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ABSTRACT

This paper presents the methodological basis for creating a model system for selecting the optimum composition of blast furnace
burden, providing the required technical and economic performance and the melting of pig iron of the required composition. The
system implements a new systematic approach to modeling the processes of directed formation of blast-furnace melts. The description
of the composition and properties of metallurgical systems in different states is based on an original concept of directional chemical
bonding using integral parameters of the interatomic interaction of components in the system. The developed complex of mathematical
and physical-chemical models and criteria provides a solution to the direct problem of predicting pig iron composition and blast
furnace slag properties, depending on the burden and technological conditions. Determination of the optimal burden composition is
carried out using vector optimization methods with mandatory verification of compliance with the technological requirements of high-
temperature properties of the burden. The results of testing the model system on actual industrial data of blast furnace operation are
illustrated, which made it possible to formulate recommendations on the composition of the loaded feed, taking into account the
available raw material and energy resources.

Keywords: Blast furnace burden, iron ore materials, pig iron, slag, melt properties, predictive model, optimization of burden com-
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INTRODUCTION

Blast furnace technology is currently undergoing significant
changes. To a large extent, this is related to the shortage of nat-
ural and energy resources, the expansion of the use of low-grade
ores, industrial and household waste, which is due to the need to
utilize the accumulated secondary resources. The negative as-
pect of the use of secondary materials in the blast furnace burden
is associated with their significant impact on the stability of blast
furnace melting and with large fluctuations in the processes of
softening and melting of materials in the furnace. This leads to
deterioration of the quality of pig iron and service conditions of
blast furnace linings. Also, these processes are significantly af-
fected by the involvement of pulverized coal fuel in blast furnace
production, the use of which, along with coke of low strength
properties, increases the probability of accumulation of small
fractions and heterogeneous inclusions formed as a result of in-
complete combustion of pulverized coal fuel in the furnace.
"Macro-heterogeneous™ inclusions sharply worsen the proper-
ties of slags and, as a result, the quality of pig iron.

These circumstances determine the need for the development of
non-traditional approaches to the formation of quality indicators
of iron-containing materials and the component composition of
the burden, as well as determine the urgency of solving the prob-
lem of optimizing the composition of a multi-component blast
furnace burden, providing the necessary technical and economic

indicators of iron smelting process in variable smelting condi-
tions.

An effective solution to this problem should be based on the use
of modern information technologies, which integrate the
achievements of fundamental research into the processes of ag-
gregate transformations of iron ore materials in the blast furnace
and the accumulated experience of managing blast furnace
smelting in the industrial conditions of BF production.

The complexity of an adequate description of high-temperature
fast-flowing processes in a blast furnace requires in-depth stud-
ies in the issues of mathematical modeling of these processes
and the creation of predictive models, in particular, for the oper-
ational assessment of physicochemical and technological prop-
erties of the forming melts, which determine obtaining of re-
quired quality pig iron.

Work on the development of existing means of optimizing the
composition of the blast furnace burden and the creation of new
effective methods for increasing the efficiency of automated
blast furnace smelting control systems is constantly being car-
ried out all over the world, as well as at the Institute of Ferrous
Metallurgy of the National Academy of Sciences of Ukraine.
The analysis of domestic and foreign publications over the past
decades [1-11] shows that modern control systems for techno-
logical processes of domestic and foreign blast furnaces have
implemented a wide range of models and methods of monitor-
ing, analysis and technological decision-making, including ones
for solving the tasks of choosing a rational burden composition
when changing the feeding of iron ore raw materials and the
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As a rule, the well-known methods of solving the problem of
choosing the composition of the burden are based on the predic-
tive determination of blast furnace smelting indicators using cal-
culations of the material and heat balances of the process. The
methodological aspects of these methods at the modern level of
modeling of smelting processes are widely covered by the au-
thors of the work [1]. In the conditions of a metallurgical enter-
prise, the regulation of the blast furnace burden is carried out
based on the given basicity of the slag with constant coefficients
of distribution of silicon and iron between the smelting products.
At the same time, the influence of technological parameters is
not taken into account, which often leads to violations of the
thermal and slag regime and production of iron with significant
fluctuations in the chemical composition, in particular, in terms
of sulfur and silicon content.

The model for calculating the burden composition and blast fur-
nace parameters [2], is based on the material and heat balances
of smelting and takes into account the influence of technological
process parameters on heat losses, the degree of indirect reduc-
tion and the transition of elements into pig iron. However, the
method of calculating the composition of smelting products,
based on the given value of slag basicity and iron temperature,
does not take into account changes in the parameters of the
loaded burden and the blast mode and can lead to a discrepancy
between the actual and calculated characteristics of the smelting
products, as well as their thermodynamic mismatch.

A distinctive feature of the system of complex analysis of ag-
glomerate production presented in work [3], is the possibility of
operative selection of the composition of sintering and blast fur-
nace burdens in order to achieve better technical and economic
indicators of joint blast furnace and sintering workshops. In par-
ticular, the optimal costs of the components of the sintering and
blast furnace burdens are determined based on traditional
method of the material-heat balance, taking into account the cost
of pig iron. This approach makes it possible to carry out a tech-
nical and economic justification of several alternative variants
of the blast furnace burden. However, like most known ap-
proaches, it does not take into account the complexity of the cur-
rent physicochemical processes of blast furnace smelting.

The automated system of analysis and forecasting of production
situations of the blast furnace [4-5] implements a model of opti-
mal management of raw materials and fuel and energy resources
in the blast furnace, which includes end-to-end calculation of
sintering and blast furnace burden, technical and economic indi-
cators of smelting when changing the blast parameters and prop-
erties of iron ore materials and coke. The solution of the problem
of optimizing the burden composition is carried out using non-
linear programming methods. Traditional criteria are used as tar-
get functions: minimum coke consumption and maximum
productivity, minimum sulfur content in pig iron and minimum
blast furnace slag viscosity. At the same time, a number of re-
strictions regarding the thermal, slag, and gas dynamic modes of
smelting and the quality of pig iron are taken into account. A
certain advantage of the optimization model is the ability to
solve the problems of optimal distribution of fuel and energy re-
sources (natural gas and oxygen consumption) within a group of
blast furnaces in various technological situations.

A technological model of burden calculation was implemented
within the well-known expert system "Vairon TNG", which was
developed by the company "Voestalpine Stahl" (Austria) due to
the need to use burden materials of reduced quality [6]. The
model determines the required composition of the burden de-
pending on the results of chemical analysis of iron ore materials,
target values of reducing agent consumption and slag basicity
based on material and heat balance calculations for a certain pe-
riod of time.

The work [7] presents the results of using the methodology of
constructive theory for the aim of maximizing the yield of pig

iron. To achieve the goal, the optimal composition of the burden
is determined based on the "generalized optimal designer",
which leads to good economic characteristics of the iron produc-
tion process in the blast furnace and gives recommendations for
the design of this process. A certain advantage of this approach
is the ability to analyze the influence of blowing parameters,
consumption of agglomerate and pulverized coal fuel on increas-
ing the output of pig iron for the actual production of a blast
furnace with a fixed total cost of pig iron.

A distinctive feature of the burden optimization model presented
in [8] is the determination of the consumption of iron ore mate-
rials with an emphasis on optimizing the amount and ratio of
fluxing materials (pyroxenite, quartz, dolomite and limestone)
from the point of view of metal obtaining of a given chemical
composition. The calculation of the optimal consumption of the
loaded materials is carried out using matrix operations of the
mass balance iteratively to achieve the target chemical compo-
sition of the slag in real time. In particular, the model is inte-
grated with the system located in the laboratory, which provides
for an automatic mode of entering input data of raw materials
chemical composition. At the same time, at each iteration stage,
aprocedure is performed to compare the calculated optimization
results with the actual analysis of pig iron and slag obtained after
laboratory analysis. Taking into account technological limita-
tions in terms of load parameters (availability and consumption
of raw materials, bunker capacity, uniform distribution of ore
load along the radius of the furnace, etc.) significantly increases
the probability of converging the theoretical calculation with the
actual chemical composition of the slag, which in turn deter-
mines the final goal, namely - smelting of pig iron of a given
composition.

There are other models for choosing the optimal composition of
blast furnace burden, which are based on the method of calcu-
lating material and heat balances with various methods of their
improvement and adaptation to specific burden and technologi-
cal conditions [9, 10].

Thus, the analysis of the published results of the application of
various models shows their wide functionality and successful
operation for optimizing the composition of the burden in spe-
cific operating conditions of blast furnaces. However, in our
opinion, the analyzed models do not have enough prognostic
qualities, namely the ability to predict the final compositions of
pig iron and slag based on characteristics of the loaded burden
and taking into account the technological regime of smelting.
Thus, in the work [11] an attempt is made to describe the distri-
bution of burden elements between pig iron and slag using the
principles of thermodynamics. At the same time, the lack of con-
sideration of technological parameters of blast furnace melting
reduces, in our opinion, the effectiveness of using the developed
model for real conditions. In addition, to date, optimization pro-
cedures have not fully worked out the issue of a more thorough
consideration of the quality of iron ore raw materials, as well as
a description of the processes of aggregate transformations of
iron ore materials in different zones of the furnace and formation
of primary and final melts from them. Accordingly, the specific-
ity of the properties of the obtained melts is not taken into ac-
count, which significantly reduces the reliability of balance and
optimization calculations.

In order to obtain a real solution to the task of optimizing the
selection of the burden composition, it is necessary to take into
account a number of technological restrictions regulating the re-
quirements for physical and chemical processes in the furnace,
the properties of iron ore raw materials and melts formed from
them. Thus, the uneven distribution of burden materials in the
volume of the furnace determines the difference in the properties
of the obtained melts, which can negatively affect the lining of
the furnace and the processes of recovery and melting. This fea-
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ture makes it possible to include an additional class of re-
strictions based on loading burden indicators (ore load, melting
temperature of burden materials, FeO content in the primary slag
melt, etc.) when mathematically solving the task of blast furnace
burden optimization in real conditions.

The purpose of this work is to develop and test the information-
mathematical support of the decision-making model system in
the task of choosing the optimal composition of the blast furnace
burden, which provides the necessary technical and economic
indicators of the iron smelting process for specific conditions of
blast furnace operation.

MATERIAL AND METHODS

The method of physicochemical modeling of the composition
and properties of metallurgical systems in different states based
on the original concept of directional chemical bond [12, 13] and
mathematical methods of vector optimization are used as the
methodological basis of the fulfilled research and the developed
system approach to solving the problem of optimizing the com-
position of a multicomponent blast furnace burden.

Modeling the processes of formation and interaction of metal
and slag phases during pig iron smelting at the level of intera-
tomic interaction of components in melts allows us to summa-
rize the achievements of various studies from a single theoretical
position and describe the relationships between the composition,
electronic structure and properties of compounds using integral
parameters. It provides a complete accounting the influence of
each component on the properties of “metal-slag” system and the
possibility of practical implementation of predictive models in
automated control system for technological process of blast fur-
nace smelting (ACSTP BF).

An informational basis for creating predictive models for calcu-
lating the physical and chemical properties of metallurgical
melts is the information accumulated in databases as a result of
fundamental and experimental research on the properties of iron
ore materials, metal and slag melts. The databases "Iron ore ma-
terials", "Slag" and "Metal-Slag" are indispensable part of the
integrated Knowledge Base "Metallurgy"”, created for end-to-
end analysis and optimization of metal products manufacturing
at the Institute of Ferrous Metallurgy of the National Academy
of Sciences of Ukraine. In particular, the "Slag" database has ac-
cumulated information on more than 8,000 slag warehouses for
various purposes with a retrospective of more than 80 years.
Decision-making model system in the task of choosing the opti-
mal composition of the blast furnace burden was developed on
the base of the method of modeling the processes of directional
formation of melts [14], which is based on the following main
provisions (Fig. 1):

— the description of the processes of aggregate and phase trans-
formations of materials in the blast furnace and the formation of
liquid smelting products is carried out taking into account the
mineralogical composition through the ratio of the characteris-
tics of iron ore materials and slag melts;

— the composition and properties of pig iron and blast furnace
slag are predicted using physicochemical models and integral in-
dicators, which allows for interconnected evaluation the quality
of the burden and the properties of blast furnace smelting prod-
ucts;

- the selection of the optimal composition of the blast furnace
burden is carried out on the basis of the optimization of slag re-
gime according to the set of properties of the final slag, which
ensure its high sulfur-absorbing capacity and the production of
pig iron of the required composition with minimal energy and
raw material costs.

Modeling of processes of directional formation of melts

Iron ore materials
Fe30; : Fex03 ; FeO: FeO(OH): FeSFeS): FesSiO4:CaFex0s; CazSiOy
Mg25i0s: Mn2Si0s; CaMg$i0s; 5i02; NaAlSiOs (Al Mg: Ti; V; Ca), ete.
Integral indicator of burden quali
k. :(Ze,d o (G0 e AOs . MeO o RO T o FeOps
0, S0y 5i0, Si0,° Ca0' Ty -telp

Physical and chemical processes of iron ore maferials transformatior] |§
Predictive models for calculation properties:
Ths; Tes; T = f (Fe,05: FeO: Ae: p)
Tys: Tas: Ton — temperatures of beginning and end softening, melting iron ore
materials: Fe;0; & FeO — burden content:
Ae and p — chemical equivalent composition and indicator of stoichiometry of burden
Primary molten slag: FeOps; Ty T4 = f (p: FeO;F,03)
TeOps; Tas; Tae— composition FeO in primary slag, temperatures
of filtration through coke packing and droplet flow
Integral indicator of thermal blasting mode
FTI - fumace temperature index,
Tco- extent of gas utilization,
Ltz — length of tuyere zone

Ky =FTIP1 . nf2, 183

Smelting products: Pig iron: Fe; Si: Mn: C: P, etc;
Slag: Ca, {AI[(SIADO, ]} Cay {ME{(S1:0-]}: CaSiO:: CasMgSi:05: CaSio3, etc
|Coefficients of distribution of burden elements between pig i

‘LE =A-(10M/C)"-K{2 K}

IOM/C —ratio of the mass
of iron ore materials to the
mass of coke

Fig. 1 Methods of modeling the processes of directed formation
of blast furnace melts

[T —

This method is implemented in the form of a set of physical and
chemical models and criteria, which include:

« the model of the metal melt for calculation of integral parame-
ters - the chemical equivalent of the composition of pig iron ZY
and the structural index d [12].;

« slag melt model for calculating the integral parameters of the
oxide system: the chemical equivalent of the slag composition
Ae and the slag stoichiometry index p (an analogue of basicity)
[12];

« predictive models for calculating high-temperature properties
of iron ore materials (softening and melting temperatures) in the
form Property = f (Fe203, FeO, Ae, p), where Fe,O3, FeO are
their content in the burden;

« predictive models for calculating the complex of properties of
primary and final slag in the form Property = f (2, Ae, p), in
particular, for estimating viscosity (n, Pa-s) and surface tension
(o, mN/m) at a given temperature, enthalpy for a given temper-
ature in the range of 1400 + 1550°C (AH, kJ/kg), sulfur absorp-
tion capacity, temperatures of the beginning of crystallization
(liquidus, T, °C) and the end of crystallization (solidus, Ts, °C),
heterogenization temperature (Te, °C) , the degree of deviation
of the "metal-slag" system from equilibrium and the alkaline ca-
pacity of the slag;

« integral burden quality indicator Kb.;

« integral indicator of the temperature-blast mode of blast fur-
nace melting Ki;

« predictive models for calculating coefficients of interphase dis-
tribution of burden elements (sulfur, silicon, manganese, iron)
depending on Ky and Ky in the form of equations: Le = fe(Ks,
Kol).

The method of calculating the high-temperature properties of
iron ore materials allows you to estimate the interval of their sof-
tening - melting, which is characterized by the values of the tem-
peratures of the beginning and the end of softening (Tos, Tes) and
the melting temperature (Tm) [15]. These temperatures charac-
terize the changes in iron ore materials during the transition to
the liquid state in blast furnace conditions. These values allow
determining the location and length of the melting zone of the
burden in the blast furnace, taking into account alkaline com-
pounds. The method of evaluating aggregate transformations of
iron ore materials can be used to determine their properties, tak-
ing into account the distribution of burden components along the
cross-section of the top part of the blast furnace using the burden
distribution model presented in [16].

The calculation of the chemical composition of pig iron and
smelting slag is carried out by the method of forecasting the dis-
tribution coefficients of the burden elements according to the
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scheme "Burden” + "Technology" = "Smelting products" [14,
17]. Method is based on predictive models of the distribution
coefficients Le of elements (sulfur, silicon, manganese, titanium
and iron) between smelting products. The coefficients of ele-
ments transition into slag are considered as variables depending
on specific burden and technological conditions: Le = f (Fo; F),
where Fy are burden parameters, F are technological parameters.
Research carried out using the actual data of the operation of
some blast furnaces in Ukraine showed the feasibility of using
the integral parameters of the burden Ky and the temperature-
blast regime Ky for forecasting the composition of smelting
products.

The integral quality indicator of the blast furnace burden K, was
developed as a result of computational and analytical studies of
hereditary relationships between the components of the empty
rock of the burden and mineralogical composition of the blast
furnace slag. The experience of studying the mineralogy of final
blast furnace slags has shown that the properties of slag melts,
in particular, the melting point and viscosity, are a consequence
not only of the composition and thermodynamic conditions, but
also of its specific structure, which reflects the mineralogical
composition.

The Ky indicator includes a combination of the ratios of oxides
in the burden and the parameters of primary melts, which char-
acterize the aggregate transformation and reduction of materials
in the furnace [18]: Fericn /SiO2— an indicator of the richness of
the burden; CaO/SiO; — basicity of the burden; MgO/SiO,
Al203/SiO2, R,0/Ca0 — magnesium, alumina and alkaline mod-
ules of the burden; Tri, Tar, - temperature of filtration through
the coke filling and droplet flow of the primary slag melt, °C;
FeOps — FeO content in the primary slag melt, %; Ae is the chem-
ical equivalent of the slag-forming part of the burden, ¢; p is the
stoichiometry indicator of the slag-forming part of the burden.
Characteristics used to assess the influence of technological op-
erating conditions of the blast furnace are: the theoretical tem-
perature of coke combustion Tt, the degree of gas utilization nco,
the length of the tuyere zone L, as well as the furnace tempera-
ture index FTI (which is determined on the basis of the temper-
atures of the coke combustion Tt, blast furnace gas Tug, pig iron

: : pys _ 2500-T¢ 1550-Tp;
Tei and the blowing Ter [19]:FTI* = Tor 1250Toy

The method of constructing of the burden integral indicators
based on the use of the generalized Harrington desirability func-
tion allows “assembling” various indicators into a single gener-
alized indicator and thus increase the information power of the
optimization criterion. Based on the identified relationships of
the burden and technology parameters with the distribution co-
efficients of the burden elements between the smelting products,
analytical dependencies were developed for the integral indica-
tors of Ky and Kb, as well as for the predictive calculation of the
distribution coefficients of the elements in the form of equations:

Kp

_<Femh>"‘1 (CaO)”‘2 <A1203>°‘3 (Mgo)“‘* (RZO>°‘5

~\sio, Si0, Si0, Si0, Ca0
() )
Trite —Ae/p '

Kpi = FTIP - nfp - 1 @)

Lg = Ag - (IOM/C)V1 - K2 - K} (3)

where IOM/C - represents the ratio of the mass of iron ore ma-
terials in the burden to the mass of coke, Ae - the regression co-
efficient in the equation, a1 - o7, B1- B3, y1-y3 - equation coeffi-
cients and degree indicators characterizing the significance of a
specific indicator. They are determined based on the results of
the blast furnace operation in the established burden and techno-
logical conditions. Specifically, for the operating conditions of
BF-A, the power indicators are as follows: 0i={0,1; 0,22; 0,13;
0,1; 0,2; 0,06; 0,19}; pi={0,5; 0,2; 0,3}.

Ls = Ag - (IOM/Q)°5 - Kp® - K® ()
Ls; = Ag; - (10M/C)°33 - KP1S - k{2 G)
Lyn = Awp - (I0M/C)°2 - KP*° - K{{* )

Knowing K allows you to judge both the quality level of iron
ore raw materials and blast furnace burden, as well as the influ-
ence of loading burden parameters on the quality of molten iron,
since:

- firstly, the high degree of connection of Ky indicator with the
distribution coefficients of burden elements (sulfur, manganese,
silicon, titanium) justifies its use as a model parameter for fore-
casting the composition of smelting products using predictive
models of burden distribution coefficients between pig iron and
slag (Fig. 2) ;

- secondly, the established connection of the integral indicator
Ky with the indicators traditionally used to assess the efficiency
of the blast furnace process (sulfur content in pig iron, degree of
gas utilization, degree of direct reduction of iron) for specific
conditions of the blast furnace, makes it possible to determine
the optimal intervals of its values. Maintenance of optimal Ky
ensures melting of conditioned cast iron with minimal coke con-
sumption. The rational mode of blast furnace smelting is regu-
lated by a change in the integral index of Ky in the range of: 0.5-
0.7 (Fig. 3) [20].

210

180 -*

Distribution coefficient of sulfur Ls.

0.2 0.4 0.6 0.8 1.0
Integral indicator of burden Kb

Fig. 2 Dependence of the sulfur distribution coefficient between
pig iron and slag on the integral indicator Ky for specific condi-
tions of BF operation

Analytical dependencies for calculating the distribution coeffi-
cients of the burden elements between pig iron and slag depend-
ing on the integral coefficients Ky and Ky are adapted to specific
conditions of the blast furnace and used in the model system to
calculate the chemical composition of pig iron and slag. Figure
4 shows an example of calculating the chemical composition of
pig iron and slag according to the indicators of the burden and
technology parameters for specific operating conditions of a
blast furnace with the use of secondary raw materials (briquettes,
manganese concentrate, etc.) in a multicomponent burden, as
well as replacing the part of natural gas with pulverized coal
fuel.
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Fig. 3 Correlation of the integral indicator of Ky with the sulfur
content in pig iron, the degree of gas utilization, coke consump-
tion and the temperature of the burden melting for specific con-
ditions of BF

The advantage and main difference of the developed system ap-
proach to the selection of the burden composition from similar
developments is the use of a set of physicochemical criteria char-
acterized the quality of iron ore raw materials, as well as the
properties of blast furnace slag. Stabilization of these criteria in
a certain "quality interval" ensures the smelting of pig iron of the
required composition and the reduction of coke consumption un-
der specific conditions of a blast furnace.
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Fig. 4 Calculation of the chemlcal composmon of blast furnace
smelting products based on the prediction of the coefficients of
interfacial distribution of burden elements for the operating con-
ditions of a particular blast furnace

At the same time, integral parameters of slag (chemical equiva-
lent of composition Ae and stoichiometry indicator p) are used
as criteria for stabilization of the slag regime. The optimal com-
position of the slag is determined by such values of Ae and p,
which ensure a viscosity within 0.3 Pa‘s and a crystallization
temperature of 1300°C (Fig. 5). Then the value of sulfur-absorb-
ing capacity tends to the maximum, and the value of enthalpy
and surface tension - to the minimum, which ensures good desul-
furization of pig iron and a reduction in coke consumption. In
addition, the degree of approach of the "metal-slag” system to
the equilibrium state is controlled by the ratio £ = Lst /Ls®, where
Lss, Ls® are the corresponding actual and equilibrium values of
the sulfur distribution coefficient. The proximity of the value of
¢ point to the line of equal values of Lsr and Ls® characterizes

the degree of completion of desulfurization process of pig iron
with slag (achieving sulfur equilibrium).
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RESULTS AND DISCUSSION
Subtitle of results and discussion

It should be noted that the recently changed conditions of iron
production (increased use of pulverized coal fuel) also affected
the slag mode of smelting. Therefore, in order to more accurately
estimate the viscosity and melting point of real blast furnace
slags, it is necessary to take into account the effect on the prop-
erties of macro-heterogeneous slag inclusions formed when us-
ing coke with low strength characteristics, as well as incomplete
combustion of gas and pulverized coal fuel.

Recently, models for calculating the viscosity and enthalpy of
final blast furnace slags have received significant development.
For this purpose, a set of representative data on slag properties
was created using information from the "Slag" database. For a
more accurate assessment of the viscosity and melting point of
real blast furnace slags, a two-stage approach is used. It includes
the calculation of the properties of a homogeneous slag, as well
as taking into account its heterogeneity based on a gradient-cri-
terion, considering the relative increase in the property in per-
cent for each percent of the additive (PCF, coke, soot). Com-
pleted studies for the operating conditions of a number of blast
furnaces in Ukraine with different slag conditions showed that
presence of heterogeneous inclusions increases the viscosity of
slags by 1.5-2 times, and the melting temperature by 30-50 °C
compared to ideal homogeneous slag.

The predictive model for determining the enthalpy of slag de-
pending on the parameters Ae and p was developed by taking
into account the temperature of the melt T, which makes it pos-
sible to estimate the enthalpy in the range of 1400 + 1550 °C.
Knowledge of the enthalpy of the final slag together with other
factors allows for a comprehensive assessment of thermal state
of the hearth due to the heat introduced by slag.

Thus, a complex of mathematical and physicochemical models
was developed, that describe and connect the processes of dis-
tribution and behavior of burden materials in different zones of
the blast furnace with technical and economic indicators of melt-
ing. It provides information and mathematical support of the de-
cision-making model system in the problem of selection the op-
timal composition of the multicomponent blast furnace burden,
which ensures the production of pig iron of the required compo-
sition with minimal energy and raw material costs.
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The developed systematic approach ensures the implementation
of the following stages for selection the optimal composition of
the blast furnace burden:

- solving the direct problem of forecasting the composition and
properties of primary melts and final smelting products depend-
ing on the burden and technological conditions of blast furnace
smelting;

- evaluation of the technological situation according to the con-
trolled indicators of melting, taking into account the formed sys-
tem of technological restrictions;

- solving the inverse problem of determining the optimal com-
position of the burden by vector optimization methods, which
ensures the achievement of the given target function and satis-
faction of the system of constraints.

The formation of the system of technological restrictions is car-
ried out based on the results of generalization of technological
practice and existing requirements for the conditions and char-
acteristics of the processes in the blast furnace. In particular, in
the developed decision-making system for the selection of the
burden composition, special attention is paid to the limitations
that characterize the physical and chemical processes in the
high-temperature zones of the blast furnace. These include the
following conditions: ensuring a minimum difference in soften-
ing and melting temperatures of iron-containing materials (min-
imizing the thickness of the plastic zone, limiting the FeO con-
tent in the primary slag and its viscosity). In addition, solving
the problem of optimization in the system is possible consider-
ing the stabilization of the integral index of the blast furnace bur-
den Ky within the given limits and ensuring the given physico-
chemical criteria characterizing the final slag melt.

The expediency of accounting an additional class of technolog-
ical restrictions, which ensure the rational course of aggregate
transformations in the furnace and the directed formation of
melts of the required composition and properties, determines the
practical reality of the obtained solution during the mathematical
processing of the optimization problem.

Optimizing the composition of the blast furnace burden consists
in determining such an optimal set of input parameters of the
loading feed that will ensure the melting of pig iron of required
composition at the maximum productivity of the blast furnace,
the minimum consumption of coke or (and) the cost of pig iron.
At the same time, it is necessary to satisfy all the requirements
that are imposed as restrictions on the input (costs and chemical
composition of the burden components) and output parameters,
as well as on the parameters describing the processes of blast
furnace melting (technological limitations).

The mathematical formulation of the solved optimization prob-
lem is formulated as finding the vector of costs of burden mate-
rials X=(x1, Xz, ...xm), which ensures the minimum of the func-
tion Z(X) =Z(xu, X2, ...xm), Where the set X is determined by the
following constraints:

(a;<x;<b,i=1m
g<t(X) <d;,j=1n @)
lex < i) <sp k=11 '

{ a=61=Tp

where tj(X) are the parameters of the smelting technology, on
which restrictions are imposed; f«(X) are the indicators of the
smelting process (pig iron quality, etc.), which are calculated de-
pending on the input parameters of the burden and technology;
gi(X) and G are possible options and many possible interrela-
tionships between the input parameters of the burden compo-
nents; m - the number of burden materials; n — the number of
burden components; r - the number of parameters of slag and pig
iron, on which restrictions are set in the task (external parame-
ters); p - is the number of established ratios between the input
parameters of the burden components; a;, bj, ¢j, dj, ex, Sk are given

threshold values of available resources and technological limita-
tions.

In addition to defining traditional criteria of optimization (coke
consumption, furnace productivity, etc.), the optimization prob-
lem can be solved without an objective function by searching for
a solution area providing the necessary boundary conditions.
The formulated problem belongs to the class of tasks of multi-
criteria conditional nonlinear optimization. The peculiarity of
this problem is the implicit task of the objective function, since
the output parameters are calculated according to the above-
mentioned method of forecasting the composition and properties
of the final smelting products depending on the integral indica-
tors of the burden and technology. The algorithmic task of the
target function, interdependence of input parameters, fulfillment
of all constraints in the form of inequalities and equalities deter-
mines the complexity of the algorithm for solving this problem.
Verification and implementation of restrictions not only on the
input and output parameters, but also on the intermediate calcu-
lation characteristics of the furnace melting and reduction pro-
cesses, when searching for a solution, lead to the development
of additional algorithmic methods using known mathematical
optimization methods.

None of the existing methods of multidimensional conditional
nonlinear optimization is universal. The most acceptable way of
solving the problem of multi-criteria optimization in our case is
the use of the deformed polyhedron method [21], taking into ac-
count the condition of success in choosing a step or direction.
The advantage of the simplex method is the use of only the func-
tion values at the points and the absence of the gradient calcula-
tion. The optimal solution is due to the sequential movement and
deformation of the simplex (N-dimensional polygon) in the re-
gion of the extremum point. However, the simplex method and
the method of the deformed polyhedron (Nelder - Mead) belong
to the methods of unconditional optimization. The complex
method of Box [22] is a modification of the simplex method of
Nelder — Mead, but allows taking into account limitations. The
main idea of the complex Box method is to replace successively
a set of points of a certain configuration, distant from the extre-
mum, with those closer to it.

To optimize the composition of blast furnace burden on the base
of modified simplex methods (Box, Nelder-Mead), we devel-
oped an algorithm taking into account the given priorities of the
objective functions (optimization criteria) and the relationship
of the input parameters to find optimal values in the given area
of limitations. The developed algorithm includes a step-by-step
optimization procedure according to the highest priority, an
analysis of the relationship between the input indicators and the
gradient of influence on the given functions. As a result, an ac-
ceptable (Pareto) optimal compromise solution is found in the
given area of limitations, including technological restrictions on
the use of various components in the burden composition.
When solving the problem of choosing the optimal composition
of a multicomponent burden for the modern operating conditions
of a blast furnace process with the use of pulverized coal fuel
and natural gas [23], the maximum production of pig iron
(weight of pig iron in tons) and the limit on sulfur content in pig
iron were chosen as optimization criteria which should be within
0,03-0,035% for these technical conditions of blast furnace melt-
ing. The following optimization resources were chosen: the
weight of pellets (to increase the production of iron), the weight
of the metal fluxed steelmaking additive FSM-2 (to ensure the
stabilization of the basicity of the burden/slag) and the content
of MgO in the agglomerate (to improve the liquid mobility of
the slag and increase its desulfurization ability). Restrictions are
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imposed on the selected indicators in the form of a range of per-
missible values (Fig. 6).

With optimization algorithm operating, a solution was found
that satisfies the selected objective function in the formed sys-
tem of restrictions on input and intermediate parameters. In par-
ticular, due to an increase in the supply of pellets from 7,35 to
7,71 tons and FSM-2 additives from 0,34 to 0,97 tons, as well as
an increase in the MgO content in the agglomerate from 1.49%
to 1.8% the pig iron production can be increased from 13,31 to
14 tons. At the same time, the technical conditions for the chem-
ical composition of pig iron and slag will be met: the content of
silicon [Si]=0,51% (decreased by 0,035%), sulfur [S]=0,035%
(decreased by 0,005%) and the value of basicity in pig iron slag
Ca0/SiO2 = 1,1 units. When searching for a solution, technolog-
ical limitations were checked and fulfilled, in particular, regard-
ing the parameters of the primary and final melts formed (ac-
cording to the optimal loading composition), the properties of
which ensure the normal course of recovery and melting pro-
cesses and contribute to high technical and economic indicators
of melting.

Thus, with the help of the developed algorithm using vector op-
timization methods, the optimal compromise solution was found
in the given area of limitations. This makes it possible to form
scientifically based recommendations for choosing a rational
composition of burden materials in modern conditions of blast
furnace production.
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Fig. 6 A solution to the problem of blast furnace burden optimi-
zation for specific blast furnace operating conditions

CONCLUSIONS

A systematic approach has been developed in order to solve the
strategic tasks of forming a rational composition of a multi-com-
ponent blast furnace burden for a target purpose and forecasting
the negative consequences of using secondary resources, which
leads to unstable furnace operation and deterioration of the qual-
ity of pig iron. This approach implements the concept of model-
ing the processes of directional formation of melts using modern
physicochemical and mathematical methods of predicting and
optimization of complex systems.

The information-mathematical support of the system for choos-
ing the optimal composition of a multi-component blast furnace
burden has been developed using a complex of developed math-
ematical and physico-chemical models that describe and connect
the processes of distribution and behavior of burden materials in
different zones of the furnace with technical and economic indi-
cators of melting, as well as using methods of vector optimiza-
tion. This allows:

- to calculate the high-temperature properties of iron ore materi-
als, the complex of physical and chemical properties of primary
and final slag melts;

- to predict the chemical composition of pig iron and blast fur-
nace slag depending on the characteristics of the loading burden,
taking into account the parameters of the blast mode;

- to perform an assessment of technological situation according
to the controlled melting parameters and the formed system of
technological restrictions;

- to solve the problem of multi-criteria optimization of the bur-
den composition taking into account the technological require-
ments, justified from the point of view of the rational flow of
aggregate transformations in the furnace and the directed for-
mation of melts of required composition and properties with in-
creased productivity in modern blast furnace smelting condi-
tions.

The main feature of the developed system approach to solving
the tasks of optimizing the composition of the blast furnace bur-
den is taking into account the laws of physical and chemical
transformations of iron-containing materials in the high-temper-
ature zones of the furnace and directed formation of melts, which
is regulated by a system of justified technological restrictions in
order to ensure the necessary indicators of blast furnace smelt-
ing.

The results of testing the created decision-making model system
for choosing the optimal composition of the blast furnace burden
based on the actual industrial data of blast furnace operation in
modern conditions, using pulverized coal fuel and natural gas,
made it possible to form scientifically based recommendations
on the component composition of the loading, taking into ac-
count the available raw and energy resources.
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