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AKTYanbHOCTb 1ICCIEN0BaHNS NMPOAMKTOBAHA HEODXOAMMOCTbIO pa3paboTku MaTematnyeckux Modene CBY-Harpesa u MB-cyiwku
BNaXHbIX MaTepuasnos A5 Moy4eHs TEXHOOrMHeCKM ONTUMabHbIX M SKOHOMUYECKM BbIFOAHbIX PEXMUMOB. HacToswas nybnvkaums
ABNIAETCA MPOJOIKEHNEM CTaTbU TeX Xe aBToPOB B «VI38eCTuA TOMCKOIo MOIMTEXHNYECKOTO yHUBEpCUTETa. VIHKXUHUPUHI reopecyp-
COB», B KOTOPOY C MOMOLLbIO MaTeMaT4eckoro MOAEMPOBaHMS NoapobHO bbina m3y4eHa nepsas CTafms CyLKM ~ CTaams nporpesa,
Koria 1ennoobMeH Mexay MoBEPXHOCTbIO BAXHOTO TENA W OKPYXaIOLLEN CPefovi OCYLUECTBAAETCA 3@ CHET PaAMaLMM 1 KOHBEKLMM, a
CBY-3Hepruis nornoLyaeTcs moBEPXHOCTHbIM CJIOEM U3-3a Masov e riybuHbI MPOHMKHOBEHMSA. [TOCTPOEHBI aCUMNTOTUYECKME PeLLeHNS
3TOV HENMHEVHOVI 3a4a4u [T MarsibiX Y O0NbLLMX 3Ha4YeHM 6e3pa3MePHOro BpeMeHy, BOCTPEOOBAHHbIE MHXEHEPHOW MPaKTUKOM, Kak
719 NapaMeTpy4eCKoro aHam3a, Tak v 418 MpoBeaeHNs OnepaT1BHbIX pacyeTos. [104X04, CBA3aHHbIN C PacCMOTPEeHVieM BTOPOU CTa-
AMW = CTaamu MoCTOSIHHOM CKOPOCTY CYLLKW ~ OCHOBaH Ha bosiee fieTarnbHOM U3yqeHun TennonepeHoca, a pacyeT CKopocTy CyLLKM Be-
LETCA € UCTO0TIb30BaHNeM annpoKCUMAaLMOHHOM 3aBUCUMOCTY A.B. JTbikoBa. Takxe MpeanoxeHo ycioBume CLUMBKM TErIoBbIX PEXUMOB
I v Il cTagmv npouecca CyLKu.

Llens: noctaHoBka 3aaa4m BToporo 31ana CBY-CyLuKy BaxHOro Matepuasna ~ 31ana noCTOSHHOW CKOPOCTU CYLLKU — U peanm3aums Teo-
PETUHECKOTO PELLEHNSA 10 ONPENENEHNIO PACTPEnENeHNS TEMIEPATYPHOO MONIA M0 TONLLUMHE CII0S M BENNYMHBI CKOPOCTU CYLLKM.
O6DBEKTOM VCCNIEO0BAaHVISA ABMIAETCA MOCKMV CIIOV BIaXHOIo Matepuana = yrofb, Necok, ApeBecuHa v Ap. KanuiispHO-rnopucTeie Mac-
C1BbI, Ha KoTopble Bo3aevicTByeT CBY-u3nyyerue. Takme matepuanbl 0bNaaaloT BbICOKOW AMINEKTPUHECKON MPOHNLAEMOCTbIO M Kak
cnencTame BecbMa 3¢hgekTBHo normotyaot CBY-u3nyyenHue, kotopoe noyt Ha 100 % npeobpa3yeTcs B TENI0BYIO SHEPTHIO.
Metogpl vccrienosaHms CBA3aHbl C MaTeMaTUHECKMM MOLENMPOBaHNEM, B OCHOBE KOTOPOT0 J1EXAT ypaBHEHUs SNeKTpoanHammky Mak-
csenna v TernosnaronepeHoca A.B. JlbikoBa. B faHHou cTaTbe 3afayqa MakcBenna peLleHa He3aB/CcMO OT 38434V TerioMaccornepeHo-
ca, Mo3TOMY MIOTHOCTb MoTOKa CBY-13/1y4eHs CHNTAETCS M3BECTHOM. Takxke OLHOV 13 0COOEHHOCTeN AaHHON 3aAayuum ABMSETCA PaccMOo-
TDEHMe MaTepuanoB C Manon ryOuHOV MOrNOLEHIS, B CUTTY Yero B CUCTEME YPABHEHWI AJ1S1 HarpeBa 1CTOYHUKOBLIV YleH HaxoauTcs B
rPaHNYHOM yCI0BUN.

B pesyrnbTate nccnenoBaHus C NpuBJeYeHneM yCoBui CTaLMOHapHOro TeMrepatypHOro nosisi U MOCTOAHCTBA BO BPeMEeHU MI0THOCTU
MOTOKa BIAroCOAEPXaH1sA COPMynMpPOBaHa 1 pelueHa 3aaada pacnpeneneHus TeMmnepaTypHOro noss o TOMLUMHE BIXHOV MAacTy-
Hbl, KOTOPOE CTPOro CNesyeT 3aKOHy KBaAPpaTHov napabosbl. CKOpOCTb CyLuKu Il CTanmu v KpUTUHeckoe BarocoaepXaxue B KoHUe Il cta-
A onpeneneHbl 13 KOPPensLMOHHbIX 3aBucumocTen A.B. Jibikosa. [laHa clumska pelueHmi ans | v Il cragum. BbinonHeH aHanms no-
CTPOEHHBIX PELLEHMH.

Kniouesbie crioa:
CBY-3Heprus, 3neKTpoMarH1THas CyLuKa, KarmuisapHO-MopuUCTbIN MaccuB, Teron3nyyeHue,
KOHBEKLMSA, ypaBHeHWs TernosnaronepeHoca A.B. JTbikoBa, cKopOoCTb CYLUKM.

BeepeHue CBUY-usnyuenus, Tak Kak IOACYIIMBaeMas cpega us-

0030p JUTEPATYPHBIX MCTOUHUKOB [1-9] mo mpu- 3@ HAIMYIA BIATY BCErAa 00Iajaer A9IeKTPUYeCKN-

MEHEHHUIO 5JeKTPOMATHUTHBIX BOJH [JIf CYLIIKH
BJIAJKHBIX MaTepPHaJoB [TOKA3bIBAET, UTO JaHHAS cde-
pa mccae0BaHuit HEYKJIOHHO paciiupsercs. CBsa3aHo
mocJiefHee TJIaBHBIM 00pa3oM ¢ 0COOEHHOCTAMH TTOBe-
JeHUI TaKOTO BAayKHOTO 9JIEKTPOPU3MUECKOTO Hapa-
MeTpa, KaK IUIJIeKTPUUECKAs IPOHUIAEMOCTD BOJBI.
Ona nmeer makcumyMm B obusactu CBY-gmamasona
AJIEKTPOMATHUTHBIX BOJH. B peaypTare seKTpomar-
HUTHOM CYIIKY 9HePIus Ha NCIapPeHIe BOLbI U3 BIAMK-
HOTO MaTepuaja JTOCTAaBISETCA 3a CUET IOTJIOIIECHMS

DOI 10.18799/24131830/2019/12/2408

MU CBOHMCTBAMU.

Ina CBYU-cymKy BbIAENEHBI CJAeIYIOIINe YacTo-
tol: 433, 915 u 2450 MI'u. Kak mpasuio, sHeprus
MUKDPOBOJIH TIOJJBOAUTCA K BBICYIITBAEMOMY O0BEKTY
¢ TIOMOINBI0 BOJHOBOZOB. B KauecTBe reHEpaTOpPOB
CBY-usnyuenns HambOJblIee PACIPOCTPAHEHIE IIO-
JIYYUJIY MarHeTPOHBI.

V3BeCTHBI HEOCIIOPUMBIE HTPEMMYIIECTBA CYIIKH
mukpoBosHaMu [10-15]: paBHOMEpPHBIH 00BEMHBIN
HarpeB, TEIJIOBasA 0e3BIHEPIMOHHOCTD, M30UPATENIh-
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HBI CaMOPeryJUpPYIOIIUH HarpeB, Tak KaK CYIIKa
TIOZICYIIIEHHBIX MECT CaMOIIPOM3BOJIbHO IIPEeKpaIaeT-
cA. B 5T0# ¢BA3K ¢ yMeHbIIEHHEeM BJIAKHOCTH IIPO-
TOPIIMOHAJBHO CHUKAETCA TAHTEHC AUIJIEKTPUUe-
cKkux moreph u pacxox CBY-sHepruum CyIecTBeHHO
9KOHOMMUTCH.

Cnexyer NpWHATH BO BHMMAHHE, YTO BBOAUMAS
CBY-MoIIIHOCTD BO3PACTAET C YBEIUYEHUEM UaCTOTHI
MUKDPOBOJHOBOTO UBJIYYEHUs, HO OJJHOBPEMEHHO C AT-
UM POCTOM YMEHBINAETCA TIyOMHA TPOHUKHOBEHUS
9JIEKTPOMATHUTHOTO W3JIYYEHUS, ¥ OHO CTAHOBUTCS
IPaKTUYECKU TOBEPXHOCTHBIM UCTOYHUKOM. [[1aIeK-
TpUUECKadA CYIIKAa He3aMeHUMA B TeX CIy4adx, KOTaa
TpebdyeTcsa BhICOKAA CKOPOCTb CYIIKU. B aTUX pesKu-
max CBU-cymka aBisfercsa peHTa0eJbHON 3a CUET
CHIJKEHUSA Kal3aTpaT B CBSA3W C COKPAIEHUEM JIJIV-
TeJIBLHOCTH caMoit cymku [16-18].

OcHOBOI TeopUM 3JEKTPOMATHUTHOH CYIIKU fAB-
JAeTcA MONCK 3aKOHOMEPHOCTEH IepeHoca Telia U
BJIATM BO BJIA)KHBIX MaTepHajax B IIpoIriecce o0syue-
HUS 5JIeKTPOMATHUTHRIMY BOJHAMY IPY HATUYINH (a-
30BOTO IIPEBPAIIEHIS BOJBI B IIap.

Kax moxasnIiBaeT SKCIIEPUMEHT, TepMuuecKas 00-
paboTKa BIAMKHOTO MaTepuaja BKJIIOUYAeT B ce0sa Tpu
CTaAUU: HayaJbHAS — IIPOTPEB, CPEIHAA — CYIIKA C
TIOCTOSHHOM CKOPOCTBIO, 3aKJIIOUNTEIbHAS — IaJaio-
Imas CKopocTh cymiKku. B pabore mosaraercs, uto qu-
3WYECKUe CBOMCTBA MaTePHAaa IIOCTOSHHEL.

ITpomece mcmapeHUA MAET WCKJIIOUYUTENBHO C II0-
BEPXHOCTH BJIa)KHOTO Tejia. TemmepaTypa mOBEPXHO-
CTH B 9TOM IIEPUOJE OCTAETCA HEU3MEHHOM.

Il cyImIKku BasKHOE 3HAUEHVE MMeeT 3HaHUe TeM-
mepaTyphl MaTepuania. B mepmoge nocTOSHHOW CKOPO-
CTH CYIITKY TeMIIepaTypa MaTeprajia paBHA TeMIepa-
Type MOKPOTO TePMOMETpA, €CJIU MOIBOJ TeIIa,
Heo0XOIMMOT0 JJIS MUCIApeHUsd BJATU ¥ HATPEBAHUA
MaTepuasa, OCYIIECTBJIAETCA HATDETHIM BOZLYXOM.
Ilpn Hamuuum JOMOJHUTENBHOTO IOJBOJA TeIja Te-
ILJIOTIPOBOJHOCTRIO U TEILIONBJIYyYeHNEM TeMIIePaTypa
MaTepuasa Ha ero IOBEPXHOCTH Oy/IeT BBIIIIE TEMIIEPA-
TYPbI MOKPOTO TEPMOMETPA.

Ha mepBoii cTaguy — cTaguy MPorpeBa — KUIKOCTb
IPaKTUYECKU He yIauAeTcd. 3[4ech BCA MPUXOIAIIAL
SHEPrUsA TPATUTCA Ha HAIPEB BJIAMKHOTO MaTepuaJa.
Ha BTOpOI cTaguM IOABOSMMASA 9HEPTUS PACXOAYETCS
TVIABHBIM 00pa30M Ha MCIIapeHYe BJIary U MOBBIIIECHI
TEMIIEPATYPHI TeJa HeT. JTa CTaAusA TOCTOSHHON CKO-
poctu cymku. ['J1aBHAsg €€ 0COOEHHOCTH COCTOUT B
TOM, UTO TEILJIOBOM DEKMM CTAHOBUTCA CTAI[MOHAD-
HBIM, BCE XapaKTePUCTUKH CJIOSA He MEHSIOTCS CO Bpe-
MeHEeM 1 He 3aBUCAT OT HauaJIbHOTO cocTosanusd. Cama
CKOPOCTB CYIIIKY PaBHA IIOCTOSHHOMY 3HAUEHWIO 1 HE
MeHseTCA Ha TaHHOU craguu. Ilocie uero HacTymaeT
TPEThA CTAA¥A — CTAAUA MAJAIOIIEN CKOPOCTH CYIIKH,
KOTJIa OCTABIIASACS BJIara OKOHYATEJBHO UCIapAeTcd,
a TeMIlepaTypa MaTepuaja pacTeT BILIOTh 10 PaBHOBe-
CUs ¢ OKpYsKarolei cpepoii. MaTemMaTnuecku mapa-
METPHI BJIAMKHOTO TeJia IJIS BTOPOH cTaguu mpuodpe-
rator Buz [19, 20]:
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31ech IepBoe yCJI0BUE TOBOPHUT O CTAIIIOHAPHOCTH
IIpollecca CYIIKH; BTOPOE U TPEThe YCJIOBUA CBUJE-
TEJBCTBYIOT O TOM, UTO IIOTOK TeIlJIa ¥ IIOTOK BJIATU
IPUHUMAIOT MTOCTOSHHBIEC 3HAUEHNA 1 BO BpEMEHU He
IPeTepIeBalT M3MEHEeHUd; U, HAKOHEIl, YeTBEPTOe
yCJIOBHE YTBEP:KAAeT, UTO BJIArOCOAEP:KaHUe B CJIOe
yOBIBAET 110 BpEMEHH C OLHOM 1 TOM JKe CKOPOCTHIO.

Crapus NOCTOSHHOMN CKOPOCTM CYLUKM
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Figure. Layer temperature depending on the depth of the layer. x=0 is the back surface of the layer, x=1=0,1 m is the surface on which the mic-

rowave wave falls
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CRMCOK YCNIOBHbIX 0603HaYEHNI BeNMYMH
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q
AT,
3aknoyeHne JKUMe MaJIol IIyOMHBI IPOHNKHOBEHUI MUKPOBOJIHO-

Paccmorpen mporiecc 3JeKTPOMArHUTHON CYIITKH
BJIQJKHOTO ILIOCKOro cyod Ha I craguu — craguu mo-
CTOSHHOM CKOPOCTH CYIIKY. B ycIoBUAX cTammoHap-
HOTO TeMIIePaTypPHOTO MOJIA ¥ OCTOSHCTBA BO BpeMe-
HU ILIOTHOCTHY TIOTOKA BJIArOCOAED:KAHUA cHOPMYJIH-
poBaHA W pellleHa 3ajaya PACIpeleseHus TeMIepa-
TYPHOT'O II0JIA II0 TOJIIITMHE BIAKHOU IIacTuHEL. [laH-
HOE pellleHNe WMeeT MapaboJMuecKyi0 CTPYKTYDY.
Temmeparypa Ha TOBEPXHOCTH ILIACTWHBI HAlZIeHA U3
0aaHCOBOT0 COOTHOIIIEHN S HAIPeBa 1 UCTIAPEHNUA B Pe-

122

BOT'O MBJIYUEHUA KaK MeHCTBUTENbHBIN MOJOMKUTEH
HBIF KOPeHb aJIredpanyecKoro ypaBHEHUS UeTBEPTON
crenenu. Ckopocts cymku I cragmm u Kputudeckoe
BJIaroCOZep:Kanye B KoHIe 11 craguu ompeneneHsr u3
KOppeaAnnoHHbx 3aBucumocteir A.B. JIbikoBa. [la-
ercd cimuBKa permnennit gua I u Il cragun.
Hcenedosanue u nocmanoska 3adauu 0as cmaduu no-
CMOSAHHOIL CKopocmu CYuKu 8blnOJHEHbL 6 pamKax eocy(?ap-
cmeennoz0 3adanus UT CO PAH, nouck npubiuxceHHbLX AHA-

JUMULECKUX DeuweHull 6vnolHen 3a ciem epanma POPU
(Ne 17-08-00752).
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The relevance of the research is dictated by the need to develop mathematical models of microwave heating and MW-drying of wet
materials to obtain technologically optimal and cost-effective modes. This publication is a continuation of the article by the same authors
in «Bulletin of the Tomsk Polytechnic University. Geo Assets Engineering», in which the authors using mathematical modeling, studied in
detail the process at the first stage of drying —the heating stage, when heat exchange between the surface of a moist body and the en-
vironment is due to radiation and convection = energy is absorbed by the surface layer due to its small depth of penetration. The authors
constructed the asymptotic solutions of this nonlinear problem for small and large values of dimensionless time demanded by engine-
ering practice, both for parametric analysis, and for carrying out operational calculations. The approach associated with the considera-
tion of the second stage, the stage of constant drying rate, is based on a more detailed study of heat transfer, and the calculation of the
rate of drying is carried out using the approximation dependence of A.V. Lykov. The paper proposes a condition for cross-linking of ther-
mal modes of | and Il stages of drying.

The aim of the research is the state of the problem of the second stage of microwave drying of wet material — a stage of constant dry-
ing rate — and implementation of a theoretical solution to determine the distribution of the temperature field across the layer thickness
and the magnitude of the drying rate.

The object of the research is a flat layer of wet material = coal, sand, wood, and other capillary-porous arrays, which are affected by
microwave radiation. Such materials have a high dielectric constant and, as a result, very effectively absorb microwave radiation, which
is almost 100 % converted to thermal energy.

The research methods are associated with mathematical modeling, which are based on Maxwell’s electrodynamics equations and
A.V. Lykov heat and moisture transfer. In this article, the Maxwell problem is solved independently of the problem of heat and mass tran-
sfer, therefore, the flux density absorbed by microwave radiation is known. Also, one of the features of this problem is the considera-
tion of materials with a small absorption depth, that is why the source term in the system of equations for heating is in the boundary
condition.

As a result of the research, the authors involving the stationary temperature field conditions and the constancy of the moisture content
flux density over time stated and solved the problem of temperature field distribution across the thickness of the wet plate, which stric-
tly follows the square parabolic law. The drying speed of the Il stage and the critical moisture content at the end of the Il stage were de-
termined from A.V. Lykov correlation dependencies. The paper introduces the stitching solutions for the | and Il stages and the analysis
of the constructed solutions.

Key words:
Microwave energy, electromagnetic drying, capillary-porous massif, heat radiation, convection,
A.V. Lykov heat and moisture transfer equations, drying speed.

The statement of the problem and solution for the stage of constant drying rate were performed within the framework of the
state task IT SB RAS, the search for approximate analytical solutions was done with the support of the Russian Foundation for
Basic Research, grant no. 17-08-00752.
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