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Abstract:- This article is aimed at constructing a mathematical formulation of the parametric identification
problem for the process of electric melting of copper raw materials. A necessary condition for solving research
problems with such a complex object as electric melting is the presence of its mathematical description in the
form of a set of relations describing quantitative dependencies between the physical variables of the process
(chemical compositions, costs, etc.), as well as generalized technical and economic indicators characterizing the
quality of the process (productivity, cost, degree of extraction, specific the cost of materials and electricity,
specific losses, etc.) and variables that are inaccessible to direct control and their indirect indicators (indirect
control models), the values of extrapolated variables at discrete points in time (predictive models)
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1. Introduction

The development of a mathematical model (in the form of a set of relations describing quantitative dependencies
between the physical variables of the process, chemical compositions, costs, temperatures, generalized technical
and economic indicators characterizing the quality of the process, productivity, cost, degree of extraction, specific
costs of materials and electricity, specific losses) is necessary during the process of mixing and electric melting,
since the mathematical model It is an analogue of a real object, it is necessary when conducting experiments. Such
a model can be used in the field of automation of technological processes, in metallurgy, in mechanical
engineering, and in industry.

The purpose of this work is to create a structural identification of mathematical models of electric melting of
copper concentrates in the technolic process. The structure of the created mathematical model for the technological
process is determined based on the study of the hydrodynamic patterns of interaction of material flows in the unit,
the conditions and nature of the processes of mass and heat transfer, the kinetics of physical and chemical
transformations of substances and is implemented by a system of equations of the material (for substances and
melting products) and thermal balances of the technological process with differential or finite relationships
between variables [1].
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In this case, the most rational is to build a mathematical description of the process in the class of analytical and
statistical models. For all that relationships of the variables are described by the equations of material and heat
balances taking into account a stoichiometry hydrodynamics and kinetics of process.

In the following works [2, 3] physical and chemical transformations and properties of mattes and slags the ore
heat-treating furnaces are described, as well as an example of the distribution of electric and temperature fields of
the electric furnace received by method of physical modeling is given.

The operation of an electric furnace is represented by a number of complex physical, physico-chemical and
thermal processes occurring as a result of the passage of electric current, melting of the charge, separation of slag,
matte in the furnace bath. An electric furnace can be schematically represented as a thermal bath with conductive
electrodes dipped into molten slag, a layer of matte at the bottom of the bath. When an electric current is passed
through solids or liquids, the latter heat up, i.e. as a result of their resistance, electric energy is converted into
thermal energy. In accordance with the method chosen above, the following assumptions are made when
determining the structure of the mathematical model, which do not distort the physical picture of the process.

1. The decomposition reactions of higher sulfides and limestone are represented by the following stoichiometric
ratios equations (1-5):

2FeS, = 2FeS + S, 1)
2Cu,FeS, —» 5Cu,S + 2FeS + %Sz )
2CuFeS, - Cu,S + 2FeS +=5, ®)
CaC0; - Ca0 + CO, (4)
S+ 20, =250, (%)

2. The decomposition reaction ends completely in the zone under consideration (zone I).
3. Heat fluxes at the boundaries of the zone are quasi-stationary.
4. The decomposition of sulfates and other compounds is neglected due to their small amount.
5. Ideal displacement in the solid and gas phases in opposite directions is assumed.
6. Heat transfer by radiation is neglected.
The rates of decomposition reactions of materials can be written as equations (6):
Uy = KjG; (6)

E
here K; = Kj,e—>21 - reaction rate constants determining the dependence of Kj on temperature;

Kjo - The pre-exponential multiplier;
E - reaction activation energy;

R - universal constant;

T - absolute temperature.

Let's write down the equations of material and thermal balances for e-sv substances for each of the sections
equations (7):

(e — FeS,, CusFeS,, CuFeS,,CaC03, FeS, Cu,S, Ca0,S,) )

The heat balance equation equations (8):

drt
(Glcs)? = GCsTs — Z?:l bQ} le —Q'CTH + AF(T? =T — a, F(T* = T;) 8
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For (the area adjacent to the melting zone) we write:
Equations of material balance for solid matter equations (9):

daG k

i
e _ Hi—-1 _ Yk Y A |
dr Pe Jj=1 a]v] Pe (9)

The equation of the material balance of a gaseous substance equations (10):

o _ i- i _ i
—T=ert =Yg -9 (10)

The heat balance equation (11):
(GLCS)‘Z_T: — (pi—ICSTL'—l _ Z?:]_bq]l ji _ (piCSTi _ ASFi_l(Ti _ Ti—l) + AsFi(TH—l _ Tl) + (p7l’:'+1 +
C, T — @lC,T! (11)

Thus, the structure of the mathematical model of zone I, reflecting in the relationship the chemistry of the process
(12-21), the equation of kinetics (14), the equation of material (15-16) and thermal (17) balances for the i-th
section is represented by the following system of equations:

‘”d— = Ghes, — 2KiGhes, — GHE, (12)
dGél:;FeS‘*‘ = GéZSI‘FeS‘L — 2K, Géuspeg4 - G(i:tt;FeS‘; (13)
M&;# = Géﬂsl*Fesz —2K; G(iqueSZ - Gétulresz (14)
dGiZ& = G(l;'z%‘03 - 2K4Géac03 - Gé&og (15)
R e — KoGlugres, + e KsGlupes, = GEd (16)
dGidCTuZS = guéf:;:& KZGéusFeS4 %—H’éix; K3G£‘uFe52 - Gé:rés an
d;;fz = %;;ZZ 1 Ill"es2 + iﬁ?e& KZGé‘uSFeS4 + iucﬁizesz - K, Gsi;l (18)
dc;% = HZZZZS K4Géaco3 — GEho (19)
% = Gtoy + ;CZ—S;K‘tGéaC% — Géo, (20)

(GiG})Z—Tri = @G T = B bgiv) — @ C T — AGFH(TH — TN + AFH(TH - TH +
PrCTH — (. T (21)

The designations are accepted here:

G', Qi— the amount of solid and gaseous matter in the i-th section of the zone (i = 1, ..., n);

@', pi- the amount of solid and gaseous matter passing from the i-th section to the i+1 section;

vj" - the rate of formation of a substance at the i-th site as a result of the j-th reaction;

Q; - stoichiometric coefficient;

T'- the temperature in the i-th section of the zone;

C,- heat capacity of the charge;
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qji- - the thermal effect of the formation of a substance at the i-th site as a result of the j-th reaction;

As- the heat transfer coefficient of the charge;

F;- the surface of the I-th section of the mine;
a,.- coefficient of heat entrainment with gases;
B, o - constant coefficients;

v - the melting rate of the substance;

Ue- the molecular weight of the eth substance.
2. Results

Under the action of the heat flow coming from the slag bath zone, the lower surface layer of the charge is heated
to the melting point, melts and passes into the furnace bath. At the same time, physico-chemical transformations
also occur in the charge layer, slag formation and matte formation reactions occur.

From the above substantial description of the processes of the melting zone and physico-chemical transformations
of the charge, it can be seen that the elementary acts of the zone are: melting of the charge, under the influence of
convective heat flow from the zone, physico-chemical transformations of the molten charge, slag and matte
formation.

When determining the structure of the mathematical model of the zone, we will make the following assumptions
about the nature of the flow of elementary acts:

The reactants and temperature in the volume of the zone are evenly distributed.
Chemical reactions of decomposition of higher sulfides, sulfates, carbonates end in the heating zone of the charge.

Chemical transformations in the melting zone are described quite fully by the following basic stoichiometric ratios
(22-29):

Cu,S + 6Cu0 = 4Cu,0 + S0,; (22)
4FeS + 6Cu0 = 3Cu,S + 4Fe0 + SO,; (23)
FeS + Cu0 = Cu,S + FeO; (24)
Cu,S + 2Cu,0 = 6Cu + SO,; (25)
FeS + 10Fe,0; = 7Fe;0, + SOs; (26)
FeS + 3Fe;0, = 10Fe0 + SO5; (27)
2Fe0 + Si0, = 2Fe0 * Si0,; (28)
Ca0 + Si0, = Ca0 * Si0,; (29)

Chemical reactions (37-44) occur in the molten state and are described by the equations of the homogeneous
theory.

The removal of substances from the zone is proportional to their quantity in the zone.

Taking into account assumptions 1-4, the chemical transformations of substances in the N zone can be described
by the following kinetic equations.

The reaction rates in the melt will be expressed in general terms (30):
Vf = I(] H]8-=1 Gl] (30)

rie v; - the speed of the j-th reaction (j = 1,2,...,);
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Kj - The rate constant j is the reaction whose dependence on temperature is described by the well-known Arrhenius
equation.

Then the equations of the material balance for the i-th substance for the melting zone and the main chemical
transformations will be written as follows (31):

daG;
= v+ Efeaay vy — G o
here G;— the weight amount of the i-th substance in the zone;
y; - the content of the i-th substance in the charge, taking into account the decomposition reactions of higher
sulfides, sulfates and carbonates in zone I;

dGjp . .
Vg = —>- melting rate of the charge;

a; - the proportionality coefficient of the removal of the i-th substance from the zone.

When composing the heat balance equation of the zone, it was taken into account that the charge is melting in the
zone with heated slag coming from zone 11 as a result of free convection, and the following assumptions were
made:

1. Melting occurs in a charge layer lowered into the melt.

2. Charge melting is considered as the process of melting a semi-infinite body with continuous removal of the
melt from the surface.

3. The area of the furnace walls in the zone is assumed to be constant.

4. Heat sources in the zone are the molten mass coming from the zone and cooling down to the melting point of
the charge, exothermic reactions, as well as the physical heat of the incoming charge.

5. Heat is spent on heating the charge, on endothermic reactions, is carried away with substances into the zone,
is discharged by the walls of the furnace.

6. Heat losses with gases are considered proportional to the melt.

Thus, taking into account the above assumptions, the equation of the thermal balance of the zone will be written
as:

dT k K
GiCl == = 0sCslts =t + ) (Giad) = ) (Guay) -
j=1 j=1

A'U.II/IX .
Fs(tb - ts) — Vpqp — Zf:l arGr Crtb1 (32)

g

The temperature in the zone is assumed to be constant and equal (stationary mode), i.e. all excess heat is spent on
melting the charge.

Then we get the following expression for the melting rate of the charge (32):

G 1 @sCs(ts —tp) — Z;'(:l(GiQi) -
Vp = —=— K A K (33)
dz b | = Zj:l(Gi * ql) - Es‘; (tb - ts) - Zj:l arGrCrtb

here v;,, — melting rate of the charge, (kg/sec);
G, - the amount of charge to be melted, (kg);

qp - specific heat of melting, (Kcal/kg);

@, - convective flow from zone Il to zone II;

C,, C, - the heat capacity of slag and gases, respectively, (kcal/kg*deg);
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ts tp, t - charge, slag and melting temperature, (0°);

G;, G;— the number of i-th substances involved in exothermic and endothermic reactions, (kg);

qi, q;- thermal effects of exothermic and endothermic reactions, (kcal);
a,-- coefficient of heat entrainment with gases;

F,- the surface of the fused slopes (m?);

A — heat transfer coefficient;

o - the thickness of the charge layer, (m).

The melting point of the charge depends on its composition and can be expressed by the equation (34):

ty =ty + Ksio, + Kcaocao + KreoQreo;
where
Ksio0,, Kcaos Kreo- are the coefficients of the equation;

Asio, Acao» Areo- - accordingly , the content in the charge.

(34)

Thus, the mathematical model of the dynamics of physico-chemical processes occurring in the Il zone of the
electric furnace, reflecting the chemistry of the process, the equations of kinetics, the equations of material and

thermal balances in the relationship, is represented by the following system of equations (35-47):

2
dGpes _ 4 Pres K.GooG Hres KoGo. G
dr VFesVp T o Rebrestcuo = T K7 lUrestcuz0 =
T Hecuo Heuyo
1 UFes 1 UFres K GocG
- -= — QpesG
10 UFe,05 9YFeS 3 UFe,05 10YFeSYFe30,4 FeSYFeS
dG} 3u U
cus _ CuyS Cu,S
dr  Vewsvp + Z_K6GFesGCuO + ——K7GresGeu,0 —
T HUres HFes
1 HUCuyS 1 Ucuys
% HCuo SGCuZSGCuO - EHCuZO BGCuZSGCuZO - aCuZSGCuZS
dGcuo _ H“cuo 6 Ucuo .
= YcuoVp — 6 KsGey,s — === KeGcuoGres — AcuoGeuos
dat HCuyS 4 UFes
daG
Cu0 HUecuyo Ucuy0,
dr - VewoVp +4 — KsGeu,sGeuo — *
T ﬂCuzs HUres
Hcuo
* KlGFeSGCuZO -2 KSGCuZO GCuZS - aCuZOGCuZO
Hcuys
G 2 2
FeO FeO FeO
. VFeoVp + ——KeGresGeoyo +—*
T HUFes HFes
HFeO
K7GFeSGCu20 -2 i K11GFeoGSi02 — Are0Greo
AGle,0 UFe,0
2YV3 __ 2U3 .
Tz VFe03Vp — 10—1”%5 KQGFeSGF8203 — AFre,04 GF9203:
AGHes0 UFe30 UFe30
3Y4 __ 3Y4 3Y4
T2 Vreso4vp T Tdres KoGresGre,0, — 3—#1735 K10GresGre,0, — ®res0,
a6y, _ Keu :
e —YaVp t 6MCu SKBGCuZSGCuZO = acuGeu;
2

(35)

(36)

@37)

(38)

(39)

(40)

(41)

(42)
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dGéi) u HUso
—z =% KsGeuysGeuyo + —= KoGres

dr Hcu,s HUres
Hso,
Gre,0, + —=Ki10GresGre,0, — Aso0,Gso, (43)
UFesS
AG2Fe0+si0 H2Fe0+Si
2 _ e0x*Si0;
p = - K11GreoGsio, — Aare0ssio, G2reossio, (44)
T HUsio,
AGCa0+5i0, _ HCa0xSi0, Koo GG G 45
P = 12Gca0Usio, — Xcaosio, Ucaoxsio, (45)
T Hcao
g =96 _ 1 @sCs(ts — 1p) (46)
b= T K i
ar ap|-%5.,(Glaf)
—_ 40
tp = tp + Ksio, + sio, + Kcaocao + Kreoreo (47)

3. Discussion

We assume that this structural identification of the mathematical model developed by us can be used in studying
the process, identifying patterns and the influence of various input factors on the output parameters of mixing and
melting of copper concentrates, as evidenced by the results obtained. The results obtained allow us to substantiate
the possibility of using this model for automated production and technological process control systems.

In addition, due to the complexity of studying the process of charging and electric melting of copper concentrates
in industrial conditions, the structural identification of the mathematical model developed by us belongs to the
class of epistemological models

4. Conclusions

The resulting system of equations represents the structure of a mathematical model of the melting zone of the
charge and physico-chemical transformations.

The melting products formed as a result of melting and physico-chemical transformations of the charge fall into
the zone of the slag bath, where heat release and separation of slag and matte occur (zone 111), and then, as a result
of precipitation, sulfide materials fall into the zone of the matte bath (zone 1V).

The structure of the mathematical model of zones 111 and IV has been restored taking into account the physico-
chemical, hydrodynamic and thermal patterns of the process. The physical picture of the process occurring in the
considered zones can be presented as follows. The main melting products-matte and slag formed in the melting
zone and physico-chemical transformations of the charge enter the slag bath zone, in addition, liquid converter
slag poured into the furnace enters the same zone. The process of separating matte and slag is associated with the
deposition of molten matte particles in the slag layer of the bath. The successful course of this process depends
on the difference in the specific weights of the materials, the viscosity of the slag, the temperature of the melt, etc.
These factors largely determine the loss of valuable metals with slags. The loss of copper with waste slag is also
influenced by the processes of dissolution and oxidation of sulfides.

The thermal energy required to carry out the process of ore-thermal electric melting is released in the slag bath
(zone 111) of the furnace as a result of its active resistance to electric current.

When constructing the mathematical model of zone |11, the following assumptions were made that do not distort
the overall picture of the process.

Research were carried out within the framework of the Grant Financing Project No. AP19679153 “Research and
development of a method and technology for creating composite structures with built-in photonic sensors PSBC
(Photonic Smart Bragg Composites)” Institute of Information and Computing Technologies of the Science
Committee of the Ministry of Science and Higher Education of the Republic of Kazakhstan.
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