
A description is presented of an information-modeling system developed to help optimize the composition

of the charge materials and fluxes in sintering and blast-furnace smelting. The system is based on models

that provide for end-to-end accounting of the sintering-machine and blast-furnace charges, calculate the

technical-economic indices of blast-furnace smelting (coke rate, productivity) when there are changes in

the blast parameters, the properties of the coke, and the composition of the iron-ore-bearing part of the

charge, calculate the properties of the primary and secondary slags and the desulfurizing ability of the final

slag, predict the sulfur content of the pig iron; model the gasdynamic regime during smelting, and diagnose

the course of the smelting operation. The software that has been developed is designed to automate the

work station of production personnel in the blast-furnace shop at the Magnitogorsk Metallurgical Combine.

Keywords: blast-furnace smelting, mathematical modeling, smelting parameters, iron-ore-bearing raw

materials.

The demand for the products of metallurgical companies is extremely unstable during times of economic crisis. This

instability has a significant effect in regard to substantiating the choices that a company makes for the types and volumes of

iron-ore-bearing raw materials and fuel-energy resources (coke, injected fuels, process oxygen) that it orders. Due to the

extremely energy-intensive nature and technical complexity of blast-furnace smelting, in this case it becomes even more

important to make scientifically substantiated decisions that will help solve a range of problems. Among these problems are

optimizing the composition of the charges used for blast furnaces (BFs) and sintering machines and selecting efficient ther-

mal, gasdynamic, slag-forming, and blast regimes for the smelting operation [1–7]. Solving these problems requires the use

of a complex of mathematical models that not only account for the physics of the sintering operation, the principles of the

theory of heat and mass transfer, the laws of energy conservation, and the effect of process parameters and standard charac-

teristics of the raw materials on smelting indices but that can also be used to evaluate different scenarios for the behavior of

blast furnaces [8–10]. To enhance the accuracy and reliability of the models, they need to be constructed with allowance for

the kinetic factors in reduction reactions and with the use of standard characteristics for blast-furnace-grade metallurgical raw

materials that will be convenient for practical use by operating personnel [11].

Experience shows that the principle of natural-mathematical modeling is best-suited for solving the problems

encountered in analyzing furnace operating indices. In accordance with this principle, models are constructed on the basis of
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full-scale (actual) data on furnace operation that is consistent with mathematical models which describe individual parts of

the process [12]. Models of this type can only be used if their constituent elements accurately represent the information that

exists on the object which is being modeled. The approach just described is the approach that will henceforth be used to con-

struct mathematical models of blast-furnace smelting.

The problem of optimizing the composition of the charge materials and fluxes for a blast furnace is addressed by

using the following models:

1) a model that provides for an end-to-end accounting of the materials which comprise the charges of sintering

machines and blast furnaces;

2) a model that can be used to calculate the technical-economic indices of blast-furnace smelting (coke rate, pro-

ductivity) when there are changes in the blast parameters, the properties of the coke, and the composition of the iron-ore-

bearing part of the charge;

3) a model for calculating the properties of the primary and secondary slags, calculating the desulfurizing ability of

the final slag, and predicting the sulfur content of the pig iron;

4) a model for modeling the gasdynamic regime in blast-furnace smelting; and

5) a model for diagnosis of the course of the smelting operation.

Figure 1 shows the generalized structure of a model developed to select the composition of the iron-ore-bearing raw

materials and the fluxes. Analysis of the input and output parameters shows that the mathematical model should include the

following interrelated computation modules:
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Setup of the program

• normative-reference information;
• correction factors;
• setup of the diagnostic tool

Calculation of sinter parameters

• weight contents and chemical compositions
  of the IOM and the fluxes;
• prescribed sinter basicity;
• oxygen content of the sinter, consumption
  of coke fines

Base period Planning period

Regime diagnosis

• main operating indices of the furnace;
• chemical and granulometric compositions and
  consumption of the charge components;
• parameters of the combination blast;
• top-gas composition and pressure;
• composition of the pig iron and slag;
• properties of the coke

Primary slag-formation zone:
• initial and final softening points and melting-point
  range of the IOM;
• thickness of the zone occupied by viscoplastic materials;
• slag composition at the initial and final melting points
  of the IOM;
• slag-viscosity polytherms

Composition and properties of the final slag:
• slag yield and composition;
• slag viscosity at different temperatures, viscosity
  polytherms;
• weight of the sulfur introduced into the furnace,
  sulfur distribution coefficient

Gasdynamic parameters:
• equivalent diameter, porosity, and drag coefficient
  of the stock and the degree of balance between the stock
  and the gas flow;
• critical wind rate and pressure gradients

types, weight contents, and chemical and granulometric
  compositions of the IOM and the fluxes;
• physical properties and chemical composition 
  of the coke;
• parameters of the combination blast;
• planned composition of the pig iron (except for sulfur)

• slag regime;
• gasdynamic regime;
• comparison of indices

Sinter

• composition;
• values for consump-
  tion of the compo-
  nents of the sintering-
  machine charge

Smelting indices
• values for unit consumption
  of the IOM;
• productivity of the furnace;
• coke rate

Primary slag-formation zone
(analogous to the base period)

Composition and properties
of the final slag
(analogous to the base period)
+ sulfur distribution
coefficient for the pig iron

Gasdynamic parameters
(analogous to the base period)

Fig. 1. Structure of the model used to select the composition of the iron-ore-bearing materials (IOM) and the fluxes.



• a module to calculate the composition of the sinter;

• a module to calculate the thermal regime;

• a module for calculation of the slag regime;

• a module for calculating the gasdynamic regime.

The model as a whole can be conditionally separated into two parts – a model of the base state; a predictive model.

The model of the base (standard) state makes it possible to evaluate the state of the process based on actual averaged indices

for the base (standard) period of the furnace’s operation. The base-state model employs the information that is available on

the true performance of the furnace: parameters of the charge, the combination blast, the top gas, the smelting products, etc.

The predictive model, using results obtained from the model of the base (standard) state, can evaluate the smelting indices

when there are changes in the types and properties of the iron-ore-bearing raw materials, coke, and fluxes and the parame-

ters of the blast. Use of the above-mentioned principle has made it possible to construct a model of blast-furnace smelting

which is designed to solve the above-stated problems and can be adapted to specific operating conditions of the system with

allowance for existing information on the smelting parameters.

The requirements that must be satisfied in adapting a model to specific system operating conditions make it neces-

sary to include an Adjustment block in the model. This block is comprised of the subsystems Normative-Reference

Information, Correction Factors, and Diagnostics Adjustment. The main technical-economic indices of the blast-furnace

smelting process are the productivity of the blast furnace and the coke rate.

Among the main functions of the thermal-regime module are evaluating the effect of the regime parameters on coke

rate (the ore burden) and predicting the chemical composition of the smelting products when there are changes in the param-

eters of the charge and the combination blast. The base-state model, constructed with the use of full-scale data on the fur-

nace’s parameters and indices, makes it possible to evaluate the vector of the indices that characterize the state of the system.

The base-state model is used to calculate the coefficients employed in the adjustment (adaptation) of the predictive part of
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Fig. 2. Structure of the model used to calculate the parameters of the primary slag.



the model. The predictive part in turn evaluates the projected indices of the smelting operation when there are changes in the

smelting conditions relative to the current state.

The model can account for the chemical composition, granulometric composition, reducibility, and strength of the

iron-ore-bearing materials during reduction (the RDI method) and the following temperatures: the initial melting point (soft-

ening point), which corresponds to the beginning of contraction of the charge – the temperature at which the first portions of

the liquid phases are formed; the melting point that corresponds to the appearance of a fluid slag melt.

The technical state of the coke (its contents of ash, sulfur, volatile matter, and Cnvl) and its granulometric compo-

sition were used to evaluate its physicochemical and physico-mechanical properties: cold strength (the indices M25, M40,

and M10) and hot strength (CSR); its reactivity (the CRI index). In constructing the model, it was taken into account that

there is a close correlation between the reactivity of coke and its hot strength – an increase in reactivity leads to a decrease

in hot strength.

Here, correction factors are used in the Adjustment block to account for the effects of the reducibility (RDI) of the

iron-ore-bearing materials, the granulometric composition, cold strength (M25, M40, and M10), and hot strength (CSR) of

the coke, and the coke’s reactivity (CRI).

One of two variants can be used to calculate the properties of the sinter: a calculation performed for a specified sin-

ter basicity (the consumption of limestone is determined); calculation of the composition of the sinter for a known flux con-

sumption. The composition of the sinter is calculated on the basis of a system of two equations: the mass-balance equation

and the equation for the sinter’s basicity.

One of the main functions of the information-modeling system is determination of the slag regime (the properties of

the primary slag and the final slag) during smelting in the base period and a selected planning period. Figure 2 shows the

structure of the model used to calculate the parameters of the primary slag.

The first assumption made in calculating the composition and volume of the primary slag is that direct reduction of

ferric oxide takes place at temperatures above 1000°C. As a result, the content of carbon monoxide at this temperature (FeOpr)

is determined by the degree of direct reduction that takes place; the second assumption made was that the coke ash and the

fluxes do not take part in primary slag formation and can therefore be ignored when calculating the composition and volume

of the slag; the third assumption was that the content of iron monoxide depends exponentially on the temperature of the melt.
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Fig. 3. Structure of the model used to calculate the parameters of the final slag.



The temperature corresponding to the beginning of softening (melting) Tbm and the final melting point Tf were cal-

culated with the use of literature data and well-known empirical equations. In determining the temperature range corre-

sponding to the region in which materials are in the viscoplastic state and the thickness of the layer of materials in that state

hvp, we assumed that gasdynamic loading of the viscoplastic zone begins to form a layer of iron-ore-bearing materials at the

moment the degree of contraction of the layer reaches 50%. It was also assumed that the temperature in the lower heat-transfer

stage changes exponentially.

Thus, the model that has been proposed makes it possible to determine:

the temperature range and thickness of the zone in which the iron-ore-bearing materials are in the viscoplastic state;

the change in the composition of the primary slag over its height;

the change in viscosity through the thickness of the zone occupied by iron-ore-bearing materials in the viscoplastic state;

The properties of the final slag are modeled in modules that execute the following steps:

1) determine the volume of the final slag, its composition, and its viscosity polytherm (the dependence of the vis-

cosity of the slag on its temperature);

2) calculate the desulfurizing ability of the slag and the sulfur content of the pig iron; and

3) perform a diagnostic analysis of the slag regime.

Figure 3 shows the structure of the model used to calculate the parameters of the final slag.

The volume and composition of the slag (the slag’s contents of CaO, SiO2, Al2O3, MnO, MgO, and TiO2) are cal-

culated by using the mass-balance equation for the main chemical elements and their compounds. The amount of slag formed

is calculated based on the balance of the slag-forming elements. Analytic calculation of slag viscosity is done by mathemat-

ically analyzing the diagram of the ternary slag system CaO–Al2O3–SiO2 at 1400 and 1500°C within the range of slag vis-

cosities actually encountered in blast-furnace smelting and by also using the temperature dependence of the viscosity of

homogeneous slag melts. A correction was introduced for the slag’s content of other oxides (MgO, etc.).

The parameters of the resulting viscosity polytherm are:

the melting point of the slag – the temperature (tsl
2.5) at which the viscosity of the slag is equal to 2.5 Pa·sec (25 poise);

the slag temperature tsl
0.7 that corresponds to the limitingly allowable viscosity of the slag, which is conditionally taken to be

0.7 Pa·sec;

the viscosity of the slag ηsl at prescribed tapping temperatures of 1400°C – ηsl
1400 – and 1500°C – ηsl

1500;

the gradients of slag viscosity (Δη0.7
2.5, Δη1400

1500): Δη0.7
2.5 shows how quickly the slag loses its mobility in the low-tem-

perature region (a “short” or “long” slag), this parameter being numerically equal to the change in the viscosity of the slag

when its temperature increases by one degree within the slag viscosity range 2.5–0.7 Pa·sec (P/°C); Δη1400
1500 shows how stable

the slag is in the range of final (working) temperatures, this parameter being numerically equal to the change in the viscosity

of the slag when its temperature changes by one degree in the range from 1400 to 1500°C (P/°C).

Evaluating the desulfurizing ability of the slag and predicting the sulfur content of the pig iron. The change in the

sulfur content of the pig iron is calculated on the basis of the sulfur balance, which is composed of all of the sulfur-bearing

components of the charge, the slag, and the pig iron. The ratio of the sulfur distribution coefficient in the planning period LS
to the sulfur distribution coefficient in the base period LS

B is determined from an equation obtained by analyzing experimen-

tal data from the operation of blast furnaces at the Magnitogorsk Metallurgical Combine [8, 9]:

where

In the above equations, the superscript “B” indicates that the value of the parameter is calculated by using current

data for the base period; the values of parameters without a superscript are for the planning period.

A a b b a t t a a
f f

P P
a U U= + − − +

⎛

⎝
⎜
⎜

⎞

⎠
⎟
⎟
+ −0 1 2 3 4log( / ) ( ) log( / ) log

/

/
( ).B sl sl

B B [S] [S]
B

CO CO
B Bη η

log( / ) , ,L L A L L A
S S

B
S S

B= = 10

108



Modeling the gasdynamic regime. The goal of modeling here is to evaluate the effect of the parameters of the blast

and the charge on the pressure gradient in the furnace. Figure 4 shows the structure of the model of the gasdynamic regime,

including the blast.

Gasdynamic processes are modeled by using the well-known Ergun equation, which makes it possible to assess how

the stability of the layer of charge materials is affected by the parameters of the charge, gas, and melt and the character of the

interactions between the these flows. The degree to which the charge is balanced by the gas (DB) was chosen as the criteri-

on to evaluate the stability of this layer as it is acted upon by the gas flow.

Determining the optimum composition of the charge and choosing efficient values for the parameters of the blast

inevitably entails the solution of optimization problems, since a number of limiting parameters need to be taken into account

when selecting the optimum control actions. In the general case, these limitations reduce to the following:

• ensuring that the furnace is in its normal thermal state;

• instituting an efficient gasdynamic regime;

• ensuring a normal slag regime; and

• obtaining pig iron with a sulfur content in the allowable range.

The limitations on the following parameters were taken into account in solving the optimization problems: the the-

oretical combustion temperature at the tuyeres Tt; the degree of balancing of the stock by the gas flow DB; ηsl
1400; ηsl

1500;

Δη0.7
2.5; Δη1400

1500; the sulfur content of the pig iron [S]. The limitingly allowable values of the parameters Tt, DB, ηsl
1400, ηsl

1500,

Δη0.7
2.5, and Δη1400

1500 were determined by performing an expert analysis of these parameters’ numerical values in base periods

characterized by good gasdynamic and slag regimes. Such a approach makes it possible to adapt the model to the actual smelt-

ing operation by formalizing the experience of engineers, technicians, and furnace operators. The following variants were
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Input of parameters:

- design dimensions of the furnace;
- regime parameters and parameters of the blast;
- parameters of the charge;
- smelting products

Determination of gasdynamic characteristics:

- gas-flow filtration velocity;
- height of the stock;
- top-gas density;
- equivalent diameter of the coke lumps;
- porosity of the coke layer;
- equivalent diameter of a lump of sinter;
- porosity of the layer of sinter, equivalent diameter of a lump
  of the charge;
- coefficient characterizing the resistance of the stock to gas flow;
- determination of the degree of balancing of the charge by the
  gas flow;
- calculation of the critical gasdynamic parameters

Change:
- granulometric composition of the sinter;
- granulometric composition of the coke;
- parameters of the combination blast;
- top-gas pressure;
- unit slag yield

Planning period

Adjustment:

- of the critical degree of balancing;
- of the losses of blast;
- of coke temperature at the tuyeres

Base period

Result:
- degree of balancing of the charge;
- wind rate (measurement data and the critical
  value);
- gas filtration velocity in: the hearth, the bosh,
  the top;
- dependence of the pressure gradient on wind rate

Result:

- upper pressure gradient (base, target);
- lower pressure gradient (base, target);
- total pressure gradient (base, target);
- increment of productivity;
- dependence of the pressure gradient on wind rate
  (base, target)

Fig. 4. Structure of the model of the gasdynamic regime.



used as the objective functions: minimum coke rate; maximum productivity; the convolution of these criteria, with possible

adjustment of the weight factor.

The software that has been developed for engineering-production personnel in blast-furnace shops and the research

departments of metallurgical plants to manage sinter-ore materials (SOM) and optimize the composition of sintering-machine

charges consists of a complex of interactive (dialog-based) program modules which are informationally linked to one anoth-

er and are incorporated into a single shell program. The modules perform the following functions:

1) generate a set of data on the actual operating parameters of a blast furnace (or the shop as a whole);

2) establish a set of theoretical parameters and evaluate the status of the smelting operation during the base period;

3) generate a set of data on the operation of the blast furnace (or the shop) in order to plan production operations

and predict changes in the operating indices of individual furnaces and the shop as a whole;

4) establish a set of theoretical parameters to characterize the status of the smelting operation when there are fluc-

tuations in the fuel- and raw-material-dependent operating indices of the furnaces, changes in the smelting parameters, and

changes in the requirements on the chemical composition of the smelting products;

5) using tables and graphs, visualize the operating indices of the blast-furnace shop for a period of time designated

by the software’s user during data entry and compare the performance of different furnaces; and

6) diagnose the gasdynamic, thermal, and slag regimes of the operation of a furnace (or the shop) during different

periods.
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Fig. 5. Architecture of an information-modeling system for selecting the composition of the

iron-ore-bearing components of the charges used in sinter production.



Multivariate modeling is performed to model the projected (planning) period. In the general case, when there are

changes in the supply of iron-ore-bearing raw materials for blast furnaces, in the iron-ore bearing components of the sinter-

ing-machine charge, and in the properties of the coke, an efficient smelting regime can still be maintained by resorting to mul-

tivariate correction of the following:

• the composition of the iron-ore-bearing part of the sintering-machine charge;

• the consumption of fluxes (limestone, dolomite) in the sintering-machine charge;

• the consumption of fluxes (limestone, quartzite, etc.) in the blast-furnace charge;

• the proportions of the components of the iron-ore-bearing part of the blast-furnace charge;

• the parameters of the normal blast and the parameters of the combination blast;

• any combination of the variables just mentioned.

Judging from the example of the automated process control system at the Magnitogorsk Metallurgical Combine,

roughly 300 different parameters need to be measured and calculated in order to provide the volume of information that is

required to solve the problems being discussed in this article. The creation of powerful distributed databases at a number of

metallurgical plants, the formation of a shared information space based on the industrial and computational networks which

serve the entire sintering/smelting complex, and integration of that space into the corporate network at the plant satisfy the

prerequisites for subsequent use of the model and the software that have been developed.

Using computers to perform the necessary calculations makes it possible to obtain results for base periods and plan-

ning periods of unlimited duration and for any combination of base period and planning period. The software of the infor-

mation-modeling system was created using modern three-branch architecture (Fig. 5) [13].

In this type of architecture, in addition to the client and the database server there is an applications server which

functions as an intermediate branch. Such a scheme has well-known advantages in regard to integrating the software into a

single information space at a large metallurgical plant. There is also auxiliary software that makes it possible to automatical-

ly create files with initial data in order to perform calculations based on the performance data in the factory’s main database.

When a file of data on the performance of the shop during the base period is being created, the initial information

on the parameters and indices of the smelting operation are automatically retrieved from the database. Predicting the shop’s

performance indices in the dialog regime makes it possible to estimate the changes in those indices when there are fluctua-

tions in the fuel/raw-material conditions, changes in the smelting parameters, or changes in the requirements on the chemical

composition of the smelting products.

Conclusion. The software that has been developed is designed to automate the work station of production person-

nel in the blast-furnace shop. Use of the software has demonstrated the adequacy of the model which was built and the pos-

sibilities for its adaptation and for revising the application package to reflect the specific operating conditions of the system.

When used in the “advisory” regime, the software makes it possible to select the types and quantities of the materials that

should be procured in order to realize the necessary slag regime. The software can also be used to evaluate the gasdynamic

regime and the technical-economic indices of the smelting operation.
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