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AHAJII3 CTANIOHAPHHUX PEXXUMIB TEIIJIOOBMIHHHUX
IMPOLECIB Y JUCIIEPCHOMY IIAPI

AHANN3 CTALMOHAPHbDBIX PEXXUMOB TEMJTOOBMEHHbIX NPOLIECCOB
B AUCMNEPCHOM CJIOE

THE ANALYSIS OF STATIONARY CONDITIONS OF HEAT EXCHANGE
PROCESSES IN DISPERSE LAYER

ZocnigkyeTbCs KOPEKTHICTb MaTteMaTu4YHUX MOZAEJIeN CTaliOHapPHOIro PexunMmy BUNaloBaHHS 3a-
J1i30PYAHUX KOTYHIB Y KOHBEEPHIV MalLvHi HernepepBHOI Aii Ha OCHOBI aHasi3y rnpouecy HeJsliHiViHoro
Tern/1oobMiHy ABOpasHNx cepenoBuLL.

Uccnedyemcesa KoppeKmHOCMb MameMamuyeckux modeneli cmayuoHapHO20 pexuma obxuaa xere3o-
pyOHbIX OKambiwel 8 KoHeeliepHOU MaliuHe HernpepbisHO20 Oelicmeuss Ha OCHOB8aHUU aHarnu3a rpouyecca
HernuHeliHo2o0 mernoobmeHa ds8yxghasHbix cpeo.

The present paper considers the correctness of mathematic models of stationary conditions of iron-
stone pellet roasting on the uninterrupted conveyer machine on the basis of non linear heat exchange
process analysis in two-phase environments

Beryn

Hana ctarts € npogosxkenHsM [1]. TyT po3rnsgaeTses cTalioHapHUHA PEKUM poOOTH KOHBEEPHOT Ma-
IITUHU HETIEPEPBHOI [ii M1 BUITATIOBAHHS 3alli30pyIHUX KOTYHIB. HeoOXigHO TOBECTH MOXKIIUBICTH
PO3B’sI3aHHS KpaioBol 3a1adi, 110 € HOro MaTeMaTHYHOK MOJICILIO, 1 IIOKA3aTH, A0 AKHX KIaciB QYHKIIH
Oyzne HanexaTH PO3B’S30K B 3aJIEXKHOCTI BiJ BHOOpY KpaiioBux ymoB. llpum noBeneHHI MOXKIMBOCTI
PO3B’sI3aHHS KpaloBOi 3amadi OyJeMO BHKOPHUCTOBYBATH (DYHKIIOHAJIbHO-aHAMITUYHE (OPMYJIIOBAHHS
KpaloBUX 3a7a4, TOOTO MPEICTABUMO IX Yy BHUTJIAI ONEPATOPHUX PIBHSHD y 0aHaXOBUX MpocTtopax. Ta-
KWH Tepexij BiJ KpailoBUX 3a1a4 10 OTIEPaTOPHUX PiBHSIHB Y AaHUH Yac € IIMPOKO 3aCTOCOBYBaHUM [2, 3,
4, 5], OCKINBKY 3HAYHO MOJIETTITY€ BUBYECHHS 1 TIPOIIEC PO3B’ I3aHHS 3a/1a4i.

BBenenue

[aHHasa cTtatbsa siBnsieTcs npogormkeHnem [1]. 3gecb paccmaTpuBaeTCsi CTaUVMOHAPHbIN PEXUM pa-
60Tbl KOHBENEPHON MaLUUHbI HEMPEPLIBHOMO AENCTBUS ANA obxura >xenes3opygHblx okaTtbiwen. Heob-
XOAMMO JoKa3aTb pa3peLunMoCcTb KpaeBOW 3agayn, KoTopasi sBNSETCA ero MaTteMaTU4eCcKo MOAENbIO,
M nokasaTb, K Kakum Krnaccam yHKUMI OyaeT npuHaanexaTb pelleHre B 3aBUCUMOCTU OT Bbibopa Kpa-
eBbIX ycrnoBui. Mpu gokasaTensCcTBE paspellnmocTy KpaeBon 3agayvm bygem ncnonb3oBaTh yHKUMO-
HarnbHO-aHaNUTUYECKYD (POPMYIIMPOBKY KpaeBbiX 3adad, T. €. NpeacTaBuM MX B BMAE ONepaToOpHbIX
ypaBHeHUI B 6aHaxoBbIX NPOCTpaHCTBaX. Takow nepexon OT KpaeBbiX 3aad paccMaTpyMBaeMoro Buaa Kk
onepaTopHbIM YPaBHEHNSIM B HACTOsILLEE BPEMS ABMSIETCS LUMPOKO NpUMeHsieMbIM [2, 3, 4, 5], nockonb-
Ky 3Ha4MTENbHO 0bneryaeT n3yyeHue u peLleHne 3agadn.

Introduction

The present paper is the sequential one of [1]. The stationary condition of functioning of con-
tinuous conveyer machine for ironstone pellet roasting is considered. It is necessary to prove the
possibility of marginal task solution, being its mathematic model, and show to which types of func-
tion the solution is concerned depending on the marginal conditions choice. When proving the
possibility of marginal task solution we use functional and analytic marginal tasks formulating, that
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is we present them in the form of operator equations systems in Banah spaces. Nowadays such
transfer from marginal tasks to operator equations is widely used [2, 3, 4, 5], as it substantially
improves the study and the task solving process.

ITocTaHoBKa 3a1ayi Ta l'lOﬁyIlOBa MaTeMATHYHOI MoaeJTi

PosrasHeMo cTamioHapHUit pesKuM poOOTH KOHBEEPHOT MAITUHU, SIKAH y 30H]1 BUTIAFOBAHHS OITUIIIEMO
CUCTEMOIO Au(epeHiabHUX PiBHSAHD Y YACTUHHUX MOX1THUX

o 0 o 0 o 2
v _®__(a1(x,y)a_ij—_(az<w)£J = |7 (T-©) + o T - 0');

Yoy ox oy 0
oT 0o oT\ 0 oT 2 4
w, T2 (s, >—j—— D) it (r-@ v a (70— 01),
Y ox ax(b‘ »r ox ay(bz »y oy 1|71 ¢ ( )
Ie Vy >0, W20, 420, a>0 — 3agaHi KOHCTaHTH (3aAaHHble KOHCTaHThLI, set constants), a Koe-
diuientn a,(x, y), b(x,y) (i=1,2) 3a00BONBHAOTH yMOBH
a(x, ) =2x>0, b(x,) 2Ny >0 a;,b e L, (Q). 2)

Ha mexi obmacti 0€2 3amani KpaiioBi YMOBH I Ta3y 1 TBEPAO0i PEUOBHHH
70, ») = o (»); 60, ) =n(»;
TChy) = @y(p);  O(h y) = ny(p);

I(x,0) = 93(x);  O(x,0) = n3(x); ®
T(x, D) =09,x); O(x ) =nix
1 0OMEXCHHS Ha CTaH
lgrad@(x, | <k V (x,) eQ (4)

Ie k — Bimoma craja (M3BecTHasi ocTosiHHas!, known constant).
Heo0xigHo moBecT MOXKIUBICTD PO3B’si3aHHs HENiHIHHOI KpaitoBoi 3agaui (1), (3) 1 mokazaTth, y sSIKUX
kjacax QYHKI[i# iCHY€E PO3B’S30K.

Hexaii nocuts perynspHi QyHKIii ?(X, i @(X, V) 33JI0BOJIbHSIOTH YMOBH
Tx, )‘ = C Ay, )‘ . =0... 5
Yo Tl Yl o0 )

Toni mns pynxuiii 7= 7 — 3", ©6=0-0 KpaifoBa 3agaua (1), (3) MmaTume BUTTIS

(6)

BicHuk BiHHMLBKOrO NoniTexHiYHoro iHeTutyTy, 2006, Ne 4 83



PYHOAMEHTANBHI HAYKM

3 BiATIOBITHIMH KPAaHOBUMH YMOBaMH

-0 (7)

1 OOMEKEHHSIM Ha CTaH

grad(@)(x, »+06(x, y))‘ <k V(x»eQ. (8)

2
®yukuio Y = {@(X, ), I (x, y)} , IKa HaJEXUTh pocTopoBi X, X = [I/V;(Q) 8 LP(Q)} , P>5,
i 3amoBombnsie Vp € X, u = (ug;Hy) iHTErpaIbHy TOTOXKHICTD

(158, a3 B, T T
0 oy 0x ox ox 2 ox ox oy oy

_ 2
A@;@1+uf?ﬁ@&wayT;$«7+ﬁ_@+ay< i
x (Hy — ) dxdy — aj((7+ ?")4 — (@-l— %)4j(u2 - Wy ) dxdy +

offa 26 oy v 90 oy yp LMy 0T | gy
ox Ox oy 9y ox ox 9y dy

Ha3BEMO y3araJbHEHUM po3B’s3koM 3amadi (6), (7).

Cuisigsowmenns (9) Mae cenc s Beix 0, 7, iy, 1y € WA (Q) N L,(Q), p>5. W3 (Q) — ue npoc-
tip Cobonesa [2, 4], Tomy 110 BixnosigHo 10 HepiBHOCTI ['enbaepa Taki ¢pyHkuii Ha Mexi I obnacti O Ha-
GyBaloTh 3HaueHb, ski gopisrioots O(T), T(I), w (), py(T) BianoBimHO, MpUYOMY 11i 3HAYEHHS HA
mexi I € enemenramu npocropy L, (I) . TlepetBopumo (9) 10 BUrIISLY

<A()_’)7H>:<F()_’),M>—<A()Af),u> Vupe X, (10)
Jie oTiepaTop A BU3HAYAETHCS CBOEIO OLMiHIHHOIO HOPMOIO
© 00 oy, 0@ oy,

_ 0 oT
AT, )= [| V,—p  + W, —n, | dxdy + — 1
(A(7).1) A(yay‘” XaXuzJ X“V!)(% ox ooy

_ g (11)
N
0x Ox oy oy
— A ~
a oneparop F(y)=F ()7 + y) BM3HAYAECTHCA HAMIBJIIHIHHOIO (OPMOIO
e - -
<F()_/),u> =— _[‘T+ 713 ((T+ )—(®+ ))(Mz - ) dxdy -
° (12)

|
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re £(®,7) = —4\7+ 7132’» ((7+ 7)-(6+ @)) N a((7"+ %)4 _(@_@)4j.

HeoOxigHo Bim3HAUWTH, IO OCKUIBKM cHiBBigHOImIEHHS (9) copaBeanuBo [ OyAb-sIKHX

2
ne X= {T/V;(Q) M LP(Q)} , D=5, TO BOHO €KBIBAJEHTHO ONEPATOPHOMY PiBHSAHHIO
A(P)=f feX (14)

o 2
y npoctopi X, ne A(7) = A(7) - F(7), f——A(y) X=[T/V21(Q)0LP(Q)} , P25,

Hosenemo, mo omnepatop A, sikuii BusHavyaeTbes Gopmoto (11), € miHiiiHUM, 00MEXEHUM, MOHOTOH-

2
HHMM Ta KOEPLUUTUBHUM, IO Ji€ 3 mpocTopy X = [I/V;(Q)] , B IIPOCTIp X1* = {VVZA(Q)] , a oreparop

F, sxuit Bu3HadaeThcs ¢opmoro (12), € oOMeKeHMM IeMiHETIepepBHUM OIEepaToOpoM, IO i€ 3
2 « 2
X, =[ L], p25y X% =[L,@]", 1/p+i/g=1.

HiiicHo, 3 icHyBaHHs inTerpaiis (11) i nepiBHocTi I'enpaepa BummBae, mo A — JiHIKHUHA omepaTop 3

2
X = [I/V;(Q)} B X, = {%1(9)] . TTokaskemo, 110 JUIst A CTIpaBeIUBI OLiHKH

Al = sup [(AF)m) <o pe i, (15)
(7 =lual =1
(A1) - AL) 7 -72) x20 YV e X, (16)
3 ormsiny Ha oOMexeHicth koediuientis a,(x, y), b(x,y), i=1,2 i Te, mwo Vi, Wy — sanani

KOHCTaHTH, OLIIHKMO ||A|| :

_ ) oT ® o, 0
AP,y = [| V,—p + Wy—n, | dxdy+[| ag——-+ it AR
(A, 1) J‘Lya‘ylh o ij [1 ox 2o oyt

Q
oT dp, oT o, 20 oy,
—_— = M| | |— — 1
6X8X+b28y6yjdd< L{ H ‘X2+5X8X+ {1n
s @am OT dyy| 8T6u2
oy oy| |0x 0x Oy oy
M = maX{Vy, W, sup ay(x, y),sup a,(x, y),sup h(x, y),sup bz(X,y),}. (18)
Q Q Q Q
Jani BukopucToByeMo HepiBHICTH [ enbnepa. Tomi
— — = 12 2 -
(A@0) < M8l + | Tl < 201 (5P + ol ) <0 (=Tl =), 1)

e [ =]- I -
Ile minTBepmKye cipaBenuBicThb (15).
BpaxoByroun miHIHHICTE A, 3aHUIIEMO

BicHuk BiHHMLBKOrO NoniTexHiYHoro iHeTutyTy, 2006, Ne 4 85



PYHOAMEHTANBHI HAYKM

>
=
T
>
=
<
|
<
o
>
=
|
<
<
|
-
o

, 2(8,-8,)

ay ((:)1 - (:)2 )] dXd_/V'F

( 6(@1—@2) 2 [ 8(@1—@2)J (20)

o(7-7%)) o(7-%)
+£b1 (1_ 2)] | by (16_ 2)} dxdy > 0,
Y

3BIIKH BUIUTABAE CripaBemnBicTh (16). Kpim Toro,

oT = 0 =

AP, v)=[| W,—T+V,—0 |dxdy +
<(y)y> I( Y ox anJX)/
o o o o 2D

+j[316_@6_®+326_®a_®+ 8_T£+bza_fﬂj . O,

O 0x Ox oy oy 0x Ox oy oy

C = min {inf a(x, y);inf a,(x, y),inf H(x, y),inf bZ(X,y)}. (22)
Q Q Q Q
OCKIJIbKH

[ Wxa—TTdXdyzo; [ Vya—®@dxdy=0. (23)
Q Ox o oy

Otxe, A — KOCPIIUTUBHUN OTIEPATOP.
Posrnsnemo HeniHiiiHi yactuau cuctemu (5). 3 HepiBHOCTI ['enpaepa BumnuBae, mo interpan y (12)

Mae ceHc, AKmo Gpynkuii O, 7, i, W, HATEKaTh POCTOPOBI L,(Q), p>5, 0610 y = ©,7).
[Mokaxemo, mo F MEPEeBOAUTh OOMEXEeHI MHOXHHA 3 X;B OOMEKEHI MHOXHUHH B

* 2 *
X, = [LP(Q)] , 1/p+1/g=11, sk oneparop 3 X,y X,, € neminenepepsanm. [Tokaxemo, 1o

) e [LP(Q)]z, V Ve [LP(Q)f, p>5. (24)

JIns 11b0ro JOCUTH JOBECTH, HIO 171()7( e LP(Q). DdynKis Z()_/) € BUMIPHOIO 1 [Is HET BUKOHY-

p——
7.1 = 4|7 3 (74 7)- (0. 8) o (7 ' (08
<B|T+ ﬂ§+(\7+ﬂ+\@+@\)+(7+ %)4+(@—@)4 _ (25)
_B\7+91§+U7+91§\@+@\+\7+ ﬂﬂ\@@r} = mexth ).

3BiICH BUILINBAE
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48, D) < 8 \ (26)
s ‘7"+715+‘C7)+®‘ : ‘7‘+71<1.
. 5
Tomi mist p =5, q:z
q ‘T+71+‘®+®‘ , ‘T+7121;
7®,7)|" < , i 27)
EQUT+71 +‘C:)+G)‘ j, ‘7‘+71<1,
e my, iy, ¢, C; — KOHCTaHTH, L0 HE 3aJIeKaTh Bil ) (KOHCTaHThbI, He 3aBucsiwiMe OT ¥ ; constants not

dependenton ¥ ).

Ockineku dynkuii 7, 7, ©, O e L,(Q), p=5, 10 dynKiis ‘171 (@), T)‘q Mae interposany 3a Jle-
GeroM MaxopanTy. 3Bincu BummmBac, mo £4(0,7) € L) i F(7)e [ Lp(Q)]2 = X,. 3 noBeeHoi
HEPIBHOCTI OTPUMYEMO “F()_/)HX; < K =const ms 171 x, < K = const, T06T0 F — oGMexeHuit

oreparop.
Heo6xinHo 3a3HaunTy, mo At GyHkuii £, Bu3sHaueHoi Ha Q x R, BUKOHYIOTbCS Taki yMOBH:

1) st maibke Beix ¥ = (x; y) € Q ¢ynxuii & — £(X,&) nenepepsni Ha R*;

2) qis koxHoro & € R? pyukuii X — £4(X,&) BumipHi;

3) ms Beix & = (§;€,) € R? i qns maibke Beix X € Q CrpaBeajIMBa HEPiBHICTh

- 2 p-1
Fol<c1+ 2le " | pzs, (28)
J=1
ne C — koHCTaHTa (KOHCTaHTa, constant).

PosrisineMo nociinossicts {y,} € X; taky, mo ”)_/11 - )7” x, 0. Yepes oOMexeHICTh /' MHOKHHA
{]_7(}7,,)} oOMesKeHa i, 0Txke, € c1abko TIepeKOMIaKTHO. ToMy [uist foBeneHHs Toro, mo F(¥) e cab-
KOIO T'PAHHIICIO MOCIIiIOBHOCTI {1_7()711)} , IOCUTb IIOKA3aTH, 10 F()_/nk) — F(¥) nns xoxHoi moCIin0B-
HOCTI {F(f/n)} , fAKka clabko cxomuThbes. [lpumyctumo, z — cinabka TpaHHUIl TaKol IMOCIIZOBHOCTI
{]_7()711[{ )} . Toni icHye miANOCHiAOBHICTD {Uj} HOCJIiIOBHOCTI {)_/Hk} , 10 CXOIUTBCA 10 J/ MaikKe BCIO-

mi B Q. Baacmigox memepepsocti  Qymkuii  (X6) > £(X;E) no EeR? maemo

Fu j()_()) — F(3(X)) maiibxe ycronu B Q. Pasom 3 tum {F(Ul /)} , SIK TATOCiJOBHICTh MOCTiIOBHOCTI
{F()_/,,k )} , cmabko cxomuthes 10 z. Toxi Buxoauts, mo F(¥) = z, T06TO F(f/,lk) — F(7) B X, iome-

parop F — jeMiHenepepBHHUii.
Posrnsuemo onepatop A : X — X , IopoKkeHu 3amadero (6), (7),

2
1e X:{I/V;(Q)GLP(Q)} ,p25, X =[T/V21(Q)m[,q(9)], 1/p+1/g=1.Oneparop A e:

a) 0OMEKeHHIA;
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0) KOepPIIUTUBHUN, TOOTO 11 HHOTO BUKOHYETHCS yMOBA
(A, ¥)
lim A—"—F = +oo;
[ P

B) € ONEpaTopoM 3 HamiBOOMEXKEHOI Bapiali€ro, TOOTO i JOBUIBHMX )i, Vs € X Takux, IO

(29)

||)_/1 || vS R ||)72|| v S R, cipaBejuinBa HepiBHICTb
(AGD =AY, 71 - T5) 2 ~C(R[7i - 7). (30)

e || . ||X — HOpMa, KOMIIAaKTHA B MOPIBHSHHI 3 (HOpMa, KOMMaKTHasi Mo CpaBHEHWo C; norm, compact as
compared with) || . "X’ a pyukuis ((p;T) — HemepepBHa i Taka, 10 (HenpepbIBHas 1 Takas, 4To; continous
and that) ((p;tt)/t — 0, sxwo (npw, if) £ — +0;

r) mae Bractusicts (M): 3 Toro, mo ¥,,— ¥(7,, 7 € D(A) c X) cnabko X, A(7,) > X cnabko

B X* | BUKOHYETBCS HEPIBHICTD [im <A (V) ,)_/H> g (X,7) y» BummmBae X = A(7).

11— 0
CripaBesIMBICTh TBEPDKEHHS a) BHUILIMBae Oe3mocepeqHbo 3 BiacTHBOCcTI A 1 F. Jlami moememo
cripaBeUTHBICTE 0). JIJ1s1 1150T0 BUBUUMO (hopMy

(AD.7) = (AD).7)  ~(FD.7) - (31)

dopma < AP, }7>X = < A()_/),)_/> ¢ KoepuutnpHa. OuinnMo (—<If()7),)7> % ) :

+aj(7’—(7))2(7‘+ ?‘+(7)+(:))(7‘+ ?’)2 dxdy + (32)

Bubuparoun ¢ynxmii Ti @ raknm YHHOM, 100 33JOBOJILHUTH YMOBY (7"— C:))(%— (:)) > (0 maibke
ycrou B ), OTpUMAEMO OLIIHKY
F»),y
FD.7)
7

IlincraBuBImm oTprMaHy OIIHKY B (31), mpUX0oAMMO 10 CIIPaBETMBOCTI TBepLKeHHs 0). [larmi moka-
JKEMO, 1110 A — orepaTop 3 HaiBOOMEKEHOIO Bapialliero. 3 BU3HAUCHHS A BUILTUBAE

(A1) - A(32). 71 = 72) = (A(71) - A7), Ta - ) . -
~(F(7)- F(7). 7 = 72)
3 OrIsily Ha MOHOTOHHICTB OrIepaTopa A, OTPHMAEMO
(A1) - A(32). 71 = T2) . 2 0. (35)

PosrisiHemMo Jpyruil oAaHOK TpaBoi yacTuu (34). JInst 3pydHOCTI BHMKJIAJICHb MO3HAYMMO Yepes3
V=7 -7 (v=(viv)); vy =0, —0y; yy = I - &. Toni

(33)

(34)
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<?(;’1) _?(5’2), )_’1 _5’2> = /1f| 7f + %|§ ((7f + ?‘) —(@1 + (:)))(\m —wz)dxdy—

_4£‘71+712((7§+ ) (®2+®))(\|}1 vy ) dxdy +

+ agf)((? + AT)4 —(@1 + @) J(\m —yy) dxdy -

. agyz[(z 1) - (6, +@)4J(w1 ) iy =

— A~

—“(‘I’z P U? 3 (F-0)+| B+ TP (@2—72)}0’)“{)’—

2

4 —w)Uzﬁjg—\zﬁF}dMy—

—of (wa = wy) (0 (®1+®2+2®(®1+® ®2+® jdxdyﬁ

g4;w2WOUz+$q@+ﬂaf]ﬂT+£@1pwzﬁ%ﬂﬁw+

IA
A~
=
|
]
£
[S
|
v @
[
[
Nl
+
N
w
=
-
o
+
N
w
3
N—
|

(1% - 5|+ |61 - 8ol) (|5 - B + |61 - &) | (% + 5 +27) x (36)

+alf
(3 (53 ) (0182 20)( (846 (B2 8] ] ana <
< (Rl - nly).

pi(S
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Al (R ) (2R [ el — o (2 [ 7]) 2 <2

akmo | T+ TR1, i=12

i

i

)

b)
byt = galls (R + |A) + el = golf (ol + o] + 2

(R~ nally) = 5 G7)
SKIIO 7}+7”<1, i=1,2
] ~ ~ ~ ~
hlyi = walfs (R+ 7]+ 1) (2R + [3) + oln - 3o (2R+H7ﬂ)( i +2R2j,
SIKITIO |7}+§‘|21,| 7}+§’|<1, i#j ij=1,2.
Ty |- =l 1=y e 225
3a Teopemoro BkiaaeHHs CobOoneBa HOpMa || . ||X = || . || = || . ||[L o P > 5, KOMITaKTHa 00 HOPMHU
|- - Toni
~(FG) - B3, 71 - 72) = —C(R |1 - ally). ()

IlincraBnstoun ocTaHHiO hopMyIry B (34), MPUXOIUMO IO CIPABEIITUBOCTI TBEPHKEHHS B).
JloBeneHHs T) Oe3mocepeHhO BUILTUBAE 3 TBEPKEHHS [4]:

sakmo A X — X — omepaTop 3 HaliBOOMEKEHOO Bapialli€lo, TO HACTYITHI YMOBH €KBIBaJICHTHI:
a) omeparop A paznianbHO HenmepepBHUH Ha X;

6)3 (F-A®©), 7-¢) > —C(R, |7 - §||'X)vg e X (|g)y < R |7y < R) sunmmmac A(7) = £;

B) oniepatop A Mae BiacTuBicTh (M);
r) omepatop A * — nemiHenepepBHHI Ha X.

TakuM 9HHOM, PO3TIITHYTO CTAIliOHAPHUHN PEXUM POOOTH KOHBEEPHOI BUNIATIOBAILHOI MAITMHY, TIPH-
IYCTHBIIU NPH IbOMY, 1[0 HaM BigoMi 3HaueHHs dynkuid O(x,y) i T(x,y) Ha Mexi obmacti Q. Oxn-

HaK CJIij] 3a3HAYUTH, 110 HA MPAKTHUIll B PSAAI PEKUMHUX 30H HEMAa€e MOXKIMBOCTI OTPHMATH IIi 3HAYCHHS
Yyepes BiJCYTHICTh Ha BCi Mexi obsacti {2 BHUMIPIOBATBHUX MPHWIAJIB, 10 Y CBOKO YEPry BHKIHKAHO
PAMOM MPUYHH TEXHIYHOTO XapakTepy. Ha mpakTuili BiIOMUIA PO3MOIIT TEMITEPATYPH Ta3y JIUIIE Ha MEXi
I ={0}x(0,): 711‘ = 70, y) = ¢;(¥), ne BiH BXOAUTH y AP KOTYHIB, i PO3MOILI TEMIIEPATYPU KO-
1
TyniB Ha mexi [y = (0, ) x {0} G)|r = 0(x,0) = n3(x), me wap KOTYHIB BXOAUTH y 30HY BHITATIOBAH-
2
Hia. Tomy JOIIIBHO PO3MIISHYTH 3MIIIaHy KPaloBY 3a1a4y BUTJISAY
2
o® 0 15.C) 0 15.0) 2
Vy——— y—|—-—|ay—|=4 | 7|3 (T—®)+0L(T4 —®4);
oy 0x ox) oy oy
(39)

2

ol 0 oT 0 oT =

WL 2[4 )24 T 41 7 - Dafel -1
0x 0x\ 0x/) Oy oy

B obmacti Q= (0,4)x(0,/), ne Vi, Wy, o, a;, b, i=1,2, taki x, SK y MONEPeIHbOMY BHIIAJKY, a

kpaiioBi ymosu Ha 0Q s 7(x, y) i O(x, y) MaroTh BUTIIsA

T = 70,9 = o),

(40)
=0, yy=T,ulz30Uly;

(]Qa—TJF o (7T~ 7;))
on Y1
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®|F2 = 0(x,0) =n3(0,

(41)
=0, 72=F1UF3UF4,

(Kza—®+ oy (O - 75))
on '

ae T, — Taki, mo I'uly,ul'3ul, =0Q; Iynl; =0 ma i# j, i, j=1,23 4,1 3agane
OOMeKeHHs Ha CTaH Take K, fAK y 3amadi (1) (takve, uto TyUT,UTzuUTl,=0Q; I'NT;=J ans
i#j, i,j=12,3 4, n 3a0aHO OrpaHNYeHWEe Ha COCTOsIHME TaKkoe e, kak B 3agade (1); such that
rul,ullyully =0Q; T} ij = for i=j, i,j=123,4, and the given limitation of the same condition as
in task (1)).

Jani qoBeneMo MOXIIMBICTH PO3B’sI3aHHSA 3MimaHoi KpaitoBoi 3amadi (39)—(41) 1 mokaxkemo, 10 SIKUX
KJ1aciB (QyHKIIH HAJICKUTH PO3B 30K V.

Hexaii moctatibo peryiasphi GyHKii Tx, i A(x, ¥) 3aJI0BOJILHSIIOTH YMOBU
dnsz®hzqﬂ' (42)

Toni nnsa pyHKuin T=T- ?‘; = ® - O 3mimana KpaiioBa 3agada (38)—(40) Oyzne maTu BUIIIA

c)
@ 0 ) 0 00
Vi———|la—|-—|a—|=
oy Ox ox) Oy oy

=4 | T+ ?"é ((7’+ T) + (@+ (:))) + o{(7"+ ?")4 -0+ (:))4j— (43)

00 o 90) of o0)|
V= |la— || 2=||
oy Ox ox | oy oy

7. =0, @a(;;ﬁ+adT+?—z) = 0; (44)
1
Y1
B 0 (@ +0 _ A
6, =0 |4 — +ay(8+0-7)| =0, (45)
T2
a TaKoK OOMEXKEHHSM Ha CTaH
‘grad (@(X, 7)+0(x y))‘ < k. (46)

Ha3sBeMo y3araibHEHHM PO3B’A3KoM 3aadi (42)—(44) dyukmio Y = (@(X, y); T(X, y)) 3 IPOCTO-
py
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oI’y o[’y
X = W3(Q) N L) x W) N L(Q), p>5, (47)

gKa 3a10BONIbHAE VL € X IHTerpalibHy TOTOXHICTh

ol =y
“Ila 00, , 000 0T 0T
0x 0x oy oy 0x 0x oy oy

) oT
I(I/}/_“l + WxguszXd)”f
Ja’xdy+

h
dy + [ a,0(x, Yy (x, y)

+ jocﬁ(x,y)uz(x,y) dx =
0 x=h 0 y=1
(48)
=4[ T+ T|3 ((T+ T) (@+ ))(M W) dxdy -
Q
—ocf((T+ T J My — Hy) ff*udxdy—
TP - a?
| 0‘2(9—7;)4”’?2— w|  dx- f 001(T 7§)+Q dy,
0 _ 0
‘y,] x=h
zie uepes / I03HAYCHO eeMeHT i3 X, SKUil BUSHAUAETHCS IHTEIPANBHOK TOTOKHICTIO
[ fudxdy = | Vya—GM + Wxﬂuz dxdy +| 16_@%4_ ay 66 Oy + GERCT) dxdy . (49)
0 0 ox 0 0x O0x 6)/ oy oy oy

Crissignowmenns (48) mac ceric VO (x,y), 7(x,y), i (%), 1 (X.¥), mwo Hanexats mpocToposi
OFZ or1
X =W (Q) N L x W () N L(Q), p>5, (50)

o[ .

1

ne Wy — samvmkanns B W3 (Q) rnagkux ¢pyHkuii, pisaux mymo sa I'; (i =1,2) (sambikaHne B WH(Q)
rmagkux yHKumin, pasHbiXx Hynmto Ha I'; (i=12), closing in W;(Q)of smooth functions equal to 0 by
[; (i=12)), oCKiNbKM BIANOBIAHO 10 HepiBHOCTI ['enbaepa i pesynbraTis [5, rn. 1] Taki ¢pyHkuii HaOyBa-
IOTh 3HA4eHHs Ha Mexki [ obmacti Q, sxi mopismiorors O(I), 7(I), p (), py(I) sigmosiamo. Ili
3HaueHHs Ha Mexi [ € enementamu npocropy L, (') .

[eperBopumo (48) o BurIsAy

(A@)m) = (F(7+5)om) = (AT)m) +

h o / 7 (51)
00 oT
+I[0‘2Ts—3za—]u1 dX+f(a17§—bl—]H2 dy,
0 n 0 on
y:] x=h
Iie A BU3HA4Ya€eThCs OUTIHIHHOIO OpPMOT0
00 oT
Ay),w=[|V,—pu + Wo— dxdy +
(A(7).m) gji o XaXuzj 'y
+j a 6@ O + a 6@) O + T oy + OT Oy dxdy + (52)
ox ox 8)/ oy 0x Ox oy oy
h I
+[o®(x ) (xy)  dx+ o T(xx)m (xy)  dy
0 y=1 0 x=h
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A
a omeparop F ()7 + y) = F(¥) — dopmoro

<1_7()7),u> = ]1”7# ﬂé ((T+ ?‘) —(@ + @))(Mz - ) dxdy -
Q (53)

_ ~\4 _ ~\4
—af ((T+ T) —(®+®) J(uz -y ) dxdy.
Q
CrpaBeminBi Taki BIIACTHBOCTI oreparopa A, 1o Bu3HadyaeThcs Gopmoro (52). Onepatop A € JiHii-

2 .
HAM OOMEKEHHM KOEPLUTHBHHM ONEpaTopoM, Mo i€ 3 X :[DV;(Q)] B X,, a omeparop

F: X, > X,, mo Busnauaerbes popmoio (53) X, = [Lp (Q)]Z, X, = [Lq (Q)T, € 0OMEKXECHHM i

neminenepepsrnm, 1/p+1/g=1.

JoBeneHHs 31IHCHIOETHCSI aHAJIOTIYHO JOBEIEHHIO BIACTUBOCTEH OIepaTopa, MOPOHKEHOr0 Kpano-
BO10 3a1aueto (6), (7).

ITokaskeMo TUTBKH, 0 A — KOSPIUTUBHUM OTIepaTop.

00 —~ oT =

AP, 7= [| V,—0 + W, —T |dxdy +

(47).5) J}(yay Xanxy
00 00 00 00 0T oT oToT

+ ——tay——+h——+ b —— |dxdy+ 54

I(&H b ay ﬁaXaX @ayay) xdy (54)

/
dx + jhoz(X,y)
0

dy.

h
+ [ 0@ (x, )
0 x=h

y=1

[Ticns iHTErpYBaHHS 110 YaCTHHAX MEPIIIOro TOIAHKY MMPaBOi YACTHHU PIBHAHHSA, OTPUMAEMO

o h
I(Vya—G@]dXdyzﬁj@Z(X,y) dx;
Q oy 2% =1
; (55)
J(Wxa—”]"xdﬁ%r%x,y) dy.
Q ox 2 0 _J
y_

[Mo3Hauumo 4 = min {1 fa(x,y), infb(xy), i=1, 2}; p = min{ay,o,}. Toxi
Q

dy +
y=1

(A7) 2 510 ()

/
dx + &jﬁ(x,y)
y=1 2%

AT AT A h
- J(w_ma_w_yjdxdym{;@z(m

/
dx+ [T (x,
o\l0xox Oy oy 0 X+ [T (%)

0

dy| > (56)
y=1 y=h

Vv _ _
> (% + mzj”@”f + (% + mi)” 71|12 + o |7
e || . || = || . ||X1 ; || . ||1 = || . ||Lz(m) ; 32 YMOBH ITO3UTHBHOCTI 3HAYCHb Vy, W, my, oy

(A7), 7)= m|7 . (57)

Otxe, A — KOEPIIUTUBHUN OTIEPATOP.
ITepemnumemo (48) y BUTIISIII OTIEPaTOPHOTO PiBHSIHHS

A(7)=f feX (58)
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y npoctopi X, ne A(7) = A(7)- F(7):

dy. (59)

(fn)==(A(7),m) + f[aﬂ; — Z—EJM
x=h

0

/ ~
dx + I(Oﬂﬂ; - 118—@]%
0 on

y=c

3 momepeaHiX BUKJIAAO0K MOKHA 3pOOMTH TaKWi BUCHOBOK: SIKIIO Koe(illieHTH KpaiioBoi 3anadi (43)—
(45) sapgoBombHstoTe  ymoBH  a,(x, ) =X >0, b(x,) =2k, >0 wmaibke Bcoqm B Q,
a; bye L,(Q), i=1, 2, To piBusnns (57) Mae po3B’sA30K M1 KOXKHOro f € X' i MHOKuHA ioro
PO3B’A3KIB AJIsl KOKHOTO f CIa0KO KOMIIakTHa, a 3agada (43)—(45) mae po3B’s30K ), SIKUH HaJEKUTb
MIPOCTOPOBI

or2 or1
X =W Q) N L) x Q) N L(Q), p=5. (60)

IIpu upomy oneparop A : X — X , IOpOoKeHnH 3amadeto (43)—(45):
a) OOMeXCeHUII;

0) KOEpIHUTUBHUM;

B) € OIIepaTOpPOM 3 HaAIiBOOMEKEHOIO Bapialli€ro;

T') Ma€ BIacTuBicTh (M).

JoBeneHHs MyHKTIB a), 0) 1 B) IpOBOAXUTLCS aHANOT14HO 3aaa4i (6), (7).

ITokaxemo TiibkH, 1110 A — orepaTop 3 HalliBOOMEKEHOIO Bapialli€ro.

3 BU3HAUeHHS A BUILTHBAE, MO

(A -AM), 7 -Ta) = (A1) -AG), 7= 7a) = (F(R) - F(R), i~ T).  (6D)
Jlati BpaxoByeMO BIAaCTHBOCTI oreparopa A:
(AR -AD). 7 -7)=(ATI - 7). i —Tn) >

> 1 (®y -8,)
0

dX+%f/( 1—75)2
0

y=1

_ _ 0 - = 2 - = \2 = =\2
+md[(a(®1a;®2)] +(a(®16—®2)] +(6(T1_E)J +[a( 1—?5)} ]dxdy+ (62)
Q V

L_ 2
dx+[(7 - 5)
0

0

h
+ I (I(@ - @2)2 dy} >0,
x=h

y=1
ne my :min{igfaj(x,y); irglszj(x,y), i= 1,2}, p = min {o, 05} .

s apyroro ponanka npaBoi yacThHU (61) cipaBenyyBa OLiHKA, sIKa aHAJIOTIYHA OTPUMAaHIl y BHIIE-
HaBeJICHUX TBEPUKEHHSIX,

~(F(71), F(72), 7~ 1) > ~C( R[7i - Tal ). (63)

Toxi ocraToyHO
(@) - AT). T - 7o) = ~C(RIT - Ty ). (64)
e ||||X :”'”[L,(Q)]“ P> 5, KOMIAKTHA 00 HOPMH ||||X (KOMNaKkTHas OTHOCWUTESLHO HOPMBbI ""x

compact as for the norm |-, ).

Oynkuis C Bu3HaueHa Gopmysoro (37).
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MocTtaHoBKa 3apaum u nocTpoeHuve MaTeMaTun4eckom moaenu

PaccmoTpuM cTaumMoHapHbId pexnM paboTbl KOHBEMEPHOW MaluuHbl, KOTOPLIA B 30HE 0bXura onu-
wem cuctemon guddepeHumnanbHbiX ypaBHEHUA B 4YacTHbIX Mpou3BOoAHbIX (1), a KoahduumneHTb
ai(x,y), bi(x,y) (i=12) ynosnersopsioT ycrnosusm (2).

Ha rpaHuue obnactu 6Q 3apaHbl KpaeBble YCroBUA AN rasa v TBepaoro Bellectsa (3) v orpaHu-
YeHust Ha cocTosiHue (4).

Heobxoanmo OokasaTb paspelmnmMocTb HENMHENnHON kpaeBor 3agaun (1), (3) n nokasatb, B Kakux
Knaccax OyHKLUMIA CyLLIECTBYET peLleHmne.

[MycTb gocTaTtoqHO perynspHble dMyHKUUU f(x,y) n @(x,y) yOOBNeTBOpSIOT ycnosusam (5).
Torga ons dyHKUMRA T=T —7A', =0 —@ KpaeBas 3agaya (1), (3) 6yaet nmetb Bug (6) ¢ cooTBeT-
CTBYIOLLUMW KpaeBbIMX YCIOBUAMMU (7) U OrpaHMYeHnem Ha cocTosiHue (8).

2
®PyHKUMIO \7:{(7)(x,y),7_'(x,y)} npyvHagnexatyto npoctpaHctey X, X = W;(Q)mLp(Q)} p=5mn

yoosneTsopsiowyto Ve X, p=(uy;1y) UHTErpansHoMy toxaectsy (9) HasoBeM 0606LLEHHbIM pelLlie-
Huem 3agaum (6), (7)

CooTHolleHne (9) nmeeT cMmbICn AN BCex (7),7_',u1,u2 € WQ(Q)mLp(Q), p=5 rge WQ(Q) — npo-
ctpaHcTBo CoboneBsa [2, 4], Tak kak cornacHo HepaBeHCTBY ['enbaepa Takne (PyHKLMM NPUHMMAIOT 3Ha-
yeHuve Ha rpanuue T obrnactn Q, pasHble O(T), T(T), uy(T), pp(I’) COOTBETCTBEHHO, MPUYEM 3TW 3HA-

YyeHust Ha rpaHule I' aBnsaTca aneMeHTammn npoctpaHcTea Ly(I'). MNpeobpasyem (9) k suay (10), roe

— A ~
onepatop A onpepensieTcs cBoen bunuHeriHon opmoin (11), a onepatop F(y) = F(y +y) onpepens-

eTcsa nonynuHenHon dopmon (12).
HeobxoOyuMo OTMEeTUTb, 4TO MOCKOMbKYy COOTHOWweHue (9) crnpaBeanuBo npu  NoBbIX

2
pe X :{WQ(Q)(\L’,(Q)] , P=5, TO OHO 3KBMBaANeHTHO onepaTopHOMY ypaBHeHuio (14) B npocTpaH-

. 2
ctBe X, rae A(y)=A(y)-F(y), f=-A(y), X= WQ(Q)mLp(Q)] , p=5.

Hokaxem, 4to onepatop A, onpegenstowunca opmon (11), aBNAeTCs NIMHENHBIM, OrPaHNYEHHbIM,

2
MOHOTOHHbIM, KO3PLMUTUBHBIM ONepaTopoM, AeCTBYOLWMM M3 NpocTpaHcTBa X :[WQ(Q)] , B npo-

CTpaHCcTBO X; =

W21(Q)}, a onepatop F , onpegensiowuiics opmoii (12), ABASETCS orpaHUYeHHbLIM

2
OEMUHENPEPbLIBHBIM onepaTtopom, OeVCTBYIOWUM n3 Xy = [LP(Q)] , p=5 B

* 2
X =[Lp@)]", Yp+1/q=1.
HencTtButenbHO, U3 cywlecTBoBaHMa uHTerpanoB (11) u HepaBeHcTBa [enbgepa cregyet, 4uTo

2
A — nuHenHbIR onepatop U3 X, = WQ(Q)] , B X1* = W21(Q)} Mokaxem, 4To ANa A cnpaBeasiMBbl

oueHku (15), (16).
YunTbiBas orpaHN4eHHOCTb KO3 MULMEHTOB &;(X,Y), b;(X,y), i=12 nTo, uTo Vy,WX — 3aJaHHble

KOHCTaHTBI, oLieHnBaem |A| : (17), (18).

Hanee ncnonb3yem HepaBeHCcTBO 'enbaepa. Toraa (19).

OT1o noaTBepxaaeT cnpaBeanmeocTb (15).

YuuTbiBasi nMHeHOCTb A, 3anuweM (20), oTKyda BbiTekaeT cnpaBeanueocTb (16). Kpome Toro, (21),
(22), nockonbky (23).

CnepoBatenbHo, A — KO3pPLIMTUBHBIN OnepaTop.

PaccmoTpuM HenmHelnHble Yactu cuctemsl (5). I3 HepaBeHcTBa Nenbaepa cnegyeT, YTo MHTerpan B
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96

(12) numeeT cmbicn, ecnu  pyHKUMM @,7_',“1,p2, NpuHaanexar npocTpaHcTBy L,(Q), p=5, T.e.
}7:(@:7_—)!
MokaxeM, YTO F NepeBOAWUT OrpaHMYEHHbIE MHOXECTBA M3 X, B OrpaHMYeHHbIe MHOXecTsa B
. 2 .
Xy = [LP(Q)J , 1/p+1/q =1 u, kak onepatop u3 X, B X, , AeMUHENpPEPLIBEH. MokaxeMm, 4To (24).
[nsa aToro gocrtaTto4yHO nokasaTtb, YTO ﬁ(?(~)) € Lp(Q). ®yHKums ﬁ(?) ABNAETCS U3MEepUMOn 1 Ansi
Hee BbINOMHATCA HepaBeHcTBa (25). OTcioga cneayer (26).

Torgpanpu p=5,q :g (27).

MockonbKy yHKUUK T, 7’, 0, @eLp(Q), p=>5, TO yHKUNS ‘71((7) f)‘q UMeEeT MHTErpupoBaHHYIo
no Jlebery maxopaHTty. OTcloga cnegyert, 4To f1(® T) S5 L ) [ ] X;. M3 pokasaHHO-
O HepaBeHCTBa TakKe MOMy4aem "F || <K' =const ans ||y|| <K =const, T.e. F — orpaxu-

YEHHbIV oneparop.
3ameTum, 4YTo ANna PyHKUMK £, onpeaeneHHon Ha Q xR, BLINMOMHATCA creayloLue yCroBus:

1) Ans noutn Becex X =(X;y) e Q dyHKUMM §—>E()_(,§) HenpepbiBHbI Ha R?;
2) pNs Kaxporo geR2 dyHKLMK )‘(—)71()_(,§) N3MepUMBI;
3) ans Bcex §:(§1;§2)ER2 W AN NoYTW BCeX X € () crnpaBefnuBo HepaBeHCTBO (28).

PaccmoTpum nocrnefosaTtenbHocTb (), | € X, Takyto, 4To ||7,, _7||x2 — 0. B cuny orpaHu4eHHOCTM
F MHoxecTBO {IE(Y,, )} OrpaHnYeHo 1, 3HauuT, cnabo npeakomnakTHo. MoaToMy Ana gokasaTenbcTea
Toro, uto F(y) sBnsietca cnabbiM npeaenoM MocneaoBaTenbHOCTY {IE(V,,)}, [0CTaTOYHO MoKasaTb,
41O IE(Y,,k)—HE()?) Ana kaxgon cnabo cxopsluencs nocrefoBaTenbHOCTU {IE(}?,,)}. Monoxum, z —
cnabblil Npegen Takow MocnefoBaTenbHOCTU {IE(}?,,)}. Torpga cywecTByeT noAnocnefoBaTenbHOCTb
{uj} nocneaoBaTenbHOCTH {)7,, } cxopsuasca K y noytu Bciogy B 2. Becrneacteue HenpepbiBHOCTH
dyHKuMM (X; é)—>f1(x g) no c*;eRz nmeem F(v ( )) > F(¥(X)) noutn Bciogy B ). BmecTe ¢ Tem

{F(o,

)} KaK noanocneaoBaTenbHOCTL nocnesoBatensHocTv {F(y,)} cnabo cxomutest K z. 3Hauwr,
F(y)=z,7.e. F(y,)>F(y) s X, nonepatop F — leM1HenpepbIBeH.
2

PaccmoTtpum onepaTtop A:XoX, nopoxaeHHbI 3agaven (6), (7), roe X:{WQ(Q)mLp(Q)

p=5, X*=[W21( )N Le(Q J 1/p+1/q =1. OnepaTop A sBRsieTCS:

a) OrpaHUYeHHbIM;
0) KOSPUMTUBHBIM, T. €. 4N Hero BbinosnHAeTcs ycnosue (29);
B) OonepaTopoM C MOMyOorpaHNYeHHoW Bapuauuen, T.e. AN NPOU3BOMbHBLIX ¥, Y, € X Takux, 4TO

[Villy <R, V2l <R cnpaseanueo HepaseHcTso (30).
r) obnapgaet caoiictBoM (M): 13 Toro, uto y,,— ¥ (¥,.¥ € D(A) = X) cnabo B X, A(y,)— X cna6o B
X* 1 BbINOMNHSAETCA HEPABEHCTBO [jm <A(7n), }7”>X < (X,V)X cnenyet X=A(y).
n—w

CnpaBeanuBOCTbL yTBEPXAEHUS a) CrieayeT HenocpeaCTBEHHO 13 cBolicTea A u F . [lanee fokaxem
cnpaBegnueocTb 6). [nsa atoro nsyynm copmy (31).

dopma <A(7),7>X :(A(y),7>xq koapuuTmBHas. OLeHuM (—<IE(}7),)7>X2) (32).

BbiGupas cpyHKLMM T n © Takum obpa3om, 4TOObl YOOBNETBOPUTL YCrOBUE (T—@

~—

noytn Bcroay B €2, nonyyaem oueHky (33).
MoacTtaBmB Momny4yeHHyto oueHky B (31), npuxoamMm K cnpaBeanuBocTy yTBepxaeHus 6). Mokaxem,
4ytTo A — onepartop c nonyorpaHuyeHHon Bapuaunen. i3 onpegeneHua A cnegyert (34).

BicHyk BiHHMLBbKOrO noniTexHiyHoro iHcTuTyTy, 2006, Ne 4



PYHOAMEHTANBbHI HAYKM

YunTtbiBass MOHOTOHHOCTb onepaTopa A, nonydaem (35).
Paccmotpum BTOpoe crnaraemoe npaBou 4actm (34). Ona ypobctBa Bbiknagok 0603Ha4yMMm

V=7 - (v =(Viv2)); vi=8 -8, vy =T, - T,: Toraa (36), rae (37).
3pece -y =[-I=[l, @y P25

Mo Teopeme BrnoxeHusi Cobonesa Hopma ""x =|-||= p>5, KOMNAKTHas OTHOCUTENbHO

" ‘ "[LP(Q)]Z ’
HOPMBbl ""x Torpa (38).
MoacTaenasa nocnegHo opmyny B (34), NpMXOAMM K CNpaBeAnnBOCTM YTBEPXKOEHMWS B).

[okasaTenbCTBO ) HEMOCPEACTBEHHO crieayeT u3 yreepxaeHus [4]:
ecnm A:X — X — onepaTtop C NonyorpaHWYeHHOW Bapuauunen, To cneayrolime ycrnoBus 3KBMBa-

NEHTHbI:
a) onepaTtop A paguanbHO HemnpepbiBeH Ha X;

6) s (f~AE), &), 2 -C(Ri[y -l v X ([el, < Ri[[7] <R) cneyer A(y)=1;

B) onepatop A obGnagaet ceoncteoM (M);

r) onepatop A * — AemuHenpepbiBeH Ha X.

Takum obpasoM, pacCMOTPEH CTaLMOHapHbIA pexum paboTbl KOHBENEpPHON OBGXMrOBOW MaLUWHbI,
npegnonarasi, YTo U3BECTHbI 3HaYeHNs yHKUMIA O(X,y) un T(x,y) Ha rpaHuue obnactu 2. OgHako Ha

NnpakTuke B psife PEXMMHbBIX 30H Mbl HE UMEEM BO3MOXHOCTW MOMYYNTb 3TU 3HAYEHUS U3-3a OTCYTCTBUS
Ha Bcen rpanuue obrnactn {2 namMepuTenbHbIX NPMBOPOB, YTO B CBOKD OYepedb Bbi3BaHO PSAOM Cylie-
CTBYIOLLMX TEXHUYECKMX CIOXHOCTEW. B OEeiCcTBMTENBHOCTU, M3BECTHO pacnpenerneHne TemnepaTypsbl
rasa nuilib Ha rpaHvue I'y= {O}x(O,/):T|r1 =T(0,y)=o4(y), roe oH BXOOWUT B CIION OKaTbIWeW, N pac-

npegeneHve TemnepaTypbl okaTtbilen Ha rpaHuue I', =(0,h)x {0} : ®|r = 0(x,0) =n3(x), roe cnon oka-
2

ThILLEeN BXOAUT B 30HY obGxwura. Moatomy LenecoobpasHO pacCMOTpeTb CMELUaHHY0 KpaeBytlo 3adady

Buaa (39) B obnactn Q =(0,h)x(0,/), roe Vy, W, a, &, b;, i =12, Takne xe, Kak B npegblayeM ciny-

yae, a KpaeBble ycrousi Ha 0Q anga T(x,y) n O(x,y) umetot Bug (40), (41).

Janblle gokaxem paspemMmocTb CMeLlaHHoON KpaeBor 3agaun (39)—(41) n nokaxkem, Kakum Knac-
cam YyHKUMIA NPUHAONEXUT peLleHne y .

MycTb gocTaTo4HO perynspHble yHKUMM TA'(x,y) n (:)(x,y) yOOBMETBOPSIOT YCNoBuaMm (42).

Torga ansa yHKUUN T=T-T 1 0=0- © cmelwaHHast KpaeBas 3agadva (39)—(41) nmeet Bug (43) c
COOTBETCTBYHLLMMUN KpaeBbIMK yCrioBusiMmn (44), (45), a Takke orpaHu4eHneM Ha coctosiHue (46).

HasoBem 0606LLeHHbIM pelueHnem 3agaun (43)—(45) dyHkumo Y = (@(x,y); 7_'(x,y)) 13 NpocTpaH-
cTBa (47), yoosneTtBopsiowyo Vu e X uHTerpanbHoMy ToxaecTBy (48), roe yepes f" 06o3HaueH arne-

MEHT 13 X*, onpegensemMbln UHTerpanbHbIM TOX4eCcTBOM (49).
CooTHolueHue (48) umeet cmbicn VO(X,y), T (x,y), ny(x.¥), np(X,y), NpuHaanexaimx npocTpaH-

ctBy (50), nockomnbKy cornacHo HepaBeHCTBY lenbaepa u pesynbTatam [5, rn. 1] Takne yHKUMM npu-
HUMAIOT 3HaueHus Ha rpanuue I obnactn (), pasHble O(I'), T(I), (T), po(I) cooTBETCTBEHHO.

3Ty 3HaveHus Ha rpaHuue T ABMAOTCSA anemeHTamu npoctpaHcTea Ly ().
lMpeobpasyem (48) k Buagy (51), rae A onpegensetca GunuHenHon copmoni (52), a onepatop
MA 3
F(7+y):F(y) — chbopwmoii (53).
CnpaBegnuebl crnegytolme cBoncTea onepartopa A, onpegenstowieroca dpopmon (52). Onepatop A

2
SIBMSIETCS NIMHENHBIM OrPaHUYEHHBIM KOSPLIMTUBHBIM ONepaTopoM, AeVCTBYIOLUM U3 X, = [WZ1 (Q)J B

. — . 2 . 2
X;, a onepatop F:X, — X,, onpeaensiowmiics dopmoii (53) X, :[Lp (Q)J . X :[Lq(Q)] , §IB-
NSETCs orpaHUYeHHbIM U AeMUHENPEPbLIBHbIM, 1/p +1/g =1.

[okasaTenbCTBO OCYLLUECTBNAETCH aHanorMyHo Aoka3aTenbCTBY CBOMCTB onepatopa, NoOpOoXAeHHOro
KpaeBon 3apaden (6), (7).

lMokaxeM TonbKOo, YTO A — KO3PUUTUBHbLINA onepaTtop: (54).

[Mocne nHTerpmpoBaHMsa No YacTaAM NepBOro crnaraeMoro NpaBoi YacTu paBeHCTBa, nonyyum (55).
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O6o3Hauum m, = min{igfa,-(x,y), igf bi(x,y), i=12{; my=min{oy0,} . Toraa (56).

B cuny nonoXutenbHOCTV 3HayeHun Vy,Wx, m;, m, — (57). CnepgosaTtenbHo, A — KO3PLUTUBHBIN

onepaTop.

Mepenuwem (48) B BMAe onepaTtopHoro ypaeBHeHuss (58) B npocTtpaHctBe X, rae
A(Y)=A(Y)-F(¥): (59).

M3 npegblgywiero MOXHO caenatb 3akfyeHue, 4YTO ecnvm Ko3duumMeHTbl KpaeBOW 3ajayu
(43)—(45) ynosneTBopsitoT ycroBusiM  @;(X,y)=A >0, bi(x,y)>Ay,>0 noutm BCclogy B €2;

a b eL,(Q), i=1 2, 10 ypaBHeHue (22) paspewmmo npu nobom f e X" 1 MHOXECTBO €ro peLueHun

npu kaxgom f cnabo komnakTHo, a 3agjaya (43)—(45) umeeT pelleHve Y, npuHagnexatliee npo-
cTpaHcTBy (60).

Mpu aTom onepatop A: X — X, nopoxaeHHbln 3agaden (43)—(45),:

a) OrpaHNYeHHbIN;

0) KOSPUMTUBHBINN;

B) onepaTop € NonyorpaHnyYeHHoOn Bapuaumen;

r) obnagaet ceovcTBoMm (M).

[lokasaTenbCcTBO NYHKTOB a), 6) 1 B) NnpoBoamMTCA aHanoruyHo 3agade (6), (7).

Mokaxem Tonbko, YUTo A — onepaTop C NofnyorpaHW4YeHHON Bapuaumen.

W3 onpegenexna A cneayer, uto (61).

YuuTbiBaeM cBovicTBa onepatopa A: (62).

[Ons BTOporo cnaraemoro npaBou 4actu (61) cnpaBegnuBa oueHKa, aHanorM4yHas MosnyyYeHHou B
BblLLENPUBEAEHHbIX YTBEepXaeHusx, (63). Toraa okoH4YaTensHO (64).

®yHkumna C onpegeneHa dopmynon (37).

Task setting and mathematic model construction

Let’'s consider the stationary condition of conveyer machine functioning, describing it in the
roasting zone by the system of differential equations in partial derivatives (1), and factors
ai(x,y), bi(x,y) (i =12) meet the conditions (2).

The marginal conditions for gas and solid substance (3) are set at the area boundary Q) .

It is necessary to prove the solvability of non linear marginal task (1), (3) and show, in what
types of functions the solution exists.

Let the sufficiently regular functions 7A'(x,y) and @(x,y) satisfy the conditions (5).
Then for functions T =T — 'f, ©=0-0 the marginal task (1), (3) will become (6) with appro-
priate marginal conditions (7) and limitation of condition (8).

2
Function 7:{@(x,y), 7_'(x,y)}, which belongs to the space X, X = WQ(Q)mLp(Q)] , p=5

and satisfy Ve X, n=(uq;pny) integral identity (9) we call the generalized task solution (6), (7).

The correlation (9) has sense for all (7),7_',u1,p2 eWQ(Q)mLp(Q), p=>5 where W21(Q) —

Sobolev space [2, 4], since according to the Gelder inequality such functions take on values I of
area Q equal to (), T(I), (), po(T") correspondingly, at the same time these values at the

boundary I" are the elements of space L,(I'). Let’s change (9) to the form (10), where operator A

— A ~
is defined by its bilinear form (11), and operator F(y) = F(y +y) is defined by the semi linear
form (12).
It should be mentioned that as the correlation (9) is true at each

2
pe X = {WQ(Q) N LP(Q)] , p>=5, soitis equivalent to the operator equation (14) within space X,

2
, p=5.

where A®y) = A(7)-F(7), f=-A), X=|WHQ)nL,(Q)

Let’s prove that operator A, defined by the form (11) is linear, limited, monotonous, coercive
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2
operator, acting from the space X, = [WQ(Q)] , to the space X1* = [W{RQ)}, and operator F ,

defined by form (12), (13) is limited demicontinuous operator acting from X, =[LP(Q)]2, p=5

. 2
to Xo =[Ly(@)]", Yp+1g=1.
Indeed from the existence of integrals (11) and Gelder inequality it follows that A is linear op-

2
erator from X; :[WJ(Q)] , to X; :{qu((z)]. Let's show that evaluations (15), (16) are true

for A.
Considering the limitation of factors a;(x,y), bj(x,y), i=12 and the fact that V,,W, — set

constants, we evaluate |A|: (17), (18).

Further we use the Gelder inequality. Then (19).

Considering the linearity of A, we write (20), from which the correctness (16) follows. Besides,
(21), (22) because (23).

Therefore A — is a coercive factor.

Let’'s consider the non linear parts of the system (5). It follows from the Gelder inequality, that
integral in (12) has sense provided the functions ®,T, Hy, 1o belong to space L, (Q2), p=3, thatis

y=©7).
We show that F change limited multitudes to the X; :[LP(Q)JZ, 1p+1/g=1 and as the
operator from X, to X; is demicontinuous. Lets show, that (24).

For that it is enough to show, that E(7(~)) € L,(€Q). Function ﬁ(?) is measurable and for it the

inequalities (25) hold true. Hence it follows (26).

Then when p=5, g :% (27).
As functions T, T, ©, @eLp(Q), p>5, then function ‘ﬁ(@,f)‘q has integrated one accord-

ing to Lebeg majorant. Hence follows that ﬁ(@),f) eL,(Q) and F(y) e[Lp(Q)]2 = X, . From the
proved inequality we also get "IE(V)"X, <K’ =const for |y|, <K =const thatis F —is limited
2 2

operator.
As it easy to see the following conditions are hold true for the function 71 which is defined at

QxR:
1) for almost all X =(x;y)e Q functions & — 71()_(,2_,) are continuous at R?;

2) for each £ eR? functions x —>71()_(,<:) are measurable;

3)forall &£=(&;6,) € R? and for almost all X € Q the inequality (28) holds true.

Let's consider such sequence {y,}e X, that |y, —)7||X2 — 0. In view of the limitation of F
the multitude {IE(?,, )} is limited and, therefore, poorly pre-compact. So for the proof of the fact
that F(y) is the poor limit of sequence {13(37,, )}, it is enough to show that F(y, )— F(y) for
each poorly converging sequence {IE(V,, )}. Let us assume that z — is a poor limit of such se-
quence {,_:07”)} . Then there exists a pre-sequence {Uj} of the sequence {Vnk} converging to y

almost everywhere in QQ As s result of continuity of function ()?;E_,)—)E()?;é) by éeR2 we have

F(v;(x)) - F(¥(x)) almost everywhere in (). At the same time {IE(\)/- )} as pre-sequence of se-

quence {IE(Y,, )} poorly converge to z. Therefore F(y)=z, thatis F(y, )— F(y) in X, and op-

erator F — is demi-continuous.
Let's consider the operator A:XoX, generated by the task (6), (7), where

BicHuk BiHHMLBKOrO NoniTexHiYHoro iHeTutyTy, 2006, Ne 4 99



PYHOAMEHTANBHI HAYKM

100

2
, p=5, X =[W21(Q)qu(Q)}, 1/p+1/q =1. Operator A is:

limited;
coercive, that is the condition (29) holds true for it;

X{WQ(Q)mL Q)
)
)
) operator having semi-limited variation, that is for such arbitrary y,;,y, e X that

[Villy <R. [[¥2]y, <R the inequality (30) holds true.
d) has the property (M): from ¥,,— ¥(¥,.¥ eD(A)c X) is poor in X, A(¥,)—>X is poor in
X* and the inequality fim (A(V,).¥,), <(X,¥), holds true it follows X = A(¥).
n—w

The truth of statement a) follows directly from the property A and F . Then we prove the truth
b). With this purpose we examine form (31).

Form (A(Y).¥), =(A(¥).¥), is coercive. Let's evaluate (—<IE(7),7> ) (32).

X2
When choosing functions f and (:) in such a way to satisfy the condition
(7_' - (7))(? - @) >0 ('f— @))(f’ - @) >0 almost everywhere in (), we get the evaluation (33).

When putting the obtained evaluation to (31), we come to the truth of statement b). Let’s show
that A — is operator with semi-limited variation. From the definition A follows (34).

Considering the monotony of operator A, we get (35).

Let’'s consider the second item of the right part of (34). For the convenience of computations

we designate y = ¥ — 75 (\u = (\V1;\y2)); y1=0,-0,; y, =T, -T,: (36), where (37).
Here [ [ =|-I=]- @y P25
According to the Sobolev enclosure theorem, the norm |-, =|- :"."[LP(Q)]Z’ p=>5,is com-

pact as for the norm | -|, . Then (38).

When putting the last formula to (34), we come to the truth of statement c).
The proof of d) directly follows from statement [4]:
in case A: X — X — operator with semi limited variation, then the next conditions are equiva-

lent:
a) operator A is radial continuous at X;

b) from (f - A(8), 7 - &), > —C(R; v - g||'x)vg eX (el <R:[7]y <R) follows A(7) =7 ;

c) operator A has a property (M);

d) operator A * — is demi-continuous at X.

Thus there the stationary functioning condition of conveyer roasting machine, was considered
assuming the fact, that values of functions ©(x,y) and T(x,y) are known at the boundary of area

Q2. But in practice in several conditions zones we couldn’t have possibility to obtain such values
over the absence at all boundary of area Q the measuring devices, which, in part, induced be
several significant technical complexities. In reality, it is known only the distribution of gas tem-
perature is at the boundaryI'y = {0}x(0,l):T|r1 =T(0,y)=94(y), where it enters the pellet layer,

and the pellet temperature distribution at the boundary TI', :(O,h)><{0}:®|r =0(x,0)=n3(x),
2

where the pellet layer enters the roasting zone. Therefore it is expedient to consider the mixed

marginal task of a kind (39) at the area Q =(0,h)x(0,/), where Vy, W,, a,a;, b, i=12, are the

same as in previous case, and the marginal conditions at 6Q for T(x,y)and ©(x,y) are of kind
(40), (41).

Then we prove the solvability of mixed marginal task (39)—(41) and show, to what types of
functions the solution y belongs.

Let enough regular functions 7A'(x,y) and (:)(x,y) satisfy the conditions (42).

Then for functions T=T-T; =0 - © mixed marginal task (39)—(41) has a kind (43) with
appropriate marginal conditions (44), (45), and the limitation of condition (46).

Let's call the generalized task solution (43)—(45) function 7:((7)(x,y); T’(x,y))from space
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(47), satisfying Yu e X integral identity (48), where f is the element from X, defined by integral
identity (49).
Correlation (48) has sense VO(x,y), T (xy), m(xy), na(xy), belonging to space (50),
o]"l.
where W21 - is closing in W21(Q) of smooth functions, equal to zero at I'; (i =1,2), as according to
the Gelder inequality and the results [5, Chapter 1] such functions take on value at the boundary
[ of area Q, equal to ("), T(I'), uy(), py(I) accordingly. These values at the boundary T’
are the elements of space L,(I').

Let’'s change (48) to the kind (51), where A is defined by bilinear form (52), and operator
~ A
F(7+y) — F(y) — by form (53).
The following properties of operator hold true A, which is defined by form (52). Operator A is

2 . — .
linear limited coercive operator, acting from X, :[WZ1 (Q)J to X;, and operator F: X, > X,

defined by form (53) XZ:[LP(Q)]Z, X;:[Lq(Q)T, is limited and demi continuous,

Vp+1/q=1.

The proof is conducted in the same way as the proof of operator properties, which was gener-
ated by marginal task (6), (7).

Let’s only show that A — is a coercive operator: (54).

After integration by parts of the first item of the right part of the equality we get (55).

Let’s designate m, = min{igfa,(x,y), igf bi(x,y), i= 1,2}; my =min{ay,a,} . Then (56).

In the view of the positivity of values V|, W,,m;, m, — (57). As a consequence, A — coercive

operator.

Rewrite (48) in the form of operator equation (58) in the space X, where A(y)=A(y)- F(y):
(59).

Following the previous we can make a conclusion, that in case the marginal task factors
(43)—(45) satisfy the conditions a;(x,y)>%s>0, bi(x,y)>L, >0 almost everywhere in Q;

a; b eL,(Q), i=1 2,then equation (22) is solvable at any f e X" and the multitude of its solu-

tions at every f is poorly compact, and the task (43)—(45) has the solution )A/ which belongs to
the space (60).

At the same time operator A: X —» X, generated by the task (43)—(45), is:

a) limited;

b) coercive;

B) operator with semi limited variation;

r) has the property (M).

The proof of statements a), b) and c) is the same as in the task (6), (7).

Let’s only show that A — is operator with semi limited variation.

It follows from the definition A that (61).

Considering the properties of operator A: (62).

For the second item of the right part (61) such evaluation holds true, which is the same to the
obtained one in the above (63). Then finally (64).

Function C is defined by formula (37).

BucnoBku

JocnimkeHo KOPEeKTHICTh MaTeMaTHYHUX MOJENel CTaliOHApHOTO PEXUMY BUIATIOBAHHS 3ai30pyA-
HUX KOTYHIB Y KOHBEEPHIH MaIIvHI HENIEPEPBHOI i HAa OCHOBI aHAI3y MPOIIECy HETHIHOTO TEIUTO00MIHY
nBo(dazaux cepenoBuil. OHAK, JOCHThH YaCTO HA MPAKTHII HEOOXiTHA OIliHKA
JUHAMIKH, 110 BUMarae HasBHOCTI iH(opMalii mpo MOTOYHUM CTaH yCTaTKyBaHHS, BiACYTHICTb SIKOT MOXKE
MPU3BECTH JI0 3HAYHUX MaTepialbHUX BTPAT. Y 3B’s3Ky 3 MM BUHUKAE MOTpeda y BUBUEHHI THHAMIYHO-
ro peXXUMy poOOTH MAIIMHH JAJISl BUNATIOBAHHS 3AJ1130pyIHUX KOTYHIB, PE3yJIbTaTH SIKOTO aBTOPH Mpe-
CTaBJSTh Y HACTYIHIN CTATTI.
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BbiBOAbI

WncecnepnosaHo KOPPEKTHOCTb MaTteMaTU4eCKnx mMogenen CTauMOHapHOro pexuma obxura xeneso-
PyAHbIX oKkaTblllen B KOHBeVIepHOVI MallnHe HenpepbiBHOro OencTBMa Ha OCHOBe aHanusa npouecca
HenuHerHoro TennoobmeHa ,El,ByX(*)a3HbIX cpea. OpHako, OOBOMbHO 4acTo Ha NpaKkTuke Heobxoguma
OueHKa OnHaMuKm, Tpe6y}ou.|,a$| Hann4yna VIH(*)OpMaLWIVI O TeKyuwem COCTOAHUN O60py,EI,OBaHVIF|, OTCYyTCT-
Bue KOTOpOVI MOXET NpuUBECTU K 3HAYUTEJTIbHbIM MaTtepuasribHbIM NOTEepAM. B cBsi3n ¢ aT1m nosiBnsieTcs
Heo6xoouMOCTb N3yvyeHna OMHaMnU4eCKoro pexmma paGOTbI MaLwuHbl ansa obxwvra Xene3opyaHbiX OKa-
ThILLEMN, pes3ynbTaTbl KOTOPOro aBTOPbI NPeaCTaBAT B cne,uyrou.l,eﬁ ctaTtbe.

Conclusions

The present paper provides the results of the research of the correctness of mathematic models
of stationary condition of ironstone pellet roasting in continuous conveyer machine on the basis of
the analysis of the non linear heat exchange in two-phase environments. But often in practice the
evaluation of dynamics is necessary, which demands the available information regarding the current
condition of equipment, the absence of which may result in the substantial material losses. As a re-
sult of this there appears the necessity of the examination of dynamic functioning condition of the
ironstone pellet roasting, the results of which authors will present in the next paper.
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