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lNpeancnoeue

DTa KHUra — 0 TOM, KakK NPOUCXONUT TEYEHHUE CJIOXKHBIX CUCTEM M KaK BA3KOCTDb 3a-
BUCHUT OT CTPYKTYPHI. 2KHAKOCTH, NOOOOH b€ BOAE MK OEH3HHY, HMEIOT NMOCTOSIHHY 10
HBIOTOHOBCKYIO BAI3KOCTb, HE 3aBHUCSA LY 10 OT CKOPOCTH TeueHMsA. CYCNEH3HMH, IMYJIb-
CHHM, PACTBOPH U pacnaaBbl MOJIMMEPOB TEKYT HE N0 3aKOHAM HbI0TOHA, X BA3KOCTD
3aBUCUT OT CKOPOCTH TEUEHMSI.

[Ton neicTBUEM BHELLHUX CHJI CMIOCOOHBI T€UYb YEJIOBEYECKAsi KPOBb, MUTIMEHTDI
KpacuTesiei B Macne, 11EMEHTHbIE paCTBOPbI M MHHA, MUHEPaJbHbIE M MU LLEBbIE Na-
CThi, YACTHLLbI MOJMMEPOB B PA3JIMYHBIX XHAKOCTAX, YACTUILBI HATIONHUTENS B NO-
JIUMEPHOM Marpuue, CYCNEeH3MHU YIJis U MeJia B BOJIE, MJAaCTU4YHbIE CMAa3KH U He(Th.
TeyeHne NMOJMMEPHBIX PACTBOPOB H XHAKOKPHCTANTHUYECKUX CUCTEM MCCIIEAYETCS
B CBSI3H C LIMPOKHUM MPUMEHEHHEM ITUX CUCTEM MPH M3rOTOBJIEHUH KOMIO3UTHBIX
MaTepUaNOB M HEOOXOJHMMOCTHLIO COBEPLIEHCTBOBATH XUWAKOKPHUCTAJIMUYECKHE CH-
cTeMbl OTOOpaXeHHust HHGOopMaL UK.

34 CTO CAUIMIHUM JIET CY LIIECTBOBAHM 1 KOJUJIOUAHOKH XUMHH, PEOJIOTMH U (PM3HKO-
XUMHH NOJIMMEPOB HAKOTMUJICS OTPOMH bIii 9KCNIEPUMEHTaJILHBII MaTepuaJ, onyojiu-
KOBaHbI THICAYM CTATEN U COTHU MOHOTrpaduii. Yto MmoxeT nod6aBuThL HOBast KHUra?

B ortinune OT OONBUIMHCTBA HAY4YHBIX MOHOrpadgpuii npeacrapjieHHas padora
HE NMPETEHAYET HA MAKCUMaJILHBII OXBAT MaTepyana U IEMOHCTPALIMIO HOCTH XKEHH I
B oOnactu peosioruu. Ee nens nokaszarb BO3MOXHOCTH CTPYKTYPHOro Nnoaxosa npu
ONMUCAHUKH HEHBIOTOHOBCKOINO TEUYEHHSsI. YCTAHOBIEHHE CBSI3H MEXIY CTPYKTYpOM
BELIECTBA U BSIBKOCTHIO MO3BOJISET C €AMHOH TOYKHM 3peHHUs1 ONMUCaTh AUCIIEPCHBIE
1 nonuMepHsie cuctemMsel. [losyyeHo NMpocToe peosiornyeckoe ypaBHeHue, KOTopoe
NMPUrOAHO 1Sl ONMUCAHUS CABHIOBOINO Pas>MXXEHHUs, KOrna BsI3KOCTh YMEHbIIAETCS
Mpy YBEJIMYEHHUH CKOPOCTH caBura. Tpu koadduumneHTa ypaBHEH U NPSIMO CBSA3aH bl
CO CTPYKTYPHBIMU M (PU3UKO-XMMHUUYECKHMHU XapaKTepucTUKaMHM BellecTBa. Takum
obpaszom, npeanonaraeTcsi €AMHBIH MeXaHHU3M HEHBbIOTOHOBCKOINO TEYEHHS pa3HO-
00Opa3HbIX TUCNEPCHBIX U MOJIMMEPHBIX CHCTEM.

O/iHAKO CYLIECTBYET MHEHHWE, YTO 001iasi MOIEJb HEHBIOTOHOBCKOINO TEUEHMS
HE MOXET CYILIECTBOBATH B MPUHIIMIE, NOCKOJBKY pa3ziniHas (PU3HKO-XUMHUYECKast
Npupoaa AUCIEepCHBIX CUCTEM, paCTBOPOB MOJIMMEPOB MJIH XHAKHUX KPUCTANJIOB 0051-
3aTeJIbHO NPUBEAET K pa3HbIM MEXaHHU3MaM TeyeHUs. B To e BpeMsi 3HaHHE NPHUPOo-
JIbl TEYEHHs1 6€3YCIOBHO HEOOXOMUMO JI151 KOHTPOJ S CBOWMCTB M YAIYUILLIEHU S XapaKTe-
PUCTHUK NMPAKTHUYECKH BAXHbIX TUCIEPCHbIX CUCTEM.

B nepBoit rmaBe KHUTM U3JIOXKEHBI OCHOBHBIE IKCMNEPUMEHTAJIbHBIE (PAKTHI, MO-
HSITUS U KOHLEMIMHK, Kacalolmecss TeYeHUs1 HEHbIOTOHOBCKHUX CUCTEM, B OCHOB-
HOM JHMCMIEPCHBIX CUCTEM C TBEPHOI nHUcnepCHOi (a30il U XUAKOI nTUCTIEPCHOHHOM
Cpenoii.

Bropasi rmaBa KHUIrM COOEPXUT HOBYIO TEOPUIO TEYEHMSI CTPYKTYPUPOBAHHBIX
CUCTEM KaK B PABHOBECHBIX YCJIOBMSIX TEUYEHHsI, TAK U MPHU HEKOTOPOM OTKJIOHE-
HHUU CUCTEMBI OT paBHOBECHsI. TeOpHsi OCHOBAHA HA OPUTHHAJILHON peONOruyeCcKom
monenun KaccoHa (1959) u peonornyeckoii mogenn Kpocca (1965), B kKoTopble HAMHU
BHECEHLI CYLIECTBEHHBIE U3MEHEH UsI. B pesyabrare nonyyeHo 0000111eHHOE ypaBHe-
HUE TEYEHMHUsI, KOTOPOE ONHUCHIBAET KAK HbIOTOHOBCKOE, TAK M HEHbIOTOHOBCKOE NO-
BEJIEHHUE OUCIEPCHBIX CUCTEM, BKJIIOYASA MAACTHYHOE M NCEBAONNACTHYHOE TEUEHHE.



Ilepexon Mexny BUOAMM T€YEHHS] 3aBUCHUT OT HYJIEBOTO MJIH HEHYJIEBOrO 3HAYEHMUS
OJIHOrO U3 TpexX KO3(PPUIIMEHTOB PEOJIOrHYECKOTO YPABHEH U S,

Ilocnenyrowme rnasbl MOHOrpa@UHM MOCBSILLUEHBI [TPOBEPKE CTPYKTYPHOI peosio-
FHYeCKOH MOIEJIH HAa MPpUMeEpPE pasJMYHBIX AHCTIIEPCHBIX U MOJIMMEPHBIX CUCTEM.

ABTOpPbI HAJICIOTCS, YTO HOBbII B3IJi1s1Jl HA PEOJIOTMYECKHE CBOMCTBA CYCIIEH3UIA,
pPacTBOPOB NOJIUMEPOB, 3MYJILCHI M XMIKHUX KPUCTANJIOB OyIE€T HHTEPECEH Crerna-
JIMCTAM B OOJIACTH PEOJIOTMH, KOJITOMJAHOM XUMHH U PUBHKO-XHUMHUYECKON MEXAHHU KU,
XUMHUU M (DU3UKH XKUAKHUX KPpUCTANINOB. UMes B BUAY MHTEPECHI IKCIIEPUMEHTATOPOB,
aBTOPHLI CTAPAIHCh MAKCHMAaJIbHO MPOCTO U ICHO CHOPMYIHPOBATH NMOJOXEHH S TEO-
puM, KOTOpasi, B NpUHIIKIE, NPEAHA3HAYEHA ONUCHIBATH JIIOOLIE CTPYKTYPUPOBAH-
Hble CUCTEMBI HE3ABUCUMO OT NPUPOAH ANCTIEPCHOM (pasbl U AMCTIEPCUOHHOI Cpeabl.
MoHorpadgus Takxke MOXET ObITh MOJIE3HA CTYAEHTAM M aClMpaHTaM, 3aHHUMaloIMM-
cs1 Npo0seMOii HEHBIOTOHOBCKOIO TEYEH .

JJ151 MHXXEHEPOB M TEXHOJIONOB O0LIYHO Ba)XKHbI T€ XapaKTePUCTHKH, KOTOPBIE HE-
00XOIMMBI /1Sl KOHTPOAS U yIpaBJieHUusl CBokcTBaMK aucnepcuii. HyxHo ckasarh,
4TO KOI(MD(PHMIIMEHTHI HOBOTO PEOJIOrHYECKOT0 YPaBHEH U MO3BOJISIIOT pas3aenThb (-
(PEKTHI, CBI3AHHBIE C JIBUXEHHUEM arperatoB, U 2(PQEKTHI, CBA3aHHBIE C IBUXEHHEM
oTaeNbHbIX yacTull. OarH U3 KO3(P@PHUIIMEHTOB YPABHEHHU S ONUCHI BAET BO3MOXHOCTh
00pasoBaHus CIUJIOLIHONH CETKU-Teisl. AHANK3 PeoNOrnyeCcKux KO3 @PuIIMEHTOB OT-
KPbIBAET HOBBIE BO3MOXHOCTH U151 yNpaBJeHH sl CBOHCTBAMM pa3inyHbIX KOMIMO3UT-
HBIX MaTepuasioB, BHICOKONapa(pMHHUCTON HE(PTH, THKCOTPONHKBIX Kpacsiliux Mare-
PHAJIOB U IPYTUX MPAKTHUYECKH BaXX HbI X CHCTEM.

B KHHre ucnoab3yercss MexXayHaponHas cuctemMa envHul usmMepeHusi (CH)
3a MCKJIIOYEHHUEM 0CO00 OroBOpeHHbIX cayyaeB. [lydnunkanmnmu aBTopoB 1o TeMaTHKe
MOHOTrpaduu MPUBOASITCH OTAEJBLHO B KOHLIE KHUTH.

Astopbl OnaroaapHsl PO®OU 3a npenocrapneHue rpaHta 16-13-00098 Ha uzna-
HHE NaHHOro Tpyzua.



BeeaeHue

TeyeHne OMCNEPCHLIX U MOJIMMEPHBIX CUCTEM LLUUPOKO MPEACTABJIEHO B MpUPOIE
M TeEXHUKE. [IOHMMaHKMe 3aKOHOB TEUEHHsI HEOOXOUMMO ISt YIIPABIEHUSI COOTBET-
CTBYIOIIIUMH TEXHOJIOTHYECKHUMH MPOLIECCaMH H U1sl TIONIYYEHH S MATEPHAJIOB C 3a-
IJAHHBIMU CBOMCTBAMKM. Hanbosee CIIOXKHLIM MPENCTABNSETCH HEHbIOTOHOBCKOE TE-
YEHME, KOTOPOE ONMUCAHO B psine MOHOrpaui, B yueOHMKax v (pyHIIaMEHTaJIbH bl X
0630pax [1—16]. HEHbIOTOHOBCKOE TEYEHUE — BHJ TEYEHH S, NPH KOTOPOM 3HAYEHHUE
BSIBKOCTH 1) U3BMEHSIETCS C U3BMEHEHHEM CKOPOCTH CABUTA Y MJIW HATPSIXKEHUS CABUIa
T, COOTBETCTBYIOLLIME CUCTEMbI MJIM TEKYUYHE CPEALI HA3biBAIOT HEH LIOTOHOBCKH MU,

HeobxoanMOCTL HOBOro nogxoga K siBJIEHHIO HEHBIOTOHOBCKOrO TeYeHUus 00y-
CJIOBJIEHA CEAYIOLMMH 0OCTOSITENLCTBAMH. K HAcTOsILLEMY BpeMEHH OTCYTCTBYET
€/IMHOE MHEHHE O MEXAHH3ME HEHBIOTOHOBCKOrO TEYEHHU SI IMCNEPCHBIX U MOJIMMEP-
HBIX cUCTeM. HeKOTOpHE MUKPOPEOJIOTHYECKHUE MOIENH MO3BOJIAIOT MONYUYUTEH PEO-
JIOTHYECKHE YPABHEH U sl HEMOCPEACTBEHHO U3 TMIPOIMHAMHYECKHX H CTPYKTYPHBIX
NnpeacTaBJeHU i 0 XapakTepe AHCNEePCHOM CHCTEMbI. DTH HEMHOIOYMCJIEHH BIE MOJIENTH
JINOO NMJOX0 OMMUCH BAKOT IKCNEPUMEHT, JIMOO HMEIOT KpaiiHe OrpaHUYEHHYI0 chepy
npumeHeHwusi. C Apyroii CTOpoHsl, NpemioxeHbl [30—38, 66—70] necssTKu ypaBHEHH i
TeuyeHUs T(y) UK YypaBHEHUIi BA3KOCTH N(7Y) UM 1)(T), B OCHOBHOM 3MITUPHYECKH X
WJIH MOJIYIMIUPHUYECKHX, KOTOPbIE LIMPOKO MCMOJBL3YIOTCS B NMPaKTHYECKON Hesi-
TENbHOCTH.

Takue peosiornyeck e ypaBHeHH st MOTYT BKJI04aTh B C€0s1 OT IBYX A0 LLIECTH MO-
CTOSIHHBIX KO2(P(PULIMEHTOB (peosiornyeck ux napametrpon). KpoMe Toro, cyiiecTByet
MHOXECTBO ypaBHeHMUii |32, 69, 167], CBA3HIBAIOLIMX BA3KOCTE C OOBEMHOI KOHIIEH-
Tpaumnei n(d).

HekoTtopble KJIacChl UCNEPCHBIX CUCTEM MPHUHSATO ONUCHLIBATH OHUM ONpese-
JIEHHbIM YPaBHEHHEM TE€UYEHMUsI, Halpumep, ypaBHeHue [epiuens — banknau wnpoko
UCTNONBL3YETCS AJ1 ONUCAHUS NMNACTHYHBIX cMa30K W HedTH [104, 114). Hawe, onHa-
KO, /151 CHCTEMbI OJIHOrO THIA pa3Hble aBTOPLI MpeaaraloT HECKOJIbKO pa3InuyHbIX
MOJIe€JIeil TEUEHHsI, HAallpUMEP, CYLIECTBYIOT YETHIPE MOAEIH [J1sl ONMHCAHUS OLHOIOo
IKCNEPUMEHTA € CYCleH3uel c(pepryYeCKU X YaCTULL CHHTETHYECKOr o natekca |47, 48,
53, 55]. Hekotopuie peonornyeckue ypaBieHusi (OctBanba, Kpocc, Cucko, Kappo)
C PaBHBIM YCIEXOM MCTIONL3YIOTCS J1J151 ONMCAHU Sl TAKU X Pa3HbIX CUCTEM, KaK CYCTeH-
3UH M pacTBOPHI (MJIM pacnJiassl) MOJTUMEPOB.

[1py nHTEpNpETALIUU PEOJIOTHUYECKU X JAHHBIX Oy1€M UCXOOUTb u3 MHeHus1 LU Be-
JI0Ba, YTO CTPYKTYpa CYLIECTBYET TaM, € «BA3ZKOCTh U3MEHSIETCH C H3MEHEHHEM
CKOpPOCTH ciaBura». byjemM takxe MCNoNb30BaTh NpeacrasieHust PebuHaepa 0 CHu-
XXEHHUH BSI3KOCTH B peE3yabTaTe NMOCTENEHHOro paspylueHusi ctpykrypnl [40, 41, 52].
CTpyKTypupOBaHHUE CYCNEH3UH OOBIYHO MOHMMAETCH Kak 00pa3oBaHUE arperaron
C KOaryasiilHOHHBIMM KOHTakTaMu mexay yactuuamu (I1. A. Pedunnep, H. b. Ypbes,
E.E. butuk).

HakonjeHHBIi 32 MHOrME NECS THJIETH S IKCTIEPUMEHTANIbHBI I M TEOPETHYECK Ui
matepuan [1—16] co3naet noxHOe BneyaTaeHue, YTO JOCTUTHYTO MOJIHOE MOHUMA-
HHUE PEONOrHYECKOrO MOBEAEHUSI CTPYKTYPUPOBAHHBIX CHCTEM M LIENBIO JAJIBHEH LUK X
UCCNENOBAHU N SABASIETCS NULIb YTOYHEHUE aeTaneii. OnHako 310 He COOTBETCTBYET
NENCTBUTENBHOCTH.



1O.T. ®ponos [11] B cBoeMm «Kypce konnonaHoii xumumn» (2004) BbICKa3biBaeT
MHEHHE, YTO «HECMOTPsI Ha DOJIbLIOE KOJIMYECTBO padoOT M pazHoOOpaszue noaxonon
B 00J1aCTH PEOJIOrMH CTPYKTYPUPOBAHHbIX JIUCMIEPCHBIX CUCTEM, MOKA €LIE HET YI0-
BJIETBOPUTEJILHON KOJIMYECTBEHHOH TEOPHH, CBA3BIBAIOIIEH pEeOOrMUYeCKHe CBOM-
CTBA TEJ € NapamMeTpaMH UX CTPYKTYPhbI».

[.b. @®poiitutertep [104] B cBOEH KHuUTE (1980) NpsiMO yTBEPXKIAET, UTO «PEOJIO-
FMYECKHE MOJIEJIH, KAK H3BECTHO, HE sIBASIOTCS (PU3HYECKMMHM 3aKOHAMH, a Mpen-
CTaBASIIOT COOO0I IMMUPHUYECKHUE M MTONYIMITUPUUYECKHUE TPUOSMXKEH HSI, OTTUCHIBAIO-
LLIME KPUBbIE TEYEHU S B ONpEaeSIEHHOM HHTEPBAJIE CKOPOCTEN CIBUTa».

A . MankuH u A.H. UcaesB |9] nonaraiot, 4T0 «KOHCTHUTYTHBHBIE YPaBHEHMUsI
pa3JMyYHBL IS pa3HBIX MAaTEpPUasOB, Aaxe ONM3KHUX IO CBOCH CTPYKTYpe...n Bpsil
JIM CTOUT OXHAATH CYLIECTBOBAHMSI KAKOr0-JIMOO €IMHOr0 KOHCTUTYTHBHOIO ypaB-
HEHHUSI... IKCMIEPUMEHTANILHBLIE TOYKH anMpOKCHMHUPYIOTCS TEMH MJIM MHBIMH MPHU-
ONMXKEHHBIMH YpaBHEHUSsIMH, U BBIOOp HanbOoJiee yaioOHOro U3 HUX BO MHOIOM OIpe-
NENSETCH BKYCOM MCCJIEAOBATENSI MJIM yOIOOCTBOM NMPUMEHEHHUS MPU NPUKJIAJAHBLIX
pacueTtax...»

«...04Y€Hb LIMPOKHE BO3MOXHOCTH BapbHPOBAHH S COCTABA KOHLIEHTPHPOBAHHBIX
CYCMNEH3Uil U pasinyue Npuposibl COCTABASIOIMX UX KOMIIOHEHTOB HE MO3BOJISIIOT
NPeJIOKUTh YHUBEPCAJIbHBIE (DOPMYJIBI [IJ151 ONTUCAHU S HX CBOWCTB».

B kHure @epriocoHa u Kemosnosckoro (1991) oTMeueHO, 4TO HECMOTPSI HA BO3-
HUKHOBEHHME MOAEJIU «yNpyroro (pjokKa» M APyrux T€OpHil, KpUBLIE TCYECHUS TMO-
NpexXHeMy ONMUCHIBAIOT 9MNUPUYECKUMH YpaBHEHUsiMu bunrama, I'epiuensi — bank-
Jn unu Octeanbaa [195].

IlonviTkKKM 000 1E€HOI annpoKCHMHUPOBATE IKCINEPUMEHTANILHBLIE JaHHBIE
Ha MakKCHMMaJIbHO LIMPOKOM MHTEpPBaJie CKOPOCTEN CABUIa NMPHUBEAU K YPE3MEPHOMY
OOMIMIO NONYIMITUPUUYECKHUX BBIPAXEHUM BMJIOTH JIO PEOJIOTMYECKUX YPaBHEHMIH
C MATHIO UK LIECTBIO MOJITOHOYHBIMHU KO (PHUIIHEHTAMM.

ANbTepHATUBHBII NOAXOA COCTOUT B pa3feJIECHH U KPUBBIX TEYEHH S MJIH KPUBBIX
BSAA3KOCTH Ha OTACJILHBIE YYACTKH, KaXABIH M3 KOTOPbIX ONUCHIBAETCHA pa3sHBIM CIO-
cOoOOM, HO OOBLIYHO CTENMEHHBIM 3aKOHOM.

Hanpumep, bapHec B «CripaBouHHKe NO 371IeMeHTapHOi peosiorumn» (2000) noka-
3piBaeT | 14|, yTo Ha orpaHMYeH HOM y4acTKe CKOPOCTE CABMTa IKCINepUMEHTaIbHBIE
TOUKH C PaBHBIM YCIEXOM OINMUCHIBAIOTCS pa3sHbIMH PEOJOrHYeCKMMH YPaBHEH HSIMH
(Hanpumep, CTENEHHBIM 3aKOHOM HJIH Moaesibio CHCKO). bonee Toro, ayist OTAEJIBHBIX
Y4acTKOB OIHOH KPHBOI T€YEHHsI OAMHAKOBO NPUTrOAHBI BHIIEYKA3aHHBIE MOIEJIH
n Moaenb Kpocca. B 001ieM, BBIOOP NOAXOASILIETO PEOJIOTHUYECKOrO YPABHEHUS [1J151
BCEH KPUBOK WJIK 1151 €€ OTNEJILHOrO y4yacTKa ocTtaeTrcs 3a uccnenoparesieM. Cnoxu-
JIOCh MpeacTapJeHue, 4TOo 001as MoaeJib TEYEHUS HE MOXET CYLLIECTBOBAThL B MNPHH-
IMIe, NOCKOJILKY pasjinyHas (PU3MKO-XUMHUYECKasi NPUpOIa CYCNEH3M I, IMYIbLCHH,
NOJAHMEPHBIX PACTBOPOB U paclljlaBOB MJIH XX HAKHWUX KPUCTAJJIOB 00si3aTE/ILHO NPH BO-
JIMT K Pa3HBIM MeXaHu3Mam TeueHus. [1pu 2ToM noaxone OTAebHBIE PEOJIOrMYECK HE
YPaBHEHUS MPEACTaBASIIOT CO00it aMmnupuyueckue QOpMyJILl 1Sl annpoKCUMaliuu
IKCMEPUMEHTANIBHBLIX IAHHHBIX, & NOMNBITKA HAUTH 00111€€ PEOJIOrMYE€CKOE YPaBHEH ME
ISl pa3HbIX CUCTEM 3apaHee CUNTAETCs OECCMBIC/IEH HOIA.

Takum 00pazom, CYyIECTBYET NPOTHBOPEYHE MEX 1Y OTPOMHBIM MacCHMBOM JKC-
NEPUMEHTAJIBHBIX JaHHBIX, TOYHOCTbL KOTOPHIX PE3K0O BO3pOCaa 3a NOCHEAHHE 1eCs -
THUJIETHSI, U YPOBHEM CYILIECTBYIOUIMX TEOPETHUYECK UX MOIIEJIEI.



BaxxHO OTMETHUTD, YTO KPUBYIO TEYEHU 1 HCMTONB3Y K0T U151 COMOCTABJIEHUSI MEX 1Y
cO0OI1 pa3IM4YHBIX MATEPHAJIOB U KAaK OCHOBY IJ1sl pacyeTa Te4eHHUs B Tpydax pa3iny-
HOro npoguns. OgHAKO peOMETPHUYECKHE U3MEPEH U PEAKO OAKOT 3HAYEHU s1 BSI3KO-
CTM C JOCTAaTOYHOH JOCTOBEPHOCTHIO B AMANAa30HE CKOPOCTEH caBUra, rnpeBblluaio-
LLEM JIBA UJIU TPU AECATUYHBIX MOPSIIKA, B TO BpeMsl KaK [J1s1 OMUCAHUSI KOHKPETHbIX
YyCJIOBHIT mepepaboTKKM 4acTo ObIBAlOT HEOOXOAMMBI JaAHHBIE JAJIEKO 3a MpenejaamMm
2TOro nuanaszoHa. OgHUM M3 CrocoOOB NMOJIYYUTL NMPaBAONOOOOHYIO KPUBYIO TeUe-
HUS HA LUMPOKOM UHTEPBAJIE CKOPOCTEN CABUTA SIBJISIETCS TOCTPOEHUE MPUBELEHHON
KPHBOIi C MOMOIILBIO TEMTEPATYPHO-BPEMEH HO# cyneprno3uiMu. OIHaKO 3TOT MOAXON
ocTaeTcsi MpuOJAMKeHHBIM, OCHOBH BasICh HA TOM, YTO KpUBasl TeYeHUsl, MOJy4yeHHasl
NpyU U3MEHEHUU TeMIMEepaTypH, 3KBMBAJIEHTHA KPUBOI TeYyeHUsl, MpeanojsaraeMom
B APYrUX UHTEPBAJIaX CKOPOCTEM caABUTA (MJIM YaCTOTHI CABUTOBBIX KOJicOaHU ).

boJsiee HapeXX HOM MPEeACTaABASETCS IKCTPANOJS U TEOPETHYECKOI KPUBOI TEYE-
HUS1, MOJTYYEHHOM Ha OrpaH M4EHHOM WHTEPBaJie CKOPOCTEi caBura, B obsnactu GoJee
BHICOKMX MJIK 00Jie€ HU3KHUX CKOPOCTEI. DTO MO3BOASIET PACPOCTPAHUTD pPe3yJibTa-
Thl JJAOOPATOPHBIX MCMBITAHWIT HA AMAMA30HbI CKOPOCTEH, COOTBETCTBYIOIINE TEX-
HOJIOTMYECKOMY Mnpolieccy nepepaboTKHu WJIHM TPaHCNOPTHPOBKHU MOJMMEPHBIX WJIH
KOMMO3WIMOHHBIX MaTepuaJioB. B 3ToM nogxone npuHLMMHUAJIBHO BaX HBIM CTAHO-
BUTCSI HAZIEX HOCTb PEOJIOTHYECKOTro YpaBHEHUSI.

OIHAKO B HACTOsIIIEe BpeMsl He CYILIECTBYET OOLIENPHUHATOrO peosIorM4yecKoro
ypaBHEHMS /ISl OMMCAHUS MJACTUYHOIO M MCEeBAOMJIACTUYHOro TeyeHusi. Mmeetcs
MHOXECTBO PEOJIOTMYECKHU X YPaBHEH U i1, KOTOPBLIE MPOHU3BOJIbHO BHIOMW paloTCsl UCCe-
JOBATENIEM, UCXOOSs1 U3 KAYECTBA aNMPOKCUMAIIMU M TEOPETHYECKUX MPEANOYTEHUIA.
DTO 0OCTOSITEJILCTBO AE€NAeT COMHUTEJIBHBIMU PE3YJIbTaThl 3KCTPAMOJISIIIMH MO BH-
OpaHHOMY PEO0JIOr H4ECKOMY YPaBHEHHU 1O,

UTOOB YTOUHUTDL MOJOXKEHHUE HALLUErO UCCAEJIOBAHUS B CUCTEME HAYyUYHBIX 3Ha-
HUIi, KpaTKO OCTAHOBMMCSI HA OCHOBHBIX MOAXOAax M MOmesisiXx B 00JacTH TeYeHMU sl
JAUCMIEPCHBIX cucTeM. TeyeHUe OOBIYHOIT BSI3KOI XMAKOCTH ONMUCAHO B TaKMUX pa3-
aenax (pU3MKH, Kak ruapoMexaHuka vaum ruapoavHamMuka. [lpyu 3ToM XUAKOCTD
paccMaTpUBaETCs KakK HEMpepLIBHAS cpena, a NpeacTaBieHUu s O MOJIEKYJIaX MPUBJIE-
KaKTCSl TOJIbKO JUJ1S1 OOBSICHEHU I TEMNIEPATYPHOM 3aBUCUMOCTH BSI3BKOCTH B paMKax
«JI bl POY HOM» MOIENTU KU IKOCTH.

OnHako yXe B paMKax TeOpeTHYeCKOil ruapoaMHaMUuKH [1] uccnenyeTcs TeHeHue
BOJIM3M Ten pa3nnyHOK HOpMbI, OMMCH BAKOTCS MOTEPU IHEPTUH NMPHU OOTEKAHU U TEN
BSI3KOM XMWAKOCTbIO U TMAPOAMHAMMWYECKME CUJIbI, IEMNCTBYIOIME Ha Tesla pa3jiny-
HO#M (pOpPMHI.

[TpyuMepoM cnyxaT ypaBHeHUWe DitHITeiiHA 1151 BSI3KOCTH 0ECKOHEYHO pa30aB-
JIEHHO# CYCIMEH3MH U pacyeT CHJIb CONMpoTHUBJIEHU S CTOKCa.

JlJisi onnucaHusi HEHbIOTOHOBCKOTO MOBEACHHUSI MOJIMMEPHBIX CUCTEM OOBIYHO MC-
MOJIb3YKT TEOPUHU, OCHOBAHHBIE HA MPEACTABJIEHUAX MEXaHUKM CIUJIOIHBIX Cpen,
TO €CTh MPUMEHS IOT MEXaHUYECKUE MOAEM (MTPYXKMUHA, NOPLUEHb-AeMIpep, 3JIEMEHT
CyXOro TpeHHusl) M CBsI3aHHbBIE ¢ HUMU AU pepeHInaibHbIE U MHTErPaJbHbIE YPaB-
HeHus [2, 4, 9, 13, 14]. PeanbHas TeKkydasi CUCTEMA NPH 3TOM 3aMEHSIETCS COBOKYIT-
HOCTbIO MEXAHNYECKUN X DJIEMEHTOB, K KOTOPHM IMPUJIOXEHH HAMPSI)KEHUSI U KOTOPHE
cnocoOHB peopmupoBatbcsi. Peonornyeckue ypapHeHUs CoctTossHus (PYC) umeror
TEH30PHY10 Popmy. OHM 0OBIYHO NMPeodpa3yoTCsl B CKaJAsIPHBLII BUA 1Sl MTPOCTOrO
CIBUTOBOrQ T€YEH sl



TeyeHue pacTBOPOB MOJMMEPOB M XHUAKHUX KPUCTANJIOB TAKXE 4YacToO paccma-
TpuBaeTcs [4, 5] ¢ UCMOAB30BAHUEM KOHLEMIIMI, B3SITHIX U3 PEOJIOTUU TUCITEPCHbBIX
cucteMm. Peonorus |2] sBasieTcs CaMOCTOSITENIbHBIM HAYyYHBIM HaMmpaBJIEHUEM, XOTS
OTAEJIbHBIE JJIEMEHTBI PEOJIOTMM TPAAWLIMOHHO BKJIOYEHBI B PaMKHW KOJIJIOMIHOWM
XUMHH,

B konnounaHoii xumuwm [11, 12] yacTto MCnonb3yiOT CTPYKTYPHHIIT nmoaxon, rae
YMEHBIUEHHE BI3KOCTH CBSI3BIBAKOT C pa3pyLUeHUEM CTPYKTYPH CUCTEMBI, OOBIYHO
C pa3pylUeHHEM MMEILIMXCS arperaTtoB 4acTHIl Moji JEMCTBUEM COBMIOBOIO Teue-
Husi. DT1oT noaxon npemnoxed . A. Pedbunaepom [3] n paszsuBaercst H. b. YpbeBbiM
n E.E. bubukom [6, 10, 22]. B3auMOCBsA3b MEXAY BSI3KOCTbK) M CTPYKTYpPOIi npemn-
nonaranu B.@. LlIBegoB u bunram. Eme B. OcTBanba Ha3uiBan HEJIMHEHHYIO YacTb
KPUBOI TE€YEHUSI «CTPYKTYPHOIH BeTBbIO», a H(PPEKTUBHYIO BSA3KOCTb, 3aBUCSILLY IO
OT CKOPOCTH CABHMIra, — «CTPYKTYPHO# BSI3KOCTHIO». B pacTBOpax v pacrnjasax rno-
JIMMEPOB TaKXe CYLIECTBYET MPOCTPAHCTBEHHAsl CTPYKTYpa, KOTopasi 00yCcJioBJieHa
3aleNMJeHUsIMU MAaKPOMOJIEKYJT U UX Pa3JIMYHON B3aUMHOI OpUEHTalIMEN.

[losTOMY BOMPOCH TEYEHMSsI AUCMEPCHBIX CHCTEM U CUCTEM MAaKPOMOJIEKYJT HAXO-
JSITCSl HA CTHIKE TPAAULIMOHH BIX (PUBMYECKUX U XUMUYECKUX TUCLIMITJIMH U TOJIXKHbI
BKJIIOYATh B ce0s1 onpeaesieHue cuii, CriocoOCTBYIOLMX CUEMJIEHUIO YacTull (MJTU Ma-
KPOMOJIEKYJ1) B HEKOTOPHIE arperarbl, a Takxe CuJj, CNoCOOCTBYI0LLIM X Pa3pyLUEH U 10
aTux arperatoB. HeoOGXonMMo BHISICHUTB 3aKOHBI paccesiHus (IMCCHNaiumn) 3HEPrum
NPy TEYEHUH B TAKUX CTPYKTYPUPOBAHHH X CUCTEMAX.

OcOOEHHOCTH U3MEPUTENBHOI TEXHUKH PaCCMOTPEH B B CrienMajabHOI nuTepa-
Type |7—9], mo3TOMY MBI OrpaHUYMMCsl B 0030pe JIMTEPATYPHl BOMPOCAMHM CBSI3H TEO-
PETHMYECKUX MOAEJIEH C IKCMEPUMEHTANIbHBIMH XapaKTEPUCTHKAMM TEYEHMSI.

JlJisi yTOYHEHM S npemiaraeMoii HaMM KOHLIEMLIMM HEHbITOHOBCKOTO TEYEHMUS
YMECTHO MPEeACTaBUTH HEOONBLIY UCTOPUYECKYIO CMTPAaBKYy O Pa3BUTHM IMPEACTAB-
JIEHU i B 00J1aCTH CTALlMOHAPHOIO TEYEHUs HEH bIOTOHOBCKUX cuctem. @. M. LLUsenon
(1889), bunram (1922), Octanba (1926), I'epwiens u banknu (1926) npeanoxuim
nepBbLIE YPaBHEHUWS TEYEHMSI U151 HEHBIOTOHOBCKM X cycneH3uii [17, 39, 43, 45].

B naTuoecsaThiX romax U B HayaJie LeCTUIECSThIX NONOB BO3HUK HOBbI MHTEPEC
K peoJIOTMH, OOYCJIOBJIEHHBIM MPOM3BOACTBOM KPacoOK, MPUMEHEHWEM LIEMEHTHDBIX
U TIMHUCTBHIX MacT, OYypOBBIX paCTBOPOB, MJIACTHYHBIX CMa30K.

Ycnexu B 9100 obnactu cBsizaHbl ¢ uMeHamu M. Mynu, U. Kpurepa, H. Kacco-
Ha, M. Kpocca, K. bonepa, I. Ckot bneiipa, Il.A. Pebunnepa, M. I1. BonapoBuua
[9, 35, 40, 41, 42, 46, 47, 64, 92, 105].

C Hayana ceMUAECATH X TOI0OB TEYEHUE CYCMEH3N I MCCNIEAYETCS C MOMOII[bIO BU-
CKO3MMETPOB, 00Ma1alonMX LIMPOKUM 1Uana3oHOM CKOpOCTei capura (Min Hanpsi-
XeHuit caura). CucreMbl KOAKCUAJIBHBIX 1IMJIMHAPOB MJIM KOHYC—IJIOCKOCTb MO-
3BOJISIIOT U3YYUTb TEYEHHE B YCIOBUSIX, OIM3KHMX K «9YUCTOMY» CABUTY. BblJ1 nonyyeH
OOLLUMPHBIIT U HOCTATOYHO TOYHDBII IKCNEPUMEHTAJIBHBIIT MaTepyuas, KOTOPbIi, On-
HAKO, HE CTUMYJIMPOBAJl BO3HUKHOBEHUSI MPUHLUITHAJIBHO HOBBIX TEOPETUYECKHU X
MOMENE.

Imnupuueckoe ypasHeHue LlBemosa— buHrama OblIO nmommepxKaHO TEOpE-
THYyeCKMMHU paboramu bubuka, Xantepa u ap. [6, 34, 59—62, 136). CreneHHoIi 3a-
KOH TeyeHus lepwens — banknu OblJ1 MPUHAT U3 MHXEHEPHH X COOOpaxKeHuil nns
MJaCTUYHBIX cMa3ok (PpoiwTerep u ap.), ansi aHoManbHbiX HedTeil (YennHues
n np.) [104, 114]. VpasHenue KaccoHa u moanduumposaHHbiii BapuadT LLlynbmaHa



HCNOJIL30BANNCh |42, 44| nns onucaHus pa3HOOOPA3HBIX NMACT U YEJIOBEYECKOM KPO-
BU. YeHr [65] coobLiaeT 0 NATUAECSTH YETHIPEX TUMAX PEOJIOTHYECKUX YPaBHEH M.

Ycenexu OTEeYECTBEHHON pPEOJIOTUM AUMCMEPCHBIX CHUCTEM CBsI3aHBl ¢ UMEHAMH
I1.A. Peounpepa, E.Jl. Hlykuna, E. E. bubuka, H.b. Ypeesa [3, 6, 10, 12, 22 25, 27,
28, 85, 93, 161]. DT uccaegoBatTeJ M CKOHLEHTPUPOBAJIN CBOE BHUMaHHE Ha OCOOEH-
HOCTSIX TIEpPEXoa OT TBEPJAOTO (resneodpasHoro) COCTOSIHUS K TEKYYEMY COCTOSIHHU IO
JIUCMEPCHOM CUCTEMBI.

CyiecTBy0T pa3/IMdHble KOHUENUU, KOTOPbIE Pa3HBIM 00pa30M UHTEPNPETHU-
PYIOT HEHBIOTOHOBCKOE TeyeHne. Haubonee yacto ero oobscusior [3, 6, 10, 23, 26,
52, 58, 77, 93] cTpyKTypHpOBaHHMEM CYCNIeH3U M, 00pa30BaHUEM arperaToB ¢ KoaryJisi-
LMOHHBIMU KOHTaKTaMu Mexay yactuuamu (I1. A. Pebunnep, H. b. Ypees, E.E. bu-
OuK u ap.). K CTpyKTypUpPOBAaHHBIM CUCTEMaM MOXHO OTHECTH CYCNEH3UM, IMYJIb-
CHUM, PaAacCTBOPBI MOJIUMEPOB U MULEJUISPHBIE PACTBOPHI MPH JOCTAaTOYHO BBICOKHX
KOHUeHTpauusix. C Apyroii CTOpoOHH, CaMO HaJIHYHe oOpaTUMBIX KOAryJsiliHOHHHBIX
KOHTAKTOB NMPUBOAMUT K TUKCOTPONHBIM 3 eKTaM B TAKUX JUCNEPCHBIX CUCTEMAX.
HepnocTatouHOE BHUMAHHE K BJIUSIHUIO THKCOTPONUH HA XapakKTep TeYeHHsT CO3/1aeT
QOMIbIIME TPYJAHOCTHU NPHU OOBSICHEHUH KPUBBIX TEYEH U4,

Bo3moxHa crenyromasi nmpoctasi KjaacCudpukanmusi AMCNEPCHBIX CUCTEM MO UX
PEOJIOTUYECKHUM CBOHCTBAM:

AuncnepcHelie cuctemsl
CTpykTypypOBaHHbIE | HecTpyKTypVpOBaHHbIE
Baskoynpyrme | Bazkonnactu4yHbie Baskue
lNces,onnacTuyHbIE lNnactnyHeie

[Tocne npeBHINIEHM ST TTPEJIESIBHOTO CTATUYECKOIO HANPSIXKEHUS T ¢ CUCTEMA CTa-
HOBUTCS CNTOCOOHA K CTALMOHAPHOMY (HETTPEPBIBHOMY) TEYEH MO M TTPHOOPETAET BSI3-
KOTJIAaCTUYHBIE CBOKCTBA.

Bsizkoynpyrue XUAKOCTH JIEMOHCTPUPYIOT HOPMaJIbBHBIE HANPSIXKEHUsI TP
C/IBUTOBOM TE€YEHMHM, YTO TUTNHUYHO JIJIS KOHLEHTPUPOBAHHBIX PAaCTBOPOB NMOJUME-
pPOB, SMYJBCHI, MULIEJIJISIPHBI X PACTBOPOB U JIMOTPOMHBIX X UJIKUX KPUCTAJINIOB [4, 8,
9, 173].

B 3aBucumMocTu ot GopMBl KpUBOi TedeHU 1 T('Y) NTPUHSITO pa3fieisiTh BSI3KOMNJIa-
CTUYHBIE CUCTEMBI Ha UJIeaJIbHO niaacTuuHble (bunram), HeuHeHHbIe NMJIACTUYHbIE
(Kaccon, T'epuiens— banknu), ncepponnactuuhHble (OctBanpa, Kpocc, Kpurep
u Jloreptn).

B npuHuune, o000 1oCTaToO4HO MAJIBI Yy4acTOK KPUBOM TEYEHUSI MOXHO ar-
NMPOKCUMHUPOBATh NMPSIMOIl U BBECTH, TAKUM O0pa3oM, NTHHAMMWYECKOE TPENEIbHOE
HanpsixkeHue ¢apura (no bunramy). B ypaBuenusix KaccoHa u I'epiuensi— bankiau
JUHAMUYECKOE NMPEECSIbHOE HATIPSIXKEHUE MOSIBJISIETCS ECTECTBEHHBIM 00pa3om Juis
BCEH KpUBOH TEYEHUHI.

Tangpoc [15, 30] onucan BO3MOXHYIO CBsI3b XapakKTepa TE€YECHUS JHCIEPCHBIX
CUCTEM C BEJIMYMHON U TUIIOM CHJIBI CLEIIEHUs MexXay yacTuuaMu. OcobeHHOCTH
TEYEHHUsI PACTBOPOB IMOJKUMEPOB (UJIH PACIIaBOB MOJIMMEPOB) OOBIYHO CBSI3HIBAIOT



CO CLieIJIEH UEM MAKPOMOJIEKYJT MEX 1Y CODO0I M ¢ OpyueHTaIMeii OCHOBHBIX MOJIMMEp-
HBIX LIeNneii BIoAb HanpaBaeHust TedeHus [4, 8, 14, 86, 88, 140, 141].

O0630p nuTepatypsl, conepXxailumiica B ra. |, OMUCHIBAET CYLIECTBYIOLINE BO3-
3pEHUsI HA TEYEHUE NUCHEPCHBIX U MOJMMEPHBIX CUCTEM, HO nopbop mMarepuana
M €r0 KpUTHYECKOE O0CY X AEHHE OTPaXKalT TOYKY 3PEHM S aBTOPOB JaH HO# paboThl.
OCHOBHa$1 4HaCTb KHUTH COOEPKUT CTPYKTYPHOE OOOCHOBAHHWE HEH BIOTOHOBCKOIO T€-
YEHMUSI.

Jlpyrue B3rasigbl Ha TEYEHMWE JUCTIEPCHBIX CUCTEM NMPEACTaBAeHB B MOHOTrpadusx
H.b. Ypresa u E. E. bubuka, a tak:xxe B petanbHb X 0030pax P. XaHTepa, Ix. ['yoBu-
Ha, U. Kpurepa, T. Tagpoca [6, 10, 22, 24, 30, 33, 34]. TeyeHHe NOJMMEPHBIX CUCTEM
M XK MAKHWX KpUCTAJJIOB noapoOHo onucaHo B KHUrax [. B. Bunorpaposa u A. fl. Man-
KuHa, C.I1. INNankoa v B.I. Kynnunxuna, A. 5. Mankuna u A. V1. Mcaesa, B. bensie-
Ba, A.[l. KanycTtuna |4, 5, 9, 139, 149].



NMABA |

OCOBEHHOCTW
HEHBIOTOHOBCKOIO
TEHEHNA

|.]1. BazkocTtb n ynpyroctb

Bsizkue u ynpyrue CBOMCTBa BEIUECTBA M3Y4AlOTCs B pa3JIMYHBIX pa3aesax HayKu.
Peonorust onuceiBaeT aeopmMauuio Tena rnmoa AeMCTBUEM HATIPSIXKEHUS, B TOM YUCHE
TeYeHHE M ynpyryro gegopmauuio |2, 9, 14]. Konnouauas xumus [10—12, 34| uccne-
NYET CTPYKTYPHO-MEXaHUYECKHME CBOMCTBA JAUCIIEPCHBIX CUCTEM, UCTIOJb3YS METO/1bI
peonoruu. Gusnueckasi xumusl [119] paccmaTpuBaeT BI3KOCTb MPOCTHIX HU3KOMOJIE-
KYJIAPHBIX XUAKOCTEN U HX CMECEH B 3aBUCMMOCTH OT UX COCTaBa M TeMIEPaTypHl.
Du3uko-xumus noaumepos [4, 13] Bkirouaer B ceds1 uccaenopanue aehopMaumii
TBEPABbIX U XXKHAKWUX NMOJIMMEPHBIX MaTEPHAJIOB.

HpeanbHOE TBEPLOE TEJIO UCMBITHIBAET TOJILKO YIIPYIYIO JIE(POPMALIHIO NMOJA00HO
yrpyroi npyxxuHe. [1pu 317oM paboTa BHELIHUX CHJI NMEPEXOAHUT B YIPYIVIO 3HEPIHUIO
npu aedropmMaluu CXXaTHsl, pacTsikKeHus uinu capura (puc. 1.1).

[TponobHOE PacTsIKEHHE XapaKTEPU3YETCs HOPMaJibHbIM Hanpsikenuem Tt [H/m’|
Y OTHOCHTENbHOI fehopMan el pactsaxeHus y = Ax/x,. CABUI XapaKTePU3YyeTCs Ka-
catesibHbIM (CIBUIOBbIM) HampsixkeHueM T [H/m’] u otHocHTeNnbHOM AedopManueil
casura y = Ax/y, (wnu y = dx/dy). UneanbHoe TBEpOOE TEJO NEPOPMUPYETCSI MO/ BO3-
NEUCTBUEM CABUIOBHIX HAMPAXKEHH I B COOTBETCTBUH C 3aKOHOM [ yka:

7= GY. (1.1)

3necy G — moayab KOHra, Koropolit SIBJISIETCA aHAJIOIroM KO3(M(PpULHEHTA XKECT-
KOCTH NPY>XHUHBI.
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Puc. 1.1. Tlpocteie nepopmanmu Kyba: a — pacTsixKeHHUE (MU CKATHE); O — CIABUT



UnpeanvHasi Tekydass cucrema negopMupyetcsi HeoOpatuMo — Ttedet. Pabo-
Ta BHELIHHX CHJI MEPEXOAUT B TETJIOTY B NMPOLECCe NMPEeONOJIEeHUsI CHJI BHYTPEHHEro
TpeHus. [lpocremum BuaoM aedopMaliuid B TPOLIECCE TECYECHUS SIBJSIETCS CABUT
(puc. 1.1, 6). OCHOBHOI 3aKOH TE€YEHUSs UaeaJbHOM BSI3KOH XKUAKOCTH CPOPMYJTUPO-
BaJ1 Mcaak HBIO0TOH:

T=1Y. (1.2)

3nech T — HaNpsi>)KEHUE CABUTA, ¥ — CKOPOCTHh CIBUTA, T) — BSI3KOCTH (CABUTOBAasI
BSI3KOCTBH).

CKOpOCTh CIBHMTa Y MOXHO TIPEACTAaBUTH KaK TPAAMEHT CKOPOCTH TEYECHMUS
dv /dy:

dy d(dx/dy) d(dx/dr) dV.
Va T ar dy  dy

PaccMOTpUM BSI3KOCTh KaK CBOMCTBO BEIIECTBA U KaK (PUBMYECKYIO BEJIUYUHY.
BsI3KOCTBIO OOBIYHO HAa3BIBAlOT CBOMCTBO XHAKOCTU OKa3HIBaThb COTPOTUBJIEHHE
MnepeMenieHUI0 ONHON €€ YacTH OTHOCUTEJIBHO JIpyroi. B nmpocreitniem ciayyae of-
HOPOMHOI MOJIEKYJISIPHOM XUJKOCTHU MOXHO BBECTU TMOHSITHE BS3KOCTU MPOCTOTO
CABUTOBOrO TedeHust (puc. 1.2). Jlonyctum, 4T0 naacTUHa ABUXKETCS MO MOBEPXHOCTU
KUAKOCTH € TIOCTOSTHHOMH CKOPOCTBIO V), IO/ IENCTBHEM CUJTBI £,

[IpeanonararOT, 4TO TOHKHUM CJOH XKMAKOCTH TIPUJIMTIAET K TBEPAOH NOBEPX-
HOCTH TJIACTHHBI U JIBUXKETCSI CO CKOPOCTHIO, paBHONM CKOPOCTH NJIACTUHH. BTOpOii
CJIOM XXUJIKOCTH YBJIEKAETCS MEPBBIM CJIOEM 3a CYHET MEXXMOJIEKYJISIPHOTO B3aUMO/JICi -
ctBusi. [lepBoiii CIOM ¥ MJIACTHHA UCMBITHBAIOT TOPMOXEHHKE TIPH B3aUMOAEHCTBUH
CO BTOPBIM CJioeM. B iBUXKEeHUE MOCJe/I0BaTEJIbHO BOBJIEKAIOTCS OoJiee ylaJeHHBIE
ciou. B pe3ynbsraTe BO3HHMKAET CHUJIa TPEHUS MEXY CJIOSAMHU, KOTOpasi CO3aeT pe-
3YJIBTHPYIOMIYIO CHJTY TPEHHSI Fmp, paBHYIO ABUXYIIEN cune F.

Jlonyckasi, 4TO TOJII[MHA CJIOEB UMEET MOJIEKYJISIDHBIE pa3Mepbl, MOXXHO BBECTHU
HenpepblBHOE noJie ckopoctei V. (z). [Tpoduns ckopocTeit nokasaH Ha puc. 1.2 u xa-
pakTepU3yeTcsl NOCTOSAHHBIM IpaJIueHTOM CKopocTH dV, /dz. Pa3yMHO cHUTATh, 4TO
cuJyia TpeHus F, OyneT nponopLKroHaibHA rPaueHTy CKOPOCTH U TUTONIA/IH NJTaCTH-
HB S. OTciona cnenyer ypasHeHue F=n.S dV _/d z, Kotopoe siByisieTCsi 3aKOHOM H blo-
TOHA JUIst TEKYHIeH KuakocTu., Koa(ppuuueHT 1) Ha3eBaeTCst KOIPPUIIMEHTOM BSI3-
KOCTH, UJIM CABUTOBO# BSI3KOCTBIO, HJIU MPOCTO BSI3KOCTHIO. YAOOHO BBECTH TOH SITHS

Y
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Puc. 1.2, BO3HUKHOBEHNE BHYTPEHHErO TPEHUSI NPU ABHXEHUH TEJIA OTHOCUTENBHO
XKUJAKOCTH



HanpsixkeHus cnBura T = F/S n ckopoctu casura y=dV, /dz. Torna 3akon HeloToHa
JUJIS1 TEYEH U XKMIKOCTH NMPUOOpeTaeT U3BECTHBIN BUI T = 1)Y.

HM3BecTHO, 4TO padoTa CUJI TPEHUS MPUBOAMT K MPEBPALIIEH UK MEXaH MYECKOM
JHEPrUM B TEMJIOBYIO, KOTOpasl pacCeuBaeTcsl BHYTPHU XMIKOCTH. TakuM obpasom,
BSI3KOCTb BELIECTBA SIBJISIETCS PE3YyJIbTaTOM paccesiHUs (AMCCUTallMU) SHEPTUU B Pe-
3yJbTaT€ BHYTPEHHEro TPEHMU S MEXIY CIOSIMM XXUAKOCTU. Bennuumna auccnnauummu
JHEPruMu paBHa j;:.,ﬁ,z_ BesinunHa caBUTroBOIl BA3KOCTHU 1) 3aBUCUT OT XapakTtepa
B3aMMOAEHCTBUS U BUOA MOJIEKYJ XMNAKOCTU. HYXXHO OTMETUTB, YTO AUCCUIIALIUS
IHEPruy — MEPEXO €€ B TEIMJIOTY 3a CYET BHYTPEHHEIO TPEHUS B XXMIKOCTH — MPO-
UCXOAMT BO BCEM O0BEME TEKYUEH Cpeabl, MOITOMY TPeOyeTCsl HENMPEPbLIBHBII BBIBOJ
TENJIOTH 3a NMPeAeibl U3MEPUTEJIBHOM SIYENKH.

Takum 00pa3oM, MOXHO BBECTH Clieaylolve onpenesieHus. Bsskoe TeyeHne —
BUA Ae(hopMallMK CABUIa, MPH KOTOPOM MPOMCXOAUT paccesiHue sHeprun £ B pe-
3yJILTAT€ BHYTPEHHEro TPEHUS MPH MOCTOSIHHOM CKOPOCTHU CABUTa Y U MOCTOSIHHOM
Hamnps>X€HWH CABUTA T.

Bsi3KOCTb 1] (MHA4Ye CABUTOBasl BA3KOCTb, 3(P(MEKTUBHAA BS3KOCTb, KaXyllasics
BSI3KOCTb, IMHAMUYECKasl BSI3KOCTb, KOMPPUUMEHT BI3KOCTH) — (PU3MUeCcKas Be-
JINYMHA, OMUCHIBAKOIIAS COMPOTHBJIEHUE BELIECTBA BSI3KOMY CABUTOBOMY TEUYEHU IO
(M = T/Y) WM NOTEPH FHEPTUM NPU BSIZKOM CABUTOBOM TedyeHuu (N=FE /§7).

|.2. Caeurosoe teveHume

Peonornyeckue Moaesiv OnmuchbiBalOT CBSI3b MEX 1Y BSI3BKOCTBIO 1), HAMPSI)KEHUEM CIBH -
ra T ¥ CKOPOCTbIO CIBUTA Y, BBOASI HEKOTOPbIE KAYE€CTBEHHbBIE UJIU KOJIMYECTBEHHbIE
MPEANOJOXKEHUS O COCTOSIHUM TEKYLIIETO BEILECTBA.

[TpocToe ciBUTOBOE TeYEHHE MOKa3aHO Ha pyc. 1.3. OHO MPOUCXOOUT MPU ABHXKE-
HUU BEPXHEM MJIACTHUHBI, KOTOpas yBJIEKAET 3a COOO0I XXM IKOCTb. 3a30pP MEXAY IBYMS
napajajieibHbIMU MJACTUHAMHW MHOIO MEHbLLIE UX LLHPHHBI.

CKOpOCTb XMAOKOCTY 3anuceiBaeTcst Kak V =vy-y; V, =V, =0, rne y — CKOpOCThb
casura, pasHas y=dV, /dy.

HalnpapJiCHHE

TeueHHs
>
NnpogHIL
VA CKopocTeH
4
av,
dy
4]

Puc. 1.3. [lpoduns ckopoctu (@) v ¢opma casura (6) npM NpocToM CABHUIOBOM
TeYeHUH



DTH ypaBHEHMSI OMMUCHIBAIOT TAKXKE KY3TTOBCKOE TEYEHHE B 3a30P€ MEX Y IBYMSI
KOaKCHaJlbHBIMWU LIMJIMHAPAMU MPU MaJIOM 3a30p€ MeXay IIMJIMHAPaAMU U CIBUIO-
BOE€ TEUYEHME MEXJY KOHYCOM M MJIOCKOCTbI. DTH YCTPOUCTBA OyAyT paCCMOTPEHbI
MO3AHEE.

JIoGasn Tekyuast cuctema (MOJIEKYAsIpPHas XK UAKOCTb, CYCIMEH3Us, SMYJIbCUS, MU~
LEJJISIPHBI I pACTBOP, PACTBOP U pacmJjaB MOJIMMEPA, XK MAKH I KPUCTAIT) MOXET pac-
CMaTpUBATLCS KaK CNJOLLIHAas cpena, KoTopas creungpuyeckuM odpa3oM pearupyer
Ha BO3AeiCTBUE HanpsikeHU it nau aedopmupoBarue. B 3ToM criyyae peosoruyeckm
CJIOX HYI0 XX UAKOCTb OMUCHIBAlOT B paMKaX MeXaHUKH CIJIOLHBIX cpe. Jlpyroii noa-
XOI COCTOMT B YCTAHOBJIEHUU CTPYKTYPbl CUCTEMBI U €€ CBSI3U C PEOJIOTMYECKHUMHU
CBOMCTBaMH.

Jedopmanums cppura cxematMyecKM nokasaHa Ha puc. 1.3, 6. OHa BbI3BaHa CIBU-
roBbiM HanpsixeHueMm T,, (I'la), kotopoe 0ObHYHO 0003Ha4YalOT Kak T. Jledopmarius
Y=dx/dy, ckopocts nedopmaunu dy/dt=d’z/dydt=dV, /dy, Takum o6pa3om
v=dV, /dy ().

B oOuiem cayyae HeOOXOAMMO pacCMATPMBaTh TPEXMEPHOE TEYEHME, KOTOPOE
OMUCHIBAETCSl YPaBHEHUSIMU B TeH30pHOI (opme. HanpsixkeHue, BBI3BAHHOE BHELLI-
HEil CUJI0i, MOXET OBITH Pa3JIOXKEHO Ha IEBSATb KOMIMOHEHT, MPUMEPLI KOTOPBIX MO-
Ka3zaHbl Ha puc. 1.4. TeH30p HaNpsIXXEHU I UMEET BU L,

Ty T Ty

||T||: T Tyn Ty

Ty T T

32 KX

Ycnoeue paBeHCTBA KPYTAIIMX MOMEHTOB (pucC. 1.4, 6) NpUBOANUT K PAaBEHCTBY
Ty =T, WIN T, =T,

HopManbHbIE HAMPSIXKEH US pa3BUMBAKOTCSl B HAMPaBJACHUSX, MEPHEHINKYISIPHBIX
M napajJjieJibHblX ABUXXEHHW IO BepXHel naacTUHH (puc. 1.4, a).

Jns cnyuasi npocToro nmjoCckKoro CABMra CKOpPOCTb ONMUCHIBAETCS TEH30POM CKO-

0 /2 0
poctn nedopmaunu |[y|=[v/2 0 0|, HanpsikeHne — TeH30POM HampsiKeH M
0 0O O
Tll Tl? {}
Il={7, 7 O]
0 0 =,

MarepuanbHbie QYHKIIMM YCTAHABJIMBAKOT CBSI3b MEXJY HAMPSIKEHWEM MU Jie-
¢dopmaumeii: 1N(y) — HEHBIOTOHOBCKAS (CABUTOBAasi) BSI3KOCTb, W/, (Y) M Y,(Y) — nepsasi
n BTOpasi GyHKu UK (Unu Ko puunueHT) HopManbHBIX HanpsixkeHnil. Yacto obo3Ha-
yat N, =1, - T,, 1 N, =1T,, — T,; Kak MEePBYI0 U BTOPYIO Pa3HOCTb HOPMAaJIbHbIX Ha-
npsixkeHuit. OCHOBOMoONaralollMe ypaBHeHHsl, KOTOpblie B PEOJIOTMH Ha3biBalOT KOH-
CTUTYTUBHBIMH, JJ151 YCTAHOBHU BLLIETOCS CABUTOBOrO TEYEHUsI MPHOOPETAIOT BULL!

T, = neyw; Ty =T = 1111(1’); Ty =T33 = ‘H;('&’)’Y (1.3)

ZKMIAKOCTb Ha3bIBAETCSI HBIOTOHOBCKOIA, €CJIM MPHU BCEX CKOPOCTSIX €€ BSII3KOCTb
MOCTOSIHHA, @ Pa3HOCTH HOPMAaJIbHBIX HarMpsi>KEHUi paBHbI HYIO. ECnin BIA3KOCTH
3aBUCUT OT CKOPOCTH, HO PaA3HOCTb HOPMAaJibHbIX HAMPSI)KEHUHW paBHA HYAKO, TO
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Puc. 1.4. HanpapneHusi HanpsixeHHii B KyOHUeCKOM 3jieMeHTe 00beMa (@) U AByMep-
HO€ HAMPSAXKEHHOE COCTOSIHUE (0)

XKHUAKOCTh Ha3blBalOT HEHBIOTOHOBCKOI HEynpyrou (riacruuyHoii). Ecnu Bce mare-
puanbHble PyHKLUU 1)(Y), ¥, (Y), ¥,(Y) 3aBUCST OT CKOPOCTH CABUIA, TO XUAKOCTb Ha-
3bIBAIOT HEHBIOTOHOBCKOM YIIPYTroi (MJ1M BA3KOYIPYTOif).

|.3. Peonornueckue namepeHus

OCOOEHHOCTH M TOYHOCTb M3MEPUTENIbHON TEeXHHUKH [16] CYyLUECTBEHHO BIIUSIOT
Ha Xxapakrtep reoperuyecKux moaeneii. C Ipyroii CropoHbl, pe3yabrarbl TEOPETHYE-
CKHMX MOCTPOEHUI CTUMYJIUPYIOT CO34aHUE HOBLIX U3MEPUTEJIbHBIX MPUOOPOB.

[lepBoHaYalbHBIM H3MEPUTEIbHBIM TTPUOOPOM JJISI U3MEPEHUS BIA3KOCTH OblJia
TpyOKa (KanwJuisip), Yepe3 KOTOPYIO npoTekalia XUAKOCTb. OQHaKo Kanujuisap IMo-
3BOJISIET MOJIYYUTh JOCTATOYHO TOYHBIE PE3YJILTAThI TOJIBLKO [JISI XKMJAKOCTH C MaJIOi
BSI3KOCTBIO MPU OCTATOYHO OObLLIOH CKOPOCTH CABUTA.

M3mepsieMbI€ BEJIMYMHBI — Pacxol, XHUAKOCTH 3a ONPEJACJEHHOE BPEMSI M 3a-
JaBaemMasi pa3HOCTh JlaBJIEHU i, KPOME TOr0 MHOTrAa HEOOXOAMMO 3HAHUME NPOPUIA
CKOPOCTH, TO €CTb pPacnpeiesieHUst CKOPOCTE MO CEYEHUIO TPYObl. BTO Tpebyercs,
NOCKOJILKY OOJIBILIMHCTBO TCOPETHYECKHUX MOAEJIEHM CO30aHO A1 ONUCAaHUs NTPOCTO-
ro ¢/IBUroBoro reyeHus. [loaromy B fanbHeiueM OvliM pa3paboTaHbl YCTPONCTBA,
B KOTOPBLIX TEYEHUE TOCTATOYHO OJIM3KO COOTBETCTBYET IMPOCTOMY CABUTOBOMY TE€YE-
HMIO, @ HMEHHO: CHCTEMA KOAKCHAJbHbIX LIUJIMHAPOB H CUCTEMA KOHYC—IJIOCKOCTDb
(pexe cucremMa nJaoCKOCTb—IIIOCKOCTD). CXeMbl BUCKO3MMETPOB 3TOr0 THUIIA IMOKa-
3aHbl Ha puc. 1.5. OHM NO3BOJNSIOT U3MEPATH BA3KOCTh HEHBIOTOHOBCKUX XU AKOCTEH
NPU HU3KOK CKOPOCTH CABMIA.

CymecTByoT asa crnocoba u3MepeHMs: BA3KOCTH: KOHTPOJIMpyeTca (3a1aeTcs)
CKOPOCTb CABHTIa Y U U3MEPSIETCS MOMEHT CHJI, IEUCTBYIOLMIT HA BHYTPEHHUI 11U-
JIMHAP UJIM KOHYC, KOHTPOJUPYETCs (3a1aeTCsl) HANPSIXKEHUE CIBUTA T U U3MEPSIETCSI
CKOpOCTb caBura Y. Bropoit cnoco® 6oJiee ¢JioXeH, HO NMO3BOJISIET TOYHEE ONPEAECTIUTD
BSI3KOCTb B 00/1aCTH HU3KH X CKOPOCTEN CABMTIA.

U3MepeHust CTallMOHAPHOTO CIBUTOBOIO TeYEeH Usl POU3BOIST, TUOO yBeTUY U BasI
CKOpOCTH CABUTA Y (OMBIT 1), MO0 yMEHbILAST CKOPOCTb CABKTA ¥ (OTBIT 1). CKOPOCTH
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Puc. 1.5. Pabouue ycTpoiicTBa BUCKO3UMETPOB KOHYC—IUIOCKOCTD (@) U KOAKCHAJIb-
HBlEe UWHIIHHAPH (6)

M3MEHSIETCS! CTYNEHSIMM OT Y, 10 ¥,, MJIN B HENMPEPLIBHOM pexxume (dy / df = const ).
AHAJIOTH4YHO U3MEHSIIOT BEJIMYHMHY HAMPSIXKEHUS CABUTa T B BUCKO3UMETpPaX ¢ KOH-
TPOJUPYEMBIM Hanpsi>KeHUeM. TOYHBIIT KOHTPOJb BpEMEHU U3MEPEHUSI HEOOXOAUM
MPU U3YYEHUHU TUKCOTPOITHBIX CUCTEM MJIM B CJIy4ae CUCTEM, II€ Nepexon K paBHO-
BECHOMY COCTOSIHHMIO MPONCXOANT AOCTATOYHO AONTO.

[TocTeneHHbIN criam HANpsiXKeHusi capura t(f) MK ero NOaAbLEM CBUIETE/ILCTBYET
O Mepexone CUCTEMbI K HOBOMY PaBHOBECHOMY COCTOSIHUIO TeueHus. B obuiem, no-
JlaraloT, YTO paBHOBECHME HACTYMaeT, Koraa ¢ (MJiy ) He U3MEHSIKOTCS JaJiee CO BpeMe-
HEM B Mpeaeaax TOHHOCTH U3MEPUTEJILHOrO npudopa.

[TonpaBKK, NO3BOASIIOIIME NEPEHTHN OT U3MEPEHHBIX MOMEHTOB CHJI UJIN CKOPO-
CTU caBUra B npubope K Hanpsi>K€eHUI0 CABUra U CKOPOCTU CIBUra MpPOCTOro CaBu-
roBOro Te4eHus, paccyutadbl Kpurepom 1 MapoHOM a1 HEHBIOTOHOBCKOM >KM JI-
KOCTH B TOPCHOHHBIX BUCKO3MMeTpax. CxonHblie nonpaBku paccuntanv PabnHoBUY
n MyHU ansl T€4EHU S B KalUJuisipe.

Hac nHTepecyeT MexaHu3M TeYEeHHUs1 U CBSI3b CTPYKTYPbl CUCTEMBI C €€ PEOJIOTH-
YECKHUMU CBOICTBaAMMU, MOITOMY Oosiee nogpodbHOE onucaHue annaparypbl U METOIM -
KW U3MEPEHMS CJIEAYET UCKATh B CrielMajbHoIl nuteparype [7-9, 13, 14, 16].

PeoMmeTpbl MJIM PEOTOHUOMETPBI MPEIHA3HAYCHBI HE TOJIBKO IJ151 U3YYEHU S CTa-
IIMOHAPHOrO TEYCHMSI, HO U UJISI JMHAMWYECKHUX M3MEPEHUM W ONMPEICJIEHUS pa3-
HOCTU HOPMaJIbHBIX HanpsixkeHWil. [IpyHUMN IMHAMUMYECKUX U3MEPEHU I nMoKa3aH
Ha puc. 1.6. [Mpn n1MHaMHUYecKMX (LLMKJIMYECKHX) UCTIBITAHUSIX CUCTEMA MOABEPraeT-
cs1 nepopMalium, U3MEHSIKOUIEHCSI MO CUHHYCOUAAJIbLHOMY 3aKOHY.

CuHycOMaaJibHBIE CABUTOBBIE KOJIEOAH U XKUAKOCTH C MaJsloil aMNJIUTYIO# pea-
JIM3YKOTCH C MOMOLLUBK KOJIEOAHMI KOHYCA (MJIM LIMJIMHAPA), MPHUYEM BEJIMYMHA aM-
MANTYAL AedopManmnm y, GukcupoBaHa. BesmuvHa BO3HUKAKONIUX B XXUJIKOCTH Ha-
NPsSI)KEHUI U3MEPSIETCS.

CyuTaloT, YTO B XKMAKOCTH MMEETCSI JIMHEHHAs BSI3KOYMPYroCTb, €C/IM BO3HU-
Kawollue HANpPsI>)KeHU Sl TaKXXK€ U3MEHSIIOTCSI MO CUHYCOUIaJIbHOMY 3aKOHY, HO HE CO-
BNagawoT no ¢ase ¢ nepopmanme.

B KOMNJIEKCHOM BHE€ MOXHO 3anMucaTh

Y*(w) =7y, =y (0)+1y"(w)
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Puc. 1.6. [TlpyHumn aMHaAMHWYECKUX HW3IMEPEHUWI TPH CABUTOBHLIX KONMEOaHMAX
B YCTPOMCTBE KOHYC—ITJIOCKOCTD

el +8)

T*(w)=1,8 =1'()+ 1" (w), (1.4)

TJIE Y, U T, — aMTUTUTYZIBI KOMITJIEKCHOM JIe(pOopMaLiiy ¥ KOMTTJIEKCHOTO HAMPsIXKEHN S,
COOTBETCTBEHHO; 0 — (DA30BBI YTONM MEXIY HUMMU.

Jnst ueaibHO yNPYyroro Marepuajia MOXHO 3anucathb T(f) = Gy(f), nJist YUCTo BS3-
KO Xuakoctn t(f)=ny(f), rae T — HanpsikeHue, Yy — aedopmaius, Y — CKOPOCTh
nedgopmanu, G — MOAYb YIPYTOCTH, 1) — BI3KOCTh.

Ckopocthb caBura paBHa (1) =y, wwe"" =1wy(f), CKOpOCTh N3MEHEHU ST HaMPsIKe-
Hug o) =wwt e .

Jns  BA3KOYNpyroi >XHAKOCTU (CMCTEMBI) MOXHO 3arnmucath KOMIJIEKC-

. , T T, 1, &
Hblii MOayNb caBura G*=—= S

Lo 3

Y¥ Y€ Yo
G'(w)=(t,/v,)c080, G"(w)=(T, /Y,)sIn0, g0 = G"(w) / G’ (w).
AHAJOTrMYHO 3anuliem JJ1H BHEKD}FHIJ}’I‘GFI CHCTEMBI BprB}KBH HE NJ1d KOMILJICKC-

orciona G*=G"(0)+1G"(w), rae

T* T El.{mH-S."l T
HOM BABKOCTH N* = —=———+=— e, otkyma N*=—(t, /v, )1/ w)e®.
% y,we wy,
MILJIEKCHY 10 BSI3KOCTb MOXHO I1 TABUTH B BU/] = — ,
Ko EKCHY 0 BSI3KOC OXXHO 1peJicra e Nn*=1n"(0)—n"(w
Sino 8

rje n'(m) = (TU/TU) , N"(w)= (Tuh’ﬂ)

CpaBHHBasi BbIpa>K€HUs sl KOMIJIEKCHOTO MOAYJS CABUTA U TSl KOMIJIEKC-
HO#i B3KOCTH, MOXKHO TOJTYYHTH CJIE/IYIOLHE COOTHOLLIEHWSI, HCKJTIOUasi napameTp O.



B nuHeiiHolt cucTeme OTKIJIMK TH(1M) UMEET TY Xe LIMKJAMYECKYIO YaCTOTYy M, YTO UC-
XO/IHas BeMUM4YMHa Jehopmaumnm y*(1w) Ha BXOAE U3MEPUTENbHOI CUCTEMBI.

i G’f G!
nN=—,n"=—. (1.5)

0] ()
B 5Tux ypaBHEHMsiX OCHOBHBIE BEJIMYHMHBI MMEKOT CHEYIOUIMU (PU3NYECK i
cmbich: G(w) — Moayab ynpyroctv (MM MOAYJIb HAKOTMJIEHMsi), COBnaaalouimnii

no ¢ase ¢ nephopmManmeii M OTBEYAKOLMIT HAKOMJIEH MKO YN PYTroi SHEpruu B obpasie
npy nepuoinydeckom aedopmupoBaHuu; G7(®) — MOIyJib NOTEPb, KOTOPLIK CBsi3aH
C THUCCUMNaUMeil JHEPruKM B Matepualie B BUJE Tennaa; 1 () — nMHaMU4YecKas Bs3-
KOCTb, KOTOpasi COBNAanaeT no (pase co CKOPOCTHIO CABUra M CBsizdaHa C NMOTEPSAMMU
IHEPruM NpH CABUTOBOM TEYEHHH; N (W) — KOMIMOHEHTA, CBA3aHHas C YNpyrocTblo
Cpenbl, KOTOpasi Pe1KO UCMNOJIb3YETCs MPU aHAJIU3€e CIBUTOBbIX KOJIEOaH WA,

B peasibHOM 3KCNEPUMEHTE U3MEPSIOT aMIJIMTYAY KOJIeOaHHMii Ha BXOJIE ¥, U aM-
MJINTYNY HaNpPsi)XEH Ust HA BBIXOJIE T, @ TakXe (a30Bblii yroJ 8. OGbIYHO pacCYUThIBa-

7

10T 3aBUCUMOCTH G(®) n N(w) nndo G"(w) n ' = o No COOTBETCTBYIOLLUM (pOopMYy-

JlaM. AMIJIMTYIa CKOPOCTH C/IBUra paBHA Y, U COOTHOCUTCSI CO CKOPOCTBIO C/IBUTA
NP CTALIMOHAPHOM TEYEH UM .

JIHaMWYEeCK e U3MEPEH Ui NMO3BOJAKOT OHOBPEMEH HO NOJIYYHUTh MHPOPMALIU IO
0 BaA3KOCTHBIX [N (w)] n ynpyrux |G(w)] xapakTepuctukax tekyueii cucrembl. Hano
UMETD B BUALY, 4TO NPU aHAJIU3E TAKOrO T€YEH Usi 0ObIYHO NpeanosiaraloT 6eCKOHEYHO
MaJyio iehopMaL M0 NPU CABUTE.

Bsizkoynpyrue XXMakoCTH CO 3HAYMTEJIbHBIMH YNIPYTMMM CBOIMCTBAMM, HAaNpH-
Mep, PACTBOPHI M pacriaBbl NOJIMMEPOB, IEMOHCTPUPYIOT TaAK Ha3bIBAEMY IO HEJIMHEN -
HYI0 BA3KOYNPYroctb. OnHUM U3 2(ppeKTOB TaKOro poaa sisasetcs 2(p¢ekT BeiicceH-
O6epra. OH COCTONT B TOM, YTO NMPH BPALLEH MM BHYTPEHHErNO LIMJIMHIpa BA3KOYTpyras
XUAKOCTb NOAHUMAETCA BBEPX MO LWJIHHIPY, 8 HbIOTOHOBCKas, HA000OPOT, OTXOAUT
K BHELIHEMY HENOJIBUXHOMY uLWJIMHAPY. Kpome TOro, B BA3KOYNpyroi XHuakocTu
MOsi BJIs IOTCst IONOHUTEJbHbIE HOPMaJIbH bIE HATIPSIKEH U T),, T, U Ty, KOTOPBIE CNO-
COOHBI co3path cuay F, J1eHCTBYIOWYIO NEPNEHAMKYJASAPHO MJIACTUHE W BAOJIb OCH
KOHYyca:

Nl
2nr®’
[ie T — pajiuyc KOHyca. 3aech BeJIMuuHa N, =T, —T,, ABJISETCs NEPBOM PasHOCTHIO
HOPMaJIbHbIX HamNpsi)KeH Uid.

Jlpyruve Buabl MCCJIEOBAH NS BA3KOYNPYIUX X MOKOCTEH, 8 UMEHHO: peJlakcaLus
HaNpsXeHUWil NPpU OCTAHOBKE TEYEH WS, pa3BUTHUE HANPsiXKEH U NPU CO34aH UK CABU-
ra, pazputve neopMal MM NPy HAJOXKEHHUMW CIBUFOBOrO HaNnpsAXXeH us — 3/1eCb pac-
cMaTpuBaTh He OyieM.

F = (1.6)

|.4. Cdepuueckue HacTuLbl B BA3KOM KUAKOCTU

XOpOoIIO M3BECTHO, YTO BA3KOCTb PE3KO YBEJIMUMBAETCA, KOrda B XX MAKOCTh BHOCAT
TBEpAbIE YacTULbI, OOpasywoume cycneHsmio. HecoMHeHHO, Haubonee npocTbiM



Puc. 1.7. JIBMkeHUE 111apa B HEMOABUXKHOW XHUIKOCTH CO CKOPOCTBIO V, UK 00TeKa-
HHUE HEMOABHMXXHOTO Wapa XMUAKOCTBI CO CKOpOCThIO V. B 0001x cnyuasx

BO3HMKAET CHJIA COMPOTHBIEHNS 1BUXEHUK F, paccuntannas CToKCcoOM

CNyyaeM Takoi Teky4deil cuctemMo sinsieTcs cdepuyeckass YacTUIa, HaXoaslas-
CA B JJaMHHAPHOM TMOTOKE XHWKOCTH WIIH JIBUXYIIAsACsA B HEMOJBHXHOHW XHWJIKOCTH
(puc. 1.7).

3akon CToKca onpefieNnseT CUJy CONMpPOTUBIIEHW s, AEHCTBYIONIYIO HA 11ap, NMpH
OTHOCHTEJIbHOM JABHKEHUH C(HEPUYHECKOI YAaCTHIBI B BA3KOH XUAKOCTH: F = 61 1V,
7€ 1), — BSI3KOCTh XM IKO#H IMCMIEPCUOHHOI Cpefibl, T — paauyc chepsl, V— CKOPOCTh
mapa (UM CKOPOCThL TeYeHHWs XHUAKOCTH). TakuM 0o0pa3oM, Ha YaCcTHUILY JIEHCTBYET
CHUJIa CO CTOPOHH XMIKOCTH, MPUIOXEHHAas K LIEHTPY 1Iapa.

B npocToM cCABUTOBOM TEYEHWM Pa3IMYHBIE YYACTKHW YAaCTUITHI HAXOASITCS B CIO-
SIX XXMJIKOCTH, IBUXYILMXCH € pa3iMdHOI CKOpocThIO (puc. 1.8). Cama cdeprueckas
YacTUIIa AIBUXKETCS MOCTYNATEbHO C TOI e CKOPOCTHIO, YTO U CJIOi XKUJIKOCTH, B KO-
TOPOM HAXOJTUTCS IeHTP 1iapa. ITooToMy BO3HWKaeT napa CHUJI, UMEIOIasi Ty Xe TpH-
ponay, uto cuna CToOKca, ¥ Bpau@mlas cPepudecKyro 4YacTHILY.

AnpGept DitHInTeiin (1906) paccunTan Bs3KOCTb, OOYCIIOBJIEHHYIO HAJIWYHEM
c(hepUUeCKUX YaCTHIL, YIAJICHHBIX APYT OT JIpyTra Tak JaJIeKO, YTO BO3MYIIEHW ST TEYe -
HW#, BH3BAaHHBIE BpallleHHEM YACTH1l, MOXKHO pacCMaTpuBaTh OTAENbHO /IS KaXK10¥i

V(y)

Puic. 1.8. JIBuxeHue chepuyecKoil yacTULBL B NPOCTOM CABUTOBOM TEYEHU U



yacTuubl. B pe3ysbTate cTpororo pacuyeta JUisg npeaesbHO pa3daBJieHHON CYCNEeH3uM
HEB3aMMOZICHCTBYIOLLMX YaCTHL NOJYHYEHO M3BECTHOE ypaBHeHMeE T =1y (1 + 2,5P),
rae 1, — BA3KOCTb XHMIAKOI TUCNEPCHOHHOI cpefibl, @ — 00beMHaA KOHLEHTpaLuda
JmcnepcHoit asbl.

Jlnsg nOHMMaHUA NPUYKUH YBEJIMYEHU S BA3KOCTH CUCTEMBI NMPHU J00aBJICHU M Ya-
CTUL caenaeM NpubJMKEHHBI pacueT, ucnosbiya padoty [118]. bynem paccmatpu-
BaTh BA3KOCTL (BHYTPEHHEE TPEHME) B C/Iy4ae JJAMHUHAPHOrO NOTOKa ¢ NOCTOSAHHBIM
rPaJIMEHTOM CKOPOCTU. [lONMOJHUTENBHBIE NMOTEPU IHEPIrUU CBSA3aHbI C BpPaAlEHM-
€M 4YaCTH LBl B MOTOKE. YIIoBasi CKOPOCTb BpallleHWs chepryecKOil YacTH LBl paBHA
o = 1/2y. LIeHTp YacTH LB JIBUXKETCH CO CKOPOCTBHIO NOTOKA B 1aH HO#T Touke. Ha rpa-
HULIE YAaCTULIbl €€ CKOPOCTb COBNAJAET CO CKOPOCTHIO NMPUJIETAIONIEH BO3MYILLIEHHOM
XuakocTu. B o0iemM, ckopocTb HEBO3MYIIIEHHOM TeKylleil XUAKOCTH OTJIMYaeTCH
OT CKOPOCTM y4acTKa llapa Ha BeJIMYUHY 1 /2Yr, rae r — paauyc 4aCTULbI.

[lpy BpalmeHum 4YacTtvubl NMPOM3BOJBbHON (POPMBI CKOPOCTH BpALIEHUS paBHA
w,=0Y. PaboTa N0 NpeogosIEHUIO CUJT TPEHUS NPU BPalIEHUU 3a €AUHUILLY BpEME-
HU paBHa e =0 ,M, rnie M — Bpalawimii MOMEHT, CBaA3aHHBII ¢ KOO PULHNEHTOM
BpaLaTeJIbHOTO TpeHUs k,, CoOoTHOLIEHWeM M = k, .. lnisi chepudecKoil yacTu bl
Crokc nonyumn k,,, = 61y, rae v— 00bEM YaCTHULIBI.

Ecau B enMHuue obbema comepxutesi VN yacTul, TO NOTEPU IHEPruM 3a CHET
BHYTPEHHErO TPEHHst paBHBI €- N . OTCI0/Ia MOXHO NOJIYYUTh CYMMapHYI0 9HEPIHIO,
NOTEPSIHHYIO NPH BpaweHuu yactvu, B Buge £, =k, 0. N =k, 0’7’ N . MoxHo 10-
MyCTUTb, YTO ITa BHE‘pI‘HH N06aBAAETCs K NOTEPsAM IHEPrH u B ucmm—mu Bnakou XKUI-
koctv: E = E,, +m,7’. Orciona cnenyet sbipaxenue E =y’ =k, 0’7’ N +1,7.

Takum 00pa3om, BA3KOCTb CYCNEH3WM 4HAaCTHL, NMPOM3BOJIbHOI (POopmMbl paBHa
N =k, &N+, ToncraBus koaddrumeHT BpawaresabHoro TpeHus CTokca, nony-
YHM 3HA4Y€H € BA3KOCTH [UIsi CYCTIEH3UM CHEPUUECKHX HACTHULL: 1] =N, (60D + 1).

s chepruyecKMX 4acTHUL NOJIYYEHO BbipaxeHue 60 = 2,5, nocJie noACTaHOBKM
NOJIY4YUM YpaBHEHUE DHIITEIHA:

N =1yl +2,50). (1.7)

Ba>xHbIM MOIEJIbHBIM OOBEKTOM SIBJISETCS CUCTEMA JIBYX LLIAPOB, CBA3aHHbIX XKECT-
KO. Takas raHTeN b BpalllaeTCsi KaK EAMHOE LIEJIOE B YCJIOBUSAX MpOCTOro casura (puc. 1.9).
Bsaizkas XUAKOCTb OOTEKAET 1IAPbl B NMPOTUBONOJIOXKHBIX HAMNPABJIEHUAX, NOCKOJIbKY
LEHTP MAcC JBUXETCS C TON XK€ CKOPOCTBIO, YTO COOTBETCTBYIOIINUM CIOI XK MJIKOCTM.
BosHukatowmme cuibl CTokca £, MOXHO passioXuTb Ha iBe cuJibl. CyJibl, HanpasJieH-
HbIE NEPNEHANKYIAPHO OCH raHTENIU, 00pasyloT napy, Bpaiuaroilyo raitesib. Cuibl,
HanpaBJEHHbIE BAOJIb OCH MAHTEJIN, B OJTHOM NMOJIOXXEHUH CTPEMATCH YBEJUUYMUTD pac-
CTOsSIHME Mexay wapamMu (puc. 1.9), B npoOTUBONOJIOXKHOM NOJIOXKEHUH, HA0OOpOT, —
cOnmmanTb Wapsl. Ux MOXHO Ha3BaTh ruIPOAM HAMUYECKUMU cuJiamu F,.

PeanbHblii arperat, COCTOALLM I U3 IBYX XKECTKO CBA3aHHbIX YACTHULL, HCMNbITbI Ba-
€T ICMCTBUE pa3pbl BAOILUX TMAPOJIUHAMUYECK UX CHJT B OJTHOM NOJIOXKEHUUW raHTEU
M JEHCTBUE CXMMAKLLMX CUJT — B APYroM.

CaaA3b MEX Y YACTULIAMH MOXET OCYILECTBAATHCA Pa3HbIMU Crocobamu: yepes
HENOCPE/ICTBEHHbIT KOHTAKT MOBEPXHOCTH YACTMUL, YEPE3 NMPOCIOHKY XMIAKOCTH
NP KOAryJsaLMOHHOM KOHTAKTE. bynem Ha3slBaTh CUNTY, HEOOXOIMMYIO /114 pa3pbiBa
yacTHll B arperarte, CuJoii cuenaedus F. Eciu rupoivHamMu4eCKUe CUJIbl NPEBHI-
IIAKOT CUJILI cueneHud (F, > F), TO arperat pa3py LuaeTcs.
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Puic. 1.9, HEH)KEHHE arperata-raHTeNnM B nNpoCToOM CIBUTOBOM TCHCHHWH

PaccMoTpuM 00lYIO KapTUHY (GOPMHUPOBaHMST M Pa3pylUEHHUsl arperatos-
nyoneToB B npoCcTOM ¢cABUIrOBOM TedeHUHU (puc. 1.10). JIpe Bpaluarommnecs 4aCTULbI
JBUXKYTCSI HE3aBUCUMO JI0 MOMEHTA COMMxkeHms1. [Ipu 10CTaTOMHO MaJIOM paccTosi-
HMM MEXJY YAaCTULIAMM I0JIS1 TEUEHH S NEPEKPBIBAKOTCS, YTO, BEPOSITHO, NIPUBOJMT
K JONOJMHMUTENIBHON IMCCUNIALUHU SHEPTHH. BTO SIBJIEHUE OOBLIYHO HAa3bIBAKOT TMAPO-
JAMHAMHWYECKHUM B3aMMOJEHCTBUEM YacTU L. OHO NPpHMBOANT K aHOMAJIbHOMY (110 OT-
HOLLUEHM IO K YPABHEHUIO DIHLUTEHHA) YBEJIMYEHUIO BA3KOCTH CYCNIEH3UM T1PU YBE-
JIM4EHU U OOBEMHOM KOHUEHTpauuu ®. JlanbHelee cOnuXeHUe yacTuL, IIPUBOAUT
K UX CLEIJIEHHU IO U 00pa30BaHH 1O TOCTATOYHO NIPOYHOI0 KOHTAKTA.

KOHTAaKT noaJepxKuBaeTcs: CKUMAOWNUMH THAPOJITUHAMHUYECKUMHU CUlaMu £,
Arperar-nyoJieT IBUXKETCS KakK €/IMHOE LIEJ1I0€, BpallasiCh BOKPYI' LEHTpa Macc.

[locne nopopoTa Ha yrojs ~ 90° jocTuraeTcsas HandoJe€ BHITOJHOE MOJIOXKEHHUE IS
paspbiBa arperara noz JICHCTBUEM I'HIPOAMHAMHMYECKUX pa3pbl Baowmx cun F,. [1o-
CJIe pa3pbiBa YaCTHLLI NPOAOJIXKAKOT JABUIaThCsl HE3aBUCMMO AIPYT OT ApYyra, BIJIOTh
J1O CONNPUKOCHOBEHMSA C APYTMMH YaCTHULIAMH.

Kak m3MeHsieTcsl BSI3KOCTb CUCTEMBI 11PH (hopMupoBaHuM arperaron? CornacHo
MOJIENIN DIHINTEHA BA3KOCTb CYCIIEH3UH HE3aBUCUMBIX C(ep 3aBUCUT OT CyMMap-
HOro oobeMa yactull, T. €. 0T 00 bEMHOI KOHUEHTpaLUK @, HO HE 3aBUCUT OT paauyca
c(ep. Ecnu Obl npU CTOJIKHOBEHMM AiBE cephbl CMBanuch B chepy OONbLIErO pas3-
Mepa, TO BSI3KOCTh OCTaBajiach Obl npexHeil. HO npucyrcrBue arperatoB-ayoneTon
MJIM TAHTENIEN PE3KO YBEJIMYMBAET BSI3KOCTH, IIOCKOJILKY Ha pa3HbIE YaCTH TaKOIO

/'( )_ " {&’:? b D
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Puc. 1.10. PopmupoBaHue W pa3pyllEeHHE arperata-raHTeNu B CABUTOBOM TEYEHUH



YAJIMHEHHOrQ arperara BO34eMCTBYIOT 3HaYUTEBbHBIE CHUJIBl CTOKCA. Arperat B (hop-
M€ FraHTENU MPU BpallleHUU B MOTOKE MPOU3BOAMT OONBLLEE BO3MYILIEHHUE B XHIKO-
CTH, 4YeM cpepa TOro xe oobema.

ITa TUNMOTETUYECKAA KapTUHA Oy/IeT JeTaJIn3MpoBaThCa Jajiee Mpu ONMUCaAHUM
pa3JINgHBIX PEOJIOTHYECKHU X MOJIEJIEN cycnieH3n . OiHako cpa3y MOXHO cKa3aTh, YTO
HaJINYNE aHW30METPUYHBIX YaCTH 1] UJTM aHWU30METPUYHEIX arperatoB Pe3KO YBEN-
YU BAET BA3KOCTH MO CPABHEHWIO CO C(PpepUYECKUMH YaCTUIIAMH MPH TOI Xe 00beM-
HOI KOHLIEHTPAILW N,

|.5. KpuBble TeueHus n KpuBble BAZKOCTU

DKCNEPUMEHTAJIBHBIE 3HAYEHUS T U Y 00pa3yoT KpUBYIO T(y) Ha rpadmke, KOTOPYIO
Ha3bIBAlOT KPUBOI T€YeHHUs. COOTBETCTBEHHO, 3aBUCHUMOCTD 1)(Y) 00pa3yeT KPUBYIO
BA3KOCTH. XapakTep KPMBbIX ONPEAEASIETCS BUAOM TEYEH U,

[IpMHUMNKMANIBHBIE AETANM KPUBBLIX TEYEHUS T(Y) U KPUBBIX BSI3KOCTH N(y) no-
KazaHbl Ha puc. 1.11. Kpupas (1) OonucCbiBa€T HBIOTOHOBCKOE TEYEHHE C IOCTOSIH-
HOIl HBIOTOHOBCKOI BA3KOCTBIO 1,; (2) — NCEBAONIACTMYHOE TEYEHUE, UMEIOLLIEE
IPEJIEIBHOE 3HAYEHUE BSI3KOCTHU NpH HYJEBO# ckopoctu caeura (n(0)); (3) — capu-
IroBO€ 3aTBEpAECBaHME (JIMJlaTaHTHOE TeYyeHMe); (4) — NAacCTUYHOE TEYECHHUE, TO ECTh
TEYECHHE, MMEIOLLEE MPE/ICJIbHOE HANPSIXKEHUE CABMIA T; (5) — MACAJIbHOC NMIACTHY-
Hoe TeyeHue (1o buHramy); (6) — nopeieHne CUCTEMBI C HBIOTOHOBCKUM T€YEHHEM
B paiiOHE HM3KU X CKOPOCTEIi CABUTIA M CABUTOBBLIM Pa3MWKE€HHEM B 00J1aCTH BbICOKH X
CKOpPOCTEM C1BUIA.

Ha xpuBoii (6) Takxe nokKasaH y4aCTOK HbIOTOHOBCKOI'O TEYEHUSI B 00JIACTH Bbl-
COKMX CKOPOCTEil C/IBUIra, KOTOpbIii B 3KCNEPUMEHTAX HAOJIONAETCSl AOCTATOYHO
penko.

Bce 3TH KpUBBIE MOXHO NPUOJMKEHHO ONUCATh C NOMOILLbIO PEOJIOTHYECKOTO
YPABHEH U1, CBA3bIBAIOLLETO HANIPSIKEHUE CIBUTA T CO CKOPOCTBIO CIBUTA Y.

T=1,+n,{", (1.8)

Puc. 1.11. Kpupble Te4eHUS U KPHBBIE BA3KOCTH JUTH TUMHUYHBIX BUJIOB TeueHus . TTo-
SICHCHH S B TEKCTE



€ro Ha3biBalT ypaBHeHuem Tepuiens — banknu. Ecan T =0, To TeyeHue aApBnsgeTca
ncepaonaacTUdHbIM (Npu n < 1) unu aunataHtHeiM (npy n > 1). [1lpu n=1 ¢popmyna
CBOAMTCA K ypaBHeHUW10 buHrama (t, > 0) unu 3akony HetotoHa (7, = 0). Benmunny 1,
OOBLIYHO HA3bIBAKT NpeAe/ibHBIM HAanpsAXeHWeM CABUIra WJIW NPeAesioM TEKYYECTH.
SlcHO, 4TO TaKOE ONKCaHUE ABJSETCS YUCTO KayeCTBEHHBIM. Tekyuyio cpeny (cucte-
MY) WJIH XHUAKOCTb MPUHATO Ha3biBaTh TaK X€, KAK BUJl TEYEHWU S, HAaNpUMEP, HbIO-
TOHOBCKag Xuakoctb. MHOrna cucrteMy Has3biBalOT NO TUNY YPaBHEHHU S, KOTOPLIM
ONUCHLIBAETCA KPUBasA TeUeHU A, HANPUMeP, XU IKOCTh buHrama.

Kpusbie (1)—(5), B ob1ieM, MOXHO onucatb KaKMM-JIMOO OHUM ypaBHEHHEM
Ha BCEM WHTEPBaJie UBMEPEHU I, TAKOE PEOJIOrHYECKOE MOBEEHUE MOXXHO Ha3BaThb
npoctbiM. Kpubag (6) COCTOMT M3 Tpex pa3HbiX KPUBbIX BA3KOCTH HA pa3HbIX MHTEP-
BaJlax U3MEPEH Msl, KOTOPbIE ONMUCBIBAIOTCH pa3HbIMH PEOJIOTHYECKMMMU YPaBHEHMW SA-
MU, TAKOE PEOJIOTMYECKOE MOBEIEHUE HA30BEM CJIOX H bI M.

BaXXHO OTMETHTB, YTO OAMHAKOBBIE BUAbI TEYEHUSA HAOMIOIAIOTCA B pa3/IMYHbIX
JIMCNEPCHBIX U MOJIMMEPHBLIX CUCTEMAX (CYCNEH3UAX, IMYJIbCUSX, MMLEJJIS PHBIX
pacTBOpax, pacTBOpaXx M pacrnjiaBax noJumepoB). Bo3HMKaeT ecTecTBEHHbIi BONPOC:
ABJSETCA JIM CXONCTBO XapaKTepa TeYEeHU A pe3yJibTaTOM CXOACTBa MeXaHHU3Ma Teye-
HU$ B pa3JINdHBbIX cucTemMax?

PaccMoTpeHue CyLIeCTBYIOLUX KOHLUENLUH U MOAENEH HEHbIOTOHOBCKOIO Te-
YEeHUS €CTECTBEHHO HAyaTb C ONMUCAHUSA JAMCNEPCHBIX CUCTEM, B NMEPBYIO OYEPEND,
CYCINEH3UI,

|.6. Peonoruyeckue ypaBHeHUA ANA OUCNEPCHBbIX
CUCTEM

O01asa CTpyKTYpHas 0COOEHHOCTb HEH bIOTOHOBCK M X XX UIKOCTE COCTOMUT B NPUCYT-
CTBUM €IUHUL TEYEHUSA, PA3MEPBI KOTOPLIX HAMHOIO NMPEBLILIAIOT pa3Mepbl MOJIe-
KyJ1 XuaKoctu. Takum obpa3om, BA3Kaa XXUJAKOCTb paCCMAaTPUBAETCA KaK CrJIOLL-
Hasl TUCNEepCUOHHAs cpena, a JIlooble YacTULIbl — Kak aucnepcHas ¢asza. Cutyauus
OCJIOXKHSETCA TEM, YTO HAaCTULIBI NMPU B3aUMOJICHCTBUU MEX Y CODOI 00Opas3yroT He-
KME arperata, rpyrnnuMpoBKH, TO €CTb CUCTEMa CTAHOBUTCA CTPYKTYpPHUPOBaHHOIA.
Ecnu pa3zmepsl arperaTtoB U3MEHS KOTCSl CO BPEMEHEM NMPU NOCTOSAHHOI CKOPOCTH, TO
CUCTEMA CYUTAETCA TUKCOTpONHoIl. Kak npaBuJio, ypaBHEHUA TEYEHUA CTPYKTYPU-
POBAHHBIX CUCTEM UMEKT CMBICJI TOJILKO JIJII KOHEYHOrO0 paBHOBECHOIO COCTOSAHUA
TEHEHUS.

M®eHOMEHOIOrMYECKUE MOJIENIH CTALIMOHAPHOTO TEYEH UKl CBOAAATCA K PEOJIOTHYE-
CKMM ypaBHeHMAM BUaA T =1T(Y), WK 1 = N(}), Hau 1 = n(T), rae 1 = t/y ectb 3P dek-
TUBHAaA BA3KOCTb (WU NMPOCTO BA3KOCTH) JIMCNEPCHOI CUCTEMBI.

TeueHue HECTPYKTYPUPOBAHHON CycneH3uU OObIYHO ONMUCHIBAETCS YPaBHEHHEM
JiiHwreitHa 1 = 1 (14+AP), rae 1, — BA3KOCTb XUAKOI AUCTIEPCHOHHOIT cpeabl, ® —
0o0beMHasi KOHLEHTPaLMs AucnepcHoii Teepaoit pasml, k = 2,5 st chepruueckux ya-
cruu [1, 2].

OnHaKo ypaBHEHHE IKCNEPHMEHTAJIbHO MOATBEPXAAETCH TOJILKO /IS NMPEAcib-
HO pa30aBJE€HHOIl cycneH3nu, a BeaudyruHa KoadpduuueHta k 4acto npepH LLAET 2,5

[11, 88].



Puc. 1.12. Bo3MOXHBIEC CTPYKTYPBI IHCNEPCHBIX CUCTEM B YCIOBHSIX CIBUTOBOTO TE-

yenusn (10 E. E. bubuky)

[To npencraBneHusiMm E.E. bubuka [6] cTpyKTypMpOBaHHBEIE CYCNEH3UN 00Opa-
3VIOT arperathbl B BUJE JIYOJIETOB UK 1EMOYEK, B MPEJIEJIbHOM Clydyae 9TH IEMOYKH
00pa3yioT cnnonnyo ceTky. HecTpyKTyprupoBaHHBIE CYCNIEH3WH TTPEACTABIIEH B KakK
1apooOpa3Hble UJIM aHW30METPUYHBIE YacTHIIBI, HE CBSI3AHHBIE MEXJy cO00i cu-
JJaMW TIPUTSIKEHUsI. B3anMoneiicTBHe YaCTHUIT BRIPAXAETCsl B CO3JITaHUM JIOCTATOYHO
MPOYHBIX KOHTAKTOB, MPEXJIe BCET0 KOATyJsIIHOHHOW Npupoas (puc. 1.12).

AHU30OMETPUYHBIE YACTUIH (IIMJTMHJIPHI, TUCKHW, STIJIMNICOMH) CMOCOOHH Bpa-
IAThCS B C/IBUTOBOM TedeHWW. [TOCKONLKY BSI3KOE TPEHUE M CKOPOCTH BpallleHUs
MaKCHMMaJIbHBI, KOT/Ia LIUJIMHAP NEePrNeHIUKYJISIPpeH MOTOKY, U MUHMMaNbHBI, KOT/IA
IIMJWHAP napajifieneH NoTOKY, TO BO3HUKAET MPEUMYILIECTBEHHAsI OpPUEHTALIU S 11—
JIMHJIPOB BAOJL MOTOKA MPU C/IBUTOBOM TEYEHWH, T.€. pacrpee/icHHe 1HJIUHJIPOB
MO OPUEHTAIIUMN.

IMTonararot, 4TO Bpar@reabHOE OPOYHOBCKOE JIBUXXEHHWE MPENSITCTBYET TaKOI OpH-
EHTALlM |, YTO YCIOXHSET PEOJIOTHYECKOE MOBEJACHHUE CUCTEMBI. ECTH YaCTHIIBI TTEPBO-
HAYaJIbHO O0BEIMHEHBI B CMJIOLITHYIO CETKY (KapkKac), TO CUCTEMA WMEET HEKOTOPHIE
CBOICTBRA TBEPAOTO TeJa, M CTAllMOHAPHOE (HETPEePLIBHOE) TeUueHUE HAYMHAETCS TOT-
Jla, KOTJIa HATIPSIXKEHWE CIBUTA T MPEBHILIAET HEKOTOPOE MPEIENTbHOE HAMTPSIKEHWE T,
COOTBETCTBYIOIIEE pa3pylIeHUIO CeTKH. JI0 9TOro MOMEHTA B CHUCTEME NMPUCYTCTBYET
ynpyras aegpopmMalys, TO €CTh CHCTEMA BEJIET CE0S1 KaK yNPYyroe TBEPJI0E TEJIO.

bunram |39] npeasioxun MOAENb MIaCTHYHOrO Tena, B KOTOPOM TEYEHHE OTCYT-
CTBYET BIUJIOTh JIO HATIPSKEHUSA T , KOTOPOE MOXHO Ha3BaTh TMPENEJIOM TEKYYECTH,
UIW CTAaTUYECKUM TMpeAenbHBIM Hampsi)KeHWeM caBura. 3aTeM TMOSsIBISIETCS Ta-
CTUYHOE T€YEHHE € MOCTOSIHHOW JuddepeHnaiIbHON BA3KOCTEHIO 1), = dt/dy (nna-
CTHUYECKOI BA3KOCTHIO). MOfienb OMUCHLIBAETCS KPUBOI TEYEHUS, HA KOTOPOH MOX-
HO BBIJIEJTUTH TIPSIMOJIMHEHHBIM YYaCcTOK TeUYeHMs, ypapHeHHWe buaraMa umeer BU;
T =Tz +1gy. HeoOXonmmMo OTMETHTE, YTO ypaBHEHWE BUHTamMa 4acTO MCMONB3YETCS
NPy anMmpOKCHUMaLUHU HEOONBIIIOrO y4acTKa KPUBOKW TEYEHHS MPH BHICOKUX CKOPO-
ctax casura [61, 133, 137].

OO01asi cxemMa peoioOrH4YeCKOro rMmoOBEJICHK I CUCTEM C KOAryasilHOHHOM CTPYKTY-
poii npeanoxeHa Il. A. Pebunaepom c corpynHukami [40, 41, 93] nnst UHTEpNpeTAlll U
TEYEHUS CTPYKTYPHUPOBAHHBIX CYCTIEH3HH OEHTOHUTOBHX ITTUH (puc. 1.13). Ha ygacrt-
Ke 1 cTpykTypa He paspylieHa, TeyeHHe otcyTcTByeT. Ha yyacTtke 2 mpouCXOmuT
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Puc. 1.13. Tlosnas peosiornyeckas kpupas (no I'l. A. Pebunaepy)

TeueHue no LLBenoBy (KOTOpoOe 4acTO Ha3blBAKOT NOJ3YYECTbIO) U NOCTENEHHBII Ne-
pexo K TeyeHU 10 no buHramy Ha yyactke 3.

[lonaraioT, 4TO NMOCJE NMNOJIHOrO Pa3pyuIeHUA CTPYKTYPHl BO3SHUKAET HbIOTOHOB-
CKOE TE€YEHHE Ha ydacTke 4, XOTA 0ObIYHO NMOCJIEAH U y4acTOK TPYAHO 3a(PUKCUPO-
BaThb. /11 onucaHHoii 31eck KpuBoit TeueHus 1. A. PeOuHaepom BBe/IEHbI NOHATUS
HauOonbllEei BA3KOCTH MPAKTUYECKU HEPA3PYLIEHHONH CTPYKTYPbl U HaWMEHbLLIEH
BA3KOCTH NMPEE/IbHO pa3pylleHHOH CTPYKTYPb.

Heo®xonuMo OTMETUTB, YTO NOJIHAA PEOJIOrMYECKas KPpUBas ONUCLIBAET NOCTE-
NMEH Hblid NEPEXO/1 OT TBEP/IOrO COCTOAHUSA CUCTEMBI K TEKYYEMY COCTOSIH U 10, MOITOMY
BOMPOC O pAaBHOBECHUH JITaH HOIO T€YEH Ul OCTAETCH OTKPBITHIM.

OT1mMmeueHo |77] TakXke, 4TO HAWMEHbILLIAsA BA3KOCTb MPEAENbHO pa3pylUeHHOM
CTPYKTYPbI NPU OOBIYHBIX BUCKO3UMETPUUYECKHU X H3MEPEHHUAX HE IOCTHTAETCA.

Ha kaxg0M y4yacTKe Takoil MOJIHOM PEeoJIOrMYecKoi KpUBO# npeanosaraercd
CBOM OTNEJbHBII MEXaHU3M TeYeHH . ANNPOKCUMALIUA ITUX YYACTKOB NMPSAMbIMH
JIMHUSIMM SIBJISETCS NOJIE3HBIM NPUOIUXKEHHEM, HO HYXTaeTCsl BOOOCHOBAHHWH C NO-
MOLLLbIO peonoruyeckoii Mmoaenu. Kpome Toro, cywiectsyet MueHue |18, 19] o Tom, uto
CABUTOBOE TEYEHUE NMPUCYTCTBYET MPU CKOJIb YTOTHO MaJIbiX HANPSAXEHUAX CABUIA.

3a nocneaHue NATLAECAT JET ObIJIM BbIABUHYTBI MHOTOYUCJIEHHBIE KOHLENLIUU
JUIS ONMUCAHUA CTALlMOHAPHOrO (YCTAHOBMBILLIETrOCsl) CABUTOBOrO TEYEHHUA NMCNEPC-
HbIX CUCTEM, KOTOPbBIE BEAYT K OOJIbLIOMY pa3HO00Opa3uio (PpYHKLIMOHAJIbHbIX 3aBU-
cuMocCTel MexX Yy 2(PPEeKTUBHON BA3ZKOCTBIO 1), HANPSAXEHUEM CIBUTA T U CKOPOCTBIO
casuray |14, 66—70].

C GEHOMEHONTOrMYECKOM TOYK U 3PEHU S, BOCHOBHOM, CYLIECTBY IOT IBA UCXO/TH bl X
MaTeMaTU4YeCKUX BblpaXkeHus. BolpaxeHue suaa

T.ﬂi‘ - Tlﬂ +,r].;;1’” (] .9)

MOXET ObITb CBEIEHO K 00JIE€ U3BECTHBIM YPABHEH USIM TEUYEHU S, COIEPXKALLIUM TTpe-
JIEJIbHOE HamnpsiXeHHe CABUTA T, B UMCHIe IPYTUX napaMeTpoB. Takum 0Opa3om, MOX-
HO NOJYYUTb OOJIBIIMHCTBO M3BECTHBIX YpaBHEHUIl TeyeHuss w3 ypaBHeHus (1.9),
cneyuajJibHO BHIOMpasa BEJIMYMHBI NOKA3aTENIEi CTENEHU 1 U M1



ypaBHeHue bunrama [39] =1, +1,Y, (1.10)
ypaBHeHue Kaccona [42) 172 =12 +n/*y"?, (1.11)

ypasHenue lepwens — banknu [43] =71, +1,Y", (1.12)

rae Tg, T, T, — NapaMeTpbl, UMEKOLLIME CMBICJ NPEAESIbHOTO HaNpsXXeH W CABUTA.

YpasHeHue (1) npy NpOU3BOJILHBIX 3HAYEHUSAX /# U M U3BECTHO KAK YPAaBHEHUE
LUynbmana [44]. YpaBHeHue OcTBasibia [45] MOXKHO CYMTATh YACTHBIM CJTY4aeM ypaB-
HeHuda 'epiuena — bankiu npu T, = 0. OCHOBHBIM HENOCTATKOM ypaBHeH Uit [epiiie-
Jia — bankiau, OctBanpaa v 3.11. LLlynbmaHa asngeTcsa 1o, 4TO A1 HUX OTCYTCTBYET
TEOPETHYECKOE OOOCHOBaHHE, T.€. MUKPOPEOJIOTMYECKAasA MOAEJIb, CBA3bIBalolIas
peosioruyeckue KOIQ@MUUMEHTBI CO CTPYKTYPHO-PEOJIOTMYECKUMU XapaKTEepPUCTHU-
KaMH CUCTEMBI, @ UMEHHO: C CUJIaMU B3aUMOIEHCTBUA MEX Y YaCTULIAMH, CTPOEHU -
€M W pa3sMepaMH arperaTos.

Jlpyroe o0iliee BolpaXXeHUe /I KpUBOUW TEYEHU A, HE COJIEPXKalllee NPEAeSIbHOIO
Hanpa>eHua caBUra, UMeeT BUJT

n=n.+M0)-n)Y), (1.13)
rne
_ Ly—0
f(y) :{ ¥
0,1 — e
VpaBHeH e, BoiBeneHHOe KpoccoMm [46]
nznern(U}—nm (1.14)

oy

OTHOCUTCA K 2TOMY TUNY. BeIOUpasa T Kak (PU3NYECKYI0 BEJIMYUHY, OTBEYAKOLLY IO
3a XapaKTep TEYEHM A, CXOH Y10 (popMyny npetoxun Merep |34):

n:nm+M. (1.15)
I+ao,T

Kpvrep v Joreptv [48] npemnoxuiu Tpexnapametpuueckyio dopmy Yp.(1.15),
rne m = 1.

|
l+ot

n=n_+(n0)-n.) (1.16)

backan [49] ucnonb30Ba #1 Kak NOJArOHOYH bl napamMeTp B CBO€i MOAMPULIUPO-
BaHHOI1 Mosenu Teepabix cdep. Bunbsamcon [50] npennoxun ypasHeH ue suaa (1.14),
rne m=1.

CxXOnHbBIH TUN PEOJIOrHYECKHUX YPABHEHUH UCXOIUT U3 YpaBHEHU A DiipuHra |31].
OH OCHOBaH Ha NMPE/ACTABJIEHUH, YTO NPU BBICOKMX CKOPOCTAX CABHUIA Y NMOCTOSIH-
Has BA3KOCTb 1] .. COOTBETCTBYET NOJTHOCThIO pa3py1leH HOM CTPYKTYpe, a MPU HU3KUX
Y CYLLUECTBYET NOCTOAHHAA BA3KOCTL 1)(0), KOTOpas COOTBETCTBYET HEKOTOPOI CTa-
OunbHoOIt ctpyktype. C yBenMYeHUEM Y (MJIU T) MPOUCXOAUT NOCTENEHHBI NEPEXO]
OT OJIHOTO COCTOSIHU S K JIPYTOMY.



B moHorpaguu I, B. BunorpagoBa un A. fl. MankuHa [4] npuBOAMTCS CreayroLLas
dopmyia aJist Te4EHUS MOJIUMEPHBbIX CHCTEM:

n/n (0) = (r/1,) arcsh (7/7,). (1.17)

H. B. MuxaitysioB u A. M. Jluxtreiim [52] npeaioxx v npuOIUKEHHYIO TEOPHU IO
TEYEHUSI TUKCOTPONHOM CTPYKTYPUPOBAHHOM CUCTEMBI, MPHBOASLLY IO K PEOJIOTHYE-
CKOMY YPaBHEHM IO

(t/7)
sh(t/t,)’
rae sh(t/t,) — runepOOMMYECKH il CHHYC NPUBEIEHHOIO HANPSI)KEH U S C/IBUTA.

MapoH u [lupc [53]) ananTupoBanu monesib Pu— DiipuHra njst onucaHusi Noam-
MEPHBIX JIATEKCOB:

n=n.+(n0)-n.) (1.18)

arcSh(fFy)
ﬁ‘? k)

rne B — Bpemsi penakcallmu. Kpemana [54| nony4un 10BOSIbHO CJIOX HOE YpaBHEH He,
rJ1€ UMEKTCS YETHIPE PEOJIOrMYECKUX NnapameTpa:

n=n.+(n0)-n..) (1.19)

-2
n:nn(l_%f;ﬂ)} ’ (1.20)

rae Koo dumeHT k = Ko ¥ K?(T/Yn‘j) :
I+ /)

B HacTosiiiee BpeMsi MPUHSITA CAEAYIOIAs JOCTATOYHO NpocTas Kjaccudukaiims
BUIOB HEH bIOTOHOBCKOIO TeyeHust. Ecnu npu npeaesibHO HU3KHUX CKOPOCTSIX C/IBMTa
HaOJionaeTcst TedeHue, HO 3PPeKTUBHAS BSI3KOCTb YMEHbILAETCS MPH YBEJIUYEHHH
CKOPOCTH CABUIa (MJIM HANPSIKEHUST CABUIa), TO XHUAKOCTb HAa3bIBAKOT MCEBIOMNJIA-
CTUYHOM, a SIBJIECHUE YMEHbILIECHM S BA3KOCTH YACTO HA3blBAKOT C/IBUTOBBIM Pa3>XKMXKe-
HUeM. 2KUAKOCThb, ypaBHEH e TeYEHU SI KOTOPOI CONEPKUT NpeaesibHOE HarpsixKeH ue
C/IBUra, Ha3blBAKOT MJIACTUYHOM, MJIN HEJIMHEIMHONH NnacTUYHOMH. HEHbIOTOHOBCK Y10
XHUJAKOCTb C NMOCTOSIHHOI nuddepeH nasibHON BSI3KOCTBIO HA3bIBalOT WJi€aJILHOIM
MJIACTHYHOM X HWIKOCTBIO, MJIM XHUaKocTbio buHrama |6, 39].

JloCTaTouyHO penko HabJMAAeTCs CABUTOBOE 3aTBEpPAEBaHUE (MJIU TUJIATAHTHOE
TEYEHUE), MPU KOTOPOM BSI3KOCTh BO3pacTaeT NMpH YBEJHMYEHUM CKOPOCTH CIBUra
(i HanpsikeHus caBura). Peonornyeckue ypaBHeHUS sl TAKOrO BUJIAa TEYEHM I
NMPakTHYECKH OTCYTCTBYIOT, 32 UCKJIIOYEHHEM IMNUPHUYECKOKH (POPMYJIB CTEMEHHOIO
3aKOHA T=T),, ¥", 1€ M5, — KOIPOULIHMEHT KOHCUCTEHTHOCTH, N — MOKA3aTeJIb CTe-
NEHU, 3HAYEHNE KOTOPOro 60abIlIe €AUHUILLBI.

|.7. IpegenbHoe Hanpsa)xeHne caBura,
Unn Npegen TeKy4ectu

[To knaccudukaumu I1. A. Pebunnepa [3,10—12] Bce Tesna MOXXHO pa3neJiuTh Ha TBEP-
n000pa3Hble M XUakKoobpasHbie. TeyeHHue XMAKOOOpa3HbIX TEJ MPOUCXOAUT MPHM



CKOJIb YTOTHO MaJIbIX Hanpsi>)keHUsiX caBura. TeyeHue TBepaooOpa3HbIX TeJ1 HAUMHa-
€TCSl TOJILKO MPU NPEBLIIIEHUH HEKOTOPOro NPEAEJIbHOrO Hanpsi>kEeHUsl CABUIa, KO-
TOPBIM TAKXKE HA3BLIBAKOT NMPEAESIOM TEKYUYECTH. DTO O3HAYAET, 4YTO TBEpAooOpa3Hoe
TEJIO HAaXO/IUTCSl B TBEPIOM COCTOSIHUH HUZKE MOPOroBOro 3HaYeHM sl T, U NMEPEXONHT
B TEKy4€e COCTOSIHUE NP T> T,.

B ucropmnueckom nnade [17] nnacTuyHOE TeYEH e pacCMaTPH BaJIOCh KaK pe3yJib-
TaT nepexojia U3 TBEPAOro B TEKYy4Yee COCTOSIHUE CUCTEMBbI, HallpuMep, UaeajbHOe
njacTu4Hoe teyeHue bunrama: y=(1/n,)(t—t,) npnt> 1, I. Lllpamm |8] oTpaxaer
o01iee MHEHME, CBSI3bIBasi Peie/l TEKYUYEeCTH T, CO CTPYKTYpOii BeliecTsa. [peanosna-
raeTcsi, YTO BCE YaCTHUILBI CBSI3aH Bl MeX 1y CO00ii, 00pa3ys CETKY HUJIM Kapkac. MaJsbie
BHELLIHUE CUJIBI MPOU3BOASAT YNpyryto aepopMannio cetku (rena). [lpu nocratouHo
BbICOKOM HaMpsi)€HUM CETKa pa3pyllaeTcsi, €€ OTAEJIbHBIE JJIEMEHTH CMENIaKTCs
HEOOpPaTUMO — CUCTEMA HAYMHAET TeYb. TaKUM 0Opa3zoM, Npeaes TEKYy4eCTH MOX-
HO CBSI3aTh C MPOYHOCTBHIO HEPA3PYLUEHHOMH CTPYKTYpH. B aHM0493bIYHOI InTEpa-
Type napameTp T, yacTo HasbiBatoT yield stress. To yield nepesonsit [18] kak «OTKpBITH
NyTb K JEHCTBUIO CUJIBI», TO €CTh JIOCTUXKEHHE HEKOTOPOro MOpPOrOBOr0 3HAYEHMS
T, PE3KO YBEJIMYMBAET TEKYYeCThb BelecTna. B cioBape peosiornyeckux TepMMHOB
(Bputanckue ctanaapthl, 1975) npeneabHoe HaNpsKEHUE CABMIa ONPEAESIEHO TaK:
«HanpsixxeHue, HUXXe KOTOPOro BELIECTBO BeJIeT ce0si KakK ynpyroe TeJio U Bbillie KO-
TOPOro BELIECTBO BEAET Ce0sl KaK XKMAKOCTb C MJIACTHYECKO# BSI3KOCTBIO 1), , TAK YTO
T=1, +1,,Y». MOXHO Ha3bIBaTb TAKY IO MOPOTOBY 10 BEJINYNHY MPEEJIOM TEKYUYECTH,
MJIM CTATUYECKHUM MPENEsIbHbIM HAMPSIXKEHHUEM T,.

C npyroii CTOPOHBI, MOXHO pacCMaTpUBATh MNapaMeTp T, KaK KOI(MPUIIMEHT peo-
JIOrMYECKOro ypaBHEHUsl, KOTOPOE CMpaBeaJuBO /ISl CTallMOHAPHOr O, paBHOBECHOIO
COCTOsIHMsI TeyeH usi. Torna BesinYnHa T, ONpeeisieTCsl IKCTPANONUeii K HYJIEeBOMY
3HAYEH U K0 CKOPOCTH C1BMTa Y. MOXHO Ha3bIBaTh TAKYIO BEJIMYUHY MPEACTIbHBIM Ha-
NPsSKEHUEM CIBUTA (UM IMHAMUWYECKUM MNpee/IbHbIM HaM PsiKeH HEM).

B 0011ieM, 3HaUeHUsI T, U T MOTYT OBITh pa3yinuHbL. [IpsiMoe onpenesieHue T 3aBU-
CUT OT YYBCTBUTEJILHOCTH U3MepuTenbHOro npubopa. [lpenen rekyyectu onpeness-
FOT, HANpUMep, NpsiMbIM CMIOCOOOM C MOMOIIIBIO JIONACTHBIX MellaokK |8, 224].

Eciin marepuas ABASETCSI UCTUHHO IMJIACTHUYHBIM, TO BSI3KOCTH [OJIXKHA CTpe-
MHTBCSI K OeCKOHEYHOCTH (1) — oo nipu ¥ — 0). bapHec [14, 18, 19| yTBepxaaet, 4To
CYLIECTBOBAHUE T, HE SIBJIAETCS pPeasibHbiM (DAKTOM, a €CTh CJIEACTBUE OrPaHUYEH-
HOr0 MHTEpBaja CKOPOCTEH, AOCTYMHOro OObIYHBIM BUCKO3uMMeTpaMm. Ecam wmH-
TEPBaJl HU3KMUX CKOPOCTEM caBUra (MM HU3KUX HANMpPSXXEHWI CiBUTa) HENOCTYNEH
AJIS1 U3MEPEHUS, TO CO3/1AETCS BreyamieH ue 6€CKOHEYHOIr0 YBEJIMYEHUSI BSI3KOCTH 1)
MO MEpe YMEHBIIEHUS T. YCIOBHOCTD MOHSITUS «[IPEAEJABHOrO HanpsiXkKeHus» CKOTT
braeiip nopuepkuBaeT CIOBaMM «T, €CTh HAMPsI)KEH Me, HHUKE KOTOPOro TeYeH Me He Ha-
OJII01AeTCS MPU JIAHHBIX YCJIOBUSIX SKCMEPUMEHTa»,

HoBble BUCKO3MMETPH ¢ (PUKCHPOBAHHbIM HaMPsIXKEH HEM C/IBHra MO3BOJISIIOT 00-
HapyXUTb T€YEHUE CO CKOPOCTAMM nopsiaka 10° ¢ u u3ameHeH e BI3KOCTH B COTHH
THICSY Pa3 MNPy YBEJIMYEHU U HanNpskKeHud cnpura. Takum odpazom, bapuec [14] cuu-
TAeT, YTO B XXMJIKOCTSIX CO 3HAYUTEJbHBIM CABHIOBBIM Pa3:K MKEHHUEM MPENenbHOe
HanpsiKeHHWe T, MOABJISIETCS KaK Pe3yJsibTaT pacyera B 00J1aCTH CPEIHUX M BHICOKHX
CKOpOCTEeii CABUTa MO COOTBETCTBYIOLIUM PEOIOrHYeCKUM ypaBHEHUAM. CyliecTBy-
et Takxe MHeHue [9, 14, 173], 4yTo npenesomM TeKYY4EeCTH MOXHO CYMTATb TY Y3KYIO



obnacTh HaMpsi)KeHUit caBura, B KOTOpoit 3¢ @ekTHBHasI BSI3KOCTh CKa4KoOOpa3HO
YMEHbIIAETCH.

|.8. CrpykTypHOEe 0O0OCHOBaHME peonormyecKkmnx
Moaeneun

[lpenBapuTe/IbHO YTOYHUM MCMOJIb3yeMbIEe MOHATHUSI. CTPYKTYpa CUCTEMBI — TpO-
CTPAHCTBEHHasl OpraHHu3alus 4acTuil ¢ NOMOIILbIO (PM3NYEeCKUX (MJIM XMMHYECK UX)
CBSI3€i B HEKOE €JIMHOE 11eJIoe (arperathbl YaCcTHUIL, aCCOLIMATHl MAKPOMOIEKY). Arpe-
rat 4yaCTuil — COBOKYMHOCTb YaCTH1I, CBSI3aHHAsI HEKOTOPBIMUW CHJIAMHW U JIBHUKYLLIA-
SICSI HEKOTOPOE BpEeMS$ Kak €IMHOE 11eJ10¢€.

Tanpoc [30] npeanosoxua, 4To peONOrHYeCKHE CBOKHCTBA CYCNEH3UI ODYC/IOB-
JICHBI BEJINYMHOI OOBEMHOII KOHLICHTPAIIMKU AUCTIEPCHOIT (pa3bl, MHTEPBAJIOM U BE-
JIMYUHOI CHJT B3AUMOJICHCTBUSA MCX Y YaCTULIAMMU H CTPYKTYPOM (POPMUPY IOLLIMXCS
arperatoB. K oCHOBHBIM (pakTOpaM, BJAMSIIOIIMM HA TEYEHUE CYCMEH3HI, OH OTHEC
OpPOYHOBCKOE JIBUKCHHE YACTHIL, MEKYACTHYHBIE CUJIBI MPUTSXKEHHUSA U OTTAJIKMBa-
HUSI, THAPOANHAMMYCCKOE B3auMOCHCTBUE MeXny yactuiamu. [locnenHee, no ero
MHEH M0, BO3HUKAET MPU BHICOKMX OOBEMHBIX KOHIIEHTPAIMSIX, KOr/1a NoJie TEYEH U s
BOKPYTI OTHOM YaCTHUILbI B3AUMOJEHCTBYET C MOJIEM TEYEH USI BOKPYT COCEIHEN YaCTH -
ubl. Takum ob6pazomM, 0O0OCHOBAH MEM PEOJIOrMYECKHUX YPaBHEH Nii SIBJISIIOTCSI MUKPO-
PEOJIONMYECKHME MOJIESIN, KOTOPHIE CBSI3bIBAIOT PEOJIOrMYECKHE CBOMCTBA C XapaKTe-
POM JABHKEHHS YACTHILL B BSI3KOM XXUAKOCTH, CUJIAMU MPUTSIZKEHUSI U OTTAJIKMBAHHU S,
r’MAPOIMHAMHUYECKHUM B3aUMOJIEHCTBHEM MEX1Y YacTULIAaM M.

MOXHO BBIICIUTH TPU TUNA MUKPOPEOJIOrMYECKHUX Moeneii. Moaenu nepsoro
THMA UCMOJIb3YIOT KWHETHYECKKWE YPABHEHMSI IS ONUcCaHu st (POPMUPOBaAHU S U pa3-
PYLIEHUS arperatoB, COCTOSLUMX M3 AIBYX U Oonee yacTHil. YpaBHEHHE COCTOSIHUSA
CTPYKTYPbl ONNUCHIBACT PABHOBECHUE MCK/1Y pa3pblBOM CBA3CH MCXK /1Y YACTHIIAMM M UX
pocctaHoBsiecHWeM. Hanpumep, B moaesn Kpocca [46] noctynarenbHoe OpOy HOBCKOE
JBHXKEHUE YACTHIL MPUBOAUT K OOpa30BaHHUIO arperaTtoB-1€Mno4YeK (KOHCTaHTa CKO-
pOCTH coe/iIMHEeHus k,). Pa3peiB cBsizeit npoucxoamnt 0Jyiarojapsi OpoyHOBCKOMY JIBHU-
XKEHUIO (KOHCTaHTa CKOPOCTH CMOHTAHHOrO paspbiBa k) U NEMHCTBUIO CABUMTOBOIO
TEYEHU S (KOHCTAHTA CKOPOCTH pa3pbiBa cBsi3eii ky"). [1Ipu 3TOM npeanosiararOT, 4TO
BSI3KOCTh MPONOPIMOHAJIbHA YHCJTY CBSI3EH MEX 1Y YaCTHUIlaMH.

B monenu Kpurepa [24, 32, 48, 63] yactuibl 0OOLeIUHSAIOTCS B 1yOaeThl Oytarogaps
OpPOYHOBCKOMY JIBUXXEHUIO U Pa3AENsIiOTCS HA OT/IEJIBHBIE YaCTUILH MO/ ACHCTBUEM
CNBUTOBOro tTedeHus. PaBHoBecue cMmeliaetTcst oT ayoJsieToB K CUHIJIETaM (TO €CTb,
K OTAE/IbHBIM YacTULIAM) MO MEpPE pOCTa CKOPOCTH CBUIA,

[Tonb3ysick aHanu3oMm pasMmepHocTeii, Kpurep [63] nokasan, 4To OoTHOCUTESIbHAS
BSI3KOCThH 1]  IOJIXKHA 3aBUCETh OT KOHUEHTPauMKN © 1 OT BEJIMYUH B Oe3pa3MepHOro
pPeayi1lMPOBAaHHOIO CABUIa T, = w /kT. 1eiiCTBUTENIbHO, B OTAENbHBIX CIyyYasiX HabJTo-
NAETCsl CYyNEPNO3ULM Sl IKCMEPUMEHTAJIBHBIX TOYEK Ha rpaduke 1), = 1.(T,) Ansi pas3yiny-
HbIX AUCNEPCUOHHBIX CPE/, HO TOJBLKO [Jisl YaCTUIL Maaoro pasmepa. AHajornyHas
cynepno3uiius Habnoaaercs [30], ecam nOCTPOMTh 3aBUCMMOCTH 1), OT O€3pa3MepPHOIi
cKopocTu casura §, =yt =6 7/kT . D10 0OCTOATENLCTBO OOBSICHSIIOT TEM, YTO



B MEXaHHU3Me TEYEHHS y4aCTBYIOT TOJIbKO TrMAPOAHHAMHUYECKHE (BA3KHE) CHJIHI MPH
HaJIM4U K OPOYHOBCKOIO ABUKEH U S YACTHIL.

Jxunnnecnu [55] coctaBusl KHHETHYECKOE YpaBHEHHME, KOTOPOE ONMUCHIBAET KOa-
ryJisiLM o 6aaroaapsi Opoy HOBCKOMY ABMXKEHM IO, @ TAKKE AEHCTBUIO CABMTOBOIO TE-
YEeH U, DTa MOAEJIb MPUBOANT K YPaBHEHU IO TEYEHU S BUA

TH

T I_I_B/?"'ﬂﬂqf- (1.21)

OHO yYHTHIBaeT peaJibHYI0 KPUBOJIMHEHHYIO pOopMY 3aBUCUMOCTH T(Y). KpuBas
TEYEHUSI UMEET ABA aCUMITTOTHYECKHUX COCTOSAHMS, @ UMEHHO. HBIOTOHOBCKY IO Mpsi-
MOJIMHEIH Y0 3aBUCHUMOCTB NpH Y — 0 M 3aBUCMMOCTb, OMUCHIBAEMY0 YPAaBHEHHUEM
bunrama npuy — oo, Takum 00pa3om, MOSIBJASIKOTCS MPEACJIbHBIE 3HAYEH UST BSI3KOCTH
nO) nn..

B 10 xe Bpemsi Mmoaess [Jkunnecnu |[33] ucnonb3dyet MeToN pa3ieJIeHU s HA YacTH
HaMpsi>KeHMS CAABUTA MEX 1Y MPOLIECCOM pas3pyllUEeHU s CTPYKTYPBI M MPOLIECCOM NOa-
JIEP>K MBAHM S BSI3KOTO TEYEH USI CYCMIEH3M U, T. €. 3Ta MO/IEJIb OJIM3Ka K MOJIEJIH BTOPOTO
TUMA.

Mozesiv BTOporo TMna BKJIKOYAKOT JiBA UCTOYHUKA JIUCCUTALIMM DHEPIUU TEYe-
Hust. [lonHas nuccunaiysi SHeprusi pasjiesieHa Ha CTPYKTYPHYIO (T)Y) Y BSI3KYIO (np,ﬂ}*z)
qacTu. [lpennonaraetcs, 470 neppBasi 4acTb OMUCHIBAET MOTEPH IHEPIUHU B NMPOLEC-
CE pa3pbiBa CBSI3€il MEX Y YacTULIAMU, BTOPasi — MOTEPU IHEPruur npu O0OTEKAHUMU
arperaTtoB MJIM OTAENBHBIX YAaCTHL, BSI3KOK MTUCMEPCHOHHOI Ccpenoii. DToT nojaxon
ncnosibzoBasiv Bunbsimcon [50], I'ynus [56], dxunnecnu [55], Tanaka u Baiit [57]
AN OOBSICHEHUS TEYEHUS XKUNKOCTH bMHrama. 9t Monesnu noapoOHO HU3JIOXKEHbI
B MoHOrpaduu H. b. Ypeesa u A. A. [lotanuHa |22].

KOHIEN 110 OTAE/IbH BIX UCTOYHU KOB IMCCUTIALIM U pa3BUJIM XaHTEP C cOaBTOpa-
MH |34, 59—62] B cBOEi MOnenu «ynpyroro gioka». OHH MPUILLIJIH K 3aKJTKYEHU IO,
4TO IHEPrusi, NOTEePsIHHAsi NPU ABUXEHHUH XUAKOCTHU CHApPYXM arperata 1 BHYTpH
NpOCTPAHCTBA MEXAY YacTuuamu B arperate cepuyeckoil popmbl ((pyoke), naet
HanOOJIbLIMI BKJIAJ B «CTPYKTYPHYIO» 4aCTb IMCCUNALIMK 3HEPTUH, B TO BPEMS KakK
NOTEPH JHEPruu 6iaroaaps pas3pbiBy CBSI3€i MEX Ay YaCTHLAMHW OTHOCUTEJIBHO MaJibl
| 34].

XaHTep NpeanoJioKuia, 4TO noa AEHCTBUEM TFMAPOAMHAMMYECKUX CHJI MPOUC-
XOAHUT PacTsKEHHE BCEX CBA3EH MEXy YaCTHLIAMM B arperate 10 KPpUTHYECKOI Be-
JIMYUHBI A, MOCJIE Yero 3TOT arperart pacnajaercsl Ha arperatbl MEHbILIEro pa3mepa.
Bosib110ii BKJaa B AMCCUNALIMEIO DHEPIUH BHOCST MTMAPOANHAMMYECKHE CUJTBI CONMpPO-
TUBJIEHUS JIBUXKEHHMIO YaCTUIL BHYTPH arperara, 4to CONMpPOBOXAAETCSl PACTSIXKEHU-
em cps3eil. PaBHOBECHBII pa3sMep arperata onpeaensiercsi ypasHeHuwem F, = F,, rne
F,, = n,R* ectb rupoanHamMuyeckas paspoiBatoias cuna, F, = F,/R’ ects cuna cue-
MJICHUsI, HOPMUPOBaAHHas K NJoLaau ceyeHus arperarta. [lpenenbHoe HanpsixkeHue
paBHo T, = F,A ®*/§.

KpuBbie T€YEHUSsI, U3YYEHHBIE XaHTEPOM, UMEKOT MPAKTUYECKU TMOYTH JIMHEI-
HBliT paiiOH NPW BBICOKMX CKOPOCTSIX CJIBUTA U MCEBAONJIACTUYHOE MOBEACHUE NMPHU
HU3KHNX CKOpocTsiX. HenuHeiiHoe noBeaeHue OblI0 OOBSICHEHO TEM, YTO MPU NO-
HUXEHUM CKOPOCTH 00pa3yroTcs AyONETH U TPUIIETHI, COCTOSIIIIME U3 CBSI3AHHBIX
Mex 1y co0oit (hnokos [34].
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Puc. 1.14. Arperarbl, nocTpoeHHbIE N0 NpUHLUMKNY dpakTana: ¢ — TUNHYHbLIN arpe-
rat, annpokCHMUpoBaHHbIH cdepoii; 6 — OTKPHITHIN arperar-Lernouyka;
6 — IJIOTHBIH arperart

Arperat (koaryJsit njiu (oK) npeacrasisieT co0oii coOOpaHue JyacTHIl, KOTOphIEe
ynopsiIOUEHBI B MPOCTPAHCTBE MO ONpe/eieHHbM npaBuaam. OaHUM U3 cnocoboB

R,

D
onucaHus arperara sipnsiercst uaes ¢ppakrana. Yucno yacrui B arperare P :(—] ,
r

rne R, — paanyc cepbl, BHyTPU KOTOPOIl MOXHO MOMECTUTH arperar; r — paamyc

4YACTHULBI, YCJIOBHO anmnpOKCUMUPOBAHHOI c(epoil; D — pasMepHOCTH (PpakTana.
Ha puc. 1.14 noka3aHbl cxeMbl arperaToB ¢ pa3JIMYHOIi pa3MepHOCThIO (ppakTana. Be-
JuunHa D uaMeHsieTcst ot 3 aJisi caMoro nJoTHOro arperata Jio 1 ajist «OTKpbITOro»,
JIMHEHHOro arperata — UEnO4YKU. UHTEpECHO, YTO PLIXJIBIE arperaTsel 0O0pas3yroTCs
npu OoNbIIMX cunax cuerieHus (D < 2), a Manble CUJIBl CLEMJIEHHUSI CMTOCOOCTBYIOT
(OpMUPOBAHUIO OUEHB MJIOTHOro arperara (D> 2,5). B o0eM, Majibie n3MEHEHU S
BEAUMYHUHB D NpUBOAST K CYLIECTBEHHBIM U3MEHEH USIM B CTPOEHMH arperara.
bapHec |14] ucnonb3yeTt 1Jisi ONMCAHUS arperatoB KOHLEN MO (ppaKTanoB, n0-
MOJIHSIS €€ MOHSATHEM IP(PeKTUBHOrO 00BeMa @ .. B cyliHoCTH, npeanosaraeTcs, 4To
peanbHblit 00bEM YACTHLL B arperate 3amMeHsieTcst 00bLeMomM cepbl, BHYTPU KOTOPOIH
3aKJIIO4YeH arperat. ICHO, 4TO TaKoil 3(p(peKTHBHbI it 00heM O MHOTO OOJIbILIE peaib-
3
Horo oonema @ aucnepcHoii dasmw, T.¢. @, = (Iip[ b I) . OTcrona nenaetcst BLIBOJI, UTO
BSI3KOCTb ArpErMpPOBAHHON CYCMEH3UMM MHOIO BHILIEC BSI3KOCTHM TOH XK€ CYCNEH3UH,
HO pa3/icICHHOU Ha OTAEJIbHBIE YacTHILbl. Torna ymMmeHbllIEeHUEe YUCaa YyacTHIL B arpe-
rateé ¥ COOTBETCTBYIOLUEE YMEHbLIECHHE 2(¢hdeKkTHBHOrO o6nLemMa arperata NpUBOAST
K CIBUTOBOMY Pa3XMXKEHUIO; B MOJIE CABUTOBOrO TCYECHU S pPajuyC arperata yMEHb-

LIAETCS MO IMIMUPHYUYECKOMY 3aKOHY: R{?)zﬁ. Bkjitouasi 370 BBIPaXKEHHE
B ypaBHeHUe Kpurepa— Jloreptn, MOXHO NOJYYUTh COOTHOIIICHHUE
3-D 2
Ry poin| @
=n,|1-| —(+by)" — . 1.22
N=", [ . (1+by) @ (1.22)

MU KpOpPEOJIOrHYECK e MOJIESIM TPETHETO THUMA NPEANOaratoT, 4TO MOTEPH IHEP-
MU MPOUCXOMAT TOJILKO OJylarofiapsi BA3KOMY TEYEHM IO JIMCMEPCUOHHOM Cpelbl BO-
Kpyr €eAMHHUI| TeYeHUs1 (JacTHUILL UJIW arperaTtoB). Bsizkoe TeyeHue npu 3TOM SIBASIETCS



€JIWHCTBEHHBIM MCTOYHMKOM auccunanmu 3Hepruum. KyH [36] Obinl mepBBHIM, KTO
NPEAJIONKHJT 3TOT NMOAXOA JUISl aHAJIM3a MUKPOPEOJIOrMYeCKO OCHOBBI MOBEJICHM S
XKuakoctH buHrama. Takue e «BA3KOCTHBIE» MOJIESIH OMUCHLIBAIOT HbIOTOHOBCKOE
NoBeAEHUE CyCrneH3nii u nopeaeHue xXunakoctn Kaccona [42).

BsizkocTHasi MOIE/Ib OCHOBAHA Ha JIByX jJonylueHusix. Bo-nepBbiX, MOLIHOCTb
AUCCUNALIMM IHEPTUH 3aBUCUT TOJIBKO OT BSI3KOIO TPEH U ST MEXKJ1Y IBUXKY LLIMMCSI arpe-
raToM U JMCIIEPCHOHHOM cpenoii, obTekarouleit arperat. Bo-Bropuix, pazmep arpe-
rata OnpeiesisieTCs paBHOBECHMEM MEX /1y pacTSrMBalOLUMMHU FMAPOAMHAMUYECKUMHU
CUJIaMM, BEAYILIIMMHU K pa3pbiBY arperata, 1 CUJlaMM MeX4YaCTUYHOIO MPUTSI)KEHUSL.
B uactHOCcTH, MOmenb, pa3Butasi KaccoHom [42], onuChIBaeT CIBHMIOBOE TEUEHHE
XECTKHUX LIEMOoYekK, B KOTOPbIX YaCTULIBI CBSI3aHbl BMEeCTE cusiaMu BaH-nep-Baanbca.
Jlyist obecneyeHUst rUAPOAMHAMUYECKUX BbIYMCAEHMIT 2THU 11IENMU ONUCHI BAJIMCh KakK
MOAEJIBHBIE LIMJIMHPH ¢ OCEBBIM OTHOLLIEHUEM J. (PaKTHYECKHU NMPEACSIbHOE HaMPs-
XEHUE T, BOBHUKAJIO B 3aBEPLIAIOIIEM BbIpaX€HMM MoOaeSM KaccoHa u3-3a yMEHb-
IIEHUSI MOTEPb HA BSI3KOE TPEHHWE B PE3YJIbTATE YMEHBLUEHMSI pa3MEPOB arperara-
HMJAMHpA.

[TockonbKy nst OOBSICHEH U I HEHbIOTOHOBCKOIO TEYEHUSsI HAaMU OyaeT UCNOJIb30-
BaHA CTPYKTYpHasi MOJIEJIb TPETHEIO TU A, TO ONUlleM Donee noapoOdHO Mosaesib KyHa
[36]. PaccMaTpuBaloTCsi 4acTUIB, COCOOHBIE OOBEAMHSITHCS B LIMJIMHAPUYECKHE
arperaTtbl NPy CIBUTOBOM T€YEHUH U pa3pbiBaThCsl, KOrna UX pjinHa ( JOCTUraeT He-
KOTOPOM KPUTHYECKOM BEJIMYUHH ( , onpeensieMoii npesuitieHuem £, Han F.. PaB-
HOBECHasl MJIMHA LMJIMHAPUYECKOrO arperata CYuTaeTCsd paBHO KpuTHYecKoil ([,

32 F .
a UMEHHO (7 = 3—“’ [loncraBnsisi (B ypaBHEHHUE /UTsl BSI3KOCTH pa30aBIe€HHOM Cy-
T
T]{]T {D

5

2
cneHsuu, KyH nonyuun 1 =nﬂ(l+2,5€b)+§— 3 rae nepBoe cjaraeMoe OrnUChHIBaeT
(s

TCYEHHE CYCTMEH3UH HEB3aUMOENCTBY IOLLUX YacTH L (MO DUHIITEIHY), BTOPOE Cla-
20F,
3

E.E. Buouk |6] npeayjioxua CXOAHYIO LEMOYEYH YO MOAEb AJISI TEUEHH ST KOJLJIO-
MJAHBIX pacTBOPOB (PEPpOMarHETUKOB B MarHMTHOM nosie. PaBHOBecHast UIMHa 11e-
nouyku chepuyeckux yacruu (20) ~y"*, orkyna t, = 2/3nr,F., rne n — 4ucio cBsizaH-
HBIX B arperathbl 4acTUIL B EAMHUILE 00bEMA, Fy — PACCTOSIHUE MEX/LY YaCTHIIAMH.

Kpurep [24] cuuTaeTt, 4yTo ypaBHeHUs1 buHrama nau KaccoHa onuce BalOT CUCTE-
Mbl, KOTOPBHIC TBEPAONOAOOHB MPH HAMPSXKCHUSAX HUXKE MPEACTBHOIO, a YypaBHCHUS
Joreptu — Kpurepa wiamn Kpocca onuchiBalOT CUCTEMBI, KOTOPBIE UMEIKOT KOHCUHY IO
H bIOTOHOBCKYIO BSI3KOCTb IMPU HU3KUX HANPSIXKEHUsIX caBura. YpasHenue OcrBanbiaa
MM TPAKTYETCSl KAK MHTEPNOAsILIMOHHAasI hopMyna, MoJjie3Hasi B O4EHb Y3KOM MHTEpP-
BaJie HANPSAXKEHWUH UK CKOPOCTEH CIBUTIA.

YeHr [65] cooluaer o cyiecTBoBaHUM 54 TUIMOB PEOJIOrMYECKUX YPaBHEHMUIA.
Pa3zjivyHbIE BBl TAKUX YpaBHEHU T npeacTaBiicHbl B 0030pHOIT MH(pOpMaLIMK CcTa-
Tei [66—70].

SICHO, 4TO BHIOOP PEOMOrMYECKOr0 ypaBHEeHHM S 1J1s1 KOHKPETHOro 3KCnepuMeHTa
HE JIOJI)KEH CBOJIMTBLCS K MPOCTOI MOArOHKE IMMNUPUYECKUX PEOJIOTMYECKHX Mapa-
METPOB. TeM He MeHee, ObIJIO MPEeAJIOKEHO OOJIBIIOE KOJMMYECTBO YPAaBHEHUI C Ye-
ThIpbMS$ U 00Jiee peosiorn4yecKkuMu napametTpamu. Hanpumep, TedeHue yactuil yris

racMoc€ OTBCHACT AMHAMHYECKOMY MNMPEACTIbBHOMY HAMPSKECHUIO CABHUIA T, =



B pacTtBope nosumepa [71] ObIJIO OMUCAHO C MOMOLIBIO YpaBHEHUSI, COAepXKallero

LHIECTb NapamMeTpoB:

T
I +By"

[TonbiTKA MEXaHUYECKHU O0BEAMHUTL ypaBHeHUsI HbioToHa u Tepruensi — bank-
Jiu npuBesa K ypasHeHu o Cucko [72]:

=Y Ry (1.24)

MexaHuuyeckoe 00 beIMHEHe Moaesin buHrama u Mmoaeaun KaccoHa npuseno |73]
K YPAaBHEHU IO

T +M.,Y - (1.23)

t={t + Y7y exp(-Ay)+H{T, +n, 71 —exp(- A7)} . (1.25)

DTO ypaBHEHHE, KOTOPOE ONMMUCHI BAET CYCINEH3H K0 OKMCJIOB XEJIe3a B pacTBOpE MNo-
JuyperaHa, (akTUUECKU COAEPXUT MATh MOATOHOYHBIX NapaMETPOB.

[lonbiTKA yueCcTb O4EBH/IHYKO KPUBU3HY (DYHKIIUH T(Y), HO TAK>KE€ MCMOJIb30BaTh
monesib buHrama npupesa K ypaBHeH M0 BU1a

T="T, +N,¥—bexp(-Ay) (1.20)

JUISL ONUCAaHUS Te4eH st THIorpa)CKux Kpacok |74], rae Ty, 1., b, A — NOArOHOUYHbBIE
KO(PPUILIMEHTHI.

JUist nuiuesbix nact (Horypt, MalioHe3 U p.) MpPeasioXKEHO CXOAHOE YpaBHEHUE
[75] ¢ nBYMSI 9KCNMOHEH IIMaJIbHBIMH (PYHKLUSIMMU:

T=T,+M,7eXp(—A,¥)+ M, 7exp(— A7), (1.27)

e Ty, N> Aps Ny A, — MOATOHOYHBIE KOIPPU IIMEHTHI.
Ban Bazep [76] npencraBusl ypaBHeHHe, pacuiupsiionee ypapHeHue Kpocca,
B cneayriieil popme:

n=n_+ n0) . : (1.28)
T oy o,y

B 6osblIMHCTBE CBOEM UCcenoBaTenu TpakTyoT |6, 10, 12, 22, 34, 77] mexaHU3M
TEYEHMU S CTPYKTYPUPOBAHH bIX JUCTIEPCHBIX CUCTEM KaK MOCJenoBaTe/IbHbIi pacnan
UCXOJTHOM CTPYKTYPHI MO/ IEMCTBUEM BO3pacTarOIIeil CKOPOCTH C/IBUTIA.

Hannyue HEeKOTOPOIt CTPYKTYpHI NMpeanojaraeTcs naxe B TeX Moaeasix, roe noJi-
HOCTBIO MPEeHEOperakdT CHJIaMH CLENJIEHHU ST MEX /1Y YAaCTULIAMUW, HAMPUMEP, B MOJIE-
JIN «CJIOEBOrO» TEYEHUSI YaCTHU L KOJJIOUAHBIX pa3MepoB, pa3BuToii XopmaHoMm [134]
u You [124]. OHM npeanosioxXnjn, 4To NMpPU TEYEHUH C BBICOKOI CKOpOCTBIO 00pa-
3YHOTCS Psijibl MJIM HIEMOYKH HACTHIL, PACOOJOXEHHBIE COsIMHU. [1pn HU3KKMX Hanpsi-
KEHUSIX CIBUTA YACTHULLBl UMEIOT TPEXMEPHOE XaOTHYHOE PacrnoIOXeHHe, YTO NpU-
BOJAUT K HBIOTOHOBCKOMY T€YEHMIO C BLICOKOI BsI3KOCTBIO 1)(0). [Ipn yBeninvyeHuu
Hamnpsi>KEHU S CABUTA T TaKasi CHCTEMA NOCTENEHHO TPaHCPOPMUPYETCH B CTPYKTYPY
JBYMEPHBIX NEKCAarOHaJIbHbIX CJIOEB, MPU ITOM BSI3KOCTb MOCTEMEHHO MOHMUKAETCH.
KoHeuHoe «CnoeBoe» TeUYeH e AEMOHCTPUPYET HbIOTOHOBCKHIH PEXUM C NPEeJIbHO
HU3KOM BSAIZKOCTbIO 7). C 1aNbHENIIMM YBEJIMUEHUEM HATPSIXKEHUSI CABUTA BSI3KOCTh



HAYMHAaeT BO3pacTaTh 3a CYET HEYCTOHYMBOCTH CIOEBOM CTPYKTYPHI, YTO MPUBOAUT
K IWJIATAHTHOMY MOBEACHMU KO,

BozHukaeT BrneyarsieHue, 4yTo npobjieMa HEeH bIOTOHOBCKOrO T€YeHUsi — B OOU-
JIMU PEOJIOrMYECKMX ypaBHEH ML, a He B ux otcyTtcTBuM. [Toatomy Kpocc [46] cpop-
MYJIMPOBaJl TpeOOBaHUS K BbIOOpPY PEOJIOrMYECKOro ypaBHEHMSI HEHBIOTOHOBCKOW
XHUAKOCTH. YpaBHEHHWE AOJIXHO JaBaTh XOPOLUYIO annpoOKCUMMAaLKMIO 3KCNEpUMEHTa
B LIMPOKOM JiIMarna3oHe CKOpPOCTei CABUTa, BKJIKYaTh MUHUMAJIbHOE KOJIMYECTBO He-
3aBUCUMBbIX MOCTOSIHHBIX MApaMEeTPOB, 3TH NapaMETPbl AOJXHbI MOJ/1N1ABaTLCS HE3a-
BUCUMOIi OlleHKe U 0bn1anath peajibHbIM PU3HYECKUM CMBICIOM. [TocnenHee o3Haua-
€T, YTO PEOJIOrMYECKOE YpaBHEHHE IONIXKHO OBITE MOJIYYEHO U3 MUKPOPEOJIOrNYECKON
Monesn. AHanornuHble Kkputepuu npeanoxun Ckort baeiip [64]. Henr [65] oTme-
THUJI, 4TO MPH BLIOOPE a/IEKBATHOIO PEOJIOrMYECKOro ypaBHEH Ul CleNyeT HaYUHATh
¢ (popMyJ1, rIe UMEETCS HAMMEHbLLIee YMCIIO NMapaMeTpoOB, U NEPEeXOANTh, HaNpuMep,
K TpexnapaMeTpuyeCKUM YPaBHEH USIM TOJIBKO MPHU MJIOXOM COMNTaCOBaH MM IKCIEPU-
MEHTA C IBYXNapaMeTPUUECKOIl MOAENbIO. Takoi noaxon OCHOBAH Ha TOM MPOCTOM
¢dakTe, 4TO ypaBHEHHE C OONbIIMM YHUCIIOM NAapaMeTPOB JIErYe nojI0OrHaTh K CJI0XK HOWM
CEepUU JAaHHBbIX,

|.9. CrpyKTypa cycneHsuii u cunbl B3aMMoAEenCTBUA
MeXay YacTuuamu

CuctemMpl, CMOCOOHHIE K 00pa30BaHU IO arperatos, OyeM Ha3bIBaTb CTPYKTYPHPOBaH-
HBIMM cucteMaMu. [lpenesibHBIM CydyaeM CTPYKTYPUPOBAHHOI CUCTEMBI SIBASIETCS
ceTKa (KapKac), Korzia BCE arperaTel HAaXOASATCS B KOHTAKTE Apyr ¢ ApyromM. CTpyKry-
pa AMcnepcHoit pasbl 3aBUCUT OT KOHLEHTPALLMHK, pa3MepoB U (POPMbI YHACTHLL, OT Xa-
pakTepa B3auMoAECHCTBUSI M1y yacTuliaMu. CHJIbl CHENJIEH U MEXJ1Y YaCTHULIaMU
Ha MaKpPOCKOINMUWYECKOM YPOBHE OMUCBIBAIOTCSI MOHSITUEM NMPOYHOCTH. PaspyuieHue
CETKM M pa3pylliCH Me OTACJbHOrO arperara cBsi3aHbl ¢ MNPEO/IOJIEHUEM OTHUX U TEX XKE
CHJI B3AUMHOTIO CLIEMJIEHU A YACTHIL.

Takum 0bpazom, cTaTMYECKOe NpeaesbHOe Hanpsi>keHue (npeaes npoYyHOCTH UITH
npenea TEKYYeCTH) H AMHAMUWYECKOE NpeaeibHOE HarnpsixKeHue (KoM PUIIMEHT B pe-
OJIOTMYECKOM YPABHEHUM) JIOJIKHBI OBIThH CBSI3aHbl MEX 1y CODOi. CaMbIM MPOCTHIM
pelLIeH neM SIBJISIETCSI OTOX IECTBJIEH M€ CTaTMYECKOro U IMHAMUYECKOIO npeaeybHO-
ro Hanpsi)K€HUsl, Kak nokasaHo B ctarse [70].

[IpOYHOCTbL CTPYKTYPUPOBAHHBIX CYCNEH3H i noapoOHO uccaenoBaHa B pabotax
[1.A. Peounnepawn E. /1. LllykuHa [3,12]. 1. A. PeOunpep [3] yKa3biBaeT Ha Cy 11IECTBO-
BAaHMWE JIBYX THUIMOB AUCMEPCHBIX CTPYKTYP: KOAryJSIIMOHHBIX U KOHAEHCAaIlHOHHO-
KpUCTAJIM3allMOHHBbIX. BO3HMKHOBEHHME KOAaryJasiiiMOHHBIX KOHTAKTOB SIBJSIETCS
Haunbonee pacnpoCTpaHEHHBIM TUNOM CTPYKTYpOoOOpazoBaHus [25]. KoaryasiiiHOH-
Hbl€ KOHTAKTHI UMEIOT CPABHHTEJILHO HEBBICOKYIO MPOYHOCTh U MOJIHOCTHIO MEXa-
HUYECKH OOpaTuMBl, 4YTO U ONPENEJISAET THKCOTPONHBIE CBOICTBA KOATYJISIILMOHHBIX
CTPYKTYP.

[Ipy o0Opa3oBaHUM KPUCTAJINIM3AIMOHHBLIX CTPYKTYpP 4acTUllbl CpacTaloT-
Cst o OOJIBILIMM YYacTKaM NMOBEPXHOCTH, TAK YTO UMEET MECTO MEPEXO] U3 OAHOro
obbema B apyroil B npenenax oaHoit a3bl. [Mo3TOMy TakKue KOHTAKTH Ha3blBAKOT



(pazoBbIMM. OHM BO3HUKAIKOT B XO/I€ HEPABHOBECH bIX MPOLIECCOB, 00J1aAal0T BICOKOM
MPOYHOCTHIO U HE BOCCTAHABJIMBAIKOTCS MOCJIE MEXaH MYECKOro paspyLieHus [23].

B cucreMax KOMIOM AHOI ANCNEPCHOCTH (30J151X) pa3Mepbl YaCTULL MO3BOJSAKOT UM
y4acTBOBaTb B OPOYHOBCKOM JIBUXE€HHWH. BpOyHOBCKOE JIBUXKE€HHE YacTHull B 305X
NPensaTCTBYET UX arpernpoOBaH M0 U OCE/IaH M 10 B MOJIE CUJI TSIXKECTH (CETUMMEHTALIMH).
B TO xe BpeMst XaOTH4YHOE OpOYHOBCKOE JIBUXKEHUWE YaCTHILL 30151 SIBJSIETCS NMPUYM-
HOM TUKCOTPONMHOIO BOCCTAHOBJIEHUSI CTPYKTYPbI B IMPOILIECCE NEPUKUHETUYECKOMN
koarynasiumu. B rpybonucnepcHbIX cucteMax (CyCreH3usiX), rae 4acTHUllbl MMEKOT
pasmepsl 1 MKM 1 Oonee, OpOYyHOBCKOE JBUXXEHMe MOAABAEHO, BCAENCTBUE YEro 3TH
CUCTEMbI CETMMEHTAIIMOH HO HeyCTOYMBbI. OOpa3zoBaHUE CTPYKTYPHI B 9TOM CJiyyae
MPOMUCXO/IUT MPH OCEAAHUHN YACTH LI HJIU NMPU CTOJIKHOBEHH SIX B YCJIOBHSIX CJ1IBUTOBOTO
TEUEHMUSI.

B koaryjasiifMHOHHBIX KOHTaKTaxX 4YacTHIlbl MOTYT OBITb pa3aeJieHHl MpOCOiKO
JIMCMEPCUOHHON Cpensl MJIHM HAXOJIMTLCS B HEMOCPEACTBEHHOM CONMPUKOCHOBEHHH.
B nocnenHeM cnyuae, corniacHo teopum JIJIPO, yacTuiibl pacnosiaralorcst B nepBUY-
HOM (OJIMXXKHEM) MUHUMYME KPUBOM NOTEH II1MAJIbHOM HEPrUK B3anMoaeucTBus |25].
[MTonarawot [6], 4TO ITOT OJIMXKHMIT MUHUMYM MOXET ObITh OECKOHEYHO rYOOKUM,
TOr1a TUKCOTPOMHBIE CBOMCTBA CUCTEMBI OOYCJIOBJIEHBI MPOLIECCAMU Pa3pyILLIEHUS -
BOCCTAHOBJICHMSI KOHTAKTOB BO BTOPUYHOM (laJIbHEM) MUMHUMYME NOTEHLIMAbHOM
KpUBOIii. ABTOpH [25] cHUTAKOT, YTO ONIMKHMIA MUHUMYM OOJ1afiaeT KOHEeY HOIi rnyou-
HOI1, KOTOpasi U ornpeaessieT NPOYHOCTh CLETNJIEHHU S YaCTHLL U, CJIEIOBATENILHO, Peo-
JIOTMYeCcKHue cBoiicTBa aucnepcHbix cucrtem. Kak Ovio nokazaHo b. B. JlepsirmHbIM
[26], cuna B3anmoaeiicTBUs CPepUUYECKUX YaCTHUIL B KOATYASIIIMOHHOM KOHTAKTe MO-
XeT ObITh OonucaHa ypaBHeHUeM k¢ = 27rg, ¢, rie o, — Mex@a3sHoe NOBEPXHOCTHOE
HaTsI)KEHME.

DKCNEPUMEHTAJIbHBIE 3HAYEHU S CUJT CUETNJIEHUS TUAPOPUIBHBIX U TUAPOPOO-
HBIX LHAPUKOB (r=1 MM) B cpenax pas3JIMuHOM MOASIPHOCTH |25] nonTBEPX AT ITY
¢opmyny. E. 1. LLlykuH [27] npuBOAUT ClieayOLIMe 3HAYEHUS 1S CPeaHeil npoy-
HOCTH WHAWBMAYaJbHOIO KOHTAKTa MeX 1y rHaApO(OOHBIMH YAaCTHILLIAMHM Pa3/IMYHbBIX
pa3MepoB B HemnoJisipHoil cpene, rne o, =0,01 MH/M: F,=6-10", 6-10™", 6-107" H,
st yactui ¢ paauycamu r= 107, 107°, 10 M, COOTBETCTBEH HO.

[ . Oykc uaMepua CUAB MPUAKNAHUS KPUCTANNOB napapyuHa B HEMOJISIDHBIX
cpenax M nokKasaJi, 4YTO 3TU CUJIbl BECbMa MaJibl U BADbUPYIOTCS HA HECKOJIbKO MOPSIJI-
KOB BEJIMYMHBI 1aXK€ J1JISI MOHO/TMCIIEPCHOM CYCINEH3UH |23].

NnmeeT cMBICT OOCYAMTH MPOYHOCTh KOATYJISILUOHHBIX CTPYKTYP, MOCKOJBLKY
pa3pbiB CNJIOLIHOM CTPYKTYpbl B MOMEHT HavyaJia TEUEHHUs M pa3pbiB arperara B Xoae
TEYEHMUS] JIOJKHBI UMETh HEKOTOPBIE CXOJIHbIE YepThl. B KOHIIEHTPUPOBAHHBIX IUC-
NMEPCHHIX CUCTEMAX HaJIM4ue OOJIbLIOrO YUCa KOHTAKTOB MEX /Yy YacTULIAMH CO3-
IAa€T BO3MOXHOCTb MPOCTPAHCTBEHHOI (reneodbpa3Hoii) CTpykTypbl. [IpOY4HOCTH
ITOI CTPYKTYPHI 3aBUCUT OT MPOYHOCTH HHAUBUYaJIbHBIX KOHTAKTOB F, U UX YHC/a
Ha €IMHU LY NOBEPXHOCTH paspylueHus w[3,12]: P = F. . B cBOIO Ouepeab, BEJINYMHA
L 3aBUCUT OT KOHIEHTPAlMU YACTUIL, FEOMETPUM UX YMAKOBKM U pa3mepa 4acTtuil,

TaK YTO MOXHO 3anwucarthb [28]. P, = of gzb)ﬁ

, T O — KOI(D(PHUIIMEHT, YYUTHIBAKO-

LM reoOMeTPHI0 YNaKOBKHU yacTull, f(®) — PyHKUMSI KOHLUEHTPALMK, O — AHAMETP
YaCTHLLbI.
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Puc. 1.15. TloreHunansl B3aMMOAEHCTBHUS MEXKJ1Y YACTULIAMM B Clyydae 3NeKTpocTa-
THYECKOH (@) u cTepuyeckoi (6) crabunusalmuu CyCrieH3uM

OcTtanosumMcs 6osee noapodoHo Ha teopuu 1JIPO, koTopasi HIMPOKO UCTIONb3YeT-
CS1 ISl MHTEPNPETALIMU TEUYEHUSI MOJIMMEPHBIX KOJIMOUAHBIX CUCTEM [15, 24, 25].

B3aumosieiicTBre MEX/ 1y yacTHIIaM M B JIUCIIEPCHBIX CUCTEMaX ONMUCHIBAETCS C 1MO-
MOIIbIO KPUBHIX MOTCHITUANBLHOI 3HEpruu B3anmonaeicTeust U(h), rne h — paccTos-
HHUE MEXJTY MOBEPXHOCTSIMU JABYX COCETHMX YacTHUIl. Takoi MEeX4YaCTUYHBIIf MOTEH-
IIHaJ B3aUMOJICHCTBHUS CO3/IaH CYTNEePNO3ULIUEN CUN MPUTSXKEHU S (IUCTIEPCUOHHBIX
cun Ban-nep-Baanbca) u cun oTTankuBaHus 3JEKTpOCTaTH4YeCcKoi npupons! (U)
uiu crepudeckoi npupossl (U) (puc. 1.15).

Teopusi 1JIPO, pazpabortannas b.B. lepsruneim u JI. /1. Jlanpay u nosaHee
MepBeemM u OpepOekoM, MO3BOJHUIA PaCCYUTATh DHEPrUui0 INEKTPOCTATHYECKOrO
OTTAJIKUBAHUS MPU TIEPEKPHIBAHUM OJITHOMMEHHO 3apsiKeHHBIX JU(PQY3IHBIX CITOEB

MOHOB. JList I0cKuX riactu U, (h) = 64kT 1h? [;{ﬂJE'ﬂ , T21e L. apPpekTUBHAS
X X

TONMIIMHA TUQP(DY3HOrO CIOsi MOHOB, € — INIEMEHTAPHBIH NIEKTPUYECKUI 3apsi, ¢ —
IMEKTPUYECKU U NMOTEHIIUAN MOBEPXHOCTH, 7 — 3apsij HOHOB.
DHEPrust JUCTIEPCHOHHOTO B3aWMOAECHCTBHUS MEXAY NMIOCKHUMH TJIaCTHHAMM

A
pasHa B nepBoM npubnuxenuu U (h) = —#, rne A, — cnoxmnasi KoncranTa l'a-
Tth

MaKkepa.

Pesynbrupylomasi sneprust B3aumoneiicteus pasua U(h)=U ,(h)+U (h), xkpusas
U(h), B 0011eM, UMEET IBAa MUHUMYMa Ha PaCCTOSIHUSAX /1, (MEPBUYHBIN) U A, (BTOPUY-
HBIi) 1 MAKCUMYM Ha pacCTOsIHUM 41, (puc. 1.4, a).

Jns xpyrnwix yactur b. B. Jlepsaruy nmojsiy4yusn COOTHOIIEHHE JJSI CHIBI B3AMMO-
nemcteust F(h) = —urlU(h), rne r — paauyc KPpUBU3HBI YaCTUILHI (111apa).

Beenenue B cucreMy uHAUGGEPEHTHBIX SNEKTPOJIIUTOB, HE U3MEHSIIOIITHUX 3apsil
IMOBEPXHOCTH, yMEHbLIAET TOMITUHY AUPQY3HOro cnost (1/x), 4TO MPUBOAUT K YMEHBb-
IIEHUIO HEPTUH OTTAJTKWBAHHUS M YMEHBIICHWIO BLICOTHI MOTEHITHATBHOIO Oapbepa
Ulh,,).

IMonaraior, 4To g yacTuil KosinmonaHoro pasmepa (1 Hm — 0,1 MKM), noaBepKeH-
HBIX HHTEHCHBHOMY OpPOYHOBCKOMY JIBHXE€HHIO, IIMyOMHAa BTOPUYHOrO MHHHMYMA



—(U (h; )) CYLLIECTBEHHO MEHbllI€ 3HEPTH U WX TENJIOBOro ABUXeHus1. Torna cuenneHue
YACTULL MTPU UX CTOJIKHOBEH M SIX BO3MOX HO TOJILKO TOCJIE TTPEOIOJIEHU S SHEPTETUYE-
ckoro 6apnepa. CHuxeHue BeicOTh Oapbepa [U(h,,)] yBeJnduBaeT CKOPOCTb KOarysi-
uuu. Culy MakKCMMaJIbHOTO OTTaJIKMBaHU S NPU HAJIMYMUK Oapbepa MOXHO OLEHUTD
no ¢opmyne F,, = nrlh,).

[ nyOuHa nepBUYHON NOTEHLIMAJIbHON SIMbl HE MOXET ObITh KOJIMYECTBEHHO yuTe-
Ha Ha ocHOBaHUU Teopuu JIJIPO, KoTOpasi CTPOro ONUCHBAET NMOBENECHHE YaCTHI]
TOJILKO MPU I0OCTAaTOYHO OOJIBLLIKMX PACCTOSIHUSX A.

Ha xapakTep nEpBUYHOrO MHHHMMYMa OKa3blBa€T BIMUSIHHE ancopOums
NOBEPXHOCTHO-aKTUBHBIX BELIECTB (ITAB) Ha TBepabX yacTuuax. Binusinue ancopo-
LMOHHBIX CJIOEB CBSI3LIBAIOT CO CTEPHYECKHM OTTaJKUBaHHEM, OOYCIOBJIEHHBIM
YMCHBILUCHUEM 3HTPONUU, B PC3YJILTAaTC OrPaHUUYCHUSI BO3MOXHBIX KOH(pOpMaLMii
NOJMMEPHBIX 1IETIEH HA PACCTOSIHUSIX, MPU KOTOPBLIX afCOPOILIMOHHBIE C/IOM NOJIUME-
POB HAYMHAIOT NepekpbuiBaThCs. Ilpolue rosops, NJIMHHBbIE AJIKUJIBHBIC LIENH MOJIC-
Kya [1AB npensiTCTBYIOT CONUXKEHH IO YaCTULL.

Konuenuus I'l. A. PeOuHnepa 0 CTPYKTYPHO-MEXaHUM4YECKOM Dapbepe npeanona-
racT BHICOKYIO NPOYHOCTb aACOPOLIMOHHOIO CJ10s1, MPENSTCTBYIOLLYIO €TI0 BHITECHC-
HUIO U3 3a30pa B npoliecce cONUXEHHUsl, a TaKXKe JTHO(MhUII bHOCTb HAPY XX HOI NOBEPX-
HOCTH, YMEH bILAIOLLY IO B3aUMOACHCTBUE MEXAY aACOPOIIMOHHBIMU CJIOSIMHU.

ATperupoBaHue B CHUCTEME C NMCNEPCUOHHBIM MPHUTSAXEHUEM M KYJIOHOBCKHM
otTankuBaHuem (puc. 1.15, a) MOXeT NpoUCXoauTh Kak BO BTOPUYHOM, TaK U B Nnep-
BUYHOM MUHUMYME, YTO 3aBUCUT OT BEJIMYHUHBI TEMJIOBOI S3HEPrUM YaCTUILBl, BBICO-
Thl SHEPreTUYECKOro 6apbepa v rnyoHHB NMOTEHLHAJIbHBIX SIM.

ArperupoBaHue B CUCTEME C IUCNEPCHOHHBIM NMPUTSXKEHUEM U CTEPUYECKHUM OT-
TankusaHuem (puc. 1.15, 6) 3aBUCHT OT TENJIOBOHM 3HEPTUM YACTH LB U INYOUHBI NEp-
BUYHOrO (MU €AMHCTBEHHOIO) MUHUMYMA.

[lo mueHu0 I1. M. OBuMHHUKOBA [23], NPOYHOCTH U YHCJIO CBAI3Ei MEXYy YaCTH-
Ll aMi TeM 3HA4YUTEeJIbHEN ,, 4eM 0N blle PA3HOCTb MEXKAY BSI3KOCTbIO NPaKTUYECKH He-
PaspyLIEHHON CTPYKTYPH M BSI3KOCTBIO NPENEIbHO pPa3pylUeHHON CTPYKTYpPH. B TO
K€ BPEMS$I, YEM BB LLIE 3HAYCHHE NPENCSIBHOIO HATIPSXKEHU A (NMPEaesia TEKy4eCcTH), TEM
NPOYHEE CBA3K MEXAY YaCTHLIAMM.

B nucnepcHuix cucremax [15] onHOBPEMEHHO NEHCTBYIOT CHJIB, CNOCOOCTBYIO-
LKe cTabunM3anu U cnocoOCTBYIOLLIME NMOTEPH YCTOWYHBOCTH. YacTH LB B CYCNEH-
3USIX MOTYT NMPUTSTUBATLCH APYT K APYTYy noa ACHCTBUEM AMCNEPCUOHHBIX CHJ, OT-
TAJIKUBATLCS AAPYT OT APYyra B Pe3yJbTaTe JCKTPUUYCCKHX CUJT UJTM B3aUWMOACHCTBUS
JUIMHHBIX Lienei NoIMMepPoB, aaCOPOUPOBAHHBIX HA NMOBEPXHOCTH YacTU L. HYacTuu bl
CNOCOOHBI K CAMNAHUIO (KOoaryJsiuuu uju (GraokyasiuMu) npu CONPUKOCHOBEHUH,
ecnu Mex(azHasi NTOBEPXHOCTHAsI JHEPTrUs AOCTATOYHO BenuKa. Toraa obpazoBaHue
arperaToB 4YacCTU L NPHBOAMT K YMEH bLUEHK 10 NOJIHON 3HEPrHH CUCTEMBI.

MU3BECTHO, YTO MHOTUE KOJIJIOMAHBIC CYCMEH3U N HEYCTOWYHBLI, MOCKOJIBKY NMPHU
COyJapeHUsIX YacTUllbl caunaiTcs. YToOb npenoTBpaTUTh CJAMNAHWE YacTULl MX
NOBEPXHOCTH NOJIXKHA ObTh 00paboTana ocobbiM 0bpaszom. Hanpumep, ancopbupo-
BaHHBIE HA MOBEPXHOCTH HOHBI CO30AI0T ABOMHONM 3JIEKTPHUYECKHUH CIOIH, KOTOPHI il
NPUBOAMT K 3JEKTPOCTATHYECKOMY OTTaJKMBAaHHWIO YyacTul (INEeKTpocTaTuyeckas
crabunuszauus). Ilpy 3MynbCHOHHON NOJMMEPHU3aLMU HA NMOBEPXHOCTH NOJIMMEP-
HbIX YACTHL JIJaTEKCOB BO3HUKAKOT 3apPSi)KEHHBLIE TPYNIbl, XUMUYECKHU CBSI3aHHBIC
C TBEpOO# yacTuuei. J1ng TBEpAbIX HEOPraH MYECKUX YaCTHULL MOHBI HA NMOBEPXHOCTH
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Puc. 1.16. H3MeHeHMe CTPYKTYPHI JIMCMEPCHONH CUCTEMbI 3apPSIXKEHHBIX YAaCTHI] MPH
VBEJIHYCHHUH KOHLICHTPalMH 3JICKTPONUTA: @ — YNOPSIIOYEHHOE Pacrono-
XKEHHE YACTHLL MPH HU3KOM COIEPXAaHWUH COJIHU 3a CHET CHJILHOTO B3aUMHO-
ro OTTaNKMBaHUA;, 6 — cny4yailHOe pacrnpefeseHH e YacTHI| MPH CPEIHEM
COMEPXKAHMH COJTM 3@ CYET YMCHBLICHHSI TONLLUMHBI ABOMHOIO 3ICKTPHYC-
CKOro ¢J10s1; 6 — 00Opa30BaHHE arperaToB NMpy BLICOKOM COAEPXAaHUM COJTH
34 CYET KOAryJisiliMM NPy MaJioi BLICOTE SHEPreTHYECKOro baphepa

SABJISIIOTCSI 4ACThIO KPUCTAINIMYECKON peweTku. AacopOuust voHHbIX TTAB u3 pac-
TBOPA Ha MNMOBEPXHOCTh TAKHUX YACTHI| TAKXKCE NMPUBOAKMT K 00pa30BaHHMIO OBOMHHOIO
IEKTPUUYECKOTO CN0si NMPOTHBOMOHOB. Bce 3Tu cucteMbl Ha3BBalOT 3apsijioOBO-
CTAOMIM3UMPOBAHHBIC U1K JICKTPOCTATHYECK U CTAOMITM3HMPOBAHHBIC CYCNICH3WH.

O6pa3oBaHue arperatoB BO3MOXHO, €CJIM YaCTH1Ia NONANacT B NEPBUYHBIN HIIH
BTOPUYHBII{ MUHUMYMBI NMOTEHIIUAJIBHOI KPHBOI B3aMMOJCIHCTBUS, a €€ TEMNJIOBOI
(KHHCTUYCCKOM) HCPruM HCAOCTATOYHO [JISl TOrO, YTOOH MOKUHYTH MOTCHIMAJIb-
HYIO simy. Koarynsinusi B nepBUYHOM MUHHUMYME BO3MOXHA, €CJIM TEMJOBasi SHEPTU sl
JIOCTAaTOYHO BEJIMKA IS NMPEeoaosieHusl sHepreTudeckoro 6apeepa. Orciona cnenyet
YCJIOBHE JJISI KOATYJSILMKM B CUCTEME 3aPSI>KEHHBIX YacTHL: A00aBJIEHHE B CUCTEMY
aneKTpoauTa. I'pu 3TOM BBICOTA SHEPre THHYECKOro 0apbepa yMEHbLLIACTCS.

CxemMaTuyeCckKu U3MCHCHUE CTPYKTYPbl CUCTEMB Npu O00ABJICHUM COJIU B BO-
JIHY 10 CYCNEH3K 0 MOX HO MOKa3aThb cyeayiolum obpazom (puc. 1.16).

OTMETUM 31E€Ch, YTO KAXYILUECECH OTCYTCTBUE arperaTtoB B ¢iyyae (¢) He O3Ha4yaeT
OTCYTCTBU S B3aUMOACHCTBUSA YacTuL. UMEHHO 2/IEKTPOCTATHYECKOE OTTAJIK M BAHHUE
BbI3bl BAET PE3KOE YBEJIMUEHUME BSI3KOCTH TAaKWX CUCTEM (3NEKTPOBSI3ZKOCTHBIH 3(-
¢dexT). B npuHUKMNE, BO3MOXHO KOJJICKTHBHOC ABMXXCHUC TPYINN 3apPsiXKCHHBIX 4a-
CTH L, KOTOpHIE 00pa3yioT cBoecoOpa3HH i arperat 0onbLIoro pa3mepa. J1indoe nBuxe-
HUE OTACNBbHOI YaCTHI1bl BTAaKOI CUCTEME NMPUBOLUT B JIBUXXECHKUE COCCAHUE YACTH LB
TaKkUM 00pa3oM, O1HOBPEMEHHO JIBUXKETCS TPyrna 4acTHll, pacCeHBaloLLas SHEPTHIO
BSA3KOro TpEHU A NOAOOHO arperaty 4acTHll, CBA3aHHbBIX CHJIaMHU CLICTIJICH WS,

Bo3MOXHBIE COCTOSIHUS CYyCNeH3uil noka3zaHbl Ha puc. 1.17. HacTuus KoJIo-
MAHBIX pa3MepoB (¢) UHTCHCHBHO ABHMIalTCH U CJYYaWHO pacnpencsieHo B Npo-
crpaHcTBe. Takasi cucteMa yCTOMYMBA arperaTUBHO M YCTOWYMBA MO OTHOIIEHHUIO
K OCenaHuIo (ceauMeHTalium). Hactuib O0abLIMX pa3MepoB (0) oceaatoT B NOJIE CUII
TSIXKECTH, TO €CTh CEIMMEHTAIlMOHHO HeyCcTOHUYUBBH. Ocanok uMeeT Manblii 00beMm,
NOCKOJIbKY 4YaCTUL Bl MOTYT COJIMXKATbCS BIJIOTH 0 KAaCaHUs, HO HE 00pa3yIoT NMpoy-
HHX KOHTAKTOB. EC/IH yacTHIlH ¢CNOCOOHBI AOCTUTATh NEPBUYHOrO MHUHHUMYMaA, TO
BO3HHMKAIOT JOCTATOYHO NPOYHHIC arperarhl.

OOBYHO TaKyl CYCNEH3HMIO Ha3blBalOT KOAryJMpPOBAHHOM, arperathl HMEHYIOT
koarynatamMu. O CTPOCHUM arperaToB CYLLIECTBYIOT padHue MHEHUS. [1pu 60nb1uoii
cune cuenyieHus yactul, popmupyroTcs uenodyku (), npu 6onee cnabom cuene-
HUU — AOCTATOYHO MNMJIOTHHE KJ1acTeps (2).
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Puc. 1.17. Cxemaruyeckoe NnpejcTaBileHHe CTPYKTYPb! CYCIIeH3UN: ¢ — ycToHuYuBasi
CYCIIEH3M S, MOJABepXeHHasi OPOYHOBCKOMY JIBMXXEHHIO; 6§ — ycTOHYKMBasi
CHUCTEMA, OCEJIAKOIIAs B ITOJIE CUJl TSIXKECTH, 8 — KoaryJIMpoOBaHHAS CyCreH-
3USl C arperataMu B BUJE LIETIOYNEK; 2 — KoaryJIMpOBaHHas CHCTEMa ¢ arpe-
raTaMi B BUWJIE MJIOTHBIX KJIACTEPOB, 0 — 1[ETIOYKH-arperaTsl, 00pa3yoinime
CILJIOLUHYIO PBIXAYIO CETKY {reib); e — cnabodnoKynpoBaHHas CUCTEMA,
rje YacTH bl HAXOOSITCSI BO BTOPMYHOM MUHUMYME KPHBOWH CTEPUYECKOTO
B3aHMOUEHCTBUS, 3¢ — YAacTHLbI 00pa3yloT arperaThi-(pJIOKYJibl ¢ MOMO-
I[LK NMOJIMMEPHEIX MOCTHKOB, 3 — arperaTbi-Leno4ykKH Pa3jIHyHBIX pa3Me-
POB; 4 — arperaTsl MPOU3BOJILHON (hOPMBI U Pa3MEpPOB

I1pn nOCTAaTO4YHO BBICOKOM KOHLICHTPALMKU AUCIICPCHOM (pa3bl arperarhbl COMPU-
KacarwTtcs, 00pasysi CIUIOLIHYK CETKY MJIM KapKac, ClioCOOHBIN 3a110JIHATh BECh 00b-
eM aucnepcHoil cuctemel (0). Ilpn nocrarouyHol 1yOMHE BTOPUYHOIrO MMHMMYMa
4aCTULbl MOTYT YCTAHABJIMBATLCS HAa HCKOTOPOM PAaCCTOSIHMM APYT OT apyra. AHa-
JIOTMYHO, [IPOCJIOIKA XHUAKOCTH UMEETCS NMPH 3aKPEIJIEHUH YacTULbl B MUHUMYME
npu CTepUYCCKOi cTabunmnsanuu. Takue CyCICH3UMM 4acTO UMEHYIOT (MJIOKYJINPO-
BaHHBIMM (€), a arperatbl Ha3bl BalOT (WIOKYJIaMHK, WIH (PIOKAMMU.

Ecnn KOHUcHTpauust nucriepcHoi (asbl n1OCTaTO4YHO BLICOKA, TO 0Opasyercs
CETKa-IeJib CO CJIa0bIMH CBS3SIMM MEX 1Y YaCTHLIaMU,

CocrosiHue (91€) COOTBETCTBYET MOCTUKOBOM (DNIOKYNsIIMM, KOraa MakpoMosie-
KyJla ODHOBPEMEHHO aJCOPOMPYETCSl HA ABYX yacTUllaX, CBsI3blBasi UX HAMOIOOUE
mocTa. [onyyawumecsa GaoKn 0ObLIYHO MPOYHEI, H UX MOXKHO OTACJIUTH OT XMIAKOM



JIMCTIEPCHOHHOM cpeabl ¢ nomMowbio punsrpanu. Iocnennve nBa pucyHka (3) u (1)
NOKa3blBalOT, YTO B p€aJibHbIX CUCTEMAX BO3MOXEH pa30poc arperaToB Nno pasmepam,
a TAK>K€ BO3MOXKHA pa3nuyHasi (popma arperatos,

|.10. 3aBncMMOCTbL BAZKOCTU CycneH3uu
OT KOHLIeHTpauuu

B pa3n. 1.6 u 1.8 Hamu npeacTapjeHbl PEOJIOrMYECK ME YPABHEHM SI, KOTOPBIE CBSI3bI-
BalOT BA3KOCTH CO CKOPOCTHIO cnBura 1(y). KoagduiiueHTH peosiornyecKk ux ypaBHe-
HUM, B 00LLEM, 3aBUCSIT OT KOHLIEHTPALLU K, (DOPMBI U pa3MEpPOB YaCTHLL.

CyLiectByOT OTAECIbHO KOHLENIMK U MOJC/IH, CBSI3bIBAIOILME XapaKTep Teue-
HHS, @ KOHKPETHO BSI3KOCTH C KOHLIEHTpauueil aucnepcHoil ¢asbl, 0OBIYHO BHE 3a-
BUCHMMOCTH OT CKOPOCTH CABKUIra UJIU TOJILKO 1J151 HbIOTOHOBCKOTO TEYEHMU 5.

Tanpoc |15, 30] uznoxun oOLENPHHSTHIC NPEACTABICHUS O TCYCHUU CYCNIEH3UM,
pa3aensisi CYCNeH3uu nNo THNY B3aMMOACHCTBUSI MEXAY YacTuuamMu. Moaenb «TBep-
AbIX cep» UCTONBb3YETCA NNs CUCTEM, rle CUJibl nputaxeHusi Ban-nep-Baanbca
M CHJIBI OTTAJIKUBAHUS (JICKTPOCTATHYCCKHE MJIM CTEPUYECCKOrO MPOUCXOXKIACHUS)
CYMTAIOTCSI NPEeHEOPEX MO MaslbiIMKU. HacTHIB CTPEMSITCSI PaCNOJIOKUTBLCSI B MPO-
CTPAHCTBE cny4dailHBIM 0o0pa3oM Onaropapsi OPOYHOBCKOMY IBHIKCHHIO M NPHOO-
peTaloT ynopsiiO4EHHOCTL Onaroaapsi CIBUTOBOMY TeYEHMIO. ['MaApOIMHaAMHYECKOE
B3aUMMOACHCTBUE MEX 1y HacTUllaMK BO3HUMKACT, KOr/a NnoJjie TCHEHUsI BOKPYT OIHOI
4acTHIBI B3aUMOIACHCTBYET C MOJICM TCYHCHUS BOKPYT APYroi yactuuibl. [ uapoanna-
MUYECKOE B3aUMOACHCTBUE NPUBOAMT K YBEJIMYECHU KO AUCCUTIALIMHU DHEPTUH BS3KOTO
TPEHUS, B PE3YJILTATE BA3KOCTb HEJIMHCIHHO BO3pacTacT ¢ POCTOM OObEMHOIT KOHIICH-
Tpauuu yactuu. Ilpu HU3KOI CKOPOCTHU CABUTA BAA3KOCTb HEYNOPSAOYECHHOMN CHCTE-
Mbl YaCcTH 1L OyAeT BHICOKOI; C YBEJIMYECHHEM CKOPOCTH BO3HUKAIOT YNOPAJAOYECHHBIE
CJIOU YACTHULL U BSI3KOCTb YMCHBILIACTCSI.

Monenb «MSITKHX c(pep» BKIAKOYAET B ceDsl 3NEKTPOCTATHYECKOE OTTaJIKHMBAHME
MEX Y YaCTUllaMU, OKPYXXEHHBIMU ABOWHBIM MOHHBIM CJIoeM. HacTo 3TO y4UTHIBa-
OT C NMOMOILLBID HEKOTOPOro 3(pPeKTUBHOTO, UJIH «THUAPOAMHAMUYECKOro» 00bema
4YacTU1], KOTOPBIM 3aMEHS 10T OObIYHBIIT 00bheM TBepaOi 1ucnepcHoi (pasbl.

Bunaemyt u Bunbsimc [69] paccmaTpuBanu 3(ppeKTUBHYIO 00HEMHYIO KOHIIEH-
TpalMIo KaK CyMMapHblit 00beM TBepnoit ¢asbl M XUILKOCTH, 3aXBaYC€HHOH BHYTpH
arperara. Torga paspylieHue arperatoB NPpUBOAMT K BBIICJICHHU IO paHee 3aXBayeHHO#
KUJAKOCTHU, YMEHbILIEHU 0 3((DEKTUBHON OO BEMHON KOHIIEHTPallMH U, CJIEA0BATE 1 b-
HO, K YMEHbIICHU IO BSI3KOCTH NPH YBEJIMYECHU U CKOPOCTH.

Cwmut u bproc | 78] paccmatpuBanu arperatsl (MM ((JIOKU) KaK OTAEJIbHBIE €IMHU -
bl TEYEHMSI, BKJIIOYAIOILHE 3aXBAaYeHHYIO X MAKOCTb. Takoi ¢nok B pa3zbaBsieHHO#
CYCNEH3MM MOXHO 3aMCHUTbL HAa 3KBHBAJICHTHYIO (DJIOKY cepy ¢ HENnpPOHHU11acMOii
NOBEPXHOCTLIO. O0beMHAasi KOHLEHTPALMS AUCIEPCHON (ha3bl 3aMEeHSIETCsl O0heM-
HOI KOHLEHTpauucii (pJIOKOB, TO €CTb UCNOJIL3YETCSl YCIOBHBIH «ruapoauHaAMHUYC-
CKH» 00BbeM aucnepcHoit (paswl.

l'vneun [16.33] 00bsCHSIET BTOPUUYHBI 3JIEKTPOBA3KOCTHLIN 3 (deKkT Kak yBe-
nuyeHue 3(PPEKTUBHOIO AMaMeTpa 4aCTHIl NPU CTONKHOBEHUsIX Onaropapst cujiam
MEKTPOCTATUYECKOrO OTTaNKMBaHMsi. OTCIOAa BBOAKUTCSI HEKOTOPBII UCKJKOYEH HBII



(ruppoaMHaMKuyecKUit) 00beM YyacTHL, KOTOPHLIH cylllecCTBEHHO 00Jbllie Yy 3apsixKeH-
HbIX YaCTHUIl, YTO, KaK Mpeanojiaractcs, co3aaeT AONOJHUTEbHBIH UICTOYHUK OUC-
CUNALUU IHCPIrUM NPHU BA3KOM TEYECHUH.

O630pHble cTaTbu Kpurepa [24, 32] naiot Hanbosiee NOJIHYIO KAPTHHY PeOJIOrHH
MOHOAUCTNEPCHBIX JIATEKCOB, NOABEPKEHHBIX OPOYHOBCKOMY ABUXKEHUIO. Kpurep oT-
METHJI, YTO NONBITKH BHIBECTH YPaBHEHKE 3aBUCHMOCTHU BSAA3KOCTH OT KOHLIEHTpaLIU K1
(D) u3 CTPOron ruApPOANHAMUYECKON TCOPHUH HE NMPUBEJIU K CEPLE3HOMY YCMEXY.

bosee xopoliee CXOACTBO € 3KCMNEPUMEHTOM J1A€T NOJYKOHTHHYYMHBIH NOAXO/.
B 3TOM noaxone B MUMCIOLLYIOCS pa30aBJICHHYIO CYCNEH3U IO MBICJICHHO A00aBasiioT
HOBY 0 MOPLMIO AUCTICPCHOM (Da3bl, a NEPBOHAYAJILHY IO CYCTNECH3H IO CHUTAIOT HEMNpe-
pHIBHO# AucnepcuoHHOM cpenoit. Ilpouenypa Takoit 106aBKHU MOXET OBITh BHIpaXkeHa
C NOMOILLIbIO HEKOTOPOTro (pyHKILIHOHAJIBHOTO YPaBHECHMSI.

@yHKIIMOHANIbHOE ypaBHEHUE BUAA 1) (P, + D,) = 1),(P )N, (P,) NpUBOAUT K ypaB-
HEHHIO AppeHuyca 1), = exp[n|P, KOTOpoe NOCTATOYHO XOPOLIO NMOAXOAMT AJISl HU3-
KUX KOHueHTpauuii. KoagpduuueHt [n)] npeacrasnsiet coboi «<xapakKTepUCTHYECKYIO
BSI3KOCTb», KOTOpPasi ONPEACAsICTCS YPaBHCHUEM:

Tl-n[] - T]r_-l_ l dT]

In]=lim——=1lim = ;
D0 TID(D @G>0 P TI{:- d‘bq}—u
MyHnu |35] npeanoxun ypasHeHue 1 (P, +®,) =1 it ! ®, peliie
y y r 1 2 F ]_k‘:l)1 r l—k(b] ¥

[P

HUEM KOTOPOTO SABJISIETCSl BbIPAXEHUE 1), :exp[] }, roe kK — HEeKOTopasl NnocTo-

sIHHasl BEJIMYMHA.
Joreptu [32] npennioxun (pyHKIMOHAJIBHOE ypaBHECHUE BU A

7

D
nr((bl + (1)2) - Tlr((bl )nr I_—2 - nr((bl)nr

1
kD, |-k,

OTKYa NoNy4eHo ypaBHeHue 1, =(1 - kd)"V* (1.29)

DTO ypaBHEHHE, NO HallleMy MHEHU 0, MPUBOAUT K HAUYYILIEMY CXOICTBY C 9KC-
NEPUMEHTOM, OCOOEHHO B 001aCTH HBIOTOHOBCKOTO TCUCHMUS.

Kpurep [32] npuBOAMT TaKKe IMNUPHUYECKOE YPaBHEHUE DilJiepca, KOTOPOE J10-
CTAaTOYHO XOPOLIO ONMUCHI BACT IKCNEPUMEHTANIbHBIC JaHHBIE. YUCTO SMNupUYecKuii
noaxoa K 3aBucuMocTtu 1) (P) 3akiodaercst B nogdope noaxoasiuiei hyHKIMOHATIb-
HOI1 3aBUCMMOCTH, npuyeM Pytrepc (1962 r.) coctaBus CnNUCOK OKOJIO cTa (PDYHKILHIA,
MCNOJIb30BAHHBIX C 9TOM 1EJTBIO.

OnucaHHbie Boile NPo0seMbl YCYTyOnsilOTCS TEM, YTO MPU BLICOKUX KOHIEHTPa-
LMSIX TCUEHHE, KaK NPaBUJIO, CTAHOBUTCS HEHBIOTOHOBCKUM; B 3TOM CJlyyace KPUBYIO
N,(P) HeOOX0AMMO CTPOUTHL NPU PUKCUPOBAHHON BEJIMYMHE T UJTH Y.

B ypapuenusix Mynu u Jlorept BS3KOCTE 1), CTPEMUTLCS K OECKOHEYHOCTH, €CJIH
k® — 1. Takum 006pa3omM, TeYEHHE NOJIKHO NMPEKPATUTLCS, CCIIM KOHLICHTPALIUS 10-
CTUTHET BeNMYKMHB @ = 1/, OObIYHO, BENHYHHY D, CONOCTABASIIOT C KOHIIEHTPalK-
el yacTui, 00pa3yloLIuX HEKOTOPYIO YNAaKOBKY. Takasi ynakoOBKa UMEET CMJIOLLIHYIO
CTPYKTYpPY, NPensiTCTBYIOLLY IO TeueHuto. Hanpumep, senunuuna @, =0,74 coorseT-
CTBYET reKkcaroHaJibHOM ynakoBke onuMHaKOBHIX c(ep; BenuuunHa @ = 0,64 coorBeT-
CTBYCT C/Iy4aHOM NJIOTHOM YNaKOBKE.



Hy>HO OoTMETUTB, YTO MHOTHE aBTOPH [22, 69, 79] ceasbiBalOT Benuuuny (1/k)
C peasibHON NMJIOTHON YNaKOBKOW YaCTHULL, TO €CTb YBEJIMYEHHUE BA3KOCTH OOBSCHS-
IOT MOCTENEHHBbIM BO3HUKHOBEHUEM TaKOi ynakoBku. Torna napaMeTp X Ha3blBalOT
($HakTOpPOM rpynnupoOBKH.

Cnenyst Monorpaguu C. Xana [80], nepeymcium OCHOBHbBIC MOAEJIM TCUECHUS CY-
CNEeH3Ui, OCHOBAHHBIC HA CTPOTMX FMAPOAMHAMUUYECKUX pacdeTax. Cunamu npu-
TSKCHHMSI U OTTaNIKMBAHMS NMPU 9TOM npeHeOperalor. Kak yxe ynoMHMHaNOCh, s
0eCKOHe4YHO pa30aByieHHON CYCMEeH3uM, B KOTOPOi NOJIHOCTBIO OTCYTCTBYET TMAPO-
JAMHAMUHYECKOE B3aMMOICHCTBUE MEXAY YaCTULIAMHU, CNpPaBeAJIMBO YpaBHEHUE DI H-
mreiiHa. Ctporuii BeIBOM 9TOro ypaBHeHHs [1] OCHOBaH Ha pacuyeTe OMCCUTNALIMU
IHEPruHU NMpu 00TEKAHUM BA3KOH XHAKOCTBIO YeAUHEHHOM cpeptl. xedpu [37] no-
JIYYUJ1 CXOAHOE YpaBHCHHUE 1S TEYCHU S CYCTNEH3UMU YacTuL B (popMe 3/1JIMNCOUIOB
N=",(1+vP), rae napamMeTp L ONpeacnasieTcss reOMeTpUe JTMNCOUAANIBHON Ya-
CTHULIBI.

B cycneH3uu, rae KOHUEHTpaLus 10CTaTOYHO BbICOKA, HEOOXOAMMO YYUTHIBATD
rMAPOAMHAMUYECKOE B3auMOACHCTBUE 4YacTull. B pesyasrate HaNOXEHUSI MOJne
TEUCHHUSI COCCNHUX YACTHUL] BA3KOCTb CYCNCH3UMW YBeJIMYUBaeTCsl. Torna ypaBHeHHe
Ditnwreiina npuobperaer pacuiMpeHHyio Gopmy n/m, =1+ 2,50 +4,®° +a,®*, rne
BeJIMYMHA KOI(PMUIIMEHTOB g, U @, pa3JIM4yaeTcsl y aBTOPOB.

B siuceyHbIX MOAENsIX NMPUHUMACTCH, YTO BO3MYLLICHUE TEYEHUS!, Bbi3blBaeMOC
JNAHHOM BBIJICJICHHOM Y4acTUleH, COCPeaOTOYEHO B HEOONbLIOH 001acTH BOIU3M Hee
(B siueitke) [81]. B siueeynoit mopenu Cumxa ObIJIO NMOJYYEHO JOCTATOYHO CJIOX HOE
Bblpask€HUE 151 OTHOCUTEbHOMN BSI3KOCTH B BUJIE psiaa no creneHsiM ®. KoHneHTpa-
1Ms @ COOTBETCTBYET NMPeaesibHOM KOHIEHTpalluu, Npu KOTOPOH TEYEHUE CYCIEeH-
3uu npekpawwaercs. OObLIYHO BLHIOMPAIOT BEJIMYKUHY, COOTBETCTBYIOLLY IO HEKOTOPOIi
YMaKOBKE C(hepuyYeCKUX YaCTHUL] B PELLIETKE.

B npenenbHOM cnyyae @ — @, ypaBHEHHE NPHHUMACT BU

54 d’
5 a-@/@,) |

(M/m,) = (1.30)
roe 1 <f<2.

@Openkens U DkpuBoc |82] nokazanu, 4TO AHCCHUNALUSI IHEPTUM MPOUCXOAUT
NPEUMYLLIECTBEHHO B Y3KHUX 3a30pax, pasicihsiioiMX COCenHue TBepabie cgepsl.
bosnbias 3(phekTUBHAS BA3KOCTL CYCNEH3UM SIBJISIETCS, TAKMM 00pa3oM, pe3yJibTa-
TOM B3aMMOIEHCTBUS Nap YyacTuil B nponecce TpeHusi. OHU NMONyYMn TOYHOE BbI-
paxKeHUeE 1151 OTHOCUTEJIbHOM BSI3KOCTH:

/3
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N, 8[-(/d,)"]

npy ycnosum ® — @, .

Mapy4yuu u JI3H [83] oOpaTtuiiu BHUMaHHUE HA TO, YTO 3TH 3P PeKTH, HAabnonae-
MbIC B YCJIOBHSIX BBICOKOIM KOHUEHTPaIlMKU, MOTYT ObITh OOBSICHEHH B pamMKax nap-
HbIX B3auMOACHCTBUI MHOAMBUAYaJbHBIX YyacTUll. Ilo3nHee Oblo oT™MeyeHO [84], 4TO
3aBUCHMOCTD 1)(P) N0X0 BOCNPOU3BOAKTCS Y pa3HbiX aBTOpOB. UMeroTest GonbLine
pa30pocCkl BEJIMYMHBI BSI3KOCTH, YTO NMPUNKUCHIBAIOT HErMAPOAMHAMHYECK UM 3¢ ek-

TaM (OPOYHOBCKOMY ABUXKCHU IO M CHJIAM NMPUTSIXKCHU S MEX Y HACTULIAMH).



KyH [36] nonyuun cnenyiowee BuipaxeHue nis 3(peK THBHOI BA3KOCTH pa30bas-
JIEHHON CYCNeH3uM aHU30MeTPUYHBIX yacTuu M =1,(1 + 2,50 + ®J’/16), rne J — oce-
BO€ OTHOUIEHUE, T. €. OTHOILICHUE IJIMHBI HAaCTULLBI K e€ nuamMeTpy. B aTtoM cnyyae KyH
YYUTHIBaJl BpawlaTe/ibHoe OpPOYHOBCKOE J1BHMXKE€HHE YacTHUL, NMPOTUBOACHCTBYIOLIEE
OpUCHTALIMM 3a cyeT TeuecHus. Di3enHinull (1932) BuiBeJ1 CXOOQHOE YpaBHEHUE, OTJIH-
yaroleecsi TONbKO YMciaeHHBIM Ko duuuentom (1/30 smecro 1/16). dxecdpu [37]
NoJIYYHUJ ypaBHEH Me aJ1si pa30aBicHHON CYCNEH3M K XXEeCTKUX NMajloyekK, HE y4acTBYIO-
HIMX B OPOYHOBCKOM 1BUXXEHU U,

backan [49] onucan cepuyeckue YacTHLbl, B3aUMOACHCTBYIOLLHE C MOMOLIbIO
napHoro noteHiimana orrajkuBaHusi. OHU uMeloT 2hPEeKTUBHBIN aUAMETP CTOJI-
KHOBEHUH, KOTOpPBII YMEHBILIAECTCH C YBEJIHMYEHHUEM CKOPOCTH caBura. Bs3kocTb
TaKOHW CUCTEMbl paBHa BSI3KOCTH 9KBHBAJICHTHON CUCTEMBI TBepAbIX cep ¢ TeM Xe
D(PEeKTUBHBIM JUAMETPOM U MPU TOH K€ YUCIIEHHON KOHUEHTPAUUU. YMEHbIIICHUE
a(ppekTUBHOrO 00BbEeMa nucnepcHOM (ha3bl MPUBOAUT K YMEHBIICHU IO BSI3BKOCTH CY-
CNEH3UMH.

TakuM 00pazom, CTPYKTYPHPOBaHHBIE IUCTIEPCHBIE CUCTEMBI COCTOSAT, B 0011IEM,
M3 arperaTtoB YacTULl, CBA3aHHBIX CHJIaMU CUETJICHUS, PUYEM pasMepbl arperatos
OOBbIYHO YMEHBILAIOTCS C YBEJIMYEHUEM CKOPOCTHU caBura. OTMEYeHO, YTO CTPYKTY-
PUPOBAHHUE CUCTEMBI MOXKET NPUBECTHU K U3MEHCHH K0 BA3KOCTH HA HECKOJILKO NMOPS -
KOB BEJIMYMHBI OT NEPBOHAYaJIbHON NMPU YBEJIMYEHU U CKOPOCTH caBura [38].

I.1l. TlonHaa peonoruveckan Kpuean

[Tonnas peonoruyeckasi Kpupasi Obljla BriepBbi€ 3KCNEPUMEHTAJILHO NMOJIy4YeHa A
BOAHO# cycneH3uu OcHToHuTa [1.A. PeOunpepom ¢ corpynHukamu [40, 41]. U3-
MEHEHUE BSI3BKOCTH 1] Ha 8—10 nopsiaikoB BEAMYUHB OOBSICHSINIOCH MOCTENEHHbBIM
pa3pylieHUEM CTPYKTYPbl cHCTEMB. B 3THX Xe paboTtax BBEACHB NMpEACTABJICHU S
O HauOonbLICH BA3KOCTH NMPAKTHUYCCKH HepaspyuicHHO# cTpykKTypo 1(0), koTopas
COOTBETCTBYET BEpPXHEMY NJIATO Ha KPUBOI TEYEHUsI, U O HAaUMEHbILei HBIOTOHOB-
CKOIi BSI3KOCTH 1), NPEnesIbHO Pa3pyllIEcHHON CTPYKTYPHI.

JlanbHeiiliee pa3BUTHE TeOpHsl TEYEHUSI TAKUX CHCTEM MOJyuyusia B paboTax
H.b. ¥Ypsena [10, 22, 77|, KOTOpLIH AeTaJbLHO PaCCMOTPEN Nepexon OT CNJIOIIHOM ceT-
KM (Kapkaca) 4acTuil, K OTACJIbHBIM arperatam noja AcMCTBUEM CABUTOBOrO TCHEHUS.
MexaHH3M TeYeHHM 1 pacCMaTpH BaJICs KaK NocaeaoBaTe/ibHbIi pacnan CTPYKTYpbl O
ACHCTBUEM BO3pacTaloIlLeil CKOPOCTHU caBUray (WM HAaNpsiXXEHUs CIBUTA T): B HayaJie
NPOUCXOMT pa3pblB CBSA3CH MEX Ay YaCTHIIAMH € UX NOCACAYIOLMM BOCCTAHOBJICHU -
eM B noToke (Bsi3kocTb 1(0)), nanee CTpyKTypa pacnagactcsi Ha cyneparperarbl, 3aTeM
Ha arperaTtsl U, HAKOHELL, NMPU OECKOHEYHO BBICOKON CKOPOCTH MOXKET NMPOUCXOAUTD
NOJIHBIM pacnan CTpyKTypol. TeopeTuueckasi moaenb [85] npeanonaraet ycnoBusi
ONHOPOAHOIrO CABHUIra, NPUYEM Ha NEPBOM CTaaWK pa3pyIIeHUs NPOUCXOAHT Pa3pPblB
CIMJIONIHOCTH, TO €CTh PAa3BUTHE HEKHUX MAaKPOCKONMUYECKUX «Tpeliun». [lpu stom
obpasyeTcs S-o0pa3Has KpuBasi TCUCHUSI U BOBHUKAET TUCTEPE3UC KPUBBLIX TCUCHUS
NPy YBEJIMYEHUU U YMEHBILIEHU U CKOPOCTH.

Ypoes [10, 22, 77] npennoxun opmyny mis olleHKH 3(PPEKTUBHON BA3KOCTH
1) — CTPYKTYPUPOBAHHBIX, THKCOTPONMHBIX CUCTEM



1
Ny , (1.32)
UF n +(yt.)"
M,
rae 1), — BA3KOCTh npu Y — 0, f, — Bpems pesiakcalluv JOMHHUPYIOLLErO B3auMOACH -
CTBHUSI YHaCTHLI. B UGIIIEM, 3(1](1)EKTH BHa$l BA3ZKOCTHL ONUCHLIBACTCH CTENEHHBLIM 3aKOHOM

LIS _ l , KOTOPBI yOOBJIETBOPHTENbHO ONUCHIBAET BCE 3Tanbl pa3pylleHHs arpe-
T]] (Tfr)n

rMpOBAHHON CYCNEH3UM MO Mepe pocTta Y. bbUIO Tak e OTMEUEHO, YTO NMpeacibHO-
ro pa3pyulicHHS arperatoB Ha OTAC/IbHBIC YaCTH LB B DKCNEPHUMEHTE HE NMPOUCXOOHT,

Nno3TOMY NPCACIBHOC 3HAYCHHWEC BA3KOCTH 1), HCAOCTH XK HMO.

|.12. Asnenue TukcoTponum

Tukcorponust [95, 102] siBasieTcsi HEOTHEMJIEMbIM CBOMCTBOM CTPYKTYpPHpPOBaHHOI
JUCNEPCHON CUCTEMBI, TO €CTh CUCTEMBI, B KOTOPOI YaCTHLIbI IUCNEPCHO (ha3bl 00-
pa3ylot arperatbl. PaHee onucaHHble ypaBHEHHU Sl TEUCHM 1 XapaKTepu3y 10T paBHOBEC-
HOE COCTOSIHHUE TEYEHU SI MPU HAJITHYKMK HEKOTOPOM paBHOBECHOI CTPYKTYphl. C TOY-
KW 3PEHUS IKCNEPUMEHTA PAaBHOBECHOE COCTOSIHUE NOCTUTAETCsl, KOrjga 3Ha4eHUe
M3MepsieMOil BeJIMYKMHBI fajiee He U3MeHsieTcsi. ACHO, 4TO camMa BeJIHYHMHA U BpeMS
JOCTHUXKCHU S PABHOBECHS 3aBUCSIT OT NOTPEIIHOCTH U3MEPEH USI JAHHBIM NPUOOPOM.
C TOUK M 3peHU 1 MEXaHU3MA TEYEH US pPABHOBECHOE COCTOSIHUE TEUEH U1 NOCTUTAETCA,
KOoraoa CTpyKTypa, B CpeIHEM, HE U3MEHSICTCS 1ajiee ¢ TCYHEHUEM BPEMEHU. DTO O3Ha-
4aeT, YTO NMPOLECCH pa3pylleHUs U BOCCTAaHOBJICHUSI arperatoB B3aUMHO CKOMIICH-
CUPOBaHbl, UMEETCSI HEKOTOPOE PaBHOBECHOE pacnpeliefieHHWe arperatoB no pasme-
pam. Ilpu yBenn4yeHU M CKOPOCTH CPEIHMI pa3Mep arperatoB YMEHbBIIIACTCS B CJlydae
NJACTHYHOIrO UJIK NCEBAONJIACTUYHOIO TCYEHMU S,

OTKJIOHEHHE TeYEeHH S OT PAaBHOBECHOIO COCTOSIHUS, B 00LIEM, NPUBOAUT K OT-
KJOHEHUIO KPUBOI TEYEHHS OT TEOPETUUYECKOK KPUBOIi JAHHOIO PeoJIOrH4YE€CKOro
YPaBHEHHUSI U TUCTEPE3MCY KPHUBBIX TCUCHHMSI.

BriepBbie TEPMUH «TUKCOTPONUsi» Obl1 npensioxkeH B 1935 r. @peitHanuxom [89]
JIJ151 OMHUCAH WSl U30TEPMHYECKOTO 0OpaTUMOrO U3MCHEH WSl KONJIOUAHOro reJisi. ['pun
u Benbrman [90] BBesniu pasnuuue Mexay paspyliieHUeM CTPYKTYPHI C TCYHEHUEM Bpe-
MEHH W pas3spyuiecHUEM CTPYKTYpPbl Onaropapsi MBMEHEHU IO CKOpOCTU capura. ['ynuB
[56] npennoxun paccMaTpuBaTh CTPYKTYPHbBIE H3MEHEHUSI OlHOBPEMEHHO NMpPU Bapu-
alMy CKOPOCTU CABUTa Y U BpeMeHU £. YeHr u OBaHc [91] onpenenunu THKCOTPONUIO
KaK Mpoiecc, B KOTOPOM CTPYKTYpa paspyliacTcsi B pe3yjbTare TCHEHUS, HO B CO-
CTOSIHUM TNOKOSI CHOBa BoccTaHapnupaeTcsi. bonep [92] npuBoauT onpenencHue
TUKCOTPONUMU AJisi CMa30UHbIX Macen (KOHCUCTEHTHBIX MJIW MJACTUYHBIX CMa30kK):
THUKCOTPOMNHKS €CTb CBOMCTBO, KOTOPOE BbIPAXKaeTcsi Yepe3 CHUXKEH e KOHCUCTEHIIUH
(pa3XMKEHUE) NPH IBUXKEHHUU U NMOBLIIICHUE KOHCUCTECHIIMM (3aTBCPIEBAHUE) NPU
NpeKpawcHuu ABKXeHUsi. B orpaHuyeHHOM yucne ciyyaes HabnioaaeTcst oTpuia-
TeabHasa Tukcorponus [100].

UToOBl BBECTH TUKCOTPONHBIC CBOMCTBA B PEOJIOTMYECKHE YPaBHEHHS, HEOOXO-
JAMMO YCTAHOBUTH XapaKTep 3aBUCUMOCTH PEOJIOrMYECKHMX NMAPAMETPOB OT BPEMEHMH.



Hanpumep, 1)1 CTENEHHOro 3aKoHa Te4eHus [94] paBHOBECHOE COCTOSIHHE ONU-
CbIBa€TCsl ypaBHEHHEM T, =k Yy .

3aBUCHMOCTD T(f) BbipaxaeTcsi ypapHeHuem dt/df = —k|t — 1.]%, HO HaGnonaemoe
M3MEHEHHE T €CTb CACACTBUE U3MEHEHHUSI MapamMeTpOB PeoJIOrMYecKoil Moae/n, Ha-
npumep, B Buae dn/dt = -k _|n_— n]". Takum 06pa3om, 115l KaX10ro MOMEHTa BPEMEH 1
CedyeT 3anucaTh OTAENBHYIO KPUBYIO TedeHust T=k(f)-y""’ . INo3atomy nns onuca-
HUSI TEUEHUS CUCTEMBl TpebyeTcst 60JIbILOE YUCIO NapaMeTpoB, ONMUCHIBAIOIIIUX 3a-
BUCUMOCTHU k ¥ 1 OT BpeMeHHU. Takoil nonyaMnupuyeckuii noaxoa npuBOAUT K ypaB-
HEHMUSIM, COEpXallluM GONbIIOE YUCIIO THKCOTPONMHBIX NapaMeTpoB.

INpuBeneM HEKOTOPHIE COOTHOLICHMS, OTHOCSLIMECHS K HEe(TSIHBIM CUCTEMaM

195]:
T=1,0+T,A+kY", d\/di=a(l- ) - bih,

T=(k+AKLMYY+T A+AAKY", dM]dt =—by"(A—L")".

DTU ypaBHCHHUS OTpaxalT (pecHOMEHOJOrnyeckuii noaxon Yenra u DpaHca
[91], BHIpaxkeHHBII COOTHOWIEHUAMU T =T(A,Y), dA/dt = f(A,¥), rae A — HEKOTOPHI
CTPYKTYPHBbII napametrp. THNHYHBIMU THKCOTPONMHBIMH CUCTEMAMU SIBJISIKOTCS pac-
TBOPHI LIeMEHTA U Tunca [96, 97].

Kpacku TpaaumilHOHHO OTHOCSIT K cUcTeMam, obsagaloiiuM TUKCOTPOMHbIMHU
csoiictBamMu [157]. BumneBckuit [98] uccnenoBajl THKCOTPONHBIE CBOWCTBA aJIKUII-
HBIX CMOJI U MUIMEHTUPOBAHHBIX JIAKOKPACOYHBIX MATCPHAJIOB U MOJIYYUJ CEPUIO
KPMBBIX T(f) NPH pa3JiM4YHbIX CKOPOCTAX caBura y. CeyeHust 3TUX KPUBLIX NpH (pUk-
CUPOBAaHHOM BPEMEHM U3MEPEHUS [ =Cconst MNO3BOJIMIIU PacCUnUTaTh KPHUBbIE TEUE-
HUs T('Y) NpU pa3inyHOM BPEMEHU U3MEPEHUS [, KOTOPbIE ObIJIM annpoKCHMHUPOBa-
Hbl C MOMOLLbIO YpaBHEeHHsI BuHrama, a npeaeJ Tekydectu OblJ1 OnMcaH CTerneHHOoM
(GyHKUMEN OT BpEMEHU M3MEPEHUS (T, = Al ",

AKyXoBUILIKHIT [99] OTMETHII, 4HTO XapakTep pPeOJIOrHYeCKMUX KPUBbIX 3aBUCHT CY-
IUECTBEHHO OT YCJIOBUII U3MEHEHUSI CKOPOCTHU Y C TEYEHUEM BPEMEHU B NMPoLEcce
M3MEPEHHUS U YTO NPSIMOJIMHEHHAsI 3aBUCUMOCTb MEXAY T U Y JOCTHUTAETCS1 TOJIBKO
NpU AOCTAaTOYHO OBICTPOM nNepexone 0T 6osee BHICOKUX CKOPOCTEN K 00Jiee HU3KHUM.
OH npeanoJioX Uil MEXaHU3M TEUEHUS TJIMHUCTOM CYCNEH3U U, NPH KOTOPOM CIJIOLI-
Hasi CeTKa reJisi-CyCneH3rMy pa3pbiBaeTcsl B CABUTOBOM TEYEHUH B yYaCTKaX HAUMEHb-
I NPOYHOCTU.

[pun u Benbsrman [90] npenioXuiv OnuUCHIBAaTb THKCOTPOINMUIO 1O BEJIMYMHE
NJowWAaM NeTau ructepesuca, oopasopanHoit npsimoit (T) u o6patHoii (1) KpuebIMu
TEYEHUSI B POTALIMOHHOM BUCKO3uMeTpe. HO 3TOT noaxon naet TOJIbKO Ka4eCTBEH-
HYIO XapaKTepPUCTHKY TUKCOTPOMHBIX CBOHCTB CUCTEMBI.

KemOGnoeckuii u [Metepa [101] npennoxunu OpuriHanbHYIO MOOEb TUKCOTPOT -
HOrO MOBEACHMUS AJISl MJACTMYHOrO TMOJAYNPOAYyKTa NPOU3BOACTBA caxapa, BbIOpaB
cTeneHHoe ypaBHeH e OCTBaNbaa Kak aJisi pABHOBECHOTO, TaK W [UJ1sl HEPaBHOBECHO-
ro COCTOSIHU M TCYCHMU S,

DKCNEepUMEHTaNbHBIE 3HAaYEHU I T(f) ObIJIM annPOKCUMKUPOBAHbl 3aBUCUMOCTbIO

W) =teoy )4 14| | 2= | —1|e™ L. (1.33)



3aech BNepBbl€ OTMEYEHO, YTO TUKCOTPONHBIE CBOMCTBA MOTYT ONMUCHI BATLCS Ye-
pe3 OTHOILIIEHHE CKOPOCTEi, 3a/laHHbIX B XOII€ NPeAbIAYIIErO U NOCAEAY IOIETO U3Me-
peHuit (f — HOMEP B CEPUM NMOCIECAOBATE bHBIX U3MEPEH U ).

TUnNnUYHON TUKCOTPOMHON CHCTEMOM SIBJISIIOTCS NhacTHYHbIE cMa3ku [103—-107],
PEOJIOrMYECKHE CBOMCTBA KOTOPLIX OCBeLeHB B MOHOrpaphuu Mpoiitnrerepa, Tpu-
nuckoro, Mimyka u Crynaka [104]. Kpusasi TeueHUsI CMA30K CYHIECTBEHHO HE JIU-
HellHa. Y cMa30K HAONpaeTCs CBEpXaHOMAaJIUS BA3KOCTH, KOrfa nNpu HU3KUX CKO-
POCTSIX HANPsI)KEHUE CABUIa T YMEHbIIAETCS NMPU YBEJIMMEHUU CKOPOCTH CBUTA Y.
Jlnsi cMa30K ¢ Hepas3pyllleHHOM CTPYKTYPO#M CyLIEeCTBYET CTaTHYECKOEe Hanpsi>keHHe
CABHUTra T, HUXE KOTOPOro TEHECHUE OTCYTCTBYET. BelnyuvHa T, Ha3bIBacTCsl TaKXe
NpeaecsjioM TEKY4YeCTH WJIHM NpeaesioM NpodyHOCTH. Ecam cTpyKTypa 4yaCcTUYHO pa3py-
IeHa U HabuopaeTcst BSI3KOMNJaCTUYHOE TeYEHHE, TO MOXHO ONpeacauTb AMHaAMHUYC-
CKOE NpenesibHOe HanpsikeHUe T,, KOTOPOE BXONHT B ypaBHCHUE TEUCHU S KaK napa-
METP, HE 3aBUCSIIIIMI OT CKOPOCTH caBura (octatouHbli npeaen TekydectH). [ocne
JUTUTEJIBHOTO pa3MelliMBaHU S NMOJIYYAKOTCS FOMON€HU3MPOBAHHBIC CMa3KK, KOTOPHIE
NA0T NOBTOPSIIOILMECS, TTPAKTUYECKH COBMAAaOLIUe KPUBbIC TEHEHUSI MPU MOBBI-
wenuu (T) v npu cauxennu () ckopoctu capura. FTOMOreHU3MPOBaAHHbBIE CMA3KH
B paBHOBECHOM peXUME TedeHU S (B OTCYTCTBUE FMCTEPE3UCA) ONMUCHLIBAIOT OOLIYHO
ypaBHeHueM lepiuensi — banknu.

Jlng ananu3a TUKCOTPOMHBIX NMJACTUYHBIX CMA30K MNpeaiarajiu TakXe ypaBHe-
Hue Kaccona [108]. TeopeTuyeckue 3aBUCUMOCTHU T (f) OblJIM 3a0aHBl YPAaBHEHUEM

[1(1)—1(e0)| " =|1(0) —1(e0)| "~ k(1 —m)|(0)| "1, rne k> 0,0 <m < 1. (1.34)

CeucHu S 3KCNEPUMEHTAIbHBIX KPUBBLIX T(f) NpH (PUKCHPOBAHHOM BPEMEHH H3-
MEPEH 1Sl MO3BOJISIIOT NOAYYUTH HAOOP NpsiMbIX B KoopauHaTax Kaccona (177, 7'"?).

JxoyHc v Taiicon [109] uccnenosanu HeTAHOE CMA304HOE MACIIO U NMOJYYUJIU
ypaBHEH e THKCOTPOMHOro noseneHus: () =(t, — 1. )-e " +7_, rue T, — KOHEYHOe
PaBHOBECHOC 3HAYEHUE HATIPSI)KCHUS CABUIa, T, — HA4YaJIbHOC 3HAYCHUE Hampsixe-
Husl, I — BpeMsi penakcaiuu. [Tpu oueHb HU3KUX CKOPOCTSIX CABUTAa 3aBUCUMOCTD T(f)
OblJ1a aNNMPOKCUMHUPOBaAHA CYMMO# IBYX 9KCNOHEHT. THUKCOTPOMHOE NOBeacH e 00b-
SICHSIJIOCh CYLLICCTBOBAHHEM KapKaca U3 TBEpPAbIX KPUCTaJJI0OB napadpuHa, KOTOpPbIH
pas3pyliaeTcsi B CABMITOBOM TedeHUH. TukcoTponHbie He(TH OOBIYHO OMUCHIBAIOT
[110] ypaBHeHueM [epiiensi— banknu, a npyu BLICOKUX CKOPOCTSX CABUIra — ypaB-
HeHueM buHrama, KOTopoe OCTaeTcsi OCHOBHBIM YpaBHEHHUEM, UCTNOJIL3YEMbIM ISl
onucaHusi aHoManbHbIX HedTeil [111]. B nenom Bece uccnenoBaTenu CXonsTcsi BO MHE-
HUM, YTO HEHbIOTOHOBCKHE CBOWMCTBA HE(TEH CBsI3aHbl C HAJIMYUEM CTPYKTYPUPO-
BaHHOM nucnepcHoi cuctembl [112, 116, 117]. BuicokonapaguuucTbie HeTH [112]
BCEraa MMCIOT NPEAC/bHOC HANPSIXXEHUE CABUTA T, U YACTO ACMOHCTPUPYIOT TUCTE-
pe3uc kpuBblX TedeHus [114, 115]. MHorna reyeHue He@TH ONUCBHIBAIOT C MOMOLIBIO
ypaBHeHUs1 KaccoHna, unu Llynbmana [113, 121, 122], unu donee COXHbBIMH 3MMNU-
pudeckuMu popmynamu [123].

IMonumepHble AUCNEPCHH (MK CYCNEH3WKW CHMHTETHMYECKMX JIATEKCOB) OOBLIYHO
HE OTHOCSIT K TUKCOTPONHBIM CUCTEMAaM, BO3MOXHO, M3-3a MAJIOr0 BPCMEHHU YyCTa-
HOBJICHHsI paBHOBeCHs! [24]. C apyroil cTOpOHBI, CYLIECTBYIOT TaKHE NOJIMMEPHBIC
JUCNEPCUH, Y KOTOPBIX XOPOLIO 3aMETHB TUKCOTpPONHBIC cBolicTBa [124, 125]. Ha-
NPUMEP, BOCNPOU3BOAUMBIC KPUBBIC TCYCHU S MOJIYHAKOTCS B ONBITAX CO CHUXECHHUEM
ckopoctu () TonbKOo nocne WinTeNbHOI 3KCNO3UIM U NPU BLICOKOI CKOPOCTH CABUTa



[61]; B MHTEpBasle HU3KMX CKOPOCTE# caBUTra 4acTo HabonaoTces [124]) oTknoHeHus
OT TEOPETUYECKON KPUBOM TEYEHHUS B OMNBITE (T); Ha0J1100aeTCsl TUCTEPE3UC TEUEH U S
M BOCNPOU3BOAMMASI KPUBAsi TEYEH Ms nonydaeTcs [125) ToNbKO npu 3aBEPLUEHU U Ce-
puu onutoB (TITIT).

OnucaHHbBIE BH LLE IKCNEPUMEHTAJIbH bI€ (DAKTHI NO3BOJISIIOT YTBEPXKAATh, YTO HE-
AOCTATOYHOE BHUMAHHME K TUHKCOTPONMHOMY MOBEACH M0 CTPYKTYPHPOBAHHBIX CUCTEM
3aTPYAHSET aHAJIU3 KPHBBIX TEYEH U U NMOHKMMaH He MEXaHM3Ma TEYEHMU S,

|.13. KoHuenuuu TeyeHma gucnepcHbIX CUCTEM

[lepeynciuM OCHOBHBIE KOHUENMUWH, MPUHSITHE AJ1sI OObSICHEHUSI PEOSIOrMYECKOTrO
NOBEACH U Sl AUCTIEPCHBIX CUCTEM:

|) KOHUENLKSI, BHTEKAKOLAS U3 «AbIPOYHOI» MOAENH XX UAKOCTH U paCCMaTpPH Ba-
1oLasi ABUXKEHUE YaCTULLB KAaK NPeoaosieH e NOTEH LLMaJIbHOro dapwepa (ypaBHeHHeE
DiipuHra u ero moaudukauum) |38, 31, 53];

2) KOHUEnuus nepepacnpeacncH st SHEPrumM Mexxay ynpyroii v Bsai3kK0il COCTabpsi-
IOLLUMU B MEXAHUKE CIJIOLLIHBI X BA3KOYNPYrux cpea (Moaeau, COCTOsILLME U3 AeMIT-
depa, NpyXUHB U 2JIEMEHTA CyX0ro TpeHus) |2, 4, 13, 16, 138];

3) KOHUenuusi KOHKYPEHLUUU MeXAy OPOYHOBCKMM ABHXEHUEM W rMAPOAMHA-
MHUYECKHM B3aHMOAEHCTBUEM NMPHU Pa3HHX CKOpOCTAX caBura (ypaBHeHue Kpure-
pa— Jloreptu u ero moaudukauun) |31, 33, 63, 126, 127, 134];

4) KOHUEeNnuK1sl YMEHbIUEHUS BSI3KOCTU BCJICACTBHE OPUEHTALIMM aHU30METPUY-
HH X €0MHHW L TeYEHHsI B COBUTOBOM TeyeHuH |8, 11, 86, 88];

5) KOHuenuust BbHAEJIEHUSI UMMOOUNHU3UMPOBAHHON XHUAKOCTU W3 pa3pylLualo-
LM XCS arperaToB, HMEKLHX HEKHIT «3(ddeKTUBHBII 00beM» |78, 87];

6) koHuenukusi «3(PdekTH BHOro 0obeMar», yuyuTh Batowwero 3pQPeKTol OTTaNK M Ba-
HHUS$ YacTH L (CTEPUYECKOrO MJIK 3IeKTpocTaTHyeckoro |33, 49]);

7) KOHLENUM s pa3sae/ieHUusi AMCCUNAaLMK SHEPrUM HA A BC YACTH, @ UMEHHO: HA NO-
TepU SHEPrum Ha pa3pblB CBSI3€M MEX Y YaCTHLAMMK M Ha MOTEPH SHEPrUM Npu oodTe-
KaHHe €IMHUL] TeYEHUS BSI3KOH XHUJIKOCTbIO (OONbIIMHCTBO CTPYKTYPHHX MOaenei
st ypaBHeH ust bunrama) |22, 28, 55—62];

8) KOHueNnuMsl «MakKCHMMaJbHON yNaKOBOYHOI KOHLUEHTpaLMK» YaCTU L, BEJIUY U-
Ha KOTOPOM MPUHUMAETCS 3aBUCSILLIEH OT CKOPOCTU CABUTA UJTU HATTPSIXKEH WS CABUTA
(mopens Kpurepa— Jloreptu) [14, 24, 32];

9) KOHuenpuus nepepacnpeacsieHusl JHEPruM AUCCUNALMKU MEXAY arperataMu
W OTAEJIbH MU YaCTHLIAMHU, MPH KOTOPOi COCTOSIHUE CUCTEMBI ONMKUCH BA€TCSl KHHE-
THYECKMMHU ypaBHEeHUsiMU (ypaBHeHUs1 Kpocca u JIxxunnecnu) [46, 47, 55];

10) KOHuenuUsa AUCCUNALMU SHEPTUM BA3KOTO TPEHUS HA OTAEJbHBIX YACTHLIAX
W Ha arperarax, KOTopbie MOAETUPYIOTCS LUAMHAPAaMHK WU chepaMu (YypaBHEHMUSI
JitnwreitHa, KyHa u Kaccona) [36, 42].

OTMmeTH M, 94TO NEPEHYHUCTICHHBHE KOHUECNMUWH NPUHUKUNHUANBHO OTNHUYHAKOTCS APYT
OT Apyra, XOTsl npeaHa3Ha4YeHbl 1Jisl ONUCAHUS OAHOro SIBJIeHUSI — YMEHbIUEeHU S
BSI3KOCTH JUCNEPCHON CUCTEMH NPU YBEJIMYEHUUW CKOPOCTH CABHUTA U HAMPSIKEH U I
CABUTA.



|.14. PacTBopbl 1 pacnnaebli NOAMMEpPOB

Peonorust paCTBOpPOB U PACMJIABOB NOJIUMEPOB OOHYHO PACCMATPUBAETCS OTAEbHO
OT PEOSIOTHH CYCNEH3HI, XO0Tsl B OONBIUIMHCTBE C/IY4YaeB UCTIONb3YIOTCSI OAHU U TE XKe
peosioruyeckue ypasHeHus [4, 8, 9, 14]. [lpyuHUMNUaNBbHOE OT/IMYHE PACTBOPOB Ma-
KPOMOJICKYJT OT PaCTBOPOB TBEPAHKX YACTHL COCTOUT B MOSIBJICHHUU 3HAYUTEJIbHBIX
ynpyrux csoucTs [4, 13, 14]. C apyroii CTOPOHBI, OTAESIbH HE MAKPOMOJEKYJIH U UX
CEerMEHTHl NMOJABEPXEHH OPOYHOBCKOMY ABHUXEHWIO, YTO B UTOre npuaact rubkum
MOJIEKYJIaM BHJ C(PePHYECKHX 00y, B HEKOTOPOI CTENEHH NOAOOHBIX YaCcTHIIAM.
OOBIYHO CYUTAIOT, YTO C/IBUFOBOE TEYEHUE BO3AEUCTBYET HA C(pepUyeCKUe CTaTUCTHU-
Yeckue KJyOKku, npespatiasi uxX B Juuncouabl. Kpome toro, npu CTONKHOBEHUSIX
KJYOKHM 4YaCTHYHO MEPeCceKalOTCsl U BO3HUKAIOT MONeKYsipHbIe 3alienneHus. B pe-
3y/bTaTe MOryT 00pa3oBaTbCsi rPyNNUPOBKHU, WJIU aCCOLIMATH MAKPOMOJICKYJ1, 1BU-
raloliMecsi HEKOTOPOE BpeMsi KaK €/IMHOE 1IeJloe.

KecTkue MakpoMOJIEKY/TH OOBYHO MOAENUPYIOTCS CTEPXKHSMU. [Ipu BHICOKHX
CKOPOCTSX C/1BUIa BSI3KOCTb CUCTEM CTEPXKHEOOPa3HbIX MAKPOMOJIEKYJ1 YMEH bLLIACT-
CS1, YTO OOBIYHO CBSI3bI BAKOT C OPHEHTALMEN CTEPXHEM B0 b TEYEH HUSl.

[Tpu BBHICOKMX KOHHLEHTpauMsiX NMOJIMMEpA WJIM B pacrjaBe NoJIMMEpa Lenu
NOJIHOCTBIO CIJIETAKOTCH M cuenasiiotes. B npouecce nBHXEHUS! MAKPOMOJIEKYJH
JABUTAIOTCS OTHOCHUTENILHO APYT Apyra noaoOHO 3MesiM B 3MEMHOM rHe3ae (MOaeb
pentapguu). Monekynabl CKOMB3SIT APYT OTHOCUTEJIBHO Apyra, (pOpMUPYsi U pa3phbiBasi
WHIMBUAYANbHBI€ 3aLENEHHUSI B XOA€ CBOErO IBUXKEH HSl.

DTHU U3BECTHHIE CBEACHUS O NOBEACHU U PACTBOPOB NOJIMMEPOB NMO3BOJISIIOT HAM
NPEACTABUTb MAKPOMOJIEKYNY KAK YACTHU LY, COBOKYTNTHOCTb CLIETJIEHH BIX MAKPOMOJI€-
KYyJ1 Kak arperat uJiu accouMat U pacTBOpP MakpoOMOJIEKYJT KaK AMCNEPCHYIO CUCTEMY.

MU3BecTeH TakxXe psaa MOoaenei st CABUTOBOI BSI3KOCTH NMOJIMMEPHB X CUCTEM,
HE MPUHUMAIOLIMX BO BHUMaHHe HaJIUYHe BSI3BKOYTNPYrOCTH, HEKOTOPHIE U3 HUX U3-
JIOXeHH B MOHOrpagpuu Bunorpanosa u Mankuna «Peonorusi nonumepos» (1977).

B akTuBayMOHHON MOjaenu SpuHra u ee Mmoaudukauuu I. M. bapreHesa eau-
HHU LBl TEYEH U S HE UBMEHSIIOTCS MPH YBEJTMYEH UM CKOPOCTHU TeueHust. [lonwiTka npu-
MEHUTb TaKHue (POPMYJIbl HA IOCTATOYHO LLMPOKOM UWHTEPBaJie CKOPOCTEil HE MpUBe-
na K 3aMmeTHOMY ycnexy. [loatoMy Obinu cnenaHbl NONHTKH 00001weHus1 (hOpMyJibl
& X0, arsh(y0,)

D M=

PUHTA K BUAY: M ; 5 o)
MOJIEKYJISIPHO-KMHETUYECKUX €AMHU L, KaX1as1 U3 KOTOPH X 00/1aaaeT XapaKTepHbIM
pa3sMepoM Xx; U 3HaYeHueM BpeMeHu penakcapuu 9. [lpu N =1 ykazaHuasi ¢popmyna
BHIPOX J1A€TCSl B MCXOAHY IO (hopMyny DpUHTA.

B 006001eHuM ypaBHeHUs1 DiipuHra, U3BECTHOM noa Has3BaHueM ¢opmynsl [la-
yaJi1a— DUPHHra, NPUHUMAETCH, YTO NOJUMEP COCTOMT M3 ABYX COPTOB YaCTHLI.
OpHu BenyT ce0sl KAK HbIOTOHOBCKAS XX MAKOCTb NPHU JIIOOBIX HANPSIXKEH USIX, APYTHe
JacTuu bl 00eCney BaloT HEH bIOTOHOBCKOE NOBEACHUE CUCTEM HI:

_ X6, N x,0, arsh(y0,)
B, B, (18,)

3nech 1, 1, u 0, cneayer pacCMaTpuBaTh Kak TPU 3KCNEPUMEHTAJIbHO Onpe-
nensieMble koHcTaHTH. [lpu ¥ — 0 ynosnetBopsietcst ycnosue 1(0) =1_+m,, npu

. 30echb npeanonaracTcsl HaJIM4YME pa3/iIM4YHBX

M unu m=n,. +n,|arsh(y8,)|/(18,). (1.35)



Y — oo — n.. OTMeueHo, uyto popmyna [laysnna— SHpUHra TONbKO Ka4eCTBEHHO
ONUCHI BAET MOBEJEH M€ AHOMAJIbHO-BSI3KU X MOJIMMEPHbI X X UKOCTEIA.

Jlpyroi noaxoa K BSI3KOCTH NMOJMMEPHBLIX CUCTEM CBSI3aH C NPEACTABJICHUSIMU
O pas3pyLueH U CTPYKTYPbl NOJUMEPHO# CUCTEMBI. B 3TOM CMbIC1€ OH OIM30K K Nnpea-
CTABJIEHUSIM O BSI3KOCTH CTPYKTYPUPOBAHHBIX AUCNEPCHbIX CUCTEM. ONKMH U3 NEPBBLIX
uccnenoBaresieil anHoManbHOM B3KOCTH — B. OcrBanba (1925) Ha3zBan HENMHEHHYIO
4aCTb KPUBOM TE€YEHUSI CTPYKTYPHOI BSIBKOCTbIO. IlpoCTpaHCTBEHHAsi CTPYKTYypa
00yCa10BJIEeHA B3aUMOIEHCTBUEM IJTMHHBIX MAKPOMOJIEKYJ1, MPU KOTOPOM BO3HUKAIOT
3alenJeHusl, y3Jibl, y4aCTKH TPEXMEPHOM ceTKHu. JlehbopMupoBaHHe npu C1BUTOBOM
TEYEH U U Pa3pbl BAET HEKOTOPLIE CBSI3U U 00ECNEY MBAET IBUXEHUE OTAEJIbHBIX YYacT-
KOB CTPYKTYPbl KAK HE3aBUCUMBbIX €/IMHULL TEYEHMU S,

CornacHo B3msinam I1. A. PebuHaepa, 3¢phekTHBHAS BSI3KOCTb SIBISIETCSI PE3YJ1b-
TATOM PABHOBECHUSI MEXAY pPa3pyLUEHHUEM U BOCCTAHOBJIEHUEM CTPYKTYpPbl. DTy paB-
HOBECHYIO CTE€NEHb Pa3pyLUCHU s CTPYKTYPbI ONPEAEAAIOT C MOMOIIBI COOTHOLIEHU A
n(0) —n(7)

n0)—n.,
ra; 1(0) — HaubGonbLUasi «<HbIOTOHOBCKASI» BI3KOCTb, OTBEYAIOLLAsl NepBOHAYa/1bHOM
(Hepa3pyLUEHHOM) CTPYKTYPE; 1., — HAUMEHbLLUAS «HbIOTOHOBCKAS» BSI3KOCTb, KOTO-
past JOCTUraeTCsl Npu NpeaesbHOM paspyLUEH WU CTPYKTYPb.

Heo0Xxonmumo yrnoMsaHyThe Teopuio I'peccnu, ¢ nOMOLbIO KOTOPO MOXHO NMOCTPO-
UTb €AMHYI0 3aBUCUMOCTB (1)/1(0)) oT (¥6,/2). BTa Teopust 0OTpaxaet HabNIaAEMY IO
¢dopmy 3aBucuMOCTEN 1(Y), a TAKXKE BAUSIHUE MOJIEKYJISIPHO-MACCOBOro pacnpene-
JIEHUSI noauMepa. YUJbIMC NPeasox ul MOJEKYISIPHO-KUHETUYECKYIO TEOPU IO, I1e
MaKpOMOJIEKYJISIPHASI LENb pacCMaTPUBAETCS KaK CTATUCTHYECKAsi COBOKYIMHOCTD
CErMEHTOB, MOrPYXEHHbIX B HbIOTOHOBCKY 0 X MAKOCTb. KOHEUHBIM PE3yJIbTATOM TE-
OpPHH SIBJISIETCS BbIPAXXKEHUWE AJIS1 3aBUCUMOCTH BSI3KOCTH OT CKOPOCTH CABHUIa B BUJIE
Mm-n.)/m0)-n_)=f(v6,.), rae 6,, — KOHCTAaHTa, UMEIOLLIAsI PA3MEPHOCTH BPEMEH U
U XapaKTepPU3YyKoLLasi CBOMCTBA BELLIECTRA.

buku paccMaTpuBas NOJUMMEPHYIO CUCTEMY KaK CYCNEeH3HI0 MAKPOMOJIEKYIsIP-
Hbl X KJIYOKOB, MOMELLIEHHbIX B BA3KYI0 XX UIKOCTh U BpPaLLAIOLLIM XCS B NOTOKE C 4acTo-
TOU  =7y/2. [1pn TaKOM BpalIEHUU CErMEHTbI MAKPOMOJIEKYJ1 COBEPLUAIOT Koseha-
HUSI OTHOCHUTEJIbHO LEHTPOB MAcC, YTO NPUBOAMT K AMCCUNAUMH BHELLIHEH paboThl.

M —ﬂﬂ
Tl{U)_ Ny
KOCTb pacTBOpuUTENS, 6 — BpeMs penakcauuu, GyHkuus f, yoblBa€T C pOCTOM Y.

ABTOpbBI [4] TAKXEe OTMETHUJIU, YTO OTCYTCTBHE TEOPUH HEHBIOTOHOBCKOM BSI3KO-
CTH, NOCTATOYHO XOPOLUO COrNAacOBaHHOI C 3KCNEPUMEHTOM, NOOYKAaeT cO31aBaTh
MHOXECTBO 3MMNUPHUYECKUX (DOPMYJI, KOTOPBIE, B OOLLEM, CXOAHBI C TEMH, YTO HC-
NONB3YKTCSH AJ15 ONUCAHU S CYCNEH3U.

MOXHO 3aKJIKOYHTb, YTO €CJIM BA3KOCTHBIE CBOICTBA NOJIMMEPHON CUCTEMbI ONHU-
CHLIBAKOTCH NOJHOM KPpUBOW TeYeH usi ¢ oonactsiMmu Haubdonbiuein N(0)u HaMuMeH bLLei 1)
BSI3KOCTH, TO COCTOSIH UE CUCTEM bl BO3MOXHO Onucatb BeIH4uHOM (1 — 1_)/(M(0) —1n_).
OObIYHO BBOASIT 3HAYEHHE BPEMEHM penakcauuu 6 anst onpeaeneHusi npuBeaeHHOM
ckopoctu casura (y0). MHorna ucnonb3yot 3asucumocts 1/1(0) =f(y0). Yacto uc-
NnoJib3y0T 3HadeHue 0 = 1(0). OnHako Ansi paCTBOPOB U pacnjiaBoB NOJUMEPOB Ny4-
L€ UCNONb30BaTh 00111€€ BHIPAXEHUE ISl NPUBEAEH HOI CKOPOCTH ¢caBura B (popme

. 3necb 1(t) — apekTUBHAS BA3KOCTDb MPH 3alaHHOM HAMNPSIXKCHUU CIBU-

HMrorosast hopmyna teopur bBUK K 3anucbuiBaeTCs Kak =f,(v0), rne n, — BsA3-



(v0). Bpemsi penakcaumu 6 HaxoasiT YUCTO AIMNHUPUUYECKHM NMYTEM: CTPOSIT 3aBUCHMO-
ctu (m/M(0)) oT ¥ B norapupMU4ECKUX KOOpAMHATAX, a4 3aTEM COBMELIAIOT UX napa-
JIEJIbHBIM CABUTOM BAOJIb OCH gy 00 coBnaneHus. [1pu 3TOM 4aCTO BOZHUKAET HEKasl
00001IEHHAs KpUBasl B NTPUBEAECHHbIX KOOPAMHATAX, HA KOTOPO# pacnosaraloTcst BCe
IKCNEepUMEHTaNlbHble TOYKKU. HeobxonuMo cka3zatb, 4TO N100asi MUKpPOPEOJIOrHYe-
CKast MoJe/b AJ1sl pACTBOPOB H PacnaBoOB NOJHMepOB 00si3aHa OObSICHHUTb BO3HMK-
HOBEH ue Takoil 000011IeHHOI KpHBO.

IMNuUpHUYECKoe cooTHOLIeH e (npaBuno) Kokca— Mepua |20, 21] cBsi3bIBaeT pe-
OJIOFMYECKUE XapaKTEPUCTUKH CABUTOBOIO TEYEHHUS U AMHAMMMUYECKUX H3MEpPEHMUIi:
Nn(Y) = |h'(w)]. B cayuae capurosbix konebanuit G'(m) = "o, G*(®) = N0, rae Beanyu-
Ha 1] ONMUCBIBAET NOTEPH SHEPTHUU NMPHU CIBUTOBLIX KONebaH usix, KoappuitueHt n” ot-
HOCHUTCS K YNPYroii peakiiMiu CUCTEMbI NPU KOJIeOaH M X.

HekoTtopbie aBTopbl [21] cCYMTAKOT, YTO AOCTATOYHO BBECTH (PakTOp caBura K u
Kpubblie 1 (0wK) COBMECTSATCA ¢ KPUBBIMU 1)(Y) B ONAHUX W TEX Xe€ Jlorapu(pMUyeCcKHuX
KoopauHarax. [losromy npaBuno Kokca— Mepua MOXHO UCNONb30BATh 1151 NMPE-
CKa3aHusl BeJIMYUHBI CABUTOBO# BSI3KOCTH NMPH BLICOKHUX CKOPOCTSAX C/IBUTOBOTO T€-
YeHMUSl, 1€ BO3HHKAIOT BTOPUYHbIE T€YEHUS UJIU TYpOYyJI€HTHOCTb, MELUAIOLLIHE U3-
MEPEHMUSIM.

1.15. XXuakokpuctannuyeckme pacTBopbl NOAMMEPOB
CO CTep>KHeOoOpa3HbIMM MONEKYNaMu

PacTBOpbl NOJIMMEPOB CO CTEPXKHEOOPA3HBIMU MOJIEKYJIAMH NMPU J1OCTATOYHO BbICO-
KOOIl KOHLIEHTpallUuKW NepexoasT B XHAKOKpUuctaanuueckoe cocrtosiHue [5]. Ilepexon
OT HEYNOPSAAOQUYEHHOW CUCTEMbI XKECTKHUX CTEPXKHEH K HEMaTH4YeCKOH YNopsA04eH HOM
cucremMe onucaH Teopueit Gnopu.

OcCHOBHBIC OCODEHHOCTH T€YE€HHUSI MOJIMMCPHBIX PACTBOPOB, CMOCOOHBIX K Me-
30MOp(hU3MYy, CoCTOSIT B cneayouieM [142]. S¢ddekTruBHas BSI3KOCTb YBEJIUYHMBaeT-
Csl MO Mepe YBEJIMYEHU S KOHUEHTPaL UM nojuMepa B U30TPONHOI# (aze, noCTUraeT
MaKCHMMYyMa B paliOHe, 1€ COCYILEeCTBYIOT M30TPONHAs U aH U30TPONHas (pasbl, pe3KO
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Puc. 1.18. 3aBucHMMOCTB BA3KOCTH OT KOHLeHTpauuu 1 50/50 cononumepa H-rekcu
W H-TIponuJaM3oLHaHaTa B TonyoJie npu 25°C, monekynsapHasa macca 41000.
JlaHHble U3 0630pa |142]
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Puc. 1.19. CxemaTHuecKkoe H300paXXeHHE TPEX paiioHOB TEUEHM S B XUJIKHUX KPUCTAJI-
nax cornacHo runotese OHoru v Acana [143]
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Puc. 1.20. M3MeHeHHE CTPYKTYPH PacTBOpa CTEPXHEOOPA3HOro MosMMepa npu ro-
BHIIICHUY KOHIICHTPALMU OT W30TPONHOMH (a3bl K aHH30TPONHOIT (asze
(13 padoTwl [146])

YMEHbILIAETCA C POCTOM KOHLEHTPaLuKH B 00J1aCTH aHU30TPONHO#M (a3el (puc. 1.18)
M CHOBA 110CTEIIEHHO BO3pacTaert.

TeueHune ABNSIETCSI HEHBIOTOHOBCKMM IPU JOCTATOYHO BBICOKOI KOHLIEHTpa-
uumn nonumepa. [pepnoxena [143] reopernyeckasi Kpubas 1(y), COCTOsIIIAS U3 TPEX
y4yacTKOB (puc. 1.19).

Teopernueckasi kpunasi (puc. 1.19), koropyio npennoxuinu OHoru u Acaaa [143],
He 00s13aTe/IbHO peajiM3yeTcsi B KOHKPETHOM 3kcriepuMeHTe. MHorna HabioaaoTes
KpuBbie ¢ yyactkamu 11 u 111 unm Tonbko ¢ yyactkom 11 (cMm., Hanpumep, puc. 8 B 00-
3ope BucoOpiona [142]). [loaTtoMy 0OBIYHO NPUITUCHIBAKOT KAaXI0MY M3 TPEX YYAaCTKOB
KPHMBO# BSI3KOCTH CBOM OTAEJIbH bl MEXaHU3M TEYEHUS. DTH MEXaHU3MBbI, B O0LLEM,
CBsSI3aHBbI CO CTPYKTYpPOIi oOpa3ua.

[lo Mepe yBeJIMUEHMSI KOHLEHTPALMM I1IPOMCXOAMT IEPEXOA OT M3OTPOIIHOI
K aHHU30TPpONHO#M ha3e, YTO CxeMaTH4YeCKH INokKa3zaHo Ha puc. 1.20. OnHOBpeMEeHHO
M3MCHSETCH BI3KOCTL (puc. 1.19). Ilpeanonaraercsi, 4TO B pEOJIOrHYE€CKHUX IKCIIEPH-
MEHTax oOpa3zeL] npejacrapisier cCo00il NOJIMJIOMEHHYIO CUCTEMY, 1€ YIIOPSIAOUYEH-
HOCTb MAaKpOMOJCKYJ CYLICCTBYCT B MaJiblX 00JIACTSIX — AOMCHAX pa3sMCpoOM OKOJIO
I MKM.

JlanbHeliuM pa3sutueM moaenu Jlos sisisiercsa teopusi Mapyuyu [144, 145].
(OHa npeacka3blBa€T HEJIMHEHHOEe YMEHbLIEHHE BI3KOCTH C POCTOM CKOPOCTH CABU-
ra 1 BO3MOXHOCTb OTPMLATENbHBIX 3HAYEHU I 1151 NepBOiM pa3sHOCTH HOPMAaJibHBIX
HanpsikeHuil N, Kak u apyrue teopernyeckue paborel, MOAEb OIIMCHIBAET MOHO-
JOMEHHYIO CUTYauMul0 B paMKax M3BeCTHOI teopuu Jlecinu — Dpukcena. IlonyueHo
clenyioliee ypaBHeH ue Uisl CABUTOBOro reueHus [143]:



t=n4+1/D){K(a-a)i}”,

rae 1, — BSA3KOCTb U30TPONHOI cpenbl, L — nnuHa Ctepx He0OOpa3HOii MONEKYNbl NO-
auMepa, K — koadpduumneHT ynpyroctu ®@paHka, o, u ¢; — KO3GduumneHTol Jlecnmu.
B 061ieM, 3TO ypaBHEHHE NPEACKA3bIBAET IOCTATOY HO ObICTPOE YMEHbLLEH U€ BSAA3KO-
CTH C pocToM ckopocTu casura (n ~ 1/4"%).

|.16. TeuyeHne TEPMOTPOMHbLIX XXUOKUX KPUCTANIOB

XOTSI TEPMOTPOIMHBIC XKUJAKHUE KPUCTAJJIbl TPYJAHO OTHECTH K AUCTICPCHBIM CUCTEMAM,
HO HEKOTOPbIE UX PEOJIOrHYECKHE CBOMCTBA BeCbMa O/1TM3KHK K CBOMCTBAM CYCNEH3U M
UK pactBopoB noauMepon [139]. BA3KOCTb TEPMOTPONMHBIX HU3KOMOJIEKYJISIPHbIX
XHUIAKHUX KPUCTANJIOB B OIHOPOJHOM COCTOSIHMM onucaHa B KHure ae 2Ké [147]. B 06-
IIEM, HEMATHYECKHE XHUAKUE KPUCTANJIB CNOCOOHBI T€Yb TAK XK€ JIErko, Kak o0ObIy-
HbI€ OPraHUYeCKHe XXMAKOCTH CO CXOOAHBbIMHU MO CTPOEH UKD MOJICKYJIaMU. 3HAYEeH Usl
AHU3O0TPONHbIX KOIPPHULHMEHTOB BSI3KOCTH B 3aBUCMMOCTH OT TEMMNEPATYPbl NPUBO-
JIMJTUCh HEOAHOKpaTHO [ 148, 149].

B kHure A.C. ConuHa [150] onucaHO noBeleHHE XONECTEPUYECKUX XHUIAKHMX
KpUCTAJIOB. D(P(PEeKTH BHASL BA3KOCTDH XOJIECTEPHUIIMHUPUCTATA HA NATH NOPSLAKOB Be-
JIMYHUHBI MPEBbILUACT BA3KOCTb THIMMYHbIX HEMATUYECKU X KPUCTANJIOB H PE€3KO CHU-
XKaeTcsl NO Mepe YBEJIMYEHHU S CKOPOCTH CABUTAa. OTU HEH bIOTOHOBCKHE CBOMCTBA XO-
JNIECTEPUYECKON XHUIAKOCTH OOBIYHO OOBSICHAKOT HAJIMYUEM CJIOUCTON (CnUupayibHOI)
CTPYKTYpPbl, 00pa3oBaHHON MOJIEKYJIAMU XOJIECTEPUYECKOrO ME30reHa.

HaGnwoaeH st nokasanu, YTO TEYEHHE HEOPUEHTUPOBAHHbIX XHUAKUX KPUCTAJ-
JIOB (HANpuMep, B BUCKO3MMETPE ¢ KOAKCHAJIbHBIMU LMJIMHAPAMU) O4YEHb TMOXO0XE
Ha TeYEHHE CYCNEH3UIN C XapaKTEPHbIM CABUIOBBIM pa3XuxeHueM. Peonoruyeckue
CBONCTBA XXUJIKUX KPUCTANNIOB KPaTKO OnucaHbl B r1. S MoHorpahuu A.I1. Kanyctu-
Ha |139]. OTMeueHo, 4TO KanuJjisipHasl H pOTallHOHHAsl BHCKO3MMETPHHU YKa3blBAIOT
Ha HEHbIOTOHOBCKOE T€4Y€HHUe, B YACTHOCTH, XOJECTEPUHOBLIX 3(PUPOB, HO TOJbLKO
B XK MAKOKPHUCTAJITUUYCCKOM (pasc.

|.17. O6bwme npeacTaBNeHMA O TeHEHUN JUCNEPCUIt

Hacrosiinit 0630p He OyaeT AOCTaTOYHO MNMOJIHBIM, €CJIH HE NMPUBECTU HEKOTOpbie
CBEJICHHUS O TEYEHUM JUCNEPCHBIX CUCTEM, BOLLEALLIME B y4€OHUKU. OHU NO3BOJISIIOT
OCBETHTb UCTOPUYECKHUMN aCneKT NpodneMbl M NOKa3aTb HEKOTOPbIE OOLLENPHHSATHIC
B3I/1si1bl HA TEYEHHE NJUCTIEPCU .

O0patumcs K uctopuu ponpoca, caeayss KHure C, C. Boroukoro «Kypc konno-
MIHON Xumuu» |86]. IpUHATO CYUTATh, YTO NPUYUHA AHOMAJIMU BA3KOrO TEUEHMUS
KOJIJIOUAH I X CUCTEM C BBITSSHYTBIM U, NAJIO4YKOOOpPa3HbIMU YaCTULLAM U 3aKJTH0YAETCH
B TOM, YTO MO Mepe yBEJIMUSHU Sl HANpPsiXKEH sl CaABUIra, oOycaBiuBaloLIEro TeHeHue,
TAKUE YAaCTULLLI OPUEHTUPY KOTCS CBOE# /1IJIMHHOI OCBIO B HANpaBJIEHU U MOTOKA, B pe-
3yJibTaT€4yero rnoHMXaeTcsi THAPOAHHAMHWYECKOE CONPOTHBIEH e M 3THM CaMbIM yObI-
CTPSAETCH ABUXEHHUE XUAKOCTH, OpUEHTALUIO BBITAHYTBHIX YaCTUL B HANPaBJIECHUU



NOTOKA JIErko JOKa3aTtb, H3MEPHA S I BOIHOE JAYy4YENpEAOMIEHHE B 30J1€ NpH BO3pacTa-
IOLLIEM FPaJiUEHTE CKOPOCTH. Y CUCTEM C Ae(DPOPMUPY IOLLMMUCS YACTULAMU, HANPHU-
MEp Y AIMYJIbCU I, HAONIOAAETCH aHAIOrMYHas 3aBUCMMOCTb. Kaneqbku JUCnepCcHOI
¢a3bl ¢ BO3paCTAHHUEM MPUIIOXKEHHOrO HAMNPSIXKEHUSI CABUTA U YBETHYEHHUEM CKOPO-
CTU T€YEH U YIIJTUHSIOTCS, NpeBpallasicCb U3 LLAPHUKOB B 3NIJIMNCOUABI, YTO, KOHEYHO,
obneryaer TeUeHHE U NMOHMXKAET BA3KOCTb. TO Xe caMoe HabII0aaeTCst U NMpu TEHEHU U
pPacTBOPOB BbICOKOMOJIEKY/ISIPHBIX COeAMHEHUI C THOKMMMU, CBEPHYTBIMU B KJIYOOK
MaKpOMOJIEKYJIAMH. 31€Ch NAaACHHE BSI3KOCTHU OOYCJIOBJIEHO pACNPSIMIIEHUEM MO-
JIEKYJ1 U UX OpUEHTAallMe B HanpasjeHWu notoka. [lpyu nanoykoobpaszHoii, snaun-
COMOHON WM ninacTuHYaTOl PopmMe YaCTUll CYCNEH3UH BSI3KOCTb CUCTEMbI BCEra
OOsbLLE, YEM JIOJI)KHA ObITh COMIACHO YPaBHEHU K JMHLITEHHA. [IpyyuHa 3TOro 3a-
KJIIOYAETCSsl B TOM, YTO XHUAKOCTb, nonaaaioilasi B oobeM (JJIUMNCOU BpallleH Hst),
00pa3yilmMiics BOKpYr HeLapooOpa3HbIX YaCTHIl, HAXOASIIIIMXCS B UHTEHCHBHOM
OpPOYHOBCKOM JIBUXXEHH U, CTAHOBUTCS KAaK Obl CBA3aHHOMN ¢ yacTtuleil. B pesynbrare
9TOrN0 BO3ZHUKAET KaXyllleecs yBequdyeH e 00beMHOil aonu aucnepcHoit a3l B CU-
CTEME, UTO MPUBOAUT K NOBBI LLIEHU KO BA3KOCTH.

Bsi3KOCTbh CUCTEM, COIEPXKALLMX aH U3OMETPUYHBbIE YHACTH LI bl 3aBUCHT OT CKOPOCTH
TeYEHMUS. BbITSHYTBHIC YACTH bl OPUEHTUPYIOTCS B MOTOKE, BPALLATESIbHOE IBUXEHUE
WX 3aTPYJIHSIETCS, U B PE3YJIBTATE 3TOTO BSA3KOCTb CUCTEMBI C YBEJIMYEH MEM CKOPOCTH
TeYEHUsI CHUXaeTcsl. OTanyue BSISKOCTH KOHUEHTPUPOBAHHOM AMCNEPCHOMN CUcTe-
Mbl OT 3HAYE€H U BA3KOCTU, BBIYMCIIEHHOM N0 YpaBHEHU IO DM HLIUTEHHA, OObSICHSAETCS
TE€M, YTO B XXKHMAKOCTH OKOJIO YaCTH L BO3H MKAKT B3aMMOBO3MY LLIAIOLLIME MU KPONOTO-
KW, 3aTPY/IHSIIOLLUE JIBUXKEH ME CUCTEMBI.

[Ipu O4YEHBb MasbIX KOHLUEHTPALUAX CYCNEH3UH MOTOK, BOSHUKAIOLIUN BOKPYT
OOHO# YaCTH L bI, OY4EH b MaJIO BJUSET HA NOTOKH, BOZHUKAKOLLHE BOKPYT APYIrUX ya-
CTUL, U HA CKOpPOCTb JIBUXKEHHUSI BCEr0O NOTOKA X UAKOCTU B L1EJIOM. ONHAKO C YBEJIU-
YEHUEM KOHLEHTpAaLHuU AUCTIEPCHON (ha3bl 3TO BJIIMSIHUE BCE YBEIMYMBACTCS U NPH-
BOJAMT K OTKJIOHEHMIO OT 3aKOHA DHH LUTEl HA.

Jpyroe oObSICHEHUE OTKJIOHEHUSI BA3ZKOCTH AUCNEPCHON CUCTEM OT 3HAYEHMUM,
HalaE€HHbIX C MOMOLUbIO YpAaBHEHUSsI DHIUTENHA, 3aK104aeTCsl B cCoNbBaTayMM 4ya-
cTuLL. ABNeHUE CoNbBaTALMU MOXET OOBSICHUTD U YACTO HAOMIOMABIUYIOCS 3aBUCH-
MOCTb BSI3KOCTH OT JIMCMEPCHOCTH CHCTEMBbI NMPH OJIMHAKOBOH OObEMHON KOHLIEH-
Tpauuu aucnepcHou (pasbl, a MUMEHHO TO, YTO BSI3KOCTb BO3pacTaeT C YMEH bLLIEH UEM
pa3Mepa 4yacTuiy 30J15l.

[IlpyurHa HENPUMEHMMOCTH B HEKOTOPbIX CAy4Yasix YpaBHEHUS DHHLUTEIHA
K JUCMEPCHBIM CUCTEMAM MOXET 3aKJIIOYATHCS B MPOSIBJICHUMW CHUJT TPUTSIXKEH U ST MEXK-
Y KOMNOUAHBbIMU YacTuuaMu. [lpu 3TOM B cucreme odpasyrorcs 0onee uiau MeHee
PbLIXJIbI€ CTPYKTYPbl, KOTOPbIE BKJIIQYAIKOT 3HAYUTE/IbHbIE OObEMBI 1THCNEPCUOHHOM
cpensl. [logpodbHasi uMMoOUNIUM3aL K, T. €. YyMEHbLUEHUE 00bEMA pACTBOPUTEJISL, NPU-
BOJAMT K TOMY, YTO BSI3KOCTb CUCTEMbl OKa3biBae€TCsl ropasno 0oJiblie Toil, KoTopas
MOXET ObITh BIYKMCJIEHA MO YPaBHEHUIO DilHIUTEIHHA. BA3KOCTh B TAKUX CUCTEMAX
CHUJIBHO 3aBUCHT OT CKOPOCTH TEYEHUSI, TAK KaK NMpeacTapsieT CO00IN CTPYKTYPHYIO
BSI3KOCTb, OOYC/IOBNEHHY 10 HAJIMYUEM B CUCTEME PBIXJIBIX MPOCTPAHCTBEHH bl X CETOK.
C apyroi CTOPOHBI, HEMPUMEHUMOCTb YPaBHEHHMSI DU HIUTEHHA K KOJJIOUAHBIM CHU-
creMaM MOXeT ObITh CBSI3aHa C NPOosIBJIEHUEM CHJ1 OTTAJIKHMBAHU Sl MEX 1Y YACTHLIAMH,
HeCYL M1 ODHOMMEHHBIM 3NIEKTPUYECKU M 3apsi.



HNctopust npobneMbl HEHBIOTOHOBCKOIO TEYEHHUSI KpaTKO ONMHUcCaHa B KHHUre
K. C. Pamaiisi «<kAHOMaJiust BA3KOCTH MacCesl U €€ BJUSIHUE Ha TPEHUE B MALLMHaX»
[87].

buHram onpeaensiet «nJjacTUYHOCTb KakK CBOUCTBO TBEPAbLIX TeJ, Oaroaapst Ko-
TOPOMY OHH, MNOJ BJIMSSHUEM HEOONBILUMX HANPSIXKEHUH CIBUra, COXpPaHSKOT CBOK
(hopMy HEM3MEHHOI, HO NMPU BO3paCTAHUM DTUX HANPSIXKEHH W BbILLE ONpeaesieH HOM
KPUTUYECKON BEJMYUHBI HEOOpaTUMO Ae(hOpMUPYIOTCS WM noaaarTcst oopadoT-
Ke». B n1aCTUYHOM TEJI€ YAaCTh HANPSXKECHUSI CABHUIa pacXOAyeTcsl Ha NMpeoaoJieHUe

.o
«TPCHUSI» Marepuana: y = H(t —1_). «I'peHue» T, cieaAyeT NOHUMATh KAK TPCHUC MEX-

1Y CYCNEHJMPOBAHHbIMHK YaCTH 1AM U NMPU HEMNOCPEACTBEHHOM CONPHUKOCHOBEHUM U X
M CKOJIbXEHUH. Tena, peonoruyeckoe noBeacH e KOTOPbIX NMPUOIMXKAETCA K NOBe-
NEHUIO, NPEeAYCMOTPEHHOMY 3TUM YpaBHEHHEM, HAa3bIBAIOTCS BA3ZKONJAACTHYHBIMHU.
TpeHue yacTuil paccMaTpUBAETCs KAK BO3HWKHOBEHWE M pa3pyll€eHHE MOCTHKOB,
unu cesizer. OCHOBHASI pa3sHHULlA MEXY NCEBAONJIACTHYHBIM U NJACTUYHBIM TEYE-
HUEM 3aKJKOYAETCS B TOM, UTO B NCEBAONJIACTUYHOM TEYEHUH OTCYTCTBYET peasibHOe
npeaeabHoe HanpsixkeHue casura t,. [pu ncesnonnacTuyHOM TEYEHU U, COTJIACHO He-
KOTOPbIM aBTOPaM, YaCTh MOLLHOCTH, HEOOXOAUMast 1S MOAAEPXKaH Usl AAaHHOM CKO-
pPOCTH NMOTOKA, paCXOAYETCSl HA NPEoaoSIEHHE BI3KOro CONMPOTUBJIEHHU S, a OCTasIbHAasI
4acTb — Ha aedopMaL IO UK paspywieHue (aedhJoKynasiiui0) CTPYKTYpbl AUCNEpC-
HOM (pa3bl.

Pa3znoxeHue oOLieit MOLIHOCTH HA MOLLIHOCTH, 3aTpay€HHbIE Ha BA3KOE U TIJja-
CTUYHOE TeYEH U, 1aeT CAEAYIOLLIEE YPABHEHHE 1151 HATIPSIXKEH Ul CABUTa, NPeacTaB-
JIeHHO€ B pa3Hoii (popme:

t:i+nm?,rzt—“_+nm?,n: t‘”,+'nm. (1.36)
o+y l+o /vy o+y

B 3TOM UCTONKOBAHMM CNJIOLLHAS CTPYKTYpPA, U, CJIEAOBATENbHO, CTEPX HEOOpa3-
HO€ T€YEH M€ NPU HUZKHUX HANPSIXKEHUSIX CIBUTA UCKITIOYAIOTCSI.

CucreMa MOXET COCTOSTh U3 OTAEJIbHBIX YJIBTPAMUKPOCKONMUYECKUX arperatos,
ujiu (QJIOKKYASITOB, MJAaBaKOLIMX B XXHJAKOCTH HE3aBUCHMO Apyr oT apyra. [loBbiLle-
HHE HaMpsiXXeH WS CABUTA MOXET BbI3bIBATb NOCTENEHH Y10 neopMauuIo 3TUX YaCTH LY
UK UX paspywieHue. C nOBbIIIEHHEM HANPSXKEHUSA CIBUTa B 000U X CiyyasiX MMMO-
OuNKM30BaHHASI XUIKOCTb OCBOOOXaeTcsi, YTO U JOJI)KHO BbI3bIBATb NMOHMXEHHE
BHYTPEHHErNO CONMPOTUBJCHUS CABUIra B CUCTEME, TO €CTb MOHUXEHUE KAXYILIEHCS
BSI3KOCTH.

OCHOBHOE NoJI0XeH e buHrama o npeaeJbHOM HANpSIXXKEHU U CABUTa U NMJacTuy-
HOCTHU KaK (PaKTOpax, BbI3blBAIOILIMX AHOMAJIbHOE HEHbIOTOHOBCKOE TEYEHUE B IUC-
NEePCHbIX CUCTEMAX, OCNAapUBAaJIOCh MHOFMMU UccaeaoBaTtensiMu. MHorue aHomanb-
Hbl€ CUCTEMbI HE NMOKAa3blBAIOT peasibHOE NnpeaesibHOe HanpsikeHue capura (npeaena
TEKYYECTH — CTATHCTUYECKOrO NPeaesbHOrO HarnpsiXkeH ust CABUTa).

Pan yyeHbIX Hayan paccMarpuBaTb aHOMaJIbHOE TE€YEHME XHUAKOCTEH KaK pe-
3ynbTat ynpyroro capura. Te XHaKOCTH, B KOTOPHIX YNIPYroCTh CABUTA CTAHOBUTCS
U3MEePUMOI BEeTMYMHOM, NONYYUJH Ha3BaHUe ynpyrux xxuakocrei. [lpeacrasneHue
00 ynpyrocru ¢aBura B XUAKOCTSIX U MPUMEHEHHWE MOAYJIS CABUTA X UAKOCTEH Kak
napameTpa, XxapakTepu3yoLero aHOMasa bHOE HEHbIOTOHOBCKOE TeYeHUE CTPYKTYPHU-
POBAHH BIX K MJIKOCTEM, npeactapnsioT Co00i YuCTO (popManbHbIit NOAXO K BONMPOCY,



KOTOPbI HMEET BECbMa CIIOXHbI il (pusnueckuit xapakrep. [loaTtomy anst o6bsicHeH U1
AHOMAaJIbHOIO TEYEH U Sl CUCTEM pa3Hbl€ HCCJIEAOBATESIU BblJIBHTaJlM pa3JIMyHbl€ MOJ1E-
JIW, COCTOSILILME U3 MPY>XUH U MOPLUHEN, IBMKYLLHXCS B BA3KO# Cpene.

[IpuHsito cuuTath [88], uTOo nedpopMalusi U OpueHTallMsI MOJIEKYJI, paBHO KaK
U pa3pyLUeHHE CTPYKTYpbl, TeM OONbLlE, YEM BbILLIE FPAaJUEHT CKOPOCTHU IBUXEHMU S
XHUAKOCTH, MPUYEM KaXXJAOMY IFpaiueHTy CKOPOCTHU COOTBETCTBYET OMNpeaesieHHasl
CTEeNneHb pa3pyLUEHUs CTPYKTYPbl UKW aedopMalluu U OpUEHTAlLIUU MOJIEKY WUJIH
3JIEMEHTOB CTPYKTYpbl. BCneacTtBue 3Toro B HEHbKOTOHOBCKHX XHUAKOCTSX CYILIE-
cTByeT 00Jiee CNOXHAasi 3aBUCHMMOCTb MEXJ1y Hamnpsi>X€eHUEeM CABUra U rpajueHToM
CKOpPOCTH, YeM J151 OObIYHBIX XUAKOCTEN. COrIaCHO COBPEMEHHBIM NMPEACTABICHU-
SIM, IOCTATOYHO THOKHE MaKpOMOJIEKYbl B pACTBOPE HAXOASITCS B BUJIE CTATUCTH-
YECKMX KJIYOKOB, NponUTaHHbIX pacTBopuTtesieM. Hanuyue Takux Kknyokos ¢ 60b-
LWHUM TUAPOAMHAMUYECKHUM AUAMETPOM, a TAKXKe 00pa3oBaHUE CTPYKTYP B pacTBOpe
00yCNOBAMBAIOT AHOMAJIbHYIO 3aBUCHMMOCTb BSI3KOCTH PACTBOPOB NOJIMMEPOB OT UX
KOHLIEHTpaL MM, HE NOJYHHSIIOLLYIOCSI YPABHEHHM IO D HILITEHHA.

[.18. O npobnemMe HEHLIOTOHOBCKOIO TeYEeHUA

Kpatkuit ouepk ocobeHHOCTEei HEH bIOTOHOBCKOIO NMOBEAEHU S COX HbIX CUCTEM MNO-
3BOJISIET NMOCTABHTbL BOMPOC: CYLECTBYET JIM BOOOLIE npodseMa HEHbIOTOHOBCKOTO
TeyeHus1? A eCiM CYLLECTBYET, TO B YEM OHA 3aKJ1K04aeTCs1?

JlecTBUTENIBHO, HAKOIJIEH OFPOMHBINA 3KCNEPUMEHTAJIbHbIH M TEOPETHYECKU I
Mmatepuan. Ho onHu U Te XXe 0COOEeHHOCTH TeYEH Hsl OIMHAKOBO XOPOLLO OO bSICHS IOT-
Csl pA3HBIMU TUNOTE3AMU U PA3HBIMU PEOJIOTMYECKUMU MOAENISIMU. BLIOOP npuuMHBbI
SIBJIEH U1 OCTAETCA 3a uccnenoparesieM. TakuMm odpa3zoM, npodsiemMa HEHbIOTOHOBCKO-
ro TEYEHUSsI COCTOMT B U30bITOUHOM KOJTIMYECTBE TMNOTE3 U TEOPETHYECKHU X MOfieNel,
KOTOpPBIE, B 001LEM, COCPEIOTOYEHbBI BOKPYT OJIHOTO SIBJIEHUSI — CHUXXEHU S BA3ZKOCTH
Nnpu yBeJIMYEHHU W CKOpOCTH caBura. B Hauane 20 BeKa HECOBEPLLEHCTBO U3MEPHUTEN b-
HO TEXHUKMU HE MO3BOJISJIO BbISIBUTh 1€TAJU KPUBbIX TEUEHH S, U PACYETHbI€ KPHBbIE
Pa3HbIX MO/IEJICH YIOBJIETBOPUTENbHO COIMJIACOBLIBAJIMCh C OJTHUMHM U TEMH XK€ IKC-
nepuMeHTaJbHbLIMU JAHHBIMHU. B HacTosiuee BpeMsi HMEETCsl NOCTATOYHO PEOosIOTH-
YECKUX NAHHBbIX, MO3BOJISIIOLIMX OLUEHUTDb CNPABEAJIMBOCTb PEOJIOrMYECKOI MOIEIH,
HE TPUNHCBIBASI OTKJIOHEHU S OT MOAICIU 3KCNEPUMEHTANbHbIM NMOTPELIHOCTSAM,

Hecny4yaiiHO OIHU U T€ X€ YypaBHEHH Sl ONUCHIBAIOT CYCNEH3UM U IMYJIbCUU, CY-
CMEH3UU U pacCTBOPbI MOJIMMEPOB, CYCNEH3UH U PacTBOPbl NOJIMMEPOB U AaXe pac-
naasbl NOJKUMEpPOB. HEKOTOpHIM MCKJIIOUEH HEM SIBJISIETCSI TEOPH S BSI3KOYNPYTOCTH,
KOTOpasi NPeMMYLLIECTBEHHO ONMUCHIBAET NOJMMEPHbIE CUCTEMBI U HE CNOCOOHA 00b-
SICHUTb HEHbIOTOHOBCKOE T€YEH M€ HEYNMPYTHX CUCTEM.

HesicHOCTL B onpencsieHuU MeXaHH3Ma TEeYEHMsI HE CHMIUKOM CKa3blBaeTCsl
Ha NPaKTUYECKOMN AESITENbHOCTH, NMOCKONbKY AJTSl HHXXEHEPHBI X pacye€TOB A0CTATOY-
HO MCNOJIb30BaTh 3MIMUPUYECKHE YPAaBHEHU S, NPUOSIUXKEHHO ONMUCHLIBAIOII e Teue-
HUE NPAKTUYECKH BAXHbIX MAaTEPUaiOB. TeM HE MEHEE HAJITMYKME HANEX HOroO peono-
rMYE€CKOro ypaBHeHUsl CnoCOOHO ynpoCTUTh Npoueaypy 3KCTPanoasiuMy AAaHHDBIX
Ha coCeIHUEe UHTEePBaJibl CKOpPOCTel capura. SIcHoe noHuMaHue (pu3n4YeCKOro CMbiC-
J1a KO3 (U LHEeHTOB PeosoryYeCcKoro ypaBHeH st BaXKHO JUJIsl yNnpaBJieH sl Peosoru-
YEeCKMMMU CBOMCTBAMU MaTepuaos.



B uenom Bce uccneaoBaTesin CorlaCHbl B TOM, 4TO 00Opa3oBaHHE arperatoB YacTHII
YBEJIMYUBAET BA3KOCTb, a4 Pa3pyLIEHUE arperaTtoB €€ yMeHbluaeT. TakuM obpas3om,
COCTOSIHME TEYEHHSI MOXHO COMOCTABUTH CO CTPYKTYpOM BeuiecTtBa. CTPyKTypHas
PEOJIOrMYECKast MOAE/ b A0JXKHA OOBSICHUTD T€ OCOOEHHOCTU TEYEHHUS, KOTOPBIE YXKE
OOBSACHSAKOTCSI APYTMMU MOJIENSIMU, M YCTAHOBUTB CBSI3b MEX 1Y KO (PUILMEHTAMU pe-
OJIOTHYECKOro ypaBHEHH S U (PUBUKO-XUMUYECKUMMU, CTPYKTYPHBIMH XapakTEepUCTH -
KaMH cuctembl. TakuM 00pa3oM, MOXeT ObITh NOJIydyeHa 00111ast CTPYKTYpPHast MOIeN b
JU1S1 ONTUCAHUS HEHbIOTOHOBCKOTO TEYEHU S1 AMCTIEPCHBIX U NMOJIMMEPHBIX CUCTEM.

3aKkmoYvyeHue

JIMCNEpPCHBIC, MOMUMEPHBIC U XHUAKOKPUCTAJJIMYCCKHUE CUCTCMbI ACMOHCTPUPYIOT
Ha OMNpPEOEJEHHbIX HHTEpBajlaX CKOpPOCTEH CABHIa HEHbHTOHOBCKOE TNOBEICHHE,
TO €CThb 3aBUCHUMOCTb CIBUTOBOI BSI3KOCTH OT CKOpPOCTH caBura. B nucnepcHbix cu-
cTeMax yBeJIMYeH He BA3KOCTH CBSI3aHO ¢ 00pa30BaHHUEM arperatoB 4YaCTH L U Bpalle-
HUEM YAaCTHL U ArperaToB B CIBUTOBOM T€YEHU M. YMEHbIUEHHE BA3KOCTU O0YCNOB-
JICHO, B OCHOBHOM, Pa3pyLUCHUEM arperatoB noja AeiCTBUEM FMAPOAHMHAMUYCCKHUX
pa3pbiBalow KX Cuja. HEHbIOTOHOBCKOE T€YEeH e ONMKUCHIBAIOT ABE IPYNIbl pEOJIOrHye-
CKHX YpPaBHEH Ui AJ1s1 NJ1IaCTUYHOIO TeYEeHU sl C NMpeacabHblM HANPsiXKeHUWeM C/ABHra
M 1181 NCEBAONJIACTUYHOIO TEYEHHU S C NPEeaeibHOM BA3KOCTBIO MPU HYJIEBOH CKOPO-
cTu capura. Hactb peosormyecKkux ypaBHEHH I OCHOBaHA HA CTPYKTYPHbIX MOJIENSIX,
e pacCMaTpPUBAKOTCS NMPOLECCHI pa3pyLUEHHUSI-BOCCTAHOBJIEH Ul ArPEraToB U NOTEPHU
JHEPruM Npu 00TEKAHHUHW YAaCTULL BSI3KOM X MIKOCTbIO. BCe CTPYKTYpPHpPOBAHHbIE CH-
cTeMbl 00121a10T B TOW MW MHOM CTENEHU TUKCOTPONMHbIMH CBOMCTBAMM.

PacTBOpBI M pacniasbl MNOJUMEPOB YACTO ONMUCHI BAKT PEOJIOTHYECKUMHU yPaBHE-
HUSIMU, NMPEJJIOXKEHHBbIMU 1Sl AUCNEPCHBIX CUcTeM. POnb YaCcTULL MUIrpalOT Makpo-
MOJIEKYJIbl, @ POJIb arperatoB BbIMOJIHAOT FPynnbl MaKpPOMOJIEKYJ, CBSI3AHHbBIC 3a-
nenjeHusiIMu. B HEKOTOpPbIX MOAEJISIX NMOJUMEPBl PACCMATPHBAKOTCSI KAK CIUJIOLLHbIE
cpenbl 6€3 NPUBJICYEHUSI CTPYKTYPHBIX NpeacTtaBieHuil. B CyCneH3usix, SMyJbCHSIX,
MU LEJUISIDHBIX pacTBOpax, pacTBOpax M pacrjiaBax rnojiuMEepoB CYLLIECTBYIOT CXOjl-
Hbl€ BU/1bl TEYUEHHSI, KOTOPbIE ONMUCHIBAKOTCSI ONMHAKOBBIMH PEOJIOTHYECKHUMH ypaB-
HEHUSIMU. [TpUYUHOI TAKOTO CXOACTBA MOXET ObITh OOLLIM 1 MEXAHU3M TEYEHUS.



NNIABA 2

CTPYKTYPHAA
PEOITOINMYECKAS
MOESb

B Hauasie rnasbl npuBeacHb 0003HAYEH M PEOJIOTMYECKHUX BEJIHYMH M NapaMeTpOB,
KOTOPBIC ONMUCHIBAKOT PEaJbHYIO IMCIEPCHYO CHCTEMY H €€ PEOJIOTMYCCKYIO MOZCI b.
3nech noapoOHO M3JI0XKEHBI ABe Da3zoBbie Mojeiu (KaccoHa u Kpocca), MosiepHu3a-
LK 1 ODOOLLUEHHE KOTOPBLIX MO3BOJIMJIO NOJIYYUTH OOOOILIEHHYIO MOLEJIb TEYEH US.
B 3T0#i rnaBe HaMK NpeacTaBieHa CTPYKTYPHasi pEOJIOrHYECKast MOAC b U151 CTaL MO~
HApPHOIO PABHOBECHOIO H HEPABHOBECHOTIO TEYEHM S CTPYKTYPHPOBAHHbIX CUCTEM.

[punHaTbie 0b03HaveHuUs

XapakTepUMCTUKHU JUCNIEPCHOM CUCTEMBDI:

® — oObeMHast KOHUEHTpauM s (00LEMHas 10J151) TBEPAOM AUCIIEPCHOM (pa3bi;
T, — BSI3KOCTb JMCNEPCHOHHOM ()KMIKOH) Cpelibl;

C — KOHLEHTpaL M NMPUMECH (JIEKTPOJINTA HIIH BBICOKOMOJIEK YJISIDHOTIO
COCIIMHEHMU ),

M — MonekynsipHasi Macca,;

¢ — maccoBasi KOHUEHTpauMsl AMCNEPCHOM (pashi;

Fy — cuila cuennieHust Mex 1y 4aCTuLlaM M, NpensTCTBY 011asi pa3pbiBy arperara.

Peosiornueckue XAPAKTEPHUCTHKH:

Y — CKOPOCTb CLIBHIA;

T — Hanps>XXeHHe CABUIa;

1] — BA3KOCTHb Ui 3(p(PeKTHUBHAS BA3KOCTb (=T/Y);

T, — CTAaTMYECKOE NPEAEJIbHOE HATIPSXKEH M€ CABUTA, 1OCJIE NPEBBI LLEH 51 KOTOPO-
ro B MCXOLHOM 00pa3Le BO3HUKACT TCUCHHC,

T, — KO3((PUUMEHT arperalluv MJIM JUHAMMWYECKOE TPEACSIbHOE HANPSIKEHHME
caBura (no Kaccony);

1. — KO3(h(PHUUHEHT BA3KOCTH (N0 Kaccony);

¥ — napaMeTp 00OOLLUEHHOro ypaBHEHM S TCUEHHSI, YYUTHIBAIOLLHUI OrpaHHye-
HHUE JIMHEHHOrO pa3mepa arperara (OCeBOro OTHOLUCH Msl MOAEJIbHOIO LIMJIMH [Ipa) NMpH
HU3KMX CKOPOCTAX ClBHMIa, a TaKXe KOA(MPULUHECHT KOMITAKTHOCTH arperara 4acTHL,

Ny — KO3GDOHUUHMEHT BAZKOCTH HbIOTOHOBCKOI'O TEHEH M IMCIEPCHON CHCTEMBI;

N(0) — npenenbHOE 3Ha4YeH e 3 heKTHBHOM BI3KOCTH 1pH Y — 0;

T).. — NnpeneibHoe 3Ha4eHHE 3(PGPEKTUBHOM BAIZKOCTH IPH Y — o0}



[n] — xapakTepucTuueckas BsI3KOCTb CyCIIEH3U M,
1), — OTHOCHTEJIbHAs! BA3KOCTb CYCIEH3UH (=1/M,).

CTpyKTYpHO-peoiornyecKue XapakTepUCTHKM:

r — pagMvyc MOAEJIbHOIO LWJIMHAPA MJIKM CPEAHUI PaJIMYC YaCTULLBI;

F, — cuna cuerJieHusi, HOpPMMPOBAHHAS Ha NJIOLALb NMONEPEYHOroO CCYCHHMSI MO-
NEJILHOrO uunuunapa (F, = F./n r’);

J — 0CeBOE OTHOLLEH M€ MOAENILHOIO uuiuuapa (J = I/r);

J. — KPUTHYECKOE OCEBOC OTHOLUCHME, MPH NPEBBILLCHUU KOTOPOTO LIUJIMHAP
pa3pbiBacTCs 1104 AEHCTBUEM rMAPOAHHAMHYECKH X PACTSITM BAIOLLHU X CHJI;

j — HaWMEHbLICE OCCBOC OTHOLUCHHUC LMJIMHAPA, BXOASILICTO B MOACJIbBHYK) CH-
cTemMy (TaKOMY LUMJIMHAPY COOTBETCTBYET OTACIbHAsI YaCcTHULLA);,

a — napameTp MOIEJIbHON CUCTEMbl, YYHUThHIBAKOLLHM I IONOJIHUTEJIbHY IO JUCCHTIa-
LIMIO SHEPIrUH 3a CYCT FMAPOIMHAMMHYCCKOrO B3aMMOLCHCTBHUSA MOJICJIBHBIX LIMJIMH-
IPOB B CIBUFTOBOM TEYEHHH;

Y(J) — ¢pyHKuMs pacnpeacsicHHUsi MOACJIbHbIX LIMJIMHAPOB N0 BEJIMYUHE OCEBOro
OTHOLLCHMUSI;

VY. (/) — paBHOBEpOsiTHAS (PYHKLIMSI pacripescsieH usl, paBHasl - B lnpenenax
U, L); Je=J

& — KO3 MUUMEHT OTKJIOHEHUSI OT PABHOBEPOSITHOIO PacrpeiesicH Usl MOIEb-
HbIX LHJIMHIPOB HJIH OT PABHOBECHOIO COCTOSIHHUSI TEYEHU S PeasibHOM IMCNEPCHOM
cucCTEMBI (11151 pABHOBEPOSITHOIO pacnpeaesyicHus €= 1);

J,— 0ceBOe OTHOLLCHHE IK BHBAJICHTHONH MOHOIMCICPCHOI CUCTEMbl MOICJIbHbI X
LMJIMHAPOB (CpeaHEEe OCEBOEC OTHOLUIEHHE B CUCTEME MOJICJIbHBIX LIMJIMHIIPOB);

(k®) — oObeMHAsI KOHUEHTpaLMWsl MOACJIBHBIX LMJIMHAPOB, BbIPaXKEHHas yepes
OOBLEMHYI0 KOHLEHTPALLM KO IHUCTIEPCHOM (pa3bl O.

2.1. Ananus opuruHansHoi Mogenu KaccoHa

IlockosibKy npeacrapjieHHasi HaMH CTPYKTYpHasi MOZEJIb BO MHOIOM OIUPaeTCs
Ha mozenb Kaccona [42], To paccmoTpuM ee nogpoOHO. K3CCOH 3KCnepuMEHTaJIBHO
MCCJIEI0BaJl C/IBUTOBOE TEYEHHE MUIMEHTOB KpacuTesieit B maciie. OH oOHapy»XHJl He-
JIMHEHHOE NJIaCTUYHOEC NOBEACHHE 3THX CHCTEM, NPHUYEM 3KCIEPUMEHTAJIbHbIC 1aH-
HbI€ XOPOLLO ONKHCHIBAJIMCh YPABHCHHMCM:

TI;’E — T::a’Z _I_Tl::-’z,_i,lﬁ (2-])

3

rae KoagguuueHTs KaccoHa T, v 1, COOTBETCTBYIOT IPEAECTIBHOMY AMHAM HYECKOMY
HaIpsi>KEHH 0 CABUTa U KO3(MPHULMHEHTY BA3ZKOCTH NPHU OECKOHEYHO DOJILLLIOK CKOPO-
CTH CJIBUTA. DKCNCPUMCHTAJIbHBIC TOYKH B KOPHCBBIX KOOpAMHATAX B 3TOM Cly4yac
pacroJiaraloTcst Ha OlHOH NpstMOM.

K3CCOH nonyyuJl yKazaHHOE€ ypaBHEHHME HA OCHOBE MHKPOPCOJIOTMYCCKON TEO-
PUH, UCNOJIb3Ysl CIEAYIOLIME NMPEeanonoxeHusi. Hactmubl NnUrMeHTa npeacTaBli€Hbl
KakK TBepable cpepruecKHue YacTullbl OJIMHAKOBOIro pasmepa. BoiencrBue cui cue-
rnjaeHust F, BOSHUKAIOT arperarel U3 JiByX M 0onee yacrul. Ilpupona cun cuenieHus
HE UMEET INPUHLMITHAJIBHOIO 3HAYE€HU 1, BaXKHO, YTOOBI CYLLUECTBOBAJIM IOCTATOYHO



NpOYHbIE, HO MeXaHMUYEeCKH obpaTumMmbie KOHTaKThl. [IpegBapuTenbHo K3ccoH npen-
NOJIOXKHWJI, YTO €AMHHULEH TEYEHHS SIBJISIETCS XKECTKasl npsiMasi LENnoyYykKa, I1BUXEHHUE
KOTOPOW npeanonaraeTcslt He3aBUCHMbIM BIUJIOTb J10 CTOJIKHOBEHHMS C IPYTO#M LIeNnoy-
Ko#. Llenouku nepeMeraloTcst B CiIBUroBOM TE€YEH UM, BpalLasiCb BOKPYT LIEHTpa Macc,
CKOPOCTb KOTOPOIro COBNAaaacT CoO CKOPOCTBIO TEYECHH S XKUJIKOCTH B JJAaHHONH TOUKE.
Cunbl CtoKca, BO3HHKaOLLHUE NPH 00TEKaAaHHU M MPOTHBOIOJIOXKHBIX YaCTEH LIENMOYKH,
CO3/1AK0T THAPOAMHAMHYCCKYIO culy F, BI0JIb OCH LICNIOYKH, KOTOpas NpH onpese-
JICHHOM OpMEHTAUHH LIENOYKH CNOCOOCTBYET €€ pa3pbiBy. Pa3pbiB LENOYKH Ha JiBE
4acTH INPOHUCXOANT, €CJIM PACTArMBaloLlasl ruipoanHaMMuyccKas cuia F, npesbiiiaet
cuiy cuernieHunst F. Takum oOpa3oMm, JUIMHHBIE LIETTOYKH Pa3pblBalOTCs B CIBUTOBOM
TEUYEHHUH, a KOPOTKHE LIENOYKH CIHOCOOHBI 00bE/IMHSTHCS NPH CTOJIKHOBEHHH.

OnHaKo ruipoiIMHaMMYECKHE pacyeThl [UJIsl ONTUCAHHM S pa3pbiBa LENO4YKHU U MC-
CHINALMK 3HEPruU NpH OOTEKAHU M LIENOYKH 0OKA3aJIUCh CJIIMLLKOM CJIOXKHBIMH. [To-
aToMy K3CCOH 3aMEeHM LENOYKH JUIMHHBIMM TBEPABIMM LIMJMHApPaAMH, rojarasi,
4YTO FMAPOAMHAMHUYECKOE NMOBEACH HE MOICSIBHBIX LHJIMHIPOB B MPOCTOM CAABUTOBOM
TEUCHHUH CXOAHO C NOBE/ICH UEM XKECTKHX LIENOUYEK YaCTHL. DTO MPEANOJIOXKCHHE 10-
3BOJIMJIO €My MCIoJib3oBaThk Mosenb KyHa [36] anst pacueTa ruaponMHamMHUYecKomi
pa3pbiBalOLIEii CMJIBI M1 BEJIMYMHBL JUCCUIALIMKM 3HEPIUU NMpPU OOTEKAHHUM BSI3KOM
JIMCNEPCHOHHOI cpeloil HEKOTOPOro MOAECTIbHOIO LuMJIMHApa. Pa3pbiB XeCcTKOM ue-
NOYKH COOTBETCTBYET pa3pbiBy MOJIEJILHOIO LIMJIMHAPA, NO3TOMY IPH pacyeTe yao0-
HO MCINOJIb30BaTh CHJY CLEMNJIEHHU S, HOPMHPOBAHHYIO K IJIOLLA/IM CEYEHMSI MOJIESIb-
HOIro UMJAMHAOpa:

F,= F/ar, (2.2)

rae » — pajiiyc CEYCHU S MOJIEJIBHOTO LWMJIMHJIpA.

Takum obpaszom, moaenb KaccoHa (pak THUECKH ONMMCBHIBAET CYCNEH3H IO, COCTOS -
YO M3 LMJMHAPHUYUYECKHUX arperatoB, ClIOCOOHbIX pa3pbiBaTbCs 1101 NEHCTBHEM M-
APOAUHAMHYECKHUX CHJI Ha DoJiee KOPOTKHE LLMAMHAPbLI. OCHOBHOI XapaKTepUCTHKOI
MOJICJIBHOIO LMJMHIpa SIBJISIETCSl OCeBOE OTHOWeHWe J = I/r, rie r — paanyc ocHOBa-
HUA UHAMHApPA, [ — NONOBHHA AJIMHB LMJIMHApA. MoaenbHbI LMJIMHAD OBUXETCA
B NPOCTOM CABUTOBOM TeueHUH (Y =d8, /dy). OH BpalLaeTcsl, NOCKONbKY XHAKOCTb
00TeKaeT BEPXHIOKI U HUXKHIOK YacTH arperata B pa3Hbix HarnpasieHusx (puc. 2.1).
[Ipn 3TOM BO3HHKAET rMApOAHHAMHUYECKas cuia [, KaK COCTaBJIAOIAsA CHIIbI CO-
npotueJieH st CTokca, KOTopasli B ONnpeneJiIcHHOM TNOJIOXKEHUH arperata crnocoocTBy-
€T ero pa3pbiBy (cM. pa3j. 1.4).

Cnenys pabote KyHa [36], KaccoH paccuuTan CKOpOCTb [UCCUNALIMH IHEPTUH
JUISL OTHOTO LIMJIMHIpa ]'3{, U IMAPOAMHAMMYECKYIO cuny F, nefcTBYIOLLYIO BIOJb
ocHu 3Toro yuiauHapa. [NonoxeHue YUIMHAPA NO OTHOIICHUIO K OCSIM KOOpPAMHAT
onuceiBaetcst yrnamu ¢ M 0 (puc. 2.2). CKopocTb HEBO3MYLLIEHHOINO TCYCHUSI HMEET
TPH KOMNOHEHTH: B, =7y, 8 =0, 8,=0. YcnoBus ycTroituMBOro ABMXECHHS LIMJIMH-
Jpa UMEIOT CIIEAYIOLLM i BUL:

do/dt =yCos’ ¢
de/dt =ySin® Cos© Sin@ Cos@ (2.3)
1g0Cos =K.

KoadhduumeHT K MMEeT BEJIMUMHY, KOTOPast ONpecJisieTCst HadyajibHOW OpUEeHTa-
LUMEH LMJIMHAPAaOTHOCHTEJIBHO KOOP/IMHATH bIX OCEii 10 HayaJiaTeyeHus. TpaekTopusa
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Puc. 2.1. JIBuxeHue MOJICIBHOTO LIMJTUHIPA B CJIBUTOBOM TCUCHUH

JIBUXKCHUSI TOUKM P (OpOMTa LMIIMHAPA) 3ABUCUT OT BEJIMYMHBI K. K3CCOH npeanono-
XKHJI, YTO OPUMEHTALIMS MOOEJIBHBIX LIMJIMHAPOB B HA4YaJI€ TCYEHM 1 COBEPLUEHHO CJ1y-
yaiiHa, U BLIOpAJ JUISl pacyeTa HeKOTOpOe cpeiHee 3HaueHue K .

CKopoCTh AMCCUTIALIMH SHEPTUM [J151 OAHOIO MOAEJIBHOIO LIMJIMHAPA paCCYMTHI-
BaeTcs 1o opmyJie

, K*'Sin” ¢Cos’ ¢
[K*+Cos’ @] ’
rae 1), — BSI3KOCTb HbIOTOHOBCKOM XHMJKOCTH (IMCHIEPCMOHHOI cpeasbl). 3a cyet rpa-

JIMEHTA CKOPOCTH BO3HMKAET HaNPsiXKEHUE, T. €. ruIpoauHaMUYecKas cuna F,, crpe-
MSILLASICSI Pa30PBaTh LMJIMH/P:

E =47, ’l (2.4)

, K*Sin@pCos¢
K*+Cos’ ¢

Korpa uuiMHaop HaXoauTcs B IJIOCKOCTH CABUMTOBOIO T€YEH Ust (¥ X), TO nuccura-
LISl SHEPrMM MakcuManbHa. EC/IM LMJIMHAP PACIOJIOXEH NEPICHIUKYIISIPHO ILIO-
CKOCTH (Y X), TO pa3pblBaloLlee HalpsikeHUe paBHO HYJIIO, a AMCCUIIALMS SHEPIUU
MaJia 110 BEJIMYMHE.

YrnoBasi CKOPOCTh LMJIMHAPA CTAHOBUTCSI MAKCMMaJIbHOM, KOr/1a OH I PH BpaLe-
HUM OPHEHTHPYETCS BAOJb OCH V U SABJISIETCSI MUHUMAJIBHOM, KOIna UMJIMHAP pac-
roJiaractcs BuoJib ocH x. [logobHoe HepaBHOMEPHOE BpaLUCHUE LMIIMH1PA IPUBOAUT
K I1PEMMYLLIECTBEHHOM OpMEHTALMM aHCaMOJ1si MOAEJIbHBIX LIMJIMHAPOB B HallpaBJie-
HUU OCHOBHOT'O TEYEHH 1, TO €CTh, BIOJIb OCH X (pHC. 2.2).

K3ccoH npuBoauT ypaBHEHHE (DYHKLMH pacpeaceHUs ISl LMJIMHJPHYECKHUX
YyacTul, € OCEBLIM OTHOLLECHUEM J, KOTOPbIE HE YyYACTBYIOT BO BpaLaTeJibHOM Opoy-
HOBCKOM JiBH2KeHUH (MacoH, 1950):

¥(0)=(J /2m)[J>Cos® ¢ +Sin>¢] ™. 2.6)

F, = 6mn,j( (2.5)
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Puc. 2.2. K pacuety aumccunauuvy 3HEpPrHiu U rugpoOoMHAMMUYECKON pa3pbiBaloWwei
CUJIBI

YUHucno uMIAMHAPHYECKHUX YacTHL, UMEIOIMX OPUECHTALMIO B HHTEpBaJie yIJIOB
(@, ¢ + do), paBHo d N = N¥(@)de, a COOTBETCTBYIOLLIASI AUCCHIIALMUSI IHEPrHM paBHa

K*Sin’@Cos’ od¢
(K? +Cos” @)’ (J* Cos’ @ +Sin’ ) |

MUHTErpupoBaHHe 1no3BoJISIET NOJYUYHUTb AMCCHIIALMIO 3HEPruK aast N onuHaKo-
BbIX LIMJIMH/IPOB B €/IMHULIE O0ObEMa:

E=M7CNna'J /(@) +1), (2.8)

dE = Qnﬂm‘ﬁﬁ*m[ 2.7)

e a’ = K’/(K*+1).
Jonyckasi, uto aJ > 1, MOXHO 3anucarb

E=2my’Ca’N/J . (2.9)

Eciun n3BecTHa o6beMHasi KOHUEHTpayMsi MogesIbHbIX LHJIMHAPOB P, TO MOXHO
pacCuMTaTh YHCJIO LLMJIMHAPOB C aJUHOM (2/) u oceBbIM OTHOLLIEHUEM (J) B eAMHHULIE
obbeMa:

O=N(nr’-2()=2Nn(’/J?, otkyna N = J*®/2n (. (2.10)

[MoactaBnss (2.10) B (2.9), nonyuuM auccunaumio s3Heprum aist N uManHapoB
C OCEBBIM OTHOlLIEHUEM J B eqMHULIE OObeMa:

E=n7'®aJ . (2.11)

MakcumanbHOE (KPUTHYECKOE) OCeBOC OTHOLIEHHE J onpenensiercsi paBHOBE-
cueM (DanaHcom) MexXay paspblBalOLIEN TMAPOAMHAMHWYECKONW CHJIOW F; 1 CHIION
cuennenus Fg. INockonbKy cuna F,, 3aBUCHT OT YIJia ¢, TO HEOOXOMMO pacCuMTaTh
MaKCUMaJIbHY10 cuny [, u3 ycnosusi akcrpemyma dF,(¢)/de = 0. B pesynbrare Bol-
paXxeHue banaHca CHJI NPUHUMACT BUIL

F,-mr’ =3nr'myJ’a, (2.12)



OTKyda paCCUHTHIBA€TCA KPUTHYECKOE OCEBOC OTHOLLUEHHE

J.=(F,/3nya)". (2.13)

K3ccoH npearnonoxmu, 4To OCEBbIC OTHOLLUEHUSI BCEX HMEIOLLIMXCSI MOAEbH bIX
LUHMJIMHAPOB JIEXaT B UHTCPBAJe OT .I /2 1o J MOCKOJIbKY LHJIMH/IPEL C OCEBBIM OT-
HoLucHUEeM J > J OyayT pa3pbiBaTbCsl, a LMJIMHAPH C OCEBBIM OTHOLUEHHEM J < J /2
CINocoOOHbI uﬁ"heﬂn HSITBCSI IIPH CTOJIKHOBEH Ms1X, 0Opa3ysi 60Jiee AJIMHHBIC LIMJIMHAPBI.

—% 3 ~
B takom ciay4dac CpeaHsAsa BCJIMYHMHA OCEBOI0O OTHOLICHHW S paBHa J =ZJ{, OOHAKQO

nas1 pacueta KaccoH BblOpan apyroe cpeaHee 3Ha4eH Me 0CeBOIro OTHOLICH Ul

I
I

f’+u:%fr+u, (2.14)

rjae 0. — HEKOTOPHIi NMOArOHOYHBII NnapaMeTp, He 3aBUCSILLIMI OT CKOPOCTH CIABHra.
MocKkonbKy oceBoe OTHOIIEHHE J — ¢ IIPH ¥ — o, TO NapaMeTp o MOXHO HHTepIpe-
THUPOBATb KaK MNMPEAcibHO HU3KOE OCEBOE OTHOILLEHHME NMPU DECKOHEYHOM CKOPOCTH
c/iBMra.

Takum o6pa3zoM, KI3CCOH HCNOJb3YyET B CBOEH MOMENH CUCTEMY OAMHAKOBBIX
MOAEJIbHBIX LIMJIMHAPOB (MOHOAMCIIEPCHYIO CUCTEMY) CO CPEIHUM OCEBBHIM OTHOILIE-
HUEM J , 9KBHUBAJICHTHYIO HEKOTOPOMY HEN3BECTHOMY PaclipecieH M0 MOEN bH bIX
LMJHHAPOB B UHTEPBaJie OT ft, /2 no j(,. [Tocne noacraHoBKH yp. 2.14 Byp. 2.11 nony-
4yaeTcsl BbIPaXke€H e 151 AMCCUIIauM K SHEPruM NpH 00TEKAH MU MIAJKHX MOIEJIbH bl X
LMJIM HIPOB:

E= nﬁ-i@q:-a[%f‘_ +a]. (2.15)

BoipaxeHue gssi AMCCHMINaMH 3HEPruH B MOICJIBHOKM CYCIEH3UM CIEAYyeT N0-
NOJIHUTb, BBOAA NOTEPH IHEPrUH BHYTPHU CAMOH BA3KOHW HbBIOTOHOBCKOH XHAKOCTH,
a UMEHHO: BEJIMUHHY nﬂ'jrl(l — @), Toraa nonHast AUCCUTIALMSI SHEPIUU paBHaA

) | 3= .
E= nl}TE(Da |:th.' +ﬂ:|+ TI{}"{E (l —(D), (2.16)

a BA3KOCTb CYCIEH3MH MOAECJIBHBIX LMJIMHAPOB onUch BacTcst (hopMyJioi

M :nﬂ(l—®)+nuﬁ¢(%f{: +a). (2.17)

Mocne nosctaHoBKM Bennuubbl J (M3 yp. 2.13) M BBemeHMs mapameTpa
B=3F,"/[48a]"*, BbipaxcHHe 115l BA3KOCTH NPUOBPETacT BUN

n="n,(1-®)+nad(c+p/m7)"). (2.18)

DTa BSI3KOCTb OblJ1a Ha3BaHa BSI3KOCTBIO «pa30aBIcHHOM» CYCNEH3WH, NOCKOJIbKY
B HEI HE YYHUTBIBACTCS N'MAPOAHHAMHMUYECKOE B3aMMOUEHCTBUE MOMIEJIbHBIX LIMJIMH-
JIPOB, NMPHUBOJISILLEE K IONOJTHHUTEJIBHBIM NMOTEPSIM SHEPTHUH.

HYroObl yyeCThb rHAPOHHAMHYECKOE B3aW MOAEHCTBHE arperatoB B «KOHLEHTPH-
poBaHHOI» cycneH3nu, KaccoH ucnonb3zoBan metoa annpokcuMmauvu (bpuHkmaH
n Pocko, 1952). Cytb MeTona nokasaHa Ha puc. 2.3. UcxonHoili cucTteMoii siBasieTcst
CcycrneH3msl ¢ 00 beMHOM KOHUueHTpauueilt d. B Hee MbICJiEHHO fnobasisieTcst TBepaast
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Puc. 2.3. K pacuery «KOHIIEHTPUPOBaHHOI» cycnieH3uu: © — nepBoHauanbHasi 00b-
eMHasl KOHLIEHTpalus aucnepcHoii ¢asel, ®* — KOHIEHTpalusi B HOBOW
cCUCTEME

(ha3a (B naHHOM cJIydae MOJIENbHBIE IIUTWHAPH) 00beMOM O P, a aHAJIOTHYHBII 00beM
NEPBUYHOI CYCNCH3UM yOMpaceTCsl.
Hosast o6 bemHuast konuentparnusi O* pasHa

O =P(1-5D)+8. (2.19)

Takum oOpa3zom, HOBasi CyCreH3Usl TPAKTYETCsl KaK pa30aBN€HHasi CyCTEH3UsI
KOHIICHTpaIuu & @ B nepBUYHOI CyCITEH3MH, KOTOpasi paccMaTpUBaeTCsl Kak Hernpe-
pHIBHAS Cpena. YBeu4eHue UCTUHHOM KOHIIEHTpal[iv paBHO

dF = F*—F=06F(1 — F), orkyna 6 F = dF/(1 — F). (2.20)
«IlepBruuHasi» CyCreH3US UMEET BA3ZKOCTH
n=n,(1+[@o-1P)+n/"apd/y"". (2.21)

«HoBast» cycneH3usi paccMaTpuBaeTcsl KaK CYCNEH3WsI ¢ KOHIeHTparueil dd
TBEpAOU (pa3kl B AMCIICPCUOHHOMN CpeJie, BA3KOCTH KOTOPO# paBHa 3(pPeKTUBHOI BSI3-
KOCTH «TTEPBUYHOI» CYCTICH3WH 1], a UMECHHO:

N =n(1+[@o—-118®)+n"’apdd/y'"". (2.22)

Majoe yBennudeHue BI3KOCTH d1] paBHO

"2ap | do
dn=1'-n=[n(@o-1)+n"ap"*|o® = [n(aa—1)+ “?l f?B]l—q:‘ (2.23)
Beogst o603HaucHust A=ao—1u B=aB/4"?, nonyuum
an____ do (2.24)

An+Bn'/? 1-@

N HTErpupys 310 BhIpa)K€EHHE ¢ HAYATLHBIMHU YCIIOBUSIMHU 1) =1, 1pu © =0,

MOJNyYUM
g I -® -[ An+ .5’11”2

LI



Mpoussens 3ameHy "’ =z, d z= dn/zz,ﬂﬂﬂ}"mmjl = j 2dz

OTKyna  (Az+B)
Af2
_In(]_d)zglnAz_m (1_4:1})4’1:M z:(#) (Z +£]_£
Az, + B’ z+B/A’ |- "CA) A
arci—1 aci—|
1 2 ap | 2
12 _ /2 1,
i (1—@] W o (l—d}J
1/2 Al
B I
nl,’lz[(lj];))ﬂil +; [_]_(D) 11 (2.25)
Mockonbky 772 =n"?-4'?
172 A2
o Mo | B ( ! ) 1. (2.26)
(1- D) 4 |[\i—o

[MTocne noaCcTaHOBKH 3HAYEH Mt A M B Nerko nony4yuTb OPUrHHaJIbHbIE YPABHEH U A
Kaccoua:

- 1/2 A

2 1/2
=T, +’l’]‘_ Y

1::.";2=_EB ( ] )z—l
' ao—1| \1-®

1/2
/2 Mo
b _[(l-d:-)“’“"]

i EB I: uz ]]
¢ — 1/2
ao—1| 0, )
roe B=3F,"/[48a]"".

Ecnu K uamensiercst ot 0 1o oo, T0o @’ uamensiercst ot 0 go 1. [MoaroMy ObIJIO BHI-
OpaHo cpennee 3Hayenme a’ = 0,5 unmn a =0,7.

7'

> (2.27)

2.2. Obcyxaenne mogenu KaccoHa

YpagHeHust Kaccona (2.27) no3BonsiioT ONpeaeiMTh 10 3KCINEPUMEHTaJIbHOW KPH BOM
TEYECHMS 3HAYCHM S T, M 1), 3aTEM PaCCYUTATh MNOATOHOYHBIH NapaMeTp o, HOPMHUPO-
BaHHYIO CHJIY CLUCTUJICHUSI Fy, KPUTHUECKOE OCEBOC OTHOLLUCHHUE f{, M CPEAHEE OCEBOE
OTHOWEHHEe J MOme/IbHOro uMaMHapa. st HEKOTOpbIX MacJIsiHbIX Kpacok K3ccoH
NOJYYHJI XOPOLLUEE COOTBETCTBUE MEXJ1Y IKCNEPUMCHTAJIBHBIMU TOYKAMH U TEOpE-
THYECKUMM NPSIMBIMM B KOPHEBBIX KoopauHatax (T/7,7"?) u paccumran 3HayeHms
peoJiorunvyeck Mx KoagpuuMeHTOB.

O0cyxnenune Mmooenu KaccoHa Begercst ¢ MOMEHTA NyOJIMKAaL MM OPUTHHAJIBHOM
crareM [42] B 1959 r. B aMCcKycCcHMH 110 3TOMY 1OBOAY OTMEYaJIoCh CTPaHHOE OTCYT-
CTBHME rUCTEPE3NCA TEYEHHSI B ONnbITaX KaCCOHA, BHI3HIBAJIO YW BJIEH HE YPE3BBIYANHO
BBICOKOE 3HAYEH ME OCEBOro OTHOLUEHHMs J B 06JacTH BBICOKMX CKOPOCTEii ciBHra.



[lo-BuaumoMy, B Xone oOCyXaeHHs1 Npeanoiarajoch, YTo AJIMHA rUINOTETHYECKOIO
arperara-uerno4kKu noJXHa ObITh paBHA IJIMHE MOAEJIbBHOIO LMJIMHAPA.

[Mo3nHee Ckot bneiip [64] chopMmynupoBan psia BO3pa>keHUH NpoTHB Moaeau Kac-
coHa. OH coobLnIl, 4TO 60JIBLIOE KOJIMYECTBO Pa3HOOOPa3HbIX AHCIIEPCHBIX CUCTEM
XOpOLLO onucH BaeTcs ypaBHeHUeM KaccoHa B MHTEpBaJie CKOPOCTEN, 3aKpblBaloLLIEM
N1Ba NOpsiiKa BeJIMUMHBI CKOPOCTH CliBHIa (a MMECHHO: 1acThl, YepHHJia, KpOBb, 1110-
KoJsaz, MacisiHbie aucnepciu). Ho o4eBUAHO, YTO CTPYKTYpa 3TUX OIUCIIEPCHBIX CH-
CTEM J0JIXHA OBITh Pa3JIMYHOM, M HET I0KA3aTEJILCTB CYLLECTBOBAHM S BHUX JITIMHHBIX
XecTKMX uenovek yactui. [Mosatomy Ckot biieiip siBasieTcss CTOPOHHHKOM MCIOJIb30-
BaHUs1 ypaBHeHus1 [epiuenisi— banknu, KoTopoe npakTHYeCKHM COBIAAacT C ypaBHe-
HueMm KaccoHa B npesienax U3MeHeHMsl T M Y Ha OJIMH MUJIK JiBa 1OPsiika BEJIMUHUHHL,
NOCKOJIBKY MCIOJIb30BaHHE IMITUPHUYECKOro ypasHeHust [epuieiisi — bankim BooOiue
He TpeOyeT BBEACH A KAaKON-JINOO KOHKPETHOM CTPYKTYPBI B MUKPOPEOJIONHYECKY IO
mMoaenb. Keemana [54], npeanarast CBOKO OpMIMHAJIbHYIO TCOPHIO TCYCHH S AMCIICPC-
HBIX CHCTEM (4EJIOBEYECKON KPOBH M JIATCKCOB), KpUTHKOBaJ1 KaccoHa 3a npou3Boib-
HOCTB JIONYLLUCHK S JUTHHHBIX )KECTKHUX LIENOYEK B peaJIbHBIX CYCIEH3USIX.

Bri6op K3CCOHOM Cpe/iHEro 3HaueH Hst 0CeBOro oTHOLWEHUst B popme J =%J. + o
TakxXe cnabo obocHoBaH, no MHeHHIO KBeManb. Kypubek u coasrops [151] npu-
MEHHJIM Mofienb KaccoHa K cycneH3nn HeopraHnuyeckux nurmMeHTtos (CrO;-2H,0)
B XKHJIKOHW OpraH H4e€CKOUH CMECH (TPHUTTTHLUEPHIBL, XX MPHbIE KUCJIOTBI U HEUTPaAJIBHOE
MacJio). Pazmepsol yactuy konedbanuceb ot 1 1o 10 MKM co cpeaiHUM pazmepoM 3,1 MKM,
Annpokcumarmsi Npou3BO/IMJIACh 110 JIBYM YPaBHEHHUSIM, UMEIOLLIMM TNPEAESIbHOE Ha-
Npsi>keHue caBura, auMeHHo: KaccoHa u I'epuuesnisi — bankiun, CTOYKH 3pEHUS CTaTH-
CTHMKHM 00a ypaBHEHHs 110Ka3aJIM OIMHAKOBY IO TOYHOCTB B UCCNENOBAHHOM MHTEpBaJie
ckopocTei cnBura. PaccuntaHHbIe NPpH 3TOM BEJIMYHHBI KO3MD(PUUHEHTA O TPUBOAST
K O4€Hb GOJIBIIMM OCEBHIM OTHOLUEHMSIM J KaK NMpH HU3KMX, TaK W NPH BHICOKHMX
ckopocTaXx cnBura. QOUeHb TPYHO NPEACTABUTE PEaJIbHYIO CUCTEMY CO CPe/IHEH 1IN-
HOM LIENOYKH, BKIKYAOWEH 83 yacTHubl NpyH HU3KUX Y UK 17 yacTri npyu BEICOKHUX
ckopocTsaXx Y. K ToMy e npu BBICOKMX CKOPOCTSIX CAABUTA 1PEICJIbBHOE KPUTHYECKOE
HanpsixkeHue J_ CTaHOBUTCS MCHbLLIE CPEIHErO 3Ha4YCHH A J (Hanpumep, J. = 8). Kypu-
OeK OTMETHJI, YTO MOAiEJIb KaCcCcOoHa aaeT 3aBbILLEHHY 0 OLECHKY peaJibHBIX pa3sMepoB
arperaTtoB, HO AONYILCHHME LECNOYCYHON CTPYKTYpbl 103BOJISICT CACJAThH LUar B Ipa-
BHJIBHOM HarpasJICHHH.

Takum oO6pa3oM, OCHOBHbIC BO3pakeHHs1 NpoTuB mMoaenn KaccoHa cBoasiTcs
K CJICAyIOIWMM MOMeHTaM. B pesynbrate pacyeta noJjlyyaercsi oucHb OoJibliiast Be-
JIMYHHA OCEBOro OTHOLIEHUsI, YTO SIKOOH npeanonaract O0JAblIYIO AJIMHY XKECTKHUX
uenoyek. Ontuyeckme HabJIKOACHM Sl HE MOKA3bIBAKOT HAJIMUMSl TAKMX JUIMHHBIX LE-
NMoYeK B U3YUYCHHBIX cucTeMax. YpaBHeHUe KaccoHa ycneuHo npuMeHsIETCsl AJ1s1 CH-
CTEM, CTPYKTypa KOTOPbIX NPUHLIMITHAJIBHO Pa3JIMYaeTCs U HE CBOJIMTCS K JUIMHH BIM
ucrnoykaMm. KpuBbi¢ TCUCHHS ONUCBIBAKOTCS € TOM XKe (MM MHOrAa JIy4yllici) TOYHO-
CTBIO € NOMOLLBIO IMITMPUUYECKOIO ypaBHeHus [epienst — bankiu.

C npyroii CTopoHbl, IByXnapamMeTpuueckoe ypaBHeHHe KaccoHa ¢ xopouieii Tou-
HOCTBIO OIUCBIBAET Pa3JIMYHBIE IUCIEPCHBIE CUCTEMBI, @ TPEXTNAPAMETPUUYECKOE aJlb-
TepHaTUBHOE ypaBHeHue [epwensi— bankin He umeeT non coboii TEOPETHUYECKON
OCHOBBI.

B Hacrosiwee BpeMst ypaBHeHHe KaccoHa 0OBIYHO UCIOJIb3Y K0T KaK YI0OHbI i (he-
HOMEHOJIOTMYECKH i Crocod OrnucaHus KpHBOii TCUEHHS1, HEKOTOPBIE UCCJICAOBATENIN



CYHMTAIOT, 4TO MOLENb CNPABEJIHBA TOJILKO JJ1S1 P€aJIbHbIX LHJIMHIPUYECKHX arpera-
TOB MJIM Ja>e 1Ji1sl LMJIMHAPUYECKHNX YacTHLL

Mebl npeanaraeMm MoaHMpuKauno 1 0000weH e moaenu KaccoHa, no3possiolme
CHSITb Psil NMPUBEACHHBIX BBILLE BO3PaXX€HUM M MOJYUYHUTHb O0OOLIIEHHOE YPaBHEHHE
TEUCHHSA, NPHUTOAHOE IJ1A ONHCAHMUS LUMPOKOTro Kpyra IHCNEpCHBIX CUCTEM € YacTH-
HaMH pa3/IMyHOro pasMepa v (popMbl M arperataMmu npoun3BosibHOMN (DOPMbI B LUMPO-
KOM JiMarnasoHe CKOPOCTEH ciBHra.

2.3. Peonoruyeckne ypaBHeHUA MOAUPULNPOBAHHOM
Moaenu

B OCHOBY MOICJIH HAMH OBIJIU NOJIOXECH b CJICAY KOLHUC TITPCONTOJIOAKCHHA.

B HEKOTOpPO# CTPYKTYPMPOBAHHONH CHUCTEME (HAnpuMep, CYCNEH3MM 4YacTHLL
B HbIOTOHOBCKOM XXHIIKOCTH) CYLLUECTBYIOT arperarbl, BO3HMKLIHE B pe3yJibTare CToJ-
KHOBCHHMH YacTU L NPH OPOYHOBCKOM JIBUXKEHHH, NMPH CABUTOBOM TCUCHHH M IPH CC-
AUMCHTAUHH.

Arperarbl IBUTAKOTCS KaK HE3aBUCHMbIC €MHULUB TCYCHHS 10 CTOJIKHOBCHMUSA
C APYruMHM arperaramu (MJm yactupuaMmm). Arperarbl BpallaloTcst M CNOCOOHBbI pa3phl-
BATHCS 1NO4 NEHCTBUEM pPaCTArnBalOLMX ri ApOOHHAMHYCCKHX CHIL. an CTOJIKHOBC-
HUSIX arperarbl CIHOCOOHBI OOBEIMHSTBLCS, YBECJIMYHBAsi CBOM pa3MEphl.

JInHeliHbIE pa3MepHl arperaToB HaxoUsITCsl B MHTEPBaJle OT MUHMMAaJIbHOIO pas-
MCpPa OTACH bHOM YacTH bl JO MAKCHMAJIBHOI'O pasMCpa arperarta, rnpH rnpcsbllUiCHHUH
KOTOpPOro arperar cnocodeH pasopsarbcsi. [Ipy yBEJIMYEHHH CKOPOCTH JIMHEHHbBIE
pasMepbl arperara yMEHbLIAKTCs, B npeaesic 0ECKOHEYHOM CKOpPOCTH CaBUra BCe
arperathl paspyLarTcs 40 OTOACTIBHBIX YACTHLI.

Cnenyst KaccoHy, 3aMEHsIEM CUCTEMY pEaJibHbIX arperatoB CHCTEMOI MOIEJb-
HbIX LMJIMHIAPOB, CNOCOOHBIX pa3pbiBaTbCs 1OJ ACHCTBHMEM TMAPONHMHAMHYECKHX
pPacTsArMBaroIMX CHJl 1 00Opa3oBuiBaTh 00JI€€ MJIMHHBIE LHJIMHIAPLI ITPH CTOJIKHOBE-
HUs1X. OceBoe OTHOLLUEHHME LMJIMHAPOB HAXOAMTCS! B MHTEpPBaJIc OT MUHHUMaJIbHOIO
3HAYCHHS j, KOTOPOE COOTBETCTBYET OTACJIBHOW YacTHLIE, 10 KPUTHYECKOIO OCEBOr0
OTHOLUEHHUS J,, TIPHU NPEBLILLIEHUH KOTOPOro MOJICJIBHBIIH LIMJUHAP CINOCOOEH pa3o-
pBatbesi. [IpU yBeJIMYEHHH CKOPOCTH CIBMIa KPHTHYECKOE OCEBOE OTHOLLIEHME J,
YMEHBILAETCH, B Npejelic 06CKOHEYHOM CKOPOCTH CAABUTa IOCTHIasi MUMHHUMaJIbHOTO
OCEBOIo OTHOLICHHKS j, KOTOPOE COOTBETCTBYET OTAE/IbHON yacTuue. PaccuntanHas
CKOPOCTb IMCCUNMALIMKU 3HEPTUU CUCTEMbI MOAEJIBHBIX LLIMJIMHAPOB NMpUPaBHHWBAETCS
K CKOpPOCTH NUCCHIIALUHUH SHEPIHH, HHGHHJHHEMDﬁ B 3KCIMNEPUMEHTE C pEﬂﬂbH(}ﬁ JAHUC-
NnepcHON CUCTEMOM.

B opuruHanbHyio moaene KaccoHa BHOCMM CIIEAYIOLHE H3MEHEH U,

BBD,[I,I1TC$[ (IJ}’HKIJ,MH paclpcacicHusa yucna MmoaCJibHbBI X HUHUJIMHAPOB 110 OCEBOMY
otTHoweHu1o Y(J):

AN/N = W(J) dJ. (2.28)

Torna eipaxxeHue KaccoHa nJisi CKOPOCTH AWCCUTIALLMM AHEPIUMU HA OIHOM LIM-
nuHape E; = ZWG?ZCJEEN/J cnenyert 3aMeHHMTb Ha ypaBHEHHE

dE =2m .y C'a’dN/J. (2.29)



C yuetom cooTHOWEHUS J = [/r nolydnum
dE =2m y'ar' S’ NY(J)dJ. (2.30)

[NTonHasi amccunalmst IHEPrum NpM o0TeKaHMM BCeX LLMJAMHAPOB paBHa
j
E= [ 2nr'0 0 y'aN ¥(J )dJ, (2.31)
g

rine f{. — KPHUTHYECKOE (MpenesibHOoe) 0ceBoe OTHOLLIEH e (1o K3CccoHny), j — MUHHU-
MaJIbHOE OCEBOEC OTHOLIUEHHE MOIETBHOTO LMJTHHAOPA.

[IpyHUMaAETCs, YTO CYUIECTBYET ONMHAKOBOE YHUCIO LUMIAUHAPOB C JIIOOLIMU OCe-
BbIMU OTHOLLIEHUSIMU B MHTEpPBaJIE OT j 10 ft,, TO €CTh BBOAMTCS paBHOBEPOSITHAS
GYyHKUUS pacnpeaeseHusi LMJAUWHAPOB MO OCEBOMY OTHOILIEHMUIO:

Y ()=1/(J,—j). (2.32)

DTO 03HAYAET, YTO CYLIECTBYET ONMHAKOBAasl BEPOSATHOCTh HAUTHU B CUCTEME KaK
KOPOTKMIi, TaK M JNUHHBbII LMAUHAP. DYyHKL KU UMEET BUA MPSIMOYTOJbHHUKA, MJIO-
1iaab KOTOpOro paBHa €AMHHULE MO YCJIOBHIO HOPMUPOBK M.

MockosbKy 06HeM ONHOTO UMIMHApa paBeH O, = 27+ ( = 270" J, TO NONHBII 06B-
€M BCEX LMJIMHIOPOB B EAMHULIE 00BEMA CYCNEH3UM paBeH

I
®=[Qrr))NY (J)d] =nr'N(J, +j), oTkyna
i

Ne— P (2.33)
' (J + )
INocne noacrtaHoBk M (5) u (6) B (4) nonyuum
: 2nad 2 ™ 0
R 1 LA —qnﬂ_fb'lei.r'c P ] (2.34)
(. + NV, )7 3 Jo+J
NMocne npeo6pazopanus J. +(j1/.f{_ +j) = j+J—‘ 
I J
+ =
- ( Jr}
MPH YCIAOBUM J > j MONYUYUM
E =n,ady’ BJ +§ j]. (2.35)

DTO BblpaXkeHue copnagaeTt ¢ ypapHeHueM Kaccona (2.15) m3 pasn. 2.1 ¢ TOUHO-
CThIO 0 YHUCJIEHHOro Ko3dPuuueHTa nepen napamMeTpom J_, npuyemM pUKCUpPyETCs

2 .
BeJIMYMHA KOA(PdULMEeHTA rx:g j. Takum obpa3oM, papHOBEPOSITHOE pacnpenene-

Hue Y (/) aHcamMOJisi MOIENIbHBIX LIMJTMHAPOB MOXHO (pOpMaJIbHO 3aMEHHUTh K BUBA-
JIEHTHOM MOHOJMCIEPCHOI CUCTEMOIT C OCEBbIM OTHOLIIEHHEM LIMJIMHApA

2~ 2
J. ==J +—j. 2.36
/ 3 ¢ 3-’ ( )

BripaxxeHue misi KpUTMYECKOro O0ceBoro OTHouweHust J_ o110 nonyyeHo Kac-
COHOM TSl LMJIMHAPUYECKHX arperaros ¢ O0JIbIIIUM OCEBLIM OTHOLLIEHUWEM (J, > j ).



Ilpennonoxum, 4T0 KPUTHUYECKOE OCEBOE OTHOLLIEHUWE CTPEMUTCS K MUHUMAaIbHOM
BEJIMYMHE / MPU OECKOHEY HOI CKOPOCTHU CIBUTA, MOCKOJILKY pa3Mephl arperata He MO-
ryT ObITh MEHBILIE pa3sMepa NepBUYHOI YacTULbI. [103TOMY BBEAEM NOMOMHUTEJILHOE
c/laraéMoe B ypaBHEHME /15l KPUTHYECKOTIO OCEBOrO OTHOIIEH US:

J =J +j=(F,/may)” +;. (2.37)

B wrore nonyuyum ciaenyioniee ypaBHeHHe aas «pa30aBieHHO» CYCNEH3UU M-
JIMHAPUYECKHX arperaTon

N =nnﬁ¢|:%ff +cx:|+1]u(l—cb), (2.38)

roe o =4/3j.
DTOMY YpaBHEHHIO COOTBETCTBYET 3KBHMBAJIEHTHAsi MOHOAMUCIEPCHAsl CUCTEMA
MOJIENIbHbIX LIMJIMHAPOB C OCEBLIM OTHOILEH HEM

2- 4
J ==J +—J. 2.39
A 3 s 3--If ( )
INpenctaBum ypaBHeHue (2.38) B TO# (popme, KOTOPYIO UCNOJb30Basl K3CCOH:
n=n,(1+[@a-1j@)+n apeq"”, (2.40)
2 F? 4
rae 3= 5(35)1;2 , 0= 5!-

Torna nocne nepexona OT «pa30aBJeHHON» K «KOHLEHTPUPOBAHHOKH» CYCINEH3MH
MNOJIYYUM CAEay IOLIYI0 CUCTEMY YpaBHEH Mii:

T2 =772 4242, (2.41)
— 1/2 EI;-' |
T:;z:g[“ﬂ) _] ( ] J ~1], (2.42)
30 3 ao—1|\1-®
172
n/? = Mo — (2.43)
(1-®) =
N 172
o7 =g[”FA ) _ l_ T';'ﬂ ~1. (2.44)
30 3 ao—1| n;

I'lpu aHanu3e 3T0i CUCTEMbI BO3HUKAIOT ABE MPOOJIEMBI.

Bo-nepsbix, cam K3CCOH cumTal, 4TO O0OBEMHAs KOHUEHTPAL U TBEPAOH OUC-
nepcHoii (pazbl HONXKHA ObITH paBHa O0BEMHON KOHLEHTPALMM MONEJbHbIX LIMJIUH-
JPOB, YTO HEe O4yeBUAHO. B 06111eM MOXHO JONYCTUTB, Y4TO O0LLINIT 00BEM MOAEN bHBIX
LUAWHAPOB NPONOPLMOHAJIEH 00BEMY peasibHOIH AUCTIEPCHOI (pa3bl U paBeH k.

Bo-BTOpblX, noka3atenb creneHu A = (a@c — 1)/2 npu PUKCMPOBAHHBIX 3HAYEHU-
axa=0,7 v a=4/3; apnseTcsi nOCTOSIHHOI BEJIMYUHOIL, YTO HE MO3BOJISIET AN MNpPOK-
CUMMPOBATh 3KCNEPUMEHTANIbHbIE IAHHBIE C MOMOILbIO 3TUX YPaBHEHHIH. [ pyrumu
CNOBaMH, B OTJIMUME OT OPUTHHAJIbHOIT Moaenu KaccoHa, napameTp ¢ MMeeT (PUK-
CHPOBAHHOE 3HAYEHHE M YK€ HE MOXKET UCMOJIL30BaThCSl KaK NMEepeMEeHHas BEJIMYMHA



JUIS1 MOATOHKH 3KCNEePUMEHTANbHBIX JAHHBIX K «PSIMbIM» B KOPHEBBIX KOOpAMHA-
tax (t'7%,77?). BeeaeM HOBbIif MOLTOHOYHbIiI MApamMeTp a, UMEIOLLIHIT ONPeIEsIEHH bl i
(pusryeckHii cMbIC. JInsi 3TOro MCnosb3yeM UACIO Mepexona OT «pa30aBJIEHHOI»
K «KOHLUEHTPHPOBAHHON» CYCIIEH3U M.

JlonycTHUM, 4TO NpH TAaKOM Mepexoae AMCCUNaLus 3JHEPruM peajbHO YBEJUY N Ba-
eTCs1 3a CYET FHAPOANHAMHUYECKOrO B3aUMOJEIHCTBUS COCEIHUX arperatoB (MOAE/b-
HbIX LMJUHAPOB). BennunHa BA3KOCTH M OKpyXalouieil cpeabl mnpuHUMaeT bonee
BbICOKOE 3HAY€HHe, YEM BSI3KOCTb MCXONHOM AUCNEPCHOHHOI cpeabl 1, HoBoe 3Ha-
YyeHHe BSI3KOCTH BBEIEM B YpaBHEHHE IJISI KPUTHYECKOrO OCEBOro OTHOLLIEHUS:

J.=(F,/3ay)"”,

rae p sBasieTcss KOAM@GHUILMEHTOM, OMHUCHLIBAIOIIMM YBEJIHYEHHE BI3KOCTH 3a CYET
B3aMMOJIEMCTBU S MOJIEH TEUEHUSI COCENHUX YaCTHUIl (arperatos).

Torma BMecTO NOCTOsSIHHOI BenuukHbI @ (=0,7) cneayet BBECTH MapaMeTp a =pa,
3HAYEHHUE KOTOPOro, B 001LIEM, 3aBUCHT OT XapakTepa B3aMMOACIHCTBHUS MOIEJIbHbIX
LUMJIHUHAPOB B MPOLIECCE CABUTOBOrO TeueHUst. OTciona noayyum

J_=(F,/3n.ay)". (2.45)

DTO 03HAYAET, YTO BEJIMUMHA KPUTHYECKOTO OCEBOTO OTHOLIEHHSI YMEH bILIAETCS
MpU YyYETE€ TMAPOAMHAMHYECKOr0o B3aMMOAENCTBUSI COCEAHHX MOMAEJIbHbIX LIUJIMH-
nposB. Beenem B ypaBsHeH M (2.42—2.44) penuuuHy kD BMecTO © U BEJIHHUHY @ BMECTO
a. Cucrema ypaBHeHHM i mpHoOpeTaeT caeayiouimii BUMI:

acr—1

1/2

on =2 ﬂ] ' ( ' JE 1, (2.46)

303 ) aa-I|\1-k®

172
N -— (2.47)
(1- k) T

2(aF " 1 [n”
e L < _p|. 2.48
K 3(3} ao—1| 17 (249

DTH ypaBHEHHS OTJIMYAIOTCA OT YpaBHEHHWII OpUrHHanbHOII Momenu KaccoHa
3HAYCHHUEM YHCACHHBbIX KO3AQMULIMECHTOB H HCMOJIb30BAaHHEM B KAY€CTBE MOATOHOY-
HOro rnapametpa Ko puiimeHTa @ BMecto ¢.. Kpome Toro, ypaBHeHH s U151 KPUTHYE-
CKOro OCEBOro OTHOLIEHMS J. M OCEBOro OTHOLIEHH S 3K B BaJIEHTHOI MOHOAMCIIEPC-
HOM CHUCTEMBI J, OTIMYAIOTCS OT MPEMNOXEHHbIX K3CCOHOM BbIpaXkeHU i 1Sl f{_ udJ.

2.4. YpaBHeHMA TeueHUA C OrpaHUYEHUAMU OCEBOIO
OTHOLLEeHuA

PaHee 6bi510 npennoxeHo BblpaxeHue (yp. 2.37 B pa3n. 2.3) iisi KpUTUUYECKOro 0CEBO-
ro OTHOLIEHH S J., yYHUTHIBAIOIIIEE TO OOCTOATENBCTBO, YTO J, HE MOXET ObITh MEHbILIE
BEJIMYHMHBI j MPH BLICOKMX CKOpOCTAX caABUra. Ilepenuiiem ero B CEOYIOLIEM BUIE:
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~ F, 1 :
J£.=J{.+j=[3 ] 5t (2.49)
Nea, ¥

JIerko BUeTh, YTO OCEeBOE OTHOLIEHHE MOAEJILHOIO LHJIMHIApPA HEOTPAHHYEHHO
BO3pacTaeT NMpU YMEHbLIEHUH CKOPOCTH CABHMTA 10 HYJISl. DTO O3HAYAET, 4YTO HEOTpa-
HUYEHHO BO3pacTaeT pasMep arperata B peaJibHol nucnepcHoi CUCTEME.

[Mpennonoxum, 4to npH Y — 0 KPUTHYECKOE OCEBOE OTHOLIEHHE J, CTPEMUTCS
K HEKOTOPOI KOHeYHOii BesTuuKHe J (0). DTO 03HAYaeT, 4TO B YCJIOBHSIX PABHOBECHOTO
TEYEHHS MPHU NPEACSbHO HU3KHUX CKOPOCTSX CABHMra CyLIECTBYIOT arperatbl KOHeY-
HbIX pa3MepoB, a HENMpPEpPbIBHAsA CTPYKTYpa He 00pa3yeTcs.

UT0oObl HCMONBL30BAaTh ITO AOMYLIEHHE, BBEAEM B ypaBHEHHUE (2.49) HOBbII mapa-
METP ¥ CAEOYIOLUM 0Opa3oMm:

1/2
JE:( F ] . (2.50)
na) v +x
Takum ob6pazom, rnpu Y — 0 NOJYYHM KOHEYHOE 3HAYEHHE OCEBOrO OTHOLLEHU S
1/2

F I
J{.(0)=[ A ) —+ . (2.51)

na, x

OceBoe OTHOLIEHHE 3KBHBAJIEHTHOH MOHOMIMCMNEPCHOI CHCTEMbl LIMJHHAPOB
OMUCHIBAETCS B 3TOM cayuae (PopMyoii:

1/2
J,:E[ Fy ) —.lﬁ] +ij, (2.52)
3\ 3na) v+ 3

J11s1 TOro 4ToObI YUECTh U3MEHEHH 1 OCEBbIX OTHOLIEHU I B YPaBHEHHU SIX PEOJIOTH -
YEeCKO#i MOJENH, TOCTATOYHO 3aMEHUTD BeMunHy ¥/’ Ha Benuuuny (Y + %) B cooT-
BETCTBYIOLIUX YPABHEHH SIX.

B pa3n. 2.1 noka3zaHa npoueaypa MHTErpupOBaHHUS1, Iae HCMONb3YeTCsl KOI(PPHU-
uneHt B=aP/(y"?). Beomsi koabduunent B(Y)=aB/({"> +7), NONYYUM HOBOE Bbi-

paxeHue 11 koadduumenta Kaccona 777

- 1/2
2 = ﬁf‘*’-[%). (2.53)
Y+
OueBnaHO, 4TO MpH ¥ =0 Mbl BO3BpalaemMcsi K OObIYHBIM YCJIOBHSIM, KOTIa 0Ce-
BOE OTHOIIEHHUE HEOTPAaHUUYEHHO BO3pacTaeT MpPU YMEHBIIIEHUUW CKOPOCTH CIBUTA.
YpaBHeHHe 00001EHHOM MOIENTU TEUYEH Ul MPpUODpeTaeT BUA:

If2

R V2.4, (2.54)

-—xHL Y
[1+3%)

BSI3KOCTb TAKOI CUCTEMBI OMpEaeasieTCsl Kak
T”z
12 . 1/2
-rl.l'r — .U; +T|{J" , {2-55)
Y X

/2
ecnn ¥ — 0,1 50" (0) n n"”(mzt_im:ﬁ

T



ecnu §— oo, N2 5> un? =n/’.

MoxxHO nepenucarb 000011IEHHOE YpaBHEHHE TEUYEHH S B BUJIE
1/2 1/2

112 /2 o) — N

n"2=n"+ ’ (2.56)
L+(1 /) 7"
KoappunumneHtsl ypaBHeHU S (2.54) UMEIOT BU
l A
Vgl | —— | -1/, 2.57
TL‘ T{h'.' (]—k(b) ( )
I A
V2| —— 2.58
N =n! [l—kd}} , (2.58)
2( Fa\” 1 -1 4
V2 _Z| 24 A=——0o ——
HE S0 = 3[ 3 ) w-1’"""2 4T3

OTciona, B 4YaCTHOCTH, CJICAYCT, YTO NMPH NPEAC/IbHO BLICOKHUX CKOPOCTSX CIBHUTa
3HaYeHUe H>PPEKTH BHOIT BSI3KOCTH ONMUCHIBACTCS (POPM YI0IA:

] A
.. —'ﬂn'[m] , (2.59)

roe A*¥=2A.

2.5. OT MoaenbHbIX LMNNHAPOB K peasibHbIM arperaram

CoseplieHHO OYEBHIHO, YTO arperathl B peajibHblX JUCMEPCHbIX CHCTEMAX HE MOTYT
uMeTh (popMy LUJTUHIAPOB. TeM HE MeHee, 3aMeHa peaJibHOI CUCTEMbl CHCTEMOF MO-
JIEJIbHbIX LHJIHHAPOB MPHUBOAHWT K PEOJIOTMYECKHM ypaBHEHHWSIM, BMOJHE MPHUIoa-
HBIM JIJ1S1 OMHUCAHU S DKCNepUMEHTAJIbHBIX TAHHbIX.

Pe3yneraThl, MOJIyYEHHBIE B pAMKaX MOJEJIM UaEaJIbHBIX LMJUHAPOB, HEOOXOAH -
MO pacnpoCTpPaHHUTh HA peajibHbIE arperipoOBAHHbIE CUCTEMBI.

OCHOBHOE 1ONYy1IEHHE COCTOHUT B TOM, 4TO 00111He 3aKOHOMEPHOCTH TUCCHNALIU K
JHEPruy BSI3KOTO TEYEHHUS] ONMHAKOBLI /11 peaNbHblX JUCMEPCHbIX CUCTEM U AN
CHUCTEMbI MOAEJIbHbIX LIHJWHIPOB. DTO 03HAYAET, YTO (PYHK LIHOHAJIbHbIE 3aBHCH MO~
CTH HanpsixkeHHsi caBura (UK 3(p¢heKTUHBHONI BSI3KOCTH) OT CKOPOCTH CBHTra, Bbl-
paXkeHHbIe ypaBHEHUsIMU (2.54—2.56) B pa3n. 2.4, nOJXHbI ObITh CripaBeaJIMBbI 1151
peasibHbIX TUCIIEPCHBLIX CUCTEM C arperataM nNpoM3BOJILHOI (POpMbBI, COCTOSI LIIUMH
M3 YacTHU L 11000 (pOpMBI U pa3sMepoOB U B AUCNEPCHOHHBIX Cpenax pa3jiHyHOMU NMpu-
POIbl U BA3KOCTH.

IlocnenHee npeanoa0XXeHUE BIOJIHE AOCTY MHO /151 3KCMEPUMEHTAJILHOI MPOBEP-
KM MPU HAJTMYHU K JOCTATOYHOrO KOJTHYECTBA IKCIMEPUMEHTAJIbH bIX TOUEK Ha y4YaCTKe,
rae BsI3KOCTh CHUXKAETCS C YBEJTMUEHHEM CKOPOCTH CABUTA W HAMPSIXKEHUS1 CABUTA.

Kpome Toro, nosiBasieTcsi BO3MOXHOCTb IKCMEPUMEHTAJILHOI MPOBEPKH 3aBHCH-
MOCTH IBYX KO3(PPULIUMEHTOB PEOJIOTHUYECKOTO YPaBHEHK I OT 00BEMHOI KOHLIEHTpa-
UMM aucnepcHoii ¢das3pl (YpaBHeHus (2.57—2.59) pa3n. 2.4).
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Puc. 2.4. AHanorusi MExay pealbHBIMH arperataMy U MOACTIbHEIMH HHJIMHAPAMH

-

AHaJorugd MeExXIy CHCTEMOM MOIOEJbHBIX LMJIMHIOPOB H peaJibHOH aucnepc-
HOM CHMCTEMOI, COCTOsILIEH U3 arperaroB 4yacTvll M OTOEJIbHBIX YaCcTHL, TNOKa3aHa
Ha puc. 2.4.

OtoenpbHast yaCTuLa COOTBETCTBYET LMJIMHAPY C MUMHUMMAaJIbHBIM OCEBBIM OTHO-
[LIEH HEM.

Takas aHanorusi nO3BoJsSIET O0BSICHUTH PU3HUYECK K1 CMBICJI 000011IEHHOIO YpaB-
HEHM S TCYEHMSI.

YpaBHenue (2.54) pasn. 2.4 Oynem Ha3biBaTh 000OLIEHHbIM YPABHEHMEM TEUYCHMU 1.
OHO COCTOMT M3 JIBYX YacCTeii:

. T/ .
T = —— Y (2.60)
I+x/Y

[lepBoe cnaraeMoe OnMChbIBAET JMCCHUNALMIO SHEPrUM, BO3HUKAIOLLYIO TIPH 00-
TEKaAHMH arperartoB CPEAHEro pa3Mepa (M1 MOAEJIbHbIX LIMJIMHIPOB C OCEBbIM OTHO-
LeHueM J)); BTOpOe cllaraéMoe COOTBETCTBYET NMCCUIIALIMHM IHEPTUM NIPU O0TeKaH MM
OTAEJIbHBIX YaCTHU L (MJIM MOJIE€JIbHBIX LMJIMHIPOB C MUHMMaJIbHBIM OCEBBIM OTHOLLIE-
HHEM j).

3HaueHue npesesibHON 3(PPEKTUBHON BA3ZKOCTH IIPU Y — o PaBHO 1) =T1)_; B 9TOM
[PEelIEJIbHOM CJ1y4yae arperathbl NOJHOCTHIO pa3pylueHbl. Ecnu koadduumueHT y pa-
BEH HYJI0, TO pa3Mepsl arperata (MJIM OCEBOE€ OTHOLLUEHME MOIIEJIBHOIO LIMJIMHIPA)
HeorpaHu4yeHHO Bo3pacTtatoT npu Y — 0. B 3TtoM ciyuyae HabonaeTcst HEnMHEHHOE
[UIACTUYHOE TeueHuUe, KOIPGUUMEHT T, NPUOOPETAET CMBICI NPEAECTIBHOIO IMHAMMU--
4YECKOI'0 HAMPSIXKEHM I M UMEETCS! TEHAEH L MS K 00pa30BaHMUIO CIJIOLLHOM CeTKM (Kap-
Kaca) Npu HYJEBOH cKopocTH casura. Ecinu y Gonblie HyJIsI, TO pa3Mephl arperara
(UM OCEBOE OTHOLLUEHUE MOIECJIBHOIO LMJIMHIIPA) OCTAKTCSI KOHEYHBIMU NpU 0ec-
KOHEYHO MaJIoii CKOPOCTH CIIBHIa, MPU 3TOM HaOJI0OmaeTcsl 1ceBaonJacTuHYHOe Te-
YyeHue.

Koadduinent T, xapakTepu3yeT CTENMEHb arperaljii CUCTEMBI, OH YMEHBIIIAETCS
IMpH YMEHBIIEHUHW 00heMHOH KOHTIIeHTpaIuu P ¥ paBeH HYJIO, €CJTU arperaTel OTCYT-
cTBy10T. B nocnennem cinydyae HabmogaeTcs HbIOTOHOBCKOE TeYeHHe, KOTOPOe OIMH-
CHIBAETCS ypaBHEHHEM

112 /2 21/2 _

—_ 1/2 2 1/2

=2 = P (2.61)
Takum 0bpaszom, 00001IEHHOE ypaBHEHHWE TEUEHH S CBOOUTCS K ypaBHEHU IO HEI0-

TOHA UJTH K YpaBHEHH10 K3ccona npyu HyJieBOM 3HaYeHHH OOHOTO W3 TPEX PEOJIOrnye-

CKUX KO3QpuumeHToB. OHO ONUCHBAeT HBIOTOHOBCKOE T€YEHHEe, HENMMHEelTHOoe I1na-

CTUYHOE TEYECHHUE U MCEeBIOTIIACTUYHOE TEYEHUE CTPYKTYPHPOBAHHBIX CUCTEM.

T



MOXHO OONYyCTUTbL, YTO ypaBHeHHe (2.59) B pa3n. 2.4 ogMHaKOBBIM 00pa3om
onuchiBaeT 3aBUCUMOCTb 3(PEeKTHBHOI BSI3KOCTH OT KOHLEHTpalluM KaK B YCJO-
BUSIX HEHBIOTOHOBCKOrO T€YEeHHUs MpU OECKOHEYHOI CKOpOCTH casura (1. =1),), Tak
U B YCJIOBUSIX HBIOTOHOBCKOTO TE€YEHMS MPU HU3KOH KOHLEHTpAUMHW IHMCIepCcHOM
dasbl (M, =1Ny).

B oboux cnyuasix arperatel OTCYTCTBYIOT. Torna

n.=1ny =1.=7,(1-k®) " (2.62)

Koadhduumentot £ 1 A* (roe A* =2A) xapakKTepH3yioT THAPOIHHAMHYECKOe
B3aMMOIEHCTBHE NMPH JABUXEHHHU OTOENAbHBIX YaCTHIL (MWJIH MOAENbHBIX IHJIHHIPOB
C MUHHMAaJIbHbIM OCEBbLIM OTHOILLIEH HEM) U HE CBSI3aHbl C KaKOKH-JIMOO0 peasbHOK yna-
KOBKOI 4yaCcTH1l B arperarax.

B paMkax Momenu vaeanbHbIX LHHJAUHAPOB KOIPGPUIIHEHTH K U A ONHHAKOBbI
Mo BeJIMYKMHE B ypaBHEeHHMsIX (2.57—2.58) pa3n. 2.4, on1HAKO ISl peaJibHbIX arperupo-
BaHHBIX CUCTEM TaKoOe yCJIoBUE He 00sizatesibHO Oynet cripaBennuso. Ilosromy 3a-
BUCUMOCTb KO3(pHU1IMEHTA T, OT KOHIIEHTpall K YacTh1l P npeacTaBuM B BU 1€ YpaB-
HEHU I

*
o |, (2.63)
|-k,

OTKyaa KO3(pPUUHUEHTHI K,, A,, @ TAK>XX€ HOPMHUPOBAHHAas CUJIA CLEIJICHUS FA MOTYT
ObITh paCCYUTAHBI MO PEOJIOTHYECKHM TAaHHbIM.

Kpome Toro, 060011eHHOe YpaBHEHUE TEYEH Sl MOXKHO 3alnmUCcaTh ¢ MOMOILLbIO Bbl-
paxkeHUil anst AMCCUNAL MK SHEPTHH BA3KOTO TPEHMWS /151 arperatoB CpeHero pas-
Mepa U 1Sl OTOEJIbHbIX YAaCTHLL.

Ecau cuctema COCTOMT TOJILKO M3 arperatoB CpeaHEro pa3mepa, To JMHCCHnanuu

T.Y
=122
(A+x/A") _
AEJLHBIX YAaCTU L, TO IUCCUNALMSI SHEPrUM paBHa E, =1, {’.

M3 0000111EHHOrO ypaBHEHHSI TEYEHUS CACIYET, YTO MOJIHAS JUCCHUMALIM S DHEp-
rMU paBHa

SHEPrMM paBHa BeJIMUMHE E, = . Ecnu cucreMa COCTOMT TONBLKO M3 OT-

E=F,+E +2{E,E,. (2.64)

[losiBneHue cpenHero reOMeTpUUYeCKOro 3HaueHU sl (21/]'12[3, ) MOXKHO OOBSICHUTD
TEM, YTO B peaJibHOH CUCTEME CYLLIECTBYET pacrnpenesicHUe arperatoB no pasMepam
OT HEKOTOPOTO MaKCUMaJIbHOTO pa3Mepa a0 pa3Mepa OTAEIbHOMH YaCTHU L.

Mo>XHO caenaTh NpUOJIUXKEHHYIO OLIEHKY CPEIHEro pasMepa arperatoB B peasb-
HOIi JUCTNEPCHOIl cuctemMe. B MOaenbHOI CUCTEME CPEIHEE OCEBOE OTHOILUEHHUE LIM-
JINHAPA paBHO OTHOIIEHWIO MOJIOBMHMBI IUIMHBI K panauycy J,= [ /r, pyHKuHOHaNbHas
3aBUCHMOCTb OCEBOr0 OTHOLIEHHUS OT BEJIMYUHbI CTPYKTYPHO-PEOJIOrHYeCKHUX napa-

FP

2 12 -
' 77 (@)
MOXXHO IONMYCTHTH, YTO CPEAHUE OTHOCHUTENILHBII pa3mep arperata /. OnucCbhiBa-

=12
3 1

ne 47 +x(@)

METpPOB UMeeT BUI J . ~

eTCsl aHAJIOTMYHBIM OOpasom: /[ ~



[TockosibKy HAaUMEH bl ii pa3Mmep arperata He MOXeT ObITh MEHbILIE pa3Mepa OT-
JICJIbHOM YaCTHI1bl, TO 3aMHU1IIEM NPUOJIMXXEHHOE ypaBHEH e

Yallp]
frxﬂfﬁ — 4 (2.65)
Ny Y +X(P)

B 06111eM, cpenHMii pa3mep arperata yMeHbILaeTCsi C POCTOM CKOPOCTH CBHMra y,
POCTOM BSI3KOCTH AMCIIEPCUOHHOI Cpensbl 1, MK C YMEHbILIEHUEM CHJIbI CLETJIEHUS
mexay yactuuamu (F. = F, -7r’).

2.6. KuHetnyeckue ypaBHeHUA ANA CTPYKTYPUPOBAHHOM
CUCTEMBI

Monenr KaccoHa OCHOBaHa Ha pacyeTe AUCCHMMALMH JHEPrUM BSI3KOrO TEYEHMS,
TO €CTh HA TMAPOOHHAMUHUYCCKUX COOOpaxeHUsiX. B TO e BpeMsi B CHCTEME MPOUC-
XOHSIT MPOLIECCHI pa3pylIEHUSsI H BOCCTAHOBJIEHUSI arperaTtoB B XO/1€ CABUTOBOIO TeUe-
HHUS, KOTOpPBIEC ONMHUCHIBAIOTCS KMHETHYECKUMH YPaBHEHHSIMH.

Takoii mogxon ncnosib3osan Kpocc [46], koTopwlii 3aMEHMT KOHLICHTPALIMIO BE-
LIECTBA Ha YHUCJIO CBsI3Ei MEXy YacTHLaMH (L), BBEJI KOHCTaHTY CKOPOCTH (popmHu-
POBaHH S CBSA3EH (k ), KOHCTAHTY CKOPOCTH CIMTOHTAHHOTO Pa3pbl Ba CBA3EI (k ) U KOH-
CTaHTY CKOPOCTH pa3pbliBa CBSI3€ii B pe3yJibTaTE€ CABUTOBOIO TEYEH U (k,'f ). OTciona
MOJIyu€Ha CKOPOCTh U3MEHEHH Sl YHCJ1a CBA3EH MEX 1y yacTHLAMMU
% =k,N —(k, +kY")L,
rne N — noaHoe YHUCAOo YacTHUL B EAHHUIIE 00beMa, L — YyUCHOo cBsI3eii MEX Yy YacTH-
1IAMU B €eAMHHI11IE 00hEeMa (HO HE cpeiHee YHUCJIIO CBsI3eii B OMHOII 11EMOYKe).

B ycnosusix papHosecus dL/dt =0, orkyna L=k,N/(k, +k7").

Ecnu BBecTH yHcno cesideit L, B npenene HyneBoi ckopoctH casura (y = 0), To

L k, .
—=1+=7"
L, K
Janee Kpocc |[46] ucnonb3oBan 3MIMHPHYECKOE BblpaXXeHHUE U3 TCOPHH NMOJIMME-
poB: | = M. + BL, rne 1. — BSI3KOCTb CUCTEMBbI MPH Y — oo, KOTAA BCE CBSI3U pa30-

pBaHbl, B — HekoTopblii Koo puuKneHT. Boasi MakcuMaibHY10 BsI3kocTh 1(0) npu
Y — 0, MOXHO MONYy4YUTh MAKCUMaNbHOE YUCO cBsizeit [, = [1](0)— nm]/B

n—n. _ L
nO)-n. L
OTtciopa cnenyet u3pectHoe ypapHeHue Kpocca: |
n—-mn. _

T](O)_nm - 1+(£|/£u)’i’ﬂ ‘

Crnenyst TeM K€ NyTEM, ONpPEAes UM YUCO YacTHLL B arperatax N, (B eaMHH LIE O0D-
€Ma) Yepe3 KOHCTAHTY CKOPOCTH (POpMHUPOBaHU S arperatos (X, ), KOHCTaHTY CKOPO-
CTHU CMNOHTAHHOIO pa3pylleHus: arperatoB (k,) U KOHCTAHTY CKOPOCTH pa3pylle€HU 1



arperarta nom AeiCTBUEM pacTsirMBAIOIIMX MTMAPOANHAMMYECKHUX CHJI, BKJTIOYAIOIILY 1O
ckopocTh capura (k. 7"*). Taknm 06pa3om, CKOpPOCThb arperaLmy paBHa

dN,

dt

roe N — nosHoe YHUCA0 YacTHll B eaHHHIlEe oObema, /V, — MOJHOe YHCO YacTHL
BO BCEX arperatax, KOTopble HMEIOTCS B eAMHH11IEe 00beMa.

JlonycTuM, 4TO B YCJIOBHSIX paBHOBECHOIO T€UeHU 1 00I11Iee YHCJIO arperipoBaH-
HbIX YaCTH11 OCTAETCsl HEU3MEHHbBIM, oTclona dN,/df =0, Torna

=k,N —(k, +k7")N,, (2.66)

N k
2= _lﬁz — . (2.67)
N  ky" +k,
_ N k.
B npenenbvubix cnyvasix y— 0, N, = N,(0), ;EO) = EF , Yoo, N,—0.

]
OcraBasich B paMKax 0000111EHHOI MOAEJIM TEYEH M1, BBEAEM MO aHAJIOTMH C NMOMI-
xonom Kpocca cneayioniee ypaBHeH He ast 3(h(hpeK TUBHOM BSI3KOCTH:

n"”> =n">+ BN,. (2.68)

n-n’ N,
n"(0)-n""  N,(0)
[Noncraensisi 3Hauenust N, u V,(0), nonyuum BelpakeHHe

OTciona cnenyet ypaBHCHHUE

,nl,-’ N 17 |
e — 2.69)
/2 /2 =12 ’ ( ’
?]f (0)- rl‘If (‘rﬁ/“r‘:{])ﬂi”r +1

CpaBHeHHe ¢ 0000111EHHBIM YpaBHeHHeM KaccoHa (ypaBHeHue (5.26) pasn. 2.4)
NO3BOJISIET ONPENEAUTH (PU3HMUYECKUIA CMBICJT OTHOTO U3 KO3(PQHULIMEHTOB, 8 UMEHHO:
x=k, / k, -

Takum obpazom, KOIPPHUUUEHT ) BbIpaXKaeT COOTHOILEHUE MEXAY CKOPOCThIO
CMOHTAHHOTO pa3pylIeHUs arperata (Harnpumep, Noa ACHCTBHEM TEMJIOBOTO IBHXKE-
HUS YaCTULl UJIK B PE3YbTATE COYAAPEHHIH arperatoB) U CKOPOCTBLIO pa3pylleHUHs
arperata B CIBUTOBOM TE€YEHHH MOA AEHCTBHEM pacTATMBalONIUX TMAPOAUHAMHYE-
CKHUX CHJIL.

OTHOILEHHE YHCNA YaCcTHL, O0bEIHHEHHBIX B arperaTthl, K MOJIHOMY YHCJY Ya-

N, k |
CTU L, MOXHO BbIPa3UTh COOTHOLLICHUEM: —= = —2 )

N L+ (/07"

Tak>e cnpaBea1UBO COOTHOILLIEHHE

N, _ n"-nrl I l

N,0) 000" (k)P +1 1477y

B 00111€M MOHATHO, YTO OTHOCUTENLHOE YHCJIO arpeErH pOBaHHBIX YaCTH L ONpene-
JISIETCSA: @) pAaBHOBECHEM MEXY MPOLIECCOM arperauuy (npu OpOYHOBCKOM JIBHXKE-
HUHU UJIK MPH CTOJIKHOBEHMUSIX B MPOLECCE TEYEHMUS) U MPOLECCOM pa3pyLICHH s MPH
CIIBMTE 3a CYET PACTATHBAIOLLUX THAPOJUHAMHUYECKHU X CUJT; 0) COOTHOLLIEHHEM MEX 1Y
CMOHTAHHBLIM pPa3pyLUEHHEM arperata U BbIHY>KA€HHbIM pa3pyLIeHHEM MpPH CABUTE.

Onpenenum KodpPULHEHT ‘t" ’ MONB3ysICh KWHETHYECKMMHU YPABHEHUSIMHU.




Conocrapnsisi ypaBHEHHSI, MOJYY€HHBIE B paMKax THAPOAMHAMHYECKON TEOpHH
1/2

T
n'/? —n"? :W W B paMKax KHHETHYecKoro noaxona n”*—n? = BN,, nony4um
1/2
:‘—T = BN, . n(},[[CTElHﬂHﬂ 3HaueHHe
x - —
. ” 3
N,=N k-‘:ﬂ ],, , TOJIy4HUM T—zBN Iiz : — |,
ky 12| Ko x+i I -;{U3+k__f?
k) L k]
OTKyzaa
=k, /k,, (2.70)
= BN(k, /k,). (2.71)

Takum 06pasom, KoadduumeHt Kaccona 7/ npsiMo mpornopuroHaneH KOHCTaH-
T€ CKOPOCTH (POPMHUPOBAHHUSI arperatoB k, U 00paTHO NMPOMOPIIMOHAJIEH KOHCTAHTE
CKOPOCTH pa3pyLIeHHs arperaTos Mo A€HCTBHEM rHaApOAHHAMHYECKHX CHJ k,. KO-
apUuHeHT B, B 00111€EM, HE 3aBHCHUT OT CKOPOCTH CABHTa, HO, BO3MOXHO, SIBJISIETCS
(YHKIHMEH KOHLUEHTpaL UK AUCcnepcHOoit (asbl.

Ecau cCnOHTAaHHOrO pas3pylleHHsl arperatoB He npoucxoauTt, T0 k, =0. Ypas-

Nz _ kz /2 _ kz

HEHHE COCTOSIHMSI MPHHMMAET BUIL —==—=—""r , OTKy/a n’* —n"

o ki k"
+ BNk, /k . DTO BbIpaXkeHHe coBnagaeT ¢ 00bIYHbIM YpaBHeHUEM Kacco-

1/2

HIIH

1/2

T=nly
Ha NPU YCIOBUSIX: T = — BNk /k un’’=n’

2./. HepaBHoBecHoe TeueHue. [ngpoanHaMmnieckuin
noaxoa

Ilocne aHanu3a paBHOBECHOTO TEUEHH s1, TIOE MPOLECCHl pa3pyllieHHsI H BOCCTAHOBJIE-
HUA arperaToB YaCTHL B3aMMHO YPaBHOBEILIEHBI, MOXHO MEPENUTH K pACCMOTPEHHIO
HEPAaBHOBECHOIO CABUTOBOro tTeueHHus. Jliwobasi CTpyKTYypHpOBaHHasi CHCTEMA Mepe-
XOIMUT K paBHOBECHOMY COCTOSIHHIO T€YEHHSI MOCTENEHHO, MOCKOJILKY pa3pylleHue
UK (POPMHUPOBAH HE arperatos TpeOyeT onpeacsieH HOro BpemMeHU. Ecyin Bpemsi uamMe-
PEHHSI MEHbILIE BPEMEHHU MEPEXona K paBHOBECHIO, TO 3KCMEPUMEHTAJIbHBIE PE3YJib-
TaThl OTHOCSITCSl K HEPABHOBECH LIM YCJIOBHSIM TeueHH 1. PACCMOTpHM HEPABHOBECHOE
TEYEHHE Ha Da3e CTPYKTYPHOU MOJIEJIM TEUEHMU 5.

B ycnoBHsIX HEpaBHOBECHOrO TEUYEHHSI MPOUCXOOHUT YMEHbIIIEHHE WJIH YBENHYe-
HHE pa3MepoB arperaToB ¢ TEYHEHHEM BPEMEHHM MPH MOCTOSIHHON CKOPOCTH CIABMrA,
4YTO COMPOBOXIAETCSI YMEHbILIEHUEM WUJIU YBEJMYEHUEM BSAA3KOCTH. TakHe CHCTEMBbI
OOBbIYHO Ha3bIBAIOT THKCOTPOINMHBIMU, Ui HUX XapaKTepPHO MJIAaCTHYHOE TEYEHHE
C npeaesibHbIM Hanpsi>)keHueM capura. YroObl BBECTH THKCOTPOIMHBIE CBOICTBA B pe-
OJIOTHYECKHE YPaBHEHH 1, HEOOXOAMMO YCTAHOBHTDL XapaKTEpP 3aBUCUMOCTH PEOJIO-
rMYECKHMX MapaMeTpPoOB OT BPEMEH .



[lpennosoXxum, 4TO B HEPABHOBECHOM COCTOSIHUM TEYEHMUSI TAKXKE CYLUEeCTBYET
HeKkoTopast hyHKums pacnpenesieHust W(J) MoaeNbHBIX LMJIMHAPOB MO OCEBOMY OT-
HoweHUK. Eil COOTBETCTBYET 3KBMBaJIEeHTHasi MOHOAUCNEPCHAs1 CUCTEMA LIMJIMH-
APOB C OCEBHIM OTHOLIEHHEM J ().

OTKIOHEHME ITOH (PYHKLIMM pacnpenesieHus OT PABHOBEPOSATHON pyHKuum ‘¥
(/) OyneM yuuTh BaTh ¢ MOMOLLIBIO KO3 (U LIMEHTA OTKJIOHEHHMSI OT paBHOBECHSI €, KO-
TOPHIi BBOAMTCS CEAYIOLLMM 00OpPa30M B BblpaXXeHHE U151 OCEBOrO OTHOILIEHHS:

J, = %E_,JE_ +a, (2.72)
roe o =4/3j, BeJInunHaj eCTb 0OCEBOE OTHOLUEH W€ HAW MEHbLLETO MOJIEJILHOTO LIMJIM H-
Jpa, COOTBETCTBYLLIETro OTAEJI bHON YaCTH LIE.

PaBHOBEPOSITHOMY pacrnpefesieHu0 LUHJIMHAPOB MO OCEBOMY OTHOLUEHHUIO CO-
OTBETCTBYET PaBeHCTBO § = 1. B COOTBeTCTBYIOLLEH peaNbHOI AUCNEPCHOI CUCTEME
CYILLUECTBYET PABHOBECHOE COCTOSIHUE, 1€ UMEETCH HEKOTOPOE pacrnpeaesie Hue arpe-
ratoB Mo pa3Mepam, COXPAHSIIOILIEECS B MPOLECCE TEUYEHHUs NMPH JAHHOH CKOPOCTH
casura. Ecam £> 1, To B pacnpeneseHuM MOIEbHBIX IIMJIMHIPOB MO OCEBOMY OTHO-
LIEHUIO NMpeodaagalT JNMHHBE [[MJIWHAPH (COOTBETCTBEHHO, arperath OOJIbIIMX
pa3mepoB B peasibHOIl cucteme). Ecnu € < 1, To npeobnagaloT KOPOTKHE LIUAUHAPHI
(unm arperartbl MaJiBlX pa3MepoB B PeaJibHOM NUCNEePCHOI cucreme). YToOb BBECTH
KO PUIMEHT OTKJIOHEHUSI € B ypaBHEHUs1 00O0I11IEH HOIT MOJIE/IM TeYEeHMs], 1OCTa-
TOYHO 3aMEHNTD BeJIMYnHY F)/* Ha sennunny (EF,?). OTKJIOHEHHE CUCTEMBI OT PaB-
HOBECHS, TIPeXIEe BCEro, CKaxeTcs Ha KO3 PHUIHEHTE T, B NEPBOM NMPHUOIHXKEHUH
npeHedperaem nameHeHnem KoaduimeHTa Bsi3koctu Kaccona ..

MO HO onucatrb OTKJIOHEHUE OT PABHOBECH Sl B BUIIE

2

&= Tf s (2.73)

rne 3BE3I04KOHW OTMEYEHO PaBHOBECHOE COCTOSIHHE TEYCHM . YDHBHEHHB KsccoHa
OJ151 HEPAaBHOBCCHOI'O COCTOAHHUSA TCHYHCHUSA NMPUHHUMACT BU .

=&+ (2.74)

bynem ucnonb3oBath KO3(MpULMEHT & NPpU ONUCAHMM HEPABHOBECHOTO COCTOS -
HUS peasibHBX JUCTNEPCHBIX CUCTEM, NMpeanosiaras, 4To OH NMPUMEPHO PABEH OTHO-
IIEHUIO JIMHEMHBIX pa3MepoOB arperatoB Npu HEPaBHOBECHOM U NMPHU PaBHOBECHOM
TeueHUHU. C nomonbio KO3(h(PpuiiMeHTa OTKJIOHEHUSI € MOXHO ONUCATh U3MEHEHHE
KPUBBIX TEYEHH S B CEPUSAX NOCAECAOBATEJIbHBIX ONBITOB (YBEJIMYEHHUE UJIM YMEHbLLIE-
nue ckopoctu capura); TLTL unm TTT, HauanbHy0 KPUBYIO TEUEHUS M YCTAHOBUB-
LIYOCS (PaBHOBECHYKO) KPHUBYIO TEYEHM S,

I'NpeanonoXxum, 4yTo odpaszer; THKCOTPONMHOM JUCNEPCHON CUCTEMB IJIMTE bHOE
BPEMSsI HAXOOMTCS B CIBUTOBOM TEYEHUH NMPU CKOPOCTH ¥,. DTO O3HAYAET, YTO TEUEHHUE
MOXHO CYUTATb PABHOBECHBIM NMPU JaHHOI CKOPOCTH Y,, PYHKIIUSI PACNIPENEIIEH U
‘i‘f(J) SIBJISIETCS PABHOBECHOW M COOTBETCTBYET PABHOBEPOSITHOM (PYHKLIMHK pacnpe-
nenenuns ¥ (/) B cucreme MoaesibHBIX LIMJIMHAPOB. COOTBETCTBYI0111Asl 9K BUBAJIEHT-
Hasi MOHOAMCIIEPCHASI CUCTEMA MOOEJIbHBIX LIMJIMHAPOB MMEET OCEBOE OTHOLLIEHHE

... 2~ . 4.
Jf(Tl):EJL(TI)-I_EJ ? (2.75)



rme J,(V,) = (F, /3n,a1,)"’.

[lycTb CKOPOCTb CIABMra «MIFHOBEHHO» YBEJIMYUBAETCS IO BEJIMYMHBH ¥,, YTO
COOTBETCTBYET NOLIATOBOMY M3MEHEHUIO CKOpocTu caBura. Pacnpenenenune W,(J)
MOIOECJIbHH X l_lH.HHH.IlpClB no {}CBBUM)’ OTHOIUEHU K CTAHOBMWTCS HED&BHDBECHHM,
a UMEHHO: npeodnagaT IIHJAUHIPH C OCEBHIM OTHOILIEHHEM, KOTOPOE Oosblle, YeM
PaBHOBECHOE OCEBOE OTHOILEHUWE NMPU HOBO#H CKOPOCTH CaBura Y,. U3MeHeHue CTPyK-
TYPBl CYCNEH3UU C TEYHEHUEM BPEMEHM NMPUBOAMT K HOBOM PABHOBECHOM (PYHKIIMU
pacnpeneneHus: W, (J), KOTOpasi COOTBETCTBYET CKOPOCTH CIABMUIA §,.

Cpa3sy nocsie yBeJIM4eHHs CKOPOCTH caBMra (OT ¥, 10 ¥,) OCEBOE OTHOLIEHME CTa-
HOBUTCS Dy HK1IMEI CKOPOCTH CIBUTA Y, U BDEMEHU U3MEPEHUS [

103 =605+ 5 (2.76)

ﬂ,J'IH UCXOAHOI0 HEPABHOBECHOIO COCTOSIHUSI TEHEHHUSI MOAYYUM NPH [ = 0

: 2- 4,
J(0,7,) =&, EJ"(T2)+§" . (2.77)

3nech KOAMPUUMEHT OTKNOHEHUS & MOKa3HBAET OTKJIOHEHHE OT PABHOBECHOTO
(PAaBHOBEPOSITHOTO AJIsi MOOE/IBHHIX LIMJIMHAPOB) COCTOSIHUSI B HAYaJibHBIIi MOMEHT
BpemeHH 1 = ().

3anuiluem 1Jisi KOHEYHOrO PABHOBECHOTO COCTOSIHUS TIPU [ —> oo CIEAYIOLIEE CO-
OTHOILEHHE:

. : 2~ . 4 .
Iy (272) =§J¢-("l’z}+§;‘ - (2.78)

JlOnyCTHUM, YTO HOBAsl «HEPABHOBECHAs1» CTPYKTYpPa, CYLUECTBYIOLLASI HEMOCPE-
CTBEHHO NOCJIE NOBHILUEHUSsI CKOpoCTH (npu f= (), coBnagaeTt co cTapoi «paBHOBEC-
HOHM» CTPYKTYPOH, CYLLIECTBOBABILIEH N0 NMOBLIILEHUSI CKOPOCTH, TO €CTh

J,0,,) =5, (2.79)

Otciona nerko paccumtarb KO3(M@UIIHEHT OTKJIOHEHUsI OT paBHOBECHS & , B MO-
MEHT BpeMeHH £ = 0:

~ . /2
2~ .. 4. 2~ 4. J.(V) (v
ST @) —j==J (y)+=j, & ==l 2.80
[Ipyumem 119 onucaHMs NpolEecca Nnepexoaa OT HEPABHOBECHOM K PABHOBECHOMN
CTPYKTYPE OOBIYUHYIO 9KCMOHEHIIHANBbHY IO (POPMY:

']J' (t,7,)= [ Jf (O’TE) - J;:'(m’?z ):l'i‘?_hr + J_;(ms?z)- (2.81)
Toraa Ko3p@PUIMEHT OTKJIOHEHUSI PABEH
&0 =18, ~lle M +1. (2.82)

3nech npeanonaraetTcs, 4to & = () = 1, NOCKONBLKY pPaBHOBEPOSTHOE Pacr pejie-
JIeHHe MOAEJIbHBIX [{MJIMHAPOB CYUTAETCSl TAKXKE PABHOBECHBIM.



Buipasum E(f) yepes oTHoLleHWe Koadduunentos Kaccona /> m t,"; nonyckas,

YyTO KOQ(D(])H][HBHT BA3KOCTH T]c HE3HAYUTENBHO U3MECHACTCA C TCHCHHUEM BPEMECHEM
(napameTp @ = const). B utore nosiyumm BeIpaxeHue
12 /2

S t|=|[ 2] -1fe (2.83)
T, Y
WM B lorapudpmuueckoi popme
o2 q V2
In| =551 =InB-At, tme B=||-%+| -1]. (2.84)
T. Y

[MoCcKONbKY 3KCnEpUMEHTANbHBIE pe3ynbTaThl OOBIYHO TNPEencTaBisilOT B BHIE
(yHKUMH T(f) NpHU ¥ = const, TO nepenuileM ypasHeHue (12) B Buge:

W) =7 +21."7’B-e " +T B¢, (2.85)

A2 - 1f2

rne T =1 40y

Takum oOpa3om, 3aBUCUMOCTD T(f) B NEPBOM NPUOTUXKEHUN ONMUCHIBAETCS [BY-
M$l IKCMOHEHIMaJbHBIMU 3aBUCHMOCTSIMU C MOKAa3aTeNsiMu A UM 2A, NMpUYeM Npu
OONILLUM X CKOPOCTSIX CABUTra npeodaanaeT neppas 3kcnoHeHTa. U3 ypasHeHus (2.83)
CJIEAYET, 4TO MPH NOCTOSIHHOM OTHOIUEHUHU cKopocTei (y,/(Y,) BeMMUnHa T, 3aBUCHUT
TOJILKO OT BPEMEHHW U3MEPEHMSI. DTO O3HAYAET, YTO MIJIsl KAXA0ro ceyeHus (£ = const)
KPHUBBIX T(f,},) MOXXHO NOCTPOUTL «NpsimMyt0 KaccoHa». I1OCKONBKY B peOJIOrH4eCcKm X
M3MEPEHMSIX MPUHSATA Jorapu(PMmHryecKas WKajla U3MEHEHUsI CKOPOCTH CABMTIa, TO
oTHOLWEHHE (Y,,/Y,) NMPAKTUYECKH HE W3MEHSIETCA NMPU NEPEKIJIIOYEHUHU CKOPOCTH
B XOII€ SKCNEPUMEHTA, YTO MO3BOJSET NOJYUYUTh CEPHIO «NMPAMBIX» K3CCOHA ¢ MOMO-
11O CEYHEHHU I KPUBBIX T(f).

OTMeTHM, YTO BNEpBble OTHOLLEHHME CKOpocTel casura (Y,,/y,) 610 nCnosib3o-
BaHO NMPH aHAJIM3€ TUKCOTPOMHOM cuctemnl B padbote |101].

2.8. HepasHoBecHOe TedyeHue. KuHetnyeckuin noaxoa

[Ilpy paBHOBECHOM COCTOSIHUM TeYE€HMsl CYLIECTBYET PacnpeiesieHUue arperatoB
no pasmepam (OT MUHMMAJILHOrO pasmepa 10 MakCUMMaJlbHOrO KPUTHYECKOro pas-
Mepa), KOTOPOE B CPEIHEM COXPAHSIETCS ¢ TeYEHUeM BpeMeHU npu (puKCMpoBaH HOM
ckopocTu caBura. HepaBHOBECHOE COCTOSIHHE CUCTEMbl NMPOsSIBJISIETCS IMOO KaK U3-
OBITOUHOE CcomepXaHue KPYNMHBIX arperatoB, nNpv KOTOPOM NMPOUCXOOMT paspyliie-
HUE arperaTtoB ¢ TeyeHuem BpemeHu (dN,/df) < (0; nnbGo Kak n30BITOYHOE cofepXKaHue
MaJIbIX arperatoB, MpU KOTOPOM NPOUCXOAUT OOBENHHEHUE arperatoB ¢ TeUeHHeM
BpemeHHU (dN,/dr) > 0. Takum 06pa3oM, KOJIMYECTBO arperMpoBaHHbIX YACTHUIL B HE-
PaBHOBECHOM COCTOSIHM M OOJIbILE MJIM MEHBILIE PABHOBECHOIO 3HAYEH USI.

B skcnepumeHTax HEPABHOBECHBIE COCTOSIHMSI TEYEHHSI MOTYT BO3HMKHYThb
B NEPBOM onbiTe ¢ yeanuenuem ckopoctu 1T (npeobnaganue GONbILIMX arperaToB)
MJIM BO BTOPOM OMNBITE C YMEHBILIEHUEM CKOPOCTH caBura 24 (mpeobnagaHue Manbix
arperaton). Onbitel 37T, 5T ... COOTBETCTBYIOT COCTOSIHMIO TeYeH Ms1, Gonee GIN3KOMy
K PABHOBECHOMY.



bynem Ha3blBaTh COCTOSIHME TEYEHMSI KBa3UPAaBHOBECHBIM, €CJIM CYLIIECTBYET OT-
KJIOHEHUWE arperaroB OT pABHOBECHOIO pa3mMepa, HO KpUBasi TEH4EHUSI ONMUCHIBAETCS
00OOILLEHHBIM YPABHEHUEM TEUEHU A UK ypaBHEHUEM KaccoHa. COCTOsIHME TeYeHus
C npeobysiafaHUEM MaJIbIX arperatoB ONMUCHIBAETCS COOTHOILUEHUEM

d;: 2 = Nk, —(k, + k""" )N, >0, (2.86)

TO €CTb HUCNIO arpErupoBaHHBI X HaCTU L pACTET U CO BpEMEHEM JOCTHUIA€ET HEKOTOPO-
ro paBHOBECHOIO 3Ha4UCHMUWA. OTcrona CAeayeT HEPABECHCTBO

NE kE
N kg
o TrY
MO>XHO nepeiTH OT 3TOro HepaBeHCTBA K paBEHCTBY, BBOASI HEKOTOPHLIH KO3 dhu-
IIMEHT OTKJIOHEHUSI OT PABHOBECHOTO COCTOSIHUSI &;

(2.87)

Ny g’f?q -, (2.88)
N  k,+ky”
roe £ < 1 aJ1s1 ONBITOB CO CHUXEHMEM ckopocTu casura 24, 41 ...
Jng npenpenbHoro cny4das y — 0 nonyuum %:% OTKyzna
0
N, ' (2.89)

NLO) 1+(k Jl )i

AHaNOrMYHO, A5l COCTOSIHUSI C npeobaananueM KpynHbix arperaros (onwit 1T)
cnenyet 3anucathb &> 1. Kpome Toro, B 3aBUCMMOCTH OT BPEMEHH U3MEPEHU S BEJIU-
ynHa E(f) UBMEHSIETCs1, NPUOJIMXKASICh B UTOTE€ K PABHOBECHOM BEIMYnHe E* = 1.

YpaBHeHUWe 1151 BA3KOCTH HEPABHOBECHOIO TEYEHM S BBEIEM CIENYIOIIMM obpa-
30M:

N2 =n*+ BN,, (2.90)

rne N, = N, +AN,. 2.91)

3necb AN, — HDOMNOJIHUTENILHOE, U30OBITOYHOC YUCJIO ArPErMpoOBaHHBbIX YACTHLL.
B cocrosiium pasHosecust AN, =0. Ecnn B cucteme npeodnagalor KPpynHbie arpera-
Th, TO AN, >0, 4yTO npeanonaraercst Ajist ONbITa IT. Ecnn B cucreme npeodnanaior
MaJibi€ arperathl M oTaeNbHBIE YacTUlbl, TO AN, <0, 4TO XapakTe€pHO /151 ONBITOB 24,

41 ...

Jlnsi cnayuasi § — 0 3anuiem seipaxenue 1*(0)=n"’ + BN,(0), orciona

N, _ ' -n
N,©) O -

Tl

Cosmewuas (2.89) n (2.92), nonydyum
N _T]lf — _ ].. — Ng .
n*0)-n2" 1+ /k )7 N, (0)

==

1/2

(2.93)

Hcnonb3yst ypaBHeHus (2.89, 290 u 2.92), MOXXHO NOJIY4UTb BbIPAXKEHHE



n?-n"?=BN, == fﬁkﬂ — . (2.94)
k' +k,
CpaBHuM BHIpaxeHue (2.94) ¢ 0600611IEHHBIM YPABHEHUEM TEUEHUS 1151 «KBA3M-
PaBHOBECHOIO» TEYEHH 51, MPEACTABAEHHBIM B BUIIE
1/
X+
OTtciona nonyuyum 3HayeHus KodQ@PUIIMEHTOB PEOJIOrMYECKOro ypaBHEHU S Yepes
KOHCTAHTBI CKOPOCTH M KO(DPUIIMEHT OTKJAOHEH U OT PABHOBECH S1:

12 =EBN(k, /k,), (2.96)

n'"-nY? = (2.95)

x =k, /k,. (2.97)
Yunthipas, uto 7.”> = BN(k, /k,) , nonyuum cooTHOLIEHHE

2
£=—t=, (2.98)

T

rae &> 1 s COCTOsSIHUSA € NpeoOnagaHueM KPYNHBIX arperatoB, & < 1 misi COCTOSI-
HUS C npeobnagaHHeM MaJIbIX arPEraTtoB M OTACJbHBIX YaCTHU L. TakuM o0pa3omM, Mbl
onpenenunsin (pusndeckuii cMbicn KoahpduimenTa & 3 KMHETHYECKUX YPaBHEHM I
COCTOSIHUSI CUCTEMBI.

HUcnonb3ys ypasHeHus (2.86) u (2.88), MOXHO onpeaeanTb CKOPOCTh arperaimm
yepes 3HaueHUe K03 PUIIMEHTa OTKJIOHEHUS OT PABHOBECHOTO COCTOsIHMS E;

dN
dt

KBa3upaBHOBECHOE COCTOSIHME TEYEHUsI NMpU € =coOnst COOTBETCTBYET, TAKUM
00pa3oM, HEKOTOPOH NMOCTOSIHHOM CKOPOCTH arperatium aAuCrnepCcHOM CUCTEMBI, KO-
TOPAasi UMEET OAHY M TY XK€ BEJIMYMHY NMPU KAXKIOM HOBOM U3MEPEHHUM B NMpoLecce
ONnpeneyscHUst KPpYBOM TEYEHUSI.

UccnenoraHue BhicokonapadhuHucToii HedTh nokasano, uto Bonbuite 1 T npeo6-
nagaloT KpynHeie arperatsl, B onbitax (37T, 5T ..) mocTuraercsi cocrosinue, 61M3Koe
K PABHOBECH IO, B ONbITAX (2¢, 41 ...) npeodnanaoT Manble arperaTsl M OTACJbHbIE Ya-
CTHUILHI.

I'lpeacraBneHHast npoctasi MOIEJIb OOBICHSIET NOBEAEHUE KO3I(D(PULIMEHTOB arpe-
rMPOBAHMUS CUCTEMBI T_ IPU FMCTEPE3UCE KPUBBIX TEUEH U

L= Nk, (1-8). (2.99)

£>1,AN,>0, 7 T>1,

E<1,AN,<0,t <t orkynat, T>1 . (2.100)

K coxanenuro, HeBO3MOXHO aHaJIOTHYHbIM 00pa3om OOBbSICHUTDL MOBEAEHHUE KO-
3¢ puumeHToB Bs3kocTn K3accoHa npu rucrepe3nce Te4eHU s, a MMEHHO:

N l>n">n"T. (2.101)



DTO CBA3aHO C YUCTO FMAPOAM HAMUYECKO#H NpUponoit KoadduumneHTa 1/ ’. Bos-

MOXHO, YTO CMELLUEHHWE PABHOBECHSI B CTOPOHY arperaumm, KOTopoe COOTBETCTBYET
YBEJIMYEHUIO YMCa YacTull B arperarax NV,, NpuBOAUT K YMEHbLIEHUIO «TMAPOAU-
HaMuyeckoro oobvema» (kP) oToeIbHbIX 4aCTHULL U, COOTBETCTBEHHO, K YMEHbLUEHHU KO
Koa(hduureHTa 1. MOXHO TAKXKE NPEANONIOXUTh MPEBBILLEHNE YUC/IA ONMHOYHBIX

YACTHII B OINbITE \L Haad KOJIMYECTBOM OOJHMHOYHBIX YaCTHILL NMPH PABHOBECHMH.

2.9. XapakTep KpVBbIX Te4eHUS NpU HEpPaBHOBECHbIX
YCNOBUAX TeYeHUA

Cynst no N3BECTHBIM JIMTEPATYPHBIM JAHHBIM, OOJIBLLMHCTBO U3MEPEHU I NPOBOANT-
Cs1 OMHOKPAaTHO NPH YBEJWUYEHUH CKOPOCTH CABHUTa Y (MJIM HANPSIXKEHUS] COABHUTA T),
10 ecTb B onbite 1T. B 9TOM C/iyuae BecbMa BEPOSITHbI BO3HMK HOBEHME HEPABHOBEC-
HOro COCTOSIHUSI TEYCHUS HA YYACTKE HU3KHX CKOPOCTEH CABMra M NMOCHEOYIOLLIMI
nepexoa K paBHOBECHOMY COCTOSIHMIO YXKE€ HA y4YaCTKE BbICOKMX CKOPOCTEH CaBura
(puc. 2.5).

[NpeoOnapanme KPynHbBIX arperaToB Ha Ha4aJibHOM 3Tane U3MEPEHU I, MO HalLle-
MY MHEHM K0, MOXET NMPUBECTU K aHOMAJIUSIM TEYEHUSI, B YaCTHOCTH, K «CBEpXaHOMa-
JIMU BSI3KOCTH» MJIM K «MNJATO HA KPUBOM T(Y)».

B cepum onbitoB 1T213T41... npu t, =const MOTYT OBITb MOJYYEHH KPH-
BbIE TEUYEHMUsl, HEPABHOBECHbIE HA Y4aCTKE HU3KMX CKOPOCTEii, KBa3MPaBHOBECHbIE
Ha yuyacTKe Beicokux ckopocteit cnpura (1T npu & =1, 24 npu € <1). [pu 3T70M BO3HU-
KaeT rucrepesnc Kpusbix Tedenms (T1), koTopeiii MOXHO onucaTh KO3 GH IIHEHTOM
otknoHeHus ot papHosecus E=1_ 1 /1_T. Kpussie 3T, 5T u nanee B Takom akcnepu-
MEHTE ONMUCHLIBAIOT COCTOSIHUE TE€YEHUsI, OJIM3KOE K paBHOBECHOMY (puc. 2.5). Takoe
NOBEACHUE TUNMMUYHO, HANPUMEP, U BRICOKONapa@uHUCTON HEQTH M NJIACTUYHDBIX
CMa30K.
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Puc. 2.5. TunuyHbIi XapakTep KPUBbBIX TEYEHUS1 B KOPHEBbIX KOOPAHHATAX B Cllyyae
MJACTHYHOIO TEYEH U, «CBEPXaHOMAJIHS BA3ZKOCTH» B onbiTe 1T, cBsizaHHas
C NepexoaoM OT HEPABHOBECHOTO K KBa3HPABHOBECHOMY COCTOSIHHIQ Te€4Ye-
HUs; KBa3UPaBHOBECHOE TeYeHMe B onbiTe 24 ¢ nepexonom K paBHOBECHOMY
Teyenuio B onnite 3T



CrnenyoinmmMm Lwarom siBJsieTCsl NpoBepka ypaBHEHHU I MOJEIM HAa BO3MOXHO LUM-
POKOM Kpyre AMCNepCHbIX M NoJIMMEPHBLIX cucteM. Hanbonee npocTeiM 00bEKTOM
MCCNIEN0BAHMS, TIO-BUAMMOMY, SIBJISIIOTCS CyCneH3uu. OmHaKo JIErKO YBUIETb CO-
BEPILEH HO ONM HAKOBBIE OCOOEHHOCTH TEYEHUS Y CUCTEM, Pa3HbIX NO CBOEH NMPUPOIE.
[ToaTOMY MMEET CMBICST TOBOPUTH O 3aKOHOMEPHOCTAX HEHBIOTOHOBCKOIO TEYEHMUS
B 1IEJIOM.

3aKnoYyeHue

PaccmoTtpenbsl 1 MOIMDUIIMPOBAHBI PeosiorHyeckasi Moaesib KacCoHa, onuchiBa-
lasi ruAPOAMHAMMYECKOE NMOBEAEHWE CUCTEMBI MOJIEJILHBIX IIMJIMHAPOB, U PEOJIO-
ruyeckas mouesib Kpocca, ucnosib3yronass KHHETHYECKHUE YPABHEHUS! pa3pylicHu s
M BOCCTAHOBJICHH S arperaroB yacTtuil. PazpadboraHa o000LIEHHAsI MOJEADL TCUYECHMUS,
KOTOpPasi CBA3BIBAET HU3MEHEHHUE BSI3KOCTHM C U3MEHEHHEM CTPYKTYPbI CHCTEMBI.
O0001eHHoe ypaHeHue teucHusi (OYT) onuchBaeT Kak rjacTUYHOE TEYCHHE
C NpeacAbHBIM HAMPSIX)XKEHUEM CABUTA, TAK U NCEBIONIACTUYHOE TEYEHHUE C NPESCIIb-
HOI BAI3KOCTBIO NMPU HYJIEBOH cKopocTu capura. Tpu koadduumnenta OYT cpsasa-
Hbl CO CTPYKTYPHBIMH M (PU3MKO-XHUMHYECKHUMU XapaKTEPUCTHKAMHU IHUCNEPCHOI
cucteMbl. Pe3ysibraThl, NOJYYEHHbIE IS PABHOBECHOrO CTAallMOHAPHOIO TEYEHMUs,
pacnpocTpaHeHbl Ha HEPABHOBECHOE COCTOSIHUE TEYEHUMSs, B KOTOPOM HA0K0aa10TCs
THKCOTPONHBIE 2(PPEKTHI.



NTIABA 3

OBLUME
3AKOHOMEPHOCTU
HEHLIOTOHOBCKOIO
TEYEHUA

YreepxaawT [9], 4TO «CBOMCTBA HEHBLIOTOHOBCKMX XHUIAKOCTEM MOTyT ObITh OYEHb
pa3HooOpa3HbiMU». Tlpex e Bcero, 3TM CBOMCTBA BhIPaXeHbl B OCOOEHHOCTAX KPU-
BbIX TEYEHMSI U BSIBKOCTH, CAM XapaKTEP 3THUX KPUBBLIX Pa3JIM4YEH HA pa3HbIX HHTEP-
Banax ckopoctei capura. ITokaxem, 4yTo npupona CTPYKTYPUPOBAHHBIX CUCTEM (CY-
CMCH3MHU, 3MYJIbLCUMU, MULIEJUISIPHBIC CUCTEMBI, PACTBOPbLI M PACIJIaBbI NMOJIMMCPOB,
XUAKHUE KPUCTAJUJIbI) HE OKa3blBAET NMPUHIIMNMHAJIBHOTO BJIMSIHUSI HA 3aKOHOMEpP-
HOCTH T€4eHHUs. OCHOBHbBIE 3aKOHOMEPHOCTH HEHBIOTOHOBCKOIO TeYeHHs B paMKax
CTPYKTYPHOI1 PEOJIOTMUYECKONH MOAEIU MOXHO OOBSCHUTL pa3pylieHUEM U (popmMu-
POBAHUEM arperaToB 4yacTulil (MJIM acCcolMaTOB MaKPOMOJIEKYJI) B CIBUTOBOM TEYE-
HUU. B HEKOTOPBLIX Clyyasix OyayT npuBeaeHbl TaOJIMIBl PEOJIOrMYECKUX NAHHBIX,
KOTOPBIE NMO3BOJISAT YUTATEJIKO CAMOCTOSITE/IbHO NPOBEPUTDL CrPABEAJIMBOCTb TEX HJIH
MHBIX PEOJIOrMYECK U X YpaBHEHU I (CM. TIpuiioxeHue).

3.1. pocTroe peonornyeckoe noseaeHue

O000LEHHOE YPABHEHUE TEUEHUS ONMUCHLIBAET HaAMbOJiEe pacnpoCTPaHEHHOE sIBJie-
HHE HEHBIOTOHOBCKOIO T€YEH M1 — CABUTOBOE pa3XMxXeHHe. CIBUTrOBOE pa3KHMXKCHHE
(MM BSI3BKOTIJIACTUYHOE TEYEHUE) — BUJL TEUEHUSI, MPU KOTOPOM C YBEJIMYEHUEM CKO-
POCTH CABUTa Y YMEHbLUACTCS BSI3KOCTb 1] U ONHOBPEMEHHO YBEJIMYMBACTCS Hanps-
XXKeHue capura T. Ha nepBoM 3Tane MCCACIOBaHUS PACCMATPUBAETCS CTALlMOHAPHOE
PaBHOBECHOE CABMIOBOE TEYEHHUE, TO €CTh BUJL TEYEHMUSI, NMPH KOTOPOM U3MEPSIEMOE
3HAYEHMUE HANPsI)KCHUS CIBUTA T HC 3aBUCUT OT BPEMCHM M3MCPEHMS f (PABHOBCCHBIE
KpuBbie TeueHus). [1py paBHOBECHOM COCTOSIHUM TEYEHUSI CTPYKTypPa TEKYUYEl CU-
CTEMBbl HAXOJAUTCS B AUHAMMNYECKOM PABHOBECUHU (CKOPOCTL Pa3pylUEHHU s CTPYKTYPHI
pPaBHa CKOPOCTHU BOCCTAHOBNIEHUSI CTPYKTYPHI). B 3TOM Cnyuae o00011IEHHOE ypaBHE-
Hue teyeHust (OYT) umeer Bua:

1;1

= "{ /g (3.1)
|
Tl,fz
nin n/? = ——+n2 (3.2)



[lepBoe cnaraemoe onMchbiBaeT AUCCUNAIM 0 IHEPTU K, BO3HUKAIOLILY 10 TpU 0bTe-
KaHWH arperaToB CPeaHero pa3smepa; BTOpoe CJiaraeMoe COOTBETCTBYET AMCCUNALIM Y
3HEPryuU rMpu OOTEKAHUH OTOENbHBIX YACTHII.

OO0600LIEeHHOEe YpABHEHUE TEYEHUSI ONMUCBLIBAET HBIOTOHOBCKOE TEYEHWE, HEeJU-
HEMHOE NJACTUYHOE TEYEHUE M MNCEBIOMJIACTUYHOE TECHEHHE CTPYKTYPUPOBAHHBIX
cuctem (puc. 3.1). Ecam oauMH U3 BUOOB TeYEHUs1 HAOMIOMAeTCs HA BCEM UCCNIEI0BaH -
HOM MHTEPBaJie CKOpOCTei caBUra, To OyneM roBOpUTh O peXX MMe TeYeHHsl Ha JaH HOM
yuyacTKe, a peoJIOrMueCKoe NOBEACHHME HA3bIBATh MPOCTHIM.

3HayeHue npenesibHON 3(PGEKTU BHOI BA3ZKOCTH NMPU ¥ — o paBHO 1) =1); B 9TOM
NMpenejibHOM Cyyae arperarsl NoJIHOCTHIO pa3pylueHbl. Ecnn KoagpGuumneHT y paBeH
HYJII0, TO pa3Mephl arperata HeorpaHM4eHHO BO3pacTaloT npu ycaosuuy — 0. Batom
ciy4ae HaOonaeTcsl HeJIMHEH Hoe NIaCTUYHOE TeYeH e, KOIPGULUMEHT T, nprnodpe-
TAET CMBICJ NMPEAETBHOIO AMHAMUYECKOrO HANMPSXXKEHUsI U UMEETCH TEHACHUMS K 00-
PA30BaAHM IO CNIJIOLLHOM CeTKM (KapKaca) npu HYJIEBO CKOPOCTU CIBMUTA.

Ecnu y Gonblue HyJisi, TO pa3Mepbl arperata OCTaloTCsi KOHEYHbIMU NpU 6eCKOHeY -
HO MaJioit CKOPpOCTH CABHUIA, MPH 3TOM HAOMIOAAaeTCsl NCEBAONIACTUYHOE TEYEHHE.

O6001meHHoe ypaBHeHue TedeHusi (OYT) ceoanTcest K ypaBHeHU 10 HblOTOHA uam
K ypaBHeHU 10 K3CCoOHa npy HYJIEBOM 3HAYEHHMU OJJHOTO U3 TPEX PEOJIOTHHYECKHN X KO-
¢ dumeHToB. O600meHHoe ypaBHeHue TeueHust (OYT) sipnsieTcst yHUBEpCaJibHBIM
PEOJIOTMYECKUM ypaBHEHUEM, NMOCKOJILKY OMUCHLIBAEeT NJACTUYHOE M NCeBaOrJia-
CTHYHOE TeuyeHue JIIOOLIX AMCNEePCHBIX, MOAMMEPHBIX M XMJIKOKPHUCTANJINYECKHX
cucteM. OHO UMeeT TPHU NOATOHOYHBIX KO3 PULIUEeHTA, TO €CTb MUHHUMAJILHOE YHUC-
J10 KO3 PUIHEHTOB, HEOOXOOMMBIX AJ1SI ONMUCAHUSI KPUBOJMHENHON 3aBUCMMOCTH

GyHKuMH T(Y) M n(Y).
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Puc. 3.1. TunwuynHbie KpUBbIE BSI3KOCTH B ABOMHBIX NOrapudMHYECKMX KOOpPAMHA-
Tax (@) U KPUBLIE TEYEHHSI B KOPHEBBIX KoOpaHHaTax (0). Kpupbie C BSI3KO-
NJacTUYHOIO T€YeHHsl, BbIAENEHHBIE XX UPHOH IMHHWEH, onucke BalOTCs 0000-
LeHHBIM YpaBHEHUEM TEYEH WS C pa3NUYHBIMU 3HAYEHUSIMU KO3 PUTIHEHTA
x: nhactuunoe (x = (), ncesnonnactHuHoe TedeHue (¥ > (). Hpol0TOHOBCKOE
TeyeHHe (V) cucTembl € NOJIHOCTHIO pa3pyLlEeHHbBIMH arperataMiy nokKa3aHo
IWITPUX-NYHKTUPHOI anHuei (T, = 0). [lpyrue pexumpl T€4EHUS 1OKa3aHbI
IUTPHXOBBIMH JIHHUSIMH: HBIOTOHOBCKOE TEYEHHUE arperupoOBaHHON CHCTE-
Mbl Ha Yy4yacTKe HU3KUX (V1) M Ha yuacTKe BicOKMX (N2) ckopocTeii cnpura.
Cumpon Sp orMeyaeT y4acToK pe3koro cnaja Bsi3KOCTH NMPH NpakTHYeCKH
NOCTOSIHHOM 3HaueHUU HanpsikeHUs! cABUra (siBJieHUe CpbiBa TeYeHUsl UNU
NOTOKA, NPEANONIOXHTEABHO 00YCNOBJIEHHOE CABUTOBLIM PACCNOEH HEM)



3.2. CpaeHeHve 0606LWEHHOro YpaBHEHUA TeYEHUS
C U3BECTHbIMU PEOSIOMMYECKUMU YPABHEHUAMU

INMokaxem, yTo OY'T X0po1110 ONUCH BaeT T€ IKCNEPUMEHTAJIbHBIE JaH HBIE, 15l KOTO-

PbIX ObIJIM PAHEE NPEINOXKEH bl U3BECTHBIE PEOJIOTMYECKHUE YyPABHCHUS. OCTAHOBUMCSI

HA C1y4asiX NPOCTOro PeOJOrHYeCKOro NOBEAEHMsI U CPABHUM Pa3JinyHbl€ MOAETH.
Monens Kpocca [46] umeer 1oCTaTouHOE TEOPETUUYECKOE ODOCHOBAHUME, UM TO-

) —
JIYYEHO YPABHEHME M =T +T:( ) ”fl , hmerouiee 4 koagduiimeHTa, onpeaeasieMble
+0O,Y
0
B mpouecce annpokcumauunu. YpapHieuune Kpurepa — Jloreptu |24] umeeT CXOaHbI
0)—
BMLLTIZT]W+TI( ). :
1+o,t

OHO YacTo MCNOABL3YeTCsl, XOTslI NMPU e€ro BbIBOAE JonyliueHa rpybasi omauodka.
Ha puc. 3.2, @ npencrasneHbl 2KcnepumeHTasbHble naHHble Kpocca [46], KoTopbie
M NMOCYXKMJIK OCHOBO# AJs1 BBIBOAA YeThIpexnapameTpuueckoro ypasHeHus Kpocca.
YpasHenune Kpocca u OYT onHaKoBO XOpOILIO ONMUCHI BAIOT PEOJIOrMUECKUE TAHHBIE,
npuBeneHHbIe B Ta0. 3.1.

DKCNepUuMeHTaJIbHbIE pE3Y/IbTaThl, NPUBEAEHHBIE HA PUC. 3.2, 6, SIBASIIOTCSI OCHO-
BOI Mozmesin «ynpyroro ¢giokar», Kotopy XaHtep [62] paspaboran nis 00bACHEH U
MI€AJIbHOrO NAacTU4YHOro nopeaeHusi buurama. OYyeBUAHO, YTO 3TH IKCNEPHMEH-
TaJIbHBIC AdHHBIC HE MOI'YT ONKHUCBIBATHCH YPABHCHHUEM BHHI‘HMH, d XOpOoLIo OonMucsiBa-
IOTCSl ypaBHeHUeM K3CCoHa.

Ha puc. 3.3 cpaBHMBAIOTCSI pe3yAbTaThl anfnpoKCHUMAIIMK IKCNEPUMEHTANbHBIX
OJaHHBLIX MO peojoruyeckuM ypaBHeHusiM Kpocca, Kpurepa— doreptu, Buibsim-
coHa— Jlxxunnecnu [55] n 0600IEHHOMY YypaBHEHHMIO T€UEHU s J1J1s1 CYCNEH3MHU Na-
Tekca GR-S X-667 |152] npu obbeMHOI KOHueHTpauuu @ =0,539. DkcnepyMeH-
TaJibHble naHHble [152] npuBeneHbl B Tadn. 3.2. YpaBHenue Kpurepa — Jloreptu |24]
annpoKCUMHUPYET IKCNEPUMEHTAJIbHBIE TAHHBIE C TOYHOCTBIO, OJIM3KOKH K TOYHOCTH
0DOOIIEHHOrO ypaBHEHUSI TedeHusl. YpaBHeHue Bunbs Mcona—ﬂxunnecnu [55]

NOJIYYEHO HA OCHOBE MHUKPOPEOJIOTMYECKONW MOAEJIM U UMEET BU T=—— +B/’Y +M,Y-
Tabnuua 3.1. 3aBHCHMOCTb BSI3KOCTH OT CKOPOCTH CABUIa BOAHOM OUCTIEPCH U MOJH-
BUHHNaueTaTa [46]
¥, ¢ 12,68 15,85 23,75 31,75 39,64 47,56 55,5
n, Iac 86,1 83,2 77,1 72,2 68,6 65,9 62,8
¥, ¢ 63,4 79,3 95,1 11 127 159 190 222
n, Mac 60,5 55,6 527 49.8 47,5 43,6 40,5 38,0
¥, ¢ 254 558 837 1116 1395 2790 4184 5578
n, lNac 35,8 24,7 20,5 18,1 16,1 11,2 9,3 7,9
¥, ¢ 6973 8370 9760 11160 12550 13950
n, Mac 7,1 6,5 6,0 5,6 5,3 5,0
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Puc. 3.2. CpaBHeHMe 000011IEHHOTO YPaBHCHHSI TEUCHUS C U3BECTHBIMM PCOJIOTHYEC-
CKHMMH YPaBHEHHAMH: @ — 3aBHCHMOCTE BA3KOCTH OT CKOPOCTH CABHIA IS
aucnepcvu nonuBHHUNalerata [46]. Kpusasi 1 noctpoeHa 1o o6001eHHo-
MY YPABHECHHIO TeUCHMS, KpuBas 3 — no ypapHeHn1o Kpurepa— loreptn.
Kpusas 2, noctpoeHHas rno yeTblpexnapaMeTpu4yecKomy ypasaeH 1o Kpoc-
ca, MPakKTHYECKH COBMagaeT ¢ KpHBOH 0000MEHHOTO YPABHEHW I TCYCHHS;
6 — KpHBasi TEYEHHS! B KOPHEBbIX KOOPAMHATAX JJIsI KOAryANpPOBAHHOTO
natekca nonuMmeTunMeTakpunarta B 31,2%-+oit cmecu rmuniepuH—Boaa |61].
[Mpsimasi, cooTBeTcTBYIONIAs ypaBHeHUKO K3ccoHa (y =0), mpakTuyecku
COBMaJiaeT ¢ KpHBOM ypaBHeHusi [epuienss — banknu, npeactaBaeHHOM
Ha 3TOM Xe rpadpuke. OUeBHAHO, YTO 3TH JAHHBIC HE MOTYT OAHOBPEMEH-
HO onuceiBaThCs ypaBHeHneM bunrama. Koadgduumentol OVT npuBeneHsl
Ha rpadmKax
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Puc. 3.3. AnnpoKcuManus 5KCrnepuMEeHTANbHBE X AaHHBHIX [152] nist cyeneH3nm naTek-
ca GR-S§ X-667, seinonHeHHas nnst ypapHeHuii Kpocca (1), Kpurepa— Ho-
repty (2), Bunbsamcona— JIxkxunnecnwu (3), 06001MEHHOr0O ypaBHEHHS TEUC-
Hus (4). ©=0,539. OVT cooTBeTCTBYET CILIOLIHOM JINHHU



Tabamua 3.2. CpasHeHue ypaBHeHUil Kpocca, Kpurepa— Horepti, Buibsm-
coHa — JIxkunnecny v 0000WEeHHOro ypasHeHHst K3CCOHa A5 CycreH-

3uH natekca GR-S X-667npu ©=10,539 [152]

T, [a n, Mac v, ¢’ Kpocc Kpurep— BHJIBSIMCOH — OvT
Horeptu JIXKMnnecnwu
5 0,0493 101,38 0,0502 0,0491 0,0510 0,0493
10 0,0385 259,67 0,0371 0,039 0,0348 0,0387
20 0,0311 643,29 0,0301 0,0307 0,0286 0,0309
30 0,0274 1096,5 0,0275 0,0271 0,0269 0,0274
40 0,0241 20773 0,0254 0,0238 0,0257 0,0241
50 0,0218 3668 0,0242 0,0218 0,0251 0,0218
CraHnapTHOE OTKJIOHEHHE S , 0,0017 0,0005 0,00365 0,0002

OHo ornmuaercs ot OYT teM, 4YTO OTCYTCTBYIOT KBaAPATHBIE KOPHH PEOJIOIMYCCKU X
BEJIMYUMH.

Mopene Pu—3iipuHra [29] ucnosis3yeT 1npeacraBJIEHUsl O CKOPOCTAX peakLHii
M MpoLueccax nepexoa 4yacTu L Yepes noTeH uMajbHblit Oapsep. YpaBHeHue Pu — Dii-

arcSh(By)
By

BTO ypaBHEHHME XOPOLLIO OINMCHIBAET KPHBYIO BSI3KOCTH paCTBOpPa HHUTPOLIECJIJTIONO3bI.
ANNpoKCHMaL M 3KCNEPUMEHTAJILHBIX JAHHBIX M3 CTaThH [29] ¢ nomoweio OVT
nokaszaHa Ha puc. 3.4.
B coopHuke 3anay E.E. bubuka [174] npuBonsitcsi TabiimuyHble peOJIOrHYECKHUE
naHHble (tadi. 3.3) nas BoaHoit cycnensuu Ca, (PO,),, KoTOpbie Oblyin annpoKCHMH-

1
pOBaHbl ypaBHEHHEM n_

T ]ll';':_-,, . *
JIerko BuaeTh, YTO B KOPHEBBIX KoOpavHarax (puc. 3.5, @) 3KcnepuMEHTa b-
Hble TOUKM JioXaTcsl Ha «npsamyro Kaccona». Kpome TOro, ycrieLiHoe MCcnoJsib30-
BaHu¢ ypaBHEHuSI buOuMKa MOXHO OOBSCHMTBH €ro MaréMaTMYeCKHM CXOICTBOM

PUHTA WMEET BHJ; n:nm+(n(0)—nm) , tne B — Bpemsi penakcaumm.

Ign, lNa-c
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ol o 7 =11,5
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Puc. 3.4. KpuBbie BA3KOCTH H TedueHU s 1% -HOro pacTtBopa HUTPOLIENJTIONO3b B OyTH-
nauerare [29] B ABOHHBIX norapudMHYECKHU X KOOPAMHATAX (@) U M KOPHEBBLIX
koopauHarax (6). CnnowHbie TMHUKM — OYT



c ypaBHeHueM KaccoHa, KOTOpoe MOXHO IpeactTaBuTh B CXOQHOM (popMe, a MMEHHO:
n 1

B 1272
% [1-(r./0)"]

Peonoruyeckoe noBeaeHue aucnepcuii okenaos noapodbHo onucano H. H. Kpy-
rMuuKuM [222]. st onucaHusi NoJIHON PeoJIOrHYE€CKOH KpUBO#H BSI3KOCTH M(T) UM
OBLJIM BBEAEHBI CJIEAYIOIIHE XapaKTEPUCTUKM: YCJIOBHBI I NpeAes TEKYYECTH, Hadallb-
Hasl U KOHEYHasl MJIACTHYECKHE BA3KOCTH, IMHAMUYECKHU i Mpeaesl TEKYUYECTH U BSI3-
KOCTb MaKCHMaJIbHO pa3pylUeHHON cTpYKTYypsbl. JLJI1s1 onuMcaHus peoJIorM4ecKoil Kpu-
BOIl BSI3KOCTH MM MCIOJIb30BAJIMCh YPABHEHH S BUA:

n('r)zn(ﬂ)i, n(D=mn +(n(0)—n )i
?h(T/B) e e 'Eh(T/B) ]+(T/B)2

MJIM CXOIHBIE BbIPAXEHHS ¢ GOJNBLIMM KoJIMyecTBOM Koa(puiumeHtos. [lo tabnunue
u3 cratbu [222] nns cucremsbl TiO,(pymus) — H,O — CH,COOH (tabn. 3.4) MOX-
HO NOCTPOMUTHL «IpsiMyI0 KaccoHa» B KOpHEBBIX KoopauHaTax (puc. 3.5, 6) HecMOTps
Ha SIBHBIH pa30pocC 3KCNepuMEHTAJIbHBIX TOYEK.

OTH U APYTHE€ NPUMEPbI NMOKA3bIBAIOT, YTO OOOOLLEHHOE YpPaBHEHUE TEUYECHMSI
(O¥YT) ycneiHo onucblBa€T peoJIOTHYECKOE NMOBEIEHUE TEX CUCTEM, TEYEHHUE KOTO-

peIX paHee ObIJIO HHTEPNPETHPOBAHO B paMKaX IPYruX peOJIOTMYECKUX MOAEJIEN.

@ =n_+n©)-n_)

Tabnmua 3.3. Peonornyeckue naHHbie ans BoaHo# cycnensiu Ca,(PO,),, ©=0,124,
pa3mep yactui 2,07 MKM, BA3KOCTb AMcniepcHOHHOM cpelbl 0,0012 Ma-c

¥, ¢ 28.5 89,9 165,4 2491 338 430,8 526.6
T, [a 0,224 0,37 0,517 0,663 0,810 0,956 1,103
¥, ¢ 624.,6 724.5 826 928.8 1032,7 1137,7
T, Na 1,249 1,396 1,543 1,689 1,836 1,982
2 a"? T”z} Ma'”
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Puc. 3.5. KpHBbie TeUeHHsI B ABOMHBIX TOorapu(pMHYECKMX KOOpAHHATaAX BOAHOM Cy-
cneH3nu Ca,(PO,), (@) v ans cucremnl TiO,(pymus) — H,O0 — CH,COOH
(6). CnJyoLHBIE THHUH NOCTPOEHBI MO ypaBHEHUIO K3cCcoOHa, yka3aHbl 3Ha-

yeHH sl KO3PPHULIMEHTOB



Tabnuua 3.4. Peonornueckuve paHHbie s cuctembl  TiO,(pymun) HO —
CH,COOH
T, [Na 0,067 0,135 0,135 0,169 0,169 0,303
n, Ma-c 0,0225 0,0245 0,0150 0,0105 0,0060 0,0060
T, [1a 0,337 0,506 0,674 1,281 2,022 3,370
n, Mac 0,0040 0,0035 0,0028 0,0029 0,0028 0,0025

3.3. CnoxHoe peonoruvyeckoe nopeaeHue

OnucaHHOE BBINIE NPOCTOE PEOJIOrHYECKOE NOBEAECH e HAb1I00aeTCsl Ha OrpaH MyYeH-
HOM MHTEpBaJic cKopocTei caura. Ha nocratoyHo 00sblIOM MHTEPBAJIE CKOPOCTEH
COCY LLIECTBYIOT pa3JIMYUHbIC PEXUMbI TEUEHU SI, pa31€JIEHHbIE NEPEXOAHBIMH YUYaCTKa-
MU PasJIMYHOM IIMPHHBI. PEXXUM TCUYCHHUSI — 9TO BUO TCUCHMS, KOTOPbI CYLLICCTBYCT
Ha ONpeEJICJIECHHOM MHTEPBAJIE CKOPOCTH CIABMIA M CBSI3aH C KOHKPETHBIM PEOJIOrU-
YECKHMM YPaBHEHHUEM (C KOHKPETHBIM MEXaHu3MOM TeueHust). [lepexonHblit yyacTok
MEXJ1Y peXHMaMM TEYEHUS1 — MHTEPBaJl CKOPOCTEi cABUTA, Ine COCYLLIECTBYIOT pas-
HBIC PEXU MBI TEYEHHS U OCYLLECTBJISIETCS NOCTEINEHHBI NEPEXON OT OAHOIO peXHma
TEUEHMSI K IPYTrOMY.

Hapwuc. 3.1, a yxe noka3zaHbl COCYLLIECTBY KOLLIME PEX UMbl TCYCHM 51 HBIOTOHOBCKOC
[PU HU3KHUX CKOPOCTSIX U NCEBIOIJIACTUYHOE — [1PU BLICOKMX CKOPOCTSIX CIBMIA.
Ecnun B MCXOnHOI aMcCNepCcHOI CHCTEME CYLLUECTBYIOT OrpaHMYEHM 1 Ha pa3mep arpe-
raToB «CBEPXY», TO €CTb OOJIbIIIME arperatbl HE MOT'YT 0 KAKMM-TO NpHYMHaAM obpa-
30BaTbCS, TO IMPH HU3KUX CKOPOCTSX CABUTA CYLLECTBYIOLLME arperaTbl He ClOCOOHBI
pa3pyuwarecs (pacTsru BaloIME ru ApOAM HAMHYECKHE CUJIbl MEHBLLIE CHJ1 CLICTIJICH U S
mexay yacruuamu). [loaromy pasmepsbl arperaroB B CpeHEM IIOCTOSIHHbBI, U COXpa-
HSIETCA NOCTOSIHHOE 3HAUYCHME BA3KOCTH. Takoe noBeacHHME THTTUYHO 151 pACTBOPOB
M pacIiJlaBoB MOJIMMEPOB, a TAKXE [1J151 HEKOTOPBIX CYCIIEH3UI U OMYJIbCHM.

[Mpu BHICOKMX CKOPOCTAX B INOJIMMEPHBIX CUCTEMaX JOCTATOUHO YacTo HabJona-
€TCS1 SIBJIECHUC «CPBIBA MOTOKA», WJIH «CPbIBA TECUCHUS», IPH KOTOPOM HAIPSIKCHHE
CIBUIa T CTAHOBMTCS MNOCTOSSHHBIM MJIM JaX€ YMEHbILAETCH, a 3HAYCHUE BSI3KOCTH
PE3KO YMEHbIIIAETCs ¢ pocTOM cKOopocTu caBura. OobiyHO |9] 310 siBNeHuE OObSICHS -
0T pa3pyLICHMEM AAr€3MOHHBIX CBSI3CIT M CKOJILXEHHEM MaTepHasa no CTEHKE, BaJib-
TEepPHATH BHOM BapyaHTe MOI'yT pa3pyliaTbCs HE aAre3MOHHbBIC, a KOr€3UMOHHbBIE CBSI3H,
TO €CThb PA3pPblB U CKOJILXEHUE MOT'YT MPOHUCXOAMTHL BHYTpM nosumepa. Ha puc. 3.1
CUMBOJI Sp OTMEUAET yYaCTOK PE3KOIro cliaja BSI3KOCTH IPU MOCTOSIHHOM WJIM CHHU-
XAawIleMcsl 3HAYCHU M HaMpsi)KeHUsl CaBUra T, NMPUMYEM HauMEHbIIICE MOJYUYEHHOE
3HAYCHMUE BSIBKOCTH NPUOAKXKAETCs K BEIHUMHE KO3(PduiimeHTa Ba3kocTu Kaccona
1,, TO €ECThb K 3HAYEHU IO BSI3KOCTU CUCTEMBI C [TOJIHOCTBIO pa3pyllIEHHO#H CTPYKTYPOIi.

Habnwopawrcsi pasjimuHble BuMIbl  CJHOXHOIO PCOJIOrMYCCKOro TOBECACHHMS
(pmc. 3.6). OnHaKO BCE MMEIOLIHMECS JIETaJlM KPHBBIX BSI3KOCTH MOXHO OOBSICHWTH
B paMKaxX eM HOro MeXxaHHu3Ma TEeUEHM A1, ONMCHIBAIOIIIEro NOTEPH SHEPIruu Nnpu ooTe-
KaHUM OTIAEJIbHbIX YACTULL U arperaTos.

B MuuennsipHblX pacrBopax, KOHUEHTPHUPOBAHHBIX 3MYJILCUSIX M CYCIIEH3MUSIX
BOJIOKOH 4YacTo HabJiloaalTcsl J1Ba HEHbIOTOHOBCKMX PEXMMA CABMIOBOrO pa3Xu-
xeHust: npu HU3KuXx (C1) u npu Beicokux (C2) ckopoctsix caBura. OObIYHO peXUM



Puic. 3.6. Buabl choXHOTo peosIorMyecKoro noBeJeHU s CTPYKTYPHUPOBAHHBIX KW AKO-
cTel ¢ AByMs peXHMaMH NJacTHYHOTO, MCEBAONIACTHYHOIO UM HBIOTO-
HOBCKOTI'O TECHCHHA 1NPH HU3KHUX H BBICOKHX CKOPOCTHX CABHUIra H NpoMexKy-
TOYHBIM NEPEXOAHBIM YUYACTKOM TEYEHU A

C1 npeacraensier cobOi naacTuyHOE T€UEHHE ()X PABHO HYJIKO MJIM OYEHBb OJIM3KO
K HyJ©0), pexum C2 — nceBponnactuuHoe teyeHue (¥ >0). MHorna Habnonaercs
Nnepexosl OT HbIOTOHOBCKOIO TEYEHMUSI HearperupoBaHHoO# cucteMmbl (N1) K pexumy
CABMIOBOro pasxuxeHus (C2).

[IpOMEXYTOUYHHIC YYACTKHM YBECJMUYCHMU S BSI3KOCTH MOXHO ONMCATh KaK MOCTe-
NEHHBLIK nepexoa or onHOro pexkuma teueHust K apyromy (Cl +C2 wiu NI + C2),
TO €CThb IMJIATAHTHOE TCUYCHMUE MEXAY IBYMS$ pPEXXKMMaMH CIBHIOBOIO Pa3XMXXCHMS
HE SIBJISIETCSI CAMOCTOSITEJIbHBIM BUIOM T€YEHUSI. Takoe npeinosjoxXeHUe rnojijaepxu-
BacTcsi MHeHuem bapheca [168], 4To yyacTOK yBeJiMueHUS1 BA3KOCTH (CABHIOBOE 3a-
TBCPACBAHUC MJIM IWJIATAHTHOC TCYCHUE) HAXOOMTCS MEXK 1Y IBYMS YYACTKAMM CBU-
IOBOI'O Pa3>XMXEHHUSI.

CnBuroBoe 3aTpepacBaHUe, M0 HallleMy MHEHHIO, CBSI3aHO ¢ 0Opa3oBaHMEM HO-
BbIX arperatoB B pe3yJibTare COydapeHUi YACTHIL NMPH BBICOKHMX CKOPOCTSIX CABHra;
npv 3TOM BO3HMKaeT 00Jiee CHJIBHOE CLCIJICHME MEXAY YacTHLaMU. TaKylo HOBYIO
CTPYKTYPY B MU LICJUISIPHBIX pacTBOpPaxX MHOIA HA3bIBAlOT CTPYKTYPOIi, UHAYIIMPO-
BaHHOM caBuTroMm (SIS). INpoMexXyTOUHBII, NepexoaH bl i y4aCTOK HA KPHM BOM TEYEHM 1
npeacrapysieT co0oit CMEIEHHE IBYX PEXXUMOB T€YEHHU A, 10JIS1 arperaTtoB, «[pyUHal-
JIEXKALIMX» BTOPOMY PEXMMY TECUCHMSI, MOCTENEHHO YBEJIMUMBACTCSI C YBEJIMYEHUEM
CKOPOCTH CABMIA.

Hanuuue pa3HBIX pEXKMMOB TCYECHHS W NMEPEXOAHBIX YYACTKOB MEXJ1Y HUMH SIB-
JISIETCS1 IPUHLMITMAJIBHO BaXXHbIM U151 IPaBUJILHOIO BLIOOpa MHTEpBAJIa annpoKCH-
MaLMKM KOHKPETHBIM PEOJIOFTMYECKUM YPABHEHHUEM.

3.4. puMepbl CNOXXHOIO PeoNOrMYECKOro NOBEAEHUA

PaccMoTpuM peorpaMMbl, Ie UMEKTCS OTAEJIbHbIC PEXHMbI TEYEHUS U NEPEXOOHbIE
y4yaCTKH MEXIAYy HUMHU. Bce yyacTKu TedeHus, r11e npeanoaaraeTcs rjacTuH4HoOe UiH
NnceBaornjacTHuHOE TeYEeHHUE, al I poKCMMU POBaHbl 0O00OILIEHHBIM YpaBHEH UEM TEYUE-
Hust (OY'T).



3.4.1. PesxuMBI HBIOTOHOBCKOI'O T€YCHHUS H NMCEeBAOIIACTHYHOIO
TeYeHUs

PaccMOTpHM HEKOTOPHBIE TEKYUYHE CHCTEMBI, BKOTOPHIX ITPU HU3KKHX CKOPOCTSIX CIBHTa
WMEETCS Y9aCTOK HBIOTOHOBCKOTO TCYCHH 51 C MOCTOSTHHOIM BSI3KOCTHIO U ITPH BHICOKH X
CKOPOCTSX — YYaCTOK CABHUIOBOTO pa3XMXeHus (NMCeBAONIACTHYHOIO TCUCHHUS).

PactBop JIHK (DNA in Tris-EDTA) niposiBnsieT peonoruyeckue cBoiictsa [243],
TUTIUYHBIE JIJIS1 PACTBOPOB MOJMUMEPOB B LIMPOKOM HMHTEPBAJIE CKOPOCTEl CIBUra
(puc. 3.7, a). YeTko onpeaeneHbl y9aCTKH C MOCTOSIHH BIM 3HAY€HUEM BSI3KOCTH B 00J1a-
CTH HU3KHWX CKOPOCTEI C/IBUTA IMPH HU3KOH KOHIIEHTpAaIMH OMornonuMepa. DTH y4acT-
KW UCKJTIOYCHEI U3 MPOILEAYPH anMmpoKcCUMaIuu 0000IIEHHBIM YPaBHCHHEM TCYCHUSI
(OYT), BeiOpaH MHTEpBaa CKOpPOCTEi C/ABUIa ¢ 3aMETHBIM CHHUXXCHHMEM BSI3KOCTMH.
PacdeT MPOBOMMIICST METOIOM HeNMHelHOI perpeccuu ¢ CKP =Y (12 —1/% y? | pe-
3yJILTATH MpeJiCTaBJICHB Ha puc. 3.7.

3a BeJIMYMHY «HBIOTOHOBCKOI BSI3KOCTH» 1), MPUHSATO 3KCIMEPUMEHTAJIEHOE 3Ha-
YEHUE BSI3KOCTH MPH HAMMEHBIIIECH CKOPOCTH CJIBUTA, MO3TOMY BEJIMYMHA CKOPOCTH
C/BHTaY,, MPU KOTOPOIl «<HBIOTOHOBCKAS MpsiMash» rnepecekaet KpuByo OYT, HeMHO-
ro 3aBHIIIEHA MPU BHICOKUX KOHIIEHTPALUsIX OUOMOJIMMEpa.

B kopHeBHIX KOOpnuHaTax (puc. 3.7, 6) HAOMOMAETCs TEHJACHIMS K TMEPEXONY
K «nmpsiMbiM K3ccoHa» B npenene BHICOKUX CKOPOCTEN caBUra, 4to SABJASIETCS NMPU-
3HaKoOM npurogHocTu OYT st aHamu3a sKCNepuMEHTAIbHBIX JAHHBIX, ICHO BREIpa-
SKEHHBIE YYaCTKH HBIOTOHOBCKOIO TE€YCH M ST MPHU HU3KKM X CKOPOCTSIX UMEIOTCSI Ha pPeo-
rpaMMax MHOTUX PacTBOPOB U paciijlaBOB MOJIUMEPOB [4].

IloBeeHUe KO3(P(PUITHEHTOB PEOJIOTMYECKOTO YPaBHEH U S MPH MOBHIINIEHUH KOH-
IIEHTPAIMU COrIacyeTcsl C BEIBOJIaMU 0000IIIeHHOI Mosiesu TedeHusi: KoadduiiueHT
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Puc. 3.7. Kpussle Bsa3koctu pactBopa JHK B ABOIHHEIX norapuMuyecKuXx KOOpau-
Hatax (a) v KPpUBbIE TEYEHH S B KOPHEBLIX KOOPAWHATAX (6) Ans pa3snuyHbIX
KOHLUeHTpaluii onononumepa. IlosicHeHust B Tabn. 3.5: kpy>XkaMu 000-
3HAYCHA TOUYKA NEPECCUYCHU A «MPSMOI» HBIOTOHOBCKOTIO TEYECHHUS C KPHBOM
00OO0LLEHHOrO ypaBHCHH A TEUCHHSI; CIIpaBa OTMEUYEHbI 3HAYCHUS 1),; LUTPH-
XOBas JIMHHUSA pasfensierT yyaCTKH HBITOHOBCKOrO W HEHBKTOHOBCKOIrO
TEYEHUS



Tabnuua 3.5. Ko3adduumeHTs 0000WIEHHOrO ypaBHEHHWsI TCYEHMWs JUIs pacTBOpa
JAHK npu paznuyHBIX KOHLEHTPALMUAX, 3HAYECHHU S NPEACIBHON HYyJie-
BO# BSI3KOCTH M HBIOTOHOBCKOI# BSI3KOCTH MPH HU3KKU X CKOPOCTAX CABH-
ra, 3Ha4ye€HUs CKOPOCTH C/IBMTa, NPHU KOTOPOI «HBIOTOHOBCKAN MPsiMa si»
nepecekaeTcsi ¢ KpMBOK 00001EHHOI0 ypaBHEHHUA TEYEHUS

C, r/n 0,72 0,6 0,5 0,39 0,28 0,21

7/, Ma"” 0,579 0,508 0,440 0,393 0,367 0,333
n?, (Ma-c)"” 0,0411 0,040 0,0391 0,0377 0,0342 0,0315

x, ¢’ 0,212 0,316 0,583 0,837 1,589 2,955
n, (Ma-c)"”’ 1,15 0,817 0,493 0,343 0,213 0,120
n"(0) 2,77 1,64 0,793 0,507 0,274 0,144
AN v 0,309 0,337 0,385 0,451 0,502 0,811
CHUMBOJIBI pomMO TPEyr. KBaapar OT. pOMO OT. TPpEyr | OT. KBajapart

BA3KOCTH KaccoHa 1, M KO3 PUUHMEHT arperauMu T, yMEHbILIAIOTCH ¢ YMEHbILIEHHEM
KOHLEHTpaLHHU, YTO, B 001LIEM, COMJIacyeTcsl C ypaBHEHUSIMHU
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3necb @ — oObeMHasi KOHLEHTpALMSI, KOTOpasi 1pornopiuHoOHalibHa MacCOBOM
KOHLIEHTpauuu aucnepcHoii paspl. KoadduumeHTo kK U A ONUCHIBAIOT ruapOaUHA-
MHYECKOE B3aUMOACHCTBUE OTAEbHBIX YACTULL B CIBUTOBOM TEUECHH M, KOIPDHLIHEH-
Thl kK, U A, CBSI3aHBI C ITHAPOAMHAMHYECKUM B3auMoncicTeuem arperatos. [lpu atom
KO3(puuuecHTol Kk 1 A HEC ODYCNOBJICHBI KAKOW-JIMOO peasibHOW yNaKOBKOWH 4YacCTHII

04 | 1M

lgn

—0.6 | 45 [ 7.7 =451,2
03 HEHbIOTOHOBCKOE )
B | TEYEHHE 12 —

. al 1, 1,02

HBIOTOH

1.2 v=1,93
14l 35 |
—1.6 } 3
—1.8

9 2.5

-1 -1 0 1 2 Ig'f

Puc. 3.8. KpuBble BSI3KOCTH BOAHOM CYCNMEH3UM MOHOAMCNEPCHOrO JlaTekca C pas-
mMepoM yacTul 250 HM B BOMHBIX NorapupMMUYEeCcKUX KoopauHatax [244)
npyu 00beMHOI KOHUeHTpauuu 0,45 (1), 0,44 (2), 0,43(3), 0,41(4) (a) v kpuBas
BA3KOCTH pacnyaBa noauctHpona [175] ¢ y3KMM MOJEKYISAPHO-MACCOBbIM
pacnpegenieHueM (60). CnnowHbie TMHUKU — OVT. LUTpuxoBas TUHUS pas3-
JNEJISIeT Y4aCTKH HBIOTOHOBCKOIO U HEHBIOTOHOBCKOTO TEYEHMU I



B arperatax. KoagduumeHT ¥ xapakrepusyeT pbixJIO€ MJIM KOMIIAKTHOE CTpOeHuHe
arperaTta, €ro HyJ€BO€ 3HaY€HHE COOTBETCTBYET CIJIOLIHONI CETKE YAaCTHIl UJIU Ma-
KpOMOJIEKYJI, NpensiTCTBYIOLEH TeueHUI0. [IpH yMeHbIIEHHN KOHUEHTpaluu Ko3gd-
(GULMEHT KOMINIAKTHOCTH ¥ YBEJIMYMBAETCS B OIIMCAHHOI CHCTEME.

CycrieH3usi MOHO/IMCTIEPCHOr O JlaTeKca B Bosie [244] neMOHCTpUPYET yHACTOK HbIO-
TOHOBCKOIO T€UEHHMS MPH HU3KHUX CKOPOCTSIX CABHIa, Kak oKa3aHo Ha puc. 3.8, a.

Touku Ha KpUBBIX OTMEYalOT NnepeceyeHHe «HbIOTOHOBCKON NpsiMOM» ¢ KpHUBO#
0000111EHHOIrO ypaBHEHHUS TEUCHHUS.

JlBa cXOHBIX yyacTKa TeYCHHs1 0OblYHO HabJI101aK0TCsl B paciijlaBax NnoJiuMepoB
C Y3KUM MOJIEKYJISIDHO-MAacCOBBIM pacnpeaesicHueM. TUNMUYHOE <«HbHTOHOBCKOE
[JIaTO» HA KPUBOM BSI3KOCTH MNOJIMMepHOro pacniasa |175] noka3zaHo Ha puc. 3.8, 6.
KoapPpuumeHTo 000011IECHHOTO ypaBHEHUSI TCUCHMUSI, KOTOPbIM ONKUCBLIBACTCS y4a-
CTOK cllajia BI3KOCTH, paBHbl: T7” = 451,2 [Ma"’; 1" = 1,02 Nac"’; 3 = 1,93 ¢~

3.4.2. Ilepexonublii AMIATAHTHBLIN YYACTOK MEXAY peKHMaAMH
TeYeHusl

[lepexoa Or OaQHOro peXXMma BS3KOIUJIACTHYHOIO TEYEHUS K APYroMy YEpes luJa-
TAHTHBLIA y4acTOK nokasaH Ha puc. 3.9, 3.10. 3kcnepuMeHTaJIbHbIE JAHHBLIC B3SITHI
U3 padoThsl |245]. AHanOru4yHbBIC pe3yJibTaThl MOJIYYEHBI MPU aHAHU3€ KPUBBIX TCYC-
Hus [246].

PexxyMbl TEYEHUS MPU HU3KKMX U BBICOKMX CKOPOCTSIX CIIBUTIAa XOPOI1110 OINMKUChI Ba-
ot1est OY'T, 3a MCKJIIOYEHUEM Calydast, ra¢ HabM0aaeTCsl CpbiB TCUYCHUST (CHUXKEHME
HalpsiXXEeHUs! CABHIA CO CKOPOCTBLIO caBura). BaxXHO OTMETHTbL, YTO 3HAYEHHSI KO-
3MPUILIMEHTOB PEOJIOrMYECKOrO YPaBHEHHUSI H3MCHSIIOTCSl OIMHAKOBO IPU Mepexose
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Puc. 3.9. Peonornueckoe nopeaeHHue cycrneHsum noaupuHunxaopuaa (IBX) B nna-
ctumkatope am-2-stunrekcun 0-dpranatr (DOP) Bsskocteio 0,054 MNa-c:
NOJIMJAMUCNEpCHAas CYCIEH3UMs CcdepHUecKUMX yactvu paauycoM 0,7 MKM
¢ 06beMHOI KoHUeHTpauueii 0,57 [245] oTMeuyeHa Kpy>XXKaMM;, MOHOIM-
crnepcHasi cycneH3mst yactui paarycom 0,625 MM ¢ koHUeHTpameit 0,53 —
TPEYTONBHUKOM, ¢ KOHLeHTpauuen 0,57 — poMoomM [134]



Puc. 3.10. Peonorvueckoe nopejicHUe CycneH3nu nonvMmerunmetrakpunara (PMMA)
Bnonustunenrnukose (PEG-200). PacueTHble kpuBbie NOCTpoeHBI OOV T
OTAEJIBHO AJIsi HU3KMUX U ANsl BHICOKUX CKOpOCcTeil capura. BepTtukanbhbie
JIMHWUHU pasacisiioT y4aCcTKM TEYEHUS: 1BA PeXXHUMa MCEBAONJIACTUYHOTO Te-
YeHHs U MepexoaHblii AMNaTaHTHBIH ydyacTOK. JlaHHbie U3 pabothl [246].
3naveHMs1 KoapdHuHeHTOB — B cucTeMe CH

OT PEXUMA TEUEHMU S IPU HU3KHU X CKOPOCTSIX K PEXUMY TEUEHH S1 I1PH BBICOK M X CKOPO-
cTax capura: Koadp@uuumeHT arperatmum T:,’} * yBesnuuBaeTcs, KOOMQUIIMEHT BA3KOCTH
KsccoHa n:,’ ’ takxe yBesmuuBaetcst, KOOM@PUIUMEHT ¥ NPaKTUUYECKM HE U3MEHSICTCSI
WJIW YBEJIMY U BACTCSI.

B npeacraBnaecHusaX 06001LLEHHON MOOCJIHM TEYCHU S 3TO O3HA4YacT, YTO YBCJIMYH-
BAlOTCSl KaK CpeIHUE pa3Mepbl arperatoB, TaK U pasmepsl nepBuyHbIX yactui. [pu-
YU HOI 3TOro 3 ekra MOXET ObITb YBEJIMYCHHME CUJIBI CLICTIJIEH U MPU COYaapEHUAX
yacTHll B paOHE BLICOKHMX CKOpocTEil caBura. [lo-BuaumMomy, yBeJiIHUEHHE KOIP (DU -
LIMEHTAa ‘n:j’ ’ cBsI3aHO ¢ 0Opa30BaHUEM YCTOIYMBBIX 11yOIETOB YacTHLL, KOTOPbIE UI'pa-
0T POJib «HOBBIX» MEPBUYHBIX YaCTHIL NPU nocneayoieM (popmMupoBaHUM arpera-
TOB. BSI3KOCTBH CYCIIEH3MH, COCTOSILLEI U3 MPOUYHBbIX YACTHI-AYOJIETOB, MHOI'O BHILLIEC
BA3KOCTH CYCINEH3UHW OTACJbHBIX YAaCTULL IMPU TOM XKE KOHLEHTpaL UK.

Ha puc. 3.11 nokaszaH yyacTok BsizkoriactuuHoro teueHus (1), nepea koropbim
HaOJoaeTcsl ydacTokK HepaBHoBecHoOro TeueHust (1) U Kotopbl il 3aBepiiiactcest pe3kum
NnoabEMOM BSIZKOCTU Ha auyiataHTHOM y4dactke (I11). Bo3aMOXHO, 4TO npu gajbHei-
LIeM YBEJIMYEHHHW CKOPOCTH MOSIBUTCH HOBBIH YYACTOK BA3KOIJIACTHYHOIO TCUCHHUS,

[lepexon OT HBWTOHOBCKOINO peXHMa K BA3KOMJIAaCTHYHOMY MNoKa3aH
Ha puc. 3.12, a. 3nech TaK>Xe MMEETCSl pe3Koe IMpeBblllIcHUE NMpeacsibHOM BA3KOCTH
T, HaJl BEJIMYMHOI TepBOHa4YaJibHOM HBbIOTOHOBCKOK BA3KOCTH T),, YTO YKa3biBact
Ha oOpa3oBaHUE YyCTOMUYUBBLIX AyDJ/IETOB HA MHTEPBAJIEC BHICOKUX CKOPOCTEil CABUIa.
[lepexon OT BO3MOXHOro pexuma HbIOTOHOBCKOIO TEYEHHS CTPYKTYpHPOBAHHOM
CHCTEMBI K ICEBAOIJIACTHYHOMY TCUYCHH IO Yyepe3 HEOONbLIOH NMNAaTAHTHHIM y4acTOK
nokKasaH Ha puc. 3.12, 6.

[lepBoHayasibHbIM JUJATAHTHBLIH Y4Y4acTOK HHOraa Habnwpaercst npu T€YEHUH
aucnepcHbix cuctem. B Kauecre npumepa (puc. 3.13) npuBeacM KpuBbIE TCUECHHS BO-
JIHO# CyClneH3uu conoJiuMepa BUHUWJIOBOro agupa v aKkpusara, noJiy4YeHHOM nyrem
3MYJIbCHOHHOI nonumepusanuu [248]. INonHoe conepxaHue TBEpOOro conosiumMmepa
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Puc. 3.11. Peonoruyeckoe nopeaeHWe KOMMEPYECKOK CycneH3MH kBapua (450 um)
B nonustuneHrnukoe (PEG-200) B aABoiiHBIX NorapHMHUYECKH X KOOPAH-
HaTaX (a) v (g), KPMBLIE TEYEHUSI B KOPHEBLIX KoopAMHaTax (6). Jkcnepu-
MEHTaJIbHbIC JaHHbBIe U3 pacoThl [246]. OTMeuYeHBI rpaHU LB HHTEPBAJIOB
annpokcuMaumiu. 3HadeHu st Ko3¢hGULMEHTOB NMpUBeaeHbl B cucteme CH.
Vyactok | — HepaBHOBecHOe TeueHUe, 11 — ncepnonnacTtMUHOE TEYEHME,
1l — nepexonHblii AMNATAHTHBIM YYACTOK

B Bozie 44 %, cpenHuii pasmep yactur paBeH 0,08 MkM. B KauecTBe HANOJHUTENS 10-
GapJisiJICsl NMOPOILIOK OKCcuia TUuTaHa ¢ paauycom yactuy 0,34 mkm. /1o Hayana usme-
pEHU i cucTeMa noaseprajiacek npeaBaputenbHoMy casury. Ha puc. 3.13, a nokaszaHbl
KpHBbIE BSI3KOCTH, MOJIyYEHHBIE MPH yBeJIMueHUH ckopocTH casura (T) v npu yMeHb-
LIEHU U cKopocTH caBura (1).

KpuBble NpaKTHYECKH COBNAaAalOT HAa Y4ACTKE MNCEBAONIACTUYHOIO TEYECHUS, YTO
CBUJIETEJILCTBYET O OLICTPOM YCTAHOBJICHHHW paBHOBECHOI'O COCTOSIHMA TeueHusi. He-
KOTOPOE 3aHUXEHHUE IKCINEPUMEHTAJIbHBIX TOYEK HA AWJIATAHTHOM YYaCTKE MOXET
ObITb CBA3aHO C 3aa3/iblBAHUEM B [1POLIECCE BOCCTAHOBJICHUS arperarosB INpu 3ajaH-
HOM BPCMEHH U3MEPEH USI.

TeM He mMeHee, AunaTaHTHBII Y4acTOK SIBJISIETCS! BIOJIHE peaJibHbIM M, 110 Ha-
IIEMY MHCHUIO, NpeAcCTaBIsSiET cODOi nepexon oT HbIOTOHOBCKOIO peXXUMa TEYEH U s
Ha OYEHb HU3KUX CKOPOCTAX CABUIa K MCEBAONJIACTHYHOMY TEYEHUIO B pailOHE Bbl-
COKHX CKOpOCTEil.
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Puc. 3.12. Tlepexon oT pexXMMa HLIOTOHOBCKOTO TEYEHHUS K PEXXMMY NMCEBAONNACTHY-
HOrO TEUEHUSA Yepe3 AMNATAHTHBIH YYacTOK: @) CYCMECH3UA CTEKJISTHHBIX
cep pannycom 1,2 MKM B cMecH rnuiiepuH—Boaa (86,1/13,9 no macce) npu
KOHLeHTpauuu 0,57 (pomObl) 1 0,55 (TpeyronbHUKH) — AaHHBIE U3 [245].
BepTukanbHble THHUM PA3AENAIOT YYACTKH TEYECHUS: YKA3aHbI 3HAYCHUSA
ko3 dunmenTon BaszkoctH (Iac) ang cycneH3uu ¢ koHneHTpanueii 0,57;
6) 2 macc.% BoaHOro pacteopa ruipopobU3NPOBAHHON NMONHAKPUIIOBOKH
kucnotsl (HMPAA3 %250kCI18) npu pH 7 |247] npu pa3nuyHON KOHIIEH-
Tpauuu NaCl, ykazaHHON Ha pUCYHKE
140
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Puc. 3.13. KpuBele BA3KOCTH BOJHOI CYCMEH3WH COMOJIMMEpa BUHUJIOBOro adhupa

U aKpUNaTa Nnpu pasiMyHOM CoAepXaHuM okcuaa TutaHa (5 m 10 yacreii
okcuaa Ha 100 yacrteit TBepnoro cononumepa) B noaynorapudmMuyecKmux
KOOpPAMHATAX (@) U KPUBHIE TEUEHM S B KOPHEBBIX KOOpaAuHaTax (6). 3auep-
HEHHbIE CUMBONBI COOTBETCTBYKT YBEMYEHHUIO CKOPOCTH caBura. [JaH-
Hble U3 |248]



B BonHBIX pacTBOpax ruapododu3npoBaHHBIX NONMMEPOB |247]| HabnonaloTCs
nepexonbl OT pEXXuMa HBHOTOHOBCKOIO TEYCH KA K PEXKHMY BAZKONMJIACTHYHOIO TEC-
YEHUS] NPy HU3KUX KOHLEHTPALMSIX U TAKHE XK€ nepPeXoabl YEPe3 nPOMEXKYTOYHBI i
JIMJIATAHTHBIH y4acTOK npu 00Jiee BEICOKHMX KOHLEHTpauusix nojaumepa (puc. 3.14).
BenuyuHa HbIOTOHOBCKO# BSI3KOCTH BEJIMKa, YTO YKa3bl BAa€T Ha arpermpoBaH HOE CO-
CTOSIHHE CHCTEMBI MPH HU3KKUX CKOPOCTSIX CIBHUTA.

[lepexon 0T ONHOrO HEH BIOTOHOBCKOTO peXuMa TeYeHusl K IPYTrOMY MOXET ObITh
BBIPAXXEH HEAOCTAaTOYHO 4eTKO. Hanpumep, B 40%-Hblii BOAHOM CYCNEH3MM LIMPKO-
Husl BA3KOCTb nocturaet 1,4 I'la-c, 4To 0ObsICHSsIETCSI arperalmeil YacTul Lu PKOHuU S
[249]. INpu yBenuw4YeHuu CKOPOCTH CABHTA BSI3KOCTh PE3KO CHHIKAETCS, 3aTeM YyBe-
JIMYUBAETCH W CHOBA CHMKAETCS. XapakTep TEYEHH S B paOHE HHU3KHMX CKOPOCTEMH
YCTAHOBUThH 3aTPYyAHHMTEJILHO, HO HA Yy4aCTKE YCTAHOBHMBLIEIroCsi TEYEHu sl pa3BuBa-
eTCs pexXuM njacTuyHoro tedeHus (y =0). OpuruHanbHble NaHHBIE [249] noka3aH bl
Ha puc. 3.15, a. Pe3ynbratel noayyeHbl npu aobapaeHuu aucnepranta Dolapix, Ko-
TOPBIil CYLIECTBEHHO CHMXXAET BSI3KOCTh CYCNEH3U U, NPUBOAS K PEXXUMY HBIOTOHOB-
CKOIO TEYEHHU Sl NPU CHUXKEHUU KOHLEHTpauu 00 12,5 ppm.

[lpoMeXyTOUYHBIE NUJIATAHTHBHIE YYaCTKH YacTO BCTPEYAKOTCS B PEOJIOTUH MHU-
HEJUISIPHBIX pacTBOPOB [213, 214], npuMepb nepexoaa OT HbIOTOHOBCKOTO K BSI3KO-
nJaCTUYHOMY NMOBEJCH M IO NpPeACTaBJEHbl Ha puc. 3.16.

PaccmoTpuM noapoOHee CuCTEMBI, Tae (hOPMUPYIOTCH HUTEBUIHBIE HJIM YEPBE-
obpasHeie Muiesuiel. Monekynel I1TAB Gemini Surfactant 12-2-12 cocrosT u3 aByx
aMpu@unbHBIX YacTei (CDHH(CH;)EN_BF) C 9TUJIEHOBOW NEPEMBIYKOIl — cneii-
cepom (CH,), Mexny nBymMsi nOHaMu a3oTa (TO €CTh MeXay ABYMSI nmOJsIPHBIMM
rpynnammu).
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Puc. 3.14. Tllepexon OT pexXHMMa HbIOTOHOBCKOIO TEUEHUH K PEXUMY BA3KOMNACTHY-
HOTO TEYEHUS: @) CMELUAHHBIE BOJIHBIE PACTBOPBI THAPO(OOH3HPOBAHHBIX
nonumepoB i-CDPAA u HMPAA3 9%250kCI18 npu MOnSIpHOM OTHOLUEHWM
1:1 80,1 M BoaHoMm pacteope NaCl npu pH 7. lNMonHbie nONMMEPHBIE KOH-
LHEHTPALIHK YKa3aHbl Y KpUBLIX; 6) 2%-Hbiii pactBop HMPAA3 %250kCI8
0e3 nodaBneHUs (TOYKM) U NpM A00aBNeHUM aofelmicynbpara HaTpus
(poMOBI). IKCcnepuMeHTaNbHBIE JaHHBIC U3 [247]. YKka3aubl koadduIMeH-
THI BA3KOCTH ANl HUXHel kpuBoii (Ma-c)



Konuentpaumsi [TAB B Boze (unm neiitepun) nocratouHo Mana (ot 0,1 % no 1,8 %),
4TO NO3BOJIMJIO OTHECTH CUCTEMY K pa3daBiieHHBIM pacTBOpaM, KOHLEHTpaLUsi KO-
TOPBIX HHXXE KOHLEHTpauuu nepekpoiBaHusi Muuens [213]. OCOOeHHOCTH peosoru-
4eCKOro rnopefeHusi, NpeacTaBaeHHoOro Ha puc. 3.16, @, 00bSICHSIIOT OOBIYHO BO3HHMK-
HOBEHHWEM CTPYKTYPbl, UHAYLIMPOBaHHOI cnBurom (SIS).

Huxe vy, BI3KOCTb MaJia U NPaKTHYECKU HE UBMEHSIETCS1 CO CKOPOCTHIO, COCTOS-
HuE paBHOBeCuS nocTuraercsi ObIcTpo (MeHee 15 ¢) w npennonaraeTcsl, YTO YepBeo-
Opa3HbIE MULENJIB PACMOJIOKEH Bl XaOTMYHO. BeillIe Y, HA AMIATAHTHOM Y4YaCTKE BSA3-
KOCTB IOCTHTAET PABHOBECHO# BEJIMYMH bl 32 3HAYMTEJIBHOE BPEMsi [, MPEBBIIAOIIIEE

M 1/2

1,6 } 25 b T 0 ppm
, | 25ppm q
o

o._ A :
1 F BE;E' + PaBHOBECHOE
+  COCTOSIHHE

HEPaBHOBECHOE

0 1 L i
0 2 4 6

Puc. 3.15. Peonoruueckoe noseneHue 40%-Hoi BOAHOM CYCNEH3UM LIMPKOH WS C pa3-
JUUYHBIM cosepxaduem aucnepradTa Dolapix (yka3zaHbel y KPUBBIX): KPH-
BbIC BA3KOCTH B OOBIYHBIX KOOPAMHATAX (@) U KPUBBIC TEMCHWSA B KOPHEBBIX
KoopauHaTax (0). Xopowo BUAHBI «NPAMBbIE K3CCOHA» MPHU BHICOKUX CKO-
POCTAX CABUTA. DKCNEPUMEHTAJIbHBIE IAHHbIE U3 [249]
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Puc. 3.16. Peonorunuyeckoe noBeacHHE MMLENNAPHBIX PACTBOPOB C AJIMHHBIMH 1M~
JUHAPHYECKUMH (yepBeoDpa3HbiMKU) Muuennamu: a) l%-HHi pacTBOp
MAB 12-2-12 B taxenoii Boae (D,0) [213]; 6) BOAHHI pacTBOP LETUNTPH-
MeTHJIAMMOH U1 GpomMuaa ¢ 1o6aBkoi TolMnata Hatpus [214]



HECKOJIbKO COTeH cekyHa. HO ¢ nanbHeliluM yBelnyeHUeM CKOpPOCTH Ha y4yacTKe
CIBUTOBOrO pa3XWXCHUsI BpeMsl I, CHOBa YMEHbIIAETCsl, B Mpeaesie BHICOKMX CKO-
POCTEN NOCTHUTasl 3HAYEH UM, THMMUYHBIX A1 «<HBIOTOHOBCKOTrO rjaato». [1pu HU3kux
CKOpOCTSIX 00pa3el ONTUYECKH U30TPOINEH, MPH BEICOKUX CKOPOCTSAX MHAY LUPOBaH-
HOE ABYJy4ernpeaomyieHue odpasua CBUAETENbCTBYET OO0 OPUEHTALIMM MU LIEJIJ1 BAOJIb
HanpapJieHUs1 MOToOKa. Yepes |1 ¢ nocne OCTAaHOBKH TEYEHM S ABYJYYENPETOMIEHHE
ucyeszaet. B nonypasbaBieHHBIX cucTeMax HaOGNOmalTCsl nepernyieTeHUusl YepBeo-
Opa3HBIX MU LIEJJT B COCTOSIHUM MOKOS.

O060011IeHHOE YypaBHEHHME TEYEHUSI XOPOLIO OMUCBHIBAET IKCMEPUMEHTAJIbH ble
JIaHHbIE HA YYACTKE BBICOKMX cCKopocTeit casura: T/° = 3,18, 1’ = 0,107, 3 = 1,12.

Bs13KOCTH MULIEJIISIPHOTO pacTBOpPA B pailOHE «H bIOTOHOBCKOIO MJIaTO» paBHA Be-
anunHe,(0) = 0,015 INa-c. [Mocne nocTUXEH ST KPU TUHECKOH CKOPOCTH ¥, OHa OBICTPO
nocrTuraet MakcumanbHOro 3HadeHus 0,1 [a-c, a 3arem no Mepe yBeJIMYEHUS CKOPO-
CTH CMajaeT A0 3HaYeHU i, OIM3KMX K «HBIOTOHOBCKOI» BsiskocTH (M= 0,0115 ITa-c).
Briote 10 3Ha4eHU s CKOPOCTH Y, 0Opa3el] M30TPONEH, TO €CTb HUTEBUAHBIE MULIEN-
Nl OPUEHTHPOBAHBI Cay4YallHBIM 00pa3oM. Beilie Yy, Mo-BUMAMMOMY, MPOMCXOAMT
3HAYMUTEJIbHOE CLEIMJIEHHE MULENJ B arperarbl, BOBHUKAET OPUEHTALIUS arperaTton
B CIBUT'OBOM TEYEHU U, YTO NMPUBOAUT K HADN0aaeMoi aHuzorponuu obpasna. Mox-
HO AONYCTUTh, YTO KOIAa BSI3KOCTh JOCTUTAET MAKCHMAaJIbHOM BEJIMYUHBI, TO O0J1b-
[ast 4actb MULENa yxe o0ObeanHeHa B arperatol. [lo-suaumomy, popMUpOBaHHE
arperaToB MPOMUCXOAUT, KOrAa OTHOCUTEJIbHASI CKOPOCTb HEKOTOPBIX MULIEJIJI CTAHO-
BUTCSI IOCTATOYHOIN 17151 MPEOAOSIEH sl MOTEHIMaJIbHOIro Gapbepa Mex 1y MoJeKysa-
MU [TAB Ha nosepxHoCcTH MuLEeN. JlanbHel iee yBeJIMYEH e CKOPOCTH MO3BOJISIET
rMAPOAMHAMUYECKHUM PAcTSIrMBAIOLLMM CHJIAM pa3pelBaTh arperarsl, 4TO 3aMyCKaeT
MEXaH U3M TEYEH U S, ONMUCAHHBIi paHee 115l CTPYKTYPUPOBAHHBIX CUCTEM.

M3BeCTHO, 4TO KJaccuyeckue KaTuoHHble [IAB, Takue Kak HETMIATPUMETH-
namMmMoHuiopomun (CTAB), oOpa3ytoT chepruiyeckue MULIEJJIBI B BOOAHBIX PacTBO-
pax npu C_ . najbHEHIINE YBEJIMYEHHUS] KOHIEHTPallMK (POPMUPYIOT YIJIMHEHHBIE
(UMAWHAPUYECKHE) MULIENJIB, MPU KOHIIEHTpalMu OKoJ0 (0,7 MOJIEi BO3HUKAET He-
MaTHM4YECKasl, 3aTeM rekcaroHajibHas XHWAKOKpucTtajiuyeckasi ¢asa. JlobasneHue
oprannyeckmnx colTAB (Hanpumep, canuuunara Hatpusi NaSal) cnocobcTByeT pocTty
LMJIMHOPUYECKUX MULIE. B cucTEMax HUTEBUMAHBIX MULIEJIJ YaCTO HAOII0NAKTCs
HBOTOHOBCKOE TEYEHUE MPU HU3KUX CKOPOCTAX CABUTIa, CABHIOBOE 3aTBEpaEeBaHHe
Ha Y4aCcTKe CpeAHHX CKOPOCTEM M CABHUTOBOE PA3XMXXEHME HA YYAaCTKE BBICOKHMX
CKOpPOCTEN CABUra. OTH pPeXXMMbl TEYEHUSI OOBIYHO CBSI3BIBAKOT ¢ (POPMHUPOBAHHEM
CTPYKTYPHBI, HHAYLIMPOBAHHOM CABUTOM (SIS).

Ha puc. 3.16, 6 npencrasieHbl TUMMWYHBIE KPUBBIE BSI3KOCTH 11 LIETUITPUME-
TunammoHuiiopomuna (CTAB) B npucytcTeuun Torunarta Harpust (NaTOS) npu nByx
temneparypax [214]. C nosplileHHMEM TEMNEPATypPbl YYAaCTKH HBIOTOHOBCKOIO TeYe-
HUSl PacrpoCTPaHAOTCS Ha 0oJiee BHICOKHE CKOPOCTH (Y, yBEJIMUMBAETCH), HA y4acT-
K€ CABMIOBOIO pPa3KMXEHHUs IKCIMEPUMEHTAJIbHbIE TOYKH, OTHOCSIIMECS K Pa3HbIM
TEMMEpaTypam, NpakTuYeCcKu copnanarot. Kaxnas touka Obljia nony4yeHa B Xoa€ nU3-
MEPEHMSI CKOPOCTH Y NMPH 3aJaHHOM HaTNPsi)KEHWU CABUTA T U COOTBETCTBOBAJA PaB-
HOBECHOMY COCTOSIHM IO TeYeH U4 (y = const).

Huxe y, uMEETCs1 YCTOMYMBBII PailOH HBIOTOHOBCKOIO TEYEHM S, BHILIE Y, HAYU-
HAETCsl YyYacTOK CABMIOBOrO 3aTBEPAEBAHMUSI, HAYMHAS C Y, BI3KOCTb YMEH bIIAETCSI
NOYTH NIMHEHHO (B IBOMHHIX Jlorapu(PMuuecKkux KoopauHarax). MamepeHus owinm



BBIMOJIHEHBI HE MEHEE ABaAllaTH pa3 K MoOKa3aJln XOpOoLly BOCIPOU3BOAHWMOCTD pe-
3yJILTATOB Ha BCEX TpeX yyacTkax Kpusoii siskoct. B onwitax 1T, 24, 3T akcnepu-
MEHTAJIBHBIE TOYKH MPAKTUYECKH COBMAJAKT HA YYaCTKE CABMTOBOIO Pa3KHXEHU
W ONM3KHW APYT K APYrYy Ha yd4acTKax CABHIOBOIO 3aTBEPACBAHHSI M «HBIOTOHOBCKOIO
naaTo».

3.4.3. IlepexoaHblii HLIOTOHOBCKHH YYACTOK MEX1Y PeKUMaMH
TeUYeHus

BriepBbie cxeMa ¢ ABYMSl YyHaCTKaMM CABUTOBOrO Pa3XMXEHUS U YY4aCTKOM HBKTO-
HOBCKOIO TCYEHHUSI MEXJAY HUMM OblJIa UCMOJb30BaHA MPU aHAJMN3E€ JTMOTPOMHBIX
XUaAKmnX Kpuctannos [143]. OnHako B naneHeiieM 6yaeT noka3aHo, 4TO UMEHHO /14
ITUX CUCTEM MPOMEXYTOYHBII YY4AaCTOK HBIOTOHOBCKOIO TCYEHHU Sl YPE3BBIYAHO MaJl
WJIW BOBCE OTCYTCTBYET.

B paGote [250] npenctaBneHbl peonorudeckue naHHeie (puc. 3.17,a) nng ru-
apopoOHO MOAM(PULIMPOBAHHBIX LeOYHOpacTBOpUMBIX mnonumMepos (HASE-
MOJIMMEPBI), B KOTOPBIX OTYETJIMBO HaO0AaeTCs NOAOOHOE «H bIOTOHOBCKOE MJIATO»
MEX Y IBYMSI PEKMMaMH TEYEHMUSI.

ABTOPBI cTaThH [230] paccMOTpenH TOMOJIOrMI0 CETKH, 00pa30BaH HOM MaKpPOMO-
nekynamu. Takasi ceTka siBnsieTcsl IMHaMHU4YeCK MM 00pa30BaHMEM, TO €CTh KOHTAKThI
MEX 1Y MaKPOMOJIEKYTAMM HEMPEPBI BHO BO3HUKAIOT M Pa3PblBAKOTCS B PE3YJILTATE TE-
MJOBOro ABUXEHMUSI M caBuroporoteyeH us. Jlnst HASE-nonvmepa TMunuyHE 1Ba BUA
KOHTAKTOB: TOMOJIOTMYECKME 3aLIEMJIEH Ul CErMEHTOB MaKPOMOJIEKYJT U acCOLlMallus
ruapo(PoOHBIX rpynn, PMKCMPOBAHH BIX HA DOKOBBIX Y4aCTKaX MaK POMOJICKYJI.

[Ipennonaraercst, 4TO NPU HU3KUX CKOPOCTSAX MMEIOTCSl ABa BUIA KOHTAKTOB:
B BUIE aCCOLMATOB ruaApo(QOOHBIX IPyNn U B BUIE 3aLIEMJIEHHI KaK BHYTPU MaKpoO-
MOJIEKYJ1bl, TAK M MEXY COCEAH MMU MaKpoMosieKysaM . [1py noBwILIEH MM CKOPOCTH
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Puc. 3.17. KpuBble BA3KOCTH BOAHOro pacrsopa HASE-nonumepa B ABOMHBIX JO-
rapuMHUUECKHUX KOOPAMHATAaX (@) U KPUBBIE TEUEHHUA B KOPHEBBIX KOOp-
AUHATax (6) ons pa3nUyHBIX KOHIEHTpaLKi nonumepa: 0,8 r/an (pom0),
0,6 r/nn (tpeyronbHuk), 0,4 r/on (touka). Janusie us padotsl [250]. Ctpen-
KM OTMEYAIOT rpaHMIlbl MHTEPBAJIOB CKOPOCTEi CABKTA, rae NMPOBOAMIACH
annpokcumanusa. OTmeyeHsl 3HaYEHUs HANpPsiXXEHKWA CABUra, rae npouc-
XO/MT CPBIB TEUCHUS



CABHUIra KOJIMYECTBO 3aALCMJIEHUN NPAKTHYECKH HE YMEHbIUAETCSsl, HO MOCTENEHHO
paspelBalOTCs accoumatsl rtMaApOQOOHBIX TPy MEXAy COCEAHUMM MaKpOMOJIEKY-
namu. JanbHenee yBeJIM4eH e CKOPOCTU MPUBOANT K pacCuIernyeH ui0 aCCoOLNaTOB
M 3HAYUTEJIBHOMY CHHMXKEHH IO BSIBKOCTH BMJIOTH 0 HAYasa «MaaTto». 3aTéM pa3pblBbl
3aUerJJieHuili MaKpOMOJIEKYJT MPUBOAST K najibHeM LIEMY CABUTOBOMY Pa3KHUXEHUIO.
DTHU COOOPaKEHU I KAYECTBEHHO OOBSICHS IOT HAJIMY ME TPEX YYACTKOB HA KPU BOM BSI3-
KOCTH (puc. 3.16, a). [lpu 3T7OM cuna cuenyieHust Mexay ruapoobHbIMU rpynnamMu
NOJI)KHA OBITh MEHBILIIE, YEM MEXAY CerMEHTAMH COCEAHUX MAaKPOMOJIEKYJ MPH 3a-
LEMJIEHUH.

B pamkax 000011eHHOI Monenu tedyeHusi KOIPGUUMEHT arperaumm T, npsiMo
NMPOMOPLIMOHAJIEH CHUJIE CUEIJIEHUS MEXIY YaCTHLAMM WM MaKpPOMOJIEKYJIaMH,
KOa(pPuumneHT BI3KOCTH KaccoHna 1, o0ycnoBneH O0TEKaHWEeM OTAENBbHBIX YacTHUL
B CUCTEME, I[I€ arperatbl NMOJIHOCTHIO Pa3pylIEHbl U CYLIECTBYIOT TOJIBKO «IMEpPBUY-
HBIE» YAaCTHLIBI. FICHO, YTO CY1LLIECTBOBAHUE ABYX BUJA0OB KOHTAKTOB MPUBOAMT K ABYM
cujlaM CuerJieHus. 3auenjieHus, B ob1ieM, pa3pbliBalOTCs MO3Xe, YeM acCcouUaThl
ruapo@obHeIX rpynrn. «[lepBuUHBIE» YaCTU1IBI MPEACTABJIEH B KAK OTACJIBHBIMU Ma-
KPOMOJIEKYJIAMH, TAK U AHM30METPUYHBIMH IPyNNaMH MAaKpPOMOJIEKYJT, MPOYHO CBSI-
3aHHBIX acconaramu. [MoaToMy KOa(GUIMEHT 1), CPABHUTEJIBHO BBICOK IMPH HU3KMX
CKOPOCTSIX.

[Tpy BHICOKMX CKOPOCTSIX CABMIAa TMAPOAMHAMMYECKHUE Ppa3phbl BAIOLLIME CHJIBI 1O-
CTATOYHO BEJIMKH, MOITOMY MPOUCXOAHUT Pa3pyLLEH UE aCCOLIMATOB BIJIOTH 10 OTAE/ b-
HBIX YACTH1I, B JAHHOM CJiydae MakpoMoneKyJl. «[lepBuuHbIe» yacTuilbl Npeacrasie-
HBbl TOJIBKO OTAE/IBHBIMM MaKpOMOJIEKYJIaMH, U KO3 PUUHEHT BA3KOCTH KaccoHa 1),
yMeHbLIaeTcss. Pa3peiB accolmaToB MaKpPOMOJIEKYJT MPOUCXOAUT MpH OONbLIENH cUne
CLIETMJIEH U$1, 4TO COOTBETCTBYET OOJIBIIEMY 3HAYEH IO KO MUIIMEHTA arperalum T,.
Ha manoM nepexonHOM y4acTKe CKOPOCTEN caBura cnaduie «ruapodobHbie» CBSI3U
MEXAY YaCTHUIIAMM YX€ pa3pyLUE€HBbl, @ MPOYHBIE CBSI3M MEXIY MAaKPOMOJIEKYJIaMHM
ewe cywecTByoT. [loaToMy pasmepsl arperatoB MPakTUHYECKH HE UBMEHSIOTCS, UTO
NPUBOAUT K TEYEHHU KD, CXONHOMY C HBIOTOHOBCKHUM. B 00L1eM, N3MEHEeHHE pexumMma
TEYEH M S CBA3AHO C UBMEHEHHUSIMM KOHTAKTOB MEX 1y HaCTULIAM W MJIM MAaKPOMOJIEK Y-
namu. Miamenenust KoappuiimeHToB 00001LEHHOIO YPaBHEHUSI TEYEHU S, COMJIacy Ko
LIMECS! C MPUBEAECHHBIMU PACCYXIEHUSIMM, NOKa3aHbl B Tadn. 3.6.

[Mo-BuaumMOMYy, pasMep NepexoaHOro HbIOTOHOBCKOrO y4acTKa 3aBUCUT OT COOT-
HOILLIEHUS1 YHUCJ1a CUJIBHBIX M CNIAadBIX CBsI3el Mex a1y yacTuuamMu. [pu GoneiiomM yucie
ruapoO@OOHBIX IPYIN, MPUXOASIIIUXCS HA MAKPOMOJIEKYJY, «HbIOTOHOBCKOE MJ1aTo»
MOXET MPEeBPaTUTHCS B neperud, NOCKONbKY «ruapo¢OOHBIE» CBSI3UM MPOOOJIXKAOT
pa3peiBaTbCH HA OOJIBIIOM MHTEPBAE CKOPOCTEN. JIEUCTBHUTENIBHO, B IPYron padore

Tabnuna 3.6. KosQPuumeHTb PEeonoruyeckoro ypaBHeHMs JIJisi BOAHOIO pactBopa
HASE-nonumepa. 3Be3anoukaMMu OTMEUEHBI 3HAYEHU$, TOJIYYEHHBIE
Npy annpoKCUMAaIlHHU B MHTEPBAJE BHICOKHX CKOPOCTEN CABUTA

KpuBasi PomG TpeyronbHHK Touka
KoHueHTparms 0,8 r/nn 0,6 r/nn 0,4 r/an
7%, Ma'”? 2,9 6,2* 2,2 3,4* 0 1, 7%
n’’, (Mac)'” 0,49 0,025* 0,49 0,062* 0,53 0,036*
x, ¢/’ 0,40 0,91* 1,1 0,91* 0 1,64*




[251] Tex xxe aBTOPOB MccaenoBasiuch aHanorndubsie HASE-nonuMepsl ¢ 0onblunM
4UCJIOM ruapodoOHBIX rpyrnn. Ha KpuBBIX BSI3KOCTH B 1IBOMH B X JJOorapu(dPMHUYECKH X
koopauHatax (puc. 3.18) Habnropaercs neperud, KOTOPHI SIBASIETCH €CTECTBEHHOV
rpaHULIEH MEXIy ABYMS PeXHWMaMM HEHbIOTOHOBCKOIO TEYEHMUS B pAMOHE HU3KHMX
CKOPOCTEH U pallOHE BBICOKMX CKOPOCTEN CaABUTIA.

Ba>XHO OTMETUTB, YTO B 3TUX CUCTEMAX KO3(PPUUHEHTH B 000DIIIEHHOM ypaB-
HEHWH TEYEHM S MBMEHSIOTCH CAEAYIOIIMM 00pa3oM MpH MEPEXOne OT peXuMa HU3-
KU X CKOPOCTEii K PEXHMMY BHICOKMX CKOPOCTEli ciBura: Koo duumeHT arperaumm T
yBenuumnBaercsi, KoadgpuumeHT Bsaskoctn Kaccona 1’ cyiecTBEHHO yMeH bLIAeTCsl,
KOa(hdHumreHT ¥ yBenuuupaetcs. B npeacraBneHnsix 06001IEHHOM MOAENU TEYEHH
I9TO O3HAYaeT, YTO YBEJIMYMBAETCSl CHJIAa CLEIJIEHUs] MeXAYy eIMHHLAMKN TeYEeHHH,
a pasMepbl MEPBUYHBIX YACTULL YMEHBILIAKOTCS. TakXe YMEHBIIAETCS BEPOSTHOCTH

CIMOHTAHHOI'O pa3pbiBa CBSI3EH U YBCJIHYHBACTCH KOMITAKTHOCTB aCCOLLHATOB.
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Puc. 3.18. KpuBssie BsazkocTn BoaHoro pactsopa C20 HASE-nonumepa B 1BOHHBIX TO-
rapupMuyecKux KoopauHaTtax (@) v (g), KpMBbIE TCUEHWUSA B KOPHEBBIX KO-
opaMHaTax (6) Ans pasnUUHBLIX KOHUEHTpauMii nonumepa: 14 r/nn (pom0o),
12 r/nn (tpeyronsHuk), 10 r/nn (touka), 8 r/an (oTKpbiTH it poM0). JlaHHbIE
H3 padotwl [251]. Ctpenku oTMeyakT rpaHUILY HHTEPBaNOB anmnpoKcuMa-
1M (Touky neperuda). 3nauenus koapduumrenToB OYT B Tabn. 3.7



Tabnuna 3.7. KoadduumeHTs peosormyeckoro ypaBHeHUs JUIA BOAHOrO pactBopa
C20 HASE-nonumMmepa. 3Be3aodkaMy OTMEYEHbl 3HAYEHUs, MNONy4YeH-
HbIE MPY anNMNPOKCHMAIIMU B UHTEPBAJE BBICOKMX CKOPOCTEI CABUTA

Kpupasn Pom6 TpeyrosibHUK Touka OTKpbLITHI i
TPEYTONIbHHUK
KoHueHTpanus 14 r/nn 12 r/nn 10 r/nn 8 r/mn
772, Ma'”? 2,2 10,9% 1,7 8,8% 1,2 5,8% 1,0 3,8%
n/’, (Ma-c)"”’ 2,4 0,051* 1,9 0,022 1,2 0,043 0,58 0,055
y A 0,02 1,3 0 1,3 | 0,02 1,3 0,14 1,7

3.4.4. JIpa pexxuma BA3KOILIACTHYHOrO TeYEeHHs

PaccMOTpHMM ciyyaii HEH BIOTOHOBCKOIO TEYEHM S, [I€ UMEKOTCS ABa PEXXMMa BA3KO-
NJAACTUYHOrO T€4YeH st 0€3 sSIPKO BhIPa*K€HHOIO MEPEXONHOro yyactka uau rneperuda
KPUBOH BSA3KOCTH.

Takue cuCTeMBI BCTPCYAIOTCS CPEAH CYCMEH3UIM BOJIOKOH U SMYJIBCUM, a TaKXE
B IMOTPOMHBIX MOJIMMEPHBIX XUAKUX Kpuctannax [181, 234].

BoO Bcex yKa3zaHHBIX MPUMEpPaxX HAa y4acTKE HU3KMX CKOPOCTEM caBura Habnona-
eTcst «npsiMasi K3CCOHa», TO €CTh MMEETCH TEHIAEHIIMSA K OOPAa30BAHUIO CIJIOIIIHOM
ceTKH yacTull npyu Yy — 0. [IpuuyrHB U3MEHEHU S PEXHUMA TEYEHHU S, MO-BUAMMOMY,
CBSI3aH bl C U3BMEHEH MEM COCTOSIHUSI KOHTAKTOB MEXJY YacTHUIIAMMU.

3.5. Onucanune nonHoi peonorMyeckomn KpuBom

[TonHasi peonoruyeckasi Kpupasi Obljia BriepBbI€ 3KCNEPUMEHTANIBHO MOJIYYEHaA JJIs
BOAHO#H cycneH3uu O¢cHTOHUMTA [1. A. PeOunaepom ¢ corpyaHukamu [40, 41]. U3ame-
HEHME BSI3KOCTH 1) HA 6—8 NMOpsiiKOB BEIMYMHBI OOBSICHSJIOCH MOCTENEHHBIM pa3-
PYLLUEHUEM CTPYKTYPH cUCTEMBI. B 3TOI X¢ paboTe Obl/1M BBEACHBI NMPCACTABICHMUS
O HanOOJbILIENH BSA3ZKOCTH MPAKTUUYECKH HEPa3pyLUEHHO# cTPyKTYpPH N(0), KOTOpAas
COOTBETCTBYET BECPXHEMY IJIaTO HA KPUBOM TEYEHUSI, U O HAUMECHBIIEH HBIOTOHOB-
CKOM BSIBKOCTM 7] MPEACSIBHO Pa3pyLUCHHOM CTPYKTYPHl. B MOHOrpagmu A. . Manku-
Ha u A. U. HUcaesa |9] npencrapieHa peKOHCTPYKIIUS OJIHOW M3 3TUX KPUBBIX — 3a-
BUCMMOCTb BSI3KOCTH OT HANPSi>)KEHHUS caBura (puc. 3.3). 9Ty 3aBUCMMOCTb Ha3BaJlu
MOJIHOW PEOJIOrMYECKON KPUBOM, BHAUMO, MOTOMY, YTO OHA ONMUCH BAET YPE3BbIYaANi-
HO OOJIBIION cnaa BA3KOCTHU M, KPOME TOr0, Ha KPUBOI BSI3KOCTH MPEAnoaaralTcs
TPH Pa3HbBIX Y4aCcTKa TCYCHH 51 H bIOTOHOBCKOC MJIATO HA YYACTKAaX HU3KHUX U BBICOKH X
HaMnpsiXkK€HUWii CABUIa U «CABUTOBOE PA3XKHXKEHMe» HAa YYAaCTKE CPEAHUX HaMPSI>)KEH Ui
CIBMTA.

JlanbHelilee pa3sBUuTHE TEOPHsI TEYEHMSI TAKUX CUCTEM MoJaydyusia B paboTtax
H.b. Ypeesa [77], KOTOpHI1 AeTalbHO pacCMOTPEJ Mepexol OT CIJIOHIHOW CETKH
(KapkKaca) yacTu U K OTAEJIBH BIM arperaram noja AeCTBUEM CABUTOBOrO TeYeHust. Me-
XaHM3M TEYEHM s pacCMaTpUBaJICsl KaK MOCJAEAOBATE/IbHBIM pacnaa CTPYKTYpPbl MOA
NEHCTBUEM BO3pacCTalOlLeil CKOPOCTH caBUTa Y (M1 HAMPSIXKEH WS CABUIA T). B HaYaJje
MPOUCXOAMT Pa3peIBCBA3EH MEXAYYaCTHIIAMU C UX MOCJEAYIOLIMM BOCCTAHOBJIEHUEM



B notoke (Bsi3KocThb 1(0)), Aanee cTpykTypa pacnajaaercsi Ha cyneparperarel, 3aTeM
Ha arperathbl U, HAKOHeEll, NPHU OECKOHEYHO BBICOKOI CKOPOCTHU MOXET MPOMCXOIHUTH
NMOJIHBIM pacnan CTPYKTYPHI.

B o0630opHoil ctathbe bapHeca [252] Ovblin pacCMOTpPEHBl CTPYKTYPUPOBAHHbIE
XHUAKOCTH CO 3HAYHUTEJIBHBIM YMEHbLIEHUEM BA3KOCTH MPH YBEJMYEHUH CKOPOCTH
caBura. B yactHocTH, npuBeneHa KpuBast BsisKocth st 10%-Hoit BOoHOI# cycrneH-
3K OEHTOHUTA, peKOHCTpyupoBaHHas A. . MankunHeim no pa6ore [1.A. PeOuH-
aepa 1955 ropa. OHa Bocnpou3sBeacHa Ha puc. 3.21,a. DTH 3KCNEPUMEHTAJIbHbIE
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Puc. 3.19. Peonoruueckue XapakTepHUCTHKH BOJAHOro PacTBopa TUAPOKCHTIPOIMII-
HENNIONO3bl (JIMOTPOMHBIKM XUAKHMHM KPUCTANN XOJIECTEPUUECKOrO THMA)
50 macc.%: kpuBas BA3KOCTH B ABOMHBIX norapuPMryecK X KOOpAHHATAX
(@) v KpuBasi TCUCHHUSA B KOPHEBbIX KoopauHaTtax (0). [JlanHbie u3 paboTnbl
[181]. CTpenka oTMeyaeT «0coby» TOUKY, NMOBTOPSKOLLYIOCS BO BCEX OMbl-
tax. [Npy HU3KUX cKopocTax — «npsimast KaccoHar
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Puc. 3.20. Peonornueckue XxapakTepMCTUKH 3MYNbCUHM Macyia B BoJie B MPUCYTCTBUH
nosucaxapMia: KpUBbi€ BA3KOCTH B IBOHHBIX norapuph)mMUyeCKMX KOOpAU-
HaTax (@) U KPUBBIE TEYEHUS B KOPHEBBIX KoopauHaTax (6). YkazaHa KOH-
LEHTpauus noaucaxapuaa EPS, obbeMHas KOHLEHTpAaLMs Macna paBHa
0,4. Annpokcumaiusi NPOBOJAMIIACH OTAEJIBHO HA YYACTKE HU3KHUX CKOPO-
cTei caBura (cnaowHas NMHus — «npsaMas Kaccona») u Ha yyacTke BBICO-
KHX CKOpOCTel canBura (MnyHKTHPHast nHHus). JlanHble u3 padotwel [234]



ﬂ -I 1 L 1 1 1 1
-25 -2 15 -1 =05 0 05 I |gy

Puc. 3.21. Peonornyeckume XapakTEepUCTUKM CYCNEH3WHM BUHMIOBBIX BOJIOKOH pa3-
mepoM 1280x 11,3 MKM B CHITMKOHOBOM Macne npu KoHueHTpauuu 0,0039
(rpeyronsHuku) ¥ 0,0077 (pomObl): KpuBBIE TEYEHMS B IBOMHBIX Norapug-
MHUYECKHX KOOpAUHATax (@) U KPUBBLIE TEYEHHS B KOPHEBBIX KOOP/IMHATAX
(6). AnnpokcuMan Mg NPOBOAUIACL OTAENBHO HA YYACTKE HU3KHUX CKOPO-
cTeii cnpura (cniowHas TJMHUA — npsiMasi KaccoHa) M Ha yyacTKe BbICO-
KMX CKOpOcCTeii ciBUra (NMyHKTHPHAast nHHUS). JaHHbIe U3 padoTsl [178]

PE3yAbTaThl MOXHO onucatbh 0000LICHHBIM ypaBHeHUEM TeucHuUs (3.1). HaunbGonee
NMOJHOE MPEACTABJICHHUE O XapaKTePe CABUIOBOrO TEYEHMU s NOJAOOH bIX CTPYKTYPUPO-
BaHHBIX CUCTEM MOXHO MOJIYYMTh, UCNOJIb3Ys YHETHPE BUIa rpadnMKoOB, MOKAa3aHHbIX
Ha puc. 3.22.

BaxxHO OTMETHUTB, UTO BeJIMYMHA KOI(PHUIIMEHTA arperaliny T, NPakTUYECKHU CO-
BNajaeT ¢ TEM HaMpsi)KEHUEM CABHUIa, MPU KOTOPOM MPOMUCXOJUT PE3KOE CHHUKEHME
BSI3KOCTH (OTMEYEHO HA PUCYHKAX IUTPUXNYHKTUPHON IMHHUEI).

3HaueHue 77 0603HaYEHO HA OCH T/’ YEPHBIM TPEYTOJIbBHUKOM; OHO MPaKTHYe-
CKH COBMAIacT CO 3HAYCHMEM, 3KCTPANOJIUPOBAHHBIM MO «npsiMOn KaccoHa» U3 00-
JlacTH BBHICOKMX ckopocTei capura. Takum oOpa3om, oLeHKa npeaeyia TEKy4ecTH T,
MO MHTEPBaJly crajaa BS3KOCTH [9] BnoJiHe cornacyeTcst C NOHMMaHueM KO3 puLu-
€HTa arperauvy T, KaKk NPeaesbHOro HanpsiXXeHUsl CABUTa MPU YCIOBUM v /v’ — 0.
DT0 ycsioBue coONoaaeTcst BBULY Manoctu koadduiinenTa y (tadn. 3.8).

TeyeHue cycneH3nm OEHTOHMTA AOCTATOY HO XOPOIIIO ONMUCH BACTCH 0000LLIEHH bIM
YPaBHEHUEM TEYEHUSI HA BCEM JIMAMA30HE PEOJIOrMYECKUX U3MEPEHUH (puc. 3.22),
MPUYEM HET CEPbC3HBIX OCHOBAH Wi TOBOPUTH O HAJIMYUH YH4ACTKOB HBIOTOHOBCKOTO
TEYEH US.

AHanornyHsie pe3yastathl (puc. 3.23, 3.24) MoxHO nonyuuth as (,2%-Horo Bo-
nHoro pacteopa nonumepa KAPBOITOJI 980 u TomaTHO#M nacthl [252].

Ha nonHoii peonorvyeckoii Kpysoii pacteopa Kapoonon 980 xopo1110 BUAEH yya-
CTOK HBIOTOHOBCKOIO TEYECHU S MPU HU3KHUX CKOpOCTAX casura (puc. 3.23, a). B npuH-
LIMIIE €0 HE CIeAYeT BKIKYATh B MHTEPBaJ annpokKkcuMal MM o0001LEeH HBIM ypaBHe-
HHWEM TeYeHMH 1, MOCKOJIbKY Ha H bIOTOHOBCKOM YYaCTKE UCXOJIH bie pa3Mepbl arperaton
MEHbIIIE KPUTUYECKOrO M ITH arperatsl He paspyllaloTcs B MPOLIECCE CIABUIOBOrO
TeyeHusi. [Ipn 3TOM Henb3s1 UCKITIOYUTH OOBEIMHEHHE HEKOTOPBIX arperatoB Mpu
CTOJIKHOBEHUSIX C MOCJEAYIOIIMM OBICTPBIM pa3pyLIEHUEM aHOMaJIbHO ©ONbIIOro
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Puc. 3.22. Tlonnas peonoruvyeckast kpupasi 10%-noi BoaHO#M cycneH3nm OeHTOHUTA.
JlanHble u3 padorths |252]

arperarta. Takoe peosiornueckoe noBeJeH e MOXHO CONMOCTABUTD C AIBJIEHUEM TON3Y-
4YECTH, KOra CBsI3M MEX/1y YacTULlaMM 00pa3yloTcsl U cpa3y pa3pblBalOTCs, MpUYeM
CpenHHW i pa3Mep arperaToB OCTaeTcs HEU3MEHH BIM.

JTO O3HAYAET, YTO MpeAecsbHas BA3ZKOCTb 1), HE JIOCTUTAeTCs B 3TUX OMNbITAX,
TO €CTh NPEeAeSIbHOrO pa3pylieHus CTPYKTYpPbl B U3BMEPEHHOM WHTEPBAJie CKOPOCTEN
C/IBUTA HE MPOUCXOIUT.

ANnpokcumaiMs no BCEM IKCNEPUMEHTANIbHBIM TOYKaAM MOKa3aHa CIJIOLIHON
JIMHUEN Ha puc. 3.23, NYHKTHPHAS NTUHKUSA COOTBETCTBYET anMpOKCUMaL MKW HA y4yacT-
KE «CIIBUTOBOTO pa3KUXeHHs» (8 ToUeK). 3HaYeHUA KO3hDPpULIMEeHTOB 0000IIIEHHOTO
YPaBHEHHUA TEYEHHU S OTJIMYAIOTCH HE3HAYUTENbHO, HO 3HAYEHUE MPEACNbHOM BA3KO-
ctu 1(0) cylecTBEHHO BBILLE NMPU BLIOOPE «MPaBUJILHONO» UHTEPBaJa annpoKCuma-
1uu (Tadn. 3.8).

IToCcKOJIbLKY BECh YHACTOK crnajia BA3KOCTH (pUc. 3.22, 3.23) OnUCHLIBAETCA ONHUM
PEOSIOTMYECKUM YPABHEH UEM, HET CMBICSIA TOBOPUTH O «TBEPACOOPAZHOM» U <«KUJI-
KOOOpa3zHOM» COCTOSIHUM JIMCNEPCHO# cucteMbl. Tlo-BUuaMMOMY, 31€Ch CYHIECTBYET
O/IHO PABHOBECHOE COCTOSIHUE TEKYYEH JTUCNEPCHONH CUCTEMBI, @ UMEHHO: NMCEBAO-
niaactuyHoe teueHue. Koappuuuent ¥ no BeinyuHe 0au30k K Hyno (tadn. 3.8), uto
CBUAETENBCTBYET O OONBbILOI puIXxOCTH arperatoB. [1pu ycnosuu ¥ = () yMEHbLLIEHUE



Puc. 3.23. [lonuas peonoruuyeckasi Kpupasi BogHoOro pactpopa nonumepa 0,2%
kapoonos 980 B pa3znuyHbIX KOOpAMHATHHIX ocsX. [losicHeHUs B TekcTe
W BTabn. 3.8

Tabnuna 3.8. Peosiormyeckue XxapakTEpUCTHMKM CTPYKTYPUPOBAHHBIX >XUAKOCTEH
(3HayeHuns uaMepeHHbIX BennuuH Bcucteme CH: Ta, Mac, ¢ ™). Ykazauo

YHUCNO TOUEK, HCINOJIB30BaHHBIX MPH annpoKCUMalHH

By CTPYKTYPUPOBaHHOM XHAKOCTH 7.2 e X n(0) | mouku
10%-Has BoaHasi cycneH3usi 0EHTOHUTA 1,46 0,165 0,00027 | 53767 BCE
(,2%-Hblit BOAHBII pacTBOpP NOJIMMEpA 5,79 0,251 0,00198 | 2918,0 BCE
kapbonor 565 | 0,258 | 0,00136 | 41723 8
TomaTHas nacra 14,53 0,742 0,00605 | 24028 BCE
12,54 1,021 0,114 11,0 7




Puc. 3.24. TlonHasi peonorvyeckasi KpuBast CycneH3IvMH TOMaATHOMH MacThl B pa3nuvy-
HBIX KoOpaKHHaTHBIX ocsiX. [NosicHeHus B TekcTe W B Tadn. 3.8

CKOPOCTHU C/IBMTA 10 HYJIS MPUBOJIUT K 00pa30BaHUIO CMJIOLLIHOM CETKHU YaCTHLL M MPe-
KpPalEeHHI0 TEYEH U (BA3KOCTh 1) — o).

Ha puc. 3.24 npeacrassieH aHaJIM3 PEOJIOTMYECKOro NOBEAEHU A TOMATHOMN NMACTHI.
AnNnpokcUMaL ks MO BCEM 9KCMEPUMEHTAJIbHBIM TOY KaM NOKa3aHa CrJIOLHOH JIMHK-
eil. O1HAKO B KOPHEBBIX KOOPAMHATAX 51 BHO BBIACJSIOTCS CEMb TOUEK HA YUYACTKE Bbi-
COKMX CKOpocTeii cnBura (puc. 3.24, 8). Eciiv cuuTaTh 9TH IaHHBIE JIOCTOBEPHBIMHU, TO
CJIEAIYET FOBOPUTHL 00 H3MEHEHU W XapaKTepa TEUEH W W anNPOKCUMHPOBAThL 3TH TOY-
KM OTAENbHO (puc. 3.24, nyHktupHas JuHus). Cyas no tabn. 3.8, 3TOT HOBbII PEXUM
TEYEH U XapaKkTepusyeTcs 00Jiee N0THON YNaKOBKOI YacTHIL B arperatax, NnoCKOJb-
KY KO3(MuuMeHT y cyuwectBeHHO 6onbliie. COOTBETCTBEHHO, PE3KO YMEHbIIAETCS
npefenbHas BaskocThb 1(0), kotopas onpenensietca gpopmynoit (0)=1"* /x+1"’.

Jlerko suaeTh, 4To Ha pUc. 3.23 U 3.24 OTCYTCTBYET YYaCTOK HLIOTOHOBCKOIO Te-
YeHHUS MPHU BLICOKUX CKOPOCTAX CABUIa, HO UMEETCS TEHJAEHIIMA K HbIOTOHOBCKOMY
TEYEHHU 10 NMPH HU3KKUX CKOPOCTAX CABMTa.



MOXHO 3aKJIIOYHUTh, YTO NMPUYHUHOH HEHBIOTOHOBCKOrO TE€YEeHHsl OMUCAHHBIX
CTPYKTYPUPOBAHHBIX CUCTEM SIBJSIETCA paspylieHue U (popMHpOBaHUE arperaton
B IPOLECCE CABUTOBOIO TEYEHHU S, YTO, BOOLLEM, coBnaaaeT co B3mgaaamu B. OcTBanb-
na, I['l.A. Pedounnepa, H. b. Ypbea. [ockonbKy B MCXOAHOI cHCcTEME 10 HaYa1a CABM-
rOBOTO TEYEHUS YXE CYLUECTBYIOT arperatbl YacTHll, TO UX pacnpeaeieHue no pas-
MepaM He 00s13aTeJIbHO COBMaJaeT ¢ paBHOBECHBIM pacnpeaejeHuemM, npu KOTOpoM
peajiuzyercs ncepaonjactuyHoe teyeHue. [MoaTomMy HauyaJibHBII YYaCTOK TEYEHUS
B ONHITE C YBEJIMYEHHUEM CKOPOCTH CABHMIa OTJIMYAETCA OT yyacTKa 00Jiee BHICOKMX
CKOpOCTeii, rje B npoueccax pa3pyllueHHsi-BOCCTAHOBJIEHUsl arperatoB (hOpMUpYeT-
csl paBHOBECHOE pacnpe/ieJieHue arperatos no pasmepam. Hanuuue B cucreme pac-
npeneneHus arperata, 0JIM3KOro K paBHOBECHOMY, MO3BOJISIET ONMUCHIBATH IKCIMEPU-
MEHTaJIbHBIE JaHHbIE C MOMOLL IO TPEXNMapaMETPUUYECKOTro 0000LLEHHOrO ypaBHEH WS
TEYEHHUS.

3.6. Pusmyecknin cMbicn KO3PPULIMEHTOB
0O00LEeHHOro ypaBHEHMA TeYEHUA

JIns noHumaHus (GpU3MYECKOro cmbicsia Ko3PPUIIMEHTOB PEOJIONMYECKOrO YpaB-
HEHUSI HEOOXOAMMO YCTAHOBMTH MX CBS3b € (DM3UKO-XMMHUYECKMMH CBOICTBAMMU
U CTPYKTYPOIii cucteMbl. B npeaenax ruJipoiM HAMMYECKOTO MOAX0/AA, [E peasibHas
cucTeMa ynoao6sieTCsl CUCTEME MOMEJILHBIX LIMJIMHAPOB, NONYYEHB YPABHEH WSl JUTS
By X K03(hGULHEHTOB 060BLLEHHOTO ypaBHEH U TeueHua T/ un'/’.

AHAJIMTUYECK UE 3aBUCUMOCTH NBYX KOI(POULMEHTOB OT 0OBEMHOIT KOHLIEHTPA-
nuu @ nucnepcHoii Pasbl UMEIOT CIEAYIOLIU I BUA
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Otciona koappuumenTol k, A, k,, A,, a TakxKe HOPMUPOBAHHAS CUJIA CLEMJIEHUS
F, MOryT OBITH pacCiMTaHBl MO PEOJIOTUYECKUM IaHHBIM, NpuHuMas f, = l*;/ﬂr‘?, rne
r — cpenHuii panuyc yactuubl. BennynHa 1, paBHa BA3KOCTH OKpYXaloileil nuc-
nepcHOHHOMN cpeabl. MOXHO 10N YyCTUTH, UTO ypaBHeHUe (3.1) onuHaKoBHIM 0Opa3oM
ONMUCHI BAET 3aBUCUMOCTb 3(PPEKTUBHOI BA3KOCTH 1) OT KOHIIEHTPAIlMKU KaK B YCJIO-
BUAX HEHBIOTOHOBCKOrO TeYeHUs Npu O€CKOHEYHOW CKOPOCTH caBMra (1. =1),), TakK
M B YCJIOBUSX HBIOTOHOBCKOrO T€YEHMUS MPU HU3KON KOHUEHTPALMK JMCMEPCHOM
¢baswl (1, =1,), NOCKONBLKY B 000KX CllyuasX arperarbl OTCYTCTBY I0T. Torna nonyyum
COOTHOLLEHHE

n.=n, =1, =n,0-kd)™", (3.8)



B takom ciyuae ko3pgpuumeHth k u A* (rne A * =2 A) xapakTepu3ylOoT TrHapo-
JUHaAMHWYECKOE B3aUMOJIEHCTBUE NPU ABUXEHHUU OTAEJILHBIX YaCTHLL U HE CBSA3aHbl
C Kakoi-J1ubo peasibHOI ynakoBKOI yacTuLL B arperatax. Boipaxenue (3.8) coBnanaet
no popme ¢ usBecTHbIM ypaBHeHueM Kpurepa — doreptu [24] o151 3aBUCMMOCTH BSI3-
KOCTH 1) CYCNEH3HWH OT KOHLEHTpaLuu P.

B pamMkax KMHETHYECKOrO Moaxoaa aHaJioroM peajibHOW OAUCNEPCHON CUCTEMBI
ABJSAIOTCA HEKHUE YACTULLBI, KOTOPHIE ABUXKYTCA B BA3ZKOH XHUAKOCTH, 00pa3sys arpe-
ratbl MNPU CTOJIKHOBEHUSIX U PA3AeiSsiCh HA OTACJIbHBIE YACTU LB 32 CYET TEMJIOBOIO
JNBUXKEHU S W MPHU BO3ACHCTBU M PacTIrUBaIOLIMX TMAPOAMHAMUYECKUX cHJl. KuHeTu-
YeCKMe ypaBHEHH S MPOLECCOB pa3pylieHUsl H BOCCTAHOBJIEHU S arperatoB noJyyeHbl
METOAOM, CXOAHBIM ¢ BLIBOAOM ypaBHeHUs1 Kpocca [46], HO ¢ yueTOM paHee onucaH-
HOrO MMAPOAMHAMMYECKOrO noaxona. MoxHo onpeaeyinTh 3HayeHUus KoappUuLHeH-
TOB 0O0OOLLUEHHOTO YpaBHEHUS TECUEHUS Yepe3 KOHCTAHTHI CKOPOCTEN B KMHETHYE-
CKOM YpaBHEHW U COCTOSAAHHS, @ UMEHHO:

n. =n/, (3.9)
x =k, /k,, (3.10)
12 = BN (k, /k,). (3.11)

3neck N, —uucnoyactui, 00bLeAMHEHHBIX Barperathbl, N — NoJIHOE YMCJIO YaCTHII
B eAMHUI1IE 00BEMA, Ez — KOHCTaHTa CKOpOCTH (hOpMUPOBAHUS arperaTos, Eﬁ — KOH-
CTaHTa CKOPOCTH CNOHTAHHOIO pa3pylleHus arperaTos, E, — KOHCTAHTa CKOPOCTH
pa3pylleHUs arperara noj AeiCTBUMEM pacTATHMBaAIONIMX TMAPOAMHAMUYECKHX CHJL.
B paBHOBECHOM COCTOSIHUM TEYEHU S CKOPOCTh arperupoBaHusl paBHa HYJO, TO €CTh
(dN,/dt)=0.

Koshdument 1']:_" ’ He ompenensieTcsl Yepe3 KOHCTAHTHI CKOPOCTEil KMHETHYE-
CKOrO ypaBHeH U, MOCKONAbKY OTHOCUTCS K 0OTEKAHU IO CUCTEMBI OT/IENIbHBIX YACTUIL
BSI3KOM UCNEPCUOHHON Cpeaoit (MMeeTCs TONbKO FMPOIMHAMMYECKOE B3au MO -
cTBHe Mexay vactuuamu). Kosdduument Kaccona T/ ’ npsiMO MponopIHOHaNEH
KOHCTAHTE CKOPOCTH (POpMHPOBaHMA arperatoB k, U OOpaTHO MPOMOPIUOHAJIEH
KOHCTAHTE CKOPOCTH pa3pyllieHHs arperatoB Moji ICHCTBUEM THAPOJAMHAMUYECKH X
cun (k,).

KoahdpuuueHT ¥ BHpaxaeT COOTHOLIEHHE MEX Y CKOPOCTbLIO CMIOHTAHHOTO pa3-
pylieHusl arperata (Hanpumep, noa A€MCTBUEM TEMJIOBOTO JIBUXEHUS YAaCTHULL WJIU
B pe3yJibTaTe CoyJapeHMii arperatoB) U CKOPOCTHIO pa3pylLIeHMsl arperata B C/IBUTO-
BOM TE€UEHHW U NMOJ1 IEHCTBUEM PACTSI THBAIOIIIMX THIPOJIMHAMMYECKHX CHJL. ECJIH CNOH-
TAHHOTO pa3pylIEHU S arperaToB HE MPOMCXOAUT, TO &, =0, 4TO NPUBOAMT K OOBIYHO-
MY ypaBHEHU 1O KaccoHa.

OTHOCHTEJILHOE YHUCNO YacTHLl, OOBEMHEHHBIX B arperatbl, MOXXHO BBIPA3UThb
COOTHOILEHUSIMU:

NZ ‘rllﬂ B 1’]{31 l ] (3'1 2)

=2 72 75 0 12 1 2y

N, () n7(0)-n." (K /k )y +1 1+77 /%
0606mennoe ypasuenue teyenuss (OYT) gBnsiercss TpexnapameTpUYECKUM,
MOJIYYEHO M3 MMKPOPEOJIOrMYECKOH MOMEJIM, CMPaBE/UIMBO HA BCEM WHTEPBAJE




CKOpOCTEI cnBura, rae HabnioaalTcs NCEBIONJAaCTUYHOE WM MJIACTUYHOE Peoslo-
ruyeckoe noseaeHue. OHO cnocoOOHO 3aMEHUTHL CO00I BCE IPYTrue U3BECTHHIE TPEX-
napaMeTPHUYECKHME PEOJIOrMYECKHE YpaBHEHUs, NpeaHa3HaYeHHbIE IJ1sl ONMUCaHU s
MJIaCTUYHOrO U NCEBAONNACTUUHOrO TeueHus. [1oaTOMY Ha NepBLI MJaH BLIXOAAT
dbu3ryecKuii cCMbIC U TeopeTUyecKoe onucaHue Tpex KoagduumneHtoB OV T.

Hauunbie [152] nist BoaHoi#t cycnen3um natekca GR-S-X-667 v nannwbie [153) nns
BOJHO# cycneH3uHu natekca Neoprene Type 60 nokazaHbl B KOPHEBHIX KOOpAMHATaX
", ¥"”") na puc. 3.25. HuxxHue KpuBbie TEYEHUSI MPEACTABISIOT COOOI MpsiMbie
JIWHUM, TO €CTh OMUCLIBAIOTCS OObIYHBIM ypaBHeHUeM Kaccona. BepxHue KpuBbie
OMUCHIBAIOTCHA OOOOLIEHHBIM ypaBHeHUEM TedyeHus npu x >0. Takum obpasom,
Npyu MaJoil 00BLEMHOIN KOHUEHTPALMU CUCTEMA HAXOJIUTCS B COCTOSIHUM HeEJIMHel -
HOTO MJIACTUYHOIO TEYEHH S, a MPU BHICOKOW KOHLEHTPpALUMK — B COCTOSSHWM MCEB-
JOMJacTHYHOro TedyeHus. PaccuutaHHbe 3HaYeHUS KO3(POUUHUEHTOB NPUBEAECHBI
B Tabs. 3.9. [lpu oueHb HU3KOH KOHLEHTPALIMU B 9TUX AUCIEPCHBIX CUCTEMaX Ha-
OsopaeTcs HbIOTOHOBCKOE TeueHue. B pabGotax [152, 153] npuBeaeHb TaGiMUHBIE
3HAYEH U S BA3KOCTH KaK JJIS1 HEHBIOTOHOBCKOIO, TaK M U151 HBIOTOHOBCKOTO PeXWMOB
TEUECHUS.

[MosToMy MOXHO NOJIYYUTH OOLLYIO KPUBYIO AJISI MPEaeibHOH OTHOCUTENbHOI
BSI3KOCTH 1_(P), KOTOpasi ONUCH BAET IKCNEPUMEHTAJILHBIE PE3YJILTAThl KaK B pailoHe
HBIOTOHOBCKOIO Te4eHU (1)), TaK U B pailOHE HEHBIOTOHOBCKOIO TeyeHu (1),). Pac-
yeT nposoauncs no gpopmyJie (3.8).

I'pacpuku nnstnatekca GR-S (k = 1,5; A* = 1,6) unarekca Neoprene (k = 1,8; A* = 1,7)
noKa3aHbl Ha puC. 3.26, rpaHUIly MEXAY BUIAMH TEYEHUS OTMEUYaeT CTpesiKa.

Cuny cuenjieHust MeX/J1y HacTHLlaMH¥ MOXHO OLIEHUTh N0 ypaBHeHUsM (3.6—3.7);
TUNUWYHBIE TPpaQUKKU npeacrasjeHsl HA puc. 3.27. [lpennonarasi, 4To paspylieHue
arperata NMpOMCXOAUT MYTEM pa3pbiBa CBA3KM MEXAY JBYMSI COCEIHUMMW YacTHLIAMM,
MOXHO BBECTH CUJIY CLEIJIeHUus B BUAE F, = F:, -7’ TAE ¥ — YCPEHEHHBI paanyc
yacTullbl. PaccuvTtaHHbIe 119 pa3JIMYHBIX CYCNEH3UA 3HaAUeHUs t:{f, k,, A, F, v F.
npeactabiaeHb B TadJ. 3.10.
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Puc. 3.25. 39kcnepyMeHTAJIbHBIE 3HAYEH WS U TEOPETHYECKUE KPHUBBIE TEYEHWA B KOP-
HeBHI X KoopauHaTax ans narekca GR-S-X-667 (a) v natekca Neoprene Type
60 (6) npu paznuuHOKH 00bEMHOI KOHUEHTpaLUKMK aucniepcHoii hasnl P. Yka-
3aHbI CAMbIE€ BLICOKHE W HH3KHE KOHLUEHTPaUMH, NOsICHEHKU S B Tad. 3.9



[lpu noctpoeHuu 06OOLLUEHHOI MOJENIM TeYeHUs] He BBOAMJIMCH KaKue-JInbo
orpaHu4YeHu s Ha pa3mep, GopMy U cneuMPUKY B3aUMOAECHCTBUS MEPBUYHBIX YACTHULL
cycneH3nu. CpaBHEHHE C IKCMEPUMEHTAJIbHBIMH PEOJIOTMYECKUMUW JAHHBIMU MOKAa-
3aJ10, 4TO MOAEJIL TEYEHU S CrnpaBelJIMBa AJ1S YaCTULL pa3JIMUYHOTO NMPOUCXOXAECHHU S
C pa3MepaMH OT HAHOMETPOB 110 AECCATKOB MUKPOMETPOB, CPEPUUECKUX, MPOAOJTO-
BaTOI MJIK MJIOCKOI (hOpMBI, KOTOpHIE AMCNEPrupoBaHbl B BOAHOI cpene, B OpraHu-
YECKMUX XHUJIKOCTAX, B NOJIUMepHBLIX MaTpuuax. O000LeHHOe ypaBHEHUE TEYEHMU S
MOX HO MCIMOJIb30BATh IJIS1 ONMUCAHUSA KAK MOHOJMCIIEPCHBIX CUCTEM, TAK U CUCTEM,
B KOTOPbIX YaCTH LI KMEIOT 00JILILIOI pa3dpoc B pasMepax (CM. . 7).

Q000meHHas Monenb TeYeHUs NpUMeHKMMa JIJI aHaJiu3a TeYeHUsl CUCTEM, KO-
TOpLIe OOBIYHO OMMUCHIBAIOT ¢ MOMOLLUBIO MOJEJIU «TBEPAbLIX» (MJIM «MATKUX») cep,
B YaCTHOCTM, JUJISI CHCTEM C YaCTHLIAMH, UMEIOLLIMM UK IBOM HOM 2JIEKTPUYECK Wi CJION.

Tabnuua 3.9. Koadduuuentoer O¥YT ans poanoro pacrteopa narekca GR-S-X-
667 (r=0,07 mm) v BoaHoro pactopa natekca Neoprene Type 60
(r=10,05 mxm), BCH
GR-S-X-667 Neoprene Type 60
o 4 T, n, P 4 T, N,
0,299 0 0,0073 0,003 00,2393 0 0,0025 0,0022
0,397 0 0,0514 0,0052 (0,2821 0 0,009 0,0028
0,4398 0 0,114 0,007 (,3263 0 0,283 0,0038
(,4876 6,61 0,611 0,0096 0,3713 0 00,0829 0,0054
0,539 8,33 3,463 0,0145 0,4147 1,38 0,254 (0,0084
0,5603 3,83 3,31 0,0218 00,4429 0,81 0,495 0,0116
0,5866 1,41 4,619 0,0369 0,4617 1,39 0,904 0,0217
0,6017 0,95 6,315 0,0537 0,5115 1,42 3,572 0,0579
n../Mg n./Mo

Puc. 3.26. 3aBUCHMMOCTHL OTHOCHUTEJILHON NPEAENbHONH BSA3KOCTU OT OOBLEMHOI KOH-
ueHtTpauuu aucnepcHoi ¢pasnl ® ans natekca GR-S-X-667 (a) v narekca
Neoprene Type 60 (6)
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Puc. 3.27.

L 12

3aBMCHMMOCTb KOpHS$ KO3(dullmeHTa arperaliluy OT 00beMHOM KOHUEHTPa-

uuun aucnepcHoi ¢asnl @ ans natekca GR-S-X-667 (a) v narekca Neoprene

Type 60 (6)

[Nonuctuponoswiii natekc B pactBope NaCl [162] neMOHCTpHpPYET HEH bIOTOHOB-
CKO€ TeueHue 1ns ppakuuu ¢ HauMeH blluM pajinycom yactuu (0,044 mxm). Kpusbie
TEYEHHS B KOPHEBBIX KOOpAMHATaX NokKa3aHbl Ha puc. 3.28, a. XapakTEPUCTUKHU JUIA
KaXXJ0i KpUBO# npeactasJieHbl B Tadsn. 3.11.

Beanuuna koadpduumenta arperaliuu T, 3aKOHOMEPHO CHUXKAETCH C POCTOM
KOHLIEHTPAIIH K 2JIEKTPOJUTA (MOHHOI CHJIBI pacTBOpPa), COOTBETCTBEHHO CHUXKAETCH
CTPYKTYpPHAasl YacTh BA3KOCTH CYCMEH3UH. DTOT pe3yJibTaT MOXKHO OO BSACHUTH YMEH b-
LLIEH MEM pa3MEPOB arperaToB MO MEPE YMEHbILIEHUS! TOJ LM HbI ABOMHOTO 3JIEKTpUUE-
ckoro cnosi. KoadGuiMeHT BA3KOCTH 1), NPAKTHYECKH HE 3aBUCHUT OT KOHIIEHTPAllUH
C 2JIEKTPONUTA, MOCKOJILKY 3Ta YaCTh BA3KOCTH OMNPEaeisieTcsl TOJILKO 00TEKaHHEM
OTAENbHBIX YACTH1| BA3KO# AUCNEPCHOHHOI cpenoii.

Tabnuna 3.10. Koadppuuuventn k,, A,,

12
T,

HOPMHUPOBAaHHAsA CHUJla CLEMNJIEHUs

F

A

M cHJla cuenneHus £ Mexay yacTHuaMu aJif pasfiuyHbIX MCNEPCH bIX
cucteM (pa3MepHOCTb cucTeMbl enHuL, CH)

CucrteMma

r, MKM

k,

A,

/2
o,

F

A

F

5

My

Cycnensust natekca GR — X

[152]

0,07

0,035

292,9

0,005

0,00365

5,6-107"

1-10*

CycneH3us naTekca
HEOITPEH [153]

0,05

0,045

300,0

0,002

0,0005

7.7-10°%

1-10°

JNlaTekc nonumMeTHNMeTa-
KpunaTta B CHJIMKOHOBOM
macne [124]

0,318

0,010

293.1

0,746

2934

9.3-107"

0,18

JdeHMOHH3UpOBaHHBIH NOJIH-
CTHUPOJIOBbIH NAaTEKC B BO/E

[128]

0,11

0,012

293,0

(0,848

3783

1,4-107"

1-107

JlaTekc nonuMMeTunMmera-

KpUNnaTa B H-reKCaaeKaHe
[166]

0,4

0,035

293,1

0,507

1352

6,8-10"

2,7-10°

[MonusTHneHosas nyapa

B NONUIPUPHON CMOIe
[154]

20

0,073

142,9

0,146

54,3

6,8-10°

0,939




Paccmotpum nosegeHue KO3(M(PULHEHTOB PEOJIOrMYECKOro ypaBHEeHHUs Ha MpU-
MEpe BOAHOH CYCMEH3WKW MOopolliKa okcuaa ajJiomuHud a-Al,O,, crauMoHapHoe Te-
YeHue KOTOpoM uccsienoBaHo B |253]. HacTtuubl uMeloT nouTH cdepuyeckyro Gop-
MYy, cpeaHuii nuametp 0,43 MKM, BSI3KOCTb BOABLI NMpUH Temnepatype uamepenust 15°C
pasHa 1,14 mIMa-c. Konnentpauus snekrponuta NaCl pasna 107 M. {-notenuman
yacTul OblJ1 U3MepeH B pa30aBJieHHO# CYCNEeH3HWH B COOTBETCTBUH ¢ BeJInuMHOI pH
pacTBopa (naHHble B Ta0J. 3.12). DKcnepumeHTaJibHbIE JaHHBIE [253] M paccuuTaH-
Hbi€ KPpUBBIE MOKa3aHbl HA pUC. 3.28, 0.

Kak ykasuiBasoch aBTopaMu [253], yBesiMyeHUe BeJIMUKMHBI {-noTeHuMalla npu-
BOOAMT K YBEJIMUYEHHIO DJIEKTPOCTATHYECKOTNO OTTAJIKMBAHHSA 4YaCTHL W K YMEHb-
IIEHUIO CHJIBI B3auMOAEHCTBUA MeXay yacTuuamu. JleiicTBUTENIbHO, YBEJIMYEHHE
EKTPOKMHETHYECKOro noTteHuuana ot 18 no 25,5 MB npuBOAUT K 3HAYUTENILHOMY
YMEHbILIEHUI0 KO3(PpUuHeHTa arperauMy T, KOTOPbIIl MpsS MO MpONopLHOHAJIEH
cuJie cuenyieHus mexay yactuuamu. Bennuuna koadpdurenta Ba3koctu Kaccona
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Puc. 3.28. OKcnepMMeHTalbHblE 3HAYEHMS M TEOPETHYECKHE KPUBLIE TEYEH M B KOP-
HEBBIX KOOPAMHATAX A5 MOHOAMCIEPCHOTO NAaTeKca Npy pasnuYHOK KOH-
ueHtTpauuu NaCl (a) v BogHOI cycneH3nu oKkecuaa anioMuHus (6)
Tabauua 3.11. 3aBucumocts KO3QPHUIUMEHTOB 00OOLIEHHOTO YpaBHEHMS TEUYEHHS
OT KOHLUEHTpalUMKH SNEKTPONUTA ANs BOAHOH CYCMEH3WM MOHOAM-
CNEepCHOro JlaTekca npuv NnOCToOSsHHOU O0BEMHON KOHUEHTpaLU WU AUC-
nepcHoii ¢aspl © = 0,26
Cucrema Homep | Wonnas cuna, MOJIb o2 n’/? x
KPHBOJ Na/n
MoHoaucnepcHbIi 1 2,7-10° 2,54 0,042 20
JaTeKC noJIHCTHpPpONa g 3.5-10 3 713 0.042 37
B pacTBOPE 2JIEKTPONUTA — : -
NaCl [162] @ = 0,26 3 5-10 1,96 0,041 40
r=0,044 MM 4 1,2-107° 0,86 0,045 28
5 3,1-10° 1,14 0,042 45
6 1-10" 0,70 0,040 12




Ta6nuna 3.12. Koadduumentsl 0000LLIEHHOr0 ypaBHeHHs1 TEUEHUS ANS1 CYCMEH3UM
OKCHZa aJlIloOMUHHS npyu 00beMHON KOoHueHTpauuu ®©=0,175 u pa3-

NUYHOM 3HayeHuM {-noTeHlMana

{-norenumnan, mB 18 21,5 23,5 25,5 29.5
pH 7,98 7,75 7,58 7,41 6,97

1::.”, [1a'* 1,98 0,97 0,73 0,58 1,38
n’’, (Mac)"”’ 0,065 0,069 0,067 0,064 0,044

v, ¢’ 0,209 0 0 0,042 18,8
CHUMBOJIBI KPUBOM poMmO TPEeyr. OTKP. TPEVr. KBaapart Kpyr

N, MPaKTUYECKU MOCTOSIHHA, MOCKOJILKY €ro 3Ha4€HUE HE 3aBMCUT OT CTENEHU arpe-
raLlMM YacTULL B CUCTEME, a CBSA3aHO C NOTEPSIMU IHEPTUM NMPU OOTEKAH UM OTNENbHBIX
yactuu (Tadn. 3.12).

HckioueHueM siBlisieTcsl noBeAeHUe cycnen3um npu (-noteHiiyalie yacTuil, paB-
HOM 29,5 MB, KpuBasi TedEHU S KOTOPOIO PE3KO OTJIMYAETCH OT KPUBbLIX, PacnoJIOXeH-
HBIX Ha rpahHKe BHILIE.

OTU U IpYrue npuMepbl MOKasbiBaloT, YTO, N0 KpaitHeilt mepe, nBa KOahpuLIHeH-
Ta (T, 1,) PEOJIOrHYECKOr0 YPaBHEH U U3MEHSIOTCH B XOPOLLIEM COOTBETCTBUM C U3-
MEHEHUSIMU (PUBUKO-XUMHYECKHUX CBOICTB CUCTEMBI.

K coxaneHuo, HET BO3MOXHOCTHU CPaBHUTH pacCYUTAHHBIE CUJIBI CLIEMJIEHHUS
C HE3aBUCUMBIMH U3MEPEHHUSIMH CHJ1 MEX1Y YACTHLIAMMU B 3THUX XK€ CUCTEMAX.

OnHaKo MOXHO CpaBHUTH MONYUYEHHBIE pe3yJIbTaThl C pacyeTaMu CHI cLenJie-
HUA B Apyrux cuctemax. B cratbe [120] npuBoaaTcsa gaHHbBIE AJ1S1 SQHEPTUU U CHUJI
B3auMoaeiicTBUS ABYX C(hepuyYeCKHUX MOJIMCTUPOJIOBBIX YAaCTHUIL (CO CpeIHUM pa-
JAUYCOM OKONO 1 MKM), KOTOPHIE OKPYXEHBI JABOIHBIM JJIEKTPUUYECKUM CJIOEM,
OHeprug oTTalKMBaHUA paccuMTaHa s Manoro 3hpekTHBHOro NOBEPXHOCTHO-
ro noteHuuana (papHoro {-noreHuany B BoaHoM pactsope 0,5 M NaCl). Suep-
rusi MPUTSAXEHUS paccuuTaHa aJig KOHCTaHThl [amMakepa, nonyuyeHHO#H U3 cnek-
TpaJibHbIX JaHHBIX. [loMMMO MOJIHOW SHEepruu B3auMOEHCTBHS pacCUMTAHbDI
3HAYEHHU A MAKCHMAaJIbHOH CHUJIbI MPUTAXEHUA B paiioHe BTOPHYHOrO MUMHUMYMa
A5l pa3JIMYHBIX 3HAYEHUW A TONLMHBI aacopOouuoHHoro cnos o (ot (0,26 no 0,5 Hm).
DTH MAKCUMAaJIbHBIE CHJIBI MPUTSXEHUSI HAXOAATCS B MHTEepBane ot 9,2- 107" H
(g & =0,26 um) 0o 5,5- 107" H (nna & = 0,5 nm). MakcumanbHasg CHIIA NPUTSXKE-
HUA F, MOXET OBITH COMOCTABJIEHA C CUJION cuenJieHUud F MeXy IByMs YyacTula-
MU B arperate (puc. 3.29).

Cuna cuennenud F, paccuuTaHHag HaMU 1151 AEMOH U3UPOBAHHOTO MOJIMCTUPO-
JIOBOTO JlaTeKca B BoJie (no peoJsiornyeckum nanubiM Kpurepa [128]), uMeeT cXoHblii
NOPSAOK BEAUYMHBL, a UMeHHO: 1,4- 107" H.

I'pachuku Ha puc. 3.29 NOACHAIOT MPOUCXOXKAEHUE CHJIBI CLETJIEHUS MEXY Ya-
cTHllaMU. B XUMHHU NPUHATO pacCMaTPUBATh YHEPrUIO CBA3M KaK BEJIUYMHY IHEP-
ruv, HEOOXOAMMYIO JUJISI MOJIHOrO pa3pbiBa ABYX YacTteii moyiekyJibl. Pa3pbulB npouc-
XOIUT, €CJIU B CUCTEMY MOCTYNAET HEPrus, 00JibLasa Mo BeJIMUUHE, YEM DHEPTrU
CBA3U. B CTPYKTYPHOIT MOAENM paspbiB CBA3M MEXY IBYMS YaCTHLIAMM HACTYNaeT
Mo/ NEMUCTBUEM BHELLHEN CHUJIBI, MPEBHIILAIOILIEN CUJIY CLEMJIEHUA MEXY YacTulla-
MHU. DTa rTUIPOJIMHAMMYECKasa CUJla, KaK NOKa3aHo B pa3/. 1.4, B OTHOM MOJIOXKEHU U
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Puc. 3.29. CxemaTmueckoe npeactaBli€eHHME SJHEPruY B3aMMOACHCTBUS (@) M CUJIbI B3a-
MMOJIEHCTBU S MEXKAY YacTHLAMM (0). YKazaHa MaKCHMMabHasl CHJa NpH-
TskeHus F,

CONMUXKAaeT YaCTHIIBI B arperare, B JIPYroM TMOJIOXKEHUU arperata pa3pblBaeT YaCTHIIHI.
COOTBETCTRYIOLIHE U300paKeHUs IyOJIETOB M OOJIBIIIMX ArPeraToB NMPUBEICHBI, HA-
npumMep, B padbotax [258, 259|. B npubnuxenuu TRepabix chep aMnauTyaa rujipoin-
HaMHUYECKOU CUJITH BEIpaxaeTca [239] dopmynoil F=3/27n Df. Y, tie D, — pasmep
arperara-(JIOKYJIEL.

3.7. buMoaanbHasa cycneHsua U pUsNYEeCKuin CMbICn
koapPpuymeHTa ¥

[loBeneHue ko3(ppuuueHTa ¥ NPU U3MEHEHUM KOHLEHTPALMK AMCIIEPCHON (a3bl
WK COAECPXKAHMUS 3JIEKTPOJIUTA YACTO HE SIBJSIETCS MOHOTOHHBIM. OHAKO TNOHSIT-
HO, YTO CTPYKTYPHAs! 4acTh BA3KOCTU T A3 +¥"?) CyLIeCTBEHHO YBEIMUMBAETCS 11PU
YMEHBLUEH UM BEJIMMMHBI ¥ BIUJIOTH 10 OECKOHEYHO OOnbLIOH BeNMYKMHEI NpU ¥ =0,

Ign
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Y

Puc. 3.30. Peonoruueckoe noseaeHue MOHOAMCIIEPCHOI cycnieH3uu atekca 84: 3aBu-
CHMMOCTb BSI3KOCTH OT CKOPOCTH cABMTa (a); KpHMBbIEe T€4eHMS] B KOPHEBBIX
KoopauHartax (6). [TosscHeHus B Tadn. 3.13



KOrja CKOpOCTb ciBUra OeCKOHEYHO Mana (siBJleHHe naacTHYHOro tedenus). Onpe-
JIENIEHHYI0 ICHOCTb B MOHMMaHUWE CMbICIA KO3(D(DULMEHTA ¥ MOXHO BHECTH, U3yydasi
OMMOAAJIbHBIE CYCITEH3HUMU.

bysieM ucnonb3oBaTh 3KCNEPUMEHTAJILH b€ JIAH Hble, NoNyyeH Hble [240] nns AByx
MOHO/IMCMEPCH bIX CYCMEH3U i1 MOJIUCTHPOJIOBOTO JIATEKCa U UX OMMOAA1 bHOI CYCIEeH-
3UM: THApOAMHAMUYECKH I paauyce 141 M anst natekca 141 w paauye 84 HM st na-
Tekca 84.

OTMEYaETCs! TEHJIEHIUSI K PETYJISIPHOMY YBENMUYEHHMIO KO3 PULMeHToB 777, 1’
C yBeJIMYeHueM 0ObEMHOI KOHLIEHTPallMU © B MOHOAMCITEPCHBIX CYCIMEH3USIX, 4 TAK-
XK€ HEPEryJISIPHOE U3MEHEHHUE KOID(DULIMEHTA ) C BOBMOXHBIM MAKCUMYMOM. Takoe
MOBEEHHUE YXKEe OTMEYAJIOCh U COOTBETCTBYET YPABHEH HSIM 0000L1IEeH HOIT MOENH Te-
yenus. [loBenenue peonornyeckux KOIhMUILMEHTOB MPU HCCAEAOBAHU K OMMONAJIb-
HOM CYCMEH3UH OTOOpaKEHO Ha pUcC. 3.33.

3 © lgn
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Puc. 3.31. Peonorunuyeckoe nopeaeH e MOHOAKUCIIEPCHOM cycrieH3u M narekca 141: 3a-
BUCUMOCTb BSI3KOCTH OT CKOPOCTH ciBUTa (a); KPUBLIE TeUEeHHs B KOpHe-
BbIX KoopauHaTtax (6). [NosicHeHus B Tabu. 3.14

7' <A AD

=172

o

Puc. 3.32. Peonoruueckoe nopeieHue OMMOAaNbHOI CyCcNeH3MH cMecH Natekca 84
v narekca 141: 3aBUCMMOCTB BA3ZKOCTH OT CKOPOCTH cABMra (a); KpUBble Te-
YyeHHs B KOpHeBbIX KoopauHarax (6). lNosicHenus B tadn. 3.15



Tabnuua 3.13. Kosdhduuuentsl 06001EHHOro ypaBHEHHWsl TEUEHUSI MOHOAMCIEPC-
HOI1 cycrnieH3uH latexkca 84

O 0,634 0,603 0,582 0,562 0,517 0,473
7/’ 1,39 1,29 0,997 1,09 0,691 0,256
n/’ 0,208 0,177 0,165 0,139 0,125 0,113
X 0,059 0,710 0,859 2,17 2,37 0
CUMBOJI pomO YEepH. TPEyroJi. KpecT KBaapat YEepH.
TPEeyroJl. KBagpart
Tabnuua 3.14. Kosdpduuments 0600WWEHHOr0 ypaBHEHUSl TEYEHHs MOHOAMCIEPC-
HO# cycrieH3um natekca 141
o 0,634 0,603 0,593 0,582 0,562 0,517 0,473
(s 0,707 0,520 0,594 0,445 0,368 0,367 0,233
nY 0,241 0,200 0,167 0,176 0,160 0,126 0,110
X 0,046 0,100 0,295 0,258 0,255 1,02 1,11
CUMBOJI poMO yepHHIii | Tpeyron. KpecT KBagpaT | 4YepHbIii KOCO
TPEeyroJi. KBajpar KpecT
Tabnuua 3.15. KosdpduumeHTs 0600111eHHOrO ypaBHEHHs TeUeHUs AN CYyCreH3Hu i
C pa3HbIM COOTHOLIEHWEeM OoJieil KPYNHBIX U MeJIKMX YacTull (Na-
Tekc 141/narekc 84) npu nNoCTOSAHHONH NOJNHOMW KOHLEHTpaLMUU AMC-
nepcHoii ¢asb @ =0,582
141/84 100/0 90/10 75/25 50/50 25/75 10/90 0/100
1/’ 0,445 0,501 0,559 0,747 0,910 1,04 0,997
n/’ 0,176 0,175 0,162 0,163 0,179 0,184 0,165
x 0,258 0,516 0,950 1,325 1,207 (0,980 0,859
CUMBOJI KBajpar KpecT TPEYIroJl. YEPH. poMm©6
TPYroJ

Koapduiment 1’ npakTHYeCKH HE U3MEHSIETCS, KAK U CJIEAYET U3 YPABHEH U]

A
n/?=n [ﬁ] MPHU MOCTOSIHHON OOHEMHOM KOHIIEHTPAIMU ® U MPU MOCTOS H-
CTBE MapaMeTpoB ruipoanHaMuyeckoro p3amumoaeicrTeust yactTuiLk u A. Koapdpunm-
eHT T/° yBEANYMBAETCS, MOCKOJILKY MPOMOPLIMOHAJIEH YUCY YacTUIL N B CYCIIEH3M U,
B nepsoM npuGAMKEHUH MOXHO 3aMKUCATh AJ1si MOHOAKCNEPCHON CYCNEH3nu ce-
puueckux yactuil ©/° = BN k, /k, = B(®/4/371r’)(k, /k,) . Torna koaddunmeHt 1/ 06-
PaTHO NPONOPLIMOHANEH PA/IMYCY YACTHLbI B KYyOe (r"‘).

O HAKO 3T4 3aBUCUMOCTH MOXET ObITh TONILKO MPUOIUKEH HOIA, MOCKOJILKY CUJIBI

CLUEMJIEHUS MEXAY YaCTHIIAMHU PA3HBIX Pa3MepPOB, B 0011eM, pa3nuuHbl. [IpeHebperasi
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Puc. 3.33. Hamenenue kosxdpduuuentoB peosiornyeckoro ypaBHeHusi (OYT) npu
yBeJIHYeHU W 00beMHoi nonun (%) natekca 84 B GuMoaabHO# CycrneH3uu
cMecH naTeKkca 84 v natekca 141 npu nocTtosiHHO# NOMHOH 06HLEMHOMN KOH-
ueHTpauuu ® = 0,582, INpsiMbie — THHUU «TPEHAOB»

3TUM OOCTOSITENBCTBOM, MOXHO MONYYUTh CIEAYIOLIEE YPABHEHHWE s OMMOAaTb-
HO# CyCneH3uu ChepuyeCKUX YacTuIL:

T/ = BN,y + Nk, fk, = B@/4/3m)(ky [ k)| 1/ 1y + (/1 =1 /1 )Py, |

Ecnu nonuasi konueHtpauus ® nocrosinua, To Ko3dbodunuent 177 yBennyupa-
[

eTCsl MPSAMO MPOMOPIMOHAJIBHO KOHIIEHTPAIlMKM MEJKOH (pakumuu ®,,, 4TO BUAHO
Ha puc. 3.33.

KoahduuueHt ¥ uMEET MAKCUMAJILHYIO BEJIMYUHY MPU MTPUMEPHO PABHOM COOT-
HOLUEHU MW KPYMHOMH M MENKOI (ppakiMK yacTulL, u3secTHO [240, 260], 4TO Npu 3TOM
COOTHOLLEHUU MOXET BO3HUKATHL HAUOOJIEE MIOTHAS YIMTAKOBKA YAaCTUL] B arperarax.
Hynesoe 3HayeHue ) COOTBETCTBYET HEOrPAHUYEHHOMY arperaty (CrJioLHOM CETKE)
M, COOTBETCTBEHHO, MJACTHYHOMY TEYEHUIO C MPEAEJIbHBIM HANPSIXKEHUEM CABHUTIA.
[To3TOMY MOXHO NMPeAnONOXKHUTh, YTO 3HAYEHUE ¥ YBEJIHYUBAETCSH C YBEJIMYEHHUEM
KOMMAKTHOCTH arperara, a yMEHbLLUEHUE Y COOTBETCTBYET 00Ji€e PHIXJIOi CTPYKTYpE
arperara.

CrnoHTAaHHOE pa3pylUeHHe arperaToB MPOUCXOAUT HE3aBUCHMMO OT CKOPOCTH
TEYEHHUSI U MOXET ObITh CBSI3AHO C OTPbIBOM YACTUILL OT NMOBEPXHOCTH arperara B pe-
3yJbTaTe TEMJIOBOro (OpOyHOBCKOrO) ABUXeHUs yacTull. [1pu 3TOM B arperarte OyayT
YEPXKMBAThCSl MPEHMYLLIECTBEHHO T€ YaCTHIbl, KOTOPbIE CBSI3aHbI C HECKOJIbLKMMH
coceaHumMu. [Mo3aTomy C yBesiMueHUEM BEPOSITHOCTH OTPhIBA U, COOTBETCTBEHHO,
YBEJIUYEHUEM BEJIHYUHBI fﬂ arperathbl Oyn1yT CTAHOBUTLCSI 00Jiee KOMMAKTHBIMU WJIH
MeHee pbixJibiMU. [ToaToMy Gynem Ha3biBaTh KO3 PULIMEHT ¥ KOIDPULIMEHTOM KOM-
NaKTHOCTH arperata yactuil (W14 accolmata MaKpOMOJIeKyJ1).

CBs3b CTPOEHUS arperata 4acTHil ¢ BEJIMYUMHON KO3(pUIlMEHTAa KOMIAKTHOCTH
% MOKa3aHa Ha puc. 3.34.

AHanu3s noeeieHU st OMMOIAJILHOM CYCMEH3UH KOJIJIOMIHbIX YACTH 1 MOKA3aJ1, Y4TO
BEJIMYHMHA Y AeHCTBUTENbBHO YBEJIUYUUBAETCS MPU YPABHUBAHWH OOBEMHBIX KOHIIEH-
TpalMii B CMECH KPYMHBIX U MEJIKUX YACTULL. DTO COrJacyeTcsi ¢ npejacraBlieHUsiMu
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Puc. 3.34. [llepexon oT KoMNakTHBIX (@) K puiXJibiM (6) arperataM YacTHL NPH NOCTO-
STHHOM 4Yucle YacTHUL, (MOCTOSIHHOI 00beMHOI KOHUeHTpaL K1), KOTOPHI i
COTIPOBOXAeTCsl yMeHblIeHHeM Koa(pduuMeHTa ). B npenesibHOM clyyae
(6) ceTka yacTull 3aroJiHsieT paboyee NpoOCTpaHCTBO BUCKO3UMETpa U Be-
JIMMMHA ¥ PABHA HYJIIO

O§ OO@O 8%0
% @ | |G

(4] 2] €]

Puc. 3.35. [llepexon oT MOHOJMUCIIEPCHON CHCTEMBI MEJIKMX YacTHLL (¢) K OMMOaaJib-
HOH cucTeMe yacTHL (6) U K MOHOIMCNEPCHON CUCTEME KPYNHBIX YaCTHU L
(6) npu NOCTOSIHHO#I 00BEMHON KOHLIEHTPaUKK ®. KoaddurumeHt y ctaHo-
BMTCS MAKCHMMaJIbHBIM B OMMOIanbHOH cucteme (6)

5 c@@

00 yBEJIMYEHHU U KOMMAKTHOCTH arperaTos, YTO CBSI3aHO C pa3MelleH HeM MeJIKHMX Yya-
CTHIL B 3a30pax Mexay 060Jiee KpynHbIMU yacTullaMmu (puc. 3.35).

[To U3NOXEHHBIM 3A€Ch pe3yJibTaTaM MOXHO NPeAnoJOXUTh, YTO KODPUIIHEHT
% SIBJISIETCS MOKa3aTeseM KOMIMAaKTHOCTH UJIH PHIXJIOCTH arperaroB YaCTHUIL B CTPYK-
TYpPUPOBAHHOI cycneH3uu. [lpeaenbHo peIXjioe COCTOSIHME — CeTKa 4YacTull Mnpu
% = (. BICOKasi BEpOSITHOCTb CIIOHTAH HOIO pa3pbiBa YacTH L H, COOTBETCTBEHHO, Bbl-
COKasi KOMIMAaKTHOCTh arperaToB MPUBOAAT K OOJbIIMM 3HAYEHUSM KO3 hUIIMEHTA
KOMMNAaKTHOCTH %.

3.8. Capuroeoe paccnoeHue

M3Bectho |14, 204, 206, 213, 216, 217], yto B pactBopax komnouaHeix [TAB npu
OMpPENEJIEH HOM KOHLEHTPAILUU 3J1eKTpoJIuTa GOPMUPYIOTCS LIMJTUHAPUYECKUE MU-
LEJUJIBl, KOTOPbIE JIOCTUTAKT 3HAYUTEJIbHOM AJIMHBI, U3rHOAKTCH U CIIOCOOHHBI Clie-
MasiTbCsi Mexay coboii. Mx HazBanu yeppeoOpasHbIMK MHUILIENIAMM, WIH «XUBBIMHU
nonumepamMu». B ctallMoOHapHOM C/IBUTOBOM T€HEHUU OOHAPYXKEHO HEOOBIYHOE SIB-
JeHue [171]: mocne HEIOTOHOBCKOIO TEYEHHUS MPU MaJIbiX CKOPOCTSX CABHUTIA MPOUC-
XOJAUT OBICTPOE CHUXKEHUE BSIZKOCTH 1) MPU MOYTU MOCTOSHHOM 3HAYE€H UM HAMPsIXKe-
HUSI CABUTA T.



Takoe yCIOBHOE T-TJ1aTO MOXET MPOCTUPATHCS HA HECKOJIBKO MOPSIJIKOB BEJIUY M-
HBl CKOPOCTHU CABUTA Y, 3aT€M MOSIBJISIETCS HOBBIIT Y4aCTOK HEHBIOTOHOBCKOTO TE€Y€E-
HUSI, TI€ T YBEJIHYUBAETCS C pOCTOM ¥ (puc. 3.36, a).

OKa3zayioch, 4TO B palioHe T-NJIATO HAOIIONAETCS CABUTOBOE PACCIOEHHE BeEllle-
CTBaA, TO €CTh BOJIM3M CTEHKM SIYEMKH TTOSIBJISIETCS HOBBIM CJION BelecTBa ¢ dbosee
BBICOKOI CKOPOCTBIO CABHUTA Y,, KOTOPBI OTJIMYAETCS TI0 CTPYKTYPHBIM CBOKCTBAM
OT COCEIHErO CJI0A ¢ 60J1€€ HU3KOI CKOPOCTHIO caBura Yy, (puc. 3.36, 6). Ilpu KOHTpO-
jupyemoii ckopoctu casura (CR) peructpupyercst HEMOHOTOHHASI KpUBast TEHEHU S,
cragarolrii y4aCcTOK KOTOpPOM OTHOCSAT K HEYCTOMYMBOCTHU TedeHus. Jlons cnos
C BBICOKO# CKOPOCTHIO Y, YBEJIMUUBAETCS 1O MEPE YBEJIMYEHUS 3alaBA€MOIi CKOpPO-
ctu caBura ¥ (puc. 3.36, 6). I1pu koHTpONnupyeMoM HanpsixxeHuu capura (CS) cnoit
CO CKOPOCTBIO CJIBUTA Y, IOCTATOYHO OBICTPO PACTET C TEYEHUEM BPEMEHHU TIOCJIE HE-
OOJIBILIOTO YBEJIMYEHUS BETUYUHEB 3a1aBaeMOro 7. TakuM o0pa3oM, COCYLIECTBYIOT
CJIOU C Pa3HOM CTPYKTY PO U BA3KOCTHIO.

B pamMkax npe/IJIoO)KEHHOMH CTPYKTYPHOM PEOSIOrM4eCKOM MOJIETN CIBHTOBOE pac-
CJIOEHHE MOXHO OOBSICHUTH KaK MEpPEXo/l OT OJTHOTO PeXUMa TEYEHUS K JPYyroMy,
OOYCNIOBNIEHHBIIT U3MEHEHUEM CTPYKTYPH CUCTEMBI MPU JIOCTUXEHUH HEKOTOPO
KPUTUYECKOI ckopocTu caBura y, (puc. 3.36). [1pu 3T0ii CKOpOCTH U3MEHSTIOTCS Xa-
pakTep KOHTAKTOB-3allENJIEHUI U, COOTBETCTBEHHO, (hopMa U pa3Mepbl aCCOIMATOB
MUILIE/JI. YBEJIMYEHUE YTTOPSIAOYEHHOCTH MUIIENJT MPUBOJUT K aHU30TPONUU Be-
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Puc. 3.36. TunwuuyHasi KpuBasi Te€4€HM S B IBOMHBbIX NOorapudpMMUYeCKHX KOOpAMHAaTax
(@) v npeanu3npoBaHHbIi NPoQUIIb CKOPOCTH B 3a30pe MeXAy KOaKCH-
aNbHBIMM LMIMHAPaMU (6). HeioTOHOBCKOE TeueHMe HabJ110gaeTcsl Npu-
MEPHO 10 CKOPOCTH Y, 3aTéM HabJ1 10/1a€TCsl «<BONTHOOOPa3HOE» UBMEHEHHE
T(Y) BIIOTh 10 Y, py 00JIe€ BHICOKMX CKOPOCTSX CUCTEMA IEMOHCTPUPY-
€T HEHBITOHOBCKOE TeueHue. LLTpuxoBoii nuHHel 0003Ha4YeHO YCIOB-
HOe T MNnaTo, B Mpeaenax KOTOPOro CyleCTBYeT CABMIOBOE pacClOeHHe.
[TyHkTUPHOW NUHKWeH 0003HAYeHBl yYacTKH CKayKooOpa3HOro yBesH-
YEHHS CKOPOCTH CABHMIa IpH KpaliHEe MaJloM YBEJIMYEHUHU HallpsiKeHHU s
CIIBUIa B peXHME «KOHTpOJMUpyeMoro HanpsixeHusi» (CS), «BoJiHa» co-
OTBETCTBYET pe€aJibHbIM 3KCIIEPUMEHTAJIbHBIM JJaHHBIM B pEXMME «KOH-
Tponupyemoii ckopoctu casura» (CR). LLInpuHa 3a30pa npUHsTa paBHOI
eaAuHULEe, Ko3hdULHEHT B COOTBETCTBYET A0JE CNIOS C BHICOKOH CKOpO-
CTBIO CABUTA Y,

= pormmem T



1ecTBa, NeHCTBUTENbHO, OJU3KON K XXMAKOKPHUCTAIIIHYECKOMY (HEMATUUYECKOMY)
COCTOSIHUIO.

TUunuuHBI TpUuMep KPUBO# TEYEHM S C T-TICEBIIOTJIATO NMPUBENEH B padboTe [254)
M nokKaszaH Ha puc. 3.37. HaMu UMCNOJIB30BAHO ONPEOETIEHHE «MCEBJOMNIATO», TMO-
CKOJIbKY B CS-METO/IE CKAYOK CKOPOCTH CIABUTA COMPOBOXOAETCS HEOONBIIIUM yBE-
auyeHueM BeUYUHH T. LetuntpumerunamMmmoHuiiopomun (CTAB) npencrasasiet
cob0it knaccuveckoe kKatTuoHHoe ITAB. Yxe npu Hu3kux koHeHrpanusax CTAB no-
OasneHue conu (Hanpumep, KBr) obneryaet poct 4epBeoOpa3HBIX, THOKUX MU LIEJUL.
OnTUYeCcK e UCCAeaOBaH WSl B pailoOHE CIBUTOBOIO PACCJIOCHU Sl MOKA3aJIu pasiuyHbie
ONTUYECKHE XapPaKTEPHUCTUKH JIBYX CJIOEB B 3a30p€ MEXAY KOAKCHAJIbHBIMHU ITUJIMH-
apaMu. HeHBIOTOHOBCK U yYaCTOK TEUYEHHU S OMUCHIBAETCS OOO0OIIEHHBIM YPABHEHHU -
em Tedenust: ©/° =172 J(1+x /7).

Yyactok «BOJIHBI» (Mpu CR-MeTOaE), unu y4acTtok t-ncepnoriaro (nmpu CS-
METOHE) SIBJISIETCS TEPEXOIHBIM MEXJ1Y HBIOTOHOBCKHUM TEYEHUEM U TJIACTUYHBIM

Puc. 3.37. Peonornyeckoe noseaeHue pacTBopa LETUITPUMETHIAMMOHUKHOpPOMKUAA
(CTAB) B tsixenoii Boge (D,0) npu 32°C: @ — kpuBasi Te4€HU 1 B IBOHHBIX
norapuMHUUYECKHX KOOpAUHATaX, 6 — KpHBas T€YEHHs B KOPHEBHIX KOOP-
JUHATax, 6 — KpHBas BI3KOCTH B ABOMHBIX norapudMuyecKux Koopau-
Hatax. CrnollHas AMHKA COOTBETCTBYET NITACTHYHOMY T€YEHH IO, LITPUX-
NYHKTHPHas JIWHUA — HBIOTOHOBCKOMY T€UEHK 10, LLIMPOKas cepas TIMHuA
obo3HavaeT T-ncesaoniato. CTpesika yKasblBaeT Ha TOUKY, roe HbIOTOHOB-
cKasi npsiMasi nepeceKkaeTcsi C KpUBOW MJAaCcTUYHOTO TeUeHMs1



Ta6nuna 3.16. KosdhduumeHTh 0000111€HHOrO ypaBHEH U T€4eH M BoaHOro 18%-Horo

MuueapHoro pacteopa CTAB npu pasnudHbIX TemnepaTypax

Temnepatypa, “C 32° 34° 32° 34°
7/, Ma"” 7,5 6,4 3,3 3,6
n*, (Ma-c)"” 0,99 1,12 0,125 0,125
¥, ¢ 3,2 5,6 0 0
CkopocTb cuBura HU3Kad BbICOKAS
CumBon TOYKA Kpyr TOYKA Kpyr

Puc. 3.38.

Peonorvueckoe nopeaeHue pactBopa LETUNTPUMETHIIAMMOHHUITOpoMHaa
(CTAB) npu koHueHTpauuu 18 % B Tsixxenoi Boge (D,0) npu 32°C (Touka)
u npu 34°C (KpyKOK): ¢ — KpUBasi Te4eHH s B ABOMHBIX IOTapH(PMHUYECKU X
KOOpAMHATaX; 0 — KpHBasi TEYEHM S B KOPHEBBIX KOOPAMHATAX, 6 — KpUBasi
BS3KOCTH B ABOHHBIX norapudmMuyecKux KoopauHatax. CrinouHasi nMHUS
COOTBETCTBYET MNACTHYHOMY TEYEHU 10, MYHKTUPHAsA IUHUA — MCEBAOIIA-
CTUYHOMY TE€YEHMI0, LI pOKas cepas TMHKA 0003HaYaeT T-rceBAaonaaTo



TeuenueM (x =0). Ha puc. 3.37, 6 ykazaHbl BSI3KOCTb HbIOTOHOBCKO#M XX HJIKOCTH U KO-
3 duimeHTH 00001IEHHOrO ypaBHEH Ul TeYeHUs (B einHuax cucremo CH).

B o01iem, nepexoa OT HbIOTOHOBCKOIO K MCEBJOMJIACTUYHOMY TEYEHU IO YACTO Ha-
OnoaaeTCs B AUCMEPCHBIX U MOJIMMEPHBIX CHCcTEMaX. OIHAKO MEePEXOIH bl y4acTOK
OOBIYHO MaJ1 U He HAON 1A TCs Pe3KOE UBMEHEH HE CTPYKTYPhl BELLIECTBA.

B nanHoMm cnydae «ObICTpo€» T€UYEHME HE BO3HMKAET B «TOUYKE MEPECEeYCHHUs»
KPUBBIX TeueHus (cTpesika Ha puc. 3.37), Kak MOXHO OblJ10 Obl OXKHAATh. DTO 03HAYA-
€T, YTO HBIOTOHOBCK M i PEXXUM COXPAHSIETCS MPU CKOPOCTIX CIBUTA, TAE YK€ TIOJIXKEH
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Puc. 3.39. Peonornueckoe noBeneHue BOAHOro pacrBopa kKoanouwgHoro [TAB
apyuunouc(2-ruapokcuaTun)merunammouuiixnopung (EHAC) ¢ po-
casneHuem conu NH,Cl npu koHuentpauuu [MAB 54 MMonb/n 1 conm
28.4 mmonb/n (cucrema Fluid EDnpu yBenuMueHuM HanpsXkeHus CIBHMTa
(KpY>X0K) U NpH YMEHbIIEHUUH CKOPOCTH cCABUra (TOYKa). @ — KpuBas Te-
YeHUWs B JBOIHBIX JJorapupMHUyeCcKHX KoopaHMHaTaX; 6 — KpuBas TeueHH s
B KOPHEBbIX KOOPAWHATAX, 8 — KPHBasi BI3KOCTH B JIBOHHBIX JIOorapipMu-
yecKMX KOopauHaTtax. CnjaouiHasa TMHUA COOTBETCTBYET NAACTUYHOMY Te-
YEHM IO, NYHKTUPHAaA TIMHUA — HBIOTOHOBCKOMY



Tabmuna 3.17. Koosdbduumuents 060061LEHHOrO ypaBHEH WA TEUEH WA BOAHOIO MHULIEJ-
nsapuoro pacteopa (EHAC) npu paznuyHbix pexuMax TeueHH s

CKOpOCTb CIABKIA HU3Kasi BBICOKASI
CxopocThb YBEJNHYNBAETCS YMEHbIIAETCS!
o2, [1a”? 0 1,56 0,91
N2, (Ma-c)"”’ 16,2* 0,20 0,25
Wk 0 0 0

* 3nech BesMuMHA M’ COOTBETCTBYET BEJIMYMHE 1)), MOCKOJIbKY pPa3Mepbl arperatoB MpH

HBHOTOHOBCKOM T€YE€HHH B CpEAHEM HE U3MEHHA KOTCH.
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Puc. 3.40. Peonorvueckoe noseaeHue BOAHOro pacrsopa koJuionanoro [NAB uerun-
TpuMeTuIaMMoHHyMOpomua (CTAB) B Taxenoii soae (D,0) npu KoHlEeH-
Tpauuu 20 macc.% npu TeMiiepatype usotponHoii ¢asbl 41 °C : a — Kpupas
TeYeHHUs! B ABOHHBIX JIorapupMHUYECKHX KOOpLHWHAaTaxX; § — KpUBasi Teue-
HU$ B KOPHEBBIX KOOPAMHATAX, 8 — KpUBasl BA3KOCTH B ABOHHBIX Norapudg-
MHYECKMX KoopaHHaTax. CrilowHas JTHHHWS COOTBETCTBYET MAACTHYHOMY
TeYeHUWI0, NYHKTUPHAA NHHWUA — ychoBHOMY T-nnato. KosadduumeHThl
PEO0JIOrMYEeCKOro ypaBHeHH s YKa3aHbl Ha rpadgUKe




OBITh IPYTOi MEXaHU3M TEUYEHUS] — C pa3pyLLUEeHUEM arperaTtoB U COOTBETCTBY IOLLUM
YMEHbLLEH HeM BA3KOCTH. [10-BUAMMOMY, CY1LECTBY IOT CUJIbI, MPENSTCTBY IOLLUE pa3-
PYLLUEH U 10 arperaToB U CBSI3aHHbIE CO CTEHKaMHU si4€iKHK. TONbKO Mpu 3Ha4YMTEJIbHOM
MOBBLILUIEHWUW CKOPOCTH M HAMpPSIXKEHUs CABUra HauMHaeTrcss OpMUPOBaAHUE «Obl-
CTPOroO CNOsI» y IBHUXYLIEHCS cTeHKHU. POCT €051 npoonXaercst no Tex nop, noka oH
HE pacrnpoCTpaHUTCS Ha BCIO siueiiky. Peonornyeckoe nopeaeHue «ObICTPOro CJios»
OMUCHIBAETCH B JAHHOM CJiy4yae ypaBHEHUeM K3CcCOHa KaK YaCTHBIM cnydyaem 0000-
LLIEHHOTO YPAaBHEHUSI TEYEH M.

B Toi1 xe cTarbe |254] onucbiBaeTcs peosiornyeckoe nopeaeHue pacrsopa CTAB
NMpu pas3M4yHOM TeMMeparype BeunlecTBa, udydeHHoe B pexume CS (puc. 3.38).
Kak npu HU3KUX, TaK U MPU BLICOKU X CKOPOCTAX caBUTa HabJ1101a€TCsl HEH bIOTOHOB-
ckoe TeueHue, KoadhduuueHTol OV T npuBeneHb B Tadn. 3.16.

Hano oTMeTHTB, 4TO B paHee NpeayioXXeHHbIX moaensix [171] TeyeH ue npu HU3KKUX
U IMPU BEICOKUX CKOPOCTSIX CABUTA MPEANONaraeTcsl HblOTOHOBCKUM.
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Puc. 3.41. Peconoruueckoe TmnoBencHWe BoAHOro pacteopa konnouwaHoro I1AB
CpyCl/NaSal npu temnepatype 25°C: ¢ — KpuBasi TCYCHHA B ABONHBIX
norapupMUUYECKHX KOOpAMHATAaX; 6 — KpHBas TEYEHH 1 B KOPHEBBIX KOOP-
IWHATaX, € — KpPWBas BSA3KOCTH B NABOHHBIX NorapupMmuyecK X KOOpau-
HaTtaX. CnnowHas NUHKSA COOTBETCTBYET MNCEBAONNACTHYHOMY TEYEHHIO
B paiiloHe HM3KHMX CKOPOCTEi M NAACTUYHOMY T€YEHH IO B paiiOHe BBICOKMX
CKOpOCTEM caBUra



B pabote |255] u3yyeHO peosiorHyeckoe noBeaAeH e BOOAHOIO pacTBOpa YepBEO-
OpasHbix munenn konnouaHoro INNAB spyuunduc (2-runpokcusTun) MeTusiaMmmMo-
Huitxnopun (EHAC) ¢ nobasnenuem conu NH,Cl. DkcnepyuMeHTalbHbIE NAHHBbIE
[255] npenctaBneHbl Ha puc. 3.39, a, pesynbraThl pacyetra — B Tadn. 3.17.

CoBuroBoe paccynoeHue Habnwonaercsi B BoonHOM pactBope INAB uerunrpume-
TunaMmmMmoHuiidopomun (CTAB), B KOoTOpOM OpMUPYIOTCSI HEPBEOOPA3HBIE MULIEJJIBI
[256]. PacTteop ITAB B Ts1ken0it Bone (D,0) npu koHueHTpauuu 20 macc.% obpasyeTt
HEMATU4YECKY10 (pa3y npu HU3KUX Temneparypax (32°C) u nepexoamuT B U3OTPOMHYIO
¢dasy npu HarpeaHuu (41 °C). INpodunb CKOpOCTH B 3a30pe BHCKO3UMETPA OlNpeae-
JISINCS YNBTPa3BYKOBBIM METONOM, KCMEPUMEHTAJIbHAsA KpUBasi TEYEHUS! MOKa3aHa
Ha puc. 3.40.

Kaxnoe uaMepeH e Harpsi>)XKEH 1sl CIBUTa T MpOBOAUIIOCH HE MeHee yepes 1,5 MuH
MOCJIe€ YCTAHOBJICHUSI CKOPOCTH Y, TO €CTb AOCTUTaJIOCh PABHOBECHOE COCTOSIHUE
TeyeHusl. YCIOBHOE T-NAaTo Ha puc. 3.40 HaxoauTcsi B mHTepBane ¥ ot 20 no 110 ¢
HyXHO OTMETUTB, YHTO B CTATbsIX, KACAIOUIMXCSl CABUTIOBOrO paccsjoeHusi, OObIYHO
MCNOJIB3YIOT rpapuku ¢ KoopauHaraMmu Igt—Igy, KOTOpbIE NMO3BOJISIIOT BLIACJUTD
Y4aCTOK «I1JIJaTO» W OJIMHAKOBO XOPOLUO MPEACTABUTL JAHHbIC MPH HU3KUX H BbICO-
KMX CKOpocTsax capura. IlpeacrasieHue naHHBIX B KOPHEBBIX KOOpPAMHATAX MO3BO-
JISIET ONPEAESIMTL PallOHBbI, TIPUTOAHBIEC 1S OMUCAHHS O0OOIEHHBIM YPABHEHHEM
TEYEH U, U ONMPEeneIUuTh BO3MOXHOCTb HbKOTOHOBCKOIO TEYEHUSI B pailOHE BLICOKMX
ckopocrteii capura. Ha rpadgpukax ¢ ocsimu Ign — gy XxopoLuo BUHb OCOOEHHOCTH Te-
YEHHUS MPU HU3KUX CKOPOCTSIX CABUIa, B YaCTHOCTH, BO3MOXHOCTb AMJIATAHTHOIO
MOBEAECHUSI.

Cucrema uerunnupuauHuymxmopua (100 MMonb/n)/canuuunar  HaTtpus
(60 MmMonb/n) uccneposaHa |[257] B poTallMOHHOM BHCKO3MMETPE C KPblJb4aTKOIA.
YcnoBHOE 0003HAaYEHKME 3TOr0 BOAHOIO MHULIEJJISIPHOIO pacTBOpa C YEpBEOOpPa3HbI-
MU Mmuueanamu — CpyCl/NaSal. boin oOHapyXeH 3HAaYUTEeNIbHBII THCTEPE3UC KPU-
BbIX TEYEHUS KaK B pexume usmepeHuii (CS), tak u B pexume (CR). Ha puc. 3.41, a
MOKa3aHbl KpUBasi TCHEHUS! MPH YBEJIMYEHUH HATMPSIXKEHUS] CABUTA (TOYKH) U KPH-
Basi TEHEHHU S MPU YMEHbLLUEHU U CKOPOCTH CIBUTA (KPYXKH), MOJIYYEHHBIE B PEXUME
uamepeHusi(CS) u B pexume uamepeHus (CR), COOTBETCTBEHHO.

Pacuetsl nmo o0001LIEHHOMY ypaBHEHHIO TedYeHusi cuenaHbl ansi pexkuma (CS).
Ha puc. 3.41, 6, 6 XOpoLIO BUOEH HEHBIOTOHOBCKUI XapakTep TEYEHUS Ha y4YacTKax
BLICOKMX U HU3KHX CKOPOCTE# CABHTA.

DTH U APYTHe CXOAHBIE Pe3yJibTaThl MOKa3blBAKOT, YTO CKAYKOOOpPAa3HOE YBEJH-
YEHUE CKOPOCTH CABUTA Y MPU MPAKTUYECKU MOCTOSIHHOI BEJIMYMHE T MPOUCXOAUT
B PE3YJILTATE MOSIBJIEH Sl HOBOTO CJI0$1 CO CTPYKTYpPOi, obecrneuuBaioLuei 0osiee H1s3-
KYI0 BSI3KOCTb. BOBHMKHOBEHUEM NMOAOOHOI re TepOre HHOM CUCTEMBI TAKXKE BO3MOX-
HO OOBSICHHUTB OBICTPOE CIBUTOBOE 3aTBEPAEBAHUE, @ TAKXKE CPLIB TEYEHHS.

3.9. CpbiB Te4eHuUA

ABneHue cpuiBa TeyeHUusi (MK CPLIBA MOTOKA) XOPOLUO ONpenensieTcsl B KOOpAUHAT-

HbIX Ocsix logT—logy unu v/ —4'"”, rae nerko BbLAEIUTb YYACTOK PE3KOTO CHUXEHUS



BSI3KOCTH 1) UJIH MOCTOSIHCTBA BEJIMYKMHBI CABUTOBOro HanpsixxeHus T. OHo Tunuy-
HO 117151 PEOJIOFMYE€CKOIro NOBEAECH K Sl PACTBOPOB U PaCIljlaBOB NOJIMMEPOB (puc. 3.42—
3.44).

YMeHbLIEeH e BSI3KOCTH, BO3MOXHO, CBSI3aHO C pa3pyLUeHueM CTPYKTYpPbI B OT-
JEJIbHBIX CJIOSIX CABUTOBOTO TeyeHusl. BaXXHO OTMETUTL, YTO BITUX U IPYTUX CITyyasix
3HaueHHe 3(PGHEKTUBHOMN BSI3KOCTH 1) 00pa3siia HUKOTAa HE YMEH bLUAETCS HUXKE Mpe-
NEJIbHOM BA3KOCTH 1), COOTBETCTBYIOLIEN TEHEHU IO CUCTEMBI 0€3 3aLIEMJIEHU I MEXY
MaKpPOMOJIEKYJIAMH.
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Puc. 3.42. Peonornyeckue xapaktepuctuku Heitnona 6,6 (C =0,204 r/mn) B cepHoit
KHMCNIOTE AN IBYX 00pa3LoB NOMMMEPOB ¢ MONEKYJIAPHOI Maccoit 73200
(pom©OBI) M 66900 (TpeyroibBHUKKH): KPHBBIE BA3KOCTH B JIBOMHBIX IOorapug-
MHUUYECCKHUX KOOpAWHATaX (¢) U KPUBLIC TEYCHUS B KOPHEBBIX KOOPAMHATaX
(6). NaHHble U3 padboThl [193]
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Puc. 3.43. Peonornyeckue XapakTepUMCTHKM pacnjaBa NOJTWH300yTHIIEHA: KPHBbBIE
BSI3KOCTH B ABOHHBIX norapupMHUecKUX KoopaKHaTax (a) U KpUBLIE Te-
YeHHst B KOpHEBLIX KoopauHaTax (6). Yka3zaHo 3HayeHue norapudpma Ko-
3¢ puumreHTa Ba3kocTH KaccoHa, cTpeika oTMeyaeT Hayano «CpHBa Teye-
Hus». JlaHHbie U3 padoThi [9]
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Puc. 3.44. Peonorvyeckume XapakTepPUCTHKH PacnnaBa NMoJUAMCNEPCHONO MOAMITH-
JICHA: KPHUBBIC BA3KOCTH B JIBOMHBIX NOorapupMHUECCKUX KOOpAMHaTax (a)
W KPHMBBLIC TEUEHUS B KOPHEBLIX KoopauHaTax (6). YkazaHo 3naycHue no-
rapudma koadduunerTa Bsi3kocT KaccoHa, cTpenka oTMeyaeT Hayano
«CpbIBa TeYeHHs1». JlaHHble U3 paboTh |9]

3.10. DkcTpanonAauua peonormYecknx AaHHbIX

Kak nucan I'. LLpamm 8], «KpuBasi TeueHHs1 oOpa3ila MOXeT ObITh Ha3BaHa €ro peo-
JIOTHYECKUM «OTNeYaTKOM nanblla». HeCKoNbLKO pa3nnuyHbIX 00pa311l0B yyllie BCero
MO>HO COMOCTABUTL, CPABHUBAsI UX KPUBbIE TEYEHUS U BSI3KOCTH B KaK MOXHO 00-
Jie€ LMPOKOM JAMANMA30HE CKOPOCTEW CABMIa WJIM B AHANA30HE, COOTBETCTRBYOLLEM
TEXHOJIOrMYECKOMY MpolLleccy ux nepepadotTku. PeoMmeTpruyeckue U3MEepeHusl pea-
KO AT 3HAYEHHS BSA3KOCTHU C MPUEMJIICMOI JOCTOBECPHOCTBK) B IHANMA30HE CKOPO-
CTE CABHMra, MpEeBHLILLAIOLIEM ABA UJIM TPU ACCATUYHBLIX MOPsiAKa, B TO BPEMsI Kak
151 OMUCAHUSI KOHKPETHBIX YCNOBMIT nepepaboTKH 4acTo ObIBalOT HEOOXOMMMBI
JAHHBIC 0ANICKO 3a npeacnamMu 3TOro AMana3zoHa. DKCTPanosasimus perpecCHOHHONM
KPUBOIl, HAUJTYyYILLIMM 00pa3omM arnnpoKCUMUPYIOLLEH 3KCMNEePUMEHTAJIbHBIE TOYKU,
NO-BUJAMMOMY, MOrja Obl ObITb O4CHb XOPOLUMM PCLUICHHUEM, MHHUMHU3UPYOLUM
pacxofibl, CNEAYET JIMLLb U3MEPUTD BI3KOCTb B OTPAHHUYEH HOM MHTEPBaJie CKOPOCTE
CABUIa U 3KCTPANOJIMPOBATL MOJIYYECHH YO KPUBYIO B 001aCTh BLICOKUX UJIM HU3KUX
CKOPOCTEM caBura».

Ho Takoe npocToe pelieH e HEBO3MOXHO MPU OTCYTCTBU M HAAEXXHOIO PEOJIOrU-
4ECKOro ypasHeHusi. Mcnoib30BaHUE pa3HBIX PCOJIOrMYECKUX YPABHECHUIA, XOPOLLO
ANMpPOKCUMMUPYIOLLUX OrPAHUYEHH Bl YYACTOK KPUBOM, MPUBOAMT K 3HAYUTEJILH bIM
pa3JiM4yMsIM Ha MHTEPBaJax 3KCTPanojsiiiuu. 3170 00CTOATEILCTBO CBSI3AHO C pa3-
HOOOpa3ueM peoJIOTMYECKHUX YPABHEHUIN U C MATEMATHUYECKUMHU TPYIHOCTSIMU TMPH
onpeneseHu BeJIMYKUH bl KO3 @UIIUEHTOB.

B HacTosiiiee Bpemsi pa3paboTaHbl METOABI HEJIMHEMHOM perpeccum, rno3Bo-
NISIIOLKME ObICTPO HAXOAMTb KOA(PPHUIIMEHTHI MHOrOMapaMeTPHYECKUX YPaBHEHHMIA,



HarnpuMep, B 3JIeKTPOHHBIX Tabnunax Excel. DTo no3ponasieT ObICTPO noadupaTh Mpu-
E€MJIEMBIE IMITUPUYECK ME YPABHEH Ul 1151 JTHOOBIX 3KCMEPUMEHTAJIbHBIX TAHHBIX.

[lockonbKy 000011IeHHOEe ypaBHEHUE TedyeH Hs1 (OY T) yCrnewHo npuMEeHsieTCst sl
PE€0JIOrMYECKOro OrnucaHusl AUMCMNEPCHBIX U MOJIMMEPHBIX CUCTEM, TO JIOTHYHO MC-
MOJIb30BATh €r0 AJ1sl IKCTPANOJISILIMU HA YHAaCTKU 00J1€€ BBICOKUX UJTH DOJIE€ HU3KUX
CKOpOCTE#H caBura.

OnpeneyieH e BeJIMYMHbl KOPPOUILIUEHTOB YPABHEHUSI MPU MOATOHKE K MAaCCUBY
IKCIMEPUMEHTAJIBHBIX JAHHBIX OTHOCUTCS K TAK HA3blBAEMbIM OOpaTHBIM 3ajaqyam.
OOpatHbie 3apa4y HEKOPPEKTHBI U [J151 OHO3HAYHOIO onpencaeHusi KO3p@QUIIMEH-
TOB TpeOyeTcs perynsipusanus. B 4aCTHOCTH, paccYuTaHHAs BEJIMYHHA KO3 huium-
€HTOB CYLLIECTBEHHO 3aBUMCUT OT MPOLEeAYpPbl MUHUMHK3AlIMH, B TOM YUCJIE OT BLIOOpa
CPaBHUBAEMBIX BEJIMYHUH — IKCIMEPUMEHTAJIBHOM U PpacYE€THOIA.

M3meHeHHe MHTEpBaJia annmpoOKCUMAIIUM WUJIH KOJIMYECTBA 3KCMEPUMEHTAJb-
HBIX TOYEK Ha KPMBOM TakKXXe MEHsIET 3HaYeHus1 koadduumueHtoB. Pazbpoc skcne-
PUMEHTAJIbHBIX TOYEK TAKXE YBEJIMYUBAET NOrPELLIHOCTb 3HA4YEH Usi KO3 duilMeHTa.
Crporoe onpeaeneHue BeJIMYUHBI CTATUCTHYECKON OLUHOKH MPUH ONMpPEeneieHHH KO-
3 PULMEHTA SABASIETCS JOBOJIBHO CJIOXHOIH MaTeMaTU4YeCKOM Mpoueaypoi yxe s
TpeXnapaMeTpu4YeCcKoro ypaBHeHusi. KpomMe Toro, BeJindiuHa norpeHocTu Koadgpu-
IITHEHTOB BO3pacTaeT MpPH YBEJIMYEHWU U YHCJ1a MOATOHOYHbIX MapaMeTpPOB.

JINist OLEHKH HAAEXHOCTH KOXIPPUIIMEHTOB TpexnapaMeTpuuyeckoro 006001eH-
HOIrO YPaBHEH Msl TEYEHUsI HAMM Mpeanaraercst 00padoTka 3KCNepUMEHTAJIbHBIX JaH-
HbIX MPH YEThIPEX pasHbiX crocobax BbIOOpa CyMMbl KBaapatos pasHocTteil (CKP).

Ta0onuua 3.18. 3aBHCHMOCTbL BA3KOCTHU OT CKOPOCTH ciaBura 3%-HOro BOAHOro pac-
TBOpa HaATPHii KapOOKCHMMETHLUENTIONO3bI [46]

¥, 159 317 634 951 1270 1590 3170 4760
n, Mac | 0,455 0,370 0,276 0,234 0,203 0,181 0,123 0,0981
¥, ¢’ 6340 7930 9510 11100 12700 14300 15900
n, Mac | 0,0826 | 0,0733 | 0,0647 | 0,0587 | 0,0541 | 0,0502 | 0,0468

Tabmuua 3.19. Pesynerarel annpokcumMaLmvu o000LEeHHBIM YPaBHEHUEM TEYEH WS BO-
JHoi cycneH3vu INBA v BonHoro pactsopa nonumepa Na KML|

Cucrema | BunCKP | <%, IMa"? [, (Nac)*| ¢ n(0), Mac | n_, MNac
INBA I 47,171 0,3582 14,637 12,823 0,1283
ITBA I 47,172 0,3582 14,638 12,823 0,1283
INBA 1 47,171 0,3582 14,637 12,823 0,1283
INBA Vv 47,083 0,3589 14,601 12,841 0,1288

Na KMLL I 25,336 0,0525 28,08 0,9115 0,00276

Na KML I 25,190 0,0533 27,85 0,9174 0,00284

Na KML] 1 25,188 0,0533 27,85 0,9174 0,00284

Na KML |AY 25,189 0,0533 27,85 0,9175 0,00284
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Puc. 3.45. Peonoruyeckoe rnosejieHHUe BOJHOM cycneH3vny noamprHunauerarta (1) u 3%-
HOTI'0 BOAHOTO PACTBOPA HATPU I KAPOOKCHMETHLENNIONO03bI (2): KpuBas Te-
YeHHMs B KOPHEBBIX KOOP/IMHATAX HANPsIXEHWE CIBHTa — CKOPOCTb CABMUIa
(@); 3aBUCHUMOCTb HaNPSI )KEHMW S CIBUTA OT CKOPOCTH C/IBMTa B IBOMHbIX JIOra-
pupMUUYECKUX KoopaKHaTaXx (6); 3aBUCHMMOCTb BSI3KOCTH OT CKOPOCTH C/IBH-
ra B ABOMHBIX NOrapudpmuyYecKux KoopauHaTtax (8); 3aBUCHMOCTb BA3KOCTH
OT CKOPOCTH C/IBUI'a B KOPHEBLIX KOOpAWHarax (2). laHHbie u3 [46]

HMcnonb3yeM  ClenylowMe BbIpaXXeHUsl CYMMBI  KBaapatoB  pPa3HOCTEN:
CKP=Y(z"" =712 ) (I), CKP= Y (lgt—1gt,,. )" (1), CKP=) (Ign-lgn,.)" (1),

pacu
CKP= 30" ~nlL.)' (V)

Yn0o6HO ucnonb3oBaTh ONyOJHKOBaHHBIE TA0IMYHBIC faHHBIE [46], 4TO nONYyCKa-
eT He3aBUCUMY 10 NpoBepKy. JlaHHble npuBeaeHs B Taba. 3.1 u taba. 3.18.

Pesynbratsl annpoKCUMAaLMK U IKCTPANOJIsiIUU MOKa3aH bl Ha puc. 3.45. Cnow-
HbI€ KPUBBIE MOCTPOEHBI MO ODOO0IIEHHOMY YPABHEHU IO TEYEHUSI, IPUYEM BUI BbI-
opanHOit CKP COOTBETCTBYET BUAY KOOPAMHATHOI cucteMbl. OTMETUM, YTO B Cyiydyae
(I Hanbonbiumii BKnaag B CKP npuxonuTcst Ha paiiOH BLICOKMX CKOPOCTeii clBuMra,
ans cnyvast (I'V) — Ha paiioH HU3KHX CKOPOCTEIA.

B 1O Xe Bpemsi Npu HU3KHX CKOPOCTSX caABUra HauOoJiee BEPOSITHHI MOrpeLl-
HOCTH, CBSI3AHHbIE C OTKJIOHEHUEM CUCTEMBI OT PABHOBECHOIO COCTOSIHUSI TEYEHHSI.



Cnyyau (IT) u (I11) 6onee TOUHO ONUCHIBAIOT JaHHBIE B UHTEPBaJe CPpeAHUX CKOPO-
creit cnpura (tabn. 3.19).

[lonyyeHHBIE 3HAYEHUS KOIPPHUIUMEHTOB AOCTATOYHO ONM3KH APYr K IpPYry,
M MOXHO PEKOMEHA0BaTh HMCMOJIb30BATh CKP=E(T” I—Tlﬁy)zﬂﬂﬂ CpaBHEHUS pa3-
JIMYHBIX KPUBBIX TEYEHHUSI MO BeJIMYHHE KOIPDUIIMEHTOB PEOJIOrHYeCKOro ypaBHe-
Hus1. IlpenenbHbie 3HaYeH K Sl BSI3KOCTH TAKXX€e CXOJHbI MO BEJTHYHHE, YTO MO3BONSIET
CAENaTh OLEHKY BA3KOCTU UCIBITYEMOIH CUCTEMBI KaK IMPU OYEHBb HU3KHX, TAK U MPH
O4Y€Hb BEICOKHX CKOPOCTAX C/BUTA.

OnHako cnenyetr yYMTHIBaTb BO3MOXHOCTb BO3HHWKHOBEHHSI IPYIrHMX PeXHMOB
Te4yeH usi. Harnpumep, npu HU3KKUX CKOPOCTSX CABUTA BEPOSITHO MOSIBJIEHUE YYAaCTKa

HBbIOTOHOBCKOIO T€YEHH$ B HEM3BECTHOM 30HE SKCTPAanossIluu (I.I.ITp[—’IKUBbIE JIHHHH
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Puc. 3.46. Peonoruyeckoe noeeseHue pacnnasos nonumepos [N3BIT (pomosi) u M1
(TpeyrofibHMKH): 3aBUCMMOCTb BSI3KOCTH (@) M HanpsixeHus capura (6)
OT CKOPOCTH CABWUTa B ABOWHBIX norapupmuucckix koopavHartax. [losic-
HeHus B Taon. 3.20
Tabnuua 3.20. Pesynbrarel annpoKcMMaLMW OOOOLLEHHBIM YPABHEHHEM TEYEHM S
PEONOTHYECKMX IAHHBIX I8l PACTJIABOB NMOJKMMEPOB
Pacnnas | Bun (o n/?, v, c? | n(0), Ma-c | Pucyrok | Paiion nyu-
nonumepa | CKP | IMa"”? | ([Mac)”? NWHUSA | weil noarox-
KH
Il | 217,7 3,3 2,7 7517 6 Buicokue
CKOpPOCTH
111 I 213,2 5,7 2,6 7709 1] CpelHuE
[ 1 216,1 5,6 2.8 6939 a Cpe/lHHe
111 AY 202,1 6,4 2,6 7123 a HU3KHE
NSBI1 | 176,4 9,1 0,57 101952 6 Bricokue
58I I 152,4 10,8 0,37 177409 6 CpelHure
N3BI1 I 152,4 10,1 0,40 150000 a cCpenHue
N5BI1 AY 120,4 14,6 0,28 199720 a__ | Hu3akwme ckop.




Ha puc. 3.45, ). Takum 00pa3omM, OnpenensieTcs BO3MOXHBIH HUXXHU npenen Bs3-
KOCTU Mpu 3KCTpanosiitmiu. B ob1emM, 1oCTaToO4HO NMpoBeCTU ABa JTOMOJHUTEJIbH bIX
U3MEPEHUSI MPU HU3KUX CKOPOCTSIX, HTOOBI ONPeaeuTh y4aCTOK HbIOTOHOBCKOIO Te-
YEHHSI U TeM 3aBEPLUMTDb 9KCTPANOJsILMIO B HU3KHE CKOPOCTH caBura. YToObl yuecTs
BO3MOXHOCTb SIBJIEHHSI CPbIBA TEYEH M, MOXXHO BBIOpPaTh 3HAYEHHE T)_ = 1), KaK BO3-
MOXHBIH HUXKHUI MPEAesn BSA3ZKOCTHU MPU IKCTPANOJISIIUKU K OECKOHEYHO BbICOKOIf
CKOPOCTH caBHTra (CMJOLLIHbIE TOPU30OHTAJILHBIE MPsSIMbIE HA pUC. 3.43, 6).

PaccMOTpUM pacyeT KPUBBLIX BS3KOCTH M TE€YEHUSI IJIsl PacCIUIaBOB MOJMITHU-
neHa BbicoKoll mnotHocTH (I1DBI1) u nonunponunena (I'N11) npu 200°C (rpadpuku
u3 kHuru Y. J1. Xana [13], C. 46, puc. I11.1). AnnpokcruMaimsi OXBaTbiBaeT MPUMEPHO
MSATh NOPSIAKOB BEJIMMUHBI CKOPOCTH CABUIA, IKCTPAMOJISILIUS MPOU3BEIEHA HA ABa
NopsiAKa BEJIMYUHBI B CTOPOHY HU3KUX U B CTOPOHY BBICOKMX CKOpOCTeii caBura. Pe-
3yJIbTAaThl MPEeACTaBNIeHbl Ha puc. 3.46 u B Tabn. 3.20.

OTH pe3yabTaTHl MOKAa3blBAKOT, YTO MPH HAJTMYHUH AOCTATOYHO TOUYHBIX 3KCMEPH-
MEHTAJIBHBIX JAHHBIX HA LUKMPOKOM MHTEPBAJIE CKOPOCTEI caABUIa BIMOJIHE BO3MOX-
HAa UHTEPNOJNSAIUSA HA COCEIHUE YYACTKU CKOPOCTEH CaABUTIa Jisl OLIEHKH BSI3KOCTH
CUCTEMBbI. 3HAYCHHU 1 KOIDPHUIIHEHTOB PEOJIOrHYECKOro YpaBHEHM S, paCCYiUTAHHbIE
no pasubiM opmam CKP, nocTatouHO O/1IM3KM APYT K APYTY.

OnHako 3KCTPanoJMPOBAHHBIE 3HAYEHHWS BSI3KOCTH MOKA3blBAOT BEPXHHH
npenesa BSI3KOCTH HA MHTEpBaJie HU3KUX CKOpPOCTEi caBura, NOCKOJbKY BO3MOXEH
nepexoa K HbIOTOHOBCKOMY TedyeHHuio. Ha uHTepBane BLICOKUX CKOPOCTEi IKCTpa-
MOJIMPOBAHH bIE 3HAYEH MS1 BSI3KOCTH TAKXXE MOKAa3blBAKOT BEPXHU I MPENEs BsI3KOCTH,
MOCKOJIBKY BO3MOXEH MEPEXO K PEXUMY CpbiBa TEYEHUSI. B NOCNEAHEM CIyHae HUXK-
HsIs1 TPaHu1A BSI3KOCTH paBHa BeJIMYMHE KOa(ppuumueHta KoccoHa m,.

3.11. TpaHuub! CcyLEeCTBOBaHUA HEHBIOTOHOBCKOIO
TeYeHun

B kHure bapHeca [14] ecTb paccyXneHusi 0 pacnpoCcTpaHEH HOCTH HEH bIOTOHOBCKOIO
MOBEACHUS TEKYYHUX CUCTEM. OH CYUHUTAET, YTO MPHU AOCTATOYHO BBICOKHX CKOPOCTSIX
CIBHUTA BCE XUJIKOCTHU CTAHOBSITCSI HEHBIOTOHOBCKUMMU. ONHAKO AJisl HU3KOMOJIEK Y-
JISIPHBIX COCAMHEHUI BEJIMYMHA KPUTHYECKOI CKOPOCTH CABHra Y,, MPU KOTOPOI

Tabnuua 3.21. KosadhduureHTs 0000LLUEHHOTO YPABHEHHS TEYEHHS CHIIMKOHOBOIO
macna Rhodorsil Oil 47 ¢ pa3snuyHOi «HBIOTOHOBCKOH» KHHEMATH-
YECKOM BA3ZKOCTBIO W,, (CCT), YyCTAHOBACHHON NS HBIOTOHOBCKOIO

yyacTKa TCueH U

KuHnemaTHueckas 1000 2000 5000 10000 | 20000 | 60000 | 100000
BSA3KOCTb, Uy, CCT

7", (cCu/c)"” 16277 12479 9149 9372 11145 10468 10281
u’?, (cCr)'”? 4,4 6,2 8,5 8,6 5,7 6,4 8,0
x ¢’ 554 291 132 83 65 31 21
u(0), cCr 1140 2414 6038 14359 31000 | 119649 | 240847
KpuBas 1 2 3 4 5 6 7
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Puc. 3.47. Peonorunydeckoe nopencHue oOpa3uoB cCMIMKOHOBOM xXuakoct Rhodorsil
QOil 47 npu Temneparype 25°C M ¢ pa3nMyYHON «HBITOHOBCKOM» KMHEMA-
THUYeckoi BsaskocTbio (¢Cr): 1000 (1), 2000 (2), 5000 (3), 10000 (4), 20000
(5), 60000 (6), 100000 (7): @ — 3aBUCHMOCTb KMHEMATHYECKOI1 BA3KOCTH
OT CKOPOCTH CABKHTA B ABOMHBIX NOTApH(PMHUYECKH X KOOpAKHHATAX; 6 — KpH-
Basi TCUCHH S B KOPHEBBLIX KoopauHaTax. [lpy yMeHbIIIeHUM Monek ynsipHo#i

MACCHI 3HAYCHHMCEC "Qx yennuuBaetcs. [yHKTUPHBIMH TMHUSIMH NOKa3aHbl
PACCYUTAHHBIC 3HAYCHH S BA3ZKOCTH NPH OECKOHEYHO CKOPOCTH CABHTaA

NMPOUCXOJUT TMEPEXOA OT «HBIOTOHOBCKOIO IJIATO» K CABUTOBOMY Pa3XXHUXCHUIO,
OYeHb BesMKa. Hanpumep, BeIMYMHA KPUTUYECKOM CKOPOCTH ¥y, IUISI [NULIEpUHA
M MUHEPAJIbHBIX MaceJl NpuMepHo paBHa 10° ¢ .

CUIMKOHOBBIE Macna, KOTOPBLIE UCMONB3YIOTCS KaK CTaHAApPThl HBIOTOHOBCKHX
XHUJIKOCTEI NMPU HU3KUX CKOPOCTAX CIBMIa, CTAHOBATCA HEH bIOTOHOBCKHMMU MPH Bbl-
COKMX cKopocTsX. [Ipu 3TOM 4eM MEHbLIE MOJIEKY/ISIPHAs MAacca Macia, TEM HUXE
HbIOTOHOBCKAasl BSI3KOCTb Ha «IJ1IaTO» M TEM BblllE 3HayeHue y,_ (o1 | 1o 10°c™). Cy-
LLECTBYIOT OLIEHKH BO3MOXHOH KPUTHYECKOI CKOPOCTH a8 neHTaHa (Y, =5-10°¢™)
u anist ol (Y, = 10" ¢™).



MonsipHasi macca cunukoHoBoro Macaa Rhodorsil Oil 47 [242] HaxoouTCsi B MH-
Tepsane ot 1000 r/monb (kuHemaruyeckas Bsi3koctb 5 cCt) no 145000 r/Monb (Ku-
HeMaTu4deckass Ba3kocTb 100000 cCt). bynem nanee ucnonb3oBaTh Kak CABHIOBYIO
BSI3KOCTb, TAK H KWHEMATHYECKY 10 BSI3KOCTb 1J1s1 OMMCAHUS COCTOsI H Ust Macna. Peonio-
rMYEeCKME XapakKTePUCTUKU HEKOTOPHIX CMJIMKOHOBBIX Macesl MoKa3aHbl Ha puc. 3.47
u B Tabn. 3.21.

Bs3KOCTb yBEJIMYUMBAETCSI MPUH  YBEJIMYEHUUW MOAsipHOW Maccuhl ot 40000
1o 145000 r/monb. O4YeBUAHO, YTO B AMANA30HE TPEX-HETHIPEX MOPSIKOB BEIU-
YUHBI CKOPOCTH CIBHUTIa Y BSI3KOCTb M OCTAeTCsl MOCTOSIHHOM. [103TOMY HET CMBIC-
Jla OMNuChIBaTb JTOT Y4YacTOK KPHUBOIH BA3KOCTHM W3BECTHBIMU YpaBHEHHUSIMU
C MpeaeAbHbBIMU 3HAYEHUSMH KO3(PPUUUEHTOB BA3ZKOCTH. Cneayronmnii y4acTtok

CABUIOBOrO pa3XMXEHHUsl XOpOoLIO anmnpoKCUMUupyeTcsi 0000WEHHBIM YPaBHEH U-

2
eM TeueHus:: N’ ==;+‘nf ?. Jlerko nepeiiTH B BbIpaXkeHUU sl O00OIIEHHO-

v+

ro ypaBHEHHsI TEYEHUS OT CABUTOBOIl BA3KOCTHU 1) K KUHEMATU4YECKON BSI3KOCTH M
(/)" =@ /p") /G + 1)+ /p"7).

Jnsi BCeX npeacTaBA€HHBIX TEKYYU X CUCTEM 3HaYeH ue u(0) npesbiLLIaeT 3Ha4Y€H e
BSI3KOCTH HA «HBIOTOHOBCKOM IMJIATO» W,. JHAYEH M€ KOIPPUILIMEHTA ) PE3KO YBEJIU-
YKMBAETCsl C YMEHbLLUEH MEM MOJIEKYsipHOIT Macchl: ot 21 npu 145000 r/cm’ no 554 npu
40000 r/cm’,

B TO Xe BpeMsi BEMTUUMHA ¥ AN pacnjiaBOB OOBIYHBIX MOJAUMEPOB (MOJIUITHIIEH,
MOJUMPONMIIEH U T.I.) CPABHUTENbHO HeGonbiuasi: o1 0,3 1o 7 ¢, npuyem BesMyU-
Ha KO3(MdHIIMEeHTA Y BCErna yBeJIM4YUBaAETCs C POCTOM TEMITEPATypbl pacnJjiasa rnoju-
mMepa. B 00001weHHOoi Mopeiu TedeH usi KOIQP@UIIMEHT ¥ XapakKTepu3yeT NJOTHOCTb
YINAKOBKHU 4YacTUll (MM MAKPOMOJIEKYJI) B OTAEJIbHOM arperare Jactuil (MJiKn acco-
[iMaTe Makpomosiekyn). Uem BoiLLIE 3HAYEH Ue ), TEM 00Ne€ KOMNAKTHBI arperatbl UJIH
accoluarsl.

Ecinu accouimarsl 00Opa3oBaHbl 3aLEMJIEHUsIMU 00Jiee AJIMHHBIX MAKPOMOJIEKYJL,
TO OHU OynyT GoJsiee puixnbiMU. Torna pnsi BewecTB ¢ 00NbLIOI MONEKYJIsIpHOI Mac-
COil 3HaYeHue ¥ OyneT Oonee HU3KUM, YeM s BELLECTB C HU3KOM MOJIEKYJISIPHOM
Maccoii. KoapduuneHT onuceiBaercsi ypaBHeHueM y =Kk, /k, , rne k, — KOHCTaHTa
CKOPOCTH CMOHTAHHOrO pa3pyLUeHHsl arperatoB, k;, — KOHCTaHTa CKOPOCTH pa3py-
LLIEH s arperara noj nAeiCTBUEM pPacTIrMBaKOLWUX THAPOAUHAMUYECKUX CUJI,

CrnoHTaHHOE pa3pyLUeHUE acCoIMaTOB MaKpPOMOJIEKYN MPOUCXOAHUT HE3aBUCH-
MO OT CKOPOCTH TE€YEHHS U CBSI3aHO C pa3pbiBOM 3alleMJIEHUl B pe3yJibTare Tenjo-
BOro asuxeHus. I[lpu 3ToM U3 accouunara OynyT yxoauTh HaubOJIEE yaaleHHbIE Ma-
KpPOMOJIEKYJibl. [103TOMY € yBeJIHYEHHEM BEPOSITHOCTH OTPLIBA U, COOTBETCTBEHHO,
YBEJIMYEHUEM BEJIMYUHBI Kk, acconuaTtbl OynyT CTAHOBUTLCSI ©0JiI€€ KOMIMAKTHBIMMU
WJIM MEHee puixabiMu. OTCloaa cneayet, 4To KO3 @PUIIHEHT Y YBETUYUBACTCS, KOraa
arperarbl CTaHOBSTCS 00Jiee KOMNaKTHbIMHU. KaxeTcsi npapononoaoOHbLIM, 4TO BEPO-
STHOCTb pa3pbiBa 3aLENJIEHU I YBeJIMYUBAETCS MPU YBEJIMYEHU W TEMIEpPaTypbl Be-
LIECTBA MJIU MPU YMEHBILIEHUU pa3MepoB Mak pomMoJiekys. COOTBETCTBEHHO, YBEJIU-
YMBAETCs BENMUUYMHA KO3 PHILIHEHTA .

BsizkocTh Ipyrux 00pasiioB CUJ1M KOHOBOIO Macsa usmepeHna [241] BcneumanibHOM
KaruJiJasipHOM BUCKO3UMETPE MPU BHICOKUX CKOPOCTsX caBura (puc. 3.48, a).
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Puc. 3.48. Peonoruueckoe noseaeHue obpasuoB cuinokcaHoporo macna Algol Oy
C pa3JIMYHOM CTAHAAPTHOM «HBIOTOHOBCKO#H» BA3KOCTHIO (MI1a-c) 100 (Tou-
KH), 50 (Kpy>kKH): @ — 3aBUCUMOCTb BSI3KOCTH OT CKOPOCTH CABUTa B JIU-
HEHMHBIX KOOpAHWHATaX; 6 — KpHUBasi Te4EHH s B KOPHEBLIX KOOPAHUHATAX, 6 —
KpUBasi BA3KOCTH B IBOMHBIX JIOTapH(PMHUUECKUX KOOpAMHAaTaX. 3HAUEHM I
KO3 OU UHMEeHTOB 0000LLEHHOTO yPaBHEH WS TEYEH US YKa3aHbl HA rpauKe
BenuHuuax cucremel CH

[lpu HU3KUX CKOPOCTAX cABUTA BA3KOCTL, U3MEPEHHASs B BUCKO3UMETPE Yoer-
JIOZIE, COOTBETCTBYET CTaHAApPTHLIM 3HaueHusiM: 50 u 100 mlla-c, nnorHocThL Macen
paBHa 0,9712 n 0,9693 r/cm’, cooTBeTcTBEeHHO. OHAKO HEOBXOAMMO YUHTHIBATH, YTO
3HAYEHH S BSIBKOCTH CYLUECTBEHHO YMEHDLILAIOTCS MPH YBEJIMUEHU M TEMMEPATypbl
obpa3ua. U3sectHo [8], 4TO NMpU BHICOKHX CKOPOCTSIX CABMra 3HEpPrus cABura npe-
BPALLLAETCS B TEMNJIOTY TPEHUS U HE MOXET ObIThH OBICTPO OTBE/IEHA BO BHEILIHIOIO Cpe-
ny. B pesynsrare temneparypa obpasila CTAaHOBUTCS BHIIIE 3a/laHHOM, U BSI3KOCTD,
COOTBETCTBEHHO, CHMXaeTcs. JeHCTBUTENBHO, MPH MCNOJML30BAHUM CTEKJISTHHOTO
kanuanspa [241] macno Ha Bxoae umMeno temnepatypy 24°C, a Ha BBIXO/IE M3 KATNUJI-
nsipa — a0 40°C. IosromMy HEOOBLIYHOE HEHBIOTOHOBCKOE NMOBEJCHHUE CHIIOKCAHOBO-
ro macna aBtopsl [241] 00bACHUNIU CHUXEHHUEM BA3KOCTU M3-3a C/IBUTOBOTO HArpe-
Ba. ONHAKO NpU 3TOM NPEANOJIONKEHUM HEMOHATHO, NMOYEMY NMPU YUYETE NMONPaBKHU



HA KUHETHUYECKYIO SHEPTU IO M KYITTOBCKOM NMOMpPaBKU COBMAAAIOT 3KCMEPUMEHTAJTb-
HbI€ PEOJIOTMYECKHE JaHHBIE AN KaNUJIJIAPOB pa3HOM AJIMHBL M paJuyca, e 10J1XK-
HBI OBITH PA3JIMUHBI XapaKTEPUCTUK U TEMJIOOOMEHA.

Ecnu npeanonoXuTh, YTO B KanUJIASIPHOM BUCKO3UMeTpe Gosbllias yacTh 00-
pasyloLlerocs Tensja yxXoauT U3 KanuJisipa BMECTE C IKCTPYAATOM, TO MOXHO J0-
NYCTUTHh, UTO B KANMUJJIIPE UMEETCS HEKOTOPAsi CPE/IHSAS TeMIeparypa, NnpuMepHO-
NOCTOSIHHAS MO 00BEMY U MOCTOSIHHAS BHYTPU M3y4YaeMOro MHTepBaja CKOPOCTEM
casura. ToJ1IbKO B 9TOM cJiyyae MOXHO FrOBOPUTHL O BO3MOX HOCTH NMPUMEHEHU S KOH-
KPETHOM peoJIOrM4YeCKO MOAETM.

Idns annpokcuMalliy 3KCnepuMeHTanbHbIX AaHHBIX [24]1] HaMKM MCNONBL30BAHO
060011eHHOE YpaBHEHUE TedeHus B BUAE T =T ¢ /(x+71"°)+n/*¥y"?. Pesynvrarhl
pacueTa npeacrapieHsl Ha rpaduke (pUc. 3.48). Bt‘:.ﬂ MYMHA «HYJIEBOM BSA3KOCTU» HE-
3HAYMTESILHO MPEBLIIACT CTAHAAPTHOE 3HAYEHUE HBIOTOHOBCKOM BSI3KOCTH CHJIOK-
CaHOBOIO Macna.

CpaBHHUM pe3ynbTaThl, MOJYYEHHBIE /17151 pa3/IMYHbBIX BUAOB CHJIOKCAHOBBLIX Ma-
cedi. B pabdoTe |242] onucsiBanuchk Macia co CTaHJ1apTHOM HBIOTOHOBCKO# BSI3KOCTBIO
ot 1000 go 100000 cCr, BeniuuuHa ¥ MeHsiach ot 553 1o 21, cooTBeTcTBEHHO. Benu-
ynHa koahdumeHTa Bsa3koctTu Kaccona ), Haxoauaach B HHTepBasie ot 18 10 72 cCr.
Ilepexon OT HLIOTOHOBCKOTO K MNMCEBAOMJIACTUYHOMY TEYEHUIO NMPOUCXO/IUIT B MHTEP-
pasnie ot 10° ¢ ' no 10° ¢

B paGoTte |241] ucnonb3oBaHbl MeHee BA3KME Macna ¢ BI3KOCThIO 52 ¢cCtu 103 cCr,
BeMuMHa y paBHa 2120 u 1890, cooTBETCTBEHHO, BeIMUMHA KO3 U1 HeHTa BA3KO-
¢ty Kaccona 1), pasHa npumepHo 1 cCt. B 00111eM, yMeHbIIIEH e MOJIEK YJISIPHOIT Mac-
CH pacnjiaBa rnosMmepa U, COOTBETCTBEHHO, CTAHIAPTHOM HBIOTOHOBCKOH BSI3KOCTH
(MPY HU3KUX CKOPOCTSIX CABMTA) MPUBOJIMT K YBEJTMYEHM IO KPUTHYECKOM CKOPOCTH ¥,
nepexos1a K HEHbIOTOHOBCKOMY TEUEHU IO M 3HAYUTEJIbHOMY YBEJIMYEHUIO BEJTMUMHBI
Koa(ppuiMeHTa %.

Takum oOpa3oM, CTPYKTYpPHAas MOJIENTb HEHBIOTOHOBCKOIO T€YEHU Sl MOXET ObITh
pacnpocTpaHeHa HAa MOJIEK YJISIPHBIE XXUJKOCTU CO CPEAHEH MOJIEKYJISIPHOM MAaCCOM,
TaKMe Kak CUJTMKOHOBBIE Macya. B cucremax, coaepkatiux MONEKYIbl Masioro pas-
Mepa, 00pa3yloTcs 0onee KOMMNakTHLIE accoMarsl HEOONLILIOrO pasmepa. [TosTomy
TpeOy1TCs 00Nee BLICOKHME CKOPOCTH CJIBMIa /111 pa3pbiBa aCCOIMATOB MOA ACHCTBU-
€M FMJIPOIMHAMUYECKHMX CHJI. DTO BMNOJHE OOBSICHHMO B paMKaX 0000111eHHOI MO-
JIeNU TeYeHU . JIeMCTBUTENBLHO, PEOJIOTMYECKOE YPABHEHUE COCTOMT U3 IBY X YACTEI:
N> =0 +12/(x+1""). Bropoe cnaraemoe npeacTapaseT NoTepu SHEPTUM HA 0OTe-
KaHMe acCOLMaTOB MOJIEKVYJI, TO €CTh CTPYKTYPHYIO BA3KOCTh. BSI3KOCTH HeaccorMm-
POBAHHOM X UAKOCTH NPEACTABJIEHA MEPBLIM C/IAracMbIM.

I'lpy 3HAYUTESIBHOM YBEJIMYEHU U KOIPDUIIMEHTA ¥ BKJIA/L CTPYKTYPHOI BSI3KO-
CTH CTAHOBUTCS NMPEHEOPEX UMO MaJILIM, XMJIKOCTh JIEMOHCTPUPYET HBIOTOHOBCKOE
teueHHue. [NockonbKy KoahhULIHEHT ) CBSI3aH ¢ BEPOSITHOCTbHIO CMOHTAHHOTO pa3phbl-
Ba 3alENJIEHW S MAKPOMOJIEKYJI, TO €r0 BEJIMUKMHA JIOJI)KHA BO3pacTaTh NPH YBEJIHYE-
HUU TEMNEpaTypsl 00pasila U YMEHbILIEHUH Pa3MEPOB MOJIEK YJI.

B pamkax CTPYKTYPHOH PEONOrMYE€CKOi MOAENMU HEHBLIOTOHOBCKOE MNOBEAEHMUE
NPsSMO CBAA3aHO C BO3MOXHOCTBIO O0Opa30oBaHK s aCCOIIMATOB MAaKPOMOJIEKY, KOTO-
pPLI€ BHICTYNAIOT KAK CAMOCTOSTENIbHBIE €eAMHU LB TeUeHUs1. Tak UM 00pa3om, HLIOTO-
HOBCKO€ TEYEHME TAKM X ACCOLIMMPOBAHHBIX XX MAKOCTEI HE 1IA€T OCHOBAHU A CUMTATh
MX MCTUHHO HBIOTOHOBCKUMM XMHJAKOCTAMU. MCTUHHO HBIOTOHOBCKOE MOBEACHUE



Ha MpEeAenbHO LIMPOKOM JiMana3oHe CKOPOCTe c/iBMra, no-sujJauMOMY, BO3MOXHO
TOJNBKO Y XHUJAKOCTEI, MOJIEKYJIbI KOTOPBIX HE CMOCOOHBI 00pa30BLIBATH ACCOLIMATHI,
JIBUXYLLMECS KaK €/IMHOE 1EJIOE€ B CIBUTOBOM TeueHU M. B paMKax CTPYKTYpPHOI MO-
JIENIU TEYEHU S HEHBIOTOHOBCKOE MOBEJIEHUE XK M/IKOCTH NMPSIMO CBSI3aHO CO CTPYKTYP-
HOM COCTABJISIOLLEH BA3KOCTH CUCTEMBI.

3akmo4vyeHue

OcHoBHEIE 3aKOHOMCPHOCTH HCHBIOTOHOBCKOTO TCUCHHK A NMPOSIBJAAIOTCH B XaPAKTCPC
KPUBBIX TEHEHUS M KPUBBLIX BA3KOCTH. Ilpupoaa CTpyKTypupOBaAHHBIX CUCTEM (CY-
CMEH3UM, IMYJILCUM, MULIENJISPHBIE PACTBOPHI, PACTBOPHI U pacrnjaBbl NMOJIMMEPOB,
KHIAKHE K[]HCTHJ'IJTI:]) HE BJIMACT CYLUCCTBCHHO HAa 3daKOHOMEPHOCTH TCUCHHA. B pPam-
Kax NMpeJJIOKEHHOU CTPYKTYPHOM MOJIEJIM HA NMOJIHOM MHTEPBAJIE CKOPOCTEH CABUIa
MOTYT COCYIIECTBOBATH PA3/THYHBIE PEXHUMbI TEYHEHU S M MEPEXO/THBIE YHACTKH MEX Y
HUMMU. Takoe CoXHOE PeOsIOrHYeCKOe NoBeAeHUE OOBbSICHSETCSI U3BMEHEH UEM CTPYK-
TYPBI CUCTCMBI MO/, ,[l,ei:[CTBHeM CABHUTOBOIO TCHCHHK A.

HbIOTOHOBCKOE TEUEHHE COOTBETCTBYET MOCTOSIHHOM CcTpyKType. [lcepnonna-
CTUYHOE U NJIACTUYHOE TEUCHHUE HADMIOAAETCS NMPU NMOCTENEHHOM PA3PYIIEHWU arpe-
raToB YaCTHUI1l MJIM ACCOLIMATOB MAKPOMOJIEKYJT U ONMUCHIBAETCs1 OOOOIIEHHBIM YpaB-
HeHUEM TeueHUu . Peskoe YBCJIIHYCHUC BA3SKOCTH Ha NEPEXOJHOM YVHACTKC CABHUTOBOTIO
3aTBEP/IEBAHK A CBA3AHO C YBEIMUYEHUEM CUJTbI CLUETIJICHU A MEX Y YacTHLIAMU. fABne-
HME CABUTOBOIO PaCCMOCHUS B CHCTEMAX «HEPBEOOPAZHBIX» MU LIENJ U SIBJIEHUE «CPbI-
BA TEYEHU SI» OOBSCHSIOTCSA PACCIOEHUEM 00pa3La BEILECTBA HA CJIOM C PA3JIMYHOMN
CTPYKTYPOM U BSA3ZKOCTBIO.



'TIABA 4

HEPABHOBECHOE
COCTOAHME TEYEHUA
N TUKCOTPOIHBIE
CBOWCTBA

Hamu Oblin pacCMOTPEHBI OCHOBHBIE 3aKOHOMEPHOCTH CTALlMOHAPHOIO PaBHOBEC-
HOrO TeueHus. Cneaylommm 11aroM siBJIieTcsl M3yYEHME HEPABHOBECHOTO TEUEHMUS.
CamMO HaTMYKE CTPYKTYPbl, UBMEHSIOLLIECHCS MPH BHELLIHUX BO3/IEHCTBHSX 32 KOHEY-
HO€ BpeMS$l, MPUBOAUT K THKCOTPOMHBIM (P (peKTam.

4.1. HepaBHoBecHOe TeueHNe U TUKCOTPONHOE
nosegeHue

TUKCOTPONMHOE MOBEAEHHE — PEOJIOrMYECKOE MOBEJAEHHUE CUCTEMBI, NMPU KOTOPOM
3HAYEHHUE BA3KOCTH M3MEHSETCS C TEYHEHUEM BPEMEHH, M PA3JIMUAIOTCS KPHBLIE TEYE-
HUSI, MOJYYEHHBIE MPU YBEJIMYEHUM CKOPOCTH CABUTA 1 (MM HANPSIKEHUS C/BUTA)
U MPU YMEHBILIEHUM CKOPOCTH cBura 4 (MU HAMPSIXKEHUS CABUTA). YMEHBILIEHUE
BA3KOCTH CO BPEMEHEM M TFHMCTEPE3UC KPUBHLIX TEUEHHS CBA3LIBAIOT C HEPABHOBEC-
HbIM COCTOSIHUEM TEYEHMS (OTKJIOHEHUEM CUCTEMBI OT PABHOBECHOIO COCTOSIHUS
TeyeHHUs). B COCTOAHUM NOKOS BA3KOCTb CUCTEMbBI MOCTENEHHO BO3pacTaeT, MHOT/1A
JIO UCXOJTHOTO 3HAYEHM 5.

[1py paBHOBECHOM COCTOSIHUM TEYEHM S CYLUECTBYET PACINpPE/IENICHUE arperaton
no paamepamM (OT MUHHMMAJILHOINO pa3mepa 10 MakCUMMaJIbHOrO KpMTHYECKOro pas-
MEpa), KOTOPOE B CPEAHEM COXPAHAETCA C TCYEHUEM BPEMEHM NMPU (PUKCHUPOBAHHOK
CKOpOCTH cBura. HepaBHOBECHOE COCTOSIHUE CHCTEMbBI MPOsIBASETCS JIMOO KAK H3-
OBLITOYHOE COAEPXKAHME KPYMHBIX Arperaros, Npyu KOTOPOM TNMPOMCXOJMUT paspyliie-
HUE arperaTtos ¢ Te4eHUEM BpemeHu (dN,/dt) < 0, nubOo kKak u30LITOYHOE COAEPXKAHME
MaJibIX arperatoB, MPU KOTOPOM NMPOUCXOJAUT 00ObEAMHEHHUE ArperaToB ¢ TEYCHUEM
BpemeHu (dN,/df) >0. Takum 006paszom, KONMMYECTBO arperdpoBaHHBIX HacTtuu N,
B HEPABHOBECHOM COCTOSIHHM M OOJIbIIE UJTU MEHBIIIE PABHOBECHOTO 3HauYeHK . B 3kc-
NEPUMEHTAX HEPABHOBECHBLIE COCTOSIHUS MOTYT BO3HMKHYTh B MEPBOM OMbITE C YBE-
nuuenuem ckopoctu 1T (mpeo6nasanue GOABILIMX ATPEraTOB) MJIM BO BTOPOM OMNBITE
C YMEHbILIEHHEM CKOpOcTH caBura 24 (npeobnasanue MajibiX arperaTos).

B paMkax ru/ipoAMHAMHUYECKOTO NMO/AXo/1a, U3JIOXKEHHOTO B 1. 2, MOXXHO ONUcaTh
KO3 DU IIMEHT OTKJOHEHH S OT PABHOBECHU S CNEYIOIIIUM 00pa3om:

£ =

1/2

T,
1720 4.1)

T



/e 3B€3/104KOi OTMEUYEHO PAaBHOBECHOEC COCTOAHHME TCUHCHM . Torna YPAaBHECHMC Kac-
CcOoHa AJid HEPAaBHOBCCHOTIO COCTOAHMUA TCUCHHUS TTpDUHHWUMACET BHUL.

T2 =T 42y 4.2)

Koagpdpuument & npumepHO paBeH OTHOLIEHHIO TMHEHHBIX pa3MepOB arperaTtoB
MpHY HEPABHOBECHOM M MPH PaBHOBECHOM TeueHUHU. C €ro MOMOLLBIO MOXHO OMHCATh
M3MEHEHHUE KPUBBIX TEYEH U S B CEPUSAX MOCIEA0BATENLHBIX ONBITOB (YBEJIMYEHHE UITU
ymeHblueHue ckopoctv capura). cepuio onbitoB TLTL wnu TTT, Hauanbnyio kpusyio
TeYEeHUs ¥ YCTAHOBUBILIYIOCS (PABHOBECHYI0) KPUBYIO TEYEHUSI.

J1J151 NOAaroBoro U3MeHeHus! (YBEJIMUEHH 1) CKOPOCTH C/IBUTA MOJIYYEHO YPABHE -
HHe, onuckiBatoLLee K03hhULUEHT OTKJIOHEHHS OT PAaBHOBECHS:

E(t)=[E,~1]e M +1. 4.3)

[Mpeanonaras, 4To Koa(hGULUMEHT BA3KOCTH 1] . HE3HAYMTEJIbLHO U3MEHSIETCS C Te-
yeHHEM BPEMEH U, MONYYUM BHIpaXKeHHE
1/2 1/2

T, ' _
1= [X2] -1 |eM. @4.4)
/2

Tr.' YI

B paMKkax KHHETHYECKOTO MOAX0/a MOXHO MPEANONOXHUTh, YTO B PABHOBECHOM
cocTosiHUU TeueHust € =1, ans cocTosiHus ¢ npeodnajaHueM KpyMHBIX arperaTtos
E>1, 1ns COCTOSIHMSA € MPeobNalaHueM MaJibiX arperatoB M OTAEJbHBIX YaCTHI
E<I.

CKOpOCTb arperaiMuy onpeaeneHa 4yepes sHaueHue KoopOuiueHTa OTKJIOHEH U S
OT PABHOBECHOTO COCTOSIHUSA & cieayIoiuM 00pa3oMm:

dN,
dt

3aecs N, — 4MCNO arperMpoBaHHbIX YaCcTUIL, N — NOJTHOE YUCIIO YACTHIL B CUCTE-
Me, k, — KOHCTaHTa CKOpOCTH arperaiiMu. KBa3supaBHOBECHOE COCTOSIHUE TEUYCHMU 51
npu & = const COOTBETCTBYET, TAKMM 00pa3oM, HEKOTOPOI MOCTOSAHHOI CKOPOCTH
arperatMu AMCNEepPCHOM CUCTEMBI, KOTOPAsi UMEET OJIHY M TY XXE& BEJIMUMHY MPU KaX-
JIOM HOBOM M3MEPEHMHU B NMPOLIECCE onpeaenieHust KpuBoii TeueHus. [lostomy kBa3u-
pPaBHOBECHOE COCTOSIHME TeYEHHA TUKCOTPONHBIX CUCTEM TAKKe MOXHO ONMMUCHIBATh
HEKOTOPLIM PEOJIOTHYECKUM YPaBHEHMEM, B YACTHOCTH, 0000IIIEHHHIM YPaBHEHHEM
TEUEHMS] UJTM €ro YacTHBIM cliydyaeM — ypaBHeHMeM KaccoHa.

3anuiiem o0001LIEHHOE YPaBHEHHUE TEYEHUS B BUJIE

1/2
/2 = L..H"I'-”i’m- (4.6)
7. s

Torna nyis GUKCHMPOBaHHOI CKOPOCTH CABUIa Yy, CYuTas, 4tTo Koa(MOUuuueHTsl 1,
% CN1A00 UBMEHSIOTCS MPU Pa3pyILIEHUU CTPYKTYPHI CO BPEMEHEM, 3aMnUILIEM 3aBUCH-
mocThb T7/(1):

= Nk,(1-E). 4.5)

T2ty = Ae ™M + A, 4.7)

-1/2
e 4, = Z -1/, @4.8)
1



AZ — n:f'Z,?IfZ_l_T:III/(] _}_x;{,i_.lﬂ)' (49)

Ctporo roBopsi, 3T Bblpa>K€HUs1 CrpaBeAJIuBbl [UJIsi MOIIArOBOrO yBEJIHUYEH S
CKOpPOCTH CABUTA OT ¥, J10 Y,. OIHAKO MOXHO MCNOJIL30BaTh YpaBHeHUeE (4.7) 1151 onu-
CAHM S YMEHDBIIEHUS HAMPSAXEHUS CABUTA CO BPEMEHEM TPU NMPOU3BOJILHOM HaYasb-
HOM COCTOSIHUM OoOpa3sua.

4.2. Tuctepe3nc KpMBbIX TEHEHUA

TUNMUUYHBIM TUKCOTPOTMHBIM BELLIECTBOM SIBJISIETCS CYCTIEH3M S MTUTMEHTOB B BOJIE (MJTM
B MacJie), T.€. Kpacka. PaccMOTpUM KpUBBLIE TEYEHUS JIs HEKOTOPBIX BOJHBIX JIUC-
nepcuii nurmenTta npu 25°C |215]. Ha puc. 4.1 npeactaBieHbl pa3IMuHbIE KPHUBHIE,
NOJIYYEHHBIE NPU YBEJIMMEHU W U MPH YMEHBILIEHUM cKOpocTH casura. K coxanenuio,
B OpMTMHAJILHOM cTaThe [215] He yKa3aHbl TAKUE YCJIOBUS UBMEPEHM S, KAK HavYaJlb-
HOE COCTOSIHUE 00pa3lia U BpeMs U3MEPEHU S KAXKI0M IKCNEPUMEHTAJILHON TOUYKH.

O0cyx neHue pe3yasTaToB pacueTa NpUBOJAMT K CJIEIYIOLLIMM BbIBOJIAM.

Casicolor Eco-Yellow Medium. Annpokcumaims npoBoamsiach Npyu UCKJIIOUEHU U
NEPBLIX TOYEK MPU HU3KOKH CKOPOCTH CABMIA, YTOOH YYECTh BO3MOXHbIE HEPABHO-
BECHBIE YCIOBUsI B Hauane skcnepumenTta. Kpusas T u kpusas 4 nocratouno xo-
pOILIO ONMUCHIBAIOTCA 0000IIIEHHBIM YpaBHEHUEM TeueHHUs1. B opurnHanbHOI cTathe
[215] BCE KpHBBLIE TEUEHH S aNTMPOKCHMHUPYIOTCA CTENEHHBIM 3aKOHOM (YpaBHEHHEM
OcTtBanbaa), HO COOTBETCTBYIOLIME PACYETHHIE KPUBLIE HA PUCYHKAaX HE NMpHUBENE-
HBl. TleTns rucTepesnca KpMBbIX TEHEHUS HE 3aMKHYTA CBEPXY, HO HUXXHSAS TOUKA
Ha KPMBOIi | monanaer Ha pacueTHylo KpuBylo 1. Takum 06pa3oM, CHCTEMA BO3Bpa-
[ACTCA B UCXO/IHOE COCTOSIHUE, OJIM3KOE K PABHOBECHOMY COCTOSIHMIO, a TEYCHUE,

1/2 1/2 /2 1/2
72, Ma"? ol T Ma ol 5 [la
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Puc.4.1. KpuBHe TeyeHusi BOAHOM AMCNEPCHU Pa3fIMYHBIX NMUIMEHTOB NMPU YBe-
NIMYEHHH CKOPOCTH CABUTa 1 (TOUKHK) M YMEHblLeHHH cKopocTH caBura 4
(KpyXKH), nocTrpoeHHbie B KopHeBbix KoopavHatax: Casicolor Eco-Yellow
Medium, crabuneHass nucnepcus (a), Casicolor Ochre crabunwvHas (6);
Casicolor Eco-Cherry Red ¢ Buipaxennbim ocenatmneM (6). KoapdprumeHtor
000011eHHOro ypaBHEHH s TEUEHHM YKa3aHH B Ta0. 4.1. DkcnepuMeHTaNb-
HHe naHHblie u3 [215]



Tabnuua 4.1.

KoapPpuumentel 0600LIEHHOrO YpaBHEHUSA T€YEHUS] BOAHOHW CYCIEH-
3UH NMUIMEHTOB NMPH YBEJIHYEHHH (T) M YMEHBbLIEHUH (l) CKOPOCTH

CABHIa

Cucrema Eco-Yellow Medium Ochre Eco-Cherry Red
77, Ma"”? T5,49 14,08 15,02 15,30 T 5,09 129
1", (Ma-c)"”’ T0,34 10,39 70,23 10,23 10,42 10,5
x, ¢ T 4,51 13,80 T 4,21 16,62 T5,12 12,42
CKP 0,007 0,014 0,011 0,022 0,004 0,002
n/%(0) 1,55 1,46 1,42 1,03 1,41 1,70
/% 1,22 1,07 1,19 0,80 0,99 1,19

OMUCH BAEMOE PACUETHOI KPUBOIi , MOXHO CUMTATH KBA3MPABHOBECH BIM TEUEHHEM
co 3nayeHmem € < 1.

N3 tabn. 4.1 cneayver aHTHOATHOCTHL KOPMHIIMEHTOB PEOJIOTHYECKOTO YpaBHE-
HU S, KOTOpas yxe Obl1a yCTaHOBJIEHA N BHIcCOKONnapa(puHUCTOH HePTH, ONKUCH Bae-
moit ypasnennem Kaccona: 1©/°T > 7)), 0’1 > n’T. Orciona cnenyer, uto B onmite
T npeo6nanaiot GonbilIMe arperathl U BHIIIE CTPYKTYPHAsl YacTh BS3KOCTH t{'.""‘/x.
B onbite 4 npeo6nasalorT Majibie arperatel, CTPYKTYpHasl BI3KOCTh — Hu3Kasi. Cym-
ma KBaapatos pasHocteit CKP=Y (77 —72 )’ Takxe yka3zana B Taon. 4.1.

Casicolor Ochre. Annpokcumailyis npoBOAMJach NPU UCKIIOYEHUHW NOCHAEAHE
TOYKM MPH BBICOKOH CKOpPOCTH c/iBura. Kpueas Tu KpuBasi | 0CTATOYHO XOpOILIO
ONMMUCH BAlOTCA ODOOIIEHHBIM ypaBHEHMEM TeueHus. TleTtnsi rucrepesuca KpuBbHIX
TeYeHHsl HE 3AMKHYTA CHU3Y, HO BEPXHSsISl TOUKA HA KPUBOii T MONajiaeT Ha pacyet-
HYI0 KpMBYIO 4. TakuM 00pa3om, NeTns rucrepesunca 3aMbKaeTcs ceepxy. B otinume
ot cuctemnl Eco-Yellow Medium, 3aeck oTcyTcTByeT aHTHOATHOE COOTHONIEHHE KO-
3(hPULHEHTOB, YTO, MNO-BUAMMOMY, CBA3aHO € D0JBILIOI BENMYHHOI KoM dUuMeHTa
1, TO €CTh € BOMbILEN KOMMAKTHOCTBIO ATPEraToB YacTHIL B ONbITE 4. OHAKO, CTPYK-
TYpPHAas 4acTh BA3KOCTH ‘l:{'_’F ’ /% MEHbILE B ONBITE 1.

Casicolor Eco-Cherry Red. Annpokcumanus npoBoausack npu UCKJIKOUEHU M NEP-
BOI1 TOUYKH NMPH HU3KOI CKOPOCTH CABUTA, YTOOBI YUECTh BO3MOX HbIC HEPABHOBECH bi€
YCJIOBUS B Hauasne skcnepumenTa. 'mcrepesuc BolpaXeH ouyeHb ¢nabo. M3 tadn. 4.1
cnenyet aHTudaTHOCTh ABYX KO3 PUIIHEHTOB PEOJIOrHYECKOTO ypaBHeHus1. Ho 3Ha-
YUTENLHOE YMEHbILIEHUE KO3 puuMeHTa x\L, CBSI3AHHOE C «pa3pbiXJIEHUEM» arpera-
TA YaCTULL, MPUBOJUT K YBEJIUUYEHUIO CTPYKTYPHOMU YACTH BA3KOCTH 'q'." *fy. MOXHO
BUJIETh, YTO 3TH CXO/IHBIE CYCMEH3UM MUTMEHTOB UMEIOT HECKOJIBKO OTJIHYAKOLLIMECS
XapPaKTEPUCTUKU TEYEHUS, YTO CBA3AHO B OCHOBHOM C M3MEHEHUEM KOMMNAKTHOCTH
arperaroB, TO €CTh C BEAMYMHOIMH KO PUmeHTa .

I'Mcrepe3uc TeyeHus NposIBJASIETCS B BOAHBIX AMCNEpCUsiX Kpaxmana [212], kak
nokaszano Ha puc. 4.2. iuanason ckopocreit ot 0 1o 200 ¢’ ckanuposancs 15 Mun
C YBEJIMYEHHEM U YMEHbLUEHHUEM CKOPOCTH C/IBUTA.

JaHHBIE TPEX NOCNAEAOBATENABHBIX LIUKJIOB UCMOJbL30BAJUCh /UISI OLIEHKH Xapak-
TEpa TEYECHMsT C NMOMOIILBIO CTENEHHOrO 3aKOHA, XOTS HA OPUIrMHaNbHBIX rpadukax
pacyeTHHIE KPUBLIE HE NMPUBE/IEHB. ONUCAHHBIE YCJIOBUS U3MEPEHUS TNO3BOAAIOT
MPEANOAOXKUTb, YTO KpuBas 1 mpeacrapnsier coboii paBHOBECHOE COCTOSIHUE Te-
yeHHe, a KpuBasi 4 COOTBETCTBYET KBAa3MPABHOBECHOMY COCTOSIHMIO TEYEHMUS, TAE
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Puc. 4.2. Kpugpeie TedyeHusn BoaHOM nucnepcuu Kpaxmana npu 37°C npu yBeJIHYEHUH

ckopocTH ciipura T (3aKpeIThIE CHMBOJIBI) H YMEH bILIEHMH CKOPOCTH CABHTA
1 (oTKpBITHIE CUMBONBI), MOCTPOEHHBIE B KOPHEBLIX KoopauHaTtax. Konpen-
TpalMsi Kpaxmasa ykazaHa Ha rpaduke. Kosdpdpuumentst OYT ykaszaHbl
BTabn. 4.2, nanunie U3 [212]

Taonuua 4.2. KosdpduumeHtol 06001IEHHOIO ypaBHEHUS TedeHUs BOAHOW CYCMNEH-

IUH KpaxMasia np yeEaM4eHMH H YMEHBLLIEHHH CKOPOCTH CABHUTa

Konuenrpauus 5% 4,5 % 4%
7, Ma"”’ 74,19 14,01 12,79 12,82 T2,58 12,56
nY?, (Ma-c)"” 70,10 10,13 T 0,085 10,108 T 0,068 10,092
x, ¢ ' T2,21 13,98 T 2,08 15,37 T 3,05 16,81
CKP 0,012 0,004 0,003 0,002 0,0009 0,0024
n/*(0) 2,0 1,14 1,42 0,632 0,91 0,469
T/ 1,9 1,01 1,34 0,524 0,85 0,38
0l lgn, la (i_ o2 — 8 28 Ta"” oL T Ma” «—
ol N/’ = 0,20 (Ma-<c)"” 0 L
oal x=4,41¢c"” o |
04 | 6 |
—0,6 _x:gc—w 4
sl 77 =3,85Ma"” _} L |
" 12 =0,21 (Ma-c)"” v
B | |:5 2 2:5 lgy,c’ ’ 0 5 1'0 |I5 2-0 zls
(4]
Puc.4.3. KpuBbie T€UEHHsI AMCNEPCUM NPOTEUHOB B CMECHX KYKYPY3HOI0 Kpaxma-

na ¢ no6aenenvem NaOH npu yBeiMuYeHMH CKOPOCTH CABUIa 1 (TOYKH)
M YMEHBLIEHUH CKOPOCTH caeura 4 (kpyru), noctpoeHHbie (@), B KOPHEBBIX
KoopauHaTtax (0). KoappuuueHTo 00001LIEHHOro YypaBHEHH S TEUEHU S YKa-
3aHbl HA PUCYHKE. DKCNepuMeHTallbHbIe NaHHble U3 [218§]



KOJIMYECTBO arperipoBaHHBIX YaCTHIL M pa3Mephl arperatoB MEHbILE, YEM B PABHO-
BECHOM COCTOSSHMU. Hamu nposenena annpokcumailksi no o6001EeHHOMY ypaB-
HEHUIO TeueHMs. JIJIS BCeX KOHLEHTpalMii Kpaxmaaa cOOMIONAIOTCs HEPABEHCTBA
@ 07 > @7 /04 und >n”’T. Dro o3nauaer, 4To cTpyKTYpHas BA3ZKOCTH YMEHb-
1IAETCS, a BA3KOCTh, OOYCIOBJIEHHAS! OT/IENbHBIMH YaCTHIIAMM, YBETMYMBAETCS NPH
nepexosie ot onbita T K onbiTy 4.

AHTUTUKCOTPONHOE MOBEACHHE (MM OTpMLATENIbHAS THKCOTPOMUS) CBSI3aHO
C SIBJIEHUEM C/IBUTOBOTO 3aTBEPAEBAHMS, KOT/IA MPH JOCTATOYHO BLICOKO# CKOPOCTH
CIBUTA U3MEHSIOTCS YCIOBUS HA KOHTAKTAX YACTUIL, 2 MUMEHHO: YBEJIMYMBAETCS CUIA
cuenyieHus. INpumMep orpuuarenbLHOI TUKCOTponKM |218] nokasan Ha puc. 4.3.

Cynsa no seanuuHe koahduiumentos OV'T, pasMepbl NEpBUYHBIX YACTHIL HE M3-
MeHMJIUCH (1), = const), cuna cuenienus yseanunnack (17T < 1°1), arperath crano-
BsiTcs 6osee komnakTHbiMK (YT <y ).

4.3. 3aBMCMMOCTb HaNpAXXE€HUA CABUra OT BPEMEHM

Bxuure[130] npusenern kpusbie T(f) J1s1 THUKCOTPONHO#M CYCNEH3M M KPACHOTO l11J1aMa
(red mud) npu KoHueHTpauKuu 59 macc.% U paznuuHbIX (PMKCHPOBAHHBIX CKOPOCTAX
capura. Kpusbie, nokassBalouiye 3aBUcCMMOCTH T (), npeacTapyieHbl Ha puc. 4.4. Pe-
3yJILTaThl pacyeTa npueeacHbl B Tadn. 4.3. INpensicTropust odpasia HEM3BECTHA, HO BE-
POSAITHO, YTO CKOPOCTh C/IBMTa NMOCJEN0BATEBHO YBEJMUYMBanach ¢ 3,5¢ ' 1o 56¢.
3BE3/I04KOIT 0003HAYEHBI 3HAYECHMS, NMOJIYYEHHBIE OTAEJBLHO /UIsl OOJILIIOTO BpeMe-
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Puc. 4.4. Peonornuyeckoe nopeaeHHe THKCOTPOMHONW CYCNMEH3UM KpacHOro linama
(red mud) npu kKoHueHTpauuu 59 macc.% v pasnuuHbIX QUKCUPOBAHHBIX
CKOPOCTSIX CABUTA: 3aBUCUMOCTb KOPHS HANpsiXXeHHWs CABUTa OT BPEMEHH
(a); paBHOBECHasi KpuBasi TEYEHUS CYCNEH3MH, MOCTPOEHHAsi B KOPHEBLIX
KOOpAMHATAX NO YCTAHOBMBLUMMCS 3HAYEHMSM HanpsixeHusi capura (0).
KoadppuuueHTel 0600WEHHOrO ypaBHeHHs1 TEYEHMs1 YKa3aHbl HA rpadHKe.
Kosdduuuento ypaBHeHus (4.7) — B 1adn. 4.3, IkcnepuMeHTaIbHbIE 1aH-
Hble U3 [130]



Tabmuna 4.3. Koadduuuentsl ypasHeHus (4.7) ans cycneH3suM KpacHOro wjiama

Koadduumentol | 56c™ 28c 14¢c” 3,5¢

A, 0,487 0,868 1,174 0,604* 1,90 1,128*
A, 5,46 5,01 4,47 4,25%* 3,53 3,23*

A 0,00212 0,00205 0,00436 0,000927* | 0,00389 0,00130*
CKP 0,00040 0,00123 0,00655 0,000403* | 0,00364 0,00179*
A, paccu. 5,48 4,93 4.39 4,39 3,27 3,27

HU U3MepeHUs (MYHKTUpHas JMHUSA Ha rpadukax). B nuxueill cTtpoke nokaszaHbl
3Ha4YeHUs Ko puumMeHTa A,, pacCiUTaHHBIE C NTOMOLLBIO ypaBHEeHU S (4.9).

B ctatbe [131] npuBeaeHbl akcnepuMeHTanbHbie Kpusbie (1) U nA(y"?) nns pac-
njaBa MeTaJJICOAEPXAaIEero KoopaMHaimoHHoro nonMmMepa npu 30°C. Beuectso
npeacrasiaset coboii HeliTpanusosanHbie anudarnyeckue noauapups ¢ KapOOKCU-
naramu umuka (nonu(DEG-SA) komnekce ¢ % Zn®*). Haim pacyeTsl npeacTapieHsl
Ha puc. 4.5.

Iletns rucrepesuca, B NPUHIIMNE, BCErA 3aMbIKAETCS CBEPXY, €CJIU NMOCNEJIHASA
TOUKA B ONBITE | O/IHOBPEMEHHO SIBJISIETCS NMEPBOIN TOYKOM B ONBITE l. Metns rucre-
pe3uca 3aMbIKAeTCsl CHU3Y, €C/TH TOYKM KPUBOil L MpH HU3KKX 3HAYEHMSIX CKOPOCTH
C/IBMTA MPUOSIMXKAIOTCS] K PACUETHOI KPUBOIi T, KOTOPYIO TOrIa MOXKHO CUMTATh PAB-
HOBECHOIi. Eciu CTpyKTYpa CUCTEMBI B 3TUX JIBYX ONBITaAX HE H3MEHSETCS KOPEHHBIM
00pa30M, TO NETJIS TUCTEPE3HCA MOXKET MOBTOPSATHLCA MHOMOKpPAaTHO ¢ HEOONBIIIUMHU
H3MEHEHHSAAMM B CEPUH OMNBITOB TITI. Bennuuna koapumenTa A, paccu. Obina pac-
cuntana no ypasHenuio (4.9) ansi onwviros T u L. DTu 3HaueHus secbMa GJU3KM K BE-
JIMYMHE, NOJAYYEHHOIT U3 ypasHeHus (4.7).
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Puc. 4.5. Peonornyeckoe nopesieH e THKCOTPONMHOro pacrijiapa nojimMepa — Helirpa-
nuzosanHblii nonu(DEG-SA) komnnekc ¢ % Zn® npu 30°C: 3aBUCHMOCTD
KOpPHS HAnpsXkXeHHUsl CABHUTA OT BPEMEHH NMPH (PUKCHPOBAHHOH CKOPOCTH
cnpura 5,5¢” (@); KpuBbie TeueHMs! pacniaBa NMOJHMMEpPa, MOCTPOECHHBIE
B KOpHEBBIX KoopauHaTax (0). O0o3HaYeHBl TOYKH, NOJYYEHHBIE NPH YBE-
JMYEHHH CKOPOCTH caBura T (3aKpbIThie CHMBOJbI) U YMEHBILEHHUH CKOPO-
ctu caBura 4 (oTkpeiTeie cuMBonsl). KoadduumneHTs 060611eHHOro ypaBs-
HEeHUs TeyeHus U KoapduuueHTsl ypaBHeHus (4.7) npuBeneHsl B 1adn. 4.4,
JkenepuMeHTaNbHble AaHHble U3 | 131]



Tabnmuua 4.4. KosddrumeHTs 000011€HHOTO ypaBHeHUA TeueHUA (4.1) Ang TUKcO-
TPOIMHOro pacnjiapa MeTajJicoaepXxallero KoopaMHaLMOHHOro NoJu-
Mepa NMpH yBeJlH4eHHHU U YMeH blUeHHM CKOpOCTH caBUra U Koah@uum-
eHThI ypaBHeHHMsi (4.7)

Kosdhduumers 7, Ma'” | n%, (Na«c)”’ ¥, ¢ CKP A,, pacy
KpuBas T 0,72 2,17 0 0,0074 5,81
Kpupas 0,42 2,20 0 0,0029 5,59
Kpusasi t/°(1) A, A, A CKP —
0,446 5,40 0,00324 0,00221 —
sl o ma 29} \ %, Ma"”
] 28 F
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Puc. 4.6. Peonoruyeckoe nosefieHue TUKCOTPONMHOIO reJfist (OKCUI KpEMHUS B YTJIEBO-
AopoaHom Toruuse JP-8) npu KoHueHTpauuu 4 macc.% SiO, npu ¢pUKcHupo-
BaHHOI ckopocTH caBura 1000 ¢ v temnepatype 25°C: 3aBUCMMOCTb KOpPHS$I
HanpsikeHus CABMIra OT BpeMEHH ANsi HCX0AHOro oopasua (¢); 3aBUCHMOCTD
KOPHSl HAMPAXEHUA CABHIra OT BpeMEHH T1ocJie nepuoja rnokos 8§ MuH (6).
KoapduuneHTr ypaBHeHU s (4.7) B Tadbn. 4.5. IKcnepuMeHTaNIbHBIE JAH-
Hble 13 [219]

TukcoTpornHble CBOMCTBA HAOI0OAKOTCS B XeeoOpa3HbIX YIJIEBOOOPOAHBIX TO-
nauBax. K HuMm otHocutcsa cucrema JP-8 ¢ HanonHuTesieM B BUjie OKCH A KPEMHM A,
pasmepsbl yactuu 0,2—0,3 mxm. Peosiornuyeck me cpoicrpa 1nogoOHbIX CUCTEM OINUCa-
Hbl B [219]. U3MEHeH e HANpPsA>XKeHWs CABHUIa CO BpEMeHeM NOKa3aHo Ha puc. 4.6. Ko-
apduumneHTH ypaBHeHus (4.7) npencrapiieHbl B Tadn. 4.5.

TukcoTponHoe nopeacHue 00bACHSIETCS aBTOPaM U OPUTMHAJIbHOM cTaTby [219]
pa3pylileHHeM ceTKM YacTHi Si0,, 06pa3zoBaH HON BOJOPOJIHbIMH CBA3SAMU. YpaBHe-
HUE (4.7) HE cNOCOOHO AN pPOKCUMUPOBATL BeCb BpeMeHHOHW MHTepBaJl, HO OHO XO-
pOILLIO ONMUCHIBAET 3KCINEPUMEHTAJIbHBIE JJAHHBIE NPU 3HAYECH UAX BPEMEHU HU3Mepe-
Hus Boeile 30 c. B oOLiem, HanpsaxeHue capura cHuxxaercs 0o 5,25 [a (no Ba3zkocTH
0,02 ITac).

B nepuon 1okos CTpykKTypa BOCCTAHABJIMBAETCA, YTO NPUBOLAUT K YBEJIMYEHUIO
BA3KOCTH 10 3HaueHuit okosno (0,025 I'Nac. HoBoe ctyneHuyaToe npujioxkeH e CKopo-
ctu capura 1000 ¢’ npuBoanT K fajibHEMIIIEMY YMEHBIICHUIO HANPSIXXEHUS CABUTA,
XapakTep KOTOPOro noJIHOCTbIO ONUChIBacTCa ypaBHeHueMm (4.7).



Tabmmua 4.5. KosbduumeHTH ypaBHeHus (4.7) anst TMHKcoTponHoro rens 4 macc.%

Si0O,
KoagduumneHTH A, A, A CKP
HUcxonHblit 06paszeu 2,34 2,07 0,012 0,0042
O6pazeu nocnie Nokost 8§ MUH (,99 2,05 0,015 0,0015

4.4. He3aMKkHyTasA Netna ructepe3nca KpUBbIX TEYEHUA

Ha puc. 4.7 nokazaHo peoJIOrH4eckoe noBeficH Me [9] TPOMHOM cHCTEMbl aJIKMJITUME-
THJIOKCU/CNUpPT/BOAA NPH YBEJIMYEH MU U YMEHbILICH MM CKOPOCTH CABHTIA. DTa KOJI-
JIOUJIHAsl CUCTEMA BKJIIOUAET B ce0s1 BE3UKYJISIPHbIE CTPYKTYPHI.

[Tetnst rucrepe3uca He 3aMKHYTA CHUM3Y, TAK KaK NMPOUCXOAUT NEPEXO/1 OT OJIHO-
ro peXXvMMa Te4eHHUs K JIpYIrOMY 4Yepe3 NEPEeXO/IHbIN yHACTOK CABUIOBOIO 3aTBEp/ic-
BaHMUS.

Peosiornueckoe noBe/icH Me BBICOKOKOH LIEH TPUPOBAH HOM 3MYJIbCH M «BOJ1A B MaC-
Jie» onucaHo B |227] v npeactaBieHo HA puc. 4.8 v B Tabn. 4.7.

i Tlﬁ, nal,.-’l

Puc. 4.7. Peonorvuyeckoe roBelcHUE THUKCOTPOMHOW CHUCTEeMbl alKWJIAWMETHIOK-
CUJ/CUPT/BOAA. 3aBUCUMOCTHL BSI3KOCTH OT CKOPOCTH CABMIa B ABOMHBIX
norapupMHuyecKuX KoopauHaTtax (¢); KpMBble TEYEHHS B KOPHEBLIX KOOP-
auHatax (6). Koadpdrumnentel 060011€HHOTO ypaBHEHH Sl TEYEH WS YKa3aHbl
B TabJ1. 4.6. SKcrnepyuMeHTaNbHbIe AaHHbIE U3 [9, puc. 3. 41]

Taonuua 4.6. Ko3(pdPuumeHTH 0000111€EHHOrO YypaBHeHUs TedyeHUst (1) ans TpoiiHOi
CUCTEMBI AJIKUJIAMMETHIIOKCU/CMTUPT/BOAA MPH YBEJIMYEHU W U YMEH b-
LWEeHWH CKOpOoCTH capura. lNepuoa CKaHMpOBaHH 1 MO CKOPOCTH CABMIa
20muH, T=25°C

KoahpdpuuneHTH 772, Ma"”? | 0", (Ma«c)”’ v, ¢’ CKP
Kpusas T, HM3KHe ckopocTH 0,220 0,133 0 0,0013
KpusasT, BbicoKMe cKOpoCcTH 2,524 0,136 0 0,0347
Kpueas | 3,326 0,115 0,152 0,4484
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Puc. 4.8. Peonornueckoe noseneHHe BbICOKOKOHLEHTPUpOBaHHOM 95 mac.% 3MyJib-
CHH «BOJIa B MacJie»: 3aBUCMMOCThb BSI3KOCTH OT CKOPOCTH CABMIa MPH yBe-
JHYEHHH CKOPOCTH T (TOUKH) U YMEHbWEHHH CKOPOCTH l (KpyxKH). Ko-
3 PruureHTh 000011€HHOrO ypaBHeHWUs TedyeHUsl yKaszaHbl B Taon. 4.7.
DKCNepUMeHTalbHble AaHHbIE U3 [227]

Tabnuua 4.7. KosaddpMuMeHTH 06001IEHHOIO YpaBHEHMSI TeYeHUS AJ1s BHICOKOKOH-
LEeHTPHUPOBAHHOI IMYJILCHM «BOJIa B MACJIE» MTPH YBEJIMYEHUH U YMEH b-
LWWEHUU CKOPOCTHU CABHIA

KoapduuneHTo 77, Ma"” |0, (Nac)"” v, ¢’ CKP
Kpusas T, HU3KHe CKOPOCTH 4,63 8,13 0 2,04
KpusasT, Bbicokue ckopocTH 12,09 0,38 0,245 0,871
Kpusas | Hu3kue ckopocTu 5,85 7,15 0 0,062
Kpusas 4 Beicokmne ckopocTH 12,76 0,487 (0,208 1,28

[TeTns M’MCTCpPE3UCa HC 3aMKHYTA CHHU3Y, INNOCKOJIBKY H3MCHACTCA CIpYKTYpa CH-
crembl. Ha nosiHoM MHTEpPBAJic CKDDOCTCH caBura MNnpHUCYTCTBYKOT HCCKOJIBKO PCAH-
MOB TeueHUd. Ha I{p[«‘lﬂﬂﬁ T HaOJIl0aaeTca HIOTOHOBCKOE TeueHHe INPpH HU3KHX CKO-

pocCTAaX.

HMIMerTcs nBa OTACJIBHBIX peXXKuMa Nnpu 00J1ee BBICOKMX CKOPOCTAX CIBUTa, KaX-
JIbIA U3 KOTOPBIX ONKChIBaeTca 00001LEHHBIM YpaBHEHUEM TEUYCHM S ¢ pa3HbIM M 3HA-
YeHUsAMU KOI(hPHLIMEHTOB (CIrJIONIHAS U NYHKTUPHAas JInHuu Ha puc. 4.8). I1pu no-
CTaTOYHO HMU3KuX cKopoctsix casura kpusbie 4 u T onuceiBalotcs ypaBHeHHEM

KaccoHa.

4.5. TvnuyHbIE TUKCOTPONHbIE CUCTEMDI

[Tokaxxem, YTO THNMUYHbIE TUKCOTPOIHbIE CUCTEMbI OITUCHI BAKOTCA CTPYKTYPHOI peo-
JIOTMYECKOI MOoA1eJiblO. LleMeHTHBIE nacThl NPEACTABJIAKT CO00I BHICOKOKOH LIEHTPH-
POBaHHBIE CYCNIEH3HH C SIPKO BbIPa>X€HHBIMH THKCOTPOINHBIMH CBOHCTBaAMU. Bblin
noJiydeHsl [96] KpuBbie TEUEHUS METOJIOM KOAKCHaJIbHBIX LIMJIMHAPOB /IS LEMEHTA
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Puc.4.9. Kpubble TeueHus uemeHTHO#H nacthl PTL-425 B KOpHeBbIX KOOpAMHAaTaX
npu otHoweHuM Boaa/uement 0,40 u 25°C (a) v npy OTHOLILEHHWM Boaa/Ue-
meHT (0,45 (6)

PTL 425 ¢ cootrHolueHuem 0,40 Bona/ueMeHT. BeluecTBo ObIJIO MCCIIEIOBAHO HEME/ -
JIEHHO T10c¢Jie cMelllMBaHus (BepXHss KpuBasi Ha puc. 4.9, @), a TakKe 1noctie 10CTH-
XKEHUS CTaOMJIbHBIX 3HAYCHU I HANPsI)KEHUs! cABUIa (HUXXHSS KpUBasi Ha puc. 4.9, a).

KpuBbie TeUeHMSsI JIOCTATOYHO XOPOIIO ONUCHIBAIOTCH <«INpssMbIMu» KaccoHa,
Nla>Ke sSIBHO HEpaBHOBECHAS! BEPXHSS «MpsiMasi», 4TO CBMJCTEJIbCTBYET O «KBa3HpaB-
HOBECHOM» COCTOSIHHM TEUYEHMS C NOCTOSIHHBIM NpPEBbIIICHUEM «O0JIbIIIMX> arpera-
ToB. KpuBrie 1isi aHasnoruuHoi nemeHTHOM nactol PTL 425 npu cootHoweHuum 0,45
[155] noka3anbl Ha puc. 4.9, 6. Takxxe oTMeyaeTcst HBIOTOHOBCKOE TEUEHME IPU HU3-
KHMX CKOPOCTAX Ha NepBOHavYaJibHOM BEPXHEH KPUBOH TCUCHHSL.

CaxapHasi naToka, nposiBJisiioiasi THKCOTpornHeie ceoictea | 101, onuceiBaeTcs
ypaBHeHneM Kaccona B onbite (T) m onuckiBaercsi 06061IEHHBIM ypaBHEHUEM Te-
yeHusi B onbite ({), Kak nokasaHo Ha puc. 4.10, a u 4.10, 6, cooTBeTCTBEHHO. ONBITHI
POBOIMJIMCH C NOIIATOBBIM M3MEHEHHEM CKOpOCTH caBura npu yeeiandeHuu (1),
a 3aTeM Npy yMeHblieHuM (1) ckopocTH, npuyem oTHolleH ue y,.,,/Y, = const.

B paGote |97] uccnenoBaHo TUKCOTPONHOE NOBEAEHHUE T'MIICOBOM NACThl C MO-
MOLILbI0 BHCKO3MMETpA ¢ KOaKCHallbHBIMM LHJIUHApaMH 1pu Temniepatype 25°C.
Pesynbratel npuBeaeHbl Ha puc. 4.11 1 annpokcuMHUpoBaHbl ypaBHeHUEeM KaccoHa.
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Puc. 4.10. KpuBbie TeyeHMs caxapHoii NaToKH: @ — NpH yBeJIMUeHUH CKOPOCTH U pa3-
HoM BpemeHH uaMepeHus: 133 ¢ (1), 583 ¢ (2), 2000 ¢ (3); 6 — npu ymeHblUe-
HHUM CKOPOCTH M pa3HOM BpeMeHH uamepeHus: 133 ¢ (1), 2000 ¢ (2). JaHHble
13 [101]



9 | 1 G - .
31
8 L
172,
n/ -10
7 1 2t
LN B [ ] a a
6 F 1 b [ [
t,cC
5 L L 1 {]
10 20 30 40 0 50 100 150
la]

Puc. 4.11. Peonornyeckoe roseseHHe rMrcoBoii NacThl ¢ pa3Hoii 00HEMHOI KOH LieH-
TpauHeil @ npu 25°C: ¢ — KpuBble TedyeHHsA (P = 0,41) npu pa3HOM BpeMeHH
usmepeHus: 8c (1), 18 ¢ (2), 30c (3), 50c 4), 75¢c (5), 105c¢ (6), 135¢ (7),
170 ¢ (8); 6 — 3aucumocTb Ko puuHenTos Kaccona (@ = (0,42) ot Bpeme-
HU U3MepeHus. CninowHas JMHKUA — no ypaBHeHKW10 (4.4). laHHbie u3 [97]

M3mepeHust 1npu nocTosiHHON CKOPOCTH ¢NBUTA (7Y) NPOBOJANUJIMCH HENMOCPEACTBEHHO
1ocJie U3roToBJIeHUsI cMecH. Anst Kaxaoi ckopoctu (7yY) NpOBOAMIIUCE TPU U3MeEpe-
HUSI JUISE 3-X CBEXMX 00pa3uoB. YUHUTHIBAS, UTO KaX1asi ToOUKa Ha «npsiMoi» KaccoHa
npeacrapyisier OO0 OoTAeNbHbBIM 0bpa3eL, CleayeT NpU3HaTh, YTO ypaBHeHHEe Koc-
COHa BIIOJIHE IPUTOIHO SIS onucaHUus runcoBoi nactel. PaccMoTpuM 3aBUCMMOCTD
PEOJIOTMYECKHMX NMAPAMETPOB OT BPEMEHH,

TeopeTnueckoe BeipaxeHue (pasa. 4.1) aist BpeMeHHOol 3aBUCMMOCTH KO3(h(pu-
uveHTa KaccoHa T, MOXHO 3arnucarh B CJie/lyl0lleM BUJIE:
1/2
}, ——1=B.e M, 4.4

L

i€ T. €CTh PABHOBECHOE 3HA4YeHMeE Npu [ — o, B= (¥,/7,)""" = 1, (¥,/7,) — OTHOIlIeH} e
NocJIeyI01Iei CKOPOCTH K NPEAIlecTBYIONICH NPU NOIIArOBOM M3MEHEHUH CKOPO-
CTH, A — TUKCOTPOIHBII KOIDDULHMEHT, XapaKTepU3yIoIlHii yMeHbILeHHE KO(DhU-
LIMCHTA OTKJIOHEH U & 10 paBHOBECHOTO 3HAYEHUS E*, IPUHATOTO 3/16Ch 3 CIMHHULLY.
Bynem Mcnosib30BaTh 9KCNEpPUMEHTaJbHbIE 3aBUCMMOCTH T(f) JUISl TMTICOBOI NacThbl
[97]. 3HaueHusi T u 1), NpuBencHH B Tab. 4.8 U COOTBETCTBYIOT «lpsiMbiM Kaccona»
Ha puc. 4.11, a.

3asucuMoctH T/ u M/* oT BpeMeHHM { nokazaHbl Ha puc. 4.11, 6. Ctporo rosops,
BEJINUMHA 1)/* HE3HAYMTEIBHO YMEHBLIAETCS C TEYEHUEM BPEMEHH.

Mbl npcHeOperacM 9THM W3MEHEHHEM, WCNOJNb3ys CpenHee 3HaucHHE

N7’ =0,12 (ITa.c)””. B pesysabrare annpokcMMauuu ypasHeHHeM (4.4°) nosyueHbl

Tabmuua 4.8. Koadduuuents KaccoHa ayis pa3MuyHOro BpeMeHU U3MEpPEHUS TIPU
TeYeHH U TUNCOBOIi NacTH ¢ 00 beMHO# KOHLeHTpau ket 0,41

1, CEK. 8 18 30 50 75 105 135 170
7./’ 4,23 4,08 3,98 3,93 3,88 3,81 3,83 3,87

C

N/’ 1,25 1,23 1,22 1,19 1,17 1,17 1,14 1,13




3HaueHus: 7.7 = 3,846; B=0,139; A = 0,0423, enuuuubl B cucteme CH. Mo usBecTHO-
MY OTHOILIEHHIO cKopocTei (V,/Y,) = 1,4 MOXXHO He3aBUCMMO pacCuyuTaTh BEJIMUUHY
B=0,187.

C yuyeToM NpubJMXKEHHOIO XapakTepa ypaBHEHHS 3TH J1IBa HE3aBUCHMBbIX 3Haue-
HUS BEJIMYMHBI B 10CTaTOMHO OJIM3KH APYT K ApYTY.

XOpolllo U3BECTHO, YTO MHOTME THKCOTPOIHBIC KpacKH (HeopraHM4ecKue nur-
MEHTBI B MacJie) onuchiBaloTcsi ypapHeHueM Kaccona [42, 64). Kpome Toro, nucnep-
CHM IUIMEHTOB MOI'YT OINMCBIBAaTbCs, KaK IN0Ka3aHO Ha puc. 4.12, a, 0606111EHHbIM
ypaBHeHUeM KoaccoHa. BDkcnepuMeHTalibHble AaHHbIE [156] ObliM noJiyyeHsl uUist
nurmMeHTa cuHero LGKD B Macie ¢ Bs3koctbio 1), = 0,025 [1a-c npu 35°C.

JlocTatouyHO XOpollee COOTBETCTBUE ¢ ODOOHICHHBIM YPABHEHUEM TEYEHU S NO-
Ka3aHo Ha puc. 4.12, 6 niist cycneH3uy KaoJsinHa (25 % no eecy), u3yueHHoii |66] Ha po-
TallHOHHOM BUCKO3UMeTpe «Peotect-2».

3aMeTHBII pa30poc IKCNepMMEHTaJIbHBIX TOYEK Ha rpaduke (puc. 4.12, 6) npu-
BEJl K TOMY, YTO C TOYKH 3PEHUS CTATUCTHKH OJIMHAKOBO INPUTOAHBI HECKOJIBKO pa3-
HBIX peoJiorndeckux ypaBHeHui (Kaccona, I'epiiensti— banknu, buHrama v ap.).
IKcrnepuMeHTaJIbHble HCCIieNoBaHUS 8% -HOM cycrnieH3uHW OeHTOHUTA |87] nokaszanu,
4YTO paBHOBECHOE COCTOSIHUE IOCTUTAETCS 3a IIPUMEPHO paBHOE BpeMsl I1pH pasJiny-
HBIX CKOpocTsax caBura (puc. 4.12, g).

TeueHue pbnokKyJiMpoBaHHOI CycneH3U M KaoJinHa B Boje OblJ1o uccneaopaHo [158)
C NOMOILILBIO KallMJUJISIPHOrO BUCKO3UMETpa NpU KOMHATHON Temnepatype. CpeHuii
avamerp vactun Dy, = 2,2 MKM. B 9TUX onbITaXx KOHUEHTpalUsl KaoJlMHa HeBENNKa
(@ <0,15%), N03TOMY THKCOTPOITHBIE CBOMCTBA NPOSIBASIIOTCS ¢N1abO0 M 10JIyuYeHHbIE
KPUBbIC TECYEHMSI CHUTAKOT PABHOBECHBIMH. MBI IpeacTaBisieM 3TH IKCIEPHMEH-
TaJibHbIC JAHHbIE B KOPHEBBIX KOOpAMHATax Ha puc. 4.13, a.

TukcoTponHoe cMa3zouHOe Macno Ha ocHoBe napadguHa [109] neMoHcTpupy-
€T TUCTEPE3UC KPUBBIX TEYEHUS] W HEJIMHEMHYIO KPUBYIO TEUCHMU S, KOTOPYIO MOX-
HO annpokKCHMHUpoBaTh 0000LIEHHBIM ypaBHeHHEeM TedueHUsl (puc. 4.13, 6). BoaHble
aucnepcuu aspocuiia A-173 takxke o06s1anatoT THKCOTPONHBIMU cBokcTBamu. [pu no-
CTATOYHO BbICOKOI 0OBEMHOI KOHLUEHTPALIUU NMOSIBJISIETCS TUCTEPE3UC KPUBBIX TE-
yeHus [159]. ABTopbl paGoThl ONKUCH BaJIM KPUBBIC TEUEHHS, 110JIb3YSACh YpaBHEH HEM
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Puc.4.12. KpuBbie TeyeHHs] B KOpHEBBIX KOOp/JIMHATaX cycneH3suu nurmeHta LGKD
B Macjie Npu KoHueHTpauuax 20 mac.% v 5 mac.% (a); BoAHO# cycreH3uu
KaoJIMHAa ¢ KOHUeHTpaLuuei 25 % (6); BonHOi# cycrneH3uu 6eHTOHHUTA ¢ KOH-
LeHTpauueii 8 % (6)



OctBanvna. Mul ripeacTabiisieM 3TH JJaH HbIE B paM Kax 0000111eH HOi MOJie/Iu Te4YeH Ul
Ha puc. 4.14, a, peoJiornuecKkue napaMeTpbl NpUBEJICHbI B Tao. 4.9.

CaMble HU3KHE KOHLEHTpaLMUKW AEMOHCTPHPYIOT NOBEJICHUE, KOTOpOE COOTBET-
CTByeT 06bluHOMY ypaBHeHHI0 Kaccona. Kpuseie (1T) u (24) nokaswiBator rucrepe-
3UC TEYEHUSl, OHU anMNnpOKCUMHpPOBaHbI OOOOLIECHHBIM ypaBHEHUEM TedcHUsi. Ha-
OJsoaaetTcs aHTHOaTHOE noBeacHHe KoaddrineHToB ypaBHeHUs1 KaccoHa. Jpyrumu
CJIOBAMM, B ONBITAX € TUCTEPE3NCOM BhinosiHsietes yenosue: T1 >t nT <nd.

Bono-yrosibHbl€ CycneH3uu Nnpu A0CTAaTOYHO BHICOKOH KOHLIEHTpPaLlUU NMOKa3bl-
BalOT «CBEepXaHOMaJIMU IO BSI3KOCTH» B paiilOHE HU3KUX cKopocTel cnpura [160].

MBI annpoKCHMHUPOBaJH KPUBLIE TeYEeHHUSI 0000IIEHHBIM YpaBHEHHUEM TeUYeHUsl
Ha ydyacTKe BLICOKMX CKOpocTei capura (puc. 4.14, 6).

[Mpu ckopoctu y<25c¢™ HabnionaeTcs «cBepXxaHOMaJiusl BSI3KOCTH», CBA3aHHasl
CO 3HAYHUTEJIbHBIM OTKJIOHEHUWEM CUCTEMbl OT PpaBHOBECHOIO COCTOSIHMS. I'ucrepesuc
KPMBBIX TEYEHH S U «CBepXaHoMaJiusl B3KocTu» Bonbite (1T) 06ycsioBsieHb OTKIIOHE-
HUEM YCJIOBUI TEYEHUSI OT PABHOBECHBI X.
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Puc. 4.13. KpuBbie TeyeHHs] B KOPHEBbIX KOOPAWHATAX BOAHOIH CYCNEH3MM Kao-
JIMHA B Kanunnspe npH oobeMHbiX KoHueHTpauuax 0,086 (1), 0,122 (2),
0,142 (3) (a); cma3zouHoro Macna Ha ocHose HedTsiHoro napadgmHa (6)
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Puc. 4.14. KpuBbie TeyeHHUs1 B KOPHEBBIX KOOpPAMHATAX BOAHONH AMCNEPCHH a3pocuiia
A-175 (a); cucTembl yroJlib—BoJa NnpH pa3JiMuHOI MAacCOBO KOHLUEHTpaLUH
TBepnoii ¢dasbi: 58 % (1), 55% (2), 50% (3) (6)



Tadnuua 4.9.

Koagpuumuentsl OYT nns cycnensuu aspocuna A-175

d 0,082 0,082 0,063 0,063 0,022 0,011
N kpueoi 1T 2 37 4l 5 6
72, Ma'"”? 2,5 0,87 2,92 0,94 0,12 0,12
n’?, (Ma-c)'”? 0,091 0,125 0,043 0,082 0,047 0,035
%, ¢’ 2,5 0 8,5 6,7 0 0
3aknoveHune

B paMmkax cTpyKTYypHOI peoJIOrM4ecKoin MOAC/IM TUKCOTPOITHbIC CBOMCTBA CUCTEMb
SABJISIKOTCS PE3YyJIbTATOM OTKJIOHEHUS T€YEHU Sl OT pABHOBECHOIO COCTOsIHMS. KpUBbie
TEUEHHSI TUITUUYHBIX TUKCOTPOITHBIX CUCTEM OINUCBLIBAIOTCH OOOOILEHHBIM ypaBHe-
HUeM TeueHust (OYT), 3a peIKUM UCKITIOUEHHUEM NPEC/IbHO HU3KUX CKOPOCTEMN, I/1€
BO3MOX Ha «CBEpXaHOMaJIUA BA3ZKOCTH». BennuunHa koadhdpuuuerntos OYT ykasbiBa-
€T Ha XapakTep OTKJIOHCHHS OT paBHOBECHS IPH HCTEpEe3nce KpUBLIX TeueHusl. Pac-
CYMTaHHasi 3aBUCMMOCTb HaNpsiXX€HUs CIBUTa OT BPEMEHH COIJIacyeTCsl ¢ IKCNEpH-
MEHTaJlbHbIMUW JAHHBIMM.



NNMABAS

METO/b!
MHTEPMPETALMU
PEONTOIMMYECKNX
O AHHbIX

CTpyKTypHasi peoJiormueckasi Mojiejib, B 00L1EM, OObSICHSIET OCHOBHbBIE 3aKOHOMEP-
HOCTHM HEHbIOTOHOBCKOIO T€YEHHMS JUCHEPCHBIX M TMOJIMMEPHBIX cucTteM. B 1O Xxe
BpEMSI, IPYTHE CYLIECCTBYIOLLIHUE PEOJIOTHYECKHE MOMIEJIM YCIEILHO ONMMUCHIBAIOT OT-
JI€JIbHbIE 9KCNEepUMEHThI. YTOOBI NOHATHL NPUYKUHY ITOr0, HEOOXOAMMO PAaCCMOTPETh
IBOJIKOLM O PEOJIOTMYECKM X YPABHEH M i1, TPOUCXO/M BILIYIO MO MEPE HAKOIJICHUS W H-
dopmMaLIMK O TEYEHU U CIIOXKHBIX CHCTEM.

MBI NPONOJI)KUM CPAaBHEHHE M3BECTHBIX PEOJIOTMYECKUX Mojiesieit ¢ 0000IIIeH-
HOI1 MOJICJIBIO TEYCHH I, PACCMOTPUM METOABI HHTEPINPETALLMU PEOJIOTMYECKUX J1aH-
HbIX, B YaCTHOCTH, NMPEACTABJICHUE JAHHBIX B NPUBECHHbIX KOOPAMHATAX, MNOKAXEM
BJIMSIHUE TeMIepatypbl Ha BEJIMYHWHY KO3I(DMULHMEHTOB 0O00IIEHHOIO YpaBHEHUS
TEYEHHSI.

5.1. Ssonouma peonornyecknx ypaBHeHui

PaccMoTpuM npoucxoxacHue Haubosnee 3HaUu MMBIX U3 HECKOJIBKHUX JIECSITKOB PE0JIO-
FTMYECKHUX YpaBHEHU I, UCINOJIL3YEMBIX JIJISI ONUCAHUS SIBJICHHWS CIBUTOBOIrO pa3u-
JKCHU S, TO €CTh YMCHBILICHUS BSIBKOCTH INPH YBCJIMYCHUUW CKOPOCTH CZABUTA U YBCJIU-
YEHWUM HaIpsiKEHUS CIBUTA.

HUCXONHBIM PEOJIOTMYECKHUM YPaBHEHUEM CJICAYET CYUTATh YpaBHEHUE HblOTO-
Ha T ="My, e KOIDODULMEHT BI3KOCTH 1)y, ABJISIETCSH NOCTOSIHHON BEJIMYUHOMN U J1Jis1
OOBIYHON MOJIEKYJISIPHOM XX UIKOCTH COOTBETCTBYET BA3ZKOCTH JIUCNEPCUHOHHON Cpe-
1bl 1, [lo3nHee OB OOHAPYXEHBI CUCTEMBI, BA3KOCTh KOTOPBIX YMEHBIIIACTCH UJIH
YBEJIMUUBAETCS C YBEJIMYEHUEM CKOpoOCTH caBura. Yrobwl onucarb 3TH CUCTEMBI
C HEJIMHEMHOW 3aBUCHMOCTBIO KPUBOM TEUYCHU A WKW KPUBOH BS3KOCTH, B YPABHEHHME
HproToHa BBEJIM NONOJHUTEJILHBIN MOKAa3aTesib CTENEHU. IMIUpUUYeckas popmyna
OcTtBasibaa [45] imeeT BUL

T=n1", (5.1a)

n=n/" (5.16)

D1a popMyJia 10 CUX NOP HE UMeeT TEOPEeTHUECKOI0 OGOCHOBAHHSl, HO 1LLIHPOKO
MCIOJIb3yEeTCs MO JIBYM NMPUYUHAM: NOKa3arelib CTENEHW 1 NOKa3blBaeT OTKJIOHEHME
OT HbKOTOHOBCKOI'O NMOBEACHHS B CTOPOHY NCEBAONJIACTUYHOINO WKW AWJIATAHTHOIO;



B JIBOMHBIX JlorapudpMHUUeCKMX KOOp/IMHATAX HA I0CTATOYHO OO0JILIIOM HWHTEepBalie
CKOpPOCTEH MOXHO B HEKOTOPBIX CJIy4asiX arinpoKCUMUPOBATh IKCNEPUMEHTAJIbHbIC
TOUYKHU NMPSAMOM JIMHUEHN.

JList nceBaoniacTuyHoOro pexxuma tedeHus (n < 1) BosHukaetr PU3HUYCCKHU He-
KOPPEKTHAasi CHTyallusi: NpeaesibHasi BA3KOCThb 1)(c0) — O npu y — 0. YroObl u36exarb
NPUHLIMITHAJIbBHO HEBO3MOXHOI'O HYJIEBOIO 3HAYCHMUSI BSI3KOCTH, a TAKXKE YyYeCTh U3-
MEeHEHHE (GOpMBI KPUBOM BSI3KOCTH IPU BBICOKHX CKOPOCTSIX, BBEJIU IONOJNHUTEIIb-
HOE cJlaraeMoe, NMoJiyuuB sMInupudeckoe ypaBHeHue Cucko |72]:

n=mn,/"+n., (5.2a)

T=1,Y +M.Y- (5.26)

OHO NnoJIy4eHO MEXaHUYECKUM CJIOXKEHUEM ypaBHEHUS HblOTOHA U ypaBHEHUSA
OcTtBanbaa.

buHram [39] obHapyXHJ1 TaK Ha3blBACMbIi Npeiesl TEYHEHUS B MNJIACTUYHBIX CHU-
cTeMax M AJisl ero onucaHus BBEJ Npeae/ibHOE HarpsiXXeHue caABUra, 106aBUB 1NOCTO-
SIHHBIM KOO(M(DUIMEHT T, K ypaBHEHHIO Hbl0TOHA:

T="T,+1.Y, (5.3a)

n=t,/y+n.. (3.36)

UneanibHoE nnacTuyHoe TeueHue buHrama npaktuueck He HabGJ1K01aeTCsl B paB-
HOBECHBIX YCJIOBUAX TeUeHUSA. ONHAKO, BOBHUKHYB KaK 3MITUPUUYECKOE Bblpa>KeHHUe,
ypaBHeHHe bMHIrama BBOAUT B pacCMOTPEH HE YPe3Bbluaii HO BaXK HOE NOHSATHE Npejie-
Jla TEKYUECTH, WK NPEe/IbHOTO HanpsiXXeHus ¢/iBura. ¥YpasHeHue buHrama teope-
THYECKHM ODOCHOBAHO pa3/IMuHbIMU MUKPOPEOJIOTHUYECKUMU MoaesisiMu |6, 10], xoTs
peanbHO anmnpoKCUHMHUpyeT HEOOBIIION y4aCcTOK KPpUBOH TCYEHHUSI B 0OJ1IaCTH BbICO-
KHX CKOpOCTeil caBuUra.

J17151 ONHOBPEMEHHOIO yueTa HEJIMHEMHOCTH KPHBOM TEYECHU S U HAJIMUUS T1pe-
AEJIbHOTO HanpsiXkeHusi B ypaBHeHue OcTBajibaa BBOAMTCS KOIMDMULMEHT T, YTO
NPUBOAUT K IMITHUpHUYeCcKOl (hopmyJie Iepruesisi — bankiiu [43]:

T=T, M7 (5.4)

DTO ypaBHEHHE XOpOILO arninpoKCUMMHUpyeT MHOrNHE IKCIepuMeHTaJlbHbIEe JlaH-
HBIC, XOTH (PUBUUYCCKHM U CMBICJI BCEX TPEX KOIPPHULIUCHTOB YPpaBHCHUS HESACCH.

Jlpyroi cnoco6 ydyeta HEJIMHEMHOCTU KPUBOW TEYEHUS COCTOUT BO BBEJACHUM
crieMaJibHOro rnapametpa ¥ B ypaBHeHue buHrama (5.36), 4to NpuBOAMT K ypaBHe-
HUKO BunbsiMcoHa — JI>xunnecnu [50, 35]:

=71, /(Y+x) +"... (5.5)

ITO ypaBHEHHE UCHOJIb3YETCS PEIKO, NMOCKOJIBKY T1JIOXO allpOKCUMUPYET IKC-
NnepUMEHTaJIbHbIC JJaHHbIE. 31eCh KOXD(PULMEHT Y BBICTYNACT KaK Mepa KPUBHU3HBI
[34].

Y1o0Bl yAYUILIMTE TOYHOCTbL aNNPOKCUMALLIUH, B 9TO YPaBHEHHUE MOXHO BBECTH
JIONMOJIHUTEJIBHO NOKa3aTeJib CTENCHU A, MOJYYUB Bblpak€HUE BUJ1a

n=1,/(Y +0)+n., (5.6)



KOTOpO€e HETPYAHO npeobpa3oBath B ypaBHeHue Kpocca [46]:

N=MO0)-n_)/(d+y"/x)+n.. (5.7)

YpaBHeHust (5.5) U (5.7) UMEIOT HEKOTOPOE MUKPOPEOSIOrM4YecKoe 0O0CHOBaH He,
XOT$S1 CMBICJI TOKA3aTes1si CTENEHM # HEJOCTATOYHO NMOHSITEH.

JLlpyroi ¢noco0 yJyyuuTb TOYHOCTb aNMNPOKCMMALIMU NMPEIOCTABSIET YPABHE-
Hue Kappo— Auinpa |8, 9] 3a cueT BBeAEHU St AONOJHUTEJILHOINO NoKa3aTtesisi CTeneHu
m B ypaBHeHue (6):

m

n=t,/(y"+x)" +n., (5.8)

rae 1 U m — NMOATOHOYHBIE KO3(PdUUHEeHTH (s cBoeil mogenu Kappo nepBOHa-
YyaJIbHO BHIOpaJ # = 2). 9TO ypaBHEHHWE LLIMPOKO UCTNONB3YETCS IIJ1s1 aHAJM3a KPUBBIX
TEYEH Ul TUCTIEPCHBIX U MOJMMEPHBIX CUCTEM, HO, HACKOJIBKO HaM M3BECTHO, 6€3 Nno-
SICHEHU s1 PU3NYECKOrO CMBICTA KOI(P(DULIMEHTOB.

K3ccon [42] skecnepuMeHTaJIbHO OOHAPYXUJI, YTO TEYEHUE HEKOTOPHIX THUKCO-
TPONHBIX CUCTEM XOPOLLIO ONUCHIBAETCS YPAaBHEHUEM

T2 =1 +0y"2, (5.9a)

,nlf!:,l::_,fl /(.i,lﬂ ) _|_1.-|:_f'3 ] (596)

OH pa3paboTas MUKPOPEOJIOrMYECKYIO MOAEJIb, CBSI3bI BAOILY 10 KO3(MPHULIMEHTHI
KaccoHa T, M 1, ¢ QU3MKO-XMMHUYECKUMU XapPaKTEPUCTHKAMU CUCTEMBI.

B KOpHEBHIX KOOpAMHATAX YPaBHEHHe NMPEACTaBJICHO NPSAMOIi JIMHUEH U ONUCH -
BaeT NJacTUYHOE NOBeAeHHE CUCTEMHI,

OHAKO BO MHOIMMX CAYyYasiX yXXe B KOPHEBBIX KOOpAMHAaTax HaOJOAaeTCsl KpH-
BM3HA 3aBUCHUMOCTH TIKZ(..;,'I J}., YTO NBITAJIMCh YYECTb, U3MEHSsISI MOKA3aTeJib CTENEHHU.
CootrBercrByouiasi amnupuyeckas popmyna Lllynbmana [44] umeert Buna:

" =t"+nly". (5.10)

Ee Mo HO popManibHO npeoOpa3oBaTh B ypasHeHUs1 bunrama, ['epuiensi— bank-
Jiu uan KaccoHa, BapbHpysl NOKa3aTeJIu CTENEHHU.

Jlanee, MOXHO Takxe (hOpMaNbHO 3aMEHUTb BEJIMUUHY ¥ HA T B YPaBHEHMUSIX
Kpocca n Kappo M nOJy4YUTb HOBbIE MU PUYECKHE YPABHEH USl:
ypaBHeHue backana [49]

T] _T]cch _ n _]
O =[1+(0/07") | .11
¥ ypaBHeHue Bynbdra— Ckonarum [79]
n-n. AT
O =[1+(am7)] (5.12)

Ypasuenue (11) npu n =1 npeobpasyercsi B u3geCTHOE ypapHeHue Kpurepa — J1o-
repty [48], npsiMOii BBIBOA KOTOPOro M3 MUKpopeonorn4eckoit monenu [129] npen-
CTaBJISIETCSl HE CAMUIKOM YAAYHBIM, MOCKOJBKY BEJMYMHA (Y),"Y) HE MOXET ObITb
NPUPABHEHA K 3KCNEPUMEHTAJILHOMY 3HAYEHUIO T NPH U3YYEHUH BA3KOCTH HEHbKO-
TOHOBCKOM XX MIKOCTH.



MOXHO NpemioXuTh APYroii cnocod® yyeta HEJIMHEIHOCTH KPUBOIl B KOpHE-
BbIX KOOPAMHATaX, KOTOPH i NOg00eH BHLIEONMCAHHOMY JUIsl ypaBHeHUs1 buHrama.
OH COCTOMT BO BBEAEHUM CrNELMaJbHOrO napaMeTpa ¥ B ypaBHeHHe KsccoHa (5.96),
4YTO NPUBOIUT K HOBOMY PEOJIOrMYECKOMY YPaBHEH M 10, KOTOPOE COOTBETCTBYET 0000-
IIEHHOMY YPaBHEH U0 TEYEH U1, MOJIYYEHHOMY HAMM PaHEE U3 MUKPOPEOJIOrM4YeCKOM
MOJIEJIN:

N =7/ + )+, (5.13a)

=T /A A ) e (5.136)

O6001eHHoe ypaBHeH e TeueHus (5.13a,0) He ABASIETCA 3MNUPUYECKHUM U CO-
OTBETCTBYET ONPEICIEHHOMY MEXaHU3My TeYeHM s, ero Ko3(p@UIIMEHTH CBsI3aH bl
CO CTPYKTYPHBIMH H (PH3HKO-XUMHYECKHMH XapaKTEPUCTHKAMM CUCTEMBI.

He Oynmem 3aeCh paccMarTpuBaTh PEAKO MCNOJb3YEMBIE YPABHEHMS, KOTOPHIE
BKJIIQHAIOT B Ce0si runepOOJIMYECKME U IKCMOHEHIMAJIbHBIE (DYHKIIMM BEJIMYUH
T uJaun ¥. HeT tTakxxe CMbiC/a aHaJIM3MPOBATh PEOJIOrMYECKHE YPABHEHHUSI C LIECTbIO
n Gosiee NOArOHOYH bIMH KO(P(pUIIMEHTAMM.

MOXXHO BUIAETD, YTO 3BOJIIOLUS PEOJIOTMYECKUX YPABHEHU I MPOUCXOAMIIA MYTEM
YBEJIMYEHU I YMCIa NMOATOHOYHBIX KO3MMUIIMEHTOB UIS JIyUYLIEH annpoKCMMaIMu
IKCNEPUMEHTAJIbHBIX JAaHHBIX. HEJIMHEHHOCTh KPUBBIX TEYEHUS B PEOJIOTMYECKUX
yPaBHEHUsIX 3aaeTCsl MO0 nmoKasareseM CTENEeHU NMPU CKOPOCTHU caBUra (MJIM Ha-
Npsi>KEHUWU caBura), 1nb6o napametTpom . IlpenesibHOE HanpsixkeHHWe CnBura BBOOUT-
Csl B YpPaBHEHMSI ¢ NOMOLIIbIO KOI(PPULIMEHTOB T, WK T,. COOTBETCTBYIONIHE MHKPO-
PEOJIOrMYeCKHE MOIEJIH MOSIBJISIIMCH NMO3AHEE U OOBIYHO CIIYXUJIW TEOPETHUYECKUM
ODOCHOBAHHMEM PaHEE MOJIYYEHHOIO 3MMUPHYECKOIrO YPaBHEH U,

[lokaxeM, 4YTO HEKOTOPBHIE H3BECTHHIE PEOJIOTHYECKHE YPABHEHU ST YCTIELLIHO MPU -
MEHSIOTCS B OTHEJIbH X CJTIyYasiX, MOTOMY YTO OH U SIBASIIOTCS BHAOW3MEHEHHEM (MJIHN

NPUOJIMXKEHHBM BAPUAHTOM MJIM YACTHBHIM CiyyaemM) ODOOI1IEHHOrO YpaBHEHUSI TE-
yeHust (OYT).
1/2
3anuwem OYT B Buge: n/* = —=—+n/".
Yot X

OtopacuBasi crenenb (1/2), nonyduM ypaBHeHHE BuabsiMCOHa— JlXujjiecnu
N=1, /(Y+))+1M,, KOTOPOE NPAKTHYECKN HE NPUMEHSIETCS HU3-3a MJIOXOr0 COOTBET-
CTBMSI C IKCIIEPUMEHTOM.

UToObl yny4dyuInTh annpokCUMaliuio, BBEAEM NOATOHOYHBIH KO3(M@PUIIMEHT-
nokKasareJib CTEeNeHW #, 4YTO MNO3BOJSIET MNOJYYUTb YypaBHEeHWe Kpocca
N=1t_ /(Y +x)+M_ , KOTOPOE LIMPOKO MCIOJIB3YETCS AJIsi ONUCAHM S NCEBAONJIACTUY-
HOI'O TEYEHMU 5.

Eciyv annpokcumMaliMsi HEAOCTAaTOYHO XOpPOollia, BBEIEM €111€ OAMH NOArOHOYH bl
MOKa3areJsib CTENEHU M, YTO MPUBOIUT K IMNUPHUYECKOMY ypaBHEH M10 Kappo — A uium-
aa =1 /(y"+yx)" +1,., KOTOPOE YCNEUIHO NPUMEHSETCsl [Jisl ONUCAHUSI PAaCTBOPOB

M PacrjaBoB MOJMMEPOB.

1/2
TJ’

+%/7"

1/2.:,1/2

3anuuiem OYT B npyroii hopme: 772 = +n/*y



OTOpachiBasi creneHb (1/2) ¥ npuHKUMas HyJIEeBOE 3HAYEHME ¥, MOJIYYUM YpaBHe-
Hue buHrama T =1_+1_ Y, KOTOPOE AOCTATOYHO XOPOLIO ONUCHIBAET OrPAHUYEHHbI i
Yy4aCTOK KPHUBOM TEYEHUSl MPU BLICOKUX CKOPOCTSIX CABUIA.

UToOb MOBBLICMTL TOYHOCTb aANMPOKCUMALIMHM, BBEAEM MNMOANOHOYHBIH MOKa3a-
T€JIb CTENEHMU H, YTO NMPUBOAUT K IMNHUPUYECKOMY ypaBHeHMIO ['epuiensi — basnkau
T=7T,+7M.Y", KOTOPOE XOPOLIO aNnnpPpOKCUMHUPYET KPUBLIE NJIACTUYHOrO TEYEHUSI.

[1py BHICOKMX CKOPOCTSIX CABUIa U MaJIbiX 3HAYEHHUSIX T, 3TO YPaBHEHHE CBOAMNT-
Csl K BMNUPUYECKOMY ypaBHEHUIO OCTBabia T = 1.Y", KOTOPOE XOPOLIO ONUCHIBAET
OrpaHHUYEHHBIE YYACTKNU KPHUBBLIX TEYEHHUSI PACNJIABOB H PaCTBOPOB NOJIMMEPOB.

B tex cnyuasix, Korna anrnpoKCUMallMsl OCTAeTCsl HENOCTATOYHO XOpOUIEi,
BBOASIT OOMNOJIHMUTEJIbLHbIM MNOANOHOYHBLIM MOKa3aTteJib CTENEHW m B YPaBHEHHE
[epuwiensi — bankiau, 4TOo NpUBOAMT K 3SMMOMpHYecKoMy ypaBHeHU1Oo Lllynbmana
=T+

Takum 006pa3oM, MHOIHME U3BECTHHIE PEOJIOTMYECKME YPABHEH sl MOXKHO CUUTATh
npuOJINXKEHHBIMY BapMaHTaMu 0000IIEHHOrO ypaBHEHH Sl TEYEHUSI, B KOTOPbIE 1151
VJAYYIIEHUS] annpPOKCHMMaLUMH IKCNEPUMEHTAJNIBHBIX JAHHBIX AOMOJHUTENBHO BBO-
ASATCSl NOANOHOYHbIE€ NMOKA3aTEeJIM CTENEHU 1 U m. ECTECTBEHHO, 3TH NOKA3aTeJIu CTe-
NEHU HE UMEIOT (PU3MYECKOrO CMBICSIA B paMKaX KakKoil-JINOO MUK POPEOIOrNYEeCKOM
MOJICJIM.

5.2. T'lpuMepbl annpoKcMMaunmn peonornvyecKnxX AaHHbIX

B kuure bapHeca [14] nonpobHO onucaHbl CNOCOOB anNMpPOKCUMAallMM PEONIOrHYe-
CKHMX JaHHbIX Hanbosiee pacn pocTpPaHEHHbBIMHU PEOJIOTMYECKUMH YPAaBHEHU SIMM.

Ha puc. 5.1, a nokazaHbl THIMTUYHBLIE HHTEPBAJILI annpoKCUMalMM ¢ YKa3zaHHUEM
PEOSIOrMYECKUX YpaBHEHW I, LM@PPH NMOKa3bIBAOT YHUCAO NMOANOHOYHBIX KO3 dhu-
IIMEHTOB (NapaMeTpoB PEOJIOrHYECKOro ypaBHEeHUs). OYEBUAHO, YTO YBEJIMYECHME
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Puc. 5.1. Buibop vHTEpBaNIOB annpokKcuMalMM ANS pa3snUUYHHX PEXHUMOB TEYEHMS:
a — KpuvBasi BSI3KOCTU B JABOIHHIX NorapudMuyecKmux KoopauHaTax, 6 —
KPHBbIE TEYEHHWSA B JIMHEHHBIX KOOpIWHAaTaX, Ha BCTABKE KpWUBasd MnacTH4-
HOIO TEYEHWS B KOPHEBBIX KOOpAMHATAX



ynciaa KoaGPUIIMEHTOB NO3BOJISIET ONUCHIBaTL OoJiee IMPOKHIT MHTEpBaJ CKOpO-
CTel caBMra.

TpexnapameTpuuyeckoe 0000111eH HOe ypaBHEHHWe TedeHus (OYT) no3BosisieT onu-
caTh TOT XK€ MHTEPBAJI, YTO YEThIpexnapamMeTpuyeckoe ypaBHeHue Kpocca niau nsitu-
napamMeTpuyeckoe ypasHeHue Kappo — Aumna. OnHako OHO HE NpeaHa3Ha4YeHO AJisl
OMUCAHU S PEXKHUMA HbIOTOHOBCKOIO TEYEHM 5.

OTMeTHM, YTO MHOIA UCCJIEA0OBATE I OTPULIAIOT CYIIECTBOBAHHUE H LIOTOHOBCO-
ro «rnJato» NpM HU3KUX CKOPOCTSIX CABUTA U MPUDJIMXKEHHO annpoOKCUMUPYIOT KpHU-
BY1O Ha BCEM MHTepBase ypapHeHHeM Kappo— Aumimpga. HbloTOHOBCKOE «njaTto» npu
BBICOKMUX CKOPOCTSIX CABMIa HaOJOHAeTCsl IOCTATOYHO PENKO, ero CyleCTBOBaAaHHE
HEOOXOAUMO NPOBEPSATH B IMHEMHBIX HJIM KOPHEBBIX KOOpAHWHATAX.

Tak>ke cyenyeT y4eCTh SIBJIEHHUE «CpblBa TEYEH Usi», ONMCAaH HOE HaMU paHee (ra-
Ba 3), KOTOpPOE€ OOBIYHO NPOUCXOAMT B BHICOKOKOHLIEHTPHPOBAHHbBIX CUCTEMAX MPH
OOJILLIMX CKOPOCTSIX CABUIA M JIErKO onpeaensieTcsi no pakTy NOCTOSIHCTBA BEJIMYM-
Hbl T NPU YBEJIMYEHU W CKOPOCTH CIIBMTA Y.

B OOBIYHBIX JIMHEHHBIX KOOpAMHATaX HBIOTOHOBCKOE TEYEHHUE OMHCHIBACTCS
NpsAMOI, NPOXOAsIIEN Yepe3 HayaJio KOOpAWHAT, UACAJILHOE NJACTUYHOE TEYEHUE
(buHrama) — npsiMOii, OTCEKAIOLLEH MOJIOXUTENbHBII OTpe30K Ha ocu T. OOBIYHO
Ha peaJibHOIi KPUBOIi Te4eHMsl BLIOMPpalOT HEOObLLIOKH YyUYaCTOK BbLICOKUX CKOPOCTEIi
C/IBUTa M anmnpoKCUMUPYIOT «NpsAMOii buHrama» (Kpusasi b-2 Ha puc. 3.1, 6). [lposep-
Ka Ha NMJAaCTMYHOE TeYEHHME JIETKO NMPOBOANTCH B KOPHEBLIX KOOpAMHATaX («npsiMas
KaccoHa» Ha BcTaBke puc. 3.1, 6). KpuBOAWMHENHYIO 3aBUCUMOCTL B JIMHEUHBIX KO-
OpPIMHATAaX T-Y YacTO ONMUCHLIBAKOT IMNUPUYECKUM ypaBHeHHeM [epiuens — bankiu
(xpuBasi [-b-3), npUMEpPHO € TOI € TOYHOCTHIO €€ MOXKHO annpoOKCUMUPOBATHL 0000-
HIEHHBIM YPaBHEHHMEM TEYEH US.

[lokaxkem npuMepsl anMPOKCUMALIMK KPHBBIX TEYEH U S PA3JIMYHbBIX IUCNIEPCHBIX
M MOJIMMEPHBIX CUCTEM B paMKax 000011IeHHOIT Monesin TeyeHus. byneM MCnosnbs3o-
BaTh TaOJIMYHBbIE JAHHBLIE, NPUBEACHHBIE B KAUY€CTBE YNpPa>KHEHU B yueOHOM no-
cOOMM MO peoJIOrMn HEHbIOTOHOBCKKX cucteM [130]. DT npumMepsl, NO-BUIUMOMY,

Tabnmuua 5.1. 3aBMcHMMOCTH HaAlpAXEHUA COABMIA OT CKOPOCTH caBura 2%-Horo Bo-
AHoro pactsopa Separan AP-30 [130]

v, ¢ 0,00449 | 0,00564 | 0,00712 | 0,00896 | 0,011 0,0142 0,0178 | 0,0225
T, Ila 0,26 0,33 0,42 0,53 0,66 0,75 0,96 1,14
¥, ¢ 0,0356 | 0,0283 | 0,0449 | 0,0564 | 0,0712 | 0,0896 0,113 0,178
T, Ila 1,65 1,39 1,99 2,30 2,85 3,33 3,83 5,50
¥, ¢ 0,283 0,449 0,712 1,13 1,78 4,49 7,12 11,25
T, [Na 6,94 8,37 10,16 12,32 14,60 19,85 22,96 26,13
¥, ¢ 17,83 28,3 44.9 71,2 112,5 89,6 56,4 35,6
T, lNa 29,93 34,44 40,38 46,32 53,44 49,88 43,00 37.5
¥, ¢ 22,5 14,2 8,96 5,64 3,56 2,25 1,42 0,896
T, Ila 32,1 28 25,2 21,1 18,2 15,6 13,3 11
Y, ¢ 0,564 0,356
T, [a 9,09 7,41
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Puc. 5.2. Peonoruvueckoe noBeacHME BOAHOrO pacTBopa noauMepa 2 macc.% Separan
AP-300: ¢ — kpuBas BA3KOCTH B ABOWHBIX JIOrapu(PMHUYECKUX KOOpAHUHA-
Tax; 6 — KpuBas TEYEHUS B KOPHEBbIX kKoopavHatax. CTpenka ykasblBaeT
HUXHMII npeaen annpokeuMau i OVT. Jlanubie u3 padotn [130]

NPeACTaBJSIIOTCSI aBTOpaM y4eOHMKA TUNUYHBLIMM JUJISI U3YUYEHUSI PEOJIOrMUYECKUX
XapaKTEPUCTUK HEHBLKOTOHOBCKHX CUCTEM.

Bonxwiii pacTBop nonuMmepa 2 macc.% Separan AP-30 (temnepatypa 289,5 K) 6bia
UCCNIEIOBAH C NMOMOLILI) POTAllMOHHOIO BUCKO3MMETPA (KOHYC—IJIOCKOCTE). JlaH-
HbIE MPEACTABJEHBI B TAa0. 5.1.

CryaeHTam npeaaararOT noCTpouTh rpa(puk B ABOIMHBIX JOrapuPMHUYECKUX KO-
opauHartax logT— logy, onpeaenuTh BO3MOXHOCTL HBEOTOHOBCKOTO PEXHMMa TEUEHU S
NpU HU3KNX CKOPOCTSIX CABUTIA Y M 3HAYEH M€ BSI3BKOCTH NPU HYJIEBOI CKOPOCTH CIBU-
ra, noaoodpaTh MOAXOASIILY IO PEOJOrMYECKYD MOJIENIb U OLIEHUTHL OTKJIOHEHHWE pac-
YETHBLIX 3HAYEHHUH T OT SKCNEPUMEHTAJIbHBIX.

OyeBUAHO, YTO HbIOTOHOBCKOE «IJIaTO» JIErYe ONpeacjanTh B KOOPAUMHATHBIX OCSIX
logn—logy (puc. 5.2, a). BunHO, YTO MOHOTOHHOE CHUXXEHME BSI3KOCTU HAYUHACT-
Csl C CEObMOI 3KCNEPUMEHTANILHON TOYKH. MMEHHO OHA SIBASIETCH HUXHCH rPaHU-
LEH MHTEpBaJa annpoKCUMaliuK JIIOOBIM YPABHEHUEM HEHBLIOTOHOBCKOIO TEYEH USl.
BepxHeii rpaHuiicii SIBASIETCS MAKCMMAJILHOE 3HAaY€HUE ckopocTtu casura 112,5¢™.
BaskHO OTMETHTD, YTO TOUKH, NOJAYUEHHbIE MPH yBennYeHun ckopocty (1) u yMeHb-
lieHun ckopoctu capura (1), nexart Ha OLHOI KPHMBOI, TO €CTh TEYEHUE SIBJSACTCS
CTALlHOHAPHBLIM U PABHOBCCHBIM.

Y4yacTOK HEHBIOTOHOBCKOIO TEYEHMUSI JIErkKO annpoKCHMMHUpPOBaTh YPaBHEHUSIMU
Kpocca n Kappo, a Tak:xe 060011eHHBM ypaBHeHUeM TeueHus (OYT). Mo kputepu-
ssMm Kpocca— YeHra BpiOMpaeM peonornyeCckoe ypaBHeHHE ¢ HAMMEH bLLIMM YMCJIOM
napameTpos — QY T. Iyisi annpokCMMallMM 3KCNEPUMEHTAJIbHBIX JIaH HbI X 0000LIEH-

Hoe ypaBHeHue TeueHus (OYT) npencrasum B Buze: ©/° =1/ 9" /(x+7"*)+n"*y"2.

I,-’_'.!
pmt.-

BuipaxeHue cymMbl KBaapatoB pasHocteii: CKP = E(t” : )> obecneunBaet

HauOONbIIEE CXOACTBO TEOPETHUYECKUX M IKCNEPUMEHTAJIbHBIX BEJIMUUH B 0051aCTH
BLICOKMX CKOpOCTEit capura (puc. 3.2, a v 6, cnjiollHast IUHUSA).



Ha puc. 5.2, 6 npencrasneHsl pe3ynerarel pacdyera mo OV1, TeHaeHuus K npsi-
MOJIMHEITHON 3aBUCHMMOCTH B KOPHEBBLIX KOOpPAMHAaTaX MpsiMO yKa3blBaeT Ha BO3-
MOXXHOCTB MCMOJIb30BAHUSI CTPYKTYPHOM MOAENTM — ODOOIIEHHOI MOAE/IH TEYEH USl.
SICHO, YTO CTENMEHHOI 3aKOH MOXHO MCIMOJIb30BaTh TOJBKO NMPUOJIMXKEHHO, Ha Orpa-
HUYEHHOM WHTEPBaJIe BBICOK MX CKOpocTel capura (puc. 5.2, a). [NlonyyenHas uz OVT
BEJIMYUHA MPEACTIBHON HYEBOM BA3ZKOCTH 1)(()) CYy LLIECTBEHHO BHITIIE 3HAYEH U1 BSI3KO-
CTH Ha «HBIOTOHOBCKOM I1aTo» 1,(0). CamMo cyuiecTBOBaHHE MJaTo CBsI3aHO C Orpa-
HUYEHUEM Pa3MEPOB UCXOAHEBIX ACCOLMATOB MAKPOMOJIEKYJI, MO-BUAUMOMY, 3a CHET
OpPOYHOBCKOro ABMXEHHUsI. TaKkuM 00pa3oM, 3KCNEPUMEHTABHOE 3HAYEHUE BSI3KO-
CTH, U3BMEPEHHOE MPU HU3KUX CKOPOCTSIX CABHUTa, HE UMEET NMPSAMOro OTHOIIEHMUS
K ITPOIECCaM B paiilOHE CABUTOBOTO Pa3 X U>KEH M.

BenuyuHa BsI3KOCTH npu O€CKOHEYHO OONBIIOH CKOPOCTH CABMIra B paMKax
CTPYKTYPHOIT MOziesiu pasHa KoaghdpunneHTty Bsiskoctu Kaccona n_ =1, = 0,062 I1a-c;
3TO 3HAYEHME HAMHOIO HH XK€ 3HAYEH Ui BI3KOCTH, MNOJIYYCHHBIX 9KCIEPUMEHTAJIBHO,
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Puc. 5.3. Peonoruyeckoe nopegeHue pacrnjaBa MONOYHOTO LIOKOJAHa: @ — Kpubas
TeYeHHUs B NUHEHHBIX KoopauHaTax, 6 — KpHUBasi Te4eHUs B KOPHEBHIX KO-
OpPOHHATAX, 8 — KpHBas BA3KOCTH B IBOHHBIX TorapupMHUYeCKHX KOOPIH-
HaTtax. JJaHHBIe u3 padoTtsl [130]




Tabnuua 5.2. 3aBUCUMOCTB HaNpsXXEHUSA CABUIra OT CKOPOCTH CABUIa pacniasa MoO-
JouHoro wokonaaa [130]

7, c’ 0,099 0,14 0,20 0,39 0,79 1,60 2,40 3,9
T, Ma 28,6 35,7 42,8 52,4 61,9 71,4 80,9 100
¥, ¢ 6,4 7,9 11,5 13,1 15,9 17,9 19,9
7, Ma 123,8 133,3 164,2 178,5 201,1 221,3 236

M Ha rpa(puKe OTCYTCTBYET KaKOI-TM00 y4aCTOK HbIOTOHOBCKOIO TCUCHHM S MPH BLICO-
KUX CKOpOCTsiX caBura. OTCyTCTBUE «HbBIOTOHOBCKOIA NPsiMOii» NpH BHICOKUX CKOPO-
CTAX XOpOILIO BUIHO Ha rpa(puKe B KOPHEBHI X KOOPAM HATAX.

Peonorvuyeckue maHHbl€ OJI8 MOMOYHOro okonaaa npu 313 K npeacrapieHbl
B Ta0J1. 5.2. U3BECTHO, YTO NOAOOHLIE CUCTEMBI SIBJISIKOTCH TUKCOTPONHBLIMU U O0bLIY-
HO ONUCHLIBAIOTCH YPABHCHUSIMH C NPEACSIbHBIM HanpsixkeHuem casura. Iosromy
CTYAECHTaM NpeAiaraloT npoBePUTh ypaBHeHUsi buHrama u KacCcoHa U OLLEHUTDL OT-
KJIOHEH Ul OT ITUX MOAECNEH.

OTKNOHECHMSI HACTONBKO BEJIMKH, UTO PEKOMCHAYETCS MPOBOAUTL anmnpOKCH-
MallMI0 OTAEJLHO Ha TPEX MHTEpBajiax ckopocteii casura: y<20c¢™'; 1,6 <y <20;
v<1,6¢c’.

Tabnuua 5.3. 3aBUCHMMOCTB HAMPSAXKEHUS CABMIA OT CKOPOCTH CABUTA CYCTIEH3UH OK-
CHJa KPEMHMUSA NMPH pa3HbIX MacCOBBIX KOHUEHTpaLMAX [130]

880 kr/m’ 905 kr/m* 937 xr/m* 965 kr/m’ 995 kr/m*
¥, ¢’ t,Ma | ¥, ¢ t,Ma | v,¢' t.Ma | v, ¢! t.Ma | v,¢' T, MNa
3,9 3,46 1,9 3,79 1,1 5,20 1,9 6,25 0,9 7,55
5,3 3,54 2,6 3,90 2,1 5,40 34 6,46 1,8 8,01

5.9 3,61 3.8 | 4,02 3,3 5,62 4,7 6,67 2.8 8,33
7,0 3,68 | 49 4,12 5,6 5,90 7,2 6,92 4.9 8,75
8.2 3,74 5,9 4,19 7,9 6,12 9,1 7,16 8.0 9,25
9,2 3,80 70 | 430 | 108 | 632 | 107 | 727 9,9 9,43
10,3 | 3,86 80 | 438 | 124 | 648 | 120 | 738 | 116 | 964

(3 | 391 9.0 444 | 139 | 6,58 13,1 748 | 13,0 | 9,88
122 | 396 | 122 | 464 | 152 | 668 | 142 | 75 | 143 | 9,95
149 | 410 | 135 | 470 | 164 | 6,78 15,1 770 | 155 | 10,10

16,2 | 4,17 14,9 | 4,79 17,6 | 6,8 | 159 | 774 | 16,6 | 10,27
19,3 | 430 | 18,2 | 500 | 231 | 7,34 17,7 | 798 19.4 | 10,53
25 | 443 | 214 | 515 | 257 | 74l 194 | 8,10 | 22,0 | 10,80
255 | 448 | 247 | 530 | 283 | 759 | 242 | 847 | 24,5 | 11,10
286 | 470 | 28,0 | 540 | 332 | 791 270 | 862 | 269 | 11,25
346 | 498 | 344 | 582 30,0 | 887 | 31,8 | 11,60
40,5 | 515 | 40,7 | 5,97 37,1 | 9,30 | 36,5 | 11,91




YpaBHeHune KaccoHa (MyHKTHPHas IUHUS) YIOBJIETBOPUTEIBHO ONMUCHIBAET IKC-
nepMMeHTasibHble JaHHble yxe Bhiiie 0,3 ¢'. [MosHoCcThIO KpuBasi onuckiBaetcs OV T
(cnyouiHast inHust). Takum obpa3oM, 000OLIEHHOE YpaBHEHHNE TEUYEHUS MO3BOJISIET
onucath MakCHMMaJibHO O0JibLIOI MHTEpBaJl ckopocteit capura (puc. 5.3). OnHako
JUUTS1 HAAEXKHO# NMPOBEPK M CIpaBeI/IMBOCTH PEOJIOrMYECK X YPAaBHEH Ui B TAKOM TUK-
COTPONHOI CUCTEME HEOOXONUMO NPOBOAUTDL TPHU NMOCNENOBATEILHBIX ONbITAa C YBE-
JIMYEHUEeM M yMeHblleHHeM ckopoctn T4T, M3 KoTopbix nocieaHmii onuT npuoan-
XaeTCsl K pABHOBECHLIM YCJIOBUSIM TEUEHU S,

HMcnonb3yem Tabnimunblie gaHHbie [130] pist onucaHusi BOOHO#M CyCneH3u M OKCH 1a
KpeMHUIH NMpHU pa3IM4HOM MacCOBOI KOHLIEHTpaluu (tadn. 5.3). CtyneHTaM npen-
JlaraeTcsi NOCTPOUThL KPUBLIE B JIMHEHHBIX M JIOrapu(pMHUUEeCKUX KOOpPAUHATAX, NPO-
BECTU annpoKCcuMallmio no ypasHeHuio lepuiensi— bankam u CpaBHUTHL 3HAUECHMU S
KO23(pUILIMEHTOB MNMpH pa3HOii KOHLIEHTpalKMH. CaMa nNocTaHOBKAa BOMpOCa Npeano-
Jlaraet HaJIM4YUue NpeaesibHOrO HanpsiX€eHUsl CIBUra, TO €CTh IMJIACTUYHOE TEYEHHE.
CooTrBeTcTBYOLIME FrpapuKK NnpuBeaeHbl Ha pyuc. 5.4, a, 6.
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Puc. 5.4. Peonorvyeckoe rnoBeacHMe CycrieH3MM OKCHaa KpEMHMUSA, @ — KpuBas Teue-
HUS B IMHEHHbIX KOOpAUWHATAX; § — KpUBas BA3KOCTH B IBOHHBIX Norapug-
MHYECKHX KOOpAMHATAX, 6 — KpUBasl Te4EHUS B KOPHEBLIX KOOpAUHATAX.
Januble u3 pabotnl [130]



J1OCTaTOYHO YCJIOBHO HEOONBILIOKH YYACTOK NPU BHICOKU X CKOPOCTSIX MOXXHO ONU-
catb ypaBHeHUeM buHrama. KOHEYHO, 3TH KpUBBIE BIOJIHE MOXHO anNnpOKCHMHUPO-
BaTh TpexnapamMeTpuyeckuM ypasHeHueM lepuiensi — bankau. C apyroii CTOPOHHBI,
KPUBBLIE TEYEHUS NMPEKPACHO anmnpoOKCHUMHUPYIOTCS IABYXNapaMeTPUYECKHUM ypaBHe-
Huem Kaccona (puc. 5.4, 6). Pe3ysbtaTsl pacyeTa npuBenAcHbI B Tab. 5.4.

Peonornuyeckue naHuwbie [130] anst sonHoro pacteopa 0,6 Macc.% kapOonona
¢ nobasneHmem 1,5 macc.% NaOH npm temneparype 292 K (tabn. 5.5) npeacrabiieHbl
Ha puc. 3.5, a. CtyaeHTaM npeaiaraloT nOCTpoOUTh rpauK B JIMHEH HBIX KOOPAWHATAX
T—Y U B ABOIMHBIX lorapu(pmMuyeck ux KoopauHarax logrn —Ilogy, NnpoBepUTH annpok-
CUMALIMIO CTENEHHBIM 3aKOHOM, YpaBHEHHeM Dyiiuca uau Kappo.

B rpy6oM npuOaMKEeHU M MOXKHO ONUCATh OTIEJIbHBIE YYACTKU KPUBOIi BI3KOCTH
CTEeNEHHHLIM 3aKOHOM, TOCTATOYHO XOPOLIME pPe3yJibTaThl NMOJIYYEHBLI MPH UCNOJIb30-
BAaHUH SMITUPUYECKUX YpaBHEHU T Dnnuca n Kappo. O0600111eHHOE ypaBHEH ME Te4de-
HUs1 (OYT) He MOXeT ¢ 10CTAaTOY HOl TOYHOCTLIO ONMUCAThL BECh MHTEPBaJ CKOPOCTEI
capura (puc. 3.5), HO B KOPHEBBLIX KOOPAMHATAX XOPOLIO BUJHKI JiBa y4YacTKa: Npu
HU3KHX CKOPOCTSIX peanu3yeTcsl MJIacTHYHOe TeyeH e (npsimasi KaccoHa ob03Haye-
HA MYHKTUPOM); NPH BLICOKUX CKOPOCTSX — MCEBAONJIACTUYHOE TeYEHUE, KOTOPOE
xopollo onuceiBaetrcst OVT.

CxonHoe noBeAeHUe ¢ ABYMS PEXXMMAaMM TEYEHUsI pacCMaTpUBaJiOCh HAMMU pa-
Hee BJIMOTPONHBIX XUAKHUX KpUCTAIIaX, BOJIOKHAX U OMyabeusax (pa3n. 3.4.4 B ri. 3).
Takum obpa3zom, 00001IEHHOE YPABHEHUE TEUEH U ST SIBJISIETCS KJIKOYOM K BBISIBJIEHU IO
OTAEJIbLHBIX PEXMMOB T€YEH Usl MPH CJIOX HOM PEOJIOTMYECKOM NOBENEHUH,

HMcnonb3yem tabsiuiy (tabn. 5.6) peosormyecKux JaHHbIX U3 pabotol [132] ans
BOJHOrO pacTBopa KapookcuMeTunenonosbl (0,4 macc.%). Pesynbrathl npeacras-
JIeHHI Ha puc. 5.6.

Tabomuua 5.4. KosdbduumeHTbl 06061EHHOTO ypaBHEHUS TEUCHHWS BOAHOI CYCIEeH-
31UM OKCHAA KPEMHUWSA MPU PA3AMUYHBIX MACCOBBLIX KOHLIEHTPALIMAX

C, kr/m’ 880 905 937 965 995
77, Ma'”’ 1,67 1,81 2,16 2,32 2,70
'r]:f"z, (IMa-c)"”? 0,093 0,100 0,111 0,119 0,267
%, ¢’ 0 0 0 0 0,025
CKP 0,0010 0,00066 0,0009 0,0016 (0,0009
CuMBon pom©O TPEYrolbHUK KBaapar TOYKA Kpyr
Tabnuna 5.5. 3aBUCMMOCTB HaAlpsi)KEHUS CABUIa OT CKOPOCTH CABMIa BOJAHOIO pac-
TBOpa 0,6 macc.% kap6onona ¢ nobaeneHuem 1,5 mace.% NaOH [130]
¥, ¢ 0,356 | 0,449 | 0,564 | 0,712 | 0,896 1,13 1,42 1,78 2,25
T,l1a 1,43 1,54 1,65 1,79 1,97 2,17 2,44 2,61 2,84
¥, ¢ 2,83 3,56 4,49 5,64 7,12 8,96 11,25 14,17 17,82
T,lla 3,27 3,60 3,98 4,38 4,86 5,40 6,03 6,62 7,45
¥, ¢’ 22,47 | 28,30 | 35,57 | 44,89 | 56,43 71,15 89,55 112,5
T,l1a 8,40 9,46 10,41 12,06 13,60 15,14 17,03 19,16
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Puc.5.5. Peonormyeckoe nopeneHue BoaHoro pacrtsopa 0,6 Mmace.% kapbonona ¢ no-
ocapneHueM 1,5 macc.% NaOH: ¢ — kpuBas BA3KOCTH B ABOIHBIX norapmd-
MHYECKMX KOOpAUHATAX; 6 — KpUBasli TCUEHHUS] B KOPHEBLIX KOOpAMHATAX.
JaHHbie u3 padotsi [130]
Tabauna 5.6. 3aBucuMOCTh BA3KOCTH OT cKopocTH casura 0,4%-Horo BoAHOro pac-
TBOpa KapbokcuMeTHAUennonos3sl [132]
¥, ¢’ 0,1 0,5 1 5 10 50 100 500
n Mac | 0,33872 | 0,3063 | 0,28551 | 0,22106 | 0,18869 | 0,11598 | 0,089791 | 0,04586

CpaBHUM XapaKTEepHBIC PEOJIOTMYECKHUE MapaMeTPhl, MOJIYYECHHBIE C NMOMOLLbLIO
ypaBsHeH Uit Kpocca, Kappo u OYT (1abn. 5.7).

Hy>XHO OTMETUTD, UTO KPAHHE HU3KHUE 3HAYCHMUS 1), MOJIYYCHHBIC [1J1Sl yPaBHE-
Huii Kpoccau Kappo, npakTHY€CKM paBHbl BSI3KOCTH ANCNEPCUOH HOI cpeibl (BOIBI).
3HauyeHus npenesibHok BA3kocTH 1(0) 61M3KU 1151 BCEX TPEX YPaBHEH Ui, 4TO CAeayeT
M3 CXOICTBA MAaTEMATUYECCKOMH (POPMBI 3TUX YPABHCHHM .

HN3yueHune oO0LIMPHOro 3IKCNEPUMEHTAJILHOINO MaTepuasa (OKOJI0 IBYXCOT pa3Jiny-
HbIX IMCNCPCHBIX U NMOJIMMEPHBIX CUCTEM) NMO3BOJSICT YTBCPXKAATh, YTO €CJIM KPUBas
TEYEH WSl HA YYACTKE Cnaaa BSI3KOCTH annpoKCUMUPYETCS U3BECTHLIMH YPABHEHUSIMHU
Kpocca, Kappo, Kpurepa— Jlorepty unu [epuiensi — baakinu, 70 oHa 00s13aTes1bHO
OyaeT onMuchLIBaThCsl OOODIIIEHHBIM YPABHEHHUEM TCUCHHU S C TOH K€ MJIN 00JIEE BHICO-
KO TOHHOCTBHIO. MOXHO NPEAJIOKUTH CNEAYIOLLY IO METOAUKY annpoKCUMallMH 3KC-
NEPUMEHTAJILHBLIX PEOJIOTMYECKHUX JAHHBIX C NOMOILILKY ODODOIIEHHOrO ypaBHEHMUS
TeyeHust (OYT). 1sisi nepBoHayaibHOIO BHIAECJEHUSI YYACTKOB C pa3HbLIMU PEXMMAMM
TEYEH Ul HEOOXOMMMO NMPEACTABUTL IAHHBIE B IBYX CUCTEMAaX KOOpPAMWHAT: KOPHEBLIE
koopamHath T/’ —y"? u norapupmuyeckue KoopanHars logn —logy. Onpenensiior-
CSl Y4ACTKH HBIOTOHOBCKOIO T€YEHHS, YYaCTKH CABHIOBOIrO pa3XMXE€HHs, YUaCTKH
«CpbIBa TEHEHUSI» U NEPEXOIHBIE YHACTKH C INJIATAHTHBLIM MOBEACHHUEM.
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Puc. 5.6. Peonoruwyeckoe noseaeHue 0,4%-Horo BoaoHOro pacrsopa KapOooKcuMeTHun-
LEJUTIONO3bl: KpUBasi TEYEHMSI B KOPHEBbIX KoopauHatax (@), 3aBUCMMOCTb
BSI3KOCTH OT CKOPOCTM C/IBUTa B JIBOMHBIX JIOTAapU(PMHUUECKMX KOOPAHHATAX
(6). Crninownast nuumst coorercryetT OVT, mrrpruxosast IMHUS COOTBETCTBY-
eT annpokcuMailmu ypasueHmeMm Kpocca (7), nyHKTHpHAsI TMHKS NOJIyYeHa
npu annpokcuMauuu ypasHeHueMm Kappo (8) npu n = 2. U3 pabothi |132]

Tabnuua 5.7.

3HayeH K st BA3KOCTH NMPU HYNEBOM ckopoctu caura 1(0) u npu 6ecko-
HeYHO OOJIBILIOIT CKOPOCTH CABMIA 1), pacCYMTaHHBIE NO Tpexnapame-
TpHYecKoMy 0000OLEHHOMY YpaBHEHMIO TEUEHHSI M MO YeThipexnapa-
meTpuyeckuM ypaBHenmsim Kpocca u Kappo ansa 0,4%-noro BojgHoro
pacTBOpa KapOOKCUMETHJILEJIIONO03 bl

OvT

Kpocc

Kappo

n(0) lNMa-c

0,351

0,368

0,335

n. Ma-c

0,00974

0,00101

0,001

OMIUPUYECKHE CTENEHHBIE 3aKOHBI YIOOHBI A1 WHXEHEPHBIX MPUIIOXKEHMUI,
HO HE MMEKOT OTHOLIEHUS K peaJibHOMY MeXaHu3My TeueHusa. Hamu nokasaHo, 4To
MOX HO O0ONTHCH 0€3 NOArOHOYHBLIX 3HAYEHM 1 noka3aTeneil cteneHu. Mcnonbk3oBa-
HUE TAOJIMUHBIX JAHHBIX U3 YY4€OHOro nocoOus no peoJIOruu HEH LIOTOHOBCKU X XX M J1-
kocTeii [130] no3BonsieT 1erko npoBepuTh NPEeACTABIEHHBIE 31€Ch PE3YbLTATHI.

5.3. O6o6LyeHHbIe KpUBbIE TeYEeHMA B NPUBEAEHHbIX
KOOpAMHaTaX U TeMnepaTypHO—BpEMEHHas
Cynepno3uums

[Tokaxem, kakuM 00pa3oM B paMkKax O0OOLIEHHOI MONENM TEYEHUS] OOBIACHSAET-
CSl cyluecTBOBaHUE ODOOLIEHHBIX KPUBBIX TEYEHUS B NMPUBEACHHBIX KOOPAWHATaX.

O600weHHOe YPABHCHHUEC TCHCHHUA JICTKO INPEACTABHUTEL B BUJIC
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ITO NpUubJIMXKEHHOE ypaBHEHME (J.15) MOXKHO cumMTaTh CripaBe/UTM BbIM B 00J1aCTH
HU3KMX CKOPOCTEH CABMTA MPU OCTATOYHO MAJIOM COOTHOLIIEHuU 1)_/M(0).

OueBUIHO, UTO NMPU NOCTPOEHUU KPUBBIX BA3KOCTH B NMPUBEAEHHBIX KOOP/IMHA-
Tax 1/1(0) vs¥/%’ Bce IKCnepuMEHTATBHBIE TOYKM OKAXYTCS HA OTHOI 0000LLEHHOI
KpuBOi Npu coOMIONEH MM YyCnoBuii BEIBOA NpuOMKEHHOTO ypaBHeHus (5.15). Bax-
HO OTMETHUTDb, YTO PEAJIbHBIE M3MEPEHHBIE 3HAYEHUSA BA3KOCTH HA «HBLIOTOHOBCKOM
nJjato» 1,(0) 06bIYHO HEMHOTO MEH bllI€ TEOPETHUECKOT0 3HaUYeHu s 1(0).

Honyckag, uto 1(0) = 1,(0), nonyunm BbIpakeH ne

1/2 |
LI, RS — (5.16)
Ny (0) I+(1/%)Y

Takum obpasom, Benuuubbl 1/1,(0) — (1/%)*¥ Takxe ABNAIOTCA NPUBENEHHBIMH

KOOpAMHATAMM, NMPU UCNOJBL30BAHMM KOTOPBIX HA OAHON 00001L1EH HO KPHMBOH CO-

BMEIIAIOTCS pa3HbIe IKCNEPUMEHTANbHBIE PE3YJIbTATHI.
1/2

1/2 1/2

T T T
Yuuteisas, uto n'*(0)-n"? ==— , nonyuum y = : ~—<— _ OTciona
X n"(0) -0 n"(0)
1] 1/2 l
LU . (5.17)
(n (0)] 1+ n"*(0) /2
Tl-fl 'Y

C

Takum 006paszoM, BeimunHbl 1)/1(0) n 1(0)y TakxkKe ABISAIOTCH NPUBEACHHBIMM KO-
opaAMHATAMH, NPHU UCNOJIB30BAHHU KM KOTOPBIX HA OJIHOM 000O0IIIEHHOW KpHBOH COBME-
11AI0TCH Pa3HbIE IKCMEPUMEHTAJILHBIE PE3YJILTATHI, HO MPU YCJIOBUM, YTO BEJiIMUMHA
72 onuHAaKOBa NS Pa3IMYHBIX 00PA3L0B HEH BIOTOHOBCKOI CHMCTEMBI.

Torna usBecTHBIi (pakTOp cnBura 6, ucnosib3yeMblii U1l COBMELLIEHU S KPHUBBIX
BA3KOCTHU B JIBOMHBIX JIOrapu(pMHUYECKUX KOOPAMHATAX, MOXET ObITh 3alnUCaH Kak
0= (1/%)" vau 6=n(0). Hy>kHO OTMETUTDb, YTO NPOLEAYPA NPUBEAEHUA AET NOCTA-
TOYHO XOPOILLHWE PE3YNLTATH TONLKO NMPH YCIIOBUHU 1) > 1)_.

[ToaTOoMy 0000LIEHHAS KpUBAsi ONKCHLIBAET IKCNEPUMEHTANIbHBIE JTAHHBIE TEM
JIYUILE, YEM HUXE 3HAYEHUS CKOPOCTH Y U Yem bonkiue cootnoweHue 1(0) > . Ta-
KUM 00pa3oM MOXHO NMOCTPOUTH O0OOLLIEHHBIE KPHUBBIE BSA3KOCTH B MPUBENCHHBIX
KoopauHatax (KOHUEHTPAIIMOHHO MHBAPUAHTHAS WJIK TEMMNEPATYPHO WHBAPUAHT-
Hasi XapaKTEPUCTUKH).



OTU Xe YypaBHEHHSI TNO3BOJSIIOT O0OOCHOBAaTH BO3MOXHOCThH TEeMNEpaTypHO-
BPEMEHHOI Cynepno3uuKu K onpeaenenHoii temneparype npusenenus T, . 3anu-
[IEM YPAaBHEHUA LA MPOU3BOJILHON TeMMepaTypsl 00pa3La

/2 ]

n
(5.18)
n"(0)  1+77/x
W JUis TeMmnepatypel npuseaeHus T,
I,Q
Ny I
= . (5.19)
2O 14771
Beenem (aktopsl capura no remnepatype: b, =nY*(0)/Mm"*(0), a, = x,/x.
HUcnonbays (18), nonyuum
& 1
il . (5.20)

2O 1+a,i"/x,

Torna 3HaueHUs «BA3KOCTU» 1) = 'r]bf. U «CKOPOCTH CIBUTA» ¥ = ?nf , TOJIYYEHH bIE€
ang modo teMneparypbl o0pasua, OyayT HAXOAMTHLCA HA TEOPETUYECKOW KPHUBOMH
BA3KOCTH, KOTOpasi NoJiyueHa Ajsi TeMnepatypsl npuseaeHus T, . Feome'rpw:ecxu
3TA onepanms CBOJAUTCH K CMEIIEHHU IO KPUBBIX BA3KOCTH HA Bﬂnuquuy Ig(a ) U g(b:’)
Ha rpaguke lgy—Igm. [MpuBeneHHbie 3HaYeH WS BA3KOCTH 1) (NMpU NMPUBEIEHHOI Be-
JIMYMHE CKOPOCTH CABUTA Y') MOXHO CUUTAThH PeasibHO CYLIECTBYIOILIMMHU, €CTU A5
BCEX PAaCCMOTPEHHBIX TEMIMEPATYP PEOJIOTHYECKOE NMOBEAECHUE ONMUCHIBAETCs 0000-
IIEHHBIM YpaBHEHUEM TeueHus. B HekoTOpbIX clyudasix nonodbHass TemMnepatypHo-
BpEMEHHAasi CYneprno3miiMg no3BoJiseT paClIMPUTL MHTEPBAJ CKOPOCTEM CABMTA.

5.4. TeMnepaTypHaA 3aBUCMMOCTb KO3 PULIMEHTOB
OYT pna pacnnasos nonuMepos. [ loctpoexne
0600 EeHHbIX KPUBLIX TEeYEeHUA

DKCNepuMEHTAJIbHBIE JAHHBIE /1J151 TeYEeH U s pacnJijasa nojaumMepa HU3Koii NJIOTHOCTH
NPy pa3nuyHoi TeMnepatype B3sIThl U3 padboThl [228, puc. 4.4]. Pe3ynsTaThl annpoKcu-
MalMu 0000IIEHHBIM YPAaBHEHUEM TEUEHU A NMpecTaBIeH bl Ha pyuc. 5.7 u B Tabn. 5.8.
o . _ 1/2 1/2 32
3HaueHne MUHUMAJILHONH CYyMMBI KBaapatoe pasHocteit CKP=Y (17 -1 )
NPUBEJIEHO B TA0OJ. 5.8.

Tadnuua 5.8. PesyawbtaThl annpokcumalium 06001EHHBIM ypaBHEH MEM TEUEHM 51 PpEO-
JIOTHYECKHUX JAHHBIX /151 pacnnapa noausTHAEHA HU3KO#H NJIOTHOCTH

Temnepartypa, “C 135 150 180 200 220
7/, Ma"" 118,7 121,9 114,0 117,2 104,3

',” {l'la .::)”2 30,7 22,0 14,3 9,76 8,91

%, ¢’ 0,380 0,529 0,834 1,19 1,40
n"%(0), (IMa c)"/? 343, 1 252.4 151,0 108,7 83,3
CKP 13,5 17,8 6,64 6,35 0,462
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Puc.5.7. Kpusble TeueHHs pacniaBa NoJU3THIEHA HU3KOW IMJIOTHOCTH, NPEACTaB-
JIEHHBIE B JIBOHHBIX norapu(PMHYecKuXx KoopamHatax () M B KOPHEBbIX
KoopauHatax (6). DKcrnepMMeHTanbHbiC JaHHBIE B3SITbl U3 paboThl [228].
LLITpuxoBble NMHHUH NOCTPOEHLI ¢ NOMOLW K 0000LWEHHOTO YpaBHEHU S TE-
yeHUst ¢ Ko duimeHrammu u3 tabn. 5.8; cnaouHble TMHUKH — C MOMOILbIO
00600111eHHOr0 ypaBHEH KA TeyeHMs1 ¢ KoahdruumenTammu n3 tabn. 5.9

Tabnuua 5.9. YrTouHeHue pe3ynbTraToB annpokcuMauum o000WEeHHBIM YpaBHEH UEM
TEYEHU S PEOJIOTMYECKHMX JAHHBIX JUISI pacnasa NnoJIu3THJIEHA HU3KOW

NJIOTHOCTH
Temneparypa, °C 135 150 180 200 220
77, Ma"”’ 116 116 116 116 116
n’’, (Ma-)"” 31,6 23.3 13,9 9,92 7.55
x, ¢ 0,367 0,490 0,855 1,17 1,59
n"*(0), (Ma-c)"”? 348,0 260,1 149,7 109,1 80,4
CKP 14,6 22,7 6,,97 6,42 3,11

Kone6anus BenMuMHbI T/° CKOpPEe BCETro CBA3aHbI C 0COOEH HOCTAMM YUCJIEHHOTO
pacuyeTa; UX TPYIHO CONMOCTABUTH C peaJibHbIMU U3MEHEHUSIMU B pacnjaBe nojuMe-
pa. bonee Toro, Kak nokasato pasnee (ri. 2), KooGp@uumeHT arperaumu T, nponop-
LLUOHAJIEH CHUJIE CIIENJIEHUA MEX 1Y KOHTAKTHUPYIOLUIMMHU YacTUIlAM U, HTTH MAKPOMO-
JIEKYNaMM B yyacTkKax 3anenyneHus. Cusa cuenjieHus Bpsia v OyneT nepuoauyeckm
M3MEHSATBLCA MPU YBEJTMUYEHUU TEMMNIEPATYPHI.

[ToaTomy, BHIOMpasi cpeqHee NOCTOSIHHOE 3HauyeHHe KodI(puilMeHTa T[l_ﬁ, pac-
CYUTaEM CKOpPpPEKTHPOBAHHbIE 3HAYEHHA APYrUX KOIPMUIIMEHTOB PEeOJIOTHYECKOrO
ypaBHeHus (Ta0n. 5.9). EcrectBeHHO, uTO BeimyuHa CKP BO BTOPOM Ccliyuae HEMHOro
YBEJIUY M BAETCH.

KpuBble T€UEHUSA, NOCTPOEHHBIE C UCMOJIBL30BAHUEM KOIMD(PULIMEHTOB M3 pa3-
JMYHBIX Tabnu1l, Ha rpadKKe NpakTUYECKHW COBNANAIoT.

Koo(ppuumueHT KOMNAKTHOCTH ) BCEraa YBENWUYMBAETCH C POCTOM TEMMEpa-
Typhl (puc. 5.8, a). leiicTBUTENBHO, BEPOSITHOCTH CMOHTAHHOIO pa3pbiBa 3aLense-
HUI MEXAY MAaKpOMOJIEKYJIAMH IOJXKHA BO3pacTaTh NMPU YBEJWYEHUM TeMMepa-



TYphI (MpU 3TOM YBEJIMYMBAETCA KOHCTAHTA CKOPOCTH CMOHTAHHOTO pa3pyulieHKs
arperatos k).
PaccMOTpuM TeMnepaTypHyIO 3aBUCMMOCTH BSI3KOCTHM pacrnjaBa MNoJiuMepa.

B paMKax 0000LLEHHOW MOAETH TEYEHHS BA3KOCTb pa3acyicHa Ha ABE 4aCTH B COOT-
1/2

BETCTBUM C ypaBHeHuem 1"/’ = ——<—+n".

P+

Koadduument psaskoctn Kaccona 1/° onucHBaeT TeueHne CUCTEMBI ¢ MOTHO-
CTbIO PA3pyLLUEH HBIMM arperaTaMu 4acThLL UJIM CUCTEMBI, 1€ OTCYTCTBYIOT aCCOLIMA-
Tl MaKkpoMosiekyil. Ero 3aBUCHMOCTb OT TEMNEPATYPH NOKa3aHa Ha puc. 5.8, 6 u co-
OTBETCTBYET ypaBHeHUI0 Appenuyca. CTPYKTYpHAsi YacTh BA3KOCTH NPH HYAEBOIl
CKOPOCTH CAIBMTA COOTBETCTBYET BEJIMYMHE T/”/Y M TAKKE COOTBETCTBYET YPABHEHH IO
Appennyca npu T = const.

CymmapHasi BSI3KOCTb cucTteMbl npu Yy — (0 npencraBneHa Ko3¢p@PuUHUEHTOM
n"*(0). TemnepaTypHble 3aBUCMMOCTH YKA3aHHBIX 3HAYEHUI BA3KOCTH MPUBEIECHbI
Ha puc. 5.9, a. Bce OHM ¢ J0CTATOYHOI TOUHOCTBIO OMKUCHI BAIOTCS IKCMOHEH LMAJIbHOI

3aBucuMocTbio Buaan’’ = Aexp(B/kT) B COOTBETCTBMH C 3aKOHOM AppeHHuYyca.

o A n.”, (Ma-c)"’
1.6 } 30 F ™
1.4 | 25
1,2 }
: M
L} 0
0.8 | 15 }
0.6 | _ )
04 B V= 1839,|ﬁ MRS IU y:{}‘{}{]??cnﬂhlﬁh
02 R’ = 10,9999 5 | R’ = 0.9997
U 1 L u L i 1 Il
0.002 0.0022 0.0024 /7 0.002 0.0021 0,0022 0,0023 0.0024 | /T
<l

Puc. 5.8. 3aBucumoctTb KO3(QUUHEHTOB PEONIOTHYECKOTO yPpaBHEHUA OT 00paTHOI
TeMneparypbl: KO3(Q@PUUHUEHT KOMNAKTHOCTH ¥ (a); KOIMPUIIMEHT BSI3KO-
ctu Kaccona m”” (6). YpasHenus TpeHAOB NpuBeaeHbl Ha rpadmkax, nepe-

mMeHHasa x=1/7T

/2 . 1/2 ! .
250 | N (Mac) (0, lgn’ [a-c]
n( L= ]
300 y =0,0707¢"""" 4} “‘
250 | R} =0.9999 Ty . ~,
200 y =0,0631e ¥ 35 !
150 | R?=0.9999 h..
100 | y = 0,0077¢"" 1/2 3 “
50 } R’ =0,9997 Ne
_._ _'d
ﬂ | ik _l‘ !- 1 1 2‘5 1 ! 1 L 1 1 ] i L
0002 00021 00022 00023 00024 |/7T ~3-25 2-15-1-050 05 1 15 1g7 [c']
E’ 6

Puc.5.9. TemnepatypHasi 3aBMCMMOCTb BA3KOCTM (@) m Kpupasi TemnepaTypHo-
BpeMeHHoIli cynepno3uumu npu temnepatype npuseaeruns 180°C (6)
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Puc. 5.10. O606uieHHasi KpuBasi TEYEH S B NPUBEAEHHBIX KoopauHaTtax 1/n(0) —y/x
(@) v B npuBeaeHHBIX KoopauHaTax 1/n(0) —n(0)y (6)

TemnepatypHO-BpeEMEHHAS CYNEPNO3U LM A 115 MOJIU3TUIIEHA HU3KOMH NJIOTHOCTH
NoJy4yeHa ¢ NOMOLLbI0 KO3MMUILIMEHTOB, NpeACTaAaBACHHBIX B Ta0a. 3.9 (puc. 3.9, 0).
JIBe 00O0OLIEHHBIE KPUBBIE BA3KOCTU, MOCTPOEHHBIE IS Pa3HBIX NMPUBEAEHHBIX KO-
OpAMHAT, NOKa3aHbl HA puc. 3.10.

5.5. TemneparypHas 3aBucumocts Koapdpuumerntor OY T
ANA cycneH3nu

Cycnensusa GR-S X-667 npencrapnget coboii chepuyeckue yacTuilbkl cConojiumepa
oyranueH-ctupona. [lpu 06beMHOM KOHUEHTpALLMKU @ > (1,25 cycneH3us ABASETCA HE-
HbIOTOHOBCKOI XuAKOCThIO. Cpennuii anametp yactuu D, = 0,14 mkm. Ha puc. 5.11
NMOKA3aHBl 3KCMEPUMEHTAJILHBIE JAHHBIE U TEOPETUYECKHE KPHUBBLIE TEUEHUHA, NO-
CTpOEHHBbIE ¢ NOMOLLLIO OYT no TabnuudbiM faHHbBIM [152]. 3HaueHus peonoruye-
CKHMX napamMeTpoB npuBeacH sl B 1adn. 5.10.
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Puc. 5.11. Peonorunyeckoe noseaenme BojHoM cycnensmu GR-S X-667 B KopHeBbIX
KOOpAMHATAX MPH pa3/IMYHBIX TEMNEpATYypax: NpU MMHUMAaJIbHOW KOHUEH-
Tpaumumn ©=0,2990 (a); npu Hanbosnbieil konueHTpaimu ®© =0,6017 (6).
CnrouHue Kpushie noctpoerbl no OYT. lNMosicnenus B Tabn. 5.10



B ta6n. 5.10 Tak e npuBeaeHbl 3HA4YEH U KOPHS B3KOCTH BOIBI 1]('{’ ’ NpM cOOTBET-
cTByOILMX TemMnepaTtypax. Ha puc. 5.12 npencrasnaensl pe3ynbTaThl pacueTa rno ypas-
HEHUIO

nflﬁ — _nmlfl" — _nﬂlﬁ(l _ kﬂ))_A. (521)

3nech koD PUUHEeHTHI K U A ONUCHIBAIOT THAPOAMHAMMWYECKOE B3aMMOACHCTBHE
OTNEJIbHBIX YACTHLL B CIBUTOBOM TeueHuu [TpueMaemMas annpokcumMaL Mg noayyaet-
Csl MPU UCKJIKOUYEHH U U3 pacueTa 3HaueHU i KO3 PULHMEHTOB Npu 00EMHON KOHLIEH-
Tpaunu @ =0,539. DT TOUKHK npeacrasBaeHbl Ha rpaduKe, HO BBIJICJIEHBI «TEH blO».
[To HaleMy MHEH W10, HEKOTOpasi HEOJHO3HAYHOCThL paCcCYMTaH HBIX 3HaYeH Uil KO-
($UMUMEHTOB CBsI3aHA C HEKOPPEKTHOCTHLIO O0OpaTHOI 3aaauu, U HEOOXOAMMO MOBHI-
[1IEH M€ TOYHOCTH U3MEPEH U, YTOOBI MOJIYUUTh JOCTATOUHO «TIJTAAKME» 3aBUCUMOCTH
KOI(PPUILIHMEHTOB OT BEJTMYUHBI (PU3UKO-XUMUUYECKU X XaPaKTEPUCTUK CUCTEMBI.

Tabnuua 5.10. KosdpPpunmenTol 0600WEHHOrO ypaBHEHHUS TeUE€HUSI BOAHOMW CYCMeH-
3K cuHTeTHYecKoro natekca GR-S X-667 npu pa3jimuHblX 00 beMHBIX
KOHUEHTpaLMAX AUCnepcHOoi (pa3bl U NpU pa3NuYyHbIX TeMINepaTypax

obpasua
i) 20,13°C (pomb) 29,94°C (TpeyronbHHK)
v n.” X T/ n/’ %

0,2990 0,0856 0,0549 0 0,0926 0,0491 0
0,3970 0,227 0,0720 0 0,213 0,0648 0
0,4398 0,338 0,0839 0 0,370 0,0747 0
0,4876 0,556 0,100 0 0,534 0,091 0
0,5390 1,861 0,121 8,33 1,88 0,108 8,73
0,5603 1,82 0,148 3,82 1,72 0,137 3,48
0,5866 2,15 0,192 1,41 2,05 0,181 1,34
0,6017 2,51 0,232 0,95 2,65 0,208 1,30

0 — 0,0316 — — 0,0282 —

[ 39,74°C (kBaapar) 50,00°C (kpecT)

7/ n’ X T’ n’ X

0,2990 0,0933 0,0446 0 0,0755 0,0411 0
0,3970 0,247 0,0583 0 0,237 0,0537 0
0,4398 0,355 0,0683 0 0,364 0,0628 0
0,4876 0,521 0,0835 0 0,603 0,0747 0
0,5390 2,13 0,0942 10,6 1,71 0,0943 7,29
0,5603 2,14 0,118 6,19 2,11 0,109 5,97
0,5866 2,27 0,159 1,95 2,52 0,142 2,65
0,6017 2,73 0,189 1,37 2,79 0,175 1,59

0 — 0,0256 — — 0,0234 —




Ha puc. 5.13. npeacraBsneHbl pe3yjibTaThl pacyeTa no ypaBHEHHU IO
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3neck KOIPPUUUEHTH &, U A,, B 00LLIEM, CBA3aHBI C THAPOIMHAMUWYECK UM B3au-
MoneicTBrem arperatoB. Takum obpa3om, KOIGPHUUHEHTH CBA3AHbI C BA3KOCTBIO
JUCTNIEPCHOHHOM CPEIbI 1), U ¢ CUJION CUENJIEHUA MEX Y HacTHLamMu F.
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Puc. 5.12. 3apucumoctb Bennumuubl (N?) ot 06beMHOI KoHueHTpalmm @ juisi Bo-
JaHoit cycnensuu narekca GR-S X-667 npu temneparypax: 20,13 °C (pom6);
29,94°C (tpeyronbuuk); 39,74°C (ksagpar); 50,00°C (KpecTt). ANNpoKcH-
Mariusi ¢ NOMOWbIO ypasHeHust (5.21). 3nauenus (n’) Npu KOHUEHTpaLMK

0,5390 siBHO 3aHHXEHbI U MCKJIKOYEHBI HAMH M3 annpoKcumMaumu. Kosd-

({puimerTso ypasierus (5.21) npeacrasseds: B Tadbn. 5.11

.
25 F

0,25 0.3 0.35 0.4 0.45 0,5 0,55 06 @

Puc. 5.13. 3aBMCMMOCTE BEJIMMHHBI (‘r,:_”z) oT o6bemHoii KoHueHTpauuu @ ans GR-S
X-667 nputemneparypax: 20,13 °C (pom6); 29,94 °C (tpeyronsHuk); 39,74°C
(xpaapar); 50,00°C (kpecTt). ANnNpoKCHMAIMsI BBHIMOMHEHA C TMOMOLLBIO
ypaHeHus (5.22), kospduiimenTs yKkazanbl B Tadn. 5.11



BypasHenue (3.22) Bxonut BesinuuHa F, TO €CTh CUNa, NPengaTCTBYI01I1as pa3pLiBy
arperata i HOpMHUpPOBaHHAas HAa EAMHMILY NJoLIAAM ceueHus arperarta (F, = F;/‘Jtrz).

KosgpduumueHtol k u A ypasHeHus (5.21) noUTH He 3aBUCAT OT TEMMNEPATYPHLI CH-
ctembl. [ToaToMy KpuBbIe Ha puc. 5.12 pacnonoxeHsl napajjeabHo apyr apyry. U3-
MEHEHVE BEJIMUMHBIT).” ¢ TEMNepaTypoii, CKOpee BCEro, CBA3aHO € MBMEHEHUEM BSI3-
KOCTH IMCNEPCUOH HO# CPE/IbI, TO €CTh BOABI (1/7).

Ha puc. 3.14, a noka3zaHa papyaumsi OTHOILLIEHU 1]{'_”/1’]3"2 NpH UBMEHEHUUW TEMTIE-
patypbl. C y4€TOM HEOAHO3HAYHOCTU KOI(PPULHEHTOB PEOJIOTHUECKOTO YPAaBHEH U
MOXHO CHYMTaTh, YTO 3TO OTHOLUEHHUE OCTAETCH MOCTOSSHHBIM, YTO BMNOJIHE COrja-
CcyeTcsl ¢ NOCTOSAHCTBOM KO3 dpuumueHToB k u A. B COOTBETCTBUM € 3aKOHOM Appe-
HUYCA NMOJIy4aloTca npsAMbie B cucteme koopaunar (Ign,. — 1/T), npuuem kosadduum-
EHT HAKJIOHA NMPSAMBIX, NOJYYEHHBIX NMPH YBEJIMYEHUUW KOHLUEHTPALMK AMCNEPCHO
¢asbl, NpakTUYECKU COBMAJAET ¢ HAKJIOHOM HUXHEN NMpAMOi, COOTBETCTBYIOLUEN
BA3KOCTH AMCTUNIMpOBaHHOI Boabl. Ha rpadwmke (puc. 5.14, 6) ykazaH uHTepBaln
KOH LIEHTpALIKi.

Taonuua 5.11. Koahpduumentol ypaBHeHuit (5.21) 1 (5.22) nns BoaHO#T CYCneH3uH
cuHTeTHueckoro narekca GR-S X-667 npu pa3znuuHbBIX TEMNEpaTypax
oOpa3ua 1 paccyMTaHHOE 3HaYEHMe CHNBI CLIeNMNeH s MeX 1y YacTHLA-
mMu Fg (cucrema CH)

t, ‘C k A k, A, 7’ F, 10" CHMBOJIbI

20,13 1,49 0,87 0,051 222.9 0,0026 4,2 Pom6

2994 1,47 0,92 0,054 222.9 0,0017 1,8 TpeyronbHuk

39,74 1,49 0,88 0,051 222.9 0,0029 5,2 Ksanpar

50,00 1,50 0,86 0,051 2229 0,0029 5,2 Kpect
i T en
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Puc. 5.14. TemnepatypHbie 3aBUCHMOCTH KO3((pHLHEeHTA BA3KOCTH K3ccoHa BOAHOI
cycnensuu GR-S X-667: ornotieHune 1°/n/? npu paszHbix Temneparypax
npy yseauuyeHuu koHueHTpauuu ot 0,299 no 0,6017 (a); Ign, kak PyHKUMS

obpatnoii Temnepartypsl (1/T) (6)



Takum ob6pazom, uameHeHue koaduumnenta azkoctu Kaccona v, ¢ reMmnepary-
pOii LEJTUKOM ONpeaensieTcs TeMnepaTypHoii 3aBUCMMOCTBIO BA3KOCTH IMCNEPCUOH -
HO# Ccpenbl 1.

DTO NPEACTABALAETCA JOTHYHBIM, NMOCKOJIbKY KOI(POUIIMEHT 1), COOTBETCTBYET
BA3KOCTH CUCTEMBI C MOJMTHOCTBIO pa3pylLleH HBIMKW arperataMu.

Ha puc. 5.13 npeacrasnena 3aBucuMocThb Ko3hduumneHTa arperaumm ot o0beM-
HOM KOHLEHTPALMKU U BHINOJIHEHA anNPOKCUMaLMs No ypaBHEHUI0 (3.22) OTAENBLHO
s kax oo temneparypsl. Cy/isi no pa3opocy Touek Ha rpaguke, peryJisipHoil 3aBU-
CUMOCTH T/° OT TeMNepaTyphl He HAGJTIONAETCS, YTO OTPAXKAETCS HA BENTUYMHE KO-
duumentoB 177, k, u A, ypasuenus (5.22) B tabn. 5.11. Ecnu cuutatsh, uto A, = 222,9;
k,=0,051, TO MOXXHO OLIEHUTH CPEAHIOKO BEJIMYUUHY CUJIBI CLIETIJIEH U1, TO €CTh CUJTbI,
HEOOXONMMOI 1151 pa3phiBa CBA3U MEXJ1y COCENH UMM YacTuuaMu Fo=5-107° H. Jler-
KO IONYCTUTH, UTO CUJIA CLENJIEH UF NMPAKTHYECK U HE U3MEHSETCA B CTOJIb MAJIOM MH-

Tepsasie remnepatyp (ot 20,13 no 50°C).

5.6. 'lpuBegeHHbIe KOOpAUHATLI Pa3IMYHOro BUAA

[Mp1 NOCTPOEHU M KPUBBIX BSI3KOCTH B MPUBEAECHH BIX KoopauHaTax 1/n(0) vs y/y Bce
IKCMEPUMEHTANBHBIE TOYKH OKAXYTCA HA O1HO#H 0000111EHHO# KPUBOI1 TONLKO NMPH
COOMIOIEH UM YCNOBH i BbIBOAA NPUONHXKEHHOTO YpaBHeH U (3.15), npu 3TOM (pakTop
cnsura pasen 0 = (1/x)’.

PaccMOTpuM, B KAa4€CTBE npuMepa, 00001IEHHY 0 KPUBYIO BA3KOCTH U PACTBO-
pa nonumepa Acryloid K-125 [201]. Ha rpagwmke (puc. 5.15, 6) XOpo1io BUAHO, YTO TOY-
KM B MPUBEJIEHHBLIX KOOPAMHATAX «CTYLUAKTCS» JTWOO HA YyYaCTKE HU3KHUX CKOPOCTE,
nubo npu ycnoBuu 00nbLION BenuuuHbL OTHOLLIEHUS 1)(0)/7)., TO €CTh NPU BBICOKUX
KOHUEHTpauusx nonumepa. Bennunna napametpos 1(0) u ¥ B ypaBHeHuu (5.6) MOXeET
3aBUCETH OT KOHUEHTPAlLlMK, TEMNEPATYPL, MOJIEKYJISIPHOI MacCh NOJIMMEpPA B pac-
TBOpE. COOTBETCTBEHHO, MOXHO NMOCTPOUTH YHUBEPCAJIBHYIO WM O0OOOIIEHHY 0 KPU-
BYI0 BSI3KOCTH JUIS1 CUCTEM, [JI€ UBMEHSIIOTCA 9TH (PU3HKO-XHMHUYECKHE CBOICTBA.

[IpuBENEHHBIE KOOPAUMHATH YACTO UCTIOJNIB3YOTCH JUTA NMOCTPOECHUS MPSAMOJIMHEH -
HbIX 3aBUCUMOCTEH, UTO NO3BOJISIET paccyuTaTh 00Js1I€€ NPOCTHIM CNOCOOOM 3HAUYEH US
KO(PPUIIHMEHTOB PEOJIOTMYECKONO YpaBHEHUSI MJIH HAMJISI/THO NMOKA3aTh CrpaBeaivu-
BOCTb MCNOJb3YyeMOro ypaBHeHusl. [IpuMepoM TOMY SAABNSIETCH YpaBHEHUE XarruH-
ca— Kpamepa, KoTopoe npuodpeTaet JIMHEHHBII BUA B KoopauHatax (n, — 1/c, o).

H3BecTHO, 4TO ypaBHeH ue KaccoHa oTobpaxaercs npsiMOJIUHENHON 3aBUCUMO-
CThiO B KOpPHEBBIX KoopnuHaTtax. Ilokaxem, 4yTo 0060011IEHHOE YpaBHEHUE TEUEH K
MO HO TAKXE NPEACTABUTL TEOPETHUYECKOH NMPAMOH B OCOOLIX NMPUBEEHHBIX KOOP-

2
aunarax. Jlns 3roro ypasuenue n'’ = %+ﬂyz npeobpa3yemM K BUAY
Xty
I I ., X
= +—==. 5.23
YR Y mE (3-23)

B npuBeneHHbIX KOOpAMHATaX (l/’("r]"JE —1]:?(1), ’i’lﬁ} TeopeTHyecKasi 3aBUCHMOCThb

BhIpaxaetcs npsaMoit iunueii. C npyroit ctopoHbl, KOOQGUIIUEHT ni_”z HEQOXOAUMO
ONpenensiTe NMPEABAPUTENILHO C NMOMOLUBIO TpEXnapaMeTpu4eckoro o0001IEHHOTO
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Puc. 5.15. Peonoruuyeckoe nopeaeHue pacTBopa nojiMMeTHIMETaKpHaTa B OpraHm-
yeckoM pacTBopuTesie Dovanol (Acryloid K-125): a — 3aBucuMoCTh BSI3-
KOCTH OT CKOPOCTH CABHIA B ABOMHBIX JOrapu(pMHUYECKHX KOOpAHHATaX
[201]; 6 — obGobueHHasi KpyuBasi BA3KOCTH B MPHUBEAEHHbIX KOOpAHMHATaX
cornacHo ypaBHeHHu1o (5.15). lNosicnenus B Tabn. 5.12

Tabimua 5.12. PacuerHbie 3HayeHUs! napaMeTpoB s NOCTPOEHUs1 0DO0OLLEHHOI
KPHBO# B NpUBENEHHBIX KoopauHaTax ansi cucteMbl Acryloid K-125

® macc.% 4,5 > 3,9 6,5 7 7,5
% 11,36 10,48 10,79 6,23 6,54 6,77
N, 0,0751 0,0671 0,0576 0,1044 0,0705 0,077
Nn(0) 0,774 1,535 2,013 6,235 9,825 10,35
n/Mm. 10,31 22,88 34,95 59,72 139,36 134,42
CHMBODI KBaapar pomM6 Tpey- Kpyr 3Be3na Oenslii Tpey-
rONbHUK roOnbHHK

ypaBHEHUs TeueHus. [1oaTOMy Takue rpadpmKku MMEIOT BCMOMOraTeJIbHbIil XapakTep,
JEMOHCTPUPYS CNPaBEAJHBOCTh BLIOPAHHOTO YPaBHEHHMSI HJIU OTKJIOHEHHUE OT HErO.

B KauecTBe npumepa paccMOTPHMM JiMHEHHOe npeactaBieHue 0000IIEeHHOro
YPaBHEHUs T€YEHM s AJisg HEKOTOPLIX pacTBOpoB noaumepoB. Ha puc. 5.16, a npen-
CTaABJIEHbl IKCNEePUMEHTANbHBIE JAHHbIE ONs BOAHOro pactropa 1,2 Mmacc.% nonua-
Kpunamupna (Separan) [154] npu 30°C. Pacuet, npou3BeAcHHbII ¢ NOMOILIbLIO 0000-
[IIEHHOrO YpaBHEHHU Sl TEYEH WS, MO3BOJIUJI MOJIYYUTh PEOJIOrHUYECK ne KO3(PPUILIUEHTBI:
7/ =4,83;1""=0,124; x = 1,77. Ha puc. 5.16, 6 T€ 5x& IKCNEPUMEHTATILHbIE PE3YJILTAThI
noKasaHbl poMOaMHu B NPUBEAECH HBIX KOOpAUHATaX, CNJAOIIHASA TUHUS NMPEACTABAAET
Cc000il npsaAMONIUHEH HBII TPEH.

Ecnu koaddument nl."' ? ICKYCCTBEHHO YMEHBILUTh, TO MPOU3OIAET OTKJIOHEHUE
OT NPAMOJUHENHHON 3aBUCHMOCTH BHU3 (KBaapaTthl Mpu *n!,” = 0,10); ecnu koapdu1m-
€HT YBEJIMYUTDL, TO MPOU3ONAET OTKJIOHEHHE BBEPX (TPEYTrOJLHUKH MPH nf 2 = 0,14).
Takum 006pa3zoM, OTKJIOHEHHE OT NPSAMOI THHUKU B MPUBEAEHHBIX KOOPAWHATAX MO-
XET CNYXHUTh YKa3aHUEM Ha NOrpellHOCTL BonpeaeneHuu Ko3dgduimenTa BsI3KOCTH

Kacconan!”

c "



Ha puc. 5.17, a nokazaHbl KpUBbIE TEUEHH S B KOPHEBBLIX KOOpAMHATAX A5 NMOJIU-
MeTUJIMETaAKpUJiaTa B oprannueckoii xxuakoctu (Acryloid K-125) [201], peonoruue-
CKO€ MOBENEHUE KOTOPOro yXKe npeacraBiaeHo Ha puc. 3.15, a. Ilpu ucnons3oBaHuu
NpUBEAEHHBIX KOOPAWHAT B COOTBETCTBUH C YpaBHEHUEM (5.23) nonyyaeTcs npsamMo-
JIMHEeMHad 3aBUCUMOCTD (puc. 5.17, 6).

Peonoruyeckoe noseaeHWe pacTBopa NoauuM3o0yTuaeHa B aekanuHe (Vistanex
L-140) [201] npeactaBneno Ha puc. 3.18, a. Ha puc. 3.18, 6 xopo1uo BUAHO OTKJOHE-
HUE TOYEK OT TEOPETUUYECKOH NMPAMOIi, KOTOPOE CBA3AHO C OTKJIOHEHUEM 3KCMEPU-
MEHTAJIbHbIX JAHHBIX OT 3HAYE€HW I, pacCYUTAHHBIX MO 000OILIEHHOMY YPaBHEHHUIO
TeueHUs. Tlpy BLICOKMX CKOPOCTSAX CABUra 3HaYUTENbHLIE OTKJIOHEHUSI COOTBET-
CTBYIOT P€3KOMY CHUXKEHU IO BA3KOCTH BOOJIACTU BLICOKUX CKOPOCTE CAIBMTa BNIOTh
0 CHUXEHUS HANpsKEHUsl CABUIra Npu yBEJIMYEHWH CKOPOCTH caBUTra (SABJIEHUE
CpbiBa TEUYEHU ).
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Puc. 5.16. Peonormvyeckoe nopeaeH e BOAHOrO pacTBopa nojuakpuiaamMmuaa (Separan):
@ — 3aBUCHMMOCTh BSI3KOCTH OT CKOPOCTM CABHra B JIBOMHBIX lorapupMu-
YyecKMX KoopauHatax [154]; 6 — npssMonuHeiiHas 3aBUCHMOCTL B NpUBe-
JNeHHbIX KOOPAMHATaX COrNacHo ypaBHeHMIO (5.23)

0 10 20 30 1;'” 0 10 20 30 ?'”

(4]

Puc. 5.17. Peonoruvueckoe noseneHue rnoJMMEeTUIMETaKpUiiaTa B OpraHW4eckoii
XuakoctH (Acryloid K-125). a — KpuBble TeueHusl B KOPHEBBIX KOOPAMHa-
Tax; 6 — npencraBNeHUe AaHHLIX B BUJie NPSIMOJHHENHOH 3aBUCHMOCTH
B NpUBEAEHHKIX KoopaWHaTax corinacHo ypaBHeHM10 (3.23). lNosicHenus
BTadn. 5.13
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Puc. 5.18. Peonoruuyeckoe nopeneHue pacTBopa MNONMU300yTHNEHA B JEKallMHE
(Vistanex L-140): @ — KpuBbie TeueHUs B KOpHEBbIX KoopanHaTtax [201]; 6 —
NnpeacTaBJieHUe JaHHBIX B BUAE MPSIMOJIMHEHHOI 3aBUCHMOCTH B NMPHBE-
NeHHbIX KoOpaUHaTax cornacHo ypaBHeHH10 (5.23). [NosicHenust BTadn. 5.13.
OTKNOHEH U IKCTIEPUMEHTaJIbHBIX TOYEK NPU BLICOKHUX CKOPOCTAX CBUra
BBI3BAH Bl [TEPEXOIOM K CPbIBY TEUEHH S

Tadonuua 5.13. Peonoruyeckue xapakTepuMcTHKH pacTBopa I0OJUU300yTHNIEHa B fe-
kanuue (Vistanex L-140)

® mac. % 3,9 6 6,5 7 7,5 8
7/ 4,58 15,0 14,9 14,9 16,3 17,5
N 0,32 0,45 0,64 0,78 0,86 0,97
% 0,97 2,14 1,80 1,47 1,45 1,27
CumMBOnHI poMO TPEYroJyib- Kpyr oenwiii Denblid KBanpar
HUK TPEYT. pomoO

Jpyroii Bua npyvBeaeHHbIX KOOpAUHAT ucnonb3osan Kpurep. OH u3dyyaa MOHOAM-
crepcHbie naTekebl co cpepaMu pa3HoOro paauvyca sl NpoOBEPKU CBOEro MeTo/1a aHa-
Ju3a pa3amepHocTH [63]. CyTh MeTONa B TOM, YTO OTHOCUTENIbHAS BSA3KOCTD 1), HEB3aH -
MOAEWCTBYIOLIUX TBEPABLIX CPep, YUACTBYIOLIUX B OPOYHOBCKOM JIBHXXEHUM, 1ONXKHA
3aBUCETh OT OOBEMHOI KOHLIEHTpauuu ¢ U 6e3pasMepHOro napamMeTpa T,. ITOT na-
pamMeTp npeactasnsieT coboil peayMpoBaHHOE HaNpsi>keHWe caBura 1, = r;'r/kT , Tne
r, — Paguyc 4acTuLbl, T — HanpsixeHue caBura, kT — tensioBas aHeprus. Takum 00-
pa3zom, Oblyia NpeasioXkeHa yHUBepcanbHas 3aBUCHMOCTL 1), = 1) (D, T)) AJ1s1 CYCNEH3U
HEB3aWMONENUCTBYIONIUX YACTHI[ PAa3HOro paavyca v B JUCNEPCUHOHHOM Cpeae ¢ pas-
HOM BA3KOCTBIO 1),.

C npyroii ctoponsl, ypapHeHue Kaccona nerko npeodpa3oBarh K CXOOHOMY BUAY,
KOTOPBII MO3BOJIAET HCMONBL30BATH NPUBEAECHHBIE KOOPAUHATBI 1)/, U T/T:

172 1!

=" 1-=5 | . (5.24)
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Puc. 5.19. VuupepcanbHble KPUMBbI€ B NPUBEAEHHBIX KOOPAMHATAX /AN CYCIEH3HM
MOHO/IMCTIEPCHBIX JIATEKCOB, MMeIoNIUX YyeThipe pa3Hbix paamyca (0,155;
0,22;0,362; 0,433 MKM) 1 AMCcNeprupoBaHHbIX B 1BE OpraHUYecKHe XX UaKo-
CTH C pa3Hoii BsI3KocTbio (4,99 u 17, 38 mIla-c) npu nocrosiHHoi1 06beMHOI
koHueHTpauuu @ =0,5: a — no metoay Kpurepa [63]; 6 — cornacHo ypag-
HEHMUIO (5.24)

Ypasuenue (5.24) no3BojseT NONY4YUTh 3aBUCUMOCTL BUAa n/m, =f(P,1/t). Ta-
KUM 00pa30M MOXXHO CBECTH IKCNEPUMEHTAJIbHbIE TOUKH K €IMHOH YHUBEpPCAIbHOMN
KpUBOil INGO B npuBeaeHHbIX KoopauHatax Kpurepa (m/m,, /1), 1100 B NOAyYeH-
HBIX HAMU MPUBEAEHHBIX KOOpAUHATAX (1)/M, , T/T).

OcHosbiBasick Ha naHHbIX Kpurepa [24], Mbl nocTpousu rpaduK 3aBUCUMOCTH
1,(t) aJisi cycneHsuii chepruyecKkx YacTu naTekca ¢ ppakiussMu pa3sHoOro AinaMeTpa
B OEH3UJIOBOM cnupTe U B p-Kpe3one (puc. 5.19, a).

Ha puc. 5.19, 6 nokazaHa 3aBUCUMOCTb BEJIMYUHBI 1)/T), OT BEJUYHHBI T/T_, MOJAY-
YeHHasl AJ19 3TUX XKe IKCNePUMEHTaIbHbIX JaHHBIX, JIErKO BUAETh, YTO OTKJIOHEHHS
OT YHUBEPCATbHOHW KPpUBOH Hanbosiee BEJIMKU B 00JIACTU HU3KUX HANMPAXEHU W CABU-
ra, HO UCNOJbL30BaHUE ypaBHEHUsT KacCcOHA NMOKA3LIBAET NYUIIYIO CYNEPNOULIHIO
9KCMEPUMEHTANIbHBIX TOUEK B MPUBEAEHHBIX KOOpaAUHaTax 1/mn, — t/t, (puc. 3.19, 6).

5.7. pnbnmxenHans popmMa peonornyecknx ypaBHeHu

UToObI IOOUTHLCSA BHICOKOM TOUHOCTH AN MPOKCUMAIIMH, HEOOXOAHMO NMPABHUJILHO Bbi-
OpaTh UHTEpBaa ckopocTeil capura. beccMbicneHHO, HaNMpUMep, ONMUCHIBATH OIHUM
PEOJIOTHYECKHUM YpaBHEHHUEM YUACTOK TEUEHUS C NMOCTOSAHHOMN BI3KOCTHIO MPH HU3-
KMX CKOPOCTSIX CABUIa MU YYaCcTOK 3aMETHOIN0 YMEHbILIEHUS BA3KOCTU MPH CPEaHUX
CKOpPOCTSIX CABMTA.

JocTaToyHO YacTo npu oOpaboTKe 3KCNEePUMEHTANbHBIX JAHHBIX UCMONb3YIOT
npubJMXKeHHYIO (GOPMY pEoNoOrvyeckKkUX ypapHEHMil, npeanojaras, 4to BS3KOCTh
npuv 0ECKOHEYHOI CKOPOCTH CABHIA NMPEHEOPEX MMO Masia MO CPaAaBHEHUIO C U3MEPSIE-
MO#1 BA3KOCTbIO CUCTEMBI.

YpasHenue Kappo — Awupa, Hanpumep, ucnonwsyercd [175) B popme

n= ”'(“) — (5.25)
[1+(nOy7 /2%’ |



rae N(0) — npeaenbHOE 3HAYEHUE BA3KOCTH MPU HYJIEBOH CKOPOCTH CABUIa, @ U H —
NPOU3BONbHbIE KO3PPHUIIMEHTHI, T* — HEKOTOPOE MOPOroBO€ 3HAYEHUE HANPSIXKEH U
casura. B ypaBHeHHH (5.25) npuHUMAaeTCA, 4TO 3HaYeHUe 1) =0, 4TO (PU3HUYECKHU He-
KOPPEKTHO, HO AONMYCTHMO B MPOLEAYpe annpokcuMmauru. Takum oOpa3oM, HMEIOT-
Csl YeThIpe NOAroHoYUHblX KO3(gPuumnerta (M(0), a, T*, n), KOTOpLIE HE UMEIOT SICHOTO
(PU3UUYECKOrO CMBICTIA U, B ODLLIEM, HE ONMUCHIBAIOTCA HE3ABUCUMbIMHU YPABHEHU SIMU.

Ypapuenue (5.25) coauTcsa K u3secTHO Moaenu Kpocca (¢ y4eToMm ycnoBHs
M. =0), ecnu a =1 — n; k Mopenu Kappo (takxe ¢ yuetom ycsosusi 1_=0), ecnu a = 2;
K MoauduuvpoBaHHOH Moaenu Kappo, ecnu a = 1. Bo BCex 3TUX cliyuyasiX noay4daloT-
Csl TpexnapamMeTpHUYeCKHe peoJiornueckue ypasHeHusd. bosee rpyboe npubauxkeHue
MO3BONSIET Ppa30UTh KPUBYIO BA3KOCTHU 1('Y) HA 1BA yYacTKa: NpPU HU3KUX CKOPOCTSX
CABMIra AN y4dacTkKa HbIOTOHOBCKOro teyeHus M= 1(0); npyu BbLICOKUX CKOPOCTSIX
cnsura ypasHeHue (5.14) ceonutest K crenenHomy 3akony n=n(0) t"" /4", Ta-
KUM 00pa3oM, NOABASIOTCA HbIOTOHOBCKOE€ U HEHBIOTOHOBCKOE ACHMMMNTOTHYECKHE
npuONUXKEHUS.

YpaBuenue (35.25) MOXHO npeodpa3oBaTh K BULY, MPUTOAHOMY AJIS MOAYYEHUSA
00001IEHHOH KPUBOH BA3KOCTHU B MPUBEAEHHBLIX KOOpAMHATaX, a UMEHHO: NMpHUBe-
JIEHHOE 3HaueHHe BA3KOCTH 1)/1(0) Kak PyHKIIUS OT NpUBEAEHHOI CKOPOCTH CABUTA
M@O)y/t%):

I

[1+(imO)/) |

O0001IEHHAad KpuBas (master curve) BO3HUKAET TOJILKO MPH YCIIOBUH OAUHAKO-
BOCTH KOIMPUUMEHTOB (@, #) ANA CpaBHUBAEMbIX 00pa3uoB NOAUMEPOB (WU AN
OHOTrO MOJMUMEpPA NMPU pa3HbIX TEMNEpaTypax, NaBJICHUAX WU Pa3HOH MONEKYJsIp-
HOI1 Maccel). Takoe J0CTAaTOUHO XECTKOE TpeboBaHUE, MNO-BUAUMOMY, COOMIOOAETCA
B pacrJjiaBax MHOIMMX MOJIMMEPOB, YTO BUJHO MO NMpUMEpaM yaauyHOro nocTpoeHus
000011eEHHBIX KpuBbIX BA3KOCTH [175]. Tlpu 3ToM yacto BenuuunHa 1(0) BoIOUpaeT-
Csl paBHOMW 3KCMEPUMEHTANIBHOMY 3HAYEHHIO BSI3KOCTH MPH HAHWMEHbILEH CKOPOCTH
caBura. MuHorgpa o000HIEHHAs1 KpUBAs BSI3KOCTH CYMMMUPYET IKCNEPUMEHTAJIbHbIE
JaHHbIe B KoopauHaTHLIX ocsiX 1/M(0) u (n(0)y), 4TO COOTBETCTBYET NOCTOSIHHOI Be-
JIMYKHHE T 0151 pa3HbIX 00pa3oB.

SICHO, YTO TaKOE XOpOllIEE COOTBETCTBUE C IKCIEPUMEHTOM Pa3/IUUHbBIX BApUaH-
TOB ypaBHEHUI (5.25) u (5.26) He MOXeT ObITh cnyyaiiHbIM. Mbl nonaraem, 4To Npu-
YU HON 3TOrO SIBJISIETCSI MATEMATUUYECKOE CXOACTBO 3TUX YpaBHEHUI ¢ OOOOILIEHHBIM
ypaBHEHUEM TeueHu . JleicTBUTENbHO, Npu 1) = 0, 0000111IEHHOE YpaBHEHUE TEUEHH
NpUOOpETAET BU:

(5.26)

n/m0)=

I-n)fe

1/2
/2 n’""(0)
/2 _ |+nlﬁ({))1,'ﬁ/-t'_f2 (5.27)

N

WU n/n(0) = ! : (5.28)

2
1+ (im(0)/x,)” |
[Noacranoska B ypaBHEHHUE (5.25) unwm (5.26) 3HaueHunit koapdpuuueHtos a = 1/2,
n =0 NpUBOAUT K BbHIPAXEHH 10, TOXNECTBEHHOMY YpaBHEHH10 (5.28), a UMEHHO:




1
[1+(mo)) "]

Takum o6pazom, ypasHeHus (5.25), (5.26) u (5.29) uMeIOT CXOOHYI0 MaTeMaTHye-
CKY10 (pOopmy, UTO 00ECMEYUBAET UX YCMEILHOE MPUMEHEHUE 1151 OMUCAHUS CXOIHBIX
KPHUBbIX BA3KOCTH. YpaBHeHueE (5.29) nO3BOJISIET NOJIYUMTL 00001IEHHYI0 KPUBYIO T€-
yeHus 0€3 Kakux-JIM0O NONOJIHUTEJILHBIX YCTOBUH MOMHUMO €CTECTBEHHOIMO YCJIOBUA
MaJIOCTH BEJIMYUHBI 1)_.

[Toka>kem, 4TO NMHEAPU3ALIMS PEOJIOTHUYECKHUX JAHHBIX BO3MOXHA B NMPUBEIEH-

HeIX Koopaunatax N’ — 17 na yuactke cpeaHux ckopocreii cnpura. O60061eHHOE
1/2 1/2 I

n/M(0) = (5.29)

n —-1.
dBHECHHE TEUCHHUAH JNIETKO NMPpENCTABUTE B BUJIE = - .
YP P 201" 1+(/07"
,nlfl l

Ecaun”’/m'*(0) < 1, < 1", To nonyunm ~ —.
N (0) 1+

M3 3TOro BoIpaXke€HuWsi MOXHO NMOJIY4YUThL NpubnuxernHoe ypasaenue (5.30), cpsi-
3bIBAIOLIIEE BA3SKOCTH C HANPAXEHUEM CABUTIa:

1

' =n"2(0) - ;c'” . (5.30)

Onnospemenno yenosus 17 /M7’ (0) < 1 u /> <"’ Buinonusiorcs B unTepsae
CpeAHHX 3HAYEHU I CKOPOCTEI CIBUTa B HEKOTOPbIX paCTBOPaxX U pacnjaBax noJiuMe-
poB. CooTBeTcTBYIOLIHE rpadhKu nMpuBeacHb Ha puc. 5.20—5.24.

1/2 /2 172
Ig n'?, Ma"’c
200 | _
& n"(0)=19%0,8
4
12 — 150 = —0,6665x + 197.48
YHACTOK ! 7./’ = 285,5 TR {1;,}9?9
TpeHaa |
" /2 _
35 F 1. 5,62 o |
x = 1,54 )
L]
3T : 50 } ° . )
n ..
2,5 1 1 L 0 sesssssaasn meeeeesean s
~1 0 I 2 lg v 0 100 200 300 /2 Ma'?
]

Puc. 5.20. Peonorvyeckoe rnopeaeHUe pacrnnaBa nOJHCTUPONA €  LWHUPOKUM
MOJIEKYNISIPHO-MACCOBbIM pacnpenenennem (M, =2,61-10"; M /M, =2,5)
npu 180°C: @ — KpuBasi BA3KOCTH B ABOHHbBIX JIOrapuhMHYECKHX KOOPIH-
HaTax, YKa3aHbl 3Ha4e€H M1 KO3(pPULMEHTOB; 6 — KpHUBAasi BA3KOCTH B KO-
HEBBIX KOOpAMHATaX (BblaeNeHa npsiMasi TpeHaa). Flopu3oHTanbHOM NMyH-
KTUPHOi1 nHHUeill 0003HayeHa BenHYMHA npeaenbHoi Bsi3KocTH. JlaHHble
u3 pabotnl [175]
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Puc. 5.21. Peonoruueckoe nopeacHue nByX OOpa3LOB pacniaBa NnoJaMaMCIEPCHOTO
nonuctupona PS2 u PS4 npu 200°C: @ — kpuBasi BI3KOCTH B ABOIHBIX JIO-
rapypMUUECKUX KOOPAHWHATAX, 6 — KPMBas BA3KOCTH B KOPHEBHIX KOOP-
nUHAaTax (BEIJIENIeHA TIpsiMasi TPEHIa), poMOaMM Ha BEPTUKANTEHON OCH TTO-
kazanbl 3naueHus 1'’(0) Koadhduuuments: B tadn. 5.14. JJlanHble U3 paboTh
[198]

Tabnuua 5.14. XapakTepuCTHKH pacnaBOB MO M AUCIEPCHOrO NOANCTUPONa

O6pazen M. IMonuau- T,/ n'/’ x n/%0) | xkpupas
NOJIMCTHPOJIA CIIEPCHOCTD
PS2 274636 2,43 341.,4 2,56 2,19 158,3 pom0O
PS4 242741 2,81 315,1 2,48 3,15 102,4 Tpeyr.
Tabnuua 5.15. DkcnepuMeHTallbHBIE JAHHLIE AN pacnjaBa MONHITHIEHA HH3KOM
nnotHoctTu npu remmnepatrype 190°C [203]
¥, ¢ T, I1a ¥, ¢ 7, [a ¥, ¢’ 7, [a
0,00539 206,6 0,0340 1254 0,170 3869
0,00677 2847 0,0427 1431 0,214 4558
0,00854 338,4 0,0539 1696 0,270 5303
0,01075 424 4 0,0677 2067 0,340 6135
0,0170 672,3 0,0854 2438 0,427 7279
0,0214 839,1 0,1075 2915
0,0270 1022 0,1350 3339
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Puc. 5.22. Peonorvyeckoe 1opeaeHue pacrninapga noJaMsTHIAEHa HU3KOH NJAOTHOCTH
npu 190°C: a — kpuBasi BA3KOCTH B IBOMHbBIX IOTAPHU(PMHUYECKHX KOOPAU-
HaTax; 6 — KpUBasl BI3KOCTH B KOPHEBbLIX KOOpAMHATAX (BblIEI€HA NpsiMast
Tpenaa). Jarnuvie uz padotwi [203)
‘I]I'Q, Ma'2c'?
lg
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Puc. 5.23. Peonornueckoe noseaeHme 2 Macc.%-Horo BOJAHOTO pacTBOpa NoOAMMeEpa
Separan AP-30 npu 285,5 K: @ — KpuBasi BI3KOCTH B IBOiHBIX norapmQ-
MHUYECKHM X KOOpAMHATaX, yKa3aHbl 3HayeHus KoagpduumenToB OVT Beau-
Huuax CH; 6 — KpuBasi BI3KOCTH B KOPHEBHIX KOOpAMHaTax (BHIAEJIEHA
npsamasn TpeHaa). Januoie U3 padorn [130]

OTMETUM, UTO HA BCEX PUCYHKAX (@) CMJIOLIHASI NUHUS COOTBETCTBYET pacueTy
no 00OOLIEHHOMY YPABHEHU IO TEYEHH S, @ HA PUCYHKAX (6) npeacTaBnseT cOOO Jiu-
HUIO TpeHaa.

[pennoXeHHYI0 MeTOAUKY 00pabOTKH IKCNEPUMEHTAJIbHBIX JAHHBIX MOXHO
NPOBEPUTL, HCMONb3YS TAONTHYHBIE 3HAYEHUA U3 paboTh [203].

Kak BUOHO U3 3TUX rpapMKOB, 4YacTh KPUBOI BSA3ZKOCTHU MPHU BLICOKUX CKOPO-
CTAX CABMIa MOXHO MPUOAHXKEHHO onucaTh ypaBHeHUeM OcTBasibaa (CTENEHHBIM



3aKOHOM), XOTSI 3TO OMUCAHHUE SIBSIETCS YUCTO MATEMATHUECKUM MPUOJUXKEHHUEM,
HE UMEIOLLIUM SICHOro (pusnueckoro cmbicna. IlpakTuuecku Bech JUana3oH CKOPO-
cTeil caBvra nepekpbiBaeTcss 000O0LIEHHBIM YPaBHEHUEM TEUYEHUS, 34 €CTECTBEH-
HBIM UCKJIIQUEHUEM HEOOJILIIOrO HbIOTOHOBCKOIO y4acTKa NpH HU3KUX CKOPOCTAX
CABMTrA.

3nayeHus KoapPULUHEHTOB PEONOrHYECKOro ypaBHEeHU A, NOJIyYeHHbIE MPsiMOi
annpokcHuMalueil ¢ NnoMoLlbo 0000LIEHHOTO YpaBHEHH M TEUEHUS U pacCUYUMTAHHBIE
¢ nomouiblo ypasHeHus (5.30), npeacraBnerbl B Tabh. 5.16.

K3 pe3ynbtaTtoB, npeAcTaBneHHbIX B Taba. 5.16, cnenyet, 4To npu OOJIbIIMX 3HA-
yeHusix otHowenus n'*(0)/M’, snauenus koadpdpuuuentoB n'’(0) u %, NonyyeHHbiE
U3 NMPUONUXEHHOrO YypaBHEHUS, JOCTATOUHO OJIM3KHW K TOYHBIM 3HAYEeHUSAM KO3(h-
dpuumnenTos. [03TOMyY NOCTPOEHHKE NPSAMOIi B KOOPAMHATHHIX ociAX 1” —17° u onpe-
aeneHve KoshpPuuHueHTOB 3TOi NPAMOTUHEH HOI 3aBUCUMOCTH MO3BOJISIIOT OLLEHUTD
ABa Koa(ppuuUueHTa peoJOrn4YecKkoro ypaBHeHusl u 6onee TOYHO ONpeaesiuTh HHTEP-
Bas s anMpoKCUMaUUU AaHHBIX 0000LLEHHBIM YPABHEHUEM TE€YEHMUSI.

INMpenctapneHye 3KCNEPUMEHTANbHBIX PEOJIOFHYECKHX JaHHBIX B pa3HbIX KOOP-
JUHATHBIX CUCTEMAX MO3BONAET OONEE MOJMHO ONMUCATh U OOBACHUTD CJIOXHOE PEOJIO-
rMYECKOE MOBEJIEHUE PA3THUYHBIX CUCTEM.

OcobeHHO Harns/JIHO TaKOe NpeacTaBEeHWE, KOraa NMosiIBASIIOTCS MpsMOJVMHEN -
HbI€ YYACTKH KPHBbBIX B3KOCTH WITH KpUBLIX TeueHud. [MokaxeM 3aech npumep Ta-
KOro rpadguyeckoro npeactabBieHuss HA NMpUMepe CYCNeH3uU NMOJWBUHUIIALETATA
(puc. 5.24).

B kopHeBbiX KoopanHatax y”/” — 1"/’ npsiMasi npyU BLICOKMX CKOPOCTSIX C/IBMTa CO-
oTBeTCTBYET ypaBHeHu10 KaccoHa, B Apyrux npuBeaeHHbIX KOOpAUHATAX NMpsMbIE
OMUCHIBAIOTCS YpaBHEHUEM (5.23).

/

Tadnnua 5.16. TouHble 3HaYEHHUS KOIDPUUHMEHTOB PEONOTHYECKOr0 YpaBHEHMSI, NO-
Ny4YyeHHbIEe annpokcuMauueii no obodbLLEeHHOMY YpaBHEHUIO TEYEHHU S,
M IlpHﬁJIH}KBHHbIE JHAYEHHSH, NONYYEHHBIE H3 }’pHHHEHHH II].'}HMﬂﬁ

tpeuna N’ =n'*(0) - (1/¢)7"

Cuctema [MTonuctupon [175] IMonucTupon [Tonunpornu- IMonucTupon
wupokoe MMP | [175] yakoe MMP | nen 200°C [13] PS2 [198]
3HaueHusl TOYH. npuo. TOYH. npuod. | TOYH. | Npub. | TOUH. | Npud
n7(0), (IMNMa-c)"”’ 190,8 197.5 234.8 230,3 232,6 | 228,7 | 158,3 | 1579
%€’ 1,54 1,50 1,93 2,02 1,11 1,25 | 2,19 | 2,33
n"* (Ma-c)"”? 5,62 0 1,02 0 5,32 0 2,56 0
n"(0)m”’ 34 230 44 62
Cucrema [Monuctupon PS4 IMonusTHUneH Separan AP-30 | Jlatekc PVA
[ 198] 190°C [203] 2 mac.% [130] [18]
3HaYeH s TOYH. npuo. TOYH npud TOYH. | npuO. | TouH. | npub
'2(0), (Ma-c)'”’ 102,4 101,4 256,2 236,3 9,1 8,9 149, | 143,3
N
¢’ 3,15 3,72 0,36 0,74 0,57 | 0,63 | 0,011 | 0,011
x’ 2 3 » - » > k) >
n' (Ma-c)”’ 2,48 0 60,8 0 0,25 0 0,906 0
n"*(0)/m.” 41 4,2 38 164
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Puc. 5.24. Peonoruvueckoe nopeaeHHUe cycrneH3uy nonuBuHunauerata (natekc PVA):
@ — KpHWBasi BSI3KOCTH B KOPHEBbIX KOOpAHHATAX; 6 — KpHBasi BSI3KOCTH
B NPUBEIEHHBIX KOOPAMHATAX, 8 — YYAaCTOK HH3KMX CKOpoOCTel caBura.
Januwsie u3 padotsi [18]

HUcnonb3oBaHue NMpUBEIEHHBIX KOOPAWHAT HArsIAHO AEMOHCTPUPYET MPUTof-
HOCThL 0000ILIEHHOrO YpaBHEHHSI TEYEHU S 1Sl ONMUCAHK S NMCEBIONJACTHYHOIO Teue-
HUSA Pa3JIMUHLIX JHUCTIEPCHBIX U NMOJIUMEPHBIX CHCTEM.

5.8. Teuenne B ynnmHapuveckom kaHane

M3BECTHDBIE PEONIOrHUYECKHE YPABHEHUS MOJYUEHbBI 151 CJiyuasi NpoCTOro CiBUTOBO-
ro TEYEHHUS, INI€ BEJIMYMHA HANPSXKEHU S CABUTa T OAMHAKOBA BO BCEX TOYKAX BEIIE-
cTtBa. OgHAKO B MPOU3BOACTBE U TPAHCMOPTHPOBKE TEKYYHUX CUCTEM MCIOJIb3YIOTCS
KaHaJibl C Mpo@dusIEM pa3iHuHOI POPMBI, INE€ UMEETCH TPAIMEHT HAMNPSXKEHUS C/IBU-
ra. MicxonHoe peoJiornyeckoe ypaBHEHUWE SIBSIETCS OTMPaBHbIM MOMEHTOM NSl pac-
yeta npodusiss CKOpocTu U 0OBHLEMHONO pacxona XUAKOCTH, ABUXYILEHCS B Tpybax,
KaK C MOMOIIbIO YUCJIEHHOrO UHTENPUPOBAHUS, TAK U MPU BbIBOJIE AaHATTUTUYECKUX
BhipaxkeHuii [8, 9]. PaccMOTpUM BO3MOXHOCTL YWHMCIEHHOIO pacyeTa XapaKTEPUCTHK
TEUYEHHUSA B LIMNTHHAPUYECKUX TPyDdax, €CNHW HEHBIOTOHOBCKOE TEYEHUE OMUCHI BAETCS
00001meHHbIM YpaBHEH HEM TeueHust (OYT).

Kak 1514 HblO0TOHOBCKOM, TaK W U151 HEH LIOTOHOBCKO# XXMJAKOCTH PpaCUeT TEUEH U
B LIUTUHAPUYECKON TpyDE OCHOBAH HA YpaBHEHUAX [9] anda HanpsXxeHus capura t(r),



anst pacyeta npoduisi ckopoctu M(r), o0beMHOro pacxoaa Xuakoctu O 3a eaMHU LY
BPEMEHM:

Pr
T(r) - i ’ (5,3])
‘. ‘R .
V=-[-dr=-=q-dr, (5.32)
R Tp Tr
R
0= |2nrV (r)dr. (5.33)
0

3nech ¥ — pacCTOsiHUE OT LIEHTPa TPYOb! /10 TOYKHW U3MEPEH U ST HANPSIXKEHU SI C/1BU -
ra v CKOpoctH, R — paauyc uMJauHapudYeckom Tpyonl, P — nepenaanasieHust BTpyoe
JJIMHOMN L, T, — Hanpsi>X€eHHne CABUTra Ha CTEHKe TPyOhl.

O606u1enHOEe ypapHeHUe TeyeHus (OYT) umeert cnenyommii Buj

1/2 1/2 172 /2172
T2 =12 /0+ x4+ (5.34)
Ero MmoxHo NnpeacTtaBUTh B BUJIC, NMO3BOJIAKOLIEM NMPOBECTH YHUCIICH HbIN pacyeT.

e (e +T|lﬂ%—’€m)+J('E:,”+1]:.’Q%—T
2n?

Jnst Boluucnenust uaTerpanon (5.32) u (5.33) MOXHO UCNONBL30BaTh Pa3JiIMuHbIE
mMeTonbl. [TpoBeneHHbIE pacyeThl 151 YUCTO HBIOTOHOBCKOIO TEYEHU S MOKA3aJiu, YTO
METOA TpaneLmii NO3BOJSIET PAaCCYMTHIBATH CKOPOCTH M pacxo ¢ TOYHOCTHIO 10 0,1 %
npu ware maTerpuposBanus, cocrasisitoniem 0,01 or panuyca Tpybu. Pesyabrarhbl
pacyeToB no metoay Tpanenuii u merony CUMIICOHA TaKXe pa3JjinyaloTcs B npeaeiax
0,1 %, n TakuM 0Opa30oM JIJ1st BBIYMCJICHUS NpeaiaraeTcst UCNnoJsib30BaTh METO/1 Tparne-
1mii, Kak 6osee npocroil. COOTBETCTBYIOLIIAsi BLIYMCIANTEJIbHASI MPOrpaMmMa MOXET
OBITH peasin3oBaHa B npoieccope 3JieKTpoHHHX Tabnui Excel.

J1J1s1 NONOJIHUTEN LHOI NMPOBEPKU NPaBUJILHOCTU METOJIMKH pacyeTa HeOOX01MMO
NMPOBECTH YUCJIEHHBIH pacyeT M pacyeT Mo aHAJIMTHYECKOMY BBIPAXKEHUIO AJIS1 XOPO-
1110 U3YYEHHOIO Cly4dasi CTENeHHOro 3akoHa Tt = AY" nnn y = Kt". J15isi cTeneH Horo 3a-
KOHA U3BECTHHI |9] aHAJIMTUYECKHE BHIPakeHHUs 111 Npoduiisi CKOPOCTH U 1J151 BEJIU-
YMHBI pacxona:

1/2

]+4 1/2 1/2
yran xv (5.35)

KRmH P m y -+l
V()= - L *
U= [u] (RJ ’ ©.36)
ﬂKRm-I-] P m
= . 5.37
¢ m+3 (QLJ ©-37)

bynem ncnosnp3oBath TAOMWYHBIE JAHHBIE, TPUBEAEHHBIE B KAYECTBE YT pa>k He-
HUI B y4eOHOM NOCOOM U NnoO peosiormu HEHLIOTOHOBCKUX cuctem [130]. Bonuwiii pac-
TBOP nosimMepa Kapoonon (temneparypa 293 K) 6bin uccnenoBaH ¢ nOMOLIBIO pOTa-
LIMOH HOro BUCKO3umMeTpa. Jlanuuie npeacrasaed sl B 1adsn. 35.17.

DKCnepuMEHTaJIbHBIE pe3ynbraTel B JBOMHBIX JOrapudMHYECKUX KOOPAHMHAa-
Tax NpeacraBA€Hbl HA PUC. 3.235. DKCNEepuMEHTAJIbHBIE JAaHHBIE U paCCYUTAHHBIE
kpuBbie OYT B KOpHEBBLIX KOOpAMHATAX NokasaHbl Ha puc. 3.26. Takxe nokasaHa



annpokKCUMaLusl ¢ NMOMOILUBIO CTENEHHOro 3akoHa (nyHKTupHast nuHus)) U OVT
(crimowrHast nuHus). Ipodunu ckopoctu V(R) nosiydyeHbl YUCACHHBIM METOIOM IS
TEYEHHS B LMJIMHIPUYECKOM KaHasie ¢ MOMOLIBIO ABYX Pa3JIMYHBIX PEOJIOTHYECKUX
ypaBHEHU: 0000LIEHHOro ypaBHEHMSI TeHEHUS U CTENEeHHOTro 3akoHa. Kpome Toro,
Npoub CKOPOCTH PaCCHUTAH C MOMOILBIO AHAJTUTUYECKOTO BhIpakeHust (5.36).
Pacxon tekyueii cpensl QM’/c] paccuuTaH ¢ MCnob3oBaHUEM ypaBHeHus (5.37)
H C MOMOLIBIO YHCJEHHOrO pacyeTa Mo CTeNneHHOMY 3aKOHY: Qpo., = 1,02-107 M’/c
U Qcrynes=1,01-107 M’/c, cooTBeTCTBeHHO. Benmunub 06beMHOTO pacxona, mosy-
YeHHbIE AaHAJITUTUYECKH M YUCJIEHHBIM pacyeTOM, MPaKTUYECKH coBmaaaloT. Takxke
CXOJTHH MPOMUIIU CKOPOCTH, pacCYMTAHHbBIE YHCIEHHO U U3 aHAJIMTUYECKOTO BHIPa-
XKeHus (puc. 5.27). D10 yKasbiBaeT Ha JOCTATOYHYIO TOUHOCTh MPUMEHSI€MOTO METO/A
yucaeHHoro pacyeta. Ha puc. 5.27 Toncrast TMHUS — pe3ysbTaT YMCJIEHHOIO pacyeTa
¢ ucnosibzoBanueM OY T, Tonkast TMHUSA (CripaBa) — pe3yJabTar pacyera no (popmMyie
(5.36); nyHkTUpHAs JUHMS (CEBA) — YUCIEHHBIN pacyeT ajsi CTeNeHHOro 3aKoHa.

Tabauna 5.17. 3aBUCUMOCTL HATIPSIKEHUS CAABUTA OT CKOPOCTH CJIBUTa BOJTHOTO pac-

TBOpa Kapoonon npu Temnepatype 293 K [130]

v, ¢! 0,171 0,316 0,421 0,603 0,812 1,124
T, Ila 53,14 57,86 61,59 66 70 75,47
Y, ¢! 1,382 1,92 2,63 3,67 5,07
7, Ila 78,18 84,37 90,23 98,26 106,76
lgn lg M
2,4 } 3.5} y
2,2 } 1l
2 F
CreneHHOIH
25}
1,8 3dKOH
16| i A=174,04
n=07215
1,4 }
1,5 }
1,2 }
1 : . = 1 l : P— : : :
—1 —0,5 0 0,5 lg’i' -3 25 -2 -5 -1 05 0 0,5 lgvy
a]
Puc. 5.25. Peosnoriueckoe 1noBeeHKHE BOJHOMO pacTBoOpa nonumepa Kkapobonon: a —

KPUBasi BASKOCTH BIBOMHBIX JIOrapu(pMHYECKUX KOOPAWHATAX; 6 — KpUBasi
BSA3KOCTH € YYACTKOM 3KCTPATONSALMKM, KOTOPHIH 3aXBaThbIBAET WHTCPBAJ
HU3KKUX cKopocTei capura. CrinomHas AMHKS COOTBETCTBYET 0000IIeH-
HOMY ypaBHeHWIO TeueHus (OVT), NnyHKTHPHAsi nUHKUS — CTENMEHHOMY
3akoHYy (ypaBHeHu 10 OctBanbaa). Kpect ykasplBaeT 3KCIEPUMEHTAJ bHBIE
OaHHBIC, IS KOTOPHIX IPOBOAKACS pacyeTr nmpoduisi CKOpOCTH U pacxoia
TeKy4Yeii cpeibl. BUIHO, YTO B MHTEpBaJe anmpoOKCUMALMU PaCYCTHHIC
3HayeHus Ans crerneHHoro 3akoHa u OV'T npaktunuecku copnanaioTt. Ko-
spdumeHTH YypasHeHus OcTranbaa rnpuBenacHB Ha rpaduke



Jlns Teyenusi, kKotopoe onuchiBaetrcss OYT, noka He moayyeHb aHAJIUTUYECKHE
BBIPaXXEHU sl JUTSl pacxona v npoQuisi CKOpOCTH TeyeHu s B Tpyoe. YucneHH bt MeToxn
MO3BOJISIET pacCYMTaTh MPOQUITL CKOpOCTH V(R) 1 00beMHBIN pacxol TEKy4e# Cpeibl
Qoyrynca= 1,05 107 m'/c.

Kak npogunb ckopocTu (puc. 5.27), TaKk ¥ BeJIMYUHA pacxoaa OU3KU K TEM, 4TO
MOJIYYEHBI AJI51 CTENEHHOTO 3aKOHA.

Takum obpazom, MpestoXXeHH b MeTO/T MPUOIMKEHHOTO pacyeTa TEYeHU S B LIH-
nuHapuYeckon Tpyode ¢ ucnonbs3zoanuem OV T npencraBasieTCsi MpUEMJIEMBIM.

BoisicHUM, Kak BIUsieT U3MeHeH e ko PuuUenTa ) Ha XxapakTep npoduis Cko-
POCTH U pacxXoll KUAKOCTU B Tpybe. OTMETUM, YTO YMEHBIIIEHUE ¥ COOTBETCTBYET
Pa3pLIXJIEHU IO arPeraToB BIJIOTH 0 CHJOLITHON CeTKH npu ¥ = (), yBeJIMYeHUe ¥ COOT-
BETCTBYET YBEJIMYEHH IO KOMITAKTHOCTH arperatoB M yMeHbIIEHU IO BSI3KOCTH.

TI 12
10
9}
ol 7.7 =7,78 TTa"?
4 N 1/2 /2
OVT n/ = 1,243 (ITa-c)’*
TA 2
v = 0,065 ¢ ?
ﬁ L L i 1 ﬂ 1 i L L
0 0,5 | 1,5 2 0 0,5 1 1,5 2
Puc. 5.26. Peonoruueckoe nope/icHHe BOJIHOTO pacTBOpa nmoiaumepa Kkapoonon: a —
KpUBasi TCHCHHS] B KOPHEBBIX KOOPAMHATAX Ha WHTEPBaJie anmpoKcHMa-
U1K, 6 — KPUBas TEYCHUS € YYACTKOM 3KcTpanoasiluu. benslii Tpeyrons-
HUK YKa3bIBACT IKCIEPUMEHTAN bHOE 3HAYCHHE MPEACTbHOIO HAl PAXKEHH A
C/IBUTA, OIPEACJICHHOTO METOAOM KPBINBYATKH. YepHBIl TPEeyronabHHK
YKa3bIBACT 3HAYCHHE NMPeaesbHOro HanpsikeHus casura T, us OVT. Koag-
dutmento OY T npuBeneHbl Ha rpadvke
0,1
0,09
0,08
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0,05
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0,03 _
00 F oyr v
] C?1
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0 1 1 1 1 1 [ 1 [l
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Puc. 5.27. Tlpopmnb CKOpPOCTU TEYCHHUS B LMIMHAPWYECCKOM KaHaJic pajnycoM
R=0,1 m, nnunoit L =1 m, pasHocts aasneHnit P = 1,8 10° [1a. 3HaueHue
Hanpsi)KeHusl Ha CTeHKe TpyOrl paBHO T, = 90 I1a. [TosicHeHus B TekcTe



HUcnonbayeM misi pacueta koad@duuuedtol OV T, monyuyeHHBIE 1151 ApYyroro oopas-
ua kap6onona ¢ KoHueHTpauueii 0,3 macc.% [19],7° = 5,24 (I1a)"*, n)”* = 0,36 (IMa-c)"”,
v = 0,00054 ¢/ (puc. 5.28). OY T onucH BaeT BeCb AMANa3oH CKopocTeii capura ot 107
o 10°¢”'. Yuacrok ckopocteii capura ot 107 go 10° ¢ MOXHO TakXe amnmnpoKCH-
MHUPOBaTh ¢ MOMOLIBIO ypaBHeHust Kaccona (t/” = 5,33 (IMa)”*, n'*=0,34 (Ta-c)"*,
y=0c").

INpodunb CKOPOCTH JIJISI TAKOTO YpaBHEH U MOKa3aH KPUBOIi 2 Ha puc. 5.29. VBe-
JIMYEHUE KOMITAKTHOCTH arperaTosB (YBEJIUYEHUE ¥ ) ocnadnsieT «mpodOYHHBIIN» Xapak-
Tep TeyeHus B Tpy6e (kpuBasi 3) ¥ yBeJIUYMBAET BEJIMYUHY PAcXoa XUAKocTH Q[M’/c]
(yxazaHa Ha rpaduke). st GONBITMHCTBA PEOJIOTUYECKUX YPaBHEHU I MONTy4eHbI [68]
AHAJIUTHYECKHUE BHIPAXKEHUS ISl MPOMUIsi CKOPOCTH U BEJIMYMHBI Pacxofia, B TOM
yucne ns ypasaenus Kaccona. B npuHmmne xenateibHO B TaJIbHEHIIIEM MONYYHTh
aHAJIOTUYHBIE aHATUTHYECKHE YpaBHEHU S 17151 00001EHHOr0 ypaBHEH U TEYEHH .
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Puc. 5.28. Peonornueckoe noseneHme (0,3%-Horo BoAHOroO pacTsopa nofiuMepa Kap-
OomnoN: ¢ — KpHBasi BI3KOCTH B JIBOMHHX JOrapuMHUUYecKUX KOOpAWHA-

Tax; 6 — KpHBasi TCUCHHS B KOPHCBHIX KoOpAWHaTax. Kpusasi paccuntana
1o 0600LEHHOMY YpaBHEeHWIO TeueHuA. Jlannabie 13 padotsl [19]

0,1
0,07
0,06 |

0,05 }
004} 0, M/c=0,079

003} 0, m/c=0,084 ] 3
002} O,M/c=0,104
0,01 }
0 . . .
0 1 2 3 4 5 V,Mm/c

Puc. 5.29. Tlpodwune CKOPOCTH TEeYEHHUS] B LIMNWHAPHYECKOM KaHale paanycoM
R=0,Im, nnuHoii L=1m, pasHoctb nasneHuii P = 1800 Ila. 3nayenue
HalnpsixXeHWs Ha CTeHKE TpyObl paBHO T, =90 I1a. Tonctas nuuus 2 — pe-
3yNbTaT YUCIEHHOro pacyeta no ypasHeHuo Kaccona (y =0); cepast nu-
Hus 1 (cneBa) — pesynbrat pacyera no OVT (y = 0,00054); Tonkasi nuHus 3
(cnpapa) — pacyeT TOM K¢ CUCTEMEI € 3aBBIIICHHBIM 3HAYCHHEM KO3 du-
muMeHTa Y =1



3akno4yeHue

O606eHHoe ypapHeHUe TeyeHust (OYT) saBnsieTcss YHUBEPCAJILHBIM PeoJioruye-
CKMM YPaBHEHHUEM, KOTOPOE ONMUCHIBAET NJIACTUYHOE U NCEBOMNJIACTUYHOE TEYEHUE
cucteM pasnuyHoil npuponsl. OYT annpokcuMupyeT faHHBIE Ha 0oJiee 111MPOKOM
MHTEPBAJic CKOPOCTEH CABUTa, Y€M JIPYTrue TpexnapameTpuyeckue ypapHeHus. Ko-
spPpuumeHTn OYT umerot ssCHL PU3NMYECKUil CMBICII, UX TEMNEpaTypPHasi 3aBUCH -
MOCTh COIJIACYETCS1 C npenckasaHusiMu mMonesiu. [pubnukeHHOE BbIpaXkeHue s
OYT nosBonsier NOCTPOUTH OOOOIIEHHBIE KPUBHIE BA3KOCTH B NMPUBEAEHHBIX KOOP-
JIMHATaX M TEMNEPaTypPHO-BPEMEHHYIO CyNepno3numio. YuciaeHHble METObl C UC-
nosas3oBaHuem npoueccopa Excel nozpossiior paccyntarb NpoPuib CKOPOCTH TEYE-
HUSI B LMJIMHAPHUYECKOM KaHAaJie U pacxos TEKY4Yel cpesbl.



TIABA 6

TEHEHUE
CYCMNEH31W
N SMYIbCUNW

B 570i1 riaBe onucaHbl € TOYKM 3PEHU S HOBO#M PEOJIOTMYECKOM MOIEJIM pa3HOOOpas3-
HbIC CUCTEMBbI, B TOM YHUCJIC UMCIOLLLME Baxk HOE NpUKJ1a/iHOE 3HayeHue. C. C. Boikuii
[86] Ha3bIBaET NUCNEPCHBIE CUCTEMBI C TEHAECHLIMEN YaCTULL K CIMNMAHUIO CTPYKTYPU-
POBaHHBIMM XUAKOCTAMHU. OH YKa3blBACT HA NPAaKTUYECKH BaXHBIC CUCTEMBI, TAKHUE
KaK NMOYBHI, NTMHDbI, IEMEHTHBLIH PacTBOP, KPACKM, NMacThl, KOHCUCTEHTHHLIE CMA3KH,
OypoBbi€ pacTBOPLI. B 9TUX CTPYKTYPHUPOBAHHBIX CUCTEMAX CTPYKTYpPa OOLIYHO 00Y-
CNOBJICHA KOATYJISILIMOHHBIMM KOHTaKTaMM. CYyCNneH3MM M 3MYJILCUM, KOTOPHIC SIBJISI-
IOTCSI KNACCMYECKMMHU OOBbEKTAMU KOMJIOUJAHOM XMMUHU, NMPU BHICOKOH KOHILEHTPa-
IIUM MOXHO CYMTAThL CTPYKTYPUPOBAHHBLIMU CUCTEMAMM. Peosiornueckoe noBeieH ue
IMYJILCUHN CUMTAETCS OOJIEE CIIOKHBIM, YEM CYCNEH3M M, MOCKOJILKY BO MHOTMX MOJIE-
JISIX NPEIAraéTCsi YYUTHIBATh BSI3KOCTh XXUJKOCTH BHYTPHU KaneJib U YNpPyrocTth Ka-
neab. B 3T0i raBe nokazaHo, Kak CTPYKTYPHasi pEoJIOrnyecKasi MoJIeJib OObICHSAET
OCODEHHOCTH TEYEHMUSI PA3JIMYHBIX CYCNIEH3U M U IMYJILCHIA.

6.1. ['lnactnsonm

[IBX-nnactuszonu |220] npeactapasitor CoO0Oi HEBONHBIE CYCNEH3UM NMOJIMBUHMIIX-
Jlopuaa, noJiyYyeHHbIE IMYJILCUMOHHON noJinmepusaumeii. [Ipyn HarpeBaHUM YaCTU LLbI
CMOJIbl MOTYT PaCTBOPATLCH B NaacTU(hUKATOPE, KPOME TOro NPOUCXOIUT HAabyXaHHe
CMOJIbl, YTO MPHUBOAMUT K YBEJIMYEHU IO 0OBbEMA iMcnepcHoil (pasul. KosionaHas cra-
ounbHOCTL [BX-nsactusoneit oOycnoBiieHa UX CTepuuccKkoit crabuinsanueit. Ponb
CTAOMNIM3UPYIOLLIEH NOOABKM UTPAET PaCTBOPEHHAs YacTh NoUMEPHBbIX uenei [NBX,
KoTopasi HeoopaTtuMo 3akpensieHa Ha [1BX-yactuue. [Monaratot, yto yactnubl [1BX
B MUHCPaJILHOM MacCJI€ WJIN IJIMLUEPUHE CNOCODOHBI K 0Opa3oBaHMIO arperaTtoB (3Ha-
yuTeJIbHO (PrIOKy/IMpoBaHHasi cycnensus). Ha puc. 6.1 nokazaHbl KPUBbIE TEUYEHMUS
B KOPHEBLIX KoopnuHartax /uisg yactul [NBX 6osbiioro pasmepa. Peosiornueckue xa-
PAaKTEPUCTHKH CUCTEMBI MPUBEAEHH B Ta0J1. 6.1.

[Tnactudpukarop nu-2-stuiirekcun O-dranar (DOP) uMEET HBLIOTOHOBCKY IO BSI3-
KocThb 0,059 INa‘c 1 yaCTUUYHO pacTBOPSET YACTHUILY NOJIMBUHUIXJIOpUaa. Takas nuc-
nepcMoHHasi cpena obecrneumBaet (AOKYISIIIMOHHYIO CTAOMJIBHOCTHL TJIACTHU30JISI.
KpuBble Te4eHU s nOKa3aHbl Ha puc. 6.2, a.

JLJis1 4aCTU LI pa3HOro pa3Mepa B XK UAKOCTH € Pa3HOM BA3KOCTLIO, HO NMPU OIMHAKO-
BOW 00bEMHOI KOH LIEHTPAaLM KW P BEJIMYMHA OTHOLLIEHU S 1) /1), SABASIETCSA MPAKTUYECKH
NOCTOSIHHOI. DTO O3Ha4a€eT, yTo B ypaBHeHUM 1” =1’ (1 — kD)™ koopPuumenTH k
n A* Masio U3MEHSTIOTCS] MPH Nepexoae OT OJHOI cucTemMbl K Apyroi. Koagduument
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Puc. 6.1. KpuBbie TeUCHHSs B KOPHEBLIX KOOpAUHaTax naactusons [1BX npu oobem-
HOIt KoHUeHTpauuu 0,2 u cpeaHem auaMeTpe yacTHll 1154 HM: g — B MUHe-
panbHOM Macne; 6 — B rnvuepvHe. Jlanubie u3 [220]
TI,.-’}‘, MMa'/? 20 L TI‘”, Ma'”?
25 F *
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Puc. 6.2. Kpusbie TedeHUs B KOPHEBLIX KoopauHaTax nuactu3os [1BX B xuakoctu
DOP: a — npu 06 beMHOI KOHLIeHTpauuu 0,2 K cpeaHeM AnaMeTpe YacTHll
293 HM (pombBI) M 619 HM (TpeyronbHHKH), 6 — npu KoHLEHTpauuu 0,54
M cpefHeM nuameTpe yacTtui 619 M
Tabauua 6.1.  Peosnoruueckue xapaktepuctuku [NBX-nuactusoneii
Cuctema o 1]:."r ’ T2 X n./M,
PVC-C (1154 Hm) B MUMHEpaJIbHOM Mac- 0,2 0,255 2,00 0,187 2,16
ne (n, = 0,03[Mac)
PVC-C (1154 uM) B rnuuieprHe 0,2 0,458 3,73 0,221 2.04
(0,103 NMa-c)
PVC-A (293 um) B DOP 0,2 0,354 0,291 0,03 2,12
(0,059 IMa-c)
PVC-B(619 um)e DOP 0,2 0,377 0,144 0,03 2,40
(0,059 IMa-c)
PVC-B (619 M) B DOP 0,54 4,04 6,62 0 276,8
(0,059 'ac)




7/ CyLLIECTBEHHO BBILIE B TEX K MIKOCTSIX, KOTOPbIE sIBJASIOTCS MJIOXMMH PACTBOPUTE-
JISSIMU, NMOCKOJIBLKY NJioXasli paCTBOPUMOCThL cnocoocTByeT haokyasiumm INBX-yacTuig
BOTUX XKUAKOCTAX. Bennunna 'ct'." * yMEHbILIAETCS € YBEJIMYEHNEM pa3Mepa YaCTHIL NPH
¢$pUKCHpoBaHHOI 00bEMHOM KOHLIEHTpauuu .

YBenanuenune 0o0beMHOM KOHUEHTpalMu @ NPUBOJUT K PE3KOMY YBEJIHYEHHIO
o6onx koadpduunentor Kaccona (t/> n ?). Ha puc. 6.2, 6 npencrasieHa npsimas
K3c¢coHa 151 BHICOKOKOH LIEHTPUPOBAHHOW CUCTEMBI.

Heo0XxonMMO OTMETHUTH, YTO IKCNEPUMEHTANILHBIE JaHHBIE U3 paboTh [220] GbinK
MCNONb30BaHbI [161] AJist OLlEHKHM psiaa CyLLECTBYIOLLM X TEOPU il arperupoBaHHBIX Cy-
CIMEeH3UH.

B ctatbe A. lNotanuHa, H. YpbweBa [161] npuBeaeHbl 3KCNepUMEHTaJIbHBIE TaH-
Huie aJist yactuu [1BX B MuHepasibHOM Macjie ¥ NoKaszaHbl TEOPETUUYECKHE KPHUBBIE
JUTSI pa3HblX Moziesieit TeueHus (puc. 6.3). 3nech 10CTaTOYHO OTMETUTD CYILIECTBEHHOE
pas3JinyMe MeXAy 3KCMEPUMEHTOM U CYLLIECTBY IOLLIMMH TEOPUSIMH.

Paccen [31] ucnonb3yet pesyabrathl padoThl [220] 115 OLEHKU BJIMSIHU S KauecTBa
pPacTBOPMUTEJISI HA OTHOCUTENLHY IO BSI3KOCTh [1BX-nnactuzoneii (puc. 6.4). [lpeano-
JlaraeTcsi, 4To JJIsl CYCNeH3uu ¢ TaTa-pactoputenem aasi monekyn INBX cheprnue-
ckue yactuub [MBX saBnsiioTcsi npakTHyecku HeHTpaJibHBIMH (HE NMPUTSATUBAIOTCS
M HE OTTAJIKUBAIOTCS APYT OT Apyra). CycneH3usi MMeeT HU3KY10 BA3KOCTb M NOBENE-
HuUe OJIM3KOE K HbIOTOHOBCKOMY.

CycrneHsus B XOpoueM paCTBOPUTEJIE CTAHOBUTCSH CTaOMJILHOM M3-3a 3HAYUTEJTb-
HBIX CUJI OTTaJIKUBaHMUsI. Ee BSI3KOCTH Bbillle, U HEHbIOTOHOBCKOE TOBEJIEH Me Bhipa-
KE€HO CHUJIbHEE.

B nynoxomM pacteopuTesie [1BX-yactnib 00pasylot arperatbl-(QOJIOKYJIb U CYCTEeH-
3Usl UMEET BBLICOKYIO BSI3KOCTH C TEHJIEHIIMEN NMpeEaeibHOMY Harnpsi>kK€HUIo C/BUTra.
PacueTsl no 06001IECHHOMY YPaBHEHUIO TEUEHMUS MOKA3aJIM, UTO CTPYKTYpHasi peo-
JIOrM4ecKasi MojieJib MOXeET OB Th MPUMEHEHA AJIsl BCEX TPeX TUNOB cycneH3uu. Pac-
cuntaHHbie KOahduimentol OYT npuBenesnl B Tadn. 6.2. Ha rpadmKe nyHKTHPHOII

-5 -3 -1 oG

Puc. 6.3. SkcnepuMeHTanbHble AaHHble Ans yactuu [1BX B muHepasibHOM Mmacne
W TeOpeTHYEeCKHE KPHUBBIE TEHEHHWA ANs1 PA3HBIX PEONOTHYECKUX MOaeIei,
npeactaBieHHBX B ctatbe [161]. INMokazaHa 3aBUCMMOCTE OTHOCHUTEJIBHOM
BSI3KOCTH OT 6€3pa3MepHOii CKOPOCTH CABUIA



lgn, INac
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Puc. 6.4. KpuBoie BS3KOCTH B JIBOMHBIX norapudpmuueckux koopauHatrax [1BX-
njiacTu3oneil ¢ KoHueHTpauueid ®=0,2: kpuasi 1 — rnuuepuH (nJoxoii
PacTBOPUTENS), KpuBas 2 — nu-2-atunrekcun O-gpranat (xopoluii pacTBO-
puTenb); kpupasi 3 — numetun O-dranat (Tata-pactsoputens). CrnnowHbe
JuHuu — pacyet no OVT. lanHbie u3 [31]

Tabnuua 6.2. Pconornueckue xapaktepucTuku [1BX-nnactusoneii: Gunokkynupo-
BaHHOro (pomonl); cTaOMNU3MPOBAHHOIO (KPyXKH);, HelTpaJibHOro

(TOUKH)
I BX-njiacTuzons 72 N X n"*(0)
DIIOKYJIMPOBAHHBI i 10,9 1,41 0,107 102,2
CTaGUNH3UPOBAHHBIF 1,46 1,32 0,071 21,9
HeiliTpanbHbii 1,83 1,29 1,11 2,94

JIMHHUEN oTMeYeHBI 3Ha4YeHMs1 KOddduiiMeHTa BI3KOCTH K3CcCoHa, TO €CTh NPEAESIbHO
HU3Kasl BSI3KOCTh CUCTEMbI C NMOJIHOCTHIO paspylLLIEHHON CTPYKTYPOM.

Jlerko BUIETh, UTO NMpeaesbHasi BA3KOCTD 1), MPH OECKOHEYHO OOJIBILIMX CKOPO-
CTSIX CABMIa NMPakTHYECKKU onuHakosa. KoodpuumeHt arperaumm t, MakCHMMaJIEH
anst (pJIOKYIMPOBAHHOM CYCNEH3UMM CO 3HAUMTEJLHLIMM CUJlamMM cuerieHus. Hau-
DoJsice KOMMNMaKTHBIC arperatbl 00PasyoTcs B HEUTPAJIbHOW CYCNEH3WU, CYys MO BE-
JIMYMHE Y.

6.2. YronbHasa caka B pacTBope nonnubyragueH—CcTuporn

HacTuubl YroJIbHOM Caxky JUCNEPrUpoOBaHbl B PaCTBOPE NoJMOyTaaueHa B CTUPOJIE;
KOHLIEHTpaLusi nonnbytaaueHa 4% no Becy NO3BOJISIET NMOJIYYUTh HbIOTOHOBCKYIO
JIMCNEPCHOHHYI0 cpeny ¢ BA3KOCThIO 0,053 [1a-c npu 30°C. HacTtuibl caxu pasnelie-
Hbl Ha ABe ppakumu: CB 1 co cpeanum nuametrpom yactuu 28 HM 1 CB 2 co cpenHum
nuametpom yactuu 19 HM. Astopsl [71] uaMepunun 3hPEeKTUBHYIO BA3KOCTH B 3a-
BUCUMOCTH OT CKOPOCTHM CABMTIa C MOMOIIbIO BUCKO3MMeTpa Xaake. [lpenyioxeHnnoe
UM ypaBHEHHE T€YEHHUS MMEET LIeCTh napamMeTpoB, BKJIIOYas MNpeiesibHOe Hanps-



Tlﬁ, ]—IHI,-"E TI,.I"E’ [—IHI}'E

Puc. 6.5. KpuBbie TEYEHHs] B KOPHEBBLIX KOOPAMHATAX CYCNEH3WHU YIOJIbHOW CaXH
B nofiMMepHoM pactBope: @ — ppakuusi CB 1 npu koHueHnTpauuu 15% (1),
10% (2), 5% (3); 6 — ¢ppakumns CB2 ¢ koHueHTpanmeii 5% (1), cMech dhpak-
umnii CB 1 u CB 2-5% (2). danHbie us [71]

Tabauna 6.3. Peonornueckue xapakKTepUCTHKHU CYCTIEH3WH YIS B MOJHMEPHOM pac-

TBOpE
CucreMa D, % n"’’ T, X
CB 1 (28 HM) 15% 0,91 120 2.7
10 % 0,74 75 3,0
5% 0,73 39 4,7
CB2(19 um) 5% 0,86 3.8 0
Cmece CB1 —CB2 5% 0,83 1,9 0

xkeHue (cm. yp. 1.23 B . 1). XapakTepuCTHKH TeYeHU s NpeacTaBjieHbl Ha puc. 6.5
n tabn. 6.3.

[lpyn onMHAKOBOK BECOBOH KOHUEHTpalUK KO3hOUuMeHT (1)) HE3HAYUTENBLHO
M3MEHSIETCSI TTPH NEPEXO/IE OT MEJIKHUX YacTHLl K KpynHbIM. B TO Xxe Bpemsi koahdpu-
HHeHT (7./°) U3MEHSIETCS CYIIECTBEHHO, YTO CBUAETEJILCTBYET O 3HAYMTEJILHOM pa3-
JINYUM Pa3MEPOB arperaTtos B 3TUX CUCTEMAX,

1/2
¢

6.3. Tunorpadckana kpacka

buiyio uccnenopaHo [74] tedyenue yepHoit THnorpadpCcKol KpacKu, rae CoacpXaHue
YroJibHOWM caXXu B uHTepBasne ot &8 10 20 %. [NpensoxxeHHOE ypaBHEHUE TEYEHU S CO-
nepxXuT dyetoipe napametpa (cMotpu yp. 1.26 B . 1). Bce uccnenopaHHbie KOMNO-
3UIMU KPacUTEsl MUMEIOT 3HAYMTEJIbHBIE TUKCOTPONHKIE CBOWMCTBA, YTO aBTOPHI [74]
CBA3LIBAIOT ¢ HAJIMYHUEM ArperatoB B CYCNeH3uH. XapaKTEPUCTHUKH TEYEHUS TPe-
cTaBjeHbl Ha pyc. 6.6 n B Tadn. 6.4. Coctae 1MCnepcHON CHCTEMBI NOIPOOHO ONUCAH
B cTathe [74], 3neCh yKazaHa TOJILKO BECOBasi KOHLEHTpalMs yacTtuil caxu. [lokazana
annpokcuManus no OYT.
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Puc. 6.6. KpuBble TeueHHs1 B KOPHEBBIX KOOPAMHATAX THNOIPa(pCKOW Kpacku: a —
kpacutenu 6 (1), 8 (2), 14 (3); 6 — kpacutennb 9 (4). Jannbie u3 |74]

Tabnuua 6.4. Peonornueckmue xapakrepucTHkKH Tunorpadgcekon Kpacku nnpu T =30°C

Cucrema N kp. @ T/’ n/’ X S,

Kpacutenu 6 | 8 0,798 2,64 0,133 0,054
Kpacutens 8 2 14 2,69 3,37 0,031 0.307
Kpacurens 14 3 20 7,37 4.18 0,011 0,093
Kpacutens 9 4 14 3.92 1,41 1,62 0,201

6.4. BoaHble gucnepcumn ryMMHOBLIX BELLECTB

Jucnepcuu ryMMHOBBIX BeLLECTB NPeACTaBisilOT COO0M CTPYKTYPHPOBAHHBIE MC-
nepcHble cuctembl. B cratbe [223] npeacraBiieHbl peOJIOrHUYECKHE KPHBHIE I'YMaTOB
MCIAM, AJIOMMHMS, MapraHua v APYruX r'ymMMHOBBIX BCLICCTB. [Jisi 3THX CUCTEM
XapakTepeH pe3KHMH Clal BA3KOCTH B Y3KOM MHTepBaJic U3MeHeHHu s Hallpsi)keHH H
CABUIra. DTO siBJICHUE OOBIYHO OOBACHAIOT pa3pyLUEHHEeM CBA3€H MeXJy CTPYK-
TYpHBIMu eauHuuamMmu. [lokaxxemM Ha npuMepe TeyeHus rymMaToB MeJlM, YTO PeoJ1O-
rMYECKHE XAPAKTEPMCTHUKH HAMCIEPCHH T'YMHWHOBBIX BeLLUECTB MOXHO OObACHHMTD
B paMmKax 0000LLeH HOI Moaesiu TeueHus (puc. 6.7, a, peosiorndeCKMe napaMeTpbl —
B T1abJ. 6.5). OTkJioHEeH ue oT npsaMoi KaccoHa B 00J1aCcTu HU3KMX CKOPOCTEN CABMTIA
(KpuBas 3) CBsi3aHO, MO HALLEMY MHEHMIO, C HaJIMYreM B 3TOH 00J1aCTH HBKOTOHOB-
CKOro Te4YCH M, IA¢ arperarbl UMEKOT NMOCTOSAHHBIE pa3MEpPHI, HE 3aBUCS LLLUE OT CKO-
POCTH CIBMTIA.

OTMeTUM, 4TO B cTatbe |223] aBTopbl OTHOCAT cucteMbl (1) M (2) k TBepnoobpas-
HOMY TeJ1y; CUCTEMY (3) OHU CYMTAKOT CTPYKTYPHPOBAH HOM XXMIAKOCTBIO, CUCTEMY (4)
OTHOCST K HBIOTOHOBCKOM X MJIKOCTH,
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He3sa (1), worypra (2). lNosichenms B Tabn. 6.5

Tabdimua 6.5. Peonoruvueckue xapakrepucTHKH rymaToB MeAH

N kp. D, % (s Y/’ X
1 4 2,28 0,053 3.1
2 2,9 0,88 0,055 0,62
3 2.2 0,35 0,045 0
4 0,57 0,088 0,043 0

6.5. lNuweBble nacTbi

[TuiueBbie NacThl ABJSKOTCA TUKCOTPONHBIMY CUCTEMaMH, KOTOPHIE ACMOHCTPUPYIOT
NCEBAOTIIACTHYHOE TEYEH ME, HITH TEYEHME C NPEACSIbHBIM HallpsiXKeHueM casura | 75).
Pe3ynbTaThl cTaThu ObLJIM ONKUCAHBI € NOMOLLbKO Moaesin epLuesis — bajikiiv u ¢ no-
MOLLIbKO 3KCITOHEH LIMAJIBHOW MOJIEJIH, COAEPXALUEH NATh NOATOHOYHBIX peoJioruye-
CKMX napametpos (cMoTpu yp. 1.27 B 1. 1).

KpuBble TeueHUs 1St MailoHe3a M lorypra nokasaHbl Ha puc. 6.7, 6. CBepxaHo-
MaJiu sl BA3KOCTH HA HHIKHEN KpHBOH B 00JIaCTH HU3KHUX CKOPOCTEN CBsI3aHa C Npeoo-
JlajaHueM OOJIbIIIMX arperaToB, TO €CTh OTKJIOHEHHMEM OT paBHOBECHOIO COCTOSIHHSI
TCUCH U .

6.6. [yHaMU4eCKUIM U CTaTUYECKUI NpeaenbHble
Hanps>XeHUA cABura

Ha npumepe HEKOTOPHIX CYCNEH3MH CPABHUM INOHATHUSI AMHAMMYECKOro Nnpeacsib-
HOI0 Hamnps>XCHUS COBUTa U CTATHUUYCCKOIO MPCACIIBHOrO HanpsixkcHus (npeacia
TEKYUECTH).



B knure E.C. bunrama [39] npuBeaeHa auarpaMmma rnjaacTH4HOro teJia, KoTopas
BKJIIOYAET B ceOst NpsiMmy 0 bBUHramMa v y4acTtok OTKJIOHEHHUSI 11PU HU3KUX CKOPOCTSIX.
DKCTpanoJIHpoOBaHHOE 3HAYEHUE T, NPEAEJIbHOrO HanpsixkeHus caura (yield stress)
SABJISICTCSI YCJIOBHOM BEJIMYUHOM, IOCKOJIBKY IpH 00Jiee HU3KHUX 3HAYEHUSIX Ha-
NpsSiXKEHUSI T TEYECHUE TPOIOJIKAETCSA ¢ KOHEYHOIM ckopocTbio capura y. [lonoOHbie
SKCTPaNoOJIMpOBaAaHHbBIC 3HAYEHUS, TOJIYIEHHBIE 10 ypaBHEHHsIM KaccoHna, lepuue-
Jis— baJiknu ¥ ap., 0OblYHO HA3bIBAIOT JUHAMUYECCKUM TpEeAC/IbHbIM HallpSIXKCH U-
eM cnBura. BriepBele KOHLENUIO NpenebHOro Hanpsixxenust (yield stress) BoiiBU-
Hynu budram u I'pun (1920). DTa KOHLEN LU OTHOCUJIACh K NEPEXONY OT TBEPAOIro
(ynpyroro) K >XHUAKOMY (TEKy4YeMy) COCTOSIHUKO cucTeMbl. [log necTBUEM MaiblX
Harpsi>kEHHH cCUCcTeMa UCNBITHIBAeT yIpyry achopMalHiO, HO €C/IU Halnpsi)KeHUe
NPEBBILIACT HEKY IO INPEICJIbHY 0 BEJINUUHY, TO CUCTEMA TEYET KaK BsI3Kasi XK UJIKOCTb.
TakHM 00pa3oM, cTaTHUYECKOE MPEAESIbHOE HanpsiXXeHHe T¢ OObIYHO CBSI3bIBAIOT C CH-
JIOH (Ha eNMHU LY NJOWAIH), KoTopasi TpedyeTcs A1l pa3pbl Ba CIIJIONIHON CTPYKTYPhI
M obpazoBaHUsl eNMHUL TedeHUsl. CraTuyecKkoe NnpenesibHoe Harpsi)XeHHE T onpe-
JIENSIETCS KAK Halpsi>)XEHHE CABUra, npu KOTOPOM MNOSIBJISIKOTCS NMPU3HAKH TECYEHMU S
B XOJIE IKCIEPUMEHTA.

UToOBI NPOUIINKOCTPUPOBATE ITU PacCyXXICHUSI, paCCMOTPUM TeueHue ¢apma-
LIEBTUUYECKOI cycrneH3uu U3 moHorpapuu A.Sl. Mankuna u A. U. Ucaesa |9], koTo-
poe rnpeacTaBjcHO Ha pyc. 6.8.

CTtopoHHUKH Moaesii buHrama oObIYHO BEHIOMPAKOT y4acTOK KPpUBOM B 00J1acTH
BBICOKMX cKopocTeii, Hanpumep ot 400 1o 700 ¢ ', M annpoKCUMMUPYIOT €ro 1npsiMoii
JIMHUEMN JI0 NMEPEeCceYCHUS € OChIO T, ONPEAESIsisl MPEAcibHOE HaNpsi>kKeH e 1no buHramy
(t,= 12 [a).

B KopHeBBIX KOOpAMHaTaX KaxXyryasicsl NnpsiMOJIMHEMHOCTL paclipocTpaHseT-
cst Ha y4acTok ot 100 no 700 ¢ ' v nepeceuerue ¢ ocvto 177 naet pesinumny 1, = 8 la.
PaccuvTanHasi 1o 06001eHHOMY ypaBHEHHU 0 TeueHH sl BeJIMYMHa paBHa T, = 8,64 [la.
Ha puc. 6.8, 6 BepTHKanbHas TIUHHU S OTMeYaeT 3HaYeH ue KoadhdUuyueHTa arperaguu
T., KOTOpBIH B cliy4ae NnceBaorJIacTHYHOrO TEYEHHU S HE SABJISIETCS, CTPOTO FOBOPS, M -
HaMUYECCKUM Ipeac/ibHbIM HATIPSIXKEHUEM CIBUTA.

B nocienHee Bpemst 1St onpenesicHUst BEJIMYHHBI To UCMOJIB3YETCS METOJ1 KPblJIb-
yaTkH (vane method), koTopblii noapoOHO onucaH B paboTte [224]. B cycneH3u o BBO-
JISITCSl IONACTH KPbUJIbYAaTKU, KOTOPLIC NMPU BpaluCHUHW NPUBOAST B JIBUXEHUE L M-
JIMHAPUYECKHH 00DbeM XU AKOCTH. MakcUMalbHas cUJla, COOTBETCTBYIOLLIAs HAYally
JIBUXKEHMU I, COIOCTABASIETCS C NPeacyibHbIM Hanpsi>keHueM. YetaHossieHo [224] cooT-
BETCTBUE MEXY BEJIMYUHAMMU NPEACSIbHOrO HaNpsi>KEHU S, NOJIYYEHHBIMU MPSIMbIMH
METOIAMH U ¢ NOMOLLBIO 3KcTpanonsiuMu, UcnosibzoBanack MUHEpasibHas Nacta no-
JNYyNpoaykKTa, NoJlydcHHoro npu odbpadorke O0OKCHTOBOM pyibl.

Touku Ha rpaduke (puc. 6.9,6) COOTBETCTBYIOT MAaCCOBBIM KOHLIEHTpALUAM
TBepaoi ¢aszwi: 1 (68,5%), 2 (67,5%), 3 (66,5 %), 4 (66 %), 5 (65 %), 6 (63 %). 3HaueHU s
T, BCEI/Ia HEMHOTO HUXXE 3HaYeHHU i T, (puc. 6.9, 6).

PaccMOTpHM TaK>Ke MarHUTHYIO CYCNIEH3UI0, KOTOpas NnpeacTaBasiloT coOo# pas-
auyHblc Monudukauuu kpuctannos Fe,0,, noMe1IEHHBIC B paCTBOPBI UJIU PACJIaBbl
noaumepos. Peosiornueckoe nopeaeH ue Kpuctaanosy — Fe,0,, nokpuITHIX a7COPOU-
POBaHHHIM cyioeM Kobasibta, onHMcaHo B padote [73]. Kpucraniael UMEOT YAJIHHEH-
HY10 GOPMY € OCEBBIM OTHOLLIEH UEM OKOJ10 6 M cpeaHeit nauHoi 0,37 mkm. Aucnepcu-
OHHasi cpefia — pacTBOp NOJIMYPETAHA B LUKJOreKCaHOHE. ABTOpHI | 73] npennoxunu
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Peonornueckoe nopeieHue CycrieH3ui: @ — KpHUBasl Te4eHHs1 MarHUTHOM
CYCNEH3MH, '1:_:_"2 =6,93; 6 — cpaBHeHue Ko3gpuuuenta Kaccona u npensensb-
HOI'0 CTATHYECKOI'O HAMPSAXKEHHWA AN CYCTEH3MH € pa3HOH KOHLIEHTpaLHeH

aucnepcHoii hasbl



ypaBHEHHE TeUYeHUsl, oObeauHsowee moneau buHrama u Kaccona (cm. yp. 1.25
B 1J1. 1). TUKCcOTpoOIiHbIc CBOMCTBa oOpa3iia OblJIM CHHUXKEHBI 3a CYET INpPeaABApUTEN b-
HOIro pasMeLLIMBAaHUS BELLECTBA B 3a30p€e MEX 1y LIMJIMHApaMU BUCKO3UMeTpa (5 MUH
npu ckopoctd 1000 ¢ ™). MpenesibHOE HaNpsiXXeHHe GbIJI0 U3MEPEHO HE3ABUCHMO Me-
TOJIOM KpblIbyaTKU. [pH 3TOM cyCcrieH3us npeiBapuTeSibHO NPUBOAKIIACH B COCTOS-
HHE BpaLUeHH S C TOMOLLBIO KPbIJIBYATKH, a 3aT€M HaXo/1uJlach HEKOTOPOE BPEM S B I110-
KO€ /10 HayaJla U3BMEPEHHUSI CTaTHYECKOro HallpsiXEH U cABUTa T, MBI IpeacTasiisiem
IKCrepuMeHTaNbHbIE TaHHBbIE |[73] B KOpHEBBIX KoopAMHaTax (puc. 6.9, a) nis cucre-
Mbl C BECOBbIM OTHOIlIEH UeM NoNMypeTaH/uukiorekcaHon /y — Fe,0, = 1/8,6/4,4. Be-
JIMYMHA CTATUYECKOTO MPENESIbHOro HanpsixkeHUs T = 6,93, paccurTaH Hast METOIOM
KpbUJIBYATKH, HE3HAYUTEJIBHO NMPEBBILIACT AMHAMHYECKOE NPEIC/IbHOE HANPSIXKEHHUE

(t), nonyuyennoe u3 ypasuenusi Kaccona.

6./. Teuenne rmapodobHoro gnokcuaa KpeMHua
B nonuone

HaHopa3MepHbi€ YacTU LBl AHOKCHAA KpeMHU$ (aspocki R 805) HaxonaTcst B HU3KO-
MOJICKYJISIDHOM OpraHUuYecKoOi XUAKOCTHU 1noauoJi. [lopepxHocTH yacTul (pa3mMepsbl
0K0J10 32 HM) MOAUGDULIMPOBAH Bl JI1s1 NPpUAAHU A THAPOMUABHBIX HJTH THAPOPOOHbIX
cpoiicTB. TMapodUNbHBIE CYCNEH3UH JEMOHCTPUPYIOT HBIOTOHOBCKOE TOBEICHME
M HE NPECTABJISIIOT 3/1IECh HHTEpPECA.

MNwnpodobubiii aspocun R 805, noBepxHocTh KOTOpOro moauduuHpoBaHa a-
KUNbHOW uenblo CyH,,, NOKa3blBa€T BSIZKOMNJACTHUYHOE MNOBEAEHUE C BO3MOXHbBIM
NnpeJieJibHbIM HanNpsixXeH uem capura [225]. PesynbraThl paccesiHU Sl CBETa H MaJIOYIJ10-
BOI'O pacCesiHUSI HCHTPOHOB YKa3bIBAalOT Ha CYLUECTBOBAHUE arperatoB ¢ ()pakTalib-
HOM ynopsinoyeHHOCTHIO ((ppaKkTasibHasi pasmepHocTh D= 1,8). PazMepbl arperaton
pocrurarot 6 MkMm. KopoTkHe Lenu nonuona, UMEKLIEro HU3KUH MOJIEKYJISIPHbI I
BEC, YYACTBYIOT B 0Opa3oBaHUHU MOCTHKOB, CTUMYJIUPYSI CO3/IaHHUE TPEXMEPHOM re-
JICBOH CTPYKTYpHhI.

3 lgt,Tla 72, 13"’

10

Puc. 6.10. Peonormuyeckoe noBeaeHue cycneH3mii: 4 — KpuBbie TeueHus1 ruapodoo-
HOI'0 KONNOMAHOIro nMoKcuaa Kpemuus aspocun R 805 B nonuone; 6 —
KPHUBbIE TEYEHH I CYCTNEH3MH CTEKJSIHHBIX YacTUL B noMOyTaHe



Tabnuupa 6.6. Koadduumentet OYT ana konnouaHoro amokcuaa kpemHusi R805
B 10JIMONE
N, pisoi | 2 3 4 5 6 7
D % 6,5 4,35 3 2,2 1,75 1,1 0
7./’ 10,6 7,08 4,21 2,52 1,92 0,59 0
" 7,80 2,66 1,09 1,04 1,05 0,76 0,696*
X 0,00073 0,0031 0,0064 0,0030 0,0045 0,056 0

* HplOTOHOBCKAS BSA3KOCTD.

Peaynbrathl U3MEpPEHUS1 CIBUIOBOro TE€UYCHUS npeacrtaBjicHH Ha puc. 6.10, a.
Mbl anrnpoKCUMUPOBAJIUH KPUBBIE TEYEHUSI C MOMOLLbIO 0DODOIIEHHOIO ypaBHEHUSI
TeueH U (Tadn. 6.6).

Hy>XHO OTMETHTB, UTO INPH BEICOKUX KOHLEHTPaLUsX a2pocHiia B 00JIaCTH BBICO-
KHUX CKOPOCTEH caBHUIa HADM0AACTCH OTKJIOHECHHUE OT TCOPETHYCCKOM KPUBOM TeuUe-
HUS (1BE IKCNEPUMEHTAJIbHbIE TOYKH).

DTH IKCINEePUMEHTAJIBHBIE TOUKH UCKJIIOUEHBl HAMU M3 annpokcumaumuu. Takoe
CHUXXEHHE BEJIMYUHBI HAlpsi>KEHU S CABHUTa MO CPAaBHEHUIO ¢ TEOPETUUYECKUMH 3HA-
YEHHUSIMH IOCTATOYHO YacTO BCTPEYAECTCH KAK B KOHLICHTPHPOBAHHBIX CYCIIEH3USX,
TaK U B pacTBOpax lNnoJIMMEPOB B palOHE BBICOKH X CKOPOCTEH C/IBUra U MOXET ObITh
CBSI3aHO C HA4YaJIOM Nepexojia K sIBJIEH U0 CpblBa TEUYECHU S,

6.8. CreknaHHble YacTULbl B NoNMbyTaHe

B kHure 4. /1. Xana [80] onucaHo peonoruyeckoe noBeacHHUE CTEKJSSHHBIX YACTHLL,
CYCNEHAHPOBAHHbIX B HU3KOMOJIEKYJIsSIpHBIIE nonuoyTaH (indopol L 100). ucnepcu-
OHHasl cpesia sIBJISIETCS! HbIOTOHOBCKOM XXUAKOCTBIO, YAaCTHLIBI UMEKOT AUAMETP OT
10 44 MM (@ =0,05). 9TU 3KCNECPUMCHTAJIBHBIC PE3YJILTAThl NMPEACTABJICHBI HAMU
B KOpHEBbIX KoopauHaTax (puc. 6.10, 6), 3HayeHUst KOADPHULIMEHTOB PEOJIOrHYECKO-
ro ypaBHeHHWs1 npuBeneHbl B 1abn. 6.7. 3aBUCHUMOCTb KO(h(MULHMEHTA BS3KOCTH 1,
OT OOBEMHOM KOHLUCHTpaUHH P, HECMOTPS HA 3HAYUTEJIBHBIH Ppa3dpoC TOUYCK, MOX-
HO OINKUCaTh C NOMOIUbIO ypaBHEHHUS 1) = N (] — k®)™", rne N, = 0,41856 Ia-c, A =234,
k=1,29.

Taoauua 6.7. KosdduiumeHTs 0600meHHOro ypaBHEHU S TeYEHU S ANS CTEKNSAHHBIX
4YacTHI| B HU3KOMoJieKyisipHoM nonubyraHe (indopol L 100)
¢ 0,55 0,5 0,45 0.4 0,35 0,3 0,25 0.2 0,15 0,1
T 19.4 20,6 17.9 11,5 9,53 4,75 5,21 6,44 4,32 1,3
e 2,78 2,04 1,76 1,69 1,48 1,31 0,93 0,72 0,65 0,67
X 0,085 1,22 1,22 3,04 2,55 0,13 0,17 1,97 1,22 0
N Kp. | 2 3 4 5 6 7 8 9 10




6.9. TeuyeHne cycneH3um YacTuL pa3Hon pOpMbI
N pa3Mepa

[Tokakem Ha pa3nHUYHBIX IpUMepax, 4TO 00001LEHHOE YpaBHEH M€ TEYEH U CIlpaBe/l-
JIMBO 111 CYCNEH3MI ¢ yacTHUAMH pa3HOoil QOpMBI, pa3Mepa U pacnpenesicHUs ya-
CTULL 1O pa3MepaM, C pa3HO JMCNEPCHOHHOM CPEAO U pa3HbBIMH criocobamMU cTa-
OUJIM3aLUHN.

backan ¢ corpynHuKkaMu [229] uccnenoBasiv TCYEHHUE NMOJUCTHPOOBOrO JIaTCK-
ca L 50 (®=0,131) c yacTHlaMM KOJUIOUJTHOIO pa3mepa (= 26,3 HM) B BOJHOM pac-
tBOpe 2,67 10 monb/am’ NaCl. YeroiiunBoe TeueH e BOZHUKAJIO NPU NPEBbILICH MU
CTATHYECKOTrO NpenesibHOro Hanpsixenus T, ~ 1 H/m’. Cnsurosoe Hanpsi>keHHe B 3a-
BUCHMOCTH OT CKOPOCTH CABHUTIA B KOPHEBbLIX KOOpPAMHATAX NokKa3aHo Ha puc. 6.11, a.
Kpugas (1) noctpoeHa no 0606L1EH HOMY ypaBHEH U0 TeUEH M si, KpUBasi (2) — 1o ypas-
HeHH1O OcTtBanbna. CooTBeTcTByOLIHE KOIPPUILIUEHTH UMEIOT CASAYIOLUE 3HAUe-
Hust: TV = 3,5, =0,04; 1 = 6,15; S, ,=0,063; 7, = 0;m,, = 0,845; n = 0,474; S, , = 0,141.
[lpencrapiisieT UHTEpPEC CPABHEHUE ITUX XKE IKCINEPUMEHTAJIbHBIX JJAHHBIX C U3BECT-
HbiMU ypaBHeHUsiIMHU Kpocca [46] u Kpurepa— Horeptu [48]. PesyabraThl pacueta
npeactabieHbl Ha puc. 6.11, 6. YpaHeHnHe Kpurepa— JlorepTd ninoxo onucbiBaeT
IKCNepUMEHTaNbHEIE JaHHBIE, ypaBHeHHe Kpocca (¢ nokasareneM n = 2/3) coBep-
LLIEH HO HE NMOAXOJUT [AJisl arnnpoKCUMaL W H.

CycneH3Hst NOJUCTHpoJioBBIX chep Bonbinkx pazMepo (40—50 MKM) B CHITHKO-
HOBOM MacJie [84] neMOHCTpUpYET NpakKTHUYECKHW HbIOTOHOBCKOE TEYEHUE IPH N0CTa-
TOYHO 00J1bILOIH 00beMHOM KOHueHTpaykH (0,4 u 0,45).

[loaToMy MBI BHIOpaik B KAY€CTBE HBIOTOHOBCKOM BSI3KOCTH 1), 3HAYEHMU S BSI3KO-
CTH NpH HAUOONbIIIEH CKOPOCTH TEUECHHU S 1151 ITUX KOHLUEHTpauuii. KpuBble HeH blo-
TOHOBCKOI'O TEUYEHH 51, NOJIYYEHHbIE NPH 00J1ee BLICOKUX KOHLUeHTpauussax (0,5 u 0,53),
npeacrasiieHbl Ha puc. 6.12, a. Ha puc. 6.12, 6 nokazaHbl 3HaYCHH S BI3KOCTH 1), U 1),
NS YeThlpeX 3HaYeH U KOHUeHTpauuu. TeopeTnuecKasi KpHBasi NOCTpOEHa Mo ypaB-
HEHHUIO M_ =1, =7,=N,(1 - k®)™, rne k=0,974; A* = 3,798. Ctpenka pasnesisieT 00-
JJaCTH HBIOTOHOBCKOIO U HEH bIOTOHOBCKOIO TECUYCH M.

. 7’ n
0,2 L

0.1 I

Puc. 6.11. Peonornuyeckoe noseaeHue nonucruposioporo narekca L 50 B pacrBope
NoBapeHHOW CONM. @ — KPUBLIE TEYEHUSI B KOPHEBBIX KOOpAMHATax, | —
00600LIEHHOE ypaBHeH He TeueHus1, 2 — no ypaBHeHnio OcTBanbia; 6 — 3a-
BUCMMOCTb BSI3KOCTH OT CKOpPOCTHM ciBura, | — no o0o0LeHHOMY ypaBHe-
HUIO TeueHus, 2 — no ypasHeHuio Kpurepa — Jloreptu



PombGoanpuueckue (rnpoposiropatbie) kpuctajunbl Fe, 0, B atuneHrnukone |78
JIEMOHCTPUPYIOT TEYECHUE, MNOAYUHSsIIOLEeecs 0000LIECHHOMY YpPaBHEHUIO TEUYCHMUS
(puc. 6.13, a). 3aBUCHMOCTb KO3(MPHUIIHEHTA BA3KOCTH 1), OT KOHUEHTpaLlUH 10Ka3a-
Ha Ha pMc. 6.13, 6.

TeueHHe yacTUIL INIHHBI (KOTOPbIE UMEKOT MJOCKYIO (hOpMY) B HEHACHILLICHHOM
nonusaupHoii cmone [154] nokasaHo Ha rpagukax (puc. 6.14).

AHaJIorHyHble rpapU KK NPUBEACHBI [J151 XapaKTePUCTUKH T€YEH M Sl NOPOLLKA NO-
JIMITHIIEHA (UMEoLLEro OOJIBLION pa3dpoc pa3MepoB YAaCTHILL CO CPEIHUM paauycoM
20 MKM) B noausapupHoi cMmone (puc. 6.15). CxonHble pe3yibTaThl NOJYYEH bl TSI N0-
pOILLIKa NOJUITHIICHA CO CpeHUM panuycoM 40 MKM. Hy>XXKHO OTMETUTD, YTO pe3yJib-
TaThl XOPOLLO ONUCHIBAIOTCs 0000 LLEH HOI MOJIEIbIO TEUEH Usl, HECMOTpsi Ha 6OJBILIOW
pa3opoc (NOJAUAKUCIEPCHOCTH) pa3MepoB YacTHIL B IOPOIIIKE.

Tuz, [1a'? |
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6 F
1.2 F
4 L
0.8 F
2} 04 |
—1/2 (D'
(]. L L 1 1 U 1 1 1 1
0 | 2 3 4 (.35 (.54 0.45 0.5 (.55
Puc. 6.12. Peonoruveckoe nopefieHUE cycneHiny noaucTuponoBbix chep 40—50 MKMm
B AMAMETPE B CUJIMKOHOBOM MAC/e. d — KPHUBbBIE TEYEHH S B KOPHEBBLIX KO-
opauHatTax npu oobeMHo#i KoHueHTparimu 0,55 (1), 0,50 (2); 6 — 3aBucu-
MOCTb NPEAENbHON BA3KOCTH OT 00bEMHON KOHLIEHTPALIMH B C/ly4yae HblO-
TOHOBCKOIO TEYEHH S U NCEBNOMJIACTHYHOIO TE4EHM A
1/2 1/2
777, MNa l
10 ’ 0035 |
8 003 |
0,025 F
6 0.0 |
4 0.015 |
001 F
2
0,005 F ®
{} 0 L 1 1 1 ]
0 0,05 01 015 02 025
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Puc. 6.13. Peonornueckoe noseneHue cycnensnun yacrtuil Fe, O, B aruneHrnukone: a —
KPUBbLIE TEYEHMS1 B KOPHEBBIX KOOpAMHATAX NPH 00beMHOI KOHLEHTPaLIMK
0,24 (1), 0,18 (2); 0,12 (3); 0,08 (4); 0,04 (5); 6 — 3aBUCHMOCTb NPEAENLHOMN
BA3KOCTH (KO3 dhuimenTa Ba3kocTH Kaccona) ot 00beMHOIT KOHLEHTpa-
umu (k= 3,17; A*=0,765)
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Puc. 6.14. Peonormuyeckoe nopegeHHe 4acTHL IMUHb B HEHACHILWEHHOH Nonu3gpup-
HOIi CMONe: @ — KpHUBLIE TEYEHU S B KOPHEBBIX KOOPAHHATAX MPH 00bEMHOIA
KoHUeHTpaiuu 0,241 (1); 0,205 (2); 0,114 (3); 6 — 3aBUCMMOCTb NPeAEN bHOI
BSI3KOCTH OT 0ObeMHO#1 KOHLIEHTPALWH B CJ1y4ae HbIOTOHOBCKOIO TEYEHH
H NCEBADIINACTHYHOIO TEYEH M H. C'I'['JEJIK(}ﬁ OTMEYEH KﬂB(l')d)HHHEH']' HEW)-
TOHOBCKOHM BSI3KOCTH

11;11 Ma"?

Puc. 6.15. Peonorvyeckoe noseaeHHE MOPOLLKA MOoAMITHAeHa auamerpoMm 20 MKM
B HEHACHI LWEHHO NoNU3(hHUPHON CMOJNE: @ — KPUBBLIE TEUEHH I B KOPHEBbIX
KoopauHaTtax npu oobemHoit konuentpaiiymu 0,309 (1); 0,258 (2); 0,206 (3);
0,155 (4); 0,104 (5); 6 — 3aBHCUMOCTD NpeAeSibHOH BA3ZKOCTH OT 00BbEMHOIA
KOHLIEHTPaLMKH B CNy4yae HbIOTOHOBCKOIO TEUEHUS M MCEBAOINNACTHYHOIO
TeyeHUst. Crpesikoil orMeueH KO3(h¢pUHIIMEHT HBIOTOHOBCKOI BSI3KOCTH

[lpuBeneM TabGNMLy CTPYKTYPHO-PEOJIOTHUYECKUX XAPAKTEPUCTUK HEKOTOPBIX
npeacTaBJACHHBIX paHee cucTeM (Tadn. 6.8).

B LiesioM noaTBepXK 1aeTCA TEHIEH LU K YMEHbLUEeH U0 KO3(hD(PULIUEHTA T, C YMEHb-
IIEHUEM KOHUEHTpauuKu aucnepcHoi ¢assl ®. OnHAKO 3TO YMEHbLUEHHE HE HOCUT
CTOJIb XK€ PEryJisipHOrO Xapaktepa, Kak 3aBUCUMOCTb 1)(P). DTa HeperynsipHOCTb
MOXET ObITh CBSI3aHA C OTKJIOHCHHUSIMU TEYEHHSI OT PaBHOBECHOIO COCTOSIHMSI, YTO
cKa3plBacTCsl B HAUOONbILICH CTENEHW Ha BEJIMYUHE T CM. 1. 2). 3aBUCUMOCTD ¥(P)
4aCcTO HE HOCHUT PEryJsipHOro xapakTepa; BO3MOXHO, HCXOJTHOE CTPOEHUE arperaTos,
WX KOMNAKTHOCTb MJIH PBIXJIOCTh, 3aBUCUT OT NEPBOHAYaJIbHOM NOAroTOBKH 00pa3ua
CYCIICH3UU.



Tabnuupa 6.8. CrpyKTypHO-peonorvueckme napameTpnl AMCNEPCHLIX CHCTEM

Cucrema o 1. T, X
PoMOo3apruuecKke KpucTaiibl OKMCHA Xene3a 0,24 0,0375 10,9 0,239
B 3THJIEHTTTHKOJIE 0,18 0,0232 3.8 0,212
[78] k =3,17; A*=0,765 0,12 0,0196 0,75 0,712
n,=0,0125Ta-c 0,08 0,0148 0,49 0,857
0,04 0,0141 0,05 1,805
YacTuusl rnvubl (4,8 MKM) B nonuadupHoii cmone 0,241 9,998 45,2 3.162
[154]) k = 3,477; A*=1,358 T=30°C 0,205 4,512 10,9 2,124
n,=0,939 INac 0,114 1,926 0,27 1,388
0,064 1,292 — —
IMonustunenosan nyapa SDP-860 0,309 | 11,404 2.92 0,085
(40 mkm) B nonuscdupHoit cmone [154) k=287 0,258 7,497 0,358 | 0,003
A*=1,14T=30°C 0,206 2,660 0,799 0,116
n, =0,939 Na-c 0,155 1,833 0,426 | 0,230
0,104 1,261 0,494 1,80
0,052 1,081 — —
[Monustunenosas nynpa SDP-750 0,309 10,163 14,11 0,004
(20 mxM) B nonusdupHoii cmone [154] k= 2,53 0,258 6,703 2,76 0
A*=1,64T=30°C 0,206 2,846 1,20 0,062
n,=0,939Na-c 0,155 1,861 0,794 | 0,146
0,104 1,295 0,399 | 0,904
0,052 1,225 — —
IMonuctuponoswie chepnl (20—25 MKM) B CHIIMKOHO- 0,55 1,759 1,90 1,72
BoMm Macne [84] k=0,974 0.5 1,238 0,14 1,30
A*=3,798 1, = 0,096 MNac 0,45 0,845 — —
0,4 0,613 — —

6.10. TeueHue aucnepcumn NOAUCTUPONOBOrO
NnaTeKca C pa3fiMyHbIM pacnpeaeneHneM HacTmy
no pasMepam

Ve orMmeuyanock [32], 4TO NOJIMAUCIIEPCHOCTb UCXOHBIX YacTHUL JiaTeKca BJIIUSIET
Ha xapakTtep TeyeHusi. Hanpumep, cMech ABYX aTEKCOB € pa3JIMYHBIMU JUaMeTpa-
MH yacTHL DoJiee TeKyua M OJINKe K HbBIOTOHOBCKOM XXHJIKOCTH, YEM Ka>KJ1bl i JIaTEKC
N0 OTAC/IBHOCTH NPH TOHU XKe 00BEMHOW KOHLUCHTpauHHu.

PaccmoTpum ocobeHHOCTH TeueHU s [165] Tpex BOAHBIX AMCNEPCH M NMOJUCTHPO-
JIOBOIO JlaTeKca, KOTOpble HMENIU OJIMHAKOBbLIC cpeaHue paszmepbl yactui (400 HM),
HO pasiinuHble ctencHU nonuaucnepcHoctu (0,085, 0,301 u 0,485). CycneHsuu 6bliu
CTEPHUYUYECKHU CTAOUJIN3UPOBAHH C IOMOLLLIO conosiumepa (synperonic F127).

[TockoNBKY B XOI€ pEOIOrHYE€CKHUX H3MEPEHHI1 HE YYUTH BaNnach BO3MOXHas THK-
COTpPOINHUsI 0Opa3ua, TO pe3yibTaThl NEPBBIX U3MEPEHUMN HalPSIXXEHUST CABUIa MOI'YT
UMEThb 3aBblLLIEHHbIE 3HAUYUeH U s1. KpoMme Toro, cienyeTt yyecTb aHOMaJbHOE CHUXXEHUE
BSI3KOCTH B 00JIACTH BLICOKHU X CKOPOCTEH CABUra B TEX CJIy4YasiX, KOrjia KOHLUECHTpaL M sl
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Puc. 6.16. Peonorunueckoe noBeieHUe BOAHOM CYCNEH3UM CTEPUYECKU CcTabUNM-
3HPOBAHHOTO JIaTCKCa TPH Y3KOM pacnpcacncHHUM yacTHL MO pa3McpaMm:
a4 — KPHUBBIC TCUYCHHUS B JIOTapU(PMHUYECKUX KOOPAUHATAX NPH OOBEMHOIA
koHueHTpauuu 0,25 (1); 0,3 (2); 0,41 (3); 0,45 (4); 0,52 (5); 0,55 (6); 0,57 (7);

6 — KpUBBIE TEYEHU I B KOPHEBBIX KOOPAMHATAX

00beMHOI (dasul nocTaTtouHO BhiICOKA. [103TOMY nMMEEeT CMBICA HE BKJIIOYATh B an-
NMPOKCUMAIIMIO 1BA NOCJIEIHU X IKCNEPUMEHTAJIbHBIX 3HAYEHU Sl HATIPSAXKEHUS CJ1BU -
ra. Takoe aHOMaJILHOE CHUXKEHUE BA3KOCTH NMPU BHICOKUX CKOPOCTAX HADMI0/1aJ10Ch
HaMu B BeIcOKOnapadhuHucToi HedTn (CM. rn. 7), a Takxe ObII0 OTMEYEHO B BOJTHOI
cycrneH3uu Mena [68].

PesynbraThl pacueTta ans y3koii (ppakiimm natekca nokaszaHbl Ha puc. 6.16. MuHu-
Musalusl OTKJOHeHu i nnsg pacyeta Koa3dgduumnentos OYT nposoaunacs no ¢GpyHk-
LIMOHaNbHOI 3aBucuMocTu lgT(lgy).

AHaNOrMYHbIE PE3YJILTATHI NOJIYYEH bl /151 CHCTEM bl CO CPEZIH MM PaCn peNeSIEHUEM
YACTU1L NO pa3MepaM U CHCTEMbBI C LIMPOKKHM pacnpeeSIECHUEM YaCTH L NO pa3Mepam.
Bo Bcex cyuyasix OTMEYAETCsl PE3KOE CHHUIKEHME IKCNEPUMEHTAJIBHOW BENMYMHBI T
B 00J1aCTH BBICOKMX CKOPOCTEI npu BLICOKHX KOHLEHTPALMSAX W 3HAYMTEJILHOE 3a-
BbILUEHUE BEJIMUMHBI T B 00J1ACTH HU3KUX CKOPOCTEM CIBUTA NPAKTUUYECK U 151 BCEX
KOHLEHTpaluii. Pa3dbpoc naHHBIX CBSI3aH, NO HALLIEMY MHEHMIO, C TEM, YTO XapakKTe-
PUCTUKH TEYEHH S UBMEPSITIUCH B YCJIOBUSA X, HEJIOCTATOYHO OJIM3K K X K pABHOBECHBIM,
TeM He MeHee NMPOCNEX K BAKOTCA HEKOTOPHIE 3aKOHOMEPHOCTH, JHAYEHU 1 KOIPPu-
LMEHTA ¥ BO MHOTUX CJIy4yasaX NMOYTH OJIMHAKOBbBI JUISI OMHAKOBBIX KOHLEHTpALIMH
BHE 3aBUCHMOCTH OT LIIMPUHBI paCnpeaeeHns pasMepoOB YaCTH L.

KoappuumMeHT BA3KOCTH 1), B LIEJIOM YMEHBLLIAETCA NMPUH NMEPEXOJIE OT Y3KOTO pac-
NpeJIEJIEH sl Pa3MEPOB YACTUIL K LIMPOKOMY; KOI(DOUIIMEHT arperaimu T, B 1EJIOM
YMEHbILIAETCA MPUH NEPEXOAE OT Y3KOTO PACTIPENESIEHH A K ILIMPOKOMY.

6.11. CycneHsuun pa3nuyHoro nponcxoxxaeHus

B 3TOM pasznene npeactaBneHbl 3KCNEPUMEHTANILHBIE IAHHBIE AJ151 PA3HOOOPA3HBIX
CYCTNEH3Mii, KOTOpLIE OyaAyT onucansl 060011eH HHIM YpaBHEHUEM T€YEHUA. B opuru-
HaJIbHBIX CTATBLAX JU1S1 3TUX IUCNIEPCHBIX CUCTEM OBILITU NMPENTIOXKEH Bl OTAEbHBIE PEO-
JIOrHYECK Ue MOJIENTH, OT MOJIENTU TBEPABIX chep N0 MOAENU ynpyroro ¢gpnoka.
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Puc. 6.17. Kpusbie BSI3KOCTH CTEPUYECKH CTADMJIM3HMPOBAHHOrO Jatekca (nonume-
TUNMeTakpunart) B n-rekcaaekade npu 303 K npu 00beMHOI KOHLEHTpa-
uuu 0,282 (1); 0,215 (2); 0,162 (3); 0,119 (4); 0,079 (5) (a); KkpuBas BA3IKOCTH
BOMIHOI CYCNEH3UU CTEPUUECKHU CTAOMITU3UPOBAHHOTO AKPUJIOBOrO NaTeK-
ca (0). N — OTHOCUTEJIbHAS BA3KOCTb

KpuBbIl€ T€UEHU A CTEPUUYECKH CTAOMJIM3MPOBAHHOIO JIATEKCA B A-TEKCAJIEKAHE
[166] neMOHCTpH pyIOT OCOOEHHOCTH TEYEHUSI NPH Pa3HbIX 00bEMHbBIX KOH IIEHTPALLK -
ax @ nucnepcHoii dasni. B nBoiHBIX norapudmuydeckux KoopauHatax (puc. 6.17, a)
HEKOTOPLIE KPHUBLIE TEYEHUS NMPUOOPETAIOT BU NMPAMBIX, YTO PAHEE CNYKUJIO OCHO-
BAHMEM JJ151 TPUMEHEHH S CTENEHHOrO 3akoHa OCTBaNb/1a K 3TUM 3KCNEPUMEHTAN b-
HBIM JJaH HBIM.

backan [49]| TeopeTuyecku onucan CHepuyYECKHe 4acTullbl, B3aUMOJIEMCTBYIO0-
ILME C NMOMOLLBIO MAPHOrO NOTEHIMANa OTTaIKuBaHus. JIns 3Tux yactui, BRBOAMT-
csl HPPEKTUBHBIH AHAMETP CTOJIKHOBEHHU i, KOTOPHIIi YMEHBLIAETCSH C YBEJIMUEHUEM
CKOpOCTH ciBura. BA3KOCTh TAKOi CMCTEMBI paBHA BSAA3KOCTH 3KBUBAJIEHTHOI CHCTE-
MBI TBEpPALIX chep ¢ TeM XKe HDPeKTUBHBIM UAMETPOM U NMPH TOK Xe YUCTIeHHOW
KOHIEHTpalluKM. YMEHbLIEHUE 23(PPEKTH BHOrO 00beMa nucnepcHom (asel, N0 MHE-
Hui0 backana, NpuBOAKMT K YMEHBIIEHHUIO BA3KOCTH cycnen3uu. Paanyc yactuil pa-
BEH 38 HM, UTO AENIAET BO3MOXHBIM U HTEHCH BHOE OpOYyHOBCKOE J1BH KE€H ue. Pa3zBuBas
monens Terepabix cep Kpurepa— loreptu, backan [49] npennoxun yersipexnapa-
METPHUYECKOE YPABHEH HE UTA TEYEH U S CTEPUYECK M CTAOM JTU3UPOBAHHOTO AKPHJIOBO-
ro Jlatekca B BOJIE:

N0 -n.

n = n'ﬂ? + i ?
X 1+ (0, T)

rae M, =N/Mg M, = 0,001, 1_ =78, m(0)=1,35-10",m ,= 28, m=2,7, 0,, = 28.

DKCNEPUMEHTANBHBIE  PE3YJILTATHI, TEOPETHUYECKHUE KPHUBHIE, TMOKa3aHbI
Ha puc. 6.17, 6 B TEX KOOPAUHATHHIX OCAX, KOTOPBIE paHee ObIJIM UCNONB30OBAHBI B pa-
oote [49]. CnnouiHas KpuBasi nOCTPOEHA HAMU MO OO0OILEHHOMY YPABHEHU IO TEYE-
HUS, LITPUXOBAsi — MO BHILIENPUBENEH HOMY YpaBHen 10 backana.

Mpu ckopoctu capura menbiue 0,5 ¢ 3¢hdhekTUBHAS BA3KOCTD SBSIETCS] NMPAK-
TUYECKHU NMOCTOSIHHOI BEMMYUHOI. DTOT Y4aCTOK HbIOTOHOBCKOIO TEYEHU S HENb3$
TOYHO onucath Kak ¢opmynoit backana, Tak v 06001LEHHBIM YPABHEHUEM TEUYEH M4,



NOCKOJILKY 00€ 3TH (hOpMYJIbl AEMOHCTPUPYIOT NEPEXOI K HBIOTOHOBCKOMY TEUEH U0
TONBLKO B NpeaenbHoM ciydaey — 0.

Kao, Hunscen u Xunn [164] uccnenosaiu peonoruyeckoe noBeACHUE KOHUEH-
TPUPOBAHHBIX CYCMEH3UIH CTEKJISSHHBIX 1HAPUKOB CO CPEAHUM paauycoM 14 Mkm
B HEMOJISIPHOM XUAKOCTU (kuaKuii nonubyranueH, 1, = 2,3 INa-c), B cuabHO nonsip-
HOIl XUAKOCTU (rmuepuH, 1,=0,92 [1a-c), B XMAKOCTH CO CpeaHeii NoisAPHOCTLIO
(aranon, 1, = 1,31 INa-c). TTOBEPXHOCTL CTEKJASIHHBIX LLIAPUKOB TakXe oOpabaThiBa-
JlaCh KPEMHUMOPTraH MYECKOM XKHUJIKOCTHIO (IUMETUJIANXJIOPCUIIAHOM) JIJ151 CO30aHU S
ruaApPOPOOHBIX CBOKCTB. DKCNEPUMEHTAJIBHBIE PE3YLTATH NPEACTABIEHB B KOPHE-
BLIX KOOp/IMHATaxX Ha puc. 6.18.

[Npectuax u Tagpoc [133] uccnenoBanu npouecc GAOKYASALUUN KOHUEHTPUPO-
BAHHOM CYCNEH3UH NMOJIMCTUPOJIOBOTO narekca (00bemHasi koHueHtTpauus ®©=90,3,
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Puc. 6.18. Kpusbie TeU4EHH S CYCMEH3HWU CTEKNSHHBIX cep: a — cTeKkno, obpaboTaH-
HOE CHJTAHOM, B TJIULIEPUHE;, 6 — CTEKJIO B INTUUEPHUHE MPH BLICOKMUX KOH-
LEHTpaumsax; ¢ — ctekno B nonudbytaaueHe (0,58), B aTanone (0,598), cTek-
no, obpaboranHoe cunaHom, B 3taHone (0,6). KoHueHTpauMu yka3aHbl
Ha rpadukax. Januwvie us [164]
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Puc. 6.19. Peonoruyeckoe noBeseHUe CYCNeH3UU: @ — KPUBbBIE TEYEHUSI B KOPHEBBIX
koopauHaTax 30%-Horo crepuyeckH cTabUIM3UPOBAHHOIO NaTeKca B BOJE
npy pa3nuuHoii KoHueHTpauuu N30 0,08 (1); 0,06 (2); 0,04 (3); 0,03 (4);
0,025 (5); 0,0225 (6); 0,02 (7); 6 — KpuBLle TeueHH s THNOrpadCcKoil Kpackm
B JIUHEHHHIX KOOpAMHATaX




panuyc yactuu paBeH 0,175 mxm). Cycnensust 6b1a1a ctepruyecku ctabusindmpoBaHa
C MOMOILLbIO NMOJIMITUIECHOKCUAHBIX Leneii. JlobaBka HeancopOUpyIOLLIErocs NOJIUI-
TusieHokcuaa (I50) ymeHblaeT cTabuNbHOCTL CYCNEH3UU, TO €CTh YBEJIMUHBAETCS
cuenjeHue yactTuu. Ha puc. 6.19, a B KOpHEBLIX KOOpAMHATAX NOKa3aHbl KPUBHIE TE-
YEH WS NPU pa3aUuYHBIX KOHLIEHTpalusax 190,

YBenuueHue cuJibl CLENJIEH Msl BBIPAaXXE€HO PEe3KHUM yBeJIHYeH ueM KoaddhuuueHta
arperaumu t. npu ypeanyeHuu Konuentpauuu [0, Koapdpuument saskoctn Kac-
COHA 1), NPaKTUYECKHU HE U3MEHAETCH, NOCKOJBKY 190 mMano BauseT Ha BA3KOCTH BO-
AHOTO pacTBoOpa.

KpuBbI€ TEYEH WS TUNOTPA(hCKOM KPACKH TAK KE OMUCHIBAIOTCS € MOMOLLLIO 0600-
LLI€H HOTO YPAaBHEH M Sl TEYEH Usl, KAK NMOKa3aHo Ha puc. 6.19, 6.

B opurunanbHoii ctathbe [261] kpyBasi TEYUEHUA XOPOLLO ONUCHIBAETCH YPaBHEHH-
em lepuiens — bankau, MmonupuunposavibsiM [ananrnoy: T=py"+1(l —e ™), roe
UMEIOTCS YETHIPE NOATOHOYHBIX KO3 PUIIHEHTA. ‘

Tabnuua 6.9. CTpyKTYpPHO-PEOSOrHUYeCKHE NapaMeTPhl Pa3NMYHbIX CHCTEM

Cuctema o o T, N, X Vcenosusi
0,079 | 0,00271 | 0,203 | 0,0037 0
JNaTtekc 0,119 | 0,00271 | 2,16 | 0,0045 6,26
MCETHIIMCTaKpUIaTd 0,162 | 0,00271 | 3,72 | 00072 | 1,34
B H-rekcanekaHe [166]
0,8 MKM 0,215 | 0,00271 | 17,06 | 0,0086 4,52
0,282 | 0,00271 | 72,93 | 0,0048 3,91
KoarynupoBaHHBbI i [Tpu cHu-
JIATEKC NOJIUMETHIIMETAKPH- 0,07 0,0023 0,81 0,0038 0 XEHUM
nata [61] 0,22 MmKM CKOPOCTH
0,3 0,001 6,55 0,024 0 0,08*
0,3 0,001 2,85 | 0,019 0 0,06
Bonnas cycnensusi nonauctu- | (.3 0,001 0.75 0,018 0 0,04
pONOBOro Jlatekca ¢ n06aBKO
PEO [133] 0,3 0,001 1,12 0,011 0 0,03
0,175 MKM 0,3 0,001 0,94 | 0,013 0 0,025
0,3 0,001 0,47 0,015 0 0,0225
0,3 0,001 0,21 0,010 0 0,02
0,15 0,92 5,02 1,11 0 AHMETHII-
0,35 0,92 101,4 1,06 0 AUXTIOP-
CTeknsiHHbIE WAPHKH B INH- 0.4 0.92 1525 1.01 0 cuian**
nepuHe [164] : ’ : :
14 MKM 0,574 0,92 629,7 70,5 0,939
0,582 0,92 898.,6 77,8 0,93
0,6 0,92 640,1 180 0,254
Kpacka [261] 0,196 | 0,376 | 0,00138

* KoHueHTpauus nodbaku PEQO. ** O6paboTka nOBepXHOCTH.



6.12. [lucnepcHble cucteMbl € 3apAKEHHBIMU YacTULLAMK

PaccmotrpuMm 6onee noapoOHO CYCNEH3UM € 3apsi>KEHHBIMM YACTHLIAMM, B KOTOPBIX
NPpOosIBJASIETCS] TAK Ha3bl BAEMBI M 2J1IEKTPOBA3KOCTHBIN 3hdekT [16, 24, 128].

CycrneH3uu, B KOTOPHIX CMJ1a CUEMJEHUS CYUTAETCS MnpeHeOpexx Mo MaJoii,
OOBIYHO OMUCHIBAIOTCA C MOMOLLBIO MOAEJIM TBEPABIX chep. Monenb Markux cdep
BBOJIMTCS B CJIYYAE ICKTPUUCCKOTO OTTAJIKUBAHUA 3apsikeHHBIX yacTuil [16, 30].

B pamkax teopuu TRepabiX ChEP YACTHILLI YYACTBYIOT B OPOYHOBCKOM JIBUXKEHUM,
a TaKXe CYLIEeCTBYET FMAPOJHMHAMMYECKOE B3aUMONEHCTBUE YAaCTHL, OCHOBAHHOE
Ha cynepno3uLiMu noneit reueHust cocenuux yactuu [30]. Arperathbl yacTULL, CBSI3aH-
HBIX CUJIAMU MPUTIXKEHU S, B ITOU MOJEJIU OTCYTCTBYIOT.

[Monaratot [30, 32, 161], yTO MOAENU TBEPAHX (UJIUM MSATKHUX) chep MOXHO UC-
NOJL30BATL B CJIy4ae KOJUJIOMJAHBLIX OUCNEPCUH (CMHTETUYECKUX JIATEKCORB), TIe
MEXYaCTUYHOE B3aUMOJIEHCTBUE NMOAABJIEHO 32 CUET JOOABJIEH USl 3NIEKTPOAUTA MU
B pE3Y/1LTAaTE UCNOJIL30BAHUS OpraH M4eCKOM XX MAKOCTH B Ka4eCcTBE AUCNEPCUOHHOM
cpeabl. U3BectHo |24, 30, 32, 33, 128], 4TO NpUCYTCTBUE 3JIEKTPUUYECKUX 3apSIOB
Ha TBEPAbIX YACTUIIAX MPUBOAUT K 3HAYUTEBHOMY YBEJIMYEH U0 BSI3KOCTH AMCNEpPC-
HOFI CUCTEMBI. DTO SIBJIEHUE UHTEPNPETHPOBAJIU pa3nuHbIM 00pa3oM. IlepBUUuHbIi
INEKTPOBA3KOCTHBIN 3(P(eKT CBA3BIBANIM C YBEJIMYHEHUEM JAUCCHUTNAIIUU 3HEPTruHU
B IBOMHOM 3JIEKTPUUYECKOM CJI0€, OKPYXAIOILIEM YACTHILY, 32 CHET UCKAXKEH USl ITOTO
CJ1051.

BropuyHblii 9neKTpOBA3ZKOCTHHI 3ddekT 00bsIcCHANU yBenndyeHueM 3¢ dek-
THBHOTO F'MJIPOAMHAMUYECKOTO paauyca YacTHIlbl 3a CUeT ABOMHOIO CNOs, a TaKXKe
34 CYET CMELLEHUS COCEAHUX YACTULL B PE3YJILTATE IJIEKTPOCTATUYECKOTO OTTAJIKMU-
BaHWS. CUJILHOE YBEIUYEHUE BIA3KOCTU B IEUOHHU3UPOBAHHOM JIATEKCE MPUTIUCHI-
BaJIM TAKXE€ B3aMMOACHCTBUIO MEXY NIBOHMHBIMU JIEKTPUYECKHUMHU CJIOSIMU COCEJT-
HUX yactuil. CYUTAIOT, YTO NEPBUUYHBII 3N1EKTPOBA3ZKOCTHLII 3 dekT naet Manbiii
BKJ1a/1 B BSI3KOCTh JJATEKCOB, BTOPHUYH b1 UBMEHSIET BA3KOCTh HA NMOPSIJIOK BEJIMYUHbI
U HauboJIEE 3aMETEH B IEUOH U3U POBAHHOM JlaTeKce, JJobaBNeHUE 3IEKTPOJIUTA B CY-
CMEH3UIO MPUBOIMUT K IKPAH HPOBAHU 10 KYJIOHOBCK M X CUJ1 MEXTY yacTULIAMU, Takxe
KYJIOHOBCKME CUJIbl YMEHbLIAIOTCS, €CJIHM MOJIMMEPHBII JJaTEKC IMCNEPrupoBaH BTO-
PUYHO B CNa0ONONsipHYIO OPpraH HYECKYI0 X UJIKOCTh,

B sTOM pasznene Mbl NOKAXEM, 4TO 0000IIEHHOE YPABHEHUE TECUEHUS BIMOJIHE
NMPUMEHUMO 111 aHANIM3a TEYEHUSI CUCTEM, KOTOPbIE OOBIYHO ONMUCKHIBAIOT C NMOMO-
LLbIO MOAESTU TBEPABLIX (MU MATKUX) cdep.

Kpurep v Dreumorn [128] uccnenoBaiu MOHOJAUCTIEPCH bIM NMOJIMCTUPOJIOBLIE J1a-
TEKC, KOTOPHI i ObL1 NEpBOHAYANILHO JEMOHU3UPOBAHH y1aJIEeHUEM BCEX CBOOOHBIX
M ancopOMpOBaHHBLIX MOHHBIX NMPUMECE Tak, YTO HA MOBEPXHOCTH MOJMMEPHbIX
chep ocTaBaJIUCh TOJIBKO XMMUYECKH CBS3AHHBIE MOBEPXHOCTHLIE 3apsfibl U NPO-
TUBOUOHbI, HEOOXONUMBIE J151 HEMTPAJIM3ALIMU YACTUILL. DAEKTPOJUTH PA3JIMUHOrO
TUMNa NO0OaABNSIUCHL B CYCNEH3UIO JUISl MOAABRJIEHUS DJIEKTPOBA3ZKOCTHOTO (PdekTa.
ABTOpPHI [128] OTMETUIIU, YTO KPUBBLIE TEYEHUS NOCTATOYHO XOPOLIO ONMUCHIBAIOTCS
ypaBHeHUEM K3CCOHA KAK JUJ1g BOIHOM CYCNEH3H U IEMOH U3MPOBAHHOTO JIATEKCA, TAK
1 npu nodasneHuu uHaubdepertHoro anexktponuta (HCI).

DKCNEPUMEHTAJILHBIE TAHHBIE U151 MOJMCTUPOJIOBOTO JIATEKCA NMPU Pa3HbIX KOH-
neHTpaumax HCI[128] Oblin MHTEPNPETUPOBAH Bl HAM U C MOMOLLIBIO O000LLIEH HO# MO-
neav reyeHus. Pesynbrarel npeacrasneHnl Ha rpagukax (puc. 6.20, a) u B tadn. 6.10.



Tabauua 6.10. Peonoruuyeckue xapakTepUCTHKH IMCNEPCUH CUHTETUUECKOTO JIaTeK-
€a B 3NEKTPOAUTE U OpraHHMuYeCcKO#H XUIKOCTH

Cucrema ¢ M T, N, YcnoBus
MonucTHponoBHit naTekc 0.4 0,0008 12,7 0,027 (O**
B PaCTBOPE anckTponnTa 0,4 0,0008 6,99 0,019 1,876- 10
1112__85_4 0,4 0,0008 0,275 0,022 1,876-10°
0,11 Mmxm 0,4 0,0008 0,0225 0,017 1,876-10
0,4 0,0008 0,102 0,026 9,378- 10
JlaTekc 0,5 0,00489 0,176 0,051 0,155 Mmxm*
B e BoM 0,5 0,00489 | 0,059 0,051 0,22 MKM
cnupte [24]
0,5 0,00489 0,0055 0,054 (0,362 MKM
0,5 0,00489 0,0015 0,055 0,433 MKM

* Cpennuii paavyc yactuu. ** MonsipHast koHueHTpauus HCI.
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Puc. 6.20. Peonoruueckoe nopeIEeHUE NaTEKCOB. @ — KPHUBBLIE TEYEHUSI B KOPHEBBIX
KOOpAMHATaX NOJTMCTUPOSIOBOrO NaTeKca B BOAE MPH YBENUYEHHU U KOHLICH-
Tpauuu HCI (cBepxy BHU3), 6 — KpHBBIE BA3KOCTH /L5l NAaTEKCOB B OeH3U-
JIOBOM CITHPTE C pa3HbIM pasmepom yactu il (Tadn. 6.10)

OTMETHUM, YTO BEJIMYUHA T, PE3KO YMEHBIIAETCSA NMPH YBETUYEHHHU MOJISIPHOI KOH-
LHEHTPALUU IEKTPOJIUTA, 4 BEJIMYKMHA 1), MPAKTUUYECKH HE U3MEHSIETCH.

OTU PE3YyNAbTATH MOXHO OOBSICHUTH CNEAYIOILMM 00pa3oM. 3apsi>KeHH bIE YacTU-
L6l 00pa3yloT arperarsl (HanpuMep, nyonertsl). PaccToaHue Mexay CoOCEIHUMMU Ya-
CTHIIAMU OTIPEAENISIETCH COOTHOLUIEHUEM MEXIY JUCNEPCUOHHBIMU CUJIAMU TNPUTS-
xeHus (cunamu BaH-nep-Baanbca) u cunaMmm 2JIEKTPOCTATUYECKOTO OTTAJIK MBAH USI.
Jyonetsl ABUTaloTCsl Kak €1HHOE LIENOE, NMPOU3BOAS NONOJHUTENBHYIO IMCCUNALIMIO
IHEPTUM.

JlobaBka 3neKTpoJiuTa YMEHBLIAET INEKTPOCTATUYECKOE OTTAJIKMBAHUE, pac-
CTOSIHUE MEX/TY HACTHIIAMU B ArperaTe YMEHbIIAETCS, YTO NPUBOAUT K YMEH bIIEHU IO
AMCCUNALIUU IHEPTUH BA3KOTO TPEHUS HA arperare (BENMMYMHA T, YMEHBLLAETCS).



Koa(ppuuUMEHT BA3KOCTH 1), ONUCHIBAET TEYEHUE OTAEJbHBIX YACTHULL B YCJIOBU-
SIX MOJIHOTO pa3pylIeHUsl arperatoB, NOITOMY OH HE 3ABUCUT OT CUJI OTTAJIKUBAH WS,
TO €CTb OT KOHLIEHTpALUU 2NIEKTpOoJiuTa. OH CBA3aH ¢ KOHUEeHTpauuen @ u Koagphu-
LMEHTAMU kK U A%, KOTOpBIE XapaKTEPU3YIOT TMAPOAMHAMHYECKOE B3aUMOJIEINCTBUE
MEXIY COCETHUMM IBUXYLLUMMUCA YacTUUAMU. [ToCcKONBKY KOI(PMUILUEHT 1), NOYTH
HE 3aBUCUT OT BEJIMYUHBI KOHLUEHTPALMUU NIEKTPOJIUTA, TO MOXKHO NMPEANONOXHUTh,
4YTO 1OOABJIEHHUE BNEKTPOJIMTA B BOAHYIO CYCNEH3UIO MPAKTUYECKHU HE BJUSIET HA TU-
JPOAMHAMHWYECKOE B3aUMOJEHCTBUE YACTULL.

Kpurep [24, 32] cooOma 3KkcnepuMeEHTANbHbIE€ JAHHBIE A5 MOJUMEPHBIX MO-
HOJIMCTNEPCHBIX JIATEKCOB, JUCNEPrUPOBAHHBIX B OPraHUYECKUE XUAKOCTU. B Ta-
KOH CYCNEH3UHU CTENMEHDb EKTPOJIUTHYECKOH AUCCOLMALMH NOBEPXHOCTHBIX TPynn
CYLLECTBEHHO YMEHBbINAETCs, NOMNABJASIIOTCS KYJIOHOBCKME CWJIBI OTTANKHBaHMUS.
MM Ob1IK OnpeaeneH bl BA3KOCTHU CYCNEH3UH C(HEPUYECKUX YACTHU LI MOJIMCTUPOJIA 1186
pa3JIM4HbBIX MOHOAMUCTIEPCHBIX CUCTEM B C1A00MNOJISIPH BIX OPraHUYECK UX K UAKOCTAX
(6enzunosslii cnupt ¢ BA3kocTbio 0,00489 [Ma-c u p-kpeson ¢ Baszkoctoio 0,01738 INa-c
npuv 30°C). 9T navHbie Kpyrep MvHTEpNpeTHpOBaJ ¢ MOMOILBIO YpaBHEHUA Kpure-
pa— JlorepTH B paMmKax MOAENH TBRepabiX cdep.

Jna cycneH3sum B 6eH3uN0BOM cnupTe (puc. 6.20, 6) cnpaBeaMBO YpaBHEHUE
Kaccona B 06nact BeicokMxX ckopocteii casura (o1 3500 ¢ no 100 ¢™'). Huxe 100 ¢
(Huxe 1 T1a) nng cucTeM ¢ MaJibiMU pa3MepaMy YacTUll TEYEHUE NEPEXOAUT B HbIO-
TOHOBCKOE.

C ymeHbllieHHeM paamyca yacTul KO3M@UUUEHT 1), HE3HAYUTENILHO YMEH bLIIAET-
Cs1, @ BEJIMYMHA NPEAENbHOrO HANPAXKEH Usl T pe3Ko yBennuusaercs (tabu. 6.10). [ep-
BO€ MOXHO OOBACHUTH C1A0BIM U3BMEHEH UEM TMAPOANHAMUYECKOTO B3aUMOAEHCTBU A
MEX Y YACTULIAM U NMPUH U3MEHEHU U UX pasinyca, HO NMPH NOCTOAHHON OO BLEMHOIN KOH-
LEHTpAUUU (AHAJIOTUYHBIM pe3yNbTaT JAeT YpaBHEHHUE DIHIITEHHA). YBENUYEHUE
KO3 dHUIIHEHTa arperallMm T, CBA3aHO C YBEJIMYEHUEM YMCIIA YACTULL B arperarax rnpu
YMEHBLIEHUHU painyca 4acTUll, NPy NOCTOSAHHON 00BEMHOI KOHLIeHTpauuu @ =0,35.

6.13. Teuyenuve kKposu

Kposb npencrapnsiet coboit [262] pacTBOp NOJIUINEKTPOJIUTOB CIAOXKHOIO COJIEBOTO
cocTaBa (nJjiaamMa KpoBH), B KOTOPOM COMIEPXKATCS YAaCTU LBl (3pUTPOLIMTHI, TPOMOO-
UMTHL, JIEHKOUMTH). CymMmMapHblii 00beM 3pUTPpOLMTOB B 160 pa3 npeBLIIAET CYyM-
MapHblii 00bEM JIEHKOLIMTOB U TPOMOOLIUTOB, MPUYEM CPEAHEE PACCTOSIHUE MEXY
IPUTPOLIMTAMU MPU HOpMAZbHOM reMatokpute Ht (aHanore 00bEMHOIT KOHIEH-
Tpauuu &d) cocrapnsgetr 1,5 MKkM. MOXHO cuuTaTh KPOBL KOHLIEH TPUMPOBAHHOM CYy-
cneH3ueil (POPMEHHBIX 3NEMEHTOB, XOTSl CBOMCTBA KPAaCHBIX KJIETOK KPOBMW CXOJl-
Hbl CO CBOMCTBAMH Kanesib BA3KOI XXUAKOCTH € ynpyroit 060104K0ii (nuToniasma
BHYTPU MeMOpaHbl). CBOMCTBA TEYEHUSI KPOBU ONPEAENSIIOTCS, B NMEPBYIO QUEPEND,
IPUTPOIIUTAMU — KPACHBIMU KPOBSIHBIMU TEJIbLIAMUW. DPUTPOLIMTHI UMEIKOT (HOpMY
JIMCKA IUAMETPOM NMPUMEPHO 8 MKM M TOJILLUMHO¥ 4 MKM, BOTHYTOTO € 00€EMX CTOPOH
B cepenvHe. B CABUTOBOM TEYEHHUH IPUTPOLIMTH CNOCOOHBI BpalatsbCs U 1edopmMm-
POBATLCS, YTO CYLUECTBEHHO YMEHDLILIAET BA3KOCTL CUCTEMbI 9PUTPOLIMTOB MO CPaB-
HEHUIO C BA3KOCTBHIO CUCTEMBI aHAJIOTUYHBIX TBEPABLIX YyacTHll. [TOBEPXHOCTHL IpU-
TPOILMTOB CrnocobHa ancopobupoBaTh MakKpOMOJIEKYJIBI U3 MJa3Mbl KPOBU U MMEET



OTpULATENbHBII ANeKTpUYECKU i 3apsia. JIBOKHOI 2/1eKTpUYECKUii CNoii BbI3bIBAET
CUJIBI OTTAJIKUBAHUS U CTAOMJIUZUPYET CYCMEH3UIO IPUTPOLIMTOB. TeM HE MeHee,
JIaBHO OOHapyXXeHa arperalmsi 3puTPOLMTOB OOBIYHO B CTOJIOUKMU (pOJIEKCHI), NO-
J00HKIe cTONOMKAaM MOHeT. HaGsioneH e B npo3payHbiX BACKO3UMETPaX NO3BOJIUIIO
OOHApPYXHUTH OPUEHTALIMIO CTONIOUKOB BOOJIb TEYEHUS U MOCTENEHHOE pa3pyLICHUE
arperaTtoB NoO Mepe YBEJIMYEH U CKOPOCTHU CABUTA BNJOTH 10 NOJHOTO pa3aesieHu s
yacTtuu. B nokosiuieiicst Kposu B 00heMe BUCKO3MMETPa UMEETCS CETKA U3 CTOJIOMKOB
3PUTPOLIUTOB.

Yxe nepBbie 3KCNEpUMEHTH NOKAa3aJii HETMHEHHOCTh KPUBOI TeYEeHH s KPOBH,
TO €CTh €€ HEHBIOTOHOBCKOE TeueHue. Muorna nns MHTEPNpETALIMU KPUBLIX TEYE-
HUS UJIN BA3KOCTH UCNOJIb30BAJIUCh U3BECTHHIE MOJIYAMINUPHUYECKUE PEOJIOTUYECKHUE
ypaBHEHUS: CTENEHHOI 3aKOoH, ypaBHeHUe Cucko. bosiee ecTteCTBEHHBIM OBINIO UC-
NMOJIL30BATh PEOJIOTHYECKHE MOAEJIU, OCHOBAHH BIE HA KOHLEM LIMU pa3pyLIEH U arpe-
ratoB. Hanpumep, Takoii CTpyKTYpHHBIii noaxon npumMeHsieTcs B moaenu Cupca [263],
B KOTOPO# MOJIY4EHO YpaBHEH UE:

T,
THY

rae 1., — rMapoiuHaMUUYECKasl BA3KOCTh, KOTOPYIO MMena 66l CYCNEH3K1sl NMPU OTCYT-
CTBUH B3aHUMOJIEHCTBUSA MEX Y YACTHLIAMMU, 34 UCKJTIOUEH UEM THAPOAM HAM HYECKOTO;
v* — KOHCTAHTA KAaXYVYILENHCH KMHETUYECKOI CKOPOCTH pa3pylleHUsl CTPYKTYPHBIX
€IMHMUIL, T, — NMPOYHOCTL CTPYKTYPhl, 00pa3zoBaHHOii (POPMEHHBIMH 3JIEMEHTAMM
KpOBM. JlIerko BUIETh, 4TO 3TO YpPaBHEHHWE coBnaaaeT no popme ¢ ypaBHeHueM Bu-
JbpsiMCOHAa — JIKunnecnu v otanyaetcs ot 00001LIEHHOTO YPaBHEH USI TEYEH US TOJIb-
KO OTCYTCTBUEM «KOPHEN».

Haubornee yacto ucnosibdyercs ypasHeHue KaccoHa [42], BBIBEIEHHOE U3 CTPYK-
TypHO#i peosiornyeckoii monenn: ©/° =17 + /4", rne neppoe cnaraemoe COOTBET-
CTBYET NMOTEPSM 3HEPrUU 3a CYET OOTEKAHMUS arperatoB BSI3KOW JMCNEPCUOHHOM
Cpenoi, BTOPOE — MOTEPSIM 3HEPTUU NMPU ABUXKEHUUW OTAECSIbBHBIX YACTUIL B BSI3KOMH
JUCNEPCHOHHOMN Cpene.

Mul OyneM nojib30BaThLCsl B JaNibHEWLLIEM OOOOIUEHHBLIM YPABHEHUEM TEYEHMUS
/2
T

A
B 0630pe Meppunna [264] onucaHbl peONOrMYECKHE CBOKCTBA KPOBH B paMKax

monenu Kaccona. Ha puc. 6.21 npeacrapieHbl 3TU IKCNEPUMEHTAJILHBIE TAHHbIE
M yKa3aHbl TPM HHTEPBaJa, KOTOpbi€ B padoTe [264] 0603HaueH bl Kak yyacTok Kacco-
Ha, NepexonHbi it yyacTok ¥ yyactok HelotoHa. Paccuutansbie HaMu KO3hdULIMeH-
Thl 0000111EH HOTO YpaBHEH U TeYEHUA U KOIDPUIIMEHTH BA3ZKOCTH HBIOTOHOBCKOTQ
TEUEHUs NpUBEAEHBI B Tab. 6.11.

Meppuan [264] oTmedaeT, YTO BA3KOCTh KPOBM 1), HA HBIOTOHOBCKOM Y4YacTKe
NPAaKTUYECKU COBNaaaeT ¢ KOIppuumueHtoMm BA3KOCTH KaccoHa 1), 4yTO B paMKax
CTPYKTYPHOI PEOJIOrMYECKOil MOJIEJIM CBUIAETEJNLCTBYET O TMOJIHOM pa3pylI€eHUU
arperaTtoB B PaiiOHE HBIOTOHOBCKOTO TEYEHU 1. DTO COBNAIEHUE BETUYUHB KO DU-
IIMEHTOB Noka3aHo B tabn. 6.11.

OTrMeTHM, 4TO pacyeT NO MU3BECTHOMY YPABHEHMUIO DIHHLUTEIHA NMOKa3blBa-
€T JUisl CYCNEH3UU KPOBU CO chepryecKkuMH yactuuaMmu npu ©=0,4 BeAHUYUHY

12 = 0,045 (IMa-c)'”’, 4yT0 GAU3KO K 3HAYEHUSAM COOTBETCTBYIOLLUX KOIMOUIIMEHTOB

n= T

(OYT) u ypaBHenuem KaccoHa Kak €ro yacTHbIM cayyaem: t +n/* "
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Puc.6.21. Kpusbic TEUCHHS YENIOBEYECKOH KPOBH B KOPHEBBLIX KOOpPAMHATAX: HOP-
MaJibHasi KpoBb, reMaTOKpUT 40 %, KOHUEHTpaLust (pubpuHoreHa 260 mr,
temnepatypa 37° (a); nonmuuTeMuueckas KpoBb, reMaToKpuT 59,5 %, HOp-
MaJibHasi KOHLUEHTpauus pubpuHoreHa 266 mr%, temnepatrypa 37°C (6);
KPOBb C NOBHILLUEHHOH KOHUeHTpauueii Gpudpruuorena 600 Mr% c noutw
HOpManbHBIM remMaTokpuToMm 44,5 % npu temnepatypax 25° wm 37°C. lNoka-
3aHbl TMHUM TpeHaa. JlaHHbie u3 [264]

B Tabn. 6.11. HeGonbioe yBesinueH e reMaToKkpuTa, 70 eCTh 00LEMHOI KOH LIeHTpa-
MU, KAK U CNEYET O3KMIATh, MPUBOJIMT K YBEJTMYEHMN 10 KO3(MDUIIMEHTOB YPABHEH U S
Ksccona.

lNepexonHblii Y4aCTOK MEXAY PEXMMOM MJACTHYHOIO TEYEHUS U PEXHMOM
HBIOTOHOBCKOTO TCUYCHUS MOXET OBITH OCTATOYHO OONBLIMM, OH HE ONMUCHLIBAETCS
KakMM-JIMOO peosiorMyeckuM ypasHenueM. Ha nepexonHoM yyacTke BNoJjiHe BO3-
MO HO COCYLLIECTBOBAHHE NBYX COCEIHUX PEXHUMOB TCUCHUSA, 4 TAKXKE OTAEJILHBIX
CJIOEB B UCTILITYEMOM 00pa3iie. YMeHbLIEH UE TEMNEepaTyPhl MTPUBOAUT K YBETUUYEHHIO
BA3KOCTH cMCTEMB (puc. 6.21, 6), npryeM KoahPUIIMENT X yMeH bluaeTcs, 1) yBenm-
YUBAETCH, T.° HE3HAYUTENILHO YBEIMYuBaeTce (tab. 6.11).

CuuTalor, 4To HaJuyre PUOpPUHOreHa crnocoOCTBYET arperalMy 3pUTPOIIUTOB.
Torpna yBennueHue KOHUEHTpaLUU (pPUOpHHOreHa NOJIKHO NMPUBECTU K YBEJIMYEHHU IO
BETMUMHBL KO3(DMUIIMEHTA arperalim T°, HO HE JIONIKHO CYILECTBEHHO U3MEHSTh
3HaueHue koapduumenta pazkoctn Kaccona m’. CpaBHeHME NaHHBIX JUISl KPOBH
(trabn. 6.11) ¢ GAN3KKUM TEMATOKPUTOM W OAMHAKOBOII TEMMEPATYPOIi, HO C pa3HbIM

conepxxaHuem pudprHOreHa NOATREPXKAAET 3TO NPEANOJIOXKEH UE.

k.



Tabnupa 6.11. KoadpPpuumeHTs 000011EHHOrO ypaBHEHUSI TEHEHUWSA ANA pa3nUUHBIX
o6pa3suos kpoeH (IMa, Mac, ¢™)

Cucrema T/ n/’ X iy’
HopmanwHas KpoBb, rematokput 40 %, koHueHTpa- 0,0584 | (,0560 0 0,0566
uus ¢pubpunorena 260 mr%, remnepatypa 37°

[MonuurTeMHyeckasi KpOBb, reMaTOKPUT 59,5 %, 0,1483 | 0,0817 0 0,0824
HOpManbHasi KOHLUeHTpaLKs (pubprHoreHa 266 mr%,

Temnepartypa 37°C

KpoBb ¢ NOBLILLEHHOW KOHLUEHTpauuei pudbpuHoreda | 0,2082 | 0,0634 | 0,086 —
600 Mr% c noyTH HOpMaJibHBIM reMaToOKpuTOM 44,5 %

25°C.

KpoBb ¢ nOBBILLEHHOW KOHUeHTpauuen ¢puopunoreda | 01811 | 0,0545 | 0,170 -

600 Mr% c nouTH HOPMaNnbHLIM reMaToOKpuTOM 44,5 %
37°C.

Llensnasa kposs, rematokput 0,49 % u Temnepatypa 0,1082 | 0,0545 | (0,382 —
35°C
Uenoseueckasi KPOBb, AaHHbIE M3 [262] 0,1067 | 0,0956 | 0,254 | 0,0983

To 06CTOSAITENBCTBO, UTO B KOPHEBBIX KOOPAUHATAX YACTO UMEETCS U3rubd B paiio-
HE HU3KUX CKOpPOCTEii caABUra, MellaetT ucnojn3osath ypasHenue Kaccona na scem
JIMana3oHe U3MEPEHHBIX CKOPOCTEN caBura. B TO X€ BpeMs siBHO BbIPAXXE€HHAas1 npsi-
Masi KaccoHa npu BLICOKMX CKOPOCTSIX HE NMO3BOJISIET OTAATH NPEANOYTEH HE YpaBHE-
HU10 Cupca unu 6onee rpOMO3JIKMM YPAaBHEHUAM, NOAYYEHHBIM PU H Diipunrom [51]
wan Ksemanoii [265]. B pabote [266] npoBoaUTCs CpaBHEHUE ITUX MOJAEJIEIH C ypaB-
Henuem Kaccona.

B TO k€ BpeM#a TpexnapaMeTpuueckoe 00001eHHoe ypasHeHUE TeyeHusa (OYT)
NO3BOJISIET ONMUCATH 3TH XE€ IKCNEPUMEHTANIBHHIE JAHHBIE BO BCEM JHANa3OHE W3-
MepeHuit (puc. 6.22, a, 6). HebGonblioii y4acTOK BBLICOKMX CKOPOCTEH MOXHO an-
npokCUuMHUpoBath npsamMoii Kaccona ¢ koadpdpuiimeHtaMmu, nokazaiHbIMU HA rpadu-
Ke (puc. 6.22, 6). 911 K09QPUIUMEHTH BecbMa OJIM3KH K 3HAYEH USIM, TOJTYYEHH BIM
u3 OYT (tabn. 6.11).

CyuectByeT MHeHMe [262], yTO HA y4aCcTKEe HM3KHMX CKOPOCTEH CABUTAa HET CMBIC-
J1a MCNOJIL30BAaTh U3BECTHLIE PEOJIOrHYECKHE MOAEJIH, MOCKOJBLKY MPH 3TUX CKOPO-
CTSIX TeyeHHe ONIM3KO K HbIOTOHOBCKOMY. IlonaraioT, 4To NpoUCXOaUT CKONMBbXEHUE
NOJIHOCTHIO arper HpoOBaH HOM KPOBH MO CJIOKO NMJa3Mbl, OTAC/S IOILEMY €€ OT U3MEPU-
TEJNLHOI NOBEePXHOCTU npudopa. C npyroii CTOPOH bl, KPUBLIC TEYEH WS KPOBH XOPOLLIO
onucu BatoTcs OY T, 3a HCKMIOYEH MEM CAMBIX HU3KUX CKOPOCTEii ¢/1BUTa, rNe MOXHO
rOBOPUTH TOJILKO O TEHICHLU MU K HBIOTOHOBCKOMY TeueHU 10 (puc. 6.22, 6, 2).

Hebonbiioil y4acToK npu BLICOKUX CKOPOCTSIX CABUra COOTBETCTBYET PEXUMY
HBLIOTOHOBCKOTO TEYEHUS U NPEACTABAECH N HHUEN Tpenaa (puc. 6.22, 2). HbloTOHOB-
CKast BA3KOCTb MPAaKTHUYECKU paBHA KO3I(dUuLiMeHTyY Ba3kocTH Kaccona (tabn. 6.11).

Peonorvueckue ucciaeloBaHUs TEYEHUS KpPaCHBIX KPOBSIHBIX TEJELl MoKa3alu
[163], 4TO MX CcyCcneH3uu Kak B nja3Me, TaKk U B COJISTHOM pacTBope 00nanaloT Bsi3-
KOMJACTUYHBLIMU CBOMCTBAMU. BA3KOCTH YMEHBLLIAETCS NMPU YBEJIMYEHUU CKOPO-
CTHU CABMIa U NpM YMEHbIIEHUU KOHUEHTpaUMH KpossiHbix Tenel. [lonaraior, yto
KpaCHbIE KPOBSIHBIE TEJIblla CNOCOOHBI Kak Ae(pOopMUpOBATLCS, TaK U 0Opa30BHIBATH
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Puc. 6.22. KpuBbie TEUECHHS YECTOBEYECKOW KPOBHM B JIBOHHBIX norapudpMHUYeCKUX
M KOPHEBBLIX KOOPAMHATAX. LebHAs KPpoBb, reMaTokpuT 0,49% w Temne-
patypa 35°C. laHHblie U3 [266] (a, 6); yenoeeueckas KpoBb (¢, 2). JlaHHbIE
u3 [262], puc. 1.39

arperatsl. CuunTalor, yto nedopmalimus KpoBsiHbIX TENELL MPUBOAMT K 3aMETHOMY CHHU-
XEHUI0 BA3KOCTHU B 00J1aCTH BLICOKH X CKOPOCTEi C/IBUTA MO CPABHEHHIO C BA3KOCTHIO
OTBEPXJIEHHBIX KPACHBIX KPOBSIHBIX TENEll. Arperaius KpaCHbBIX KPOBSIHBIX TEJEL]
B NJia3aMe KPOBH BhI3blBaeT OOJbIIOE YBENUYEHUE BA3ZKOCTH NMPU HU3KKUX CKOPOCTHAX.

Teuenue cycneH3uM KpaCHbIX KPOBSAHBIX Tenel, onucaHo B pabote [163] B MH-
TepBane ckopocteii cnpura ot 0,5 10 300 ¢ ' npu 06beMHBIX KOHLIEHTpalMsax ot 0,07
J0 0,98 nna nnasmel U paccona (Ba3koctb naasmbel 0,96 mIla-c, Ba3koCTh CONAHOrO
pacteopa 0,69 mIla-c). OTH akcnepUuMeHTaNbHBIE JAaHHBIE HHTEPNPETUPOBAHBI HAMHU
B pamKax 0060011eHHOIt Moaenu TeueHus. Ha puc. 6.23 npeactaBieHsl KpUBHIE Te-
YEeHUS 1 CYCNEeH3UH B MJIa3Me U B COJIAHOM PacTBOPE B KOPHEBLIX KOOPAMHATAX.
TeopeTuueckue Kpupbie MOCTPOEeHH NMo 06ob1eHHoMy ypapHeHu 1o Teuenus (OYT),
napameTps KOTOPOro npuse/ieHsl B Tabn. 6.12.

AHANIOrMUHBIE KPUBHIE JIJ1S1 CYCMEH3UU KPACHBIX KPOBSIHBIX YACTHUIL, B Maa3me
NMoKa3aHbl OTAENILHO /111 YUaCTKa HU3KUX CKopocTeit (puc. 6.24, a). B o6iem 0606-
ILIEHHOE YPABHEH M€ TEUYEH U CMPABENMBO /1N CAMBIX Pa3HBHI X CUCTEM, T€ UMEIOTCA
KpaCHHE KpOBAHBIE TeNbIla (puc. 6.24, 6).
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Puc. 6.23. KpusBbie TEUEHHS B KOPHEBBIX KOOPAWHATAX CYCINEH3UU KPACHBIX KPOBS-
HBIX TeJeW: a — B nnasme npu KoHueHTpauuu 0,961 (1); 0,88 (2); 0,76 (3);
0,58 (4); 0,49 (5); 0,33 (6); 6 — B CONIHOM pacTBOPE NPH KOHLECHTPaLUH
0,952 (1); 0,9 (2); 0,69 (3); 0,59 (4); 0,42 (5); 0,25 (6); 0,07 (7). laHHBIC U3 pa-
ootnl [163]

Taonuua 6.12. Kosdpduumentot OVT ans cycneH3Mu KpacHBIX KPOBSIHBIX TENEL
B NJa3Me U B CONSIHOM PacTBOPE NPH pasNnHYHONH 00BbEMHON KOHLIEH-

TPaLUM
B nnasme (1, =0,00098 Ila-c) B paccone (n, = 0,00069 I1a-c)
@ 7/ n/’ X o 7 n/’ X
0,961 0,286 0,211 0,066 0,952 0,202 0,183 0
0,88 0,281 0,138 0,128 0,9 0,164 0,146 0,01
0,76 0,254 0,097 0,154 0,69 0,185 0,083 0,21
0,58 0,192 0,063 0,49 0,59 0,238 0,053 1,3
0,49 0,342 0,043 2,82 0,42 0,123 0,044 1,1
0,33 0,538 0,032 15,5 0,25 0,049 0,039 1,6
0,07 0,029 0,029 0,075

B pamkax 0000LEeHHOI MOAENK T€YEHHUs 3aBUCHMOCTH KO3(PDUIIMEHTA BA3KO-
ctu K3CCcoHa OT KOHUEHTPAUWUM /g CYCNEH3WU B NNA3ME U AN CYCNEH3UU B CONA-
HOM pacTBope (puc. 6.25) onuckiBatotes ypasuenuem 1’ =n/’(1 —k®) ™, rne k = 0,91,
A=0,92 nna nnasmul; k=0,82, A = 1,27 nna consgaHOro pactropa.

B 3aBeplieHue noKaxem pasnuuus My TEUEHHUEM HOPMaTbHOI KPOBH, KPOBH,
rfie YMEHbIIEHA WKW JJMKBUWJIMPOBAHA arperaums 4acTuu, KPOBU C 3PUTPOLUTAMM,
NEPEBEICHHBIMU B TBEP/LOE COCTOsIHME [267]. DKCnEepUMEHTANbLHBIE PE3YyNbTATH [267 ]
M paccyuTaHHble KpuBble npeactasnedsl Ha puc. 6.26. Koadduumuentor OVT npu-
BeJIeHbI B Tabn. 6.13.

HecmoTps Ha HEKOTOpOE paznuyue B BenuuyuHe Koagpdpuuuentos OY'1, npa Ba-
puanTa annpokcumauru OYVT ang HearpermpoBaHHOI KPOBH NMPAaKTUUYECKH HE pa3-
nuuaiotca Ha rpadguke (puc. 6.26, 6) U HE3HAYUTENIBLHO pa3nuyaloTca Ha rpaduke
(puc. 6.26, a).
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Puc. 6.24. KpuBbIE TCUCHHSI B KOPHEBBIX KOOPAMHATAX: CYCNEH3UA KPAaCHHIX KPORBS-
HBIX TENICL B 11J1a3me npu KoH1IeHTpaunu 0,961 (1); 0,88 (2); 0,76 (3); 0,58 (4);
0,49 (5); 0,33 (6) Ha yuyacTKEe HU3KMX CKOPOCTEI cABUTA (a); KPUBHIE TEUE-
HUS UENBHOW yenoBeueckor KpoBH (1) M KpaCcHBIX KPOBAHBIX TEJCL] B fE-
¢bubpunupoBaHHoi#i nnasme (2). laHHbie u3 padotsl [54] (6)
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Puc. 6.25. 3aBucHMOCTbL KOPHS U3 KoaQPuLMeHTa BA3kocTH Kaccona ‘r](_” OT 00BEM-
HOM KOHUEHTpauuu @ KpacHbIX KPOBSIHBIX TEJICLL B NJa3Me (@) U B CONISIHOM
pacTBope (6)

ITOCKONBLKY CTPYKTYPHASA MOAENH TEUEHU A NOCTATOYHO XOPOILO ONUCH BAET TaK
HA3bLIBAEMYI0 «HEATrPErH POBAHHYIO KPOBb», TO MOX HO NPEANOIOX UTh, YTO B 3TOM CO-
CTOAHUH HEKOTOPAA arperauusa BCE-TaKH CYLIECTBYET. YBenuueHue KoappuumueHta
¥ CBUAECTENILCTBYET 00 YBEJIMYEHH U BEPOATHOCTH pa3pbiBa 3pUTPOLIMTOB B arperare
W, COOTBETCTBEHHO, 00 YBETMUYEHU U KOMNAKTHOCTH arperatoB. Koagduiment pas-
koctu Kacconan’” uamenseTcs HE3HAUUTENBHO, MOCKONBLKY OH OMUCH BAET BSA3KOCTh
npu 00TEKAHUM OTAEJIbHBIX HE3ABUCUMBIX YaCcTHIL, pa3meps U (popMa KOTOPHIX, BE-
POATHO, CYILECTBEHHO HE U3MEHAIOTCA. BHICOKAas BA3KOCTh 3PUTPOLIMTOB B TBEP/OM
COCTOSIHUM MOXET OBITh CBAA3aHA KAK C UBMEHEHUEM U X (POPMBI M YBEJIMYEHHEM XKECT-
KOCTH MEMOpaHbI, TAK W C BO3MOXHOI arperaimeii.

IlpencraBneHHas 3/16Cb HHTEPNPETALMA TEHEHUA KPOBU C MOMOIIBIO CTPYKTYP-
HOM PEOJIOrMUYECKOH MOAEJIU MOXET ObITh MNOJIE3HOM /1151 OUEHKHW COCTOSIHU S 3PUTPO-
LUTOB B nua3me Kpopu. Koadpduuuents 06001IEHHOrO ypaBHEHU A TEUeHUA CBA3A-
HBl CO CTPYKTYPHBIMH U (PU3UKO-XUMHYECKHMH CBOMCTBAMMK CUCTEMbI, 8 UMEHHO:
co crenenblo arperannu (Koadduument t°), BEpOATHOCTHIO CTOHTAHHOrO OTPHIBA
3pUTPOLMTA OT arperata (Ko3apPULUEHT ), ¢ XapaKTepoM O0TEKaH U BSA3KOIi Cpe/lioii

oTAeNbHOro 3putpoumta (KoadpduimeHt T]:.” %).
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Puc. 6.26. Pconornyeckoe nopeaeHME KpoBM B HOPMaabHOM COCTOSSHUUM (KPYXKKH),
B COCTOSIHWM, TJIE€ arperathl NPeanonaralnTcss pa3pylieHHBIMH (TOUKM),
U B COCTOSIHU MU, TAE 3PUTPOLIMTHI NEPEBEICHELI B TBEPAOE COCTOAHUE (KBa-
JIpaThl), B ABOMHBIX norapuPmMUUYecKHX (@) 1 KOPHEBBIX KOOPAUHAaTaXxX (6).
FKCNEPHMEHTANIbHLIE JaHHBIC U3 paboTel [267]. CnnowHast U NYHKTHP-
Hasi AMHUM COOTBETCTBYIOT KpUBLIM QYT anst HOpManbLHOM M HEArPErHpoO-
BAHHOW KpPOBH, COOTBETCTBEHHO. LLITPUX-NYHKTUPHAs AMHUA OTHOCUTCS
K annpokcimauunm OVT Tonbko B pailOHE HU3KHX CKOPOCTEN CABHUTIa
Tabmmpa 6.13. KosdpduumeHThl 0000LIEHHOrO yPaBHEHUSI TEUCHUS ANA Pa3THUHBIX
coctosiHuii kposw (Ia, Ma-c, c ')
Cucrtema '+ n’’ Y n'”(0)
KPOBbL B HOPMAJILHOM COCTOSSHUM (arperupoBaHHas) 3,03 1,68 0,19 17,7
HearperMpoBaHHasi KPoBb (BECh MHTEPBA ) 4,17 1,63 1,69 4,11
HearperMpoBaHHasi KpoBb {HU3KHE CKOPOCTHU CABHUTIA) 9,81 1,13 3,90 3,63
IPUTPOLIUTH B TBEPAOM COCTOAHMU U — 5,28 — 5,28

6.14. TeuyeHne NONUCTMPONOBOrO NaTeKca
B COCTOAHUU rens

HUccneposana |235] BogHaa CycneH3uMss MOHOAMCIEPCHOrO MOJIMCTHUPOJIOBOrO na-
Tekca cepuueckoii GopmMbl METOAOM KOAKCHANIbHBIX LMJIMHAPOB NMPU KOMHATHOM
temneparype. IHonuctuponossiii 1ateke L-93 umeeT yacTUibl CO CPEAHEY HCIIEHHBIM
nuametpom 1,879 MkM U cpeiHe0OBbEMHBIM AuameTpom 2,030 mkm. Cycnensus npe-
Bpal@eTcsl B reJib Npu ucnonb3opanuu anektponuta (,5 M NaCl naxe npu HU3KUX
OOBEMHBIX KOHLUEHTpAaIUMSAX NOJIUCTHPONOBLIX YacTHll. JlobaBieHUe TAXENO0i BOAH
(D,0) yBenuuuBaet nJOTHOCTh AUCNEPCHOHHOM Cpeibl A0 NMJIOTHOCTH NOJMUCTUPOJIA,
4YTO MO3BOJISIET UCKJIIOUUTH Ce/IMMeHTaL M0 yacTull. Ilpeanonaraercs, 4To rejib BO3-
HUKAET B pe3y/1bTaTe CHUXKEHHUSI 3JIEKTPOCTATUUYECKOTO OTTAJIKMBAHUSA B 3JICKTPOJU-
T€ BLICOKOKW KOHLIEHTPALIUH,
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Puc. 6.27. Peonormuyeckue XxapakKTEpPUCTUKM CYCNECH3MM: ¢ — MOJUCTUPONOBLIN Na-
TEKC B COCTOAHMU rens npu koHueHTpauuu 0,322 (1); 0,216 (2); 0,15 (3);
0,117 (4); 0,077 (5); 0,045 (6); 0,031 (7); 6 — cycneH3ust KPEMHMSI NPU COAEP-
XKaHWKW noaumepa 2,5 mr/r. YkazaH bl O6bEMHBIC KOHIICHTPAL U KPEMHU A

M3mepeHusi npoBOAUIIMCH CIIEAYIOIMM 00pa3oM: yCTaHABJIMBAJIOCh HEOOXOAM -
MO€ 3HAYE€HHE CKOPOCTH CIBMTIa Y, HaYMHas ¢ HAaUMEHbLIEH BeNUMYHHBL, vyepes 30 ¢
u3Mepsiiach BeJIMYMHA MOMEHTA; CKOPOCThL C/BUra yBeJIMYMBaJaach, U npoueaypa
nosTopsiyiachk. BoCnpou3BoAMMOCTb TAKMX KPUBBIX BSI3KOCTH HAXOAMJIACh B MpeEe-
nax 5%. Kpupasi OTHOCUTENILHOI BA3KOCTH 1), (=1/1),) Noka3aHa Ha puc. 6.27, a Kak
¢dbyHk M ckopoctu capura y. Kpusnie coorBeTcTBYI0T OYVT. HeGonbiioe npeBwiile-
HUE IKCMEPUMEHTAJIBHBIX 3HAYEH U 1 HAJl TEOPETHYECKMMHU 3HAYEH USIMU MPU HHU3KUX
CKOPOCTAX, BEPOATHO, CBA3AHO C TEM, YTO HE JOCTUTHYTO paBHOBECHOE COCTOSIHUE
TEYEHHUS 34 BPEMS U3MEPEH UL,

6.15. CycneH3ua konnouaHoro KpeMHUsA B NPUCY TCTBUM
NOAM3TUNEHOKCUAA

TeueHue MOAENTLHONH CHCTEMBI KOJIJIOMJIHBIX KpeEMHUEBLIX cpep ObINO UCCNEeAOBaAHO
[236] MeTOAOM KOHYC—INOCKOCTD. JIMCNepCHOHHOM Cpeoii ABJISeTCs BOAHBIN pac-
TBOP (0,01 M NaNO,; npu pH 9,5) ¢ no6asnenuem nonuatTuneHokeua (PEO), umelo-
1ero Mmonekyasipuyto maccy 7500 a npu 25°C, cpeaAHEOOBEMH B AMAMETP HaCTHLLbI
coctasnsin 0,60 (+0,05) mkMm. Peonoruueckoe noBeacHHUE CYCNEH3UM TUMHUYHO i
CUCTEM, CTAOMJIM3MPOBAHHLIX C MOMOIILIO AACOPOLIMU NMOJUMEPA HA MOBEPXHOCTH
YaCTHIL.

I'Npu konueHtTpanuax ® mexee 30 00.% TeueHuHe ABNAETCS HBIOTOHOBCKUM, MPH
kKoHLeHTpauax 40 u 50 06.% npoapnseTcsa C1BUroBOE pa3X MXeHue, NpuYemM 10CTa-
TOYHO XOPOIIO 3aMETEH YYACTOK HBIOTOHOBCKOIO TEYEHHS NMPH BLICOKOI CKOPOCTH
(Beie 1000 ¢'). KpyuBbeé HEHBIOTOHOBCKOTO TEYEHMSI U WX annpokcumanus OV T
(tradn. 6.14) nokaszaHul Ha puc. 6.27, 6.

Yeenuuenue ao3ul nonumepa PEO He3HauMTENBLHO YBEMYHMBAET BA3KOCThL CHU-
crembl (puc. 6.28, @) ¥ NpUBOAUT K HEOONBLIOMY CABHTOBOMY 3aTBEPACBAHUIO NMPHU
v > 1000 ¢



Tab6nuua 6.14. KoaddunueHTs 00001IEHHOTO YpaBHEHHUS TEUEHUS OJIs1 BOAHOI Cy-

CNEH3UH KpeMHU# NpH coacpxaHuu nonumepa PEO 2,5 Mr/T. TB. T€Na

@ 7/ n’ X n'%(0)
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Puc. 6.28. Peconorvuyeckme xapakTepUCTUKH CYCIIEH3UH KPEMHSA: @ — KPHUBLIE BA3KO-
cTH NpH 00beMHO# KOHLEHTpauuu 0,5 n paziMyHOM coaepxaHuu PEC;
6 — 3aBHCHUMOCTB MpeAcBHON BA3KOCTH OT O0BEMHOH KOHLUEHTPALHH.
KBaapatel — pacueTHbie 3HaucHUWs1. Ha BctaBke MUKpodoTorpadbus cy-
cricH3uM. CTpenkoit 0TMEUEHA rpaHH1la MeXJ1ly HBIOTOHOBCKUM H HEHBIO-
TOHOBCKHM MOBEICHHUEM CYCIIEH3UH, DKCIEPUMEHTANTEHLIC JAHHEIE M3 pa-
60THI [236]

Yuactok caBuroporo paszxuxeHust onucad OYT ¢ koadpduumneHramu, ykaszaH-
HbIMM B Ta0J1. 6.15.

3HaueHUs MpeIeNbHOI BA3KOCTH 1) MOKa3aHbl HA puc. 6.28, 6 B 3aBUCUMOCTH
OT OOBEMHOI KOHUEHTpauMM KpemMHMs1 P. 3HAYCHUS] NPEACNBHOM BSI3KOCTH Kak
B HBIOTOHOBCKOM PEXMME (1)), TAK U B HEHbIOTOHOBCKOM pexXHMe (1) ) ObLJIM aripok-
CUMHPOBAHBI C OMOLLBIO YpaBHeHUs1 1) =1,(1 — k@)™ co cneaywommmm 3Haye Husi-
mu kKoapduumnenTor: k = 1,876; 4" = 1,154.

Tadsimua 6.15. Koadpdpuurentsl 00001IEHHOTO YpaBHEHUA TEYCHHMA AN BOAHOI Cy-
CNEH3UH KpeMHHSA Npu 00beMHON KOHUEHTPpauuu (0,5 U pasHOM CO-
nepxanuu nosumepa PEO (C)
C Mr T’ n/* X n"*(0) Homep
* I TB.T. KpMBOH
22 0,181 0,200 0,076 2,58 1
18 0,229 0,180 0,0161 1,6 2
5 0,218 0,146 0,165 1,47 3




MOXHO BUAETh, YTO CYHIECTBEHHOE YBEJIMUEHHWE 03l MOJIMMEPa ¢J1abo BIUSET
Ha KO MU LUEHTH PEONIOrHYECKOro YpaBHEHHsl, MPUBO/S K HE3HAYUTETLHOMY YBe-
nuyenuio MY’ un'”’(0). Cnsurosoe 3atsepaesanue npuy > 1000 ¢ MOXHO npunucarh
00pa30BAHMIO «MOJMMEPHBIX MOCTMKOB> MEXY YacTULAMHU MpPU CTOJIKHOBEHU X,
YTO MPUBOAMT K HOBOMY 0Gpa30BaH M0 arperaTtoB (BTOPUYHON CTPYKTYPHI, MHAYLHU-
pOBaHHOIi CABMTOM).

6.16. TeueHue cycneH3uit KpynHbIX BONOKOH

CTeKNAHHBIE UJIM MOJIMMEPHBIE BOJIOKHA YaCTO UCMOJIb3YIOT B KAYECTBE HAMOJIHM-
TeNei B nonMMEPHbLIX MaTpuiiax. Peonoruyeckue CBOMCTBA TAKKM X KOMMO3UTHHIX Ma-
TEPUANIOB AOCTATOYHO CNOXHHBI. [109TOMY B KaueCTBE MOJIENBHLIX CUCTEM BLHIOMPAIOT
CYCMEH3UMU BOJIOKOH OJIMHAKOBOM NJIMHBI B HHIOTOHOBCKO#M NIUCMEPCHOHHON Cpene
[178, 179]. OCHOBHBLIMM XapaKTEPUCTHKAMU BOJIOKHA Kak AucnepcHoii da3snl apis-
10TCA pasmepnl (MaMeTp, ANTMHA U OCEBOE OTHOLIEHHUE), NJIOTHOCTh U THOKOCTh BO-
JIOKOH. MoaenbHHIE CUCTEMB BOJJOKOH B HBIOTOHOBCKOM XHUAKOCTH NEMOHCTPUPYIOT
YMEHBLILIEHUE BA3KOCTU C POCTOM CKOPOCTH CABUTra (CABMIOBOE PA3XKMXKEHHUE) MPHU
QUEHb MaJIbIX KOHLIEHTPALIM A X.

B paGote [179] Obinn uccneoBaHbl pa3jiMyHbIE BUJALI MOJUAMUAHBIX BOJIOKOH
B pacTBOpax rMULEPUH—BOAA U B CMJIMKOHOBOM macne. IloimaMuJHbIE BONOKHA
UMEJIW KPYMHbIE pa3Mephl, TO eCTh AnuHy dosiee 300 mkm, nuametp 6onee 10 Mm.
DTO O3HAYAET, YTO OPOYHOBCKHM JIBUXEHUEM HAaCTULL MOXHO npeHeopeunb. B Taknx
HE OPOYHOBCKHMX CYCMEH3UAX CBOMCTBA TEUEHUSA JOJIKHBI 3aBUCETh OT O0TEKAHUA
JIMCNEPCUOHHOI Cpeloi OTAENbHBHIX YaCTHIL, arperaToB U OT OPUEHTAIIUU UX B NO-
TOKE.

B cBaA3M ¢ 3TUM KpaTko OCTAHOBUMCA HA OOBLIYHO MpeanonaraéMbiXx MEXaHU3-
MaxX TAKOro CAABUroBOro paszxuxeHuda. CUnuTalor, 4To i BOJOKOH, MOABEPXKEHH b X
OpPOYHOBCKOMY JAIBUXEHHIO, YMEHBLUIEHUE BA3KOCTH BO3HMKAET 34 CUET OPUEHTALIMU
BOJIOKOH BOJIb TEUEHUS U JOMUHUPOBAHUSI THAPOAMHAMHUYECKUX 3P (PeKTOB HaAM
OpOYHOBCKUM JIBUXKEHUEM. J1J151 MAKPOCKOMUYECKUX BOJIOKOH CIBUTOBOE pa3XKUXkKe-
HUE OOBSCHSAIOT NIMOO pa3pylLIEeHUEM arperaTos, JIMOO OpUEeHTAlIMEN BOJIOKOH BAOJb
JIMHUN TeuyeHust. Atopsl [179] npeanonoxXxunu, 4tTo npu HU3KUX CKOPOCTIX CYILE-
CTBYIOT NMEPEXOAHBIE Arperathl BOJIOKOH, HO MPH BHICOKUX CKOPOCTSIX arperathl pas-
PYLIAIOTCS U BOJIOKHA OPUEHTHUPYIOTCS BAOJIL TEYEH U,

TeopeTuueckoe onucaHue JaHO UMM TOJIBKO JUISI MJIATO BSI3KOCTU, IJI€ NPEano-
JlaraeTcs noJiHasit OpueHTal M BOJIOKOH,

IMokaxeMm, 4TO TeyeHHe MAKPOCKOMUYECKHUX MOJIMAMMJHBLIX BOJIOKOH OMHUCHI-
BaeTCsl O0OOIIEHHBIM YPABHEHUEM TEYEHHSA HA BCEM MHTEPBAJIC CKOPOCTEH CABUra
(32 BOBMOXHBIM MCKJIOYEHHUEM HEDOJTBIIOrO HLIOTOHOBCKOrO y4acTKa NMpyu BhICOKUX
CKOpPOCTAX C/AIBUTA).

TeueHue cycneH3nu ¢ paamMepaMmu BOJIOKHA 337 %225 MKM U OCEBLIM OTHOILLIEH UEM
J,= 15 B cmecu munepun/soaa (saskoctb 1, = 0,008 [1a-c) nokaszano Ha puc. 6.29, a.
HM3mepenusa [179] npousseaeHbl npu 20°C, 3a30p MeXAY KOAKCHANbHBIMU LIMJTUH-
JpaMu paBeH 3 MM. ANNpoKCUMALIUA NPOU3BeAeHA MO 0000IIEHHOMY YPABHEHHUIO
TEUYECH MU, pe3yabTaThl MoKa3zaHsl B Tabn. 6.16.
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Puc. 6.29. Peonorvueckue xapakT€pUCTUMKM CYCNEH3UI: @ — NONUAMHUAHBIE BOJIOK-

Ha 337x22,5 MKM B CMECHM TTMLEPUH — BOAA; 6 — NONUAMUHAHBLIE BOJIOKHA
400x 10 MKM B pa3fiM4HBIX XXHUAKOCTSIX (Tadbn. 6.16 u 6.17)

Tabauna 6.16. KosdhUUHMEHTH PEONOrMYeCKOro ypaBHEHHUs ANs CYCNEH3UU BOJIO-
KOH 337x22,5 MM B xxuakoctTu ¢ BsizkocThio 0,008 IMa-c
d 0,1 0,08 0,06
(v 0,0298 0,0231 0,0077
nY’ 0,148 0,129 0,123
% 0 0,242 0
Homep kpuBOIii 1 2 3

Tadimpa 6.17.

Peonornueckue xapakrepucTuku BosjokHa 400x 10 MKkM ¢ 00BEMHOIA
koHucHTpauuein 0,02 B xuakoctsax (rmuuepvH/Boaa, CHAMKOHOBOE

Macno)
Tun 59,5 macc.% 78 macc.% CHUNUKOHOBOE
JKHUJIKOCTH rmuuepuHa IMUUEpPHHA Macno
7/ 0,129 0,094 0,061
n’ 0,09 0,236 0,753
x 0,22 0 0
M, 0,008 0,047 0,5
n./M, 1,02 1,19 1,13
Homep kpuBoii 1 2 3




Hynesbie 3HaueHusa koa@dpuumeHTa ¥ 03HAYaKT TEHJACHUHMIO K 00pa30oBaHUIO
CMJIOLIHO# CETKW BOJMIOKOH NMPH YMEHbIIEHUU CKOPOCTHU CABUTa 10 HYJIS. YMEHbIIIEe-
Hue 3HaveHnii T/’ u N’ ¢ ymenbiennem o6beMHOI KOHLEHTpaUKUU ® TUNUYHO /NS
CYCMEH3U M NIOOBIX YaCTHILL.

Jpyrasi cycnensus BOJIOKOH Owblia BuiOpana [179] nnst oueHKU BAUSIHUST UC-
NEPCHOHHOI Cpeabl, a UMeHHO: cycneH3ust 400X 10 MkM ¢ oceBbiM OTHOLUIEHUEM 40
B CMECSIX IMLEPUH/BO/A U B CHIIMKOHOBOM Macne (puc. 6.29, 6 u tabn. 6.17).

B o0wem, Ha ydyacTke BBICOKMX CKOPOCTEH U3MEHEHMS] BA3KOCTH HACTOJILKO
MaJibl, YTO MO3BOASIIOT FTOBOPUTH O MEPEXOAE K HbIOTOHOBCKOMY TeueHU10. C Apyroii
CTOpPOHBI, annpokcumauuda no OV T paet A0CTaTOu HO XOPOLIHE PE3YLTATHI.

OTtHoweHnue 1 /1, MaJlo UBMEHSETCA, HECMOTPSI Ha 3HAYUTEJILHOE YBEJIUYEHUE
BA3KOCTH 1), AMCNEPCHOHHOMN CPe/ibl. DTO YKA3biBAET HA HE3HAYUTENBLHOE U3MEHEHMUE
Ko PuunenToB k u A B ypasHenuu 1’ =n"’(1 — k®) ™.

OTMETHUM, YTO XUAKOCTb C KOHLUEHTpaLMuek 59,5 Macc.% rmuuepyMHa HMEET TY Xe
MJOTHOCTH, YTO U MOMUaM UAHOE BOJIOKHO. [To3TOMY ceanMeHTaLIUS B TAKO# CyCNeH-
3UU UCKJI0YeHa. MOXHO MpeanoNoXUuTh, YTO 00pa30BaHUE arperaTtoB B CYCNEH3UHU
TaKHX BOJIOKOH CBSI3aHO TOJILKO CO CTONIKHOBEHUSIMH YACTHLL B MPOLIECCE CZIBUTOBOrO

TCUHCHUSH UJIH NTPCABAPUTCIIBHOIO MNEPCMCLLIMBAHU A,

6.17. TeuyeHue cycneHsun yrnepoaHbiX HAHOTPYOOK

Amopdpunie YH-Tpybku Busa PR-24 (Pyrograph 111) nonyuyéHbl XUMUUYECKMM Ha-
HECEHHUEM U3 napoBoii pasbl. HAHOTPYOKHM UMEIOT OTKPBHITHIE KOHILBI C BHYTPEHHUM
auametTpom ot 60 no 150 um, co cpeaneii TonwuHok creHok 30 HM, ITMHA — OT He-
CKOJIBKUX JI0 AeCATKOB MUKpOMETPOB. Cycnensua YH-tpyObok B KACTOPOBOM Mac-
Je (793,2 mlla-c npu 23°C) npeasaputeibHO 0OpabaThiBajlaCh YbTPAa3BYKOM, 3aTEM
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Puc. 6.30. Kpupbie TeveHuUs1 cycneH3nu yrnepoaHbx HaHOTpYOok PR24AG (ocesoe
otHoueHue 20—50) B kacTopoBOM MacJie npu koHueHTpauusax (%) : 10 (1);
6 (2); 2 (3) B ABOHHBIX NOrapM(PpMUUYECKHUX KOOpAHHATaX (a); B KOPHEBLIX
koopauHarax (6). [lyHKTUpHaa NUHUA OTHOCUTCH K KACTOPOBOMY Macy.
JaHubie [237]



pa3meuwiuBanach. MUcxonnbie HaHOTpYyOKHM PR24AG npuoOpenu cpeaHee oceBoe OT-
HouleHue 20—-50; nanotpyoku PR24XT, npononHutenbHo 00paboTaHHBIE Harpesa-
Huem ao 3000°C, umerot oceroe otHoleHue 200—500. TeueHue OLINO pABHOBECHBIM
W onucuiBaJioch [237] amnupuueckuM ypasHeHuem [epiuena — banknu.

Ha puc. 6.30, 6.31, 6.32 u BTabn. 6.18 npeactaBneH bl pe3yabTaThl alnpoKCUMaLUK
IKCMNEPUMEHTAJIBHBIX IAHHBLIX |237] ¢ noMoLIbI0 0000LIEHHOTO YPaBHEHU ST TECUEHU .
Heo0X0AHMO OTMETUTH, UTO NPU KOHUeHTpauuu 0,35 % (puc. 6.31) kpuBasi Te4eHU
OTUETIIUBO JIEJIUTCS HA IBE YACTHU, [JI€ PEOJIOTUYECKOE YPABHEH UE UMEET Pa3HbIE 3HA-
yeH U st KOOPPHULUHEHTOB.

JIna npakTHYeCcKMX eneil BaXHH CycrneH3WH HaHOTPYOOK B pacTBOpax W pac-
njaBax MoOJKUMEPOB, TO €CTh B HEHLIOTOHOBCKOW AMCNepCcHOHHOIN cpene. PaccMo-
TPUM 3KCNEpUMEHTaNbHbIE JaHHBIE [238] anst YH-TpyboOK B 3MOKCUAHONH MaTpHIIE

Tabimua 6.18. KosdpduumeHTs 0600IEHHOTO YpaBHEHHWSI TEUECHMUS AN1Sl CYCTICH3UH
yrnepoaHbiXx HAaHOTPYOOK PR24AG v PR24XT B kactopoBomMm macne
NpyU KOMHaTHOW TeMIiepatype

Cucrema AG AG AG XT XT XT XT XT*
® macc.% 10 6 2 | 0,75 0,50 0,35 0,35*
772, Ma"”? 10,6 3,10 0,28 7.07 20,3 11,3 14,5 4,77%
n'”, (Mac)” | 1,64 1,22 0,98 1,12 0,99 0,99 0,87 1,00%
x, ¢’ 0,366 0 0 0,523 | 0,151 | 0,447 | 10,25 0*
n"*(0) 30,6 oo oo 14,6 1354 | 26,2 2,28 oo
vy 28,9 — — 13,5 134,4 | 25,3 1,41 —

* O6nacTb HU3KHMX CKOPOCTEN cBUra.

= 1/2

Puc. 6.31. Kpupsie TeueHus cycneHsuu yriepoaHbix HaHOTpyOok PR24XT (oceBoe
oTHowieHue 200-500) B kacTopoBOM Macye Npu MacCOBBIX KOHLEHTPaLIU-
ax (%). 0,75 (1); 0,5 (2); 0,35 (3) B ABOiiHBIX NOrapuPMUYECKHUX KOOPJMUHA-
Tax (a); B KOpHeBbIX KooparHaTax (6). LLITpuxosast TMHUA OTHOCUTCH K Ka-
CTOpPOBOMY Macny. 2KupHasi TMHHUA COOTBETCTBYCT ypaBHCHMIO KaccoHa
Nnpu HU3KUX ckopoctax. Jlauunie [237]
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Puc. 6.32. KpuBne Tteyenusi cycneHsumu yrnepoaHsix HaHoTtpybok PR24XT (1)
u PR24AG (2) B kKacTOpOBOM Macne rnpH mMaccoBoi KoHueHTpauuu | %:
B JIBOHHBIX IOrapupMHUUYECK X KOOpaAHHAaTaX (@); B KOPHEBLIX KOOPAHHATAX
(6). LUTprxoBas NIMHUS OTHOCHTCS K HBIOTOHOBCKOMY T€YEHHIO CYCNEH3HH
PR24AG. Nanuwie [237]
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Puc. 6.33. KpuBbie T1€4eHMUsI CYCNEHIUM MHOTOCAOMHBIX YITIEPOAHbIX HAHOTPYOOK
(mmameTtp 100 um, anuua 30 MKM) B 3noKeuaHOM Matpuue npu 25°C v npu
MaccoBoil KoHueHTpauuu 0,03%: B nBOHHBIX norapupMHUYECKHX KOOPIH-
HaTax (a); B KopHeBblX KoopauHaTax (6). LLITpuxoBast nHHKSI OTHOCHTCH
K HbIOTOHOBCKOIH BA3KOCTH 3NOKCHAHONH MaTpUubl. 2KMpHas IWHKSA OTMe-
yaeT 3HayeHHe KoaphuureHTa Bsa3kocTH KaccoHna. daHHbie [238]

(puc. 6.33). Muorocnoesbie YH-Tpyoku uMetotT nuametp Metee 100 HM M JUTMHY npu-
mMepHO 30 MKM. B M3yueHHOM nHTepBalJie CKOPOCTeil CiBUIA BA3KOCTb 3MOKCHAHOM
cmoJibl noctosiHHa (0,4 [1a-c), To ecTb NOBEACH UE AUCTICPCUOHHOM Cpeflbl MOX HO CUM-
TaTb HBIOTOHOBCKHUM. [lepen M3MEpPEHHUEM CYCIICH3HM 1 pasMELLIMBaJlaCh B rOMOI€HM3a-
TOpE B TEUEHME S Y.

[lo-BuanMoOMy, 3TO U NPUBEJIO K HEOOJIBILOMY CHHXXEHM IO BA3KOCTH HA y4acTKE
HU3KHUX CKOPOCTEH CIBHIA 10 CPABHCHHUIO C TEOPETHYUYCCKON KPUBOH, NMOCTPOCH HOM
¢ MOMOLLBK 0O0OLUEHHOIO YpaBHEHHU A TEYECH U,



Hy>XHo otMeTUTB, 4TO KO3(PuLneHT Bs3KocTH Kaccona paseH 1, =(0,30 [lac ,
TO €CTb BA3ZKOCTH MNPEACSIbBHO pa3pyLUECHHON CTPYKTYpbI INPH DECKOHEYHOW CKOPOCTH
c/1IBUra MeHblle BSI3KOCTH 3MoKcuaHoi Matpuunl (0,4 Iac), naMepeHHOH NpHU CKO-
pocTsix MeHee 100 ¢™'. DToT pe3y/ibTaT MOXHO OOBSICHUTH TEM, YTO BSIZKOCTh CAMOIi
IMOKCUAHOM MAaTpULIbl YMEHbILUAETCS MPU ele 6oJiee BBICOKMX CKOPOCTSX CIBUIA;
KO3(M@PHLUHEHTHI PEOJIONMYECKOro ypaBHEHHUSI YUUTHIBAIOT KaK MOTEPU IHEPTUH MPH
00TEKaHU M arperatoB HAHOTPYOOK, TAK ¥ MOTEPH 3HCPIrUM MPH JIBUXKEHUH accoLna-
TOB MAaKpPOMOJIEKYJI B AIMOKCUIHOMN CMOJIE.

6.18. TeueHne aneKTpoOpeONOrNYECKUX XKUAKOCTEN

Inektpopeonorndeckue (BP) XMAKOCTH NpHOOPETAOT BBICOKYKO BSI3KOCTb IPH
HaJIOXKEHUHW Ha obpa3sel IEKTPUYECKOro MoJisl. D10 sABJIeHUe OOBSICHSII0T 00pa30-
BaHWEM LIENMOYEK YACTHUL, CBA3AHHBIX MEXAY CODOI CHJlaMM 3JIEKTPUYECKOIro Mpo-
MCXOXKACHUS. HYacTo TEKYyYHME CHUCTEMBI SIBJISIIOTCH HbIOTOHOBCKMMHM XXHWAKOCTSIMH
B OTCYTCTBHE JIEKTPHUUYECKOIO 110J151, HO BeAyT ce0sl KaK BSI3KOIJIACTUYHBIE X MIKO-
CTH MOCJIC MPUIIOXKECHUS TTOJISL.

N3MEHEHUSI BSIBKOCTH OOpaTMMBbI, U BPEMS 3JIEKTPOPEOJIOrMYECKOro OTKJIMKA
COCTABJISAET HECKOJIBKO MMJIJTMCEKYHA. OOBIYHO DP-XHaKOCTH NpeaAcTaBiasiioT coboii
CYCIICH3M IO MOJIYIPOBOASIIUMX YAaCTHLL B HENpoBOAsilLEM Macie. Takue xapakrepu-
cTuKM DP-XuakKocreit, Kak Majioe BpeMsi OTKJIMKA, HU3KHE MOLLHOCTH, IMPOCTOTA
KOHCTPYKLUH, MO3BOJISIOT UCTOJIb30BAaTh SP-KHMAKOCTH B Pa3JIMYHBIX TEXHUYECKHUX
yerpoiicTeax. [lybnukauum B oreuectseHHoOi [170] w 3apy6exHoii [176, 177, 186,
221, 239] neyatn NpeacTaBasiioT KaK 3KCIEPUMEHTAJIbHBIE JAHHBIE, TAK U MHOIO-
YHUCJICHHBIE TeopeTHdcckue monein JP-addekra. HeobxonnmMo oTMETHTB IBa CYLLC-
CTBEHHBIX MOMEHTA: MPaKTHYECKH BO BCEX NYOJIMKALMUAX UTHOPHPYIOTCH BO3MOX-
Hbl€ TUKCOTPOITHBIC CBOMCTBA TAKUX arperMpoOBaHHBIX CUCTEM, M, KaK IPaBuHJIO, 11
ANMPOKCUMALMWM 3KCIIEPUMEHTAJIBHBIX JAHHBIX MCIOJIB3YETCH TOJIBKO PEOJIOTHYE-
cKoe ypaBHeHue buHrama.

[TokaxeM, 4TO CTauMOHAPHOE PaBHOBECHOE TEYEHHE 3IJEKTPOPEOJIOrMYeCKOi
XHJIKOCTH MOXET ONUCH BaThCsl 06001LIEHHOM MonieJiblo TedeHusi. HekoTopble OTKJIO-
HEHUS OT MPEAJIOXKEHHOH MOIEJIM TEY4EHHU S BbI3BAHbI TEM, YTO PAaBHOBECHOE COCTOS -
HUE TEYEHU S HE IOCTHUTAETCH 3a BPpeMsi KOHKPETHOIO U3MEPEHU 5.

HarnpumMep, B nepBoMm oneite ¢ yBennuyeHueM ckopoctu 1T paBHOBecHOE cocTosi-
HUE TEYEHUS HE NOCTUTAETCH HAa yH4AaCTKE HU3KHUX CKOpOCTEN caBUra, Y4TO NPUBOANT
K XapaKTepHOMY MAaKCUMYMYy Ha KPUBOMW TEYCHH S HJIM 1aXe K YMEHBLISHU IO Harpsi-
XEHUS C/1IBUra C pOCTOM CKOpOCTH ciBura. Ha yyacTke BBICOKMX CKOPOCTEH paBHO-
BECHE MEXY pa3pylLICHUEM U BOCCTAHOBJIEHUEM arperatoB JOCTHracTcsl ObicTpee,

W paBHOBECHAasi KpUBasi TCUCHU I YCIICLLIHO ONMHUCHIBACTCA O00OIIECHHBIM yPaBHEHHEM
|,f2
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Paccmmpn M KPMBBIC TEYECHH S B KOPHEBBLIX KOOpAMHATAX (T'°,Y "), NOJYYEHHBIC
B 3kcnepumerTe [176] ans yacTuy MOHTMOPHIJIOHWTA, MOAMMDU LN ]}OBaH HOTO MOJIN-

MEPOM, B CUJIMKOHOBOM MacJie (pasmep yactuu rnpumepHo 100 HM, KOHueHTpauus

Y2 unmn ypapHeHueM K3ccoHa Kak €ro yactHBIM CJIy4yaeM:

T
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20 macc.%). [Mosie 6bLJI0 NPUITOKEHO MEPIEHANKYIJISIPHO MOBEPXHOCTH B 3a30p€ MEX-
Ny KoakcuaJibHbIMU prJinHapamu. Ha puc. 6.34 nokazaHbl npsimeic KaccoHa v 3aBu-
cMMOCThb Koa(puumeHTa arperuposaHus 7. (I1a) ot HaNpsi)XeHHOCTH MOCTOAHHOIO
anekrTpuueckoro nosst E (kB/mm) npun 20°C.

Koa(hpuumeHT ¥, oTBeUaOM il 3a xapakTep ylakoBKHW YacTULL BHYTPM arperata,
paBEH HYJIO, TAKMM 00pa3oM, HabJKOAAe TCS NJIACTHYHOE TEYEHME C NPeae/IbHbIM Ha-
npsixkeHuem capura T.. KoadpduumeHt Bsaskoctn KaccoHa 1), cBsi3aH ¢ 06TeKaHHEM
OTAEJIbHBIX YACTHU LI U TOTOMY MPAKTHUYECKH HE 3aBUCUT OT BEJIMUUHbI [IPUJIOKEHHOTO
asiekTpuyeckoro noJisi. KoapduumneHt arperaumnm T, yBeJInuuBaeTcsl MpakTUYECKH
JIMHEIHO ¢ YBeJIMYEHUEM HarpsixXeHHocTH nons E, xoTs B TeopeTHUYecKHX padboTrax
NMpUHATA KBajipaTU4Hasi 3aBUCUMOCTb.

VBenunueHue BeJIMYMHBI T, IIPSIMO CBSI3aHO € YBEJIMYEHHUEM pa3MepoB arperaios.
OTMETUM, 4TO B OTCYTCTBUE OJIS TEYEHUE TaKXKe onucblBacTesl ypaBHeHUeM Kacco-
Ha, a He BuHrama, xorst aBTopbl craTeM [176] yTBEpXKAAKOT, YTO TEYEHHUE B OTCYTCTBUE
MoJAsi — HbIOTOHOBCKOE M YTO NOCJIE HAJIOXCHMUS MOJISi KpUBasi TEYUECHU S COOTBETCTBY -
eT ypaBHeHU 10 buHrama.

Peonornyeckme uaMepeHust cycrieHsuu rematuta [177] nposoamniaucek npu 25°C
M COCTOSIJIM U3 HECKOJILKUX 3TAINOB: Mpe/iBapuTe/IbHOE C/IBUTOBOE TeueHHe obpasua
Mpy HAaMOOJBLIMX HATPSIXKEHU X caBuTra B TedeHue 10 ¢, ycTaHOBAEHHE pAaBHOBECHO-
ro COCTOSIHUS oOpasua INnpyu HaJIOXKEHHU U 3IEKTPpHYEcKOoro noas B teueHue 60 ¢; yera-
HOBJICHUE HaMpPAXEHMUS CIBUTA, IOCTATOYHOrO JIJ1s1 HayaJla TeYEHU S CYCNIEH3UH TpH
HauWBBICLIEI HaMNPSIXXEeHHOCTH 3JIEKTPHYECKOro nossi. MuMHuMaibHOE BpeMst OT/ie)1b-
HOro uamMepeHust — okosio 90 ¢. JlaHHbie npectaBiicHbl Ha puc. 6.35, 6,36, ko3ghdu-
uveHTH OYT B TAdN. 6.19.

UToObl yuyecThb BO3MOXHOE HEPAaBHOBECHOE COCTOSIHME, HaMM ObIJIM yOpaHbI
M3 annpoKCHMMALUM TPH HaydaJibHbIX 3HAYCHUSI HAMPSIKEHUSI TPH caMblX HU3KHX
cKopocTsiX capura. BuaHo, yto npsimeie buHrama xyxe ornuchbiBalOT 3KCIEPHMEH-
TaJIbHbIE JaHHbIE, HO MOTYT ObITh MCIMIOJIB30BaHbI B KQUeCTBE MNepBOro NpuoanKeHHUs.
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Puc. 6.34. KpuBbie TeueHHs] CYCMEH3WH HAHOKOMIMO3MTHBIX 4YacTHL, mNosau-N-
ME€TaHUJIWH/MOHTMOPHJINIOHHT B CHIMKOHOBOM Machie, npeactaBlieHHbIe
B KOPHEBBIX KoopaMHaTax (a); 3aBUCMMOCTb Npeae/ibHOro Harnpsi>KeH ust
CABHIa OT HanpsXX€HHOCTH BHELIHEro 3JieKTpuueckoro nons (6). Llugpwl
y npsimblX Kaccona 0003HauaoT BeTMYMHY HaNnpsiXX€HHOCTH MOJis
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Puc. 6.35. Kpusbie TeyeHM s CYCMEH3MHU FEMATUTA B CHJIMKOHOBOM Macie, NnpeacTas-
JIEHHBIE B KOPHEBBIX KOOpAKMHAaTaXx (@), B ABOHHBIX norapupMHYECKHUX KO-
opauHaTtax (6). Uudpo v npsambix KaccoHa 0603HayaloT BEAMYHHY 00b-
eMHOIH KoHueHTpauuu (noau) aucnepcHoit ¢daswl. HanpsixenHocts nons
4 Kk B/mMMm., laHHble w3 [177]
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Puc. 6.36. Kpupbie TeueHMs cycreH3HM reMaTiTa B CHAMKOHOBOM Macne, NpeacTaB-
JIEHHBbIE B OOBIYHBIX KOOpAHHATaX (a); B ABOMHBIX Jlorapu(pMHUYECKUX KO-
opaunatax (6). Lludpbl y npsimbix buHrama o6o3HavarT BeJIMUMHY 00b-
€MHOW KOHLUEHTpauuu (1onu) aucnepcHou ¢asbvl. HanpsikenHoCcTe nons
4 k B/mMmm. lavHbie 13 [177]

0.8

0.6

A

0.4

Ta6auua 6.19. KosdhuureHTs 00001LEHHOrO ypaBHEHHA TEYEH M sl 0Opa3La reMaTH-
Ta B CHAWKOHOBOM MacJie TTpH pa3/IMuHbIX KOHLUEHTPaLHsIX

KoHueHrpauus ® 0.3 0,25 0,2 0,15 0.1
7, Ma'"”? 4,70,0 3,60 2,97 2,18 1,70
1]:_"' ’ (Ma-c)"”? 0,468 0,312 0,264 0,116 0,097
¥, ¢’ 0 0 0 0 0
CumBon pomO Tpeyron TOYKa OTKp. poMO OTKP. TPEYT.




Takoe cxoacTBO B pe3ysibTatax alllpoKCHUMALMK OOBSICHSIETCSI MaTeMaTHUYECKUM
CXOICTBOM MexXny ypaBHeHUeM KaccoHa v ypaBHeHueM buHrama, ocobeHHoO npo-
ABJIA IOLLLIUMCS IPH BBICOKHX CKOPOCTSAX CIABHTA.

PaBeHCTBO KO3 PHLMEHTA ) HYJIIO O3HAYaeT, YTO UMEETCS TEHACHLIM S K 06pa3o-
BAHU IO CIJIOLUHOM TPEXMEPHOI CETKM YacTHULL, 3aTOJIHAIOLIEH BECh OOBEM BUCKO3U-
MeTpa I1PH CKOPOCTH CABHTA, CTPEMS LUCHCS K HYITIO,

YBesindeHue npyrux Koap@UUUEeHTOB 1Mpy MOBbIIICHUN 00BEMHON KOHLIEHTpA-
LMW BIIOJIHE COIIACYETCs C YpaBHEHUSIMH OOOOLLIEHHOM MOJIECIN TEUEHM S,

PaccMOTpPHUM pPeoNOrmuYecKoe MoBEICHUE CYCIICH3UH IeMatThTa IpH pasiMuyHbIX
HarpsiXKEHHOCTAX 2JIeKTpUdeckoro nons (puc. 6.37, tada. 6.20).

Veennuenmne koapduumnenrta T/’ ¢ poctom HanpsixxeHHocTH nons E BnosnHe ecre-
CTBEHHO, MNOCKOJIBKY I1PHU 3TOM pacTeTcTeNneHbarperaumy cMCTEMbl M YBEJIMY M BAOTCS
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Puc. 6.37. Kpusble TeueHHs1 cycneH3MHM reMaTHTa B CHAIMKOHOBOM MacJie, NpeacTaB-
JIeHHBIE B KOPHEBBIX KOOpAMHATaX (a); B JBOHHBIX lorapupMHUYECKHX KO-
opauvHaTax (6). Lludpsl y KpHBLIX 0003HAYAKOT BEJIMYMHY HAMPSAXEHHOCTH
nonsi. ObbemHas KoHueHTpaumus (nons) gucnepcHoi ¢aszbl pasHa 10%,
unu 0,1. Ha BctaBke 3aBucumoctb T, u 1’ ot E

i

Tabnunua 6.20. Kosdpduuuento 06001IEHHOIO YypaBHEH U sl TeYEeH W st 0Opa3La remarm-
Ta B CHIHKOHOBOM MACHE NpH pa3n HYHOM HanpAXXCHHOCTH NOJIA

HanpsikeHHOCTb MO 4 3,6 3,2 2.8 2.4 2
E, kB/MM
7%, Ma'”? 1,71 1,51 1,31 1,11 0,95 0,81
N, (Mac)"”’ 0,0937 | 0,0925 | 0,0965 | 0,0985 0,105 0,108
v, ¢ 0,0012 0,0372 0,0030 0 0 0,0975
CumBon pomMO Tpeyron | ToOuKa OTKP. OTKP. OTKP.
poMO Tpeyr. KBaapar




pasMmepbl arperatoB yactuu. B npuHuMne, koagduumeHt Bsizkoctu KaccoHa 1]:," ’
HE JJOJIXKEH UBMEHSIThCS, NOCKOJIBKY KOHLIEHTPALUS CYCIEH3M U MOCTOSAHHA.

O6wiuHo [177, 186, 221, 239] u3aMeHeHHe Npene/ibHOrO HaNpsiXXEHHWS C/BHUTA T,
OT HaNpsXEHHOCTH 1MoJ1s1 E onuee BaKOT CTEIEHHOI 3aBUCMMOCTBIO, ¢ NoKa3arelib
crerneHu m 6J1M30K K aByM. Hanpumep, B paccMarpuBaeMoil pabote npeacjibHoe Ha-
NpsiXXKEHHUEe orpeaesisiioch NPsSMON 3KecTpanoasiuMeil T K HYJIEBOH CKOPOCTH CBUIa
0e3 MCNoNb30BaHUS KAKOro-JIMOO peoJIorHYecKoro ypaBHeHUsl. 3HaAYEHUE m U3Me-
Hsitock oT 1,75 1o 2,1 ans pa3iMuHBIX KOHUeHTpauurii. HamMu nonyuyeHo cooTHoLle-
Hue st KoHueHTpauuu 10%: 1©.=0,24 + 0,06 E”" (BctaBka K puc. 6.37, 6). Ipyrumu
CJIOBAMM, MJIACTUYHOE TEYEHHUE IOJIK HO HADIKOAATBCA U [IPU OTCYTCTBU U DJIEKTPUYE-
CKOI'O MOJIs1, HO 3HAYE€H UE MPEeACSIbHOIO HAlIPSIXKEHUWS CIBUTA IOCTATOYHO MaJIo.

PaccMoTpuM cucTEeMY MOHOAMCIIEPCHBIX CPDEPUUECKUX YACTULL KPEMHUW ST B CHJIN-
KOHOBOM Macne [186]. Pe3ynbrathl annpoKcMMaLMK 3KCNEPUMEHTAJbHbIX JAHHBIX
C NMOMOLLBI 0000ILICHHOIO YypaBHEHHUS TEUECHU S TpeacTaB/icHbl Ha pyc. 6.38, 3Haue-
HUs1 KOI(DPULLMEHTOB PEOJIOrMYECKOro ypaBHEHUs — B TabJ. 6.21.

MHTepecHO, 4To B cTaThe [186] OTCYTCTBYIOT BCSIKKME YITOMUHAHM S O BO3MOXHOM
TUKCOTPOITUH B 3TOM CyLLUECTBEHHO arperupoBaHHoi cucremMe. OnHaKo XapakTepHbie
MaKCMMYM U MUHUMYM B 00JIaCTM HU3KMX CKOPOCTEW TUITUUYHBI /IJIs1 HEPABHOBEC-
HOI'O COCTOSIHUSI TEUEHUSI TUKCOTPOIHBIX cUCcTEM. [TpH BBICOKMX HANPSI)KEHHOCTSIX
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Puc. 6.38. Kpusble TeueHus! cycrneH3uM KpeMHHUsi (I MKM) B CMJIMKOHOBOM Maclie
(0,5 INa-c), npeactaBneHHble B KOPHEBbIX KOOpAHHATAX (@), B IBOWHBIX J10-
rapudpmuueckux Koopaunatax (6). OdobseMHas KOHueHTpauus (10n5) AMc-
nepcHoii ¢asbl paBHa 0,107. [Nosicnenus B Tadn. 6.21

Tabnuua 6.21. Kosdduumento 0600wEeHHOro ypaBHeHH s TeUeHHs A5 obpa3sua cy-
CTNEH3UU KPEMH U B CHJIMKOHOBOM Macne

Hanpsxennoctb nons E, KB/MM 2 | 0,5 0,25
7%, Ma'” 7.29 2,14 0,91 0,33
n/’, (Ma-c)"” 0,23 0,69 0,70 0,79
x, ¢ 0 0 0 0
CumBon pomMob Tpeyron Touka OTKp. pOMO




MoJisl pazMepsl arperatoB HaCTOJILKO BEJIMKH, YTO CUCTEMa MPH HU3KUX CKOPOCTSX
CaBHMIa HE yCrieBaceT 3a BpeMsl OlbITa I0CTHY b COCTOSAHUS paBHOBECHSI.

HeilcTBUTENBHO, CMELLICHUE OT PABHOBECHOIO paCIpEACJIEHUS arperaTos 110 pas-
MepaM B CTOPOHY GOJIBILINX arperaToB NMPHBOAMT K YBEJIMYEHHNIO T/ U YMEHbLLEHHUI0
M.’ 110 CPABHEH U0 C pAaBHOBECHBIMM 3HA4YCHUsIMU. B 061LeM, B 061aCTH HU3KNX CKO-
pOCTEi IKCIIEPUMEHTAJIbHBIC HATIPSIXKEHMW S CABUTA NPEBBILIAKT TEOPETHUUYECKUE PaB-
HOBECHbIC 3HAYCHMS, MOCKOJIbKY MEMJICHHOE pa3pyllicHUE arperaroB He o3BOJISIET
c(hopMUpoOBaTH PABHOBECHOE paclpeaesieHUe Mo pasmMepam 3a BpeMsi UBMEpPEH UL,

AHANOrMYHbIE pPe3yJbTaThl MOXHO OJIYUYUTh, HCIIONb3YSl IKCIEPUMEHTAJIbHbIE
AaHHbic [221, 239], npyyeM NMpu HU3KUX CKOPOCTSX CIBUTa HABIOAAOTCS IPU3HAKH
HepaBHOBECHOIro TeueHus (puc. 6.39). MakcuMyM WM M1aTO B pailoHe HU3KUX CKO-
pocTeid caBrura o0ycJIoOBJIEHbl HEPAaBHOBECHBIM COCTOSIHUEM TEYEHMU s, BOOOLLE, CHU-
XXEHUE HaMpPsi)XEHUs CABUTA MPH MOBBILIEHUW CKOPOCTH CAIBUTA CBSI3aHO C OBICTPBHIM
pa3pylieHHeM OOJIbLIMX arperaToB /0 pa3MepoB, COOTBETCTBYOLINX paBHOBECHOMY
TeueHU10. UrHopympoBaHME TUKCOTPOINHBIX CBOWCTB JIEKTPOPEOJOrMYECKOMN XHII-
KOCTH M BO3MOXHBIX JIMJIATAHTHBIX 3(PPEKTOB NMPUBOJIUT K CYLLIECTBEHHBIM 3aTpy/l-
HEHHWSIM [IPH aHaJIn3e KpUBBIX TedeHUs1. [lpuBeneHHbIe HHXKE IKCIIEpUMEHTaJIbHbIC
JNIAHHBIE OBIIK aNNPOKCHMUPOBaHBI aBTOpaMM cTaThM [239] ¢ noMoLbO ypaBHEHU A
buHrama Ha BceM MHTepBaJie HANPsSI)KEHU M CABUTA.

OnHako npu 31oM Habonainch 60JbIINE OTKJIOHEHU S OT TEOPETHUYECKOM KpU-
BOi TeueHU . [ToKaxeM, 4TO 3TH AaHH bIE XOPOLLIO ONMUCHIBAKOTCH 00001LEHHBIM ypaB-
HEHHEM TeueHU sl MU ypaBHeHHeM K3ccoHa Kak ero YacTHBIM CJTy4yaeM.

Jlns annpokcumapum ciiefiyeT BbIOMpaTh TOJMBKO Yy4aCcTKHU BBICOKMX CKOpOCTEIi
CBUTIa, OAHOBPEMEHHO YYHUTHIBas MPU ITOM BEPOSITHOCTb CIBUTOBOrO 3aTBepAcBa-
Hus. Pesynbtatel npuBeneHbl Ha pyuc. 6.40 u B Tads. 6.22.

TpannuMOHHO pe3ynbTaThl NPEACTaBASIIOT B KoopauHaTax Igt—Igy. SIBHBII yua-
CTOK I1JIaTO MPHU HU3KHX CKOPOCTSX CIBUTA HE MOXET OIKMChIBATbCsl HU YpaBHEHHWEM
bunrama, Hu ypaBHeHuem Kaccona. [pu ncnosbzoBaHuu KoopamHar Ign —Igy aerko
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Puc. 6.39. Kpusbie Teuenust 10%-Hoii cycrneH3nH yacTvU NOJIMITHUIIEHA C MOKPBLITHEM
]I{]JI}'IIpDHDﬂH LEro non HME-[:)H noaun prﬂjlﬂ B MHHE[}HJ’II:-H(}M MAacne B Kﬂp-
HEBBHIX KOOpAHHaTax (@), B ABOMHBIX norapupMHYECKUX KoopauHaTax (6)
npv HanpsxeHHocTsx nonsa 2 kKB/mm (pom6), 0,5 kB/MM (TpeyrojibHHK),
B oTcyTcTBHE NoJisi (Ttouka). JanHwvie u3 [221]
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Puc. 6.40. Kpusbie Teuenmsi cycrieH3My B Maclie, IpeAcTaB/ieHHble B IBOMHBIX JlOra-
pU(PMHUYECKHX KOOpAHMHATAX HANPSIXKEHME CABUIra — CKOpOCTL ciaBuIa (a);
B JIBOITHBIX JIoTapU(PMUUYECKWX KOOP/IMHATAX BA3KOCTb — CKOPOCTb CIIBU-
ra (0) npy pasnUyHBX HanpspkeHHOCTAX nonst. [losicHeHus B Tabn. 6.22.

JlaHHBIe u3 [239]

Tabimua 6.22. Koadpduvumentor OYT ans obpa3na cycneH3MM B MacJie

Hanpsixennocts nons £, B/MMm 400 200 100 50 0
7%, Ma"”’ 0,758 0,234 0,083 0,035 0,038
n’?, (Ia-c)"”? 0,99 0,79 0,78 0,61 0,03
¥, ¢ 0 0 0 0 0,003
CumMBon pomO TPEyT. KBaJpaT TOYKA Kpyr
Yucno Touek 4 7 8 7 6

BHUIOHBI YY4ACTKH B paﬁoue BBICOKHX CKOpPOC T€il CaBMIA, 1€ BA3KOCTh YBCIIUYHBACTCH
C pOCTOM CKOPOCTH CaBHI'a; ACHO, YHTO TaKHC NHUNIATAHTHLIC YHACTKH HC MOI'YT OIIH-
ChbIBATHCH BHILUCYITOMAHYTBIMH YPABHCHHSIMH. CDU’I‘BETC’I‘B}-’IOLU,HET AJAaHHBIC NOJI2)KHBI
HCKJIIOHYATbhCHA U3 allllPpOKCHMaLl UK.

6.19. Teuenne amynbcuin

DMYJAbCHH NPEACTABIISIIOT CODOI NUCNEPCHBIE CUCTEMBI, OOpa30BaHHLIE 1IBYMS B3a-
HMHO HCPACTBOPUMBIMHU XHUAKOCTAMU. CUCTEMA TEPMOJIMHAMHWYCCKH HCYCTOMYMBA,
M KallJIi CIMBAIOTCS NpU KOHTAKTE. J1J151 cO3naHus BLICOKOAMCIIEPCHBIX U YCTOMYM-
BbIX 3MYJIbCHIT B cucTemMy aob6aBisiioT ctabunusatopsl (3Mysibraropol). Crabunuiza-
TopamMu sABJIsIIOTCH [IAB unu nosnumepsl, KOTOpLIC aaCcoOpOMPYIOTCH Ha MMOBEPXHO-
CTH Karnjd U MoaupUUHPYIOT ee, npenorBpawas cnuiadue. I'Nlpu KoHueHTpanusx
no 0,1% (06.) amynbCcuKM Ha3bIBAKOT pa30aBJCHHBIMU, MPU KOHLCHTPALIUSAX HHXKE
74 % (06.) aMynbcHst cuyuTaeTcsi KoHueHTpupoBaHHoii. I1pu 74 % (06.) u Beillie ce-
pUUYECKHE KarJiu o0pasyloT MJIOTHYIO YIIAKOBKY, MPHU 00J1€€ BHICOKUX KOHLICHTpalu-



SIX KarJiv CyLecTBeHHO ne)opMHPOBaHBL; INCIIEPCHOHHAS cpea InpuodpeTaeT BUL
TOHKHMX MPOCHOCK (BHICOKOKOH LICHTPU POBaHHASA 3MYyJIbCHUS).

PazbaBiieHHBIE 3MYJIBCHHU AEMOHCTPHPYIOT HBIOTOHOBCKOE TEYEHUE C MOCTOAH-
HOM BSI3KOCTBIO 1), NPH YBEANYECHUMN OOBEMHOM KOHUEHTpaLUHUMU D TeYCHUE CTaHO-
BUTCH HCHBIOTOHOBCKUM. U3JI0XXKMM OCHOBHBIE MPEACTABJIICHUS O PECOJIOTHH 3MYJIb-
CHii, cnenyst padotam [129, 199, 230, 231, 232].

[IpyHUMNMANTBHBEIM OTJINYHUEM DMYJIBCU T OT CYCIICH3M I SIBJISICTCH BO3MOXHOCTD
JMCCUTIALIMU SHEPITUM BHYTpH Karneab. OTcroaa cieiyeT HEOOXOAUMOCTh yUeTa BS3-
KOCTH HernpepbliBHOI (a3bl (IMCIIEPCMOHHOI cpefibl) 1), U BSI3KOCTH XHWJIKO#H auc-
nepcHoii ¢asnl 1),. B paHHeit pabote Teitsiopa nosny4eHo ypaBHEHHE
_14 04D

= 21 2)

rae M, =N/My, K=0M,/M, B 9TOM ypaBHEHMH HE YYTEHBI BO3MOXHOE I'MAPOJANHAMM-
4EeCKOE B3aMMOJICMCTBUE MEXY COCEAHUMM KarJsiMU U u3MeHeHue (hopMBl Karnesib
B C/IBUTOBOM TE€YEHHH.

Pacinimpenune moneniu Teitiopa npuBeno K ypaBHeHU 0 [230]

m +5x 1" .
2/5 ; —(1-®)"

KOTOpO€ AOCTATOYHO XOPOLIO ONUCHIBAET 3aBUCUMOCTH I(PPEKTUBHOH BA3KOCTH
OT KOHUCHTpaLMM AJ151 HEKOTOPBIX 9MYJIbCUi. boJiee Xopoliiee orucaHUe rnoJjiyyaeT-
Csl, €CJIM BBECTH AOMNOMHUTENBHBIN KO(PPUUUEHT K, yBEJIMUMBaAIOLLUK 00BbEM AHC-
nepcHoii paszul (BMecTo ® BBOAST kD).

HeHbIOTOHOBCKOE TEUEHUE IMYJIbCHIT MOXHO NpHOIMXKEHHO onucaTth [231], uc-
nojib3ys yucyio PeiiHosbaca s YacTHL Nﬁﬂ=p{,1fﬂ/1’|{,, rne P, — MJIOTHOCTb AHC-
[ePCHON cpenbl, ¥ — cpeaHUi paauyc Karieib.

B npuBeaeHHBIX KoopauHaTax 1),(/V,, ) CUCTEMBI C pa3JIMYHBIMU pasMepaMH Ka-
neJib, HO C OAMHAKOBO#H KOHUEHTpauHei ® 1eMOHCTPUPYIOT CEPUH TOYEK, KOTOPHIE
YKJIa1blBAKOTCA Ha OIHY YHUBEPCAJIbHY IO KPUBYIO.

Pa3jinuHble siyeedHbIE MOJIC/IM Ucniojib3oBasiuck |[199] ang onucanms 3aBucH-
MocTH T(P) npu PUKCHPOBAHHOM HAIPsSXKEHUH CABHIra. 3TH MOACIM YYMTHIBAKOT
TO OOCTOSAATEJILCTBO, YTO KallJIU CIOCOOHBI IchOPMUPOBATHCS 1AXKe MPH AOCTATOYHO
HU3KHUX KOHLEHTpauMsax. B ob1ueM, Karjim noaBepXeHbl ABYM IMPOTHBOIMOJOXHBIM
BO3/ICHCTBUSIM: BSA3KOE HaIPsIXXEHUE 1Y NPUBOANT K YUIMHEHHUIO KallJIK; HanpsiXe-
HUE BUJ1a G/F, CBSI3aHHOE C MOBEPXHOCTHBIM HATSIXKEHUEM G, CTPEMUTCS BO3BPaTUTh
KarJio K cpepuueckoii popme.

HAueeuHble MOAESIM [JIS1 KOHLUECHTPUPOBAHHBIX 3MYJIBCUIT AOJKHBI OOBSICHSTH
C/IBUTOBOE Pa3)XXMXKXEHUE MU MOSIBJICHUE HOPMaJIbHBIX HAIpPSI)KEHWIA NPU C/IBUTOBOM
teucHUU [199]. TeopeTHuecKue KpuBbIe, NMOCTPOECHHBIE JIJISI pa3/IMYHBIX OOBEMHBIX
KOHLUEHTpALMWii, JEMOHCTPUPYIOT KAYECTBEHHOE CXOACTBO C 3KcnepumeHToM. Mo-
nenb You u [Hopankrepa st crauMoHapHoro CABUroBOro Te4eHM sl NPUBOAMUT K YpaB-
HEHHWSIM BHA

URGLYS, (b —h)V

]+h|2'5’2 s Ty~ Tp= 1+h,2’§‘2 ’




rae M, ="n,(K,P), 1, =N, D, M,+/0), N, =N,(K, D, +/C). DT1a Moaesib YYUTHIBAET Kak
nedopMaumio Kanesb (4epe3 KanujuisipHoe yucio N, =ny/(6/r)), Tak M ruipoanHa-
MHUYECKOE B3aH MOJICHCTBUE MEX LY COCEHUMM KarisiMU. [locKoneky A, v h, npornop-
LIMOHAJIBHBI BEJIMYHUHE 1), #/C, TO CABUTIOBOEC Pa3>XHMXKXEHUE U BO3HMKHOBEHHUE MEPBOi
Pa3sHOCTU HOPMAJIBHBIX HAMPSXEHUI OOBACHSIOTCH TOJIBKO M3MEHEHUEM (OpMBI
Kareab B [pouecce cABUIOBOro TedcHusl. OTMETUM, YTO ONMCaHHas Bbillie siYyeey-
Hast MOJIENIb ABJISICTCH (PEHOMEHOJIOTMYECKON M HE YYUTHIBACT BO3MOXHOCTH arpe-
FMPOBAHUS OCTATOYHO CTAOMJILHBIX KalleJib, TO €CTh 00Opa30BaHUs arperatoB WJim
KJlacTepoB.

HenasHo [230] Ob1JI0 yCTaHOBJIEHO, YTO JlaXe NPH HU3KUX KOHLIEHTPaLMAX IUC-

nepcHoi (paswl Karniam obpasylot arperatol. beUio noJjiyueHo ypaBHeHHe
2/5 3/5 )

M m+5m, | O

T] 0 21] ] + 51];; q) m

e 1, — 9(pPeKTHBHAS BA3KOCTB X MAKOCTH BHYTPH KJIacTepoB, ¢, (P,Y) — ycpenHeH-
Hasl yIakoBOYHasl MJIOTHOCTh BHYTPH KJacTepoB. BBeaeHHe 3THX JIBYX NapaMeTpoB
(M, ¥ ¢,) no3BoJisieT OOBACHUTH OTKJIOHEHHE IKCINIEPUMEHTAJIbHBIX JaHHBIX OT TEOpe-
TUUYECKHUX KPUBBIX H3BECTHBIX SIY€EYHBIX MOACTICH.

B 3aknwueHue ocraHoBuMcsi Ha o03ope bapHeca [232], B KOTOPOM TeYeHHE
IMYJIbCUIl ONMMUCAHO HAa KAa4ecTBEHHOM ypoBHe. OTMmeuyaeTcsl, YTO CABMIOBOE pa3s-
XHXKeHHUe DoJiee SIPKO BHIPAaXKeHO J1J151 IMYbCH i BHICOKOI KOHLUEHTpAaLUKWH, BSI3KOCTh
yBeJIMYMBAETCs NpU YMEHBHICHUM pasMepoB Kanenb. bapHec nonaraet, 4To peoso-
st SMYJIbCHI OYEHb OJIM3KA K PEOJIOTHH CYCIeH3M i chepUUYECKUX YaCcTHLL U Npea-
naraet ucnosibsoBath ypasHenue Kpurepa— Jlorepty B Buae 1 =n,(1 — ®/®, )", rae
¢, CHUXKaeTcsl NPH yBEJIMYEHUH CKOPOCTH CAIBUTA Y MJIM HallPsiXKEHUS CBUTA T.

YMeHblieHHE P, B CBOIO O4YepE/ib CBA3SBIBAIOT C YINOPSN0YMBAHUEM CHUCTEMbI
B CIBUIOBOM TEYEHWU WJIM € pa3pyllieHueM arperatos. Jlajiee Mbl MOKa)XeMm, 4To
00001LEHHOE YpaBHEHUE TEYEHUS XOPOLIO ONUCHIBAET 3KCIIEPUMEHTAJIbHbBIE PE3YJlb-
TaThl, €CJIN NPEATNOJOXKUTH HAaJIMYKE JIBYX pa3/IMYHBIX PEXXHMMOB TEYEHU S Ha MOJIHOM
MHTEpBaJsiec CKOPOCTEH caBUTra.

TeueHue KOHUEHTPUPOBAHHON 3MyNnbcuM aMmunaueTata (AA) B rmuuepune (G)
olucaHo B pabote [199]. DkcnepyuMeHTaIbHbIC JAHHBIC IpeacTaBJIicHbl Ha puc. 6.41.

1/2 - ®
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Puc. 6.41. Peonorunueckoe nopeaeHue amynbcHu 70 00. % amHnaueTata B rnHLUepU-
He (cpeaHunii pa3mep Kanejb 2 MKM): @ — anmnpokCHMaLMs MO YPaBHEHH KO
T(y); 6 — annpoKcuMauus no ypaBHeHUo N(y)
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Puc. 6.42. Smynbcust macno B Boae, ctabunusupoBarHoe Triton X-100(SET-1) ¢ pa3s-
MEPOM Kanenb 21,4 MKM: @ — KPHUBBIE BSI3KOCTHU, 6 — KPHBBLIE TEUYEHMS
B KOPHEBbIX KOOpAHHaTax. CTpenka yKasbipaeT rpaHuuy (7, ~ 10 ¢') abyx
pPa3HbIX HHTEPBAJOB aNNPOKCUMALIHHK € NOMOLLBLIO ypaBHeHM s T(Y). Koadh-
(pHLIHEHTDLI [IPUBEAEHBI B TA0N. 6.23

Tabnuua 6.23. KosdpduumeHTH peonornyeckoro ypaBHeHUs! A SMYAbCUH Macna
BBOAEe (SET-1) cocpenHum suameTpoM Kanens 21,4 MxkM. 3Be3noukamMi
OTMEUYEHbI 3HAYECHU S, NOJIYUEHHBIE NPH ANNPOKCHMALIMH B UHTEpBane
HHU3IKHUX CKOPOCTEH CABMTA

KpupBasi 1 2 3 4 5
0] 0,7223 0,693 0,668 0,6284 0,5604
7/ 1,62 | 0,62* 1,04 | 0,46* | 0,95 | 0,41* | 1,64 | 0,47* 1,24
N/’ 0,09 | 0,21* | 0,00 | 0,016% | 0,095 | 0,15 | 0,071 | 0,104 | 0,071
X 261 | 0,19% | 227 | 037« | 276 | 0,63 | 11,7 | 271* | 184

Jlns annpokCUMALIMM 3KCNEPUMEHTAJIBHBIX JaHHBIX HAMUW BeIOpaHbl J1BA Bapu-
aHTa 0000LIEHHOIO ypaBHEHU S TeueHUs T(Y) U N(Y):
T2 = TIH"’W 407, n = —T:iz +n/%.
X+’ Xty
[lepBoe ypaBHeHHe obecneyrBaeT JYUYLIYKO annpoKCHMaL W B 00s1acTH BbICO-
KHUX CKOPOCTE# CABHUIA, BTOPOE YPABHEHMUE JIYULLE ONnKUCHIBAET YYACTOK HU3KHUX CKO-

poctei capura. st pacyera BelOMpaJiucs CyMMbl KBaApaToB pa3HOCTEH BHUAA
2 2
_ /2 1/2 /2 1;2
f;_- o E(n _ntﬂhc) v f 2( mhc:) :

Buaum, 4yTo 3HaYCHU s KOIPPULHCHTOB OTJIMYAKTCS CYLUECCTBEHHO, YTO MOXET
VKasblBaTh Ha BO3MOX HOCTb CYLLIECTBOBAH Ul IBYX PEXX UMOB TEUCH M A1.

HccnenoBanHas amyibcusi [231] cocrouT u3 Kaneab HedTsaiHOoro macina EDM
(n,=0,00552Ila'c) B nenoHuzupoBaHHoii Boge. Kannu crabunauampoBaHbl € NOMO-
LbIO NOBEPXHOCTHO-aKTUBHOIO BewecTBa Triton X-100, umerowero I'JIb Benuyu-
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Puc. 6.43. Smynbcusi Macno B Boae, ctabunuzupoBaHHoe Triton X-100 (SET-2) ¢ pas-
MepaMH Kanenb 9,12 MKM: @ — KpPUBbBIE «HANPSIXKEHUE—CKOPOCTh CIBHTA»,
6 — KpHMBBLIE TEUEHHS B KOPHEBBbIX KoopauHaTax. CTpenka yka3biBaeT rpa-
Huny (y,~ 1 ¢') IByX pa3HBIX MHTEPBAJIOB AlNPOKCUMAIIMH C NOMOLLBIO
ypapHenusi T(y). KoadgduunenTo B Tabn. 6.24

Tabimua 6.24. KospduumMeHTH peosorHyeckoro ypaBHeHUs st SMYAbCUU Macna
BBOAE (SET-2) cocpeanum auameTpoM Kanenb 9,12 Mxm. 3se3oukamm
OTMEUYEHbl 3HAYEHM S, NOJYUYEHHbIE NPH ANNPOKCHUMANIMH B UHTEpBane
HHU3KHX CKOPOCTEH
Kpusas 1 2 3 4 5 6
O 0,7223 0,7005 0,6893 0,6755 0,649 | 0,5972
(e 1,86 | 0,781 1,31 | 0,709* [ 1,33 | 0,736% | 1,38 | 0,54* 1,84 | 0,352
n/? 10,127 | 0,424 | 0,15 | 0,311* | 0,12 | 0,176* | 0,13 | 0,20* | 0,1 | 0,115
X 1,03 | 0,10 | 0,79 | 0,19 1,3 0,29% 3,0 0,52* 8,0 35,1

Hoii 13,5. Ilpy HU3KKMX KOHUEHTpAaLHaX HA0J1K0AAeTCH HBIOTOHOBCKOE TEUYECHUE, npH
BBICOK UX — C/IBUTOBOE pa3xuxeHue (puc. 6.42, 6.43).

SKCNEPUMEHTAJIbHbIC TOYKHU 3aBUCUMOCTU kO3(rpuLueHTa BA3kocTU K3ccoHa
oT 00beMHOI koHUeHTpauuu ans SET-1 (puc. 6.44) onucaHbl ¢ NOMOLLBIO YpaBHE-
Hus 1. =n,(1 —k®)™, rne £ =0,9033; A*=3,524; nna cepumn SET-2 K03 DU LHEHTDI
MMEIOT BeJIMUMHY k= 1,238; A*=2,29.

TeueHHe MUKPOIMYJIBCUI TAKIKE MOXKHO ONKCATh CTPYKTYPHOI PEOJIOrHYECKOI
MOACJIbID. MUKPO3MYJIBCUH NPEACTABJASAKT CO00i npo3padyHblie MJIM CJIerka ona-
JIECLUMPYIOLLIHE OHOPOIHBIC XHIKOCTH, COCTOSILME W3 JBYX HECMELLHBAIOLLMXCS
XXUAKOCTEH, NpuYeM karnJju crabuinsnpoBaHbl ¢ noMowbio NAB u umeroT KpaiiHe
Majible pasmMepbl. MUKPO3MYJILCUU TEPMOIAUHAMMHYCCKH CTaOMJIBHBI, UX OTHOCAT
K JIMOPHJIBHBIM CUCTEMAM.

Peonornyeckue cBOMCTBA MUKPO3MYJIbCUU JUISI MPOU3BOACTBA reJist OblM U3-
mepeHbl [233] Ha Buckozumerpe Anton Paar Rheolab QC meronoM kOakcHaibHBIX
LUJIMHApOoB. CKOpOCTh CABUTIA yBEJIMYUBaJiaCh HENPEPbIBHO, H3MEPEHUS NMPOHU3BO-
AUJIMCh Yepe3 KaXXKAble LUECTb CEKYHI. DKCNEPUMEHTAJIbHBIE JAHHbIE NMPUBEICHDI
Ha puc. 6.45, a.
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Puc. 6.44. 3aBUCHUMOCTB [PENESbHO BA3KOCTH OT KOHLEHTPALIMUI & — NS SMYITbCHH
(SET-1), 6 — nns smynbcuu (SET-2). Ctpenka otaensiet pailoH Koa{phHLn-
€HTa BA3KOCTH HblOTOHA OT pailoHa KO3 PHumHeHTa BA3KOCTU K3ccoHa
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Puc. 6.45. KpuBble BA3KOCTH: @ — ANs1 MUKPO3MYAbCHM (hupmbl «AHTOH Tlaap»; 6 —
JUIS1 OMYALCHH MACAa B BoJie ¢ 00beMHOI KOHueHTpayHeii macha 0,3 v pa3-
JUYHOKN KOHIeHTpauuei nonucaxapuaa (EPS), ykazaHHOI HA pMCYHKe

ABTOpbI [233] npoBoaKnIM annpOKCUMALMIO 3TUX JAHHBIX 1O ypaBHeHU 10 [eplue-
nsi— banknwu (t, = 47,8 [1a) u no ypaBueHuio Kaccona (t, = 59,0 I'1a).

Cyas no rpadguxy (puc. 6.45, @), KpUBY10 BA3KOCTH CIICAYET PA3ACJIUTh Ha JIBE Ya-
CTH. Y4acTOK HU3KHUX CKOPOCTECH CABHMIa ONMUCHLIBACTCA OOBIYHBIM YpaBHEHUEM Kac-
COHa (1:",’ 7= 6,7 ‘r]:,’r ?=1,2; x =0). YyacTok BHICOKMX CKOPOCTEli CIBUIa ONKUCHIBAETCSI
0000LLECHHBIM YPABHEHHEM TCUCHUS (1::_”2 =12,1; 1'].";'“E =0,39; x = 1,48).

[lpeacrapnsier MHTEPEC TEYEHHUE IMYJIbCHIL, B KOTOPBIE N100aBJIEH NoJiMcaxapu/i
(EPS) B kauectse 3arycrurens [234]. INpu Buicokux koHueHTpauusax EPS cerka ua-
CTH L HACTOJIBKO CYLLUECTBEHHA, YTO obpa3syercs resib. I'lpy HU3KUX KOHUCHTpaLLUAX
MacJia B BOJIE BECb MCCJIC/IOBAHH I J1IHANAa30H CKOPOCTEi CABUTa ONUCHIBaeTcst 0000-
LIEHHBIM YpaBHEHUEM TeueHus (puc. 6.45, 6), k03(PpPHULHEHTH KOTOPOro NpeacTaB-
JIeHH B Tabn. 6.25.

IlpencraBieHHblli B 3TOH IJ1aBe MaTEPHAJl NO3BOJSAET 3aKJNI0YHTD, 4TO 00001LIEHHOE
ypasnenue Teyenus (OYT) onucbiBaeT pazHoo0pasHbie CYCNeH3HH 0T KOJLIOHAHBIX pa3-
MEPOB /10 JeCATKOB MUKPOMETPOB, YaCTHIbI KPYrioii (opmbl, YIJIMHEHHbIE WU ILIOCKHE,
C pa3JMyYHbLIM XapaKTepoM CTAOMJIM3allUM CYCNICH3UH, MOHOIMCIIEPCHBIE WM NOJHIH-
CliepCHbIE CHCTEMbl, MAKPOCKONHYECKHE BOJIOKHA WJIH HAHOTPYOKH B HBIOTOHOBCKHX



Tabnuua 6.25.

Koappuumentnl 0600weHHOro ypaBHueHusn KaccoHa ansi aMynbCcuH
MACAa B BOAE INPUH pa3nHYyHOI KOHUeHTpauuK 3aryctutenst EPS M 06b-

eMHOI1 KOHueHTpauuu macna ® =0,3

C 2 1,6 1,2
72 4,77 3,54 2,45
n/ 0,084 0,104 0,121
X 5,98 6,06 4,3

WJIH HEHBIOTOHOBCKHX XMAKOCTAX, 3JEKTPOPEOJIOTHYECKHE KHAKOCTH M 3MYJIbCHM.
B psajge cayyaeB Ha0M0AaeTCs CIOXKHOE PeosiorHYeckoe noBeieHue, Koraa Ha noJiHoM
HHTEPBAJie CKOPOCTEH CABUIa HMEIOTCH [IBA PEXMMA TeYeHUs.

AHaJIN3 KPUBBIX TCYCHMSI U KPUBBIX BA3KOCTH, NMPOBEACHHBII B I71. 5 1 6, OCHOBaH
Ha MCNOJIb30BaH UKW OO0OLLIEHHOIO YpaBHEHUSl TEYEHHM SI KAK KJIKOUEBOIO JJ1S1 BblJIEJIE-
HHUS HA NOJIHOM MHTEpBaJie U3MEPEHU 1 YYACTKOB INJIACTHYHOTO U NMCeBAOTJIACTUYHO-
ro reyeHus. Hajuuyue oTnenbHBIX peXXHMOB TEYEHH S U IEPEXOHBIX YYACTKOB MEX 1Y
HUMHM CJISAYET U3 CAMON KOHLIENLLMU CTPYKTYPHO# peosIor u4ecKoit Moaesiu. BSI3KOCTb
NOCTOSIHHA, KOra arperatbl HeC U3MEHSKOTCS, YMEHbLLIACTCS NMPU pa3pyLUEeHUHU arpe-
raToB, YBEJIMYHBAETCS NPU YBEJIMUYEHUH YKCJIa U pa3MEPOB arperaToB B CHCTEME.

3aKnr4YeHue

O00011EHHOE YpaBHEHUE TEUYEHHUSI XOPOILIO ONUCHIBAET TUIACTUYHOE U TIceBJioNna-
CTUYHOE TEYEHHE HE3AaBUCHUMO OT NPOUCXOXJICHHS JUCIEPCHBIX CHUCTEM, Ccnocoba
cTabuJIM3auMK AUCIIEPCU M U XapaKTepa AUCTIEPCUOHHOM cpeabl, pa3sMepoB U (hopMbl
yactul. CTpyKTypHasi peosioru4yeckas Mosiesib O0ObSICHSET pEOJIOrHYECKOE MOBEIEHUE
MHOIMHMX NPaKTHYECKH BaXXHBIX CUCTEM, B YACTHOCTH, KPaCOK, MUHEpPaJIbHbIX U T1H-
LLEBbLIX MACT, CHHTETUYECKUX JIATEKCOB, YEJIOBEUYECKOW KPOBU, CUHTETUUYECKUX BO-
JIOKOH, YIJIEPOIHBIX HAHOTPYOOK, pasjIMYHBIX 3MYJIBCHI1 U 3JIEKTPOPEOJIOTHYECKUX
KHUNKOCTEH.



NMABA 7

HEDTb
N BYPOBDIE
PACTBOPDI

JIBE nNpuYrHb 00YCJIOBUJIH BBIACJICHUE 3TUX TEKYUYUX CUCTEM B OTACJIbHYIO IN1aBy. Bo-
NMCPBLIX, 3HAHUEC OCOOCHHOCTEH TCUYCHUS HE(PTH BAXKHO U1 ¢¢ 10OBIYM U TPAHCIOp-
TUPOBKHU TAK X€, KAK HEOOXOAHMO IOHUMAH HE PEOJIOIrHYECKOIO 110BE/IEHHSI OYPOBBIX
pPacTBOPOB, UCNOJIb3YEMbIX IpU 100bIYEe HeDTH. BO-BTOPBIX, 30€CHh NPUBOAATCS HEKO-
TOPBIE IKCNEPUMEHTAJIbHBIE PE3YJIbTATHI, NMOJIYYEHHBIE HENOCPEACTBEHHO aBTOPAMH
Npyu U3YYEHHUH BbICOKONapa(pUuHUCTON HEedPTH U HEKOTOPLIX rnapapuHcoaepKaLHX
cucrem. B uenom, peosiormyecKoe noBeiCHUE HE(MPTH BIOJIHE OOBSICHUMO B paMKax
CTPYKTYPHOI1 peOJIOrHYE€CKO MOIEJIH TTPH 00513aTE€JIbHOM YUYETE 3HAYUTEIIbHbIX THK-
COTPONHBIX 3PPEKTOB.

7.1. OcobeHHOCTM TeueHna HedTH

BoicokonapadpuHucrasi He(pTb OTHOCUTCS K aHOMaJIbHbIM HE(PTIM, KOTOPbIE IEMOH-
CTPUPYIOT HCHBIOTOHOBCKOE nopeacHue teucHus [110—114|. MU3BecTHO, 4TO npH o0-
CTAaTOYHO CHWJIBHOM HarpeBaHuu rnapaduH TNOJIHOCTBIO TUIABUTCS W PacTBOpPSIETCS
B OKpyxXxawuweil yrnesonopoaHoil cpene. Ilosaromy BhicOKonapauHUCTYHO He(dThb
MOXXHO paccMarpMBaTh KakK NEPECHILLEHHBIN PACTBOP YIJIEBOAOPOLOB, B KOTOPOM
HaXOASATCH KpUCTaJUIbl TBepaoro napaguHa. Cyurtaercsl, YTo KpUCTaJiyibl COCTOST
U3 BBICOKOIUJIABKOIO sijipa (UCHTPAJIbHOM 4acTH) U NEpUQPEPUHHBIX CJIOCB HU3KO-
nJaBKkux yrneponoponaos. I'lpu ymMeHblEHUWU TeMniepaTypbl ToONLKHA riepudepuii-
HbIX CJIOEB YBEJIMYMBACTCS 3a CYCT JOMNOJIHUTEJIbHON KPUCTAJUIM3aLU K HU3KOIJIAB-
KOH (ppaK LU H.

O06s13are/IbHBIM YCJIOBHEM TPOBEACHHUS TEXHOJIOTMYECKUX pacueToB TPyoorpo-
BOJIOB SIBJISICTCSl MPCABAPUTCIIBHOC M3YUYCHHUE PCOJIOTHYCCKHX XapaKTCPUCTHK Mepe-
kKauupaemMoi HedTH. Hanbonee nosIHy KapTHUHY TNOBEIACHHUS BbICOKOBSI3KUX Hed-
Teil naT Kpupble TedeHus [110], nonyyeHHbIE HA KANWJUJISIPHBIX WK POTALLMOHHBIX
BUcKO3uMeTpax. O0o0Larileii Moaenbd BCeX 3THX KPHUBBIX SIBJISIETCS YPpABHEHUE
[epwiensi— bajikJiv, ONUCHIBAIOLLIEE HEJIMHEHHO-BS3KOIJIACTUYHYIO >XWIKOCTb.
[Ipu onpenesnieHHbIX (PUKCHPOBAHHBIX 3HAYECHUSAX KOIPPULIMEHTOB PEOJIOrMYECKO-
o ypaBHEHMSI OHO TEPEXOAMT B peoJiornueckoe ypasHeHue llleenopa— buHrama
WJIK ONUCBIBAET CTENEHHYIO XUAKOCTh OcrBanbna. B peanbHbIX yCIIOBUSIX TpYyOO-
NpoBoJa CBOHCTBA HE(PTHU MOIYT MEHATBCS OT HbIOTOHOBCKOI'O NMOBEAEHUSI TPHU BbI-
COKHX TEMIIEpATypax 10 HEHBKOTOHOBCKOI'O 1OBEAEHH S IPH HU3KUX TEMIIEpaTypax.
[Ipu GonbLIMX CKOPOCTAX cABUIa NOBEAEHUE HEDTH OOBIYHO ONMCHLIBAKOT ypaBHE-



HueM buHrama, a npu HU3KUX — CcTeNEHHbIM 3aKOHOM OcCTBas1baa WKW YPABHEH HEM
['epluensi — bajsikiu.

OrMeTum cpasy, 4To ypaBHeHHe buHrama He anrnpokKCHMHpYeT BeCb MHTEpBaJl
CKopocTeil B nopapisioweM 00JIbLUMHCTBE cliydyaeB. HecMoTpsi Ha 310 ypaBHEHME
buHrama ocraercsi OCHOBHBIM ypaBHEHHUEM, KOTOPOE MCIOJIb3YETCA ISl ONUCAHU A
aHoMaJibHbIX HedTeit [111]. B uenom, Bce ucciienoBatenu cXoasTcsi BO MHEHHUH, YTO
HEHBIOTOHOBCKHE CBOMCTBA HE(TEH CBA3aHbI C HAIMYUEM HEKOTOPOM CTPYKTYPUPO-
BaHHOI1 ucnepcHoit cucrembl. BoicokonapaduHuctoie HegTu [112] Bcerna umelor
NnpeiejibHOE HallpsI)KeHHE CABUTIa T, U OTHOCATCSI K HEJIMHEHHBIM BA3KOIJIACTHYHBIM
cucreMaM. 9TU aHOMaAJIMKU HAOIIONAK0TCA, KaK IMpaBUJlo, HUXE TeMIieparypbl Kpu-
crajuindaumu napavHa B HepTH, U 11O0TOMY NnapapuH cU4MTAETCS OCHOBHOM TBEP/IO#
AUCNEepCcHOM (pa3oi B TaKMX CUCTEMaX.

B moHorpaguu [113] npuBeaeHbl TaGJIUYHBIC TAHHBIC /U151 TEYSHHUS 110 Kan WIS -
Py, KOTOpbIe ObJIM HHTEPIPETUPOBAHbI B paMKax Mojiesin buHrama, a rak>xe B pamkax
mopenu Lynemana: ©/" =1/ +(n,¥)””. B0 NOKa3aHO, YTO NPEATIOYTEHUE MOX HO
otnars Mmonesnu Llynemana npu m = 1,80 + 1,92. Kpusasi TedeHUs1 B KOPHEBBIX KOOp-
AUHATaxX npueejacHa Ha puc. 7.1. Xopolluo BHIHO, YTO 3KCIIEpUMEHTAaJIbHbIE IJaHHbIE
JNIOCTATOYHO XOPOLLO ONUCHIBAKOTCH ypaBHeHUeM KaccoHa,a 60s1ee TOUHO UX MOXHO
onucarb 06001LIEHHBIM YPABHEHHUEM TEUCHHMSI.

MoHorpagus [114] oxBaTbiBacT LIKPOKH I Kpyr BONPOCOB CTALIMOHAPHOIO U HE-
CTALlMOHAPHOIO TE€YEHHUsI aHOMaJIbHBIX HedTHu. /Iisi BeIcOKONapapuHHCTONH HEPTH
CTAaTHYCCKOE TpeaeJibHOC HaNpsiXKEHHUE T, 3HAYMTCEJIbHO TNPEBbILLIAET IHWHAMHYECKOEe
HarnpskeHHe Ty, NOJIYy4EHHOE NPH 3KCTPANoNsiuiu NpsiMOJIMHEN HOrO y4acTKa U3 00-
JIacTH BBICOKUX cKopocTeil. HekoTopbie BBICOKOBSIZBKME He(DTU XOpPOLLIO OIMCbIBAET
ypaBHeHue ['epruenst — banknu.

O6bIYHO B BbicOKOmNapa(pMHUCTBIX He(pTAX HabJ0AaeTcd THCTEpEe3UC KPHUBBIX
TeueHMs, KOraa Kpusbie, nosyueHHbie nipu npsmom (T) u o6parHom () xone us-
MepeHUil, He coBnaaaT. HedTu ¢ GonbluuM copepkaHueMm napaguHa rnokasblBa-
IOT 3HAYUTEJIbHBII rUcTepe3uc TeueHus [115], koTopblit yMeHbllaeTcst 10 HyJIsl TIpU
NOJHOM IUlaBjieHUM napaduHa B Heptu. HeonHokpaTHO cooGiuanock [112, 115],
YTO 3HAYUTEJILHBIE OTKJIOHEHHUS OT HBIOTOHOBCKOTO TNMOBEACHUS TMPOSABIASIOTCS TPH
TeMIieparypax, riae CylecTBYOT TBepable KpUcTauibl NapapuHa. 3aBUCUMOCTDb BSI3-
KOCTH OT TeMINeparypbl HE(TH ABJACTCHA BaAXHOM NPAaKTUYECKON XapaKTEPUCTUKOM,
HO HE BHOCHUT CYLLUECTBEHHOrO BKJiajia B NOHHUMaHUe MeXaHH3Ma TeueHusd. Jlis aHa-
JIMTUYECKOro OolnUucaHust 00ObIYHO UCHOJIB3YIOT MOJIOXKCHUS aKTUBALIMOHHOM TCOpUM
BSI3KOCTH, B 4acTHOCTH, ypaBHeHUe DpeHkensi —AHapane 1 =Aexp(AG/RT), rne
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Puc. 7.1. Kpupas TeueHMs BoicokonapaPMHHUCTOI HedTH, pacCUUTAHHAA MO PEoNo-
FMYECKMM JAHHBIM TeyeHus 10 Kanuansipy [113]



AG — aHeprusi akTuBauuu BI3KOro reueHusi. Ha kpusbix 3aBucumMocTtu 1(T) B Koop-
auHarax Ign — 77 HabmoaalTCsl N3JIOMBI, COMIACOBAHHBIE € TEMIIEPATY POI (hazo-
BbIX nepexonos B HeTu [116]. T1pocToil nepeHoc Monenu BI3KOro TeHEHUst 00bIYHOI
XXHMKOCTH HA IFETEPOrcHHYK CUCTEMY HE 103BOJISICT AaTh TOYHOE OIUCAH e TEYEeH U,
HO NOMOTacT OLEHUTb BKJIa[ CTPYKTYPHOI1 BA3KOCTH Yepe3 NOMNOJIHUTEIIbHY IO CTPYK-
TYPHYIO 3Hepruto akrusauuu [104].

Xopowo uzBecTHO [111], yro HEdTH BOCCTaAHABJIMBAET NEPBOHAYAJILHO paspy-
LLIEHH Y0 CTPYKTYPY, HAXOASCh B COCTOSIHUM NMOKOS1 IOCTAaTOYHO A10JIroe BpeMsi (OT He-
CKOJIBKHMX YacCOB JIO0 HECKOJIBKHX CYTOK).

INTosToMy O6bUJIO NPEMJIOKEHO paccMaTpUBaTh BbiICOKONapauHUCTYIO HEDTh KakK
JUCNEPCHYIO CUCTEMY C KOAryJISILMOHHBIM U KOHTAKTAMH, 00J1a1a10LLY 0 TUKCOTPOI-
HblMH CBOMCTBAMH, KOTOpasi MOXET 00pa30BblBaTh CIJIOIIHON CTPYKTYPHBIH KapKac.
BaXXHO OTMETUTD, YTO NMpPU CTALMOHAPHOM TE€YEHUM BbICOKONapadUHUCTOI HedpTH
orcyrcTByeT 3pdekT BencceHbepra, 1o €CcTb BA3IKOYIPYIrUe CBOMCTBA HE INPOsBIIS-
KOTCSI.

1.2. Bbibop peonormyeckoro ypaBHeHuA

B Hacrosiee Bpemsi HE CYLIECTBYET OOLIECTIPUHATON PEOJIOTMYECKOH MOAEIIM [UIst
OINnUCaHHU$ BbiCOKONapahuHUCTONH HE(MTH. JIBE OCHOBHbIC TPYAHOCTH MELUAKT Bbl-
Oopy npaBuJibHOM mozenu TeyeHus. [leppasi — THKCOTpPOINHBIE CBOMCTBA HEdTH,
NPpOSIBJISIIOLLLMECSH B UBMEHEHW M €€ CBOMCTB B X0/1€ U3MEPEHUW i1, B UBMEHEH WU CBOIICTB
MocJie MEXaHUYECKOH 0OpabOTKH U NMPH IKCIO3HLIHU B IMOKOE, B TUCTEPE3UCE KPU-
BbIX TeueHusl. Bropasi TpyaAHOCTb — OTCYTCTBHE HEU3MEHHOM (DYHKLIMOHAJILHOM 3a-
BUCHMOCTH Ha OOJBLIOM MHTEpPBAJIC cKopocTeil capura. B obnactu HU3KMX CKOpO-
cTeil cnBura HabJ11I0aaKTCs OOLIYHO T1JIOXO BOCHPOU3BOISILLMECS AHOMAaJIMH, BIJIOTH
J10 CBEPXaHOMAJIMU BA3KOCTH.

Ilosromy nas BeIOOpa ancKBATHOM MOICH TCYCHU A HEOOXOAU MO:

a) BbIJICJIMTh Y4YACTKHU C BO3MOXHBIM pa3z/IMdHbIM MEXaHU3MOM TEUYCHMUS, KaK
npeanoxun I.A. PeOunaep ans aHanusa noJiHOM KpUBO TEUEHUS,

0) BBIACIUTH YYACTKM HA KPUBOM TeueHUs1, HauboJsiee OJIM3KHe K paBHOBECHOMY
COCTOSIHUIO, U yYacTKHM, rae HabnwopaloTcsi cucreMaruyeck e OTKJIOHEHUsl OT Npej-
NnoJiaracMoro MeXaHu3Ma TeUcHHU S,

B) OLEHHTh TOYHOCTb alMpPOKCUMALIMHK [J1s1 pa3JIMYHBIX YpaBHEHHW I TEUCH Usl;

r) OLEHUTH XapaKTep U3MEHEHU I KOAMPULMEHTOB PEOJIOrMYECKOro ypaBHECHUS
W oNnpeaeiuTh UX (PU3UYECKH i CMBICJI.

UTo0bl yyecTb BJIMSIHUE TEPMUYECKOM M MEeXaHU4YeCKO# npeabictopuu obpasua
HedTH, HEOOXOAMMO NMPOBOAWUTHL MHOITOKPATHBIE U3MEPEHUSI OJITHOIO U TOIO Xe 00-
pa3ua HedTH 110 oNpeacIcHHON cxeMe 3KCIepUMEHTAa.

DKCINEPUMEHTHl NMPOBEJACHB HAMH € oOpa3uamu BbICOKONapaUuHHUCTONH Hed-
™ mecropoxieHus Xapwsra (Pecnybnvka Komu, P®). UcxonHas HedTh conep-
xuT 23 % napadmuHna, 0,7 % acdansreHoB, 3,5% cmon. Peonoruyeckue xapakrepu-
CTHKH OBbIJIM M3MEPEHBbI C NMOMOLIbK BUCKO3uMeTpa «Peorect-2» ¢ ABEHAAUATBIO
(PUKCUPOBAHHBIMM CKOPOCTSAMH METOAOM KOAKCHaJIbHWIX LMJIUHAPOB (R =20 MM,
r=19,6 mm). Iyt KanuOpoBKHK ObIJI UCTIOJIL30BAH IJIMLEPHH U BOAHO-TJIMLIEPUHOBHIC
cmecu. Hedrb Harpesanach 1o 60 °C u nomMeluaniacb B o00beM Buckosumerpa. Ilocne



OXJIaXKJIEHMS 10 KOMHaTHOM Temnepatypbl (23 “C) npoBoamuaack cepusi U3MepeHHii
KpuBbIX TeueHus npu yeeauueHun (T) u ymenbienun (L) ckopocty casura. 3anuce
JAaHHBIX (HanpsiXeHUsT CABUTA T) TPOU3BOAMIIACE YePE3 | MUH MOCJIE MEPEKITIYECHUS
CKOPOCTH CIABHIA Y HA CJIEAYIOLLYIO CTYIEHB.

W3mepeHU st MPOBOAMJINUCH MPU CTAHAAPTHOI CEpUM CKOPOCTEi CABUTA :

3,54,9,16.2, 27, 48.6, 81, 145.8, 243, 437.4, 729, 1312.

Cepus onbiToB A-1 mpoBoaMAack MO CJACAYIOLIEIH CXeMe: cpa3y MOCAE OXJIaXK ICHUSI
1T, 24, 3T, 4d, 5T, 6T, 7T, 8T; parem nocne axcnozunmu B cocrostaum nokost (16, 5 4)
nposonuiuck onbitel 9T, 104, 11T, 12T, 13T. INocne 3toro o6paser; MHTEHCHBHO Mepe-
mernuBacs (15 My npu ¥ = 1312 ¢ ') ¥ npou3BoaMANCHE M3MEPEH U 14T, 154.

Mukpogortorpagpus obpasna HedTH B CKPELICHHBIX MOJSIpOMJIax MOKa3aHa
Ha puc. 7.2, y4acTKM MPOCBETJICHUSI COOTBETCTBYIOT KpUCTa/IMTaM napaduHa.

Pa3Mepbl YyacTuil mapapmHa MOXHO TaKKe ONMpPeAe/IUTh METOIOM MHOTOKPATHO-
ro paccesiHMs CB€Ta Ha ONTHUYECKM IMJIOTHOM obOpa3siie. Maremarnueckasi o6paboTka
KPHUBOIl paccestHUsI noKasaja, 4To KpucTtaasl napaduHa B HedTH obsagaroT sipKo
BBIPAaXXEHHBIMY aHU30METPUYECKUMU CBOMCTBAMU. Tak, cCpeHECTATUCTUYECKHE Xa-
PaKTEPUCTHKH aHCAMOJIsl Xa0THYECKH PaCIOJIOXKEHHBIX U XaOTHYECKH OPHEHTHPO-
BaHHBIX B IPOCTPAHCTBE MUKPOKPHUCTAJUIOB MMapadgyHa yOoeK1al0T B CYLIECTBOBAHUH
JIBYX XapakTepHbIX MacinTaboB: ¢ =2,5 £ 0,2 MmxMm b = 3,0 £ 0,2 MKM. DTO CBUAETENb-
CTBYET O HEOOJIBINIOKH aHU30METPUU KPUCTAIJIOB nMapaduHa B HE(DTH, 4YTO, B OOLIECM,
MOATBEPXKAACTCSA ONTHYECKOH MUKPOCKOITHUE,

TvunuyHble 3KCrepyMMEeHTAJIBHBIE KPUBBIC TEYECHHUSI MPEACTaBJICHBI Ha puc. 7.3
B JABOMHBIX Jiorapu(pMUYeCKUX KoopauHatax. OTYETIMBO BHUJJHO, YTO B 00JIacTH
HM3KHUX CKOpOCTeii (Y <27 ¢ ') CyLUECTBYIOT aHOMaJ K. B 06J1aCTH BEICOKHX CKOPO-
cTei caBUTa BCe KPUBHIEC UMEKOT CXOaHY 10 opmy. [ToaTomMy miist aHau3a MexaHu3ma
TEYCHMST He(PTH HaMU OblJIa BHIOpaHa 001acTh BBICOKHMX CKOpocTeil capura. HyxHo
OTMETHUTh, YTO Ha rpauKax 1(Y) BbLACJUTb aHOMAJIbHBIC YYaCTKH MPaKTHYECKH He-
BO3MOXHO.

Kpussie T(y) He IMHEHHBI KAaK B OOBIYHBIX, TAK U B JIOTAPU(PMUYECKUX KOOP-
JUHATaxX U, B MCPBOM MPUOJIMIKECHHHN, HE MOTYT OBITh 3KCTPANOJIUPOBaHblI K HaYasy
KOOPAWHAT, TO €CTh K HYJIEBOMY HamnpsixkeHUIO casura. [lostoMmy npu nepBoHayaib-
HOM aHaJIu3e UCHOJIb3YIOTCS T€ YPaBHEHMS TCUCHHUS, TAE MPUCYTCTBYET MpeaesibHOe

Puc. 7.2. O6pa3sey BicokonapapuHUCTOM HePTH MEX Y CKPELLLEHHBIMM NOSIPOMAAMH



JUHAMHYecKoe HanpsixeHue capura. HakoHew orMeTUM, UTo aJis 11060# 1napbl Kpu-
Beix TeueHus (T) u (V) umeer mecto rucrepesuc.
JIjisi annpokcMMauMKu KpUBBIX TEYEHHUS BBIOpaHBI UHTEpBAJl CKOPOCTEH CIOBH-

ra ot 145,8 no 1312 ¢™' u nBa ypaBHeHnusi TedeHus: Fepwenss — banknu: t=1,+1, 7",
1/2 - 1/2

Kaccona: t"° =17 +1’y"?. UMeHHO 3T ypaBHEHUsI OBGBIYHO WCIOJIb3YIOTCH NpH
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Puc. 7.3. TunuuHbie 3KCNEPHUMEHTANIbHbIE JAHHbIE [UJI1Sl PA3JIMYHbIX ONBITOB C BLICO-
konapaduHHcTOol HedThio. HoMepa onbiTOB yKa3zaHbl Ha rpaduke

Tabauua 7.1. Peonorvueckue kKo3(QGUUHEHTH NS YPAaBHEHWII TeueHHs1 HedTH
(cepusi A)
KaccoH ['epwens — banknu

N, T [la n. MIa-c S, T, Ny n S,
I 10 20,4 0,12 14,6 0,18 0,8 0,12
2 7 21,7 0,17 14 0,04 1,02 0,05
3 10,2 17,3 0,07 13,9 0,19 0,78 0,07
4 6,8 19,5 0,11 12,2 0,06 0,93 0,01
5 9,2 16,8 0,14 15,3 0,07 0,9 0,01
6 7,2 17,7 0,04 10,3 0,16 0,79 0,04
7 6,4 17,8 0,03 9,5 0,15 0,8 0,01
8 4,2 20,6 0,08 6,8 0,12 0,82 0,07
9 17,1 17,5 0,11 19,6 0,43 0,69 0,1
10 11 20,6 0,03 14,3 0,27 0,75 0,02
11 12,4 19,9 0,08 15 0,34 0,72 0,07
12 10,9 19,6 0,06 15,2 0,2 0,78 0,06
13 10,2 18,3 0,02 13,4 0,23 0,75 0,03
14 7.5 15,8 0,05 10,1 0,18 0,76 0,04
15 6,6 16 0,09 8,3 0,22 0,73 0,1




aHanusereueHusiHegpTu|[111—-114). PesynbrarbiannpokcuMaLiu mokKa3zaHel BTad. 7.1
U WJTKOCTPUPOBAHB KPUBBIMU Ha puc. 7.4.
[IpumeuaHue: craHaapTHasi OUIMOKa W3MEPEHHUs paccyuTaHa Mmo (dopmyre

1/2
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S :[2(1‘.’. -1.)"/ (n—Z)H} rJic T, — PACCYUTAHHOE 3HAYCHUE, T, — IKCICPUMEH-
" ip i ip I
i

TaJIbHOE 3HAYCHHEe, N — YHUCJIO U3MEPEHU B HHTEPBaJI€ anNpPoOKCHMAILIUH.

3Ha4yeHU s CTAHAAPTHHIX OIIMOOK S, MPaKTUYECKH OIMHAKOBHI B OOJIBIITUHCTBE
cyyaes JuIst 3TUX AByX opmyit. B onbitax (T) akcnepuMeHTaabHBIC TOYKU HAXOAST-
Csl HA TCOpETUYECKOM KPpUBOIl KaK B 006J1aCTH BBICOKMX CKOPOCTEi, Tak U B obiacTu
HU3KMX ckopocreii (Y < 100 ¢ '). B onuitax () B 0651acTi HU3KKMX ckopocTeil cnpura
HabawoaaeTcsl XxapakTepHoe MpeBbillleHNe 3KCMePUMEHTAaJIbHBIX JaHHBIX HAJl Teope-
TUYECKOIl KpuBoii. Bu3yasbHO ABE TeOpeTUYECKHME KPUBBIE COBIANAOT B MHTEpBaJie
ot 100 no 1300 ¢ ' (puc. 7.4). CoznaeTcst BneyaTieHUE, YTO TOYHOCTD Al MPOKCUMaLUH
HE SIBJISIETCS PeLIaOIUM JOBOAOM B MOJIb3Y TOM UM MHOM (POPMYIILI.

bonee Toro, naxe npu UcnoJib30BaHWM ypaBHeHU s buHTrama B 00JiacTH OOJIBIITMX
ckopocrteii 7> 100 ¢ ' 3HaueHue S, Bo3pacraeT HesHauMTeNbHO. Tak, st onbiToB 14T
n 15) 6pM paccunTaHB GUHraMoBcKME KO PUIIMEHTHI, COOTBETCTBEHHO: 1, = 14,2
n 12,2 I1a, n,= 31,1 u 33,1 mIlac, S, = 0,1 n0,16. 3t KO3 PULUMEHTH U CTAH/TAPTHHIE
OLIMOKHM U3MEPEHHUSI HC HAMHOTO MPEBHIIAKT 3HaYeHU s, MPUBEJICHHBIE B Tad. 7.1,
XOTSI HEJIMHEMHOCTD 3KCIMEPUMEHTANIBHBIX KPUBBIX TCHCHU S OYEBU/JTHA.
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Puc. 7.4. DKCnepuMMEHTANBHBIC JIJAHHBIE U TCOPETHYECKHE KPHBBIE, TTOCTPOECHHBIC
no ypapueHU® KosccoHa M ypapHeHuio Tepuienss— banknu ansi onbiTOB
¢ yBesnueHuem ckopoctH (7), (14) u ¢ ymenbslienuem ckopoctu (8), (15).
Homepa onHTOB yKasaHbl Ha rpaduKax. I'padmyecKku pacycTHbele KPpUBHE
Hepasnuuumbl. O6nactb annpokcumannu 200—1300 ¢



AcHo, 4TO, TONBLKO NpeHedperasi HEJIMHEHHOCTHIO U HAXOASICh B MHTEPBAJE O4YEHb
BbICOKHMX CKOpPOCTEIi C1BHIa, MOXXHO MCIOJIb30BaTh ypaBHeH e buHrama.

Jlaxe nocne CrtatUCTUYeCcKOi O0OpabOTKH JaHHBIX TPYAHO OTAATh MPEAnoyTe-
HUe Kakoii-nubo dopmyne. Yxe ormedanochk [66], uytTo XoTs TpexnapaMeTpuuyeckue
¢GopMyJibl TOYHEE aNMPOKCHMHPYIOT 3KCNEPUMEHTAJIbHbIE JaHHbIE, HO rpapU4YeCKHU
TPYAHO 3aMETHTh pa3jiMuyMe MeXAy TeopeTHYecKMMH KpuBbIMU. B psine cnydyaes
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Puc. 7.5, [duarpamMmbl ans ko3pPpuuueHTOR ypaBHeHMsi KaccoHa nmpu BO3pacta-
HHUMU U yOBIBAHW M CKOPOCTH CIBHTa B ONMBITAX, HOMEPa KOTOPHIX OTJIOXKEHHI
Ha ropu3oHTaJIbHOI ocu. KBaapar cootrBercTByeT onbity 14 nocne npea-
BapUTENbHOTO Pa3MellMBaHus 00pa3ua MpH BbICOKOW CKOPOCTH B TEUEHME
15 MuH



ucnoab3oBaHue ypasHeHuii Ocrpanbaa, ['epwensi— banknu u Kaccona npuBoauio
K NPUMEPHO OJIMHAKOBbIM CTATUCTUYECKUM NMOTPELLHOCTSIM.

CornacHo kputepusim Kpocca u Yenra [46, 65| cnenyet BuIOpaTh AByXnapame-
TPUYECKYIO MOJENb, KOIDPUUUEHTH KOTOPO UMEIOT SICHBII (PU3HMUYECKUIT CMBIC].
Takum ypaBHEeHHMEM B JAHHOM cliy4yae siBisieTcsi ypaBHeHue K3ccohna.

N3meHeHue KoadduumeHToB Ka2CCOHA B CEpHUH OMbITOB NOKA3aHO Ha puc. 7.5.

Busino, 4to B onbitax (T4 T)) usmenenus t_u ), sapagiorcs aHTUGATHBIMH, B TO
spems kak Bonwuitax (TTT) t u 1, ymenbiuaotes onHOBpeMeEH HO.

JIpyruMu coBaMu, B ONMbITaX C FTHCTEPE3UCOM BBINOJIHSIETCS yenoBue: Tl > T,
T]L.T < ’q{,\L. ITono0OHOI peryisipHOCTH HE HAOMI0AAETCs B UBMEHEH USIX PEOJIOTMYECKHX
napaMeTpoB ypaBHeHu sl [epwensi— banknu.

BuJ1 KpMBBIX TEHEHMSI B CUCTEME KOPHEBbIX koopauHar (t/7, v') scHo nokasbipa-
€T, YTO MO Mepe yBesuyeHust yucaa oneitos (T) Bece GonbLLIEE YUCIO TOYEK NPUOIIH-
XaeTcsl K NpsiMOit, TO €CThb AeCTBHE ypaBHEeH M s K3CCOHa pacnpoCTpaHsIeTCsl Ha BCe
0oJiee HU3Kue CKOpocTH (puc. 7.6), rne OTKJIOHEHHSI OT paBHOBeCHUsI Haubonee BO3-
MO HbI.

HeobxonMmMo OTMETUTH OCOOEHHOCTH M3MEHEHHWiI mapaMeTpoB B YpaBHEHWH
KaccoHna, KOTOpbiE, OUEBUAHO, OTPakaklT MPOUCXOASIIUE B CUCTEME CTPYKTYP-
Hble u3MeHeHus. Tlocne pauTenbHOro npedbiBaHHsI HEPTHU B COCTOSIHUM MOKOSI
(onbiT 9T) BenuuuHa T, pe3ko Bo3dpactaet (0 17,1 Ila), a 3HayeHuHe 1), YMEHbLLa-
ercss (o 17,5 mllac), no cCpaBHEHHIO C MNPEeAbIAYIIMM OMNbLITOM, JIJIMTENBHOE
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Puc. 7.6. [TlpuGnuxkeHHe KPHUBLIX TEYEHHS B ONMBITAX € YBEJHYEHHEM CKOPOCTH 11—
14 kK npsiMonuHeiHOI 3aBUcHMOCcTH KaccoHa. KpuBasi 15 nonyueHa npu
YMEH bLLIEH UM CKOPOCTH M MOKa3bl BaeT MNOCTENEHH B Nepexoa OT KBa3upas-
HOBECHOIO TEYEHHUSI K UCXOAHOMY PABHOBECHOMY MPH HU3KHX CKOPOCTHX
CABMIa



npeaBapUTENbHOE pa3MelLMBaHue oopa3ua npu BeICokoii ckopoctu (14T) npupoauT
K HEKOTOPOMY YMEH bLLEHUI0 BeJIUYKHBI 1), (00 15,8 mIla‘c) u 3aMeTHOMY CHHKEHH IO
BeM4YUHBI T, (10 7,5 [1a).

JlanbHewue onbITH ¢ BBICOKONMapaMHHUCTON HEPTHIO U MOAEJIbH BIMU CUCTEMA-
MM, coaepallMMHM napaguH, NOATBEPAHIIH NPaBUJIbHOCTbL BbIOOpa ypaBHeHust Kac-
COHa [J1s1 ONMUCAH US TEHEHU S ITUX CUCTEM.

7.3. Tuctepesnc KpuBbIX TeHEHUA

s Toro 4To0bl BBISIBUTH BJAMSIHUE MEXaHUYECKOI npeabictopuu obpasna u 00b-
SICHUTh TMCTEPE3UC TEYEHUS1 BbICOKONApa)uHUCTON HedTH, ObIJIM CAENIAHBI CEPUU
onbITOB HAa 0OAHOM obpa3ue HedTu (Xapbsara, 23% napaduna). Heprb Harpesanach
10 60°C u nomeranace B 00beM Bucko3umertpa. [Mocne oxnaxnerus 1o 18°C nposo-
AUNACH CEpUS U3MEPEH Uit KpuBbIX TeueHusi npu yseanyeHuu (T) u ymenbennu ()

Tabsmua 7.2. Peonormueckue napametpol K3ccoHa M craHaapTHas olumMbka uimepe-
Hus anst HepTH (cepus B)

Cepus B-1 Cepus B-2 Cepusi B-3

N, | t.Tla |n._mllac S, T [Ta | n mIlac S, t. [la [n.mllac S,

I 6,2 17,2 0,04 13,1 17,4 0,33 9.5 17,3 0,24
2 4,5 18,7 0,08 3,6 28,8 0,06 3,9 22,6 0,04
3 6,3 17,4 0,04 5,6 26 I 4 20,6 0,02
4 4,1 19,5 0,14 3,6 26,4 0,06 3,9 19,7 0,08
5 6,3 16,9 0,12 6 23,4 0,21 3,4 20,1 0,02
6 3,3 20,7 0,07 3,8 24 0,22 3,1 19,9 0,03
7 3,6 17,7 0,03 5,9 22,2 0,1 3,1 19,4 0,04
8 3,5 20,4 0,1 3,9 22,8 0,07 3 19 0,04
9 6,2 15,6 0,05 5,5 21,1 0,16 2,7 19,2 0,03
10 2,9 19,8 0,08 3 23,7 0,07 2,7 18,7 0,05
1 4,7 17,3 0,03 4,9 21,2 0,05 2,3 18,6 0,02
12 2,4 20,6 (0,09 2,9 22,1 0,18 2,2 18,6 0,03
13 4,7 17 0,08 5 18,3 0,06 2,1 18,7 0,02
14 1,9 21,5 0,08 1,8 23,4 0,14 2 18,5 0,02
15 3,8 18,1 0,02 4,5 17 0,03 2 18,7 0,03
16 1,6 22,7 0,06 1,6 22,2 0,01 2 18,2 0,04
17 3,6 17,9 0,05 3,2 19 0,04 1,8 18,5 0,02
18 1,8 20,4 0,07 1,4 21,7 0,07 1,8 18,4 0,02
19 3,8 17,2 0,04 3 18 0,08 1,7 18 0,01
20 1,2 21,9 0,06 1,6 18,1 0,04




ckopocTu capura. Kaxaoe uaMepeHue npou3BoauIoch yepe3 1 MUH nocsie nepexksito-
YeHUs1 CKOpOCTH (7, = | MUH).

Cepus B-1 nposoaunace cneayrwmm 00pa3omM: MHTEHCHUBHOE NMepeMeLlMBaHUe
npu 1312 ¢ B Teuenue 40 mun, 3atem 1T, 20, 3T, 41 ... 181, 19T. Mocne 3xcno3utmu
B nokoe (24 1) nposoaunack cepusi B-2:1T, 24, 3T, 41 ... 19T, 204. Mocne 3xcno3uuum
B nokoe (19 u) npoBonunack cepus B-3:1T, 2T, 3T ... 19T, 20T.

TunuyHbIe KpUBbIE TEYEHUS MOKa3aHbl HA pUc. 7.7—7.9, KoadppuuueHTl Kacco-
Ha NpuBeaEHbI B Ta0. 7.2.

KpuBble T€YEHHsI B KOPHEBbIX KOOpAMHATAX UMEIOT Clenyloliue 0CoO0eHHOCTH.
B onbitax ¢ ysenunueHuem ckopoctu (T) 3KcnepuMeHTa bHblE IaHHbIE XOPOLLO OMU-
CHIBAIOTCSl ypaBHeHHeM K3acCcoHa B AMana3oHe BLICOKHX CKOpPOCTEH CABUIA MpPU He-
KOTOPBIX OTKJIOHEHUSIX B 0611aCTH HU3KUX ckopocTeii (puc. 7.7, a, kpupas 97).

Mocne anuTenbHOI 2KCcnoO3uLMK 0Opa3ua B nokoe (puc. 7.8, a, kpusas 1T) npo-
MCXOUT PE3KOE 3aBbl LLEHHWE 3HAYEHU Il T HAal TEOPETHYECKUMU KPUBBIMHU (MpsiMbl-
mu K3CCOHA) Npu HU3KUX Y, HO MO MEPE YBEJUYEHHUSI HUCTIA ONMBITOB IKCMEPUMEH-
TaJIbHbIE TOYKH B ITOH 00JIACTH MOCTENEHHO NpUOAMKAKOTCH K nmpsMoil KaccoHa
(puc. 7.8, a, xkpusas 37).
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Puc. 7.7. TunuuHbie KpHUBBIE TeYEeHMS W auarpamMmbl Ko3(pduuueHTOoB KaccoHa
B onbitax (T4TL) ans cepuu B-1



B onbITax ¢ yMEeHbLIEH MeM CKOPOCTH (1) 3KcnepuMeHTaibHbIE AaH HbIE TAK 3K XO-
POLLO ONMUCKLIBAKTCS YpaBHEH MeM K3CCOHA B MHTEpPBaJie BLICOKMX CKOPOCTEi CABUTA,
NpH 3TOM Bceraa (He3aBUCUMO OT YHCJIa ONbITOB) UMEET MECTO 3aBbILLEH UE 3KCIEPH-
MEHTaJIbHbIX 3HAYEH U T HaA TeopeTHYeCKUMU npsimbiMu K3accoHa B 06s1acTH HU3-
kuX ckopocteit capura (kpusasi 104 na puc. 7.7, a, kpusas 24 na puc. 7.8, a).

3HayeH s napaMeTpoB ypaBHeHUs1 KaccoHa (T, U 1)) 1Sl cepuu NOCNea0BaTe b-
HbIX OMBITOB MNOKa3aHbl HA puc. 7.7—7.9, 6, 6. Kaxnasi To4ka COOTBETCTBYET ONHOIA
KpuBOil TeyeHus. [1o ocu abcumcc oTnoxeHsl Homepa onbiTOB (N).

Jlns Kaxnoii napbl nocneposarenbHbiX kpubiX (1) u () Ha6Gnonaercst aHTuGaT-
HOCTb U3MEHEH 1 il KO3 MUIIUEHTOB T, 1 1), IPH ITOM HMeeT MeCTo ycosue: T.1 > T d
unT Znd. Heobxonumo oTMETUTH pe3Kkoe yBEINUYEHWE NMPEAEbHOTO HAMPSIKEH U]
©. T B onwite (1T) BTOpOIt Cepuu U COOTBETCTBYIONIEE YMEHbLIEHHE KO3 DUIIMEHTA
BSI3KOCTH ('r]:T). DTO sIBJIeHUEe HAOJII01aeTCs NOCae 3KCNO3uLUKM 00pa3La B MOKOE B TE-
yeHue 24 y.

10 I T ! 16 T T T T T T T T 1
7 : S 7] u L% Ma 6]
: ; : 12 -{. -

10 - -

0 2 4 6 8 10121416 18 20 22

32 1

K |

26

18 | ]
6 -

0 ] l ; 14 | | | l | l | ] | |
0 10 20 30 40 0 24 6 8 101214161820 22

]’IIE

Puc. 7.8. TunuuHble KpuBbie TeYeHMs1 W avarpamMmbl Ko3adduuueHToB KaccoHa
B onbitax (T4TL) ans cepumn B-2. Kpusas | nonyueHa nocse 3kcrno3vmumu
ob6pa3iia B COCTOSIHUM MOKOS B TeUeHUHU 24 4



H3mepeHusi cepun B-3 npuBenu k caeaywoimm pesynbratam (puc. 7.9).

[IpenenbHOE AMHAMUYECKOE HANPSIXKEeHWE CABHTa T‘_T MNOCTENEHHO YMEHbLLUAETCS
C YBEJIMYEHUEM YKCJia onbiTOB. [lepBoe 3HA4YEH Ue ':{.T, COOTBETCTBYIOIIEE OMBITY MO~
c/e JJTUTEJIBHOM 3KCNO3UILIMU B MOKOE, PE3KO 3aBblLLIEHO (pUc. 7.9, 6). BenuuuHa i]{LT,
COOTBETCTBEHHO, HU3Ka.

B nanbHeiiwem, aHTubaTHOe noseaeH ue kOIP@UIIMEHTOB 1:L_T 7 "LT NPakTHYECKH
ucyesaet, u npu N =7 MOXHO roBopuTh 00 OTHOBPEMEH HOM HEOObIOM CHUXEHUH
Koa(ppuumnentos T T unT B nocnenosarenbubix onbitax (TT7T..).

Hanuuue rucrepe3ucHbIX siBAeHU I MOXHO OObSICHUTD 3aMa3iblBaH HeM 00be1U-
HeHusl GoJsiee MeJIKUX arperatoB B 6osnee KpynHbie B onbite (). [Ipu npsimom xone
usmepennii (1) ycranaBamBaloTcsi paBHOBECHbIE pa3Mepbl arperatos. [pu o6paTHOM
Xone {i) PaBHOBECHOE COCTOSIHME HE NOCTUraeTcsl, U npu 00Jiee HHU3KOKM CKOPOCTH Y
COXPAHSIKOTCS CNedbl NpealecTByouero coctosiHus. CoOTBETCTBEHHO, CpeaHUid
pa3Mep arperata B onbite (4) MEHbILE, YEM B ONbITE {T) MpU TOI XXe CKOPOCTH ¥ (1151
COOTBETCTBYIOIIEH MOIEIBLHON CHCTEMBI LIMJIMHAPOB oceBoe oTHoweHue JI <JT).
OTciona cnenyeT HepaBeHCTBO T{_T }t{i, XapakTepU3yIoLIEe THCTEPE3UC KPUBBIX TE-
YEeH usl.

Haiuum 3xcnepuMeHThl MOKa3aJiv, YTO B LUIKHPOKOM 1MANAa30HE CKOPOCTEil KpUBbIE
(T) xopoLuo onuckiBaloTcsl ypasHeHHeM K9ccoHa 1, COOTBETCTBEHHO, (M KCHPOBaH-
HOE BpeMs U3MepeHus (f,) LOCTaTO4HO BEJIMKO 1A Mepexoaa K paBHOBECHIO.
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Puc. 7.9. TunuyHele KpuBBIEe TeyeHUs1 U avarpammbl kKo3ddruureHTOB KaccoHa

B OMbITAX {TT} anst cepum B-3. KpuBasi 1 nonyueHa nocne 3kcno3vumum 00-
pa3ua B COCTOSIHUM NMOKOs B Teyerue 19y



Koraa npoMcxXoauT CHUXEH e CKOPOCTH casura B onbite (1), To hyHKIMS pac-
npeaesieH st arperaTos Mo pa3Mepam CTAHOBUTCS aCUMMETPUY HOM, MOCKOJIbKY (ppak-
LK1 Oonee MEJIKUX arperatos Bo3pacTtaeT Osiaroaapsi 3ana3iblBAaHU IO B OO bEAMHEH MU
arperatoB. [Uisi onucaHusi OTKJIOHEHUS! OT PaBHOBECHOIO pacnpeacsieH st Mbl BBO-
aunu cneumanbHblit & napamerp: T, =E°T_, rae 3Be3104KOI OTMEYEHO PABHOBECHOE
COCTOsIHHME TeueHust. SIcHO, uTo npsimble KaccoHa 6ynyT Habmoaarbest B onbite (1),
TOJILKO ecliu & sIBASIETCsl MOCTOSIHHOM BeJTMYMHOM U151 KaXI0T0 OTAIbHOTO M3Mepe-
HHSI HA pACCMOTPEHHOM MHTEPBAJIE CKOPOCTEM CABMIa.

Mpbl cuuTaem, 4To ypaBHeH e KaccoHa cripaBeuiMBO AJ1s1 paBHOBECHbIX YCIIOBU
TeyeHus (=1, onbIT (T) NPy BbICOK UX CKOPOCTSIX CABUIA) U 1J1s1 ONPEAECJIEHHOIO CO-
CTOsIHMSI TeyeHust B onbiTe (1) TONMbKO HA yyacTKe BHICOKMX ckopocTeit casura (€ # 1,
HO § = const).

COOTHOLUEH He MeX 1y Napoii KPUBbIX TEYEH Msl MOXKET ObITh 3aMMCAHO KaK

Ta6n. 7.3 noka3eiBaeT £ kO3 PULMEHTBI, pACCUMTAHHbIE C UCTOJIb30BaH MEM 3HA-
yenuit td utl.
[MpuMeuaH ue: craHnapTHoe OoTKNoHeH ue S(E) onpenensietcst no opmyJie

(et s@ ) +zisen) ]
S(€)= 4t 1 T{:T" '

PaccMOTpUM HEKOTOpbIE TUMHMUYHBIE OCOOEHHOCTH KPHUBbBIX TEUYEHHSsI. AHAJIU3U-
pyst Tpu nochenosaten bHbIX onbita (T4 T), MOXHO BUAETH, 4TO Kaxaast NOC/enyoas
npsimas (T) He Bcerna copnanaet ¢ nepsoHauanbHoii npamoii (1), Tak uto T T ymenb-
waercs. CornacHo 00001EHHOIT MOnes K TeYeHusl TF 3aBUCHT OT F,, @, 1,.

Pa3yMHO nonaratb, 4TO KOHLEHTpalust @ 1 BA3KOCTbh AMCNEPCUOHHOI Cpeabl 1),
OCTAI0TCSsl NOCTOSIHHBbIMU B nocienosateabHbix onbitax (TLT), B TOo Bpems kak cuna

Tabamupa 7.3. TlapameTtp &, onuchiBalOWMi TUCTEPEIUC KPHUBBIX TEYEHUS MPU UCTION b-
30BaHHMH 0DOOLIEHHOH MOAENTH TEUEHHSA

IMapw Cepus B-1 Cepus B-2
npssMbIX K3ccoHa

£ S(E) £ S(E)
24-37 0,84 0,03 0,80 0,03
41-5T 0,80 0,05 0,78 0,04
61-7T 0,77 0,02 0,81 0,07
8l-97 0,75 0,04 0,85 0,04
104-11T 0,78 0,03 0,78 0,03
120-13T 0,72 0,04 0,76 0,07
141-15T 0,72 0,04 0,64 0,06
161-17T 0,66 0,03 0,70 0,01
184-19T 0,69 0,03 0,67 0,05




cuenneHus F, moxet ymeHbllaThCsl Onaropnapsi GOpMUPOBAHUIO HOBbBIX KOHTAKTOB
Mex Ly HacTuuamu B onbite (L). IToT 3PekT MOXET OTBEYATh 32 HEKOTOPOE YMEH b-
LIEH ME BEJIMYMHBI T, B 60JIbLIOI CEPHE OMBITOB.

Jnst 0ObSICHEH MsI OTKJIOHEH M 3KCNEPUMEHTaJIbHBIX TOYEK OT npsiMblX K3ccoHa
MOXXHO MCNOAB30BaTh BUA (PYHKIIMI pacnpeacsieHusl arperatoB no pa3mepam, KOTO-
pble COOTBETCTBYIOT (PYHKLIMSIM pacnpeaeacHusi MOACJIbHbIX LMJHHAPOB MO OCEBOMY
oTHOIIEHW 1. PaBHOBecHOe pacnpenesneHue cooTseTcTByeT npsiMoii (T) B kOpHEBbIX
koopauHatax. [psimast (1) Ha OTAEBPHOM y4acTKe CKOPOCTEl CABMIa COOTBETCTBYET
GyYHKUMU pacnpeneneHus ¢ npeobnagaHuem arperatos Majibix pasmepos. Takoe co-
CTOsIHHE TeYeHH s MOXHO Ha3BaTh KBa3HpaBHOBECHBIM (§ = const). OObeaHHEH He Ya-
CTHMI1l B arperaTbhl HaUMHAET 3aMETHO BO3pacTaTh B 00J1ACTH HU3KUX CKOpPOCTEii, TOr-
Ja BeJinuKHa & yBeJIMYMBaeTCsi B 3TOM 001aCTH BIJIOTh 1O PAaBHOBECHOM BEJIMYMH bl
(&= 1). DTH u3MEeHEHHUSs1 KPUBOIi TEYEH Usl MPUBOASAT K 3aMbIKAHU KO NET/IU THCTEPE3H -
Ca CHM3Y, TO €CTb MPpHU HU3KOI CKOPOCTH CABUTA.

HakoHel, pacCMOTPUM NOMOJHUTEIBHO XapaKTep TEYEHU S NOCJe MJIUTEbHOM
IKCNO3UMLKMKU ObOpa3iia B nokoe (puc. 7.8, a). 3aech Bcerna HabGnwaaeTcsl pailoH, rae
Hanpsi>)keHUE CABUTA PE3KO YMEHbLLAETCS! MPU YBEJMYEH WU CKOPOCTH CABUTA.

Bunorpanos u Mankus (1966) onucanu cXoaAHOE sIBJEHUE B MJACTUYHBIX CMa3-
Kax U Ha3BaJil €ro «CBepxaHomalsiusi B3KOCTH». OHU 0ObSICHUNU 3TOT 3(h(PeKT Kak
CNeCTBUE HEOOPATUMOro pa3pyLueHus CTPYKTYpbl. Mbl npeanonaraem, 4To nocue
3KCMO3UILIMH B MOKOE pa3Mep arperatop CTAaHOBUTCS MHOTQ OOJibLIE€ PABHOBECHOTO
(1151 COOTBETCTBYIOLIEH MOAENbHON CUCTEMbI IIMJIMHAPOB J, ::-J;), OTClo/la cleayeTt
& > 1. bosibLKe pa3Mepbl arperatoB NPUBOASAT K 3KCTPEMaJIbHO BBICOKOI BSI3KOCTH.,

B 3TtoM cnyyae (pMKCMPOBAHHOE BpeMsI U3MEPEHMsI 7 CJMLLKOM MaJio Mo Cpas-
HEHUIO CO BPEMEHEM, HEOOXOOMMBIM AJisl NOCTHUXKEHHSI PaBHOBECUS, TAK YTO CH-
cTeMa sIBHO He paBHOBeCHa. CTeneHb OTKJOHEHUs1 OT PaBHOBECHOIO COCTOSIHMSI
(napameTp &) OyneT yMeH bLLIAThLCSl, MOCTENEHHO NMPUOIMKASCh K EAMHULE, 110 MEPE
YBEJIMYEH U 1 CKOPOCTH,

Takum obpasom, obnacte ¢ OTpULATENbHBIM HAKJOHOM Ha puC. 7.8, a cOOT-
BETCTBYET MOCTENEHHOMY MMEpPEXoay OT HEpaBHOBECHOM (PYHKIIMU pacripeneyieHus,
¢ npeobnagaHueM conpux arperatos (€ > 1), K paBHOBeCHO# (PYHKIIMKM pacnpene-
nenwusi, roe &E=1.

B cepuu B-3 HaOnwopaetcs peryisipHOe 3aHUXEHHE IKCINEPUMEHTAJIbHON BEJU-
yuH b (T/7) npu Manoii ckopoctu casura (Y < 10 ¢™). DTO MOXKHO OGBICHUTH HApY LLE-
HUEM paBHOBECHSI MPH OBICTPOM Mepexone OT BHICOKOIT ckopocTu 1312 ¢™' K HU3KOIi
ckopoctu 3¢ (puc. 7.9). MpeobnanaHue MaibIX arperaTos MPUBOAMT K YCIO0BHIO & < 1
NPy HU3KOI CKOPOCTH CABUIAa U, COOTBETCTBEH HO, K MOHMKEHUIO BA3KOCTU. HO yxe
npu ckopocTu ¥ > 10 ¢™' 3a CYET CTOJIKHOBEH U ArPeraToB PaBHOBECUE BOCCTAHABJIN-
BAETCSl U CTAHOBUTCS cripaBeaiMBbIM ypapHeHue KaccoHa (npu € = 1).

Teuenue HedTH ONMUCBLIBAETCs ypaBHeHHeM K3CCOHa BO BCeM MHTEpPBaJie TeMIe-
paTtyp, rae cywectsyet Teepaasi (paza napagpuHa. [lepexoa K HBIOTOHOBCKOMY Teye-
HH IO COBNAAAET C NJABJIEHHEM M MOJIHBIM PACTBOPEHHUEM KPUCTAJIJIOB napa@uHa.

CxonHple KpHBBIE TEYEHH S MOJAYYEHBl APYrUMU uccnenosatensamu [172] nns te-
4YEH usl BbICOKOnapauHUCTOU HePTH (puc. 7.10).

KpuBasi, nony4yeHHasi cpa3dy nocne JOCTUXEHHUSI TEPMHUYECKOrO0 pPaBHOBECHS,
HMEET FUCTEPE3NC, XapaKTEPHYIO cBEpXxaHOoMasunio Bsi3kocTu B onbite (1) u xapak-
TepHblii u3ru6 B onbite (21). B 061aCTH BRICOKMX CKOpPOCTEil caBura HabJ100aeTcs



Puc. 7.10. KpHBbIe T€UEHHSsI B KOPHEBLIX KOOpAWHATAX AJisl BeICOKONapaMHUCTOI
He(TH MecTopoxaeHus JIxxekcoH — XarToH (ABctpanust). | u 3 — yBenu-
yeHHe, 2 — YMEHbLLIEHWEe CKOPOCTH CABUTA

npsimasi Kaccona. llocne pocTuKeH usi MEXaHUUYEeCKOro paBHOBECHSI, TO €CTh Nnoche
YCTAHOBJIEHUsl NOCTOSIHCTBA HaMNpPsi)KEHUs1 CABMIa, TMCTEPE3UC MCHE3AET U BCE IKC-
NEPUMEHTAJIBHBIE TOYKHU pacnosiararoTcst Ha npsiMmoii KaccoHa (HUXXHsS npsiMast 3
Ha puc. 7.10).

Takum 00pa3zom, 4eTKOE pa3aesiIcHUe KPUBOI TEYEHUSI HA PABHOBECHbBIC U HE-
PaBHOBECHDbIE YYACTKH M UCMOJIb30BaHHUE KOPHEBBIX KOOPAMHAT IJI51 aHAJIU3a KPHUBbIX
TEUYEH U$l MO3BOJISIOT ONPEAESIUTL XapaKTep TEYEH U s BHICOKONapauHUCTON HePTH.

74. OcobeHHOCTU TeYeHUA MeAULMHCKOro Ba3esiMHa

CpaBHUM TeuyeHHe BblICOKONMapauMHUCTON HedTH C ApYruM H3BECTHBLIM BbICOKOIMA-
paPUMHUCTBIM BELLECTBOM. MEeAMIIMHCKHU M BA3€JIMH SIBJISIETCS LUMPOKO pacnpocTpa-
HEHHBIM U JOCTYIMHBIM ISl MCcnenoBaHusi 00bekKToM. C 0nHOI CTOPOHBI, OH MNpea-
craBysieT COOOM THNMUYHYIO NnapapyHCOAEPXXALLY IO JUCIEPCHYIO CUCTEMY; C APYTOi
CTOPOHBI, Er0 MOXHO OTHECTH K YIJIEBOAOPOAHBIM IMJIACTUYHBIM CMa3Kam. Yacto
MCMOJIb3YEeTCsl KaK NUCMEepCUOHHAasi cpena aJisi MoaeJaupoBaHHusi HePTH € pa3IMyHbIM
copepXaHueM aucnepcHoii pasnbl. JleiCTBUTENIBHO, Ba3€JIMH COAEPXKUT JUCNIEPCHY IO
¢da3y napadpHOB U 1Iepe3UHOB B Ba3eJIMHOBOM macJiie. Hanpumep, npombliLLJIEHHAas!
yresogpoponHasi cma3zka 'OU-54 comepxut no 24 % uepe3rHa B Macsie, a TaKXe 10-
NOJHUTENBHBIE KOMIIOHEHTHI, YJIYYIIAKOLIHE ACHCTBHE CMA3KH.,

[1pu koMmHaTHOI#t Temnepatype (23 °C) MegMUIMHCK Wi Ba3eJIMH UMEET Ype3Bblyaki-
HO BbICOK Y10 BSI3KOCTb. UTOOBI AOCTUY b YCTOMYUBOTO TEHEH U S, HEOOXONUMO AJIUTES b-
HOE BpeMsi noaBepratbh 00pa3er] C1IBUrOBOMY TEYEHH IO MPH HU3KOH CKOPOCTH CIIBUTA.
[Mocne 31010 OBLLIM ONpenesieHbl KPUBbIE TeYeHUs T(Y) B ONMbITAX TLTL... Onbitet 5T
n 61 1EMOHCTPUPYIOT JOCTATOYHO MaNblii pa3bpOC IKCNEPUMEHTAJIBHBIX TOYEK, YTO
NO3BOJSIET ANMPOKCHMHUPOBATh KPHUBbBIE TEYEHHU S1 C MOMOLbIO 0600111EHHOTO YpaBHe-
Hust TeueHust (puc. 7.11). Xapakrepuctuku kpupoii 5T; 17 =43,3; 1" =0,115, 4 =6,7;
S, =0,407. Xapaktepuctuku kpusoii 61: 1> = 40,9; 1’ = 0,197, x = 6,3; S,_, = 0,407.

CranpapTHoOe OTKJIOHEHHE S ONpenesieTcs dbopmynoii

S = \IE(-:'” -7, )2 /n -2,
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Puc. 7.11. KpuBble TEUEHHSI MEJIMLIMHCKOTO Ba3€JIMHA NPU KOMHATHOMN TeMIiepaType.
PomMOBI COOTBETCTBYIOT ONBITY NPH YBEJTHYEHUH CKOPOCTH CABHIA, TPEY-
rOIBHUKH — NMPH YMEHbLUEHHH
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Puc. 7.12. KpuBble TeyeHUs1 MeAMLIMHCKOro BazenuHa npu temneparype 30°C ans
CEPHH noCneAoBaTENbHBIX ONBITOB B KOPHEBBIX KOOPAWHATAX:. d — [EPBO-
HauyanbHast KpMBasi | NPU YBEJMUYEHMHM CKOPOCTH U KpuBasi 20 npu ymeHb-
LweHuHU ckopoctu capura; 6 — kpussie 3T u 4); ¢ — kpusbie 5T n 6d; 2 —
kpueeie 71T u 8. XapakTepHoe CHMXEHME IKCNEPUMEHTAJIBHBIX TOYEK
B 0BJIACTH BLICOKMX CKOPOCTEii caBura BonbiTe T NpYBOAMT K 3aMBIKAHHIO
METJIH TMCTEPE3HCA CBEPXY



Tabauua 7.4. Peonornueckue xapakTepMCTUKH MeIMLIMHCKOro BaszenuHa rnpm 30°C

N KpuB. 21 3T 44 5T 64 7T 8l
T 13,29 10,22 12,11 9,08 11,59 9,07 11,45

1, 0,304 0,378 0,303 0,349 0,27 0,329 265

S, 0,335 0,119 0,29 0,134 0,337 0,207 0,37

Ilpu HarpeBanuu 10 30 °C yacTb TBepO# yrileBOAOPONHO#M (ha3bl NepexOiUuT B pac-
TBOP, 3HaYe HHe 00beMHOH KOHUeHTpauuu @ ymeHbluaeTcs. O6pa3en MeaHLLMHCKO-
ro BazesivHa npu 30°C n1eMOHCTpUPYeET peoJiorHuecKoe noeegeHue (puc. 7.12), oueHb
CXOJlHOe C NnoBelleHueM HeTu 11ociie JiuTelIbHOH 3KCINO3u LM v obpas3suia.

Kpusasi 1T noka3spiBaeT CBepXaHOMAJIMIO BSI3KOCTHM, THUIIMYHYIO JIS MePBOTO
OINBITA N0CJIe HEKOTOPOro npedbiBaHusi 06pa3ua B COCTOSAHHUH 1TOKOS.

Bo Bcex onbiTax (T) Ha0N0NaTCA HeOOJIbLLIKME OTKJIOHEHUSA (BHHM3) 3HAYEHU T
OT TeopeTHYeCKOH nNpsiMoH K3ccoHa B 00J1aCTH BbICOKMX CKOPOCTeH;, BO BCeX OIlbl-
Tax (3) nmeetcs npsmas KaccoHa BoO BceM MHTepBaJle ckopocTteii capura (puc. 7.12).
CHuXXeHMe 3HAYEHU 1 T B ONbITE (T) B paiOHE BBICOK MX CKOPOCTei MOXXHO OOBSICHUTD
CMEILLUEHUEM pPaBHOBeCHSI B CTOPOHY MaJiblx arperaroB (B MOAeJIbHOW CUCTEME LIM-
JIMHJPOB 3TO COOTBETCTBYET YMEHbLLIEHMU 10 BeJIMYMHbI KO3(P(PULIMEHTA OTKJIOHEHM S,
TO €CThb YMEHbLUeHHeM KO3(hPuumueHTa Y;T M ero npuonuxeHueM K KO3Q@PUUHCHTY
EL).

XapakTepHble u3MeHEHUA B POPME KPUBBLIX TCUYCHMSA NapapmHCOAepXKallmX CH-
cTeM NMOSABJASAKTCH IPU YBeJIMUeHU W YK CJla IKCINEPUMEHTOB C KOHKPeTHBRIM 00pa3uom
B TeueHUe JUIMTEeJIbHOIO BpeMEHU MJIM C YBeJIMYeHUEM TeMIlepaTypbl 3TOro obpasua.
Peonornyeckue xapakTepucTuKu npuBeieHbl B Tad. 7.4.

7.5. byposbie pacTeOpbI

bypoBble paCTBOPbI, HCITOJIb3YEMbIE€ IIPH OYpEeHH UM He(PTAHBIX CKBaXXMH, 1€ MOHCTPMU-
PYIOT HEHBIOTOHOBCKOE I1OBelEHHe: KaK CIABUIOBOe Pa3XMXKEHUE, TaK U CIABUIOBOE
3aTBepaeBaHue. OObIYHO NoOJNAraloT, YTO B TAKUX PaCTBOpax MMeeTCA I1pejleJbHOE Ha-
MPAXKEHUE CABUIA M NPUCYTCTBYIOT THKCOTPOITHbIC 3(PeKThl. [JIs NpUroToBiieHH A
OypoBLIX pacTBopoB [268] uciosb30Banack IJIMHUCTAA CyCNEeH3us (6eHTOHUT), B He-
KOTOPBIX Cyyasix ¢ J1o00aBKaMM JIMTHUTA. ANINPOKCUMALIM A PEOJIOTMUYECKU X JaHHBIX
[POBOAMJIACH NO YpaBHeHM 1O I epuiensi — banknu: T=1 + K¥". B crarbe uMelOTCs Ta-
OJIMLLBI PEOJIOrHYECKMX JaHHBIX, HEKOTOPBIC JaHHble Npe/ICTaBlieHbl 3/16Cb. OHMU UC-
MOJIb30BaHbl NPU NOCTpOeHuH rpapukKoB Ha puc. 7.13—7.14. O603HaueHus1 06pa3uoOB
B3siThl U3 cTaTbu |268].

[lpyMeHeHWe cTaHAAPTHONH METOAMKM pacyeTa, a MMeHHO HeJIMHEeHHOM perpec-
CHUM, NPHUBOOUT BO MHOIMX CNyuyasiXx K OTPULIATEJIbHONI BeJIMYHMHE NPEAeSIbHOIO Ha-
IPAXKEHUSA CABUIA T, YTO HE MMeeT (PU3NYECKOro cMmuicia. B 1o xe Bpems pacuer
[0 0GOBLUEHHOMY YPAaBHEH MO TEUEH Sl IOKA3bIBAET MOJIOXKMTEbHbIE 3HAYCHM S BCeX
TpeX KO PULUEHTOB, KOTOPbIC H3MEHSA KOTCH 3aKOHOMEPHO C YBEJIMYEHHEM KOHLICH-
Tpauuu aucrnepcHoi gassl. KoapduumneHT arperaumm T, v KOIGGULUHEHT BA3KOCTH
KaccoHa 1), yBeJIMUMBAKOTCS C KOHLUEHTpauuen, KO3a(pPHULHEHT KOMINAKTHOCTH



Tabimua 7.5. Peonorunueckue naHHHeE 118 OYpPOBBIX pACTBOPOB NPH Pa3NMYHOIl KOH-
ueHTpauuu 0eHTOHKTA B Boae ( Blick, 1992)

Homep S19 S20 S21
obpa3sua GeHTOHMUT 10% OeHTOHMUT 12 % OEHTOHUT 28 %
Y, ¢’ 7, [1a 7, [a 7, Ma
1020,80 23,46 46,44 78,52
765,60 21,07 42 .61 72,78
510,40 17,72 37.35 63,20
340,27 14,84 32,56 55,06
238,19 12,93 28,25 47,40
153,12 10,05 23.46 40,22
119,09 8,62 21,55 36,39
85,07 8,14 18,67 32,56
51,04 5,75 14,84 25,86
17,01 431 10,53 17,72
7”7 Ma'”’ 2,82 4,94 6,46
rL';’ ’ (Ma<c)"” 0,073 0,075 0,096
x, ¢ 2,84 3,10 3,07
CuMBOJIBI poM6 TPeyroJjibHUK KBaapar
1,, la -0,1 —-3.7 -6,1

= L D =~ e WO
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Puc. 7.13. KpuBbie TeueHHs B KOPHEBBIX KOOpAMHATaX OypOBHIX pACTBOPOB. @ — Cy-
crieH3uM 6eHToHUTA ( Blick, 1992); 6 — OypoBHe pacTBOPHI NNPH pa3NHUHHX
naeneHusax U remnepatypax { Merlo, 1995). INoscHeHus B Tabn. 7.5 u 7.6



Tabauua 7.6. Peonornueckue naHHBIe 114 OypPOBHX PpacTBOPOB NMPH pa3NM4yHOIT TEM-
nepatype 1 napneHuH (Merlo, 1995)

Homep SI13 S14 SI15 S16 S17
obpasua 20°C 30°C 45°C 85°C 100°C
0,1 MIla 0,1 MIla 0,2 MIla 0,5 MTIla | MIa
v, c” T, [la T, [1a T, [1a T, [1a T, [1a
1021,32 26,6 22.0 20,4 16,4 14,3
510,66 19,4 16,9 15,8 12,3 10,7
340,44 16,9 14,8 13,8 10,2 9,2
170,22 13,3 11,8 11,2 8,2 7,2
10,21 5,6 4,6 4.1 2,6 2,0
5,11 3,6 3,1 2,6 2,0 1,5
7”7, Ma"” 3,10 3,18 3,26 2,51 2,58
N/, (Ma-c)"”’ 0,068 0,053 0,046 0,053 0,045
x, ¢’ 1,60 2,05 2,49 2,23 3,10
CuMBONbI poMO TpeyrolbHHUK KBaapart OTKp. pOMD OTKp.
TpeyronbHHUK
7, INa -0,1 -1,2 -0,6

HE NMOKa3blBA€T PEryJIipHOro H3MEHEHMUS, YTO CBUIETEJILCTBYET O HEOOJIbILIOM pa3-
JIMYMM B CTPOEHM M arperaroB yacTHL, IJIMHBbI (Tabn. 7.5).

AHaJIOTHYHBIE TPYAHOCTH BO3HUKAIOT NP anmnpoKCHMauuu ypaBHeHueM [ep-
wensi — bankiiu [268] apyrux 6ypoBbIX pacTBOPOB, KOTOPHIE MCCJIEIOBAJIMCh Ha PO-
TALMOHHOM BMCKO3MMETPE NPU pa3jIMuyHbIX TEMIepaTtypax v gaejeHusix (tadn. 7.6,
puc. 7.13, 6).

KoappuumeHTsl OYT umMmeroT npaBaonoiloOH b€ 1MoJIOXKUTEJIbHbIE 3HAYEHU S, KO-
TOPBIE HE3HAYMTEJIBHO U3MEHS KOTCS IMPH M3MEHEHMWH YCJIOBH i H3MEPEHMSI.

BonHo-6eHTOHHTOBBIE CyCIIeH3uH (6,42 w/v%) ¢ nobaBKamMu JIMrHUTa ObLJIM 11PH-
rotToeJiIeHH [268] pa3HbiMu cnocobaMu, u3MEPEHHUS NPOBOAUIIMCH ITPH TEMIIEpaType
25°C nwnu 65°C. CycneH3ust inbo ruaparupoBasiach B TeueHuUeE 24 4 ripu KOMHAaTHOM
TeMmneparype, 1mbo nojaseprajiacb TEpMHUYECKON 00paboOTKe B crnieumalibHOM siyeike
npu 177 °C B TeueHue 16 4. PaznuuHble BUAB IMTHHTOB U3 Pa3HbIX MECTOPOXAEHH H
['peumu noGaBNSANUCH B CYCIIEH3U 0 B COOTHOWIEHM M 0,5 w/v% uiiu 3 w/v%.

Ba>xHO OTMETHTB, 4TO 00pa3Lbl MHTEHCHMBHO pa3MeElUMBaJIu B TEYEHUE 5 MHUH
JI0 TECTUPOBAHUS Ha BUCKO3uMeETpe ¢ 12 ckopocTsimu caBura. Pe3ynbrarsl pacuera
110 0000LLEHHOMY YPAaBHEH M IO TEUEHMU S ITOKa3aHbl Ha puc. 7.14 w B Tadn. 7.7. Annpok-
CUMaLLM Sl TPOBOAMJIIACH 110 BCEM 3KCIIEPUMEHTAJIBHBIM TOUKaM HECMOTPSl Ha ux 00J1b-
11O pa3bpoc.

JloGaBKa NMrHMTa yMEeHbIUAET CTPYKTYPHYIO COCTABJIAIOLLY IO BA3KOCTH, HO 10
JAHHBIM 3TOI TAaGAM bl TPYAHO YCTAHOBUTH 3AKOHOMEPHOCTH B U3MEHEHMU KO3(-
(M UHEHTOB.

HauGonpluue TpyaHOCTH NP alnnpoKCHMAaLMH KPHMBBIX TEYEHHS OypoOBBIX
pacTBOPOB BO3HMKAIOT M3-3a 3HAYMTEJILHOW THKCcOTponuu oOpa3uoB. B kauectse
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Puec. 7.14. Kpusbie TeueHH s BOAHOM CyCcleH3MH OeHTOHUTA ¢ foDaBleHHMeM NUrHUTA
B KopHeBb X KoopauHaTtax (Kelessidis, 2005). lNosicHeHusa B Tabn. 7.7
Tabnuna 7.7. KosddHumneHTH 000011IEHHOIO ypaBHEeHUS TeuyeHUS JNsA BOAHOI Cy-
crieH3uu OeHToHMTa (6,42 w/v%) c nobaenenuvem nuruuta 0,5 unu
3 w/v% (Kelessidis, 2005). Yka3zanb Hannuue repMMHueckoii 00paboTKH
obpasua (1/0), npeapapuTenbHONH ruapataumu obpasua (ruap), Hanu-
ype nobaBkH nuruuTta B oopaser (%) v remnepatypa usmepenus (°C)
Homep S2 SI ruap S33% S73% S80,5% S53%
obpa3zua T/025°C 25°C 17/025°C | 7/025°C | ruap25°C | 1/025°C
7', Ta"* 5,29 4,21 2,82 1,47 1,18 1,18
N/, (Ma-c)"” 0,056 0,038 0,076 0,090 0,074 0,064
y, ¢’ 0,51 0,43 0,97 0 0,18 1,81
Homep S10 rugp S63% S9 ruap S123% S110,5% S43%
obpasua 3% 65°C 1/0 25°C 0,5% 65 | 1/025°C | ruap25°C | 1/025°C
7%, Ma"”’ 0,83 2,71 1,70 2,16 1,55 4,28
n/’, (Ma-c)"”’ 0,042 0,060 0,052 0,058 0,056 0,033
x, ¢/’ 0,89 0,087 0 9,01 4,86 45

npyuMepa npuBeaeM KpuBble BA3KOCTH U TEYEHU S JUJ1SI IBYX pacTBOpOB [269], nonyuyeH-
Hbl€ HA BUCKO3UMETPE C KOHTPOJIMPYEMBIM HarpsikeHueM capura. Kpusble BA3KOCTH
HE NO3BOJISIIOT BLIACJIMThL XapaKTEPHHBIE I€TAJIM PEOJIOTHYECKOIT KpUBOIi. B KOpHEBLIX
KOOpAMHATAX XOPOLUO BUJIHBI OTKJIOHEHHS OT npsaMbIX K3ccoHa, cB3aHHBIE C U3-
ObBITKOM KPYIHBIX arperaToB INPH HU3KUX CKOPOCTSI X CABUIA.

MOXHO 3aKJIOYUTh, YTO 0000LLIEHHOE YPABHECHUE TEYEH M BITOJIHE NPUTOAHO 115
OIMCAHMUS PEOJIOTMYECKOro INOBEJEHUSI BbICOKONapapMHUCTON He(PTU U OYypOBHIX
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Puc. 7.15. KpuBoie Tedenus AByx OypoBbix pacTBopoB (drilling muds) B aABoliHBIX JO-
raprdmMHyecKMx kooparHaTtax (¢) M B KopHeBbiXx KoopauHaTtax (6). Ctpenka
nokasbiBaeT rpaHHLy obnacTu annpokcuMmauuu. lNosicHenus B 1abn. 7.8

Tabnuua 7.8. KoadhduumeHTH 00001LEHHOIO YPaBHEHU A TEUEHM A ANSA 1BYX OYPOBBIX
pacTBOPOB. YKa3aHO YHCIIO TOYEK, HCMOAb30BAHHBIX MPH AN NPOKCHMa-

LM
O6pa3zell 7./’ Ma'”’ n:fz, (Ma-c)"”? ¥, c '’ Yucno Touek
A 6,58 0,263 0 5
C 2,38 0,915 0 8

pacTBOpPOB, OJAHAKO Ipu BHIGOpPE MHTEpPBaJia annpoKCH Mauuu HEOOXOAMMO YUUTHI-
BaTb THKCOTPOIHBIC 3(MPCKTHI, OOYCNOBJICHHBIC HCPABHOBCCHBIM COCTOSIHUEM I[1pU
HU3KH X CKOPOCTAX ClIBMIA.

3aknoyeHune

3HaHUE PEOoJIOTUYECKUX XapaKTepUCTHK He(PTU U OypOBBHIX pacTBOPOB HEOOXOIIHMO
IS yIIpaBJE€HUA npoueccaMu ao0bIYM U TPAHCNIOPTUPOBKU HeddTU. BricoKkonapa-
(¢puHUcTas HedTbh obNlagaeT 3HAYUTEJIBHBIMH THKCOTPOINHBIMU CBOHCTBAMMU: CBEPX-
AHOMaJIUA BSA3ZKOCTH MPH HU3ZKUX CKOPOCTAX CABUIa, TMCTEPE3UC KPUBBIX TCUYEH MS.
CpaBHeHHe 0ObIYHO npumMeHsiemoil moaenm [epuienss — banknu u moaesin KaccoHa
MO3BOJISIET CIEJIaTh BLIOOP B M0OJIL3Y ABYXNapaMeTpuueckoro ypaBHeHusi KaccoHa,
KOTOpOE SABJISIETCA YaCTHBLIM cJiydyaeM 00001ieHHoOro ypaBHeHusi teueHus (OYT).
CxonHOe peonoruyeckoe rnopeaecHue JEMOHCTPUPYIOT Apyrue napaguHconepxaiime
CUCTEMBbI, HAllPUMEP, MEJIMLMHCKH I Ba3€JIMH.

Kpupbie TeueHHs1 OYPOBBIX pacTBOPOB OOLIYHO arnnpoOKCUMUPYIOT YpaBHECHHUEM
['epuwienss — bankiv, oaHako ©oJiee npapaonogoOHbe 3HAYEHUs KOI(PPULMEHTOB
Nnony4eHsl npu ucnonb3dopanuu OYT.



'TIABA 8

TEHEHWE MNOJIMMEPHbBIX
PACTBOPOB

N TTMOTPOITHBIX
KNOKUX KPUCTAJIJ1OB

8.1. Ot arperatoB YacTuy K accoumaTaM MaKpPOMONEKYN

IlpuMeHeHue 0000LLEeHHOI MOIE)IM TeYEHU S JONTYCTMMO B TOM CJly4yae, eCliu Makpo-
MOJICKYJIbl BEAYT c€0si B INOTOKE 110100HO TBEPABIM YacTHLIAM, CITOCOOHBIM 00ObE 11 -
HATbLCS HA HEKOTOPOE BPEMSI B IPYIINbl M ABUTAaTbCS MPU 3TOM KakK €IMHOE LEJIOe.
[ pynnupoBKM (acCoOuMaThl) MAKPOMOJICKYJl HE AOJIXKHbI CYLLIECTBEHHO MEHATh CBOK)
CTPYKTYPY B IIPOLECCE TECUYEHUS, HO IPU YBEJIMYEHUU CKOPOCTH TEYEHUS pa3Mephbl
TAKMX IPYNIKHPOBOK AOJIXKHbI YMEHbLIATLCA. ENMHCTBEHHBIM MCTOYHMKOM JMCCH-
NaLKuU SHEPIrUM ABNSAETCHA OOTEKAHME €AMHULL TEYEHU S CIJIOLLHON BA3KOH JIMCIEp-
CHOHHOM CPEIOH.

Haubonee npocrbiM OOBEKTOM MCCICAOBAHHUA CTAHOBATCH TOrAa XCECTKOLCII-
HbI€ [1OJIMMEPBI, MAKPOMOJIEKYJIbI KOTOPbIX MOIAEJIUPYIOT XECTKMUM CTEPXKHEM.
Monekyybl-CTEP>KHH CIIOCOOHbI OOBCAMHATHLCH B IPYNIHPOBKH 3a CYCT OPOYHOB-
CKOI'O JIBUXEHUS U CTOJNIKHOBEHM T NPU CABUTOBOM TeueHuU. Bsiskue cunbl Crok-
ca CroCcOOHbI OPHEHTUPOBATb MOJIEKYJIbI HJIM UX TPYTIITHPOBKU M B ONPEAEJIEHHbIX
YCJOBUAX NMPUBOAMTL K Pa3pyLICHUIO OonbIMX rpynnupoBoK. [IpeaciibHbIM Cly-
4YaeM rpyniupoBKH MaKpOMOJIEK Y1 OyIIET CIJIOLLIHAS CETKa, COOTBETCTBY I01LIas CO-
CTOSIHM IO reJisl.

B XXM IKOKPUCTAJUJIMUYECKOM COCTOSIHUM I'PYIITHPOBKH AOJIXKHBI YaCTHYHO COCTO-
AATh U3 l1apajlJIeJIbHO OPUEHTUPOBAHHbIX CTEPXKHEOOpa3HbIX MaKpoMoJieKyJl. O0Obly-
HO TaKM€ rpyninupoBKH Ha3blBalOT JOMCHAMM.

O06001eHHOe ypaBHeHue TeueHus (OYT) npuobperaet cneayrowmii CMbICI:
craraemMoe 1]",”211"’ ? COOTBETCTBYET MOTEPSIM 3HEPruM NMpPH ABUXECHMM OTACJbHBIX Ma-
Kpomonekyi; cnaraemoe T/’ /(1 +%/7"") cOOTBETCTBYET AMCCHNIALMN 3HEPTUU TIPM
oO0TeEKaHuu arperatoB MaKk poMoJIEKYJl. AnnpokcumMayms o000LEHHBIM YpaBHEHHEM
TEYCHM S NPUBOAMT K pa3yMHBIM pe3yJibrataM, €Cliv (hopMa MakpoOMOJICKYJl H CTPOE-
HUE IPYNITUPOBKH HE U3MEHSIOTCS CYLUECTBEHHO Ha OIpee/IeHHOM KOHEYHOM MH-
TepBaJie CKOPOCTEH cABUTIA. DTH YCJIOBUS, B OOLLIEM, TPYAHO IpeACTaBUTD [LJ1s1 pacTBO-
pPOB rHOKMX MAaKpOMOJIEKYJl, HO OHH MOTYT BBITIOJIHATLCA IS CHCTEM C JOCTATOYHO
XKECTKMMM MAaKpPOMOJICKYJIaMH,



8.2. TeueHue BoAOpPaCTBOPUMbIX NPOU3BOAHBIX
LIeNIONO3bl

BonopacTtBopyuMBIE NPOU3BO/IHBIE LIEJUTIONO3b O0Opa3yoT IPHU 10CTATOYMHO OOJBLLIOK
KOHLUEHTPALWKM aHH30TpONHbIC (pa3bl. TeueHHe TaKuX paCTBOPOB SAABJISICTCH HECHbIO-
TOHOBCKHMM, KPOME TOI0, OHU JIEMOHCTPUPYIOT BSI3KOYIIPYI'Me CBOMCTBA, B YaCTHOCTH
NEPBY 0 Pa3HOCTb HOPMaJIbHbIX HANPAXEHUH N ().

Haubonee M3yyeHO CABUIOBOE€ TCUYCHME I'MAPOKCHMITPONHUILECIII0N03bl. E€ MO-
JIEKyJla UMECT CIIMpPaJibHY KOH(pOpMaLLMI0, KOTOpas cTabuJin3upoBaHa BHYTPUMO-
JIEKYJISIPHBIMW BOOOPOOHBIMM CBA3siIMU. UMEHHO 1151 3TOr0 IMOTPOINHOIO XHUAKOIr0
KpucTajuia Obinia npeaiioxeHa [143] cxema Tpex pexxuMoB TeueHus (cMm. . 1). OnHako
B OpMrMHaJibHO# paboTe [143] pa3bpoc ToueK Ha rpaduke 1(Y) HaCTOJIbKO BEJIMK, YTO
MO3BOJISIET CTPOUTH JIKOOLIE NPeanosioXxeHus o popMe KpuBoi. BucopioH |142] nonbi-
TAJICA pacllPOCTPAHUTDH «MOIeJIb TPEX Y4aCTKOB» HAa TEYEHHE pPa3JIMYHBIX JIMOTPOIl-
HBIX ITOJIMMEPHBIX KPUCTAJINIOB, NoJiarasi, 4yto 1-i uJiu 3-H y4acTKH MOTYyT IO pa3HbIM
NPUYUHAM HE peaJiu30BaThbCs B 3KCIIEPHMEHTE.

3a nocsieaHee BpeMsi NPOBEACHbI AeTaJIbHbIE PEOJIOTMYECKME UCCIIEJOBAHUSA BO-
NHBIX pacTBOpPOB ruapokcunpornuiuentonodsl (HPC). [TokaxeMm, 4To sKCnepuMeH-
TaJibHblE JaHHbIE pa3/IMuHbIX MccnenoBateneil [181—-184] npeacrtaBnsitor, B 001EM,
CXOOHYK KapTUHY TEYECHMS, B KOTOPOM OTCYTCTBYET y4yacTOK 2 ¢ npeanojaracMbimM
HbIOTOHOBCKHM T€UEHHUEM.

Peaynbratbl pabGoTsl [181] yxe OblJiv npeactabBiieHBl B 171, 3. CxonHOE peojioruye-
CKoe IoBeficH e OINucaHo B 6oJiee no3aHei nyonukauuwm [182] nna pacreopos HPC
Cc KOHueHTpaumen 55 Macc.%, a takxe B paboTtax [183, 184].

BocnpousseneM 31eCb HEKOTOPHIE 3KCIIEPUMEHTAJIbHBIC PE3YJIbTAaThl, @ TaKXe
OIMILIEM YXKE€ CYLIECTBYKLIME MOOCIH TAKOT0 peoJIOrHYECKOro NMoBeAeHU S, Cle/ys
pabore [184]. IlepBasi ruiore3a ONUCHIBAET 3aBUCUMOCTb PEOJIOTHYECKUX CBONCTB
NOJUMEPHBIX JIMOTPONHBIX XHUAKHUX KPHUCTAJJIOB OT CKOpoOCTH caBura. Teopus
[144, 145] npeacka3sbiBaeT, YTO BEKTOP «IMUPEKTOP», ONUCHIBAIOIMH CPENH IO JI0-
KaJIbHY0 OPMEHTAL M IO MOJICKYJI-CTEP>XKHEH, BeaeT ceOsl 110-pa3HOMY B CIIBUTOBOM TE-
YyeHUU. [Ipy HU3KUX CKOPOCTSIX IPOUCXOAUT OIPOKUIBIBAHUE BEKTOPA «[IMPEKTOpPa»,
TO €CTb MMEETCS I1POCTPAHCTBEHHBIM NOBOPOT MoJieKyJ. [1pyu BHICOKMX CKOPOCTSIX
CIBMIa TEYEHHE YIOPSI0YMBAET MOJIEKYJIH TAK, UTO «JIMPEKTOP» YCTOHYHUBO OpHUEH-
THPOBaH 110l HEKOTOPbIM YIJIOM K HallpaBJIEHHU O TEYEHUS.

AnbrepHaTUBHasi MHTEpPNpeTayus OCHOBAHA Ha SIBJIECHUM «I10JIOCYATOH TEKCTY-
pei». U3BecTHO [142], 4TO B X0I€e peJiakcal My Nnocjie OCTaHOBK U CABMIOBOIO T€YEHU
dopMupyeTcs nepexonHas rnojiocyaTasi CTpPyKTypa, rie noJjiochl nepreHanKynsipHbl
HanpapiaeHU0 TedeHU . [Tonock Xopoliio BUOHBI NPH CKPEIIEHHBIX NoJIsipouaax, 4To
yKa3blBaeT Ha 3ur3aroobpa3Hoe pacinoyioKeHHUe MOJIEKYJI-CTepXKHei B oOpa3Le.

Bce BbILLEYIIOMSSHYTHIC aBTOPbHl YBEPEHBI B CYLUECTBOBAHUM TPEX paHOHOB Te-
YEHMS, NIPUYEM MX CYILECTBOBAHME CBS3bIBAIOT CO CTPYKTYPHBIMM W3MEHEHUSIMMU
cucrembl. Bo3aMoxXHbie 0ObSICHEHUSI OCHOBaHBbI Ha «pEXHUME ONpPOKUIbIBAHUA [H-
pPEKTOpa», KOTOPLI NpeodaalacTt npu HU3KOM CKOPOCTHU CABUIa, U HA PEXKMME OpH-
€HTALlHOHHOH YINOPSAIOYEHHOCTbLIO MOJIEKYJI IPU BLICOKOH CKOpOCTH. OTMETUM, YTO
B YIIOMSIHYTBIX CTATbSIX OTCYTCTBYET NPSAMOE CPaBHECHME 3KCINEPUMCHTAaJIbHOW 3aBU-
CUMOCTH BA3KOCTH N(7Y) C KaKOH-J1MOO TeOpeTHYECKOI (POPMYJION.



AHaJIu3 KPUBBIX TEeUYEHMUS IOKa3blBaeT, YTo 0000LEHHOEe ypaBHEHUS TEUEHMS
NPUTOIHO /IJ1s ONMcaHUsl KpUBBLIX TeueHUs pactBopa HPC, Haxonsilerocsi B X UAKO-
KpUcTaJuin4yeckom pase. J1J1si npaBuJIbBHOW HHTEPINPETALM U PEOJIOT HYECKOTr O I0BEIe-
Hust HPC HeoOXxoaMMO CpaBHUTBL XapaKTep TeYEHH s B aHU30TPOITHOM (a3e U B U30-
TpoIHOM (hase.

CooTBeTCTBYIOLLIME IKCIIEepUMEHTaJIbHble IaHHble NpuBeaeHH B [185]. JIBa pac-
TBOpa OblJIM NPUTOTOBJIEHB! A5t ucclienoBaHusi: 4 (50 macc.%, aHUM30TPONHbIH) U [
(30 macc.%, M30TPONHBII). DKCnepuMeHTaNlbHBIE TaHHBIE NpeCcTaBJIeHbl Ha puc. 8.1,
XOpolllo 3aMeTHbI 1Ba yYyacTKa, KOTOpbIE OINUCHIBalOTCA 0000LIEHHBIM ypaBHEHHEM
TEYEHHUN C pa3HbIMH 3HAYEHMUSIMHU peoJiorHyecKux KoaddpuumneHToB. UX BeIMUMHA
yKa3aHa B ta6u. 8.1.

XapaKTepHoe nepece4eHue KPpUBbIX TCUYEHUS YKa3blBaeT Ha CTPYKTYPHBIE U3ME-
HEHUS B CHCTEME IPH U3MEHEHHWU KOHLEHTpaLUHuH nojumepa. B 4acTHOCTH, B U30-
TPOIHOM (pa3e UMECTCH TCHACHLMA K CYLIECTBOBAHHW IO MaJiblX arperatoB Makpomo-
siekyn npu Y — ( (ncepnonnactuyHoe noseacHue). B aHuzorponHoii ¢ase (pexum 1)
BesinumuHa ¥ (=0,62 ¢ '’) nocTaTouHO Majia M TeM caMbiM MPOSIBJISIETCS! TEHICHLLM S
K 0Opa30BaHH IO GOJILILIMX arperaToB K CeTKU-reyst npuy — 0.

Tabnuna 8.1. Peonoruvyeckue xapakTepMCTUKH NOAUMEPHBIX pACTBOPOB U NHOTPOTI-
HBIX XHWAKHX KPUCTANNIOB HA OCHOBE BOAOPACTBOPUMBIX NPOU3BOIH bIX
UENJTHONO3bI

Crictema Maccosas | ¢, [la” | "%, (Mac)” | %, ¢ | n"(0)

KOHLUEHTpaLu1s,

% (Mnu Temne-
paTypa)

BoaHbiit pacTBOp
Na-kapboKcHMeTHII- 5 % 25,36 0,052 28 0,96

LeJ1N05103bi [46]

Bonnbiii pactBop

18°C 12,67 0,046 14,1 0,931
MeTUALENII0J103b1 [34] »

[MMApOKCUTIPONMHALENIIIO-
Jl03a B BOJAE (XonecTepuye- 52,8 % 16,5 8,7 1,0 25,2
ckag ¢aza)|184]

MiapokcHnponMiauen o- 2.829 19,79 0 o
J103a B BOJIE (xoJiecTepuye- 50 %
ckas dasa) [181] (33,43)* (1,06) (1,63) | (21,57)
[MApOKCHTIPONMHILENIO- 2,47 18,47 0 oo
J103a B BOJIE (KM IKOKPH- 35%

( p 60,4 | ©21 | 307 | (1999)

crannuyeckas ¢asa) [182]

MMAPOOKCHITPONUIILENNIO-

N03a B BoJie (XKHUIKOKPMC- 50% 1,9 14,5 0 -

Taniuvueckas dasza) [183] (34,2) (1,9) (1,8) (20.9)
MMApoKCHTpONMJIILENITIO- AHM3OTpON. 28,56 1,22 0,62 47,28
no3a B Boae (3K UIKOKpH- WsoTpor. (41,4) (0,04) (2,12) 19,57
ctannuueckas ¢asza) [185] 63,58 3,89 4,97 16,68

* B ckobkax naHH 3HaYeHHs KoahPULIMEHTOB ANA YYACTKA BLICOKHMX CKOPOCTEii CABMIA.



OTcrona ciieayeT, 4To NP HU3KUX CKOPOCTSIX CIBU A BA3KOCTb H30TPOITHOM (ha3bl
MEHbILIE, YeM BA3KOCTb aHU30TPONHOMN. C 1pyroil CTOpOHbI, IPHU BBICOKH X CKOPOCTSIX
3¢ ek THBHAsA BA3ZKOCTDb 1) ONPEAEIISAIETCS BEJIMYUHON KO3(hprLMeHTa BA3KOCTH Kac-
COHa 1), NOCKOJIbKY 1), = 1), N1pn ¥ — <o, [103TOMY BA3KOCTb aHU3OTPOITHOM (ha3bl B 00-
JIACTU BBICOKMX CKOPOCTEN CABUIa MHOIO HUXE BA3KOCTH U30TPOITHOM (pa3bl.

B o61ueM, Ha yyacTKe HHU3KHX CKOpPOCTEH CIBHIa BCE paCCMOTPEHHbBIE CUCTEMbI
HPC noka3elBalOT Mayble UJIK HYJIEBBIC 3HAYEHUSA ), TO €CTh TEHACHLUIO K (POPMHU-
POBaHU IO O€CKOHEYHO OOJIBIIIMX arperatoB UJM acCOUMaTOB (CETKH MaKpOMOJIEKYJ).
KpaiiHe Masibie 3HaueHus1 1), B 00JIaCTU BBICOKMX CKOPOCTEH yKa3blBalOT Ha MaJibie
MOTEPU 3HEPruu Npu OOTEKAHMHM OTIEJIBHBIX CTEPXHEOoOpasHbIX MaKpOMOJIEKYJl
BHEIIIHEH BA3KOW CpeaoH.

Bo3MOXXHOCTbL €AMHOr0 ONUCAHUS TEYEHU S U3OTPOITHOTO U aHU3OTPOITHOIO pac-
TBOPOB ruapokcunponuiauesonossl (HPC) yka3biBaeT Ha TO, UTO CyLUECTBYET 00-
UM MEXaHU3M TEUYECHHUS B TaKMX NOJIMMEPHBIX cucTemMax. M30TporHbBIe pacTBOPHI
APYTUX NIPOU3BOAHBIX LEJUJIIONO3bI TAKXE NOAYMHSAOTCA OO0OLLIEHHOMY YPABHEHH IO
TEUCHMS.

DTO JIETKO IPOBEPUTL, IOCKOJILKY B COOTBETCTBYOLIMX paboTax [46, 34| npuBe-
neHbl TabNIMUHBIE NaHHBIC. PaHee yXe ucnosib3oBanuchk naHHblie Kpocca [46] nns Na-
KapOOKCHMETHJILIEJITIOJIO3bI.

B kHure XaHtepa |34] npuBeneHb TaGMYHbIE JaHHBIE JI1 BOLHOTO pacTBopa
MeTuaueantonossl npu 18°C, Kotopble ucnonb3dyem ansi npoeepku OVT (tabn. 8.2,
puc. 8.2).

XaHTep npeaoXKuJl ONHUCHIBATb KPUBYIO TEYEHUS C NOMOLLbIO ypaBHEHUSA DN-
JIMCa, KOTOpOE IpPeacka3blBaeT HYJIEBYIO BA3KOCTH Ipu Y — 0. O6o0weHHoe ypaB-
HEHUWE TEYEHMUS OINMUCHIBAET 3TU IKCIIEPUMEHTAJIBHBIC TOYKH C XOpOllIeiH TOYHOCTbIO
(puc. 8.2) v No3BOJISIET NMOJIYYUTh KOHEYHOE 3HAaUYeH e KO3(pPHLIMEeHTa BA3ZKOCTH 1)_..

JIMOTpOIHBIE NOJIMMEPHBIE CUCTEMBl 00JIaIaldT TUKCOTPOIIHBIMU CBONCTBAMM
W NPUXONSAT B COCTOSIHUE PABHOBECHOIO CIBUTOBOI'O TEYEH U 3a IOCTATOYHO J10JITOE
Bpemsi. [loaTtoMy, uamMepeHuUs, NnpoBeacHHbIE 6€3 yuyeTa TUKCOTPOIIMHK, HE SIBISIIOT-
cA ﬂGCTUB’FpHHMH, 0COOCHHO B 00J1aCTH HU3KMX CKOPOCTEH caBura, a ocoOEHHO
BonwitTe 11.

Ign, lNa-c o 72, (Mac)”?

3t 1

25}
3

21
1.5} 2

I i 1 i

—2 —1 0 ] ]gT, c_'

4]

Puc. 8.1. PeonorvyeckMe xapakTEpUCTHKH ruapokKcurponuiuennonoss (M = 100000)
B M30TPONHOM cocTOAHHH (3) npu 30 macc.% 1 BaHH30TpONHOM cOCTOAHKH (1)
v (2) npu 50 macc.%: a — KpuBasi BA3KOCTH;, 6 — KPHUBHIE TEUEHHUS B KOPHEBHIX
KoopauHatax. JlaHHble u3 padothl [185]



Tﬂﬁ.l]lll],ﬂ 8.2. 3aBuMcHMOCTb HATllIpAAKEHHH CABHI'd OT CKOPOCTH CABHMId BOOHOI'O pacC-

TBOpa MeTHNLenNono3s6l npu 18°C [34]

¥, ¢ 0,1400 | 01762 | 0,2218 | 0,2793 | 0,3516 | 0,4426 | 0,5572 | 0,7015
7, Ma 0,117 0,141 0,169 0,211 0,281 0,352 0,446 0,563
¥, ¢ 0,8831 1,1117 1,400 1,762 2,218 2,793 3,516 4.426
7, Ia 0,687 0,847 1,076 1,305 1,625 2,010 2,53 3,08

¥, ¢ 5,572 7,015 8,831 11,117 14,000 17,620 22,18 27,93
T, Ia 3,79 4,68 5,41 6,53 8,11 9,46 11,49 13,52
¥, ¢ 35,16 44,26 55,72 70,15 88.31 111,17 140,00 176,2
7, Ia 16,22 18,92 22.10 26,13 30,00 34,80 40,0 45,7

¥, ¢ 221.,8 279,3

7, la 52.5 57.6

7, (INMa-c)"”’

—12

0 5 10 15

Puc. 8.2. KpuBasi Te4eHUs1 BOAHOro pacTBopa MeTHJILIENIONO03bl B KOPHEBLIX KOOpP-
AuHaTax. ANNpokKCHUMAaL KA MO BCEM JKCNepHMMeHTabHBHM JaHHBIM. JlaH-
Hble U3 paboThi [34])

8.3. TeueHue pacTBOPOB CUHTETUYECKUX NOAUNENTUAOB

HaubGonee MnoJIHO MCCNEI0BAHO PEOJIOTMYECKOE [0BCACHUE NOJIU-Y-OeH3uI-L-
myramara. B onpeaeneHHbIX pacTBOPHUTENAX MakKpOMOJIEKYJIb [PpUOOpPETAIOT
KOH(PMrypauuo >XecTtkoi o-cnupaiu. Cnupayb ctabuJiM3MpoBaHa BHYTpPUMOJIE-
KYJISIPHBIMM BOAOPONHBIMU CBA3siIMU. B KOHUEHTpUpOBaHHBLIX pactBopax PBLG
00pa3yroTca XKHIAKOKPUCTAJJIMYECKUE CHCTEMBI, YTO NPOSABISAETCA B OIITHYECKOM
ABYJIYUYCTIPEJIOMJICHUM U cnepupuuecKkux ¢hpepoIMTHBIX CTPYKTYypax. JIpyrum CUH-
TETHYECKUM IOJIMNENTUIAOM, CYLUECTBYOLHM B HEKOTOPBIX PaCTBOPHTEJIAX B BULE
o-criupanu, siessiercs nojimkapooo6eHzokcunuznH (PCBZL). OH uMeeT Ty XKe OCHOB-
Hy10 uenb, 4yTo PBLG, HO apyrue 60KOBbIE rpyniibl. OTH MAaKPOMOJIEKYJIBI UMEIOT
BbICOKY 10 XX€CTKOCTb U MOI'YT OIIMCbIBaTbCA KaK XeCTKHe cTepXKHU. Peonornyeckue
CBOWMCTBA pacTBOpPOB INOJUNETUAOB paccMoTpeHbl B MoHorpaguu C.I1. [Tankosa
u B.I. Kynuuuxuna |5]. 'epmanc [187] uamMepun 3aBUCMMOCTL BSI3KOCTH pacTBOpa



PBLG oT KOHUeHTpauuHu M OOHApy>XMJ1 MAaKCUMYM B 00s1aCTH, rae pacTBOp nepe-
XOIUT U3 U3OTPONMHOIO B XMIKOKpPUCTaNINYeCcKoe COCTOsiHMe. OH OOBSICHMN TaKoe
NMOBEAECH UE TEM, YTO MAKPOMOJIEKYJIBI JIETYe OPUEHTUPYIOTCH B AHU30TPONHOM (ase,
4TO CNOCOOCTBYET YMEHBLUEHUIO BSI3KOCTHU. AHAJIOTUYHOE PEeOoJIOTUYECKOe NoBe-
JIEHUE PacTBOPOB NMONU-Y-3TUN-L-ryTamara B nuokcaHe oobsicHun Musyka [188].
OH NpeanoXxuna MeXxaHM3M «arperaTHOro» TeYeHMsI, KOrjia pa3mMepbl arperatoB pe3ko
BO3PACTAIOT NPU HOCTHXEH MM KOHLIeHTpauumn C, a 3aTeM OCTAIOTCSl NMOCTOSIHHBIMU
(nnu cnabo yorIBalOT) NPH NOCJIEAYIOLIEM YBEJIMYEHMH CKOPOCTH CABHUTA.
Pauemunyeckas cmech nonu-(y)-oensunrnyramar (PBG) 6uina nccneagosana Kuc-
com u [loprepom [189] B pacTBOpe MeTakpe3ona. Bsi3KOCTb 1) yBeJIMUMBaAeTCs C po-
CTOM KOHLUeHTpauuu C, fjocTuraeT MakCUMyma B ABYX(pa3HOM paloOHe, 3aTeM pe3-
KO CHMXXAETCsi B aH U30TponHoi ¢ase (puc. 8.3). MapkepamMu Ha pUCYHKE OTMEYEH bl
IKCNEepUMEHTAaJIbHBIE 3HaYeH Ul U3 padoThl |189]; CKOpOCTh YMEHbILAETCSH, COOTBET-
CTBYIOLLAsI BA3KOCTh yBenuuuBaetcs: 25¢ (1), 10¢” (2),4¢' (3), 1¢' (), 0,4¢”' (5).
CnJIOLWH BIE JIMHU Y NMOJIYYEHBI C MOMOLLBIO 00001IIEHHON MOAEJTH TEYEH USL.
AnnpoKcUuMa Msi ¢ MTOMOLbI 0000LIEH HOTO ypaBHEH MSI TEUYEH Ml (pUC. 8.3, 6) no-
3BOJISIET MOJIYYUTh 3HAYEHUS PEOJIOrMUecKnx KoadduumnenTos t/°, 0, . D1TH 3Ha-
YeHMs1 OBIJIM UCNOJIB30BAHBI U1l MOJIYYEHUSI TEOPETHYECKUMX 3HAYEHMI BS3ZKOCTH

2 P
] T
no ¢opmyne n{y):[y;f%ﬁ] . PacCyMTaAHHBIC TEOPETHYECKME 3HAYEHMUS NpEN-

CTaBJIEHbI B BUJIE CTMJIOLLIHBIX KPUBBIX HA pUC. 8.3, a. BepxHsisi TeopeTHyYecKasi Kpupasi
COOTBETCTBYET NN peaesibHoi ckopocTH y = 0.

JlapcoH v Mup [184] u3yuunum peonoruyeckue CBOMCTBa NOJM-Y-OeH3un-L-
rmytamata (PBLG) B metakpesone. O6paszeun PBLG ¢ monekynsipHoit maccoit 200000
ObL1 pacTBOpeH B MmeTakpesorne. [Ipu temnepatype 20°C u koHueHTpauum 10 macc.%
CUCTEMa HAXOAMTCS B M3OTPOINMHOM COCTOSSHMM, HO yxe npu 10,2% nposiBasieTcs
aBynydenpeaomaeHue. CucremMa CTAaHOBUTCSI NMOJIHOCTBIO aHU30TPONnHoOM npu 15%

220 7 [Na-<c]
200 F TEOpUs 4
180 L HYyJieBasi
CKOPOCTh
160 | 12 }
140 0 k
120 F
8 =
100 F
80 F 6 F
60 | Nl
0
2 5
20 F
&,
'[]' l ﬂ 1 1
0 ! 8 2 16 20 24 (% 0 2 4 4\

Puc. 8.3. Peonornueckoe nopeaeHue pacreopa nonumepa PBG B Metakpesone: a —
3aBMCUMOCTD BA3KOCTH OT MacCOBOM KOHLIEHTPAaLUMK noaumepa; 6 — Kpu-
Bbl¢ TeUEeHHs pacTBOpPA MOJIMMEPA B KOPHEBBIX KOOPAWHATAaX, NOCTPOECHHbIE
no JaHHbIM pucyHka (a). JanHbie u3 padotsi [189]



n. [Ma-c TI;E (nﬂ‘c)m
16 | I
20
15 ! 12 1
T 3
2 2
®
10 A 4 8
5 L 3 4+
?uz, c 1/2
n 1 L {]. L 1 1
-1 0 I gy, ¢’ 0 2 4 6 8

Puc. 8.4. Peonornueckoe noeeaeHwe pacteopa nonumepa PBLG B MeTakpe3sone
B uzotponHoi ¢gaze (1) npu 10%, B aHu3oTponHoii ¢aze npu 30% (2), npu
15% (3): a — 3aBUCHMMOCTD BSI3KOCTH OT CKOPOCTHM CABWIA, 6 — KPUBBIE TE-
YEeHH s pacTBOpa NOJIMMEpPa B KOPHEBbIX KoopauHaTax. JlaHHbIe U3 paboTbl
| 184]

KOHLEHTPALM K. DKCNEPH MEHTAJIbHBIE PE3YyNbLTATHl U TEOPETHYECKUE 3aBUCMMOCTH
nokKa3aHbl Ha puC. 8.4. Pe3ynrbraTel npeacrapieHbl B Tabn. 8.3.

XoTtst Jlapcon m Mun [184] He npeacraBunm Kakoro-1mbo ypaBHEHUs! 115 KPU-
BOM TE€YEH Usl, OHH NMONBITAJIUCh OODBSICH UTh OCOOEH HOCTHU TEYEH Usl HA KAYECTBEHHOM
ypoBHe. CABUTOBOE pPa3XMXKEHHE B M3OTPONHON (pa3e MHOro Gonpllue, Yem B XKMWJ-
KOKPHUCTAJIJIMYECKOM, NMOCKOJBKY OPHEHTUPOBAHHBIE CTEPXHM-MOJIEKYNIBl MEH bLLE
MELLAKT APYT APYTY, U BA3KOCTH NMPU HyNEeBOM casure 1)(0) CHayana yBenM4YMBaeTCs
B M30TPONHOIM (hase, nocTuraetT MakCuMyma B aAByx(a3Hoi obnacTu nepexonaa, 3aTem
PE3KO CHMUXAETCsl B aHM30TPONHOM (pa3e M CHOBA HE3HAYMTEJILHO YBEJIMYMBAETCS
(no mMepe pocta KOHUEHTPauuu nonumepa C).

B pamkax 06061ICHHOI MOIENTN TEYEH USI OCOOEHHOCTH TEYEH U NPSIMO CNEAYIOT
M3 BEJIMYUHBI KO(POPULHEHTOB PEOJIOTMYECKOro ypaBHEH M. JIeMCTBUTEJIBHO, pac-
cunTaHHas BesinamHa 1/’ (0) MakcuMaibHa B TOYKE NEPEXOAA M3 M30TPONHOI (asbl
B nBYX(ha3Hy10 obnactb, 3atem pe3ko nagaet B XKK-obnactu (15%) n cnabo Bospac-
TaeT Npu KoHueHTpaunm 30%. B TO Xe BpeMmsi, BEJIMYMHA BA3KOCTH 1)/ npu Gec-
KOHEYHOM CIBUTE (Y — c0) pABHOMEPHO YBEJIMYMBAETCSI MPH POCTE KOHLIEHTPaLMU

Tadmmua 8.3. KosdpduumeHTH 0000IEHHOrO ypaBHEHHSI TEYEeHMs1 JUlsl pacTBOpa
PBLG ¢ monekynsiproit Maccoii 200000 npu 20°C

Konuentpauus @, % (s 'r]:f'z X n"*(0) n"*(0) -n"?
10 12,77 0,698 0,444 29.8 28,76
15 14,96 1,08 6,20 3,5 2,4
30 6,30 1,95 3,47 3,7 1,8
10 16,6 0,50 1,2 14,3 13,8

* 00603HauYeHbI XAPpaKTEPHUCTHKH OANd yJYacTKa HU3KHX CKUDUCT’EH CIIBHIA.




noJiuMepa, He 3aMeudasi nepexoa M3 oaHo# (¢aswl B apyryto. Orcrona cneayet, 4yTo
MAaKCUMYM Ha KpuBo# 1(C) nmeeT HandONBLIYIO BEJIMYMHY NPH HU3KUX CKOPOCTSX
CIBUTA U MPAKTUYECKM UCYE3AET NMPH BHICOKUX CKOPOCTSX CABUTA (KaK 3TO M OTMEYa-
eTcsl, HanpuMep, Ha puc. 8.3).

Takum obpazom, cnennduyeckoe NoBeacH Ne B3KOCTU OOBSACHSIETCS XapaKTEPOM
M3MEHEHMUSI peoNIOrHYeCKMX KO3(PPH1IMEHTOB B 00001LIEHHOM YPaBHEHUHW TEYECHMS.
Cyast no rpagpukam u tadn. 8.1—8.3, BeIMYMHA 1]:_" ’_ B OO11IEM, BO3PACTAET C POCTOM
KOHLIEHTPALIMM, a BeJIMYNHA T/ CHayajla BO3PACTAET, a4 3aTEM PE3KO YMEH bLIAETCH
C YBEJIMYEH MEM TIONTU aH U30TPOMHOM (a3Hl.

[IpenenvHas BA3KOCTH 1)(0) pe3Ko Bo3pacTaeT, 00pasyst MAKCUMYM B ABYX(a3HOM
YYACTKE, a 3aTeM TAKXKE Pe3KO YMEHbILIAETCSs MPHU NMEPexoae B XHUIAKOKPUCTAIINYE-
CKYI0 (pa3y. ITO MOXHO OOBSICHUTH CJa0OBIM M3MEHEHHWEM TrMIPOAHWHaAMMHYECKOro
B3aUMOAENCTBUS OTAEJIbHBIX CTEPXKHEOOPA3H BIX MAKPOMOJIEKYJT, HO 3HAYHUTEJIbH bIM
YMEHbLIIEH HEM IMCCUNAIIM U DHEPTU M HA XK MIAKOKPHUCTANJIHYEeCKHX arperatax — JoMe-
Hax. bonee KOMNakTHasi ynakoBkKa napasjejbHblX MaKpPOMOJIEKYJ1, IENCTBUTENBHO,
MOXET MPUBECTH K YMEH bLLIEHH KO PA3MEPOB arperaToB — JIOMEHOB, a, CJIeI0BATEJIbHO,
K YMEHBIIEHUIO IMCCUTALIMM DHEPIrUM Ha arperatax. boJjiee peixjible arperathbl B U30-
TPOIMHOM Cpeae pacCcen BAKOT IHEPruio 60Jie€ MHTEHCUBHO NPU TOM XK€ YUCIIE MOJIEK Y
B arperare.

[lpencraBnsieT onpeneneHHbi MHTEPEC PeoNIOrMYecKoe U ONnTOPEOosSIOrHYeCKoe
NOBEACHHE HEMATHYECKOM (pa3bl JIMOTPONMHOrO NMOJUMMEPHOrO Kpucraana. bela nc-
cnenosaH [143] pauemuyecknii nonu-y-6eusunrayramar (M = 15- 10%) B u-kpesone.
[TonnmomeHHast aHU30TPOIHasi CTPyKTypa Habnwonanacek npu 20 %, 30 % v 40 % koH-
LeHTpauuu nojauMepa. TecHasi ynakoBKa JJIOMEHOB NO Mepe YBEJIMYEHHUS CKOPOCTH
nepexogmnsa B MOHOJIOMEHHYIO CTPYKTYPY, HO TedeHue npu 20% m 30 % ocraBanochk
HbIOTOHOBCKUM. [1pn 40% KOHUEHTpALMK UMEETCS PE3KOE YMEHbIIECHHE BS3KOCTH
C YBEJIMYEH MEM CKOPOCTHM crBura (puc. 8.5, a).

KpuBasi TeyeHUsi XOpoulio ONUCHIBAETCsl OOOOIIEHHBIM YPaBHEHUEM TEYEHUS
(puc. 8.5, 6). Takum oOpa3omM, Kak xonecTepuyecKasi, TaKk U HeMaTtuyeckasi (pasbl
JIMOTPOMHOrO NMOJIMMEPHOrO KpMUCTaNna UMEKT ONMHAKOBBII MEXaHHW3M TEYEHUsl.
DTO O3HAYAET, YTO cama no cede cnupaJibHas XoJecrepruyeckas CTpyKTypa He onpe-
JENSIET AHOMAJIBHO BHICOKYIO BSI3KOCTh TAKMX CUCTEM.
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Puc. 8.5. Pconornyeckne xapakKTepUCTHKM paueMHYecKoro pacTBopa nonu-y-
6eHsunrnytamara (M= 15-10%) B p-kpesone 40%: a — KpuBas BSI3KOCTH;
6 — KpMBbI€ TCYEHHs B KOPHEBBIX KoopauHaTax. JlaHHbIe U3 padoThl | 143]



8.4. TeueHne nuotponHbix Guononumepor

buononuMepel KCAHTaH U IKM30(MIJIAH NPU JOCTATOYHO BBICOKOH KOHLEHTPAaLHUH
obpa3yroT anorponHuie (a3sl B BOOHBIX pacTBopax [146, 191]. Kcantan npencrasJisi-
eT COOOH NnoJIMMEp CO CTEPXKHEOOPAa3HOH MAaKpOMOJIEKYIION. 2KeCTKOCTh MaKpPOMO-
JIEKYJIBl OOYCJIOBJIEHA IBOMHOM Criupabi, 00Opa3oBaHHOM C MOMOILIBK) BOOOPOAHBIX
cBsi3eil. KCAHTAH OTHOCUTCSI K aHUOHHBIM NoJiucaxapuiaM, U MEXAY €ro Makpo-
MOJIEKYJIAMM MMEETCSl 2JIEKTPOCTATUYECCKOE OTTajiKkupaHue. Llusodmunnan umeer
TPOHHYIO CIIUPAJIb, HE HECET 2JIEKTPUYECKOro 3apsiia, U €ero MaKpoOMOJIEKYJTY MOXHO
MOIEJIMPOBATh IOCTATOYHO XECTKMUM CTep>XXHEeM. BOAHbIE pacTBOpPBI TUX NOJIMMEPOB
MO MEPE YBEJIMYEH NSl KOHLIEHTPALIMK NEPEXOOSAT OT U30TPONHOM (ha3sl K ABYyX(Ppa3HO-
MY palioOHy, 3aT€M K NMOJIHOCTbIO aHU30TPONMHON CUCTEME (JIMOTPOMHOMY XHUAKOMY
KPHUCTAJTY XONeCTEepUYECKOM (asbl).

[Tokaxkem, 4TO MEXAHU3M TEUYEHHSI B UBOTPOINHOM U aH U30TPONHOI (pa3zax oiMHa-
KOB, a UBMEH SIETCSl TOJIbKO BeJIMYMHA KOG dHUuueHToB B OYT.

Peonornueckoe mnopseaeHue BOOHOro pacrsopa kcaHtaHa [191] nokaszaHo
Ha puc. 8.6. MonekynsipHast macca M =7,6- 10°, M /M =17

Teopusi xopou10 ONUCHLIBAET IKCNEPUMEHTAJIBHBIE HAHHBIE, 34 MCKJIKOYEHHEM
Hanbonee BLICOKOM KOHUeHTpauuu (1 macc.%). B nocnenHem cnydae 001acTb HU3KHX
CKOpocCTel caBura ckopee onuceiBaeTcsl npsiMoil KaccoHa, 4To yKa3blBaeT Ha TEH-
NEHMIO K 00pa30BaHUI0 CETKHU MaKpoMonekyn npu y — 0. 3HayeHunst koapPpuumneH-
TOB PEOJIOrMYECKOTO YpaBHEH U SI NPUBENEH B B Ta0N. 8.4.

3HaueHuns 1(Y) Wist Gosee BHICOKUX KOHUEHTpauuii kcaHtaHa (M, = 1,6'10°) npu-
BelcHbl B padote [146]. [lepeceueHne KpHBBIX TEUEHUS 1JISI PACTBOPOB € BHICOKOM
KOHLUEHTpaumeil TUNUYHO IJIsl cliyyasl CTepXHeoOpasHbIX MOJIEKYa NOJUMEpPOB.
B KOpHEBBIX KOOpAMHATaX 3TH JaHHbIE NpeacTaBjeH bl Ha puc. 8.7, a, KoM PULUEeHTHI
peosIOrM4YeCcKoro ypaBHeHH sl npuBeaeHbl B Tabu. 8.5.

OueBHaHO, UTO NepecedeHne KpuBbiX 1 1 2 (puc. 8.7, a) BBI3BAHO pe3KUM YMEHb-
weHueM Kosdduumnenta (%) u ysennuenneM Kosdduumenta () ans 6onee BLICO-
KOH KOHLEHTpAaLHuK Nnojumepa.

ra

Ig T, Ila

Puc. 8.6. Pconormyeckme xapak tTepucTHKH OHMONOJIMMepa KCAHTAH B BOAHOM pacTBO-
pe B u3oTponHoii ¢paze: a — npu koHueHTpaumsx (%) 0,04 (1); 0,03 (2); 0,02
(3); 0,01 (4); 6 — npu koHueHTpauussnx (%) 1 (1); 0,35(2); 0,2 (3); 0,1 (4). Jau-
HHe U3 paboTH [191]
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Puc. 8.7. Peonoruyeckme xapakTepucTHKH OMONONKWMEPOB B BONHOM pacTBOpe: a —
KCcaHTaH MpH MaccoBbiX KoHUeHTpauusx (%) 9 (1); 6.5 (2); 5 (3): 4 (4); 6 —
wusodunnan npu KoHueHTpauusx (%) 20 (1); 15 (2); 11 (3); 8 (4); 4 (5));
¢ — 3aBHCHMOCTDb BSI3KOCTH OT KOHUEHTpaLMK, NOCTPOECHHAas MO paccyu-
TAHHBIM 3HaYeHUsAM KoapPuuueHToB OYT ans mwm3odpunnaHa ans CKOpo-
cteil casura 0,05 (1), 5(2), 100 (3) ¢'. Janubie u3 paboTsl [146]

Lnzodpunnan (M = 335000) nccnenoBaH [146] ¢ nOMOILIBIO BUCKO3UMETPA ME-
TOAOM KOHYC-TNJIOCKOCTb. 3aBUCUMMOCTb 3(D(PEKTHUBHOM BSI3KOCTH OT KOHLUEHTPALHH
MMEET MAKCUMYM B ABYX(PAa3HOM palOHE, rae cocyecTBYOT uzotponHas (I) v anu-
3orponHas (4) ¢a3el. KpyuBble TEUEHUSI BOOAHOrNO pacTBopa N30(pMIIaHA UMEIOT
3HAYUTEJIBHBIE YYAaCTKKW HbIOTOHOBCKOIO TEYEHUS NMPU HU3KKUX CKOPOCTSX CABUIA,
OCODOEHHO NPU HU3KUX KOHLUEHTPALUSX.

Ha rpadguke n(C) OTI0XEHB TEOPETUUECKHE 3HAYEHUS BA3KOCTH, NOJIYYEH HBIE
N3 YPaBHEH WS nz['r:’f“/{x+?'“)+n:f?:|z. Srot rpaduk (puc. 8.7, 8) MINOCTPUPYET TH-
MUYHBIE IETANN IKCTIEPUMEH TAJIbHON 3aBUCUMMOCTH BSI3KOCTH OT KOHLUEHTPALUM sl
NOJIMMEPHBIX JIMOTPOMHBIX XUIAKHX KPUCTAJIJIOB.

OOGienpuusiTeie B3rnsiabl [146] Ha nopeaeHWE NPEeACTABIEHHBIX 31€Ch CUCTEM
CBOASITCS K KOHUCNMUMU IPHEKTUBHOIO ru ApoamHaMmuycckoro obbema. Ilpennona-
ratoT, YTO [JIsl MOJIMINIEKTPONNUTA KCAHTAH 3JIEKTPOCTATUYECKOE OTTAJIKHBAHME 11€e-
NEH NPUBOAMT K YBEJIMUECHU KO 3(PPEKTUBHOIO 1HAMETPA CTEPXK HAL.

Tak>xe CYUTAIOT, YTO NPH BO3HUKHOBEH MK 2K K-ynopsi 104€eHHOCTH BSI3KOCTh BHY-
TpH 2KK-1OMEHOB YMEHBIIAETCS, YTO $IKOOBI MPUBOAMNT K ONUCHI BAEMBIM 3¢NpeKTaM.

Tabnuna 8.4. KosdduumeHTbl 06001LLIEHHOTO YpaBHEHWS] TEYEHU sl J1J151 BOAHOTO pac-
TBOpPAa KCAHTaHA MPH HU3KKMX KOHLUEHTpAL M AX NOJUMepa

@, % | 0,35 0,2 0,1 0,04 0,03 0,02 0,01
772, Na'’? 2,80 1,31 1,07 0,61 | 0,376 | 0,315 | 0,207 | 0,086
n'2, (Ma-¢)”” | 0,061 | 0,052 | 0,042 | 0,043 | 0,038 | 0,037 | 0,0365 | 0,036
v, ¢’ 0,67 0,19 0,79 1,35 1,39 2,16 1,77 | 0,083
n'*(0) 424 | 6,947 | 1,396 | 0,495 | 0,308 | 0,183 | 0,153 | 1,072
n'’*0) -n” 4,18 6,89 1,35 0,45 0,3 0,146 | 0,12 1,04




Tab6nuna 8.5. KosdduumneHTsl 06001eHHOro ypaBHEHMs1 TeUeHUs1 AJ151 BOAHOTO pac-
TBOpPa KCAHTAHA NPH BBICOKHX KOHUEHTpauMuax nonmMepa. CocTosiHuHe
oOpa3ua: | — uzorponHas ¢asa, A — aHuU30TponHas a3sa

D, % 4 5 6,5 9
¢aza I+A I+A A+l A
/%, Ma"* 1,81 3,48 7,33 4,28
N/, (Mac)” 6,27 5,81 3,17 6,73
v, ¢/’ 0 0,05 0,1 0,02
IR () o 12,77 76,47 220,73
n"*(0) -’ 0o 69,6 73,3 214
Tadnuna 8.6. KosdduumeHte OVT ansa poaHoro pacteopa ouononuMepa umn3opuil-
JIJaH M pacCYUTAHHBIC 3HAYEHU S1 TIpeAeNbHOW HYJIEBOH BSI3KOCTH
@, % 8 11 15 20
72, Ma"? 14,48 11,75 10,64 5,95
n:.”, (Ma<)"”’ 0,054 0,18 0,415 0,818
x, ¢’ 6,04 2,35 4,91 4,95
n'"/*(0) 2,45 5,18 2,582 2,02
N0y -n”’ 2.4 5 2,17 1,2

Mbl onupaemMmcsi B aHaJu3e TeyeHH sl Ha O000LIEH HYIO MOAEJIb TEYEH U], MOITOMY
O00OBSICHEHUME PEOJIONrMYECKHX CBOWCTB PaCTBOPOB CMUpPaJibHbIX MAKPOMOJIEKYJT CBO-
AWUTCS K ONMUCAHUIO YMEHBIIEHWH pa3MepoB arperatoB MakKpoOMOJIEKYJT MPH YBEJINYeE-
HHWH CKOPOCTH CABHUTA, 4 TAKXE NMPU Nepexone CUCTeMbl U3 U3OTPOINMHOM B XHNJIKOKpPH-
CTaJIIMueCKyo ¢asy.

8.5. TeuyeHne apoMaTUHECKMX NONNAMNAOB

Hekoropeie 00111Me CBEIEH U1 O PEOJIOTMYECKOM NOBEIEH UM aApOMATUUYECKMX NoJiua-
MMWJI0B M3JIOXKKUM, cnenyst naHHBIM B KHure C.I1. [Tankosa n B.T. Kynnunxuha |[5].
Monekysibl NOJIMMEPOB € XECTKUMH LensiMu, a UMeHHO noaun-n-6euzamun (I1BA)
n nonu-n-gpeHuneH-repedpranamua (INMOTA) B pacTBOpax paccMaTpPUBAKTCS KaK He-
rubkue crepxxkHu. PactBopul [1BA B numeTnnaueramune (IMAA) npu goCTaTtouHoO
BLICOKOM KOHLEHTpauum nepexonst B 2KK-cocTosiHue, 4TO NposiBasieTCst B ABYY-
YENpPeSIOMJIEHUN U CPEPONUTHOM TEKCTYpe 00pa3ua. 3aBUCUMOCTD 1)(T) 4151 paCTBO-
pa [1BA B IMAA onucana B pabote [5]. Kputnueckasi KoHueHTpauus @, nepexona
B XXM JIKOK PUCTAJJIMYECKOE COCTOsIHME Onn3ka k 5 %. Kpubie 1(T) NpH BHICOKM X KOH-
LEHTPALMAX IEMOHCTPUPYIOT HAJIMYKE NPEJeSa TEKYYeCTH T, (NJaCTHYHOE NoBeJie-
HHE pacTBOpa).

OObIYHO HaNnyKe T CBA3BLIBAIOT C CYLIECTBOBAHMEM CETKH CBSA3EH MexXay Ma-
KPOMOJIEKYNIAMH, KOTOPBIE MMEIKT ONPEeIeNeHHYI0 NPO4YHOCTh. HEeHBIOTOHOBCKOE



Puc. 8.8. Peonoruuyeckue xapaktepucTHKu pactsopos nonumMmepos: a — [NbABJAMAA
npu MaccoBbiX KOHUeHTpaumusx (%) 5 (1); 7 (2); 3 (3); 9,5 (4); 6 — pacTBOp
INPTA B cepHol kucnoTe npu TeMnepatypax 20°C (1); 80 (2); 30 (3); 40 (4);
50 (5); 70 (6); 60 (7); 65 (8). JaHHbie 13 paboTh |5]

NMOBCACHMUC AaHU3O0TPONHBIX MOJIMMCPHbIX PACTBOPOB CBA3bIBAKOT TOIA C HY3MEHCHHUCM
pa3sMepoB arperaToB Mo BJAUSIHUEM caBura (Apo0sneH ue aHU30TPONMHBIX CTPYKTYP).

DKCNepuMEHTAJIbHBIE JaHHBIE |5] npenctaBieHbl HAMU B IBOWH BbIX JJorapugpmm -
YeCKHMX KOOPAMHATAX U B KOPHEBBIX KoopanHaTax (puc. 8.8, a).

CnnoumHbI€ JIMHUHY NMOJIYYEHB NMPU annpoKkCUMauuu O0OOLLEHHBIM YPABHEHU-
€M T€YEH WSl IKCNEPUMEHTAJIBH bIX TOUEK HA YYACTKE CPEOAHMX U BBICOKMX CKOPOCTEM
capura (y>1¢™).

OTKNOHEHME IKCNEPUMEHTAJIBHBIX JAHHBIX (3aBbIILICHUE 3HAYEHM I T) OT TEOpE-
TUYECKON KPUBOM npuy < | ¢ MOXHO OOBSICHUTDH OTKJIOHEH HEM CUCTEMBI OT PABHO-
BECHS B pe3yakTaTe npeobdnanaHust arperatoB 00N bIIINMX pa3MEPOB.

Jpyrue uccinenosaHus pactsopoB [IDTA B cepHoii kucnore [192] noka3anu He-
KOTOPbIE HHTEPECH bIE OCOOEHHOCTU TEYEH MS1 ITUX XKECTKOLIEMHBIX NMOJIMMEPOB. AB-
TOPBI ¢cTaThy [192] npunuckiBalOT 0cOOBIE CBOMCTBA aHM30TPONHOM (Pa3bl HAJTUYM IO

lgn, lNac

/7, (Ma-c)'”?
60 |
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Puc. 8.9. Peonornuyeckue xapakTepucTUKM aHU3oTponHoi ¢gassl [TOTA (M = 40100)
B CEpHOI1 Kucnote npu KoHueHTpauuu (%) 10 (1); 15 (2); a — 3aBUCUMOCTD
BA3KOCTH OT CKOPOCTH CABHIa;, 6 — KpUBas TEYEHUs1 B KOPHEBBIX KOOpAKHHa-
Tax. Januwie u3 [192]
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Puc. 8.10. Pconornycckue xapaktepucTiku u3otponHoii ¢asel [NMOTA (M = 40100)
B cepHOi KuchoTe npu koHuentpauuu (%) 8 (1); 16 (2); 4 (3); a — 3aBu-
CUMOCTDb BSI3KOCTH OT CKOPOCTH CABUTA; 6 — KPUBasi TECMCHHS B KOPHEBBIX
koopamHatax. JlaHHbie n3 [192]

BbICOKOYNOPSIIOYEHHBIX aHN30TPONHBIX PaHOHOB B MaTpyUlie U30TPONHON XHWIOKO-
c¢th. Peonornuyeckue xapakrtepuctuku pactsopa [N TA nokasanbl Ha puc. 8.9, 8.10.

bepa [192] nonwbiTancst onucath 3KCNEpUuMeHTalbHbIE TaHHBIE C MOMOIIBIO JIBYX
MomeJieil, pa3BUTHIX IJisl BA3KOYNPYrux Xuakocteil, a umMeHHo. Kappo n Xenna.
Ha puc. 8.9, a cnnouiHas nnHusa cooretcTByeT OVT, 1uTpnxoBas — AByXnapame-
TpUYecKoMmy ypasHeHU10 Kappo.

AHOMAJIbHOE CHHUXXEHHE HaNpsiXXeHWs caBura B 00J1aCTH BBICOKMX CKOPOCTEM
CBUIETENBCTBYET 00 M3MEHEHHWH PEXHMMA TEYEHH S, O BOSMOXHOM Nepexoje K siBje-
HM10 cpblBa TeyeHuss. OTMETHM, YTO ITa AHOMAJIM Sl MPAKTUYECKH HE 3aMETHA Ha rpa-
Ppukaxn(y).

MOXHO KOHCTATUPOBATh, YTO 1181 pacTBOpoOB [T TA 06001IEHHAsI MOIEN b TEYE-
HUS JaeT YIOBJETBOPUTEN bHBIE PE3YILTaThl TOJIbKO 10 MOMEHTA aHOMaJ1bHOTO naje-
HUS HANPSIXKEHUWS1 CABUTA, MPUYKMHA KOTOPOro HEAOCTATOUHO siCHA. BO3MOXHO, npu-
YUHOM 3TO0ro 2(dexkTa saBNsIETCs U3MEHEH Me (POPMBI MAKPOMOJIEKYNT U UX arperaTron
MPU BEICOKON CKOPOCTH TEYEH NS,

CyuiecrByet apyroe OObSICHEHME AHOMaJIbBHOMY YMEHBIIEHUKD Hanpsi>XeHMWsl
CIBUIa NMpu YBEJIMYEHUU CKOpocTH caBura. OHo maHo B moHorpaduu I. Llpam-
Ma [8]. D deKT CBA3LIBAIOT ¢ HAPYLIEHUEM pPeXUuMa U3MEPEHUS BSA3KOCTH, TO €CTh
C HEBEPHBIM U3MEPEH MEM CaMOil BeTMUYUHBI BA3KOCTH. JLns BA3KOynpyrux oopasuos
HOpPMaJIbHbIE HAMPSIXXEHKN S CNOCOOHBI BHITATUBATh 3JIEMEHTBI 00bEMa NCTNBITYEMOTO
obpa3ua M3 yrnoBoro 3as3opa B CUCTEME KOHYC— NIOCKOCTh. Korna yacth oOpasua
BBIIABJIEHA M3 3a30pd, NMPOUCXOIUT pacCLIEINJIEHNE OCTABLIEHCS MACChl B CEpEANHE
yrJI0BOro 3azopa. HapyieHus, o0ycnoBjaeHHbIe HOPpMaJlbHBIMU CUJIAMHW, MOTYT OBITH
onpeneseHbl No KpuBoit TedyeHust. Boillle HEKOTOPOro KPUTHYECKOro 3HAYEHU S1 CKO-
pPOCTH CABMTA 1!”? KpuBas BA3KOYNPYrom XMIAKOCTH OTXOOAWT OT UCTHHHOI KPHBOM
M pe3Ko noHuxaercs (CM. puc. 33 u3 padorul [8]). He nmeer CMBICIA OLIGHUBATD pe-
3YAbTAaThl UBMEPEHHUH, MPOBEAEHHBIX BbI11IE KPUTHUYECKOTO YPOBHS CKOPOCTH CABUTa
V,,- AHANOrNYHBI 3(DEKT CHUXKEHMSI T C POCTOM Y CBA3LIBAIOT [8] C HAapy1LIEHeM Of1-
HOPOLHOCTH 00pa3ua BA3KOMJIACTUYHOM XXHUIKOCTH, HANTPUMEDP, CMECH IIMHEI C BO-
JIOH NMPHU BBHICOKOW KOHLEHTPALMM YACTHULL HAanonHuTeNsi. JINHENHOE Bo3pacTaHue



CKOPOCTH CABHUTA OT HYJIEBOrO 3HaY€HUsI OOBIYHO JAE€T HayaJlbHOE CKauKooOpa3Hoe
Bo3pacTaHue T (YKa3biBalolllee Ha CY1LEeCTBOBaH e npenesia TeKy4ecTH). 3aTeM npo-
MCXOAUT NMOCTENEHHBIN pOCT HanpsikeHus capura. [Ipy HEKOTOPOM KPUTHYECKOM
3HAYEHMWN CKOPOCTH Y,, KPUBasi OTKJIOHSIETCS OT NMEPBOHAYAJIbHOrO HanpaBJieHMs,
MAET BHU3 U 3HAYEHUE HANPSIXKEHU s CABMTa pe3Ko nagaeT. ECin npomonXxXuTbh u3amMe-
peHue C TIMHEMHBIM CHUXKEHUEM CKOPOCTH CABUTA, TO BTOpPasi KpHUBast TEYEH Usl NPoii-
JIET HUXKE NepBOH, NpuOIMXKasiCh K HYJIEBOMY 3HAYEHU 0. YYacTOK KpPUBOI TeYeHU s
3a Y,, OJIXKEH PAaCCMAaTPUBATBCS KaK OMMOOYHBI. MOXHO IOMYyCTHTB, YTO B 3TOM
cJiyyae npu JaHHO KPUTUYECKOI CKOPOCTU CIBMTA UCMBITYEMAsi nNacTa pa3fensieT-
cs1 Ha aBe (pasel, 00Opa3ysi TOHKMI XUAKWI CJIOH Y NOBEPXHOCTH poTopa. B obuiem,
pe3KOe OTKJIOHEH M€ KpUBOii TedeHUsl T(Y) OT MOHOTOHHOIrO BO3pacTaH Usl JaeT OCHO-
BAHWSI CYNTATh U3MEPEHHN ST OLIMOOYHBIMU, B OCOOEHHOCTH BhIllIe KPUTHYECKOM CKO-
poCTH cIBUTA Y, .

[NpeactaBneHHoe Ha puc. 8.9, 6 n 8.10, 6 aHOMaJIbHOE CHUXEHHWE T MOXHO NMpPH-
nUcaTh ONUCaHHBIM BhILIE 2(PpdeKkTam. B TO Xe BpeMsi, y4aCTOK HM3KHX CKOPOCTEH
casura (mo ¥, ) Xopoluo onuceiBaeTest ¢ nomoilblo OYT Kak B aHN30TPONHOM, TaK
M B U3OTPOMHOM COCTOSIHUM oOpa3ua.

8.6. CpaBHeHMe peonormyeckux XapakrepucTuk
PacTBOPOB MOJIMMEPOB CO CTEPXXHEOOpPa3HbIMU
MoneKynamm u ¢ rmbkMMn Monekynamm

B pacTtBopax noiuMepoB 4acTo HabNI0AAeTCsl CHUXEHME BSA3KOCTH C YBEJIMYEHM-
€M HaMnps>KE€HUs CABUTa, KOTOPOE OOBIYHO OOBLSICHSIOT pa3BOpadynBaHHUEM KJYOKOB
MAKPOMOJIEKY U MX B3aUMHO OPHEHTALIMEH B NMOTOKE. HeM Oonbllie HanpsixkeHue
casura, TeM B OOJBIIEN CTENEHNU NMPOUCXOAUT PAa3BEPTHIBAHUE MAKPOMOJIEKYJT U UX
OPUEHTHPOBAHUME U TEM MEHBLIE BA3KOCTh pacTBopa. CTep>XHEOOpa3H ke MOJIEKYJIHI
HE U3MEHSIIOT CBOIO POPMY B NMPOLECCE TEYEHH I, TO €CTh MOT'YT paCCMaTpPH BaThCsl Kak
OT/IEJIBHBIE YACTHLL B,

Bansrepc [194] cpaBHU BSI3KOYTNPYrue CUCTEMBI C Pa3HOil MUKPOCTPYKTYPOH.
bBbij1M M3y4YeHbl BOAHBIC pACTBOPbBI MNOJIMAKPUIIAMU A U BOIHbIE PACTBOPHl KCAHTAHA.
[lepBasi cuctema oOpazoBaHa rHOKMMMW Mak poOMOJIEKYNlaMH, BTOPasi — MOJIY>KECTKM-
MM Makpomosiekyslamu. KoHueHTpauuu (2 % nns nonvakpuiammaa v 3 % st KCaH-
TaHa) ObLIN BHIOpaHBI TAKUM 00pa3oM, 4YTOOBI CABUTOBEIE BA3KOCTH 1) OBLJIN ONTNM3KH
MO BEJIMUMWHE Ha pa3yMHOM MHTEpBaJjie CKOpOCTH caBura. Peonornuyeckoe noseneHue
nokaszaHo Ha puc. 8.11, koagdpuuueHTsl 00001IEHHOrO ypaBHeHUs TeyeHust (OV'T)
npeacrasaeHsl B Tabn. 8.7.

Tabnuna 8.7. CpapHeHHe ko3appuumeHToB OY T ans pacTBOPOB MNONUMEPOB ¢ THOK K-
MH U KECTKUMM LensaMH (eaMHu LBl cucteMbl CH)

Cucrema (s n/? X n"4(0) n"*(0)-n"?
Monuakpunamun 2 % 5,64 0,176 0,341 16,72 16,54
KcaHTan 3% 5,76 0,118 0,229 25,27 25,15
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Peonoruyeckmne xapakTEpPHCTHKHW BOAHBIX PACTBOPORB: @ — 2 % noJuakpu-
namuna (TpeyronbHUk M) U 3 % KcaHTaH (poMOBI); 6 — KCAHTaH B IHCTHINIU-
pOBaHHOM Bojie M pacTBope 3nektponuTa (,5% NaCl

Puc. 8.11.

Tab6nuna 8.8. Peonornyeckue ko3pduuUNeHTH 00001EHHOrO ypaBHEHUsI TEYCHHS
ANs1 BOOHOIO pacTBopa KcaHTaHa Npu pa3nuyHoi KoHdopMauuu Ma-

KPOMOJIEK Y b

Kondopmaums ruokas XKecTKast (oi-cnupanb)
KoHuetpaums snektpoauta NaCl 0 0 0,5% 0,5%
KoHuentpauus nonuMepa C_ . 0,1 0,5 0,1 0,5
7%, Ia"”? 0,85 1,14 0,91 2,33
n’, (Nac)"”’ 0,056 0,10 0,023 0,11

x, ¢’ 1,16 0,14 2,27 0,13
Homep KpuBoi 4 2 3 |

H3BecTHO [195], 4TO nNpM HU3KOM KOHLUEHTPaAILIMKM noJumMmepa nobaBka CoJlM B BO-
JHBIA pacTBOP KcaHTaHa OyIeT NMPUBOANWTD K NMEPEXOAY OT COCTOSIHUSI CTATUCTUYE-
CKOro KJ1iyoKa B COCTOSIHUE O-Cnupalin. 3auernjeHmne rtOKux MoJIEK Y U 3allENJIEHue
XECTKMX CTCPXXHCOOPA3HBbIX MOJIEKYJT MPOUCXOONAT Pa3/iIMdHBIM 00pPa3oM, NMO3TOMY
CUYMTAIOT, YTO XapaKTep TEYEHUSs OYAET pa3sIUUYHbIM.

M Bl UICNIOJIB30BANM TaHHBIE [196] 115t CpaBHUTENIBLHOM OLIEHKM TCUEH U Sl TUX pac-
TBOPOB (puc. &.11, 6). MOXHO caeylaTh BBIBOM, YTO MEXAHM3M TEYECHU S ONMHAKOB KakK
NPy BBICOKO#M, TAK U NPU HU3KOM KOHIIEHTPAllMK NOJIMMEPA U NPaKTUYECKH HE 3aBU-
CUT OT HAJINYM S UJIH OTCYTCTBHS IJIEKTPOJUTA (TO €CTh OT KOH(OpMALIUKN MOJIEKYIT).
Paznunyaetcsi TONbKO BeJIMYMHA peonornyeckux koapduuuentos OVT, kotopeie
npeacrasjaeHsl B Tab. 8.8.

8.7. PacTtBOpbI NONMMEpOB ¢ rMOKMMK LenaMm

PaccMOTpUM peosiorMYecKHue XapaKTepUCTUKM HEKOTOPBIX PacTBOPOB MNMOJUMEPOB
¢ rnOKMMU nenssMu, OOBIYHO NONAraloT, YTO TEYEHHUE TAKN X pACTBOPOB ON peesieTCs
ABYMSI (paKTOpaMM: 3alE€NJIEHUSIMU MAKPOMOJIEKYJT U OpUEeHTaLMeil MaKpOMOEKY



a lgn,Ilac

0,5 0.5 1,5 25 gy, ¢!

Puc. 8.12. Peonorunueckue xapakrepuctmku pactsopa 6 % nonumnsobyruneHa B jieka-
nune (poMObl) M 2% nonuakpuiammaa B Boje (TPEyroibHMKH). a — KpPH-
Bbl€ BAI3KOCTH B ABOHHBIX JorapMpMHUYECKHX KOOpaHHATax; 6 — KpHBbBIE
TEYEeHU s B KOPHEBBIX KOOpAMHATAX

B CABUTOBOM TeucHuun. Kpome Toro, mHoraa npeajsiaractcest yuymrelBathb A¢hopMaLim o
MaKpPOMOJIEKYJI.

Peconornueckme xapaktepuctuku [199] nonwuzoOyruiieHa B pekasumHe (PIB)
u noJimakpwiamwuiaa B Bozue (Separan AP30) nokazaHel Ha puc. 8.12 m B Tabs. 8.9. Teo-
PETHYECKHME KPuBble (CNJIOLIHBIC JIMHKWK) BNOJIHC YIOBJICTBOPHTCJIBHO ONMCLIBAKOT

IKCNEPMMCHTAJIBHBIC IdHHBIC. AI’II’IDOKCH MaALLKMs NPpOM3BOAMTCH HA BCCM JiMAana30HC
1/2,1/2

CKOPOCTCIHi C MOMOLIbIO YpaBHCHuUs1 T :-"ﬂ‘_'—m+n:f'2-if”3, TO €CTh C HAMOOJIBLICH TOY-
Xty

HOCTBIO B 00J1aCTH BLICOKMX CKOPOCTEI CBura.

Peaynbratel [200] piisi pactBopa nosimm300yTuJicHA B JjcKarugpoHadraim-
He (Oppanol B 200) npuBeneHbl Ha puc. 8.13, 3HaueHust koaphpuuneHtos OYT —
B Ta0J1. 8.9. boJibl10ii pa30poc 3KCNEPHMCHTAJIBHBIX TOUCK TAKKE NMO3BOJISICT HCMNOJIb-
30BaTh J1JIsl ONMcaHu sl SMIMTUPUYECKH I CTENEHHOIT 3aKOH.

lNMonuBuHunaueratr B 6¢H3usoBom cnupte (PVAc-B) Obin uccnenoBan [202]
B LIMPOKOM [Mana3oHC CKOpPOCTCI CJIBUTra ¢ NMOMOILLbI) JIBYX YCTPOWCTB: KOHYC—
MJIOCKOCTb B MHTEPBAJIE HU3KMX CKOPOCTEH M KOAKCHAJIBHBIE LIMJIMHPbLI B MHTEP-
BaJIC BBICOKMX CKOPOCTCH CaBUTra. DTH OTAC/IbHBIC 1Mana3oHbl U3MCPCHHEiT XOpOILLIO
BUJHH Ha puc. 8.14 (KpuBbi¢ | u 2). AnnpoKcuMaymsi NpoBOaAMJIaCh HA BCEM IMana3o-
He ckopocTeii cnBura. HecMoTpsi Ha NPUMMEHECH Me pa3JIMUHBIX H3MEPHUTEJIbHBIX S1Ye-
CK, M, CJICAOBATCJIbHO, HCCKOJIBK MX OTJIMYAIOLIIM XCs1 0Opa3Li0B, IKCNCPHMCHTAJIbHBIC
TOUYKHM IOCTATOYHO XOPOILIO ONMMUCH BAIOTCS! OJTHOM TCOPETUMUYCCKOH KPUBOM.

Tabnumua 8.9. Peosiornueckme xapakTepMCTMKH pacTBOPOB I'MOKOLIENHBIX NOAMMe-

pOB
Cucrema Konuenrpaumus | 7’ ny? x
macce. %
[Monun3zodyrunen B nekanmue (PIB) [199] 6% 23.2 | 0,093 7.5
[Monmnakpunamun B Boae (Separan AP30) [199] 2% 7,1 0,13 1,3
[MTonrunzobyTHNEH B neKaruapoHadTaivHe 1,1% 1,48 0,13 1,6
(Oppanol B 200) [200]
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Puc. 8.13. Peonoruuyeckue xapakrepuctuku pacrsopa 1,1 % nonuusoOyTHneHa B fie-
KarpaponadranuHe: @ — KpUBbi€ BA3KOCTH B JIBOMHBIX NOrapupMHUYECKH X
KOOpAWHATAX; 6 — KpHUBbIE T€YEHUS B KOPHEBBIX KoopauHaTax. JlaHHeie
13 padotel [200]

—2 0 2 4 log-]},c I

Puc. 8.14. 3aBHCHMOCTH BSiI3KOCTH OT CKOPOCTH C/IBMIa pacTBOpa MOJIMBUHUIAIleTATA
B OeH3unoeoM criupTte (PVAc-B) B ABOITHBIX Oorapu(pMUUeCKHUX KOOPAH-
Harax. Jlanubie n3 padote! [202]. ITosscHenus B Tadn. 8.10

Tabmuua 8.10. Peonorvyeckue xapak tepuCTHKH pacTBOPa MOJIMBHHUIIaLeTaTa B OeH-
sunosom cnivpte (PVAc-B) npu 25 °C

® macc r/mn 0,01 0,05 0,1 0,15 0,2
72 Ta"” 14,1 31,8 32 33,1 19,3
2 (Ma-c)"”’ 0,086 0,14 0,2 0,439 3,97

X, ¢ 102,9 35,2 8,5 3,16 1,09
Homep kpuBoii 1 2 3 4 5




Hy>HO OTMETMTB, UTO pacTBop nojsimmepa npu KoHueHtpauuu 0,1 r/mn (Kpu-
Bast 3) OYEHb MJIOXO NMOMAACTCA anmnpoKcuMalumu ODOOIIEHHBIM YPaBHCHUEM TE€YC-
HuUs. Koa(ppuLUHEHTH peoJIOrHYCCKOro ypaBHCHus npeacTapicHbl B Tadul. 8.10.

B ofOwem, npocsiexXuBaetTcst TECHACHLUMSI K YBEJIMUEHUKO KO3(hD(PULMEHTOB T:.H,
1/° M YMCHBLUCHUIO KO3P(PHLIMCHTA ¥ NP YBCJIMYCHUH KOHLICHTpaLU UKW NOJIUMEpa,
3a MCKJIKOYCHUEM BBICOKOI KOHUEHTpaumu 0,2 r/mi, rae MHTEpBaJl UBMEPEHMIT 10-
BOJIBHO MaJl, YTO CHHUXKAET TOYHOCTL annpoOKCUMallU M.

1/2
.

8.8. TukcoTponHble CBOMCTBA NMMOTPONHBLIX XKUAKUX
KPUCTaNNoOB

B OosblIMHCTBE pabOT no peoJIOrMU pacTBOPOB MNMOJIMMEPOB HE CTaBMTCSI BOMPOC
0 BO3MOXHbIX THKCOTPONHLIX CBOiicTBaX. KpaiiHe pe/1Iko yNOMUHAETCS O TMCTEPE3U-
ce KpuBbIX TeuCHMS. OnHako yxe A. Tarep [141] nuiuer, 4To paBHOBECHE B pacTBOpax
NOJIMMEPOB IOCTUTACTCSI OUEHb MCUICHHO. Tem 00JIEC THKCOTPON M 10JI3K HA MPOosiB-
JISITbCSI B KOHUCHTPUPOBAHHbIX pacTBOpax, e mMeeTcst NpoCcTpaHCTBECHHas (PIIyK-
TyallMOHHAas CeTKa, 0Opa3oBaHHas arperatamMmu (MJiv accoLMmataMm) MaK pOMOJICK yJI.

Takum 0Opa3om, npu 1OCTATOYHO OOJILIIOM BPEMECHM YCTAHOBJICH M SI pABHOBECHU $1
HCHU30EXKHO NPOsIBJISIIOTCS TUHKCOTPONHBbIE CBOWCTBRA. B XXM KOKPHCTAJLJIMYECKOM CO-
CTOSIHUM BBICOKOKOHLEHTPUPOBAHHBIX PACTBOPOB NOJIMMEPOB THKCOTPOMNUSI Bblpa-
JK€Ha I0CTATOYHO sipKO. B KayecTBe npuMepa pacCMOTPUM pPacTBOP CUMHTETHYECKO-
ro nojmnentuaa nonu-P-6cH3unn-acnaprara (PBA) ¢ monekynsiproii maccoii 60000
M MaccoBoii KoHueHTpauuei 33,2% B m-kKpe3one. OH HAXOOMTCS! B X MAKOKpUCTaJl-
JIMYCCKOM COCTOSIHHMM, JICMOHCTPHMPYSI XapaKTCPHYK TEKCTYPY B CKPCHICHHBIX MO-
asiponpax |277]. Peosiormyeckue maMepeHmsl B CUCTEME KOHYC—MNJIOCKOCTb NMOKa3a-
JI CYNLIECTBEHHBIE THKCOTPONHbLIE CBoiicTBa obpa3ua (puc. 8.15, a). UX 0ObsICHJIn
HaJIMYUEM HCKOTOPOI CTPYKTYpHl 2KK-CcuctemMHBbl, KOTOpasi NOCTENECHHO pa3pyllacT-
Csl MO MEPE YBEJIMUYEHUSI CKOPOCTH CABMIA Y U CMIOHTAHHO BOCCTAHABJIMBAETCSl NpPH
YMCHBILICHUH Y WJIN B COCTOSIHUM NOKOsl. TaKOBO OObIYHOC OOBACHEHHME METJIN TU-
CTEPE3UCA KPUBBIX BSI3KOCTH, HE MOJAKPENJICHHOEC KOHKPETHLIMM NMPEACTABJICHUSIMMU
O CTPYKTYPE CUCTEMbBI H O MEXAHM3ME TCUYCHMUSI.

[ToKax¢eM, YTO HCHBKOTOHOBCKOC NMOBCACHME XX UAKOKpUCTAJIMYCCKOI (pa3bl PBA
corjiacyetcs ¢ 00001EHHOI MOAECHbIO TEUEH M. sl 3TOro npeactaBuM 3KCNEpUMEH-
TaJIbHBIC laHHBIE [278] B KOpHEBBIX KoopauHaTax (puc. 8.15, 6) u npoBesIeM arnnpokK-
cUMauMI0 0O00ICHHBIM YPABHCH MEM TCUYCHUSI. OTMETUM, YTO TOYKH NMpU HAUDOJICE
BBICOKO#t CKOpOCTH cBuTa (625 ¢ ') MCKITIOUEHBI U3 anMPOKCHMAaLLMK, MOCKOJIBKY NpPH
3TOM CKOPOCTU OCYILLCCTBJISIIICS NMPOOOJIXKUTC/IbHBIH CABUT 10 JOCTUXCHHUS HHU3KOIi
NOCTOSIHHOM BA3KOCTHU. OCTaJIbHBIE 3HAUYCH M1 BSI3KOCTH NMOJIYYCHbBI NMOLIAroBLIM YBE-
JIMMEHUEM CKOPOCTH caBHTa (5 11aroB Ha A€Kajly), K COXaJICHU 0, 0€3 yKa3zaHU$S CKO-
POCTH CKaAHUPOBAaHUS UJTH BPEMEHU CAHMHHWYHOIO U3MEPCHHUS.

Ko3hhuuueHTH 000011IEHHOTO YpaBHEHM I TCUCHU S1 MOKa3aHbl B Taos. 8.11.

B onbite 1T yMeHbIaeTCsi BI3KOCTb MCxonHOro obpasua PBA, u kpusas Teue-
HUS ONnUCHIBAeTCst 000OIIEHHBIM YPABHEHUEM TEYEHHSI HECMOTPSI Ha TO, UTO CO-
CTOSIHHUEC TCUYCHM S SIBHO OTKJIOHSIETCSI OT PaBHOBECHOrO COCTOsIHUS. PaHee MBI Ha-
3BaJIM TAKOC COCTOSIHUC TCUCHMUSI KBa3upaBHOBCCHHM (1. 4). T'locsne anuteibHOro



Puc. 8.15. Peonornueckue xapakrepucruku pacrsopa PBA B m-kpe3one (M = 60000)
B AKK-(a3e npn maccoBoii koHuentpauum 33,2% B onwlTax ¢ yBeJinue-
HueM ckopoctH casura 1T (KpyrH), ¢ yMeHbllieHHEM CKOPOCTH CABMTa 20
(pomGwl), 3T (Tpeyronbhukm), 41 (kBagpaThl): a) 3aBUCMMOCTD BSI3KOCTH
OT CKOPOCTH CABMTa; 0) KpUBLIE TeueHMsI B KOpHeBBIX KoopuuHaTtax, [laH-
Hble u3 [277]

CIIBUTA HA CKOPOCTH 625 ¢™' M3MEPEHUSI NMPOU3BOASITCS NMPU YMEHBIICHHHW CKOPOCTH
(onbiT 24). Pe3ynbraThl ONMCHI BAIOTCS NPSIMOiT B KOPHEBBIX KOOPAMHATAX, YTO COOT-
BETCTBYET NJIACTUYHOMY NOBEAEHM 10 O0pa3ua.

Cpa3sy nocJie 3Toro noBTOPSIETCS ONBIT € yBesnueHueM ckopoctu 3T, B koTopom
BOCCTAHOBJIEHUSI CTPYKTYPHl HE NMPOUCXOAMUT NMOJIHOCTLIO. Tlocsie HOBOro npounosi-
XXUTEJIbHOTO CIBMIa YCTAHABJIMBAETCS HU3KAsl BA3KOCTb W NMPOBOAMTCS ONBIT 44,
No 3aBEPIUEHU MU KOTOPOIro CUCTEMA BO3BPALIIAECTCsl B COCTOSIHME, NO-BUIAMMOMY, CO-
OTBETCTBYIOLLEE PaBHOBECHUIO MEXY NnpoueccaMy paspylieHus H BOCCTAHOBJICHMUS
arperatoB. MoxeT ObITh, B siasibHeiimux onsitax 5T u 64 rucrepesuc kpupbix Teye-
HHSsl CYLLECTBEHHO YMEHBbILIMUTCS, HO 3TH ONbITbI HE NMPOBOAMJIUCh.

MOXXHO NpeanoJOXMUThb, YTO B ONbITAX C YMEHBUIEHUEM CKOPOCTH MOCJIE NponoJi-
XXUTEJIBHOIO CABUIa JOCTUIAETCsl COCTOSIHWUE TEUCHMS, IOCTATOUHO OJIN3KOE K paB-
HoBecHOMY. Paznuyue mexay napamu KpusBbiX 1,2 u 3,4 MOXHO OOBSICHUTbL TEM, YTO
NpoLecC pa3pyIllCHMUSI-BOCCTAHOBJICHHUSI CTPYKTYPbl B onbiTax 1\ He siBisieTcst noJi-
HOCTBbIO OOpaTUMBIM, @ K UIKOKPUCTAJJIMYECKASI CHCTEMA HE $SIBJISIETCSI FTOMOIE€H HOIA.

HeopueHTHpPOBaHHBIC XMWIAKWE KPUCTAJUIBI SIBJSIIOTCSH CTPYKTYPUPOBAHHBI-
MU CHCTEMaMHM, pOJib ArpeEraToB B KOTOPBIX UIPAOT OTACJIBHBIE XOJIECTEPUYECKUE

Tabmuua 8.11. Koadbduimmentsl OYT obpasua PBA B m-Kpe3one

Kpusasi IT 2 37 4l
7%, IMa"”? 9,0 4,1 6,3 4.4
n/*, (Ma-c)"’ 1,17 0,992 1,26 1,07
y, c 2 0,0950 0 0,077 0
CumBon KPYKOK poM©O TPEYTrOJIbHMK KBajapar




noMcHH. [ToaTomy oHM 0061a1aK0T HCKOTOPBIMU TUKCOTPOTNHBIMU CBOCTBAMU, UTO
HEOOXONMMO YUYHTBLIBATL NMPU NPOBEACHUU u3MepeHUii. Peonoruyeckue cpoiicTna
OTNMUCHIBAKOTCS1 000OLLICHHBIM ypaBHECHHUEM TCUCHH S KAK B PABHOBECHBIX YCJIOBHSIX TC-
YEHMSl, TaK U NMPH OTKJIOHEHUM OT paBHOBECHS. XapakTEPHBIE OCOOEHHOCTH KpPH BbIX
BSI3KOCTH JIMOTPOMHBIX NMOJUMEPHBIX XUAKHUX KPUCTAJIJIOB CBSI3aHbl C U3MCHCHUCM
BEIMYMHBI KOXPDULHMEHTOB PEOJIONMUYECKOIO YPaBHEHUSI MPU U3MECHEHU M KOHLICH-
TpaLKuH NoJIUMEpa.

8.9. OcobeHHOCTU anNpOKCUMaLUK PEONIOTUYECKUX
KPUBbIX MOJIMMEPHbIX PAaCTBOPOB

Peosiornuyeckue KpuBbie pa3HOOOpa3HbIX MOJIMMEPHBIX PACTBOPOB AEMOHCTPHPYIOT
0O0JIbIIIOE CXOACTBO MeXy coOO0ii U XOpOILIO ONMUCLIBAKOTCS B paMKaX CTPYKTYPHOI
peosiornyeckoii monesiu. IlpeacrapisieT MHTEpPEC PEOJIOrMYeCKOE NOBEACH ME PACTBO-
POB NOJIMMEPOB B HEKOTOPBIX YaCTHHIX cJiyyasiX. Hanpumep, MoxeT Jin 00001LEHHOE
ypPaBHEHME T€UYEH M S NOJIHOCTBIO OnucaTh O0JIbIIOI MHTEPBAJ CKOpOCTEi caBura (Ha-
npumep, S nopsiAKoB BeJInuuHbI)? PaboTtaeT Jin Mopesib npu 0O4€Hb HU3KU X CKOPOCTSIX
(n0 107 ¢')? KakoBbl BO3MOXHOCTH annpoKCUMaLMK NPU O4€Hb BBICOK M X CKOPOCTSIX
(no 10° ¢ ")? CyuiectBy 0T 11 0611Me npaBuJia uameHeHust KoadgduuuentoB OV T npu
W3MEHEHUWH KOHLIEHTPALLMK ¥ TEMNIEpaTypbl?

Ha puc. 8.16 npeacraBiieHbl PeOJIOTHYECKHE XapaK TEPUCTUKHU pacTBOpa noJjiua-
KpuJjamMuaa B BOIE HAa MHTepBasic ckopocteii ot 10 no 10°° ¢'. HauuHasi co cko-
poctu 0,01 ¢’ 3KkcnepuMeHTaJIbHBIE JIAHHBIE ANMPOKCUMUPYIOTCS OGODIIEHHbIM
YPaBHCHUEM TEUcHUsl, npuyem Bbile ckopoctu 100 ¢’ Ha rpaduke Habnwopaercs
npsimasi Kaccona. B 10 xe BpeMsi B 1BOMHBIX JIOrapu(pMUUECKHU X KOOPAMHATAX MOX-
HO NPUOJIMKEHHO ONKUCATh JaHHbIE BbiLLE 1,5 ¢’ cTreneHHoii 3aBUcHMOCTBIO. Bee 3ke-
NEPUMEHTAJIbHBHIE TOYKHW TaKXX€ COBMELUAITCS ¢ KPHUBOI MsITHNAapaMeTpPUUYECKOro

7', (Ma-c)"”

7 L
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5 L
4 L 'ILI.‘O — 4,34
3 n’*=0,187
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| v =0,754
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Puc. 8.16. Peonorvueckue xapakrepuctuku pacteopa 1,62% nonHakpunamuna
B Bosie (Separan AP30): a — kpuBasi BSI3KOCTH B 1BOiHBIX Jlorapugmmue-
CKMX KOOpAMHATaX; 6 — KpUBasl T€YE€HHUSs B KOPHEBBIX KoopauHartax. [lo-
KazaHbl KO3 puimeHTel OYT, BO3MOXHBII yU4ACTOK HBIOTOHOBCKOIO Te-
YeHUs! U UHTEPBAN NPUMEHEHUs CTeneHHoro 3akoHa. Jlannele U3 paGoThl
[130]



ypaBHeHUs1 Kappo— fAlmmpa. [lockonbKy Becb MHTEpPBaJl CKOPOCTEIi CIBUIa XOpoO-
110 ONMMUCHLIBACTCSA CTPYKTYPHOIW pEOJIOrHYECKOM MOAECJIbIO, TO HET HCOODXOONUMMOCTH
MCMOJIb30BaTh 3MIMUPHYCCKHE YpPaBHEHMSI C NMOJATNOHOYHBIMU KO3 (PUILIUCHTAMM,
HE UMEKLLMMHU SICHOIO (PU3HUYECKOIO CMbBICIIA.

BonHbIii pacTBOp KcaHTaHa Obls1 ucciicioBaH [270] B poTallMOHHOM BUCKO3UMEC-
TpE C CUCTEMOII KOHYC—TIJIOCKOCTb NMPH HU3KKU X cKopocTsx capura (puc. 8.17). Iz an-
NPOKCUMALIMU HAMHU HCKJIKOUYCH Bl TPHU TOYKH IMPH HU3K X CKOPOCTSIX, NMOKa3bl BAKOLLIME
NCpPExo/1 K HbIOTOHOBCKOMY TCUCHH 0. PEXXMM CABUTOBOIO pa3XXMXCHUSI HAUHWHACTCS
¢ HU3Koii ckopocTu 107 ¢! v onuck BaeTcst 0GOOIUEHHBIM YPABHEHHEM TEUEHUS.

B pa3n. 3.2 yx¢ Obll NpeACTaBICH pacTBOP HUTPOLCJUIKI03bW B OyTHJIALICTATE
[29], 3neck ormeTuM, uyTo OYT cnpaBeuiMBO B LUMPOKOM JHMANa3o0HEC U3MCPEHMUIA,
B TOM YMCJIE, /UISI OYCHb BHICOKUX cKopocTeii cnBura (puc. 8.18, a).
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Puc. 8.17. Peonornueckme xapakrepuctuku 0,5%-Horo BogHoOro pacrBopa KcaHTaHa
(0,1 monw/n NaCl) npu remneparype 294 K: @ — KpuBbi€ BA3KOCTH B 1BO#i-
Hbl X JID['HDH(:])MH‘IECKHK KUUpﬂ_HHHTﬂ}{; 6 — KpPH Bbl€ TECHCHHUSH B KOPHEBBLIX
koopamHarax. Iokaszanwl kosapPuumnentslr OVT U BO3MOXHBIM yyacTOK
nepexona K HbKOTOHOBCKOMY TeueHU 10, JlaHHbie u3 padboTthl [270]
lgn, Ila-c
3 L
25 F
2 |
1.5 b
1 F
05 F
{] I I 1 L _]‘5 1 I I 1 L
N - |
-2 0 2 4 6 =2 —1 0 | 2 3 lgy, c
a]
Puc. 8.18. Peonorunuyeckue xapakKtepucTukm pacTBOpOB 1nojiMMepoB: a — | % Hurpo-

LENNI0N03b B OyTHAALIETaTE, 6 — A-KappariHaH B BOAE NPH pa3iaHyuHOIA
MaCCOBOM KOHILIEHTpaLUHK



Peosiorndyeckoe noBejeHUE pacTBopa A-kapparuHaHa B Boae |271] noka3sa-
HO Ha puc. 8.18, 6; paccuuTaHHbic 3HaYeHUsI KoapduuneHTo OYT npuBeacHbl
B TaOs1. 8.12. KapparuHaH npeiactaBasicT Co00k NUHCIHHBII CyJib(paTHBII noJiMcaxa-
pu, NOJIYYEHHBI Npu nepepaboTKe MOpPCKU X Bopopocscii. bosbluiue u rubkue ma-
KPOMOJICKYJIbl CIMOCOOHBI K 00pa30BaHUWIO reJICil.

Ilpu annpokcumauuu OYT ucnosib30BaiuCh BCE 3KCNCPUMEHTAJIbBHBIC TOYKH.
[Ipy¥ HU3KKUX CKOPOCTSX NMPOCHEKHBACTCS TEHACHLIMS K HbBIOTOHOBCKOMY TMOBEIE-
HU10. C yBEJIMYECHUEM KOHLICHTpalluU OUonosiuMepa yBeJIMYUBAKOTCS! KOIPPULUECHT
arperaunu T° n koadpduuneHt szkoctu Kaccona 1’ u ymeHbinaetcest Koadduun-
CHT KOMMAaKTHOCTH .

CTpyKTypHasi 4acTb BA3KOCTH T /¥ (B NpPEAEIIC HYJIEBOI CKOPOCTH) TAKXKE YBE-
JIMMMBAETCS ¢ KOHLEHTpallkei. Takoe noseacHue KoadduuueHToB OVT BnosHe co-
[J1aCyCTCsl CO CTPYKTYPHOM pPCOJIOrMYCCKO MOJICNTbIO. YMEHbILICHUEC KOX(D(PULIUCHTA
% C YBEJIMYCHUEM KOHLICHTpaLM U NOJIMMEPA CBUICTE bCTBYET 00 YMEHBLUEHU U BEPO-
SITHOCTHU CMOHTAHHOI'O pa3pblBa 3aLICNJIEHUIA,

HecKoJ1bKO OTIMYACTCs MOBC/ICHUE BOIHBIX pACTBOPOB HaTpU it KApOOKCUMCTHII-
LEJUTIONO3bl U noJIMakpunamuaa [272], nokazaHHoe Ha puc. 8.19; paccuuTaHHBIC 3HA-
ycHus1 KoappuuueHtoB OY T npusencHsbl B Ta0s. 8.13. INpu annpokcumauuu OYT
MCMOJIb30BAJIMCh TOJBKO SIBHBIC YHACTKH CIIBUTOBOIO Pa3>XX MXKCHUSI.

C yBEJIMYEHUEM KOHLICHTpALIUM NMOJIMMEpPa yBENUY M BAKTCA KODDULHUEHT arpe-

raunu " u koadpuumeHT Bsizkoctu Kaccona 1)’, ko3h(puLMEHT KOMNAKTHOCTH X

Tabdnuua 8.12. Peonoruvueckme xapakTepucTHKH pacTBOpa A-KapparvHaHa B BOJE

®d mace % 5 2,75 1,5
7%, Ma"”? 19,3 11,0 5,04
n"?, (Ma-c)"”? 0,539 0,111 0,104
¥, ¢’ 1,47 3,19 6,64
o/ 13,1 3,45 0,759
Ig n, Ia-c
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Puc. 8.19. Peonorvyeckme xapakTepMCTHKH BOAHBIX PACTBOPOB IOJNMMEPOB I[pH
Temnepatype 23,6 °C 1 pa3nMyHO MacCOBOH KOHLIEHTPALIMH: @ — HATPHU A
KapOOKCHMETUNLIENIIONO3bI, CTPENKH YKA3bIBAKOT rPaHMIIbI AN MPOKCHMa-
UMH; 6 — nonuakpuramMua, yKasa paiiod annpokcumanmu. lNoscHenus

B Ta0On. 8.13. Jannwplie u3 padborw |272]



Tabdnuua 8.13. Peonoruueckue XapakTepUCTUKH BOJHBIX PACTBOPOB HATPHii KapOOK-
cumerTuaiennonosbl (Hercules Powder, CMC-7H) v nonnakpunamu-
na (Dow Chemicals, Separan MG-700) npu pa3nuuHOii MACCOBOH KOH-

LEeHTpALLHH
Cucrema HaTPH il KapOOKCUMETHITLEJLITIONO03a noaMaKkpuiamMmmi

® macc % 1,0 0,75 0,5 0,7 0,6 0,5
7%, Ma'”? 10,7 7,66 4,98 3,07 2,80 2,75
n’ 2 (Ma-c)"”? 0,059 0,057 0,041 0,203 0,177 0,146
x, ¢ 16,6 14,9 16,5 0,473 0,547 0,749
T/ 0,642 0,514 0,301 6,49 5,12 3,67

KpuBhie 1 2 3 | 2 3

YMEHBILAETCS1 B pacTBOpPE NMOJIMAKPUJIaMKA; HO B pacTBOpe HAaTpuii KapOoKcHme-
TUJTLUEJUTIOJIO3HL ¥, NMPAKTUYECKU HE MEHSIETCS, TO €CTh HE U3MEHSIETCS! CTENMEHb KOM-
NMAaKTHOCTHU aCCOLLMATOB MAaKpPOMOJICKYJI, CBSI3aHHAasl C BCPOSITHOCTbK) CMOHTAHHOIO
pa3pbiBa 3aLENMJICHU.

Haubonee 3aTpyaHS 10T aHAJIM3 KPUBBIX TEUEHHS JIBA OOCTOATEILCTBA: HEPABHO-
BECHOE COCTOSIHHME TECYEHHUsI, OCOOEHHO NMpPU HU3KHX CKOPOCTSIX, HEOAHO3HA4YHOCTh
BLIOOpa HHTEPBAJOB annpoKCHMALMUM JAHHbIX PpEOJIOrHYECK UM YpaBHEHUEM. UTOOHI
YMEHBILIUTL 3TH 3aTPYAHCHMS, XEJIATCJILHO NPEACTABUTL JAHHBIC B PA3HbLIX CUCTE-
MaxX KOOpIAMHAT, KakK noKa3aHo Ha puc. 8.20.

B opuruHaneHoii padoTte [130] npuBeneHa tTabnvua peoNoriyYecKmux faHHbIX, B3s1-
Tast u3 padotwl [ 34| (Tab. 8.2). Hamu 3TH JaHHBIE YK€ UCMOJIb30BAJIMCh [J151 NPOBEPKHU
O¥T npu annpokcuMau M Ha BCEM MHTEpBaJIe u3MepeHuii (cm. tabn. 8.1 u puc. 8.2).
B patote [130] rpacduk Obla yCJIOBHO pa3aesi€H Ha [BE YaCcTH, II€ [IBA y4aCTKa KPUBBHIX
annpoKCHMHUPOBAJIMCb CTENEHHBLIM 3aKOHOM (puc. 8.20, a).

Mbl ucnons3oBaiu OVT (puc. 8.20, 6) ais annpokcHMaluMu AAaHHBIX TOJBKO
Ha YYacTKE BBICOKMX CKOpOCTEii (Bbilie 3 ¢'); Mpu HU3KKX CKOPOCTSIX MOHOTOHHAsI
3aBUCUMOCTb HApPYI11aeTCsl, 4TO XOpOolllo BUAHO Ha rpadpuke (puc. 8.20, 6). Ilpenno-
Jlaraem, YTo npu HU3KU X CKOPOCTSX B 3TOM OMNBbITE HE YCNEBACT YCTAHOBUTLCS paBHO-
BECHOE COCTOsIHME TeueHusl. [ToaToMy MCKIKOUEHHE U3 annpoKCHUMalliu o0JacTH
HHU3KHX CKOPOCTEIi NMpUBOAUT K 0osiee TOYHBIM 3HaYeHUAM Koa(hduumneHToB OVT.

PaccMOTpUM pEOSIOrMHYE€CKOC NMOBEACHHE BOJHBIX PACTBOPOB NOJIMMEPOB, KOTO-
pbl€ MPUMEHSIKOTCSI NMPH BBITECHEHUUW HE(TH U3 NJIACTOB JUJIsI YIYYLIEHUS1 HeE(PTEOT-
Ja4yu, B JJAHHOM cCJiy4yae rufpojiu3zoBaHHblii nonuakpunamuy (Alcoflood polymer)
K OMoNoJIMMEp noJiucaxapui KCaHTaH [273]. DKCnepuMEHTaJIbHBIE PE3Y/IbTATHI, NO-
JIYYEHHBIE HA BUCKO3UMETPE C CUCTEMOI KOHYC—TJIOCKOCTb, NOKa3aHbl Ha puc. 8.21
u 8.22. B crarbe [273] 3KcnepuUMEHTaJIbHBIC JJAHHBIC aNNMPOKCUMUPYIOTCs1 JIMOO CcTe-
NEHHBIM 3aKOHOM, JIHOO ypaBHEHHEM K3CCOHA HA BCEM HHTEPBAJIE H3MEPEHUIA.

HUcnonb3ys 000011EHHOE YPABHEHHWE TCUCHM S, JICTKO YBUACTh, YTO PACTBOP KCAH-
TaHa xopoio onuckiBactcst OY'T Ha BceM aMana3oHE cKOpPOCTEH caBUIa, a pacTBOp
nojuakpujiaMmmaa AEMOHCTPUPYET ABa ydyacTka TeueHus (puc. 8.21 v §.22). Koapdu-
uueHTol OYT npusecHbl B Ta0J1. 8.14.

IlpumeuarenbHo, uTo ajisi pactBopa nonumepa AF1285 Ha yyacTKe HU3KHX
cKopocTeil HaOnwpacetes npsimasi KaccoHa, TO €CThb MJIACTUYHOC TCUYCHUE, a NpH



n/”=0,29
x=6,7
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Peonornyeckme xapakTepMCTHKH BOAHOTO pacTBOpa NOJMMEpPA NPH TEM-
nepatype 291 K: @ — KkpuBble TeueHHs B IBOIHbBIX JIOTApU(PMHUECKUX KO-
opaMHaTax, 6 — KpHUBble TEYEHHS B KOPHEBBIX KOOPAMHATAX, 8 — KPHBBIE
BSI3KOCTH B ABOIHBIX norapudpmmrueckux koopamHatax Iloka3zaHbl Ko3adh-
buumentel OVT M rpanmiia pasgena Mexay paBHOBECHBIM COCTOSIHHMEM
NnceBoonNacTHYyHOIO T€éHyeHHH H BOIMOMXHBIM HE[}HHH{}HBEHHM YyHaCTKOM
npu HU3KKUX ckopocTsix. [lpuBesenbl nBa ypaBuenusi OctBanbaa, npu-
ONMXKEHHO ONKHCHIBAKIIME YYACTKH BBICOKHX H HU3KHWX CKOPOCTEI caBMra,

Jannble u3 padotn [130]

7' (IMa-c)"”?

U 1 1 1

Puc. 8.21.

! 2 3 1gy, ¢ 0 10 20 30 42 ¢

a

Peonornuyeckue Xapakrepuctuku npu temnepatype 22°C 0,5%-noro Bo-
aHoro pacrsopa kcaHTaHa KelzanXanthan (kpyxku) u 0,5%-Horo BogHoro
pacTBopa cononumepa nonuakpunamuaa AF1285 (touku): a — KpuBbie BSi3-
KOCTH B IBOMHBIX IOTAapU(PMHUUYECKHX KOOPAWHATAX; §f — KPUBBLIEC TEYEHMSI
B KOpHeBbIX KoopanHaTax. Koagduumentsl O¥VT npuBenensl B Tabn. 8.14.
JaHuble u3 pabotol [273]
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Puc. 8.22. Peonoruvueckue xapaktepuctuku npu temnepatype 22°C 0,5%-noro Bo-
AHOro pactBopa KcaHtaHa SigmaXanthan (kpyxku) v 0,5%-Horo BogHoro
pacTBopa conojuMepa noamakpunamuaa AF1235 (toukm): @ — KpuBbie BSI3-
KOCTH B ABOMHBIX norapupmMUuYecKHX KOOPIAHHATAX, 6 — KPUBbLIE TEYEHM]
B KopHeBbI X KoopauHaTax. Koadhduumentrel OYT npuBeseHul B Tadn. 8.14.
[TynkrupHasi nnuus orobpaxaer OYT npu BbICOKHX CKOPOCTSIX CLBMTIA.
Jdanuwbie u3 padotrw [273)

NOBBILLICHUHU CKOPOCTH MOSIBJISICTCS TCHACHLIMS! K IPYTOMY PEXHMMY TCUCHUSsI. Takoii
pPEXUM ¢ 00JI€€ BBICOKUM 3HaYCHUEM ¥ Habmonaercst B pactBope noaumepa AF1235
(puc. 8.22).

JIBa pacTBOpa KCaHTaHa, MOJIMMEP 151 KOTOPbIX ObLJI MOJYYECH OT pa3HbIX NMPOU3-
BOOMTEJICH, UMCIOT CXOTHOE PeOJIOrMYECKOE NMOBEJICHUE C NPaKTHYECCKH O1IMHAKOBbI-
MU KoappuureHtamu OV'T, JIBa pacTBopa nojiuak pujiamuaa pasjiu4HO MapKUpOB-
KW UMEIOT CXOLHOE PEOJIOrM4Y€CKOE NMOBEACH ME HA Y4ACTKE HU3KU X CKOPOCTECIi caBKra
(tabn. 8.14).

TpynHOCTM NMpH ONMCAaHHMU KPHUBOK TCUCHMS HA OOJIBILOM HWHTEPBANE CKOPO-
cTeil ciBMra BO3HUKaKT, €CJIH OTCYTCTBYET 3aMETHBI I NEpexXonHbIi y4acTOK MEXy
peXXUMaMH TEYEHHS1 HA BHICOKHMX M HU3KHX CKOpOCTSX caBura. I'lokaxem BO3MOX-
HBIC cnocoObl annpokcuMauMKu flaHHbIX Ha npuMepe TeueHus (,25%-Horo BoaHOro

Tabnuua 8.14. Peonornyeckne XapakTepPUCTHMKH BOLHBIX PaCcTBOPOB. CONOJIMME-
poe nonuakpunamuna (AF1235, AF1285) um buwononaumepa KcaHTaH
(KelzanXanthan, SigmaXanthan) ¢ maccoBoii konuentpaumeii 0,5 %

npu 22°C
Pacteop nonumMepa (e nY’ X T /x
AF1285 nu3skue ckopoctH 1,23 0,151 0 oo
AF1235 nu3kune cKOpocTH 1,84 0,156 0,423 4.34
AF1235 BeicOK 1€ CKOPOCTH 2,68 0,074 1,31 2,03
KelzanXanthan 1,97 0,047 0,170 11,6
SigmaXanthan 2,08 0,056 0,174 11,9




Tabauua 8.15. 3aBHcHUMOCTb BA3KOCTH OT cKopocTH caBura 0,25%-Horo BoaHOro pac-
TBOpa KcaHTaHa [132]

v,c' | 0,0005 [ 0,001 0,005 0,01 0,05 0,1 0,5 l

n, Mac| 11,048 | 10,498 | 8,3117 6,9935 | 3,8040 2,6928 1,0591 | 0,68415
v, ¢’ 5 10 50 100 500 1000 5000

n, Ma-c | 0,23916 | 0,15108 | 0,052236 | 0,03336 | 0,012436 | 0,0084707 0,0040869

pactBopa kcaHTaHa (tabn. 8.15), rne vHTepBan ckopocrteil capura 6onee 1ecTu no-
PSAAKOB BEJIMUMHBI [132].

Panee (pasa. 3.10) yxe Ob1J10 OTMEUEHO, UTO pa3JIMuHble CNoCcOoOH pacyeTa CyMMBbI
kBajipatoB pazHoctel (CKP) no3Bonsiior 1o0cTHYb HAUOOJIBIIErO CXOJICTBA TEOPH MU
M SKCMEPUMEHTA HJTH HA MHTEPBAJIE BHICOKUX CKOPOCTEH, MJIM HA HHTEPBAJIE HU3KHUX
CKOPOCTEM, UJIM HA BCEM HHTEPBAJIE CKOPOCTEH CIBUIa, HO ¢ MEH bLIEH TOUHOCTBIO.

Pesynbrarel  annpokKCMMallMKM  3THUX PEOJIOTHYECKMX JIAHHBIX TOKa3aHb
Ha puc. 8.23, koadpdunmentol OYT npusBener bl B Tab. 8.16.

Pesynerathl pacueta (taG). 8.16) nokasbBalOT, YTO TOYHOCTH ANMPOKCHUMALIH U
B JJAHHOM CJ1y4ae CYLIECTBEHHO BO3PACTACT NMPHU pPas3/IeJICHU U UHTEPBAJIA UBMEPEH M i
Ha J1BE YaCTH.

B o710l rnaBe npenctaBiieHbl PEOJIOTMYECKUE KPHUBbLIE Pa3/MYHBIX MOJMMEP-
HbIX PACTBOPOB KakK ¢ THOKMMM, TAK M C )KECTKMMH MAKPOMOJIEKYJIAMH, B TOM YMC-
Jie BHICOKOKOHLEHTPUPOBAHHBIX PacTBOPOB, rae 00pa3yioTcsi TMOTPONHBIE X HJIKHE
KPHUCTAJJIBI.

l'opasno uwaiie, 4yeM B CYCMEH3MSIX, B pacTBOpax HaOMIOAA€TCsl 3HAYUTEJIBHOE
HbIOTOHOBCKOE MJIaTO NPH HU3KUX CKOPOCTAX caBura. CocylieCTBOBaHHE 3THX JIBYX
PEXXMMOB T€YEH K51 (HbIOTOHOBCKOE TEYEH M€ U COCTOSIHHE CAIBUTOBOTO PAa3XK MXKEH M $1)
MOXHO OOBSCHHUTD CJIENY IOLLIUM 0OPa3oM.

JlonyCTuMm, 4TO B pe3ynbTate TEMnJjoOBOro JABMUKEHUSI BO3HMKAIOT M pa3pylia-
I0TCA 3auenyienusi Makpomonekys. Ilpu nuHaMuYeCcKOM pPaBHOBECHM CYLUECTBYIOT
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Puc. 8.23. Peonorvueckue xapakTepucTUKH (,25%-HOro BOOHOrO pacTBopa KCaH-
TaHa: ¢ — annpoKCUMalMs Ha BCeM AMana3oHe cKopocTeil caBura,
cnowHas auHus ans CKP=Y (12 -1/2 ), nyHKTHpHas AuHUS s
CKP=2(Ign—IgnNW)1; 6 — oToeJSibHHE annpoKCMMalWuM [1s BH-

COKMX CKOpocTeill (NyHKTHpHas) MU HHU3KHUX (CNJOWIHAs JIMHUWSA) NpU

CKP =Y (1"—1"2 )" . MosicHeHus B Tabn. 8.16. JarHble n3 pa6otsl [132]



Tabnuua 8.16. Pe3ynbrathl annpokKcUMallUM 3KCNEPUMEHTANbHBIX JaHHBIX AJA
0,25%-Horo BoaHOro pacTBopa KcaHTaHa. [TokasaH croco® pacueta
CKP, ¥ yKkazaHbl HHTepBaJibl alinpoKcHMalliM

Yeromn 1 g gz [ Pien-ten,.)’ | Sa-eny | Py
annpokcHMalllm no BCEM no BCEM HHU3KHE BBICOKHE
TOYKAM TOYKAM CKOPOCTH CKOPOCTH
U2 Ma"”? 1,44 1,12 0,824 1,54
n/%, (Ma-c)"? 0,045 0,056 0,156 0,043
X ¢ 0,718 0,337 0,235 1,04
T /% 2,01 3.33 3,51 1,48
CKP 0,069 0,050 0,000041 0,0231

aCCoIMAaThl PA3JIMYHBIX PA3MEPOB; KaX/1bli aCCOLMAaT MOXHO NMPEACTABHThL B BHUJIE
y4acTKa CeTKH CLIEMJIEHHbIX MAKPOMOJEK Y. 3TH ACCOLIHATHI HEMPEPbIBHO BO3HHKA-
I0OT U UCYE3AI0T, TO €CTh SIBJSIIOTCS MTHOBEHH biMu 00pa3oBaHusiMu. CpeiHu il paszmep
aCCOIMATOB OCTAETCS MOCTOSSHHBIM NPH TAHHOM CKOPOCTH, OH YBEJIMUMBAETCH C PO-
CTOM KOHLIEHTPAalLlMK NoJIMMepa B pacTBOpeE.

Ilpy OYeHb HU3KMX KOHLIEHTPALMAX B NPeAesibHO pa30aBieHHBIX MO MEPH B X
pacTBOpax YMCJIO 3allensieH it MakpoMornekyn npeHedpexumo mano. C pocToM KOH-
LHEHTPALIMKM CPEIHUH pa3Mep acCOLlMATOB YBEJIMYUBAETCS, YTO NMPUBOAMT K 3HAYU-
TEJILHOMY YBEJIMUEHU IO BSA3KOCTH KAK B PEXHME HBIOTOHOBCKOIO, TAK U B PEXUME
HEHbIOTOHOBCKOIO TEYEHMU 5.

Mmbl npeanonaraem, 4to /sl pACTBOPOB MAaKPOMOJIEKYJT OPOYHOBCKOE JIBH XKEHME
CEerMeHTOB SIBJSIETCS] JIOMMHUPYIOLLMM (PaKTOPOM. DTO O3Ha4yaeT, uTo (popMupoBa-
HHE ACCOLIMATOB MPOUCXOAUT 3a CUET TEMJIOBOIO IBHXKEHM S, a4 PA3PYIIIEH ME aCCOLLU -
aTOB MAaKPOMOJIEKYJT MPOUCXO/IMT KAK 3a CYET TEMJIOBOro JIBUXEHHUS, TAK U 3a CHET
paspbiBalolMX ruapoimHaMmuuyeckux cui. Ecnu pasmepbl accoumara npu JaHHOM
CKOPOCTH MEHBIIIE KPUTHYECKOrO pa3Mepa, To 3allenJiEeH s He Pa3pbiBalOTCs, U Teye-
HUE OCTAETCSH HbIOTOHOBCKHM HA KOHEYHOM Y4YACTKE HU3KH X CKOPOCTEi C/IBMIa.

Korna ckopocTth YBEIMUYUBAETCS HACTOJNIBKO, YTO FTMAPOIMHAMHYECKUE CUJIbI HA-
YMHAIOT Pa3pLiBaTh 3aLIENJIEHHUS MAKPOMOJIEKYJI, TO MPOUCXOAHUT MEPEXO/L U3 COCTO-
SIHHUS1 HbBIOTOHOBCKOIO T€YEHUs1 B COCTOSIHUE CABUTOBOrO pa3XuxeHusi. Yem BoiLLe
KOHIIEHTpaLM s, TeM Donkile pasMepsl acCOLMaTOB U TeM ObICTpee (npu donee Hu3-
KHUX CKOPOCTSIX CABMIAa) MPOUCXOAUT MEPEXOA K CIBUTOBOMY Pa3KUXKEHH10. PaspuiB
3aLENJICHU I NOA NEHCTBUEM TMAPOJMHAMHYECKUX Pa3pbiBAIOIIMX CHJI TIPUBOJAMT
K YMEHBLIEH HIO Pa3MEPOB U KOJIMUECTBA aCCOLLMATOB U, CJIEAOBATESILHO, K YMEH bllIE-
HH 10 BSA3KOCTH.

JIOCTATOUHO 4acTO HAOMIONAETCHA AHOMAJIbHOE CHHUXKEHHE IKCINEPUMEHTANIbHBIX
3HAYEHU N T (U, COOTBETCTBEHHO, BEJIMYUHBI 1)) MPU OYEH b BHICOKHU X CKOPOCTSX CIBU-
ra‘y, oCOOEHHO NPHU BLICOKHMX KOHUEHTPALMAX NOJTHMEPa (BO3MOXHBIH CPbIB TE€4e-
HHUs1). ECnu 1ONYyCTUTH, YTO AHOMAJIbHOE CHHXXEH HE BETMUMHBI T MPH O4€Hb BHICOK UX
CKOPOCTSIX HE SABASIETCS] MPUOOPHBLIM 3(MPEKTOM, TO CPLIB TEYEH USI MOXHO OObsIC-
HHUTb CMellleHHeM COCTOSIH U1 PABHOBECHS BCeil CUCTEMBI MPH PE3KOM YMEHbIIIEH HH
KOJIMYECTBA 3alenieHUil Mexay mMakpomonekynamu. JleiicmeumenvHo, 6 ycao8usnx
CPblBA MeYEHUS 8A3KOCMb PE3K0 CHUNCACMCS, U €€ 3HAYEHUS HAYUHAIOM NPUDAUICAMbCS



K paccuumanHoli eeauuure Koagguuuenma eszkocmu Kaccorna, mo ecmo Kk meopemuue-
CKOU 853KOCMU NOAHOCHIbIO PA3PYUWEHHOU CIMPYKMYPol, 20e 3QUeNAeHUs OMCYMCMeyom.

AHAJH3 IKCTIEPUMEHTAJIBHBIX JAHHBIX NMOKA3aJ1, 4TO HET NPHHIUNMAJIbHOH pa3HUIIbI
B PEOJIOTHYECKOM NOBEACHUH PACTBOPOB NOJUMEPOB € XKeCTKMMH H THOKMMH MaK poMoJie-
KyJamu. Oco0eHHOCTH TeYeHHs ONUCLIBAIOTCS B paMKaX 00001eHHOH MOIe/IM TeYeHMs.
KpuBble TedeHus JHOTPONHBIX MOJMMEPHBIX XKHIKHX KPUCTAJIOB TAKIKE ONMUCHIBAIOTCSA
00001ennbiM ypaBHenueM Tedenus (OVT). Ucnonbzosanue OY T npu untepnperanum
KPMBBIX T€YeHUs1 MO3BOJSIET BbIJIEJUTh HA OOJIBIIOM MHTEpPBAJIE U3MEpPEeHUH YYaCTKH
C pasfiuYHbIM PEXXHMOM TeYeHUs.

3aKno4YeHne

00001eHHOoe ypaBHeHUe TeyeHust (OYT) onuchiBaeT notepu IHEPruM npu obTeKa-
HUM MAaKPOMOJIEKYJT U UX ACCOIMATOB BA3KOI cpenoii pacteoputens. B )XKUIKokpu-
CTAJUJIM4ECKOM COCTOSIHUM POJib aCCOLIMATOB BHIMOJHSIOT FPYNMNUPOBKH B3aMMHO
OPUEHTUPOBAHHbBLIX MAKPOMOJIEKYJI (K MAKOKPUCTANNHYECKHE NOMeHbI). CHUXEHue
BSI3KOCTH OOYCJIOBJICHO TMOCTENEHHbIM Pa3pyLIEeHUEM aCCOLMATOB MAaKpPOMOJIEKYJ
(vin foMeHoB). B aHUM30TPOMHOM COCTOSIHMM CUCTEMbI 4YacTO HabnonaeTcst pasae-
JieHue KpMBO# TeueHus Ha fipe yactu, rae Ko3@duiumuedtnl OYT nMeroT pa3zivuyHbie
3HaueHusl. UsmeHeHue BennunHb KO3 duuneHToB OV T npu yBeIMyeHHH KOHLIEH-
TpauMu noJimMepa NPUBOJAUT K BOSHUKHOBEHHIO MAKCUMYyMa B 0011aCTH nepexona
OT U3OTPONMHOro K AHU30TPONMHOMY COCTOSIHH IO BELIIECTBA.

CTpyKTypHasi peoJlornyeckaslt Moaesb OOBbSICHSIET PeOoJIOTHYECKOE NOBEAEHHE
PAacCTBOPOB MOJIHMEPOB C MAKPOMOJIEKYJIAMH — XECTKUMM CTEPXHSIMU (NPOM3BO-
JIHBIE LENJTIONO3bl, MOJIMMENTH/IbI, KCAHTAH M JIP.) U NOBE/IECHUE NOJIMMEPOB C rHO-
KUMH MaKpoOMOJIEKYJIaMH (NOJMAKPUIAMMA, NMOAUM300YTHIIEH, NOJMBUHMIALIETAT

U Ip.).



'TIABA 9

TEHEHUNE PACTJ1ABOB
NOJIMMEPOB

N TEPMOTPOITHbIX
HNOKUX KPUCTATIU10B

PacnyiaBbl nOAMMEPOB IEMOHCTPUPYIOT HEH bIOTOHOBCKOE TEYEHUE HA OTIPE/IeSIEH HOM
MHTEpBane CKopocTteii cnsura. PaHee Obl10 nokas3aHo (. 3 M 3), 4TO BSA3KOE NOBe-
JIeHHWe pacrJjiaBoB OT/1€JIbHbIX MNOJIMMEPOB B MPHHIIMNE HE OTJIMYAETCs1 OT NOBE/IEH S
pacTBOPOB NOJIMMEPOB H MHOIMMX CYCNEeH3ui. B MONHOM COOTBETCTBUU CO CTPYKTYP-
HOM MOMEJIbI0 KPUBASl TEYEHUS PA3NIENSAETCS HA HbIOTOHOBCKMH Y4aCTOK, Y4aCToOK
CIBUTOBOro pa3xMXeHusl (N1aCTHYHOE UK NICEBAOMJIACTUYHOE TEYEHUE) U YYACTOK
CpbIBA TEYEHMU .

B 3T0ii rmase OyieT pacCMOTpPEHA BA3KOCThL HEKOTOPHIX PACIJIABOB MNMOJIMMEPOB,
a TAKXK€ Pe0JIOrMYeCKOE NOBEJIEH UE TEPMOTPONHBIX XXUJAKUX KPUCTAJIJIOB. OTH BEllle-
CTBa OOBE/IMHAET TO, YTO B HUX TPYAHO BBJIEJIMTH JIMCNIEPCHY 10 (ha3y M OKPYKAIOLLLY 1O
JUCNEPCUOHHYIO cpeny. TeM He MeHee uX peosorH4ecKoe noBeeHue ONnUChiBAETCs
CTPYKTYPHOH PEOJIOrTHYECKOH MOAEJIBLIO.

9.1. O6obweHHaa Moaenb TeHEHNA U TEMNEPATYpPHanA
3aBUCUMOCTb BA3KOCTU Pacn/iaBOB NONIMMEPOB

B CTPYKTYPHOM PeOJIOrMYECKOM MOJIESIM CHUXKEHHE BA3ZKOCTH OOBSICHSIETCS pa3py-
IIEHMEM arperaToB YaCcTHIl, HAXOASILLM XCSl B HENPEPbLIBHOH AMCNEPCHOHHON Cpene.
B pacnnase novmmepa posib arperata MM acColMara BLIMOJHS 0T MAaK POMOJIEK YITHI,
CBsI3aHHbIE 3auenieHusiMK. Takum oOpa3oM, pacnjas nojimMmepa HeOOXoAu MO pac-
CMaTpPUBAaTh KaK OCOOYIO JIMCNEPCHYIO CHCTEMY.

Boigenum rpynny MakpoMmosieKys, CBSI3aHHBIX 3alenjieHUusiMu, KOTOopasl Cno-
COOHA HEKOTOPOE MaJloe BpPeEMsI ABUIraThCsl KaK €1MHOe ueioe. bynemM paccmarpuBarh
TAKYI0 TPyNnny KakK acCcouMar MakKpoMOJeKyJl — eilMHuuy TedyeHus. Okpyxalowime
MaKpOMOJIEKYJ1bl HTPAIOT POJIb CNJOLLHON BHELIHE cpeabl, CYyMMapHOE CONMpPOTUB-
JIeHHe KOTOPOi ONMUCHIBAETCS HLIOTOHOBCKOH BA3KOCTBIO. C yBeIMUeHHeM CKOPOCTH
CIOBHMTIA CpEOHEE YUCIIO 3alENJIEHU H YMEHbLIAETCS, YTO COOTBETCTBYET YMEHbLLUEH M 10
Yucjia M pa3MepoB aCCOLLMATOB.

[Ipu 3TUX 1ONYLUEH USIX CTAHOBUTCSI BO3MOXHBIM ONMHUCHLIBATL Y4ACTOK CHUKEH U Sl
BSI3KOCTH C MOMOILIbI0 0000LLEHHOI MoJienn TedeH ust. Jlnst pacueta OyieM MCNonb30-
BaTh 0000LLEH HOEe ypaBHeHue TeueHust (OYT) B Buze:
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DTO ypaBHEH e CMpaBeASIMBO TOJILKO AJ151 yYacTKa cnaja B3KOCTHU € pOCTOM CKO-
POCTH CIIBMTA, I11€ O/IHOBPEMEHHO BO3paCcTaET Hanpsi>keHue caABMra (To eCTh sl Cly-
yasi MJIACTUYHOIO UJTH NCEBOMJIACTHYHOrO MOBEAEH US1 CUCTEMBL).

[MoaTOMY B MHTEpPBaJl aNNMPOKCUMALMKU HEJIb3SI BKJIIOYATh YYAaCTKHU HBIOTOHOB-
CKOro TeYeHMsl Kak Npu HU3KOM, TAK M NMPu BLICOKOI CKOpocTaXx capura. Kpome Toro,
HE CJIeAYeT BKJIIOYATh YYAaCTOK CpbiBa TEYEHHSI MPHU BHICOKOH CKOPOCTHM CABMTa, rae
Hanpsi)X€HWe CABMIa T NepecTaeT MOHOTOHHO YBEJIMYHMBATLCS ¢ POCTOM CKOPOCTH
caBMra, NpuodpeTaeT NOCTOSIHHOE 3HAYEH ME UJIH J1aXKE CHUKAETCS.

BaxXHOW XapaKTepUCTUMKON, HEOOXOAMMON 115l OCYLUECTBJIEHHUSI TEXHONOMnYe-
CKHX MPOLIECCOB, SIBJISIETCS TEMMNEpATYPHAs 3aBUCHMOCTH BA3KOCTH pacrJjiaBoB Mo-
numepos. Panee (pa3zn. 5.4) GLIJIO NOKA3aHO, YTO 3aBUCHMMOCTh KO3(hdUUMEHTOB 1)
H 7 OT abconioTHOI Temnepatypsl T siBAsieTCst 9KCNOHEH LMaJILHOM. TpynHOCTH npu
MHTEpPNpeTaLUH TeMNEPAaTYPHOH 3aBUCUMOCTH KO3(hPHuueHTOB OYT BO3HHUKAIOT,
eCM uMeeTCsl 00JIbLIOH pa3dpoC IKCNEPUMEHTAJIBHBIX TOYEK M CJIOXKHO BBIJIEJIMTD
OTNIEJIGHBIE PEXUMbI TEHEHH S HA MOJIHOM MHTEPBAJIE CKOPOCTENH C/IBUTA.

B pabote |274] npuBeneHbl TabJIMYHBIE OaHHBIE (Tabn. 9.1) ans BIA3KOCTH pac-
njapa nojiuMepa Ha JA0CTAaTOYHO LIMPOKOM MHTEpBaJie TeMNeparyp. DTH JIAaHHbIE
npeaHa3Ha4Ya uch aJisl pacdyera 00001EH HOWM KPY BOM BA3KOCTH pacrJjiaBa rnoaumMepa
H TEMIEPATYPHO-BPEMEH HOI CYyNMEPNO3HIIMH.

bByneM MCnoJib30BaTh 3TH PEOJIOTMUYECKHE NAHHBIE IS ONpeJieJieHusl TeMrepa-
TYPHOM 3aBUCUMOCTHU KOI(PDHUIIMEHTOB PEONOTMUYECKOTO YPABHEH U S, MOCTPOEHUSI
00001IEHHOI KPUBO#H B MPHBE/IEH HbIX KOOPAMHATAX U TEMINEPATYPHO-MHBApUMAHTHOM
KPUBOW T€YEHMU S (TEMNEPATYPHO-BPEMEHHOM CYNEPINO3HULLH H).

Pesynbtathl annpokcuManum 0060011IEHHBIM ypaBHeHHeM TedyeH ust (OYT) npen-
ctaBieHbl HA pyuc. 9.1 u B Tabn. 9.2. 3HaY€HMEe MUHUMAJILHOI CYMMbl KBaZpaTOB pa3-
nocreii CKP =Y (1*-1"2 )’ Takxe npuseneHo B Tadan. 9.2.

KpuBbl€ TE€YEHHS, BKJIOYAIOLIHE MOATNOHKY MO BCEM TpeM KO3(M(pHLMEHTAM,
npeacrapyieHbl HA rpadpukax (puc. 9.1) nyHKTHPHOM IMHuel. BUnHO, 4TO KpuBasi npu
temnepatype 503 K otnuuaercst no popme OT IBYX COCEAHUX KPpUBBIX TeyeHus1. Kpo-
M€ TOro, paCCYMTAHH bl€ 3Ha4YeH Us1 KOIP@UILIHEHTOB PEOJIOrHYECKOTrO YPaBHEH U Sl H3-

MEHSIHOTCS] HEPErYISIPHO C POCTOM TEMMEPATYPHI, K YEMY HET BUJMM bIX OCHOBAHMIA.

Tabnmua 9.1. 3DkcrnepumeHTanbHbie JaHHBIE And pacnaaBa obpa3ua nonuMepa P npu
pa3nuyHbIX TeMnepatypax [274)

463 K 503K 543 K
Y, ¢ n, Ma-c n, Ma-c n, Ma-c
50 1933 1433.,4 1128.4
100 1231.6 9248 723.5
200 771,5 615,3 452
500 400,4 337,5 244.8
1000 245,2 200 151,6
2000 145,2 115,3 90,7
3500 108,9 70,7 58,2
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KonebGaHusi BeJIMUMHBI "l'.:."Ir CROpPEC BCECI'O CBA3AHHI C OCODEHHOCTSAMM YUCJIEHHOIrO

pacueTa; MX TPY/IHO COMOCTABUTD C PEAJIbHBIMM U3MEHEHUSIMU B PACTJIABE MOJIMME-
pa. bonee Toro, B CTpyKTYPHOM MOAEaH TeueHHs1 KOIPPUUHEHT arperaumm T, npo-
MOPLLMOHAJIEH CUJIE CLIEMNIEHMSI MEXIY KOHTAKTUPYIOLLMMHU YACTULIAMH MJIH MAKPO-
MOJIEKYJIAMM B yHacTKax 3auennenust. Cuia clenyieHus Bpsifijiv OYIeT CYIeCTBEH HO
M3MEHSITBCS TPU CPABHUTEJILHO HEOOJI BILIOM YBEJIMYEH MM TEMNEPATYPHI.

[osToMy, BLIOMpasi NMOCTOSHHOE 3HaueHMe Koa(pduuueHTa T, PacCyuTaem
CKOPPEKTUPOBAHHBIE 3HAYEHUS OPYrUX KO3(D(MULIHEHTOB PEOIOrMYECKOTO ypaBHe-
Husl (TPM NpaBbie KOJOHKM B Ta6J1. 9.2). CKOppPEKTHPOBAHHbIE KPHMBBIE TEYEH U S! TTPE/I-

CTaBJIEH bl CNJIOLIHON IMHKWEN Ha puc. 9.1,

g, MNMa-c

Tuz, Ma'?
600

0,6913x + 4,4679
R"=0,9991

Y= 550 F
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Kpueble TeueHMsi pacrninaBa rnonvMepa P, UCNoJib30BaHHBIE B AanbHeii-
leM /Ul MOCTPOEHUA TeMNEPaTypHO-BpeMEHHOI cyneprno3vuMu. JanHbie
npeactapieHbl B IBOHHBIX norapmpMmuyeckKm x KoopauHaTtax (a) U B KOpHe-
BbIX KOOpaHHaTax (0). [oKka3aHbl ypaBHEeHH A 1BYX TPEHIAOB-TPAMbBIX, COOT-

BETCTBYIOLLHE CTENEHHOMY 3aKOHY. DKCnepHMeHTanbHblie JaHHbIE U3 [274]

Puc. 9.1.

Tadbmuna 9.2. PesynbraTel aninpokcHMaumuM 00001IeHHBIM ypaBHEHHEM TeUeH M s1 peo-
JIorMYecKUuX faHHbiX [274] nns pacnnaesa nonumepa P

Temneparypa, K 463 K 503 K 543 K 463 K 503 K 543 K
77, Ma"? 412,6 537,6 391, 1 410 410 410
1./, (Ma-c)"”’ 3,70 0,40 1,63 3,74 2,98 1,36
x, ¢ 3,12 7,63 5,40 3,05 4,72 6,02
n'%(0), (Ma-c)"”? 135,9 70,9 74,0 138,0 89,8 69,5
CKP 216, 1 97,9 94,6 216,7 65,7* 111,9

* CyMMa KBajipaTOB pa3HOCTeil yMEeHbUIHACh, TTOCKOJIbKY ABE MOCNeHHE TOYKH HUCKJITI0YE-
Hbl U3 NOBTOPHOIT annpokcuMaluu, OHM NMpeanonoXMUTeNbHO COOTBETCTBYIOT Hauany cpbiBa
TeyeHUs



Ha puc. 9.1, a wiTpuxoBoii 1M HMEeH NokKaszaH bl JIUHENMH b€ 3aBUCUMMOCTH, COOTBET-
CTBYIOLLIME CTEMEHHOMY 3aKOHY: Ign = nlgy + 1gA. BenmunHa Ko3pPu1IMEHTOB ypaB-
HeHus OcTBanbaa nokazaHa Ha rpa(pmke B ypaBHEH MSIX TPEHIOB.

CTeneHHOM 3aKOH MMEET psi JOCTOMHCTB. OH XOPOILIO OMUCHIBAET KPUBBIE TE-
YEHUSI MHOTUX CUCTEM B IOCTATOYHO LIIMPOKUX AMANAa30HAX CKOpPOCTEH, BKJIOYAET
B c€0s1 TOJILKO 1Ba NapaMeTpa U NepexoauT B 3akKkOH HbloToOHa npu n = 1.

CTeneHHOM 3aKOH yI00€H NpU pacyeTe TeYeHusl B TpyOax u HEOOXOIA UM NpH aHa-
JIU3€ PEOJIOTMYECKH X IAHHBIX, MOJIYYEHHBIX B KATTUJIJISIpax, a MUMEHHO: MPH Nnepecye-
TE IKCMEPUMEHTAJIBHBIX JAHHBIX K MPOCTOMY CABMTOBOMY TEUYEH U I0.

Henocrarku CTENEHHOro 3aKOHA COCTOSIT B TOM, YTO OH SIBASIETCH Cyrybo sm-
NMUPUUYECKUM M MPUBOAMUT K (PU3HUYECKHU HEpPEAJIbHbIM 3HAYEHUSIM BSI3BKOCTH B Mpe-
nenbHbIX cnyvasx. /st ncepponnactuuHoOM Xxunkoctu (n<1) npu y — 0 BA3KOCTH
N(0) — oo, Npu ¥ — o= BA3KOCTb 1_ — (0. Kpome TOro, cTeneHHoil 3aKOH HEe ONMMUCHI-
BAaeT MOJIHOCTBLIO BECh HHTEPBAJI CKOPOCTE CABUIa, B KOTOPOM 3HAYEHHE BSIBKOCTH
1N(Y) yMEHbLIAETCS.

[lpu Habnwopaolemcsi pa3dopoce IKCNEPUMEHTAIbHbIX TOYEK TPYAHO FOBOPHTh
O TOYHOCTH ONpeIeSIEH Usl BEJIMUYUHBI KOIPPHULIMEHTOB PEOSIOrMYECKOro YPaBHEH USl.
OnHako OYeBM/IHA TEMNIEPATYPHAS 3aBUCHMOCTH KO3(UPHILIMEHTOB MOCJE KOPPEKILIUH
NAHHBIX; €CJIM BEMUYMHA T’ NOCTOSIHHA, TO ) YBEJIMYUBAETCS ¢ POCTOM TEMMNepa-
TypHl, @ KO3 duumneHth BsizkocTu 1’ u n'*(0) ymeHbinaiotes. KoHeuHo, mwis onpe-
JICJIEH Ul TOYHOM (PYHKIIMOHAJILHOW 3aBMCUMOCTH TpedyeTcst 0ONbIIEE KOJNUYECTBO
IKCNEPUMEHTAJIbHBIX TOUYEK.

B pamkax 0000111€H HON MOAET M TEYEH USI OOBSICHAETCS CYLLIECTBOBAH ME 000D1IIEH -
HBIX KPUMBBIX TEUEH M S B TPUBEAEHH BIX KOOPAMHATAX U BO3MOXHOCTh TEMINEPATYPHO-
BpeMeHHOI cynepnoszuimu. Kak 66010 nokaszaHo B 1. 5, npu yenosuu 1.’ /m°(0) < 1
0DODIIIEHHOE YPABHEH HE TEYEHUSI MPUHHUMAET BUI

1/2
1 B 1
0| 1+(1/0y"
n(0) (/%)
[pM NOCTPOEH MM KPUBBIX BA3KOCTH B PUBEEH HBIX KoopauHataxn/m(0) vs y/x°
BCE IKCMEPUMEHTAJIbHBIE TOYKM OKaXYTCsl HA O1HOI 000O0111€H HOIT KPUBOI NpH CO-
ONIONEHUU YCJIOBMI BbIBOJIA 3TONO NpUONKUXKEHHOro ypaBHeHusl. [1pu ycnosuun no-

CTOSIHCTBA BEJIMY MHBI T/ HCTIONb3YETCSl yPABHEHHE

1/2
1M N |
0 M 1/2 0) .
1n(0) N . 1/2
I+T"‘t’
/
T,

Takum obpaszomMm, BesmunHbl 1/1(0) u n(0)y TakXe SABASIOTCS NMPUBEAECHHBIMU
KOOPAMHATAMM, NMPU MCNOJIb30BAHUU KOTOPbLIX HA OAHOM 000DIIIEHHOW KPUBOH CO-
BMELLIAKOTCSH PA3HBIE DKCMEPUMEHTAJIbHBIE PEe3YyNbLTaThl. YpaBHEHHE TEMNEPATyPHO-
BPEMEHHOI Cynepro3uiiMKi K OTNpeJie/IeHHOM TeMnepatype npupeneHus T, uMeet
BUJ:

,I,] 172 bT I
1/2 - - 1/2 .
Ny () T+a.v""/x,
3neck umelotest hakTophl caBKra no temneparype: b. =172 (0)/M"*(0), a,= %, /%




B pe3ynbrare 3Hau€H s BA3KOCTH 1) = b, U CKOPOCTH CABUTA ¥ =Va;, NONYYEH-
HBI€ U151 10060 Temnepatyphl 0Opa3ua, HaxoAsITCsl HA OIHOM KPUBOI BSI3BKOCTH, KO-
TOpasi MOJIy4eHa IJisi Temnepatypbl npuseaeHus T . TeoMeTpuyecku 31a onepa usi
CBOJIMTCSI K CMELLUEHM IO KPUBBIX BSI3KOCTH HA BEJIMYMHY lg(af;') 7 ]g(bi) Ha rpapvke
lgy—Ilgn. IpuBeneHHbIE 3HAUEHUS BSI3KOCTH 1) (MPH NPUBEIEHHONH BEJIMYUHE CKO-
pOCTH CIBUTA Y ) MOXKHO CHMTATh Pe€asibHO CYLUECTBYIOLLLMMM, €CJIM JIJ151 BCEX PACCMO-
TPEHHBIX TEMMNEPATYP PEOJIOrHYECKOE MOBEAECH ME OMUCHI BAETCS OOOOLIEHHBIM YpaB-
HEHUEM TEUECHMUSI.

O06001LIEHHbIE KPUBBIE BSI3KOCTH (Mmaster Curve) M TeMnepaTypHO-HHBapUaAHTHasl
KpMBasl J1sl pacnnasa nojauaTuieHa P, onucaHHoro B padore [274], npencraBieHbl
Ha puc. 9.2.

PaccmoTpum apyroii Bua noiumepa — OJIOK-conosimMepbl OyTaiueHa co CTUupo-
JIoM [275]. UneasibHO 65104H b cononinMep D conepxuT 24,4 % ctupona B COnoJimMe-
pe v B On10kax. KpuBbie BSI3KOCTH U KPUBBIE TEUEHH S NMpeJCTaBileHBl Ha puc. 9.3. Pe-
3yJbTATHI Al MPOKCHMALLM U O0OOLLEH HbIM YPABHEH MEM TEYEHM Sl TOKa3aH bl B TadJ1. 9.3
(JieBBIE KOJIOHKH) M LITPUXOBBIMM JIMHUSIMU Ha puc. 9.3. Hebonblue konebdaHwus
BEJIMYMHB T° MO3BOSIOT YCTAHOBUTH CPEHEE MOCTOSAHHOE 3HAYEHHE M MPOBECTH
HOBYIO MPOLEAYPY aNnMPOKCUMALIUU C ABYXNAPAMETPUUYECKUM YPABHEH UEM (NPaBbI€
KOJIOHKM TabJ1. 9.3 M CrijioliHbI€ JIMHUK Ha puc. 9.3). Jlerko Bunethb, 4To KpUBLIE BSI3-
KOCTH M KPUBBIE TEYEH U S, PACCYHUTAHHBIE IO M NMOCE KOPPEKIIMH, MPAKTHYECKH CO-
BNaaaloT.

B cnydae nonumepa D uMeIOTCsl 4EThIPe 3HAYEH MSI TEMNEPATYPbl, KOTOPHIE MOX-
HO MCMNOJIL30BAaThL MJIsl aHa/iu3a TEMMEepaTypHOM 3aBUCUMOCTH KOIPQPHUIIMEHTOB.
Mocne Koppekinu Ko3PMUIMEHT T/°, XapaKTEPU3YIOLINi1 CHIY CLIENJIEHUSI MEXY
MAKPOMOJIEKYJIAMH, YCTAHOBJIEH NMOCTOSIHHBIM. KoagpuumeHT ¥, nponopuruoHanb-
HBIil BEPOSITHOCTH CMIOHTAHHOIO pa3pbiBa 3allCNJIEH MSl, YBEJIMYUBAETCS MO IKCMO-
HEHTE C POCTOM TemmnepaTyphl (puc. 9.4, a); kosdpdPuumeHT 1’, XapaKTepusyioumii
BSIBKOCTH CUCTEMBI ©€3 3alernIieH Ui MAaKpOMOJIEKYJl, YMEHBILAETCH MO 3KCNOHEHTE
¢ poctoM Temnepatypnl (puc. 9.4, 6). CTpyKTypHas 4acTb BA3KOCTH T/)~ YMEH bLLIAET-
Cd C TEMNEPATYPOI MO IKCNOHEHTE, OTpa)Xasi COOTBETCTBYIOLIMI pOCT % (puUc. 9.4, 6).
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Puc. 9.2, O6006uieHHbIe KPUBBIE ANA paclinapa nonumepa P, npencraBieHHble B pa3-
JIMUHBIX MPUBEIEHHBIX KOOpAWHaTax (a, 6), U TeMIepaTypHO-BpeMeHHas
cynepno3vuus (g). Temneparypa 463 K — pom06, 503 K — TpeyronbHMK,
543 K — kBanpar, BblieneHa temnepatypa npusedenms T, =503 K



[lpenenvHOE HyNeBOE 3HAUYEH UE BSA3KOCTH 1)(0) u3MeHsieTcst aHasoru4Ho (puc. 94, ).
MOXHO CUMTaTh, UTO 3HaYeHue HyJNeBO# BsiI3KocTH 1)(0) pakTHueCcKu onpeaensieTcs
CTPYKTYPHOI HaCThIO BSI3KOCTH T,/%, MOCKONbKY BEJIMUMHA 1) OUEH b Maa.

HU3oTakTHYECKH I nonunponuieH [276] npenctaBiieH KPpUBBIMU BSI3KOCTH U KPH-
BbIMHW T€YEH U HA puc. 9.5. Pesynbrarnl pacuera npuBeaeHbl B Tadn. 9.4.

Mpu BLIGOPE (PUKCHPOBAHHOTO 3HAYEHUS T’ IBE IKCNEPUMEHTAJIbHBIE TOYKH
NPH CaMblX HU3KHMX CKOPOCTS X CABHM A MCKJIIOYEHBbI U3 annpoKcuMaumnu. Hu usmeHe-
HME BEJIMUMHBI T. , HU YMEHDBLIEHHUE HHTEPBAJIA ANNPOKCUMALIMY HE BJIMSIET HA Xa-
PaKTep KPHMBBIX TEYEHMUS; OHM MPAKTUYECKM CoBMagaioT Ha rpagpukax (puc. 9.5).
TemnepatypHbie 3aBUCHMOCTH KO3(P(PHULMEHTOB YPABHEHUSI HYJIEBOW U CTPYKTYp-
HOM BSAI3KOCTHM MOKazaHb Ha puc. 9.6. Ecaun cornacutbes ¢ TeM, 4TO KO3I(PPULHEHT

arp€raumMm T, HEC 3aBUCHUT OT TEMINECPATYPHLI B U3YUCHHBIX HHTECpBAJIAX TEMINCPATYP, TO
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Puc. 9.3. Kpupble TeueHHsl pacnyaBa WjaeaibHO 6iiouHOro cononumepa (odpaszen D)
B IBOMHBIX JorapH(PMHUYECKHX KOOpAHHATAX (@) U B KOPHEBBLIX KOOPAWHATAX
(6). DKcnepuMeHTaNIbHble JaHHbIe U3 [275]
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Puc. 9.4. TemnepatypHbie 3aBUCHMMOCTH KO3 (PUILIMEHTOB 00001LEHHOTO YpaBHEeH Us
TeueHud fuist noaumepa D: y (@), n. (6); 3HaueHUs HyJeBoO#H BA3KoCTH 1(0) —
CNAOLWHAasA JTUHUS H CTPYKTYPHOH BA3KOCTH 1:/)6t — NYHKTUPHas NTMHUKA (8)
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Puc. 9.5. Kpuebeie TeueHus pacniaga M30TaKTHUYECKOIO MOAUNPONKHAeHa B ABOIHEBIX
Jorapu(pMrueCKH X KooparMHaTax (g) U B KOPHEBbIX KOOpAWHaTax (6). DKc-
nepuMMeHTajibHble AaHHBIE U3 [276]. KpuBbie nonyuyeHbl ¢ MOMOLLbIO 0000-
l[eHHOTO ypaBHeHH S TeueHMs1, HcnoJib3oBaH bl KO3 pUHLHeHTH U3 Tabn. 9.4
NpH pasiMyHBIX 3HAYEHUsAX T (MYHKTUPHASA JIWHHUSI) U NPH NOCTOSHHOM

CpeAHEM 3HaueHU U T/ (CILIOUI Has JIMHKSA)

Tabauna 9.3. PesyabTaTel annpokKcMMaUWKH 06001IEHHBIM YpaBHEHHUEM TEUEHH S Ppeo-
JIOTUYECKUMX AaHHbiX |275] ang pacnaasa nonumepa D

Temnepatypa, “C 160 135 100 80 160 135 100 80
72, Ma'”? 352,7 | 357,0 | 356,0 | 3570 | 357 357 357 357
N, (Ma-¢)”’ 21,7 | 236 | 30,3 | 41,8 | 21,3 | 23,5 | 30,8 | 41,8
x, ¢ 2,2 0,96 | 034 | 0,19 2,2 09 | 035 | 0,19
n"%(0), (Ma ¢)"* 183,8 | 3950 | 1086,0 | 1961,5 | 183,0 | 3952 | 1063,0 | 1962,7
CKP 2845 | 74,5 | 3747 | 933 | 2846 | 489 | 2898 | 93,3

Tabnuna 9.4. PesynbraTsl annpokcumalim 06001IeHHBIM YpaBHEH UEM TEUEHM S PEO0-

NOrMYecKux aaHHbix [276] ans pacrinasa M30TaKTHYECKOTO MOJMNPO-

nuneHa
Temnepatypa, “C 180 190 200 210 180 190 200 210
/%, Ma"”? 350,4 | 334,1 | 359,8 | 348,8 | 349 349 349 349
n:f ’ (Mac)”? 4,43 3,93 2,98 3,01 4,44 3,44 3,27 2,98
x, ¢/’ 2,45 2,60 3,21 3,36 2,39 2,77 3,01 3,32
1"%(0), (Mac)"”* 1474 | 132,4 | 114,9 | 106,8 | 150,4 | 1293 | 119,1 | 108,2
CKP 1934 | 178,8 | 879 161,1 | 136,7 | 181,0 | 57,3 | 1154
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Puc. 9.6. TemneparypHbie 3aBUCUMOCTH KO3 PULIMEHTOB 00001IEHHOrO YPaBHEH U
TECUECHUS AJIS pacnyiaBa nonunponuacHa: ¥ (a), 1. (6); 3HaYCHUIH HYJNEBOH
BSAZKOCTH 1)(0) M CTPYKTYPHOI1 BSI3KOCTH T/;[Z (8)

CTAHOBUTCA NOHATHBIM, YTO TEMnepaTypHasi 3aBUCHMOCTh CTPYKTYPHOI BA3KOCTH
LeJIH KOM OnpeaensieTcsl 3aBUCHMOCTBIO KO3 (pu LiHEeHTA .

B TO Xe BpeMsi BENMUYMHA ¥ pacTeT C pOCTOM TEMNEPATYPhl, NOCKOJIbKY YBEJ K-
YK BAETCS BEPOSITHOCTh CNOHTAHHOTO pa3phiBa 3allenJIEHUWi, TO €CTb OTPLIBA OAHOII
MAKpPOMOJIEKYAbl OT APYroil. DKCnOHEHIIManbHble 3aBUCHMMOCTH ¥ W NPENeabLHOM
BSI3KOCTH 1), COOTBETCTBYIOT 3aKOHY AppeHuyca.

9.2. OcobeHHOCTN UHTEpPNPETALIN CNOXHOTO
PEONOrMYECKOro NoBeAeHus

CTpyKTypHas peoJlornyeckasi MoJjieJlb npeinofiaraet pasiudHbe pexXuMbl TEUEH 1 s
Ha OOJILILIOM WHTEpPBaNe ckopocTeil caBura. B 3ToMm cnyyae Bech mHTEPBa H3MEpe-
HHU i HENb38 ONKCATh OAHHUM PEOJIOTHYECKUM YpaBHeHueM. PaccMOTpuM cuTyalmio,
KOTJa MEX/Y PEXUMOM HBIOTOHOBCKOIO TEYEHHUSI 1 PEXKMMOM NCEeBIONNACTHYHOrO
TEYEHHS UMeeTCsl OONBILIOI nepexoaHblil y4acToK (puc. 9.7). 310 00CTOSATENILCTBO
PE3KO CYXAeT MHTEPBAJI anNPOKCUMALMH IKCNEPUMEHTANbHBIX IJAHHBIX TpeXnapa-
MeTPHYECKHM 0600IIEH HBIM YpaBHeHueM TedeHust: ©/° =ty [(x+7"")+n/*¢"*.

B TO Xe BpeMsi MCnOJIb30BAHUE 3IMNUPHYECKOro ypaBHeHuss Kappo— Awmaa
C MATBIO MOATOHOYHBIMM KO3(MPuumeHTaMu N=T /(y"+))" +M_ no3BonsieT pac-
nPOCTPaH U Th annpPOKCUMAL MO HA OOJILLIOM WHTEPBaN CKOPOCTEi CABUIra, BKJIOYAs
SIBHBII1 HBIOTOHOBCKM I y4acTOK. BO3HMKaeT BONPOC: HY>KHO JIK YBEJIMYHUBATb YHCIIO
NOATOHOYHBIX NAPAMETPOB, YTOOLI ONKCATH BECh MHTEPBAJ U3MEPEH Uil OTHUM pPeo-
JIOTHYECKHM YPABHEHHMEM, YUUTHIBASA, YTO (PU3HNYECKH T CMBICIT 3THUX NMOATOHOYHBIX
napameTpoB He onpeeneH?

B apyrom cnyuyae nceBaonaaCcTHYHOE TEYEHHWE HAYMHAETCS C HHU3KOI CKOPOCTH
casura 1 ¢ n 3aHumaet HHTEPBAN CKOpPOCTEli CaBKTra GoNEe YeTH PeX NOPsiIKOB BeE-
nuuuHbl. B 1BOIHBIX JIOrapudMHUUECKMX KOOPAMHATAX, HaYMHast co ckopocTu 10° ¢™
BSI3KOCTb MO HO NMPUONHMKEHHO ONUCATh CTENEHHBIM 3aKOHOM (puc. 9.8, a).
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Puc.9.7. Kpugsble TeueHusi pacnnasa nonukapooHara (LEXANSP1010): npenctas-
JNEHHBIE B ABOHHBIX nOorapudpMHueCKHX KOOpAUHATaXx (d) U B KOPHEBBIX KO-
opavHaTax (0). KoaQpdpuumueHTs 0000LEHHOIO YypaBHEHUSI TEYCHH S NPEa-
cTaBJEHBI B TA0ON. 3. IKCNepUMEeHTANIbHBIE AaHHBIE U3 padoThl [135]

B kopHeBsiX KOOpauHaTax annpokcumMalins OVT cnpapeanuBa Bn1oTh 10 CKOPO-
ctu capura 22000 ¢ . [Mpu 6osee BHICOKUX CKOPOCTSX B KOPHEBBIX KOOPAM HATAX N PO-
SIBJISIETCSI TEH/ICH 1M S K SIBJIEH M IO CphiBa TedeHu s (puc. 9.8, 6). OnHako 3Ta TeHAEH11 M 51
NpakTHYECKW He3aMeTHA Ha rpaguKe B IBOMHBIX JIOrapH(PMHUYECKHX KOOPAM HATAX.
[MoaTomy anst aHanu3a xapakTepa TEYEHHU g XeJaTeNIbHO PACCMATPH BATh PEOJIOTHYE-
CKKHE KPUBHIE B TPEX pa3iuyHbiX KOOPAMHATHBIX OCSAX: ABOKHBIE NorapuMuyecKue
lgn — lg¥; lgT — 1gy u Kopuesbie koopauHathl T2 — "2, JIonoAHUTENbHBIM IOBOOM
B MOJIb3Y CTPYKTYPHOI PEOSIOrnyeCcKoii Mojienu siBNsieTcsi nopeaeHue KoahPuiueH-
TOB 0000ILIEHHOrO ypaBHeHu st TeyeHus (Tadn. 9.5).

JIerko BUAETh, UTO € POCTOM TEMNEPATYPbl KOIDPUUMEHT arperaiuu T npakTu-
YECKH HE u3MeHsIeTCsl, KOG duumueHT BI3kocTn KaccoHa 1), yMeHbIIaeTcs, a Koad-
GUUMEHT KOMNAKTHOCTH ) YBEJIMUKBAETCS B COOTBETCTBH M C BbIBOAAMU CTPYKTYP-
HOM PEOJIOTHYECKOH MOJIENH.
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Puc. 9.8. Kpueoie Teuenuss pacnnasa nonunponuineHa (REXFLEX): npeacraBnen-
HBIC B ABOMHBIX JIOrapU(pMHUYECKHU X KOOPAUHATAX (@) U B KOPHEBLIX KOOPJU-
Hatax (0). KoadpPpuumueHTH 00001EHHOrOo ypasHeHUs1 Te4EHUS NpeacTaB-
neHw B Taba. 9.5. JkcnepumeHTanbHBE JaHHBE W3 paboTH [135]




Tabnuua 9.5. Koadduumuentsl 000011€HHOrO0 YpaBHEHHUST TEUEHUS A PACNIaBOB
noJuMKapboHaTa v NOIMNPONUNeHa

Cucrema IonukapboHar lMonunponuneH
Temnepartypa, “C 275 305 227 253
7%, Ma'” 1017,2 1152,9 263,1 263,9
n’?, (Ma-c)"”? 0,378 0,047 1,18 0,921
v, ¢’ 36,5 80,2 5,60 7,82
n"’(0), (Mac)"”’ 28,3 14,4 48,2 34,7
CKP 138,5 504.,4 8426 285,6

9.3. TeuyeHne TEpMOTPONHLIX XXNOKUX KPUCTASIIOB

Haunbonee sipko aH U30TPONHBIE CBOMCTBA XXUJIKWUX KPHCTAJIJIOB NMPOSIBAISIIOTCS B 00-
pasilax, OpUEHTUPOBAHHBIX BNEKTPUHECKHUM U MArHUTHBLIM NOJSIMM WJIM TBEPAOi
NOBEPXHOCTHIO. BA3KOCTh NOTHOCTBIO OPUEHTUPOBAHHBIX XX MKW X KPUCTAJIIOB $IB-
JISIETCS TEH30PHOI BEIMYMHOM, U €€ KOMIMOHEHTH U3MEPS IOTCS HE3ABUCHMO CNE M-
anbHeIMU npudopamu [147]. HackonbKO HaM U3BECTHO, KOIMPPUIIMEHTH BSA3KOCTH
B OPUEHTHPOBAHHBIX 00pa31ax He 3aBUCIT OT CKOPOCTH caBura. OObIYHO BIMTEpATY-
pe coo0IIAI0T 3aBUCUMOCTD BEJIMYHUH B KOXDPPHUILIMEHTOB BSI3KOCTH OT TEMITEPATYPHI.

OObIUHBIE PEOJIOTMYECKHUE MCCNIEAOBAHKSI B KaNUANsSIpaX WAMW POTALMOHHBIX
BUCKO3UMETPAX NMPOBOASITCS C HEOPUEHTUPOBAHHBIMU OOpaszuamu [139]. [1pu aTom
HA0J1101AETCH HEH bIOTOHOBCKOE NMOBEJCHUE B XK UIKOKPUCTAJIJIMYECKON (Pa3e U HbIO-
TOHOBCKOE — B U30TPONHOIi (paze. Jlanee Gynem paccMaTpHBaTh PeOIOr H4€CKOe MNo-
BEIEHWE HEOPUEHTUPOBAHHBIX O0OPa3110B, H3YYEHHOE C MOMOILbIO OOBIYHBIX PEOJIO-
rMYECKHUX NpHOOPOB.

A.T1. Kanyctun ormetun [139, ¢. 106], 4yTO Te pMOTPOIH BIE <K M IKOKPHUCTAJIJIHYE -
CKHE BEILECTBA HE NOAYMHSAIOTCA 3aKOHY HblOTOHA, TaK KaK UX KO(PMUILIMEHT BA3-
KOCTH 3aBUCHT OT CKOPOCTH CJIBUTA».

B xonecrepuueckoii (pasze BSI3BKOCThb BEJIMKA NMPU HU3KUX TEMIIEpaTypax, ObICTPO
CHUXAETCS C POCTOM TEMMEPATYPbI, HO NMOKAa3biBAET CKAYKOOOPAa3HOE YBEJIMYEHHE
Npu Nepexoae B H3oTponHylo a3y ¢ fajibHEH WM CHHUXEHUEM MO MEPE POCTa TEM-
nepatypbl. BkHure A. C. Conuna|150] HEHbIOTOHOBCK HE CBOHCTBA XOJIECTEPHUHECKOI
XKHUAKOCTH OOBSICHSIOT HAJIMYKMEM CIOMCTOM (CNKPpPaNibHOI) CTPYKTYPbI, O0Opa30BaH-
HOI1 MOJIEKYJIAMU XOJIECTEPUUHECKOTO KpHUCTAaJIA.

B oroii rnase TeYeHUE HEOPUEHTUPOBAHHBIX XUAKUX KPUCTANJIOB (Harnpumep,
B BUCKO3MMETPE C KOAKCHAJIbHBIMU LIMJIMHIPAMHK) OYAET ONMHCAHO B PAMKAX CTPYKTYP-
HO# PeosIOruyecKoil Moaesiu. M sl UCTIONB30BAJIH 3KCNEPUMEHTAJIBHBIE faHHBIE [Top-
tepa u JIxkoHcona [226] u nonyy4yunu CEpUIO KPHBBLIX TEYEH s 1Sl XONlecTEpUialerara
M XoJiectepuananbMurara (puc. 9.9) B XUIKOKPUCTANNKWYECKO#H (pase. B u3oTponHOM
COCTOSIHWM NMOBENEHWUE ITUX BELLIECTB SIBASIETCS HBLIOTOHOBCKKWM. XojecTtepuaalerar
B Xonectepuueckoii (aze nogunHseTcsi 0obluHOMY ypaBHeHuo Kaccona (y =0) npu
temneparypax ot 116 no 100°C (to ectb HENOCPEACTBEHHO NOCHE nepexona B Me3oga-
3y). [pu 97 °C neobxonumMo ucnonn3oBath 000011IEHHOE YypaBHeH ue TeueHus. Peono-
FMYECKME napaMeTpbl MPU pasnHMUYHBIX TEMNEPATYPAaX NpeacTaBieHbl B Ta0n. 9.6.



Tabnuua 9.6. Peonornyeckue XapakTEPUCTHKH TEPMOTPOMHBIX XOJECTEPHUYECKHMX
XUAKHX KPUCTANNIOB

Cucrema Temneparypa °C 7/, Ma'”? n’ (Ma-c)"”? %
Xonecrepun 116 1,29 0,16 0
P 105 1,85 0,21 0
(xonecrepuueckas ¢asa)
102 4,35 0,22 0
100 3,95 0,24 0
97 23,7 0,22 131
XonecTepun 79,4 5,74 0,24 0
najabMUTAT 78.6 7,35 0,25 0
(xonecrepuuyeckas ¢asa)
75 20,6 0,25 0
73,3 63,2 0,23 327

XoJsiecTepunnaibMUTAT AEMOHCTPUPYET Npsaambie KaccoHa B obnactu remneparyp
75—70°C, 1 ero peosiornyeckas KpuBasi arnnpoKCU MUPYETCsI C MOMOILLbIO 000011IEHHO-
ro ypapieHus reyenust npu 73,3°C. Hy>XXHO OTMETUTD, YTO NMPU ONTUYECKH X HAOI0-
aeHusax nuxe 77 °C nabnionaetcs nepexon B Teepay o (pasy. [oaToMy MOXHO npeano-
JIOXKMUTh, YTO XHWJAKHI KPUCTAJJ B XO/I€ TEYEHUSI CNOCOOEH NEPEOXNaXK 1aThCsl.

TepMOTPONHBIM XUAKUIA KPUCTANJ, TAKUM 00pa3omM, BEAET ce0sl KAK CTPYKTY-
pupoBaHHasl aucnepcHast cuctema. [IpuyuHbB 3TOrO HEAOCTATOYHO NMOHSITHBI, XOTSI,
NMNO-BUJIUMOMY, MOXHO MNPEANOJOXKUTHL HAJIUYHUE KIAaCTEPOB, KOTOPLIE JABHUXYTCS
M BPALLAIOTCS KAaK €AWHOE LEJIOE BHYTPU OAHOPOAHON CPEAbl MHAMBUAYAJIbHBIX
XUAKOKPUCTAJIJIMYECKH X MoJieKya. Knactepbl MrpairoT pojb YacTUIl AWCNEPCHOM
(paszbl, 0Opa3ysa arperarbl, pa3mepbl KOTOPHIX YMEHBIIAIOTCA NMPU YBEJUUYEHUU CKO-
pPOCTH C/IBUTA.

B pa6ote [190] akcnepru MEHTANbHO UCCAENOBAHbI HEKOTOPBIE HEMATHYECKHUE, XO-
JIECTEPUYECKHE U CMEKTHYECKHE (Pasbl METOIOM KOHYC—NJIOCKOCThL. OKa3anochb, UTo
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Puc.9.9. KpuBbi€ TEUEHUSI TEPMOTPONHBIX XONECTEPUUECKHX XHAKHX KPUCTaJJIOB
B KOPHEBBIX KOOPAMHATAaX: @) Xonecrepunaverat npu teMneparypax ("C) 116
(1); 105 (2); 102 (3); 100 (4); 97 (5); 6) xonecTepuUananbMHUTAT NPH TEMNEPA-
typax (“C) 79,4 (1); 78,6 (2); 75 (3); 73,3 (4). DkcnepuMeHTaNbHbIE JaHHBIE
13 |226]
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Puc. 9.10. Kpussie TedeHus xonecrepunoneara npu 47°C B xonectepuueckoii (aze:
B IBOHMH BIX Norapu)MuyYeCK X KoopAKHAaTaX (a); B KOPHEBLIX KOOPAWHATAX
(6). Hanuwe [190]

TeueH e MBbbA HOCUT HBIOTOHOBCKHM I XapaKTep B UCNOJb30BAHHOM WHTEPBAJIE CKO-
pocTteiicapura. KpuBasi BA3KOCTH X0NieCcTepuiosieara, npeactasieHHasi Hapuc. 9.10, a,
B KOpHEBBLIX KOOpauHaTax npeobdpasyercst B npsimyio Kaccona (puc. 9.10, 6).

TakuM 0Opa3oM, HECOPUEHTUPOBAHHBINH XOJIECTEPUUYECKH I KPUCTAJIJT BEAET Cce0s
NoA0OHO CYCMEH3UMW C NpeneibHbIM HAMPSXEHKWEM CABHIa, YTO YKa3biBae€T HA Ha-
JIMYUE HEKUX ArperatoB-1I0MEHOB, KOJIMYECTBO U pa3Mepbl KOTOPLIX YMEH bILIAKTCSI
C POCTOM CKOPOCTH C/IBMTA.

KoadhdpuMenTsl peosoruyeckoro ypasienust uMelot sua: 12 =0,57; 12 = 0,40;
v = 0. 3nechb, Kak 0ObIYHO, Bce eanH M B u3mepenusi Beucteme CH, 1.e. Ma'’%; (Mac)"?;
¢

[ToCcKONBKY XU AKHE KPUCTAIJIBI, B O0LLIEM, NPEACTABIISIOT COO0I AHU3OTPOMNMHBIE
cpenbl, TO aBTOPbI CTaThM [190] M3MepsiJiv HanpsiKeH Me CABUTa, Bpalilasi KOHYC Mo Ya-
COBOIi CTpeJIKe WU NMPOTUB YacOBOIi cTpeJiku. B xonecrepuueckoii hase pesynbrarbl
NpPakTHYECKH COBIAAAIOT, YTO CBSA3aHO CO CPABHUTENBHO HHU3KOM BA3KOCTBIO M, CO-
OTBETCTBEHHO, C OBICTPBLIM YCTAHOBIEHWEM paBHOBECHSI. B CMeKTHYECKOI# (hase BsI3-
KOCTb CYIIECTBEHHO BLILIE U CUCTEMB MEAJIEHHO AOCTUTAIOT PABHOBECHUS, OCODEH-
HO NMPH HU3KUX CKOPOCTSAX C/IBUTaA. XoJecTepuaonear B CMeKTHYeCKoii (pase (42°C)
onuchBaeTcsl ypapHenneM KsccoHa ¢ 10CTaTOYHO XOpolleil TouHocThio (177 = 1,8;
N/’ =0,99; 3 = 0). CmekTHueckas aza nnatui-4,4’-azokcuamnbensoara (DADB) no-
Ka3blBAET pa3Hbl€ pe3yabTathl J1s1 BpalllEHKsl 10 4acoBoi cTpesike (A) u npotus (B),
a Takxe 60JLLIOH pa3dpoc IKCNnepUMEHTANIbHBIX 3HaYeH Wi (puc. 9.11). Koadppurum-
eHThbl 0GOOLLEHHOTO YpaBHEHMsI TeYeHus1 JUls obpasiia A pasubl T/° = 4,4; 1/’ = 0,26;
v = 0,82, nns o6pasua B pasubi T/ = 5,0; /" =0,41; 3 = 0,11.

Takum 00pa3zoM, CMEKTHYECKME XM JIKHE KPUCTANI bl IEMOHCTPHPYKOT HEHBIOTO-
HOBCKOE TMOBEAECHUE, KOTOPOE OCNOXHSIETCA TUKCOTPONMHBLIM XapaKTePOM CHCTEMBI.
Hy>XHO OTMETUTD, YTO B OPpUTMHANBHOM padoTe [190] pesyabraTbl NHITAIOTCS ONMUCATD
ypaBHeHueM buHrama.

B obnactu HM3KMX CKOpOCTE HAOMIONAETCs CBEpXaHOMaliusl BSIBKOCTH, TH-
NUYHAasi KApTUHA JUJ151 HEPABHOBECHBIX CUCTEM, TJI€ HAMNPSIXKEHNUE CABUTa CHUIXKAETCS
C YBEJIMYEHUEM CKOPOCTHU caBUra. Kpome Toro, npu BLICOKMX CKOPOCTSIX Ha BepXHeii

KPHMBOI 3aMETEH aHOMAJIbHBI 1 YHACTOK, IIe HANPs)KEHHWE CABUTa BLIXOAUT Ha NNATO,
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Puc. 9.11. Kpupebie TeueHUs B CMEKTHUYECKOIT (pase xonecrepunoneara (TpeyronbHHUK)
npu 42°C, B cmekTHYecKoi paze DADB npu 118°C npu BpalileHHU NpoTHB
4acoBO#M CTpeNkKH (poMO) M MO YAaCOBOH CTpENKe (KBaapaT). B IBOMHBIX JIO-
rapu(pMHUYECKHX KOOpauHaTax (a); B KOPHEBLIX KoopauHaTax (0). JlaHHbIe
[190]

4YTO HANOMHWHAET SIBJIEHHE CPbIBA TEYEHH s, TANHWYHOE [JIsI MOJIMMEPHBIX PACTBOPOB
M pacnJjaBoB B 00J1aCTH BLICOKUX CKOPOCTEH caBura.

Peonoruueckoe noBeneHHe TEPMOTPONMHDBIX XHUAKOKPUCTAIJIMYECKUX MOJUME-
POB CXOJIHO C NMOBEJIEHHUEM OOBIYUHBIX MOJIMMEPH I X MATEPHAJIOB.

Ha puc. 9.12 npeactaBieHbl peOJIOrMYECKUE XapaKTEPUCTHKHU TEPMOTPOIHOIO
KM JIKOKpUCTAJIJIMYecKOoro nosumepa [205].

Cnenyet yrnoMsiHyTh, YTO B JIMOTPOMHBIX XX MJAKMX KpUCTaNnax MHoraa Habmo-
IAeTCsl XapaKTeEpHOE YNpPyroe nopeaeHue ¢ MUHUMYMOM 3aBUCUMOCTH (DYHKLIMH
N,(v) v 3aBucumoctu GpyHkiuu (N, (y) — N,(Y)). AHATOrH4HOE NOBEJEH UE HOPMaAJlb-
HBIX HAMNPSXKEHUIH OOHAPYXKEHO NMPU UCCIENOBAHUM pacrjiaBa NOJUITHUIIEHA BBICO-
Koit nnotHoctu (ITOBIT) [180], koTOpPHLIIiT HA 3TOM OCHOBAHWH MBITANTHCH OTHECTH

lgn [Mac] ol 77 Ma”
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2.5 400 }
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Puc.9.12. Kpupble TeyeHUs pacnyiapa TEPMOTPOMHOrO XMAKOKPUCTANJIHYECKOrO
noauMepa, NPeACTaBNEHHbIE B ABOMHBIX TOrapu(pMHUYECKH X KOOpAMHATaX
(@) v B KOpHeBbIX KoopauHatax (6). CnnowHbie AMHUKW NMOCTPOEHHI ¢ No-
moublo OYT. SkenepuMeHTaNbHbIE NaHHBbIE B3sSITH U3 padoTthl [205]
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Puc. 9.13. Peonoruyeckue xapakTepUCTHKH pacrnjabBa NoJU3THIEHA BLICOKON NMioT-
Hoctu (I9DBI): ¢ — 3aBucuMocThL BA3KOCTH (POMOBI) M 3aBMCHMOCTD

(YHKIIMHM HOPMAaJBHBIX HANPSAXEeHUH (TPEYroNbHUKH) OT CKOPOCTH CIBU-
ra npu 240°C; 6 — KpMBBIE TEUEHH I B KOPHEBHIX KoopauHaTtax ans [15BI1
npu 240°C (pom6bi) M 250°C (kpyru). laHHbie u3 padoTnl [180]

K K UIKOKPUCTANJITHYECKHUM CUCTEMAM. DTH IKCNEPUMEHTANIbHBIE PE3YNILTATH NPH-
BeJICHbI Ha puc. 9.13.

KpuBbie BSI3KOCTH ONMCHIBAIOTCS OOOOIIEHHBIM YpPaBHEHMWEM TEUYEHHWS, AN
[M3BI1 npu 240°C (0o6pasen; A) noayuennl 3nadenus 1/° =75,9; 0"’ =24,8; = 0,42,
ansi TIBBIT npu 250°C (o6pasen, C) — 3navenus /7 =64,3; n/’ =20,8; x=0,31.
[Mpu ckopocTu casura 0,02—0,03 ¢ ' HabnionaeTcss MUHKMYM Ha KpuBOit (N, — N,)(¥),
KOTOPbIi He CBA3aH ¢ KaKOH-JINO0 0COOEHHOCTBLIO HA KpUBO# N(Y). [ToaToMy MOXKHO
C/1€J1aTh BLIBOJ1, YTO YIIPYTHE U BA3KKE CBOMCTBA 3TOM MOJIMMEPHOH CUCTEMBI MOXHO
paccMaTpUBaTh HE3ABUCH MO.

B 3T0ii rase MbBl pacCMOTPEJIW CTallMOHAPHOE CABUTOBOE TEYEHUE paCIJiaBOB
pPasziUUYHBIX MOJIMMEPOB C TOYKH 3PEeHH I CTPYKTYPHOM peosiornueckoii Monenu. Ta-
KOW noaxosn siIBNSIETCS aNnbTEPHATUBHBIM TPAAUIIMOHHBIM MOJAEJISIM TEOPETUUYECKOM
PEOJIOTH M, KOTOPHIE ONMUPAIOTCS HA MEXAH MKY CTNIJIOLIHHIX Cpefl (rne ycTaHaBW BaKOT-
CS1 COOTHOUIEHU S MEX Y KOMINIOHEHTAMM HanpsixkeH ust U aepopMatlMi B BUJIE MaTe-
puanbHbIX (DYHKLIMI) UKW HA MOJIEKYJISIPHBIE MOAENU (Ta€ pacCMaTpuBaeTCsl B3au-
MOJIEMCTBHE CETMEHTOB MAaKPOMOJIEKYJIbl C OKPYXKaIOIIEH Cpeoit).

[Ipu gOCTATOYHO BBICOKOH TOYHOCTH WU3MEPEHHUMH W NPaBUJILHOM BbLIOOPE MH-
Tepana annpokcumanuu OY'1 MOXHO yBEPEHHO FOBOPUTH 00 3KCMOHEHIIUANTbHOM
3aBUCUMOCTH KOIDPUUKMEHTOB ) U 1), OT abconoTHOI Temnepatypsl T u o KpaiiHe
MaJIoil 3aBUCMMOCTH KO3 (uiHeHTa T, OT TeMneparypbl. [lonoOHbIe 3aKOHOMEP-
HOCTHU COOTBETCTBYET BLIBOAAM OOOOIIEHHON MOAETH TEYEH Usl HECMOTPS HA TO, YTO
pacniasbl NOJIUMEPOB, B O0ILIEM, HE OTHOCSITCS K CTPYKTYPUPOBAHHBIM AUCNEPCH BIM
CHMCTEMAaM. 31€Ch TAKKE MOKa3aHO, YTO UMEETCSI BO3MOXKHOCTbL CTPYKTYPHOrO Onuca-
HUS PEOJIOTHUYECKOTO NOBEACHUSI TEPMOTPOINHBIX XHUIAKHUX KPHUCTAJIJIOB, KAK HU3KO-
MOJIEKYJISIPHBIX, TAK U MOJIMMEPHBIX.



3akno4yeHue

PacnnaBul NOJIMMEPOB U TEPMOTPONHBIE XXUAKUE KPUCTANJIBI OOBIYHO HE OTHOCSIT
K AMCNEPCHBIM cucTtemMaMm. OAHAKO WX KPUBBIE TEYEHHSI (WJW BSA3KOCTH) CXONHBI
C KPUBBIMU, TUMMUYHBIMK JUJISi PACTBOPOB NOJIMMEPOB WJIM CycneH3uid. B cooTreT-
CTBHUM CO CTPYKTYPHOI MOJIENbIO KPUBBLIE TEUEHU ST PA3LENSIOTCA HA YYACTOK HBIOTO-
HOBCKOIO TEYEH M1, YY4ACTOK CABHTOBOTO Pa3XMXEHM S (MAACTUYHOE WKW NCEBAOIIA-
CTHUUYHOE TEYEHHME), YUACTOK CPbIBA T€UEHUs1. POJIb arperatoB YaCTUILL MTPAIOT FPYNIbI
MAaKpOMOJIEKYJI, CBSI3aHHBIE 3aLENJIEHUSIMHU (MJIW JIOMEHBI B XOJIECTEPUYECKUX WM
CMEKTHYECKMX X MJIKMX KpUCTAJJIax).

Jnst U3y4EHHBIX pacnjiaBOB MOJIMMEPOB NMOCTPOEHbI OOOOIIEHHBIE KPUBbBIE BSI3-
KOCTH B MPUBEACHHBIX KOOpAWHATAX U TEMIEPATYPHO-BPEMEH HAsI CYTEPIO3HLLMSL.
DKCMOHEH LLWAJ bH bIE 3aBUCHUMOCTH KOI(MPUILIMEHTOB ¥ U 1), OT 00OPATHOI a0CONIOTHOIM
TEMMNEPATypbl U HE3ABUCMMOCTb BEJIMYMHBI KOI(D(DUIIMEHTA arperalmm T, OT TEMIE-
patyphl pacrnjaga nojiuMepa COOTBETCTBYIOT MONOXEHHSIM CTPYKTYPHOI peosioruye-
CKOIl MOAENN.



NMABA 10

YTIPYTOCTb N BASKOCTb
NP1 CTALNOHAPHOM
TEHEHUNA

Ynpyrue cBOHCTBA NP CTAIIMOHAPHOM TEYEHKU U, @ UMEHHO: TIEPBasi U BTOpPasi pa3Ho-
CTH HOPMAaJIbHBIX HANPSAXKEHUH — HE SIBJISIIOTCSH 0013aTENIbHBIMM J1J151 BCEX CTPYKTY-
PHPOBAHHBIX CHCTEM, & HAONIOAAIOTCSI OOBIYHO B pACTBOPAX U pacnJjiaBax nojii MEPOB,
IMYJILCUSAX, MULIENNISIPHBIX cucTeMax. [TO3TOMY MOXHO IONYCTHUTL, YTO OHU CBSI3a-
HBI C YIIPYTHMH XapaKTEPUCTUKAMMU CAMHUX EAMHU L TEYEHH A1.

Bsizkue v ynpyrue CBOWCTBA NPU CABUTOBLIX KONEOAHUSIX ONPEAECAsIIOTCH B JIU-
HAMMWYECKUX U3MEPEHUSAX U BHIPAXEHBI MOAYJISIMU BA3KOCTH (MOTEPL) U MOAYJISIMU
ynpyroctu (HakonaeHusi). OnHaKo OCTAeTCs OTKPBITHIM BOTMPOC: sIBJASIOTCS JIW C/1BU-
rOBLIE KOJIEOAHM S pA3HOBUIHOCTbIO HEHBIOTOHOBCKOTO TEYEHUS?

B npenmecTByonimx rmapax OblJio NOKa3aHo, YTO BSI3ZKOCTb NPU CTALIMOHAPHOM
TEYEHUH JIUCMEPCHBIX W MOJTUMEPHBIX CUCTEM MOXET ObIThH onucaHa 6e3 npueneye-
HHUS YOPYTHX XapaKTEPUCTUK BELLECTBA. 31€Ch MBI NMPeAnaraecM onucaHue ynpyroro
NOBEAEH NSl B pAMKaX CTPYKTYPHOM PEOJIOr HU€CKON MOAEIH.

10.1. Ynpyrmne ceoicTea NnosiMMEpHBIX N AUCNEPCHBIX
CUCTEM NPU CTALMOHAPHOM TEYEHUN.
[lepBas pasHOCTL HOpMasIbHBLIX HaNPMKEHWI

B HacTosiniee Bpemsi yrpyrue cBoiictBa OObSICHSIIOTCSI NTPEHMYLIECTBEHHO B paMKax
TEOpEeTHYECKOIi peonoruu |9, 13, 14], To ecTb HA OCHOBE MEXaHUKH CNJIOHIHBIX CPEJI.
JInst onucaHusi peOJIOTMYECKOTO NMOBEAEHUS MATEPUAJIOB MCIONB3YOT MEXaHH4YE-
CKHE MOJIEJIH, /LTSl KOTOPbIX COCTABS IOT M DEPEH LIMANbHHIE YPABHEHKS, KYJa BXO-
JIAT pasiudHbIE KOMOMHALIMK YIIPYTUX U BA3KKUX XapakTepucTuk. B cralilmoHapHom
CIBUTOBOM TE€YEHWH YMPYTHE CBOWCTBA MPOSIBASIIOTCS B BUIE HOPMAJIbHBIX Harm psi-
xeHuii. O0buHO paccMarpuBaloT [13] Tpu Marepuanbibie QYHKIMU: BI3KOCTD 1(Y);
NEPBHI1 U BTOPOIi KO3(P@MUUHMEHTH HOPMaJIbHBIX Hanpsixkenuit W (y) u W,(y). Hanps-
XKEHHWE C/IBUTA M PA3HOCTU HOPMAJIbHBIX HAMPSIKEH W1 CBSI3aAH Bl CO CKOPOCTHIO CAIBUTa
CNEAyIONIMMHU ypaBHeHUusAMU: T=N(Y)¥; N, =1, -0, =¥,(DV; N, =1, - T, = (V)Y
PazinyHbie TEOpHH MPUBOAST K pPa3sHOOOPa3sHBIM KOHCTHTYTHBHBIM YPAaBHEHMSIM
HEHBLIOTOHOBCKOIO TEYEH M1, HAYMHAas C KNaCCUYECKOI MexaHuuecKoii Mmoaenu Mak-
cBeJiJ1a BIJIOTH 10 Moaenei Onapoitna, xxueckyca 1 MHOTHX UX MOAM(pPUKALIWA.
KOHCTUTYTUBHBIE YPABHEHMUS 1715l BSI3KOCTH U NEPBOI pa3HOCTH HOPMAaJIbHBIX Ha-
NPsi)XEHUI UMEIOT CXOIHBII BUJL B pa3JIMYHBIX TeOpUusix [13]: Hanpumep, B MOAENTH e
Burtra:
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B monenu Onapoiiaa nonyyeHo CXOaHOE BulpaxkeHue, B kauecTse npumepanpuie-
JIEM BHIPAXEHHU Sl MaTepHanbHbIX PYHKLIMIT, nonyyeHHbIe B Teopuu bépna u Kappo:

ST SRR i) F YRR L i TR
=1 ] +(}*-|I,Y) =1 ] +(}"|FT) =1 |+(}"|FY)
BLiGrpasi 10CcTaTOuHOE YUCSIO CJIAraeMBIX B 3TMX CYMMaX, MOXHO MOJYUYHUTh 10-
CTATOUYHO XOopowiee CXONCTBO TCOPHH C IKCINICPUMEHTOM.
Ucxons w3 npuBEAEHHBIX BHIIIE BHPAXEHWIl, MOXHO CUMTATh, YTO OOLIYHAS

¢opma koapPpuumnenta ¥, umeer Bu:

N A
W, (§)=— = ,
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rne Awu B npenctapnsiioT CO00M COYETAHUE HEKOTOPHLIX MATEPHAJIbHBIX KOHCTAHT.
B 3TOM ciiyyae, HE3aBUCHMO OT XapaKTepa TEOPUK, AaCHMITTOTHYECKOE NOBEEH HE
koo duumrenTa ¥, uMeeT cneaymii BUa:

eciny = 0,W, 2 A, N, = Ay’ ecnuy » oo, N, = A/B.

Takum 0Opa3zoM, NpyU HU3KKX CKOPOCTAX CABMIa Y NMpeanonaracTcsi KBaapaTtuu-
Hasi 3aBUCMMOCTB NV, OT CKOpOCTH caBuray. [pu BHICOKHMX CKOPOCTSIX CABMTA Y NMpej-
NOJIAraeTCst ACUMMNTOTUYECKOE NMPUOJTUKEHUE BENUUUHBI N, K HEKOTOPO# NMOCTOSIH-
HOM BENUYKHE A/B.

HM3mepenre nepBoii pasHOCTH HOPMalibHbIX HANpsixeHu N, =1, — T,, OOLIYHO
NPOU3BOAST B POTALIMOHHOM BUCKO3UMETPE C CUCTEMOM KOHYC—IIJIOCKOCTh. B BsI3-
KOYTNPYTHUX XUIKOCTSIX BOBHUKAET CUJia, ICMCTBYIOLLAsS BAOJIb OCH BPALLIEHHU S U CTPE-
MSTLLLASICS YBEJIMYUTH 3230 MEX 1Y KOHYCOM M MJIOCKOCTBIO | 14]:

p_Ta N - plaw)’

2 6
HBI€ CHJIBI, CBA3aHHBIE C YIJIOBOI CKOPOCTBIO BPALIEHHS (. 30E€Ch ¢ — PajMyC njia-
CTHUHBI (KOHYCA), O — YIJIOBasi CKOPOCTH BpAIllEHUsI KOHYCA, P — MJIOTHOCTh XWJI-
KocTH. CUMTAIOT, YTO ITA NONpaBKa O/IM HAKOBA KaK /U1l HbIOTOHOBCKOI#, TaK W Jisl
HEHbIOTOHOBCKOI1 3K MIKOCTH.

bu1y1o otmeueno [201], 4TO Npu ManbiX 3HAYEHUSIX CKOPOCTH CIBUTA'Y UBMEPEH U
3aTPYAHEHbI, OJIHAKO TEOPH Sl NPEANONATAET /U151 OUEH b MAJBIX 3HAYEH M1 Y CY LIECTBO-
BaHWE€ KBAaJpaTuYHOi 3aBUCUMOCTH N, = ¥,(0)Y’, rae ¥, (0) — mocTosiHHasi NONOXMU-
TeJNIbHAsA BEJIMYHHA.

D¢ dekT Beiiccenbepra 1 HOpMaNbHBIE HANPSI)KEHUSI TUMHUYHBI 1S1 PacnjiaBOB
NOJIMMEPOB W KOHLIEHTPUPOBAH HbIX PACTBOPOB MOJIMMEPOB, /1€ 1IN HEIi HbIE MAaKPOMO-
NIEKYJIbI O0OPa3yIOT CTATUCTUUYECKHE KJTYOKH. DKCNEPUMEHTANIbHBIE TPA(PUKH TEMOH-
CTPUPYIOT DOJIBLIOE CXOACTBO MEXAY KpUBBIMU (byHKLMI T(Y) U N, (Y) Mn KpHBHI-
MU GyHKUMii N(Y) 1y, (Y). HacTo npeanonaraior, YTo B Npeaesax HU3KMX U BHICOKHX
CKOpOCTEli § MMEET MECTO KBaJpaTHyHAas 3aBUCHMOCTb N, ~7°, a MpOMeXyTOUHbii
y4aCcTOK KpHBO# NpHUOJIMXKEHHO ONMUCKHIBAETCSl CTENEHHBIM 3aKOHOM (UTO Habnoaa-
€TCsl B JIOTapUu(PMHUUYECKHX KOOPANHATAX).

, OTKY/Jd PACCHUTH BAKOT BEIHYHHY NI! YUHUTBIBASI HHEPILIWOH-



U3 monenn Onapoiina caenyet, 4yto BeanunHa N, =-2n(A, —A)y’, rne A, n A, —
XapakTepucTuyeckue BpemeHa. B Teopum MosieKyasipHbIX 3auenseHuit I'peccim
npeackas’aHo, YTO ypaBHEHHUE IJIs1 MEPBON Pa3HOCTU HOPMAJIbHBIX HAMPSIXKEHU Oy-
net uMetb BuI: N, =f(M, T, nO)Y’, roe M, T, n(0)) ecTb BYHKLMSI MOJIEKYJISIPHOI
mMacchl nosimmepa M, remnepatypbl T U HAMOOJbLLIEH HBIOTOHOBCKOM BszkocTu 1)(0)
B npeneney — 0.

[IpyyvHB BA3KOYNPYroCTU PacCMOTPEHBI B MOJIEKYJISIDHB X Monensix. Hanpu-
Mep, OBLJIO CEJIAHO MPEATNOJIOKEHME, YTO MPHU YCTAHOBH BLUEMCSI CZIBUTOBOM TEYEHUH
MaKpPOMOJIEKYJibl BpalllalTCsl ¢ HEKOTOPOM YIJIOBOI CKOPOCTHIO. 3a MOJIHBII 000opoT
MaKpOMOJIEKYJIAa UCTTHTHIBAET PACTSIXKEHUE U CXKATUE, TO €CThb MOABEPraeTcsl nepmo-
JNYECKOi nedopMalMy ¢ 4acTOTOM (), MPOMOPLIMOHANBHOI cKOpocTH caBura . [le-
PENnJIETEH sl MAK POMOJIEKYJT UJIM UX 3aLerJIEH s (TO eCTb 00pa30BaHUE BPEMEHH B X
CBSI3EH MEXIY COCEAHHUMM LIENMsIMHU) CO3Aal0T COMPOTUBAEHHUE TE€YEHUIO. TIpUHSATO
CUMTATh, UTO MEPBOHAYAJILH BIM PE3YJILTATOM CIBMTA SIBJISIETCS PA3PYLLUEHHUE MEXMO-
JIEKYJISPHOTO B3aUMOAEHCTBH S, KOTOPOE OOYCIOBJIEHO MEPENJIETEHUEM LIETEIA.

B wactHocTn, no treopun I'peccnin, CHUXEHME BA3KOCTH Cpellbl B 3aBUCHMOCTH
OT CKOPOCTH CIBHIa €CTh CJEACTBUE YMEHbLUIEHUS MJIOTHOCTH CETKM 3aLenJeHUuH
B pe3yJibTaTe CaBura.

[1py nepopMUPOBAHMH MOJIEKYJIH PACTATUBAIOTCS B HAMPABJIECHHUUW MPHUJIOXKEH-
HOIl cunbl. Hanpumep, B Monenu Paysza— 3umMMa MakpoMOJieKyaa MnpeacraBiieHa
B BUE OYCMHOK, COCAMHEHHBIX CIUpassiMU. BYCHHKN MOOENUPYIOT LEHTPH Tpe-
HUSI B XXUAKOCTH (BSI3KYIO KOMITOHEHTY), CIMPAJIU OMUCHIBAIOT MEXMOJEKYSIPHOE
ynpyroe noseaeHue. [NosTomy rnpm caBure XWakoCTb MposiBASIET YIPYrue CBONCTBA,
CBSI3AHHBIE C AepopMa e CeTKHU. Taknm 00pa3om, CYLLIECTBYET MHEHHE, YTO YIIPY-
rasi CuJjia, nNEPNECHAHUKYISAPHaA HANMMPABJICHUW IO TEHEHHW A U BBIPAXKEHHAA YEPE3 MNMEPBYIO
Pa3HOCTh HOPMAaJIbH BIX HAMPSIXXEHW I, CBsI3aHa ¢ neopmanmeil MaKpoMOJIEKYJT TN
MX aCCOLMATOB (WJIKM CETKM) NMoA NEMCTBUEM CIBUTOBOTO TEYEH M5,

CpaBHenue [194] ynpyrux cBOICTB pacTBOPOB NOJIMMEPOB € XXECTKUMU U THOKH-
MW MAKPOMOJIEKYJAMHU MPHBEJIO K HEOXMAAHHOMY PE3YJIbTaTy. MPU MPakKTUYECKH
OIIMHAKOBOM BSI3KOCTH PE3KO pa3jinyaloTcsl ynpyrue cpoiicrba. ABTop cratbu [194]
BHIPA3KJi 3TO CACAYIOLIIMMM CIIOBAMMU: «TeM U3 HAac, KTO BOCITUTAH HA IMETE MEXAHUKH
CIJIOLLHBIX CPEA, MOXHO MPOCTUTH YOEX IEH Me, YTO YN pyrasi X MAKOCTb €CTh yIpyras
XWIKOCTb, KaK OBl OTAENEHHAS! OT MUKPOCTPYKTYPH... YOEXK IE€HHOCTH MOXET MOKO-
J1e0aThCsl, TOJILKO KOraa (PaKTHYECKUE PEOJIOTUYECKHNE IKCIMEPUMEHTH BH MOJIHEH B
Ha CUCTEMAX, MMEIOLLINX PA3HYIO MUKPOCTPYKTYPY».

YeneurHoe npuMeHeH e 0000IIEHHOTO YPABHEH WS TEYEHUW S AJ1s1 OMMUCAH WS HE-
HbIOTOHOBCKOM BSI3KOCTH PAaCcTBOPOB U PACIJIABOB MOJUMEPOB CTUMYJIMPYET MOMbIT-
KY UHTEPMPETUPOBATL YNPYTHE CBOMCTBA 3THUX CUCTEM C MOMOLILBLIO CTPYKTYPHOM
PEOJIOTMYECKOI MOAEIIH.

10.2. CrpykTypHasa Moaenb ynpyroctu npm
CTaLMOHAPHOM TEYEHUU

CTpyKTypHas peosiorunyeckasi MOAeJsb MoO3BOJinaa Noaydyuth 0000IIEHHOE ypaBHE-
HUE TEYECHM S B BUJIE



I,J"Z

If? "i’ +T|”2T (10.1)

YO+

rae KOPpPUUMEHT 1:] ’ XapaKTEpPU3yeT CTEMEHb arperalmnm CUCTeMbl, KOIPPULIMEHT
1]"’ 2 ONMUCHIBAET BA3KOCTD Mpu O0OTEKAHM U OTAEbHBIX YACTULL BSI3KOH NMCNEPCUOHHOM
cpenoit, KOAPMUILIMEHT ¥ BLIPaxXXaeT COOTHOLLIEHUE MEXKAY CKOPOCTbIO CMOHTAHHOTO
pa3spyuLIEHUs arperata U CKOpPOCTbIO pa3pyLICHH sl arperata B C1IBUTOBOM TEYEHU U MO/
JECTBUEM PACTATUBAIOLINX THAPOAMHAMHUYECKUX CUJI. B TO xe Bpemsi Koadduum-
€HT ¥ CBSI3aH C XapakKTEePOM YIMAaKOBKHW 4YaCTHMLl B OTACJIbHOM arperare u CTPEMHUTCS
K HYJIIO, €CJIM BO3HMKAET CrJIOLIHAsI CETKA YaCTULL.

Bsencm ypaBHCHMC Jisl mapameTpa yrnpyroctu, a MMCHHO AJisi ICPBOA Pa3HO-
CTH HOPMaJIbHbIX HANPsiXkeHuit N, =T, — T,, npeanoaarasi aHajaoruio mexay NV, u Ha-
npsi>xeHnem capura t. INoCKONIbKY YpaBHCHHUE AJis1 BA3KOCTH B CTPYKTYPHO#H MOACIH

(CM. 171, 2) MOXXHO NPEeACTABUTh B BUAE
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TO, COOTBETCTBCHHO, TSI HOPMaJIbHbIX Hanpmxeﬁniii 3darnuuicm
N\"? =n/"*()y""* + DN, §"*. (10.3)

3necb D v B — MOCTOSIHHBIE BEJIMMUHbBI, HE 3aBUCSILIIME OT CKOPOCTH CIBMTA,
N, — KOJINYECTBO MAaKPOMOJIEK Y, 00bENMHEH HbIX B ACCOLIMATHI, KOTOPbIE 00NanaoT
YIIPYrUMHU CBOMCTBaAMM.

OTHOCHTEJILHOE YHUCJIO ACCOLMMPOBAHHBIX MAKPOMOJIEKYJT ONMPEAENsieTCs ypaB-
HEHHEM:

Ny kl (10.4)
N k ¥ thv:[J
rne N — rnoaHoe 4YMCio MaKPOMOJIEKYJI BEIMHULIE OObEMa, Ez — KOHCTaHTa CKOPOCTH
(hopMHpoBaHM s ACCOLIMATOB, !Zn — KOHCTAHTa CKOPOCTH CIMIOHTAHHOTO Pa3py LUEHMK s
accoLmaroB, kK, — KOHCTAHTA CKOPOCTH Pa3pyLLCH MW s aCCOLIMATOB (pa3pbl Ba 3aLIernJie-
HWIT) Noa ACHCTBUEM PACTATUBAIOLIINX THAPOANHAMUYECKUX CHJI.
INocne noacranoBku (10.4) B (10.3) nonyynm ypaBHECHUE
1/2 _ DNk: - 1/2
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YuurbiBasi, 4YTO 1: BN(k /k) ay= kﬂ/k,, MOXHO MOJIYYUTh YPAaBHEHHE NS
NECPBOI Pa3HOCTU HOPMAJILHbIX HAMPSI)KCH UA:
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IlepBoc ciaracMoe npeacraBasicT COOON CTPYKTYPHYIO 4aCTh YIPyroctu, ooy-
CNOBMIEHHYIO aCCOLIMaTAMHU MaKPOMOJICKYJI; BTOpast 4aCThb OMUCHLIBAET COOCTBEHHY IO
VIPYrocTh OTAECJIbHLIX Makpomosnekya. BennuunHa koagp@duumeHTa ¥ ykasbiBaer
Ha KOMMNAKTHOCTb MJIK PHLIXJIOCTh aCCOLIMATOB MAaKpOMOJIEKYJT U, B OOLLEM, JIOJIKHA
ObITb OJIM3KA K aHAJTIOTMYHOMY KO(dD DU LMeHTY B 000011IEHHOM YPABHEHHU U TEYEH U S,
JIJiss KpaTkoCTH O0O003HAYMM CTPYKTYPHBbII KO(MP(PUUMEHT YNpPyroctum Kak

= (D/B)t"” n monekynsipHblii KOA(MMULMEHT yNPYrocTn Kak n_ = n,’*(co).

() ¥ (10.6)



Takum 0O6pa3oM, ypaBHEHHE Jisi HOPMaJibHbIX HaMpsikXeHWil mpuobperaeT BU,
CXOAHbI ¢ 0000IIEHHBIM YPABHEHUEM TEUYEH U SI:

Nll,fz _ _Uz'"_w' ,;{|;2+nm ?l,u’ (10.7)
Y+ X
rae ng — KO3I(P@MUUHUEHT YyNPYroCcTH arperaTos, #_ — KO3IP@UUMEHT yNPyroctn Ma-
KPOMOJIEKYJT; KOIPGDULIMEHT YIPYroi YMaKOBKH ¥, BbIPAXAET COOTHOLLEHWE MEX Y
CKOPOCTbIO CMOHTAHHOTO Pa3pyLLUeHU 1 yIPYTroro arperata 1 CKOpOCThIO pa3pyLIeHUsl
Yy pyroro arperata B CIBUrOBOM T€YEHM M MOJ1 ACHCTBHUEM PACTSITH BAIOLILW X THIPOJIM -
HaAaMMWYECKHUX CHJIL.

ACMMNTOTHYECKOE MOBEAEH Me 000OIIEHHOTO YPABHEH U YITPYTOCTH UMEET CJie-
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IMpn HU3KKMX CKOPOCTSIX CABUIrAa Y MPEAnosaraerTcsl JMHeliHasi 3aBUCUMOCTL N,
OT ckopocTu capuray. I'lpn BBICOKMX CKOPOCTSX CABUTA Y MPEAMNOAAraeTCsl ACUMITO-
THYECKOEe MPUOIHNXKEHHUE BEJIMYMHBI NV, K MPSIMOii B KOPHEBBIX KOOPAMHATAX.

Takum 00pa3oM, peosIOrnueCcKOe MOBEAECHHE, OMUCHI BAEMOE CTPYKTYPHONH MOJe-
JIbIO, OTJIMYAETCSI OT PEOJIOTMYECKOTO MOBEAEHMsI, KOTOPOE MPEACKa3blBAIOT CYlle-
CTBY IOLIIM€ TEOPUH, OCHOBAHHbIE Ha MPEACTABIEHUSIX MEXaHU KU CIUJIOLIHbIX CPejl.

10.3. ['lepBasa pa3HOCTb HOpMasibHbIX HaNPAXKEHUI
B NMOJSIMMEPHBIX pacTBOpax

PaccMOTpHUM BSI3KOC M yNIPYroe MOBEACHUC MPH CTALLMOHAPHOM CABUTOBOM TCUYCHHWM
BOJIHOIO pacTBopa nonnakpunamuia [194]. Kpusasi teyeHmsi T(y) m KpuBasi ynpyro-
ctu N,(7y), nokazaHHble Ha puc. 10.1, a, SBHO HE MOAYUHSIOTCS CTENMEHHOMY 3aKOHY,
XOTs1 17151 ONMCAH U PEOJIOTHYECKOr0O NOBEACH U S BSI3KOCTH U YIIPYTOCTH HA MHTEPBA-
Jie BLICOKM X CKOpOCTE c1BUTa OObIYHO MCMOJIb3YIOT UMEHHO CTENEH HOM 3aKOH.

Annpokcumaiiusi ¢ nomoublo  ypaBHeHui (10.1) wn (10.7) npencrasneHa
Ha puc. 10.1, 6.

Bupameﬂ sl CyMMBl KBaapatoB pasHocteit B Buge CKP=) (1"'-1/" )
n CKP=Y (N)""-N2.)" obecneunsaloT HanGONbLIEE CXOACTBO PaCCYNTAHHDBIX
W 9KCIMEPUMEHTAJIbHBIX BEJIMYUHUH B 00JIaCTH BLICOKU X CKOpocTeil caura (puc. 10.1, a
W 0, CTIJIOLIHASI INHUS),

KoaddpuumneHTbl ypaBHEH Mt BSI3KOCTH U YIIPYTOCTU npeactasieHbl B Tada. 10.1.
I'lpy 5TOM B HEKOTOPBIX C/ydasiX 3Ha4eHUsl KOIPGULIMEHTA ¥, MOJIYYEHHBIE U3 NaH-
HbIX MO BA3KOCTH, UCMOJIL30OBAHbI MMPU PACYETE YIIPYTUX CBONCTB.

3BE3004YKOI OTMEUEHO 3HAaYEHHE KOIPMUIMEHTA ¥, KOTOPOE B3SITO U3 pacyeTa
BSI3KOCTH M UCMONb30BAHO MPU PACYETE PA3HOCTU HOPMAJTbH bIX HAMPSIXKEH U A.

PaccmMOTpuM BS3KOE M yNpyroe rnopeaeHue apyroro oopasua BOAHOrO pacTBopa
1,2% nonnakpunamupaa (Separan) npu 30°C [154]. Pacuet nokasasn, 4yTo B JaHHOM
cnyyae Kop@OUUMEHTHI ) ISl BA3KOrN0 M YyNpyroro noBeaeHusi JOJXHbI ObITh pa3-
JINYHDbI, XOTS U HMEIOT OJINH NMOPSA0K BEJIMYHHBI (Tad. 10.1).
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Puc. 10.1. Peonoruueckoe nopeaeHue 2%-HOro BOAHOrO pacTBOpa noJvaKpujiaMuaa:
3ABMCHMMOCTb Hanpsi>keHwus capura (KBagparsl) U NepBoil pa3HOCTH HOP-
MaJIbHbIX HaNpsiXXeHUH (KPpy>XKKH) OT CKOPOCTH CIBMra B ABOMHBIX NOra-
pudpMHUECKHUX KOOpOMHAaTax (a); KpyBas TCYEHUHA M KpHBasi yrnpyroctu
B KOpHEBbIX KoopauHartax (6). [lyHKTHUpHasi TMHHUSA COOTBETCTBYET JIMHEH -
HOH 3aBHCHMMOCTH U3MEPEHHON BEJIMYMHBI OT CKOPOCTH caBura. Jlanuwie
u3 padoTtsl [194]

Taonuna 10.1. Peonorumyeckue xapakTepMcTHKHM PacTBOPOB MOJIMMEPOB, BA3KOCTb
M MnepBasi pa3HOCTb HOPMaJIbHBIX HANPSIXEHUI (pa3MEepHOCTL CUCTE-

mMbl CH)

PacrBop nonumepa | Y x| M70) | ng | n. Xsi

2 % nonuakpujiammi 553 0,20 10,337 | 16,6 | 6,74 | 1,97 | 0,337
1,2 % nonunakpunamma (Separan) 460 0,154 | 1,69 | 2,88 16,800,209 | 4,66
2% nonnakpunamua (Separan AP-30) | 5,00 | 0,250 | 0,566 | 9,08 | 6,24 | 1,39 | 0,566*
3 % nosMcTHpO B TOJYOJIE — — — — 1,5 (0,123 | 1,87
3 % NOJNIMITHIEHOKCH /1 6,26 | 1,06 | 0,203 | 31,9 | 144 | 2,79 | 0,626
3 % nonusTHUneHOKcHa (c nonpaekoit) | 6,26 | 1,06 | 0,203 | 31,9 | 13,3 | 3,01 | 0,469

bosnee BaXHO TO, YTO IKCNEPUMEHTANIbHbIC 3HAYEH USI B paifOHE HU3KHUX CKOpO-
cTeil yXonsiT ¢ TeopeTHYecKoi KpuBoii ynpyroctn (puc. 10.2, a, 6), HO ¢ XOpoLucH
TOYHOCTBIKO OMUCHLIBAIOTCA MPSAMOI B TMHCHHBIX kKoopanHaTtax (puc. 10.2, 6). Takum
00pa3oM, MpU HHU3KKUX CKOPOCTSIX YPABHEHME JLJIsl HOPMaJbHbIX HAMPSIXKECHUN Npu-
HUMACT BUL

N, = ngy + AN, (10.8)

3nech BennunHa AN, =-0,04 INa, 4yTO MOXHO CYUTATH CUCTEMATHYECKOIH OLLINO-
KOIl 3KCMepuMeHTa, CBSI3aHHOII C OLIMOKOM NMpM YCTAHOBKE HYJIS B M3MEPEHMSIX
ynpyroi cujibl. C Apyroi CTOPOHbI, KOJIMYECTBA IKCMEPUMEHTANIbHBIX TOYEK SIBHO
HEAOCTAaTOYHO /15l OIHO3HAYHOIO OTBETA.

Teuenne BonHOro pacrpopa nojinakpuaamuna (Separan AP-30) ¢ KOHUEHTpA-
umeit 2% wcnonb3oBaHo B KHure [130] kak nmpyuMep TUMMYHOTO PEOJIOrMYECKOro
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Puc. 10.2. Peonorunueckoe nopegeHue 1,2%-HOro BOLHOro pacTropa noJiMakpujamu-
na (Separan): 3aBUCHMMOCTb HANPsIXKEH M1 CABMTa (KBaapaThl) U MepBOi pa3-
HOCTH HOPMAaJILHBIX HAMPSIXKEHUK (KPY>XKH) OT CKOPOCTH CABMTa B ABO¥-
HBIX JOrapu(pMHUYECKHUX KoopauHaTax (@), KpMBasi TEHEHUS M KpHUBas
YOPYroCcTH B KOPHEBLIX KOOpAKMHATAaX (6), KpUBasi ynpyroctH B IMHEHHBIX
KOOPAIMHATAX MPH HU3KKUX CKOpOoCcTaX caBura (g). [yHKTHpHAasi THHUSA CO-
OTBETCTBYET JIMHEHHOH 3aBUCHMOCTH M3MEPEHHOW BEJIMYHMHBI OT CKOPO-
ctu caBura. Jlanunie u3 padotsl [154]
Tabnuua 10.2. 3aBUcMMOCTb NEepPBOi Pa3HOCTH HOPMAJIbHBIX HAMPSIXKEHU I OT CKOPO-
cTH caBura 2%-xvoro BoaHoro pactBopa Separan AP-30 npu 289,5°C
[130]
7, ¢’ 0,113 0,178 0,283 0,449 0,712 1,13 1,78 4,49
N,,lla 4.82 7,23 11,60 19,80 22,20 27,95 34,70 57,8
7, ¢’ 7,12 11,25 17,83 28,3 449 71,2 112,5 89,6
N, Ila 72,3 90,6 125,30 154,20 221,70 318,60 424 10 366,30
¥, ¢ 56.4 35,6 22,5 14.2 8,96 5,64 3,56 2,25
N,Ila 269,90 192,8 163,8 120,5 96,4 84,8 62,7 43,4
7, ¢’ 1,42 0,896 0,564 0,356
N,Ila 38,6 25,1 20,3 10,6

noBeAcHUs pacTBopa nojumepa (tada. 10.2). Ha puc. 10.3, ¢ npeacraBiieHbl KpuBasl
TCYCHHUSA U KPUBas YNPYroCTHU, OTKPLITHIC KPYXK KW OTMEUYAIOT JAHHbIC, HE BKJIKOYEH -
Hbi€ B anmnpokcumarm o ypapHenuem (10.7).

JlaHH bI€ IUIS1 HU3KMX CKOPOCTEH MOKAa3aHbl OTAEJILHO B JIMHEH HbIX KOOPAMHATaX
Ha puc. 10.3, 6. BuaHa noCcTaToO4YHO XOpoLwlas IMHElHas 3aBucMMOCTh Buaa (10.8), roe
AN, =+0,2209 I'la. B kopHeBbiX KoopanHarax (puc. 10.3, 6) nokazaHa annpoxkcuma-
M1 y4aCTKa BbICOKMX cKOopocTeii capura ypasHeHuem (10.7). B tabn. 10.1 nanbl 3Ha-

yeHUs1 KOIGOHULIMEHTOB YpaBHEHMW, OMUCHIBAIOIINX BSI3KOCTb U YITPYTOCTb.

B npuBeneHHbIX KoopanHarax (puc. 10.3, 2) ypaBHeHHe TpeHa MO3BOJISIET He-
MOCPEACTBEHHO MOJYyYuTh 3HayeHms ng = 6,11 (IMa)”> n n_= 1,43 (Na-c)’, 6anskne
K 3HayeHusim B Tadbn. 10.1.
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Puc. 10.3. Peonoruueckoe noseaeHue 2%-Horo BOAHOIO pacTBopa noJivakpuiaMmuaa
(Separan AP-30 npu 289,5 K): 3aBucMMOCTb HanpsiXeHu s caBura (KBaapa-
ThI) U MEPBOKM PA3HOCTH HOPMAJIbHBIX HATIPSIXKEHMH (KPYXKH) OT CKOPOCTH
CIBMIa B IBOMHBIX JJOrapupMHUUECKHX KOoOpaMHaTax (a); KpuBasi ynpyro-
CTH B JIMHEHHBIX KOOPAMHATAX NMPH HU3KKUX CKOPOCTSAX capura (0); KpuBas
YAPYTOCTH B KOPHEBLIX KOOpAMHATAX (8); IMHEApH3aLK sl KPHBOHW YyIIPyro-
CTH B MpMBeseH HbIX KoopauHaTax (2). JlanHbie s padotsi [130]

B xuure [130] npeacrasnens rpapuku N, (y) 1nst paCTBOPOB MOJMCTUPOJIA B TO-
nyone. OHM JOMKHbI ObITU MOKA3aTh, YTO MPH OYEHb HU3KHUX CKOPOCTSIX CABUIA 9KC-
MEPUMEHTAJIbHbIE TOYKH BHIXOAST HA KBAAPATHYHYIO 3aBUCMMOCTL N, ~ 7.

B 1BOIH BIX JIOrapU(PMUYCCK UX KOOPAUHATAX, ICHCTBUTCJILHO, BUIHA TCHACH LU
K Takoii 3aBucumMoctu (puc. 10.4, a). OnHako B ainHel HbIX KoopanHaTtax (puc. 10.4, 6)
BMHA JINHCIHAsi 3aBUCUMOCTL NV, = ny + AN,, rae AN, = +0,906 [la.

Ecav npeanonoXxuTh, YTO CYLIECTBYET CUCTEMATUYECKAsi OLLIMOKA U3MEPEHMUSI, TO
MO>X HO BBECTH MOMpPaBKy Ha 3Ty BesinduHY. [locsie ymeH biieHusi 3HadeHuit N, Ha AN,
MOJIYYUM 3HAYCHH S, KOTOPBIE MPAKTUYECKH COBMAAIOT C HCXOIHbIMH 3HAYEHUSIMH
B 00J1aCTH BBICOKHX CKOPOCTEN CABMUIra, HO JIOXKATCSl HA MPSIMYIO MPH HU3KUX CKOPO-
CTAX CABHTA (32 UCKJTKOYECH MEM MEPBOM 3KCNEPUMEHTAJILHOI TOUKM).

PaccMOTpyM peonormyeckoe MOBCACHUE BOAHOIO pacTBOpPa MOJIU3THJICHOKCH-
ga (PEO) no nanHbIM M3 auccepraltmoiHoi padotol [169). Ha puc. 10.5, ¢ nokazaH
TUNMUYHBII rpapuK 3aBUCUMOCTH NEPBOro KOIGPuLUMNEHTA HOPMAJIbHBIX HAMPSIKE-
Huil (). Kak BuaHo u3 puc. 10.5, a, npu BLICOKUX CKOPOCTSIX CABUTA 3aBUCUMOCTb
OnuM3Ka K CTENEHHOMY 3aKOHY, MPHU HU3KHUX CKOPOCTAX UMEETCS TEHAEH LIS K BHIXONY
Ha MJATO B COOTBETCTBUMY C ypaBHeHueM N, = ¥,(0)y.
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Puc. 10.4. Peonornueckoe nopegeHue 3%-HOro pacrBopa NMoOJIMCTUPONA B TOJIyOne
npy 298 K: 3aBMCMMOCTb MEPBO Pa3HOCTH HOPMAJIbHBIX HATIPSIXKEHH I
(Kpy>XKH) OT CKOPOCTH CABMIa B ABOMHBIX JOrapu(p)pMmMuYeCKMX KOOpAHHA-
Tax. [lYyHKTUPHBIE IMHWUHW COOTBETCTBYIOT JIMHEHHOH 3aBUCHMOCTH M KBa-
JIpaTH4YHON 3aBUCHMOCTH OT CKOPOCTH cABMTa. TOYKH COOTBETCTBY IOT peo-
NOTMYECKHM IaHHBIM € nonpaBkoii Ha AN, = 0,906 (¢); kpuBas ynpyroctu
B TMHEHHbIX KOOpAMHATaxX NMpU HU3KMX CKopocTaX caBura (6). JdaHHbie
n3 padoTtsi [130]

OnHako B 00J1aCTHM HHM3KMX CKOPOCTEH CIBMIra B JIMHCHHBLIX KOOpAMHATaX
(puc. 10.5, 6) HET 1 HAMCKA HA KBAAPATUYH YO 3ABUCUMOCTD, @ MEPBLIE YETHIPE TOYKH
XOPOLLIO OMUCHIBAIOTCS NMpsiMoii BUaa N, = ngy + AN,, rae AN, = -10,17 [1a. Koppekuusi
IKCMEPUMEHTANbLHBIX JAHHBIX HA 3TY BEJIMUMUHY MOKa3aHa ToukKamu Ha puc. 10.5, 6, 2
n oTpaxeHa B tadsn. 10.1.

B o0GsiacTi BLICOKMX CKOPOCTE CABMIra KpuBasi TCYUEHUSI M KpUBasi YIpyrocTu
onuckiBalOTca ypasHeHusiMu (10.1) u (10.7), coorBeTcTBEHHO. KBaapatuuHas 3aBu-
CUMOCTb MPU HU3KKNX CKOpocTsX Buaa N, =¥, (0)y’ siBAsieTCsl B JaHHOM CJlyyae apTe-
(akTOM.

PaccMoTpuM peosiornyeckoe nopeacHue Xxuakoctu bomxkepa [197]. Tak HazBaHbl
XHWAKOCTH C OUYEH b BbICOKO# BSI3KOCTbIO, IECMOHCTPUPYIOIIINE HbIOTOHOBCKOE TEYCHHE
C MOCTOSIHHOM BSA3KOCTBHIO, HO OTHOBPCMCHHO MOKa3bIBaKLLKNE YNPYrue CBOKCTBA
B BMJE HOpMaJbHBIX HanpsixkeHunit. Ha puc. 10.6, ¢ nokazaHbl 3KCNEpUMEHTAIbHbIE
JAaHHbIC I KYKYPY3HOro cuporna ¢ HeOOJIbLIMM KOJMYECTBOM MOJIMaKpujiaMuaa
(0,02% Separan AP-30; 4% Bonwbi; 95,98% Kykypy3Horo cupora). XOpoiio BUIHO,
4YTO B IOrapu{pMUYeCKUX KOOpAMHATAX HAOMII0AAE€TCsl TEHACHLIMS K KBaapaTH4YHOM
3aBUCHMMOCTM.

OnHako B inHeHbIX KoopauHaTtax (puc. 10.6, 6) xopolLlo BUAHa JIMHEH Hasl 3aBH-
CUMOCTD MATH TOYEK IMPH HU3KKUX CKOPOCTAX CABHTAa B COOTBETCTBUM C YPABHEHUEM
N,=n, +AN,, rne AN, =-11,925 INa. KsagpatnuHas 3asucumocts Buaa N, =¥, (0)y’
SIBJISIETCS1 B JaHHOM cnyuae aptedakToMm. Koppekiimsi 3KCnepuMeHTaJlbHbIX IaHH bI X
Ha 3Ty BeJINYMHY MOKa3aHa Toykamu Ha puc. 10.6, a.

[lpumMeuaTenbHO, YTO MOCJIC NONpPaBKH HA BO3MOXHY IO CHCTEMAaTUYECKY 10 OLLIMG-
KY 3HaYeHUs BeJIMYMHBI (N,/2) 1 T iexar npakTHUYECKH HA OAHOI NpsiIMOii, TO eCTh
N, =2t B untepnane ot 1 ¢ 1o 30 ¢”'. Ha apyrux rpagukax, npuBeaeHHbIX B paboTe
[197], TakXe UMeIoTCs NMPSIMOJIMHENHbIE 3aBUCHMMOCTH B JIMHEMHbIX KOOpAMHATAX,
MU TOJLKO JJIsl OAHOM CUCTEMBI (MOJIMN300YTUJIEH-NMOJIMOYTAH-KEPOCUH) YKa3aHHasl
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Puc. 10.5. Peonornuyeckoe nopeaeHue 3%-HOro BogHOIro pactTBopa nojn3THIEHOKCH-
na (monsipras macca 4-10° panvsron) npu 20°C: 3aBucuMoctThb KO3pPHuuu-
eHTa NepBON Pa3HOCTH HOPMAaJIbHBIX HAMPSXEHHUH (KPYX KH) OT CKOPOCTH
C/IBMTa B JIBOMHBIX JJOTapupMHUUECKHUX KOOpAMHaTax (a); KpuBasi ynpyro-
CTH B JIMHEHHBIX KOOPAMHATAX MPU HU3KHUX CKOPOCTSAX caBura (6); 3aBUCH-
MOCTb HanpsiXkeHHUs cABHUra (KBaapaThbl) U NepBOM pa3HOCTH HOPMAJbHbIX
HanpsKeHU (KPYXKHW) OT CKOPOCTH CABMTa B JIBOWHBIX norapugmuye-
CKMX KOOpAMHAaTax (6); KpuBasi Te4eHUs U KPUBasl YIIpyrocTu B KOPHEBbIX
koopauHarax (2). [lyHKTUpHbIE JIMHUKU COOTBETCTBYIOT JIMHEHHOI 3aBUCH-
MOCTH M KBaJPaTH4YHOI 3aBUCHMOCTH OT CKOPOCTH ciaBura. TOuKHM COOT-

BETCTBYIOT PEOJIOTMUECKHM JIaHHBbIM ¢ nonpaBkoit Ha AN, =—10,17. [lan-
Hbie 13 [169]

JIMHEeHHasl 3aBUCHUMOCTb NnpH ﬂ,ﬁﬂbHEﬁ LIEM MOHWUXKEHWH CKOPOCTH CABHUTIA NEPEXOANT
B KBaApPaTU4YHYIO 3aBUCHMOCTD.

B 0630pe [207] npencTaBneH bl rpacuku 3aBucuMocteii N, () v T(y) nyis pacTBopa
nonuctupona (M =2-10°, C= 10 mac.%) B Tpukpesondocdare npn 40°C. Dkcnepu-
MEHTaJIbHbIE IAHHbIE BITOM CTAThe ObIJIM ONMMUCAH bl C MOMOILLILIO MOae M Muna— Jlap-
coHa— Jlou. Pe3ynbrarhbl pacuyeTa B paMKaX CTPYKTYPHO#H MOAEJIH TeYEHUs1 MpeacTaB-
sieHbl Ha puc. 10.7.

B pabote [208] pacCMOTPEH bl HEKOTOPbIE TEOPUM BA3KOYIPYrOCTH, MOJIYYEHH bl€
B pAMKaxX MEXaHHUKH CIUIOLLIHBIX Cped, H OTMEYEHO CYLIECTBEH HOE OTKJIOHEHHE T€O-
PHH OT IKCNEPUMEHTA B 00/1aCTH BLICOKMX CKOPOCTEMN CaBUTA.

PesynbtaThl pacyeéra B paMKax CTPYKTYPHOH MOOEJIM TEYEHUS MPEACTABJIEH bl
Ha puc. 10.8, 10.9. Kpome Ttoro, Ha puc. 10.9, ¢ ykazan nHTepBan CKOpoCTeil capura,
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Puc. 10.6. Peonormnueckoe nopeneHue XHIKOCTH bomxepa: 3aBUCUMOCTD HaTIpsiKe-
HUs caBura (KBajapartbl) M MEpPBOM Pa3sHOCTM HOPMAaJIbHBIX HAMPSKeHU I
(KpykKH) OT CKOpPOCTH CHBMIA B ABOMHBIX JIOrapM(pMHUYECKHX KOOPJH-
HaTax. TOYKM COOTBETCTBYIOT PEONOTHYECKHM JaHHBIM C MONPaBKOii
Ha AN, =-11,925 (a); KpuBasi Te4eHNUsI U KPHUBasl YNPYTrOCTH B JIMHEIHHBIX
KoopauHartax (6). [lyHKTUpHBIE THMHUHM COOTBETCTBYIOT JTMHEHHOI 3aBH-
CUMOCTH W KBaJIpaTUYHOI 3aBUCUMOCTH U3MEPSIEMBIX BEIMYHH OT CKOPO-
cru caBura. Jlanteie u3 padotsi [197]
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Puc. 10.7. Peonoruueckoe noegernue 10%-Horo pacTBopa noJiMCTHpOJia B TPUKPe-

s3ondocdare npu 40°C: 3aBMCUMOCTE HanpsXKeHUs cBUra (KBaipathl)
U NepBor pa3HOCTH HOPMAaNbHBLIX HAMpsSiKeHWI (KPYXKH) OT CKOPOCTH
CABMIA B ABOMHBIX JOorapu@gpmuyecKuX KoopauHarax (a); KpuBasi yrnpyro-
CTH B JIMHEHHBIX KOOPAHMHATAX NMPH HU3KHUX CKOPOCTSX cABHIa (0), KpuBas
TEYCHHUS M KpUBasi ynpyrocTtyu B KOpHeBbix kKoopauHarax (6). [lyHkTup-
HBIE JIMHMKW COOTBETCTBYIOT JIMHEHHONH 3aBUCHMMOCTH W KBaJpaTH4YyHOM
3aBUCHMMOCTH M3MEPEHHOH BEITMUYMHBI OT CKOPOCTH ciBUra. TOYKH COOT-
BETCTBYIOT CKOPPEKTUPOBAHHBIM PEOIOrMYECKHM JaHHBIM C nMOMNpaBKoOii
Ha AN, =-50,493. lanHeie u3 padotsl [207]
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Peosiornueckoe noeeaenme 2,5%-Horo pactsopa nojiMM300yTHIIEHA B Te-

TpanekaHe npu 20°C: 3aBUCUMOCTb NEPBOI PAa3HOCTH HOPMaJIbHbIX HAMPSI-
XEeHMH (KPYXKH) OT CKOPOCTH CABHMTa B IBOHHBIX NOrapu(hMHUUECKHX KO-
opaMHaTax (a); KpMBasi ynpyrocTH B JIMHENHbIX KOOPAMHATAX NMPH HU3KKH X
ckopocTsax capura (60). [lyHKTupHbIE TMHUM COOTBETCTBYIOT JIMHEMHO¥ 3a-
BHCHUMOCTH H KHEJ_I.[}HTH‘-IHDF] 3aBUCUMOCTH OT CKU[]'DC'I'H COBMTIA. ,ELHHHI-:IE
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Puc. 10.9. Peonornyeckoe nopesenme 2,5%-HOro pactsopa noJyimM3o0yTHiieHa B Te-
Tpagekane npu 20°C: 3aBUCHMMOCTB BA3KOCTH OT CKOPOCTH C/IBMTa B [IBOM-
HbIX norapu(MHUECKMX KOOpaMHATax (a@); KpMBasi TEHEHHUSI B KOPHEBBIX
KoopauHartax (6). [lyHKTUpHBIE IMHMK YKA3bIBAIOT UHTEPBAJIbL, I NPU-
MEHSII0TCA MOJIeIH TeOpeTHYeCKOM peonorvu, JlanHsie U3 [208]

rjae, No MHEHUWIO aBTOpOB cTathu [208], MMeeTcs1 Xopollee COOTBETCTBUE C TEOpHEN
Jlxuneckyca v reopueit PTT.

MOXHO caenarh nNpeaBapuTesibH bl BeIBOA, YTO HA UHTEPBAJIE BLICOKUX CKOPO-

CTEeH CIBUTA CripaBemivBO 00001EeHHOE ypaBHeH e ynpyroctu (10.7), Ha nHTepBaJie
HU3KHUX CKOPOCTEI CABMTa BO MHOTMX C/y4yasiX OTCYTCTBYET KBaJpaTH4YHast 3aBUCH -
mocth N, = ¥,(0)Y’.

TouHbI XapakTep 3aBUCUMOCTH NMPH HU3KKUX CKOPOCTAX CABUra TPYIAHO YCTAHO-

BUTh W3-3a MAJIOrO0 MHTEPBAJIAa U3MEPEH U M OONBLLLIOro pa3dbpoca IKCNEPUMEHTAIb-
HbBIX JdHHbIX.



10.4. lNepBasa pa3HOCTb HOPMaNbHBIX HaNPAXKEHUI
B pacniaBax NosMMepos

BAszkoe u ynpyroe noBeaeHUE Npy Te4EHUK oOpasLa NoJIM3THIIEHA HU3KO# MJIOTHO-
CTH ObLJIO U3MEPEHO B POTALIHOHHOM BUCKO3UMETPE C CUCTEMOH KOHYC—IJIOCKOCTb
[209].

INonuaruneH HuU3koi nnorHoctu (LDPE) umeer WHMpOKOE MOJIEKYISAPHO-
MaccoBoe pacnpeneneHve (MMP): uHaekc nonuanucnepcHoctd PD=15,3;
M = 10619 r/monb; M,,= 162314 r/monb. KpuBas TeueHus 1(y) U KpHBas yNnpyroctH
N,(y), nokazanHbie Ha puc. 10.10, a, sBHO HEe NOAYMHSAIOTCA CTENEHHOMY 3aKOHY.
CneBa OT LUTPUXOBOI NHHUHK paclonoXeH WHTepBaJl CKOpocTei caBura, riae chnpa-
BEAJIMBBLI TEOPUH, MOJIYYEHHBIE B paMKaxX MEXaHHUKH CIJIOLUHBIX Cpe.

B paGote [209] xpuBas TeuyeHUsA anNnpoOKCMMHUpOBaHA ABYMS MOJY3IMIIU-
puyeckumu ypaBHeHusimu: Kpocca M(0)=2,40-10°Tlac) m Kappo— fwmaa
(M(0) = 2,28-10° INa-c). KpuBasa ynpyrocty onuchiBaeTcA ¢ MOMOILIbIO TpeX MoJeneil
(XPP, mXPP, Giesekus).

B pamKax cTpyKTypHO#Ii MOAeNHU TeYeHUs KpUBasi TEYEHUSA aNNPOKCUMHUpPYETCA
¢ NoMollbIO ypaBHeEHUA (1), KpyBas ynpyroct — ¢ nomoiiiblo ypasueHus (10.7). Pe-
3yJIbTATHl pacyeTa nokasaHbl B Tadn. 10.3.

B xnwure Y.J1. Xana [13] npuBoasiTCS TUNMUYHBIE 3aBUCHMOCTH KPUBBHIX BA3BKOCTH
M KpHUBBIX, CBA3aHHBLIX ¢ NapameTpaMHu ynpyroctu (puc. I11.1 u 111.2). Ucnonb3yem
JaHHBbIE AJA NMOJUIPONHUIIEHA, YTOObl OLEHHUTh NPUTOAHOCTb CTPYKTYPHOM MO/€E-
JIU U1l HHTEPINpEeTAaLMU BA3KHX U YIIPYTUX XapaKTepUCcTUK nonuMepoB (puc. 10.11).
PaccuntaHhbie KoadduuneHTol npuBeaeHbl B Tab. 10.3. Ha rpadgwmkax (puc. 10.11, a
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Puc. 10.10. Peonoruvuyeckoe noeeaeHue obpasua MoOSAMITHIIEHA HU3KOH NJOTHOCTH
(LDPE) npu 170°C: 3aBUCMMOCTB Hanpsi)XeHH sl cABHTa (KBaapaThl) M nep-
BOH Pa3HOCTH HOPMaJIbHBIX HANPSXKEHHWI (KPYXXKH) OT CKOPOCTH CABHIa
B ABOMHBIX norapuMuuecKux KoopauHatax (¢); kpMBasi TE4EHHUSA U KPH-
Basl yIPyrocTu B KOpHeBLIX KoopauHartax (6). [lyHKTupHBIE NTHHUH COOT-
BETCTBYIOT NTMHEHHOW W KBaapaTH4YHOM 3aBUCMMOCTH U3MEPEHHOH BEJTH-
YUHBI OT CKOpOCTH caBura. laHHeie us pabotsi [209]



Tabmuua 10.3. Peonoruvueckne xapakTepMCTUKH pacijaBoB NojauMepos, Ko3addu-
LLHEHTHI KPUBLIX TEYEHHUA U KPHBBIX YITPYrocTH (1M HULLbI U3MEPEHH S
B cucteme CH)

Pacnnae nonumepa o [ o [N | ng | n Xs,
[Monustunen LDPE [209] 166,9 | 12,7 | 1,14 | 158,9 | 388,1 | 28,9 | 2,21
[Moaunponunen [13] 2177 | 55 | 2,68 | 86,7 | 5826 | 13,5 | 4,76
[Monunponunen [13], nonpaeka AN, | 217,7 | 5,5 | 2,68 | 86,7 | 580,0 | 13,5 | 4,70
[MTonunponunen M2 [13] 252,1 | 5,32 | 1,12 | 232,6 | 4739 | 7.87 | 1,12*%
[Monunponunen I12 [13] nonpaBka 2521 | 5,32 | 1,12 | 2326 | 4754 | 7,83 | 1,12%
AN,

[Monustunen 190°C [210] 207,3 | 2,12 1 420 | 514 | 221,3 | 25,5 | 6,24
[Monustunen 190°C [210] nonpaska | 207,3 | 2,12 | 4,20 | 51,4 | 2393 | 239 | 6,24
Ha AN,

[Monuatunen B 130°C [211] 201,0 | 5,31 | 0,574 | 355,3 | 338,2 | 23,0 | 0,574*

u puc. 10.11, 6) 3ameTeH nepexo/ OT pexXXuMa BHICOKHX CKOPOCTE K peXXuMy HH3KHX
ckopocTeii caBura nuxe 10 ¢ .

3BE3/I04KON OTMEUYEHO 3HaYeH e KoappHuuHeHTa ¥, KOTOpoe B3ATO U3 pacyeTa
BA3KOCTHU U HCNOAB30BAaHO NPU pacyeTe pa3HOCTH HOPMaJIbH bIX Han pAXKEHHIA.

BepxHHi y4yacTOK KpHUBOM ynpyrocTH noAdHHSAETCS ypaBHEHHIO ynpyroctu
(10.7), HUXHHUKM y4acTOK KpHBOMH clieAyeT pacCMOTPETh OTAEJIbHO B IMHEHHBIX KOOP-
nunHarax (puc. 10.11, 8).

Cpasy BHIHO, UYTO 3KCNEPUMEHTAJIbHBIE TOUYKH HE (DOPMHUPYIOT KBaAPaTHUYHYIO
3aBHUCHMOCTb, Dojiee TOro, npociexHBaeTcsa NHHelHasaA 3aBUCHMOCTb nmpH OYEHDb
HU3KHX cKopocTAX. TakuM 00pa30oM, npH HU3KHX CKOpPOCTSX yYpaBHEHHUE AnA pa3-
HOCTH HOPMaJIbHBIX HAaNpsiXXeHHI npuHUMaeT Bua N, =ngy + AN,. 3pecp BeTMUNHa
AN, =—-684,49 Ila. MoXHO nONyCcTHTb, YTO OHa SAABJAETCA CUCTEMAaTHYECKON OLINO-
KOM 3KCNEPUMEHTA, CBA3aHHON C OLUMOKOW NpH YCTAHOBKE HYJIA B U3BMEPEHUAX CHITHI.
[Mocne BBeneHUs nonpaBku Ha BeJIMUUHY (—684,49 I1a) nolyuyuM CKOppeKTHpPOBaH-
HYI0 KPUBYIO ynpyrocT, 0603HauyeHHYI0 OTKPBITBIMU KpyxXKaMu Ha puc. 10.11, a, 6.

HU3BecTHO |4, 14], YTO npH HHU3KHMX CKOPOCTSX CABHMIa pacnjaebl NOJUMEpPOB
AEMOHCTPUPYIOT HBIOTOHOBCKOE TeuyeHHe, KOTOpO€ COOTBETCTBYET MNOCTOAHHOM
CTPYKTYpE CUCTEMBI. AHAJIOrMYHOE NMOBEIECHHUE MOXHO NPEATNONOXHUTD /i1 YIIPYrux
CBOWCTB, TOrNa pa3HOCTb HOPMaJIbHBIX HAMPAXEH W1 NpH HU3KHWX CKOPOCTAX CABHTa
OyneT oNnKchiBaTbCsA JIMHEH HOM 3aBUCUMOCTBIO OT CKOPOCTH caBura: N, = ngy, rae n, —
NOCTOAHHBbIN KO3(P@ULIMEHT, aHAJIOTMYHBIII HBIOTOHOBCKOM BSI3KOCTH 1),

Hpyroi obpaszeu nonunponunena (I2) npeacrasned B kHure Y.J1. Xana [13]
Ha puc. [I1.8. Ucnonb3yem 3TH NaHHBIE AJ11 OLEHKHU NMPUTOAHOCTH CTPYKTYpPHOM
mosieau (puc. 10.12). Paccuutanuble Koaddpuuuente npusenebl B Tabn. 10.3. INo-
cJie BBEAEHH S NONpaBkyu Ha BeMUMHY (927,11 [1a) nonyyuMm CKOpPEKTHPOBAHHYIO
KPUBYIO YIIPYroctu, o003HAYEHHYIO OTKPBITHIMU KpyxXKamMu Ha puc. 4.12,a, 0, 2.
B npuHuHIIE, NETKO NONYUYUTL 0000ILEH HBIE KPHBHIE BA3KOCTH (1)/1(0)) 1 napameTpa
VIPYTroCTH, KOTOPHIii UTPaeT poJib IMPUBEACHHOI BA3KOCTH. MCnonb3yst ypaBHEH UE
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Puc. 10.11. Peonorunueckoe nopeneHue oopasua nonunponuiena npu 200°C: 3aBucu-
MOCTB HalPsi)XKeHW st CABUTa (KBaapaThl) U NepPBOii PAa3HOCTH HOPMaJIbHBIX
HanpsikeHHi (TOYKH) OT CKOPOCTH CABHTa B ABOHHBIX NOTapH(PMHYECKHX
KoopauHatax (@); KpMBasi ynpyroctH B KOpHeBbIX KoopnuHaTtax (6), KpH-
Basi YIPYroCTH BJIHHEHHBIX KOOpAMHATAaX MPH HU3KHUX CKOPOCTSX CABHIa
(6). IlyHKTHUpHBIC IMHHUH COOTBETCTBYIOT IMHEHHOH W KBaJIpaTUUHOM 3a-
BUCUMOCTH U3MEPEHHOI BEJIMYMUHbBI OT CKOPOCTH ¢iBHUTa. JlaHHble U3 pa-
ooTthi [13]

1/2
NI — Ay, /x.w
- 1/2 - 1/2
Y 1+(1/%)Y
Ecnu BennuuHa n_ < ng /Y, TO MOXHO NMOJIYYHTh 00001IIEHHYIO KPUBYIO B PH-

N, /A :
BEIEHHbIX KOOpAMHAaTaXx ﬂ 4 [‘y/x;,], KOTopass nokazaHa Ha puc. 10.12, a.
(N /),
Ha 3tom e rpaduke npeacrasiieHa 0600LIeHHasA KpUBas BA3KOCTH B IPUBEIEH HbIX

koopanHatax [n/n(0)] v [v/x’]. O6e KpuBbie COBNAAAIOT N0 MPUYHHAM YUCTO MaTeMa-
|
[+x"?°
Pazninuuble KOHCTUTYTUBHBIE ypaBHeHus (Giesekus, PTTa-1, PTTa-2) nns
BA3KOYNPYrux cucrem npopepsanu [210], ucnonb3yss peosIOrMuYeCKME JaHHBHIE 1S

+n_, MOXHO nonyuuts (N, /Y’ =n,, [y, + 1.

THYECKHUM, MOCKOIbKY 06€ (hyHKLHH NPpUHUMAIOT BUA y"/’ =
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Puc. 10.12. Peonoruueckoe noseaeHue obpazua nonunponuinena (I12) npu 200°C:
3aBHCHMOCTE HalNPsiXKeHUs caBura (KBaaparsl) H 1epBOi pa3HOCTH HOP-
MaJIbHBIX HanpsikeHui (ToOYkKH) OT CKOPOCTH CABUTA B ABOWMHBIX JIOTa-
pudMUHUECKHUX KOOpAMHAaTaX (4); KpuBasi yNnpyroctu B KOPHEBBLIX KOOp-
nHHaTtax (), KpyuBasi ynpyroctv B JJHHEHHBIX KOOPJHHATaX NMPH HU3KKHX
CKOpocTsiX caBura (8); 060011EHHBIE KPUBBIC /U151 BSI3KOCTH U YIIPYTOCTH
B NpUBeAEHHBIX KoopauHaTaX. [lyHKTUpHBIE TMHUKW COOTBETCTBYIOT JIU-
HEeMHOH W KBAaAPATHYHOM 3aBUCUMOCTH U3MEPEHHOM BEJIMYMHBI OT CKO-
poctu cnBura. JlanHbsie u3 pabotoi |13]

pacrnagpa noJiM3THJjieHa HU3KOM MmuoTHOCcTH npu 190°C. DkcnepuMeHTaNlbHBIE aH-
Hble NnpeacTapiiedbl Ha puc. 10.13, a, 3HaYeHUs pacCYUTaHHBbIX HAMH KO3 PHLIMEH-
TOB — B Ta6. 10.3.

B paiioHe BHICOKMX CKOPOCTEW CABHIa 3KCMNEPUMEHTAJIBHBIE JAHHBIE ANMNpOK-
CHMUPYIOTCS YpaBHEHHUSAMHU CTPYKTYPHOU Monesin. Ilpyn HU3KHUX CKOPOCTSAX C/IBHra,
BO3MOX HO, NPOHUCXOJUT NEPEXO/L K HbIOTOHOBCKOMY PEXHMY C NOCTOAHHbLIM pa3Me-
POM YIIPYTrUX aCCOLLMATOB MaK POMOJIEK V1.

BaxkxHO OTMETHTB, 4TO B ABOIHBIX Jlorapu(PpMHUECKHX KOOpAMUHATaX IKCNepHU-
MEHTAJIbHBIE TOUKH KPUBO# YNPYTroCTH NMOKAa3bl BAIOT 3aBUCHMOCTb, KOTOPas KaXeT-
cs1 6JIM3KOI1 K KBaApaTUYHOI NpU cKopocTu Huxe 1 ¢™.

OnHako npM MNMOCTPOEHUM 3TOW 4YACTH KPHUBOI B JIMHEHHBIX KOOpAMHaTax
(puc. 10.13, 8 kBaapaTH4yHOM 3aBHUCHMMOCTH He Habmwopaetcs. [locne BBeaeHUA
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Puc. 10.13. Peonorvueckoe nopeneHue NOJUITHIIEHA HU3KON nioTHoCTH npu 190°C:
3aBHCHUMOCTb HANPsXXEHKWs caBura (KBaapaTtbl) H NEPBOM Pa3sHOCTH HOP-
MaJIbHBIX HAMPSXEHU I (TOYKHW) OT CKOPOCTH CABUTA B ABOMHBIX JlOrapu( -
MHYECKHX KOOPAMHATaX (@); KpUBasi yNpyroCcTH B KOPHEBLIX KOOPAMHATAX
(6), kpuBasi ynpyroct B JIMHEHHBIX KOOPAWHATaX MPH HU3KHX CKOPOCTAX
cnpura (). [IlyHKTHpHBIE THHUH COOTBETCTBYIOT IMHEIH HOM M KBajpaTH4-
HOIi 3aBUCMMOCTH U3MEPEHHOI BEJIMUMHBI OT CKOPOCTH caBura. JlaHHble

w3 [210]

nonpaskH Ha BenuuuHy (—103,19 I'a) nonyuyrm ckoppeKTUPOBAHHYIO KPUBYIO YIIpYy-
rocTv, 0003HAYEHHYIO OTKPLITLIMH KpyXXKaMH Ha puc. 4.13, a, 0.

B paGote [211] npeacTapieHbl peoslorHyeck e faHHble AJig MOJW3THIEHA HU3-
ko muotHocTd npu 130°C (tabn. 10.4). O6paseu B umeer nuotHocTs 0,92 r/em’,
MHaeke pacniasa 1,5 npu 150°C. DKcnepuMeHTallbHbie AaHHbI€ NpeacTaB/eHbl
Ha puc. 10.14, a, 3HayeHus paccyMTaHHBIX HaMH KO3(QPuumneHToB B Tabn. 10.3.

B paitoHe BHICOKKMX CKOPOCTEM CABHTIa 3KCNEPHUMEHTaJIbHbIE JaHHbIE anIlpPOKCH-
MHUPYIOTCH YPaBHEHUAMH CTPYKTYPHOIT pE€OJIOrH4€CKOi MOAEJIH.

B nuneiinbix koopauHatax (puc. 10.14, 8) na MHTEpBaJie HU3KHX CKOpPOCTEI
cABUra uMeeTcs HeliHas 3aBucuMocTb N, =n,y + AN,. [locne BBeneHus nonpaeku
Ha BeJIMuMHY AN, =-1133,6 Ila nonyuuM CKOpPpEKTHPOBAHHYIO KPHBYIO YIIPYTOCTH,
0003HauYeHH Y10 OTKPbITBLIMHU KpyxKaMu Ha puc. 10.14, a.
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Puc. 10.14. Peonoruueckoe nopeneHue obpasua B nonuatvneHa HU3KOH NIOTHOCTH
npu 130°C: 3aBUHCMMOCTB HANPsiXkKeHK sl cABUTa (KBaapaThl) U NEPBOM pa3-
HOCTH HOPMAJIBHBIX HanpsikeHHH (TOYKH) OT CKOPOCTH CABMIa B JIBOW-
HbIX Jorapu(pMHUYCCKHUX KOoOpaHHaTax (a); KpuBasi yNnpyroctH U Kpvpasi
TEYEHHUS B KOPHEBLIX KOoOpAHHATaxX (6); KpUBasi yrpyroctu B JIUHEUHBIX
KOOpAMHATaX NpPH HU3KHX ckopocTsX capura (6). [lyHKTHpHBIE TMHUMK
COOTBETCTBYKOT JIHHEHHOKH M KBaApPaTHYHOM 3aBMCHMMOCTH OT CKOPOCTH
capura. [lanuwie us [211]

Takum obpa3om, B paMKax CTPYKTYPHOI pPEOJIOTHYECKON MOAENH OMUCHIBAIOT-
csl Kak BsI3KHe, TaK U yINpyrue cBOWMCTBa pacrjaBoB MnoirumepoB. HeHbOTOHOBCKas
BA3KOCTHL MoauyMuHAeTcA 0000meHHoMYy ypaBHeHHI0 Tedenuss (OYT). llosenenme,
CXO/IHOE C HbIOTOHOBCKHM HAa KOHEYHOM MHTEpBaJie HU3KHUX CKOpOCTEl c/nBUra, Be-
POATHO, OOBACHSETCS NOCTOSSHHBIMHU pa3MepaMHM U CTPYKTYpPO# accoLlMaTOB MaKpo-
MOJIEKYJI Ha 3TOM y4yacTKe KpuBou TeueHus. [leppas pasHocTb HOpMaJibHbIX HaMpsi-
XKE€HUH onuckiBaeTcs 00001IEHHBIM YPAaBHEHUEM YITIPYTOCTH HA UHTEPBaJIE BLICOKHUX
CKOpOCTEH CIABHIra U MpeAcTaB/ieHA NTWHENHON 3aBUCUMOCTBIO OT CKOPOCTH CIABHra
Ha YyYaCTKE HU3KHX CKOpOCTEH capura. TeHOeHUHA K KBaapaTHYHOI 3aBUCHMOCTH
Buna N, = ¥,(0)y’ nosiBnsieTcst TOJILKO NPH NMEPEXOLE OT JIMHEH HBI X KOOPAH HAT K JBO¥i-
HBIM JIOrapu(pMHUYECK UM KOOPAHHATAM, TO €CTb SABASIETCH apTEPaKTOM.

MOXHO npeaBapMTe)IbHO 3aKJIOYHMTb, YTO CTPYKTYpHasi pEOJIOrMYecKass MO-
[I€J1b XOPOILLUO OMHCBLIBAET NOBEAEHUE MEPBOIi pa3HOCTH HOPMAaJIbHBIX HATPSAXEHUI



Tabnuua 10.4. Peonorvueckue naHHBIE CTaALlMOHAPHOIO TeUeHKs s ob6pa3ua B no-

nuaTuieHa HU3Kkoi nuotHocTv npu 130°C [211]

v,¢' 10,0043 | 0,0085 | 0,0135 | 0,0269 | 0,0425 | 0,085 | 0,135 | 0,269 | 0,425 | 0,85
,kMa | 0356 | 0,83 | 1,21 | 2,00 | 2,92 | 484 | 6,45 | 936 | 11,3 | 15,2
N kMa | — — — | 2,32 | 430 | 989 | 16,2 | 297 | 38,0 | 52,7

Ha y4acTKe BHICOKMX CKopocTel caBura. Ha yyacTke HU3KH X CKOpOCTEH, Kak NpaBu-
J10, OTCYTCTBYET KBajijpaTHuHas 3aBUCUMOCTb. B TO e BpeMs, He NOHATHA NpUYUHA
MOJIY4EHHON 3MIMHPHUYECKON 3aBHCUMOCTH N, :nﬂ?+ﬁN], B YACTHOCTH, BHLI3BIBAET
COMHEHHE BO3MOXHOCTb CHCTEMATHYECKON OLLMOKH AN, B CTOJIb MHOTHX 3KCNEPH-
MEHTaX.

10.5. lNepeas pazHOCTb HOpMaNbHLIX HaNpPAXKEHWIA
NPY HU3KNX CKOPOCTAX

[lpy H3yuYeHHH 3IKCNIEPHUMEHTAJIBHBIX IaHHBIX, MTPEX 1€ BCEero, Oynem paccMaTpuBaTh
OOIIIHI XapaKTep KPpUBLIX, YTOOB! BbIJIEJIMTh YYACTKHU € IMHEHHBIM U HEJTUHEHHBIM
NoBe/ICHUEM B TpPeX BH1IaX KOOp/JAMHAT: JIMHEWHBIX, KOPHEBbIX U JlorapH(pMHUYECKHUX.
Takol Noaxoa UCXOAHUT U3 CTPYKTYPHOW MOJIEJIH, M€ pa3/inyaloTcsl peoNorHyeckue
COCTOAHHS C MOCTOAHHOMN CTPYKTYpPOH U € pa3pyLualoLnieicsa cTpykKTypoil Ha cocen-
HUX UHTEpBaJlaX CKOpOCTEN cABUTA.

J1ns 3Toro aHasn3a HeoOXOIMMO Ol pefieJieHHOE 0BepHe K IKCINEePUMEH TajlbH bIM
NaHHbIM, HECMOTPS Ha UHMeIOILHHCcs OOJbLUON pa3bpoc 3KcnepuMeH TaJlbHbIX TOYEK,
0CcO0OEHHO INpH HU3KHUX CKOPOCTSIX CABHIA.

Kpome Toro, Ba>XHbl NMonpaBku Ha MHepUHUOHHbBbIE IPPEKTH, KOTOPHIE MPUBO-
AT K CUJIaM, MPOTHBOIMOJIOX HBIM CHJIaM YIIPYrocTH. 3HAYMMOCTb TaKOH MoIpaBKH
MOXHO MOKa3aTb Ha NMpUMeEpe ONpeneieHu B CUCTEME KOHYC—IJIOCKOCTL NMepBOi
pa3HOCTH HOpMasibHbIX HamnpsixeHuit N, B BonHoMm pacteope 0,1 % nonucaxapuaa
kcaHTaH [191].

Takoii pa3baB/ieHHBIII pacTBOp HE AEMOHCTPUPYET CYIIECTBEHHHIX HOPMaJlb-
HBIX CHJI IPU HU3KKUX CKOPOCTAX CABHUIA, DKCIEPUMEHTANIBHBIE 3HAYEHUSI KOPPEK-
TUPYIOT /1711 Y4E€TA CHJ1 MHEPLLIMH, KOTOPbLIE B HBIOTOHOBCK HX XK HJIKOCTSIX BBIPa’KEH bl

dbopmynoii
(N),n =-3p0’°R*/20,

rne p — MJIOTHOCTb pacTBOpa, () — YIJIOBasi CKOPOCTh BpalleHusi, R — paauyc KoHyca.
M3mepeHHble U CKOppEKTHpOBaHHbIE BeJIMUMHBI N, npuBeaetbl B Tab. 10.5.

BuHo, 4TO N5 NOJYYEHU s IPABUJILHOIO 3HaYE€HKU Sl N, KpUTHYECKH BaXK Ha Mpa-
BUJIbHAas OLEHKA CUJI HHEpUMHU. Ecin NOCTPOUTHL KPUBBLIE YIIPYITrOCTH B JIMHEH HBIX
W KOPHEBLIX KoopaKHaTax (puc. 10.15), To nony4yaioTcsa NIMHEHHbIE 3aBHCHMOCTH CJl€-
OYIOUIEro BUaA:

N, =n,7+AN,, (10.9)

N/?=ny"*+AN,. (10.10)



Tabauua 10.5. SkcnepuMeHTanbHBIE JaHHBIE A5 BOAHOTO pacTBOPa KCaHTaHa IMpH
MaccoBo KoHuentpauuum 0,1% npu HenocpeactBeHHOM H3Mepe-
HHUH H MOCJIE KOPPEKLIMHM AJIS YYETA CHJI MHEPLIMK MPH TeMNEPATYPE

25°C[191]
T, ¢ 15,8 | 25 40 | 62,5 ( 100 | 158 | 250 | 400 | 625 | 1000
N,, Ila no kopp. 2 2,5 | 3,4 | 3,6 | 45 | 3,2 1,9 | -0,65 | -2,45 | -9,50
N,, INa nocne 2,03 | 2,59 | 3,64 | 4,18 [ 599 | 6,91 | 11,2 | 17,4 | 39,9 | 54,7

KoaddpuumeHt nerepMuHanny R’, nokaspiBalowMii BEJIMYUHY JIOCTOBEPHOCTH
arnmnpoKCUMaUMUU, NOCTATOUYHO OJIM30K K eAMHHLIE B 000MX ciiydyasax. QUEBUIHO, UTO
HET CMbIC/Ia B JAHHOM cJiy4yae roBOpUTb O KaKOM-JIMOO CTENEHHOW 3aBUCUMOCTH,
HO OcTaeTcs BbIOOp MeX /1y ABYyMSA BapyaHTaMH JIMHEMHOW 3aBHCUMOCTH.

MO HO 10NYCTUTB, YTO KBajipaTUUHask 3aBUCUMOCTb N, ~ §° Bce-TakU NOCTHUTA-
eTcsl Ha 6oJiee HU3KHUX CKOpPOCTAX caBura. PaccMOTpUM HOpMasibHbBIE HaTllpsiXKeHU s
B XHaKocTH boaxepa, KoTopasi neMOHCTPUPYET yIipyrue cBoiicTsa (puc. 10.16), co-
XpaHss MpH 3TOM NOCTOSAHHY 0 H bIOTOHOBCKY 10 BA3KOCTL | 197]. B ABoliHbIX norapug-
MHUYECKH X KOOpAHHATaX MNPHU HHU3KHUX CKOPOCTAX CABHTA, IEHCTBUTENIBHO, BUIHA TEH-
NEHLIMA K KBaapaTUuHOM 3aBUcHMOCTH. Ho B KopHeBHI X KoopaHHaTax (puc. 10.16, 6)
BCE€ IKCNEPHUMEHTAJIBHBIE TOYKH JIOXKATCA Ha NpAMYIO, NPOXOAALIYIO HHUXE Hayasa
KoopauHart. B JiMHelHbIX KoOpaMHATax noaobHas npsamas nojiydeHa TOJbKO HHXe
CKOpOCTH ciBUra 1 ¢ st Tpex ToueK.

Jlpyras pasHOBHIHOCTb XHMAKOCTH bojixepa neMOHCTpHPYET pa3JINdyHOE peoJio-
ruyeckoe nopefieHHe HAa y4yacTKe HU3KHX U HA YYacTKe BLHICOKHX CKOPOCTEM caBHra
(puc. 10.17). I1pn BEICOKHX CKOPOCTSX CABUIra UMeeTcsd HeOObLUOI YYacTOK, KOTO-
pbiii onHUcHIBaeTcs 0000OLIEHHBIM YpaBHEHHEM YIIPYTOCTH, MOJIYYEHHBIM B paMKax
CTPYKTYPHOH MOJIEJIH:

Heor : .
/2 _ A 1/2 1/2
N =—5— Yy +n y".
Y+
O
o | N,,rla O 7 k N:x‘?j [Na'” o
6 F  y=0,1647x + 0,768
40 F O s L R’=0,9887
30 F 4
y = 0,0387x + 1,6549 3 L
20 a R’=0,993
ey . 2 B
'i’: C_I 1 L 'i"”?, E—I,#I
1 1 0 1 1 1 1 1 [} [}
&00 1000 0 5 10 15 20 25 30 35

Puc. 10.15. Peonornueckoe nopeaeHue 0,1%-Horo pacteopa KcaHTaHa B BOJE NPH
25°C: 3aBHCHMOCTb NMEPBOi Pa3HOCTH HOPMaJibHBIX HanpsixkeHUi (Kpy kK-
KH) OT CKOPOCTH CABMTA BJAHHEHHBIX KOOpAMHATAX (@); 3aBUCHMOCTb NepP-
BOI PazHOCTH HOPMaJibHBIX HANPSIXKeHUH (KPYXKH) OT CKOPOCTH CABHTa
B KOpHeBHI X KoopaHHaTtax (0). Ha rpadmkax nokaszaHbl ypaBHEHUSs MNpsi-
MBIX T1PH HU3KHX CKOPOCTHAX CABMIa M KO3P@PUUHEHTH JeTEPMUHALIMH.
HaHHble u3 paboTsl | 191]




. 1/2
KoahduuneHTel 3TOoro ypaBHeHUs ¢ pa3MepHocTbio B cucteme CHU (Ila””,

(Ma-c)'”?, ¢"*) nokazanwl Ha puc. 10.17, a.

Mo HO rOBOpHTb O KBaipaTHYHOIN 3aBUCUMOCTH N, ~ ?zﬂuﬁo C U3BECTHBIM MpU-
6nuxeHuem, Ha uHTepeasie ot 1 no 10 ¢, n1n6o Ha nntepsane ot 1 no 4 c™'. Ipu 3Tom
HabnonaeTca HeEOONBILOKH NPOMEXYTOUYHBIN JIMHEHHBIM YyY4acTOK B KOPHEBBIX KOOp-
JIMHaTax.

BuiGop mexny ypasuenusamu (10.9) u (10.10) noctatrouHO Tpy/eH U HEe MOXeET CBO-
JUTHCS TOJNILKO K OLEHKE BEJIMUMHBI R, KOTOpasi BO MHOTHX cJlyyasiX MpakTHYeCKH
O/IMHaKOBa.

KpHuBbIE BA3KOCTH U YNPYroCcTH paciyIaBOB MOJIM3TUIIEHA HU3KOW MJIOTHOCTH
npejactapiaeHs B padbote [218). Ha puc. 10.18, @ nokazaHo ynpyroe noeejieH e aByX
00pa3uoB NOJUITHUIIEHA.

Huxe ckopocTv 1c¢' ynpyrue cBoiicTBa XOpoLIO ONKCHIBAIOTCH ypaBHEHHEM
(10.10).

B nunelinpix kKoopaMHatax 3aBUCHUMOCTb N (Y) Takxe OsM3Ka K JIMHENHOM,
HO C HECKOJIBKO MEHbLUUM Ko3ddHuueHToM netepmuuaunu R’ Ha puc. 10.18, 6
Ha OOJILLIOM MHTEpBaJie CKOpocTeil c/IBMIra BA3KHE CBOMCTBA XOPOLLO OMUCHI BAIOTCH
00001IeHHBIM ypaBHeHUEM TeueHHUA (10.1), ko3ah(PULUEHTH KOTOPOro NnpuBeAEHbI
B TaoJ1. 10.6.

MoXHO yTBepXaaTh ¢ AOCTATOYHOMH ONpeaesieHHOCTbIO, YTO KpUBLIE BA3KOCTH
M YyIIPYrocTH MpU BHICOKUX CKOPOCTAX CABHIa OMUCHIBAIOTCA YpaBHEHUAMHU CTPYK-
TypHol peonorudeckoit Mosienu (10.1) u (10.7). Ha yuacTke HU3KHX CKOpOCTEN C/IBUTa
BA3KOCTb CTAHOBUTCH MOCTOAHHOMN BEJIMYMHOMN, IEMOHCTPUPYA HBIOTOHOBCKOE TEUE-
HUE, a NPH OYEHb BHICOKHUX CKOPOCTAX HAYMHAETCA NEPEXO K sIBJIEH MO CpblBa Teye-
HUS, TJIE 1) = Tgp/Y.

Ynpyroe nopeaeHWe Ha ydacTKe HHU3KHMX CKOPOCTEH CABHIa 1OCTATOYHO pa3HOO-
Opa3Ho. OHO MOXET ONMUCHIBATLCA NPAMOJIMHEHHOW 3aBUCHMOCTBIO B KOPHEBLIX MJIN

logN,, Ma o O N'2, Ma"”’
25} o 25
O
2 | L, . o . 20 | y=6.8031x —2,2229
cx:"f . o R?=n,9993
15 } Sy 15 |
.' 9 R <y
e r o
05 F - O" 5 L
L . 12 12
logy, ¢ v/, e
{} % I 1 1 L .ﬂ 1 1 L 1
—1 —0.5 0 0.5 1 0 | 2 3 q
la]

Puc. 10.16. Peconoruvueckoe noseaeHue xuakoctu boaxepa (0,03% Separan AP30,
1,5% Boawl, 98,5% MCY4IN kKyKypy3HOTo CHpPoI1a); 3aBUCHMOCTB NEPBOii
Pa3sHOCTH HOPMaJibHBIX HanPsi)kKeHH i OT CKOPOCTH CABKUTA B ABOHHBIX JIO-
rapupMUUECKHX KOOpAMHaTax (a); 3aBUCMMOCTL NEPBOIt pa3zHOCTH HOP-
MaJbHBIX Hanpsi>keHWii OT CKOPOCTH CABMra B KOPHEBBIX KOOpAMHATaX
(6). lyHKTHpHBIE THHUH COOTBETCTBYIOT IMHEI HOI 3aBUCHMOCTH U KBa-
ApPaTUYHOW 3aBUCMMOCTH OT CKOPOCTHM CABMTIa. YKa3zaHa JIMHUS TpeHaa
u KoapduumMeHT aeTepMuHaumu. JlaHHsle u3 pabotsl [197]
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NI, Ma'”

y=12212x — 14,743
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Peonornueckoe noBeacHue XUAKOCTH bompxepa (nonuu3zoOyTHieH-
nonubyTaH-KEpPOCHH): 3aBHCHMOCTb MEPBOI Pa3HOCTH HOPMAaJibHBIX
Harpsi>kXeHuil OT CKOPOCTH CABHUIa B IBOMHBIX JIOTaPpHMDMHUYECKH X KOOP-
JHHaTax (@), 3aBUCUMOCTBb NEPBOH PA3HOCTU HOPMAJIBHBIX HANPSXKEHU I
OT CKOPOCTH CABHTa B KOPHEBBIX KoopauHaTtax (6). [lyHKTHpHAast THHU S
EDDTHBTCTH}"ET KHHﬂpHTHHHDﬁ FABHCHMOCTH {}TCKDPUCTH CNBMTIA. YKH3H-
Ha NTUHUSA TpeHAa U KO3(DPUUUEHT netepMUHaUMK. JaHHeie u3 [197]

Tlﬂ! I—Ialﬁ'

Puc. 10.18.

) e @

Peosiorvueckoe nopeaeHUe pacnaBoB JIMHEHHOTo NOJIM3THJIEHA HH3KOM
NJa0THOCTH (E) M NOJIM3THIIEHA HU3KOH MJIOTHOCTH, NOJMMEePH30BaHHOTO
¢ Oytavom (A), npu 180°C: 3aBUCHMOCTb NEePBOi pa3HOCTH HOPMAJIbHBIX
HanpsixeHu it oopaszua A (Kkpyxku) um obpasua E (kBaaparsl) OT CKOPOCTH
C/IBHTa B KOPHEBbIX KOOpAMHAaTaX (a@); 3aBUCUMOCTb HanpPsi>KeHU sl CIBUTA
obpa3ua A (kpy>xku) M oopasua E (kBagpaTtel) OT CKOPOCTH CABHTA B KOP-
HEBbIX KoopauHaTax (6). Yka3zaHbl THHHH TPeHAA U KOI(PDHULIMEHTHI Ae-
TEPMHHALLHH

Tabaupa 10.6. KoadduumueHTs 0600111eHHOIO ypaBHEHMSl T€YEHHN IJIA pacrnjiaBa

MNoNUaITUNEHA (EAHHH UL H3MEpeHUs B cucTeme CH)

Cucrema (e n/? X n"4(0)
PacnnaB nonuatuneHa E 2220 7.8 2,1 115,0
Pacnnas nonuatuneHa A 654,6 4,9 6,4 106,7




JIMHEIHBIX KOOpAMWHATaX, NPUYEM NpsiMasi nepecekaet ocb N, (1nau N:”) OOBIYHO HUXE
Hayajia KOOPAMHAT, YTO U CO3AAE€T BNEUYATJICH M€ KBaJapaTUYHOH 3aBUCUMOCTH B J1BO¥i-
HBIX JIOrapupMUYECKUX KooparuHaTax. PeanbHasi KBaapaTuiHas 3aBUCUMOCTb HabJ110-
JIaeTCsl nOCTAaTOYHO peako (Hanpumep, puc. 10.17,6), npu O4eHb HU3KUX CKOPOCTSIX
CIBMrA.

3aKmo4yeHue

Ynpyrue CBoiicTBa Npu CTALMOHAPHOM TEYEHUU NMPOSIBJSIIOTCH B BULE HOPMAJIbH bIX
HanpsikeHUi. CywecTByIOLIME TEOPETHYECKUE MOAENIM OOBSICHSIIOT HOPMaJIbHBIC
CUJIBI B PAMKaX MEXaHMKHU CIJIOLLIHBIX CPEJl C MOMOLLBIO OAHOIO Y PaBHEH U SI, MPUTO/1-
HOrO U151 BCCrO MHTEPBana ckopocteit capura. CTPpyKTYpPHasi PCOJIOrMYCCKasi MOAC b
npeanosaraeT HaJju4yuve TPex y4aCcTKOB TE€YECHHA: CTPYKTYPA NPaKTHYECKH HE K3-
MEHSETCH MPU HU3KUX CKOPOCTAX CABHUIA, NPOUCXOAUT MOCTENEHHOE pa3pyLUEeHue
YNPYTruX arperatoB MJju aCCouMaToB npu Oonee BBICOKMX CKOPOCTSIX, MPOUCXOAUT
CPBIB TCYEHHU S NPH OYEHb BHICOKUX CKOPOCTSAX CABUIA.

YpaBHeHue o5 napaMeTpa ynpyroctu, a MMEHHO IUIsl NEPBOI Pa3HOCTH HOP-
MaJIbHBIX Hanpsixxenuit NV, = 1,, — T,,, BBEAEHO NO aHanoruu Mexny N, u HanpsiXeHu-
€M CIBMTa T ¥ CrpaBeJ1MBO B 00/1aCTH BBICOKHX CKopocTeii capura. [1pu HU3KKX CKO-
POCTSIX cABUIAa HAOMIOAACTCS NPSIMONMHCHHAs 3aBUCUMOCTD BUna NV, = n .y + AN,, roe
AN,, Kak npaBuio, MeHbLUuE HYsi. IHOraa Gosiee TouHas annpokcumMauus JMHeEHOI
3aBUCUMOCTBIO MOJIY4acTCsl B KOPHEBBIX KOoOpaAUHaTax. Bo MHOrux ciayugasix nepexon
OT JIMHEHHBIX MJIM KOPHEBBIX KOOPAMHAT K ABOHBIM JIOrapu(PpMuyeckiM KoopauHa-
TaM CO3AET JIOXK HOE BIEYAT/IEH UE O BO3MOXHOI KBapaTHYHOI 3aBucumMoctu N, ~ 7,
KOTOpasi NPMBOAUTCS B TPAAULLMOHHBIX PEONIOTMYECKUX Moaeisix. OnHAKO B PEAKMX
CJIy4asiX IPpH O4Y€Hb HU3KHX CKOPOCTSIX CABH A NMOSIBASIETCSI CTENEHHAsi 3aBUCUMOCTb,
ONM3Kas K KBaapaTU4HOIA.



NMIABA 11|

YIIPYTOCTb

N BASKOCTDb

NP COBUTOBbBIX
KOJIEBAHUNAX

CTpyKTYpHasi Peonoruyeckasi Moaejib MOXET OblTh MCNOJB30BAHA AJisI OINKUCAHUS
CIBUTOBBIX KOJIEOAH U1, TO €CTh PE3y/IbTATOB NTUHAMUYECKUX U3MEPEHUI. DTO BO3-
MOXHO, ecsii 3¢ PeKTuBHas CKOPOCTb CABUIa NP CABHUTOBBIX KOJEOAHHUSIX BHUSIET
Ha CTPYKTYPY CUCTEMbI aHAJIOTMYHO CKOPOCTU CABUIa Npu CTaLlMOHAPHOM CABHMIO-
BOM T€4eHHUHU. B 3TOM cnyuae ypaBHEHMS, MOJIYYEHHBIE ISl CTALLMOHAPHOIO CIOBH-
rOBOro TEYEHHUsI, MOTyT ObITh NPeoOpa3oBaHbl IS CABUTOBHIX ocumuansinuii. CaoBu-
roBbuie KoJieOaHu s 30€Ch paCCMaTPUBAKOTCS KaK CIBUTOBOE TE€YEH M€, NEPHOANYECKHU
M3MCHSIIOLLIEECS] C TECUEHUEM BPEMEHH.

I1.1. ®eHoMeHONOMMYECKOE ONMcaHue CABUIOBbIX
KonebaHum

CHHYCOMJANbHBIE CIBHIOBBIE KOJICOAHUS XHUAKOCTH OOBIYHO pPeaju3yloTcsl ¢ 1o-
MOLLLBIO KOJICOAHMiT KOHYCA B CUCTEME KOHYC—TIJIOCKOCTh (MU LLUJIMHAPa-PoTOopa
B CUCTEME KOAKCHAJIbH bIX LHJIMHAPOB), TPUYEM BEMYMHA aMIJIUTYAbI AeopMaluu
Y, buKkcuposaHa u BeibpaHa 1OCTaTOYHO Maoii. BenuyuHa nepopmallum v 4acToTa
KoneOaHUii 3a0a€TCs1, @ BO3H MKAKLLLUE B XU AKOCTH HANPSIXKEH Usl UBMEPSIKOTCS B XOIE
IKCNEPUMEHTA.

[lpy nMHAMUYECKUX U3MEPEeHUsIX nedopmauusi caBura B oOpa3ue BCLICCTBA
M3MEHSIETCSl 110 CMHYCOMAAJIBHOMY 3aKOHY Y =7,Sinwl. CKOPOCTh caABMUra paBHa
Y =Y, 0 Cosmt.

HM3mepsieMOE HANPSI)KEHUE CABUTA T H3MCHSICTCSI TAKXKE MO CHHYCOUAANIbHOMY 3a-
KOHY, HO C OTCTaBaHHMeEM Ha yroJ o:

T=1,Sin(wt + J). (11.1)

B npouecce uaMepeHus 3anaeTCad LMKJIMYECKAs YacToTa 1 U aMIUJIMTYAa CIABU-
roBoi aedopmMaLmm y,, U3MEPSKOTCS BEJIMYUHA aMIUJIMTYAbBl HANPSIKEHUS! T, U YTOJI
casura ¢a3so.

B cnyyae ynpyroro tBepaoro tesna koaedaHus neopMaLlluv U HaNpsi)KEHU s COo-
BriaaatoT no ¢gase, 7o ecth O =0 (ynpyroe noseaeHue). B cnyyae Heynpyroii BsI3KOIi
xuakoctu yron capura ¢as 8 =7/2 (Bs3koe nosencHue). Baskoynpyrasi XuakocTthb



4YACTUYHO 3anacaet ynpyryl 3Hepruk) M 4aCTUYHO pacCcerBaeT 3HEPrUi0 B BUAE Te-
MJOTHI 32 CYHET BHYTPEHHErO TPEHMUSL.

PaccMOTpUM OCHOBHBIE OCOOEHHOCTH CABMIOBHBIX KOJIcOaHWil, HE TpuBJCKas
Ha MNepBOM 3Tane Kakyr-Ju00 KOHKPETHYIO PeOJIOrHYeCKY K0 MOIEb.

Hanpsixenue capura (1) 1erko nepenucars B BUIE

T =1,Co0sd Sinwf+1,Sind Cosw/. (11.2)

31ech nNepBoe caaraeMoe rnpeacrasaset co0oi KonebaHue, copnaaawuee no ¢ase
¢ nepopmarimei (To ecTh yrpyrasi CoOCTaBasiOLIast Hanpsi>keHust capura). Bropoe cna-
racMoe coBnaaact 1o (pase Co CKOpOCTbIO caABUIa (TO €CTh BAI3Kasi COCTaBAS 0Ll HA-
Npsi>KeH Usi CABUIa).

BeoasiTcsi cneuuanbHbie KOG QUUIHEHTH, HA3BaHHBIE MOAYJEM YITPYTrOCTH (WU
HakonaeHust) G” u moaysieM Bsi3kocTH (Mnu notepb) G”, cneayronimm oopa3zom:

G =2 Cos: G”=20Sins. (11.3)
Yo Yo
Torna BeIpaXkeH Ue ISl HAllPsIXKEH Ml CABM A NpyuodpeTaeT BUIL
T=G",Sinwf+G"y,Coswf. (11.4)

Takxe BBoasiT 1Ba KOA(MQpHLUMUEHTA BA3KOCTU: AMHAMUYECKasi BA3KOCTH 1), KOTO-
pasi CXOAHA CO CABUTOBOI BSI3KOCTBK CTALLMOHAPHOIO TEYCHUSI, U 3anaceHHast (MHU-
Masi) BSI3KOCTb MJIM AMHaMUuyecKasl yrnpyrocthb 1”, KOTopasi CBsi3aHa C yIpyrocThio
BCLLECCTBA:

n =G%w, n”=GYo. (11.5)
Torna BeIpaxeHue AJist HANPsIXXEHUsl cABUTa NpUodpeTaeT BUA!
T=N"7,05inwf+ny,0Cosw/. (11.6)

UToOBl CONOCTABUTH CABUTOBBIE KOJIeDAHUS CO CAyYasiMU NMPOCTOro CABHIOBOIO
TEUYCHHSI W NPOCTOrO yNPyroro CaABMra, npeacTaBuM HanpsiXXeHKe T B BUIE

T=1"y,0SIin0f+n"y,0 Cosnl niu

t=1"+17=GCYy+ny. (11.7)

Takum 006pa3zomM, MOXHO OTAEJBHO 3anucaTh HaNnpsXXeHUue caBura t”, oTBeyaro-
liee 3a ynpyryio acpopMaumio CABUra, U HarnpsiXeHue caBura tv’, CBI3aHHOE C Npeo-
JIOJIEHUEM BSI3KOrO CONpOTHBNeHUS BelllecTBa. HanpsixkeHue caBura ssBHeIM o0pa3oM
pasnesisieTesl Ha yIpyrylo U Ha BSI3KY 0 COCTaBJS 0L HE.

PaccMoTpuM npeBpaLieHusl SJHEPTUU NMPU CABUTOBBIX KOJIEOAHUSX B XXUIAKOCTH,
ucnonb3aysi padbory [278].

PaboTa BHeIIHUX cun (MeXaHuuyecKasi padoTa) B eAMHULE 0ObeMa ONnpenessieTcs

f
ypaBHeHusimu dW=tdy=tydt, W =I1:1fdt-
0
[Mocne noacTaHOBKU 3HAYEHMIT T M Y MOXHO PacCyMTaTh 3HAYEHUSI 3arlaceH-

HOI ynpyroii 3Hepruu W, U 3Ha4YCHUSI AUCCUNIALMM 3HECPTrUM 3a CYET BSIBKOCTU W,



Benuvuuna 3anaceHHoit ynpyroii avepruu W, 3a nosopuHy nepuoja unu 3a nepuon T
paBHa HYJIIO. DHEPrusi, 3araceHHas 3a NepBy 0 YeTBEPTh NEPUOaa 3a CHET BHEILHUX
CHUJI, paBHA
T/4 ’ 2
W, = [ tydt="2 Coss = e (11.8)
0 2 2
Monyne ynpyroctu G’ siBnsieTcsi aHanorom Kos(Q@uiiueHTa yrnpyroctu npyxmu-
Hbl. B cienyonyto yeTBepTh Nepuoaa yrnpyroe COCTosiHue obpasia ucuesaet, U ynpy-
rast 9Heprusi CTaHOBUTCSI PaBHOI HYJI10. 3aTeM I1pOIIECC NOBTOPSIETCS.
DHeprus, NOTepstHHAs 3a CHET BA3KOCTH 3a YETBEPTh NepUoaa, paBHa
"t TToYoo: . « T T,
W, = I Tydt= —4—S|nb:EG o =3OV, (11.9)
1]
3a NoNHbli LUk — W, =1 G”y,.
Jlerko paccyuTares CpeaHUE NMOTEPU IHEPTUH 32 EAUHULLY BPEMEHU:

,o2,0
Wa=19 Yo _ 32, (11.10)
2
3nechb BeJIMYKMHA ? =Y,/ V2 paBHa 3(p(PeKTHUBHOI CKOPOCTH CABUTOBBIX KONeba-
HUI, MO3TOMY YPaBHEHUE aHAJIOTUYHO (hopMyJie AJis pacyeTa AMCCUTNaLUK 3HEPruu
CTALLMOHAPHOIO TEYEHUSI W, =1 "»;rz. B 3TOM Cciyyae nMHaAaMU4YeCKasi BSI3KOCTh 1) 10J1 K-
Ha ObITb AHAJIOrOM CIIBUIOBO# BSI3KOCTH 1) CTALLMOHAPHOIO CABUIOBOIO TEYEHUSI.
Kpome TOoro, MOXHO NOAYy4YUTb NOJE3HbIE COOTHOILCH MS:

G =2W(T/A/N,, G”"=rn/AW(T/A)N, . (11.11)

Takum obpa3oM, npu NOCTOSIHHOM 3Ha4yeHUH ¥, 3HadeHus1 G" u G” npsimo npo-
NMOPLUOHAJNIBHEBI YIIPYrOM U pacCessHHOM 3a 4YeTBEPTH NEpUoAa IHEPruM, COOTBET-
CTBEHHO.

Tanrenc yrna cnsura a3 rnokaspslBaeT OTHOLIEHHE NOTEPSIHHOM 3HEPruu K 3a-
MaceH HOW:

G”_w _2W(T/4) - W(T/4) m o
G v’ wW(T/4) W,(T/4) 2

MeHOMEHONOrMYECKOE ONHUCAHHE MOKA3bIBAET, YTO SIBJICHUS YIIPYTOCTH U BSI3KO-
CTHU INPU COBUTOBBIX KOJIcOaAHU X MOXHO pacCMaTpPUBAaTh N0 OTACBHOCTH.

MN3BecTHO [8], 4TO nMHAMUYECKUE UCTIBITAHUS, TO €CTh U3MEPEHUS B PEXKHME
CABUTOBBIX KOJIcOAHMI, NPOBOAST INPU ManbiX yrjax nopopora (MeHee 1°), 4yToObl
HE BBIITH 3a npeneyibl 001aCTU NTUHEHHON BSA3KOYINPYrocTH, rae 4yactora (0 OCLHJI-
Jupylowei nepopManmu BCeraa paBHa 4acToTe U3MEPSIEMOTO OCLIMJITMPY IOLLIEro Ha-
NpsiXeHUs (JinHekHas cpena). OOBIYHO NonarakT, YTO B 3TUX YCJIOBUSAX COXPAHSIETCS
BHYTPEHHSS CTPYKTYpPa BELWMECTBA WU, 110 KpailHel Mepe, OBICTPO BOCCTAHABJIMBa-
eTCs B npenenax nonynepuona konedbanuii. Ecau ¢popma cuHyconabl HE HCKaXaeTcsl,
TO MOXXHO CYUTATh, YTO BAA3KOCTb M YNPYTrOCTh B TCUCH ME LIMKNA KonecOaH il HE n3Me-
HSAKOTCS. HO npu u3MeHeHUM 4yacToThl KosiebaHuil yBeIMYeH e aMnJiIuTyasl CKOpo-
cTH (Y, W) MOXET NPUBECTU K UBMCHCHU IO CTPYKTYPBI CUCTEMBI U HOBBIM 3HAYCH MUSIM
NapaMeTpPoB BA3KOCTH U YIIPYTOCTH.
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[1.2. CrpykTypHasa peonoruyeckas Mmogenb ons
ONUCaHUA CABUIOBbIX KONebaHW

OLeH UM BO3MOXHOCTb MCIOJIb30BaH Usl CTPYKTYPHOMN PEOJIOrMYECKON MOAIENH, NPea-
JIOXKCHHOH 111 ONMCAHUS CTALLMOHAPHOrO CABUTOBOrO TCYCHHS, NPU MHTEPIpETa-
UMM cABUTOBHIX KosiebaHuil. CaenaeM BaXkHOE OONYLUEHHME, YTO AEHCTBUE CABHTOBBIX
KoJiebaHu#l Ha CTPYKTYPY CUCTEMBI NOAOOHO ACICTBHIO HENPEPBIBHOrO CBUTOBOIO
TCUEHUSI; TPUYEM ¥ =k’ = k”yﬂ{u/ﬁ, T = n"y'ﬂm/\ﬁ, k” — (hakTOp CMELLCHMSI.

O0001IeHHast MOaeNb TedeHUs! (r. 2) NO3BOKUIA NOJAYYUTH IS CTallHOHAPHOTO
CIABUTOBOrO TEYECHUS PEOJIOFTHYECKOE YPaBHEHHUE BHAA
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[lepBoe cnaraeMoe OTHOCHTCSI K NOTEPSIM 3HEPruM BSI3KOrO TEYEHHUS NPH OBU-
XEHUHU arperaTtoB 4acTUIl (MM aCCOLLMATOB MAaKpPOMOJIEKYJ1), BTOPOE ONKUCHIBAET MNO-
TEPHU HEPryuHU Npu ABUXEHUHW OTAENbHBIX YacTul (Mau makpomosnekyn). Koagpdu-
LMCHT ) YKa3blBACT HA TCHACHIIMIO K 0Opa3oBaHu 10 6¢CKOHEYHO BOJIBILOro arperaTa
YACTHLL U CBSI3aH C PHIXJIOCTBIO WM KOMMNAKTHOCTBK) OTAEJIbHOIO arperata 4acTHLL.
OH onpenensieT NJacCTUYHOE WU TNCEBAONIACTUYHOE 1NOBeJAeHHE CTPYKTYPHPOBAH-
HOI CUCTEMBI, NMOCKOJIBKY PAaBEH HYJIKO, €CJIU OTCYTCTBYET CINIOHTAHHBII OTPBIB Ya-
ctui, ot arperata. KoagduuueHt T, xapaktepu3yeT CTeneHb arperaumMu CUCTEMBI
U NpuoOpeTaeT CMBIC NPEeacJibHOrO AMHAMKMYECKOrO HanpsiXXeHus CIABUIra TOJBKO
npu ycsosum y — 0.

Koagdpuument Bsizkoctu KaccoHa 1), paBeH BSI3KOCTH CUCTEMBI ITPH IOJIHOM pa3-
PYILEHWH UCXOOH BIX arperatoB (MJIM NMOJHOM pa3pblBe BCeX 3auenjeH il MakpoMone-
KyJi), TO €CTh CBSI3aH ¢ 00TeKaHUEM OTAECJBHBIX YacTU L, (MJIM MAaKPOMOJIEKYJ) BA3KOM
aucnepcuoHHoit cpepoii. [lo aHanoruu ¢ 0000LEHHBIM YpaBHEHUEM TEYEHHUS C NO-
MOLLBIO IMPSAMO# NMOACTAHOBKM MOXHO 3aINucaTh 1J1si CABUTOBBIX KOJIEOAH M i1 BBIpaXe-
Hue (npu y, = const, k" = const):
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rae Koa(ppuuHeHT g° NoKa3blBaeT CTENeHb arperayiy 4acTu, Wiu MnjJoTHOCTD 3aLe-
NJIEHUI MakKpoMoneKkyn, Koa(GPuuUUEHT ¥ yKa3plBaeT Ha TEHAEHLMIO 0Opa3oBaHu s
PHIXJIBIX arperaToB YacTH L MJIM acCoOLMaTOB MakKpoOMOJeKya, KOa(pduuueHT n"” onu-
CBIBAET BSAI3KOCTh, BOSHHUKAIOLIYIO 32 CYET O0TEKAH USl OTAEJIBHBIX YACTHU L, UJIU MaKPO-
MOJICKYJI.

B Toii e popMe 3anuchiBaeTCs ypapHEeHHUE 1J151 MOAYJIsl NOTEPh:
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B paMKax CTpYKTYPHOii peosorHuecKoi MoJie/i nepras pa3sHoCTh HOPMAJIbHBIX Ha-
npsiKeHui BbIpaXxeHa ypaBHeHHEM:

N2 = —ZST__3\2 g 42 (11.15)
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[lepBoe cnaraemoe npeactapiisieT cCOOOK CTPYKTYPHYIO YacTh yHPYyroctu, ody-
CJIOBJICHHY IO accollMaTaMKi MaKpOMOJIEK yJI; BTOpasi 4acTh ONMKMCBIBA€T COOCTBEHHYIO
YyNpyrocThb OTAEJIbHBIX MAaKPOMOJIEKYJI.

3anuiueM aHaJOrM4YHbIC BHIpaXKeHUst aasi Monyast ynpyroctu G” v aimHamuye-
ckoii ynpyroctu ™

gﬂmlfl

G,”E m + T]:Iﬂ'[ﬁlﬂ . (I 1. 16)
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[lepBoe cnaraemoe npeacraBasieT COO0M CTPYKTYPHYIO HaCcTh MOJYAS YITPYTrOCTH
(MM AMHAMUYECKOM ynpyroctu), oOyCJOBJEHHYIO accolMaTaMu MaKpOMOJIEKYII,
BTOPOE cJlaraeMoe OINUCHIBACT YacTh MOAYJISl YIIPYTOCTH (MJ1M AMHAMMUYECKOI yrnpy-
rOCTH), CBA3aHHYIO C OTAEJABHBIMH MAaKPOMOJIEKYJIAMMH.

11.3. AnnpokcMMayma a3KCNepUMEHTaNbHbIX KPUBbIX
BA3KOCTU U YNPYroCTu

Bsizkoe u ynpyroe nopeaecHue 1npu CABHIOBbIX KosebaHusiX o0Opa3LoB BOAHOro pac-
TBOpa nonuakpujamuaa u Kkcaitana [194], npeacrasnero Ha puc. 11.1 u 11.2. Pac-
CYUTAHHBIC 3HAYCHH S KO3IPPULMCHTOB nNpUBCAcHbBI B Ta0. 11.1.

B kHure Xanrtepa [34] onucaHbl peONOrHYecKue cBoiicTra odpasua rnoJIMCTHpo-
sa (Styron 686, Dow Chemical co.) co cenyoimmmMu 3HAYCH USIMU MOJISIPHOM MacChl
u xapaktepom MMP: M =2.89-10"; I'UI =1,02-10°. AnnpokcuMaLmsi 3TUX AaHHbIX
YPaBHEHUSIMU CTPY KTypH(m MOJIEJTH ﬂ]}EﬂCTaHJ]EHa Ha puc. 11.3.

Tadomuna 11.1.  Peonorvueckue xapakKTepuCTHKH pacTBOPOB M PacnjaBoB noJii MEPOB

(enmHuubl u3MepeHs B cucteme CH)

Cucrema Bsaskocts G”, 1) Ynpyrocts G, 1"
g; ,x! ,n.rl.-'z g.rr x.r; nrmz

2%-Hbli BOAHBIH PacTBOP NOJTHAKPUIAMM I 3,53 | 0,15 0,053 5,64 | 0,45 | 0,17

[194]

3%-Hb1ii BOJIHBIH pacTBOp KcaHTaHa [194] 3,1 [0,065] 0,27 | 5,94 | 0,105 | (.28

pacnJjas nnonuctupona [34) 38,8 | 1,59 | 7,23 (2446 | 1,79 | 4,63

NONUCTUPONBHBIM NaTeke B BOAHOM pacteope | 10,3 | 0,44 | 11,7 | 11,3 | 0,092 | 0,063

10” M NaCl [173]

pacTBOP NOJIHCTHPONA 25,6 | 0,14 | 0,28 | 49,7 | 0,68 | 0,09

B TpUKpe3osidocdaTte [279]

pacnnaB noguatunena 140°C [§] 147 1,0 9.0 |286,0| 3,68 | 1,46

pacnnaB nonuatunexa 190°C [8] 120 1,8 7,6 202 5,6 3,6

pacnnas nonuatunena 240°C [8] 115 3,7 50 | 199,7 | 11,5 1,9




Bsizkoynpyroe nopeaeHue CycrnieH3um 3J1IeKTPOCTaTHUECKH CTabUNM3UPOBAHH BIX
yacTull jatekca B BomHOM pactBope [173]) nokazaHo Ha puc. 11.4. 3HauyeHusi Koad-
(DU LIMEHTOB PEOJIOTMYECKUX YPaBHEHH I npuBencHbl B Tadn. 11.1. Jlerko Bumers, 4To
ypasHeHus (11.13), (11.14) u (11.16), (11.17) gocTatOuHO XOPOILO ANNPOKCUMHUPYIOT
3KCIEPUMEHTAJIbHBIE JaHHbIE.

OTMETHM, YTO B NPUBEAECHHBIX MPUMEpax Npu HU3KHX YaCTOTAX () HE OTMeYaeT-
CSl TCHACHIIMS K JMHEIHOIM Wau KBaapaTu4Hoii 3apucumocty Buaa G” ~ o u G ~ o',
KOTOpasi ciaeayeT U3 pacnpoCTPaHEHHBIX TEOPHil BSI3BKOYINPYrocTH, B YAaCTHOCTH,
u3 moaenu MakcBenna.
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Puc. 11.1.
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Peonornueckoe noepeaeHue 2%-Horo BOAHOrO pacTBOpa NoJUakKpUJaMuia
(nMHeWHbI nonumep B dopMe CTATHUCTHYECKOTO KNyOKa): 3aBUCMMOCTH
MOy BA3KOCTH (KBaApaTel) U MOAYIS YNIPYTOCTH (KPYXKH) OT LLIUKJTH-
YECKOM YaCTOTHI CABUTOBBHI X KONEOAHMWH B ABOHHBIX TOrapuhMMYECKH X KO-
opauMHaTax {(a); KPpMBBIE CIBUTOBBIX KOJICOAHMIH B KOPHEBBIX KOOpAMHATAX
(6); 3aBUCHMMOCTH AMHAMHWYECKOIN BA3KOCTH (KBAaApaThl) U AHHAMMHUYECKON
YOPYrocTv (KPy>XKH) OT LMKIHYECKOH YacTOThl CABWUIOBbIX KonebaHHUH
B IBOMHBIX JJorapupMmuueckux kooparHatax (g). Jlanusie u3 padoTtoi [194]

I G”z, I—[all.-"l Ign’ [a-c

)

o e b e s LA 2R =] 08

lgo, ¢

0,6

2 —1 0

Puc. 11.2. Peconoruvueckoe noseacHue 3%-Horo BOJHOroO pacteopa kcaHtaHa (6vo-

NOJMMEP ¢ MONIEKYJIaMH B (hOPME CTEPXKHS): 3aBUCHUMOCTH MOAYNS BA3KO-
CTH (KBaApaTbl) U MOAYNS YNPYTOCTH (KPY>XKH) OT UMKJTHYECKOH 4aCTOTHI
CABUTOBBLIX KONeOaHWil B IBOMHBIX NorapuMUuecKux KoopauHarax (a);
KPUBBIE CIBUTOBLIX KOJIEOAHWH B KOPHEBBIX KoopaHHaTax (6); 3aBUCUMO-
CTH JWUHAMWYECKOH BA3ZKOCTHU (KBaapaTbl) U JMHAMMYECKOH YNpyrocTtu
(KPY>XKH) OT UHKIUYECKON 4aCTOTHl CABUIOBBLIX KOJNEOAHUN B JBOMHBIX
norapumuyeck MX koopauHatax (). JlanHeie U3 paboTtsi [194]
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Puc. 11.3. Peonoruvuyeckoe noeegeHue pacniaapa noJUCTUpPOaa (MIMHEHHBIH MOJUMEDP
B (pOpPME CTATUCTHYECKOIO KJNyOKa): 3aBUCHMOCTH MOY$ BA3KOCTH (KBa-
APaThbl) U MOAYNS YIIPYTOCTH (KPYXKH) OT HMKJIWYECKOH YacTOThl CIBUTO-
BbIX KOJIEOAHUI B JIBOHHBIX JlorapupMHUUECKHUX KOOpAUHATaX (a); KpUBLIE
C/ABUTOBBIX KOJNIEOAHHWI B KOPHEBBLIX KOOpAMHATaX (0); 3aBUCHMOCTH JIMHA-
MHYECKON BA3KOCTH (KBaapaTbl) M AMHAMHWYECKON yNpyroctH (Kpy>xkH)
OT UMKJIMYECKOM YaCcTOThl CABUIOBBIX KOJIEDAHUWH B 1BOMHBIX nNorapudmu-
YeCKMX KoopauHaTtax (). JlanHbie u3 padotn [34)
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Puc. 11.4. Peonorvueckoe noBefieHHUe CYCMEeH3MH MOJUCTUPOJIBHOIO JlaTekea B BO-
anom pactope 107 M NaCl (o6nemHas koHueHTpaumns @ =0,35, paamyc
yacTtuiLF= 0,037 MKM): 3aBUCMMOCTH MOAYIA BA3KOCTH (KBaapaTthl) U MOMLY-
JI yNPYyroctH (Kpy>KKH) OT YacTOTHI CABUTOBBIX KOIEDaHW I B ABOHHBIX JIO-
rapuhMHUYECKHM X KOOpAMHATAX (@); KPUMBBIE C/IBUTOBBLIX KOJIEDaHU I B KOpHE-
BbIX KOOpAHWHATax (6); 3aBUCUMOCTH IMHAMHYECKOH BA3KOCTH (KBaJpaThl)
M AMHAMUYECKOM yNPYTrOCTH (KPYXKKH) OT YACTOTHI CABUTOBLIX KONICOAHUWH
B IBOMHBIX JJOrapuMuueck ux koopauHarax (6). Jlanxwie us padotsi |173]

Tabnuna 11.2. 3HauveHus AMHAMHYECKHUX Moayneil ana obpasiia noAKMMEPHOro pac-
TBOpa NoJIMCTUpoNna B Tpukpe3sosihocdare npu 25 °C [279]

lgw, ¢’ =241 -2,2 [ -2,01 | -1,8 | -1,6 | -1.4 | -1,21 | -1,01 | —0,81 | -0,61

gG,Ma | 07 | 1,0 | 1,3 | 1,59 | 1,87 | 2,02 | 2,14 | 2,36 | 2,50 | 2,65
lgG”,Ma | 1,49 | 1,72 | 1,89 | 20 | 2,06 | 2,3 | 2,41 | 2,5 | 2,58 | 2,64
lgw,c’ | -041|-021]-001| 018 | 04 | 05 | 078 | 0,99 | 1,19 | 1,39
lgG,Na | 275 | 2,86 | 2,95 | 3,01 | 3,08 | 3,13 | 3,19 | 3,23 | 3,26 | 3,29
lgG”,Ma | 2,67 | 27 | 273 | 274 | 274 | 2,76 | 2,78 | 2.8 | 2,82 | 2,87




PaccMmoTpum Oosiee nogpoOHO peosioruyeckoe NnoBejeHue 1Nnpu CIABUTOBBIX KO-
JebaHusix pactBopa nojguctupona B tpukpesuiadocdare (puc. 11.5), ucnonb3ys
Tadn. 11.2 uz padotwl [279).

[loBeneHne nMHAMHYECKOM BSI3KOCTH 1) CXOOHO C PEONIOTHYECKHUM NOBEACHU-
eM CcABUrOBO# BsI3KOCTU 1 (puc. 11.5,6). B obnactu HU3KUX HACTOT, B ABOMHBIX
Jorapu(PMUUYECKUX KOoOpaMHaTax HabnwpaeTcsi TEHACHLIUS K KBaJpaTHYHOI 3a-
Bucumoctu G’ ~ o (puc. 11.5, a). B KopHeBbX KoopauHaTtax (puc. 11.5, 6) MOXHO
NMOJIY4UTH B JOCTATOYHO XOpOLIEM NPUOJUXEHUHU 3MITUPUYECKYIO 3aBUCUMOCTb
G’ =g/(0"*-®/*). Ha 3TOM Xe y4acTKe IKCINEPUMEHTANIbHBIC NAHHBIE MOX-
HO annpokKCUMUpPOBaTh CTENEHHOW 3aBUCUMMOCTBIO C NnokKasareneMm cteneHu 1,45
(puc. 11.5, 2).

lgn’, Iac
* pody
IS5
31
251
2 L
15}
| 1 1 1
-25  —15 05 05 g, ¢’
9 L Gfl,.l".'! ]-Ialfl
8 F
7 F
ﬁ L
5 L
4 L
3 .
10 y = 66,639x — 2,0547 2 y = 125,62x "4
2= - X R’=0.9995 -
5 R’ =0,9981 m'ﬁ,c 172 1 0 mu?,c 12
[ i i i [ 0 '} [ [ [
0 | 2 3 4 5 0 0,05 0,1 0.15 0,2

Puc. 11.5. XapaktepucTMKM CABUTOBBLIX Konebanuii obpa3ua noauMepHOro pacTBo-
pa noauctTHpona B Tpukpesondocdare npu 25°C: 3aBUCHMOCTb MOAYN S
BA3KOCTHU (KBaJpaTbl) U MOAYJSA yOPYrocTH (KpyXKH) OT LMKIHUYECKOMN
4acTOTH B ABOMHBIX JJorapu(hMHUYECKUX KOoOpaAUHaTax (a);, 3aBUCHMMOCTD
JUHAMMWYECKOH BAZKOCTH OT UMKJIHYECKOH YaCTOTHI B IBOWHBIX norapudg-
MHYECKH X KoopaKHHaTax (6); 3aBUCHMOCTb MOyl YITPYIOCTH OT UMKJIU-
YECKOH 4acTOThl B KOPHEBBIX KOOpAMHATAaX (8); 3aBUCMMOCTb MOLYJIS YTIPY-
rocTM OT UMKJIHYECKOH YACTOTH B KOPHEBBIX KOOPAMHATAX MPH HU3KUX
yacTtoTax (2). [lyHKTHUpHBIE TUHHUKU COOTBETCTBYIOT JIMHEHHONH U KBadpa-
THUYHOM 3aBUCHMMOCTH U3MEPEHHOM BenHYHHBI. YKa3aHbl KO3MDDHUIIUEHTHI
nerepMuHaunu R’. JlaHHble U3 pa6oTh [279]



CxonHble pe3yabTaThl MOXKHO NOJIYYUTH IPU aHAJIM3€e BI3KO-YITPYyruXx cBoiicTs [8]
pacnJjiaBa noJM3TUACHA NPU pa3nuyHbiX Temneparypax (puc. 11.6 u 11.7).

[MoBeneHue nMHAMMWYECKOI BA3BKOCTH 1 CXOMHO C PEOJOTHYECKHM TOBEAEHHUEM
CIABUINOBOM BSI3KOCTU TNOJIMMEPOB, C POCTOM IIMKJIMYECKON 4aCTOTH BSI3KOCTh I10-
CTENEHHO YMEHBLIAETCS, HO MNPU BBICOKUX TeMIepaTypax OTYETIMBO HabJwonaect-
CS1 HBIOTOHOBCKOE NJIaTO HA yyacTKe HU3KUX yactoT (puc. 11.6, a). C yBenuyeHHeM
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Puc. 11.6. Peonornueckoe noBeacHUE pacnnaBa NoJUITUIICHA. 3AaBUCMMOCTD JIMHA-
MUYECKOM BA3KOCTH OT YACTOTHI CABUTOBHIX KONEOAHUH B JBOHHBIX Jlora-
pubMHUYECKHX KoOpaAHHaTaX (a); KpMBbIE TEYEHUSA B KOPHEBBIX KOOPJAWHA-
tax (6). [Noscnenusi B Tabn. 1. [lanHwie u3 pabotwl [8]
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Puc. 11.7. V¥Ynpyroe noeeaeHue pacnnapa nofMUITHIACHA NPU Pa3IMuYHBIX TEMTIEPATY-
pax: 3aBUCHMOCTb MOAYNA YNIPYTrOCTH (KPYXKH) OT LUMKJIWYECKOi YyacTo-
Tbl B ABOMHBIX norapupMHUUECKHUX KOOpAKMHATaX (a@); 3aBUCMMOCTb MOALY N4
YIPYTOCTH OT LIMKJIMYECKOM YaCTOTH B KOPHEBBIX KoopauHaTax (6); 3aBu-
CHUMOCTb IMHAMMWYECKOH YyNPYrocTH OT LMKNWYECKOM YacTOThI B IBOHHBIX
norapudpmuyeck ix koopauHatax (6). [lyHKTHpHas nMHHUA COOTBETCTBYET
KBaapaTH4YHOM 3aBUCUMOCTH. JlaHHbie U3 paboThl [§]



Temnepatypel obpa3ua BeJuuuHa KoadduuueHTa arperaunu g HE3HAYUTENBHO
YMEHbLUAETCS, BEJIMYMHA KO3(pPULMEHTAa KOMIMAKTHOCTU ) YBEJIMUMBAETCS, KO-
duumenT BsizkocTH 1’ ymenbluaercs (ta6a. 11.1).

IloBeaeHue napamMeTpoB ynpyroctTu BHIMSIAUT Oonee ciaoxXHbiM (puc. 11.7, a).
[pu yacTotax HUXe 1 ¢~ IKCNEPUMEHTAJIbHBIE TOYKH HAXOAATCS HUXE pacCYUTaH-
HOI KPHBOM yNpPyrocTH, M HabnioaaeTcsi TEHACH UM S K CTENMEHHOM 3aBUCHMOCTH C MO-
Ka3aTesieM CTerneHu, O0JbLLEM ABYX.

OnHako 0onee neTajabHOE pacCMOTpPEeHUE nokassiBaeT (puc. 11.8), yTo npu HU3-
KMX YacToTax C AOCTATOYHOW TOYHOCTHIO HabnaaeTcs MpsiMOJUHEHHAst 3aBUCH-
mocTh Buaa G”% = gl'(m"’ —w/?).

3nech NPpUBEAEHB HEKOTOPHIE MPUMEPHI CABUIOBBIX KOJEOAHHUIT OrpaHUYEeHHO-
ro Kpyra BelIECTB, IJI€ MPUMEHUMBI C ONMPeaeIeCHHBIMU OrPaHUYEHUSIMU YPABHEH U S
CTPYKTYpHOIl Monenu. Cyasi MmO MHOTMOYMCJIEHHBIM Pa3HOOOpa3HBIM KPUBBIM M-
HAMMYECKUX U3MEPEHMUI, PEOJIOTHYECKOE MOBEACHUE MPH CABUMTOBBIX KOJEOAHMSIX
MHOIO CJIOXHEE, YEM B YCJIOBUSIX CTALIMOHAPHOrO Te4eHUsl. CBsSI3aHO 3TO, BO3MOXHO,
C TEM, YTO BO3OEHUCTBHE CKOPOCTU cABHray U 3O(PEeKTHUBHONH CKOPOCTH ?z(ﬂ'fu /\E
Ha CTPYKTYPY BELIECTBA HE OAMHAKOBO, OCOOEHHO MPU HU3KKUX YACTOTAX, BEPOSITHO,
13-3a 3TOro BeJIMYuHa (pakTopa cMelieHus £ MOXET cama CTaTh 3aBUCUMOI OT 4a-
CTOTHI KOJIe0aHu i .

MomyJsib BsI3KOCTH U MonyJib ynpyroctu G’(w), G”(w) npencraByieHbl ypaBHEHHU 51~

. 1)2 1/2
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OMHUCHIBAIOT 3KCMNEPUMEHTAJIbHbIE JaHHBIE B 0051aCTH BBICOKMX 4acToT. B obnactu
HU3KUX YACTOT AMHAMUYECKAs BSIZKOCTH M BBIXOAMUT HA Miaro, noaoOHO OOBIYHOMN
CIIBUTOBOM BSI3KOCTH. DKCNEPUMEHTAJIbHBIE 3HA4YEHHU S moayns ynpyroctu G’ (w) pac-
MoJaraloTCs HUXE TEOPETHYECKOH KPHBOI, 3TH Pe3yJibTaTbhl MOXKHO B MEPBOM MPH-

mu: G™* =

GAIMKEHU U OMKCATh IMIUPUYECKOIT 3aBrcumMocTbio G2 = g0 — ).
180 L o G’I‘”, I-[all.n"J g0 | G’Iﬁ', I-Iﬂlf?
160 | 70|
140 | 100 | ol
120 1 80 | 50
100 |
8{} I 6(} | 4ﬂ [~
30 |
60 40 |
a0 | 20 |
y = 84.77x ~ 71909 20 | § y-39.881x-6.5408 y=17,703x — 4,139
20 R’ = 0,999 R’ =0,9995 R’ =0,9994
] 1 L 1 n, L i 1 {} i 1 L
0 2 4 6 0 2 4 6 0 2 4 6
El mlﬁ', C -1/2 ﬁjl,-"}!, C -1/2 UJUE, c 1/2

Puc. 11.8. 3aBucuMocTe Moayasi ynpyroctd (KpyXKH) pacnaaBa NOJHITHIIEHA
OT LIMKJHYECKOI YyacTOTh B KOpHeBbIX KoopauHaTax npu 140°C (a); npu
190°C (6); npu 240°C (). BoiaeneHHble TMHUU TPEHAA COOTBETCTBYIOT 3a-
ucumoctn G” = gZ(w"’ —w/?). Janubie U3 pabots 8]



|1.4. Peonornyeckoe noeeaeHue n peonornyeckue
Moaenu

IlpencraBneHHbIe BHILLE PE3YyNbTaThl J0JIXXKHBI ObITh TOMNOJIHEHB CPABHEHUEM 3aKO-
HOMEPHOCTEH CTALIMOHAPHOIO CABUTOBOrO TCYECHUS U 3aKOHOMEPHOCTEN CABUTOBBIX
konebaHui. nst 370ro HeoOXONHMO NpeaBapuTebHO PACCMOTPETh HEKOTOPHIE U3-
BECTHBIC PEOJIOrMYECKHEe MOAECIIHN.

M. Peiinep [138] B 1947 r. chopMmynupoBan nBe 3amaqyu, CTOSILLIKE MEPEN MHKPO-
peonorueit. I'leppasi — ucxonst U3 IKCNEPHUMEHTAJIbHON PEeOJIOrHYeCKOM KPpHUBON, Bbl-
BECTH 3aKJIIOYEHHE O CTPYKTYPE BELIECTBA (YTO OH HA3BaJI CTPYKTYPHBIM aHAJIU30M).
Bropasi — OOBSICHUTH PEONIOrMYECKOE MOBEACHHUE CJIOXKHOTO BELLECTBA, 3Hasi PeoJio-
FrMYECKHUE CBOMCTBA COCTABJIS IOIIK X (4TO OH Ha3BaJl TEOPUEHN CTPYKTYPHI). COOCTBEH-
HO, MEPBOE SIBJISIETCH TAK HA3BIBAEMOW OOpaTHON 3ajayeil, Korga OMnpeaensiioTcs
KO3} PULUHEHTB HEKOTOPON (PYHKLMOHAJbHOW 3aBUCHMMOCTH, KOTOPBIE OTBEYAIOT
HEKOTOPbIM CTPYKTYPHBIM U (PU3MKO-XUMHYECKUM XapaKTEPUCTUKAM CHUCTEMBI.
BeiOOp aieKBaTHOrO peOoJIOrMYE€CKOro YPpaBHEHUSI KAK pa3 sIBJSIETCS pPeLueHHeM 00-
paTHOM 3aaa4H.

Bropasi 3apa4a siBasieTcsi NpsiMOi K IOJI)KHA OMUCATh PEOJIOTHYECKUE TAHHBIE Ye-
pe3 3agaHHble napaMeTpel cUcTeMBl. IpuMepom pelueHu s TakoM 3aaa4yu OyneT ypas-
HEHUE DUHLITEHHA 1J151 BA3KOCTU NMPEaesibHO pa30baBieHHOM cycreH3duu (4to PeitHep
Ha3blBACT CTPOroi CTPYKTYPHOMN TEOPUEN).

[Mpencrapnsiercsl, YTO 3TH PacCyXJAeHHU S HMEIOT He TOJIbKO UCTOPHYECKU I MHTE-
pec, MOCKOJIBKY OTPAXAIOT 1BA CYLIECTBY IO X MOAX0/1A K OMUCAHU K0 TEYEHU S CIIOXK-
HBIX XU AKOCTEN. Takoe OonucaHue npomM3BOAUTCS C MOMOIIBIO MHKPOPEOJOrHYECK U X
MOmenei.

Peiinep [138] cooluiaer, 4yTo B TEOPUU MOEJICH 3aMEHSIIOT CUCTEMY C HEM3BECT-
HOI CTPYKTYpPOIN MOAENBIO, Mpeanosaras, 4To OHa A0JXHA BECTH ce0sl aHAJIOrM4YHO
peanbHOM CTPYKTYpE. MOaeb COCTOUT U3 INIEMEHTOB, KOTOPHIE, KOHEYHO, HE Coaep-
XAarcsl B peaJibHOM BeleCTBE, a HMEHHO: U3 MPYXWH, MOPLUHEH, O1I0KOB U T. 1.

bauxe K peasibHOCTH HAXOAATCsl MOAEU, cocTosiiue u3 nyéneros wapos (Kpu-
rep, Jloreptu [24]), rubkux penoyex cpsizaHHbiX yacTu (Kpocc [46]), AnMHHBIX 11U-
JuHapoB (KaccoH [42]), Haxonsiiuxcsi B BSI3KOM cpefie.

Bce 311 MOOe 1M MOXXHO CHUMTATh CTPYKTYPHBIMHU, MOCKOJIBKY U3MEHEHHE BA3KO-
CTH NMPSIMO CBSI3aHO C UBMEHEHHEM CTPYKTYPbl BELIECTBA.

Yxe ynomunHanocs (rn. 1), yro B kuure K. C. Pamaiisi [87] npuBeneHo ypaBHeHHe

T,
AN MAaCTHYHOro U nceBaormJiaCtTUH4YHOro TCHCHUW A BUM 4 1) = —D_+ .-
o+y

Cpa3sy OTMETHM, YTO 3TO YPABHEHHE COBMAnaeT no (hopmMe ¢ NoJyYEHHBIM MO3/-
Hee ypaBHeHHeM Bunbsimcona — JIxxunnecnu. IlpepnoxeHHasi HaMmu 00001IEHHAS

MOJIEJIb TEYEHU S MPUBOAUT K YPABHEH U0, KOTOPOE OTJINYAETCHA OT 3TOrO YpPaBHEHUS
HaJlu4yuem creneHu 1/2 y usMepsieMbl X pEOJIOrMYECKHUX BEJIMYUH:

7/

/2 _ c -1/2
T =—p——Y

v+ X

1/2,-1/2



Kpome Toro, B npeaioXXeHHOM HAMM CTPYKTYPHOM peoJIOrH4yeckoil Moaenu rno-
TEPU HA pa3pyLUEHUE CTPYKTYpPbl B XOOE€ CTALLMOHAPHOIO TEYEHUS MPEHEOPEXMMO
MaJibl, U OCHOBHBIE MOTEPH IHEPrUH MPUXOASATCH HA OOTEKAHME ArperaTtoB YacTHL|
(nepBoe cnaraemMoe) U Ha O0TEKAHUE OTAENIbHBIX YaCTHU L (BTOPOE CNaraéMoe).

bOJIBLUMHCTBO UCCNIEAOBAaTENEH UCMONB3YIOT J1S alMPOKCUMaLUU PEOJIOruye-
CKHX JaHHBIX ypaBHeHHe Kappo— Awuaa [8,9], no ¢popme cxonHoe ¢ 0000111eHHBIM
ypaBHEHUEM TeyeHus:: =1 /(Y"+x)" +1n_, r1e n © M — NOAroHOYHbIe KOIPhHULM-
eHTHl (sl cBOei mMomenu Kappo nepBoHa4yasibHO BHIOpan n=2). Y170 ypaBHEHUE
LIMPOKO MCMONBb3YETCs ANsl aHAJIM3a KPUBBIX TEYEH Msl AMCIEPCHBIX U MOJIMMEPH bI X
CUCTEM, HO, HACKOJIBKO HAM U3BECTHO, 0€3 00BbACHEHU S (PU3UYECKOTO CMBICTA KO-
¢puureHToB. JIErko BUAETH, YTO OHO NMpeBpaluaeTcs B ypaBHeHHe Kpocca npy m= 1,
B ypasHeHue Dkunnecnu —npu m=n= 1.

Ilonxon, pazpadboranHblii Makcsenniom euie B X1X Beke, npeanaraet MoaeJiupo-
BATH MOBEEH e peaJlbHOI BSI3KOYNMPYroi XX MAKOCTH MEXaHHUYECKO CUCTEMOI Mpy-
XHH U geMrgepoB (neMeHToB I'yka u HeloTOHA), B KOTOPO HanpsixXeHus U aeop-
MAL MU paCCYUTBIBAIOTCS MO ONpeaeseHHBIM nmpaBuiaam |8 9].

B o0uiem, yacTe paboTel BHELUHUX CHJ1 3aTPauyMBaeTCsl HA YBEJIMYEHHUE YIIPYroH
3HEPruu (MOLEJIBID UACAJIBHON YINPYrol CUCTEMBI SIBJISIETCS MPYXMWHA), 4 4aCTh —
pPacCEUBAECTCS B PE3YJIbTATE BSA3KOIO TPEHUS (MOAEbIO UACAJIbHON BSI3KON CUCTEMBbI
apyisieTcs nemngep). U3secTHas MoIe b X UAKOCTU Makcesena npeacrasisieT coOOoM
MOCJIEAOBATEJIBHOE COSAHHEHHUE NMPYXXKMHBI U nemn@epa. HanpsixxeHnusi capura B 000-
X DJIEMEHTaX OMHAKOBHI, a nepopMay U U CKOPOCTH nedopMaMu aaauTUBHBI:

Tmm; ? — T}-np - ‘Ymmx; 'f - T.ynp — P'I(‘H}I.'t' (] 1'18)

JInst OTHENbHBIX 2JIEMEHTOB CITpaBEIJIMBbl COOTHOLLEH USI:

T—1T

ynp -
Ty = OV T, = MY (11.19)
[NMocne ux noactaHoBK U B ypaBHeHU S (18) nonyuum
T T
=—4—.
G n
910 npocroe nudpdepeHunanbHOE YPpaBHEHUE MO3BOJISIET PACCYUTATH 3aBHCH -

MOCTb HAMPSIXKEHUS OT BPEMEHHU MPU ObICTPOM YBEJIMYEHUU aeHOopMaLIUM, a TAKXKE
npu ee pukcaumu (y = const, y = 0).

v (11.20)

dt G
B pe3ynbrate MHTErPUPOBAHU S YPABHEHM S j.— - —_[—dt [OJIY4 MM BbIPaXXEHUE
T * M

Ty
1

T=1. V. (11.21)

3nech BpeMsi peflakcauuy HanpsixkKeHUst casura pasHo A =1/G.

f
T T
[Mpy MOCTOSIHHOM HAMPSIKEHUU T = T, U3 YPaBHEHUS Y = — + _[-idt MOJIYYHUM
0

T, 1T

V() =—t+—. (11.22)
n G

Monens MakcBesiia MOXXHO UCTOIb30BaTh /1Sl aHAJIU3a IMHAMUYECKHUX U3MEpe-

HUii: nehopMalinsi 3a1aeTCsi B KOMIJIEKCHOM Buje Y(t) = y,e'"; ckopocTh aedhopManuu

1(t) = oy = ioy(t); nanpsxenue; T(t) = T,"**” cKOpOCTb U3MEHEHUS HANPSIXKEH U



(t) = it e . ﬂocne noﬂCTaHOBKM B ypaBHEeHUE cOCTOsIHU A (20) mony4uum ypaBHe-
, int,e” T.e° .
HUE 10y, = ('j +—— . KomnjiekcHBI it Momyb casura pasen G* = T#/y* = (1,/y,)e”,
) n
G* ion/G imA :
oTciona =- = - . YMHOXas yucauTenb U 3HameHaresb Ha (1 — ioA),
G ion/G+1 ioA+1

G* ot +(wl)’

MOJIY4YUM = s—. YuuthiBas, 4to G* = G” +1G”, nonyyum
G 1+(wA) ] ) )
G':M?(J‘”:(JL}“E_ (11.23)
| +(wA) 1 +(wA)

Jns pacuera 3aBucumoctu T(t) ypaBHeHue (20) uHTerpupyercs apaxkanbi [280]:

I
G ..

7(t) = — j 7¢ O, t)dt . (11.24)
3nech y(t,t") 3apaet nocneaHOKW neopMaumrio BCLLICCTBA, ONMPCACIACHHYIO B HHTEP-
pajie Mexay t u t’. Ypasuenue (11.24) nuHeilHO Mo OTHOLIEHM IO K 1ehOpMaLLMK CABH-
ra U MOITOMY HE MOXET OOBLACHUTH SIBJICHUE CABUIOBOro pasxuxeHus. Ansg yuera
HEJIMHEMHOCTH BBOASIT B YpaBHeHHUE (11.24) QPYHKUMIO 3aTyXaHUs, HANPHUMEP, BUOA
h(y) =e™""

MHTEerpajibHOE ypaBHEHUE NpUOOpeTaeT BUJL

(t) = —j %e'“‘"’f’* e MOyt t)dt’. (11.25)

Ecnu k =0, To BeniecTBo BeaeT ceOsi Kak HbIOTOHOBCKAS XX MJIKOCTh.
B 3TOM ypaBHEHUU 3aBUCUMOCTH OT nedopMauuu y coOnepXUTcsi B PyHKUUU
3aTyxaHusi h(y), a 3aBUCHMOCTb OT BPEMEHH t COOEPXKUTCS B (PYHKUHMH namsiTu

G .
m(t—t)=—e “""/* Jlng pacyeTa CTallMOHAPHOrO CABUTOBOrO TEYEHUS 3aMAI0T Je-

A
dopmaumio y(t,t") B Bune y(t,t") = -y (t —t’), rae y, — CKOPOCTb CABMUIa NMPU CTALMO-
HapHoOM TcycHUU. IloactaHoBka B (11.11) npuBOAMT K AHATUTUYCCKOMY BbIPAXKEH UKD
[280]

wWj,) = —be 11.26
(0= 1057 (11.26)

BaXXHO OTMETUTH MOSIBACHUC B 3TUX YPABHCHUAX KBaJpPaTHYHOMH 3aBUCHMOCTH.
Kpome toro, coorHowienus (11.23, 11.26) nioxo OMUChHIBAKOT 3KCMEPHMEHTAIbHBIE
pe3ynbTaThl CABUTOBOrO TEUEHU S U AMHAMUYECKHX usmepeHuii. [lloaromy BBOOSIT Ce-
puio 3neMeHTOB Makcsesnna ¢ Habopom napameTpos (G, A.), 4TO NO3BOASIET aMMPOK-
CUMHPOBATH AOCTATOY HO CJIOXKH b€ PEOJIOrHYECKHUE KPHBBIE.

Jlerko BUOETh, UTO YPABHEHHUS BA3KOYIPYTroro TCUEHUS! UMECIOT CMBICJ TOJIBKO
MpY HaJIMYUK KOHCTaHTH ynpyroctu G, U BpeMeHHU penakcauuu A,. Jlpyrue treopum
MMEIOT CXONHBII XapakTep, uX OOLEAMHSIET MOHATHE PEJIAKCALMOHHOIO CIEKTpa
[280, 281]. B 3ToM ciiyuae Moayib yNpyroctTv U MOAYJb BA3KOCTU UMEIOT BU L

(wA)

G'(0) = jG(h) O 4 G ®) = jG{h) o)

d}u; (11.27
(N’ )



., (wA) _(wd)
e 2(1 +(o 1)1’ o= 2(" T+(o)*
Oyukuus G(A) npeacrasnsier cOO0M CnOLIHON penakcauHMOHHBIM criekTp. Ha-
OOp KOHCTAHT yNpyroctTu u BpemMeH penakcaumu (G;; A.) onpenensieT AMCKPETHBII pe-
JJAKCALMOHHBI M CIIEeKTP.
B onHomepHoii K-BKZ monenu [281] ucnones3yrorcesi ypasHeHust (11.28) u cneny-
I011I€€ YPAaBHEHHUE JINsl HAMPSIXXKEHU S CABUTA:

(11.28)

7(t)=— j m(t—t')hy(t)dt’, (11.29)
rae PyHKUMK naMsaTy uMeet sua m(t—t) = E—BX]J t-t , h — QyHKuuMsI 3aTy-
XaHMUSI. A, A,

Jlnsi cTauMOHAPHOrO CABM FOBOro TCYCHM S TAKXKE MOAy4YeHbl |282] ypaBHEH K 1
11.30
n(y) = me 7 (11.30)
: G, A
N (y)= 11.31
(1) Z(Hkh‘y) (11.31)

B HacTosiliee Bpemsi aisi OMUCaHUusl CABUTOBOrO TEUEHUS MOJIMMEPHBIX CUCTEM
OOBIYHO UCMOJIB3YIOT CTENEHHOE YpaBHeH e Kappo — flluuaa v ero BapuaHThl, NpU-
yeM CMBICT KO3 (U LHEHTOB PEOJIOrMYECKOr0 YPaBHEHUS HE PACKPHIBAETCH.

HUuTepniperaumsi pe3yabTaToOB IMHAMUYECKUX U3MEPEHUH 4aCTO NMPOU3BOAUTCS
C MOMOLIbK) MOAENEH, UCMONB3YIOIIUX IUCKPETHBIH penakCaluOHHBIKM CMEKTP, Ha-
npuMep, pacliupeHHo moaenu Makcsenna (ypaBHeHus 11.28). 3atem nonyuyeHHHBI
penakcalMOHHBIKM CMEKTP MCMOJAb3YIOT AJisl anMfmpoOKCMMAaLUUWKU KPHBBIX CIABHIOBOIO
TeyeHus (ypasHeHus 11.30 u 11.31). Takxe ucnonb3yioT 6onee CIoXHBIE COYETAHUS
MexaHH4YecKux aneMeHToB (Mmonenu KenbsBnua — Poiixra u bBioprepa).

HUTo0OBl CPaBHUTH BO3MOXHOCTHU CTPYKTYPHON PEONAOruYecKoil Moaenu u obue-
MPUHSATBIX MOMICNEI TEOPETUYCCKOI PCONOTHH, PACCMOTPUM PCOJIOTHUYCCKOE MOBEIC-
HHUE HEKOTOPHIX TUMHYHBIX pacraasos noaumepos [281]. B pamkax K-BKZ monenu
[281] KpuBasi BA3KOCTU U 3aBUCUMOCTUH MOAYJICH YIPYrOoCTH W BA3KOCTH OT YAaCTOTHI
OIMUCHIBAKOTCS € MOMOILBK OJJTHOINO JUCKPETHOrO PENakCallMOHHOIO CriEKTPa, UMCIO-
Hiero 8 MoJ, U IABYX AOMOMHUTENbHBIX KO3 PuuueHToB (Tabnuua | B padbote |281]).
Takum oOpa3zom, ucnoNb3yoTcs 18 moaAroHoYHbIX KO3(MOPULMEHTOB, YTO MO3BOJIAET
C XOPOLUEiH TOYHOCTBIO OMKUCHI BATh AKCMEPUMEHTAJIBHbIC JaHHBIC HA BCEM MHTEPBAJIC
U3MECPECHU .

B paMKax CTPYKTYPHOM PCONIOrHYECKOM MOIEIH JOMYCKACTCH pa3OMEHHE MOJIHBIX
PEOJIOrMYECKUX KPUBBIX HA YYaCTKH C pas/iMdHBIMU PEOJIOTMYECKUMHU PEXUMAMMU.
Ha puc. 11.9 nokazaHo peoJiorMuecKoe noBeACHUE pacrijiaBa MoJU3THIIEHA BEICOKOM
naotHocTH (HDPE).

KpuBasi BSI3KOCTH XOpOLUO arnnpoKCUMUPYETCH TpexnapamMeTpuyeCKumM 0000-
LLIEHHBIM ypaBHeHUEeM TedeHus (11.12), 3a CKNI04YEeH HeM HEOONBLLIOIO y4acTKa BbICO-
KHX CKOpOCTeil CABHUra, rie Ha4MHaeTCsl Mepexo/l K COCTOSIHU IO CpblBa Te4eHusl. CpbiB
TEYEeHUS (CKAYKOOOPAa3HOE YBEJIMYEHHE CKOPOCTH CABUIa) 4acTO HAONMIOAAeTCs Mnpu
BHICOKMX CKOPOCTSIX CABHMIa B pacTBOpax M pacrnjaBax MmojuMepoB, MpPHOJIHIKEHHO
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Puc. 11.9. Kpusble TeueHu s pacniasa nojuaTuiieHa Buicokoi nuotHoctH (HDPE),
npeacTaBAeHHBIE B ABOMHBIX NOrTapu(pMUUYECKMX KOOpAUHaTax (@) v B KOp-
HeBHIX KOOpaAMHaTax (0). IkcnepuMeHTaNbLHLIE NAHHBIE U3 paboTH [281].
CnnowHbie JUHUH NOCTPOEHH C NOMOLLBLIO 0000LEHHOT0 YPaBHEH WUl TE-
yeHusl ¢ KoadPpuumneHTaMu, npuBeaeHHbIMH B Tadn. 11.3. Vkazauw paiioH

AlnnpokKCHMMaUuHH U Dﬂﬁ(}H Ha4vyana CpeiBa TEYEHHU A

Tabnuua 11.3. KoadpduumenTn 06001WEHHOrO YpaBHEHHS] TEUYEHUS PACNIaBOB NO-
nuatuneHa HDPE (190°C) u LDPE (160°C). EavHMIbI U3MEPEHU ST —

B cucteme CHU

Pacnnas nonumepa 7/’ nY’ v n"*(0)
lMonustunen HDPE 519,8 4,85 1,36 388, 1
MNonustunen LDPE, Hu3Kue ckopocTH 70,5 61,5 0,195 4241
NMonustunen LDPE, BrICOKME CKOPOCTH 287.8 5,71 1,71 174,3

BBIPAXaeTCsl YPABHEHUEM T) =T /Y, Tg = const. Koo(pOUUMEHTB PEonoruyeckoro

ypaBHeHMS YKa3aHbl B Taon. 11.3.

B cTpyKTYpHOII MOIETU T€HEHUSI YPaBHEHUSI 115t MOAYJIei BSI3KOCTH U YIPYro-

CTH UMEIOT CJICAYIOUIU I BUL:

12
GV = g Y 1/2
"> by
/2
/2 _ wrlf2
G +n”

o muz + xﬂ

/2 .

2

w

o’

(11.32)

(11.33)

Bce 6bykBeHHBIE 0003HauYeHUs B (popmynax, Kpome G M (), — MOCTOSIHHBIE KO-

apupureHTel. Pesynerathl

Ha puc. 11.10, koapPuuueHTH YpaBHEeH U npuBeacHb B Ta0n. 11.4.

Ha puc. 11.10, @ MOXXHO BBIACIUTh ABA HHTEPBaaa YacToT : Ha uHTepBane (I1) 3a-
BucuMocThb G’(w) onuckiBaetcest ypasHeHuem (11.33); na unrepsane (1) HaGnropaercs
CHUXEHHE IKCMEPUMEHTAJIbHBIX TOYEK MO OTHOLUEHH IO K PaCYeTHOI KpPUBOIi C Ha-
Gntonaemoii Ha rpaduke TeHaeHUuMeN K 3aBucumoctu G’ ~ w’. 3asucumoctb G”(m)
onuchiBaetTcst ypapHeHueM (11.32) BrijioTh 10 Hayana CpbiBa T€4E€H Hsl, 0003HAYEHHOro
cTpeJikoii Ha rpadu ke, Takoro pona noseaeH ue MonyJist Bazkoctu G”(w) Habaonaercs

annpoKCHMAaLUMH 3THUMH YpPaBHEHHUSIMHM TOKa3aHHI
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Puc. 11.10. Peonoruueckoe noBeaeHue pacrjiapa NnoaM3THIEHA BBICOKOH MJOTHOCTH
(HDPE): 3aBucHMOCTH MOAYJ S BA3KOCTH (KBaapaTel) U MOYJISI yNIPYTOCTH
(Kpy>XKKH) OT LMKAHYECKONW YaCTOThl C/ABHIOBbLIX KOJNIEOAHUMN B JIBOMHBIX
norapupMHUYECKMX KOOpAMHAaTax (@); 3aBHCHMOCTL MOAYJS yNpyrocTH
(Kpy>XKH) OT LHKJIMYECKOI YacTOTHI B KOPHEBLIX KOOpAMHaTax (6); 3aBUCH-
MOCTb MOAYJISI yTIPYTrOCTH (KPYXKKH) OT UMKJIMYECKOH YaCTOTHl HA YyYaCTKe
HHU3KUX CKOPOCTEN CABUTA BJIMHEN HBIX KOOpAMHATAaX (8); 3aBUCMMOCTEL MO-
YISl YIIPYTOCTH (KPY>KKH) OT LIMKJIMYECKOH YacTOThl HA YYaCTKE HH3KHX
CKOPOCTEH CABUTA B KOPHEBBLIX KOOpAMHATaX (2). [lyHKTUpHBIE IMHUHK CO-
OTBETCTBYIOT JIMHEHMHON H KBAaJPaTHYHOW 3aBUCHMMOCTH U3MEPEHHOH Be-
JIMYMHDBI OT YacTOThl KonebaHuii. JlaHHbie u3 padbotni |281]

Tabnuua 11.4. Peonoruyeckue xapaktepuctuku pacrnnasos nonustuneHa HDPE
v LDPE nng KpuBbIX TEUEHUSA W KPUBBIX YNIPYTrOCTH (EAMHHULIBI U3ME-
peHHst B cucteme CH)

Pacnnas nonumepa Baskocth G, 1 Vnpyrocts G, "

gr T] ;1 2 xr grr .n ::m xﬂ'
Monustunen HDPE 190°C 346,0 0,789 0,759 574.9 1,63 2,25
Monuatunen LDPE, 160°C 71,3 34,1 0,205 112,9 4,43 0,534
HH3KHE CKOPOCTH
Monustunen LDPE, 160°C 228.1 2,83 1,63 2959 4,42 2,51
BLICOKHE CKOPOCTH




M B IPYTrUX pacrjiaBax M pactBopax nojiumepos. [1pu HU3KKMX YyacTOTaX MMEeTCsl TeH-
JIEHL M K THHEeHO# 3aBucumMoctu G” ~ .

OcraHoBuMcsi Oosee peTaabHO Ha nopeaeHUU wmoaynsi ynpyroctu G'(m).
Ha unTtepnase yactor Buiwue 0,3 ¢’ cnpasemnuBo ypasHenue (11.33), 4To nokaszaHo
Ha puc. 11.10, 6. Ha uHTepBane HU3KUX YACTOT M 3aBUCUMOCTb G'(() MOXKHO NMpeacTa-
BUTh MPSIMOJIMHEM HOM 3aBUCHMOCTHBIO KaK B JIMHEMHBIX KoopauHaTtax (puc. 11.10, 6),
TakK U B KOpHEBbIX KoopauHaTtax (puc. 11.10, 2).

Takum 06pa3om, KBagpaTuyHasi 3aBUCUMOCTb BUaa G” ~ ° NPy HU3KUX YACTOTAX
spnsietcst apredaktom. o Bennunne koaduunenTa netepMuHaumnu R’, kotopsiii
MOKAa3bIBAET BEJIMYHUHY AOCTOBEPHOCTU annpokcumauuu (puc. 10.11, 6, 2), MOXHO
BHIOpATh SMMNUPUUECKYIO (POPMYJTY sl OMUCAHUSI YUACTKA HU3KUX YACTOT CABHUIO-
BbIX KOJIeOAHU A B BU JI€E:

G =g’ (0 - !?). (11.34)

Peonornueckoe noseaeHue nojuatuneHa Hu3koii nnorHoctu (LDPE) umeer 60-
nee cnoxXHbeiv BUI (puc. 11.11).

Kpupasi B3koCcTH 1(y) MOXET OBITH aNMPOKCMMHUPOBAHA TpexmapaMeTpuue-
CKUM 0000IIEHHBIM ypaBHEHUEM TeueHus (11.12) TonbKO npu yCcnoBuu pasnaeneHus

HHU3KHC CKOPOCTH  « Ty "7 reaal.

!
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Puc. 11.11. Kpusbsie TeUeHHs pacnnasa nonauaITHUAEHA HU3KOK nnotHOCTH (LDPLE),
MPEACTABNEHHDBIE B IBOHHBIX AOTapU(PMHUUYECKUX KOOpAMHATAX (@) U B KOp-
HEBBLIX KOOpAHHATAX (0) M (8). IKCMEPHMEHTANILHBIE JAHHBIE B3SITHI U3 pa-
6otwl [281]). Jlunuu noctpoeHsl ¢ nomowbio OVT ¢ koaddpuuueHTaMH
u3 Tadn. 11.3 (cnaowHasa nMHKUA UCNOJIL3YETCS! ISl BLICOKUX CKOpOCTEii
CABHra, NyHKTHpHAasi ATUHUS — Ansi HU3KKUX CKOPOCTEN)



MOJTHOM KPUBO# BSI3KOCTH Ha aABe yacTu (puc. 11.11, a). KoadhdpuuneHTr peonormye-
CKOrO YpaBHEHMS npeacrapyieHbl B Tadsn. 11.3.

IlonoOHOE pa3zaeneHue NMNOJHOW KPUBOW BSI3KOCTU HA IBE YACTHU TaKXe OOHapy-
XKE€HO B KOH LLEHTPHPOBAHHBIX 3MYJIbCUSIX, PACTBOPAX MOJHMEPOB, MPUYEM BEJIUYHHA
KO3(h(pULIMEHTA ) BCeriaa MHOroO MEHbLLE 1J151 y4aCTKa HU3KUX CKOPOCTEH CABUTA, YTO
yKa3blBaeT HA OONbLUEE 3HAYEHHE CTPYKTYPHOI YACTH BSI3KOCTH.

Pe3ynbraThl ITHHAMKWYECKHUX U3MEPEHU I TAaKXKe MOKAa3blBAIOT pa3mesieHUe MOJIHbIX
KPUBBIX HA YYACTKHM HU3KHUX U BBICOKMX 4YacTtoT (puc. 11.12; a). Ha xaxaom u3 3Tux
YYACTKOB 9KCNepUMEHTabHbIE TaHHbIE ONMUCH BaloTcsl ypaBHeHusiMu (11.32) u (11.33),
4YTO NMOKa3aHo Ha puc. 11.12, 6, 6. KoappuuuneHTol ypaBHeHHU It npuBeaeHbl B Tadn. 11.4.

PaccMoOTpuM H3MeHEeHU sl pEOJIOrHYECK M X XapaKTEPUCTHK MOJIMMEPHOrO pacTBopa
NP U3MEHEH UM KOHLIEHTPALIMK NOJIMMEPA HAa NMPUMEPE pacTBOpa MoJAUKU300yTHIEHA
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Puc. 11.12. Peonorvueckoe nopeaeHMe pacrnnaBa noAM3ITHIEHA HU3KOIW NJOTHOCTH
(LDPE): 3aBUcMMOCTH MOAYAS BA3KOCTH (KBaApaThl) U MOAYAS YIPYTOCTH
(Kpy>XKKH) OT ULMKNHYECKOH YacTOTHI CAABUTOBBIX KONEOaHHi B IBOHHBIX NO-
rapupMHUYEeCK MX KOOpAHHAaTaxX (a); 3aBUCHMOCTbH MOAYJISl YNIPYTOCTH (Kpy X-
KH) U MOALYJSl BA3KOCTH (KBaapaThl) OT UMKJHYECKOH YaCTOThHI B KOPHEBBIX
KOOpPAMHATAX HA YYACTKE HHM3KMX 4acToT (6); 3aBUCHMOCTb MOAYNSl yMpy-
rocti (Kpy>XKH) U MOAyAS BA3KOCTH (KBajpaThl) OT YaCTOTHI B KOPHEBBIX
KOOpAMHATaX Ha yyacTke BbICOKHX yacToT (6). JanHble u3 pabotsl [281]



Tabauua 11.5. KoadduumeHTs 00001IEHHOIO YPABHEHUA T€UYeHUsl PACTBOPOB MO-
numepa nonuuzodbytuneHd (PIB) B nekaruaponadpranuue (Decalin).
3HaYEHHUE NPEAENbHOI BS3KOCTH BHIOpaHo 1), = 1), = 0,00241 INa-c

KoHueHTparms % 7/ X n"*(0) 7 /%
5 21,4 2,9 7,57 7,52
4 14,1 3,5 4,02 3,97
3 13,1 6,4 2,1 2,0
2 10,9 12,5 0,92 0,87
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Puc. 11.13. Kpusbie TeueHus pactBopa noivu3zodyTuneHa (P1B) B nekarunpoHadta-
nuue (Decalin), npeacraBneHHbIE B IBOMHBIX JIOTAPU(PMHUUECKHUX KOOP/IU-
HaTax (@) v B KOpHeEBLIX KoopauHaTax (6). CniowHble TIMHHU NOCTPOEHbI
C NOMOLLLIO 0000LLIEHHOTO YPABHEH Ul TeUeHUs ¢ KO duLMeHTaMu, npu-
BefeHHBIMH B Ta0N. 11.4. YkazaH bl KOHUEHTpALMK, PAHOH annpoKCHMALIUH
M paiiOH Havana cpbiBa TeYEHHU S, DKCNEpHMEHTaNbHbIE JaHHBbIE U3 [282]
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Puc. 11.14. Kpuspbie TeyeHusi pacrtsopa nonuusodytunena (P1B) B nekaruaponadra-
nuHe (Decalin), npeacraneHHble B ABOHHBIX JorapUpMUYECKUX KOOp-
NHUHAaTax (a) ¥ B KOpHeBH X KoopauuaTtax (6). CrnnoLuHble TMHUUW NOCTpoOe-
HbI C MOMOLBK OOOOLWEHHOTO YpaBHEHUS TeUEHU SI ¢ KO PHUUHEHTAMH,
npuBeaeHHBIMHK B Ta0n. 11.5. Vka3zaHel KOHUEHTpALIMU U pailOH HBIOTO-
HOBCKOTO TeueHHs, Annpokcumaums no OYVT Ha BceM MHTEpBane U3Me-
peHW . DKCrnepuMeHTalbHble NaHHbIE U3 [282]
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Puc. 11.15. 3aBUCHMMOCTb AMHAMMWYECKOI BSI3KOCTH M MOAYNS BSI3BKOCTH (MOAy-

N5t noTepsb) pacteopa nonuun3odbyrunerda (PIB) B aekaruaponadranune
(Decalin) oT UMKJIHYECKO#H 4acTOTHl CABUMIOBBIX KOJeOaHHiIT B ABOMHBIX
norapu(pmMHUYeCKMX KOoOpauHartax (@) U B KOpPHEBbBIX KoopauHaTtax (0).
CnnowHble THHUH MOCTPOEHBI C MOMOLLBIO YpaBHEHU S BA3ZKOCTH (11.32)
c kKoa(prpuureHTamu, npuBeacHHbIMM B Tabn. 11.5. Annpokcumapms
Ha BCEM MHTepBaJie M3MEpPeHHH. JKcnepuMeHTaNbHbIE faHHbIE U3 [282]

(PIB) B nekarupgpona@granuue (Decalin). B opuruHasnbHoili ctarbe |282] peosiornue-
CKOE IOBEJIEH UE XOPOLLO OINMUCHIBAETCH TEOPHEH, OCHOBAHHOIM Ha peJlakCaLliOHHOM
cnekrpe ¢ 11 BpemMeHaMu peJlakCauMy M JIONOJIHUTEJIbHBIMU KO3 PULUMECHTAMM 1115
(hbyHKUKnu 3aTyXaHus (Bcero 23 Kkoa(gp@duumueHTa).

PeoJsiornyeckue KpuBbIC ONUCHIBAKTCS HAMM B paMKax CTPYKTYPHOH MOmeliu
M NPeACTaBJICH bl B 1BOIHBIX JIOrapH(PMHUUYECKH X U1 KOPHEBBI X KoopauHaTax (puc. 1.13—

1.22).
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Puc. 11.16.

3aBUCHMMOCTb IWHAMMYECKOI BA3KOCTH W MOAYAS BA3KOCTH (MOAYNA 10-
Tepb) pacteopa noauuzodyruncua (PIB) BnekarunpoHadranuue (Decalin)
OT UMKJHYECKOH 4aCTOThI C/IBHTOBbIX KOAeOaHUKH B ABOHHBIX orapudpMHu-
yeCKHX KoOpinHaTax (a); B KopHeBbIX KoopauHatax (6). CnnowHbie TMHUU
NOCTPOEHbI C NOMOLLbIO ypaBHeH us1 Bsi3KOCTH (11.32) ¢ koadpdrumeHTamu,
npuBeaeHHbIMKU B Tabn. 11.6. YkazaHH pailoH «cpblBa TEUEHHsI» U PailOH
«HBIOTOHOBCKOI'O TEYEHH sI». SKCNEePUMeHTaNbHbIE 1aHHBIC U3 [282]
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Puc. 11.17. 3aBMCHMMOCTb MOAYNSA BSI3KOCTH (MOAYJSl NOTEPL) PacTBOpa MOJUHU300Y-
tuneHa (PIB) B nekarnapoHagpranuue (Decalin) oT uMKNHMYECKOHU yacTo-
Thl CABMIOBbIX KONEOaHWH B ABOHHBIX norapupmMmuyeckux KoopaumHaTax
(a); B KOpHeBbIX KOOpAUHaTax (6). CniowHbe TUHUKH NOCTPOEHBI € NO-
MOLLLBIO YpaBHeH U BsI3KOCcTH (11.32) ¢ koadduumeHTaMu, npuBeIcHHbI-
mu BTabs. 11.6. YkazaHbl paiioH cpblBa TeUEH WS W paiiOH HbIOTOHOBCKOTO
TEYCHU S, IKCNEPUMEHTAJIBHBIC IaHHbIC K3 [282]

[1pu BLICOKMX KOHLIEHTPALM SIX HA KPUBBIX TEYEH M$1 HAONI04A€TCS SIBJIEHUE CPbI-
Ba TEYECHMS, NMPHU BBICOKHMX CKOPOCTAX CIABHMIAa HANPsIXXEHWE CIBWUIa YMEHbLLIACTCS
C pocTOM CKOpOCTH. locse nCKJIIYEHH $1 3TOIO y4acTKa M3 annpoKCHMaLK K P MON
pacyeT no 0000LeHHOMY ypaBHEH U0 TeueH U (11.12) npuBOaAMT K OTpHULIATESIBHBIM
3HAYECH UM npeaebHoil Bazkoctu 1°. Mostomy B kauectse koadpuunenta Kacco-
Ha BBIOpaHO 3HaueHMe BA3KOCTH pacteoputens 1), = 0,00241 Ila-c, TO ecTb HUXHMUIA
npeaes BO3MOXHOI0 3HAYEH KA BA3KOCTH JAIMCIIEPCHOH HOM Cpe/lbl.

Takum obpazom, O¥'T umeer aBa noaroHo4YHbix KO3 duuueHrat,’ u k- [lpu yse-
JIMYEHH M KOHUEHTPALMU BEJIMYMHA T.° yBEJIMUMBAETCS, BEJIMUMHA ¥, YMEH bLLIAETCS.
STO COOTBETCTBYET YBEJIMYEHHM KD CTENEHH arperalluu CUCTEMBI, TO €CTh KOJIMYECTBA
3alenJICH Ui MEXI1y MAaKpOMOJICKYJIAMH, H YMEHBLUEHH IO BEPOSITHOCTH pa3pbiBa 3a-
uernsieHuii. CTpyKTYpHasl YacTh BSI3KOCTH, BhIPaXeHHas yepes T, /), TaKXe YBesm-
UMBACTCH C KOHLUCHTPALIMCH.

Hbl0TOHOBCKHE yuacTKu 1npu KOHUeHTpauuun 3% wu 2% noka3biBaloT, YTO Npu

HH3KHX CKOPOCTAX rMAPpOAMHaAMHYCCKHE CHIJIBI HCAOCTATOYHO BCJIMKK OJIA pa3pblBa

1/2

Tabnuua 11.6. Ko3dduumenTsl ypaBHeHHii BA3KOCTU H YNPYroCTH PacTBOPOB I10-
numepa nonuuzodytuneH (PIB) B nekarunponadranuue (Decalin).

3naueHue npeaenbHoi BI3KOCTH BHIOpaHo 1, =1, = 0,00241 Ma-c

KoHuentpaums, % Bszkoctb G”, 1 Ynpyrocts G/, n”
g n.” X g” n”"” X’
5 14,43 0,0491 1,73 21,9 0,142 4,76
4 — - — 17,2 0,067 7,34
3 9,46 0,0491 4,61 11,3 0,323 14,68
2 7,39 0,0491 8,24 - — —
1 4,06 0,0491 10,96 — — —
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Puc. 11.18. 3aBuCUMOCTb MOAYAA YIIPYTOCTH (MOAYJISI HAKONJIEHHS) pacTBOpa Noau-
u3obytunena (PIB) B nekaruaponadrannue (Decalin) ot uMknunueckoii
YacTOThl CABHIOBbLIX KONEOAHW K B KOPHEBbIX KOOPIMHATAX HA BCEM MH-
TepBane 4yactoT (@), Ha ydyacTke HM3KUX YyacToT (6). KpuBbie NOCTpOEHbI
c noMolbio ypaBHeHust ynpyroctu (11.33) ¢ koadpdpuumueHtamm, npupe-
JEeHHbIMH B Taba. 11.5. AnnpokcumalMsa Ha BceM MHTepBane U3MEpEeHH .
[TokaszaHo ypaBHeHHe TpeHAa. JKCrepuMeHTalbHble 1aHHbie U3 [282]

3aucIUICH M Mexy MakpomosiekyaaMu. Ilpy KoHueHTpauum 1% nosencHue pac-
TBOpa NoJiuMepa sBJIsIeTCs NpaKTHYeCKHU HbIOTOHOBCKHMM ¢ BA3KocThiO 0,12 Ta-c.
KpuBble AMHaMu4yeckoii Ba3KocTH 1) (w) u monyns Bazkoctu G”(w) no ceoeii pop-
M€ CXOIHbl ¢ KPMBBIMHM CIIBUTOBO# BSI3KOCTH T(Y) M HanpsixxeHusi cnsura t(y). Ha-
O/1101aK0TCH YUACTKH NOCTOSIHHOM BSI3KOCTH NPH HU3KHX YacToTax (SBJIEH e, CXON-
HOE C HBIOTOHOBCKHMM TEYEHHMEM) M YUACTKH CHHUXXEH U 1 MOJLYJ1S BA3KOCTH C YACTOTOI
(siBJIEHHE, CXOQHOE CO CpbiBOM TeueHUs1). Pacuet npoBoauincs o ypasHenuio (11.32).
INlpy yBEeJIMYEHUH KOHLEHTpauMuHu Ko3(pPpuuueHT £ yBeJIMuMBaeTcs, 4YTO CO-
OTBETCTBYET YBCJIMYCHHUIKO NJOTHOCTH 3aUCIJICHUH MAaKpOMOJIEKYJI, BEIHWUYHHA
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Puc. 11.19. 3asucumocTbs MOayAsi yIpyroctu (Moaysisi HaKoIJieHWs)) pacTBopa I10-

nuuzobytuneHa (PIB) B nekaruaponadranuHe (Decalin) ot uukinue-

CKO¥ 4acTOTbl CABHUIOBbIX KOJNEOAHHIT B KOPHEBbIX KOOpAMHATAX HA BCEM

HHTepBane yacTot (a), Ha ydacTke HHU3KHX yacToT (6). KpuBbie nocrpoe-

HbI C NOMOLULIO ypaBHeHUs yripyroctu (11.33) ¢ koadpdpuumueHTaMu, npu-

BeacHHbIMK B Tabn. 11.6. Ykazan nutepsan annpokcumanmu. Iokaszano
ypaBHEHUE TPEHJ1a. JKCNepuMEHTAJIbHbIE 1aHHbIE U3 [282]

1.5 2 2,5
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Puc. 11.20. 3aBucHMOCTb MOAYJS YIIPYrocTH (MOAYNsI HAKOMJEHHUs) pacTBopa no-
nuuzobytuneHa (PIB) B nekarmaponadranuHe (Decalin) ot uumknuue-
CKOM YacTOThl CIBUTOBLIX KOJIEOAHHI B KOPHEBLIX KOOp/IMHATaX Ha BCEM
HHTepBase YacToT (@), Ha ydyacTKe HHU3KHKX yacToT (6). CnnollHbie THHUH
NOCTPOEHBbI C NOMOIIBbIO ypaBHeHust ynpyroctu (11.33) ¢ koaddpuumeH-
TaMW, NpUBeAeHHbIMU B Tabn. 11.6. ¥Ykazan untepsan annpokCUMALLMH.
DKCNEePUMEHTANBHBIC NAaHHbIE 13 [282]

KO3((PULHMEHTA ¥ YMEHbIIAECTCS, YTO COOTBETCTBYET U YMEHBILEHHU IO BEPOSTHOCTH
paspbiBa 3auenyeHuii. KoagduumneHt n’'” onuceiBaeT BA3KOCTb, BO3ZHMKAIOLIYIO
B CUCTEME MAaKpPOMOJNEKYJI, e 3auenjieHust oTcyTcTBYIOT. B jaHHOM ciiyuae 3Hauye-
HUE 1), MPUHSATO PaBHbIM BI3KOCTH PaCTBOPUTEJIS.

Kpussie ynpyrocty G(®w) npeacrtaBneHbl B KOpHEBBIX KoopauHaTtax (puc. 1.18—
11.22) Ha NOJTHOM MHTEpPBaJie LMKJIMYECKUX YacTOT U OTAEJIbHO HAa y4acTKE HHU3KHX
yacToT. Ha yyacTke BBICOKMX YAaCTOT MCIONb3yeTcsl ypaBHeHue ynpyroctu (11.33),
NPY HU3KHMX YACTOTaX UCTTONb3YETCsl AMITUPHYECKas JIMHCIiHAas 3aBUCMMOCTD BHA
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Puc. 11.21. 3aucumocTb MOAyng yrnpyroctv (Moaynsi HAKONJEHKs) pacTBoOpa no-
nuuszobytuneHa (PIB) B nekaruaponadgranuHe (Decalin) oT umknuye-
CKOM 4aCTOThl CABMIOBBIX KONEOAHWI B KOPHEBBIX KOOp/IMHATAaX Ha BCEM
MHTepBane 4actoT (@), Ha y4yacTKe HM3KMX 4acToT (0). CnnomHbie TUHUHK
MOCTPOEHBI € MoMoLIbIO ypaBHeHuit G’ =g/’ - AG"* n G’ =g,0" ¢ Ko-
apPULHEHTAMH, NPUBEACHHBIMM Ha rpadHkax. SKCnepuMeHTalbHblie
NaHHbIe U3 [282]
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Puc. 11.22. 3aBHCHMOCTb MOAYJSA YNIPYrocTH (MOAYJIS HAKONJEHHK ) pacTBOpa Nnojiv-
u3o0yTuneHa (PIB) B nekarunponadranuue (Decalin) oT nimknuueckom
YACTOTHI CIBUTOBLIX KOJIEOAHHI B ABONHBIX NOrapupMuyeCcKHX KOOpAU-
HaTax (@) ¥ KopHEBLIX KOOpnHHaTax (6) HaBsceM MHTepBaneyactToT. Crijol-

HbIC IMHMM TNOCTPOEHBI € NMomollblo ypasHeHuii G = gl'w'’ - AG"”

u G'=g,0" ¢ koappuurueHTaMH, NpuBeACHHBIMU Ha rpadukax. [lyH-
KTHPHAs JIMHHS COOTBETCTBYET KBaAPaTHYHOM 3aBUCHMOCTH. JKCIEPH-
MEHTaJILHBIE laHHbIe 3 [282]

[lpu yBE/IMYEHUM KOHLEHTPaLuMKu nonumepa KoappuumMeHT g” yBeJiInuuBaeTcsl,
4YTO COOTBETCTBYET YBEJIUUYCHHUIO NJIOTHOCTH 3aLENJICHU I MAKPOMOJICKYJI B YITPYyTroM
accouuare. BesimunHa koappuumueHTa ¥” yMEHbLUACTCS, YTO COOTBETCTBYET YMEH b-
LIEHU IO BEPOSTHOCTH pa3pbiBa 3auelyieHUid B ynpyroMm accoumare. Koappuumnent
M""* onuceiBacT COGCTBEHHYIO YIPYTrOCTb OTAEJ bHbIX MAaKPOMOJIEKYIT, €CJIM 3aLeNJle-
HUSl OTCYTCTBYIOT.

[Mpu HU3KUX KoHueHTpauMsax (2%, 1%) ypaBHenue ynpyroctu (11.33) yxe
HE ONMCHIBAET 3KCIepuMeHTaNibHbBIe naHHble. Ha rpacumkax (puc. 11.21, 11.22) Ha-
onwpaetcs nuHeiHas 3aBucumocTtb BUuaa (11.35) v nosiBnsieTcsl y4acToK CTEIeHHOI
3aBucumMocti G’ ~ @", npuuem BesiIMUMHaA N =2, J1nsl cpaBHEHU s NpUBE/IeH rpapukK
B IBOMHBIX lorapudmuueck ux koopimHatax (puc. 11.22, g), rne nokasaHa ycJiOBHasl
JIMHUS KBajpaTU4YHOI 3aBUCUMOCTHU. JleiicTBUTEJIBHO, JIEFKO BHJIETh, YTO HUXE Ya-
crotbl 10 pan/c peasu3dyeTcs KBaapaTUuHasi 3aBUCMMOCTb.

CTpyKTypHasli peoJiorMyeckasi Mojicjib 1NO3BOJISIET OINMCHIBAaTh PEOJIOrMUYecKHe
KpHMBbBIE CIBUTOBOI1 BSI3KOCTH 1)(Y) M Hanpsi)keHUsl caBura t(y), AMHaAaMHYECKOW BSI3-
KOCTH M (w) u monyns BA3KocTH G”(w), AMHAMUUYECKOM ynpyroctu n“(w) m Mmonyns
yrnpyrocty G’(®w) ¢ noMOWbK NPOCTbHIX aHANUTUYECKUX BbIPAaXXEHUH, HO TOJIbKO
Ha OrpaHMYEHHBIX MHTEPBaAJIaX CKOPOCTHU cABUra (MM 4acToThl KonebaHmii). Kax-
JIOMY TAKOMY HHTEPBaJly COOTBETCTBYET ONPEACTICHH bl MEXaHHM3M TEUCH M, CBSI3aH-
HbI1 C UIBMEHEHUEM CTPYKTYPbl CHCTEMBI.,

3akno4vyeHue

CaBUroBbie KONEOaHHs 3/16Ch paCCMATPUBAKOTCS KaK CIBUIOBOE TEUCHUE, NEPUOAU-
YecKHM M3MeHsiloweecsi co BpemeHeM. Moaynb yrnpyroctn G’(w) nponopuuoHasieH
YIPYIrol 3HEPruM, HAKOINJICHHOM 3a YeTBEPTb NepHoa KonedbaH Wi, MOAYJTb BSI3KOCTH
G”(w) nponopuHoHaieH norepsam sHepruu. BosaeiictBue Ha cucrtemy 3(p(heKTUBHOI



CKOPOCTH CABHMIa NpH CABHIOBbIX OCLUHNNALMAX NMpeiaraeTcs aHaJlOrHyHbIM BO3-
NEHCTBUIO CABUTOBOM CKOPOCTH I1PH CTALLMOHAPHOM TEUCHU M. DTO 1O3BOJISIET BBECTH
ypaBHEeHUs ansi moayas BaskocTu G”(w) u moaynst ynpyroctu G’(w), aHalOrMYHbIE
00OOLUEHHBIM YypaBHEHUAM TedyeHHUs W ynpyrocty T(y), N,(Y). YpaBHeHHs XOpollio
OINUCHIBAKOT PCOJIOrMUYCCKHE JAHHBIC HAa yYaCTKE YacToT, [¢ npeanoiaractcs 1nocre-
NEeHHOE pa3pyLUeHUe CTPYKTYPbI BA3KOYIPYTrOM CUCTEMBI.

JrnHaMmuueckasi BA3KOCTb 1) BeieT cehsl aHaJIOTMYHO C/ABMIOBOI BSI3KOCTH 1):
Ha yyacTKe HU3KMX YacTOT HabJI101aeTCs HbIOTOHOBCKOE TEYEH HME, NMPH OUYEHb BBICO-
KMX yacTorax konedbaHuii — cpbiB TeueHusi. Moaynb ynpyroctu G” Ha yyacTke HU3-
KMX 4acTOT OINKUCHIBACTCH NPAMON B KOPHEBbIX KOOpJIMHATAX, ITPHUYCM NpsaMas Nnpo-
XOIMT HUXKe Hadasla KoopauHart. [Ipy o4eHb HU3KHX YacTOTax MHOIrAa NMoOsABNAETCS
3aBUCMMOCTb, ON1M3Kasi K KpaapaTuuHoii (G’ ~ ®’). TakuM obpa3oM, cTpyKTypHasi
PEOJIOrMUECKasi MO/ b ONTUCBIBACT CXO/IHbIM OOpa30M CTaLlMOHAPHOE CIBUTOBOE TE-
YEHHUE U OCLLMJIJIMPYIOILICE TEUEH HE.



3akntoveHue

HeHBTOHOBCKOE TCUCHHUE M BA3KOYIPYrHME CBOMCTBA AMUCNEPCHBIX U NMOJIMMEPHBIX
CHUCTEM HCCIenylTcest bosiee crta net. HakonjeH orpoMHBbIi 3KCrepuMeHTal bHbI
MaTepuan U NPeaNoXKEeHbl pa3HooOpa3Hbie TeopeTHYecKHue Moaeau. B konaonaHoi
XUMHH, B PCOJIOTUH CYCINICH3UH, IMYNIbCUI U NOJIMMEPOB COCYLLUECTBY KT NPUHLMITH-
aJIbHO Pa3H bIE PEOJIOrMYECKHUE MOOETTH.

Haubonee pazpaboOTaHHOM, NO-BUAMMOMY, CJIICAYET CYUTATh PCONOrHYECKY K MO-
JIENb, OCHOBAHHYIO Ha peJlakCallMOHHBIX crneKTpax. OnHako, NpMMEHEeH ue 3Toi Mo-
JIETW OrPaHUYCHO TEKYYHMMMU cpe/laMU, KOTopblie 00J1analoT ynpyruMu CBOMCTBaAMM.
B T0 e Bpemsi, HeKOTOopbIE NnoJiyamiupuueckne ypasHeH us (Kpocc, Kappo, Awiwuaa)
XOPOLLO OINUCBIBAIOT BS3KOCTb KaK YIIPYIUX, TaK U HEYIPYTMX CUCTEM.

[lpocnexuBarTcsi ABe TEHACHUMM B MUHTEpNpeTalMM KPUBBIX BSI3KOCTH
(nam KpuBbIX TeueHUA). B onHOM cilyuae KpMBYIKO pa3aensiioT Ha HECKOJIBKO y4yacT-
KOB, KOTOpPbIC ONUCHIBAKOT OTAEeNbHO. B ipyroM ciyyae npeajiaraloT onuchiBaTh BCKO
KPHUBYIO Of1IHUM PEONIOTMYECKHUM YPABHEHHEM, OTHOCSH OTKJIOHEHH S K IMOrPELIHOCTSAM
IKCIEepUMEHTa UJTU HEJIOCTAaTKaM TCOPU M.

B pamKax CTpyKTYpPHOIi peoorm4ecKoil MojieJiIM y4aCcTKH KpHUBOH COOTBETCTBY-
10T ONPEACTICHHOMY COCTOSSHUIO CTPYKTYpbl. CTPYKTYpa CUCTEMbl pacCMaTpHBaeTCs
NpPU 3TOM KaK COBOKYITHOCTb arperaToB 4acTvi MJIH accouMaToB MaKpOMOJIEKY.

Y4acTOK HBKOTOHOBCKOIO TE€YEHMUSI COOTBETCTBYET CHMCTEME, CTPYKTypa KOTO-
POt HE U3MEHSIETCSl IPH H3MEHEHHW M CKOPOCTH ciiBUTa. Pa3pyllieH e CTpyKTyphl T1pH
yBEJIMUYEHHH CKOPOCTH CABUTAa NPUBOAMT K NJACTHYHOMY WJIH ICEBAONNACTUYHOMY
TeueHU10. CaBUroBoe 3aTBepjieBaHUE (JIMIaTAHTHOE 1NOBe/cHKUE) 00YCOBJIEHO yBeE-
JIMYEHUMEM arperaumm YacTHL B pe3yJibTaTe YBEJIMYCHU S CKOPOCTH CIBUTa U OObIYHO
HabnaaeTcsl Nnpu rnepexoae oT OJIHOrO pexuma TedeHHus K Apyromy. CpbiB TEUEHH S
MO HO paccMaTpHBaTh KaK ObICTPOE pa3pyllieH Me KOHTAKTOB MEX/1y YaCTHLIAMM MK
OBICTPBI it pa3pblB 3aLernJicHUi MeXay MakpomoneKysiaMu. MHorna oH cornpoBoXia-
eTCcsl pa3nesicHUueM o0pa3La Ha CJIOH € pa3HOi BA3KOCTbIO (C1IBUTOBOE PACC/IOEHHUE).

TukcoTponHble 3(iheKThl TaKXKe 0O BSICH SIIOTCSI HKBAMEHEHUEM CTPYKTYPbI BEILIECTBA.

OcHOBHast YaCcTh KHUTH MOCBS LIIEHa OOOCHOBAH M0 CTPYKTYPHOM PE0JIOrMYeCKOM
MOJICJIM U TPOBEPKE CIPaBeJIMBOCTH TMOJIYYCHHOIO pPEOJIOTHYECKOro ypaBHEH USl.,
O000LIEHHOE YpaBHEHHUE TEUEHUS ONMUCHIBAET KaK NJaacTHYHOE, TaK U TNCeBaonjia-
CTUYHOE TeueHHe. Ero yacTHeIMU cnyyasiMu sIBJISIKOTCS ypaBHeHUMEe HbloTOHA M ypaB-
HeHHe K3ccoHa.

ABTOpPbI OTAAKOT CE0E OTUET, YTO BOINPOCHI, CBA3aHHBLIE C YIIPYTrOCTbK) CTPYKTY-
PUMPOBAHHBIX CUCTEM, HE PaCKPHITHI 3/1eCh NOJIHOCTHIO. bosiee Toro, aBTopsl paccma-
TPUBAIOT MOHOrpapMi0 KaK HadaJibHblid 3Tan MccieaoBaH sl CTPYKTYPHBIX NPHYKUH
BA3KOCTH M YIpyroctu. Marepuas KHUIHM COAEPXMUT CHOPHbIE NPEANnonoXeHus,
He HAXOAMTCS B pycsie main stream M NpoTHBOPEUUT HEKOTOPBIM YCTOSI BLLMMCS BO3-
3peHusiM. EAMHCTBEHHBIM OlNpaBaaHHEM NPEaIOXKEHHOI HaMK MOJIEJIU SIBJISIETCS €€
COOTBETCTBUE 3KCIEPUMEHTY.

B moHorpaduu npeacrapiieHbl HAHOo0J1e€ 3HAYMMble, C TOUKH 3pEHHU Sl aBTOPOB, 3KC-
NEPUMEHTAJIbHBIE NOATBEPXKAECHU I CTPYKTYPHOII Moaesin. HapaBHe € 3TUM rnoka3saHbl
TPYJITHOCTH MHTEPNPETALIUHK SKCINEPUMEHTANbHBIX PE3YJILTATOB C NMOMOILLIBK IMPEII0-
XKE€HHOI peonioruyeckoi monesu. bonee noapoOHO € 3 TUMU U APYTUMH pe3yJibTaTaMH
MO>XHO O3HAKOMMTHCS B NYOJIMKALMSAX, CITMCOK KOTOPBIX INPHUBEAEH B KOHLIE KHUTH.



NMPUTTOXXEHNE

O6paboTka pe3ynbTaToB peOoNOrnYeckoro 3KCnepUMeHTa
B Npoueccope 3N1eKTPOHHbIX Tabnuy Excel

PaccmoTpuM 00pabOTKy pe3yJibTaTOB JJAHHBIX PEOJIOTMYECKOro 3KCIEPUMEHT B Na-
Kere Excel. Ilpeanonaraercsi, 4TO M3MEPCHBI MJIM M3BCCTHbBI 3HAYCHUS CKOPOCTCH
CIBUTAY W HANPSXKEHU caBUra T. ECnv npruBeAeHb! APYTrHUe rnapamMeTpsl, TO HEOOXO-
JIUMO MX NepecumTaThb B 9TH JJAaHHbIE.

[lo ymonuanuio B BExcel HaacTpoiika Tlouck pemienus orkioueHa. Hrodbl ee ak-
TuBM3nposaTh B nakete Excel 2007 Heobxonumo 1ienKHyTh 3Ha4oK Knonka Microsoft
Office, wenkHyTh Iapamerpnt Excel, Haxarbs kHonky Ilepeittu. B none /locrynusbie
HACTPOMKH yCTAaHOBUTB (hJ1aXkoK psiioM ¢ nyHKTOM Tlouck pemenus v Haxatb OK.

B nakete Excel 2003 Heobxonumo BriOpaTh komaHay Cepsuc/HancTpoiika B nmn-
aJjjoroBoM okHe HajacTpoilku ycTaHOBMTH (piakOK TIOMCK pemieHHsi M LUENKHYTb
Ha KHonke OK. Eciu Ha 9KkpaHe nosiBnsieTcsi AMajloroBoe OKHO € IpeuUloXeHHeM
NOJTBEPIUTD HAMEPEHHE, TO LLEJIKHYTh Ha KHorNKe Jla.

Ha puc. 1. npeacrasneHa tabnuua Excel, raoe B siueiikax c2:cl8 u e2:el5 pasmerue-
Hbl 3HAQUCHMS KBaJIpaTHOrO KOPHS M3 CKOPOCTH CABUIA JIByX Pa3JIMUHbIX BCLICCTB.
B siueiikax d2:d18 u 12:f15 pa3zmerueHbl 3HaUEHMSI KBa/IpaTHOTO KOPH$I M3 Hal psi>Ke-
HUs capura. st aHanm3a 3KCrepuMEHTaJIbHBIX JaHHBIX NpeanosiaracTcs, 4To 3a-
BUCUMOCTb HAIPSIXKEHHUS OT CKOPOCTH Orpeaensercs 00001EeHHBIM ypaBHEHUEM Te-
YEeHHs BUA:

1.'”2 — T:jz . ,Yl,fl/(x + ,?lj'l) + ,.,I:ﬁ . ,i’lfl’ (])

rne 777, n’, n ¥ — KO3 PUUHEHTBI, NOJIEXALLME ONPEACTCHUIO.

OrmeTuM, 4yTO BUA (pOPMYJIBHOM 3aBUCUMOCTHU HE UMEET PEeLLAIOLLEro 3HaUYeH s,
OrpaHHYCHUsl UMEIOTCSl HA KOJTMUYECTBO onpeeisieMbiX KO3 (U LIMEHTOB, YTO CBsI3a-
HO € YCTOWYMBOCTbBIO aJirOpUTMa HeJIMHEeHHO onTuMu3aymMm, BctpoeHHoM B Excel.
OOBIYHO 3TO NATH-CEMb NAPAMETPOB.

Hanee B siueiiku C20:C22 3aHOCHUM 11pOU3BOJIbHBIE HayaNbHbIE 3HAYEHHUSI UCKO-
MbIX rapaMeTpoB, Hanpumep, 1, 1, 0 (Ha puc. | noKkasaH bl 3HAYEH K, YKE MOJIYYCHHbIC
B pe3yJibTaTe peleHus 3aaauu ontumusauum). B sueiiky D20 3anocum popmynbHOE
3HaueHue cpopmynbl 1 B BUne npuusitom B Excel, npu 3ToM Mcnosib3yeM OTHOCHTE] b-
HYIO afpecaLuio 1o BEpTUKANH U 10 ropu3oHTaNH ((popMyJia NoKa3zaHa B CTPOKE Na-
Hesnu Excel, npencrasneHHoIi Ha puc. 2).

Janee konupyeM popmyity u3 ssueiiku D20 B siueiiku D20:D36. nsi 3Troro Heood-
XO/IMMO YCTAHOBHTb KYPCOP MBbILIIM B NPaBblit HUXKHUWIA YroJl BbLACAEHHONH XUPHBIM
SYEHKH (MPH 3TOM KypCOp MbILLIM NPUMET BUJ KPECTHUKA) M YIEPXKHBas HaxXaToii Jie-
BYIO KHOIKY rnepemeruacm Kypcop a0 siueiiku D36.Jluct Excel Oyaer BbimisiaeTh, Kak
nokaszaHo Ha puc. 2. B cron6ue D20:D36 nosinsilotcs pacyeTHbie 3HAUeHU s (T

Mpy HayanbHbIX 3HaueHusXx (1,1,0).

pacu)
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380292 1p6e133 2071232 011780

4530335 1745714 2F73948 1017343
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7072432 1952178 37680212 131947
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17 32339 2501599 17 11432 2114237

1902026 2557342 1671096 2192943

2035632 2536875 1952423 22765052

2187921 2F83005 2070507 2356268

2330236 2768032 ' | |
7390816 2819929 _ I
25 07309 2 69495 {
tau 1736544 1692776 1640006 0901732 |
ela 046239 1767991 003951 1029707
ki 0544276 182377 2071973 1160459
f 0008834 1939477 00332 1208769 I
2045038 1 45408
== I )
Puc. 1

2 LA, | Excel - Knnral
3

. o (=C8CACI 2+ o)+ CS21°C2

256 2 Fhels |
| 2390816 2819929 | .
2507380 2860408 | _

tau  1736544) 1 £02776 1640086 0901732

eta  OP4E239f 1,767991F 0030951 1029707 il

ksi 0544276} 1 £23277] 2071973 1,150459

f 0005834} 1932477} 003362 1209769 |
2 04038 145400 y
2146014 1 547900 e
2 213662 1651183
2272754 1534774
2351353 1 533466
2 421095 2039797 e 1
2 AR4RST 2139164
2571067 2,215855 o =
2 B32596 22668154
2 70606 2308958 L=
277438 )
2803373 o
2 859034 S

—— '1 —
Puc. 2

Jnst 006paboTKM 3KCNnepuMeHTaJIbHOM MH(OPMALIMH HCIOJIb3YETCS1 METO) Hau-
MeHbIIKX KBagpaToB. B siueiiky C23 3aHocum BcTpoeHHYKO (pyHkuuiw CYMMK-
BPA3H (). lnsa 3Ttoro BnyHKTe McHIO BeTaBka BbiOMpaem nyHKT @yukuusa. U3 cnucka
¢yukuuii Beibupacm CYMMKBPA3H. Ilociie 31oro oTKkpoercsi naHesnb, npeacrap-
JiecHHas Ha puc. 3. B tekcTtoBbie cTpoku Macceus_X 1 MaccHB_y naHes i 3aHOCHM aHa-
11a30H Bl 1Y€EK, KOTOPBIE MBI OyIEM CpaBHHBATh, TO €CTh 3KCIIEPHMEHTAJIbHBIE H pac-
yeTHHie 3HaueHus (177, 77°,.), 3aTeM IesiKaeM JIeBOii KHOTIKOIi MBIILM 1O KHOMKE
OK.



Puc. 3

3areMm npopogum o0paboTKy, sl 4ero B 1nyHKTe MeHIO CepBuc BbIOUpaeM 1101~
nyHkKT Ilouck pemenus. IosiButcst naneJis npe/icTaBjicHHasi Ha puc. 4.

MNauck pewenna

Puic. 4

B TeKCTOBYIO CTPOKY NaHeJIH YCTAHOBUTD IEJIeBYIO AUEHKY BHOCHM aJIpecC STYCiH KU
(Hanpumep, $C$23 nnst mepBoro naMepeHHoro Bewiectsa i $E$23 — nnst BTOpOTO).
B 310l siueiike HaxomuTcs 1eJicBoi (PYyHKIIMOHAN, TO €CTh CyMMa KBaJIpaToOB
Pa3HOCTEI IKCNEPUMEHTAJIBHEIX U pacuyeTHHIX 3HaYeHU. Ilpu aTOM aJ1st BHECEHU S
afipeca COOTBETCTBYIOLIECH sSIY€KHU JOCTATOYHO LIEJIKHYTH MO 3TOM SIYEHKE Ha JIUCTE
Excel neBoii KHonkoit Meitiiu. B TekcToBoi cTpoke IpeanosoXuTs BHOCUM fUana3oH

EHI.H' o1 E =l - D e

8

R = [ [ m
: 5
| |

l &

e 17 32330 2501500 1711432 2114237
1900026 2557342 16710% 2192043
_ 235652 /3875 1987423 2275080
2197921 283095 2070507 2 56768
2330256 2 76A0G2
2390816 2519929

- ——1 |
) |
5 0 i5 20 28 30 J
A
2215855
2268154
23055958

Ty



onpegensiembix siyeek. PaamokHonky PasHoi ycraHaBaubaem B MuHMMAJIBHOE
3HAYEHHe.

J171s1 HAXOXXAEH M1 3HAYEHMIT B NMAaHENH PUC. 4 JOCTATOYHO LUEJKHYTh NO KHOMKE
BbINoOJHUTD.

B siueiikax D20:D36 nosiBnsiioTcsi pacCYMTaHHBbIE 3HaYeHUA T . [IpU 3TOM MUHM-
MYyM (yHKLIHOHANA MOXET 0Ka3aThbCsl JIOKAJIbHBIM, TOrAa HEOOXO0AHMMO BBECTH ApPyrUe
HayaJIbHbIE 3HAYEHU S NapaMeTpOB U NONpodoBaTe HAMTH MUHUMYM erue pa3. Ha iu-
cre Excel nosiBnsiiOTCS pacCYMTAHHBIE 3HAYEHUST KO3IM(PUILIMEHTOB PEOJIOrMYECKOTO
ypaBHeHMs B ctonouax (Hanpumep, $¢$20:$¢$22 nna nepBoro M3MepeHHOro BeLLe-
crBa unu $e$20:$e$22 — nns Broporo).

3ateM pe3ynbTaThl pacyeTOB NPEACTABASIIOTCS B BUjie rpapukoB J11si 3TOro Bbi-
aensiem nuanasoH siyeek C2:DI18 (nBa cTtondbua) m B nyHKTe MeHI0 BeTaBka BoiOMpaem
noanyHkT J/luarpamma. 3areM no CTaHAapTHOM NpolEaype CTPOUTCS rpapmk BUaa
(puc. J).

1/2



[1].
2].
3].
14].
15).
[6].
17].
8.

[9].

[10].

[11].
[12].

[13].
[14].
[15].
[16].
[17].
[18].
[19].
[20].
[21].
22].

[23].

Jluteparypa

batuenop k. Beenenue B nmHaMuky xuakoctu / nog pea. P KO. Crenanosa.
M.: Mup, 1973. 758 c.
Peiinep M. Peonorus. M.: Hayka, 1965. 223 c.
PeGunnep IN.A. Pu3uko-xMMuyeckass MexaHMKa AMCIEPCHBIX CTPYKTYpP //
D U3NKO-XMMHYECKAsi MEXAHMKA JMCIEPCHBIX CTPYKTYpP. M.: Hayka, 1966.
C. 3-16.
Bunorpanos . B., Mankun A.fl. Peonoruss nonumepon. M.: Xumus, 1977,
440 c.
[lankos C.I1., Kynuuuxun B. [. 2Kunkokpucrannuuyeckoe COCTOSIHHUE TMOJIMME-
poB. M.: Xumusi, 1977. 240 c.
buouk E. E. Peonorusi nucnepcuuix cuctem. JI.: U3n-so JITY, 1981. 171 c.
benkun U. M., Bunorpasos I. B., Jleonos A. U. PotaunoHHbie npubopsl. U3me-
peHME BSIBKOCTH U (DU3UKO-XMMHUYECKHX XapaKTEPUCTUK MaTepuasioB. M.: Ma-
IIMHOCTpOeHHe, 1967. 272 c.
[Lpamm [. OCHOBBI MpPakKTUUYECKOI PeosOruu U peoMeTpuu / nep. ¢ aHm. noj
pen. B.I. Kynnuuxuna. M.: KonocC. 2003. 312 c.
MankuH A. ., UcaeB A. U. Peonorusi: KOHUENIMHU, METOJIbl, MPUIOXKEHUS1 /
nep. ¢ aum. CI16.: [Mpogeccus, 2007. 560 c.
YpbeB H. b. ®U3MKO-XMMHUYECKHUE OCHOBBI TEXHOJIOTMM AMCIIEPCHBIX CUCTEM
u Mmatepuanos. M.: Xumus, 1988. 256 c.
@Dponos KO.I. Kypc konnouaHoii xumuu. M.: OO0 THU]] Anbsitc, 2004. 464 c.
Lilykun E.J1., [lepuoB A. B., AMenuna E.A. Konnounnas xumusi. M.: Xumus,
1992. 414 c.
XaH Y. J1. Peonorus B npoueccax nepepaboTku noJiMMepos / nep. ¢ aHml. / noa
pen. I. B. Bunorpajgosa u M.JI. @puamana. M.: Xumus, 1979. 368 c.
Barnes H.A. A Handbook of Elementary Rheology. Institute of Non-Newtonian
Fluid Mechanics, University of Wales, Aberystwyth. 2000.
Tadros Th. F. Introduction // Solid / Liquid dispersions / ed. Th. F. Tadros. Aca-
demic press, London, 1987. P. 1—16.
Goodwin J. W. The rheology of colloidal dispersions // Solid / Liquid dispersions /
ed. Th. F. Tadros. Academic press, London, 1987. P. 199—-224,
Markovitz H. Rheology: in the Beginning // J. Rheology. 1985. Vol. 29, No. 6.
P. 777—798.
Barnes H.A., Walters K. The yield stress myth? // Rheol. Asta. 1985. Vol. 24,
No. 4. P. 323-326.
Barnes H. A. «<The yield stress myth?». Revisited // Theoretical and Applied Rhe-
ology. Brussels, 1992, Vol. 2. P. 576—578.
Cox W. P., Merz E. H. Correlation of dynamic and steady viscosities // J. Polym.
Sci. 1958. Vol. 28. P. 619—-622.
Agarwal S. H., Porter R.S. Concentration dependence of rheology for poly (vinil
acetate) solutions // J. Rheol. 1981. Vol. 25, Ne 2. P. 171—191.
YpeeB H. b., [lotanuH A.A. TekyuyecTb CycneH3mii M nopouikon. M.: Xumusi,
1992. 264 c.
Opunnuukos [1.D., Kpyrnuukuii H. H., Muxaiinos H. B. Peonorusi Tukco-
TponHbiX cuctem. Kues.: Haykosa nymka, 1972. 120 c.



[24].

[25].

Krieger 1. M. Rheology of polymer colloids // Polymer colloids / Buscall R, Cor-
ner T, Stageman J (ed)./ Elsevier Applied Science Publishers, London & New
York, 1985. Chapter 6. pp. 219—-246.

Amuncknii B, B., lNyenun B.A., Amenuna E.A., LLlykun E.J1. KoarynsiumoH-
Hble KOHTAKTH B AUcnepcHbiX cuctemMax. M.: Xumus. 1982, 185 c.

[26]. Jlepsirun B. B., YUypaes H. B., Mynnep B. M. lNosepxHoctHbie cuiibl. M.: Hayka,

[27].

[28].

[29].

[30].
[31].
[32].

[33].

34].
35].
136].
37].
[38].
39].
[40].
[41].

[42].

[43].

1985. 398 c.

[lyxuu E. 1. [MpoGaemMbl koanonaHoit xumumn / ¢6. Ycrnexu KONJIOMTHOMH XU-
muu. Knes. HaykoBa nymka, 1983. C. 35—41.

YpoeB H. b. [Tpo6sieMbl peosioruu cTpyKTYPUPOBAHHBIX TUCNIEPCHBIX CUCTEM /
¢0. Ycrnexu KONJNOMAHOH XUMHUH M (PU3KMKO-XMMHUYeCcKOit MexaHuku. M.: Hayka,
1992. C .118—129.

Ree F.H., Ree T., Eyring H. Relaxation theory of transport problems in con-
densed systems. // Industrial and Engineering Chemistry. 1958. Vol. 50, No. 7.
P. 1036—1040.

Tadros Th. F. Control of the properties of suspensions // Colloids and Surf.A. 1986.
Vol. 18. P. 137—173.

Russel W. B. Review of the role of colloidal forces in the rheology of suspensions //
J.Rheol. 1980. Vol. 24, No. 3. P. 287-317.

Krieger 1. M. Rheology of monodisperse latices // Advances in Colloid and Inter-
face science. 1972. Vol. 3. P. 111-136.

Goodwin J.W. Some Uses of Rheology // Colloid Science Colloidal Dispersions /
ed. J.W. Goodwin. The Royal Soc. Of Chemistry. 1982 — (Special publ. / Royal
Soc. of Chemistry. No. 43) pp. 165—195.

Hunter R.J. Foundations of colloid science. 1995. Vol. 2. Clarendon Press, Ox-
ford. Chapter 18. Rheology of colloidal dispersions. P. 922—1052.

Mooney M. The viscosity of a concentrated suspension of spherical particles //
J. Coll. Sci. 1951. Vol. 6. P. 162—170.

Kuhn W. Uber Teilchenform und Teilchengrosse aus Viscositat und Stromungs-
doppelbrechung // Z. Phys. Chem. 1932. Bd. 161. S. 1-12.

Jeffery G. B. The motion of ellipsoidal particles immersed in a viscous liquid //
Proc. Roy. Soc. London. A. 1922. Vol. 102. P. 161-179.

bapreHes [ M. Teopusi CTpYKTYPHOIl BSI3KOCTH NUCNEPCHBLIX CUCTEM // CO.
Yenexu konnouaHoii xumuu. M.: Hayka, 1973. C. 174—183.

Bingham E. C. Fluidity and plasticity. New-York, 1922.

Muxaiinos H.B., Pebunpaep [1.A. O CTpyKTYypHO-MEXaHMYECKUX CBOWMCTBaX
JIMCTIEPCHBIX U BBICOKOMOJIEK YJISIDHBIX cUcTeM // KonnounHbiii XypHan. 1955,
T. 17. Ne 2. C. 107—-109.

Abnyparumosa JI. A., Peounnep [1.A. , Cepo-CepOuna H. H. ¥Ynpyro-ssizkocr-
HbI€ CBOKMCTBA THKCOTPOIHBIX CTPYKTYP B BOJIHBIX CYCINEH3UsIX 6EHTOHUTOBbLIX
rmuH // Konnonaubiii xypnan. 1955. T. 17, Ne 2. C. 184—190.

Casson N. A flow equation for pigment-oil suspensions of the printing ink type //
Rheology of disperse systems / ed. Mill C.C. London: Pergamon Press, 1959.
P. 84—104.

Hershell W. H., Bulkey R. Konsistenzmessungen von Gummi-Benzollosungen //
Kolloid Zeitschrift. 1926. Bd. 39. S. 291-298.



[44].

[45].
[46].
[47).
[48].

[49].

[50].
[51].

[52].

153].

[54].

[55].
[56].

[57].

[58].
[59].
[60].

[61].

[62].

Cmonbcknii b.I1., Lyneman 3. I1., lopucnaseu B. H. PeonnnaMuka m tenno-
OOMEH HeJIMHEIHO BSI3KOIJIaCTUYHBIX MaTtepuasioB. MUHCK.: Hayka U TexHu-
Ka, 1975. 446 c.

Ostwald W., Auerbach R. Ueber die Viscositat kolloider Losungen im Struktur-,
Laminar- und Turbulenz-gebiet // Kolloid Zeitschrift. 1926. Bd. 38. S. 261—-264.
Cross M. Rheology of Non-Newtonian fluids: a new flow equation for pseudoplas-
tic systems // J. Colloid Sci. 1965. Vol. 20. P. 417—437.

Cross M. Rheology of synthetic latices: influence of shear Rate and Temperature //
J. Colloid Interface Sci. 1973. Vol. 44. P. 175—176.

Krieger 1. M., Dougherty T.J. A mechanism for Non-Newtonian Flow in suspen-
sions of rigid spheres // Trans. Soc. Rheol. 1959. No. 3. P. 137—152.

Buscall R. An effective hand-sphere model of the non-Newtonian viscosity of
stable colloidal dispersions: comparison with further data for sterically stabilized
lattices and with data for microgel particles // Colloids and Surf. A. 1994. Vol. 83.
P.33-42.

Williamson R.V. The flow of pseudoplastic materials // Ind. Eng. Chem. 1929.
Vol. 21. P. 1108—1111.

Ree T., Eyring H. Theory of non-newtonion flow // Appl. Phys. 1955. Vol. 26.
P. 793—-799.

Muxaiinos H. B., Jluxtreiim A.M. WccnepoBaHue IMOJMHOM pPeoJIOrMYeCKoi
KpUBOil U opMybl g pacyeTa 3¢(PEeKTUBHOIN BA3KOCTH CTPYKTYPHPOBaH-
HbIX XUJIKOCTEH ¢ MOJIEKYNSIPHO-KWHETUYECKOI MHTeprnpeTalueil BXOAdInX
B Hee uneHoB // Konnouauwiii xxypnan. 1955. T. 17, Ne 5. C. 364—378.

Maron S. N., Pierce P. E. Application of ree-eyring generalized flow theory to sus-
pensions of spherical particles // J. Colloid Sci. 1956. Vol. 11. P. 80—95.

Quemada D. Rheology of concentrated disperse systems. 111. General features of
the proposed non-Newtonian model. Comparison with experimental data // Rhe-
ol. Acta. 1978. Vol. 17, No. 6. P. 643—653.

Gillespie T. An extension of Godeve's impulse theory of viscosity to pseudoplastic
systems // J. Colloid Sci. 1960. Vol. 15. P. 219—-231.

Goodeve C. F. A general theory of thixotropy and viscosity // Trans. Faraday Soc.
1939. Vol. 35, No. 2. P. 342—-350.

Tanaka H., White J. A cell model theory of the shear viscosity of a concentrated
suspension of interacting spheres in a non-Newtonian fluid // J. non-Newtonian
Fluid Mech. 1980. Vol. 7. P. 333—-343.

Michaels A. S., Bolger J. C. The plastic flow behavior of flocculated kaolin suspen-
sions // Ind. Eng. Chem. Fund. 1962. Vol. 1. P. 24—38.

Firth B. A., Hunter R.J. Flow behavior of coagulated colloidal Sols. I. Energy dis-
sipation in the flow units // J. Colloid Interface Sci. 1976. Vol. 57. P. 248—256.
Van de Ven T. G. M., Hunter R.J. The energy dissipation in sheared coagulated
sols // Rheol. Acta. 1976. Vol. 16. P. 534—543.

Hunter R.J., Frayne J. Flow behavior of coagulated colloidal Sols. V. Dynamics
of the floc growth under shear // J. Colloid Interface Sci. 1980. Vol. 76, No. 1.
P. 107—116.

Hunter R.J. The flow behavior of coagulated colloidal dispersions // Advances in
Colloid and Interface science. 1980. Vol. 76. P. 107—113.



[63].
[64].
[65].

[66].

[67].
[68].
[69].

[70].

[71].

[72].
[73].
[74].
[75].
[76].
[77].

[78].

[79].

[80].
[81].

[82].

Krieger 1. M. A dimensional approach to colloid rheology // Trans. Soc. Rhe-
ol. 1963. Vol. 7. P. 101—-109.

Scott Blair G. W. The success of Casson's equation // Rheol. Acta. 1966. Vol. 5.
P. 184—187.

Cheng D.C.-H. The art of coarse rheology // Br. Soc. Rheol. Bull. 1989. Vol. 32,
No. 1. P. 1-21.

Craban S., Parzonka W., Havlik V. Non-Newtonian behavior of kaolin suspen-
sions // Progress and Trends in Rheology 11. Springer-Verlag, New-York, 1988.
P. 325-328.

Rener E. O., Haroske D., Kohler K. Stromungen nicht-Newtonscher Flussigkeiten
Teil 1. // Chemsche technic. 1969. Bd.21, No. 3. S. 137—142.

Rener E. O., Haroske D., Kohler K. Stromungen nicht-Newtonscher Flussigkeiten
Teil 11. // Chemsche technic. 1969. Bd. 21, No. 5. S. 281-284.

Wildemuth C. R., Williams M. C. Viscosity of suspensions modeled with a shear-
dependent maximum packing fraction // Rheol. Acta. 1984. Vol. 23. P. 627—635.
Doraiswamy D., MujumdarA.N., Tsaol., BerisA.N., DanforthS.C,,
Metzner A. B. The Cox-Merz rule extended: a rheological model for concentrated
suspensions and other materials with a yield stress // J. Rheology. 1991. Vol. 35,
No. 4. P. 647—685.

Chen Ch.-Ch., Chiu W.-Y. A new model for the shear viscosity of carbon black-
polybutadiene, styrene suspensions // J. Appl. Polymer Sci. 1991. Vol. 42. P. 2579—
2588.

Sisko A. W. Flow of lubricating greases // Ind. End. Chem. 1958. Vol. 50, No. 12.
P. 1789—-1792.

Yih-Shen Lin, Ta-Jo Liu, Ning-Jo A Rheological Model for Iron Oxide Suspen-
sions // 1. Appl. Polymer Sci. 1991. Vol. 42. p. 1767—1772.

Pandalos G., DealyJ. M., Lyne M. B. Rheological Properties of News Inks //
J. Rheology. 1985. Vol. 29. No. 4. P. 471—-491.

Kee De D., Code R. K., Turcotte G. Flow properties of time-dependent food-
stuffs // J. Rheology. 1983. Vol. 27, No. 6. P. 581-604.

Van WazerJ.R., Lyons J.R., Kim K. Y., Colwell R. E. Viscosity and Flow Mea-
surement. A Laboratory Handbook of Rheology. Interscience Publ, N.Y, 1963.
Ypres H. b. @u3nko-xuMHyeckasi fMHaMHKa aUCNepCHBIX cucteM // Yenexwu
xumuu. 2004. T. 73, Ne 1. C. 39—-62.

Smith Th. L., Bruce C.A. Intrinsic viscosities and other rheological properties of
flocculated suspensions of nonmagnetic and magnetic ferric oxides // J. Colloid
Interface Sci. 1979. Vol. 72, No. 1. P. 13-26.

Wolfe M.S., Scopazzi C. Rheology of swelable microgel dispersions: influence
crosslink density. Crosslinked polymer particles // J. Colloid Interface Sci. 1989.
Vol. 133, No. 1. P. 265-277.

Han C. D. Multiphase Flow in Polymer Processing // Academic. N.Y., 1981,
Chap. 3.

Mouues B. B., Uanos B. A. Peonornyeckoe nopeacHHue KOHUEHTPHUPOBAHHBIX
HEHbIOTOHOBCK KX cycnen3uii. M.: Hayka, 1990. 89 c.

Frankel N.A., Acrivos A. On the viscosity of a concentrated suspension of solid
spheres // Chem. Eng. Sci. 1967. Vol. 2. P. 847—853.



183].
84].
85].

[86].
[87].

[88].

[89].
[90].

[91].

[92].
[93].

[94].

[95].
[96].

[97].

98].
99].
[100].
[101].
[102].
[103].

[104].

Marrucci G., Denn M. M. On viscosity of a concentrated suspensions of solid
spheres // Rheol. Acta. 1985. Vol. 24. P. 317-320.
Gadala-Maria F., Acrivos A. Shear-induced structure in a concentrated suspen-
sion of solid spheres // J. Rheology. 1980. Vol. 24, No.6. P. 799—-814.
VYpees H. b., YHoii C.B. O aByx TUNax KpMBbIX TEYEHUS CTPYKTYPHUPOBAHHBIX
aucrnepcHblx cuctem // Konnonaneiii xkypnan 1993. T. 55, Ne 3. C. 183—191.
Boioukuii C. C. Kypc konnouanoii xumun. M.: Xumus, 1975. 512 c.
Pamaiia K. C. AHOManug BA3KOCTH Macesl M €€ BJIMSIHUE Ha TPEHWE B MaLlIMHaX.
M.: Mawrus, 1949. 124 c.
[pakTHKYM MO KOJJIOWJIHOI XUMHH W 2NIEKTPOHHOW MUKPOCKONMWH / MO, peil.
Boiwoukoro C.C. u [lannuy P. M. M.: Xumus, 1974. 224c
Dpeitnpanx I Tukcorponus / nep ¢ vem. M.: TOHTH, 1939. 128 c.
Green H. Weltmann R. Analysis of the thixotropy of pigment-vehicle suspen-
sions // Ind. Eng. Chem. (Anal. Ed). 1949. Vol. 15, No. 3. P. 1122—1126.
Cheng D.C.-H., Evans F. Phenomenological characterization of the rheologi-
cal behavior of inelastic reversible thixotropic and antithixotropic fluids // Brit.
J. Appl. Phys. 1965. Vol. 16. P. 1599—-1617.
Boner C.J. Modern Lubricating Greases. Scientific Publication (GB) Ltd., 1976.
Ceranosa E. E., PeOunpep [1.A. HUccnenoBaHue CTPYKTYPHO-MEXAaHMYECKHUX
CBOMCTB U THKCOTPOINMH B OJIEOKONNOHIHBIX cHcTeMax // Kosut. xxypHan. 1948.
Ne 10. C. 223-230.
Godfrey J. C., Edwards M. F. A power-low model of thixotropy. // Third European
rheology conf. and golden Jubilee meeting of the British society of rheology. ed.
Oliver D. R. Elsevier Applied Sci., 1990. P. 183—185.
Sestak J., Zitny R., Houska M. Dynamika tixotropnich Kapalin. Praga, 1990
92s.
Lapasin R., Papo A., Rajgelj S. The phenomenological description of the thixotro-
pic behavior of fresh cement pastes // Rheol. Acta. 1983. Vol. 22. P. 410—416.
Alessandrini A., Caufin B., Lapasin R., Papo A. Phenomenological description of
the thixotropic behavior of gypsum plaster pastes // Rheol. Acta. 1985. Vol. 24.
P. 617—622.
Wisneuski K. Proba nogolnienia ownania reologi cznego dla ptynow tiksotropow-
ych // Zeszyty naukowi. Politeehnika Zodzko. 1977. Ne 260. P. 25-32.
Kyxopuukui C. KO. TloneiTka 00001IEHNS PEONOrHYECKOrQ ypaBHEHUS [JIs
TUKCOTPONHBIX XuakocTeit // Konnouanwiit xypuan. 1962. Ne24. C. 168—176.
Kanai H., Amari T. Negative thixotropy in ferric-oxide suspensions // Rheol.
Acta. 1995. Vol. 34, No. 3. P. 303-310.
Kemblowski Z., Petera J. Rheology characterization of thixotropic fluids // Rhe-
ol. Acta. 1979. Vol. 18. P. 702-710.
Mewis J. Thixotropy — A general Review // J. Non-Newtonian Fluid Mechanics.
1979. Vol. 6. P. 1-20.
Cunnupin B. B. Tlogbop n npumeHenue naactuyHbiX cMmas3ok. MU3a. 2-e. M.:
Xumus, 1974. 414 c.
Opoiiwretep I B., Tpunucknii K. K., Uinyk KO.J1., Crynak I1. M. Peonornye-
CKue u Termnodu3nyeckne CBOICTBa NiacTuuHbiX cMa3ok / noa pea. I B. Bu-
HorpaaoBa. M.: Xumusi, 1980. 176 c.



[105].
[106].

[107].

[108].
[109].
[110).
[111].
[112].
[113].

[114].

[115].

[116].

[117].

[118].
[119].

[120].

[121].
[122].

[123].

[124].

bouep K. 1:x. [Npou3BOACTBO M NMPUMEHEHHE KOHCUCTEHTHHIX CMa30K. M.:
'THTHU HedTtsiHoii M ropHOTOIUIMBHO#M JinTepatyphl, 1958. 703 c.

Muyk FOJL., @ykc U.T., DopmupoBaHue CTPYKTYPbl MBUJIBHBIX CMa30K / CO.
[MTnacTuunbie cmazku. Knes, Haykosa nymka, 1975. C. 9-15.

Jle6enen B. I, Bunorpanos I B. O peosiornyeckux CBOCTBax yrneBoaopoa-
HBIX CMA30K W 3acTbhiBLIMX Macen // Konnonanwiii xypuan. 1955. T. 17, Ne .
C. 39—46.

Czarny R. Einflub der Thixotropie auf die rheologischen Eigenschaften der
Schmierfette, in Tribologie und Schmierungs technik. 1989. Vol. 36. P. 134—140.
Jones S. P, Tyson J. K. The rheology of a lubricating oil at temperatures below the
pour point // J. Colloid Sci. 1952. No. 3. P. 272—-283.

UepusieB B. /1., fkosnes E. ., Kazak A.C. TpybonposoaHblie Maructpaiu
Xuakux yrnesonopoaon. M.: Heapa, 1991. 288 c.

['youn B.E., I'youn B. B. TpybonpoBoiHblit TpaHcnopT HedpTH U HedTenpo-
nyktoB. M.: Henpa, 1982. 296 c.

Hesnukamos B. B., XabuOynnun 3. A., Kabupos M. M. AHomanbHble HEDTH.
M.: Henpa, 1975. 168 c.

Orubanos I[1. M., Mup3anxan3ane A. X. HecraunonapHble ABUXXEHHNS BSA3KO-
naactuyHbIX cpea. M.: MI'Y, 1977. 372 c.

3eepesa T. H., Yenunues C. H., Akosnes E. U. MopenvposaHue tpyoornpo-
BOJIHOIO TpaHCIopTa HedpTeXMMHUYEeCKUX NMpou3BoaCTB. M.. Xumus, 1987
175 c.

Titkova L. V., Yanovsky Yu. G. Viscoelastic and thixotropic parameters of highly
structured grades of petroleum // Progress and Trends in Rheology 11 New-York
Springer-Verlag., 1988. P. 305—307.

Patos A. H. ®u3nko-xuMuyeckas npupoja CTpykTypooOpa3oBaHUsi B BbICO-
KOBSI3KMX HEPTAX M NPUPOIAHBIX OUTYyMaX U UX PEOJIOrHYECKHe pasnuuus //
Hedrexumug. 1996. T. 36, Ne 3. C. 195—199.

MenukGekoB A.C., barnpos M.K., Hadtues H.H., CanumoB T. 1. O Bsi3KO-
nnacTuyeckux cpocrax Hedreit 1 nx cmeceii. // IlNpyMeHeHe HEH bIOTOHOB-
ckux cucrem B 100bIve Heptu. BHUHMOIBHI, 1970. C. 72-77.

LiserkoB B.H., Ockun B.E., @penkens C.5. CrpykTtypa MakKpOMOJEKY
B pacTBopax. M.: Hayka, 1964. 720 c.

PacTBOpbl HE3NEKTPONUTOB B xKUaKocTax. / M. KO. Hukudopos, I A. Anbnep,
B.A. lypos. M.: Hayka, 1989. 263 c.

Folkersma R., van Diemen A.J.G., Stein H. N. Understanding the influence of
gravity on perikinetic coagulation on the bases of the DLVO theory /Advances in
Coll. Interface Sci. 1999. V.83. P. 71.

Barry E. G. Pumping non-Newtonian waxy crude oils // J. Inst. Petroleum. 1971.
Vol. 57, No. 5. P. 74—85.

Davenport T.S., Somper R.S. The Yield Value and Breakdown of Crude Oil
Gels // J. Inst. Petroleum. 1971. Vol. 57. No. 554. P. 86—91.

Mkrucanos B.A., Caxabytannos K.I. Peonornueckune uccneaopaHus napa-
(bUHUCTON HeTH NPU pa3nuyHbIX TeMneparypax // KonnouaHbiii XypHai.
1999.T. 61. C. 776—779.

Krieger [. M., Choi G. N. Rheology of sterically stabilized dispersions // Proc. 4
Int. Congress on Rheology. Mexico, 1984. Vol. 2. P. 641—648.



[125].

[126].

[127].

[128].

[129].

[130].

[131].

[132].

[133].

[134].

[135].

[136].

[137].

[138].
[139].
[140].

[141].
[142].

Buscall R., Mills P.D. A., Yates G. E. Viscoelastic properties of strongly floccu-
lated polystyrene latex dispersions // Colloids and Surf. A. 1986. Vol. 18. P. 341—
358.

Woods M. E., Krieger 1. M. Rheological studios on dispersions of uniform col-
loidal spheres. 1. Aqueous dispersions in steady shear flow // J. Colloid Interface
Sci. 1970. Vol. 34, P. 91-99.

Papir Y. S., Krieger I. M. Rheological studios on dispersions of uniform colloidal
spheres. 11. Dispersions in nonaqueous media // J. Colloid Interface Sci. 1970.
Vol. 34. P. 126—130.

Krieger I. M., Eguiluz M. The second electroviscous effect in polymer lattices //
Trans. Soc. Rheol. 1976.Vol. 20. P. 29—45.

Omynbcun.: nep. ¢ aumt. / noa pea. @. Llepmana. JI. Xumus, 1972. 448 c.
Chhabra R. P., Richardson J. F. Non-Newtonian Flow in the Process Industries.
Fundamentals and Engineering Applications. Butterworth-Heinemann Linacre
House, Oxford, 1999.

Liu G., White B., Vancso-Szmercsanyi 1., Vancso G.J. Thixotropic behavior of
metal-containing coordination polymers: melt viscosity of neutral aliphatic poly-
esters with Zn carboxylates // J. Polymer Sci.: Part B: Polymer Physics. 1996.
Vol. 34. P. 277—-282.

Escudier M. P., Gouldson I.W., Pereira A.S., Pinho F. T., Poole R.J. On the re-
producibility of the rheology of shear-thinning liquids // J. Non-Newtonian Fluid
Mech. 2001. Vol. 97. P. 99—124,

Prestidge C., Tadros Th. F. Rheological investigation of flocculation of concen-
trated sterically stabilized polystyrene latex dispersions // Colloids and Surf.
1988. Vol. 31. P. 325—-346.

Hoftman R. L. Discontinuous and dilatant behavior in concentrated suspen-
sions. 1. Theory and experimental tests // J. Colloid Interface Sci. 1974. Vol. 46,
P. 491-506.

Panchal R. R., Kazmer D. Characterization of polymer flows in very thin gaps. //
Proceed. of the 2007 International Manufacturing Sci. & Engineering Conf.
(MSEC), 2007. Atlanta, GA. P. 1—11.

Tsenoglow C. Viscoplasticity of agglomerated suspensions // Rheol. Acta. 1989.
Vol. 28. P. 311-314.

bapy P.J1., Ypres H. b., CoGoses A.A. Peosiorndeckue u 3NeKTPUUECKHUE Xa-
PAaKTEPUCTHKH CYCMEH3U TeXHUYeCcKoro yrinepona macen // Konn. xypnai.
2004. T. 66, Ne 4. C. 455—459.

Peiinep M. JlecaTe neKyii no reopetTnyeckoii peonoruu. /noa. pea. M. [1. Bo-
naposuua. M.J1.: OIC'MN3, 1947. 134 c.

Kanyctun A.Il. 9kcnepyuMeHTaNbHBIE MCCIIEAOBAHUS XUAKUX KPUCTAJJIOB.
M.: Hayka, 1978. 368 c.

Joit M., Sasapnac C. luHaMmuyeckas Teopus MnoauMepos / nep. ¢ anmi. M.:
Mup,1998. 440 c.

Tarep A.A. ®u3nkoxumusa nonaumepos. M.: Xumus, 1978. 544 c.

Wissbrun K. F. Rheology of rod-like polymers in the liquid crystalline state //
J. Rheology. 1981. Vol. 25. P. 619—-662.



[143].

[144).
[145).
[146].
[147].
[148].
[149].
[150].
[151].
[152].
[153].

[154].

[155].
[156].
[157].
[158].

[159].

[160].

[161].

[162].

Onogi Sh., Asada T. Rheology and rheo-optics of polymer liquid crystals // Rhe-
ology / ed. G. Astaritor, G. Marrucci and L. Nicolais. Plenum, New York, 1980.
Vol. 1 P. 127—-147.

Marrucci G., Maffettone P. Description of the ligquid-crystalline phase of rodlike
polymers at high shear rates // Macromolecules. 1989. Vol. 22. P. 4076-4082.
Marrucci G. Tumbling regime of liquid-crystalline polymers // Macromolecules.
1991. Vol. 24. P. 4176 —4182.

Oertel R., Kulicke W.-M. Viscoelastic properties of aqueous biopolymer solu-
tions // Rheol. Acta. 1991. Vol. 30. P. 140—150.

e )XKé B. ®u3nyeckue CBOMCTBA XWAKOKPUCTAJUIMYECKHX CHCTEM / mep.
canrn. / M.: Mup, 1982. 152 c.

bensies B. B. Ba3KoCTh HEMaTHUYECKH X XXM AK WX KPUCTAIOB // Yenexu XuMum.
1989. T. LVIII. Bun. 10. C. 1601—-1670.

bensen B. B. BA3KocTh HEMATHYECKUX XKUJAKUX KpucTaasios. M.: @Pu3mMaTnur.,
2002. 224 c.

Conun A.C. BeeneHue B (u3MKky Xxuakux Kpucrtamnos. M.: Hayka,1983.
320 c.

Kurzbeck S., Kaschta J., Miinstedt H. Rheological behaviour of a filled wax sys-
tem // Rheol Acta. 1996. Vol. 35. P. 446—457.

Maron S. N., Fok S. M. Rheology of synthetic latex. V. Flow Behavior of Low-
Temperature GR-S Latex // J. Colloid Sci. 1955. Vol. 10. P. 482—493.

Maron S. N., Levy-Pascal A. E. Rheology of synthetic latex. V1. The Flow Be-
havior of Neoprene Latex // J. Colloid Sci. 1955. Vol. 10. P. 494—503.

Lem K. W,, Han Ch. D. Rheological Behavior ot Concentrated Suspensions of
Particulates in Unsaturated Polyester Resin // J. Rheology. 1983. Vol. 27, No. 3.
P. 263—288.

Lapasin R., Longo V., Rajgelj S. A thixotropic model for cement pastes // Rheol-
ogy Vol. 3. Application. Plenum Press, N.Y., 1980. P. 659—664.

Hudson N. E., Bayliss M. D., Ferguson J. The rheology of pigment dispersions I.
Experimental and initial model results // Rheol. Acta. 1978. Vol. 17.P. 274—287.
MeTtonbl MCCiefOBaHUS PEOJIOTMH TUKCOTPOIHBIX JIAKOKPAacOYHbIX MaTepHa-
JioB: (0630pHast uHGopmaun). M. HUHUTOXHUM, 1985. 34 c.

Heywood N.I., Richardson J. F. Rheogical Behavior of flocculated agqueous ka-
olin suspensions in pipe flow // J. Rheology. 1978. Vol. 22, No. 6. P. 599—613.
3akopnoHckuii B.I1., Cunnukas A. B., Conteic M. H. I'pouecch arpernposa-
HUS U CTPYKTYPHO-MEXaHUYECKHE CBOWMCTBA BOAHBIX AUCIIEPCH It a3pocuna /f/
Konnouauwiii xxypuan. 2002. T. 64. Ne 1. C. 46-51.

Xunneko C.JI., Tutos E. B., ®enoceesa A.A. Biausinne CUJIbHBIX 3JIEKTPOJIU-
TOB M TEMIIEpATYPbl HA BO3HMKHOBEHHE pa3pblBOB CINJIOLLIHOCTH MPH TEYEHU U
BOIOYTONbHBIX cycneH3uit // Konnonauwiit xxypuan. 2001. T. 63, Ne 6. C. 845—
849,

Potanin A. A., Uriev N. B. Micro rheological models of aggregated suspensions in
shear flow // J. Colloid Interface Sci. 1991. Vol. 142, No. 2. P. 385—395.

Schaller E.J., Humphrey A. E. Electroviscous effects in suspensions of monodis-
perse spherical particles // J. Colloid Interface Sci. 1966. Vol. 22. P. 573—58I.



[163].

[164].
[165].

[166].

[167].

[168].

[169].
[170].
[171].
[172).
[173].
[174].
[175].

[176].

[177].

[178].
[179].
[180].

[181].

[182].

Zydney A. L., Oliver 111 J. D., Colton C. K. A constitutive equation for the viscos-
ity of stored red cell suspensions: Effect of hematocrit, shear rate, and suspending
phase // J. Rheol. 1991. Vol. 35, No. 8. P. 1639—1656.

Kao S.V., Nielsen L. E., Hill Ch.T. Rheology of Concentrated Suspensions of
spheres // J. Colloid Interface Sci. 1975. Vol. 53, No. 3. P. 358—366.

Luckham P. F., Ukeje M. A. Eftect of particle size distribution on the rheology of
dispersed systems // J. Colloid Interface Sci. 1999. Vol. 220. P. 347—356.
Croucher M. D., Milkie T. H. Temperature dependence of the shear viscosity
of sterically stabilized polymer colloids // Faraday Discuss. Chem. Soc. 1983.
Vol. 76. P. 261-276.

[TusnHcknii FO.E. Peonorns annataHTHBIX U TUKCOTPOIHBIX AMCIIEPCHBIX
cuctem. CI16, 2001. 174 c.

Barnes H. A. Shear-thickening (“Dilatancy”) in suspensions of nonaggregating
solid particles dispersed in Newtonian liquids // J. Rheol. 1989. Vol. 33. P. 329—
366.

Pasquino R. Rheology of viscoelastic suspensions, Thesis in Chemical Engineer,
2008.

Lynemau 3. I1., [eiinera 0. @., lopoakun P.I., Mauenypo A.A. DnekTpo-
peonornyeckmii a¢pdexkt. Munck: Hayka u Texuuka, 1972. 176 c.

Rothstein J. P. Strong flows of viscoelastic wormlike micelle solutions // Rheol-
ogy Reviews. 2008. P. 1—46.

Wardhaugh L.T., Boger D. V. Experiment of the unique flow properties of waxy //
Chem. Eng. Res. Des. 1987. Vol. 65. P. 74—83.

Barnes H. A., Hutton J. F., Walters K. An introduction to rheology. 1989. Elservi-
er (Rheology series, 3). 184 pp.

buouk E. E. CoopHuk 3aaa4 no xoyonaHoi xuMmuu. Yu. nocodue. CII6.I'TH
(TY), 2004.

Hieber C.A., Chiang H. H. Some correlations involving the shear viscosity of
polystyrene melts // Rheol. Acta. 1989. Vol. 28. P. 451—457.

Lul., X. Zhao X. A new approach of enhancing the shear stress of electrorheolog-
ical fluids of montmorillonite nanocomposite by emulsion intercalation of poly-
N-methaniline // J. Colloid Interface Sci. 2004. Vol. 273. 651—-657.

Espin M.J., Delgado A.V., Martin J. E. Effects of electric fields and volume frac-
tion on the rheology of hematite/silicone oil suspensions // Rheol. Asta. 2004.
Vol. 44. P. 71.

Kitano T., Kataoka T. The rheology of suspensions of vinylon fibers in polymer
liquids. I. Suspensions in silicone o0il // Rheol. Acta. 1981. Vol. 20. P. 390—402.
Mongruel A., Cloitre M. Shear viscosity of suspensions of aligned non-Brownian
fibres // Rheol. Acta. 1999. Vol. 38. P. 451—457.

Hussein Ib. A., Williams M. C. Anomalous nonlinearities in steady shear of poly-
ethylene melts // J. Non-Newtonian Fluid Mech. 1999. Vol. 86. P. 105—118.
Grizzuti N, Cavella S., Cicarelli P. Transiont and steady-state rheology of a lig-
uid orystalline hydroxypropylcellulose soluution // J. Rheol. 1990. Vol. 34, No. 8.
P. 1293—1310.

Moldenaers P., Vermant J., Heinrich E., Mewis J. Effect of fillers on the steady
state rheological behavior of LC polymers // Rheol. Acta. 1998. Vol. 37. P. 463—
469.



[183].

[134].

[185].

[186].

[187].

[188].
[189].
[190].
[191).
[192].

[193].

[194].
[195].
[196].
[197].
[198].
[199].

[200].

[201].

[202].

Grizzuti N., Moldenaers P., Mortier M., MewisJ. On the time-dependency of
the flow-induced dynamic moduli of a liquid crystalline hydroxypropylcellulose
solution // Rheol. Acta. 1993. Vol. 32. P. 218—226.

Larson R., Mead D. Time and shear-rate scaling laws for liquid crystal poly-
mers // J. Rheol. 1989. Vol. 33. P. 1251—128]1.

Grizzuti N., Guido S., Nastri V., Marrucci G. Velocity profiles in rectanqular
channel flow of liquid crysnalline polymer solutions // Rheol. Acta. 1991. Vol. 30.
P. 71-76.

Chin B. D., Winter H. H. Field-induced gelation, yield stress, and fragility of an
electro-rheological suspension // Rheol. Acta. 2002. Vol. 41. P. 265—275.
Germans J. The viscosity of concentrated solutions of rigid rod-like molecules
(poly-y-benzyl-L-glutamate in m-cresol) // J. Colloid Sci. 1962. Vol. 17. P. 638—
648.

lizuka E. Flow properties of liquid crystals of polypeptides // Mol. Cryst. Liq.
Cryst. 1974. Vol. 25. P. 287—298.

Kiss G., Porter R.S. Rheology of concentrated solutions of Poly (y-benzyl-gluta-
mate) // J. Polymer Sci.: Polymer Symp. 1978. Vol. 65. P. 193-211.

Chapoy L. L., Duke R. W. Some anomalous rheological responses of thermotro-
pic liquid crystals // Rheol. Acta. 1979. Vol. 18. P. 537-544.

Whitcomb P.J., Macosco C.W. Rheology of xanthan gum // J. Rheol. 1978.
Vol. 22, No. 5. P. 493—-505.

Baird D. Rheological properties of liquid crystalline solutions of poly-p-phenyle-
neterephthalamide in sulfuric acid // J. Rheol. 1980. Vol. 24, No. 4. P. 465—482.
Baird D., Ballman R. Comparison of the rheological properties of concentrated
solutions of a rodlike and a flexible chain polyamide // J. Rheol. 1979. Vol. 23.
No. 4. P. 505-524.

Walters K. Recent developments in rheometry // Theoretical and Applied Rheol-
ogy./ed. P. Moldenaers, R. Keynings, 1992, Vol. 1. P. 16—23.

Ferguson J., Kemblowski Z. Applied fluid rheology. Elsevier science publ., 1991.
Rochefort W. E., Middleman S. Rheology of Xanthan Gum: Salt, Temperature
and strain Effects in oscillatory and steady shear experiments // J. Rheol. 1987.
Vol. 31. P. 337-369.

Binnington R.J., Boger D.V. Constant viscosity elastic liquids // J. Rheol. 1985.
Vol. 29, Ne 6. P. 887—904.

Nichetti D., Manas-Zloczower I. Viscosity model for polydisperse polymer
melts. // J. Rheol. 1980. Vol. 42, Ne 4. P. 951-969.

Han C. D., King R. G. Measurementof the rheological properties of concentrated
emulsion // J. Rheol. 1980. Vol. 24, No. 2. P. 231-237.

Lebon G., Dauby P.C. , Palumbo A., Valenti G. Rheological properties of dilute
polimer solutions: an extended thermodynamic approach // Rheol. Acta. 1990.
Vol. 29. P. 127—136.

Joseph D. D., Reavers G.S., Cers A., Dewald C., Hoger A., Than P. T. Climbing
constants for various liquids // J. Rheol. 1984. Vol. 28, No. 4. P. 325—345.
Agarwal S. H., Porter R.S. Concentration dependence of rheology for poly (vinil
acetate) solutions // J. Rheol. 1981. Vol. 25, No. 2. P. 171—-191.



[203].

[204].

[205].

[206).

[207).
[208].
[209].

[210].

[211].

212].

[213].

|214].

[215].

[216].
[217].

[218].

[219].

Boger D. V., Halmos A. L. Non-Newtonian Flow 1 — Characterization of Fluid
Behavior. Modular Instruction Series. American Institute of Chemical Engi-
neers, 1981.

Yconbuena H. B. JIMOTponHble XUAKHE KPUCTAIJIBI: XUMHYECKasi  HaaMoe-
KyasipHasi ctpykTypa. UBaHoso, 1994. 220 c.

Kiml.Y., Kim S. H. Influence of viscosity ratio on processing and morphology
of thermotropic liquid crystal polymer-reinforced poly(ethylene 2,6-naphthalate)
blends // Polym. Int. 2006. Vol. 55. P. 449—455.

lamkuua KO.A., ®ununnosa O. E., Cmupros B. A., banaronatckux M. B., Uy-
poukuHa H.A., Xoxnos A. P. Baszkoynpyrue ¢BOMCTBAa KATUOHHOTO NMOBEPXH-
OCTHO-aKTHMBHOIQ BELIECTBA U €ro cMecu ¢ ruapodpobHo MoaupuuupoBaH-
HBiM noavakpuaamunom // Buicokomonekynsipubie coenuHeHusi. Cep. A.
2005.T. 47. Ne 11. C. 2013—-2021.

Watanabe H. Viscoelasticity and dynamic of entangled polymers // Prog. Polym.
Sci. 1999. Vol. 24 P. 1253—-1403.

Verbeeten W. M. H. Computational polymer melt rheology. Chapter 2. — Eind-
hoven: Technishe Universiteit Eindhoven, 2001.

Soulages J. M. Flow birefringence and velocity measurements for polymer melts
in a cross-slot flow channel. Diss. ETH No. 17180, 2007.

Peters G. W. M., Schoonen J. F. M., Baaijens F. P. T., Meijer H. E. H. On the per-
formance of enhanced constitutive models for polymer melts in a cross-slot flow //
J. Non-Newtonian Fluid Mech. 1999. Vol. 97. P. 387—427.

Meissner J. Basic parameter, melt rheology, processing and end-use properties of
three similar low density polyethylene samples, London, Butterworths. P. 553—
612.

Meng Y., Rao M. A. Rheological and structural properties of colwater-swelling
and heated cross-linked waxy maize starch dispersions prepared in apple juice
and water // Carbohydrate Polymers. 2005. Vol. 60. P. 291-300.

Oda R., Panizza P.,, Schmutz M., Lequeux F. Defect evidence of the shear-in-
duced structure of wormlike micelles: Gemini surfactant 12-2-12 // Langmuir.
1997. Vol. 13. P. 6407—6412.

Hartmann V. Cressely R., Shear thickening of an aqueous micellar solution of
cetyltrimethylammonium bromide and sodium tosylate // J. Phys. Il France.
1997. Vol. 7. P. 1087—1098.

Niculescu O., Lega M. Prediction of performances of some aqueous pigment dis-
persions leather finishing // Rev. Chim. (Bucure®ti). 2007. Vol. 58, Ne 4. P. 276—
282.

Berret J.-F., Roux D.C., Porte G. Isotropic-to-nematic transition in wormlike
micelles under shears // ). Phys. 11 France. 1994. Vol. 4. P. 1261—-1279.

Cates M. E. Nonlinear Viscoelasticity of Wormlike Micelles (and Other Revers-
ibly Breakable Polymers) // J. Phys Chem. 1990. Vol. 94. P. 371-375.

Kalyon D.M., Yo D.-W., Moy F. H. Rheology and processing of linear low den-
sity polyethylene resins as affected by alpha-olefin comonomers // Polymer Engi-
neering and Science. 1988. Vol. 28, Ne 23, P. 1542—1550.

Santos P. H. S., Carignano M. A., Campanella O. H. Qualitative study of thixot-
ropy in gelled hydrocarbon fuels // Engineer. Lett. Vol. 19, Ne 1. P. 1-7.



[220].
[221].

[222].

[223).

[224].
[225].
[226].

[227].

[228].

[229].

[230].
[231].
[232].
[233].

[234].

[235].

[236].

[237].

Willey S.J., Macosko C. W, Steady shear rheological behaviour of PVC plasti-
sols // J. Rheology. 1978. Vol. 22, No. 5. P. 525-545.

Kim D.-H., Kim Y. D. Electrorheological properties of polypyrrole and its com-
posite ER fluids // J. Ind. Eng. Chem. 2007. Vol. 13. P. 879—894.

Kpyrnuukwuiit H.H. Bonpoce KOJJIOMIHO-XMMHWYECKOr0 MarepuanoBene-
HUSI HEOPraHUYeCKHX KOMMO3uTOB // COOpHUK HayuyHBIX TPYNOB «DU3HKO-
XUMHYECcKasi MexaHuKa H JIMOPUIBHOCTL AMCNEPCHHIX cucTeM» Bwin. 17.
Kues.: Haykosa nymka. 1985. C. 36—55.

Kpyrnuukuit H. H., Jlososckast H.®., Hosotopos A.C., Tperunnuk B. lO.
BausiHue OOMEHHBIX MOHOB Ha CTPYKTYpOOOpasyomiyw crnocCoOOHOCTL NpHU-
POAHBIX NOJUIKTPOJMTOB — F'YMHUHOBBIX BeLIeCTB // COOpPHUK HAyYUHBIX TPY-
n0oB «DU3UKO-XUMHUYECKasl MEXaHU KA U TMOPUIBHOCTb IUCNEPCHBIX CUCTEM»
Buin. 17. Kues.: Haykosa nymka. 1985. C. 55—63.

Dzuy Ng. Q. , Boger D.V. Yield stress measurements for concentrated suspen-
sions // J. Rheology. 1983. Vol. 27, No. 4. P. 321—-349.

Saint-Michel F., Pignon F., Magnin A. Fractal behavior and scaling law of hy-
drophobic silica in polyol // J. Colloid Interface Sci. 2003. Vol. 267. P. 314—-319.
Porter R. S., Johnson J. F. Order and flow of liquid crystals: the cholesteric meso-
phase // J. Appl. Phys. 1963. Vol. 34, No. 1. P. 55-58.

Masalova 1., MankuH A. 1. BLICOKOKOHUIEHTPUPOBAHHbIE OMYJIbLCHU. OCOOeH-
HOCTH PEOJIOTUYECKHUX CBOMCTB M TEYEHUSI — POJIb KOHUEHTPALIMKU U pa3Mepa
kanens // Konnounnwiii xxypHan. 2007. T. 69, Ne 2. C. 206—219.

Hertel D. Flow of polyethylene melts within and into rectangular ducts investi-
gated by laser-Doppler velocimetry. Erlangen. Thesis, 2008.

Buscall R., Goodwin J.W., Hawkins M.W., Ottewill R. H. Viscoelastic prop-
erties of concentrated lattices // J. Chem. Soc. Faraday Trans. 1. 1982. Vol. 78.
P. 2873—-2887.

Kyazze G., Starov V. Viscosity of milk: influence of cluster formation // Konu.
xypHan. 2003. T. 66, No. 3. C. 358—-363.

Pal R. Shear viscosity behavior of emulsions of two immiscible liquids // J. Col-
loid Interface Sci. 2000. Vol. 225. P. 359—-366.

Barnes H.A. Rheology of emulsions — a review // Colloids and SurfA.
1994. Vol. 91. P. 89—-95.

Anton Paar. Application Report RheolabQC Pharmaceutical. Determining the
rheological properties of pharmaceutical products. 2006.

Tuinier R., Kruif C. Phase separation, creaming, and network formation of oil-
in-water emulsions induced by an exocellular polysaccharide // J. Colloid Inter-
face Sci. 1999. Vol. 218. P. 201-210.

Folkersma R., Diemen A., Laven J., Stein H. Steady shear rheology of dilute
polystyrene particle gels // Rheol. Acta. 1999. Vol. 38. P. 257—267.

Zaman A., Bjelopavlic M., Moudgil B. Effect of adsorbed polyethylene oxide
on the rheology of colloidal silica suspensions // J. Colloid Interface Sci. 2000.
Vol. 226. P. 290—298.

Timari M. K., Bazilevsky A.V., Yarin A.L., Megaridis C. M. Elongational and
shear rheology of carbon nanotube suspensions // Rheol. Acta. 2009. Vol. 48.
P. 597—609.



238].

[239].
[240).
[241].
242].
[243].

244].

[245].

246).

1247].

[248].

[249].

[250].

[251].

[252].

[253].

[254].

Ma A.W. K., Mackley M. R., Rahatekar S.S. Experimental observation on the
flow-induced assembly of carbon nanotube suspensions to form helical bands //
Rheol. Acta. 2007. Vol. 46. P. 979—-987.

Klingenberg D. J., Zukoski C. F. Studies on the steady-shear behavior of electror-
heological suspensions // Langmuir. 1990. 2002. Vol. 6. P. 15-24.

Rodrigues B. E., Kaler E. D. Wolfe M. S. Binary Mixtures of Monodisperse Latex
Dispersions. 2. Viscosity // Langmuir. 1992. Vol. 8. P. 2382—2389.

Egorova N. Using slit theometry in characterizing coating colour flow in the
blade coating process. Helsinki University of Technology, Laboratory of Paper
and Printing Technology, Reports, Series A25, Espoo, 2006.

Rhodorsil Oils 47. Technical information. Bluestar Silicones.

Youngsuk Heo. Universal scaling of linear and nonlinear rheological properties of
semidilute and concentrated polymer solutions. Thesis, 2008.

Damas B., Morrison B. R., Willenbacher N. An empirical model predicting the
viscosity of highly concentrated, bimodal dispersions with colloidal interac-
tions // Rheol. Acta. 2001. Vol. 40. P. 434—440.

Boersma W. H., Laven J., Stein H. N. Shear-thickening (“Dilatancy”) in concen-
trated dispersions. // AIChE Journal. 1990. Vol. 36. P. 321-332.

Kalman D.R., Rosen B.A., Wagner N.J. Effects of particle hardness on shear
thickening colloidal suspension rheology // The XV Intern. Congress on Rheol-
ogy. 2008. P. 1408—1410.

Guo X., Abdala Ah.A., May B. L., Lincoln S. F., Khan S. A., Prud’homme R. K.
R heology control by modulating hydrophobic and inclusion associations in mod-
ified poly(acrylic acid) solutions // Polymer. 2006. Vol. 47. P. 2976—298&3.
Fataraite E., Narmontas P., Jankkauskaite V., Milinaviciute A., Juraitis A. Rhe-
ology and surface properties of filled dispersions // Proc. Estonian Acad. Sci.
Eng. 2006. Vol. 12. P. 85—89.

Rao S. P., Tripathy S.S., Raichur A. M. Dispersion studies of sub-micron zirco-
nia using Dolapix CE64 // Coll. Surf. A Physicochem. Aspects. 2007. Vol. 302.
P. 553—35358.

English R.J., Gulati H.S., Jenkins R.D., Khan Saad A. Solution rheology of
hydrophobically modified alkali-soluble associative polymer // J. Rheol. 1997.
Vol. 41. P. 427—444.

English R.J., Raghavan S.R., Jenkins R. D., Khan Saad A. Associative polymers
bearing n-alkyl hydrophobes: Rheological evidence for microgel-like behavior //
J. Rheol. 1999. Vol. 45. P. 1175—1194.

Barnes H. A. The yield stress — a review or “movto per” — everything flows? //
J. Non-Newtonian Fluid Mech. 1999. Vol. 81. P. 133—178.

Ishihara T., Katsuki H., Kuno H. An experimental study on eftects of solid con-
centration and (-potential on pseudoplastic flow of suspensions // Rheologica
Acta. 1987. Vol. 26. P. 172—18l.

Cappelaere E., Berret ). F., Decruppe ). P., Cressely R., Lindner P. Rheology,
birefringence, and small-angle neutron scattering in a charged micelar system:
Evidence of a shear-induced phase transition // Phys. Rev. E. 1997. Vol. 56.
P. 1869—1878.



[255].

[256].

[257].

[258].

[259].

[260].

[261].

[262].

[263].
[264].

[265].

[266].

[267].

[268].

[269].

[270].

[271].

Yesilata B., Clasen C., McKinley G. H. Nonlinear shear and extensional flow dy-
namics of wormlike surfactant solutions // J. Non-Newton. Fluid Mech. 2006.
Vol. 133. P. 73-90.

Becu L., Anache D., Manneville S., Colin A. Evidence for three-dimensional
unstable flows in shear-banding wormlike micelles // Phys. Rev. E. 76. 2007.
Vol. 76. P. 011503-1-011503-12.

Rolon-Garrido V. H., Perez-Gonzalez J., Vega Acosta Montalban L.A. Vane
rheometry of an aqueous solution of worm-like micelles // Revista Mexicana de
Fisica. Vol. 49. P. 40—44.

Zial.Y.Z., Cox R.G., Mason S. W.G. Ordered aggregates of particles in shear
flow // Proc. Roy. Soc. 1967. Vol. 300. P. 421—441.

Pynés H.H., Koponés B.., [lonnosa T.A. ®U3HMKO-XUMHYECKasi MUKPOTH-
APOAMHAMMUKA YJILTPAaAUCIEPCHBIX cucTeM // KOANOUMAHO-XUMHUUYECKHE OCHO-
Bbl HAaHOHaykKHu / non pen. A. Il. Llnaka, 3. P. Vanbepr. K.: Akanemnepuonuka,
2005. C. 169195 c.

Xopnakos I. C. Peonorus cycnensuii. Teopusi (pazoBOro Te4eH st U €€ IKCNEepPHU -
MeHTasnbHOe 00ocHOBaHue // Poc. Xum. K. (2K. Poc. XumM.00-Baum. /1. U. MeH-
neneena). 2003. T.XLVII, Ne 2. C. 33—44.

Mitsoulis E. Flow of viscoplastic materials: models and computations // Rheol-
ogy Reviews. 2007. P. 135—143.

Gupcos H. H., Axaunawmus I1. X. BBeaeHue B 3KCNEPUMEHTANIBHYIO U KJIMHHU-
4YECKylo remopeosioruio. M.: Poccuiickuii rocynapCTBEeHHbIM MEIMIIMHCK Ui
yHusepcutet, 2008. 274 c.

Sirs J.A. The flow of human blood through capillary tubes // J. Physiol. 1991.
Vol. 442. P. 569—583.

Merrill E. W. Rheology of blood // Physiological Reviews. 1969. Vol. 49, Ne 4.
P. 863—888.

Quemada D. A rheological model for studying the hematocrit dependence of
red cell-red cell and red cell-protein interactions in blood // Biorheology 1981.
Vol. 18. P. 501-516.

Marcinkowska-Gapinska A., GapinskiJ., Elikowski W., Jaroszyk F., Kubisz L.
Comparison of three rheological models of shear flow behavior studied on blood
samples from post-infarction patients // Med. Bio. Eng. Comput. 2007. Vol. 45.
P. 837—844.

Chien S. Shear dependence of effective cell volume as a determinant of blood vis-
cosity. // Science. 1970. Vol. 168. P. 977—979.

Kelessidis V. C., Maglione R., Tsamantaki C., Aspirtakis Y. Optimal determina-
tion of rheological parameters for Herschel-Bulkley drilling fluids and impact on
pressure drop, velocity profiles and penetration rates during drilling // J. Pet. Sci.
Eng. 2006. Vol. 53. P. 203—-224.

Characterization of drilling muds // TA Instruments Thermal Analysis & Rheol-
ogy RS-6B.

Mertens D., Heinen C., Hardy E. H., Buggisch H. W. Newtonian and Non-new-
tonian low re number flow through bead packings // Chem. Eng. Technol. 2006.
Vol. 29, Ne 7. P. 854—861.

Holmberg K., Jonsson B., Kronberg B. Surfactants and Polymers in aqueous so-
lutions. JohnWiley and Sons Ltd, 2003. 545 p.



1272].

[273].

[274].

[275].

276].
1277].
1278].
1279].

[280].

1281].

[282].

[1].

2].
[3].

[4].

[5].

Carreau P.J., Bui Q.H., Leroux P. Wall effects in polymer flow on inclined
plane // Rheol. Acta. 1979. Vol. 18. P. 600—608.

Ghannam M., Abu-Jdayil B., Esmail N. Flow behavior comparison of xanthan
and alcoflood polymers aqueous solutions // American J. of Oil and Chemical
Technologies. 2013. Vol. 1, Issue 2. P. 1-11.

Helleloid G. T. On the computation of viscosity-shear rate temperature master
curves for polymer liquids // Morehead Electronic J. of Applicable Mathematics.
2001, Issue 1. P. 111,

Kpayc I'., ['proBep J:x. Bsi3KoCTHBIE CBOICTBA CTATUCTHYECKH X COMNMOJIMMEPOB
U 6510K-conoJiuMepoB bytanueHa co ctuposoMm. 1. // Dusnyeckan XxuMus no-
JIUMEpPOB 3a py0exoMm: nep. ¢ anr. /noa pen. 3. A. Porosunau A. 4. MankuHa.
M.: Mup, 1970. C. 236—245.

Alle N., Lyndaae-Jorgensen J. Polypropylene and polyethylene blends I. Flow be-
haviour in capillaries. // Rheol. Acta. 1980. Vol. 19. P. 94—103.

Kiss G., Orrell T.S., Porter R.S. Rheology and rheo-optics of anisotropic poly-
B-benzyl-aspartate gel // Rheol. Acta. 1979. Vol. 18. P. 657—661.

Tschoegl N. W. The Phenomenological Theory of Linear Viscoelastic Behaviour,
chapter 9, 443—483, Springer-Verlag, Berlin, 1989.

Graessly W. W., Milner S.T. Inertially driven transient response in polymeric lig-
uids // J. Non-Newtonian Fluid Mech. 2009. Vol. 159. P. 26—33.

Mackley M. R., Marshall R.T., Smeulders J., Zhao F. D. The rheological char-
acterization of polymeric and colloidal fluids // Chem. Eng. Sci. 1994. Vol. 49.
P. 2551-2565.

Mitsoulis E. 50 years of the K-BKZ constitutive relations for polymers // ISRN
Polymer Science Volume 2013, article 1D 952379. P. 1-22.

Liang R. F., Mackley M. R. Rheological characterization of the time and strain
dependence for polyisobutylene solutions // J. non-Newtonian Fluid Mech. 1994.
Vol. 52. P. 387—405.

IIyomkanum no Teme MmoHorpagum

MatrseeHkO B. H., Kupcanos E.A., Pemu3os C. B. BeicokonapagpuHucrtasi HepThb
Kak aucnepcHas cucrema. Bulbop ypasHeHus tedyeHus // KonsiouaHbI i XXypHan.
1994. T. 56. Ne 3. C. 393—399.

Matveenko V. N. Kirsanov E. A., Remizov S. V. Rheology of highly paraffinaceous
crude oil // Colloids and Surfaces A. 1995. Vol. 101. P. 1-7.

MatrseeHko B.H., Kupcanos E.A., Pemuszos C.B., Bonukosa WU.JI., bapaHos-
ckasi JI.A. Peonorudeckue cBoiicTpa BoicokonapahuHucToil HehTH U KpucTa-
u3aius He(PTAHBIX H-aJIKAHOB B MPUCYTCTBUM fnenpeccaHTos // BecTtH. Mock.
VH-Ta. Cep.2. Xumusi. 1996. T. 37. Ne 1. C. 78—86.

Marseenko B.H., Kupcanos E.A., Pemusos C. B. Peonornyeckoe noseneHue
KOHIIEHTPUPOBAHHBLIX Napa(UHCOAEPKALLKUX JTUCNEPCHLIX CUCTEM C HEMNOJISIP-
HOI# cpenoii // MexaHuka KOMNO3UIIMOHHBIX MATEPUAJIOB M KOHCTPYKLMIi. 1996.
T. 1. C. 99—-106.

Kirsanov E.A., Remizov S.V. Application of the Casson model to thixotropic waxy
crude oil // Rheol. Acta. 1999. Vol. 38. P. 172—176.



[6].

[7]).

[8].
[9].

[10].

[T1].

[12].

[13].

[14].

[15].

[16].

[17].

[18].

[19].

[20].
[21].

[22].

Remizov S. V., Kirsanov E. A., Matveenko V. N. Structural and rheological proper-
ties of microheterogeneous systems “solid hydrocarbons — liquid hydrocarbons” //
Colloids and Surfaces. A. 2000. Vol. 175. P. 271-275.
MartseeHko B. H., Kupcanos E. A., Pemu3sos C. B. Buicokonapadunucrasi HedTh
Kak JauMcnepcHass cucrteMa. BausiHue mexaHu4yeckoil npenbicTopuu odOpasiia
Ha KO3(puumenTs ypasHeHust Kaccona // Bectu. Mock. Yu-ta. Cep.2. Xumusi.
2001. T. 42. Ne 5. C. 363—368.
Kupcanos E.A. Peonorusi Xujakokpuctajasuueckux cucrem // XKunkue Kpu-
CTaJJIbl U MX NpakTH4Yeckoe rcrnoabiopaHue. 2004. Boin. 2(8). C. 57—65.
Kupcados E. A., boopos B. . Peosornyeckue xapaktepucTUKHU YrjieBOnOPO/I-
HBIX MJIACTUYHBIX CMA30K // 2KHAKHEe KPUCTANILI U UX MPAKTUYECKOE MCNOJIb-
sopaHue. 2005. Buin. 1-2. C. 23-30.
Kupcanos E.A. Teopusi TeueHUsi CTPYKTYPUPOBAHHBIX cuctem // Kunkue
KpPUCTAJIIbl U WX NMpakTH4YecKoe ucnonbzopaHue. 2006. Buin. 1-2. C. 21-30.
MatBeenko B. H., Kupcanos E. A., Pemu3sos C. B. Peosiorusi ctpyKTypupoBaH-
HbIX nucnepcHbix cuctem // BectH. Mock. YH-ta. Cep. 2. Xumus. 2006. T. 47.
No 6. C. 393-397.
Kupcanos E. A., Tumowuun 1O. H., Hosocenosa H. B., Marseenko B. H. Peono-
sl AMCMNEPCHBIX CUCTEM C 3apsiXKeHHBIMM YacTHlamu // BectH. Mock. YH-1a.
Cep.2. Xumus. 2006. T. 47. Ne 6. C. 387—392.
KupcaHos E.A. TeyeHUe TUCNEPCHBLIX U XUAKOKPHUCTANIUYECKUX CUCTEM, —
MUsaHoso: U3n-Bo «MBaHOBCKUII rocynapcTBeHHblii yHupepcutet», 2006.
232c.
Kupcanos E. A. TeueHue noMMEPHBIX pacTBOPOB // 2KUKHE KPUCTANJIBI U UX
npakTuyeckoe ucnonsizopanue. 2007. Buin. 1. C. 21-30.
Kupcanos E.A., Tumowminn KO. H. JIlunamuyueckast u caipurosasi BSI3KOCThb I0-
JIUMEPHBIX PacTBOpPOB // ZKHMAKHE KPUCTAJJIBI U UX TPAKTHYECKOE UCTNOJIb30-
panue. 2007. Buin. 2. C. 46-53.
Kupcanos E.A., Pemu3zos C. B., Hosocenosa H. B.,, Mareseenko B. H. ®usuue-
CKMii cMbICh peonoruyeckux KoadpdumeHToB B 0000111eHHOI Monenu Kacco-
Ha // BecTtH. Mock. YH-1a. Cep.2. Xumusg. 2007. T. 48. Ne 1. C. 22-26.
Kupcanos E. A. Peonornyeckoe nopeeHue MUILIEJUJISIPHBIX pacTBOpOB // Ku -
KHe KPUCTAJIB M UX NpakTUYecKoe ucnonbzopaHue. 2007. Buin. 2. C. 54—62.
Kupcanos E. A., Tumomiun KO. H. TeyeHue sMynbCuii Kak CTPYKTYpPHUPOBaH-
HBIX CUCTEM // ZKUaKue KpUCTaIbl MU UX NMpakTHYeckoe ucnosabizopaHue. 2008.
Buin.l. C. 14-23.
Kupcanos E.A., TumomiuH 1O. H. CnBuroBoe teyeHue CTPYKTYPHPOBAHHBIX
cuctem // Xuakue Kpuctajanbl M UX NMpakTHyYeckoe ucrnonb3opanue. 2008.
Buin.4. C. 62-72.
Tumowmun FO.H., Kupcanos E.A. BsI3KOCTb CTPYKTYPUPOBAHHBIX CYCIMEH-
3uii // Becthuk KI'TIM. 2008. Ne 1(5). C. 110—116.
Tumomun K. H., Kupcanos E. A. TUKCOTPONHBIE CBOMCTBA HEMEHTHBIX U THUT-
coBbix pactopos // Becthuk KI'TTH. 2009. Ne 1(7). C. 102—106.
Kupcanos E.A. [lpenenvHble BSA3KOCTH M TPEACJILHOE Hanpsi)kK€HWe CaBura
B TECUEHUU CTPYKTYPUPOBAHHBIX CUCTEM // ZKKuaKue KpUCTanjibl U UX NPakTH-
yeckoe ucnosb3opanue. 2009. Buin.4 (30). C. 16—-25.



23].

[24].

[25].

126).
127].
28].

[29].

[30].

[31].

132].

[33].

[34].

[35].

[36].

[37].

[38].

Kupcanos E. A., Tumowminx KO. H. Mecto 0000111IEHHOrO ypaBHEHUSI TEYEHMUS
Cpeau APYruX peoJioru4ecKux ypaBHeHu // 2Kunkue Kpuctajajibl U UX npak-
TUYyeckoe ucnonbizopaHue. 2010. Buin.4 (34). C. 38—47.

Kupcauos E. A., Tumorwiun O, H. TeyeHue cycneH3uMu rMUHLI U CUA cLenje-
Hust Mmexy yactunamu // Becthuk MIOCI'A. 2010. Ne 1(9). C. 107—111.
Kupcanos E. A., Tumowinn 0. H. Teyenue cycneHsnil yrnepoaHbiX HAHOTPY-
OOK M HAHOBOJIOKOH // ZKKUIKHE KPUCTANJIbl U MX NPAKTHYECKOE MCIOJIb30Ba-
Hue. 2011. Buin.1 (35). C. 48—-56.

Marseenko B. H., KupcanoB E.A. Bsi3kocTb M CTPYKTYpa JMCNEPCHBLIX CH-
ctem // BectH. Mock. YH-1a. Cep.2. Xumus. 2011. T. 52. Ne 4. C. 243-276.
Kupcanos E.A., Tumownn 0. H. Xapaktepuctuku TteyeHusi cycneHsuwi. [/
BectHuk MI'OCI'A. 2011. Ne 1(11). C. 125—129.

Kupcanos E. A. Peosiorusi XXuakux Kpuctannos // XKunkue Kpuctajaabl U UX
npaktTuyeckoe ucnonbsopanue. 2011. Buin.4 (38). C. 110—119.

Kupcauos E. A., Tumoiiun FO. H. AnnpokcumManusi U 3KCTpanosasiiust peoio-
FTMYECKUX JAHHBIX // 2KMAKHE KPUCTAJIIBI U UX TTPAKTUHYECKOE UCTIOJIb30BAH KE,
2011. Buin. 3 (37). C. 30—40.

Tumowmvn KO.H., Kupcanos E.A. AHanu3z koa(QpPpuimeHTos 00001IEHHOTO
ypaBHEHHUs Te4yeHUs1 // ZKKuakue KpUCTanjibl U X NPaKTHYECKOE MCNOJIb30Ba-
Hue. 2012. Buin. 1 (39). C. 21-30.

Kupcanos E.A. HEHbIOTOHOBCKOE TE€YEHHUE CTPYKTYPUPOBAHHBLIX CUCTEM. I,
Teopusi paBHOBECHOTO U HEPABHOBECHOTO COCTOsIHUSI TedeHusl // ZKKuakue Kpu-
CTaJlibl U UX NpakTU4Yeckoe ucnonbiopanue. 2012, Buin. 3 (41). C. 79—89.
Kupcanos E. A., Tumomiun ). H. HEHBIOTOHOBCKOE TEYEHHE CTPYKTYPHUPO-
BaHHBIX cucTeM. Il. AHanu3 KpUBLIX TeYeHus1 // XKuakue KpucTaniabl U UX
npakTuyeckoe ucnonbizosarue. 2012. Buin. 4 (42). C. 71-80.

Kupcanos E. A., Tumowmun KO. H. HeHbIOTOHOBCKOE T€YE€HHE CTPYKTYPHUpPO-
BaHHBIX cucteMm. [11. Ouzunyeckuii cmbica Koapdpunuenta x // Kuakuve Kpu-
CTaJUIbl U UX NMpakTuyeckoe ucnonb3zopanue. 2013. Buin. 1 (43). C. 55—64.
Kupcanos E.A., Tumomiud KO. H. HeHbIOTOHOBCKOE TE€YEHHE CTPYKTYpPHPO-
BaHHBIX cucTeMm. IV, [lonHas peonoruyeckasi kpupasi TedeHus // ZKunkue Kpm-
CTaJUIbl U KX NMpakTUyeckoe ucnonbzopanue. 2013. Buin. 2 (44). C. 52—-6l.
Kupcanos E.A., Tumomiun KO. H. HEHBIOTOHOBCKOE TE€YEHHE CTPYKTYpPHPO-
BAHHBIX cUCTEM. V.BO3MOXHOCTH YHHBEPCAJILHOIO PEOJIOrMYECKOro ypaBHe-
HUust // Knakue Kpuctajuibl U UX npakTHyeckoe ucnoawvzopaHue. 2013. Buin. 3
(45). C. 35—44.

Kupcanos E.A., Tumomun K. H. TeueHue 3neKTpOpPEeOJIOTHYECKHX XHIKO-
cteii B paMkax 0000ueHHoit Momenu teyeHus // dKuakuve Kpuctanibl U uX
npakTuyeckoe ucnonbzopanue. 2013. Buin. 3 (45). C. 79—88.

Kupcanos E.A., Tumomiud KO. H. HEHbIOTOHOBCKOE TE€YEHHE CTPYKTYpPHPO-
BaHHBIX cucTeM. VI. Annpokcumarust KpuBblX TeyeHus // KK uak e Kpuctaaibl
1 UX NpakTuyeckoe ucnosiszopanue. 2013, Buin. 4 (46). C. 14-23.

Kupcanos E.A. Bsi3KOCTb U ynpyroctb NOAUMEPHBIX CUCTEM // AKTyaJibHBIE
Npo0sieMbl MOATOTOBKH MHXEHEPHBLIX U YNPaBJIEHYECKUX KaapoB MJisl Npo-
MBIILIJIEHHOCTH: €O. HAYyYHBIX TPYOoB, yacth [I. — Eropwesck, «CTAHKWH»,

2014. C. 84—89.



[39].

[40].

[41].

[42].

[43].

|44].

[45].

[46].

[47].

[48].

[49].

[50].

[51].

[52].

[53].

KupcanoB E.A., Tumomiun KO.H. HeHBIOTOHOBCKOE TEYEHHE CTPYKTYpH-
poBaHHBIX cucteM. VII. Casurosoe paccioeHue // ZKuakue Kpuctanaibl U UX
npakTuieckoe ucnonas3zosanue. 2014. T. 14. Ne 1. C. 22-31.

Kupcanos E.A., Tumowmind K. H. HeHbIOTOHOBCKOE TeYeHHe CTPYKTYPUPO-
BaHHBIX cucTeM. VIII. TeueHnue B Tpybax // 2Kuakue Kpuctaniabl 1 UX NpakTH-
yeckoe ucnonbizopanue. 2014. T. 14. Ne 1. C. 3238,

Kupcanos E.A., TumomiuH KO. H. HeHbIOTOHOBCKOE TEYEHHE CTPYKTYPUPO-
BaHHBIX cucTeM. I X, Ynpyrocth pacTBopoB nosiumMepos // 2Kuakue KpucTanibl
M WX npakTuyeckoe ucnonbiopanue. 2014. T. 14. Ne 2. C. 65-73.

Kupcanos E.A., Tumomiud KJ. H. HeHBIOTOHOBCKOE TeYEHUHE CTPYKTYPUPO-
BaHHBIX cucTem. X. Ilpenensl HEHbIOTOHOBCKOrO nopeneHus // AKuakue Kpu-
CTanjbl U UX NpakTHyeckoe ucnoabizopanue. 2014. T. 14. Ne 2. C. 74—-82.
Kupcanos E.A., TumouiuH KJ). H. HEHbIOTOHOBCKOE TEYEHUE CTPYKTYPUPO-
BaHHBIX cucTeM. X1. PacnnaBel nonumMepos // ZKunkKue KpucTaaibl U UX Npak-
Tu4yeckoe ucnonbiopanue. 2014. T. 14. Ne 3. C. 5—14.

Kupcanos E.A., TumoumiuH KJ). H. HEHBIOTOHOBCKOE TEYEHUE CTPYKTYPUPO-
BaHHBIX cucTeM. X11. Ynpyroctb pacnnasoB nosumepos // 2KUAKHe KpucTali-
Jibl U MX NpakTHyeckoe ucnosibzosanue, 2014, T. 14, Ne 3. C. 15-23.

Kupcanos E.A., TumomiuH ). H. HeHbIOTOHOBCKOE TEYEHHE CTPYKTYPUPO-
BaHHBIX cucTeM. XIII. TukcotTponHbie cpoiicTa // 2Kuakue KpUCTaJibl U UX
npakTuuyeckoe ucnosw3opatue. 2014, T. 14. Ne 4. C. 30-39.

Kupcanos E.A., TumowiuH KO.H. HeHbIOTOHOBCKOE TEYE€HUE CTPYKTYpH-
posaHHbIX cucteM. XIV. Kpubbie BA3KOCTH B NPUBENEHHBIX KoopauHatax //
XKunkue Kpuctannbl U MX npakTuuyeckoe ucnonabzoBanue., 2015. T. 15. Nel,
C. 47-55.

Kupcanos E.A., TumomuH HO.H. HeHbIOTOHOBCKOE TEYEeHUE CTPYKTYpH-
poBaHHBLIX cucTeM. XV. CnBurossie konedanust // 2QKuakue Kpuctaaibl U UX
npakTuueckoe ucnosinzopanue. 2015. T. 15. Ne 2, C. 63-72.

Kupcanos E.A., TumouinH KJ. H. HEHbIOTOHOBCKOE TEYEHUE CTPYKTYPUPO-
BaHHBIX cucTeM. XVI. Kpubble BA3KOCTH pacniaBoB noaumepoB // Kunkue
KPUCTAJIJIBI U UX NPAKTHYECKOE UCNOJIb30BaH HE.

KupcanoB E.A., Tumomiux KO. H. HEeHBIOTOHOBCKOE TEYEHUE CTPYKTYpPHPO-
BaHHbIX cucTteM. XVII. Peosoruueckue momenu // XKUaKue Kpuctajiibl U UX
NPaKTUYECKOE UCMOJIb30BAHHE,

Kupcanos E.A., Tumomiux KO. H. HeHbIOTOHOBCKOE TE€YEeHHE CTPYKTYpPHPO-
BaHHBIX cucTteM. XVIII. HopmanbHbie Hanpsixenus // Kuakue Kpucraibl
M UX NMPAKTHYECKOE MCMOJIb30BaH HE.

Kupcanos E.A., Tumomiux KO. H. HEHBIOTOHOBCKOE TE€YEHUE CTPYKTYpPHPO-
BaHHBIX cucTeM. XIX. TeweHue Kposu // 2KMaKue KPUCTAJIIBI U UX MPAKTHYE-
CKO€ MCNOJIb30BaHHUE.

Derkach S. R., Kuhkushkina A. N., Levachov S. M., Matveenko V. N. The role of
the cationic surfactants in concentrated emulsions stabilized with globular protein.
Colloids and Surfaces A: Physicochemical and Engineering Aspects, Elsevier BV
(Netherlands)2011, Tom 391, Ne 1-3, ¢. 105—111.

Matveenko V. N., Kirsanov E. A. The viscosity and structure of dispersed systems.
Moscow University Chemistry Bulletin, Allerton Press Inc. 2011, Tom 66, Ne 4,
c. 199-228.



[54].

[55].

[56].

[57].

[58].

[59].

[60].

[61].

[62].

[63].

[64].

[65].

bysiHoBckuit M. A., Mruateesa 3. B., boabinakos A. H., JleeyeHko B.A., Mart-
BeeHKO B. H. MexaH 1n3M noBblLIEH Msi CMA304HOIO AEHCTBUSI MAaCeJ NPU TPEHU U
cTaneii ¢ yrnepoaHbIM NMOKPLITUEM-OPUEHTAHTOM. (PU3MKA, XUMUS U MEXaHHU-
Ka Tpudocuctem, 2011, Ne 10, ¢. 156-161.

Buyanovskii [.A., Bolshakov A.N., Levchenko V.A., Matveenko V.N. Effect of
Lubricating Oils on Friction of Steel over Ceramics + Monocrystalline Carbon
Composite Coating Journal of Friction and Wear, 2014, tom 35, Ne2, ¢. 129132
DOl

Motyakin M. V., Yasina L. L., Wasserman A. M., Rogovina L. Z., Matveenko V. N.
Local dynamics of micelles of new long-chain surfactants in aqueous media. Col-
loid Journal of the Russian Academy of Sciences: Kolloidnyi Zhurnal, Maik Nau-
ka/Interperiodica Publishing, 2010, tom 72, Ne 1, c. 31-39.

Wasserman A. M., Motyakin M.V., Yasina L.L., Zakharova Yu. A., Matveen-
ko V. N., Shulevich Yu V., Rogovina L.Z. EPR Spin Probe Study of New Micellar
Systems. Applied Magnetic Resonance, Springer Verlag (Germany),2010, tom 38,
Nel, c. 117-135 DOI

bysinosckuii M. A., Urnatwesa 3. B., Xpyuwios M. M., Jlesuenko B. A., MaTBeeH-
ko B. H. HaHOTpuGONOrUS: HEKOTOPBLIE TEHAECHIIUM pa3BuTust. TpeHue u cmas-
Ka B MalluHax u MexaHusmax, 2008, Ne 1, c. 39—43.

bysinosckuit U. A., Mrnatbesa 3. B., Xpyuios M. M., Jlesuenko B. A., MarBeeH-
Ko B. H. HaHoTpuOONIOrMs: HEKOTOPLIE TEHACHIIMU PA3BUTHS. MPOAOJIKEH HE,
Tpenue u cMaszka B malinHax U mexanusmax, 2008, Ne 2, c¢. 31—-40.
bysuosckuit M. A., Urnatbesa 3. B., Jlepuenko B. A., Marseenko B. H. OpueH-
TAllHOHHAS YNOPSIAOYEHHOCTb TPAHHUYHBIX CJOE€B M CMa304Hasi CnocOOHOCTDL
macen. Tpenue u usHoc, 2008, Tom 29, Ne 4, ¢. 375—381.

Buyanovskii [.A., Drozdov Yu.N., Ignatieva Z.V., SavinovaT.M., Levchen-
ko V. A., Matveenko V. N. Effect of orienting coatings on the apparent activation
energy of boundary film destruction. Journal of Friction and Wear, 2007, Tom 28,
Nel,c. 12—-18 DOI

Kirsanov E. A., Remizov S. V., Novoselova N. V., Matveenko V. N. Physical mean-
ing of the rheological coefficients in the generalized Casson model. Moscow Uni-
versity Chemistry Bulletin, usnatensctBo Allerton Press Inc. (United States),
2007, Tom 62, Ne 1, ¢. 18-21.

Derkatch S.R., Levachov S. M., Kuhkushkina A.N., Novosyolova N.V., Khar-
lov A. E., Matveenko V. N. Rheological properties of concentrated emulsions sta-
bilized by globular protein in the presence of nonionic surfactant. Colloids and
Surfaces A: Physicochemical and Engineering Aspects, Elsevier BV (Netherlands),
2007, Tom 298, ¢. 225-234.

Rogovina L.Z., Vasil’ev V.G., Matveenko V.N., Churochkina N.A., Pryakhi-
na T. A., Khokhlov A. R. Rheological properties of solutions and gels of combined
systems hydrophobically modified polyacrylamides-new viscoelastic cationic sur-
factants. Polymer Science — Series A, Maik Nauka/Interperiodica Publishing
(Russian Federation), 2007, Tom 49, Ne 12, ¢. 1358—1365 DOI.

Novoselova N.V., Bobyleva A.A., Lukovskaya E.V., Sumtsova E.V., Matveen-
ko V.N., Anisimov A.V., Terenin V. 1. Synthesis and colloid-chemical properties
of new quaternary ammonium compounds. Theoretical Foundations of Chemical



[66].

[67].

[68].

[69].

[70].

[71].

[72].

[73].

[74].

[75].

[76].

[77].

Engineering, Maik Nauka/Interperiodica Publishing (Russian Federation), 2007,
ToMm 41, Ne 5, ¢. 649—659.

Derkach S.R., Levachev S. M., Kukushkina A.N., Novoselova N.V., Khar-
lov A. E., Matveenko V. N. Viscoelasticity of concentrated emulsions stabilized by
bovine serum albumin in the presence of a nonionic surfactant. Colloid Journal
of the Russian Academy of Sciences: Kolloidnyi Zhurnal, Maik Nauka/Interperi-
odica Publishing (Russian Federation), 2007, Tom 69, Ne 2, c¢. 152—158.
Hosocénosa H. B., Marseenko B. H. beta-uuknonekcrpuHsl B BOJIHBIX pac-
TBOpax. U3BeCTusi BLICIIMX YYEOHBIX 3aBe/ICHU . XMMU S U XMMUYECKasi TEXHO-
norus, 2007, Tom 50, Ne 5, ¢. 54—58.

bysnosckuii M. A., [lpo3nos KO. H., Urnarwesa 3. B., Capunosa T. M., JleBueH-
Ko B. A., MaTBeenko B. H. Bnusinne nOKpbITHIi-OPUEHTAHTOB HAa KaXYI11YIOCS
JHEPruiI0 aKTHBALIMKU pa3pylueHus rpanuynoro cnosi. 2007, Tpenue U U3HOC,
ToM 28, Ne 1, ¢. 15—-20.

Jepkau C.P., Jlepaues C.M., Kykymkuna A.H., Hosocenosa H.B., Xap-
Jnos A.E., Marseenko B. H. Ba3koynpyroctbs KOHUEHTPUPOBAHHBIX 3MYJIbCU,
CTAOUJIU3UPOBAHHBIX OBIYbUM ChIBOPOTOYHBIM aJlb,OYMMHOM B MPUCYTCTBUM
HenonHoro [MAB. Konnovanwtii xxypuan, 2007, tom 69, Ne2, ¢. 170177,
Matveenko V. N., Kirsanov E.A., Remizov S.V. Rheology of structured disperse
systems. Moscow University Chemistry Bulletin, usnarenbctBo Allerton Press
Inc. (United States), 2006, Tom 61, Ne 6, ¢. 31-39.

Levchenko V.A., Buyanovsky l.A., Ignatieva Z.V., Matveenko V.N. Effect of
Coatings-Orientants on Antifriction Properties of Lubricants in Tribounits under
Boundary Lubrication. Journal of ASTM International, n3narenn,cTBO Ameri-
can Society for Testing and Materials (United States), 2006, Tom 3, Ne 5, ¢. 78—85
DOI

Levachev S. M., Harlov A.E., Kukuchkina A.N., Novosyolova N.V., Matveen-
ko V.N., Derkatch S. R. Emulsions stabilized by bovine serum albumin and tween
80 rheological behavior of concentrated. Vestnik moskovskogo universiteta. seriya
2, khimiya, 2006, Tom 47, Ne 3, ¢. 222.

Derkach S.R., Levachev S.M., Kukushkina A.N., Novoselova N.V., Khar-
lov A.E., Matveenko V. N. Non-Newtonian behavior of concentrated emulsions
stabilized with globular protein in the presence of nonionic surfactant. Colloid
Journal of the Russian Academy of Sciences: Kolloidnyi Zhurnal, Maik Nauka/
Interperiodica Publishing (Russian Federation), 2006, Tom 68, Ne 6, ¢. 700—706.
Levachev S. M., Kharlov A.E., Kukushkina A.N., Novoselova N.V., Matveen-
ko V.N., Derkach S. R. Rheological behavior of concentrated emulsions stabilized
by bovine serum albumin and tween 80 Moscow University Chemistry Bulletin,
Allerton Press Inc. (United States), 2006, Tom 61, Ne 3, ¢. 62—67.

Kirsanov E.A., Timoshin Yu. N., Novoselova N. V., Matveenko V. N. Rheology of
disperse systems with charged particles. Moscow University Chemistry Bulletin,
Allerton Press Inc. (United States), 2006, Tom 61, Ne 6, ¢. 25-30.

Kupcanos E. A., Tumomimn 1O. H., Hosocenosa H. B., Marseenko B. H. Koag-
dunmenTol Kaccona. BectHuk MOCKOBCKOTo yHupepcuTera. Cepusi 2. Xumusi,
2006, Tom 47, Ne 6, c. 387—392.

Jlepaue C. M., Xapnos A.E., KykymkunaA.H., Hosocenosa H.B., Marse-
enko B.H., Jlepkau C.P. Peonorvyeckoe noBeA€HWE KOHIEHTPUPOBAHHBIX



[78].

[79].

80].

181].

[82].

[83].

[84].

85].

[86)].

[87].

[88].

[89].

[90].

IMYNbCU T, CTAOUNU3UPOBAHHBIX ObIYbLUM CHIBOPOTOUYHBIM aJ1IbLOYMKHHOM B NPH-
cyrcteum Teuna 80. Bectiuk Mockosckoro ynusepcurera. Cepust 2. Xumus,
2006, Tom 47, Ne 3, ¢. 218—222.

Kupcanos E.A., Pemusos C. B., Hosocénosa H. B., Marseenko B. H. Tukco-
TponHbie 3PPEKTH B CTPYKTYPUPOBAHHbBIX AUCTIEPCHBLIX cUcTeMax. BecTHUK
Mockosckoro yuusepcuteta. Cepusi 2. Xumusi, 2005, Tom 46, Ne 4, c. 248—-252.
Papisov 1. M., Bolyachevskaya K.I., Litmanovich A.A., Matveenko V. N., Volch-
kova I. L. Structural effects in matrix polycondensation of silicic acid. European
Polymer Journal, Pergamon Press Ltd. (United Kingdom), 1999, Tom 35, Nel1,
c. 2087—-2094.

Amelina E.A., Parfenova A. M., Matveenko V. N. The effect of depressant addi-
tion on agglutination of individual particles upon paraffin crystallization from so-
lution. Colloid Journal of the Russian Academy of Sciences: Kolloidnyi Zhurnal,
Maik Nauka/Interperiodica Publishing (Russian Federation), 1996, Tom 58, Ne 6,
c. 694—696.

AmenuHa E.A., llapdenosa A. M., Marseenko B. H. Bnusuuwe nobdbasku ne-
npeccaHTa Ha cpacTaHUe MHAWBHUAYANLHBIX YACTUIL NPU KPUCTaANAU3allMK Nna-
paduna us pacreopa. Konnouanwiii xypHan, 1996 tom 58, Ne 6, ¢. 738—741.
Marseenko B. H., Pemu3os C. B. Peonornyeckoe noBejieH vé KOHIIEHTPUPOBAaH-
HBIX napaduHCOonepXKalllMX IMCNEPCHBLIX CUCTEM C HENOJSIPHOI cpenoii. Mexa-
HUKA KOMNO3UIIMOHHBIX MATEPUANIOB M KOHCTPYKLMii, 1996, Tom 1, ¢. 99—-106.
Marseenko B. H., Ceutosa T. ®., Bonukosa HU.JI. CoBpeMeHHbIE UCCNIENOBA-
HUfA B 00nacTH PU3UKO-XUMHUH MUKPOIMYJIBLCHOHHBIX CUCTEM. MUKPOIMYJTh-
cuM B npoueccax HedresbiTecHeHUs (0030p). KypHan BXO um. 1. U. Mene-
neena, 1995, Ne 6, c. 25-39.

Asepoukuna M. A., Marseenko B. H., [lanucos U. M. Crtpyktypoobpa3zosa-
HUE B BOAHBLIX PacTBOpPaXx 30J€i NOJIMKPEMHEBOW KHUCJIOTHI U HEKOTOPHIX MO-
JiuMepoB. BuICOKOMONEKynsipHble coenuHeHus, cepusa A, 1993, tom 35, Ne 12,
¢. 1986—1990.

Matveenko V. N., Kirsanov E. A. The role of the surface tension anisotropy of lig-
uid crystals in the orientation of molecules on solid substrat. Kolloidnyi zhurnal,
1992, Tom 54, Ne 3, ¢. 110—118.

[lerpu [. H., Matseenko B. H. PacueT onTuManbHbIX yCJIOBUIH MPUTOTOBJIEHU S
apMUMPOBaHHLIX reneil KpemHesema. BecTHMK MOCKOBCKOrO yHHUBEpPCHUTETA.
Cepus 2. Xumusi, 1990, Tom 31, Ne N3—4, ¢. 402—406.

Marseenko B. H., Kupcanos E. A. «[loBepXxHOCTHBIE SIBNEHUS B HEMATUUYECKU X
XUaKHxX kpucrannax (O63op) Yenexn xumnuu, 1986, Tom 5, Ne §, c. 1319—1343.
Matveenko V. N., Kirsanov E. A. Anisotropy of work of adhesion for nematic crys-
tal on shaped support. Molecular Crystals and Liquid Crystals, Taylor & Francis
(United Kingdom), 1978, Tom 102, Ne &, c. 241-246.

Marpeenko B. H., KouanosaJl.A., Kyuymopa B.M., [lepuos H.B., CapeH-
ko B.U., Lllykun E. J1., Cepniok O.A. Ycnosue nepexosia oT ynpyroii K njacTu-
yeckoii nechopmarinu B MOoHOKpuctannax GaAs. DXMM, 1979, Ne 6, ¢. 98—100.
Matveenko V. N., Perzov N.V., Shchukin E. D. The influence of substances re-
ducing the surface energy of single crystals on plastic flow. Molecular Crystals
and Liquid Crystals, n3znarenbctBo Taylor & Francis (United Kingdom), 1979,
ToM 535, Ne 14, ¢. 227—-236.



[91].

[92].

[93].

[94].

[95].

Matrseenko B. H., Ilepuos H.B., llykun E./l. [Tnactudmnmposanue MoOHO-
KpucTtamioB HadTanMHa noa ACHCTBUEM TNMOBEPXHOCTHO-AKTHUBHBLIX Cpea.
PuU3MKO-XMMHUYECKas MexaHUKa marepuanos, 1977, Ne 5, ¢. 97—101.
Matseenko B. H., [lepuos H. B., Lllykun E.J1. 3aKOHOMEPHOCTH NOA3YYECTH
MOHOKpHUcTanyioB HadpranuHa. Pusuka Teepaoro tena, 1975, tom 17, ¢. 1474—
1476.

Marseenko B.H., llepuos H.B., Llykun E.J1. Cucrembl nepopmMalilMOHHOTO
CKOJILXEHHUsI B MOHOKpUCTannax HadpranuHa. Kpucrannorpadpus, 1975, Tom 20,
Neo 2, c. 444—445.

Jlan Jle Xoanr, Hosoxunosa O.1., Marseenko B. H. Bnusinue nenpeccopHbix
nodaBOK Ha peoJiorHdYecKkue CBoicTBa BuicokonapaduHuctoii Hedptu. CO. Bee-
COo103HOTrO copelllanust «CoBpeMEeHHBIE METObLl YBEJIMYeHUst HedTeoTnauu
naacToB», MecTo u3nanus byrynbma, 1989, c. 184—185.

Jlan Jle Xoaur, Hosoxunosa O.I., 3axapuenko T. 1., Edbumos A. B., MarBeeH-
Ko B. H. U3yueHue npoueccos pejnakcaluu B BbICOKONapauHUCTHIX HEPTSX.
Co. Pa3zpaboTka HEPTIAHBIX MECTOPOXAEHU T U METO/1bl MOBLILLIEH WS HEPTEOT-
nauu, Mockea, 1991, Tom 1, c. 13—16.






