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Introduction. Currently, the most important task of the steel industry is to constantly update the
product range, increase its operational characteristics, and increase the efficiency of equipment use.
Achieving goals is possible with a methodological base based on the principles of system analysis.

In metallurgy, multi-electrode arc furnaces using three-phase alternating current are widely
used. The lining layer present in such units during operation is subjected to thermal and electromag-
netic effects created by the arc. A quantitative measure of this effect is the lining wear coefficient
(LWC). In most studies, the influence of the described factors on the LWC is not taken into account.
At the same time, heat fluxes affecting all elements of the furnace structure, including the lining, de-
pend on the shape of the arc.

Aim. Selecting the parameters of the electric arc furnace, which optimizes the lining wear coefficient.

Materials and methods. When performing the work, methods of computational mathematics
and evolutionary methods of numerical optimization of functions of many variables were used.
Software which uses freely distributed scientific libraries was based on them.

Results. The influence of the system of three burning arcs on the wear coefficient of the lining
is considered taking into account the shape of the axis of the arc column.

Conclusion. An algorithm and program have been elaborated that allow us to evaluate the
thermal perception of the lining depending on the shape of the arcs. Based on the developed algo-
rithm, special software can be created that is integrated into the system of automated regulation and
prediction of the thermal operation of multi-electrode arc units to increase the reliability of assessing
the wear of the furnace lining under different technological modes of arc burning.

Keywords: electric arc, multi-electrode arc furnace, three-phase alternating current, electro-
magnetic interaction, arc post axis shape, lining wear coefficient, evolutionary algorithms.

Introduction

The problems of increasing the efficiency of industrial enterprises are now becoming increasingly
relevant [1, 2], while the task of optimizing the activity of industrial units and machines is of particular
importance. There are a large number of industrial units, the basis of which is the use of energy created
by an electric arc. The lining layer present in such units during operation is subjected to thermal and
electromagnetic effects created by the arc. A quantitative measure of this effect is the lining wear coeffi-
cient (LWC), one of the most important technological characteristics of modern multi-electrode arc fur-
naces. The most significant effect on the LWC is exerted by the arc power, the distance from the arc axis
to the lining, and the applied voltage. In most studies, the influence of the described factors on the LWC
is not taken into account. At the same time, heat fluxes affecting all elements of the furnace structure,
including the lining, depend on the shape of the arc.

The aim of the work is to study this effect and find the parameters that provide optimization of the
LWC. To achieve this goal, an algorithm for calculating the shape of arcs in an AC steelmaking furnace
has been developed, which will be used to optimize the objective function.

Analysis of the shape of alternating current electric arcs parallel burning

in the direction of the horizontal surface during their electromagnetic

interaction and the influence of this shape on the lining wear coefficient

The electromagnetic interaction of the arcs is determined by the equilibrium equation of the arc col-
umn element [3—6]
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where dF,_, is the force of interaction of an arc element with another arc (or other arcs), dF,_, is the force

of interaction of an arc element with itself, dﬁl_u is centrifugal force seeking to straighten an arc column.

Electromagnetic interaction of three arcs through which harmonic currents with phase shift flow
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tude values of currents [4]. Consider the case when the current value of the currents is the same
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In the electromagnetic interaction of three alternating currents, two repulsive forces act on the element
dl: dF_, =7y ijiydl, dF,;=7-ijidl . Direction of the resulting force dF, , ; changes over time and

coincides at any time with the vector dF , +dF,_;. The modulus of the resulting force is equal to
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Since the instantaneous strength values dF, , ; are continuously changing during each half-cycle,

the electrodynamic forces acting on the arc element change in magnitude and direction. We find the av-
erage integral force over half a period that determines the average position of the arc
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This force is directed from the center of decay of the electrodes.

Consider the electromagnetic interaction of an arc element d/; and direct current from the side of
the arc. Vector dF , is in the plane yOz, is perpendicular to dil and oppositely directed to the vector
dF,_, , and its module [4]
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In the electromagnetic interaction of a harmonic current i; = iy, sin (71 + ¢J with itself average in-

tegral value of force
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It is seen that the electromagnetic interaction of direct current with itself is the same as an alternat-
ing current with the same effective value.
In the general case, equation (1) of the equilibrium of an element of an arc column during its elec-
tromagnetic interaction with one or two arcs of constant or alternating currents can be written as

kydF_, +dF,_ +dF,_, =0. (5)

Based on the algorithms proposed in [3, 4, 6—12], one can solve equation (5) and obtain an approx-
imate description of the shape of the arc.
The most important indicator of the thermal load of the furnace lining is the lining wear coefficient

(LWC) [13-15]. LWC is defined as e =14V

a
a distance from the arc axis to the lining [13—15].

, where P, is the arc power, Uy is the arc voltage, a is
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To more accurately determine the heat perception of the side wall, we modify the LWC calculation
formula taking into account the shape of the axis of the arc column found when solving equation (5). To
do this, we will find the LWC at the minimum distance from the wall from the arc. From physical con-
siderations, we can conclude that the minimum distance from the arc to the lining is achieved at the
point of contact of the arc with the surface of the melt. Based on this, it is possible to formulate a control
problem for finding the optimal coefficient of wear of the lining, changing within acceptable limits the
parameters that determine the operation of the furnace. As such parameters, the applied voltage and the
distance from the surface of the melt to the end of the electrode can act, which can be adjusted during
each stage of the process. To solve the problem of optimizing the LWC value, we use an approximately
determined dependence of the shape of the arc on the control parameters. Since this dependence cannot
be described analytically, the use of gradient optimization methods seems inappropriate. Therefore, for
optimization, evolutionary methods are used.

For optimization, a genetic algorithm was chosen [16] with a population size of 17 individuals, a sim-
ple single-point crossover, a mutation with a probability of 0.2 was implemented. The software implemen-
tation is done using freely distributed Python packages. It was found that at currents of about 50 kA and
arc powers of about 20 MW, the lining wear coefficient varies from 1630 to 1750 MW « V/n1’.

Conclusions

Based on the shape of the arcs, algorithmic and software have been developed to optimize the wear
coefficient of the lining from three arcs of three-phase alternating current burning in the direction of a
horizontal surface, make decisions on the effective heat transfer of the radiation of the arcs to the charge,
depending on the shape of the arcs, determined by the power and voltage of the arc, the distance from
the arc to the axis of the electrode.
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onTMMnM3ALNA KOSPPULMEHTA UBHOCA ®YTEPOBKU
HA OCHOBE YINPABJIEHUA XAPAKTEPUCTUKAMU
ANEKTPUYECKUX OAYI TPEX®A3HOIO TOKA

O.B. JlozuHoeckuii', E.M. Kocmbineea', U.M. Sluukoe?

" fOxHO-Ypanbckuli 2ocydapcmeeHHbill yHusepcumem, 2. YensbuHck, Poccus,
’MazaHumozopckuii 2ocydapcmeeHHbIli mexHuyeckull yHusepcumem um. .M. Hocoea,
2. MazHumoeopck, Poccus

BBenenue. B Hacrosiee BpeMsi BaXHEHIIEH 3aaueil YepHOM METaJUTypTUH SIBISIETCS MTOCTOSH-
HOE OOHOBJIEHHE COPTAMEHTA MTPOJYKIIMH, TOBBIIIEHHE €€ IKCIUTYaTAOHHBIX XapaKTEPUCTHUK, ITOBBI-
nreHre 3(pQEKTHBHOCTH UCTIONB30BaHMs 000pyaoBaHus. JIOCTH)KEHNE TTOCTaBIEHHBIX 1€l BO3MOX-
HO TP HAIMYUH METO/I0JIOTNYeCKON 0a3bl, OCHOBAHHOW Ha MPHHIIMIIAX CHCTEMHOTO aHAIN3a.

B MeTautyprum mmpoKoe pacrnpocTpaHeHHe TOMyqrIId MHOTO3JIEKTPOIHBIE AYTOBBIE TIEUU C UC-
TIOJIb30BaHUEM TpeX(a3zHOro MepeMeHHOro Toka. Meromumiicss B TAKUX arperarax ciioil (yTepoBKH B
nporiecce (pyHKIIMOHUPOBAHMUS TIOJIBEPTACTCS TEIUIOBOMY W 3JIEKTPOMArHUTHOMY BO3JIEHCTBHIO, CO3-
nmaBaeMoMy ayroil. KomuuecTBeHHOM Mepoil JaHHOTO BIMSHESA SBIsCTC KO3(DGUIMEHT M3HOoca (yTe-
poBku (KM®). B OGonpmmHCTBE MCClieoBaHU BIUAHKS onrcaHHbIX (akropoB Ha KUD dopma myru
He yYHUThIBaeTCs. B TO jxe Bpems 0T )OpMbI TYTH 3aBUCST TEILIOBBIE TOTOKH, BO3/ICHCTBYIOIINE HA BCE
AJIEMEHTBI KOHCTPYKIIUH [1€9H, ¥ B TOM YHCIIE Ha (DYyTEPOBKY.

Leas uccaenoBannsi. BeiOop mapamMerpoB paOOTHI JEKTPOIYrOBOM TEYH, OOCCIICUNBAIOIINI
ONITHUMU3ALHIO Kod(duIrenTa usHoca QyTepoBKH.

Marepuanbl U Metonbl. [Ipu BBITONIHEHNH pabOTHI MPUMEHSUIMCH METOBI BBIYUCIUTELHON
MaTEeMaTHKUd ¥ DBOJIIONMOHHBIE METONbl YMCIEHHOW ONTUMHU3AIWK (YHKIMH MHOTHX TI€pEeMEHHBIX.
Ha HUX OCHOBBIBaIOCH CO3JIAHHOE C UCIIONIE30BAaHHEM CBOOOITHO PACIPOCTPaHsEMbIX OHOIHOTEK Mpo-
rpaMMHOe obOecriedeHue. Pe3yabTaThl. PACCMOTPEHO BIMSIHAE CHCTEMBI TPEX TOPSIIUX YT Ha KOA(]-
¢urmeHT usHoca GyTepoBKH C yIeToM (hOPMBI OCH CTONIOA TyTH.

3akimouenne. Co3iaH aJIrOPUTM U TIPOTrpaMMa, O3BOJISIOIINE OL[EHHBATh TEIJIOBOCIIPUSTHE (Y-
TEPOBKHU B 3aBUCHMOCTH OT (hopMbI ayr. Ha ocHOBe pa3paboTaHHOTO ajropuTMa MOXKET OBITh CO3JJaHO
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CIeNUaIbHOE TIPOrPaAMMHOE 00ECTeUeH e, BCTPOSHHOES B CHCTEMY aBTOMATH3MPOBAHHOTO PEryIHpO-
BaHMS U MPOTHO3MPOBAHMS TEIUIOBOM PabOTHl MHOIO3JIEKTPOIHBIX JTYrOBBIX arperatos, IS MOBBILIE-
HUSI JTOCTOBEPHOCTH OIIEHKH M3HOCA (hYTEPOBKH IEYH NMPH Pa3HbIX TEXHOIOTHUECKUX PEXHMMAxX rope-
HUS JTIyT.

Kniouesvle cnosa: snexmpuueckas 0yea, MHOLOINEKMPOOHAs 0y208as nedv, mpexasnulil ne-
PEMEHHbIL MOK, 3JIeKMPOMASHUMHOe 83aumooeticmeue, gopma ocu cmoaba oyau, Kodp@uyuenm
U3HOCA (hymeposKil, I60TIOYUOHHBLE AN2OPUNMBL.
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