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Abstract: The study of blast furnace melting practice in a 5000 m* furnace
using pulverized coal fuel allowed us to establish the key factors that cause
deformation and burnout of lances and coolers. The reasons are the
asymmetry of the combustion zone in front of the lances and the violation
of gas dynamics associated with the uneven supply of blast and fuel, which
directly affects the temperature distribution and gas composition. The
above processes, in turn, are caused by the uneven supply of blast and
pulverized coal fuel to the lances, which causes variations in the
theoretical combustion temperature and changes in the volume of furnace
gas along the circumference and radius of the furnace. Accordingly, when
determining the optimal consumption of blast additives, focusing only on
the theoretical combustion temperature, as a universal indicator of the
state of temperature-oxidative conditions in the lance zone, is
methodologically limited. This is especially true in cases of significant
changes in the initial melting parameters, when the use of standard
methods does not allow to ensure the required accuracy of calculations.
This work aims to create methodological principles for calculating the
theoretical fuel combustion temperature, taking into account
stoichiometric ratios and fuel characteristics based on the results of
technical analysis, as well as actual blowing parameters in conditions of
replacing part of the coke with natural gas and pulverized coal fuel. The
developed method allows to determine the theoretical fuel combustion
temperature in tuyeres of combustion zones when supplying natural gas
and/or pulverized coal fuel, using operational information on the blowing
parameters and fuel component consumption, which are recorded by
automation systems and control and measuring devices on the blast
furnace control panel. The introduction of this method provides the
possibility of accurate calculation of the furnace gas output and theoretical
combustion temperature, which is the basis for effective optimization of
the blowing mode, with special emphasis on modes using pulverized coal
fuel.

Keywords: blowing, blowing mode, theoretical combustion temperature,
combustion zone natural gas, pulverized coal fuel, furnace gas.
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Abstract: The study of blast furnace melting practice in a 5000 m?* furnace using pulverized coal fuel
allowed us to establish the key factors that cause deformation and burnout of lances and coolers. The
reasons are the asymmetry of the combustion zone in front of the lances and the violation of gas
dynamics associated with the uneven supply of blast and fuel, which directly affects the temperature
distribution and gas composition. The above processes, in turn, are caused by the uneven supply of
blast and pulverized coal fuel to the lances, which causes variations in the theoretical combustion
temperature and changes in the volume of furnace gas along the circumference and radius of the
furnace. Accordingly, when determining the optimal consumption of blast additives, focusing only
on the theoretical combustion temperature, as a universal indicator of the state of temperature-
oxidative conditions in the lance zone, is methodologically limited. This is especially true in cases of
significant changes in the initial melting parameters, when the use of standard methods does not allow
to ensure the required accuracy of calculations. This work aims to create methodological principles
for calculating the theoretical fuel combustion temperature, taking into account stoichiometric ratios
and fuel characteristics based on the results of technical analysis, as well as actual blowing parameters
in conditions of replacing part of the coke with natural gas and pulverized coal fuel. The developed
method allows to determine the theoretical fuel combustion temperature in tuyeres of combustion
zones when supplying natural gas and/or pulverized coal fuel, using operational information on the
blowing parameters and fuel component consumption, which are recorded by automation systems
and control and measuring devices on the blast furnace control panel. The introduction of this method
provides the possibility of accurate calculation of the furnace gas output and theoretical combustion
temperature, which is the basis for effective optimization of the blowing mode, with special emphasis
on modes using pulverized coal fuel.
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Introduction

Despite the development of alternative metallurgical technologies for direct iron production,
the blast furnace still remains the main technological unit for the production of liquid iron. Given the
growing shortage of coal suitable for the coking process and the improvement of environmental
protection measures, the strategic task of the ferrous metallurgy of Ukraine is to reduce the level of
coke consumption in the production of iron. The main role in solving this problem, as before, belongs
to blast furnace production, as the main consumer of coke.

Thanks to the efforts of scientists and blast furnace technologists, blast furnace smelting
technology has undergone significant improvements over the past 50 years. Thus, the specific coke
consumption has decreased from 0.9 to 0.3 t/t of pig iron, and the specific blast furnace productivity
has increased from 1.3 to 3.2 t/(m3-day). It is important to note that such a significant reduction in
the specific coke consumption was achieved through the introduction and improvement of blast
furnace smelting technology using pulverized coal fuel to replace part of the coke.

Pulverized coal fuel was first used in Eastern European plants in the 1970s. Significant results
from the use of this technology have been achieved at plants in Japan, the USA, Germany, China and
other countries.

In Ukraine, the operation of blast furnaces with the injection of pulverized coal fuel was started
back in 1963 at the Donetsk Metallurgical Plant (DMZ). This technology went through the stages of
experimental and pilot-industrial operation (1968-1978), and since 1980, on the basis of the first
industrial installation in Europe, the technology of joint injection of natural gas and pulverized coal
fuel into the furnace using oxygen-enriched blast was mastered, which allowed replacing up to 35%
of blast furnace coke.

However, some negative aspects of this technology have already become clear today. Replacing
coke with pulverized coal fuel significantly increases the requirements for the quality of iron ore
charge materials (strength, fines content, iron content), coke (post-reaction strength, reactivity, ash
and sulfur content, narrow fractional composition), pulverized coal fuel (ash and sulfur content,
reactivity), parameters of blast and slag melting modes (oxygen content in the blast, blast
temperature), devices and automation systems that provide operational technological control.

The fuel combustion temperature in the tuyeres of a blast furnace is one of the most important
technological parameters of smelting. It is the initial temperature of the gas flow, on which the
efficiency of using its thermal and chemical energy in the working space of the furnace depends.
Given the technical complexity of continuous and direct measurement of the fuel combustion
temperature in the furnace, it is currently most often calculated, thus determining the so-called
theoretical (adiabatic) combustion temperature.

A number of studies (Novokhatskii, 2018), (Bol ’shakov, 2009), (Rostovskii, 1998), (Wu, 2011)
have shown that the theoretical fuel combustion temperature in the tuyeres of a blast furnace is one
of the main generalizing indicators, based on the calculation control of which rational values of the
blowing mode parameters are determined.

The process of calculating and controlling generalizing theoretical indicators that characterize
the operation of the gas flow in the furnace hearth, and therefore the gas-dynamic processes along the
height of the furnace, becomes particularly relevant in modern blast furnace smelting with pulverized
coal fuel injection into the furnace hearth. This is explained by the fact that the technology of blast
furnace smelting with pulverized coal fuel injection, despite its high efficiency, is in many cases quite
complex. To eliminate the problems and technological risks of implementing the technology of blast
furnace smelting with pulverized coal fuel injection, it is necessary to implement measures for full
and comprehensive compensation of the negative impact on blast furnace smelting of removing a
large amount of coke from the charge and feeding coal dust into the furnace, which are given in the
scientific and practical literature (Chaika 2019).
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In blast furnaces, the theoretical combustion temperature of fuel in tuyeres is calculated using
approximate formulas, for example, using the empirical formula developed with the participation of
specialists from the Z.I. Nekrasov Institute of Ferrous Metallurgy, which is given in the reference
literature:

Te= 2000 + 0,75(ta- 1100) + 40(2,0 - 9 +50(e - 25,0) + 53(9,0 - D) - 26 KG - 4,0M, °C, (1)

where ® — oxygen concentration in the blast, %; ¢ — humidity of the blast, %; D — natural gas
consumption, % in the blast; tq — blast temperature, °C; KG — coke oven gas consumption, % in the
blast; M — fuel oil consumption, g/m? of the blast.

However, according to Professor Tarakanov A.K. and co-authors (Tarakanov (2015)), this
equation often gives inflated results in modern conditions, which in turn prevents blast furnace
technologists from rationally increasing the theoretical temperature.

Also, approaches are proposed for calculating the theoretical combustion temperature, taking
into account the elementary analysis of the injected fuel, changes in the blowing parameters and the
amount of additional fuels. Thus, the theoretical combustion temperature of coke and additional fuel
in a blast furnace, in the most common cases, is proposed to be determined by the formula:

0,9341t

w
bt 8208w — go(2402 - 1,2177tb )— (1,9322 +2,235W )Sp -

It =
1+a)+2¢+(o,0012+0,0013WWjSp

—(0,39+2,2175C¢")Ss — 267385 +94,76
+0,0005Ss +2,026S5g

, °C, )

where t, — blast temperature, °C; ® — oxygen content in the blast, m*/m?; ¢ — moisture content
in the blast, m*/m?3; Sp, Ss, Sg — consumption of liquid, solid and gaseous fuel, m*/m?*; WY — humidity
of the working fuel, units; CPs — carbon content in solid fuel, units.

However, it should be noted that the elemental analysis of fuel, unlike the technical one, is quite
complicated, so it is carried out relatively rarely and is most often limited to conducting a technical
analysis. Therefore, the coefficients of equation (2) are most often calculated on the basis of averaged
data of the elemental analysis of solid and liquid fuel. Therefore, we believe that with an unstable raw
material base of modern metallurgical enterprises, the use of this equation may reduce the correctness
of the results obtained.

Taking into account the elemental compositions of pulverized fuel for blast furnace smelting,
it is necessary to recalculate the coefficients in the calculation formulas that depend on the
compositions. In particular, the carbon content in the working fuel varies from 0.5287 to 0.7979
kg/kg, ash content from 0.0634 to 0.3555 kg/kg, etc., which, naturally, requires recalculation of the
coefficients included in expression (2), and therefore complicates the calculation control of the
furnace operation parameters.

The theoretical combustion temperature can be determined from the well-known equation given
in the textbook (Efimenko (1981)), in which all the values included in it are related to 1 kg of carbon
burning in the lances:

9797 +my -qo +V, -|C, +0-Cra0 )15 —10806-
Tr =273+ g 95 +Va |Cy+o-Cryo)th I o)
Vg'Cg
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where 9797 — heat of combustion of coke carbon to CO, kJ/kg; mg — natural gas consumption
per 1 kg of carbon burned in the tuyeres, m*; qg — total thermal effect of transformations of gaseous
fuel components in the combustion zone, kJ/m?; V4 — dry blast consumption per 1 kg of carbon burned
in the tuyeres, m?; t, — blast temperature, °C; ¢ — blast humidity, d.u.; Cb, Cu.0, C¢ — heat capacity of
the blast, moisture and gas, kJ/(m?3-grad); 10806 — thermal effect of the endothermic decomposition
process of 1 m? of moisture, kJ; V, — total amount of gases formed in the tuyeres, per 1 kg of carbon
burned in the tuyeres, m>.

This expression is quite widely used in theoretical calculations. However, according to
Professor Lyaluk V.P. (Lyalyuk (2019), in this case, the enthalpy of coke carbon entering the
combustion zone and the heat transfer from combustion products to liquid smelting products are not
taken into account. In addition, calculating the estimated values related to 1 kg of carbon burned in
the lances is not difficult if there is a material balance, but is quite problematic in cases where it is
necessary to control the value of the theoretical combustion temperature under production conditions
or conduct an analysis based on production data.

According to Professor Tovarovskii 1.G. (Tovarovskii (2016), when determining the possible
consumption of any blowing additive, it is convenient to proceed from changes in the theoretical
combustion temperature, which, as a complex parameter of the blowing mode, characterizes the
temperature-oxidative conditions of the transformations of fuel additives in tuyeres. In this sense, the
orientation towards preserving the values of the theoretical combustion temperature tested in practice,
in the event of an increase in the consumption of the additive, should be considered justified.

Therefore, as the analysis showed, modern methods for determining the theoretical combustion
temperature of fuel in the blast furnace hearth are not reliable enough with significant fluctuations in
the input melting conditions (additive consumption, temperature and blast flow, oxygen concentration
in it).

The purpose of this work is to develop methodological approaches to determining the
theoretical combustion temperature of fuel using actually controlled blowing parameters when
blowing natural gas and PCI into the blast furnace furnace based on stoichiometric ratios and data
from technical analysis of fuel. Deriving complex formulas for calculating the theoretical temperature
and furnace gas yield when using pulverized coal fuel and natural gas together will allow determining
their values when using them separately.

Materials and Methods

During the study, an analysis of data from special literary sources was conducted regarding
modern ideas about the features of blast furnace smelting when pulverized coal fuel is injected into
the furnace, as well as methods for calculating the theoretical combustion temperature as one of the
complex indicators of the thermal state of the furnace. When developing methodological approaches
to determining the theoretical combustion temperature of fuel using actually controlled blowing
parameters when natural gas and PCI are injected into the furnace, stoichiometric ratios and data from
technical analysis of fuel were used.

Results

The conducted studies (Lyalyuk (2017) of the results of the implementation and development
of the technology of blast furnace smelting with the injection of pulverized coal fuel in a blast furnace
with a useful volume of 5000 m* of PJSC "ArcelorMittal Kryvyi Rih" allowed us to determine the
causes of frequent cases of deformation and burning of air lances and coolers, which include
significant unevenness of the length of the combustion zones in front of the lances along the
circumference of the furnace and irrational changes in the distribution of the gas flow along the radius
of the blast furnace.
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In April 2016, measurements of the pulverized coal fuel consumption by tuyeres were
performed at blast furnace No. 9 with a volume of 5,000 m?® of PJSC "ArcelorMittal Kryvyi Rih",
which revealed significant unevenness in its distribution (fuel consumption between several tuyeres
differed by 63%). Taking into account the above, the presence of a large unevenness in the distribution
of blast flow rates by tuyeres, theoretical temperature and furnace gas output along the circumference
and radius of the blast furnace hearth was also recorded.

The uneven distribution of the blast on the lances around the circumference of the blast furnace
significantly affects the distribution and formation of combustion centers near the air lances in the
furnace, the depth of gas flow penetration into the center of the furnace, the change in the temperature
field along the radius of the furnace, the configuration and location of the cohesion zone, the chemical
composition of the gas flow and the physical state of condensed materials, the unevenness of the
charge convergence, the furnace profile, etc., which, in turn, affects the smoothness of the blast
furnace run, its productivity, specific coke consumption and the quality of pig iron.

Thus, the implementation of the technology of pulverized coal fuel injection in a blast furnace
with a volume of 5000 m® of the enterprise “ArcelorMittal Kryvyi Rih” showed significant
uncertainty in the change in the size of the combustion zones in front of the furnace lances and the
distribution of the gas flow along the radius of its furnace when implementing the technology of
pulverized coal fuel. This became the prerequisite for the development of a method for determining
and controlling the theoretical combustion temperature and other complex indicators of air, combined
blast and furnace gas for the technology of pulverized coal fuel injection into the blast furnace.

As is known, the theoretical combustion temperature of fuel is calculated as the ratio of the heat
input (the sum of the enthalpy of the blast, the heat of fuel combustion, and the enthalpy of coke
entering the lances) to the volume of lance gas formed and its specific heat capacity.

In general, the theoretical combustion temperature can be calculated using the equation:

Os

Vg 'Cg

(4

T

where Qs — total heat input from fuel combustion (coke carbon, natural gas and pulverized coal
fuel), kJ/s; Vg — furnace gas output, m*/s; Cy — heat capacity of furnace gas, kJ/m?*-deg.
Heat generation through combustion of natural gas:

Qg 1700, KJ//s,

where Q. — natural gas flow rate, m®/s; 1700 — thermal effect of the combustion reaction of 1
m?® of natural gas, kJ/m?>.
Considering the stoichiometric ratios, when natural gas is burned according to the reaction:

CH4+ 0,50, + ENZ =CO +2H;+ ﬁ N>
2 2
oxygen consumption of the blow:

1-0p
O - 10,5+ , m’/s,
? {Qg ( 20, H

where B — nitrogen content in dry blast, m*/m?3, O, — oxygen content in dry blast, m*/m?.
Accordingly, the remaining oxygen is consumed for the combustion of coke carbon and
pulverized coal fuel:
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1-0
0 - {Qb Og- (05 2022H,m/s,

where Qp is the normalized blast flow rate, m?/s.
In this case, heat is released:

10521,9-0, - {Qb Og- (05 IZOOzﬂ,kJ/s,
2

where 10521.9 is the thermal effect of burning carbon per 1 m? of oxygen.
The remaining oxygen burns carbon:

1-0p || 12
O 0,5+ —, kg/s.
2" {Qb Og- [ 20, ﬂ 112 g

Heat content of burnt carbon of coke heated to 1400 °C:

1400-1,6{02.{Qb—Qg(O,Mr%j 11122} Y- Cy} KJ/s,

where 1.6 is the average heat capacity of carbon at 1400 °C, kJ/kg-grad; Y is the coal
consumption, kg/s; Cy is the average carbon content in coal, units.
Assuming the average carbon content for gas coal to be 67.0%, we obtain:

240-01 | 030y (0502 |2 075

where the term 0.67-Y — takes into account that the coal enters the combustion zone cold.
Heat arrival with heated blast:

14-Q 1, kIs,

where 1.4 is the average heat capacity of the blast in the temperature range of 1000-1200 °C,

kJ/m?3-degrees; ty is the blast temperature, °C.
Heat is consumed for the dissociation of moisture in the blow:

Qv-10806-¢, kJIx,

where 10806 — thermal effect of moisture dissociation, kJ/m?; ¢ — humidity of the blast, m3/m?
The following heat is consumed for the melting and slag formation of pulverized coal ash:

Cshl - Apcr -mpCy » K,
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where Csni — heat capacity of slag formed during the melting of pulverized coal ash, kJ/(kg-deg)
(in the subsequent calculation Cgn is assumed to be = 1700 kJ/(kg-deg)), Apci — ash content in
pulverized coal fuel, units.

The output of furnace gas during gas combustion according to the reaction:

CH4+ 0,50,=CO + 2Ha:

1-0y
d3+—=.
Ce ( 20 J

Furnace gas output from the combustion of coke carbon and coal:
1-0p 1-0p
2+ : -0y -1 0,5+ O, m’/s
( 02][% Qg( 202ﬂ2

Furnace gas output due to dissociation of blast moisture:

1,5-Qp-@, m3/s

Therefore, the general equation for calculating the output of furnace gas (Vr) during fuel
combustion has the form:

Vf Qg (34—12 gzzj ( 1032] {Qb Qg (05+IO§2J}'02+1,5Q]9~¢.

Along with the blast furnace gas formed in the blast furnace during the combustion of carbon
and hydrocarbons of the fuel and the dissociation of the moisture of the blast, volatile substances of
pulverized coal fuel and nitrogen, which performs the function of a carrier gas for pulverized coal
fuel, are added to the total volume of the blast furnace gas. If we assume that the composition of
volatile substances released in the blast furnace furnace corresponds to the composition of coke oven
gas, then the heat capacity of volatile substances can be calculated according to the data given in the
reference books for calculating equipment for capturing chemical coking products. That is, the
average isobaric heat capacity of the mixture of gaseous compounds released in the furnace from
pulverized coal fuel in the temperature range of 800-1227 °C is 2.252 kJ/m?3-degree.

Taking into account the heat capacity of gases released from volatile substances of coal, the
carrier gas of pulverized coal fuel (nitrogen) and the heat consumed for slag formation from
pulverized coal fuel ash, the general equation for calculating the theoretical combustion temperature
when natural gas and pulverized coal fuel are injected into the furnace furnace can be presented in
the following form:

1700-Qpg +10521,9- OZ{Qob Oog 05+ }+14 Oob ' 1h +
1-0p 1-0p o))
L5-913+ 05+ Oy +15- -Qr+
{( 20 ong ( 0, j {Qob Qog( 202 H 2 Qob (0}

+2340-0, [Qob ~0Oog (0,5 + 12_0022

+(1,42-ON +2,252- V) -mpcy

Tr =273+

j—0,67'Y}—10806Qob ¢=Csphl - APCI "M PCI
, (5)
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where 1.5 — heat capacity of furnace gas, kJ/m?-deg; 1.42 — average heat capacity of nitrogen
in the temperature range 100-1227 °C, kJ/nm?-deg; Qn: — specific flow rate of nitrogen carrier, m3/kg
of pulverized coal fuel; 2.252 — average heat capacity of dry coke oven gas in the temperature range
800-1227 °C, kJ/nm?-deg, which is determined by the gas composition and average heat capacities
of the components; V¢ — yield of volatile substances of coal, d.u.

In order to assess the impact of changing the GCA flow rate on the value of the theoretical
combustion temperature, we performed calculations of this theoretical indicator using the equation
for the operating conditions of a blast furnace with a useful volume of 1033 m? using the proposed
equation (5).

The following actual performance indicators of blast furnace No. 1 were selected as initial
parameters for the calculation: Qp — 2021 m*/minute; t, — 1067 °C; Oz — 22.5%; ¢ — 0.01 m*/m?; Q,
— 75.2 m3/t of pig iron. The following were taken as quality indicators of pulverized coal fuel: ash
content (A) — 9%; volatile matter yield (V¢) — 24%; Qnz — 0.75 m*/kg of pulverized coal fuel.

Calculations of the theoretical combustion temperature were performed when changing the
pulverized coal fuel consumption from 0 to 300 kg/t of cast iron with a step of 50 kg/t of cast iron for
two options for natural gas consumption: 75.2 and 0 m3/t of cast iron. As a result of the calculations,
it was found that with an increase in the consumption of pulverized coal fuel from gas coal from 0 to
300 kg/t of cast iron, the theoretical combustion temperature without natural gas injection decreases
by 357 °C, at a natural gas consumption of 75.2 m3/t — by 301 °C, which, other things being equal,
corresponds to a decrease of 1.2 °C/m? of natural gas and 1.0 °C/kg of pulverized coal fuel from gas
coal.

Conclusions

1. Based on stoichiometric ratios and data from technical fuel analysis, methodological
approaches have been developed to determine the theoretical combustion temperature of fuel based
on the actually controlled blowing parameters when blowing natural gas and PCI into the blast
furnace.

2. It was found that with an increase in the consumption of pulverized coal fuel from gas coal
from 0 to 300 kg/t of cast iron, the theoretical combustion temperature without natural gas injection
decreases by 357 °C, with a natural gas consumption of 75.2 m*/t — by 301 °C, which, other things
being equal, corresponds to a decrease of 1.2 °C/m? of natural gas and 1.0 °C/kg of pulverized coal
fuel from gas coal.

3. Based on the developed methodology for determining the furnace gas yield and theoretical
fuel combustion temperature using actually controlled blowing parameters, it is possible to solve
practical problems related to optimizing the blowing parameters of blast furnace smelting, especially
when injecting pulverized coal fuel.
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