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BBE)lEHHE 

KaK B QJH3HKe, TaK H B XHMHH yme naBHO Ha3pena HeOOXO/lHMOCTb B pe

rneHHH AOCTaTOYHO OOlllHX CHCTeM ypasHeHHA MaKPOKHHeTHKH, YYHThlBaIOlllHX He 

TonhKo npoueccw npespameHHA qacTHU, HOH npoueccw cop61.11111, 1111¢¢Y3HH 

H TPDHCITOpTa semeCTBa 8 HeO/lHOPOUHhlX H reTeporeHHhlX CHCTeMax. Eonee To

ro, coseprneHCTBOBaHHe pa3AH4HhlX qJH3HKO-XHMHYeCKHX TexHonorHA BeChMa 

qacTo 3aMennHeTCH B CBH3H C HeperneHHOCTblO YITOMHHYTOA Bblllle n_pooneMbl. 

DoCHAbHOMY pe111eUHIO 3TOA npooneMhl H IlOCBHllleHa nauHaH paooTa. 

Jl paooTe / 
1 /. OblnO Il~Ka3aHO' YTO Hanoonee OOlllHA BHU ypaBHeHnfl MaK

POKHHeTHKH OUHO3HD4HO cneuyeT ll3 CHCTeMhl KHHeTnYeCKHX ypasHeHnA EonbU

MaHa /lflR MHOrOKOMilOHeHTUhlX pearHPYIOlllHX CMecefl. TaKHe ypaBHeHHR MOmHO 

3~IlHCDTb B qJOpMe: 

7}1Z.1, -DL- 'v1Z,,,, ~17]3'1t,,,r, ~, -:r +.r'fK. ~ -- 'lJoef;r/-r-== {JJ,(t,r~ 
<? , -, X t<- '1J X,:. - -r=i1eXt:.. 

(1) 

B ypaBHeHHRX -B MOnHx; 1J:"" 
(1) lto1,(t,ry - KOHQeHTpaunn qacTHU BH/lD o(, , H3MepHeMbie 

. 'i. 
- K03<t><lmuneHT TpaucnopTa BCI11ecTsa, npegcTaBnRIOlllHfl co6ofl, 

CYMMY 
-+.,,t. ... -+-o(, 'Zi ::, tJ-+ci.t., (2) 

~ ~~ 
B KOTOpofl ?.Y' - rHUPOUHHaMHYeCKaR CKOpOCTb reTeporeHIIOll cpe/lbl, a.t - BeK-

TOPHhlA K03qlqJHQHeHT CHOCa KOMilOHeHTbl oC OTHOCHTeflhHO ueHTpa HHePUHH MaK-PO3neMeHTa pearHPYIOllleA CMeCH, KOTOPblll /lBHmeTCR CO CKOPOCTblO #; "t , r , -,-
t", X IC - speMH, pa1111yc-BeKTOP, opThl H KOM11O11eHTb1 pa1111yc-neKTOpa 

B neKDPTOBOll CHCTeMe KOOPAHllaT; ~«: - KO3qJQJHUHeHT /lHQJqJY3Hll KOMilpHel!Tbl 

BHAa d, ; no HHQeKCY k rronpa3yMenaeTCH CYMMHPOBDHHe. DpanaR '!aCTb 

ypan11eHHA (1) npeQCTaBnHeT co6ofl HCTOYHHK BO3HHKHOBeHHR HAH HCYe3HOBe

llHR YDCTHU BHAa d, B npoueccax HX B3aHMOAellCTBHR C APYrHMII YDCTHUDMH 

BH/la /3 . Cornac110 pao~Te 
111 ; npaBaR YDCTb ypaBHeHHll (1) /lflR npo113-

BOJibllblX /lllHDMHYeCKl!X ycnOBHll, l!CKAIOYaR neTOHaQHI0 H ygapHbie BOAHhI, 3aTil!

CbIBaeTCR B BHAe: 

ol, ""' t""" cl, 

0"" -E -!t,,1i,,1 + ?/•'l'h_,,n/J, + LJ ~!'~' n"''~'n,r, -
«' d,,/J .,,:: /3~Y' . 

( 3) 

YaCTHU, KO

TOPble' BOOollle r·onopR·, - qiyflKUIIH KOOPAHflaT H npeMeHI!; qneHbl B npasofl 

YDCTH qJOPMYAbl (3), conepmamne fll!lllb O/lHY KOHQeHTPDUl!IO KaKofl-n1160 KOMITO

HeHTbI, COOTl/eTCTBYIOT CITOHTDHHblM pacnauaM -~-acT_'!~- HAH UOCTaTOYHO nonro 

Ob\c.i. .. ., .. """''>; }'·,,-.·;1!,~ 

Ga-!!i!U¾S Ht~ :!?,-:En;m::: \ 
6\;1SJl~.~;, .:.HA , ------- .......-- -~ 



JKHBYID.HX (no cpaBHeHHIO C speMeHaMH CTOilKHOBeHHH 4aCTHQJ KOMnneKCOB; 

4neH1o1, conepJKarrme npOH3Be.[\eHHH ABYX Jlnll Tpex KOHQeHTpaQHH, COOTBeTCT

BYIOT ABYX- HilH Tpex4aCTH4HbIM CTOilKHOBeHIIHM, npHBOAHID.
0

HM K B03HIIKHOBeHHIO 

HilH HC4e3HOBeHHIO qaCTHQbl BHAa o{ . TIOCKOilhKY Bile 3KCTpeMaJ1bHb]X YCilOBHii 

AaJKe Tpex~aCTH4Hble CTOilKHOBeHHH qam.e scero BHO~HT npene6peJKUMO MailhIH 

BKJlaA ( JICKilI04eHHe MOJKeT coc'I'aBHTb QenHOH npoQeCC J , TO CTOJ1KHOBelIH51 qe

Thlpex H 6onee 4aCTHQ B cjJopMyne (3J ne Y4HTbIBaIOTCH. 
. ~ 

B ypasHeHH51X ( 1 J onym.eH qneH BH.[\a ao IZ.t- ' noCKOilbKY rreBaH 4aCTb 

3THX ypaBHe_HHi'I, Kornalrc<.= 0 , .[\OilJKHa COOTBeTCTBOBaTb coxpaHeHHIO 4HCna 

4acT11Q B cttcTeMe. nocTaT04HO neTanhHaH apryMeHTaQHH :iToro npttBenena 

B pa6oTe 121 • 3necb JKe AOCTaT04HO 3~MeTl!Th: ecn11 ~H3114eCKJle ycnOBll51 

"" noHyJK.[\aIOT K y4eTy 4ne11a .BH.[\a a,, l'Zo1, ' TO ero Qerrecoo6pa3HO BKill04HTb 

B npaByIO 4aCTb ypaBHeHHH (1J, T.e. pacfMaTpHBaTb KdK :i(lJcj)eKTHBilbIH HCT04-

HHK B03MYID.eHHH CHCTCMhl. 

l. TIPl1BEnEHl1E YPABHEHl1l1 MAKPOKl1HETl1Kl1 K CHCTEME OEbIT<HOBEHHblX 

nr1<1><1>EPEHUl1AJlbHblX YPABHEHl1l1 

TipennorroJKnM, 4TO cym.ecTsyeT H 11anneno cjJy11naMeHTaJ1bHoe perne11ue on-

IIOPOAHOro ypaBHeHHH 

~e + ;z:;;.,? ,.e 
~~ 's.1' 1X~ 

~) j.t,,e -o 
- ~"' (°4r1 "jxf - , 

e =.er~t,--t,~ 
(4J 

KOTopoe COOTBeTCTByeT ·c11cTeMe ypasHeHHH ( 1). Tipu 3TOM B ypasHelll!H ( 4 J 
--+ot ~ npeAnonaraeTCH, 4TO BeJ1H4HHhl ~ H oC, - npOH3B0IlbHbie qJYIIKJ1llll KOOPAHHaT 

11 speMeHH, HMerom.11e He06XOAHMble HenpepbIBilble npOH3BOAHble no BCeM nepeMeH

HbIM. ApryMeHT .$ , BX~HIIIHH B nnOTHOCTb Bep051TIIOCTH nepexo.[(a ~, - Haqa

no OTC4eTa BpeMenu; X - pa.[\HYC-BeKTOp-T04Ka na6mo.[\eHHH, - JIMeIOil(llii reo-
~ 

MeTpuqecKII TOT JKe CMbICn, 4TO ll BeKTOP /" • -

nrr51 AHclJqJY3HOHHblX np011ecCOB, ecm1 yqeCTh CBOJlCTBa qJYHKQllll '2i ll ~o:'., 

ynOMHHYTble Bblllie, HeT HYJKAbl B IlOCTaHOBKe rpaH114IlblX YCITOBHH. neiiCTBHTenb-

110, ecnn CHCTeMa 3aMKIIYTa, TO AOCTaT04HO DOJlOJKHTh, 4TO B KO!le4HOM 06be
-ol! 

Me, B KOTOPOM pacnorroJKeHa CHCTeMa, K030dlllQHeHTbl ~ ll ~ - 3a.[\al1Hble 
-<>(_ ... 

¢YHKUHH, a BHe 3Toro 06beMa ,q= o, ~ >o, HO HBJ1HeTC51 CKOilb YPOAHO Ma-

noii BenH4HHOii. Ecrr11 JKe CHCTeMa He HBnHeTCH 3aMKHYTOH, TO ee BMeCTe C OK

PYJKa10111e11 cpeAoii MOJKHo paccMaTpHBaTh KaK cpe.r1y ueorpaHn4eH1Iy10. KoHe4HO, 
-""-npu 3TOM He crre.[(yeT 3a6bIBaTb, 4TO none CKOPOCTeH q MOJKCT 6bITb Haii-

AeHo perne1meM COOTBeTCTBYIOilleH 3aAaqn rHAPOAHllaMHKH' r.[\e H AOJllKHbl 6bITb 

Y4TeHbI Heo6XO.[\HMbie rpa!IH4llble YCJlOBHH. 
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I . i 

nocKOhhKY ypaBHeHue (4J .[\OilJKHO COOTBeTCTBOBaTh coxpaHeHHIO 4HCna 

4aCTHQ B CHCTeMe, TO AOilJKHa BhlnonHHTbC51 IIOPMHPOBKa: 

.f~ (s,x;-l/~)dJ7 =.i. ( SJ 

Tiptt 3TOM paBeHCTBO ( 5 J Hl\lee-r Mee To npu Bcex 3Ha4eHH51X .S , X n -! ; HH

Terpuposanue B cooTHorneHHH (SJ nonpa3yMesaeTc51 no sceMy HeorpaHH4eHHOMY 

npOCTpaHCTBY. Ha4ailhHOe ycnosue Ail51 clJYHK!1Hll ..e MOJKHO IlPHH51Tb 8 IiH.[le: 

. -~ ~ x/1'1/. t/4 =f?r~~-tJ. ex,Pf fr~ ~>o (6J 
f==s . dl ~ 1 "' , --- oO<t)X ~ oo. 

KaK BHAHO, Ha4anbHOe ycnOBHe (6J COOTBeTc~ayeT HOPMHPOBKe (SJ. TIOHCKY 

¢YHKQHH .e, YAOBneTBOP51IOID.eH ypaBHeHHIO (4J H ycnOBH51M (5)-(6), 6yneT 

YAeheHO BHHMaHue HHJKe,. 

~Ae~h JKe, C4HTaH cpyHKQH~ .f1 ~npe.[leneHHott, 3anurneM o6m.ee perneHue 

ypasHeHHH (1J npuQ,i=O: 

/,, ot +1 0 - ~,_,.a--lt,,(,/i,r/ = ;It, (X 1.L~ {.s,x;-f, r;u X. (7l 

Perne11ue (7J Y4HTbIBaeT HaqanhHoe ycnbsue B BHAe: 

It 1'/ :;:ti/ = fnrtxJ.e.ts,x,· s, ~)d3X. « l 'I 1/-r=S )'• . · ('8J 

TaKHM o6pa3oM, naqanbHoe pacnpeAeneuue KOHQeHTpaum1 n MOMeHT -6 =S_npe.r1-

cTannHeT co6ott pa3noJKeHue no cjJyHKQHHM raycca (6) c neconott clJYHKJ1Hett 

n;rx) , rne Ii - xapaKTepHbIH pa3Mep MaKpo:ineMeHTOB, Ha KOTOPble ycnon

HO pa36unaeTC51 CHCTeMa. Ecntt peqb HAeT TOilhKO O npo11eccax AH©clJY3llll 6e3 

yqeTa npo11eccos cop611uu u, cKaJKeM·, xuMuqecKux npenpam.eHHH, TO Ha npaK

THKe MOJKeT OKa3aThC51 6onee YA06Hb!M npe.[1CTanrre11ue perneHHH He B BHAe Hll

Terpanon ( 7 J - ( 8 J, a B BH.[\e CYMM, KOTOPbie COOTBeTCTBYIOT pa36ueHHIO CllCTeMbl 

Ha. AHCKPCTHbie o6beMbI C xapaKTCPllbIMII pa3MepaMH ~- • 

<l>yHKJ1llll (7J-(8J, cornacHo HOPMHPOBKe (5), YAOBJleTBOPHIOT ycnOBHIO: 

I,, ... 3+ /. a(.. ~7...137 .Jn
0
J~r;d r =A'°""= ./tr{X u "', ( 9 J 

B KOTOPOM !Vooe - norr11oe qncno qaCTlll1 KOMilOHeHTbI ~. QqeBHAHO, ypaBHeHHIO 

( 1) npu l?.t= O TaKJKe YAOBJleTBOPHeT cpyHK!1llH 

ti) .i f o(, -~J n -+ -'?'1d.aX IZ-o1, =- n$' (xir.tf~x;~r/ ~ 
. .No..c. 

( 10 J 

06rra.[(a10maH HOPMHPOBKOH 

fntil(f.rjd!r =L fntrxJd3X =1, ..J~;,,t I ,¼.,c. 
( 11) 

B KOTOPOH Y4Tello ycnosne (9J. TaKnM o6pa30M, MOJKHO 3anucaTb~ 
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lto1- t~rl=/vo,,t nJ/11~:;'tJ. 
( 12) 

<l>YHKl.llHI ( 12) BBeneHa AJIH Toro' 'lTOObl nonqepKHYTh IlOJIHYIO aHanormo qJYHK-

111111 IZ,j_L/ C cpyHKl.llleli IlJIOTHOCTII BepOHTHOCTII t/.Q' <Pll311'leCKOH KIIHeTIIKII / l / 

'ITO AJIH naJibHelimero BeCbMa cymecTBeHHO. 

C IlOMOmhIO <PYHKl.lllH .e II /Zi,.I) CIICT~Ma ypaBHeHl!li ( 1) TpaHC<POPMIIPYeT

CH K CIICTeMe IIHTerpaJibHblX ypaaHeHllli: 
~ . . . 

nol, r"'1~J= /voo1,n.t1t~rJ+ fatjtVtP.dr;x/..e rr;xd/rJ. 
s 

( 13) 

<l>YHKl.lllH Qo<: 3anaHa 3necb cj)opMynoli ( 3). OtieB11nHo, np11 tf'ct l&,, iZJ.= 0 

COOTHomeH11e ( 13) TO'lHO COBnanaeT c <POPMYJIOli ( 12) , KaK II AOJIJKHO <ihlTb. 

np11i=S <PYHKl.lllH li.i. (~ ~/ , onpeneneHHaH ypaBHeHl!HMII ( 13), YAOBJieT

BOpHeT HatiaJihHblM YCJIOBIIHM (8). 

YJKe 113 caMoli CTPYKTYPbl ypaBHeH11li ( 13) cnenyeT, 'ITO pemeHIIH 3TIIX 

ypaBHeH11li MOJKHO IICKaTb B B11ne: 

IZ"" f-r, ft")- #o"' n.1.1}~ ?J+f ~f-!-J-M,.1,) c"' r-t, r9. ( 14) 

3nech <PYHKl.lllH C..., (-f, r} HBJIHeTcH no Ka Heonpenenennoli; ~ff}- non-

Hoe 'll!CJIO tiaCTllll KOMilOHeHTbl o(. , KOTOpoe, OtieBl!AllO, MOJKeT 3aB11CeTb 

TOJlbKO OT apeMeH11; IlPII 3TOM B JIIOOOH MOMeHT apeMeH11 l!MeeT MeCTO COOTHO

meH11e: 

/n°"t-'1rJet3P° - Hot ft), 4 rs)= M,o1, • ( 15) 

c,PYKTypa q:,yHKl.11111 (14) II HOPMllpOBKa (15) na10T B03MOJKHOCTb <PIIKCIIPOBaTb 

H!lKOTOpble CBOHCTBa qJYHKl.11111 Col . l111Terp11pyH <PYllKl.11110 ( 14") 110 nepeMeHHblM -r, 3anmneM: 

/-4/f)= /Vo"'+ (/VJ.H}-#o,,t)/c"'f~r}d3f!'. 

]13 COOTHomeHIIH (16) cnenyeT, 'ITO 

I. 3➔ ,I .I col M?Jd r =::i... 

( 16) 

( 17) 

YtIIITblBaH HOPMIIPOBKY (17), a TaKJKe ann11TIIBHOCTb rayccOBCKO-MapKOBCKHX 

IlPOl.leCCOB, <PYHKl.11110 C~ MOJKHO IICKaTb B B11,le 

C...: (~ i'!)-:- n;/1ft"j?}+ ½!oL (°4~- ( 18) 

H3 COOTHOmeH11li (11) 11 (17)-(18) cnenyeT 

A"'-tt;~d3~-o. (19J 

ECJIH IIPe,!IlOJIOJKIITb, 'ITO $YHK1111H yot.., KaK H <PYIIKl.lllH ./ZJ.f) , HBJilleT

CH IIOJIOJKHTeJlbllO onpeneneHHoA, TO ll3 paBeHCTBB (19) BWTeKaeT: 

•I 

f 
I r 

\ 
~ 

I 

1 
,:f 

C1...: /-1-;1!"/ = O. (20) 

TOJK)leCTBO ( 20) TBKJKe oyneT mieTh MeCTO, ecml qJYHKQHIO C.{o(. C'lllTBTb 3HB

KOOll]1e)leJiellllOII. Kpo~Ie Toro, !ICXO)lll 113 CBMO(I CYTII XBOTll'leCKllX rayccoBCK0-

~1apKOBCKl1X 11po11ecc0B, ecTeCTBeHHO npe;inonoJKHTh, 'ITO :PYHKUIIH c_i'.o(. He l!B

JIHeTCll 11ep110)lHtJeCKOi\ OTHOCiITeJibHO nepe~IeHHblX. r B_ JI1060fl MO~leHT BpeMeHll 

f., Hml TBKOfl 3llaKo'nepeMeH11oi\ <PYIIKUllefl, 'ITO Bcerna Bblll0:1H>1eTCll COOTIIO

meHue ( 19). YtJllTblBBll '.JTO npe):IIIOJIOJKeH11e 11 TOT q,aKT. 'ITO Bpe~rn B COOTllO

lileHIIII ( 19) 11rpaeT ]10Jlh rIJ)OH3BOJlhll0l'O 11apa~1eTpa B npene.rrnx HepaBeHCTBa 

t>S, MOJKIIO CtIHTBTh, 'ITO TOJK)leCTBO ( 20) ]1C::IJ1113YeTCll. HaKOHeU, CYll!eCT

BeHllO ytteCTb. tJTO <;OOTIIOlllellue ( 19) )lOJlJKHO H~leTb MeCTO )lJlll mo6of1 KO~mo

HeHTN pean1py10ll!efl CllCTeMN, 'ITO CHOBa YKB3NBaeT Ha peanH331.11110 TOJK)leCT

Ba ( 20). 

Tenepb 11eo6xonH~IO BCIIOWlllTb 06 IICXOL\HblX IIOJlOJKCllllllX :j)11311qecKofl Kll

BeTllKH, onpe1<eJ1lll01I1HX CTJ)YKTYPY KBK CIICTeM ypaB11e1111r1 bOJlbUMaHa ::1:rn ~IHO

l'OKOMIIOHeHTHhlX pearHPYIOll!HX CMecefl, TaK II CIICTeM ypa1311eH11f1 B11/l~ ( 1). 

npeJKne BCero 6blJIO IIP!IH51TO. l!TO l!BCTlll.lhl KBK AO CTOJ1KHOBe1111rt. TaK 11 IIOCJie 

HHX ABllJKYTCll He3aBIICIIMO, T. e, B ABHlKeHllllX' tJBCTl!II OTCYTCTBYIOT KOppe.'llll.llllL 

3To 03Ha•rneT. tJTO B IlPOMeJKYTKBX B]1eMe1111 ~IClK,.'IY CTOJIKHOBCH1151~lll ilBIDKeH11e 

'lBCTlll.lbl LIOJllKHO OllllCblBBTbCll pemeH11eM 01111opo1111oro ypaa11e1111>1 11epe11oca 

EoJibUMaHa, 11m1, ecnH pe,1b 1111eT o 11pouecc:1x 1111<!ic]ly31111, ypaa11em1mm s11::1a 

( 4) • KoHCtJIIO. IIPH '.JTOM JIOJllKlla 6b1Tb ytITCIW 11op,111poBK:l 811:l:l ( 1 5) • 0TCIO,'la 

CJlC)lYeT Torna, 'ITO 11eo6XOJjIIMO IIOJIOlKIITh 8 Q)Op,1yne ( 14): 

Cot /t, ~) = nJ-'Jr-1-, ~- ( 21) 

C yl!eTOM paseHCTB:l (21) COOTHome~1re (14) 3BllHCNBaeTCH 11 ~OJ)Me: 

➔/ ii f.i} -, n"' (-f,r; =ll{d-f//Z..,; ff.tr 1. ( 2 2) 

PaBellCTBO ( 21) aBTO~laT,ll!CCKII YTIOB.IICTB0]1HCT COOTilOluCIIIIH,1 ( 1 7) - ( 20). Ta

KIIM 06J)'130M, CCnll :j)yllKl(IIIO n,J.f}(-'17) Cl!IIT'1Th 011]1(',1C:ICIIIIOII, K:lK "JTO 

11 6w10 IIPIIIIHTO p:rnec. TO IIOllCK J)ClilCIIIlii CIICTc,11,1 ypa1rnc1rnii ( 1:;) CHO:IIITC H 

K 11axolK;1c11mo cj)y11K1111ii Al, (i} , ,j,11Kc11pyw11111x :11111a,111qccK11ii 6a:1a11c q11c1a 

lJaCTHll 8 pear11py!Oll!eii CIICTCMC. I10:1HO)lH IITOI' ODC.YlKJICIIIIH pe111c1111i"1 Illl:ta ( 14). 

MOlKIIO C,'ICJiaTb BhlBO)I: pe111e1111>1 (22) CJIC/lYCT CllllT:ITh II 0611m,111,11 e:111IICTBCll

llh!MH ,'IJ151 CIICTeM ypasHe1111ii ( 13) II ( 1). 

1im1 H::IXOJK)lemrn <PYHKIIHii /V,,e/f} IIO/!CT:IHII~I (22) B .YJ1'1BIICll!IH (13) 

II I1]1011liTCl'PllPYeM IIX 110 nepe,icHllhl,1 r . Ylll!TblB:151 IIOp,111pOHKII (] 5) II ( S), 

3aIJHIHCM: '-f 

~ 11-J= Miot + Jdtjd3x 0cL rr:;x). 
s ( 23) 

).l11cpqiepe111111py>1 Te11epb .Y]):IBIICIIIIH ( 23) HO BPCMCIIII i . 11axo:u1~1: 

:; 



~- 1d1x aol tt, t;. 
e:(-t- - J" 

<llyHKUHSI Qc,l 11,KJ . C noMOillblO cjJop~tynbt ( 22) 3anHCbIBaeTCSI 8 BHne: 

/J - '° vol ,u I.I/ \' _, ti/ t4 
[.(cl -L..., l'-,,tU".,tl/Zol/ + L., ./(.L'jJ14 1 fZo1,I ~I/Znl + 

ot.' °'-~/' r 

'° ot (.1) ff/ /ii ( (1) + u K.c,P'J'' .;t,nol, ~,n13, 11,,,n,,,, - l<o(,~ n" + 
ot;,P1Y1 

'°" /(_ Al #JAi /.i} " /I/ (.Ji Al ILIJ + .LJ '-',S'Y,,(,n_, , 19 IZ,s + ~ K.1.i.1N.t12"" '#/12,s '!r'~ /· 
. 11 ./11' 

IToncTaHOBKa Bblpa•eHHSI (25) a npasyJO qaCTb ypasHeHHA (24) npHBODHT 

(24) 

( 25) 

K CHCTeMe 06bIKHOBeHHblX DHc!JcjJepe111.1HanhHbIX ypas11e11Hfl nm1 cpyl!KI.IHH ~ (-6): 

~ = £ ~:,1v.t, + L Je:~, tt, ~I + £ Je.;7, ~1A;1Ar1 -

di- ot.' «;,e' ot.~ ,a:Y' · 
(26) 

- r~.,t.i/.,,. +E~ol,,;v"" ;v, +E Je.,i.1.f11-.1rt11V;,). 
I fol' 

B ypas11eHHSIX ( 26) MaKpOCKOpOCTH npespa111e11HA qaCTHI.I dl npencTaBnellbl qiop-

MynaMH: 
a(, /, g->- of, ti/ ...,,.., 

~I (i) = jd X Ko1.1 IZo1.I (t,X1, 
( 2 7) 

ot ha1"~ ol ti/ ~I I ii ~) 
;;l!ot'jJ' ff)= .I" X .Ko1.',P' n..t, (-f,x 1/Z/11 f!,X/, 

(28) 

;;e. ol t 3 ➔ oi. (ii ti/ 14 ";.(,'/J'y' = .;'d x ~l~' ~, n,, h-.r', 
(29) 

j 3-+- ti/ 4'-) 
;Je. {i} = d :.r .Ko£ no1. (f,X;, (30) 

Je-1.,s {-f} = jd1X K..,s nJ:IJt-?xJ 1tj1l(-t,x),. 
(31) 

;Jeol/3...P /./)_ fa3x1< IZ /.t}n/1.} ..,ti/ 
✓ .I" -,sf ol /J ''l' . 

(32) 

,, 

.;a 

t' 
\ 

i 

-~ 

l 
i 
j 

l ,, 
" i 

MaKpocKopocTH npespa111e11Hii qacT111.1 K.,;, · • , sxonsimHe B npa_Bbte qacT11 ( 3) 

H (25), soo6me rosopsi, - ~YHKI.IHH KOopnHHaT H speMeHH, 4TO OTMeqanocb 

pa11ee. CornaCHO cjJopMynaM ( 2 7) - ( 32) MaKPOCKOPOCTH Je..,,; .. SIBnHIOTClI Tenepb 

cjJyHKUHHMH TOnbKO speMeHH. 

BecbMa cymecTBeHHO KOHCTaTHPOBaTb, 4TO CIICTeMa ypaBHeHHH (26) no 

cjJopMe T04HO cosnanaeT c Toti, KOTopasi cnenyeT 11enocpencTse11110 H3.CHcTe

MbI ypasHeHHH EonhUMaHa nnH MHOPOKOMilOHeHTHblX pearHPYIOIIIHX CMeceti / 
1 /. 

3TOT cjJaKT roBOPIIT O TOM, 4TO CTPYKTypa npaBblX qacTeH ypaBHeHHH BHDa 

(1)-(3) xapaKTep113yeTClI TaKOH •e YHHBepcanbHOCTblO (06111HOCTb10), KaK 

H CHCTeMbl ypaBHeHHA EonbUMaHa. EcnH Tenepb yqecTb, 4TO KOppenHUHH B DBH

•eHHlIX 4aCTHU MOPYT 6bITb Y4TeHbl noHHTHeM aKTHBHposa1111oro KOMnneKCa. KO

TOPblH B ypaBHeHHlIX BHDa ( 1) - ( 3) MO•HO C4HTaTb caMOCTOHTenbHblM peare11-

TOM, TO nnH onHCaHHlI XHMH4eCKHX npespameHHH qacTHU ypasHeHHSI BHDa (1)-

- ( 3) MO•HO C4HTaTb YHHBepcanbHblMH. 0TCIODa BHDHO. 4TO pemeHHe CHCTeMbl 

ypaBHeHHH (26) npencTaBnHeT co6oti perueHHe 06beDHHHIOI11eA 3aDa4H qJ113H4eC

KOH 11 XHMH4eCKOH KHHeTHKH. 

KoHe4HO, ecnH peqb HDeT O perueHHH ypaBHeHHH (1)-(3), TO CHCTeMy 

ypaBHeHHH (26) cnegyeT paccMaTpHBaTb KaK BCilOMOraTenbHylO. On11aKO Bon

peneneHHbIX ¢)H3H4eCKHX ycnOBHlIX MO•eT OKa3aTbClI, 4TO IIPOI.ieCCbl ,[11lqJqJY3HH 

11 TpaHcrropTa semecTBa MOPYT npo.HBIITb ce6.H nHillb B ycpe.z:1HeHHOM BHDe. 

B lIBHOM •e Bline MOPYT IIPOlIBHTb ce6&, CKa•eM, npoueccbl cop6UHH H XHMH

qeCKHX rrpespameuuA. Tor.z:1a CHCTeMy ypaBHeHHH (26) MO.HO paccMaTpHBaTb 

KaK caMOCTOHTenbHylO. ITpuMepoM TOMY Mo•eT nocny•HTb KaTanHTH4eCKHA npo

uecc, rrpoTeKaro11111A B ycnoBHHX "H.z:1eanhHoro nepeMenmsaHHH". B 3TOM cnyqae 

XHMH3M npouecca npOHBnlieTClI B lIBHOM BHDe, II CHCTeMa ypaBHeHHH (26) OKa-

3bIBaeTClI rronHOCTblO pa6oTOCIIOC06HoA. ,Upyroti KOHKpeTHblH IIPHMep 6yneT pac

CMOTpeH B cnenyromeM nyHKTe. 

2. ITPOUECCbl COPEU}U1 BO,U~rnoro ITAPA JU1ITH.UHblMl1 MEMEPAHAM11 

B pa6oTax / 31 H / 41 IIPHBe,[leHbl pe3ynhTaTbl 3KcrrepHMeHTanbHblX HCCn_e

DOBaHHH rrpoueccoB ancop6UHH H necop6UHH BODHHoro napa nHTIHDHb!MH CTPYK

TypaMH. ABTOPbl 3THX pa6oT IIPHillnH K BblBODY, 4TO DHqJqJY3HOHHbie rrpouecCbl 

oKa3b!BaJOT npeue6pe•11Mo Manoe BnHHHHe 11a npoueccbl cop6UHH, ITpenrrono•HM, 

4TO. 3TOT Bb!BOD ,[10CTaT04HO a,[leKBaTirn peanbHOCTH. Torna BIIOnHe rrpasoMepHo 

IIPHMeHeHHe CHCTeMbl ypasHeHHH ( 26) .z:1nsi OIIHCaHHlI rrpoueccos cop6uHH B Tex 

(pH3H4eCKHX ycnosm1x, B KOTOPblX rrpose.z:1el!bl COOTBeTCTBYIOI11He 3KCIIepHMeHTbl. 

ITocTpoeHHe KOHKpeTHoro BHDa CHCTeMbl ypasHeHHA (26), ee auanH3 H perueHHe 

C yqeTOM qJHKCHPOBaHHblX cjJH3H4eCKHX ycnOBHH IIOKa•eT, B KaKOH CTerreHH rrpa

BOMepHo cnenauHoe Bbtrue npenrrono•eHHe. 
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Bee BapHaHTW H3MepeHHfi npoBeAeHw B H30TepMHtJeCKHX ycnoBHllX, T.e. 

IlpH TOfi HnH HHOfi qlHKCHPOBaHHOfi TeMnepaType. 3To 03HatJaeT, tJTO MaKpOCKO

POCTH Je, , BXOAllllll!e B ( 26) ' MOJKHO CtJHTa'rb He 3aBHClllllHMH OT BpeMeHH' T. e. 

IlOCTOllHHblMH BenHtJHHaMH np11 KaJKAOfi qJIIKCHPOBaHHbfi Tel'mepaType. Bee APY!"'lle 

(pH3HtJeCKHe ycnoBHll 6YAYT 'PHKCHPOBaHbl B npouecce aHann3a ll pemeHnll ypaB

HeHHfi. 

nnll 3ailHCH KOHKpeTHO,O BHAa ypaBHeHnfi (26) Heo6XOAIIMO onpe):lenHTb 

MexaHH3Mbl npouecCOB cop6u11n. TTpHMeM noKa, tJTO TpaHC:POpMaUHll (:la3bl nnmIA-

/ HOfi MeM6paHbl He IlPOHCXO,[IHT' H tJHCno aKTllBHblX cop6npy!ODIHX ueHTPOB - 3a

HllTWX ttnH ne 3allllTbIX - coxpaHHeTCll •• TTpnMeM TaKJKe' tJTO cymecTBYeT 11a6op 

COBOKYilllOCTefi aKTHBHhlX cop6HPYIODIHX QeHTPOB, cymecTBeHHO OTnlltJaIOmHXCll 

CBOefi aKTHBHOCTh.lO, H o,paHHtJllMCll ABYMll TaKHMH COBOKYilHOCTllMH. OAIIH ll3 

BHAOB cop6HPYIODIHX ueHTPOB, HeCOMHeHHO, MOJKIIO CBll3aTh C ,onOBKaMH Mone-

KYn nHilH):10B. npy,ofi THil aKTHBllblX UeHTPOB MOJKHO OTHeCTH K Kap60HHnhHblM 

,pyrrnaM, HMelODIIIM ::ineKTPHtJeCKHe AHTTOnbHble MOMeHTbl H pacnonoll(eHHblM B no

nllpHOfi tJaCTH MeM6paHbl. 

11CXOAll H3 IlPHHllTblX o,paHHtJeHHfi, 3anHmeM MexaHH3M cop6UHH: 

1 • Z.t + 11.,JJ ~ (~1. /1,,, o), 

( 
l<.3, 

2. 'i!.1. If.,_ o) - Z.1. + 11.,,o, 
1'3 ( 

3. :t..J. +H.J.O - . i:,.i H_to), 
(33) 

4. (r.J,~0} -!." 'Z.,1, + If,;, 0. 
3,[leCh_ MaKpOCKOPOCTllM K, ( l = 1, 2, 3, 4) B03BPameHbl o603HatJeHHll, IlPHHllThle 

IlPH ~anHCH qiopMynw (3), HO BCe HHAeKcw, nepetJHCnHeMwe TaM, 3aMeHeHhl 

HoMepaMH CTa,[IHfi npoueccoB. 3TO CBll3aHo C TeM, tJTO B ypaBHeHHllX (26) ,[lnll 

AanhHefime,o YA06Hee nepefiTH K KOHUeHTPaUHHM, 3aBl!ClllllHM TOnbKO OT BpeMe

HH, no IlPOCTOfi qiopMyne 

;lCt (6)= n.t {-t-)-Y.,,_ 
J 

(34) 

,,[le 17.:. - o6beM, KOTOpWfi 3aHHMaeT KOMilOHeHTa ~. BH,[lbl pa3nH'IHblX cop6npy

lODIIIX UeHTpOB 0603HatJeHbl 13 ( 33) qepe3 2e ( e = 1, 2). MoneKynbl BOA-bl, a,t1-

COp6HpOBaHHhle Ha TOT nnH IIHOfi aKTHBHblfi ueHTP' o6o3HatJellbl B 1311,[le {z?e~ o}. 
BBe,[leM Ha6op KOHUeHTpauHfi, ll3MepH!OlllHXCll 13 MOnllx: 

It"' ={r.e, <Se, n.}
1 

-e =.f,.J'.. · (3 5) 

3,[leCb KOHUeHTpauHH aKTHBHblX cop6HPYIODIHX ueHTpOB ( Cl3060,[1Hb1X) 

z=e=L~e]; (36) 

KOHUeHTPaUHH BACOp6npoBaHHhlX MOneKYIT BOAW 

~=£~~oJ; ( 37) 

n 

I 
~ 

!' 
j 
> 

il 

•·' 

\ 

t 
l 

KOIIUeHTpau,rn MOJieKyJl BOUbl B cpeue' B KOTOPYIO no,pyJKeH· 06pa3eu nnnHAHOfi 

MeM6pallbl, 

nt.f) = ["11,t_ oJ, (38) 

Y•nITb!Ball Tenepb COOTHome111rn ( 33 )- ( 38), 3annme,1 ypaBHeHllll MaKpOKII

HeTIIKll, COOTBeTCTl3YIOllllle CIICTel'te ypasHeHlll! ( 26) B onpe;:ieneHHblX Bbtllie KOH

KPeTHhlX (pll3lltJeChllX ycnOBIIHX: 

ti:.!l:.=-K1.fl~1. +K.r,<Ij-K3 nr,,z + K.,,~, cH 

dfSJ. = K1. n "t1. -K,1, tfj_, 
d:f 

do. . --==-== K3 n ~.,, - KycJj, I 
d-f 

~=-K1.nr.1 + K.fl.a;_, 
d-1 

dz,,1, =:=-K3n~,J, +K'ldj, 
di 

( 39) 

( 4 0) 

( 41) 

( 4 2 J 

( 43 J 

CncTeMa ypasHeH11f! ( 39) - ( 4 3 J nonpa3YMeBaeT, 'ITO o6pa3eU nun11;~11of1 1'te1'16pa

Hbl II OKPYJK3l0lllall cpena npencTaBn>IIOT co6ori 3a1'JKHYTYIO CIICTC~IY. JTo ~IOlKIIO 

YBH):\eTb 1!3 O'lel31!)1Hb!X nepBhlX IIIITe,panoB /IBlllKCllllll. CKJ13)1blB3ll YJl313He111rn 

(39)-(41), 3an11meM: 

d! (n+d'i,+~)=-kf.n.r,1. +~6t-KBnr..r.+K11~ + 

+ K.tn2.1 -K$,(Jj, + K3n~J, -K'lf:t = o, 

T.e. 

n +aj+ ~ = consi. (44) 

11wre,pan Lll3HJKelllrn ( 44) 03Ha<IaeT' 'ITO 'IIICJlO MOJJeKyn AO)lbl B CIICTCl'le co

xpaHlleTCll. OuHaKo, ecnH l!MCIOTCll AIICIUIIIIC IICTO<!llllKI!, 1131'!e11>11011111c KOll!lellT

paUHIO MOneKyn B0/:lbl n t-t} Ha BCJll!'IIIIIY 9,,, ff} ll erurn11ue 061,e"a II fl c;111111111y 

BpeMCHH, TO ypaBlleHne (39) CJICJlYCT 33fllICaT!, 1111a<1c: 

dn=-K1,IZ?.1. + KJ,15j_-K3n't..z +f('I~ + 9'11JI-}. di 
( 39 l) 

TTpH 3TOM YP3Bllel!llll (40)-(43) coxpa11>110T CROii nun. CKJla;u,IBaH )'J);JRIICH11'1 

(39 1 ) 11 (40)-(41), 113XO/ll!M: 

d /n+6i+°J.}= ~-z f-i). d-t (' 

') 

(4 s) 



H3 ypaeHeHHH (45) cne,o;yeT COOTHOWeHtte 

+ 
n, +<Ji.+~= /r.t,11,{t'J dl- 1+ no+ o:,:t + 6;,.z, 

0 
B KOTOPOM ITPH t = 0 

/1,{0j = no, lJJ, {O):::; <S'a;{. 1 a;to}= 6"o_i. 

(46 J 

0TMeTHM eme coxpaHeHtte BKTHBHWX ueHTPOB. CnomeHtte ypaBHeHttA (40) 

H (42) )l&eT: 

f;. (5"i_+rt)=o1 6L +"&t. = Consi = 20f.. (4 7) 

CooTBeTCTBeHHO H3 ypaBHeHHH (41) tt (43) cne)lyeT: 

~(~+2,,:)=0, ~+Z.,i=cons-t= ~1>,t. (48) 

B cooTHoweHttHX ( 4 7 )- ( 4 8 J Zof. , °20.,!. - nonHhie KOHUeHTpautttt aKTHBHbIX ueHT

poe BH)la -Zf. H r_z . Bwrue 6bIJIO npttHHTO, '!TO TPBHCcpOpMaQHH cpa3bl nttntt)la 

He npOHCXO,D;HT. Ecntt me TBKBH TpaHc<!:i°opMaUHH HMeeT MeCTO. TO ypaBHeHHH 

(42)-(43) ,o;onmHW 6WTh o6o6weuw coeepweHHO ~Hanortt'IHO TOMY, KDK 3TO C)le

nauo )lnH ypaeHeHttH (39). Tor)la BMeCTO COOTHOWeHHH (47)-(48) BO3HHKHYT 

COOTHOWeHHH BH)la (46). 

PacCMOTPHM Tenepb CHTYBUHIO, KOr)la BHeWHHH HCTO'IHHK MoneKyn BO)lbl 

IJnJt), BXO,D;HWHH B ypaBHeHtte ( 39 1), 3&,D;aH TBK, '!TO )lOCTBTO'IHO TO'IHO 

peanH3YeTCH COOTHOWeHne: 

dn_o. 
d+- ( 49) 

HMeHHO TBKBH CHTYBUHH peantt3yeTCH B Tex $H3H'leCKHX ycnOBHHX, B KOTOPWX 

npoBe)leHw 3KCnepnMeHTW 131 tt /
4 /_ H3 paaeHCTBa (49) cne,o;yeT, '!TO B He

KOTOPOM KOHe'IHOM HHTepaa~e apeMeHH MOmHo nonomttTh 

n ::::: not:, i =.{,.fl, ... 
B paaeHCTBax ( 50) IZol - ITOCTOHHHbie aenH'IHHbl, KOTOpbie COOTBeTCTBYIOT 

COCTOHHHHM ~ , $HKCHPOB&HHblM B 3KCnepuMeHTax / 3!-l 4/. 

ITpoBe)leM Tenepb aHanH3 u peweHHH ypaBHeHHH (39 1 ) u (40)-(43), 

(50) 

on-

pe)lenHIOWHX npouecCbl cop6QHH B TOllhKO '!TO <!iHKCHPOBaHHbIX ycnOBHHX. C yqe

TOM (50) ypaBHeHHe (40) ITPHHHMaeT BH)l: 

d~ 
-=K1.not~.1. -~~di-

Cornacuo (47) 

~=~~-~ 
H YPDBHeHne (51) 3BITHCWBaeTCH HHa'!e: 

IO 

( 51) 

f 

t 
/1 
',I 

ii' 
,r 
,I 
I' 
l' 
,I, 

,\ 

,\ 

i 
1 

d 6j =-Je16j +Jea.1., :Jet.= K.tftoi rKJ,, ;;eo;{. = K.1.ltoi,2~. 
ct-t 

0,o;HOPO)lHOe ypaBHeHlie 

nMeeT perueHtte 

eta; 
d-t< = -Je.ta:t 

~ {-i} = C E-~.Li 

e KOT OP OM C - npon3eonhHaH noCTOHHHaH. 

( 52) 

no MeTOJlY eapnauntt nocTOHHHOH narpaHma nonomnM, '!TO perueHtteM ypasHeHttH 

(52) HBnHeTCH il>YHKUHH 
-Je~-t <rt,c# = cf-6/e . l53J 

ITo)lCTaBnHH cpyHKQHIO (53) a·ypaaHeHne (52), HBH)leM 

de i>e1-6 ~ :,e t' --; = .JeoJ. e ct-6) = ;Je,:,.1, I e '.I. d,-i1 + c,, = d-,;: . , o "' (54) 

= ~=.I. (r1t_J)+ C.1.. 

TaKttM o6pa3oM, ~ 
~-tJ . _,>e:L.; 

t5j_ (e} = ,:;: {1- e- I+ c~e . (55) 

ITptt i = 0 

~ {o} = 6"oi = CJ. I (56) 

r)le HH)leKC f COOTBeTCTByeT (50). C ITOMOWblO (56) il>YHKUHIO (55) MOmHo 3a-

ITHC&Th B BH)le: 

Oi_{i:}=~ + (6"o~ -~o'-)e-~-6 
']eJ. )t,:l. . (57) 

Auanortt'IHbIM O6pa3OM Hati)leM peu;euue yp·aaHeHHH ( 41) . Cuoaa )'.'IHTbIBaH ( 49 i
- ( 50 J, 3annweM: 

dtrj, 
d-t =l<3not'z.1, -K¥i&. 

C ITOMOll\hlO (48) ypaBHeHHe (58) 3BITHCbIBaeTCH B cpopMe: 

ddj, 
d-t- :-')£,1,di,+Jeo,1,, dt.,i=K3fZot+K<1, 

Jeo.,t = l<.3 not z!o,: . 
0TCIO)la cpa3y MOmHO 3BITHC&Th perueHHe ypaBHeHHH (59): 

~ {-!/ -~ (i..- e-~.,i., + C.,i [ll~-t. 
dl!.,t 

ITpu .f = 0 . 

II 

(58) 

(59) 

(60) 



t a; {o}:= lJo,1, == C.,2,. 
(61) 

C yqeTOM HaqanbHNX ycnOBHA (61) pemeHHe ypaBHeHHH (59) npHHHMaeT BH)l: 

6j {-!/ = ;;lo.:, + ( <Joj - Jeo.9, )eJe,.1,:t 
;;e J, Ji'.z . 

( 62) 

TionHaH KOHUeHTpaUHH ancop6apoaaHHOH BO)lhl B 6Hcnoe JIHnH)lHOH MeM6pa

Hbl npe)lCTaBnHeT co6oA CYMI-IY: 

'/ · •LI (;}lof Jeo:t,) /, / ~OJ.) -~-! otil=~t-t1+~t-c-1= -+- +tdo.1.-- e + 
°JeJ_ ~ Je:1. 

+ {cru1- ~a;, )e-)e.t,-f_ 
'.£. 

(63) 

BecbMa CyIUeCTBeHHO KOHCTaTHPOBaTb cj)aKT: CTPYKTypa cj)opMyn (57), (62) 

H (63) nonHOCTblO BocnpOH3B0)lHT 3aBHCHMOCTb OT apeMeHH annpOKCHMHPYIOIIIHX 

©OPMYD, npHMeHeHHbIX B pa6oTaX 
131 

H 
141 . TipH 3TOM )lOCTaT04HO nonoaHTb 

Kc1.=J!.1.=K1.not+KJ, Kc.r, :;;:;Je.1, =K3llot,+KI/. (64 I 

TioCKOJibKY BeDH4HHhl l<cl. H Kco:onpeneneHbl B pa6oTaX /
3/-/ 4 /, TO (64) npen

CTaBJIHIOT co6oA anre6paaqecKHe ypaaHeHHH, H3 KOTOPbIX MOaHo onpenerrHTb 

MaKpOCKOPOCTH npoueccoB cop6um1 Ke ( f = 1, 2, 3, 4) • .UeTaJibHOe cpasHeHHe 

TeopHH C 3KCnepaMeHTaDbHbIMH )laHHbIMH HMeeT CMbICD nposecTH OT)leJibHO. 

3necb ae, B03BPaIUaHCb K npennonoaeHHIO O TOM, 4TO npoueccw JlHcJ>ty3HH 

OKa3WBalOT crra6oe BDHHHHe Ha )lHHaMHKY npouecCOB cop6UHH, MOaHo KOHCTaTH

POBaTb: 3TO npennonoaeHHe BnOJIHe peanHCTH4HO. 

TeM He MeHee )lOCTOBepHbie 3aKDI04eHHH O npoueccax cop6UHH, nm:!Jcpy-

3HH ( HJIH, T04Hee CK333Tb, - npoHHKHOBeHHH MOJieKyJI BO)lbl CKB03b CDOH 

MeM6paHW)H HX B3aHMHOM BJIHHHHH MOaHO cnerraTb DHillb nocrre 3KCnepHMeHT3Jib

HOro HCCDe)lOBaHHH pacnpeneneHHH KOHUeHTP3UHH B0.r(hl no C~OHM JIHnH)lHhlX 

CTPYKTyp. EcTeCTBeHHO, 4To'npH 3TOM )lOJiaHa 6WTb pa3pa60TaHa COOTBeTCT

BYIOIUaH TeopHH. Y4HTbIBaH 3TO, B cne)lYIOIUeM nyHKTe yneneeTCH BHHMaHHe 

npoueccaM JlHttY3HH. KpoMe Toro, cnenyeT yqecTb, 4TO npa H3roToarreHHH 

CBepxnpoBO)lHIUHX CJIOeB npoueccw )lHcpcpy3aa, cop6UHH H XHMH4eCKHX npeapaIUe

HHH CYIUeCTBeHHO conpeaeHW. 

3. nnoTHOCTb BEPORTHOCTH TIEPEXO.UA 

Bee npoaenem1oe BbIIIIe paccMoTpeHHe 6bLJIO ocHosaHo Ha npennonoaeHHH, 

4TO CYIUeCTBYeT H HaH)leHa cpyHKUHH nJIOTHOCTH sepOHTHOCTH nepexona 

.e. =~ (.!.~Xj ·t/fr}, 
Y)lOBDeTBOPBIOIUBH ypasneHHIO (4). HMeHHO noHCKY aHaJIHTll4eCKOro Bll)la '.JTOH 

©YHKUIIII II Y)leJil!M 3)leCb BHIIMBHlle. Tipea.r:1e BCero OTMeTHM, '!TO pe1;1e111rn 
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ypasHeHnH s11na ( 4) B O)lHO~IepHOM crryqae B Hau6onee 06me~1 s11ne 6wrn HaA

neHw B pa6oTe 
121 . TioCKOJibKY raycCOBCKO-MBPKOBCKHe npoueccw He3aB!ICl!Mhl 

no BCe~, KOOPiUI113TllhIM HanpaaneH!IH~I, TO paco10TpeH11e, npoae;:ieHHOe B pa-

60TC / 
2 /, ~IO-HO 06061Ul!Tb Ha TpexMepHoe npocTpaHCTBO. OnHaKO' ll36erae 

rpoM03)lKOCTeH, BBe)leM HeKOTopwe orpaH!14eHUH, KOTOpNe He BHecyT HHKBKO

ro ymep6a np11 paCCMOTpellHII npoueccoB )lllO'.PY31111 B JIIIDll)lHbIX CTPYKTypax 

ll caepxnpoBO)lHlllllX CDOHX 8 npouecce HX ll3rOTOBneHIIH. RcHo, 4TO TaKoA 3{!)

,peKT, KBK )lllHB~111'1eCKIIe nerpop~laUllH )lBll•YIUeroce ~laKP03DC~IeHTa, Y411TbIBBTb 

B ;:iaHHOM crr'yqae He IIMeeT C~lh!Cna. Eorree Toro, ecnn II~ICIOT ~ICCTO cna6bie 

Teqellllll ll )lBHaeill!H OT;lC.llbllbIX rpa11yn !!JIii no KaKoii-TO npnqnHe B0.31111KlliIIX 

~mue;m, TO B 3TIIX CJIY4BllX DOCTaTO'IIIO orpaHll4l!TbCll 3BBIICIIMOCTblO K03cj)cp11--u11e11Ta TpaHcnopTa BC!l(CCTBa ~ TOJlbKO OT Bpe~ieHII. 3To ci6CTOl!TeJlbCTBO 

CHIIMBCT 11eo6XO)lllMOCTb npll)lDC4CIIIIH Tpex~1epHblX HK0611a110B npeo6pa30BaH!IH 

np11 BblDOJilleHHII COOTBeTCTBYIOlUIIX l!IITerp11poBaHIIH, a TeM ca~lbl~I CYIUeCTBeHHO 

ynpomaeT np11Me11eH1re Teop1111 Ha npaKTIIKC. 

Y4HTblBBH CK333HIIOe, qlHK.5!lPYe~1 CHa'lana peII1e1111e ypasHeHl!ll (4) B TO~I 

cnyqae. Karna KO'.J<!JcJ>11u11eaTbl ~ II ~ - cl>YIIKUl!ll TO.'lbKO Bpe,1e1111. 3amlllle~I 

ypaBHeH11e (4) B ~opMe: 

o.i~ 
~Pc, +?J; {i}'1Jl, _ _j_ go (-f}~ = 0. 
~t 'J.t: ~Xie .Ji CJ X,c 

B ypaBHCHIIII ( 6 5) Illl)leKC ot ony1ueH II norroaeHO 

'1:J(-t1?/ =..i.. B f-t,-;t), I= iofl:J. 
,3, 

CornacHo pa6oTe /l/, pemc1rne ypaBHeHIIH (65) 'IMeeT an.n: 

. -, r; r]-~ {- -.L -'>- ~- _'),.:q .11, rs, r~•~r1=- pr.x ex~ -J (r:/-zJ;_t'tJdf:'-r' _/, 

-1: 
J (-6} = o2 <J".t +.fl,/ Co {'t'} ct,~ <., > O, 

s 

(65) 

(66) 

( 6 7) 

TinOTHOCTb sepOHTHOCTH nepexona (67) YDOBJieTBOp51eT lli:1113 .. 'lbllO!>,I)' YCnOBIIIO 

-¾ ➔ ~''J o / = r.$,t<J"lj -e .KP{- fr- / 
.La/f-=S L· r, .:ft;r.:l- , (68) 

-- Tenepb MOallo npllCTYDIITb K pcmCHI110 ypaBIICIIIIH ( 4) B T0'1 C.!IY'!ae, KOr;1a 

~ - cj)yHKUIIH TODbKO BpeMellH, a ~ - rIPOll3BOJiblla H <PYIIKllll>I KOOP/\llll;!T 

11 BPCMe1111, HMe!OIUBll 11eo6xon11Mble 11enpepb1BllhlC IIJ)OII3B0.r(IIl>IB 110 BCC~I ;u111a~111-

qecKHM nepeMeHHblM. A11arror11,1110 on110Mep110My CJlY'IalO / Z/ 3anmne~1 COOTHOlile-

1111e: 

-i rt, °"/9 = Co t-t) + ~ {~ ~}. 
(69) 

TIO)lCTBBJIHH (69) B ypallllCIIIIe (4) II Y'IIIThlB:lll (66), 3am1mc~1: 

I :1 



"jjJ · "'JP i ti c,ot_f) d _,,.1 'll.t..P - + 1Jj_ K. {i)cfi - -;;- Co (I;;~ =,, {t (~ r /~ v.,Z • 
~{; /(. oe, 11X'1C °" t1 A',c 

( 70) 

nocKOnbKY neswe 4BCTH YPBBHeHHA (65) H (70) l!MeIDT OllHHBKOBWe onepaTOPW, 

TO nnH nanbHeA~ero yno6Ho BBeCTH (j)yHKQHID 

'% (l; r'--t. fr/=: -elm .8, ('t; ~-~ r}, 
I I 6°~(io 

( 71) 

E KOTOpoA fJ;.> 0 ' HO MO)l(eT HMeTb CKOnb yronHo Manoe 3Ha4eHne. 3TO 03Ha-

4BeT, 4TO np11r:---t !)JyHKQHID <¼ non 3HaKOM HHTerpana MQ)l(H0.3aMeHHTb ;-_ 
c- ~, ~, 

-,!>yHKllHCA JlnpaKa O {r - r, , 4TO He BHeceT HHKaKHX CYlllCCTBeHHb!X norpern-

HOCTefl. <llyHKQHH Pc, s ( 71 J onpeneneHa (j)opMynofr ( 6 7 J • 
TTyCTb Ha4anbHOe ycnosne nnH YPBBHCHHH (70) HMeeT BHn: 

-¼ - ➔yz 
.f/4=·s fr.15t'7 • e){jJ,L {r-:~7 I. oto; _/· 

( 72) 

Torna c noMOlllbID fYHKQHH (71) H ycnOBHH (72) ypaBHCHHe (70) TPBHC!)Jop1rn

pyeTCH K HHTerpon11(jJ~epeHQHanbHOMy: 

__,. ...,. £. ~ _.,_ -~ ,,£. r-' x17.t f'ts,xi-t,r/= Jd3r"[..E.t.ifj. t'XfL- r-.t . '8/.,(~~JtJ:}+ 
. .2.t!j_ 

-{; ,)7 ~ -'!"t + jdt-jct1t''[:4.tt:r7.Pts,xj'l;r'}_; · t&'o (~ r if, r-/. ( 7 3) 

.s 
3necb eeeneHo o6o3Ha4eHHe 'jl.t 

,;ti. rr:; P7 =f ~ rr; ~Z, x'! 1 
( 74) 

a KeanpaTHbie CK06KH non 3HBKOM HHTerpana ( BTOpoA 4HeH) 03Ha4aIDT, 4TO 

onepaTOP ;;ti. neAcTBYCT HH□b Ha ~yHKl_\HID p, 110 11e Ha ~YHKQHID ~. TTp11f=s 
rrpaeaH 4aCTb (73) coerranaeT c (j)yHKQHeA (72), KaK H non)l(HQ 6WTb. B TOM, 

4TO -PYHKl_\Hll ( 7 3) HBnHCTCH (j)opManbllb!M perneHHCM ypaeHeHHH ( 70) , MO)l(IIO 

y6enHTbCH IlPHMOA noncTaHOBKOR. 

B CHHY annHTHRHOCTH rayccoecKO-MBPKOBCKHX npoQeCCOB 

HCHHH (73) MQ)l(HQ HCKaTb e BHne: 

Pts,x°j-f, ~)= ~ {S;Xi'1rl+ _e (s11";-!,?}, 

-~ f 1:~-t)J7.11.1 ._.., _, 
~ jd3~pt"Jif] .ex?i- j6j_3- _/'--:7o{.s,r-,;t,r/, 

noncTaHOBKa (75) e (73) npaeonHT K ypaBHCHHID: 

e (s,x,· ~r) = ~ {s,x;t; r}+ 

+ .faifa3?'[ot'i rtr'/£}_ rs,1✓·trJJ- <!lort;rf-1;rJ. 
s 
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perue1rne ypae-

( 75) 

(76) 

B ypaeHeHHH (76) 
-t 

~ {s,~•i,"f?= jdt" jd1~~~r'j~fs/x;'t;P-!7~tt;r}-c;n_ (77) 
s 

KaK BHnHo, ece ypaeHCHHH H COOTl!OllieHHH, rronyqeHHWe B 0/:jHOMepHOM 

cny4ae / 21 , BeCbMB npOCTO 0606111a10TCH Ha TpexMepHoe rrpoCTPBHCTBO •. Bee 

apryMeHTaQHH O cxonHMOCTH PHna, B03HHKBIDlllero rrocne l_\CIT04KH rroncTaHOBOK 

BHna ( 7 5) , nonHOCTbID rrepeHOCHTCH 11 Ha TpexMepHb!H cnyqail. HMeHHO ITOTOMY 

H B TpexMepHOM cnyqae npBBOMCPHO IlPHMCHeHHe MCTOAB crnamHBBHHH, cornac

HO KOTOPOMY 

.Pt~x; t,~J = ~ (s,1";~ ~/ +J; t.s,x; ·tJ9 + 
+ 6 r~ -cJ.:f.:, rs, -r; t, rJ. 

3necb f. . 

J;t ~ Ti!, rJ = jr.ttjt.3P-'fa;_ tt; ~yJ; t~t 't; r'/J <-¾ r~ ~ ~--t,-r:J, 
s 

a !PYHKQHH 

{l{/;i}=- ~o ::f.o J 
;t 

B KOTOpoA 
-,o . /- - -":I 1~ 

Ji. =j7t.(~Xji1 r1d r; ::(,,°-/~ {.S,Xj ~°i'id~/!'. 

(78) 

(79) 

(80) 

HeTPYUHO y6enHTbCH, 4TO nnoTHOCTb eepOHTHOCTH rrepexona (78) YnoeneTBO

PHeT ycnoBHID IIOPMHPOBKH (SJ, 4TO H nonqepKHBBCT KoppeKTHOCTb perueHHH. 

HeT COMHCHHH' 4TO B HeKOTOPblX cny4BHX MomeT OKa3BTbCH 6onee yuo6-

110A Tpa11c(j)opMBl_\HH ypaeHeHHH ( 70) K HHTerpanbHOMY, a He :K HHTerpona(jJ

(j)epeHl_\HBnbHOMY BHUY (73). ,Une npaseneHHH ypaeHeHHH (70) K HHTerpanbHOMY, 

Y4HTWBaH H3nomeHHOe paHee, perueHHe 3Toro ypaeHeHHH cnenyeT HCKBTb B BHne: 

./J{S,Xj-!,r) = ~(.r;'lj-;r}+ 
'L 

-6 ,.,;; - ~ ..:s:, + Jdt;'d3ft'j5(~X;tt;~'}~ rt;r;-6.,r/ . 
(81) 

s 
3necb ,# - HCKOMaH !PYHKl_\HH, nnH KOT op oil cnenyeT HBHTH COOTBeTCTBYID!IICC 

YPBBHeHtte. 3arrHllleM ypaeHeHHe (70) e KOMITBKTHOH qJOpMe: 

;/
0 

tt/~·;p1s1x;-f;r/ = ~t-;r/Pt.s,1)4rJ, (82) 

rne orrepaTOP .:t'o COOTBeTCTBYeT neeoA t!BCTH (70) , a ~ onpeneneH COOTHO

meHHeM (74). BWt!HCflHM Terrepb eenH4HHY 

-;£
0 

(t,f?l.f(s,x;-t,~ = ~o t~frl'¾; {.S,Xj-t/7+ 
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t- -~ . ' + Jctt/d1r'#ts,x;'ljr'}:z'o t"""l7'-X tl;;!';~ ~;+ 
.s 

+ jtt3P'j'ts,xj-;r'/~f~r~·-;~). (83) 

IToCKOITbKY <l>YHKI.IIUI ~ II ~o TOJKAeCTBeHHO YAOBneTBOPlIIOT ypaBHeHmo ( 6 5 l, 

'TO, YtIIITbIBall CBOHCTBa <!>YHKI.IIIII -¼ , 3arrn111eM: 

;;t'
0 

f "? f!"}.? { S;X;~ rJ = j> {S1Xj~ r/. (84) 

,llanee, Ben1ItI1IHa 

~ t-t,rJPt.s;x"ji;r}=~ttJ'l~ts,t;t, rJ+ 
~ 

+ /dev/t?P-9rs,1';<t;r'}~r-(?JCXre;r;~f1/. ( 85) 

IToncTaHOBKa (84)-(85) a ypaBHeHIIe (82) nplIBOAIIT K IIHTerpanbHOMY ypaBHe-

HII!O 

fors,x;+/~J= fer~xi-t,r}+ 
-t ,.,, I, ~ -~, .t.ll -+ Jott;d3r 1,1(~Xj'tJ'~')~i {t:,0 .JO {t;r ;~r), 

$ . 
(86) 

B KOTOPOM o603HatieHO 

1o(s,1;-t, A= X1 t~'PJ ·~a; {~x;l:,r). 
( 8 7) 

KaK II paHee. pe111eH11e ypaBHeHIIll ( 86) MOJKHO HCKaTb MeTOAOM 1ITepa111Iii, 

3anHChlBall IICKOMOe pe111eH1Ie B B1Ine: 

jrs,x;-t,-P-J = f;r~xit1 -;t)+ ~ts,1";+,r}. (88) 

IToncTaHOBKa (88) B (86) TIPIIBOAIIT K ypaBHeHH!O: 

3nech 

t (s,x;f,rJ = 1o1.ts,x;-t,r)+ 
~ 

+ I aifct~r' ~ts,~ -t;r'/~ rt,~'¾ rz; r~·-t,r}. 
s 

-{; 

( 89) 

7o.1. (s,x;t/r) = Jar-/ot3r'J':, {S,Xj 'l; rj~ t+J~)~[t;P:;~'/1. ( 90) 

s 
HaiineM Tenepb pe111eH1Ie ypaBHeHIIH (86) MeTonoM crnaJKHBaHIIH. ~nH 3Toro 3a

Il1IllieM ero B B1Ine: 
- -";/ rl> ..,.. ~, ~= Yo {s,T;t,-,ry+ 'j/{s,x; +;r/ To.I. (~x ;-6, r/. 

( 91) 

'" 

BBeQeM ycpeQHeHHOe 3H3tieH11e qJYHKU.lllI r no BeCOBOII $YHKQIIl!.Po.i : 

-+}' I;,, .. ~1 1-+- lw -+ -+.:-1;:1, .... -":"J 1-/J(X, ;ro1 /~x;~r1d r= ;r(.s,x;-t-✓ r1ro1 {s,x;t;r/dr. (92) 

BcnOMllll3ll ycnoBlle HOp~IIIPOBKll ( 5) H HHTerpllPYll COOTIIOllleHIIe ( 81) no ...... 
nepe~lellllbl~I r , HaX0}1ml: 

i i 1-i- - I. 3-1 ;:1, ➔.a- .... ,, = -1-;d'l';dr ;r(S,X,'-,r;;, 
llnH .$ -(: _ 

jdtfa3r1 j>f5tX;'f:;~')=o. 
s 

L111cj>tj)epeH1tllPYH ( 93) f!O Bpe~1eu11 •. 3an11111eM: 

f d3r'1 rs,7;-; ~')= o. 

IToncTaBmrn <PYHKl{ll!O ( 91) .B COOTHOllleBne ( 94), npHXOJlmI K paBeHCTBY: 

/d3r'7,,(s,1,·i,r')+ jtt3r' fts;x;-6,r') J'oL (~x;t,r') = o, 

Hn11, cornacH6 onpeneneH1110 (92), 

(93) 

(94) 

( 95) 

fa (x,-t}+IJ(l',#'lo.1.(l;t)=o, l96J 

r.ue 

~ (t, f) = fa3~t $, (s,1;+,r'), 'fo1 (/;-f}= jd3r'9o1.(S;K;-6,rj_ I 97 l 

TaKHM o6.P330M. pe111eH1ie ( 91 ) B C rnaJKellHOM Bline ~IOJKHO 3am1caTb cj,op~1ynoii: 

, = lors,x;-f,"l)+&rl;-f} 1'o1 rs,x;-!:,r}. (98) 

CooT110111e111IH ( 81) 11 ( 98 J onpenem110T peme1111e ypaB11e111rn ( 70) B c r.11aJKeH110~1 

B11ne. 

B03BP31J1all Tenepb IIHAeKC ,,( <PYIIKl.{1111 IlJlOTIIOCTll sepOHTHOCTII nepexo;ia 

P, MOJKHO KOHCTaT11poBaTb, 'ITO peme1111e ( 1 0 l onpc1~eJ1e110. TN1 c;1~1bl~1 onpc

nene11w II 061I111e pernemrn ypaBIIellHii ( 1)' ecm1 Haii11ellbl COOTBeTCTllYIOIJllle pc

rneHHll ypaBHeH11ii ( 26); T3Klle pe111e111rn IIPCl\CT3IIJiellhl qJOJ)~IYJlOii ( 22). 

Ka3anocb 6bl, 'ITO Tenepb MOJKIIO npllCTYilllTb K 01111ca!IIIIO KOIIKJ)CTllhlX 

npoueccoB, IlPOTeKa!OIJIHX np11 113rOTOBJICIIIIII CBeJ)XIIJlOBOl\>llllllX CJIOCB. 0:111a1<0, 

KaK cne.uyeT H3 npenblr~Ylllero, nnH '.)Toro Heo6xo1111~10 YCTaHOBIITh KOIIKJ)eTllhlii 

BH)l CIICTeMbl ypaBHellllfl ( 26). B CBOIO OllCPCJlb, '.)TO ~IOJKIIO C/leJJaTb TOJlhKO 

Tor11a. KOl'Aa 6YAYT Ha11nellhl a).lCKBaTlll,le MCXaHll3Mhl Xll~lll'ICCKIIX ll(lOl!eCCOH' 

npe11cTaBne1111ble II Bil/IC· M'1J1UIPYTOII :Jne~1e11TapllblX CT'1Jlllii, :1a10111.11x II CY~l~IC 

6anallCOBYIO peaKl{IIIO. ITp11 '.)TOM c11c11yeT ytleCTb, 'ITO Tpex'!aCTll'llll,IC A3all~IO

)leiicTBHll ( CTOITKIIOBCl!llll) A )l3 IIIIO~I CJIY'laC IIIIOC HT 11pc11c6pClKll~IO ~,am,rii BK.:1a;1. 

OnpenenlllOIJIHfl RKJlar.t B Xmlll'ICCKlle ll[lOl~CCChl llllCCYT Jllllllh ;wyx,1ac-r11,111uc 1na-
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IIMO,[leiiCTBll51 II ITPOUeCCbl pacna,[la HCXO,[IHblX l!Jlll llPOMelKYTO'lHblX Be1I1eCTB. UJ151 

ITOCTp~eH1151 T8KIIX MexaHll3MOB Heo5XO,[IIIM8 ,[IOCTOBepHa51 IIHqJOpMal.11151, O llPOMe

lKYTO'lHWX semecTBax. HMeHHO B TaKoii IIHqJOPMBUIIII H cymecTBYeT ceflqac HeMa

JlblH ,[le(l)IIUIIT. TaKHM o5pa30M. TeopeTll'leCKOe paCCMOTpeH11e o5CYlKA_aeMblX 

3,[leCb rrpoueccos 11MeeT CMWCJJ OTJJOlKIITb no JlllKBHABUIIII YllOMHHYTOro BWrne ,[le

qJIIUIITa. 

3AKJilOqEHHE 

PerneH1151 AOCT8TO'lHO 0611111x CIICTeM ypasHeH11ii M8KPOKIIHeTHKII MQlKHO cq11-
. ' 

Ta Tb HaiineHHbJMII, ecrm 011peneneHbI perneH11H c11cTeM ypasHe11m1 ( 26). Ypas-

HeH11H TaKoro B11,[la, BeChMa 'l8CTO B03HIIK8!011111e, H811PHMep, B XHMll'l~CKoii 

KIIHeT11Ke, perna!OTCH, KaK 11paBIIJJO, 11p115JllllKeHHO. 3TO o5CTOHTeJlbCTBO IJOHylK

naeT ynenllTh oco5oe BHIIM8H11e 8H8Jlll3Y II perneHll!O CIICTeM ypasHeH11ii B11,[\a 

( 26). 

ABTOPbl BblP8lK8!0T 5naronapHOCTb ID.M:OcTaHeBll'lY II A.M.6anarypoBy 

38 BHIIM8Hlle K naHHOii pa5oTe II ee 11onnePlKKY. 
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