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B cwiy cymiecTBeHHOW HENMHEHHOCTH chopMyHUpo-
BaHHOH B cooOleHnu | MaremMaTHYecKoil Mozenu ee pea-
JIN3allUI0 MOXXHO BBIITOJIHHUTH TOJIBKO YHMCJIICHHO. HpI/I 3TOM
JUIsl 00ecneueHnsl HaIHOCTU PEILEHHs M BbITOIHEHUS
HaJ HUM KOHTPOJIS B MPAKTHYECKOM IuTaHe Oosee addek-
THUBHO TPUMEHSATHh HE MCXOJHbIE YpaBHEHMS JIBUKEHHUS, a
Oonee ymoOHBIC W HAIISAHBIC YHPOIICHHBIC BBIPAKCHHUS,
YUUTBIBAIOLINE OCOOCHHOCTH ABMXKEHUS ra3a B CJIOE s
JTAHHOTO arperara. B ciydae miockoro uiam ocecCuMMEeTpHY-
HOro (IByMEpHOTI0) TeueHus Haubosee yJoOHO MCIOJIb30-
BaTh (DYHKIIHIO TOKa \ [1 — 4], BBOIUMYIO COOTHOIIICHUSMH

pe,u =Y pev=—-V (1)
oy Ox

IJe p — IJIOTHOCTD; Y — BEKTOPHBIM MOTEHLHAT CKOPOCTH;
X, ¥ — KOOPAMHATHI TOYKH B TIEYH, U MPEJCTABIISIOUIYIO CO-
0ol MaccoBblil pacxon raza. Cama CKOpOCTh ITOTOKA yCTa-
HaBJIMBACTCA U3 ONPEACTICHUS BUXPs HA OCHOBE BEKTOPHO-
ro TOTEHIHMANA CKOPOCTH Y COOTHOLIEHHEM PE vV = roty
(meranu MCMONB30BaHMS TAKOTO MOJIX0A MPEACTABICHBI B
pabote [3]). [Ipu 3ToM 1y1st TIOBBIIEHUST S3PPEKTUBHOCTH
YHUCIEHHOTO METOJa IIeJIecO00pa3HO Tak MHpeoOpa3oBaTh

* PaGoTa BBINOJNHEHA NPU (UHAHCOBOM MOAIEPHKKE, MOCTAHOB-
nenue Ne 211 IlpaBurensctBa Poccuiickoit ¢enepamnuu, KOHTPaKT
Ne 02.A03.21.0006.

YpaBHCHUA TAa30AUMHAMUKU H TCHHOO6MCH3, 4TOOBI OHH
BKJIIOYQJIN 3aBUXPEHHOCTH MTOTOKA (® = IOt V.

s BO3MOKHOCTH OOOOIIEHUSI PE3ylbTaToOB BBEAECM
Oe3pasMepHbIe KOOPANHATHI
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V.=V, /vy V=v, /v, 3)

e R — paauyc neun; v, = Q /R — cpetHss pacxoHas CKo-
POCTh (CKOPOCTh Ha MYCTYIO MIAxTy); O — Pacxoi JyThs.
3nech KOOpJAMHATA MO BBICOTE Me4YM 00O3HaueHa yepes z,
4TOOBI B JIaJlbHEWIIEM MMETh BO3MOXKHOCTBH Iepexoia K
TPEXMEPHBIM 3aJja4yaM. Y YUThIBast, YTO JAJIS AByMEPHOH 3a-
Jla4¥l 3aBUXPEHHOCTB TIOTOKA (® = IOtV IpeIcTaBisIeT co00i
v, oV,
0 ox’
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VYpaBHeHue (4) CONEpKUT ABE HEU3BECTHBIC (DYHKIIUH,
CIIeIOBATeNbHO, Ul PEIICHHs 3a7add HEeoOXOOMMO elle
OIHO COOTHOIIEHHE, 2 UIMCHHO ypaBHEHHE ABIKCHHUs (12)
HCXOJHON Mojenu (cM. coolieHue 1), KoTopoe Tmocie
HECJIOXKHBIX MpeoOpa3oBaHUN MOXKHO 3amucaTbh B (hopme
ypaBHeHus [pomekn—JIamba [4 — 7], JOTIOTHEHHOH cHia-

o | -

MU CONIPOTUBJICHUA:
j (
0z ox

0 (.o
= 03—“1
Gx( oz
oy 0g Oy 0q
ox OXx 0z 0z
e M(q) = A, + A,q, M(q) — Mmonynb CKOpOCTH Ta3a, A, U
A, — xo3pduients B popmyre Dpraua.

Cucrema quddepeHmranbHbIX ypaBHeHui (4), (5) onu-
CBIBACT BHXPEBOC JABIKECHHC Tra3a B CIIOCBOM yCTaHOBKE
mroboro mpodwrs. [loaToMy KOHKpETH3HpyeM 3agady |
BeIOCpEM MPOdUIIb 1eun, MPeACTaBICHHBINA Ha puc. 1 (TH-
MMAYHBIA IBYMEPHBIA TPOMUITH IIIAXTHOM TIEUH ).

Jst cxeMsbl puc. 1 rpaHHYHBIC YCIOBHS IO \[f 3aIIUIIYT-
Cs1 CIEIYIOINM 00pa3oM:
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_ SBmadenue | Ha cpese QypMbl, T.€. HpH X=X ..
L7 0 <zZ<L+7 ¢ OTIPENIETIACTCA PEKIUMOM JIBHKEHHSA J1y-
Ths B QpypMme. Ji1st TaMHHAPHOTO pesKUMa MPOGUITB CKOPOC-
TH OITMCBIBACTCS KBAIPATUIHOM 1MapaboIoi, MpruIeM OTHO-
LIEHUE CPEJHEN CKOPOCTH K MakcuMaslbHOM paBHO 0,5. [l
ycioBuil puc. 1
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T.e. Ipoduis \y Ha QypMe TpencTapisieT coboil KyOmdaec-
Kyto mapaboury.

[pu TypOyaeHTHOM TeueHHH Ta3a B TpyOe Jydilie Bce-
IO COINIACyeTCsl C ONMBITHBIMH JAaHHBIMHU IO BCeMy TypOy-
JICHTHOMY SIIPY TEUCHHUS BIDIOTH 10 OCH TPYOBI CIIeAyIoIIee
ypaBHeHue [8]:
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Puc. 1. IIpo¢ruib mraXTHOM Ne4n U KOOPHHATH Y31I0B KOHEYHO-PAa3HOCTHOM CETKH

Fig. 1. Profile of the shaft furnace and the coordinates of the finite-difference grid
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MOTOKA 3aBUXPEHHOCTh HAXOAUTCS IyTeM auddepeHupo-
BaHUs ypaBHeHwus (9) 1o Z:

v, (L 2)7,
O=—=224 Rem[fq} ][ ~)2].

Ha ocn meun npu =0 n 0<Z<H, v.=0v/0z=0
T.E. O = —0v_/0x. OIHAKO 31€Ch PACCMATPUBAETCSA CUMMET-
pHUYHAs 33/1a4a, a B 3TOM CIy4ae CHMMETPUYCH M TPOQIIIH
BEPTHKAJIBHOIO KOMITOHEHTa cKopocTh. Ho Torna ov /0x =0
u ®(0,2)=0.
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Pacriosniaras 3HayeHussMH (@ Ha cpe3e (ypmbl, perias
ypaBHenwue (10) MOXKHO OTIPEEUTh 3aBUXPEHHOCTH BIIOJIb
CTEGHKH TI€YH BBEPX OT (YpPMBI IO YPOBHS 3aCHIIM U BHU3
ot (bpr}I 710 HAILA. Ha namme npu Z=0um 0<x<x_ ,
v.=0ug=|v | Torma

z X
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Ha ypoBHe 3achIliu Takke CIpaBeyIMBO COOTHOLICHHE
(11).

KoneunopazHocTHas anmpoKCHMAaIys BHIIICIPUBEICH-
HBIX YPAaBHEHUI B MEPEMEHHBIX «3aBUXPEHHOCTh — (yHK-
Ul TOKa» COCTaBJSIeT YHCICHHYIO MOJAEIb BHXPEBOIO
JBIDKCHUS Ta30BOT0 MIOTOKA B CJI0€ KYCKOBOTO Marephaa.
[IpakTrka BBIUMCIICEHWH TOKa3ajia, 4yTo Hawbojee parfo-
HAJBHO pelaTh YpaBHEHUS STOW MOJIEIN METOJOM IOCIie-
JI0BaTeNbHOW BepxHel penakcauu [1 — 5,9 — 12].

Jlis ycnoBuid pabOThI JOMEHHOM IMeYH BBICOTOM (110
cioro) 30 M ¢ pacmapoMm amameTpom 6,55 M Obuia paspa-
6oTana WH(MOPMAIIMOHHO-MOJCTHPYIOIIAs CHCTEMa Tra-
30IMHAMHMKHM JIOMEHHOTro mponecca. Cucrema BKIIOYaja
pelIeHne 3aJa9 Hen30TEPMHUUECKOTO BUXPEBOTO TCUCHHS
B JOMCHHOH TIEYH TIPH 3aJaHHOM I10JI¢ TIOPO3HOCTH C yUe-
TOM 30HBI KOTE3HMH M 3aj[a4y ra30JMHaMUKHA (ypMEHHOTO
ouara. [IporpaMMHasi peanusaius CUCTEMBbI BBITOJIHATIACH
B nakerax Delphi penusa 7 u Compaq Visual Fortran penu-
30B 6.5 1 6.6. Ha puc. 2 B kauecTBe mprMepa MpeicTaBIeHO
pacrnpeneneHre TUHH Toka B 00beMe TIeYH ¢ Y4eTOM 30HbI
KOT€31H.

Ha puc. 3 noka3zano u3MeHeHHE cocTaBa (ypMEHHOTO
rasa Juis pacxoza ayThsa 35 m/c, nmamerpa Gypmer 0,16 m
u TeMneparypsl 1yTba 1200 °C [13 — 15].

Ha puc. 4 npeacraBieHO H3MEHEHHE TEMIIEPATyphl
(ypMEHHBIX Ta30B MO JTHHE (PypMEHHOTO OoYara.

Bb16000b1. PazpaboTaHHbBIH MTOX0]] K TOCTPOCHUIO MaTe-
MaTUYECKUX MOJETICH CIOEBBIX METATYPTUYCCKUX TeUei
BecbMa d((eKTUBEH U 00ecleunBaeT ajJeKBaTHOe 0TOOpa-
JKCHUE PSKIMHBIX [TOKa3aTeJIel arperaTos.
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Fig. 2. Picture of the gases flow in the blast furnace:
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ON MATHEMATICAL MODELING OF LAYER METALLURGICAL FURNACES
AND AGGREGATES. REPORT 2

V.S. Shvydkii, A.R. Fatkhutdinov, E.A. Devyatykh,
T.O. Devyatykh, N.A. Spirin

Ural Federal University named after the first President of Russia
B.N. Yeltsin, Ekaterinburg, Russia

22

Abstract. The problem of gas movement and temperature distribution in

the blast furnace is considered. Due to significant nonlinearity differen-
tial equations of gas mechanics and the heat transfer (described in the
Part 1) the problem was solved under the assumption of axisymmetric
flow in the variable “vorticity — stream function”. The boundary con-
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ditions of the problem involve the calculations of vorticity and tem-
perature on the oven walls at the level of the grist and hearth. The
dependences of the coolant thermal properties on the pressure and
temperature are taken into account in the calculations. The gas flow
parameters (blast and gas tuyere hearth) for laminar flow and tur-
bulent regime are described. Constitutive equations of reformulated
mathematical model were solved numerically using of the method
of successive over relaxation (PVR). Also, the problem of determi-
ning the thermal gas parameters in the hearth of a blast furnace was
solved with the use of mathematical model previously developed at
the chair.
Keywords: blast furnace, vorticity, stream function, flow regime, gas dis-
tribution, blast center, axially symmetric flow, adhesion area, layer

porosity.
DOI: 10.17073/0368-0797-2017-1-19-23
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