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(YkpauHa, [loHeuk, loHeukun HaunoHanbHbIN TeXHNYECKMN YHUBEpPCUTET),
MOOEJIMPOBAHUE NMPOLIECCA YOAJIEHUA BJTATU U3 OCAOKOB

Ilpoonema u ee c6a3v ¢ HAYYHLIMU U NPAKMUYECKUMU 3a0a¥amu. YTOJb
elie A0Jaroe Bpemsl OyAeT SBISATHCS OJHOW M3 OCHOBHBIX COCTABIISIIOLIMX YacTeu
TOIUIMBHO-3HEPI€TUYECKOT0 KOMIUIEKCa YKpauHbl. C yBEIMYEHUEM COACPKAHUS
TOHKUX M TJIMHUCTHIX (pakimii B JOOBIBAEMOM YTJIE€ OIpEAeIAolliee 3HAUCHUE
npuoOpeTaeT  oborameHue W O00€3BOKMBAHME  IUIAMOBBIX  MPOJYKTOB.
CoBepIICHCTBOBAaHUE TEXHOJOTUM O00€3BOKMBAHUSA, CHUKAIOIIEH BIAXHOCTh
OCaJIKOB, TIO3BOJIMT HSKOHOMHUTH TOIUIMBO, PAacCXOJyeMO€ Ha CYIIMJIbHbIX
ycraHoBkax. OJHMM M3 MPOLECCOB MEXaHUYECKOTO OOE3BOKUBAHUS SIBISIETCS
buabTpOBaHKE, KOTOPOE UCCIEIOBANIOCH TOCTATOUYHO IIMPOKO B Pa3TUYHbIC TObI.
B pe3ynbrare 3THUX UCCIEAOBaHMA pa3pabOTaHbl OCHOBBI THAPOJAMHAMUKUA U
¢u3uku nporecca. C yBeTUYEHUEM COACPKAHUS TOHKHX KJIACCOB B IUIAMOBBIX
BOJAaX yriaeo0oraTUTeNbHbIX (PaOpUK BO3HUKAET HEOOXOAUMOCTh PEIIEHUS] HOBBIX
TEOPETUYECKUX M MPAKTUYECKUX BOMPOCOB, TAKUX KaK MPUMEHEHHE MpH
(UIBTPOBAHHMH CHIEHUATBHBIX PUEMOB, H3MEHEHHUE COOTHOILIECHUS MEXAY (pazamu
npoliecca, NPUMEHEHHE XMMHUYECKUX CPEICTB OOpaOOTKM MOBEPXHOCTH YaCTHII,
panuoHalibHOE (POPMHUPOBAHUE OCA/IKA.

Ananu3z uccneoosanuit u nyoauxkayun. CKOpPOCTb yJIAJNCHHS BIIaru
ONpENIEIIAECTCS MPUIOKEHHBIM IEPENaaoM JABJICHUM W CONPOTUBICHUEM OCAJIKa,
KAWL PHBIMU SABJICHUSIMH, napaMeTpaMu B3aUMOJEHCTBHS ¢as,
MUKPOCTPYKTYPOU IOPOBOTO mpocTpaHcTBa. CTpyKTypa MOPOBOIO MPOCTPAHCTBA
OCajJika 3aBUCUT B CBOIO OYepelb OT (U3NYECKUX MapaMeTpoB ocajka ((popmsl u
pa3Mepa YacTull, MOPUCTOCTH M yNeIbHON moBepxHocTH). Ko BTOpoil rpymnme
napaMeTpoB, MPUOOpPETAIONMX 0CcOo00€ 3HAYEHUE IPU BBICOKOM COJEpKaHUU
TOHKHX KJIACCOB WJIM MPU KUCTIOIb30BAHUU MOBEPXHOCTHO-aKTUBHBIX BEIIECTB [1] u
(GIOKYISHTOB, CIEAYyeT OTHECTH TakKoM (PU3MKO-XMMUYECKUHA MpPOLECcC, Kak
baokynsauus cycneH3uu [2], MOBEpPXHOCTHBIC SIBJICHUS Ha TpaHMIE pasiena
TBepIoH 1 xuakon a3 [3] u ap.

Jnst onpeneneHuss XapaKTEPUCTUK MUKPOCTPYKTYPhl OCajKa H3y4dajucCh
KOJIMYECTBEHHBIE XAPAKTEPUCTUKU TOMOJOTHH, IUIOTHOCTH paclpenesieHus u
pasMepoB mop Ha nuiMdax, MPOBOJUIUCH JIAOOPATOPHBIC IKCIIEPUMEHTHI 10
(GUIBTPOBAHMIO YTOJIBHBIX CYCIICH3UH, a TaK)Ke OCYIIECTBIISIIOCh MOJICTUPOBAHHE
NOPOBOM Cpelbl. MeToapl MHUKPOCKOIMYECKOIO HCCIEAOBaHUS M IOJyYEHHBIE
pe3ynbTaThl O0JIee AeTAIbHO OMKUCAaHbI B padbote [4].

IHocmanoeka 3adauu. llenvio maHHOUW PaOOTHI SBISETCS MOJCITUPOBAHUE
npolecca yAaJleHus Blaru U3 0caJkoB Ha 0a3e MeTo/1a AUCKPETHBIX JIEMEHTOB.

H3znoscenue mamepuana u pesyavmamost. llporiecchl B3aUMOACUCTBUS
MOBEPXHOCTU TBEPJON (a3bl C¢ BOJAOM MpU OOE3BOKMBAHMM TOHKOIO YIJIS
MPEACTABIAIOT OOJBIIYIO TPYAHOCTD JIJISl UCCIEAOBAHMS, T.K. OHU HAXOJAATCS MO
BIUSIHUEM OOJBIIOTO MaccuBa (PU3MYECKUX M XUMHUYECKUX (PAKTOpOB U
IPOUCXOAST B MalleHbKOM Maciutade. OZHUM M3 BapUaHTOB pELICHUS 3TOU



npoOJieMbl SIBISAETCS YHMCIEHHOE MOJEIMpPOBAaHUE, KOTOpOE codeTaeT B cebe
JTMHAMUKY, TOYHOCTh W PACCMOTPEHHE MIMPOKOro crekTpa aeraneid. Ha 0Oaze
aNropuT™Ma, TpEeAIoKEHHOro B pabore [5], pa3paboTaHa KOMIIBIOTEpHAs
nporpaMMa Ui MOJENHMPOBAaHUS KWHETHKH B3aUMOZACHCTBUS (a3, KOTopas
Oa3upyeTcsi Ha JUCKPETHBIX 3JeMEHTaX. B Xxonae MonenupoBaHMs HCIONb30BaHBI
HOJIXO/IbI U METOAMKA, ACTAIbHO OMUCAHHBIE B paboTax [6, 7].

bazoii ans  YHMCICHHOTO  MOJENUPOBAHHS  SBISIETCS  PACCMOTPEHUE
B3aMMOJICHCTBHE Maphl chepUUECKUX IIEMEHTOB, TTOKa3aHHOE Ha puc. 1.
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Puc. 1. BzaumoseiicTBre napsl 3J1IEMEHTOB

YacTtunpl umeroT mapooOpasHyto ¢opMmy ¢ pamuycamu Ry u Ry,
nepeMeniarTess moj newcteuemM cun F; u F,, BpamarTcs B COOTBETCTBUU C
3akOHOM HproTOHa B TpAMOYroiapHOW cucremMe koopauHart X-Y, €ciaud mOpu
B3aMMOJICHCTBUU BO3HUKAIOT MOMEHTHI M; u M,. JIBuXkeHUs >IEMEHTOB
paccMaTpUBAIOTCS B JIMCKPETHBIE TMEPHOJbI BpeMEHU. B  KOMMbIOTEpHOU
peanu3aiu 3T TEPHUOJbl MOJACIUPYIOTCS Kak MUKIbl. KoopIuHATBHI IEHTPOB
TsoKkecTH Xy, Y1 U Xy, Y, ckopoctu Vi U V;, @ TakKe CUIIBI SIBJISIFOTCS OCTOSIHHBIMU
B IIpejieiax UKJIa cueTa U MepeCUYrUThIBAIOTCS HAa KAaXI0M JAPYTOM IUKJIC.

Bce gacTuier ABMKyTCS TOA ACHCTBHEM pe3yiabTUpYOmero yckopenus G
KOTOPO€ BO3HHUKAET OT JACUCTBHUS CUJIbI TSIKECTU, APXHUMEIOBOU (pacmoIOKEHNUS)
CWIbI, NEeMI(UPYIOMEH CHIIbI WU CHJIBI CONMPOTUBIICHUS CPEIbl U OT BIUSHUS
CMEXKHBIX coceiel. B TeueHne KaKIoro LHKIa CMEXHBIE YaCTHUIbI TPOBEPSIOTCS
Ha yCJIOBUSI KOT€3UU U aAT€3UN.

Jlnst MomenupoBaHUSl Tporlecca WMCTEYCHHS KUAKOCTH ((puiabTpara),
coJieprkalieil Hanbosee TOHKHWE YaCTHUIlbl, ObUTH BBEIICHBI CIICIMAIbHBIE OJIOKU
YaCcTHUll, KOTOPbIE CO3/IaBAINCh KaK TpyINa >3JEMEHTOB C ONpPEIeICHHbIMU
3aIaHHBIMU  OJIMHAKOBBIMM CBOMCTBaMHU. B 1aHHOW paboTe UCIOIb30BaHBI
MOAXO/IbI, W3JIOKEHHbIE B MyOJMKanusax [8, 9], Korma >KHAKOCTh 3aMEHSETCS
HauOosiee MEJIKUMHU JJIEMEHTaMH M TEpPEeMENIaeTcs B MPOCTPAHCTBE MEXKITY
KPYITHBIMU, MOJICTUPYIOITUMHU YaCTUIIBI OCAJIKA.



J{1s *MUTAIIMOHHBIX SKCHEPUMEHTOB MOJEIUPOBAIUCH OCAJAKU MJIOTHOU U
PBIXJION CTPYKTYpbl C T'€KCArOHAJIbHOM YMaKOBKOW OJIHOpa3MEpHBIX YacCTHII,
3a)KaThle CTEHKAMH COCyJa U PacIoJIO)KEHHbIE B HEM OTHOCHUTEIHLHO CBOOOHO
(He 3axaThle cTeHKamu). MojenupoBaHue (QUIbTPOBAHUS Yepe3 CJIOM ocajka
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Puc. 2. AHnMannoHHble (hparMeHThbl COCTOSIHUA Ocajika 0e3 HaJIOKEHHs! C/IBUTa: @ — MJIOTHBIN
3a)KaThl CTEHKaMU 0CaJI0K, O — PBIXJIbIN HE 3a’KaThli

BBINOJIHSIOCH B TedueHue 1600000 mukIIOB, 4TO COOTBETCTBOBAJIO 8C BPEMEHHU
skcriepuMenTa. Ha puc. 2 mnokaszaHbl OTIEIbHBIE (PAarMEHThl COCTOSHHUS
OCAaJIKOB B pa3JINYHbIE MOMEHTHI, KOTOPBIE N300pakaroTCsl MPOrpaMMOi B BHUJIE
aHHUMAallMii Ha MOHUTOPE Ha KaXJOM IMKIE cueTta. B3aumonuenctsue co
CTEHKaMHM COCYy/la HE 3a/1aBaJIOCh.

N3 u3o00pakeHuit puc. 2 CiaeayeT, YTO OCAJOK, MMEIOIMMKA MPOMEKYTKH
MEXIy dJeMeHTaMu (PBIXJIBIM) JaXe TpH TIeKCaroHAJIbHOM  YIaKOBKE,
3HAYMTEIBHO OBICTPEE OCBOOOXKIACTCS OT MEIKUX YaCTHIl, HUMHUTHPYIOIIUX
Bony. Ilocne 4c¢ cdera mnpakTHYECKHM BCS BoAa YyJajeHa, W JalibHEHIIee
yBEIIMYEHUE BPEMEHHU O0E3BOKMBAaHMS CMbIciia He mMmeeT. OcraTrodyHas Bjara

NPECTABICHA TPEMS MEJKUMH 3JIEMEHTaMH, 3aXKaThIMH MEX]y YaCTULIAMU
ocajka (puc. 26, 4 u 8c).

JIJig TUIOTHOTO Ocajika COOCTBEHHO yAaJIeHHWE BJIard HaYMHAETCs mnocie 2c,
a JI0 3TOTO «4YacTULIbD BOJBI Pa3/IBUralOT YaCTUIBI Ocasika, (GOpMHUPYs KaHAIIbI
JUISl IPOTEKAaHMs BHU3. J|o MOMEHTa BpEMEHU 2C HU OJIMH U3 MEJIKUX AJIEMEHTOB
HE BbIMAI U3 ciost ocanka (puc. 2a, 2c¢). Ilo OkOHYaHMU BpEMEHH CYETa
KOJIMYECTBO YCJIIOBHOW OCTATOYHOM BJIard, 3allleMJICHHON B OCaJIKE€, COCTABHIIO 8
AJIEMEHTOB, T.€. BABOE OOJIbILIE, YEM IS PHIXJIOTO OCAJIKa.



N3 momydeHHBIX pe3yJabTaTOB OOpabOTKH JaHHBIX WMHUTAIMOHHOTO
HKCIIEPUMEHTa MOXKHO CJieJIaTh BBIBOJA 00 aJ€KBATHOM OTOOPaKEHUH MOJIEIIBIO
MIPOIIECCOB, MPOUCXOIAIINX IIPU yIAJICHUH BIard U3 OCaJKOB.

Jlanee ObUIM BBITIOJIHEHBI UCCIIEIOBAHUS C HAJOKEHUEM U 0€3 HaJ0KEeHUS
caura. Kpome TOro, HM3MEHsUIaCh CKOPOCTb CIBUTAa — CHABUT C HHU3KOU
CKOPOCThIO (MeJUIeHHbINH) 00o3HaueH kak MC, cIBUT C BBICOKOH CKOpPOCTBIO
(ObIcTpBIit) — Kak BC. dparMeHThl aHUMAIIMI peICTaBIEHbI HAa pUC. 3 U 4.



2¢c 4c 8¢

Puc. 3. AunmannonHsie parMeHThl COCTOSIHUS 0CaJIKa C HAJIO)KEHUEM CABUTA C HU3KOH
ckopocThio (MC): a — MIOTHBIN 3aKaThI CTEHKAMHU 0CAJI0K, O — PHIXJIBIN HE 3a5KaThIH
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Puc. 4. Aunmarmonsbie pparMeHThI COCTOSTHUS OCaKa C HAJOKEHUEM CIIBUTA C BHICOKOM
ckopocTbio (BC): @ — mIoTHBIH 3aKaThIil CTEHKAMH OCAJIOK, O — PHIXJIBINA HE 3aKaThIi

Ha puc. 3 u 4 Gonee TeMHbIN IIBETOM BBIIEIEH CIONW OCa/ika, K KOTOPOMY
IPUKJIABIBAIICS CIBUT, HCXOJIHOE COCTOSIHUE OCaJIKa TaKoe K€ KaK MOKa3aHO Ha
puc. 2. I3 anumanuii caeayer BbIBOJ O TOM, YTO MPHU HU3KOM CKOPOCTH CABUTA
(MC) mporiecc MPOUCXOAUT OBICTPEE B PHIXJIOM ocajike. [Ipu 3ToM B phIXJIOM



0CaJIK€ YCIOBHOE KOJIMYECTBO OCTATOUYHOM BJIArd BBIIIE, YEM B MIIOTHOM Ha 33%
(8 m 6 enunuu, coorBeTcTBeHHO). [locnenHee OOBACHSETCS YIUIOTHEHHUEM
PBIXJIOTO OCajiKa Mpu MeajieHHOM casure. [Ipu ciBure ¢ BHICOKOW CKOPOCTHIO
(BC) B pbIXJIOM OCajike HE OCTAETCS YCIOBHOM BiIar (4Mciio yacTuil paBHo 0), a
B IJIOTHOM OCTaeTCsl 3 €IMHMIIBI, YTO cOCTaBisieT 4% OT UCXOAHOTO KOJIUYECTBA
(puc. 4a, 6). U sT0 3HAUEHHME OCTATOYHOW BIArk BIBOE HWXKE, YEeM IMpHU
MEJIJICHHOM CJIBUTE.

Ha ocHOBe [MaHHBIX WMHUTAIMOHHOTO MOJEIUPOBAHUS  OIMPEAEIICHO
KOJIMYECTBO BBIICIUBINETOCS (DHIbTpaTa B YCIOBHBIX €IMHUIIAX JJISI BCEX TUIIOB
ocankoB (puc. 5). Usmenenue oobeMa priibTpaTa onpeaessiioch Mo KOJTNIECTBY
BBIJICJIUBIIAXCS U3 OCAJIKA MEITKUX «YACTHID) KUIKOCTU. Y CTAHOBJICHO, YTO JJISI
Hadayia (pUIbTPOBaHUS TUIOTHBIX OCAJKOB HEOOXOIWMO BPEMs IJIsi Pa3BUTHS
CIBUTA B 0CaJKe, KOTOPOE cocTaBisieT 2,35¢, koTopoe B 3 pasza OoJblie, 4eM s
PBIXJBIX OcaakoB. s ynoOCTBa CpaBHEHHS JaHHbBIE JIJIsi TUIOTHBIX OCAJIKOB
CMEIICHbl Ha Hayajo BbIAENeHUA (UIbTpaTa B CIy4yae PBIXJIBIX OCAJIKOB.
['paduxu nnst ocagkoB 0€3 MPUIIOKEHMs] CBUTa O00O3HAUYEHBI Ha puc. S5 0e3
JOTIOJTHUTEIHLHBIX KOMMEHTAPHUEB.
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Puc. 5. O6bem (1)I/IJ'IBTpaTa, BBIACIIMBIICTOCA U3 OCAAKOB IIPU PAa3HBIX PEKUMaAX

W3 rpadukoB, MpUBEACHHBIX HA PUC. 5, CIIEAYET, YTO JJISl PHIXJIBIX OCAJKOB B
HAYaJbHOW CTaguM (QUIBTPOBAHMUS KOJMYECTBO (QUIbTpaTa HE 3aBUCUT OT
MEXaHUYECKOTO BO3ACHCTBHS Ha OcCaJoK. Jlo MOMEHTa BpEMEHH pPaBHOTO 2C
rpaduku coBnagaror. Ilpu HanoxkeHun caBura ¢ HuU3Kod ckopoctbio (MC)
MIPOIIECC 3aMEeIAETCS M3-3a YIJIOTHEHUS PBIXJIOTo ocanka. [Ipu ciBure ¢ BHICOKOH
ckopocThio (bC) nocturaercss MakCMMalIbHOE yJIaJIeHUE BJIard B KOHEYHOM CTaauu
npolecca — KOJIMYECTBO OCTABILMXCS B OCAJAKE MEJIKMX YaCTHUI[ PaBHO HYJIIO.



JIms  mIOTHBIX  OCAaJKOB MEIJICHHBIM CABHT HAQYMHAET CKa3bIBaTHCS
MOJIOKUTENIBHO TMocjie 3C OT Havaia BbIACICHHS (UIbTpaTa U OOeCleunBaeT
OCTAaTOYHYIO BJIAry B KOJUYECTBE 6 enuHul, 4To Ha 33% HMXKE, 4YeM IpHu
OTCYTCTBUHU cJIBHUTa (8 eauWHMIl ISl 3aXaThIX IUIOTHBIX OCaakoB). HamokeHue
casura ¢ BeIcokoi ckopocThio (BC) yckopsieT mporiecc BblfeiaeHus (GUiIbTpara ¢
CaMOTI0 HayaJia ¥ MO3BOJISICT CHU3UTh KOJUYECTBO OCTATOYHOM BJIard JI0 3 €IUHHII.
Ot1o B 2,5 pa3a HuKe, yeM 0e3 mpuiiokeHusi cipura, 1 Ha 50% Hibke, yeM Ipu
OBICTPOM CIIBUT€ Ha PHIXJIOM OCAJKE.

Bviéoovt u mnanpaenenus oOanvhenuwiux uccinedosanui. IIpoBencHHbIC
MMUTAIIMOHHBIE UCCJICI0BAHUS Ha MOJIETU C UCIIOJIb30BaHUEM METO/Ia TUCKPETHBIX
AJIEMEHTOB MO3BOJUJIN YCTAHOBUTH MOJIOKUTEIILHOE BIMSIHUE BO3ACHCTBUS CIBUTaA
Ha OCaJIKH, OCOOCHHO CIBHUT C BBICOKOW CKOPOCTBHIO W B MPUMEHECHHH K TUIOTHBIM
ocajkaM. MeIJIeHHBI CIBUT B MPUJIOKEHUHU K PHIXJIBIM OCaJIKaM MPUBOJUT K UX
VIUIOTHEHHUIO W 3aMEJICHUIO BBIJCICHUS (QuiabTpaTa u3 ocajka. [lomydeHHbIe Ha
MOJIEJTH BBIBOBI HEOOXOMMO TIOJITBEPAUTH B X0J1€ (PU3UUECKOTO IKCIICPUMEHTA.

MopenupoBaHue U UCCISAOBAHNE CIIOKHBIX ITPOIIECCOB B3aMMOACHCTBUS (a3
npu 00€3BOKMBAHUM TOHKMX KJIACCOB YIVIEH TIpU Pa3IMYHBIX CIOCO0ax
BO3JICMCTBUSI HAa HUX ITO3BOJIIET ONPEACIUTHh MYTH MOBBIMICHUS 3()PEKTUBHOCTH
KCIOJIb30BaHUs IIJIAMOB B TOIUIMBHO-3HEPTETUYECKOM KOMILJIEKCE Y KpauHBbl.
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