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BJIIUIHIIE K03«1l«llDIJ,HEHTA HCllAPEH1UI HA ):(BIDKEHHE 

JIETYQEH A3P030JThHOH ~CTHqbI B IIOJIE rpA)UlEHTA 


TEMIIEPATYPhI C yqETOM IIOllPABOK HA quCJIO KHY)1:CEHA 

B RHHAPHOH r A30BOH CMECH. 


1O.H.HJlaM06, M. tP.EapuHo6a, D.B. Cma6qe6a 

nOCTaHOBKa 3a,lJ;a'IU. 


UyCTb B Heorpa.IIWIeHHOH Heno):um)I(HOH 6HHapHoH ralOBOH CMeCH C03,[(aH H 


]OMepXQmaerc}l nOCTomm.IM rpMBeHT TeMlleparypbI Ar =(VT(e)'X). B TaKyIO 

fleo):ulOpo,[(HO Ha:rpeTYIO cpe,lly nOMeIJ:(aeTC}I ne-ryq:M KaITn}I ccpepH'IeCKOH CPOPMhI C 

K03CPCPHIUleHTOM HcnapeHIDI a. I1cnapeHHe )l(H)U(OCTH npOHCXO.[(HT npH tIHcnax Maxa MEoro 

loIeHbIllHX e.l(HHHlJ;bI. MOneKYJIbI KOH.l(eHcHpOBaHHOH CPalbI 06palYJOT nepBbIH (neTy'IHii) 

<OMllOHeHT 611HapHOH ralOBOH CMeCH. ,l(mI ralOBbIX MoneKYn BTOporo (Hecym;ero) 

<OMnOHeHTa nOBepXHOCTh KanJIH HenpoH~aeMa. TennOBoe H .[(HCPCPY3HoHHoe CKOJIb)l(eHHe 

rala B,[(OJIb rpaHH'IHOH nOBepXHOCTH BbI3blB8lOT OTHOCHTeJIbHOe ,[(BH)I(eHHe 'IaCTHI(bI B 

~al006palHOH cpe,[(e. 

HanpasneHHoe paBHOMepHoe .[(BH)I(eHBe 'IacTBIU>I B pe:>KHMe co CKOJIb)l(eHHeM 

lCapaKTepH3yerc}l TepMocpopeTH'IeCKoit CKOPOCThIO UT. qaCTHu;a RCllbITbIBaeT ,[(eHCTBHe 

repMocpOpeTH'IeCKOH, .[(HcpymocpOpeTH'IecKoH, peaKTHBHOH H TepMOIC3.IlH.JlIDlpHOH CRn 

:FTF' FDF , Fa' FO' ), KOTopbIe CTpeMHTC}I CKOMlleHCHpOBaTh cuna F" B}l3KOro conpOTBBneHH}l 

)Kpy)l(aIOIu;eH Cpe.[(bI. AaH)l(eHBe ClIHTaeTC}I YCTaHOBHBIIIHMC}I, ecJIH HC'Ie3aeT 

Je3YJIbTUpyIOID;M CHna 

F =FTF + FDF + Fa + FO' + Fv =o. 
BnIDlHHe ne-ryq:ecm Ha TePMocpopeTH'IeCKOe .[(BH)I(eHHe KannH npOHCXO.[(HT C palHbIX 

;TOpoH. Bo-nepBbIX, MeIDllOTC}I pacnpe,[(eneHIDI TeMneparyp BH)'TpH H BHe KanJIH. B 

~e3yJIbTaTe B,[(OJIb rpaHH'IHOH nOBepXHOCTR nO}l8JUlerc}l ,[(ononHHTeJIbHOe CKOJIb)l(eHHe 

ralOBOH CMecH, H3MeH}leTC}I TaHreHI(RanbHM TepMOKanHnngpHM CRna, 06ycnoBneHHM 

iIepeMeHHbIM Me)l(cpalHbIM nOBepXHOCTHbIM HaT}I)I(eHHeM u. BO-BTOPbIX, OKp~aIOIJ:(ee 

iIpoCTpaHCTBO HaCblIJ:(aeTC}I napoM ne-ryq:ero BeIJ:(eCTBa H YCHnHBaeTC}I om.eMHM 

repMO.[(HCPCPYlIDI KOMnOHeHTOB ralOBOH CMecR. 

38,lJ;aqa pemaeTC}I B ccpepH'IecKoH CRCTeMe KOOp.[(HHaT (r, 8, rp). Ee HaqanO )l(eCTKO 

;B}l3aHO C reoMeTpH'IeCKHM u,e8TpOM KannH H OCb (Oz) HanpasneHa B,[(OJIb BeKTOpa Ar. 
for,[(a B YKalaHHOH HHepu,Ham.HoH CRCTeMe KOOp.[(HHaT qacTHu,a nOKOHTC}I, a u,eHTP Macc 

BHenrneH cpe.[(bI nepeMeIJ:(aeTC}I co CKOPOCThIO U =-UT • 

P8,lJ;HyC KannH, XOT}I H BenaK no CpaBHeHHIO co Cpe,[(HHMH JUIHHaMH cB060,[(Horo 

iIp06era MoneKYn KOMnOHeHT ralOBOH CMecH, HO He HaCTOnbKO, qr06b1 nOnHOCThIO 

iIpeHe6peraTh nonpaBKaMH no tIHcnaM KHy'[(ceHa. ~cno KHy'[(ceHa onpe'[(engerc}l 

nHomeHHeM cpe.[(HeH .[(JIHHbI CB060,[(Horo np06era ralOBbIX MoneKYn K p8,lJ;Hycy KannH: 

79 


http:nOCTomm.IM


A
Kn=

R 
H rrpHHHMaeT 3HaqeHIDI B ,lUfaIIa30Hax: 

0,3 < Kn < 1 ,nIDI MeJIIGIX qaCTHU 

0,01 :s Kn:S 0,3 ,nIDI YMepeHHO KpyrrHhlX qaCTHU 

o< Kn < 0,01 ,nIDI KpyrrHhlX qacTHU. 

B cJIyqae 6HHapHoH ra30BOH CMeCH A =max(AI. A2)' r}J,e Aj, A2 - cpe,rome }J,JIHHhl cBo6o}J,HOro 

npo6era ra30BbIX MOJIeKYJI nepBoro H BToporo COpTa COOTBeTCTBeHHO. 

Cpe}J.bI xaprucrepH3yroTCjJ: BjJ:3KOCThlO ,,~e) , ,,~i) , TIJIOTHOCThlO p~e) , p~') 

TenJIOnpOBOJUIOCThIO K~e), K~i) BHe H BHyrpH KaTIJIH COOTBeTCTBeHHO. I1H}J,eKC «0» y:Ka3b1BaeT 

Ha TO, qTO K03<il<ilHIUleHThI nepeHoca 6epyrcjJ: npH TeMllepaTYPe 1'o(e) (TeMnepaTYPa Ha 

60JIbmOM paCCTOmHH OT KaTIJIH). B03MO)KHbIM .IJ.H<il4>Y3HOHHO-fH}J.pO}J,HHaM}fqeCKHM B 

TeIIJIOBbIM BJIIDlHHeM .npyrHX KarreJIb Ha }J,aHHyIO rrpeHe6peraeTcjJ:, TaK KaK 3a}J,aqa pemaeTC.lt 

B rrpe}J,llOJIO)KeHIDl, qTO cpeJUIee paCCTomme Me~ KaIlIDIMH 3Ha'lHTeJIbHO 60JThme me 

co6CTBeHHbIX Pa}J.HyCOB. 

,LLmIaMHKa KaIIJIH npoHCXO,mrr npH MaJIbIX q}fCJIax PeHHOJIb}J,ca 

Re = pUR «1 
TJ 

H B ypaBHeHlfjIX Me}J,JIeHHOrO (<<noJI3ymero») }J,BH)KeHIDI BHelllHeH cpe}J,bI H TeTIJIo

MacconepeHca onymeHbI HeJIHHeHHbIe qneHbI (HHepUHoHHhlH H KOHBeKTIlBHbIe). BHeIIIHHe 

MaCCOBble CHJIbI He }J,eiiCTByroT. TeTIJIOBble HCTO'IHHKH BHe H BHyrpH a3P030JIbHOH qacTHIlbI 

OTcyrCTByroT. 

IIYCTh BpeMeHa rH}J,pO}J.HHaM1AeCKOH, TenJIOBOH H Ko~eHTPauHOBHoii peJIaKCruum 

j{BJImOTCjJ: }J,OCTaToquo MaJIblMH no cpaBHeHHIO C xaprucrepHbIM BpeMeHeM nepeHoca KaIIJIB. 

Tor}J,a COCTOjIHIDI cpe}J, BHe H BHyrpH KaIIJIH onHCbIBaIOTCjJ: Ha OCHOBe rH}J,po}J.HHaMHqecKOro 

aHaJIH3a B KBa3HCTauHOHapHOM npH6JIBJ1(eHIDI (BeKTOpBhle nOIDI CKopocreii, pacnpe}J,eJIeHIDl 

}J,aBJIeHJrn, H CKaIDIpBbIe nOIDI TeMTIepaTYP BHe H BHyrpH qacTHIUd, OTHOCIITeJThHOH 

KOHUeHTPauHH JIe-ryqero KOMnOHeHTa B 6HHapHoii CMeCH paCCMaTPHBaIOTCjJ: KaK 

YCTaHOBHBmHeCjJ: B mo60H MOMeHT BpeMeHH) OCeCHMM~H'IHblMH }J.H<il4>epeHUHaJIbHbIMB 

ypaBHeHIDlMH CTOKC3, HenpepbmHOCTH H flaTIJIaca: 

,,(e)~v(e) = Vp(e), ,,(i)~v(i) = 'Vp(i), 

div vee) = 0, div v(i) = 0, 

~T(e) =0, ~T(i) = 0, 


~cie) = 0, 

(e) 

r}J,e c(e) = ~ nee) = nee) + n~e)
I (e)' 0 .•, '-l.' 

nO 
I1H}J.eKc «e» OTHOCHTCjJ: K Be.JIWIHHaM, xaprucrepH3yroIUKM cpe}J.y BHe KaIIJIH, a HH}J,eKC 

«i» - COOTBeTCTBeHHO BHyrpH KanJIH. 

rpaHHQHble YCJlOBHJI 

3a}J,aqa pemaeTcjJ: npH CJIe.ll.)'lOIIUIX YCJIOBlfjIX: 


Ha 6eCKOHequoCTH rrpH r ~ ex:> ocecHMM~lflIHbm nOTOK BHelllHeH Cpe}J.bI 


O}J,HOpO}J,eH B npOCTPaHCTBe H HMeeT CKOPOCTh I(j I, a nOIDI TeMnepaTYPhl T(e) Ii 

OTHOCHTeJIbHOH KOHUeHTPalUIH c1(e) JIeTyqero KOMnOHeHTa CMeCH ra30B HeBo3MymeHHbI: 
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v~e) =1 (j 1cos 0, v11!) = - I (j 1sin 0, 


p(e) = p~e), [':"" =T;e) + ATr cosO, 


C (e) - c(e)

1 - 01' 


Ha rrOBepXHOCTH KarrITR rrpH r = R BbmOJIHIDOTCSI YCJIOBHSI: 

1. CKOJIb)l(eHHe ra30BOH CMeCH 

v(e) _ v(i) =C· [r a (v~e) J+! av~e)] + KTS/ (1 + fiT) aT(e) + KDS,Dl2 (1 + PD ) acl(e) 
e e ar r r ao To(e) R R ao R R ao' 

T.e. Pa3HOCTh KaCareJIbHbIX COCTaBJIJIIOII(BX BHeIllHeB: H BHYTPeHHeH CKopoCTeH Ha 

rrOBepXHOCTH KaIIJIH paaHa CYMMe H30repMlf'IeCKOrO, TerrJIOBOrO H .lUi<P<PY3HOHHorO 

• 
CKOJIb)l(eHHH (qJIeHbI C C , K TSI , K DSI)' C )"IeTOM KpHBH3HbI rrOBepXHOCTH (qJIeHbI C fiT' 

fiD); 

2. HerrpepbIBHOCTh Pa)UiaJIbHOH COCTaBJIJIIOmeH TeH30pa HanpSl)l(eHHH [6] 

_P") +2rJ") Ov~') _~ aul (T(i) _ TY»)- 20-1 =_p(i) +2r/i) av~i) , 
o ar R aT r<')=1(}') 0 R T(/)=ro /) 0 ar 

I C!/)=cW C!/)=cW 

ao
r.n;e ()" - K03<pqlHIUfeHT rroBepXHOCTHOrO HaTg)I(eHHSl, aT(i) - yq:u:TbIBaeT 3aBHCHMOCTh 

K03<p<p~HeHTa rroBepXHocTHoro HaTg)I(eHHSI OT TeMIIepaTypbI; 

3. HerrpepbIBHOCTh KaCaTeJIbHOH COCTaBJUIlOmeH TeH30pa Harrpg)l(eHHH [6]

1av(e) av<e) v(e) J 1 ao- I aT(i) . (I av(i) av(i) v(i) J(e) r e e _ (I) r e e. 
1'10 (-;.M +& - -;- + R aT(i) T(I)=TJ/) ao- - 1'10 -;. ao +& - -;:- , 

. C~/)=c~:) 

3. HerrpepbIBHOCTb rrOTOKa rrepBoro (JIeT)"Iero) KOMIIOHeHTa rrpH <pa30BOM rrepexo.n;e 

[3] 
e»)2 ac(e) D (e»)2 K aT(e)(e)v(e) _ D12 (n m2 I _ 12 n m2 1D __ = n(e)av{C(H) _c(e»)

flJ. r n(e) ar p(e) T,(e) ar ~ Ie I 
1"'0 0 0 

D (n(e»)2 ac(e) 
3rreCb n.(e)V(e) - KOHBeKTHBHbIH rrOTOK' - 12 mz I - .n;HththV"lHOHHbIH rrOTOK BHe 

..... "1 r , (e) ar 'f"'f'J-
Po 


D (n(e»)2 m K aT(e) 

Karurn; 12 0 2 (TD) -- _ TepMO.n;H<p<PY3HOHHbIH rrOTOK rrepBOrO KOMrrOHeHTa BHe 

n(e) T, e ar 
1"'0 0 

KarrJIH; 

4. HerrpOHHUaeMOCTb )tJ1JI BToporo KOMrrOHeHTa ra30BOH CMeCH 

e»)2 ac(e) D (e»)2 K aT(e)D ((e)v(e) + 12 nO ml I + 12 no m l TD = O. 

fl2 r p(e) ar p(e)T,(e) ar ' 


000 

5. HerrpepbIBHoCTh pa,lUiaJIbHOrO rrOTOKa TerrJIa [3] 
aT(e) aT(i) 

_ K(e) __+ K(i) __ = -n(e)avLm_ (C(H) _ c(e») 

ar ar "'J~ Ie I 


YCJIOBHe rrOKa3bIBaeT, QTO TerrJIO, ~ee Ha <pa3OBoe rrpeBpameHHe e.uHHHI(bI MaCCbI KalIJIH 

paaHO Pa3HOCTH rrOTOKOB TerrJIa BHe H BH)'TPH KarrJIH (L - TeIIJIOTa <pa30BOrO rrpeBpameHHSI 

BemecTBa KaIIJIH); 

6. CKaQOK TeMrrepaTypbI rrepBoro (JIeT)"Iero) KOMIIOHeHTa rrooBoH CMeCH B CJIoe 

KHy.uceHa [2] 
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aT(e) 

T(e) - T(i) = KIT --. 


ar 
3,n;ech T(e) - T(i) - Pa3HOCTh TeMIIepaT)'p Ha rpaRI-IIle CJIOH KHy,n;ceHa H Ha IIoBepxHoC1lf 

qaCTHUhI, KIT - K03<pq>HIUleHT CKa~a TeMllepaT)'phl, 3aBHCmn;uji OT rpa.n;HeHTa 

TeMnepaT)'phI 

7. YCJIOBHe.LVUI Pa.n;HaJIhHOH COCTaBJUI1OmeH CKOPOCTH 

v;i) =O. 

YCJIOBHe 03HaqaeT, qTO OTCyrCTBYeT Pa.n;HaJIbHM COCTaBIDIlOmM KOHBeKTHBHoro nOTOKa 

:>KH,l1;KOcrn Qepe3 nOBepXHocTh KallJIH, BemeCTBO OTBOmrrCH JlHJII1, Qepe3 .lUI<P<PY3HlO (CM•• 

HanpHMep, [5]). 
Onpe~eJleHBe CKOPOCTB TepMocl»opeTB-IecKoro nepeooca -IaCTBI(LI. 
06IIurn: BH,n; OcecHMMeTpH'IHhIX pemeHHH CHCTeMhI ypaBHeHHB: CTOKC8.. 

Hepa3phmHOCrn H flarrnaca B c<pepHqeCKHX KOOp.lUlHaTax MO:>KeT 6hITb npe,n;cTaBJIeH B <popMe 

[4]: 

(e) IU-I B r I<Xl [ n+1A n+1 B_II- I!(B)v = cos + - + - -- +--..,-----,... (1)
r 11+2 -11-1 2(2 -1) II II ,r 11=1 r n r 

(e) _ IU-I' B I<Xl [A_II _ 1 (n-2) B_II _ 1 ]dP,,(B)V -- SIll + --- --7--__=___._ 
e 11=1 r"+2 2(2n -1) r" dB' 

(2) 

pte) =17(e) I B~:~I Pn(B) + p~e), (3) 
n=1 r 

(i) (i) ~['A n-I n B rnTI! (B) (4)Vr = VrO + ~ nu1lr + ( ) n II , 
11=0 2 2n+ 3 

(i) _ ~[A n-I (n+3)Bn 1I+I]dPn(B)r (5)
Ve - ~ II + 2(n+1X2n+3( dB' 

<Xl 

p(i) =17 (i) I Bnrn Pn(B) + p~i), (6) 
11=0 

<Xl T(e) 

T(e) =r.(e) +"_"_p (B)+A rcosB+ 'PI (7)o ~ n+1 II T , 
11=1 r r 
<Xl 


T(i) =r.(i) +"T (') r(lI) P (B) 
 (8)o ~ II n' 
lI = l 

<Xl (e) 


c(e) = C(e) + ,,'PII P (B) + 'P2 . 
 (9)I 01 ~ n+l II 
11=1 r r 

B <P0PMYJIax (1) (9) PII(B) nomrnOM fle:>KaH,n;pa IIOpMKa n·, 
A B T(e) T(i) (e) 6A -11-1' B - 11-1' '''n' II' 'PI' 'P2' II , II ,'Pn - KOHCTaHThI, 3HaQeHlUI KOTOPhIX HeO XO,UHMO 

HaRTH. 

nOJIHHOMhI fle:>KaH.npa C pa3HhIMH HH,n;eKCaMlI y,n;OBJIeTBOPHlOT YCJIOBHlO 

0pTOrOHaJIbHOCrn: 
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HCnOJIb3YB KOTOpOe MO:iKHO nOK83aTb, tfI'0 OTJIHlIlfbIMH OT HyJIB B pemeHHBX (I) - (9) 6y.nyr B 

d~(e)
PMax no nOJIHHOMa'-f JIen\:aH.Llpa lJJIeHbI, CO,l(ep)l(aIIUfe ~ (e) H • B CHny :noro,

de 
BMecl'O pememrli (I) - (10) MO)I(HO HCnOJIb30BaTb pemeHHB BH,l(a: 

V~e) =( ~ + B +IUI)cosO+ r; (10) 
r r r 

) A B 
v(e =(----IUI)sinO· (11) 

8 2r3 2r ' 
B 

P(e) =p(e) +TJ(e) -cosO' (12)o 0 2 ' r 

V~i) =(Q+Dr2)cosO; (13) 

V~) =-(Q+2Dr2)sinO; (14) 

p(i) =p~i) + 10TJ~i)Dr cosO; (15) 

T(e) =T,(e) + A r cosO + PI cosO + CPI . (16)o T 2 ' r r 

T(i) =1'o(i) + P2r cos 0; (17) 

C(e) - c(e) + P3 cos 0 + CP2 . (18)I - 01 2 ' r r 
ac(H)

C(H) =C(H) +__Ie _(T(i) _ T,(i)) (19)Ie Ole aT(i) O· 

JIerKo nOK83aTh, no HMeeT MecTO CJIe.nyIOID;aB CBDb Me)K,l()' KOHCTaHTaMH B 

pemeHWIX (1) - (9) H (10 - 19): 
-2A_2 = Ae, B~2 = Be' Al =Q, B] = IOD, 
7'(e) _ n 7'(i) _ /I m(e) _ /I 
11 - r-t' 11 - "-2' 't'l - "-3' 

OCTaJIbHbIe K03<j><j>HUHeHThI B PB,llax no nOmmOMaM JIe)l(aH,l(pa, 'lepe3 KOTopbIe 

BbIpa)l(aK>TCB pemeHHB (1) - (9), paBHbI HyJIIO. 

IIocJIe nO,l(CTaHOBKH pemeHHH (10) - (19) B rpaHH'lHbIe YCJIOBHB noJIY'lHM cHcTeMY 

mmeHHbIX anre6paH'leCKHX ypaBHeHHH: 

_1_+ 3C·]A -~+2DR2 +Q_I -0 1+ KTSJ (1 + PT ).f:!l+ K D (1 + PD) P3 = [ 2R3 R4 2R T,(e) R R3 DSI 12 R R3 
o (20) 

- _ KTS/ (1 + PT )AT;- T,(e) R 
o 

(e) 22TJ r -.!!.... __p(i).(e) 
0' (2Ia)- Po - R2 R 

6 ~ 3 ~ au
-_TJ- A --TJ- B +6TJ (i)RD-2--. P

R4 R2 aT(I) 2 
=0; (21) 

3TJ(e) (i) au _ O' 
- -4-A + 3TJo RD  -----w- P2 - ,

R aT 
(22) 

n}e)
-

R 

D]2(n~e»)2m2
r + (e) 2

Po R 

D12(n~e»)2m2KTD
CP2 + (e) R2T,(e)

Po 0 
CPI 

=n(e)av(C(H)_c(e)_CP2); 
0 Ole 0] R (23 a) 
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(23) 


~m = -n(e)avLm C(H) _c(e) _ (jJ2 .w ( ) (25a) R2 Y'I 0 1 Ole 01 R' 

21(e) ( . 8C(H») n(e)avLm_O_IL + 1(1) +n(e)avLm.R-I_e- _ 0 11/ = I(e) il ./I (25)R3" 0 0 "-1 8T(I) r2 R2 r3 0 ,~, 

(26a) 

(26) 

(27) 

PemWl ypaBHeHlliI (21 a), (24a), (25a), (26a), HaH,neM (jJp (jJ2 II r. 
AruI oIIpe,neJIeHIDI 1[/ ' peImIM clicTeMY yprumemrli (20), (21), (22), (23), (24), (25), 

(26), (27). 
CpaBHHBWI ypaBHeHIDI (21) II (22), BII,nHM, ~o B =o. ,n:aJIee BbIpruKaeM Q 113 (27), a 

Ji2 - 113 (26), IIPHBO,nHM IIo,no6HbIe CJIaraeMbIe II IIPHXO,nHM K CIICTeMe YPaBHeBHii: 

Q = -DR2; (28) 

1 1 
P2 = Ji4(R +2Krr)f-lt - R (Krr - R)A;-; (29) 

(30) 
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__ 

e
2K(e) ( 11 (el ,,_ RGCt:I) )R+2Kn] _n6 )avLml = 

3 + K + no a~LoI' "l n 4 JlJ. 2 f-l:J [ R aT' R R 
(34)

H
 
=[K(e) +(~') + n~e)al'Lm R acJS )) KIT - R] if . 


I . "1) J aT(') , R ''1' 

,D;JUI ,nam.Heiimero pemeHIDI BLIpa3HM D H3 (31), A - H3 (33), no,nCTaBHM B 

DCTaBlIIlIeCjI ypaBHeHIDI H IIpHBe,neM no,no6Hble CJIaraeMble. 

D = 7]~e) A + 1 (1 + 2KIT) au _ 1 (KIT -1) au Ar. (35)7]~i)RS 3R47]~i) R aT(i) JlJ. 37]~i)R R aT(i) , 
e 2m e 2mA = _R31 (j I+ 2D12(n6 » JKTlJ + 2DI2(n6e»2ml _ D12(n6 » JKro A . (36)ee) R3T,(e) JlJ. p(e)n(e) J-l3 p(e)T,(e) T>

Po 0 0 2 0 0 


!ZL+l+ 3C u __1_ KISt 1+-.L +~ 1+ 2KIT au +
'[ * ] [( fJ.) ( )
7]6

(e)i) 2 R I I R3 raCe) R 37]6i) R aT(i) 


2D12(n6e»2mlKro{7]6e) 1 3C*}]
+ -+-+-- /L +(e)T,(e) 7](i) 2 R r'1
P000 

(37) 
2DI2(n6e»2ml {7]cie) 1 3C*} KDSl DI2 (1 PD)] _+ -+-+-- + +- J-l 

[ pcie)r4e)R3 7]cii) 2 R R3 R 3 

e 
= [KTSt (1+f3T)+~(I- KIT)I au + D12(n6e»2mIKro {7]ci ) +.!.+ 3C*}]A .

T,(e) R 37](') R aTe,) n(e)T,(e) 7](') 2 R T> 
o 0 ~o 0 0 

2D (n(e»2 K n(e)n(e)av ( 2K ) ac(H)] [2D (n(e»2 n(e)nce)av]
12 0 ro _ 0 2 1 +-LI... 1 le_ IL + 12 0 + 0 2 =/I 

[ T,(e) R3 R2 R aTCi) r'1 R3 R2 r3 
o 

e 
=[D12 (n6 »2 Kro +nCe)avR(I- KIT) aC1SH)]A . 

T,Ce) 0 R aTe,) T
o 

(38) 

2K(e) (i) (e) .r R aC1SH ») (R +2KIT )] _ ncie)avLm l _ 
3 + K + nO aVLm, -(--) 4 JlJ. 2 J-l3 [ R aT' R R 

(39) 
(i) (e) .r R ac(H) ](e) K +nO aVLml (K _R)__le_ A 

[ K + R IT aT(i) T· 

YpaBHeHIDI (38) II (39) pemaeM MeTO,nOM KpaMepa OTHOCHTeJIbHO HeH3BeCTHLIX 111 II 

113· 
e H 

/). =_ n6 ) [aV(2D (n(e»2 Lm [Kro +(1 + 2KIT ) aC1S )] +n(e)(2K(e) + K(i)(1 + 2KIT )JJ +
RS 12 0 , T,(e) R aTe,) 2 0 0 R 

o 

e 
2D12n6 )(2 (e) (i)(l 2KIT )J].+ Ko +Ko + ,

R 
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d= - n~e) [aV(D (n(e»)2 Lm( KTf) - (1- Krr) ac~H)] + n(e)(K(e) - K.(i)(I- KTT ))J + 
I R2 12 0 ""1 T(e) R ar(/) 2 0 0 R 

o 

+ 2DI2n~e) (K(e) _ K.(i)(I- KTT ))]A . 
ROO R T> 

A n~e) [ (3D12 (n~e»)2 KroLml 3 (e) (e)] acISH
) 3DI2n~e)Kro K6

i)]Ar
Ll =-- av + K. n --+ .3 R2 T(e) 0 2 ar(i) T(e) R 

o 0 

BBe,1J.eM 0603HaqeHIDI TaKHM 06Pa30M, 'ITO 

n(e) n(e) n(e) 

d=~Z; d l =-\-Q1AT ; d 3 =-\-Q3Ar·


R R R 
flTax, 

d QIR3 d Q,R3 
l 3 

P! =~=Z' f-l3 =~=Z· 

BbIpruKeHHe,1J.~ lUi rro.rryqaeTCSI H3 ypaBHemUi (37) H rrpe,1J.CTaBJllIeTCSI CPOPMYJIOH: 

10 1=[~j:: +3~· +~r~T;') (1+ ~XI+ ~' )]Km -D,,(I+ ~)i K~ + 

e+~[(1- KTT) +(1+2KTT) QJ ] au + DJ2 (n6
e

»)2 ml [176 ) +3C' +!](2QJ +1)}A . 
31761

) R R Z ar(/) P6e) R 176') R 2 Z r 

(40) 
TIepeXO,1J.Sl B CHCTeMY KOOp,1J.HHaT )l{eCTKO CBg3aHHyro C I(eHTpOM MacC ra3a H K 

BeKTOpHhlM BeJIHlIHHaM, rro.rryqaeM CPOPMYJI)' 

- [17~e) 3C' 3 ]-1 Ir 1 ( Pr )( Q1)] (fJD )Q3 
u= - 176i) +R +2" tL 1'o(e) 1+R 1+Z [KTSI - DJ2 1+R Z KDSI + 

e+~[(1- KTT)+(I+ 2KTT)QJ ] au +DI2(n~e»)2ml [176 ) +3C· +!](2QJ +1)}A . 
3176') R R Z 8r(') p~e)R 17~') R 2 Z T 

(41) 
AHaJlH3 pe3YJlLTaTOB. 

B cpopMYJIe (41) rrepBbIH H BTOPOH qneHbI (rrporrOpI(HOHa.JIbHhle K03CPCPHI(HeHTaM 

H K DSI) CBSI3aHhI COOTBeTCTBeHHO C TeIIJIOBbIM H .ZlHCPCPY3HOHHbIM CKOJIb)l{eHHeMK TSI 

rrooBoH cpe.D:hI. TpeTbe CJIaraeMOe 06YCJIOBJIeHO rrepeMeHHhlM Me)l{cpa3HhIM rrOBepXHOCTHbIM 

HaTjJ:)I{eHHeM Ha rrOBepXHOCTH KanJIH. l.J:eTBep11>Iii qneH orrHCbmaeT peaKTHBHYJO qaCTb 

HMrryJIbCa, KOTOPbIH ,1J.eHCTBYeT Ha 'Iacrnny H CBSl3aH C CPa30BbIM rrepeXO,1J.OM. 

3a C'IeT rrepBoro H qeueproro qneHOB KaIIJISI CTpeMHTCg ,1J.BHraTbCSI B CTOpoHY 

rra,u,eHIDI TeMIIepaTyphI BO BHerrrneH cpe,1J.e, T.e. 3a C'IeT TerrJIOBoro CKOJIb)l{eHIDI H CPa30BOro 

rrepeXO,1J.a KarrJlll CTpeMHTCSI ,1J.BHraTbCg H3 06JIacrn C 60JIee BbICOKO:H: TeMrreparypO:H: B 

06JIaCTb C 60JIee HH3KOH TeMrrepaTypoH. 3a C'IeT rrepeMeHHoro rrOBepXHOCTHoro HaTjJ:)I{eHIDl, 

au 0 ~ 
B CHJI)' TOro, 'ITO ar < ,TpeTbe CJIaraeMOe ,1J.aer BKJIa,IJ, B CKOPOCTb, HarrpaBJIeHHhIH B 

CTOPOHY pOCTa TeMrrepaTyphI BO BHerrrneH K KarrJIe cpe,1J.e. TIpoaHaJIH3HPyeM BKJIa,IJ, BToporo 

CJIaraeMOro B HarrpaBJIeHHe ,1J.BH)I{eHHjJ: qaCTHI(bI. ECJIH Macca MOJIeKYJI KOMTIOHeHTa BHeITIHeH 

CMeCH, HCrrbITbmaromeH CPa30BbIH rrepexo,1J. Ha rroBepxHocTH Karnrn, m} MeHbIIIe, 'IeM Macca 
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MOJIeK)'JI BTOporo KOMIIOSeSTa, HenpOXO~ero qepe3 nOBepXHOCTb Karum, TOm2 

K DSI >0. B npo'IHBHOM c;ry-qae K DSI <0. OrclO,Ua ~CHO, q'f0 npH BKJIa,n OTm l < m2 

CJIaraeMOro, CO,ilep)KaIQerO K DSI' onpe,UeJUleT CHrry, HanpaBJIeSHyro B CTOPOHy' pOCTa 

TeMnepaT}'PbI BO BHeIllHen: CMeCH. EcJIR )J{e > m2 , TO 3TOT BKJIa,n ,UeHCTBYeT B CTOPOHY ml 

na,neH~ OTMeQeHHOH TeMTIeparypbI. 

B npe,UeJIbHOM cII)"Iae HeJIeryqeH -qaCTHIU>I <popMyJIa (41) ,UJISI cKopocm nepeXO,UHT B 

Y)J{e R3BecTHYIO [1] 

2K(e)( 3KTSI ~+ R aCT J 
- pT aT-

UT = - ~K(e) + K(i) X217(e) + 317(i) )Ar· 
XapaKTep 3aBHCHMOCm CKOPOCTH KaIIJIH BO,UbI B aJOTe OT K03<PtPHlUIeHTa Rcnape~ 

npe,UCTaBJIeH Ha pHC)'HKe (1). 
HR)J{e npHBe,UeHhl 3HaQe~ napaMeTpoB CMeCH H BXO,lUlIIUlX B (41) K03<PtPHlUIeHTOB 

,UJISI.,UaHHOrO CII)"IM [7], [8]: 

(e)-125.10-3 KZ. :::7204.10-3H. (e) =00257 Em. (i) =0561 Em.
Po -, 3' CT, , Ko ' K' Ko , K ' 

M M M· M· 

M2 
17~e) ::: 1,79.10-6 JIa ·c; 17~') = 8,2.10-4 JIa·c; Dl2 = 2,4.10-6 

-; KTSI = 1,123; 
C 

KDS1 =0,187; AT =100 K ; 1'o(e) =300K; L=0,243.107 
,aX; a~) =-O,168~; 

M KZ aT M·K 

n(e) = 27.1025 • n(e) = 667.1023 • ac.<;) ::: 167 .1O-3 ~. K = 1875· K = 55.10-3• 
o , , 2' , aT(')' K' IT , , ro , 

K03<P<PHI{HeHTbI TennOBoro H ;::r;utPtP}'3HOHHOro CKOJIb)J{eHH:H pacC"lJRTbffiaJIHCb 

MeTO,UaMH KHHeTHqeCKOH TeopHH raJOB [1]. 

UT 
(]I .001S 

0 .0014 

0.0012 

0.001 

0 .0008 

0 .0006 

0.0004 

0.0002 

a. 

o I 0.'2 0.'4 D'S o'e 

PRc.l 
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