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MATHEMATICAL MODEL OF CHEMICAL PROCESSES OCCURRING IN
ELECTRIC ARC FURNACES

The article provides a mathematical model of chemical processes occurring in €electric arc furnace (EAF). The authors of
the article are the first to build up a new algorithm of calculating the main characteristics of chemical processes taking place in EAF.
This algorithm is notable for its simplicity and convenience of execution and helps to calculate the mass of substances entering into
a chemical reaction and its products, the quantity of heat emitted or absorbed. So, it would be reasonable to use the algorithm
described in this article while creating complex models of EAF, in particular, while studying the thermal and chemical processes
occurring in the furnace and looking for their correlation, while constructing energy and material balance of EAF. Besides, due to
the high level of calculations that are performed with the help of this algorithm, it is convenient to use it while formulating the laws
of optimal management of EAF. Its adequacy is proved by comparison of the calculations to the experimental data.
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KCEHIA AIINHA, KATEPUHA SAJIOBA

JIHINpOBCHKHH epkaBHUN TeXHIYHUI yHiBepcuTeT, Kam sHCbKe, YKpaiHa.

MATEMATHUYHA MOJEJIb XIMIYHUX ITPOLECIB, 11O BIABYBAIOTHCA ¥
AYT'OBUX CTAJIEIIVIABHJIBHUX ITEYAX

Y poboTi npegcrasneHa MareMatmyHa MoOAEIb XIMIYHUX MPOLIECIB, WO BiAbYBarOTLCI Y AYroBuUX CTa/IEN/IaBUIbHUX 1eYax
(4CI). MogentoBanHs 34iMcHEHE 3a [OMOMOro PO3I/ISAY OCHOBHUX XIMIYHUX peakuiv, sKki marots Micye y ACI: peakuii
BIHOB/IEHHS 3a/1i3@ | LW/IAKOYTBOPEHHS, PEaKLivi, Lo BIAMOBIAaOTs 3@ QOpMyBaHHS MiYHOI aTMocgepn. [aHa MOAEsb Y KOXEH
MOMEHT Yacy HaAa€E [H@POPMaLito PO OCHOBHI XapakTepUCTUKu XiMidHuX rpouyecis, sKki npotikatote y ACI, a came: Tenniosi
KoegbilieHTv peakuii Ta iX WBUAKICTL, Macy PeYoBUH, LYO MPUIMAaOTL y4acTb y XiMIYHIV peakuii Ta i npoayKTIB; KiflbKiCTb TErn/aoTH,
1O BUAINISETBCS 60 [OIVIMHAETBCS Yy PE3y/IbTati TiEl 4u IHLOI peaKyli. 3arnporioHoBaHmid aBTopamMu anaropuTM pPO3PaxyHKy
BIAPIBHAETECS MPOCTOTON Ta 3PYYHICTIO BUKOPUCTAHHS. L{ev anroputm [O3BOSISE YHUKHYTH 106YA0BU CKIAAAHUX QIZUKO-XiIMIYHUX
MOAENEY, SKI BKIIIOYAIOTH E/IEMEHTU APOANHAMIKU BaHHM | MOTPEGYIOTH BE/MMKOI Ki/IbKOCTI I104aTKOBOI iHGopMaLlii.

3 METO0 NiATBEPIKEHHS AAEKBATHOCTI CTBOPEHOI MOAENI PO3IISHYTI OTPUMAHI 3a/IEXHOCTI LBUAKOCTEHU XIMIYHNX peaKLii
Bl Temreparypu. lpu UbOMy OBEDKAEHI PeE3y/IbTaTi 36iratoTeCs 3 pe3y/ibTatamu MPOBEAEHUX PaHilLe eKCIIEPUMEHTIB. Kpim Toro,
aBTopamu HaBeAEHI AaHi rpo BMICT PO3IJISHYTUX XIMIYHUX €/IEMEHTIB y LW/IaKy Ta po3ri/iasl 3rigHO 3 rPOTOKO/aMu BUIIABKU Ta
po3paxyHkamy, 3po6sieHNMN 3  BUKOPUCTAHHSM OMUCAHOro anaroputMmy. AHani3 umx A[aHwx [O3BOJISE [MATBEPANTY, YO
38I1POrIOHOBaHMY a/IrOPUTM, BIAOBPAXAE peasibHy MOBEAIHKY MPOLUECY. PO3ODKHICTE MK PeaibHUMU Ta PO3pPaxyHKOBUMU [aHUMU HE
nepesuilye 20%, TO6TO, 3HaAX0ANTLCA Y AOMYCTUMUX Mexax. [IporpamMHa peasizallli HaBegeHol Mogesi 34IMcHeHa 3a [OMOMOrow
MoBU riporpamyBaHHs C++, 3 BUKOPUCTaHHSM BIAKpUTOI 6ibriotekn OpenGL.

Po3pobrieHa aBTopamu MOAESL IHTErPOBaHAa B EANHMI CUHEDIETUYHMI KOMIT/IEKC, YO 3a0E3reYye HafaHHs aleKkBaTHOI
[H@OpMaLT PO NEPEBIr enekTPUYHMX, TEMIOBUX Ta XIMIYHUX MPOLECIB, 1O BIAOYBAIOTLCS Y AYrOBUX CTA/IENIABWILHUX 1€43X, 3
YPaxyBaHHSM X B3AEMHOrO Br/MBY Ta B3AEMO3BS3KY. [aHmii KOMITIEKC, y CBOKO Yepry, € MArpyHTIM 4719 3HaXOMKEHHS
ONMTUMA/IbHOIO 3HAYEHHS aKTUBHOI MOTY)KHOCT, YO IMOAAETHCA Y MY Y KOXEH MOMEHT 4Yacy, 7@ CTBOPEHHS aBTOMAatu30BaHOI
CUCTEMU KEDYBAHHS MPOLIECOM BUIIaBKY CTa/ll Y AyroBivi rneyr,

KrtoHoBI ¢/10Ba: AyroBa CTa/erniaBn/ibHa v, MateMatnyHa MOLE/b, XiMIYHI NpoLecH, ageKkBaTHICTb MOLEST, aJIrOpUTM
KepyBaHHS

Introduction
Today, solving the energy problem of electric arc steelmaking is relevant. This problem lies in the energy
intensity of steel production in arc furnaces along with a constant increase in energy prices. At the same time, it is
expedient to use modern automated control systems (ACS) for electric arc furnaces (EAF). Numerous studies have
proved the efficiency of automated systems based on mathematical models of processes (electrical, thermal, and
chemical) that occur in the working chamber of the furnace during the melting period. However, despite a large
number of adequate models, the efficiency of which is confirmed by numerous experiments, describing thermal and
electrical processes, chemical processes have not been sufficiently studied. In addition, there is no complex
synergetic model that describes the nature of electrical, thermal, and chemical processes in an EAF, taking into
account their mutual influence and interrelation.
Related work
The works [1 - 3] are devoted to solving the energy problem of electric arc steelmaking. At the same time,
the efficiency of using automated furnace control systems has been proven by the authors of the studies [1, 2, 4, 5].
The studies of the use of mathematical modeling apparatus in the development of ACS for EAF are described in
scientific works [1 — 3, 6, 7]. Thereat, the expediency of applying this scientific approach is reasonably proven.
Thus, let's move on to considering mathematical models of the processes occurring in the working chamber of an
electric arc furnace during steel smelting.
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To date, there are several models of electrical processes occurring in an EAF, which are characterized by
low accuracy or a complex and inconvenient interface [8 - 11]. However, the authors of the studies [12, 13] have
developed a number of computer models for studying the electrical processes of an electric arc furnace. Such models
are adequate and efficient to use.

The works [14 - 17] are devoted to the modeling of thermal processes occurring in an EAF. These works
are aimed at detailed consideration of the complex heat exchange in the EAF working chamber: heat exchange by
radiation between the surfaces of electrodes, charge, walls, roof, and bottom of the furnace; convective heat
exchange between solid charge, melt, slag, furnace gas, and lining; heat transfer inside solid, liquid, gaseous phases.

Despite a number of shortcomings (consideration at the initial stage of the furnace operation of one
common well, which forms in the charge as a result of the operation of three electrodes; construction of models in a
two-dimensional formulation; lack of description of methods for calculating the heat absorbed or released in the
working chamber of the furnace due to chemical reactions; lack of taking into account the composition of solid
charge, melt, furnace atmosphere when calculating their thermo-physical characteristics; simplification of the
furnace shape), the models described in works [14 - 17] are inherent to a sufficient level of adequacy.

The works [18, 19] are devoted to the modeling of some chemical processes occurring in electric arc
furnaces. The authors of the considered works propose to model chemical processes based on the consideration of
reactions that describe them. This requires information about weight and temperature, Gibbs energy and heat of
formation of substances included in the reactions, velocity constant and equilibrium constant of the reactions under
consideration. This approach allows avoiding the construction of complex physical and chemical models that
include elements of bath hydrodynamics that require a large amount of initial information. However, in the above-
mentioned studies, the reactions of iron reduction and slag formation are not fully considered - the main reactions
occurring in the working chamber of an EAF.

Thus, to date, there is no mathematical model of chemical processes occurring in electric arc furnaces and
no complex synergetic model that describes the nature of electrical, thermal, and chemical processes in the working
chamber of an EAF, taking into account their mutual influence and interrelation.

Purpose

The purpose of the study is the following: development of a mathematical model of chemical processes
occurring in electric arc furnaces; integration of the developed model into a single synergetic complex describing
energy exchange during steel smelting in an EAF; development of appropriate software.

Proposed technique

Let’s consider the smelting of steel in electric arc furnace with the usage of “heel”. In this case, the charge
contains: steel scrap, pig iron, pellets, and coke. Lime, limestone, and fluorspar are used as slag-forming materials.
Charge materials have chemical composition shown in Table 1.

Since admixtures make up less than 0,2%, their influence will not be analyzed in the further study of
chemical processes taking place in electric arc furnace.

During the period of smelting in the working space of EAF numerous chemical reactions take place. The
main of them can be divided into three groups:

- reactions of iron recovery;

- reactions of slag formation;

- reactions taking place in the atmosphere of the furnace.

Table 1
Charge composition
Chemical compounds (elements) Content, %
Fe 48,91
Fe,04 44,7975
C 2,724
Si 02375
Ca0 1,2375
Sio, 1,9305
Other admixtures Remainder
3Fe,0; + C - 2Fe;0,+ €O — 1218 (1)
Fe0,+ C — 3Fe0 + 0 — 208, )
FeO +C - Fe+ €O — 1155, 3)
3Fe,0; + CO - 2Fe30,+ €O, — 129 (4)
Fe0,+ CO < 3Fe0 + €O, — 36—, (5)
FeO + CO < Fe + C0, + 57—, (6)
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2C + Si0, - Si +2C0 + 1080~ (7
$i0, + Ca0 < CaSiO; + 7222, (®)
2Fe + 5i0, < 2Fe0 + Si + 1391, ©)
€0, +C = 200 +172,5 -, (10)

Heat coefficients of these reactions at a temperature of 298 K degrees are calculated according
to the Hess’s Law using the data about the heat of formation of substances entering into reactions and their products.

The algorithm of calculation of the chemical processes based on the reactions describing them is suggested
in the works [18, 19]. This algorithm allows to avoid building complex physical and chemical models that include
elements of tub hydrodynamic and need a lot of initial information. That is why for monitoring the quality of
steelmaking in EAF it is reasonable to apply the algorithm proposed by the authors of the works [18, 19] for the
calculation of characteristics of chemical interactions described with reactions (1) — (10).

Suppose tynert - is a time of charge melting, 7 - is a time step, thant = 0, T,.. ., t;;e;+ are moments of
time when the heat absorbed or emitted as a result of each reaction, the masses of substances entering into reactions,
and the masses of obtained substances are calculated. To make these calculations, at every moment of time the
information about the speed of reactions (1) — (10) and their temperature coefficients is needed. It is most expedient
to find the speed of reactions occurring in EAF using the theory of active collisions and the experimental data given
in the literary sources (6 — 7).

For the calculation of temperature coefficients of reactions, it is expedient to use the Kirchhoff’s equation.
Suppose that in every moment of time the charge and melt temperature is known, as well as the heat emitted or
absorbed by the charge and “heel” as a result of heating with electric arcs, heat exchange with the walls, roof and
bottom of the furnace, and the furnace atmosphere.

Let’s consider the principle of modelling on the example of the following reaction

3Fe,0; + C - 2Fe;0,+ €O — 121,82

The reaction rate is found by the formula:

1 1.1
2

1 Nnqoy.-[8mkT + Ze
Fes0sMcO12°[ (m__gg . Nc)]

=Y
RT

w =
NA

. . . . 1
where n Fe,0, - 1 the number of molecules Fe, 05 in 1 m? surface of interaction (=),
& m

. . . . 1

T¢- is the number of molecules Fe; 0 in 1 m? volume of interaction =),
m

Ty ;- 1s the average effective diameter at collision of molecules (m),

k- is the Stefan-Boltzmann constant (%),

T- is the temperature of reagents (K),
HFe,0,- is the mass of molecules Fe; 0 (kg),
- is the mass of molecules € (kg),

E,- is the energy of activation of reagents (%),
mn

L),

mol-K

, 1
Ny- is the Avogadro constant (—).
Lt

R- is the universal gas constant (

The amount of substance and mass Fe; 03 involved in the reaction (1) for some time T, are found using the
formulas:

Vre,0, = WST,
Mga,0, = Vre,0,MFa,0,>
where S- is the contacting area of Fe; 03 and € (m?).

The mass of C, Fe; 0,4, CO involved in the reaction (2) and the amount of heat absorbed during its course, are
found by the chemical equation:
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VEe,0,MO!
Mee 0, kg  mckg  Mpe,0,k9 meokg QJ
3Fe,0, + C 52Fe;0,+ CO +H$,
3mol 1mol 2mol  lmol
048kg 0,012kg 0,464kg 0,028kg,
where H - is the thermal coefficient of reaction at a given temperature, found by the Kirchhoff's law.
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Thus, the created comprehensive model provides reliable information on the main characteristics of the melting
at any time.

Results

For the software implementation of the developed model, the programming language C++ was used. The
graphical user interface is developed using the OpenGL open-source library.

To check the adequacy of the described algorithm, let’s examine the smelting of charge, the composition of
which is given in Table 1, in EAF with the capacity of 100 tones along with 20 tons of “heel”. To set up the electric
melting conditions, let’s use the performance charts.

The dynamic of chemical processes taking place in EAF is most completely characterized by the
temperature dependences of the speed of reactions describing these processes. These dependences obtained with the
use of the considered algorithm are given in Fig. 1 -4:
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Fig.1.Temperature dependences of the speed of reactions (1) — (3)
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Fig. 2. Temperature dependences of the speed of reactions (4) — (6)
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Fig. 4. Temperature dependences of the speed of reaction (10)

Fig. 1 shows that reactions of direct iron recovery proceed stepwise at temperatures higher than 1000K
degrees, notably the most developed is the reaction (3). These results coincide with the experimental data and the
information given in the sources [20].

Fig. 2 shows that indirect iron recovery takes place mostly at the zone of moderate temperatures, notably
reactions (5) — (6) take place actively in both directions due to the correlation of the components of €O and €0, gas
mixture that are close to equivalent.

Temperature dependences of the speed of reactions that have a strong effect on the composition of furnace
atmosphere are shown in Fig. 4.

It is experimentally determined that the speed of the reaction €0, + € — 200 begins to increase at a
temperature of 1000 K degrees and higher, while the speed of the reverse reaction decreases at this range of
temperatures [20]. Fig. 4 proves this fact.

For a more detailed study of the correlation of thermal and chemical taking place in EAF, let’s choose some
control volume and show the charts of its temperature changes regardless of the energy of chemical reactions and
taking into account the heat, emitted or absorbed as a result of chemical interactions proceeding within this volume
(Fig. 5).
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Fig.5. Changes of the charge temperature (- - - regardless of the energy of chemical reactions, -- with regard to the energy of chemical
reactions)

At a charge temperature of lower than 700 K degrees, the speeds of chemical reactions are close to 0,
respectively, the energy of reactions is insignificant, that’s why the charts of charge temperature increase regardless
of and with regard to the chemical interaction coincide (Fig. 5). At the range of temperatures from 700 K to 1100 K
degrees, the reactions of direct and indirect iron recovery characterized by the heat absorption proceed actively. The
charge temperature with regard to the chemical interaction increases slower than the charge temperature regardless
of the heat given for proceeding of chemical reactions (Fig. 5).

However, at a temperature higher than 1100 K degrees, slag-formation reactions with sudden outburst of
energy start to proceed, whereby their speed is increasing, and thus the quantity of emitted heat is increasing, too.

The charge temperature with regard to the chemical interaction is rapidly increasing (Fig.5). Thus, the chart
of the charge temperature change with regard to the heat of chemical reactions corresponds the real behavior of the
process. Moreover, the time of charge melting down regardless of and with regard to the chemical interaction nearly
coincide. This fact can explain a rather high level of adequacy of earlier studies of the thermal processes taking
place in EAF without exact calculation of the energy of chemical reactions.
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Tables 2 - 3 contain the data on the contents of considered chemical elements in slag and melt according to
the smelting protocols and calculations made with the use of the described algorithm. The analysis of this data
allows to confirm that the proposed algorithm reflects the real behavior of the process, the divergence between real
and calculated data is within permissible limits.

Table 2
Content of Fe, C,Si in melt
Chemical compounds Content, % Content, %
(elements) (smelting protocols) (calculation)
1 2 3 1 2 3
Fe 97,2 97,4 96,43 96,25 97,69 95,42
C 2,25 2,21 3,007 3,64 2,09 4,45
kYl 0,15 0,123 0,09 0,11 0,22 0,13
Table 3
Content Fe0, Ca0, Si0 of in slag
Chemical compounds Content, % Content, %
(elements) (smelting protocols) (calculation)
1 2 3 1 2 3
Fe( 12,79 13,76 10,16 9,12 11,22 8,45
Cal 43,25 40,7 41,17 45,01 37,89 34,12
_5';'02 24,05 22,18 23,58 20,18 25,003 18,37
Conclusions

Thus, the study carried out by the authors allows to draw the following conclusions:

1. Electric furnace steelmaking is a rapidly developing branch of modern metallurgy, which has a tendency
to occupy a leading position in the world steel market. At the same time, electric arc furnace remains one of the
most energy-intensive units used in ferrous metallurgy. It is economically expedient to upgrade electric arc furnaces
on the basis of the use of a modern control system, which ensures the reduction of energy costs of the unit while
maintaining the quality of the obtained production.

2. The authors have built a model describing the chemical processes occurring in electric arc furnaces,
which allowed to calculate the characteristics of the main chemical processes occurring in EAF (mass of substances
entering into any chemical reaction and its products; quantity of heat emitted or absorbed).

3. It is reasonable to use the algorithm described in this article while creating complex models of EAF, in
particular, while studying the thermal and chemical processes occurring in the furnace and looking for their
correlation, while constructing energy and material balance of EAF.

4. The adequacy of the model is proved by comparison of the calculations to the experimental data.
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