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MO,n;eJIb H aHaJIHTHQeCKOe OrrHCaHHe rrpouecca

cy6JIHMaUHOHHOH CyrnKH rrOJIH,IJ;HCrrepCHbIX

MaTepHaJIOB
KaHiJ. meXH. HayK f.B. CEMEHOB

MOCIW8CKUU zocyiJapcm8eHHblu yHu8epcumem npUluzaiJHou 6uomexHoJlozUU

A physical model of sublimation of the dispersion material is proposed
together with the relationships as obtained on its base for the determination
of the length of the process.

06e3BO:>KHBaHHe TepMOJIa6HJIbHbIX 06'beKTOB cy6JIHMa-

I.{HeHJIb,lla B BaKyyMe 06eCneqHBaeT BbICOKYIO CTeneHb CO-

xpaHHOCTH B BbICYllIeHHOM MaTepHaJIe ero HaTHBHbIX

CBOHCTB.IIo :nOH npl:fqHHe OCTaIOTCRaKTYaJIbHbIMH HCCJIe-

,llOBaHHR,HanpaBJIeHHbIe Ha ,llaJIbHeHllIee pa3BHTHe HayqHbIX

OCHOBTellJIOMaCCo06MeHHbIX npOI.{eCCOBcy6JIHMaI.{HH. IIPH

BceM MHOro06pa3HH aCCOPTHMeHTa oc060e MeCTO 3aHHMa-

lOT nHII.{eBbIe npO,llyKTbI :>KH,l:{KOHJIH60 nacT006pa3HOH KOH-

CHCTeHQHH.IIMeHHo OHH npe,llCTaBJIjfIOT HaH60JIbllIHH HH-

Tepec B npaKTHqeCKOM llJIaHe JVIjI KOHcepBHpOBaHHR cy6-

JIHMaI.{HOHHOHcyrnKOH. 3m <PPYKTOBbIeH pacnrreJIbHbIe COKH

H nIOpe, KHCJIOMOJIOqHbIe npO,llyKTbI H TBopor, MRCHOH H

pbI6HbIH <papllI, 3KCTpaKTbI qaR H KO<pe.):lmI ,llaHHbIX BH,llOB

CbIpbR COBpeMeHHOH H nporpeCCHBHOH RBJIjfeTCR TeXHOJIO-

rHR CyrnKH :>KHro<HXH nacTo06pa3HbIX MaTepHaJIOB, 3aMO-

p0:>KeHHbIXB BH,lle ,llHCnepCHbIX qaCTHQ-rpaH)'JI [5]. CyLI.{e-

CTByeTMHOro TeXHl:fqeCKHX pellIeHHH, n03BOJIjfIOLI.{HXnoJIY-

qaTh 3aMOp0:>KeHHbIe nOJIH,l:{l:ICnepCHbIe MaTepHaJIbI, B TOM

qHCJIe H CperyJIHpyeMbIM rpaH)'JIOMeTpHqeCKHM COCTaBOM.

PaHee HaMH 6bIJIa npe,llJIO:>KeHa <pH3HqeCKaR MO,lleJIb

CYlliKH CJIORrpaHyJIHpOBaHHoro MaTepHaJIa npH KOH,llyK-

THBHOM TenJIOnO,llBO,lle, B OCHOBy KOTOpOH nOJIO:>KeHaBbI-

COKaR MaCCOnpOBO,llHOCTb CJIOR, OTCyTcTBHe nepena,lla

TeMnepaTypbI H ,llaBJIeHHR napOB no TOJILI.{HHe [1]. 3Ta

3aKOHOMepHOCTb HMeeT MecTO npH onpe,lleJIRIOLI.{eM pa3-

Mepe qaCTHQ 3.10-3 M H KpynHee, a TaK:>KenpH HeKOTopoM

orpaHHqeHHH HHTeHCHBHOCTH TenJIOnO,llBO,lla K 06'beKry

CYlliKH. O,llHaKO, KaK nOKa3bIBaeT onbIT, TaKoe npH6JIH:>Ke-

HHe RBJIReTCjI ,llOCTaTOqHO rpy6bIM H OCTaBJIjleT 3a paM-

KaMH aHaJIH3a peaJIbHbIe npOI.{eCCbI, CBjl3aHHble C nepe-

CTpOHKOH (ynJIOTHeHHeM) BHyTpeHHeH CTPYKTYpbI CJIOR

,llHCnepCHbIX qaCTHI.{ B XO,lle CYlliKH. OqeBH,llHO, qTO B Ta-

KOM CJIyqae TenJIo<pH3HqeCKHe CBOHCTBa MaTepHaJIa y:>Ke

HeJIb3R xapaKTepH30BaTb HeKOTopbIMH Cpe,llHHMH 3Haqe-

HHRMH, nOCTORHHbIMH BO BpeMeHH. B03HHKaeT He06xo,llH-

MOCTb BKJIIOqeHHR B paCCMOTpeHHe HOBbIX MO,lleJIbHbIX

npe,llCTaBJIeHHH 06 H3MeHRIOLI.{eHCRCTpyKrype nO,llBepra-

eMoro cylliKe MaTepHaJIa.

Pe3YJIbTaTOM HallIHX ,llaJIbHeHllIHx HCCJIe,llOBaHHH RBH-

JIaCb MO,lleJIb CYlliKH ,llHCnepCHoro MaTepHaJIa, B KOTOPOH

yqTeHbI rpaHYJIOMeTpHqeCKHH COCTaB H CBR3aHHoe C 3THM

B03MO:>KHOeH3MeHeHHe ,llaBJIeHHR no TOJILI.{HHeCJIOR. Ta-

KHM 06pa30M, paCCMaTpHBaeMaR KapTHHa npoQecca yqH-

TbIBaeT Bce cHryaQHH, B03HHKHOBeHHe KOTOpbIX B03MO:>K-

HO C H3MeHeHHeM pa3Mepa 06pa3yIOLI.{HX CJIOH qaCTHQ H

pe:>KHMOBCYllIKH, HanpHMep HHTeHCHBHbIH 3HeprOnO,llBO,ll

K CJIOIO CYlliKH ,llHCnepcHoro MaTepHaJIa OT CBq-HCTOq-

HHKa. IIpe,llJIaraeMaR HaMH <pH3HqeCKaR MO,D;eJIbn03BO-

JIHT onpe,D;eJIHTb MHTeJIbHOCTb cy6JIHMaQHOHHOH CYlliKH

rpaHyJIHpOBaHHoro MaTepHaJIa npH O,D;HOBpeMeHHOMnpo-

,llBH:>KeHHHHaBCTpeqy ,D;pyr ,D;pyry ,D;ByXnOBepxHocTeH <pa-

30Boro nepexo,D;a «JIe,D;- nap», a TaK:>KenpHH3MeHRIOLI.{HX-

CRBO BpeMeHH K03<p<PHI.{HeHTaXnepeHoca TenJIOTbI H Mac-

CbI. B npoI.{ecce BbIcYllIHBaHHR CJIOH,D;HCnepCHblx qaCTHQ

HMeeT nocToRHHYIO no TOJILI.{HHeTeMneparypy to' COOTBeT-

CTBYIOI.U:YIOno KpHBOH paBHOBeCHR ,D;aBJIeHHIOB anrrapaTe

Po' 3T0 ,D;aBJIeHHe nOMep)f(HBaeTCR nOCTORHHbIM B Teqe-

HHe Bcero npoQecca. TeMlleparypa rpeIOLI.{eH nOBepxHoc-

TH tw TaIOKe nOMep)J(HBaeTCR nocToRHHOH (06bIqHO BeJIH-

ql:fHa tw BbI6HpaeTCR paBHOH npe,D;eJIbHO,D;OnyCTHMOMY3Ha-

qeHHJO TeMnepaTYPbI,D;JIjf ,D;aHHOrOnpO,llyKTa). IIpHHI.{HnH-

aJIbHaR cxeMa pa3BHTHjI npoQecca cy6JIHMaI.{HH B 3THX YC-

JIOBHRX npe,D;CTaBJIeHa Ha pHC. 1.
<1>H3HqeCKajl MO,D;eJIbnpoQecca CTpOHTCjI Ha OCHOBeCJIe-

,llyJOLI.{HX,llOnym:eHHH:

1. BblcYllIHBaeMbIH MaTepHaJI paccMaTpHBaeTCjI KaK Ka-
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_Puc. 1. Cy6AUMa14UR zpaHyAupo6aHHOZO MamepuaAa Ha
zpelOlJ{eu n06epXHocmu npu OZpaHU'IeHHOU
Macconpo600Hocmu 3aM0p0:JICeHHOU 30HbI:
I, III - o6Aacmu oCylUeHHozo MamepUaAa; II - o6Aacmb
3aM0p0:JICeHHOZO MamepUaAa; Po- aa6AeHue 6 KaMepe;
10- pa6H06eCHaJI meMnepamypa; I", - meMnepamypa
zpelOlJ{eu n06epXHocmu; Xl} X] - KOOpaUHambi ZpaHU14
r/J03060ZO nepexoaa; h - mOAlJ{UHa CAOH

nH.JI.JUIpHO-nOpHCToeTeJIO C orpaHH'IeHHOH napOnpOHHl~ae-

MOCThIO, 06paJOBaHHoe ,n;HcnepCHhIMH qaCTHQaMH - rpa-

HyJIaMH C xapaKTepHhIM paJMepOM D (CJIOH).

2. B npoQecce cy6JIHMaQHoHHoH cyrnKH MO:>KeTnpoHc-

XO,n;HThnepepacnpe,n;eJIeHHe MaCChI BJIarH no TOJIIQHHe 3a-

MOpO:>KeHHOH30HhI CJIOJl BCJIe,n;CTBHe qaCTHqHOH ,n;ecy6-

JIHMaQHH napa Ha nOBepXHOCTH rpaHyJI. lIpH 3TOM B CJIoe

B03HHKaIOT ,n;BerpaHHQhI <paJoBoro nepexo,n;a: XI H X2, ne-

peMeIQaIOIQHeCJI COOTBeTCTBeHHO OT BuyTpeHHeH H BHern-

HeH nOBepXHOCTH CJIOJlHaBCTpeqy ,n;pyr ,n;pyry.

3. lIoBepXHoCTH cy6JIHMaQHH JlBJIJlIOTCJIqeTKHMH rpa-

HHQaMH paJ,n;eJIa Me:>K,D;yocyrneHHoH H 3aMOpO:>KeHHOH30-

HaMB.

4. <I>aJOBhIHnepexo,n; npOHCXO,D;HTJIHlIIh Ha rpaHHQax paJ-

,n;eJIa Me:>K,D;yocyrneHHoH H 3aMOpO:>KeHHOH 30HaMH, npH

3TOM rpaHHQhI paJ,n;eJIa npo,n;BHraIOTCJI napmeJIhHO rpe-

IOIQeH nOBepXHoCTH.

5. TennoTa, nO,D;BO,D;HMaJIqepe3 ocyrneHHhIH CJIOHK BHyT-

peHHeH rpaHHQe paJ,n;eJIa XI' qaCTIflIHO 3aTpaqHBaeTcJI Ha

cy6JIHMaQHIO JIh,n;aHa 3TOH rpaHHQe, a qaCTIflIHO nepe,n;a-

eTCJI qepe3 3aMOpO:>KeHHYIO 30Hy K BHernHeH rpaHHQe X2,

r,n;e TaK:>Kepacxo,n;yeTCJI Ha <paJOBhIH nepexo,n;.

6. 3a,n;aqa paCCMaTpHBaeTCJI KaK O,D;HOMepHaJI: nepeHOC

TennOThI OCYIQeCTBJIJleTCJITOJIhKO B HanpaBJIeHHH OCHX.
IIpHHQHnHaJIhHYIO HOBH3HY B Mo,n;eJIh BHOCHT nepBoe H3

c,n;eJIaHHhIX ,n;onYIQeHHH. lIOCKOJIhKy B paMKax Harnero

paCCMOTpeHHJI naponpOHHQaeMOCTh CJIOJl JlBJIJleTCJI KO-

HeqHOH BeJIHqHHOH, B CJIoe B03HHKalOT rpa,n;HeHT ,n;aBJIe-

HHJI napa H COOTBeTcTBylOIQHH eMy rpa,n;HeHT paBHOBec-

HOH TeMneparyphI Ha nOBepXHOCTH 06paJylOIQHX CJIOHqa-

CTHQ. BhI,n;eJIJlIOIQHHCJIB6JIH3H rpelOIQeH nOBepXHOCTH nap,

nepeMeIQaJlCh B nopax CJIOJlno HanpaBJIeHHIO K ero BHern-

HeH rpaHHQe, 06TeKaeT rpaHYJIhI, TeMneparypa KOTOphIX

HH:>KeTeMneparyphI HaChIIQeHHJI napa. B 3THX YCJIOBHJlX

npOHcxo,n;HT qaCTHqHaJi ,n;ecy6JIHMaQHJI napa Ha nOBepx-

HOCTH rpanyJI .

B COOTBeTCTBHH C paCCMaTpHBaeMOH <pH3HqeCKOH MO-

,n;eJIhlO npoQecca cy6JIHMaQHH ,n;HcnepCHoro MaTepHaJIa H

C yqeToM npHHJlThIX ,n;onyIQeHHH npe,n;JIaraeTCJI ee aHaJIH-

THqeCKOe onHcaHHe. B HaqaJIhHhIH MOMeHT BpeMeHH Ha

Tennono,n;BO,D;JIIQeH nOBepXHOCTH MrHOBeHHO yCTaHaBJIH-

BaeTCJI TeMneparypa tw' KOTOpaJI He H3MeHJleTCJI BO Bpe-

MeHH, npH nOM tw> to' Qepe3 HeKOTophIH BpeMeHHOH HH-

TepBaJI B6JIH3H BHYTpeHHeH H BHernHeH rpaHHQ CJIOJl06-

paJylOTCJI ocyrneHHhIe CJIOH nepeMeHHoH TOJIIQHHhI X;('t)
H A;('t), nepeMeIQalOIQHeCJI HaBCTpeqy ,n;pyr ,n;pyry. BHe-

rnHJIJI rpaHHQa paJ,n;eJIa <paJ A; HMeeT nOCTOJlHHYIO TeM-

neparypy to(PO>. TeMneparypa tl BHyTpeHHeH rpaHHQhI X;
CBJl3aHa ypaBHeHHeM KJIaneHpOHa - KnaY3Hyca C ,n;aBJIe-

HHeM PI' 3HaqeHHe KOTOpOro He 3a,n;aHO; tw> to; PI > Po'
K03<P<PHQHeHThI nepeHoca ocyrneHHoH H 3aMOpO:>KeHHOH

30H pa3JIHqHhI, npH 3TOM K03<P<PHQHeHThI nepeHoca 3a-

MOpO:>KeHHOH 30HhI H3MeHJlIOTCJI BO BpeMeHH H no KO-

op,n;HHaTe. lIepeHOC TenJIOThI B 3aMOpO:>KeHHOH 30He

OCYIQeCTBJIJleTCJI nOTOKOM napa (KOHBeKQHeH) H Ten-

JIOnpOBo,n;HOCThlO.

PaJBHTaJI B HaCTOJlIQee BpeMJI 06IQaJl TeOpHJI BHyTpeH-

Hero TenJIO- H MacconepeHoca 6aJHpyeTcJI Ha nOHJlTHH

e,n;HHoro nOTeHQHaJIa nepeHoca BJIarH 9*, 06'he,n;HHJlIOIQe-

ro Bce nOTeHQHaJIhI B03MO:>KHhIX 3JIeMeHTapHhIX nepeHO-

COBBJIarH BHyTpH BJIa:>KHOrOKanHJIJIJlpHO-nOpHCToro TeJIa

[2]. CornacHo 3TOH TeopHH HeCTaQHoHapHhIe nOJIJI BJIaro-

co,n;ep:>KaHHJIH TeMneparyphI BHyTpH KanHJIJIJlpHO-nOpHc-

Toro BJIa:>KHOrOTeJIa onpe,n;eJIJlIOTCJI CHCTeMOH ,n;H<p<pepeH-

QHaJIhHhIX ypaBHeHHH coxpaHeHHJI BJIarH H TenJIOThI, KOTO-

phIe npH HeH3MeHJlIOIQHXCJI 3HaqeHHJlX K03<P<PHQHeHTOB

nepeHoca HMelOT BH,n;

~ =amCv2u+o \728);)
as 2 r au (1)
-=a\7 8+Cjl --,m ca'!

r,n;e am - K03<p<PHQHeHTnOTeHQHaJIOnpOBo,n;HOCTH;

8 - TepMorpa,n;HeHTHhIH K03<P<PHQHeHT nepeHoca;

U - BJIaroco,n;ep:>KaHHe (JIh,n;oco,n;ep:>KaHHe)MaTepHana;

9 - 6e3pa3MepHaJi TeMnepaTypa;



Pa3,Qen 2. nH~EBbIE TEXH0110rHH

C - TenJIOeMKOCTb;

r - TenJIOTa cPa30Boro nepexo.l(a.

IIocJIe.l(Hee CJIaraeMOe BToporo ypaBHeHHJI CHCTeMhI (1)
cooTBeTcTByeT HCTOqHHKY (CTOKY) TenJIOThI 3a CqeT BHyT-

peHHero cPaJOBOronepexo.l(a BJIarH. COOTBeTCTBeHHo B (1)

u ~ du~
BBe.l(eHKpHTepHH '!'a30Boro npeBpaIl(eHHJI <p = -- , KOTO-

du
PhIH npe.l(CTaBJIJleT C060H OTHOllIeHHe KOJIHqeCTBa BJIarH,

yqaCTBylOIl(eH B cPaJOBOMnepexo.l(e (MOIl(HOCTh HCTOq-

HHKa), K 06Il(eMy H3MeHeHHIO MaCChI BJIarH BO BHYTPeH-

HeH TOqKe BJIa:lKHOrOMaTepHaJIa. IIpH <p = 0 cPa30BbIe npe-

BpaIl(eHHJI OTCyTCTBylOT H BJIara nepeMeIl(aeTCJI B o6'be-

Me BJIa:lKHOrO TeJIa TOJIbKO 3a CqeT .l(BH:lKeHHJI :lKH.l(KOH

epaJbI. ECJIH :lKe <p = 1, TO H3MeHeHHe BJIarOCO.l(ep:lKaHHJI

npOHCXO.l(HTTOJIbKO3a CqeT HcnapeHHJI H KOH.l(eHCaIlHH, a

nepeMeIl(eHHe :lKH.l(KOHBJIarH OTCyTcTByeT.

BepHeMCJI K paCCMOTpeHHlO HallieH 3a.l(aqH C yqeTOM

H3JIO:lKeHHhIXnpe.l(CTaBJIeHHH. B oCyllIeHHoH 30He I (CM.

pHC. 1), npHMbIKalOIl(eH K rpelOIl(eH nOBepxHocTH, nepe-

HOC MaCChI OTCyTcTByeL ~aTeMaTHqeCKaJl nOCTaHOBKa

3a.l(aqH .l(JIJI :nOH 06JIaCTH 6y.l(eT BKJIlOqaTh ypaBHeHHe

TellJIOnpOBO.l(HOCTH

ot(x,-r) = 02t(X,-r). ( > O· 0 < < X)
o-r at ox2 , 't' , X I

C HaqaJIbHbIM yCJIOBHeM

't' = 0; 0 ~ X ~ X;; fl = fo(Po) = const (3)
H rpaHHqHhIMH 't' > O' X = O' f = f = canst· (4), , 1 w '

't' > 0; X = X;; fl(X;,'t') = f2(X;,'t') YCJIOBHJlMH.

,L{JIJIonHCaHHJI npoileccoB nepeHoca TenJIOTbI H MaCCbI

B 3aMOp0:lKeHHOH30He HCnOJIh30BaJIH cHcTeMY ypaBHeHHH

(l) C yqeTOM cPH3HqeCKoro cO.l(ep:lKaHHJI 3a.l(aqH. B pac-

cMaTPHBaeMoM cJIyqae nepeHoc BJIarH qepe3 3aMOpO:lKeH-

HylO 30Hy oCyIl(eCTBAAeTcJI nOTOKOM napa. B 3THX yCJIO-

BHJlX, OqeBH.l(HO, 0606Il(eHHhIH nOTeHilHaJI nepeHoca BJIa-

rH npH06peTaeT CMhICJI napilHaJIhHOrO .l(aBJIeHHJI napa:

9* == p, a K03cPcPH.QHeHTBJIaronpOBO.l(HOCTH MO:lKeT6hITb

HHTepnpeTHpOBaH KaK K03cPcPHIlHeHT napOnpOBO.l(HOCTH

CJIOJl:Am == Il. BJIarOCO.l(ep:lKaHHe B .l(aHHOM CJI)"Iae npe.n-

CTaBJIJleTC060H JIb.l(OCO.l(ep:lKaHHeMaTepHaJIa, no.l( KOTO-

phIM nOHHMaeTCJI CO.l(ep:lKaHHeBJIarH B BH.l(e JIh.l(a B e.l(H-

HHile 06'beMa CJIOJl(Pn = Po u).
B COOTBeTCTBHHC ypaBHeHHeM MacconepeHoca - nep-

Boe ypaBHeHHe B CHCTeMe (1) - H3MeHeHHe JIOKaJIhHOrO

BJIarOCO.l(ep:lKaHHJIBO BpeMeHH eCTh pe3YJIhTaT .l(eHCTBHJI

.l(ByX MexaHH3MOB: MaKpOCKOnHqeCKOrO nepeHoca BJIarH B

cPopMe KaneJIhHOH :lKH.l(KOCTHH cPa30Boro nepeXO.l(a. B Ha-

llIeM CJIyqae B OTJIHqHe OT aTMOCcPepHOHCYIliKH nepeMe-

Il(eHHe KaneJIhHOH BJIarH B CJIoe OTCyTcTByeT, n03TOMY

JIOrHqHO npHHJlTb <p = 1. IIpH 3TOM JIOKaJIbHOe BJIarOCO-

.l(ep:lKaHHe MO:lKeT H3MeHJlThCJI TOJIbKO 3a CqeT cPa30Boro

nepeXO.l(a, T.e. B ypaBHeHHH MacconepeHoca MO:lKHOnpe-

He6peqb qJIeHOM, OTBeTCTBeHHbIM 3a .l(BH:lKeHHe :lKH.l(KO-

CTH, H CqHTaTb, qTO

v2u «OV2S
HJIH

v2 (dP)a2
tPn« dt dx2'

~accoeMKOCTh MaTepHaJIa - no MaKCHMaJIbHOe cO.l(ep-

:lKaHHe :lKH.l(KOCTHB e.l(HHHile 06'beMa nopHcTOro TeJIa [4]:
cm = V/V, (6)

r.l(e V - o6'beM CJIOJl;

V
m

- qaCTh o6'beMa, KOTOpaJI MO:lKeT 6bITb 3anOJIHe-

Ha :lKH.l(KOCThlO.

COOTHollIeHHe (6) no cyIl(ecTBy onpe.l(eJIJleT cYMMap-

HhIH 06'beM nyCTOT (nop) B e.l(HHHile 06'beMa, TO eCTb no-

P03HOCTb TeJIa E. TaKHM 06paJOM, no.l( MaccoeMKOCTblO

B paCCMaTPHBaeMOM CJI)"Iae CJIe.l(yeT nOHHMaTb nop03-

HOCTb CJIOJl: Cm = E. C )"IeTOM C.l(eJIaHHbIX 3aMeqaHHH H

npHHJlTbIX .l(OnyIl(eHHH, a TaK:lKe nepeMeHHOCTH K03cPcPH-

IlHeHTOB nepeHoca CHCTeMa (1) .l(JIJI3aMOp0:lKeHHOH 30HhI

('t' > 0; XI < X <X) npHHHMaeT BH.l(

apn =i.[IL(ap) at]; I
dt ax at ax

at _ a ( at ) oPn (7)Pl/cl/--- Al/- +r-.dt ax ax dt

HaqaJIbHbIe YCJIOBHJI:

Pn(O,x) =Po; f(O,x) = fo(Po)'
fpaHHqHbIe YCJIOBHJI:

Pn(X;,'t') = Pn(A';,'t') = 0; (9)
fl(X;,'t) = fn(X;,'t); fn(A;,'t) = fo(Po) = canst. (10)
KpoMe Toro, 3a.l(aqa BKJIlOqaeT yCJIOBHJI CTecPaHa Ha

nO.l(BH:lKHhIX rpaHHilax pa3.l(eJIa cPaJ - «oco6bIe» reOMeT-

pHqeCKHe rpaHHqHhIe yCJIOBHJI[2]:
't> O' x= X', I'

dX1 =_1_[, ot/(x,-r) _ 1 ( )otl/(X,-r)]
/\,/--- /\,u X,-r --- .

d-r Pnr ax ax'
't > 0; x = A';;
dX2 =_1_, ( )otl/(x,r)

Al/ x,r
dr Pnr 0 X '



JIh,n:a (BJIam) cy6JIHMaQHeH H3 e,n:HHHQhI 06'heMa BhICY-

IIIHBaeMOrO MaTepHaJIa.

TepMOrpa,n:HeHTHhIH K03<P<PHQHeHT,BXO,n:lIIllHH B (7) B

q,opMe 3aBHCHMOCTH ,n:aBJIeHHlI rrapa OT TeMrrepaTyphI,

orrpe,n:eJUleTclI ypaBHeHHeM KJIarreHpOHa - KJIaY3Hyca

dp r p
dT =/i T2 • (13)

06be,n:HHeHHe ypaBHeHHH Macco- H TerrJIOrrepeHoca, 06-

dp dp
paJylOIllHX cHcTeMY (7), rrpHBo,n:HT(rrpH dT '= dt ) K cJIe.n:y-

IOIlleMY COOTHOIlleHHIO:

·c ~-~{[il.+r (dP)](at
)}PII II aT - ax II 11 dt ax .

B 3TOM cJIyqae BeJIHqHHa rJ.{ :~ ) rrpH06peTaeT CMhICJI

HeKOTopoH ,n:onOJIHHTeJIhHOH,3<pq,eKTHBHOHTeOJIOnpOBOk

HOCTH3aMOp0)l(eHHOH 30HhI A /lei!' yqHThIBalOIlleH nepeHOC

TenJIOThI q,a30Boro nepexo,n:a C nOTOKOM rrapa. Tor,n:a ,n:JUI

3aMOp0)l(eHHOH 30HhI OKOHqaTeJIhHO HMeeM

PIICII ~ = ;X[O'II + AII<ff{ ~:)]. (15)

TaKHM 06pa30M, 3a,n:aqa CBO,n:HTClIK peIlleHHIO e,n:HHoH

MlI oCyIlleHHoH H 3aMOp0)l(eHHOH 30H CHCTeMhI ypaBHe-

HHH, HO C PaJJIHqHhIMH K03<pq,HQHeHTaMH rrepeHoca, 3Ha-

qeHHlI KOTOPhIX CKaqK006pa3HO H3MemIIOTCR Ha Me)l(q,a3-

HOH rpaHHQe. IIpH 3TOM Koop,n:HHaThI Me)l(<pa3HhIx rpaHHQ

onpe,n:eJIlIlOTCH B xo,n:e peIlleHHH 3a,n:aqH. BKJIlOqeHHe B

paCCMOTPeHHe 3aBHCHMOCTH TenJIoq,H3HqeCKHX CBOHCTB

OT CTPYKTYPHhIX xapaKTepHCTHK CJIOR,H3MeHHIOIllHXCR BO

BpeMeHH H no TOJIIllHHe, OC06hIX rpaHHqHhIX yCJIOBHH (11)
H (12), a TaK)l(e TPaHcQeH.ll:eHTHOro ypaBHeHHH (13) OTHO-

CHT3a,n:aqyK KJIaccy HeJIHHeHHhIx. ,[VIH onpe,n:eJIeHHR rrpo-

,n:OJI)I(HTeJIhHOCTHCYIIIKH B paccMaTPHBaeMhIx yCJIOBHRX

He06xo,n:HMO HaHTH 3aKOHhI npo,n:BH)I(eHHH nOBepxHocTeH

q,a30Boro nepexo,n:a X,('t) H Xit), KOTophIe orrpe,n:eJIHIOT-

CRyCJIOBHHMHTenJIOBOrO 6aJIaHCa Ha rro,n:BH)I(HhIX rpaHH-

Qax (yCJIOBHRMH CTeq,aHa), T.e. q,aKTHqeCKH pacrrpe,n:e-

JIeHHeM TeMneparyphI B oCyIlleHHoH (I) H 3aMOp0)l(eHHOH

(II) 30Hax (CM. pHc.l).

CJIO)l(HOCTh 3a,n:aqH, 06yCJIOBJIeHHall YKaJaHHhIMH q,aK-

TopaMH, HCKJIlOqaeT B03MO)l(HOCTh cTpOroro aHaJIHTHqeC-

KOro peIlleHHR. O,n:HaKo ,n:a)l(e H qHCJIeHHOe peIlleHHe, KO-

Topoe npH cero,n:HlIIIIHeM paJBHTHH BhIqHCJIHTeJIhHhIX Me-

TO,n:OBBnOJIHe peaJIhHO, CJIe,n:yeTpaccMaTpHBaTh KaK ,n:o-

CTaTOqHO 3HaqHMhIH pe3YJIhTaT. HaMH rrpe,n:JIO)l(eHhI aJI-

ropHTM qHCJIeHHOrO peIlleHHR H paCqeTHall cxeMa C HC-

nOJIh30BaHHeM pa3HocTHoro MeTo,n:a [4]. BhIIIOJIHeHHOe

HaMH qHCJIeHHOe peIlleHHe rr03BOJIHJIOC,n:ocTaTOqHOH,n:JIlI

BECTHr.1KMAX

HH)I(eHepHhIX paCqeTOB TOqHOCThlO onpe,n:eJIHTh BpeMlI

CYIIIKH H BhIIIOJIHHTh KOJIHqeCTBeHHhIH aHaJIH3 BJIHRHHHHa

Hero OCHOBHhIX pe)l(HMHhIX napaMeTpOB npoQecca.

06paTHMClI Teneph K paCCMQTPeHHIOHeKOTophIX pe3yJIh-

TaTOB paCqeTa. Ha pHc.2 npe,n:CTaBJIeHhI nOJIyqeHHhIe

paCqeTHhIM nyTeM KpHBhIe pacnpe,n:eJIeHHlI TeMrrepaTy-

phI BhICYIIIHBaeMoro MaTepHaJIa rpaHyJI ,n:HaMeTpOM OT 1
,n:o 6 MM.

Cy.ll:Jl rro pe3yJIhTaTaM, c,n:eJIaHHhIe npe,n:nOJIO)l(eHHH 0

TOM, qTO K03q,<pHQHeHT rraponpOBo,n:HOCTH HBJIlIeTCH Be-

JIHqHHOH KOHeqHOH H H3MeHHIOIlleHClI B xo,n:e CYIIIKH, rrpH-

BO,n:HTK He06xo,n:HMOCTH nepeCMOTpa H KOppeKTHpOBKH

HeKOTophIX Tpa,n:HQHOHHhIX npe,n:CTaBJIeHHH 0 xapaKTepe

pa3BHTHH rrpoQecca. 3aMOpO)l(eHHaR 30Ha CJIORB paCCMaT-

pHBaeMOM CJIyqae y)l(e He RBJIHeTCR 30HOH H30TepMHq-

HOCTH, B HeH B03HHKaeT rpa,n:HeHT TeMnepaTyphI, npH-

qeM na,n:eHHe TeMrrepaTyphI OKa3hIBaeTCH 3aMeTHOH Be-

JIHqHHOH Ha rropH,n:OK rpa,n:YCOB. XapaKTepHO, qTO nepe-

na,n: TeMrrepaTyphI B 3aMOp0)l(eHHOH 30He CJIOll OKa3hIBa-

eTCR TeM 60JIhIlle, qeM MeHhIlle pa3Mep 06pa3ylOIllHx

CJIOH qaCTHQ. 3Ta TeH,n:eHQHR Haxo,n:HT qeTKOe 06'hRCHe-

T,K
255

245o
T,K
250

0,01
a

245
0,005

Puc. 2. Pacnpeae.tleHUe meMnepamypbl 6 3aM0p0:JICeHHOM
CAoe zpaHyA pa3llUI(HOZOaUaMempa

(a - cyUJKa - 11(; 6 - 4 I():
1- 6 ·ler] M; 2 - 4 ·ler] M; 3 - 2 ·ler] M;

4-1·1er]M;
T - meMnepamypa Mamepu(JJIO; x - meKyU{OJI

KOOpaUHama



Pa3,Qen 2.m1~EBbIETEXHOnOnU1

Puc. 3. !JJJUJlHUepowepo ZpOHyA (D) HO nOAO:JICeHUe
ZpOHUI{ 3aM0po:JICeHHOU30HbI:

]- 6.10-1 M; 2 - 4.10-1 M; 3 - 2.10-1 M; 4 - ]·]rr1 M;

5 - 5·]rr' M; 6 - ]·]rr' M;
- -- -, ~ npo06U:JICeHUe ZpOHUl{bI rjxJ3060Z0 nepexoiJo
coom6emcm6eHHO om zpelO~eu n06epXHocmu U 6HeWHeu

cmopOHbI cnOJl

HHe B paMKax rrpe.n;JIO)l(eHHOH MO.n;eJIHcy6JIHMaQHOHHOH

CYIllKH, COrJIaCHOKOTOpOHCpOCTOM CTerreHH H3MeJIJ,tIeH-

HOCTH BbICYIllHBaeMOrO MaTepHaJIa .n;OJI)I(eHCHH)I(aTbCJI

K03<P<PHQHeHTrrapOrrpOBO.n;HOCTH,rrpOrrOpQHOHaJIbHO yBe-

JIHtIHBalOTCJIrpa.n;HeHT .n;aBJIeHHJIH CBJl3aHHbIH C HHM rpa-

.n:HeHTTeMrrepaTypbI.

Ha pHC. 3 rrOKa3aHa 3aBHCHMOCTb rrOJIO)l(eHHJI rpaHHQ

3aMOp0)l(eHHOH 30HbI OTBpeMeHH rrpH Pa3JIHtIHbIX .n;HaMeT-

pax rpaHYJI, rrepBOHatIaJIbHO 06pa3ylOIl{HX CJIOH.

Ilpe.n;cTaBJIeHHbIe pe3YJIbTaTbI rrOKa3bIBaIOT, tITO 3aJIO-

)l(eHHOe B aJIrOpHTM pactIeTa Tpe60BaHI~e 06 ytIeTe He-

paBHoMepHocTH pacrrpe.n;eJIeHHJI TeMrreparypbI H .n;aBJIe-

HHJI rrapa B CJIoe KopeHHbIM 06pa30M MO)l(eT H3MeHHTb

xapaKTep rrpoQecca rro cpaBHeHHIO C XO.n;OMero B Tpa.n;H-

QHOHHbIXMo.n;eJIJlX.TaK, rpa<pHK (CM. pHC. 3) HarJIJI.n;HOHJI-

JIIOCTpHpyeT <paKTHaJIHtIHJI .n;ByXrpaHHQ <pa30Boro rrepe-

xo.n;a, rrpo.n;BHralOIl{HXCJI OT BHeIllHeH rpaHHQbI CJIOJlH OT

rpelOIl{eH rroBepxHocTH HaBCTpetIy .n;pyr .n;pyry. Ba)l(HO

OTMeTHTb, tITO C YMeHbIlleHHeM .n;HaMeTpa rpaHyJI CKO-

POCTb rrpo.n;BH)I(eHHJIBHeIllHeH Me)l(<pa3HoH rpaHHQbI CTa-

HOBHTCJIcorrOCTaBHMOH co CKOpOCTblOpacrrpocTpaHeHHJI

<ppoHTa OT TerrJIOrro.n;Bo.n;JlIl{eHrrOBepXHOCTH H .n;a)l(e MO-

)l(eT rrpeBocxo.n;HTb rrOCJIe.n;HIOIO.IlpH 3TOM rrOJIHaJl .n;JIH-

TeJIbHOCTbrrpoQecca COKpaIl{aeTCJI rro cpaBHeHHIO co Bpe-

MeHeM 06e3BO)l(HBaHHJI, orrpe.n;eJIeHHbIM H3BeCTHbIMH Me-

To.n;aMH. 3TOT pe3YJIbTaT rrpe.n;cTaBJIJleTCJI Ha rrepBbIH

B3rJIJI.n;He BrrOJIHe OtIeBH.n;HbIM.

)l.eHcTBHTeJIbHO, CYMeHbIlleHHeM pa3Mepa tIaCTHQ B03-

paCTaeT rrop03HOCTb, tITO Bbl3bIBaeT, C O.n;HoH CTOpOHbI,

CHH)I(eHHe 3<p<peKTHBHOHTerrJIOrrpOBo.n;HOCTHoCyIlleHHoH

30HbI, C .n:pyroH - YMeHbillaeTCJI rpa.n;HeHT TeMrrepaTypbI

B nOH 30He. KaK CJIe.n;CTBHe,YMeHbillaeTCJI rrJIOTHOCTb

TerrJIOBOrO rrOTOKa, rro.n;Bo.n;HMoro K 3aMopO)l(eHHoMy Ma-

TepHaJIy tIepe3 ocyrneHHylO 30HY. IlpH nOM rrpo.n;OJI)I(H-

TeJIbHOCTb CYIllKH, Ka3aJIOCb 6bI, .n;OJI)I(Ha B03paCTaTb.

O.n;HaKO paCtIeT (CM. pHC. 3) .n;aeT 06paTHbIH pe3YJIbTaT.

Ka)l(yIl{eecJI rrpoTHBOpetIHe pa3pernaeTCJI, eCJIH rrpHBJIetIb

K paccMoTpeHHIO pa3BHTbIe Mo.n;eJIbHbIe rrpe.n;cTaBJIeHHJI

o rrepecTpoHKe BHyTpeHHeH CTpyKTypbI 3aMOp0)l(eHHOH

30HbI.

Ilo Mepe YMeHbrneHHJI pa3Mepa rpaHyJI Bce 60JIee cy-

Il{eCTBeHHbIM CTaHOBHTCJI 3<p<peKT yrrJIOTHeHHJI CJIOJl 3a

CtIeT rrepeKoH.n;eHcaQHH BJIarH; 06pa6aTbIBaeMbIH MaTe-

pHaJI Bce B 60JIbrneH CTerreHH rrpH6JIH)I(aeTCJI rro CBOHM

xapaKTepHcTHKaM K MOHOJIHry. 3HeprHJI B .n;aHHOMCJIy-

tIae rro.n;Bo.n;HTCJItIepe3 ocyrneHHbIH CJIOH K MaTepHaJIy,

6JIH3KOMy rro CBOHM CBoHcTBaM K CrrJIOillHOMY 3aMopo-

)l(eHHoMy 06pa3Qy npo.n;YKTa. B pe3YJIbTaTe peaJIH3yeT-

CJICrreQH<pHtIeCKHH rrpoQecc, KOTOPbIH no crroc06y :mep-

rorro.n;Bo.n;a OKa3bIBaeTCJI B npoMe)l(yTOtIHOM nOJIO)l(eHHH

Me)l(.n;y .n;ByMjI «KJIaCCHtIeCKHMH» CJIytIaJlMH - tIepe3 ocy-

rneHHbIH CJIOHH tIepe3 3aMOp0)l(eHHbIH CJIOH.XOpOillO H3-

BeCTHO, tITO rrpo.n;OJI)I(HTeJIbHOCTb cy6JIHMaQHH CJIOjl B

nepBoM cJIytIae B HeCKOJIbKO pa3 60JIbrne, tIeM BO BTO-

pOM [5]. OtIeBH.n;Ho, HMeHHO 3THM CJIe.n;yeT 06bJlCHHTb

COKpaIl{eHHe .n;JIHTeJIbHOCTH cyrnKH H conOCTaBHMOCTb

TeMrrOB npo.n;BH)I(eHHJI BHeIllHeH H BHyTpeHHeH rpaHHQ

<pa30Boro npeBpaIl{eHHjI C YMeHbIlleHHeM pa3Mepa rpa-

HyJI. B rrpe.n;eJIbHOM CJIytIae, cOOTBeTcTBylOIl{eM nOJIHO-

My CMep3aHHIO MeJIKHX tIaCTHQ, MbI 6y.n;eM HMeTb CyIll-

Ky B MOHOJIHTHOM CJIoe CO BceMH rrpHcyIl{HMH TaKoMy

rrpoQeccy oc06eHHOCTjlMH.

TaKHM 06pa30M, rrpe.n;JIO)l(eHHaji HaMH <pH3HtIeCK~ MO-

.n;eJIbcy6JIHMaQHH .n;HcnepCHoro MaTepHaJIa H rrOJIYtIeHHbIe

Ha ee OCHOBepaCtIeTHbIe 3aBHCHMOCTH .n;JIjIonpe.n;eJIeHHjI

rrpo.n;OJI)I(HTeJIbHOCTHnpoQecca n03BOJIjlIOT KOJIHtIeCTBeH-

HO OQeHHTb CrreQH<pHtIeCKHe JlBJIeHHjI, CBjl3aHHbIe C pa3-

JIHtIHbIMH rpaHyJIOMeTpHtIeCKHMH CBOHCTBaMH o6'beKTOB

cyrnKH H ypoBHeM 3Heprorro.n;Bo.n;a.
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