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HaBeneno maTeMaTH4HY MoO/e/Ib TelJIOMACONEPEeHECEeHHS Y KaNIAPHO-TIOPUCTUX Tilax
AJISl CYIIiHHA 3 YpaxXyBaHHSIM pyXy 30HU BUNAapoBYBaHHA. OTPUMMAaHO aHATITHYHI PO3B’ A3KHU
HeJiHIiHMX 3a7a4 TemjioMaconmepeHeceHH: /A HecTaUiOHAPHUX pekuMiB cywiHHd. Jlo-
CJiIZkeHo BIJIMB TPUBAJIOCTI eTamiB pe:KUMIB CyIIiHHA HA TeminepaTypy ¢a3oBoro nepexoay B
JepeBUHI.

KalouoBi cioBa: mareMaTMyHa MoJe/b, TelioMacomnepeHeceHHsi, ¢a3oBi mepexoam,
npouec CymiHHA.

The mathematical model of heat and mass transfer in capillary-porous bodies for drying
with taking into account the zone of evapor ation movement is given in the work. The analytical
solutions of nonlinear problems of heat and mass transfer for unsteady regimes of drying are
received. The effect of duration of drying regimes on the temperature of phase transition in
wood isinvestigated.

Key words: mathematical model, heat and mass transfer, phase transitions, process of
drying.

AKTYAJIBHICTh 10CTiTKEHb

Bubip pamioHalbHUX TEXHONOTIM KOHBEKTHBHOTO CYIIIHHS MaTepialmiB 13 3a0e3nedeHHsIM
MaKCHUMaJIbHUX IHTCHCHMBHOCTEH TMPOIECiB Ta MiHIMAIBHUX EHEPreTHYHUX PECypCiB € BaXKIUBUM
3apnanHsaM. CKJIagHICTh TIpollecy CYIIIHHS KamiIipHO-TIOPUCTHX MartepiaiiB, 30KpeMa JepeBUHH,
3yMOBJICHA TIepebiroM B3a€MO3B’si3aHMX (I3MYHMX SIBHI TEIUIOMacoriepeHeceHHs i aedhopMyBaHHS B
YMOBaX BUCOKOI MIHJIMBOCTI CTPYKTYPHHX Ta (Hi3UUHUX BIACTUBOCTEH TTPOCKOMIYHUX Till.

CyyacHuil MiaXia 10 MaTeMaTHYHOrO MOJCTIOBAHHS TEIUIOMACOIICPEHECEHHS Y IPOLIECI CYIIIHHS
MartepiaiiB IPYHTYETbCS Ha 3aCTOCYBaHHI Teopil TemonpoBimHocTi. BoHa 1ae 3MOry BHKOPHCTOBYBaTH
KITacCH4YHI METOJM MaTeMaTUuHol (i3MKW Uil PO3B’'s3aHHSA  KOHKPETHHWX KpaioBux 3amad. OmHak s
BpaxyBaHHsI (Da30BHX TIEPEXOiB, 30KpeMa PyXOMOi 30HHM BHIIAPOBYBAaHHS BCEpEHMHI Marepiany, HEOOXiTHO
3aCTOCOBYBATH METOAM JOCTI/PKEHHS HEKIACHYHOI TerutonpoBimHOCcTi. ToMy po3poOnieHHsT MaTeMaTHYHHX
Mozernel TeroMaco00IHHHUX MPOILIECIB TTiJ] Yac CYIIIHHS KalISpHO-TIOPUCTUX MaTepiaiB, 30KpeMa JICPEBHHH,
3 ypaxyBaHHSIM PyXy IpaHMIb (Ha30BUX MEPEXOIIB, JOCTIDKEHHS 3aKOHOMIPHOCTEH 1X 3MIHHM YMOKIIUBITIOIOTh
BJIOCKOHAJICHHS HAasSIBHUX Ta PO3POOJICHHS] HOBUX TEXHOJOTI KOHBEKTUBHOT'O CYIITIHHS.

AHaJi3 gocaigKeHb

MexaHi3M MOrIHOJICHHS 30HM BUMAPOBYBAHHS BUCYIIyBaHOTO MaTepiayly Brepiie jaociiaus T.
Iepsyn [1, 2]. Tlomaipmr TeopeTHUHI Ta €KCIIEPUMEHTANbHI MiATBEPKEHHS MOTINOIEHHS MOBEPXHi
BUIIAPOBYBaHHA HaBereHo y mpamsgx [1, 3-5]. € gekimpka MAXOMIB 10 MOICIIOBAHHS IPOIIECIB
TEIJIOMACONIEPEHECEHHsI Y MarepialiaXx IiJl 4Yac CYyIIiHHS 3 YpaxyBaHHSM pyXy MOTJIUOJICHHS 30HH
BUTIApOBYBaHHA. [JIs eskux maTepiaiiB KpuTepii (a3oBoro mepexomy, Mo 3MIiHIOETCS 38 KOOPAHHATOO
TiNa, BpPaXxOBYEThCS Y TPAHUYHUAX YMOBaX.

3a iHIOIOTrO MiAXOAY MOJEIIOBAHHS MPOIECY BUIAJICHHS BOJOTH PO3TIIAETBCA Yy Mexax 3azadi
Credana [6, 7]. 3 MaTemMaTHYHOro MOTJIAAY KpaoBi 3amadi TerioMacolepeHeceHHs abo y3araibHeHi
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KpaloBi 3aayi NMPUHIMIIOBO BiAPI3HAIOTHCS Bil KIACHYHUX 3a/ad. 3aJSKHICTh XapaKTEPUCTUYHOIO
po3mipy 00acTi BUIIAPOBYBAaHHS BijJl 4acy YCKJIAIHIOE 3aCTOCYBAaHHS KIIACUYHMX METOIIB PO3AUICHHS
3MIHHHX a00 IHTerpajibHUX MEPETBOPEHb. AHANITUYHI JOCTIDKCHHS 3AIMCHEHO 111 OOMEXKCHHUX BUIIAJKIB
Harepe]] BiJOMOr'0 3aKOHY pyXy TpaHUIli, HampuKial, JiHidHOro abo mapabomiunoro. s 1mporo
BUKOPHUCTOBYBAJIM METOAM TeIIOBHX moTeHIianiB [8, 9], konTypHoro iHterpyBanns [10], cremeneBux
psaniB [8, 11], “mutreBux” BnacHux ¢yHkiii I'pinOGepra [12]. OTpumaHHS aHAIITHYHUX PO3B’S3KiB
KparoBOI 3a/1a4i y3araJbHEHOrO THIIY B 00JIACTI 3 PyXOMOIO I'paHUIICIO (a30BOro MepeXxoay 3a JOBUIbHUM
3aKOHOM 3BOJHIIOCS JIO IHTErpo-IudepeHIianbHuX PiBHIHD, 30KpeMa IHTErpajbHHX piBHSHB Bombrepa
JPYroro pojy 31 CKJIaAHUMHU siapamMu. TOMY BCTaHOBIIFOBAIMCS JIUIIIE SIKICHI PE3yIbTaTH MOBEIIHKH TAaKUX
CHCTEM.

VY upomy acrekti BakiuBi pobotu [6, 13]. Orpumani GyHKIIIOHATIBbHI IEPETBOPEHHS JAIU 3MOTY
3aCTOCOBYBATH KJIACHYHI METOJIM PO3JAUICHHS 3MIHHHMX 3 YpaxyBaHHSM DPI3HHX 3MIH pPyXy TpaHUIll JUis
BIJIMIOBIIHNX TPaHUYHUX YMOB Yy KJIACHYHUX CHUCTeMax KoopauHat. JloBoii epeKTHBHUM METOJIOM
PO3B’ si3aHHS 3a]]ad HATrpiBaHHS Ta KIHETUKU CYIIIHHS BOJOTHUX MatepiaiiB € MeToll TU(epeHIIHHUX PsIiB
[8]. Bin mae 3Mory oTpuMaTH YHCIOBO-aHATITHYHI PO3B’A3KM KPaloOBOi 3ajadi TermIoMacorepeHeceHHs
JUISl TPAHUYHUX YMOB TPETHOTO POTY.

Jnst GaraTOBUMIpHUX 3a7ad TEIJIOMacolepeHeceHHs 3 (a3oBUM IEPEXOJOM BHUKOPHCTAHHS
YUCJIOBMX METOIB 3 SIBHUM BUIUICHHSAM TpaHMil (a3oBUX MEepexo/iB y OaraTbOX BHIIaJIKax IOB’ SI3aHO 3
ITOPUTMIYHUMHE TPYIHOIIAMH Ta 3HAYHUMH OOYUCIIOBATBHUMHE 3aTpaTaMu. 30KpeMa, JJIsl 3HaXOKSHHS
HAOJIMKEHOTO PO3B 3Ky MIMPOKOTO 3aCTOCYBaHHS HAOylnM METOOM “HACKpI3HOro” po3paxyHky [7] 3
BUKOPUCTAaHHSIM y3arajibHeHoro (opmyBaHHs KiacuuHoi 3amadi CredaHa, y sKid HEBiJOMOIO € He
TeMIiepartypa, a eHTainbIis. s 4ucinoBoi peanizallii MaTeMaTHYHUX MOJIENICH BUKOPHCTOBYIOTh PI3HUIICBI
cxemu [14, 15] Ta ix pizHi Moaudikarrii.

Tomy Meror 1i€i poOoTH € MOOyJoBa MATEMAaTU4YHOI MOJEII Ta JOCTIIKSHHs IPOIECiB
TEIJIOMACONIEPEHECEHHSI MMiJ] Yac CYIIIHHS KalUIIpHO-TIOPHCTHX MaTepialiB 3 ypaxyBaHHSM pPyXy 30HH
BUTMIAPOBYBaHHA JUIS  HECTAl[iOHAPHOTO PEeXKUMY CYIIIHHS, 3aJaHOr0 y BHUIVIAAI  TOJIHOMA
eKcroHeHianpHuX (QyHkmid. KpaiioBa 3asa4a TEMIONpPOBIMHOCTI Y BUMAAKY JIIHIHHOI TpUETAITHOI 3MiHU
areHTa CyIIiHHs JocipKkeHa y npaisix [16, 17].

MaremaTnyHa MojieJib TENJIOMACOTIEpeHeCeHHsI 3 YPaXyBaHHSAM rpaHuib (a3oBoro nepexomy

Po3ryisiHEMO 3a/iady TEIIOMACONEPEHECEHHsT KaMISPHO-MIOPKCTO] IUIacTUHU 3aBTOBIIKK 2L
(- LEZEL, z- koopaunara) 3a jii Ha il TPAHUII0 KOHBEKTMBHOIO HECTAIliOHAPHOTO MOTOKY TeIlIa.
[TnacTvHa BigHECEHa O JEKApPTOBOI CUCTEMH KOOpPIMHAT. Y BHIIAIKy HAasSBHOCTI JUCIEPCIi pO3MIpIB MOp
Tpeba BpaxoOBYBaTH HAsBHICTb OCYIIEHOi, ABO(a3HOi Ta piguHHOI 30H. [lopu BiAKpUTI i y mOYaTKOBHIi
MOMEHT Yacy HaCHUeHi PiJMHOI0. Y MPOoIeci CYIIIHHS TUIACTHHA KOHTAKTY€ 3 TA30BUM CEPEIOBHILEM, SIKE €
CYMIIIIIIIIO CYXOr'o MOBITPs Ta mapu. B mpoiieci KOHBEKTUBHOTO CYIIIIHHS TEIUIO, SKE MiJBOJIUTHCS areHTOM
CYUIIHHS, BUTPAYa€ThCsl HA BUTIAPOBYBAHHS PIIMHH, HATPIBaHHS MaTepially i MOIONaHHs eHeprii 3B’ 13Ky 3
MaTepiaJoM. 3 BHIIApPOBYBAHOIO BOJIOTOIO TEIUIO YaCTKOBO TOBEPTAEThCs y cepenosuile. LIBUAKICTH
OOMiHY TEIUIOM 1 Macolo, SKIO0 BHYTPIIHBOAM(DY3iHHMIA oOmip Manwid, 3aJeXHUTh TUIBKH BijJl OMOpPY
MPUMEKOBOTO Iapy arcHTa CymIiHHA. TOBIIMHA 1 TiIPOAWHAMIYHUE CTaH IUIACTHHU 3aJISKATh BiJ
BiJTHOCHOT HIBHJIKOCTI HArpiToro moBiTpsi. PIBHOMIpHICTH Ta CUMETPis ABOCTOPOHHBOTO MPOIECY CYIIIHHS
MaTepialy CTBOPIOIOTHCS IUPKYIIALIEI0 HATPITOTO MOBITPSI.

MaTtemMaTiyHa MOJEIb TMPOIECY TEIJIOMACONEPEHECEHHsT Y IUIACTHHI MM 4Yac CYIIHHS 3
ypaxyBaHHsM 3MiHH y daci rpanui ¢pazosoro nepexony L Oyayerses Tak.

PiBHsIHHS eHeprii Mae BUTIISL

5
[P(Q/rv+(%ra)+(1_ F))(%rs]E :j CE?F’ Lm £ Z£ L ’ 0£Lm£|—7 (l)

it g Tzg
ne C,,C,,C, — MATOMI TEIUIOEMHOCTI IapH, MOBITPs, JEPEBHOro ckeiera; I ,I T ¢ — TYCTHHHM IIHX

\ a

caMHX KOMIIOHEHTIB BOJIOroi muacTuuu; F — BuyTpimme mxepeno; P — nopucricts Matepiany.
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Sxmo BojsgHA Tapa B 30BHINIHBOMY CEPEIOBUINI HE € HACHYCHOIO, TO BiIOyBaeThCS MpOIIEC
BUIIAPOBYBAHHS 3 IMAPOBOr0O MPOCTOPY IJIACTUHH Bix il moBepxHi B TMuOuHy Tina. [Ipuitmemo, 1o mopu
MalOTh OJHAKOBHI pPO3MIp 1 3HEXTYEMO MEXaHi3MOM IUTIBKOBOTO MacolepeHeceHHs. Bpakaemo, 1o
TEIJIOB1 YMOBH Ha MOBEPXHSX TUIACTHHU OJIHAKOBI i MPOIeC CYNIiHHS CUMETPUYHHUN BITHOCHO CEPEeAMHHOT
noBepxHi. B 3B’s3Ky 3 BiZICYTHICTIO JHcIiepcii po3MipiB Mop 3a pajiycaMy MpoIleC CYIIiHHS BiI0YBa€ThCs
OJIHAKOBO I10 BCbOMY TIepepi3y Tija. B mpotieci cymiHHs y TIACTHHI BUHUKAE 30HA OCYIIIEHUX TI0p Ta TIop,
HACHYCHMX PIMHOI0. Meka KOHTaKkTy L IHX 30H MOIIMPIOETHCS B MIMOMHY HOPUCTOT ITACTHHU.

3a3HaunMo, IO CYIIHHS He OyBa€ MOBHUM. Y TiIpodiIbHUX MOpax 3aJIMIIAETHCS BOJIOTA Y BUTIISI
NPUCTIHKOBOrO miapy (3B'si3aHa Bojora). MexaHi3M IUTIBKOBOTO TEPEHECEHHS PIIUHH, 3YMOBICHOIO
TPaJi€eHTOM PO3KIMHIOBAILHOTO THCKY Ta SBHINEM TEPMOOCMOCY, HE BpaxoByeMo. BBakaemo, mo mi
nmporecd Ha0araTo MeEHINE BIUIMBAlOTh, HDK mpormecH (azoBoro mepexoxy. B 30HI cymnHHS y mopax
TUTACTHHY € TOBITPS Ta Napa Bomu. Hanani BBakaTHMEMO, 1110 TIOMIEPEYHUE PO3MIp MOp CYTTEBO OLTBIIHMA
32 CEPEHIO NOBKUIHY BIHBHOFO npoOiry HasBHUX Monekyin. Lle mae 3Mory 3ammcatu BHpasu JUisl TIOTOKIB

MOBITPS ja Ta Iapu jv JIBOKOMIIOHEHTHOI ~ CcyMimni B 30HI cymiHHA Bupazamu [18]:

I r L . . "
Jj,=ru-DWNr, , k=aV, ne D( - edpextusnuii koediuient Ginaproi nudysii B mopax.
[orik mTOBITPS BCepeAWHY TMJIACTUHH KUITBKICHO 3HA4YHO MEHINWE 3a MOTIK Mapu HAa30BHI,
3yMoBIIeHHI (ha30BUM IepexojoM “‘Boma—iiapa”. Y 3B'sA3Ky 3 IIMM HaJalli HEXTyBaTHMEMO IIOTOKOM
1 1

noBitpst J,, npuiimaroun J, = 0. Hagani BBakaTHMeMO JIOKalbHY 3MiHY TYCTHHH map [, CTajowo,

Lot
to6to Hexait r |, /it = 0. 3rizuo 3 [18] orpumaemo piBHsHHs Ganancy Macu napu NXj, =0.

BruimB mopucToi CTpYKTYpH JepeBHOI IUIACTUHU BPAaxOBYEThCS BBEICHHSM y piBHsHHS Credana—
MakcBemia epekTHBHHX KoedinieHTiB OiHapHOi B3aemonii. Cucrema piBHsAHb CredanHa—MakcBemia

JIONIOBHIOEThCsL  PIBHAHHAM GinbTpanii Jlapci 3 epeKTMBHMMHM XapaKTepHCTHKamu B'si3KOCTi M), Ta

nponukHocTi K,

K ﬂP
u=- m;'ﬂz’ %)

ne B, —Tuck rasy B nopax.

[Mpuiimemo, 110 JUIs TA30BOi CyMillli BUKOHYETHCSI PIBHSHHS CTaHY iI€albHOTO Ta3y

_a‘a rVQ
Pg_ + -+
gMa Mvﬂ

ne M,, M, —monsphna maca nositps i mapu; R —rasosa crana.

3

PiBHSIHHS KOHBEKTHBHOIO MAaCOIIEPEHECEHHS Y IOPUCTIH TUIACTHHI B 00IacTi Lm < Z< L Habyne Bursiy
P . hella ® P
m iz oz s m 1z 'nz

BukopucToByroun piBHsSHHs CTaHy /sl Ta3oBoi cymimn Ta 3akoH Jlapci (2), 3amuimeMo piBHSHHS

=0 (4)

Credana—Maxcsenna BigHocHO QyHKIiH I, I\, —TyCTHH HOBITPs Ta Mapu

K [ o)
gNgaera+ V*RT+D<Nr =0,
mo &M, M,
r é K Laer u
Nogr, —2N V,:o, 5)
e m 'V' M, & g

ne K, — koedilieHT npoHuKHOCTI, 3a1eKHUM Bl pajiyca Ta Gopmu nop; M, — koedillieHT JuHAMIYHOT

B’ I3KOCTI rasy.
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3amucaHa HeniHiiHA cuctema audepeHiianbHuX piBHAHb (5) YnHHA B 00JIACTi CYIIHHS TOp, sSKa
oOMexeHa rPaHNYHOI0 oBepxHeto (S) Ta mosepxHero (S*), 1m0 BU3HAYa€ThCs KoopauHaToo L.
JUist TIofaNIbIINX JAOCTIKeHb npuitMemo [2], mo Ha pyxomiit moBepxHi (S¥) Z= L rycruny napu

MOJKHA B3SITH TaKO0, 10 JOPIBHIOE I'YCTHHI HACUYCHOI mapH, TOOTO

r,=r,, nHamosepxui Z=1L_. (6)
VMoBH Ha IOBEpXHAX Z = L ra30oBOi 30HM 3aIIMIIEMO TaK:
K TP r . .
rv—ﬂ—+D¢ﬂ—V:-j,razraoHaHOBerHIZ:L, (7
m, Yz 1z
e j=Db (r o T vo); b - xoediuienr macoobminy. Ockigbkd 3aJada MacONEPEHECEHHS Hazaai

PO3B’A3y€EThCS ¥ KBaszicTalionapHoMy hopmyimioBaHHi (It aTMOC(EPHOTrO THCKY CEpeIOBHINA CYIIIHHS),

a T - Temmeparypa (a30BOro nepexojy 3ajlexHa BiJ THCKy HachueHHs, To BBaxatumemo 1= f(P)),

ne P, —Tuck HacuueHoi mapu.

PiBHsiHHS OanmaHCy eHeprii Ha pyxoMiii Mexi da3oBux nepexonis Z= L 3ammmemo y Burisizi:

T K, TP
- c:[-[_z z=L,+0 ~ 'k E?ﬂ_zg z=L,+0 (8)
T=T,, 9)

ne | .— remmonposinuicTs BUCyIIeHOT 30HH, T, — [OKH 10 HE BixoMa Temieparypa $a3oBoro mepexoxny,

siKa 3aJIKUTH BiJl THCKY HacuueHoi mapu P, .

Jlineapu3oBaHe PIBHSIHHS CTaHy Ha pyxoMmiit Mexi Z = L ¢asosux nepexonis: T =T, +a P,

a1V, 3.V
Ae ka = K ’amk = ;
8v 8V,

T, =83+16><]_0'5Pn. B inmmx Bunagkax koedimienta T

, T.,V, kpuruuna TemmepaTypa Ta THCK. 30Kkpema, B pobOoti [18]

mk» Qyx BU3HAYAIOTBCA 3 TEMIEPATYypPHUX

PEKXUMIB CYIIIHHS KOHKPETHOr0 MaTepiany. [ paHndHi yMOBH Ha Tpanuii Z = L BupakaroTh TEriooOMiH
MK MOBEPXHIMH TUIACTHHU 1 CyIIMJIBHAM areHToM 3a 3aKoHOM HbroTona

T

° 1z

+a[T- T,(t)] =0, (10)

ne @ — koediuient Teroobminy; T, (t) — 3MiHHa B 4Yaci Temmeparypa areHta cyminHs. @ynkuiro T, (t)

MOJKHA TIOJIaTH Y BUIJISI TIOJIHOMA Bijl €KCIIOHSHIIaIbHUX (YHKITIH

N N
Ta(t):T1+(T2'T1)a (aie-b't):ao"'a(aie-m)- (11)
i=1 i=1

-1

Tyt mmst 3pydHOCTI Iepeno3HadeHo: a, =1, a; = (T2 - Tl)a1 - D¢=DY = (1/ D + (1- a;z )/ Dij) :
D% =D'a = D¢ — edexruBunii xoediuient mudysii; D.,. =D, =D; - ebextusnuit Ginapnuit

. o . ¥ _ ¥ .
koediumient nudysii y Mmakpomopax; apyruii nomanox y supasi D,” =D" BpaxoBye edexr TediHHs

Kuyncena mnapu B Mikporopax. Ilapamerpu a,, b (i =1 N) BusHauarotbcs anpokcuMariero

KOHKPETHOTO TEMITEPaTypHOT0 PSKUMY areHTa CyIIiHHS.
B nouarkoBuii MOMEHT TeMIIEpaTypa IJIaCTUHU 33J0BOJIbHSE YMOBY

T(t=0)=f(2), (12)

ne f(2) — pynxuii remnepaTypu 15 mepiozis cTasoi Ta CNAAHOT MBUAKOCTEN CYIIIHHS.
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Busnaunmo BinHocHy Bosoricts W, mOpHCTOI IUIACTHHY SIK BITHOIICHHS MacH M, PiaMHU B Hiil y

MOMEHT 4acy t 10 Macu M, pinuHu B MoMeHT 4acy t = O (HacuueHHs BOJIOro0)

m PL & L
Wm: L — m L :_m:zm, (13)
m,, PLS | L

ne S—1utoma nop; I | —TrycTuHa Boau. Butpadena mig yac cyminnsg maca DM pinuan Bu3Ha9aeThCs Tak
Dm=m, -m =P L(1- z ). (14)

Omxe, BITHOCHA HACHYEHICTh IOp pPIAMHOK Yy KaNiIIpPHO-TIOPUCTOMY MaTepiami 3a yMOBH

NPUAHATTS MOJIENi HMWIHAPUYHUX KarmsipiB 0e3 ypaxyBaHHS JHcIiepcii po3MipiB TOp 30iraerscst 3
0e3p03MIpHOI0 KOOPANHATOW MEXI po3ainy da3 “piaunHa-ras”.
HIBHaKICTh 3MiHU MACH PiZIMHU B TUIACTHHI BU3HAYAETHCS TIOTOKOM | MapH 3 Hei, TOOTO

dbDm/dt = j S. (15)
Toni piBHSIHHS pyXy MeXi po3IiTy (a3oBOro rnepexoay Mae BUTIIS:
dz, _  j(z,) 16
dt Pr L
JUISI IOYaTKOBOI YMOBH
z =1. (17)

Pigusians (1)—(17) yTBOpIOIOTh MaTEeMaTHYHY MOJIENb, KA OMUCYE KOHBEKTUBHHI MPOLIEC CYIIIHHS
KamiIsIpHO-TIOPUCTOro TiNia (IIACTUHM) 3 ypaxXyBaHHSM PyXOMOi IpaHulli (ha3oBux nepexois. Bigsnaunmo
HENHIMHICTD PIBHAHD Y c()OPMYIILOBaHINH MaTeMaTH4HINA MOJIENI.

JlocJ1izKeH S poLecy TenJoMaconepeHeceHHs
JJIS1 HECTALIOHAPHOT'0 PEeKUMY areHTa CylliHHS
VY piBHsHHI TertonpoBinHocTi (1) MaremaTHyHOT Mojeni meperzeMo 10 0e3pO3MIpHOI CHCTeMH

Koop/mHAT. Bukopucraemo saminy t =a.t/L*,z=2z/L', z =L /L, ne Z, — GesposmipHa
KOOpauHAaTa Mexi (pa3oBoro nmepexoy. PiBHSIHHS TEIUTONPOBiAHOCTI HAOy/Ie BUTIISLY
20+ (=
T(Zt
ﬂ(z,t):w.yp, (18)
fit 1z
LW,
ne F = Cl — BHYTpilHe jokepeno; a; =1 . /(P [(1- Zm)(Cvr L HCr a)]+(1' P)C.r s).
a,Cr
I'pannyni ymoBH Ha rpanuiti Z =1 GymyTs Taki:
IT/fz+H.[T-T,(t)=0, H, =aL/l , (19)
a — koedillieHT Temnoo6Miny, a Ha Mexi pa3oBoro nepexony Z = Z, NpHiMaeMo, 1o
T=T,. (20)

[ToGyxyemMo po3B’ 130k (18)—(20) st mouaTkoBOi yMOBH: T(Z,O) =f (2)

N

, . . _ * _ o - bt
P03B’ 130K piBHSHHS TeIIonepeHecen s urykaemo y Burisiai 1 =T, +T ,ne T, =C . +ace

i=1
MPECTABIISIE PO3B’ 30K PIBHIHHS TEIUIONPOBIMHOCTI, SKAH 3aJI0BOJNBHSAE TPaHWYHI yMOBU 3ajadi 0e3
BpaxyBaHHS MOYATKOBOI YMOBH, a | * € pO3B'S3KOM pIiBHSHHs TEIUIONPOBIIHOCTI, SIKE 3aJOBOJIHSIE
MOYaTKOBY YMOBY i OIHOpiAHI rpaHu4Hi ymMoBH. [TincraBumo 1eit Bupas y piBHsHHs (18) i npupiBHseMo

nofiOHi ueHn B piBHAHHI Ta KkpaiioBux ymoBax (19), (20) Tak, mo6 BenmuuHH C,,C; 3aI0BOIBHHIH

PIBHSIHHS Ta KpailoBi yMOBH, a GYHKILisI | — HyJbOBi TpaHMYHI YMOBH Ta MiJANPABISUIA TIOYaTKOBY YMOBY.

Toni, st 3Haxomkenns C, i C; (i =1,N), orpumaemo nudepenuiiini piBHIHHS:
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d’c,/dz* =0, d*c,/dz* +bc, =0, (21)
SIK1 33JI0BOJIGHSIOTH YMOBH:

ﬂCO(l)/ﬂ2+ HT[Co(l)' ao] =0, CO(zm):Tm;

ﬂci(l)/ﬂ2+HT[Ci(1)_ai]zo’ c,(z,)=0. (22)
J1s1 3HaXOKEHHS T OTPUMAEMO KpailoBy 3a/1auy:
T (zt )/ 122 =T * (2t )/ 1t ; (23)
TT*@t)/9z+H, T*@Lt)=0;T*(z,t)=0
T*(20)= (2)- c,(20)- & ¢ (20). (2

Jlist o0y 10BU po3B’ 13Ky KpaitoBoi 3aaaui (23)—(24) Bukopuctaemo (yHKIlifo BIuMBy 3amadi (18)—
(20) 3 omHOPITHMMHU TPaHUYHMMH YMOBaMH 3a BiACYTHOCTI (DYHKIIiT BHYTpIlIHbOrO Kepena. DyHKIis
BIUIUBY M€ BUTJISIT

é&sinm(z-z anm(1- x)u

. 67: (z-7,)ue éoosrq(l x)+H 7( )ge”f‘

G(z,z xt)= 3 2H. & u 25
( ) na='1 T cosm (1- gnj+HT) - )+HTH (29)

ne IM, —KopeHi TpaHCIEHAEHTHOr o piBHAHHA tQIM), (1- Zm) =-m/H.

Bupasn s €, C; miykaemoy Buriiani € =C, +d,Z; ¢; =¢ cosybz+d;sin\/bz.

SIKIO TpaHWYHI YMOBH 3a/JI0BOJNIBHAIOTH BHpasH i C; (22), oTpUMaeMO  3aleXHOCTI s
3HAXOJDKCHHS HeBitoMux BermunH Cy, dy, G, d; (i ZJE):

a,-T, 5 3 a,
R TR zm)+1]

! [HT(]-' Zm)+1] )
CzHTgsinJH(l- zn)-aioosfzmgsanﬁ(l 7

' Jo cos b (1- 7,) cos\/aim

g = HrEinyh (1-7,)- a o5 7, (26)

' Jo cos /b (1- Z,)

3asnaunmo, wo C,,d. € GpyHkuismMu pyxomoi koopauHat Z,, (pa3oBoro nepexomy.

¢ =T,- H

Toxi
c, =T +H, A (1_ )H](- z Sin\/g\'/i_iz' zm),z[e (i=1n). @27)
3 (27) Buano, mo C,(Z,) =0 wi i =1,2..N.
oymaiod o b) oo ymeni & ¢,6)=4 ¢ ”ﬁg' Z) e
c(JBz)=" g:ﬁa((llzfzj);sj;f i @

Jlnst 3HaxXOmKeHHs | * (Z z .t ) BUKopucTaeMo (GyHKmito (25), 1m0 3aJ0BOJBHIE YMOBH
T, (Zm,t ) =0, T, (Lt )= 0. Po3p’s30Kk KpaiioBoi 3amaui (23), (24) orpumaemo 3a JOMOMOIoK (GYHKILT

BILMBY (25), saximo 3amicts f (2) B3SITH
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t(2)=1(2)- T, e T,=a c/(2). (29)
i=0

Tomi 3rigno 3 (21)—(22) orpumaemo

(o s . snm(z-z,
T (2t )=é}l/x%exp(- it ). (30)
Jc
1\ H 0
A= 0f.(z )eoosrm(l z)+—sinm(1- Z)¢iz. (31)
( )7,,. m, u
D, (M, 2,) = cosm, (1- 7,)§nf +H?)(1- 2,) +H{j
u
JIist  3HAXOKCHHS T( Z,Z, ) BUKOPUCTAEMO PO3B’'s130K (21), 10 3aJ0BOJIBHSIE YMOBH
m( ) 0,T (Lt) 0. Skmo 1mOYaTKOBUI pPO3MOLIT TEMIIEpaTypd pPIBHOMIPHHUi, TOOTO
( ) , TO, 3 ypaxyBaHHsM (21), BHECOK MTOYaTKOBOI TeMIiepaTypu B | (Z,ZIm Al ) MaTHMe BUTJISII
Sl o s SNnmM(z-Z.) o\
T (2,)=4 SMMEZ) (7 e @
n=1
. _2T,H;1sin
A = D i ”Ln(% Z,) [COS”L (1- z,)- ﬂg (33)
n |
N
Buecoky T ( ) BiJl CyMH a C. ( ) MOJ]AMO Y BHTJISII
i=1
Ly
T =-¢a cx) G(zz,x.t)dx =
7 i
¥ 5 Ut é N
=& gt SN 2 Coan - x) o, SO X ¢ Bk 7,
n=1 é m &, € m Qi=
Jc
B, = 2 (34)
cosm, (1- 7m)gnf+HT )(1 z,)+H 4
1 . R
ég:osm(l x)+H, Snm“nil X):ué CsnJb(x-z)x=2,-2,
z i=1

-4 J|[-COSé b (1- 2“)8_ cosg\/a(l Zﬂ)u cosgr’q(l ;n)H cosgn), (1- ;n)HI
Sf o 2Ve-m) o 2JBem 2(Jo-m)  2(Jo+m) i;
2 -4 G 'E;S‘”gf(l 2)f  (VB@-2) sngma-z)y sngma- zn)ery
omyb-m)- 2{Bem)  2{B-m)  2({hem) b
JUiist 3aBEPLIECHHS TIPOLIECY cymiHH;[ z. =0 orpumaemo Z_ (0) =Z_,(0) - an(o) e

cosg/h U COSg\/HH cos[rq] cos[m] 1

R ETE GO G
3 C.HT'}S'“gﬁ)S_gn (V) _Sném)u+sném)uu
Z:(0)=a "ﬂz(ﬁ-m)

2o +m) 2~ m) 2o rm)]
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2,0 =2, () - 2,(1)=0

3 el 1, 1 3
SR E T IE I
_2 QHTJIL sn0 sn0 sn0 .~ sn0 P
BN E T A e I R
* 5_9””“( %)z, (z,)e )

Zn (Zm) = an - an ,

Temrnepatypy 3a HeCTalliOHAPHOTO KOHBEKTUBHOTO HarpiBanHs (11) MoxHa 3amucatu

+5—S‘”r“r(§' 22y (5,)e ™ (3
n=1

Tzt) =c,(2)+Ac, (Ze™

i=1

ac

Zn(zm): 2THy }Sin ”L(l' 2m)
T m
Ipu mbomy T* =T, + T, 3amoBosnbHse ymoBu T * (Zm, Zm) =T* (Zm ,1) =0.

- %[cosm(l- Z,)- 1]§+(Zn1' Z)- (37)

dopmyna (36) mae 3MOry OOUMCIMTH 3HAYEHHS TEMIEPATypH B JIOBLIBHINA TOYIN 3a TOBIIHHOIO
TUTACTHHY 1 B IOBUILHUI MOMEHT Yacy 3aJIe)KHO Bijl KOOPIUHATH (a30BOTO MEPEXOLy.

JociinzkeHHs polecy MacornepeHeceHH sl Vsl CHMETPUYHOT0 KOHBEKTUBHOIO CYUIiHHSA

BBaxaeMo, 110 TETUIOBI YMOBH Ha MOBEPXHSX TUIACTHHU OJJHAKOBI i IpoIleC CYIIiHHSI CHMETPHYHUI
BITHOCHO CEPEIMHHOI MOBEPXHi. B 3B'sI3Ky 3 CHMETpI€r0 3aj1adi MPOBEAEMO JOCHIDKCHHS I OfHiel 3
MOJIOBHH ITACTHHU. PO3risiHeMO MateMaTtuuHy Mojeinb MaconepereceHnHs (5)—(7). Beexemo 6e3po3mipHi

sminHi [, =T ., I, =r r,, Z=LZ onana 3amanoi TemmepaTypu CepeiOBHIIA  CYIIiHHSA
T,=— (ﬁ' dzdt , ne r,, — rycruHa mOBIiTps Ha 30BHINIHIX CTiHKAax IUIACTHHH. [IpoiHTerpyBaBIIM
te 00

apyre piBasiHHS cuctemu (5), oTpuMaemo:

r I I
da+bd"+a_i =0, (38)
dz dz r, dz
P r r r _ _
i ""+b0I 0+adv+b*a(rv1-rv0):o, (39)
‘éd dz dz g dz
I'panununi ymosu (6), (7), (36), (37) HaGY)Z[YTI) BHrn;[z[y
j=bt M) Ta =1 HanoBepxni Z =1, (40)
I, =1 namoBepxui Z=7_, (41
DM, r., M ¢
e a= 9 ’ b: n a’ * = Lb
K, I oRT, Mo M, D¢’

Turerpyroun pisusias (38) mo Z , orpumyemo I, +br, +alni, =C,.
Crany interpysanns C, =1+Dbr,, snaiineno 3 apyroi ymosu (40), ne ', —HeBizome Ge3posmipHe

3HAYCHHS T'YCTHHU Tapu Ha noBepxHi Z =1. [IpoBiBiny JliHeapH3aIlifo 3 ypaxyBaHHIM TOTO, IO TOTOKOM
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MOBITPSL B TOpax 3HEXTyBaHO, (TOAi Oe3po3MipHa T'yCTHHA TOBITPS B MOpax Mayio BiIPi3HAETHCS Bik

dr b dr
OJIMHMILI), OTPUMYEMO: —= = - . Toni piBusinus (40) 3 ypaxyBanusam (41) 3anumierscs Tax:
dz 1+a dz
b dr, dr
r,—~+—+b*(r, -r, J=0.
(1+ a) v dz dz ( vi VO)
3aranpHUA iHTErpal HOro PIBHAHHS Ma€ BUTIISL;
b 2. N
(1+a) ; +rv+b*(er-rvo)z:C2, (42)
C,= 2 Litups(r,-r,) i a1
ne C, = ma vi = Tyo)Zn—crana inTerpyBaHHs, sika BU3Ha4deHa 3 yMmoBH (41).
be3po3MipHy I'yCTHHY Mapy 3a TOBIIUHOO [Iapy BU3HAYMMO 32 (POPMYIIO0
- — VA" A—
M(Z.2,) =- A+ A - 2A(N, - To)z- Z,), (43)

ne A=(1+a)/b; A=-b*A A =(A+1).
Tuck napy B TOBUIBbHIN TOYIl Z 3a TOBIIMHOK IUIACTHHU BU3HAYAETHCSA 3a (POPMYIIOIO:
RT

P22, =] A+ VA 2A - T 2 )f o

Toni na noBepxHi mwiactuau (Z =1) BUKOHYEThCS pIBHAHHS

b -1, Y
(l+a)(rV12 )+rV1_1+b*(rv1' rvo)(l' Zm):O-

Horo po3B'si30K BHM3HAYa€ BeNMYMHY Oe3po3MipHoi rycrunu mapu. IlosHaummo Z* =1-Z .

z* =W?™*  —3miHa BiZHOCHOI BOJIOrocTi B mpotieci cyiuinHs. Pi3nuHo NpUHATHA BiTKa PO3B’SI3Ky Mae

BUTJIA,

2_*2

ro=-(A+AZ)+ A +AZ, +A’Z) (44)
ae
A, =2A(A+F,,). (45)

SIKII0 BimoMa TyCTHHA Napyu Ha CTIHIM, 3TiAHO 3 yMOBOK (39), BeMUMHY MOTOKY | II0JaMO TakK:

jﬂmghﬁaa%J&+%a+¥az, (46)

[eo XY a]

ne & = A+hy;H, =bt .
Busnaunmo BinHocHy Bonoricts W, mopucroi miactunu 3a popmyinoro (13), (14), ne
Dm =PS L1-z,)=PS  LZ, (47)
— BHTpaYeHa IIiJ] Yac CYLIiHHSA Maca PiuHH.

3 (46) oTpuMyEMO PIBHSHHS /IS BU3HAYEHHS 3MiHU BiJHOCHOI BOJIOTOCTI B Yaci Ta PIiBHAHHS PyXy
MEXKi po3ainy (a3 piguHa—Ta3

dz* j(z* ) br é _* _* 2_*2 l:l
m — m/ — n_% + + + + p 48
JUIS1 TIOYaTKOBOI YMOBH
2;:0 ot =0. (49)

Jlost po3B’ si3anust 3aa4i Ko (48), (49) BukopucTaemMo 3aMiHy 3MiHHUX

A+ AZ AT = 1 ZA. (50)
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£2-U 0z, _, [ ATZ+Af - AR

Ockinpkn Z, =———— Ta

A - 2A df (A - 2Af )

, mpuBezemMo piBHsHHA (48) 1m0

BI/II‘JBI}Z[y:
f2+Af - Odf
& AT+ A AlAz;—zH(f - a). (51)
(A - 2AF ) Gt
BpaxoBytouu, 110 f - a = 2Alf—-A3‘ , OCTAHHE PIBHAHHS 3aIMILIEMO TaK:

anTA - A ARG -
(Af - A) 5 |

3arasnbHuii iHTerpan piBHsaHHA (52) Mae BUTIISL

(52)

iln|—A3+zAlf|+A3z'4Alez : =H.t +A, (53)

4n (A +2Af) T

ne crany inTerpyBanHs A 3Haxomumo 3 ymoBu (52):

A +2AA,
=" | 2 54
As2 ‘A3+A“/‘4A1A3 oA JA) (54)

3 OTpMMaHHUX CIIBBIIHOIICHL MOXHA BHU3HAYWUTH 4Yac, JJIs SKOrO BIIHOCHA HACHYCHICTh JOCITaE

3HaueHHs Z,,. BiH BU3HauaeThes 32 GOPMYIIOH0:

i é u
[ 2Af - A 1 1 v}
in———- 4A7A,
[ [2AVA - A i He(ZAf -A) (2a4FA - AS)Z%
t =1 . (55)
2H A
[oBHUI Yac mporiecy CyIIiHHS BU3HAYAIOTH 33 (YOPMYIIOH0:
‘ 1 | | f (A+ r ) |+
i 2HmAf} \,/ (A+7,)
L é L 1 UU
7 _ 2 2 \
+§'GGE(AH®) - (A+1) ué (56)

; uy
oo (AT A - (Avr o) g
nefo=- A+ A +A +A =-A+JA2+(A+1)2+2A(A+FVO).

3 1poro BMpasy BUAHO, 10 vac cymrinus (55), Ta moBHuit yac cymrinus (56) 3amexaTh Bix BiTHOCHOT

HACHYEHOCTI Maporo cepeioBuma [, Ta IpUBEIEHOro KoedimieHta macoobMminy A . MiHimizyroun

MMOBHHUI Yac OCYIIECHHS 3a IMMHU IapaMeTpaMH Ta 3HAIOYM 3aJICKHICTh KOE(IIIEHTIB MacoOOMIHY Bin
KpuTepito PeifHonmbaca, MOXKHA BH3HAYMTH IIBHJKICTh 00/JYBY T4 HACHYEHICTh BOJOIOIO areHTa CYIIiHHS,
SIKI MiHIMI3YIOTb Yac CYIIIHHS OPUCTOTO TiJa.

BuchHoeku
Hapenena omHoBMMipHa HecTalliOHapHa MaTeMaTW4YHa MOJENb MPOIECY TEIIOMAacOIepeHECEHHS
Ul CyIIIHHA KamUIIPHO-TIOPHCTHX MaTepiayliB 3 ypaXyBaHHSAM TpaHUIl TOTTHONEHHS 30HH
BUTapoByBaHHA. OTpUMaHi aHANITHYHI BUPa3d JUIs JOCIIPKEHHS TEMIIEPaTypHHUX 1 BOJNOTICHHX MOMIIB Y
BHCYIIYBaHIM IJIACTHHI B JOBUIbHHUH MOMEHT 4acy 3aJIOKHO BiJl KOOpAUHATH (Da30BOrO IEPEeXoay Ta
rapaMeTpiB 3MIHHM areHTa CyIIiHHS.
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3anponoHoBaHa METOAWKA JOCTIKEHb Ta BCTAHOBIICHI 3aKOHOMIPHOCTI MPOLIECY CYIIiHHS BOJIOTO1
TUTACTUHA MOXYTh OyTH BHKOPHCTaHi JUIsi PO3POOJEHHS CHCTEM aBTOMATH30BAHOTO MOJETIOBAHHS Ta
aHaJi3y TaKUX MPOIECiB, a TAKOXK JJIsl BHOOPY pallioHaTbHUX TEXHOIOTiH CyIIiHHS.
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