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ropAen111i71 B.111., Caeenbee A.E . 
YpaeHeHl-1R MaKpOKl-1HeTl-1Kl,1 

111 MeTOA Hen111Hei71Hoi71 WKaflbl epeMeHl-1 

P17-91-268 

Pa6oTa noCBRLJ..leHa aHan1113y 1,1 peweH11110 scnoMorarnnbHOi71 c111cTeMb1 
ypaBHeHl-1i71 Kl-1HeTl-1Kl-1, B03Hl-1Ka10LJ..1ei71 npl-1 peweHl-1111 KaK Cl-1CTeM Kl-1HeTWleC
Kl-1X ypasHeHl-1i71 60flbUMaHa AflR MHOrOKOMnOHeHTHblX pearnpyl01.J..11,1X CMe
cei71, TaK 1,1 COOTBeTCTBYIOLJ..ll-1X ypasHeHl-1i71 MaKpOKl-1HeTl-1Kl-1. npeAnaraeTCR 
MeTOA Hen111Hei71Hoi71 WKaflbl speMeHl-1, C noMOLJ..lblO KOTOporo pewaJOTCR 
Cl-1CTeMbl 06blKHOBeHHblX Al-1q>cpepeHUl-1aflbHblX ypasHeHl-1i71, xapaKTep1,13y,o
LJ..ll-1XCR Hen111Hei71HOCTblO BTOporo nopRAKa. MeTOA l,1flfllOCTp111pyeTCR Ha np111Me
pe Kl-1HeTl-1Kl,1 BOCCTaHosneHl-1R KpeMHl-1R 1,13 ero OKl-1CflOB, 'ITO AaeT op111eHTl-1-
PYIOLJ..IYIO l-1HQ)OpMau111to AflR COOTBeTCTBYIOLJ..ll,1X TeXHOnorni71. 

Pa6oTa BblnOnHeHa s na6opaTOp1,11,1 Hei71TpOHHOi71 Q)l,131,1Kl,1 0111 A 111 . 

Coo6merne 061,ei:umeHHoro HHCTHTyTa .11.aepHblX Hccne.noeaHHH . Ily6Ha 1991 

nepeBOA T .A. <1>111n111MOHbl'1esoi71 

Gordeliy V.I., Savel'ev A.E . 
The Macrokinetics Equations 
and Nonlinear Time Scale Method 

P17-91-268 

This paper is devoted to the analysis and solution of the adding system 
of the kinetics equations occurring under the solution of the Bolzman equation 
system for multicomponent reacting mixtures . The nonlinear time scale met
hod by means of which the solution of the ordinary differential equation 
characterized by a second order nonlinearity is found have been suggested . The 
method is illustrated by the examples of kinetics of silicium reduction from its 
oxides, that gives orienting information for corresponding technologies. 

The investigation has been performed at the Laboratory of Neutron 
Physics, JINR. 
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BBEnEHHE 

B npol.{ecce peme111rn cHcTeM :K1111eT11'1ec1rnx ypas11e1111i'I · 60J1b1tMa11a /lll!I ~1110-

roKolno11e11THhlX pearHPYIOlllllX cMeceil B03HHKaeT ncnoMoraTem,11,rn 3ana•ia -

lieo6XOAIIMOCTb pemeHllll CHCTeM 06blKHOBellnblX J\llcpcpepenwianblll,IX ypan11e1111ii 
BHAa 151 :. . . 

d#oL == E ~":c!V.,t1 + E }el~~iJt_,~, + 
ct-t- ' ct'. . ct.~/' ' . / 

+ E Je1'::s~1~1~1/Jff _:,~ (Je~,f-LJeo~13Jl;s + 
ot,13~J'1 · · 11 · 

(IJ 

+ J:;;eo~~JJ/(sllfa). 
/111' ' 

BeJJH'lllllbl /v,,e(-t) 8 ypaBHCll115JX (I) 'npe)lCTaBmllOT C06oii IIOJlHhle tJIICJJa <Jac

Tlll.l KOMTTOlleHTbl Bll)la ol • MaKpOCKOpOCTH npespau{ellllfl 'laCTlll.l ae:':, HnJllllOTql, 

B006~e roBOPll, cpyHKl.{ll51Mll BpeMe1111. 

ITOCKOJlbKY· CIICTeMbl ypaBHCIIHH MaKpQKHlleTJIKH on110311a<1110 BbrreKalOT 1i'ii 

c11cTeM KHlleT11'!ecK11x ypas11e1111R EonbQMana, TO 

(I) Momno C'IIITaTb scnoMoraTeJJbllOH 3ana<1efl, H 

~ 
pewc1111e cncTeMbl • ypa011c111111 

npn peme111111 ypan11e111111 ~JaK-

POKHHeTIIKII, Qqesnnno, CIICTe~ia ypasn.e111111 (IJ 'npe)lCTaBmJCT co6oii /IIIIHlMll

qecKIIH 6anaHc. <111cen. '!aCTHl.l B pear11pyf?1ne11 cpe)le. llmKe, y<111Tb11Jas1 o6me- .'. 

npmi'HTble 0603HatJelllrn, nio611ee nepeilTII K KOHl.{ellTpau1rnM 'IHCeJJ 'IBCTIIH no 
TTPOCTOH cpopMyne~ 

~ =IZ"'• lf«. (UJ 
3/leCb ~. :_ 061,eM, Ko:ropi,1il 3aHnMaeT KOMno.nenTa · ~., a /Z.,,_ - ee Ko11ue11T

pau11S1; B co0Ti1ome111m · (ill nonpa:iyMenaeTCll, 'ITO KOIIUeHTpaUHll. nol lJBJllleTCll 

ycpe)lHeHHoil no o6ieMy ¼. · · 
YpanHeHHH XIIMl!tJeCKOH KHHeTIIKII, ecn11 B HHX He Y'IHTblllaJOTCll npoueccbl, 

nnct,cp'y31111 II I TpaHcnopTa ,nemecTBa, KaK npannno. llBJll!IOTCH 'IBCTllblMH CJ!Y'lal!Mll 

cncTeMbl ypaBHeHwil CIJ. HMe11110 noTOMY MeTOA 11emrneil11011 mKanu npeMe1m, 

llPHMenHeMblil a Aailnoil pa6oTe /lJlH pe·weHHll CHcTeM ypan11e111111 nnna (IJ, 

BCCbMa YA06IIO IIPOHJJmocTpl!pOBBTb Ha KOHKPeTIJOM npnMepe om1call11l1 KIIIICTl!Kll 

KaKo.ro-m160 ·xHMH'lecKoro npouecca. KpoMe Toro, KOIIKJJCTllblll s11n 11ennne1111ofl 

mKaITbl speMeHH ( HITII nx· 11a6op) MomeT 6h1Tb onpenenen TOITbKO Torna, K,orna 

3B}taH KOHKpeTHblR MCXBHH3M XIIMll'leCKOro (HJlll cpl!31l'ICCKOro) npouecca. 

Y'IHTb!BaH ,cKa3aHHOe, 8 Ka\JeCTBe KOlll<PCTHOro np11~1ep,o m,16pa11 llPOUCCC 

BOCCTaHOBJlCHllll KpeMHl!ll 113 ero O~IICJlOB. HnTepec K 3TOMY llJ)Ol.{eccy 06ycno~

ne11 TaKme ll TTOTpe6HOCTHMll COOTBeTCTBYIOll(IIX Tex11onor111L 3To 06CTO>ITCJl!,CT

BO nouymnaeT YAeJJl!Tb nonmHoe Blll!M31111e KHIICTIIKe BOCCT3110BJ!CIIJ!ll KpCMllll51. 

© 06'1,e.zumeaHbIH HHCTHTyT 

J 

II 

j 

'(-, 

1. KHHETHKA BOCCTAHOBJIEHH51 KPEMHH51 

IToTpe6HOCTll 8 nonyqeHIIII tJl!CTOro KpeMHllll BeCbMa cymecTBeHHbl KaK AJ!ll 

.pa3Jll!'IHblX TeXHOJ!Orllil, TaK ll AJ!H npoaenellllll MHOrHX 3Kcnepl!MeHTBJlbHblX HC

cnenosaHIIH. On11oil 1!3 OTpacneil, HymnalOlllllXCll 8 TeXHH\JCCKH \Jl!CTOM KpeMHHll, 

MOlliHO C'IIITaTb 3JleKTPOHHKY, 3TH OOTpi6HOCTll Henocpe):ICTBCHHO conpllraJOTCll 

C YCTPCMJleHl!llMII K 6e30TX0/:1Hb!M TeXHOJ!OrllllM. TaK, HanpHMep, OOTpe6HOCTH 

3J!CKTPOHl!KII B·TeXlllltJCCKII tJIICTOM KpeMHl!II MoryT 6b1Tb YAOBJ!CTBOpenbl, ecnll 

nonseprHyTb Heo6XOAl!MOH cpH31lKO-XIIMl!tJecKoil nepepa60TKe lllJlaKH, llBJllllOillllCCH 

OTXO):laM11 TTPOll3BOACTBa cpoccpopa. 

KaK 3Kcnep11MeHTaJ1bHhle, TaK ll TeopeTl!\JCCKl!e l!CCJ!CAOBBHllll npoueccon 

BOCCTaHOBJlelll!ll KPCMHllll 113 cpocd.JopHblX mnaKOB HaXO/:lllTCll noKa B ·llx "3aqa

TO'IHOM" COCTOHHIII!. K HaCTOllllleMy speMeHII eme ne BblllCHeH O):IH03Ha\JIIO Bl!A 

BOCCTaHOBIITeJlll KpeMHl!ll 113 c!i.occpopHoro lllJlaKa' KOTOPblH MOJKHO 6blJ10 6bI CtJl!

TaTb HaH6onee 3qicpeKTl!BHbIM ll AOCTaTO'IIIO 3KOHOMH'IHbIM. 51cHo, tJTO Heo6x'onu

MO nposeCTII 3Kcnepl!MeHTaJlbHblH OOl!CK PB3JllltJHblX Bll):108 BOCCTaHOBHTeneil,' 

a TaKme cnenaTb 11eo6xon11Mhle TeopeT11\JeCKl!e pa3pa60TKH,C TeM tJT06bl HailTH 

ll OTTTl!MaJlbHblH BOCCTaHOBl!TeJlb, II OOTl!MaJlbHble c!,1131!\JeCKHe YCJ!OBHll, B KOTO

PblX nonmeH npoTeKaTb npouecc BOCCTBIIOBJ!CHl!ll KpeMHllll. 3Ta llllqJOPM3Ullll 

ll AOJllliH·a Jle'!b B OCHOBY Bb1Pa60TKII IICXOA~blX ]taHHbIX AJ!H npoeKTIIPOBaHll5! Tex

HOJ1or11'1eCKIIX 06beKTOB, npenHa3Ha\JeHflblX AJlll nepepa60TKI! cpoccpopHblX lllJlaKOB. 

OitllllM 1!3 803MOlliflbIX BOCCTaHoBnTeneil KpeMHllll 1!3 cpoccpopHoro lllJlaKa MO

meT 6b1Tb aJJIOMIIHIIH. B na1111oil pa6oTe TTPIIBOAHTCH Heo6XOAl!Mble TeopeTH\JeCKl!e 

pa3pa60TKH, xapaKTepH3YIDlllllC CBOHCTBa aJJIOMl!Hllll KaK BOCCTaHOBHTeJlll KpeM

Hllll. ITpH 3TOM TeopeTHtJecKoe paccMoTpentte He npecnenyeT uenb iteTaJJbHoro 

cpaBHeHHll C 3KCnepl!MeHTOM, 1160 llOKa OTCYTCTBYIDT neo6XOAl!Mble naHHble 

0 3aBIICl!MOCTII KOHue11Tpau11il peareHTOB OT speMCHII. Uenb Teopl!ll ~ YCTaHo

BIITb 0611111e· KlllleT11'1eCKl!C xapaKTepllCTl!Kll npouecca BOCCTaHOBJleHHH KpeMHllll 

C TTOMOlllblO aJJIOMl!llllll. KpoMe Toro, npennaraeTCll TaKOH MeTOA a11an113a H pe

lllCH1151 Cl!CTeM ypaBHCHl!H Xl!MlltJeCKOH KHIICTHKH, KOTOpblil, HeCOMHCHHO, HailneT 

llll!POKl!C npHMeHelll!ll. B qaCTHOCTH, Oil MomeT 6bITb npuMeHeH AJ!ll OTTl!CaHHH 

XHMl!tJeCKl!X npoueccon, npoTeKalOlllllX 'npll 113rOTOBJleHIIII csepxnpOBOAillllHX cno

en (Hnll KepaMHK). 

ITpouecc BOCCTaHOBJleHHll KpeMHl!ll 113y\JaCTCll 8 YCJ!OBl!llX Tllrnll, rne 

lllJlaK HaXOAllTCll a pacnnase H l!MeeT TeMOepaTYPY~1200-1300°c. AJJIOMlllll!H 

3arpymaeTC51 B Tl!renb, llCXOAll 1!3 CTeXIIOMCTPllll 6anaHCOBOH peaKUHH: 

35,;rze+ rt.le':= 3ft +.:i.1~~- (1) 

OtJCBl!AHO, /:IJ!ll paCCMOTpeHl!ll Kl!HeTl!KII BOCCTaHOBJleHH51 KPCMHllll 6anaHCOBOH 

peaKUllll (1) naneKO He AOCTaTO'IHO. Ee Heo6XO):lllMO npencTaBl!Tb a Bl!Ae 

MapmpyTOB, TTPHBOAllillllX K OJKl!]taeMb!M KOHe\JHblM TTPOAYKTaM, T.e. YCTaHOBl!Tb 

01,n,c8::. •.. k .. - ... ,;, • .:n~··.-:v1 , 
u~,-.!i~K uu .,::nJria1mt1 l 

6'-iSIH--:CTEHA t 



XHMHqecKHH MexaHH3M npoqecca. ITOCKOJlbKY naHHhle O cymecTBOBaHHH H CBOH

CTBax npoMeJKyToqHblX BemecTB BeCbMa 6eAHbl, npHBOAHMble HHJKe MaprupyTbl ec

TeCTBeHHO paccMaTpHBaTb KaK npeAITOJlaraeMwe. 

ITepeAneM Tenepb K OOCYJKAeHHIO B03MOJKHblX
0 

MaPllIPYTOB peaKQHH ( 1) • ITpeJK-
- /1-3/ 

ne acero npHMeM npHHUHn, xopomo onpaanaamttn ce6H Ha npaKTHKe : on-

penenH10mnA BKJlaA B XHMnqecKHe npeapameHHll npH OTMeqeHHblX Bbllile YCJIOBHllX 

BHOCllT MOHOMoneKYJlllPHble H OHHapHwe npoueccw. TaKHM o6pa30M, BKJlaAOM 

TpexqacTnqHblX CTOJIKHOBeHHH B nanbHeAmeM npeHeoperaeM. 

,YqnTbIBall npHHllTblH npHHQHn, MOJKIIO 3anncaTb OAHII H3 B03MOJKHblX Map-

lliPYTOB peaKQH~ (1): 

1 l ~ 0.2, +..Jt = J'it/+,.,4i'01 

2 l ,SltJ + .,fe = ,ft· -1-.11.t IJ, 

3J ,su;.,, +At =Si +.let&,/-:, 
4 i .Jeo + .J.e IJ.t = ~.e.t 0~ /.1t. 

( 2) 

CHMBOJI /2 y CTaAHH MaprupyTa 03HaqaeT, qTo 3Ta 3JleMeHTapHall peaKQHll AOJIJK

Ha npoATH ABaJKAbl, qTOObl BblilOJIIIHJlaCb CTex1rnMeTpllll 6anaHCOBOH peaKUHH ( 1) • 

.[\eHCTBllTeJlbHO, cyMMllPYll CTaAllll MapmpyTa (2), CHOBa nonyqnM 6anaHCOBOe 

COOTHOllJeHHe ( 1). 'eCJIH OYAYT yqniHbl OTMeqeHHble K03(J>:!rnuneHTbl • 

.[\pyroA B03MOJKHblH MapmpyT MOJKeT OblTb 3anHCaH B BHAe: 

1 i 5il?: +.-le = Sto+Aeoµ, 
2i t,o +.11e = ,s'i +.11eo, 
3l Ato +.Jeo = .Ag.:i tJ.t,; 

· 4 i .Je.J,oJ + Si o = .1£.,_ o3 + ,1,, 
s l J'i, t/.z, + .1/.R = .Jt °-1, + /t 

' 6J .,/ttJ,: +..Jeo =J.l;J,Oi. 
CHOBa, CYMMHPYll CTaAHH Ma~rupyTa (3), IlPHAeM K 6ana11cy (1). 

B npHHUHne, B03MOJKHbl TaKJKe IlPOMeJKYTOqH&le peaKUHH BllAa 

HT.A. 

.Je.tflf +t,fb -_,.,4~oa +,1i~ ,s',o+.fl'IJ=Si+.ll.etJ.t, 

Ae0;,t+.le= ,g,.,4ep 

( 3) 

(4) 

KpoMe Toro, peaKQHH B CTaAHllX MaprupyTOB (2)-(3) MOryT llATll qepe3 CTaAHIO 

o5pa30BaHllll aKTHBHPOBaHHOro KOMilJleKca. HaKoHeQ, HeOOXOAHMO OTMeTHTb, 

qTQ HMeIOT MeCTO 

qncnoM npnMeceA 

HT.A. 

MIIOJKeCTBO COilYTCTBYIOl!lHX peaKUHH, CBll3allllhlX C OOJlbl!lHM 

a ncxoAHOM Cbl])be (c!JoccpopH&1A mnaK) :Ca-o_,Fe o~ 7i;"t:J.z 
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KaK BHAHO, C npoueccoM BOCCTaHOBJleHHll KpeMHHll CBll3aH uenwA KOMil

neKC npooneM. EcTeCTBeHHO Il03TOMY KaK B CMWCJle ero ll3yqeHHll, TaK H B 

Tex11onornqeCKOM CMWCJle pa36HTb ero Ha 3Tanw. IT~PBWH 3Tan CJl~AYeT CBll-

3aTb C OCHOBHhlM npoueccoM BOCCTaHOBJleHHll, COOTBeTCTBYIOl!lHM oanaHCOBOH 

peaKUllH (1). BTopoA 3Tan HeH30eJKHO AOilJKeH OblTb CBH3aH c MeTOAaM!l oqHCT

KH BOCCTaHOBJleHHOro KpeMHHll OT npHMeceI1, KaK o6ycnoaneHHblX UCXOAHblM 

COCTaBOM lpOCq>OpHoro rnnaKa, TaK H B03HllKlllllX B npol,\ecce BOCCTalioaneHHll 

KpeMHHll (conyTCTBYIOl!lHe peaKUIIH). TpeT!lll 3Tan MOJKIIO., CBH3aTb C IlOIICKOM 

ll peanH3aUHeH TaKllX MeTOAOB oqJlCTKll BOCCTaHOBneHHOro KpeMHllll, KOTopwe 

YAOBJleTBOPllT noTpe6HOCTll B ero ~IaKCllMaJii,l!o B03MOJKIIOII qHCTOTe. 

0Tcmna cneAyeT, qTo TeopeTttqecK11, npeJKAe acero, neo6xo;i11Mo pacc~10T

peTb KHHeTHKY peaKl.jllll, COOTBeTCTBYIOmux MaprupyTaM Bll,'.la ( 2) - ( 3) •. CpaBHH

Ball 3TH MapmpyTw, HeTPYDHO YBHDeTb, qTQ MapmpyT (2) peanJ3yeTCll c HaH

OOilbllleA BepOHTHOCTblO • .[\ellCTBHTenbHO, B nepBWX Tpex era cTanullx B neBWX 

qaCTllX 3IleMeHTapHhlX peaKQIIH yqacTBYeT Jlllllib ODH~ npoMeJKyToqnoe aemeCTBO 

{$0) . noHBnenue KOToporo 06ecneq11aaeT nepBall CTaD11H. HMeHHO C 3TllMH 

CTaAHllMII CBll3aHo BOCCTaHOBneHne KpeMHllll. 11 Jllllllb B _nocnenneI1 CTan1111, 

CBll3aHHOH C IlOllBileHneM IlPOAYKTa_ ..I(! 0 . yqacTBYIOT naa npo~IeJKyTOqHblX 

BeI~eCTBa. B Map111pyT ( 3) BXODllT Bee 3JleMeHTapHble peaKQllll, nonHOCTblO on

penenlllOl!lHe MaPlllPYT (2). OnttaKO noMHMO HllX B MapwpyT' (3) BXODllT CTann11 

3 -4., conepJKamtte B neawx qacTHX no DBa npoMeJKyToqHwx BemecTBa, qTo 

03HaqaeT CHilbHO nOHIIJKeHHYIO aepOllTHOCTb npoTeKaHHll 3THX peaKl,\HlI. TaKIIM 

o6pa3oM, MOJKHO cqnTaTb, qTo MapmpyT (3) B uenoM ManoBepoHTeH no cpaane

H1110 C MaPlllPYTOM (2). 

ITpHHHMall BO BHHMaHne cpaB11e11ne MaplllP.YTOB ( 2) ,,-·( 3). a. TaKJKe ne(j)HQHT 

HHq>OpMaQHH O 3aBHCHMOCTllX KOHQeHTPaQHll npoMeJKyTOqflblX aemecT.B, OT apeMe

Hll, HMeeT CMblCil paCCMOTpeTb Jllilllb KIIHeTHKY MapmpyTa· ( 2). ITp11 3TOM, yq11-

TWBall 3aBHCHMOCTb KOHQeHTpaunA BemecTB OT BpeMeun, npeHeopeJKe~ IIX 3a

BHCllMOCTblO OT npocTpaHCTBeHHhlX nepeMeHHWX. nocnenHee 03HaqaeT, qTQ 30HY 

peaKQllll oyneM cquTaTb YCJIOBHO ODHOPODHOll. HaKOHeu, npHMeM. 'ITO npouecCbl 

(2) HD.YT B KlllleTlfqecKOH oona~Tll, T.e. AllqJqJY3llOHHWe npoueccw He Jlll•ITTTH

PYIOT CTaDHH MapwpyTa. ITpHHllTble orpaHuqeHl!ll ,ll nonymeHUll BO Bee He oqeBllA

Hbl. Hx npaBOMepHOCTb MOJKeT OblTb YCTaHOBJleHa Jlllllib npu nOHBneHHll KaK He

OOXODHMOII 3KcnepnMeHTaJlbHOA HHc)lopMal.jHll, TaK II COOTBeTCTBYIOl!lllX eii Teope

TlfqeCKllX pa3pa60TOK. 

3anHl!leM Tenepb CllCTeMy Kl!HeTHqecKHX ypaBHeHHA J]Jlll MapmpyTa (2), 

yq11Tb1Ball OTMeqe1111b1e Bblllle orpan11qe1111si. JlnH 3Toro .BBerteM cnenymmue o5o-

3HaqenuH Ailll KOHQeHTpal,\Hll BemeCTB, ll3MeplllOlJ]IIXCll B MOJIHX: 

~ =LS tJ, n_p = (s'if!J.2 nl = [...le], ny = ["~u!J, 

ns- =["..4eoJ, 1% =L.lle~J, n, =f,.,4~JtJJJ 

5 

( 5) 



Ctu1Tall peaKllllll TeKYIIIIIMll Jll!Wb, B OAHY CTOPOHY, , 3an11weM MaPl!IPYT ( 2) B Bllne: 

1 i S't'tZz +.llR .!:J: tio +.Je o, 

21 ,SlO+.J~ _!J, ,11, +.JR01 

3J $tO.t +.Je !.! St'+.leo.i/.2, 
/(.y 

4 1 .Ito+ .Je o.,, .- .Je.8- 04.,_ 
' I 

rne Kz- KOHCTaHTbl CKOPOCTeii peaKllllll. 

(6) 

CncTeMa ypaBHeHllll, COOTBeTCTBYIOlllall peaKUllllM (6), 3aIJllCbIBaeTCll B rj)opMe: 

1 ~ = K,p,IZJIZI/ +,fl,K3 IZ,:t tz3
1 . cti 

dlZ . 
2. _:!:-:::. -KJ.fZ;,IZ; -.1lK3t?,,1,n3, 

di 

3 !!:_!!:!_ =- K1,n~n3 -1<.n.3 ny-,1,1<3 n.,_n3, . di "" .. 

4 • !!:!!:!.= Kln.,,n3 - K;, n3nlf, di 

5 • dn5 = KJ. n.'l.n3 + k,1,¾rt<t-.:t1<<1 n.s-n,, 
di · 

6. ~ =,JlK3 n~na-.JlK<1tt5n6, d,-t 

7. dnf = .2-l<vllsllr. . 
d,-t 

( 7) 

HaiineM llHTerpanw ABH•eHIIH CIICTeMW ypaBHeHllll (7), COOTBeTCTBYIOllllle 

coxpaHeHHIO pa3Dll'IHWX aTOMOB B Te'!eHHe BCero nponecca. 3TO nacT He TODb

KO SIBHYIO HH¢opMalllll0,0 CBH31l KOHlleHTpaUllll pa3Dl!'!HblX BemecTB, HO ll npen

CTaBIIT co6oii llPOBepKY KOppeKTHOCTll 3allllCH MapwpyTa nponecca B Bllne (6) 
ll CllCTeMbl n11t)lqiepeHn11anbHblX ypaBHeHllll, B Bllne ( 7) • HaqanbHble YCDOBllH nnll 

CllCTeMbl ypaBHeHHfi ( 7) O'!eBllAHbl: B MOMeHT BPeMeHI! -/: ; 0 ( Ha'!ano OTC'!eTa 

BpeMeHH) OTDl!'!Hbl OT HYDll DllWb KOHlleHTpann11 anroMHHllll ll ,s't(k . CKnanbI-

BaH neBWe 11 npaBble '!aCTll ypaBHeHllll 1 , 2 11 4 CllCTeMbl ( 7) , HaiineM: 

T.e. 

.!!;. (nt. +n.,, +nl/J = o, d-6 

n~ +n.1, +n'I = con-.1-i:. 

( 8) 

( 9) 

6 

I. 

, l 

/ 
i' 

) 
t 

.i 

flpn t; 0 

[n~+n.1, +ny7t=o ~, 

llOCKOnbKY n1(0}= n'f{o)= 0 , a IZ.,t,[O}::: -1t 
TaKnM 06pa30M, 

nL +n.:z, +n11 = ~' 

( 10) 

(11) 

rne KOHUeHTpannll 3arpy3Kll ,s'i OJ o6o3Ha'!eHa qepe3 ~ • CooTHoweH11e ( 11) 

COOTBe_TCTByeT coxi:aHeHlllO aTOMOB KpeMHllll B nponecce peaKllllll ( 6 l. CoBep

weHHO aHanorn'!HO MO.HO nony'!llTb 6anaHc aTOMOB anIOMllHllll: 

.E..(11,3 +Jt5+n6 + .;1,a,) =o, d-t ( 12) 

rne IIPII cno•eHl!ll ypaBlleHl!ll CllCTeMbl ( 7) ypaBHeH11e 7 6bIDO noMHo•eHo Ha 2 .• 
I.fa COOTHOWeHllll 

n.3+n5+nl. +.£-n1 = eon.si, 
cnenyromero ll3 (12), ll Ha'!aDbHWX YCDOBl!ll HaiineM 

n3 +n.5 +n6 +.Jlrt:; =/'6, 

( 13) 

( 14) 

rne KOHUeHTPallllll /Z3 [o} = #3 onpenenlleTCSI 3arpy3KOll anIOMl!Hllll. HaKoHen, 

MO.HO llODY'IIITb COOTHOl!leHlle 

cl {3-a,,t +/ZA/ +n§'+9,n6 +3n;.J= o, d:t 

KOTopoe 03Ha'!aeT, '!TO 

.Jtn.2 + nl/ + 11,r + .:i n6 + Jn;. = con,si. 

( 1 5) 

( 16) 

floCKODbKY B HaqanbHblll MOMeHT BpeMeHn 'lllCno aTOMOB KHCnopona paBHO ,.2 ~ • 
T.e. YABOeHHOll KOHlleHTpa41lll ,s'ttl,J, , TO nna 6anaHca aTOMOB KHCnopona 

MO.HO 3alJH<:aTb: 

.£n.,1 +nl/ +ns- +:tn6 +3n'f =.:Z~. ( 1 7) 

O'!eBHAHWe COOTHOllieHHH (11), (14) ll (17) KOHCTaTllPYIOT KOppeKTHOCTb 3an11-

Cll MaprnpyTa nponecca B Bnne (6) H CllCTeMw ypaBHeH11ii B ¢opMe (7) . 

Tenepb MO.HO llPIICTYllllTb HenocpencTBeHHO K perneHHIO CllCTeMbl ypaBHe

llllll (7). 3Ta CIICTeMa ypaBHeHHll xapaKTep113yeTCH Hen11HeiiHOCTblO BToporo 

llOPHnKa OTHOCllTenbHO KOHUeHTPallllll peareHTOB. HMeHHO Hen11HeHHOCTb CIICTeM 

ypaBHeHllll 11 npencTaBnHeT co6oii OCHOBHylO n Tllllll'IHYIO TPYAHOCTb B XIIMH'!ec

KOll K1111eT11Ke. CncTeMw ypaBHeH11ii xHMll'lecKoii K1111eT11K11 pewaroTCll aHanHTH'!ec

KH Dllllib 8 Tex "c'!aCTDllBblX" cny'!aHx, Korn a OHH llPIIBOAHTCll K CllCTeMaM Dll

HeHHWX ypaBHel!Hll ll COBOKYIIHOCTll HeCBH3aHHWX ypaBHellllll PHKKaTn. OnHaKo, 

KaK llOKa3WBaIOT HMe1011111ecH TeopeTll'!eCKlle pa3pa60TKll, n1111eap113an11a CllCTeM 
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ypaBHeHHii, KaK npaBHno, CBll3aHa C BeCbMa rpy6bIMH npe,unono)KeHl!llMII H .uo-

nymeHHllMH. IlpHMepoM TOMY MOlKeT CDYlKIITb MeTO.[( KBa31!CTaq110HapHhlX KOH-

qeHTpaqHii, 11pe,unonara10mHii ,. '-!TO KOHQeHTpaq1rn llPOMelKYTO'-!HblX BemecTB MOlKIIO 

C'-ll!TaTb llOCTOllHHb!Mll (He 3aBHCllmHMH OT BpeMeHH) 141 . TeM He Me11ee, KOp

peKTHOCTH pa.[(H, cne,uyeT OTM~THTb, '-!TO perueHHll CHCTeM ypaBHeHHii XHMH'-!eC

KOii KHHeTHKH .[(alKe B 110.[(06Horo PO.[(a npH6DHlKeHHllX BeCbMa '-!aCTO OKa3hlBalOT

Cll B Y.UOBneTBOPHTenbHOM cornaCHH C 3KCnepHMeHTanbHblMH ,[(aHHblMH. 3TO 06-

CTOl!TenbCTBO He llBDl!eTCll cnyqaiiHOCTblO. OHO CBl!3aHO C !PYH.UaMeHTanbHOii 

3aKOHOMepHOCTblO - a,[(.[(HTHBIIOCTblO npoqecCOB XHMH'-!eCKHX 11peBpameH11ii '-!aCTHU 

B CHCTeMax, co,ueplKamux 6onbruoe HX '-!HCDO. ttMeHHO llPHBe,[(eHue CHCTeM 

ypaBHeHHii KHHeTHKH K DHHeiiHOMY BH.[(Y H llBDl!eTCll IlPllMb!M Y'-!eTOM 3TOii 3aKO

HOMePHOCTH._IlpHHHMal! 3a OCHOBY pacCMOTpeHHll a,u,uHTl!BIIOCTb npoqeccoB, 

MOlKIIO Ha,[(el!TbCll Ha OTbICKaHHe TO'-!llblX HDH .[(OCTaTO'-IHO KOppeKTHblX MeTO.[(OB 

n011eap03aqHH ypaBHeHHii XHMH'-!eCKOii KHHeTHKH H HX pemeHHii. 

2. METO/l HEflttHEOHOf-'I liIKAflbl BPEMEHtt 

MeTO.[( a11anH3a H pemeHHll CHCTeM ypaBHeHHii XHMH'-!eCKOii KHHeTHKH, 

npe,unaraeMhlA B 3TOii pa6oTe, MOlKIIO Ha3BaTb MeTO.[(OM 11en011eii11oii lliKanhl Bpe

MeHH. BCl!Kal! (pH3H'-leCKall CHCTeMa' 110.[(BeplKeHHal! 3BOnIOUHH' MOlKeT 6bJTb oxa

paKTepn30BaHa CBOHM co6CTBeHHblM BPeMeHeM, ecnH npoqeCCbI, npoTeKa!OmHe 

B Heii, a,[(.[(HTHBHhl. B Ka'-!eCTBe Mephl BpeMeHH ecTeCTBeHHO Bhl6paTb llODOlKH

TenbHO onpe,ueneHHY!O a.[(.[(HTHBHY!O MOHOTOHHO B03pacTa10my10 co BPeMeHeM Benu

'-IHHy. TipH 3TOM TaKall BenH'-IHHa He .[(OlllKHa Tepl!Tb CMhlCD B npoqecce BCeii 

3BOD!OQHH CHCTeMhl. THllll'-!HOii Bellll'-!llHOii TaKoro po,ua B npoqeccax XHMH'-!eCKIIX 

npeBpau,eHHii MOlKeT llOCDYlKllTb !PYIIKQHll 
-6 

..,IK (i} = j lt,c (i'}dt~ ( 18) 
0 

B KOTopoii IZ1,:, (-!} - KOIIQeJITpaI\Hll K-ro BemeCTBa, 3aBHCl!mall OT BpeMeHH. 

06b!'-IHOMY Ha'-!any OTC'-!eTa 'BpetvieHH I: = 0 COOTBeTCTByeT 3Ha'-!eHHe !PYHKUHll 

/4(0} = 0; n1060My 3Ha'-!eHH!O BpeMellll "t > 0 COOTBeTCTByeT e.[(HIICTBeHHOe 

311aqe110e c!iYHKUHH h (-t) > O npH 3TOM AK (-6~) ~ .,,f;c (-t1.J , ecntt 

t.J.;;::.-ti.. RcHo, '-!TO .[(OMHOlKeHHeM (18) Ha llOCTOl!IIIIY!O HYlKHOii pa3MepHOCTH 

MOlKIIO llPH.[(aTb neBoii '-!aCTH (18) pa3MepHOCTb BpeMeHH. KaK BH.[(110, Mepa 

BPeMe110 (18), Boo6me roBOPll, Hentt11eii11a. 

TIPHMeHHMOCTb MeTo,ua HenHHeii11oii mKanhl BpeMeHH y,uo611ee Bcero npoHn

lllOCTPHPOBaTb Ha KOHKpeTHOM llPHMepe. B Ka'-!eCTBe TaKoro llPHMepa BbI6epeM 

npoqecc BOCCTaHOBDeHHll KpeMHHll, npe,ucTaBneHHhlii MaprupyTOM (6) ll CHCTeMoii 

ypaBHeHHii (7). YpaBHeHHe (7)-2 MOlKHO 3al1HCaTb B BH.[(e 

8 

j 

d 113 = -Je n.z It.]' ,>e = Ki. + .1K3 . d-t 
Bao;ll! cpyHKUII!O 

-t 
,I (-l) = /n3 rt'idi', 

0 

l!Jlll, B ,'ll!Q)!pepe111111aJJbllOi"I QJOP~Ie, 

d.ll -=/'Z,3(-t) cl-f I 

npeo6pa3yeM ypa1rne111Ie ( 19): 

( 19) 

( 20) 

( 21) 

dn-2,.; dn,1,_!!:!,..=-:;en n (221 
d+ d.l di- '..:i 3

• 

TipOII3BO.[(llaH ci/1 /a-t B yp;rn11e111111 ( 22) !lrpaeT POJib cnoeo6pa3Horo o;:1110-

Mep11oro HK061Ia11a npeo6pa30Ba11Irn, coana;w101nero 110 nern1111111e c KoHue11Tpa

UHe11 amOMJlllllll. C y<teTO~) ( 21) ypaBHCIIIIC ( 22) CT;JIIOBIITCll JlllllCii111,1~1: 

an.,, ' 
-:-}eno (i.,f ,,,, . 

Peme1111c '.JTO['O ypaBIICHIIH 0 1ICBIIHIIO: 

lt-4 = ~ e-Je~ 
hpn t = 0, .Jfo/= 0 II n~(o/=~·, K;JK II /10.lllKIIO 6b1Th. 

,C fIOMOll\blO (20)-(21) ypallHCIIIIH 1, 3 II 4 CIIL'TC~Ibl ( 7) 

CH B ~lO))Me; 

d n.1 = K.t, n 'I +.$ K.3 l't,t , 
{t.,f 

d1t3 _ -~ny-Je~, d7r-

dn11 = K.1. n.2 - 1(.2- tir. d,,,f 

( 23) 

( 2.J) 

3;J[lJJChIH'1IOT-

( 2 5) 

( 2(1) 

( 2 7) 

TaKl!M 06Pa30M, BCIO IICJIIIHCiilIOCTJ, YP:IBIICIIIIi'I 1 -.j CIICTC~lbl ( 7) OC]ll'T na 

ce6H Mepa npeMCIIH (20)_-(21). Yp;tllHCIUI>I (23) II (25)-(27) HB!I>IIOTCH 1a~IK

HYT011 CIICTeMoii, KOTOpa51 TCIICPh pemaeTCll anaJIIJTll'ICCKII. IIOCKo.:11,i,;y KOIIIICIJT

pau11>1 h.f 3anana ( 24), TO MOlKIIO 11aiiT11 J)ClilCIIIIC ypaBIICll!IH ( 2 7). O;u1opo;1-

11oe ypa1111e1111e 

11Mec-r peme1111e 

d/2.r 
a.A =-~.,r.n9 

IZ-y = C e-K~.,( 
( 28 I 
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no MeTOLIY Jla rpaHJKa, 3aMeHHH npOH3BOJl_bHY!O nocTOHHHYIO Ha JICKOMYI0 cpyHKUll!O 

C(i) 11 noL1CTaBJ1HH B ypaBHeHHe (27), HaAueM: 

dC K " -= /(.tit e ';2.,, 
d,,4 ';t HJIH 

.,f 

/ti/= e-K.2.,I {K.t Jn,,i eK.t.,,d.,11 +c1). ( 29) 

0 

n_iiH i: o, '..,fft/: o, n,tto): o II Cc o. 
noucTaBJIHH Tenepb (24) B (29) 11 IIHTerpHpyH, HaXO.[IHM: 

n ff/= K1#.t- (e-;Je:,,ffJ -K.z,.#f-cJ1 
.y --e /" 

.K.1,-~ 
(30) 

3aMeTHM 3.[leCb, lJTO '1JYHKUIIH (30) IIOJIOJKHTeJlbHO onpe,'.:\eneua npll Bcex 3Haqe-

HIIHX K,z 11 )e . CToBe.[leHl!e t!>YHKUHH ( 30) B 3aBHCHMOCTH OT BpeMeHH TllllHlJllO, 

m:rn npoMeJKYTOlJHbJX Bell(eCTB, KaK 3TO H Ha6mouaeTCH B 3KCnepnMeHTe. 

11MeH Tenepb KOHUeHTP3UHH IZ.z H ./Z,L/ H TTO.[ICTaBnHH IIX B npaBylO lJ3CTb 

(25), HaA.[leM KOHUeHTP3UHIO BOCCT311OBJleHHOro KpeMHIIH: 

lldfl= X:1.KJ,t/J r__i (i- e-~.,lt-tj_..£ (1.-.e-K.1,.lt+J;j+ 
. /(.,2. -,}(!. L :ie K..t ' ( 31) 

+ ,i,K3/l,J, (J.-e-Jl..1(+1 . 
J-i, 

Korua -/: : 0, _,4 (o} : 0 H ft:1. (o}: 0, '!TO H COOTBeTCTBYeT HalJaJlbHblM 

YCJIOBHHM. CTpH 6OJlbillHX 3HalJeHHHX .,,{(-6), T.e. B KOHUe,npouecca BOCCTa

HOBJleHHH KpeMHHH, 3KCIIOHeHT3MH B (31) MOJKHO npene6pelJb, lJTO IIPHBO.[IHT 

K npe.[leny 

.eiml1.t {-f}= ~ 

.,1-- ct:, ' 
( 32) 

KaK H CJle.[IOBano OJKH.[13Tb. 

CoBeprneHHO aHanorHlJHO MOJKeT 6WTb perneHo u ypaBHeHHe (26). CTO.[ICTa

HOBKa (24) H (30) B npaBYIO lJ3CTb (26) H COOTBeTCTBYIOIJ(ee HHTerp11poBaH11e 

uaeT: 

/l3tf}= M- K.tK.1.#.i. f..i_ /1-e-x.l(+J':.J 
K.t~ CJe c· -

-£ (i.-e-K.t,,ff!?J-IV.J, {i- e-~~t}. (33) 

HalJaJlbHOe YCJIOBHe 

ll¾==o ~/ (34) 

KaK BH.[111O H3 (33), BWTTOJIHHeTCH. 
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i1 

l 
I 

Ecnu npaBylO lJaCTb ( 33) O6O3HalJHTb qepe3 ¢(.;f), TO, BCIIOMHHaH ( 21) , 

3TO BblJ}3)Ke1rne MOJKHO 33TTHCaTb B BH.[le: 

/tg = d .,¢ = rp ( ..,4). 
oti 

0TC10J:1a cneuyeT, '!TO 

j d.-4_=-t+c. 
¢?I) 

CooTHorneHHe (36) KOHCT3THpyeT TOT cpaKT, lJTO CHCTeMa ypaBHeHHA (23) 

(35) 

(36) 

H (25)-(27) npHHUHnHaJlbHO pernaeTCH B KBaupaTypax. To JKe caMoe MOJKHO 

CKa3aTb H o 33MKHYTOA 11O.[ICHCTeMe ypaBHeHHH 1 -4 CHCTeMbl ypaBHeHHH ( 7). 

TeM He MeHee B CBH3H C COOTHOilleHHeM (36) HeO6XO.[IHMO, OTMeTIITb cneuy10-

mee. ,UaJKe B TOM cnyqae, KOr.[la HHTerpan B JieBoA lJ3CTII ( 36) MOlKeT 6bITb 

BWlJHCJ1e11 aHaJIHTHlJeCKH, 310 COOTHorneHHe npe.[ICTaBHT co6oA TpaHCUeH.[leHTHOe 

cpyHKUHOH3JlbHOe ypaBHeHHe. OHO MOJKeT HMeTb, BOo6me POBOPH, He e.[IHHCTBeH

Hoe perneHue. 3TO O3HalJaeT TOr.[la, lJTO ypaBHeHHe (26) H, COOTBeTCTBeHHO, 

(7)-3 TaKJKe MOPYT HMeTb B o6meM cnyqae He e.[IHHCTBeHHoe perneHHe. TaKaH 

CHTYaUHH BnonHe aHanorHlJHa TOA, KOTOpaa HMeeT MeCTO .[IJIH ypaBHeHHH PHK

KaT11. 

TaKHM O6pa30M, HMeeT CMbJCJI nonbITaTbCH HaATH perneHHe ypaBHeHHH 

( 7) -3 LIPYrHM cnoco6oM. ClJHTaH KOHUeHTpaQHH IZ.t H /Z,¥ 3a.[laHHblMH, 3a

nurneM ypaBHeHHe (7)-3 B qiopMe: 

d1t3 ·-- (K 
0TC!O.[la HaXO.[IHM: /'t.3 - - -.£1Zf +Jen.1Jd+. 

't 
tn n3 =- j {K.zlly{f"/-fJl- lt.1,{t'J}df:' -f t'ne.. 

0 ' 

( 3 7) 

( 38) 

OnpeuenHH npOH3BOJlbHY!O KOHCTaHTY C H3 HalJaJibHoro ycnOB11H, 3anHrneM: 
-{: 

IZ3t-lJ = ~ ex11(-Jf:KJ_/(~N:t, ie-£..lte--J e-K.z-ltt1, 
o K,1 -~ I , I + 

+Jell,,,,1F~..,({'t'7d't'} J (39) 

rue YlJTeHbl 3HalJeHHH /Z,'l u n.: B B11.[le ( 30) H ( 24). KaK BH.[IHO, perneHHH 

(39) u (33) KalJeCTBeHHO OTJIH'la!OTCH .[lpyr OT LIPYra. 3TO O3Ha'laeT, lJTO 

11O.[ICHCTeMa 1 -4 CHCTeMbl ypaBHeHHA ( 7) IIMeeT .[IBa Ha6opa perneHHA, ecnu 

.l[i} ClJHTaTb onpe.[leJleHHWM COOTHorneHHeM (20). 

nocKOJlbKY pernea11e ypa~HeHHH (36) .[IJIH.(pYHKQHH ..#(.f) BeCbMa 3aTPYU

HHTeJlbHO, npe.[ICTaBJIHeT IIHTepec paccMOTpeTb cpopMaJlbHOe perneH11e (39) KaK 

TpaHcueaueHTHOe HHTerpaJlbHOe ypaBHeHue .[IJIH 'cpyHKI.11111 lt.3 {-!/ ( cornacHO 

( 20)). Yl!HTbJBaH "LIBYX3TaJKHOCTb 11 TpaHcueH.[leHTHOCTH, 6bICTpoe y6bIBaHHe 

II 



3KCITOHeHT C POCTOM BpeMeHll ll ABOHHOe llHTerpttpoBaHHe, BXOAHmee B rrpaByIO 

qacTb (39), AHll rrptt6HlllKeHHOro pemeHHll ypaBHeHHll (39) ecTeCTBeHHO IlPHMe

HllTb MeTOA llHTerpa1.1ttu llH!(apa. llptt 3TOM 33 "HyneBoe" nptt6n11)!(eH11e )lHll 

c!JYHKI.IHII _A ff} MO)!(HO B3l!Tb mrnettHYIO illKany BpeMeH11. Ecnu B ( 20) rrp116nHlKeH

HO 3aMeHHTh JZ
3 

Ha 

~-
IZc3 =_j_ ln3 r-1-'Jotf; 

'l"o JI 
rAe ~ - IlP3KTHqeCKll rrtllHHMaeMoe BpeMl! rrpo1.1ecca, TO 

.,,I ff)= 1203 "t , 
0TCIOA3 B rrepBOM rrptt6HH)!(eHHH H3HAeM: 

/1,3 HJ= /Vs -exfL Ji-. K.4~~ le- d€ no,3 f;' -K.zno3 't'J 
L -o K..t ~ I' - e /+ 

-~noat'. --z 
-+Je A{i e 7 d'l'..f, 

llHII, npoBeAl! IIHTerp11poBaH11e IlOA 3H3KOM 3KCITOHeHTbl, -3arrumeM: 

/1,3/t}=/6 ex,P(- K.zK1~ [!__ {i-e-Jenos,_ 
K.1- Je L~1t,,3 . 

._;....L. (i-e-~fto31J7- ~ (:t-e-Jfrti:,3J z 

(40) 

( 41) 

( 42) 

( 43) 

K.4tio3 IJ 1203 '/· 

CoBepmeHHO TaK )1(8 MOlKeT 611Tb HaH,[(8HO ll .!lPYroe 3HaqeHtte lt,3 t-f)c IlOMOlllblO 

(33). COOTBeTCTBYIOUllle 3HaqeHHll ,.,If-I} B rrepBOM rrpll6HlllKeHHll HaXOAl!TCll 

IlOACTaHOBKOH rronyqeHHbIX 3HaqeHHH lt_J ti} B ( 20). llaKOHe1.1, IlOACTaHOBKa 

3HaqeHHH .,i (-!-} B BbIPallCeHHll AHll KOHI.1eHTpa1.1nu, rronyqeHHbIX Bblme, A3CT Ha-

6op pemeHHH, He HY)!(A3IOUIHXCll B A3HbHettrnHx YT04HeHHllX. QqeBHAHOCTb CXOAH

MOCTII MeTO)la llTepal.lHH llHKapa cnenyeT YlKe ll3 CaMOH CTPYKTYPbl nonyqeH

HbIX perneHHH. ll03TOMY, ll36eral! rpoM03)lKOCTett )lOKa3aTenbCTBa CXO)lHMOCTH 

:JToro MeTo)la B naHHOM cnyqae, 06paT11M BHHMaHue nnrnb Ha cnenywmee o6cTo

HTenbcTBO. Ecntt HyneBoe rrpH6HH)!(eH11e )lHll c!JYHKI.IHH ./(-t) B Bll)le (41) rron

CTaBHTb B rronyqeHHbie Bbipa)!(eHHll )lHll KOHl.leHTpal(llll, TO rronyqaTCll THilll4Hbie 

c!JYHKUHH, KOTopwe, KaK Il0K333HO B pa6oTaX /l- 3/, cornacyIOTCll C 3KCil;PH

MeHTOM B rrpenenax Ollill60K. llo IlOBO)ly rronyqelJHbIX pemeHHH He06XO)lHMO C/:\e

naTb eme O)lHO 3aMeqaHHe. HanH4lle )lBYX Ha6opoB pemeHHH rOBOPHT O TOM, 

4TO OHH MoryT cpaBHllB3TbCll C 3KcrrepHMeHTOM B HX KOHKpeTHWX KOM6HH3UHHX. 

Bb16op T3KllX KOM6HH3l(llll MOlKeT 6bITb ocymeCTBHeH Hllllib )leTan~HWM cpaBHeill!eM 

C 3KCnepuMeHT3HbHbIMH naHHbIMH. 

C411Tal! KOHl(eHTP3llHll BemecTB lt:t-/t,; ll3BeCTHblMH, MO)!(HO rrepettTH K aHa

H113Y H perneHHIO IlO)lCIICTeMw YP3BHeHHH 5 -7 CHCTeMW (7). QPaBal! 43CTb 

ypaBHeHHH (7)-7 BXO)lHT B rrpaBhie qacTn ypaBHe1111u (7)-5 11 (7)-6. 0TCIOAa 

cneAYIOT ypaBHeHHH: 

12 

..E!,_ (n5 +n1J = K1 n~n3 +K,3,n
3
ny, d~ 

d (116 +n,; =JZ 1<3 n..r n
3

. dt 

C no~IOlllblO (20)-(21) 3clillllllC~l ypaaneHl!H (44)-(45) B q)Op~1e: 

d~ (ns-+n1)=K,1,fl,J_ + k,itl'Z'I, 

.!!:,_ (h6 +n1}= .£K3 n..z _ 
d~ 

(44) 

(4 5) 

(46) 

I 4 7) 

llycn, IZ.2 n l1-f3a/1rtllbl cbop~IYJia~lll ( 24) ll ( 30). Tor:ia, Y'IIITblB.IH Hcl'laJlbllble 

YCJ!OBllll, 3arn1_'.;:,eM: 

l2s+ 121= j(K1n.2, U'J-fl<.f.n11t.P/)d.-1/ - -t_ {.,I), 
0 

A 
126 +n1 = jflK3 n..t [.,l'}d.//1 = /4 f.,,f) 

0 

( 48) 

( 49) 

HeT HY)!(!lbl Bbl[]l!Cb!BaTb :lJle~1eHTap110 6epy11111ecl! IIIITerpaJJhl B llj).IBhlX 4clCTHX 

( 48 )- ( 49). 1-13 3Tl!X ypaa11em1ii llaXOAllM 

11s- =fe -n1, Mt =/2-n,_ 
C noMOI;(bIO (SO) ypaa11em1e ( 7 )-7 nepexo,~l!T B ypan11enl!e PllKKaTll: 

dn1 _. ) 
d-6 =.£K;(/t-n;J(:µ,-~f -

(so) 

( 51) 

PemellHH YPclBHeHll51 PIIKKrtTH xopomo H3BeCTllhl, ll Il03TO~IY c!iYIIKlllllO IZ; (-f} 

MO)!(HO cqnTaTb onpeAene1rnoii aenw11rnoi"1. Te,1 ca,11,1,1, c no~101ub10 (SO), 011pe:1e

neHb1 II KOHl(eHTpau1rn /Zf(f} II 126 ff:}. TaKml 06p:130,1, peme11l1e CIICTC~lhl 

ypanlleHntt ( 7) fIPIIHllllllllanbHO ,/o)!(ll0 C'll!TaTb 11aii11c11111,1,1. 

Pememrn ypa1rne11uii 5 -7 CllCTCMbl ( 7) MO)l(IIO 11aiiTll II /ll'YI'll~I cnoco60~1, 

11e np1rnneKaH pem(,llllf! ypaill!e111rn PnKKaT11 •. 1\eiiCTBllTCJihllo, ,1c-ro;10~1 1ia.r11auu;i 

IlOCTOl!IIHOii JlarpaH)!(a ypa1rne1111e ( 7 )-6 ,10)1(110 llPllllCCfll K BW!Y: 
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+ ' 
n6 ffJ=.2K.3 e-~K11Bl-t1/n.tt!'JIZ.Jtr-JtrK¥81Zt; 

0 

( 52 l 

r;:ie 

-! 
8 ft)= J n5 rr-Ja't. (53) 

0 

KaK B11/lHO, qJYHK[1l!H .6' (-f} qiaKTll'leCKI! 11,paeT POflb eme 0/lHOH 11en1111eii110(1 

Mepw speMe1111, 11Meromeu HerrocpencTee1111oe OTHome1111e K rronc11cTeMe ypae11e1111B 

5 -7 Cl!CTeMW (7). H3 (52) 11 (49) cne;:iyeT: 

~(-!J= /4,f-l)-IZ6 = 
.,I -6 

fa/(3 IZ.1,(.J1d.41 -$,K.3 e-.!,KI/B{H In ('t'JIZ.3 c'l'Je,;l,KI/IJ tJrc-
0 

)'•~ . 
. 0 

ITo;:icTa11osKa (541 B (48) naeT: 
.,I 

1Z5fl/ = /(Ki1t.1,t..1J+KJ n-'lr.1J)d..J1 
-

0 

.I -f 

-fa K.3 rt,;_-(.l')d..11 +~~ e-.i,KyB~ljn.,_ (f;'Jlt31r-J-e,J,lt[l/.i~'t. 
0 o 

(54) 

( 55). 

<llYHK[1l!H iJ(-l:J 3a;:iaHa ,j]opMynoB. (53); TaKIIM 06pa30M, COOTHOille1111e (55) rrpe;:i

CTaB:rneT co6ou mITerpanbHOe Tpa11c11eH;:ieHTHo_e ypae11e1111e "i:1m1 ,j)yHKl.\l!ll A?.,(U. 

0Ho pewaeTcH MeT0110M 11Tepa1111B IT!!Kapa coaepweHHo TaK •e, KaK I! ypaaHe-

1111e (39). Haxo11H 1!3 ypaBHeHl!SI (55) c]lyHK[11!ID IZs B rrepBOM rrp116n11•eHl!ll, 

orrper1em1eM TeM caMblM 3Haqe:ll!SI i!JYHKl11!H 8(f/, IZ(, (i)H/27 (-1-J '. 'leM I! 11cqep

rrweaeTCH a11an113 11 perne1111e rro11c11CTeMw ypaBHe1111ij 5 -7 Cl!CTeMw (7). Up11 

3TOM, Ko11eq110, He cne11yeT 3a6wBaTb, 'ITO II B 11aHHOM cnyqae l!MeeT MeCTO 

/lBOHHOij IIa6op peweHl!H. 

AHan113 I! ITOl!CK perneHl!H Cl!CTeMW ypaBHeHl!H (7) IlOKa3WBaeT, 'ITO MeTO/l 

Hen1111eu11oij lliKaJII,i BPeMeHI! l!MeeT HeManyro MOll(HOCTb. C IlOMOll(bID 3TO,O MeT0[1a 

an1111Tl!BHOCTb rrpoueccoe Xl!Ml!'leCKl!X rrpeepameHl!H rrpe11cTaBJIHeTCH B HBHOM Bl!-. 
)le, IlOCKOJibKY ypaBHeHl!SI Xl!Ml!'leCKOH K!!HeTl!KI! n1111eap113YIDTCH. ITpl! 3TOM Jil!-

11eap113a1111S1 ypasHeHl!H rrp01!3B0/ll!TCH He rrp116ri11•eHHO, a TO'IHO, 'ITO rro11qepKl!

BaeT rrpasoMepHOCTb BBe[1eHl!H HeJil!HeHHOH lliKanw BpeMeHI!. nanee, KaK ITOKa3W-
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saeT paCCMOTPeHl!e, Cl!CTeMa ypaBHeHIIH Xl!Ml!'leCKOH Kl!HeTl!KI! Mo•eT OWTb 

pa3611Ta cj)opMaJibHO Ha Il0[1Cl!CTeMW ypaBHeHl!H, [1JIH Ka•11oii 113 KOTOpb!X B03MO•

HO BBe11eH11e CBOeH COOCTBeHHOA Mepw BpeMeHI!. HaKOHeu, cne11yeT OTMeTl!Tb, 

'ITO ecn11 BBeCTI! ITOHHTl!e aKTl!Bl!POBaHHO,O KOMITJieKCa, l!Meromero B Xl!Mllqec

KOii Kl!HeTl!Ke ~YH[1aMeHTaJibHOe 3Ha'leHue, 11 3arr11caTb C IlOMOll(bID 3Toro ITOHH

Tl!H Cl!CTeMy ypaaHeHl!A, TO MO.HO Ha[1eHTbCH, 'ITO aHanl!3 I! ITOl!CK peweHl!H 

Cl!CTeM·ypaBHeHl!il MO.HO c11enaTb 6onee OOll(l!M I! Cl!CTeMaTl!'lHblM. 3Ta Ha11e•11a 

CBH3aHa C TeM, '!TO aKTl!BIIPOBaHHblil KOMITJieKC ecTeCTBeHHblM o6pa3oM crroco6-

CTBYeT pa3611eHl!ID Cl!CTeM ypaBHeHl!ii Ha ,j]opMaJibHO (l!JIII YCJIOBHO) 3aMKHYTWe 

Il0[1Cl!CTeMbI. TaKl!M 06pa30M, BBeAeHl!e HeJil!HeilHblX Mep BpeMeHI! DflH Kaa[10ll 

ITOACl!CTeMbl MO.HO CAenaTb 6onee CllCTeMaTll'lHbIM. lITo KacaeTCH ITOJIHOTbl 

II TO'IHOCTI! perneHllii, TO OHi! y~e He BW3WBaIDT COMHeH11ii, KaK 3TO llMeno Mee

TO B IlPOBOAllMbIX paHee rrp116ntt•eHHbiX paccMOTpeHl!HX. 

3. ITOHRTHE AKTHBHPOBAHHoro KOMTIIlEKCA H METon HEilHHEHHon· 

IliKAilbl BPEMEHH 

CttcTeMaTl!'leCKllii aHafll!3 OOll(l!X CllCTeM ypaBHeHttii Xl!Mll'leCKOii Kl!HeTllKII 

C IlOMOll(bID ITOHHTl!ll HeJil!HeUHOU lliKanw BpeMeHll ll aKTllBllPOBaHHoro· KOMITJieKca 

Tie6yeT oco6oro BHl!MaHllH. ~AeCb •e orpaHl!'ll!MCH llJIJIIDCTpa1111eu Toro, '!TO 

BBeAeHlle ITOHHTI-151 aKTl!BIIPOBaHHOrO KOMITJieKCa He YMeHbmaeT B03MO•HOCTett 

MeToAa HenttHeuHou rnKanw_apeMeHtt. DnH 3Toro 3anttweM MapmpyT peaKUlltt {6) 
C yqeTOM B03MO.HWX aKTl!BIIPOBaHHWX KOMITJieKCOB: 

11 ~-~ + .,4e!!.t ( ,s',:q, . .,1e)*p, 

Z) (,s'i~ •./le)* ~jfe•(J+.lt'{), 

~3 * 31'5't·o+.1e - (Sto-..Je), 

*~'I 
4). (scoJ.e) -- ,S't+.l.eo, 

5) ( ta;.,_ . .,14*.!!,f $i+..l~O.,,/J., 

6 1 ..Ito+ ..Je o.,, !.!.-6 .I~ /J3 /.t,, 
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rne Jet - KOHCTaHTbl CKOPOCTeii rrpoueccoB. OcTaBmlll o603Hat1eH!1H nm1 KOH-

1.(eHTpal.(Hii Be~eCTB B Bll,Qe (SJ, BaeneM 0603Hat1eHHH nnH KOHl.(eHTpaunii aK

THBllpoBaHHblX KOMilileKCOB: 

c.:3 =f(;S'e(b-..le)'l, C.3t1=ft,stu;.jd'i. (57) 

CKna,QblBaH CTa,Qllll MaprupyTa (56), HeTPY.QHO rrony'IHTb 6anaHCOBYID peaKl.(HID (1). 

C ytieTOM 0603HatieHHii (57) CllCTeMa ypaBHeHttii, COOTBeTCTBYIDlllaH Maprn

PYTY (56), IlPllHHMaeT BHA: 

1. !!..!!£=dll/C31/+:t-Je.s-CJ-3, 
et-t 

2 • !!::!!!:.= - 3 JeJ n~ n.3, 
t# 

3 • dn_. =-3-eJ. n,.fl,na-~3 n_yi;;, d-f . 

4 • d C~
3 = 3Je.-,: n .. uz-3 -.al'.,t ~3 - .2-Jes C;:3 1 d-6 . 

5 • .!!!!!.:!. == ~3 /1,.3 IZJ/ -, iJi-;; C .3 'I, 
dt 

6 •• ct IZ11 = Je.£ C .t3 - Je3 n,3 tz,y, 
d-t . 

7. dn.s-= Je.t,C.23 +;;e<1C.3'1-.t-Je6 IZ51Z-6, d-f 

8. an, ::: $Je.5 C~3 -.fl :>e-6 IZ5n6, 
d-1-

9. a.It;_ ,;;..:z 'Je6 /Z5/Z6 · 
d-t. . 

(58) 

rro cpaaHeHHID c CllCTeMoii ypaaHeHttii (7) CllCTeMa (58) cymeCTBeHHO IlttHea

Pll30Banacb, '!TO COOTBeTCTBYeT 6onee HBHOMY yqeTY annttTllBHOCTll rrpoueccoa. 

3TOT 3©~eKT - IlPHMOe cne,QCTBlle IlPHMeHeHHH IlOHHTllll aKTllBllPOBaHHOro KOMil

neKca. Haii.QeM Terrepb perneHllll CllCTeMbl ypaaHeHttii (58) MeTOAOM HenttHeiiHoii 

lliKailbl apeMeHtt. 

KaK tt paHee, HatIHeM c pacCMOTpeHHH ypaBHeHHH (58)-2 

4/Z.t, __ ==-3:JB.1 n.;t, n~ 
di- ~-

Ero pemeHtte c IlOMOmbID Mepbl apeMeHH (20)-(21) 3arrttCblBaeTCH B BH.Qe: 

n..t rfJ= ~ e-3 ~.1HJ_ ( 59) 

YpaaHeHtte (58)-4 3ailttllieM B ©OPMe: 

dC,.1.3_ !Jll, M e-3Je.1..lff/d.l di! C 
ctt. - t ~ a+ - o .:,3, (60) 
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rne 

~o =Je.2 -1-,:ue5. 
ITpttMeHHH MeTOA aapHal.(Hll IlOCTOHHHOii IlarpaH•a H Y'IHTblBaH HatiailbHble ycno-

Billi, HaiiueM: 
-f 

C ('fl- 3~ M e-lfo-ife-3Je:1.I tt:/ d,I aeo'l"' 
:,:,.3 1- -s. ~ .1c _ e af". 

o d'l"' 
TaKHM •e MeTOAOM MO•Ho HaiiTH perneHHe ypaBHeHHH (58)-6 

+ 
121/ HJ =X.2.e-;e.3~ff.JJc~3 1r-J/3,.1

1~'l'. 
D 

CoaeprneHHo TaK •e 3arrumeM pewem1e ypaaHeHttH ( 58 )-5: 
-l: 

(61) 

(62) 

C311 {ti= :>e3 [,e,rt /n .. (t-)nl/cf'Jeae11 rr-. C63J 
0 

PerneHHe ypaaHeHHH· (58)-1 c IlOMOlllbID (61) tt (63) CBOAHTCH K IlPOCTOMY HH-

Terpuposam1w: 
-f 

li:1(..f}= j [)e'I C.3t1 (t'/+.flJe5CJ,3('lJ]df"". (64 J 
0 

I(nH 3aMblKaHIIH paCCMOTpeHl!H IlOACHCTeMbl ypasHeHHfl 1 -6 CIICTeMbl ( 58) 

Heo6XOAHMO HaiiTH ~OpMailbHOe perneHne ypasHeHl!H (58)-3. KaK II Bblllie, pe

rneHue 3Toro ypaBHeHHH MO.HO HaiiTII ABYMH. cnoco6aMII. 0CT3110Bll~ICH 3.Qecb 

Ha O,QHOM 113 HHX. ITp11MeHeH11e MeTo;ia .;Ja_rpaH•a naeT: 

. f -f -3~4..JttJ ..., l 
IZ.3{-f/=#3~-'r' f L3Jt1Aj.e + Jeanlfl!'[/df"_;_ ( 6 5 l 

Yt1llTb1BaH orrpeneneHHH (20)-(21), COOTHorne111le (65) MO.HO paCCMaTpHBaTb 

KaK TPaHCQeHneHTHoe HHTerpanbHOe ypaaHeHHe, KOTOpoe, KUK H paHee, MO.HO 

pelliHTb MeTO,QOM HTepal.(1111 ITl!Kapa_. TaKIIM 06pa30~I, IlO,QCIICTeMy ypaBHeHHII 

1 -6 CHCTeMbl (58) MO.HO C'IHT3Tb pa3pemeHHOii. 

HeT tlY•Ilbl crrel.(HUilbllO OCTaHaBnHBUTbCH Ha perneHllll IlOACIICTeMbl ypaBHe

HHii 7 -9 CIICTeMbl (58), IlOCKOilbKY 0110 coaeprneHHO aHanorlltIHO perneHHID 

IlOACHCTeMbl 5 -7 CIICTeMbl ( 7). 06pamaeT Ha ce6H BHHMUHl!e TOT QJaKT, '!TO 

CTPYKTypa · 33BllCIIMOCTefl OT apeMeHII KOHl.(eHTPUl.(lll{ aKTl!BllpOBaHHl~X KO~IIlneKCOB 

11 rrpoMe•YTO'IHb!X aemecTB m1na (61 )-(63) HBilHCTCSI Tllflll'IHOfI n ll3XOAIITCH 

B COOTBeTCTBIIH C 3KCrrep11MeHT3Ilb"ilO Ha6nID.QaCMQ(I. OCHOBHOfl BblB0,1, KOTOPblll 

MO•Ho cnenaTb. H3 aHantt3a H perneHIIH cn.cTeMhl ypas11e111111 ( 58), cne,'lytomuf1: 

BaeneHl!e IlOHHTHH aKTHBHPOBUHIIOro KOMnneKca HIIKUK He orpaHll'IHRaeT B03-

MO.HOCTefI IlPHMeHellllH MeTona HennueiiHofI Mepbl RPCMeHn. 3aBHCIIMOCTH KOH-

1.(eHTpal.(Hll peareHTOB' 06ycnoane1IHble BBene1111eM IIOIIHTIIH aKTIIBIIPOBallllOro 

KOMnneKca, 011pe,1CnHIOTCH IlHHeiiHo(I lliKanoii BpeMeH11, KaK ll non•uo 6blTb. 

HaK011eu, 3aKn10t1a>1 pa6oTy, Mo•Ho 3aMeTHTb: :J©(j:,eKTIIBHbt11 ytieT Tpext1aCT1It1-
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HWX CTODKHOBeHHA MOlKeT 6WTb ocymecTBDeH c DOMOillbW BKTHBHPOBaHHoro KOMn

neKca, KOTOPWA ODHOBpeMeHHO nrpaeT pODb npoMelKYT04HOro Beme~TBa. 3TO 

·DP~BeDeT K C~CTeMe ypaBHeHHA BHDB (58), 4TO H o5ecne4HT_pemeHHe 3BDB4H. 

3AKJThl4EHl1E 

KaK 6b!DO OTM64eHo pa Hee, MBKPOCKOPOCTl1 npeBpameHHA 4BCT!11.1,Je.~. 1 , 

BXODllillHe B ypaBHeHHll Ill, B o6meM cnyqae - ¢YHKIJ,l1H BpeMeHH. B uaHHoA 

pa6oTe BCWDY npHHHManocb, 4TO MBKPOCKOPOCTH -. DOCTOllHHbJe BeDH4Hllbl. 

ECTb Hauemua, 4TO MeTOD HenfrneAHoA JJ!KBDbl BpeMeHH MOlKeT 6b1Tb o5o5meH 

K yqery. 3BBHCHMOCTeA MaKpOCKopocreA o_T BpeMeHH, 4eMy cneuyer yuenHTb 

oco5oe BHHMBHHe. 

ABTOPbl. BblPBlKBWT 6narouapHOCTb' IO.M.OcraHeBH4Y H A.M. EanarypOBY 3a 

BHHMBHHe K DBHHOA pa6ore a ee nouueplKKY. 
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