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MO/IEJIIOBAHHA IPOIIECY HEJIHIMHOTO TEINJIOOBMIHY
ABO®A3HUX CEPEOBUAII]

MOAENUPOBAHMUE NPOLIECCA HEJIMHEAHOIO TENJIOOBEMEHA
OBYX®A3HbIX CPE[]

NON LINEAR HEAT EXCHANGE SIMULATION PROCESS
OF TWO-PHASE ENVIRONMENT

3anpornoHoBaHO MateMaTUdHy MOAE b MPOLECY HEJIHIHOro Teryio0bMiHy ABOda3HOoro cepeno-
BuLLa y BUrnsai angepeHLianbHOro PIBHSIHHS B YaCTMHHUX MOXIAHMX Ha OCHOBI aHanisy npouecy
BUMAaIOBAHHS 3a/1I30PYAHUX KOTYHIB Ha KOHBEEPHIV MaLLnHI HernepepBHOI Ail.

lpednoxeHa mamemamuyeckasi MOOEsb rpoyecca HemuHeliHo20 mennoobmeHa 08yxgha3Hbix cped 8 8u-
0e OugcbepeHuuanbHO20 ypasHEHUST 8 HaCMHbIX NPOU38O0HbLIX HA OCHOBAHUU aHasu3a npouecca obxuea
XKene3opyOHbix okambiuwieli Ha KOHgeliepHOU MawuHe HenpepbIsHO20 delicmeust.

The paper presents the mathematical model of the non linear heat exchange simulation process of
two-phase environment in the kind of differential equation in the partial derivatives on the basis of the
ironstone pellet roasting on the uninterrupted conveyer machine.

Beryn

[Tpy 1mpoexTyBaHHiI aBTOMaTM30BaHMX CUCTEM KEPYBaHHS PI3HUMH TEXHOJIOTIYHMMU IIPOIECaMU
BUHUKAE HEOOXiIHICTD y TAaKOMY MaTeMaTHYHOMY 3abeslcueHHi, sIKe /I03BOJISAN0 6 3acTOCOBYBATH
CYKYITHICTh METOJIiB, MOjIeJiel i aJTopuTMiB IS peastisariii 3a/1au 06po6ku indopmaiiii i3 3acrocy-
BaHHSAM 3ac06iB OGUMCIOBATBHOT TEXHIKM i GyJI0 OCHOBOIO [T PO3POOKM BiITOBIZHOTO TIPOTpaM-
HOro 3abesneueHHs. TakuM TPHUKJIAIOM MOKe GyTH cucTeMa KOHTPOJIIO i MiATPUMKHU Ha 33/[aHOMY
PiBHI TeXHOJIOTIYHUX TapaMeTpiB IIpollecy BUIIAMIIOBAHHS 3aJi30PYAHAX KOTYHIB Y KOHBEEPHIN Ma-
IIVHI HemlepepBHOT fiii. AHasI3 3MiH mapaMeTpi (y TOMy 4HC/Ii B CTOPOHY TPAHUYHUX | KPHTHUHUX
3HAYeHb) y TIPOIECi BUMAMOBAHHS JI03BOJISIE TIOOY/yBaTH MATeMaTHYHY MOJeJIb Tpolecy HeTiHili-
HOTO TeIIooGMiHy B JIMCIEpCHilt cucreMi (MisK auctiepcHoro asor i AUCTepciiiHuM cepeoBu-
meM), sIKMI Mae MHpOKe MOMIMPEHHST B IIPOMUCJIOBIH TeXHOIOTIT. BUX04M 3 1IbOTO POSTJISTHEMO i
Jlesiki iHmm isuyHi iHTepIIpeTaltii 3ampolloHOBaHOI MaTeMaTUYHOI MOJIeJIi I/t IAHOTO KJacy po3-
nofiiyieHux o6’ektiB (udysiiiHi i Termo-Macoo6GMiHHI Tpollec) i JaMo iX y3araJbHeHWH MareMa-
TUYHUHN OIIUC Y BUTVISA/L AnepeHIliaabHOrO PiBHSIHHS B YACTUHHUX TOXi/THUX TMAapaGoJivHOTO THITY.

BBeaenune

Mpy NPOEKTMPOBAHWN aBTOMATU3UPOBAHHLIX CUCTEM YMNPaBNEHUS PasnMYHbBIMU TEXHOMOMMYECKUMM
npoLeccamMmm BO3HUKaeT HeOOX0AMMOCTL B TAaKOM MaTeMaTu4YeckoM obecneveHumn, KOTopoe No3BONANO
Obl MPUMEHATL COBOKYMHOCTb METOAO0B, MOAENeW M anropuTMOB AN peanusauun sagad obpaboTku
WHOPMaLMKN C NPUMEHEHWEM CPEACTB BbIYUCIUTENBHON TEXHUKM U CMYXMNO OCHOBOW ANs paspaboTku
COOTBETCTBYHOLLEro NporpammMHoro obecrnevyeHns. TakuMm NPUMEPOoM MOXET BblTb CUCTEMAa KOHTPONS U
NoAAEKKM Ha 3aaHHOM YPOBHE TEXHOMOMMYECKMX NapaMeTpoB npoLecca obxura enesopyaHbIX OKa-
ThiLLEN B KOHBEAEPHON MaLUMHE HEMPEPLIBHOIO ASACTBUA. AHANU3 USMEHEHNS NapamMeTPoB (B TOM YUC-
ne B CTOPOHY rpaHU4YHbLIX U KPUTUYECKMX 3HAYEHMI) B npolecce obxura Nno3BonsieT NOCTPOUTL MaTema-
TUYECKYIO MOJENb npouecca HENUHEAHOro TennoobMeHa B AUCNEPCHOW cUCTEME (MeXAY AUCNEPCHOM
dasoin 1 ANCNEePCHON CPeaon), UMEILWNA LWNPOKOE pacrnpocTpaHeHWe B NMPOMbILLEHHON TEXHONOMNW.
Ncxopsa 13 aToro, npeactasMM M HEKOTOpble Apyrne Pu3nyeckme nHTepnpeTaumm npeanaraeMon marte-
MaTUYECKOW MOAENW ANs AaHHOrO Knacca pacnpefeneHHblX O0bekToB (AMdY3UOHHbLIE M Tenno-
MaccoobmeHHble npoLecchl) 1 gagum ux 0bobLeHHoe maTemaTnyeckoe onncaHve B Buae anddepen-
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UmnanbHOro ypasHeHNA B HaCTHbIX NPOU3BOAHbBIX napa6onv|qec1<oro TAna.

Introduction

The development of the automated controlling systems for different technological processes
requires the mathematical provision, allowing to apply the set of methods, models and algorithms
for fulfilment the tasks of information processing with the application of the computer equipment,
ensuring at the same time the basis for the development of the appropriate software. The system
for controlling and support on the set level of the technological parameters of processes of iron-
stone pellet roasting in the uninterrupted conveyer machine can serve as an example. The analy-
sis of parameters’ changes (including the boundary and critical value) in the roasting process, al-
lows for plotting the mathematical model of the non linear heat exchange process in the
dispersion (between the disperse phase and the disperse environment) which is well spread in
the industrial technology. Proceeding from this, we also present some other physical interpreta-
tion of the suggested mathematical model for the objects of the above type (diffusion and heat-
mass-exchanging processes) with their generalized mathematical description in the type of the
differential equation in the partial derivative of the parabolic type.

ITocranoBka 3ajaui

PosrasHeMo Tenioo6MiH y AUCHEpCHill cucTeMi Mik AuctiepcHo0 dasom i AucnepciiiHuM
cepeOBHUINEM Ha MPHUKJIAAL MpoIecy TemIoo6MiHy Mix mapoM mopucroi pedouHu (3amizo-
PYIHUMH KOTYHaM#) i Ta3oM, IO MPOXOJWTh 4epe3 miap. /s cTBOpeHHS MaTeMaTH4HOi
Mojlesli TaKoTo IIpollecy HeoOXiJTHO BPaXOBYBATH YyCi Ba)KJWBI CTOPOHU POGOTH KOHBEEPHOI
MalluHU, MPOoIec BUMATIOBAHHS B KN Bi/JI0yBaeTbCsl 3a paxXyHOK BHUIIPOMiHIOBaHHS akesa
NaJbHUKA, & TAKOXK KOHBEKI[IITHOTO TelJoOOMiHy MijK Ia30BUM IIOTOKOM i IIOBEPXHEIO Iapy
KOTyHiB. Ilpm 1iboMy Mae Mmiclle KiJbKa pe:KMMHMUX 30H: CYIIiHHS, MiZirpiBy, BHNAJTIOBAHHS,
0X0JIo/KeHHs. KojkHa pekMMHA 30HA PO3TJISIJIA€ThCsl IK OKpeMHMii amapar abo o6’ekr. B3a-
€EMOJIiA i IisecpsiMoBaHe (PyHKIIIOHYBaHHSI 00’ €KTiB 3a6e3leuyeTbCd HasIBHICTIO MaTepiaib-
HUX i eHepreTUYHUX MOTOKIB MijK iXHIMU ejJeMeHTaMHU. Y [iHCHOCTiI razoBa cXeMa BUITAJIO-
BaJbHOT MaNWHW  JIOCUTh  CKJajHa, aje JJad 1oO6yJA0oBUW  MareMaTUyHOl  MojeJii
JIOCJTI/PKYBAHOTO TIPOIlecy MOKHa BUKOPUCTOBYBATH €KBiBAJEHTHY CXeMy Ta30BHUX TOTOKIB,
IO /T03BOJISIE BPaXxoByBaTu Bci ocob6mBOCTi i1 poboTu.

VY mpotieci TermsoBoi 06poOKM IMIap KOTYHIB BUCOTOI /i TIPOXOJUTL /IBi 30HW CYIIiHHS BU-
CXi/IHUM 1 CIQIHAM IOTOKaMU i 30HY IONepeIHbOro HarpiBaHHs. 3aJeXHiCTb TeNJOEMHOCTI
KOTYHIB Bijl TeMIiepaTypH BifioMa. Y 30Hax oO6poOKU KOTYHIB CTBOPIOIOTbCS HEOOXi/iHi 3a yMo-
BaMM TeXHOJOTiT Ta3oBi cepefoBwIa, TOOTO 3a/laHi TeMIIepaTypH i CKJA/IOBi Ta30BUX IOTOKIB.
Burpara rasiB Bu3HauaeTbCcsd TEMIEPATYPHUMU YMOBaMHU i Ta30/[MHAMIYHUMU [apaMeTpaMu Iia-
PV B 30HAX, OLIOPOM 1 LIIJIbHICTIO TPAKTY, & TAKOXK XapaKTepUCTUKAMHU BEHTUJ/IATOPIB.

30HM OXOJIOJZKEHHST TPAIOI0Th BiJl JBOX aBTOHOMHMX TEXHOJIOTIYHUX BEHTUJISITOPIB, 1O Ha-
CHITAIOTb HABKOJIUIIHE [OBITPA B KOXKHY 3 HUX. Txniit PO3paxyHOK BiJPI3HAETbCA Bi/l PO3PAXYHKY
30H OOpPOOKY TiJIbKM TUM, TIO OXOJIO/ZKEHHS KOTYHIB 3/[iHCHIOETLCS TTPOIYBOM XOJIOIHOTO aTMO-
cepnoro noBitpg. IloBiTps, npoxondun yepes rapsgumii niap KOTYHIB, 3a6upae€ Bi/l HUX TEIio i
rapsiue BTOPUHHE TIOBITPSl HAAXOIUTHh y Kamepy /g po30aBJeHHS MPOAYKTIB TOpiHHS. 3HAIOYN
oro Temrmeparypy i BUTpaTy, a TakKO:K BUTpaTy IMPOJYKTIB TOPiHHA i iXHIO TeMmiieparypy B Ka-
Mepi, MOXKHA PO3PaxOByBaTH 3arajbHy BUTPATy HaaWBa, MO OCOOJUBO BAXKJIUBO B TOOYIOBI
MaTeMaTU4HOI MoJieJIi TIpollecy KepyBaHHsSI 06 €KTOM.

Pe3yabratn nocJiaxeHn

[lns dopmastisariii 1oc/ipKyBaHoro mporecy HeoOXiHO JIOITYCTUTH, O CTaH JIMCIIEPCHOT CHC-
TEMU XapaKTepU3yeTbcs Ge3MepepBHUMU B MPOCTOPi i B yaci (OyHKISIMH pO3NOJiJIY TeMIeparyp
O(t,x) i T(t,Xx) mmcrepcHoi ¢asu i AUCHEPCIHOTO cepeloBHINA BiALOBIHO, e X — BEKTOP
MPOCTOPOBUX KoopauHar: X = (&, y), ¥ — KOoOpAWHATa TOBIMHH 1mapy, 0 < x < h; y — Koopau-
HaTa 110 JIOBXKUHI pexxuMuoi sonn, 0 < y <[; ¢t — wvac npouecy, te€ [0,¢,] =S5 . Take nonymen-
HSI JI03BOJISIE BUKOpPUCTOBYBatu piBHsIHHS [lamkesepa [1], cupaBepnusi a5 6ararodas3Hux cy-
MibHUX cepefoBun. OHaK, Ha BiMIHY Bifi TelIOOOMiHY B TaKMX CepellOBUINAX, Y
PO3IJISTHYTOMY BHIA/IKY 3aJUIIAETHCS MOKJIMBICTD TEIJIOOOMiHY B KOXKHIN TOYIl MpocTOpy, a
He TiJbKU Ha MiXKdas3Hilt noBepxHi. llpuiiHgre Bullle HONYIEHHS 03BOJSIE BPaXOBYBaTH B3ae-
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MOJIifo JucriepcHOi ¢asu i AUCTIepciitHOTO cepeloBUITAa B KOXKHiHM TOYIli TPOCTOPY.
1 xapakTepucTuKyu CUCTEMU JOCTATHHO YOTUPHOX TMOTOKIB:

dM
— Maca G=—"—; (1)
dt
AN
— KOMITOHEHTa G, =—1; (2)
dt
. d(CT
— Teriora abo eHTa/IbIig Q= % ; (3)
. d(Mv
— IMITyJIbC p= M) , (4)
dt
ne M — maca (macca, mass); t — uac (Bpemsi; time); N; — Maca o6paHOro i-ro KOMIOHEHTA,
BUpaKeHa y MOJIIX (Macca BbIGPaHHOro i-ro KOMMOHEHTa, BbipaxkeHHast B Morsix; the mass of the i-th compo-
nent is expressed in mol); C — nuToMa TeIJIOEMHICTD (y,qeanaﬂ TENNOEMKOCTb; specific heat);

T — temnepatypa (Temnepatypa; temperature); © — mBuaKicTh (ckopocTs; speed).

Ha ocHosi 3akoniB Hbiorona, @yp’e, Dika Ta iHIINX MOXKHA 3allUCATH 3aKOHU 36€pesKeHHs
Macu i eHeprii, MoB’s13aHi 3 AUQYy3iel0, TENJOIPOBIIHICTIO, TEIJIONEePEeHOCOM, XiMiYHUMU peak-
[isIMM Ta iHIMUMU TipollecaMu y dopmi audepeHiiaIbHUX piBHSIHb. 3aKOH 30epesKeHHS [/
y3araJbHEHOT0 IIOTOKY Bi/IIIOBi/IHO /10 IIPUHIUIIB HEePiBHOBasKHOI TEPMOJUHAMIKN MOMKHa 3alll-
caTh y BULJIA/I

. . or
dlv[FU]—dw[Sgradf]—)wsM+J=—§, (5)
ne I' — ysaranbnena ryctuna (o6oblieHHas nnotHocTs; overall density); 8 — TNPOBiAHICTb TOTOKY
(nposoanmocTb notoka; conductivity of stream); w — ToBepXHs Nepezadi Ha oaMHMINO 06’eMy (nosepx-

HOCTb Nepeaadn Ha eanHnLy obbema; transfer surface for the unit of volume); € — ysarasbHeHUH Koedilli-

€HT IIepeHeceHHs (0B06LLEHHBIN Ko3dhdULIMEHT NepeHoca; generalized transfer factor); J — IuKepeso (ncrou-
HUK; source).

Jlig nuroMuX BeJnuuH, Bupas (1) MaTuMe BHIJISL

— 114 IIOTOKY Macu

. . 0
div[pV]-div[D, gradpl+wBAp + J = —a—i; (6)
— [l II0TOKY KOMIIOHEHTa
. . op;
le [pr] — le [Dl grad pl]+ wlﬁlApl + Jl = _%, (7)
— JIJIs1 TIOTOKY eHTaJIbIii abo TeryoTu
. ) a(p,.T)
divlp TV]-div[A,grad T1+w,B,AT + J, = _8—;; (8)
— 14 II0TOKY IMILyJIbCY
. . a(pv)
div(pv xv) — div(ngradv) + wyAv + gradp = aeva 9
ne D, — woedimient camoaudysii (kosdbduunenTt camogndbdyauv; self defusion factor); D; — koedi-
uient audysii (koacbuumeHT andabyaun; deffusion factor); w;,w, — TOBEPXHA MacooOMiHy Ta TeIIo-
OOMiHY Ha OJIMHUINO 006’€MY Bi/IIOBi/THO (nosepxHocTb MaccooBMeHa 1 TennoobmeHa Ha eavHuLy obbema
COOTBETCTBEHHO; surface of mass and heat exchange per unit of volume correspondingly); B, B ; — Koedinienr
Macosijiadi (koachduumMeHT maccooTaaun; mass transfer factor); A — KoeillieHT TeIIONPOBiIHOCTI
(Koaq)cpmumeHT TennonposogHocT; heat conductivity factor); p — TycTuHa (I'IJ'IOTHOCTb; density);
Bq — Koe(biuieHT TeIlIoOBi1aui (Koaq)cpmumeHT TennootAauu; heat irradiation factor); N — JAWHaMI-
yHa B 43KICTb (p,MHaMWeCKaﬂ BA3KOCTb; dynamic viscosity); Y — Koe(piuiGHT HepeHeceHHd iMITy-

JbCY (koathpuLmeHT nepeHoca nmnynbca; factor of impuls transfer); P — THCK (naBnenve; pressure);
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div — He TiJIbKU JAMBEPreHILis, TOMY 10 BEJUYNHU, dKi 3HAXOJATbCA BCEPEAUHI /IY)KOK, € TeH-
30pOM JPyroro nopsjKy (He Tonbko AVBEPreHUMs, MOCKOMbKy BENMNYMHLI, HaXOAALUMECS BHYTPU CKOBOK
ABNAIOTCSH TeH30pom BTOporo nopsgka; not only the divergence, because the values inside brackets are
second order tensors), grad — He BeKTOp rpasienTa ckamapHoi (pyHKILI, a TEH30p IpajieHTa Be-
KTOpHOT (DYHKI(T (He BEeKTOp rpaaueHTa CKanspHOW yHKUAW, a TEeH3Op rPaaueHTa BEeKTOPHOW (hyHKLMY;
not a vector of gradient of scalar function, but a tensor of the gradient of vector function).

YV piBusgaagx (6) —(9) mpaBi yacTHHM XapaKTepH3YIOTh 3MiHM B vaci MacH, i-TO KOMITOHEH-
Ta, eHranbmii (a6o TerioTh) i iMIyJsbcy BifmoBigHo. Ileprri wjieHW JiBUX YACTHH DPiBHSHb
(6) —(9) onucyIOTh MPOCTOPOBE TEPEMIIEHHS MMTOMUX NAPAMETPiB — KOHBEKTMBHMHI MOTIK. Y
BHUMMA/IKY ABO(A3HUX eJieMeHTiB Tpoiiecy 3 dasamu 1 i 2 1/i9 KOHBEKTHBHOTO MOTOKY PO3Pi3HS-
IOTh TaKi OKpeMi BUITAKHA:

1a) vy =y =0 — HIIKOro KOHBEKTUBHOTO TOTOKY HeMae i (pasm uepe3 eJeMeHT MpoIecy

He IpoTikaioTb. OToke, BOHM IIOBUHHI YaCTHHAMU BBOJUTHUCS B €JIeMEHT IIpollecy i 4acTUHAMHU
BUJAJSATHCS 3 HbOro. TakUM YMHOM, eJIeMeHT IIpollecy Jli€ NnepioJMyHo i He Moxke OYyTU cTallio-
HapHUM,;

16) v, =0;vy, 20 — ¢dasa 1 nepioANUHO BBOJIUTHCS B €JIEMEHT IIPOIleCy i Tak caMoO BHa-
JsgeTbed 3 Hboro, a ¢asa 2 O6e3yNMHHO IPOTIKAE yYepe3 eJeMeHT Iiicjsg Toro, sk asa
1 3an0BHMUTL CBOIO yacTuHy 06’eMy. B Takiit oHOIOTOKOBi cucTeMi TaKOX He MOXHa JIOMOT-
THUCS CTAlliOHAPHOT'O CTaHy;

1B) vy #0; vy #0 — IIi YMOBHU BiANOBIAAIOTH Ge3lEepepPBHOMY MPOTIKaHHI 060X (a3 yepes

eJIeMEeHT Tpollecy. SIKIIo MBUAKICTh KOHBEKTHUBHUX IIOTOKIB, a TAKOK F'YCTHHA, TeMIleparypa Ha
BXO/li ab0 KOHIIEHTpallis MOCTiliHi, TO eJeMeHT Ipoliecy OyJie JisTU CTallioHAPHO.

Hpyri wiern aipux dactud (6) —(9) omucyoTh 3MiHH MHTOMUX TTapaMeTpiB 3a PaxyHOK [TH-
ysii — ocnoBuuil notik. /[y OCHOBHOTO NMOTOKY B JBOMA3HUX eJeMeHTax IMpollecy po3pi3Hsi-
IOTb TaKi OKpeMi BUIIQ/IKU:

2a) koedirieHT TemaonpopigHocti A — 0 abo koedirient audysii D — 0 — BUITAJ0K, KO-

JIN MOJKHa 3HEXTYBATKU YUCTOTOK) OCHOBHOI'O TIOTOKY,

26) A>>0 a6o D >>0 — yMOBH, 32 SKMX HE CJIi/| HEXTYBAaTH ICHYBaHHIM OCHOBHOI'O TIO-
TOKY;
2B) A — o abo D — 0 — yMOBH, XapakTepHi /I 3HUKHEHHS TPaJlieHTa TeMeparypu abo

KOHIIeHTpallii, MpUYOMYy B yCbOMY eJIEMeHTi IIpollecy MepeBaskae BUXi/HA TeMiieparypa abo
KOHI[EHTpaIlis.

OpHak 1 CIiBBi/IHOIIEHHS /1711 KOHBEKTUBHOTO il OCHOBHOTO IMOTOKIB CIIpaBe/IUBi TiJIbKU /10
rpanuip as. Y Tol ke Yac HeMOKJMUBO 3HAUTM SIBHY 3aJIE€KHICTb, IO OIMCYE IMOTOKM Ha
MixkdasHiil nmopepxHi. ToMy I onucaHHsI NepeXiJHOro MOTOKY BUKOPUCTOBYIOTHCS €MIlipUYHi
3aJIE3KHOCTI, MPECTaBJIeH] TpeTiMi dieHaMu B piBHAHHAX (6)—(9). [[J1g mepexiJHOro MOTOKY
B IBO(a3HUX eJeMeHTaX MPOoIeCy PO3Pi3HIIOTh TaKi OKpeMi BUTIAIKH:

3a) wp=0 i wB, =0 — mepexiHOTO MOTOKY HeMmag, TOGTO MEPErOPOAKA, IO PO3MIIJIAE

asu, HepoHWKHA I KOMIOHEHTa a6o TemsoTh i o6uBi (asm Hesase:kHi onHA BiJ onHOI. 3
JIBOX KoedilieHTiB TIepeHocy xoua 6 OfWH TMOBUHHMNA BiPi3HATHCS Bij| HyJId;
36) wP >0 at6o wB, >0 — icnye nepenecenHs Tenior abo KoMIoHeHTa i o6uaBa Koedi-

Ii€EHTH MEePEHOCY MOXKYTh /IOPiBHIOBATH HYJIIO;
3B) wP — o abo qu —> oo — TIepeHeceHHs BifGyBa€ThCcsT MUTTEBO, TOOTO [Bi pasm, 1o

KOHTaKTYI0Tb, /IOCATAIOTh CTaHy PiBHOBAru 3a /ly:Ke MaJuil IPOMiKOK dacy.

UeTBepTi ujieHn JiBUX YACTWH PiBHSHD BiZIOWBAIOTH iCHYBaHHA B JIEIKMX TOYKAX PO3TJISHY-
TOTO ejieMeHTa JKepesa abo cTokiB. /[3Kepesia Temsa i Macw B mpollecax BUTIAMIOBAHHS Bifirpa-
I0Th JIOCUTH iCTOTHY poJib. OJHaK 3arajJbHUX PEIenTiB BU3HAUEHHS (PYHKIII /Kepes y PiBHSH-
nsax (6) —(9) memae. ITpum 1mpboMy BUIAIISAIOTH ABA MiaXoan: a60 BPaxoBYIOTb eeKT mKepes
HEIIPSIMUM IIIJIIXOM y KoedillieHTax Tellsio- i MacooOMiHy, a60 HaMaraloThbCs Bi/IHOBUTH (PYHK-
ii /pKepes, BAKOPUCTOBYIOUHM JIJIS IIbOTO /IO/IATKOBY iH(popMAaIliio.

Posnuiiemo pisHstaHs (6) —(9) 1y TBep/oi i Ta30Boi a3 mpolecy BUIATIOBAHHS KOTYHIB:

— TIOTiK eHTaJbIT AJI TBep/AOi i ra3oBoi ¢as
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(1-¢)

oCp, 3 0 0 _, 00
aF; 51[ aﬁz _(1_gn)a_xi(}"si(x)a—xi]]"‘3800((9,T)(T—®)+J@); (10)

aC 3 ac
£ g‘;g E( f ax %(Kgi(%)%n+seoa(®f)(®—T)+JT; (1)

— MOTIK Macu It TBepoi i rasoBoi ¢as

_ . 9Cp® 8Cgp® _ .
(1-eg) =0 —2[ —( )xl[D()xzn o (12)

dp, 3 dp, 0 dp
-1 = wW,—%+—| D, % ; 13
0 ot 251(872 ! axl i 8961 ( Yi axl + y ( )

. 3 , .
(1- )20 z[vi 9GO _ 1 en%[Dsi aff]} oy (19)

. 3 . .

n'Vi

ne C;,C, — IUTOMA TEIJIOEMHICTb TBEPIOI PEYOBHHU i Tasy BiAIOBIIHO (ymenbHas Tennoem-

KOCTb TBEPOTrO BELLECTBa W rasa cooTBeTCTBEHHO; specific heat of hard substance and gas corespondingly);
Ps;Py — TyCTHHA TBep/I0i pPeUYOBUHU i a3y (nnoTHoCTb TBEpAoro BewecTtsa u rasa; density of hard

substance and gas); €0,€, — Koedinientn o6’ eMHOI i IOBEPXHEBOI MOPUCTOCTI (koathprLmMeHTbI
0B0BbeMHOW 1 NoBepXHOCTHOW nopuctocTu; factors of volumetric and surface porosity); 7»51,,?\,%, — KoediIri-

€HTU TEIJIONPOBIJHOCTI TBEPAOI PEUOBUHU 1 rasy (ko3 PULMEHTbI TEMMONPOBOAHOCTU TBEPAOrO
BewecTea u rasa; factors of volumetric and surface porosity); $ — MWTOMa IIOBEPXHA TeHJIOO6MiHy
(ynenbHas nosepxHocTb TennooBmeHa; specific surface area of heat exchange); oo — KoeillieHT Terl-

JIOOOMiHY (koadbuLmeHT TennoobmeHa; heat exchange factor); V;, W; — MBHIKiCTb HAAXO/[KEHHS
B €JIEMEHT MPOoLecy TBepAol pevyoBUHHU 1 rasy (cropocCTb MOCTYNNEHNs B aNeMeHT npoLiecca TBEPAOro
BellecTBa U rasa; speed of hard substance and gas ingress into the process element); Dsi’Dgi — Koedi-

miedT audy3sii TBep/i0i pedyoBUHU i Ta3y BiANOBiIHO (koadbpuLmeHT andbdysnmn TeBepaoro BelLecTsa 1
rasa cooTBeTcTBeHHO; deffusion factor of hard substance and gas correspondingly).

3pobUMO TaKi MPUITYIICHHS:

4a) PO3IOLT HOTOKY Ta3y uepes Hepepis mapy, MepreHuKyAapHUA TIOTOKOBI, PiBHOMIpHUT
(To6TO TIpOIleC BUMATIOBAHHS TTOCTIHHUN Y3/I0BK NIHPHHH TIAPY);

46) BUNAJIOBAJbHUN IIap PO3IJASAAEThCS K ABodasHa cucTeMa: ra3a — TBepJE TiJo;

4B) piBHSHHS /T TIOTOKY MacH ra3y He pO3TJISIIAEThCsI, TOMY IO BOHO TIOB’SI3aHO 3 PiBHSH-
HAM JUIS IIOTOKY KOMIIOHEHTA.

3 orJsiTy Ha Ile, MepeTBOPEeHHs PiBHSHHS TEIIOOOMiHY B 30HI BUIAJIOBAHHS MATHUMYTb BU-
LIS

00 00 0 00 0 00 €S
iy ZE_Y 6x,y) — | — — tay)—|=—2 a(0,7(T-0); (16
o Yoy ax(%( xy)axj ay[dz( xy)ay] (1_80)pscsoc( )( ); (16)
oT or 9 oT 0 oT
—+ W, ———| b, x,y) — |- —| b, (t,x,y) — | = e, T)(T-06 17
w0 ax(i(xy)axj ay(z(xy)ay] SG wOnT-e D
B obaacti Q = (0,2) x(0,D) , ne s Wer$,05,C,pg,C,  — 3aani KOHCTAHTH (3apaHble koHCTa-
HTbI, set constanta); «;,b; (1=1, 2) — ob6MeskeHi (YHKINI, MO 3aJ0BOJBHIIOTE YMOBH

(orpaHnyenHble yHKUMKM, yaoBneTsopsiowme ycnosusiv; limited functions satisfying the conditions)
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a; 2k >0; b; 22y >0, a a0, T) = K|T|O’67

3a/1a10ThCs Bi/IIOBi/IHI MOYATKOBI YMOBH

T, x, 1) = Ty(x,y);  ©(0,x, 1) = Oy(x, y), (18)

a Ha rpanuii obaacti 0Q — KpaloBi YMOBM NEPIIOTo, APYroro, TPETboro poay aGo 3Milnai,
OCKiJTbKM BUJ] TPAHWYHUX YMOB MOK€ 3MiHIOBATHCSA B 3aJI€KHOCTI BiJl TOTO, SKOI0 iH(OpMAIli€n
MU BOJIOJIIEMO i y SKi#l 30HI Mu 3Haxonmumocs. Biamosigno 6yje 3MiHIOBATHCS 33/1a4a, SIKA PO3-
ragaeTbesa. TakuM YMHOM, MPUXOAUMO IO TIOYATKOBO-KPAWOBOI 3a/1avi A1 KBa3iJiHiHHOI chc-
TeMU PiBHSIHb 3 YAaCTKOBUMM TOXijHUMU. BijmoBiiHo f0 npuitHaroi kaacudikailii HemiHiHHUX
KkpaiioBux 3a7au [2, 3] maHa 3a/1aua XapaKkTepusyeTbCsl HeMiHiMHICTIO pyroro pomay, To6TO Bij
TeMIlepaTypy HeJiHIIHO 3aJeXKUTh TYCTHHA TETJIOBOTO TIOTOKY Ha MiXk(as3Hol MoBepXHi:

— dopmyaa Tumodeena.

q,(T) =1, |T|%(T—®)+oc(T4—®4). (19)

Taka kaacudikanis IeBHOIO Mipol0 YMOBHA, OCKiJbKM 33/adi 3 (Ha30BUMHU IepexXojaMu Mo-
JKHA BiIHECTH 10 3aJ1a4 3 HeJIiHIHHICTIO K MepHIoro, Tak i APYroro i TPeTbOTO POy B 3aJeX-
HOCTi BiJi crtocoGy 06JiKy BU/IiJIEHHS TEIJIOTH (Pa30BUX TE€PETBOPEHD.

Cucrema (16), (17) i3 3aaHUMK OYATKOBMMHM i KPAHOBUMH YMOBAMU € MAaTeMaTHYHOW MO-
JIeJITI0  TMHAMIYHOTO PeXUMy po6OTH KOHBEEPHOI MalllMHM B 30HI BumnaJioBanHs. OjHak 3a
YMOBU 4B /i1 KOHBEKTUBHUX TTOTOKIB TBepOi i Ta3oBoi (a3 mporec MOKe 3HAXOAWTHCS B CTa-
IiIOHAPHOMY PEeXWMi, /I ONMUCY SIKOTO OyeMO BUKOPWCTOBYBATH CUCTEMY PiBHSHD B 00JacTi

Q =(0,1)x(0,1)

0® 0 00 0 0] - 4 4\,
it e S el el KIS = Ta(,7) (T - ©) +op(,7)(1* - 8*); (20)
o o oT 0 oT - 4 4
W, ——-—bx,y)— |- — Y)— | =1o(0,T)(T -0 o, T"-06%), (21
Y ox  ox 1oy dox ) dy bty dy o ) )+ ab( )( ) 20
e
2 A (x,y) - _
G(GyT)Zng; B(@,T)=T4; a; ZM; A:%; b =%? a>0 (22)
pg q ( 8O)ps s pg g

3 BIJIMOBIIHUMY 33/IaHUMU KPAWOBUMM YMOBAMM Ha TpaHulli o6sacti 0Q .

Kpim Toro, y maTeMaruuHiii Mojiesti Tipoliecy HeoOXi/THO BpaxyBaru Toll ¢akt, 1o B pasi Be-
JUKUX TPAJIEHTIB TeMIlepatyp AuciiepcHoi ¢asu BiflbyBaeTbcsl PyHHYBaHHS KOTYHiB. YHacJi-
JIOK 1IbOTO BUHUKAIOTh OOMEKEHHS Ha CTaH

|grad o(t, x, y)| <k V(x,p) e tel0,t]=S, 23)

ne k; — 3amana xoHcranra (3agaHHasi KOHCTaHTa; the set constant).
3ayBaskuMo, 1[0 HABeJeHA MATeMaTUYHA MOJE/b AMHAMIKHK [ 33/laHuX [apaMerpiB, a came
suavenb V,, W, 1 uragny dyukuii a;(t,x,y),b;(t,x,y) (i =1,2), a TAKOK TOYATKOBUX i Kpa-

HOBMX yMOBax, Moxke GyTHM BUKOpDUCTAHA HE TiJIbKM JIJIS OMUCAHHS TPOIECiB TeNI000MiHY B
30HI BUTIAJIOBAHHS, aJjie i /s MOJENIOBAHHS TPOIECiB TETJIOOOMiHY B 30HI CYIIiHHS, MiiTpi-
BaHHS U oxoJopkeHHsA. Tomy Hamami OymeMo TPHUIIJLATH yBary mporiecaM, IO MPOXOAATb y
30Hi BUIAJIIOBAHHS SK HaW3araJbHilIMM, 3 SIKUX IIJIIXOM 3MiHM IapaMmMeTpiB i 1OYaTKOBO-
KpaioBUX YMOB MOXKHA OJIep:Kary OMUC IIPOIECiB B iHIIMX 30HAX KOHBEEPHOI MalliuHU. Y TOHU
’Ke Jac Mo6y/I0BaHi MaTeMaTW4Hi MoJesi [AUHAMIiKM i CTaTMKW KOHBe€pHOI BUNATIOBAJbHOI Ma-
HIMHU JIOMYCKAIOTh i 6Ge3miu iHmmx ¢isuunux inteprperaimiit [4]. Tak, Hampuxaam, 3a 101MOMO-
roio 1mo0y/I0BaHOI MaTeMaTHYHOi MOJiesli MOXKHA OIMHUCATH TEIJIOBi IIpollecH, MO BUHUKAOTD IIi/l
Jac BUCOKOIHTEHCHBHOI TeIJIOBOI 0OGPOOKH Pi3HUX MeTaJeBUX MOBepXoHb [4]. PiBHSHHS Temio-
[IPOBiIHOCTI, IO OIUCYE TaKi IIpOLleCH, MaTUME BUIJIA/L
or o

oT 0 oT
- T)— |— — T) — | = t 24
ot  oJx al )ax oy « )8y ftxy), (24
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ne T(t x, y) — dyukuis posmoginy reMueparyp o6pobioBanoi mosepxui B o6macti (dhyHk-

uns pacnpegenenusa TemnepaTtyp obpabatbiBaemon noeepxHocTM B obnactu;, function of temperature
distribution on the surface under processing in the sphere) Q =(0,4) x(0,D); 0<x<h 0<y<|

te€[0,t,] = S. Koedimientu a(T) i dynkiis f(t,x,y) obuncaoorbes 3a GopMyIaMu

a(T) = MDD _ CoT? + CT +Cy;  f(t,x,) = 8()g(x);
n-n
5(0) = {1, telt,t]; g(x) = {B, t e [oy(®),0,(D]; (25)
0,t¢l4,6]; 0, t¢ [oy@®),a,(®)].
ne MT) — xoedimieHr TemmonposigHocTi  (kosdduumeHT TennonposogHocTn; heat conductivity
coefficient); p,, — rycruta o6poGOBaHOT MoBepxHi (NNOTHOCTL 0BpabaThiBaeMoi NoBEPXHOCTY; density of
processed surface); C, — TemIoeMHicTh 06pOGJIIOBAHOT TIOBEpXHI (TennoemkocTs obpaGaTbiBaeMoit
nosepxHocTy; thermal capacity of processed surface).
3a/1al0ThCs I0YaTKOBA yMOBa
T, 2, 9) = Ty(x, ) (26)
i KpaifoBa yMOBa TPETbOTO POy HA MeKi 0Q
oc(T—Tm)+7»(T)g—£=O. (27)

[le oMM IPUKJAAOM € IIpoliec TEIJI0OOMiHy IMOTOKY PiZAMHU 31 CTiHKOIO KaHAJy KPYIJIOro
nepepisy aiamerpoM D [4], 110 ONUCYETHCSI CUCTEMOIO PiBHSIHD:

Tt xy) 4o [T,(O-TExy]
0x p,CiD ’

BT(t, X, y) — _WS. (X)
ot ‘

2 2
00, x,y) _ hy | 970G, % Y 100GExy) 9 ®(t,2x,y) ; 28)
ot P,C ox Y Ay oy

@

00(¢, x, y)

o, [T(t, x, 1) — O, x, y)] = Ay oy ‘y=D,

ne T(t,x,y) — TeMIleparypa TeIJIOHOCIS, MO PYXaeThes MO KaHATY amaparta (Temneparypa asvi-
Kyllerocss Mo kaHany annapata TtennoHocutens; heat-transfer material temperature moving along the
apparatus channel); O(f,x,y) — Temneparypa cTiHKM anapara (TemnepaTypa CTeHKW annapaTa;
apparatus wall temperature); T,(t) — Temmeparypa MpUMEKOBOTO APy CUCTEMH TBEP/E TiJO—
pinnHa (TemnepaTypa NOrpaHNYHOMO CMOS CUCTEMbBI TBEPAOE TEMO—XKWUAKOCTL; Ssystem boundary layer hard
substance—liquid temperature); W.(x) — MmBHIKICTb Tedwii TeloHOCis B KaHaii amapara (ckopo-
CTb TeYeHus TennoHocuTens B KaHane annapaTta; system boundary layer hard substance — liquid
temperature); A, — TeILIONPOBI/IHICTh MaTepiasy CTiHKH (TennonpoBoAHOCTL MaTepuana CTEHKM;
wall material heat conductivity); C,C,,,ps,P, — BIAIOBIIHO TEMIOEMHOCTI i TYCTHHU TEIIOHOCIS i

Marepiajay cTiHKu araparta (COOTBETCTBEHHO TEMMOEMKOCTU U MAOTHOCTU TENNOHOCUTENs W MaTepuarna
cTeHkn annapara,; correspondingly thermal capacity and density of the heat-transfer material and apparatus
wall material); o, — KoedillieHT TEIIOBI/Iaui MiXK CTIHKOIO alapara i TeNJOHOCieEM (koacbprum-
€HT TennooTAaun Mexay CTEHKOW annapaTa ¥ TennoHocutenem; heat irradiation factor between apparatus wall
and heat-transfer material) .

I'pannyHi yMOBU Ha CYMiKHUX MTOBEPXHSIX MAIOTh BUTJISII:

— s TBeporo Tita (CTiHKM)

00(t, x, y)
ox

ne | — nmopxuna anapara (anuHa annapara, apparatus length);

G(t’x’y)|x=0 = ®bx; }“w |x=l = Or (29)
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— [JIA PiMHA (rerroHoCiST)
T(t, X, y) |x=0 = 7}”L (30)

[ToyaTkOBi YMOBU TPEACTABSIOTHCS Y BUTJSIAL
_r
70, x,9) = T,,(0,0) +[ T, — T,,€0,0) |e 2, (31)
ne v =p,C,D,/40, .
Pipusinug (28) —(31) € ocHOBOIO MareMaTHUHUX MOJENEH KAaHAMIB i3 KPYIJIMM MEepepisoM.
TakuM YMHOM, y SKOCTi y3araJbHEHOTO MaTeMaTHYHOTO ONUCY /IS [OCHIKYBAaHOIO KJacy

qudysiiHuX i TeIIoOO6MiHHUX TIPOIECIB  TPOCTOPOBO-PO3MO/MIIbHUX JMHAMIYHUX 06 €KTiB
OTPUMAEMO PiBHSHHS B YACTUHHUX IOXiTHUX BUTJSIIY

0D; (t,x) _
ot

BCD(t x) %D (¢, x)
ox?

=fi| @ (4, %), U, (D), t, & |+ F(D,t,%);

(32)
Lk VE=(yeQ, Vite|0t], @ =[D,D,..., D],

jge T — 3HaK TPAHCIIOHYBAHHS 3 YPaXyBaHHAM MMOYATKOBUX YMOB (3HaKk TPacrnoHUPOBaHMS C y4eToM
HauanbHbIX ycrnoswii; the sign of transposition considering the initial conditions)
i rpaHUYHNUX YMOB TaKWUX THUIIIB:

— TpaHUYHUX yMOB mepinoro pomay (rumy ipixie)

D;(0,x,9) = ;[ pi(t, D] VZeoQ Vi=12..k (34)
— TIpaHUYHUX yMOB Jpyroro pomay (tumy Heiimana)
qi(t,%)=—xi[§] Vi=12..k V XeoQ (33
— TpaHu4YHi YMOBU TPETHOIO POLY
aa(f = Q; [CD(t x), pl(y,x)} VxeoQ Vi=12..k (36)

1

— 3MilllaHUX TPAHUYHUX YMOB TEPIIOTO i TPEThOTO POy

@i(t,x)‘sz(pi[pi(t,a_c)] Ve T, Vi=12..,k Vji=12..7

. _ (37)
0, (t, x) ‘Y/ =, [(D(t,ex), pi(t,y?)] Viel;, Vi=12..,k V=127,

pe Iy — maki, mo Iyl =0 pna i#w L0l 00 =0Q, a y;=0Q\T;
Vi=12..r1
— TpPaHUYHUX YMOB YETBEPTOIO POLY
a 2P0) = [9P) — g, (38)
on 1, on )y,
ne @;(t,x) — wHenepepBHi (QYHKIII cTaHy, MO 3aJ€XKaTh BiJl YacOBOI i IPOCTOPOBUX

x = (%, %y,...,%,) KOODAMHAT i BH3HAUYAIOTbCS po3B’siakoM cucremu (32) —(38), icHysamns if

€,ZII/IHiCTb AKOro AOBO/JIUTHCA [JIA KOKHOI0O KOHKPETHOT'O BHUIIA/IKY OKPEMO (Hel'lpeprBHbIe q’)yHKLl,I/II/I

COCTOAHNA, 3aBUcALMEe OT BpeMeHHOIZ N NPOCTPaHCTBEHHbIX X = (X1, Xy s Xn) KoopAuHaTt u onpeaenarTcAd

peweHnem cuctembl (32)—(38), cywecTBoBaHNe N €4UHCTBEHHOCTb KOTOPOro LOKa3biBaeTCs ANS KadKAoro
KOHKpEeTHOro cnyvas otaencHo; continuous state functions depending on time and space X = ()(1 X5, ey xn)
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*
?

and are determined by the solution of system of equations (32)—(38)); U, (G_)i,t,%), r=12,...,k
pyHKIIT posoiay KepyBaHHS (cbyHkummn pacnpenenenns ynpaenenus; functions of control distribution).
U, (Cf)i,t,y?) i (f)i(t, X) BUBHAYAKTHCS B AESTKUX GAHAXOBHMX IPOCTOPAX B KOKHOMY OKPEMOMY

BunaaKy (OnpesesioTess B HEKOTOPbIX GAHAXOBBIX MPOCTPAHCTBAX B KAXK/OM OTAENBHOM CJIy-
vae; are determined in soma Banah spaces in each specific case); f; i ¢; — HerepepsHi JiHiiiHi (a6o
HeJIiHINHI) yHKIT (HenpepbiBHble NUHElHbIE (WM HervHelHbie) yHkuMn; continuous linear (or
nonlinear) functions); E((f)i,t,y_c) = F{t,x, @ (t, %), Dy(t, %),..., D (t, )} — wneniniitni ynruii,

MO XapakTepu3yioTh 36ypeHHs (HenuHeHble YHKUMN, XapaKkTepUsylne BRvsSHUE BO3MYLLAKOLINX
BO3aencTBUA; non linear functions characterizing the influence of disturbance); pi(t, X),i=12 ..k —

3a/ani Ha Mexi o6Jacti 0Q ((hyHKIIIT MpocTopoBoi 3MIHHOI X , SIKi MOXYTb BHUCTYTATH B STKOCTI

TPaHNYHUX KepyBaJbHUX BILTUBIB (3a4aHHble Ha rpaHiue o6iacTn 0Q yHKLMM U3MEHEHMS NPOCTPaH-
CTBEHHOW NEPEMEHHON X , KOTOpbIE MOMyT BbICTYNaTk B KAYECTBE MPaHUYHbIX YNPaBAsoWUX Bo3gencTeni; the

set on the area dQ boundary functions of space variable X change, which can act as boundary controlling
influences); A; — TapaMerp, IO XapaKTepU3y€e eHepreTHYHi BJACTHBOCTI eJeMeHTIB 06’€KTa
(napameTp, XxapaKkTepusyloWMii 3HEpreTU4eckne CBOWCTBa anemeHToB obbekTa; factor, characterizing the
energy properties of objects elements); ¢; — noTik eHeprii (MTOTOK aHepruu; energy flow); II — HOpMaJb
J0 IIPOCTOPOBUX KOOpP/JAMHAT (Hopmarnb K NpoCTpaHCTBEHHLIM KkoopauWHaTam; perpendicular to the space
coordinates) X = (xy,%y,...,%,); II,[I, — BIiINOBIZHO IHAEKCH IOBEPXOHDL B3AEMOIIIOUMX eJIe-

MeHTiB 06’¢kTa (COOTBETCTBEHHO WHAEKCHI MOBEPXHOCTEN B3aUMOAEWCTBYIOLNX 3NEMEHTOB O0ObEKTa;
correspondingly indexes of the surfaces of interactive objects elements).

3minHi crany @;(¢,x) i kepysanus U, ((I_Di,t,a_c) y mudepeniarbHoMy piBHstHHI (32) Mo-

JKYTb HO3HAuYaTH pisHi ¢isuuHi Bejwunan (TeMiepaTypy, THCK Ta iH.), MO BU3HAYAIOTH SIBHUIIA,
AKi BifIGyBalOTbCA B KOHKPETHO PO3LJIAHYTUX Ipoliecax. A mapamerpu A; i g; 3 ymos (35)

MOXYTb, HANPUKJIAI, TIO3HAYATH KOeiIiEHT TEMJIOMPOBIIHOCTI i TENJOBWH TOTIK BiATOBIIHO
JLJIA TEILJIOBUX TTPOIECiB.

MocTaHoBKa 3apauun

PaccmoTtpum TennooBmeH B AUCNEPCHON CUCTEME MEXLY AUCNEPCUOHHONK has3on U 4UCNEPCUOHHON
Cpedon Ha npumepe npouecca TennoobmeHa Mexay Crnoem MopucToro BewecTBa (Kenes3opydHbIMU
okaTbiamMn) 1 rasom, NpoOXogdawum yepes croi. [ng co3pgaHns martemaTnydeckod MOLENU 4aHHOro
npouecca HeobxoaNMO yunTbiBaTh BCE BadKHbIe CTOPOHbLI paboThl KOHBENEPHOW MaLUMHBI, npouecc 06-
XUra B KOTOPOWA NPOUCXOAMT 33 CUYET M3ny4veHus dakerna ropernki, a Tawke KOHBEKUMOHHOro Tennoob-
MEHa MEeXAy ra3oBbiM MOTOKOM W MOBEPXHOCTBIO CMOS OKaTbIWE. [pn 3TOM MMEET MECTO HECKOMbKO
PEXUMHBIX 30H: CYLLKW, NoJorpesa, obxura, oxnaxaeHus. Kaxayo pexvmHyio 30Hy ygem paccmarpu-
BaTb Kak oTAenbHbIV annapaT uinm obvekT. Baanmogerncteme v ueneHanpaeneHHoe OyHKUMOHMPOBA-
Hre o6bekToB 06ecneunBaeTCsl HanMM4YMeM MaTepuanbHbIX U SHEPreTUYECKUX MOTOKOB MExAy WX ane-
MEeHTaMu. B aenctBuTenbHOCTU rasoBas cxema o6XMroBon MallWHbl AOCTATOMHO CHOXHAasA, HO AN
NOCTPOSHUS MaTeMaTUYECKOW MOZENU U3y4aemoro npouecca MOXHO WUCMONb30BaTk 3KBUBANIEHTHYIO
CXEeMy rasoBbix MOTOKOB, KOTOpas Npw 3TOM MO3BONSAET y4MTbiBaTh BCE OCOOEHHOCTU ee paboThl.

B npouecce Tennosoi o6paboTKkn CMOM OKaTbIWEN BbICOTON h NPOXOAMT 4BE 30HbI CYLUKA BOCXOAS-
LLMM M HUCXOZSALLMM MOTOKaMU 1 30HY NpeABapUTENbHOrC Harpesa. 3aBUCMMOCTb TEMMOEMKOCTU OKa-
Thiler OT TemnepaTypbl n3eecTtHa. B 3oHax o6paboTku okaTbiwen co3ganTcd Heobxoaumble No ycno-
BMSIM TEXHOIMOMM ra3oBble cpedbl, T. €. 3a4aHbl TeMnepaTypbl U COCTaBbl ra3oBbiX NOTOKOB. Pacxon
rasoB OMpeaensieTcs TeMNepaTypHLIMK YCIOBUSIMUA 1 ra304MHAMWYECKMMU MapameTpamMm Crosi B 30HaX,
COMPOTUBMEHNEM U MITOTHOCTBIO TPAKTA, a TAKKE XapakTepuCTUKaMn BEHTUNATOPOB.

30HbI oxnaxageHua paboTalT OT ABYX aBTOHOMHbBIX TEXHOMNOIMYECKNX BEHTWIATOPOB, KOTOpbIE
HarHeTalT OKPYXaKLWWIA BO3AYX B KaXAYI0 M3 30H. X pacueT oTnu4vaeTcs OT pacdeTa 30Hbl CYLUKN
TONMbKO TEM, YTO OXJaXKAEHWE OKaTbiWeh OCYWEeCTBNAeTCS NpogyBOM XONOAHOro aTtMocdepHOoro
Bo3gyxa. Bosgyx, npoxo4a vyepes ropavmin Cnon okatbilwein, 3abmpaeT OT HMX Tenao u NocTynaeT B
KayecTBe rops4ero BTOPMYHOro BO3Ayxa B kamepy Ansi pastaBneHus NnpodyKToB ropeHusl. 3Has ero
TEMNepaTypy v pacxod, a Takke pacxod NPoAyKTOB ropeHns 1 Ux TemnepaTypy, MOXHO pacCymTbl-
BaTb obwmin pacxog Tomnnuea, YTO OCOBEHHO BaXXHO MPU MOCTPOEHUN MaTEMaTU4ECKON Modenu
npouecca ynpaeneHusi 06beKToM.
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Pe3ynbTaTbl UCCliea0BaHUN

Ona dopmanmsaummn msydyaemoro npouecca HeobxogMmMo JOonyCTUTb, YTO COCTOSIHUE AMCNEPCHON
CNCTEMBI XapaKkTepn3yeTcsl HEMPEPbIBHBIMU B MPOCTPaAHCTBE U BO BPEMEHWN DYHKUMSIMI pacnpeaeneHns
Temnepatyp O(t,X) n T (f,X) gicnepcHol daskl N AMCNEPCUOHHON CPELbl COOTBETCTBEHHO, IAe X — BeK-

TOP NPOCTPAHCTBEHHBIX KOOPAWHAT: X = (X,y); X — KoopavHaTa TonwmHbl crosi, 0 < x< h; y — koopam-
HaTa no AMVHE PEXUMHON 30Hbl, 0 < ¥ < [; t— Bpems npouecca, te [0,f, |=S.

Takoe AonyLieHWe NO3BONSIET MCNONL3OBATL ypaBHeHUs Hamkenepa [1], cnpaBeanueblie 4N MHO-
rochasHbIX CNNoWHbIX cped. OaHako, B OTNUYME OT TennoobmeHa B CMMOLWHbLIX Cpefax, B paccMaTpu-
BaeMOM Cly4vae OCTAETCA BO3MOXHOCTL TENNOOOMEHa B KaXAOW TOYKe NPOCTPAHCTBA, @ HE TOMbKO Ha
MeXMasHON NoBepXHOCTU. [pVHATOE BbilEe AOMYLLEHWE NO3BOMSET YUNTLIBATL B3aUMOAEACTBUAA AUC-
nepcHon asbl U AMCNEPCUOHHOW Cpeabl B KaXKA0W TOUKE MPOCTPaHCTBa.

[ns xapakTepuCTUKM CUCTEMBI AOCTAaTOMHO YeThIpeX NOTOKOB: Macca (1); KOMMoHeHTa (2); TennoTa
nnéo sHTanbnus (3); uMnynsc (4).

Ha ocHoBe 3akoHOB HbtoTOHa, Pypbe, ®rka 1 ApYrux MOXHO 3anucaTh 3akoHbl COXpaHeHUst Macchbl U
3HEpruu, CBAzaHHble ¢ AN dYy3nen, TENNONPOBOAHOCTLIO, TENNOMNEPEHOCOM, XMMUYECKUMA peakLUamm
n apyrumm npoueccamu B opme anddepeHUmanbHbIX YypaBHEHUA. 3akoH coxpaHeHns ans o6o6Len-
HOro NOTOKa COrnacHo NpuHLUMNamM HepaBHOBECHOW TEPMOAUHAMUKN MOXHO 3anucaThb B Buae (5).

MpuUMeHNTENBHO K yAernbHLIM BENUYMHAM, BhipaxkeHue (5) npUMeT BuA;

— Ana noToka maccbl (6);

— ANs NoTOKa KOMMoHeHTa (7);

— ANa NOTOKa SHTansNUn unu TennoTbl (8);

— Ans notoka umnynbca (9).

B ypaBHeHuax (6)—(9) npaBble YacTu xapakTepusyloT U3MeHEeHWe BO BPEMEHM MacChl, /-Fr0 KOMMO-
HEHTa, SHTanbLMUKU (MU TENNOTbLI) N UMMYNbCA COOTBETCTBEHHO. [NepBLie UneHbl NeBLIX YacTel ypaBHe-
HUn (6)—(9) onncbiBaloT NPOCTPaHCTBEHHOE NepeMeLleHne YAENbHbIX NapaMeTpoB — KOHBEKTUBHbIV
noTok. B cnyyae AByxdasHbIX 3NeMeHTOB npolecca ¢ hasamu 1 1 2 Ang KOHBEKTUBHOrO NOTOKa pasnu-
YyaT cnegyroLlme YacTHble cny4vau:

1a) v, =V, =0 — HUKaKOro KOHBEKTUBHOIO MOTOKA HET U hasbl HYEPEe3 NeMeHT npoLecca He npoTeka-

toT. CnegoBaTtesibHO, OHU JOSMKHbI YacTSIMM BBOAWUTECA B 3/IEMEHT NpoLecca 1 YacTsMU yaansTbCs U3 Hero.
Takum oBpasom, anemeHT npouecca AeVCTBYET NEPUOLNHECKN N HE MOXKET BbiTb CTALMOHAPHBIM;
16) v, =0; v, #0 — hasa 1 nepmoanyecKn BBOAUTCSH B 3NIEMEHT NPOLIECCa U TaK Xe yAandeTcs s

Hero, a asa 2 HenpepbIBHO NPOTEKaeT Yepes arfleMeHT Nocrne Toro, Kak dasa 1 3anorHUT CBO YacTb
obbema. B Takol 0AHOMOTOYHOM CUCTEME TaKke Henb3s A0BUTLCA CTaLMOHaPHOrO COCTOSHUS,
1B) v; #0; v, #0 — 3TV YCNOBWSI COOTBETCTBYIOT HEMPEPBLIBHOMY MpOTeKaHWio obenx das yepes

3anemeHT npouecca. Ecrnv ckopocTb KOHBEKTUBHBIX MOTOKOB, a TaloKe MIOTHOCTb, TEMMNEPATypa Ha BXO-
€ UNn KOHUEHTPaLusi NOCTOSIHHBI, TO SNMEMEHT npouecca ByaeT AeNCcTBoBaTh CTALUMOHAPHO.

BTopble 4neHbl neBbiX Yacter (6)—(9) onucbIBalOT U3MEHEHUS YAENbHBIX NapameTpoB 3a CYET
andpdysmm — OCHOBHOM NOTOK. [nd OCHOBHOro NoToKa B ABYX(asHbIX 3afeMeHTax npouecca pasnvya-
0T criefyolme YacTHble cryyau:

2a) koadbchmumeHT TennonpoogHocTM A — 0 unu koadbduumeHT andgdysum D — 0. Cnyyaii, Ko-

raa MOXHO npeHebpeYb YUCTOTON OCHOBHOIO NOTOKA,
26) A>>0 v D>>0 — ycnoBusi, NPy KOTOPbIX HE CrieayeT npeHebperaTh CyLLleCTBOBAHUEM OC-

HOBHOIO MOTOKA;
2B) A— oo UM D— 0 — ycnoBusi, xapakTepHble ANS UCYE3HOBEHWA rpagueHTa TeMnepartypbl

UNWN KOHLEHTpaLun, NpuYem BO BCEM dnemMeHTe npouecca npeobnajaeT BbIXOAHAs TemnepaTtypa unm
KOHLeHTpauus.

OAaHako 9T COOTHOLLEHUS ANS KOHBEKTUBHOMC U OCHOBHOMO MOTOKOB CrpaBeAnuMBLI TONLKO 40 rpa-
HUY das. B To e Bpemss HEBO3MOXHO HaWTW SABHYIO 3aBUCUMOCTb, OMUChIBAOLLYIO MOTOKN Ha MexXdas-
HOW noBepxHOCTW. [o3TOMy AN onucaHusa nepexogsero NoToka UCNonNb3yTCA IMMMPUYECKUE 3aBK-
CUMOCTU, NPeACTaBneHHbIE TPETBUMK YNeHaMmn B ypaBHeHuaX (6)—(9). [nsg nepexogswero notoka B
OBYX(da3sHbIX 3NeMeHTax npouecca pasnuyaioT CrneayLlme YacTHbIe Criyyau:

3a) wB=0 u Wﬁg =0 — nepexodsLlero noToka HeT, T. €. NEPEropoAKa, pasaensowas gasbl, He-

npoHMUaemMa Ans KOMNOHEHTa unv TennoTtkl 1 o6e daskl He3asucuMbl apyr oT gapyra. U3 gByx koaddum-
LUMEHTOB nepeHoca XoTsa Obl OAUH AOIMKEH OTNMYATLCH OT HynNs,
36) wp>0 wunu WBg >0 — cyLwecTByeT NEPEHOC TENNOThl UMK KOMMOHEHTa 1 0ba koadhduLUMeHTa

NepeHoca MOTyT PaBHSATLCS HYIIIO;
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38) WB — o unn WPy — o — NepeHOC NPOUCXOANT MIHOBEHHO, T. €. ABE KOHTaKTUpYHoLLmMe (asbl

OOCTUraloT COCTOSIHNS PaBHOBECKS 32 OMEHb Maribli MPOMEXYTOK BPEMEHMU.

UeTBepTble YneHbl NEBbIX YacTel YPaBHEHUA OTPaXKAKT CYLUECTBOBAHME B HEKOTOPbIX TOUKAaxX pac-
CMaTPUBAEMOrO 3M1EMEHTA UCTOYHWMKOB UM CTOKOB. MICTOUHWMKM Tenna u maccel B npoueccax obxura
UrparoT BeCbMa CYLLECTBEHHYIO ponb. OaHako obwmx peuenTos onpegeneHns yHKUMU UCTOYHMKOB B
ypaBHeHusix (6)—(9) HeT. Mpn aToM BbIGENAIOT ABa Nogxoda: nMMbo yunTbiBaloT 3dPEKT NCTOYHNKOB
KOCBEHHbIM nyTem B ko3 duumeHTax Tensio- 1 MaccoodbmeHa, Nbo NbITarTcs BOCCTAHOBUTL PYHKLMK
WCTOYHWKOB, NCNOMb3YS AN 3TOr0 AOMOMHUTENBHYIO MHGOPMALIMIO.

Pacnuwewm ypasHeHus (6)—(9) ans TBepAor 1 rasosoii pas npouecca obxura okaTbieN:

— NOTOK 3HTanbNMu 4ns TBepAacn u rasosom das (10), (11);

— NOTOK Macchl 4ns TBepAoK v rasosoin das (12), (13);

— NOTOK KOMMNOHEHTOB (14), (15).

Cgenaem cnegytowme npeanonoxeHns:

4a) pacnpepeneHne NOTOKa rasa 4epes CedeHne Crnosi, NepneHauKynspHoe MOTOKY, PaBHOMEPHO
(1. €. npouecc obxura NOCTOAHEH BAOCSb LWNPUHBI CIOS);

46) o6xMroBbIV CNOW paccmMaTpmsBaeTCs Kak AByxdasHasa cuctema: ras — TBepaoe Teno;

4B) ypaBHEHUE ANA NOTOKA MAcChl rasza He pacCMaTprBAaETCs, TaK Kak OHO CBSI3AHO C YPaBHEHVEM
NS NOTOKa KOMIMOHEHTA.

YynTbiBasa 310, NpeobpasoBaHns ypaBHeHNs TennoobmeHa B 3oHe obxura npumyT Bug (16), (17) B
obnactn Q =(0,h)x(0,/) .

3agaloTcs COOTBETCTBYOLIME HavanbHble ycrosus (18), a Ha rpaHuue obnactm dQQ — KpaeBble yc-

roBMS1 MEPBOro, BTOPOro, TPETbEro poda UM CMEeLLaHHbIe, MOCKONbKY BUL MPaHUYHbIX YCNOBUIA MOXET
MEHATLCS B 3aBUCUMOCTU OT TOr0, Kakon MHAOpMaUMen Mbl pacrnonaraem 1 B Kako 30He Mbl Haxoanm-
cs. COOTBETCTBEHHO ByAET MEHATLCA BMA paccMaTpMBaeMon 3agavn. Takum o6pas3om, NpUXoamMM K Ha-
YanbHO-KpaeBon 3a4adve AN KBa3UMMHENHOW CUCTEMbI YPaBHEHWIA C YacTHbIMW NPOoU3BoAHbIMU. B co-
OTBETCTBUM C MNPUHATON Knaccudukauumen HennHeMHbIX KpaeBbix 3aady [2, 3] AaHHas 3ajadva
XapakTepusyeTcs HEMMHEeAHOCTbIO BTOPOro poAa, T. €. OT TeMnepaTypbl HENMMHERHO 3aBUCUT NAOTHOCTb
TENMoBOro NOTOKa Ha MexXdasHon noBepxHOCTH (19).

Takas knaccudukaumsa B N3BECTHOW CTEMNeHW YCNOBHa, NOCKOMbKY 3a4a4ym ¢ hasoBbiMM Nnepexogamu
MOXHO OTHECTU K 3a4a4aM C HENUHENHOCTbLIO KaK NepBOoro, Tak U BTOPOro 1 TPeThbEero poja B 3aBUCUMO-
CTK 0T cnocoba yyeTa BblAeNeHUs TeNNOThl ha3oBbIX NpeBpaLLeHniA.

Cucrema (16), (17) ¢ 3agaHHbIMK HavanbHLIMWY U KPaeBbIMA YCIOBUAMU SBMSIETCS MaTeMaTUYEeCKOW
MOAENbID ANHAMUYECKOrO pexnma paboTbl KOHBEAEPHOW MalluHbl B 30He obxura. OgHako npu ycno-
BUW 4B ONS1 KOHBEKTUBHbBIX MOTOKOB TBEPAOW U razoBoi dhas NpoLecc MOXeT HaxoAuTbecs B cTaumnoHap-
HOM pexvume, Ans onucaHus Kkotoporo OyAeM WCNOMb3oBaTb CUCTEMY YpaBHEHWA B oGnacTu
Q =(0,h)x(0,/) (20), (21).

Kpome TOro, B MatemaTn4eckon MO4enun npouecca HeobxoaMmMo y4ecTb TOT ¢aKT, YTo npu BonbLumnx
rpagueHTax Temnepartyp AUCnepcHon dasbl NpoMCXoauUT paspylueHue okaTbiwein. Benegcteue atoro
BO3HMKAIOT OrPaHNYEHNs Ha cocTosiHne (23).

3ameTum, 4TO NpMBedeHHAs maremaTudeckas Mo4erfb AVHaMWMKK NPy 3a4aHHbIX napameTpax, a
VMEHHO 3HaYeHUsIX Vy,WX u Buae pyHkumnin g (t, x, y), bi(f, x, y) (i=1, 2), a Tawke HavanbHbIX U Kpae-

BbIX YCIOBUSIX, MOXET ObITb MCMOMb30BAHA HE TOMBKO ANS ONUCAHWS MPOLIECCOB TennoobmeHa B 30HE
obxura, HO 1 ANa MOAENUPOBAHUS MPOLECCOB TeNNooOMeHa B 30HE CYLUKW, NMOJOrPEBa W OXIaXAeHUs.
Moatomy B ganbHenwem Gyaem geTanbHO U3yvaTh Npouecchl, npoxogdwme B 3oHe obxura kak Hanbonee
obLme, N3 KOTOPbIX NYTEM U3MEHEHNS MApaMEeTPOB U HAYaNbHO-KPAEBbLIX YCIIOBUIA MOXHO MOMy4MTb Onut-
CaHune NpoLeCccoB B APYMX 30HAX KOHBEWEPHOW MalLMHbI. B TO e Bpems NOCTPOEHHbIE MaTemMaTuyeckme
MOAENN ANHAMMKN N CTATUKN KOHBEWEPHOW OBXUIoBON MaLUvHBl AOMYCKAOT U MHOXECTBO ApPYrMX dunsu-
Yeckmx uHTepnpeTaumi [4]. Tak, Hanpymep, ¢ NOMOLLBIO NOCTPOEHHON MaTeMaTUYECKON MOLENN MOXHO
onuncatb TeMoBble NPOLECCH], BO3HUKAOWME MPU BbICOKOMHTEHCMBHON TENNosoin obpaboTke pasnnyHbIx
MeTannnyecknx noBepxHocTen [4]. YpaBHeHue TennonpoBogHOCTH, ONMChIBaloLWee Takme npoueccol, by-
AeT umeTb Bua (24). Q=(0,h)x(0,/); 0<x<h, 0<y</ te[0,t,]=S. Koadbduumentol a(T) n dyHk-
uvs f(f,X,y) BbMUCASAIOTCS MO dhopMynam (25).
3apaloTcs Ha4anbHoe ycnoeue (26) 1 KpaeBoe yCnoBue TpeTbero poda Ha rpanvue 0Q (27).

Ewe ogH1M npvmepom SBNsEeTCst Npouece TEMMoobMeHa NOToKa XUAKOCTM CO CTEHKOW kaHana Kpyr-
noro ceveHnsa gnameTpom D [4], oNUCbIBAIOLMACA CUCTEMON ypaBHEHNIA (28).

paHWyHbIE YCNOBUSA Ha CThIKYIOLLMXCSH MOBEPXHOCTAX UMEIOT BUL,:
— AN TBepAoro Tena (CTteHkn) (29),
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— AN xmgkocTtn (TennoHocutens) (30).

HavanbHble ycnoeua npegcrasndaotes B Buge (31).

YpasHeHus (28)—(31) ABna0TCS OCHOBOW MaTemMaTU4eCKnx Mogenei KaHamnos C KPYribiM CeYEeHNEM.

Takmm obpasom, B kadecTBe 0600LEHHOr0 MaTeMaTUYECKOro ONUCaHna 4nst uccrnegyemoro knacca
ONPPYIMOHHBIX M TENNOOBMEHHBIX MPOLECCOB MNPOCTPAHCTBEHHO-PACNPEAENEHHBIX ANHAMUYECKNX
O0BLEKTOB MONMYYNUM ypaBHEHUS B YacTHbIX Npom3BogHblX Buga (32), (33) v rpaHnMYHbBIX YCNOBUA crie-
OyOLWmMX TUMNOB:

— rpaHnYyHbIX yCrnoBuii nepsoro poga (tvna Aupnxne) (34);

— rpaHnYHbIX YCNoBUin BTOporo poga (tmna Herimana) (35);

— rpaHnyHble yCnoemsa TpeTbero poga (36);

— CMEeLUaHHbIX FPaHNYHbIX YCIOBWIA NEpPBOro 1 TpeTbero poga (37);

— rpaHNYHbIX YCIOBUIA YeTBepToro poga (38).

MepemeHHble cocTosHMA @;(t,X) W ynpaBneHus U,(Q_),,t,)_() B AnddepeHUmansHoM ypaBHeHUN

(82) moryT o6o3HauyaTh pasnuyHbie U3NYecKne BenMunHbl (TemnepaTypy, AasneHne u 4p.), Kotopble
ONpeaensioT SABMNEHNs, NPOMCXOASLLME B KOHKPETHBIX paccMaTprBaeMbiX npoueccax. A napameTpbl A;

n g; w3 ycnosui (35) MoryT, Hanpumep, o6o3Ha4aTb KOIP@ULMEHT TennonpoBOAHOCTM U TENNOBOW
NOTOK COOTBETCTBEHHO A4N151 TeMSOBbIX NPOLIECCOB.

Task setting

Let's consider the heat exchange in the disperse system between the disperse phase and the
disperse environment on the example of the process of heat exchange between the layer of the
porous substance (ironstone pellet) and the gas, which passes through it. To create the mathe-
matical model of the given process, it is necessary to extensively consider the work of the con-
veyer machine, the roasting process in which takes place due to the jet emanation and convec-
tion of heat exchange between the gas stream and the surface of the pellets. There are also
some condition zones: drying zone, roasting zone, heating zone, recuperation zone and the zone
of cooling. Each condition zone will be considered as the separate apparatus or object. The inter-
action and directed functioning of the objects is ensured by the material and energy streams be-
tween their elements. The gas kiln process is very complicated, but the equivalent scheme of gas
streams can be applied for building the mathematical model of under consideration process,
which allows to consider all the peculiarities of its operation.

During the heat processing, the layer of pellet with the height h undergoes the two drying zones
with up- and downstream, and the zone of previous heating. The dependence between the thermal
capacity and the temperature is known. The required by the technological requirements gas environ-
ments, that is the set temperatures and the composition of gas steams are created in the zones of pel-
lets processing. Gas flow is defined by the temperature conditions and gas-dynamic parameters of the
layer in the zones, resistance and density of the section, vents’ characteristics.

Zones of cooling operate from two autonomous technological vents, pumping the surrounding
air into each cooling zone. Their calculation differs from that of zone of processing by the fact that
the pellets’ cooling is executed by blowing the cool atmospheric air through them. The air, pass-
ing through the hot pellets’ layer, takes away their heat and enters as the repeated hot air to the
chamber, to dilute the combustion products. Knowing its temperature and flow as well as the flow
of the combustion products in the chamber, allows to calculate the total firing rate, which is ex-
tremely important when plotting the mathematical model of the process for controlling the object.

The results of the researches

With the aim of formalization of the process under consideration, it is necessary to admit, that
the condition of the disperse system is characterized by the continuous in the space and time
functions of temperatures’ distributions, ©(t,x) and T (f,x) of disperse phase and disperse envi-
ronments correspondingly, where X — the vector of the space coordinates: X =(x,y), x — the
coordinate of the layer density, 0 < x< /1; y — coordinate as for the length of the condition zone,
0<y</ t—processtime, te[0,f]=S.

Such an assumption allows to use the Damkeler equation [1], which comes true for multiphase
continuums. However, unlike the heat exchange in the continuums, the given example allows the
heat exchange in each point of space, but not only on interface surface. The above assumption
allows to consider the interaction of both disperce phase and the disperse environment in each
point of space.

Four streams are enough to characterize the system: mass (1), component (2), heat or en-
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thalpy (3), impulse (4).

The bases of the Newton’s’ laws, the laws of Furrier's, Fiks’ and others, allow to write down
the laws mass and energy conservation associated with the diffusion, heat conductivity, chemical
reactions and other processes in the form of differential equations. The law of preservation for the
generalized stream, according to the principles of the non-equilibrium thermodynamics can be
written as follows (5).

When applying to the specific values, the expression (5) looks as follows:

- for the mass stream (6);

- for the component stream (7);

- for the stream of enthalpy or heat (8);

- for the impulse stream (9).

In the equations (6)—(9) the right parts characterize the changes in the mass time, ith compo-
nent, enthalpy (or heat) and impulse. The first members of the left parts of the equations (6)—(9)
describe the space movement of the specific parameters — convective stream. In case of two
phase elements of the process with phases 1 and 2 for the convective stream, it is necessary to
differentiate between the following specific cases:

1a) v, = v, =0 — there is no convective stream, and the phases do tot pass through the ele-

ment of the process. Consequently, they should be introduced and deleted from the process by
sections. Thus, the elements of the process acts periodically and cannot be stationer;
1b) v; =0;v, #0 — phase 1 is entered periodically into the element of the process and is

deleted in the same way, and phase 2 flows continuesly through the element after the phase 1
fills its part of the volume. Such a single threading system does not allow to be standardized;
1c) v, #0; v, #0 — these conditions correspond to the continuous flow of both phases

through the element of the process. If the speed of the convective flows, density and the tempera-
ture on the entrance together with the concentration are constant, then the element of the process
will work stationary.

The second members of the left parts (6)—(9) describe the changes of the in specific parame-
ters at the cost of the diffusion — the main stream. For the main stream in the two-phase ele-
ments of the process the following specific cases are being singled out::

2a) factor of heat conductivity A — 0 or diffusion factor D — 0. The case, when the fre-

quency of the main stream can be neglected;
2b) A >>0 or D>>0 — conditions, under which the existence of the main stream should not

be neglected;
2c) AL — o or D — 0 — conditions, characteristical for the dissaperence of the temperature gra-

dient or concentration, the output temperature or concentration dominates in all the process element.
But these correlations for the main and convective come true only for the phase boundary.
The full evident dependence, describing the flows on the inter phase surface is impossible to find.
That is why, the empirical dependence, represented by the third members in the equations (6)—(9)
are used for the description of the transient stream. For the transient stream in two phase ele-
ments, the following specific cases are being singled out:
3a) wB=0 and wB, =0 — there is no transient stream, that is, the partition, dividing the

phases, is impenetrable for the component or heat and the both phases are independent on each
other. Among the two transfer factors, at least one should be different from zero;
3b) wp>0 or Wﬁg >0 — there is the heat or component transfer and both transfer factors

can equal zero;
3c) W —> e or Wﬁg — oo — the transfer takes place immediately, that is, the two contacting

phases achieve the equilibrium state within the short period of time.

The fourth members of the left parts of the equation reflect the existence of sources or drains
in some points in the element under consideration. The sources of heat and mass in the roasting
processes play a very significant role. But the equations (6)—(9) do not have the common ap-
proaches to the determination of the source’s function. There are two approaches: either the ef-
fect of the source is taken into consideration indirectly in the factors of heat and mass exchange,
or reestablishing the source’s functions, applying the additional information.

Let’s write out the equations (6)—(9) for the hard and gas phases of the roasting pellet proc-
esses:

- enthalpy stream for hard and gas phases (10), (11);

- stream mass for hard and gas phases (12), (13);
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- stream of components (14), (15).

Let’'s assume the following:

4a) distribution of the gas stream through the layer section, which is perpendicular to the
stream, is even (that is the roasting process is constant along the width of the layer);

4b) the roasting layer is considered as the two phase system: gas-hard substance;

4c) equation for the stream of the gas mass is not being considered, as it is connected with
the equation of the component stream.

Considering the above, the transformation of the heat exchange equation in the roasting zone
will look like (16), (17) in the sphere Q =(0,h) x(0,/) .

The initial conditions are set (18) and on the boundary of the sphere dQ — the marginal condi-
tions of the first, second and the third or mixed type, as the boundary conditions can change, depend-
ing on the available information and the zone we are in. Correspondingly, the task of under considera-
tion will also change. So we are to consider the initial marginal task for the quasi-linear system of the
equations with the specific derivatives. In accordance with the accepted classification of the non linear
marginal tasks [2, 3] the given task is characterized by the non linearity of the second type, the density
of the heat stream on the inter phase surface depends non linearly on the temperature (19).

Such a classification is conditional because the tasks with the phase transitions can be re-
ferred to the tasks with non linearity of both the first, the second and the third type depending on
heat emission way registration of phase transformation.

The system (16), (17) with the fixed initial and marginal conditions is the mathematic model of
dynamic operating regime of the conveyer machine in the roasting zone. But under the condition
4c) for the convective stream of the hard and gas phase, the process can remain in the stationary
regime, for the description of which we will use the equation system in the sphere
Q =(0,h)x(0,/) (20), (21).

Apart from that, the mathematic model of the process has to stipulate for the fact, that the high
gradients of the temperature of disperse phases results in the destruction of the pellets. As a re-
sult restrictions (23) are appeared.

It is necessary to point out, that the suggested mathematical dynamic model with the set parame-
ters, namely, the values Vy,WX and functions  &;(t,x,y), bi(t,x,y) (i=1,2), as well as initial and

marginal conditions , can be applied not only to the description of the processes of heat exchange in
the roasting zone, but, also for the for the simulation of the heat exchange in the drying zone, the zone
for heating up and the zone of cooling. Further on, we will study the processes, which take place in the
roasting zone, as the most common processes, which will allow to obtain the description of the proc-
esses which take place in the other zones of the conveyer machine. At the same time, the plotted
mathematical models of dynamic and static in the conveyer roasting machine allow for other physical
interpretations [4]. For instance, the plotted mathematical model allows to describe the heat proc-
esses, appearing during the high intensive heat treatment of different metal surfaces [4]. The equa-
tion of heat conductivity, describing such processes, will look as follows (24)
Q=(0,h)x(0,); 0<x<h 0<y</ te[0,t,]=S. Factors a(T) and function f(f,x,y) shall be
calculated according to the formulas (25).

The initial condition (26) and the marginal condition of the third type on the boundary dQ (27)

are set.

One more example is the process heat exchange of the fluid stream with the side of the circu-
lar section channel with the diameter D [4], which is described by the equation system (28).

Boundary condition on the joined surfaces look like:

- for the hard body (side) (29);

- for fluid (heat conducting agent) (30)

The initial conditions are set as follows (31).

Equations (28)—(31) are bases for the mathematical models of the channels with circular section.

So, as the generalized mathematical description of the under research type of the diffusion
and heat exchange processes of the space — distributed dynamic objects, we will receive the
equation in the partial derivative of the following kind (32), (33) and boundary conditions of the fol-
lowing type:

- boundary conditions of the first kind (of Dirichles’ kind ) (34);

- boundary conditions of the second kind (of Neiman’s kind ) (35);

- boundary conditions of the third kind (36);

- mixed boundary conditions of the first and the third kind (37);

- boundary conditions of the fourth kind (38).

BicHMK BIHHMUBKOrO NONITEXHIYHOMO iHCTUTYTY, 2006, N2 3



DOYHOAMEHTA/IbHI HAYKN

Variable of the state @;(t,x) and control U,(@,-,t,)_() in the differential equation (32) can de-

note different physical values (temperature, pressure etc.), which determine the phenomena,
taking place in the specific processes under consideration. The parameters A; and g; from con-
ditions (35) can, for instance, denote the factor of the heat conductivity and heat flow correspond-
ingly for heat processes.

Bucuosku

3alpornoHoBaHa MaTeMaTHYHA MOJeb MOKe OyTH BUKOPUCTAHA NP PO3IJISI/I MHUTaHb ijieH-
TUdiKaIlii TeIIOBOTO CTaHy JMCIIEPCHOTO MIApy, TOMY IO 3 SIBJSETHCS MOKJMBICTD OIliHIOBAHHS
TeMIiepaTypu B Oy/Ib-sIKiil TOUI 06’€KTa JOC/i/PKEHHS, @ TAaKOXK I/ IOCTAHOBKY i PO3B’sI3aHHS
3a/la4, MOB’A3aHUX 3 TOJIMIIEHHSM TeXHiKO-eKOHOMIYHUX XapaKTepPUCTHK /[iI0YUX YCTAHOBOK, i
NPUMHATTS KOHCTPYKTUBHO-TEXHOJIOTIYHUX PillleHb IIPU CTBOPEHHI HOBUX.

Boisoapl

I'Ipep,no>KeHHa9| MaTemaTnyeckas Moaenb MoxeT ObiTb UCNoNb3oBaHa npun pacCMoTpeHun BonNpocoB
I/ILI,eHTI/Id)I/IKaLl,I/IVI TENNOBOro COCTOAHUA OMNCNEPCHOro Cnod, Tak Kak noAaBndaeTCA BO3MOXXHOCTb OLIEHKN
TeMnepartypbl B nobor Touke obbeKkTa UCCNeOBaHWsA, a Takke ANs NMOCTaHOBKM W peweHna 3anad,
CBA3AHHbIX C ynyulleHneMm TeXHUKO-3KOHOMUYECKUX nokasarenemn AeIZCTByPOLIJ,I/IX YCTaHOBOK, U NpUHA-
TUA KOHCTPYKTUBHO-TEXHONOIMYECKUX peLIJeHI/II7I npu co3gaHn HOBbIX.

Conclusions

The mathematic model can be applied for the questions considering the identification of heat
state of disperse layer, because the possibility of temperature evaluation in every point of an ob-
ject of researches appears; and for the tasks’ setting and solving, concerned with the improve-
ment of technical and economic parameters of the functioning aggregates and for the constructive
and technologic decision making when new ones are being created.
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