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It is presented the procedure of determination of the efficient heat and hydrodynamic properties of nonhomo-
geneous porous and bio materials with the help of fragmentation analysis method. The method is based on com-
puter calculation of the extracted (with the help of the proposed procedure) structure fragment. Meanwhile all
real physical processes are taken into account in corpore. The example of determination of the efficient heat
conductivity of nonhomogeneous bio materials with the structure of ordered fluid and semifluid component mix-
ture subject to convection is presented.
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BBe,ll,eHHe

TermO-rH,lJ,pO,lJ,I1HaMI1l..JeCKHe paC4eTbI HeO,lJ,HO-

PO,lJ,HbIX MaTepl1aJIOB (nOpI1CTbIX, KOMn03HUI10HHblX,

6110MaTepl1aJIOB 11T. n.) 5IBJI5IIOTC5I CJIO)l(}fOH 3a,lJ,a4eH.

OO,lJ,06Hble 33,lJ,a411cOnpOBO)l(,lJ.aIOTC5I pa3JIH4Horo pO,lJ,a

ynpOl.l.(eHl15IMI1, KOTopble CB5I3aHbI C npHMeHeHl1eM

MeTO,lJ,OB pac4eTa 11 MaTeMaTWl..JeCKOrO MO,lJ,eJIHpOBa-

HI15I, 113Ha4aJIbHO pa3pa6oTaHHbix ,1J.Jl5IMaTepl1aJIaB

a,lJ,Hapa,lJ,Hara KaHTI1HyyMa [I]. LJ:JI5I nepeHaca 3TWX

MeTO,lJ,aB Ha Hea,lJ,HOpa,lJ,Hble MaTepJ1aJIbI Tpe6yeTC5I

nOJIY411Tb HeKaTapble ycpe,lJ,HeHHble J1X xapaKTepl1C-

TWKH, TaKHe KaK TenJIanpaBa,lJ,HaCTb, TenJIaeMKaCTb,

nJIaTHaCTb, npaHl1uaeMaCTb, rl1,lJ,pa,lJ,HHaMl1qeCKae

CanpaTI1BJIeHl1e CJIaeB 11,lJ,p.

Ll:JI5I naJIyqeHI15I YKa3aHHbIX xapaKTepl1CTHK npe,lJ,-

JIaraJIl1Cb Pa3JIWIHble reaMeTpWleCKJ1e 11 MaTeMaTW-

4eCKHe MO,lJ,eJII1, B TaH I1JIJ1 I1HaH CTeneHI1 npJ16JIH)I(a-

IOl.l.(l1eC5I K peaJIbHaMy cTpaeHwlO MaTepWaJIOB. BHYT-

peHHl1e HeO,lJ,HapO,lJ,HOCTW npe,lJ,CTaBJI5IJIHCb B BJ1,lJ,e

wapaB, KY6aB, MHarorpaHHwKaB, COnpJ1KaCaIOIUJ1XC5I

Me)l()J,y C06aH I1JI11 pa3,lJ,eJIeHHbIX npaMe)(()'TOqHblMH

CJIa5IMI1. Bce 3TI1 Ma,ll,eJIW a6JIa,lJ,a1OT pa3JIWQHaH CTene-

HblO CXO,lJ,CTBaC peaJIbHaH CTPYKTypaH. O,lJ,HaKa nar-

peWHaCTI1 TaKora paccMaTpeHl15I KPaIOTC5I He CTaJIb-

Ka B cPapMe Ma,lJ,eJII1, CKOJIbKa B 6aJIbWaH CTeneHH

npJ16JII13I1TeJIbHaCTI1 npH ee paCQeTe. 3TH paCQeTbI

6bIJII1 aCHaBaHbI Ha npe,lJ,CTaBJIeHWH CI1CTeMbI B BW,lJ,e

3JIeKTpW4eCKaH uenJ1 C CaCpe,lJ,aT04eHHb1MI1 napaMeT-

paMI1. Co6cTBeHHa paC4eT 6bIJI BeCbMa ynpoIUeHHbIM

11 CBa,lJ,I1JIC5I K a6be,lJ,I1HeHWIO HeCKaJIbKJ1X canpaTwB-

JIeHJ1H I1JII1 eMKacTeH B a,lJ,Ha ueJIoe [2].
PaCCMaTpl1BaeMble a6beKTbI 5IBJI5IIOTC5I CHCTeMa-

* Pa60Ta BblITOJlHeHa npH qJHHaHCOBoH rrO.L\.L\ep)I(Ke

POCCHHCKorO cP0H.L\a cPYH.L\aMeHTaJJbHbIX HCCJle.L\OBaHI1H

(P<D<1>I1), npOeKTbI N2 10-08-00628 H N2 12-08-00043

MW C pacnpe,ll,eJIeHHbIMw napaMeTpaMI1 11anl1CbIBalOT-

C5I, KaK 113BecTHa, CJ1CTeMaMW ypaBHeHI1H B QaCTHblX

np0I13Ba,lJ,HbIX. B HaCTa5IIUee BpeM5I B CB5I311C HaJIWII1-

eM MaIUHblX BblQWCJII1TeJIbHbIX KaMnblOTepHblX CI1C-

TeM (TaKHX, HanpJ1Mep, KaK ANSYS-CFX, Camsal

Multiphysics) na5IBI1JIaCb B03Ma)l(}faCTb 3HaQWTeJIb-

Ha T04Hee paCC411TbIBaTb na,lJ,06HarO pa,lJ,a CJIO)f(Hble

CHCTeMbI, YQHTbIBa5I npl1 3TaM Bce ,lJ,eHcTBYJOIUl1e cPl1-

3W4eCKJ1e npaueCCbI [3]. O,lJ,HaKO TaKOH paC<IeT npw-

MeHI1TeJIbHa K paCCMaTpWBaeMbIM Hea,lJ,Hap0,lJ,HbIM

CJ1CTeMaM C,lJ,ep)f(HBaeTC5I HaJIWl..JJ1eM B HI1X orpaMHoro

KaJII1l.JeCTBa a,ll,HaTwnHbIX 3JIeMeHTOB. HeBo3Ma)l(}fa

Tal.JHa paCCQHTaTb CI1CTeMY, COCTa5IIUYIO 113 MJ1JIJII1-

OHaB a,lJ,HaTJ1nHbIX 3JIeMeHTaB. B CB5I311 C 3TI1M B03-

HHKaeT He06xo,lJ,J1MOCTb B pa3pa60TKe MeTa,lJ,l1KJ1

cPparMeHTaUWH, n03BaJI5IIOIUeH paCCMaTpeTb BCIO

CaBOKynHOCTb npaXa,lJ,5II.UJ1X B CI1CTeMe cPI13Wl..JeCKWX

npaueCCaB Ha naJIHaCTblO npe,lJ,CTaBWTeJIbHaH l.JaCTI1

CI1CTeMbI 6e3 KaKJ1X-JIH6a ynpoIUaIOIUJ1X npe,lJ,naCbI-

JIaK.

Ope,lJ,CTaBJIeHHbIH B ,lJ,aHHaH pa6aTe MeTa,lJ, cPpar-

MeHTaUHW [4] OTJIHl..JaeTC5I cneUl1cPw4ecKHM CTpyKTy-

pWpOBaHJ1eM paCQeTHaH a6JIaCTw. MeTa,ll, 5IBJI5IeTC5I

TaQHbIM, aH He CB5I3aH C KaKHMI1-JIw6a ,lJ,arryrn:eHI15I-

MW. 06IUeH xapaKTepl1CTJ1KOH npe,1J.JlaraeMaH MeTO,lJ,a-

JIarHl1 5IBJI5IeTC5I arropa Ha ,lJ,eTaJIbHbIH KaMnblOTepHbIH

paC4eT npe,lJ,CTaBHTeJIbHara cPparMeHTa MaTepl1aJIa.

HaXa)l()J,eHHe TaKara cPparMeHTa anl1paeTC5I Ha ,lJ,e-

TaJIbHble KaMnblOTepHble paCQeTbI, a He Ha yM03pl1-

TeJIbHble ,lJ,eJIeHW5I paCQeTHaH a6JIaCTI1, KaK 3TJ1 npl1-

H5ITO B 6aJIbWWHCTBe Ma,lJ,eJIeH, paCCMaTpl1BaeMblx

B HaCT05IIUee BpeM5I.



,l],aHHblw nO,ll,XO,ll,HMeeT HeCKOJIbKO MO,ll,M<pMKaIJ,HH

B 3aBHCHMOCTH OT TMna paCCMaTpMBaeMhIX npOIJ,eCCOB

HJIH 51BJIeHMH. TaKHe npOIJ,eCCbI, KaK cy6JIMMaIJ,H5I

B BaKYyMe, OC06eHHO npM HaJIWlMM BCneHHBaHM5I,

rOMOreHH3aIJ,H5I, 3aMOpmKMBaHHe M T. n., Tpe6YlOT

pa3JIHlIHbiX MeTO,ll,OB aHaJIM3a. 3TH pa3JIWIM5I CB5I3aHhI

C TeM, KaKMe npOIJ,eCCbl npeBaJIMpylOT B ,ll,aHHOH CMC-

TeMe - TenJIOnpOBO,ll,HOCTb, KOHBeKll,M5I, M3JIycieHMe,

HaJIHlfHe H CKOpOCTb <pa30Bb1X nepeXO,ll,OB.

MeTo,ll, MCnOJIb3yeT nOBTOp5leMOCTb 06pa3YlO-

W,HX CTpyKTypy 3JIeMeHTOB M n03BOJI5IeT nOJIHOCThlO,

6e3 ynpow,eHMW, paCClfHTaTh cHcTeMy. OH n03BOJUIeT

nOJIYllHTb paClfeTHblM nYTeM ycpe,ll,HeHHhle XapaK-

TepHCTHKH CHCTeMbI (B lfaCTHOCTH, HeO,ll,HOpO,ll,HhIX

MaTepHaJIOB), lfTO,ll,O CMX nop ocyw,eCTBJI5IJIOCb JIMWb

3KcnepHMeHTaJIbHO. MeTo,ll, ,ll,aeT B03MO)((HOCTb pac-

CMOTpeTb ,ll,eTaJIbHYlO KapTHHy npOIJ,eCca B OKpeCT-

HOCTH Ka)f()J,OrO 3JIeMeHTa CTPYKTypbI. Oc06eHHO 3TO

B<DKHO B CJIYlfa5lX, KOr,ll,a B nOTOKe B03MO)((HhI <pa30BbIe

npeBpaw,eHM5I. MeTo,ll, OCHOBaH Ha MaTeMaTMlfeCKOM

MO,ll,eJIHpOBaHHH H lIMCJIeHH~IX 3KcnepHMeHTax.

PaCCMOTpMM MeTO,ll,MKY <pparMeHTaIJ,MM. OHa

BKJIlOlIaeT CJIe,ll,YlOw,He 3Tanbl:

1. BbI,ll,eJUIeTC5I H paCClfMTbIBaeTC5I npe,ll,CTaBH-

TeJIbHa51 lfaCTb BceH 06JIaCTM (TaKM ee 60JIbWa5I no-

,ll,06JIaCTb, KOTOpa51 ellJ,e MO)l(eT 6blTh nO,ll,BeprHYTa

paclfeTy HMelOw,MMHC5I B HaCT05lw,ee BpeM5I Cpe,ll,CTBa-

MH).
2. BbI5IBJI5IlOTC5l 30HhI nepHO,ll,WIHOCTM pe3yJIh-

TaTOB, CB5I3aHHble C perYJI5IpHOH CTpyKTYPOH pac-

cMaTpHBaeMoH CHCTeMbI.

3. nYTeM paClieTOB C nOCTeneHHhIM y,ll,aJIeHMeM

nOBTOp5l1OW,MXC5I 30H onpe,ll,eJI5IeTC5I TaKOH <pparMeHT

06JIaCTH, B KOTOpOM pe3YJIhTaTbI }')ICe He MMelOT pery-

JI5IpHOrO xapaKTepa. 3Ta lfaCTb M 51BJI5IeTC5IMMHMMaJIh-

HblM <pparMeHToM.

4. 3a)J,alOTc5I KpaeBble yCJIOBH5l, M peWaeTC5I 3a-

,ll,alfa Ha nOJIycieHHOM MMHMMaJIbHOM <pparMeHTe, O,ll,-

HOKpaTHO MJIM HTepaIJ,MOHHO.

5. Pe3YJIbTaTbI )J,Jl51 BceH 06JIaCTM HaXO,ll,5ITC5l

no pe3YJIbTaTaM paClfeTa <pparMeHTa npOCTbIMM aJI-

re6paHllecKMMH Cpe,ll,CTBaMM.

HTaK, MCCJIe,ll,yeMa5I 06JIaCTb pa3,ll,eJUIeTC5l BHpTy-

aJIbHblMH H30JIMpylOW,HMM neperOpO,ll,KaMM, He MeH5I-

lOW,HMH xapaKTep TelfeHM5I MJIM TeMneparypHoro nOJI5l

B CHCTeMe. npOBepKa 3Toro npOBO,ll,MTC5l Ha OCHOBe

aHaJIH3a paClfeTHblX ,ll,aHHbIX.

KpHTepM5IMH B03MO)((HOCTM OTCe'leHM5I <ppar-

MeHTOB 51BJI5IlOTC5I:

a) nOBTOp5IeMOCTb paCCMaTpHBaeMOW KapTMHbl

(nOJI5I CKopOCTew MJIH nOJI5I TenJIOBblX nOTOKOB) B6JIM-

3H pa3pe3a, no 06e CTOpOHbl OT Hero;

B) HeM3MeHHOCTb KapTMHbI nOJIeH B OCTaBWeHC5I

'laCTH npM y,ll,aJIeHHH oT6poweHHOH;

c) B03MO)((HOCTb a)J,eKBaTHoro aBTOHOMHoro pac-

'leTa OCTaBWeHC5l 'laCTM.

PaCCMOTpHM B Ka'leCTBe npMMepa aHaJIH3Hpy-

eMOH 06JIaCTH Tpy6'laTbIW TenJIo06MeHHHK. ,l],aH-

HblH npMMep Bbl6paH B CB5I3M C TeM, lJTO pe3YJIbTa-

Tbl no HeMy MO)((HO cpaBHMTb C y)((e MMelOllJ,MMHC5I

B JIHTepaType [5]. Ha pMC. 1, a nOKa3aHa MCXO,ll,Ha5I

6

Puc. 1. PoclfemHble o6/locmu: 0 - UCXOOHOJl06/l0Cmb; 6 - rPPOl-

A1eHm(/) 1; 6 - rPpolMeHm (/)2; (cmpeJllWAW nOICG30HblHOnp06/le-

HUll melfeHUll nomolCo)

paClfeTHa5I 06JIaCTb (nonepelJHOe CelJeHMe). Tpy6KM

,ll,MaMeTpOM 2 MM pacnOJIO)l(eHbl B CMMMeTpHlfHOM

waXMaTHOM nOp5l,ll,Ke C warOM 2 MM no ropM30HTaJIH

M no BepTMKaJIM. no HMM TelJeT rop5IlJa51 )((H,ll,KOCTb.

Qepe3 cMcTeMy CJIeBa HanpaBO npOKalJMBaeTC5I B03-

,ll,yx co Cpe,ll,HeM CKOpOCTblO 1 M/C. PaCClJMTbIBalOTC5I

,ll,B)'MepHble nOJI5I CKopocTew, ,ll,aBJIeHMH H TeMnepa-

Typ B nOnepelJHOM CelJeHMM TenJIo06MeHHMKa. 3a-

TeMHeHMeM nOKa3aHbI nOJI5I CKopocTew - CKOPO-

CTM YBeJIMlJMBalOTC5I OT TeMHOH 06JIaCTM K CBeTJIOH.

Pa3Mepbl MCXO,ll,HOH 06JIaCTM Bbl6paHbI TaK, lfT06bl

OHa BKJIlOlJaJIa ,ll,OCTaTOlJHOe KOJIMlJeCTBO 3JIeMeHTOB

CTPYKTYPbl M B TO )I(e BpeM5I MOrJIa 6bI 6blTb nO,ll,Bepr-

HYTa nOJIHoMy paC'leTy.

B CelJeHM5IX BXO,ll,a 3a)J,aeTC5I JIaMMHapHblH npo-

<pMJIb CKopOCTeW. B CelJeHM5IX BbIXO,ll,a 3a)J,aeTC5I HY-

JIeBOe CTaTMlJeCKOe ,ll,aBJIeHMe. Ha nOBepXHOCT5IX

TVy60K - yCJIOBH5I npMJIMnaHH5I. PeWaeTC5I 3a)J,a'la

)J,Jl5I ypaBHeHM5I HaBbe-CTOKca C MCnOJIb30BaHH-

eM nporpaMMHoro KOMnJIeKCa Coms01 Multiphysics

v. 3.5a. PeweHMe nOKa3bIBaeT, lfTO nOJIe CKopOCTeH

B,ll,OJIb 06eMx oceH KOOp,ll,MHaT HMeeT lJeTKO Bblpa-

)((eHHbIH nepMO,ll,MlJeCKMW xapaKTep. nOJIe ,ll,aBJIeHMH,

nOKa3aHHoe Ha pMC. 2, HMeeT HeCKOJIbKO HHOH xapaK-

Tep.
Pacnpe,ll,eJIeHMe ,ll,aBJIeHMH B,ll,OJIh CelfeHH5I AJ\

MMeeT BM)], HaKJIOHHOH JIMHHM, MO,ll,yJIMpOBaHHoH

nepHO,ll,MlJeCKMMM OTKJIOHeHM5IMH. Pacnpe,ll,eJIeHMe

,ll,aBJIeHHM B,ll,OJIh CelJeHM5I BB HMeeT nepMO,ll,HlfeCKYlO

<pOpMy C nepMO,ll,OM B ,ll,Ba Tpy6HbIX ,ll,MaMeTpa. nepM-

O,ll,MlJHOCTh 3TMX BeJIMlfMH ,ll,aeT OCHOBaHMe)J,Jl5I Ha'laJIa

npoIJ,ecca <pparMeHTaIJ,MM.



Puc. 2. PacnpeaelleHue aa61leHUU P 6 UCXOaHOU o61lacmu
no 2opu30HmallbHoMY cet.teHUJOM (P = P (x))

U 6epmUKallbHoMy cet.teHUJO BE (P = P (y)).

<l>parMeHTaU,IHI Ha4HHaeTC5I C Bbl.D.eJleHH5I cPpar-

MeHTa <l>I (CM. PI1C. 1, 6). BblcoTa :noro cPparMeHTa

COOTBeTcTByeT nepl1o.D.Y H3MeHeHH5I.D.aBJleHH5I. Ha ro-

PH30HTaJJbHblX 4aCT5IX rpaHHll,bl cPparMeHTa, npoxo-

.D.51Ill,I1Xno nOTOKy, 3a.D.aIOTC5I yCJIOBI151 CKOJlb)«eHI151

B.D.OJlbOCI1x (11 He npOHI1KaHI151 - no OCI1y). LI:eJIaeTC5I

pac4eT cPparMeHTa $1, nOKa3blBalOIll,I1H, 4TO Te4eHl1e

B HeM He 113MeHI1J10Cb.

<l>parMeHT $1 He 51BJl5IeTC5I M 11HHMaJJbHbIM

no pa3Mepy. OH I1MeeT ropH30HTaJJbHYIO OCb CHM-

MeTpl1l1. Pa3.D.eJlI1B ero no 3TOH OCI1, nOJIY'!HM .D.Ba

3KBHBaJJeHTHbiX TpaKTa. OT6poCHM HI1)«HI1H 11 no-

JlY'-!I1M cPparMeHT $2 (CM. pHC. 1, B). LI:aJJee nO.D.Bep-

raeM aHaJJI13Y cPparMeHT $2. PaC4eTbI nOKa3bIBaIOT,

4TO noml CKopocTeH 11 nOTepH .D.aBJleHI151 B Ka)((,Ll,OM

113 rr5lTI1 O.D.I1HaKOBbIX Y4aCTKOB 3Toro cPparMeH-

Ta O.D.I1HaKOBbl. CJle.D.OBaTeJIbHO, MO)«HO Bbl.D.eJII1Tb

cPparMeHT CD3, npl1Be.D.eHHblH Ha PI1C. 3 a. 0PO.D.OJI-

)«a51 npOll,eCC cPparMeHTall,I1H, nOJI)"-II1M cPparMeHT

<l>4 (Pl1c. 3, 6), KOTOpbIH H 51BJl5IeTC5I MI1HI1MaJJbHblM

CTpyKTypHblM cPparMeHToM .D.aHHOH CTpyKTypbI.

a cPparMeHTax CD3, CD4, <l>5 11306p3)«eHbl xapaKTep-

Hble JlI1HI1I1 nOJl51 CKopocTeH (JlI1HI1I1 TOKa, nepneH-

.D.I1KyJl5lpHble K HI1M JlHHHH H KOHTypbI paBHblx CKO-

pocTeH).

CTOI1T OTMeTI1Tb, qTO npocPl1J111 CKopocTeH

Ha BXO.D.e11BbIXO.D.e 113 $4 O.D.HHaKOBbI, HO nOBepHyTbl

3epKaJJbHO OTHOCHTeJlbHO .D.pyr .D.pyra. 3Ha51 Cpe.D.HIOIO

CKOpOCTb TeqeHI151, MO)«HO nOJIY4HTb T04HYlO KapTH-

HY nOJI51 CKopocTeH C rrOMOIll,blO .D.Byx-Tpex I1Tepall,I1H.

LI:JI5I 3Toro, 3a.D.aB npOH3BOJlbHbIH npocPl1JIb CKOpOCTH

Ha BXO.D.e 11, rrOJI)"-lHB npocPHJIb Ha BbIXO.D.e, He06xo-

.D.HMO 3aMeHI1Tb BXO.D.HOH npocPHJlb Ha cJIe.D.YIOIll,eH

I1TepaU,1111 pac4eTa nepeBepHyTbIM BbIXO.D.HbIM. Kpl1-

Tepl1eM OKOH4aHI151 I1TepaTHBHoro paC4eTa 51BJl5IeTC5I

COBna,Ll,eHl1e (c T04HOCTbIO.D.0 nepeBopoTa) npocPl1J1eii

Ha BXO.D.e 11 BbIXO.D.e. TaKHM 06pa30M, I1MeeTC5I B03-

MO)((HOCTb rrOJlHoro 11T04HOro aBTOHOMHoro paCqeTa

.D.aHHoro cPparMeHTa.

OocJle.D.YIOIll,a51 rrOnbITKa cPparMeHTall,l111 npl1-

BO.D.I1TK cPparMeHTY $5 (CM. pHC. 3. B), aBTOHOMHbIH

paC4eT KOToporo He MO)«eT 6bITb ocymecTBJleH. Ta-

KHM 06pa30M, cPparMeHT <l>4 51BJl5IeTC5IMI1HI1MaJJbHbIM

paC4eTHblM cPparMeHTOM B .D.aHHOH CI1CTeMe.

KaK BI1.D.I1M, npoll,eCC cPparMeHTaU,l111 orrpe.D.eJl5l-

eTC5I reOMeTpl14eCKHH CTPYKTypOH CI1CTeMbl 11 npo-

X0.D.I1T rro.D. KOHTpOJleM rrOCJle.D.OBaTeJlbHbIX paC4eTOB.

HeCMOTp51 Ha ero K~YIOC5I TpY.D.OeMKOCTb, rrpH-

JlO)«eHHble YCI1JIl15I 0KYITaIOTC5I, TaK KaK B .D.aJJbHeH-

IlleM paCqeT I1CXO.D.HOH06JIaCTI1 3aMeH5IeTC5I paC4eTOM

TOJlbKO MI1HI1MaJJbHoro cPparMeHTa.

TaKHM 06pa30M, paC4eT CHCTeMbl, npI1Be.D.eHHOH

Ha PI1C. 1, a, 3aMeH5IeM paC4eTOM cPparMeHTa <l>4 (Pl1c.

3, 6). 3TOT pac4eT rrOKa3bIBaeT, 4TO Cpe.D.HeI1HTer-

paJJbHoe 3Ha4eHI1e nepena,Ll,a.D.aBJleHI151 B HeM (no Bep-

THKaJJbHOMY CeqeHHIO) paBHO 0,93 na. PaC4eTHa51

nOJIHa51 nOTep51 .D.aBJleHH5I BO Bceii ll,en04Ke 113.D.eC5ITI1

cPparMeHTOB nOJlY4aeTC5I npOCTbIM YMHO)«eHl1eM no-

TepH .D.aBJleHH5I BO cPparMeHTe Ha 411CJlO cPparMeHTOB

B.D.OJIbnOTOKa 11, CJle.D.OBaTeJlbHO, paBHa 9,3 Oa. 3TOT

nepena,Ll, npaKTI14eCKH COOTBeTcTByeT 3KCrrep11MeH-

TaJJbHblM .D.aHHbIM [3].

TenJlOBOH paC4eT KOHCTpyKlJ,1111 rrpI1BO.D.HT

K TOMy)«e MI1HI1MaJJbHOMY cPparMeHTy $4, HO COBMe-

ll.I,eHHoMy rro KPHBOJlHHeHHbIM rpaHI1U,aM C LleTBepT5I-

MH Ce4eHI1H Tpy60K.

<l>parMeHTall,HOHHbIH MeTO.D. MO)«HO rrpl1MeH51Tb

H ,LI,JI5IaHaJJI13a pa3J1HqHblX Bapl1aHTOB KOHCTpyKU,1111

H pa3J1114Hb1X pe)((J1MOB ee pa60TbI, ,LI,JI5IyTOLIHeHH5I

H pacIllHpeHH5I .D.Hana30HOB npHMeHI1MOCTI1 Tex 3a-

BHcHMocTeH, KOTopble nOJlY'!eHbI 3KCnepl1MeHTaJJb-

HbIM rryTeM. MeTO.D. n03BOJl5leT paCC4HTbiBaTb CJlO)«-

Hble CTPYKTypHble CHCTeMbI, paC4eT KOTOpblX I1HbIMI1

Puc. 3. Pact.temHble o6llacmu:
a - r/Jpa2MeHm C/J3; 6 - r/Jpa2MeHm (/)4; 6 - r/Jpa2MeHm C1J5



cnoc06aMH B HaCT05l.mee BpeM5I. HeB03MO)l(eH. PaCy:eT

BCeH CI1CTeMbI, COCT05l.meH HHOr,lJ,a H3 MHJIJIHOHOB

3JIeMeHTOB, 3aMeH5I.eTC5I. paCy:eTOM O,lJ,HOrO <pparMeH-

Ta, 06pa30BaHHOrO ,lJ,BYM5IHJIH HeCKOJIhKl1MH 3JIeMeH-

TaMI1. B npouecce pacy:eTa MO)I(HO MeH5I.Tb nOCTaHOB-

KY 3a,D,aY:H, OCHOBhIBa5l.Ch Ha pe3YJIhTaTaX npe,lJ,hI,lJ,yme-

ro 3Tana, KOTOpble 3apaHee HeH3BeCTHhI H MOryT 6hITh

HeO)l(I1,lJ,aHHbIMH. 3TO OTHOCHTC5I., npe)l()J,e BCerO, K 3a-

,lJ,ay:aM C <pa30BbIMH nepeXO,lJ,aMH, B TOM Y:HCJIe - C na-

p006pa30BaHl1eM. 11 HaKOHeu, MeTO,lJ, <pparMeHTall,HH

51.BJI5I.eTC5I.e,lJ,I1HCTBeHHOH B03MO)I(HOCTblO paCy:eTa xa-

paKTepl1CTHK 3epHHcToro CJI05l.

<l>H3HKo-MaTeMaTHQeCKa51 MO,lJ,eJlbpaCQeTa

TenJlOnpOBO,lJ,HOCTH MaTepHaJlOB HeO,lJ,HOpO,lJ,HOH

CTPYKTYPbI

KaK 6bIJIO OTMey:eHO BbIWe, B cyw,eCTBylOw,HX

B HaCT05l.w,ee BpeM5I. MO,lJ,eJI5I.X HeO,lJ,HOpO,lJ,HhIX MaTe-

pHaJIOB [2] TepMHy:eCKoe conpOTHBJIeHHe MaTepHaJIa

onpe,lJ,eJI5I.eTC5I. KaK COnpOTl1J;meHHe CHCTeMhI nOCJIe-

,lJ,OBaTeJIbHbIX 11 napaJIJIeJIhHhIX conpOTHBJIeHHH. 3TO

npe,lJ,CTaBJIeHHe 51.BJI5IeTC5I.ynpomeHHbIM. ConpoTHB-

JIeHl1e peaJIbHOrO HeO,lJ,HOpO,lJ,HOro MaTepHaJIa, H npe-

)l()J,e Bcero, 6HoMaTepHaJIa, 3aBHCHT He TOJIhKO OT <pH-

3Hy:eCKl1X CBOHCTB ero KOMnOHeHT, HO H, B 60JIhllIOH

CTeneHH, OT CKOpOCTH ,lJ,BJ1)I(eHH5I. 3THX KOMnOHeHT

()I(J1,lJ,KOH I1JII1 ra3006pa3HOH <pa3hI). ll03TOMY Tpe-

6yeTC5I. nO,lJ,p06HOe paCCMOTpeHHe ,lJ,aHHOrO Bonpoca

6e3 KaKl1X JIH60 ynpomeHHH.

llpHMeHHTeJIhHO K onpe,lJ,eJIeHHIO TenJIOnpOBO,lJ,-

HOCTH HeO,lJ,HOpO,lJ,HOrO MaTepHaJIa Tpe6yeTc5I pac-

CMOTpeHHe CHCTeMhI ,lJ,H<p<pepeHlI,HaJIbHbIX ypaBHe-

HI1H, BKJIIOy:alOmHX KaK rH,lJ,pO,lJ,HHaMHKY, TaK H Ten-

JIOnpOBO,lJ,HOCTb. B CB5I.3H C TeM, Y:TO CKOpOCTH ,lJ,BJ1)I(e-

HH5I. nO,lJ,BH)l(HOH <pa3hI 06hI'-IHO HeBeJIHKH, ,lJ,OCTaTO'-l-

HO paCCMOTpeHH5I. JIaMHHapHoro TetIeHH5I. Cpe,lJ,hI, T. e.

CHCTeMbI ypaBHeHHH HaBbe-CTOKca. 3Ta CHCTeMa

HMeeT BH,lJ,:

ypaBHeHHe ,lJ,Bl1)I(eHH5I

p(uV)u=V[-pJ+l1(Vu+(Vuf)]+P; (1)

ypaBHeHl1e Hepa3pbIBHOCTH

Vu=O,
3,lJ,eCb u - BeKTOp CKOpOCTH, M/C; P - nJIOTHOCTh,

Kf/M3; 11 - ,lJ,HHaMH'-IeCKa51 B5I.3KOCTh, lla· c; F - CYM-

MapHbIH rpa,D,l1eHT BHellIHHX CHJI, lla/M.

O,lJ,HOBpeMeHHO HMeeT MeCTO CTall,HOHapHa51. Ten-

JIOnpOBO,lJ,HOCTb C yy:eTOM KOHBeKlJ,HH, onHChIBaeMa51

ypaBHeHHeM

r,lJ,eT-TeMnepaTypa, K; A- K03<P<PHlI,HeHTTenJIOnpo-

BO,lJ,HOCTI1, BT /(M· K);C-TenJIOeMKOCTb,)],)I(/(Kf' K);
Q - MOmHOCTb TenJIOBOrO HCTOtIHHKa, BT/M3•

3TH ypaBHeHH5I. ,lJ,OJDKHhI pellIaTbC5I. COBMeCTHO.

rpaHWIHble yCJIOBH5I TaKOBhr: Ha BepXHeH H HJ1)I(HeH

ropH30HTaJIhHbIX rpaHHlI,aX paCtIeTHOH 06JIaCTH 3a,D,a-

IOTC5I. yCJIOBH5I. TenJIOBOHH30JI5IlI,HH H HenpOHHKaHH5I

)I(J1,lJ,KOCTH. Ha JIeBOH BepTHKaJIhHOH rpaHH 3a,D,aeTC5I.

TenJIOBOH nOTOK H CKOpOCTH BXO,lJ,a)I(}I,lJ,KOCTH - B03-

MO)I(HO, pa3Hble Ha pa3HhIX Y'!aCTKax. Ha npaBOH Bep-

THKaJIhHOH rpaHH - TeMnepaTYpa H HyJIeBOe ,lJ,aBJIe-

HHe.

CJIe,lJ,yeT Y'!eCTh, '-ITO B 3a,D,ay:ax C,lJ,Bl1)I(eHHeM )I(J1,lJ,-

KOCTH TenJIOBOH nOTOK q BhI'-IHCJI5I.eTC5I. no <popMYJIe

dT
q = -A~+cpuT. (4)

)],aHHa51. MO,lJ,eJIh peaJIH30BaHa B KOMnblOTepHoH

CHCTeMe Comsol Multyphisics H HCnOJIb30BaHa HaMH

)J,Jl5I MaTeMaTHy:eCKoro MO,lJ,eJIHpOBaHI151. 6HoMaTepHa-

JIa, BKJIlOtIalOmerO B ce651. 3aMKHYTble wapoo6pa3Hble

3JIeMeHTbI H OKpy)l(alOmylO HX )I(J1,lJ,KOCTh.

3<p<peKTHBHbIM napaMeTpOM B OTHoweHHH HeO,lJ,-

HOpO,lJ,HOH Cpe,lJ,bl Ha3hIBaeTC5I. BeJIHtIHHa, I1CnOJIb30-

BaHHe KOTOpOH C npHMeHeHHeM KOHTHHYaJIbHblX 3a-

BHCHMOCTeH ,lJ,JI5I.O,lJ,HOpO,lJ,HOH Cpe,lJ,bl ,lJ,aeT pe3yJIbTaT,

COBna,D,alOw,HH C 3KcnepHMeHTaMH I1JII1 ,lJ,eTaJIbHbIMH

pacy:eTaMH HeO,lJ,HOpO,lJ,HOH. TaKl1M o6pa30M, nOCJIe

HaXO)l()J,eHH5I. BeJIHY:HHhI 3<p<peKTHBHoro napaMeTpa

pacy:eT HeO,lJ,HOpO,lJ,HOH Cpe,lJ,hI, HanpHMep, ee TeMne-

paTypHoro noJUl, MO)I(HO BeCTH KaK paCtIeT O,lJ,HOpO,lJ,-

HOH Cpe,lJ,hI, I1MelOmeH ,lJ,aHHbIH napaMeTp, HanpHMep,

TenJIOnpOBO,lJ,HOCTh. llpH 3TOM, eCJIH BHYTpH HeO,lJ,-

HOpO,lJ,HOrO MaTepHaJIa npHCYTCTByeT )I(J1,lJ,Ka51.cy6-

CTaHlI,H5I. H HMeeTC5I. KOHBeKlJ,l15I B HeH, TO npH pacy:eTe

C 3<p<peKTHBHhiM napaMeTpOM )I(J1,lJ,KyIO cy6cTaHUHIO

MO)I(HO He yY:HTbIBaTb, TaK KaK ee BJIH5I.HHe y)l(e Y'!TeHO

npH HaXO)l()J,eHHH 3<p<peKTHBHoro napaMeTpa.

llpOBe,lJ,eM paC'-IeT 3<p<peKTHBHOH TenJIOnpOBO,lJ,-

HOCTH HeO,lJ,HOpO,lJ,HOH CTPYKTypbl, npe,lJ,CTaBJI5I.IOw,eH

C060H y:aCTHUbl 516JIoY:Horo nlOpe. )],JI5I. pa3JIWlHbIX

MaTepHaJIOB cymeCTBYIOT pa3JIHY:Hble reOMeTpHtIeC-

Kl1e MO,lJ,eJIH HX CTPYKTyphI. B y:aCTHOCTH, P5l.,lJ,MaTe-

pHaJIOB MO)((HO npe,lJ,CTaBHTh B BH,lJ,eCTpyKTypbI, nOKa-

3aHHOH Ha pHC. 4.
CJIe,lJ,yeT OTMeTHTh, QTO BbI60p KOHKpeTHoro BH,lJ,a

reoMeTpHy:ecKoH CTPYKTypbI He BJIH5I.eT Ha npe,lJ,JIara-

Puc. 4. B03MOJICItafl ceOMempULfeCKafl cmpyKmypa HeooHopoOHOcO
MamepUMa



eMylO MeTO)J,HKY ¢parMeHTaIJ,HOHHOrO aHaJIH3a H Me-

TO)J,HKY onpe)J,eJIeHH5I 3¢¢eKTHBHblX napaMeTpOB,

a BJIH5IeT JlHWb Ha pe3YJlbTaTbi KOHKpeTHblX paC'-IeTOB.

[l03TOMY aBTopaMH B pa60Te 6blJIa HCnOJIb30BaHa

06061.l.(eHHa51 MO)J,eJlb (CM. pHC. 1, a).

B )J,aHHoH MO)J,eJlH, B COOTBeTCTBHH C M3JIO)l(eH-

HOH MeTo)J,HKoH ¢parMeHTaIJ,HH, MHHl1MaJIbHbIM pac-

'-IeTHblM ¢parMeHToM CHCTeMbI 51BJI5IeTC5I ¢parMeHT,

npe)J,cTaBJleHHbIH Ha pHC. 5. 3TOT ¢parMeHT COCTOMT

H3 )J,Byx '-IeTBepTl1HOK «3epHa» nlOpe C 3JleMeHTOM Ka-

HaJIa Me)l()J,y HHMH. :>KM)J,KOCTb Te'-IeT KaK no KaHaJIy,

TaK H, C cyl.l.(eCTBeHHO MeHbweH CKOpOCTblO, yepe3

«3epHa» nlOpe. TenJlO¢H3HyeCKl1e CBoHcTBa nlOpe

H BO)J,hI npe)J,CTaBJIeHbl B Ta6JlHIJ,e.

33)J,ayeH paCyeTa 51BJI5lJIOCh onpe)J,eJIeHMe noml

TeMneparyp CHCTeMbI no 33)J,aHHoMy Ha JleBOM rpaHHIJ,e

is:

'I; 0 is: o f-,

~
:I: f-, :I: ro

@
Q.l ro Q.l to;

IlapaMeTp :s: 0. to; 0. co
0. ro co ~~ ro

t3 ~.
E'2f? :a0 :3..00 1=0::;:s: 1=O<n 1=0

TermOnpOBO,l(HOCTb, BT/(M . K) 1,87 0,87 0,04 0,56
TenJlOeMKOCTb, ,L1,)K/( Kf . K) 850 450 120 4200
IlnarHoCTb, Kf/MJ 980 510 80 1000

TenJlOBOMY nOTOKY %' no 33)J,aHHOM Ha npaBoM rpaHHIJ,e

TeMnepaType T2 H 33)J,aHHbIM CKOpOCT5IM )f(}I,[O<J1X cy6-

CTaHIJ,MH - KaK Me)l()Jy 3epHaMH, TaK H B caMl1X 3epHax.

TaKHM 06pa30M, YLlHTbIBaJIl1Cb Bce ¢H3w-reCKMe npo-

lJ,eCCbI B CHCTeMe, CB5I3aHHble C TenJlOnpOBO)J,HOCThlO.

no HaM)J,eHHOMY TeMneparypHOMY nOJlIO onpe)J,eJI5lJIaCh

cpe)J,H5151 (cpe)J,HeHHTerpaJIbHa5l) TeMneparypa JleBOM

BepTHKaJIbHOH rpaHH CHCTeMbI. no 3TOH TeMneparype

H H3BeCTHOMY TennoBoMy nOTOKY, I1)J,yll(eMY B CHCTeMY,

BblLlHCJI5lJlaCb (no npHBe)J,eHHbIM HJ1)I(e ¢OPMYJIaM) 3¢-

¢eKTHBH35I TenJIOnpOBO)J,HOCTb )J,aHHOM CMCTeMbI

-A3<txl,"VT = go +CPUBx'1;ep,

T -T.
r)J,e"VT= 2 lep

h
A __ ( g_o_+_C_P_u_Bx_T._lep_)_h

3<"'''- T--T. '
2 ·Icp

Ha BXO)J,e; T2 - TeMnepaTypa Ha BhlXO)J,e H3 paCyeTHOM

06JlaCTH; % - BHeWHHM TenJlOBOH nOTOK Ha BXO)J,e;

U.
X

- Cpe)J,H5I5I BXO)J,Ha51CKOpOCTh.

EbIJIH npOBe)J,eHbI MHOrOBapHaHTHble paCyeTbI

nOJl51 TeMnepaTyp ,Il,aHHOM CHCTeMhl C pa3JII1'-IHhlMH HC-

XO)J,HhlMM )J,aHHhIMH. B paC'-IeTaX MeH5IJlHCb CKOpOCTH

)J,BJ1)I(eHH5I )I(J1)J,KOH ¢a3bI M CBOMCTBa caMoro nlOpe -

OT HCXO)J,Horo COCT05lHM5I)J,0 nOJIHOCTblO BblcymeHHo-

ro B pe3YJlbTaTe cy6JlHMaIJ,MH. VICnOJlb30BaJIaCb KOM-

nhlOTepHa5I paC'-IeTHa5I CMCTeMa Coms01 Mu1typhisics.

npHBe)J,eM, B KayeCTBe npHMepa, O)J,MH H3 pe-

3YJlbTaTOB paC'-IeTa. CKOpOCTb BXO)J,a )I(H)J,KOCTH B Ka-

Han Me)l()Jy 3epHaMH COCTaBJl5lJI 1,5 MM/C, B TBep)J,ylO

LlaCTh - 0,3 MM/C. TaKMM 06p330M, cpe)J,H5Ul CKOpOCTh

BXO)J,a u
BX

= 0,9MM/C = 0,0009M/C. BXOMIlJ,H"H Llepe3

JleByIO rpaHHIJ,y pacLleTHoro 3JIeMeHTa TennOBOH nOTOK

COCTaBJI5lJl go = 30 BT/M2• TeMneparypa npaBoH BepTH-

KanhHOM rpaHMIJ:bl npHH5ITa paBHoM 20°C. 3Ta BeJlI1L1H-

Ha He HMeeT npHHIJ,HnMaJIbHoro 3Ha'-leHH51, nOCKOJIhKY

B OKOHl.JaTeJIbHble Bbl'mCJIeHM51 BXO)J,MTTOJIbKO pa3HOCTb

TeMnepaTyp JleBOM H npaBOM rpaHHIJ, ¢parMeHTa. Ten-

JIO¢M3Ml.JeCKMe CBOHCTBa «TBep)J,blX» '-laCTHIJ, 516JIoYHOrO

nlOpe B351TbI H3 Ta6JIJ1IJ,bI (cToJI6eIJ: «VICXO)J,HbIH MaTe-

PHaJI»), )I(J1)J,KOCTM - H3 nOCJIe)J,Hero cToJI6IJ,a 3TOH )I(e

Ta6JIMIJ:bl. fOpl130HTanhHbIM pa3Mep h = 0,002M.

Ha pHC. 6 npe)J,CTaBJleHbl JlI1Hl1H TOKa )I(l1)J,KOCTH

BCHCTeMe, HapHc. 7 -TeMnepaTyphI nOTpeMXapaKTep-

HbIMrOpl130HTaJIhHhIM Ce'-leHI151M:AA - BepXH5l5l rpaHh,

BB - cpe)J,Hee ceLleHHe, CC - Hl1)I(H5I5I rpaHh. BH)J,HO,

LITO BepXHee Ce'-leHHe HarpeBaeTC5I CI1JIhHee HJ1)I(He-

ro, nOCKOJlbKY )I(J1)J,KOCTb TeyeT no )J,HaroHaJIH CHH3Y

BBepx. JIeBa51 BepTHKaJIhHa51 rpaHh HarpeTa )J,O 35°C

npaKTM'-leCKM paBHOMepHO, TaK '-ITO ycpe)J,HeHI15I

He Tpe6yeTC5I. [lO)J,CTaBJI5I5I Bce )J,aHHble B ¢OPMYJIY

(5), nOJIYl.JaeM, YTO 3¢¢eKTHBHa51 TenJlOnpoBo)J,HOCTb

CI1CTeMbI npl1 )J,aHHhlX YCJlOBH5IX paBHa 7,56 BT /(M .

K), T. e. B '-IeTblpe pa3a Bblllle, '-IeM y 3epeH MCXO)J,Horo

MaTepl1aJIa. 3TO CBI1)J,eTeJlhCTByeT 06 O'-IeHb CI1JlhHOM

BJlI151HI1M KOHBeKIJ:HI1 )I(J1)J,KOCTl1 B nopax H «3a30pax»

MaTepMaJIa Ha ero I1CTHHHY\O TenJlOnpOBO)J,HOCTb.

BI1)J,HO, '-ITO MCnOJIb30BaHHe B TenJlOBbIX paC'-IeTaX

npH HaJIM'-IHH KOHBeKu:I1H TenJlO¢113H'-IeCKl1X CBOHCTB

caMHX '-laCTI1IJ, 516JIOK I1JIH BO)J,hI 51BJl5leTC5I a6COJllOTHO

HeBepHbIM.
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PUC. 7. PacnpeOeJleHUe meMnepamyp pac'temHou o6Jlacmu
no ce'teHUJIM M, BB U CC

OOJlyyeHHblH K03cPcPillJ,HeHT TerrJlOrrpOBO,D,-

HOCTI1 MO)l(HO I1CrrOJlb30BaTb B paCyeTaX pa3J1HYHbIX

TeXHOJlOrl1yeCKHX rrpOlJ,eCCOB o6pa6oTKH 5I6J10YHOrO

mope, CYI1Ta5I era O,D,HOpO,D,HbIM MaTepI1MOM.

1. Pa3pa60TaH H rrpe,D,CTaBJleH HOBblM MeTO,D,

paCYeTHO-KoMrrblOTepHoro aHMH3a HeO,D,HOpO,D,HbIX

CI1CTeM - MeTO,D, cPparMeHTalJ,HH. 3TO TOYHblM Me-

TO,D" rrpl1rO,D,HblH ,D,JI5laHMH3a TerrJlOfH,D,paBJlH'-leCKHX

xapaKTepl1CTHK CTpyKTypHpoBaHHbIX CHCTeM - CHC-

TeM, COCT05ILIJ.I1X H3 60JIbWOrO KOJIHyeCTBa O,D,HOTHrr-

HblX 3J1eMeHTOB. MeTO,D, OCHOBaH Ha rrOCJle,D,OBaTeJIb-

HOM Bbl,D,eJleHI1I1 11 oT6pacbIBaHHH O,D,HHaKOBO pa60-

TalOLIJ.I1X LlacTeH CHCTeMbI C 3aMeHOH oT6poweHHbix

'-laCTeH 3KBI1 BMeHTHbIMH rpaHH'-lHbIMH YCJlOBH5IMH.

fpaHI1lJ,aMI1 yaCTeH MoryT CJly)I(HTb KaK JlI1HHH CHM-

MeTpI1H, TaK H JIHHHH rH,D,paBJIH'-leCKOrO HJlH TerrJIO-

Boro TOKa. B KOHe'-lHOM HTore rrpOlJ,eCca OCTaeTC5I

MHHHMMbHblH paC'-leTHbrH cPparMeHT, KOTOpbIM co-

XpaH5IeT Bce CBoHcTBa CHCTeMbl H MO)l(eT 6bITb rrOJI-

HOCTblO 11rrO,D,p06HO paCCYHTaH.

2. Ha 3TOH OCHOBe pa3pa60TaH MeTO,D, orrpe,D,e-

JIeHH5I 3cP<peKTHBHoro K03<PcPl1lJ,HeHTa TerrJIOrrpo-

BO,D,HOCTH HeO,D,HOpO,D,HbIX 6HOMaTepl1aJIOB, HMe-

IOI.lJ,HX CTpyKTypy yrrop5I,D,OYeHHOH CMeCI1 )I(11,D,KOH

Cpe,D,bI H rrOJIy)I(H,D,KHX (HerrO,D,BH)I(HbIX) KOMrrOHeH-

TOB, rrpHYeM KOHBeKlJ,H5I rrpOHCXO,D,I1T BO Bcex KOM-

rrOHeHTax (HarrpHMep, B rrpOIJ,eCce TeXHOJlOrWleC-

KOH 06pa60TKH).

3. MeTO,D, orrp060BaH Ha cepHH paCyeTOB. Ope,D,-

CTaBJleH KOHKpeTHbIM rrpHMep, KOTOpblH rrpO,D,eMOHC-

TpHpOBM CI1J1bHYJO 3aBHCHMOCTb 3<p<peKTI1BHOrO

K03cPcPHIJ,HeHTa TerrJIOrrpOBO,D,HOCTH HeO,D,HOpO,D,HOrO
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