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. , .. HecMoipst,Ha 3HattHTCJihHhle ycnexn CQBpeMeanott Teopnn cp.TIIOlfAa .B MHK-
po- Ii Mai<po~OIJHtteCKOii HHT~pnpeTa~HH•Heo6paTliMhIX npo~eCC()B, npoi'ekci?' '· 
IOII(~~ B 'peaJii.';~hlX BCII(eCT:eax, p~ BoripocoB Tpe6yeT Aruihttefuuero H3ytteuil~ I{, 
yr.Tiy6.TICHHS{. };J nepaBHOBeCHhIX 3Mattax K HHM; npe~e Bcero, OTHOCHTC51 HC-

>CJieAOBaime,cpeA, B, KOTOphlX HHTeHCHBHhie TepMOAIIH3MH'IeCKife-nepeMeHHble: · · 
, l\fOryT•HCilb~Th~B~Tb.CYII(ecrneuH~e, ,anepHOAH1iec1me 11:neperym1ptthle B npo-,.,. 
. . CTp~HCTBe-B peMeHH ,( x1, t) _JIOKa.TibHhle H3Me11eam1; B, TaKHX CHCTeMaX 06hlttHbie · 

AO~ym;e1rn.11 '~HneapH30B~HHblX COOTHOme1iHH·'I'Cpr.rop;~ua:t.1HKJ{ ~- Ma.TIOCTH' OT:. . 
KJIOHeH~ft or'c~C~051:lfH}!_C xi-:- (iJ(iJx/~- O);t-;-; (iJ/i)t ='.~):RIIH (xi',t)-OAIIOPOA~ 

HOCT~IO OKa3bIBaIOTCSI HeaAeKBaTHblMH, H IlOBCAeHne BeII(eCTBaAOJI)KH() OilIICbl~ 
. B~T~c.11 c ytteTO,M ~()

0

3MO)KHhlx ttapyIII~Hntt:iienl)ep1;>IBIIOCTH pac~peAe.rrettntt HJIH 
' co6cTBeHHO HHTeHCHBHbIX nepeMeHHhIX, ,HJIII HX ttaCTHblX. npOH3BOAHhIX, 'pac'­
CMaTpHil<leih1x: K~K cpy~K~HH OT. (xi, t). B_paBHClBeCHbIX;3~Aaqax K ttaCTHOMY 

,iuriy rroAo6nhl?(. cpeAOTHociTi.11 o6.Tia~TH ~a3onhl; rrep~xoAOB~ OcnoBttmi ~e.,1i,io 
pa60T1,~ .sJBRSlfTCSI: an~~~ B031\fO)KH()CT~ Herpa~11~11~ni'.ioro IlOAXOAa I{ PyilleHHIO 
·nepettHCJieHHhIX, hpaICTHtteCKH Ba)KHbIX noqpocon Teopnn cyII(eCTBeHHO (x., 't)-

• • .,: - (' • , ',. ,_\ '- • I '. ) •. \· •.• • .. ':'. '. ', ,', • . ' - - • ·> - - . - . . l . 

· · neoAHOPOAnoro cp.TIIOHAa, ·. , . .• _· , . , . . 
-:. Pa3nuTiie, HHH~ii:n:ponaau'oro pa60TaMn . H.H.Boro.TII06oBa · [ 1 ·] AHHaMntte­

c:Koro' riOAXOAa ·~ 'coBpeMeHHOH CT3THCTHtteCKOH :r:iexattHKe (CM) II03BOJIHJIO ,. ·' .: ' ' .. ' ,- ' ', ' ' ' . ' .. /' _, 
. IlOJIY~HTh, .HCXOASI 113 MHKpOCKOilll'ICCKOro ypoBHSI on11caHHS1, ypaBHeHirn, yn-

•', , paB.TISIIO~iie 3BOJIIO~HeH MaKpOCKOilIItteCKIIX nepeMeHHblX. Ilp.SIMhlr-i CJieACTBH­
',, eM TaKoro noc~poeHHH HepaBIIOBeCHOH TOepun: (HT) SIBJI.sieTCSI HCl1:(?.Tib30BaHIIe 
B Kattec-rBe 6a311ca· q. (x.; t) mweponott AHHaMHKH (3.[() aenpephIBHhlx cpeA 

·, ,', ... ', ,·.J l . '. .,, . , ' .. ' . " ... ·, , . ' . 

'. ,· UIIOTHOCTeH ,'IHCJia ttaCTH~, HMIIYJibCa II siiepnm, 'niieIOiqHX MHKpOCKOIIHlle­
CKHC MexaH11ttecKne.~aa.Tio:m. Hauoo.Tiee o6~n:M o6pa30M3BOI0~1ul cucTeM MHO:- , . 
inx '-iiaCTII~ OilHCblBaeTCSI cpyHK~H~Ha.TibHhlM napnaHTOM ypanHeHHSI MapKOB- / 
'CKOl'O THila A.TISI <i>YHK~HH pacnpCAe.TieHIISI '. OT nepettnCJieHHblX' nepeMj;!HHhlX 
[2;3J, 'ri:(e irp~~napHTe.Tibll~ BhlilOJIHeH!,) CT3THCTHttec~oe 'ycpeAHt!HHe Ha OCHOBe 
HHTerpa~Hll no" MH~l)OCKOilHtteCKIIM CTeneHSIM CB060Ahl, Ilpir 3TOM B KatteCTBe 

· napaMeTpOB cpyHK~Hll _ pacrrJ)eAeJieHHSI ifap.Sl.Iiy C, MexaHH1IeCKHMH, Be.TIH'IHHaMH 
npuM~HSIIDTCSI ~epeMeHHhle, iioAOOHi,ie TeMnepa1:ype T, HMeroitiue Tepr.:iOAHHa-: 

' MiiqecI<lfH,, ;,e. xapaK'TepH3,YIOniHH MaKpoCKOilHtteCKHe CBOiiCTBa CHCTeMbl, 
C~hlCJI~ o'icro/4a, CTi>OI'9 roaop.H,' y)Ke B paBHOBece:oif CM Hapymmfrc.SI OOII(aSI ' 

' • , .... ; • ' 1 ~· . : ' . ' . , . . • 

KOHo;en~IISI BblBOAa MaKpoCKOilllttecKOH Teopnu H3 'IHCTO MHKPOCKOilHtteCKHX, , 
. ' . ,·.·. ;_ ',' •'> •,, j _::•'.: ' ''. (' , ;_,,'. ._ , • J_ I , ' • '-. ,· .• : -:· ,·, •·•, \ ' ,, ' ' •,: • ' 
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M_exaHHtieCKHX npHHU.HilOB, 'ITO oco6eHHO CKa3bIBaeTC51 npH nepeXOAe K cpopMy-
JIHpoBKe HepaBHOBeCHOH C~: JJ:eno B ioM, tITo AJI51 npou.eccoB; AOCTaTOtIHO YAa­
neHHbIX OT COCT051HH51 paBHOBeCHSI, "IlJIOXO onpeAeJieHHOH, B CHJIY anpnopHoro 
He3HaHH51 pa3BHTHSI napaMeTpOB <pyHKU.HH pacnpeAeJieHH51 BO BpeMeHH t, ripeA­
CTaBJISleTCSI HMeHHO yKa3aHHasi: npou.eAypa craTHCTHtiecKoro ycpeAHeHH51~ Ta­
KHM o6pa30M, npn B~eii 3aBepmeHHOCTH H 3BpHCTHtiecKoii Mmn;n MeTOAa CM 
BOnpocbI_H3yiieHH513aBHCHMOCTeH TepMOAHHaMH'leCKHX (He TOJlbKO MexaHH'le­
CKHX, HOH TeilJIOBbIX) nepeMeHHbIX OT t ~e.i(yeT C'IHTaTb He AO KOHU.a Bbl5lCHeH:.: . 
HbIMH> 

JJ:pyrnM BonpocoM, Iiy~aIOIIJ,H~c.si, _KaK HaM Ka)I{eTC51, B AaJihHeiimeM_ 06-__ 
1 cyX<AeHHH, SIBJISleTCSI BOnpoc u;enecoo6pa3HOCTH HCilOJib30BaHH51 TeXHHKH <pyH- ' 

KU.HOHaJibHoro AH<pcpepeuu.HpoBaHHSI npH nocrpoeHuu <pJIYKTyau.uciHHoii HT. B 
3,n: HepnepbIBHbIX cpeA TaKOH IlOAXOA npHMeH5leTCSI AJI51 AOKa3aTeJibCTBa H30-:­
MOp<pHOCTH ypaBuemiii c <pyHKU.HOIIaJibHbIMH npoH3BOAHhIMH B g. ( x ., t)..:npeA-

... ·. -·. · . . · .. . I .· I · ·· 
CTaBJieHHH CHCTeM ypaBHeHuii narpaff)I{eBoiiHJiii raMH.T.IbTOHoioii AHHaMHK (JI.[(· 
HJIH r,n:) TO'IKH B (q,, t)- HJIH, COOTBeTCTBeHHO, B (q., p.,' t)-npeACTaBJl(!HH51~. Pe:-· 

I , . · I I ,_ · . 
3YJibTaTOM SIBJI51IOTCSI He TOJibKO y,iu)ytiaIOm;e rpoM03AKHe Bwpa)I{emiSI <pJiyKTY­
au;HoHHOH HT y)I{e B oKpeCTHOCTH paBHOBecu51 [4,5 ]; HO u cMeIIlaHHbIH xapaK..: 

\_ . . . . ... 
Tep KOOPAHHaTHOro (q ., x.)-onucaHHSI; TOrAa KaK B 3.D: npocrpaHCTBeHHbie KO_;.· . . J •• I ' • . . . . . . • .. . . . 

OPAHHaTbI HMeIOT CXOAHbIH C t,. a He C q. CMblc.n. 
I • . . . • 

. ._ C ytieToM BbICKa3aHHbIX coo6pa)KeHuii;'B AaHHoii pa6o-ie npeAJiaraeTCSI Me.,. . 
TOA nocTpoeHH.si qiJiyKTyau.iioHuoii: HT, II03BOJISIIOIIJ.Hii Ha uatiaJibHOM srnne ye-.· 1

· 

TaHOBHTb AHHaMH'leCKYIO CTPYKTYPY AeTepMHHHpoBaHHOH MaKpOCKOilH'leCKOH . 
TeopHH 3.D: B TepMHHax JI,n: H306pmia10IIJ,eii TO'IKH 6e3 npuMeHeHMSI TexHHKH 
<pyHKU.HOHaJibHOro AH<pcpepeuu.upoBaHH51~ B .KatieCTBe HC~OAHbIX rrpu STOM 6y­
AYT HCIIOJib30BaHbl AOnycKaIOIIJ,He CTpory}O CM-HHTepnpeTaU.HIO [l] ypa.BHe­
HHSI 6a.naHca B MOAeJiu HAeaJihHOH )I{H)].Kocru (IDK) H, 3aT~M, B MOAeni-i J.DK c 
Tennonpo~OAHOCTbID (IDKT). Ba)I{HblM MOl\teHT(!M.CJieAyeT CtIHTaTh [6-9] ne- · 
pexOA K_ aJibTepHaTHBHOMY o6IIJ,enpHH51TOMY B uepaBHOBeCHOH CM IlJIOTHOCTHO-
MY 6a3HCy KOHq>Hrypan;HOHHOro npocTpaHCTBa q. Ha OCHOBC Bb16opa AJJ',Sl AaHHOii 

, . . . .., ·. .· . ~ : I . . '; . . . 
IJ;eJIH TepMOAHHaMH'leCKHX IlOJieBblX nepeMeHHbIX, K KOTOpbIM AJI51 npocroro 
<pJIIOH)].a OTHOC51TCSI: µ- XHMH'leCKHH IlOTeHiiHa.n, T- TeMnepaTypa H JIOKaJib­
HbIH no-reHU.HaJI-AaBJiettHe P. To o6CTo51TeJihCTBO, 'ITO yKa3aHHhie BeJIHl!HHbl 
HenpepbIBHhI H CJia6o <pnyKTyHpy10T· B 06.11acrH <pasoBhIX nepexoi:x.oB, no3BOJI5leT 

- • • , I . - ~ , 

HaAeSITbC51 Ha B03MO)I{HOCTb 3KCTpanOJI51U.HH. C HX IlOMOIIJ,hIO npeACTaBJieHH51 0 
JIOKaJihHOM paBHOBecm1 (JIP) B TY o6nacrb o6heMOBH HHTepBano~ BpeMeHH, r~e. 
m:nOJib30BaHHe CHJihHO <pJiyKTYHPYIOIIJ,HX nepeMeHHhtX: p -:-- IlJIOTHOCTH 'l}JCJia 
'laCTHU.; a,- ITJiOTHOCTH 3HTp0IlHH; _'. e1 ...:....: IIJIOTHOCTH BHyTpeHHeH 3HepmH, 3a­
CTaBJrneT nepexOAHTh [3] K 6oJiee CJIO)KHhIM MeTOAaM HeJIOKaJihHOH HT. 3aMe­
Ha 6a3HCHhIX nepeMeHHbIX OAHOBpeMeHH() 03HallaeT nepexo.z{oT· o6bllJHOH <pop-. 

- • • ' r . ',· , ", 
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My :,mpoBKH rimoTe3hI JIP c no~mIIJ,hIO cooTHomeHHSI rH66ca K npHMeHeHH10'i.:o­
OTHowemrn ru66ca __: JJ:10reMa, B KOTOpOM pOJib JIOKaJihHOro Tl!J)MOAHHaMH'le­
CKOI'O IlOTCHU,HaJia BMeCTO e (HJIH a) HrpaeT AaBJie1rne P. 

IloHSITIIO, · ,llTO. npeAJiaraeMoe · nocrpoeHue cpopMaJIH3Ma HT · craHOBHTC:51 •· 
. B03MO)I{HbIM 'a CIIJIY Bb16opa. B KalleCTBe OAHOH 113 He3aBHCHMbIX o6o6~eHHbIX 
KOOPAHHaT ~enJIOBOii: nepeMeHHOH T II OTXOAa TeM caMhIM OT ~ouu.enu.nu 'IHCTO 

. MexauutieCKOH HHTepnpeTau,u·u BCJIHlJHH q ~ TorAa IlJIOTHOCTh 3HTpomm a HMe-. 
. . . . . . . I ',· . . . . 

eT CMbICJI KaHOIIHlleCKll conp51)KeHHOH T riepeMeHHOH H 6oJibWOe 3Hatiem1e npil­
o6peTaeT B3aH;IOAeiicr1me TeilJioaoii (T, a) H MexattHtiecKoii (µ, p) _MOA· [6-8 ], 
Ha6JIIOAaeMoe a _MOAeJIH lDK mi ypoBHe AeTepMHHHpOBaHHOro OITHcaHirn. no­
CJieAJee npHBOAHT K Bblpo~em~OCTH COOTBeTCTByIO~HX JI,n:- II rl:( ~cpopMaJIH3-
MOB B q .-npocTpa~crne iepMOAHHaMHtieCKHX Il{)Jleii, 'ITO, B CBOIO oqepeAh, OTpa-

. ' . .I ·. . ' . . ·.· . ... . .: .. 
• )I{aCTCSI Ha Bep051THOCTHOM OilHC_ainm cpJiyKTyau,HOHHOH HT. · · 

B pa3AeJie 2 onpeAeJieHw Tpe6oaaHus. K TepMOAHHaMHtiecKn cornaconam10-
i-1y ·onm:au1110 HenpepbIBHbIX" cpeA, Ha OCHOBe KOTOpbIX B pa3~eJiax 3 II 4 IlOCJie­
AOBaTeJih~O ccpopMy nnpoaaHhl aapuau,HoHHwe npnHu,HnhL(BTT) MOAeJieii, I-DK H 
11:)KT. B pa3A~Jie 5 KOpOTKO 66cy~a10TC

0

5l B03MO)I{HOCTII npe;iiiarae~oro MeTO-
' ·. . . . ) ' '. , 

· Aa npu nepexoAe K aepo51THOCTHOMY onncaHii:IO <pJIYKTyau.nottuoii HT. · 
- • •• • < ' 

2. TPEEOBAHU51 K . TEPMOJJ:11HAMI1}IECKI1 
: COrJIACOBAHHOti <l>OPMY JIHPOBKE 

. JJ:ETEPMl1Hl1P.OBAHHOtl HT 
HEOJJ:HOPOJJ:HbIX HETTPEPhIBHblX CPEJJ: 

.113BeCTHO, 'ITO OAHOH H3 Han6onee CJIO)I{HbIX 3aAatI HTSIBJISieTCSI orrucamie 
He~HHeum,ix npou.eccoa, AaJieKHX oi cocT051Hmi paauoBeCHSI, c n~MOIIJ,hIO Teo­
PHH, YAOBJieTBopS110iii.eii npeAeJihHOMY nepexoAy K JIHHeiino11 HT 11, AaJiee, K 
/, ,, -; '_ r , ' _. ' - · "l f 

COOTHOllleJ:IH51M paBHOBeCHOH TepMOAIIHaMHKH (PT). Ilpe._AJIO)KCHHhie AeTepMH-
HIIpOBaHHble <pOPMYJIHPOBKH.HT (10-:-13] He acerAa cornacoaaHhl Aa)I{e B Ta-

. · 'KHX npHHU.HITHaJihHbIX11aonpocax, Ka.K cy~ecrao-saHiie ttepaaHoaectto:ii 3HTpo7· 

'-.. . mm, 'ITO npHBOAlf'I'HJIH K IlJ)HH51THIO rnnOTe3bl JIP B o6o6IIJ,eHHoii HT [10 ], HJlH K 
- OTKasy ()T _Hee B 'pacmnpeHHOH HT [ 11-13 ·1~ B TOM H ]ipyroM CJiyqa51x HCITOJII>-: 

3yeTCS1 JIOKaJihttoe npeACTaBJieHHe TepMOAHHaMHtiecKoii no:sepxHOCTH. (TTT) 
rH66ca B o6o6IIJ,eHHOM: . 

HJIH pacmnpeHHOM BapHaHTe: 

ds •· ·de P dp · 
T dt = dt -:- 2 dt · p 

3 

'\ 
i 

(2.1) 

~ 
_,_, 
'_;,., 



.. 
. __ pd dY. . 

Tds_de __ -1!:._x_-1.d, J=l,2, ... , 
dt - dt p2 dt 1 I 

(2.2) 

_r):(e o6o6m,eHne OTHOCliTC5l K ncnoJih30BaHmo cooTBeTCTBHH onepaTOpoB: 

- d. 
(2.3) d+-➔ -~ o, 

, . dt 
. ' 

CB.SI3hIBarom,nx noJIHhIH/W<t>cl>epemi,nan PT d c cy6craau.noHa.n:hHOH npou3BoJ.i-
HOH di dt: - . . . . .. . - ' ' . - . 

d · a a 
dt = at = vi ax.' ·. 

J 

(2.4) 

· a pacmii:peHue 3a~10l!aeTc.SI ~ 7-1,~6a~n_eHHH ~606m,e1rn~x cHJI x1 n,cf np.SJ)KeJI-:-

HhIX HM noTOKOB Y., 3aJ:(aIOm,Hx MOJ:(eJih HepaBHOBecHott cncTeMhl. - · 
. ' / J . ' ,· ., . ' . , .. -, ' ' : ' ' 

Ta )Ke HJ:(e.SI pacmnpeiiuSI TepMOJ:(HHaMiI'lecKoro npocrpaHcTBa 3a ClleT. xa,-, 

paKTepHCTHK HeJ:(HCCHil~THBHOI'O ABH)KeHml q>JIIOHJ:(~:: <<CHJlbl>> X _:;;= . Vi ( X ;) H «rio-' 

ToKa» Y = p (x.) v. (~.) ne)KHT B ocHoBe HeJIOKaJihHOH cpopMynnpoBKH HT [3 ]. • 
l l l . · ·:., ,. , . . · . ._. 

- ,lI.JI.SI o6m,HOCTH paCCMOTpeHH.SI OT'iieceM Tene~i, 3KCTeHCHBHble. BeJIH'IHHbl He K 
· e):(HHHU.e Macchi, KaK 3TO CJ:(eJiaHo B (2.1_, 2.2); a K eJ:(ttHitii.e o6'heM·a n itcnoJih3Y:-
• eM (CHOBa He yKa3bIBasi .s_IBH0-3aBHCHMOCTh_nepeMeHHbIX OT Xi) BTOJ)Oe H3 3_anH-

caHHblX B (2.3) cooTBe;CTBHH · ·' · · , · · 

"(.' -·. 2) '· : :: ... ' 
·ro;~oe~ µ~:-:-1 op~vio_(pvi); (2;5) / 

~eTpyJ:(HO 3aMeTttT1, tiTo mi·,Il.lloTHOCTHJ>Ie(pvi, e,p), HH conp.SI)KeHHbie HM· 
., (B 3~ITpODHHHOM npeJ:(CTaB~eHHH) ITOJieBble' pepeMeHHbie (-v/ T, ·1 IT, _ -0 -vI /2) IT) B;aK~M n~J:(XOJ:(e ~'JKe He .SIBJISIIOTC.SI, KaK !3 PT, He3a~HC~Mh;­

MH, OTpa)Ka.SJ H3BeCTHbie npeJ:(CTaBJieHH.SI O B3aHMOJ:(eHCTBHH MO):(. He B_DOJIHe pa­
IJ.HOHaJibHbIM npeJ:(cTaBJI.SieTC51 onpe):(ene~ue TepMOJ:(HHaMH'leCKHX cIUI X. B (2.5) 

' ·.. ' . .'• - . . . ' . . . . 1. ' - ' 

·' 

c DOMOIIJ,blO tpJIYKTyttpyIOIIJ,HX. nepeMeHHblX; THna 1 IT (x'}; eCJIH yqeCTh, 'ITO 
, ' < - - •• - ', t . \. ' ~ 

tpH3Hl!eCKOH npnqHHOH HepaBHOBeCHbIX npou,eccOB .SIBJI.SieTC.SI HaJIH'!He rpaJ:(H­
eHTOB: al ax.;,!: Oirnn,em,e TO'!Hee (CM. (2.3; 2.4)), ,H3MetteHHe o E-➔ di dt .'# 0 

~ . l ' ~ .· ·• - - ·. , , . . . , , , ,I • - • - • • : •••• - ' , -

TepMOJ:(HHa~rnqecKnx noneif (µ, T, P) BO Bpe!'lemi t. , ' . 
. B J:(aHHOH pa6cne mriOTe3a JII> 6yJ:(eT HC;DOJlb30BaThC.SI B BHJ:(e 

• :: > . ~,_ - : -~ - . 

'dP . .. -dµ ' dT 
dt=p_df'+ 0 dt' 

.,J:' 
(i6) · 

I, .. 4 
I 

l 

1 

. I'J:(e B DOJIHOM' COOTBeTCTBHH c PT n tpOpMaJIH3MOM OOJibIDOI'O KaHOHH'!eCKOI'O 

aHcaM6JI.SI B CM_JIOKaJihHhIH noTeHu.nan P paccMaTpttBaeTC.SI Kak q>yHKIJ.H . .SI ne­

peMeHHHhlx,(µ'. T)' onpeJ:(eJI.SIIOIIJ.HH rno6anhHOe ypaBHeHue TIT: · 

. P"".'P(q1,q2)=P(µ,.T),. (2.7) 

a onepaTOp di dt ttMeeT CMhICJI (2.4). 3):(ecb YlITeHo, 'ITO .:iacTo ucnonh3YCMhle B 

BhlBOJ:(aX HT_ [ 4] u Hepa~HC)BeCHOll CM'[ 14] ¢opMbl rnnoT.e3bI JIP: _ 
. ' . 

d +-~ _~-.,_;, o (a), d +-➔ ~-_ o (6), (2.8) 
. at - . ax. 

C •'~ /_, •• 

COOTBeTCTBYIOT J:(Onyw.emrnM X.-c, HJIH t-OJ:(HOpOJ:(HOCTH (TepMHH <<CTaIJ.HOHap-
. . .. . . . ; l . . . . 

HhIH>> 6yJ:(eT ncnoJih30BaH J:(aJiee, KaK 3TO npttHSITO B Bapuau.uoHHOM ucqucne­

Htt.u) II He OTBellaIOT Han6one~ o6111,eMy Tttny B3<lHMOJ:(eHCTBH~ OTKpbITbIX CHC­
TeM C OKpy)KeHHeM. 3aMeTHM, 'ITO B CHJIY (2.4) u'one CKO'poc.(n V. (x.,· t) B~OJ:(HT B 

\ • • 
1 

• - ". - • ~ •• _ •- • • • • _ ,. • • , ~· _ • • , l l . , . 

Bbipa)KeHHe (2.6)' 'H TeM caMhIM npeAilOJiaraeTCSI B03MO)KH0CTb JIOKaJibHOI'O 

- onuca~H.SI CaM~X 06111,ux; a 'He TOJibKO, HanpttMep, JiaMu'itapHbIX J:(BH)KeHHH 

'tpJIIOHJ:(a, He BbIXO~SI3a paMKH TepMOJ:(H:iiaMH'leCKOI'O npoc:TpaHCTBa. Pa3yMeeT.c 
; T • : • • •' 7 • '•.• • • O • / •' •, • .• • 

C.SI, npHH.SITHe BTOporo 113 COOTBeTCTBllll (2.3)' yKa3b1BaI0111,cro .SIBHO Ha HHTep-
. Bail t; ;pe6ye~hIH J:(JISI pa3BHTH.SI OTKJIOHeHiiii JioKaJihHhlx napaMeTpoB OT Ha:. 

llaJibHhIX 3HalleHHH, HanOMHHaeT nocTyJiaT 0Hcarepa () C~.Sl3H ;ieTepMHHHpo­

BaHHOI'O ~BH)KeHH.SI dldt co, CDOHTa~HblMH ,'1>JIYKTyau.tt.SIMH o. 9y111,ecTBeHHa.SI 

pa3Huu.a 3aKJIIO'laeTC.SI B .TOM; 'ITO B KallecTBe ypaBHeHuif -3BOJIIOIJ.HH B J:(aHHOH 

pa6oTe 6yJ:(yT HCDOflb30BaHbl He IlOJIY3MilHpHlleCKHe KOHCTHTYHTHBHble JIHHeH­
Hbie COOTHOIIIeHH.SI ~e)KJ:(y _ DOTOKaMH. Y. H X .'cnnaMH H.IIH HX KBa3IUIHHeHHble 

" ' ' --. ' . ; . ,. ' ' .:. J J ' ' ' 
0606111,eHtt.SI, _BbI6paHHhle J:(Jisl'nocipoeHtt.SI <t>nyi<Tyau.uommif HT B [ 15, 16 ], HO 

l1MeI0111,ue q>yHJ:(m.feHTa.JibHOe 3Hal!eHHC ypaBHe~HSI 6anaHCa. ' .' ' , ' 
PacCMOTpHM OCHOBHYIO. CHCTeMy .· J:(eTepMHHHPOB~lHHbIX 'ypaimeHHH i HT'. 

_ ODHChIBaio111,Jix (B OTCYTCTB~e BHeIII°irnx CHJI) J:(HCCHnaU,HIO oi:(HOKOMDOHe~THO~ 

tpJIIOH~a ;3a ClleT B.SI3Kocru n TennonpoBOAHOC~H: · · 

'::i ' a -up ,· pv. 
---+--' -at ax. = 0, .. (2.9) 

-.,• I 

I 

ape a pev. · _ · ay . '+· , I l · . -:--d · ----- - P. v. + - = 0 k . - 1 2 3 t · axi -1k 1k- - ax. , . , l - , , . , 
l 

(2.10) 

.. [av.. . iJv.)· iJ P.k I+' I I 0 
P at · vk·ax · - ~ = ' 

. k - k 
. ' . 

·(2.11) 
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; I 

( 

(

as . a;) . ayi · . · -
pT at+ vi ax_. + ax. - d = O, 

'. , I_ I 

(2.12) 

rp;e Pik--::- TeH3op HanpmKeHnii; yi·_ KOMnoHeHThl BeKTOP~ TeWIOBoro noToKa; 

d - p;~ccnnaTHBHaSI, c:m1eceHHaSI K C,ll.HHHu;aM H3MepeHH51 OObeMa ll BpeMeHH 
<PYHKI.l;HSI. B o6o6meHHOH, HT [ 1

10) npe,D.nOJiarae;CSI, l!TO H3MeHeHHe 3HTpOilHH 
B (2:1) MO)KeT 6hlTh Bhlpa)Keirn c noMOJ.QhIO ypaB~eHnii. (2. 9---:-2.11), .n.onycKaI0:-
1.QHX MHKPOCKOilH'ICCKOe CM-o6ocHOBaHile[l ]. Ilpn 3TOM o6hll!HO HCil0Jlb3Y-

/ IOTCSI MeTO,ll.bl _TeOpHH B03MYJ.QeHHH, r.n.e B KatieCTBe O-npn6JIH)KeHH51 BbI6npaeT- . 
CSI X.-OJJ;HOpO,ll.HOe of ox.= 0 MH t-O,ll.HOpo,ll.HOe a/ i)t = 0 COCTOSIHHe: Tor,D.a, Ha-

l I · · · 

npnMep, · tiaCTHhlii BH,ll. _cucreM'bl _ypaBHe_Hnii (2.9:.__2.12), coorneTcrny101.Qnx 
H3BecTHOH Mo.n.:enl! vDK: · · · · · 

.. 

a p apv. 
-+-·-'=0 

.. ·-at ·.ax .•. ' 
I . 

ape ·. apevi _ . avi · . 
"t / + -::i-. +.P-;- = 0, 
u , uX. uX .. 

. I• I 
. . . , 

(
av. ~ av.) aP . p a/+ vk ox: + ox/,;, o,· 

· · i(ps Ops vi · 
',at+ ox.•. =.0• 

I 

" u . , , I ·. · ' ' ; 'u ' 

~ IlOJIYtiaeMblH C p;ony~eHHeM H30Tp_onHOCTH TCH30pa HanpSI)KCHHH: . 

"' 
i 

- Pik = - (Jul, ' . 

(2.13) 

(2;14) 

,"\ 

(2.15)' 

(2.16) 

(2.17) 

MO)KeT 6hl;b Bbl~ep;eH [l] KaK 1-npHOJl,~)KeHIIe B'pa3JIO)KeHHH no MaJIOMY napa~ 
MeTpy x, xapa'KTep113y101.QeMy x.-HeO,ll.ClHOpO,ll.HO~b COCT051H.:i51 •. ·Ba)KHOe -yCJio-• 

. . , . ' I . . . •. ,. . . ; , . 

BHe; Il03BOJISIIOJ.QCC.H3YllaTh HepaBHOBeCHbie npou;eCCbl 33 KOHel!HblH HHTCPBaJI 
BJ)eMCHH llL='.t ,- to, 3aKJIIO'laeTC.sI [l] 'B T9~• tito MaKpOCIWilH'lCC_KHC n~pa-

MeTpbI (p, e, ·v.) HC CJIC,ll.yeT pa3JiaraTh B p51,ll. :s6JIH3H X.~O,ll.HOlJOJJ;HOro CO~TOSIHHSI: 
· I .. · .. , I · , , 

·P =·p0 + xp1 + •··• . . . 

e = e0 + x e1 + ... ,' 
--:. ' -,,, .--

v. = v:
0 

+ x v.1· + .;;, 
I ·-.1 · ·. I · _ 

\,_' 

. ;, 
I. 

• (2.18) 

. (2.i9) 

(2.20) 

IlOCKOJlhKY B npoTHBHOM CJiytiae ypaBHeHHSI (2.13---'2;15) C 3aMeHOH (p, e, v.) Ha 
, , - \ . • -. , l 
' • -I . • ' • - '··_---. . - --

(pl' ei, vil) craHOBSITcsi·c.npaBe,D.JIHBhIMH TOJihKO B _6.Tin3KOH oKp,eCTHO~H ~OCTO-, 
• . ' < ._ ...... _ • • ·. j ✓ 

'/ 

,l' 

l 
i• 

l 

l 

·' 

1· 
'\ 

' 

_/ 

SIHHSI paBHOBecnSI (p0 , e0 ,. vi0· ~ ~). BMecre ~ ,TeM nop;o6m,ie yCJI~BHSI B03MO)KHO:­

CTH. HCCJie,ll.OBaHHSI peaJibHbIX, a He: MaJIO OTJIH'!aIOiu;HXCSI OT' xi-' t- HJIII 

(x.; t)-o.tiHOpO,D.HblX . (T.e. paBHOBCCHbIX). 'coCTOSIHHH,. llaCTO ·uapymaIOTC51 
l . , ,, . . , ' .· ' , . . - - ~ -" , ··:, , . 

[ 14, 17 J npn JIHHeapn3au;m1 cricreM'hl ypaBHeHnii HT (2.9-2.12) n noJiytieHnn 
ypaBHeHnii p;Bii)KeHHSI ,ll.JISI <PJIYKTyau;nii. CKa3aHHoe oi'HocnTcSI KaK K :sp1Bo.n.y c _ . 
noMo~hIO Mop;enn If)K o6paTnMoro BO npeMeHn t BOJIHoro ypanitettnSI [17 ], TaK 
n K onncaHHIO n .rinHeHHOH HT KpynHOMaCmTa6HblX Heo6paTHMb~X ,ll.B1I%CH1IH 
q)JIIOH,ll.a [14 ). 0TMetiaSI IIMeIOJ.QYIOC~ B HT[10,18 J 'iieo,ll.H03HallHOCTb pa36He-

. HHSI B ypaBHeHHSIX 6anaHca 
0

BKJ1ap;o'B OT IlOTOKa If HCTOl!HIIKa (lfJIH npOI13BO,ll.CT­
Ba) Z. 3KCTeHCHBH011 BeJIH'lHHhl, MO)KHO Ko11ciaTIIpoBa-r:i:. onpe.n.enettttoe Heco:. .· 

I .·. . .. ' . • . . . .. . , . 
BepmeHCTBo ¢opMaJIII3Ma JinHeiittoii -HT. Yia3aHHble orpaHntieHIISI p;eTepMn­

.: HIIpOB~HHOi'u IIOAXOp;a. ;oco6eHHO 3aTpy,ll.HSiioT 3~CTpanOJI51Il;HIO TCOpUII Ha. 
. o6JiaCTh HeJIIIHeHHblX,npoiJ,eccoB, ,ll.aJieKHX OT paBHOBec1rn. . 

• 
1 

';... • B p;aHHoii pa6oTe o6cy)KJJ;aeTc~ AOBOJihHO mnpoKnii KJiacc tteo.n.ttopop;Hhlx 
COCTOSIHIIH,. IlO,ll.l!HHSIIOI.QIIXC~ COOTHOIIICHIIIO (2.17)' Il03BOJISIIOitieMy He pac­
CMa:rpn:saTh TCH30pHhlC np"oiJ,ecchl (B513KOC 3aTyxaHue), a orpaHH'llITbCSl II3ylle.: 
HtteM neKTOpHhlX SIBJICHHH (TeruiorrpoBOAHOCTn, AH<P<PY3HH). IfcKJIIOtiaSI BKJia,ll. 

... OT TCIIJIOBOro IlOTOK~ H3 (2.10, 2,12) If IICIIOJlh3Y51 (2.1,·2.9)' rioJiytIIIM yCJIOBIIC 
. OTCYTCTBIISI B CHCTeMe _,ll.HCCHnau;1rn:. 

d= P dp- . av. · ----P' I • 
P dt .. . ax. = 0, 

I 

.· ' ,, : ,· 

3aMCH51IOJ.Qee B MO,ll.eJIII If)KT ypaimeHne (2;12) Ha' 

· · as · ·•(a; . . . asl . ·. -. r ·r: ayil 
p-=p -+vi-, =-- -

. . dt ot -- ox. T_ a. x. - I ·•, I 
, ,/·._ ' ,_, .:- :·-' • .. • ··,: . ' 

=z2, 

· u ypaBHeHne; 3~(BlI~aJICHTHOe cncrei,.ie (2.i3, 2.16) B MO,ll.eJIII ll)K, 
. -~ ' . 

. ds \ . 
p dt = ?· 

(2.21) · 

(2.22) 

'(2.23) 

. ' - . ,<, . -· , _. 
· B (2.22) BBe,D.eHo pnpep;eneHne npon3noicrna 3HTponn11 z2, HeCKOJihKO OTJIH'la-

·10ID;eec51 OIOOJ.Qt!npIIHSIToro, 6IIJIHtte':iittoro no noT?KY yi II c1IJie iJT I axi_nhlpa)Ke-

HHSI ~ ypaBHe~HH 6anaHca (2:22)' 3anHCaHHOM B B~e ' . ' . 

. ,. 

a a .. a ( · . Yi) . -. 1
. 1 oT . .. . 

. -;-t +-;- av.+ T = - 'ry.-;-; a= s·p. u ···uX. l · .. - luX. · · 
· I .· I 

· ,• (2.24) 

· IlpII Bc~u: npocroTe Iioc.ii:eAyJOJ.Qero nepexop;a K KBap;paTH~HI,n,t no·n~;oKaM Y.11 
.• . . . . . . .. · . . . ··. , . . . . . . , . I 

XI ClfJlaM_ «Jl.II~CHilaTIIB~blM IlOTeHu;H~~M>> [10; 18 I Ta Ka~ 3a°.IICb He Bblr.llSIJJ;HT 

7 



. . . . . 
p;ocraTO'IHO o6ocHoBaHHOH, ec.n:H yqecrh, 'ITO K KOHBeKTHBHOMY, p;eiicTBHTeJih­
HO ~rnxaHH1IeCKH __ o6paTHMOM)' noToKy a vi B ,JieBOH -~IaCTH (2.24) p;o6aBnemi 

. _,. . . I 

npep;noJIO)KHTeJihHO 06paTHMa2 cocrnBn.snom.asi noToKa -TenJia y./T, Tpe6yro-
, _ . 1 :· . . . _ . _ > · _ . , ._ I _ .. 

0 
_, _ 

ru;asi, op;HaKO, JJ;OilOJIHHTeJibHOI'OYCJIOBHSI H30TepMH1IHOCTH npoTeKa10m.ero npo-· 
n;ecca. C p;pyroft cioponhl; cpaBHeHHe~(2.22) c · (2.23) noKa3hlBaeT, 'ITO npHHSI,:_ 

-. TOe ap;ech onpep;eneHHe ~2 IlOJIHOCTblO y:.mThrnaf!T OTJIHlJ:He Mcip;eneft o6paTHMOro 

(ll)K) H Heo6paTHMOI'O (ll)KT) JJ;BH)KeHHSI ci>Ji10Hp;a. 3aMeTHM, 'ITO ycnoBHe: , . 
z
2 

~_0 B (2.22) 03HalJ:aeT HapymeHHeCm..fMeTplrn Me~y 3~0JllOll,HeH MeXaHH._ 

qecKoii (2.13) H Te~oBoii '(2.16) Mop;, HMe10ru;eftcsi B MOJJ;eJIH ll)K. EcnH B3aH­
Mop;eiicTBHe yKa3aHHhlX MO~ npH o6paTIIMOH ~BOJllOIJ,HI~ cl>n10Hp;a OTpl)KaeTcSI·c 
IlOMOIIJ;bIO ypaBHeHJI.Sl (2.23), cBHiieTeJI~CTBy!Orhero o HaJIHlJ:HH HHTerpana JJ;BH­
)KeHHSI BJJ;OJlb TpaeKTOpHH ll)K, TO HapymeHHe CHMMeTpHHB (2.22) c.nep;yeT 
ClJ:HTaTb npHlIHHOH Heo6paTHMOCTH B MOJJ;eJiil ll)KT, HMeroru;eftcSI y)Ke B p;eiep:.. · 
MHHHpoBaHHOH qmpMynHpoBKe HT; B cl>JiyKTya11,HoHHoii HT nop;o6Hoe .SIBJie­
HHe, npHBO.Il;Siru;ee K.Bhlpo~eHHOCTH. JJ;Hg>ci>Y3HOHHOii ~aTpHIJ,b(B: ypaa~emni, 

· C!>oKKepa ~ TinaHKa, paccMC>TpeHo B pa6QTax [ 16, 19 ]. · ' - · 
B paap;enax 3; _46yp;eT noKaaaua B03MO)KHOCT:& nepexo~a oT cl>opr.iynHJ>OBKH 

HT B q: (x., t)~iipocTpattcTBe 3.U K JJ;HHaMH1IecKoii TeopttH ~BH)KeHHSI Hao6pa)Ka.:. 
, I _ I . . ' --- i • • - - . • 

IO~eft TO~~H no TTI B ( qi' t):-npOCTJ)aHCTBe, _n?JIO)KeHHOM B ~aHH,OH pa6oTe B oc-

-HOBY nocrpoeHHSI cl>nyKTya11,HOHHOH HT. · · 
! . . ·- -- . . . - -~· 

\:, 

. 3 •. BAPMAUMOHHblil-: TIPMHIJ;llll .MO,UEJU1 ll)K 

llcnonhayeM B Ka1IecTBe · .n;eTepMHHHpoBamrnft Mop;enH o6paTH~oft :3BOJII()-
11,nn ct>n10Hp;a cpopMMH3r.t'lf)K (2.13_:_2.16), He orpaHH'IeHHhiH ~onyru;eHHSIMH 
xi-, t- HJIH (x.,t)-:-op;~~po~HOCTH. YpaBHem1e (2.15), c·op;H.oii cTopom,1, H 

. I - - . - . _,-• .- . . . . 

yp_aBHeHHe (2.13) B cyMMe1c JII06b1M H3 ypaBHeHHH (2.14) HJIH (2;16), cp;pyrou · 
CTOP,QHbI; o6paayIOT CHCTCMY ypaBHeHHH JJ;BIJ)KCHHSI H_ CBSI3eii,' Hcl.JIO)KeHHhlX Ha 
3To JJ;BH)K!!HHe B (xi, t)-npocTpaucriie. B JI.U TO'IKH imp; pa11,_u,0HanhHhIM Bbl6o~ 

poM q. noHHMaeTc'si [ 17 J _ Bb16op, · cnoco6Hhiii HaHJiylIIIIHM o6paaoM_ ~TpaaHTh -. 
~ J_ - - . ,. ·- - - ·-- ·. . -• 

CHMMeTpHIO CHJIOBOI'O IlOJISI H CBSI3eii; 'ITO o6ecnelJ:HBaeTCSI. MaKCHMMbHO B03- _ 
MO)KHblM lJ:HCJIOM IJ;HKJlH'IeCKHX K~OJ)JJ;H~aT. PacIIpOCTpitHHM p;aHHOe Tpe6oBa- -
HHe Ha CHCTeMy ypaBHeHHii °3.U (2.13-2; 16) H · 6yp;eM ·clIHTaTh ypaBHeHHSIMH 
3BOJIIOIJ,HH MexaHH1IecKoii if. TenJioBoii Mop;· CHMMeTpHlIHYIO aanHCh ypaaHeHHH 
6anirnca lIHCJia 'IaCTHIJ, (2.13) H 3HTponHII (2.16) ,-cooTBe:rCTBeHHO, OTB.JieKasich 
Ha BpeMSI OT H.icB3aHMOJJ;eHCTBH51 nocpep;CTBOM (2;23):,Co6cT_~e~liO_ypaimeHHe 

8 

~I' 

) 
j 

1. 

l 

1 

l 
1 ', 
l 
1· 

-l 
,! 
-I 
J". 

l 

1 
! 

l 
l 
' I 

·1 ~J 
'' 

,, 

j 

I 
r 
[ 

p;BH)KCHHSI ct>n10HJJ;a B (x., t)-npocipancTBe (2:15) paccMaTpirnaeTcsi ap;ech B Ka-
- . I - . . . 

'IeCTBe ypaBHeHHSI CBSI3H, orpaHHlJ:HBaJOm.eii yKa3aHHYIO 3BOJIIOIJ,HIO. 
-3annmeM CHCTeMy ypaBHeHHii 3fIJiepa -_JiarpaHJKa: 

, . I 

aL · a aL a aL - ·- · - . _·-a __ a,-::--a ___ ;__a ---a-=. o, i = ·I, 2, 3; J= 1, 2, 
q. q . . x. q. 
·' fi_:.L 'a_:.1 

at axi .• 

{:OOT_BeTCTB)'IOIIJ;HX yCJIOBHIO CTaIJ,HOHapHOCTH HHTerpana: 
/ .. ' ' . 

·c5 JJ Ldx. dt ~ 0, 
. • , l 

Yo t 

rp;e L - nno_THOCTh 'iiarpaH)KHaHa: .- · '1~' 

. .. . ..:.....:.1. ;_____:J_ .. 

(3.q 

(3.2) 

(3.3) 
· ·, · ·.(· ·· aq.· a/-· )' 
, L_= L q., dt , a , x., t . 

. ,,,-, .•. , - I - Xi I _ 

.. . _. - , - •. ·. ,·.· .• •. '. - .·., . . : I • . . . . 

BBep;eM CHCTeMy o6o6m.eHHhIX Koop~H",aT ( q1• ·= µ; q2 = T) 11 nocraBnM ypaime,-

HHSI (2.13), (2.16) B coo~BeTc;~ne ypaBHenn.SIM(3:1). 3aMeTHM; ~To nop;o6Hy10 
aap;aqy B MOJJ;eJIH ll)KnpHHSITO pemaTh [4;20,21 Jc noMOIIJ.hIO BBep;eHHhIX K.ne6-
meM CKaJISipHbIX IlOTeHIJ,Ha.JiOB (cp, 1/J). IlOJISI v.: ' -- . . 

,_ ·• _, I_ 

· -: acp · a"" 
p vi= p·a.+p a· xi, . . ,xi 

(3.4) 

. K orpaHHlleH~~M, HanaraeMhIM TeM caMhlM Ha_ v: (;;. t), MO)KHO p;o6aBHTb HeOlle:--
.- . ·. - -. ,_- ... I. _I, ,_ ·. - :- , 

. BHJJ;HhlH qJH3HlJ:eCKHH CMbICJl nepeMeHHbIX K.ne6ma, a TaK)Ke TO o6CTOSITeJibCTBO, 
1 1.{1'0 yp,lBf!eiiHsif,U JJ;JISI o6_o6m._eHHbIX KOO.P'AH~aT (Q{ = cp, q~ = 1/J)H COilpSI)KeH-

Hhii HM 0606m.eiitti1x.'HMny~hCOB (p1 = p; p~ = ~) rionylla10-rc~ B TepMnHax 

ci>YHKIJ,HOH~h~kxn~oua~op;HhIX; BTT MOAeJIH ll)K (3.2) ~ Me;oAe K.ne6wa liMe-
·eT BHJJ; [20,21 ]: . .. - , ;; . . . --. . . 

\ 

1c5ff.,(P-"Po) d;idt=:.O, 
y .t . ' .. 

"'' 0 - . 

(3.5). 

,,: ,,-"- C • •, i:_ •, ', -~- • • { ', • • \ ••" ' •_ : \ 

rp;e OTKJl(lHeHHf_! ,n.aBJieHHSI P OT paBHOBecnoro 3HalleHHSI_ PO HrpaeT pOJib IlJIOT-

HOci'H narpaH)KH~mi L ·(3.3); Q~nCaHHaSI ):\HHar,m~eCKaSI CTp)'KTypa.AeTepMH:_ 
•.• • • ~ \ • • T \ • • • - \ 

HHpOBaHHOM Teopnu Il03BOJIHJla aBTOpaM [20,2,1,)p;aTb KBaHTOBOilOJICBYIO ci>op- . 
Myn11p0Bicy aap;aqn H)K, a B pa6oTe [4) nepeiirn K CM..:cinncaun10 3Bon1011,nu 
ci>YHI<l.1,HH_ pacnpep;e.n.eHHSI B <<cl>a30BOM>> ·n'pocrpaHCTBe MaKpOCKOilH'-!eCKiix 
· nJIOTHOCTHhIX nepeMeHHhlx; B TOM u p;pyroM cnyqasix·u~nonhay10~csi ci>YHK11,no­
HaJihHhie npOH3BOJJ;HblC, u, TaKHM o6pa30M; He peweHa riocfaeneHH<ISI B AaHHOII 

,-9', -

,.---': 



• 
pa60Te JaJJ;atia nepexoJJ;a OT cpopr,fa.11H3Ma 31l K Jill (H.lIH rll) _ H306pa)Ka10m;eii 
TOtIKH, JJ;BH)Kym;ettCSI no TTT. IlpH TpaJJ;HU.HOHHOM noCTpOeHHH KBaHTOBOro H 
CTaTHCTHtieCKOI'O orrncaHHH B U.HTHpOBaHHblX pa6ornx_ He_ Hawe.11 OTpa:,KeHmi: 
TaK)Ke cpaKT B3aHMOJJ;C::HCTBHSI MOJJ;, i:JpHBOJJ;SIIIl,HH K JIHHettHOii 3aBHCHMOCTH 
II.lIOTHOCTeH o6o6m;eHHbIX Hr,my .rihCOB P2_ = a = ps = pl s Ha TpaeKTOPHH IDK; 

- IloKa)KeM, 'ITO npeJJ;JiaraeMMH HaMH BhI6op KOOPAHHaT q: JJ;aeT Tt!pMOAHHa-
- - - - .-, - - - • 1 J .. ' 

MHtieCKH cornacoBaHHoe pemeHHe JaJJ;atIH nocrpoeHHSI BTT )];JI.SI MOAMH JtDK [8 ]. 
}lettCTBHTe.llbHO, B paCCMaTpHIJaeMOM 6a3HCe q. JJ;OJI)KHO BblilOJIH.SlThC.sI~ 

" . ' -- J - - ,--_, 

aL 
~=p1·· 

-.a _:j_ - . - , at. 

aL· 
a aµ,==p, 

at 

- aL 
-;ff =<i,> 
a-----

at 

rJJ;e p.---:- II.lIOTHOCTb KaHOHHtieCKOro HMilYJihCa, a TaK)Ke -
- i _J .• - . • - • • - - ' 

~-
aL 

- iJ ~-= P1 vi-~­
ax - - .>--­

; 

aL 
:,•aµ =pv.; 
u- I 

ax,· 
1, 

aL 
---:ar == av . . __ a-- ·I 
· ax; -

(3.6) 

__ (3.7) 

-- 3JJ;eCb none CKOpOCTl~ ~j (x;, t) x'apaKTepH3yeT C~Sl3b ·sBOJIJOU.HH Me~<;lHHtieCKOH 

' (p, µ) H TelI.lloBoii (a,T) _MOJJ;, ~pymM Bhlpa)KeHue~KoTopoii SIBJI.SleTC.SI ocHOBHoe 
ypaBHeHHeMo~MH H)K (2.23)'.IlocKOJihKY mn0Te;3a-JIP paccr;rnTpHBaeT_ He::· 
paBHOBeCHble npou.eccbl B Macwia6ax 6oJiblIIHX no cpaB1:1eHHJO C eAHHHU.eH 000,­
eMa, II.lIOTHOCTH HMny.11hCOB p:, a_TaK)Ke p: v. He JJ;OJI)KHbI .SIBHO 3aJiHc~~ OT npo: -- J - J- I -_ , -- -- -- , 

CTpaHCTBeHHblX H BpeMeHHblX npOH3~0JJ;HhIX q;. -TOrJJ;a C ytieT9M '(3.6, 3. 7) L __ 
- ' - : - - - -; -' ' - J ' -·: ' - - -- --- ---

HMeeT_ BHJJ; 6HJIHIH!ttHoro Bhipa)KeHHSI: _ 
• . • I ,· • •• 

/ 

! ' . , i' .': t 

- aµ •- - aT . -- aµ - -- ar 
L =pat+ aTt + pv; axi+av( ax;' 

-KOTOpoe ~ nOMOill;bJO (2.4) MO)KHO nepenHCaTh K<lK 

' . . d µ' - dT - -_- dq. 
-L=p-+a- -p _:,[ dt - dt -: Fdt ' 

'(3.8) -

(3.9) 

BocnO.llh30BaBlIIHCh mnoT~30H JIP (2.6); HaXOJJ;HM coonmineHHe, H30MOf)qJHOe 
CBSl3H narpaH)KlfaHa L c MexaHHqecKHM JJ;ettCTBHeM P B JUI, TOtIKH: -

'.>; ,' I - , • ,. 

. dP /' 
L= dt' 

"' 
(3.10) 

\ 
, > -- ,· • , ' • ' ' 

'ITO Il03BOJISleT ccpopMyJIHpoBaTbBilypaBHeHHH 11:)K B BHJJ;e _-__ 
- - ,, ' ' \ -

10 

f 
-I 
j 
j 

1 . ' 
f 
i 

' ', ' \ 
1 

-I 
·1_ 
i 
I 
I 

-~ 
I 
I 

~ 
~ 
) 
~ 

-I 

J 

I 

l j, 
\, 
.1: ~ 

i' ~ \ 

1 
, ! ~ 

; l 
\ 

,J 
I 
I 

I 
\ 
' -- I 
1 

! 
- i-

f i --
,_ 

I 
r 

_:o 

of fp.dq.dx. =of (P _;P0) dx. = 0. 
J J I , y I 

Yo . . _ o · - , -_ 

(3.11) 

IloJiytieHHOe B~pa)KeHHe 3anHcaHO, B OTJIHtIHe OT MeTOJJ;a KJie6~a [4,20,21 ], c 
IlOMO~bIO HMe10m;Hx.S1CHhl~ qJH3i111ecKHii CMhICJI nepeMeHHhIX ii o6o6m;aeT iia 

-_ HepaBHOBeCHble npou.ecchi TepMOJJ;HHaMHtieCKHH IioTeHU.Hclll PT JJ;JI51 OTKphITblX 
CHCTeM: ...:.:.pyo; YKa)KeM; 'ITO BOnpoc ~_HTerpa~IIH no X; B (3.11) JJ;aJieim He TpH-

BH~eH _H ,AOJI)KeH )'llHThiBaTb ~~H~HeaaBHC.Slill;HX,OT (µ;'rj B ~a~oii TOtIKe 

THKoppe.lISIU.~OHHblX OObeMOB AJI.Sl JIP [6,7 ]. CornacoBaHHOCTb PT c np{rne- -
JJ;eHHhIM BhIBOJJ;OM BIT AOnonHHTMhHO noJJ;-rBep)KJJ;aeTc.SI CJieJJ;yrom;HMH H3 (2.6) H 
(3.6) onpe)J;e.ll(!HHSIMH: - _ - . : _ -_ - .- - ~- - _ - , - . -, -

. i . /' ' < , ~~ ' 

_ P = P = ap = ·aP : P _ = a = aP =: aP 
l- aµ _ aqt ' - 2 __ -_ _ _- ar_ --- aq2 . 

(3.12) 

- -To o6CTO.SlTe.llbCTBO, ~TO (3.11). HMeeT' BHJJ; BIT_ ~<yKopoqe~HOI'O>> JJ;eHCTBH.Sl B ·JIJl, ' 
n:pu_ KOTOpOM qj <Pli:KCHpOB~Hbl Ha KOHU.~X, a_(xi,' t) B OTJIHtIHe OT BIT raMHJI~TO-

Ha • BapJi~pyroTC.Sl, CBHJJ;eTe.llbCTByeT O 6onee o6m;eM xa:paKTepe npeJJ;JiaraeMoro 
Bffno cpaBHeHHIO C (3.5) H o6paTHMOCTH ypaBHeHH.Sl JJ;BHXCeHH.Sl J,I)I( B ( q ., t)~ --

- , -- - ,,__ ._, ; - ' ' -_ - - - -_ : - J - - :, 
, 3aMeTmd, 'ITO 6onee onpaBJJ;aHHO [22 ] Ha3BaTb L, -BXOJJ;Slill;HH B JieByIO 'laCTb 

'(3.9, 3.10), <<nOHTp.SimaHOM;>, nocKOJibKy' HMeHHO ,sTa q:>yHKivi.SI, Hcno.nh30Ba-: 
'nacb-Jl.C;IToHTp.SlrHHhIM npH q:>opMy.lIH_l)OBKe,npHHI.1.Hmi MaKCHMyMa B TeOJ)HH 
ynpa:on.SieMhIX JJ;1rnaMutiec1mx cHCTeM. MaKCHMH3aU.H.SI L TOrJJ;a npHBOJJ;HT K qac-

- THoii cpopMe ypaBHeHH.SI rat,{HJibTOHa - .sI1<o6H B 'r.n:: --- - -
:- < ·,· •• ".-/ < • " ,·, 

, , H (pj, q/= 0, -_(3.13) -

KOTopyro TaKxce MOXCHO 11onytIHTh, npHMe1u1~ npeo6pa3-oBa~He JlexcaHJJ;pa: 

-; . - ,- dq. : ; --
H _:,[ 'L 0 _- =pr dt - - = · (3.14) 

ITpHBe'AeHHble BblpaxceHH.sI_COOTBeTCTBYIOT yCJIOBHIO t-oJJ;HOpoJJ;HOCTH JJ;eii:cTBH.Sl 
, P,_ CJieJJ;yIOm;eMy TaKxc~- 113 (2.7),' H n03BOJI.SllOT yCTaHOBHTb _CB.Sl3b (x;, t)- H. 

'(q., t)-nP,eJJ;CTaBJieHHii B SIBHOM BHJJ;e: 
- J - - - , ,_ -, , - , -

- dqi aP: ' aP 
-_-=v.-.-dt aq. , ax . . 

, - J I, 

- (3.15) 

IToJJ;CTaBJI.SI.SI B (3.15) · ypaBHeH11e CBSI3H (2.15)H HHTerpHpy.si peJyJihTaT c yqe­
TOM (2.23) ,'nonyq~M HHTerpan BepeyJIJIH ~ TpaeKTOpHH 11:)K: 

11· 



/ 

2 2 . ~ v. v. . . .· 
I 1-- h · 

2 + µ + sT = 2 + · .= const, ,-
(3.16) 

r}l.e h - 3~Tan:I>iurn, OTHeCeHHaSI K OJI.HOH lJaCTm~e HJIH eJ].HHHlJ;e Macchi •. 
HeTPYJl.HO BHAeTh, tJTO ycraHOBJieHHasi Bhlme -AHHaMH11ec:Kasi: crpyK'rypa 

' ' . - , , ·~ ~ . , 

TeopHH OTBetJaeT onncaHHIO OTKPhIThIX CHCTeM, r]:(e BepoSITHOCT_HaSI_HHTepnpe-
TaU,HSI AOJIX<Ha OCHOBhIBaTbCSI CKOpee Ha q:>yHKIJ,HH AeHCTBHSI (2. 7) ,a He raMHJib.:. 
TOHnaH.e 3aAa,H (3.13). To oocrosiTeJI&CTBO, 11To AeiiCTBHeM 3AeCh craiioBHTCSI 
He q:>yHKU,HOHan: · 3HTPOIIHH, ncnoJih30BaHHhIH .- 3:uHmTeiiHOM npH · nocipoeHHH 

, rayccoBoii q:>nyKTyau,HoHHoii -reopHH;Ho 3aBncsiitiasi OT CJia6o ¢nyKTyHpyrorn,Hx 
nepeMeHHhIX pa3HHu,a AaBJieHHH B HatJaJibHOM H KOHe1lHOM. cocrosiHHH,~1103B0-:. -. 
JISleT Ha]:(esi:TbCSI Ha Jiy11my10 CXOAHMOCT1! p51Aa TeOpHH B03Mym;eHHH ripH nepe­
XO]:(e K q:>OpMyJIH.l)OBKe q:>JiyKTyaiiHOHHOH HT. B 3TOM CJiy11ae 6onee onpaB]:(aH-

.HblM IIP,eACTaBJISleTC.si A06aBJieHHe,K LB (3.ll)q:>yHKlJ,HH rpa]:(HeHTOB alaxi 
(Win, 6onee o6rn,e (cM'. (2.4)) - npoH3BOAHMx: di dt) · OT TepMo~Hiiar.,:nqecKnx 
none:u (µ, T), a He rpaAHeHTOB al iJxi OT CHJibHO q:>JiyKTyHpyrom;Hx nepeMeHHhix, 

Tnna p _ [9 ]. B 
0

yKa3aHHO~ CMhICJie BBOA~MhIH B ~eAy10~eM pa3AeJie "Bil;MOAcim 
l-DKT Iipe]:(CTaBruier co6o:u o6o6m;eHHe 11aCTO npHMem1eMOro B KJiaCCHll~KOH ,n 
MaCIIITa6HOH TeOpHSIX paBHOBeCHhIX HeO]].HOpo]:(HMX cpeA JIOKaJibHOm nOTeHu,HaJia: · 

.. ·- ,. . . . .·. 2. . -~- / 

, . f ·! [f(p,_ D -~p] +c (::.) ]_.dxi, · (3.17) 
V0 , , _ • . '"1 

~Ae Bhlpa)KeHHe B KBa]:(pa~HhIX c~o6Kax npe]].CTaBJI51eT co6o:u npocro npe~6pa:fo­
BaHHe Jle)KaH]:(pa no OAHo:u· nepeMeHHoii OT JIOKaJibttoro noTeHu,naJia B (3.11). 

... · ... ' '. . ./ . . . . 
rayccOBO npn6JIH)KeHHe _H q:><>pMa rnH36ypra - JlaH]:(ay COOTBeTCTBYIOT TOfJl.a 
ncnOJih3oBaHHIO B' (3.17) ycTOHtIHBhlx, :s CMbICJie TeopHH KaTacrpoq> [23 ], MOJI.e-

·. ne:u AJISI P: . . 

, 
i, .• . - . , ' . . .· "i . 

Pz =_ao- µp +_azp ' - (a) '· 
·-· 
' 

... ·. . .. - 2 .. 4 
Pz-11 =,ao--µp + azp ·F a4p (6). 

\ 
(3.18) 

ilOJI.06HaSI ~~TepnpeTaU,HSI, 1rn1c'noKa3aHO B pa6c>T; [3], B03M0)KHa H npn HC-
_nOJib30BaHHH B He.JIOKaJibHOii.HTq:>yHKU,HOHaJia ;HTponHH.· · . 

' • B 3aKJII01Je1iHe pa3J].eJia OTMeTHM, llTO Bhl6op KOOPJl.HHaTHOI'O 6a3HC3 B ,U<iH_;, 
HOH pa6oTe 06e~ne11HBaeT nOJIHY_IO U,HKJIHlJHOCTb TepMOJl.HHaM~iieCKHX .noJieii 
q. , HMeIOIIJ,HXCMbICJI <<yrJIOBbIX (JIHHeHHO 3al!HC5IIIJ,HX OT t)' nepeMeHHblX», KOr-

/ - . . . . . ' -. - . -

J].a p. COOTBeTCTBYe'l' <<nepeMeHHbIM JJ;eHCTBHSI>>, KBaHTOBaHHe KOTO})hlX 6hlJIO no-
/ ·. .. . ., - -· . . 

JIO)Ketto EopoM B oCHony paHHeii q:>opMynnpoBKH KBaHTonoii MexaHHKH~ IiHTe--:-; 
. peCHO yKa3aTh, 'ITO nepeXOA J:(JISI KOHelJHbIX HHTepBaJIOB t K/nepeMeHHhlM JJ;eii-

' ' , - . ~' -- ·-

12: 

,_ 

.. , 

~ 

CTBHSI H YrJIOBbIM nepeMeHHblM B03MO)KeH B CHCTeMe JJ;BYX HeaaimCHMbIX OCU,HJI-
-JISITopon (HopMaJihtthIX MO]].), B paMi<ax MOJl.eJIH KOTOphlx o6hltJHO TpaKTYIOTCSI 
. q:>JiyKTyau,HH HHTeHCHBHbIX, nepeMeHHbIX B .MaKpodtCTeMax B rayCCOBOM npH-
6JIH)KeHHH. ECJiu Tenepb y11ecrb, llTO Ha caMOM ]].eJie iennoBaSI H MexaHHlJeCKaSI 
MOJl.bl B3am.t~}].eiiCT~YIOT Me)l(Jl.y_co6oii, TO MO)KHO npHHTH [6-,9] K raMHJibTOHH­
aHy MO]].eJIH CBSI3aHHbl.X OCU,HJIJISITOpOB. 

· B CJieJJ;yrow;eM pa3,1:1ene 6yAeT c:cpop:r.t:y;{HpoBaH Bn MOJl.eJIH Ii)KT, c no­
Mom;i,10 KOToporo riony11ettbl ypaBHem-1:si ABtt)KeHHSI AJISI q:>JiyKTyau,Hii, a TaK)Ke 
BhIBeJJ;eHo SIBttoe ilhlpa)KeHHe .tim1' H3M~~eHHSI_npoH3BOJl.CTBa SHTponHH z

2 
(2.22) 

CO BpeMeHeM t B He66paTHMOM npou,ecce; .. 
- . , . --- ... , 

4. BAPHAU,HOHHhit-i ilPMHU,HTT MO.UEJiff J1)KT -
. . . 

7 - , .,; ' • '. , •'. .\_' ' • / \, 

KaK y)Ke OTMetJaJioch B KOHa,e pa3]].eJia 2, q:>OpMyJIHpOBKa BU c JIHHeiittoii: H 
KBa3HJil-rneii11oii HT ocyI1J,eCTB.1ISieTCSI [Is' I 6, l 8J nyTeM BBe,l:leHirn B ypaBHeHHe 

,JIOKaJI~IIOro 6aJia11ca 3HTpOilHH KBaApaT.:illHbIX no IlOTOKaM Y. H X. CHJiaM Jl.HC~ 
. _ _ , . . · . · · . ·- ·. I: I .- , 

CHnaTHBHhIX q:>yHKU.HH Psnesi - 0Hcarepa. Cne]].yeT no]].11epKHYTb, llTO aa}l.a11a 
BbIBO]].a JIHHe:UHhIX KOHCTHTYHTHBHblX Bblpa)KeHHH,-paCCMaTpHBaeMblX B Kalle-

,,, \ ..,,· ,.--' _, ,•, ' .... ·, . ' 

·. CTBe ypaBHeHHH 3~0JI101J,HH HepaBHOBeCHOH CHCTCMbl, He~ocpe]].CTBeHHO pema-
eTCSI [ 18 ] TO.JihKo ii CHJIOBOM; cnsi3aHttOM c OTKJioHeHHSIMH TepMOJl.HHaMH11ecKHx 
noJI~H (o µ, oT),X.-:npe]].CTaBJieHHH. B nbTOKOBOM, OTHOCSIIIJ,eMCSI K H3MeHeHH-

. -- .. . - . . ,- . - . .. ·- . ' - . _. 

SIM IlJIOTHOCTeH (op, 0 a); Y.-npeACTaBJieHHH J:(JISI 3TOH IJ,eJIH Tpe6yeTCSI BBe}].e-
. ._ . - -:--->- . • . / . -. ' ... ·, . ; . . . . . . . 

_ HHC Jl.OnOJIHHTeJihHOro npCJl.IlOJIO)KeHHSI O HaJIHllHH He HMeIOIIJ,HX HenocpeJJ;CT--
. ne11miro cpH311:11eCKOroCMhlCJia rioTeHU,Ha/lOB

0

IlOJISI CKOpOCTH v. (x.; t), aHaJIOrHll-
.. ·. . - - . . ·. · I I -

HblX nepeMeHHbIM KJI~6wa (y,, ip). B pa3]].eJie 3 .6hIJia I yCTaHOBJieHa 
noTellU,H~bHOCTb nOJISI 06o6I1J,CHHbIX. HMny JlbCOB -p. B BhI6pa111IoM HaMH ( q ., t)-

. . ., . .. . . . - .·. • . . J ' ., , . . I ,. 
npe]].CTaBJieHHH, CJie,tiyIOill,aSI H3 ypaBHeHHH 6anaHca 3.U (2.13), (2.16) rHilOTe-. 
3bI JIP (2.6) H onpeJ].eJieHHSI nnoTHOCTH AeiicTBHSI (2.7). · 

3aMCTHM, 'ITO HH Bil, npe~JIO)KeHHbIH aBTOpa~H [ 1,?, 16 ] ~ cj}opMe, H30MOp-
q:>!fOH Bil JIJ], TOllKH: . . . 

-of Ldt = 0, 
t 

(4.1) 

Hlf. Bil pa60Tbl [ 18 ], . HCilOJih3YIOIIJ,eii sii.iiepOBO npe]].CTaBJiem1e nepeMeHHbIX 
qj (xi, t~jrJl.eHHierpaJI6epen:si no MaKpocKonu11ecKOM)' o6be~Y, V

0
: 

of L dx. ·:,; o, 
. /. __ _ 

Vo (4;2) ,. 

13 °" 
,': 



' 

. . 

He cooTBeTCTBYIOT Han6onee o6w,eMy BHJI.Y BIT 3,n: (3.2) u Tpe6yioT BBeAmrn J.i.o'-
noJIHHTeJihHhlX, orpam1q1rnaiow.ux o6w,HOCTh paccMoTpeHnsi: npeAno,11o)KeHni'1. 
3aAaqa o6o6w,eHnsi: BIT Iia HeJIHHeiiHhle npou.ecchl npeACTaBJISieTcsi: CTOJih ciJo)K~ 
HOH, qTQ B 06o'i1ieHHOii_HT [10] CTaBHTCSI DOA COMHeHne caMO cy~eCTBOBaHHe 
BIT AJISI 3THX CJiyqaeB, TOrAa iaK B pacIIInpennoii'HT [11 ]6HJinHeHHOe no no­
TOKaM H Cl!JlaM Bbll)a'1CeHne AJISI npH3B0ACTBa_3HTponuu o6o6w.aeTCSI TaK, qTQ . 
.AIICCIIIlaTHBHa¥ cpyHKU.H51 HC cqnTaeTCSI 6onee KBaApa-ruirnoii no IIOTOKaM. yr 

: LJ:pyry10 B03M0'1CHOCTh ~ pacurnpelinoii. ~iT · [ 13 ] AaeT BBe~~nne KOHCTHTyn;nB-
• I HhlX COOTHOIDCHHH B HCOHCarepoBOH cpopMe, C yqeTOM pe.miKca~HOHHOH M;;lTpH­

U.hl t.. TorAa AHCCHna~UBHhlC scpcpeKThl YAaCTCSI pacCMOTPCTh [12, 13 1 nyTCM ne 
· BIIOJIHe MOTHBHP<?~iuiHoro_gn13uqecK~ BKJIIO'ICHH51 B L,acm.i:MCTpttqnoii BO Bpe-

MCHH t cpyHKU.HII: exp ( - t/ t). . .. . .. ' . . · · , 
IT01<a)I(CM, 'ITO B paMKclX npe~JiaraeMOI'O B AaHHOH paooTe IlOAXOAa B03MO­

)KeH onpeAeJieHHhIH nporpecc npu o6cy)K'AeHIIII nepC'IHCJICHHhlX, TPYAHO pema­
eMblX 3aAaq HT. l1crronh3)'SI paHee Ha.iiAenkoe AJISI MOAeJIH H)K L0. (3.10) II BBO-

ASI.MaJI~ii napa~e:rp (peJiaKcaU.HH) t C pa~MepHOCTh~ BpeMeHH, 3anI111IeM L iw-· 
AeJIH J1)KT KaK · · · · 

I ' ,', -, 

L= L
0

+.7L
1
= oP + l 02p ~ dP +Td

2
P 

· · 2 dt ·2 2 • · dt . 

·, 
. (<l.3) 

- ' ' ' ' '••, C 

ITpeo6pa3yeM STO Bhlpa)KeHne K BHJI.Y, y/406110My AJISI AaJihHeiimero: 
' ' _, ' ' . 

· .. · · aµ · · aµ . ar . ar . 
L =pTt,,+ p,v; ax:+ aTt +aviax. + 

. l l 

: ... ·.-. .. ,, ' _, :: ' .. '; 

. 2 d: at . . dt , axi dt, .. at : dt I ax; . 
J4.4) T(dp aµ dp · aµ da aT da aTl +- --+-v.-+--+-v.-

II paCCMOTPIIM ypaBHCHUe 6ananca AJISI ~exa11n~ecKcifl~oAhl, rio/4cra:sJI51SI (4.4). 
B o6m,yro cpopMy (3.1) (110CKOJlhKY BhIIlOJIHSICTC51 (2.21)): : 

' ' ' ' . . . 

. -+--+- - = +-. -. v.- = ap apv; ~7.[a ··(do)· .a( dp)·]· . 
. '. ~t axi 2 ~t dt . . ax; · ,_ dt 1 

. . . . : . ·2. 

= ap +. apvi+_ 1-[·(d2p) _:!_(dp)• .. ••·] ,;o. . (4.5)-
at . ax. . 2 dt2 . p dt . · 

. . .. l ' . 

JleBaSI qaCTb (4:5) COAep)K~T CyMMY y~aBH~HHSI ~oxpaHCHH51 (2.13) H ypaBHe-:­
HHSi 6ananca AJISI B03MyitieHHii: op= d pl dt, nonyqaeMoro o61>1q110 npH 1mnea-

1 

ptt3aU.HH ypaBHeHHH HT B OKpeCTHOCTH paBHOBeCH51. 3ACCb yKa3aHnoro orpa~ 

14 
' 

.). 

nuqenmI HeT.· AiianornqHblM o6pa30M MO)KHO 3anucaTh cpopMaJihHO CHMMeT-
pnqHoe (4.5) ypaBHCHHC AJISI TenJIOBOH MOAhl: . . 

• 

1 

·. 'a a a avi .7 [ a (d a). · a ( · d. a)] 
at + ax; ~? at _dt, + ax; vi dt = ~'- <4-

6> 

KOTOpo~. O~HaKo,ne~PYAHO npIIBCCTII K BHJI.Y, CBHJI.eTeJibCTByrom,eMy O cpaKTH-
qecKOM napymeHHII yKa3aHHOH CIIMMCTJ)IIH: . . 

. . 

. . ••. : ! : • ' • ' ; .. '. 2 ·. . . . . . . 

: a a .· a av;. ts [d~p 1.:(dp)· ·i · 7 d ( ds)· · ·· 
:1 at + axi.:t 2 ·. dt2. P dt .· +2 dt( dt . . - 0 .. 

YMHO)KaSI (4.5)'Ha s :u rio;:iCTaBJISISI pe3yJihTaT B (4.7), IIOJiyquM 
• ', ' , .1.---- --: • . ' - f , • . ; 

· ds , 7 d ( ds) ·· ·.~ 
tdt+.J.dt ( dt . ~ '.. 

qTQ HHTerpnpyeTC:51 CHCCh~a Ba)K.:ihIM pe3yJihTaTOM (CM; (2.22)): 
CI ( .'<. > >• .-' ' : , 

• .ds _ _ ·0 . . • .. 
P .dt - zz(t) ~ z2 exp (-2t/7) • 

(4.7) 

(4.8) 

(4.9) 

' ' . . . . ' . \ ' 
, Cornac119 (4.9) ,noKa,n:hnoe npousBOACTBO 3HTpontt_II z2 y6hrnaeT ~ poCTOM t 

(HJIII npH yMeHbmeium BpeMentt'pe.iiai<~au.uut) ne To.irhKO B OKpeCTHOCTH t- lIJIH 
(x., t)-OAHOpOAHhIX, cocrosi:Huii. l1nTepeCHo yKasaTh Ha. neK0Topy10 aHanornio 

. l . . . . . .. . , . . ... · . . .. . .• . . • . . : . 

ypaBnenuii Ae-repMn11upoBaenoii SBOJIIOU.HH MexanttqecKoii H TCilJIOBoii (4.6) 
::r.i:o;:i; c.ypaBnenneM Cl>OKKepa--:- ITJiaHKa cpnyKTyau.HOHHOH HT, rAe HMilYJihCbl 
p. = (p, a) :urpaibT poJih/«IIJIOTHocreii pacn:peAeJieHH51>> B (x., t)-npocrpancTBe. 

I.. . .... · : · ... · . ; . - : . .. ' ·• . ·' . . . • .. 
ITOA06Ho TOMY, KaK B3aIIMOAeiiCTBJie_ yKa3aHHhlX MOA npHBOAHJIO B MOAeJIH J,f)K 

K. (2:23);. B3aHMOAeHCTBJie cpJiyKTyau.Hii B MOACJIH J1)KT AaeT acm..iMeTpJiqnoe 
BO BpeMeHH t ypaBHeHHC (4.9) AJI51 JIOKaJihHOro npOH3BOACTBa 3HTp0IllfH z2 

B (2)2). B T6_q~e q~ AeTeIJMHHnpo~attnoro p~~~~BecHsi:; rAe oµ_ = 0, pi3JIO)K~Hne · 

( (3) ' HMeeT oc~6~HHOCTh, IIOCK~~bKY 1.,0 << 7 Ll. TorAa . ACTCpMIIHHpOBaHHOe · 

ABH)KeHtte qmiottAa orcyTCTByeT u <<Attcf>cpy3uo1111a51 MaTpnu.a>>ypaBnettHii (4.5) · 
H (4.6) BhlpO)J:<J:\eHa TaKnM'o6pa30M, qTQ Zz AJISI COCTOSIHHH C KOHeqnhIM BpeMe-

HeM pe.n:aKcau.~.~ 7 coxpaHSieTCSI BO Bpe;.t:eHH {H,'B o6m.eM'cnyq;e, He paBHO Hy-· 
JIIO. LI:nsi:· 61>1crpo·ocu.HJIJittpy10m,ttx .B6nu3u paBnoiiecnsi: HHTettcnBHhIX nepeMen­
Hhlx 7_. 0~ H npu6Jiu)KeHHO MOX<HO cq}!TaTh, qT<? z

2 
fIHHe~Ho 3aBHCHT OT Bpe~e,:-

. HII t. B npeA~C 7--:+ co pa~JIO)KC~He (4.3). T~UKC ,'II~CeT oco6eHHOCTh THIIa 
· yKa3aHHoii Bhlme AJisi: o6m,eii TO~KH TIT: L0 ~<7 L 1• 0TCIOAa CJieAye:r Ba)KHhlii 

. . . . . ~ . . . . -
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BbiB0A 0 npHHll;IIIllUlJihH0M CXOACTBe xa~a~Tepa <PJIYKTyaIJ.HH B 0KpeCTH0CTH 
paBH0BeCHhlX T0tieK TIT c KottetIHhIM 7 H 7 ➔ oo. · 

- . 3ToT pe3yJihTaT noJIHOCThl() com acyeTcsi c cpJiyKTyaIJ.HOHHoii Teoptteii no­
crpoeHHSI r.11o6aJibHOro ypaBHeHHSI TIT, pa3BHTOii · B [6, 7 ], rAe «BpeMeHHhIM». 

napaMeTp0M CtIHTaJIOCh OTH~me~,He (pHKCHpOBa~n:oro o6heMa yO K HenpepbIBH0 
,, yMeHhmaiom.eMyCSI MacnITa6y ·H3MepeHHSI 3TOH BeJIHlIHHhl. ITpH AOCTH)KeHHH 

noCJieAHHM 3HatieHHH, 6JIH3KHX I< KoppeJISIIJ.HOHHOMY o6heMy V , -yKa3aHH0e -
, , , . ,. ', , . ' , . ,c ' ' 

CX0ACTB0 xapaKTepa (pJIYKTyaIJ.HH Ha6JIIOAaJIOCh AJISI COCTOSIHHH C KOHetIHhIM V 
• . . . . ·, •. . ., , '• C 

H V ➔ oo. C ytieToM noro o6cTOSITeJihCTBa B pa60Te [7] HaiiAeH SIBHhiii .BHA 
C . , , . . 

ypaB'H:eHHSI (2.7), CHHI')'JISipHoro B Ka)l<Aoii·(a He TOJihKOKpHTHtiecKoii) 113.To-· 
tieK, npHHaAJie)Kam.Hx TIT. 3aAatia noJiy9eHHSI AaHH0ro ypaBHeHHSI pernanach 
KaK 3aAatia. Koiirn AJISI cneIJ.llaJihHoro BHAa (3.13) HeJinHeiiHoro AHcpcpepeHIJ.H­
aJihHoro ypaBHeHH5I c·1.1aCTHhlMH npoH3BoAiihIMH nepaoro nopSIAKa. XapaKTepH-· 

' . , - . ', - ' ~- · __ 

CTH'leCKHMH JIHHHSIMH npH 3T0M SIBJISIIOTCSI H303HTP0ilbl S, 0TBetialOIIJ,He M0AeJIH 
o6paTHMOi'o paaHo~eCHoro o6MeHa OTKphrioii c_HCTeM~ c ·oi<py)KeHneM a~m.ecT-
B0M H 3Hepmeii [6 ]. '' . .., . , , ' ., ,, 

.YKa%eM, tiTo, He npu6eraR K 06h11.IHOMYBHAY·YPaBHeHHSI Teri.nonpoBoAHO­
CTH (BblBOA KOTOporo OCH0BaHHa He BCerAa onpaBAaHHhlX 'cpH3HtICCKIJ .i:i.onyllle- ,, 
HHSI~. ci2, 13 ]) , a M0AeJIH ,J1)KT IlOJIYtIHJIH AeTeJ)MH~HpOBaHHOe Bbipa~eHHe 

. . ' . . . { . , .. /. . 
(4.9), no3B0JISIIOIIJ,ee o6o6m.uTh AHHaMHKY Ha cTOxac'i'HtICCKHii SBOJIIOIJ.HOHHhIH 
np0IJ.ecc AJISI ~Yll~UIH0H nepeMeirnoii zz(t): . , , 

I ., 

( 
0 . ) · ·. [ · -· ' ' ., OJ . 

J . t, z2, ~2 ,d~2 = P~ z2 ~Z2(t) ~zf +.dz2 I Z2(0) = _z2 , : •· .. (4.10) 

· B-KoTopoM f iaeT pemeHHe 3aAatIH ;eilJiori:poB0AHOCTH B paMKax T.H. <<ii'poIJ.ecca 
Opm~TeiiHa - Y JieH6eKa>> ._ [24 ].: YKa3aHtta~ nepeMe~Hasi ttop~MhH0 p~cnpe- . 
AeJieHa B6JIH3H TpaeKTOpHH (4.9)' H B 3T0M CMbICJie IIOJiyqeHH~Ie pe3)'JlhT.1Tbl , 
. 0606m.a10T rayccoBy <PJIYKTyaIJ.HOHHYIO HT ml HCCJieA0BaHHe 3B0.ITIOIJ.HH I1pOH3-
BOACTBa SHT'p~nun: Zz(t) a:MoAeJIHJ1)KT. · · · · · · · · 

5. 3AKJIIOIIEHl1E 

Y CTaH0BJieHHaSI_B npeAhIAYlllHX 'pa3A·eJiaX Jl.HHaMHtiecKa;. CTPYKTypa ~eTep-: 
MHHHp0BaHHOH MaKpOCK0ilHtieCKOH TeOpHH AaeT 6a3HC AJISI nepeX0Aa K aepoSIT- ' 
H0CTH0MY onttcaHHIO SBOJIIOIJ.HH CHCTeMhI B paMKax cpnyKTyaIJ.HOHHOH H1:. 
., . ' . ' \,' . . . . . . . . . . .. . . 

CHsinie orpaHntieHHSI · (2.17) 6yAeT. 06061llaT1> Tor.o,a paccMoTpettttyio Bhirne .o,n-' 
:-/ . - '_ ..., - . - , .., ' • : - , . ,.. ·_ . I. -c_'- • - ,_ ._.. - •• 

HaMHKY 3_ByK0B0H C0CTaBJISIIOIIJ,eH MeXaHHtieC~0H M0Ahl H ee B3aHM0.D,CHCTBHe C 
'TCilJloaoii MOAOH Ha H3ytiettne BSI3Koii cocTaBJISIIOllleii. <l>JiyKTyaIJ.HH HHTeii:cnB- _ 
HhIX TepM0.D,HHaMntieCKHX nepeMeHHblX IIOAtIHHeHhl B pa3BHT0M. noi:ixo.o,e Tpe6o..: 

/- ' . . ··, 

16. 
. ;\,_, 

'. 

BaHHIO npnHaAJie)KH0CTH Tffa mo6ou T0l!Ke (x., t) [9 ]. Bo3HHKalOlllee 0TCIOAa 
. ' / . \ •. . , l ·•, " .. · . 

npeAil0JI0)Kettne 0 npnro.o,H0CTH Il0JiytieHHhIX pe3yJihTaT0B .D,JISI np0H3B0JlhH0I'O 
Il0JISI CK_opoCTH vi ,(xi, t) npHB0.D,HT ~eo6xo.o,HMOCTH CTO~aCTHl!eCKOH HHTepnpe-

TaIJ.HH yKa3aHHhIX nepeMeHHhIX n B03M0)KHOCTH nocTpoeHHSI 3aMKHyToii CHCTe-
,. MhI ypaaHeHHH AJISI ux cpe.o,Hnx :rnatieHHii. ·Ko~u.enTyaJihHO TaK~ii no.o,xo.o, He 

npoTHaopellHT He~aBH0 npeA~O)KettttoMy MexattH3MY B03~HKHoBeHHSI Typ6y~ 
JieHTH0CTH [25] n corJiacyeTCSI c Bhrno.o,oM.HeJIOKaJihHOH HT [3] o npe.o,notITH:.. 
T~hH0CTH ncnoJI~30~<,JHllSI npn aii'anirne aaauMo.o,e·ucrau~ M0JJ,B Katiec;ae napa­
MeTpa .ynopi.o,oqemiSI (TOllHe'e - napaMeTpa 6ecnopsi;:iKa, aCHMMeTpHtIH0I'O a 

' HT napaMeTpy nopsi.o,Kap[6]) nepeMemfou a. · · · · 
· B 3Toii• CBSI3HyKa)KeM Ha nttTepecttyio B03MO)KHOCTb [ 6-8 ] MexamttiecKoii 

' HHTepnpeTaIJ.HlI 6a3uciihIX nepeMeHHbIX .o,aHH0H paOOTbl (µ,_ T), OCHOBaHHYIO H~ 

MhICJie~HoM Ae~eHHH MaKpo_c~onnqecKoro ()6;'eMa _<P-:,IOHAa V0 Ha IlJIOTHO 3a:-

noJIHS110lllne ero OAHHaKOBbIC ky6uqecKne no.o,cucreMhI c o6heMOM. V, paBHhIM ' 
, ·~ . - - - . ., -_, , - ., ~ ' ~ . , - ~· '- , ' T 

c.o,nHHtie H3Mepemrn v6,' B3anMo.o,eucTayiollltt~ Me)l<Ay co6ou nyTeM o6MeHa.ae-

. ~eCTB0M H TenJIOBOH 3Heprn~u:comaCHo rHil0Te3e JIP, ~T.D,eJihHYIO SillettKy V 
~ . r· , ~ - . -:_: , . .., .: , .- . --. . , . . .. l" 

' M0)KH0 0ilHCaTh C Il0M0lllblO MaKp0CK0ilHtieCK0I'O Sitieel!H0I'O raMHJibT0HHaHa H, . 
B KoiopoM nocT0SIHHasi µ xapaKTepu::iyeT npnJI0)Keuuoe <<MarnnTttoe ·noJie>>, a 

IlOCT051H}JaSI' T xapaKTepn3yeT CB060'AHY~ 3Hep~H10f .D,JISI VT B (3.17). Tor.o,a 
,, .. ' ' . 

· yKa3aHHOe Bbillle B3aHMO.D,eHCTiHe <<CilHH0BhIX» nepeMeHHblX p .D,JISI COCeAHHX 

.siqeeK oTpaiaeTCSI HaJIHtIHeM BToporo (.o,onoJIH~TeJihIIO ,K JI O (3.13)) CJiaraeMo- _ 

, ' ro B.Jf, 0606~a10~ero i<Ba.o,paTHl!HblH no rpa.o,neliTy (a pl a,x.) _llJieH B (3.17) H ' 
•. • • , . ,· ~: .• . I •. . . '_ . .· ·I . • 

', onpcAeJISieMoro HCil0Jih3YeMOH AJISI LcpopMoii'.(4.3). B TaI(OH <<pellleTOtIHOH>> t 

TpaKTOBKe cp.nlOHAHOH .D,HHaMHKH' BH)'TpettHe 6JIH3KOH, IIOJieBOMY. cpopMaJIH3MY 
. 3)]., a He JIU HJIH rn. T04KH, B03MO)KH0 TaK)Ke BepOSITHOCTHO-MeXaHH'leCKOe 
o6o6~eHHe CMhICJia HMil)'JlhCHhlX nepe~eHHWX (p, a), CB~3aHHOC C nepeX0.D,0M K 

KBaHTOBOH HHTepnpeTaIJ.lIH HHTeHCHBHblX_nepeMeHHhIX B OT.D,eJibHOH SllleHKe V 
' , . , . . .· . ·. .: .. C . . •. ·. . , , . . • , T 

I 6 ]. B 3T0M CJiytiae·BeJIHtIHHaMp' H a M0ryT 6bJTb nocraBJieHhl B CO0TBeTCTBHe 

o.o,Ho- H JI.Byx:..<<tiaCTHtIHbie>> <!JyttK11,u·u pacnpe.o,eneiiu~ [ 1 • 1 B. q .-npocTpattcTBe, 
. ' , • I ' , : • ' . • ' .. I ., . ·. '. 

01.IeBH.D,HbIM' o6pa30M ,06061llaeMhle iia MapKOBCKHH cpopMaJIH3M 0AH0- H ABYX-
BpeMeHHhIX cpyHKIJ.HH,, npH H3YtICHHH 3aimcsiuiux OT t SIBJiemtii. Tor.o,a C00TH0-
rne11ne a= sp npuo6peTaei CMhICJI onpe.o,eJieHHSI I_'lCpoSITHOCTH nepexoix.a s,- 3a­
HHMa101lleH'.IJ.CHTpaJihHOe Mec-ro B yKa3aHHOM cpopMaJIH3Me, a ypaBHettne (2.23) 

· . 06.ecnetinBaeT attanor Te~peMi,1 JinYanJIJisi npn pacCMOTpemm o6paTHMhIX npo-
" ; ' . , . ; , . ,--. -

, IJ.e_CC0B. ., 
113JIO)KettHasi Bh1rnc sapucTHllCCKasi nporpaMMi.l nocTpocmisi MaKpocKonu­

tJecK0H cpJiyKTyaIJ.ttOHHou H'I\ tte Tpe6y101llasi 6oJihIJ.MaHoscKo_ro onpe.o,enemrn 

~ 

. ' ' 



' ' ~. . ,. .. ,,,,, . , -

s B CM H HaAe.1rn10rnast: TepMOAHHaMn'IeCKHM CMhlCJIOM ocHOBHhle o6beKTbl CM, 
BblTJIMHT AOCTaTO'IH0 npiia.11eKaT~bHO, 'ITO onpaBAhlnaeT, rio HarneMy MHe­
HHIO, AaJibHeiim:yIO paooTy B AaHHOM Hanpaa.11eHni1. 8 Ka'!ecrne yKa3aTe.lISI Ha 
3T0M nyTn no.11e3HO OTMeTHTb pa3HHU.Y AHHaMu'!eCKHX cpopMaJIH3MOB, 06yC.1Ioa.,-

. . . ' 
.11eHHYIO BBeAeHHeM B TeOpHIO napbl KaHOHH'IeCKH conpSI)KeHHhIX Teil.lIOBbIX ne-. 
JIH'IHH (q2, p2L= (T~ a) .. rioA'!epirneM,. npe~e ac~ro, He3KBnna.n:eHTHOCTb no-

.11eBoI'O: qi,;,,(µ, T)c- H Il.lIOTHOCTHoro:c pi= (p, ~)-npeACTan.11emuJ yie npu 

.. paccMOTpeHHH MOAeJIH o6paTnMoii 3no.1110u.n:n cp.11n10Aa • .D:eiiCTBHTeJihHO, AH¢,.:. 
¢,epeHU.HaJihHble ypanttettn.11 ABH)KeHtt9 n MOAMH JDK SIBJISIIDTCSI ypaBHemiSIMH - . ' . ·, - -, . 

BTOporo nopSIAKa TO.llbKO npH·HCilO.llb30BaHHH B Ka'IeCTBe K0opmmaT q. TepMO-
' • . . .. . : , • . ,_I , 

AHHaMH'IeCKHX Il0.lleBblX nepeMeHHblX (pa3AeJI 3), TOrAa KaK B Il.lIOTHOCTHOM. 
. ~ . - . / ., -•, / -- . 

KOHcpnrypau.noHHOM npocrpaHCTBe OHH CO0TBeTCTBYIOT ypanneHHSIM riepnoro 
IlOPMKa • .z:(pyrm,f pa3.nH'!HeM, o6cy~aBIIIHMCSI ni,irne, SIBJISieTCSI B3clHMC)AeiicT-' 
aue Mexattu'IeCKOH u Teil.lIOBOH MOA, npuBOASim;'ee K cneu,ua.n:hHOMY niny ypan::. 
neHu51TaMif.llhT0Ha - .S1Ko6i1·. (3.13). OTCIOAa. n KBaHTonoii cpopMy.11uponKe 
MO)KHO O)KlfAaTb H3MeHeHirn o6hrlJH0r(} KBaHTOBO-MexaHntiecicoro COOTHOIIIeHHSI 
H

0

eonpeAeJieHilOCTH.' 3TO OOCTOSITe.TlbCTBO,' Ha Harn' B3r.lISIA; 'HY)KHO Y'IHTbIBaTb 
. ,- . - .· , •, . •, ~ . • , , l 

npn ou.eHKe Il05IBHBIIIHXC5I B nOCJieAHee apeMSI AOBO.llbHO MHOrQ'IHC.lleHHhIX pa-
6oT, asTopbl KOTOphlx npn noci-poeHHH cp.11yKTyau.noHHOH HT 6yKBa.JihHO CJICAY-

- ' .. . -/ . 

, IOT OCHOBHhIM 3TanaM nocrpoeHHSI KBaHTOBO-'-MexaHH'IeCKOH TeOpHH. TepMOAH-c ... . , ' ' ' \ ' ' ' ' ·. . '. ', ' ' . '' ' ' ' 
naMn'IecKnu aHa.n:or nocroSIHHOH II.11aHKa - KOHCTaHTa Bo.11b1J,Mana '- 0Tpa2Ka-

\ .. . . . \ 

eT HeorrpeAeJieHHOCTb, .B03HHKa10rny10 .· rrpn OAHOBpeMeHHOM H3Mepennn 
MexaHH'ICCKHXUTCil.lIOBbl~/KOOpAH_HaT (qi, qk) H.IIH HMilY.llbCOB (pi, pk), HOHe 

conp5I)KeHHblX BeJIH'IHH (q:, p.).. ' ' 
. · . · . , . I. I . 
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