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K Ot.IIIICTKe III aHaJIIII:JY COCTaBa Heq>TIII 

I. 
Chlpa.JI Heq>Tb npe.n;eTaBJIHeT co6ott. CJIOJRHYIO eMeCb yrneBo.n;opo.n;OB, B.ROTOpott npn:

eyTeTBYIOT B MaJIOM ROJIIFiecTBe (oROJIO 1%) TaRJRe npOll:JBO,Zl;Hhle (Haq>TeHOBh!e Rll

eJIOThl, cpeHOJihl), co.n;epJRamne coe.n;IIHeHIIJI Ha OCHOBe ceph!(MepKanTaHhl, np.OII:JB0-

.ll:Hhle TIIOcpeHa) ll a:JOT (reT.epOI(IlKJIII'leCRIIe npOII3BO.n;Hhle), a TaRJRe Bo.n;a. Bee 9.TII 

eoe.n;nHeHIIJl .n;oJIJRHhl y.n;aJIHTbCJl n:i Heq>TII. <l>eHoJI C6H50H (T.nJI. 43°, T.Rnn. 183°) 
IIeIIOJib3yeTCJI B 6oJibIIIOM R0JIII'leCTBe B npOMh!IIIJieHHOCTII. B 6eH30Jie, noJiy'leHHOM 

Il3 KaMeHHoyroJibHOtt CMOJihl, eo.n;epJRaTCJl He6oJibIIIIIe ROJI,II'leCTBa TIIOq>eHa (reTepOI(Il

KJIII'!eeKIIe coe.n;IIHeHIIJI), KOTOph!e HeB03MOJRHO y.n;aJIIITb RpIICTaJIJill3aI(IIett IIJIII nepe

roHKott, BcJie.n;cTBne ·6JIII30CTII TeMnepaTyphl RIIneHn:11 CsH6 • Tnoq>eH npenJITCTByeT 

KaTaJIIITII'leCROMY rn.n:pnpoBaHIIIO, TaR RaK 6Jiaro.n;apJI co.n;epJRamettcJI B HeM cepe OH 

OTpaBJIHeT KaTaJIII3aTop. Y.n;aJieHIIe ero npoII3BO.n;JIT C noMOIUblO cepHott: KIICJIOThl, KO

TO]Ja.Jl q>IIJibTpyeT ero 6h!CTpee 6eH30Jia IIJIII C noMOIUb!O yKcyCHott PTYTII. 

MoJieKyJIHpHh!e Beca yrJieBo.n;opo.n;oB Heqmr OT 16 (M~TaH CH4) .n:o, npIIMepHo, 

1800-2000~ i !Io 9T0MY TeMnepaTypa KIIneHIIJl noBbIIIIaeTCJI npII neperoHKe Heq>rn: 

paeTeT no Mepe yJieTy'lnBaHIIJI JierRHx q>paKnntt. 

IIocKOJibKY c pocTOM qncJia yrJieBo,nopo.n;oB paeTeT 'IIICJIO II3oMepOB, o6Jia,naromnx 

CXO,ll;Hh!MII CBOfiCTBaMII, TO BbI,ll;eJieHn:e 'IIICTbIX yrneBo,nopo,noB C pOCTOM MOJieRyJIHpHoro 

Beca 3aTpy,n;HJieTcJI. 

Heq>Tb co,nepJRIIT yrJieBo,nopo,ll;bl Tpex KJiaccoB: 

1) aJIKaHh! HJIII napacpIIHbI (CnH2n+2,n = 1 , ... ), ra3bl conpoBoJR,na10mn:e Heq>Tb -

Hil3IIIHe aJIKaHbI: MeTaH, aTaH, 6yTaH, nponaH, II3o6yTaH (n = 1,2,3,4); 
2) I(IIKJIOaJIRaHbI IIJill I(IIKJionapaqinHbI (Haq>TeHbI - CnH2n, n = 1, ... ); 
3) apoMaTII'leCKIIe yrneBo,nopo,ll;bl ( CnH2n-6, n 2:: 6). 

Heq>TII, noJiy'leHHble B pa3JIIl'IHbIX perIIOHax, co,nepJRaT 9TH yrJieBo,nopo,ll;bl, HO npo

I(eHTHOe co,nepJRaHn:e liX M0JReT CllJibHO Bapbn:poBaTbCJI J:(aJRe B pa3Jill'IHbIX cppaKI(llJlX 

o.n;Hott II Tott JRe Heq>TII. Heq>Tb He eo,nepJRIIT aJIKeHoB (CnH2n) n: aneTn:JieHoB, o,n;HaKo 

OHII B03HIIKa!OT npII neperOHKe . 

.IJ:o HaCTOJimero BpeMeHII HR o,n;Ha HecpTb He pa3,neJieHa Ha Bee CBOII KOMnOHeHTbI. 

O.n;HaKO yJRe BbI,ll;eJieHO 6oJiee 100 KOMnOHeHTOB e TeMnepaTypott KIIneHIIJl OKOJIO 300°C. 
AKTyamHh!M JIBJIHeTeJI BbIJIBJieHn:e eoeTaBa Bh!eIIIIIX cppaRI(IItt. [1]. 
11. 

RaK II Bee opraHI1'!eeRI1e eoe,nn:HeHn:11, yrneBo,nopo,nbI yeTofi'IIIBbI TOJibRO npn epa

BHIITeJibHO HII3RHX TeMnepaTypai. IIpn npo,ll;OJIJRllTeJibHOM HarpeBaHI!II ,no ,noeTaTO'IH0 

Bh!eORllX TeMnepaTyp.yr.iJ:eB0)1:0pO,ll;bl pa:iJiaraIOTeJI Ha yrnepo,n ll BO,nopo,n. IIpn: 9TOM 

TaKoe npeBpameHn:e n:,neT 'Iepe3 p11.n: npoMeJRyTO'IHbIX peaRI(Iltt, B ROTOpbIX B03HllRaioT · 

,npyrne yrneB9,nopo,ll;bl e. 6oJiblllett yeTOfi'IIIBOeTb!O npn: noBbIIlleHHbIX TeMnepaTypax. 

PeaKI(IIII npoTeKa!OT no OJ:(HOMY II TOMY JRe TI!ny' O.n;HaRo IIX pa3JIH'la!OT no TeMnepa

TYPHOMY IIHTepBaJiy pa3JIOJReHllJI .n;aHHoro yrneBo,nopo,na: 

1MoneKyJIJ1pHLie Beca 6epyTCJ1 rro 0TH0IIIeHHIO K H: (M = 1) 



a) peami:mr Rpemmra (HnJKe 650°C), 

6) peam:i:nn rrnpoJIH3a (BI>mre 650°C). 

Pa3JilltJaIOT pa3JIOJKeHHe ,naHHOro yrneBo,nopo.n:a Ha nepBHtJHhle npo,nyRThl ( OHH o6-

pa3JIOTCR ll3 llCXO,n;HhlX yrJieBo,nopo,noB) ll BTOplltJHhle npo.n:yRThl ( OHH noJiytJaIOTCR ll3 

nepBlltJHhlX). Ilpn TepMHtJeCROM pa3JIOJKeHllll o6pa3JIOTCR CJIOJKHhle CMec11, aHaJill3 RO

TOphlX Tpy,neH. H,neHTll<pllUHpoBaTb npo,nyRThl pa3JIOJKeHHR .n:ocTaTOtJHO CJIOJKHO. Bo

Jiee llJill MeHee y.n:aeTCR 11,neHTllq>HUli:poBaTh npo.n:yRThl pa3JIOJKeHHR npoCThlX yrneBo,no

po,noB. TepMlltJeCROe pa3JIOJKeHHe ll3JtJaIOT JI!l60 B 3aRphlTOM cocy.n:e, HarpeBaR yrne

BO,nopo,nhl .no onpe,neJieHHOit TeMnepaTyphl C ,naJihHeiiIIIHM anaJill30M npo,nyRTOB, Jill6o 

.n:11HaM11tJeCRHM MeTo,noM, nponycRaR yrneBo.n:opo.n: tJepe3 HarpeTyro .n:o onpe.n:eJieHHofi 

TeMnepaTyphl Tpy6y 11· BhlBO)Vl noTOR 113 Hee. B nocJie,l.{HeM CJiytJae, a l!MeHHO OH 

11 6y.n:eT llHTepecoBaTh Hae HRJKe, Ha TepMlltJecRoe pa3JIOJKeH11e BmrneT TeMnepaTypa, 

npO).{OJI}Kl!TeJihHOCTb nponycRaHHJI, ,naBneH!le B nOTORe. Cyrri:ecTBeHHO TaRJKe HaJIHtJlle 

RaTaJI113aTopa. YcRopRIOT pa3JioJKeH11e, Hanp11Mep, meJie3o II HHReJii,; MOJKHo no.n:611paTb 

11 RaRoit-JIH6o .n:pyrott RaTaJI113,frop "no.n:" H3JtJaeMhlit yrneBo,nopo.n:. Ha Harn B3rJIR.n: cy

rri:ecTBeHHO ytJllThlBaTb npouecchl cop6:a;11n ( a,ncop6:a;11ro n .n:ecop6:a;mo), B oco6eHHOCTll 

cpll3lltJecROit cop6un11, npll ROTopolt :ire PBYTCR XllMlltJeCRlle CBR3ll. 

111. 
KaR ll3BeCTHO, Ha aTOMHO-MOJieRyJIRpHOM ypoBHe MOJKHO ycJIOBHO RJiaCCll!pllIJ:Hpo

BaTI, xeM11cop6ri:mo n cpH3lltJeCRyro cop6:a;nro. B nep:soM cJiytJae HaJin:a;o XHMlltJecRaR 

peami:11R n-aTOMHOfi "MoJieRyJihl" (A1A2, .. An) c noBepxHoCTbIO. Ilp11 3T0M )J:JIR MHoro

aTOMHhlX MOJieRyJI pBJTCR XllMlltJeCR!le CBR3ll MOJieRyJihl (A1A2 ... An) =} [A1l[A2] ... [An], 
orra aRTl!BllpyeTcR, ll xeM11cop611poBaHi:rhle aTOMhl [Aj] JI1160 OT,naroT 3JieRTpOHhl (npe

llMJlUeCTBeHHO B S- ll d-30Hhl ITO,n;JIOJKRH, eCJill petJb ll).{eT, Hanpl!Mep, O rrepeXO).{HhlX 

MeTaJIJiax), JI1160 3a611paIOT !IX ll3 no,nJIOJKRll. KoHetJHO, ).{JIR npocThlX 0,1.{HOaTOM-

HhlX MoJieRyJI A, .. , HMeeM nepexo.n: A =} [A]. PeaRIJ:llR 11.n:eT np11 BhlCORllX TeM

nepaTypax, xeMncop6npoBaHHhle aTOMhl [Aj] rraxo)VITCR Ha cpaBHl!TeJII.Ho He60JII.

rn11x paccTORHllRX OT noBepxHoCTll (0,1 - 0,5 A),2 xapaRTepHo 60JI1,rnoe TeITJIOBhl).{e

nerr11e ~Q = 15 - 150 RRaJI/MOJII,, PeaRI:(llH 3aKaHtJl!BaeTCR np11 MOHOCJIOHHOM no

KphlTllll 0 = 1. KJiaCClltJeCRllM np11MepoM RBJIRIOTCR XeM11cop6ri:110HHhle npori:ecchl 

H 2 =} 2[H], 0 2 =} 2[0], CO2 =} [C]2[O], N 2 =} 2(N] 11 TaRJKe npotJ11e. 3.n:eci, oc~o

BHYIO pOJII, nrpaeT 3JieRTpOHHaR no,l.{CllCTeMa B CllCTeMe a,ncop6aT-a.n:cop6enT' ROTOpaR 

ll o6ycJiaBJil!BaeT 60JII,IIIHe 3Heprllll CBR3ll fo (.n:JIR Bo,nopo.n:a Ha nepeXO).{HhlX MeTaJI

JiaX fo ~ 4 3B).3 8cpcpeRTHBHoe B3aHMo,neitcTB11e MeJK.n:y a,naToMaMll f ~ 0, 1 - 0, 23B 

Bcer.n:a HOCHT xapaRTep OTTaJIRl!BaHllR, TenJIOTa a.n:cop6:a;llll Bcer.n:a na.n:aeT [2, 3]. Xe

l\1IlCOp6ri:nR HBJIReTCR onpe,neJIRIOlUllM 3TaITOM npOMhlIIIJieHHoro RaTan113a. Ilp11 <pll-

3lltJeCKOit cop6:a;1m MOJieRyJia (A1A2 ... An) He TepReT CBoelt HH).{llBH.n:yaJibHOCTll, Haxo

).{lITCJI rra paccToRHHRX ~ 3 - 4 A OT noBepxHOCT11; TenJIOThl a.n:cop6:a;1111 MoryT KaR 

na,l.{aTb C 3anoJIHeHlleM, TaR Il B03pacTaTI, (Jin6o He MeHRTbCR) ~Q ~ 0 - 5 RRaJI/MOJib, 

3cpcpeKTllBHOe B3alll\IO,l.{ettcTBlle B 3aBHCHMOCTll OT nepeRphlBaHHR COOTBeTCTBYIOlUllX MO

neRyJIRpHhlX op6nTaJiett MOJKeT HOCllTI, xapaRTep JIH6o npHTRJKeHHR, JI!l60 OTTaJIRllBa-

21 A= 10-s cM. 
3 1 3B '.:::'. 0, 3710- 19 KaJI '.:::'. 24 KKaJI/MOJib. 

,2 

HllR I f I~ 0-;- 0, 05 3B n o6ycJioBJierrrro Barr .n:ep BaaJII.COBhlMll CHJiaMn. 

BKJia,I.{ 3JieRTpOHHOtt no.n:cncTeMhl B 3Heprll!O CBR3ll rrecymecTBeH, Ilpn llHTepnpe- ' 

Tal:(llll MOJKHO noJib30BaTbCR RapTllHOli npHnoBepXHOCTHOro crymerrnR H pa3pRJKeHHR. 

IlpHTRJKeH!le MeJK.n:y a.n:aToMaMH f > 0 Be,l.{eT R noBepXHOCTHOit ROH,neHcari:11n. Ha 

noBepXHOCTll 06pa3yroTCR RaITJill. 
3.n:eci, B03MOJKHO o6pa3oBaHne HeCROJII,RllX CJIOeB - 3anoJIHeHHhltt MOHOCJIOit CJIJJKHT 

"no).{JIOJKROtt" CJie.n:yromeMy. HMeHHO 3TOT Tlln cop6:a;nn yrneBo,nopo,noB, RaR npaBHJIO, 

HMeeT MeCTO Ha ueoJIHTax, tJTO n 6y.n:eT npolinJIIOCTpHpoBaHO HHJKe ( CM. Ta6JI. 1 ). 

EcTeCTBeHHO, MoryT HMeTI, MeCTO n npoMeJKJTOtJHhle cJiytJan: 6eH30JI Ha ri:eoJinTaX 

THna X. 
3aMeTlIM, ytJeT ,name MaJihlX B3aJIMO,nefiCTBllli cyrri:ecTBeHeH. OHll 06ycJiaBJil!BaIOT

0 

TaK Ha3hlBaeMhle RoppeJIRI:(llOHHhle 3<pcpeKThl, HaMH 6h!Jia pa3Bl!Ta npocTaR noJiy

cpeHOMeHOJIOrlltJeCRaR RBaHTOBO-CTaTntJeCRaR TeopnR a.n:cop6ri:nn, onllChlBaIOIUaR RaK 

xeMncop6unro, TaR :n q>H3lltJecRyro cop6ri::nro [2]. B rrelt noKa3aHo, tJTO napaMeTp B3a

nMo.n:eficTBHR I f I znNA = Q(0 =;: 0) - Q(0 = 1) MoJKeT 6h!Tb onpe,neJieH 113 noJirroro 

nepena.n:a ll30CTepntJeCKllX TenJIOT a.n:cop6un11 [3]. B f ,n;JIR xeMllCOp6ri:1111 yqHThlBaeTCR 

BKJia,n 3JieRTpOHHOfi no.n:c11CTeMhl. B ypaBHeHlle COCTOHHHR BXO,l.{llT HOM6l!HaUHR 

~Q 
{3z If I= {3 nNA' 

ks - nocToRHHaJI BoJII.IJ:Marra, 

T - TeMnepaTypa B rpa.n:ycax ll;emcnn, 

{3 = (ksTt1, (1) 

n - noHa3aTeJii,· .n:nccori:nari:nn ,n;JIR <pll3HtJecHoit cop6ri:Hn n = 1, 

NA - tJHCJio ABara,npo. 
To ecTb ,n;JIR cooTBeTcTByromnx TeMnepaTyprrhlX :nHTepBaJIOB napaMeTp z I f I MomeT 

6h!Tb onpe,neJieH. 8TO 6y,neT npollJIJIIOCTpnpoBaHO HllJKe. 

1. O6cy.n:nM, rne.n:yn pa6oTe [4], JIBnerrne a.n:cop6ri:nn .n:eTamrree. Ilpn 3TOM rraMll 

6y,neT npoarranH3npoBaHa B nepByro oqepe.n:1, nonHMoneHynnpHaR cpH3lltJeCHaR a.n:cop6ri:nR 

npn yqeTe a3a11Mo.n:eficTBllJI B a.n:cop6aTe. O6cym,nerrne 6y,neT npoBo,n11TI.cH rra 6a3e 

npe.n:CTaBnerrnlt o .n:nrraMHtJecKoM xapaRTepe a.n:cop6ri:H11 [4]. 
Kor.n:a xaoTntJeCRll 11nn HanpaBneHH0 ,n;BllJKJIUaRCJI MOJieHyJia CTanmrnaeTCJI C no

BepXHOCThIO, TO B o6meM cnytJae B03M0JKHhl ,n;Be Cl!Tyari:nn: nH60 OHa ynpyro 0Tpa3HTCJI, 

nn6o MoneRyna 0CTaHeTCR Ha noBepXHOCTH rreROTOpoe BpeMJI T ( a.n:cop611pyeTCJI). II pn 

9TOM rranpaBneH!le ee ,n;BllJKeHHR yme Hl!RaH He CBJI3aHO C npe,nhlCTOpHett: nepBoHa

tJanbHhlM HanpaBneH!leM ,n;Bl!JKeHHR. CKameM, eCJill BhlCORO,l.{l!CnepcHoe. TBep.n:oe Teno 

noMemaroT B 3aHphlTOe npocTpaHCTBO, 3anonHeHHOe ra30M npn HeH0TOpOM ,naBJiellllll P, 
OHO 11atJl11IaeT a,ncop6npoBaTb ra3, tJTO npllBO,nl'IT !{ yMeHI,IlleHllIO .n:aBneirnn ll B03pac

TallllIO MaCChl Tena. Ilo llCTetJeHl:UI 11eROTOporo BpeMeHlI ycTaHaBJillBaeT·CJI .n:aBneH!le p, 
a Macca TeJia nepecTaeT yBeJilltJHBaTbcJI. KonntJeCTBO a.n:cop6npoBaHHoro ra3a MomeT 

6h!Tb pacctJnTaHO no na,neHHIO .n:aBneHllJI no ra30Bh!M 3aROHaM, nn11 OHO MOJKeT 6h!Tb 

onpe.n:eJierro no B03pacTarrmo Macchl Tena. 
T 3aBl!CllT OT MHornx cpaRTOpoB: OT MecTa Ha noBepXHOCTll, 11p11po.n:hl IlOBepXHO

CTll, cneri:HcplltJeCKllX CB0fiCTB caMOfi MoneRynhl B ra30B0ll: cpa3e, RllHeTlltJCCROfi 3Heprllll 
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MOJJeRyJJhI, TeMIIepaTyp rasa ll IlOBepXHOeTH, B3aHMO}:(eltcTBHR B a,neop6aTe. ITonaB Ha 

IlOBepXHOeTb B a.neop6aT n "npoBeM" Ha Hett BpeMR r, MOJJeRyJJa npno6peTaeT HOBhie 

RaqeeTBa, qTo MapRnpyeTeR TepMHHOM "a,naToM". 

Bee 3TO nepeHoenTeR ll Ha a,neop6nmo ll3 }Kll}:(ROeTH HJJH paernopa, r.ne poJJb .na

"BJJeHHR nrpaeT HOHI.(eHTpannn a,neop6npyeMoro BemeeTBa "e". 

A,neop6nnn o6yeJJaBJJHBaeTeR eHJJOBhIM IlOJJeM y IlOBepXHOeTH a,neop6eHTa, BeJJe,n

eTBllll ROTOporo ll BO3HHRaeT a,neop6aT. ·npn 3TOM qaeTHI.(hI MoryT He TepRTb CBoett 

llH,!lHBHJ:(yaJJbHOeTH - y IlOBepXHOeTH BO3HHRaIOT o6JJaeTH erymeHHR, - :i,neeb n:rpaIOT 

poJJb Baa .nep BaaJJbeOBhI eHJJhI - 3TOT eJJyqatt Ha3bIBaeTeR !pll3HqeeRott a,neop6nn:ett. 

lfaeTUI.(bl MoryT BeTyrraTb B XllMHqeeRyro eBR3b e aTOMaMH IIO}:(JJO}l(Kll, XeMneop6n:pyReb. 

PaenpoeTpaaeaaott RBJIReTeR n: enTyannn; Ror,na a.neop6n:poBaHHble qaeTUI.lbl npo

HHKaroT B 061,eM (RJJaeenqeeRHM rrpnMepoM RBJIReTen Bo,nopo.n Ha rraJJJJa,nnn: n rrJJa

THHe), TepMHHOJJOrnqeeRH OHa Bbl}:(eJJReTeR RaR a6eop6nnn. Ben eOBOHYilHOeTb RB

JJeantt: cpn3nqeeRan (BaH .nep BaaJJbeoBa) a,neop6nn:n, xeMn:eop6nn:n n a6eop6nn:n 

onpe,neJJReTen RaR eop6nnn. 

B XeMn:eop6nnn oeHOBHYIO poJJb n:rpaeT 3JJeRTpOHHaR no.nen:cTeMa: a,naTOMhI OT

.naroT 3JJeHTpOHbl IlO}:(JJO}l(Ke (o6blqHo B s- llJJll d- 30Hbl). ITpn: 3TOM npon:exo,nn:T pa3pbIB 

XllMnqeeRott eBR3H n-aTOMHott MOJJeI<yJJbl: An -+ n[A]. A,naTOMhI JJOHaJJH3YIOTen Ha 

paeeToRHHRX OT noBepxHoeTn ~ 0, 5 A . .l(JJR xeMneop6nn:n: xapaI<TepHbI: 

1) MOHOeJJOttHble IlOHpbITHR 0 = !ft- j 0 :'.5 0 :'.5 1 j 
2) OTTaJJRHBaHlle Me}K}:(y aTOMaMllj 

3) 6oJJbnme ,rneprn:n eBR3H ~ 4 + 5 sB; 

4) na,neHHe e IlORpbITHeM 0 TellJJOT a,neop6nnn; eaMH TeITJJOTbl a,neop6I.(llll Q Bemrnn: 

Q ~ 25 + 150 RRaJJ/MOJJb. 

Pa3pbIB XHMnqeeI<ott eBR3ll B npneyTeTBllll aaeop6eHTa o6yeJJaBJJHBaeT BO3HllRHO

BeHHe Ha IlOBepxHoeTll OT,neJJbHbIX aTOMOB ll pa}:(llRaJJOB, qTo IIO3BOJJReT rrpoBO}:(llTb 

XllMHqeCRHe peaRI.(llll eHHTe3a. 

RJJaeenqeeRHM npnMepoM 3,neeb RBJIReTeR eHHTe3 aMMllaRa, MexaHU3M ROTOporo -

6bIJJ BrrepBhie yeTaHoBJJeH B CCCP npocpeeeopoM TeMRllHhIM. ITo,no6Hble a,neop6eHTbl 

(KaR npaBUJJO, nepeXO}:(Hble MeTaJJJJbI) Ha3bIBaIOTeR RaTamrnaTopaMU . 

.l(JJR !pll3HqeeRott a,neop6nnn xapaRTepHbI: 1) IlOJJHMOJJeRyJJRpHble IlOI<pbITllR, TO 

eeTb nepBbltt MOHOeJJott RBJJReTCR IlO}:(JJO}KHOtt BToporo n T.,n.; 2) a,naTOMbl nepBoro MO

HOCJIOR JJORaJJH3YIOTen Ha paeeTORHllRX ~ 3 A OT noBepxHoeTHj 3) RaR npaBn:JJo, n:MeeT 

MeeTO npHTRJKeHne Me}K}:(y a,naTOMaMHj 4) He6oJJbIIIaR BeJJnqn:Ha TellJJOT a.neop6nnn 

0 $ Q $ 3 + 5 RRaJJ/MOJJb. 

B 3TOM eJJyqae n3-3a npHTRJKeHn:R BO3MOJKHa ROH,neHeannn. cl>n:3nqeeRan a.neop6nn:n 

RBJIReTeR no.noeHOBOtt poeTa RpHeTamroB, o6pa3oBaHHR 3apo}:(blruett RplleTaJJJJH3al.(llll, 

rrponeeeoB oqneTRll. IToeROJJbRY Ha neoJJllTax, a OHH n RBJIRIOTCR eop6eHTaMH B rrpe}:(

JJO}KeHHOM HaMH MeTo,ne oqneTRll HecpTll, HMeeT MeeTO cpH3n:qeeRan a,neop6nnn, TO OHa 

n 6y,ner Hll}Ke RpaTRO orrneaHa. 

A,neop6nnn Ha neoJJHTax o6eyJK,naeTCR B pa6oTe [5]. RpaTRO HOeHeMCR oeHOBHbIX 

noJJoJKeantt onneaHHR cpH3HqeeRott a,neop6nnn npn: yqeTe B3aHMo.netteTBHtt B a,neop-

6aTe. ITpe,nJJoJKeHO MHOro IIO}:(XO}:(OB R ee onneaHn:IO, TeopeTn:qeeRHX MO}:(eJJett, HO HaM 

4 

npe,neTailJJReTeR, qTO aan6oJJee neHb!M, He yTpaTUBIIIllM eBoero 3HaqeHllR ll Terrepb, 

RBJIReTeR ,nn:HaMn:qeeRllll no,nxo.n, BOeXO}:(RII.(Htt K JleHrMIOpy. Pe3yJJbTaTbl ero y,no6Hbl ll 

rrpn paeqeTaX aa 8BM. EMy noCBnmeaa MOHorpacpnn JI . .ne Bypa [4]. 
CymaoeTb a,neop6nnn eoeTOHT B npe6b!BaHHll Ha IIOBepXHOeTH B TeqeHne BpeMeHH 

T rrorra,naromnx, HJ:(yll.(HX Ha Hee n 3a,nepJKnBaromnxen aa Hett n qaeTHI.(. 

B TaI<OM eJJyqae Ha e}:(llHHI.(e IlJJOII.(a}:(H IlOBepXHOeTH ( eM
2
) 3a e,nHHHI.IY BpeMeHll T 

MoryT a,neop6npoBaTbeR u qaeTHI.(bl. 

u= n•T, (2) 

IToeROJJbRY Il m,1eeT pasMepaoeTb eM-2e-1, a T - e, TO U HMeeT pasMepaoeTb ( eM-
2
) ll 

,naeT qHeJJO MOireI<yJJ, a.neop6npoBaHHbIX Ha 1 eM
2 

rroBepxaoeTH. 
ITpoeTeliruntt BapnaHT KHHeTnqeeKoli Teopnn ,nJJR qneJJa qaeTnn, nona,naromnx-Ha 

eM2 rroBepxaoeTll 3a e,nHHHI.IY BpeMeHH ( e), ,naeT CJJe]:(yIOill;YIO cpopMyJJy: 

N-p 
n = J21rMRT' (

3
) 

r.ne l\T - qn:eJJo ABora.npo - 6,023 • 10
23

, 
R = 8, 31 • 107 apr/ K 0 , M = N · m - MOJieRyJJRpHhifi Bee (CfC). ITo,neTaBHB 

qneJJeHHble 3aaqeann, npnxo,nnM K eJJe,zzywmnM, y,no6HhIM ,nJJR oneHOR cpopMyJJaM: 

n = 2,62 · 10
19 
~' vMT 

3TH 

(3') 

p 3,neeb ,naeTeR B e,nHHlll.(aX, rrpHHRTbIX B mrneTnqeeROit Teopnn: ,nnHa/ eM
2

, EeJJll 

,naBJJeHHe 6paTb B MM pT.eT., TO HMeeM 

n = 3, 52 · 1022 
~- (3") 

vMT 

.l(JJR HJJJJIOeTpannH B (3") BbIIIHIIIeM n }:(JIR T = 20°G H }:(aBJJeHHR 760 MM pT.eT. }:(JJR 

HeI<oTopbIX ra3oB (B MoJJeRyJJax/eM2e): 11, 0-1023 
,nJJR H2; 2, 94-10

23 
,nJJR N2; 2, 75-10

23 

,nJIR 0
2

. To eeTb n HMeeT nopn,noK qHeJJa ABora,npo, qTo HaMHoro 6oJJbIIIe Toro, qTo 

HYJKHO, qT06hI noRpbITb rroBepxHoeTb MOHOeJJoeM. 8TllM 061,neHReTeR rroqTH MrHoBeH

HOe oRHeJJeHHe IIOBepXHOeTeit MHornx MeTaJJJJOB npn eorrpHROeHoBeHllll e B03]:(yXOM HJJll 

KHeJJopo,noM. 
2. CJJO}l(Hee o6eTOllT ,neJJO e T. 8To ll eeTeeTBeHHO: OHO 3aBHeHT OT eBoiteTB a.n-

eop6eHTa (ruepoxoBaToeTH IIOBepXHOeTH, MeeTa Ha rroBepXHOeTH, a,neop6npyrom;ero qc\

eTHI.IY, TeMrrepaTyp rroBepxHoeTll T2 ll BHenrneit epe}:(bl T, ,naBJJeHHR BO BHeIIIHeit epe,ne, 

3Heprllll eBR3ll aaaTOMa, B3aHMO,neiteTBHR Me}K}:(y HHMH ll T.,n.). Beer.na eeTb orraeHOeTb 

Bb!JJeTa qaeTlll.( e IIOBepXHOeTll rro.n rrpOH3BOJibHbIMll yrnaMH, qTO MO}KHO rrpnnneaTb 

scpcpeHTaM 3a,nepJKRll. Ho 3TO MOJKeT 6bITb eBR3aHO C rro6oqHbIMll 3cpcpeRTaMH, -a He 

e a.neop6nneit. Bee BbIIIIeCKa3aHHOe BeebMa eymeeTBeHHO llMeHHO }:(JJR cpH3HtJeeRoit 

a,neop6nnn. 
He Raeaneb MO}:(eJibHbIX oneHOR T, RpaTRO oeTaHOBHMeR Ha 3RenepnMeHTaJibHbIX 

erroeo6ax ero orrpe.neneHHR, 
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KaK CKa3aHO Bhlllie, '!acnrn:a ITPH COITpl!ROCHOBCHl!ll C ITOBepXHOCTh!O MOllieT m160 

YITPYrO OTpa3l!ThCH, Jrn6o 3a;:i;eplliaThCH Ha Hett ·Ha BpeMn T. I{a3aJIOCh 61I, 'ITO 3KCITe

pHMCHTaJihHO 3TH ITponeccbl pa3JJ;CJil!Th He CJIO}l{HO. Ho 3TO He TaK. 

EcJin B ITepBoM cJiy'lae ;:i;ettcTBYeT 3aKOH KHy;:i;ceHa: yroJI ITa;:i;eHnn paBen yrny oTpa

llieH:un, TO BO BTOpOM - BhlJieT '!aCTl!D; qepe3 Bpe.Mn T ITpOHCXOJJ;HT ITO)]; ITpOll3BOJihHhlMll 

yrJia.Mn. EcJIH Y'lCCTh, 'ITO peaJihHhle ITOBepXHOCTl! He RBJIHIOTCH :u;:i;eaJihHO rJiaJJ;Kl!Mll, 

n ITOJiaran, 'ITO cpeJJ;HHR BhlCOTa BhlCTYITOB paBHa "["' TO JJ;JIH 'leTKOH l!JJ;CHTmPnKan;n:u 

OTpalliCHl!R ITa;:i;aIOJl\ero ITO)]; yrnoM 0 ITY'!Ka, KaK ll3B~CTHO, Heo6xo;:i;HMO BhlITOJIHeH:ue 

ycJIOBllR 

- - h 21 
2lcos 0 < ,\, ,\ = -_, h = 6,62 • 10- (3pr · c). 

mu 

,l(JIH on;eHKn X MOlliHO BOCITOJih30BaThcn qiopMyJioil: ;:i;e Bpo.0:Jin, r;:i;e 

X - JJ;JinHa CBo6o;:i;Horo ITpo6era, 

mil - cpe;:i;Hl!H llMITYJihC 'laCTHD;hl Maccbl m, 

(4) 

il - cpe;:i;Hnn CKOpOCTh '!aCTl!D;hl B ra3e, KOTopan B ITpOCTeil:rueM Bap:uaHTe Kl!HCTll'le

CKOM Teop1m ;:i;aeTCR ll3BCCTHOM qiopMyJioii: 

(siIT (8kT ff 
il = y ~ = y-;;;;,- = 145, 5y M(M/c), (5) 

NI - MoJieKyJIHpHhlM Bee. 

.l(JIH 02 ITpn 20°c (293° I<) il = 440, JJ;JIH HO2 il = 587, T.e. il ITpeBblruaeT 

CKOpOCTh 3ByKa (330 M/c). IIocKOJihKY mil = ~' TO JJ;JIH 6oJihllillHCTBa MOJieKyJI 

X ~ 10-s CM ( ~ 1 A), 'ITO orpaHH'lnBaeT qinKc:upye1rne yrnhl oTpallieH:un JJ;OBOJihHo 

Y3Kl!M llHTepBaJioM, paCITOJIO}l{CHHhlM B6JIH3ll HOpMaJIH K IIOBepXHOCTl!. EcJIH OTpame

Hlle OT JJ;OCTaTO'lHO rna;:i;KOH IIOBepXHOCTl! B pa3perueHHOM l!HTepBaJie He Ha6JIIOJJ;aeTCH, 

a BhlJieT ITa;:i;aIOll\HX ITY'IKOB MoJieKyJI ITponcxo;:i;nT no nceM rrarrpaBJieHHJIM 'lepe3 npeMJI 

3a;:i;eplliKll T l!Jlll B006Jl\e He Ha6JIIOJJ;aeTcn, TO MO}l{HO CJJ;eJiaTb 3aKJIIO'lCHl!e O HaJIH'llll! 

a;:i;cop6n;n:u. TaK, Ha rronepxHocTnx cKoJia NaCl, LiF yroJI oTpameH:uJI KHCJiopo;:i;a 

( Xo2 ~ 0, 28 · 10-s 01) JJ;OJillieH rraxo;:i;nThCJI B ;:i;:uaITa3oHe 6oJihllieM 7 4 °. Ho OTpallieHHe 

B006ll\e He Ha6JIIOJJ;aJIOCh. TaKan }l{C CHTyanm1 l!MeJia MeCTO n JJ;JIH aTOMHhlX ITY'IKOB 

JillTHJI, HaTpl!H ll D;C3llH. lfa (4) CJie;:i;yeT, 'ITO qJll3H'leCKYIO a;:i;cop6n:uro JJ;JIH MOJieKyJI C 

6oJihllillM MOJieKyJIHpHbIM BeCOM Ha;:i;o :U3y'laTh ITpll OTpallieHHll ITO)]; ITO_'!Tll HOpMaJibHhlM 

yrJIOM ITaJJ;CHl!H Ha ITOBepXHOCTh. 

CBe;:i;eHnn O ITpe61IBaHnn MOJieKyJI Ha ITOBepxHOCTll MOlliHO IIOJIY'll!Th, paccMaTpn

Ban o6MeH 3Hepr:utt Melli;:i;y MOJieKyJio.0: n rroBepxrrocThIO. BoJiee HJill MeHee IIOJIHOCThIO 

TCIIJI006MeH ITPOllCXOJJ;llT B TOM cJiy'lae, Kor;:i;a BpeMn ITpe61IBaHnn MOJICKYJihl Ha ITOBep

XHOCTll r MHoro 6oJihllie rrepno;:i;a KOJie6aHHH MOJieKyJI IIOBepXHOCTll. 8To BpeMn JJ;OJilliHO 

fib!Th 6oJiee 'ICM B 100 pa3 6oJihrue ITepHOJJ;~ KOJie6aHHfi. (U:n:q,pa 100 rrpOCTO 3MIIHpn

'lCCKan BCJill'lllHa). ,l(JIJI 3MITllpH'ICCRl!X on;eHOR KHy;:i;ceHOM 61IJI BBeJJ;eH K03q>q>nnneHT 

aKKOMo;:i;annn "a" 

T;-Ti 
a=---, 

T2 -Ti 
(6) 
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3;:i;ech T1 - TeMITepaTypa ra3a, T 2 - TeMITepaTypa ITOBepxnocTn, r; - TeMITepa

Typa ;:i;ecop6:upyIOll\llXCJI MOJieRyJI. Ecmi: o6MeH 3Hepr:uii He ITpmi:cxo;:i;nT ( oTpamerrne 

no 3aRony Kny;:i;cena), TO r; = T 1 n a = 0. Ilpn IToJinofi TepMaJin3an;nn B a;:i;cop6aTe 

r; = T2 H a = 1. EcTeCTBCHHO, HMeeT MeCTo H ITpOMClliYTO'!Hhlfi CJiyqafi T2 > r; > T1 

(;:i;JIJI OITpe;:i;eJieHHOCTll Mhl ITOJiaraeM, 'ITO ITOBepXHOCTh HMeeT TCMITepaTypy HHllie TeM

ITepaTyphl ra3a), 0 < a < 1. 3aMeTH.M ' 'ITO B peaJihHOH CHTyaIIIHI ITOTOR Heq>TH 

UMeeT 6oJiee BhlCORYIO TeMITepaTypy' HC}l{CJIH CTCHKll Tpy6oITpOBOJJ;a, ll Ha ITllJIOTHOtt 

ycTaHOBKe ( CM. l!II}l{C) MO}l{HO H3y'laTh oco6ennocTU qJII31I'lCCKOM a;:i;cop6IIllll B JJ;II

HaMII'lCCKOM pellilIMe. PaBHOBCCIIe B OTRpbITOtt CIICTeMe a;:i;cop6aT-a;:i;cop6enT MO}l{HO 

H3y'laTh, TaKllie ITo;:i;;:i;epllilIBaH ITOCTOJIHHhlMII TeMITepaTypy T1 II T2, II3Mepnn rr 3;:i;ecb 

B03MO}l{Hhl 3KCITep1IMCHThl ITplI JJ;OCTaTO'lHO MCJJ;JICHHO MeHJIIOll\lIXCJI T1, T2. Beeb ;:i;na~ 

ITa30H 3Ha'leHIIil: a ( a = 0, 1; 0 < a < 1) Ha6JIIOJJ;aJICJI JJ;JIJI pa3JIII'!HhlX CHCTeM, ITpH'leM 

pe3yJihTaT1I KoppeJIHpoBaJIII c ;:i;anHhlMII ITO 0Tpamerr1Iro: napyrueHIIe 3aRona Kny;:i;ceHa 

( T JJ;OCTaTO'lHO 3aMeTHhle) o6ycJiaBJIIIBaJIO 3Ha'!CHIIe a < 1.' 

CTOIIT OTMCTllTh, 'ITO "a" 3aMeTHO B03pacTaeT C yneJI1I'leH1IeM ruepoxoBaTOCTII 

a;:i;cop6aT-ITOBepXHOCTII. OcHOBHan nplI'IIIHa 3;:J;CCh 'IIICTO MeXaHH'lCCKan: MOJICRYJihl 

ra3a, nepepaccelIBaHCh Ha MexaHll'lCCKllX neo;:i;HopOJJ;HOCTJIX HOBepXHOCTII ( TPCll\llHhl, 

paROBllHhl II T.JJ;. ), npoBOJJ;RT Ha Hell onpe;:i;eJieHHOe BpeMJI. K TOMY }l{C 3qJqJCKTY nplI

BOJJ;IIT II namI'llIC Ha IlOBepXHOCTII JJ;OCTaTO'!HO npo'IHO CBR3aHHhlX C nett nplIMecett: 

JJ;JIJI reJIIIR Ha BOJihq>paMe, IlOKpJ.JTOro RIICJiopo;:i;oM (02-+ 2[O]w), a~ 0,3. KaR 

OTl\lC'laJIOCh Bblrue, BCe :no ll IlOJICHHeT TO o6CTORTCJihCTBO, 'ITO qJII31I'lCCKan a;:i;cop61(1IR 

"MacRnpyeTcn" no6o'!HhlMII npoIIeccaMII. 

Ha1I60Jiee nHq>opMaTIIBHhlM, na rraru B3rnJI;:i;, JIBJIHeTcJI oITpe;:i;eJieHne r ITO II3Mepe

rrnro BpeMerrn npoxolli;:i;errnJI MOJieKyJI qepe3 y3Kne KannJIJIRphl JJ;JIIIHhl l n ;:i;naMeTpa d 
l!JIH MeM6paHhl C Y3RIIMII ITopaMII C TCMH }l{C napaMeTpaMII t, d II /. To eCTh Heo6-

XOJJ;HMa oIIeHKa pacnpe;:i;eJieHHJI nop no ;:i;11aMeTpaM "d" II ;:i;naronaJI11 "/". BKJia;:i; B t 
;:i;a!OT Tpll npoIIecca. 

1. Ilpoxo;:i;n qepe3 KanHJIJIJIP, MOJieKyJihl, CTaJIKIIBaHCh co CTCHKaMn, OTpamaIOTCJI no 

3aKony Kny;:i;ceHa II npo;:i;OJI}l{a!OT JJ;BIIlliCHlle BJJ;OJih Hero. 8TOT npoIIeCC He CBJI3aH 
- r 

C T H BKJia;:i; B t onpe;:i;eJIJI!OT q,opMyJiott 2du, il - cpe;:i;nnn CKOpOCTh MOJieRyJihl. 

2. BKJia;:i; B t, yBeJin'lnBaJI ero, ;:i;aeT TaKllie H BpeMn 3a;:i;eplliKII r. Orr onnchlnaeTcn 
/2T 

q>OpMyJIOM 2d2 . 

3. BecbMa CYll\CCTBCHHhlM RDJIHCTCJI ll y'leT noBepXHOCTHOil: JJ;IIqJqJY3HII B a;:i;cop6aTe 

( noBepXHOCTHaJI noJJ;BlllliHOCTh ) • .l(nq,q,y3nn, KaK ll3~eCTHO, MOllieT npoJIBJIHThCJI, 

npolICXOJJ;HTh KaK JJ;ByMeprran JJ;llq>q>y3nJI, JI1160 no 3aKoHy cJiy'lafiHhlX 6JiyIB;:i;arrnfi 

("IIphllliKaMn"), Kor;:i;a paCCTOJIIIIIe, IIpOXOJJ;HMOe a;:i;aTOMOM, ;:i;aeTCJI qJOpMyJioil. 

Tl!IIa 8itHruTeil.rra: JJ;JIHHa "IIPhllliKa" r BblpaIBaeTCJI qepe3 , D1 II t 1 CJICJJ;y!Oll~llM 
. . 2 

· o6pa3oM: r 2 = 4D1t1; D1 = ;
11

• D1 3aBHCIIT_OT B3anMo;:i;eficTBIIJI MeIB;:i;y 'laCTII-

IIaM11: D(c). B rrepBOM CJiyqae D1 = ½Lmil, il - cpe;:i;HHH CKOpOCTh .MOJieKyJI, 

Lm - cpe;:i;HnJI ;:i;mrna cBo6o;:i;rroro ITpo6era Ha noBepXHOCTII. 
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B 3TOM cJiytJ:ae MOJieRyJia, CTaJIRirnaJicb co CTeHRaMn, oTpaJRaeTcR no 3aHoHy KHy.l(

ceHa n, He CTaJIRHBaJICb C .l(pyrnMJI MOJieHyJiaMn, npo.l(OJDRaeT .l(BIIJKeHJie B,l(OJib Ha

IlllJIJIRpa. 8TOT TIIIl .l(BlllKeHJIR Ha3b!BaeTCR HHY.l(CeHOBCHOtt .l(1I<pcpy3Jiett. CyMMIIpyR 

onncaHHhle Bb!IIIe TPII npon:ecca, IIMeeM CJie.l(ylOIO:ee BhlpaJKeHJie .l(JIR i B nepBOM CJIY
qae: 

t-- u _ l2(T+4) 
- 2d2 I + 3;~1 , D1 = Lmu. (7) 

BTOpb!M MeXaHJI3MOM .l(ll<p<py3HH, HaH OTMeqeHO Bb!IIIe, RBJIReTCR "npb!lKHOBaJI .l(II<p

cpy3nn". OHa 3aBHCIIT OT ,l(JIHHhl nphllKHa r H BpeMeHn 3a.l(ep1RHH T 1• B TaROM CJiyqae 
D r 2 I. ~ 

2 = :i;, r,n;e T = exp R/ - cpe,n;Hee BpeMR npe6b!BaHnn MoJieHJJihl Ha a,l(cop6n:n-

OHHOM n:eHTpe, tlQ O - pa3HOCTb TeITJIOT a,l(cop6n:Jin Ha coce,l(HHX a,l(cop6n:HOHHb!X 

n:eHTpax. Ilo CTpyHType T1 
CXO,l(HO C TO'IHb!M Bb!paJKeHneM ,l{JIR T (cM. HllJKe), a T~ 

6JIJI3Ra l( To ( CM. HHJRe) n CBR3aHa C nepHO,l(OM HOJie6aHntt aTOMOB IlO,l(JIOJKHH. 

B HannJIJIRpax MoryT peaJin3oBaTbCR o6a TJirra .l(H<pcpy3Jin. EcJin .l(ncpcpy3nn BTo

poro nma nponcxo.l(nT B TetJ:eHne onpe.l(eJieHHoro BpeMeHn r, a mrcpcpy3nn nepBoro 

TJina ocyin:ecTBJIReTcR B npoMeJKyTRe, TO o6mntt H03cpcpnn:neHT .l(H<pcpy3nu .l(aeTCR cpop
MJJiott 

1 d2 (1 + ~z.~) 
D = _ 4r' d2 

3 T+4 / 
u 

(8) 

Cpe.l(Hee BpeMR npOXOJR,l(eHUR MOJieRJJibl qepe3 HaIIHJIJIHp .l(JIHHO:l1 / U ,l(UaMeTpOM d 
,l(aeTCH cpopMyJiott 8ttHIIITel1:Ha 

u, UCIIOJib30BaB (8), HMeeM 

- [2 
t=-

6D' 

/2 T + fi 
( 

d ) 
i = 2d2 1 + ¾:;:,$- . 

(9) 

(10) 

IlorrpaBHa Ha IIOBepXHOCTHJIOilO,l{Bll}RHOCTb BeCbMa cyin:ecTBeHHa. EcJin He J'IUTb!BaTb 

IIOBepXHOCTHJIO H IIpb!lKKOBYIO IIO,l(BU}RHOCTb, TO eCTb C'IHTaTb, qTo ,l(BUJKeHue qepe3 Ka

IIUJIJIRP orrpe.l(eJIHeTCH ,n;BJMH rrepBb!MH rrpon:eccaMu, OIIHCaHHhlMH BhlIIIe, 3HaMeHaTeJib 

B (10) paBHHeTCH e,l(HHnn:e, u Mb! IIpUXO.l(UM K yrrporn;eHHO:l1 cpopMyJie, OIIUCb!BaIOrn;e:l1 

npoXOJK,l{eHne qepe3 KaIIUJIJIRpb!. O.n;HaKo 3TO COBepIIIeHHO He,l(orrycTUMO .l(JIR KanuJI

JIRpOB MaJioro .l(UaMeTpa. IlponJIJIIOcTpupyeM 3TO Ha rrpuMepe cpu3uqerno:ll: a,l(cop6n:uu 

opraHnqernnx Bein:ecTB. ,l{JIR HUX T 2::: 10-4 c, ii. 2:: 104 cM/c, Lm = 50 A. Bb16npaJI 

I = 10-
2 

cM, d = 10-
6 

CM (100 A), noJiytJ:aeM i 2::: 5000 c, ecJIH IIOJib30BaTbCR yrrporn;eH

Hott cpopMyJiott, a eCJin BOCIIOJib30BaTbCH cpopMyJiott (10) - i = 1/150 C' (!) . .l{JIR 

I = 10-
3 

CM, d = 10 A(BIIOJIHe peaJibHhle ,n;naMeTphl .l(JIH rrpoMhlIIIJieHHoro n:eoJinTa

CHJIUIIopnTa 10 A - cnJinKo-aJIIOMUHaTa Na - xopoIIIero cop6eHTa q>Top- a3oT0-

3aMecTnTeJiett ymeBo.l(opo,n;oB c n 2:: 5 [5)) rroJiytJ:aeM BMecrn l = 5000 c BeJIH'IHHY 

1/15000 C. ,l{JIR IIpbl}RKOBOit ,n;ucpcpy3HU, Bbl6HpaJI T
1 = 3 · 10-s c, 3Heprn!O aKTHBan:nn 

.l(ByMepHoro ,l{BUJReHHH l:!..Qa (paBHa IlOJIOBUHe TellJIOTbl a,l(Cop6n:nn) n r - MeJRaTOMHhle 
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paccTOHHUH - rroJiytJ:aeM .l(JIR l = 10-2 cM, d = 10-5 CM, BMecrn i = 5000 c, l = 1540c; 

,l(JIR I = 10-3 CM, d = 10-1 CM, l = 22 C (!). 
Pe3IOMupyH, 3aMeTnM, 'ITO. KaKOB 6bl HU 6b!JI MexaHU3M IlOBepXHOCTHOit IlO,l(BHJRHO

CTU, .l(JIR Y3KUX rrop ( d ~ 100°) OH BeCbMa cyin:ecTBeHeH n orrpe.l(eJIReT BpeMH rrpoxo

JR.l(eHUH tJ:epe3 KaIIUJIJIRp. 

B 3aKJIIO'leHUe 3aMeTUM, qTo qucJIO MOJieKyJI n, y.l(apH!OJD:HXCH O IIOBepXHOCTb ( cpop

MYJihl (3'), (3")), ,l(OCTaTO'IHO BeJIUKO. 8To.II03BOJIReT CROMIIeHcupoBaTb MaJible 3Ha

qeHUR r u IIOJIHOe 'IUCJIO a,l(cop6upoBaHHb!X tJ:aCTUO: ( u = n T) B pH.l(e CJiytJ:aeB MHOro 

6oJib!IIe MOHOCJIOil:Hb!X IIOKpb!TUit. 

OTMeTUM TaKJRe, 'ITO T BeCbMa CUJibHO 3aBUCUT OT TeMrrepaTyphl: IIpOCTble Teope

TlfqeCKlle coo6paJReHUH,. Bb!CKa3aHHble ({>peHKeJieM B 1924 r., IIpUBO,l(HT K cpopMyJie 

T = T0 xp(Q/RT), (11) 

To - rrepuo,l( KOJie6aHnit a,l(aTOMa B HarrpaBJieHuu, rreprreH,l(UKYJIHPHOM IIOBepXHOCTH. 

,l{JIR on:eHOK OH BhlfrirpaeTCH ~ 10-12 - 10-14 c. Q HHOr,l(a orrpe,l(eJIReTCH KaK TeIIJIOTa 

a,l(cop6n:nn (Bo BCHKOM CJIJ'lae Q c Hett KOppeJiupyeT). HeKOTOpaJI pacIIIncppoBKa (11) 
6y.l(eT ,l(aHa HHJRe B pa3,l(eJie, r,l(e 6y.l(eT paccMOTpeHo B3aHM0.l(eitcTBne B a.l(cop6aTe. 

,l{JIH T 0 HMeIOTCR Teopern:tJ:ecKne on:eHKH, HO Ha rrpaKTUKe xopoIIIne pe3yJibTaThl 

.l(aeT cpopMyJia JlnH.l(eMaHa 

To = 4, 75 · 10-13 _µ __ c, ·ffjft2/3 
Ts 

(12) 

µ - MOJieKyJIRpHb!it Bee, V - MOJieKyJIRpHb!it 0fi'beM (B CM3), ,l(eJieHHhle Ha qnCJIO aTO

MOB B MOJieKyJie, Ts - TeMrrepaTypa IIJiaBJieHllH. ,l{JIR cop6eHTOB c Bb!COKUMU TeMrrepa

TypaMU IIJiaBJieHJrn u IIJIOTHO:l!: yrraKOBKO:ll: (RHUM OTHOCHTCH, B tJ:aCTHOCTU, n:eoJIJ,ITb!) 

T0 ~ (5-;- 10) · 10-14 C. 

3. Ilpu ycTaHOBJieHHU a,l(cop6n:noHHOro paBHOBeCHH B OTKpb!TOtt CUCTeMe raa -

TBep.l(Oe TeJIO, JRH,l(KOCTb - TBep,n;oe TeJIO, ra3 - JRU,n;KOCTb, JRH.l(KOCTb - JRH,l(KOCTb
1 

'llICJIO MOJieKyJI, rra,l(a!OID;UX Ha IIO,l(JIO}Rl(Y n, ,l(OJDRHO paBHHTbCH 'lHCJIY MOJieKyJI, IIOKH

,l(a!OJD:UX a,l(cop6aT nv. Ilpn 3TOM, rrpu ,l(OCTaTO'lHO ,l(JIUTeJibHb!X BpeMeHax 3a,n;ep1RKH 

T, ,l(ecop6upyeMaJI tJ:aCTnn:a, HaXO,l{llBIIIaJICH B TepMU'leCKOM paBHOBecnu c aTOMaMU 

IIO,l(JIOJRKU, IIOJIYtJ:aeT Heo6xo,n;uMyIO 3HepruIO nu6o H3BHe, nn6o 3a C'leT cpnyKTyan:u:l!: 

TeIIJIOBOit 3Heprun IIOBepXHOCTH. 8Ta 3HeprHH ,l(OJDRHa rrpeBb!IIIaTb onpe.l(eJieHHhlit 

rrpe.l(eJI, T.K. ,n;ecop6n:HH Bcer.l(a aKTnBupoBaHHhlit npon:ecc. 8Heprirn .l(ecop6npyeMoit 

MOJieKyJihl ,l(OJDRHa npeBbl!IIaTb 3HepruIO CBH3H n 3HepruIO B3aUM0,n;eitcTBHH B a,l(cop6aTe, . 

TO eCTb 'lUCJIO MOJieKyJI, IIOKH,l(a!Oill;UX a,l(COp6aT ~ (--lb) UJIU [nv] = vu exp( -fb'). 
IlocKOJibKY [u] = MOJieKyn/cM2

, V. - UMeeT pa3MepHOCTb c-1 U [nv] = MOJieKyJia/cM2c 

([ ] - o6o3HatJ:eHue .l(JIR pa3MepnocTn cpu3n11ernott BeJIH'lHHhl). B TaKOM cnytJ:ae 

O" = nToexp(fb), To = v-1 . A.l(cop6n:uH B CO'leTa-HUH C OTpiUReHHeM npHBO,l{llT K 

yMeHb!IIeHJIIO T B ( 1 - a) paa; 0 < a < l. 
8TH pe3JJibTaThl JI Bb!paJReHHH ,l{JIH "n" H3 IlJHKTa (2) ,l(a!OT 

Np Q 
O" = ,/2MRTT0 exp(RT). (13) 

2MRT 
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II pn noeT0HHH0.tt TeMnepaType llMeeM 

a= Kip, Ki 
Nr0 Q 

✓2M RT exp( RT), (14) 

cha npoeTe.ttrnaH qiopMyJia ,n;JIH H30TepMhl a.n;eop6nnn nocnT Ha3Bam1e 3aRona fenpn. 

II pn MaJihlX II0RphlTllHX B3allM0,n;e.tteTBHeM B a.n;eop6aTe M0lRH0 npene6peqb ll 3Hepnrn 

eBH3ll, RoppeJinpyIOII.{aH e TeIIJI0T0.tt a.n;eop6nnn, noeT0HHHa. IIoeJie,n;nee He BhlIT0JIHH

eTeH ,n;JIH xeMneop6nnn n ,n;JIH 6oJibrnnneTBa nponeeeoB qiirnnqeeRo.tt eop6nnn. BoJiee 

Toro, 3qiqieRThl B3allMO,n;e:lkTBllH npHB0)l;HT R R0ppeJIHI.{H0HHhlM 3qiqieRTaM ,name npH 

MaJihlX noRphlTHHX [2L TaR, eRameM, BepoHTH0eTb naxom.n;ennH .n;Byx aT0M0B Ha eoee

.n;nnx neHTpax npn MonoeJio.ttno.tt a.n;eop6n;nn < n1n9 > .n;aeTeH qiopMyJio.tt [2] 

< n1n
9 

>=< n1 >< n
9 

> ef3Z<0 = 02e/3Z<0 
' 

a ne 02, 0 ~< ii1 > noRphlTHe (eM. nnme), z - qneJio 6Jinma.ttrnnx eoee.n;e:lt 

(15) 

Bee Bhl11IeeRa3aHH0e nepenoeHTeH Ha a.n;eop6l{Hl0 ll3 paeTB0p0B rrpn 3aMeHe p Ha 

e - R0HD;eHTpan;nIO a.n;eop6npyeMo.tt R0MIT0HeHThl: a = kic, - e TeM 0TJinqneM, qTQ 

".n;oeTaBRa" M0JieRyJI a.n;eop6npyeMoro BemeeTBa nponexo.n;nT 6oJiee Me,n;JieHno n B03HH

wi.eT ROHRypeminH Me}l{)zy MQJieRyJiaMH a.n;eop6npyeMott R0MII0HeHThl n paeTBopnTeJIH 

[1,2]. 

,Ll;JIH noJIH0Thl onneaHHH npnBe,n;eM Bhlpamenne ,n;JIH H30TepMhl a.n;eop6nnn ( a = 

const) ; p = k3 n exp(-~) H ll306aphl a.n;eop6nnn (p = con st) : a = k3 }i,exp( - ~). 
BhlpalReHllH 3TH M0lRH0 noJiyqnTb B paMRax M0,n;eJIJ,HhlX paeqeTOB; eTpJRTypa Bhlpa

menn.tt exo.n;na, HO M0JReT 6hlTb 0TJillqne B npe,n;3ReII0HI.{llaJibH0M MH0JRHTeJie . 

YqeT B3anMo,n;e.tteTBHH B 3a,n;aqax qin3nqerno.tt a.n;cop6n;nn paeeMoTpen B narne.tt pa-

6oTe [10]. 

IV. 
IIoBe.n;enne MeTana ( C H 4 ) pe3R0 OTJinqaeTCH OT noBe.n;ennH .n;pyrnx yrJieBo,n;opo,n;oB, 

noJiyqaeMhlX npH pa3JI0JReHllll HeqJTH. Ero yeTo.ttqHBOeTb Bhlllie yeTo.ttqHB0CTH .n;pyrnx 

yrneBo,n;opo,n;oB (3a neRJiroqenneM an;eTnJieHa C 2H2 ). B oTCJTCTBHe RaTaJin3aTopoB Me

Tan ycTO.ttqnB BIIJI0Tb .n;o 910°C. IIpn npoxoJR,n;ennn 'Iepe3 RBapn;eBhle Tpy6hl, narpeThle 

.n;o 1000 - 1200°C(tnpox. = 0, 3 e), 3HaH )l;JIHHY Tpy6hl, M0JRH0 paceqnTaTb CRopoeTb 

ITp0X0JR,n;eHHH V. IIpn TepMnqeeR0M pa3JI0JReHHH o6pa3JlOTCH al{eTHJieH, 3THJieH, 6y

Ta,n;neH n apoMaTnqeeRne yrJieBo,n;opo,nhl: 6en3oJI, ToJiyoJI, RenJioJI, naqiTaJIHH. 

IIpn T > 1200°G noJiyqaeTeH T0JibR0 an;eTHJieH C 2H2 • HaJIH'lrie RaTaJIH3aTOpa 

M0JReT cymeeTBeHH0 II0BJIHHTb Ha 3TH nponecehl RaR B R0JIHqeeTBeHH0M (nponenTe 

BhlXO.n;a), TaR ll B Ra'leeTBeHH0M OTHOllieHHH (tnpox., t:.T). 
AJIRaHhl C n > 1 pa3JiaraIOTeH yJRe npn TeMnepaTypax 400 - 600°C (TeMnepa

Typa pa3JI0JReHHH TeM HHJRe, 'leM 60Jib11Ie n). II pH 3T0M 06pa3yeTeH HH311Ill.tt aJIRaH 

H MeHbllIH.tt aJIRaH. Ha 3T0T ITpon;eee M0JReT TaRJRe cymeeTBeHH0 ITOBJIHHTb HaJinqHe 

RaTaJIH3aTopa, yeRopHH pa3phlB xnr.mqeeRo.tt eBH3H. n-6yTaH (C4H10) - H0pMaJibHbI.tt 

aJIRaH, n = 4. TaR1pa3JI0JReHHe n-fiyTaHa IIpll 600°C H aTMOCqJepHOM ,n;aBJieHHH ll)l;eT 

ITO TpeM RaHaJiaM: 
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CH4 + CH2 = CH.- CH3 
CH3CH2CH2CH3 ⇒ CH3 - CH3 + CH2 = CH2 

C H3 - CH = CH - C H3 + H2 , 

48% ITO (16) 

100 MoJiefi C4H 10 ⇒ 36% ITO (17) 

16% ITO (18) 

(16) 

(17) 

(18) 

TaRHM o6pa3oM, oenoBno:li peaRn;ne:ll: HBJ?leTCH (1) - oTphlB CH4 • 8TnM n ofil,H

em1eTCH 60Jib11IOe R0JinqeeTB0 C H4 BO BTopnqnhix ITpo.n;yRTax. PH,n; ITpHMepoB M0JRH0 

nafiTH B [l]. TaM JRe .n;oeTaToqno npoeTO ll ITO.n;po6Ho ll3JI0JReHhl TepM0)l;HHaMHRa TepMll

qeeRoro pa3JI0JRe:8HH, MexaHH3M roMoreHnoro RpeRnHra (nae on HHTepeeyeT B MeHbrne:ll: 

eTeITenn), o6pa30Ba11ne aJIReHoB (CnH2n) n apoMaTH'leeRHX yrJieBo,n;opo.n;oB. 

OTMeTHM, qTo B H0pMaJibHhlX yeJI0BllHX BhlX0)l; neo6xo,n;HMOI'O IIp0MhlllIJieHH0ro ITpo

,n;yRTa 11eBeJIHR, HO B BaRyyMe, pa36aBJieHHOM HHepTHhlM ra30M HJili B0,n;HHhlM napoM, 

ITplI ru.n;poJIH3e reRTaHa (n = 7, C1H16) ll TeMnepaType T = 760°G II0JiyqaeTeH 75% 

ITpeBpamenne B 3THJieH ( C 2H4 ): IIpn rrnponn3e Bbiernnx HeqJTHHhlX qipaRnn.tt ( co

JIHpoBoro MaeJia) B BaRyyMe HMeeM 55% BhlX0,n; C2H4 • IIupoJIH3 npn aTMoeqiepnoM 

,n;aBJie11un .n;aeT 25% 3THJiena. 

YnoMHIIeM eme 06 o.n;noM npoqeeee ITpeBpamennH CnH2n B ITponecee 1mpomrna 

(T ~ 700°G), - IT0JIHMepH3al{HH. IIpn TeMnepaTypax (T ~ 750-1000°C) n.n;eT aRTII

BHOe o6pa30BaHHe apoMaTuqeeRHX yrneBo,n;opo,n;oB, (B qaeTH0eTH, 6eH30JibHOro pH.n;a), 

OITTHMaJibHaH TeMnepaTypa 3,n;eeb T ~ 850°G. B [l] o6eym.n;aeTCH TO o6eTOHTeJibeTBO, 

qTo XapaRTep npo,n;yRTOB Ilpll ITHpOJIH3e ITpH T ~ 1000 - 1200°C 0eTaeTeH IT0eT0HH

HhlM He3aBHCHMO OT nexo.n;noro ehlpbHi R0p0TR0 f'0B0pH, 3T0 CBH3aH0 C TeM, qTQ 0HH 

o6pa3JIOTCH H3 o.n;noro TI T0l'0 me npo.n;yRTa. B [l] o6eym.n;aeTCH H3 RaRoro HMeHH0 

npoMelliyToqnoro npo,n;yRTa onn o6pa3JIOTCH. 

IIoeJie RpeRHHra llMeHH0 CMeCb 3TllX yrneBo.n;opo,n;oB H II0CTyITaeT B HeqiTenpoBo.n;. 

V. 
Cpe.n;n aJIRaH0B H,n;eHTllqJHI.{HpOBaHO 6oJibIIIHHeTBO H0pMaJibHbIX aJIRaH0B (n ~ 50) 

Bee ll30Mepnhle 6yTaHhl (n=4), nponaHhl (n=5, ... 7) HT.II. IIoRa3aHo, qTo B HH3R0RH

ITH11IHX qipaRI.{HHX HeqJTH n-aJIRaHbI ITpneyTeTBYIOT B 6oJibllleM ROJIHqeeTBe, HellieJIH HX 

U30Mep C pa3BeTBJieHH0ll l{eIIblO. BhlJIH BbI)l;eJieHhl MH0rne l{llRJIOITeHTaHhl (eM. [l]). 
B qipaRI.{HHX, RHITHII.{HX Bhlllle 200°C, Bhl)l;eJieHbI 8A-TPlll{llRJIHqecmie, BepOHTH0, n 

IT0Jilll{HRJiliqeemre arperaThl. IIo-BH)l;HMOMY, TaM npneyTeTBYIOT ll H30JIHpoBaHHhle, H 
I 

R0H,n;e11enpoBallHbie l{lllj:JIIJ, rroeJie.n;HHe eBH3aHhl o6Il{JIMII aToMaMH yrnepo.n;a. 

3aMeTHM, IIaR0Hel{, qTQ HaJIHqlle B HeqJTll 6oJibIIIOro qneJia apoMaTHqecRIIX yrne

B0,n;opo,n;oB M0JReT 061>HeH1ITb 1rnorne eITel{IIqJH'leemre CBotteTBa HeqJTH: BH3l(OeTb, Bhl

eoRoe BI,I)l;eJieHHe TeIIJia rrpn eropa!I!Ill II T.II. lif3BeCTeH "3qiqieRT qJH,lbTpal{Hll" -

oeo6oe coeT0HHIIe l{llRJIUqeeRIIX eneTeM, OTJinqalOII.{eeeH ITOBhlllleHH0ll ycTottqnB0CTblO. 

8TO ofiyCJIOBJieH0 BbI)l;CJieHHeM IHCeTH 7r-3JieR'rpoHOB B. l{HRJIC HJIH eymeeTB0BaHHCM 

apo~rnTnqernoro ceReTeTa. K apoMar11qecR0My H,n;py npii:coe,n;HHHIOTCH T0JibR0 TC pe

areHThl, R0T0pbie IICRJIIOqHTCJihH0 6oraThl 3HeprHett, B qaeTnoeTH, xe11neop6npoBaHHbie 
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Ha reTeporeHH0M RaTaJJII3aTope CB060.l(Hhle aT0MhI IIpll IIpllcoemrneHlle B0.l(0po.l(a. 

Heq>Tb, roBopH o6pa:mo, "Ha6llTa 3Heprnei:t". 

OTMeTllM TaRJRe cymecTB0BaHlle "rrapaq>llHOBhIX" ll "acqiaJJbTOBhIX" Heq>Tett. Jler

Rlle <J>paR[(llll rrepBhIX C0.l(epJRaT MH0ro H0pMaJJbHhIX aJJRaH0B, MaJJo ll30aJJRaH0B ll 

Haq>TeHOB ( [(llRJJOaJJRaHOB)) BCJJe.l(CTBllll qero 6eH3HH rrapaq>llHOBhIX Heq>Tei:t llMeeT II0-

HllJReHH0e 0RTaH0B0e q!fCJJ0, Ma3yT 3TllX Heq>feil: 3aTBep.l(eBaeT Ilpll T > 25°G ll llMeeT 

He6oJJbIIIOi:t y.l(eJJbHhifi Hee ( CM. o6cyJR.l(eHne B [l ]). HarrpOTllB, acq>aJJbTOBhie Heq>TH 

co.l(epJRaT MaJJo rrapaq>nHa ( ero TeMrrepaTypa 3arnep.l(eBaHllH BhIIIIe 25°G) ll 6oJJbIIIoe 

R0JJ!fqecTB0 acq>aJJbTa, H, RaR CJJe.l(CTBlle, Ma3yT llMeeT HH3RYIO TeMrrepaTypy 3aTBep.l(e

BaHllH ll BhIC0RHi:t y.l(eJJbHhIH Bee. KaR CJJe.l(CTBlle, 6eH3HH acqiaJJbTOBhIX Heq>Tett C0.l(ep

JRllT 60JJbllle H30aJJRaH0B ll Haq>TeHOB ll llMeeT BhIC0R0e 0RTaH0B0e qllCJJ0. B Qq!fCTRe 

Heq>Tll C II0M0IUb!O RaTaJJII3aTop0B He06XO.l(llMO, ITO B03M0JRH0CTll, H36aBJJHTbCH OT "rra

paq>llHOBott" R0MII0HeHThI. 

Tpa,!{IU . .lMOHHhle TeXHOJIOrMM Heq>TM 

A. TexHoJiornn neperoHKH. Ilpll rreperoHRe Heq>Tll rroJJyqaroTcn cJJe.l(yIOII.llle <J>paR

[(llll: 

1. BeH3HH liTKllrr. ~ 25 - 200°C(n = 5 - 10). 
2. KepocnH liTRllII. ~ 170 - 270°C(n = 10 - 15). 
3. CoJJHpHh!e MaCJia liTKllII. ~ 220 - 360°C(n = 12 - 20). 
4. Ma3yT (40 - 50% OT ncxo.zuroi:t Heq>Tn). 

5. Ilapaq>HH ( CMeCb H-aJJRaH0B (H = 20-80), H-aJJRaHhI o6pa3y!OT .l(JJllHHhie nerrn H 

llMe!OT cpaBHllTeJJbH0 He6oJJbIIIOil: M0JJeRyJJHpHhitt Bee). 

6. CMa3oqHh!e MaCJia M = 300 - 700. 
7. AcqiaJJbT M = 2500 - 3000. 

B. TexHoJiornn KpeKHHra. 

1. KaTaJJllTllqecRlli:t RpeRHHr B ra30BOil: q>a3e rrpn T ~ 450°G ll ,!(aBJJeHllll 1-15 aTM.j 

RaTaJJll3aTop - rrpllp0.l(Hhii:t aJJ!OM0CllJJllRaT, a TaRJRe CHJJllRaThI MarHllH ll [(llpR0HllH. 

KaR rrpaBllJJ0, IIpllMeHHeTCH IIhIJJeBll,lUihitt RaTaJJll3aT0p. B rrponecce RpeRllHra RaTaJJll-

3aTop Herrpeph!BH0 pereHepllpyeTCH CJRllraHlleM noRph!BaIOmero ero yrJJH. Ilpll 3T0M 

B nponecce o6pa3yeTCH 6oJJhIIIe cpe.l(Hllx yrneBo.l(opo.l(0B (C3H8 - C10H22 ), MeHbllie 

C1H4 , C2 H6, MeHhllie aJJKeHoB, 6oJJblile apoMaTllqecRllX yrneBo.l(opo.l(oB ll ll30aJJReHoB, 

HeJReJJll npn o6h!qHQM RpeRllHre. BeH3HH, noJJyqeHHhiii H3 Heq>Tll no TaRoi:t TeXH0JJ0-

rllH, llMeeT BhIC0R0e 0RTaH0B0e qncJJo n 6oJJee ycToi:tqllB. 

2. Ilpn IIJJaTq>OpMllHre ncnoJJb3Y!OTCH nJJaTHH0Bhie RaTaJJn3aTOphI. TexHOJJOI'llH .l(opo

ran. 
B. TexHOJIOI'HH noJiy'leHHH 6eH3HHa C BMCOHHM OHTaHOBMM l/HCJIOM. 

8qiq>eRThI .l(eToHaI(HH 6eH3HHa .l(0CTaToqHQ xoporno HCCJJe.l(0BaHhI. CJJe.l(yeT 0TMeTllTb, 

qTo "cKJJOHHOCTb" 6eH3HHa R .l(eToHa[(llll nponopnnoHaJJbHa CO.l(epJRa:irnIO n-aJJReHoB. 

I'. TeXHOJIOI'HH XHMH'leCHOit IIpOMMIIIJieHHOCTH, HCIIOJib3YIDll{He He<jJTb KaH CMpbe. 

CJJe.l(yeT no.l(qepRHYTb TPY.llH0CTh BhI.l(eJJeHHH qllCThIX yrneBo.l(opo.l(oB. lfa Ch!po.tt Heq>TH 

BhI.l(eJJHIOT 0CH0BHh!e q>paR[(llll - IIOJJyq>a6pnRaThI c ,!(aJJbHei:trnei:t crre[(llaJJbH0i:t o6pa6oT

R0i:t. 
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VI. 
UeHTpaJJbHhIM M0MeHT0M B HaIIIeM npe.l(JJ0JReHllll HBJIHeTCH aRTllBHoe llCn0JJb30Ba-

HJie a.l(cop6nllll rrpn oqllCTRe H aHaJJH3e C0CTaBa Heq>TH B Heq>TeIIpOBO.l(e, B ROTOph!il: 

oHa rrocTynaeT rrocJJe RpeRllHra. IlpnqeM peIIIaIOJUYIO poJJb llrpaeT rrponecc cop6nnn 

( <pll3llqecRott cop6[(llll) "aRTllBHOi:t noBepXHOCTbIO" - noBepXH0CTb!O, a,!(cop61ipyromett 

ll ,!(ecop6llpyIOIUeit ll3 ra3a llJJll pacTBopa rrepeH0CllMh!e llMll R0MII0HeHThI [6-8]. Onn-

rneM no.l(po6Hee Harne npe.l(JJ0:lKeHne. • 

IloCJJe RpeRnHra ll IIllp0JJll3a HecpTb rrocTynaeT B HecpTerrpoB0.l(. Ilpn 3TOM ~RTll

BHOH II0BepXH0CTb!O HBJIReTCH BHyTpeHHRR II0BepXH0CTb ROHTei:IHepa-cop6eHTa B He

qnerrp0B0.l(e ( RpaTR0 Ha3h!BaeMoro cop6epoM)) B R0TopyIO Heq>Tb II0CTyrraeT nocJJe 

RpeRllHra. B onpe.l(eJJeHHhIX MecTax HecpTeIIp0B0.l(a BCTaBJJHeTCH cop6ep B Bll.l(e yc

Tp0HCTB, 0.l(Ha ll3 B03MO:lKHhIX ROHCTpyR[(llH R0T0phIX 6y.l(eT 0IIllCaHa Hll:lKe. Cop6eHT B 

Bll.l(e rraCThI M0:lKeT 6h!Tb :rraHeceH Ha CTeHRll He<pTenpOBO.l(a. (CM. pllC. 1, r.l(e 

L - .l(JJHHa Heq>TerrpoB0.lla, 

la - .l(JJllHa ROHTeitHepa-cop6eH~a c a.l(cop6eHTOM (la ~ L), 
D - .l(llaMeTp Tpy6hI HecpTenpoBo.l(a, 

V - CR0p0CTb noT0Ra Heq>Tll C cpe.zurett RllHeMaT!i:qecR0it BH3ROCTb!O V (.llJJH "cpe.zurett" 

CR0p0CTll V); 

V = µ/p, 

µ - cpe.l(HRH .l(llHaM!fqecRM BR3R0CTbj 
lrr==•\2 2 

p - cpe.l(HHH nJJ0TH0CTbj pa3MepH0CTb V -~ = M2 (Ben)). BpeMJI C 

/

D La 1 La2 
. / / 

0 00-----~----(1{1 ___ _ 
L 

Puc. 1 

Ilpn 3TOM cpa3y JRe BCTa!OT B0npochI 06 a.l(COp6eHTe ll MexaHH3Me ero ncnoJJb30Ba

HllH. 

1. BhI6op a.l(cop6eHTa - RaR qacTb pellieHllH 3a.l(aqll no OT6opy 3a,!(aHHhIX R0MnOHeHT 

ll3 He<pTH. 

2. KoHcTpyR[(llH ROHTeiiHepa-cop6epa. 

3. IlpocTpaHCTBeHH0e pacrroJJ0JReHlle ROHTeiiHepa-cop6epa B neq>TeIIpOBO,!(e. 

4. Co3.l(all.lle nllJJOTH0i:t ycTaH0BRH H npoBe.l(enne peaJJbH0ro 3RCIIepllMeHTa. 
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PaeeMo;p!IM Beeb Rpyr 3TIIX B0npoeoB: JI,neaJibHhIM a,neop6eHTOM 3,nee1, JIBJIJIIOTeJI 

Ha Halli B3rJIJI,n ueoJIJIThl - aJIIOMIIH0-eJIJIJIRaTHhle eoe,nJIHeHJIJI ( np:upo.n;Hhle Ii e:UHTe

TnqeeRne), R0T0phle 0ITJiebIBaIOTeJI 3Mll1IpnqeeRott qiopMynott [5) 

M21nO · Al203 · xSi02 · yH20, 

r,ne X - o6hlqHo paBeH IIJIH 6oJibIIIe 2, TaR RaR TeTpa3,D;phl Al04 eoe,nHHJIIOTeJI T0JII,R0 

e TeTpa3,npaMJI Si04; n - BaJieHTH0eTI, RaTH0Ha. 

B o6meM enyqae eTpyRTYPHaJI qiopMyJia ueonnT0B 6nnJRe Beero eooTBeTeTBYeT 3Jie

MeHTapHott Jiqetl:Re TaRoro eoeTaBa: 

Mx1n[(Al02)x(SI02)y]. wH20, 

r,ne Af - RaTJI0H e BaJieHTH0eTh!O n; W - qneJI0 M0JieRyJI B0.n;hl; y / X - 3T0 0TH0IIIeHne 

M0JKeT np:uHnMaTI, 3HaqeHHJI OT 1 ,no 5 B 3aBJieHM0eTn OT eTpJRTJphl. 

h A' A A11 
X 

100 

3 4 5 10 - 20 30 50 100 500 
Puc.2a 

I v - v v 
I 0 0 
I ftdo 0 
l 0 

Puc.26 
14 

B RBa,npaTHhle eR06Rn Il0Mem;eH Rap'Rae U~0JIHTa, R0T0phltt npe.n;eTaBJIJieT eo6ott 

6eCKoHeqHoe eoqJieHeHne qepe3 o6mne BeprnnHhl TeTpa3,npoB Al02 JI Si02 • OHn eo-

06ma10TeJI l\IeJR,ny eo6ott qepe3 Il0JI0eTn, B R0T0phIX HaX0,nJITeJI RaTH0Hhl n M0JieRJJihl 

B0,ll;hl. KaTHOHhl Il0,ll;BHJRHhl n 111oryT B Tott IIJIH HHott eTeneHn o6MeHHBaTbeJI Ha .n;py

rne KaTH0Hhl. UeoJIHThl MapRnpyroTeJI no Tnny RaTH0Ha M : Na(A), K(A), Ca(A), 
X0TJI 3a HeR0T0phIMH eoxpaHJIIOTeJI HMeHa, ,naHHhle JIM npn RX 0TRphITHH - eTnJio6nT' 

Ta6a3HT, Mop.n;eHnT, n T. n. (e111. Ta6n. 1 n pne. 4). 
CymeeTBeHHO, qTo BHYTPHRpneTaJIJIHqe2RyIO B0.n;J B 0,ll;HHX ueoJinTax MOJKH0 no

eTeneHH0 n o6paTHMO y,naJIJITI, 6e3 H3MeHeHHJI RX eTpJKTYPhl, B .n;pyrnx npn 3T0M npo

neX0MT Heo6paTHMhle eTpyRTypHhle II3MeHeHHJI. M111eHHO nepBhle Hae n HIITepeeyIOT 

KaK eop6eHThl . .l{ern.n;paTnpOBaHHhlll eop6eHT rrpe,nCTaBJIJieT eo6olt TBep.n;oe I{pneTaJI

Jill'Iernoe Teno eTporo rrepno,nnqern:ux nop .n;naMeTpo111 OT 3 .no 10 A _:u rny6:uHol1 nop 

rropR,nRa 100· A. IIoHJITne "MoJieKyJIJipHhle enTa" 03naqaeT erroeo6HoeTh oeymeeTBJIJITh 

"rrpoee:uBaHne" Ha M0JieRyJIJipH0M ypoBHe. MoJieRyJIJipHhle enTa eymeeTBeHH0 0TJill

'!aIOTeJI OT ,npyrnx eop6eHTOB, "TaKHX RaR Rpe111He3eM lI aRTl!BHp0BaHHhllt rJIIIH03eM. 

( C111. pne. 2a II pne. 4. CooTHOIIIeHJie .n;na111eTpoB nop pa3JIHqHhIX M0JieRyJIJipHhIX CHT, 

h ~ 100 A). 
A' 
A 
A" 
X 
B 

ueoJIHT eHJIHrropHT 3 A; 
ueoJIHT eJinnnopnT 4 A; 
ueomn eHJIHrropHT 5 A; 
ueoJIJIT eJIJIHII0plIT 10 A; 
aRTUBlI3HpoBallHhll1 rJIIIH03eM; 

C - enJIHRareJih. 

CHJIHIIopHT ( 4 A) JIBJIJieTeJI 6a30BhIM MoJieRyJIJipHLIM cnToM, rronyqaeMhIM npH CHH

Te3e ueoJIHTa THna A. qaeTHqHo 3aMeHJIJI KaTH0Hhl HaTpHJI eHTa 4 A RaToHaMH KaJIHJI, 

nonyqa10T eHJIHrropnT 3 A. Eenn 3aMemaromnl1 RaTnoH JIBJIJieTeJI Ran1,une111, a He Ra

,'Ine111, To nonyqaroT ennnrropllT 5 A. CnnnnopnT 10 A JIBJIJieTeJI 6a30BhIM M0JieRyJIJip

HblM ClIT0III, II0JiyqeHHhIM enHTe30M ueoJinTa Tnna X. 

IIpo,nyRT 

MoneRynJipIIhle cnTa cnnnrropnT 3 A 
MoneRyJIJipHhle enTa eirnnrropHT 4 A 
MoneRyJIJipnhle enTa c:unnrropHT 5 A 
MoneRJJIJIPHhle cnTa cnmmop11T 10 A 

Xm,mqeeRaJI qiop111yna 

CnnnRo-aJIIOllllrnaT Na - 1( 

CllJIHKo-aJIIOMlrnaT Na 
C:uJIHRO-aJIIOMlIHaT Na - Ca 
CnnnRo-aJIIOMHHaT 

(C111. pne. 26. Cxe111aTn<tHoe ll3o6paJKeHne rroBepxHoeTn ueoJinTa, BhlX0,nhl rrop

Kono.n;ueB, rny6nnol1 h 9". 100 A, .n;naMeTp0M d0 9". 3 -, 10 A). IIoene aRTHBaunu

,necop6uuu B0.D;hl, HaX0,nJIIllelleJI B rropax, !I0JiyqaeM neRJIIQqlITCJlhH0 aRTHDHhlll a.n;eop-

6eHT. CoqeTanue nepno.n;HqHoCTl! pacnoJioJKeHnJI rrop (pne. 26) u BhleoRoll a.n;eop6un

oHHofi- erroeo6HOCTU, ll03B0JIRCT C~JICRTHBH0 cop6upoBaTI, yrneB0.n;op0ilhl B 3aBneHM0eTn 

OT llX pa3111epoB d . .l{amrne 0 pa3111epax 0R0H do !I0JiyqeHhl B oeH0BH0M rrpH rrpoBe.n;eHHH 

peHTrCH0CTpyRTJpHoro anamrna rll,npaTnpoBaHI!hlX Rpl!eTa,'IJI0B. KaK yrroll!l!HaJI0CI, 

panhllle, pa3111ep n ¢op111a oR0H MoryT 111eHJITheJI B rrpoueece .nern.n;paTa!llrn, Bene.n-
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CTBllll .n:eqiopMaunn RapRaca mm JRe ll3MeHeHllR MeCT JIORaJill3aunn RaTHOHOB. ORHa 

MoryT nMeTb qiopMy Rpyra ( ueoJIHTbl A), 3JIJinnca (.n:ern.n:paTnpoBaHHblit rna6a3:in), qTo 

o6'hRCHReT pa3Jinqne B a.n:cop6unn HeROTOpb!X MOJieRyJI: a,n:cop6UHR MOJReT 3aBHCeTb OT 

qiopMb! MOJieRyJI. HnJRe Mb! npnBe,n:eM IIIRaJiy pa3MepoB MOJieRyJI H npocJie.l{HM nx ROp

peJIRunn C pa3MepaMn OROH. 8To npe.n:cTaBJIReT B03M0JRHOCTb no.n:6npaTb TOT llJill llHOtt 

cop6eHT-UeOJillT no.n: ROHRpeTHble MOJieRyJibl. Bonpoc O pa3Mepax MOJieRyJI Ha.n:o pe

IIIaTb, npoBO.l{R RBaHTOBO-MeXaHnqecRne pacqeTbl, B ROTOpb!X .l{OJIJRHbl 3aRJia.l{b!BaTbCR 

BHJTpeHHHe napaMeTpb! MOJieRyJibl - .l{JIHHbl CBR3ett, yrJibl MelR.l{J HllMll, npocTpaH

CTBeHHOe pacnoJIOJReHne aTOMOB B Hett, pacnpe.n:eJieHHR 3JieRTpOHHOtt IIJIOTHOCTH, BaH 

.n:ep BaaJibCOBbl pa.n:nycbl aTOMOB n T.II. OcHOBHott llOJiyqeHHOtt BeJinqnHott RBJIReTCR 

paBHOBeCHbltt, COOTHOCllMblit C pa3MepaMn .n:naMeTp. 8RcnepnMeHTaJibHble .n:aHHble IIO 

a.n:cop6unn II03BOJIHJin c.n:eJiaTb Bb!Bo.n;, qTo 3a pa3Mepb! a.n;cop6npyeMb!X MOJieRyJI, RaR 

npaBnJio, na.n:o npnnnMaTb ee RnHeTnqecRntt .n:naMeTp ( cM. HnJRe). Ecnn pacqerbl 

pa3MepOB MOJieRJJI ll CaMO IIOHRTHe "pa3Mep" .l{OCTaToqHO JCJIOBHbl, BO MHOfOM 3aBH

CRT OT Mo.n:eJiett MOJieRyJibl ll MOJieRyJIRpHb!X B3allMO.l{eitcTBHtt, TO IIOCJie ycTaHOBJiemrn: 

pa3MepOB OROH OHll MoryT 6b!Tb npoBepeHbl IIO a.n:cop6unn Toro llJIH HHoro yrneBo,n:o

po.n:a Ha ROHRpeTH.OM ueoJinTe. TaR, HanpnMep, ueoJinT NaA(do ~ 4 A) npn TeM

nepaTypax -183, -196°C JierRo a.n:cop6npyeT RllCJiopo.n: 0 2 => (02 )NaA, cepoBo,n:o

po.n: H2S => (M2S)NaA, a30T JRe He a.n:coponpyeTCR. O6blqHo npouecc XeMncop6unn 

Ha RpncTaJIJiax MapRnpyeTcR cJie.n:yroiunM o6pa3oM: A => [A]i - [A];; _B KBa,n:paTHb!X 

CR06RaX - xeMncop6npyroiuneCR MOJieRyJibl, B nH,n:eRce yRa3b!BaeTCR rpaHb RpHCTaJIJia. 

3.n:ecb n HHJRe qin3nqernyro cop6unro Mb! 6y,n:eM MapRnpoBaTb TaR: A=> (A)NaA• Pa3-

Mepb! MOJieRyJI 6epyTCR H3 pacqeTOB nx B3allMO,n:ettcrnntt, MO,n:nqinunpyR nx TeM llJIH 

HHb!M Bbl6opoM llHTepBaJia B3anMo,n:ettCTBllR <p / r. Han6oJiee H3BeCTHb!M HBJIReTCH no

TenunaJI Jlennap.n: - .l(JRoHca ( cM. pnc. 3): 

</J(r) = 4€((~ )12 - (~ )6]; 
r r 

rmin = i16
a. (19) 

"< 

IlepBoe cJiaraeMoe MOJRHO o6'hRCHllTb Ha OCHOBe RBaHTOBOtt MeXaHHRll B RapTnHe 

MaRCHMaJibHOfO npoHHRHOBeHHR 3JieRTpOHHb!X llJIOTHOCTett .ZJ:BYX MOJieRyJI, Ror.n:a Ha

qnHaeT npeo6Jia.n:aTb OTTaJIRllBaHne, BTOpoe - OIIllCb!BaeT .l{llIIOJib-.ZJ:llIIOJibHOe B3an

MO,n:ettcrnne ( OHo, co6cTBeHHo, n onpe.n;eJIReTCR RaR Ban .n:ep BaaJibCOBO B3anMo,n:ett

crnne). KoHeqHo, 3TO He e.n:nHCTBeHHO B03MOJRHblit Bbl6op </J(r), HO OH y.n:o6eH, IIIH

pORO llCIIOJib3JeTCR B TepMHHax a, f ll llHTepnpeTnpyeTCR BeCbMa IIIHpORllM RpyroM 

q>ll3llRO-XllMlltJ:eCRllX RBJieHntt B ra3ax,_ JRH.l{ROCTRX, TBep,n:b!X TeJiax; TOqRn rmin H a 
onpe,n:eJIRIOTCR H3 Tpe6oBaHntt: 

[¢(~) I rmin = 0 

</J(r) II a= 0 

"paBHOBeCHOe paCCTORHne"; 

"MHHnMaJibHOe c6JIHJReHne". 

.l(JIR TaRHX .l{JIHHHb!X MOJieRyJI, RaR yrJieBO.ZJ:OPO.ZJ:bl RpnTn'IeCRHtt .n:naMerp np:irnnMa

eTCR paBHb!M HaHMeHblIIeMy nonepetJ:HOMY .n:naMerpy. CBoH oco6eHHOCTH HMeIOTCR 

npn onpe,n:eJieHnH napaMeTpOB IIOJIRpHb!X MOJieRyJI: a.n:cop6unR 3aMeTHO 3aBHCllT OT 

IIOJIRpHOCTH. 
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Ta6Jintia L PaJMepb! pa3JinqHb!X MOJieRyJI, noJiyqeHHble Ha ocHOBe (5] 

A.n:cop6aT (HoMeHRJiaTypa) .l(JinHa, A llinpnHa, A rmin, A a,A. 
co 4,2 3,7 4,25 3,76 

CO2 5,1 3,7 3,3 

H2O 3,9 3,15 2,65 

NH3 4,1 3,8 2,6 

SO2 5,28 4,0 3,6 

CH4 4,2 4,25 3,8 

C2H2 5,7 3,7 3,7 3,3 

C2H4 5,0 4,4 3,9 

C3Hs 6,5 4,9 4,3 

nC4H10 4,9 4,3 

H2S 4,36 4,0 3,6 

[(nRJionponaH 4,75 4,23 

CS2 4,0 3,6 

CCL2F 5,0 4,4 

CCL4 6,65 5,9 

IlponnJieH 5,0 4,5 

lfao6yTaH 5,6 5,0 

ByTeH-1 5,6 5,0 

ByTaH-1 5,1 4,5 

CF4 4,9 5,28 4,7 

SFs 5,8 6,18 5,5 

H-neHTaH 7,0 6,2 

(C4H9)3N 9,1 8,1 

(C2Fs)NC3F1 8,7 7,7 

(C4F9)N 11,5 10,2 

BeH30JI 8,8 5,85 

(C2Hs)3N 8,8 7,8 

[(nRJioreRcaH 6,7 6,0 

PacqeTHble BeJinqHHbl a, r no (5, 11] npnBe,n:eHbl B Ta6JI. 1. Ha pnc. 3 nponJIJIIO

CTpnpoBaHa RoppeJIRUHR a n r min B TeMnepaTypHoM llHTepBaJie 77° K < T < 420° K 
( TOqRn * n # Ha pnc. 4 COOTBeTcTBeHHO): Bb!,n:eJieHHble lRHpHb!M rnpnq>TOM Ha pnc, 4 

coe,n:nHeHHR Ha.l{O y,n:aJIRTb ll3 Heq>Tll. 
B cnpaBoqHb!X ueJIRX B Ta6Jinue npnBe,n:eHbl rmin n a B A, a paccqnTaHa no, 

rmin : a = 2-1l 6 rmin (11]. Pa3Mepb! pa3JillqHb!X MOJieRyrr IIOJiyqeHbl Ha OCHOBe (2). 

KnHernqernntt .n:naMeTp pacctJ:nTaH no rmin• HaM npe,n:cTaBJIReTCR ueJiecoo6pa3Hb!M 

IIpHBeCTll napaMeTpb! RpHTH'IeCRHX pa3MepOB HeKOTOpb!X MOJieRyJI, ROppeJinpyroiunx C 

a, B Ta6JI. 2. 
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8 

r 

<( 

0 
z 

8 

r 

r 

10 
(C, Fe) 

9 

8 

J7 
9* j 6 I 5 

# 4 

<( <( 3 
~ ..J 

., 

9 10 GA° 

3F7 

HTOH 

OH 

ponaH 
,CO2 

Ta6mu~a 2. KpIITII1:JecK:1re pa3MepLI HeRoTopLix MoJieRyJI 

MoJieRyJia 

reJIIIii 
KpIIT1111ecRIIe pa3MepLI, A 
2.0 

Bo.nopo.n, aneTIIJieH 2,4 

Bo.na, Rl!CJIOpo.n, ORIICb yrnepo.na, yrneRIICJihlit ra3 2,8 

-A30T 3,0 

AMMl!aR, cepoao.nopo.n 3,6 

Aproa 3,8 

MeTaH (CH4 ) 4,0 
8TIIJieH, ORIICb 3TIIJieHa 4,2 

8TaH, MeTaHoJI, 3TaHOJI 4,4 

MeTaJIMepRarnaa 4,5 

Ilponaa, n - C4 , .no n - C12 4,9 

IlponIIJieH 5,0 

8nrJioMepRamaa, 6yTeH-l, 6yTeH-2 (Tpaac) 5,1 
.l{mtnopxJiopMeTaH (R22) 5,3 

lfao C22 5,6 

UIImroreRcaH 6,1 

ToJiyoJI, napaRCIIJIOH 6,7 

BeH30JI 6,8 

lieTLipeXXJIOpIICThlit yrnepo.n 6,9 

M eT aRcIIJioJI 7, 1 

TpII3TIIJiaMIIH 8,4 

.l{erII,npaTIIpoBaHHhlit cop6eHT MOJReT cop6IIpoBaTb 1:JaCTIIIlhl, ,UIIaMeTphl ROTOph!X 

pacnoJioJReHhl TOJibRO B 3TOM IIHTepaaJie. UeoJIIIThl - n.neaJibHhle II36npaTeJibHhle cop-

6eHTLI. <l>II3II1:JeCRY!O a.ncop6nmo Ha neoJIIITax MOJRHO npe.ncTaBIITb, RaR "npoBaJIIIBa
HIIe" II BhlXO,U II3 HIIX. 

OrpoMHhlii MaTepIIaJI no neoJIIITaM co.nepJRIIT Monorpaq>IIH [5]. B nett onIIcaHhl 

RJiaCCIIq>IIRanmr II HOMeHRJiaTypa, CTPYRTypa np11po,UHhlX II CIIHTeTII'Iecrmx neoJIIITOB, 

IIX q>II3II1:JeCRIIe II XIIMII'IeCRIIe CBOiiCTBa, IIOHHhl.tt o6MeH, IlOJiy11emre II CBO.ltCTBa npo

Mhl!llJieHHb!X MOJI~RYJIHpHhlX CIIT. .l{ocTaT01:JHO MHOro BHIIMaHIIH y,neJieHO ll a.ncop6nnII 

Ha neoJinTax. BecbMa 6oJibllloe MeCTo 3aHnMaIOT H3oTepMhl a.ncop6nnII. Oun HOCHT a 
OCHOBHOM JieHrM!OpOBCRHil. xapaRTep (onHChlBaeT 0 = J(ap) npn Zf = 0). 

Oco6y10 poJib IIrpaeT, o.nnaRo, H30CTepII11ecRaH (,nIIq>q>epeHnIIaJibHaH) TerrnoTa a.n

cop6nIIII. IlpII 3TOM BaJRHO noae.neHIIe ee BO BCeM IIHTepBaJie y,neJibHhlX ("MOHO

CJIOil.Hhlx") IlORph!TIIfi S.4 
8RcnepIIMeHTaJibHO II3MepHeMh!e 3Ha1:JeHIIH cop6nIIII B CM3/r 

MOJRHo rrepec11IITaTb B ycJIOBHLie MOHOCJIO.ltHLie noRphlTIIH () = Na/ N [4,9], r.ne Na -
1:JIICJIO a.ncop6npoBaHHhlX 1:JaCTIIIT, N - 1:JIICJIO aRTIIBHhlX neHTpOB ( o6cyJR,nenIIe CM. 
Bhl!lle ). 

4
KaK. OTMetianoc1, Bl,UUe (9), IIOHJITBe I!OnHoll IIOBepXHOCTB 11n11 I!OpBCThlX B, oco6eHHO, Y3KOI!Opli

CTl,IX cop6eHTOB ( a ueonBTbl 3KCTpay3KOI!OpBCTble) /lOCTaTO'IHO ycnOBHO. 
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IToJIHhitt nepena,n TeilJIOThI a,ncop6n,rn ,naeTCJI cpopMynott 

D.q = qH,o(0 ::::> 1) - qH30(0 => 0) = [(-D.H1(0 ::::> 1) - (-D.H1(0 => 0)], (20) 

D.H1 = (Hg - H1 ) - nopnnaJibHhie MOJI.HpHhie 3HTaJibHhie aemecTBa B pacTBope H 

a,ncop6npoBaHHhIX cpa3aX ( Ta6n. 1). 
HeMOHOTOHHOe IlOBe.neHne ee yRa3hIBaeT ua HaJIH'IHe 3cpcpeRTHBHOro B3aHMO,neil.

CTBHJI B a,ncop6aTe f.. 11:Hor,na ee CBJI3hIBalOT C HeO,nHopo,nHOCTblO no,nJIOlKRH. B paM

RaX HaIIIett MO,neJIH, r,ne OCHOBllYIO pOJib nrpaIOT B3aHMO,nettCTBHJI MelK,ny 6JIHlKallIIIHMH 

coce,nJIMH ,ZlJI.H ,ZlliCI(HaTHBHOtt a,ncop6I(Hli Il-'laCTli'IHOro ROMllJieRca An ⇒ n[A], D.q 
,naeTcJI cpopMy.nott ( 1) Llq = nN AZE. ITo,n'IepRHeM, 'ITO HMeHHO B 3RcrrepnMeHTaJibHO 

li3MepJietrne paBHOBeCHhie H ,ZlHHaMH'leCRHe xapaRTepHCTHRH a,ncop6nntt BXOMT z li 

Zf.. 

KaR yrroMHHaJIOCb BhIIIIe, B MO,ZleJIH co 3Ha'leHHeM f. < 0 HMeeT MeCTO OTTaJIRHBaHHe, 

a npH f. > 0 - rrpHTJilKemi:e. 3Ha'leHHJI I f. I< 10 RRaJI/MoJib OTBe'laIOT q>H3H'lecRott 

cop6I(HH HJIH c.na6ott xeMncop6nHH. .I(JI.H HJIJIIOCTpanHH xapaRTepa a,ncop6I(HH yrne

ao,nopo,noB neoJIHTaMH rrpnae,neM Ta6Jinny (Ta6n. 3). 
MhI an,nnM, 'ITO a,ncop6I(HJI yrneao,nopo,noa Ha neoJIHTax 3aRJIIO'laeTcJI B cne,nyIO

meM: 

1) q>li3H'leCRaJI cop6I(HJI nponcxo,n:iIT RaR C rrpHTJilKeHHeM, TaR li C OTTaJIRHBaHHeM; 

2) rrapaMeTp ZE MaJI, IlOCROJibRY z > 0 (z = 3,4,6 ... ), TO B3aHMO,nettcTBHe f.- Rpattue 

cJia6oe. 

MaJioe 3Ha'leHHe f. HMeeT CJie,nyIOmHe HCRJIIO'leHHJI: 

a) 6eH30JI Ha CaX, ,ZlJI.H ROTOporo xapaRTepHo OTHOCHTeJibHO CliJlbHOe OTTaJIRHBaHHe, 

rrponecc cop6nnH 6JIH30R R xeMHcop6I(HH; 

6) C2H6 Ha H-IIIa6a3HTe - cJia6oe oTTaJIRHBaHne npH q>H3H'leCRoi!: cop6I(HH. 

HanoMHHM, 'ITO ,nJI.H xeMHcop6nmr Bcer,na HMeeM f. < 0, r,ne I f. I Haxo,nHTCJI B 

liHTepBaJie OT 15 ,no 150 RRaJI/MoJlb, ,nJI.H q>li3H'leCROtt cop6I(Hli B03MOlKHhI li f. < 0, li 

t > 0, XOTH BTopoe IlOBe,neHHe npe.l(IIO'ITHTeJibHee. 

3HaJI E, MhI MOlKeM ITOCTpOHTb ypaBHeHHe COCTOJIHHJI a,ncop6enTa ,ZlJI.H cpe,ngero 

'lliCJia a,ncop6HpoBaHHhIX aTOMOB 
Na 

n= 7i· (21) 

OHO ,ZlOJllKHO 6hITb COOTHeceHO C 0, rrepeC'IHTaHHhIM li3 CM3 /r [4, 13). EcTeCTBeHHO, 

lKeJiaTeJibHO H Ha o6paTHOe . .I(JI.H MOHOCJIOfiHhIX a,ncop6nHtt B npoc;ettIIIeM cny'lae 

caMocor.nacoaaHHoro rroJI.H OHO BhirJI.H,nHT TaR: 

0 = (1 - 0)exp [v + zE0],8, 

v = KsT(Ks;;o(,8)) = KsT(apo)- (22) 

HanoM,rnaeM, 'ITO ,nJI.H rroJIHMo.neRyJI.HpHott a,ncop6nnn H30TepMa Bpyua3pa-9MMCTa

TeJIJiepa C y'leTOM B3aHMO,nettCTBHJI ,naeTCJI cpopMyJiott (22') [4, 10]. 

V = Vm~. [1-(r + l)xr + rxr+I] 
1 - X [1 + (k - l)x - kr+lj ' 
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k = !... 
T1' 

X = !?_ - p,8T1 q--;;-, 
0 

(22') 

Ta6nttua 3 

.LJ;mpq>epeHQHaJibHhle TeIIJIOThl a~cop6UHH 

Cop6eHT t 0
, C Yrneeo- 11:HTep- q(0), _D.q, E, 

~opo~ Ba.11' 0, KKaJI/ KKaJI/ 3B 
CM.3 /r MOJib MOJib 

Tttrr A -40 C2H6 0,1 - 0,8 6,6 - 9,5 2,9 ~ 0,0206 
(NaA) 0 - 125 C3Hs 0,1 - 0,8 8,2 - 10,5 2,3 ~ 0,02 
CaA 50 - 225 n - C2H6 0,1 - 0,8 10,2 - 13 0,8 ~ 0,005 
Tttrr X 

(NaX) BeH3oJI 0 - 0,8 28 - 30 -8 
CaX 

Tttrr Y 

(NaY) IJ;HKJIO- 0,1 - 0,8 14 - 14 0 0 
CaY reKcaHhl 
(LaY) 

Illa6a3HT CH4 0 - 80 4,5 - 5 0,5 ~ 0,003 
IlpttpOk C2H6 0 - 80 7,0 - 6,2 -0,8 ~ 0,005 
HhlH 
rna6a3HT 

H-rJm6as:nT C3Hs 0 - 80 88 - 94 0,6 ~ 0,003 

A,ncop6QHJI H~eT Ha cop6eHTax1 He 3aKJIIO'IeHHhlX B CK06KH. 

l13MepeHa ~cop6QHJI pa3HhlX ra3oe, BO~hl, a TamKe cepHHCThlX H 

a3OTHCThlX coe~HHeHHH (H2, CO2, N2,; Ar, S, , .. ). 

EcTb ~aHHhle no ~cop6UHH Ha yrneeo~opo~ax nptt 0 = 0, 1. 

KaTHOH 3aMe~aeT H-rpynno:u H3,35 A/3,35 Sis,65 024 9, 26 H20. 

0 H~O rrepeC'IHThlBaTb e "MOHOCJIOHHhle IIOKphlTHJI". 
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r,ne T - BpeMH y,neplKamrn nepBoro MOHOCJIOH, T1 - BToporo. llMeHHO B3anMo,ne.ll:CTBile 

Il MO,nllCpllI\JipyeT r, Ti [10]. Ilpn f =} 0 OHO nepexo,nnT B Il30TepMy JleHrMIOpa 

0 = exp {3v 
exp {3v + l (23) 

IIocKOJihKY ,nJIH Bcex yrJieBo,nopo,noB /::iq Mam,r ( f =} 0) · To, KaK HaM npe,ncTaBJIH

eTcH, 3THM n 061,HCHHeTCH "JieHrM!OpOBCKntt" xapaKTep ll30TepM, IIOJiy'IeHHhlX B 3KC

nepnMeHTaX IIO a,ncop611nn. OTMeTJIM ,D;OIIOJIHHTeJibHO, 'ITO Ha l\eOJillTax a,ncop61.\HJI 

ymeBo,nopo,noB MOlKeT HOCilTh KBa3JIO,D;HOMepHhl.ll:, ,nByMepHhlfi, TpexMepHhlfi xapaKTep: 

d = 1,2,3. 9~o 3aBncnT OT reoMeTpnn KaHaJioB, coe,nnHHIOilIHX nophl [5]. Heo6xo

,nnMo, KOHe'IHO, Y'IllThlBaTb n TO'IHOCTh Il3MepeHH.ll:. B o6hl'IHhlX q>JI3l!KO-XIlMll'Iec1rn:x 

ll3MepeHl!HX TO'IHOCTh 20% C'Il!TaeTCH ,D;OC'TaTO'IHO XOpOIIIeH. 

O,nHaKo, HeCMOTpH Ha MaJIOCTh f, 3TOT napaMeTp cyll\eCTBeH npn paCCMOTpeHnn Kil

HeTl!Kll: IIOJiy'IeHnH aHaJIOrll'IHhlX BhlpalKeHn.ll: ,D;JIH CKOpOCTefi a,ncop61.\Hll ll ,necop61.\l!ll 

(V..t1c, Vt{ec), onpe,neJIHIOilillX 3BOJIIOl.\l!IO noKphlTl!H 0 llJill lKe KOJill'IeCTBa a,ncop6npo

BaHHOro KOMnoHeHTa co BpeMeHeM. YpaBHeHl!H KJIHeTl!Kil ,naIOTCH q>OpMyJio.ll: (6-8). 

d l ( ap ) -d0;(x,t)=- --8; ·,F(0;,/ ... ), 
t Tch ap1 

(24) 

r,ne p - ,naBJieHne B a,ncop61.\JIOHHott rncTeMe, p1 - B a,ncop6aTe; F( 0;, / ... ) - ,no

cTaTO'IHO CJIOlKHaH q>yHKI\l!JI KOMnOHeHT CMecn, T, f .•• 

B 3TOH CBH3ll npe,ncTaBJIHeTCH Heo6xo,nnMhlM:· 

1) YTO'IHeHne ylKe npoBe,neHHhlX 3KCnepnMeHTOB IIO Il30TepMaM a,ncop611nn ymeBo,n;o

po,noB Ha 11eoJinTax [5]; 
2) 3KCIIepl!MeHTaJibHOe noJiy'IeHne ll30CTepnqecKnX TeIIJIOT a,ncop61.\l!ll BO BCeM l!HTep

BaJie "noKphlTllii" 0: OT "nycThlX" nop ,no IIOJIHOCThlO "3a61!ThlX". 

CJie,n;yeT OTMeTHTh, 'ITO J..\eOJillThl cop6npyIOT Bo,ny, cepHI!CThle coe,nl!HeHHH, napa

q>llHhl ll a30TOCO,neplKall\He. COe,D;l!HeHl!H: d = l, 2, 3. llMelOTCH. 3KCnepnMeHTaJibHhle 

,naHHhle no ll30CTepII'IeCKHM TeIIJIOTaM. 

MaTeMaTJI'IeCKoMy Mo,neJIHpoBaHJIIO npo11ecca nepeHoca B ra3oBo.ll: JI lKll,nKo.ll: q>a3e 

Ha aKTllBHOil: noBepXHOCTJI 6y,neT nocBHilieHa OT,D;eJibHaH pa6oTa. 

IIepe.ll:,neM K OIIJICaHJIIO cop61.\l!OHHO.ll: CJICTeMhl: KOHTeiiHepa-cop6eHTa :u: ycTaHo-

BOK ,nJIH ,necop6n;:u::u:. . 

a). KoHTeHHCp-cop6eHT MOlKeT 6hlTh B_O,D;HOM ll3 no,nxo,noB peaJill30BaH'B Bll,D;C l\llJillH

,npoB (paccTOHHlle MelK,ny 6oKOBhlMJI CTeHKaMll MOlKeT BapbJipOBaTbcH). OHll BhlnOJI

HCHhl 1!3 MaTepllaJia Heq>TenpOBO,na, T0pl\eBhle JI fioKOBhle noBepXHOCTll KOTOphlX npo

Hl!3aHhl nopaMll ,nnaMeTpOM do =} 1 + 1, 5 MM. Pa3Mep Bhl6npaeTCJI U3 coo6palKeH1!.ll: 

3KOHOMil'CfCCKOll BhlrO,nHOCTll. IloJIOCTll MClK.ll:Y D;IlJIUH,npaMil 3anoJIHCHhl cop6eHTOM

l\eOJIIlTOM. IIocKOJihKY npoMhlIIIJICHHhle l\eOJillThl nony'Ia!OTCJI B Bn,ne IIIapnKOB IlJIIl 

rpauyn, pa3MepoM 0,2-0,3 CM u 0,3-0,6 CM COOTBCTCTBeIIHO, TO TaKaH IWHCTPYKI.\IlJI 

IlCKJIIO'IaeT nona,namre cop6eHTa B IIOTOK :u: He CJIIIlIIKOM nperrnTCTByeT npOXOlK,ZJ;eHHIO 

Heq>Tll qepe3 cop6ep. BoJibIIIO.ll: cnpaBO'CfHhl.ll: MaTep:u:aJI II0 MCTo,naM Ta6neT:u:poBaHllJI 
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Il pa3MepaM l\eOJIJITOB co,neplKllTCH B [5] ( oco6eHHO CM. rJiaBy 9). Cop6ep M0lKeT 6hlTh 

mo6ott ,ZJ;JIIlHhl l~, K0TOpaH onpe,neJIHeTCH pa3~epaMU o6JiaCTU cryiliei:iuH, 0J..\eHUBae

Mh!Mll TeopeTl!'ICCKll, a B K0He'IH0M UTore 3KcnepHMCHTaJibH0 Ha n:u:JiOTHO.ll: ycTaHOBKC 

(cM. HillKe). Cop6ep KpeIIl!TCH K BHYTPCHHe.ll: 'IaCTll Heq>TenpoBo,na; Heo6xo.n;nMo KOH

CTPYHTilBHO peIIIUTh 3a,naqy ero 3aMCHhl nocJie Toro, KaK a,ncop6al\HOHHhlll l\l!KJI 3aKOH

'IIlTCH. EcTeCTBCHHO, 3aMeHy M0lKHO ocyll\eCTBJIHTh cpa3y HeCKOJihlillX cop6eHTOB Ha 

6oJihIIIl!X yqacTKax Heq>TenpoBo,na; cpoK 3aMeHh! MOlKeT COCTaBJIHTh pa3 B He,neJIIO, Me

CHJ..\. 8TOT Borrpoc MOlKHO KOHKpeTll3UpoBaTb, irpnBJICKaH Jia6opaTopHhle 3Kcrrepl!MeH

TaJibHhle ,naHHhle no KllHCTilKe ,nnHaMn'IeCKOii cop61.\Illl Ha l\eOJIUTax, a TaKlKe npoBO,nR 

3HCnepnMeHThl Ha IIIlJIOTHOll ycTaHOBKe. CxeMaTH'IHO KOHTCHHCp-cop6ep rrpe,ncTaBJICH 
na puc. 5. 

Do ,....._---------7-\ I 
1

0\ I \ I 
10 0 1 I \ / 
'oo I / I V I 
I O I ----- I I 
IO O / I / \ 

I 
I 

\ I \ \001 \ I ,___,, __________ :,,../ \ 

: 111111 
: 1111111 

do 

----- ....... 1/ 2'":"....-J·-·-....... ', 
/ /4/:·.-:::,:,,, 

:y/ ;·/:.· :.•· ......... \ .\ \ I . • • • . • • • . -• 
I 1·· I . f ,,: : .... ~ ·. ·. .) .) I 

: . ~ : · ... : : : : . . 
' .. \ • ... ·. . . • • • . . I 
\ \ .•. ·. . . . . .· .• / I 

. ·, •••.••. ·:. .. . I ' ..... / // 
''- -.. -·· ,·...... ..,.;'/ 

......._ .:_-_:_ .,,,.,,,. 

Puc.S 

X -

KoHTettaep, yKperrJieHHhl.ll: B neq>TerrpoBo,ne, co,neplKIIT Heo6xo,nnMhl:I!: cop6ep. Ta

HUM o6pa30M, cop6ep rrpe,ncTaBJIHCT co6ott COB0KYIIHOCTh COOCHhlX l\lllil!H,npoB, CKpe

lIJieH!lh!X MelK,ny co6ott, c ,n;naMeTpaMll D; ... ; D; < Do; Do - ,nllaMeTp HCq>TerrpoBo,na 

(3:: 1 M); do - ,nnaMCTp rrop cop6epa, X - OCh Heq>TerrpoBo,na, v - CKOpOCTh nOT0Ka 

IICq>Tll (3:: 0, 5 - 1 M/ceK) ll BapbllpyeMhle paCCTOJIHUJI MClK,ny 6oKOBh!Mll noBepxao

CTJIMU. 
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:tfraK, eme paa BLirrnnieM qmrypnpyIOmne 3,lleCh rrapaMeTpLI. 

D0 - ,llllaMeTp Tpy6LI HeqnerrpoBO,lla (==' 1 M); 

D; - }lllaMeTphI CRpemieHHhIX IIllJillH,llpOB D; < Do; 
i - KoJinqecTBo cop6epoB; 

do - ,llllaMeTp rrop Ha TOpIIax n CTeHKax cop6eHTa, do ==' 1 - 1, 5 MM. 

EcTeCTBeHHO, rrpe,llJiaraeMaJI HaMn 3,lleCh KOHCTpyKIIllJI cop6epa Jllllllh 0,llHa ll3 B03-

MOJRHhIX, Ha,llO nMeTh B BIIJlY' qTO HaJmqne B Heq>Tll acq>aJibTeHOB, CMOJI ,llenaeT ee 

peaJinCTnqHott Jilllllh JlJIJI Tex Heq>Tett, r,lle nx rrpoIIeHT MaJI. 

3aMeTnM, qTo peaJill3aIIllJI KOHTell:Hepa-cop6epa B BII,lle ClICTeMhI COOCHhIX IlllJillH

JlpOB II03BOJIJieT pe3KO yBeJinqnTh BeJiuqnHy aKTIIBHOtt cop6IIHOHHOtt IIOBepxHOCTll. 

OHa MOJReT COCTaBllTh MHorne KBa,llpaTHhle l{IIJIOMeTphI. TaKaJI KOHCTpyKIIHJI II03BO

JIHT II3rOTOBJIJITh cop6ephl He6oJihlllllX pa3MepoB 1: CM, tJTO. He CJIHIIIKOM CKaJReTCJI Ha 

TpaHcnopTnpoBKe ·Heq>Tll.· KoHetJHO, l{OHKpeTHhle pa3Mephl, KOHCTpyKTllBHYIO cneIIn

q>IIKY, OllTllMaJihHOe 'lllCJIO cop6epoB, paCCTOJIHne MelRJlY IlOBepXHOCTJIMll COOCHhIX IIII

JIHHJlpOB ( ero MOJRHO JierKO BapbllpOBaTh) He06XO,lllIMO onpe,lleJillTh ,rncrrepnMeHTaJihHO 

Ha IllIJIOTHOtt ycTaHOBl{e. 

6). ITocJie BhleMKll n3·Heq>TenpoBO,lla cop6ephl (HanoMHHM, 'ITO OHII MoryT HMeTh He-

6oJihllllle paaMepLI 10-20 CM) IlOMemaIOTCJI B ycTaHOBl{ll JlJIJI ,llecop6IInn, l{OTOphle MoryT 

6LITh paaMeIIIeHhI tJepe3 1-2 KM no ,llJIHHe Heq>TenpoBO}la. Y.llaJieHIIe a}lcop6npoBaHHhIX 

yrneBOJlOPOJlOB, BO,llhl ll OTpaBJIJI!OIIIllX Heq>Th npnMeceit, Kai{ ll3BeCTHO, ocymeCTBJIJieTCJI 

mr6o noBLIITieHneM i'eMnepaTypLI, Jin6o noHnJReHneM ,llaBJieHnJI [5], Jin6o · nyTeM rrpo

JlYBaHnJI Hea,llcop6npyIOIIIllXCJI ra30B. IloTOI{ ra3a nrpaeT TY JRe pOJih, tJTO ll IlOHHJRe

Hlle ·JlaBJieHnJI: OH IlOHllJRaeT napIInaJihHOe ,llaBJieHire. a,llcop6eHTa n, CJie,llOBaTeJihHO, 

cnoco6cTBYeT ,llecop6IIllll [5]. ,l{JIJI rrpo,llyBaHllJI a,llcop6eHTa-cop6epa llCIIOJih3YIOTCJI 

coe,llllHeHirn, KOTOphle npn HOpMaJihHhIX ycJIOBllJIX MoryT 6LITh JRll,lll{HMll llJllI ra3oo6-

pa3HhIMll. CKOH,lleHcnpoBaB IlOTOI{ IIOCJie npOJlYBKll, }lecop6npoBaHHhle yrneBOJlOPOJlhI 

MOJRHO OT,lleJillTh pa3rOHKOJ1 n co6paTh B COIIYTCTBYIOIIIlle eMKOCTll. CyIIIeCTBYeT B03-

MOJRHOCTh OtJllIIIaTh cop6epLI,. 
11

BhITeCHJIJI" ll3 HllX a}lcop6npoBaHHhle BeIIIeCTBa, HO, Ha 

Halli B3rJIJIJl, 3TOT MeTOJl MeHee 3KOHOMlltJeH, HeJReJin nepBhle Tpn. Han6oJiee rrep

crreRTlIBHhIM n 3KOHOMllqHhIM HaM npe,llCTaBJIJieTCJI MexaHll3M OtJIIIIIeHIIJI cop6epoB-

1{0HTei1HepoB C nepeMeHHhIM }laBJieHneM ll IIpOJlYBKOit. B MexaHII3Me oqnIIIeilnJI ll3MeHe

HlleM ,llaBJieHnJI He HYJRHO MeHJITh TeMrrepaTypy: OH II}leT ll30TepMHtJeCKn. BnarO,llapJI 

noMy rrpoIIecc oqnIIIeHllJI n}leT JlOCTaTOtJHo 6LicTpo. HyJRHhI, ROHeq:ii:o, KOMIIpeccop

HLie ycTaHOBRllj 3HeprlllI pacXOJlYeTCJI rJiaBHhIM o6paaoM Ha "BaKyyMnpoBaHne". 8TOT 

rrpoIIecc MOJRHO IIpOBO,llllTh rrpn aTMOCq>epHOM n 6oJiee HlI3KllX, HeJReJIH B Heq>Terrpo

BO}le, rrapIIIIOHaJihHOM }laBJieHllJIX. YrrpoIIIeHHO 3TO MOJRHO rrpe',llcTaBllTh Tai{; ( CM. pnc. 

6). 
HaMH llCIIOJih30BaHa "rroJIOBIIHa" ycTaHOBl{lI o6LiqHoro a,llcop61IllOHHoro IIlIKJia; 

BTopott "rroJIOBllHott" JIBJIJieTCJI Heq>TerrpOBOJl c cop6eHTaMH-ROHTel1HepaMn. TaKIIM 

rryTeM, CRaJReM, y}laeTCJI ll3BJietJh 98% HOpMaJihHhIX rrapaq>nHOB OT H-IIeHTaHa JlO .H

,lleKaHa. QqnIIIeHHhle cop6epLI-ROHTel1HephI MoryT 6LITh ,llaJiee BHOBh IIOMeIIIeHhI B He

q>TeIIpOBOJl. 

3. ,l{JIJI Toro, qTo6hI paCCMOTpeTh Borrpoc O IlllJIOTHOtt ycTaHOBRe, He06XO,llllMO orrn

caTh MaTeMaTnqecRn IIOTOR Heq>Tll B Heq>TeIIpOBO}le. B ll,lleaJie He06XO,lllIMO ,llo6aBllTh 

I{ ypaBHeHllJIM CllCTeMy Jlllq>q>epeHIIllaJihHhIX ypaBHeHntt ,llJIJI N-KOMIIOHeHTHOtt CMecn 
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.Qecop641-10HHar1 
CHCTeHa 

Pa3eera11eHHb1e 
1-1 41-1Knw-1ecK1-1e 
yr neeo.Qopo.qbl 

,,.,:,:, {-; ;_r--'.-(1&f~r ,: ,' ,'-::-- '-------,--

Cop6epb1 · 

Puc.6 

' 

HopMa11·bHb1e 
napa<t>HHbl 

B3alIMO,llettcTByIOIIIllX llHrpe,llIIeHTOB. 8To 6y}leT C,lleJiaHO B Hamett OT}leJihHOit pa6oTe. 

YtJHThIBaJI, tJTO B Heq>TeIIpOBO,llax HMeeM, !{al{ rrpaBnJIO, CTaIIHOHapHoe JiaMnHapHoe 

Te'ICHlle CJia6o CJRllMaeMOtt JRll,llKOCTll, Mhl 6y,lleM MO,lleJinpoBaTh ycTaHOBRY llCIIOJih30-

BaHllJI ypaBHeHntt HaBbe-CTORca, IIOJiaraJI, qTo B HllX q>nrypnpyIOT .ypaBHeHHJI Be

JinqnHLI u(x,t), P, ii, p n T.Jl. OT6op JRe Toit llJIH llHOtt l{OMIIOHeHThI rrpOH3BO,llllT 

cop6ep-KOHTe:il:Hep. TaRHM o6pa3oM, orrycKaJI 3HaK cpe,llHero B u, P,- ii }lJIJI IIOTOKa 

HeCJRIIMaeMott lRll,lll{OCTll,HMeeM CJICJlY!OIIIHe ypaBHeHHJI: 

Du 1 
Dt + p9radp = g + v~u; (25) 

D d d 
D = d+u-d' t t X 

u(x, t) - cpe,llHJIJI CROpOCTh B IIOTOKe (u ==' 0,5 -1 M/ceR)j 

p - cpe,llHJIJI IIJIOTHOCTh, p = 1 / N'E.f': 1 ; 

p - rn,llpOCTaTnqecRoe }laBJICHHe B IIOTOKe; 

g - IIOCTOJIHHaJI CHJihI TJIJReCTllj 

V - cpe,llHJIJI RllHeMaTnqecKaJI BJI3ROCTh V = µ/ p; 
p = h(p) - ypaBHenne cocTOJIHllJI. 

Bee ,llaHHhle BeJIHqllHhI MoryT 6LITh ll3MeHCHhI }lJIJI yqacTKa Heq>TerrpoBO}la, Ha RO

TopoM ycTaHOBJieHo "n" cop6epoB, CRaJReM, Ha paCCTOJIHllll 500-1000 M. 3aMeTnM, 

qTo 3aqacTy10 JlJIJI BJI3KOit lRllJlKOCTll C IIOCTOJIHHOit IIJIOTHOCTh!O Po rpaBllTaIIHOHHhlit 

3q>q>eKT 3KBnBaJieHTeH HaJioJReHnIO rRJlpOcTaTnqeCRoro ,llaBJieHHJI p0 G(x, h) [12]. 
8To rrpnBOJlllT K rrepeHopMnpoBKe p =;, p - p0 G(x, h). PoJih o6LiqHhIX rpaHnqHhIX 
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yrnoBnit y Hae nrpaeT ypaBHeHne (19). 

divu = 0, 

, u(x)/"£ = 0. 

.D,oyMHOJI{aJI (25) Ha 4 n nepeX0)J.JI R 6e3pa3MepHbIM nepeMeHHhIM, noJiyqnM 
v. 

u' = u/vo, 

t' = v 0 t/ L, 

x'=x/L, 

p' = p(x, t)/Pa, 

L - xapaRTepHbie "pa3Mephl" (B ):(aHIIOM cJiyqae, ):(llaMeTp Tpy6hl); 

Vo - CR0p0CTI, Il0T0Ra; 

Pa - xapaRTepHoe JI0RaJibHoe ):(aBJieHne BO BHenrneit cpe):(e. 

OnycRaJI nnpnxn, noJiyqnM 

1 1 (g·) 
Dui = Re~u; + Fr -J 

Re= V,,L/v - qncJio PeiiHOJib):(ca; 

Fr ~ Vo2 / Lg - qnCJio <l>py):(a; 

I( a= pv;/2pa - "RaBnTaI(llOHHoe qncJio". 

1 
- 2/{adx;p, 

(26) 

(27) 

(28) 

(29) 

MbI 3allHCaJIH ypaBHeHHe (6) B R0Mil0HeHTaX X, Y, Zj j = 1,2,3; C00TBeTCTBeHlIO, 

qncJia Re, Fr, Ka - 6e3pa3MepHhle napaMeTphI. 

.D,onO.iIHHTeJibHO R 3TllM rn):(p0):(llHaMnqecRHM napaMeTpaM BB0):(llTCH RHHeMaTnqe-

CRHH napaMeTp 

µ = Vo/c 1 

µ - qnrno Maxa; 

C - CR0p0CTI, 3ByRa B HeB03Myll(eHH0M Il0T0Re; 

Vo - CTaI(H0HapHaJI CR0p0CTI, 3ByRa. 

(30) 

.D,.iIH Il0JIHoro onncaHHH CJI{llMaeMoit, BH3R0it Jl{Il):(R0CTH, B R0T0poit B03MO}KHO o6pa-

30l\aHne RaBepH, CTpytt, o6pbIBOB B Il0T0Re, Heo6XO):(llMO 3a):(aTh ypaBHeHHH COCTOHHHH 

P = h(p). 

B Heq>TenpoBO):(e 3T0 ypaBHeHne _C0CT0HHlIH CMecn . .D,.iIH HeBH3RlIX Jl{ll):(R0CTefi, HMe

lO]UllX 0):(H0p0):(H0e CTpoeHne (qncTaJI B0):(a, B03):(YX ll T.n.), npn 6bICTpbIX TeqeHHHX 

npoI(ecc n):(eT a):(na6aTnqecRH n n:MeeM TaR Ha3h!BaeMoe noJiinponHoe ypaBHeHne co

CTOH~HH p = kp'", '-y = cp/ Cv, Ilpe):(e.ilhHhlit cJiyqafi 1 = 1 oTBeqaeT ll30TepMnqecRoMy 

TeqeHHIO . .Ll,JIH Jl{Il):(R0CTH OHO ( rrpn:6.iIHJI{eHHO) BhI6npaeTCH B Bll):(e Pa - Pv = kp-Y, r,n:e 

P.v - eCTb ):(aBJieHne npn RaBIITaI(llH [12] . .Ll,.iIH He3HaqnTeJihH0 CJI{HMaeMbIX HeBH3RllX 
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lRll):(KOCTefi ll µ < < 1 MOJI{HO npe):(II0JiaraTI, p = Po• Bonpoc 06 ypaBHeHHll COCTORHHH 

JJ..iIH MHOroKoMnoHeHTHOfi BH3R0fi ll{H):(R0CTll (llaJRe ):(.iIH JJ.BYXROMnoHeHTHott) 0TRpbIT ll 

J].QJIJI{eH peruaTI,CH MeT0):(aMn CTaTllCTnqeCRofi MeXaHHRll. B CJiyqae Heqnn (N > 100!) 
ero MOJI{HO nonbITaTbCH pemaTb, CRallieM, B npn6Jillll{eHnn CaMocorJiacoBaHHoro no.iIH 

perneToqHofi MO):(eJin. 
5 

EcTecTBeHHo, na rrpo6JieMa Tpe6yeT ):(aJibHefiruero nccJieJ].oBa

HHH. Ha):(o OTMeTllTb, qTo HeK0T0phle o6mne BhIB0):(hI ll3 ypaBHeHHH (22) HaX0)J.JITCH 

B 3aMeqaTe.ilbHOM COOTBeTCTBIIll C TeXHnqeCRllM 0IIbIT0M no C03JJ.aHHIO M0J].eJiefi: onn

caHHIO CllTyaI(llll JJ..iIH noTOR0B <P, xapaRTepn!:1yeMbIX Vo, L, v, P, n3yqaJI CllTyaI(ll!O 

JJ..iIR rroToRoB <P B Jia6opaTopHhIX MacruTa6ax v~, L', v', p'. B HarueM cJiyqae M0JI{H0 

"rrponrpaTb" CllTyaI(HIO B yqaCTRe HeqnerrpoBOJ].a rrpneM.ileMofi ):(.illlHhI ( 500-1000 M) 

Ha Jia6opaTOpHofi ( IIllJIOTHOfi) ycTaH0BRe, pa3MCpbI R0T0poit, pacnoJI0JI{eHne cop6epoB

KOHTefiHepoB MOJ].CJIHpyIOT ):(aHHhlfi yqacT0R uecjnenpOBOJ].a. TaK, B qacTH0CTll, ll3 (29) 
C.ileJ].yeT, '!TO eC.illl BJillRHlle CllJihI TRJI{eCTH, CJI{llMaeM0CTll ll RaBHTannn He3HaqnTeJibHhI, 

TO MOJ].CJih J].OJI}KHa lIMCTh TO Jl{e CaMoe qncJio PefiHOJII,J].Ca Re: M0J].eJinpoBaHne no qn

C.ilY PefiHO.ilhJ].Ca. EC.illl He HMe!Or 3HaqeHllH CJI{HMaeM0CTh, KaBnTaI(!IH ll BH3K0CTh, TO 

MOJ].C.illlpOBaTb HaJ].o no qncJiy <l>pyJ].a Fr. EcJin M0JI{H0 npeHe6peqy, CJI{HMaeM0CTb!O n 

BR3KOCTh!O, TO CJie):(yeT coxpaHHTh HeH3MeHHbIMll Ka!{ qlICJI0 Fr, TaK ll KaBnTannoHH0e 

'!liCJIO I( a, yqnThIBaJI rpaBHTaI(H0HHble ll KaB11Tan110HHble 3q>q>eRThI. 6 

TaK11M o6pa3oM, Te liJIH HHhle cJiaraeMhle B (22) He nrpaIOT poJI11, RaK pa3 T0rJJ.a, 

HOrJ].a MaJibI COOTBeTCTBYIOJUlle K03q>q>nnneHThI B 3T0M ypaBHeHllli. EcTeCTBeHHO, He

o6xOJ].llMO rrpn 3TOM IIpllBJieRaTb ll ):(Ba ):(pyrnx ypaBHeHHH rn):(p0):(llHaMllKH, K0T0phle B 

6e3pa3MepHbIX nepeMeHHhIX BhlrJIH)J.JIT TaK: 

DP = d1p + dx;(pu;) = O; p = f(Pap). (31) 

B qacTHOCTlI, ypaBHeH!Ie II0JI!ITp0IIhI J].aeTCH q>OpMyJiofi 

- (k--r/ )[p J--r - [ P . ]-r P - P a - Pv - k( _ ) · 
Pa Pv 

EcmI MOlf{HO paccMaTpHBaTI, Heq>TI, HaK HeCJI{llMaeMyIO BH3KYIO ll{ll)J.K0CTh, TO M0JI{HQ 

MOJJ.eJinpoBaTh no qncJiy PettHOJihJ].ca. Ho 3):(ecy, HJJI{H0 CJJ.eJiaTb JJ.Ba 3aMeqamrn. 

1 . .Ll,JIH BR3KOfi HeCJI{llMaeMofi ll{HJJ.K0CTll e):(!IHCTBeHHhIM D03M0JI{HhlM perneHHeM, o6JiaJ].a

lOJUl1M CllMMerpnett Heq>TenpOBO):(a (pnc. 1) ( CTaI(li0HapHhle TeqeH!IH BH3K0fi lRllJ].K0CT!I 

B Hpyrnofi rpy6e), HB.iIHIOTCH reqeHHH Ilya3efiJIH [12], orrpe):(eJIHeMhle cjiopMyJiaMll 

npu 3T0M' 

_ (R2 2) Ux - a 
O 

- r , Uy= Uz = 0, 

d 
- dxp = 4µa = 4pav = 8vpQ 

r.Ri' 

(32) 

5
CM. TaKJKe [15]. 

6
Bonpoc O MOJ:leJrnponamrn ClKHMaeMhlX IlOTOKOB lKH,llKOCTH H raaa Heo6xo.11HMO paccMaTpHBaTl, 

OTJ:leJlhHO [12]. 
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rne Q = 1raR!/2 - ofrheM lRIIJ{ROCTII, npoTeRa!OIUefi 3a e,[{IIHIIIIY BpeMeHII qepe3 norre

pe'IHOe ceqem1e Tpy6h! - 3aROH IIya3efim1-XaTcoHa. PeIIIeHIIe (24) ynoBJieTBopneT, 

RaR Mb! BHJJ:IIM, ycnoBIIRM npIIJIIIIIaHHR ux;dr = R) = 0. TaRIIe Te'leHIIR orrpene

JIRIOTCR RaR "Hb!OTOHOBCRHe". MHOfO'IIICJieHHble 3RcrrepIIMeHTbl J{JIR pa3JIH'IHb!X lRII

J{ROCTefi nOJ{TBepJ{IIJIII, 'ITO 3TO cnpaBeJ{JIIlBO J{JIR Re < 2000 II He Bb!IIOJIHIIMO J{JIR 

Re > 104• ,UJIR Re > 104 Ha6nronaeMh!e Ha onh!Te Te'leHIIR o6h!'IHO He o6nanaroT HII 

rrpocTpaHCTBeHHofi:, HII BpeMeHHOfi: CHMMeTpIIefi II RBJIRIOTCR Typ6yneHTHb!Mll. OTMe

THM, 'ITO B peaJU,HblX noTORax Heq>Tll 4 < Re < 104 
Mb! IIMeeM BeCbMa IIIIIpO!me B03-

MOlRHOCTII, MOJ{eJmpyn TeopeTII'leCRH. Crreu;IIaJibHOfi o6pa60TROfi BXOJ{a B Tpy6y MOlRHO 

J{06IITbCR JiaMHHapHOCTII BIIJIOTb lJ.O Re < 4000. EcJIII JRe He rrpHHIIMaTb crreu;IIaJibHbIX 

Mep, TO rrpII Re> ReKp(ReKP = 2000) Te'leHne cTaHOBIITCR Typ6yneHTHhIM, a peIIIeHIIe 

( 11) HeycTOfi:lJIIBb!M. MolRHO,ROHelJHO, RaR Mbl II rrpell,IIOJiaraJIH BbIIIIe, IICRaTh peIIIeHIIR 

(8), o6Jial1,a!OIUlle CIIMMeTpIIefi: Heq>TerrpoBOll,a B cpenHeM ( CTaTII'leCRIIe): 

fix= F(r), u, = ii0 = 0, iix(r) = G(r), u,2 = H(r). (33) 

MbI rrpIIXOJ{IIM R 3aJ{alJe, fll,e BbICTyIIa!OT "CTOXaCTII'leCR!Ie J{Uq>q>epeHIIUaJibHble 

ypaBHe~un" ll,JIR IIOTORa. 

Monennpyn no 'IHCJIY PefiHOJihll,Ca, Hall,o co6JI10lJ.aT1, ll,Be npell,OCTopolRHOCTII: 

a) Heo6xol1,IIMO CTpOUTb nHJIOTHYIO ycTaHOBRY c TOfi: JRe IIIepoxoBaTOCTb!O noBepXHOCTII, 

'ITO II noBepXHOCTb Heq>TenpoBOJ{a. 8To 03HalJaeT npoCTO TO, 'ITO Mbl npII ee Jia6opa

TOpHoii peaJIII3aIIIIH J{OJilRHbl IICnOJib30BaTb TOT JRe MaTepIIaJI, 'ITO U CTeHRII Heq>Tenpo

BOJ{a. B 3TOM cnyqae Typ6yneHTHOCTb noToRa B npIIrpaHII'IHOM CJIOe ayTeHTIIlJHa B 

HeqJTenpOBOll,e II ii nHJIOTHOfi: ycTaHOBRe; 

6) Typ6yneHTHOCTb CB060J{HOfO nOTORa ll,OJIJRHa OCTaBaTbCR TOfi: JRe caMofi, RaR J{JIR 

nIIJIOTHOii ycTaHOBRII: 

Re= Re, 
VoRo VoRo 

(34) 
II II 

IIocROJibRY Hae IIHTepecyeT noBell,eHIIe TOfi: }l{e caMofi: Heq>TII, 'ITO nponycRaeTCJI no 

Heq>TenpoBOJJ:Y' TO 

ii = II, VoRo = VoRo. 

YMeHhlllaJI pall,nyc ycTaHOBRH B "k" pa3, k > 1, R0 = R~/k, MbI ll,OJilRHhI, cooTBeT

crneHHo, yBeJIH'IHTh cRopocTb B "k" pa3. 1-beaJibHO 6h!JIO 6bl pa6oTaTb c Heq>Th!O c 

yMeHhIIIeHHhIMII 'IHCJiaMn: PefiHOJihJ{Ca (Re < ReKP) H yqacTRaMu Tpy6hl, npencTaBJIR

!OIUUMII CIITyau;n:ro Ha MaRCIIMaJibHblX ero J{JIHHax. CRaJReM, npu J{JIIIHe HeqJTenpoBOJ{a 

~ 104 RM, y'laCTRll ~ 1 - 10 RM. 
7 

. B 3aBHCHMOCTtt OT reoMeTpIIH Tpy6bl Heq>TenpoBOll,a He IICRJIIO'leHO C03l1,aHHe He

CROJibRI!X nHJIOTHblX ycTaHOBOR Ha BCeM npoTJIJReHIIH. Jlro6onhITHO, 'ITO, yBeJIH'IHBaJI 

palJ.IIYC nHJIOTHOtt ycTaHOBRII, MOlRHO 3HalJIITeJibHO yMeHb!IIIITb CROpOCTb nOTORa Heq>TII 

qepe3 Hee (ll.o·cM/c). 8To no3BOJIHT neTaJihHee npoaHaJIH3IIpoBaTb npou;ecc.cop6u;m1. 

7Crrpaae;imrno Ii o6paTHOe: yaeJIH'IHBaJI ;tHaMeTp Tpy6u B "K" pa3, Ha;to yMeHblIIHTb CK0p0CTb B 

"x" paa. 
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2. PoJib "rpaHII'IHOfO ycJIOBHR" B HaIIIeM cnyqae Hrpa!OT ypaBHeHHJI RIIHeTIIRH aJ{

cop6u;0:u, 'ITO, RaR ynoMHHaJIOCI, BblIIIe, o6ycJiaBJIUBaeT nOJIBJieHJie perueHIIfi COBMe

CTHOii CHCTeMbl ypaBHeHntt (19): fJiaBHOe JiaMHHapHoe TelJeHIIe, aTTpaRTop, XaOTH'le

CRHfi pelRHM. 8TOT Bonpoc noJIHOCTb!O OTRpbIT n: HYlRll,aeTCJI B llCCJiell,oBaHHH. ,UJIR 

rroJIHOThI RapTHHhI omrrueM MonennpoBaHHe no 'lncny <l>pyll,a n no 'lncny RaBHTau;nH. 

BJI3ROCTb ll ClRHMaeMOCTb He nrpa!OT ponu, HO B Heq>TH HM.e!OTCJI "CB060l1,Hble noBepXHO

CTII", HaXOJ{JIIUHeCR non IIOCTOJIHHbIM J{aBJieHHCM. IIpu ·II~BeCTHOil CMeJIOCTH HX MOJRHO 

OTOlRJ{CCTBHTb co crycTRaMH yrneBOll,OpOll,OB, B03HHRa!OIUHMH B TOM HJIH HHOM MeCTe. 

EcTecTBeHHO, noBell,eHHe JiaMHHapHoro TelJeHHJI Heq>Tll B Heq>TenpoBOll,e MOll,eJIHpy

CTC.11 B 3aBHCHMOCTII OT reoMeTpHH npenJITCTBHJI. IIpocTe:l!:ruee noBell,eHHe cxeMaTH'IHO 

rrpell,cTaBJieHo Ha pnc. 7. 

I 
I 
I 
I 
I 
I 
I 

\ 
I 
I 

I 

{), 
I 
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I 
\ 
\ 
\ 

.QBH>t<eHHe 
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\ 
\ 
\ 
\ 
I 
I 

CTeHKH 
He¢TenpOBO,QQ 

''KasepHa'' 

Puc.7 

B 3TOM cny'lae HaJIHIIO noRBJieHHe o6nacTe:l!: pa3pJilReHHJI 3a crycTRaMH - "Ra

BepHbI". Cnyqafi, ROrll,a pa3pHJReHHJI B }l{I!ll,ROCTH 3anoJIHJIIOTCJI rrapoM rrpn p < Pv(P = 
Pv B "RaBepHe", p > Pv B lRllll,ROCTH). A BO BHeIIIHe:l!: o6JiaCTH HMeeM xapaRTepHoe na

BJieHHe Pa. 
2Pa 2(P~Pv) 

I<a-1 = --2 3aMeHJICTCJI Ha I<a-1 = ---
2
-, 

PoVo PoVo 

fll,e Pv - J{aBJICHHe B "RaBepHe"' ypaBHeHHJI (15) nepe~OJ{JIT B 6e3pa3MepHy!O q>OpMy 

ypaBHeHn:l!: 8ttnepa: 

Du = J__ (g;) 1 
• Fr g - 2ka dx;p; 

. 2 ) ka = fracpov 0 2(pa - Pv • (35) 
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Ilpe,1UIOJiara.n, qTo crycTKll B03HllKalOT caMonpOll3BOJibHO npll p > Pv, Mbl .l{OJIJKHhI 
nocTyJinpoBaTh B03HllKHOBeHlle pa3pbIBHOro ypaBHeHllH COCTOHHllH, Be.nymero ce6H Ha 
CB060.l{HOfi noBepXHOCTll CJie.nyIOIUllM o6pa30M: 

p = { Po, P > Pv , 
Pv, P = Pv 

(36) 

Ilpn 3a,naHHhIX Pa ll Pv npeo6pa3oBaHHH no.no6nH 

X~ = O:Xi; t' = j,t, m'=,m (37) 

ire ll3MeHHIOT COOTHOIIIeHll:ll: (36), eCJill He ll3MeHHeTCH BeJinqnHa J{ a B (25). 
Ilpeo6pa30BaHlle (37) npoBO.l{llTCH TaKllM o6pa30M, qTo6bI qncJIO Fr He MeHHJIOCb. 

B qacTHOCTll, ecJill 
Ro : Ro = 1 : a, Ra= aRo, (38) 

(Pa - ?v) = a(Pa - Pv), vo = va1v,,, 
TO 

J{a = Ka, Fr= Fe. (39) 

MbI .l{OJIJKHbI peIIIaTI> ypaBHeHllH 8:ll:Jiepa COBMeCTHO c ypaBHeHllHMll Ha !pllKCllpO· 
BaHHOfi noBepXHOCTll - noBepXHOCTll Heq>TenpoBo.na (5) n ycJIOBllHMll Ha CBo6onHo:ll: 
noBepxH0CTll pa3pbIBHOf0 Tllna (36). "CBo6oJJ;Ha..H noBepXHOCTb" MOJKeT MOJJ;eJillpOBaTb 
crycTKll yrneBonoponoB caMofi pa3JillqHofi ROH<pnrypaunn: ccpepnqernott, UHJIHHJJ;pll· 
qecKofi, nJIOCKO:ll:, 3JIJillnCOll)l;aJibHOH ll T.n. B OTJ];eJibHhIX yqacTKax peaJibHOro noTOKa 
Heqnn nono6Horo pona "KJiaCTepbI" 6e3yCJIOBHO. npncyTCTBYIOT ll Ha 3TllX yqacTKaX 
M0JKHO llCnOJib30BaTh MO)l;eJinpoBaHlle no qncJiy <l>pyna C noHHJKeHlleM "naBJieHllH". 

MoneJinpoBaHHe no qncJiy Maxa µ = vo/c (v 0 - cKopocTb ToJiqKa, c - cK0· 
poCTb 3ByKa), xopoIIIO nepena10mee CHTyaun10 nrut CJKllMaeMhIX HeBH3KllX TeqeHll:ll: npll 
CKOpocTHX, 6Jill3KllX K CKOpOCTll 3ByKa, HaM 3J];eCh He noHano6HTCH. 
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