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YH: IIPH TI/IaBHbIX H3MEHEHHAX, a TaK Ke IIpPpH 6I>ICT[_’)I>IX H 6O/IBIIHX [10 Be/IMYHHE H3Me-
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MATHEMATICAL MODEL OF THE
CALCIFICATION PROCESS IN A
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Research of the mathematical models of
calcification process in a rotating furnace: by
tapering and quick large change by quantity of
loadling variations
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K anbLMHALMA — 3TO 3aBeplialo-
LIMM Tepenesn MpU BCeX CIIOCo-
fax NpPOM3BOACTBa I7IMHO3eMa. KauecTBo
I7IMHO3eMa /171 3/IeKTPO/u3a orpesenser-
CSl UMCTOTOM, 3ePHMCTOCTBIO M (ha3sOBbIM
COCTaBOM.

3HayeHMe UYMCTOThl M BAMSAHME ee Ha
KaueCTBO a/llOMMHUs He TpebyeT MosicHe-
HMs. 3epHUCTOCTh PA3NMUHO BAMSET Ha
TNOKasaTe/u 3/eKTPo/r3a — NpPY GO/MbIIOH
[071e TOHKUX YacTHULl YBe/TMUMBAIOTCS T10-
Tepu NpH pacriblzie, a Ipybble YacTHLIbI
Me//IeHHO PaCTBOPSIOTCA B 3/ICKTPO/UTE U
06pasyioT HACTLI/IU B BaHHE.

3epHUCTOCTb IMIMHO3eMa OIpese/isieTcs B
OCHOBHOM pasMepaMU YaCTMLI THApaTa, Io-
3TOMY ee OrnpeaesAoT TO/IBKO MNP MOCTaB-
Kax [7IMHO3eMa Ha 3aBO/Ibl aBpasvBHOM IPO-
MBILICHHOCTH, a /ISl BbIIAYM Ha S/IeKTPO-
M3 3epHUCTOCTD [7IMHO3eMa OLICHMBAIOT 10
3ePHUCTOCTH UCXOAHOTO TUApaTa.
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HMaMeneHe aMCriepCHOroO cocTaBa MpU
MPOXOKAEGHHU ero yepe3 OTae/bHble TeM-
repaTypHble  30HbI TeUM  Ka/lbLIMHALIM
y3yyazii Kak B 71aB0paTOpvM, Tak U Ha
TIPOM3BOACTBE, COMOCTAB/AS Pe3y/IbTaThl
CHTOBBIX aHa/IM30B CYTOUHBIX MPOG U3 Lie-
Xa KaZbLMHALMKU ¥ UCXOAHOro ruapaTa [1].

MaremaTrueckoe orvcaHue Mpoliecca
Ka/IbLIMHALIMM MOXKHO TIO/IYYUTh Ha OCHOBE
cneayiomrx coobpaeHuii. Bxoaom o6b-
eKTa HAB/AeTCA TPOW3BOAUTE/IBHOCTh IO
murarnio  Qolt), M°/cek.; HM3MepseMbIMU
BbIXOZlAaMU — Temriepatypa 01(t) u 0a(t),
rpas., NpeAcTaB/IeHHble Ha PHCYHKe. Tpe-
OyeTcss HAalTH MaTeMaTHYecKHe 3aBUCHMO-
CTH, CBSI3BIBAIOIIME 3TH BE/TMUMHEI.

Baonb meun X, M, BbIAENMM Marlblid
a7/leMeHT MaTtepyana dx. /s Hero GamaHc
TeI/IOBBIX [IOTOKOB

pcsczx%;”) _ pCO(x1)0(xt) - ()

—pCO(x+dx,t)+hBdx] 0, (x,t)-0(x,1)]

rae 6 — IZIOTHOCTb MaTepuara, Kr/) M>; C -
ero ymesbHasi TeIVIOEMKOCTb, [IXK/KT.
rpaa.; S rzomans TMOMNEepPevHOro CeyeHus
MaTepuana, M%; h — Kosd(pHLIHEHT Tero-
repesayy OT FOpsiuero rasa K MaTepuany,
BT/Meraﬂ; Bdx —nnoumanb KOHTakTa Ma-
Tepyazia C rasoM, M2 0 (%, 1)- Temrepa-
Typa rasa B TOUKE X B MOMEHT t, rpa.

B paBenctBe (1) neBast yacth Xapakre-
PH3yeT CKOPOCTb M3MEHEHHsl TeMITepaTyphl



- (T TN

dx
0 S >

8

K cocraBaenuio YpaBHEHHA AJHHaAMHKH Ipounecca Ka/lbLIIHHallHH.

0 sneMeHTa MaTepuasra dx; MepBbIM uzieH
MPaBOM YacTH — 3TO MPHTOK Tervia B a1e-
MeHT dX BMecCTe C BXOSAIIMM ITOTOKOM Ma-
Tepuasa Q; BTOPOI W/eH — OTTOK Terl/ia C
MaTeprasioM; TPETHl Y/eH — TIPUTOK Terl-
f1a OT rasa 1o 3akoHy HeioToHa.

[lpocTori BapyaHT YpaBHEHWs Moeny
TonyyaeTcs 13 paBeHcTBa (1) npy yeaoBuy,
yto 1oTok Q(x,t) = Q,(t) He 3aBHCUT OT X:
»CS aﬁ(x,t) +pCO, (t) 69(x,t) N

ot ox (2)
+hBO(x,t) = hBO (t)

2as

Ero mMoxHO repernicath B BUe
. 00(x,1) e (1) 06(x,1) 0(xr) =0, (1
ot S Ox i
3)

rae a= P .
hB
[lycte Temneparypa MaTepuasia Ha
Bxoze B neyb npu x=0 m3BecTHa (Kak rpa-
HUYHOEe YC/I0BUe)

0(0.0)=0,(1) @
Toraa petienvie ypasHeHys (4) rMeer By

O(x.1)=c ¢ {00 (t){x—%;[Qo (t)dt}}+

t

15 -
—|e .etd
+a;[ m(t)e t

, (5)

max

rae OSx—%!QO(t)dISx

OHO npenckasbiBaeT H3MEHEHWe TeM-
nepaTypsl MaTeprazna 0(x,t) B mpocTpaHcT-
Be Y BpeMeHH TP CeAVIONINX 3alaHHbIX
Bxozax Y BoamyieHusx Qo(t), 0o(t), O.a(t);
B UACTHOCTM OHO TMpe/CKa3biBaeT Berlv-
YMHY BBIXOAHBIX CHUrHaz1oB 01(t)= 0(x1, t) u
02(t)= O(Xmax, 1) Ucrionmb3yemsix B CAY.

Ota Mozenb MPUrosHa A1 CAy4aeB
I/IaBHBIX U3MEHEeHMI 3arpy3Ku Teuu.

Boriee c0XHBIMY TO/IYUYaIOTC Moae-
M, YYMTHIBAIONIME 3aBHMCUMOCTb TIOTOKA
0(x,t) oT X; TakoM yyeT MoOxeT moTpebo-
BaThCA TMPY OBICTPLIX U GO/BLIMX TI0 Be/lv-
yyHe W3MeHeHMsX 3arpysku Ieuu. Pac-
CMOTPHM 3TU MO/Ie/TH.

Ecnu notor Matepuana 0(x,t) ot t ¥ ot
X, TO paBeHCTBO (1) 3amuchiBaeTCs B BUAE:

69(x,t)
o0(x) | Q)=
pCS—at + pC 5 , + )
+9(x,t)—Qa(x’ )

X

+hBO(x,t)=hBO,, (x,1)
OHO cozepxUT aBe

dyurimy: 0(x,t) 1 Q(x,t).
[Ana onpenenenus Q(x,t) Tpebyercs

ellle OIHO YpaBHEHWe, YUUThIBAIOIIEEe CKO-
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HeH3BeCTHbIe



POCTb TepeTeKaHHs ChIMyuero MaTepuasa.
[lpoctoe ypaBHeHHe ecTb YpaBHeHHe
TPaHCIMIOPTHOM AWHHUM C YHCTBIM 3ariasibl-
BaHHUEM T:

Q(x,t):QO(t—r)on(t—Ej. 7

Cucrema ypaBHeHuit (6) u (7) seasiercs
MepBOM U3 VYIOMAHYTBIX MozesleH; pelle-
HUe ee omnpenensieT Bbixoa 0(x,t), a Takxke
MIPOMEXYTOUHbIN Bbhixod Q(x,t), mo wus-
BeCcTHBIM BxoaaM Qoft), 0o(t); 0as(X,t).

[MycTb, HarpyMep, YIIpaB/IsIOMKI BXO
Qo(t) M3MeHsieTcsT CKAuKOM OT HyIA [0
b=const B MOMeHT Bpemenu tp=0:

0, (1) =bi(7). (8)

Toraa cornacto ypaBHeHuio (7):

Q(x,t):bi(t_ij. ©)
v

[Noacrapnss Beipaxenye (9) B ypaBHe-
HUe (6), monyyaeM ypaBHEHHe, comepKa-
1llee TO/IbKO OAHY HeM3BeCTHYIO (PYHKLIMIO
0(x,1):

00(x,t -
ot v )ox

, (10)

—pCéé'[t—£)l9+ hBO(x,t) = hB6,,
|4 |4

rae 5(t—£j ecTb J -PYHKLMA.
14

Pemas 310 ypaBHeHue, HailzeM “CTy-
MeHYaTyIO T1epexOaHyIo (PYHKLIMIO W OOb-
ekTa 0.(x,t): ganee, npraasas BeMUMHE X
nBa (OUKCHPOBAHHBIX 3HAYeHHs X=X; U
X=Xmax, [ONYUUM CTYIIEHYaThle [1epexos-
Hble (OYHKLIMK /151 IBYX M3MEHSEMBIX TeM-
repaTtyp Ha BbIXoae OOBbeKTa:
elCT(t)= eCT(Xl’t) u 92CT(t)= eCT(XmaX7t)'

B ofmem caydae, rpy MNpOM3BO/IBHO

V3MEHSIOIIeMcs  VIIpaB/siolleM — BXO/e
Qo(t), ypaBHEHWe 3TOM MOaeNu:
pCS%-IrpCQO [z—fjg—g+

e (11)

+pCO; (r - fj 0+hBO=hBO,,
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npy  3aMeHe

i, X _on(t)
rne O (t Vj_—dt

OHO OTHOCHUTCH MaTeMaTHUeCKh K
K/1accy YpaBHeHU! BUa

A%+F,(x,t)%+Fz(x,t):F(x,t), (12)

rae A,F1,Fo,F3 - M3BecTHBIE KOMuecTBa.
B crneayromieit Monenu B3aMeH ypaBHe-
Hus (7) ansa onpeaenenvs Q(X,t) BBoauTcs
ApYroe ypaBHeHHe, YuuThiBaKollee Iepe-
MEHHOCTb CedeHMsl MaTepuana W Apyrue
dakTopbl. [laa sneMeHTa MaTepuasa
MIPeACTaB/IeHHOTO Ha DPUCYHKE COCTABUM
yYpaBHEHWe MaTepHa/ibHOro HasaHca

dx%ﬁsz(x,t)—Q(x+dx,t) (13)
Wn
8S(x,t) B _6Q(x,t) _ _i
P o [S(x,t)v(x,t)] .
(14)
3nech YuTeHO PaBeHCTRO:
Q(x,t) = S(x,t)~v(x,t), (15)

rae S - romWasb IMOMNEepPeyHOro CeyeHUs
MaTepuana.

KpoMme Toro, NnpuHMMaeM Creayiomyo
OLIeHKY CKOPOCTel ABMKEHHUSl C/I0eB Ma-
Tepuana IO BHICOTe TOTOKa. B HikHeM
cr10e COCTaB/AIIas CHAla TAKECTH, Aei-
CTBYIOIAS Ha eAMHMLY OObeMa YaCTHLI
MaTepuasa BIO/b [IOTOKa, PaBHa:
pgsina , (16)
rae o = const- Yyros1 HaK/AOHa OCH TeyuH, g -
YCKOPEHUe CU/bl TATOTEHHS.

Ell npoTHBOAENCTBYET cuia KyZIOHOBa
TpeHus:

F,, =const.

(17)

M cuvna BSA3KOro TpeHus, MPOIOPLIO-
Ha/IbHasi CKOPOCTH [IBUKEHMS:

(18)

Bananc cun  pgsina-F,, ~k,, v, =0

Ky

Fmp =—kmp v, .

AaeT Be/ITMYMHY CKOPOCTH HUXKHEI'O C/104:



pg Sin a - F:()L'l

v, = ————=const
kﬂl
P
(cunon nHepLMy npeHebperaem).
CKROPOCTb e BepXHero C/10s v, He MoCTo-
sAHHa. [l Hero cocTraB/flolias CU/a T-
JKEeCTH BO/b TOBEPXHOCTH C/I0s, HAK/IO-

HEHHOTO MO YIVIOM (,;, PaBHa:
oS (x, t)
ox

el MPOTHBOACHCTBYIOT Te Ke CH/IbI, UTO U
B HUKHeM croe. bBananc cun

(19)

pgsina, = pga, =—pg , (20)

oS
-pg——F_k, v, =0 naert:
pg ax Kyn ~mp - 6
oS
—pPg 67 - th.,
V(f = + ° (21)
k,,
CpeaHioio CKOPOCTb MOTOKa MPHUMeM:
v(at) =t (v, +v,)=-L8 05,
2 2k,, Ox
S @
P8 sina——= =K, - K, il
2k, k,, ox
F
roe K, = P8 ging ——2 = const > 0;
2 mp mp
K, =LE _const>0.

2k,

mp
CyTb MOCTOSIHHBIE KO3(PDHLIMEHThI.
Wmeem Tpu ypasrenus (14), (15) u (22),

comepxalime TPy HersBeCTHble (PYHKLIMU
Q(x,1); v(x,t) u S(x,t). Mckmouas dpyHKIMM v
U S, MoyunM ypaBHeHWe, Orlpeersiollee
Q(x,t); OHO M MOMKHO 3aMeHHTh YpaBHEHVe
(17) npeaviaymes Moaeny.

[ns mpubaMKeHHOTO MCKIIOUeHHUs v U S
npoardpdpepeHiiipyeM 1Mo t paBeHCTBO

QZS(KI—KZa—SJ:
Oox
90 _ (O _, 053 4 ¢ 3
ot Yor et ox  C ox-or

. 0S oS
BennuyHolt — - — BTOPOro Mnopsaka Ma-
ot Ox

noctu mpeHebperaeM. Kcronssys paBeH-
CTBa

os_o0 05 _&%0

or ox  ot-ox oxt’

MTO/IYUUM TIPUO/IHKEHHO:

o ok o

0(xt) _ g 5, TOUxI) g 30(51) (55
ot ox ox

rae So = const — cpeaHee ceyeHre MOTOKa
Martepuana.

MarteMaTHyeckr 3TO eCThb YpaBHEHHe
trrna Poxrkepa-llnanka. OHo onpenenser
Q(x,t) mpu usBectHbIX Ki, Ky, Sy u Kpae-
BBIX YC/TOBUSIX.

Wrtak, maHHasi Mozenb oIpeaensiercs
cHCTeMoM ypaBHeHut (6) u (23) win Gornee
TOYHO HEe/IMHEeMHOW CHUCTEeMOM YpaBHEHWM

(6), (14), (15) u (22).
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