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MoaesmnpoBaHue ONpoIlecca ANUCCUTIAINN BIOPOAKYCTUYIECKOIN dHEPIUun
B IITYYHOM JIOKAQJIPHOM aHTUBUOPATOpE C MOABUKHBIM HMIAPUKOM
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AnHOTanus

B pabote paccMaTpuBaeTCA MaTeMaTudecKoe MO/JIeTIPDOBAHNE mporiecca  JUCCUTIAITUN
BHOPOAKYCTHYECKONH SHEPIUH B IITYYHOM JIOKAJIbHOM aHTUBUOPATOPE € MMOIBUZKHBIM HIAPUKOM. AHTUBUODATOD
[Ipe/HA3HAYMEH /Il CHUXKEHUS BUOPAIUl W IIyMa TOHKOCTEHHBIX CTAJIHHBIX KOHCTPYKIMII CTAHKOB B IIHPOKOM
YaCTOTHOM JWANa30He 3a CYET COYETAHWs BA3KOYIPYTOTO W CYXOTO TPEHHS, a TaKXKe BO3JEHCTBUS CHJIBI
wHepIuu OT mapuka. Ha ocHOBe MeTOma AMHAMHUKHN YACTHUIl PA3padOTaHa MPOCTPAHCTBEHHO-I€TATN3NPOBAHHAST
TpEXMEpHas MOIeNbh BUOPOAEMI(DUPYIONIEro MWIWHIAPA C BHYTPEHHUM KAHAJOM, TMPEICTABIEHHOTO
COBOKYITHOCTBIO C(PEPUIECKIUX IJIEMEHTOB PE3UHbL M CTAJIU C 33JAHHBIMYI MEXaHUYeCKUMHU CBOcTBaMu. OnucaHbl
dusnKo-MaTeMaTuYeCKre OCHOBLI MOJIEJIMPOBAHUs, AJIOPUTM IIOCTPOEHUS TI'eKCATOHAJIBHONH CTPYKTYPBI
3JIEMEHTOB, IIOCTAHOBKA HAYAJIbHBIX M T'DAHUYHBIX YCJIOBUH, a TakxXKe YHUCIeHHAad CXeMa WHTerDUPOBaHUSA
cucrembl audPEpPEHITHANTBHBIX yPABHEHU JIBUKeHUs. lIpuBeIeHbI OCHOBHBIE BXOJHBIE TAPAMETPBI MO
¥ BBIXOJHBIE TTOKa3aTe u 3P HEKTUBHOCTH, BKIIOYAs PACCENBAEMYIO aKYCTUIECKYIO MOITHOCTh U MaKCUMAJIbHBIE
nedopmarun pactskenus. [lokazaHa TporpaMMHAs PeaTU3allnust MO U MPOBEIEHA CTATUCTUIECKAST OIIEHKA
€€ AJEeKBATHOCTH 3SKCIIEPUMEHTAJIbHBIM JAHHBIM II0 YPOBHIO 3BYKOBOTO JIABJIEHHSI B HIMPOKOM YaCTOTHOM

Aualla30He C UCIIOJIb30BaHUEM KPUTEPUAd CTbIO,ZLeHTa.

Kuarouesble ciioBa: IITYYHBIA  JIOKAJIBHBI ~ AHTUBHOPATOP, BUOPOAKYCTHYECKAs IHEPIHs,

JeMII(pUpOBAHIE, MOICIUPOBAHNE, METO/I, ITMHAMWKHN YACTHIL, OIICHKA, aIeKBATHOCTH
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Acvunun B.®., Camogasosa A.C.
MonennpoBaHie mporecca JUCCATAIAN BHOPOAKYCTHIECKOH SHEPTHH B INTYYIHOM JIOKAJTHHOM AHTHBHOPATOPE

C IIOABH2KHDBIM INapHUKOM 8

Abstract

The work considers mathematical modeling of the process of vibroacoustic energy dissipation
in a discrete local vibration damper with a movable ball. The vibration damper is designed to reduce vibrations
and noise of thin-walled steel machine structures over a wide frequency range by combining viscoelastic and
dry friction, as well as the inertial effects of the moving ball. Based on the particle dynamics method,
a spatially detailed three-dimensional model of a vibration-damping cylinder with an internal channel has
been developed, represented as an assembly of spherical elements made of rubber and steel with specified
mechanical properties. The physical and mathematical foundations of the modeling are described, along
with the algorithm for constructing a hexagonal element structure, the formulation of initial and boundary
conditions, and the numerical integration scheme for the system of differential equations of motion. The main
input parameters of the model and output performance indicators are presented, including dissipated acoustic
power and maximum tensile deformations. The software implementation of the model is demonstrated, and
a statistical assessment of its adequacy to experimental data on sound pressure levels over a wide frequency
range is carried out using Student’s t-test.

Keywords: discrete local vibration damper, vibroacoustic energy, damping, modeling, particle
dynamics method, adequacy assessment

Bsenenue

[ITupokoe pacupocrpaHeHre B KOHCTPYKIUAX CTAHKOB Pa3/MYHOIO (DYHKIMOHAJIBLHOI'O
HA3HAYEHUS TOJYYUIN PA3IUYHbIE 3JIEMEHTbI, M3rOTOBJICHHBIC M3 TOHKOCTEHHBIX CTaJIbHBIX
AUCTOB (TOMIMIHON 0T 1 710 3 MM), KOTOpPBIE BHITOIHSIOT (DYHKITHIO OMPAZKICHUST JBUIKY IIIIXCST
dacTell (3alUTHBIE KOXKYXH), TEXHOJOTHIECKHEe U CUJIOBble MIKAMBI SJIEKTPONHUTAHMUSI,
TeXHOJOTMYECKHEe U 3alluTHble ABepibl u Jp. [lpum pabore I9TUX CTAaHKOB IO IPUYHHE
IIOCTOSIHHOTO WK TIEPEMEHHOTO BO3JICHCTBUS PA3IMIHBIX CHI (B IEPBYIO 0Y€PEh OT TPHUBOTHBIX
MEXaHH3MOB W 0OPAbOTKH 3ar0TOBOK PEKYIIUM HHCTPYMEHTOM), BO3HHKAIOT BHODAIMOHHBIE
HPOIECCHl ¢ UHTEHCHUBHBIM MTYMOU3IYYEHUEM B JIOCTATOYHO MTUPOKOM JIMATIA30HE.

B cuity pa3amdHbIX 06CTOSATENBCTB I YCTPpAHEeHUs NPHIHH TAKOT'O IIyMOOOpa3oBaHus
TOHKOCTEHHBIX JIEMEHTOB KOHCTPYKIHH CTAHKOB He BCErjia NMeJieco00pasHO (MM HEBO3MOZKHO )
HCIOJIBb30BaTh  culoniHble  Bubpogemidupyione mokpbitust  (B/AIT) ¢ axresmonnbiv
KpEIJIEHHEM, MTO3TOMY ObljIa IIPeII0KeHa KOHCTPYKIUS IMITYYHOI0 JOKAJIBHOI'0 aHTUBHOpATOPA
(ITIJTAB), xoTopbiii BbITIOJAHSETCS W3 pe3uHbl B (OpMe IMWIHHIAPA €O  CKBO3HBIM
BHYTPEHHUM IWJIHHIPHIECKIM KaHaJIOM, BHYTPH KOTOPOI'O pa3MeIaeTcd INapuK, CBOOOIHO
nepeMemaioniuiics B BepTUKAJIbLHOM HalpaBaeHuu. [IpakTudeckKuM pe3yIbTaToM IIpeaaraeMoii
KOHCTPYKIUUA HITYYHOI'O JIOKAJbHOI'O AHTUBUOpATOpa $BJISETCH PpACHIMPEHUuE HacTOTHOIO
Juana3ona ero 3p@eKTHBHOrO NMpUMeHeHns B 00JIaCTH CPEJHUX W HU3KHUX YACTOT, 8 TaKrKe
noBbITiieHne 3PMEKTUBHOCTH CHUYKEHHUS BHICOKOYACTOTHON BUOpAIlMU HE TOJBKO 3a CUYET
BA3KOIO TpeHHs (BSI3KOYIPYTHX CBOMCTB DPE3WHBI), HO U 3a CYET JOMOJHUTEJBHOIO CYXOro
TPeHUsi, BO3HUKAIONIEI'O IIPU IEpeMelleHuH IIapuKa II0 CKBO3HOMY BHYTPEHHEMY KaHAJIY
MUJINHIPA, U JIeHCTBUS WHEPIMOHHBIX CHUI IMapuka. [Ipum sToM dukcamus ycTpoiicTBa MOXKeT
obecnieynBaThbCd KaK dYepe3 IPeIBApPUTEIbHO BBINOJHEHHYIO Mepdopanuio B TOHKOCTEHHOI
CTAJTbHON KOHCTPYKIIMHM, TaK ¥ C IOMONILI0 MArHUTHHIX (DUKCATOPOB B BapHUATUBHOM
ucnonnennn ULJIAB. B mpencraBaseMoii pabore paccMaTpuBaeTcs MOIEIHPOBAHNE
IPOIECCa JTUCCUIAIME BHOPOAKYCTUYECKONR SHEPIUU B INTYYHOM JIOKAJIHHOM aHTHBHOpaTope
C TOJBUKHBIM TapukoM [1]-[4].
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1 Bribop MeToa MOJAEINPOBAHUS

Jlnsa  onucaHUs CJIOKHBIX aKYCTHYECKUX IPOIECCOB, MPOTEKAIONINX B IITYYHBIX
nokaabHbix  antusubparopax  (IIIJIAB), cdopmupoBana maTemMarndeckas — MOJEb,
obecrieunBaloIias BBICOKYIO cTelleHb (u3nvdeckoil mgocroBepHocTn. B KadectBe 6a30BOTO
YHCJIEHHOrO ammapara BbiOpaH Meron guHamuku dactur, (M/IY), K KOTOpoMYy OTHOCHTCHA
M I[IMPOKO [pUMeHsleMbIii B 3aJadax KommbtorepHoii rpaduku SPH-moaxon [5]-7].
VKa3zaHHBIM MeTOJ HU3HAYAIbHO pa3paboTaH A pacdéTa BBICOKOIMHAMHUYHBIX CHCTEM,
BKJIIOYAsl CPEIbl M KOHCTPYKIMH, IOABEPyKEHHbIE 3HAYNTEJIbHBIM J1eDOPMAIMSIM H JIazKe
pazpytennto #Ha oraenbhbie dhparmentst [8]-[11]. Mmenno stu ocobeHHOCTH 06YCIAOBINBAIOT
1e71eCO00PA3HOCTh TTPUMEHEHHNST MeTO/a JUHAMWKH 9aCTUIl JJIsT MOJAEJIUPOBAHUS (DU3UIECKUX
nporecco, nporekatonux B IILJTAB.

[Tpeumyiecrso MJIY obyciioBiieno ero pynjaMenToM — peiienueM jiuddepernuaibHbixX
ypaBHEHHH NBHKEHHS OTIEIbHBIX 3JIEMEHTOB. Brarogapst 3ToMy MOXKHO C BBICOKOiT
TOYHOCTHIO MPOTHO3UPOBATH, KaK OOBEKT OYyIeT MEHSThCA CO BPEMEHEM, CTPOro CJeaysd
3aKoHaM KJiaccudeckoir Mexanuknm. MY obiamaer BBICOKO# jleraim3anueii U BBICOKUM
HPOCTPAHCTBEHHLIM  pa3pelIeHueM: dopma  uccaeayemMoro  00beKTa  IPeJCTaBIACTCA
copokymHocTbio  103...107  1mapoo6pas3HbIX  37IeMEeHTOB. B »s1eMeHTH 3aKIaabIBAIOTCS
puznueckue cpoiicTBA MOJAEIUPYEMOIl Cpejibl:  O0beMHasi IJIOTHOCTh, MOJYJb YIPYTOCTH,
npeaes TPOYHOCTH Ha Pas3phiB, KOID@MUITMEHT BHYTPEHHETO TPEHUS U T.II.

B pamkax MY orcyTcTByeT HEOOXOAUMOCTH MOJIEIUPOBATH OOBEKT «BPYUHYIO», BBOIS
MHOT'OYMC/JIEHHBIE VIPOIIeHUs U Jonymenusd. HeobXxomuMo TOJBKO 3aJaTh I'€OMETPHYECKYIO
KOH(UIYypaIMIO 0O0bEKTa U IMOPSJI0K UCIBbITAHUS, & TAKKe MPEJICTaBUTh BUOPOIeMIIpUpYIOTImit
muauHAp (ocroBa kKoHeTpykKiuu I[IIJTAB) kax COBOKYIHOCTH 3J€MEHTOB, ABTOMATHYECKH
U3MEHSTIOIINX CBOI0 TEOMETPUYIECKYI0 M KHHEMATHIECKYI0 KOH(MUTYPAINIO UCXOs U3 YCJIOBUS
PaBHOBECUS CUJI K € yUeToM JuHaMudecKuX 3¢ dexkron. Ilosromy M/IY no3posisieT peaiucTuano
MOJIEIHPOBATL KaK cjaabble, Tak u cuiabHble nedopmaruu IIIJIAB B pasnamaabiXx peKuMax
ero skciyaranuu. [lomumo sroro, MY nossosisier MOJe/MPOBATH LIPOLECCHl 3aPOZKJICHUS
W Da3BUTHA paspylieHust BUGpoaeMupyomnero nuinsapa (paspbiB NUIHHADA DU CHJIBHOI
BHOpAIMN, N3HOC BHYTPEHHETO KaHa a MPU KOHTAKTE ¢ MAPHKOM U T.II.), 9TO HPUHIUTTHATHHO
pacImupgeT BO3MOKHOCTH aHAJIN3a HAPAXKEHHO-/1e(DOPMUPOBAHHOTO COCTOAHUSA KOHCTPYKITUH.

Ommako wHambonblmasg MOpakKTHYecKas IeHHOCTh Meroma MY  3akmmodaercs
B BO3MOKHOCTH BBICOKOQIEKBATHOTO MOJICIUPOBAHUS B3aUMOICHCTBUSI PE3UHOBOIO IUJIHHIPA
C METAJUIMIECKUM TMAPUKOM. UTOOBI COXPAHUTH YHUBEPCAJBHOCTH MOJEIN, METAJJIHIeCKUil
IAPUK pPacCMAaTPUBACTCA KaK JIONOJHUTEbHBIA ITapOOOpPa3HBIil 3J€MEHT € YBeJIUYCHHBIMH
JIMAMETPOM U MAaCCOil, B3AMMOJIEHCTBYIOMINNE ¢ JAPYTUMH 3JEeMEHTaAMU 110 TeM 2Ke (pU3nIecKuM
3aKOHAM.

2 OcHOBHBIE IOJIOXKEHNI MOIEJIu

[Ipu pazpaboTke Momen 00BEKT MPEeICTaBIIeTCS B TUCKPETHOH (bopMe ¢ obecrnedenrem
BbBICOKOT'O YpOBHA IIPOCTPAaHCTBEHHOI'O  JA€TaJIUPOBaHUd, upu ITOM B IIOJIHOM Mepe
SaﬂeﬁCTByIOTCH BbIYHUCJ/JIHUTE/JIbHBIE DECYPChl COBPEMEHHBIX BbBIYUC/JIUTE/IbHBIX CUCTEM.

[TocTpoenne momean BuOpomeMndupyoOIIero HUIdHIpa — 6aszoBoro yanaa LIIJIAB —
TpebyeT KOPPEKTHOTO OTOOPaZKeHUsl JIBYX ACIEeKTOB: ero reoMeTpuu (MUJIHHIP ¢ MPOIOTHHBIM
KaHasioM) u Habopa dusndeckux cpoiicrs |12].

ﬂaHHaH 3aava pelraeTcd € IpuMeHeHnneM MeToda JWHAaMWUKHN YaCTHuIl, COIVIaCHO
KOTOPOMY TeI0 MWIHHIpPA AaIIPOKCHMUPYETCS MHOMKECTBOM JIHCKPETHBIX C(epruIecKux
9JIeMEHTOB MAaJIOoro JIHAMeTpa, KayKIbIii M3 KOTOPBIX IIOTYHHSETCS 3aKOHAM MeXaHUKH.
OO61mee  KOIMYECTBO TaKUX SJIEMEHTOB cocTaBasgeT mnopsiaka 210000, u oHH cIOCOOHBI
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B3aMMOJIeficTBOBATh MKy coDOif, a TakyKe C MeTAJLIMYEeCKUM IMapUKOM W TOHKOCTEHHOM
KOHCTDYKIIHeH, Ha KOTOPYIO TMOJA0TCs BUOPAIMOHHbIe BO3jeiicTBUs (pUCYHOK 1).

Pucynok 1 — [IpeacraBienne B Mogean BUOPOAeMIIpUPYIONIETO IUINHIPA KAK COBOKYITHOCTH
MHOKECTBa, aPOOOPA3HBIX IJIEMEHTOB

Pacuérnag wmojenb dopMupyercd B TpEXMepHOH JIeKapTOBOH cHcTeMe KOOPIUHAT
XY7Z; kaxKAplil s1eMeHT OpeicTaBiserca cdepoil oamHakoBoro mumamerpa ds. Ilpum sTom
UCIOJIB3YIOTCA JBa BapWaHTa MaTepHAJIa: PE3UHOBBIE  JIEMEHTHI ONHCHIBAIOT — TEJIO
BUOPOIeMIIUPYIONIETO MUJINHAPA, a CTaJbHble — MeTAJUIMYEeCKHIl IapuK, PacloJIOXKEeHHbIH
B [MAJIMHJAPUICCKOM KaHAJIE.

[lox neficTBueM BHENIHUX CHJI JEMEHTHI IEePEeMeNIaloTcd 0 3aKOHAM KJACCHYECKOM
MEXaHHKH, YTO MOXKET IPUBOJIUTH K 3aMETHOI IepecTpoiike pOpMBbI MUIMHIAPA U, B TPeIeIbHBIX
peKuMax HarpyzKeHus, K ero pparMeHTalum.

3 Pusuko-MareMaTnIecKasd OCHOBA MOAEe/INPOBAHMA

Kaxapiit pacuérubiii cdepudeckuili ajgeMeHT F; ONUCHIBAETCS IECTHIO TapaMeTpPaMu:
MOJIOYKEHNEM TIeHTPa B JIEKAPTOBOI cHcTeMe KOOpAWHAT (Tj, Vi, Z) W TPeMs KOMIIOHEHTaMH
BEKTOPA CKOPOCTH (Vyi, Vyi, Vyi). COBOKYIIHOCTB 3JIEMEHTOB PACCMATPUBAETCS KAK JHCKPETHOE
npubInMKeHue BI3KOYIPYTOfl cpelibl, YTO II03BOJIAET HENOCPEJICTBEHHO 33JaTh B MOJIEJH
00BbEMHYIO  ILIOTHOCTB, MOIYJIb  VIOPYTOCTH, Tpeiaea HPOYHOCTH TNPH  PACTIAKEHUH
M XapaKTepUCTUKH BHYTPEHHErO TPEHWsI MaTepuaJia. B pawmkax Takoii 1OCTaHOBKH
B3aMMO/IefiCTBIE COCEJHUX YacTUIl (pOPMUPYETCS CJAEAYIONUM 00pa30M: MPH UX YACTHIHOM
epecedeHny BO3HUKAIOT CHJIBI, CTPEMSIIUHeCd Pa3JBUHYTH 3JEMEHTBI, & IPH U30BITOTHOM
VBEJIMYCHUU PACCTOAHHS MEKJy IEePBOHAYAJBHO CBA3HBIMHU YaCTHIIAMH JIeHCTBYIOT CHJIBI,
CTATUBAIONINE UX JIPYT K IPYTY. YCIOBHAA CXeMa ITUX B3aWMOIEHCTBUH TOKa3aHa HA PUCYHKE 2.
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Pucynok 2 — Wmoctpanus objiacTeit 1eficTBUSA YUPYTUX CHJI MEXKIY dJIeMEHTaMI
BHOPOAeMIIUPYIONIETO MUJIHHIPA B MOMEHT KOHTAKTa:
a — 30HA, B KOTOPOW 1PH IEPECEUCHUHU IJIEMEHTOB PEAJU3YIOTCS CHJIbI, PA3/IBUIAIOIIUE UX;
0 — 30Ha, I/Ie IPH MMPEBBIIIEHNN 33JAHHOI0 PACCTOSIHUS TTOSIBJISIIOTCS CUJIBI, HAIIPABICHHBIE
Ha WX COJMMKEeHUe

KoHTakTHBIE YOpyTHe CHIBI MEeXKIY JIeMeHTaMU MOTYT JAefdCcTBOBATh B JIBYX pPeXKUMaX,
KaK MPOUJUIIOCTPUPOBAHO HA PUCYHKE 2.

PG}KI/IM OTTAaJIKUBAHUA peaJH/I3y€TCH HpI/I C6JH/I}KeHI/II/I ]_[eHTpOB qaCTHUuIL I10 paCCTOHHI/IH,
JiezKallero B uHTepBajie dy>1ij>1k.

PexxuM mpuTszKenus BKJOYaeTcAd B TOM JKe JHUAla30He PACCTOAHHN dy 7>,
HO C IPOTUBOIIOJIOYKHBIM HaIPaBIEHHEM CHJIOBOIO BO3/I€HCTBHS, 00ECIenBAIONIIM CTPEMIEHNE
3JICMEHTOB K COJTMKEHMUIO.

[Tapamerp 7y 3amaércda B Buje 7, = qds W TPAKTYeTCS KaK KPUTHYECKOE PACCTOSHUE,

Opd KOTOPOM B3amMOJIeHCTBHE MeXKIy 4YacCTUIIAMH eMé YUUThIBAeTCS. Bespazmepublii
KO3 UIMEHT «, CBA3BIBAIOIIMII 3TO PACCTOSHUE € JUAMETPOM C(hEPUIECKOro 3IJIEMeHTa,
B pacuérax mnpumHUMaercd mopgaka 1,02. [Ipu ompejgenenun Ccuibl, mepeIaBaEMOil

OT YaCTHUIIBI ¢ K YaCTHIIEe j, UCTOJAb3yeTcsd TpeTuit 3akoH HbloToHna: seficTBue Ha 3JIeMEHT ¢ CO
CTOPOHBI 3JIEMEHTa j [0 MOJYJII0 PaBHO M IIPOTUBONOJIOYKHO HAIPABJICHO JIeHCTBUIO
Ha JIEMEHT j CO CTOPOHBI dJieMeHTa ¢. Ha ocHoBe BTOporo 3akona HbioToHa /15 BcexX 4acTHII
dopmupyercs cucrema juddepeHnnaibubIX YPaBHEHUH ABUKEHU S, OIPEJIC/IAI0NIas IBOJIIOMUIO
KOOD/IMHAT W CKOPOCTEil BO BpeMeHH:

2w ZNS Cij (d9 — Tij) (wiq;ajj) + kij(vxi - ij)7 Tij < d> + Adg; + ENLLI L.
v dt2 j=1 0, rij > ds + Adg k=1 " zik>
j#i
mi g = y2No cij(ds = 7ig) U 4 k(v — vyy), 1y < ds + Adg; >N
j= 0, rj > ds + Adg
J#Fi .
2 Cij(dn — 145) 22 4 ki (v — v4), Tij < do + Adp;
J#i
(1)
rae i — HHJEKC pacCMaTpUBAEMOrO 3JeMeHTa, m; — ero wmacca; (zi, Ui, 2i) —
TEeKyIIHe KOODAWHATHI, [ BpeMs; No — IOJHOE 4YHCJIO SJIEMEHTOB, j — WHIEKC

3JIeMeHTa, HOTeHIUATbHO B3aHMOJEHCTBYIOIIETO € i-M, Cij, Kij — KO3 PUIUEHTH KECTKOCTH
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U BA3KOCTH NPHU B3aUMOACHCTBUM mHapbl %, Jij, 7i — EBKJIKIOBO PAaCCTOAHUE MEIKILy
HEHTPAMHU 1-I'0 U J-TO 3JIEMEHTOB, Uy, Uy, U, — JAEKAPTOBBI KOMIIOHEHTBI CKODOCTH -

ro saementa, AdB — 10mOIHHUTENBHBIA 3a30p, OrPAaHHUYMBAIONIMA 00JIACTH B3aMMOIEHCTBHS,
g — YCKOpeHHe CBOOOJHOTO TaJieHus, k — HOMep CTAJbHOTO IMApUKa, BO3/IEHCTBYIONIErO
Ha Bubpoaemudupyomuil unamnsap, Ny — obuiee KOan4ecTBO CTalbHbIX WApuKos, Fu,, Fo
F,. — IpoeKIun CuJIbl, ¢ KOTOpoit k-if mapuk geficTByeT Ha i-if 3JeMeHT.

Paccrognue 1y BblumcideTcd depe3 KOOPIMHATBI IIEHTPOB II0 KJaccHUecKoil dbopmyiie
€BKJINJIOBOI MeTpUKH:

rij = \/(l’i — )"+ (g =)+ (2= 2)

Kosddumuent xécTkocTu ¢jj ompelendercd Ha OCHOBe CIPABOYHBIX 3HAYeHUi
00BEMHOTO MOJLYJI YIPYTOoCTH MarepuaJja F ¢ yaérom ocobeHHOCTEeH JTMCKPETHON YIAKOBKMU:

7Td9

e ks, (2)
rie F — o0beMHBI MOJIYJIbL YOPYIOCTH MarepuaJa, ds — JIHaAMeTp dJIeMeHTa, Kk,

— K03 hUIUEHT 3aNMoTHEeHUsT TPOCTPAHCTBA, YYIUTHIBAIOIINI HAJIXYIHE 3a30POB (IIPOCBETOB)

MEZKJLy 3JeMEeHTAMU IIPU UX CJAYy4alHOl IJIOTHON yKJajKe.

Cij:E

s obecriedenns yHUBEPCAJIbHOCTH pa3pabarThiBaeMOi MOIEIN JBUYKEHHE CTaJhHOTO
MapuKa W €ro B3auMOJEHCTBHE € PE3UHOBBIMU 3JIEMEHTAMH OIHUCHLIBACTCS AHAIOTHIHBIMU
cooTHOMmeHUAMU. OTIHYASA 3aKTIOYAI0TCA B yIéTe OOIBINEro AUaMeTpa MapuKa M0 CPABHEHUIO
C 3JIEMEHTaMM, a TakyKe B HCHOJIb30BAHMM HHBIX 3HA4YeHHil napamerpos cij, ki, Ady,
COOTBETCTBYIOIUX KOHTAKTHOMY B3aUMOIEHCTBUIO APl «CTAIb — PE3WHAY.

4 IIpencrasaenue IIIJIAB B momenu

[IIJTAB B mozmesn npeacrapisieT coOOH MUINHAP C MAIRHIPHIECKONH OJA0CThI0. Pa3pes
IIIJTAB Bmoss ocu mpejicraBieH Ha PUCYHKE 3.

dy
bc du_[

bx
777 1777

Pucynok 3 — I'eomerpuueckne mapamerpsl HHIJTAB
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[IIJTAB xapakrepusyercs CaeayIOMIMI TeOMETPHICCKAME TapaMeTPAMM:

hy — BBICOTa MUIHHAPUIECKON IIOTOCTH;

dy — TuaMeTp MUJIMHIPUIECKON MOJIOCTH;

b. — ToJmuHA OOKOBBIX CTEHOK;

b — TOJIIIMHA BepXHeHl M HUKHEH KPBIIIeK IMUIAHIPA;

dy — AuaMerTp IIapukKa.

Mojsiesnib BUOpOAeMIIUPYIONIErO MUJINHJIPA CO3/IAETCd IMyTeM 3aloJIHEHUsS ero oobeMa
cepudeckumu dmementamu. st Toro 9tobel cdepudeckue d7aeMeHTH (i) 00pa3oBBIBATH
MAKCUMAJIBHO — IUIOTHOYIIAKOBAHHYIO  (MEKCATOHAJIBHYIO)  CTPYKTYPY, WX  pa3MelleHue
B IPOCTPAHCTBE HPOU3BOJAUTCS C UCIOJIb30BAHUEM CJIEIYIONIINX BbIPAXKEHUI:

z; = (k+1) 50,05+ n-0,05
yi = (27 + 1) -0,0866025 + 1-0,0288675 (3)

z; = 2n- (0,0866025 — 0,005)

e k, j, m — TeJble YHCIa, CIUIONIHON mepebop KOTOPBIX MO3BOJSET TOIYYHTH
IeKCArOHAJIbHYI0 CTPYKTYPY JIEMEHTOB.

3 GeckonedHOI TeKcaroHaJbHONW CTPYKTYpbl o0beM nuiauuapa ITIJIAB cocrasisior
TOJIBKO 3JEMEHTBI, KOOPIMHATHI KOTODPBIX (Zj, Ui, 2i) YAOBJETBOPSIOT CJEIyIOIeil cucreMe
HEPABEHCTB:

rae r; = \/x? + y? — paccrosuue 3MeMenTa i 10 OCH IUIHIDA.
B pesyabrare oobem, npuaaaiexkantmii [LLJTAB, comep:ka ot 5239 no 27328 smemenToB
(B 3aBHCHMOCTH OT T€OMETPUIECKUX MAPAMETPOB).

5 OOmaga cucrema ypaBHEHHUII 1 METO/ €€ PeHIeHUs

Jnddepennunanbube ypaBHEHNH, OTTUCHIBAOTITHE JIBUZKEHNE 9JIEMEHTOB
BUOPOJAEMIMUPYIONIETO MUINHIPA, ABISIOTCI OJHOTHIIHBIMH U B OOIEM BHUJE 3aIMCHIBAIOTCS
CJAeIYIONUM 00pa3oM

Az dx
ma = kv + kex + k3 (6)

rae m — Macca JIeMeHTa, T — HCKoMasg (DYHKIHs (3aBHCHMOCTH KOODAMHATHL T, Y
WA Z OT BpeMeHHu), t — BpeMsi, ki, ko, k3 — BEJMUYWHBI, He 3aBUCAIIME OT T, HO 3aBHCSIIUE
OT JPYIuX MCKOMbIX (byHKIMI cucrembl jaudPepeHnuaibHblX ypaBHEHHIl, a — YCKOpeHHe
(cooTBeTCcTByIOmAH NEKAPTOBA KOMIIOHEHTA Gy, (y WIA (), U — CKOPOCTH (COOTBETCTBYIOIIA
JIeKapTOBA KOMIIOHEHTA Uy, Uy WJIH Uy) [8].

B CcOBOKyIHOCTH ¢ HAYAJbLHBIMU YCJIOBUSIMHU JIAHHBIE YPABHEHUs IPEJICTABIAIOT CODOif
zajgaay Komm. /[I1g ee pemnmeHus ucmob3yeTcd YucJIeHHbIR Meton Pynre-Kyrra BTOpOro
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NOpsAJIKA (Ipyroe Ha3BaHWe MeTona — MOAUMUIMPOBAHHBIH MeTo Dittepa-Komm), npu srom
METOJI, peaJIu3yeTcs CIeAYIONIMHA UTePAITMOHHBIMA (hopMyIaMu

ko™ + kox” + ks (At)?

o™ =" oAt + 5 (7)

m

VT — T kyo” + koa” 4 ks

At (8)

m

rJle MHJAEKCH 7T U T-+1 00603HA4YAI0T TEKYIIU W MOCJAEAYIONNl Tar WHTerPUPOBAHUS
1o Bpemenu, At — BeJIMYUHA MIara HHTETPUPOBAHUS.

JlaHHBIN MeTOa WMeeT BTOPOI MOPSIOK TOYHOCTH MO OTHONIEHWIO K UCKOMOM (DYHKITIH
x(t). Meroj siBjisieTcsl YHUBEPCAJIBHBIM, HAJIEKHBIM, & TAKXKE ObICTPO IPOIPAMMHUPYEMbIM.
[TTar uarerpupoBanus cucrembl auddepennmanbabix ypapaennii cocrasast At = 0,001 ¢ [8].

6 HauasbpHbIEe U IDAaHUYHBbIE YCJIOBUA, AJOIYMIEHUS MOOEJJN, YCTONYNBOCTDH
penieHusa

CraproBble KOODIUHATHI 3JEMEHTOB BHOPOAEMI(DUPYIONETO MHJIHHIAPA 33a0TCA
B COOTBETCTBHH C AJTOPHUTMOM HX HCXOJIHOTO PACIOJOXKeHHs, ONMHCAHHBIM paHee. /J[1g Bcex
9JIEMEHTOB Ha HAYaJBbHOM IITare pacdéTra CKOPOCTH JABUKEHUS I0JIAraioTCd HYJIEeBBIMH, TO €CTh
KOMITOHEHTBI CKOPOCTEi MO OCIM T, Y U 2 TPUHUMAIOTCS PABHBIMU HYJIIO.

Ob6nacTh  OMYyCKAEMBIX TEPeMeIleHu  3JeMEHTOB OTPAHUYUBAETCA TPEXMEPHBIM
MOJIeIbHBIM 00bEMOM ¢ pasmepamu L, X L, x L. Ecjm B 11poriecce WHTErpUPOBAHNUA TPACKTOPUSI
KaKOTO-JIu00 3JIEeMEHTa IPUBOIUT K BBIXOAY 3a IIpelesbl dTOi 00JacTH, €ro IOJIOKEHHE
U CKOPOCTH KOPPEKTUPYIOTCS TAKUM 00pPa3soM, UTOOBI 3JIEMEHT OCTABAJICS BHYTPU PACUETHOrO
obbéma. B wacrHocTu, npu yciaoBuu r; = Ly KOOp/HMHATA HMEPECUUTHIBACTCH KaK Tj > Ly,
a IPOJOIbHASA CKOPOCTh U3MeHSeT 3HAK: Uy = —Us,.

B pamrax HacTOAmEro wccaeqoBaHUA MPUHAT pPsJi  VIIPOIMIEHUH, MO3BOJIAIONIUX
CBECTH CJIOYKHOCTh PACYETHOW 3a/1a9d K BBIYHCJIUTENBHO peaau3yeMoMy VpoBHIO. Moers
OCHOBBIBAETCS Ha MPEANOIOKEHUAX JIOKATBHON OTHOPOJTHOCTH JUCKPETHBIX 3JIEMEHTOB,
UX ONUCAHUd B pPaMKax KJACCHUYECKONl HBIOTOHOBCKOH MEXaHUKH € YYETOM KOHTAKTHBIX
B3aMMO/IefiCTBII, HEM3MEHHOCTH OO'bEMHOM IJIOTHOCTH, JUHEHHOTO BSI3KOYIIPYTOTO XapakTepa
CUJIOBOTO B3aWMOJEHCTBAA W CBeJIeHUd PEOJOTHYECKHX CBOMCTB Cpelbl K OrpAaHHYEHHOMY
HaOOPy IMapaMeTpoB, BKIIOYAIONIEMY pa3Mep, Maccy, KECTKOCTh, BA3KOCTb U XapaKTePUCTUKH
00J1aCTH B3aUMOIEHCTBU.

Ob6rmee wncnao auddepeHnuaabHbIX ypaBHeHHI B pa3pabOTaHHONW MOJEIN JTOCTHTAeT
npubsmsuresbHo 60 000 (oxoso 20 000 s1€MeHTOB, JJI KazxKJI0TO W3 KOTOPBIX 3aIMCHIBAIOTCS
TPU yPABHEHUs JBUKEHHUs 110 JEKAPTOBBIM KOODMHATAM). B 11eJI0M BBIYUCIUTEIbHASI CHCTEMA
JEeMOHCTPUPYET YCTOMINBOCTH MO OTHOIIEHWIO K CTATHCTHYECKH OCPEIHEHHBIM BBIXOTHBIM
napaMerpam, OIUCHIBAIOIIUM COCTOSHIE MaTepuaJ/ia BUOPoAeMIIPUPYIONIEro IUJINH/IPa — TAaKUM
KaK CpeJHds IJIOTHOCTb, KOOPJAUHATHI IIEHTPa MACC, YCPEJIHEHHAs CKOPOCTH U WHTErpasbHbIe
NPOYHOCTHBIE TIOKa3aTeu. B TO ke BpeMs KaxKjoe OTJeJIbHOe YpaBHEHUE XapaKTepUu3yeTcs
HU3KOM JIOKaJIbHO# ycToiiunBocThio. llomo0HOe codeTanue siBjisieTcss TUIMHYHBIM, & UMEHHO —
JIOKAJIbHAS HEYCTOHIUBOCTD IPH IJI00AIBHON YCTONIMBOCTH aHCAMOJIA. AHAJIOTHIHAS CHTYAIM
HAaOII0aeTCI B MeTOoJe MOJEKYIdpHON JUHAMUKH, TIe HCCASAYIOTCA JIBUKEHUS aTOMOB
U MOJIEKYJI Ha MUKDPOCKOIUYECKOM YPOBHE: WHJIHUBU/ya/IbHbIE TPACKTOPUH OT/IEJTHHBIX YaCTHUIL
MOTYT ObITh KpaiiHe 4yBCTBUTEIbHBI K HAYATBHBIM yCIoBUsAM (3dbderT «6aboukmy ), 0MHAKO HX
KOJJIEKTUBHOE MOBe/IeHre (POPMHUPYET YCTOWYHMBLIE CTATHCTHUYECKUE XapaKTepUCTUKU. Bosee
TOrO, ¢ YBEJIHYEHHEM PAa3MEPHOCTH 3a1add (POCT YHCIA YACTHI) YCTOWIHBOCTH CHCTEMBbI
0 OTHOIIEHHIO K CPEJIHUM BeJMUNHAM, KaK IIPABHJIO, MOBBIIIaeTCs. TakuMm oOpa3oM, CHCTEMA
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u3 nopsijika 60 000 nudppepeHnmaibHbIX YpABHEHUH MOYKET CIUTATHCS JOCTATOYHO YCTOWIHBOM
JIIS TieJiell MH2KeHePHOr0 MOJIeTMPOBAaHUSI.

7 Bxoanble mapaMeTpbl MOAEJU M BBIXOAHBIE ITOKA3ATEJIN

Paspaborannas  Mouesib  TO3BOJIsIeT — 3ajaBarb — Oojee 30  KOHCTPYKTHBHBIX
u  rtexmojorudeckux mapamerpoB IILJIAB wu ycaoBmii KOMIBIOTEPHOTO 9IKCIEPUMEHTA.
BSaI/IMOCBHSb MezKAy OCHOBHBIMHM BXOJAHBIMKU W BBIXOJAHBIMH II€PpEMEHHBIMH CXEMaTHUYIHO
nMoKa3aHa Ha pUCyHKe 4.

K 0CHOBHBIM BXOJIHBIM HEpPEeMEHHBIM OTHOCATCsS TeoMerpudeckue mapamerpsl LILJTAB:
dy — InaMeTp CTAJIBLHOIO IMapuKa, b, — TOIIUHA DOKOBOI CTeHKH, h, — BEICOTA IIINHIPUIECKON
HOJIOCTH.

I'eomeTpuueckue Iloxa3zarem
ITapaMeTpEI 3 PeKTHBHOCTH
dm M | __—— N p
T 0/1¢J1b

be ——| WITYYHOIO JOKAJIBHOI0 [—> V)
| aHTHBHOpaTopa — .

PI/ICyHOK 4 — OcHoBHbIC BXOAHbIEC U BbIXOJIHbI€ IIEPEMEHHbIC MOAEJIN

B kauecTBe BBIXOJHBIX IEPEMEHHBIX MOJEIU PACCMATPUBAIOTCSH CPEJIHSAS 33 BpeMs
KOMIIBIOTEPHOTO 3KcHepuMenTa paccenBaemasi onauM [1IJTAB akycruueckas (BubpanuonHas)
MOIITHOCTh, CPEJHSAS 3a BpeMs KOMITLIOTEPHOTO SKCIEPUMEHTa Y/Ie/JbHas paccenBaeMast
aKycTHYecKkas (BUODAIMOHHAS) MOIHOCTh ¥ OTHOCHTENbHAs JedopMallis pPaCTaKeHus
B Marepuase IIIJTAB.

Cpennsisi 3a BpeMsi KOMIBIOTEPHOTO 3KCcIepuMeHTa paccenBaemas ojgaum [IIJTAB
aKycTHYecKas (BHOPAIIMOHHAS) MOMIHOCTE N, PACCUUTBIBACTCH CJIELYIONHM obpasom [1]:

[tQ/At

] N
N, = o Z ZS kij(vg; — U;j)Q + (vg; — U;j)2 + (v — UZj)Qa ri; < ds + Adg; 9)
Pty — 1y 0, 7. > ds + Adp ’
r=lt/At j — 1 g
JFu
riae tl "u t2 — MOMEHTHI BpeMeHI/I7 B KOTOpre HAQYUHAECTCAd U 3aKaH4YUBaAETCA

YyCPeIHeHNEe PacCeMBACMOi MONIHOCTH B IIPOLECCe KOMIIBIOTEPHOrO SKCIHepuMeHTa, T U At
— NOPSAKOBBI HOMEp U BeJIMYUHA IIAra MHTECPUPOBAHUS IO BpeMeHH auddepeHnualbHbIX
ypaBHeHUi, |[...] — omeparop BblmesieHus Ie0# YACTH 9YUCAA € OKDYIJICHHEM, U, —
CpeJHsAs 32 BpPEMs KOMIIBIOTEDHOIO SKCIEPUMEHTa y/eIbHAas PacCenBaeMas aKyCTHYeCKas
(BHOpAIMOHHAST) MOIIHOCTE.

Cpefnsis ~ ylelbHasl —pacceuBaeMasl —aKyCTHYecKas (BUODAIMOHHAs])  MOIIHOCTh
PACCUATHIBACTCA CIIEAYIOIUM 00Pa30M:

Ny Ny

vp = = , (10)

N VH_U_[AB W(% + bc)2 (hn + 2bK) - ﬂ-(%)2hn

riae Vimap — 00bem Marepunasa (pesuHbi), u3 Koroporo usrotosien [TTIJTAB.
Opuentupyschb Ha abcosmoTHyo N, WM Ha yJeJbHYI0 VD, paccenBaeMble MOIIHOCTH
MOYKHO Peaqn30BaTh PA3JUMYHLIE CTPATETHH Pa3MeNIeHWs JOKAJILHBIX aHTHBUOPATOPOB
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HA TOHKOCTEHHBIX 3JIEMEHTaX KOHCTPYKIUNA U J0OUTHbCS JIMOO MHHUMAJIBHOTO KOJUYECTBA
[TIJTAB 6e30THOCHTENIBHO K UX pa3MepaM, Jubo MEHUMATBHOIO PAcXojia MaTepruasa (pe3nHbl)
HezornocuTebHO K KosmaecTsy HIJIAB.

Ornocurenbaas gedopmanus pactsokenuss B marepuasie IILJIAB, ¢, makcumaibuas
KaK 33 BpeMd KOMIBIOTEPHOTO IKCIIEPUMEHTa, TaK W MakcuMmajbHas mo oobemy I[IIJTAB,
PACCYNTHIBAETCS CJIETYIONIITM 00pa30oM:

T

e = max max % —1 ) (11)
[tr/At<T<[t2/AM] \ 5 \ T

rie rig H 7"8 — PACCTOSTHUE MeKJy JIeMeHTaMu § U j (M3HAYATIBHO COCEICTBYIONIUMHE)
COOTBETCTBEHHO HA IIAre MHTEIPUPOBAHUS T U B HadabHOM cocrostuuu 1mokos [TIJTAB.

B mporecce teopermueckoit ontumusanun napamerpos IIIJTAB Heobxommmo 100uThCs,
9T00Bl MOKA3aTedb £ He MPEeBBIMAT ONPEeIeJEHHOIO KPUTHIeCKOro 3HadeHus (okosio 0,1),
IpHU IIPEBBIIIEHHH KOTOPOro HadYMHAETCs ObICTpoe paspyirenue marepuaJa IIIJTAB.

B npouecce maspneiimeit reopermdyeckoit ontumusanuu [1IJIAB HeobxoaqumMo 100uThCs,
4T00BI abcomoTHasa N, U yaenbHas v, paccemBacMble MOITHOCTH OBLIN KaK MOXKHO OOJIBIIAMH,
a MaKCHMaJjbHAs OTHOCUTENhbHAs JAeopMarinst pacTsizkenus € OblIa KaK MOYKHO MEHBIIIEH.

BoraucaurebHble 9KCIEPUMEHTHl BBISBHJIM HEMOHOTOHHOE BJIMAHHE T'€OMETPUUCCKUX
ImapaMeTpoB Ha paccemBaeMylo MOIMHOCTL N,.  VYBelduueHHe IuaMeTpa IMapuka dy IIpH
dbukcupoBanHOM UMAMHIpe CcHadajga HOBBIaer [N, 3a CYET yJapHBIX B3aUMOJEHCTBHUIl
(npu diy 0,6 dy), HO 1pH diy; 0,85 d; mapuk 3akauHEBaET, 1 3MOEKTUBHOCTH Majgaet. TommHa
OOKOBOII CTEeHKH b, CO3/1aéT KOHKYPEHIHIO KECTKOCTH M HOJATJUBOCTU: TOHKHE CTEHKH
(b.<0,2d,) nerko JaedopMHPYIOTCS, HO TepsOT BO3Bpamiaroniyo cuiy; rtoscteie (b, >0,4d,)
JOKaIu3yIoT necdopMmanuu y Kanata. MakcuMmym N, JocTUraeTcd IPU IPOMEZXKYTOUHBIX b.
Beicora mostoctu by ompeie/isierT peuM JIBUKEHIS APUKa: TPHU OOJIBIIOI BBICOTE — XAOTHUIHBIE
MEPECKOKH € YaCTBIMH, HO cjaabbimu yaapamu; npu mamoil (b, Ha 20-30% OGosbine dy) —
KBa3UCTaTHIECKOE czKaThe W U3HOC. ONTUMYM COOTBETCTBYET OJHOMY-JIBYM IE€PEKATHIBAHUAM
IAPHUKA 33 IEePUOJ BUOPAIIUH.

Takum obpasom, sddexkruBnocts IIIJIAB onpegensiercss 6agaHCOM HHEPIHOHHBIX,
YIPYIUX U JIMCCUIIATUBHBIX XapaKTepucTuk. llerenanpasiiennoe BapbupoBanue dy, b, u hy
M03BOJISIET HACTPANBATh AHTHBHOPATOD Ha TOJaBIeHne BUOpAIMii B quanasone oT Hu3kux (10—
100 I'r) 1o Boicokmx (1-8 KI'm) wacToT. BBISBICHHDBIE 3aKOHOMEPHOCTH MOTYT CJIY?KUTH OCHOBOI
JIJIST MHOTOIIApAMETPUYIECKOH ONTUMHU3BAIMHY.

8 IIporpammHas peaju3anus MOIEIN

CorytacHo  OOIMIENPUHSATON TUIIOJOTHH  MATEMATHYECKUX MOJE/e, pPeIaraeMblii
BapUaHT CJeJyeT OTHECTH K AJIOPUTMHYECKHM MOJIEJIAM, B OTJHYHE OT aHAJTUTHYCCKHX.
NupiMu  cJIOBaMH, BBIXOJHBIE ITApAMETPBI CHCTEMBI He BBIPAXKAIOTCS Yepe3  BXOJHBIE
MOCPEJICTBOM 3aMKHYTBIX AHATUTHICCKAX (DOpMyT (YTO st JAHHOTO KJACCA MPOINECCOB
dbakTuyecKn Hepeasn3zyemo), a OnpeesioTcsi B pe3yJbTaTe YHCJICHHOIO DeNIeHHs 3a/adqu
HA JIUCKPETHOHl MPOCTPAHCTBEHHO-BPEMEHHON CeTKE C WCIOJIH30BAHHEM CIENHAIBHOTO
PacY€THOTO aJTOPUTMA.

[locTpoennblit  MaTeMaTHYeCKHil — ammapar TpOrpaMMHO  peajii30BaH B BHJE
CIEIMAIN3UPOBAHHOTO IPOrPaMMHOr0 npoaykra «[IporpamMva jijis MOgeIMPOBaHUS IITY9HOIO
JIOKAJIBHOTO aHTHUBHOpaTopas, paspaborannoro Ha s3bike Object Pascal B cpeme Borland
Delphi 7 [4]. Busyanusanns pesyabraToB MOJeJUPOBAHHS MPEJCTABICHA HA PUCYHKE .

[IporpamMa  mpeaHa3HadeHa g MOJEJIUPOBAHUS  MEXaHHYECKOI'O0  IOBeIeHUs
BHOPOAeMI(DUPYIONIETO MUJINHIPA CO CTAIbHBIM IMTAPUKOM BO BHYTPEHHEM KaHAJe.
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7 Nporpanma ans MogennposaHus BB POAEMNGMPYIOLIErD UMANHAPS

AR Y

AR Y

A s

R Y

NS cEn———

Homep wara = 1675
Texywee eper = LA
Kon snemermos = 67537

Ax=35
fi = 264.2894068625

trpas = 300
todip = 1354

Ly/[D+D10) = 61.5384615384615

Fky=0
Fkz=0

VT = 3,50345022049441

Pucynok 5 — BusyaJjiuzanus pe3y/ibraToB MOJEJIUPOBAHUS B XOJi€ BbIIOJHEHUS IIPOIPAMMHOIO
pacuéra: JBYX IPOEKIHi BUOPoaeMIpupyoIero muinHapa (cjaesa), KapTorpamm
pacipe/iesieHns TOrI0NAeMOii MOIHOCTH M CKOPOCTel (crpaBa BBepXy) U rpaduKoB
3aBHCUMOCTe[l OT BpEMEHH JIeKAPTOBBIX KOODJHMHAT CTAJbHOIO IIAPUKA B IUJIMHIPHICCKOM
KaHaje u oOIIero IMOTJIONIeHNsI SHePrun (CIpaBa BHU3Y )

B wumcxommom Koje mporpaMMBI MOTYT OBITH 3aJIaHbl KOHCTPYKTHBHBIE MapaMeTpPhl
BUOPOIEeMI(DUPYIONIETO IUJINHAPA M [apaMeTpbl KOHTAKTUPYIOIEH C HUM BUOpUDYIOIIEi
NOBepPXHOCTH. B mporecce paboThl nporpamMMa BBIBOIUT Ha SKpaH JBe MPOEKITUU ITUJIHHIPA,
KapTOrPaMMBbl paclpe/iesieHus MOMJIONAaeMoil aKyCTHIeCKO MOIITHOCTH 1 JIOKAJTbHOM CKOPOCTH
JIBUKeHWs, TpadUKH 3aBUCUMOCTeH OT BpeMeHW KOODJWHAT CTAJbHOTO IMapuka Hu oOIei
MOTJIONMIAEMON aKyCTUIECKON MOIITHOCTH.

[Iporpamma mnpuMeHHMA B TIUPOKUX JIHANA30HAX KOHCTPYKTHUBHBLIX TapaMeTpoB
BHOPOIeMTIIPUPYIONIETO UINHJIPA U TTapaMeTPOB BUOPAIIH.

Ucnosp3oBanue pazpaboTaHHOM IPOTPAMMBI npejnoJaraeT npUMeHeHHe
BBIUHCIUTEIHHON CHCTEMBI ¢ YacTOToil mporeccopa He meHee 3,0 I'T'y 1 06bEMOM onepaTUBHOIM
mavarn (O3Y) me memee 4 T'Gaiit.  Pasmep HCXOZHOrO TEKCTa MPOrPAMMBI COCTABJIAET
npubau3uresbuo 23 Koéaiit, 94To CBHAETEILCTBYET O CPABHUTE/IHHO KOMIAKTHON CTPYKTYpe
HPOTPAMMHOM PeaTH3aIHH.

9 Crarucrudeckas OIeHKA aJeKBAaTHOCTH pa3paboTaHHOI Moaen

MeroguKka  3SKCHEPUMEHTAJIHHOIO — HCCACJIOBAHMUS  aKyCTH4YecKoil  addexkTuBHoCTH
MTYYHBIX BUOPOAEMIIPUDPYIONMKUX BCTABOK, BKJOYas KOHCTPYKIUIO (DU3MTECKON MOJIe/In,
CXeMY pa3MeIlleHnus] BCTABOK B MepdOpalud TOHKOCTEHHOH CTAaJIbHOM ILTIACTUHBI, CIIOCOOBI
BO30YKJIEHUST W TOPSJIOK DPETHCTPAINH aKyCTHIeCKHX XapaKTePHUCTUK, U3JI0KeHa B padboTax
(1], [14]-[15]. B macrosmedi crarbe SKCIEPUMEHTAIbHBIE DPE3YIbTATHI  HCIOTH3YIOTCS
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ns Bepudukannu paspaborannoit pacaérroit mogean [IIJIAB ¢ moaBuzKHBIM TIapUKOM.

[IpoBepky ajeKBaTHOCTH Pa3pabOTAHHON MaTeMAaTUIECKOW MO  BBIOJIHSIIN,
COTOCTABJIAS] PACCUNTAHHBIE W W3MepPEeHHbIE 3aBUCHMOCTH YDPOBHS 3BYKOBOTO JaBieHUs L OT
4acTOThl BO3OyX)Aaomux Kojebanuit f. Teopermdeckue 3HaUeHHS OBLIN MOJYyYeHBI B CEPUU
YUC/IEHHBIX JKCHEPUMEHTOB, B PaMKaX KOTOPBIX YaCTOTY BO30YKJIEHHS TIOC/I€/I0BATEIHLHO
M3MeHsIIN 110 OKTaBHBIM mostocam 63, 125, 250, 500, 1000, 2000, 4000 u 8000 T'm.

Pe3yipTarhl  71a00OpATOPHBIX W KOMIBIOTEPHBIX  9KCIIEPHUMEHTOB  COMOCTABJIEHBI
Ha pucynke 6. Kak Bujno u3 rpadukos, B juanazone dacror 125...8000 ['n reopernyeckas
JIMHUS TTPOXOJUT JOBOJILHO OJIM3KO K IKCIEPUMEHTAJLHLIM TouKaMm. Hawmbosibiiee paszjindne
rpaduKoB HAOIIOMaeTcs B ToUke n3Menenus reugentun [ — 1000 [,

L, nb
100

90 )/!
80 /ﬁ/

704

60 fIm
100 1000 10000

Pucynok 6 — Teopernueckast (CIUIOMIHAS JIMHAS) B 9KCIEPUMEHTAIbHAS (OTACIbHBIC
KBaIPaThl) 3aBUCHMOCTH YPOBHS 3BYKOBOrO masienns L, 1B, or wacrorsr f, '

Jl1s mpoBe/ieHNs CTATUCTUYIECKON OIEHKN aJeKBATHOCTH PACCMOTPHM CAydaifHYyIo
BeJIMUNHY, TPEJICTABIAIONIYIO cOO0H OTKIIOHEHNE IKCIIePUMEHTAJbHO U3MEePeHHON BeTUInHbl L
ot monensHo#t F' = Ly, — L. 3aBucumocTh L oT f moJiyueHa MO BOCHMHU IKCHEPAMEHTATHHBIM
TOYKAM KaK B JJaDOPATOPHOM IKCIIEDUMEHTE, TakK U B Mogean (rabiuma 1) |1].

Tabauna 1 — Pesyabrarsl skcepuMenTa U MOJAEIUPOBAHUS JJIsl OTIEHKH aIeKBATHOCTU MOJIEIN

Yacrora, YpoBeHb 3BYKOBOTO JTaBJICHUS YpoBeHb 3BYKOBOTO Paznoctn
f, T SKCIepUMeHTaJbHbIH Ly, 1D jgapienust B mojenu Ly, 1b | Ly, — Ly, 1b
63 58 67,6 9,6
125 66 67,6 -1,6
250 66 67,6 -1,6
500 70 68,8 1,2
1000 78 71,2 6,8
2000 85 87,8 -2,8
4000 92 91,4 0,6
8000 96 93,8 2,2
[To pgaHHBIM, TpejacTaBjeHHBIM B  Tabaune 1, MOJy9YeHHBIM pe3yjbrare

COMMOCTaBJIEHUA IKCIICPUMEHTAJIbHBIX U TCOPETUYCCKUX 3HaYEHUN YPOBH4A 3BYKOBOT'O JaBJICHUA
B OKTaBHBIX II0JIOCAX 4YaCTOT, CpeliHee OTKJOHEHHe Ppa3sHocTH L,—L, 10 BOCBMH TOYKAM
coctaBgeT myr = -0,600 1b, Torma Kak cOOTBETCTBYIOIee CPeIHEKBAIpATHIECKOE OTKJIOHEHHE
paBHO Sp = 4,707 nb.
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JIng  mpoBepKHM  AJEKBATHOCTH MOJIEJIM  UCHOJIb30BAJICA JIBYCTOPOHHUIT KpuTepuii
Crpiomenta i . Cratuctudyeckasd rumnore3a (GOpPMYyJIHPOBAJACh CJACAYIOMEUM 00pa30M:
«IKCIEePUMEHTAIbHAS 3aBUCUMOCTD COBIAIAET C TeOpeTHUYecKoily. B obo3HaueHusIX caydaiiHbIx
BeJIUUMH 3TO MOXKET OBIThH 3amucano «L, = L,» mwan, 910 TO )Ke camoe, «F = 0». ['mmoresa
cyuTaeTrcd BepHOﬁ7 €CJIN BBIIIOJIHAETCA YCJIOBHE!:

[m|
——Vn <ty (o, n—1), (12)
SF

rje N — KOJMYIeCTBO 3KCIEPUMEHTAJLHBIX TOUYEK; ( — YPOBEHb CTATHCTHYECKOIl

3HAYMMOCTH.

[lomcraBiass paccuuTaHHbIE 3HAYEHUS BBIOOPOYHOTO CPEJIHEr0, CPeTHEKBaIPATHIHOTO
OTKJIOHEHMsI, a Takyke Tabiauunoe 3Hauyenue kpurepusi Crbrojgenra t,, s YDPOBHS
zraunmocTn o = 0,05, mosydaem BBIpaKeHNe BHUIA:

|—0,600]

= 0,361 < 2,44 1
1707 V8 = 0,361 < 2,447, (13)

Brmosnnenne mnepasenctBa 0,361<2,447 moka3bIBaeT, UYTO YCJIOBUE MPUHATHS TUTOTE3BI
BBIIIOJIHAETCA, TO €eCTb PpPacCxXoxKIAeHue MeKAYy TEOPEeTUuYeCKUMHU M 3KCIIepUMEHTAaJIbHbBIMU
AaHHBIMA  CTATUCTUYECKHN HECYHIECTBEHHO IIPpU ,ZLOBGpHTeJIbHOfI BEPOATHOCTH HE HUXKE
95%. Takum 00pa3oMm, pe3yabTaThl HpoBepku 110 KpurTeputo CTbIOJEHTa II0ATBEPKIA0T,
YTO pa3paboTaHHAas MaTeMaTHIecKas MOJeTb MOYKET CUHTATHCA AJeKBATHON IKCIEPUMEHTY
U CIYXKUTH 0O0CHOBaHWEeM I cHOPMYIUPOBAHHBIX HA ITANE TEOPETUIECKHUX UCCTIETOBAHUN
BbIBO/IOB.

3akJrodyeHmne

1. Paspaborana maremaTndeckas MOJe]b IITYYHOTO JIOKAJIbHOTO aHTUBUOpATOpA,
obJ1afaomasi  BBICOKOH jieTasim3arueii ¥ BBICOKMM IIPOCTPAHCTBEHHBIM  pa3pelieHueM,
O3BOJIAIOIIAS U3YYIUTH 3 deKTUBHOCTL  mpolecca  AeMIpHPOBAHUA BUOpAaIn
B PA3JIMYHBIX AKYCTHUECKUX PEXKMMAX U € PA3IUUYHBIMU KOHCTPYKTHUBHBIMHU ITapaMeTpPaMH
BUOPOIEeMII(DUPYIONIETO MUJINHIPA U CTAJIBLHOTO TIAPUKA.

2. Ha ocHoBe paszpaboranHOii MaTeMaTHIECKONH  MOJETN  peaJrm30BaHa
nporpamma s IBM 1 npoBejieHHsST KOMIIBIOTEPHBIX 9KCIEPUMEHTOB, ITO3BOJIAIOIIMX
H3YYUTh HA  <«MHUKPOYPOBHE» (YPOBHE OTJETbHBIX 3IJEMEHTOB  MOJETH)  MPOIECCHI
HOTJIOIIEHUsT AKyCTUYECKOH SHEPIruM W WM3YYUTh BJUSHAE KOHCTPYKTHBHBIX IIApaMETPOB
BUOPOIeMTIIDUPYIONIETO MUJINHIPA Ha MOKa3aTe u ero 3h@eKTHBHOCTH.

3. Omenka ¢ momombio Kpurepus CTbIOJEHTa MOJTBEPZKIAeT, YTO pa3paboTaHHAsS
MOJIeJIb  aJIeKBATHO BOCIIPOM3BOIHUT IKCIEPUMEHTAJIBHYIO 3aBHCHMOCTL yPOBHEH 3BYKOBOIO
JIaBJIeHUS OT 4acToThl npu npuMmenennu [IIJIAB co cratuermueckoii nagexxknoctoio 6onee 95%,
YTO CBUIETEJHCTBYET O KOPPEKTHOM BBIOOPE CTPYKTYPHI MOJEIN U JOMYINEHUH, MOJTOKEHHBIX
B €€ OCHOBY, a TaKyKe MO3BOJISIET UCIO/Ib30BATH MOJIYIEHHYIO 3aBUCHMOCTD JJIS WHYKEHEPHBIX
pacdéToB M ONTUMHU3AIUU HAPAMETPOB JeMIIPUPYIONIEro yCTPOHCTBA.
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OnTuMu3anuga aKyCTUYIEeCKNX MapaMeTPOB 3PUTEILHOTO 3aJia
JJIS TOBBIMIIEHNS 0€30TMaCHOCTU TPY/Ia COTPYJAHUKOB 00pPa30BaTEIHHOTO
yUpexKJIeHus

Kymkos A.C."", Bacuinena A.B.?
LCrynent, 2K.T.H., J0o1eHT
L2Kadenpa «TexnocdepHasg 6e300aCHOCTD U BEIYUCIUTEIbHAS MEXaHUKAY,
Banruiickuii rocynapcrsennbiii texundeckuii yauusepcurer « BOEHMEX »
um. J[.®. Yerunosa, r. Cankr-Ilerepdypr, PO

AnHOTan Mg

Akycruueckuit 1uckoMdoOpT B 00PA30BATENBHBIX YUPEKIEHUIX BBICTYIIACT CKPBITHIM, HO KPUTUIECKU
3HAYUMBIM (DAKTOPOM PHCKA, MPUBOISAIIMM K MEPEHAIPSIKEHUIO TOJIOCOBOIO AINAPATA JIEKTOPOB M CHUYKEHUIO
KOHIIEHTPAIINY BHUMAHUS CJIyIMIaTe e, 9TO OIpPENe/sieT BBICOKYI0 AaKTYyaJbHOCTH JAHHOTO WCCJIETOBAHUSA.
Llennio paboTEI ABJISETCA YIyUIIeHne aKyCTIIeCKIX ITapaMeTPoOB aKTOBOTO 3aJ1a o6bemoM 4320 M3 1714 co3ganns
0e30MacHbIX ¥ YPrOHOMUYHBIX YCJIOBUI Tpyaa mpernojapareneil u mepconasa. (OCHOBHBIE 331a9M BKJIIOYAOT
[IPOBE/IEHNE KOMILIEKCHBIX HATYPHBIX HU3MepeHuil, rnocrpoerue nudpoBOil MOJEH [MOMEIeHusT U pa3paboTKy
KOMILJIEKCA KOPPEKTUPYONIUX MepornpusaTuii. B xome paboTbl NPUMEHSIUCH METOAbl WHCTPYMEHTAJIHHOrO
aHaIU3a 3BYKOBOI'O IIOJIsI, & TaKXKe MeToJ, JiyueBoil TpaccupoBku B cpene Pachyderm Acoustic. Pesynabrarn
WCCJIeIOBAHNS] BBISBWJIN TPEBBIIEHAEe HOPMATHBHOTO BPEMEHW pepepOepanuu Ha CPeNHuX [bacrorax 10 55%
U KPUTHUYECKOE CHUYKEHWE WHJEKCa mnepenaunm peun (no 0,42) B masbHell 3ome momemienusi. Ha ocHoBe
CTATUCTUYECKON TEOPUHU BbIYUCJIEH TPeOyeMblit (hOH T 3BYKOLOIJIOIIEHUS U IPEJIOKEH KOMILIEKC APXUTEKTYPHO-
AKyCTHYECKUX PEIeHnil: MOHTAyK MUHEPAJIOBATHBIX TAHEJe, YCTAHOBKA YKECTKOIO aKyCTHYIECKOIO KO3bIPHKA
u 3aMeHa Kpeced. JlaHHble MepbI TO3BOJSIOT JOCTHYh HOPMATHBHOTO BPEMEHM 3aTyXaHus B 1,2 ¢, MOBBIMIAs

Pa300pYMBOCTh PEYN U HUBEIUPYs TPOGMECCHOHATBHBIE PUCKH.

Kuarouesbie ciioBa: AKyCTHKa MOMEINeHuil, BpeMs peBepOepanuu, WHIEKC MEPeIadn pedn,

KOMIIBIOTEPHOE MO/Ie/InPOBanue, 6e301acHOCTb TPYAA, 3By KOLOIJIOIAIONINE MATEPUAJIbL, aKyCcTUuIecKuil KomdopT

Optimization of the acoustic parameters of the assembly hall
to improve the occupational safety of teachers

Kulikov A.S."", Vasileva A.V.?
!Student, ?Ph.D., Associate Professor

L2Department of Technosphere Safety and Computational Mechanics, Baltic State Technical
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Abstract

Acoustic discomfort in educational institutions acts as a hidden but critically important risk factor,

leading to overstrain of the vocal apparatus of lecturers and a decrease in listener concentration, which
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determines the high relevance of this study. The aim of the work is to improve the acoustic parameters
of an assembly hall with a volume of 4320 m® to create safe and ergonomic working conditions for teachers and
technical staff. The main objectives include conducting comprehensive in-situ measurements, building a verified
digital model of the room, and developing a set of corrective measures. The work employed instrumental sound
field analysis methods, as well as the ray tracing method in the Pachyderm Acoustic environment. The results
revealed an excess of the standard reverberation time at medium frequencies by up to 55% and a critical
decrease in the speech transmission index (down to 0.42) in the far zone of the room. Based on statistical
theory, the required sound absorption area was calculated, and a set of architectural and acoustic solutions
was proposed: installation of mineral wool panels, a rigid acoustic visor, and replacement of chairs. These
measures make it possible to achieve a standard decay time of 1.2 s, increasing speech intelligibility and leveling
occupational risks.

Keywords: room acoustics, reverberation time, speech transmission index, computer modeling,

occupational safety, sound-absorbing materials, acoustic comfort

Brenenne

[Ipy npoeKTUpPOBAHUU KPYIHLBIX YYeOHBIX M MHOIONEJIEBBIX 3PHTEIBLHBIX 3aJ0B
B COBPEMEHHBIX 00Pa30BaTE/ILHBIX YUPEXKICHUAX MPHOPUTETHON 3aj1adeil saBjsieTcs He TOJIBKO
CO3/IaHUEe BBIPA3UTENBHOTO APXUTEKTYPHOrO O0JHKAa, HO # ((HPOPMHPOBAHUE AKYCTHUYECKH
besonacHoit cpeabl s Jgogeit. C mosumnmit TexHOChEpHON 0E30MaCHOCTH W OXPAHBI TPYIA,
YCJIOBHSI, B KOTOPBIX OCYIIECTB/ISIIOT CBOK MPOMECCHOHAIBHYIO JIeSITeIbHOCTh MPEeToIaBaTe I,
JIGKTOPBI U TeXHUYECKUI MePCOHAJI, HAIPAMYIO 3aBHCAT OT aKyCTHIECKOI'O PEKUMa 3aKPBITOrO
HOMEIICHUS.

N30biTouHas ryJiKOCTh, BBICOKUN ypoBeHb peBepbepalnnoHHoro ¢GoHa U IL10Xas
APTUKYJTATTTOHHAA CJIBIINIIMOCTBH He TOJIBKO CHHUZKAXT SCI)CI)GKTI/IBHOCTB yYCBOCHUA
0o0pa3oBaTe/IbHOTO MaTepuaja, HO © (POPMHUPYIOT CEPHE3HYIO MCUXOMU3NOTOTHIECKYIO
HAIPY3Ky.  BOJIBIIUHCTBO KPYHHBIX 3aJ10B, CIPOEKTHPOBAHHBIX HECKOJIbKO JIeCATUICTHI
Ha3aJ, He OBbLIM PACCUUTAHBI HA HCIOJIb30BaHHE MOIIHBIX CHCTEM 3BYKOYCHJICHHS
U  MYJbTHAMEJUHHBIX IIPOEKTOPOB. Taxkyke Takue 3aJjibl CHPOEKTUPOBaHbl 0€3 yuera
IyMOBOT'O BO3/IEHCTBUSA HMCTOYHUKOB, T'€HEPUPYIONIUX JIONOJHUTEJbHbINH (DOHOBBIH IIIyM,
TaKNX KaK HIPUTOYHO-BBITAXKHbBIC CHUCTEMbl BEHTHJIAINU, YCTaHaBJHUBaeMbl€e B IIPDOCTPAHCTBE
3aJla U ABTOTPAHCIOPTHBIE MOTOKU € IPOHUKAIONINM B oMererne mymoM [1]-[3].

OyngamMeHTaaIbHONR TPoOJeMOil  JIEKITMOHHBIX 3aJI0B € BBICOKOH  peBepbepariueit
SIBJITETCS] BO3HUKHOBEHHE TaK Ha3biBaeMoro <«3dddekrta Jlombapmay» — HEKOHTPOJIHPYEMOrO
pediekTopHOrO (POPCUPOBAHUS TOJIOCA CIUKEPOM B TOMBITKAX IIPEOI0IETh MACKHUPYOIHi
Iyl COOCTBEHHOTO OTPAarKEHHOr'o rojioca u (oHoBOro Imyma. [Ipum JAIuTe bHBIX pedeBbIX
Harpyskax (or 4 10 8 akaJeMHYeCKUX dYacoB) U3OBITOYHOE TOJCBI30YHOE JIABJICHHE
HPUBOJUAT K MHUKPOTPaBMaM TOPTaHU, Pa3BUTHIO (DYHKIHMOHAILHON mucdonuu, doHacTeHUH
n obpa3oBaHHMIO JI0OPOKaYeCTBEHHBLIX (PUOPO3HBIX y3JIOB HA T'OJIOCOBBIX  CKJAJKaX,
910  KJaaccupuupyercs Kak npodeccunoHaIbHOe 3ab0/eBaHue. [Tapasiienbao ¢ 3TUM
AyINTOPHUsI CIAYIIATEIeH CTATKIBACTCS C SIBJEHNEM «BPEMEHHON MAaCKUPOBKU», KOTJA MOIIHBIE
rJIacHble  3BYKH (bOPMHUPYIOT JJIMTENBHBIN peBepOepalMOHHbIi  XBOCT, IePEKpPbIBAIOIIMI
KOPOTKHE BBICOKOYACTOTHBIE COTJIACHBIE, HECYIIHe OCHOBHYIO CMBICJIOBYIO HHMOPMAIHUIO.
[Iporiecc HempepbIBHONW KOHUTUBHON pPacCHIn@pPOBKU JErPaJUPOBAHHOIO CHTHAJMA Tpedyer
IMOBBINICHHOT'O CJYXOBOI'O YCHJIHNA, BbI3bIBad 6bICTpOG YMCTBEHHOE€ M ICHUXO3IMOIIMOHAJIBLHOE
ucromenue [2|, [4].

[esibl0 HACTOSIIETO HCCJIEJIOBAHUS ABJISAETCS VJIVUIICHHEe aKYCTHYECKHX IapaMeTpoB
3PUTETLHOTO 3a71a 00beMoM 4320 M3 17151 co3anmsa 6e30MacHBIX YeI0BIil TPY/Ia MperoiapaTeeii
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U 3BYKOPEXKUCCEPOB 3a CYeT CHUKEHUS BPEMEHH peBepOepaliud W TMOBLIIEHUS WHJIEKCA
nepegadn pean (STI) 10 HOPMATHBHBIX 3HAYECHUIL.

1 Omnucanume o60beKTa U METOIOB HCCJIEI0BAHUIA

B kadectBe o00ObekTa  HMccieloBaHMd — BbhIOpaH  akTOBBIH  3asa  Basrumiickoro
rocygapcrBennoro texundeckoro yuusepcureta « BOEHMEXy um. .®. Verunosa. /[lamnoe
MOMeIlleHre TpejicTaB/sier co0o#l  Kjaccuyeckoe MHOTO(MYHKIMOHAJIbHOE 00pa3oBaTebHOe
HPOCTPAHCTBO B (DOpPME BLITSHYTOTO MapaslIeelnuieia, mpeIHasHadeHHoe JIJid MPOBEJICHUS
HOTOYHBIX JIEKITUH, HAyIHBIX KOH(MEPEHIU 1 MaCCOBBIX MEPOIPUATHIA.

Jluneiinple mapaMeTphl O0bEKTa, OIpeJe/eHHbIe Ha OCHOBE ITPOEKTHO-TEXHUUIECKON
JOKyMEHTallMd W HATYPHBIX 3aMepOB, COCTABJALAIOT: JIJIMHA OT CIEHbl J0 3aJHell CTeHbl
— 41,15 ™, mmpura — 17,5 M, BeicOTa moToska — 6 M. OOmuii cTpouTenbHBIE 00bEM
nocruraer 4320 M3, a wiomaab moa pasra 720,12 M2, TIpoduis 3puTeILHOTO 3aa ABIdeTcH
wiockuM (6e3 amdpuTeaTpaaIbHOTO MObeMa), 9T0 (DU3NUECKH 3aTPY/IHSIET GeCIpensTCTBeHHOe
HPOXOXKJIEHHE IPSIMOTO 3BYKAa K VIAJEHHBIM PsiIaM. Orpazkpaiomnume KOHCTPYKIIUH
1peacraB/icHbl MaCCUBHbIMUA OIITYKaTypPEHHbBIMA CTCHAMU, O6JIa,£LaIOH_[I/IMI/I MHUHUMAJIbHBIM
KO3 PUITMEHTOM 3BYKOIOIJIONIECHUS, a 3PUTEIbCKHE MECTa YKOMILIEKTOBAHBLI MOJTHOCTHIO
JIEPEBSIHHBIMYM  KECTKUMH KpecjaMu 0e3 TeKCTUJIHLHOW OOMBKH. DJIEKTPOAKYCTHIECKU T
KOMILIEKC 3aja CIOPOEKTHPOBAH MO JBYXIOPTAJIbHON HamosibHON cxeme (ground stack)
¢ HCIOJb30BaHMEM IMHPOKonoocHbXx cucteM LEM IIP500 um cabBydepor E&M SAB2284,
YTO B YCJIOBUAX YKECTKOTO MPSIMOYTOJILHOIO 00beMa MPOBOIUPYET MOIIHbIE HU3KOYACTOTHBIE
PE30HAHCHI U 30Hbl AKYCTHYECKON TEHU.

,HJIH noJiydyeHud MeTPOJIOTUYECKHN JOCTOBEPHBIX JaHHBIX TTPUMEHAJICA I/IBMepI/ITeﬂbeIIu/I
KOMILIEKC,  COOTBeTCTByIommmii  TpeboBanmsam ['OCT P HCO  3382-2-2013  [5]
u MBK 60268-16 [6]. B kadecTBe Tremeparopa TEeCTOBOTO CHTHAJNA HCHOTB30BAJICS
BCEHAIPABJEHHBIN Jojekayapuaeckuil n3aydaresib OED-SP360, ycranosienuniit B paboueit
30HE CIleHbl. Permcrpanus craga 3ByKOBOH SHEPruH (¢ MCMOIH30BAHHEM DO30BOTO IIyMa)
OCYIIECTRIAIACH  TMIYMOMEPOM-aHAJIM3aTOPOM  CIeKTpa  Kjacca 1 «Dxrodusuka-110A»
¢ mukpodouueiM Kamciogem BMK-205. Marpuna wuzMmepenwnit BK/IO4Yaaa 12 YHHKAJIbHBIX
KOMOUHAIMH (3 TO3UIMU MCTOYHUKA U 4 KOHTPOJIbHBIE TOYKH TMPHEMHUKA, BKJIOYAsl MECTa
B 1aprepe, eHTpe, Ha pabovyeM MecTe 3BYKOPEKHUCCePa U B 30HE JAJIbHUX PsIJIOB — DHCYHOK 1).

o o
1
-4 A
B
3 o 2 b

ﬂocanquue MecTa PacnonoxeHne NCTOYHUKA

Pabouee mecTo 3Bykopexuccepa @ Touka nsmepeHus

Pucynok 1 — Cxema pacro/ioxKeHusI HCTOYHHKA U TOUEK H3MepeHuit
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C nesbio pa3spaboTKu KOPPEKTUPYIOIINX MEPOITPHATHI ObLIA ITOCTPOEHA T€OMETPIHUYECKAS
3D momenb 3ama B CAD-cpene Rhinoceros. AkycTudeckoe MoIeInpOBaHHE IIPOU3BOIMIOCH
METOJIOM TPACCHPOBKU Jydell B cHENUAIU3UPOBAHHOM IporpaMMmuoM wmoayiae Pachyderm
Acoustic ¢ remepanueit or 50 000 mo 100 000 ydeil Ha mcTOYHMK. Baammamus mpuMeHeHUs
JIy9eBBIX METOJ0B ObLia HOoJTBepXKieHa pacderom dactorel [HIpénepa, cocraBusmieit 37,27 ',
9TO CYIIECTBEHHO HUZKE HCCJIeLyeMOoro pedeBoro auamasona (or 125 I'm) [7].

2 AHaJu3 MOJIyYeHHBIX Pe3yJbTaTOB

AHaj M3 IKCIEePUMEHTAJTbHBIX JaHHBIX, [MOJYYEHHBIX C TOMOIIBIO IIPOrPAMMHOTO
KOMILIeKca Signal+, BBIABHJ TJIYOOKHI JiHCOATAHC 3BYKOBOI'O II0JId U HAJMYUE BbIPAKEHHBIX
AKYCTHYECKUX J1e(DEKTOB CPE/IbI.

B coorBercreun ¢ womorpammamu CIT 51.13330.2011 [8], muis 3a/10B MHOIOIEIEBOIO
HasHadenns obbemoMm 4320 M® HOpMaTHBHOe BpeMsi peBepbepalny Ha CpeTHHX YacTOTax
(500-1000 Tn) gomxkHO coctaasiTh 1,2 c. PesyabraTel m3MepeHmii B IyCTOM  3aJIe
NpoJeMOHCTpupoBan 3HadeHnd 160 wa yposae 1,46-1,61 ¢ B [JaHHOM JTHMaNa30HE,
aro (bUKCHpyeT TpeBbilieHne HopMatusa Ha 21-55%. B HuskouacrorroM auanasone (100-
200 I'm) Bpemsi 3aryxanusi jJocrurajo kpurudeckux 2,05-2,27 ¢, dopmupyst ycroRdmBbIi
HU3KOYACTOTHBIN I'yJI, MACKUPYIOIIUNA peUb.

WuTerpaibnas oOleHKa pas3bOpYMBOCTH pedHd IIPOBOJMIACH IIyTEM pacdeTa HHIEKCA
nepegaan peun (STI). B 6muxkneit 3oue (Touka 1, maprep) nokasareas STI cocrasun 0,56-
0,58, 9TO COOTBETCTBYET TPAJIANUK «YIOBICTBOPUTEIHHO» 3a CUET JOMUHHPOBAHUS IHEPIUU
IPSIMOTO 3BYKa OT MOPTAIbHBIX cucTeMm. (IHAKO 1O Mepe yAaJeHusi OT CIEHBl MPOMCXOIIIA
3HAYMTeNbHAs Jerpajalus curaana. B rentpasabroii vactu 3ana (Touka 2) magekc ymaa 1o
0,47-0,49, Ha pabouem mecte 3ByKopezkuccepa (Touka 3) on cocraBuir 0,42-0,45, a HA JaTBHAX
psinax (Touka 4) 3adukcuposascs na yposue 0,42-0,47 («ILioxo» no mkamre MIK 60268-16
[6]). Nnraekc yerkoctn D50 B 9THX 30HAX cHEZKAICA 10 48-54%.

3 Meponpudarud mo yjaydnI€eHuI0 aKyCTUYIeCKON CpeJIbl

Jlnsg HOpMaIM3alMH XapaKTEePUCTUK 3aJia OBbLI IPOM3BEJEH pacdyeT SKBHBAJCHTHON
wiomaan 3Bykomnoromennsa 1o dopmyiae Csduna. Ilpm memeBom Bpemenn T60 = 1,2
¢ TpebyeMbiit OH 3BYKOIOrIomenns cocTasmt 579,6 M2, Mcxond m3 3TOro, B KOMILIOTEPHYIO
MOJIe/Th OBLJT BHEJPEH CJeIYIONNl KOMILIEKC HHXKEHEPHBIX CPEJICTB KOJIEKTUBHONW 3aIIUTHI:

1. MonTazK 3BYKOHOTJIOMAIOMKX TaHeJaell Ha OCHOBe MUHePAJbHOU BaThI (TOﬂmHHoﬁ
50 Mm) Ha orHOCE 50 MM 110 Beeit mtorau 3aanei crenst. Jannoe pemenue (¢ koabdunmenrom
norsomennst o = 0,90-0,95) HanpaBaeHO Ha MOJHOE YCTPAHEHHe WHTEHCHBHBIX MO3THUX IXO-
CHUTHAJIOB (TeaTpajJbHOTO 9Xa), MACKHPYIOIIUX COrIACHBIE 3BYKH B IIEHTDE 3aJia.

2. YcTaHOBKa YKECTKOT'O aKyCTUIECKOTO0 KO3BIPbKa HaJl CIEHHIeCKUM TPOCTPAHCTBOM
oy yritoM 15°-25° K ropusonty. Koncrpykmua 3 JIBII mepexBaTsiBaeT 3BYKOBYIO 9HEPTHUIO
JI0 paccerBaHUsd B 30HE KOJIOCHUKOB U (DOPMUPYET HANPABJEHHBIH TOTOK IOJIE3HBIX DAHHUX
orpaskenuii (B mpegenax 50 MC) B JAAbHIOI YaCTh 3PUTEILHOIO 3aJIA.

3. 3aMeHa KECTKHX JEPEBSIHHBIX II0CAJOYHBIX MeCT Ha TeaTpajbHble Kpec/a
¢ MSTKOW mopuctoii obuBkoil (menomosmyperan 30-50 mm, a = 0,60-0,70). OTa
Mepa obecriednBaeT HeoOXoJuMblil Jemidupytomuii 0ydep, rapanTupyonuii crabujibHOCTD
AKyCTHYECKUX ITapaMeTPOB BHE 3aBHCUMOCTHU OT KOJUYECTBA IIPUCYTCTBYIONUX CTYICHTOB.

4.  JleneHTpa/jm3anus CHCTEMBI 3BYKOYCUJIEHHWS IIYTEM MOHTAaXKa JIOMOJTHHUTETBHBIX
care/uToB (JWHWI 3aJepKKH) HA OOKOBBIX CTE€HAX BO BTOPOH MOJIOBHHE 3aja ¢ (ha3oBoii
cuHXpoHu3anuei depes DSP-mporeccopsr.
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[Tocae mepepacaera 3D-momesm B Pachyderm Acoustic 3acdbukcnpoBano KadecTBEHHOE
yJIydIlleHne aKyCTHYecKoii cpejipl (pucyHok 2, Tabmuna 1). PacuerHble 3HAUYeHHs] BpeMeHH
peBepbeparuu Ha yactorax 500-1000 ['1 BHIPOBHSINCEH 10 HOPMATUBHOI'O 3HAYEeHHS 1,2 ¢ BO BCeX
sonax. CunTe3snpoBaHHblll wHIeKC mepegadn peun (STI) rapaHTHPOBAHHO MPEOAOJIEN TOPOT
B 0,65, nepeiiis B Kareropuio «Xopormoy nazke Ha CaMbIX YJAJ€HHBIX MecTax (TOduka 4).

Caepxy |~/

Mepcnextnea |~

6)

Pucynok 2 — Mogess pacnpocTpaHeHnd 3ByKa B MMPOCTPAHCTBE aKTOBOTO 3aJa:
a) 710 TPOBEJIEHUsI MEPOTIPUATHIL; §) TOCTIe MTPOBEIeH ST MEPOIPUATHIL
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Tabmuna 1 — Cpasaenue 3Havenuii Bpemenu pesepbeparuu (T60) 10 u mocie MpoBegeHus
MEpONPUATHI, TpH KOH(MUTYPAIMH HCTOYHUKA A, B MEPBOi TOUKE M3MEPEHMi

OKTaBHBIE II0OJIOCHI
ITapamerp CO CpeaHereoMeTpuYeCcKuMu JacroramMm, L'y

63 125 | 250 | 500 | 1000 | 2000 | 4000 | 8000

Bpewms pesepbeparuu (T60) 1,96 | 1,69 | 1,51 | 1,43 | 1,61 | 1,52 | 1,43 1,3
JI0 TIPOBEJICHUA MEPOIIPUATHIA, ¢

Bpewms pesepGeparun (T60)
[IOCJIE IPOBEICHUA 1,83 | 1,87 | 1,62 | 1,12 | 1,19 | 1,58 | 1,15 1,2
MEpPOIPUATHH, C

3akJroueHune

[IpoBenennoe wucciaegoBanue ybeauTeIbHO JOKA3BIBAET, UYTO AaKyCTHUYECKas Cpeja
MHOTOMDYHKITUOHATBHBIX 3PUTEIbHBIX 3AJ0B SIBJISETCS HEe MPOCTO apXUTEKTYPHBIM aCIeKTOM,
HO 0a30BbIM (hakTOpoM TexHOChEepHOit Ge30macHOCTH U OXPaHbl TPY/Aa B 00pa30BaATEILHOM
yapekjaeHnn. BbIgBIeHHBIE B XOj€ HATYPHBIX HCHBITAHUN 1eheKThl — 3aBBINEHHOE BPEM
pesepbepartin (10 1,61 ¢) n auskuit nagexce STT (0,42) — BRICTYTAIOT MPSIMBIMI KATAJIN3ATOPAMH
IpodeCCHOHATBHBIX 3a00/1eBaHUil JTEKTOPOB U KOTHUTUBHOT'O HCTOIICHUS CTY/ICHTOB.

[Ipumenenue coBpeMeHHBIX [HUMPOBBIX CUMYJISIUOHHBIX KOMILIEKCOB IO3BOJIUJIO
pPACCYNTATH CHCTEMY KOPPEKTHUPYIOMINX MepPOIPHUSITHI. YcTaHOBKA — aKyCTHYIECKOTO
KO3BIPbKa, TJIyDOKOEe TOIJIONeHe Ha THIJIOBOH CTE€HE U MOJEPHU3AINUS 3PUTETbCKHUX
Kpeces IO3BOIMINA  CcOAJIAHCHPOBATH 3BYKOBOE II0Ji€, IIOJIHOCTBHIO HMCKJIIOUUB  dhheKT
JloMbapia W TPOCTPAHCTBEHHYIO HEPABHOMEPHOCTH. BHeIpeHHe MpeJIOXKEHHBIX pelleHni
dopmupyer 6Ge3omacHylo, NpeAcKasyeMyld M 3IproHOMUYHYIO cpexy, obecmeunmsas 100%
CJIOTOBYIO pa300pUnBOCTH HH(DOPMAIUU U TAPAHTUPYs COXPAHEHWE 310POBbs BCEX yIACTHUKOB
00Pa30BATEILHOTO TPOIECCA.
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O630p dusnmvecknx Mozesieil BA3KOYIIPYyTruxX aeMndepoB
1 MIEPCIIEKTUBbI IIPUMEHEHNH MCKYCCTBEHHOI'0 MHTEJIJIEKTA IIPU UX
MIPOEKTUPOBAHUN

Apremenko /I.E.
MarucTpast
Kadenpa «Texnocdepras 6e30macHOCTh U BRIYUCIUTEIbHAS MEXaHUKA Y,
Banruiickuii rocynapcrsennbiii texundeckuii yauusepcurer « BOEHMEX »
um. JI.®. Yerunosa, r. Cankr-Ilerepbypr, PO

AnHOTan Mg

B crarbe paccMaTpuBaroTCsi COBPEMEHHbBIE IPEICTABICHIS O JIeMIIPUPYIONIUX yCTPORCTBAX, OCHOBAHHBIX
HA TPUMEHEHUH BA3KOYNPYTHX MAaTePHATOB, & TaKyKe AaHAJIN3 U BO3MOXKHOCTH NPUMEHEHUs MEeTOIOB
HMCKYCCTBEHHOI'O WHTEJIJIEKTA JJIs 1MOA0Opa WX MapaMerpoB B IPOIECCE WX MPOEKTHPOBaHus. PaccMoTpenbr
OCHOBHBIE THIIBI IEMII(EPOB 10 MEXaHU3MaM PACCEAHUs IHEPIuu (BA3KUiA, MUCTEPE3UCHBIN, KOHCTPYKIUOHHBIIA,
dbpuknmonHbIit), TpuUBeAEHA WX KIACCUPUKANHUSA [0 METOAY YIPABJICHUS U KJIOUEBBIM TEXHUIECKUM
xapakrepucrukam. (OCHOBHOE BHUMAHUE YJIEJICHO MATEMATHYECKUM MOJEJSIM BA3KOYHIPYIHX MATEPUAJIOB —
ot mpocreitmux momeneit Makceemna, Kenpsuna-®oiirra, Ioiiarunra—Tomcona, 10 0O0OIIEHHBIX W MOEeH
¢ IPOOHBIMEU TTPOU3BOAHBIME. [lOKa3aHBI OrpaHUYEHUsT TPAJAUIIUOHHBIX TTOIX0I0B, BRI3BAHHBIE BHIYUCTUTETHHOMN
TPYA0EMKOCTHIO U CJIOXKHOCTBIO UAeHTH(DUKAIINY TTAPAMETPOB HEJUHEHHBIX Mozeteii. [Ipeaoxkena qByxoTamHast
METOIVKA, UCIOJb30BAHNS UCKYCCTBEHHOTO WHTE/JIEKTa, OCHOBAHHAs HA MPUMEHEHUU CBEPTOUYHBIX HEHPOHHBIX
cereit i mombopa Mmarepuasia u pU3HIECKH-UH(GOPMUPOBAHHLIX HEHPOHHBIX CceTell i uiaeHTuduKammn
mapaMerpoB, U CHHTe3a CTPYKTYpbl Mojenu gemidepa. O603HAYEHBI OCHOBHBIE MPOOIEMbI, 3aKIIOYAIOIIAECS
B HEJIOCTATOYHOM KOJIMYECTBE U KAYECTBE JATACETOB, «PA3PhIBE PEATBHOCTH Y, CJIOKHOCTH 0Oy YeHUsT (DU3UIECKH-
nH(MOPMUPOBAHHBIX HEHPOHHBIX CETEH M WHTEPIPETUPYEMOCTH PE3Y/IHTATOB, & TAKYKE MPEIJI0KEHBI BO3MOXKHbBIE

TyTU UX pEreHnd.

Kuarouesble ciioBa: BaA3Koymupyruit gemundep, womenb llofinrunra—Tomcona, HCKYCCTBEHHbIH

unresuiekT, pusnuecku-undopmuposanubie Heiiponnsie ceru (PINN), unenrudukanus napamerpos

Review of physical models of viscoelastic dampers and prospects
for the application of Artificial Intelligence in their design
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Abstract

The article discusses modern concepts of viscoelastic damping devices and the analysis of possibilities

for using artificial intelligence methods to select their parameters in the process of their design. The main
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types of dampers by energy dissipation mechanisms (viscous, hysteresis, structural, friction) are considered,
their classification by control methods and key technical characteristics are given. The focus is on mathematical
models of viscoelastic materials — from the simplest models of Maxwell, Kelvin-Voigt, Poynting-Thompson,
to generalized and models with fractional derivatives. The limitations of traditional methods caused by the
difficulty of identifying the parameters of computational and nonlinear models are shown. Proposed a two-stage
methodology for using artificial intelligence, based on the use of convolutional neural networks for selecting
material and physically-informed neural networks for identifying parameters and synthesizing the structure
of the damper model. The main problems are identified in the insufficient number and quality of datasets,
‘reality gap”, the complexity of learning physically informed neural networks and the interpretability of results,

as well as possible ways to solve them.

Keywords: viscoelastic damper, Poynting-Thomson model, artificial intelligence, physics-informed

neural networks (PINN), parameter identification

Bsenenue

Bopnba ¢ Bubpanueii u ee KOHTPOJIb, HadYMHAsT OT MPOCKTUPOBAHUS U 3aKaHIUBas
SKCILTyaTalueil, gBASIOTCI BaKHEHIIUME — 3JeMeHTaMH, CIOCOOCTBYIONIMMH — CHUYKEHUTO
Ype3MEpHBIX  aMILIUTYZ,  KOJIeDaHWiA, NOJABJIEHNST ~ HEXKeJaTeJbHBIX  PE30HAHCOB
U IpeJOTBPAICHHS  HPEXKJIEBPEMEHHOI'O0  YCTAJOCTHONO  PaspylIeHusd  OTBETCTBEHHBIX
KOHCTPYKIUA W HX 3jJeMeHToB. lcmoab3oBaHue Toit uam WHON (POPMBI IPEIOTBPAIICHES
U KOHTDOJIsi BuOpamnuii B OOJIBIIMHCTBE BHOBb IIPOEKTHPYEMBIX KOHCTPYKIUNA CTAHOBHTCS
OOBIYHOfI NMPAKTUKOW Jijig  YJAOBJETBOPEHHS PpACTYIIUX TOTpeOHOCTEH IpH  CO3MaHUH
pasHoobpas3HbIX coopyzkeHuil. (C HCIOIB30BAaHWEM TAaKHX CHCTEM MOTYT OBbITh BBITIOJHEHBI
CTpOrue OTpaHUYCHHS, HAaJaracMble Ha COBPEMEHHBIE KOHCTPYKIIHH, YTOObI 00eCIeYnTh HX
3P eKTUBHYIO pabOTY B KauecTBe 3PMEKTUBHBIX U CTAOHIBHBIX IJIATMOPM JIJIs IPOU3BOICTBA,
CBA3U, HAOIIONEHUST U TPAHCIIOPTHPOBKH.

OpmgaumM w3 TUOOB  OOpHOBI ¢ HEXKeJATeJbHBIMH  KOJEOAHUSMH  SIBJISIETCS
BHOpOieMIpUPOBAHEE. IDTO CIOCOD 3aIUTHl OT BHOpAIMU, OCHOBAHHLIA Ha HEOOpPATHMOM
nepexoje MeXaHu4ecKoi KoJiedaTeIbHON SHEPIuu B TEILIOBYIO SHEPIHUIO 3a CUYET BHYTPEHHErO
TpeHus B MaTepuaje WIH CHJI COIMPOTUBJICHHUS B CIENHAJbHBIX ycTpoiicTBax. B pamkax
JIAHHOM PaboThl OyjeT 1mojApobHEEe paccMaTpUBATLCI UMEHHO ITOT CIIOCOD IIPEeIOTBPAIEHUS
HEYKeJATeIbHBIX BUOPAIHIL.

1 Kuaccudbukanya #W TEeXHUYECKHE XapPAKTEPUCTUKU JAeMII(PUPYIOMINX
YCTPOMCTB

1.1 Twunser gemndgepon

CyimecTBYIOT pa3JaudHble MOAXOAB K 0Oopbbe ¢ BuOpalmeil ¢ HCIOJIH30BAHHEM
Pa3sHOOOPA3HBIX YCTPOHCTB, KOHCTPYKTUBHBIX CXeM, AeMIUPYIONUX MaTepHAIOB, 3aKOHOB
AKTHBHOIO YIpaBAeHHs, NPHUBOAOB M MATYNKOB. Ha CerogHamHmii AeHb B OTEYECTBEHHOI
n 3apy0OeskKHOH TPaKTHKe CJAOKWINCH TOXOKHe 10 (hopMe MOAXOAB K KJIACCH(PUKAIIAH
JeMIi(pepoB, OJTHAKO UMEIOT MECTO HEKOTOPBIe OTJIMIHS, IOITOMY CJIEIYeT UX PacCMOTPETh I10-
OTJIEJIBHOCTH.

B orevecrBennbix paborax jgemidepbl  paccMaTPUBAIOTCH € TOYKH — 3PEHUs
GYHKIMOHAIBHO-KOHCTPYKTHBHOIO W HOPMATHBHOTO IIOJXOA0B, IMPH 3TOM OHH 3a9aCTYIO
OKa3bIBAIOTCsS B3aMMOCBA3aHBI, TaK KaK KJaccupuKalus IpUBA3aHA K KOHKPETHOH 006JacTu
HpUMEHEeHHUsI: YKeJe3HOIOPOKHBIN TPAHCIOPT, CYJIOCTPOEHHE, AaBHAIMs, M PerjJaMeHTHPYeTCs
rOCY/IApPCTBEHHBIMU U OTpacieBbiMu crangapramu [1]-[3]. [IpumeuaresbHo, 4T0 B pocCHicKOil
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NPAaKTUKe OTpac/jeBasi NPUHAJIEIKHOCTh  HABJISETCS  OCHOBHBIM  KJIACCU(DPUKATMOHHBIM
HPU3HAKOM, KOTOpas OIpeJeseT BCIO CTPYKTYpPYy CTaHJAapTa, a COOTBETCTBEHHO,
U Kjaccudpukanuio jgemidupyonux ycrpoiicts. [Ipunnun paborbl aemidepa BBICTYIIAET
KaK BTOPUYHBIN, YTOUHAIONINN NMpHU3HAK BHYTPH OTPAcJeBOTO KJjacca. Ho B obmem ciaydae
MOXKHO BBIJIEJIUTH UMEIOIIeecs pas/iejeHne Ha JAeMIpUpPYyoIe yerpoicTBa U HOKpuITUs [4].
Tax HemocpeacTBEHHO jieMIi(pepsbl PA3IeISI0TCs Ha!

— ¢pukimoHHble jgeMiepbl: paboTAaOT 3a CYET B3AUMOJEHCTBHUS KECTKHX Tell,
IpU KOTOPOM dHEPrus KoJieDaHWi paccenBaeTcs Yepe3 CUJIy TPEeHHST;

— JKHJKOCTHBIE (ruapapindeckue) meMidepbl: TpeodpasyioT MeXaHHYeCKy SHEPIHIO
B SHEPIHUIO JKUJIKOCTH (HJIH Ta3a).

Kiaccudukanusg  BHOPOIOIVIOMAIONIUX — IMOKPBITHA —  OCHOBHOTO  HMHCTPYMEHTA
JeMIpUPOBAaHUS  JJIsI TOHKOCTEHHBIX KOHCTPYKIHE — 06ojee oOImmpHa W mpopaboTaHa.
[To xapakTepy medopMamnuu Ux JeJAT HA 9€ThIPE THIIA!

— JKeCTKHE: DHEPrusl MOTJIONMAETCS TMOCPEeACTBOM j1epOPMAIUil PACTIKEHUSI-CoKATHUS
BJIOJIb TIOBEPXHOCTH;

— MSTKHE: HOIVIOIIEHUE MPEUMYIIECTBEHHO 3 c4eT jedopMaluil C/IBura;

— apMUpPOBAHHBbIC: KECTKHUN CJOH, NPUCYTCTBYIOIIUNA B KOHCTPYKIUU, IOBBIIIACT
3bPEKTUBHOCTD MOIJIONIEHNsT BUOPAIINii;

— KOMOMHHPOBAaHHBIE: COYETAHHE PA3HBIX NPUHIUIOB s PacIIupeHus pabdbodero
YACTOTHOTO JTHAMNA30HA.

B 3apybexnoit npaktuke Kjaaccudukanusg geMiUPYIONUX yCTPOHCTB MPOU3BOIUTC
HA OCHOBE MEXaHHU3Ma PACCEedHUdA SHEPIUHM U ABJSETCS MePBUYHOU OCHOBOW KJIACCU(DUKAIUH.
OrpacyieBass  IPHHAIICKHOCTH — gBJsSeTCS  00JaCThIO  NPHUMEHEHHs, KOTOpas  MOKeT
PerIaMeHTHPOBATHCS OTIEABHBIME JIOKyMeHTamu [5]-[7], u gBisiercst BropuaHBIM MpH3HAKOM
0 OTHOIIEHWIO K MEXaHU3MaM JUCCHIIAIUU SHEPTHH. JTOT ACHEKT SIBJISETCS OTJIUIUTETbHON
0CODEHHOCTBIO OT OTEYECTBEHHOW MPAKTUKHU.

[Io ¢dusudeckoMy MeXaHU3MY paccessHus SHEPruu jaeMindupoBaHUE pa3aessieTcs
Ha YeThipe THUIA: BI3KOe, THCTEPE3UCHOe (BA3KOYIPYTOe), CTPYKTYpHOe u JeMmiibupoBaHue
tpenuem [8|. Tlpum sTOM CTOMT OTMETHTH, YTO JAHHBIE MEXAHH3MbI TaKKe HCIOJIb3YITCS
B poccufickoii Kjaccupuranum.

Bsaskoe gemndupoanne (Fluid Viscous Dampers, VFD) cBsi3aHo ¢ moBeeHueM
KUJIKOCTH. Tak, TIpH JIBUKEHHH Teja B BA3KOM cpele co3aaeTcs TPEeHHe MEKIy CJAOSIMHE
cpesibl, KOoTOpoe u cozzmaer gemidupyomyio cuiy. Cujga conporuBieHus Figs TpsMo
POLIOPIHOHAIBHA OTHOCUTEIBHONH CKOPOCTH W pacCIuThiBaeTcs no ¢gopmy.e [8]:

Foas = ,u@ (1)

rae j — KoahPUIHEHT cOmpOTHBIeHUsT Cpejibl (BsA3Koro gemmduposanus), H*c/m; & —
nepBas IPOU3BOJHAA [0 BPEMEHH OT HepeMeIIeHHs T.

SHepFHH paccenBaeTCd IOCPEACTBOM BA3KOI0 TpeHud MeEXKAy CJI0AMH KHUIKOCTH,
a TaK2Ke MeXKJY KUJAKOCTHIO U CTeHKaMU COCYyda. HpI/I 9TOM UMeeT MeCTO CUJIbHAd 3aBUCUMOCTH
OT YaCTOTHI KOJIeOaHWil — paccesaHHas 3a OJUH UK Heprud D, IPONOPIHOHAILHA YaCTOTe
i B pabore [8] BerumcseTcs ¢ noMormpbio hopmyast (2):

Disae = wusz, (2)

e w — Jactora; X — aMIUIATYAa TepeMeIeHus.
ObJtacTu TpUMEHEeHHUs] BSI3KOIO AeMIKpHPOBAHUS — THIPABINYECKHE AMOPTH3ATOPHI,
ceifcMuvueckue aeMIpepsl s 3TaAHUM.
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['ucrepesnchoe  (Bs3koympyroe) memnduposanme (Viscoelastic Dampers, VED)
OCHOBaHO Ha CBOMCTBAX €aMOro MaTepHaja, a HMEHHO Ha BHYTPEHHEM TpEeHHH
Ha MEXKMOJICKY/IAPHOM ypoBHe. IIpu nukimaeckoM 1ed>opMIPOBAHAN TBEPABIX TeJl BHYTPH HAX
IPOUCXOIAT HeOOPATHMBIC HMPOIECCHl, 33 CYeT KOTOPBIX dHeprud JedopMaluii nmpeobpasyeTcs
BO BHYTPEHHIOIO 3HEpruio Marepuaa. Cujia CONPOTUBICHUSA Flyc, MPEACTABISIETCA KAK CYyMMa

yIupyroit u aeMiupyomnieil cocTaBIgoONmx, CABHHYTHX M0 ¢asze Ha I (90°), 9T0 OTpazkeHo

B dopmyse (3) [8]: i

nk .
Fuuer = Fymy + Fy = b + -, (3)
e k — Ko3dpuumenT ynpyroctu MarepuaJia; 7 — KoM UIueHT norepb MaTepuaa.
DHeprusg  paccemBaeTCs  M3-33  IPOLECCOB  paspylleHHss U BOCCTAHOBJIEHHS
MEXKMOJIEKYJISIPHBIX CBA3€H, MPH 3TOM PACCesSHHAA 3a OJUH HHUKJ SHEPrusi ¢ja1abo 3aBUCUT
OT YaCTOTHI U MPOMOPIMOHAIBbHA KBAAPATY AMILTUTY b gedopMaIin ([epeMerieHs):

Diyer = Thn X2, (4)

[Ipumenenue — crenmMaTepuagbl Ha OCHOBE MOJUMEPOB, PE3MHOBBLIE MPOKJIAIKH,
YCTPORCTBA, OCHOBAHHBIC HA IJIACTHYECKOi jlepopMaliui MeTaslIoB.

CrpykTypHOEe (KOHCTPYKIHOHHOE) IeMIbUPOBAHEE BO3HUKAET B COSJIUHEHUSIX U CTHIKAX
KOHCTPYKIINH, TJe UMeeT MECTO KOHTAKT U TPeHHe MexKIy eé 3JeMeHTaMH. B T1060M peaabHOM
KOHCTPYKIIMOHHOM COEJIMHEHWH €CTh HEPOBHOCTH, 3a30Pbl U nepeHanpszkenus. [Ipu Bubpanmuu
B HUX IPOUCXOJAT MaJible IePEeMeIeHus CONPAKEHHBIX I[TOBEPXHOCTEH, YTO TPUBOIUT
K IIOABJICHUIO pa0OTBl CHJI TPEHHd, HA KOTOPYIO PACXOLyeTcs YacTh JHEPruH KoJIeOaHuUil.
B pabore [8] koHcTpyKIMOHHOE jieMIibHpOBaHIe OMUCAHO HEJTHHEHHOU MOJIEbIO, BbIIEJEHHO
orgenpuo. OHa OTIMYACTCS OT KJIACCHYECKOR MOIENIM KOHCTPYKIMOHHOTO IeMILpHpPOBAHMUS,
KOTOpas BbIPAKAETCHd TeMHu ke (GOpMyJIaMU, YTO M BBIIICONHUCAHHAS THCTEPE3UCHAST MOJE/b.
Tak, dopmyna ans cuisl conporusienus Fi., npeacrasrena cienywomeit popmymnoit (5) [8]:

FCTp :77]“3|95|59n (ZL‘), (5)

rae sgn () — curayM GyHKIHUSL.
[loTepn sHeprum NpPOUCXOAAT 3a CUYeT TPeHWs W MHUKPOYIApOB B 30HEe KOHTAKTA,
3aBUCHUMOCTH OT YacTOTBI MaJja. 3a OJWH IHWKJI PACCEHBAETCS 3JHEPIUs, OIpe/IeaseMas

1o dopmyste (6) [8]:

Derp = 2knX>. (6)

CrpykrypHoe jeMiibupoBaHUE MPOSIBISETCS B JUCCHIIAIUN SHEPIUH B OOJITOBBIX
W 3aMKOBBIX COEJIMHEHUSX, B 3aK/ICMOTHBIX TMBAX, B MPECCOBBIX MOCAIKAX MOANTAITHAKOR.

Hemnduposanue tpernem (Friction Dampers) oCHOBaHO Ha TPEHUU CKOJIbYKEHUST MEZKLY
JIByMsl MOBEPXHOCTSIME, KOTOPBIE MPUKATHI APYT K JAPYTY € HEKOTOPBIM ycuiauem. lloreps
SHEPTUM TPOUCXOJAUT 33 CUET HPeodpa30BaHUs B TEILIO B 30HE KOHTAKTA MPU OTHOCUTEIHHOM
IPOCKAJIL3LIBAHNN HOBepxHOCTell (3akon Tpenus Kymona). Cuta conporusienus F, B pabore
[8] paccuanThiBaeTcst o dopmyie (7):

FTp:Fngn(f), (7)

rjae [y — cujla TpeHust B 30He KOHTAKTa.
[Torepu sHeprum 3aBUCAT OT AMILIATY/BI CMeEIEeHWd W CHJIB TpeHHs. KirodeBbIM
OTJIMYIUEM OT JPYTHUX BHIOB JAeMIUPOBAHUS sSBAgeTCA (POpMa METIH THCTEPE3UCca, KOTOpast
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B HWA€aJIbHOM CJIy4a€ BBIIVIAAUT KaK NIPpAMOYTOJBHUK, & 3HAYUT IIpU TOH Ke AMILJIUTY e
norepy sHepruu (IJIOMAIb IETJIH THCTePe3nca) MaKCMMaJsbHbl. [loTepu paccuuThIBArOTCS
1o caeaywomeit hopmyse (8) [8]:

Dy, = 4F; X. (8)

HevmdupoBanne TpeHHeM wnMeeT MecTO BO (DPUKIMOHHBIX BCTABKaX W BTYIKAX,
NPUKAMAEMBIX CHJIAMH, KOTOPble BO3HHKAIOT [pU PaboTe KOHCTPYKIMHU (HAIPUMED,
HEeHTPOOEKHAS CUJIA).

[Io meTony ympaienus neMndupoBaHne IPHHATO Pa3eisaTh HA HACCHBHOE, aKTHBHOE
u rubpuaHoe (KomOuHMpoBaHHOe). Takas KaaccudUKaIys HCIONb3YeTCsT Kak B 3apyOerKHOIA,
TaK U B OTEYeCTBEHHOU MpPaKTUKe.

[TaccuBHBIE MeTOMBI ABALIOTCS HAaMOOJEe PACIPOCTPAHEHHBIMHU W3-3a CBOEH MPOCTOTHI
1 60161101 3MEKTUBHOCTH HA BBICOKHUX dacToTaX (pUCyHOK 1). OHH yCIeNntHO NPUMEHSIOTCS
OpU TalleHuN BUOPAIMY KOHCTPYKIMAX PA3JIUIHON CJIOKHOCTH W HaszHadeHus. [Ipunnum
paboTHl 3aKI0YAETCd B TOM, YTO BUOPAIMOHHAS YHEPIHUS PACCEMBAETC 33 CYET CBOUCTB caMoit
KOHCTPYKIIUU WU T0OAaBIEHHBIX MATEePUAJIOB, Oe3 3aTpaT BHEITHell SHePIuH.

AMILIHTYIA
A
Brime AKTHUBHEIE <«———+ [laccuBHble
Huoxe

o=

Hmxe Beime Yacrora

Pucynok 1 — Paboune nuama3oHbl pa3IndHbIX METOIOB JAeMII(PUPOBAHUS

BapuanThl nacCuBHOTO JIeMIpUPOBAHUS, CJIETYIONTNE:

— CBOOOJHBIE W CTeCHEHHBbIe MIeMI(DUPYIONAe CJIOW: HCIOIb3yeTcd BA3KOYNPYTHi
MaTepHaJl. B cBoGommoM ciioe  IHeprus  racuTcd  MOCPEACTBOM  jiecbopMaruu
paCTSIZKeHUs / CXKATHsI, B CTECHEHHOM — H3-3a C/[BUTA,;

— MIYHTUPOBAHHBIE MHE303JICKTPUKN: THE30ILJIEHKA ITPpeodpa3yeT MeXaHNIeCKyIO SHEPTHUIO
B 3JEKTPUYECKYIO, KOTOpas B CBOIO O4Yepelb paccenBaeTcs B BHUJe Telsla BO BHeNTHel
HJEKTPUIECKON TIEIH;

— JIeMIpUDPYIONIHE CJAOM C [HhE303/IEKTPUYECKUM IIyHTHPOBAHUEM:  KOMOWHAIUS
OPONLILIX JIBYyX BapUaHTOB — Mbe30IJIEHKA TACCUBHO OTPAHMYUBAET JIeOpMaIlUio
BA3KOYIPYTOT'O CJIOS, a TaKyKe MOJKJII0UeHA K NIYHTUPYIOIIel e,

— MAarHATHBIE CTECHEHHbBIE JeMI(MUPYIONINE CJIOU: BMECTO MPOCTOTO BA3KOYIIPYTOTO CJIOST
HCIOJIB3YIOTCS MArHUTHBIE [OJoChl. VX B3ammopeiicTBue (oTTajKuBaHWe WM HPUTSZKEHUE)
YCHIMBAET PACTSIZKeHNe/CxKaTHe WK CABUT BA3KOYIPYTOro CJI0si, paboTas KakK JHHAMUYIECKHil
racuTesb;

— neMrbupoBaHUEe BOJOKHAMY € TTAMATHIO (POPMBI: B KOHCTPYKITUIO BHEJAPSAIOT YIIPYTHE
BOJIOKHA C HAMATHIO (DOPMbI, UMEIOIIMX IETJII0 I'MCTEPE3UCA, YTO HPUBOJIUT K IOIVIONIEHUIO
SHEPI'UN.

AxkTuBHOe JemiibupoOBaHUe OCHOBAHO HA WCIOJIH30BAHWM JATYAKOB U IPUBOJIOB,
CO3JIAIOTIUX CHJIBI, KOTOPBIe MPOTUBOIEHCTBYIOT BUOPAIUN B PeaJbHOM BpeMeHU. B ocHOBHOM,
OHU WCTHOJb3YIOTCA I JAeMIpUpOBaHWs BUOpANNii Ha HU3KHX YaCTOTaX, IJie TACCUBHBIE
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MeTOJbI HedMMEKTUBHBI, a TaKxKe NP W3MEHEHUH PabovYuX TeMIepaTryp, T.K. CBOHCTBA
MaTepHUAJIOB, UCIOJb3YEMBIX B TACCHBHBIX METOIAX, MOTYT 3aBHCETH OT TEMIEPATYPHI JOBOJBHO
CUJIBHO.

[Ipunnun paboTbl aKTUBHBIX JeMIIEPOB YIIPOIIEHHO MOXKHO HPEJICTABUTH CJIELYIOIIIM
00pa3oM. VcTaHoB/IeHHBIET B ONPEJIETIEHHOM MeCcTe JAaTYhK YJAaBIUBAET KOJedaHus,
3aTeM TOCHLJIAET CUTHAJ K YIIPABJSIONIEMY TPUBOJY, KOTOPBI €O3/1aeT HOBOE KoJjebaHue,
IPOTUBOIEHCTBY I0IEe HCXOAHOMY (06bIIHO B IpoTuBOdhA3e, YTOGH KOJTeOAHHS MACHIUCH 38 CYeT
siByiernst naTepdepernnt) (pucyHoK 2). BaskKHbIM OTIMYHEM aKTHBHBIX METOJIOB OT MACCUBHBIX
SIBJISIETCS] HEOOXOMMOCTh BO BHEITHEM MCTOYHUKE SHEPIUU I PAOOTHI.

[Ibe30nsekTpruecKuil akTyaTop

Loz 2
BHOPHPYIOMIAs KOHCTPYKITHS - f o mmm e oo -

(7 % Z
[Ipe3037eKTprUeCKUi TaTIUK

Pucynok 2 — VerpoiicTBo akKTUBHOTO JieMiidepa

['ubpuanbie MeTOJBI JIeMIPUPOBAHNS, 110 CYTH, UCIOJbL3YIOT IMACCUBHBIE U AKTUBHbLIE
METOJIbI COBMECTHO, 4YTOOBI CO3/IaTh CHCTEMY, IO3BOJILIONIYI0O OOpPOThCA € BUOpAIUSAME
B IIUPOKOM JHalla30He YacTOT U TeMleparyp.

Haubosee gacTo ucmoab3yioTes caeayionne TuOpUIHbBIEe METO/IbL:

— AaKTHUBHBIE CTECHEHHBbIE JeMIIpUPYIONHE CJAOU:  KJACCHYEeCKas CIHIBUY-TIAHE b,
rjie  OrPaHMYUBAIONINI CJIOM TpejcTaBisger coOOH TPUBOJ, YBEJMUUBAIONINAN CIBUTOBYIO
nedopMaIyio BI3KOYIIPYTOro CJI0s;

—  AaKTHUBHBIE  MDbE303JICKTPUUYECKHE  JIeMI(MUPYIONHE  KOMIO3IUTHI: CTePKHU
U3 [ObE30KEePAMUKN BHEAPAITCA B [OJMMEPHYIO MATPUILY II0J OLpPEeIeJeHHBIM YIJIOM,
YTOOBI YIPABIATH JeMII(PUPOBAHUEM CKATU U C/IBUTA;

— 3JIEKTPOMATHUTHBIE JTeMIMUPYIONHe KOMIO3UTBI: BS3KOYIPYTHH CJION 3a’KHMaeTCs
MEZKJY MOCTOAHHBIM MArHUTOM U 3JIEKTPOMArHUTOM, YTO MO3BOJAET HACTPaUBATh YKECTKOCTh
B 3aBUCUMOCTH OT yCJIOBUII PabOThI;

AKTUBHBIE TIIYHTUPOBAHHBIE MbE303JIEKTPUIECKHE CETH: TMACCHBHAS JIEKTPHIECKAT
Helb AKTUBHO BKJIIOYAETCH U BBIKJIIOYAETCS, YTOOB MAKCHMU3WPOBATH MTHOBEHHOE paccesHue
SHEPTUuu.

1.2 OcHoBubIe mapameTpsl aeMrdepoB

Jlioboe nmemundupyiomiee ycTpoiicTBa, BHE 3aBHCHMOCTH OT HPHHIUIA JeHCTBUAA
U TPUMEHdEeMBIX MaTepHUaaoB, MOXKHO KJIACCH(PHUIUPOBATH IO Pa3MepaM, HaIpPaBICHUIO
JeficrBug u padodemMy JUala3oHy 4acToT.

Pasmepnr  gemnidepoB MOryT OBITH CaMbIMH Pa3HOOOPA3HBIMU — B 3aBHCUMOCTH
OT pa3MepoOB KOHCTPYKIIMU, B KOTOPOil OHU NPHUMEHSIOTCH. N ecim B HEKOTOPBIX
oTpacasaX K rabapuTHBIM pa3MepaM JeMIepoB He HMpeIbsaBisgeTcs CTPOrUX TpeDOBaHHi, TO,
HAIIpUMep, B aBHAIUKA U KOCMHUYECKOH TEeXHHKe BMeCTe ¢ KOMIAKTHOCTHIO YCTAHABIMBAETCS
OrpaHUYeHHe II0 Macce. OTH OrpaHHYEeHHsI, 3a4acTyio, BEIyT K pa3paboTKe HOBBIX
Pa3HOBHHOCTEH J1eMII(PUPYIONTIAX YCTPOWCTB, KOTOpBIE MO3BOJIAIOT 3(OEGEKTUBHO TacuTh
KoJieDaHus IIPYU CHUZKEHHON Macce  pasMmepax. Pa3mepbl THIIOBBIX JeMIIpepOB, BBIIIYCKAEMbIX
cepuiino, OOBIYHO, COCTABJAIOT ONpPeAeIEHHbIE CePUH THUIIOPA3MEPOB, YTO TapaHTHPYeT
HOKPBHITHE ITIPOKOrO JIMana3oHa TpeOOBaHM pHIHKA.
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C pasmepamu gemiepoB HEPa3pbIBHO CBI3aHBI TaKWe MapaMeTphl Kak pabodnii
XOJ W MAaKCHUMAJbHO JIOIYCTHUMasg Harpy3Ka. Yame Bcero 3T JBe XapaKTePUCTUKH
HPUMEHSIOT B OTHOIIEHUU YCTPOHCTB, KOTOPBIE HCIOJIb3YIOT MEXaHHYECKOe COINPOTUBJICHHE
JBUZKEHUO (HAIPUMED, MPYKUHHbIE, THAPABINYECKNE, DE3UHOBLIE jJemidgepsl). Pabounii xo
npejcTaBiger cobOi MaKCUMAJIBHO JOMYCTUMYIO aMILINTYILY HepeMerieHus npu padore. Ita
BEJMYNHA MOYXKET 3HAYUTEIbHO BaPhUPOBATHCI B 3aBUCHMOCTH OT KOHCTPYKIMH jgeMmiigepa
U pa3MepoB JeMipupyemMoil cTpyKTypbl. MakcuMaJbHO JIOIYyCTUMas HAarpy3Ka OIpee/isder
HECYIIYIO CHocOOHOCTH JeMidepa. Yalme Beero, oHa YKa3blBaeTCst B KI (T) B CTATHYECKOM
cJydae JIIs YCTAHOBKH HA HUX 0GOpyIoBaHus (Hampumep, cTaHkoB wiu Mebenu) u B H (kH)
JIJTST XapPaKTePUCTUKU paboThl yCTPOICTBA NPU JUHAMUYIECKOM BO3/IeHCTBHUH.

Hemndupyionme ycrpoiicTBa pa3pabaThbiBalOTCA TaK, 4YTO OHHM YCIENHO O0pIoTCs
¢ BuOpamnueil B TOJIbKO B OJJHOM WM HECKOJBbKUX OIpPEeIeJEHHBIX HalpaBieHUusX. (OJJHOOCHBIE
JeMiepbl (WK JTUHEHHOTO NeficTBHUs) ABJSIOTCS HauboJee pacpocTpaHeHHbIME. [Ipu sTOM
pas3e/IsioT FOPU30HTAJIbHBIE U BePTUKAJIbHbIE ycTpoiicTBa. Takzke mveercs kJaccuukarms
0 3HAKy ycwaus: nemidepsl, paboTaroiiue TOJbKO Ha CXKATHe WA TOJBKO HA PACTSIKEHUE
n paboTaroliye OJMHAKOBO XOPOIO B 000MX HalpaBjeHusx. [Ipumepamum MOryT CJIyZKHTD
aBTOMOOMIbHBIE aMOPTU3ATOPBI, MebeIbHbIe Ta3Tu(ThI, BUOPOOHIOPHI /it 060PY10BAHNUSI.

JByxocubie  (II0oCKOCTHBIE) — geMiibepbl  BOCHIPUHUMAIOT — HATPY3KH B JIBYX
B3aMMHOIIEPIEHIUKY/ISIPHBIX HAmpaBieHnsx.  OOBIYHO NPUMEHSIOTCS B CEeHCMOU30JISINN,
1716 HeOOXOIMMO Tarienne Kojaebanuil B MJIOCKOCTH MOJIa BHE 3aBUCHMOCTH OT WX HAIPABJIEHUSI.

Bceenanpasiennbie (00beMHO-HAIPABICHHBIE) JTeMIbepbl TPeJIHA3HAYCHBI 711 OOPbObI
¢ BHOpAIUSIME TI0 BCEM CTeleHsIM CBOOOJBI (3 MOCTYNATEbHBIX U 3 BpamareabHbiX). OOBIIHO
OHU HPEJCTABJISIOT COOON KOMILJIEKC U3 HECKOJIbKUX JeMI(epOB, pAbOTAIONINX KAZKIbIH B CBOEM
HanpapiaeHnn. Takue NPUMEHSIOTCS IPU BuOpo3aiuTe TPyOONPOBOJIOB, TJ/e HalpaBjeHNe
BHOpAIMN HEOCTOsTHHO [9].

Pabounit amanasoH wacToT — 3TO JHANA30H B YaCTOTHOH 00J1acTH, B KOTOpPOit
JeMIpuUpyIoIee yeTpoilcTBO padboraeT Hanbdosee apdexkTusHo. BHe 3TOr0 Anama3oHa oH JIUO0
HE racuT KoJiebaHusi, JuOO HA0OOPOT, MPUBOAAT K HMX YCUJIEHUIO BCJIEJICTBHE PE30HAHCHBIX
ABJICHAT.

Taxk, npu BSI3KOM MeXaHH3Me JAeMIPUPOBAHUS CHJIA COINPOTUBJICHUS ITPOIOPIHOHATBLHA
CKOPOCTHU JIBUKEHHUsI, U, CJIEJOBATEIbHO, 3P OEKTUBHOCTD TallleHusT KOJIeOAHUi yBeInIuBaeTCS
¢ pocroM wux 4acrorbl. [losromy B HU3KOYACTOTHONH 00/1aCTU BA3KOE JjieMIIUPOBAHKE
Ma103(pPHeKTUBHO.

[Ipu BA3KOYIPYroMm (THCTEPE3UCHOM) JIeMIPUPOBAHUH OIPEETAIONUMA  SBJISTIOTCSI
CBOMCTBA MaTepuasa, a UMEHHO MOJY/b HakorieHus E' (BelecTBeHHAsT 9AaCTh KOMILIEKCHOTO
MOJIYJIsl YIOPYTOCTH, XapaKTepPHU3YIONas YIPYTrOCTh CHCTeMbl) U KO3(bUIUEHT TOTeph 1)
(ompesensier YacTh dHepruu, OGE3BO3BPATHO TMepexoisieidl B Temto) [8]. Drtu napamerps
HMEIOT YaCTOTHYIO M TeMIEPATYPHYIO 3aBUCHMOCTD (PUCYHKH 3 ¥ 4), IpH 3TOM pa3iandaror 3
00J1aCTU: CTEKJI000Pa3HYIO, MEePEeXOHYI0 U BBICOKOYTAacTHIeCKYI0. JId KaxK10ro KOHKpeTHOro
MaTepHaJIa ero CBOUCTBA U, CJIeJOBATEILHO, pADOUN JTUAIIA30H ONPEIe/ISTIOTCS COBOKYITHOCTHIO
3TuX 3aBucuMocTell. CTOUT OTMETHTH, UTO HAMOOJBINNE 3HAUYEeHUs] KOdDdUImenTa morepb 7
HAXO/ISITCS B IIEPEXO/IHOM 00/1aCTH.

Koncrpykuunonunoe jiemrdupoBanue u jgaemMipupoBaHue TpeHUeM ¢J1ab0 3aBUCAT
OT YaCTOTHI KOJIeOAHUU, YTO BBITOIHO OTJIMYAET UX OT BA3KHUX JeMII(PepOB B HHU3KOYACTOTHOM
obiactu. llpm sToM I HEX OHpeeasdionuM (PAKTOPOM HYACTO CTAHOBUTCS AMILIATYIA
Kojtebanuii, a me gacrora [10], [11].
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Oo6aacTh Crexnooopasnas Ilepexoanasn BricokosmacTuunas

T

L
Temuneparypa

n

: L
Temunepartypa

Pucynok 3 — I'padukn 3aBUCHMOCTH MOYJIST HakomIeHust F' 1 KoaddunuenTa morepb 1 oT
TeMIIepaTypPbl IPU MOCTOSAHHOM YacToTe

Obuactb  CreknooGpasnas Ilepexomnas  BbicokodiacTHuaHast

E"

>
Yacrora

-
-

YacrToTa

Pucynox 4 — I'pacduku 3aBucuMocTs MOy st HakomieHust F' u kosddunuenTta moreps 7 or
YaCTOTHI TIPU TIOCTOSTHHON TeMIIepaType

2 Mogenu BA3KOyIpPyrux aeMmndgepoB

JI1g IpaKTHYecKOro MPUMEHeHUs BA3KOYIPYIUX MaTepHasioB B JieMIipepax HEoOXOIUMO
HMeTh BO3MOXKHOCTb OIIMCHIBATH WX IIOBeJeHNe MaTeMaTUdecKu. BaxxupiM  oTimameM
OT VIPYTHX TeJI, TIe CBA3b MEXKJIYy HalpsizKeHueM H JiepopMaliieil OJHO3HAYHO OIMCHIBACTCS
3akoHOM ['yKa, IBIgeTCda TO, ITO BI3KOYIPYTHe MaTepHuaIbl 001a1a10T bdekTom namsarn. Nx
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peaknud 3aBUCHT HE TOJBKO OT TEKYHIEIro BOS,ZLGI'_/'ICTBI/IH, HO W OT NpeAbICTOPUU HalpPyzKeHud.
[losToMy i WX ONHCAHUS HCHOJb3YIOT MOJEIN, IPEeJCTABJISIONIHe COOOW COBOKYIHOCTD
JIBYX TPOCTEHINUX MJIeATH3UPOBAHHBIX 9JIEMEHTOB — YIPYIO# HPYKHUHBI U BA3KOTO JieMIidepa
(3mementsl ['yka u Hbl0TOHA COOTBETCTBEHHO).

Dnement ['yka — mpy:kuHa — MOJETHPYET YIPYIYIO PEAKINIO CUCTEMbI. BO3HUKAOIIee
HAIPSIZKeHWe  MPOMOPIMOHAJILHO jiechopMaluu, a TOTEHIWAJbHAs SHEPrusd  3alacaeTcs
U IOJHOCTBIO BO3BpalllaeTcd IpH pa3rpyske. iemenT Hbpioroma — Bsaskuit gemindep —
B CBOIO OYepeb, MOJAEIUPYET BO3HUKAIONIYIO CHJIY, KOTOPasg MPOHOPIIHOHAIBHA CKOPOCTH
n1eOpMUPOBaHUsT W HPHBOAMT K HEOOPATHMONH JIUCCHIAIMH SHEPIWU B TEIJIO. 34 CYer
KOMOMHHMPOBAHUSA 3TUX JBYX 3JEMEHTOB IIOC/I€JI0BATE/JIHLHO WU TAPA/LICJHHO, IOJIyYaioT
MOJICJTH Pa3HO#M CTelmeHu CJIOYKHOCTH W TOYHOCTH JIJId OIMMCAHUS PACCMATPUBAEMBIX CHCTEM.
IIpocTefimMu U HCTOPUYECKH HEPBBIMH dBJAs0OTCA Moaenn Makcpeiia, Keabsuna-Poiirra
u [loitnrunra—Tomcona (pucyHOK 5).

MaxkcBeiL1a KeanBuna-Poiirra IoiinTHHra-ToMucona

Monean ~—\/\/V\/‘%]—' A -—;/VW—

Pucynok 5 — IIpocreiimue moenn BA3KOYIPYTUX MATePUAJIOB

B mozesn Maxkesesuta npyzkuna u JgeMmidep coeJuHeHbl TOCJIeI0BATEIBHO (PUCYHOK 5).
Juddepernmraabaoe ypapaenne Moaean MaKkcBeIa HMeeT BHIL:

do de
Py 9
dt apy 9)
rme A = % — BpeMs peTakcanum, KOTOPOE OTDPazKaeT CKOPOCTb pPelaKCalHOHHBIX

npoIeccos, F — MOLYJIb YOPYTOCTH HPYXKHUHBL, [i — KO3(D(PHUIUEHT BA3KOIO COHPOTHBJICHHA
JeMmidupyomnero saeMenta (B pabore [8] obo3Hauaercst Kak ¢y U Ha3biBaeTcst «K0ybdument
JgeMibupoBannsiy ), t — BpeMsi, 0 — BOBHUKAIOIIEe HaUpsizKeHne, € — nedbopmarnusi.

OHa IIpaBUJIBHO OIMUCHhIBaET pejgakcanuio HallpAZKEHU A (HaﬂeHI/Ie HallpAZ?KEHU A
npu nocrostuuoit Jedpopmanuu). [pu noacranoske e(t) = 9 = const B bopmyay (9) u perennu
JuddepeHnuaabHOro YpaBHEeHHST Oy UM

o (t) = Eege . (10)

Bugno, uro upu t—o0 naupsizkenue o—0, TO €Crb MOJEJb OLUMCHIBACT IIOJHYIO
peJIakCanuio  HanpsizkeHust (puCyHOK 6a). OxHako MOzeb  JaéT  HEPeaJMCTHIHYO
KAPTHUHY MOJ3YYECTH: TI0J, TIOCTOSHHON HArpy3Koii medopMalyst HEOrPAHUYEHHO BO3DACTAET,
a IPH CHATHH HAIDY3KH — OCTAETCsl HA JOCTUTHYTOM YpOBHe HedopMaluii ¢ y4eToM BblYeTa
yupyroii cocrapisionieii (pucynok 66). Ilomcrasus o(t) = g = const B dbopmyy (9) u perus
nuddepermaabHoe YypaBHEHUE, TOJIYINM:

(t) = %(Hm). (11)

B wmomenn KenbBuna-Doiirra  3eMeHTbl  COCTHHEHBI NMAPAJICTBHO (PHCYHOK 5).
JuddepennuaibHoe ypaBHeHne MOJETN HMEET BHI:

o(t) = Ee+ u%. (12)
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(0 €A

cp=Es¢gy

€
Bpems

Bpems

a)

Pucynok 6 — I'paduueckue 3aBucumoctu mogesnn Makesesuia: a) pesrakcaiiusi, 6) 1moJ3ydecTs,
t1 — MOMEHT BPEMEHU, B KOTOPBIII CHUMaeTCd HATpy3Ka

DTa MoJesb, HA000POT, XOPOIIO MepeaéT OrpaHnYeHHYI0 MOI3y9ecThb. JeficTBUTe b HO,
nocsae HOACTaHoBKE o(t) = o9 = const B dopmyay (12) u pemenns auddepeHnaibHOro
YPaBHEHHUS, Oy JaeM:

e(t) =221 — e, (13)
E

I[Ipu marpyzxenun gedopManus CTPEMHTCS K KOHEUHOH BeludnHe €5 = ¢, a mocie
CHATHUS HAIPY3KM — K UCXOAHOMY 3Hauenuto jgedopmanuii (pucyHok 76), 4T0 COOTBETCTBYET
peaqbHOMY HOBeleHnIo, T.e. Mojeab Kenppuna-Poiirra onmuchbBaeT OrpaHIYeHHy 0 HOI3y9eCTh.
OnHAKO W y 3TOH MOIENH €CTh HeJOCTATOK: OHAa COBEPHICHHO HE OIHCHIBACT PeJIAKCAIUIo,
T.K. HAIPSAZKEHUE OCTAETCS MOCTOSTHHBIM CKOJIb YIOIHO 10AT0 (pUCYHOK 7a). [Ipm mojcranoske
e(t) = g9 = const B bopmyny (12) cpasy mosyanm:

o (t) = Egy = const. (14)
cA ek
Op= E € £
Bpems ty Bpemsn
a) 0)

Pucynok 7 — I'paduveckue 3aBucumoctu mojesn Kenbpuua-Doiirra: a) penakcanus,
0) MOJI3YUYeCThb, t; — MOMEHT BPEMEHH, B KOTOPBI CHUMAETCsI HATPY3KA

Takum obpaszom, KaxKiaass W3 STHUX JBYX MoOJeJjieil 1m0 OTIeJhHOCTH He CII0CODHA
BOCIIPOM3BECTH BECh KOMILJIEKC CBOUCTB PEAJbHOIO BA3KOYIIPYTOr'0 MaTepHaJa.

Cnenyromas Mogenb — IloitaTuara—ToMcona (MHOTIA Ha3biBaeMas CTaHIAPTHOI
JMHERHOH MOJEJbI0 TBEPJOro Tesia) OObeIMHSIeT JOCTOMHCTBA O0EUX MPeIBIAYIUX: OHA
npejcrapasger coboil mocsemgoBaTe/sibHOE coeanHeHne UpyzKuHbl u Osioka Kenbsuna-Poiirra
(pucynok 5). Jduddepennuanbioe ypaBHeHHE MO UMEET BHI:

do de
O+QE:EOO€+B%, (15)
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_ EsE . .
rie Eo = 4 +5, ~ DasHOBeCHbI (nmrenbHBI) MOnyIh, Fy — MOLYJIbh yNPYyrocTH
110CJIeI0BATeJIbHON 1IPY2KUHBL, [, — MO/yJIb yUpyrocTu npyzkunbl B 0s10ke Kenabpuna-®oiirra,

pEs

= — Bpemd penaxcanun B Mozenn IlofinTurra—Tomcona, 8 = ~5 ~ kKooabduruent
sTLp

E.+E,
JIJIST yI00CTBA 3AIIHCH.

o =

DTa MOJE/b yKe KAYeCTBEHHO BEPHO OINUCHLIBAET U MOJI3YUECTh, W PEJAKCAIIIO, a eé
nmoseJcHrue 1IIpu rapMOHUYECKOM Har'pyzKeHUU (qaCTOTHbIe 3aBUCUMOCTH MOAYJId HaAKOIIJICHHA
u kodbduiuenTa noTepb) NpUOIHKAETCS K HABII0IaeMOMY V peasbHBIX moJauMepoB. Tak
dbopmymna gedopmaruu B caydae o(t) = 09 = const BHINISAUT CIEIYIONUM 00PA30OM:

00 EFo—Fs &
e(t) = — (1+ ———""e > 16
®) Ew E, ’ (16)
e , A = -E&p Ipn t—o00 nedopmanus cTpeMHTCS K KOHETHON BeJMUHHE Eoo = £,

a NpU CHATHU HATPY3KM — I[AJAeT [0 HyJsl, TO €CTb MOJIeJib OIUCHIBAET OrPAHMYEHHYIO
MOJI3y4ecThb (pucyHok 86).
DopmyJia sl pestakcanun Hanpsizkenust upH €(t) = g9 = const UpejcTaBIsgercs Kak:

o (t) = Exceo [1 — e_t/o‘} + Eyepe e, (17)

[Ipu t—00 HalpsIZKEHUE CTPEMUTCH K Eo, = [0 — KOHEUYHOH, a He HYJIEBOH BeJIMYnHE,
9TO COOTBETCTBYET DEAJbHOMY MOBEJeHUIO0 (PUCYHOK 8a).

O A
A . 5
%0 — Co=F,
oo

—(t—t )/

e=ge

Bpems Iy Bpemst
a) 0)

Pucynok 8 — I'paduueckue 3aucumoctu mojenu [oiturunara—Tomcona: a) penakcanus,
6) mOJI3y4ecTh, t; — MOMEHT BPEMEHH, B KOTOPBI CHUMAETCsl HATPY3Ka

Nmenno mostomy wMojaenb lloftaTMHTa-TOMCOHA 4YacTO WCHOMB3YIOT B KadecTBe
npocTeitieit pabodeit Mogennm BA3KOYIPYroro aemiihepa. Bmecte ¢ Tem eit mpucymm
KOJIMYCCTBCHHbIC OI'DAHUYCHHA: OHa HeE CHOCO6Ha OIIucaTb HII/IpOKI/IfI YaCTOTHDBIIA Analla30H
¢ TOif TOYHOCTHIO, KOTOpas TpeOyeTcs I COBPEMEHHBIX HHZKEHEePHBIX pacuéroB. CTOUT TaKiKe
OTMETHUTh, YTO BO BCEX TPEX PACCMOTPEHHBIX MOJEIAX paccMarpuBaeMble (DYHKIUU SABIAIOTCS
GYHKIUSAMHE OJTHOU ITepEMEHHOM — BpeMeHH t. DTO 00bICHIETCS TeM, 9TO ITU MOJIETHN SIBIAIOTCS
JIOKAJIbHBIMH, W PEOJIOTHYECKUMH: OHM OIHUCHLIBAIOT IIOBeJeHHE MaTephasia B OECKOHEUHO
MasioM o0béMe (B TOUKe), CBA3bIBas HANpsizKeHue u jeOPMAIMIO B 3aBHCHMOCTH OT BPEMEHH
U TPEeJbICTOPUN HArpyzKenud. DB pealbHbIX KOHCTPYKIMAX HANPSKEeHUA U JAedOopMaluu,
pa3dyMmeeTcd, MEHAIOTCA OT TOYKH K TOYKE U MOITOMY JJid UX IMOJHOI'O ONMUCAHUA B YpaBHEHUA
JIBUZKEHUsI BBOJAT YACTHBIE HMPOU3BOJHBIE [0 IPOCTPAHCTBEHHBIM KoopauHataM. OJIHAKO
dyHIaMeHTAJILHOE 3BEHO, ONHUCHIBAIOINIEE PEAKIINIO MATEPUATIA, OCTAETCS JTJOKAJIbHBIM U 3aBUCUT
TOJIBKO OT BPCEMECHU. HOSTOMy B IIpUBEACHHbLIX COOTHOIICHUAX K HCIIOJIb3YIOTCA I10JIHbIC
IIpOU3BOJHBIC 110 BPEMEHMH.

Mg ycrpaHeHus HEJIOCTAaTKOB PACCMOTPEHHBIX Mojeseil IpUMeHSIOT 000DOIEHHbIe
MOJIes T — 0DOOIIEHHYIO Moje1b Makcpesia u 0000ménnyw moaenb Kenbsuna-@oiirra. Onu
COCTOSAT U3 MHOTHX HapaJJIeIbHO WIN HOCJIeI0BATEILHO COSTUHEHHBIX /1eMEHTAPHBIX BeTBeil
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(Makcpesuta nin Kesnppuna-@oiirta) u 1MO3BOJIAIOT ANNPOKCHMHPOBATH PEJTaKCAIHOHHBII
CIEKTP MaTepuaJja ¢ Jo0oi TpedyeMoil TOYHOCTBIO. PaccMorpum Ha npumepe 000OIIEHHOM
Mojiestn Makcsesia, cocrodmeir m3 N mnapa/uleJbHbIX BeTBeit Makcsemwra.  Ona uMmeer
KOMILIEKCHBI MOJIYJIb YIIPYTOCTH:

E*(iw) = B +Z T (18)

"1+ iwn, + iwTy

e Tp = fé—: — BpeMs pejlakcallui BeTBH k, w — 4acTora, WHIEKC Kk IOJpa3yMeBaer,
YTO IapaMeTp OTHOCHTCS K BETBH C HOMEPOM k.

Takas dopma MO3BOIIET ANIPOKCHMUPOBATH SKCIEPUMEHTAJbHbIE JAHHBIE C 000
TpedbyeMoil TOYHOCTbHIO, Moj0upasi 4ducjao BerBeii N u mapamerpbl Fj, 7. IMmenno rtakwue
MHOTOMapaMeTpUIecKue MOJEeIN JieYKaT B OCHOBE OOJIBITMHCTBA COBPEMEHHBIX KOHEYHO-
9JEMEHTHBIX TakeroB. VIx mapamerpsl (BpemeHa pesakcanui, BecoBble KO3(hDMUIUEHTHI)
OIIPEIESIOT 110 IKCIIEPUMEHTAIbHBIM JaHHBIM.

Emg 6osiee KOMIIAKTHOE OIIUCAHKE TTPEJOCTAB/ILIOT MO/ C JPOOHBIMU ITPOU3BO/IHBIMH,
HAIIpUMep, 4YeTbipéxmapamMerpudeckas mojenb barmu—Topsuk. B paccmarpuBaemoii pabore
[8] mpu mosiBaeHNH APOGHBIX MTPOMU3BOIHBIX PABHOBECHBIH MO/ysb obo3Havaercss Fy (BMecTo
FE+, mOKa3aHHOTO pH paccMoTperun Mojenn [lofintuara—ToMcoHa), a MTHOBEHHBIH — Kak pa3
qepes F.. B srtux obo3nHauenusx wmomenab lloitnrunra—Tomcona, paccMoTpeHHas BBIIIE,
cooTBeTcTBOBaMA GBI BRGOpYy EPT = EUT = EETEEPP u EPT = F Torna ypasuenue Monenn
Barnu—TopBuka BBITJIAIAT CJIEAYIONUM 00Pa30M:

o(t) +7D% (t) = Epe (t) + Eoom*D% (1), (19)
) _ Ep+Es(iwr)”
o 1+ (iwT)®
— KOMILTIEKCHBIH MOJLY/Th MOJIETH, UMEIONIMil Beero derbipe napaverpa (Eg, Fu, T, @), ciocoben
OIUCATH MMOBEICHIE MATEPUAIa B HCKIIOUATEILHO ITUPOKOM AMAIIA30HE YACTOT U TEMIEPATY]P.

rie D® — omeparop apobHoro audgdepennupobanud nopgaaka o, E (iw

Takum oOpa3zoM, [pu MNPOEKTUPOBAHUU  BA3KOYIPYroro jgemidepa UMeeTcs
HeJIBIT  apceHaJ TOTOBBIX Mojesneit — or mpocteinieit momenan [loiaTrwara—Tomcona 10
MHOT'OIapaMeTPHIECKUX OOOOIIEHHBIX MOJeJeil W Moje/Jeld ¢ JIPOOHBIMH IPOU3BOIHBIMU.
Bribop KoHKpeTHO# Momen omnpejensgercd TpebyeMoil TOYHOCTBIO, OOBEMOM JIOCTYITHBIX
SKCIEPUMEHTAJbHBIX JIAHHBIX M BBIYUC/AUTE/ILHBIMU pecypcaMu. BpiOop KoHKperTHO#t Moje/in
U olpejeseHne eé MmapamMeTrpoB IOJ 3aJaHHbIe YaCTOTHO-TEMIIEPATYPHbIE XapaKTePUCTUKH
Jgemriibepa peacTaBiasieT coboi HeTPUBHAJBHYIO 3a/1a9y, PeleHni0 KOTOPoil B JaHHO# pabore
IpeJIIaraeTcs cojieficTBOBATh METOJAMU UCKYCCTBEHHOTO uHTeLTekTa (MI1).

3 HepCHeKTI/IBI)I n MeToAuKa MHMCIOJb30BaHUA METOA0B HMCKYCTBEHHOI'O
NHTEJIJIEKTAa

3.1 OmnucaHne MEePCHEKTUB NPUMEHEHNI CUCTEM UCKYCTBEHHOTO MHTEJJIEKTA
B obJjiacTu pa3paboTku MojeJieii BABKOYIPYIrux MaTepPHUajioB

Monens IloftaTunra—TomMcoHa, paccMOTpeHHas B MpEABAYIIEM pasjiene, sSBISAeTCS
MPOCTBIM  CJIYYaeM. Yame 19 ODHCAHWS MIPONECCOB IeMI(MUPOBAHUS HEOOXOIMMbI
0oJiee CJIOYKHBIE MOJIEJIN, COCTOLAIIHE U3 MHOXKECTBA MPOCTEHINX CTPYKTYPHBIX 3JIEMEHTOB.
IIpn yBenumdeHUU CJA0KHOCTH MEXaHHU3MOB padOTHl JeMmiidepa BO3pacTaeT KOJUIECTBO
9JIEMEHTOB, & COOTBETCTBEHHO, M KOJIMYECTBO CIIOCODOB MX B3aUMOCBA3HU. Bcé 9T0 BeJIET K yXOLy
OT HPOCTBIX JIMHEHHBIX 3aBUCUMOCTE K OoJiee CIIOXKHBIM HeJnHeiHbIM. Ha ceromnsimuumii 1eHb
JJg pacuéTa HeTWHEeHHBIX 337349 CYIMIeCTBYIOT TPOTPaMMBbI 1 TeJTble TPOrpaMMHbIe KOMILTEKCHI.
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OrnanuTeIbHON YepTOil HETWHEIHBIX PACUYETOB ABJSIETCA WX TPYJAOEMKOCTH: KaK B TLIaHE
BBIUHCIUTE]BHBIX PECYPCOB, TAK W BPEMEHU pacdéTa.

Texnomorun MM npuMeHSIOTCI MIPH PEINIEHHM TAaKOro pPoJIa 3aaad, B TOM YHCIE
u B 00/acTH BA3KOyUpyrux jemidepoB. DB wacTHOCTH, BbIJEISETCH OTIACJAbHBIH KJ1acC
Heiipocereii — dusnuecku-nadopmuposanubie Heliponnsie ceru (Physics-Informed Neural
Networks — PINN). B wux ofyuenne 3ajmoxkenbl (dyHaaMeHTaibHble (U3NIECKHE 3aKOHBI,
npejcTaBIsgeMble OOBIYHO B Buje MUdpdepeHnnaIbHbIX YPaBHEHUN B YACTHBIX TPOU3BOIHBIX.
Ornuume PINN ot ob6brambix Heftpocereil 3akmiodaercd B ciaeayiomeM: PINN ofywatorcs
HA OJKCIEPUMEHTAJbHBIX WJIM CUMYJISIIMOHHBIX JIAHHBIX, HO [PU 3ITOM HUMEIOT B CBOEM
PACIIOPSIZKEHUN Te camble (pu3mvuecKue ypaBHEHUs. IDTO TO3BOJISET UM JIeJIaTh HTPOTHO3BI
HE TOJHKO Ha OCHOBE 00y4YaIONINX BHIOOPOK, HO U B COIVIACHH ¢ (PUBMYECKUMU 3aKOHAMMU.

Tak, B paGore [12] mokasano, uro npumenennme teopun PINN g onucanus
NOBEJICHUS BA3KOYIPYTUX JIeMII(EPOB TMO3BOJISET OOOUTH OTPpAHUYEHUS TPATUIMTUOHHBIX
MOJIesiel, CBg3aHHbIe ¢ ONIMOKAMU ITPOTHO3UPOBAHUS DU CJOXKHBIX YCJIOBHSX HAIPYZKEHUSI.
BosmoxknocTn ke  OOBIYHBIX HWCKYCCTBEHHBIX HEHPOHHBIX  CETeH, WHTerPUPOBAHHBIX
C aJTrOpUTMaMU ONTHMHU3AIUU, JJIA MOJ00pa MapaMeTpoB JeMIdepoB MPOIeMOHCTPUPOBAHBI
B [13].

B pamkax paccmarpuBaeMoil 00J1aCTU IPEANOJIAraeTcs BO3MOXKHOCTb HUCHOJIb30BAHU
KaK OOBIYHBIX HelfipoceTell — /i penreHus 3aJadu O MoAO0pPe ONTHMAJILHBIX BapHAHTOB
BA3KOYIIPYTUX MaTepuason g jgemipepa, Tak u cereit PINN — s Bepudukamnum mogbopa
MaTepuaJa WIN I PellleHus 3a/]a9i MOCTPOeHUs W ONTHMU3AINU HeJUHEeHHBIX Mojeseit
nemiepos.

3.2 Meroauka Bueapenua WUV npu paspaborke mogeseil BA3KOYyNPYTrux
MaTepPUAJIOB

Bueapenne NI B umccaemyemoit obacTH MpeanosaraeTcss HTPOBOJAUTL B JBa ITalla.
Ha mnepsoMm »srame mnpoum3BOAUTCS CO3MaHHe W OOydYeHHe HeHpoceTH, IpeaHa3sHAYeHHO
JI TOADOPa BSI3KOYIPYTOro MaTepuaia JeMirdepa mo 3aIaHHbIM TPeOOBAHUSIM.

9TO 3ajada sBJIgeTCS KJIaCCHUeCKo#H 3amadeil KiaccuUKAIUH: HAa OCHOBE BXOIHBIX
napaMerpoB (JIWAla30H WHTEPECYIONUX YACTOT ¥ TEMIEPaTyp) JOJKHO OBITh MOJIyYeHO
Ipe/iCKa3anne ¢ BADHAHTOM HJIM BapHAHTAMHU IIOJXOJSIIEro Marepuasia (MM ero cBoficTBaMu,
TAKUMH KakK MOJy/Ih Hakorienus F' u koaddunuent moreps 7).

Ha »stom »srame xkakwme-mub0 juddepeHIna bible ypaBHEHUA H  HEOOXOIUMOCTH
UX peleHus OTCYTCTBYIOT.  IIpomcxomuT paboTra ¢ MaccHBaAMH JAHHBIX — TrpadHKaM#
win TabMnaMu 3aBucuMocteil £/ u 1) oT 4acToThl M TeMIEPATYPhl. 3a/a9a CBOJAUTCHA K HOUCKY
CJI0XKHON HEJINHEHHON 3aBHCHMOCTH B MHOIOMEPHOM IPOCTPAHCTBE MAHHBIX, W KJIACCHIECKHE
MOJTHOCBSI3HBIE HEHPOHHBIE CETH OTJINYHO CIIPABJSIIOTCS € 3THM.

Eciim BXOZHBIMEH JaHHBIMH OyAYT SIBJAATLCS He OTJEJbHBIE TOYKH, a IeJible KPHBDLIE
(rpadukn), TO TOAXOASITMM BBIGOPOM OYIYyT CBEPTOUHBIE HeHpoHHBIE ceTu. OHHU MO3BOJSIT
BBISIBUTH XapaKTEPHOE IOBEJIeHNe KPUBBIX MOJIYJIS HAKOILUIEHHSI W KODMUIMEHTa HOTEPD
IpU U3MEHEHWH TeMIIePATypPhl I COOTHOCUTH UX ¢ KOHKPETHBIM MaTEPUATIOM.

Ha nepBom stame MOXKHO OIpaHHIATHCS UCIOJIb30BAHUEM IIOJTHOCBSA3HBIX U CBEPTOYHBIX
NHC, ognako BO3MOXKHBIM V/IydIIeHuEeM MOKeT sBaAThbcs BHeapenne PINN s Bepudpukanmuu
110100paHHOI0  MaTepHraJia. PINN mo3BosiuT cmojesmpoBarh —1oBejenue jemiidepa,
M3TOTOBJIEHHOTO M3 MPEJTOKEHHOT0 MaTepuaJia, OCHOBAHHOE HAa PeabHON (hDu3nke mporeccos,
9TO, TO CYTH, 3aMEHUT 000 Bepu(UKANNOHHBIE PACUYETHI W CIKOHOMHUT BbIUYNCJIUTEIbHBIE
U BpEMEHHBIE PeCypCHI.

Bropoit atan npencrasaser coboit cozpanue NHC, cocrosmux u3 PINN, gasa permenus
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3372491 O MOCTPOEHUH M ONTHMHUBAINN HEJWHEHHBIX JeMI(pepoB W3 KOMOMHAIMN TPOCTEHTITNX
3JeMeHTOB (Mojesieit). [Ipu 9TOM ecThb JiBa mIara pasBUTHS ITOIO STAIA.

[lepsoiit mar (MuHuMaabHbI) — npumenenue THC nyis upeHTHOUKATINT HEU3BECTHBIX
napaMeTpoB MOIEJH BA3KOyIpyroro jgeminpepa. Ha ocHoBe cTpykTyphl Mozenn gemidepa
(napumep, mozenb [loiuTuara-ToMcoHA) HEOOXOAMMO OMpeJeTUTh HAubOJee MOAXOISIIHe
3HAYEHWs BXOJSIIUX B HeE mapamerpoB (KECTKOCTel NpyKuH, Kod(hOHUIHEHTOB BI3KOCTH).
D10 sBJgeTcd obpaTHoit 3agadeit, a1g koropoir PINN sdbdexTusubl. B kauecTBe 00ydaromux
JAHHBIX BBICTYHAIOT PE3YJIbTAThl IKCIEPUMEHTOB (HeTIH TIucTepesnca) u  (usmdeckue
ypaBHenus. K nupumepy, Bce IepedHC/IEHHBIE B pas3jeie 2 AHAJUTHYCCKHE BbIPAYKCHUSI
aas KoMmmiaekcroro moayns B (iw) (mim, B Gomee obmem ciydae, s PEOJOTHYECKOTO
COOTHOITIEHNST MeKJly HampsiKeHneM u jedopMaliieii) MpeacTaBjasiior coOoiH KOMIAKTHYIO
3aIuch (PU3MIECKOTo 3aKOHA, KOTOPBIH B JaabHE!IIeM MOXKET OBITh HEIOCPEICTBEHHO 3aJI0KEeH
B CTPYKTYPY pu3ndecKu-uHGOPMHPOBAHHONK HeHpPOHHOU ceTu. B 3TOM KadecTBe OHH CJIyzKaT
«YUHTEJIEM», HAPABJIAIONUM 00y4eHnEe CeTH M FaPAHTUPYIONUM (PU3UUECKYIO JTOCTOBEPHOCTH
nosydaeMbix pesyabratoB. Ocobennocthbio PINN aBigercs Bo3MOXKHOCTE uX 3MMEKTHBHOIM
paboThl Ipu MajoM 00'bEMe 00YyUaloNuX JAHHBIX, TaK KaK (DU3NYECKne YpPaBHEHUsI, BBOJUMbBIE
B Heé, BBICTYIAIOT B POJIU <«HAIIPABJSIONIAX», KOTOPbIE HE IMO3BOJSIOT IMOJYYUTDH CJUIIKOM
OTOPBAaHHBIE OT PeAJbHOCTH MPOTHO3bI. B umureparype [14]| omucano mpsiMoe mpHMeHeHHe
PINN nng macTpoiiku Momeneil KpyTHIBHBIX JeMidepoB, Tae KodhUIHeHTH »KECTKOCTH
n aeMibupOBaHUs IPEACTaBIeHb B BuAe rpada HeHPOHHON! CeTH.

Bropoit mar — wucnomb3oBanme MHC g OTKpBITHS HOBBIX CTPYKTYpP MOjeiei
JieMIgepoB, KOrjga Tpedyercs He HIPOCTO YTOYHEHHE WM HAXOXKIEHHE ITapaMeTPOB MOJIEH,
a CHHTe3 HOBOI, 0Oojee CJIOKHOH KoMOUHAIUK 0a30BBIX 37eMeHTOB. OIWMH U3 MOIXOI0B
B 3TOM CJIy4ae — HOCTPOEHUE CYPPOraTHON MOJEAH HA OCHOBE KJIACCHMYECKON NOJHOCBA3ZHON
HEHPOHHOIT ceTH, KOoTopas OyAeT OdYeHb OBICTPO INPEACKa3bIBaTh IMOBEIEHHE CHCTEMBI. DTa
MOJIEJTh 3aTe€M UCIMOJIb3YETCs I ONTUMA3AINN C TTOMOIIBIO TeHETHIECKUX AJITOPUTMOB 38 CUET
nepedbopa MHOXKECTBA BO3MOXKHBIX CTPYKTYPHBIX KOMOMHAIMN ¥ BBIOOpA M3 HUX HAMJIYUIIECH.
[TonoxkurenbHbIH 3hdEKT 3aKI0UaeTCI B CKOPOCTH IOJYUYEHHS HPOTHO3A: IIOCJIe O0YUeHHSs
HpeACKa3aHue Cco31aéTcs 3a O4YeHb KOPOTKHH CPOK, HPH I9TOM MOXKET ObITh PacCMOTPEHO
OOJIBIIOE KOJTUIECTBO BAPHAHTOB CTPYKTYP. DTO MO3BOJISET HE HIPOBOAUTD JOJTHE U 00bEMHBIE
pacdérhl (HATpUMep, METOJOM KOHEYHbBIX 3JIEeMEHTOB). [IpuMep peaau3anuu noaxo/a Ha OCHOBe
CYPPOTraTHOTO MOJIEJUPOBAHUS [Tl OMTUMU3ANNE TTapaMeTpoB JeMiidepa npuBenén B [12].

CrouT TakKe OTMETHTb HEIOCTATKH W TPYIAHOCTH JTAHHBIX ITAIOB. InaBuoit
po6aeMOil SIBJISIETCS OTCYTCTBHE KAdeCTBEHHBIX JATACETOB JJIsl PACCMOTPEHHBIX 3a1ad |15].
Ha maHHBII MOMEHT OTCYTCTBYIOT IyOJMYHBIE XPAHMJININA TaHHBIX, COAeprKallue JTaHHbE 00
9KCIepuMeHTax ¢ jeMidepaMu. Bo3MOXKHBIM pelleHHeM gBJdeTcd JUOO MOydeHne JaHHBbIX
U3 yrKe IPOBEICHHBIX U HOBBIX 9KCIHEPUMEHTOB, JTUOO ¢ IIOMOIILIO YUCICHHOI'O MOJC/TUPOBAHUA,
KOTOPOE, TO-XOPOIIIeMY, TaKzKe T0JKHO CXOJTUTHCA ¢ IKCIePUMEHTAMHU.

Orcioga BHITEKaeT BTOpas Hpobjema — M3-3a OOyUeHHs] Mojeseil Ha CHHTeTHIeCKHX
JIAHHBIX, TOJYYEHHBIX B XOJe MOJEINPOBAHUsA, MOJEJh He yUIUTCs paboTaTh ¢ peaabHBIMHI
JIAHHBIME, CHATBIMU ¢ O0OPYIOBAaHUS, Ha KOTOPBIX, B OOJBIIMHCTBE CJIYYAEB, IPUCYTCTBYIOT
mymMbl U nomexu [16]. PerrenneM siByistercst npuMeHeHre GOJIBIIEr0 YUCIA PEATHHBIX JTAHHBIX
U KOHTPOJIb 34 J0Jeil CHHTeTHIECKUX JIAHHBIX B JaTaceTax.

Tperbeil TPYAHOCTBIO SIBISIETCS CIOKHOCTH W croumocTh obydenust PINN [17]. Dror
HpOIIeCC SABJIAeTCI HeTPUBHAJIBHON 3a/1adei, TpeOylorieil TIaTe /bHOTO M0I00pa apXUTEKTY P
CeTH, HACTPOUKH BECOB B MHOTOKOMIIOHEHTHOHN (PYHKIIUU IOTEPb U JPYIUX TUIEPIAPaMETPOB.
Heynaunas nacTpoiika MOXKeT MPHBECTH K TOMY, UTO CeTh IPOCTO He obyumTcs. Bo3morknoe
pertenne — pazpaborka meronuk 3pdexruBroit Hactpoiiku PINN st 00ydenns.

MoyKHO TakyKe BBIICJUTH TPOOIEMY, CBSI3aHHYIO C WHTEpPIPeTaleil MoJIyJIaeMbIxX
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pesyabraro [18]. TpaauiuonHble WHXKEHEPHBIE DEIeHNsi OCHOBAHBI, B IMEPBYIO OYepeb,
Ha IpOBepeHHBIX (PU3NIECKHX 3aKOHAX u pacuérax. (C moMoIIbio HeilpoceTu MOXKeT ObIThb
HOJIYYEH Pe3yJIbTaT, KOTOPBIH CJIOXKHO MpOBepUTh. (OTCYTCTBHE peaJbHO CYIIECTBYIOIIMX
JAHHBIX TPHUBOIUT K TOMY, UTO BepuDUKAIMS MOJEIN CTAHOBUTCS KpaiiHe CJIOXKHA. IDTOT
acnekT upensrcrByer npunsatuio Nl-penienuil B OTBETCTBEHHBIX KOHCTPYKIUsAX. Bo3moxkHOE
periienre — pa3paboTKa MeTOJOB /I OIEeHKH U 00bsiCHeHusi (paKTOpPOB, JEXKAIUX B OCHOBE
uHuBUya bHbIX pemrenuit MTHC.

3akJiroueHmne

B mannoit pabore ObLIM pacCMOTPEHBI COBPEMEHHBIE MPEJICTABJICHUS O AeMII(DUPYIONNX
ycrpoiictBax. PaccMOTpPeHBI OCHOBHBIE THIBI JIEMII(DEPOB, WX OTEYECTBEHHAs] W 3apyOerkHasd
KJaccupuKaum ¥ HUX OCOOEHHOCTH, MeXaHU3Mbl PpacCesdHud SHEPrum, a TaKxKe HX
KJII0YeBble TeXHUYecKue mapamMerpbl. (OTMedeHO 0coboe MecTO BI3KOYVIPYIUX JeMIdpepoB
fusrarogapst CBOMCTBAM BS3KOYHPYIMX MATEPHAJOB B MX COCTABE, MO3BOJISIONUM YIIPABJISTH
JMIUCCUTIATHBHBIMI CBOMCTBAMHU TOCPEACTBOM MOAOOPA COCTABA U CTPYKTYPHI MaTepHUAJIa.

[Ipoana/iu3upoBaHbl ~ MaTeMaTUYeCKHe  MOJEIU  BA3KOYIPYTHX  MaTepHajioB  —
OT IPOCTeHINNX, TAKUX Kak Moaean Maxkcsemia, Kenppuna-®@oiirra, IlotaTunra-ToMcona, mo
00ODIIEHHBIX U MoOJeIel ¢ ApOOHBIMH HPOU3BOAHBIMU. (OTMedeHO, UTO BBIOOD aaeKBATHOMI
MOJICJIM U ONpejieieHne €€ napamMerpoB MOJ 3aJaHHble YACTOTHO-TEMIIEPATYPHbIE YCJIOBUS
SIBJITEIOTCSl HETPUBHAIBHON M BBIYUCIUTETHLHO TPYIOEMKON 33146t

[IokazaHo, 94TO TEXHOJOIMH HUCKYCCTBEHHOI'O HHTE/LIEKTa, B OCOOEHHOCTH (DU3UYECKU-
uH(GOPMUPOBAHHBIE HEUPOHHBIE CEeTH H CYPPOraTHble MOJEId Ha OCHOBE OOBIYHBIX
Heifpocereil, OTKPBIBAIOT HOBBIE BO3MOXKHOCTH JIJii YCKOPEHWSI M HOBBIIICHUS] KAIECTBA
IPOEKTUPOBAHUSI BA3KOYIPYTuX Jemigepon. [Ipemioxena aAByxaTanHas METOINKA BHEIPEHUsT
NUN: wa mepBoM 3Tame — mombOp MarTepuaja € TOMOIIMBIO KJIACCHIECKUX TIOJTHOCBSI3HBIX
U CBEPTOYHBIX ceTel, Ha BTOPOM — WICHTHMUKAIUS HapaMeTPOB U CHHTE3 CTPYKTYPbl MOJIEJIH
JeMIigepa ¢ HCIO0Jb30BaHueM (bU3NIECKUA-UHMOPMUPOBAHHBIX HEHPOHHBIX ceTell B COYETAHUU
C TEHeTUIECKUMU AJTOPUTMAMI.

Broigenensl ocHOBHBIE TTPOOIEMBI, MPEIATCTRYIOINE Tipokomy BHeipenuto I B nannoit
00J1aCTU:  OTCYTCTBHE KAYECTBEHHBIX JIaTACETOB, PACXOXKJICHHE MEXK/Y CHHTETHICCKUMHU
U peaJbHBIMU JaHHBIMH, CJIOKHOCTH OOyUeHHs (U3HIECKU-MH(POPMUPOBAHHBIX HEHPOHHBIX
ceTeil 1 MpobIeMa HHTEPIPETUPYEMOCTH PEe3yabTaToB. s KaxKI0ro mpecTaB/IeHHOrO IIyHKTA
HPeJ/IOYKEHbl BO3MOYKHBIE ITyTH PEIIeHUSI.

[IpencraBiaeHHbiii B cTaThe MaTepwag MOXKeT ObITh WCHOJH30BAH KAaK OCHOBA
JUIS JTaJIbHEAIuX paboT W HUCCAe0BaHUil, HAIPaBJCHHBIX HA CO3/IaHHE HHTEIEKTYAJIbHBIX
HHCTPYMEHTOB MPOEKTUPOBAHUS BSI3KOYIPYTUX JeMI(epoB, KOTOPbIe HO3BOIAT 3hdeKTHBHO
COYETATH HAKOILJICHHBIEC 3HAHUS C PACTYIIUMU BO3MOXKHOCTSIMU UCKYCCTBEHHOI'O MHTE/LIEKTA
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WUccanenoBaHme CrieKTPaJbHOTO COCTABa IIIyMa aJIMAa3HO-PACTOYHOTO
o0opymoBaHUA B YCJOBUSAX €T0 IKCILITyaTAIUN

Cryxenko H.I.
K.1.1., monent xadeapsr «CTpouTeabcTBO H TexHOChHEpHAss OE30MaACHOCThY,
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AnHOTanus

B nmanmoit pabore mpecTaBieHbl PE3yAbTAThl MCCIETOBAHNS CIMEKTPAJIHHOTO COCTABA MIyMa, aJaMa3HO-
pacrounbix cTaHnkoB. llenpio paboThl fABIAETCA aHAJIA3 3AKOHOMEpPHOCTEll (DOPMUPOBAHUSA CIIEKTPAJIHLHOIO
cocraBa mniyma. lI3MepeHnsi OKTABHBIX yPOBHEH 3BYKOBOI'O [IABJIEHUS POBOIUIIUCH [IJIsi CTAHKOB C PA3IUIHBIM
TUTIOM TIPUBOAA TJIABHOTO [IBUKEHWS.  YCTAHOBJIEHO, UTO CHEKTPATbHBIA COCTAB INIyMa WCCIETOBAHHBIX
CTAHKOB HOCHUT BBICOKOYACTOTHBIM XapaKTep ¢ MAaKCUMaJIbHBIMUA YPOBHAMM 3BYKOBOTO JIABJIEHUSA B JUANa30HE
500-8000 I'm. BwigBmenwl 3HAUYUTETLHBIE MPEBBIIEHUS MPEAETLHO JIOMYCTUMBIX YPOBHEH, ITOCTUTAIONINAE
21 aBb B BbicOKOYAcTOTHBIX OKTaBax. Qupejenena akycrudeckas 3P@GEKTUBHOCTH 3AIUTHBIX OrPAXKICHUIT,
cocraBuBmas 95-8 B, 49ro yKaspiBaeT HA HEAOCTATOYHYIO TI'€PMETUYHOCTh ¥ HaJUYHe CTPYKTYPHOI
COCTaBILAIONIEH ImyMa. DBbIMosHeH aHaan3 BUOPAIMOHHBIX XAPAKTEPUCTUK KOPIIYCHBIX JeTajieil CTAHKOB,
MMOKA3aBINNI DPABHOMEPHOE pPACIpejesieHre BUOpAIWil MO IJIOMAIN WCTOYHWKA W KOPPEIANUI0 C YPOBHAMU

NU3JIy1a€MOro mryMa.

KuroueBbie cjIoBa:  CIHEKTPAJbHBIA AHAJIN3, YPOBEHb 3BYKOBOI'O JABJIEHHS, IIPUBOJ I[JIABHOIO

JBUKEHUS, aJIMa3HO-PACTOYHOI CTAHOK

Study of the spectral composition of noise from diamond boring
equipment under its operating conditions

Stuzhenko N.I
Ph.D., Associate professor of the department of Construction and Technosphere Safety,
Don State Technical University, Institute of Service Sector and Entrepreneurship (branch)
of DSTU in Shakhty, Russia

Abstract

This paper presents the results of a study of the spectral composition of noise emitted by diamond
boring machines. The aim is to analyze the patterns of noise spectral composition formation. Octave-level
sound pressure measurements were conducted for machines with different main drive types. It was found that
the spectral composition of noise from the studied machines is high-frequency, with maximum sound pressure
levels in the range of 500-8000 Hz. Significant excesses of maximum permissible levels were detected, reaching
21 dB in high-frequency octaves. The acoustic efficiency of protective enclosures was determined to be 5-8 dB,

indicating insufficient sealing and the presence of a structural component of noise. An analysis of the vibration
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characteristics of the machine body components was performed, revealing a uniform vibration distribution over

the source area and a correlation with emitted noise levels.

Keywords: spectral analysis, sound pressure level, main drive, diamond boring machine

Bsenenue

AJIMa3HO-pACTOYHBIE CTAHKHM HCHOJB3YIOTCA I (DUHHUITHOK 0OPAbOTKH OTBEpPCTHIA,
HIJ'[I/I(bOBaHI/IH n  J0BOJAKHU HOBerHOCTeﬁ C HCIOJIb30BaHUEM aJIMa3HbIX MHCTPYMCHTOB,
O6€CH€“II/IB&IOH.[I/IX BBICOKYIO TOYHOCTDb U Ka4€CTBO IIOBEPXHOCTH. K TaKUM AJeTaJIdAM OTHOCATCA
MUJINMHAPpUYICECKNUE T'HJIb3bI, IMMaTYHHbIE A€TaJIu, BTYJTOYHBIC Y3JIbl, ITOAIMUITHUKOBLIE BKJIAJABIIIN,
0CAI0YHbIe THE3/1A IO/ MOPIIHEBO MaJIell, NOJIOBKK 0JI0Ka MUIXHIPOB. Takoe pacradnBaHne
BBIIIOJTHSIETCS ¢ HE3HATUTEIbHBIMY IPUIIYCKAMK HA BBICOKAX CKOPOCTSIX PE3aHUsl, ITO TO3BOJISIET
JIOCTUYIb MUHHMAJILHON CTeIeHr HepOBHOCTH 0OpabOTaHHBIX IOBepXHOCTed. llcmosb3oBamue
AJIMA3HOI'0 MHCTPYMEHTa MCK/IYaeT BO3SHHKHOBEHHE >PdeKTa Map:KUPOBAHUA, IIPH KOTOPOM
abpas3uBHbIE 3epHA, BHEIPAIOTCS B MaTepuaJl, Tak Kak 00paboTKa BeAETCs IIAIAIIIM CIIOCOOOM,
He Hapyllas CTPYKTYPY BEpPXHErO CJIOA 3arOTOBKH.  YKa3aHHBIM HeraTuBHBIH (et
HpOSIBJISETCS B IIPOIECCe XOHUHTOBaHUs, NLTH(OBAHNSA U OKOHYATEIbHON NPUTUPKHU JeTajieit
(pucyHok 1).

L.

Pucynok 1 — @uuntirnas o6paboTka OTBEPCTHI ¢ BBICOKOI TOYHOCTHIO HA AJIMa3HO-PACTOUHBIX
CTaHKaX

AsmaszHo-pacTouHoe  00OpYIOBAHNE BBIMYCKAETCA B HECKOJBKHX KOH(DUTYDAIMIX:
CTAHKH C BEPTHKAJIBHOI M TOPH30HTAIBHON KOMIIOHOBKOW, a TakKyKe BEPCHH C OJHUM
HJIH HECKOJILKUMHE TIMHHICTSIMA. Y BEPTHKAJLHBIX OTHONITHHICTBHBIX YCTAHOBOK HMEETCSI
COGCTBEHHBIi JBUTATEb, IPU STOM OCHOBHOE BDAIICHUE TIITHHIE/S IePEeIaéTCsa Yepe3 PeMeHHOi
MeXaHu3M. [ OPU30HTAJIBHBIE BAPUAHTHI MPEJIHASHAUEHBI JIJIsl Omeparuii, rjae HeoOXoauMa
MCKJIIOYUTEbHAS TOYHOCTD, MOITOMY MX JBHUIATE/Nb BBIHECEH 33 IIPEJe/Ibl KOPIyca CTaHKA,
PEJYKTOp OTCYTCTBYET, a BpalleHHe IIIUHIeIe OCYIIeCTBISIeTCS ¢ IOMOIIBbIO PEMEeHHbIX
nepejad. PeryampoBka CKOpOCTH BPAIEHHsl BHIIOJIHSAETCSI ¢ IOMOIIBIO CMEHHBIX M CTYIIEHIATHIX
mkuBoB [1], [2].
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Mogennp anmazno-pacToynoro cranka 2705, obmumii BHJ KOTOPOTO IIPeJICTaBIeH
HA DPHUCYHKe 2, TpuMeHdeTcd g 00pabOTKH OTBEPCTUd W COCTOUT W3 CTAHUHBI,
[0 HAMPABJILAONIM KOTOPOH MepeMelnaeTcs paboduii CTOJ, 3aKPBITHIN CHEeUaIbHBIM TTUTOM
JIJIS 3AITUTHI OT CTPYZKKH.

Pucynok 2 — O6mnit Bu1 aJaMa3HO-PACTOYHOIO CTAHKA,

OcHOBHOe  [BUJKEHWE B  aJIMa3HO-PACTOYHOM  OOOPYIOBaHHH  OOECIEYNBAETCH
BpalleHuEM HWHCTPYMEHTAJbHOT'O IHIIUHICIA. ,ZLJIH BEPTUKAJIbHBIX MO,ZLGJIGVI C OJHHUM
MIAHJAETeM IIPUMEHAETCs CUCTeMa pa3JdeJbHOr0 MPUBOJA, TPU KOTOPOH INepenada BpalleHnus
OCYIIECTBJSETCS ITIOCPEICTBOM PEMEHHOM Iepeadud OT CHeNUuaIbHOR KOPOOKH CKOPOCTEH.
lopu3onTanbHble Ke CTaHKH, MpeaHa3HAUYeHHbIE M1 0c000 TOUHOH 0OPAOOTKH, OTJIHIAIOTCS
OTCYTCTBUEM KOPOOOK CKOpOCTEIi. x KOHCTpYKIHS MpPeJIyCMaTpPUBAECT PACIOJIOKEHHE
JIBUTATEId OTJIEJLHO OT OCHOBHOTO KOpIyca, a HeoOXOAMMOe BpalllaTeJbHOe JIBUZKEHUE
nepelaéTcs HelloCPeJICTBEHHO Ha IIIWH/IEN CIIEIAAJIbHBIX PACTOYHBIX I'0JIOBOK HCKJIIOYUTEBHO
peMHEM. PerympoBKa 9acTOTHI BpallleHUd JOCTHTAETCS MyTEM U3MeHeHUd JuaMeTpa IMIKHBOB
Ju00 TpUMEHEeHHEeM CTYIeHYaTol cucTeMbl Iepemad. B crenuaan3upoBaHHBIX AJIMAa3HO-
PaCTOYHbIX CTaHKaX IIOAa4a OCYyHIEeCTBJIACTCA MIIMHAC/IAMA, a AeTaJlb OCTaCTCA HGHO,ZLBI/I)KHOIU/I.

1 MeToauka uccijieasoBaHUs

Il3MepeHusi OKTABHBIX YDPOBHEHl 3BYKOBOIO JIABJIEHHs IIPOBOJUJIACH I Haubosiee
IIYMHBIX CHUTYAIlMil peaqu3aliii TeXHOJIOIMHYECKUX IIPOIECCOB DPACTAYMBAHUS U CBEDJICHUSI.
Metomonoruss uccaeoBaHus 0a3UPyeTCss HAa W3MEPeHMH YPOBHeil 3BYKOBOTO JaBJICHUS
B OKTaBHBIX I10JI0CAX 4YaCTOT € HCIOJIb30BAHHEM [PENU3HOHHOIO LIyMOMepa IepBOro KJacca
TOYHOCTU U aHaJIU3aTOPa CIIEKTPA. MeTO,ZLI/IKa npoBeaeHud 3KCIEPUMEHTAJIbHBIX I/ICCJIeﬂOBaHI/HU/I
myMa, OMHCaHHasg B UCTOYHUKAX [3|, [4], ABagerca ocHOBOW /Isi MPOBeIEHUS AKYCTUICCKHX
M3MepeHuii Ha MeTaJIopeKyIneM O0OpYJIOBAHHU, U ee IpPHMeHEeHHe B HAIlleM HCCJIeI0BAHUH
HEOOXOMMO JJTs 0GeCTIeueH sl BOCIPOU3BOIUMOCTH U KOPPEKTHOCTH MOJTYYEHHBIX PE3YJIbTATOB.
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N3mepenns mpoBOAWINCH B TPeX XapaKTEepPHBIX TOYKaxX: Ha pabodeM MecTe Ooneparopa,
Ha PACCTOSHUH OJHOIO METPa OT CTAHKA U B 30HE IIPOXOJA MEKIy CTAaHKAMHA. JIJ1d HCKIIOUeHns
BIMSHUS BHEITHAX AKYCTHYICCKUX HOMEX H3MEPEHHA CHHXPOHU3MPOBATNCH C TEXHOJOIHICCKHAMHE
IMKIaMA 06paboTKu.  JIOMOMHATENLHO PErHCTPUPOBANNCH MAPAMETPHI PE3aHUS: 9ACTOTA
spamienus mmuageas (3000, 6000 u 10000 06/Mun), noxava u rIybuHA Pe3aHu.

2 PesyabTaThl UCCIeI0BAHMIT

YPpoBHH IIyMa COBPEMEHHBIX a/JIMa3HO-PACTOYHBIX CTAHKOB IIPU padoTe Ha XOJIOCTOM
xomy coctasiasior 70-80 nb. Ilpu pesanwm onm ysenmuausaiorcs 10 85-95 n1b. CuexkTp mryma
aJIMa3HO-PACTOYHOTO cTaHKa 2705, MOMTHOCTH MPUBOJAA KOTOPOTO cocTaBadgeT 2 KBT, a qacToTa
Bpatenus mnuageas 5500 06/ MuH, MPUBEIEH HA PUCYHKE 3.
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Pucynok 3 — Crnexkrp myma aJMa3HO-PaCTOYHOrO cTaHka Mozaean 2705: 1 — npu 3aKpPhITOM
3aIATHOM OTPaKJIeHUU 30HBI PE3aHusd; 2 — MPH OTKPBITOM OTPayKIeHUHW 30HBI PE3aHud; 3 —
IpeebHO JIONYCTUMBIN CIEKTP

CruekTp JaHHOTO CTaHKA HOCHT BBICOKOYACTOTHBLINA XapakTep. K ocobennoctsam
caeyeT oTHecTu OoJjiee BBICOKYIO MHTEHCHBHOCTH 3BYKOBOI'O H3JIyUYEHHUsl B JIUAIA30HE HU3KHX
4ACTOT, IJ/Ie YPOBHU 3BYKOBOI'O JaBJIEHHUsI COCTaB/IA0T 88-92 nB. D10 00bsICHIETCS HAJIXIREM
y cranka mofean 2705 MOITHOrO MPHWBOJA W BBICOKOW CKOPOCTH BpAIleHHs MImuHIe s [5].
B nosioce cpeaanx u Boicokux gactor (125-8000 I'i) ypoBHE 3ByKOBOTO JaBJI€HUST MPEBHITITAIOT
jJoryctuMble 3HadeHWd. Ha wactore 250 I'm BemymHA NpeBBINIEHNS HAXOAUTCS B pPaMKax
HOTPEITHOCTH TpoBeJennd IKcrnepuMmenTa 2 1b. OcHOBHag 30Ha 3HAYUTEIBHOIO 3BYKOBOIO
n3aydenns jgexkuT B mperenax or 500 mo 8000 I'm. MakcumanabHBIN ypOBEHb 3BYKOBOTO
nasaenng 90 oBb mabaiomaerca ua yacrore 1000 I'm. B wacrornom mmamazome 4000-8000 I'i
IPOMKOCTH TIIyMa, YMEHBIIAeTCsI, a CMajl ero WHTeHCHBHOCTU gocturaer 4-5 1B Ha KaxKIyio
MOCTEIYIONTYI0 OKTaBY. BeJWYnHBI MpeBBINIEHN YPOBHENH 3BYKOBOTO JTABJIEHUS COCTABIILAIOT:
7 n1b ma wactote 500 I'm, 12 xb ma wacrtore 1000 I'm, 17 nb ma wacrtore 2000 I'u, 14 nb
B guamnaszone yactor 4000-8000 I'm.
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JlaHHBIif CTAHOK OCHAIIEH 3allUTHBIM OI'PakIeHWeM 30HBI 00pPabOTKHU. YKa3aHHbBIE
BBIIIE JJAHHBIE IMOJYYeHbI IIPU HU3MEPEHHM, KOIjJa Orpark/eHHe 3aKPbIBaeT 30HY 00pabOTKH.
J11s1 OIIEHKH aKyCTHIECKON 3P (DEeKTUBHOCTH OI'PazKACHUS TPOBOIMINCH U3MEPEHHUs C OTKPBITOMN
30HOI 00paboTKH. II3MepeHms mokaszaim, 4TO akycTudecKas 3(HdEKTHBHOCTD OTPaYKICHUS
cocranysier 5-8 1B. DTH JaHHBIE TTO3BOJISIOT MPENOI0KATE, YTO CTOIh HU3KAsT aKyCTHIeCKast
3PDHEKTUBHOCTL  OOBACHAETCH HE  TOJABKO HEJOCTATOYHO BBICOKOH T'€pMETHYHOCTBHIO,
YTO 3HAYUTEIbHO CHUXKAECT 3BYKOM3OJANNIO, HO M CTPYKTYPHOH COCTAaBJSIONIEH IIyma
CaMOro OI'PaxKJIeHHUs II0J BO3JEHCTBHEM IepegaBaeMbIX BHOpaluili OT HECYIIHUX 3JEMEHTOB
cTaHKa. B BBICOKOYACTOTHOI 00J1aCTH, I'Ie JIUHA 3BYKOBOH BOJIHBI COIIOCTABAMA C Pa3MepaMu
meJsieit, acpdexT audpakinun MUHEMAJIEH, OJIHAKO JlazKe MaJjible 3a30Pbl CIIOCOOHBI CYIIECTBEHHO
CHUBUTH 3BYKOM3O/ANHUI0. KpoMe TOro, caM Marepuay KOXKyXa, BEPOATHO, He 00/1aJ1aeT
JIOCTATOYHON TTOBEPXHOCTHOMN TJIOTHOCTHIO /st 3K TUBHOTO TTOIABIEHNsT BBICOKOTACTOTHBIX
COCTABJIAIONIAX, YTO TaKKe OObSCHSET HEBBICOKYIO aKYCTHYECKYIO 3P(OEKTHBHOCTH. Takum
00pa3oM, KOHCTPYKIHMS OrpaxKieHusi Tpedyer mopabOTKM KaK B YAaCTH TepMETU3AIMH, TaK
M B 4aCTU yBeJMYEHUs 3BYKOM3OJISIMOHHON criocobHocTn Marepuasios |6], [7].

CrekTpsl MyMa, JBYXCTOPOHHUX AJIMA3HO-PACTOYHBIX CTAHKOB MPAKTHIECKH MACHTHIHDI
KaK II0 XapakKTepy, TaK U II0 HHTEHCUBHOCTH. Cuernuduka IBYXCTOPOHHHX CTAHKOB
3aKJII09aeTCsd B OJHOBPEMEHHOH paboTe ABYX IMNMHHIEILHBIX TI'PYII, KOTOPLIE BpAaIalOTCs
Ha dvacrorax, gocruraoumx 3000-6000 o6/MUH, UTO TPUBOAUT K B3AMMHOMY HAJOKEHHUIO.
Pasnoctb wacror BpalieHus CO374aeT  MOJYJLAIMIO IIyMa C [EePHOJOM, 3aBHCHIIUM
OT PACCHHXPOHU3AINN MPUBOAOB. AHAIM3 CIIEKTPATLHOTO COCTABA BBIMOJHEH 110 PE3yIbTaTam
u3MepeHnit ctanka Mojenn 2706, mpuBeJIeHHOTO Ha pUCYHKe 4.
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Pucynok 4 — CriekTp 1yMa JBYXCTOPOHHUX AJIMA3HO-DACTOYHBIX CTAHKOB (1), mpemeabHo
JOIYCTUMBIH criekTp (2)

CuekTp JBYXCTOPOHHEI'O aJIMA3HOIO PACTaYMBaHUs XapaKTepusyeTcs Hpeob/iajaHuneM
BBICOKHX 4YacTOT. Hamboabimue ypoBHH 3ByKOoBOro aaBiaenust 90-92 1B 3adukcupoBanb!
B dacrorHoM ;manaszone 1000-8000 I'm. HeobxommMo OTMETHTb HPAKTHYIECKH OHOPOTHYIO
MHTEHCHUBHOCTH B 3TOM /IMAala30He, TaK KakK KoJjebaHWsd MeKJy YpoBHsAMHU He Oosiee 2 1B.
Ha nu3kmx dacToTax ypOBHH 3BYKOBOTO JaBJIeHUd He IMPEBHIMAIOT JOMYCTHUMBIX 3HATYeHU.
QakTUvIecKH MpeBBINNIEHNEe YPOBHEN 3BYKOBOTO JaBJIeHUs HadmHaeTcsd ¢ dacToThl 250 I'm
u cocrapiager 5 1b. Ha gacrore 500 I'm mpesbimenusa gocturator 9 nb, Ha vactore 1000 I'm
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— 15 aB, na gacrore 2000 I'm — 19 nb, B amamazone wactor 4000-8000 I'it — 21 ab. Takuwm
obpazom, hOPpMUPOBAHKE IIYMOBOIO IO/ B YCIOBUSX SKCILIyaTAIIMH IBYXCTOPOHHHUX aJIMA3HO-
PACTOYHBIX CTAHKOB OINpeIesIsieTCs He TOJbKO KHHEMATHKON pe3aHus, HO I KOHCTPYKTHBHBIMUI
0COOEHHOCTSIMI Y3JI0B, ITIepemalolliX BHOPAIMIO Ha KOPIYCHbIE 3JeMeHTHl. [Ipeobaganue
BBICOKOYACTOTHBIX COCTABJSIONINX HAMPIMYIO CBA3aHO € MAJBIM IMAroM aJMa3HbIX 3EpeH,
BBICOKOI CKOPOCTBIO BpAIEHUs IITTHHIEIST 1 MHTEHCUBHBIM TPEHHEM B 30HEe 00pabOTKH.

3akJroueHue

[Tonydennble 3KcIepuUMeHTATbHbIE JAHHBIE MO3BOJUIN BBISBATH OCHOBHBIE MCTOYHUKH
ImyMa, XapakTepHble JJIs aJMa3HO-PACTOYHBIX CTAHKOB B pabo4eM pexkume. YCTaHOBJIEHO,
4TO HamOOJBINA BKAaJ B (opMupoBaHue O0OIIEro aKyCTHYECKOIO IIOJd BHOCHAT MPOIECC
pe3aHus € WCIOJIb30BAaHHEM AJMA3HOTO WHCTPYMEHTa, & TakKe paboTa Y3JI0B IPUBOIA
[VIABHOTO JIBVKEHWsl — IIIUHIEIBHOTO V3Ja W peMeHHOW mepemrad. UcenenoBanne
YPOBHEll IIIyMa TPOBOJMWIOCH € HCIOJb30BAHHEM KOPPEKTHPOBAHHBIX BEJIUUYNH (KOPPEKIUs
«A»), 9ro MO3BOJIET ONEHUTH (AKTHUYECKOE BO3JEHCTBHE HA OIEPATOPA B COOTBETCTBUU
¢ canuTapubiMu HOpMamu. MccsenoBanue cneKTPaJibHOTO COCTaBa 1IyMa aJIMa3HO-PACTOYHOTO
00OpPYIOBAHUS B YCJAOBUSAX €T0 IKCILUIYATAIMH TMO3BOJIUJIO TOJYYATHh KOMILJIEKCHYIO KapTHHY
AKYCTUYECKOTO BO3/IEHCTBUSA JAHHONH TpPYNIbI MeTAJJIOpPeKYIINX CTAHKOB Ha OllepaTopa
U [POU3BOJCTBEHHYIO CPeJy. B xome 3sKcnmepuMeHTATBHBIX W3MeEpEeHHil, BBITTOTHEHHBIX
Ha cTankax wmozesneit 2705 m 2706 ¢ pasiMYHBIMEA THUIAMU HPUBOJA IJIABHOI'O JIBUIKEHUS,
YCTAHOBJIEHO, YTO CHEKTP IIIyMa CTAHKOB HOCUT BBICOKOYACTOTHBIN XapakTep ¢ MaKCUMaJIbHOM
nHTeHcuBHOCTHIO Ha dacTorax 2000 u 4000 ['n, rae 3adukcupoBaHbl MPEBLIIEHUS JTOMTYCTUMBIX
yposueii na 17-21 1b [8].

CpaBHUTETBHBIN aHATN3 CTAHKOB C PA3JIUYHBIME TUIIAMU TPUBOJIA TJIABHOTO TBUKEHUS
BBISIBUJI CYIIECTBEHHBbIE PAa3/IM4ds B CIEKTPAJbHOM COCTaBe M YPOBHSAX IyMa. Y CTAHKOB
C PEMEHHBIM IIPUBOJIOM OT 3JIEKTPOJIBUTATEIS IEPEMEHHOTO TOKA 3a(DUKCUPOBAHBI TIOBBITTIEHHbIE
YPOBHE 3BYKOBOI'O JIaBJieHHs B cpeaHedacToTHOM auanazone (500-1000 I'rm), uro cmsazano
¢ paboTO# MOAIMMUTTHUKOBBIX Y3JI0B W Pe30HAHCHBIMHE sIBJIEHUSIMU B PEMEHHON Hepetade. Y DOBHU
IMyMa B BBICOKOYACTOTHBIX OKTAaBaX OCTAIOTCA MPAKTHYECKH HEM3MEHHBIMH, YTO YKa3bIBAeT
HA JIOMHUHMPOBAHME IPOLECCA pe3aHusd KaK OCHOBHOI'O IIyMOOOpasymolero axkropa,
HE 3aBUCAINETr0 OT CIOcoba Iepeiadu KPYyTdIero MOMeHTa, W TpebyeT IejieHalpaBJIeHHbIX
MEPOTIPHUSTHI 0 aKYyCTHYECKON 3alliTe HE3aBUCHMO OT MOJEPHU3AINK mpuBoa [9].

VcnbITanus 3alUTHBIX OTPAXKIEHHWH 30HBI Pe3aHUs MOKA3aJM, 9TO UX MaKCUMAJTbHAs
akycrudeckass 3pdekTuBHocTh He npesblmaer H-8 B wm  peaju3yercs  TOJIBKO
B cpennedacroTaoit obsacru (500-2000 I'm). B BbICOKOYACTOTHOM aHama3oHe, Te IIyM
naubosiee BpeJieH JJisd oneparopa, 3GH@EeKTUBHOCTL Tajaer Jjo 2-3 b, 4ro o0bscHseTcs
IMeJIeBBIMU YTeUKaMU B MeCTaX CONPSyKeHHs OTParKJAeHHT CO CTAHKOM, a TaKyKe U3JIydeHneM
3BYKa Yepe3 HeOrpazK/IeHHbIe TIOBEPXHOCTH WHCTPYMEHTA W TeXHOJIOTHYeCcKol ocHacTku [10].

Ha ocHoBanuu noJIy4eHHBIX PE3yJbTaTOB MOXKHO C(OPMYJIUPOBATH MEPBOOYEPE/HbIE
HAIIPaBJICHUS CHUKEHUd TmyMa. J[jIs yMeHbIIeHusa CTPYKTYPHO# COCTaBLIONEeH HEeoOX0uMa
BUOPOUBOJIANMS  TIMUHAECJIBHOTO y3Jla OT CTaHWHBI € NPUMEHEHHEM JIeMII(pUPYIOIHX
BCTAaBOK M ONTHUMHU3AINsS YKECTKOCTHBIX XapaKTepPUCTUK KOPIYCHBIX jerasneit. B wactm
a3POIMHAMUYIECKOI COCTaBISIONIell TpedbyeTcs pa3paboTka 6osiee TepMETHYHBIX OTPaKIeHUi
C YIUIOTHUTEJbHBIMHM 3JIEMEHTAMHU, COXPAHLIOIMMHU CBOU CBOICTBA IPU BbICOKOYACTOTHBIX
BubOparugax. KoMIjieKcHOe perienne, coderaioniee BHOPOJAeMIIPUPOBAHNE U AKYCTHYECKYIO
repMeTH3alnio, CrocoOOHO CHU3UTL OOIUil YPOBEHBb IIyMa JAaHHBIX CTAHKOB B pabodeil 30He
Ha 10-15 1B, 9T0 MO3BOIUT JIOBECTH €ro JI0 3HAYEHUH, OJU3KUX K MPEJAeIbHO JOIYCTHMbBIM.
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OHeHKa BO3MO2KHOCTHN KOMIIBIOTEPHOI'O MOJ€eJ/JINPOBaHNA
HN3KO0OY1aCTOTHBIX ITIyMOBBIX oJieil B IIPOM3BOJACTBEHHDBIX IMOMEIIEHNAX
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AnHOTanua

B crarbe mnoKa3zaHa TPUMEHUMOCTH METOJOB KOMMBIOTEPHOTO MOJEJWPOBAHUS TIPU pacdeTe
HU3KOYACTOTHBIX ITYMOBBIX TIOJIEl B OrPDAHUYEHHBIX ITPOW3BOJICTBEHHBIX TIOMEIIEHUIX. Ilokazan omwn
W3 BO3MOXKHBIX TIOJIXOOB K PEIIEHUI0 3aJa9d TI0 PACYETy TMapaMeTpOB HU3KOYACTOTHBIX TITYMOBBIX
noneii B IpOW3BOACTBEHHOM Iexe. IIpeicraBiieH HIpakTUYEeCKHil MpUMEpP KOMIIBIOTEPHOIO MOJIETHPOBAHMS
MMPOMU3BOJCTBEHHOIO MOMEIIEHNS Ha MPUMEPE IMeXa MEeXaHHIecKoi o0paboTKm meTaneil MaITHHOCTPOUTETHHOMN
orpaciu. Pacuér npoeenen B mporpamvme COMSOL Multiphysics BOTHOBBIME METOJAMU HA OCHOBE YHCJIEHHBIX
perienuii (MeTOZa KOHEYHBIX 3JIEMEHTOB) B TPETHOKTABHBIX IIOJIOCAX CO CPEJIHEr€OMETPUYECKUMHU YACTOTAMU
or 31,5 T'm mo 250 I'm. PaccMOTpeHBI OCHOBHBIE 3TAlbl KOMIBIOTEPHOTO MOIEJIMPOBAHUS, BKJIIOYAIOIINE:
3a/laHUS P€OMETPUU IIOMEIIEHUs, MATEPUAJIOB, UCTOYHUKOB 11yMa, I'DAHUYHBIX YCJIOBUNA U KOHEYHO-3JIEMEHTHO
ceTku. Pe3yabrarbl KOMIBIOTEPHOTO MOAEINPOBAHNS IIIyMOBO# OOCTAHOBKY B IIPOM3BOJICTBEHHOM II€XE TOKA3AIN

CXOJMMOCTb C Pe3yJIbTATaMK HATYPHBIX u3MepeHuil (OTHOCUTE bHAs OrPEeNHOCTh cocTaBuia 3,9%).

KiroueBnie cioBa: IIryM, METOJ KOHEYHBIX 3JIEMEHTOB, KOMIBIOTEPHOE MOACJIMPOBAHNE, YUCJICHHBIC

BOJIHOBBIE€ METOAbI, TPOU3BOJCTBEHHBIC TTOMEIICHUA

Evaluation of the feasibility of computer modeling of low-frequency
noise fields in industrial premises

Urazgaliev R.T.**, Kaverzneva T.T.2, Salkutsan V.I.
! Master’s student, 2*Ph.D., Assistant professor
3Peter the Great St. Petersburg Polytechnic University,
St. Petersburg, Russian Federation
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Abstract

This article demonstrates the applicability of computer modeling methods for calculating low-frequency
noise fields in confined industrial spaces. One possible approach to solving the problem of calculating
the parameters of low-frequency noise fields in a production workshop is presented. A practical example
of computer modeling of a production space is presented using a mechanical processing shop in the mechanical
engineering industry as an example. The calculation was performed in COMSOL Multiphysics using wave
methods based on numerical solutions (the finite element method) in one-third-octave bands with geometric
mean frequencies from 31.5 Hz to 250 Hz. The main stages of computer modeling are considered, including:

specifying the room geometry, materials, noise sources, boundary conditions, and a finite element mesh.

*E-mail: urazgaliev.rt@edu.spbstu.ru (Ypasramnes P.T.)
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The results of computer modeling of the noise environment in the production workshop showed convergence

with the results of in-kind measurements (the relative error was 3.9%).

Keywords: noise, finite element method, computer modeling, numerical wave methods, industrial

premises

Bsenenue

[MIymoBOil peKUM B TTPOU3BOJACTBEHHBIX TMOMENICHUSX € TOYKU 3PEHUsS CaHUTapHO-
IUTHEHUYIeCKOro OJ1aronosiydns pabOTHUKOB JI0JIZK€H COOTBETCTBOBATH OE30IMaCHBIM YCJIOBHSIM
Tpyna. Ilo manabiMm Muntpyna Ha koner 2024 roja 1oj Bo3/eificTBIEM MOBBIIIIEHHOTO YPOBHS
IyMa, yIbTpasByKa, nHbpa3Byka Haxoauiuch 18,9% 3anaTeix Ha paborax ¢ BpeJHbIME H (1K )
OMACHBIME YCJIOBHAME Tpyaa (pucyHok 1) [1].

= JITym, yabTpa3ByK BO3MYIIHEI, HHQpPa3BYK
= Xummdeckuii paxtop
Bu6parms (o6mas 1 J0KanbHas)
A3po301H IperMyIIeCTBeHHO GHOPOreHHOTO

IercTBIA
= Mukpoxiamnmar

= TspKecTh TPYAOBOTO IIPOLIECCa

45 46

= HanpsokeHHOCTB TPY/I0BOTO IIpoIiecca

Pucynok 1 — Bpeanbie daktopbl paboueii cpensl (anubie Muntpyna 2024)

[loBbITIeHEBINH YPOBEHDb IIyMa MOXKET BBI3BATh (DYHKIIMOHAJBbHBIE W TCUXOJOTTIECKHE
HeTaTUBHBIE W3MEHEHWs B OpraHm3Me 4YeJoBeKa, MpPOMECCHOHAJBHYIO  MATOJOTHUIO,
BPEMEHHOE WJIM CTOfiKOe CHuKenme paborocmocobnocru |2]. Hlym  siBiasieTcst OJHUM
U3 CAMBIX PACHPOCTPAHEHHBIX BPEJHBIX IIPOU3BOJACTBEHHBIX (PAKTOPOB HA  pabodmx
mectax. JIjag cHUKeHWs YPOBHS IIyMa HA MPAKTHKE MPUMEHSIIOTCS Pa3/IMTHBIE METOJIHI,
MIIPOKOe TTPUMeEHEeHHe MOJIYUYNIN, HAPUMep, apXUTeKTYPHO-TIAHUPOBOYHBIE H CTPOUTETHHO-
aKyCTHYeCKWe CcpeJicTBa 3amuThl. Ho MOCKOIBKY peanuzanus TaKUX Mep JOPOTOCTOSIIA
U TPYIOEMKa, BCTaeT BOIPOC O BHIOOpe HamboJee paIUOHAJILHOTO U PEHTAOEILHOrO
MEPONPUATHS 110 CHHUKEHUIO Iyma.  JP@eKTuBHOCTH BHIOOPA W HPUMEHEHHUs] CPEJICTB
BAIUTHl OMPEIEISIeTC BO MHOTOM BO3MOYKHOCTBHIO TOYHO W JOCTOBEPHO OIEHWBATH YPOBHU
myMa Ha pabouux mecrtax 3], [4].

Ananurudeckue MeTObI pacdéra IIyMa B MPOU3BOJACTBEHHBIX MOMEIIEHUSIX COJIEPIKAT
3HAYUTE/ILHOE KOJIMYECTBO YHPOIIEHUH W JONyIieHul, 00/1aCTh WX NPUMEHEHHS OI'PAHUYEHA
npocToii reomerpueil, 4aCTOTHLIM JAUAa30HOM. lIcmoJsib30BaHMe TAKUX METOJOB Ha CJIOYXKHOI
reoMeTpUN TTPOU3BOJICTBEHHBIX MTOMEIeHnit 3aTpyaHnTeibHo. Cleyer yaecTh, 9T0 HEKOTOPHIe
IPOIIECCHl TPeOYIOT pelleHns CBSI3aHHBIX 337184, COBMECTHOIO PACUYéTa B3anMOJEHCTBYIOIIHX
dbusmueckux cpen [5].  Ilosromy mnesrecooGpasHO TPUMEHSTH YHCIEHHbIE METOJBI PACUYETa
3BYKOBBIX I10JI€il. C pasBuTumeM TEXHOJOTUH YHUCJEHHBIX PEIIeHHi MaTeMaTuIeCKuX
MOJieJIell 1 aBTOMATU3AIMH TPOIECCOB BCE OOJIBbITE BO3MOXKHOCTEH JaeT HaM KOMIILIOTEDHOE
MojesiupoBanue (6.

[[IymoBasi 0b6cTaHOBKA BHYTPH IIOMETIEHUST MOXKET OBITh OlleHEeHa YHCJIeHHBIMIA MeTOTaMA
KOMITBIOTEDHOTO MOJIETUPOBAHUS € TeJbI0 TPOTHOSUPOBAHWS W PACUYETAa YPOBHEH TIyma
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KaK Ha 3TallaX CTPOUTEJIbCTBA, TaK U IIPHU IKCILJIyaTallul U PEKOHCTPYKIIUN. HpOFHOSI/IpOBaHI/Ie
YDOBHE} IIyMa Ha 9Talle CTPOUTENHCTBA WM DPEKOHCTPYKIMH IIO3BOJISET 3a0,IarOBPEMEHHO
IPUMEHUTH CPEJICTBA ITYMO3AIMATHL. B ciiydae M3MEHEHHs] T€OMETPUICCKUX M AKYCTHIECKHX
CBOMCTB MOMEIIEHNsT BO BPEMsT SKCIUIYATAIIMH PACYET YPOBHSI TYMa METOJAMI KOMIBIOTEPHOTO
MOACJIMPOBaHUA IMO3BOJJIUT CBOEBPEMCHHO U IIPOAKTHUBHO pDearnupoBaThb Ha U3MEHCHHA H_[yMOBOﬁ
O6CTaHOBKI/I Ha pa60qI/IX MeCTaxXx Hu, COOTBETCTBEHHO, Ha BO3MOXKHBIC DPHCKH HEraTHUBHOI'O
BO3/ICiCTBHA Ha CAyX pabOTHUKOB [7].

Coznanne 3(dGEKTUBHON MIYMO3ANIUTBI ¢ MUHHMHI3aIMel 3aTparT TpedyeT HOBBIX
HMOIXOI0B. OsHMM ¥3 TaKHX I[OJAXOJM0B  SIBJALMETCH IPOBEACHHE BBIYHCIUTEIHHOTO
SKcIepuMenTa ¢ ucnoab3oBanneM CAFE-cucreM WHXKEHEDHOTO aHAMN33, DEATU3YIONINX
YHUBepCAIbHbBIE YHCJIEHHBIE METOIBI PellieHrsl ypaBHeHni MmaTemaTnyaeckoit dbusukn [8]. Ocoboe
PACIpOCTPAHEHHE B 33/[a9aX BHIYUCIUTENBHON AKYCTUKH TOTYIUI METO KOHEUHBIX 97IEMEHTOB.

CoBpeMeHHBIE — HCCAEIOBAHUS B OOJACTH  KOMIIBIOTEPHOTO  MOJETHPOBAHUS
pacipocTpaHeHus 3BYKa B IMOMEIIEHUSX B OOJbIIell Mepe COCPeJOTOYeHbl B apXUTEKTYPHOI
AKYCTHKeE!: B IMPOEKTUPOBaAHNMN KOHHOEPTHBLIX 3aJI0B, MECT IJIOIIAJ0K JIJId BbICTyHJIeHI/IIU/I,
OobUCHBIX TOMeIeHnii 1 KoMHAT ¢ My’abrumeauiinbivu  cuctemamu [9]-[12].  OcuoBnag
3a/laua TaKUX HCCJICNOBAHUI - OINEHHTH BOCIHPHHUMAEMOE KAadeCTBO 3BYKa, DPa30OpIMBOCTD
M JETKOCTH PEYN HA OCHOBE M3MepsieMbIX MOoKasaresneil. Takke MPOBOISATCS HCCIIETOBAHUS
B 00JIaCTH MOJIeJMPOBaHKs IIyMa B IOpoJckoii 3acrpoiike [13]. Hccaenosanuit B obsnactu
MOACJIUPOBaHUA AKYCTUKH IIPOU3BOJCTBEHHBIX HOMeH_[eHI/IfI MaJiO, B JdaHHBIX pa6OTaX,
KaK IPABHJIO, pa3pabaThlBAIOTCA MATEMATHYECKHE MOJEJH, ONHCHLIBAIOIINE PACHPOCTPAHCHHE
myma [14], [15]. OcTatoTest OTKPBITBIME H MAJIO HCCICI0BAHBI BOIPOCH TPEMEHIMOCTH METOJIOB
KOMITBIOTEPHOTO  MOJICINPOBAHUST TTYMOBBIX MOJIell B OFPAHHYEHHBIX TPOM3BOJCTBEHHBIX
HOMEIIEHUIX U Pa3pabOTKU 1OJAXOJ0B B CYIIECTBYIONIUX HPOIPAMMHBIX IIAKETaX K Pacudéry
nmapaMeTpoOB IITYMOBbBIX noJieil B IIPOU3BOACTBEHHBIX ITOMEHICHUAX

1 MeToauka uccjieaoBaHusd

Heﬂb pa6OTbI - OIEHUTH BO3MOZKHOCTH IIpUMEHEHHAd KOMIIBIOTE€PHOI'O MOAEJIUPOBaHUA
HU3KOYaCTOTHBIX IITYMOBBIX moJieil B MMPOU3BOACTBEHHBIX IMOMEHIEHUAX, CPaBHUB pPE3YyJIbTaThl
MOJIEJTHPOBAHNS ¢ HMHCTPYMEHTAIbHBIME H3MEPEHUSIMHI B IIeXe.

BoLIn pemensl cienyonme 3a adm:

[IpoBeneHo MOAETHPOBAHIE TEOMETPHH ITOMEITEHHS.

BriOpaHbl MaTepuasibl U 3a/1aHbl UX aKyCTHIECKHE CBOWCTBA.

3alaHbl KCTOYHUKHU IIYMa U IPAHUYHDBIE YCJIOBHA Ha IIOBEPXHOCTIX 00BHEKTOB.
Bagannsl pazMep u hopMa KOHEUHO-IIEMEHTHONR CETKH.

[Tosryyenbl pacipejesienus YpOBHS MyMa B 00béMe IMOMEeNIeHUs.

6. IlpoBeseno cpaBHeHHe pe3yJabTaTOB MOJIEJIUPOBAHUSA € WHCTPYMEHTAJIbHBIMU
U3MepEeHUsIMU.

Ot W=

B momereHusx ¢ TreoOMETpHYECKHMMHU pPa3MepaMH, CPABHUMBIMU WA MEHbITHMHI
0 CPaBHEHMUIO C HUCCAEIYEMBIMU JIUHAMU BOJIH, BOJHOBOW METOI SIBJIAETCSA MOAXOIATITIAM
pemienueM AJid YuCJIeHHOro MOAeJIUPOBaHUA. B pa60Te IIpUMEHEHbl MeTOAbl KOMIILIOTEPHOI'O
MOACJINPOBaHUA HU3KOYACTOTHBIX ITYMOBBIX noJieii B OIpaHUYeHHBIX ITPOU3BOACTBEHHBIX
nomernienusx B nporpamme COMSOL Multiphysics BoJIHOBBIMEH MeTOJlaMH Ha OCHOBE
YUCJEHHBIX PeIIeHuH B TPETHOKTABHBIX IOJIOCAX CO CPEIHEreOMETPUIECKHMHU YaCTOTAMHU
or 31,5 I'm mo 250 I'm.
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2 MozaeaupoBanue NpPON3BOJACTBEHHOTO MeXa

B mporpamme 3ajada peaJn30BHIBATACH depe3 Moayab Akycruka', wunTepdeiic
"Axycruka gapienuit” (Pressure Acoustics), "Hacroruoe ucciaenosanue” (Frequency Domain).

B crarbe mupejcraBjieH MPaAKTUYECKHH [PUMED KOMIBIOTEPHOIO MOJEIUPOBAHUS
POU3BOJCTBEHHOI'O IOMEIEHUs, a WMEHHO, IlexXa MeXaHH4YecKoi o0paboTKu jeraseit
MAIIIMHOCTPOUTETbHON oTpacsu. llex mmeer pasmepbl 8X8x4 M, B HeM pa3MeIleHbl JBa
TOKAPHO-PEBOJIbLBEPHBIX 1A416 cTaHKa, OKOHHBIE PAMBl, JI€PEBAHHBIA CTOM U cTe/lIax. CTeHsl,
HOTOJIOK W MOJ IOMENIEHWS BBINOJHEeHB u3 Kuphuda. COrIacHo MDACIOPTY CTAHKOBOIO
000pYI0BaHUS KOPPEKTHPOBAHHBIN YPOBEHDb 3BYKOBO# MOIIHOCTH cocTrapisier 96 1BA.

AKycTUUecKr mNoMeIeHne MOYKHO OXapaKTepU30BATh KaK OrPaHMYEHHOEe B o0beMme,
C HaJMYMeM IOCTOSHHBIX II0 BPEMEHHM MU CIEKTPY HH3KOYACTOTHBIX MCTOYHHKOB IIyMa,
HPEUMYIIECTBEHHO YKECTKUX — IOBEPXHOCTEH, ¢ mpeobiaaJaHueM OTPayKEHHOIO  3BYKA.
COBOKYIHOCTh TakuX (aKTOPOB IPHUBOIUT K MHOTOKPATHOMY IIE€PEOTPAYKEHHIO 3BYKOBBIX
BOJIH OT [IOBEPXHOCTEH, W, KaK CJeJCTBUE, JJUTEJIbHOMY BpeMeHUu peepbepaiuu,
I'YJIKOCTH TIOMEIICHM . Hp606ﬂaﬂaHI/Ie HU3KOYIaCTOTHOTO IIyMa B TaKHUX YCJIOBUAX
IpeJICTABISAET IOBBIIIEHHYIO OIIACHOCTH  BCJIEJCTBHE MEJJIEHHOIO pPAaCCeMBAHHA  IIyMa
B 00bEéMe MOMEIEHNs, PACIPOCTPAHEHUsI Ha OOJIbIINE PACCTOAHUSI, HETATHBHOIO BO3/IEHCTBU
Ha [CHXO(U3HOJIOTHYECKOE CAMOYYBCTBHE PAOOTHUKOB M BO3MOXKHOIO PE3OHHPOBAHU
¢ COOCTBEHHBIMU YaCTOTAMU KOJIeOAHUN BHYTPEHHUX OPraHOB 4Ye/IOBEKA.

2.1 3amaHue TeOMeTPHUU MOMEMNIEHUHA M OCHOBHBIX KOMIIOHEHTOB

FeOMeTpI/IH OCHOBHBIX KOMIIOHEHTOB 3a/JaBaJlacCh C ITOMOIIIBIO reoOMeTpu4ieCckKmnx
IPUMHUTHBOB M JIOTHYECKHX OIepaIluii. Mogenb moMeImeHus yKa3aHa Ha PHCYHKe 2
(n3omerpuyeckuii Buj) u Ha pucyHke 3 (BuJ cBepxy). leomerpudeckue (hOpMbI 0OBEKTOB
ALLIPOKCUMHPOBA/IUCH LHaPAJ/LIe/ eI IAMY.

Pucynok 2 — Mogyiesib nomMernrenusi (M30MeTPUIECKUHA BUJT )
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Pucynok 3 — Mogesib momernnenust (BUJI ¢Bepxy )

2.2 3amaHue MaTepuajioB U UX CBOMCTB

HeoGxonumbie MaTepuasbl (CTajb, CTEKJIO, JePeBO, KUPIUY) BHIGPAHBI M3 BCTPOCHHOI
oubmmorexku nporpamvbsl COMSOL Multiphysics n npuBsizanbl K COOTBETCTBYIOIIUM JOMEHAM
i moBepxHoCcTsiM (Tabauna 1 u pucyHok 4). 3amaHbl OCHOBHBIE CBOWCTBa (CKOPOCTH 3BYKa
B Marepuaje u IJIOTHOCTh MaTephaa).

Tabmuna 1 — MarepuaJibl, npuBs3aHuble K 00beKTaM

Matrepuas O0bekT Tun u nHOMep Koaddunuenr 3ByKOMIOTIOMIEHN ST
o0 BbeKTa, Ha vactoTe 250 I'iy
Bozayx ITomermenue JTOMEH -
CraJib Crankn ITomen, Nel-Ne2 0,01
CrekJio Oxkna Jomen, Ne3-Neh 0,08
JlepeBo Crou, mkad Jomen, Ne6-Ne7 0,1
Kupnna Crenpl, [ToBepxHOCTH 0,02
HOTOJIOK, 110J1 Ne§-Ne13
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Pucynok 4 — Hymepamuss 10MeHOB W TTOBEPXHOCTEH

2.3 3azaHue MCTOYHUKOB U I'PDAHUYHBIX YCJIOBUIA

[TporpaMma mO3BOJISIET OMUCHIBATH UCTOYHUK 3BYKA, MOAXOISIIAN J/IsT HAITErO CJIy4asd
(OpH OTCYTCTBUM OTKPBITHIX TPAHMIL), PA3THIHBIME CIOCOOAMHI, OCHOBHBIE M3 HHX:

— MaTeMaTHYeCKWe HCTOUYHWKH (MOHOMOJbHbIE ¥ JUIOJbHBIE HCTOYHHKH B TOYKAX
U JIOMEHAX; JIMHEHbIe HCTOUYHHKH );

— JlaB/IeHNe, YCKOPeHWe WIH CKOPOCTh Ha BHYTPEHHUX U BHEITHUX IPAHUIIAX;

— BUOpPOAKYCTUYeCKas CBA3KA JJIsI COMPSIZKEHWST ¢ BUOPAITUSIMU TBEPJbIX TeJI.

B kauyecTBe MCTOYHHMKOB IIIyMa BBICTYNAKOT TOKApHbIE CTaHKW. B 001eil nocranoBke
331291 MOJIEINPOBAHIE UCTOTHIKA TPedyeT peleHne CBsI3aHHON 33191 « MEXaHNKA-aKyCTUKA,
JIJId 9ero HeOOXOIUMO UMeTh TOYHYIO TeOMEeTPUUIecKyI0 MOJIeIb CTaHKA, ONPEIeJUTh U 33/1aTh
3HAYEHUs] CWJI W MOMEHTOB, KOTODble MPUBOAAT K JIBUKEHHIO W KOJeOAHHWIO Y3J0B CTAaHKA
OTHOCUTEJIBHO JPYT JApyra. Ha ocHoBe 3TOro ompemesnTh BUOPAIUU OCHOBHBIX 3JEMEHTOB
CTAHKA W M3/y4aeMblil UMM IIyM BO BHEIIHIOK Cpeay. B cuily CI0XKHOCTH U TPYI0EMKOCTH
OTNMCAHHON 3a/1a4un B JaHHOI paboTe MPUMEHSIETCs YIPOIEHHE.

DBplT BBIZIETIEH OCHOBHOM W THUNWYHBIA peXKUM palbOThl TOKAPHBIX CTAHKOB — pe3Ka
MEeTAJUTMIeCKAX 3aroTOBOK, TOCKOJIBKY B JAHHOM peyKUMe CTaHKH PadOTA0T OOJIbIIYIO
JacTb BpeMeHH. ABTopaMu OBLIN TPOBEIEHBI W3MEPEHUs! CPeJIHEeKBAIPATUIHBIX 3HAUEHUI
BHOPOYCKODEHUH BO BCEM JHaNa30He 9acToT (ONeHKa MIHPOKOIOJIOCHOH BUOPAINN) Ha BHEITHUX
OBEPXHOCTSX OCHOBHBIX y3J10B (Hepe s U 33/ IHsist 6abKa, KOpIyc, CTaHuHA, y3e1 00paboTKH)
B pabodeM pexkHMMe C IOMOIIbIO IIyMoMepa-BuOpoMerpa «Iko-110A». [lamee ompenesnero
cpejiHee 3HaYCHHE 110 BCeM HCCleyeMbIM y3/aM. 3HadeHnune BUOpoyckopenus cocrapuio 0,4 m/c?
(Tabmuna 2).
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Tabnuna 2 — 3HavyeHne BUOPOYCKOPEHUIT HA y3J1aX CTaHKA

V3en craHka Bemunna yckopenns, M/ ¢? Cpennsas BeTMIMHA YCKOPEHHUs, M/ c?
Baansas 6abKa, 0,35
[lepenusisi 6abka 0,45 0.4
Cranuna 0,25 ’
V3e1 o6paboTku 0,55

Bubpanusi OCHOBHBIX y3JI0B CTaHKa HePejaéTcs HA BHEITHHE MTOBEPXHOCTH, CO3/1aBasd
KojieDaHusT BO3JyXa BOJIM3M CTaHKa, Jlajee 3TH KoJieOaHUsd IepelaloTcs IO  BO3IAYXY,
U 73aydaeTcd IIyM.  YOPONEHHO B KadecTBe WCTOYHWKA TIyMa MOYKHO IIPEICTaBUTH
BUOPHUPYIOIIYIO MOBEPXHOCTH CTaHKA. VICTOYHHK MIyMa MMHTHPOBAJICS T'DAHUIHBIM YCJIOBHEM
HA TIOBEPXHOCTH CTAHKA, 33 TAHHBIM YCKOPEHUEM.

FpaHI/I‘IHbIe YCJIOBHUA Ha  IMOBEPXHOCTAX  CTCH, IMOTOJIKA, II0Jla ¢ OCTaJIBHBIX
reOMEeTPUIECKUX KOMIOHEHTOB — YKECTKAsd MOBEPXHOCTD.

2.4 3amaHune KOHEYHO-3JIEMEHTHOII CeTKH

dopma  KOHEYHO-JT€MEHTHOH  CeTKM  —  TeTpasapajbHasl  (PHCYHOK  5).
[Ipu wucnosb30BaHUM METOMA KOHEYHBIX 3JEMEHTOB ¥ BOJHOBBIX METOI0B WHIYKEHEDHI
U KOHCYJIbTaHTHl mnporpammbl COMSOL pekomenayior pa3mep ceTtku — 5 mwianm 6 ddeek
Ha HAMMEHBIIYO JIJTMHY BOJHBI (IPU KBAIPATHIHOM MPUOIUKEHHH ).
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Pucynok 5 — Koneuno-ajiemenTnas ceTka, 3aJaHHas Ha [€OMETPHUH MOMEIEHUS

Pacuér pasmepoB ceTku mpejcrabieH Huzke 10 dbopmyaam (1) u (2). MarkcumanbHblit
pa3Mep cetkn coctaBma 0,27 M, a HauMeHbITuii pazMep cetku — 0,14 wm.



Ypasraames P.T., Kasep3ueBa T.T., Canxymnan B.I1.

OHGHK& BO3MO>KHOCTHU KOMIIBIOTEPHOTI'O MOJEeJTUPOBAHNA HU3KOYaCTOTHBIX ITYMOBBIX noJiert

B HpOI/I3BO,ZICTBeHHBIX HOMeH[eHI/IHX 62
c 340
Pmaz = = ~ 0727 ) 1
5000 5250 . (1)
340
¢ ~ 0,14 v, (2)

h . pu— pu—
T 2% B 10 % 250

IJe ¢ — CKOPOCTh 3BYKa B BO3JYXe, M/C, Upnin — HANMEHBINAS 9aCTOTA, |11

[Ipu nocTpoeHuu JAHHON MOJeNHM ObLIM HCIOJb30BAHBl CJCAYIONIHE JIOIIYIICHUS
U YIIPOIIEHUS:

1. Ilpeamonaraercd, 4To Hex M30JUPOBAH OT BHEIIHEH Cpelbl, TO €CTh 3BYK H3BHE
He TONAJaeT BOBHYTPh 9epe3 CTEHBI U OKHA;

2. Ilpennonaraercs, 9To 1eX HE UMEET OTKPLITBIX I'PAHUIl, HAIIPUMED, OTKPBITOI JIBEpU
WJIM OKHA;

3. Bxuag B 06muii ypoBeHb NryMa paOOTHUKAME U IPYTUME MAJIOIIYMHBIMA O0LEKTaMU
(0bopyoBanueM) HPEeHEOPEKIMO MAJ;

4. Tlpungaro yuporienue, 4To rpaHudHbIe YCJIOBUS — YKECTKas MOBEPXHOCT;

5. YIpomeno npeacTaBieHue HCTOIHHKA.

3 PezynbTaThl ucciaegoBaHAA

[IporpaMma  MO3BOJISIET  MOAYYUTh B KAadeCTBE  De3yJabTara  MOJETMPOBAHUSI
pacnpesieieHre  3BYKOBOTO — JIaBJeHHWs WM YDOBHS 3ByKa B  00beMe MOMeIeHHs,
Ha WM30MOBEPXHOCTAX W IIOCKOCTSX, a TaKyKe 3HAYCHHs JABJCHHS WJIH YPOBHS 3BYKA
B PACcYETHON TOYKe WM BIOJb JHHHH B HCCICIYEMOM YaCTOTHOM JMama3oHe. B KadecTse
pe3y/IbTaTa MOJIyYeHO DPACHPEJeJIeHHe YPOBHS 3BYKOBOI'O JAB/ICHHS B 00bEME HOMEIICHHUS
(pucyHOK 6) M B IUIOCKOCTSIX HAXOXKJEHHsI OPTaHOB CJyXa pabOTHWKOB, NMPHBEIEH MPUMEp
rpacdukos Ha gacrore 100 T'ip (pucyHoK 7).
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Pucynok 6 — Pacnpeenenne ypoBHS 3BYKOBOTO JIaBJIeHUs B 0ObeMe MOMeIIeHnd Ha JacToTe
100 I'm
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Pucynok 7 — Pacnipeenenne ypoBHSI 3ByKOBOT'O JIaBJIEHNS B IJIOCKOCTSAX HAXOYKIEHUSI OPTaHOB
cayxa Ha yactore 100 ['ng

Y poBHU 3BYKOBOrO JIaB/IeHUs Ha paboueM MecTe B 3aBHCUMOCTH OT YaCTOTHI IIPUBEICHLI
Ha rpaduke (pUCYHOK 8).
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74+ .
12+ -
70+ .
68 .

1 L 1 1 L
50 100 150 200 250
Yacrora, I'1

YPOBEHE 3BYKOBOT'O JIaBIeHHUS, 15

Pucynok 8 — ['pacduk 3aBUCHMOCTH YPOBHSI 3BYKOBOI'O JABJICHHA OT YACTOTHI B PACUETHOMN
TOYKe

[Iposeseno cpaBHeHUE pe3yJIbTaToB MO/IeTUPOBAHUS ¢ pe3yJibTaTaMmu
HHCTPYMEHTAJIBHOI'O0 U3MEPEHHUs, JIJIsI 4ero ObLIN OTOOPAHbI MIECTh PACUYETHBIX TOYEK B MOJIEJIH
u B moMmemenun. OHH ObLIK OPOCTPAHCTBEHHO CHHXPOHU3UPOBAHBI (KOODIUHATHI TOUEK
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B IPOrpaMMe COBIAJATN C KOODAWHATAMH MUKPOGOHOB TyMoMepoB). [lamee mas KaxKmoii
TOYKH PACCUUTHIBAICSI YPOBeHb IrymMa Ha dactoTe 100 I'm, B mTore ompenessnach CpeaHId
OTHOCUTEJIbHASA TOTPENIHOCTh. VHCTpyMeHTaIbHBIE U3MePeHnd YPOBHEH IIyMa ITPOBOIUINCH
¢ TOMOIIBI0 ImyMoMepa «Jko-110A», 1 kmacc Tounoctu. Ilpemensl momyckaemoil OCHOBHOI
UHCTPYMEHTAJIbHON HOTPENTHOCTH Npubopa B HOPMaJbHBIX ycjaoBugx cocranisdior £0,7 nb.

[Ipr cpaBHEHUM TMOJIYYEHHBIX PE3YJbTATOB € WHCTPYMEHTAJIHLHBIMU HU3MEPEHUSIMU
OTHOCHTEIbHAS MOrPENTHOCTE coctaBmia 3,9% (rabaumna 3).

Tabmuna 3 — CpaBHeHHE PE3yJILTATOB MOJIE/JIUPOBAHNUS U MHCTPYMEHTAJIBHBIX U3MEPEHHT

Howmep VpoBeHb 3BYKOBOT'O YpoBeHb 3BYKOBOI'O OrHocuTenbHAS
TOUYKH JIaBJIEHUSI, PACCUYNTAHHBIN JIaBJIEHUsI, W3MEPEHHBI MOrPENTHOCTh, %
B MoJesH, 1b myMoMepoMm, 1b

Nel 70,2 73,8 4.9 %

Ne2 74,3 72,1 3,1 %

Ne3 75,6 78,2 3,3 %

Neq 80,0 84,1 4.8 %

Neb 84,2 83,1 1,3 %

Ne6 85,5 90,7 57 %

CpenHsasa OTHOCHTEIbHAS HOIPENIHOCTD 3,9%

3akJroueHue

[Ipemnaraembiii MOAXOJT K pacdéTy ypOBHEH IIymMa B MPOU3BOJCTBEHHBIX I€Xax
JeMOHCTpHpYeT (Ha TpUMepe KOHKPETHOrO Iexa) MPUMEHHMOCTh MEeTOJ0B KOMIBIOTEPHOIO
MOJICTUPOBAHUS NPU pacdere HU3KOYACTOTHBIX ypoBHe# mryma.  OgHAKO, BO-NIEPBBIX,
HEOOXOIMMO MTPOBECTH JTOMOJHUTEIBHBIE HCCIEOBAHUSI IPU PASJIHIHBIX YCJIOBUIX, FEOMETPUN
U aKyCTHUKH 1POU3BOACTBEHHbIX HOMeHIeHI/HU/I, LITO6bI HOJATBEDAUTb HaA€2KHOCTb PE3YyJibTaTOB
MO/IeJITUPOBAHUSI, & BO-BTOPBIX, PAaCIHIMPUTh YAaCTOTHBIH JMANa30H, MPOBECTH JeTaJanu3allnio
reoMeTpru U1 TOYHOCTU 3aJaHUA NCTOYHUKOB ITyMaA. MO}KHO npeajozKUTh CO3JaHue FI/I6pI/I,ZLHbIX
MoOJIe/Teil, YIUTHIBAIOIINX HU3KOYACTOTHBIN U CpeIHe-BhICOKOYACTOTHBIN IHAla30H HCTOYHUKOB
Iy Ma.

Pacuér ypoBheil myma Ha OCHOBE KOMIILIOTEPHOIO MOJEJUPOBAHUS B IHPOIpaMme
COMSOL  Multiphysics mokazan cXOIUMOCTb  Pe3yJbTaTOB C  HWHCTPYMEHTAJTHHBIMUI
U3MEepPEeHUSIMH.

Hannuue momoGHBIX MoOeseil TMO3BOJIUT OIEHATh YPOBHE IIYMa He TOJHKO Ha STamax
IIPOEKTUPOBaHUA M IKCILJIyaTalluud IeXa, HO U y4YeCTb BKJIaJ pasMelleHud AOIIOJIHUTEC/IbHbIX
HUCTOYHUKOB IIyMa B MOMEIEHUSX II€Xa, a TaKKe KapTorpadpmpoBaTh pPACHpeje/eHie ITyMa
B 00beMe TOMeIeHusT W, KaK CJe/JCTBHEe, 0OOCHOBAHHO BHIOMpATH MEDPONPHUSTHS W CPEJICTBA
CHUZKEHUSI TIIyMa.

CHnucox MCIoJab30BAHHBIX NCTOYHUKOB

1. Yaenbublit Bec 4YUCAEHHOCTH PaOOTHUKOB, 3aHATHIX Ha paboTax € BPEeIHBIME
WU ONACHBIMEU VCJIOBHSAME TPY/Jd, B OpPTraHU3AIUIX. Odunmansueiii caiir Poccrara
[Smekrponnsiit pecype|].  — https://rosstat.gov.ru/working conditions (mara obpamenus
10.03.2026).
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AuHOTanmua

Pazpaborka tmmporomosocHoro mpeobpasoBaress Tonpilz, paboralomero Ha HH3KHX YacTOTaX,
pejicTaBiser coboit cepbesmryio mpobsemy. Lleah JaHHOro Mccae1oBaHNs — CO3IAHIE MOIITHOTO TPeobpa30BaTesT
Tonpilz, ¢ yaydileHHbIME IMPOKOIOJIOCHBIME XaPAKTEPUCTHUKAMHU IIyT€M ONTHMH3AIUU U3JIyJaroIei
Hakmagku. JlanpHeiimasg ONTHUMH3ANnuA O0ECIedYrMBaeT MAKCHMAJIbHYIO IOJOCY MPONyCKaHus 0e3 yimepba
JIS TIEPEeAIoNIeil XapaKTEePUCTUKY HANpsikeHus. lVI3MeHeHwe CTPYKTYPbl HW3JIydarolneil HAK/IAJKU W €ro
BiusgHre HA 3(PDEKTUBHOCTH TPeoOpa30BaTe st ObLIN HCCIEIOBAHBI C TIOMOIIHI0 KOHETHO-)IEMEHTHOTO AHAIN3a,
¥ HKCIIEPUMEHTAIHLHOTO aHAIN3a. V3/Iydaronas HAKIAIKa MOIEPHU3MPOBAIACH MyTEeM CBEDJIEHUsS OTBEPCTHUi
o oOpasyiomeil IMINHIPa, 9TO IPHBEJIO K MAKCHAMAaJbHOI mosoce nponyckanus 28,07% npu 16 orBepcTmax
u QuyKTyanum nepeiaomero orkinka mpeodbpasosarens TVR ymanocs cuusdurs ¢ 9,61 1B mo 6,39 nb
ornocuresnbuo 1 MxIla/B. Kpome Toro, usrorosiennas MOIeIb Tak:Ke HOKA3a/1a XOPOIIee COOTBETCTBUE MEXK LY
KOHEYHO-3JIEMEHTHBIM MOJIE/IMPOBAHNEM W M3TOTOBJIEHHBIM TPOTOTUIIOM. Takum 00pa3oM, IKCIEepUMEHTATbHAS
MPOBEPKa MyTeM pa3pabOTKU MPOTOTHUIA MPeoOpa30oBaTeNs MOATBEPKIAET dPDMEKTUBHOCTL MPEIIOKEHHBIX

yiay4leHuii KOHCTPYKIUU.

KurroueBbie cioBa: [Ibe30KEePAMUKA, KOHEYHO-3JIEMEHTHOE MOEJIMPOBAHUE, THIPOJIOKAIIWS,

IIpeobpazoBarens Tuma Tonpilz, mmupoKoOmOTOCHOCTD

Expansion of the operating band of a transducer-type Tonpilz

Alsaced H. K.'*, Pivnev P.P.?
' Postgraduate student, 2Ph.D., Associate Professor, Head of the Department
L2 Department of Electrohydroacoustic and Medical Engineering, Institute of Nanotechnology,
Electronics, and Instrumentation, Southern Federal University,
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Abstract

Creating a broadband Tonpilz transducer that operates efficiently at low frequencies presents
a significant challenge. The objective of this study is to develop a high-power Tonpilz transducer with enhanced
broadband performance by optimizing the radiating plate. Further refinement is conducted to achieve the widest
possible bandwidth without compromising voltage transfer performance. The study examined how variations

in the radiating plate structure affect the overall transducer performance using finite element analysis (FEA) and
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experimental methods. By drilling holes in the radiating plate, an optimal bandwidth of 28.07% was achieved
with 16 holes, while the tactile vibration response (TVR) of the transducer was reduced from 9.61 dB to 6.39 dB
re 1 pPa/V. Furthermore, the generated model exhibited resonance, demonstrating strong agreement between
the FEA modeling and the physical prototype. Thus, experimental verification during the transducer prototype

development validates the proposed design improvements.

Keywords: piezoceramics, finite element modeling, sonar, Tonpilz transducer, broadband

Brenenne

[TonmBoaueiit  mpeobpazoBaTeh  ABASIETCA  HE3AMEHUMBIM  3JEKTPOAKYCTUIECKUM
YCTPONCTBOM, HCHOJIb3YEeMbIM B IIOJBOJHOI CBS3M, HCCACTOBAHUU OKeaHa, cOOpe HaydHBIX
JIAHHBIX €O CTAHIM{ Ha JHE OKeaHa, aKyCTHYECKOH BHU3YaJIU3AIMU B MOPCKOH HedTAHOM
upombinyieHaoctu.  C pa3BurueM TEXHOJOruu OOPADOTKHM AKYCTUYECKUX CUTHAJIOB JIJIsi
noJTydeHusi  OOJIBIEr0 KOJIMYIecTBA WH(MOPMAIUN OT Mejn TPeOyITCS NIHPOKOIOTOCHBIE
npeobpasoparesn. [IpeobpazoBarens Tonpilz xoporro mOAXOAUT ISl TeHEPAIUHW MOITHBIX
AKYCTHYECKUX BOJH 1m0 cBoeil KoHcrpykmuu [1], [2].  IIpoekTupoBahme HH3KOYACTOTHOIO,
JIETKOTO ¥ IHPOKOTIOJOCHOTO TIPeoBpa30BaTeisl SIBJISIETCsI BBI30BOM JIjisi HHzKeHepos (3], [4].

3ajaua  uCCae0BaHUS  COCTOsIIa B TOM, 9TOOBI  pPeajn30BaTh MHHUATIOPHBIE
n 3 PEeKTUBHBIE HU3KOYACTOTHBIE TPE0OPA30BATENN C TTUPOKOM T0/I0COH TPOIyCKanusd. Jdem
MUPe MOJI0CA TTPOMYCKAHWS, TeM JIydIlie OH TOAXOANT JIIsT TAKUX MPUIOYKEHUH, KaK MOIBOIHA
CBsi3b Ha GOJIBIIOM PACCTOSHUN W AKyCTHYeCKAas BU3YATM3AlUsl BBICOKOTO pasperieHust [5].
B paGore 6] paccmarpuBaroTest 6e39KpaHHbIE OJJHOHAIIPABIEHHbBIE TIPEOOPA3OBATEIH, COCTOSIINE
U3 MbE30YJIEKTPUIECKOTO CTEPXKHSI M JBYX HMJEHTHIHBIX KJIMHOBHIHBIX KOHIEBBIX IJIEMEHTOB.
ITo cpaBHeHHIO ¢ TPAIUIMOHHBIMU CTEPYKHEBBIME TPEOOPA30BATESIMA ITH YCTPOHCTBA
UMEIOT MeHbITHe ralapuThl B HAMPABICHUN W3JIyYeHUs] 3BYKOBON BOJIHBI, OJHAKO HAJIUYINE
3al0JIHEHHBIX BO3JYXOM IojocTeit Bauger Ha DEPEKTUBHOCTD M3JIYUEHHS, PE30OHAHCHYIO
JacTOTY W XapaKTePUCTUKH HAIPABJICHHOCTH. Jlnst  TOCTHXKeHUs IMHPOKOH  IOJIOCHI
HPOIYCKAHUsI B HM3JIy4alollyl0 HaKJaJKy IpeodpazoBaress Obli J00aBJIEH CUMMETPUIHBIN
M3ruOHBI PEe30HAHC, TaKyKe Ha3bIBAaeMbIHl «XJIOMAIONIIM» PE30HAHCOM. DTOT UITHOHBI
PE30HAHC UCHOJb3YyeTCd 3a CYeT KpelieHus npeodpa3oBaresisd K BBICTYILY. Kawk iprii
npeobpa3oBaTesib XapaKTEePU3YeTCs BBICOKOH MOITHOCTHIO, BBICOKOH 3J€KTPOAKYCTHUECKOI
3 MEKTUBHOCTBIO, TTUPOKOH MOJIOCON TPONyCcKaHus (HU3KOH J0OPOTHOCTBIO) M BBICOKOI
9JIEKTPOMEXAHUIECKON CBsA3bI0 7. OJHUM U3 MHUPOKO HPUMEHSEMBIX METOJOB PACIIUPEHUS
HOJIOCHl  TIPOIYCKAHUSI  IThe309JIEKTPUIECKUX ImpeobpasoBareseil gaBjsercs obecredeHne
AKYCTHYECKOTO COTNJIACYIOIIEro CJIos Ha W3jydatorieil Hakiaake [8]. OmHako mpesen moocs
HPOIYCKAHUS TAaKOro Ipeodpa3oBaTe/id ¢ aKyCTHYECKHM COIJIACYIONIUM CJIOE€M COCTaB/IAeT
or 30 go 40% MaxcuMyM, M HO3TOMY HEOOXOAUMO PpACHIMPUTH IOJOCY IIPOIIYCKAHHS,
YBEJIMYUB KOJHIECTBO COIVIACYIOIIMX CJ0EB 0 JABYX WA TpeX. BMmecTe ¢ TeM 5TO TPUBOIUT
K TaKuM IpobjeMaM, Kak OoJibIline pa3Mepbl npeoOpa3oBaresis U CHUZKEHUE HAJIeXKHOCTH
CBSI3AHHOTO ¢Jos. B pabore [9] HMCIOMB3YIOTCS JOMOTHATENbHBIE DPE3OHAHCHBIE MOJIbI,
nobaBeHneM 0oJiee JIBYX H3JIyYaOIMNX HAKJIAI0K K mpeobpasoBaresio. Cpean Ucciie 0BaHmil
[0 PACHIUPEHHUIO TOJIOCHI YaCTOT MOIXOISIIIM METOIOM IIPH COXPAHEHHH IIPOCTOH CTPYKTYPBI
npeobpazoBaTreis ABAsIeTcs 00beInHeHIe TPOJI0JIBHOT0 PEXKIMA U APYTUX PEKUMOB BUOPAIINH
npeobpaszosaress |10]. Bimsginue 1npojosibHas reoMerpus W TEXHOJOTHS COeJMHEeHUS
IbE303/IEKTPUIECKAX  HJIEMEHTOB MOJYBOJHOBOTO THHA HA YACTOTHBIE XapPAKTEPUCTUKU
MU POKOTIOJIOCHBIX MHOTOIIOIYBOJHOBBIX TTpeo0pa3oBaTeseil ¢ MacCUBHBIMHU COTJIACYONUMA
CJIOSIME TIpoaHau3upoBasu B [11].
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1 Ilpusnun nocTpoeHUd M CTPYKTypa nmpeodpa3oBaTesid

Ucnonbzys COMSOL Multiphysics, Mbl HpoBeJi MOIEIUPOBAHUE CTEPXKHEBOTO
npeobpaszoBaTesiss B pekKUMe TMpHeMa U U3JIYUYEHHd. Mogenb mMeeT MaKCUMaJIbHOE
npubsimzKenne K KOHCTpyKnuu npeobpasosaress [12]. Ha pucynke 1 nmokasan cxemarndeckuii
BUJI CTPYKTYpbl mpeobpazoBaresns. Tak ke, Kak W B OOBIYHBIX MbE30IJIEKTPHIECKUX
npeobpasoparesigx Tonpilz, OCHOBHAsT CTPYKTypa HOBOrO TpeoOpa3oBaTesisi COCTOWT
U3 HECKOJBKHX KOJBIEBBIX Ibe309JEKTPHUYECKUX KepaMmudeckux 3jementos [HTBC-3,
K KOTOPBIM HPHUKJ/ICEHBI U3IyJalonas HaK/Ia Ka, N3roToBlIeHHas n3 ciiaBa AMI'-6 u ToLIbHAsS
HAKJIAJKa, M3TOTOBJEHHAs u3 ¢ crajb Cr3, ¢ 60aTOM i apMUPOBAHHUS, BHIIOJHEHHOIO
u3 crajan mapkn Cr3.
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Pucynox 1 — CocraBHoii crepzkHeBoii mpeobpasosareb ("rpubosumabiii”" npeobpasoBaTesn)

n CHMMETPpHYECKOEe cedenue reoMeTpumu MOJe/In

[To dopmyme (1) ompeiessieTcss pe3OHAHCHBIE YACTOTHI  (OTHOCHTETHHO — y3Ja
KOJIeOATEIbHON  CKOPOCTH) — KOJebATeNbHOW — CHCTeMBl  TpU  3aJaHud  Kodhurmenra
acuMMeTpun A depes BOJHOBBIE pa3Mepbl JIEBOM U MPaBOil MOJOBUH KOJIEOATEIbHON CHCTEMBI:

/
2ml, _ _ tg27rl2 _ 1 1)
A p30383t 2ml3 ? pY p161s1t 2mly ?
2 2
p2c2s2 A3 p2c282 A1
0Jie p1, P2, P3 — IJIOTHOCTH MATEPHUAJIA; C1, C2, C3 — CKOPOCTH 3BYKa B MaTepuase; Si, So, S3

— TLIOTIAJIN TOITePeYHOr0 cevuenust; [y, lo, [3 — Tommmua; Ay, Ag, A3 — JUIMHA BOJIHBI B MaTepuaJie
(n1st m3MydaoNel HaKIa KK, sl AKTUBHONW YacTh ([Mbe30KePAMUIECKOTO JIEMEHTA) W sl
THLIBHOW HAKJIAJIKH COOTBETCTBEHHO).

tg

Kak uzBecrno, koaddunuenr sjiekrpoMexaHndeckoil Tpanchopmalu KojedarebHoi
cucrembl Ha Hu3mmeli dbopme KoxebaHuit HaxoxuTest o Gopmyite (2):

pi1c1s1 27l p3C383 227rl
L1 ()t g i (menY g

n = §na ) (2)
c38 227rl 2 2ml
1+ (pié;) tg? =t (1 +tg 1)

e n, — KOIMMUIUEHT 3IeKTPOMEXaHUIECKOH TpaHC(OPMAIUNU The30KepaMHYECKOTro
sJeMeHTa (OOBIYHO UCHOJIB3YETCs Mbe30MO/Y b d33 HA HU3KUX M CPEJHUX YaCTOTaX), PABHBIIL;
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ne = 2ds3E (S/9); § — paccrosinue Mex/Ly 3JE€KTPoJaMu; S — I0malb paboyell HOBEPXHOCTH
HE303/IEMEHTA.

[Ibe3o0kepamuueckuii coctaB LI'TBC-3 aBigerca cernerokecTkuMm MarepuaoM. Jlamubrit
COCTAaB IMHPOKO IIPHMEHSETCS B JIEKTPOAKYCTHICCKHX MpeoOpa3oBaTesiaX B PeKHMaX
U3JIYyUeHUs W NpueMa, paboTaiomux B mHTepBaae Temneparyp ot -50 g0 +80°C. Ilapamerpst
CErHETOXKECTKOro mbe3okepammdeckoro marepuaia [ITBC-3 mamo naMeHaroTcs mom, aeicTBreM
MEXaHHUYCeCKUX N IJIEKTPUICCKOI'O HaHpH)KeHI/IfL B Ta6J'II/H_[e 1 npeacTaBJI€Hbl OCHOBHBIC
csoiictBa marepuana LITBC-3 [13].

Tabmuma 1 — DuU3HKO-MeXaHHYIECKHe, 3JIeKTPHUYECKHe M 3JeKTPOMEXaHHIeCKHe CBOHCTBA
IITBC-3
ITapameTp 3HadueHme
O6beMuas Macca p (IIOTHOCTD), X 103 kr/m? HEe MeHee
7,254+0,25
Moy FOnra monepeunsiit Fsp, x 107 Tla 0,9
Monyab FOnra nonepeunsiii Fss, x 10 I1a 0,7
Koadpdbunuent Ilyaccona v 0,3
Temmeparypa Kropu Ty, °C 180°

Mexanndeckast 100pPOTHOCTD (), He MerHee 350

CKOpOCTD 3BYKa IpH Molepednbx Kosebanusx, Csy, x10% m/c 3,5
CkopocTh 3ByKa 11pu notepednbix Kojaebanusx, Csz, X103 M/c 3,2
Kosddunuent sumeitnoro remnosoro pacmupenus o'Tx10°, 1/°C 2,2-4,5

Koaddunuenr remmonposogunoctu A , Br/m-°C 1,9
JlmsreKkTpudecKkas MPOHUIACMOCTD £%4/€0 B CJIAOBIX 9TEKTPHICCKUX 2400+£400

nosisx npu 20°C

Tanrenc yria gu3eKTPUIECKUX HOTEPh g0 B CJAA0BIX TOJISIX

ue Oostee 0,015

TaHreHC yTyia AUJIeKTPHIECKUX TOTeph tg0 B CUIBHBIX MOJISIX (YacToTa 0,035
50 ', manpskenne 300 B/vm)
Yrenbaoe 06bEeMHOE JTEKTPHIECKOE COMPOTHUBJIEHNE TPH TEMIIEPATYPE He Mmenee 1
100 +5 °C, x 10 Om-m
DnaekTpudeckas MpoIHOCTh i, KB /MM He MeHee 3
Koaddunuentrsr nonepedoii 3/1eKTPOMEXaHNYeCKONH CBA3M k3 0,30
KosddunuenTsl paguaibHoi 3JIeKTpOMeXaHnIecKoi ¢Bs3u k. 0,45
KoaddpunuenTs: 31eKTpoMeXaHUIECKON CBA3U TTPOJIOIbHBIE K33 0,65
[Tonepeunsie mbesosaekrpadeckue Momyn mpu 20 °C dg; x 10712 Kn/H 16040
TTonepeunbie nbesodsiekTpudeckue Moy u 1pu 20 °C dgzx 10712 Ku/H 400£50

Omumame 9TOrO Mpeobpa3oBaTesis OT KJIACCHYECKUX 3aKJII0UaeTcsd B TOM, 9YTO OH UMeeT
HECKOJIBKO OTBEPCTUH B ero M3aydvalonieil HakIa/iKe. DL TpoBeieHbl caeIyIoNine omepalni
JIJISE PACIIMPEHUs JIMala30Ha 4acToT. B usjyyvatoreil Hak/ake OblLIM IIPOCBEPJIeHbl OTBEPCTUS:
PUCYHOK 2a — YeTbIpe OTBEPCTHS; PUCYHOK 20 — BOCEMb OTBEPCTHI: PUCYHOK 2B — MIECTHA/IATD
orBepctuii. Ilocie kaxk10it oneparuu OBLIO TPOBEIECHO M3MEPEHNEe aKTUBHON COCTABJIAIONIEH
HOJTHOTO CONMPOTHBJIEHUS, & 3aTeM OTBepPCTHs OBLIN 3aIlOJHEHBI SMOKCUIHON cmosoit /1-20,
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CMEIIAHHOM C IOPOIIKOM BOJIb(ppaMa i yBeJndeHus KOHedHoi Macchl. [Ipu 3rom nzmepenus
MPON3BOIUINCE JIBAXKIBI KaK JI0 TOJUMEPU3AINN CMOJIBI, TAK U MOCJTIe.
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Pucynok 2 — Momesnb npeobpasoBatesis ¢ W3JIydaroleil HAKJIA KON ¢ OTBEPCTHIMHU; &) Y9eThipe
oTBepcTHsi, 6) BOCEMb OTBEPCTHIi, B) IMECTHAIATH OTBEPCTHiL

2 OcHOBHBIE pe3yJbTATHl AHAJIN3a MOJEJUPOBAHUA IIPEJJIAraeMoro
npeobpa3oBaTead

MogenupoBanne npeoOpa3oBaTessl BBIMOIHSIIOCH C TMOMONBI0 METOMA KOHETHBIX
97eMeHTOB. Pa3Mepbl U mapaMeTpbl MaTepuasia MOJEIU IOKa3aHbl Bbimie. [IpeobpaszoBaresnb
NOTPYZKeH B BOAY. [LIIOTHOCTH U CKOPOCTH 3BYKA B BOjie JIIs pacdera 3agasaauch 1000 kr/ M
u 1500 m/c coorBercrBenno. B jononnenne K 06IUM MOMLYJISIM U HACTPOMKAM, KOTOPbBIE
HEOOXOIUMBI /IS MOJIEIUPOBAHUS TIPEoOPa30BaTe/si B BOJE, MOJIYIH CXEMbI 100aB/ISIIOTCS
B TPEXMEPHYIO MOJIeIh KOHEYHBIX 3JIEMEHTOB IpeoOpa3oBaTe/isd g MogeaupoBanus TVR
npeobpazoBareis. Barem wMogenupyiorca rpaduku TVR B 3aBHCHMOCTH OT YacTOTHI
JIJIST TIpeobpas3oBaTeist B BOJIE.

Ha  pucynke 3 mnokaszam rpacduxk TVR B  3aBucumoctn 0T  9aCcTOTHI
JIJIST TTBE303IEKTPHIECKOTO Tpeobpas3oBaresis 0e3 oreeperuii. 3uadenne TVR Ha pe3oHancHOi
qacrore 26 KI'm cocrapiager okosao 138,24 nBb, TVRuin B amamaszone 46 xI'm cocrapiger
128,63 nb, a duaykryanusa TVR cocrasaser 9,61 nb.
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Pucynok 3 — Peaxius Ha nepenaBaemoe Hanpszkerue (TVR) 1715 mbe3031€KTpHIecKoro
npeobpasoBaTesis 0e3 OTBEPCTHS

['padpuk TVR B 3aBUCUMOCTH OT YaCTOTHI JJIsi THE303JIEKTPUIECKOTO TpeobpasoBaress
C YeThIPbMs OTBEPCTUAMHU IOKa3aH Ha pucynke 4. 3nadenue TVR na pezonancHoil gacrore
27 xI'n cocrapasger okoJio 138,09 1B, TVRin B auanazone 45 KI'm cocraBaser 129,76 nb,
a ¢gurykryanus TVR cocraBasger 8,33 nb.
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Pucynok 4 — Peaxmus Ha nepenabaemoe Hanpskerne (TVR) 1715 mbe3031eKTpraeckoro
Ipeobpa30BaTesisd ¢ 9eThIPbMs OTBEPCTUIMHI

Pucynok 5 nokaswiaer rpaduk TVR B 3aBucuMOCTH OT 4acTOTHI [/ IpeobpazoBaTeIsd
¢ BocbMbIO oTBepcTusimu. 3HadeHne TVR wHa pesonanchoit gacrore 27 k'l cocTaBsieT 0KOJIO
137,96 n1b, TVR,in B quamnazone 45 k' cocrasnager 130,26 1B, a duaykryanus TVR cocrasisier
7,7 nb.

Ha pucynke 6 mnokazan rpaduk TVR g nbes3ossekTpuyeckoro npeobpazoBaTesis
¢ 1mecTHaaaThio oreepecruamu. 3nadenue TVR cocrapasier okono 137,4 b Ha pesonancHOi
gactore 27 kI'm, TVRin B juanasone 43 xI'm cocrapiaser 130,95 n1b, a duykryanmua TVR
coctaBadgeT 6,45 n1b.

[Ipu mectnamamaru orseperusx ¢ 3amoanenuem DJ1-20 3uavenue TVR na pesonancuoii
gactore 28 kI'1mt cocrapasier okosio 137,53 aBb, TVRy, cocraBnser 131,26 n1b B amanasone
42 kI'n, a daykryamusa TVR cocrasisger 6,39 nb. Ha pucynke 7 nokazan rpacpuk TVR
JIJI Tbe303JIEKTPHIECKOT0 Mpeodpa3oBaTes.
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Pucynok 5 — Peaxius na nepenasaemoe Hanpskerue (TVR) 1715 Mbe3031€KTPHIECKOT0O
1peobpa3oBaTe/isi ¢ BOCbMbIO OTBEPCTUSIMHU
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Pucynok 6 — Peakrus na nepenabaemoe Hanpszkenne (TVR) ms nbe3031eKTpruaeckoro
IpeoOpa3oBaTeNIs ¢ MeCTHAANATHIO OTBEPCTUSIMA
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Pucynok 7 — Peaxmus Ha nepenabaemoe Hanpskerne (TVR) mis nmbe3031eKTpraeckoro
Ipeodpa3oBaTessd ¢ MEeCTHAAIATHIO OTBEPCTHAME ¢ 3anoaHenneM 9/1-20
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Pesyiibrarsl MojeimpoBanus MOKA3bIBAIOT, 4TO (DIYKTyalls HePeJaioniero OTKIMKA
npeobpasoBare i MoOxKeT ObITh yMenbiiena ¢ 9,61 nb g0 6,39 ab, 4ro nHaxomuTcs
B mpejenax pabodero amanasoHa IMOJOCHI MPOMYCKaHWs, KaK IMOKa3aHO Ha pPHCYHKe §.
IpeJICTAaBIeHHBIE B 9TOI cTaTbe, OyIeT HMeTh 3HAYEHHE [JId HPOEKTHPOBAHUS

Meton,
A POKOIIOJIOCHOTO ITPeodpa30oBaTeIs.
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Pucynok 8 — Peaknus na nepegasaemoe nanpsikenne (TVR) B 3aBuCHMOCTH OT 9acTOTHI
I8 Tpeobpa3oBaTess B BOJE

3 AHau3 pe3yJibTaTOB MAaKETHPOBAHUA IIpeoOpa3oBaTeasd
M3rorosien

Ha ocHoBammm MomesnmpoBaHus OBLIO MPHUBEJIEHO MakeTwpoBaxue [14].

npeobpazoBaresib Tonpilz ¢ wmsaydalomeil HaKJaJIKOW € OTBEPCTHAMHU IO 00Opa3yrolei
U3MEPEHNd AaKTHUBHOU COCTABALAIONICH MOJHOTO

nuuaapa  (pucynok  9). Brinosaenst
conporusienus (Ry) Ha 000pyJoBaHuN YHUKAJbHOH Hay4IHOH ycTaHOBKH <«VIMHTAIMOHHO-

HATYpHBIH Tuapoakycrudeckuii kommiekc» (YHY MHIAK) Uacturyra HaHOTEXHOJIOTHI,

9JEKTPOHUKE U pubopocTpoerns HOkuoro dhemepaabHOr0 yHUBEPCUTETA.
[TapameTpsl, H3MepeHHbIE IMOCIe TPOBEJCHU KazKION Ollepalli NPUBEIEeHbI HUKeE.

N3 rpaduka, npegcrapieHHOro Ha pucynke 10, BHUIHO, 4YTO 3HAYeHHE AKTHBHOI

cocrapisitorieil mosHoro conporusaennst (Ry) Makera mpeobpasosarens coctasiasier oT 8603,3

10 16491 Owm. TIpum 3Tom mosoca nmponyckanus npeobpasobarens ot 20,05 o 25,0 k' u paBHa

AF = 4,95 k', uro cocrasager 21,52% ot nenrpanbuoii yacrorst 23,0 xI'm.
Ha pucynke 11 nokaszano, 1ro R, makera npeobOpaszosaress or 8576 mo 17498 Owm.
[0JI0Ca TPOILYCKAHUS

ITpu sTom wacrorTHblit jamanazon makera ot 21,3 mo 28,3 kl'm, T.e.

AF = 7 xI'n, uro cocrapaser 28,68% or nenrpanbnoii gacrorsr 24,4 kI,
13 rpaduka (pucynok 12) Bugno, uro R, Makera mpeoGpasosaresis ot 9767,09

[Tonoca mpomnyckanus mpeobpasoBarenst or 22,3 mo 29,6 k['m m pasHa

no 20046,98 Ow.
AF = 7,3 k['n, uro cocrasiger 28,07% ot nenrpanbHoii gacrorsl (26,0 kI'm).
Ha pucynke 13 mokasano, ato Ry, mpeobpa3oBaressi HAXOAUTCs B mpejesax ot 8275,91

J0 16436,95 Om. Ilosioca mpomnyckanus npeobpa3oBaTesis OXBATBIBAET JuUala30H oT 22,6 110
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28,3 k' u paBna AF = 5,7 kI'1, uro cocraasier 22,62% ot nenrpanbaoil gactorsl (25,2 kI'm).

N3 rpaduka, mnpejcTaBJeHHOr0 Ha pucynke 14 BujgHO, 4YTO 3HadeHue Ry
npeobpazoBaresis HaxoauTcs B rnpejenax or 8360,38 o 16186,9 Om. Ilosoca mpomyckanus
npeoOpaszoBarTesis JIeXKHT B auamasone or 25,3 mo 28,7 xkl'm m pasma AF = 5,9 xl'm,
aro cocTasiser 25,9% ot nentpasabnoil gactors (25,3 x['m).

.

By —=—Y

a) 6)

Pucynok 9 — Maker cocTaBHOrO CTepKHEBOIO IPeoOpa30BaTeIsl; &) W3JLYyYalolas HaKIa/Ka
¢ oTBepcTHsiMU 0e3 3aloHeHNs, 0) U3/Iydalolas HaK/IaJaKa ¢ OTBEPCTHIME ¢ 3aIl0JHEHHEM

71-20
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Pucynox 10 — YHacrorHnas 3aBucumocth Rw Makera ¢ 4eThIpbMsi OTBEPCTHSIME B U3J1ydatoleit
HaKJIQJIKe
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Pucynok 11 — HacrorHas 3aBucuMocTh Rw MakeTa mpeobpa3oBaTesis ¢ BOCbMbIO OTBEPCTUSIMHE
B U3Jyvalolleil HaKJIaAKe
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Pucynok 12 — Hacrornast 3aBucumMocth Rw Makera ¢ 1MecTHaIIAaThI0 OTBEPCTUSIMH
B M3JIy4aloleil HakJaiKe
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Pucynok 13 — Hacrornasi 3aBucumoctb Rw Makera ¢ 1MecTHa IIaThl0 OTBEPCTUSIMH
B HM3JIyUalOIell HaKJIaIKe 3aIUThIMIA SIMOKCHIHONW ¢cMo0# D/1-20 (,ZLO HOﬂHMepmauHH)

20000

18000
16000 r\
14000
12000
10000
8000
6000
4000
2000
0

ConpotuenerHue, Om

22 225 23 235 24 245 25 25,5 26 26,5 27 27,5 28 285 29
YacTtoTa, Kl'y,

Pucynok 14 — HactoTHag 3aBucuMocTh Rw MakeTa ¢ MIeCTHAIIATHIO OTBEPCTUSIMH

B M3JIy4aloeil HaK/IaIKe 3aJIAThIMIA SIMOKCHIHOW ¢cMos0# D/1-20 (Hoc.ne HOJH/IMepI/ISaLLI/II/I).

Cobepem Bce IKCIepuMeHTATbHbIE JanHble (pucynkn 10-14) B Tabaumy 2.
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Tabauna 2 — DKcuepuMeHTaIbHbIE TaHHBIE

Kondwurypanusa makera RwWmin, Rwpax, Cpeanee AF, f, Ortm.
Om Om Rw, Om k['n | x['m | nosoca, %
Yerwipe oTB. (IMycTo) 8603,3 16491 12547,15 4,95 | 23,0 21,52
Bocemb oTB. (mycTo) 8576 17498 13037,00 7,00 24,4 28.68
[TlecTHaamars OTB. 9767,09 | 20046,98 14907,04 7,30 26,0 28,07
(mycTo)
HlecTHaamaTh OTB. 8275,91 16436,95 12356,43 5,70 25,2 22,62
1971-20
(o mosmmepu3ayn)
HlecTHaamaTh OTB. 8360,38 16186.,9 12273,64 5,90 25,3 25,90
+9]1-20
(mocste mostMMepu3aIun)

U3 npejcraBiennbix Ha rpadukax (pucyaku 10-14) u B Tabsuiie 2 pe3yabTaToB MOXKHO
clenaTh CAeIYIONIe BhIBOIBL:

1. MakcumasibHas 1MOJIOCA ITPONMYCKAHUA JOCTUTAETCI NP TIECTHAIATH OTBEPCTHSAX
6e3 samosmenus (AF = 7,3 k['u, 28,07%), uro wa 47,5% mupe, aem y 6a30Boil Momeun
C YeThIPbMs OTBEPCTHSIMHU.

2. 3amosaenue orepcruit I/1-20 cHukaeT 1MOJOCY, HO CTAOMIM3UPYET HAPAMETPHI
(menbIe paszbpoc Rw, Gosree mpeackasyemblii pe30HAHC).

3. Crarucruyeckas ycToiuuBoCTb: Ko3bdunuent papuanuu Rw~8% — mpmemiem
J171s mpeobpas3oBaTresieil mogo00HOro KJacca.

4. OnrumasbHasg KOH(MUIYpamuss — IMeCTHAANATh OTBEPCTHH ¢ FaCTHUHBIM
WJIN CEJIeKTUBHBIM 3alOJHEHHEM — MO03BOJIsieT OaJlaHCHPOBATH MEXK/y IMTHPOKONW MOJIOCOM
A MEXaHU4eCKON MPOYHOCTHIO.

3akJroueHue

[Tpu Mopndukanum KOHCTPYKIMA (CBEpJIeHNe OTBEPCTHIl B M3JIyUYaloNiell HaKIaIKe):

— C YBeJIMYCHHEM KOJIMYEeCTBA OTBEPCTUN MPOUCXOIUT CHUKEHHE PE30HAHCHONW YaCTOTHI
U paciupenne mosockl mpomyckanusi: ot Af = 4,95 k' (21,52%) npu geTbipex oTBepCTHIX
a0 Af = 7,3 k' (28,07%) upu 1ecTHaAATH OTBEPCTHUSIX;

— mpu 3ToM Rw TakzKke BO3pacTaeT, 9TO FOBOPHUT O MOBBIIIEHUN JUCCUIATIBHBIX MTOTEPh,
CBA3aHHBIX C U3MEHEHHEM MACChl U CTPYKTYPBI H3JIyYalolell MOBEPXHOCTH.

[Ipu 3amo/tHEHUN OTBEPCTHH AMOKCUIHON cMmostoi D 1-20:

— IOCJIe 3aJIMBKH CMOJIbI 0€3 MoJIMMepHU3aliui HalJ Ii0/1aeTca HeDOJThIIoe CyKeHIe T0JI0ChI
n cumkenne Rw;

— TOCJIe TOJTUMEPHU3AIUNA CMOJIbI T0J0CA YacTOT CJIerKa paciiumpsercs, a Rw ocraércsa
BBICOKUM, UTO MOXKeT OBITH CBA3aHO ¢ HM3MEHEHHEM VIPYTUX CBOICTB MaTepHaJa.

Takum 06pa3om, BHECEHHBIE H3MEHEHHsT B KOHCTPYKIUIO 1TpeobpasoBaress (yBeandeHmne
MACCHI MOJBUYKHON YaCTH 3a CYET 3aI0JHEHHs OTBEPCTHil CMOJIOH ¢ MOPOIIKOM BOJIbdpaMa)
HO3BOJIIIN JIOCTHYDb PACHIpeHHsT pabodyero JUala30oHa JacToT, YTO SIBJIAECTCA HOJOKUTETHHBIM
3pdeKkToM I IMIUPOKONOJIOCHBIX aKYCTHYECKUX YCTpoicTB. (OIHAKO 9TO CONPOBOXKIAECTCS
yBeJnYeHneM aKTHBHOI'O CONPOTHBJIEHUS, YTO MOYXKET HEraTHUBHO BJNATH Ha 3MHEPEKTUBHOCTD
npeobpasopanus sHeprun. g gagabHeiieil onTuMu3anun yCTPORCTBa HEOOX0IMMO TTPOBECTH
JIOTIOJIHUTEIbHBIE WCCAeJ0BAHNSA 110 MUHUMU3AINKU JTUCCUTTATUBHBIX TMOTEPHh MPHU COXPAHEHUH
PACIIIPEHHOr0 YaCTOTHOrO JIMAIla30Ha.
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B nesiom, nojiyyennbie pe3yJibTaThbl J€EMOHCTPUPYIOT PA0OTOCIIOCOOHOCTDb TPEJIOZKEHHO
METOJNKHA MOJIEJIMPOBAHUS MW IHKCIEPUMEHTAJbHON TPOBEPKU MapaMeTpoB aKyCTUIEeCKOTO
npeobOpasoBaTesisi, a TaKyKe OTKPHhIBAIOT BO3MOXKHOCTH JaJbHEHINNX  HCCJIeI0BAHUI
1O YJIYUIIeHUIO ero XapaKTepUCTUK.
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AuHOTanuga

B crarbe mnpenacTaBiieHbI PE3YAbTATHI HATYPHBIX AaKYCTHYECKHX HU3MEPEHUN U MATEeMATHIeCKOrO
MOJIEIMPOBAHMSI TIIyMOBOTO 3arps3HEHMs] HA MATH TUTAX IBOPOBLIX Teppuropuii T. Craspomnossa (3aMKHYTHIi
JIBOP-KOJIOJIETI, JIBOP C MAPaJIIebHOM, MepIeHuKyIapHoi u ['-006pa3Hoil 3acTpOiKOoil, a TaKKe JIBOP-KOJIOIEIT
C 4eTbipbMs apouHbiMu 1poémamu). Usmepenus soimosnnens mo 'OCT 23337-2014 B OyaHue u BbIXOIHBIE
[IHU; ypoBHHU miyma comocrasienbl ¢ Hopmarusamu CanlluH 1.2.3685-21 (55 nBA auém). VYcranosseno,
9TO 3aMKHYTBIE [IBOPBI-KOJIOMIBI O0ECIIEeYNBAIOT HAWIYUIInil SKpanupyonmit 3PpEdeKT u COOTBETCTBHE
mopmaruBaMm.  Ilepmenaukynspuas u [-oOpa3Has KOHMUIYpAIWH TPUBOAAT K TIPEBBINIEHUSIM BO BCEX
TOYKax B OynHm m B npudacagHbix 30HAX B BBIXOAHbIE. PaspaboraHa kajumOpOBaHHAsS MaTEeMAaTHIECKAs
MOJI€JIb IIPOIHO3UPOBAHUS YPOBHs LIyMa B PACY€THON TOYKe BHYTPU JABOPa (CpeiHeKBaJpaTuyYecKas OuOKa
3,5 nBA), yuurbiBaomas IeOMETPHIO 3/aHWiA, IapaMeTpbl TPAHCIOPTHONO IOTOKA M 3BYKOIOIJIONIEHUE.
Momeap MOXKeT ObITh HHTEIPHPOBAHA B CHCTEMbI MOIEPKKU MPUHATHS PENIEHU MPU TIAHUPOBAHUU YMHOTO
ropofa ¥ pa3paboTKe IpaJOCTPOUTEILHBIX MEDPONPUATHI, TO3BOJISAS HA ITAaNe MPOEKTHPOBAHUS BHIOMPATH

KOH(MUI'YPALUIO 3aCTPONKH, MUHUMHU3UPYIOUIYIO IIyMOBYIO HAI'DY3KYy HA CeJUTeOHbIE 30HbL.

KurroueBbie ciioBa: IIyMOBOE 3arpsi3HEHWEe, MaTeMaThdecKas MOJeJIb, YMHBII  TOpPOJ,

rPaJIOCTPOUTENBHOE TTPOEKTUPOBAHME, CeuTeOHAsT TEPPUTOPHS, JBOPOBOE TPOCTPAHCTBO, SKPAHUPYIOMIUN
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Abstract

The article presents the results of field acoustic measurements and mathematical modeling of noise

pollution in five types of courtyard areas in Stavropol (enclosed courtyard, parallel, perpendicular and L-shaped
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buildings, as well as an enclosed courtyard with four arched passages). Measurements were carried out according
to GOST 23337-2014 on weekdays and weekends; noise levels were compared with SanPiN 1.2.3685-21 standards
(55 dBA daytime). Enclosed courtyards provide the best shielding effect and comply with the standards.
Perpendicular and L-shaped configurations lead to exceedances at all points on weekdays and in near-facade
zones on weekends. A calibrated mathematical model for predicting the noise level at a calculation point inside
a courtyard has been developed (root-mean-square error 3,5 dBA), taking into account building geometry, traffic
parameters and sound absorption. The model can be integrated into decision-support systems for smart city
planning and urban development measures, allowing selection of building configurations that minimize noise

pollution in residential areas at the design stage.

Keywords: noise pollution, mathematical model, smart city, urban planning, residential area,
courtyard space, shielding effect

Breaenune

Ha domne crpemurenbioii ypbaHU3aIM U YCUJIEHUS aHTPOIONeHHON TpancdopMarmn
OKPY2Kaloleil cpejpl IMIyMOBOE 3arpsd3HeHre BCE yBepeHHee 3aHHUMaeT OJHO U3 KJIOYEBBIX
MECT B psilly (baKTOPOB, ONPEIeISIONUX IKOJIOIHIECKYI0 DE30IACHOCTh COBPEMEHHBIX T'OPOJIOB.
Kpynuabpie HacegéHHBIE NTYHKTBI, BBICTYHAIONIHE V3JaMHU TPAHCIOPTHBIX, HHIYCTPUAIbHBIX
U COIMAJIbHBIX IMPOIECCOB, (DOPMUPYIOT AKYCTUYECKHI PexKUM, MPU KOTOPOM (pakTHUecKue
YPOBHHU 3BYKa HEPEIKO IMPEBBINTAIOT IeHCTBYONINE CAHUTAPHO-THTHeHHYeCKIe HOPMATHBbBI. DTO
HEM30eKHO BJIEYET 3a cODOI yXYIIeHne 3710POBhs M CHUYKEHWE KadyeCTBa YKU3HU HACETCHUS.
[Io Mepe pa3zpacTaHHs TOPOJIOB M YCJIOXKHEHUS UX HHPPACTPYKTYPHI 3BYKOBOM JIaHIIApT
CTAaHOBHUTCS BCE OoJiee 3HAUMMON XapaKTePHCTHKON TOPOACKON Cpelbl, CIOCOOHOH HeraTHBHO
BJINATDH Ha CbI/IBI/I"IGCKOG 1 IICUXO3IMOIMOHAJILHOE 6JIaFOHOJIqu/I€ J'IIO,ZLGIU/I. B CB4A3HU C 9TUM JIaHHDbIEC,
IMMOJIYYEHHbBIC B X0O/4€ OIICHKHA ]l[yMOBOIU/I Har'py3kKku, J0J2KHbBI HAXOAUTDH MMPAKTHUYECKOE IIPUMEHEHNE
npu pas3paboTKe IPagocTPONTENBHBIX permenuii [1].

Ceromsst cTaJI0O OYEBHAHO, YTO JIJIS PeIIeHHs] TOPOJCKUX IMIpobjieM HeoOXOITHUMO
npejjiaraTh peleHns, OPHEHTHPOBAHHBIE Ha TPayKJaH, YTOOBI 00eCIedIuTh YCTONUHUBYIO
Cpeay Ui BBICOKOIO YPOBHSI OJIaroCOCTOSIHHSI ¥ OOIMECTBEHHOrO 30POBbsA, a TaKiKe
abdeKTHBHOE W pAIMOHATIBHOE HCIOJIB30BaHWE pecypcoB [2]. VMHBIIT TOpPOI — 3TO
UHHOBAIMOHHBIA TOPOJICKONl O0OBEKT, HCIOJB3YIONUH HHPOPMAIMOHHO-KOMMY HUKAIMOHHBIE
TeXHOJIOTUH g dM(MEKTUBHOR HHTErpPAIMU PA3JIHIHBIX CHCTEM TOPOJICKOIO VIIPaBJICHHS,
obecrieunBatomuii 0OMeH HHMOPMAIMOHHBIMU pecypcaMd M OIEpaTHBHOE B3aMMOIeHCTBHE
MEXKJIy 3TUMM CUCTEMaMM, a TaKyKe CHOCOOCTBYIONIMI MHTEJLUIEKTYyaJbHON TpancdopMauu
TrOPOJICKOr0  ylpaBjieHuss u cdepbl yCIyT. DTO MOBBINIAET YPOBEHH ONEPATHBHOTO
VIPAaBJICHUA TOPOJCKUMH MpOIECCAMH U KadecTBO TIOCYJapPCTBEHHBIX YCJIYT, VJIy4IIaeT
OJIArOCOCTOSTHHE W YAOBJETBOPEHHOCTDH KHUTEJIeH, a TaKxKe CIOCOOCTBYET VCTORUIMBOMY
pasBuTHIO. Takoil MOAX0I He TOJBKO JEMOHCTPUPYET BBICOKYIO CHCTEMHOCTb U HPAKTHIHOCTb,
HO 1 CO3Ja€T KOHCTPYKTUBHYIO OCHOBY, OPUCHTUPDOBAHHYIO Ha PaCHIMPCHHE TEXHOJIOI'MYCCKHX
BO3MOYKHOCTEI, COTPYAHUYIECTBO B cdepe ympapieHus W ryMaHucTudeckuii moaxoga. On
COOTBETCTBYET TPAKTHIYECKOMY KOHTEKCTY TOPOJICKOrO Pa3BHTHS W O0ecIednBaeT OasIaHC
MexKTY 3G PEeKTUBHOCTHIO, HHKIIO3MBHOCTBIO U YCTOMYHUBOCTBIO, MPEJICTaB/sAs COOOU IEHHYIO
HapaJurMy Kak JIJIs TEOPETUIeCKOT0, TaK U JIjIs TPAKTUIECKOTO PA3BUTHs KOHIIEIIUN «YMHOTO
ropoga» [3|.

Kpymabie ropojia cocTodT u3 MHOXKECTBA 3aMKHYTBIX TPOCTPAHCTB, OKPYZKEHHBIX
BBICOKUMH 3JaHUSIMU. VIX 9acTO HA3BIBAIOT <«T'OPOJCKUMU KaHbOHAMHU». TOYHBIN pacuer
PaCHpPOCTPAaHEHUsT 3BYKA OT KAHBOHA-MCTOYHUKA (HAIPUMEp, YJIUIBI) B CTOPOHY 3allUIIEHHOTO
KaHbOHA-TIPUEMHHKA TIPEICTABISIET NHTEPEC ¢ TOUYKH 3PEHHUsI «TUXUX CTOPOH». ¥ POBEHb IIyMa
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B TOPOJICKUX KAHbOHAX TOBBINIAETCH W3-32 MHOTOKPATHOTO OTPAYKEHUs 3BYyKa OT OKPYKAIOIIHX
HOBEPXHOCTeH, B TepBYIO odepelb oOT dacaaos. Takum o0Opa3oM, TpH T'PaAMOTHOM
OPOEKTUPOBAHUU DACATOB MOXKHO JOOUTHCS aKyCTHUYECKOTO KoMMOpTa B TOPOJICKON cpe/ie.
OaHako, HECMOTPsS Ha PACTYIIYIO OOECMOKOEHHOCTH IO TOBOJAY TIYMOBOTO 3arps3HeHus,
IpPU TOPOJCKOM HMPOEKTHUPOBAHUM AKYCTUYECKHUE IIOCEJCTBUSA B MacliTadax ropoja OObIYHO
He yunrhiBaloTcs [4]. B To Bpemsi Kak mpaBHiIbHAS TJIAHHPOBKA KHJIBIX KBapTaJIOB,
PAIMOHAJBHOE PACIIOIOKEeHHe XKIJIBIX U OOIIECTBEHHBIX 37]aHNN Ha TePPUTOPUH, IIPUIETafonTeit
K TPAHCIIOPTHBIM IIYTSM, O3BOJUT 3HAYUTENHHO YIYUIIUTh aKyCTHYECKYIO CUTyaIuo [5].

Ecyin reomerpus JBopa oripejesisier OOIUNA aKyCTUYECKUNH <«KOHTYDP» IIPOCTPAHCTBA,
1o ¢dopMa caMux 3JAHUH W apXUTEKTypHOe perieHne ¢acajoB 3aal0T MUKDPOCTPYKTYPY
3BYKOBOTO 10Jis. KUTIOUEBBIM TIOHATHEM 3/IeCh SIBJISETCS «TOPOJICKON KaHbOH» — MPOCTPAHCTBO
MeZKITy JBYMs BBICOKUMU hacaaMu, T/le MHOTOKPATHbIe OTPazKeHUs 3ByKa MOTYT CYTIIECTBEHHO
HOBBIIIATH YPOBHU mmryMa. CONIACHO YHCJIEHHOMY MOJeJUpoBaHuio Feriani m coaBTOpOB,
OTPaKeHUs OT HPOTUBOIIOJIOAKHOIO 3J/IaHUA B Y3KOM YJHUYHOM KaHbOHE MOI'YT YBEJIUYMBATD
ypoBeHb 3ByKa 70 12 n1BA [6].

B cBs3u ¢ BO3pacTaonuM 3HaYeHUEM ITPOOJIEMBl ITyMOBOT'O 3arpsa3HeHNUS B YCJIOBHUAX
ypPOAHU3WPOBAHHOW Cpesbl, MpeJcTaBisgeTcsd OOOCHOBAHHBIM MPOBeJeHHe KOMILTIEKCHBIX
UCCJIeIOBAHWl, HANPABICHHBIX HAa W3yYeHUE aKYCTUIECKUX XaPAKTEPUCTHK JIBOPOBBIX
HPOCTPAHCTB W OIEHKY BJIUSAHUSA T[EOMETPUU OKPYZKAIONUX 3JaHuil Ha HaKOILICHHE
myMoBoit Harpy3ku. (Ocoby 3HAYUMOCTH MPHOOpeTaeT aHa M3 KOH(MUTYPAIMH 3aCTPORKH
— QopmMbI OMOB, CTemeHW 3aMKHYTOCTH JBOPOB, HAJIWYUd CKBO3HBIX IPOE3JOB,
YTO TO3BOJSET BBIABUTH HIPOCTPAHCTBEHHO-ILIAHUPOBOUYHBIE (AKTOPBI, CHOCOOCTBYIONTHE
aub0 paccemBaHUIO, JUOO MHOTOKPDATHOMY OTPAXKEHUIO 3BYKOBBIX BOJIH. Braronaps
HOJIYyYeHHBIM pe3yJ/ibraraM 00eclednuBaeTcsd BO3MOKHOCTH OINEHKU AKyCTHYECKOI'0 KadecTBa
Pa3JIMYHbIX THIIOB JBOPOBLIX TEPPUTOPUil, WAeHTHUKAIUKA Haubojee MPOoOJEMHBIX ¢ TOYKH
3penus pepepbepanuu U 3aJepKKU 3BYKa apPXUTEKTYPHBIX PEIIeHUi, a TakyKe pa3paboTKu
PEKOMEHIAIINI IO ONTUMAJIBPHOMY Pa3MeIe o 3/IaHuil, BRIOOpY (popMBI IBOPOB 1 TPUMEHEHUIO
3BYKOIOTJIONIAIONINX (hacaIHBIX MAaTePUAJIOB, HATPABIEHHBIX HA CHUZKEHUE TITyMOBOW HATPY3KH
U 1IOBBIIIEHUE IKOJOIMUECKOI 0€3011aCHOCTU T'OPOJICKON CpeJibl.

1 Meroabl uccjaeaoBaHUI

Jlas  permeHms TOCTaBIEHHONW 3a/a9W  WCIOIB30BAJICS  KOMIJEKCHBIN  TOIXOJ,
BKJIIOYAIONIUIl HATypHBIE aKyCTUUeCKHe U3MepeHUs W MaTeMaTHmdecKoe MOJeTHPOBaHUe
pPACIpOCTPaHEHUs IIyMa B YCJIOBUAX TOPOJCKON 3aCTPOIKHY.

N3mepenus ypoBueit 3Byka mpoBomminch B coorBercrBun ¢ ['OCT 23337-2014
«ITTym. Meroapr u3Mepenus IrymMa Ha CeaUTEOHON TEPPUTOPUU W B TOMEIEHHUSX
JKUJIBIX W OOIMIECTBEHHBIX 37aHuil» ¢ ucmoab3oBammeM mrymomepa UNIT-T UT352 [7].
[TonydeHHBIE pPE3YIBTATHI COMOCTABIAINCH C HOPMATHBHBIMHU 3HAYEHUSMU, YCTAHOBJIEHHBIMU
CanlluH 1.2.3585-21 [8].

I13Mepenus BHITOTHSINCH B Oe3/MCTBeHHBI Tepuo (despaab 2026 roga) B yTpeHHue
(8:00-10:00) wu Beweprme (17:00-19:00) wacer.  Jlag KasKkgaoro w3 MATH THIOB JBOPOBHIX
TeppuUTOpUil pUKcANUd YPOBHEH IIyMa MPOBOIWJIACH CHHXPOHHO B JIBYX OYIHUX JHAX U OJTHOM
BBIXOTHOM fJHe. Takas cxema MO3BOJIMIA YIECTb, KAK PETYJISPHYIO TPAHCIOPTHYIO HAT'PY3KY,
TaK U €€ CHUKeHHe B BBIXO/HBIE JIHU.

Jlasa TpOTHO3WPOBAHWS SKBHBAJEHTHOTO YPOBHS TIMyMa B PACYéTHON  TOYKe
BHYTDH JBOPOBOTO IIPOCTPAHCTBA pa3paboTaHa MaTeMaTHdecKas MOJeb, O0beIuHSIONasd
TeopeTuvIecKne TOJIOXKEHUs TeOMeTPUYECKOH  Teopwu JUMPAKIUd H  SMIUPHIECKHE
3aBUCUMOCTH, MOJYUYEHHBIE TT0 Pe3yJIbTaTaM HATYPHBIX U3MEPEHMUil.
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3a TeopeTnIecKy0 OCHOBY MPUHATO OMUCAHIE PACIIPOCTPAHEHNS 3BYKA OT TPAHCIOPTHOM
MarucTpaJsiu J0 BHYTPHIBOPOBOM TEPPUTOPHH € YIETOM MHOIOKPATHBIX OTPazKeHuii 0T ¢acajioB
3nanuit, sKpanupyomero 3GdeKTa 3acTPOWKH M IOIJIONMIEHUS 3BYKa OrPaKIAIONIUMK
MOBEPXHOCTAMU; UCIOTH30BAHBI COOTHOIIEHUS JIIsT MIIUHIAPUIECKUX U KBA3UIIMINHIPUIECKHX
BOJTH, aJ[aIITHPOBAHHBIE K YCIOBUSIM «TOPOJCKAX KAHHOHOBY.

Ha ocHOBe [maHHBIX HATYPHBIX 3aMepPOB BBHIBEJIEHA 3aBUCHMOCTD, MO3BOJISIONIA
pacCcUYMTATh OIOPHBIA YPOBEHDb IIYMa Yy Mpoe3zKell JacTh; B KadecTBE BXOIHBIX I[TapaMeTpOB
UCIOJIB3YIOTCA WHTEHCUBHOCTD TPAHCIOPTHOIO MOTOKA, JIMTEILHOCTH CBETO(MOPHOTO IHKJIA,
BpEMsi KPACHOTO CHUI'HAJIA U ITAXKHOCTH 3JAHU, 9TO €T BO3MOXKHOCTH YYECTb BJIASIHUE
cBeTO(OPHOTO PEryJIMpPOBaHUsSI W BBHICOTHOCTH 3aCTPONKH HA aKyCTHIECKYH HArPy3Ky.
Pacnpocrpanenne 3ByKa OT JOPOTH 10 PACYETHONH TOYKH BHYTPH JBOPA OMUCHIBAETCS
KaK II0CJIe/IOBaTeIbHOE OCJaabJIeHHe OINOPHOTO VPOBHA 3a c4YéT audpakiiud Ha 3JaHHSIX,
3BYKOIOTVIOIIEHUsT BO JIBOPE W MEOMETPUIECKOTO PACXOKJIEHUsST BOJHOBOTO (bpoHTa (¢ yuéToM
epexojia Or IUJIMHAPHYECKON BOJIHBL K CEPHYECKOH 110 Mepe yJIaJeHHsl OT HCTOYHHKA).
Mogpestb yauThiBaeT reOMeTpHYECKIe pasMepbl 31aHuil (BbICOTY, UPUHY, JTHHY ), PACCTOSHHE
or goporm ;0 acaga MEPBOTO 3aHUs, a TaKKe AKYCTUIEeCKHEe CBOWCTBA IMMOBEPXHOCTE
asopa (cpeaauii K03 MUIHEHT 3BYKOMONIONEHNT U CYMMApPHYIO ILIOMIAIb OrPAKIAIOIIHX
KOHCTDYKITHIA).

Jlast npuBeseHust MOJEIN K PEAJHHBIM YCJAOBHSIM KOHKDPETHBIX JIBOPOBBIX TEPPUTOPHIl
BBeJIEHA, KaJIMOPOBOYHAST KOHCTAHTA, 3HAYEHME KOTOPOI OIPe/Ie/IeHO IO HATYPHBIM 3aMepam
C WCIOJb30BAHUEM HEJIMHEHHOr0 MeTO/la HAWMEHbBITHX KBajparoB (asroputMm JleBeHGepra
— Mapksapara), peanun3oBaHHoro B cpege Python ¢ npumenennem Oubauoreku SciPy.
CpeanekBaapaTndecKkas OIMMOKA MOJEIN, BBIYUCACHHAS TpPH KAaJHOPOBKE, COCTABJSIET
3,5 nBA, 4ro moaTBepxKaeT €€ MPUrOJHOCTL [IJIsi MHZKEHEPHBIX AKyCTHYECKHX PaCIETOB.
Bech BbramcanTenbHbI 3KcnepuMeHT (00paboTKa HW3MepeHuii, moabop HapaMerpoB, OINEeHKa
MIOTPEITHOCTH) BBITIOJIHEH B mporpaMMHoii cpege Python ¢ mpusmedennem nakeros NumPy,
SciPy n Matplotlib.

2 O6aacTp uccjaemoBaHUA

UccnemoBanne 1pPOBOJAMAOCH Ha TEPPUTOPHEM  MPOMBINLJIEHHOTO pafioHa Topoja
CraBpomoJid, KOTOPBbIl XapaKTepU3yeTcd BBICOKON IIJIOTHOCTBHIO HACEJCHUH, HHTEHCHBHBIM
ABTOMOOHIBHBIM  TpadbukoM (0CO0EHHO B dYachl THK) W Pa3sHOOOPA3HeM apXUTEKTYPHO-
MJIAHUPOBOYHBIX PpeITeHuil KUJI0H 3acTPOUKH. B kadectBe 00BEKTOB BBIOpAHBI WATh
HauboJjiee pacupoCTPAHEHHBIX THIIOB JIBOPOBBIX TEPPUTOPUIl, pa3/ndaloniuxcs Konpurypaiuei
OKPYZKAIONUX 3/IAHUIH U CTEIeHbIO 3aMKHYTOCTH BHYTPHUIBOPOBOI'O TPOCTPAHCTBA: 3aMKHYTHI
JABOP-KOJIOJEL, JABOP € HapaJsuleJIbHON 3aCTpOMKON, ABOP € HEPHEHAUKYJIAPHOA 3aCTPOUKON,
['-o6pa3ublii IBOP, a TakKe JBOP-KOJIOAEI, 000PYIOBAHHDLINA YeThIPbMs aPOYHBIMHU IIPOEMaMU,
PaBHOMEDHO paclnpeaeéHHbIME 110 BceM dacagaM 37aHusg.  Bce BuOpaHHBIE OOBEKTBHI
PACIIOJIOZKEHBl B Ipe/ie/iaX OJHOPOJAHON TPAHCIOPTHO-IJIAHUPOBOYHOM 30HBI, YTO IIO3BOJISAET
KOPPEKTHO CPAaBHUBATH aKYCTUYIECKUE PEYKUMBI TIPH COMTOCTABUMBIX BHEITHUX UCTOYHUKAX TIIYMa
(6im30CcTh MarucTpasieil, HaJmane MepPeKPECTKOB, CBETOMOPHOE PETYIMPOBAHMNE).

JBop-KoJ0/en,  IpeicTaBigeT  cobOi  3aMKHYTOe  IIPOCTPAHCTBO,  00Opa30BaHHOE
OATHATAXKHBIMA  3JAHUSIMHU, PACIOJIOKEHHBIMH 110 TEpUMeTpy NPSIMOYTOJIBHON  (OPMBI.
Bricora 3anuit cocrasiger okoso 15 M, mupuna KopuycoB — 12 M. BuyTrpenunuii gBop umeer
pazmepsl ipuvepro 40x50 M. Toukn 3amepos (pucyHOK 1) pasMmerieHbl Ha Pa3HOM yIaJeHUH
OT mpoe3xkeil yacTu: ToYKa 1 — y Bbe3mHOM apku (Ha PACCTOSHUM 5 M OT JOPOTH), TOYKA 2
— y mombesfa mepBoro sraxka (10 m), Touku 3-5 — B menTpe apopa (25-30 M), Touku 6-7
— B IyOuHe JIBOpa, Hauboee yaanéunoii ot goporu (6oee 40 m).
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Pucynok 1 — PacnoJioxkenne Todek 3aMepoB yPOBHS IIIyMa Ha TEPPUTOPUN JIBOPA-KOJIOIIA

[TapannenbHas 3acTpoilKa TMpejacTaBIeHA JIBYMs TPOTSKEHHBIMUA TATHITAKHBIMA
3JI@HUSAMU, PACIOJIOKEHHBIME HapaJ/LUIeJibHO JpPYyr ApYyry Ha paccrogauu 25 M.  Mexiy
koprycamu chOpPMEPOBaH CKBO3HOi mpoe3q mmmpuraoil 8 M. Toukm 3amepoB (pHCYHOK 2)
paccTaBlIeHbl BJOJb (acajoB U BHYTPUIBOPOBOTO IPOXOJA. Haunbonpmuit mHTEpeC
HPeJICTABJISAIOT TOYKH 3, D U 7, KOTOPble HAXO/ATCS B 30HE aKYCTHYECKON TeHH, HO T0/IBePYKeHbBI
NPOHUKHOBEHUIO TITyMa Yepe3 TOPIleBble Pa3pbiBbl. Paccrosgnue ot (acagos 10 mpoe3xkeil acTu
Bapbupyer ot 8 10 15 M.
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Pucynok 2 — Pacnosioykenne To4ek 3aMepoB YPOBHS TIyMa HA TEPPUTOPHUH JIBOPA
C LapaJ/ulesbHOl 3aCcTPOKOMl

[lepnenaukyasgpHasa 3acTpPOiiKa COCTOUT W3 NATHITAXKHBIX 37aHUNH, OPUEHTUPOBAHHBIX
B3aWMHO MepIeHIuKyIsdpHo. OTHO U3 3JaHUi PACIOI0KEHO BIOJb MATHCTPATIN HA PACCTOSHUN
6 M or Gopappa, JApyroe — TOPIOM K Jopore, (GopMupys OTKPBITBIH BHYTPEHHHI yTOJ.
Toukn 3amMepoB (pUCYHOK 3) OXBATBIBAIOT Kak npudacaiubie 30Hb (ToUKH 1-4, HA PACCTOSTHUE
5-10 M or jgoporm), Tak W yd4acTKu B TayOmHe jaBopa (TouKm 5-6, Ha paccTOSHUN
20-25 m). Takast koHbUTypaIus CO34aéT AKyCTHYECKHe JIOBYIIKH 32 CUET TepeoTpazKeHWi
MeYKJTy MepIeHInKYJISAPHBIMA (dacaJaMH.

[-o6pasHas 3acTpoiika oOpasoBaHa ojHUM ['-00pasHbIM B IaHe 3gaHueM (5 dTaxkeii)
¢ JAByMs Kpblabamu JyimHoid 45 m 30 M.  BHyTpeHHnwmit yros JaBopa OTKPBLIT B CTOPOHY
pPeryJIupyeMoro TepekpecTKa, PacloJIOXKeHHOro Ha paccrogauun 50 M or  Oawkaiiimei
toukn dacaga. Touku 3amepoB (PHCYHOK 4) pasMelieHbl BJOJb BHEIIHErO MepUMeTpa
(Touku 1-2), BHYTPH YIJIOBOrO MPOCTPAHCTBA (TOUKH 3-4) U B YIATEHHON OT MEPEKPECTKA TACTH
aBopa (Toukn 5-6).
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Pucynok 3 — PacnoJioxkenue To4ek 3aMepoOB yPOBH 1IIyMa HA TEPPUTOPHUH JIBOPA
C HepHeHIUKYJIAPHON 3aCTPOUKOM

Pucynok 4 — Pacmosioykenne Todek 3aMepoOB YPOBHS IIIyMa Ha TEPPUTOPUH TBOPA
¢ I'-ob6pasHoit 3acTpoiikoit

JIBOp-KOJI0/1€1] ¢ 9eTHIPbMST APOYHBIME MpoéMaMu — MOAM(HUKAIUA 3aMKHYTOTO JBOpPA,
B KOTOPOM Ha KaKJOM U3 4eThIPEX (hacaoB UMeeTcss CKBO3HOM apodHbIil Mpoe3 1 MUPUHO 4 M
1 BbicOTOI H M. Takoe pellleHHe UMUTHDPYET COBPEMEHHbBIE YKHUJIble KOMILIEKCHI ¢ IPOXOIHBIMU
nasopamu. Touku 3amMepoB (PHCYHOK 5) BBIOpAHBI Y KaxKJI0ro mpoéma (Touku 1-3) u B 1eHTpe
aBopa (Toukn 4-5).

Pucynok 5 — PacnoJioxkenne TodeK 3aMepoB YPOBHS IIIyMa Ha TEPPUTOPUN JIBOPA-KOJIOIIIA
¢ YeTBHIPbMs IPOEeMaMu 110 BceM hacajgaM 31aHnsd
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J1J1s YMHOT'O I'OPOJia

B nmepmox mnpomenenuwst usmepennii  (dbespasp 2026  roma)  orcyTcTBOBAJA
JUCTBA HA [IePEBbAX, YTO HUCKIOYUIO JONOJTHUTETbHOE aKyCTUUIeCKOe SKPAHUPOBAHHE
PACTUTETHHOCTBIO W TO3BOJUJIO ONEHUTHh BIUSHWE WCKJIIOYHTETBHO APXUTEKTYPHBIX (OPM.
Pacnonoxkenne Touek 3aMepoB HA pUCYHKAX 1-5 BBITIOJHEHO B €/IMHOM MACIITabe U ¢ MPUBIA3KOi
K (pacajiaM, 4TO 00eCIeYnBaeT BOCIHPOU3BOANMOCTD PE3YILTATOB.

3 PesyabraThl u obcyxkaeHue

[lomyyennble B XOJe HATYPHBIX HW3MepeHHHl YPOBHU IIIyMa COIMOCTaBJIAINCH
¢ TUrHeHuYeckuMu HOpMmarusamu, ycranoienabiMu CanlluH  1.2.3685-21. Corstacuo
JTAHHOMY JOKYMEHTY, /IS TEPPUTOPHUil, HEMOCPEJICTBEHHO MPUJIETAONINX K YKUJIBIM 3TAHUIM,
9KBUBAJEHTHBI YPOBEeHb 3BYKa (Lasks. ), ABA B mHeBHOE Bpems (¢ 7:00 mo 23:00) He moszken
npeBbimath 55 1B A. [TocKOJIbKY n3Mepenust B BBIXO/IHDBIE JTHH TaKKe BLIIOIHSIHCH B YTPEHHHE
U BedepHUe Yachl, YKA3AHHBIH HOPMATUB NMPHUMEHSICS OJWHAKOBO s OYIHUX M BBIXOTHBIX
JTHEH.

Cpennane 3uavenns 3a(pUKCHPOBAHHBIX YPOBHEH IyMa JIsi KaKJAOr0 W3 MSITH THIIOB
JIBOPOBBIX TeppuTOopuil npuseneHbl B Tabiune 1. JlaHHBIE JeMOHCTPUPYIOT BBIPAKEHHYIO
3aBUCHUMOCTh AaKYCTHYECKOTO peKuMa KakK oOT OObEMHO-NIJIAHUPOBOYHON KOHMUTYpannu
3aCTPOMKHU, TaK U OT JHS HeJIesu.

Tabauna 1 — DkeuBasenTHBE ypoBHU TyMa (1BA) Ha ngaTum THMAX JBOPOBBIX TEPPHUTODHIl
B Oy/IHWE U BBIXOJIHBIE JTHU

Bynaue guu, yrpo/seuep BrixogHble gHUE, YTPO/BEuep
Tun Howmep DKBHUBAJICHT- MuHEMAIb- MakcumaJib- OKBHUBAJIEHT- MuHuMAaJIb- Makcumaiib-
JBOPA TOYKH HBI ypOBEHb HBIH ypOBEHb HBIH yPOBEHb HBIIl ypOBEHb HBIH ypOBEHb HBI ypOBEHb
3ByKa 3ByKa 3BYKa 3BYKa 3ByKa, 3ByKa
(LAsks.), IBA | (LAun.)s ABA | (LAmaxc.)s ABA| (LAsks.)s ABA | (LAmun.), ABA | (LAmaxc.)s ABA

Nl 67,9/67,3 60,1/58,4 75,6/76,1 65,4/65,7 | 58,6/58,9 72,1/72,4

N2 60,2/61,2 48,9/49,7 71,4/72,6 56,5/56,3 | 45,6/44,3 67,4/68,2

Ne3 60,3/61,5 49,3/50,1 71,3/72,9 57,7/57,3 46,7/46,2 68,7/68,4

Kfffféu Neq 59,6/60,4 48,6/49,4 70,6/71,4 57,1/57,6 45,9/46,4 68,3/68,7
N5 58,6/59,1 47,3/47,8 69,8/70,1 56,3/57,1 44,8/45.9 67,7/68,2

N6 54,4/53,9 434/444 | 65,4/60,3 | 485/49.8 | 41,2/432 55,7/56,4

N7 52,4/51,3 42.1/42.2 62,7/63,4 47,6/48,4 40,2/41,2 54,9/55,6

el 70,0/64.4 63,2/54,8 76,8/73,9 66,1/66,3 59,5/60,2 72,6/73 4

Ne2 64,8/68,7 57,4/63.8 72,1/735 | 64,9/64,75 | 58,4/57.9 71,4/71,6

N3 55,6/52,5 48,7/49,9 62,4/55 52,8/52,0 | 45,5/44,6 60,1/61,2

Ned 61,0/59,0 51,8/52,1 70,1/65,8 64,1/64,2 56,9/56,2 71,2/72,2

Ne5 55,5/53,9 49,1/51,1 61,9/56,7 53,3/53,3 46,3/44,2 60,2/62,4

TMapansens-| NG 67,7/65,1 62,7/56,8 72,6/73.4 64,4/65,7 58,3/59.5 70,5/71.8
sacrpofixa | N7 55,2/49,9 47,7/46,6 62,7/53,2 52,8/53,8 | 454/438 60,1/63,7
N8 50,6/51,9 45,6/49.4 | 55,5/54,4 51,2/47,5 44,2/40,1 58,2/54,9

N9 69,0/65,7 | 62,1/53,2 75,9/78,2 65,5/66,7 | 58,9/60,2 72,1/73,1

N10 | 61,8/65,9 53,4/61,1 70,2/70,6 62,1/63.6 54,6/56.8 69,5/70,4

N1l | 54,9/485 48,5/45,1 61,2/51,9 52,9/52,7 44,3/42.9 61,5/62,4

Ne12 | 50,9/49,7 | 46,8/45,3 54,9/54,1 49,6/49 45,4/41,5 53,7/56,5
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IIpodonscernue maba. 1

Bynaue mau, yrpo/Beuep Brixoguble gHUE, yTPO/BEUep
Tun Howmep OKBHUBAJICHT- MusauMaIb- MakcumaJib- OKBHUBAJIEHT- MunumaJib- Makcumaiib-
JBODA TOYKH HBIH ypOBEHB HBIN yPOBEHB HBII yPOBEHB HBIIT ypPOBEHB HBIH ypOBEHb HBIH ypOBEHB
3ByKa 3ByKa 3ByKa 3ByKa 3ByKa 3ByKa
(LASKB.); ﬂBA (LAMI/IH.)7 ,Z(BA (LAMaKC.)7 HBA (LASKB.)ﬂ JIBA (LAMHH.); ABA (LAmaKc.); ABA
Nl 71,0/724 | 632/652 | 788/795 | 66,5/67,5 | 60,1/61,4 | 72,9/73,5
N2 | 69,9/70,3 | 62,4/62,7 | 77,4/77.9 | 65,6/66,1 | 60,4/60,4 | 70,7/71,8
Heprnenzn- 03 64,9/66,0 57,6/60,2 72,1/71,8 61,5/61,8 54,7/53,7 | 68,3/69,9
KyJIsipHas
saerpofina | N4 67,1/67.6 60,3/61,1 73,874 61,1/61,4 53,7/52,6 68,5/70,1
N5 59,0/62,0 53,2/56,8 64,8/67,1 52,9/53,1 45,1/47.2 60,7/58,9
N6 | 55,7/56,0 | 49,7/514 | 61,7/60,6 | 49,3/48,0 | 42,4/41,7 | 56,1/54,3
Nel 67,4/66,4 61/58,7 73,7/74,1 60,1/60,7 53,7/54,1 66,4/67,2
Ne2 68,5/68,2 61,4/60,2 75,6/76,2 60,2/58,7 | 542/51,7 | 66,2/65,7
I N3 65,3/65,2 59,4/58,1 71,2/72,2 57,2/55,7 | 51,1/50,1 63,2/61,3
obpasHas
snenpoiiea | N4 | 636/627 | 57,4/56,7 | 69,7/687 | 56,0/569 | 51,5/524 | 60,4/613
N5 | 57,0/56,6 | 49,8/49,3 | 64,1/63,9 | 51,1/49.6 | 43,2/443 | 58,9/54,9
N6 55,1/52,2 48,5/44,2 61,7/60,2 49,6/48,3 42,4/42, 56,8/53,7
Tpop- Nl 66,5/65,5 59,7/58,6 73,2/72,4 65,0/63,8 58,4/57.2 71,6/70,3
KosIofer, [T \po 59,8/62,0 542/577 | 65,3/66,3 60,2/59,6 54,1/53.8 66,2/65,4
C YeTBIPbMSI
npoemanu | N3 | 61,8/60,0 | 55,3/54,2 | 68,2/65,7 | 60,8/60,3 | 54,7/54,4 | 66,9/66,1
;gc‘;‘;‘:ﬁa Neq 47,9/49,8 41,1/42.4 54,6/57,1 46,2/46,4 40,3/41,5 52/51,3
ananms N5 51,4/51,5 44.6/47,6 58,2/553 | 47,6/48,1 41,9/42,7 53,2/53 4

J1ns BBIABJIEHUS] CUCTEMHBIX 3aKOHOMEPHOCTEH BBITIOJTHEHA, (DAKTOPHAS CHCTEMATH3AIHS
MEePBUYHBIX JAHHBIX. B paMKax u3MepuTeIbHbIX MPONeayp 3adUKCHPOBAHBI CJIeIyIOIINe
AKYCTHYECKHEe MapaMeTPhl: JKBHBAJEHTHBIH ypOBeHb 3BYKA (Lasgs. ), BbIDAXKEHHBIH B IBA;
MAKCUMAJIbHBIH YPOBEHD 3BYKA (LA yaxc.), BHIPAYKEHHBIH B 1BA; MUHUMAJIBHBIA YPOBEHb 3BYKA
(L Asu.), Boipazkenubiit 8 1BA. [Tpu 9170M 110 MUHEMAJIBHBIM YPOBHEM IIyMa [10JPA3yMeBAJICS
yPOBEHb, YUYUTHIBAIOIIMI BO3/E€HCTBHE TPAHCIOPTHOTO TMOTOKa.  HecMoTps Ha Haan4dHe
¢doHOBOTO TTyMa, OH W3HAYAJIHLHO MPUHUMAJCS B pPacyéT KaK HEOTheMJIeMbIi KOMIIOHEHT
aKycTH4decKoit cpembl. OCHOBHO# HCC/I€IOBATEJbCKUNR (POKYC OBLI COCPEIOTOYEH Ha OIEHKE
HEPABHOMEPHOCTH TPAHCIOPTHOTO IOTOKA U OOYCJOBJICHHOM €0 BapHATUBHOCTH IIIYMOBOIA
HATPY3KH, TeHEPUPYEMOil aBTOTPAHCIOPTHBIMHU CPEJICTBAMHU.

B mabaune 2 g KaxkI0ro THMA JIBOPOBON  TEppUTOpPHUH O0OOIEHBI:  HaJWIHe
U JIOKAJU3alusd [PEeBBbIIIeHUI HOPMATUBHBIX YpOBHeil B OyaHue JIHH, OCHOBHBIE
IPOCTPAHCTBEHHO-APXUTEKTYPHBIE [PUYMHBl STUX [peBbIMIeHuH (MUPUHA AKYCTHIECKAX
IIPOEMOB, ITAYKHOCTh, YVIAJIEHHOCTD OT IIPOE3sKeil acT, HAIMYNE PEryIuPYeMoro epekpécTka ),
a TakXke JIMHAMHUKA IIIyMOBOH HArPDY3KH B BbBIXOJHbIE JIHH. TaKOH IMOJX0/l I103BOJISET
HE TOJBKO BepuUIUPOBATH PE3y/bTaTbl W3MEPEHWil, HO M BBIJAEJUTH HamboJiee 3HAYMMBIE
rpajgocTponuTe/ibHbie (DAKTOPHI, OINPEAesoNIne aKyCTUuIeCcKuit KoM@OpT Ha CceJUuTeOHBIX
TEePPUTOPHULX.

Kak craeayer m3 Tabaunbl 2, Jas HapaJllebHOl, mepneHIukyngapHoir u [-o0pasnoit
KOH(pUIypaIuii XapakTepHbl IPEBBINIEHNsT HOPMATHBHBIX yPOBHell IymMa B Oy/aHHe JTHU.
Boixogubie gHE OJarojapst CHUKEHUIO TPAHCIOPTHOHN HArpy3Ku 0OeCIednBarOT aKyCTHYeCKUil
KOMpOPT Ha BHYTPUKBAPTAJIbHBIX TEPPUTOPULAX JIJIsd BCEX THIIOB 3aCTPOMKH, 338 HCKIIOUYECHUEM
HepHeHIuKyasapaoil u I'-06pa3Hoii, rie mpeBbIeHnd COXPAHIIOTCA B TOYKaX, HauboJ1ee OJIM3KHX
K jopore (touku 1-4). Huxke nmpuBeéH JeTaabHbIH aHATU3 TPUIUH BHISBICHHBIX DA3JIAYHIL.
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Tabmuma 2 — XapakKTepuCTHKa AaKyCTHYeCKOTO peyKUMa MO THIaM 3acTpPOWKH B OyaHue
U BBIXOJIHBIE JTHU
Tun 3actpoiiku | IlpeBbimienuns OcHOBHbIE TPUYUHBI IIpeBbInienns
B OynHmn B BBIXOJHbIE
JBop-KoJoer HeT SKpaHUpPOBAHUE, HET
VAAJEHHOCTH OT JOPOT'H
[TapammenbHad za T POKTE HET
(Touku 3,5,7) aKyCTHYECKHE TPOEMBI,
napaJjaeTbHOe PACIOIOKEHTEe
[lepnenaukymsipHas na MUHUMAJTHHOE hicc)
(Bce Toukm 1-6) | paccrosinue 70 moporu (MeHee (Touku 1-4)
10 M), HEBBICOKAsS ITAZKHOCTD
I'-obpaznas na MEePEKPECTOK, J1a
(toukn 1-6) I'-obpasnas dopma (Touxm 1-4)
Kononer ¢ HET 3aMKHYTast KOH(UTYpaIus, HET
4 npoémamu MaccuBHbIe (aca bl
[IapamrenbHas 3acTpoiika. [IpeBbimenus B OyjaHue JHA B TOoYkKax 3, D um 7
O0YCTIOBJIEHBl TMTUPOKUMU AKYCTHIECKUMH TPOEMAMU MeyKIy KOPIIYCAMH W TapaJlIeTbHBIM
pPacIOJIOZKeHUeM 3JIaHuil, 4TO ocjad/sger KpaHupyronuit 3pdexr. B Bbixomsubie JiHU

NPEBBIIIeHUS He (DUKCUPYIOTCS.

[leprenuky/sipHas 3acTpoiika. B Gy/HHe JHI IPEBBIIIEHHsI 3aPeIUCTPUPOBAHBL BO BCEX
H3MEPUTEIbHBIX TouKax (1-6). OcHoBHBIe (DAKTOPBI: MHHHUMAJIBHOE PACCTOSHEE IO MPOE3Keit
qactu (MeHee 10 M), HEBBICOKAsl ITAXKHOCTH (D ITarkeil) W MEePIEHIAUKYIAPHAS OPHEHTAIUS
dacayioB, dopMHupyIOas <«3BYKOBble JIOBYIIKHY» 33 CYET MHOTOKPATHBIX OTParKeHWid.
B BBHIXO/JHBIE THU MPEBBINEHNs] COXPAHSIOTCS B TOYKaxX 1-4 (IpUJIeraloImx K J0pore), Toraa
KakK B rayoune nsopa (Touku 5-6) YPOBHH IIyMa CHUZKAIOTCS JIO HOPDMATHBHBIX 3HAYCHUI.

[-o6pasnas 3actpoifka. B OyaHHe JHU TpEBBIIEHHS] OTMEYEHbl BO BCEX TOYKAX
(1-6). Ilpuaunsr — 6amsocTh peryaupyemoro nepekpécrka (50 m) u I'-o6pasuas dopma 3nanusi,
KOTOpasi He CO37aéT 3aMKHYTOIO 9KPaHa U CHOCOOCTBYET IIPOHUKHOBEHHIO 1IIyMa. B BBIXOJIHBIE
JTHU TIPEBBITIIEHNsI TAKYKe COXPAHSIOTCS B TOUKax 1-4 (GmKafinmx K MepekpecTKy u mpoesKeil
9aCTH), TOLIAa KaK B TOYKaX 5-6 YPOBHU IIyMa COOTBETCTBYIOT HOPME.

BaMKHYTBIE JBOPBI-KOJIOANL (OOBIYHBIA W OODOPYMOBAHHBIN UETHIPbMS APOUHBIMU
npoémamu) 06ecevrBalOT HOPMATHBHBIE YDOBHU IIyMa KakK B OyJIHHEe, TAK W B BHIXOJIHbBIE
JIHA. DTO O0BSICHSIETCS BBIPAYKEHHBIM IKPAHUPYIONHM 3h(eKTom, co3aaBaeMbiM 3aMKHY TO
koHUrypanueil 31aHUil, a TaKKe 3HAYUTEJIbHBIMUA TEOMEeTPUUYECKUMHU  IApAMEeTPAMHU
(BBICOTA, IMMPHUHA, MACCUBHOCTH (DAcajioB), KOTODPbIE 3aTPYIHSAIOT HPOHUKHOBEHHE 3BYKA
BO BHYTPUJIBOPOBOE TIPOCTPAHCTEO.

Ha OCHOBE  BBINOJHEHHOrO  9KCIEPUMEHTATBHOIO — HMCCAEJAOBAHUA — IPEJJIOKEHA
MaTeMaTHu4deCKad MOJeJ/Ib JdJId MPOrHO3UPOBaHUA IKBUBAJCHTHOI'O YPOBHA IMTyMa B pvaéTHOﬁ
TOYKE BHYTPH JIBOPOBBIX [POCTPAHCTB.

[Iym aBTOMOGHIBHOTO TPAHCTIOPTA, IBHZKYIIETOCS 110 MATUCTPATH, PACIPOCTPAHAETCS
B OKPYZKAIOILYI0 3aCTPOHKY. 3/aHUs, PACIOJOKEHHBIE BJIOJb J0POrH, CO3AAI0T aKyCTUHYECKYIO
TeHb 1 (OPMUPYIOT ToJje nepeorpazxkenunii. [Ipm onpeneéHubIx KOHMUIYypaIuax BO3ZHUKAET
3bdeKT «3BYKOBOIi JIOBYIIKA» — MHOTOKDATHbIE OTPAKEHH s, KOTOPbIe MOT'YT, KAK YBeJNIUBATh,
TAK U YMEHBIIATH YPOBHU IIyMa BHYTPH JBOPA 110 CPABHEHUIO € IKPAHUPOBAHUEM OJMHOYHBIM
3JAHAEM.
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[Ipeamaraemast MOJIE/Ib TTO3BOJISIET PACCIUTATH SKBUBAJIEHTHBIN YPOBEHD Tiyma, L B 1BA
B pacYéTHON TOYKe BHYTPH 3aCTPONKH HA OCHOBE CJIEJIVIOIIMX IapaMeTpPOB:

— MapaMeTPOB TPAHCIOPTHOTO MOTOKA (HHTEHCHBHOCTD N, cBeTOMOPHDIH MUK T U tgtop);

— TeOMeTPHYECKIX Pa3MepoB 3/aHuil (BbicoTa h, MupHHA @, JIIHHA [);

— paccTosgHue OT JIOpOrH Jio (pacajia mepBoro 3J1aHusd 7

— aKyCTHYECKUX CBOUCTB MOBEPXHOCTEH (KO3(DMUIUEHT 3BYKONOIIOMEHUST (v).

Mogennr onupaercsds Ha jgaHHble (HAKTUYECKUX 3aMEPOB MW HA TEOPETHYECKUE
COOTHOITIeHNsI, N3JI0KeHHbIe B qucceprannn M.B. Byropuwroii [9).

Cornacao  moaxony  M.B.  Byropumnoit, ypOBeHb  3ByKa  BHYTPH  JIBOPA,
OPUEHTUPOBAHHOI'O B CTOPOHY OT MCTOYHUKA, OUUCHIBAETCH (POPMYJIONH i UJIMH/IPUYECKOI
WM KBA3UIMIUHIPUIECKO BOJIHBI:

(A—oaw)h 1 A1~ o)
Lypop = La, +101g | ————F—arctg—arctgsm + <=a——~ | » !
IBOD Ag + g 27T3aR arc g2aa7“c 2R + Zi:l OéiSi ( )

riae L4, — ypoBeHb 3ByKa y BepxHero pebpa 31anus (Ha DAHUIE aKyCTHYIECKOH TeHH)
(nBA); a — koadunument 3pykonoryonmenust dpacaga 3aauus; h, a, | — BbICOTa, MUPUHA, TTHHA
snanust (M); R — paccrosiHme OT 3JaHWs J0 PACUETHOW TOYKH BHYTpU JBOpa (M); «;,5;
KO3 DUIMEHTHI 3BYKOINMOIJIONEHUST M IUIOMIAH OIPAKIAIONIUX [MOBEPXHOCTEH JABOPa; » | ;S;
— 9KBHUHBaJICHTHaA ILJIOI[aAb 3BYKOIIOIVIOOICHUA ABOPA (M2)

JlomoJTHITEIBHO B XO[€ aKyCTHYECKOTO MOJETHPOBAHUS TOPOJICKON Cpeabl HAMH
OblIa BBIBEJIEHA SMIMPHYECKasl 3aBUCHMMOCTH [10|, MO3BOJSIOAsT ONEHUTH YPOBEHb IMyMa
HEIIOCPEJICTBEHHO OT TPAHCIOPTHOIO IOTOKA € YI6TOM CBETOMOPHOrO PEeryInpOBaHUs
U 9TaKHOCTHU 3aCTPOMKU:

Zl:S O
L = (6,6821g(N + 1) + 48,82) (1 + 0,097 }p> (1—0,016F), (2)

rae N — KOJIM9eCTBO aBTOTPAHCIOPTa; 1’ — AIUTeIbHOCTD MUK/ cBeTodopa (€); toop —
BpeMs KPacHOro curasa cserodopa (c¢); F' — 3TaxKHOCTH 31aHui.

[IprHEMAs [OTYyHYeHHYIO BEJUYHHY 34 ONOPHBIA YPOBEHb L ,opora, OOILYIO MOJIEJIB
3aTyXaHUs MOXKHO 3AIUCATL B BHIE:

R n
L;:(Bop - Lgopora - AL;{H@)p - ALnorn + 101g (EO) ) (3)

rae ALy,gp — CHHXKeHHe 32 cueT audpariun Ha 37aHUN; ALy, — JAOMOJTHHTETBHOE
CHIZKCHHE 34 C4eT 3BYKONOIVIONEHHS BO ABOPEe; N = 1 1id NUIMHAPHYECKONR BOIHBL, N = 2
st cchepudeckoit (onpejessiercss paccrosaueM R mo tabuuge).

Ucnons3yst pe3yapTarsl 3aMepoB Lyopora (y TPOE3Kelt 9acThn) U Lynop (BHYTPH 1BOpPA),
3aTyXaHHe MOXKHO BBIDA3UTh tepe3 SMIHpHUecKni KodDUIIEeHT IKpaHupoBaHUs o,
1 K03 unuenT moraomenust 18opa Ko,

L,ELBOp = L;(opora - stp (ly a, h) - Knorn (a; S,ILBOpa) - ALpaCCT'

[Toce mpeobpazoBanuii MOIydeH KaIUOPOBOUHBIH BUI PacUéTHON (DOPMYJIBI:

a R l l
Lsop = Lopora — 101g% — 101ga + 10lg (arctgﬁarctgﬁ>+

2 —
+10lg (1 | Bmakt S’m"ao‘) +C, (4)

lh 1-@
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rJe ro — OINOpPHOe DACCTOsSIHUE [Tl HOPMUpOBaHWs (M); & — cpeanuii KoadbduneHt
3BYKOIOIVIOIIEHUA IOBEPXHOCTeH JBOPA; Syuepa — CYMMapHag IIOMAb OTPazKIaloNnIux
nosepxuocreit apopa (M?); C' — KOHCTaHTa, OIpeJesseMast 10 3aMepaM.

Ha ocHOBe BBINOJHEHHBIX HATYPHBIX 3aMEPOB C IOMOIIBIO HEJIMHEHHOIO MeToja
HAMMEHBIHX KBaJAparop (asroputm JleBenbepra — MapkBap/ara), peajn30BaHHOTO B Cpeje
Python ¢ nmpumenennem 6ubmorekn SciPy, Ovina Bhiumciaena koucranta C' = —6,931 aBA.
CpennekBaipaTudeckas omubKa MOJeJd cocTapiseT o = 3,5 nBA.

Hrorosast Mojiesib UMeeT CJeYIONUi BIIL;

a R l [
Lsop = Laopora — 101ga — 101gr_0 + 10lg (arctg%arctgﬁ)—k

8m2aR Spopalt
10lg ( 1 P ) — 6,931
+0g( + = 1_5) 6,931, (5)

[Tonyuyennasg kKagubpoBaHHAS MOJEIb JIEMOHCTPUPYET HPUEMJIEMYIO TOYHOCTH
(HOFpeH_[HOCTb OKOJIO 3, ;LBA) A MOXKeT HCIOJIb30BaTbCd A4 WHXKEHEPHBIX OLEHOK YPOBHA
ImyMa B PaCcY€THON TOYKe BHYTPH JIBOPOBBIX IIPOCTPAHCTB Ha 3Talle I'PAaJOCTPOUTEIBHOIO
npoeKTupoBaHusg. (OCHOBHBIE OTPDAHWYEHUs MOJIEN CBA3aHbI C IOMYIIEHUEM O ITUTUHIPAIECKOM
XapakTepe BOJHBI Ha CPEIHUX PACCTOSHHUAX W HEOOXOJAMMOCTHIO IPEeIBAPUTETHHOTO
olpeJieNIeHNs cpegHero KoddduimenTa 3BYKOIOIVIOIMIEHNS] IIOBEpXHOCTeH jBopa.  DBwmecre
C TeM Y4Y€T TeOMeTPUUeCKHWX IapaMeTpOB 3/aHuii, XapaKTEePUCTUK TPAHCIOPTHOTO IIOTOKA
1 cBeTO(POPHOIO PEryJIMpPOBaHNA JejaeT MOIEAb MPUMEHUMOM JIJIsT MIUPOKOr0 KPyTra THHOBBIX
CUTYallMid B YCJIOBUAX TOPOJACKON 3aCTpPOAKH.

Conocrap/ienne pacuéTHbIX 3HAYCHUN C JAHHBIME HATYPHBIX U3MEPEHUI [OITBEPIKIAET
AJICKBATHOCTD MPEJIOKEHHON MOJEIN: BEJIUYMHA CPEIHEKBAIPATHIECKON OMNOKH (3,5 ;LBA)
HaXOAUTCHA B IIpeJaesiaX, JOIIYCTUMBIX JJId MHZKEHEPHbBIX aKYCTUYICCKHUX paC‘{éTOB. TeM HE MeHee,
JIJ14 TIOBBIIIECHHUS YHUBEPCAJIBbHOCTH MO/IeJIM U PACHPOCTPAHEHUd €€ Ha JpYrHe TUIBl 3aCTPONHKH
U JIOPOXKHBbIE YCJIOBUS TpebyeTcs TajbHeWIad BaJuIalysg Ha OOJIbIIeM YHCJIe OOBHEKTOB
C Pa3IUYHBIME OOBEMHO-TITAHUPOBOYHBIMHI XapaKTEePUCTUKAMI.

3akJroueHmne

B pesyabrare TpOBEAEHHOIO WCCIAEJIOBAHUS HA MpUMEpe TSATH THIOB JIBOPOBBIX
Tepputopuii T. CTaBpOMOJsS YCTAHOBICHO, YTO KOH(MUTYPAIUS 3aCTPONKY SIBISIETCS KITIOYEBBIM
(akTOpOM, OIpEIEISIONUM YPOBEHb IIyMOBOTO 3arpPsS3HEHUs] HA CEJIUTEOHBIX TEPPUTOPHUIAX.
Haubosiee GuaronpugrHble aKyCTHYECKUE YCJA0BUS 3apUKCHPOBAHBI B 3aMKHYTBHIX JIBOpaX-
Kojaoanax (B TOM 4mciae OOOPYJOBAHHBIX AapOYHBIMH IPOEMAMU), TJ€ BbIPAZKEeHHbII
SKpaHupyIonuii hdekT 37aHuil U MHOrOKpPATHBIE OTPayKeHUsi OOECIeYUBAIOT CHUXKCHHE
ypoOBHEl TIymMa BO BHYTPHJABOPOBOM IIPOCTPAHCTBE 0 3HAYEHW, HE MPEBBIIIAIONIHX
ruruenndeckne HopMatusbl (55 ABA  jHEM). Haubosbime npesbiiieHns HOPMATHBOB
XapaKTePHBI JTsl MepreHanKyagapaoil u ['-06pa3uoil 3acTpoiiku, a Takke /s MAPALIeTbHONR
3aCTPONKN TPU MATBIX PACCTOSTHUSAX J0 MPOE3rKeil 9acTh U MUPOKUX aKyCTUIECKUX MPOEMaX.

Pazpaborannas MaTeMaTwdeckas MOJEIb, KaJIUOpOBAaHHAd 110 HATYPHBIM 3aMepam
(cpenmekBagpaTuveckas omubka o = 3,5 1BA), TO3BOIAET ¢ AOCTATOUHON JIIS WHIKEHEPHBIX
pPacuéToB TOYHOCTHIO ITPOrHO3UPOBATH JSKBHBAJIEHTHBIN YPOBEHD IIIyMa B PACYETHON TOUKE
BHYTDH 3aCTPOHKH C YIETOM T€OMETPUIECKUX MapaMeTpOB 3aHWN, aKyCTHYECKHX CBOWCTB
MOBEPXHOCTEH M XapaKTePUCTUK TPAHCIOPTHOTO MOTOKA (MHTEHCHBHOCTH, CBETOMOPHOIO
IUKJIA, 9TAXKHOCTH). Comnocraienne pPACYETHBIX 3HAYEHWH ¢ SKCIEPUMEHTATbHBIMA
JIAHHBIMHA TOTBEPXKIAET aIeKBATHOCTb MOJEJN, OJHAKO JJIsI MTOBBINEHN €€ YHUBEPCATbHOCTH
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Tpebyercd pajbHeiias Baauganusg Ha OOJbIIeM Yucjie 00bEKTOB € Pa3JIUYHBIMU OObHEMHO-
IJIAHUPOBOYHBIMHI XaPAKTCPUCTAKAMU.

[Tomy4uennbie Pe3yJIbTAThI MOTYT OBITH HETOCPEJICTBEHHO UCTOJIb30BAHBI
[PU I'PAJIOCTPOUTETBHOM HPOCKTUPOBAHUH JIJTsl BHIOOPA ONTUMAIbHON 00 bEMHO-ILIAHUPOBOYHOI
CTPYKTYPbI KBapTaJoB, 0DOCHOBAHHOIO pPa3MEIIECHUS aKyCTUYECKUX MPOEMOB U TPUMEHEHUS
3BYKOTOTJIONAIOMNX (haca IHBIX MATEPUAJIOB, YTO TO3BOJHUT CHU3UTH IIYMOBYIO HArpy3Ky
U TIOBBICUTH IKOJOTHIECKYIO O€30IMacHOCTh TOPOICKOI Cpehl.
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aKyCTNYECKUX KOHCTPYK LN

OO011ecTBO ¢ OTPAHMYEHHOM OTBETCTBEHHOCTbIO
"UHCTUTYT aKyCTHYECKHUX KOHCTPYKI MU'

000 "MAK" cnenuanus3upyercs Ha NPOBEICHUN WHKEHEPHO-IKOJOTUYECKHUX
W3BICKAHUM, BBIIOJHEHUH SKOJIOTHYECKUX OOOCHOBAHMM M pa3pabOTKe pa3liesioB
MPOCKTHOW M pabodell JTOKyMEHTallud, B TIEPBYIO Ouepeib, Ha MPOCKTHPOBAHUU
AKyCTUYECKUX OKPAaHOB M JPYrHMX IIYMO3AIUTHBIX KOHCTpyKiwii. Kommanus
o0yaaeT COOCTBEHHOM MPOM3BOACTBEHHON 0a30i, W3rOTaBIMBas W MOHTHUPYS
KaueCTBEHHBIE KOHCTPYKIIUU JIJII CHUKEHUS ITyMa OT JII0OBIX BUIOB 00OpYAOBaHMSI,
a TaKXe JIJIs 3alUThI OT TPAHCIIOPTHOTO IITyMa B pa3IMUHbIX peruoHax Poccun.

3a miieyamu koMau bl OO0 "MAK" coTHM peain30BaHHBIX OOBEKTOB Pa3IUYHOM
cinoxHoctd oT Kamuuunrpaga no KamyaTky, B TOM uMciie Ha NMPOMBINUIIEHHBIX U
JUHEHHBIX 00BEKTaX, Ha >KEJe3HOM J0pore, Ha HMCKYCCTBEHHBIX COOPYXKEHUSX, Ha
CKOpPOCTHBIX aBTOMaructpayiix M-8 "Xoamoropsl" u M-4 "JloH", Ha KOJIbIIEBOM
aBTozlopore M Ha 3amagHoM ckopocTHOM auamerpe B Cankr-IlerepOypre, Ha
obbekTax onumnuiickoro Coun u PecnyOmuku KpbeiM, npu peKOHCTPYKIMH
denepanbHBIX aBTOJOPOT U AP.

CunamMu  MCHbITATEAbHOW  JIAOOPATOPUM  OCYIIECTBISIOTCS — AKyCTUUYECKUE
UCCJIEIOBaHUs, OTAEJlaMU AaKyCTUKM U MPOEKTUPOBAHUS  pa3paldaThIBAlOTCA
[IYMO3AIUTHBIE MEPOIIPUATHUS Ha MPOMBIIIJICHHBIX, YHEPTETUYECKUX, KYIbTYPHBIX U
037I0pPOBUTENBHBIX OOBEKTAX HAIIEeH CTpaHbl.

Hame npodeccuonanpHoe pa3BuTHe HE OBLIIO ObI BO3MOXHBIM 0€3 MOCTOSIHHOTO
pocTa 3aKa3oB W paCHIMpPEHMs] KIMEHTCKOM 0a3bl. OrisapiBasch Hazad, MbI C
0J1aroIapHOCThIO OCO3HAEM, YTO WUMEHHO OJiarojiapsi BBHICOKOW TpeOOBaTEIHHOCTH
CerojHsl B 00JIaCTH aKyCTHKH MBI YMeeM TO, 4yero He ymenu emé Buepa. Crmacubo,
YTO MTOMOTAeTe HaM CTAaHOBUTKCS JIyYIIIe.

"Hawa xomnanus obraoaem MOWHbIMU HAYYHLIMU U NPOEKMHBLIMU
noOpa3z0eleHUAMU C COBPEMEHHOU MEXHUYECKOU U UHMENNeKMYalbHOU 0a301,
NO380JIAI0UeU BbINOIHAMb NPOEKMbL NO WYMO3aWume 000U CLOHCHOCIU OM Uoeu
00 6onowenus. B ceoeti desmenvrnocmu mMul onupaemcs Ha ayuuiue mpaouyuu,
couemas ux ¢ nepedosbIMU MEXHOJLOSUAMU U CINAPAEMCSL COeNamb OKPYHCAIOUWULL
mup muwe"
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CeteBont Hayunbsin XKypHas
"Noise Theory and Practice"

OO0 "MAK"
riput bI'TY "BOEHMEX" mm. 1.®. YcrnHosa

I'1aBHast 1esb cereoro HayuHoro XypHaila "Noise Theory and Practice"
— crocoOCTBOBATh Pa3BUTIIO BUOPOaKyCTVKH, 3alliTe OT ITyMa 1 BUOpalui.

OcHOBHBIMM 3aga4aM1 Ky pHaJla ABJIAIOTCA:

o OTpakeHVIe ITOCTIETHMX JOCTVDKEHMN (PyHIaMeHTaIbHOM BUOPOAKyCTVKY,
TeOpUN M HPaKTUKM OOpBOBI C IMIyMOM M BuOpaluernt B 00J1acTii OLIeHKM
aKyCTIYIeCKOTO BO3EVICTBIS Ha OKPY KAOIIYIO CPeNy;

OTpakeHle pe3ysIbTaTOB HayUYHO-MCCIeNOBATEIIBCKMX PA0OT I10 M3y YeHWIO
IIPOLIecCcOB IIIyMOOOpa3oBaHys, pacIpOoCTpaHeHNs 3ByKa 1 BUOparmm;

OoTpakeHne pe3yjibTaToOB pa3pa60TI<I/1 cpeacTs mMyMmo- 1 BVI6p03aIlH/ITBI, a
TaKXe Ppe3yJIbTaTOB MHbIX pa60T, IIPOBOLAVIMBIX B oOJ1acTu BT/I6p0aKYCTT/IKT/I,
BBIITOJIHAEMBIX HayYHbIMV COTPYIHVIKaMI BYSOB " MTHBIX Opl"aHI/ISaD;T/IVI,'

IpefocTaBjIeHVie CBeIeHVI 0 IUIaHUPYEMBIX, ITPOBOAVIMBIX
KOH(epeHIMAX 1 ceMnHapax B Poccnm n Ipyrmx cTpaHax;

IIpenocTapjieHrie apXvBHbBIX MaTeprajIOB TPYIO0B Hay9YHBIX KOHCI)epeHLU/IV[,
ITOCBAIITI€HHDBIX BT/I6poaKYCTT/IKe.

Hayunoe nurnpoBaHue >XypHasia

)KypHaH ABJIAETCA O6HJ;€,U,OCTYHHBIM I YTeHv:d HeOorpaHMYeHHbIM
YCJIOM ITOJIb30BaTeJIev.

Matepuasibl  XypHajla  MHIEKCMPYIOT B  HayKoMeTpuyeckux  0Oasax
Poccuiickoro VMupexkca Hayunoro Hutnposanns (PVHLI). XKypnan BxroueH B
Hay4HBIIO 3JIeKTPOHHBIIO OnbmoTeky "KnbepJlenvHka".

Xypnain "Noise Theory and Practice" sxnouen B IIEPEYEHD peniensupyempix
Hay4YHBIX W3[IaHN, B KOTOPBIX HOJDKHBI OBITH OIyOJIMKOBAaHBI OCHOBHBIE
Hay4dHble pe3yJIbTaThl HOMCCEpTAIlMiI Ha COMCKaHWe Y4YeHOW CTelleHU
KaHuJgaTa HaykK, Ha COMCKaHMe y4eHOV CTelleHM KaHaugaTa U JJOKTopa Hayk
(xaTeropms K2, 11. 788).

Www.noisetp.com
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