-BOJIHOBO/AA

Main parameters of the process for forming tip of the tubular concentrator-waveguide

Tepexort Hnnna, MM N3menenue MakcumanbHoe Huametp, MM
HCXOTHAS KOHCYHAsI AIAHBL, MM yennue, H WCXOJTHBII KOHCYHBII
1 8,000 7,872 0,128 35,8 1,00 1,13
2 7,872 7,830 0,052 40,3 1,13 1,15
3 7,830 7,676 0,154 78,2 1,15 1,27
4 7,676 7,506 0,170 98,4 1,27 1,38
O6xuM 7,506 6,496 1,010 311,5 1,38 1,38
[ Hayk 105
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MarepuaJibl, 000py10BaHue
¥ METOJbI MPOBEACHUS
IKCMEPUMEHTAIBHBIX HCCIeT0BAHNMT

3aroToBKaMu ISl M3TOTOBIIEHUS JKCIIEPHMEH-
TaJIbHBIX 00pa3loB pa3laTOYHBIX MyaHCOHOB CIY-
JKWIIA TIPYTKU U3 OBICTpopexytieiics ctaim POMS
(dy =0,63mm; d,, =0,72MmMm; d,;; = 0,86 MMm;
dns = 0,99 mm).

Paznmauy u 00HMM MPOBOJUIIM HA HACTOJIBHOM
mukponpecce MP 120 Proxxon. B kauectBe cmas-
KM UCTIONIb30BAIIM HaTpUeBOe MbLIO. Paznaua Tpyo-
YaToil 3arOTOBKU MPOUCXOJAWJIA Ha TIyOUHY 3 MM
C TIpenBapUTEIbHBIM OTKUTOM TIPH TeMIEepaType
HarpeBa Inepea KaxasiM nepexomom po 1100 °C
C OXJNIaXXIIeHHeM Ha Bo3ayxe. Jmamerp yuacTka
pa3gadu KOHTPOJIHUPOBAIH C TIOMOIIBI0 MHUKPOMET-
pa. s momydeHus chepuueckoro HaKOHEYHHKA
BBINOJTHSUTM OOKUM TPyOuaToil 3aroTOBKH C WC-
MOJIb30BAaHUEM CIICIIMAIBHON MaTpPHUIBI C 3aKpyT-
JICHHBIM O00’KUMHBIM OTBEPCTHEM.

Hns xoHTpons ¢dopmupyromerocss Mnpopuis
nocJie pazadu TpyOdaThie 3ar0TOBKH OPUEHTUPO-
BaJNICh B TOPU3OHTAIHHOW IUIOCKOCTH. 3aTeM 00-
pasubl  3alpecCOBBIBAIMCE B TEPMOIUIACTUYHYIO
NOJUMEPHYIO (OpPMY Ha ANEKTPOTUAPABINICCKOM
npecce ECOPRESS 100. 3ampeccoBannbie 00pas-
bl TUTA(OBANKCH HA TPOTPAMMHPYEMOM LTI (O-
BaJILHO-TIOJIMPOBANBGHOM cTaHke. KoHTpomb pas-
MEpPOB MPOJOJBHOTO M IOMEPEYHOTo MpoQuiIei

b

00pasioB MPOBOAWIN Ha METAUIOrpaPUIecKOM
mukpockone «Ansrama MET 1T».

Pe3yabTaThl 3KCIEPUMEHTAIBHBIX
HCCJIe0BaHMI

Jnist u3MepeHust iuaMeTpa U TOJIIHHBI CTEHKU
3arOTOBKH MOCJE Ka)XIOTO W3 MEePEeXO/I0B pa3iadn
ObuTH clenmaHbl MUKpodoTorpaduu CeYeHud uc-
XOJHOTO U 1e(hOpMUPOBAHHBIX 00pa3oB (puc. 6),
a TaKkKe NPOINOJBHOTO CEYEeHHS C(HEpUIEecKOro
HaKOHEYHHWKA ITocie 00kuma (puc. 7).

B Tabn. 4 mpencraBieHbl pe3yabTaThl H3MEpPE-
HUI TONIIMHBI CTEHKH M JUAMETPOB MOJYYCHHBIX
3ar0TOBOK IOCIIE KaXKIOTO MEPeXo/1a pa3aauu.

[To pesynbraTam HU3MEpEeHUsI TOJIIUHBI CTEHKU
B 30HC OOXHMa YCTaHOBIICHO YMCHBIICHUE ¢
toauuHkel ¢ 0,181 10 0,135 MMm.

JIns comocTaBleHHsT JAaHHBIX, MONYYECHHBIX B
pe3yabTaTe MpeBapUTEIbHOTO pacyera, YHCICH-
HOTO MOJETMPOBAHUS U IKCIIEPUMEHTAIBHBIX HC-
CIICZIOBAHMI TMpollecca pasfayu, MOCTPOCHbI 3aBH-
CHUMOCTH, XapaKTepU3yIolIre WU3MEHEHHUE TOJIIH-
HbI CTCHKH 3arOTOBKH OT €€ Hapy»XHOIO JHaMeT-
pa (puc. 8). IIpencraBieHHbBIC 3aBUCUMOCTH HMEIOT
CXOXXHI XapakTep, YTO IMOITBEPKAAET KOPPEKT-
HOCTh HCIOJIb30BAHUS KaK METOJa TPEIBAPHUTEIb-
HOTO pacyera, TaK ¥ YUCICHHOTO MOJCIHPOBAHUS
npu pa3paboTKe TEXHOJIOTHH HM3TOTOBIEHHSA cde-
pPUYECKOTO HAKOHEYHHKa KOHIICHTPaTOpa-BOIHO-
BOJIa METOJIOM pazfayuul U 00KuMa.

d

Puc. 6. CeueHust ICXOHOTO 00pasiia U 00Pa3IioB MOCIe KaXI0ro 13 mepexonos (x40):
a — TMoTepeyHoe ceueHrne NCXOIHOTo o0pasna; b, ¢, d, f — mepexomst 1, 2, 3, 4 COOTBETCTBEHHO

Fig. 6. Sections of original sample and samples after each transition (x40):
a — cross section of original sample; b, ¢, d, f— transitions 1, 2, 3, 4 respectively

Tabruya 4
Pe3yabTaThl H3MepeHMii Mpoduiisi NPOA0JbHOI0 ceyeHus 00pa3LoB
Measurements results of sample longitudinal section profile
Baytpennuii auamerp Tomnmuua Hapy>xHbrit Koaddpumment
IIepexon
(mnametp myaHcoHa) d,,, MM CTEHKH Sy, MM auaMeTp Dyyp, MM paspauu K
Hcxonnblit 0,494 0,248 0,990 -
1 0,632 0,231 1,094 1,16
2 0,722 0,224 1,170 1,10
3 0,863 0,206 1,275 1,13
4 0,989 0,181 1,351 1,09
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Puc. 7. IlpogonbHoe ceueHue
cepudeckoro HakoHeUHHUKa (x40)

Fig. 7. Longitudinal section of spherical tip (x40)

0.26 - ® — pacuer
» — MOZENMpoBaHue
— M3MepeHue

s, MM |
0,24
0,23 1
0,22 1
0,21
0,20 -
0,19 1
0,18 |
0,17

08 09 10 1,1 12 1,3 Dygp,Mm 1,5

Puc. 8. 3aBHCUMOCTH U3MEHEHHS TOJIIMHBI CTEHKH 3arOTOBKH
OT €¢ HapY>KHOTO JHaMeTpa B MPOLECcCe pas3aayH,
MOJYYCHHBIC B PE3YJIbTATE pacuyeTa, YUCICHHOTO

MOJICITUPOBAHUS U SKCIICPUMECHTAILHBIX UCCIICIOBAHUN

Fig. 8. Dependences of change in wall thickness

of workpiece on its outer diameter in the process
of expansion, obtained as a result of calculation,
numerical modeling and experimental research

Pe3y.m,TaT1>1 IKCIIEPUMEHTAJNbHbIX
HccaeI0BaAHUM mpoueccoB pasaavu
H 00:KHMa C Bpali€¢HUEM IMyaHCOHAa
N MaTpHUIbI

B kauecTBe albTEpPHATHBHOIO CIIOCO0a MOJyde-
HMsl HaKOHEYHMKAa KOHLIEHTPaTOpa-BOIHOBOAA pac-
CMOTpEHa cXeMa pa3fadd C BpallecHHEM ITyaHCOHa
u o0kuMa c BpaleHueM maTpuibl. Hegocrarok Ta-
KOM CXeMBl — HEBO3MOXXHOCTH JOCTIDKEHUS Tpe-
OyeMoro Kiacca IepoxoBaTocTH M TouHocTu [10].
[Ipn >TOM mnpeuMylIecTBOM SBISETCS MPOCTO-
Ta TEXHOJOIMYECKOM OCHACTKU [UIi €ro peaiu-
3alUH.

HccnenoBany CHJIOBBIE XapaKTEPUCTHKU IIPO-
Hecca pasfayd U o0KuMa ¢ BpaIll€HHEM IIyaHCO-
Ha W Matpunsl. Pazgauy ¥ 00XHMM BBINOJHAIH
C NPUMEHEHHEM HACTOJIBHOTO BEPTHKAJIBHO-CBEp-
muneHOTO ctanka PROMA E-1516B/230. Tpy6ua-
TYIO 3aroTOBKY (PMKCHPOBAIH B HPUCIIOCOOJICHHMH,
KOTOPO€ YCTaHABIMBAIM Ha HACTOJIHBIC BECHI Ha
CTOJIMKE BEPTHKAJIbHO-CBEPIMIBHOTO cTaHka. [ly-
AHCOHBI JUIS pa3laud M MaTpuly o0XKMMa 3aKpern-
JSUTH B TPEXKYJIa4KOBOM MAaTpOHE CTaHKa. Y CHIIUE
pa3gadyd OLEHMBAJIOCH [0 MaKCUMalbHOMY 3Haue-
HUIO II0OKa3aHMs BECOB B IIpoliecce pa3aud U 00-
xuma. J{J1si onpesiesieHus] ONTHUMAIBHBIX PEXUMOB
paszmadd ¥ 00KMMa MPOM3BOAMIN KOHTPOJIb YCH-
THS pa3iadyd MpH Pa3UYHBIX 3HAYCHUSX YACTOTHI
BpalICHUS] MNHUHAETS CTaHKa ®. YacToTa o pery-

Hayka
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JIMPOBAJIaCh C MOMOIIBIO KOPOOKH CKOPOCTEH CTaH-
Ka, T/Ie M3MEHJIOCh TMepelaTOuHOe OTHOIIEHHE pe-
JIyKTopa. Pe3ynbTaThl UI3MEPEHHUsT YCWIUK pa3jiauud 1
00FMa TIpeICTaBIIeHEI B Ta0. 5.

Tabnuya 5
Pe3ysibTaThl H3MepeHHs] YCHIIMIA Pa31aqyu ¥ 00:KuMa

Results of measuring forces of distribution and crimping

Pexum Vceunue, H, npu yacrore BpameHus
MyaHCOHa ®, 00/MHH

580 970 | 1280 | 1410 | 2270

Paznaua, nepexon 1| 29,02 | 29,31 | 20,69 | 26,72 | 29,02

Paznaua, nepexon 2| 27,87 | 28,16 | 22,98 | 31,32 | 27,29

Pa3naua, nepexon 3| 29,31 | 29,31 | 24,13 | 30,45 | 25,28

Paznaua, nepexon 4| 29,59 | 31,89 | 28,16 | 36,20 | 31,32

O6xum 27,58 | 24,71 | 24,42 | 23,85 | 25,28

Ilpu wdyactoTe BpamieHuss IyaHCOHa Me-
Hee 580 00/MUH MPOMCXOIUT TOTEPST YCTOHYMBOCTH
TpyO4yaToil 3aroTOBKM H3-3a IPEBBIICHUS Ipe-
JebHOTO ycuius pasaaun, Oomee 2270 o6/muH —
WHTEHCHBHBIM HM3HOC W HarpeB TpyOdaroil 3aro-
TOBKH, B pP€3yJbTaTe Yero MPOUCXOAAT 3HAUNUTENb-
HOE YTOHEHHME CTEHKH W Pa3pbiB IPH HEOONBIINX
YCHIIUSX pa3fay.

Ha puc. 9 npeacraBieHbl 3aBUCUMOCTH H3Me-
HEHMS yCWJMS pa3fadd TpyO4yaToi 3aroTOBKH OT
4acTOTHI BpallleHUs ITyaHcoHa ¢ nuamerpa 1,00 mm
Ha nuametp 1,36 MM mpu pas3gaue U HajdbHEHIIeM
ooxume. Kak BUAHO U3 3aBUCUMOCTH, TIPH pa3aade
TpyOuaToii 3aroToBKK Hanbojee NpUeMIIEMbIM SIBJISI-
eTcsl peXMM C 4acToToi Bpamenus: 1280 00/MuH,
IIPU KOTOPOM JOCTHUTAIOTCA HAMMEHbIINE 3Haue-
HUSl yCWIUS pa3faud Ha Bcex nepexonax. Omrtu-
MaQJIBHBIA PEXHUM OOXuUMa TpyOuyaToil 3aroTOBKH
obecrieunBaeTcs MPHU YacTOTe BpAILEHHUS MaTpH-
el 1410 06/MuH.

407 =1 nepexon
jan} e — 2 NEPEXon
g 35{ =—o——3nepexon
= —0=— 4 nepexop
g 30, —pe=— 0BXUM
=
o
9]
S 251
=
o
g
5 204
>
15 T T T T \
0 500 1000 1500 2000 2500

Yacrora BpalieHus IyaHCOHa, 00/MHH

Puc. 9. Iamenenue ycunus aeopMUpOBaHUs TpyOUaTOH
3aroTOBKHM IpH paznaue (1—4 mepexosl) U 00KuUMe

Fig. 9. Change in deformation force of tubular billet
during expansion (14 transitions) and crimping
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BbIBO/IbI

1. Ha ocHOBe MeToJa KOHEUYHBIX 3JIEMEHTOB
B cpene mporpammHuoro komriekca ABAQUS BbI-
MOJTHEHO MOJICTIPOBAHNUE OMepanuii pa3mgadn U
00XMMa TpYOHOH 3aroTOBKH, TO3BOJIHMBIIEE: OIle-
HUTh HAMPsSKCHHO-IS(HOPMUPOBAHHOE COCTOSHUE
neopMUpPYyEMOT0 KOHHYECKOTO yJacTKa 3aroTOB-
KA, W3MEHEHHWE TONIIWHBI CTEHKH B MPOIECcce
(1)OpMOI/I3MeHeHI/I$I " pacCuuTarh NJIMHY 3aroTOBKHU
Uit o(OpMIIEHHST KOHHYECKOTO y4YacTKa; yCTaHO-
BUTh 3aKOHOMEPHOCTH BIHMSHUS T€OMETPHUIECKUX
napamMeTpoB Ha CHJIOBBIE PEXHMMBI Ipollecca pas-
Jla4d; yCTAHOBHUTH MapaMeTPhl PEXHUMOB (HOpMO-
o0pa3oBaHUs HAaKOHCUYHUKA KOHIICHTPATOPa-BOJI-
HOBOJIa METOJIOM pa3iadyu U o0xuMa, obecreyu-
Barfommue (hopMupoBaHUe TPeOYyEeMOit TeOMETPHUH.

2. [MomydeHHbIE PE3yAbTATHI MPEABAPUTEIHLHO-
ro pacyera, YUCICHHOTO MOJICITHPOBAHUS 1 JKCIIe-
PUMEHTAIBHBIX HUCCIETOBAHUN TIPOIIECCOB (OPMO-
o0pa3oBaHUs HAaKOHCUYHUKA KOHIICHTPATOPa-BOJI-
HOBOJA pazfadyeil u 00KMMOM HMEIOT CXOXKHeE
3HAYEHUs], YTO TOATBEPKAAET KOPPEKTHOCTH HC-
MOJIb30BaHMsI KaK METOJIa NPEBAPUTEIBHOTO pac-
4yeTa, TaK MW YHUCJICHHOIO MOACIUPOBAHUA IIPU
pa3paboTKe TEXHOJIOTUW W3TOTOBIEHHS KOHIIEHT-
paTopa-BOJIHOBOJIA.
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IBOJIOLHMA MUKPOCTPYKTYPbI 1 MEXaHHYECKHUX CBOICTB
HAHOCTPYKTYPUPOBaHHBIX IJIeHOK NiFe
10/ AeficTBHEM TeMIIepaTypHOi 00padoTKu
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Pedepar. HanocrpykrypupoBanusie ruieHkr NiFe ObUIM CHHTE3HMPOBaHBI METOJOM HMITYJIBCHOTO 3JIEKTPOIHUTHYECKOTO
OCaXICHHUS HAa KPEMHUHU C 30JIOTBIM IIOJCIOEM, IIOCJE YeTr0 MOABEPralvch TeMiepaTypHoi obpabortke mpu 373-673 K
C LeNBI0 M3YyYeHUs BIMSHHSA TEPMOOOPAaOOTKM Ha MHUKPOCTPYKTYPY M MEXaHHYECKHE CBOMCTBA OOBEKTOB HCCIEIOBAHMUS.
ATOMHO-CHIJIOBasi MHKPOCKOITUSI BBICOKOTO pa3pelIeHHs O3BOJIMIA MPOCIEAUTh ITAlbl SBOJIONUHA MHKPOCTPYKTYPHI IIOJ
JIeCTBUEM TePMUYECKOW 00pabOTKHM, BKIIOYAIOIINE MTPOLECC HEIMHEWHOTO YBEIMUCHHS POCTa 3ePEeH U ABYXCTaJUHHYIO ar-
nomepanuio. [TokazaHo, 9To ¢ pocTOM TemIepaTypsl TepMoodpadboTku 10 673 K pa3mep 3epHa yBenmauBaercs ¢ 68 no 580 HM
0 CPAaBHEHHMIO C UCXOIHBIM 00pa3LoM, NpeTeprieBas Mpoueccsl ariaoMepanuu npu temmeparypax 100 u 300 °C. Mexanuue-
CKHE CBOMCTBA HAHOCTPYKTYPUPOBaHHBIX IUIeHOK NiFe n3y4eHsl MeTooM HaHOMHACHTHPOBaHU. [loyyeHbl ¥ IpoaHann3u-
POBaHBI 3aBUCHMOCTH TBEpAOCTH MoAyist FOHra U 3HaYeHUH CONPOTHBICHUS yNPyToILIacTHYeCKol nedopmarmu ot Tiryon-
HBI. JIaHHBIH TOJXO/ MO3BOJIHII BBIIBUTH PA3JIMUMs B IOBEICHHN MEXaHHIECKUX CBOWCTB IIOBEPXHOCTHOTO CJIOSl M BHYTPEHHETO
o0beMa IUICHKU IOf NEHCTBHEM Pa3iIMYHBIX TEMIIEpaTyp TepMOOOPabOTKH, a TaKKe HMPOJEMOHCTPUPOBATH IIPOTHBOIOJIOKHYIO
PEaKIHIO Pa3HbIX CIIOEB MaTepuasa Ha MOBBIIIEHHE TeMIIepaTypsl. B pesynbrate aHann3a aeopMalOHHBIX KPUBBIX HAHOMH/IEH-
THPOBAHUS YCTAHOBIECHO, YTO TOMOTEHHM3AIMS IMOBEPXHOCTH B COYETAHHM C aKTHBALMEH MPOIECCOB OKUCICHUS HPHBOAST
K YIPOYHEHHIO IPHUIIOBEpXHOCTHOTO ciiost mieHoK NiFe. B To ske Bpems BHyTpeHHHMIT 00beM MaTepHana XapaKTepH3yeTcs Held-
HEWHbIM YMEHbLICHHEM TBEpHOcTH M Moxyia FOHra mpu pocre TtemmepaTypsl TepmMooOpaboTku. OOBSICHEHHE 3TOrO SBICHUSA
HalICHO B KOMIUIEKCHOM BIIMSIHIM YMEHBIIIEHHS KOJIMYECTBA MEX3EPEHHBIX IPAHHII (BCIIEACTBUE YBEINUCHHS CPEIHETO pa3Mepa
3epeH C MOBBIMICHUEM TeMIIEpaTyphl) M YBEINUCHHS! KOHIIEHTPAIIMY aTOMOB 30J10Ta, AU(GGYHIUPYIONMX U3 OACIos Ooee ak-
THBHO TIPU POCTE TeMIiepaTypbl 00paboTky 1uieHok NiFe.

KiioueBble cjI0Ba: UMITyJIbCHOE SJIEKTPOOCAXKACHUE, TePMUUECcKas 00pabOoTKa, OKUCICHHE, MUKPOCTPYKTYpa IOBEPXHOCTH,
TBEpPAOCTh, MOy b FOHTa, ynpyrommactadeckas edopManus

Just uurupoBanus: denociok, B. M. DBOMONMS MHKPOCTPYKTYpPbl W MEXaHHYECKHX CBOWCTB HaHOCTPYKTYPHUPOBaH-
HbIX wieHok NiFe mon neiictBueM temmnepartypHoit oopabotku / B. M. ®enociok // Hayka u mexnuxa. 2021. T. 20, Ne 2.
C. 109-120. https://doi.org/10.21122/2227-1031-2021-20-2-109-120

Evolution of Microstructure and Mechanical Properties
of Nanostructured NiFe Films under Influence of Heat Treatment

V. M. Fedosyuk"

USSPA “Scientific-Practical Materials Research Centre of NAS of Belarus”

Abstract. Nanostructured NiFe films were synthesized by pulsed electrolytic deposition on silicon with a gold sublayer, after
which they have been subjected to to temperature treatment at 373-673 K in order to study the effect of heat treatment on the

microstructure and mechanical properties of the objects under study. High-resolution atomic force microscopy has made it
possible to trace the stages of microstructure evolution under the influence of heat treatment, including the process of nonlinear

Ajpec 1J1s1 nepenucKu Address for correspondence

®enocrok Banepuit Muxaitnosuy Fedosyuk Valery M.

T'HITO «HITL] HAH Benapycu o MatepranoBeACHHION SSPA “Scientific-Practical Materials Research Centre of NAS of Belarus”
yu. I1. BpoBkw, 19, 19, P. Brovki str.,

220072, r. Munck, Pecrry6nmka Benapycs 220072, Minsk, Republic of Belarus

Ten.: +375 17 322-27-91 Tel.: +375 17 322-27-91

fedosyuk@physics.by fedosyuk@physics.by

Hayka
extmia, T. 20, Ne 2 (2021) 109



Mamlmocmpoenue U MawiuHogeoeHue

increase in grain growth and two-stage agglomeration. It is shown that with an increase in heat treatment temperature to 673 K,
the grain size increases from 68 to 580 nm in comparison with the initial sample, undergoing agglomeration processes at tem-
peratures of 100 and 300 °C. The mechanical properties of nanostructured NiFe films have been studied by the nanoindenta-
tion method. The dependences of the hardness of Young’s modulus and the values of the resistance to elastoplastic defor-
mation on depth have been obtained and analyzed in the paper. This approach has permitted to reveal differences in the beha-
vior of the mechanical properties of the surface layer and the internal volume of the film under the action of different heat
treatment temperatures, as well as to demonstrate the opposite reaction of different material layers to an increase in tempera-
ture. As a result of a thorough analysis of the deformation curves of nanoindentation, it has been found that the homogeniza-
tion of the surface in combination with the activation of oxidation processes leads to the strengthening of near-surface layer of
NiFe films. At the same time, the internal volume of the material is characterized by a nonlinear decrease in hardness and
Young’s modulus with an increase in the heat treatment temperature. The explanation for this phenomenon has been found
in the complex effect of a decrease in the number of grain boundaries (due to an increase in the average grain size with
increasing temperature) and an increase in the concentration of gold atoms diffusing from the sublayer more actively with an
increase in the processing temperature of NiFe films.

Keywords: pulse electrodeposition, heat treatment, oxidation, surface microstructure, hardness, Young’s modulus, elasto-
plastic deformation

For citation: Fedosyuk V. M. (2021) Evolution of Microstructure and Mechanical Properties of Nanostructured NiFe Films
under Influence of Heat Treatment. Science and Technique. 20 (2), 109-120. https://doi.org/10.21122/2227-1031-2021-20-2-

109-120 (in Russian)
Beenenne

MarautoMsarkue IieHkd ciuiaBa NiFe, wnn
TIEpPMaJIosi, HaXOJAT IIUPOKOE MpUMEHEeHHne Olia-
rojaps ONTHMAaJbHOMY OallaHCy O3JEKTPHUUYECKHUX,
MarHUTHBIX U MeXaHu4ecKux cBOMCTB [1-3]. Tlnen-
KM TEPMalIos IIUPOKO HUCIOIB3YIOTCS B KauecTBe
(hyHKITMOHANBHBIX MarHATHBIX MaTepHaJiOB B JIaT-
YHKaX MarHUTHOTO moys (3QeKThl TUraHTCKOro
U aMop(hHOTO MAarHUTOCONPOTHBIICHU:A) [4, 5],
yCTpOMCTBaX MarHUTHOM 3amucH [6], a Takxke Ma-
Tepuasa JUIsl 3JI€MEHTOB CIIMHTPOHHUKHU M 3JIEKTPO-
MarHATHBIX 3KPaHOB JJISl 3allUTHl (PYHKIIHOHAIb-
HOMW 3JIEKTPOHUKHU OT MOCTOSIHHBIX MarHUTHBIX IO-
JIed U 3JEKTPOMAarHUTHBIX u3nydeHuit [7]. CraBbl
NiFe Takxke 00mamaroT Xxopomed KOppO3HMOHHON
CTOWKOCTBIO [8], anre3meil K pasITUIHBIM THITAM
MOJUIOkKEK [6, 8] M BBHICOKMMH MEXaHUYECKUMU
CBOMCTBaMH (TBEPAOCTh B MAaKpO- U HAaHOMACIIITA-
0e, MOIyJb YNPYTrOoCTH, U3HOCO- U TPEUIMHOCTOM-
KOCTh, COMPOTHBIICHHE IUIACTUYECKOH aedopma-
un) [9]. braromapst ckazaHHOMY BBIIIE TEepMall-
JIOW C BBICOKHUM COJEp>KaHHEM HHKENs SBIAIOT-
Csl TIPEKPACHBIM MaTepHajoM ISl MCIOJIb30BaHUS
B KauecTBe (PyHKIMOHAIBHOTO MOKPBITH, obecre-
YUBAIOMIETO KaK MEXaHWYeCKYI0 3alluTy, TaK W
3aIIUTY OT DJJICKTPOMArHUTHBIX M MArHUTHBIX
MIOJIEH.

MeTop 3IEeKTPOIUTHYECKOTO OCAXKIECHUS CUH-
TaeTCs MPUBJIEKATENbHBIM 110 PSAY MPUYUH: HEBBI-
COKasi CTOMMOCTh OOOpYZOBaHUS M PACXOIHBIX
MaTepUalioB, MPOCTOTa YHPABICHUS CTPYKTYpOH

110

U COCTaBOM B TIPOIECCE€ CHHTE3a, BO3MOXKHOCTH
HaHECEHMs Ha JAETalld CIOXKHOH (QOpMBI (UTO OCO-
OCHHO aKTyaJahbHO NMPH HEOOXOIUMOCTH HAHOCHUTH
3alIUTHBIE TIOKPBITUS Ha JAeTalb 0e3 yCI0KHEHHS
KOHCTpyKItH). OMHAKO BCE €IIe He JO KOHIA pe-
[IEHHOM 3ajjadell Uil OCaKIEHHBIX JIIEKTPOIIH-
THUYECKH IIJICHOK SIBIISIOTCSI BHICOKHE BHYTPCHHUE
HamnpspKeHUs, KOTOpbIe TeM OOoJbIne, YeM TOJIIIe
IUIeHKa U cliokHee (opma mozanoxku. BHyTpeH-
HUE HaIPsDKEHUS MOTYT YXYIIIATH HE TOJIBKO Me-
XaHWYECKUE XaPaKTCPUCTUKHU, HO U MAarHUTHBIC U
3JIEKTPUYECKHE CBOUCTRBA.

Cy1iecTByeT psifi ClIOCOOOB YMEHBIIICHUS BHYT-
PEHHUX HANpsHKEHUH B AJIEKTPOOCAXKICHHBIX
IieHKkax. Hampumep, yMeHbIIeHHE TIOTHOCTH TO-
Ka yMmeHblnaet HanpspkeHus B cucteme NiFe [10],
OJTHAKO OJTHOBPEMEHHO W3MEHSAETCS CTPYKTYpa,
MmajiaeT CKOPOCTh pOCTa IUIGHKM M COJepIKaHHE
JKeneza B cruiaBe. MiMeroTes crernuansHo pa3pado-
TaHHbIE JOO0ABKH K 3JEKTPOJIHTY, KOTOpHIE CIO-
COOHBI BIHATH Ha CTPYKTYpY CIUIaBa B IPOIIECCE
CUHTE3a, CHIKasi BHYTPEHHHUE HampsbkeHus [11].
H3MeHeHne KOHIIEHTpAIMH OCHOBHBIX KOMITOHEH-
TOB TaK)XK€ UCTIOIB3YETCs IS CHATHS HANPSHKSHUS.
Hanpumep, i yBennyeHns: TOABHKHOCTH UOHOB
MeTauta BO BpeMs ocaxacHws cruiaBa NiFe u B
TO K€ BpeMS CKOPOCTH pOCTa IUIEHKH B COCTaB
37eKTpoauTa MOXeT ObITh mobaBieH NiCl. ABro-
pHlI [12] nokaszanu, 9To Ype3MepHast KOHIIEHTpaLus
HOHOB XJIOpa B PacTBOpE NMPHBOAUT K oOpa3zoBa-
HUIO CIUIaBa C HU3KOM KOAPLUUTHUBHOU CHUIION U BBI-
COKMMHM BHYTPEHHUMHU HAIPSDKEHUSIMH.
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Hawnbomee mepcreKTUBHBIM CIOCOOOM YMEHbB-
IICHUS BHYTPEHHUX HANPSHKCHUN OCTAETCS TEPMU-
yeckasi oOpabotka [13—15], HO Ha Bo3ayxe OHa
aKTUBUPYET MOBEPXHOCTHOE OKHUCIIEHHE MeTal-
noB. CuuTaercs, 4To CJIOH €CTECTBEHHOTO OKCHIIA
HE BIMSET Ha MEXaHMUYeCKHe cBoictBa [16, 17].
OpnHako B OTJENBHBIX paboTax MoKa3aHo, YTo CIie-
[IMATLHO CO3JAaHHBI OKCHIHBINA CJIOM MOXET HeE
TOJILKO YIPOYHSTH, HO Ja)Ke BBIONHATH (DYHKITUIO
HW3HOCOCTOMKOTO KBa3WMOKpHITHSA [18]. Amamus
JUTEPaTypPhl BBISBUI, YTO HET TITyOOKUX HCCIIEI0-
BaHUI B 00JIACTH BIHSHHUS OKCHIIHOTO CIIOSI, TIOTY-
4aeMoro B MpOIlecce TEPMUYECKONH 00pabOTKH, Ha
MexaHudeckue cBoiicTa mieHoK NiFe. Kpome To-
ro, OTCYTCTBYIOT HCCIEAOBaHUS, IO3BOJISIOMINE
pa3lenuTh BIMSHUEC TEPMOOOPaOOTKH Ha TOBEpX-
HOCTHBIA CJIOM M BHYTPEHHMHA OO0BEM IOKPHI-
tuit NiFe.

Llenp wuccnemoBaHMd — W3y4YEHHE BIUSHUS
TEPMHUYECKOW O00pabOTKH HAa MHKPOCTPYKTYPY H
MexaHMuecKkue cBoiicTBa mieHok NiFe, mamecen-
HBIX Ha Si ¢ mojacnoeM Au. beun BeIOpaH Temmepa-
TypHBI# auana3od oT 373 mo 673 K, mockomibKy,
cornacHo [18, 19], B 3TOM Auana3zoHe MPOUCXO-
AT KPUTHYECKHE W3MEHEHHWS MEXaHWYeCKUX U
MarHUTHBIX CBOMCTB. Tepmuueckas o00paboTka
mpu OoJiee BBICOKMX TeMIepaTypax MPHBOJUT K
U3MEHEHUSM KpHcTauimdeckoi pemeTku [13—15]
¥ TonMMOpQHBIM TIpeBpamieHusM. Jlaxe oTHOCH-
TEJIBbHO HU3KHE TEMIEPAaTyphl MOTYT HOJOKUTEIh-
HO BIUSTH Ha TBEPIOCTb, MOIyNs FOHTA M compo-
TUBJICHHE  YIPYroIUIacTHYecKoH aedopmanuu.
Kpome Toro, u3yueHsl pa3nuius B OBEJCHUH T10-
BEPXHOCTHOTO CJIOSI U BHYTPEHHEro o0beMa mare-
puana, oObsICHEHa WX MPOTHUBOMOIOXKHAS PEaKIns
Ha TeMIIEPaTypHYI0 00paboTKy.

MarepuaJjibl 1 METOABI HCCIIEI0BAHMUI

[Mnenku NiFe ObutM MOSTyYeHBI METOIOM DIICK-
TPOJIUTUUECKOTO OCaXKJIeHus. B kauecTBe moa10XK-
KU 71 ocaxaeHus MIeHok NiFe wmcmonb3oBaics
MOHOKPHUCTAJUIMYECKH KPEMHHUI KpHCTaIJIorpa-
(uueckoii opmenrtaruu (100). s obecnedeHus
MIPOBOUMOCTH TIOJIIOKKH, TPEOYEeMOH ISl DIIeK-
TPOOCAXKICHHSI, HA KPEMHUH MarHeTPOHHBIM Me-
TOJOM HAHOCHJIHM CJIOH 30Ji0Ta TommuHon 100 HM.
CocTaB 3NEKTPONNTA, UCHONB3YEMOro A TOIyde-
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HUSl TUIEHOK, IpezcTaBiieH B Tabn. 1. Yposens pH
pacTBopa TOIJEPKUBAICA B nuamazone 2,3-2.5,
a Temneparypa — B mpenenax (32 = 1) °C.

Tabnuya 1
CocraB 371eKTpoJIMTa sl noJydeHns miuenku NiFe

Electrolyte composition for NiFe film production

Kommnonent Konuenrpanusi, r/n
NiSO, 210
MgSO, 60
FeSO, 15

NiCl, 20
H;BO; 30
C;H;5NO;5S 1

s hopMupoBaHUs 3epeHHON CTPYKTYPHI TUICH-
KM HCIHOJb30BATIOCh MUMITYJIBCHOE 3JIEKTPOOCAXKIE-
Hye. Manast JUIHTeIBHOCT uMITyIbca (107 ¢) mpu-
BOJIUT K 00pa30BaHMIO MaTepualia ¢ MEJIKUM pa3-
mepoMm 3epHa [20, 21]. DTo cBsi3aHO C TEM, UTO
3epHa 3apOXKIAIOTCS M PACTYT B T€UEHHE BPEMEHH
umMyibea (107 ¢), B mpoLece pocTa OCTaHABIINBA-
eTcs MOCiIe OKOHYaHMs Mojadu Toka. [ImoTHocTs
TOKa MPU OCAXKICHHH 25 MA/CM’, BpeMs ocaKie-
Hus 300 ¢ (150 ¢ 6e3 yueta may3). OOmas ToJmIu-
Ha tieHku NiFe 600 um. Bce o0Opasisl momydanu
Ha OJHOW Si-TUIACTHHE 32 OJMH LUKJ OCAXKICHHUS.
[epen TepM00OPabOTKON TUIACTHHY Pa3lessuId Ha
oTzensHbIe 00paspl. TepMooOpaboTKy MPOBOIUIH
npu temneparypax 373, 473, 573, 673 K na B03-
nyxe. OOpasusl HarpeBaiu co ckopocthio 100 K/4,
BBIICPXKUBAJIM IPU MaKCUMAaJbHOH TemiepaType
B TeueHHe | 4, M 3aTeM EeCTEeCTBEHHBIM 00pa3oM
OHH OXJIQKIAJHCH 10 KOMHATHOW TeMIepaTyphbl.

CocraB Moy4eHHO! MJICHKH OI[CHUBAIN METO-
JOM PEHTTEHOBCKOTO 3HEPrOAWCIIEPCHOHHOTO MHK-
poananmu3a Ha aHanuzatope AZtecLive Advanced
with Ultim Max 40 (Oxford Instruments), siBis-
IOLIEMCS JONOJIHUTENBHBIM AETEKTOPOM Ha CKaHU-
PYIOILEM 3JIEKTPOHHOM MHUKpOCKOIe. MHKpOCTpyK-
TYpy HMCXOIHOro 00paslia UCCIISIOBAIM C MOMOILbIO
CKaHUPYIOIEeH 3JIeKTPOHHOW MUKPOCKOITMY Ha TIpH-
6ope Zeiss EVO 10 B pexxiMe BTOPHYHBIX 3JIEKTPO-
HOB TIpH YCKOpsiiomeM Hanpspkennn 20 kB.
H3meHeHne MUKPOCTPYKTYPBI TUIEHOK MOCIE TEeM-
nepaTypHoil 00pabOTKH MPOBOAMIM C HCIOJIB30-
BaHHEM PEXUMa aTOMHO-CHJIOBOH MHKPOCKOIHH
Ha HanouHaeHTOope Triboindenter TI 950 Hysitron.
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HccnenoBanus  KPUCTAJUIMYECKOW — CTPYKTYpPHI
BBINIOJIHANM METOJIOM PEHTTE€HOCTPYKTYPHOI'O aHa-
7M3a Ha TOPOIIKOBOM IudpaktoMerpe Empy-
rean (PANalytical) va Cu-Ka-uznyuennn B ¢oxy-
cupoBke bparra — bpenrano B quamnasoHe yrioB 20 =
= (40°-100°). 3HaueHust pa3MepoB oOONacCTEed KO-
TEPEHTHOI'O0 paccesHUs OLCHUBAIM METOIOM
Bunpesmcona — Xonna no BCEM MNPUCYTCTBYIO-
IIMM Ha peHTreHorpamme nukam ot I'TIK tBeproro
pacTBopa.

HccnenoBanne MeXaHMYECKUX XapaKTEPUCTHK
NPOBOAMIIM C IOMOIIBI0 HaHOMHAeHTOopa Triboin-
denter TI 950 Hysitron myTemM BHeOpeHHs aimas-
HOW mupamuabsl bepkoBruya ¢ 0JIHOBPEMEHHOU pe-
rUCTpanueil KpuBbIX aedopmannu. ['myObruHa BHen-
pEeHUs MHIEHTOpPA BapbHpoBantach ot 5 mo 50 HMm.
HarpyxeHnue MaTepuaioB OCYLIECTBIISIM MO CXe-
Me «10-10» (marpyxenue 10 c, pasrpyska 10 c).
KannOpoBKy HaHOMHAEHTOpA BBIIOJNHSIA HEMO-
CPEICTBEHHO TIIepe/ AKCIEPUMEHTOM, JUIs Yero
HCIOJB30BAIN CTAHAAPTHBIM 0Opa3eln MoJupOBaH-
HOTO TJIaBJIEHOTO KBapla C M3BECTHBIMU MOCTOSH-
HBIMU 3HA4YCHHUSMHU TBepIocTH u moxmyns FOHra.
KanuOpoBky mnpoBoamnu B Auana3oHe TIITyOHH
BHenpeHus oT 2 10 100 aM. MukpomMexaHudeckue
CBOIMCTBa paccuuThlBaIM no Metony OmuBepa —
®appa [22].

PesyabTaThl HcciieqoBaHMit
U X 00cy:KaeHue

N300paxeHne MHUKPOCTPYKTYpPBI OBEPXHOCTH
ucxogHoro obpasua NiFe npeacrasneHo Ha puc. 1.
IToBepXHOCTh TJICHKH HMMEET SBHO BBIPAKCHHYIO
3€pPEHHYI0O CTPYKTYpPYy CO CKJIOHHOCTBIO K ariioMe-

2 2.5 3 3.5 4 45

paumu. Pazmepsl 3epeH BapbUPYIOTCS B AHANa3oHe
ot 50 o 80 um. CoOTHOIIEHE HUKEIS U )Keme3a
B COCTaBe IMOJNyYCHHOM TUICHKH HCCIEeI0BaIH
C TIOMOIIBIO HSHEPTrOJUCIIEPCHOHHOW PEHTICHOB-
CcKkoil cnekTpockonuu. CHEKTp, COOTBETCTBYIO-
LIMH UCXOIHOMY O00paslly, IpeicTaBieH Ha puc. 2.
YcTaHOBIICHO, YTO CIUIaB comepxut 75,9 at. % Hu-
kens u 24,1 at. % xenesa.

C moMOIIBI0 METOJIa PEHTTEHOBCKOU Audpak-
LMK YCTaHOBJICHO, 4TO TuieHka NiFe mpencraris-
eT coboii omHO(a3HBIA W30CTPYKTYPHBIA CILIaB,
OIMCBHIBAIOIIUICS KyOUUECKOW MPOCTPaHCTBEHHOM
rpynmoii Fm3m (Ne 225); mapamerp snemeHTap-
HOM sueiiku a coctasun 3,567 A, a pasmep o6na-
CTHM KOTEPEHTHOTO pacCesHUs PEHTT€HOBCKUX
mydeit 5 HM. OIeHKH, TpPOBEIEHHBIE METOAOM
YunbsaMmcona — Xojija, MoKa3ajid, YTO OCHOBHBIM
(bakTopoM, OOYCIIOBIUBAIOIIMM CHIIBHBIC YIIUpE-
HUSl PEHTTEHOBCKUX IHKOB, SIBIISIETCS Malblid pas-
Mep o0JiacTell KOTepeHTHOTO PACCEsHUSI.

Puc. 1. MukpoctpykTypa ucxonoi mieHku NiFe,
MOJIyYEeHHAsl C IIOMOILBI0 CKAHUPYIOLIEeH
3JIEKTPOHHON MUKPOCKOITUU

Fig. 1. Microstructure of initial NiFe film
obtained using scanning electron microscopy

Puc. 2. PeHTTeHOBCKHMH YHEProANCIIEPCHOHHBIH CIIeKTp ncxonaHou mieHkn NiFe

Fig. 2. X-ray energy dispersive spectrum of initial NiFe film

112

[ Hayka
urexHuka. T. 20, Ne 2 (2021)
(]

Science and Technique. V. 20, 2 (2021



Mechanical Engineering and Engineering Science

CoOOTBETCTBYIOIIAs PEHTTEHOTpaMMa  MPeJ-
CTaBJICHA Ha puC. 3.
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Puc. 3. PeatrenorpaMma ncxonHoii mienku NiFe

Fig. 3. X-ray diffraction pattern of initial NiFe film

N300paxeHns: MEKPOCTPYKTYPBI MOBEPXHOCTH
ucxoxnoit ienku NiFe u mneHok mocie TepmMoo0-
pabOTKU TIpH Pa3IUYHBIX TEMIIEPAaTypax MoKa3aHbI
Ha puc. 4. Pasmep m3obpaxenuit — 10x10 Mxm’.
Jns xaxngoro oOpasiia HUXKe J00aBICHO YBENH-
YeHHOE M300paKeHHEe XapaKTepHOro ydacTKa pas-
MepoM 3x3 MkM’. M306paxkeHust OBUTH MOTyYCHBI
cpa3y TIOClIe CHHTE3a WM TEepMOOOpabOTKH 0Oe3
yAaneHust OKCHAa. AHAIN3 MOKa3aj, YTO CTPYKTY-
pa TOBEPXHOCTH HUCXOJHOTO oO0pasia Hambosee
omHoponHa. Pasmepsr 3epern ot 40 mo 100 =M,
cpenuuii — 67 HM. CrenyeT Takke OTMETUTh, 4TO

HAaHOMETPOBBIE 3€pHA (OPMHUPYIOT ariioMepaThl C
XapakTepHBIMH JIaTEPATbHBIMU pa3MepamMu MOpsiI-
ka 200-600 HM, YTO, BEpOSITHO, SIBJISETCS CIIEM-
CTBHEM BBICOKOW MOBEPXHOCTHOM SHEPrHMU HaHO-
pa3MepHBIX YaCTHII.

ArnoMepanysi CTaHOBUTCS OoJiee BBIPAXKEH-
HOM mocyie TeMnepaTypHoii obpadorku mpu 373 K.
ArnomepaTtsl mMeroT pasmepsl oT 300 HM mo 1
MKM; KaXXIbIi U3 HUX CONEPKHUT HECKOJIBKO eCcsT-
KOB HAHOMETPOBBIX 3€pPEH, YTO XOPOIIO BHIHO Ha
BEpPXHEM yBEIMICHHOM (hparMente puc. 4. Ha Hiok-
HeM (parmMeHTe M300pakeH odar TOMOTEHH3aLuH.
Kpome armomepauuu 3epeH HaOnogaercsl yBenlu-
YeHHUe UX pazMepoB. Tak, cpeaHuil pa3Mep 3epHa
s rieHkn NiFe mocie TemmeparypHoit 00pabot-
ku npu 373 K cocraBun 93 am. JluHamuka nsme-
HEHMS pa3Mepa 3€pHa M MX arjioMepanusl cxema-
THUYHO NIOKa3aHbl B HWKHEH 4acTu puc. 4.

[lpu TtemmepaTtype TepMuueckoii 00paboT-
ku 473 K mpomecc ariomepanuu 3aBepLIMIICS
U TIOBEPXHOCTh COCTOMT M3 3E€PEH CO CpEeIHUM
pasmepoM 131 HM, HE IEMOHCTPUPYIOLIUX CKJIOH-
HOCTH K OOBEIMHEHHIO, T. €. OHH PAaBHOMEPHO
pacrpeneneHsl 10 IOBEPXHOCTH.

Ilpu nmanbHeWIIeM MOBBIIEHUHA TEMIEPaTypbl
mo 573 K maumHaercs BTOpasi CTagusl arjioMepa-
LUK, KOTOpasi BBITJSANT 3aBEPIICHHON Uit 00pas-
1a nocie tepmoodpadotku npu 673 K.

Temneparypnas o6paboTka

473 K

CpenHuii pa3m

PRy o

573 K 673 K

G 4

L

..

< [
p 3epHa

Puc. 4. I300paxeHnss MUKPOCTPYKTYPHI IIOBEPXHOCTH UCXOHOH ruteHkn NiFe u ruieHok nociie TepMudeckoit 00paboTku
npu temneparypax 373,473, 573 u 673 K

Fig. 4. Images of surface microstructure of initial NiFe film and films after heat treatment
at temperatures of 373, 473, 573 and 673 K

[ Hayka
wTexHuka. T. 20, Ne 2 (2021)

113

Science and Technique. V. 20, No 2 (2021



Mamlmocmpoenue U MawiuHogeoeHue

[Inenka mocne TepMHUYecKoil 0OpabOTKU TpU
temnepatype 573 K xapakrepusyercss OONbIIAM
pazopocom pasmepos 3epeH (oT 100 HM 10 2 MKM),
IpU 3TOM CpedHui pasMep cocTaBui 195 Hwm.
IloBeiienne Temneparypsl 1o 673 K mpuBoaut
K 3HAYUTEIBHOMY YBEIMUYEHHIO pa3Mepa 3epeH
no 580 uM. Takum 00pa3oM, SBOJIOLUS MHUKPO-
cTpykTyphl uieHok NiFe B mporiecce moBbIIeHHs
TeMIepaTypsl TepMudeckoil obOpabotku mo 673 K
MPUBOANT K YBEJMUYEHHIO CPEIHErO pa3Mepa 3epHa
ot 67 1o 580 HM U BKJIIOYAET ABYXCTAOUIHYIO ariao-
Mepaluio.

Pe3ynpTaThl WcclenoOBaHUS MEXaHHYECKUX
CcBOMCTB IUIeHOK NiFe ¢ moMOIbI0 METOna HAaHOWH-
JCHTHPOBAaHUS B BHAE 3aBUCUMOCTEH OT TIIyOWHBI
BHENIPEHUs] MHICHTOpa IPE/CTaBIeHBl Ha pHC. S.
Kaxxnast Touka Ha rpadukax H3MEHEHHUS TBEPIOCTH
u Mozaynsa IOHra sBnsieTcss ycpeTHEeHHBIM 3HAaYeHH-
eM JUIS TPeX-IIATH n3MepeHnit. OTHOCUTEIHHO BBI-
COKas TOTPENIHOCTh H3MepeHUs (B HEKOTOPBIX
ciayuasix okono 10 %) cBsizaHa co 3HAYUTEIHHBIM
pa3nMuueM MEeXaHWYeCKOro OTKIMKa MarepHa-
Ja TIPU MPOXOXICHUU HHJECHTOPA Yepe3 TPaHHIly
U TEHTp 3epHa. TBepaocth (pHC. 5a) U MOIYJb
IOnra (puc. 5b) — gBa OCHOBHBIX MapamMerpa, Ko-
TOpBIE XapaKTEePU3YIOT MEXaHMIECKHE CBONCTBA Ma-
TEepHUaJoB. A yIydIlIeHHWE 3THX CBOMCTB OCTaeTCs
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aKTyaldbHOU 3amadeil mMarepuanoBeneHus. OmHaKo
CJIeIyeT OTMETUTh, YTO BAXKHO HE CTOJBKO yBEJIH-
YeHHUEe OTIENLHBIX MoKa3aTesel, CKOJIBKO ONTHMAITh-
HBI OamaHCc TBepmocTH W ympyroctd. Ilo aToit
NPUYNHE IMUPOKO MCIOIB3YETCS COOTHOIICHUE
TBeproctu u monyis FOura (H/E) (puc. 5c¢), korto-
po€e XapakTepHu3yeT YCTOWYMBOCTh MaTepualia mpu
yhnpyroriactTudeckoit pedopmanuu. MakcuMmalb-
HO BO3MOXXHOE€ 3HAUCHHE COMPOTUBJICHUS YIPYyTO-
miactnyeckorr nedopmanuu (H/E =0,1) moka He
OBLIO JJOCTUTHYTO JJIsl peaibHbIX MaTEPUAIIOB.
Pe3ynbpraThl HaHOWHIEHTHPOBAaHUS TOKa3bIBa-
0T, YTO TepMUYecKkas 00pabOoTKa MOXKET OKa3bl-
BaTh ITIPOTUBONOJOXKHOE BIHMSHHE Ha TOBEPX-
HOCTHBIA CJIOW W BHYTPEHHHM O0OBEM Marepuaia.
AHanmu3 rpaduKOB MOATBEPKAAET, YTO TBEPIOCTh
u mMoayib FOHra mcxomHoro oOpasia Ha MOBEpX-
HOCTH M B OOBEME MJOCTaTO4HO Omm3ku: H =
= (8,64 £ 0,63) I'lla u £ = (183,6 = 8,0) I'lla
Ha toybmae 10 am mw H = (7,51 £ 0,52) I'Tla
nu E = (196,8 =+ 74,0) I'Tla Ha rybune 50 HM.
[loBbieHEe TeMIlepaTypbl TepMOOOpPabOTKHU
1o 673 K npuBoaUT K HENMHEHHOMY YBEIHUEHHUIO
moxayast FOnra mo (256,1 + 9,3) I'Tla u TBepmOCTH
mo (11,1 £ 0,68) I'lla ma moBepxuoctu (10 HM)
¥ OJHOBPEMEHHOMY YMEHBIIIEHUIO STHX ITapameT-
poB B oObeMme IUIeHKH: Ha riayomHe 50 HM
E=(1651%93)I'Tlau H= (5,88 £0,58) I'Tla.
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Puc. 5. Mexannueckue cBoiicta mieHok NiFe B 3aBucumoctu
OT IIyOMHBI BHEAPEHUS U TEMIIEPATYPhl TEPMOOOPAOOTKH € YUETOM:

a — TBeprocTH; b — Moxyist FOura;
C — CONPOTHBIIEHUS TIACTHIECKOH nedopMannu

Fig. 5. Mechanical properties of NiFe films depending
on the penetration depth and heat treatment temperature
taking into account: a — hardness; b — Young's modulus;

¢ — plastic deformation resistance
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OtHomenne H/E (puc. 5c¢), WU CONPOTHUBIIE-
HHE YOpyromiacTHueckod aedopmarmu, mpone-
MOHCTPHPOBAJIO TEHICHIHWIO K YMEHBIICHHUIO IS
Bcex mieHoK NiFe. IIpu aToM ciemyeT OTMETHT,
YTO MaKCUMaJbHOE 3HaueHue H/E Ha MOBEpXHOCTH
HaOmroaeTcs ISl TUICHKH, MpOLIeeil TepMooo-
pabotrky mpu 373 K (0,057), a MuHUManbHOE —
y IUIEHKH TIOCJIE CaMOM BBICOKOTEMITEPATypHOH Tep-
MoobOpabotku (0,042). PaccmarpuBasi moydeHHBIE
Ha ToyOomae 50 HM 3Ha4yeHWs cooTHomeHus H/E,
MOXXHO OTMETHTh, YTO TeMIieparypHas o0paboTka
npu T < 475 K He MpUBOAUT K W3MEHEHUIO COIIPO-
THUBJICHUS TDIACTHYECKOW medopMarmi B oObeMe
Matepuana: H/E =0,037-0,038. IToBeimieHne Temire-
parypsl 10 573 K ymMeHbpIIaeT BEIMYUHY COOTHOLIE-
Hus TBepaocTd u moays FOura mo 0,035.

OnucaHHOE BBIIIE CIOKHOE MOBEACHUE MeXa-
HUYECKHX XapakTepucTuK IUieHoK NiFe wmoxer
OBITH OOBACHEHO KOMIUIEKCHBIM KOHKYPHPYIOIIUM
BIIMSTHHEM TPEX Pa3IMdHBIX MPOIECCOB, aKTUBUPY-
e€MBIX TEeMIIepaTypHOil 00pabOTKOH Kak B 0OBeMe
MaTepHaia, Tak U Ha IOBEPXHOCTH, & UMEHHO:

— YBEIMYCHHEM pa3Mepa 3epHa, CONpPOBOXKIA-
IOIIMUMCSl  YMEHBIICHHEM KOJIHYECTBA MEXK3epeH-
HBIX TPAHUIL;

— (hopmupoBaHHEM TTOBEPXHOCTHOTO OKCHIHO-
TO CJIOs;

— TEpMHUYECKH AaKTUBHPOBaHHON  muddysueit
aTOMOB 30J10Ta U3 NoAcyos B mieHky NiFe.

TpaauMOHHO CYHMTAETCs, YTO TPAHHIBI 3e€peH
SABIISAIOTCS OaphepoM [UIsl PacCIpPOCTPAHEHHUS IFC-
JIOKAIM W TPENATCTBYIOT YIPYTOIJIACTUYECKOU
nedopmarmu. OIHAKO TaKKe MOKa3aHO, YTO Tpa-
HUIIBI MOTYT UTPaTh aJbTCPHATHBHYIO POJIb U OBITh
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ucrouHukamu guciokanuit [23]. Caemyer otwme-
TUTb, YTO BTOPOH Ciydail, KOTJa TpaHULIBl — 3TO
WCTOYHHK IWCIOKAINH, KaK MpaBUiIo, CIIPaBEIIUB
IUTE XOPOIIO OTOXCKEHHBIX KPHUCTAIIOB C MajbIM
komuecTBOM AedexToB. Jns Hacrosimeit paboTs
0oJice IPUMEHUM TIEPBBII CITyYaii, KOT/1a TPaHHIIBI
SIBJIIFOTCSL TIPETPaJaMy Ha IyTH PacpOCTPAHCHUS
nedekroB. Takum 00pazoM, TBEPAOCTh M MOIYJb
YOPYTOCTH OJKHBI YMEHBIIATHCA 110 MEPE YBEIH-
YeHHs pa3Mepa 3€pHa, T. €. C TIOBBIIIEHUEM TeMIIe-
paTypsl 00pabOTKH, YTO HaOMIOIaeTcsi B 00beMe
MaTtepuana. Ha MOBEpXHOCTH IUIEHOK OTMEuYcHa
MPOTHBOTNONOKHAS TEHACHIUSI — U3MEHEHHE pas-
Mepa 3epeH He SBISAETCS JIMMUTUPYIOMNM (aKTo-
POM Ha TIOBEPXHOCTH.

OueBugHO, YTO TepMOOoOpabOTKa Ha BO3MIY-
Xe aKTUBUpyeT oOpa3oBaHHWE OKCHUAHOTO CJOS.
Kak mpaBuito, OKCHIIHBIN CIIOH METAJUIOB XapaKTe-
pusyercst OoJbIIe TBEPIOCTHIO M XPYHKOCTHIO
[0 CPaBHEHMIO C HEOKHCIEHHBIM MaTepHajoM.
Ha puc. 6 m300paxeHpl THMMYHBIC KPUBBIE HAHO-
WHIEHTUPOBaHUS HcxomHou tieHkn NiFe, mpen-
CTaBIIAIONINE COO0I 3aBHCHMOCTH TIyOWHBI BHEI-
peHUS HWHACHTOpa OT TMPWIOKECHHOW K HEMY
Harpy3kd. B mepBoM npuOIMXKEHHH TBEPIOCTh
3aBUCUT OT yrIjla HakJIOHAa KPUBOW HArpyKCHHS.
YBenmu4ueHHBIH (PparMeHT Harpy304YHOW YacTH
KpHUBBIX (pHC. 6C) TTO3BOJIET 3aMETHTh N3MCHCHIE
HakJoHa Tpaduka. HaklioH COOTBETCTBYeT mepe-
X0y HHICHTOpa W3 Ooliee «TBEPIOTO» CJIOS B
«MsTKHit»y. TakuM 00pa3oM, MOXKHO IPEIroo-
KHUTb, YTO TOJIIMHA CJOS OKCHIA COCTABISET OKO-
mo 6 M mrst ek NiFe, He momBepraBIIeics
TeMITepaTypHO# 00paboTKe.
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Puc. 6. Tunnunsle neGopMaliOHHbIE KPUBBIE, IOTyYEHHbIE
[IpY HAHOWHACHTHPOBAHNUHU HCX0nHOHU meHkn NiFe

nipu riryouHe BHeApenus: a — 50 HM; b — 10 HM; ¢ — yBeTH4IeHHBIH

(parMeHT 00enx KpUBbIX Ha riyoune 0—12 HM

Fig. 6. Typical deformation curves obtained by nanoindentation

of the initial NiFe film at the depth of penetration:
a— 50 nm; b— 10 nm; ¢ — enlarged fragment of both curves
at a depth of 0—12 nm

115



Mamlmocmpoenue U MawiuHogeoeHue

[Mocne TepmooOpadoTku ipu Temrieparype 373 K
Ha KPUBBIX HAHOMHACHTUPOBAHUSA TMOABJIACTCA «CTY-
neHpKay Ha rryoumHe 5—7 M (puc. 7). [lomoOHOoe
noBezieHHUe (Pa3phIBBI B BU/IE «CTYTIEHBKI» B KPUBOH
Harpy>KeHHs1) Tak)Ke XapakTepHO ISl mporiecca 00-
pa3oBaHMsS TpPEUIMH TPH BHEAPSHUM WHCHTOPA.
Ho B manHOM cllyyae Kpome CTyIEeHbKH HaOIrona-
ercsi BH3YalbHO pa3IMuUMOE W3MEHECHHUE yriia
HaKJIOHA KPUBOW Harpy»XeHHs JI0 M TOCie pa3pbIBa.
[TosTOMY MOKHO CUHTATh, YTO TOJIIIMHA OKCHIHOTO
ciost mocie TepMoodpabotku mipu 373 K cocramns-
et 5-7 uMm. [logoOHOE siBIIcHME onurcaHo B [14].

AHanoruyHoe W3MCHCHHE HAKIIOHA KPHUBOU
1ocJie TaK Ha3bIBaeMOW CTYNEHBKH HaOII0AaeTCs
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Ha r1yOuHe mpumepHo 8—10 HM Ha KPHUBBIX
Harpy>eHusi IUIGHKH TMocje TepMooOpadboTKu
mpu 473 K (puc. 8). Ha puc. 9 m3zobpaxeHsl Tu-
[IUYHbIE KPUBblE HAHOWHAECHTUPOBAHUS VIS ILICH-
ku NiFe, mnoasepraBmeiicss TepMooOpadboTKe
nipu 573 K, U1 KOTOpOM MOJIOKEHUE «CTYIEHBKID
cMmecTuiioch Ha Tayouny 14-18 um. To ecTb MOX-
HO CYHTaTh, 4TO MpU TepMoobOpaboTke mpu 573 K
B TedueHne 1 9 popMUpyeTCS OKCUIHBIA CIIOW TOJI-
mmHOW 14—18 HM. Takum oOpa3om, AeTambHBIN
aHaJau3 KPHUBBIX HAHOWMHIEHTHPOBAHMS IO3BOJIHUT
KOCBEHHBIM METOAOM, HO C BBICOKOM TOYHOCTBIO
OTIPEENUTh TONLIMHY 00pa30BaHHOTO B Pe3yJybTa-
TE TepMOOOPaOOTKHU CIIOS OKCHJA.
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Puc. 7. Tunnansle neopManioHHbBIE KPUBEIE, IOTyYCHHBIE

NpY HAHOWHICHTUpOBaHuH 1ieHkU NiFe mocne temmnepatypHoii

obpadotku mpu 373 K mist rnyOuns! BHeAperus: a — 50 HM;
b — 10 HM; ¢ — yBEJIMUCHHBIH ()parMeHT 00enX KPUBBIX
Ha riryoune 5—12 uM

Fig. 7. Typical deformation curves obtained by nanoindentation

of the NiFe film after heat treatment at 373 K for depth

of implementation: a — 50 nm; b — 10 nm; ¢ — enlarged fragment

of both curves at a depth of 5-12 nm
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Puc. 8. Tunnunsle nedpopMalnOHHbIE KPHBBIE, IOy YSHHbIC
IIpY HaHOWHAEHTHPOBaHMH 1ieHKH NiFe mocne remmeparypHoit
obpadorku npu 473 K mist rmyOunsr BHeapeHus: a — 50 HM;

b — 10 HM; ¢ — yBeNMUCHHBII (parMeHT 00enX KPUBBIX
Ha riyoune 5—12 um

Fig. 8. Typical deformation curves obtained by nanoindentation
of NiFe film after temperature treatment at 473 K
for the penetration depth: a — 50 nm; b — 10 nm;
¢ — enlarged fragment of both curves at a depth of 5-12 nm
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Puc. 9. Tunnunbie neopMaliOHHbIE KPUBEIE, OTyYeHHbIC
Mpy HaHOWHAEeHTHpOBaHMU 1ieHk: NiFe nmocie remmneparypHoit
obpaboTku npu 573 K minst roryOuns! BHeApeHHs: a — 50 HM;

b — 10 HM; ¢ — yBeJIMUCHHBII (parMeHT 00enX KPUBBIX
Ha ryoune 820 HM

Fig. 9. Typical deformation curves obtained by nanoindentation
of NiFe film after temperature treatment at 573 K
for the penetration depth: a — 50 nm; b — 10 nm;

8 10 12 14 16 18 20 ¢ — enlarged fragment of both curves at a depth of 8-20 nm
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Tunwunsle nedopMaIliOHHBIE KpPUBBIE IS ITo pesynbraTtaM aHanu3a KPUBBIX HAHOUHICH-
wienku NiFe mociie TepMooOpabOTKK MPH TeMITe- TUPOBAHMS MOXKHO CHENaTh BBIBOJ, YTO TBEPJIOCTh
patype 673 K npencrasnensl Ha puc. 10. Ha Bcex MIPUIIOBEPXHOCTHOIO €Ol CHJIBHO 3aBUCUT OT
MpoaHaAM3UPOBAaHHBIX Tpadukax puc. 10 orcyr- TOJIIIMHBI OKcuaa. Tak, Ha rnyOoune 10 HM TBep-
CTBYIOT Pa3phIBBI, X0TA Ha puc. 10c 3amMeTHO MO- JIOCTb HMCXOAHOTO oOpasua cocraBisier 8,6 I'lla
9TaHOe U3MEHEHHE HakJioHA. BeposTHO, 3TO yKa- TIpH TONIIHMHE OKCHaa oKoiio 5,0 HM, a TUIeHKa I10-
3BIBA€T HA OTCYTCTBHE UYETKOW TpaHMIIBI pazena ciie TepmoobOpaboTku npu 373 K xapakrepusyercs
MEXy OKCUIHBIM CIIOEM U TIJIEHKOM. TBepAocTho 9,8 I'Tla mpu TonmuHe 5—7 HM.
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290 Fig. 10. Typical deformation curves obtained by nanoindentation
2801 ‘ ‘ ‘ ‘ ‘ ‘ of NiFe film after temperature treatment at 673 K
20 21 22 23 24 25 26 for penetration depth: a — 50 nm; b — 10 nm;
InyGuna, HM ¢ — enlarged fragment of both curves at a depth of 2026 nm
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TepmoobpaboTka mpu Temneparype 473 K u
BHIIIIE BhI3BATa OOpa3oBaHHE OKCUAHOTO CIIOS
TOJIIIMHOM, paBHON U mpeBplmaromeid 10 HM, mo-
3TOMY NpPHU HAHOWHJCHTHPOBAHUW HA 3Ty TIIyOH-
Hy TIONy4eHBl OYEeHb ONU3KHE 3HAYEHHUS TBEPHO-
cti 11,0-11,1 I'Tla, mockoibKy BHEIpPEHHUE Orpa-
HUYMBAETCS OKCHJIHBIM cjoeM. TeM He MeHee Io-
JTy4eHHOE 3HAYEHUE TBEPAOCTH HENb3s paccMmar-
pUBaTh Kak TBEPAOCTh OKCHIA, MOCKOJBKY PEKO-
MeHAyeMas TUIyOWHa WHASHTHPOBAHUSA IS TIO-
JMy4YeHHs] JOCTOBEPHOTO 3HAYEHHs] HE JOJDKHA
npeBsiath 10 % OT TONIIKHBI UCCIAEAYEMOTO Ma-
Tepuajga JUIA WCKIIOYEHHUS BIUSHUS TIOCIOA.
[Ipuunna yBenuuenuss momyns FOHra mpu mMoBBI-
[ICHUH TEMIIepaTyphl 3aKII0YAEeTCS B TOM, YTO OK-
CHJI TIpeNCTaBIsieT CO0O0il CIUIONIHYI0 TOHKYIO
TUTEHKY Ha MarkoM mozcioe NiFe.

OueBUIHO, YTO BHICOKAs TeMIepaTypa yBEIH-
YUBAET MOABUKHOCTH aTOMOB M aKTHUBUPYET IMPO-
neccel audy3un BHyTpU MaTepualia U Ha TpaHu-
e pazznenoB cioeB. lloBbIIeHHE TeMIepaTyphl
TepMOOOPaOOTKHA MOXKET MPUBOAUTH TAKXKE K yBe-
TrdeHUI0 TUGOYHIUPYIOMUX U3 MOCIOS aTOMOB
30JI0Ta, KOTOpBIE OyAyT ABIATBCA Aedekramu
U CIIOCOOCTBOBATH PACIPOCTPAHEHUIO JUCIOKAIUIA
npu actTudeckoil nepopmanun. Ha ocHoBe ore-
HOK, CHENAHHBIX B [24], MOXHO MPEINOIOXKHUTD,
YTO KOHIIEHTPAILUsl TPUMECHBIX aTOMOB MOXET
MPUOIKATHCSI K HECKOJBKUM IPOLEHTaM MOCIe
TepMmoobOpabotku npu 7 > 573 K. Bricokas koH-
HueHTpanus aAe(GekToB (WM NPUMECHBIX aTOMOB)
B COYCTAHHUM C YBEIMYECHUEM pa3Mepa 3epHa Mpu-
BOAUT K CHIDKCHHIO MEXaHHYECKUX CBOWCTB B
ooveme NiFe. Kpome Toro, aToMbl npumeceir Mo-
TYT YMEHbBIIATh TBEPAOCTh MOBEPXHOCTH, OTPAHH-
guBasg YHOPOUHSIONUN 3(PGEKT OKCHIHOTO CIIOS.
OTO MOXeT CIYXUThb NPUYMHON TpeKpamieHus
yBenuueHus TBepaoctu uieHok NiFe, moasepr-
HIMXcs TeMIlepaTypHoit o0padotke npu 7> 473 K.

BbIBO/IbI

1. HanoctpykrypupoBanHbeie TuieHKH NiFe
(75,9 ar. % Ni u 24,1 at. % Fe) momydens! Ha Mo-
HOKPHUCTAITTMYECKOM KPEMHHUH C MOJCIOEM 30J10Ta
METOJIOM HMITYJIBCHOTO 3JIEKTPOOCAKACHUSA. YIIb-
TPaKoOpOTKAsl IUTHTENBHOCT mMmmyisca (107 )
MPUBOAMIA K (POPMHUPOBAHUIO IJICHKU C COCTABOM
3epHa pasmepoM 58 HM. [ImeHkm moaBepraiuch
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TepMo0oOpabOTKe Ha BO3JyXE B JHAara3oHe TeMIle-
patyp ot 373 no 637 K.

2. MetonoM aTOMHO-CHJIOBOH MHKPOCKOTIHHU
U3Y4YEHBl JTallbl JBOJIOLUUHA MHKPOCTPYKTYPHI,
BKJIIOYAIONIHE JABYXCTAAHUWHYIO arjoMeparuio.
VYcTaHOBNIEHO, YTO pa3Mep 3epHa NOoA IEeHCTBH-
€M TeMIlepaTyphl HEJIWHEWHO YBEIWYUBAJICA
o 580 M.

3. MexaHu4eckue CBOICTBa HCCIENOBAId C
[IOMOIIbI0 HAHOWHACHTHPOBAaHUS Ha TIIyOWHE
or 5 no 50 um. IlokazaHo, 4ro TepmMooOpaboTKa
OKa3bIBa€T NMPOTHUBOIOJIOXKHOE BJIMSHUE Ha TBEp-
mocte M Moxynb HOHra mOBEpPXHOCTHOTO CJOS
n BHyTpeHHero oObema tuieHOK NiFe. Ilosbimre-
HUE TeMIlepaTypsl TepMoobpabotku mo 673 K
MPUBOANT K YBEIWYCHHUIO TBEpPAOCTH OT 8,64
1o 11,1 I'Tla u momyns FOnra ot 183,6 no 256,1 I'Tla
Ha riryOune 10 HM. Bo BHyTpeHHEM oObeMe Marte-
puana (riryomHa 50 HM) HaAOMIOMAIOCh YMEHB-
mweHue TBepaoctu ot 7,51 no 5,4 I'lla u monyns
ynpyroctu ot 198,0 no 160,0 I'TIa.

4. KoMIutekCHBI aHaMmM3  NeopMarimOHHbIX
KPUBBIX HaHOWHACHTHUPOBAHUS IO3BOJIII YCTaHO-
BUTh M PasTPaHUYHUTh BIUSHHE TEPMOAKTHUBHUpYeE-
MBIX TPOILIECCOB Ha MEXaHWYEeCKHE CBOWCTBA TLIE-
HOK. [lokazaHo, 4TO yBenWueHHWe pa3Mmepa 3epeH
C OJHOBPEMEHHBIM YMEHBIIEHHEM KOJHYECTBa
MEX3EPEHHBIX TPAHHI] MPUBOIAUT K YMEHBIICHUIO
KOJIMYEeCTBa OaphepoB ISl pacIpeesieHus] AUCIIO-
Kaliii Mpu MeXaHWdeckod nedopManuu U yxyn-
IEHWI0O MEXaHWYECKUX XapaKTePUCTHK BHYTPEH-
Hero o0beMa MaTepuana.

4. KocBeHHO ompejiesieHa TONIIUHA (HOPMHUPY-
€MOro B IMpolecce TepMOOOpPabOTKH OKCHAHOTO
CIOS M IPOJEMOHCTPUPOBAHO €ro YNPOYHSIO-
1iee BIMAHUE Ha MOBEPXHOCTh IIJIEHKH. DKCIEpH-
MEHTAIILHO yCTAaHOBJIEHO, YTO TepMOOoOpadoT-
Ka HAaHOCTPYKTYPHpPOBaHHBIX IieHOK NiFe mpu
temrieparype 473 K mnpuBoauT K yBEIHMYCHHUIO
COTIPOTUBJICHHUS YIPYTOIUIACTHYECKOH nedopma-
LMW TIOBEPXHOCTHOTO CJIOS 0€3 YXY/IIeHUsT MeXa-
HUUYECKHX XapaKTepUCTUK BHYTPEHHEro oObema
MaTepuaia 3a CYeT YMEPEHHOIO OKHCIEHHsS II0-
BEPXHOCTH U yMEHBILIEHHS BHYTPEHHUX HarmpspKe-
HUI HAHOPa3MEPHBIX 3EPEH.
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Pedepar. [IpuBeneH cpaBHUTEIBHBIA aHATH3 BIUSHUS (OPMBI KOJIBLIEBBIX KOHLIIEHTPATOPOB YJIBTPa3ByKOBBIX CHCTEM Ha UX
AMIUIUTY IHO-YAaCTOTHBIE XapPAaKTEPUCTUKU. M3BECTHBI ycTpoiicTBa, B KOTOPBIX YNPYIHWE€ 3JIEMEHTHI HCIONB3YIOTCS MO0 B
KadyecTBE Pe30HATOPOB, JIMOO KaKk padovne HHCTPYMEHTHI YIBTPA3BYKOBBIX TEXHOJIOTHYECKHX chUcTeM. OHAKO MCIOIB30Ba-
HHUE YOPYTHX 3JIEMEHTOB B KaueCTBE KOHICHTPATOPOB YIBTPAa3BYKOBBIX KOJeOaHUH HEJOCTATOYHO M3Y4EeHO U TpeOyeT mpoBe-
JICHUsT KOMIUIEKCHBIX MCCIICJJOBAaHMH M Pa3pabOTKM PEeKOMEHAAIWil JUIi MX HpakThdeckoro npuMeHeHus. C 3Toi menbio
B CTaThe C IMOMOIIBIO KOMIBIOTEPHOH mporpaMmbl ANSYS mpoBeleH TeOpeTHYECKU aHaan3, MO3BOJMBIIWI BBHITOJHUTH
MOJANbHBIA ¥ FAPMOHMYECKUI aHaIU3 MoJesiell Koublia ¢ pa3nndHoil dopmoii. Komblio Kpyrinoit popMbl UMEeT HOMHHAIb-
HBIA Hapy>kHBII auametp 50 MM U IepeMeHHOe cedeHne. AHAIN3UPOBAIIICH TP MOJEIH KOJIEI: OJHO KPYTJIOE U JIBa OBAJIb-
HOU (hopMBL. JIIs1 OCYIIECTBICHMSI CPAaBHEHHS M BBISBICHHS YacTOT, IIPH KOTOPBIX BO3HHKACT PE30HAHC, XapaKTCPHCTHKU
KOJICOaHHIA KOJICIl pacCMaTPHBAJIMCh B Juamna3oHe 4actoT oT 1 g0 26 k['1. Pe3ynbTaThl aHanu3a mokasplBarOT, YTO B 3aBUCH-
MOCTH OT YaCTOTHI BBIHY>KICHHBIX KOJIeOaHUil B KOJIbIax 00pa3yroTcs U3ruOHble KojaeOaHus, KOTOphIEe JEHCTBYIOT B pa3iind-
HBIX KOOPIAMHATHBIX INIOCKOCTAX. [Ipn 3TOM M3MeHeHne opMBI KOJIEI] COMPOBOKAACTCS H3MEHEHNEM aMILUTUTY bl H3THOHBIX
konebanuii. Hanbosee nHTeHCHBHBIE KOJeOaHMsI BIOJb BEPTUKAIBHON OCH OBUIM AOCTUTHYTHI B KOJNBLAX KPYTIOH (OPMBL.
YCTaHOBIIEHO, YTO C IMOBHIIIEHHEM YacTOTHI BBIHYKICHHBIX KojeOaHHui HaOJIIoaeTcs yBeIMUECHIE YHCiIa IEpHOIOB Koeba-
Huit. Ecnu B 007acTH HU3KHMX YacTOT KoJicOaHWU B KOJIbIIC 0Opa3yeTcs TOJNBKO OJHOMEPHOIHAs MoJa KoJjcOaHuM,
TO B 00JIACTH yJIBTPa3BYKOBBIX KOJEOaHUI YMCIIO IEpUOIOB KojdeOaHuil yBenu4uuBaeTcs 10 IBYX U Tpex. Bce paccmarpuBae-
MBbIE€ MOJIENIH KOJIEI] UMEIOT HECKOJIBKO COOCTBEHHBIX YacTOT KOJIEOAHUH C ONpeaeTICHHON MEePUOIMYHOCTHIO B Pa3HBIX KOOP-
JUHATHBIX IUIOCKOCTSX B 3aBUCHMOCTH OT ()OpPMBI Kouenl. VIHTeHCHBHOCTH KOJNEOAaHMI pa3nudHa B Pa3HBIX HalPaBICHHSIX
Y 3aBUCHT OT (POPMBI U YaCTOTHI BBIHYKJCHHBIX KoJieOaHUi. JIeMOHCTpUPYIOTCS IPUMEPBI Pa3HOBUAHOCTEI MO KoJIeOaHMi
VIS BCSIKMX (pOPM KOJICLL.

KnioueBble cjoBa: reomerpudeckas (opma KoOJel, KOHIEHTpaTop KoJeOaHHH, yIbTPa3BYKOBBIE CHCTEMBI, MOJAIbHBIN
¥ TapMOHUYECKHH aHaJIM3, KoJiebaHue KoJell
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Comparative Analysis of Vibrations of Ring-Shaped Ultrasonic Concentrators

V. P. Lugovoi®, V. V. Lugovoi”

DBelarusian National Technical University (Minsk, Republic of Belarus),
?)Open Joint Stock Company “Minsk Watch Plant” (Minsk, Republic of Belarus)

Abstract. The paper provides a comparative analysis of the influence of ring concentrator shape in ultrasonic systems on their
amplitude-frequency characteristics. Devices are known in which elastic elements are used either as resonators or as working
tools of ultrasonic technological systems. However, the use of elastic elements as concentrators of ultrasonic vibrations
is insufficiently studied and requires comprehensive research and development of recommendations for their practical applica-
tion. For this purpose, a theoretical analysis has been carried out in the paper while using the ANSYS computer program,
which made it possible to perform modal and harmonic analysis of ring models with various shapes. The round ring has
a nominal outer diameter of 50 mm and a variable cross-section. Three ring models have been analyzed: one round model
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and two models of oval shape. To conduct a comparative analysis and identify frequencies at which resonance occurs,
the vibration characteristics of the rings have been considered in the frequency range from 1 to 26 kHz. Results of the analysis
show that, depending on the frequency of forced vibrations, bending vibrations are formed in the rings, which act in different
coordinate planes. In this case, a change in the shape of the rings is accompanied by a change in the amplitude of the bending
vibrations. The most intense ring vibrations along the vertical axis have been achieved in circular rings. It has been found that
with an increase in the frequency of forced oscillations, an increase in the number of oscillation periods is observed. If in the
region of low vibration frequencies only a one-period vibration mode is formed in the ring, then in the region of ultrasonic
vibrations the number of vibration periods increases to two and three. All the considered ring models have several natural
vibration frequencies with a certain periodicity in different coordinate planes depending on the shape of the rings. The inten-
sity of the vibrations is different in different directions and depends on the shape and frequency of the forced vibrations.

Examples of vibration mode variations for various ring shapes are demonstrated in the paper.

Keywords: geometric shape of rings, vibration concentrator, ultrasonic systems, modal and harmonic analysis, rings vibrations

For citation: Lugovoi V. P., Lugovoi V. V. (2021) Comparative Analysis of Vibrations of Ring-Shaped Ultrasonic Concent-
rators. Science and Technique. 20 (2), 121-126. https://doi.org/10.21122/2227-1031-2021-20-2-121-126 (in Russian)

BBenenue

VYrpyrue 31eMeHTsl 00JalaloT PsiioM MEeXaHu-
YEeCKUX CBOMCTB, KOTOPBIE MO3BOJAIOT 3()(HEeKTHB-
HO NIPUMEHATh UX B Pa3lUYHBIX YCTPOMCTBAX, Me-
xaHu3Max u mpubopax [1, 2]. K ugmcimy Takux
CBOWCTB OTHOCHUTCS CIIOCOOHOCTH YyCHUIIMBATh HJIH,
HaoOopoT, nemmdupoBaTh kKonebaHus. B obOmactu
yIbTPa3ByKOBOM TEXHOJOTMH WX TPUMEHSIOT B
Ka4yeCTBE PE30HATOPOB, PabOYMX HHCTPYMEHTOB
WIN KOHLEHTPAaTOPOB KOJIEOAHUH U1 OCYIECTB-
JICHWSI BCEBO3MOXKHBIX TEXHOJOTHYECKHX OIlepa-
muid: uis 00pabOTKM pe3aHHeM W IUIACTUYECKO-
ro nedopMHpPOBaHHMS MaTEpPHAlIOB, B KadecTBE
YYBCTBUTEIBHBIX 3JIEMEHTOB B W3MEPHUTEIIBHBIX
npubopax u T. O. Teopernyeckoe 00OCHOBaHHE
IIPUMEHEHHUs] YIpyTHUX 3JIeMeHTOB naHo B [1, 3].
OpnHaxko MX MPAKTUYECKOE MCIIOJIb30BAaHUE B YIIb-
TPa3BYKOBOM TEXHUKE OIPAaHUYEHO H3-3a HEHOCTa-
TOYHOCTH CBEICHMH O BIMSHUM KoJeOaHWH pas-
HBIX 9aCTOT HAa MX aKyCTHUYECKUE XapaKTEPUCTHKH,
BJIMSIHUM TEOMETpHUUYecKord (OpMBI U pPa3MepoB,
YTO TpeOyeT JanbHEHIIEero U3yYeHus ¢ LEeNblO BbI-
PadOTKU NPaKTUYECKUX PEKOMEHAALNH.

BaxHelilee CBOWCTBO YHNPYIHX 3JIEMEHTOB —
CIIOCOOHOCTh HAKOIUIEHUS! MOTEHIMAIBLHOW SHep-
MM M Iepefadyu ee pabodeMy WHCTPYMEHTY, BBI-
HOJHAIOLUIEMY MEXaHH4YEeCKylo padoTy. DTH BO3-
MO’KHOCTHU HCIOJIb30BaHbl, HAIpUMEp, B aKyCTHYe-
CKHX CHUCTEMax, COJAEpKalUX YIPYTrHe 3JIeMEHTHI
B BHJIC KOJIbIIA C TIGPEMEHHOMN KECTKOCThIO [4—8].
[lokazano, 4TO ympyroe KOJbLO SBISETCS MPH
3TOM M PE30HAaTOPOM YIBTPa3BYKOBOM CHCTe-
MBI, COTJIACOBBIBasl YacTOTHI KOJEOAHUH HMCTOYHU-
Ka C DIEMEHTaMH aKyCTHYeCKOW CHUCTeMBI. Mox-
HO NPUBECTH ApPYyrde TEXHUYECKHE PEIICHHS IO
COBEpIIIEHCTBOBAHMIO  YJIBTPAa3BYKOBBIX CHCTEM,
B KOTOPBIX HCIIOJB30BaHBl yNPYTHE CBOMCTBA Ta-
KHX DJIEMEHTOB, KaK IIPOBOJIOKA, METaJIMYecKast
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JIeHTa, IpyXuHA U 1p. boiee momHbIe nccienoBa-
HUS 110 KOJIBIIAM TIEPEMEHHOTO CEYCHUS TIPEACTaB-
nensl B [9, 10], rme uX NpUMEHSIM B Ka4ecTBE
KOHIIEHTPAaTOPOB  YJIBTPA3BYKOBBIX CHCTEM ISt
MIPOIIMBAHNS OTBEPCTUH B XPYIKUX MaTrepHaiax,
YTO JaJI0 TOJIOKUTEIBHBIA PE3YIIbTAT.

OdeBHIHO, TaTbHEHIIIEE UCCIICOBAHNE TaHHO-
ro BOMNPOCAa OTKPHIBACT HOBBIC BO3MOXXHOCTU U B
00J1acTH  yIBTPa3BYKOBON TEeXHOJNIOTHH. B cBs3m
C OTUM aBTOPAMH BHINIOJHEHBI TEOPETHUYECKUE
000CHOBaHHUS TEOMETPUYECKONH (OPMBI YIIPYTHX
KOJICI] C MEPEMEHHBIM CEYCHHUEM, KOTOPbIE MO3BO-
JAT TOBBICUTH 3()(PEKTUBHOCTH pabOTHI yIIBTpa-
3BYKOBBIX CHUCTEM.

Ananu3 BausiHusi GopmMbl
KOJIbIIeBBIX BOJTHOBO/IOB
HA X YACTOTHbIE XapPaKTePUCTHKH

st cpaBHEeHUS pe3yIbTaTOB MCCIEAOBAHUN 3a
OCHOBY OBLTH TIPUHSATHI MOJAEIH KOJIEI[ KPYTJIONH U
OBAJILHOW (OPM, MMEIOIIUX TEPEMEHHYIO U paB-
HYIO JUIsl Bcex (popM Tonmmny cedeHus (puc. 1).

HomuHanbHbIN HapyKHBIA JUAMETP KOJIbIIA, MPH-
HATOTO B KayeCcTBe OCHOBHOH Mojenmu (puc. la),
50 MM, ToNIIMHA B MONEPEYHOM ceyeHuu 10 Mm.
I'eomeTpuueckast dopma mpodwist ABYX OCTalb-
HBIX MOJIEJICH KOJell MpeACTaBisiia co00i OBaJIbI,
00pa30BaHHbIC U3 OCHOBHOW MOJIEH MyTeM H3Me-
HEHHUs COOTHOIICHHS Pa3MEpOB IOJIyOCEeH oBaa.
IIpu sToM cobOmromamack oOpaTHas IIPOITOPITHO-
HaJIBHOCTh B COOTHOIIEHHH Pa3MEpOB IOIyocel
BIIONIb OCeil KoopauHAaT. MIX cooTHOIIEHUE cOoCcTaB-
TS0 COOTBETCTBEHHO 75/37 1 37/75 mMMm.

B kadectBe Marepmana g MOJAENEH KoJiell
Obuta mpuHsTa cranb 45. [lepeMeHHAs KECTKOCTb
KOJIETl JOCTUTAJIach M3MEHEHHWEM TOJIIWHBI cede-
HUS B TUIOCKOCTH YepTexa B caMOd BepxHeH u ca-
MOH HIDKHEH TOYKaxX B HANPaBICHUH BEPTHKAIb-
HOH OcCH.
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Puc. 1. Bapuantsl reometpudeckoi GopMbI U pazMepsl MoJiesel KoJen

Fig. 1. Options for geometric shapes and sizes of ring models

Bce mMozmenu Kosen UMenu OJUHAKOBOE COOT-
HOIIICHHE TOJIIMH B 3THX TOYKaX, OIpenesieMoe
k03¢ pumenTom

10
Yoh, 2
2

rae hy, hy — TOJMIIIMHA CEYEHHUST B BEpPXHEH W HUXK-
HEl 4acTsIX KOJIbIA.

[lomydenHble pe3ynbTaThl YUCICHHBIX pacde-
TOB JUIS BCEX TPEX BAPHUAHTOB KOJICI, BHITIOJHCH-
HBIX C HUCIOJb30BaHHEM KOMIIBIOTEPHOU Mporpam-
Mbel ANSY'S, npencrasnens! Ha puc. 2. Pe3ynpTars
pacyeToB IOKa3ald, YTO MPH H3MEHEHWH YacTOTHI
BBIHYK/ICHHBIX KOJICOAHUH B KOJIbLIAX MMOMEPEMEHHO
B030YK/IAIOTCSl pe30HAHCHBIE KOJICOAHHS B OJJHOM U3
KOOpJMHATHBIX Hampasienuit: Y, X, Z (Y — Beptu-
KaJbHas OCh CHMMETPUH KOJIbIIA; X — TOPU30HTAIb-
Hasi OCh KOJbIIA; Z — TOPU30HTAJbHAS OCh, HAIPaB-
JICHHAs TIEPIICHTUKYJISIPHO TUIOCKOCTH KOJIBIIA).

lapmoHuyeckuil aHaIM3 HCCIENyEeMbIX MOJe-
JIel KoJlell MoKa3all, 4TO CYIIECTBYIOT HECKOJIBKO
TTOBTOPSIFOIINXCS MTUKOB YacTOT COOCTBEHHBIX KO-
neGaHul, MpU KOTOPBIX BO3HUKAIOT PE30HAHCHBIC
SIBJIEHUS 10 HaIpaBJIEHUIO OJHOM U3 oceil Koop-
muHat. [Ipu 5TOM B yCIIOBHSX pe30HaHCa BO30YXK-
JaeTCsl HauOOJbINas aMIUIUTya KoJeOaHuid B
HaIlpaBJICHUW OJIHOM M3 oced KoopauHaT. B mpo-
MEXYTKaX MEXIy MTUKOBBIMU 3HAUYEHUSMH B KOIIb-
e 00pa3yloTCs CIOXHBIE KOJIeOaHUs, NEHCTBYIO-
e 10 ABYM WJIM TPEM KOOpAWHATaM, MPEICTaB-
JISTIOIIME U3THOHBIC WM KPYTHIIbHBIE KOJICOaHNS.

[Ipu coBmameHUM 4acTOT BBIHYKICHHBIX KOJe-
OaHMii ¢ 4yacTOTaMH COOCTBEHHBIX KOJICOAHHH B
KoJIblle 00pa3yercsi pe30HaHC BCeW CHCTEMBI, KO-
TOpHIA Ha TrpaduKax BBIpaXEH XapaKTePHBIM
MMUKOM, OTOOpPaXCHHBIM HAa PUCYHKAaX I[BETHBIMHU
TUHUSMHA. AHaTWM3 TONyYeHHBIX pEe3yJIbTaToOB,
MIPEJICTABIICHHBIX B TUarpamMme, MO3BOIHI CCNIATh
CIIEYFOIINE BHIBOJIBI:

— HauOOJbINIME 3HAYCHUS aMIUIUTYIbI KoyeOa-
HUW BO3HHKAIOT B KOJbIIAaX BCeX (opM B 00IacTh
HU3KHUX 4acToT B npeaenax 2—4 kl'm;

>
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— B KOJIBLIaX MEPBOM U TpeThel GhopM (Kpyriiom
YU YJUIMHEHHOTO OBaja) HaOIMoAaeTcs 3aKOHO-
MEpHas MEePHOANYHOCTh MUKOB PE30HAHCHBIX KO-
nebaHnil 0 BCeM KOOPIWHATHBIM HalpPaBICHHSIM.
Konpiio BTOpOTrO THIA HE UMEET SIBHOM BBIpaXKCH-
HOM 3aKOHOMEpPHOCTH TEPUOJUYHOCTH 00pa3oBa-
HUS Pe30HAHCHBIX KOJIEOaHMIA;

— WHTEHCUBHOCThH KOJCOaHUN B MOJENSX Iep-
BOW U TpeThell (popM TMOHIIKAETCs IO Mepe TMOBHI-
IIeHUS 9aCTOTHI BBIHYX/IEHHBIX KoneOanuii. Bropas
MOJIENTb KOJbIIa TIO3BOJISIET TMOJMYYHUTh CYIIECTBEH-
HOE BO3PACTaHUE aMILUTUTY]IbI OOKOBBIX KOJIcOaHMI
B HarpaBieHun ocu X Ha yactote 13 k['u. [Ipu aTom
OOKOBBIC KOJICOAHHS IO HAIPABJICHHIO OCH X B
muara3zone gactor 8—16 kIl yObIBaOT 10 MUHH-
MyMa, a 3aTeM 00pa3yroTCsi BHOBb B 00JIACTH YIIBTpa-
3BYKOBBIX "yacToT (16,8 xI'm);

— y MoJienu TpeTbed (GpopMbl HabmomaeTcs Ha-
pacTaromuil  XapakTep aMIUTUTYIbl MPOIOJIbHBIX
Kojebanuii BIoib ocu Y 1o gactotel 11 k['m, mpu
KOTOPOW [TOCTHUTAIOTCA HamOONbIINEe 3HAYEHUS,
IoCIie Yero MPOUMCXOTUT IOCTETIEHHOE YMEHBIIIe-
HUE UHTEHCUBHOCTH KOJICOAHUI;

— B 00JIaCTH YJIBTPa3BYKOBBIX KoyebaHui (c yac-
totoii Oosiee 16 kI'11) HanbOJIEe HHTCHCUBHBIE KO-
neOaHusi JAOCTUTAIOTCSA: B KOJbIE Kpyriou ¢op-
MBI — B TIPOJOJIBHOM HAIIPABIIEHUH BIOJIb OCH Y;
B KOJIbIIE BTOPOH (OPMBI — TOTIEpevHbIe Kojeha-
HUS BJIOJIb OCH Z; B KOJIbIIE TpeTheil (hopMbI — 60-
KOBBIE KOJIcOaHHsI B HAITPaBICHUH X.

AHanu3 koneOaHuil WCCIeayeMbIX KOJeIl J0-
MOJIHSIET MOJAbHBIA aHAIU3, KOTOPBIM MO3BOJISET
Ka4eCTBCHHO OIICHUTH BHJ MOJBI KOJICOaHUU U
BH3YaJIbHO PAacCMOTPETh M TIPEACTABUTH Xapak-
Tep KojeOaHWi B KaXIOM HWHTEpBaje dacToT.
[Ipu mpoBeneHUH rapMOHMYECKOTO U MOJAIBHOTO
aHalM3a I[[BETOBAas OKpacka MOZETH TIOMOTaeT
BBISIBUTH M PAacCMOTPETh OOJNIACTH C Pa3INnYHOU
WHTEHCUBHOCTHIO KOJIeOaHUH.
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Fig. 2. Frequency response diagrams of elastic rings

MojaaabHbIM aHAJIN3
KO0JIbIIEBBIX BOJIHOBOJ0B
YJLTPa3BYKOBBIX K0JI€0ATEJIbLHBIX CHCTEM

Pe3yabTaThl 4YMCIEHHBIX PAcye€TOB YAaCTOT M
aMIUTATYIbI KOJICOAHUH, a TaK:Ke MOJIbI KOJicOaHu i
MPU Pa3INYHBIX 3HAYCHUSX YACTOTHI BBIHYKICH-
HBIX KOJICOAHUH, TONMYyYEHHBIX JJISI Pa3HbIX Bapu-
AHTOB MOJIEJICH KOJIBIEBBIX KOHIICHTPATOPOB,
MPEJICTaBJICHEI HA pHC. 3.

124

CpaBHeHHE pe3yJbTaTOB MOJAJIHHOTO aHaIHn3a
MOKAa3bIBAE€T, YTO OOILIMM CBOMCTBOM KOJE€Il He3a-
BHCHMO OT T€OMETPHUICCKON (OPMBI SBIISICTCS W3-
MEHEHHE B CTOPOHY YBEIHYCHHS YHCIIA y3JIOBBIX
JIMHAWA TIPU TIOBBIICHUH YaCTOTHI BBIHYKIICH-
HBIX KOJIeOaHWH M M3MEeHeHHe (OpPMBI KOJIeOaHMi.
B o0acTi HU3KOYAaCTOTHBIX KOJIEOaHHMH BCE KOJIb-
I1a UMEIOT OJIWH TIOJYTIepHoa KOoJeOaHWi U BU3Y-
ATBHO HACHTHU(PHUITUPYIOTCS KaK YIPYTo CIKaThIe
KOJIbLIa IpH IEUCTBUU CTATUUECKOM CUIIBI.
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Puc. 3. dopma konebaHuii pa3IMUHBIX MOJIEIeH KOJell

Fig. 3. Vibration form of various ring models

Konebanus B 00/1aCTH BBICOKMX YacTOT, B TOM
yuciae B 0O0JAcTH YJIBTPa3BYKOBBIX KOJEOaHHUH,
COIPOBOXKAAIOTCSI 00pa30BaHUEM B KOJbLAX ABYX
n Oomee y3JOBBIX JMHUH, YTO XapakTepHU3yeT
MOSBJICHHE B KONBIAX M3rHOHBIX KOJEeOaHMIA,
HaIpaBleHHBIX M0 00pa3yromel JIMHUU. Y9acTOK
c HauOombllell aMIIUTYyIOW KoJeOaHWH B 3THX
Cllydasix MOXET pacrojaratbCsi B PaziIH4YHBIX 30-
HaX B 3aBHCUMOCTH OT (popMebl konen. B xombmax
Kpyriioi (opmel (IEpBBIH THIT MOJENN) Haubosee
MHTEHCHUBHBIE KOJIEOaHNs BO3HUKAIOT B CaMOil y3-
KOl wactu mepemeHHoro npodwmis. Ilpu sToM B
YCIIOBUSIX pEe30HaHCa 00pa3yeTcsi CUMMETpHYHAs
(hopma KoneOaHMII OTHOCHUTENBHO MPOAOIBHOMN
ocu Y (puc. 3). B mpomexyTOouHBIX 00JacTIX
MEX]y TTHKaMH PE30HAHCOB BO3HHKAOT KOMOWHU-

- 1,448¢+001
11,207e+001
-9,653¢+000

l 7.240e+000
4,826¢+000

I 2.413¢+000
0,00e+000

poBaHHBIC KOJIeOaHMS WM KOJEeOaHUS C MOIOH
acMMMeTpUYHON (hopMBbl (pUC. 4) OTHOCHTEIHHO
JIpYTHUX Oceil KoOpauHaT.

Ha puc. 4a nokaszaHa Moja acCMMMETPHUYHBIX
KoJIeOaHUH KOJbIa KPYTa0i (HOpMBI, IPU KOTOPOM
30Ha Hanboiee MHTEHCUBHBIX KojeOaHWH cMelna-
€Tcsl TIOTIEPEMEHHO, B pe3yJIbTaTe 4ero oJlHa IoJIo-
BHHA KOJIbIIa HAXOAUTCS B OOJNIACTH CXKaTus, a BTO-
past — B obnactu pactshxenus. Ha puc. 4b nemon-
CTpUpYETCSl JAPYroil mpuMep NEePHOANYECKUX
KoJe0aHWi, KOTr/Ja KOJBIO KOJEeOIeTcs BOKPYT
BEPTUKAJIBHOM OCH.

JanpHedmnii aHanu3 uid Mojeneil BTOporo u
TPEThEro THUIOB MOKa3aj, YyTO Haubojee WHTEH-
CHBHbIE KOJI€0aHMS B 3TUX CIy4asX BO3HUKAIOT Y
OOKOBBIX CTEHOK.

1,353e+001
1,128e+001
19,021¢+000
l6,766e+000
" 4,510e+000
2,255e+000

- W 0,00e+000

Puc. 4. IlpuMepsl JeWCTBUS aCHMMETPHYHBIX H KOMOMHAPOBAHHBIX KOJICOaHUH KOJbIIA KPYTIIOH (GopMBbI

Fig. 4. Examples of the action of asymmetric and combined oscillations of a ring having a round shape
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BbIBO/IbI

1. CpaBHUTENbHBIA aHAMU3 TMOIYYEHHBIX TEO-
PETUYECKUX PACUETOB JA€T BO3MOXKHOCTh yCTaHO-
BUTh MOJBI KOJEOAHWI KOJBIEBBHIX BOJIHOBOJOB,
OTIPENICTTUTh HAMPABJICHUS WX JEHCTBHS, KOJIUYE-
CTBEHHO OLICHUTh MX BEJIIMYMHY M 00OCHOBATH OII-
TUMANBHYI0 (OPMY UISA YIBTPa3BYKOBBIX CHCTEM.

2. IlpoBeneH CpaBHUTEIBHBIM TapMOHUYECKUN
U MOJAIBHBIA aHadN3 KOJBIIEBEIX BOJHOBOOB
KpYTIBIX U OBAIBHBIX ()OpPM B JHMAITa30HE Kojieha-
HUH dactotod oT 1 mo 16 xI'n, mMO3BOJMBIIMIA
YCTaHOBUTH 00JacTH 0Opa30BaHHUS PE30HAHCOB B
HaIpPaBJIeHUN TPEX OCEH KOOpIUHAT.

3. KonpuieBbie BOJHOBOABI O0JIATAIOT IIEPHO-
JIUYHOCTBIO 00pa30BaHUsl PE30HAHCHBIX KoJieha-
HUH B IIIMPOKOM JHATa30HE YaCTOT KOJCOAHMIA.
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Abstract. The paper presents the results of research on the dynamics of end milling of thin-walled work-pieces having com-
plex geometric shapes. Since the milling process with shallow depths of cut is characterized by high intermittent cutting,
the proportion of regenerative vibrations decreases, and the effect of forced vibrations on the dynamics of the process, on the
contrary, increases. The influence of axial depth of cut on the vibrations arising during processing, and roughness of the pro-
cessed surface have been studied in paper. The experiments have been carried out in a wide range of changes in the spindle
speed at different axial cutting depths. Vibrations of a thin-walled work-piece have been recorded with an inductive sensor
and recorded in digital form. Then an oscillogram has been used to estimate the amplitude and frequency of oscillations.
The profilograms of the machined surface have been analysed. Roughness has been evaluated by the parameter Ra. The re-
sults have shown similar relationships for each of the investigated axial cutting depths. The worst cutting conditions have
been observed when the natural vibration frequency coincided with the tooth frequency or its harmonics. It is shown that the
main cause of vibrations in high-speed milling is forced rather than regenerative vibrations. Increasing the axial depth of cut
at the same spindle speed increases the vibration amplitude. However, this does not significantly affect the roughness
of the processed surface in cases when it comes to vibration-resistant processing.
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spindle speed
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Mamlmocmpoenue U MawiuHogeoeHue

npu 00paboTKe, U IEepOXOBATOCTH 00paboTaHHOH MoBepXHOCTH. OIBITH MPOBOAWIN HA CIEHHUAIFHO CKOHCTPYHPOBAHHOM
CTEH/Ie, IT03BOJIIIOLIEM Pa3/IelIbHO MCCIIEOBATh BIMSHUE PEXKMMOB PE3aHUs M JUHAMUYECKHX XapaKTePUCTHK TOHKOCTEHHOW
JeTaly Ha JUHAMHUKY (pe3epoBaHus. DKCIIEPUMEHTHI BBITIONHEHBI B IIMPOKOM JHAIa30HE MU3MEHEHHI CKOPOCTH BpAIICHHS
MIMTHHAENS TIPU Pa3sIHYHBIX OCEBBIX I'TyOMHax pesaHusi. KomeOaHMS TOHKOCTEHHOW JE€Talu PEruCTPUPOBATH HMHIYKTHB-
HBIM JaTYNKOM H 3aIMCHIBATH B IU(POBOM BHAE. 3aTEM II0 OCHMILUIOTpAMME OLEHUBATIH aMIUIUTYRy M 9acTOTy KoyneOaHMil.
IIpoananmu3uposans! npodurorpaMMsl o0pabotanHoi mosepxHocTH. IllepoxoBarocTs oneHuBaNM 110 Mapamerpy Ra. Pesyis-
TaThl ITOKA3aJId CXOXHE 3aBUCUMOCTH JUIS KaXKJIOM M3 UCCIIENOBAHHBIX OCEBBIX IIyOWH pe3anHus. Hauxyxmue ycnoBus pesa-
HMS HaOJIIOZATMCh B Cly4asX, KOrJa cOOCTBEHHas 4acToTa KoyieOaHMIl coBIanayia ¢ 3yOLOBOH 4acTOTOW WM €€ TapMOHH-
kamu. [lokazaHo, YTO OCHOBHOW MPHYMHOI BHOpAIMil MPHU BBICOKOCKOPOCTHOM (DPE3epOBAHUM SIBIISIOTCS BBIHYKIICHHBIC,
a HEe pereHepaTHBHbBIC KOIeOaHMs. YBEINUCHNE OCEBOH TITyOHHBI PE3aHMs NPU OJMHAKOBBIX YaCTOTAX BPAIICHUS IIMHHAECNIS
MOBBIIIACT AMIUIATYNy KojeOaHuid. OIHAKO 3TO HECYIIECTBEHHO BIHET Ha IIEPOXOBATOCTh 0OpPaOOTaHHOW MOBEPXHOCTH
B CIIy4Jasx, KOTJla pedb HJeT 0 BUOPOyCTOHYNBOI 00paboTKe.

KioueBrle ciioBa: (peszepoBaHHe, TOHKOCTCHHAs [eTallb, BHICOKOCKOPOCTHOE (hpe3epoBaHHe, BHIHYKICHHbIC KOJICOaHUs,
BHOpALMH, aBTOKOJICOaHHs1, YACTOTA BPAILCHHSI LLITTHHICIS

Jas uutupoBaHus: BiusHue oceBoll MIyOWHBI pe3aHUs HA MIEPOXOBATOCTH IOBEPXHOCTH MPU BBICOKOCKOPOCTHOM (pe-
3epOBaHUM TOHKOCTCHHBIX jaetaneit / A. W. I'epmames [u np.] // Hayka u mexuuxa. 2021. T. 20, Ne 2. C. 127-131.

https://doi.org/10.21122/2227-1031-2021-20-2-127-131
Introduction

The key factor in thin wall machining is the
dynamic behaviour of the work-piece. Thin-walled
milling case covers many parts of the aerospace
sector, including structural and engine parts. Thus,
operating conducted under 5 axes milling which is
widely used in manufacturing blisk or impel-
lers [1]. Biermann et al. [2] presented a general
approach to simulate work-piece vibrations du-
ring 5 axes milling of turbine blades. Budak
et al. [3] included the effect of work-piece dyna-
mics on chatter stability in milling of turbine
blades, taking into account constant changes of the
part characteristic. Thin-walled parts behavior
is highly dependent from tool position due to con-
tinuously changeable structural dynamics. Path
dependent 3D stability diagrams was developed
to determine dynamic of the part along tool path
and reaching free of chatter machining of thin-
walled work-pieces [4], [5]. Munoa at al. [6] con-
cluded that the main tendency in chatter avoidance
during thin-walled machining is the use FEM
models to predict the modal parameters and vibra-
tion modes, considering the variations due to mate-
rial removal. One of the first study of thin-walled
milling with FEM model was carried out by Kline
et al. [7]. Further improving of this model was
made by Budak and Altintas [8] considering the
plate surface finish.

One of the important specifics of thin-walled
milling of engine parts is highly interrupted nature
and high spindle speed, where influence of chatter
becomes lower due to low fraction of the wave [9].
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In such case the surface location error regularities
take place, that was noticed by Kline et al. [10],
[11], Thusty [12], Montgomery and Altintas [13, 14],
Smith et al. [15], Tarng et al. [16], Schmitz
et al. [17-21], and others. Therefore, even under
seemly stable cutting conditions, the thin-walled
structures experience forced vibrations, which de-
pend on the work-piece / tool natural frequency and
excitation frequency (or tooth passing frequency),
causing big fluctuations of the flexible workpiece.

As at highly interrupted machining chatter has
low influence on the state of milling process while
poliresonance cause high oscillation at certain
spindle speed ranges, primary goal of the paper
showing that generally accepted parameter of axial
depth of cut has low influence on the state of ma-
chining if good spindle speed range is reached. For
validation of proposed assumption experimental
study is proposed.

Experimental setup

Data acquisition for thin-walled end milling
process has some features related to the specifics
of this process. Due to the high intermittency of
thin-walled end milling process it consists of con-
secutive alternation of cutting and free movement
of the part. Part behaviour during milling process
affects quality of surface finish, dimensional accu-
racy, manufacturing tool wear, etc. By the time
free movement of the part is not so important, be-
cause of tool-work-piece system break. Moreover,
free oscillations of the part might have bigger
amplitude than part deflection during milling.
However, data acquisition records all machining
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process. So, to evaluate thin-walled milling process
accurately, it becomes significantly important to
separate cutting process from the entire processing
signal. Such procedure is carried out by measu-
ring contact system of experimental setup, which
allows recording a contact signal simultaneously
with the displacement sensor that measures oscilla-
tion of thin plate during processing (Fig 1).

Measuring contact ADC L PC

system

Q, rpm |
~~— A Displacement sensor
A SO
@ 7] A (2:1)
E‘U Vibrations
= Thickness
Clamping :
Aaia Thin plate
Fig. 1. Experiment setup
Results

For investigating the axial depth of cut influ-
ence on the state of machining at milling of thin-
walled components, two series of experimental
tests were conducted with parameter ¢, = 0.5 mm
and a,= 1.5 mm. Maximal amplitude of the part
oscillation was measured during the tests.

In Fig. 2 it is shown part’s amplitude oscilla-
tion changes at different spindle speeds. For both
series of experimental tests it was observed the
same regularities and spindle speed ranges with
low and high amplitudes. The biggest amplitude
was observed at spindle speed n = 2700-3000 rpm,
n = 3500-4500 rpm, n= 7700-8500 rpm, while
low amplitude was noticed at n = 3100-3500 rpm,
n = 5300-6900 rpm, n = 9500—-10000 rpm.

As poliresonance has a dominant influence
at highly interrupted machining of thin-walled
components it is proposed to observe this chart
in terms of tooth passing and natural frequency
ratio (Fig. 3). From this chart it is easy to notice
that maximum amplitude was observed at the
ratio 1.0, 0.5, 0.33 and close to them regions. The lo-
west amplitude was seen at 0.75, 0.44 and lower
then 0.3. It should be noticed that if time of cutting
becomes more than period of chatter conditions are

Hayka
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conductive to appearance of chatter. For this and
other reasons, the polyresonance does not have
a dominant influence on the cutting process at low
passing and natural frequency ratio.

The surface quality is presented in the Fig. 4.
Curves have similar trends as in the figure of the
part oscillation (Fig. 2). Such regularities are
described in authors’ work [9]. This chart shows
sensitivity of thin-walled components to cutting
conditions. Taking into account observed spindle
speed range the surface roughness changes more than
in 20 times for certain spindle speeds (for example
at n = 3700 rpm). In some cases spindle speed diffe-
rence is less than 5 % (for example at » = 3500 rpm).

Down milling, h=8mm, fn=763Hz, D_. =20mm, Nt=6, SZ= 0.05.

mill

N
o

..ap=0,5 mm
5120 L -ap=1,5 rpm
93
Q 9100+
R
= x
a = 80
£2
c R 60
Sz
S c 40
5 E
&% 20
0 i
0 2000 4000 6000 8000 10000
n, rpm

Fig. 2. Dependence of oscillation amplitude
on spindle speed chart

Down milling, h=8mm, fn=763Hz, Dmi”=20mm, Nt=6, Sz= 0.05.

e 140 —ap=0.5 mm
120+ ~a =1.5mm

Oscillation amplitude
of thin-walled workpiece,

0 0.2 0.4 0.6 0.8 1 1.2 1.4
ratio fz/fn

Fig. 3. Dependence of oscillation amplitude
on tooth passing and natural frequency ratio

Surface roughness Ra, pm

2000 4000 6000 8000 10000
n, rpm

Fig. 4. Dependence of surface roughness
on spindle speed chart: - —0.5; - — 1.5
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In the Fig. 5 profilograms of machined surface
after experimental tests is shown. For the compa-
rison milling condition with the max and min part
oscillation level is chosen. These profiles shows
that in case of small oscillation increasing of axial
depth of cut does not significantly influence on the
cutting process. Amplitude of the work-piece oscil-
lation and surface roughness rise less than 30 %.

n=2500 rpm;
a =0,5 mm;

50

Ra=0.5113 ym;
Rz=4.279 pm;

-50

mm

n=6600 rpm; Ra=0.841 pm;
a =0,5 mm; Rz=2.75 ym;
SpT2

50

mm
50
Ra=1,413 um;

Rz=4,704 um;

50

n=3700 rpm; Ra=2.986 um;
ap=0,5 mm; Rz=9.206 sm;

Ra=3.332 p:m;
Rz=13.53 um;

In the same time in case of bad state of machi-
ning bigger axial depth of cut causes much more
higher oscillation level (more than in 2 times) and
damage of the surface. Such results allows to no-
tice that at highly interrupted milling poliresonance
regularities usage allows to increase axial depth of
cut and save good quality of the machining.

50
Ra=0,9408 ;m;
Rz=5,097 pm;

n=2500 rpm;
ap=1 5mm;

-50
0 1 2 3 4 5 6
mm
n=6600 rpm; Ra=1.086 um;
ap=1.5 mm; Rz=3.611 pm;

0 1 2 3 4 5 8
mm
0 n=3700 rpm; | ‘ Ra=14.52 ym;
ap=1.5 mm; Rz=26.57 um;
E O
3
-60 .
0 1 2 3 4 5 6
mm

mm

Fig. 5. Profile of the machined surface at max and min oscillation level of the workpiece
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CONCLUSION

Paper proposes experimental investigations of
the influence axial depth of cut on the state of thin-
walled milling and quality of surface finish. Based
on the results it should be concluded, that thin-
walled parts are extremely sensitive to spindle
speed variation as their behavior during processing
depends on excitation frequency. Analyses of the
part oscillation and surface roughness show that
spindle speed determines the influence of the axial
depth of cut. If spindle speed range with good state
of cut is reached, increasing of axial depth of cut does
not provide significant changes in the cutting process
and machining quality. In either case, if oscillation
with high amplitude is observed, an axial depth of cut
plays an essential role in increasing vibration level.
And furthermore, a high vibration level may lead to
damage surface and tool breaking.
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Abstract. The widespread use of green public transport is a priority strategy to reduce a congestion and pollution from road
traffic in many cities. The trolleybus is a type of urban public electric transport, which is considered as a promising tool for
increasing the efficiency of public transport and achieving the goals of sustainable development and quality of life in the city.
The operation control of service brake system and secondary brake system (braking torque of traction electric motor) is rea-
lized with the help of one pedal in the trolleybus. Thus, there are modes of joint operation for these systems during the braking
process. The author has focused his main attention on the development of an algorithm for blending control of the traction
electric motor and the anti-lock braking system to enhance the overall braking efficiency of a vehicle. For this purpose,
a mathematical model of the trolleybus braking dynamics has been developed. Bench and road tests have been carried out
on various road surfaces to determine parameters of vehicle braking efficiency and to validate the developed mathematical
model. The corresponding experimental data were used to analyse the efficiency of the proposed strategy for combining
the blending control of traction electric motor and anti-lock braking system of the trolleybus. As a result, the efficiency of the
proposed control algorithm has been confirmed, which provides the required braking efficiency and high braking stability
of the vehicle.
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YIIPABJIEHHS TSATOBBIM JIEKTPOJBUTATENIEM H aHTHOIOKHPOBOYHOI TOPMO3HON CHCTEMOH JUIsl MOBBIICHNS 00mIel 3¢ deKkTuB-
HOCTH TOPMOKEHUsI TpaHCIIOpPTHOTO cpescTBa. C 9TOMH Lienbio pa3padoTaHa MaTeMaTHYecKast MOZEIb AMHAMHKHA TOPMOKEHHS
Tposuteiibyca. s onpeneneHus mapaMeTpoB d3PPEKTUBHOCTH TOPMOKCHHSI aBTOMOOWIIS U MIPOBEPKH MAaTeMaTHIeCKOW MO-
JIeTIM TIPOBEJICHBI CTCHIIOBBIE U JOPOXHBIC HCTIBITAHUS Ha PA3INYHBIX JIOPOXKHBIX MOKPHITHSIX. COOTBETCTBYIOMINE YKCIIEPH-
MEHTAJIbHBIE JaHHBIC HCIIONb30BAIMCH ISl aHanu3a d(p(HEKTHBHOCTH NPEIUIOKEHHOH CTPATErny COBMEIIEHHS YIPaBICHHS
TATOBBIM JICKTPOJBHUraTENIeM U aHTUOIOKUPOBOYHONW TOPMO3HOH CHCTeMOil Tpoieiidyca. B pe3ynbraTe moaTBepkaeHa nee-
CHOCOOHOCTh MPEIOKEHHOTO AITOPUTMA YIIPABJICHHUS, 00€CTIeUnBaIOIIEro TpedyemMyto 3 (heKTHBHOCTE TOPMOKEHUS U BBI-

COKYIO TOPMO3HYIO yCTOWYHBOCTh aBTOMOOWIIS.

Knrouessle cjioBa: Tposuieiidyc, aHTHOIOKUPOBOUHASI TOPMO3HAsI CHCTEMa, IPOTUBOOYKCOBOYHASI CHCTEMA

Jist uurupoBanusi: Cadonos, A. M. CoBMecTHOE ynpaBieHHE TATOBBIM U TOPMO3HBIM IIPUBOJIAMH TPOJUICHOYyca [UIs TOBBI-
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Introduction

Due to the present politics caused by alarming
reports all over the world, environmentally friendly
transport systems are called for in order to reduce
emissions in urban areas partly caused by heavy-
duty traffic. The heavy-duty traffic is not only
causing long term damages to the global eco sys-
tem but is also polluting an air in cities with smog
and causing noise which is affecting citizens nega-
tively [1]. Environmental conditions in densely
populated cities and also operating costs for vehi-
cles with internal combustion engine demand a
development of new conception of urban public
transport as evidenced by European Commission
activity which supports financially scientific pro-
jects in this area [2, 3].

The main strategy of EU cities related to rea-
ching goals of sustainable development and quality
of life with respect to transport systems is imple-
mented by pursuing the policy based on population
mobility realization principle in addition to limited
use of passenger cars. A state-of-the-art trolleybus,
as kind of the urban public transport, is an efficient
tool for attaining goals of sustainable development
and quality of life, especially in areas of small and
mid-sized cities. The trolleybus subsystem has a
set of technical and technological, ecological, and
economical advantages over other passenger
transport subsystems [4—8].

Public transport as a whole should correspond
to requirements of normative regulating documents
[9-12] and should secure:

— high reliability and traffic safety;

— provision of maximum comfort for passen-
gers on retention of minimal freight charges;

— demanded rate, traffic interval and passenger
turnover;

Hayka
wTexHuka. T. 20, Ne 2 (2021)

— high manoeuvrability, towing performance
and dynamic characteristics during operating in
urban road traffic;

— minimal noise and maintenance of ecological
demands.

It is obvious that the adequacy to such require-
ments is closely associated with the efficiency of
traction and brake drives, which in turn depend on
the correct scheme and design of these vehicle sys-
tems and the corresponding control algorithms.

As is well known, the operation control of a ser-
vice brake system and secondary brake system (mo-
tor braking) is realized in trolleybus with the help of
one pedal. Consequently, there are modes of their
joint operation during the braking of a vehicle.

The results of road tests of low-floor trolleybus
produced at OJSC “BELKOMMUNMASH”, Bela-
rus, confirm that the control algorithm is demanded
for the blending control of these vehicle systems
during a braking to achieve the high braking effi-
ciency of a vehicle (Fig. 1).
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Fig. 1. Relative angular velocities of the driving wheels
during emergency braking of articulated trolleybus
on a wet asphalt surface using common algorithm to control
the traction and brake drives: 1, 2 — wheels of front
driven axle; 3, 4 — wheels of driving axle;
5, 6 — wheels of trolleybus semitrailer

Referring to Fig. 1, the sharp decrease in angu-
lar velocity of one driving wheel of trolleybus is
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evident after 2.1 s from the beginning of braking
on a wet asphalt surface in case of joint operation
of service and secondary brake systems. There is
such process in spite of the operation of common
anti-lock braking system (ABS) until the complete
stop of a trolleybus.

The literature survey confirms the advisability
and urgency of the research activity aimed to de-
velop the control algorithm for a blending control
of the traction and brake drives to achieve high bra-
king efficiency of the trolleybus. The corresponding
information analysis also shows that the blending
control of vehicle traction and brake drives will pro-
vide a possibility for the regenerative braking func-
tion and unloading wheel brakes [13].

The paper is organized as follows. The first
section of the paper is devoted to developed ma-
thematical model of trolleybus braking dynamics.
This model is used to create the control algorithm
for the blending control of the trolleybus traction
and brake drives. The scheme and detailed descrip-
tion of the proposed control algorithm is presented
further.

Third issue of the paper contains description of
the test procedure and results of experimental tests
aimed to analyse the trolleybus braking dynamics
in case of usage of the developed control algorithm
for the blending control of trolleybus traction and
brake drives.

Mathematical model
of trolleybus braking dynamics

The mathematical model of the braking dyna-
mics of articulated trolleybus is used to develop the
control algorithm for the blending control of trol-
leybus traction and brake drives (Fig. 2).

The developed model is based on following
hypotheses:

— tractor and trailer have symmetrical weight
distribution and don't accomplish lateral oscilla-
tions;

— vehicle axles are considered as point masses
which have one degree of freedom and move
around the vertical axle;

— tractor and trailer move in straight lines;

— stiffness characteristics of tires and suspen-
sions are linear.

In accordance with the scheme shown in Fig. 2
the tractor moving is described by following dif-
ferential equations:

mx, = F, _FI_Fz_FA_th; (1)

s .
m, z, _Nht _Csl(zt _IISIHOL_yl)_

—¢yy (z, + L sino— y, )=k (2, —fcoso— jy ) —

2)

—ky, (2, +Ldcosoar -y, );

Jia=Nyly, _(Fi +F, _th)ht -
—F(hy=h)+ Oy (B~ )+
+c,l cosou(z, —f sina—y, ) - )
—c,lycos0(z, + 1 sino—y, )+
+kyl cosa(z, —locosa -y, ) -
—ky,l, cosa(z, +Lécosa -y, );
m$ ==cy (v —h)+e,(z,—hsino-y)- @
—ky (J’1 _hl)+ks1(2z —liécosa -, );
My Yy =—Cpy (yz _hz)"'ctz (Zt +1 Sina_)ﬁ)_

o o . (5)
—k,, (y2 —h2)+kS2 (2, +L6coso—y, ).

el —
FA 23 i Zrr
- /] } JQ 7\ + i .
j : i il 5 A '~ B Jr
SHE i i e & L 4
hy X 1 Csl :E Kt g yZ' _'cs'Z:E e - Sv_.-_ Mg Co3 2 }kﬂ 1_)?3
> he =z A T o I e R .
il EE'? ¥ ¢ ;Ez U cm | | Nar o BBk
| P F 7
M 1 12 2 N 3
[1 Zz N2 3
I b 4
Fig. 2. Scheme of vehicle model
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The trailer motion is described by correspon-
ding simultaneous equations:

mtrjétr = thr - F;’ (6)

m;rzt)‘ = _Nhtr —Cg3 (Ztr + 13 SinB — )3 ) -

. 7
_ks3(z.tr+l3BCOSB_j/3); ( )

JtrB = Nhtrlhtr - thr (htr - hh ) + F'3ht -
—cy3lycosP(z, +1sinB—y;)— )
—kyls COSB(ZIU’ +LBcosp - );

M)y =—Cp3 (J’3 - h3)+cs3 (er +1 sinB—y3)—

. . 9
—kis (J@ _hs)"'ks3 (% +Z3BCOSB_J>3)- ®)

The correlation between simultaneous equa-
tions is realized by means of N, Ny, and Oy, On.
These parameters are calculated:

=A.cy, _Ax'khh’ A < 0;
th = thr = 0’ O < Ax < 8/1; (10)
—Cpy, (Ax -9, ) —Aikyys AL >0y

-A.c,, — Ak, A, <0,
0,0<A_<3; (11)
—cp (A, =8,)— Ak, A, >3,

Nht = Nhtr =

Parameters A,, A, are defined as:
A, =-x,+(bcos(y—a) -1, )+x, —

(12)
—(l,m —b,. cos(y + B));

A, =z, +(b,siny —b,sin(y —a) ) -

. . (13)
—z,, +(b, sin(y +B) — b, siny).

Accordingly, the rate of deformation is calcu-
lated as:

A, =—%, +basin(y — o) + X, — b, Bsin(y +B); (14)
A, =z +bocos(y—o)—z, + btchos(\y +B). (15)

The developed model allows to investigate the
dynamics of the straight line moving of a road train
in case of tractor and semitrailer under different
road conditions taking into account the distribution
of vertical loads acting on vehicle axles. The model
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is usable also for the investigation of braking
dynamics of the ordinary vehicle.

Control algorithm for blending
control of trolleybus traction
and brake drives

One of the possible ways for a blending control
of trolleybus traction and brake drives can be either
complete switch-off of the electric motor (motor
braking) in case of instant emergency braking.
Another way is the creation of the corresponding
braking torque by the electric traction motor of
trolleybus, which can be completely compensated
by the steadying effect from the electric motor and
transmission units.

In the former case the torque input from the
electric motor to driving wheels is close to zero,
and the service brake system will fulfil the corre-
sponding demands for the effective braking together
with ABS. Passing of the emergency braking of the
trolleybus with switched-off electric motor and
characteristics of this process are shown in Fig. 3.
These data have been resulted from the road tests
of low-floor trolleybus.

Mmbrv_ Vi, 7] j
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Fig. 3. Characteristics of trolleybus emergency braking
with switched-off electric motor

The braking process in such situation is atten-
ded with the sharp drop of the braking torque of
electric motor to 120 N-m (8.1 % of maximal value)
when the deceleration of driving wheels becomes
more than a set threshold which is equal to 3 m/s.
Further ABS operation is accompanied by the typi-
cal control using corresponding pneumatic modu-
lators of the service brake system. The slippage
of driving wheels does not exceed 20 % on asphalt
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surface in this case. Evidently, such control algo-
rithm is not adaptive while the deceleration value
depends on a road surface which is used as a set
threshold. In case of low friction coefficient in the
contact zone between road surface and wheels,
wheel deceleration will be less than 3 m/s? and
a system will not reduce the braking torque of elec-
tric motor during the period of critical slippage.
If a set threshold is lowered, the electric motor
operation would be poorer on the roads with high
friction coefficient.

In the latter case, keeping the electric motor
in action during the emergency braking of a trol-
leybus will definitely enable the unloading wheel
brakes and will also guarantee the possibility of
regenerative braking in modern trolleybuses.

Thus, the limit value of the braking torque is
bounded by the brake characteristic of electric mo-
tor and depends on the brake pedal displacement
stup and the current angular velocity of electric
motor shaft mm. Hence, the braking torque of the
electric traction motor is described as follow

M o = f (stup, o, ). (16)

The slippage value S of driving wheels is used
as the control parameter in proposed control algo-
rithm for the blending control of trolleybus traction
and brake drives. This algorithm secures the maxi-
mal using of the braking torque of the electric trac-
tion motor during the braking process of trol-
leybus. It should be underscored, that the choice
of optimal method for the estimation of real vehi-
cle longitudinal velocity is not in the scope of the
current research activity. The main aim is to deve-
lop the control algorithm for the blending control
of trolleybus traction and brake drives. The scheme
of algorithm is depicted in Fig. 4.

Values of Sy and AS are determined in depen-
dence of the maximal and minimal value of driving
wheels slippage:

SaI = (Smax + Smin )/2’ (17)
AS = (Smax = Shin )/2 (18)

During the blending control of the trolleybus
traction and brake drives a current value of driving
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wheels slippage is also determined. The braking
torque of the electric motor and the pressure value
at brake chambers of the driving wheels pyrc is re-
duced, increased or stabilized in dependence of the
slippage value.

Start

Sensors survey and
calculation of vehicle
parameters (pore, Mmbr, S)

zn =sign(S, - S n=0
| e |
pbrc > ep
Yis Nlo
/’\‘
— Apbrc AM
Pore = Pore +2ZN—-— At Moo =M Atm
| e |
e
( End \w
N

Fig. 4. Control algorithm for joint operation
of trolleybus traction and brake drives

The next order is retained in doing so:

1) porc is reduced primarily when S is more than
Smax. Pressure release phase proceeds as long as S
is set to a range of allowed values. If pyrc becomes
atmospheric and S isn't set to a range of allowed
values then the second phase comes and the bra-
king torque of electric motor is reduced at that;

2) if S is insignificant the operating order is
inverse. My is increased firstly. If it is not enough,
i. e. slippage value is still not recover the demanded
level, then porc is increased further;

3) if Sis in a range of allowed values so values
of Mm,r and porc are stabilized.
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Consequently, the control algorithm should
supply next interconnected characteristics during
the blending control of trolleybus traction and
brake drives as:

Mmbr =f(stup, (Dm, Sa pbrc);

(19)
Dire Zf(stup, S,Mmbr).

The control of braking forces values for driven
wheels is realized based on the common principles
and algorithms.

Fig. 5 shows the simulation results of trol-
leybus braking on different road surfaces using the
developed mathematical model of braking dyna-
mics of trolleybus and the control algorithm for
blending control of its traction and brake drives.

According to [9] one of the main parameters of
a vehicle brake system efficiency as well as ABS
operation is the mean value of limiting decelera-
tion j which is determined during the braking
on road surfaces with a high friction coefficient.
The next main parameter is the coefficient of rea-
lized friction k, on different road surfaces. Authors
mean that this parameter is determined as

P 20)

It follows from the Fig. 5a that the decelera-
tion value j is equal to 6.4 m/s* during the braking
on the asphalt road surface. It should be men-
tioned, that the deceleration value should be no less

a
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than 4 m/s® for such vehicle type in this case [9].
And the required value of the coefficient of rea-
lized friction k, should be no less than 0.75 [9].
Accordingly, k, equals 0.77 on the asphalt road
surface and is equal to 0.8 on a rolled snow road.

Consequently, the correspondent results of
computer simulation show:

— availability of the proposed control algorithm
for blending control of the trolleybus traction and
brake drives. It secures the required efficiency of
the trolleybus brake system;

—high braking efficiency of the trolleybus
1s retained on different road surfaces;

— good operation consistency of the traction
and brake drives and the possibility for integration
of these systems in uniform one for the trolleybus
braking control.

Experimental investigation
of trolleybus braking dynamics

Road tests of low-floor trolleybus have been
aimed to determine the parameters of braking effi-
ciency during the blending control of trolleybus
traction and brake drives using proposed control
algorithm. Validation of developed mathematical
model of the trolleybus braking dynamics also was
evaluated during these tests. The scheme of the
trolleybus brake system is presented in Fig. 6.

The arrangement of measuring equipment on
trolleybus during the carrying out of road tests and
its scheme is depicted in Fig. 7.

1600~ 40 0.12- 8.0 b 0.8
ol il s | — e
N-m o, & m/s -\ A/s ?d

1200+ 30} 0.08 &0 N § 0.6
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8001 20} 0.04-

400 10F o
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Fig. 5. Results of trolleybus braking process on different road surfaces using developed mathematical model
and control algorithm: a — snow-covered road; b — asphalt road surface
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Fig. 6. Scheme of trolleybus brake system: a—/ — input and output signals; 1, 6, 12, 15 — brake chambers; 2, 18 — reservoirs;
3 — two-sectional brake valve; 4 — sensor of brake pedal displacement; 5, 10 — ABS modulators; 7, 11, 16, 19 — wheel speed sensors;
8 — traction electric motor; 9 — acceleration valve; 13 — ECU of ABS; 14 — ECU of electric motor; 17 — two-circuit protective valve
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Fig. 7. Scheme and arrangement of measuring equipment:

1 — air pressure sensor at brake chamber; 2 — optical sensor
of trolleybus displacement, velocity and deceleration;

3 — brake pedal sensor; 4 — digital display showing current
values of measurable quantities; 5 — ECU of the trolleybus
ABS; 6 — wheel speed sensor; 7 — ECU of the trolleybus
electric motor

The measuring complex contained the set of
Datron EEP-3 measuring equipment, inbuilt diag-
nostics and control system of the trolleybus, which
is connected with on-board computer and ABS
units, and allows measuring a travelled distan-
ce, velocity, deceleration, time of process acqui-
sition, air pressure at brake chambers of driving

Fig. 8. Measuring tooling Datron
and its arrangement on trolleybus
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The process of the trolleybus emergency bra-
king on the roads with a different value of friction
coefficient was investigated during the carried out
road tests.

As a result it was found out that the trolleybus
driving and driven wheels are locked after 0.5 s
since the braking start without ABS operation on
a wet asphalt road surface. Driven wheels of the
trolleybus are not locked in case of common ABS
operation during the emergency braking on a
snow-covered road surface (Fig. 9a). As this takes
place, the driving wheels are locked after 0.5s
since the braking start for a long periods while the
braking torque of electric motor is out of control.

As shown in Fig. 9b, the proposed control algo-
rithm for the blending control of trolleybus traction
and brake drives provides ABS operation in a cy-
clic mode without locking the wheels even during
the emergency braking on a snow road surface
until the reaching of the minimal trolleybus velo-
city (approx. 6 km/h) when ABS stops operating.

Fig. 10 illustrates some characteristics of the
trolleybus acceleration dynamics and allows esti-
mate the efficiency of the proposed control algo-
rithm during the operation of vehicle anti-slip regu-
lation system (ASR). The efficiency is estimated
using values of the driving wheels slippage of trol-
leybus equipped with ASR and without it. Refer-
ring to Fig. 10, the slippage value of each driving
wheel reaches 65 % without ASR. And this value
does not exceed 15 % during ASR operation.
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Fig. 9. Velocities of trolleybus driving and driven wheels during emergency braking on a snow-covered road with conventional ABS
control algorithm (a) and developed algorithm for joint operation of trolleybus traction and brake drives (b)
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and during ASR operation using developed control algorithm (b)

CONCLUSIONS

1. The developed mathematical model of the
braking dynamics of articulated trolleybus de-
scribed in the first section of the paper is usable for
the investigation of braking and traction dynamics
as well as of articulated trolleybus and ordinary
vehicle.

2. The second problem investigated in the pa-
per (section “Control algorithm for the blending
control of trolleybus traction and brake drives”) is
concerned with the development of the control al-
gorithm for the blending control of trolleybus trac-
tion and brake drives to achieve high braking effi-
ciency of a vehicle.
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wTexHuka. T. 20, Ne 2 (2021)

3. Computer simulation of the trolleybus bra-
king were carried out on an asphalt surface and
snow-covered road. It was estimated that the de-
celeration value is equal to 6.4 m/s* during the
braking on an asphalt road surface. And the value of
coefficient of realized friction equals 0.77 on an
asphalt road surface and is equal to 0.8 on a rolled
snow road.

4. The parameters of the trolleybus braking ef-
ficiency were estimated during the blending con-
trol of its traction and brake drives using the de-
veloped control algorithm during the carrying out
road tests of low-floor trolleybus. Validation of the
developed mathematical model of trolleybus bra-
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king dynamics was evaluated during these tests.
The efficiency of trolleybus brake system was ana-
lysed in accordance to [9]. It was indicated, that
the proposed control algorithm provides ABS
operation in a cyclic mode without locking the
wheels even during the emergency braking on
a snow road surface.

5. As a consequence, the availability of the
proposed control algorithm was confirmed for the
blending control of trolleybus traction and brake

Notation:

ABS - anti-lock braking system;

drives. It secures the required efficiency of the trol-
leybus brake system. Enhancement of braking pro-
cess quality was shown, which is passed under op-
timal values of wheel slippage — 8-10 %. As a re-
sult, high braking stability is retained on different
road surfaces. Good operation consistency of the
traction and brake drives and the possibility for
integration of these systems in uniform one was
demonstrated for the trolleybus braking and trac-
tion control.

ASR - anti-slip regulation system;

b, b,  —distance between hitch point and the tractor and trailer centre of gravity respectively;

Cmi» Chy - — hitch stiffness in horizontal and vertical direction respectively;

cir ¢ — longitudinal tire and suspension stiffness respectively of trolleybus axle;

e — deadband for the braking torque of the electric motor;

e, — deadband for the pressure in a brake chamber;

Fy — longitudinal aerodynamic resistance force;

F; — tire rolling resistance force;

Fy — traction force of trolleybus driving axle;

g — free-fall acceleration;

hy — height of aecrodynamic centre;

hy, — height of trailer hitch;

hi, ki — height of road roughness’s and a rate of its change respectively;

hy, h,  —height of tractor and trailer centre of gravity respectively;

k — coefficient depending on trolleybus capacity rate;

L, — inertia moment of rotating parts of electric motor and transmission units;

Jj — vehicle deceleration;

J,, J,-  —inertia moment of tractor and trailer body respectively;

Kk, Ky — hitch damping in horizontal and vertical direction respectively;

ki, ks — longitudinal tire damping and suspension damping of trolleybus axle respectively;

ko — coefficient of realized friction;

Iy Ly I; — geometrical parameters of trolleybus;

M, — traction torque of electric motor;

M, — braking torque of electric motor;

M, — limit braking torque of electric motor depending on displacement of brake pedal and angular velocity
of electric motor shaft;

m; —unsprung mass of trolleybus axle;

my,m’, —total and sprung tractor mass respectively;

mg, m’,. —total and sprung trailer mass respectively;
Ny, Ny — the component of vertical force acting on tractor and trailer respectively from hitch;

Dbre — current value of pressure at brake chambers of driving wheels;
Pa — atmospheric pressure at brake chambers of driving wheels;
O O — the component of horizontal force acting on tractor and trailer respectively from hitch;
S — current value of driving wheels slippage;
S — allowed mean value of driving wheels slippage;
Shax — maximal value of driving wheels slippage;
Stin — minimal value of driving wheels slippage;
stup — displacement of brake pedal;
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t — time;

Vi — trolleybus longitudinal velocity;

x;, X, — horizontal displacement of tractor and trailer centre of gravity respectively;

Vi — vertical displacement of trolleybus axle;

zn —sign in dependence on slippage level (zn =1 at high slippage value, zn =—1 at low slippage value
and zn = 0 — slippage value is normal);

Z4y Zyy — vertical displacement of tractor and trailer centre of gravity respectively;

o,y — rotation angles of tractor body around an axis passing through its centre of gravity;

B,y — rotation angles of trailer body around an axis passing through its centre of gravity;

8;, 8,  —horizontal and vertical component respectively of hitch gap;

Em — angular deceleration of electric motor shaft;

n — friction coefficient in a contact between road surface and tire;

® — angular velocity of driving wheel;

o, —relative angular velocity of driving wheel;

Oy, — angular velocity of electric motor shaft;

A,, A, —horizontal and vertical component respectively of hitch compressive deformation;

AS —range of allowed values of driving wheels slippage.
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Pedepar. O6pa3oBanne KOMMYHaTbHO-OBITOBBIX KOMIIOHCHTOB >KH3HEAEATEIEHOCTH YEJIOBEKA U MIPON3BOACTBEHHBIX MPE-
NIpUSTUI HEen30€XKHO, YpOBEHb UX HCIONIB30BaHus B benapycu B cpenuem yBenmumics 1o 23 %. B cratbe nana onenka cye-
CTBYIOIIMX CHUCTeM cOopa M yAaJIeHHs OTpabOTaHHBIX TBEPIBIX OBITOBBIX DJIEMEHTOB MCXOMS M3 TEXHOJOTMUCCKHUX ITAINOB
(moaroTOBKA KOMIIOHEHTOB K IIOTPY3Ke B MyCOpPOYOOPOYHBIN TPaHCHIOPT; OpraHU3alysl HX BPEMEHHOT0 XpaHEeHHUs B JOMOBJIa-
JCHUSIX, Ha MPEANPUATHIX; cOOp W BBIBO3 C TEPPUTOPHUIl IOMOBIAICHUIH, OpraHU3alnil ¥ NpeIIpHITHH; 00e3BpeKUBaHNE,
nepepaboTKa, yTHiIn3alus). PaccMOTpEeHBI MOCIIEICTBUSI HECBOSBPEMEHHOTO cOOpa TBEP/BIX OBITOBBIX W MPOU3BOACTBEHHBIX
orxoz10B. [IpuBeieHb! (aKkTOPBI, OKA3BIBAIOLINE HETATHBHOE BIMSHHUE HAa CPEly OOUTAHUS YEIOBEKa M SKOJIOTUIO TEPPUTOPHIL
HACEJICHHBIX ITyHKTOB, npeanpusatuii. [Ipencrapien ananmus 3GeKTHBHOCTH CBOEBPEMEHHOTO YIAJICHUS TAKUX KOMIOHEHTOB
B CHCTEMaxX KOMMYHAJIFHOTO XO3SHCTBa FOPOJOB M HPEANPUATHIA KaK BaXKHOW COCTABISIOIIECH, oOecTieunBaromieil conuaib-
HYI0, 5KOHOMHUECKYIO U 9KOJIOTUUECKYIO 3HAaUUMOCTh. Ha coBpeMeHHOM 3Tare pa3BUTHS TEXHUKU M JOCTYITHBIX TEXHOIOTHH
OJMH M3 HauboJee paliOHANBHBIX M SKOHOMHUYECKH ONPABIAHHBIX CIIOCOOOB JOCTaBKH OTPAaOOTaHHBIX 3JIEMEHTOB K y4acT-
KaM HX COPTHUPOBKH M IepepaboTKu — BaKyyMHasl TPAaHCIOPTHPOBKA € IIOMOLIBIO TPYOOIpoBOAHOTO TpaHcnopra. Ero mpume-
HEeHHe 000CHOBAHO B NPOMBIIUICHHBIX 30HAX, HACEICHHBIX ITyHKTaX C BBICOKOW M CpeHEW IUIOTHOCTBIO 3aceieHHs], IpHieM
NPOKJIABIBATh TAKOH TPYOOIPOBOA MOKHO PSIOM C CYLIECTBYIOIIMMH TPYOOIPOBOIHBIMU U MHBIMH TPAHCIIOPTHBIMU KOM-
MYHHKaIUIMH.

KnarwueBbie cioBa: OJIEMCHTBI, TPAHCHIOPTUPOBKA, 3KOJIOI'Hs, TEXHOJIOI'UA, 6anch, BaKyyM, IUIOTHOCTb, IapaME€Tpbl, YTHU-
JiM3anus
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Abstract. Waste generation in the life of people and enterprises is an inevitable process today. The level of utilization
of municipal waste has increased on average to 23 % in Belarus. The paper provides an assessment of the existing
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systems for the collection and disposal of waste solid household items based on technological stages (preparation of waste for
loading into a garbage collection vehicle; organization of temporary storage of waste in households, at enterprises; collection
and removal of waste from the territories of households, organizations and enterprises; neutralization, processing and recy-
cling of waste). The consequences of untimely collection of solid household and industrial waste are considered in the paper.
The paper presents the factors that have a harmful effect on the human environment and the ecology of the territories of set-
tlements and enterprises. An analysis of the effectiveness of the timely removal of such components in the systems of munici-
pal services of cities and enterprises as an important component providing social, economic and environmental significance
is given in the paper. At the present stage of the development of technology and available technologies, one of the most
rational and economically justified ways of delivering waste to the areas for their sorting and processing is vacuum transporta-
tion using pipeline transport. Its application is justified for industrial zones and settlements with high and medium population
density. Moreover, such a pipeline can be laid next to existing pipeline and other transport communications.

Keywords: clements, transportation, ecology, technology, balance, vacuum, density, parameters, disposal

For citation: Pekhota A. N., Khroustalev B. M., Akeliev V. D., Mikhalchenko A. A. (2021) Vacuum Pneumatic Transport for
Industrial and Utility Components. Science and Technique. 20 (2), 142—-149. https://doi.org/10.21122/2227-1031-2021-20-2-

142-149 (in Russian)

BBenenune

OcobeHHOCTRIO TIpoliecca cbopa oTpaboTaH-
HBIX KOMMYHQJIFHO-OBITOBBIX KOMIIOHEHTOB SIBIISI-
ercs TO, 4TO B paboTe TPAHCIOPTHBIX CPEICTB
3HauuTeIpHOE BpeMs (25-40 % u Gonee) 3aHnMaet
NPOIOJDKUTENFHOCTD TOTPY30pa3rpy304HBIX OIle-
paumii, B CBA3M C 4YeM AaKTyalbHBIMH OCTAIOTCS
poOsIeMbl 0€30MACHOCTH HX JIBUKEHHS U JKOJO-
TUYECKOH OOCTaHOBKM B pa3IMYHBIX paioHax,
pacxo/ia TOTUTMBHO-IHEPTETHYECKUX PECYPCOB.

OnuH n3 croco0OB PEIICHUS MEePEUUCIICHHBIX
npobsieM — BHEAPEHHE BaKyyMHBIX CHUCTEM C TpH-
MEHEHUEM TPyOONPOBOTHOTO MHEBMOTPAHCIIOPTA.
[MHeBMaTnueckuii cOOp W TPaHCIOPTUPOBKA BTO-
PUYHBIX KOMIIOHEHTOB PEaNIHU3YIOTCS BO MHOTHX
cTpaHaX. JTo 3((EeKTUBHBIA METOJ TPaHCIIOPTH-
POBKH M 00pabOTKM KOMMYHaJBHO-OBITOBBIX OT-
xomoB. TpyOompoBoapl i WX TepeMeIIeHus
MOJKHO HCTIOJIb30BAaTh HE3aBHUCHMO OT PAaCCTOSHUS.
[Ipu >TOM aBTOMaTHU3UpPOBaHHAs cUCTeMa cOopa u
ylaJeHus] KOMIIOHEHTOB 00Ja/laeT IIUPOKHM TI0-
TEHIHAIOM TEXHHUUYECKMX BO3MOXKHOCTEH A cOo-
pa M TepeMelleHUs] KOMIIOHEHTOB pa3iuYHbIX
(hpaxmmii [1].

Cpenu ipobiieM B cucTemMax cOopa KOMITOHEH-
TOB MOYXHO BBIJICIIHTH:

— QaHTHCAHUTApHOE COCTOSHHWE TEPPUTOPHH
(0cobeHHO B TEIIOE BpeMs rojia);

— Hannure A y3UOHHBIX TOTOKOB OT TPaHC-
MNOPTHBIX OOBEKTOB /A0 IMYHKTOB NpHeMa (COpTH-
pOBKR);

— BBIJICNICHUE BPEIHBIX BEUIECTB B OKPYXKaro-
Y0 Cpexy MpH JBUKEHUH MYCOPOBO30B OT MECT
ux cObopa 110 MyHKTa IpueMa (COPTHPOBKH).

Hayka
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OcHOBHAA YacTh

[IHeBMaTHYecKHe CHCTEMBI TPAHCIIOPTHPOBA-
HUS MHOTOOOPa3HBIX KOMIIOHEHTOB C HMCIIOJIb30Ba-
HHEM TPYOOIPOBOJOB MOTYT CIIOCOOCTBOBAThH pe-
MICHUIO TIEPEUNCICHHBIX 3amad. i ux ¢pyHKImo-
HUPOBaHUS HEOOXOIUMO CO3/aTh TPYIIIOBBIC
CHUCTEMBI COPTHUPOBKH, IMPEICTABICHHBIC B BHUJE
TEXHUYECKHUX IIIEMEHTOB!

— cenmuTeOHbIE TEPPUTOPUH, TPYIIIIHI HACEINeH-
HBIX TEPPUTOPHIA C KPYITHBIMHU COOPY>KEHUSIMHU IS
COPTHPOBKM MHOTO(A3HBIX MaTEpHAIOB K MECTy
nepepadoTKu;

— palioHbl C yCTaHOBKamu Majol MPOU3BOJIU-
TEJIBHOCTU ISl COPTUPOBKU U MOATOTOBKHU K JIO-
CTaBKe K y3JlaM epepadOTKH OTXOJIOB;

— TpyIIlbl 0OBEKTOB, KOMMYHAJBHBIX COOPY-
JKEHH, TPOU3BOJCTBEHHBIX HPEINPHUSATHI C dJie-
MEHTaMH [JIs COPTHPOBKM W TOIATOTOBKH K JO-
CTaBKE K ydYacTKaM peaOWINTAIlii BTOPHYHBIX
KOMITOHEHTOB;

— Ipynmnbel OOBEKTOB, KOMMYHAJIBHBIX COOPY-
JKEHUH, TMPOU3BOACTBEHHBIX MPEANPUSITUN C yCTa-
HOBKaMH [IJIsl TPAHCIOPTUPOBKU CIHEIUATBHBIX
BHJIOB OTXOJIOB.

TexHOMOTHSI BAKYYMHOU TPAaHCIIOPTUPOBKH OT-
XOJIOB TIOSIBAJIACH €IIe B CepelnHE MPOIIIOro BeKa
Y UCTIOJNB3YETCs U TPAHCIIOPTUPOBAHUS Pasziid-
HBIX, B TIEPBYIO OYEpEeIb CHIMYYNX, MaTepUaJIOB.
Ee nmpuMeneHre 000CHOBAHO ISl MPOMBIIUICHHBIX
30H, HACEJIEHHBIX MYHKTOB C BBICOKOW U CpemHeit
IJIOTHOCTBIO 3aCEJICHUS], TIOCKOJIBKY y MHEBMATH-
YECKOW YCTaHOBKHM 3aKphITasg cHUCTeMa TpyOorpo-
BozoB. Kpome Toro, ecTh M Takue MperuMyIiecTBa,
KaK, HampuMep, OTCYTCTBHE 3allaxoB, IMOCTYIIA0-
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muX U3 Hee B atMocdepy. brnaromaps moctosiHHO
MOJICPKUBAEMOMY  OTPHUIIATEIILHOMY  JaBJICHHIO
B CHCTEME HE BO3HHUKAIOT YTEUKH KHUIKHUX KOMIIO-
HeHTOoB. Bricokas ckopocts (3,5-5,0 m/c) Tpanc-
TOPTUPOBAHHS CMECH «TBEPJbIC YACTHIBI — BO3-
JIyX — )KUIIKOCTh» B TPyOax MpeaoTBpaiaeT oopaso-
BaHHUE OTVIOKEHMH [2]. BHEnpeHne 3Toi TeXHOIOTHI
B MacmTabax Pecrmybnwkum bemapycs HeCI0XHO
OCYHICCTBUTD, YYMUTBIBAd HAJIWYHC IIJIACTUKOBBIX
TpyOOIPOBOJIOB, TPOU3BOAMUMEIX  OEJIOPYCCKHMHU
MPENPUITUSIMH, A TAKKE MPOMBINUICHHBIX BaKyyM-
HBIX ycTaHOBOK koMmnanuii Roediger, Airvac, ISEKI
U UX POCCUHCKUX aHAIIOTOB.

[THeBMaTHUECKUE CHUCTEMbI TPAHCIOPTUPOBKH
KOMIIOHEHTOB K Y4YacTKaM COPTHUPOBKH U TIepe-
paboTku Hambojee panuoOHATBHBI M 3KOHOMHYE-
CKH ONpaBJaHbl. TeXHOIOTHYECKYIO CXeMy paboThI
YCTaHOBKH OTXOAOOTBCACHUA MOXXHO IIPCACTABUTH
crexyromuM obpa3oM. Ha moBepxHOCTH B ydacTKax
cOopa KOMMYHaJIBHBIX KOMIIOHCHTOB yCTaHABIIUBA-
I0TCS IPUEMHBIC KOHTEIHEPHI, BO3BBIIIAONIUECS HAI
3emJyiei Ha BeicoTy A0 1 M. [IpueMHast yacTb Mapku-
pyercs paciBETKaMH C JIOTIONHHUTEIBHBIM pa3Melne-
HUEM HaJAIMCeH, CHMBOJIOB (puc. 1).

CucremMa MOXeT (YHKIUOHUPOBATH CIEIYIO-
mmM obOpa3om. Ha ywactke cOopa pacmosoxe-
HBI TPH JItOKa — JiJIs cOopa OyMaru, KapToHa U CMe-
IIAaHHBIX KOMIIOHEHTOB. JKUTENN OmycKarT Tyna

paccopTHpOBaHHBIE KOMMYHAIBHO-OBITOBBIE OTXO-
Ibl B TIOJHMATHICHOBBIX WM OyMa)KHBIX TaKeTax
o6beMoM 110 30 1. OmBIT SKCIUTyaTally MOKa3bIBa-
€T, YTO HaWIydllee KadecTBO TPAaHCHOPTUPOB-
KU — TIpH 3al0JHeHnH nakera Ha 2/3. Ilox koHTel-
HEpaMH pacroiaraeTcss CeTh IOJ3EMHBIX TPyOo-
MIPOBOIOB, OO0OPYIOBaHHAS IIEHTPATN30BAaHHON
YIPaBIIEMON CUCTEMOM KJlalmaHOB C aBTOMAaTH3H-
POBaHHBIM OTKPBITHEM.

PaboTa cucTembl OCylIECTBISIETCSl MO OIpee-
JICHHBIM aJITOPUTMaM — COTJIACHO BPEMEHH, CTere-
HU HamoJiHeHus W JAp. [Ipy OTKpBITHH KIAlaHOB
MIOCPEACTBOM TIOCTYIUICHHST B MarucTpaib BO3-
IymrHOW a3el 3a cueT paboTaromieil BakyyMHOU
YCTaHOBKH B MarucCTpPalH CO3MIAeTCS pa3pexeHwue,
¥ KOMITOHEHTHI TTOCTYMAIOT B OCHOBHOM TpyOotpo-
BOJ, a 3aTeM — K ydJacTkaMm cOopa, mepepabdoTkw,
ckimagupoBanusi. OTXOMbI, JOCTABICHHBIE K MECTY
ux cOopa, COpPTHUPYIOTCSA W TMOCTYMaloT JH0O0 He-
MOCPEICTBEHHO Ha MepepaboTKy, nubo Ha 000-
pynoBanme, oOecmednBaroliee WX YIDIOTHEHHE,
JUT OCYIIECTBIICHUS JalbHEHUIEro NepeMeIIeHus
C TPUMEHEHHWEM Ha3eMHBIX BHIOB TPaHCIIOPTA.
[lo Mepe HakomJIeHHS OHHM TPAaHCIIOPTHUPYIOTCS Ha
CHelHMaIN3upOBaHHbIE MepepadaThIBalomue Mpe-
npusitus [3]. Ha puc. 2 mpencrasieHa ympoIieH-
Hasi CcXeMa TPaHCIOPTUPOBKA KOMIIOHEHTOB W3
XKHJIOTO MHKpPOpaioHa K MECTY UX IepepabOTKH.

Puc. 1. Cxema MTHEBMaTUUECKOH CUCTEMBI TPAHCIIOPTHPOBKH HEOJHOPOAHBIX 3JIEMEHTOB B TOPOACKOM paiioHe

Fig. 1. Diagram of pneumatic system for transporting heterogeneous elements in urban area
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Puc. 2. CxeMa TpaHCIOPTHPOBKH KOMIIOHEHTOB M3 JKMJIOTO MUKPOpaifoHa K MECTy nX nepepaboTKH:
1 — 3maHus M COOpPYKEHUSI MUKpOpaiioHa ropoja; 2 — MecTo cOopa 0TXO0H0B; 3 — MHEBMATHUECKHA TPYOOMPOBOL;
4 — MecTO MmpHueMa 0TXO0A0B, TOArOTOBKA MaTepHaia (ChIPhsi, OTX0JI0B) K MHOTOKOMIIOHEHTHOMY OpUKETHPOBAHHMIO;
5 — uex nepepaboTKu 0TXO00B (apolieHue, H3MEIbYCHUE) U U3TOTOBICHUS OPUKETOB; 6 — MUKPOPaOH ropoaa

Fig. 2. Schematic diagram of component transportation from residential area to the place of their processing:
1 — buildings and structures of city micro-district; 2 — waste collection point; 3 — pneumatic pipeline;
4 — waste collection point, preparation of material (raw materials, waste) for multicomponent briquetting;
5 — waste processing shop (crushing, grinding) and production of briquettes; 6 — micro-district of the city

B nepron sKkcruTyatannu MpoTsHKEHHOCTh CETH
TPAHCIIOPTHBIX TPYOONPOBOJOB MOXKET 3HAYH-
TENBHO YBEIUYHUTHCS 33 CUCT MOAKIIIOUCHUS HOBBIX
o0wvekToB. Ilpm »TOM Tarkke W3MEHsETCs Macca
TPAHCIIOPTUPYEMBIX OTXOJIOB, YTO, KOHEYHO, BBI-
30BET OIpEJEIICHHYIO0 HAarpy3Ky Ha pa0OTaroIllyro
BaKyyMHYIO ycTaHOBKY. C 1enpio OecriepeOoitHoM
paboTBl CUCTEMBI Ha OMpPEENIEHHBIX y4acTKax Cy-
HIECTBYET CBEPXBBICOKOE TEXHHYECKOE pa3pesKe-
Hue. CTyleH4YaToe paspekeHrne MOKHO CO3/1aBaTh
3a CYeT BKJIIOYEHHUS B CHUCTEMY PE3EPBHOTO BaKy-
YMHOTO Hacoca, aBTOMAaTHYECKH MOJKII0YaeMOTro
B TIOCJIEIOBAaTEIbHYIO CXeMy pabOoTHI JBYX HACOCOB.
OnuH U3 HUX co3maeT QopBakyyM (TpeaBapHUTEINb-
HOE pa3peXeHHe), a BTOpOH — W3 HU3KOTO Oosee
BBICOKMI BakyyM. MHUHHMaJbHOE NaBJIECHHE, KOTO-
pPOrO MOXXHO JOCTUYh C IOMOIIBI0 COBPEMEHHBIX
BaKyyMHBIX YCTaHOBOK, JOCTHUIA€T 1070 Mm pT. CT.
Takum oOpa3zoMm, TpUMEHEHHE KOMOWHHUPOBAH-
HBIX CHCTEM CO3JaHUs Pa3IMYHBIX YPOBHEW pas-
PEXKECHUA TIO3BOJIACT TPaHCHIOPTHUPOBATHL KOMIIO-
HEHTHI B IIHPOKOM JTHANIa30HE MOP(OIOTHIECKOTO
COCTaBa, pa3HOHN IUIOTHOCTH W C HAJUYHUCM KHJI-
Kux (Qas.

Ha npoMBIIUIEHHBIX TPEANPUSATHIX BCEBO3-
MOXHBIX KOMIIOHEHTOB 00pa3yercsi TOCTaTOYHO
mHoro. Hampumep, B OAO «benuinaa» ux TOIbKO

Hayka
wTexHuka. T. 20, Ne 2 (2021)

B OTHOM II€Xy MOXeT ObITh m0 23 BHIOB. OHH
CKJIQIUPYIOTCS W HAKaIUIMBAIOTCA B OTHEIBHBIX
KOHTEWHepax, TAe HaxXOAsITcs A0 COOTBETCTBYIO-
UX TEXHOJOTMYECKUX omnepauuid. Yame Bcero
IIPH BBIBO3€ C TEPPUTOPHH TMPEANIPHUITHS OTXOI0B
MyCOpPOBO3aMU HEBO3MOXXHO YKOMILIEKTOBATh UX
TOJIFKO OJHOPOTHBIMH KOMIOHeHTamu. [losTomy
OHH CTPYKAIOTCS COBMECTHO, YTO B JajbHEHUIIEM
yBeNU4YMBaeT 00beM paboT Mo WX COPTUPOBKE IS
MIPAMEHEHUSI B JOCTYMHBIX TEXHOJIOTHSAX Tepepa-
ootku. [lpu TpyOOMpPOBOIHON TPaHCHIOPTHPOBKE
KOMITOHEHTOB, KakK IPaBWJIO, HMCKIIOYACTCS BO3-
MOXKHOCTh WX CMEIIMBAaHUS WM 3aCOPEHHS] WMHU
TpyOompoBoaa. OTXOBI TPAHCTIOPTUPYIOTCS K Me-
CTaM yTHJIU3AIUU WK BTOPUYHOW 0OpPabOTKH IO
Mepe MX HAaKOTUIEHUS B COOTBETCTBHH C IMPUHATHIM
ANTOPUTMOM.

YropoiieHHass cxeMma YTHIWU3AIUHA Pa3THIHbIX
BHJIOB OTXOJOB TPOMBIIIJICHHOTO MPEIIPUATHS
npeacrasineHa Ha puc. 3 [4-9]. JlanHas cucrema
MO3BOJISICT C HAMMEHBIIUMHE 3aTpaTaMy TPaHCIIOP-
THPOBATh KOMIIOHEHTHI K y9acTKaM WX IepepadoT-
KH, YTO aKTyaJIbHO TPH CO3JaHHH IMPOHU3BOJICTB
o mepepaboTKe cMecel, HampuMep B MHOTOKOM-
noHeHTHOe TBepaoe TormmuBo (RDF- mw MSF-ton-
JUBO). DTa CUCTEMa YXKe MOy4Hia MUPOKOE pac-
MpOCTpaHeHue Oaromapst psay IPEUMYIIECTB.
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Puc. 3. CxeMa yTUIH3AILUK PA3THYHBIX BUIOB OTXOJIOB IIPOMBIIITIEHHOTO MPEATIPUSITUS

Fig. 3. Schematic diagram for disposal of various types of industrial waste

CrepxxuBaronyM (HakTopoM IIMPOKOTO pac-
MPOCTPAHEHUSI TAKOM CHUCTEMBI SIBJIIETCS OTCYT-
CTBHE TEOPETHYECKH OOOCHOBAHHOTO aJTrOpHUTMa
pacdera. HemocTaTtok cymecTBymIIel TeopeTude-
CKO#1 0a3bl 00YCIIOBWII TOT (haKT, YTO JJIs OIpeJe-
JeHUs IuaMeTpa TpyO BaKyyMHOW CETH CITy)KaT
(bMKCUPOBaHHBIC PEIICHUS B TAOIUIAX C OPUECHTH-
poBouHbIMU 3HadeHHuAMH [10]. CrnoxxHOCTH co37a-
HUS pacdeTHHIX (OPMYJ 3aKIFOUaeTCs B OCOOCH-
HOCTSAX TPaHCHOPTHPOBAHHUS OTXOJOB IOA JICH-
CTBHEM BaKyyma, a UMEHHO — TPaHCIOPTHPOBKHU
MHOTO(a3HOH Cpebl «KUAKOCTh — BO3IYX — TBEp-
JIbIe YaCTHIIbD» B TPYOOIPOBOJAX C YKIOHOM K TO-
puzonTy. IIpeneOperats pacueraMu, YIUTHIBAIOIIN-
MH TIOTIPABKH K XapaKTEPUCTUKAM B 3aBUCUMOCTH OT
WU3MCHCHUS YKJIOHA, HEIb3s, TaK KaK YKJIOH HEW3-
0eKHO 00pasyercst MPH CTPOUTEIBHO-MOHTAXKHBIX
paboTax Ha 3aCTPOSHHBIX TEPPUTOPHUAX U MPOKIAI-
K€ TpyOOIPOBOJHBIX BaKyyMHBIX CHCTEM BOJIH-
3U CYIIECTBYIOIIMX WHKCHEPHBIX KOMMYHHKAITUA.
OpHako Ha MpUMepe MaTeMaTHYeCKOTO OIMCAHUS
JBIOKCHUST BOJIOBO3MyIIHOU cMmecu [11-13] moxkHO
Co3[aTh AJITOPUTM pacuera BaKyyMHOH TpyOompo-
BOJTHOH CHCTEMBI TPAaHCIIOPTUPOBKH KOMIIOHEHTOB,
VUUTBIBAs BEPUPHUIMPOBAHHYIO TEOPETUYECKYIO
0a3y pacueTa MHEBMAaTHYECKOTO JIBHIKCHUS TBEPIBIX
(hbpakumii gacTull, MPUMEHAEMBIX B CHUCTEMax TPY-
0ONPOBOIHOTO TPAHCIIOPTA CHITYYHX MATCPUAIIOB.

HccaenoBanue u ero pe3yJjibTaThbl

C memnpio pemieHus 3a1aqu CO3/IaHUus U TpUMe-
HEHHsI Ha MPaKTHUKE alIrOpUTMa pacuera BaKyyM-
HBIX CHUCTEM TPaHCIIOPTHPOBKH OTXOMOB, a TaKKe
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CPaBHEHUS TMOJyYCHHBIX PE3yJbTaTOB C YK€ UMe-
FOIIUMHUCS TIPOBEJICH PSi UCCIIEIOBAHUN C HCIIOh-
30BaHUEM JKCIEPUMEHTAIFHOW YCTaHOBKH, 00ec-
MEYUBAIOIIEH TPAHCIOPTUPOBKY OTXOAOB MO
BaKyyMMETPHUUECKIM JaBJICHHEM B TpPyOONpOBO-
JaX HapyXHOU KaHamm3aruu (muamerp 110 mwm,
TONIMMHA 3,2 MM, BaKyyMMETPUYECKOE JaBiie-
uHue 2040 klla) npoussoacrea YII «CTC-benmno-
mammactak» HIIBX SN4. B pesynbrare ucciemopa-
HUN OMpeNeNneHo, 4YTO MAaKCUMAlbHAas CKOPOCTh
TPAHCTIOPTUPOBAHUS OTXOMIOB V,; JOCTUTACTCSA TIPH
00BEMHOM PAaCXOJHOM BO3IYXOCOJICPKAHUH € =
= 0,71-0,74, npu KOTOPOM COOTHOIIIEHUE «TBEP-
JbIE YaCTHUIBI — BO3AYX — XHIKOCTHY QG/QOL =
=0,3-0,4 [13].

Ha mnoTHOCTH CMecH OTXOIIOB TaKXkKe BIIHSET
pactpeneneHue (a3 mo ;IMHE TPyOOIPOBOIa, UTO,
B CBOIO OYepe/b, 3aBUCUT OT CTPYKTYpHI ITOTOKA.
st ompeneneHUsT peXuMa JBIKEHUS Ta30KU-
KOCTHOW CMECH TOJl JACWCTBHEM BaKyyMa BBIMOJI-
HEH psAJ SKCIIEPUMEHTOB Ha JTAOOPaTOPHOH yCTa-
HOBKe. OmpenesieHo, 4To PeXUM JBIKEHHUS B CH-
CTEME M3MEHSETCS MO JJIMHE TPyOOIpoBoaa, 4ToO,
CKOpee BCEro, CBSI3aHO ¢ OCOOCHHOCTBIO YCTPOM-
CTBa CHUCTEMBl BaKyyMHOW TPaHCIIOPTUPOBKH OT-
xonoB. [loaTomy pacder cucTemMbl HEOOXOAMMO
BBITIONHATH U KaXIOTO yYacTKa, Ha KOTOPOM
MIPOUCXOANT U3MEHEHHUE CTPYKTYPhI IBUKCHUS.

OO0mue moTepy AaBleHUs B cuctemMe Ap ompe-
JEJSIFOTCSL ISl KaKJO0T0 ydacTKa OTICIBHO C yue-
TOM THIPOTHEBMATHYECKUX ITapaMeTPOB, BIUSIO-
IIMX Ha BEIMYWHY T'PagUueHTa NaBICHHUS UMEHHO
Ha HEM B 3aBHCHMOCTH OT JUIMHBI yuacTka [ [13]
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1
Ap = J.(d_pjdx = (d_pj [1_2 + [d_pj ]2_3 +
dx dx ), dx ), ,
‘ (D

+(d—pj 13_4+(d—pj Iy s.
dx )3 4 dx )4s

[lpu aHanmmu3e pe3yNbTaTOB SKCICPUMEHTANb-
HBIX KCCIEJOBAHUIA C KCIOIb30BAHUEM TEOPHUH
nojo0KsT M3BECTHBI COOTHOIICHUS  OTJENbHBIX
TCOMCTPUUCCKUX U TCXHOJIOTHUYCCKHX MapaMETpOB
(hyHKITMOHUPOBAHUS PEaNbHBIX, YKCIEPUMEHTAIb-
HBIX BaKyyMHBIX CHCTeM. B 00iem Buje 3aBHCH-
MOCTh MOTEPh JABICHUS B CHUCTEME MPH BaKyyM-
HOM TPAHCIOPTHPOBAHUM MOXHO MPEJCTABUTH
cIeayomuM 00pazom:

Ap=f(py. v, d, L, 1), (2)

rae Ap — noteps naenenus, [la; p, — muoTHOCTH
KOMIIOHEHTOB, KI/M’; v, — CKOpPOCTh TPaHCIIOPTH-
pOBaHMsSI CMECH KOMMYHAJIbHBIX KOMIIOHEHTOB,
M/c; d —muameTtp KaHana, M; [ — JuIMHA KOMMYHHU-
Kaluid, M; Ly — KOOQPUIUCHT TUHAMHYECKON BsI3-
KOCTH cUCTeMEI, [1a-c.

[lpu perieHUU CUCTEMBI ypaBHEHHIA, COCTaB-
JICHHOH C WCIIOJIb30BAHUEM MATpPUIbl CTEICHU
pPa3MEpHOCTH BEIWYUH TMPEACTABICHHON 3aBHCHU-
MOCTH, IOJydYeH KPUTEpUH MM0m00us, BKIIIOYAIO-
M a’p0- U THIAPOJAMHAMUYECKHE, a TaKXKe I'eo-
METPUYECKHE MTapaMETPhI IBUKCHHUS KOMIIOHCHTOB
B IIWINHAPUICCKIX KOMMYHUKAIUSIX

Apd

m = P4
bovip,d

)

Ad3poAMHAMUYECKUN pacyeT CHUCTEMbI JIOJKEH
OBITH TIPENCTABICH TaKMUM 00pa3oM, YTOOBI B TO
BpeMsi, KOrJia B Hell OTCYTCTBYET TPaHCHIOPTHUPOB-
Ka, o0ecrevnBaincs MUHUMAaIbHBI YPOBEHb BaKy-
yMa, a BpeMs Ha €ro BOCCTaHOBJICHHE B CHCTEME
He mpeBblmano TpeOyemoro 3HaueHws. [lpu
HAXOXK/ICHUH JTMaMeTpa He CIeAyeT yBEeIUYUBATh
CKOpOCTh MOTOKa OoJiee 4eM Ha 5 M/c, TIOCKOJIbKY
9TO 3HA4YEeHUE ONTHMANbHOE Ui ero (yHKIHUOHH-
poBaHUs, a OOJbIIasi CKOPOCTH BBI3BIBAET H30bI-
TOYHOE TPEHHE W IOTEpH IIPU YCKOPEHHH. YcTa-
HOBJICHO, YTO:

— YBEJIMYEHUE COOTHOIICHHS BO3AyXa B CHCTe-
M€ «TBEpIble YaCTUIBI — BO3AYX — J>KHUAKOCTB»
C HCIIOJIb30BaHUEM BaKyyMHOTO BO3JIyXOBITyCKHO-
ro KjiamaHa, MHTETPUPOBAHHOTO B CHUCTEMY aBTO-
MaTHYECKOTO TOePKaHUS AaBICHHUS U 3arpy3KH,
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MOXET TIOBBICUTh MPOU3BOIUTEILHOCTh BaKyyM-
HOH CHCTEMBI;

— Onmaromapsi YBEJMYCHHUIO MPHUTOKA BO3AyXa
B CHCTEMY I10/IaeTCs OOJBIIE YHEPTHUH, YTO TIO3BO-
JISIET TIOBBICUTH CKOPOCTH IBHKEHHSI CMECH, HO 3TO
HEMPHUEMJIEMO JJIsi HEKOTOPHIX BUAOB IPOU3BOJ-
CTBEHHBIX OTXOJOB MU MHOTOKOMIIOHCHTHBIX CMe-
cell, MOCKONBKY MPUBOJIUT K CHHKEHUIO CKOPOCTH
Y TPOW3BOJUTEIHLHOCTH BCIEICTBUE YBEITUYCHUS
MOTeph JIaBJICHHUS Ha TpeHue U aares3uro. [loaromy
B a3pO- M THAPOJWHAMHYECKHX pacderax HeoOxo-
JIUMO YYHMTBHIBATh KaK CTaTHYECKUE, TaK U JTUHAMHU-
Yyeckne GakTopbl TPyOOIPOBOIHON CHCTEMBI.

OCHOBHBIM TIapaMETPOM, XapaKTEPH3YIOIIUM
3¢ dexTuBHYI0 paboOTy CHCTEMBI W BEIOOP 000pY-
JOBaHUS TIPU TPAHCTIOPTHPOBAHWH, SABISETCS Be-
JUYUHA CO3/IaBa€MOT0 B TpPyOONPOBOIHOW CETH
BaKyyMa, KOTOPBII 3aBHCUT OT a’po- U THAPO-
TUHAMHYECKUX TIOTEPh DHEPIHMH Ha TpPEeHUE U
MECTHBIE COTPOTHBIIEHHSI Ha ydJacTKax TpyOorpo-
BOAa. DTO 3HAYMT, YTO PacyeT CHCTEMBI B TIEPBYIO
ouepenb JNODKEH OBITh HANpaBieH Ha Y4eT BceX
[IOTEph PHEPTMHU B CHCTEME, B PE3YJbTaTe YEro
MOXKHO OIPEJENUTh PACUYETHYIO BEIUYHUHY BaKy-
yMMeTpudeckoro masieHus. IIpu pacdere TexHo-
JIOTHYECKUX MHOTOKOMIIOHEHTHBIX CHCTEM ISt
TPaHCIIOPTUPOBKM MHOTO(]Aa3HBIX cmecell HeoO-
XOJIUMO KOPPEKTHO OMPEAENTUTh UX IUIOTHOCTD.
OtnensHO ¢ momombio (1) cremyer BBIYHCITUTH
MOTEPHU JIaBJICHUs] Ha ydacTtke Ap. AJITOpUTM pac-
YyeTa BaKyyMHBIX CHCTEM IOKa3aH Ha puc. 4.

/ Ucxonubie nanusie: Oy, v, € /

v
d=f0)

Y
Lo6 = f(d)
v
Apd
v pk

v

Ap = fvs, €, L)

v

Koppektuposka 3HaueHHH
Vs 1 € (Ipu HeoOXoauMocTH) ||
MyTEeM M3MeHEeHHUs L,

L,=

Puc. 4. Anroputm pacuyera BaKyyMHBIX CHCTEM

Fig. 4. Algorithm for vacuum systems calculating

147



Dnepzemuxa

[IpeacraBneHHbII METOJT pacyeTa CUCTEM BaKy-
YMHOTO TPaHCIOPTHUPOBAaHHS IO3BOJIUT MOAOOPATH
JuaMeTp TpyOoIpoBoa, ONpeNenuTs 00beM TpaHc-
NOPTHPOBaHUS TBEPAbIX OBITOBBIX 0TX0/0B (THO)
U BO3yXa, BAKYYMMETPHUYECKOE TaBlIeHHE, HEOO-
XOJUMOE IJIi TPAHCHOPTUPOBKU OTXOOB, AJUHBI
pacUeTHBIX YYacTKOB, BBIYHCIUTH CKOPOCTH BO3-
JTYITHOW CMECH Ha PacUETHOM y4acTKE BaKyyMHOU
cucteMbl. CoOrinacHO MOJIYYEHHBIM JAHHBIM, NPHU
OJIMHAKOBBIX IUaMETpax TpyOOIpoBOJa C yBENH-
YEHHEM AJIMHBI PacYeTHOTO y4acTKa MOTEpU JaB-
JIeHUs Bo3pacTaroT. M3 3TOro MOKHO caenaTh BbI-
BOJI, YTO Ul COOJIFOZICHUS 3aJaHHBIX IapaMeTpPOB
paboThl CHCTEMBI BAaKyyMHOI'O TpPaHCIIOPTHPOBa-
HUst TBO (CKOpPOCTH TPaHCIIOPTHPOBKH OTXOJOB,
BO3/1yXOCOJEpKaHue, MOTepPHU IAaBJICHUA) MPH IIO-
OoOpaHHOM Juamerpe TpyOompoBoaa TIJIaBHBIHA
perynupyeMeiid  ¢akTop — JAJIMHA PAcUYeTHOTO
y4acTKa.

CpenHssa MIOTHOCTh TPAHCIIOPTHPYEMBIX KOM-
MTOHEHTOB

— PPy vyt P
ps = ; 4
X +X,+
2 2 2
rIe pi, P2, ..., pi — mwiotaoets 12, 2%, . i*° xom-
TOHEHTOB, KI/M° (HEOPraHHYECKHX, MONMMEpPHBIX,
m m,
JPEBECHBIX, CTEKISHHBIX); P, =—7; pP,=—;
4 £
m; )
p,=—-; my, my, ..., m; — Macca 120, 220, cens 20
Vi
. 2
KOMIIOHEHTOB, Kr; Vi, V2, ..., Vi — o0bem 1 0,

220, ey i KOMIIOHCHTOB, M.

JluHeliHy10 TIOTHOCTH TEIUIONepenayu ¢, OT
TPaHCIIOPTUPYEMBIX KOMIIOHEHTOB B OJJHOCJIOMHON
MATMHAPUICCKON KOMMYHHKAITMN K aTMochepHo-
My BO3[yXy B 3MMHHH M TEPEXOIHBIC TMEPHUOIBI
romga, K TOTPaHUYHOMY BO3AYIITHOMY CJIOIO Yy
BHEIITHEH MOBEPXHOCTH TPYOOIIPOBO/IA TIPH CTAIIH-

OHAPHBIX  TEIUIOA3POJUHAMHMUYECKUX  pacdeTax
MO>KHO HaliTU U3 YPaBHEHHUS
_ Tc(too,l _ZOO,Z ) (5)
Te="7 1 . d, 1 °
—t+—=mh—=+—

a’O,l dO,l 2 7\’ dl a’0,2 d0,2
TAe 7,, — CPeIHss TEMIeparypa BO3AyXa BHYTPH

LUMIMHAPUYECKOH KomMynukamuu, °C; 7, —

CpemHss TeMIepaTypa HapyXHOro Bosnyxa, °C;
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dy,, @y, — CPEAHUH KOdD(HUUMEHT TEIUIo0TAaun

y BHYTPEHHEH M BHEIIHEHW NMOBEPXHOCTEW LUJIUH-
JIPUYECKOW KOMMYHHUKAIUH, BT/(MZ-K); dy, d» —
BHYTPEHHHH M BHEUIHWN JHaMETPBl LWIMHApPHYE-
CKOW KOMMYHHUKaIlH, M; A — KO3()(UIHEHT Ten-
JIONPOBOAHOCTU IMJIMHIPUYIECKON CTEHKH TpyOo-
nposoaa, Br/(m-K).

BbIBO/IbI

1. Beenmenue mpu CTpOHTENHCTBE M MOJCPHH-
3alMM TPEANPUSTANA COBPEMEHHOW TEXHOJIOTHYeE-
CKOI1 cHCTEMBI cOOpa M TPAHCIIOPTUPOBKH OTXOJIOB
MTO3BOJIUT B JIBa M 0OJee pa3 COKPaTHTh PaccTof-
HUE MX TPAaHCIOPTHPOBAHUS MO CPABHCHHIO C BbI-
BO30M aBTOTPAHCHOPTOM. JIOTIOJHUTENHHO CHH-
JKaeTcs TPaHCIOPTHAsl 3arpy3ka JOpor OOIIero
MONIb30BaHUsI M obecreyuBaeTcss 0O€30MacHOCTh
JOPOKHOTO JIBMKEHUSI.

2. Pabora BakyyMHOH yCTaHOBKH OOecriednBa-
€TCsl DJIEKTPOIHEPIrHel, HCIOIb30BaHHE KOTOPOit
CEroJIHsl — TpUOpUTETHAs 3ajava. IlocTeneHHbIN
0TKa3 OT MYCOPOBO30B NpPH YBEIHMUYECHUH YPOBHSI
HCIOJIB30BaHMsI TPyOOIpOBOIHOTO criocoba cOopa
OTpabOTaHHBIX KOMMYHAJIEHO-OBITOBBIX KOMIIO-
HEHTOB COKPATUT PACXObl Ha TOTUIUBO JUIS MPEJ-
MNPHUATHHA. A 3TO B CBOIO OYepelb YIYUIIUT COCTO-
SHUE OKPY’KalOMIeW Cpeasl TOPOIOB M IPOMBIIII-
JICHHBIX 30H.

3. YCTaHOBKM BaKyyMHOH TpPaHCIOPTHPOBKHU
OTXOJIOB KOMITaKTHBI, MPOCTHl B HaNaJKe, JIETKO
BIIUCHIBAKOTCSI B aPXUTEKTYPHO-CTPOUTEIHHBIN
na"amadT ¥ TEXHOJIOTUYECKHUI TpoLiece Mpearnpu-
ATHS, COOTBETCTBYIOT BBICOKUM CaHHTAPHO-TUTHE-
HUYECKHM TPEOOBAHMSIM IO YCIOBUSM TepeMellie-
HUS OTXOJIOB, MOTYT OBITh MOJIHOCTHEO aBTOMATH-
3upoBaHbl. K JOCTOWHCTBAM YCTaHOBOK TaKke
MO>KHO OTHECTH BO3MOKHOCTH COBMEILIEHHSI NPO-
1ecca TPAaHCIOPTUPOBAHHA OTAEIBHBIX OTXOJOB
WIA WX CMECH C Pa3IMYHBIMH MacCOOOMEHHBIMHU
U TEXHOJOTUYCCKUMHU OICPAlUsIMU, HAIPUMEP
C CYIIKOW M OXJIAXKJCHUEM OTIEIbHBIX KOMITOHEH-
TOB, Pa3JIOMOM U CeTapalmen.
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Pedepart. {51 noBsimenns 3pGEKTUBHOCTH IKCIUTyaTallK TEIUIOBBIX CETEH, pa3MELICHHBIX B HEIPOXOJHBIX KaHallaX, paHee
HPEIIOKEHO CXEMHO-CTPYKTYPHOE PeLleHHEe PEereHepaTHBHO-yTHIN3ALHOHHOIO TEIUIOUCHIONIb30BAHUS U OJHOBPEMEHHO I10-
KazaHa MPOOJIEMATUYHOCTD CO3JaHMs MPUEMIEMOH HaTypHON SKCIEPUMEHTAIbHOH YCTaHOBKH WM CJIOXKHOCTBH IPOBEICHHS
MIaCCHBHOTO 3KCIEPUMEHTA Ha CYIIECTBYIOMNX TEIUIOTpaccax B HEIPOXOJHBIX KaHalaX. B kauecTBe albTepHAaTUBHOIO pelle-
HHS JJIs1 BBITTOJIHEHHUS HCCIISIOBAHNUIT ITpeasiaraeTcsl Co34aTh U MCIOIB30BaTh BUPTYAIbHYIO SKCIIEPUMEHTAIBHYIO YCTaHOBKY,
paspaboTanHylo Ha 0a3ze mporpammHoro xomiuiekca ANSYS, momyuuBmiero mmpokoe npusHanue B mupe. HauanbHbie pe-
3yJIBTaTHl BepU(PUKAIIKE MOJEIH TTOKa3aIx MePCIIeKTUBHOCTh N3YUYeHHs TEIIIO0OMEeHA U a3pOANHAMHKH B IIPOLYBACMBIX He-
MPOXO/HBIX KaHAIAX TEIUIOTPAcC C WCIOJb30BAHMEM TAKOTO PELICHHUs. BBIMOIHEHO HCCIEIOBaHHE C MOMOIIBIO BUPTYaIbHON
IKCHEePUMEHTAIIbHOM YCTAaHOBKHM Ha 0a3se IecTU(aKTOPHOro poTaTabesbHOro IUiaHa BTOPOro MOpsiKa, coepikaiiero 46 touek
Ha THIepIIape ¢ MEeCThIO 3BE3AHBIMU TOYKaMH. [10ka3aHO OTCYTCTBHE HEOOXOAUMOCTH PaHIOMH3AINH MOPSIKA TPOBEICHHS
¥ TIOBTOPCHUS HCCIIEIOBAaHUS B TOUKAX IUIaHA IPOBEJCHUS BEIUUCIUTENHFHOTO SKCIIepUMeHTa. [1oaydeHs! ypaBHeHUs perpec-
CHH BTOPOTO IMOPSIKA JUIs pacueTa KOMIUIEKca [eJIeBhIX (YHKIMHA: TpeOyeMoro Hamopa Bo3ayXa AJsl JJOCTHKEHHS 3a1aHHON
CKOPOCTH IIOTOKA, HHTEHCHBHOCTH TEIUIOOTIAYM HEMOCPEACTBEHHO OT TPYO TEIUIOTPACCHI, @ TAaK)Ke OT CTCHOK KaHala K Ipo-
JyBaeMOMY BO31yXy. B kauecTBe BIUSIOMHX (HaKTOPOB IPU BBIYUCIICHUSX MIPUHATHI: TEOMETPHS KaHAJIOB THIOBBIX Pa3MepOB
TEIIOTPACC, [UIMHA yJacTKOB, TEMIIEPATyphl Hapy KHOTO BO3yXa M IPyHTa, CKOPOCTh ITOTOKA BO3IyXa B KaHaie. Jlyist mory-
YEHHBIX YPAaBHCHUH PErpeccHu yCTAHOBJICHBI 3HAYMMble KOI(OHIMEHTH! ¥ OCYLIECTBICH Nepexos oT Oe3pa3MepHbIX (akro-
poB K HaTypaiabHbIM. C HCIIOJIB30BAHMEM CTaHIAPTHBIX CTATHCTUYECKHX METOJOB OLICHOK Ha 0a3e pacCUMTaHHbBIX 3HAUYCHHUH
kpurepueB Oumnrepa, CThIOJICHTA U APYTUX ONpeieeHa aleKBaTHOCTh MOTyYeHHBIX YPaBHEHMI perpeccuu.

KiroueBble cj10Ba: TEIIOCHAOKEHNE, HEIPOXO/HbIE KaHAJBI, TEIUIOTPACCa, TEILIOOOMEH, a3pOJUHAMHYECKOE COMPOTHBIIC-
Hue kaHana, ANSYS, MaTemaTHueckoe MOJEIUPOBAaHUE, BepUHUKaLUs, UCIONb30BaHNE TEIUIOTHl TPYHTA, BUPTyaJlbHas MO-
JIeNb, YpaBHEHHE PErPECCUH, HIeCTH(HAKTOPHBIN SKCIEPUMEHT
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Heat Transfer Research
in Blown-Through Non-Passable Heating Mains Channels

Part 1
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Abstract. To increase the efficiency of operation of heating networks located in non-passable channels, a schematic
and structural solution of regenerative-utilization heat use was previously proposed and at the same time it is shown that it is
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difficult to create an acceptable full-scale experimental installation or the difficulty of conducting a passive experiment on
existing heating mains in non-passable channels. As an alternative solution for performing research, it is proposed to create
and use a virtual experimental setup developed on the basis of the ANSYS software package, which has received wide recog-
nition in the world. The initial results of model verification showed that the study of heat transfer and aerodynamics in blown-
through non-passable heating mains using such a solution is promising. A study has been carried out using a virtual expe-
rimental setup based on a six-factor second-order rotatble plan containing 46 points on a hypersphere with six star points.
It is shown that there is no need to randomize the order of conducting and repeating the study at the points of computatio-
nal experiment plan. Second-order regression equations have obtained for calculating a complex of objective functions:
the required air pressure to achieve a given flow rate, the intensity of heat transfer directly from the pipes of the heating main,
as well as from the walls of the channel to the blown air. The geometry of the channels of typical standard sizes of heating
mains, the length of the sections, the temperature of the outside air and soil, and the air flow rate in the channel have been
taken as the influencing factors in the calculations. For the obtained regression equations, significant coefficients have been
established and the transition from dimensionless to natural factors has been carried out. The adequacy of the obtained reg-
ression equations has been determined using standard statistical estimation methods based on the calculated values of the
Fisher’s, Student’s and other criteria.

Keywords: heat supply, nonpassable channels, heating main, heat exchange, acrodynamic channel drag, ANSYS, math mode-
ling, verification, utilization of soil heat, virtual model, regression equation, six factor experiment

For citation: Sednin V. A., Bubyr T. V. (2021) Heat Transfer Research in Blown-Through Non-Passable Heating
Mains Channels. Part 1. Science and Technique. 20 (2), 150-160. https://doi.org/10.21122/2227-1031-2021-20-2-150-160

(in Russian)

BBenenue

Panee B [1, 2] ans nobimenus 3¢dexkTuBHO-
CTH DJKCIUTyaTallid TEIUIOBBIX CEeTeH, pa3MelleH-
HBIX B HENPOXOJHBIX KaHajax, HPEATIOKEHO CXEM-
HO-CTPYKTYpHOE€ pEIlIeHHE pereHepaTHBHO-YTHIIU-
3allMOHHOTO TEIUIOMCIOIb30BaHUA, YTO NTO3BOJIUIIO
ONPENENUTh  aKTYaJIbHOCTh  COOTBETCTBYIOIIUX
9KCIEpUMEHTANBHBIX HccaenoBanuii. OmnpeneneHa
MpoOJIeMaTHYHOCTD CO3JaHUs IPUEMIIEMO HaTyp-
HOW SKCHEPUMEHTAIFHONH YCTAaHOBKM WIIM CIIOXK-
HOCTB MPOBEIEHHS NacCCUBHOTO SKCIEPUMEHTa Ha
CYLIECTBYIOIMX TEIUIOTpaccaXx B HEMPOXOIHBIX
KaHanmax. B kauyecTBe aJbTEPHATUBHOTO PEIICHUS
IUIsl BBITIOJIHEHHSI MCCIEOOBAaHUM MPEATIORKEHO CO-
3aTh ¥ MCIIOJIb30BaTh BUPTYyaJbHYIO SKCIIEpPUMEH-
TIBHYIO YCTaHOBKY, pa3pa0OTaHHyr0 Ha Oase
nporpaMmHoro kommiekca ANSY'S, mupoko mpu-
3HaHHOTO B Mupe. HauanbHble pe3ynbTaThl Bepu-
(ukanmu momy4yenHoi ¢ nmomomsio ANSYS Bup-
TyaJbHOM MOJENM IIOKa3ajddl IEPCIEKTUBHOCTD
NPEAJIOKEHHOTO PELICHUS 10 MCCIEJOBAHUIO TEll-
J000MeHa W a’pOIMHAMUKU B NPOIYBAaEMBIX He-
IPOXOJHBIX KaHalaX TEeIIoTpacc.

OKcIIepUMEHTAIbHBIE HCCIEIO0BaHUA B 0O0JIb-
IIMHCTBE CIy4aeB yAOOHO OCYIIECTBIATH C IPH-
BJIEYEHUEM METOJI0B MAaTE€MAaTH4ECKOro IJIaHUPO-
BaHHS W 00pabOTKH TOMydaeMbIX MaHHBIX. K co-
JKAJICHUIO, METOJOUK BbIOOpa IUIaHA IPOBEACHUS

Hayka
wTexHuka. T. 20, Ne 2 (2021)

JKCIIEPUMEHTA Ul pealn3alliid METo/Ja MaTeMa-
TUYECKOTO TUTaHupoBaHus HeT. OnpeaeneHue Yrc-
nma (hakTopoB, WX paHKHpPOBaHUE, OOOCHOBAHHUE
UATIa30HOB WM3MEHEHUS (HaKTOpOB I BHIOpaH-
HBIX HCCIeayeMbIX (PYHKIMI eI MpoBOASTCS Ha
OCHOBaHUH:

— OKCIIEPTHBIX OIIGHOK CaMHX YYaCTHHUKOB,
CBSI3aHHBIX C MMPOBEJICHNEM SKCIIEPHMEHTA;

— CTOPOHHHMX HCCIIEI0BATENCH;

— MMEIOIIUXCS JINTEPATYPHBIX JAHHBIX B KOH-
KpeTHOU 00JiacTu 3HaHwmiA [3—6].

Takoif MOAX0a HEOOXOIUM JUIS JIyYIIero Io-
HUMAaHUS POJM TEX WM WHBIX (DU3MUYSCKUX BEIIU-
YUH B MPOTCKAHUM PAcCMAaTPHBAEMBIX MPOIIECCOB
U 0COOCHHOCTEW MX OCYIIECTBJICHHUS IMOJ BO3AEH-
CTBHEM Kaxnoro Qakrtopa. Hakoner, ¢akTopsl,
MPUHSATHIC IS TMPOBEICHUS WCCIICIOBAaHUS, HE
JIOJDKHBI 3aBHCETh JIPYT OT japyra. Beibop dakro-
poB, OOOCHOBaHHWE Uaria3oHa MX W3MCHCHHS W
paHXUPOBAHUE OTPaKEHHI B [1, 2].

Bpi00p mi1aHa npoBegeHNs IKCIIEPUMEHTA
M BJIMAOIINX (PAKTOPOB

Wcnonb3ys TabMuLbI MIaHOB MTPOBEICHUS aK-
THUBHOT'O KCIepuMeHTa [3, 4], peKOMeHIaluu o
BBIOOPY OIpe/IeIeHHOTo 1aHa [5—7], k peanunza-
LUH IPUHAT LECTU(PAKTOPHBIN, pOTaTa0eIbHbIH
IJIaH BTOPOTO mopsaka (tadum. 1).
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Tabnuya 1
IInan npoBeneHus: IKCHEPHMEHTA
Experiment plan

2 ® 2 ® 2 ®

£ s aKTOp g s AKTOP z s aKTOp

E o= E = E o

SEXN LN N |G NEE NN | NN X | NIEEXY XN || XN X | X
1 - - — — - — 17 + - _ - - + | 33 | —* 0 0 0 0 0
2 - - - - + + 18 + - — - + - 34 * 0 0 0 0 0
3 - - - + - + 19 + - — + - - 35 0 —* 0 0 0 0
4 - - - + + - 20 + - - + + + 36 0 * 0 0 0 0
5 - - + - — + 21 + - + - - - 37 0 0 —* 0 0 0
6 - - + - + — 22 + - + - + + 38 0 0 * 0 0 0
7 - - + + — — 23 + - + + - + 39 0 0 0 —* 0 0
8 - - + + + + 24 + - + + + — | 40 0 0 0 * 0 0
9 — + — — — + 25 + + - - - — | 41 0 0 0 0 —* 0
10 - + - - + - 26 + + - - + + | 42 0 0 0 0 * 0
11 - + - + - - 27 + + - + - + | 43 0 0 0 0 0 —*
12 - + - + + + 28 + + - + + — 144 0 0 0 0 0 *
13 - + + — — - 29 + + + — — + | 45 0 0 0 0 0 0
14 - + + — + + 30 + + + — + - 46 0 0 0 0 0 0
15 - + + + - + 31 + + + + — —
16 - + + + + - 32 + + + + + +

OYHKIMKA OTKIWKA HMCCIICIOBAIMCH B 3aBHCH-
MOCTH OT CJICAYIOMIUX (haKTOPOB:

— XapaKkTepHOTO pa3Mepa, OIpeaelsole-
ro TeOMETPHUI0 KaHalla B MOMEPEYHOM CEUCHHH,

Xnonp (X]), M;
— XapakKTCpHOTO pasMepa, OIPCACIAOIICTO
TCOMCTpHUIO KaHalla B IIPOAOJIbHOM  CCYCHHU,

anou (X2)9 M;

— CKOPOCTH TOTOKA BO3yXa B KaHaie o (X3), M/c;

— TeMIIepaTypbl CETEBOM BOABL: NPSAMOH fricp
1 00paTHO focp (X4), °C;

— TeMIIepaTypbl HAPY>KHOTO BO3/AYXa fy 5, (X5), °C;

— TeMIepaTypbl TPyHTa Ha TIyOWHE 3aJieraHus
KaHana ty, (Xs), °C.

B BBIYMCIUTENBHBIX SKCIEPUMEHTAX OIBITHI
BBINIOJIHEHBI B COOTBETCTBUU C MaTpHled Iuia-
Ha. Kpome TOrOo, B paccMarpuBaeMoOM BapHaHTE
UCCIIEZIOBAaHUM MpearnoaaraeTcsi OTCyTCTBHE CHC-
TEMaTHYECKHUX OMIMOOK, YTO HCKIIOYaeT HeoOXo-
JUMOCTh B PaHIOMM3ALMU TOCIEI0BATENIEHOCTH
MIPOBEICHUS ONBITOB [7].

B pacuerax moTok Bo3ayxa JBUKETCS B OAHOM
HampasJeHHU C MpsMoii ceteBoit Bonoii (IICB) ot
Hayvaja ydJacTKa, I/Ie 3aJafoTcsl TeMIepaTypsl MOo-
TOKOB Bo3ayxa u IICB, x okoH9aHHIO ydacTKa, rae
YKa3aHHbIE TEMIEPATYPBI PACCUUTHIBAIOTCS B IPO-
rpaMmMHOM Komruiekce ANSYS. Jlns oOpartHoOi
ceteBoil Bonmbl (OCB) mmeer MecTo MPOTHBOTOK
MOTOKY BO3ayxa, U Temmeparypa OCB 3anmaercs
B BBIXOJHOM CEYEHHH y4acTKa W PacCUUTHIBAETCS
BO BXOAHOM. Temmeparypbl OTOKOB CETEBOH BO-
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bl 3a/1al0TCS TPENeNbHBIMH I KOHKPETHOTO
rpadvka C y4eToM MapHOTO COOTBETCTBUS COOT-
HOIICHHSI TEMIIEPATYP TPSIMOU B OOpaTHOU BOJIBI.
B mpakTtryeckux pacderax, eCTECTBEHHO, TeMIIe-
paTypsl ceTeBOW BOABI MOTYT OTJIMYAThCA 32 CUET
TEIUIONOTEPh B KaHaJle U OTBOJAA TEIJIOTHI y IO-
Tpeburenss. Ho mockonbky oHH OyIyT HaXOAUTHCS
BHYTpH AHAaIia3oHa MpeAebHBIX 3HAYeHUH TemIie-
paTyp TOTOKOB, YpaBHEHHS PETPECCHH HamyT pe-
3yJbTaT, YYUTHIBAOIINN OTKJIOHEHHUS TEMIEpaTyp
OT MPEEIIbHBIX.

JTtansl padoThl
¢ MPpOrpaMMHBIM KoMITiekcom ANSYS

Ilocmpoenue pacuemuoli cemku KOHEUHbIX
anemenmos. 1lepBblil, U BeCbMa Ba)KHBIH, 3Tal CBs-
3aH C TIOCTPOEHUEM PAcCUETHOW CETKH JJISI BBHIMOJ-
HeHusa BbeuucneHud B ANSYS. lnga moctpoenus
CETKH MpEAJIaraloTcsl pa3InuHble CETOUHBIE MOAY-
mu B coctaBe ANSYS: ANSYS Meshing, ANSYS
ICEM CFD, ANSYS Fluent Meshing. Momyib
ICEM CFD npuMeHUM IS CIIOXKHBIX TEOMETPHH,
MTO3BOJISIET CTPOWTH CETKY IO IUIOXO CBSI3aHHOMY
Ha0Opy TE€OMETPUYECKHUX JaHHBIX, YTO HEBO3MOX-
HO cZenaTh NPH IOMOLIM JPYTHX HHCTPYMEH-
ToB [8]. ANSYS Fluent Meshing npumensiercst st
MOCTPOSHHUST OONBIINX HECTPYKTYPUPOBAHHBIX TET-
padapUYecKnX, OPTOTOHAIBHBIX, MOJMIIPUIECKUX
M CEeTOK C MpeoOafaHueM TeKCadApOB Ui OYEHb
CJIO)KHBIX TEOMETPUYECKUX MOJENeH, IUPOKO HC-
MOJIB3YETCsl B @3POKOCMHYECKON M aBTOMOOMIIBHOI
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OTpacisix, HampuMep TpU MOJCIUPOBAHUU TIOJ-
KallOTHOTO TIPOCTPAHCTBa KapbepHBIX CaMOCBa-
JIOB WM Uil KOHCTpyHpoBaHws OomumoB F1 [9].
ANSYS Meshing sBnsieTcsl yHEBEpPCAILHBIM, MHO-
ro()yHKIIMOHAIBHBIM, aBTOMATH3HPOBAHHBIM U BbI-
COKOIPOMU3BOAMUTENIBHBIM TPOIYKTOM, CO3JAIOIINUM
CETOYHYIO MOJIENb JUIs TOYHBIX 3((HEKTUBHBIX MHO-
rogucIIInHapHeIx pacderoB [10, 11]. dannsrit
MOIYJIb TEHEPUPYET CETKY C ydeToMm obiactu ¢u-
3WKH, K KOTOPOM OTHOCHUTCS 3ajjada, W THUIIA pella-
Tens, ucnoibp3dyemoro B pabore ANSYS. B cBoem
HCCIICJIOBAHUU aBTOPHI I T€HEPalluU CETKU TMPH-
MmeHs Moyl ANSYS Meshing.

BaxHsplil (hakTOp MOCTPOEHUSI CETKH — COOT-
BETCTBHE KAaHOHWYECKOW (OPMBI  IJIEMEHTOB
pa3OHMeHnsT CIOXKHOCTH KOHCTPYKIIMM KaHaua.
IIpn moOCTpOEHMH CETKH UCHONb30BAUCH 3Ile-
MEHTBI B (hopMe TeTpasjpa, MUPaMHUJbI, MPU3MBL
OpnHako I MOMyYeHUs] CTPYKTYPHPOBAHHOM ceT-
Ki OOIBIIas YacTh DJIEMEHTOB Obla MPOCTPOSHA
mecturpaHHukamu. OnpeneNsiomuil MaKCuMallb-
HBI pa3Mep dJieMeHTa pa3OueHHs M ero KaHOHU-
geckas ¢opMa — CIeIyIONue Mo BaXHOCTH (ak-
TOPHI MPU BBIOOPE CETKH, OT KOTOPBHIX B TOM YHC-
Jie 3aBHCHUT BBINIOJHEHHE CXOAMMOCTH TIIpolecca
YyHuCIieHHOTO pemeHus. J[pyroe ycmoBue BeIOOpa
ceTKu — obecrniedyeHue TpedyeMoli TOUHOCTH pellre-
Hust. OOliee 4YMCIIO AJIEMEHTOB B pacyerax pac-
CMAaTpUBaeMOMl 3KCIEPUMEHTAIbHOU MOJEIN KO-
nebanock OT 5 10 15 MIH eAWHWI] — 3TO CBA3AHO
KaK ¢ MakcUMaJbHOH jamuHON ydacTka (100 M), Tak
U C MaKCUMAJIbHBIM MONEPEYHBIM CEUCHHEM KaHa-
ma (1,7x2,5m). Kpome Toro, pacueTHoe ceue-
HUE BKJIFOYAJIO TPYHT BOKPYT KaHajla Ha TOJIIHHY
mo 0,5wM. Ilpu »>TOM MUHUMAaNIbHAS IJIUHA KaHAa-
n1a ceyenneM 1,5x2,0 m cocrasisiia 20 M. Bonusu
MOBEPXHOCTEM  paccMaTpuUBaeMOi  T'€OMETPUHU
YKJIaJIBIBAJICS TOHKHM CIIOM MpU3MaTUYECKUX dJie-
MEHTOB TOIIIIMHOM, o0ecrieunBaromieii be3pamep-
HBIH mapamerp y+ B auanasone 30-100. Cxonu-
MOCTh IIpoOllecca Ompesensanach IO JOCTHXe-
HUU COBMAJEHUSA COCEIHUX 3HAYCHUH HTEpaLui
TEeMIepaTyphl, HAlopa, MacCOBOTO pacxoja, Xa-
PAaKTEepU3YIOIKXCS BETHIMHON MeHee 10°, dTO
JIOCTHTaJoCh Tocie 2 Thic. ureparuid. IIporecc
MOCTPOEHUSI CETKH TPOU3BOAMICS ULl JIEBATH
KOHUTYpaluii KaHalla IKCIIepUMEHTAIIFHON yCTa-
HOBKM, BpEMs IIOCTPOCHHUS CETKU HJis KaKIou
KOH(UTYpallMu B CPEAHEM 3aHUMaio oT 2 J1o 6 .
Jns pemeHus MCHoNb30BaNCA MNpPUHAAIECKAIINAN
HUTMO HAH benapycu koMnsroTep ¢ 26 sapamu u
128 I'6 O3V, Ha KOTOPOM ObLJT YCTAHOBJICH JIMIICH-
3noHHBIA TakeT ANSY'S.

Hayka
wTexHuka. T. 20, Ne 2 (2021)

Pacuemnvie naxemwvr ANSYS. Cnenyroumit
STall MCCIECIOBAHUS CBs3aH C pacuyeTaMH HETIo-
CPEICTBEHHO B TOYKaxX MaTpHUIIbl TUTaHA TPOBEIIe-
HUS dKcriepuMenTa (tabn. 1). ns atoro u3 cocra-
Ba ANSYS 0bi1 BbiOpaH maker CFX, KOTOpBIi,
COTJIaCHO PEKOMEHIAINSAM, TP MHHHMAIbHBIX
BPEMEHHBIX 3aTpaTaxX JaeT OXHIAEMBIA pe3yJib-
tat [11]. IIpu 3TOM IS pa3IMYHBIX TOUYEK IUTaHA
BpeMs pacueTa u3MmeHsercs ot 3 10 24 4. OkoHya-
HUS UWTepaluil OIpeNesuTCh W3  BBITOIHE-
HUS TaKUX YCIOBHH, KakK: CTAOWIM3aIUs MPH Tie-
pexoje OT OJHOM UTepalu K IPyroil Takux napa-
METPOB, KaK TeMIIepaTypa, MaCCOBBIA pacxo] Tel-
JIOHOCHTETS, TABJICHNE, TUIOTHOCTh TEIUIOBOTO II0-
Toka. [lorpemrHocTh NOMyYaeMbIX pPe3yJIbTaTOB
onernBanach B 5-10 %.

O4eBHIHO, YTO TPOMO3JIKOCTH MIpOIecca MOy-
YEHUSI PE3yNBTATOB C HCIIOIH30BAHHUEM IPOTpaM-
MHOTO KoMmImiekca ANSYS wmamo mpuemiiema B
WHXEHEPHOW NpaKTHUKe. JTO MOATBEPKIAET HE00-
XOJUMOCTh TIOJIYY€HHS Ha OCHOBE JKCIIEPHMEH-
TaJbHOTO MCCIEIOBAHMS C MOMOIIBIO JaHHOTO Ta-
Kera OoJiee TMPOCTBIX COOTHOIICHH, HAIPUMEP
YpaBHEHUH perpeccur, OTBEYAIOIINX TPEOOBAHUIM
MIPAKTHYECKOTO MPUMEHEHHUS.

Takum 00pa3oMm, ¢ MOMOIIBIO POTPAMMHOIO
komiiekca ANSYS B 3aBUCMMOCTH OT Hepeyuc-
JIEHHBIX (PaKTOPOB B KaKJOW TOUYKE TJIaHA PacCUH-
THIBAIKCH: MOTEPU HAMOpa MPOAYBAEMOIrO MOTOKA
BO3IyXa Ha y4acTKe KaHaja, TeMIIepaTyphl Ha BBI-
X0JIe MIOTOKA BO3/TyXa U CETEBOU BOJBI B TIPSIMOM U
oOpatHOM TpyOompoBonax. JlocTmxkeHneM cxXou-
MOCTH MTEPAIIOHHBIX MTPOIIECCOB yKa3aHHBIX pac-
YETOB CUMTAJICS BBIXOJ| Ha IUIATO IpadUKOB ypaB-
HEHUWIl uMITynbca, 6aganca Macc, SHEpTuil, TypOy-
JICHTHOCTU. BpeMs pacyeToB KaxJ0¥ TOUKHU IIaHa
HaxXOoOWJIOCh B auamna3oHe 16-24 uy. B kauectBe
MIprMepa CXOIWMOCTH U OJHOM M3 TOYEK IUIaHa
MOKa3aHbl Ha puc. 14.

AHanusupys puc. 1, 2, MOXKHO OTMETHUTH, YTO
JUT TIOTOKAa CETEBOW BOABI IIPH ABIKEHUH B TPY-
0OIpOBO/Ic HE BO3HUKAET MPOOJIIEM CO CXOIUMO-
CTHIO pEIIeHus, B TO JK€ BpeMs IS BO3IyXa
BCIIEJICTBUE HAIMYUS PsAla MECTHBIX COIPOTHUBIIE-
HUH WMEIOT MECTO MyNbCAIlih IOTOKAa BO3AyXa,
YTO OCJIOXKHSIET CXOAUMOCTD MPOLIeCcca PEIICHHUS.

JanHple puc. 3 MO3BOJISIOT CUUTATh, YTO BBI-
OpaHHas Mojenb TypOyneHTHoCcTH k—® SST xopo-
10 OTKCHIBAET MPOTEKAMOIINE B KaHAJE MPOLECCHI.
W3 puc. 4 BumHO, 4YTO AMCOATAHCHI PEIIAEMbIX
ypaBHEHUI IOCTUTAIOT HYJEBBIX 3HAYCHUH, U 3TO
YKa3bIBa€T Ha OKOHYAHHE MIPOIIECCa PEIICHHUS.

PesynbraTtel paboOTHl MPOTPAMMHOTO KOMILIEKCA
ANSY'S ans Bcex ToYek IUTaHa MPUBEIEHBI B TaOI. 2.
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Tabruya 2

PesysbTaThel padoThl NporpaMMHOro komiiexkca ANSYS 1,15 Beex Touek IjiaHa

Results of ANSYS software package for all points of the plan

E s Temneparypa Bbixoaa ¢, °C Ap, % ’ Temneparypa Bbixoaa ¢, °C Ap, E s Temneparypa Bbixoaa £,°C Ap,
é S| TICB | OCB | Bosayx ITa ; S| TCB | OCB | Bosayx ITa ;g TICB OCB | Bosmyx | 112
1 |79,4960 | 44,9980 | —10,88 | 40,4 | 17 | 79,4940 | 44,9960 | -7,64 72 | 33 | 89,9990 | 49,4994 | -7,28 |27,1
2 79,4960 | 44,9980 | 1,05 | 38,6 | 18 | 79,4940 | 44,9970 1,57 69 || 34 | 89,9949 | 49,4971 | 4,81 122
3 100 | 52,9970 | —10,14 | 40,4 | 19 |100,4920| 52,9950 | -8,23 | 72,6 | 35 | 89,9990 | 49,4990 | -6,57 | 71,6
4 100 |52,9980| 0,65 |38,7| 20 |100,4920| 52,9960 2,79 | 69,1 | 36 | 89,9610 | 49,4780 | 3,84 | 163
5 179,4960 | 44,9970 | —12,50 | 195 | 21 | 79,4930 | 44,9960 | —11,49 | 341 | 37 | 89,9972 | 49,4984 3,01 0,95
6 |79,4970 | 44,9980 | 0,42 | 185 | 22 | 79,4940 | 44,9970 0,67 |324,| 38 | 89,9968 | 49,4981 | 6,84 | 277
7 1100,4950( 52,9970 | —12,70 | 195 | 23 |100,4910 52,9950 | —10,86 | 342 | 39 | 65,0277 | 38,9985 | —6,14 | 80,5
8 1100,4960( 52,9980 | —0,04 | 185 | 24 |100,4920 | 52,9960 0,30 324 | 40 |114,9660| 57,9979 | 5,83 | 78,4
9 |79,4984 | 44,9990 | —12,38 | 11,5 | 25 | 79,4972 | 44,9983 | —11,67 | 19,2 | 41 | 89,9963 | 49,4976 | —20,53 | 86,9
10 | 79,4986 | 44,9992 | 0,27 | 10,9 | 26 | 79,4976 | 44,9986 0,72 17,4 | 42 | 89,9973 | 49,4986 8,41 75,3
11 | 100,498 | 52,9988 | —12,55 | 11,5 | 27 [100,4970| 52,9980 | —11,17 | 19,3 | 43 | 89,9968 | 49,4982 | -6,37 | 78,6
12 100,498 | 52,9990 | 0,12 | 10,9 | 28 [100,4970 | 52,9984 0,50 17,4 | 44 | 89,9968 | 49,4982 | —5,56 | 79,5
13 79,4984 | 44,9989 | —13,67 | 54,4 | 29 | 79,4970 | 44,9980 | —12,69 | 85,1 | 45 | 89,9968 | 49,4982 | 594 |77,.8
14 | 79,4986 | 44,9992 | —0,65 | 51,5 | 30 | 79,4976 | 44,9986 | 0,44 | 80,7 | 46 | 89,9968 | 49,4982 | -7,28 | 80,5
15 |100,4980| 52,9988 | —13,47 | 54,4 | 31 |100,4960 | 52,9980 | —12,85 | 85,1
16 [100,4980( 52,9990 | —0,74 | 51,6 | 32 |[100,4970| 52,9984 | -0,11 | 80,7
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HenocpenctBeHHO 10 pe3yiabTaraM pabOThI
nporpammHoro komruiekca ANSYS He BeIBomATCS
TpeOyemble (YHKIHH OTKINKA, yKa3aHHBIE BEIIIIE.
B o10it cBsA3u 3HAYEHUS TpeOyeMBIX (YHKIHH OT-
KJIMKa PacCUUTHIBAIOTCSA HA 0a3e MOIyYeHHBIX pe-
3yJIBTaTOB PabOTHl YIMOMSHYTOTO IPOTPAMMHOTO
KOMILJIEKCa IO 3aBUCHUMOCTSIM, ITPUBEJCHHBIM B [2].

PerpeccuoHHble ypaBHEHHA

DYHKIUAMHA OTKIIUKA OTIPEICICHBI:

— MMOTEpH HAIopa IMpHU MPOJYBKE KaHAla BO3-
ZyXOM;

— yJETbHBIC TEIIOBBIC TOTOKH K BO3IYXY:

CYMMapHBIH OT TPYyOOIPOBOIOB CETEBOM BOJIBI;

pasnenapHBIe OT TPYOOIPOBOIOB MPSMON U 00-

paTHOM ceTeBOM BOABI;

OT OTPaXIAIOIIUX KOHCTPYKIUH KaHaa.

st ompenenenus yneapHOTr0 TEIUIOBOTO MOTO-
Ka HeoOXOIWMO 3HAaTh MHTETPAIBHBIA MOTOK Tel-
JIOTHI K BO3/YXY, KOTOPBIA OMpPEIENsIeTCs] U3BECT-
HBIM COOTHOIICHHEM C UCIOJb30BAaHHEM pPacxojia
moToka Bo3ayxa (Gy, KI/c), TEMIIepaTyp IMOTOKA B
HaYaJhbHOM M KOHEYHOM CEUEHHUSIX W TEIIOeMKO-
CTe BIAXHOTO BO3JyXa H300apHBIX, YICIBHBIX
MacCOBBIX, CPEIHUX B COOTBETCTBYIOIIMX HHTEp-
BajlaX TEMIlepaTyp NpH OOOOIIEHHOM BJIAroco-
nepxanun 10 T/xr

(1)

— 15
QBX = GBXCp,BX 4 (t2 _tl )’

rae c, nzobapHasi yjaenbHas MaccoBasd,

P.BX

f

CpeloHssl B WHTEpBajle TeMIepaTryp f—f, TeIulo-

eMKocTh Bo3myxa, [Lx/(kr-°C); t,, t; — Temeparypa
BO3/lyXa Ha BBIXOJE U BXOJE y4acTka, °C.

Ha 0aze nmpuBeeHHBIX PE3yIbTaTOB MCIIOIH30-
BaHMs mporpammHoro kommiekca ANSYS nmo us-
BECTHBIM PACXOAy U TeMIIEpaTypaM CETEBOM BOJbI
HE TpeAcTaBIsIeT NMpolieM 0alaHCOBBIM METOAOM
OTIPEIENUTh TEIUIOBOK MOTOK OT TPyOOIPOBOAOB K
MIPOJYBa€MOMY BO3JYyXYy. DTO MOXHO CHENaTh OT-
JICJIHO JUJIS MOTOKA MPSMOM U 00paTHO# ceTeBOi
BOJIBI

QCB = Gcacp (t2 - tl )’ (2)

rae G., — MacCOBBIA PacxoJ]l CETEBOU BOJBI depe3
TpybonpoBon, Kr/c; ¢, — Hu300apHas yjelbHas
MaccoBas TeII0eMKOCTh Bogbl, JIk/(xr-°C); £, ¢ —
TeMepaTypa CeTeBOW BOABI HA BEIXOJEC WM BXOJE
ydactka, °C.

Pa3HOCTh WHTETpaNbHOTO MOTOKA TEIIOTHI K
BO3/[yXy M TEIUIOBHIX MOTOKOB OT TPyOOIIPOBOIOB
CETCBOM BOJBI TO3BOJSET YCTAaHOBUThH TEILIOTY,
NepeaBacMyro IOTOKY BO3AyXa OT OIPaXkIaroIuX
KOHCTPYKIMI KaHazia:

Q}cal—[ = QBX - QCB‘ (3)

YenpHbIl TEIUIOBOM IMOTOK OMPENENSICS Kak
OTHOUIEHHUE TMOJHOT'O MHTETPAIBHOIO MOTOKA Tel-
JIOTHI K COOTBETCTBYIOIICH IIOMIAAN MTOBEPXHOCTH
TEIIO0TAAYH.

Pesynbrarel 00paboTkH TaHHBIX Tabx. 2 1O co-
otHouieHusM (1)—(3) mpuBenens! B Tad. 3.

Ha ocnoBanmm manHpix Tabm. 1, 3 ammpokcu-
MHPOBAIHCH KOIPGUIINEHTH YpaBHEHUN perpec-
CUU C HCIOJb30BAHUEM COBPEMEHHBIX ITAKETOB
MIPUKIAAHBIX Tporpamm [12, 13].

Tabruya 3

Pe3yabTaThl 00padoTKu JaHHBIX Ta0J1. 2 o cooTHoweHusM (1)—(3)

Results of processing data of Table 2 by relations (1)—(3)

Hayka
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MOIIHOCTE yIeIbHBIX HOTOKOB MouHoCTh yAeIbHBIX TIOTOKOB MoIHOCTh yAeIbHBIX TTOTOKOB
« | TEIUIOTBHI «IIOBEPXHOCTD — BO3AYX» ¢, | « | TEIUIOTHI KIIOBEPXHOCTH — BO3MYX» ¢, | « | TEIUIOTHI KIIOBEPXHOCTH — BO3LYX» ¢,
T = T
< Br/m? < Br/m? < Br/m?
5 5 5
=) =] =]
= * . = * . = * .
? * * *H § i ? * * *H § i ? * *H § i
e m ) = s = m m = * © % m = %
RS @) 2 22 151 O ®) 2 22 | 5] 8 &) 2 22
=z = o ~ O = = = o = O = b = o = O =
1 2 3 4 5 6 7 8 9 10 11 12 13 14 15
1 26,6 16,4 51,5 414 17| 26,1 15,9 57,0 43,1 33| 28,6 16,3 39,7 354
2 23,0 12,8 26,6 242 18| 22,8 12,7 15,2 16,6 34| 284 15,9 36,0 31,2
3 33,4 18,6 61,1 493 19| 33,1 18,3 47,6 394 35| 28,7 16,1 33,6 54,9
4 30,0 15,1 16,7 20,1 20| 29,6 14,8 24,1 23,7 36 | 292 16,4 44,5 13,5
5 27,0 16,8 71,3 53,3 21 27,0 16,6 57,7 442 37| 26,0 14,0 14,5 17,1
6 234 13,1 20,0 20,3 22| 232 12,9 29,9 25,8 38 | 29,8 16,9 41,2 36,2
7 34,1 19,1 59,9 483 23| 33,8 18,8 68,5 52,7 39| 213 13,6 37,9 30,4
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Okonuanue maobn. 3

End of Table 3

1 2 3 4 5 6 7 8 9 10 11 12 13 14 15
8 | 303 15,3 31,1 29,1 | 24| 30,2 15,3 18,8 21,1 40 | 38,1 19,2 37,5 353
9 [ 293 | 182 | 498 | 503 | 25| 282 | 174 | 403 | 370 | 41| 340 | 21,1 | 782 | 594
10 | 25,3 14,2 13,8 21,1 26 24,2 13,4 20,2 23,4 42 249 12,1 —-1,66 7,07
11 37,0 20,7 41,8 46,7 27 353 19,7 48,1 43,1 43 29,5 16,7 26,5 26,6
12] 328 | 166 | 21,5 | 293 | 28| 312 | 158 | 12,6 | 209 | 44 | 294 | 166 | 48,7 | 398
13 | 30,0 18,6 48,0 50,0 | 29 | 28,7 17,7 55,4 547 | 45 | 294 16,6 37,6 33,6
14| 258 14,4 25,0 299 | 30 | 24,8 13,8 15,4 222 | 46 | 294 16,7 37,7 33,0
15| 37,6 21,4 57,0 59,6 | 31 | 359 20,1 46,4 50,3

16 | 334 17,0 16,0 258 | 32| 31,8 16,1 24,0 30,8

* Ha 1 M? HOBEpXHOCTH M30JILIMU TPYOOIIPOBOAA.
** Ha 1 M? HOBEepXHOCTH KaHaa.

**% CyMMapHBIi IOTOK TEIUIOTHI K BO3IyXy Ha 1 M? 00JyBacMbIX IOBEPXHOCTEIl TEIUIOOTAAYM TEIUIOTPACCHI CETEBOM BOIBI

U KaHaJa.

B oOmem Buae ypaBHEHHE IS IOBEPXHOCTH
OTKJIMIKA BTOPOTO TOPSIKA 3aITHIIECTCS

Y= by + biXy + boXiE + byXo + baXo + bs Xy +

+ beXy® + brXy + beXy® + boXs + bioXs® + by Xs +
b1Xs + bi3Xi Xz + biaXoXs + bisX\ X + b1 X1 Xs +
b17X1.Xs + b13Xo X5 + b10Xo Xy + b XoXs + by Xo X +

+ b Xa Xy + b3 XaXs + bru X3 X + bysXuXs +

+ bysXuXs + b2 XsXs.

3HayeHus1 K03(pGULMEHTOB YPpaBHEHHUIl perpeccuu

BaTHOCTH H PabOTOCIIOCOOHOCTH

Brruncnenne ko3hQUIMEHTOB perpeccuu Iis
MPUHATHIX QYHKIUN OTKJIMKA OCYIIECTRISIOCH MO

dopmynam [7]. Tlonaydyennbie 3HaueHUS K03 du-
[UCHTOB YPaBHEHWH pErpeccHd TPHUBEICHBI B
Tao. 4.

B 1abn. 5 oTpaxeHsl pe3yabTaThl OIIEHKH aJleK-

YPAaBHEHUM PErPECCUN.

Regression equation coefficients

IMOJTY4YCHHBIX

Tabnuya 4

Kooddumment DyHKUMS OTKIIMKA IS pacuera
YPaBHEHUS TEIJIOBOT0 MOTOKA K Bo3ayxy Y; = f(X);= 1, 2, 3, 4, Br/m? OTEpPh HaIopa
perpecenn CyMMapHblif MoToK Y; OrIICB Y, Or OCB Y, Or rpynra Y, Y5, Ia/m
1 2 3 4 5 6
by 32,400 29,30000 16,600000 37,400 0,133000
b, 1,380 ~0,31000 ~0,212000 0,890 ~0,002900
b, 0,610 ~0,07600 ~0,055400 0,192 0,000553
bs -1,290 0,91000 0,525000 -2,220 -0,065000
by 0,770 -0,00161 -0,028100 0,411 0,012500
bs 3,100 0,41800 0,297000 3,700 0,108000
bs 0,560 —0,17700 —0,170000 -1,580 0,019000
b, 1,030 3,55000 1,180000 —0,068 —0,000131
by 0,536 0,13800 ~0,000411 0,166 0,001160
bo ~11,600 ~1,92000 ~1,890000 ~16,600 ~0,004380
bo 0,600 0,09600 0,037900 0,273 0,001660
b1 2,970 -0,02170 —-0,019600 4,660 0,000114
b1y 0,610 0,09800 0,039200 0,163 0,001050
b3 —-0,352 —0,29400 —0,153000 0,280 —0,001350
by 0,650 0,01970 0,020800 0,178 —0,002530
156 Hayka
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Oxonuanue maon. 4

End of Table 4
1 2 3 4 5 6
bis —-0,0790 -0,07100 -0,01650 —-0,0112 —-1,32E-05
bis 0,6100 0,03240 0,03990 0,2850 0,0000191
b7 —-0,1820 —0,00525 —0,00830 —0,0860 —0,0000170
big 0,4570 0,000078 20,01200 ~0,5770 0,0650000
big 0,0930 0,10300 0,04550 0,0274 -0,0000590
by 0,0780 -0,12800 -0,10700 1,6900 0,0024200
by —0,0800 0,00950 0,00970 —-0,4820 —-5,35E-05
by 0,0590 0,02670 0,00980 0,0081 0,0000332
by -1,1600 —0,02640 —-0,03020 -1,1700 —0,0029200
bos 0,3280 0,00358 0,00630 0,3420 0,0000577
bos 0,0568 ~0,02180 -0,00129 20,0169 0,0000133
b -0,2220 0,01010 0,01140 0,0710 0,0000790
by -0,0228 -0,00307 ~0,00083 ~0,0270 0,0000236
Tabnuya 5

OuneHka aieKBATHOCTH M PadoTOCIOCOOHOCTH YPaBHEeHMil perpeccun

Assessment of adequacy and performance of regression equations

CraTucTHuecKas XapaKTepUCTHKA
DyHKIMSA - OneHka ypaBHEeHHUs
OTKJIMKA Apcnepens Kpurepuit perpeccuu
5,2 Soer” F F, R

Y; 177,9300 54,6600 3,26 2,3423 0,877

Y, 17,2900 0,8800 19,67 2,3423 0,980

Y4 5,3800 0,3200 16,75 2,3423 0,976 AneKBarso

1 paboTocrocoOHO

Y, 321,9500 21,0500 15,30 2,3423 0,974

Y5 0,0220 0,0082 2,70 2,3423 0,852
VYcnosue F > F, BBIIONHSAETCS. JTO O3HAYAET, bij

o, = . (6)

YTO YpaBHEHUE PETPECCUU OIMUCHIBACT PE3yJIbTAThI
SKCIEpUMEHTa B F; pa3 Jydlie MOJAETH CPEIHETO.
Perpeccuonnas momens anekBatHa. Koaddumment
JIETEpPMUHAIIN R > 0,75, T. e. mody4YeHHasT MO-
JieNb paboTococoOHa.

[lepexom K pa3MepHBIM XapaKTepUCTHKAM
OCYIIECTBJISUICS. TI0 W3BECTHBIM COOTHOIICHUSM,
MIPUBEACHHBIM, HAaIIpuMep, B [5]:

— JUIS CBOOOTHOTO HJICHA!

— U1 KO3 PHUITMESHTOB THHEHHBIX WICHOB

b. c. 6 bluc4
8, =—L-2b,—4—- > 1L (5)
€; & is1j=188;

— s K03 PHUIIMEHTOB HETMHEHHBIX YJICHOB
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rae by, b, bii, b; — K0O3PPUIHEHTHI ypaBHEHHUS pe-
rpeccun (Tadm. 4); i — HoMep (hakTopa; j — HHIIEKC
kodpdunuenta, 1 <i <j < 6; ¢;, ¢; — HaTypalbHbIe
3HaueHMs (pakTopa Ha HYJICBOM YpOBHE; €& — Ha-
TypalbHOE 3HA4YCHHE WHTEpBala BapbHUPOBAHMS
(hakTopa.

Pesynbrarhl pacuera 3HaueHH pa3MepHBIX KO-
3G QUIUEHTOB PETPECCHOHHBIX ypaBHEHUH OyayT
MOKa3aHbl BO BTOPOW YaCTH CTAThH.

3HaunMOCTh  KO3()(OUIMEHTOB  MOTYYEHHBIX
YpaBHEHHH pEerpeccud IOATBEpIKAaNach IOCie
MPOBEPKH C HUCIOJb30BaHUEM f-Kpurepusi CThro-
nerta [7]. sl HarJIsSOHOCTH TOCTPOCHBI KapThl
ITapeto (puc. 5—7), moKa3bIBAIONINE 3HAYUMOCTH
K03 PUIIMEHTOB ypaBHEHUH PETPECCHH.
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Puc. 5. Kapra [Tapero 3HaunMocTH K03()(HHUIMEHTOB PErpeCcCHH Ul YPaBHEHHUS:

a — CyMMapHOT0 IT0TOKa TEIUIOTHI Y1; b — yIelbHOro MOTOKAa TEIIOTH OT IpyHTa Yy

Fig. 5. Pareto map of regression coefficient significance for equation:
a — total heat flow Y;; b — specific heat flow fromsoil ¥,

tnce,°C(L)

T 249

803, °C(L)

]-135

Dot
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Dwmog, M(Q)

2Lby3L

R 22,0
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1Lby2L
2Lby5L | -1j07
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Puc. 6. Kapra ITapero 3HaunMoCcTH KO3()(DUIIMECHTOB PETPECCHH ISl yACIFHOTO MIOTOKA TEIUIOTHI:
a — OT MPsIMOii ceTeBoii BoJbI Y5; b — oT 0OpaTHOU ceTeBOi BOABI Y3

Fig. 6. Pareto map of regression coefficient significance for specific heat flow:

a — from direct network water Y,; b — from return network water Y3

(3w, m/c(L)

T 8

(2)Dmoga, m(L)

14,71

2Lby3L

14,07

w, M/c(Q)
Dwmoa, M(Q)
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Puc. 7. Kapra Ilapero 3HaunMocTy K03()HHULHUSHTOB
perpeccuu Ul ypaBHEHHS yACTBHBIX OTePh Hamopa Ys

Fig. 7. Pareto map of regression coefficient
significance for equation of specific pressure losses Ys

158

KpacHoii nunueii Ha puc. 5—7 0003Ha4YeH KpH-
TUYECKHH YpPOBEHb p-3HAYEHHS, COOTBETCTBYIO-
it p = 0,05, KOTOPHIH MTPUHUMAETCS BO MHOTHX
obnactsax uccnenoBanuid. Takum oOpa3om, p-3Ha-
yenne 0,05 3aech paccMaTpuBaeTCs Kak «rpaHUd-
HBI TIpHEMIIEMEII» YpOBeHL OIMMOKH. Bwmecte
C TeM H3BECTHO, YTO B MaTEeMAaTUYECKHX IKCIEpPH-
MEHTaX, HMMEIOIIUX MECTO B paccMaTpHBaEMOM
ciydae, He cJlelyeT WTHOPHpPOBaTh MEHee 3Hauu-
MBIe  KOY(PQUITUEHTBI PETPECCHOHHBIX 3aBUCH-
moctei [7].

CornacHO aHanu3y TMOJY4YEHHBIX 3HA4YEHUN
kapt [lapeto u GyHKUIUH OTKIMKA, MOXHO OTMeE-
TUTH CIIEAYIOIIee:

— a’pOAMHAMUYECKOE COTPOTHUBIICHHE MTPOXOIY

IIOTOKa BO3ayXa YYaCTKOB KaHalla HaXOJIUTCA B

[ Hayka

urexHuka. T. 20, Ne 2 (2021)
[
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nmuanasone 1o 4,6 [1a/m, 9To XOpOIIO COOTHOCUTCS
¢ UMEIOIMMHICS naHHbIMHE [14]. Haubomsmree Bim-
SITHHE Ha MOTEpH Halopa OKa3bIBAIOT, KAK U CIEay-
€T O3KUJaTh, CKOPOCTb MOTOKA U JAJIMHA YYaCTKa;

— yAenbHAs TEIUIOOTAada OT TOBEPXHOCTH
TpyOOIIPOBOIOB CETEBOM BOJBI K IMMOTOKY BO3IyXa
umeer 3Hadenme 10 0,04 kBT/M%, 4TO OTBeuaer
nmaHebM [15]. Haunbomee 3Haummble (QakTopbl —
TeMIepaTypsl TIOTOKOB M XapaKTEpHBIN pasmep
MOTEPEYHOr0 CEUCHUS;

— ylleJbpHas TEIUIOOTJada OT CTEHOK KaHaja
K BO3JyXy oleHuBaercs Beauuunoit 0,08 kB1/M?,
YTO COOTBETCTBYET MJAaHHBIM II0 TEIUIOOOMEHY
B TPYHTOBBIX CKBa)XHMHaX W KaHanax [16]. Haubo-
Jiee 3HaYMMbIe (PaKTOPBI — TEMIIEPATyPhI IIOTOKOB,
CKOpOCTh BO3/lyXa, XapaKTEepHBIH pa3mep IoIe-
PEYHOr0 CEYEHMUS;

— MOIIIHOCTh CYMMAapHBIX YIEIbHBIX Ha €IMHH-
Iy TJIOUIaJd OMBIBAaEMBIX BO3JYXOM IOBEPXHO-
CTell MOTOKAa TEmIoThl K Bo3myxy 0,06 kBr/m’.
Haunbonbiee Bo3aeiicTBIE Ha YAETbHBIN TETIIOBOM
MOTOK K BO3/1yXY OKa3bIBAIOT CKOPOCTh U TEMIIEpa-
Typa BO3IyXa B KaHaje, a TaKkXke TeMIepaTrypa
rpyHTa. I'eomeTpuueckue XapakTEpUCTUKH KaHana
MeHee 3HauuMbl. [Ipu 3TOoM MuIMHa KaHana Oonee
BO3JICCTBYET Ha YJENbHBIA TEIUIOBOM MOTOK Ha
eIMHUIY IUIOIIAAN, YTO MOKHO OOBSCHHUTH C IIO-
3ULUI TEIUIOOTAAYM MpU MPOJOJIBHOM OMBIBA-
HUU noBepxHocTed. Temmeparypa ceTeBOM BOJBI
OKa3bIBa€T HAMMEHBILIEEC 3HAUCHHUE, U 3TO CBA3AHO
C HaJIMYMEM H30JIIUH TPyOOIpPOBOIOB, KOTOpas
HUBEJIUPYET U3MEHEHUE TEMIIepaTypbl Hapy>KHOU
MOBEPXHOCTH H30JIALUHU TEIUIOTPAcC NMpH HU3MEHe-
HUU TeMIepaTypbl ceTeBoi Bojbl B HuX. [lorper-
HOCTh pacyeToB YJAEIbHBIX IIOTOKOB TEIIOTHI
C INOMOIIBIO IMOJTYYEHHBIX PETPECCHOHHBIX COOT-
HoLIeHUH HaxoauTcs B npeaenax 20-30 %;
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O BBINOJIHEHUH 3aKOHA COXPAHEHUS IHEPrum
B TEOPHUH YIIPYTHX BOJIH
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Pedepat. B cooTBETCTBHH € 3aKOHOM COXPaHEHUsI SHEPIHH MOJIHAS SHEPrHsl 3aMKHYTOH (pU3MUecKOl CHCTEMbI JOJKHA OCTa-
BaThCs IOCTOSIHHOW B JII000H MOMEHT BpeMeHHU. DHeprus Oeryiuei ynpyroi BOJHBI COCTOUT U3 KHHETHYECKOW YHEPIHU KO-
TeOIIOIMXCSL YaCTUI] CPEbl U NMOTSHIIHAIBHON SHEpPruy ee ynpyroi nepopmanun. B cymecTByromeil Teopun ynpyrux BoJIH
CYHTAETCS, YTO IUIOTHOCTH KHHETUYECKON U MOTECHIUAIFHON YHEPruil OeryIeil BoIHbEI 6€3 MoTeph OAWHAKOBEI B JIFO00I MO-
MEHT BPEMEHM U MEHSIOTCS 110 OJMHAKOBOMY 3aKOHY. COOTBETCTBEHHO IJIOTHOCTH IMOJHOM 3HEPTUH TaKOH BONHBI pa3Has
B pPa3JIM4YHbIC MOMEHTHI BPEMEHH, a IIOCTOSTHHBIM COXPAHSETCsl TONBKO €€ YCPEeAHEHHOe 110 BpeMeHH 3HaueHue. Takum obpa-
30M, B CyIIECTBYIOLIEH TEOPUH YIPYTUX BOJIH 3aKOH COXPaHEHHs YHEPruH He BhImoiHsAeTcs. Llens HacTosmel paboTs! — 1aTh
(u3UIecCKH KOPPEKTHOE OMHCaHUE 3THX BOJNH. IIpeioxkeHo HOBOE ONMMCAaHNE 3ByKOBOH BOJHBI B HCANFHOM Ta3e, OCHOBAH-
HOE Ha UCIIONb30BAHUU CHCTEMBI BOJHOBBIX YPaBHEHHUH JUI BOMYIIEHHSI CKOPOCTH KOJIeOaHUH YacTHI] Ta3a, ONpeAesIolIe-
IO UX KMHETHYECKYIO SHEprHio, U s yIpyroi nedopmanyy, onpenessioneil ux noTeHnnaibHyo sHepruto. [lokasaHo, 4to
(U3HIeCKH KOPPEKTHBIMH PELICHUSMH TaKOH CHCTEMBI YpaBHEHHH I OeryIei 3ByKOBOH BOJIHEI SIBIISIOTCSI TADMOHUYECKHE
pelIeHNs], ONMCHIBAIOINE KOJIeOaH!Us BO3MYINEHNS! CKOPOCTH YAacTHI[ Ta3a U yHpyroi aedopMmaiuy, KOTOpbe CABUHYTHI MO
¢ase Ha 1/2. [Tosry4yeHo, YTO TMOJOKEHHST MAKCUMYMOB KHHETHYECKON ¥ MOTCHIMAIBHOH SHEPIHil YIPYTOi BOJIHBI, ONHCHIBA-
€MbIX TAKUMHU PELICHUSAMHU, YepeAylOTCs B IPOCTPAHCTBE Yepe3 Kaxble YeTBEPTh UIMHBI BOJHBL. Y CTAHOBJICHO, YTO 4epe3
KaXble YETBEPTh MEPHUOAA B BOJHE 0€3 MOTEeph MPOMCXOAUT MONHOE NMpeoOpa3oBaHNEe KMHETHIESCKOH SHEPTHH B ITOTEHITH-
aJIbHYI0 ¥ 00paTHO, TMPH 3TOM B Ka)XKI0H MPOCTPaHCTBEHHOH TOUKE BOJHBI €€ MONHAs MIOTHOCTh SHEPTHU OJUHAKOBA B JIFO-
00l1 MOMEHT BPEMEHH, YTO COINIACyeTCs ¢ 3aKOHOM COXpaHeHMs dHepruu. [I10THOCTh MOTOKa SHEPruM Takoi Oeryuiel ynpy-
TOif BOJIHBI ONMHUCHIBACTCSI BEIpaXKEHHEM Ul BekTopa YMoBa. CienaH BBIBOJ, YTO OEryllylo 3BYKOBYIO BOJHY 0e3 HOTeph B
HJealbHOM I'a3e¢ MOXKHO PacCMaTpUBATh KaK TapPMOHUYECKUM OCLUILIATOP.

KnioueBble c10Ba: ynpyrue BOJHBI, 3aKOH COXPAHEHUS DHEPTUH, BOJIHOBOE ypaBHEHHE, BO3MYIIEHHE CKOPOCTH KojeOaHui
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On Fulfillment of Energy Conservation Law in Theory of Elastic Waves
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Abstract. In accordance with the energy conservation law, the total energy of a closed physical system must remain constant
at any moment of time. The energy of a traveling elastic wave consists of the kinetic energy in the oscillating particles of the
medium and the potential energy of its elastic deformation. In the existing theory of elastic waves, it is believed that the kinetic
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and potential energy densities of a traveling wave without losses are the same at any moment of time and vary according to
the same law. Accordingly, the total energy density of such wave is different at various moment of time, and only its time-
averaged value remains constant. Thus, in the existing theory of elastic waves, the energy conservation law is not fulfilled.
The purpose of this work is to give a physically correct description of these waves. A new description of a sound wave in an
ideal gas has been proposed and it is based on the use of a wave equation system for perturbing the oscillation velocity of gas
particles, which determines their kinetic energy, and for elastic deformation, which determines their potential energy. It has
been shown that harmonic solutions describing the oscillations of the gas particles velocity perturbation and their elastic
deformation, which are phase shifted by n/2, are considered as physically correct solutions of such equations system for
a traveling sound wave. It has been found that the positions of the kinetic and potential energy maxima in the elastic wave,
described by such solutions, alternate in space every quarter of the wavelength. It has been established that every quarter of a
period in a wave without losses, the kinetic energy is completely converted to potential and vice versa, while at each spatial
point of the wave its total energy density is the same at any time, which is consistent with the energy conservation law.
The energy flux density of such traveling elastic wave is described by the expression for the Umov vector. It has been con-
cluded that such traveling sound wave without losses in an ideal gas can be considered as a harmonic oscillator.

Keywords: clastic waves, energy conservation law, wave equation, perturbation of particle velocity, elastic deformation,
Umov vector

For citation: Nevdakh V. V. (2021) On Fulfillment of Energy Conservation Law in Theory of Elastic Waves. Science and

Technique. 20 (2). 161-167. https://doi.org/10.21122/2227-1031-2021-20-2-161-167 (in Russian)

BBenenune

Omua w3 (QyHAAMEHTAIBHBIX 3aKOHOB TIPHUPO-
Tl — 3aKOH COXPaHEHUS DPHEPTHH, KOTOPBIA MOXKET
ObITh chopMysIMpOBaH B OOIIEM BHUJAE TaK: IMOKa
(u3nyeckas cucTeMa SBJSCTCS 3aMKHYTOH, ee
TIOJTHAsT PHEPTHS OCTaeTCcs HEM3MEHHOH (TOCTOSH-
HOI{) BEIMYMHOH B JIF000I MOMEHT BpeMeHH [1].

CuuTaercs, 4TO 3aKOH COXPAaHCHUS SHEPruu
9KBUBAJICHTECH OJHOPOJHOCTH BPEMEHH, T. €. He3a-
BHCHUMOCTH BC€X 3aKOHOB, OIHCHIBAIOIINX CHCTE-
My, OT MOMEHTa BpEMEHH, B KOTOPBIA paccMaTpu-
BaeTcsd cucreMa. C MaTeMaTUYeCKOW TOUKH 3PEHUS
3aKOH COXPAaHEHHWsS SHEPTHH IKBUBAJICHTEH yTBEp-
KICHUIO, 9TO cHUcTeMa AuddepeHITNAIBHBIX YpaB-
HEHH, OMHCHIBAIONIAS TUHAMUKY JaHHOW (u3nde-
CKOHl cuCTeMbl, 00JIaflaeT TEPBBIM HMHTETPAIIOM
JIBUKCHUS, CBS3aHHBIM C CHMMETPUYHOCTHIO
ypaBHEHUIl OTHOCHTENHHO CIBHUTA BO BPEMEHHU.
Ecmu Bpemst omgHOpomHo, TO ¢yHKIus Jlarpan-
xa L(q;,q;), ONHCBHIBAIOIAs PACCMATPUBAEMYIO

CUCTEMY, HC 3aBUCUT SIBHO OT BPEMCHHU, IMOITOMY
ImoJiHas €€ NpOonU3BOAHAA [TO0O BPEMEHU UMECT BU/JL

dL(Qi’q.i) :Za_L%+ G_L%

— (D
dt Oq, dt ““0q dt

i
rae g; — 00OOIEHHbIE KOOPJAUHATEL; ¢, — IPOH3-

BOJHBIC TI0 BpeMeHN 0000IIEHHBIX KOOPIUHAT CH-
CTEMbI WJIK 000OIIECHHBIE CKOPOCTH.

VYpaBueHus Jlarpawxka, WM ypaBHCHHS JIBH-
JKeHUS TaKol CHUCTCEMBI, 3alIMChIBAOTCA B BUJIC

L= )
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IToacranoBka (2) B (1) maer ypaBHEHUE, B KO-
TOPOM BBIpaXKEHHUE, CTOsAIIEE B CKOOKaX, IO ompe-
JIEIICHUIO SBIISIETCS DHEPTUEH CHCTEMBI

< Z[‘j—;q[—L -0, 3)
1 1

U3 (3) cnemyer, 4TO MOJHAs SHEPIUS CUCTE-
MBI — IOCTOSIHHAs BEJIMYMHA, T. €. COXpPAHSAETCS B
KaKIBI MOMEHT BPEMEHH.

BrInonHeHne 3aK0Ha COXPAaHEHUsS 3HEPTHUU SIB-
JsieTcs KpPUTEpPUEM CHPaBEAJIMBOCTH Pa3IHUYHBIX
TEOPETHIECKUX TIOCTPOCHHUHA B KIIACCHYECKON (hu-
3uke. Tak Kak B pa3MuHBIX pa3znenax (HU3MKu Hc-
MIOJIB3YIOTCS pa3Hble BUJIBI DHEPTUH, TO U B 3aKOHE
COXPAHEHUS YHEPTUU Ul 3TUX pa3fesoB (QU3UKH
TaKke (QUIYpUPYIOT pa3iIWYHbIE BUABI SHEPTUU.
[Ipu aTOM CMBICT 3aKOHA COXpPaHEHHS YHEPIHH HE
MEHSAETCS — IIOJHAsl 3HEpPIus 3aMKHYTOH ¢usnude-
CKOHM CHCTEMBI, paBHas CyMME OTIEIBbHBIX BHUIOB
SHEPIUii, COXPAHAETCS B KaXKIblii MOMEHT BPEMEHU.

Ilenp paboThl — MOKa3aTh, YTO B CYLIECTBYIO-
el B HACTOSIIEE BpeMsl TEOPUH YIPYTHUX BOJIH
3aKOH COXpaHEHHUS JHEPrMM HE BBINOIHIETCS,
n 1aTh (GU3MUECKH KOPPEKTHOE OIMCAaHHE 3TUX
BOJIH.

Yunpyrue koJsie0aHusi ¥ BOJTHBI

Vipyrue xoneGaHusi W ympyrue BOJHBI pac-
CMAaTpUBAIOTCS B pasjielie KIACCHYECKOH (HBIOTO-
HOBCKOMW) MEXaHUKH, B KOTOPOM 3aKOH COXpaHEHHs
SHEprud (OPMYIIUPYETCs TAK: TMOIHAS MEXaHHUYe-
CKasa SHEprud 33MKHyTOI\/'I CUCTEMBI TCJI, MCXKIY
KOTOPBIMU JIEHCTBYIOT TOJNIBKO KOHCEPBATHBHBIE
cuiibl, ocraercs nocrosuHoi. Ecmu U(F) — mo-
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TEHIMAIbHAs SHEPTHs Tea, UMEIOLIETr0 Maccy m H
JBIKYIIET0CsS CO CKOPOCTBIO L, TO 3aKOH COXpa-
HEHUS dHepTuH (3) 3aIMChIBACTCS B BUIE

d | mv?

dt

+U(7) |=0. )

B (4) BeIpaxkeHue B CKOOKax HAa3BIBACTCS I0JI-
HOM MEXaHWYECKOH JSHEpPrHEed MaTEepUaILHOTO Te-
Ja, COCTOSMICH W3 €€ KMHETHYECKOW HSHEeprud —
MIEpPBOE ClIaraeéMoe, W TOTSHINATbHON YHEPTUH —
BTOpOE CJIaraeMoe.

PaccmoTpum BHavalie BBHIIIOJHEHHE 3aKOHA CO-
XpaHEHHUs SHEPTHH Ha MpUMepe MPYKUHHOTO Ma-
STHHUKA, COBEPINAIONIETO YIpyrue KonebaHus O6e3
3aTyxaHus [2]. Ha masTHUK Maccoil m JOeHCTByeT
cuna F' = —kz B peenax 3akoHa ymnpyroctu ['yka,
HaTpaBJIeHHAs BAOIL ocHu Z (rme k — xodddumm-
€HT, XapaKTepHU3yIOIINil YIPYrocTh MPY>KUHEI).
IlycTe B HauanbHBIIT MOMEHT BpeMeHU ¢y, = 0 Benu-
YpHaA ynpyrod medopmaruu mpyKuHb zo = a. [lo-
clie CHSATHUS JNEWCTBHUS BHENIHEH CHJIBI IMOJ JeH-
CTBHEM YIPYIrOro HampsiKEHUS MasTHUK MPHUAET B
IIBUKEHHE, KOTOPOE OITUCHIBAETCS YpaBHEHHEM
HeroToHa

d’z(t)
m———=—kz(¢). 5
2 ) )
Pemenue (5), yooBieTBopsioliee Ha4aIbHOMY

YCJIOBHIO, MOXKHO B35Thb B BHIE (IS TMPOCTOTHI
cuMTaeM, 4yTo HavajbHas (aza papHa 0)

z(t) = acos(wt). (6)

U3 (6) cnenyer, 4To MasTHUK OyAET COBEPIIATh
rapMOHUYECKHE KOJEOaHWs C aMIUTUTYIOH a H
OUKJINYECKOH 4YaCTOTON ®

2n k
o="x ], ™)
T m
rae T — nepuon KoneOaHHH.

KonebarenpHas CKOPOCTh MasTHHKA OIMCHIBA-

eTCsl BEIpaKCHUEM

L= L0} =—masin(mt), (8)
dt

a ero KMHeTH4YecKas dHeprus ¢ yuaetoM (7) paBHa

W.(t)= %ka2 sin® of. 9)
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HOTeHHI/IaHBHaH OHEpPrus MasdTHHUKaA OIIMChIBA-
€TCs BBIPAKCHUCM

1 2 2
wW,(t)= Eka cos” wf. (10)

M3 (9) u (10) BuaHO, YTO KOJIeOAHHUS IMOTCH-
LUAIBHOM W KUHETUYECKOW JSHEpruil MasTHUKA
MMEIOT OJWHAKOBBIE AMIUIUTY[IBI, TPOUCXOIAT C
YIABOCHHOU YacTOTOM, MO CPAaBHEHUIO C YaCTOTOM
Kosiebanuil ynpyroi aedopmanuu u KoyedaTelb-
HOM CKOPOCTH, U UMEIOT CIBUT 10 (paze m/2. Takxke
yepe3 KaXIyl 4YeTBEpPTh TMepHuoia KojlebaHui
MIPOUCXOANT TIOJIHOE TpeoOpa3oBaHUE ITOTEHIIH-
ANBbHON DHEPIMM MAasTHUKA B €r0 KUHETHYECKYIO
SHEPTUIO U HA000poT. OYEBUAHO, YTO IS TOTHOM
SHEPTUH MasTHUKA MOXHO 3aITiCaTh

W =W, (1)+W,(t) =%ka2 =const. (11)

To ecTb B COOTBETCTBUU C 3aKOHOM COXpaHe-
HUS DHEPTUH TIOJHAsg MeXaHW4ecKasl SHEPTHs Mpy-
XKUHHOTO MasTHUKa Oe3 3aTyXaHusl COXpaHseTcs
HEM3MEHHOW B JII00OOH MOMEHT BpeMeHH. Takoi
MasiTHUK MOYKHO pPAacCMaTpHBaTh Kak Kiaccude-
CKHMM FrapMOHUYECKUN OCLIUILIISITOP.

PaccmoTpum ynpyrue BosiHBL 0€3 MOTeph Ha
IpUMeEpE 3BYKOBBIX BOJIH B HJCAIBHOM Trase.
Teopust Takux BOJH pa3paboTaHa HAaBHO U H3JO-
YK€Ha B MHOTOUMCIIEHHBIX Hay4YHBIX TpyAax [3—10].
B cymiecTBytoiei Teopun 3ByKOBBIE BOJIHBI pac-
CMaTpHUBAIOTCSl KaK yNpyrue KojeOaHHs YacTHL
rasa, paclpoCTpaHsIOLUIMecs B IPOJOIbHOM HalpaB-
JIEHNH OT MCTOYHUKA 3BYKa, KOTOPBIM CO3AaeT Ie-
pHOIMYECKOE CMEIIEHUE YacCTHUI] B 3TOM HaIlpaB-
JIEHUH CO CKOPOCTBIO, MO3BOJSIOUIEH H3MEHHUTH
JaBJICHHE ra3a B HEKOTOPOM oObeMe, ompenesnse-
MOM reomerpueil ucrounuka. KoneOaHus gactun
rasa co3faloT ymnpyrue Aegopmanuyd B 3TOM 00b-
eMe, KOTOphIe, B CBOIO O4epenb, 00yCIIOBIUBAIOT
MIEPUOANYECKOE MOBBIIICHNE W MOHWKEHUE JaBJie-
HUS Ta3a OTHOCUTENIBHO €ro Ha4yaJllbHOTO HEBO3-
MyIlleHHOTO 3HaudeHus. IIpm saToM pacmpoctpane-
HUS 4acTHI] ra3a B HAIPaBICHUH PACTIPOCTPAHEHUS
3BYKOBOM BOJIHBI HE IIPOMCXOAUT. B mpocTpancTee
pacrpocTpaHseTcsl TOJIbKO ymnpyras aedopmarus
CKaTus M pacTspkeHus. IIpu mMakcumanbHOM Cika-
THU WIM PaCTSHKEHHWH YacTHIl Ta3a B HEKOTOPOM
o0beMe ux KojeOaTenbHas CKOPOCTh M KMHETHYE-
CKasl SHEpIusl CTAHOBATCA paBHBIMU HYJIIO, a IO-
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TEHI[MAJIbHAS SHEPTUs JOCTHraeT MaKCHUMaJIbHOI'O
3HAYEHUS] U OIpeNesieTcs MaKCUMAllbHOW YTIpy-
roii gedopmanuell WIM U3MEHCHHEM JaBJICHUS
raza B 3toM oObeMe. KonebaTenmpHas CKOPOCTB
YaCTHII Ta3a B 3BYKOBOW BOJIHE OIpENeNsieT UX KH-
HETUYECKYI0 JHEpruro, a paboTa IO CO3JaHHIO
ynpyroit pedopmanuu (WIM U3MEHEHUS TaBJICHUS
raza B paccMaTpuBaeMoOM O0BeMe) OmpesernseT
MOTEHIIUAILHYI0 SHEPTHIO YaCTHI[ Ta3a 3TOr0 00b-
ema.

B naeanpHOM rasze ¢ MJIOTHOCTBIO Py M JIaBJie-
HUEM P, HWCTOYHWK 3ByKa CO3HaeT MpPOAOIBHOE
CMeITeHIE JYacTHIl ra3a &(z, ¢) B1oab ocu 0Z B 005b-
eme Vy = SpAz. CMelenne JacTHIl ra3a MPUBOIUT
K TIOSIBJICHHIO B 3TOM 00BeMe ympyroi nedopma-
IIUHM, KOTopasi OyJeT paclpoCTPaHATLCS B Hampas-
JeHUH CMelIeHusi. PaccMarpuBas OBUKEHHE BBI-
JICJICHHOTO 00bhEeMa HJICATBHOTO ra3a B ajuadaru-
YECKOM MpHUOIMKEeHNH, HampuMep [4], momydaior
BOJIHOBOE YpaBHEHHE JJIsI CMEIIEHUS

2 2
oL_1% (12)
0z" v ot

_ | = :
rae v, =, [— — ckopocTb 3ByKa; Y = Cp/Cy; Cp,
Po

Cy — TeII0eMKOCTh Ta3a IPU IIOCTOSHHOM JaBJie-
HHUH U 00bEME COOTBETCTBEHHO.

Pemennie BomHOBOrO ypaBHeHus (12) oObrdHO
MIPUHUMAETCS B BUJE

&(z, 1) = Acos(wt — kz). (13)

IMoncranoska (13) B (12) mO3BONSAET MOTYyYUTh
CBSI3b MEX/Ty BETMYMHAMU Vg, © U k

(O]
V. —;. (14)

Cuauraercs, uto pemrenue (13) omuceiBaer Ko-
ne0aHus CMEUIeHUS YacTHWI[ ra3a, paclpocTpaHsi-
IOIUeCs BIONb OCH Z ¢ (a3oBOHl CKOPOCTHIO

%:9, paBHO# ckopoctu 3ByKa (14), 1. e. (13)
dt k
ONMCHIBAeT MPOJOIbHYIO 3BYKOBYIO BOJHY. JTa
BOJIHA 00Ja/laeT KHHETHYECKOW W MMOTSHIUATBHON
SHEprueH.

IInOTHOCTH KUHETHYECKON HEPIHMM 3BYKOBOM
BOJIHBl U MOTEHLUUAJIBHON SHEPTUU OMPENETSIOTCA
COOTBETCTBEHHO 1O (OpMyJiaM:

164

1 (Y 1,5, .,
w,(z, t)ZEpO > zzpoco A° sin” (ot — kz); (15)

2
w,(z,0) = %yPO (%) = %pooszfl2 sin’ (ot —kz) =
z
| (16)

= 5 pO(DZAZ sin? (ot — kz).

CrnemoBaTenbHO, TJIOTHOCTH IIONHOW JHEPTUU
3BYKOBOM BOJIHBI

w(z, ) =w(z, )+ w,(z, 1) =

(17)

= po(nzA2 sin? (ot — kz).

B [2-10] u3 Belpakenmii (15)—(17) cmemaHb
CJIETYFOIIIUE BHIBOJIBI:

— KMHCTUYCCKAsA U NOTCHIMAJIbHAaA SHCPIrUn 66-
rymeid 3BYKOBOW BOJIHBI 0€3 MOTEph OIWHAKOBBI
B JTF000f MOMEHT BpEMEHH;

— YCpeIHEHHbIC 10 BpeMeHH (IEepHOIy KoJie-
OaHMil) KMHETHYECKAas W TOTCHITHAIbHAS SHEPTHH
TaKO# BOJHBI PaBHbI U IOCTOSIHHBI

1
W, =W, =Zp0c02A2 = const; (18)

— YCp€AHCHHAA 10 BpEMCHU IIJNIOTHOCTDH IIOJIHOH
OHEPTHUHU 3BYKOBOI>'I BOJIHBI €CTh BCIIMYHHA ITOCTO-
SITHHas

wW=w, +w, =%p0032A2 = const. (19)

I[Ipu sTtoM B smTEeparype He oOCyXIaercs
MPaKTUYECKH OYEBWAHBIA (aKT, 4TO codas3HbIe
konebaHus wi(z, t) (15) n wy(z, ¢) (16) nporuBope-
YaT CMBICTY MOHSTUSl «YIpyIrue KojeOaHus», Tak
KaK BBI3BIBAIOT €CTECTBEHHBIE BOTIPOCHI:

— KyJa AEBaeTCs 3HEprus BOJHBI B MOMEHTHI
BpPEMEHH, KOTAa M KUHETHYecKas, 1 NOTCHLIHAIb-
Hasg SHCPruM BOJIHBI OJAHOBPEMCHHO CTAaHOBATCHA
PaBHBIMH HYJITIO, YTO OSKHUT B TaKOU BOITHE?

— OTKyJa TOSIBUTCSI DHEPTHsl BOJHBI B IOCIE-
IYIOIME MOMEHTHI BpEMEHU?

PaBHO Kak He 0OCyXIaeTcs TaKkKe U TO, YTO
nojydyeHHoe BeIpakeHue (17) mpoTUBOpeuyHT 3a-
KOHYy coxpaHeHus sHepruu (11), corimacHo KoTo-
pOMy IIOJIHAsl SHEPrusl 3BYKOBOH BOJHBI O€3 IO-
TEpb JOJDKHA OCTaBaTbCA IOCTOSIHHOW B JIHOOOM
MOMEHT BPEMEHM, & HE CpPEIHSs DHEPrus ITOU
BOJIHBI 32 IIEPHUOA.
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TakuM 00pazom, Hapsily € CYHIECTBYIOIIMMHU
MIPAaBHILHBIMU ITPEJICTABICHUSAM 00 YIIPYIHX KOJe-
0aHusX B rase, 0 TOM, YTO MakCUMallbHas KojeOa-
TeJIbHAsi CKOPOCTh YaCTHII I'a3a B 3BYKOBOW BOJHE
JIOCTUTAETCS. B MOMEHTHI BPEMEHH, KOTAa yIpyras
nedopManysi paBHa HYJIIO, U, HAOOOPOT, B MOMEH-
ThI BPEMEHH, KOTZa KojeOareibHas CKOPOCTh 4a-
CTHII Ta3a CTAHOBUTCSI PAaBHOW HYIIIO, yIpyras Jie-
¢dopmanus — MakcuMallbHa, CyLIECTBYeT U (U3M-
YECKH HEKOPPEKTHOE OIMHCAHWE 3THUX KoJieOaHWH,
HapyIaroliee 3aKOH COXpaHeHus sHeprun. Hekxop-
PEKTHOCTD B ONMCAHUM 3BYKOBBIX BOJIH MOSIBUJIACH
W3-32 TOTO, YTO JIS OTOTO WCIOJIB3YETCS TOIBKO
OIHO BONHOBOEe ypaBHeHuWe (12) mis cmemeHus
qacTHL ra3a. Tak Kak IpOU3BOAHAS M0 BPEMEHH OT
pemenns ypaBuenus (13) ompezaenser MIOTHOCTh
KHHETUYECKOH SHeprun BonHH (15), a mpousBo-
Hasl TI0 KOOpAMHATE OT TOTO K€ PelIeHUs — IJIO0T-
HOCTh TOTCHIMAJILHON SHepruu BOJHEI (16), mmo-
Jy4aeTrcs, 4To 00€ OTH BEIUYMHBI W3MEHSIOTCS
C TE€YEeHHEM BPEMEHH 10 OJAWHAKOBOMY TapMOHH-
geckoMy 3akoHy. OTcrona cieayer GU3HIECKH He-
KOPPEKTHBIA BBIBOJ, YTO MaKCHUMallbHasi KojeOa-
TeJIbHAsi CKOPOCTh YACTHI[ T'a3a M MaKCHMallbHast
ynpyras nedopmMariusi B 3BYKOBOH BOJIHE JIOCTH-
TaroTCsi OJTHOBPEMEHHO.

Jns pusnyeckn KOPPEKTHOTO OMHCAHHS 3BY-
KOBBIX BOJIH B H/ICAJTPHOM Ta3e HY>KHO HCIIOJIB30-
BaTh CHCTEMY W3 BOJHOBBIX YpaBHEHHH IS Tapa-
METPOB, OMPECACTAOINX KMHECTUYCCKYIO U IIOTCH-
MAAIBHYI0 DHEPruio BOJHBEL Hampumep, B [6]
paccMarpuBaeTcss OapOTPOIHBIA TOTOK HJIeaNb-
HOTO Ta3a, JUHWU TOKa KOTOPOTO NapauieibHbI
ocu Z, a CKOpOCTb u, NaBiieHHe P, MIOTHOCTH P
u temneparypa 1 SBISIOTCS (DYHKIUSMH TOJIBKO
KOOPAHMHATHI z U BpeMeHH f. Takoi MOTOK OIMUCHI-
BaeTcsl ypaBHEHHEM Diijiepa U ypaBHEHUEM Hepas-
PBIBHOCTH, OOpPa3yIONMMH CHUCTEMY HEITMHEWHBIX
Mg depeHIMaNTbHbIX YpaBHEHUI TIEPBOTO MOPSIKa
B YaCTHBIX IPOU3BOJHBIX, B KOTOPOW COJIepHaTcA
HEeW3BeCTHBIE U, P 1 p:

ou ou 1 0P

o oz p oz’

op O
P12 (ou)=0.
o oo

(20)

s Toro 4ToOBI ATy CHUCTEMY MOXHO OBLIO
pelInTh, HEOOXOMUMBI €Ille YPaBHCHHE CBS3U
Mex1y P u p, HaYallbHbIC U TPaHUYHBIC YCIOBUS.
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B mnoxosmeMcs upeanbHOM rase c IapaMerpa-
MU Uy, Py U pp CO3MAIOTCS Majible BO3MYILEHUS
CKOpOCTH ', naBneHus P’ iy miotHocty p'. Bos-
HUKAIOIEEe BCIEICTBUE 3TOTO JBIKCHUE SIBJISACTCS
OJTHOMEPHBIM, MapajuIENbHBIM OCH Z U 3aBUCAILIUM
TOJIBKO OT KOOPAMHATH z U BpeMeHH f. CtaBHUTCA
3ajjaya HaXOXKAEHUs DJIEMEHTOB 3TOTO JBHKCHUS.
Cucrema HenuHeWHbIX ypaBHeHUil (20) Moxer
OBITh JIMHEApU30BaHa, €cl B HEH NpeHeOpedb
[IPOM3BEIECHUSIMUA MAJIBIX BEJIMYMH WM UX IIPOU3-
BOJHBIX [0 KOOPJUHATE, KAaK MaJIBIMH BEIMYMHAMU
BBICIIUX TOPSAKOB. B 3TOoM ciywyae oHa mpuHU-
MaeT BUJ:
! ’
o L[dP) o,
ot p\dp), 0z
! 4
@ +py o’ =0.
ot 0z

21

Tak Kak B Hj€albHOM Ta3e yBeJIHYCHHUE JaBle-
HUS TIPMBOAMT K YBEIWYEHHIO IUIOTHOCTH U
Hao6opot, T0 dP/dp >0, u MOXHO BBECTH 00O-

3HA4YCHHUC

ar =v;. (22)
dp),

HerpynHo yOeauThcs, 4TO Ly UMEET pa3Mep-
HOCTb CKOPOCTH.

Huddepenumnpys nmo BpeMeHn nepBoe ypaBHE-
HUe cucTeMbl (21) U moacTaBisisi B HETO BTOPOE
ypaBHEHHE, ¢ ydeToM (22) mojlydaeM BOJIHOBOE
ypaBHeHue uist u’

o' 1 oM

cror 23
orr vl o @)

AHanornuHo, auddepeHnupys MO BpeMEHU
BTOpOE ypaBHeHHE cucTteMbl (21) m moxcraBiss
B HEro INepBOE YPaBHEHHUE, IOJ[ydyaeM BOJIHOBOE
ypaBHEeHue i p’

azp'__l_aﬁf
2t vl ot

24)

N3 (24) u (22) momydaeM Takoe K€ ypaBHCHHE
s P’
P _ 1 P

ot vl or

(25)

165



Du3zuxko-mamemamuyeckue HAayKu

Takum 00pasoM, Mayible BO3MYILEHHsS CKOPO-
CTH YacCTHI[ Ta3a u', €ro INIOTHOCTH P’ W JaBiie-

HUs P’ B Clyuae WIeajbHOrO ras3a OMHCHIBAIOTCS
OJIMHAKOBBIMH BOJIHOBBIMU ypaBHEHUsSMHU (23)—
(25) u pacnpocTpaHSIOTCS C OIWHAKOBOW CKOPO-
CThIO Vg. IToCKOJBKY BOJIHA BO3MYIIIECHUHN J1aBiie-
HUS — 3TO 3BYKOBas BOJHA, TO Uy — 3TO CKOPOCTh
3ByKa.

Bosmymienne nasnenuss P’ (WM, 4TO TO Ke
camoe, HalpsKEHHS G) B COOTBETCTBUHU C 3aKOHOM
T'yka

o=Es, (26)

rie € — OTHOCUTENbHasg ympyras nedopmMarius;
E — Monaynb ynpyroctu rasa.

U3 (25) u (26) cnemyer, 4yTO W UIS yIpyroi
JegopManu MOKHO 3allMcaTh BOJHOBOE YpaB-
HEHHe

o’ 1 0%t
PEIRIPwE 27)
0z" v, Ot

CormmacHo [4], TUIOTHOCTH TOTEHITHATBHON
SHEPTUH CXKATOTO Ta3a OMpeelseTcs Kak padoTa
10 C)KAaTHUIK €ro CANHUYHOI'O o0beMa 1 BbIpaXxacT-
csl 4yepe3 MOJyJIb YIIPYTOCTH M BEIUYHHY YIPYTOi
nedopMarm

w,(z,1)= %Esz. (28)

[110THOCTh KUHETHUYECKOH 3HEPTrUu KOJICOIIH0-
IIETOCS Ta3a MOXKET OBITH ONpeIeNIeHa KaK

o,
w,(z, ) =P 2, (29)

Jlns HaxoxkaeHus dTux sHepruii B (28) u (29)
HYXXHO TIOJCTaBIISTh PELICHUSI COOTBETCTBYIOINX
BOJIHOBBIX ypaBHeHMM. Tak Kak Kaxa0e BOJHO-
BOC YPaBHCHHE MMEET HECKOJIBKO MaTeMaTHYECKH
KOPPEKTHBIX pEIleHUH, TO AJsl BHIOOpA MpaBHIIb-
HOT'O HY>XHO HCXOOWUTH U3 UX (I)I/I3I/I‘ICCKOFO CMBIC-
na. IlycTe B HayaJbHBIH MOMEHT BPEMEHH B pac-
CMaTpuBaeMOM OObEME CYIIECTBYET MaKCHMallb-
HOE€ W3MEHEHHWE [aBJeHHs (HampsDKeHus) W,
CIIEZOBATEIbHO, MakKCHUMajbHas ympyras nedop-
Manus. O4YeBHAHO, YTO B ATOT MOMEHT BpEMEHH
CKOpPOCTh KOJNIeOaHMsI YacTHI[ ra3a paBHa HYJIO.
TakyuM Ha4yaabHBIM YCIOBUSM  YAOBJIETBOPSIOT
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TapMOHHUYCCKUC PCHICHUA BOJIHOBBIX YpaBHE-
auii (27) u (23), caunyTHIE 1O (hase Ha T/2:

&(z, t) =¢,, cos(wf —kz); (30)
u'(z, t) =u,, sin(wt —kz). (31

IToacrasmsis (30) B (28) u (31) B (29), cooTBeT-
CTBEHHO TOJTyYaeM:

w,(z, 1) =%E8,2n cos” ((Dt—kz); (32)

w, (2, 1) =%p0u,'n2 sin’ (ot —kz).  (33)

N3 (32) u (33) cnenyert, 4TO KOjeOAHUS TUIOT-
HOCTH KMHETHYECKOW U MOTECHUUATIBHOM 3HEpruit
3BYKOBOH BOJIHBI CIBUHYTHI 10 (pa3e OTHOCHUTEIIb-
HO JpyT JpyTa Ha 7/2, a UX NePUOMbl COCTABISIOT
MOJIOBHHY Tiepuoia Kojiebanuii nmedopmaruu u
CKOpPOCTH 4acTHIl. Takke BHIIHO, YTO B MOMEHTHI
BPEMEHH, KOTJa IJIOTHOCTh MOTCHIIMAILHOU DHEp-
TUU BOJIHBI TIpUHAMAaeT MaKCHUMaJIbHOE 3Hade-

1 .
HHUC ngax ZEESi, IJIOTHOCTb KUHETUYCCKOU SHEP-

TUU paBHA HYJIO, & Yepe3 YeTBEPTh Meproia B MO-
MEHTHI BPEMEHH, KOTJa IUIOTHOCTh MOTCHIIHAIh-
HOM SHEPru¥ paBHA HYNIO, TUIOTHOCTh KHUHETH-
YECKOM SHEPruuh CTAaHOBUTCA MAaKCHUMAaJbHOU —

1
we =5p0u;nz. D10 MOXKeT OBITh TONBKO TOTZA,

KOTJa TPOMCXOIUT IOJIHOE TNpeoOpa3oBaHUE II0-
TEHIMAIFHOW SHEPTHUHN B KWHETHYECKYIO0 U Ha000-
POT, U BHITIOJHSETCS yCIOBUE

1 1
max __ 2 _ . max __ 2
w, —EEsm =W —Epoum. (34)

CHeZIOBaTeJ'II)HO, IMJIOTHOCTDH TTOJTHOM OHEpPruu
3By1(0B0171 BOJIHBI 0€3 IOTEPL €CTh BCIMYHHA II0-
CTOSIHHAs B JIFOOOM MOMEHT BPEMCHU B COOTBCT-
CTBHU C 3aKOHOM COXPAaHCHHA SHEPIUU

w=w,(z, 1)+ w(z, 1) = lEgi1 =
{ (35)
2
=—pPyU,, =const.
2 pO m

M3 (32) u (33) Takxke cleayer, 9To TMOJOKECHHE
MaKCUMyMOB KHHETHYECKOW U TMOTCHIMATIBHOM
SHEPrUil 3BYKOBOW BOJIHBI YEPEIyeTCs B IPO-
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CTpaHCTBE 4Yepe3 Kaxkable A/4, T. e. Takas BOJHA
neiictButenbHO sBisiercs Oerymieil. [lpu stom B
KaXJI0i TOYKE IPOCTPAHCTBA B BOJIHE 0€3 MOTEPh
IIOJIHAA IJIOTHOCTD S3HEPIUU OJJUHAKOBA.

TakuM 00pa3oM, OEryliyro 3BYKOBYIO BOJHY
0e3 morepb MOXKHO paccMaTpUBaTh KaK KiIacchye-
CKHMU FrapMOHUYECKUAN OCLIWILIATOP.

B cooTBeTcTBUM C (DU3MYECKUM CMBICIOM IIO-
HATHUS «IJIOTHOCTH MOTOKA DHEPTHM» KaK KOJIH4e-
CTBa DJHEPIWM, NPOTEKAIOLIEH Yepe3 €AUHUYHYIO
IUIOIAAKY B €IMHULY BPEMEHU B HaIPABJICHHUH
HOpPMaJM K IUIOLIagKe, 3Ta BeJIWYMHA Ui Oery-
el YIpyroi BOJHBI MOKET OBITh KOPPEKTHO OIH-
CaHa yepe3 IJIOTHOCTh NOJHOW SHEPIMM BOJIHBIL W
U €€ CKOPOCTb Uy, T. €. BBIPAKEHUEM IUI BEKTO-
pa YmoBa

T =wb,. (36)

N
BbBIBO/IbI

1. TTokazaHo, 4TO B CYIIECTBYIOIIEH B HACTOS-
niee BpeMsl TEOPUM YIPYTMX BOJH HapyIlaeTcs
3aKOH COXpaHeHHus sHepruu. [IpemyioxeHo ¢Gusu-
YECKH KOPPEKTHOE OINMCAaHUE 3BYKOBOM BOJHBI B
UJCAIbHOM ra3e, OCHOBAaHHOE Ha HCIOJb30BAHUU
CHUCTEMBI BOJHOBBIX YPaBHCHUH IJIST BO3MYIICHUS
CKOPOCTH KOJIeOaHWH YaCTHII Ta3a, OMpe/Iesrone-
ro X KUHETHYECKYI0 JHEpPruio, W JUisl YNpyroi
nedopmaryy, ONPEACTAIONICH MOTEHIIUATHHYIO
SHEPTUI0 YacTHIl raza B BojHe. dusmyecku Kop-
PEKTHBIMU PEIICHUSMU TAKOW CHCTEMBI BOJHOBBIX
YpaBHEHUI SIBISIFOTCS TapMOHHYECKHE pEIICHMUS,
OTIHMCHIBAIOIINE KOJICOaHUS BO3MYIIEHUS CKOPOCTH
YaCcTHUI[ Ta3a U UX YOpyroi nedopMaiuu, CIBUHY-
ThIE IO (paze Ha T/2.

2. B Oerymeli 3ByKOBOWl BOJHE 0€3 IMOTEPH,
ONMCHIBAEMON TAKUMU PELICHUSIMH, YePE3 KAKIbIE
YEeTBEPTh MEPHOAa MPOUCXOAUT IMOJIHOE Mpeodpa-
30BaHME KHHETHUYECKOW JHEPTHH YACTHUI[ raza B
MOTCHIMAIBEHYI0 M Ha000poT. IITOTHOCTE MOTHOM
SHEPTUU BOJIHBI B COOTBETCTBUU C 3aKOHOM COXpa-
HEHMSI SHEPTUU OCTaeTCs MOCTOSSHHOW B KaXKAbIW
MOMEHT BPEMEHH.

3. [I1oTHOCTh TIOTOKA 3HEPTUU Oerymien ympy-
TO¥ BOJTHBI OITUCHIBAECTCSI BEKTOPOM Y MOBA.

4. Berymyro 3BYKOBYH BOJHY 0€3 MOTeph B
UJCABHOM Ta3e MOXXHO paccMaTpuBaTh Kak rap-
MOHUYECKUH OCIUILISTOP.
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IHpuban:keHnHoe npeacraBjaeHue TuiiorapugpmamMu perieHust
O/THOV BapMALMOHHOM KpPaeBOH 3aa4u 1JIA Kpyra
npu rpaHuyHoM ycaosun Heiimana

) )

OKT. (pu3.-MaT. HAyK, npod. U. H. Meaemxko' , Kana. ¢pus.-mat. Hayk, gou. I1. T'. Jlacsrit"
YK, IIp y

1)]Senopyccmm HAIIMOHAJIBHBIN TeXHUYeCKHid yHuBepcuTeT (MuHCK, Pecrrybnnka benapycs)

©Obenopycckuil HaIMOHATIBHBIA TEXHUYECKUI yHUBEpcUTeT, 2021
Belarusian National Technical University, 2021

Pedepat. M3BecTHO, uTO KpaeBble 3anaun i ypaBHeHuil Jlarutaca u [lyaccoHa SKBHBaJIeHTHBI 3ajau€ BapUAMOHHOTO HC-
YHCJICHHS! — O MHUHHMYyME HHTETpaya, sl KOTOPOTO JAaHHOE ypaBHEHHE B YACTHBIX IIPOU3BOJHBIX SIBIISICTCS ypaBHEHHUEM
Oiinepa — Jlarpamxka. Hanpumep, 3a1aua 0 MUHIMyMe HHTETpajia Aupuxiie B eJHHUYHOM KpyTe ¢ IIEHTPOM B Hadase KOOpAU-
HaT Ha HEKOTOPOM JIOITYCTUMOM MHO)KECTBE (DYHKILUH MPH 3aJaHHBIX 3HAYEHHAX HOPMAJIbHON MPOU3BOAHON Ha OKPYKHOCTH
JKBUBaJIEHTHA KpaeBoH 3anaye Helimana juisn ypaBrenus Jlamiaca B 9Toif oonacti. Ha 0CHOBE H3BECTHOTO TOYHOTO PELICHHS
KpaeBoilt 3aaun HeiiMana ayist kpyra ¢ IOMOIIBIO CHEHANBEHOM NPpHOIMKEHHONW (HOPMYJIBI JUIs HHTerpaa JJMHU CKOHCTPYH-
poBaHO 3(dexTHBHOE MPUOIMKEHHOE IPECTaBICHUE qIorapiudMaMu pereHns yKa3aHHOU BBIIIE SKBHBAJIECHTHOH Bapua-
LMOHHOH KpaeBoii 3amaun. [Ipubmmkennas Gopmyna 3pdexTHBHa B TOM CMBICIIE, YTO OHA JOCTaTOYHO MPOCTAa MPU YHCICH-
HOH peann3anuy, ycTOH4MBA, @ pABHOMEPHAs M0 KPYTy OLIEHKA IOTPEITHOCTH MO3BOJISIET TPOBOAUTE BHIUMCICHHUS C 3alaHHON
ToyHoCcThI0. CrienmanbHasi KBaaparypHas GopMyia s uHTerpana J{uHu obiagaer 3aMedaTesIbHbIM CBOWCTBOM — ee KOd(-
¢unueHTs HeoTpUIATeNbHB. KBanparypHble (GOpMyNEl ¢ HEOTPHIATEIBHEIMU KOd()(UIMEHTaMI 3aHUMAIOT 0C000e MECTO
B TEOPHH HMPHUONIKCHHBIX BBIYHCICHUH ONPEIEIeHHBIX MHTETPANIOB U e¢ MPHIOKEeHUsX. EcTecTBeHHO, UTO emie OoIbIIyio
3HaYUMOCTB 3TO CBOIMCTBO NpHOOpeTaeT, Korna Koda(GUIMEHTbI He Yicia, a HeKOTopble (GyHKLMHU. [IpoBeieHHbINH YHCIICHHBII
aHann3 NPUOIMKEHHOTO PENIeHHs ITOATBEPXkKIaeT ero 3pQeKTHBHOCTS.

KnroueBble cioBa: BapuallMoHHas 3a7aya, Kpaesas 3anada Heiimana, unterpan /lunHu, npuOnmxeHHOE pelleHue, KBaapa-
TypHas ¢popmya
Jas nurupoanmsi: Menemko, Y. H. TIpubnmkeHHOe TpeACTaBICHHE THIOrapu()MaMu PEIICHHUs OJTHOM BapHaIlMOHHOW Kpac-

BOM 3a/1au¥l Ul Kpyra npu rpannuHoM ycioBuu Helimana / M. H. Menewxko, I1. I'. Jlaceiii // Hayka u mexuuxa. 2021. T. 20,
Ne 2. C. 168-172. https://doi.org/10.21122/2227-1031-2021-20-2-168-172

Approximate Dilogarithm Representation
of One Variational Boundary Value Problem Solution for Circle
under the Neumann Boundary Condition

I. N. Meleshko", P. G. Lasy"

YBelarusian National Technical University (Minsk, Republic of Belarus)

Abstract. It is known that boundary value problems for the Laplace and Poisson equations are equivalent to the problem of
the calculus of variations — the minimum of an integral for which the given partial differential equation is the Euler — La-
grange equation. For example, the problem of the minimum of the Dirichlet integral in the unit disc centered at the origin on
some admissible set of functions for given values of the normal derivative on the circle is equivalent to the Neimann boundary
value problem for the Laplace equation in this domain. An effective approximate dilogarithm representation of the solution
of the above equivalent variational boundary value problem is constructed on the basis of the known exact solution of the
Neumann Boundary value problem for a circle using a special approximate formula for the Dini integral. The approximate
formula is effective in the sense that it is quite simple in numerical implementation, stable, and the error estimation, which is
uniform over a circle, allows calculations with the given accuracy. A special quadrature formula for the Dini integral has
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a remarkable property — its coefficients are non-negative. Quadrature formulas with non-negative coefficients occupy a special
place in the theory of approximate calculations of definite integrals and its applications. Naturally, this property becomes even
more significant when the coefficient are not number, but some functions. The performed numerical analysis of the approxi-

mate solution confirms its effectiveness.

Keywords: variational problem, boundary Neumann problem, Dini integral, approximate solution, quadrature formula

For citation: Meleshko I. N., Lasy P. G. (2021) Approximate Dilogarithm Representation of One Variational Boundary
Value Problem Solution for Circle under the Neumann Boundary Condition. Science and Technique. 20 (2). 168—172.

https://doi.org/10.21122/2227-1031-2021-20-2-168-172 (in Russian)

BBenenue

BapuanoHHble METOABI YaCTO MPUMEHSIFOT JJIS
pelleHns] Pa3IMyHbIX 3aJad MEXaHUKH, (QU3HKH
n Maremarudeckoit ¢pusuku [1-4]. [Ipeacrasmsier
MHTEpEC BOIPOC O PEIICHUU BAPHALMOHHBIX 3a/1a4
C TmoMOLIbI0 3(PQEKTUBHBIX METOIOB PEIICHHS
SKBUBAJICHTHBIX KPAaeBBIX 3a7ay MaTeMaTH4ecKOi
(hmzukw.

Paccmotpum 3amauy o MUHUMYME (pyHKIIMOHA-
Ja Ha HEKOTOPOM JIOMyCTUMOM MHOXECTBE I
¢byHKUUd © = u(x, y), yAOBICTBOPSIONINX I'paHUY-
HOoMY ycnoBuio Heiimana:

j j |gradu [* dxdy.
G

OHa SKBUBaJcHTHa KpaeBoi 3amaue Helimana
s ypaBHeHud Jlarutaca B obmactu G. B ciydae,
Korga oomactb G — eIUHHYHBIA KPYT C IIEHTPOM
B Hayaje KOOPAMHAT, MBI INPHXOAUM K 3a1ade
0 HaxOXJeHWW GYHKIHH u = u(r, @), yIOBIETBO-
psromieit  ypaBHeHHto Jlammaca W TpaHUYHOMY
ycnoButo HeliMaHa cOOTBETCTBEHHO:

Au=0,r<l; (1)

ou

P :f((p),—TCS(PSTC, (2)
r

r=1

rae f(¢p) — HempepbIBHAs Ha OTpe3ke [—T, T] QpyHK-
UL,

HeoOxoauMbIM ycIOoBHEM pa3peuInMOCTH Kpa-
eBoif 3amaun (1), (2) sBIsieTCcA BBHINONHEHUE pa-
BEHCTBA

Tf((p)dcp= 0.

Pemenne 3agaun HaXOOUTCS B ATOM Cliydae
C TOYHOCTBIO JO0 JEHCTBHTCIBHON ITOCTOSTHHOM
U MOXeET OBITh 3allMCaHO C TOMOIIBI0 WHTerpala
Hunn [1, c. 598-600; 2, ¢. 231-232] B BUzE

u(r, @)Z—%Tf(r)ln|t—z|dr+c, 3)
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Pemrenne xpaemoit 3amauum (1), (2), a, ciemo-
BaTeJIbHO, M COOTBETCTBYIONIEH BapHallMOHHOU
3a1a9u OyJeT eIWHCTBEHHBIM, €CIH MOTpeOOBAaTh,
4TOOBl MHOXXECTBO JOMYCTHUMBIX (QYHKIMHA I
YIOBJIETBOPSIO HEKOTOPOMY JIOMOJTHUTEIBHOMY

YCJIOBHIO.

OCHOBHAA YACTb
Ipudan:xennas ¢popmyia
Ui uHTerpasa Jluuu

CkoHCTpyupyeM KBaJpaTypHyr ¢opmyay c
HEOTpULATENbHBIMU KO3 uumentamMu 111 HH-
Terpasia

D(r, (p)=—%ff(1:)ln|t—z|dr, W

t=¢€", z=re"

3amumieM STOT WHTETpal B BUAE Pa3sHOCTH
IBYX MHTETPATIOB

D(r, (p)—— j f@in= |dr——j f(®de. (5)

3ajgaguM Ha OTpE3Ke [—T, T| CUCTEMY TOYEK

. = kh, k=-nn -n,n, h=

H alIpOKCUMUPYEM
n+

¢dbyHKUUIO f{(P) HA ATOM OTpe3Ke o PopmyIie

f(@)= f(o)= Z 0,(0)f (@), (6)

k=-n

h h
1: Oe (pk_Ea (pk+5 5

rae 6,(¢)= L L
Oa (p¢|:(Pk _Ea (Pk +_:|'

2

IloncTaBuB B mpencramBieHue (5) WHTETpana
JluHu BMECTO TUTOTHOCTH €€ MpuommKeHne 1o (6),
MOJYYHM CIIEAYIOIIYIO KBaIpaTypHYIO GOpMyITy:

D )~ D(r )= 3 A,(r 0) /(@) -
k=—n (7)

_hIn2 Zf( )

k=—-n
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rae

dr. (8)

Teopema 1. Kosgpgpuyuenmor A (r, ¢) k6adpa-
mypnotl hopmynvt (7) Heompuyamenvhvl U 8bIYUC-
A2I0Mces no gopmyne

A, (r, (P)—; hln2+Im Lz[ze l(%_z)]—

9)
- I? [ze_i(w +}21JJ )

A
20e [*(z)= Z— — ounoezapugm Dinepa [5, 6].
i k
Jlokazamenvcmeo. Tak Kak B €IUHUYHOM KpY-

re In

| >0, To U3 mpexacrasieHus (8) I KO-
t—z

s duerToB A7, @) clenayer, 9To BCe OHU HEOT-
puuarensHsl gt ¥ <1 u @ € [-n, n]. Janee 3a-
THIIEeM

h

Pr )
A (r)="2 1 [ Reln(l—ijdr=
T T i

t

P )

hin2 1%2 © |
_hln2 1 1z
R I {;k(tn

lPk —5

h1n2 l J. LZ_COSk(T (p)jdr—hln2+lx
0 T

k=1 T

<Pk2

(oo oo
x| > —|sink| —@, +— |—sink| ¢—¢ ——j =
(;kz ) )

hIn2+Im| I? { Ze_{(pk _g) J _2 ( - e"{"’k *gj J

®dopmyna (9) nokazana.

[Tomy4ynM OLEHKHM MOTPEUIHOCTH MPHONUKEH-
HoH Gopmysl (7).

Teopema 2. Eciu nromnocmv Q) unmezpana
Jlunu nenpepviéna Ha ompesxe [—m, m|, mo umeem
Mmecmo pasHomepHas no r <1 u ¢ € [-n, n] oyen-
Ka noepewrocmu npubaudxcerno popmynvt (7)

Q-
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| D(r, @) — D(r, ¢)| < 4o(f, H)In2,  (10)

20e off, h) — mooyrv HenpepviHoCmU DYHK-

yuu f(@).

Ecnu oce flo) — Henmpepwvigno oughghepernyu-
pyemasa Ha [-T, T] ¢yHKyus, mo pasHoMepHO no
scemr<1luq e[-m,mnr]

| D(r, @)= D(r, ¢)| < 2M,h1n2, (11)
2de M, =(pg1_§txn]|f (@)

lloxazamenvcmeo. Cpasuusas (5) u (7), Haxo-
JIM, YTO

D(r, )~ D(r, (P)——f(f (V) - f(T))ln|

|d‘t—

2] 2 ue-To

OneHuBas 3Ty pa3sHOCTb 1O aOCOJIIOTHOM Be-
JUYMHE M YYUTHIBAs, YTO B EOUHUYHOM Kpyre

In

| | > (), MOXKHO 3aITHCcaTh HEPABEHCTBO
t—z

| D(r, 9)— D(r, )| <

{1 n——dr +‘“—2j J(pgla}[xn]lf(tp)—f(cp)l,

i |[t—2z| T
r :

W, 3HAYUT,

| D(r, ) D(r, )| <

r (12)
< —J.ln” dt+4In2 max |f((p) f@)].
we o [t-
ITockonbky
In ! =—Reln(1—£j=
[t=z| t

(i%{—j ]= 5T cosk(z-0),

k=1 k=1

00

Z sink(t— (p)|

k= 1

™
1
Iln
|t—
—T
U, Cief0BaTesIbHO, HepaBeHCTBO (12) MOXHO me-
pernucaTh B BHIC

| D0, 9)=D(r, )| < 4In2 max | f(9)=f(0)]. (13)

Ecmu ¢ynkuus f{¢p) HempepblBHA Ha OTpe3-
Ke [-m, ], TO
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| f(@-F@|<o(f,h), o[-, rl, (14)

€CITM K€ OHA HEMpPEPHIBHO IU(QepeHunpyemMa Ha
3TOM MPOMEXKYTKE, TO

| f(@)- f(9)| <

Zlh, ¢ e[-n, w]. (15)

N3 (13)—(15) crnenyroT mokazpIBaeMble Hepa-
BeHcTBa (10), (11).

[Tony4yeHHBIE OLIEHKH MHOTPEIIHOCTH NPHOIH-
xeHHol Qopmynsl (7) ans uHTerpana JuHu mo-
JIE3HBI TaK)Ke€ M TEM, YTO B HHUX YKa3bIBAIOTCS HE
TOJILKO IMOPSAOK, HO U BO3MOXKHBIC 3HAYCHUSI IS
KOHCTAHT.

IpubanxeHHOe MpeAcTABJIEHHE
aujgorapupmamu pemeHus
BapHUAIMOHHOM 3a1a4H

[IpubmmxeHHOEe peIIeHNe BapHUallMOHHOW 3a-
Jadu OyZeM KOHCTPYHpPOBaTh Ha OCHOBE (op-
My (3)~(5) u (7), U3 KOTOPBIX BBHITEKAIOT CIEAY-
IOIIHE TOYHBIC U MPUOIMIKEHHBIC PABCHCTBA:

u(r, 9)=D(r, ) +C~D(r, @) +C;  (16)

i(r, @)= D(r, ) +C= 3 A(r, @)/ (94) -
1 k=—n (17)
_ hin2
Z flo)+C

T f=—n
B KOTOPBHIX KO3(QGUIMEHTH Ai(r, @) onpeaecHbl
tdopmynamu (8), (9). @opmynst (9) u (17) mozBo-
JSIFOT TIPENCTaBUTh MPUOIMKEHHOE pPELIeHUe Au-
norapupmMamu Ditiepa

u(r, (p)——ZIm I*| ze ((p/ﬁ%J -

(18)

h

- Zeii{(pk 7) f(o)+C.

Cpasuus paBeHctBa (16) u (17), 3ameyaem, 4To

u(r, (P)—I:Z(V, (p):D(I’, (P)_D(ra (P)

[TosTOMY AMNISl OLIEHKH TMOTPENIHOCTH (GOpMYIT
(17) u (18) MOXHO BOCIIOJNIB30BaTHCSl HEpPaBEH-
ctBami (10) u (11) Teopemsr 2.

00 ycToOHYNBOCTH KBAAPATyPHOH

dopmyiusi (7) nas uarerpana Aunu

Beime orMedeH ToT Gakt, 9To K0d()UIIHEHTH
Al(r, ©) kBagpaTypHoil ¢opmynsl (7) HeoTpuua-
TeTsHBI U1 BceX < 1 u ¢ € [-r, n]. KBagpaTyp-

Hayka
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Hble (OPMYINBI ¢ HEOTPUUATEIBLHBIMU KO3 HHULIH-
EHTaMH 3aHHMAIOT 0CO00€ MECTO B TEOPHUH TpH-
ONMDKEHHOTO BBIYMCIICHUS! ONPEAETICHHBIX HHTE-
TpaJioB ¥ €€ MPWIIOKEeHUIX [7]. BaxkHOCTh CBOM-
CTBa MOJIOXKHUTEIBHOCTH KO3()(ULHUEHTOB KBal-
KBaJpaTypHBIX (OpMYJl OTMeyaeTcsi Takxke B [8].
EctecTBeHHO, uTO ermie OONbIIyI0 3HAYMMOCTh 3TO
CBOMCTBO mpuoOperaer, Koraa KOod(QQHUIUEHTHI
HE 4MCNa, a HEKOTopble (YHKLIUH, HAa YTO yKa3bl-
Baercs B [9].

[IpoBenem uccnenoBaHue KBaapaTypHOU (op-
MyJnbl (7) Ha ycToiumBocTh. llpeamnonoxum, 4To
3HAYCHUS IIOTHOCTH f{() maTEeTrpana {unu B y3max
KBapaTypHOH (opMyJsBI HAWICHBI MPHOIIMHKEHHO,

T. €. BMecTo f{(p) uMeeM f (), Tak 4yTO TOTrpeII-

=f(@)— f(9). Ilycts |g, [<k,
k =—-n, n. Torz[a JJIA HOl“peIJ_IHOCTI/I BBIYUCIICHUA

HOCTH DPAaBHBI

KBaJpaTypHOil cymmbl B (7) mojdydaeTcs Hepa-
BEHCTBO

Z A, (r, 0) f(9,) - Z A (r, @) f ()<

k=-n k=-n

k=-n

U3 KOTOPOrO CIENYET, YTO TOYHAsI BEPXHssSI I'PaHb
MOTPEIIHOCTH BBIYMCIEHUSI 3TOM KBaapaTypHOU

n

CYMMBI IPpONIOPIMOHAJIbHA Z |Ak (I", (p)| OueHum
k=—n

JaHHYIO CYMMY 4YHCJIOM, HE 3aBUCAIIUM OT 7

u (@, yYuUTbIBasA, 4TO, KaK MBI y6e111/1m/101> BBIIIC,

In

dt=0 wu, ciemoBaTenLHO,

Z|A (r, (p)|—— j 1n

k=—n k:—n

=l 2nln2+ | In dt |=2In2.

i |t—z]|
-7

3HauuT, pu Beex r< 1 mw ¢ € [-n
JINBO HEPABEHCTBO

7| cripaBen-

> A4 (r, @) f(9,) < 2eln2.

k=—n

Z A (r, ) f(9,) —

OTO 03HA4aeT, uTO MpU BCEX 7, ¥ U () MOTPEII-
HOCTb BBIYHMCICHHUN OTOH KBAaAPaTypHOH CyMMBI
HMEET TOT K€ TOPANOK, YTO U MOTPEITHOCTD BBIUUC-
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JIeHus TUIOTHOCTH f((). B Takux ciydasx roBopsT,
4TO KBaIpaTypHast hopMyJia YUCIICHHO YCTOHIHBA.

Hpumep. Havimu pewenue ypasnenus (1) npu
yenosuu

=sin@p+@cosQ, —T< QLT
or

r=1

TouHoe pelieHHe OHTOM 3agauv  HaJIEHO
B [10, c. 133] ¢ momomrsio npeoOpa3oBaHUi HHTE-
rpana [IBapua

u(r, 9)=D(r, ) +C= Im((z—ljln(l +Z)J+c, (19)
Z

rae In(1 + z) — BeTBb JIorapupMUIecKoil GyHKIHH,
mpuHUMaromeil Ha npomexyrtke (—1, 1) meicTBu-
TEJILHON OCH IeMCTBUTEIbHBIC 3HAUCHHSL.
MakcuMaibHasi TIOrPeNIHOCTh BBIYMCICHHHA 110
TouHOU (hopmyre (19) u ¢ moOMOITEI0 TIPUOITMKEH-

Horo ypaBHenus (18) npu »=0,1+0,2k, & Im;
(p=§ u n=20 paBHa 0,002. AHasoru4yHo Io-

TPEIIHOCTh BBIYUCICHUM B TEX K€ TOUKAX MpH
n =50 ne npesbimaer 0,00033, a npu » = 100 ona
He Oosbire uem 0,000083.

UucneHHbII  3KCHEPUMEHT  MOJATBEPKIAET
3¢ (PEeKTUBHOCTh M YCTOWYMBOCTH KBaJIpaTypHOMH

(hopMyITBI.
BbIBO/IbI

1. Ha ocHOBE M3BECTHOTO TOYHOTO PEIIEHUS
KpaeBoH 3amaun HeliMana nust Kpyra ¢ IOMOIIBIO
CIIEITHAIBHON KBaIpaTypHOU (DOPMYIIBI I MHTE-
rpana /luau ckoHcTpyHpoBaHo 3¢ dexkTuBHOE Mpu-
ONMmKEeHHOE IpeACTaBlIeHUE auiiorapupmMaMu pe-
IIEHNs] SKBUBAJIECHTHOW BapHAaLlMOHHOM 3a/1a4d Ha
JIOITyCTUMOM MHOXECTBE (DYHKIIHH.

2. [lomyuena paBHOMEpHast B €JMHUYHOM KpyTe
OLIEHKAa MOTPEIIHOCTH NPUOIIKEHHON (OpPMYIIbL.
IlpoBeneH 4YuHCIEHHBIM aHaIU3 KBaJpaTypHOU
CYMMBI Ha yCTOMYUBOCTb.
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CnekTpajbHblil aHaIu3 curHaja B cucreme Wolfram Mathematica

Kanpa. ¢pus.-maT. Hayk, gou. M. A. T'yuauna”
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Pedepat. BrinosnHeHs! CeKTpaibHbIM aHAIW3 CUTHAJIOB Pa3IMYHON MPUPOABI, IOCTPOECHUE CKAJIOTPpaMMbl CUTHaJIa C TOMO-
IIbI0 BeliBiieTa Mopiie, MOAN(UKaIHs CKaJOrpaMMBI IJIsl OJTy4eHus Gonee HHPOPMAaTUBHOIO IPa)MIecKOro MpeacTaBIeHHs
curana. [Iyrem npeodpazoBanus Oypbe CTPOUTCS CIIEKTPaIbHbIH aHaan3 curHana. C moMorpio cuctembl Mathematica pas-
paborana mMoauduKanus rpaduuecKoro MpeACTaBICHHs pe3yibTaTa BeWBIeT-peoOpa3oBanus. s 3TOro HCIOIb30BaNIaCh
BEHBIIET-CKAJIOrpaMMa Kak ABYMEPHOE IIPEICTaBICHUE UCXOAHOro curnana. Ha Hell BBeAeHa 1IKana Ui 3HAaYCHUs aMIUIATY-
IIbl CHTHAJIa B 3aBHCUMOCTH OT BPEMEHH U IEpHOJa €€ COCTAaBILIIONIMX KOMIOHEHTOB. Takoe rpaduyeckoe IpeicTaBieHHe
HO3BOJISIET MOJTYYHUTh JONOJIHUTEIbHYI0 HHQOPMALIMIO O IMHAMHYECKUX CBOHCTBAX MCXOMHOrO cHrHaia. PazpaGorana momu-
(UKaIHs MPeACTaBICHHs CKAIOrPaMMBbl HCXOAHOTO CHTHANIA A 00Jee MONHOTO CIEeKTPaIbHOTO aHanu3a (ompeneineHne me-
pHOJa COCTABISIOINX KOMIIOHEHT). [IpuBeneH mpuMmep HCIOIB30BaHUS MOAU(UINPOBAHHONW CKaJOTpPaMMBI IS aHAIHM3a
CHT'HaJa, COAEPXKALIEro [Ba MMITyJIbca — 3ByKOBOTO CHrHaJIa U Oesnoro mryma. basucHbIM BeiBI€TOM B 3TOM Cilydae SBIISIETCS
BeiiBier Mopie. [IponsBeneHo cpaBHEHHE CKAIOTPaMM — IOJYYEHHOU C IMOMOIIBI0 BCTPOCHHOW (YHKIUH W MOAUDHUIIHPO-
BaHHOH. HenocraTok nepBoi cKajlorpaMMbl — HEBO3MOKHOCTb OLICHKU IIEPUOJUYHOCTH CUTHANA, a €€ JOCTOMHCTBO — BO3-
MOYKHOCTb OLIGHKH JIOKQJIM3al[X UMITyJIbca. [t MOIU(UIIMPOBAHHOM CKalorpaMMBbl JOCTOMHCTBOM SIBJISIETCS OLIGHKA MEpH-
OJMYHOCTH CHTHANa, a HEJOCTATKOM — HETOYHOCTh OIpEAENICHUs AUana3oHa JOKaIu3aluu UMIynbca. I CHeKTpalbHOro
aHanm3a B cuctemMe Mathematica pekoMeHIyeTcs HCIOIb30BaTh COUETAaHHWE ABYX MOAXOMOB (MCIONB30BAaHHE CTAaHAAPTHOU
BCTPOCHHOI (DYHKIMH UISL ONIpEAeIeHHs JIOKATHU3AUH UMITYJIbCa) U MOJU(DUIIMPOBAHHON CKaJIOTpaMMEI (ULl OTIpeeIeH s
HEePHOJIOB COCTABIIAIOMINX KOMITOHEHT).

KuaroueBbie cioBa: Wolfram Mathematica, o6paboTka curnana, npeodpasoBanne Pypbe, CIEKTpaTbHBI aHAIN3, YacToTa
CHUT'HaJa, BeHBIIET-IpeoOpa3oBaHKe, 3ByKOBBIE (haliIbl, CKaJIOrpaMMa

Jst murupoBanus: ['yanuna, M. A. CriextpanbHblii aHanu3 curaana B cucteme Wolfram Mathematica / M. A. I'ynnuna /
Hayxa u mexnuxa. 2021. T. 20, Ne 2. C. 173—178. https://doi.org/10.21122/2227-1031-2021-20-2-173-178

Spectrum Analysis of Signal in Wolfram Mathematica System
M. A. Hundzina"

YBelarusian National Technical University (Minsk, Republic of Belarus)

Abstract. The purpose of this paper is a spectrum analysis of signals of various nature, construction of the signal scalogram
using Morlet wavelet, modification of the scalogram to obtain a more informative graphic representation of the signal. Spec-
tral analysis of the signal is constructed by means of the Fourier transform. A modification of the graphical representation
of the result of the wavelet transform has been developed with the help of the Mathematica system. For this, a wavelet scalo-
gram has been used as a two-dimensional representation of the original signal. A scale has been introduced on it for the value
of the signal amplitude depending on the time and period of its constituent components. This graphical representation allows
us to obtain additional information about the dynamic properties of the original signal. A modification of the representation
of the original signal scalogram has been developed for a more complete spectrum analysis (determination of the period of
the constituent components). The paper contains an example using a modified scalogram for the analysis of a signal
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containing two pulses, an audio signal and white noise. The basic wavelet in this case is the Morlet wavelet. A comparison of
the scalogram, obtained using the built-in function, and the modified scalogram has been made in the paper. The disadvantage
of the first scalogram is the impossibility of assessing the frequency of the signal; its advantage is the ability to assess
the localization of the pulse. For a modified scalogram, the advantage is the estimation of the signal periodicity, and the
disadvantage is the inaccuracy in determining the range of pulse localization. For spectrum analysis in Mathematica, it is
recommended to use a combination of two approaches (using a standard built-in function to determine the localization of the
pulse) and a modified scalogram (to determine the periods of the constituent components).

Keywords: Wolfram Mathematica, signal processing, Fourier transform, spectrum analysis, signal frequency, wavelet trans-

form, sound files, scalogram

For citation: Hundzina M. A. (2021) Spectrum Analysis of Signal in Wolfram Mathematica System. Science and Technique.
20 (2). 173—178. https://doi.org/10.21122/2227-1031-2021-20-2-173-178 (in Russian)

BBenenue

[Ipu 00paboTKe CHTHAIOB YacTO MCIOIL3YETCS
CIEKTpaJbHBII aHanu3, MpPUMEHsIEMbId B 3a1adax
pacro3HaBaHusl pedd, OOHApPYKEHWS HaJIBOJHBIX
KopaOJyiell ¥ TOJBOJHBIX JIOJIOK, B CHCTEMaX CiKa-
THS TIOJIOCHI PEYEBOTO CHUTHANA, MPU TOTYYEHHUU
WHGOPMAIIIH O CKOPOCTH LIENH B PaJNOJIOKAIIOH-
HbIX cuctemax [1, 2]. [losTomy pa3Butue JaHHOTO
HaIpaBJIeHU SBIAETCS aKTyaJbHBIM JJIS pas3iivd-
HBIX obOjacTeil HayKu W TEXHHKH. B oTeuecTBeH-
HOH W 3apyOeKHOH JTUTEepaType IMIHUPOKO OCBEIIe-
HBI CYIIECTBYIOIME METOABI U 3a/lauM CIIEKTpaslb-
HOT'O aHaJIi3a CUTHAJIOB, MPEJICTaBIIeHa OApoOHas
KIIacCH(HKAIHS METOIOB CIIEKTPAIFHOTO aHam3a
U paccMOTpeHbl Hambosiee MpUMEHSEMbIe U3 HHUX
Ha ceroMHsAHUN AeHb. Oco0oe BHUMaHUE YIens-
eTCsl KJIACCUYECKUM METOJaM CIIEKTPaJIbHOIO aHa-
JM3a CUTHAJIOB, TOCTPOEHHBIX Ha MPeoOpa3oBaHUN
®ypee [3]. B aTOoM cimydae curHan packiaablBaeTcs
Ha 3JIeMEeHTapHble TApMOHIYECKHE KOIeOaHHs C pa3-
JIMYHBIMU YacToTaMu [4], a CBOMCTBA U 3aBUCUMOCTH
BBIP)KAIOTCSI C TOMOIIBIO OIHOM 0a3MCHOM HKCIIO-
HEHITNAJIbHON (PYHKIINH.

U3BecTHO, uTO mpeodpazoBanne Dypre HANLIO
IIMPOKOE MPUMEHEHUE B NMPUKIAIHBIX HCCIEN0Ba-
HIsIX. OZlHa U3 aKTyalbHBIX 00JIaCTeH ero MCIoib-
30BaHUsl — OWMOMeTpHhuecKas HASHTH()HUKAIMS 4de-
JIOBEKa 10 paykHoi obonouke [5]. Takxke obpa-
0OTKE MOTYT ITOABEPTaTHCS PEUEBHIC COOOIICHUS.
Hampumep, 11t COKpBITHS ITBOMYHBIX JAHHBIX B
PEUYEBBIX COOOIIEHHSX MOTYT HCIOJIB30BATHCS
npeobpazoBanre Dypbe U BeiiBieT-IpeodpazoBa-
HUE, YTO MO3BOJISET MOBBICUTH CTOHMKOCTH CKpBI-
TBIX cOoOOIIeHHI [6, 7].

CrieKTpallbHBI aHaNH3 MIMPOKO MPUMEHSETCS
Uil cOopa OTIONHUTENBHON MH(OpMauu o JaH-
HBIX, TIOJIy9€HHBIX TPOMBIIIICHHBIM 000pyI0-
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BarmeM [8, 9]. Cucrema Mathematica Moxxer uc-
MOJIb30BATHCS JIsl peaM3alliid W3BECTHBIX M pas-
paboOTKM HOBBIX METOJOB 00pabOTKM CHTHa-
moB [10-12].

Ilenp wuccnenoBaHus aBTOpa — MPOBEICHHE
CTIEKTPAIbHOTO aHaIM3a HEKOTOPHIX CUTHAIIOB,
MOCTPOCHUE CKAaJOIpaMMBl CHTHaja C IMOMOLIBIO
BCTPOCHHBIX BO3MOXHOCTEH CHUCTEeMbI, MoauprKa-
LU CKaIOTPaMMBI JJIsl TIOTYYEHHUS! JOMOTHHUTEIb-
HO¥ MHGOpPMAIINA O CUTHAJIE.

OcHOBHAA YacTh

[Tyrem mpeobpazoBanust Oypbe CTPOUTCS CHEKT-
panbHBIN aHanu3 curraiga. C MOMOIIBI0 CHCTEMBI
Mathematica paspaborana Momudukauus rpadu-
YECKOTO TPEACTABIICHUS BEHBIET-KOI(DPHUITMEHTOB
npeoOpazoBanus. CrieKTpaIbHBIN aHATIHU3 SBIISETCS
OOHUM U3 HauOojiee PacIpPOCTPAHEHHBIX BHIOB
aHanM3a CHrHaJoB M B cucreMe Mathematica
AMeeT psia 0COOCHHOCTEH.

Curnan, cojep:Kammii J1Be NepuogHYeCKHe
cocTaBJisiiomue. PaccMOTpuM CHrHaj, KOTOPBIH
MIPEACTABISIET cO00M cymmy curyconn sin(1007) +
+ sin(300mx). I'padmk sTOoro curHama IMOKa3aH
Ha puc. la.

CreKTp BBIUUCIISAETCS C MOMOIIBIO Mpeodpa3o-
BaHus Dypbe, NPUMEHEHHOI'O K MaccHBY 3Haue-
HUM, KOTOpbIE COOTBETCTBYIOT OTCUETaM CHTHaja
BO BPEMEHHOW 00JacTH. BrIymcieHne KOMILIEKC-
HOTO CIIEKTpPa OCYIIECTBIACTCA C MIOMOIIbBIO (PYyHK-
uun Fourier. 3aeck Al ero 0TOOpasKeHUsT UCTIOIb-
3yeTcs MOJIyJb KOMIUIEKCHOTO CHEKTpa (aMIuiu-
TYIHBIN CIIEKTP).

Jiis mocTpoeHus NpencTaBACHU KOMIUIEKCHO-
ro crekrpa npumensiercst ¢yukius ComplexList-
Plot, pe3ymbTaT AeWcTBUA KOTOPOH H300pa)KeH
Ha puc. 1b.

Hayka
urexHuka. T. 20, Ne 2 (2021)
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Puc. 1. Tpaduk ucxoqHoro curuana (a) u mpeacTaBieHne KoMIiuiekcHoro crnexrpa (b):
fix) — 3HaueHue curnana; Re(f*), Im(f*) — neficTBuTeNnbHAS M MHUMAas YacTH npeodpazoBanus Dypre

Fig. 1. Source signal graph (a) and complex spectrum representation (b):
fix) — signal value; Re(f*), Im(f*) — real and imaginary parts of the Fourier transform

Crenyer oTMETHTBH, 9TO Tpaduku Ha puc. 1 He
JIAFOT JIOCTaTOYHO HWH(OpMAIMK O CUTHAIE: JUIs
NPOCTBIX CHTHAJIOB IMPEICTABISIET COOOU OTIEIb-
HBbIC JIUHHUU, JUIS CIOXKHBIX — Ha0Op OTPE3KOB.
B aToM ciiydae HEOOXOMMO MOCTPOCHUE rpaduka
MOJyJIsI CIIEKTpa (puc. 2).
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Puc. 2. OtobpaskeHre MOAYJISl KOMIUICKCHOTO CHEKTpa:
|fix)| — abcomoTHOE 3HaYEHUE CUTHAIA

Fig. 2. Complex spectrum module display:
[f(x)| — absolute signal value

I'paduk Ha puc. 2 Oonee WHPOPMATHUBEH,
HO MO OCH a0CIHCC OTIOXKEHBI OTCUECTHI CHTHAJA.
Ha ocu Ox HeEoO0XoAMMO TNpEACTaBUTHL BEKTOP
YaCTOT, COOTBETCTBYIOIIMH OTCYETaM CIEKTpa.
st 5TOrO ONMpeAeauM YUCIO OTCYETOB B MAaCCHBE
W YacTOTy IHMCKPETU3allH C MOMOIIbI0 KOMaH-
Il signal//Length.

[Mon paspemieHHEM CHEKTPAILHOTO aHallM3a
OyzeM MOHMMaTh MHHAMAIBHYIO Pa3HUIY MEXIY
COCEIHUMH 3HAYCHHSIMUA YacTOTHI B criekTpe. Ya-
CTOTa JMCKPETU3AIIH OTIPEIeNsieTcs o hopMyie

fs=dlh,

rae d — JUIMHa BCEro MHTEepBaia; /i — pa3pelieHue
CHEKTPaJIbHOIO aHAU3a.

CrekTp BBIYHCISETCS B JMANa3oHE 4acToT OT
HYJIs1 1O 4aCTOThI AUCKPETU3ALMU C IOMOILBIO Clle-
JyIOILEH M0JIb30BaTEeIbCKON (DYHKIMN:

Hayka
urexHuka. T. 20, Ne 2 (2021)

n_:=Tablel[i/(n— 1)fs, {i, 1, n—1}].

3aMeTuM, 4TO CHEKTpP JAaHHOI'O CHUTHajla MepH-
OJIMUEH, 3HAYHT, HTHOOPMATUBHON YaCThIO CIIEKTpPa
SIBJIIETCSL €ro TOJIOBMHA. TOrAa BEKTOp 4YacToT
(dbopmupyeTcs KaK HOpMHUPOBAaHHBIN BEKTOP OT HY-
JI1 10 TOJIOBMHBI YacTOTBI IUCKPETH3ALMH, NPH-
4eM pPa3MEPHOCTb BEKTOpa paBHA pPa3MEPHOCTH
HCXOIHOTO MaccHBa:

Fol[n J:=Table[i/(n — Vs, {i, 1, n/2}].

MaccuB TOYeK, e MepBOl KOOPAUHATOU SIB-
JISIETCSl YacTOTa, & BTOPOU — 3HAUCHUE aMILTUTYIbI,
OTPEACIISACTCS CICIYIOIIMM 00pa3oM:

spln_]:=Table[ {{v1[n][[i]], Abs[Fourier[sig]][[i]]},
{i, 1, n/2}],

Irzie Sig — 3Ha4e€HHe UCXOJHOI0 CUI'HAJA.

[lon ckanmorpammoii OyaeM NpeacTaBisATh IBY-
MEpHOE OIMCAaHUE OJHOMEPHOTO CHTHaja, TAe Ha
ocu Ox 3agaetcs Bpems, Ha ocu Oy — mikana, npea-
CTaBISIOIAs COOOH OICHKY JIOKAIBFHOTO CIIEKTpa
suepruu [13, 14].

Ji mocTpoeHMs CKaJorpaMMbl CYIIECTBYET
BcTpoeHHas ¢GyHKms WaveletScalogram. Brava-
Jle Ha UCXOIHBI MacCuUB [AaHHBIX BO3ICHCTBYEM
BEHBIET-IpeoOpa3oBaHEeM Ha OCHOBE BeHBieTa
Mopne, 3areM cTpouMm ckamorpammy. Koman-
Ibl, pealM3yIolIie 3TH JCHCTBHS, BBITJLIAT Cie-
nyromuM obpazom: dwd=ContinuousWaveletTrans-
form[sig, n]; MorletWavelet[]]; WaveletScalo-
gram[dwd]. Pe3ynpTaT BBIIIOJHEHUS IEPEUUCIICH-
HBIX KOMaH[ PEJICTaBIIeH Ha pHc. 3a.

JdanHas (QyHKUOUS CTPOWT MpPEICTaBICHUE KO-
s¢unmrenToB BeiBieT-peoOpa3oBaHus U JaeT
rpaguuecKyr0 HHTEPIPETalHI0 B BHUAE PSIOB
LBETHBIX HPSAMOYTOJLHUKOB, B KOTOPBIX OOJbIINE
3HAYEHUS OTPAXKAIOTCS TEMHee, a Kakaas Ioclie-
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Iylollas CTpOKa COOTBETCTBYET pa3IMYHBIM CIie-
nuduKanuaM HMHAEKca BeiBieta. Hemoctarkom
TAKOTO MPECTABICHUSI SIBIISIETCS CIOKHOCTh OMpe-
JIeNICHHs] TIePUoJIa KOMIIOHEHT curHana. CoriiacHo
puc. 3, meproaa — 1Ba, HO WX 3HAYCHHS Ha rpadu-
K€ OTCYTCTBYIOT.

s ycTpaHeHHs 3TOTO HEIOCTaTKa HCIIONb-
3yeM pa3paboTaHHYI0 MOIMGHUUMPOBAHHYIO CKa-
norpamMmy. Bhadane ompenensieM KO3(QQUIMEHT
BeHBIeT-IpeoOpa3oBaHus Kak (PYyHKIHIO OT mapa-
METPOB @, b CIeIYIUM 00pa3oM:

Wla_, b 1:=1.a(1/2)Sum[fi[(i-b)aldH[il], {i, 1, n}].

3arem ompenensieM MaccUB KO3(PQPHULIHUEHTOB
JUIT HEKOTOPOT'O JIMara3oHa 3HAYEHWH HCXOIHBIX
apaMeTpoB

w=Flatten[Table[{a, b, W]a, b]//Chop},
{a, 1,n},{b, 1, n}], 1].

Ilocne 3Toro cTpouM KOHTYpHOE pacrpenese-
uwue ListContourPlot{w]. Pe3ynbrar BBHINONTHEHUS
9THX KOMaH]I IPEICTaBIeH Ha pHcC. 3b.

ITosy4eHHBIN CHEKTpP MO3BOJIIET OLEHUTH TOY-
HOE 3Ha4eHUe YacTOThl curHana. W3 puc. 3 BuaHO,
YTO MEPHOAAMHU ISl TAHHBIX KOMIIOHEHT UCXOJIHO-
ro curHama aBisroTcs 3uadeHus 50 u 150.

CurHaj, mnpeacTaBjsiioluii co0oii OesbIi
myM. BocrnponsBenem Oenbiii IIyM C ITOMOIIBIO
BCTPOCHHOU (DYHKIIMU CUCTeMbI sig=RandomFunc-

a
1F r T T T ™

0 20 40 60 80 p 100

tion| WhiteNoiseProcess[], {0, 40}]. I'padux cur-
HaJla ¥ er0 TUCTOrpaMMa MPEICTaBJICHEI Ha pHC. 4.

C menpio OIEHKM KauyecTBa padOTHI T€HEpaTo-
pa TpoaHaNM3UpyeM pacrpeneieHne 3HaueHHH OT-
CYETOB BBIXOJIHOTO CHTHaJla W TIOCTPOUM €ro
cnekrp. Jlns npeacraBieHust uHPoOpMaIu o pyHK-
UM paclpeieieHNs CUTHaJIAa MOXKHO HCIIOJIb30BaTh
koMauny Histogram[sig, 10]. UToOwl OlleHUTH Ya-
CTOTHBIC XapPaKTEPUCTUKU CUTHANA, BBIYUCIUM
YacTOTy MAWCKPETH3alMd C TOMOIIBI0 KOMAaH[BI
Fs=1/(sig[[2]]-sig[[1]]). Monayms KOMIUIEKCHOTO
CIEKTpa MOYKHO OIIEHUTH Kak sp=Abs[Fourier[sig]].

CrannmaptHas W MoauduIUpOBaHHAs CKajo-
rpamMMbl M300pakeHsl Ha puc. 5. X mHTepmpera-
LS TIOATBEPXkKAAeT HHPOPMALIUIO, YTO TOT CUTHAJ,
KOTOpBIi 00padarbiBaeTcs, MPEACTaBIsAET cOOOM
OembIi TIIyM.

13 puc. 5 BUJHO, YTO B CIIEKTPE MPUCYTCTBYIOT
OTJIENTbHBIE TMCKPETHBIE COCTABIIAIONINE HAa HIK-
HUX 4YacToTax, HO B LIMPOKOH IIOJOCE YacTOT
c(OPMHUPOBAHHBIA CUTHAJI OJU30K K CIy4aliHOMY
MPOIIECCy C TMOCTOSHHOW CHEKTPaIbHON IUIOTHO-
CTBIO MOIITHOCTH.

IIpn HEoOXOoAMMOCTH MOTYT OBITH NPOAHANH-
3UpPOBAHBl W JPyTHe XapaKTEepHUCTHUKW CHTHAIIA,
HampuMep WHTEPBAl KOPPENANNH, JHUCIEPCHUs,
MUK-(QaKTop  T. 1.

0,6
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0 0,02 0,04 006 0,08b0,10

Puc. 3. Cxanorpamma curHana, mojy4eHHast ¢ IOMOIIBIO BCTPOeHHOI (yHKIMH (a), 1 MoauuuupoBanHas ckanorpamma (b):
a, b — mapameTpsl pa3noxKeHus

Fig. 3. Signal scalogram obtained with the built-in function (a), and modified scalogram (b):
a, b — decomposition parameters
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Puc. 4. BLIXOI[HOﬁ CUrHaJI CXEMBbI Ir'€HEpaTopa iymMa U rucrtorpamMmma CUrdalia: x, y — 3Ha4€HHUA UCXOAHOI0 Cr€HEPHUPOBAHHOI'O CUT'HaJI1a

Fig. 4. Noise generator circuit output and signal histogram: x, y — values of original generated signal
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Puc. 5. Cxanorpamma curHajia: a — IoJiydeHHas ¢ [IOMOLIBIO BCTpOeHHON (QyHKIMH; b — MognuIupoBaHHast:
a, b — mapaMeTpsl pa3IoKeHUSL

Fig. 5. Signal scalogram: a — obtained using built-in function; b — modified:
a, b — decomposition parameters

O0padoTka 3ByKOBOro curtasua. OnrcanabIi
MOJIXO0JT MOXKET MPUMEHSATHCS K 00pabOTKe 3BYKO-
BhIX cHurHanmoB. B cucreme Mathematica ectb
Ha0Op CTaHIApTHBIX 3BYKOB, & TAaKXE BO3MOX-
HOCTBH HMITIOPTa 3ByKOBOTO (haiina.

3HaueHNE MacCUBA JIAHHBIX MOXET OBITH OMpe-
JIEJIEHO C TIOMOINBI0 BCTPOCHHOH GyHKImH Sound
CIIEAYIOMINM 00pa3oM:

sig=Sound[SoundNote["C"]].

OOpamienre K BCTPOEHHBIM 0O0pasliaM 3ByKa
OCYIIECTBIISIETCA C MOMOIIb0 QpyHKunu Example-
Data.

PaccMoTpuM curHai 3ByKa HOTHI CH:

sig=ExampleDatal {"Sound", "SubwayTrain"}].

Pesynbrar peiictBus ¢ynkuum ListPlot|sig]
U pacrpeliesieHHe MOAYNS KOMIUIEKCHOTO CIIEKT-

a

f(x)
0,5

0
0 10000 20000 30000 40000 x

pa mpeacTaBieHbl Ha pHC. 0, CKaJIOrpaMMbl —
Ha puc. 7.

BBIBO/JI

[Ipu ncnonp3oBaHUK MOIUPHUIMPOBAHHOMN CKa-
JIOTpaMMBI TIOSIBIISIETCS. BO3MOXKHOCTB  OTIpeJiesie-
HUS 1O TrpaduKy MepHojAa BXOISIINX B CHUTHAT
KOMIIOHEHT M 3HAYeHHH MapaMeTpoB, NMPH KOTO-
PBIX KO3 QHUIIMEHTHI BEHBIET-IIpeoOpa3oBaHus J0-
CTUT'al0T HaI/I6OJH)HII/IX BCJIMYHH. I[J'Ii[ CIIEKTpaJjib-
HOTO aHanmu3a B cucreMe Mathematica pexomeny-
€TCs WCIOJIb30BAaHHE COYETAHUS IBYX IOAXOJOB:
CTaHJIAPTHOW BCTPOECHHOH (YHKIMH (I OIpese-
JICHUSI JIOKAJIHM3alMK HMMITYJIbCa) U MOIU(UIHIpo-
BaHHOM CKaJIOrpaMMbl (IS ONpeAeeHus] HepHo-
JIOB COCTABJISIIOIINX KOMIIOHEHT).

b
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Fig. 6. Plot of original signals and complex spectrum modulus
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Puc. 7. Cxanorpamma curHajia, oJlydeHHasi C TOMOIIBIO BCTPOSHHOH (a) M MmoJb30BaTeNbekoi pynkuuii (b):
a, b — mapameTpsl pa3noKeHus

Fig. 7. Signal scalogram, obtained using built-in (a) and custom functions (b): a, b — decomposition parameters
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IIpsimoii MmeTo perieHus 3a1a4¥ OMJIMHEHHOr0 NPOrPaMMHUPOBAHUSA

Kawua. ¢uz.-mar. nayk, aou. JI. 1. MargeeBa'
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Pedepat. PaccmarpuBaercs 3amada OMIMHEHHOTO IPOrpaMMHUPOBAHMS, B KOTOPOH cToi0em, COOTBETCTBYIOMINI OIHON U3
HEePEeMEHHBIX BEJIMYHH, He (PUKCHPOBAHHBIN, a MOXET BBHIOMPAThCS U3 HEKOTOPOro BBIMYKJIOTO MHOXECTBa. JlaHHas 3amada
u3BecTHa Kak 3ana4a [lanuura — Bynda. Pannee npemiarancs MoanUIMpoOBaHHBIIl OIIOPHBIA METO €€ PeIIeHUs, UCIIONb3Y-
IOIIMI IEKOMITIO3UIINIO OTpaHNuYeHNH 3a1a4un Metona Jlannura — Bynda. ABropoMm craThu pa3paboTaH MpSIMON TOUHBINH METOL
pemieHus copMyIMpOBAaHHOHN 3agaud. MeTox OCHOBAaH Ha WJEE PEHIeHHs 3aJaud JMHEHHOro NMporpaMMHUpOBaHUS ¢ 0000-
IIEHHBIMU TPSIMBIMU OTPaHUYCHUSIMU U Ha OOIIeH KOHIENINN afaNTUBHOTO METOJa PEIICHNUs 3aJaul JIHHEHHOTO Iporpam-
MHpPOBaHUs. BBeaeHbI NOHATHS OMOPBI, OIOPHOTO IUIAHA, ONTUMATIBHOTO U CYyOONTHMAIBHOTO (E-ONTUMAJIBHOIO) IIaHa, KO-
TOPBIH SIBISIETCS 3aJaHHBIM TPHOIIDKEHHEM MO LEeNeBOH (yHKIMH K ONTHMAILHOMY IutaHy 3agaun. CopMmymupoBaHb H
JIOKa3aHbl KPUTEPHU ONTUMATBHOCTH M CyOONTHMATBHOCTH OMOPHOro IiaHa. IToMck onTHManbHOTO peImeHHs OCHOBAaH Ha
Hee MaKCHMHU3aIUH IPHPAIIEHHS [eNeBOH (QyHKIUH. J(aHHBINA MOAXOA IO3BOJISET IIOJHEE YUUTHIBATH OCHOBHYIO IIENb M
CTPYKTypy 3aJaud. YIy4dlICHUE OIOPHOrO IJIaHA COCTOUT M3 JABYX YacTEeH: 3aMeHbl IUIaHA M 3aMEHBI ONOphL. [l Ioucka
MOJXO/AILEr0 HaIPaBJICHHsI pellIaeTcsl ClelManbHas IPOU3BOIHAs 3a/laua C y4eTOM OCHOBHBIX OIpaHUYEHUH 3afaun. 3aMeHa
OIIOPBHI OCHOBAHA HA ITOUCKE ONITHMAaJIBHOTO IIaHa ABOWCTBEHHOH 3aa4i. 3a KOHEUHOE YHCIIO UTepanuii (B Cilydae HEBBIPOXK-
JEHHOCTH) METOJ MPUBOJUT K ONITUMATIBHOMY PELIEHHIO 3a/1auH.

KuoueBble cjioBa: OWIMHEHHOE IIporpaMMuUupoOBaHueE, ONTUMAJTLHBII IJ1aH, onopa, HpSIMOﬁ MCTOL

Jlas uutupoBanus: Marseesa, JI. JI. [Ipsamoii meron pemicHus 3amadn OwinHelHOro mporpamvuposanus / JI. JI. Mart-
Beea // Hayka u mexnuxa. 2021. T. 20, Ne 2. C. 179—184. https://doi.org/10.21122/2227-1031-2021-20-2-179-184

Direct Method for Solving Bilinear Programming Problem
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Abstract. The bilinear programming problem is considered, where a column, which corresponds to one of the variables, is not
fixed but can be chosen from a convex set. This problem is known as the Dantzig — Wolfe problem. Earlier, a modified sup-
port method was proposed to solve the problem, using the decomposition of the problem constraints of the Dantzig — Wolfe
method. The author of the paper has developed a direct exact method for solving the formulated problem. The method is based
on the idea of the solving a linear programming problem with generalized direct constraints and a general concept of an adap-
tive solution method. The notions of support, support plan, optimal and suboptimal (g-optimal) plan are introduced which is
a given approximation of the objective function to the optimal plan of the problem. Criteria for optimality and suboptimality
of the support plan have been formulated and have been proved in the paper. The search for the optimal solution is based
on the idea of maximizing the increment of the objective function. This approach allows more fully to take into account
the main target and structure of the problem. Improving a support plan consists of two parts: replacing the plan and replacing
the support. To find a suitable direction, a special derived problem is solved while taking into account the main constraints
of the problem. The replacement of the support is based on the search for the optimal plan of the dual problem. The method
leads to an optimal solution to the problem in a finite number of iterations (in the case of a non-degenerate value).
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Du3zuxko-mamemamuyeckue HAayKu

BBenenue

bununeiHbIMK 3afadyaMy Ha3bIBAIOTCS CIELH-
albHbIe 33Ja4d HEJIMHEHHOTro MPOrpaMMHUpPOBAHUS
C TakUMH IBYMs TPyNIaMH TepeMeHHBIX, KOTIa
npu (GUKCAUU 3HAYCHUH KaKIOW TPYIIBI HONY-
yaeTcd OJHOTHITHAS 3ajada JMHEWHOTO MpOorpam-
MUPOBaHUS OTHOCHUTENBHO JAPYTOol TPYHIBI Tepe-
MeHHBIX. To ecTh B OMJIMHEHHBIX 3a7adax 00enMu
rpynnaMy MepeMEHHBIX PacHopsHKaloTCA COIO3HH-
KA W KaXJIbI U3 HUX MPH CAMOCTOSITENILHBIX JIeH-
CTBUSIX HMMEeT JeJ0 C 3ajauedl JIMHEHHOro Ipo-
rpaMMupoBanus [1].

CrnemyeT OTMETUTH, YTO MHOTHUE 33/1a4l TEOPUHU
yIpaBIeHUs, HMCCIENIOBaHMs OINEpalluid U 3KOHO-
MUKA MOTYT OBITh TpPEICTaBIEHBI B BUJE 33134
OomnmHeHOTO MporpaMMupoBanus [2]. Hampumep,
TaK BBIMJISJAT 3a]la4d MIOMCKA CHTyallud paBHOBE-
cust o Homry B OumarpuuHoit urpe [3], 3amaua
MIPOU3BOJICTBEHHOTO KAaJE€HIAPHOTO ITUIAaHUPOBAHMUS,
3a[1a4a O MHOT'OTIPOYKTOBOM ITOTOKE Ha ceTH [4].

B [5] npuBomsATCS MPUOIMIKEHHBIE aTOPUTMBI
JIOKAITLHOTO | TJIO0ATFHOTO MMOMCKOB OMTHMAIIEHO-
IO pelIeHus B 3aJadax OMIMHEHHOTO MporpaMMu-
pOBaHHS C HECBS3HBIMH mepeMeHHbIMH. Cpenn
MOCTIETHUX PabOT CTOUT OTMETHTh MOIXOI K pe-
HICHUIO OWJIMHEHHBIX 3a4a4, Oa3upyrolmuiica Ha
M3BECTHOM aJTOPUTME BHEITHHUX aIMPOKCHMAIINH.

ABTOpOM cTaTbu pa3pabOTaH TOYHBIA METO.
peleHns criequaIbHON 3a1aun OMIMHEHHOTO Mpo-
TPaMMHUPOBAHUS, KOTOPBI MaKCUMAJIbHO YYHTHI-
BaeT crenu(uKy 3a7add M II03BOJIIET HAaXOIUTh
Kak ee MpUOIMKEHHOE, TaK ¥ TOYHOE PEIleHHE.

OcHOBHAS YaCTh

PaccmoTpum 3anauy:

(p(xo, X, y)=c'x+(q’y+co)x0 — max;

Xo» %> Y
Ax+(Cy+ay)x, =b, duy < x, <d,, ()
d.<x<d’, yevy,

roe Y= {y :By=a,g.<y< g*} — OTpaHUYECHHOE
MHOXECTBO; C, X, dx, d - n-BEKTOPBL; a,, b — m-Bek-
TOPBL; ¢, V, g+, & — P-BEKTOPBL, d — F-BEKTOD;
Co» Xg» ugs dy— cramsapsr; A= A(I, J)— mxn-mar-
puLa; B=B(K, L) — rx p-Mmarpuna; C = C([, L) -

m X p-MaTpuIia.
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JaHHas 3a7a4a B JUTEpaType M3BECTHA KakK 3a-
nada Jlaaiura — Byndga [6].

CoBOKYITHOCTh (xo, X, y) Ha3bIBAETCS TUIAHOM
3amauu (1), ecnmu Ha HEW BBITOTHSIIOTCS BCE OTPaHU-
venns. ITmam (x;, x°, y*) Ha3bIBAETCS OINTHMATb-
HBIM, €CIIH OH JIOCTaBJISAE€T MAaKCHUMyM IIEJICBOM
¢ynkuu.  CyOonTUMamnbHBIA — (€-ONTHMATBHBIN)

* * *
IUTaH OTpEeNesieTcss HepaBeHCTBOM (p(xo, X,y )—

- (p(xg, x, yg) <e.

IIpeanonoxum, uto »+m < p. Y3 MmHO)KecTB J
u L BeIgEeIMM moaMHOkecTBa J,; B L,; COOTBET-
Joul =], | Lo

CTBEHHO TaK, 4To |J
HblE MaTpuubl A, = A(l »Jon ), B(K , LOH) HaA30BEM

= |K | Ksanpart-

OTIOPHBIMH, €CIIM OHM SIBJIAIOTCS HEBBIPOXKIEH-
HelMU [7]. COBOKYIHOCTB {xo, X, ¥, A, Bon}

3TO OmOpHBIN miaH 3amayu (1). OnopHBIA TUTaH
{xo, X, ¥y Aoy Bon} HAa3bIBAETCS HEBBIPOXKICHHBIM,

€CJIM OH HE BBIPOK/CH 110 IMPAMBIM OIpaHUYCHUAM,
T. €. BBIIIOJIHAIOTCA HECPABCHCTBA!

dy <Xy <dy; di(Joy)<x(Jon)<d (Jon)s
foit (LOH)< y(LOH)< g* (Lon).

ITycTe 3amaH OMOPHBINA IUIAH {xo, X, Ay BOH}.

r 1 41
Beryucnum  BEKTOpHI NMOTEHUMANoOB u = ¢, A,

’ - !
, N'=uB—-ad/, rue

=0 B, ounenok A'=u'A—c'

o oI ?
'

o'=u'C—-q', p=u'a,—c,.
Paccmotrpum HekoTopwlii miaH 3amaun  (1):
{)70, X, )7} = {xo + Axy, X+ Ax, y+ Ay}. Haiinem dop-

MyJTy IpUpaIICHUs eJIeBOH QYHKIUH (p(xo, X, y)

A(p = A(p(xO, xa y) = (p()’zO, )’E, j}) -
_(p(XO’xa y):c,Ax_l_(q'y—i_CO)AxO—i_ (2)
+q'AyAx, + q'Ayx,.
Tax kax (x,, x, y) u (%, X, ¥) sensores mia-

HaMM 3aJla4dd, TO BBIIOJHAOTCA CJICAYIOIIHUE pa-
BCHCTBA:

ANx +(Cy +ay) Axy + CAyx, +

3)
+ CAyAx, =0; BAy=0.

HaiinemM u3 3TUX paBEHCTB OIIOPHBIE KOMIIO-
HEHTBI Ax u Ay:

Hayka
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Ax (o ) == A [ A(L, ) Ax(1,) +

4)
+(Cy+ay) Ax, + CAyx, + CAyAx, |;

Ay(Lon)z _Bo_nl B(K’ LH )A (LH )’ (5)

e J,=J\J,; L =L\L,.

Torpa u3 onpeneneHus MOTEHIUANIOB U OLIEHOK
MIOJIy YUM

H H

~A'(L,)Av(L, )% —A'(L, ) Av(L, ) Ax,.

A(pz—A'(J )Ax(J )—Ao(y)AxO— ©

O003HaYNM:

Jw={jed,ix,=d}; Iy ={jed,:x; =d}};

J J
L., Z{ZELH3J’1 28*1}5 L: Z{IGLH3)’1 ZgI*}Q
Jo=d MI, ok L=\ |L, o L.

Teopema. Kpumepuii onmumanvrnocmu. Co-
OMHOULEHUA:

A(.,

)20,A(J;)<0,A(J,)=0;

Ay ()20 mpu x, =d.g; Ay(»)<0 npu x, =dy;
Ao(y)zO pu duy < X, < dy;

H

(L*H)xo >0; Z(L*)xo <0; Z(Z )xo =0; -
7
0

A
Z(L*H <0; Z(L )ZO; Z(]: )=O, OpU X, = dyy;

A(L.,)20; A(L,)<0; A(L,)=0 npu x, =d;;
Z(LH)=0 npu d.y < X, <d,

00Cmamounvl, a 6 CayYae HeBblPONCOCHHOCMU
HeobXx00uMbl 011 ONMUMATLHOCHU ONOPHO20 NAd-

Ha (xo, X, ¥, Ay Bon).
HokaszarenbcrBo. /Jocmamournocms. W13 ycio-

* *
Bl dy—x<Ax<d —Xx, diy—Xy <AX, < dy—Xx,,

2.~ y<AV< g —Y ¥ onpeaeneHus TOIMHOKECTB
Jo . J . L. L CJIEIYIOT COOTHOILIECHUS Ax(J*H)Z 0,

*Ho YHo s M

ax{7:)<0, ap(L, )20, Ay(L,) <0, Ax, 20 npu

Xy =dyy, Ax,<0Tpm x,=d, 1M1 BCeX OMyCTH-

MBIX mpupamenuii Ax,, Ax, Ay. CrenoBaTensHo,

Hayka
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npu  yciuoBusAX (7) BBIIONHSAETCS HEPAaBEHCTBO
A(p(xo,x, y)SO, YTO JIOKa3bIBa€T ONTHUMAJIHHOCTH
I1aHa {xo, X, y} , TaK Kak Jr000e JOMyCTUMOE TpH-
pareHue {Axo, Ax, Ay} HE BemeT, coryiacHo (6),
K YBEJIMUCHHIO 3HAUYEHHUSI LIEJIEBOH (DYHKIINH.
Heobxooumocmo. [lycthb {xo, X, ¥, Ay BOH} -

ONTUMAJbHBIM IaH. JloKakeM CHpaBeAIMBOCTb
cooTHomeHnu# (7) MeTooM oT mpoTuBHOTO. I1ycTh
ycnoBus (7) He BBINOJHSIOTCS MO TEPBOM Tpyrmie

coorHomenuii. Toraa, nonaras Ax, =0, Ay(L, )=

=0, MOXHO MOCTPOHUTH TaKyl (B CHIy HEBBHI-
POXIEHHOCTH OIOPHOTO IUIaHA) JOMYCTHMYIO Ba-
puanuio Ax, 4TO He HapylIAloTCs MpsMble Orpa-
HUYEHHUS 110 OINOPHBIM IIEPEeMEHHBIM M TIPH

3TOM — A'(JH )Ax(JH) >0, YTO TNPOTUBOPEUUT

MPENONIOKEHUI0 00 ONTUMAaTbHOCTH OIMOPHO-
ro miaHa. AHAJOTUYHO IPOBOAMTCS JIOKA3aTeNb-
CTBO TP HAPYUICHWU JPYTHX TPYHI COOTHO-
menui (7).

W3 mpuBeAeHHBIX pacCyXIEHUH CIEAyeT, YTO
MPU 3a8J]AHHOM OTOPHOM TLIaHe {xo, X, Yy Ao BOH}

JUISL KQXKIOTO TUIaHA {370, X, )7} HaWmyTCs JI0My-
crumble mpupaiienus  Ax(J,), Ay(L,), Ax, Ta-
KHe, ut0 X =x+{Ax(J,,), Ax(J,)}, % =x, + Axy,
5} = y + {Ay(l‘on)’ Ay(LH)}’ rz[e Ax(‘jon)a Ay(l‘on)
BRIUHCIIAIOTCS 10 (dopmynam (4), (5). Ilostomy

MakcuMyM (YHKIUH (6) CIIy)KHT OINEHKOW OTKIIO-
HEHUS IUIaHA X, X, y} OT ONTHMAJIBHOTO TIO IIe-

neBoit ¢pynkuuu. Haiinem makcumym QyHKIuH (6)
C Y4ETOM OIpaHUYECHUH:

do(J,)-x(J,)<Ax(J,)< d (J,)-x(J,);

H H

*
diy — Xy SAx < dy — x,;

g (L) -»(L,)<Ay(L,)< g (L,)-»(L,).

On pocruraercst ipu Ax; =d.; —x; npu 4Aj > 0;
ijzd;—xj npu Aj<0; Ax; =0 npu 4j=0,
jeJy Axg=di-x, mpu Ay(y)>0; Axy =
=dg—x0 pu Ao(y)<0; Ax, =0 mnpu Ao(y)zo;
Ay, =g.«;—y; npu Zj>0; ijzg;—yj anZj<O;
Ay, :OHpI/IZj =0, jeL, u paBen uncny = (xo,

x,y, 4, B,,) [8,9]:

oI ?
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B= 2. AJ(’?/—‘I;)JF > AJ(’?/_d*j)’LAO(«V)C?oJ’xoiZ ZA,(g;—yj)erOiZ Aj(g*j_yj)*

A]-<0, A;>0,
Jjey jedy

A;xy20, A ;xy <0,
jELH jéLH

+ Z Zj(g;—yj)(d;—xo)niz Zj(g*‘,—yj)(d*o—xo),

A;>0,

jéLH
KOTOPOE€ Ha3bIBAETCS OLEHKOH CyOONTHMaIbHOCTH
OIIOPHOI'O IUIaHa {xo, X, ¥, Ay BOH}. 3nech mpu-

HATBI 0003HAYCHUS

7 X —d,, ecmn Ay () <0;
" Xo =y, e Ay (y)>0.

CripaBensiuB  kpumepuii  cyOonmumMaibHOCMu.
[Ipu B < & omopHBIH TIaH {xo, X, ¥, Ay, Bon} SB-
JS€TCS €-ONTHUMAJIBHBIM ONOPHBIM IJIAaHOM 3a7a-

gy (1). Jns KaKAOro €-ONTUMAIFHOTO IUTaHA

{xg,xg, yg} cyliecTByeT Takas omopa A, B,

oIt 2
YTO OICHKA CyOONTUMAIBHOCTH [3 OMOPHOTO IUIa-
Ha {xg, x5, ¥ A, Bon} yIOBIETBOPSAET HEPaBEH-
cTBy B <L e&.

HUmepayus memooa. Ilyctb {xo, Xy, A, BOH}—
omnopHeIA 1iad 3amaun (1). Jns mmana {xo, X, y}
MMEFOTCSI JIOMYCTUMbIC HAMPABICHUS, BIOIb KOTO-
pbIx meneBas (yHKims Bo3pactaeT. Ilycts P> g,
r1e € — 3aJaHHasi TOYHOCTh MPUOIMKCHUSI K OITH-
ManbHOMY IUTaHy 3ajaun. Hoeelii man {X,, X, 7}
GyleM HCKaTh B BHIE X, = X, +0yl,, ¥ = x + 071,
y=y+ E)OlN, rae {lo, l, ZN} — MOAXOJISIINE HAIPaB-
neHus s {xg, X, y}; B) — MakcHManbHO JOMy-

CTHUMBIH IIIAT.
Jns mocTpoeHusi MOAXOSIIEr0 HampaBlICHUS
pPaccMOTPUM TIPOU3BOIHYIO 33/1ady:

Ao (9)ly = A, (x, +lo)—>flnilll;
duy — X, SNIO Sdf —Xy5 )

Bl =0, Clx, +(Cy+ay)l, =0.

Hampasnenue z = ZN(LH) omnpenensieM no dhop-

MyJIaM:

182

A/-<0,
jELH

g, -y, mpu A (x+1,)>0;
[, =38~ an/IZj(x0+10)<0; )

0 an/IZj(onrlo):O,jeLH.

B pe3ynpTaTe moayduM cienyouyr KyCouHo-
JTUHEHHYTO 3a/1ady JUIsl HaXOXKIECHUS [o:

st)=20(W)h+ D A (x +10)(yj —g;)+
Zf/- (x0+lo)>0,
JeL

H

+ Z Z'j (x0+lo)(yj—g*j)—>min; (10)
A’ (x9+1y)<0,
JeLy

duy — Xy <1y <dy —x,.
HecnoxHo n0Ka3aTh, YTO €CIH X, +/, MEHSIET
3HaK Ha OTpe3Ke [d*o, d, J, to pynkuusa s(l,) —
BorHytas. Ecim  x,+/, IOCTOSHHOrO 3HaKa,

T0 s(/,) — MoHOoTOHHas1. CienoBaTeNbHO, MHUHU-
MyM GyHKIUH S(/,) CyIIeCTBYeT TOJBKO Ha Ipa-
HHIAX OTpe3Ka [d*o, d;]

Pemast 3amauy (10), HaxoamM HampaBieHUE [
s xo. 3areM mo Qopmynam (9), (5) Haxomum
Hanpasienue / s y. [lomaras

d;—x; npu A; <0;
[;=1d:;—x; mpu A; >0;

0 npu A, =0, jeJ,,

BeluncisieM [(J,,) mno (4). Hanpasnenue [ s
BEKTOpa X HailieHo. MaKCUMaJabHO HOIYCTUMBIN
mar 6y BIOIb HAWICHHBIX HampasleHHH [, [, 7
UId X, X, Yy COOTBETCTBEHHO BBIUMCIIAEM Tak,

YTOOBI:

1) BHINOTHSUIUCH MPSIMBIE OTIOPHBIC U HEOIOP-
HBbIC OCHOBHBIC OTPAHUYCHIS;

2) ouenka A,(y) coxpaHsia CBOU 3HaK.

CnenoBarensHo, umeeM 6, =min{1, Gj* ,0, 0 n },

Hayka
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rae

(d; —x_A)/lj, ecmu [; > 0;

J

0, =min{\[(d.; = x,)/1;, ecmm 1, <0;

J J

0, eciu lj=0,]eJ0H;

—AO(J:), ecmn Ay (y)#0 u
a'l

A0 (%/) <0:

b

D
Il

o0, B IMPOTUBHOM ClJIy4dac;

(g;—yj)/ij, €CIIu Z~j>0;
0, =min (g*j—yj)/fj, ecn [, <0;

o, ecnu fj =0, jel,,.

CTpouM HOBBI ONOPHBIN IUIAH X, = X, + 0,/,,
¥=x+0}, ¥y=y+0,/ [10], Ha KOTOPOM BHIION-

HAIOTCSI COOTHOLICHHUS
c'x*+ (q'y*+co)x; —c'x—(q'y+¢)% -
—05c'1=0,(q'y+¢)h —0,q'Ix, —03q'll, <

SB—eéc'l—Go(q'y+co)lo —0,q'Ix, —
—00q'lly =B =(1-0,)B.

CrnenoBarenbHO, pu f <& Mpolecc peuieHus

3amagn (1) 3aKaHIMBAETCS IMOCTPOCHUEM E-OTTH-
MasbHOTrO IaHa {%,, X, J}.

IMycte B >¢. CocraBuM JBOHCTBEHHYIO 3aja-

qy Kk 3agade (1). B cuny OwnmHeitHOCTH OBOW-
CTBEHHas 3ajadya OyJIeT COCTOSTh M3 Maphl JABOM-
CTBEHHBIX 3aJa4 OTHOCHTENIbHO X U ). IToatomy
uMeeM:

7 *1 .

b'z'-d.v+d w—> min;

(11)

A'z—v+w2c, v20, w20,

a'z— g +g w— min; (12)

B'z—v+w>a, v=0, w=0,
rI[eZ;:b—(cfz+a0))~c0 z=u g (11); z=u nna (12).
Jnst yMEHbBIIEHHUS OLEHKH CyOONTHMAaIbHOCTH

HEepeXojuM K ylydlleHuto onop A, umu B B

3aBUCHMOCTH OT BBIOpaHHOTO Tiara [8]. Bo3amoxk-
HBI CITy9au:
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1) 6,=6, — c nomompl peureHns BOM-
ctBeHHOU 3amaum (11) ynmyumaem omopy Ao, 3a-
MeHsis ee Ha HoByo A4, [3];

om ?

2) 0, =0 ,, — MeHsieM omopy B, Ha B, wuc-
MOJIb3Yysl ONTUMAJIbHBIN IUIaH TBOMCTBEHHOH 3a1a-
qu (12);

3) 0,=0 —3mecs A,(7)=0. CrenosarensHo,
HOBYIO omopy B, HeoO0xXxoauMo momobparth Tak,
4T00BI yJepKaTh AaHHOE ycaoBue. Tak kak Aj(y)=
=0'y+, TO BEKTOp Ay JOJDKEH YAOBJICTBOPSTH
yenoBusim BAy =0, o' Ay = 0. Otcioga umeem:

B, Av(Ly, )+ B(I, j,)Ay, +B(I, L,)Av(L,)=0;
oo, Ay (Lo, )+ o Ay, +oc’(L~H)Ay(L~H)=0,
rne L, =L, \ J,-
Tockomsky Ay(L,,)=-B,, -B(I, L, )Av(L,), To
)-BB(1, jS)ijs)+

L,)Ay(L,)=0,

oIl

ol (~BoB(1, L, ) ay(L
(

!
+ ajsijl\_ +o

WA
-A; Ay, -A'(L, ) Ay (L, ) =0.
CruenoBatenbHO,
Al L _
ij&: AH VN npu AJ.S;tO.

Js

CTpouM HOBYIO omopy B, , momaras Zon =

omn?
=L,\j,U { js}, rae j, OIpelenseM II0 BTOPOH
IpylIe COOTHOUIEHHH ONTHUMAJIBHOCTH C Y4YETOM
HUX HapyIlIeHUH.

ITpoBepsieM OMOPHBIN MTaH {)Nco, X, Y, Aoy Bon}
Ha ONTHMAIBHOCTh. 3a KOHEYHOE YHCJIO IIaroB
[pPH HEBBIPOXKICHHOCTH OIOPHOTO IUIAHA TIOJY-

YHUM €-ONTHUMAaNbHBIN IUIaH HCXO,I[HOﬁ 3agadu.

BbIBO/IbI
1. PazpaboTtan mpsIMOi TOYHBIM METOJ pelie-

HUS 33/7a4dl  OWJIMHEHHOTO MpPOTpaMMHPOBaHUS
B Clly4ae, KOrja CToJ0el, COOTBETCTBYIONIUI 0JI-
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HOUW W3 MEepEeMEHHBIX 3a/1a4M, He (PUKCHUPOBAaHHBIH,
a BbIOMpaeTcs M3 HEKOTOPOI'O BBIYKJIOTO MHO-
JKECTBA.

2. ChopMyaupoBaHbl M JIOKa3aHbl KPUTEPUHU

OIITUMAJIBHOCTH H CY60HTI/IMaJ'IBHOCTI/I OIIOPHOTO
IjiaHa, IIO3BOJIAIOIIHME OLUCHHUTHL CTCIICHDb l'[pI/I6J'II/I-
JKCHUSA MMOJTYUYCHHOT'O PECIICHHUA K OIITUMAJIbHOMY.

3. JlaHHBIM METON MOXXET NPUMEHSATHCA MpU

PCIICHUHN TMPUKIAAHBIX 3aJa4 B TCOpPUHU YIIpaBJIC-
HUsA, UCCIICTOBAaHNH onepaunﬁ 1 DKOHOMMHKEC.

10.

. MarBeesa,
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