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Abstract. The purpose of this work was to study the possibility of correcting the shape and position of
the plastic zone, as the main element of the structure of the burden column in a blast furnace, by
controlling its loading mode. To achieve this goal, a new method has been developed for determining
the coordinates of the lines of softening and melting of the burden based on information about the gas
temperature above the surface of the charge and the characteristics of the distribution of burden
materials, a criterion for the technological assessment of the cohesive zone has been proposed, and the
relationship between its thickness and the distribution of the burden has been studied. Important results
are the established connections between the coordinates of the softening and melting lines with the gas
temperature above the surface of the charge and the characteristics of the distribution of burden
materials, as well as the development of a criterion for the technological assessment of the formed
cohesive zone and the justification for the possibility of adjusting its parameters by changing the
distribution of charge components with the calculation determination of the composition and prediction
of high-temperature properties of their mixtures in different zones of the furnace. The significance of
the obtained results lies in the justification of the possibility and solution of the problem of improving
the parameters of the cohesive zone by adjusting the charge loading regime to ensure the energy
efficiency of the blast furnace process.
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elementul principal al structurii de incarcare a furnalului, prin controlul regimului de incarcare. Pentru a atinge
acest obiectiv, a fost elaborata o nouad metoda de determinare a parametrilor zonei de coeziune bazata pe informatii
despre temperatura gazului deasupra suprafetei de incarcare si compozitia incarcaturii in diferite zone ale
furnalului, un criteriu de rationalitate pentru zona de coeziune, a fost propusa si a fost studiatd relatia dintre
grosimea zonei de coeziune si distributia sarcinii. Rezultatele importante includ stabilirea conexiunii dintre
coordonatele liniilor de inmuiere si topire cu temperatura gazului deasupra suprafetei de incarcare si caracteristicile
distributiei componentelor de incarcare. Dezvoltarea criteriului de rationalitate pentru zona de coeziune si
cu calculul preliminar al compozitiei amestecului componentelor de sarcind in diferite zone ale cuptorului si
prezicerea temperaturii lor ridicate proprietitile sunt, de asemenea, rezultate semnificative. Semnificatia
rezultatelor obtinute consta in justificarea posibilitétii si solutiondrii problemei imbunatatirii parametrilor zonei de
coeziune prin ajustarea regimului de incarcare a sarcinii pentru a asigura eficienta energetica a procesului de furnal.
Se aratd ca corectarea parametrilor zonei plastice, alegerea directiei si marimii actiunii de control in fiecare caz
specific ar trebui sa se bazeze pe rezultatele modelarii matematice a distributiei materialelor de sarcind de-a lungul
razei varfului, determinand compozitia amestecurilor de componente de sarcina in diferite zone ale cuptorului si
prezicerea proprietatilor lor la temperatura ridicata, precum si tendintele de modificare a acestor proprietati la
modificarea compozitiei componentelor amestecului.

Cuvinte-cheie: furnal, sarcind multicomponentd, amestecuri, caracteristici de temperaturd ridicata, zona de
coeziune, linii de topire si dedurizare, criteriu, control.
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YcoBepuieHCTBOBAHHE CTPYKTYPhI CT0J10a NIUXTHI MyTeM YIPABJICHHS PEKHMOM 3arpy3KH
MHOTOKOMIIOHEHTHO! IIMXTHI B JOMEHHYIO NleYb
MypasbeBa U.I'., UBanuya H.T'., lllep6aues B.P., Bumnsikos B.!., Epmosmnna E.I1.
WucturyT yepHoit Metaintyprun uM. 3.11. HekpacoBa HanmonanpHO# akanemun HayK YKpauHsl, T. J{Hemp,
VYkpauna

Annomayua. llenpio HacTosAmend pabOTHI SIBISUIOCH MCCIECIOBAaHHE BO3MOYKHOCTH KOPPEKTHPOBKH (OPMBI H
TIOJIO’KCHHUS TTACTHIHON 30HBI, KAK OCHOBHOTO JIEMEHTA CTPYKTYPHI CTOJI0A IIMXTHI B JOMEHHOU €M, ITyTEM
YIPaBICHUSI PEXUMOM €€ 3arpy3kd. [ MOCTIKEHMS IOCTaBICHHOW Henu pa3paboTaH HOBBIH METOX
oTpezieIeHust KOOPIMHAT JIMHUI pa3MArdeHus ¥ IUTaBJICHHS IIMXTHl HA OCHOBaHUM MH(OpPMALUK O TeMIIeparype
rasa HaJ| MOBEPXHOCTHIO 3aCBIMH (TEMIIEpaType MOBEPXHOCTH 3aChIM) M XapaKTEPUCTUKAX paclpeaeieHus
HIMXTOBBIX MAaTE€PUAJIOB B COUETAHUU C MCIOJIb30BAHUEM Psa MaTEMaTHUECKUX MOJENeH, MpeUIoKeH KpuTepuil
JUISL TEXHOJIOTMYECKON OLEHKH C(OPMHUpOBaBIIEHCS MIACTHYHOW 30HBI, MCCIIJIOBAHA CBSI3b €€ TOJIIMHBI C
COJIEpKAHUEM KOMIIOHEHTOB IIUXTHI B PA3JIMUHBIX 30HaX JOMEHHOM neun. BakHbIM pe3ysIbTaTOM BBITIOTHEHHBIX
pPacueTHO — aHAJIUTUYECKUX UCCIICAOBAaHUN SABISIOTCA KOPPESIMOHHbBIE CBA3M KOOPAMHAT JIMHUM IIABJICHUS C
TEMIIEpaTypold Ta3a HaJ IOBEPXHOCTHIO 3aCHIIM B COOTBETCTBYIOIIMX 30HAX KOJIONIHHKA, TEMIIEPaTyp
pasMATYCHUS - IUIABICHUS M TOJIIMHBI IUIACTUYHOH 30HBI B pabovYeM HPOCTPAHCTBE IEUH C PACIPEICIICHUEM
OCHOBHBIX JKEJIe30CO/IepKAIINX IIUXTOBBIX MAaTEpPUaJIOB IO PaaWycy KOJOIIHHKA. K BaXKHBIM pe3yiabTaTam
CJIElyeT OTHECTH TakXe pa3paboTKy KpUTEpHs IJIsi TEXHOJIOTMYECKOW OIEHKH IUIACTHYHOI 30HBI M OLCHKA
BO3MO)KHOCTH KOPPEKTHPOBKM €€ IapaMeTpoB IIyTeM H3MEHEHHUS paclpeAeieHUsl PYAHBIX Harpy3ok H
KOMITOHEHTOB IHXTHI. [loka3zaHO, YTO KOPPEKTHPOBKA ITapaMETPOB INIACTHYHOM 30HBI, BEIOOp HANPABICHUS H
BCJIMYMHBI YIIPABJIAIOMICTO BO3]1€I\/‘ICTBI/IH B KaKIOM KOHKPECTHOM CJiy4dac JOJI)KHbBI OCHOBBIBATHCA HAa pE3yJibTaTax
MAaTEMAaTHUICCKOTO MOJCIUPOBAHUA PACIPECACICHUSA MIUXTOBBIX MATCpUAJIOB 10 paguyCy KOJIOIIHUKA,
OIpPCACIICHNU COCTaBa cMecell KOMIIOHEHTOB IIMXTHI B pa3JIMYHbIX 30HAX IICYU U MTPOrHO3MPOBAHUU HUX
BBICOKOTEMIICPATYPHBIX CBOI7ICTB, a TaKXKeC TCH}IGHHI/Iﬁ H3MEHCHHUS dTUX CBOMCTB IIpU UBMEHCHUN KOMITOHECHTHOT'O
COCTaBa CMECH. 3HAYMMOCTb MOJYYEHHBIX PE3yJIbTaTOB 3aKJIF0YaeTCsl B 000CHOBaHUM BO3MOKHOCTH U PEIICHUH
3aJa4yy yIIy4IIeHNS TapaMeTPOB IUNTACTUIHON 30HbI ITyTeM KOPPEKTHPOBKH PEXXNMa 3arpy3KH IUXTHI B JOMEHHYIO
neyb Ui 00ecedeH s SHEProdpPEKTUBHOCTH JOMEHHOH IIJIABKH.

Knwouegvle cnoea: poMmeHHas 1iedb, MHOTOKOMIIOHEHTHAs IIMXTA, CMECH, BBICOKOTEMIIEpATypHBIC
XapaKTEePUCTHKH, TUIACTUYHAS 30Ha, IMHUH Pa3MATUCHUS U IJIaBICHUS, KPUTECPHHA, yIIpaBlIcHHUE.

INTRODUCTION AND FORMULATION mode and the configuration (shape) of the
OF THE PROBLEM cohesive zone, the main attention was paid to the

The efficiency of blast furnace smelting and  influence of the distribution of ore loads on the
the quality of cast iron are largely determined by ~ furnace top [1]. Such an approach could be
the characteristics of the burden column formed  considered correct for the conditions of loading a
in the furnace. The current level of knowledge of  mono-charge into a blast furnace, which would
blast furnace smelting processes, summarizingthe  cause the invariance of the high temperature
results of the work of leading researchers in this  properties of burden materials and their melts in
field, suggests the development of methods for  various sections of the furnace. At the same time,
controlling the parameters of the cohesive zone in  the blast furnace charge in modern conditions is
the furnace as one of the main tasks. It is known  multicomponent. Until recently, it was not
that the cohesive zone, being the most important  possible to predict the high temperature properties
structural element of the burden column, which is  of mixtures of iron-containing burden materials in
mainly formed as a result of the implementation  various zones of the furnace, since there are no
of a given mode of loading a blast furnace, tools for determining the distribution of individual
determines the distribution of the gas flow and the  charge components. However, with the advent of
main melting indicators. As a rule, the choice of  appropriate mathematical models, refinements
parameters of the blast furnace loading mode is  can be made to the solution of the problem of
carried out on the basis of an assessment of the  determining the configuration of the cohesive
distribution of burden materials using calculation  zone, taking into account the distribution of high
methods (mathematical models, calculation  temperature characteristics of the charge layer in
methods, etc.) and subsequent analysis of the  the working space of a blast furnace. In this work,
results and their compliance with the specified  we used a complex model for the distribution of
parameters and indicators of blast furnace  burden materials, developed at the Iron and Steel
smelting. Institute of Z.1. Nekrasov of National Academy of
It should be noted that earlier, when  Sciences (NAS) of Ukraine (ISI), which has been
considering the relationship between the loading  repeatedly used with positive results in blast
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furnaces to determine the distribution of charge
components and predict the properties of the
resulting melts in industrial conditions in order to
correct the applied technological regimes and
increase the efficiency of melting. The
availability of data on the composition of
mixtures of burden materials in various zones of
the blast furnace makes it possible to determine
the temperatures of the onset of softening and
melting in these zones as points of the
corresponding lines.

The main characteristics of the cohesive zone
are considered to be its shape, position in the
furnace and thickness, which significantly affect
the productivity and other performance indicators
of the blast furnace. To date, generally accepted
analytical, sufficiently substantiated methods for
determining the shape of the cohesive zone have
not been developed. The ISI has developed a
method for determining the parameters of the
cohesive zone, based on information about the
distribution of the temperature of the gas flow or
the surface of the charge along the radius of the
top [Method of determining the position and
shape of the cohezive zone in a blast furnace using
gas flow temperature distribution indicators] /
Muravyova |.H., lvancha M.H., Shcherbachov
V.R. and etc. // Fundamental and applied
problems of ferrous metallurgy. 2022. Collection
36. P. 95 108. [In Ukrainian]. DOI:
10.52150/2522 — 9117 — 2022 — 36 - 95 - 108.].
The method is based on a systematic set of
mathematical models, including those developed
by the authors, and also includes a new method
for determining softening and melting lines in a
blast furnace. The method is implemented using a
complex mathematical model for calculating the
distribution  characteristics of the charge
components in the annular zones of the top.

An analysis of the published results of earlier
studies showed that the bulk of the work on
studying the features of the formation of a
cohesive zone in a blast furnace was carried out in
the 70s of the last century [2]. Their focus was
determined by the unique studies of Japanese
scientists carried out on frozen blast furnaces, as
a result of which it was found that the burden
column in a blast furnace is a combination of
structural elements, the main of which is the
cohesive zone. In subsequent years, studies of the
formation of a cohesive zone in a blast furnace
using mathematical models were actively
continued in Germany, China and Japan.

Publications of recent years indicate the
further development of research on the
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development of mathematical models for
determining the parameters of the cohesive zone,
including models that take into account non-
stationary processes in the furnace. Nippon Steel
Corp. continues research in this direction; its
employees have developed a method for
determining and visualizing the position of the
cohesive zone root under the assumption that the
root abuts against the centers of gravity of the
figures determined by the results of evaluating the
change in a number of controlled parameters over
time [3]. In [4], a method was proposed for
determining the position of the root of the
cohesive zone based on an analysis of the nature
of changes in the temperatures of the refractory
lining of the mine and cooling water, as well as
the degree of CO utilization along the height of
the furnace, and a number of other parameters. In
[5], a method for determining the characteristics
of the cohesive zone in a blast furnace is
described, which is based on the mass
conservation equations and the heat conservation
equations, which, according to the authors,
govern the chemical reactions occurring in the
furnace. Based on this assumption, dividing the
blast furnace into a number of concentric circles,
the authors determine the temperature fields of the
furnace, and then, depending on the fusibility of
iron-containing burden materials, the shape and
position of the cohesive zone are predicted.

In [6], the results of the development of a
mathematical model describing the flow of liquid,
heat and mass transfer, as well as chemical
reactions in a blast furnace are presented. Unlike
the previous models, the proposed one considers
three variants of the structure of the layers of the
cohesive zone - layered, isotropic non-layered and
anisotropic. The authors have studied the
influence of these three options on the processes
of distribution of the gas flow in the furnace. It is
shown that the calculated estimate of the
parameters of the cohesive zone, which is
alternating layers of iron-containing materials and
coke, which corresponds to the layer-by-layer
loading of the charge, makes it possible to predict
(simulate) the passage of the gas flow through the
""coke windows".

To determine the shape of the cohesive zone in
[7], mass and heat transfer in three separate
furnace zones is considered. As the initial
information, the readings of the probe that
measures the composition and temperature of the
gas and is located below the level of the charge.
Calculated as isotherms, the lines of the beginning
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of softening and melting determine the location of
the cohesive zone in the furnace.

Also known is the approach to determining the
shape and position of the cohesive zone in a blast
furnace, proposed by the researchers of Tata Steel
Ltd. (India) [8, 9], who use a combined approach
to determine the shape and position of the
cohesive zone, which involves the use of a
mathematical model in the form of differential
equations, in combination with furnace operation
indicators, and information from various probing
devices.

To estimate the shape and position of the
cohesive zone in a blast furnace, researchers
actively use computational fluid dynamics (CFD)
models. In [10], the results of improving the blast
furnace smelting model, which was previously
developed by Nippon Steel Corp., are presented.
In addition to the existing private models (mass
transfer, reactions and heat transfer in the dry and
cohesive zones of the furnace), models have been
developed to assess the distribution of ore loads
on the top, a model of the tuyere hearth, as well as
a model to estimate the porosity of the zone of
low-mobility materials. All these models
describing the flow processes in the blast furnace
are integrated into the model used to calculate the
parameters of the cohesive zone. A similar
mathematical apparatus is used in the works of a
number of other researchers [11 - 14]. In [11], the
model describes in detail the layered structure of
the cohesive zone. It was shown in [12] that the
upper boundary of the cohesive zone is set as a
constant temperature, and the lower boundary, the
melting line, is defined as the liquidus
temperature. Moreover, the liquidus temperature
is established as a function of the chemical
composition of the slag. To obtain such a
function, the authors performed a regression
analysis based on the data given in published
sources, and obtained a third-order polynomial
dependence for calculating the liquidus
temperature.

In [13], a model developed by the authors is
presented, which includes a description of the
dynamics of the gas flow, the movement of the
burden, chemical reactions, heat and mass transfer
between the gas phase and the burden. The burden
in the blast furnace is presented in the form of
alternating layers of iron ore and coke. The
multilayer CFD model, according to the authors,
quite accurately estimates the shape and location
of the cohesive zone, which are determined by the
iterative method based on the distribution of the
melting temperature of the ore part of the charge.
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Of the works that also use CFD modeling methods
to determine the shape and position of the
cohesive zone in a blast furnace, it should be
noted [15], where the influence of the charge
loading program on the position of the cohesive
zone - its root and top. In this case, the position of
the root of the cohesive zone is determined by
changes in the temperature of the cooling water in
the lower part of the furnace shaft.

There is also a work on predicting the position
and configuration of a cohesive zone, in which the
computational fluid dynamics model (CFD) and
the support vector method (SVM) are combined
to solve this problem [16]. The authors have
created an axisymmetric two-dimensional
stationary CFD model for describing the
processes of fluid flow, heat and mass transfer in
a blast furnace shaft. Prediction of the position of
the cohesive zone is carried out using SVM.

In the development of models for determining
the position of the cohesive zone in a blast
furnace, the discrete element method (DEM) is
also used [17]. A feature of the application of this
method for the conditions of blast furnace
smelting is the discretization of the charge in the
volume of the furnace into its individual elements,
which involves the use of many assumptions
about their interaction.

In  recent years, when developing
mathematical models of blast furnace melting, in
particular, a model for determining the cohesive
zone, researchers combine continual and discrete
models. The model combined in this way received
the terminology «DEM - CFD model» [18 - 20].
The CFD-DEM model is suitable for modeling
fluid-solid or fluid-particle systems. In a typical
CFD - DEM model, the phase motion of discrete
solids or particles is described using the discrete
element method (DEM), which involves the
application of Newton's laws to the motion of
each particle, and the flow of a continuous fluid is
described by the local averaged Navier - Stokes
equation, which is solved using the methods
traditional computational fluid dynamics DEM -
CFD. In the studies reported in [19], the melting
characteristics of iron ore and the structure of the
layers during the operation of the furnace with
low coke consumption were entered into the DEM
- CFD model, and then the gas and moving bed
behavior in the blast furnace was modeled. As a
result of the calculation, the influence of the
thickness of "coke windows" in the cohesive zone
on the gas flow rate is demonstrated.

An analysis of the above results shows that
only one of the considered works studied the
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effect of the charge loading program on the
position of the cohesive zone - its root and top
[15], but the studies were limited to taking into
account the effect of the ore and fuel components
of the charge as a whole. Features of the
distribution of the components of the iron ore part
of the charge, as well as the relationship of its
characteristics with the parameters of the cohesive
zone, were not considered in the known models,
which reduces the reliability of the calculation
results and limits the ability to control the process
of formation of the cohesive zone.

The results of previous work also allow us to
conclude that researchers agree on the approach
to controlling the parameters of the cohesive
zone: the main influence on the formation of the
cohesive zone is exerted by the mode of loading
burden materials, which determines the size of the
melting surface area of iron-containing materials
(the lower surface of the cohesive zone) and the
thickness of the "coke windows”, providing gas
permeability of the burden column in the furnace.
At the same time, according to V.M. Parshakov,
whose works are closest to solving the problem of
improving the technology of blast furnace
smelting by adjusting the parameters of the
cohesive zone, the results of studies of a
quantitative assessment of the relationship
between the parameters of the cohesive zone and
melting indicators are practically absent at the
moment.

This work differs from previous studies by
providing a justification and solution for
improving the parameters of the cohesive zone in
the blast furnace by adjusting the charging
regime, taking into account the distribution of
components within the charge along the radius of
the furnace, as well as the composition and high-
temperature properties of their mixtures formed in
different zones of the blast furnace.

The aim of this study was to develop a method
for the prompt determination of cohesive zone
parameters (its configuration, position in the
furnace, and thickness) based on information
about gas temperature (surface temperature of the
charge) and the content of components in the
charge in different zones of the furnace,
identifying their interconnections, as well as
developing a criterion for the technological
assessment of the cohesive zone and justifying the
possibility of adjusting its parameters by changing
the distribution of ore loads and charge
components along the radius of the furnace,
combined with a computational and analytical
prediction of the high-temperature properties of
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burden mixtures in different zones of the blast
furnace.
I1. SOLUTION METHODS AND
RESULTS

To establish the relationship between the
parameters of the cohesive zone and the
characteristics of the distribution of burden
materials along the radius of the top, using the
proposed method for several options for industrial
operating conditions of a blast furnace, the
coordinates of the points of softening and melting
surfaces were determined. The indicated
coordinates are determined using the calculation
of the melting surface area according to the
Goodenau method [21], the composition of
mixtures of iron-containing charge components in
various zones of the top, determined using a
complex mathematical model of burden
distribution [Ivancha N.G., Murav’yova 1.G.,
Shumel’chik E.L., Vishnyakov V.I., Semenov
Yu.S. / Complex Mathematical Model of the
Distribution of Multicomponent Charge in a Blast
Furnace. Metallurgist, Ne5, 2018, v. 62, is. 1 — 2,
pp. 95 — 100], as well as a predictive calculation
estimate of the high temperature characteristics of
these mixtures and the melts formed from them
[22]. An example of the resulting cohesive zone
configuration is shown in fig. 1, where the
difference in the vertical coordinates of the
corresponding points of the surfaces in the
annular zones characterizes the thickness of the
cohesive zone, and the points of intersection of
the softening and melting lines with the top wall
characterize the position of the root. The validity
of the approach to constructing the cohesive zone
configuration using information on the
temperature of the gas flow above the surface of
the charge is confirmed by experimental data on
the presence of a fairly close relationship between
the vertical coordinates of the points of the
melting line and the gas temperature above the
surface of the charge (Fig. 2). Based on the results
of mathematical modeling of the distribution of
burden materials, a relationship was also
established between the vertical coordinates of the
melting line and ore loads in the annular furnace
zones of equal area (Fig. 3). In fig. 2 and fig. 3
shown the results indicate the possibility of using
data on the distribution of gas temperatures above
the grist charge (or charge surface temperature) to
develop methods for controlling the position and
shape of the cohesive zone, and also confirm the
possibility of adjusting the parameters of this zone
by changing the distribution of ore burden along
the radius of the blast furnace top. The connection
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of the vertical coordinates of the points of the  rather high value of the coefficient of reliability of
melting line Z in the annular zones with the  approximation by a power function of more than
corresponding ore burden is characterized by a  0.80.

Technological "zerro"

Top
Shaft
Top of the cohesive zone. Mark 11697 mm
Softening surface. Mark 15257 mm
Melting surface Mark 17558 mm
| N i

Bosh

Shoulders

Tuyeres axle

Fig. 1. The configuration of the cohesive zone obtained by the proposed method.
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Fig. 3. Connection of vertical coordinates of the

Fig. 2. Linkage of vertical coordinates of the point of the melting line (Z) near the
points of the melting line (Z) in the annular zones of the blast furnace with
annular zones of the blast furnace with the ore burden in these zones.

the gas temperature above the surface of
the charge in these zones.
The possibility of calculating the content of the
charge components and the mixtures formed from
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them in the annular zones of the furnace using a
complex mathematical model developed earlier in
the ISI made it possible to formulate a new
approach to the selection of control parameters for
correcting the characteristics of the cohesive
zone.

Under the conditions of loading a blast furnace
with a multicomponent burden, the lines of
softening and melting (the boundaries of the
cohesive zone) are determined by the composition
of mixtures of burden materials formed in
different zones of the working space of the
furnace, and their individual high temperature
properties. As shown by numerous laboratory
studies performed in the ISI, the softening and
melting temperatures of mixtures of iron ore
materials and additives are not a simple additive
consequence of the high temperature properties of
the components that make up the mixture. The
interaction of components during high
temperature  processing and during the
development of reduction processes leads to the
fact that a mixture of charge components with
known high temperature properties manifests
itself as a new type of burden material with
properties that differ significantly from the
properties of the mixture components.

An indirect indicator of the thickness of the
cohesive zone, a parameter characterizing its gas
permeability, is the difference in melting and
softening temperatures. It is believed that to
ensure the gas permeability of the cohesive zone,
this value should not exceed 300 °C. The
established relationship between the ratio of
pellets and agglomerate in a mixture with the
difference in melting and softening temperatures
of this mixture allows us to conclude that this ratio
can be used as a control parameter when adjusting
the thickness of the cohesive zone. The basis for
this conclusion is the high coefficient of reliability
of the approximation of the relationship between
the difference in softening and melting
temperatures with the indicated ratio, which is
0.99 (Fig. 4).

Geometrically, the thickness of the cohesive
zone can also be defined as the difference in the
coordinates of the points of intersection of the
softening and melting lines with the average lines
of this zone at the corresponding level.

On fig. 5 shows the results of studying the
relationship between the ratio of the content of
pellets and the content of sinter with the
difference in the vertical coordinates (thickness)
of the cohesive zone (Z) in the annular zones of
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the furnace. The coefficient of reliability of the
approximation of the revealed connection is 0.62,
which indicates the possibility of using a change
in the ratio of the main iron-containing
components in the annular zone to correct the
geometric parameters of the cohesive zone.
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Fig. 4. Relationship between the difference in
melting and softening temperatures of mixtures of
iron-containing burden materials in the annular
zone of the top with the ratio of the number of
pellets and sinter in this zone.
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Fig. 5. Connection of the difference in the
vertical coordinates of the points of
the melting and softening lines
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The necessary correction of the parameters of
the cohesive zone within certain limits can also be
implemented by changing the distribution of
additives in combination with a change in the
distribution of the main components of the charge,
or exclusively by redistributing additives.

From the above statement about the significant
difference in the high temperature properties of
mixtures of iron-containing burden materials and
similar properties of the initial components of the
mixture, it follows that the control of the
parameters of the cohesive zone by changing the
distribution of burden materials, the choice of the
direction and magnitude of the corrective
influence in each specific case should be based on
the results of mathematical modeling of the
distribution of components burden along the
radius of the top, determining the composition of
mixtures of burden components in various zones
of the furnace, predicting their high temperature
properties and tendencies of changes in these
properties with a change in the component
composition of the mixture. The ISI has
developed a technology for loading a
multicomponent charge into a blast furnace, from
the main provisions of which it follows that in
order to control the distribution of a specific
component of the mixed iron ore portion along the
radius of the top, a change in the location of the
dose of this component in the volume of the
portion (feed) can be used as a control parameter
(see our article in the same journal for 2022). In
everyday practice, technologists, in the presence
of appropriate control systems and mathematical
models on a blast furnace, in assessing the
rationality of the shape of the cohesive zone, are
guided by the results of visual observations,
which are interpreted on the basis of their own
body of knowledge and technological experience.
It is generally accepted that it is rational to
consider the L-shaped form of the cohesive zone,
however, as technological practice shows, this
provision cannot be extended to many options for
the technological conditions of blast furnace
operation. This is confirmed by the results of
previous and own studies: cases of highly
efficient operation of blast furnaces with a
cohesive zone shape that differs significantly
from the L-shaped one have been repeatedly
noted. From this we can make a platoon that the
shape of the cohesive zone itself, without taking
into account other indicators, cannot be used to
assess the level of rationality and compliance with
the melting regime.
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For a comprehensive assessment of the level
of rationality of the cohesive zone and the
correspondence of its parameters to the
technological conditions of melting, a criterion
has been developed for assessing the shape and
position of the cohesive zone in a blast furnace.
As arguments of the criterion (Kc), the main
parameters characterizing the cohesive zone, i.e.,
its configuration, thickness, and position in the
furnace, are taken. These parameters can be
determined using a new method proposed by the
authors, based on information about the
temperatures of the gas flow (surface of the
charge) at various points in the furnace section,
obtained using the following tools:

- thermal measuring probes installed above
the surface of the level of charge;

- systems based on the determination of gas
flow temperatures based on the results of
measuring the speed of sound in a gaseous
medium and its change depending on the gas
temperature;

- systems for measuring temperatures of the
grist charge.

Based on the well-known ideas about the
parameters that determine the shape and position
of the cohesive zone, as well as the results of the
correlation analysis of the relationships between
these parameters and the technological indicators
of melting, complexes are compiled that are
arguments for the criterion for evaluating the
cohesive zone.

The first argument of criterion X includes the
sum of the ratios of the thickness of the cohesive
zone in adjacent annular zones (AHci and AHczi+1,
m, where i is the number of the annular zone),
estimated from the difference in melting and
softening temperatures of iron-containing
materials in these zones, and the ratio of the
maximum value thickness of the cohesive zone to
the minimum. Thus, the argument reflects the
configuration of softening and melting lines in the
controlled sections and along their entire length as
a whole.

The argument can be represented by the
expression:

max (AH,, )
min(AH )’

", AH

2

i=1

czi+l

AH czi

1=

)

where AHc;i — cohesive zone thickness in the i-
th annular zone of the blast furnace, m;

n — the number of annular zones.

The second argument of the criterion
characterizes the relative position of the root of
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the cohesive zone, the location of which is
assumed to be in the zone of the maximum level
of readings of thermocouples of the refractory
lining of the furnace shaft:

T

— Tshmax

X, )
where T max — maximum temperature of the
refractory lining of the mine, °C.
The third argument of the criterion is the
effective melting surface area [21]:

X, =A,. (3)

After the normalization procedures, the study
to the normal distribution law logit - the
transformation of each argument of the criterion
of the plastic situation takes the form:

KCZ=(F(X1)-F(X2)-F(X3))%. (4)

The possibility of using the K¢, criterion for

a qualitative assessment of the conformity of
the shape and position of the cohesive zone in the
blast furnace to the prevailing technological
conditions is confirmed by the presence of its
connection with the main technological indicators
of melting — the level of iron production and the
consumption of standard fuel (the coefficient of
reliability of the approximation is 0,55 — 0,60).

The need to adjust the cohesive zone
parameters (shape, thickness and/or position) by
changing the charge loading mode to achieve the
specified target functions (maximum iron
production, minimum coke consumption) can be
determined by comparing the current value of the
criterion with the range of its rational values for
the technological operating conditions of a
particular object.

Based on the established relationships between
the characteristics of the burden distribution along
the radius of the top (ore loads, the content of the
burden components in different zones of the top)
with the parameters of the cohesive zone, the
main provisions for adjusting the parameters of
the charge loading mode, which improves the
parameters of the cohesive zone, are substantiated
and developed.

The main provisions and the sequence of
solving problems for their implementation are
given below.

1. Determination of the characteristics of the
distribution of the components of the burden in
the annular zones along the radius of the top.
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2. Calculation - analytical forecast of softening
and melting temperatures of mixtures of iron-
containing components in the annular zones.

3. Calculation - analytical and graphical
modeling of the cohesive zone using the means of
controlling the temperature of the gas flow and the
surface of the charge based on the proposed
method.

4. Determination of rational values of the
criterion for evaluating the shape and position of
the cohesive zone in a blast furnace under the
current technological conditions of blast furnace
smelting and the allowable ranges of its change.
Evaluation of the level of rationality of the formed
cohesive zone and its compliance with the current
parameters (indicators) of the melting process
using the developed criterion.

5. Expert assessment of the necessary changes
in the shape, location and thickness of the
cohesive zone, based on the results of calculations
using the proposed method, and taking into
account the objective technological parameters of
the melting process, as well as the readings of the
means of controlling the distribution of the burden
and gas flow.

6. Choice of a possible direction for correcting
the loading mode, depending on the required
change in the parameters of the cohesive zone.

The choice of corrective action is carried out
depending on the need to solve a specific
problem, the main of which are given below.

6.1. Changing the position of the “root” and/or
top of the cohesive zone in the axis of the furnace.

6.1.1. Changing the position of the “root”
and/or top of the cohesive zone in the furnace axis
with a change in the shape of the cohesive zone.

6.1.2. Changing the position of the “root”
and/or top of the cohesive zone in the axis of the
furnace without changing the shape of the
cohesive zone.

6.2. Change in the volumetric location of the
cohesive zone.

6.3. Change in the temperature interval
("thickness") of the cohesive zone.

The tasks according to clause 6.1 are solved by
changing the ore loads and/or by changing the
distribution of components along the radius of the
top. Clause 6.2 is implemented mainly by
changing the total ore load in the charge. The task
according to clause 6.3 is solved solely by
changing the distribution of components.

The choice of control parameters for adjusting
the loading mode in each particular case is
determined by the degree of technological
significance of possible influences, among which
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the distribution of ore loads is predominant in
relation to the content of the charge components
in the annular zones along the radius of the top.
However, the optimization of the distribution of
components in conjunction with the rational
distribution of ore loads is also one of the
significant reserves for increasing the efficiency
of smelting. In this regard, the development of a
rational regime for loading a blast furnace should
be carried out in two, and if necessary, in three
stages.

The first stage is the development of a loading
program, which is carried out on the basis of an
analysis and selection of a rational distribution of
ore loads along the radius of the top. At the second
stage, the choice of a rational distribution of the
components of portions of burden materials
should be made with minimization of deviations
in the distribution of ore loads from that adopted
at the first stage. If, according to the results of the
computational and analytical prediction of the
high temperature properties of the mixture of
components in the furnace zones, it is not possible
to achieve the specified softening and melting
temperatures, it is necessary to change the
composition of the burden materials, taking into
account technological limitations regarding the
distribution of components, their mixtures and
melts formed from them (third stage).

I11. THE DISCUSSION OF THE
RESULTS

The applicability of the proposed method for
determining the shape and position of the
cohesive zone in a blast furnace using information
on the distribution of gas temperature over the
surface of the charge or the temperature of this
surface is confirmed by the analysis of the
features of the formation of the cohesive zone
under various technological melting conditions.
The study of the influence of various melting
conditions, characterized by the corresponding
technological parameters, on the position of the
cohesive zone in the furnace is a multifactorial
task. Multivariate comparative analysis was used
to identify the most informative and significant
indicators. The results of assessing the influence
of technological parameters on the position of the
cohesive zone in the furnace, determined by the
coordinates of the softening and melting lines,
allow wus to conclude that the existing
relationships of the studied values, characterized
by the obtained factor loads, confirm the validity
and reliability of determining the position of the
cohesive zone in the blast furnace using the
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proposed method, which can be used online
during the operation of the blast furnace.

The proposed method of justified adjustment
of the parameters of the cohesive zone expands
the technological possibilities of smelting control
by using the distribution of charge components
along the radius of the top as a control parameter
in addition to the traditionally used distribution of
ore loads. Accounting for the characteristics of the
distribution of charge components makes it
possible to determine the composition of mixtures
of iron-containing materials, as well as the
calculated prediction of their high temperature
characteristics and properties of melts in various
zones of the blast furnace, thereby contributing to
an increase in the accuracy of determining the
coordinates of softening and melting lines that
limit the cohesive zone.

IV. CONCLUSIONS

A new method is proposed for determining the
parameters of the cohesive zone (shape, position
and thickness) in a blast furnace equipped with
means to control the temperature of the gas flow
or the level of charge. The method is based on a
systematized set of mathematical models,
including those developed by the authors, as well
as on a new method for determining the
coordinates of softening and melting lines in a
blast furnace using information obtained by
means of monitoring the distribution of gas
temperature over the charge surface (or charge
surface temperature) , as well as on the calculated
determination of the characteristics of the
distribution of charge components in various
annular zones along the radius of the top using a
complex mathematical model. Relationships
between the coordinates of the melting line points
and the gas temperature above the charge surface,
the softening and melting temperatures and the
thickness of the cohesive zone in various zones of
the blast furnace with the ratio of the amount of
sinter and pellets in these zones are established.
The relationship between the coordinates of the
points of the melting line and the ore load in the
annular zones of the blast furnace has been
confirmed. A criterion for evaluating the
rationality of the formed cohesive zone has been
developed and the possibilities of adjusting its
parameters by changing the distribution of ore
loads and charge components have been shown. It
is shown that the correction of the parameters of
the cohesive zone, the choice of the direction and
magnitude of the control action in each specific
case should be based on the results of
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mathematical modeling of the distribution of
burden materials along the radius of the top,
determining the composition of mixtures of
charge components in various zones of the
furnace and predicting their high temperature
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