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Abstract. The analysis of known calculation methods and mathematical models of the distribution of charge materials on
the top of a blast furnace, used in technological and research practice, was performed. It was noted that mathematical
modeling, including those based on the discrete element method (DEM), and experimental studies (both in industrial
conditions and using physical models) are used to determine the distribution of charge in a blast furnace. At present, there
are no instrumental means of controlling the distribution of charge components. It is shown that the distribution of compo-
nents on the surface of the backfill is the result of the interaction of a number of processes occurring at all stages of the
formation of portions of charge materials, their delivery to the top and unloading into the furnace. There are three ap-
proaches to describe the process of the movement of charge materials in hoppers, on the basis of which mathematical
models have been created for specific objects at the present time and results acceptable for practical use have been
obtained. The first one - in the form of geometric dependencies determines the volume of the zone of active material
movement, the shape of which is determined experimentally, and the volumes of bulk material arrays, which in a given
sequence enter further into the zone of active material movement, and then move vertically to the outlet of the hopper.
The second approach is an attempt to take into account the kinematic patterns of bulk material movement in the zone of
active movement in combination with the provisions of the first approach to describe the behavior of bulk outside the active
zone. The third approach is based on DEM, mathematical models based on which require input data, the receipt of which
causes difficulties in determining, or data, the reliability of which does not have sufficient confirmation. A developed com-
plex mathematical model of the formation of multicomponent portions of charge materials, their loading into the hopper of
a cone-free loading device (CFLD), unloading from the hopper and distribution on the surface of the backfill is presented,
which was created on the basis of the synthesis of a number of models developed and improved by the Institute of Ferrous
Metallurgy Z.1. Nekrasov of the National Academy of Sciences of Ukraine of mathematical models that most fully describe
the entire complex of processes of loading a multicomponent charge into a blast furnace. The model provides determina-
tion of the current component composition of the flow formed during unloading of multicomponent portions from the BLT
hopper, and the full composition of mixtures of charge components in various annular zones of the top. The developed
complex model is successfully used by the Institute of Ferrous Metallurgy Z.l. Nekrasov to solve a number of technological
problems regarding the selection of rational loading modes of operating blast furnaces operating on a multicomponent
charge, including the selection of parameters of special loading modes that ensure the creation of the necessary condli-
tions for lining or washing depending on the current requirements of the smelting process. Information on the distribution
of charge components across the furnace cross-section, which can be obtained using the developed complex model, is
also necessary for conducting analytical studies of physical - mechanical and physical - chemical processes in a blast
furnace, in particular, the conditions of slag formation and the distribution of melt properties in the volume of the blast
furnace.

Key words: blast furnace, charge, components, loading system, coneless loading device, charge distribution, mixtures,
mathematical models.

AHomauis. [MposedeHo aHani3 gidomMux Memodie po3paxyHKy ma MamemamuyHux modenel po3nodiny wuxmosux ma-
mepiarnie Ha KOrIoWHUKY OOMEHHOI reyi, W0 8UKOPUCMOBYIOMbCS 8 MEXHO02i4HIl ma docniOHUUbKIl npakmuyi. 3a3Ha-
YeHo, Wo Oris1 BU3HaYEHHsT Po3nodiny Wuxmu 8 O0MeHHIU rnedi 8UKOPUCMOBYEMbBCS MameMamu4yHe MOOETH08aHHSI, 30K-
pema Ha ocHosi Memody duckpemHux enemeHmie (MOE), ma ekcriepumeHmarnbHi O0CTiOXeHHS (K y MPOMUCIO8UX YMO-
8ax, makK i 3 sukopucmarHsM hisudHux modeneli). Hapasi iHcmpymeHmansHux 3acobie KOHMpPOoIo po3rodiny KOMIOHe-
HmMie wuxmu He icHye. NokasaHo, w0 po3rnodinn KOMIMOHEHMI8 Ha MO8epPXHi 3acurKu € pe3ysibmamom 83aeMo0ii HU3KU
npouecis, wo 8idbysaombCsi Ha 8Cix emarnax ¢hopMysaHHs Mopyill WUxmosux Mamepiaris, ix nodayi Ha KO/TOWHUK ma
gusaHmMaxxeHHs1 8 riy. IcHye mpu nidxodu Ao onucy Npouecy pyxXy Wuxmosux mamepiarie y OyHKkepax, Ha OCHO8i SIKUX Ha
OaHuli MOMeHm cmeopeHi MameMamuyHi Modeni 05151 KOHKpemHux 06'ekmie ma ompumaHi pe3ynbmamu, nputiHAMHI 0ns
pakmu4yHo2o sukopucmaHHs. Mepwul — y suenadi ceomempuyHUX 3anexHocmel susHayae 06'eM 30HU pyxy akmue-
HO20 Mamepiary, ¢hopMa SIKOI u3Ha4YaembCsi eKkcriepuMeHmarnbHo, ma ob'eMu macusie curly4o2o mamepiany, siKi 8 3a-
OaHiti nocnidogHocmi 8xo0simb Oarli 8 30Hy pyXy akmueHOo20 Mamepiasny, a MomiM pyxaombCsi 6epmuKaibHO 00 8UX00y
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3 byHkepa. [pyeul nidxid — ye crpoba epaxysamu KiHeMamuyHi 3aKOHOMIPHOCTMI pyXy Cury4020 mamepiasy 8 30Hi aK-
MUBHO20 PyXy 8 MOEOHAHHI 3 MOMIOKEHHSIMU repuio2o nidxo0dy Orisi onucy noeediHKU cury4o20 Mamepiany nosa akmue-
Hoto 30Hor. Tpemili nioxid 6asyembcsi Ha DEM, mamemamuyHi modeni Ha OCHO8I siKux nompebyoms 8xiOHUX OaHUX,
ompuUMaHHs SKUX 8UKITUKae mpyOHOWi y 8u3HadeHHi, abo daHux, docmosipHicmb SKUX He Mae 00CmamHb020 ridmeep-
OxeHHs. [NpedcmasieHo po3pobirieHy KOMIIIeKCHy MamemMamuy4Hy Modesib popMysaHHs ba2amoKOMIOHEHMHUX nopuyit
wuxmosux mamepianis, ix 3aeaHmaxkeHHs1 8 OyHKep 6e3KOHYCHO20 3agaHmaxyeasbHo20 npucmpoto (633r1), susaHma-
)XeHHs1 3 6yHKepa ma po3nodinly No No8epxHi 3acurku, sika byna cmeopeHa Ha OCHO8I CUHMe3y HU3KU Moderel, po3po-
breHux ma 800CKOHaneHux IHcmumymom YopHoi memanypeii im. 3.1. Hekpacosa HauioHanbHoi akademii Hayk YkpaiHu
MmamemamuyHux moderel, Wo HalinoeHiue onucyms 8eCb KOMIIEKC NMPOuecie 3asaHmMaxeHHs 6a2amoKOMMOHEeHMHOI
wuxmu 8 domeHHy ri4. Modenb 3abe3nedyye 8U3HaYEHHS MOMOYHO20 KOMIOHEHMHO20 CKady MOmMOKY, WO ymeopto-
€mbCcs nid Yac susaHMa)KeHHs1 bazamoKOMIOHeHMHUX rnopuiti 3 6yHkepa BLT, ma noeHo2o cknady cymiweli KOMIOHEH-
mig wuxmu & Pi3HUX Kinbuyesux 30Hax KomowHuka. Po3pobreHa KomnneKkcHa Mooesib ycriuHO 8uKkopucmosyemscsi IH-
cmumymom YopHoi memarypeii imeri 3.1. Hekpacosa 051 supiweHHs1 HU3KU MEexXHO02iyHuUX 3aday wod0o eubopy pauyio-
HarnbHUX Pexumie 3asaHmaxeHHs1 OOMeHHUX neyed, Wo rnpayrooms Ha 6azamoKOMIOHeHMHIU Wuxmi, 8KrtoYaoyu subip
napamempie creyianbHUX Pexumie 3agaHmaxeHHs, Wo 3abe3neyyoms cmeopPeHHsI HeOOXIOHUX yMog O gbymeposKu
abo rpomMueKuU 3anexHo 8i0 MOMOYHUX 8UMO2 M71a8UNIbHO20 npouyecy. IHghopmauis npo po3nodisl KOMAOHeHMI8 wuxmu
10 M1ONEePeYHOMY MepPEPI3y nedi, Ky MoXHa ompumamu 3a 00rMoMo20t0 Po3pobrieHOI KOMIIEKCHOI Moderi, maKox Heob-
XiOHa Ornisi MposedeHHs1 aHanimuy4HUx AocnioxeHb ¢hi3UKO-MexaHiYHUX ma hi3UKo-XiMiYHUX npouyecie y OOMEHHIU nedi,
30Kpema, yMo8 WwirakoymeopeHHs ma po3nodiny enacmusocmeti po3rnagy 8 06'emi OOMEHHOI rnedyi.

Knroyoei cnnosa: OomeHHa rid, wuxma, KOMIOHeHmMuU, cucmema 3a8aHmakeHHs1, 6e3KoHyCHUU 3agaHmasxysarsibHul rnpu-

cmpit, po3nodin wuxmu, cymiwi, Mamemamu4Hi Mooerti.

Introduction.

Controlling the blast furnace operation “from above”
by changing the parameters of the loading mode is one
of the most effective tools for the operational adapta-
tion of the blast furnace smelting process to changes
in charge conditions and regulation of temperature-
thermal and gas-dynamic modes. Control “from above”
is carried out on the basis of information on the distri-
bution of charge materials, gas flow and its character-
istics. At present, a number of technical means of con-
trolling the distribution of the composition and temper-
ature of the gas flow are used, which have proven
themselves quite well. Regarding the distribution of
charge materials, the main source of information re-
mains computational methods - mathematical models.
At the same time, it should be noted that various de-
vices that have been widely introduced recently for de-
termining the configuration of the charge surface and
its temperatures in different zones of the blast furnace
make it possible to obtain an indirect, very approximate
(qualitative) idea of the distribution of raw material and
fuel components of the charge as a whole, without the
possibility of any quantitative assessment of their
masses in different zones of the blast furnace. There
are currently no instrumental means of controlling the
distribution of individual components of the charge. At
the same time, the distribution of the charge compo-
nents and the composition of their mixtures formed in
different zones of the blast furnace largely determine
the formation and development of the gas flow, its
characteristics and their distribution in the volume of
the furnace, the condition of the lining and the possibil-
ity of risks of violating its integrity, the formation of fields
of primary slag formation, the gas permeability of the
zone of low-mobility materials, the parameters of the
plastic zone and a number of other processes and fac-
tors that determine the course and indicators of blast
furnace smelting.

The objective of the study, carried out at the Iron
and Steel Institute of Z.I. Nekrasov of the National
Academy of Sciences (NAS) of Ukraine (ISI), was to
develop a computational tool that enables the
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determination of the distribution characteristics of each
charge component within the furnace volume, with
subsequent determination of ore loads and the compo-
sition of charge material mixtures formed in the con-
ventionally defined annular zones of the blast furnace.

Calculation methods and mathematical models
for the distribution of charge materials on the cru-
cible of a blast furnace, used in technological and
research practice.

Increasing the efficiency of using the regenerative
power of gases in the blast furnace, and as a result,
the overall technical and economic indicators of smelt-
ing is ensured, first of all, due to the rational distribution
of charge materials on the furnace [1].

Charge distribution has an important effect on heat
transfer, mass transfer, and chemical reactions in blast
furnaces [2]. Since the 1970s of the last century, met-
allurgical scientists have been studying the laws of the
movement and distribution of the charge in its working
space for the well-founded management of blast fur-
nace operation. Among the most significant, the re-
search of V.K. Gruzynova In work [3], he first system-
atically analyzed the features of the formation of layers
of charge on the surface of the backfill, clarified the
methodology for calculating the trajectories of the
movement of charge materials after leaving a large
cone. The results of the following studies under the
leadership of V.K. Gruzinova are presented in works
[4, 5].

Among the most significant should also be at-
tributed the results of research carried out by M.M. Ba-
barykin [6], V.M. Klempert, A.O. Hryshkova [7], A.M.
Pokhvisnev, I.P. Kurunov, V.O. Dobroskokom [8], V..
Loginov [9], V.P. Tarasov [10].

It should be noted that until recently, the mathemat-
ical models of the loading and distribution of charge
materials in the blast furnace did not consider the load-
ing and distribution of any specific component loaded
as part of the iron ore or coke feed parts. In addition,
from the entire complex of processes of forming por-
tions (feeds) of charge materials (delivery of them to
the furnace, loading of portions into the loading device



and unloading from it, movement along the path of the
loading device, in particular, a rotating tray, free fall of
the charge flow in the furnace space to the surface of
the backfill, its interaction with the existing profile and
the formation of a new one) in the vast majority of
known models were considered the movement of
charge materials along the path of the loading device,
the movement of the charge in the furnace space and
the formation of the backfill surface after unloading the
next portion (feed). Accordingly, the capabilities of
these models were limited to the calculation of charge
movement trajectories in the blast furnace space, the
determination of the geometric characteristics of the
backfill profile, and the calculation of the mass distribu-
tion of the fuel and raw materials components as a
whole along the radius of the blast furnace, with further
determination of their ratios (ore loads) in conditionally
selected ring zones of the blast furnace. Such models
include the one developed by Nippon Kokkan Corpo-
ration [11], which describes the processes of the down-
ward movement of the charge inside the bowl during
the lowering of the large cone, the pouring of the
charge materials from the bowl and the subsequent fall
to the peripheral area on the surface of the backfill, as
well as the movement from the periphery to the center
of the furnace with the formation of a slope and the
change in the shape of the surface during the rise of
the charge materials. The simulation model of charge
distribution on the blast furnace furnace, also devel-
oped by researchers in Japan [12], takes into account
additional factors: the formation of a mixed layer in the
center of the furnace during the discharge of ore onto
the coke layer, the reduction of the slope angle under
the influence of the gas flow, the change of the slope
angle due to the difference in the charge descent
speeds along the radius of the furnace. The authors
believe that the formation of a mixed layer has the
greatest influence on the distribution of the ore load.

Mathematical models developed in Finland with the
use of neural networks should be singled out in a sep-
arate direction of research on the distribution of mate-
rials on the blast furnace crucible. The published works
[13 - 15] present a developed model of the formation
of a charge layer in a blast furnace, the initial infor-
mation of which is the thickness of the layers, which is
determined by radar measurements of the charge level
in the furnace. Based on the results of the model test-
ing, conclusions were made about the possibility of its
use as a tool for evaluating changes in the charge dis-
tribution indicators - the fuel part of the charge and the
ore load - in operating furnaces. The distribution of in-
dividual components - constituents of both ore and fuel
parts of the charge - was not considered at all.

The installation of bell less blast furnace top charg-
ing system (BLT) with a tray charge distributor on blast
furnaces (since the mid-seventies of the last century)
and the need to select and justify their operating
modes for controlling the technological parameters of
the furnace initiated the beginning of active research
aimed at developing mathematical models of the
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movement of charge materials along the path of the
loading device.

In addition to ICM, which will be discussed below,
studies of the process of loading blast furnaces
equipped with BLT with a tray distributor, aimed at
studying the distribution of charge materials, including
studies using mathematical modeling, were carried out
at the Dnipropetrovsk Metallurgical Institute under the
leadership of V.M. Kovshova [16], A.K. Tarakanova,
N.Sh. Grinstein and V.V. Barrels [17, 18]. In work [16]
V.M. Kovshov presented the results of the develop-
ment of a mathematical description of the movement
of the charge through the inclined surfaces of the dis-
tribution devices - a cone, a tray, in the furnace space
and on top of the backfill. The mathematical model of
loading the furnace with a tray loading device, devel-
oped at NMetAU, allows obtaining quantitative charac-
teristics of the distribution of iron ore and coke compo-
nents of the charge across the cross section of the fur-
nace [17, 18]. As input parameters of the model, the
following are used: type of materials to be loaded;
mass of coke and iron ore portions; bulk mass and
slope angles of materials; working angular positions of
the tray; backfill level; the speed of lowering the charge
materials along the radius of the furnace; the number
and sizes of annular zones for which the quantitative
characteristics of the charge distribution are deter-
mined; the number and sequence of portions of the
charge in the cycle; time of loading portions into the
oven; dimensions of the furnace furnace; the main di-
mensions and characteristics of the operating mode of
the boot device. The initial parameters of the model
are: the value of ore loads of the charge in the annular
cross-sectional areas of the blast furnace, the profile of
the backfill surface of the materials after loading the
batch cycle, the plot of the thickness of the layers of
coke and iron ore materials in the vertical cross-section
of the furnace for the batch batch cycle.

Active research on the development of mathemati-
cal models for the movement of bulk materials along
the BLT tract was carried out in Germany at the end of
the last century. The work of L. Kreutz and B. Bergman
[19]is of interest, which provides a model that provides
a mathematical description of the movement of parti-
cles of charge materials through a tray distributor and
the descent of materials from the end of the tray, the
calculation of the trajectories of their movement in the
furnace space, the formation of the backfill surface, in
particular, under lateral constraints imitating the wall of
the furnace furnace. A number of input parameters of
the model were determined on the physical model of
the crucible of the blast furnace with BLT. The pre-
sented results of experimental studies and calculations
contain data on the formation of the flow of charge ma-
terials on the tray and the peculiarities of the stacking
of materials on the backfill surface. L. Kreutz, H.V.
Goodenau and N. Standish investigated the asymmet-
ric distribution of materials on the furnace crucible
caused by the design features of the BLT with a tray
distributor [20]. Various modifications of the tray distrib-
utor have been studied and constructive
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recommendations and technological measures have
been proposed, contributing to the improvement of the
distribution of charge materials.

At the beginning of the current century, work on the
creation of mathematical models of the movement of
charge materials along the BLT tract and in the furnace
space of the furnace intensified in China [21 - 23, 25,
26]. [21] shows the importance of reliably determining
the trajectory of the charge materials after leaving the
tray and, accordingly, the point of its fall on the backfill
surface for further calculation of the formed profile. In
order to clarify the algorithm for calculating the charge
movement trajectories in the blast furnace space, the
authors performed experimental studies on a blast fur-
nace model with a volume of 2500 m3, made on a scale
of 1:15. In [22], a mathematical model of the movement
of the charge after its exit from the tray distributor is
presented, taking into account the Coriolis force and
the gas resistance force. With the help of the devel-
oped model, the coordinates of the points of fall of the
charge on the backfill surface and the width of its flow
were obtained and analyzed. The values of particle ve-
locities at the unloading end of the tray were compared
with and without taking into account the Coriolis force.
With the help of the developed model, research was
also carried out to determine the influence of the length
and torque of the tray on the flight range of the charge
particle in the blast furnace space. The results of the
simulation were confirmed by measurements made at
the blast furnace using a laser range finder.

In work [23], using mathematical modeling, the in-
fluence of the different cross-section of the furnace at
the rate of descent of the charge on its distribution on
the furnace is considered. The influence of the rate of
descent of the charge in different zones of the blast fur-
nace on the formation of layers of charge materials on
the surface of the backfill was also studied by scientists
of the Republic of Korea [24]. An overview of modern
methods of modeling and control of the charge distri-
bution on the blast furnace crucible is given in [25],
where the peculiarities of the discharge of charge ma-
terials from parallel-installed BLT hoppers are consid-
ered, as well as the equations of the movement of the
charge particles through the tray distributor and the
subsequent formation of layers on the surface of the
backfill, taking into account the displacement of coke,
are given. In [26], the conditions of movement along
trays of rectangular and semicircular cross-section are
considered, the forces acting on the particle moving
through the tray are shown, and the equations of its
motion are given. The trajectories of particle movement
after exiting the tray were determined and dependen-
cies were obtained for calculating the coordinates of
their meeting points with the backfill surface. The relia-
bility of the model was confirmed by the results of pre-
commissioning studies at the blast furnace, during
which measurements of these coordinates were per-
formed using laser instruments.

Works [27 - 38] also consider the calculation equa-
tions of the movement of the charge through the tray
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distributor, the trajectory of its fall in the blast furnace
space, and the characteristics of the layer formed on
the surface of the backfill. The model presented in [28]
contains the equations of the trajectory of the charge
after it leaves the tray and the dependences that de-
scribe the formation of the dependence surface taking
into account the actual values of the angles of the ma-
terials. In [29], a model was considered that provides
the possibility of calculating the trajectories of the fall
of the charge before it falls on the backfill surface, es-
timating the profile of the formed surface, and the dis-
tribution of ore loads along the radius of the blast fur-
nace. The model functions using data from radar me-
ters that monitor the charge level at various points on
the backfill surface, which increases the accuracy of
calculations.

Confirmation of the results of modeling the for-
mation of charge layers can be obtained by measuring
the profile of the backfill surface on an operating fur-
nace with a 3D scanner, as done by the authors of [30],
which describes a mathematical model of charge dis-
tribution in a blast furnace with BLT. The purpose of
the model is to use it in real time for the prompt selec-
tion of charge loading programs. The calculation capa-
bilities of the model, as discussed earlier in [19-29], re-
garding the characteristics of the charge distribution
are limited to determining the distribution of ore loads
along the radius of the furnace.

The features of the model, created using the finite
element method and Visual Basic [32], are the combi-
nation of two calculation blocks, one of which allows
determining the parameters of charge fall trajectories
taking into account the type and mass of portions, the
coefficient of friction of the charge on the tray, the
speed of rotation and the angle of inclination of the tray,
and the other is designed to calculate the characteris-
tics of the distribution of ore loads along the radius of
the blast furnace. The values of the coefficients of the
charge motion equations were specified based on the
results of the model experiment. The model of the for-
mation of the top of the charge fill, described in [33], is
distinguished by the development of new equations for
the formation of internal and external slopes taking into
account the influence of the vertical and horizontal ve-
locities of the charge flow during the formation of the
top of the layer on the surface of the fill. Confirmation
of the reliability of calculations of the formed surface
using the model was also provided by comparing the
calculation results with experimental data.

An overview of studies of the laws of the movement
and distribution of the charge on the furnace of the
blast furnace, carried out by metallurgical scientists,
starting from the 1970s, is given in [34]. As a rule, the
first studies in this area were limited to experimental
measurements of the coordinates of the points of the
charge's falling trajectories in the blast furnace space
and the characteristics of the resulting backfill profile.
Determination of the specified characteristics in a num-
ber of cases was carried out using laser or radar de-
vices. In the work of A. Agerevel [36], with the help of



a developed mathematical model, a study was carried
out with the generalization of the results in the form of
geometric characteristics of the layers and the distribu-
tion of ore loads along the radius of the blast furnace
furnace in conditions of variable content of pellets in
the charge, which affects the course of blast furnace
smelting. A number of publications, for example [37,
38], show the possibilities of developed mathematical
models of charge loading in the part of studies of coke
knocking out processes, its redistribution during the
unloading of iron ore material on the coke layer and the
formation of mixed layers of these materials on the sur-
face of the backfill, as well as the selection of rational
parameters of axial portions of coke and technological
methods of their loading.

Among the review publications, we can also single
out work [39], which examines the development trends
of modeling, control and management of charge distri-
bution in a blast furnace. This review examines meth-
ods for determining the distribution of ore load on a
blast furnace pile, including experimental studies using
physical models, as well as mathematical modeling us-
ing the discrete element method (DEM) and without
using this method. The rapid development of computer
technologies has ensured the progress of numerical
modeling, in particular, with the use of DEM, in the de-
velopment of models that ensure the calculation of the
distribution of ore loads and the characteristics of the
layers of charge materials formed on the blast furnace
furnace.

In recent years, on the basis of DEM, studies re-
lated to the modeling of phenomena and interactions
in the bulk medium, which have a significant impact on
the distribution of the ore load on the furnace of the
blast furnace during loading of charge materials and
the distribution of gas permeability characteristics of
the layers of charge materials being formed, have been
actively carried out. A detailed analysis of blast furnace
charge distribution studies using DEM-based models
is given in a review [40]. According to the authors, the
use of DEM provides a quantitative determination of
the forces acting on each particle, and, therefore, the
possibility of forecasting the spatio-temporal evolution
of the granular flow. The advantages of DEM are that
it can be used to analyze both the parameters of the
bulk material flow in general and the behavior of indi-
vidual particles, which makes it promising to use this
method not only to study the distribution of ore load,
but also to study the gas permeability characteristics of
the layer and its individual zones. The initial parame-
ters of the models created on the basis of DEM are the
morphological characteristics of the material (distribu-
tion of particles by size and shape), its strength prop-
erties (Poisson's ratio and Young's modulus), parame-
ters characterizing the interaction of the particles of the
charge (recovery and friction coefficients, indicators of
the shape of the particles and their surface roughness).
Obtaining reliable results with the help of this model,
which reflect the actual behavior of the material ob-
served in experiments, is determined by the level of re-
liability of the values of the input parameters listed
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above, the determination of which in real conditions
causes great difficulties.

In [41], the results of modeling based on DEM are
presented, which show the influence of the speed of
movement of the particles of the charge on its distribu-
tion on the surface of the backfill and the process of
segregation by size. The modeling results were con-
firmed by experimental studies, during which it was es-
tablished that the distribution of the angular velocity of
particles in the cross section of the chute has a U-
shaped character, while the distribution of the transla-
tional velocity has the form of a convex curve. As you
approach the unloading end of the tray, the distribution
of both velocities becomes more uniform. The flow
width and material mass distribution in the flow were
also determined. The results of the research made it
possible to clarify the features of the formation of the
layer of charge discharged onto the surface of the
backfill and the distribution of particle size in it.

In Japan, with the help of a model developed with
the use of DEM, the circumferential unevenness of the
charge, which occurs when it is unloaded from the BLT
with two parallel-installed hoppers, was investigated,
and its negative effect on the stability of the blast fur-
nace operation was shown [42]. The model describes
the movement of the flow of charge particles in the
valve assembly, the central pipe and on the rotating
tray distributor at different angles of its inclination. The
simulation showed that the cause of the circumferential
unevenness is the displacement of the charge particles
towards the walls in the central pipe, and the degree of
the circumferential unevenness depends on the angle
of inclination of the tray. With the help of the model,
recommendations for installing a conical vertical gutter
were developed to reduce circumferential unevenness.

Unlike previous studies using DEM, which mostly
modeled the behavior of a charge with spherical parti-
cles, in [43] a charge with non-spherical particles was
considered, which is characteristic of real charge ma-
terials. The authors performed a comparative study of
the effect of different particle shapes on the charge dis-
tribution in a blast furnace.

Thus, the analysis of previously performed re-
search in the field of developing mathematical models
and methods for calculating the characteristics of the
distribution of charge materials showed that the vast
majority of works [11 - 43] were devoted to the distri-
bution of iron ore and coal-containing parts of the
charge in general, without assessing the distribution of
the components that are part of them.

The steady trend of increasing the cost of raw ma-
terials and fuel determines the operation of blast fur-
naces in batch conditions that change continuously
and are characterized by the use of low-quality materi-
als, the use of a multi-component batch with the simul-
taneous use of two or more types of each of the main
components (agglomerate, pellets and coke), the intro-
duction of substandard (screened) fractions of batch
materials into the batch, as well as the use of various
fuel-regenerative, garnish-forming and washing addi-
tives [44, 45]. In blast furnace production, technological

111



methods of introducing various non-traditional iron-
containing materials (including fractions of agglomer-
ate and pellets that are sifted out), fuel and carbon-
containing additives into the composition of the charge,
which were actively developed by V.l. Bolshakov [1],
V.O. Dobroskok, Y. Buchwalder, E. Lonardi, S. Koeh-
ler [46, 47], L.D. Nikitin, Bugaev S.F. [48], E.A. Shepe-
tovskyi [49], S.L. Yaroshevskyi, V.O. Nozdrachov, O.V.
Kuzin [50, 51] and others. As shown in these works,
improvement of blast furnace loading technology by
finding and implementing rational formation parame-
ters and modes of loading portions of multicomponent
charge is a promising direction for reducing the con-
sumption of scarce energy sources and ensuring the
necessary level of energy efficiency of blast furnace
smelting. For example, the practical experience of in-
troducing pellets into the blast furnace charge and the
results of numerous studies conducted under the lead-
ership of V.I. Bolshakov [1], proved the advantages of
loading them in a mixture with agglomerate in the form
of mixed portions with a given structure, as well as the
negative consequences of separate loading of these
components. The results of previously performed re-
search and the experience of industrial testing of vari-
ous technological methods of loading a multi-compo-
nent charge showed that mixing iron ore charge mate-
rials and coke before loading into the blast furnace, in-
troducing into the charge additives of the desired pur-
pose with the formation of a mixed layer of charge ma-
terials on the furnace of the blast furnace, as well as
introducing sifted fractions of charge materials into the
blast furnace charge and loading them into composi-
tion of multicomponent mixed portions is one of the
most effective ways to reduce the energy intensity of
blast furnace smelting and reduce the cost of cast iron,
provided that the parameters of the formation of mixed
portions of the charge and their loading mode are well-
founded [1, 44 - 46].

The distribution of components on the surface of
the backfill is the result of the interaction of a number
of processes that occur at all stages of the formation of
portions of charge materials, their delivery to the fur-
nace and discharge into the furnace [45]. Depending
on the method of delivery of the charge to the furnace,
the formation of portions of charge materials is carried
out by unloading the components of the charge onto a
conveyor or into skips in a specified sequence and with
a given distribution of component masses on the basis
of technological requirements for the structure of the
portion. In the process of forming multi-component por-
tions and loading them into the blast furnace, as a re-
sult of repeated overloads, the location of the compo-
nents in the volume of the portion changes signifi-
cantly, the components are mixed, and masses of un-
mixed materials and mixtures with different composi-
tions are formed. As a result of the redistribution of
components in the portion volume, the sequence of un-
loading components from the BLT hopper is signifi-
cantly different from the sequence of their loading into
the hopper, therefore the current component
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composition of the output flow of the charge, which
comes from the hopper to the distribution tray, is not
determined, which significantly reduces the informa-
tiveness and technological value of the calculations of
the distribution of charge materials in the blast furnace.
In this regard, at a certain stage, the effectiveness of
the use of multi-component charge was restrained by
the lack of technical means of control and calculation
tools for evaluating the distribution of components in
the blast furnace, which led to the urgency of develop-
ing mathematical models that would describe the pro-
cesses of loading multi-component portions of charge
materials to BLT hoppers and unloading from them
with the possibility of determining the component com-
position of the output stream throughout the portion un-
loading time. In combination with mathematical models
of the formation of portions, the movement of the
charge along the BLT tract and along the distribution
tray after leaving the hopper, flight in the blast furnace
space, and the formation of the backfill surface, the
availability of such data provides the possibility of fur-
ther calculation of the characteristics of the distribution
of each component of the charge on the surface of the
backfill, forecasting the composition of mixtures of
charge materials in different zones of the blast furnace
and the properties of the melts that are formed from
them. Accordingly, there is an opportunity to implement
the technological requirements for the distribution of
charge components, which provide the most rational
thermal and gas-dynamic regimes, as well as recovery
and slag formation regimes that correspond to the
composition of mixtures of charge materials in different
zones of the blast furnace. Information on the distribu-
tion of components of the blast furnace charge across
the cross-section of the furnace is important not only
for the selection or prompt adjustment of parameters
of the operating modes of the blast furnace, it is also
necessary for conducting analytical studies of the
physico-mechanical and physico-chemical processes
occurring in it. To solve these tasks, it is necessary to
develop a complex mathematical model of loading a
blast furnace, which can be created as a result of the
synthesis of a number of mathematical models that
take into account to the maximum possible extent the
peculiarities of the movement of multi-component por-
tions of charge along the path "charge supply - surface
of the backfill", and first of all, the movement and mix-
ing of arrays of charge materials in the process of form-
ing portions on the main conveyor, in skips, during their
sluicing in BLT hoppers and distribution on the backfill
surface. Thus, a complex mathematical model should
contain separate mathematical models describing the
behavior of bulk materials:

- a model of the formation of multi-component por-
tions of the charge in bell less blast furnace top charg-
ing system and with skip delivery of the charge to the
furnace;

- a model for loading multi-component portions of
the charge into the BLT hopper, which for systems with
skip delivery of the charge to the coke takes into



account, including, the redistribution of components in
the volume of the skip when turning it in the unloading
curves;

- a model for unloading multi-component portions
of the charge from the BLT hopper, which provides a
calculated determination of the content of each com-
ponent in the output stream;

- the model of the movement of charge materials
along the BLT tract (in the valve assembly, the central
pipe and along the tray distributor) and the blast fur-
nace space;

- a model of the fall of a multi-component charge
on the surface of the backfill and distribution on it in the
form of the formation of layers, which provides a calcu-
lated determination of the component composition of
the charge in a given zone of the blast furnace.

From the listed models, we currently do not know of
models for loading multicomponent portions of the
charge into the BLT hopper, which describe the redis-
tribution of components in the volume of the skip when
it is turned in the unloading curves.

Regarding the models for unloading multicompo-
nent portions of the charge from the BLT hopper, it
should be noted that until recently there were only sin-
gle examples of models that provided a calculated de-
termination of the content of each component in the
output stream. These include studies of the distribution
of fine coke loaded as part of iron ore portions [52, 53],
as well as the work of I. Matsui, A. Sato, T. Oyama, T.
Matsuo [54], which should be noted as containing very
interesting results from a practical point of view. It pre-
sents the results of research on large-scale physical
models, which show the change in the content of pel-
lets loaded into the iron ore portion together with the
agglomerate, in the outlet flow from the hopper and
along the radius of the blast furnace, depending on the
location of the dose of pellets in the portion.

The limited number of research results on the dis-
tribution of individual (separated) components of the
charge is primarily due to the fact that the mathemati-
cal description of the movement of bulk materials,
which are the charge materials of blast furnace produc-
tion, has always encountered significant difficulties.
This is explained by the specific properties of bulk ma-
terials, which are a discrete medium made of solid par-
ticles, the behavior of which in the process of move-
ment in some manifestations under certain conditions
may be similar to the behavior of liquids, but in most
cases obeys specific regularities inherent only to bulk
media.

Modern ideas about the flow patterns of bulk mate-
rials were formed on the basis of research into this pro-
cess over the past 100 years. Despite the large amount
of theoretical and experimental research carried out up
to now, a universal theory of the flow of bulk materials,
including a formalized description of their movement in
hoppers, which could be applied to a wide class of bulk
materials, has not been created. Moreover, the defini-
tion of the subject of research - bulk material - is for-
mulated by different researchers with significant varia-
tions regarding their main properties and features,
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which is due to the difference in the applied tasks faced
by the authors of the research.

To describe the process of movement of bulk ma-
terials in hoppers, three approaches can be used, on
the basis of which mathematical models have been
created for specific objects and results acceptable for
practical use have been obtained.

The first one is based on the description of the laws
of flow of the batch material in the form of geometric
dependencies that determine the volume of the zone
of active movement of the material ("discharge fig-
ures"), the shape of which is determined experimen-
tally, and the volumes of massifs of bulk material,
which successively enter the zone of active movement
of the material, and then move vertically to the dis-
charge opening of the hopper. At the same time, one
of the mandatory conditions is the equality of the vol-
ume of material arriving per unit of time in the zone of
active movement, and the volume consumption of ma-
terial being unloaded. In order to take into account the
loosening of the material inside the massif in the hop-
per during the outflow and entry of a certain amount of
material into the zone of active movement from the
side surface that limits this zone, some authors intro-
duce an empirical constant value [55 - 60].

The content of components in the output flow of
charge materials from the BLT hopper can be deter-
mined using mathematical models developed by K.
Nakano, I. Isei, and K. Sunahara [61, 62] in collabora-
tion with colleagues, which are based on the distribu-
tion of the entire volume of the charge in the hopper
into arrays, for which a certain sequence of the exit of
these arrays from the hopper is specified, repeatedly
confirmed experimentally.

At the same time, it should be noted that the con-
sidered mathematical models [52 - 62] do not cover the
entire complex of processes of moving arrays of
charge components and their mixing on the path of the
loading system "charge feed - furnace", in particular,
they do not take into account the effect of mixing com-
ponents during unloading from skips to the BLT hop-
per.

The second approach is an attempt to take into ac-
count the kinematic regularities of the movement of
particles of bulk material in the zone of active move-
ment in the initial phase of outflow in combination with
the determination of the volumes of masses of bulk,
which will further enter the zone of active movement of
the material, in the form of geometric dependencies
[63].

To describe the patterns of movement of bulk ma-
terial in the zone of active movement, which the au-
thors of the kinematic model call the zone of converg-
ing flow, they use the dependence of the speed of par-
ticles on their initial and current coordinates [64], which
makes it possible to analytically substantiate and de-
termine the shape of the "discharge figure".

According to our evaluation, the dependences pro-
posed by the authors make it possible to obtain a sat-
isfactory convergence with the data of experimental
studies of IPM at industrial facilities, only in the
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converging flow zone (the error in determining the exit
time of individual particles does not exceed 9%), how-
ever, less reliable results were obtained for the remain-
ing zones of bulk material. A preliminary analysis of the
dependencies of the kinematic model of flow of bulk
materials showed that if these dependencies are used
for three-dimensional modeling of the process, the
zone of active movement of the material will be a pa-
raboloid of rotation. As mentioned above, on the basis
of the dependencies of the kinematic model of outflow,
only the type of curve limiting the zone of active move-
ment is determined, and the mathematical description
of the subsequent stages of the process, as during the
application of the first approach, is reduced to the de-
termination of the corresponding volumes of bulk ma-
terial, which successively enter the zone of active
movement from the surface of the formed funnel.

The third approach is based on DEM, the mathe-
matical models on the basis of which require the as-
signment of a number of input data, the acquisition of
which causes difficulties in determining, or data, the re-
liability of which does not have sufficient confirmation.

In [65], modeling with the use of DEM was used to
quantify the segregation of charge materials by size
during loading of the BLT hopper and changes in the
content of individual fractions in the flow of charge ma-
terial discharged from the hopper. Using this method,
R. Kumar, Ch.M. Petelem, AK. Yana [66], D.K.
Chibwe [67] and a number of other researchers have
currently developed algorithms that ensure the possi-
bility of determining the sequence of exit of individual
components from the hopper and their mass ratio in
the flow. In combination with mathematical models of
the movement of charge materials through the BLT
tray, in the furnace space and their distribution on the
backfill surface in the furnace, models of this class can
provide calculation characteristics of the distribution of
charge components along the radius of the furnace.

ISI has been conducting multi-faceted analytical
and experimental studies of the process of loading
charge materials and their distribution in the working
space of the blast furnace for a long time. Under the
leadership of Academician of the National Academy of
Sciences of Ukraine V.. Bolshakov developed a meth-
odology for pre-commissioning studies on blast fur-
naces with BLT [1, 68]. The research involved deter-
mining the main parameters of the flow of charge ma-
terials during its movement along the BLT tract and in
the furnace space, as well as the characteristics of the
distribution of charge materials on the backfill surface.
The practical experience acquired in the process of
mastering BLT installed on blast furnaces became the
basis for the development of a number of calculation
methods and mathematical models, in particular: the
movement of the charge through the working surfaces
of the valve assembly and the tray distributor, the
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calculation of the trajectories of the movement of the
charge materials in the blast furnace space, the deter-
mination of the meeting points of the material flow with
the backfill surface and the calculation of the distribu-
tion of ore loads along the radius of the furnace furnace
[1, 45 - 49].

Analytical and experimental studies of the last dec-
ade, carried out at the ICH, made it possible to clarify
previously developed mathematical models and carry
out a series of developments to create a complex
mathematical model of blast furnace loading, which
describes as fully as possible the processes of forming
multi-component portions of charge materials at the
charge feed, delivering these portions to the furnace,
loading them into BLT hoppers and unloading them,
the movement of charge materials in a tray that rotates,
and in the blast furnace space, their fall on the backfill
surface and distribution on this surface. The main pur-
pose of developing such a model was to ensure the
possibility of determining the characteristics of the dis-
tribution of each of the components of the charge along
the radius of the blast furnace and, accordingly, the
composition of mixtures of charge materials formed in
different zones of the blast furnace.

The solution of this urgent task, in turn, made it pos-
sible to determine the high-temperature properties of
mixtures of charge components, the composition and
properties of the formed melts, and also made it possi-
ble to get an idea of the nature of their distribution
along the cross-section of the furnace.

The results of research and development work.

The general block - diagram of the algorithm for
modeling the process of loading multicomponent por-
tions of charge materials into the blast furnace is
shown in Fig. 1. The components of a complex mathe-
matical model of the process of loading a multicompo-
nent charge into a blast furnace are as follows.

A model of the formation of multi-component por-
tions of the charge in bell less blast furnace top charg-
ing systemand with skip delivery of the charge to the
furnace.

The structure of the portion in loading systems with
conveyor delivery of the charge to the furnace is un-
ambiguously specified by assigning the components
the corresponding indices, assigning the masses of the
doses of the components, and determining the leading
component (which go first to the hopper of the loading
device), assigning the offset values of the beginning of
the dose of other (known) components, relative to the
beginning of the dose of the leading component (Fig.
2). The displacement is expressed in units relative to
the mass of the portion. During conveyor loading into
the BLT hopper, each part of the portion on the con-
veyor, which differs in the composition of components,
forms a separate layer in the hopper, in which the input
masses of the components and their ratio are stored.
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A, B, C, D, E, H — component indices; mon = 0, msB, msS = msD = mwith E, msH — the value of the total
mass of the bulk materials unloaded on the conveyor until the start of the unloading of the corresponding com-
ponent, t; I, II, 1I, IV, V, VI — indices of the layers of materials formed when loading a portion into the BLT hopper;
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components in layers of materials formed when loading a portion into a BLT hopper, i.e.

Figure 2 — The structure of a mixed multicomponent batch of charge materials on a conveyor

In systems with skip delivery of the charge to the
furnace, a portion of the charge materials in the fin-
ished form is formed in the hopper of the loading de-
vice. In this regard, along with the loading sequence of
feed skips, the location of the layers of components
and their mixtures for each feed skip should be speci-
fied in the form of a layer index, which corresponds to
the order of arrival of the component or mixture of com-
ponents in the skip with the indication of the mass of
charge materials in each layer.

The unloading of materials from the skip to the BLT
hopper is carried out during the movement of the skip
in the unloading curves, starting from the moment
when the angle of inclination of the free surface of the
material in the skip to the horizontal exceeds the angle
of resistance to the shear of the material. During the

unloading of the skip, the layers of the charge formed
during its loading are intensively mixed. The layout of
the loaded and unloaded layers of bulk materials in the
skip is shown in Fig. 3. The output data of the model
are the mass, volume and component composition of
the charge layers loaded into the BLT hopper.

The model of loading multi-component portions of
the charge into the BLT hopper, which takes into ac-
count, among other things, the redistribution of compo-
nents in the volume of the skip when turning it in the
unloading curves.

Determination of the mass distribution of the com-
ponents and their mixtures in the volume of the portion
loaded into the BLT hopper is carried out identically for
the options of skip and conveyor loading of the hopper.
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1 — 3 — layers of bulk materials formed during skip loading; I - VI — layers of bulk materials unloaded from
the skip (loaded into the BLT hopper)
Figure 3 - Diagram of the location of loaded layers of bulk materials in the skip and layers unloaded from the
skip.

Based on the known volume of the layer of bulk ma-
terials loaded into the BLT hopper and its component
composition, the coordinates of the points of intersec-
tion of the straight lines bounding the surface of the
bulk materials formed after loading this layer with the
lines of the internal contour of the BLT hopper are de-
termined. Thus, it becomes possible to imagine the
structure of the portion in the BLT hopper in the form
of a series of layers of different shapes with the known
volume and composition of the components of each
layer, which, in the presence of the index of each layer,
uniquely characterizes the structure of the multicompo-
nent portion in the hopper (Fig. 4).

The model of unloading multi-component portions
of the charge from the BLT hopper, which provides a

calculated determination of the content of each com-
ponent in the output stream.

One of the approaches (analyzed above) was used
to describe the process of movement of bulk materials
in hoppers, based on which mathematical models for
specific objects have been created and results ac-
ceptable for practical use have been obtained [78].
This approach is based on the description of the laws
of the flow of the batch material in the form of depend-
encies that determine the volume of the zone of active
movement of the material ("discharge figures"), and
the volumes of massifs of bulk material that succes-
sively enter the zone of active movement of the mate-
rial and move vertically to the discharge opening of the
hopper (Fig. 4).

Figure 4 - Diagram of the location of the loaded layers of charge materials in the BLT hopper and the layers
unloaded from it.

In the model, the shape of the zone of active move-
ment of the material and the sequence of the output of
elementary volumes of the material from the hopper
are specified, which have been repeatedly confirmed
by the research of the ISI experimentally. The output
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data of the model are the masses of the components
in each elementary volume of the unloaded material.

The model of the movement of charge materials
along the BLT (in the valve assembly, the central pipe
and along the tray distributor).



The model contains a mathematical description of
the process of movement of charge materials from the
plane of the discharge opening of the BLT hopper to
their exit from the rotating tray. A system of differential
equations is used to describe the complex movement
of charge particles on the surface of a rotating tray (Fig.
5).

The output data of the model are the magnitude
and direction of the speed of movement of the charge
particles at the time of exit from the tray.

The model of the fall of a multi-component charge
on the backfill surface and distribution on it in the form
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of formation of layers, which provides a calculated de-
termination of the component composition of the
charge in a given area of the blast furnace.

The model contains the equations of movement of
the charge in the furnace space of the blast furnace
and dependencies that describe the process of for-
mation of the backfill surface on the furnace in the form
of a gradual increase and distribution of the volume of
discharged charge materials until the BLT hopper is
completely emptied.

1 - the central pipe of the BLT; 2 - the direction of movement of the charge material; 3 - distribution tray; 4 -
longitudinal axis of the tray; 5 - the center of gravity of the flow at the beginning of movement along the tray; 6 -
the limits of the flow of charge materials on the tray; 7 - trajectory of the center of gravity of the flow; 8 - the
trajectory of the movement of the material point along the tray; 9 - position of the center of gravity of the flow on
the unloading end of the tray; a - angle of inclination of the tray to the vertical, degrees; w - angular speed of tray
rotation, rad/s; ¢ - the angle of lifting (deposition) of materials on the tray, degrees; Fq - gravitational force, N;
Fcsr - centrifugal force from tray rotation, N; Feor - Coriolis force, N; Fcts. - centrifugal force from lifting (carrying)
materials onto the side of the tray, H; N is the normal component of the reaction force, N.

Figure 5 — Diagram of the forces acting on a charge particle during movement along the tray.

The model takes into account the peculiarities of
the formation of the backfill surface in the wall and axial
zones of the blast furnace, as well as the influence of
the processes of redistribution of the coke layer when
the iron ore portion is unloaded onto it. The model pro-
vides a calculated determination of the characteristics
of the distribution of masses and volumes of charge
materials discharged in different angular positions of
the tray, in the annular zones of the furnace. The con-
tent of the components of the charge and the compo-
sition of mixtures of charge materials in the annular
zones of the furnace is determined on the basis of the

data on the content of the components in the flow of
the charge in the specified angular positions of the tray,
which are the initial data of the model of unloading por-
tions of the charge from the BLT hopper. An example
of a fragment of a table with output data of a complex
mathematical model of the process of loading a multi-
component charge into a blast furnace, as well as the
distribution of component masses along the radius of
the furnace according to the results of the simulation of
the loading cycle consisting of 10 passes, is given be-
low (Table 1, Fig. 6).
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On the basis of the synthesis of mathematical mod-
els describing the processes of loading multi-compo-
nent bulk materials, their unloading from the BLT hop-
per, movement along the distribution tray of the loading
device and distribution on the backfill surface, which
were developed in ISI earlier [79] and improved, a
complex mathematical model of the formation of multi-
component portions of bulk materials, their loading into
the BLT hopper, unloading from the hopper and distri-
bution on surface of the backfill [80].

The model provides determination of the current
component composition of the flow formed during
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unloading of multi-component portions from the BLT
hopper, and the full composition of mixtures of charge
components

in different ring zones of the furnace. Mathematical
and algorithmic support of the model was developed
on the basis of the established fundamental depend-
ences of the flow of charge materials from hoppers and
their movement along the BLT path, as well as the re-
sults of numerous experimental studies performed by
ICH at blast furnace production facilities in industrial
conditions.

Table 1 — Fragment of a table with output data of a complex mathematical model of the process of loading a

multicomponent charge into a blast furna

Parameter, charac-

teristic L 2 e =
Values (relative)

gi‘l’ge boundary ra- a16 0447 0548 0,632
Zone mid-radius 0,158 0,382 0,498 0,590
Sinter mass 0,059 0,088 0,116 0,111
Mass of pellets 0,021 0,041 0,077 0,110
Mass of coke 0,156 0,131 0,097 0,087
Mass of scrap 0,020 0,040 0,076 0,109
Mass of anthracite 0,018 0,038 0,076 0,110
Mass of nut coke 0,026 0,047 0,083 0,116
Ore mass 0,060 0,079 0,117 0,129
Mass of ore part 0,045 0,070 0,101 0,111
Mass of coke part 0,149 0,125 0,097 0,090
Ore load 0,300 0,557 1,046 1,229
Ore part volume 0,046 0,071 0,103 0,111
Coke part volume 0,152 0,127 0,097 0,090

No. of the ring zone of the blast furnace top

5 6 7 8 9 10

0,707 0,775 0,837 0,894 0,949 1,000
0,670 0,741 0,806 0,866 0,922 0,974
0,100 0,089 0,091 0,103 0,115 0,128
0,136 0,160 0,145 0,119 0,104 0,088
0,085 0,082 0,088 0,092 0,092 0,091
0,145 0,180 0,137 0,113 0,099 0,081
0,130 0,145 0,152 0,125 0,111 0,096
0,130 0,141 0,146 0,119 0,104 0,089
0,111 0,087 0,099 0,103 0,108 0,117
0,114 0,117 0,111 0,109 0,111 0,112
0,089 0,087 0,093 0,093 0,090 0,088
1,289 1,342 1,200 1,172 1,227 1,279
0,113 0,115 0,109 0,108 0,111 0,113
0,088 0,086 0,091 0,092 0,090 0,088
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Figure 6 — Mass distribution of charge components along the radius of the to

The model takes into account the influence of the
complex of processes of moving mass of charge ma-
terials and mixing components in the process of move-
ment and overloading of multi-component portions of
the charge, starting from the stage of unloading them
on the blast conveyor, or loading them into skips before
unloading them on the surface of the backfill on the for-
mation of the characteristics of the distribution of the
components of the charge on the surface of the back-
fill, including the redistribution of components in the
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volume of the skip when it is turned in unloading
curves.

The developed mathematical model contains data-
bases of structural parameters of blast furnaces, load-
ing devices of various types, skips, as well as data-
bases of loading programs and characteristics of
charge materials. It is possible to introduce different
velocities in the ring zones of the blast furnace if there
is a profiler on the blast furnace. One of the most im-
portant results that can be obtained with the help of the



model is the quantification of the mass of each compo-
nent of the charge entering the considered annular
zone during the unloading of the charge materials dur-
ing the discharge of the charge materials in each in-
volved angular position of the BLT tray.

This makes it possible to analyze the influence of
the quantitative characteristics of the applied program
for the distribution of charge materials on the indicators
of the distribution of individual components, both the
iron ore and fuel parts of the charge, as well as the ore
loading, and creates the possibility of selecting and ad-
justing the program based on the results of predictive
calculations before introducing it into the loading con-
trol system, which significantly reduces the duration of
the development of rational charge loading programs
and reduces the risk of making ineffective decisions.

The research carried out in recent years has shown
the possibilities of using a complex model of the distri-
bution of charge components in solving various tech-
nological problems. In particular, based on the results
of mathematical modeling of the distribution of charge
components in the annular zones of the blast furnace,
it is possible to determine the parameters of the plastic
zone in the blast furnace, which largely determines the
parameters of blast furnace melting [81].

The results of modeling with the help of a complex
model make it possible to evaluate the possibility of im-
plementing the requirements for the distribution of
charge materials and gas flow during the operation of
blast furnaces in various technological conditions [82].

It is known that the properties of primary slags sig-
nificantly affect the operation of the blast furnace and
furnace heating, and the position of the zone of primary
slag formation in the furnace depends primarily on the
composition of the charge. In this regard, one of the
problems that can be solved by predicting the proper-
ties of primary slag melts is the justification of the
choice of the composition of the charge. Methods of
optimizing the composition of the blast furnace charge,
which are known and used at present, do not take into
account the uneven distribution of its component com-
position in the working volume of the blast furnace and
the related features of the processes of heating, recov-
ery and melting of the charge materials in its various
zones. Accordingly, the specificity of the properties of
the melts formed in different zones of the working
space of the blast furnace is not taken into account.
The ability to assess the properties of primary slag
melts in different zones of the furnace will allow pre-
dicting the state and parameters of the plastic zone,
which largely determines the efficiency of the melting
process.

The developed complex mathematical model of the
distribution of a multi-component charge on the fur-
nace of a blast furnace in combination with physico-
chemical models of high-temperature transformations
of iron ore components of the charge makes it possible
to calculate the properties of primary slag melts in dif-
ferent zones of the blast furnace. The use of these
models made it possible to improve the method of es-
timating the composition and indicators of high-
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temperature properties of iron ore materials and pri-
mary slag melts, which are formed in selected zones
of the blast furnace as a result of the distribution of the
charge components during loading. With the help of
this ICM method, predictive and analytical studies of
the properties of primary slag melts in different zones
of blast furnaces during their operation in different
technological conditions have been carried out in re-
cent years. Based on the forecast of the properties of
the primary slag melts and their comparison with the
characteristics set by the technological requirements,
an assessment of the effectiveness of the applied load-
ing modes and slag modes is performed, based on
which well-founded decisions are made on manage-
ment and adjustment of their parameters.

Conclusions.

1. Analysis of well-known calculation methods and
mathematical models for the distribution of charge ma-
terials on the crucible of a blast furnace, which are
used in technological and research practice, showed
that mathematical modeling using the results experi-
mental studies remain the main way of obtaining infor-
mation about the distribution of charge materials.
There are currently no instrumental means of control-
ling the distribution of charge components.

2. It is also shown that the distribution of compo-
nents on the surface of the backfill is the result of the
interaction of a number of processes occurring at all
stages of the formation of portions of charge materials,
their delivery to the furnace and unloading into the fur-
nace. In the process of forming multi-component por-
tions and loading them into the blast furnace, as a re-
sult of repeated overloads, the location of the compo-
nents in the volume of the portion changes signifi-
cantly, the components are mixed, and masses of un-
mixed materials and mixtures with different composi-
tions are formed. As a result of the redistribution of
components in the volume of the portion, the sequence
of unloading components from the BLT hopper is sig-
nificantly different from the sequence of their loading
into the hopper. At the same time, the distribution of
charge components and the composition of their mix-
tures formed in different zones of the blast furnace
largely determine the formation and development of
the gas flow, its characteristics and their distribution in
the volume of the furnace, the condition of the lining
and the possibility of risks of violation of its integrity, the
formation of fields of primary slag formation, the gas
permeability of the zone of slow moving materials, the
parameters of the plastic zone and a number of other
processes and factors that determine the course and
indicators of blast furnace melting.

3. Three approaches to modeling one of the more
complex processes that take place on the path of the
loading system - the unloading of multi-component
portions from the BLT hopper - are highlighted. The
first - in the form of geometric dependencies, deter-
mines the volume of the zone of active movement of
the material, the shape of which is determined experi-
mentally, and the volumes of massifs of loose material,
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which in a given sequence will further reach the zone
of active movement of the material, and then move ver-
tically to the outlet of the hopper. The second approach
is an attempt to take into account the kinematic laws of
movement of bulk material in the zone of active move-
ment in combination with the provisions of the first ap-
proach to describe the behavior of bulk material out-
side the active zone. The third approach is based on
DEM, the mathematical models on the basis of which
require input data, the acquisition of which is difficult to
determine, or whose reliability is sufficiently confirmed.

4. On the basis of the synthesis of mathematical
models describing the processes of loading multicom-
ponent bulk materials, their unloading from the BLT
hopper, movement along the distribution tray of the
loading device and distribution on the backfill surface,
which were developed and improved in the ICH, a
complex mathematical model of the formation of multi-
component portions of batch materials, their loading
into the BLT hopper, unloading from the hopper and
distribution on the backfill surface was developed. The
model provides determination of the current
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component composition of the flow formed during the
unloading of multicomponent portions from the BLT
hopper, and the full composition of mixtures of charge
components formed in different annular zones of the
blast furnace.

5. Over the past 15 years, the developed complex
model has been successfully used by the ISl to solve
a number of technological tasks regarding the selec-
tion of rational loading modes of operating blast fur-
naces operating on a multicomponent charge, includ-
ing for the selection of parameters of special loading
modes that provide the necessary conditions for the
formation of garnish or washing depending on the cur-
rent requirements of the smelting process. Information
on the distribution of charge components across the
cross-section of the furnace, which can be obtained us-
ing the developed complex model, is also necessary
for conducting analytical studies of physico-mechani-
cal and physico-chemical processes in the blast fur-
nace, in particular the conditions of slag formation and
the distribution of properties of melts in the volume of
the blast furnace.
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