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MO/EJIMPOBAHUE ITPOLIECCA PA3PBIXJIEHUS IIOYBBI
B IOBEPXHOCTHOM CJIOE ITPA BO3JEVCTBUU OBPABATBIBAIOIIUX
YCTPOMCTB

II{urapeBa I0.A., ZI{urapeB 10.B.

1 - . .
benopycckuii 2ocyoapcmeennwiii acpapno mexnuueckutl ynugepcumem, Munck
2 . .
3anaono-Ilomepanckuii Ynusepcumem Texunonoeuii, Lllemun

Pa3prixnienne o6pabarbiBaeMOl TOYBBI JOKHO 00€CIIEYUBATH a3POTHAPOQIIETPAIIHIO
BEPXHETO CJI0S, KOTOPBIN MOJ| IEHCTBUEM €CTECTBEHHBIX (TpaBUTALMsI) U TEXHOTEHHBIX (pak-
TOPOB (MPOE3] TEXHUKHU) YIUIOTHSETCS, YTO yXY/IIAeT €ro CBOWCTBA, HEOOXOAUMBIE ISl pac-
tenueBojicTBa [1]. IIpomecc 0OpaboTKHM (pBIXJICHHS) TPEICTaBIsACT COOOM pa3pylieHrue CBsI-
3eil MEXIy KOMIIOHEHTaM MOYBEHHOI'O arperatra ¢ IeJIbI0 CO3JAaHUs CJIOSl ¢ HEOOXOAMMOM
dbunpTpanueii. B Teopun nepkossuuu (nmpoTekanus) [2] pa3paboTaHbl pa3IudHbIC MOJICTH Ha
OCHOBE KOHTHHYAJIBbHBIX M JUCKPETHBIX MOJIXOJ0B, KOTOPHIE MO3BOJISIOT IMOJIy4aTh YHCICH-
HBIE OIICHKHU Pa3NYHBIX BETUYHH.

B pabote paccMOoTpeHO MPUMEHEHUE METOIOB Y3JI0B, CBsi3eH, 3(pPEeKTUBHON cpembl s
MIPOLIECCOB Pa3PBIXJICHUS TOUYBEHHOTO CIIOSI.

PaccMoTpuM 1OBEpXHOCTHBIN CIIOH, B KOTOPOM IO BO3JEHCTBHEM OOpaOOTKH UAYT
MPOLIECCH PA3PBIXJICHUS, XapaKTepru3yeMble U3MEHEHHEM YIPYTrUX CBOWCTB MOYBBI C TIOMO-
b0 MHIUKATOPHON (PYHKITHH

lnpux eV,

nix)= _ 1
(¥) Onpuxel, M
rae V,, - 00beM pa3phIXJIEHHOH MOYBBI, V), - 00bEM HEPA3PBIXJIEHHOW MOYBHL, V =V, +V, ,

rae V - nonHbli 00BEM CI105, IPUIIETatOIIEro K CBOOOJHOM MOBEPXHOCTH.
PazpbixnieHne npezacrasiseT coboil mporecc o0pazoBaHusi HOPUCTOCTH 3@ CUET MUKPO-
TPEUINH B TOBEPXHOCTHOM CIIOE.
C nomo1po QyHKIUH 77()7) cornacHo (1) ynpyrue Moayiau MOTyT OBITh 3aIIMCAaHBI B
BUJIE
() — 20 (%
A9 = 20 (%) )

ijke

@yHKIMS pa3phIXJICHHOCTH MOYBBI ) ONPEAENAeTCs KaK OTHOCUTEIbHBIA pa3pbIXJICH-
HBI 00bEM, KOTOPBIN 3aBUCUT OT BPEMEHU WJIM YUCIIa IUKIIOB 00pabOTKH B BUJIE

Q="1,, 0<w<l (3)

Kunernyeckoe ypaBHeHue A (2 B 00I1eM BUJIE 3aIIUCHIBAECTCS B BUJIE

dQ d<Q)
Z:f(Q,a. t) wiu Ezgp(Q,a n) 4)

i ij?

rae ¢ — BpeMs, n — YHMCIO pLIXJ'ICHHfI, O-ij — HaIlps’KCHUS TIPpU BO3ACHCTBUU O6p&68.TBIBaIO-

LIUX YCTPOMCTB.

IIpouieccsl HaKOIIEHNS TIOBEPXHOCTHBIX PAa3PBIXJIEHU MOTYT UATH IO Pa3HBIM CXEMaM.
EnvHuunble pa3pbIxieHus (TpELIUHbI, Opbl) PABHOMEPHO paclpeseneHbl o o0bemy pas-
PBIXJICHHOM TOYBBI U SIBJISIFOTCS 3apOJIbIIIaMU KJIACTEPOB, KOTOPbIE MOTYT 00pa3oBaTh MEpKo-
JSIMOHHBIN KJIacTep, YTO O3HaYaeT MAaKPOCKOMHMUYECKYIO Pa3pbIXJIEHHOCTh 00beMa JJisi CBO-
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001HOTrO NPOTEKaHUs )KUAKOCTH U rasa. Kpuruueckoe 3HadeHue €, Ipu KOTOPOM HACTYIaeT
NEPKOJIALMS, Ha3bIBAETCA MOPOroM Iepkoysinuu (mpoTtekanus). Haxoxnenune Q. sBisercs

OCHOBHOM 3a/laueil B TECOPUM NEPKOJIALUN U OCHOBHBIMU PaCUETHBIMU MOJIEISIMU, UCIIOJIb3Y-
€MBIMU IIPU 3TOM SIBIISIOTCS PELIETOYHBIE MOJENN, HA OCHOBE KOTOPBIX PELIAOTCS 3aJayu
paspyLLeHUs y3J10B U CBS3CH.

ITpu pemeHuM 3aJaud Ha OCHOBE MOJEIM Pa3pyLICHUs IO CBSI3IM HaXOAUTCS J0JIs
(KOHLIEHTpalus) CBs3ei, KOTOpYyI0 HEOOXOAMMO pa3pylINUTh, YTOOB! peIIeTKa, MOAEIUPYIO-
mast 00beM (arperaT) MO4YBBI, paclajach Ha JABE YacTH, YTO COOTBETCTBYET MAKPOTPELIMHE,
npope3arorieit o0padaTbIBaeMblid CIIOM.

B Monenu y310B BBIMHUCISAETCS OIS Y3JI0B, KOTOPBIE HEOOXOIMMO Pa3pyIIUTh, YTOOBI
ceTKa paclianach Ha 4acTH.

Brruncnenue ypoBHS pa3pbIXJIEHHOCTH paboyero o0bemMa Ha OCHOBE KOHTHHYAJIBHOM
MO/JIeJIM, OIMChIBAEMOI ypaBHEHHEM (4) JaeT 3aBbIILICHHbIC 3HAYCHMS Ul BPEMEHH pa3pbIX-
JIEHUS] WU 4ucia LUKIOB. [leficTBUTENbHO, €cny 3anucaTh ypaBHEHHE (4) Uil BpeMEHHU
HaKOIJICHUS TPELIMH, 110p

o= (Q0,.1) (5)
U IIPOMHTETPUPOBATH (5), TO MOJIy4UM
1

r:If—l (Q,oij,t)dﬂ (6)
0

riae Bepxuwmid npeaen Q=1 coorBerctByeT 100% paspeixieHuro padouero oorema. Ha camom
Jiene paspbIxjieHue (MEPKONSAUMS) MPOUCXOMUT Tpu Q. <1, T.e. (6) MOXKHO IPEJCTABUTE B
BUJIC

DB

t= {1 (Qoy.t)dQ, t=t, +t,, (7)

ij>
0

rae t,, = wj (Qoy.t)dot,, = j 1 (Q.0.t)d0
0 @,

3az[aq1/1 HaXO0XJICHUA pr n ZKp peuIaroTCs pa3JIMdYHbIMA criocobamu. HanGoiee TOUHEI-

MU U3 HUX SIBJISIIOTCS] IOJIXO/Ibl, OCHOBAHHBIE HA TEOPUH NEPKOJIALIMN B MOAEIAX Y3JIOB U CBS-
3eit [2]. MaTemaTuyecKuMu MOJIEISIMH 37€Ch CITYKaT MOJIENIH CIy4alHOro Oy /IaHUs Tpaek-
TOpUHN TPEILMHBI Ha peuieTkax. MeTonbl MapKOBCKUX LIETIEH U IPOLIECCOB, a TAKXKE TEOPUHU
MOTEHIMAIAa COCTABIISIOT OCHOBY JIJIS TTOJTYYEHUST YUCIICHHBIX PE3yNIbTaToB [3].

[TycTs BepxHMI cl10H mpeacTaBiseT co00i yNpyryro Cpeny, COCTOSHUE KOTOPOM omu-

ChIBACTCA NTMHAMHWYCCKUMHA YPABHCHUAMU B IICPCMEIICHUAX

o’u.

(/1+;u)(ui,j)+/u'”i:p al‘zl (8)

rae A, u - ynpyrue KOHCTaHThl JIame, p - IIIOTHOCTb, U; - NEPEMEILEHHS.

OrnpenensaronMmMy ypaBHEHUSAMH SBISIFIOTCS 3aKOH ['yKa 11 OQHOPOAHOW M30TPOIHOM
cpelsl
o, =05, +2ue,, O=e, =divu,i,j=12,3 9)

TAC o, - HAIPsKCHHUE, e, - ACPopMalrH, CBA3aHHBIC C MEPEMCIICHUAMH COOTHOIICHHUAMHA
y e/ >

Ko
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eij:%(ui’j+uj,l_) (10)

Jlist IpoionbHON U CIIBUTOBBIX BOJIH, BO3OYKJIEHHBIX B CJIO€ IpU 00pabOTKe, UMEIOT
MECTO YpaBHEHHUS

0’0 2
022 =0, ¢ = |2 (11)
ot Yol
-
c;Q—a?sa o, = £ (12)
ot yo,
2Q =rottu

Ecnu npouecc 06paboTku mpeacTaBiseT co60ii MOBTOPEHHE HEKOTOPOH Omepanuu Ta-
i

KOH, YTO MOXXHO CUMTaTh U = U, (i)e “ rae ® - 9acToTa IOBTOPEHHs HArpyXKeHus paboueil

IIOBEPXHOCTH cJ10s], Torna ypasHeHus (11), (12) npeobpasyrores k BULy
¢ 0+w’0=0 (13)

¢, 0+w’ Q=0 (14)

VYpasuenus (13), (14) npu ucnonb30BaHUM METOJOB Y3JI0B M CBA3EH JUCKPETU3UPYIOT-
Csl Ha pelleTKax MNOIXOAAlMi KoHpurypauuu. Hampumep, ans KBaapaTHOM peLIeTKH AMC-
KpeTHbIN aHasior ypaBHeHus (13) umeer Buj

6, 1) 1) (0.1 ) =0 05)

[TpumeHeHue mMeTosia pacueTa NEPKOJIALUY 110 y3/1aM M CBA3SIM AJIS 3a/1a4d 00paboTKU
o0JierdaeTcs 1Mo CpaBHEHUIO C APYTUMH HCIIOIB3YEMBIMH B PAa3IMYHBIX (PU3UKO-TEXHHUECKUX
3agaydax [2].

OcoOeHHOCThIO JTaHHOM 3aJauu SBJSETCS HaxXOXKIEHHE HaIpsDKeHUH, aedopmanuii
BHYTPH CJIOS TIOJ] BO3/IEHCTBHEM BHEIIHEH Harpy3ku. TpeOyercs ommcaTh paszpbixjieHHE 00-
pabaTeIBaeMOro CIIOSI B PE3yJIbTaTe €ro B3aMMOJCHCTBHS ¢ 00pabaThIBAlONINM WHCTPYMEH-
ToM. B 1aHHOM cilydae rpaHWYHBIC YCJIOBHUS Ha KOHTYpeE, OIrpaHHMYMBAIONIMNM paboOvyI0 IO-

BEPXHOCTh COXPAHSIOTCS ITOCTOSSHHBIMM, HAIPUMED U, *()?S ) = O(i = 1,2,3) rie X° - Koop/u-

HaThl TOUYEK KOHTYpa. [Ipu KaxaoM 1UKIIE 32 CUET TPEHHS MPOUCXOAUT CMEIIEHUE TOYEK pa-
Ooueit 00JacTH, KOTOPOE MPU W3BECTHON KMHEMATHUKE PEKYILIETO Tella MOXKET OBITh Ompeje-
JIEHO. DTO COOTBETCTBYET 3aJaHUIO TIEPEMEILICHUS u(i, Jj ) B (15), uyTo MO3BOMSET pemniaTh CH-
cTreMy anrebpanyeckux ypaBHeHUH (15) oObuyHBIM 00pa3om. OnHaKO, B Pe3yJIbTaTe B3aUMO-
JEeUCTBUS U3MEHSETCS KEeCTKOCTh G, (i, j ) CIIy4aifHBIM 00pa3oM, YTO MOJAETUPYET BO3HUKHO-

BEHUE MHUKPOTPEILMH 3a CUET Pa3pblBa YNPYruX cBs3ell. BapuaHT KBagpaTHOM peIeTKH Ul
MOJIETTMPOBAHUS pa3phIXJIeHUs U300pakeH Ha puc. 1
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u, (i j) = u(ij— 1)

j 'y _. . . ._
G, (i) =
62 (i, ) (6:G.j - 1)
Gy (2.7)
. b g » ¢
u'::',j:]
uy () U (i )
(= uli —1).j) Gy (i, )
K o d ¢
ug (i j)

¥

Puc. 1. Moodens y3106 u ceazeti

DBOJIIOLMIO MPOLECCA Pa3pPhIXJIEHUS MPEICTABUM KaK MIPOLIECC TOCTUKEHUS MepeMele-
HUEM u(i, Jj )HeKOTOpOFO KPUTUYECKOTO 3HAYEHHUS], IPU KOTOPOM MPOUCXOAUT Pa3phbIB CBSI3U
1 KEeCTKOCTh G CKauKOM M3MEHsIETCs 10 oueHb Masoro 3HadeHus: £G(0< e <« 1) Puc. 2, t.e.
HCIIOJIB3YEM MOJIEIIb UIEAIBHOIO Pa3pylIacMoro Tea.

' 5

¢ e

Puc. 2. Ilaoenue npounocmu cnos npu o0pazo8aHuu ck603HO20 KAHaua

ITycts mocne N IUKJIOB TpeUIMHA Mpope3aeT pabouylo MOBEPXHOCTh B HANpPaBICHUU
NEePIEeHIUKYIIPHOM JBUKEHHIO HHCTpyMeHTa Puc. 3 [2].

B pesynbTare pa3pbixiieHUs U3MEHsETCsl ppaKTaibHas pa3MepHOCTh TTOYBEHHOTO MPO-
CTPAHCTBA, MPUYEM YMEHBIIIAETCS IO BETMUMHBI

D=1.65+0.05 (16)

Cpennee yucio pa3pylmieHHbIX Ha N-TOM IIUKJIE CBSI3€d MOJUUHSETCS CTENEHHOMY 3a-
KOHY [2]
N=N“, a=24%0.2 (17)

rie N — Homep 1mara (IIMKJI1a) BO BpEMEHH.
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MatemaTuuecku 3Ta 3a7jaua ONUCHIBACTCS CIy4YailHbIM ONy>KIaHHEeM TPELIUHBI Ha JIBY-
MepHo# pemetke [2, 3]. CrmomHOCTh cpeapl onpenensercs ee dQPeKTUBHON MPOYHOCTHIO,
3aBucsIe oT A3p(PEeKTUBHON KECTKOCTH. B pamkax mojeneit 3pdekTuBHON cpepl BRIpake-
HUE 11 MAaKPOCKOMMMYECKUX KOA((PUIIMEHTOB )KECTKOCTH 00pabaThIBAEMOr0O CJI0s 3alKChiBa-
ercs B Buze [ 1, 4]

//L;ke = (I_Q)ﬂ’z;')ke (18)
rae Q uMeeT CMBICI KOHIICHTPAIUH 0P, MUKPOTPEIIHH.
IloporoBoe 3HayeHWE KOHLEHTpaluu €2, OPH KOTOPOM IPOMCXOIUT TMEPKOJISILHS
(mpoTekaHue), HAXOAUTCS Pa3IMYHBIMU METOJAMH, B YACTHOCTH, METOJAMH Y3JIOB U CBA3EH,
KOPPEIMPOBAHHBIX CBs3eH [2, 3]. YCTaHOBICHO, YTO B OKPECTHOCTH O, CTAaTHCTHYCCKUE Xa-

PaKTEPUCTUKHU KJIACTEPOB IIOBPEXKICHHBIX CBSA3EH, Y3JI0B ONMCHIBAIOTCSA IOKA3aTEIbHON
byHKIMEH ¢ pa3TUYHBIMA KPUTUYECKHMHU TIOKA3aTeIsIMU

5(0')~(0'Kp —a)iV (19)
rae & (0)2 = [ZZRéi ’n, J [Zszns J — JUTMHA (paauyc) KOPPEJISALIHH,

2 1 2 —  —\2 1 d — o
R; ==Y (7=F) ,r==>7 — pammyc — BEeKTOp IEHTPA MacC KJIaCTePa Pa3PHIXJICHHON MOY-

1
S o1 § ol

BBI.
Pacnipenienenne kiacTepoB MOBPEXACHHUH MO pa3MepaM B o0beme omnpenensercs (op-
MYJION

a

_ —1
nS(O')—NSNp ,Zn_q(a)~‘a—anp (20)
rae N - cpelHee YHMCIIo KIIacTepoB pasmepa s, N, — IOJIHOE YHCIIO CBSI3CH UIIH y3JIOB.
[ToHOE YMCIIO TOBPEXKICHHBIX (Pa3pPYIICHHBIX) JIEMEHTOB (KOMKOB) MTOYBBI
-1
e
D sn (Q)~h 21)
N
Cpennuii pa3Mep KJIacTepOB BBIUUCISETCS 10 hopMyIie
4
§=>sQ |o-0, (22)
S

-1
e QS =Sn, (O')(Z:I’lY (G)) - BEPpOATHOCTb, YTO CIIYYaHHO BBI6paHHBII/I y3¢€JI NpUHAIJICKUT

KJIacTepy pa3Mmepa s.
ITo ¢popmyie

P, - M oo,/ 23)

3ansAimoslx

BBIUMCIISIETCST BEPOSATHOCTHh TOTO, YTO CIy4allHBIM 00pa30M BBIOPAHHBIN y3€l MPUHAMICKHUT
JaHHOMY KJIaCTEpPY. Ba)KHO, YTO 3THU MOKA3aTCJIN SABJIAIOTCA YHUBCPCAJIbHBIMH, HC 3aBUCAIIIN-
MU OT THUIA PEIIETKH, TUMA MEPKOJSIINHU, a 3aBUCAT TOJIBKO OT Pa3MEPHOCTH MPOCTPAHCTBA
3a/1a4 B COOTBETCTBHUU C Tabmuuei 1 [2].
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Ta6muma 1.1 — 3HadueHust KPUTHYECKUX IMOKa3aTesei

Pa3zmepHOCTH IpocTpaHcTBa
d=2 d=3
B 5/36 0.417£0.003
v 4/3 0.875+0.008
4 43/18 1.795+0.005

OKCrepuMEHTAIbHBIE JaHHbIE MOKA3bIBAIOT, YTO Pa3phIXJICHHE MHOTHUX MaTepUalioB
MIPOUCXOAUT IO CXeME BETBSIIUXCA MporeccoB [3]. B aToM cinydae UCTIONB3YIOT MOJIENHU Tpa-
(G 0B, UMEIOIINUX TEOMETPHIO JIEPEBLEB, B 4aCTHOCTH AepeBo Kanu [2].

HepeBo Kamu ¢ z =3 uzobpaxeHno Ha puc. 3

Puc. 3. Jlepeso Kanu

O06o03HauuM uepe3 z — KOJUYECTBO BETBEW €AMHWYHOW JJIMHBI BBIXOMSIIUX U3 IICH-
TpaJbHOTO y37a. M3 KaxkII0ro y3na BBIXOIUT Z — 1 BeTBel. Y3Ibl, JexKalue Ha OJMHAKOBOM
pacCTOSTHUM OT LEHTPAIBHOTO Yy37a, o0pa3yroT obonouku (KycThl). Ha mepBoit oOomouxe
(okpykHOCTH) paguyca ( pacmoJOKEHO Z y310B, Z (zZ — 1) — Ha BTOpOH U T.1.

O603HauuM uyepe3 ( pacCTOSIHHE OT LIEHTPAJIIbHOTO y3J1a /10 MPOU3BOJILHOTO Yy3I1a, PHU-

o o (-1
HaJIexKanero ( -roii 0600UKe, conepxaiieit z(z—1)  y3ios.
OG03HauNM CpeiHee YMCIIO y3MoB Kiactepa g ((), HAXOISIIMXCS HA PACCTOSHAN ( OT

IPOM3BOJILHO BBIOPAHHOTO 3aHATOro y3ia. CumTas, 4To y3/bl TOUYKH IOBOPOTA (TPAeKTOPUU
TPELMHBI) CIIydallHbIM 00pa30M 3aHUMAIOT Y3JIbl C BEPOSATHOCTHIO (), a Kaxnas [ -Tas 00o-

(-1
nouxa conepxut z(z—1)  ysnos, Toraa g(() Bermcnseres no Gopmyie

g(0)=z(z-1)"a' == 1((z_l)g)‘ (24)

z—

ITpumep Mozienu pa3peixyieHUs U300paxkeH Ha puc. 4.1, 4.2
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Puc. 4.1. Pazpywennvie ceazu: Puc. 4.2. Ilepemewgenue yvacmuy:
a — npu pacmsicenuu; 6 — npu cosuee cuos a — npU pacmaAzCeHuu,
no4eul 6 — npu cosuze cosi noYssl

Ha ocHoBe (24) MOryT OBITH BBIYMCIIEHBI CTATUCTUYECKHE XAPAKTEPUCTUKH pa3phIXise-
Moro oobema. OyHKIUSA g(ﬁ ) HMMEET CMBICIT KOPPEIILUOHHONW (PYHKIIMH TakK, YTO g(ﬁ ) pu

{ — oo cTpeMHTCS K HYJIO SKCIIOHEHIIUAIBHO MPU Q(z—l) <1. Ilepkonsauus (6ecKOHEUHBIN

-1
KJIacTep) BO3HUKaET npu € > (z —1) , Torza €, BBIYHCISETCS 110 opmyIie

Q -1 (25)

E |

Panuyc koppemnsiun Beruncisercs no popmyse

“ g (t Q +0
ff:z“ 8 ):Q w npuQ<Q (26)

Zilg(ﬁ) : (QKP _Q)z

Bripaxkenue 1iist S umeet BU

Q +Q
S=1+>¢g(()=Q anuQ<QKp (27)

U3 (27) cnenyet, yTO KpUTHUUECKUM MOKa3arens y =1.
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Jia n, na pemerke Kamm uMeeT MecTo BeIpakeHUE

n=>4q,Q (1-o) (28)

TI€ ¢,, - YACII0 KOHPUTYpALMI KIIACTEPA U3 S Y3JI0B C IIEPUMETPOM t, IpUYEM

t(s)=z+(s-1)(z—-2) (29)

I[JISI MOZCIIM PAa3phIXJICHUS MO CXEME JICPCBa Ksim BEIYHCISAIOTCS KPUTHYCCKHUC 110Ka3a-

TSN
7/=1> 18:19 a=-1 (30)

Puc. 5. Cxema npopacmanus (6emenenus) mpewjur u3 HA4aIbHOU HOPbl

Ha puc. 5 npuBenen npumep cxeMbl pa3pbIXjeHus U 0007104YeK, Ha KOTOPhIX HaXOSATCS
(B cpeiHEeM pacmoiaraloTcs) TOYKU BETBJICHH TPEIIUH (Pa3phIBOB).
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