O0mas xapakTepucTUKAa padoThI

AKTYyaJbHOCTH padoThl. [Ipobiema pazButusi TpyOOIIPOBOIHOTO TPAHCIIOP-
Ta OTHOCUTCSI K Ba)KHBIM HAMPABJICHUSM PA3BUTHUS HAYKH, TEXHOJOTHI U TEXHUKHU
Poccuiickoit denepanuu. Ocoboe MECTO B PEIICHUH TAaHHOU TTPOOJIeMBbl OTBOIUTCS
AIIACTUYHBIM TPyOOINpPOBOAAM. DJIACTUUYHBIE TPYOONPOBOJBI B HACTOSIIEE BpeMs
HAIUIA IIUPOKOE MPUMEHEHHE B aBHAIlMM M KOCMOHABTUKE, MPU JI0OBIYE CTPOU-
TEJBHBIX MaTEPUATIOB CO JIHA BOJIOEMOB, MIPU MPOBEACHUN CTPOUTEIBHBIX padOT MO
HaMBIBY J1aM0 M CTPOUTENbHBIX IUIONIAJ0K, IPU TPAHCIIOPTUPOBKE KUAKUX U Chl-
IIy4YUX CTPOUTENIBHBIX MAaTEPUAJIOB, B CHCTEMAX OTOIUIEHUS U BEHTWJISILIUM U, HAKO-
Hell, IPU MPOBEACHUH PadOT, CBSI3aHHBIX C OXPAHOU OKpYKaroIIeil Cpeibl.

Pa3BuTre MpOMBIIIJIEHHOCTH COMPOBOXKIAETCS MOBBIIMICHUEM TPEOOBAHUN K
COBEPIICHCTBY KOHCTPYKIIMN U Kau€CTBY BBIMYCKAEMbBIX AJIACTUYHBIX TPYOOIPOBO-
noB. ObecrieyeHre COBPEMEHHBIX TPEOOBaHUM MO YMEHBIICHUIO MaTEPUATIOEMKO-
CTH, NOBBIIEHUIO HAAEKHOCTH U CHUKEHHIO SHEPTO3aTPaT B HACTOSIIEE BPEMSI BbI-
3bIBAET 3HAUUTENIbHBIE TPYAHOCTH. [l03TOMY CTAaHOBHUTCS OUYEBUIHONW HEOOXOHU-
MOCTb pa3pabOTKH HOBBIX KOHCTPYKTHUBHBIX U TEXHOJIOTHYECKHUX PEIICHUM, COBEp-
IIICHCTBOBAHUSA METOJIOJOTUN TPOSKTHUPOBAHUA TPYOONPOBOIAHBIX CHCTEM C HC-
MOJIb30BAHUEM AJIACTUYHBIX TPYOOIPOBOIOB.

[Ipu ruppaBnuyeckux pacdy€rax TpyOONpPOBOJOB ¢ NeHOPMUPYEMBIMU CTEH-
KaMH B TIEPBYIO ouepeib He0OX0AUMO UMETh JIOCTOBEPHYI0 MH(POPMAIIUIO O 3aKO0-
HOMEPHOCTSIX U3MEHEHHUSI OCHOBHBIX TMJIPOJIMHAMUYECKUX MapaMETPOB U MEXaHU-
YECKUX XapaKTePUCTHUK MPHU UCIOJIb30BAHUU HOBEUIIUX MOJUMEPHBIX MATEPUAJIOB.
OTa HEOOXOIUMOCTh OMpEEsAeT aKTyalbHOCTh TEOPETUKO - IKCIIEPUMEHTAIbHBIX
MCCIICIOBAHUM 3aKOHOMEPHOCTEM B3aMMOJCHCTBUS MOTOKA TMOJM(pA3ZHBIX KUJKO-
CTe! U AJIACTUYHBIX CTEHOK TPYOOIpoBoa.

OO0beKkTOM MCCIeI0BaHUS JAHHOW palOThl ABISIIOTCSA MPOLECCHl AePOpMU-
POBaHUS 3JACTUYHOTO TPYOOINPOBOJIA MPU KBA3UCTATUUYECKOM U JUHAMHUYECKOM Ha-
TPYKEHUH.

Heabio HacTosieid padoThl SBIsSETCA NOBbILIEHUE d3(PPEKTUBHOCTU pabOTHI
AIIACTUYHBIX TPYOONPOBOJAOB HAa OCHOBE CO3/IaHWS MAaTEMaTUYECKUX MOJIETECH Jh-
HAMHUYECKOT0 M KBa3UCTAaTHYECKOTO TIOBEACHHUS TpPYyOONMpoBOAa C  YIPYro-
nehOpMHUPYEMBIMU CTEHKAMH TIPHU JBWKCHUH MO HEMY HECKHUMAEMOU KHUIKOCTH
JUTSL pacdeTa ynpyroBI3KUX XapaKTePUCTUK, TMHAMHYECKUX HANPsDKEHUHN U nedop-
Malluii, a TaK’Ke TUAPOJIMHAMUYECKUX IMapaMeTPOB.

CpencTBoM JOCTHKEHUSI TOCTABJICHHOM 1I€JIA SIBJIAETCS JajbHEWIlee pa3Bu-
THE TEOPETUUECKUX OCHOB MPOIECCOB AePOPMHUPOBAHUS C YUETOM B3aUMOICHUCTBUS
MOTOKA KUJIKOCTH U CTEHOK 3JIaCTUYHOTO TPyOOIpoBO/Ia.

Jliist 1oCTHKeHNsI MOCTABJICHHOM eI He00X0AUMO PEelIUTh CJIeayolune
3aa4u:

- pa3paboTaTh METOJUKY M DKCIIEPUMEHTAIBLHOE 000pYI0BaHHUE JIsI ONpeie-
JIEHUSI PEOJIOTHYECKUX TTapaMeTPOB JIACTUYHOTO TPYyOOIPOBOa B PEKUMAX pellak-
Callly HaNpsHKEHUN U TTOJI3Y4YECTH;

- TIPOBECTH TEOPETUUYECKUE U IKCHEPUMEHTAIbHBIC WCCIEAOBAHUS U YyCTa-
HOBUTbH 3aKOHOMEPHOCTbB, CBSI3BIBAIOLIYIO0 HAIMPSLKEHUSI U CKOPOCTh HArPY>KEHUS, C
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ONPEIEICHNEM MIHOBEHHOIO U INTUTEIILHOTO MOYJEN YIPYTOCTH;

- pa3paboTaTh MaTeMaTHYECKYI0 MOJENb MPOJOJIbHBIX CBOOOJIHBIX Koje0a-
HUH AIIACTUYHOTO TPYOOIPOBO/A;

- pa3paboTaTh METOAMKY U IKCIIEPUMEHTAIBHBIN CTeH]T ISl U3yUYeHUs yIpy-
TOBSI3KMX CBOMCTB MaTepHalia 3JIaCTUYHOTO TPyOOMpoBOJa METOJOM CBOOOJHBIX
KoJeOaHuii;

- pa3paboTaTh MaTEeMAaTHYECKYIO MOJIEIb YNPYTUX AepopMaluii CTEHKH 3Jia-
CTUYHOIO TPyOOIIPOBOA MPH JABMKEHUH IO HEMY CIUIOIIHON HEC)KUMAEMOMW Cpebl
IIPU YCTAaHOBUBILIEMCS PACXO/I€ )KUIKOCTH;

- IPU peau3alii MaTeMaTHIeCKOW MOJIEIH BBIIBUTH (PYHKIIMOHAIBHBIC 3a-
BUCHUMOCTH HM3MEHEHUs ne(opManuy, HalpsHKEHUS U THIPOJMHAMHYECKHX Mapa-
METPOB M0 JAJIMHE 3TACTHYHOTO TPYyOONpOBOAA;

- IPOBECTU AKCIEPUMEHTAJIbHBIE THAPABINYECKHAE UCCIEOBAHUS 3aCTUYHO-
ro TpyoonpoBoaa /i MPOBEPKU aJIEKBATHOCTU MAaTEMATHUECKON MOJIEIH;

- pa3paboTaTh pEeKOMEHIALUU ISl TPOCKTUPOBAHUSI DJIACTUYHBIX TPYOOMpO-
BOJIOB.

Metoabl ucciaenoBanmii. [Ipu paspaboTke MaTeMaTHYECKUX MOJIEIEH Tpy-
OoonpoBoAa ¢ ynpyroaeopMuUpyeMbIMH CTEHKaMU M MOTOK HEC)KMMAEeMOM CILIOLI-
HOW cpefibl pacCMaTpUBaINCh KaK COBOKYIHOCTb. PaboTa BbINONHEHA C MpHUMEHe-
HUEM CIIEYIOIMIMX 3aKOHOB W METOJOB: 3aKOHOB HACJIEICTBEHHOW MEXAaHHWKH, pa3-
paboranHbIx B Tpyaax akaaemuka FO.H.PabGotHoBa; ypaBHeHuii BonbTeppa-
bonpumana; npunnuna /{anambepa; metosna HeNMHEHONW onTuMU3auuu JleBeHOep-
ra-MapkBapara; @yuakiuu ['mnsbepra; metoga OsicTporo npeodpazoBanusi Dypsbe;
U pepeHInanbHOTO U UHTErPaJbHOTO UCYMCIEHUI; OCHOBHBIX 3aKOHOB THJIPOJIU-
HAaMUKH U TEOPUU YIPYTOCTH MOJMMEPHBIX MATEpUAJIOB; 3aKOHOB COXPaHEHUS Mac-
Chbl U SHEPTUHU.

HayuyHnasi HOBH3HA HcCIe0BaHUS COCTOUT B PELIEHUM KOMIUIEKCHOW 3a1a4n
IO OINPEACIICHUIO 3aKOHOMEPHOCTEW BIIMSHUS KBa3UCTATUYECKUX M JUHAMUYECKUX
HArpy30K Ha 3JaCTUYHBINA TPYyOOIIPOBOJI B YCIOBUSIX CBOOOTHBIX KOJICOAHUH, a TaK-
K€ IMPU YCTAaHOBUBLIEMCS PACXOJ€ TPAHCHOPTUPYEMOW >KHUIKOCTH, B BBISBICHUU
(GyHKIIMOHATBHBIX 3aBUCUMOCTEN M3MEHEHHs JeQOopMallui, HAIMPSKEHUS U OCHOB-
HBIX TUIPOJUHAMUYECKUX MMapaMeTPOB C IEIbI0 pa3pabOTKU UHCTPYMEHTApHsI TIPO-
€KTUPOBAHUS AMACTUYHBIX TPYOOIIPOBOIOB.

Ha 3amuTy BbIHOCATCSH:

- 3aKOHOMEPHOCTHU J1e(POPMUPOBAHUS SJTACTUYHOIO TPYOONpPOBOAA B PEKHU-
Max peJaKkcaly HaNpsHKEHUH W MOJI3YUYECTH, CBSA3BIBAIOUIMX HAIpPSKEHUs, Aedop-
Mallid U CKOPOCTb HArpyeHus, IPH 3TOM YCTAHOBJIEHO, YTO HaWOoJiee TOUHBIM
SBJIIETCS ONMCAaHUE C TPUMEHEHUEM sipa Pikanuimna;

- MaTeMaTU4ecKas MOJIEb U aHAJTMTUYECKOE PEIICHHUE 3a]a4H O paclpocTpa-
HEHUU CBOOOJHBIX MPOMOIBHBIX KOJIEOaHUN B 3JACTUYHOM TPYyOOINPOBOJE, KOTO-
pO€ MO3BOJIWIO YCTAaHOBUTH CBS3b MEKIY JUHAMUYECKHMH MOKA3aTEJIIMH BOJIHO-
BOT'O ITPOLIECCA U NTapaMeTpaMu pelaKCAlMK HAMPSKEHNUH, MOJI3YYECTH;

- WACHTU(PUKALUS YIPYTOBI3KUX MMapaMETPOB AIACTUYHBIX TPYOOTIPOBOIOB
Cc HcTofib30BaHueM MeToja JleenOepra-MapkBapara, pyuakiuu [ mis0epTa;

- MaTeMaTu4ecKas MOJENb YOpyrux AeQopMaliiii CTeHKH 3JaCTUYHOTO TPY-
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O0IpoBOIa P JBUKEHUU IO HEMY CIUIOIIHOW HECKMMAEMOU cpeibl IPU yCTaHo-
BUBILIEMCSI pPacXxojie, AHAJUTHYECKOE PEUICHHWE KOTOPOM TMO3BOJIWIO MOIYYUTh
(yHKIMOHAJIBHBIE 3aBUCUMOCTH M3MEHEHUs JedopMaliui U HanpsDKeHUs, a TakkKe
TUAPOAMHAMUYECKUX ITAPpaMETPOB MO JUTMHE 3JIACTUYHOTO TPyOOIpoBo/Ia.

IIpakTnyeckasi 3HAYUMOCTh:

- pa3paboTaHbl MaTEeMaTUYECKHE MOJIENU, KOTOPhIE MO3BOJISIOT IPOTHO3UPO-
BaTh MOBEJICHUE AJACTUYHBIX TPYOOIPOBOJOB MPU MPOSKTUPOBAHUU U IKCILTyaTa-
LMY, a2 B HEKOTOPBIX CIy4yasx AT BO3MOXHOCTb MCKIIIOYATh JOPOTOCTOSAIINE 3KC-
MepUMEHTAIbHBIC PA0OTHI M 3aMEHATh MX HCCICIOBAHUSMU C TMIPUMEHEHHUEM KOM-
MBIOTEPHOUN TEXHUKU;

- paspaboTaH crocod pacyera 3JaCTUYHBIX TPYOOIPOBOAOB, COCTOSIINX U3
HECKOJIbKMX CEKIIMI MpHU MOCJIEeI0BATEIbHOM U Pa3BETBIEHHOM COEIUHEHNUU;

- pa3paboTaH crnocod MOCTPOEHUS XapaKTEPUCTUK AJIACTUYHOTO TPYyOONpOBO/Ia;

- pa3zpaboTaHbl pEKOMEHIAIUY JIJIsl POSKTUPOBAHUS DJIACTUYHBIX TPYOOIPO-
BOJIOB;

- pe3yibTaThl HAYYHBIX UCCIEAOBAHUN U PEKOMEHIAMN UHKEHEPHOTO pac-
yéta BHEAPEHBI Ha cieayromux npeanpustusax r. Kypcka: OAO «Kypckrugpome-
xanuzanus», OAO «Kypckxied», OAO «3neBatopmensmain», OAO TI'K-4 «Kyp-
CKasl peruoHajbHas Te€Hepauus», UCHOJBb3YIOTCS B JUIUIOMHOM IPOEKTUPOBAHUU
Kadeapsl TemiorazocHadkeHns U BeHTWIsIuu FOro-3anadHoro rocy1apcTBEHHOTO
YHUBEPCUTETA, MOJIyYEHBI aKThl BHEIPEHUSI.

Anpobauust pa6oTbl. OCHOBHBIE MOJIOKEHUS U PE3YJIbTAThl pabOThI U3jIara-
JIUCh B HAYYHBIX CTAThSIX U JOKJIAIBIBAINCH HA POCCUICKON HAyYHO-TEXHUYECKOMN
KOH(EepeHLIUH ¢ MEXIYHAPOIHBIM yyacTueM «Martepuanibl U YIIPOUHSIOIINE TEXHO-
aorun — 2003» (Kypck); XXXIV By30Bckol Hay4yHO-TEXHUYECKOW KOH(pEpEeHIUU
CTYJICHTOB U acCIMPaHTOB B 00OJACTHU HAY4YHBIX HccienoBaHuii «Momonéxp u XXI
Bek» (Kypck, 2006); VI u IX naydno-TexHuueckux KoHpepeHusax «Bubpannon-
Hble MamuHbl 1 TexHosoruny (Kypck, 2008, 2010); | MexayHapoIHONW MOJIOICHK-
Ho#l HayuHoU KoH(pepenimu «Momoaéxs u XXI Bex» (Kypck, 2009); XXIl Mex-
JTYHApOJAHOW WHHOBAIIMOHHO - OPUEHTHUPOBAHHOW KOH(DEPEHIIMU MOJIOJBIX YUEHBIX
(MUKMYC-2010) «byaymiee mammuoctpoeHust Poccum» (Mocksa); |l Beepoc-
CUNCKOW HAyYHO-METOMYEeCKON KoHpepeHIMH «OCHOBBI MPOEKTUPOBAHUS U JIeTa-
i MarmH - XXI Bek» (Open, 2010); Ha 3acenanusix kadeapsl OTOIUICHUS, BEHTH-
JSIUU ¥ KoHauironupoBanus benropoackoro I'TY um. [lyxosa (2008-2010).

IMyoaukamuu. [To MaTtepuanam BBITIOJIHEHHBIX HCCIEAOBaHUI OMmyOJIMKOBa-
HbI 17 medaTHbIX paboT, B ToM uucie 11 crareii (2 crarbu u3 nepeunst BAK), 1 ma-
TEHT Ha U300pETEeHNE, 5 MATEeHTOB HA MOJE3HYI0 MOJIEIb.

O0beM u cTpyKTYypa Auccepranuu. PaboTa cocTOUT U3 BBEACHUS, YETHIPEX
IJ1aB, OOIIUX BBIBOJIOB, OMOIMorpaduueckoro cnucka u3 139 nanmenoBanuii. Juc-
cepranus u3joxkeHa Ha 169 cTpaHuiax, CoaepKuT 55 pucyHKoB U 9 Tabmuil.
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OcHOBHOe cojiep:kaHne padoThI

Bo BBegennmu 000CHOBaHa aKTyaJlbHOCTh TE€MbI JMCCEpPTALUU, OMPECICHBI
LEeJb U 33J1a4X UCCIIEAOBAaHUsI, ONIMCAaHA Hay4YHasi HOBU3HA MOJYyYECHHBIX PE3yJIbTATOB
U UX IPaKTUYeCKas 3HAYUMMOCTb.

B mnepBoii riaBe BBINOJHEH 0030p MPOYHOCTHBIX XapaKTEPUCTHUK W Tapa-
METpOB JedopMaliyi MPUMEHIEMbBIX KOHCTPYKIIMOHHBIX MaTepuaioB. PaccMoTpeHsl
MPOCTEHIIINE MOJIETTU OMUCAHUST TUMHAMUYECKUX XapaKTEPUCTUK JIACTUYHOIO TPyOo-
npoBoja. [IpeacTaBineH aHaU3 CYIIECTBYIOIIMX SKCIIEPUMEHTAIBHBIX U TE€OPETUYE-
CKUX METOJIOB HMCCIICJOBAHUHN AJIIACTHYHBIX TPYyOOIPOBOOB W CIIOCOOOB WX HWHKE-
HepHOTro pacuera. Ob1iee mpeacTaBIeHre 0 MexaHu3Me aedopMaluu ¢ yaeTom (ak-
TOpa BPEMEHU ObLIO U3JIOKEHO ele MakcBesioM. DTO HalpaBjieHUE ObUIO Pa3BUTO
B Tpynax akanemuka HO.H.PaGotHoBa. MccnenoBanuem NUHAMHUKU yIPYTHX CTEPXK-
He u 000J0YeK, B3aMMOJICUCTBYIOIIUX C TOTOKOM KUIKOCTH, 3aHUMAJIKChH
A.C.Bonbmup, A.I'. TopuikoB, M.A.Urnaros, X.Ouum. MccnenoBanuto nedopma-
N U HAMPSDKEHUM B AJACTUYHBIX TpyOax mocsmieHsl padoTsl [.A.CyxopyukuHa,
H.3.®penkens, A.Xemppuia, C. Jloputiena.

B Hacrosiee BpeMsi MHKEHEPHBIN pacueT 3JIACTUYHBIX TPYOONPOBOJOB MPO-
W3BOJAUTCS MPU YCTAHOBUBIIEMCS pACcXO€ KUJIKOCTH U MPU YCIOBUU HEM3MEHHOCTH
IJIOIIA/IA TTONIEPEYHOTO CEUCHUS MPU 3HAUYUTEIIBbHBIX JABJICHUSX BHYTPEHHEH CPEJIbl.
B neiicTBUTENBHOCTH, KaK MOKa3bIBAIOT AKCILTyaTalldsl M THAPABIMYECKUE UCCIENO0-
BaHMs, JAedopMalus IJIOMaaAu MonepeyHoro ceueHusi coctasisier 10...20% , mpu
TOM CKOpPOCTh JBM)KEHHSI BHYTPEHHEU cpeabl MOKeT u3MeHsATbea Ha 44%. Cneno-
BaTEJIbHO, OOBIYHO MPUHUMAEMBbIE AOMYIIEHUS, OUYEBUIHO, CTAHOBSTCS HEKOPPEKT-
HbIMH. [loATOMY BBIsSIBIEHA HEOOXOJIMMOCThH JAJIbHEUINEro yriayOJeHus TeopeTuye-
CKUX OCHOB IpPOIIECCOB Je(POPMUPOBAHUS AIACTUYHBIX TPYyOONPOBOJOB HAa OCHOBE
y4eTa B3auMOJCHUCTBUI ITOTOKA HECKUMAEMOW KUJIKOCTU C AJIACTUYHBIMU CTEHKAMHU
TpyOOTIIpOBOA.

Bo BTOpOIi ri1aBe MpOBEIEHBI UCCIIEIOBAHUS KBa3UCTATUUECKOTO U TMHAMU-
YECKOTO MOBEACHUS 3JIACTUYHOTO TPYyOOIIPOBO/IaA.

DNacTUYHBIA TPYOONPOBOJ MOXKET IKCIUTyaTUPOBATHCS B JUHAMUYECKOM U
KBa3UCTATUYECKOM pekuMax. /[MHaMUYeCKU pekuM BO3HHMKAET MPH 3al0JTHECHUU
AIACTUYHOTO TPYOONPOBOJIA KUIKOCTHIO U MPU M3MEHEHUHU PACX0Ja >KUIKOCTH.
KBaszucratnueckuii pexxuM HaOIIOJAeTCS MPU yCTAaHOBUBIIEMCS PACXOE MKHUIKO-
ctu. CreyeT OTMETUTh, YTO MPU JUHAMHYECKOM PEXUME, TPU KOTOPOM BO3HMKA-
I0T MPOJI0JIbHBIE KOJIEOaHMs, HAMIPsDKEHUE U aedopMalivs 3JIaCTUYHOTO TPyOOonpo-
BOJIa MPEBOCXOAT aHAJOTHYHBIC MapaMeTphl MPU KBA3UCTATUUECKOM PEXUME Ha
30...40%.

N3yuyeHnune moxenei, OCHOBaHHBIX HA HACJICICTBEHHONM MEXaHUKE, MO3BOJISIET
cAenaTh BBIBOJ O IIMPOKHUX BO3MOYKHOCTSIX, OTKPBIBAIOUIUXCS MPU NPUMEHEHHU
ypaBHeHu Bonbreppa — bonbumana:

t t
8(1‘)=Ei o+ |K(t-t)o(7)dr|; o(t)=E, E—IR(t-‘[)é‘(‘L')d‘[
0 0 0
rae £, — MTHOBEHHBIN WIM IMHAMUAYECKUN MOJYJIb YIIPYTOCTH, H/M.
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JlaHHBIE ypaBHEHHUS OTpakaloT TOT (paKT, YTO MaTepHas 3alIOMUHAET HaIps-
KEHUsI o , BOSHUKAIOIIME B MOMEHTBI BpEMEHH 7 , JCHCTBYIOIIME Ha OTPE3KE Bpe-
MeHu dz mpu Aedopmaluu & .

Oynkiun K(t—7) u R(t—7) HaswpBaroT sapamMu GyHKIUHA MOJIBYYECTH U
byakumnn penakcanuu. OnpeneneHe Buaa d3TuX QyHKIIAN SBISIETCS CIIOKHOM 3aj1a-
9Yeil 1 OCHOBHBIM METOJIOM 3/I€Ch SIBJIICTCS SKCTICPUMEHT.

Jlist onpenienieHust mapaMeTpoB (PYHKITMHU peakcanuu pazpaboTaHa yCTaHOB-
Ka, TTO3BOJISIONIAs CO3AaBaTh B 00pa3Iiax M3MEHSIONMEECS BO BPEMEHHU HAIPSHKEHUE
IIpU IOCTOSTHHOM Aedopmanuu (puc.l).

PaboTta ycTaHOBKM NpPOUCXOOUT B
ciaeAyromiel mociaeaoBaTeIbHOCTH. B
3a/laHHBII MOMEHT BpPEMEHU Ha CTaTop
ANIEKTpOMAarHuTa | mocTymnaer 3JeKTpu-
YecKoe HamnpspKeHHE OT OJIOKa MUTaHUS
2. B pesynbrare 3TOro SIKOph 3JIEKTPO-
MarHuTa 3 IpUTITUBAETCS K cTatopy 1 u
npoucxoaut Aedopmaius ooOpasua 4.
Cuna HaTsODKEHHST o0Opasiia HU3MepseTcs
gatunkoM 5 mapku GTR 1010. Cko-
POCTh HarpyKeHHsI oOpaslia Ompemess-
erca nmarunkoMm ADXL 105.

Puc.1. Cxema sxcnepumenmanvrou
VCMAaHo8KU

CurHaJipl ¢ JaTYMKOB IMOCTYIIAIOT Yepe3 aHaJIOroBO-IMGPOBOI mpeodpa3oBa-
Tenb 7 Ha TapajIeNIbHBIA MOPT KOMIBIOTEpA 8, T/Ie MPOUCXOIUT UX 3aMHUCh U 00-
pabotka. [[ns uccienoBanus ObUTM OTOOpAaHBI TPU THUIA PE3UMHOTKAHEBBIX TPYOO-

MIPOBOJIOB, U3 KOTOPBIX BBIPE3AJHMCh 00paslbl. BenwunHa HanpsokeHUs O; B TEKY-
I MOMEHT BpeMEHH omnpeaessuiachk mo ¢popmyie o, =N, /(d-S), rme N, — cuina,

BO3HHKAIOIIas B 00pasiie B JaHHBIM MoMeHT BpemeHu, H. Pe3ynbrarsl 00paboTku
AKCIIEPUMEHTAILHBIX JAHHBIX MTPUBEJIEHBI HA PHC.2.
AHanu3 KpUBBIX pellakcaliuu Mpu-

20 ! 7 ESPARUIR (e R | | = ,
6 H SKCMepUMenT | || BEJICHHBIX HAa PHUC. 2 TOKAa3bIBAET, YTO
010, > ——~ — BbluMcneHna | || 7
R § == ) MPOIECC peNTaKcalliy HampsHKEHUN Majo
C Sre=ooloo 008 [l 3aBHCHT OT THIa 00paslia U ero mepuon
~ F_——.‘-\
10 TS=t o _ L .’ mmress 3...4 muH. CKOPOCTh perakca-
e oks 13 UMM HalpUKCHAS PaBHA MAKCHMyMy B
j“,‘-—— HavadbHBII MOMEHT BpPEMEHU U 3aTeM
5\‘ == — ) ] IUIAaBHO CTPEMUTCS K HYJIIO.
0,03
—i CKOpOCTh HArpyXeHusi SIBJSIETCA
0 4 |8 h2 h16 20 |t © 160 | 3HAYUTEILHBIM (PaKTOPOM, BITUSFOIIIAM Ha
Puc.2. Tunosvie kpusvle peraxcayuu XapakTEp PpEIaKCalMOHHOTO IIPOIECea.

C yMeHBIIIEHUEM CKOPOCTH HArpy>KeHHSI MPOUCXOJUT COIMKEHUE MOIYJIEH
YOPYTOCTH W BEJIUYMHA JUTUTEIHLHOTO MOMYJS MPUOIMKAETCS K BETUYMHE MTHO-
BEHHOTO (puc.3).
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BaxHbpIM 11 MPAKTUYECKOIO HCIOJIB30BAHUS TEOPETUYECKUX PE3YIbTAaTOB
ABJIIETCS] BOIIPOC 00 ONpEAEICHUH 3HAYEHU MTHOBEHHOTO E, W JUIUTEIBHOIO £

MOAYJIEH ynpyrocTr 00pasioB B 3aBUCUMOCTH OT HAa4aJIbHBIX HAMPsOKEHUW. MrHO-

BEHHBIN MOJYJIb omnpeensercs no Gopmyne E, = o, /&, a JUIMTSIBHBINA 110 GOpMY-

ne E, =o,/¢, TIe O,,0,—HaNPSHKCHUS B HAYAJIBHBIA M KOHCYHBIA MOMECHTBI
2

Bpemenn, H/m".

15757 . - .
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7 | — - = 19 _
| _‘EO l
_te] |
2 6 24 32 77 ~ 7/’”_—*
Puc. 3. Kpusvie peraxcayuu nanpsiocenuu —1 ‘ :
6 obpazyax Nel Ons pasiuyHvIX 3HAYEHULL L (Go -/0%
10 71 /2 /3

ckopocmu nazpyscenuss npu & =0,06:
t,=01c t,=3c:tz=5¢ Puc. 4. I'paghux 3a6ucumocmu mooyneii
2 3 3
YIPY2OCMU OM HAYAIbHO20 HANPANCEHUS.

[TommydeHHbIe SKCTIEpUMEHTANIbHBIE JTaHHBIE B BHUJE KPHUBBIX pelIaKCaIliu
MIO3BOJIIOT OMPEEIUTh BUJ (YHKIHH — SIApa peIaKCaIi.

B pa6ortax FO.H. PaGoTHOBa omucaHbl pa3ivYHbIC TUIIBI SJEP pelaKkcaluu.
JIns uccnenoBaHus PENaKCAlMOHHBIX MPOIECCOB B 00pasiie ObLIM BHIOpAHBI: HKC-
MOHEHIIMAJIBHOE, TUTIEPOOINYECKOE AAPO U SApo PkaHUIMHA, KOTOpOE UMEeT 00b-
€IMHEHHBIE CBOMCTBA YKCMIOHEHIIMATBHOTO U TUIIEPOOTIMUYECKOTO SAeP.

B pe3ynbrare sKkciepuMeHTaIbHBIX UCCIEI0BaHUN YCTAHOBJIEHO, YTO MIHO-
BEHHBIM MOJYyJb YIPYTOCTH 3aBHCHUT OT BEJIMYMHBI HAYaJIbHOTO HAIPSHKEHUS BO3-
HUKAIOIIETO B 00pa3iax, Mmo3ToMy B o0mieM ciaydae ¢opmysa, CBSI3bIBAIOIIAs Ha-
psDKEHUs U Aepopmanny, MOKET ObITh MPEACTABIIEHA B CIEIYIOIIEM BU/IE!

o(t)=E,(op) g(t)—j;a|t—z'|_a exp| -y (t-7) |e(z)dz

1 n o(t") -Eg&fl-¢f
t’ E,&,C ’

rme o=—; C:—EO_EOO ya= 5 —E, '|a*—11|2_

EO EO EO (t ) “
t”™ - MOMEHT BpeMEHH, MOJyUYCHHBIH KaK pe3yabTaT peIIeHUs 3aaud MUHHUMH3a-
UM OTKIIOHEHUSI TEOPETUYECKOU KPUBOU OT SKCIIEPUMEHTAIBHOM.

Jlnst cpaBHEHHS BO3MOXHOCTEM Ka)KJIOTO YpaBHEHUs, IIOCTPOCHHOIO C IpHU-
MEHEHHUEM TpEeX THUIIOB sJep, ObLIM MOCTPOEHBI PACUETHbIE KPUBBIE peEJIaKcalu,
KOTOPBI€ CPABHUBAIKUCH C IKCIIEPUMEHTAIBHBIMU KPUBBIMU. AHAJIN3 3TUX JTAHHBIX
MOKa3aJl, 4YTO HAWIYYIIYyI0 CXOJMMOCTh MOKa3bIBaeT 3aKOH AedopMaliiu, MOCTPO-
CHHBIM Ha OCHOBE siipa Prkanuruaa (cM. puc. 2).

Hns u3ydenus s¢@dexra moisydectd B oOpasie pazpaboTaHa SKCIEpUMEH-
TaJgbHasl YCTAaHOBKA, CX€Ma KOTOpPOH MpuBeeHa Ha puc. 9. PaboTa ycTaHOBKU OCy-
HIECTBIISIETCS B CIEAYIOLIEH MOCIEI0BATEIbHOCTH.




[— B HavanbHBII MOMEHT CTaTOp
| ANEKTpOMarHuta 1| HaxoOWUTCs TMOJ

I ANEKTPUYECKUM HAINpPSHKEHUEM, KOTO-

/41 poe MOCTyMmaeT yepe3 OJOK MUTaHus 2.

[Ipu 5TOM  SKOpb dIEKTpOMarHuTa 3
npuTsHyT K ctaropy 1,A;=0. B 3a-

]

I[&HHBIﬁ MOMCHT BPEMCHHU OTKIIKOYACT-

S | Csl DJIEKTPUYECKOE MHTaHHE cTtaropa 1
Puc.5. Cxema sxcnepumeHmanbHot u obOpazen;r nedopmupyercs Mox Jeu-
ycmanosku CTBHEM Tpy3a 5.

Pactsbxenue oOpasiia usmepsercst JaTaukom 6. Bpemst 1 ckopocTh Harpy»xe-
HUA oOpa3slia KOHTPOJIHUPYIOTCA AaTYUKOM 7. CUTHAJIBI ¢ JATYUKOB 6, 7 IOCTYyHaIOT
yepe3 aHaIoroBo-uu(poBoit mpeodpazoBaTeinb 8 Ha MapauiedbHbIN TOPT KOMITbIO-
Tepa 9, rie MPOUCXOAUT UX 3aMMKUCh U 00padoTKa.

) P PesynpTaTel  3KCHIEpH-
1,3 ] &’:,;%"’ MEHTAJILHBIX HCCIICOBAaHUMN

M0 OMNpPEIEICHUI0 KPUBBIX
i /" noyyyectu obOpasuma  Nel
117 A npuBeneHbl Ha puc. 6. s
“ — KCNEPHMEHT yao0CTBa  MpPEJCTaBIICHUS
1,0 AKCIEPUMEHTAIILHOTO MaTe-
1 2 |3 10 20 100 |20 puajia B BHUAC 3aBUCHUMOCTHU
Puc. 6. bespasmepnvle kpugble TNoA3yUecm 6 BE/IMYMHBI fePOpMAL 0T
obpasyax Nel onsi ypoens nanpsocenus o=17-10° Ia BpEMCHHU IIPUMCHCHA  JIOT'a-

pudmMHrueckas mkana.
Ha BepTUKANBHOM OCH OTIIOkKEHA Oe3pa3MepHasi BeJIMUUHA £/&,, THe £ UE,

— TeKyllas ¥ HauvajgbHas AePOpMAaLIMH.

XapakTep SKCHEpUMEHTAIbHON KpHUBOW MOKAa3bIBAET, YTO JAePopMalus MoJi-
3ydectd 1o ucredeHnu 250 CeKyH]I CTPEMHUTCSl K paBHOBECHOMY 3HaueHuto. Cpas-
HEHHE SKCIIEPUMEHTAIIBHON U PACYETHOM KPUBBIX MO3BOJISIET TOBOPUTH O XOPOUIEH
CXOAMMOCTH YPaBHEHUS CBSI3bIBAIOIIETO 1e(hOPMALIUIO U HAIIPSDKEHUE MTOCTPOCHHO-
ro Ha OCHOBe siapa Pxxanunnna.

XapakTep KpHUBBIX, CBS3BIBAIOLIUX HAMpsDKEHHUs] B oOpasuax ¢ aedopManus-
MU, CYIIECTBEHHO 3aBUCHUT OT CKOPOCTH HArpy>KE€HHs. 3J1€Ch MOXKHO BBIIECIUTH TPU
30HBI, KOTOPBIE XapaKTePU3YIOTCS Pa3jIMYHbIM IOBEACHUEM OOpPAa3IOB MPHU PaCTs-
*KeHuu. 30Ha | SBIsETCS 001aCThIO yIPYruX AehOopMaIiuii 2IaCTUIHOTO TPYOOTpo-
BoJa, rpu 3ToM €<0,12. Pe3ynprarsl SKCIEPUMEHTAIBHBIX JAHHBIX IO UCCIEN0BA-
HUIO TIEPBOM 30HBI TOKa3aHbl Ha puc.7.

AHanu3 rpadguKoB (purc.7) MOKa3bIBAET, YTO HAMPSHKEHUS TUHEWHO 3aBUCST OT
nedopmanmii B unreppane €= 0,01...0,12. IIpu 3ToM ¢ yBenMueHHEM BpEMEHU
Harpy>kKeHusi Ha0JII01a€TCsl YMEHbILIEHUE HAIPSAKEHUS.

[Ipn u3meHeHnn pacxoga *KUJIKOCTH BO3HUKAET JUHAMHYECKHN PEXUM, KO-
TOPBIA XapaKTEpU3yeTCs BOZHUKHOBEHHUEM IPOJOJIbHBIX CBOOOJHBIX 3aTyXaIOIIMX
KoJie0aHuM, MpY STOM HANpPSHKEHUS U AeQOopMaliy 3HAUUTEIBHO MPEBOCXOAST aHa-
JIOTUYHBIE MapaMeTpbl MpPH KBA3UCTATHYECKOM PEKUME, MMOATOMY 0CO00€ BHHMA-



HHE OBLIO YACJICHO HCCICAOBAHHIO IIPOAOJIbHBIX CBO60,IIHBIX KoJIcOaHHMI B dJIa-

CTHYHOM TpyOompoBo/e (puc. 8).
gae®, i . o e

I 0,1c|
TN .

I c ,
| 2c /%ﬁ o

16 O (R I (7 \k"_ r/

3 250 c
F ECRTECEN, M /y g PRSP
gk | 1
<
P T R Y MR
0,04 0,08 0,12 &

Puc.7. Dxcnepumenmanvro onpedeneHuas
30Ha 1 0nsa uccredyemvix 00pasyos

s monyyeHusi BUOporpamMm 3a-
TyXalIluX KoJieOaHUN HCIOJIb30BaHA
AKCIIEPUMEHTAJIbHAS yCTAaHOBKA, CXeMa
KOTOpOM ToKa3aHa Ha puc. 1. [Tpu 3Tom
yCTaHOBKa paboTaer B cleayrouiei
nocienoBaTenbHOCTU. IpenBapurensHo
Ha CTaTop 3JIEKTpoMarHuta 1 mopaercs
HaIpsDKEHHE, SIKOPh AJIEKTpOMarHura 3
npuTsAruBaeTcs Kk craropy 1. B 3agan-
HbII MOMEHT BPEMEHHM OTKJIIOYAETCS
HamnpsbKeHre W oOpaszen; 4 coBepliaeT
CBOOOJTHBIC 3aTyXaIOIIHNE KOJIeOaHusI.

HccnenoBanue cBOOOHBIX MPOJOJIBHBIX KOJICOAHHM 31aCTHYHOTO TPYOOIpo-
BOJIa ITPOBOJMJIOCH Ha 00pasiax JAByX TUIOB. [IpuMep KpHUBBIX 3aTyXarOIIMX KOJIie-

Oanwuii nmpuBeneH Ha puc.9.

1 2 3
dx 4
. 2
% —— dX p=—
dN
dl
S

Puc. 8. Ilpooonvusie c6obo0Hble KONEOA-
HUSL 2IACMUYHO20 MPYOONnposooa:
1 — nenTpoOeKHBI HAcoC;
2 —3IIaCTUYHBIA TPyOOTIPOBO/I;
3- 3aBMKKaA

054

0.0

0.5

1.0+

[lepemenienue, MM

-1'5_I ] ] ] ] I I I I I ] ] ]
000 002 004 006 008 010 012 014 016 018 020 022 024
Bpewms, ¢
Puc. 9. Bubpoepamma nepemewjenus

epysa

Pa3paboTana Marematuyeckas MOZEIb, OMKUCHIBAIOIIAS IPOIOJIbHBIE CBOOO/I-
HbIE€ KOJIEOAaHUsI 3JIACTUYHOrO TpyOOIpoBOIa.

[IpononbHble CBOOOAHBIE KOJEOaHUs XapakTepusyroTcs auddepeHnnaib-
HBIM YpaBHEHUEM, OMKUCHIBAIOIIUM PACTIPOCTPaHEHUE JIepopMaIluii:

@ dx
OX

o°u

:pF de, (1)

rae N =N(x,t) — mpoaoJibHas CHJIa B CEYEHUHU X B MOMEHT BpemeHnH t, H;

uU=u(x,t) — IepeMeIeHuEe CEYEHUS C KOOPJIAUHATOU X B MOMEHT BpeMEHHU {, M;
2.
F — mio1aib MornepevyHoro CEUeHMs CTEHKH 3JIaCTUYHOTO TPYOOIpoBoIa, M,

3
p - TUIOTHOCTh MaTepuana, Kr/m .

Cuity pacTsbKEHUS ONPEeIUM 110 Gpopmyie
N=oc(t)-F.
Hanpsokenust o(t), BO3HUKAOIIME B IMONIEPEYHOM CEUCHHH 00pasiia, h3Me-

HAIOTCA 110 3dKOHY

o(t) = E,(1-R)e(t) 2)



raie R - omeparop:
R'(t) :J.R(t—z')f (r)dr 3)

[Tpeobpazyem (1) ¢ yuetom (2), (3) k Buxy
o’u o t o°u(x,7)
2 _v 4 2 _ !
PVl +&p 2[v(t 7) P dr,

e p2=%; R(t—7) = Evit—17).

rpaHI/I‘IHBIC YCIIOBHA IJIA BEPXHETO U HUKHCTI'O CCUCHUA 06pa3ua:

2
u(x,t), , =0: EOF(l—R*)Z—u o

X x=I 8t2 x=I
rIe M- mpuBeIeHHAsl Macca rpy3a, 3aKperuICHHOTo Ha 00pasIie, KT.
B HavanbHBIM MOMEHT BPEMEHHU:
ou(x,0) A ou(x,0) _ 0
OX |’ dt ’
rae A—HavaibHas nedopmaius oopasia, M.
JI7st 3aTaHHBIX TPAHUYHBIX YCIOBHUI MOJYYHM CIICAYIOIIEE BhIPAKEHHE:
A, Al IF
P P m
Jlna HaxoxaeHus A ucnoip3oBana mporeaypa Find B cpene MathCAD.

[Tocne coOTBETCTBYIOIIMX MPEOOpPa30BaHU MOTYYUM 3aBUCUMOCTb, ONpesie-
JSIOLLYIO pacipeieNIeHUe 3aTyXaruX KojJebaHuil no JyimHe oopasia:

u(x,t) =ick exp(—%}cos[(l—%)ﬂktjsin%x , (4)

rae C, — MOCTOSIHHBIE, ONPEAEISEMbIE U3 HAYAIBHBIX YCIIOBUN;

Ab:]ggv(t—z')cosﬂ,z'dz' : BOZ'[fV(t—T)SinATdT_

A,, B, —cos,sin TipeoOpazoBanue Oypoe sapa R(t).

Omnpenenenue ynpyropsi3KUX MapamMeTpoB AJIACTUYHOTO TPyOOmpoBoja Mpo-
M3BOJIUIIOCH MyTeM HUJIEHTU(PUKAMN KOIPPULIUEHTOB YPAaBHEHUSI CBOOOIHBIX 3aTy-
XaIOIMX KOJIEOAHUIA:

u(l,t) = A-exp(-pt) - cos(at), (5)
rae f= B;Z; a):(l—%)/l.
I[Ipy 5TOM UCHONB30BAIUCH AUAPAMMBI CBOOOIHBIX  3aTYXAFOLIUX KO-

nebanwmii (puc. 10).

[Tpu naenTudukanuu mapaMeTpoB 3aTyXaHUs f M YaCTOTHI ® CBOOOM-
HBIX 3aTyxamolmux Koyiebanuit B cpene LabView ucnonbs3oBanuchk aBa MeToja:
meton ['mnpbepta u Mmeron JleBenOepra-MapkBaparTa.
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Merton HeIWHEWHOW ONTUMU3ALINU

um

s I P . JleBenOepra-MapkBapATa HCTONIB3YET IS
-0,0005(] L R MOMCKa MHHUMYyMa KOMOWHHPOBAHHYIO
] FATATA R e ] i f e o
N (1A' - CTpaTeruio — JUHEUHYIO ammpOKCHMAIIUIO
-0,001 .
U T'PpaJUCHTHBIN CIIYCK; IICPCKIIFOYCHUC C
-0,0015L0 0,2 04 0,6 0,8 t.c

OJIHOTO METOJIa Ha JPyrod IMPOMCXOIUT B
3aBUCHUMOCTH OT TOTO, ObLjIa JIU YCIIECIIHON
JMHEWHAs anmpoKCUMaIs.

Puc.10. Juacpammol c60600HbIX
3amyxarouux KoieoaHull

Jlnst onpeneneHuss 4acTOThl UCIOJIb30BANIOCh ObICTpoe MpeoOpazoBanue Dy-
pbe, a A ompeneneHus koddduimenTa 3aTyxaHus BOCIOJIb3YEMCSl TOCTPOCHHEM
orubaronieit npu nomoiu GyHKUU ['mapbepTa U nanbHENIIeN annpoKkcuMaIyen.

. H.(H)
Jlnst 3TOTO WCIONb3yeM BCTpOCHHBINH B LabView BupTyanbHbIi HHCTPYMEHT ,
MO3BOJISIONIMI paccunThiBaTh PpyHkImio ['mibbepta (puc.11).

u,M

o . 3 B pesynbrate uaeHTHPUKALIUUA Y-

1.5-
i 74 PYTOJIMCCUNIATUBHBIX MapaMeTpoB oOpasiia
05- X ‘\‘][ noixydaem Oe3pazMepHbie KOA(DPUITUEHTHI:

*., s e

Egrf Ny e B/ B, - KO3 (PULHUEHT 3aTyXaHus U w/w, -
- 4acToTa CBOOOJIHBIX KoJieOaHUM, rae A, -
T8 d b0 150 200 %0 a0 3o abo abo sbo TSCTOBBIM K03(1)(1)HHH6HT 3aTyXaHu#d, @, -
t-10'3,c TECTOBAasl 4YacTOTa CBOOOIHBIX KOJICOAHUU
Puc.11 .Pacuemnvie pynxyuu: Macchl Ha ynpyrom nojsece. Takum oOpa-
1 - ucxonnbiii curnan; 2 - GyHKOMsA 30M, KO3QUIHEHTOM A3/, OLICHUBAINCH

['nbbepra; 3 - ornbarommas JUCCUNIATHBHBIE CBOMCTBA 00pa3la, a Ko-

3¢ HULHEHTOM w/@, - €ro yIpyrocTh.

OmnpenenuB B, o 1o ¢popmynam (5) ObUIM HaNAEHBI PEOJOTUUECKUE
napameTpnl A, B,
[TomyueHHble JAaHHBIE TO3BOJIMIN OMPEACTUTh (PYHKIHMIO MEpPEeMEIeHUs, U

UCTIONB3YS pasiokeHue B psa Oypbe, onpenenuTb OCHOBHBIE COOCTBEHHBIE YacTO-
ThI (puc.12).

um

0,0015 :
i
0,001 A
/
' 1 / \\\
. 0,0005 TS 17 Ay
0 ToRam ot A memmmmadeee e e - f,ru
0 10 2 30 40 K50 60 70 80 90

Puc.12. Cnexmp c600600HbIX 3amyxarouux KoiebaHuil

Ananu3 rpadukoB (puc. 12) mokaspiBaeT, UTO MaKCUMaJIbHbIE TIEPEMEICHUS
BO3HUKAIOT MpHU 4yacTtoTe kKojebanuii 40 I'u. Dta nHpopmarus mo3Bosiniia onpesie-
JUTh MaKCUMaJIbHbIE AeOpMALIMA U HANPSIKEHUs, BOSHUKAIOLIME TTPU CBOOOHBIX
3aTyXarouMx KojJeOaHusIX B 3JIACTUYHOM TPyOOIPOBO/IE.
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B Tpetnbeii riaBe pazpaboraHa MaTeMaTHYECKas MOJENb YIPYrux aedopma-
Ui CTEHKU 3JaCTUYHOrO TPYyOOIpOBOJa MpPH ABMKEHUU 10 HEMY CIUIOLIHOW He-
CKMMAEMOM CpeJibl IPU YCTAaHOBUBILIEMCSI PACX0JI€ JKUJIKOCTU U IIPOBEACHBI TEOpe-
TUYECKUE HCCIEIOBAHUA HU3MEHEHMW IO AjuHE nedopmanuii U HampspKeHUH, a
TaKXe TUAPOJUHAMUYECKUX apaMETPOB.

[Ipu pa3paboTke MareMaTH4eCKOW MOJEIM HCIHOJb30BaJINCh (DyHIaMEH-
TaJbHbIE 3aKOHBI U YPaBHEHHUs TECOPETUYECKOM MEXAHWKH, TEOPHHM YIPYIOCTH U
TUAPOJAUHAMUKU:

- SJHEpreTudecKkuii 0anaHc noToka (ypaBHeHue bepHymin), KOTOpPbIA MOKa3bI-
BAET, YTO B KaXXJIOM CEYEHUU CyMMa IOTEHUHAIBHOM M KUHETUYECKOU DHEPIUM U
3aTpaT YHEPTrUU HA TPEHUE ABIISIETCS OCTOSHHON BEIUYHHON;

- MaTepHUaJIbHBIN OajaHC MOTOKa (ypaBHEHUE HEPA3pbIBHOCTH MOTOKA), KOTO-
PBIi OTpaKAET 3aKOH COXPAHEHHS MACCHl;

- 000011IeHHBII 3aK0H ['yKa;

- ypaBHeHue JlapcH Ui 3JIEMEHTapHOIO yyacTKa 3JIaCTUYHOTO TPyOOIIpOBOIa;

- ypaBHeHue Jlamaca 111 0CECUMMETPUYHON JIaCTUYHON O0O0JIOUKH.

2
[Z+£+D—+Hn=consl;
pg 2
0 o 1%,
op , 9Py , 9pDy) | (Pz)z):o;
ot oX oY o7z
E
o=———7—(ctus, ),
Oy = (o + ), (6)
(1-4°)
2
d(ap) =2 &p, - VL.
D D 2
DP
o — —.
20

\ o, =0,50 ,
rae Z — reOMETpUYECKUI HaIop, M;

P — crarudeckoe JaBieHue , Ila;

£ — IJIIOTHOCTh KUJIKOCTH, kr/m;

0 - yckopeHme cBOOOIHOTO MAZECHNUS, M/c?:

H,, - moTepsHHBINA HATIOP, M;

t - Bpems, c;

Uy, 0y,0, — COCTABJISIFOIINE CKOPOCTH BIOJIb OCed X,Y,Z, M/C;

0,0, — paauaTbHOE U 0CEBOE HATPSDKEHHS B CTEHKAX 3JIaCTUYHOTO TPyOompoBoa, [1a;
E,E, —MOJyJb YHOPYrOCTH COOTBETCTBEHHO B PaJMaJbHOM M OCEBOM HarpabJe-
Huu, Ila;

£, & -paaMambHas U oceBas nedopMalnu;

A - xodpdunment Ilyaccona;
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AP,— MOTEpHU JaBlieHUs Ha TpeHue, [la;

A - KO3pPUIUEHT TUAPOIUHAMUYECKOTO TPEHMUS;

D — BHYTPEHHHUW TEKyLIMI JUaMETp 3JACTUYHOrO TpyOOmpoBoAa, M;
P, — nuHaMu4eckoe AaBieHue, lla;

U — CpeAHsIsl CKOPOCTh JKUIKOCTH, M/C;

0 — TOJIIIMHA CTEHKHU AJIACTUYHOTO TPyOOIPOBOAA, M.

MaremaTuyeckas MOJENIb MPOWIITIOCTPUPOBaHa Ha puc.l3.

== S {
/
al | _ X .
&5
- / c:ai Pl v (
\ 3adbuxka
ax \
Qs
o/ ~

' [ | o
Q= = #

B g Q_
SussssnmnnnEnnSHENRREEREE
&) =

g

Puc. 13. Hsmenenus kongpueypayuu s1acmusnoco mpyoonposooda
noo deticmeuem NOMOKA CRJIOUWHOU HECHCUMAEMOT CPeObl.

a - neopmarius 3JaCTUYHON TPYObI O/ IEUCTBUEM BHYTPEHHETO JABJICHHUS,
0 - PMIOPBI CTATHYECKOTO JABJICHUS P, TMHAMUYECKOTO JaBJICHUS P, MOTEph JaB-
JICHUS Ha TpEHUe AP, ;

B - KOH(UTypalus 3J1aCTUYHOr0 TPyOONpOBO/ia MPHU JBUKECHUH KUIKOCTH;
H — pacnosiaraemelii Hanop, [la;
P, P, — CTaTMYECKOE aBJicHUE B Ha4ajle U B KOHIIE AJIACTUYECKOro TpyOorpoBoa, [1a;

P

AP, — TIOTEpH JaBJIeHUsI Ha JyimHEe | aymactudHoro Tpyodomporoja, I1a;

P, — AMHAMHUYECKOE JABJICHUE B HA4YaJIe U B KOHLE, I1a;

| — muaa TpyOOTpOBOA, M;
D, —BHYTPEHHUI HAYaJIbHBIA JUAMETP JJIACTUYHOTO TPyOONpoOBOJA , M;

D,, D, — IuaMeTp 3JaCTUYHOrO TPyOOIPOBO/Ia B HaYajle U B KOHIIE, M;
o 3
L — pacxoa TpaHCHOPTUPYEMOM >KHJIKOCTH, M~ /C
Peanuzanusi MaremMaTH4ecKOM MOJEIM TMO3BOJIMJIA TONYYUTh (DYHKIIMOHATILHBIE

3aBHCHMOCTH [1apaMETPOB M0 JUJIMHE IACTUYHOIO TPyOOnpoBOAA:
- BHYTPEHHUH JUAMETDP

D =4/(mD,)* + B(I —x) | ™
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2
P B — 1,03AL% p ; m — oE ;
OF 7oE - D, P,
npu OTCYTCTBHH 3aJIBHUKKH B KOHIC 3JIACTUYHOI'O Tp}I60HpOBOI[a
P =0 X=1D=D,;

- CpCOHAA CKOPOCTb ABHMIKCHHA KUIAKOCTHU

. 1.27L _
J(MmD;, )* +B(I - x) )
-  JWHaAMHWYECKOC JaBJICHUC
0,8L%p
Pﬂ
(mD, )* +B(I—x) (9)
-  IIOTCpH NaBJICHHA Ha TPCHHUC
AP, =3,16E = — 1 ;  (10)

Y(mD,)* +B(-x)  £/(mD,)* + BI

- CTAaTHYCCKOC OAaBJICHUC

P=roE| L - 1 ; (11)
D, /(mD, )* + B( - x)
- OCECBasl I[G(bOpMaHI/ISI Z)JIaCTI/ILIHOI‘O TPY6OHp0BOI[a
0,628E > 0,785E
Ax = mD,) + Bl mD,) +B(l-x)|" - ———x;
v 2 [y a1 -[onmy) - m [

- paauanbHble U OCEBBIE HAIPSHKEHHUS 3JACTUYHOrO TpyOOmpoBOJa

o= lnfm[ JimD, ) + Bl -x) - mD} :
G, = %[4\/(;%00 F+B-x)- mDO] (13)

DNacTUYHBIA TPYOOMPOBOA MOXKET COCTOSITh U3 OTIAEIBHBIX CEKIIMH C IO-
CJIEIOBATEILHBIM U PA3BETBIICHHBIM coelnHeHneM. Ha ocHOBe moy4eHHBIX (yHK-
[IUOHATBHBIX 3aBucuMocTel (7)...(13) pa3paboTaHbl METOJBI pacueTa 3JaCTHIHOTO
TpyOONPOBOJa TIPH TOCIEIOBATEILHOM U PA3BETBICHHOM COCIMHEHUSX, YTO IO-
3BOJIIET CHU3UTH DHEPro3aTpaThl, MATEPUATOEMKOCTh U TIOBBICUTH HAJIEKHOCTh
paboOThl 3JIACTUYHBIX TPYOOMPOBOIOB.

Pa3zpaboTanbl crmocoObl TOCTPOSHUN XapaKTEPUCTUK DIIACTUYHBIX TPYOOMpPO-
BOJIOB TIPH TOCJIEIOBATEILHOM U PA3BETBICHHOM COCIMHEHUH, YTO JAET BO3MOXK-
HOCTh pallMOHAJILHO BBIOPATh HACOC U OMPEICTUTD PEKUM €T0 paOdOTHI.

B 4deTBepTOii Ii1aBe mpeacTaBiieHa METOIWKA W PE3yJbTAaThl THApPABINYE-
CKUX WCCJICIOBAHUN AJIACTHYHOTO TPYyOOMpPOBOAA. ITH UCCICIOBAHUS TPOBOJIU-
JUCh C TIEIBI0 YCTAHOBJICHHUS aJICKBATHOCTH MaTEMaTHYCCKON MOJENN YIPYTHX
nedopManyii CTEHOK 3JIACTUYHOTO TPYOOIPOBO/Ia MPU ABUKCHUH 110 HEMY CILTOIII-
HOM HEC’)KUMAeMOMW CPEeJIbl MPU YCTAHOBUBIIIEMCS PACXOJI€ KUJIKOCTH  PEATbHOMY
AMacTUYHOMY TpyOonpoBoay. MccienoBaHus NpOBOAWINCH Ha JaOOPATOPHOM
crerae (puc. 14) npu cieayromux pacxoax KUIKOCTH:

1)  2,05-10% m%c; 2) 3,07-10° M¥c; 3) 4,1:10° M¥/c; 4) 5,1-10° m¥c.



14

Puc.14 . Cxema euopasnuueckoeo cmenoa
1 — snacTU4HBINA Pe3UHOBBIN TPYOOTIPOBOX; 2,3 — cTaNbHBIe NATPYOKH; 4 — CUSTUHIK;
5 — TepmomeTp; 6,7 — mapoBsIe KIamaHbl; 8 — HeHTpoOeXKHBIN Hacoc;, 9 — pe3epByap
¢ Bozoi; 10 — punbtp; 11 — 00pa3oBble MAHOMETPBHI.

ConocTaBiieHHE HKCIIEPUMEHTAIBHBIX JIAaHHBIX C TEOPETHUUYECKUMH JaHHBIMU
noka3zanbl Ha rpadukax (puc. 15-20). KpuBbie mOCTPOCHBI 0 TCOPETHUSCKUM JIaH-
HBIM, TOYKHA OTPAXKalOT IKCIIEPUMEHTAIbHBIC TaHHBIC.

D, mm
48,5&\ T aX.m| 2
45m 4 R /
05F A 0 T ,g-—-ﬁ’
N e gy e A O = e B
40 /l . | Tt T ¥ / _L/:—L———r‘
M50 . v 0.2 /V — |
35 p e e
: | I
0 2 4 6 8 Xm 0 2 4 6 8 X.m

Puc.15. HUsmenenue enympennezo ouamempa  Puc.16. Hsmenenue ocegvix yonunenui

—

oo

0 2 4 6 8 X 0 2 4 6 8 Xm

Puc.17. Uzmenenue omuocumenvHvix Puc. 18. Usmenenue omuocumenvbHwvix
Ppaouanvusix Ooegopmayutl ocegvlx Oepopmayuii

P, o’ [7,“3’10’\
' L 1000 5
.

4 g g B 8005 ¥4
3 3;/_ 6001 4
o 2 - . e P
vy 1/— 1 B 1\‘~C *
53 JEegEy /./ [ o O
— Za: ‘// —— 200+ . 27-\.\_\::
4 6 8 XM LT

Puc.19. Usmenenue nomepwv oasnenus Puc.20. U3zmenenue paouanvhuvix HanpsoiceHull
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CpaBHUTENBHASA OLIEHKA TEOPETUYECKUX U IKCIIEPUMEHTAIBHBIX JAHHBIX I10-
Ka3bIBAET yJIOBJIIETBOPUTEIIBHYIO CXOAUMOCTh. PacX0KIeHnEe TEOPETUUECKUX U IKC-
NEPUMEHTAIbHBIX TaHHBIX He mpeBbllIaeT 5%. CienoBaTenbHO, pa3paboTaHHas Ma-
TeMaThyeckas MOJIeNIb YNpyrux Jedopmaiuil CTEHOK 3JIaCTUYHOrO TPyOOImpoBoa
IpU ABWKECHHUH MO HEMY CIUIOIIHOM HEC)KUMAEMOM Cpeabl MPU YCTAHOBUBILIEMCS
pacxo/ie KUIAKOCTH OTPAXKAET THAPOJMHAMUYECKHE U MEXAHUYECKHE XapaKTepH-
CTUKH, aJIcKBaTHa peaJbHOMY OOBEKTY.

Ha ocHOBe NpOBENEHHBIX TEOPETHYECKHX U HSKCIIEPUMEHTAJIbHBIX padoT,
OMNbITA PacyeTa, U3rOTOBJICHHUS U IKCIUTyaTallud pa3paboTaHbl PEKOMEHJALUU 110
WHXEHEPHOMY MPOEKTUPOBAHUIO AIACTUYHBIX TPyOOIpoBo10B. OnpeneneHsl Heo0-
XOJMMbIC HCXOJHBbIC JaHHBIC IS MPOCKTHUPOBAHUS AJIACTUYHBIX TPYOOMPOBOJIOB.
Pa3paboTtanbl pekoMeHAaIMU 10 BEIOOPY MaTEpHAJIOB U TOJNILMHBI BHYTPEHHEN Ka-
Mephl U Hapy>KHOTO MOKpbITUs. M3110%K€eHa MOCIeA0BaTeIbHOCTh ONPEAEIICHUS THT-
POIMHAMMYECKHUX TapaMEeTPOB U MPOYHOCTHBIX XapPaKTEPUCTHK IO JIMHE dJIACTHY-
HOT0 TpyOONpOBO/Ia, UTO MO3BOJISAET PACCUUTAThH NPOAOIbHBINA IPODUIIb.

Pa3zpaboran mMeTon onpezeneHus: ONTUMAIbHON TONIIUHBI CUJIOBOTO KapKaca
B 3aBHCHMOCTH OT IOTEPh JABJICHUS U PACXOAA TEXHUYECKHX TKAHEW C MCIOJIB30-
BAHHMEM JIaHHBIX, [TOJIyYEHHBIX SKCIIEPUMEHTAIIBHBIM IIyTEM.

OcHOBHbIE BbBIBOAbI 110 TUCCEPTAIINH

OCHOBHBIC BBIBOJIBI, HAYYHBIC W MPAKTHUYECKHUE PE3yJbTAThl 3aKIFOYAIOTCS B
CIICTYFOIIIEM:

1. Pa3zpaboTana METOAMKA U CO3/1aHO IKCIIEPUMEHTAIBHOE 000pYI0BAHUE J1JIS
OTpeIeICHUS] PEOJIOTUUECKUX MapaMeTPOB AJIACTUYHOrO TPyOOINpPOBO/IA, KaK B pe-
KUMax pellakcalliy, TaK U MOJI3YICCTH.

2. IlpoBeneHHbIE TEOPETUUECKUE U IKCIIEPUMEHTAILHBIE WCCIEAOBAHUS T10-
3BOJIMJIM M3YYHUTHh d(PGEKThl peaKcalui U TMOJI3YyYeCTH, MPUCYIIUE IIACTUUYHOMY
TpyOOTnpoBOy. BhIsiBIIeHa 3aKOHOMEPHOCTH, CBS3BIBAIONIAS HAMPSIKEHUS, BO3HU-
KaloIllie B CTEHKE 3JIACTUYHOTO TPyOOmpoBoja U aedopmaluio, ¢ yaetoMm 3 dex-
TOB, OTPEIEIAEMbIX CKOPOCTBIO HArPY)KEHHUS. Y CTAHOBJICHO, YTO CKOPOCTh Harpy-
KEHUS CYIIECTBEHHO BJIMSICT HA BEIMYUHY MTHOBEHHOTO M JTUTEIHLHOTO MOIYJICH
YOPYTOCTH.

[TpoBeneHO CpaBHUTEIBHOE HCCIICOBAHUE JIJIS TPEX THUIIOB SIJEP PEIaKCaIlnH.
[Ipu >TOM yCcTaHOBJICHO, YTO HaMOOJIEE TOYHBIM SBJISIETCS ONMUCAHWE CBOWCTB 3Jia-
CTUYHOTO TPyOOIPOBO/Ia C MPUMEHEHHEM sijipa PrkanuimHa.

3. Pa3paborana maTemMaTH4ecKas MOJIeJb, ONMUCHIBAIOMIAS TPOJAOJIBHBIC CBO-
0oaHBIE KOJEOAHHS 3JIACTUYHOTO TPyOOINpOBOAa. YTPYTOBSI3KHE CBOWCTBA MaTe-
puajia OIMCaHbl ¢ TOMOIIBIO COS — 1 SiN — mpeoOpaszoBanus Dypee sapa R(t).

4. Pa3paboTraHa METOJIMKAa W WM3TOTOBJICH IKCIEPUMEHTAIBHBIA CTCHI IJIS
M3Y4YEHUSI CBOMCTB MaTepHasia JIACTUYHOTO TPYOOMpPOBOJAa METOJAOM CBOOOIHBIX
KoJieOaHUH ¥ MPeIo’KeHa METOMKA WICHTU(HUKAIIMK YIIPYTOBSI3KUX MapaMeTpOB,
OCHOBaHHas Ha npeoOpa3zoBannu [ mibpOepTa, MO3BOJISIONIAS MO BUOpOrpaMMamM 3a-
TyXalolUX KoJeOaHui oNpeaensiTh mapaMeTPHI siIep pelaKcaliy U MOJI3YYeCTH.
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5. PaccmarpuBasi MOTOK KHIKOCTH U JACTUYHYIO CTEHKY TPyOOIpoBOaa Kak
OJTHy COBOKYITHOCTb, ObLTa pa3paboTaHa MaTeMaTHYecKas MOJENb yIPyrux aedop-
MaIii CTeHKH 3JIACTUYHOTO TPYOOIIPOBOIa TIPU JBHKEHHUH TI0 HEMY CIUIOIIHOM He-
C)KMMAaeMOU cpeibl TIPU YCTaHOBUBIIIEMCS PACXOC KUIKOCTH.

6. Peanm3amusi MaremMaTHYeCKOW MOJENH 3aKitouaiach B pemeHud audde-
PEHITMATBHBIX YPaBHEHUH, YTO TIO3BOJIWIO MOTYYUTh (DYHKIIMOHAIBHBIC 3aBHCHMO-
cTH AedopMaluil U HANPsDKEHUS, a TaK)Ke OCHOBHBIX THIPOJMHAMHYECKHUX Iapa-
METPOB MO JUTMHE 3IACTUYHOTO TPYOOIIPOBO/IA.

7. Pa3zpaboTrana sKkciepUMEHTaIbHAS YCTAHOBKA M METO/IMKA THAPABINYECKO-
T0 UCCIIEJIOBAHUS AMACTUYHOTO TpyOompoBoaa. ComocTaBiIeHUS TEOPETHUECKUX H
OKCIIEPUMEHTATIBLHBIX JAaHHBIX TMOKA3aJId aJeKBAaTHOCTh MATEMAaTHYECKOW MOJICITH
peasbHOMY OOBEKTY.

8. Pe3ynbTaThl HAYYHBIX M DKCIIEPUMEHTATBHBIX JAHHBIX MO3BOJIMIHA pa3pa-
00TaTh PEKOMEHAAIMU JUISl MPOCKTUPOBAHMS SJIACTUYHBIX TPYOONPOBOJOB C HC-
MOJIb30BAaHUEM HOBEHIIINX MaTEpPUATIOB.

9. Teopernyeckue U MPaAKTUYECKHUE PE3yIbTaThl pabOTHI ObUTH BHEAPEHHI Ha
psane npennpusituii T. Kypcka. [lpumeHeHue 3macTUYHBIX TPyOOIPOBOIOB IMO3BO-
JIWJIO YBEJIMYUTD HAJEKHOCTh U CHU3UTh YHEPronoTpedIieHue.
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