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JUHAMUYECKOE MOJEJINPOBAHUE 3AMKHYThIX IIUKJIOB
TOHKOTI'O U3BMEJIBYEHUSA

V4uThIBask BBICOKYIO SHEPrOEMKOCTh TOHKOI'O M3MEJIbUYeHHs, HE0OX0UMO pa3paboTaTh YCIOBHS HOCTHKE-
HUS ONTHMAJIBGHOTO YPOBHS IPOM3BOJUTENFHOCTH MEIBHHI] TOHKOTO IIOMOJA IPH COOIIOJEHHH HEO0OXOJHMOro
BBIXOJIa MPOYKTa KOHTPOJIBHOTO KJlacca U CHU)KEHHH SHEProeMKOoCTH mpouecca. Ha 6ase aHam3a npoBeseHHbIX
HCCIIEIOBAaHUH ¥ CYIIECTBYIONIEI TEXHOIOTHH 3aMKHYTHIX IIHKJIOB TOHKOTO M3MEIbYEHUS YCTAaHOBIEHEI 3aKOHO-
MEPHOCTU HM3MEHEHMS 3aBUCUMOCTH, CBSI3bIBAIOIIEH BHOBb OOPa30BaHHYIO IOBEPXHOCTh TOHKOHM3MENIbUEHHOIO
MPOJyKTa C dHEproszarpaTaMu Ha dTOT mponecc. ChopMyanpoBaHa OCHOBHAs 3aJada TOHKOTO H3MEIbUCHHS —
olpe/eIeHue YCIOBUSA U BpEMEHH TIePeXo/ia NpoLecca U3MENIbUCHHs Yepe3 KPUTHUECKUH YPOBEHb.

IpuBeneHs! pe3ynbTaThl AUHAMUYECKOTO MOJCTUPOBAHUS 3aMKHYTOTO IMKIA TOHKOTO M3MEIbUCHHS II0-
JIe3HBIX HCKomaeMbIX. Ha ocHOBe MOJIENBHBIX HCCIIEA0BAaHUI KMHETHKM U3MENIbUeHHs, yUUThIBAIOLIEH nepexoasl
MexIy QpaknusAMU MaTepHala B MEIbHUIE, ONPEAENICH IOBEPXHOCTHBII MapaMeTp, CBSI3bIBAIONINIT IPOM3BOIY-
TEJIBbHOCTh 110 KOHTPOJILHOMY KJIACCY C yIElbHON MOBEPXHOCTBIO NPOJYKTa H3MEIbYEHUs. DTO 103BOIUIIO TIOBbI-
CHUTb IPOU3BOJUTENEHOCTh MENBHHUIIBI IIPH TPeOyeMOi JUCIIEPCHOCTHU MPOIYKTA.

3 ormAay Ha BUCOKY €HEPrOEMHICTh TOHKOTO NMOAPiOHEHHS, HeOOXiAHO PO3POOUTH YMOBU IOCSATHEHHS OII-
THUMaJIbHOTO DPIBHS MPOAYKTHBHOCTI MIIMHIB TOHKOTO MIIMBA TPH JOTPHUMaHHI HEOOXIZHOrO BHXOAY HPOAYKTY
KOHTPOJILHOTO KJIacy W 3HIIKEHHI eHeproeMHocTi mpouecy. Ha 0a3i aHami3y npoBeeHUX OCIIDKEeHb 1 icHyro4o1
TEXHOJIOT1i 3aMKHYTHX LHUKJIB TOHKOTO MOJAPiOHEHHS BCTAHOBICHO 3aKOHOMIPHOCTI 3MIiHH 3aJIe)KHOCTI, LIO 3B'S-
3y€ 3HOBY yTBOPEHY ITIOBEPXHIO IIPOAYKTY 3 €HeproBUTpaTaMu Ha el nponec. CHopMyIIL0BaHO OCHOBHE 3aBJaH-
HSl TOHKOTO MOJPiOHEHHS — BU3HAYCHHsSI YMOBH i Yacy Iepexoay MpoLecy depe3 KpuTudHuil piBens. [TokasaHo
3QJIXKHICT IPOAYKTHBHOCTI MJIMHA BiJl BUXOJY TOHKOI (h)paKiii rOTOBOro MPOIYKTY.

HaBeneHo pe3yibTaTd AMHAMIYHOTO MOJENIOBAHHS 3aMKHEHOrO LHKJIY TOHKOTO IMOJAPIOHEHHS KOPHUCHHX
KonayurH. Ha OCHOBI MOZENBHUX JOCIIDKEHb KIHETUKH NOAPIOHEHHS, IO ypaxOBYe MEepexoAu MK (paKIisMu
Marepialy B MIIMHI, BU3HAYEHO MOBEPXHEBUI Mapamerp, 110 3B'A3ye MPOAYKTUBHICTH [0 KOHTPOJIBHOMY Kiacy 3
MIITOMOIO TTIOBEPXHEI0 MPOAYKTY IoApiOHeHHs. 1le 103BOIMIIO MiABUIIUTH NPOXYKTHBHICTh MIIMHA IIPH HEOOXin-
Hiil AUCTIEPCHOCTI MPOIYKTY.

Taking into account high power consumption of fine grinding, it is necessary to develop optimal conditions
of production of the pulverizing mill with the required output of the control class and reduced power consump-
tion. Based on the research conducted and current technology of closed cycles for fine grinding, the regularities of
variations in the dependency relating a newly formed surface of a pulverized product with power inputs for this
process are established. The main goal of fine grinding is formulated: determination of conditions and time when
grinding achieves a critical level.

The dynamic results for modelling mineral closed-cycle fine grinding are presented. Based on simulation of
grinding kinetics considering transitions between material fractions in a mill, the superficial parameter relating the
capacity on a control class with a specific surface of grinding product is determined. It allowed improvement of
the mill capacity at the required product dispersion

Beenenne. B nHactosiee BpeMs A IpaBHIIBHOTO noadopa o0OpymoBaHHMs
TOPHO-000raTUTEIbHBIX KOMOMHATOB U 3((PEKTUBHOTO €r0 MCIOIb30BAHUS INPO-
KO HCHOJB3YIOTCSl pa3jIniHble MaKeTbl KOMIIBIOTEPHBIX MPOrpaMM IJisi pacueTa
cXeM o0oramenus, B T. 4. pyJOI0ArOTOBKU. PyZonoAroToBKa BKIIOYAET ONEPaLluH
IpoOJIeHus, TPOXOYEHUS, U3MENBUYEHUS, CMELIMBAHUSI TOTOKOB, 3arpy3KH HUCXO.-
HOr0 MaTepualla U CKJIaJUpOBaHUS TOTOBOTO MPOoAyKTa. C MOMOILBIO MOJEINPO-
BaHMSI MOJKHO PaCCMOTPETh MHOXKECTBO BO3MOXKHBIX CXEM PYAONOATOTOBKH, CIIPO-
THO3UPOBATh MOKAa3aTeId CXeM NPH M3MEHEHMH NapaMeTpoB paboThl 000pyaoBa-
HUSI C 1IETIbIO IOCTMXKEHUSI HYKHOM KPYITHOCTH MPOAYKTA.

MogenupoBaHue CXeM PyAONOATOTOBKH B OCHOBHOM 0aszupyeTcs Ha IByX Me-
TOJaX: UIMUTALIMOHHOM (CTallMOHAPHOM) M TMHAMUYECKOM MOJIEIHpoBaHuH. MMu-
TAIMOHHOE MOJEINUPOBAHUE OCHOBBIBAETCS HA JIOTMKO-MaTEMATHYECKOM ONMMCAaHUU
00BEKTa, MO3BOJISET aHAJM3UPOBAaTh U OLEHUBATH €ro padoTy, CTPOUTH MOMEIIH,
KOTOpBIE JOCTATOYHO TOYHO OIMUCHIBAIOT PEAIBHYIO CXEMY.

HaunOonee u3BecTHBIE MaKeThl 1O MOJCIMPOBAHUIO CXEM JIPOOJICHHUA U W3-
MelnbyeHus: paccMoTpensl B [1]. Onnu n3 Hux — PlantDesigner 1 BRUNO, pa3spa-
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0ortanHble cooTBeTCTBeHHO Sandvik m Metso Minerals, 001a1at0T BCTPOCHHBIMH
0a3aMu JaHHBIX 0 00OPYIOBAHHIO, CHIPHIO M HE TPEOYIOT JOTOJHUTEIBHBIX Ma-
pameTpoB U xapakTepucTuk. OIHAKO 3TH MaKeThl HE MPEIyCMaTPHUBAIOT pacueT
CXeM HM3MENbYEHIS U aJalTHPOBaHbI K 000pyI0BaHMIO cBOMX (pupm. pyrue mpo-
rpamMMubie poaykTel — JKSimMet u USIM PAC — cocraBieHsl U3 yHHBEpCallb-
HBIX MOJyJiel, OCHOBAHHBIX Ha M3BECTHBIX MPUHIUIAX PaOOTHI OCHOBHOTO PYZO-
MTOATOTOBUTENHFHOTO 000PYAOBaHUS M TPEOYIOMIMX OTPOMHOTO 00BheMa MCXOTHBIX
JTaHHBIX. JlJIT TOYHOTO MOAETHPOBaHM KOHKPETHOW CXeMbI TpeOyeTcs BBOJ BCEX
HEOOXOJMUMBIX CBEJICHUH, ¥ KOPPEKTHOCTh MOJEIH MPSIMO 3aBUCHT OT TOYHOCTH
TAHHBIX.

Ha ocHoBe muHaMHYECKOTO MOAETUPOBAHUS OMHUCHIBAETCS N3MEHEHHE COCTO-
STHASA O0BEKTa, W pa3pabOTaHHBIE MAKETHI HUCMOIB3YIOTCS IS CO3JaHHS CHCTEM
aBTOMAaTHYeCKOro ympasieHus. [log mnHaMIdeckoi cucTeMoi TOHUMAIOT OOBEKT
WM TpoIlecc, ISl KOTOPOrO OJHO3HAYHO OMPEEICHO MOHATHE COCTOSHHUS Kak
COBOKYITHOCTH HEKOTOPBHIX BEJIIMYMH B JAHHBI MOMEHT BPEMEHH M 3aJlaH 3aKOH
(aBOIIOIIHST), KOTOPBI OMHCHIBAET M3MEHEHNE HAa4YaIbHOTO COCTOSHUS C TEUEHHEM
BPEMEHH W TIO3BOJISIET 10 HAYAIBHOMY COCTOSHHIO IIPOTHO3UPOBATh OyIyIiee co-
CTOSTHHEC DWHAMHYECKOW cHcTeMBbl [2]. Maremarmueckas MOIETb TUHAMHUYICCKOM
CUCTEMBI CUMTAETCS 33JJAHHON, €CITH BBEACHHI MapaMeTphl (KOOPAMHATHI) CUCTEMEI,
OTIPEIETISIONIIE OTHO3HAYHO €€ COCTOSHHE, W YKa3aH 3aKOH 3BOJIOIUN COCTOSHHS
BO BpeMeHH. B 3aBUCMMOCTH OT CTENIeHH MPUOJIMKEHHS OJTHOW M TOU YK€ CHCTEME
MOTYT OBITH MOCTABJIEHHI B COOTBETCTBHE Pa3IMYHBIC MaTEeMAaTHYECKHE MOIEIH.
HccnenoBanne peaqbHBIX CUCTEM HIET MO MYTH M3YYEHUS COOTBETCTBYIOIIUX Ma-
TEMaTHYECKUX MOJIETIeH, COBEPIIIEHCTBOBAHNE W PA3BUTHE KOTOPBIX OTPEAEIIETCS
AHAIIM30M JKCIIEPUMEHTAIBHBIX M TEOPETUYECKUX PE3YNbTATOB MPH UX COMOCTaB-
JICHUH.

IHocTranoBka 3agaun. B oboratutensHOM pakTUKe OBLIIO HAWIEHO TEXHOJIO-
THYEeCKOE PEUICHHE PETYIHPOBAHUS NPOU3BOJUTEIHFHOCTH H3MEIBUYCHUS ITyTEM
CO3aHUsI 3aMKHYTHIX IIMKJIOB MU3MEJIbYCHUS, B KOTOPBIX U3MEIbYCHHBIH MPOITYKT
NoJaeTCs B KJIAaCCU(HUIMPYIONIMI anmapar, I7ie TOHKHHA MPOIYKT (TOTOBBIN) BBIBO-
TUTCSI U3 U3MENBUUTEIILHOTO KA, a OoJiee TpyObIil MPOayKT (TIECKH), 00pa3yro-
MU UPKYJIUPYIONIYI0 HATrpy3Ky, HAINPaBIIIETCS CHOBA B TOT )K€ W3MEIbUUTENb-
HBI anmapar (puc. 1).

UeprymapyreIad Harpyaea
Pasrpysra
- - LIETEHIITE]
CHONHEE
MoTORRI IpOOYET
oAyt HMamemyeme Enaccudmama
| * R —

Puc. 1 — 3aMKHYTBIH ITUKJT TOHKOTO U3MENbYCHHS

Hcrnionb3oBaHue 3aMKHYTBIX LIMKJIOB ITO3BOJISIET COKPATUTH MEPEU3MEIbUYEHUE
MaTepuaia U JOOUThCA BbIXOJa MPOAYKTOB HY)XHOH nucrnepcHocTd. OMHAKO Mpo-
LIECC U3MEJIBYCHMS OCTAETCSI AOCTATOYHO SHEPTOEMKHUM, a U3MEJIbUUTENbHBIC all-
mapatsl paboTalOT HE BCETAAa C MAKCUMAIbHOW MPOW3BOIUTENEHOCTHIO, 3HAUWT,
HaOo1aeTcs 3aBbIICHHOE dHepronorpediaenue. [10aToMy akTyalnbHOH sBIsSETCS

94



pa3pa60T1<a CHUCTEMBI YIIPABJIICHUSA 3aMKHYTBIM IHUKIIOM TOHKOI'O HM3MEJIBYCHUA C
LCJIBI0 IMOBBIMICHUA ITPOU3SBOJAUTEIIBHOCTH U CHMIXXCHUA DHEPro€MKOCTH IIpoHecca
HU3MCIIBYCHUA IIPU OOCTHKCHHUUN HCO6XO,ZII/IMOFO BbIXOJI[a KOHTPOJIBHOI'O KJlacca
KPYIMHOCTH IPOAYKTa U3MEJIbYCHU.

Heabio manHOi paboOTHI sSBISETCS pa3padOoTKa MOJAETH 3aMKHYTOTO MHKIIA
TOHKOT'O M3MEIBUCHHSI, TTO3BOJISIONICH ONPEACIUTh KPUTEPHUH ONTHMHU3AINH TIPO-
mecca U3MeNIbUCHHS.

MHOToYHCIIEHHBIE HCCIIEA0BAHMS 3aKOHOMEPHOCTEN M3MenbueHus [3, 4] mos-
BOJIMJIM BBIJIEIUTH TJIABHYIO XapaKTEPUCTHUKY, KOTOpas CBSA3BIBAET BHOBBH 00pa3o-
BAHHYIO yJIEJbHYIO ITOBEPXHOCTh Sy: NPH M3MENIBLYECHUH C yJEIBHBIMU SHEPro3a-

TpaTaMH Y, Ha 3TOT Ipolecc (CM. puc. 2).

B 3710l xapakrepucTike MOXHO BBIAETUTH 3 ydacTka. [lepBbIit yuacTok Jm-
HEHHO CBS3BIBACT BHOBH OOPAa30BAaHHYIO YAETHHYIO TOBEPXHOCTH C yIEIHHBIMHU
SHEepro3arpaTamMm. ITO COOTBETCTBYET IIOMOITY JOCTATOYHO KPYIHBIX YaCTHII.

%{,u,CMer‘
6000 F
4000
|
2000 |
|
|
|
04 I E T 5}(
0 100 200 1, KBT wiT
L1 2 3 |
A B ¢ HBAPY  m KMHKED @ yTOnk

Puc. 2 —3aBucHMOCTh yIENBHOM TOBEPXHOCTH OT YICIBHBIX YHEPTro3aTpar.
0 — A — obitacth nMHeNHOM cBs13U; A—b — 001acTh HAKOILIEHHWS TOHKHMX YacTHIl, b —
KPUTHYIECKHH TTOPOT.

ITo Mepe TOrO Kak MOSBISIFOTCS TOHKHME YaCTHIIBI, SHEPTHU Ha Pa3pyIICHHUE Ta-
KUX YaCTHI[ MPUXOJAUTCS 3aTpayMBaTh OOJBIIE, W MO3TOMY YyBCTBHTEIHLHOCTDH
YHIOMSIHYTOM XapaKTEePUCTUKH K YBEIMYCHHIO SHEPrO3aTPaT MEJIbHHIIBI CHUKACTCSI
(ygactok 2 Ha puc. 2).

Tpernii y4acTOK COOTBETCTBYET YCIOBHSAM, KOT/Ia TOHKHX YaCTHI[ OYCHb MHO-
o, pa3Mepbl HX MPUOIIKAIOTCS K MUKPOHHBIM. [103TOMY Ha 3TOM y4acTke HeoO-
XOJMMO Pa3pylaTh CBEPXTOHKHE YACTHIIBI, OIU3KHE MO pasMepaM K MOJICKYIIaM.
EcTecTBEHHO, YTO IS TAKOTO Pa3pyIICHUsS HEOOXOIMMO MOTPATHTH OTPOMHYIO
SHEPTHIO, TI0ITOMY XapakTepucTnka Sg;(Yss) CTAHOBHTCA KpaifHe MaTOUyBCTBH-

TEJILHOW K YBEIMYEHHUIO dHepro3aTpaT. TakuM o0pa3om, rpaHulla MEeXIy ydacTKa-
mu 2 u 3 (kputndeckuii ypoBeHb) it QyHKUUH Sgs(Yss) sABISCTCS TpaHHIEH

BO3MOKHOCTEH MEXaHHYECKOTO PACKpPBITHA LCHHBIX KOMIIOHCHTOB H, BOO6H_[€,
IMPUMCHCHUA MCXAaHUYCCKOI'O 06OI‘aH_ICHI/I$I. HOBTOMY HC MMCCT CMbICJIa NIEPLCXO-
AWUTH 3a MpPaByrO IpaHUully ydacCTKa 2, a eCJIM TaKou nepexoa oCymeCTBIACTCA, TO
HYXXHO U3MCHUTH MPOLCCC U3MCIBYCHUS B CTOPOHY CHUIXCHUA DHEPro3aTpar. Ort-
Cr0oa BO3HUKACT OCHOBHAA 3a/ia4ya TOHKOI'O M3MCJIbYCHUA — OIPCACIUTh YCIIOBU
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nepexosa Ipolecca W3MEJbYCHUs depe3 KpUTH4ecKui nopor (rpanuua b), a B
Cllydae Takoro mepexoja, BepHyThb Ipolecc B obiacth TOHKUX 4actull (A — B),
€CIIM HE pellIaeTcs 3ajaya oJIyuYeHHUs CBEPXTOHKHUX NPOIYKTOB.

IIpeBbllIeHNE KPUTHYECKOT'O YPOBHSI TOBOPHUT O TOM, YTO HAKOIMJIOCH 3HAYH-
TENbHOE KOJIMYECTBO YACTHII, JOCTATOYHO MEJKHX, HO TPEeOYIOLIMX NaJbHEHIero
CHIDKCHHMS MX pa3Mepa, T. €. HEOOXOIUMO CHU3UTh NIPOU3BOIUTEIHHOCT U3MEIIb-
YUTEJIBHOTO ammapaTta. Y MEHbIIEHHE KPUTHUECKOIO YPOBHSI TOBOPHUT O TOM, YTO
U3MENbYNTENbHBIA MPOIECC UMEET HEKOTOPBIM pe3epB U M3MEILUYUTEILHBIN arpe-
raT MOXeT YBEIMYHUTh CBOIO IIPOU3BOAUTEIBHOCTD.

YeMm TpyaHee U3MeENIbUACTCA MaTepra, TeM OOJIbILE MOJIyYaeTCsl HUPKYIUPY-
folfast Harpy3ka. TeM He MeHee, MOXKET BO3HUKHYTh TAKOH PEXHUM, KOTJa KoJude-
CTBO IIECKOB HEOIPAaHMUYCHHO YBEJIMYUBACTCS U B PE3yJbTATE M3MEIbYUTEIbHBIN
anmapar TakKe HEOTPaHMYEHHO NPUHUMAET Harpy3Ky M MOXET AOCTHYb TaKOTro
pexuMa, Korza OH He B COCTOSIHUM IepepaboTaTh NOCTYHAIONIIMI Ha HErO MaTepu-
ai. DTO MOXKET MPUBECTH K aBapUWHOW CUTyalllH ¥, 9TOOBI ee n30exarh, Heo0X0-
IUMO OTKJIIOYHUTH MOTOK CBEXKEro MaTepuaa 10 TeX IOp, HOKa KOJIUYECTBO LHUp-
KYJIUPYIOIIEH Harpy3kd HE CHU3UTCA 0 AOIMYCTHMOro ypoBHs. Takum oOpasom,
LUPKYJIUPYIOIAs Harpy3Ka SBISIETCS YINPaBISIIOIUM BO3ICHCTBHEM, KOTOPOE MO-
KeT CYLIECTBEHHO M3MEHATh INPOU3BOAUTENILHOCTh 3aMKHYTOTO IIMKJIA U3MEJIbye-
Hus. Ilocne Toro xak 3TOT ypoBeHb OyAET NOCTUTHYT, MOXHO CHOBA YBEJIHYHUTH
MoJavy CBEXEro Mareprana B LUK U3MEIbYCHHS.

IIpoBeneHHbIE paccyKICHUS MO3BOJIIOT CIENATh BBIBOL O TOM, YTO HE00XO-
UM BBIOOpP BEIMYMHBI PE3KOT0 M3MEHEHHS MPOU3BOIUTEIBHOCTU IIHKJIA U3MEIb-
YEHUS 110 UCXOJHOMY MaTepuaiy, KOraa MpoucXoIuT MEPeX0 dyepe3 KpUTHUECKUH
ypoBeHb. B 3TOM cocTouT BTOpas 3afaya MOMCKa ONTHMAJIBHOW PabOThI W3MeEIb-
YUTENBHON yCTaHOBKH. HakoHeln, HEOOXOQMMO ONpeneNnuTh 10 COCTOSHUIO LUKIA
H3MEJIBYCHUSI MOMEHT IIepexoja PEeKUMOM H3MENbUYCHUSI KPUTHUECKOTO YPOBHSL.
OTO SABISETCS TPEThEU 3a1aueii UCCIETOBAHUMN.

Pemenne nepedncieHHbIX TPeX 3a[ad MMO3BOJHUT PEIINTh NPoOIeMy CO3daHUs
ONTUMAJIbHBIX YCIOBUH CBEPXTOHKOIO IOMOJIA, KOTOPBIH, KaK W3BECTHO, SIBJISETCS
BECbMa SHEPrOEMKHM B CBSI3U C TE€M, YTO, KaK OTMEYaJIOCh paHee, YacTULbl IpH-
OMKAIOTCS] K MUKPOHHBIM pa3Mepam.

MHOTro4YHCIIEHHBIE UCCIIEA0BAHMS 110 ONPEAEICHUIO 3aBUCUMOCTH BBIXO/A T'O-
TOBOT'O Kjlacca B MpoLecce U3MeNbUEHHUs] OT 3Hepro3aTpaT MeNbHULB! [6], mpoBe-
JICHHBIE Ha >KEJIe30pyIHBIX KOMOMHATaX, [OKa3ajld, 4TO 3Ta 3aBUCHUMOCTbH CYILe-
CTBEHHO HEJMHEHHAs U B HEH MOXKHO BBIICINTH JBa ydacTKa (CM. pHc. 3): epBbIi
yuaacTok (0 — b) nmeeTt BBICOKYIO UyBCTBUTEIBHOCTh K M3MEHEHHUIO SHEPTONOTPeO-
JICHHS 3aMKHYTOI'O TIpoliecca, M Ha BTOPOM y4acTKe mpaBee JUHUM b 3Ta 3aBuCcH-
MOCTh HMEET BeChbMa MaJlyl0 4yBCTBUTEIBHOCTh. Ha puc. 3 mokas3aHbl pe3yabTaThl
paboThbl pa3IMyYHBIX TOPHO-000TAaTUTENBHBIX KOMOMHATOB KpHBOpOXKCKOrO Xene-
3opynHoro Gacceiina [4]: 1 — ¥Oxusiit, 2 — HoBo-KpuBopoxckwuii, 3 — L{enTpains-
HbId, 4 — CeBepHbIH, 5 — MHrynenkuil.
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Puc. 3 — 3aBucumocTh COZCPIKAaHUA TOTOBOI'O Kjlacca 7/74 B MMIPOAYKTE U3MECJIbUCHUA

OT YZINBHBIX SHEPro3arpar Juisl pa3HbIX PyAOPa3MOJIbHBIX MEIBHUIL )KEIE30pYAHBIX 00ora-
TUTEJIBHBIX (aOpUK.

Eme ogHo moxareepkaeHNE TOMY, YTO MOMyYEHHE TOHKO U3MENbYEHHOTO MPO-
IyKkTa TpeOyeT OONBIIMX SHEpPro3aTpar U MpH 3TOM MPOU3BOAUTENBHOCTh Q mpH
HEM3MEHHOM PACXOE CBEXKETO ChIPhsl YMEHBILIACTCS U B PEeIie CTPEMUTCS K Hy-
710, MpuBeIeHO Ha puc. 4. Bee 3T0 ykasplBaeT Ha HEOOXOAUMOCTH YIPaBIICHUS
IPOLIECCOM TOHKOTO U3MENbUEHUS AT TIOTy4eHHsI BBICOKOM MPON3BOANTENBLHOCTH
[0 TOHKOMY NpoaykTy. s aToro paspaboraHa AuHaAMHYECKass MOZAEIb TOHKOTO
M3MEJIbYCHHUS B 3aMKHYTOM LIUKJIC.
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Puc. 4 — 3aBucumocTh MPOU3BOJUTECIILHOCTU MEJIBHUIBI OT €€ YICJIbHBIX JHEPIro3a-
TpaT IMPU TOHKOM U3MEJIBbYCHUN MAaTCPUAJIOB.

Ha nepBom stame B pabote [5] mpenokeHa MoJellb 3aMKHYTOTO IIUKJIA H3-
MeJTbUeHHs, OCHOBaHHAs Ha JAMCKPETHO-COOBITUHHOM IOAX0JI€ M MOJEINPOBAHUU
CTOXaCTHYECKUX JMHAMHYECKHX TpolleccoB. HavanbHbpIMU JaHHBIMU ObLTH (pak-
IIMOHHBIE TIOTOKH MCXOAHOTO MaTrepuaia, 3aJaHHbI 00beM 3arpy3Kd MeEIbHHIIBI,
HEoOXOouMasi KPYITHOCTh M3MENBUYEHHOTO MPOAYKTa (KOHTPOJBHBIA Kiacc) W 3a-
JaHHOE (PMKCUPOBAHHOE BPEMs H3MEIbUCHHs MaTepHaa.

OpHOM 13 OCHOBHBIX 3a]la4 BTOPOTO 3Tara MOJIEIHUPOBAHUS SIBIAETCS MOJE-
JUPOBaHUE KWHETUKU TIEPEXO0JI0B MEKAY (QpakiusMy MaTepualia BHYTPHU MeEJIbHU-
1pl. B X0zme MozenupoBaHus OnpeaenseTcs Heo0XoIMMoe BpeMs U3MEIbUEHHUS 10
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3aJJaHHOW KPYMHOCTH WM YTOYHSIOTCS KPUTEPHUH YIPABICHHUS MPOU3BOAUTEIHHO-
CTBIO U3MENBYUTENFHON YCTaHOBKY.

PaspaboranHoe mporpaMMHOe oOecrieueHHe BBITOIHEHO MPH MOMOIIU CPEJIbI
nporpammupoBanus AnyLogic (Caukr-IlerepOypr) [5] ¢ ucrnonbp3oBaHueM si3biKa
nporpammupoBanus JAVA W criennaan3upoBaHHON 00HEKTHO-OPUEHTHPOBAHHOM
OnOIMOTEKN 0OOBHEKTOB CUCTEMHON THHAMUKH.

B xone paboTel mporpaMMHOTO KOMIUIEKCA MPOBOAUTCS aHAIN3 M3MEHEHHS
00BeMoOB (pakumii BoO BpeMeHHu. Vcmonb3yercs 5-tu ppaknunoHHas MOAeTh MaTe-
pHaia Ipy U3MeIbYeHnH (CM. pHc. 5).

Ucxonneiii Matepual, 3arpy:kaeMblii B MENBHUILY, coaepkuT Tpu ¢paxmmu (F1,
F2, F3). B mporiecce n3MenpyeHns1 MaTepraiia B MEITbHUIIE 00Pa3yroTcs IBe (paKkiuu
(F4, FS). Tpu sTom dpakiws F4 sBiseTcss KOHTPOIBHBIM KJIACCOM MPOIYKTA H3METb-
yenust. Opaxiwst F5 — 00beM HexxenaTensHOro epen3MebueHus IPOIYKTa.

Crnenmyromire mapaMeTpsl SIBIIOTCS IEPEMEHHBIMI MOJIENIH: HHTEPBAJI BpeMe-
HU JUCKPETHOM MTOIa4YM CXOIHOTO MPOIyKTa B MeNbHUIYY At (Mc), 00beM u dpak-
IIMOHHBIN COCTaB HCXOHOTO MaTepraa.

O0beM (pakuuil B KaXxIbpIii MOMEHT BPEMEHH BBIYUCIISIETCS U3 CHCTEMBI TU(h-
(hepeHInanbHBIX YPaBHEHUI:

5
d(Fi)/dt=— Z(ki,j -Fi_Fj), (1)
J=1
rae Fi_Fj — nmotok marepuana ¢pakinu j, BOSHHKAIONINI B pe3yIbTaTe U3MEIb-

4yeHus paximu i 3a Bpems dt, T. e. 00beM ¢pakimy i, nepemenuui Bo Gpakiuo
J; Kij — K03 duIEenTsI, onpeaesione 00 Qpakiui B MaTepuaie, T. €. MaTpH-

oa “ki, J “ SABIISACTCA ManHHeﬁ HU3MCJIbYCHUS JaHHOI'O MaTepurajia.

Puc. 5 — Cxema ppakiOHHBIX TOTOKOB B MEIBHHUIIE
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Hupkyaupyrolias Harpyska Kaxmol (pakiuu Ha puc. 5 BKIOYAET 0ObEMBI:
Fii — o6wem dpaxkium, ocrasieiics Bo ¢pakmun i; F1 obr, F2_ F1 _obr, F3 _obr -
UPKYJIUPYIOIUE TIOTOKA COOTBETCTBYIONIMX (hpaKkiMii MaTepralia BHYTPH Mellb-
HUIIBL.

Pemenwne >tux auddepeHnanbHbIX YpaBHEHNH OCYIIECTBISIETCS YHCICHHBIM
MEeTOI0M Difiepa ¢ HauaabHBIM 3HaUeHHEM At =1 Mcek.

Kak n3BecTHO, OMH ¥ TOT K€ BBIXOJ KOHTPOJIBHOTO Kiacca KPYMHOCTH MOXK-
HO TIOJTYYUTh MIPH Pa3INIHON BEITMYWHE BHOBb 00Pa30BaHHOW TTOBEPXHOCTH 3TOTO
npoaykra [4]. YBenwdeHHe 3TOro IMOKas3aTessl AWCIIEPCHOCTH MPH COOIIOIEHUN
TpeOOBaHMs 3aJaHHOTO BBIXOAa KOHTPOJIBHOTO Kilacca KPYMHOCTH 0003HAYaEeT I1e-
pen3MenpueHne NPOoAyKTa U3MENbYeHH. DTO BeleT K MOBBIIIEHHOMY YHEPrOIo-
TpeOJICHUIO METHFHUIIBI B XO/I€ U3METbUCHUSI.

Jlnst perieHnst 3Toi MpoOJIeMbl B TMHAMUYECKON MO ObLT BBEIEH ITOBEPX-
HOCTHBIN moka3zarens S(F4), mo3BoMsONHi KOHTPOJIUPOBATh BEIMYMHY 00pa3o-
BaHHOW MTOBEPXHOCTH YaCTHI] U3MEIHUEHHOTO MPOIYKTA.

Y nenbHas TOBEPXHOCTHh MaTepHasa ONMpeeNsieTCs B BUAC

S.. =k iﬁ
0a S a 1
i=1 "I

rae fBj — BBIXOJ KJIacca KPYMHOCTH CO CPEAHUM Pa3MepoM 4acTHLl dj, ks — mokasa-

T€Jlb, CBSI3aHHBIN CO CBOMCTBAMU MaTepuara.

3aTeM BBIYHCISIETCS BpEMs U3BMCEIIBUCHUA JAHHOT'O MCXOJHOT'O MaTepuajia 10
3aJJaHHOTO KOHTPOJILHOTO KJIacca U JIOIMyCTUMON BHOBH 00pa30BaHHOM MOBEPXHO-
CTU MPOAYKTAa N3MECIbYCHUA. OnTuMalisHOe BpEMs U3MCIIBUCHHA B KaMEpeE, OIpe-
JIEJIEeHHOE BO BTOPOM MOJIENH, MOJACTABIsETCS B MEPBYIO MOJIENb. DTO MO3BOJSAET
CBSI3aTh JIBE CO3JaHHBIC MOJICIHN B €UHBINH KOMIUIeKC. Takum oOpa3om, onpesens-
€TCS ONTUMAJILHBIN PEKUM padOThI BCEr0 3aMKHYTOTO LIUKJIA.

Ha puc. 6 mokaszano usmeHenue npoussoautensaoctd G B xome peryampo-
BaHUSI MOJEJIH 3aMKHYTOT'O LIMKJIAa TOHKOT'O U3MEJIbYEHUS.

O, rrinmm
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Puc. 6 — [oBbIIIeHHE POU3BOIUTEIBHOCTH MEIBHHUIIBI (2) IPH UCTIONB30BAHUH OIITHMAITb-
HOTO BPEMEHH M3MEIbUYEHHs M TIOBEPXHOCTHOTO mokazarens S(F4)

BoiBoasbl. VcciegoBanus noka3aiy MepCleKTUBHOCTh TMHAMUYECKOTO MOjIe-
JIMPOBaHMS TOHKOTO M3MEJIbUECHMS B 3aMKHYTHIX 1UKJIax. Ha ocHOBe MojaenupoBa-
HUSI KHHETUKU U3MEJIbYEHUS ONPEIeSICHO BpeMs U3MENIbUEHHUS JIJIsl TIOJIy4eHuUs 3a-
JITAaHHOTO BbIX0Jia KOHTPOJIBHOIO Kjlacca. BbIJeNeHHbIN MOBEpPXHOCTHBIN IOKa3a-
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TeJIb, CBSA3BIBAIOIINI BHOBb 00OPa30BaHHYIO MTOBEPXHOCTH C BBIXOJIOM KOHTPOJIBHO-
ro Kjlacca, MO3BOJIJI pa3paldoTaTh CHUCTEMY YIPABIEHUS MPOU3BOIUTEIHHOCTHIO
MEJTbHHIIBI.
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