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Abstract. In practice, so-called static models are widely used to show the oxygen converter process, describing changes in output parameters based
on information about input parameters for each individual production cycle (heat). Additionally, the models used in the final period make it
possible to ensure a more accurate hit within the specified limits in terms of temperature and carbon content in the metal. In this case, informa-
tion on the results of intermediate measurement of metal parameters by a probe tuyere, which is carried out during the consumption of 80 — 95 %
of the total oxygen consumption for heat, is used as the initial information. To describe the behavior of an object during the process from
the beginning to the end of the production cycle, it is necessary to build a model based on the patterns of phase interaction in an open system
(oxygen converter — BOF). In this paper, an attempt is made to construct such a model using the concept of a stationary nonequilibrium state
and the results of physical and mathematical modeling of the system when the contact area of two non-miscible liquids changes when exposed
to a gas jet. When forming the model, we proceeded from the presence in the melt of two main reaction zones of oxidation of components, which,
according to modern concepts, determine the mechanism of processes and hydrodynamics of the melt during blowing of the converter bath.
For each selected zone, to a large extent, the characteristics of mass transfer during different periods of the operation, depending on the current
parameters of the interacting phases, determine the rates of chemical reactions. The results of checking the adequacy of the model using practical
data allow us to conclude that the model can be used to study the blowing process in a BOF.

Keywords: BOF, phase interaction, reaction rate, interface, mathematical modeling, physical modeling, chemical composition, temperature

For citation: Shakirov M K., Protopopov E.V., Turchaninov E.B., Belenetskii E.A., Faty'anov S.S. Complex energy-dynamic model of BOF melting.
Lzvestiya. Ferrous Metallurgy. 2025;68(3):209-217. https://doi.org/10.17073/0368-0797-2025-3-209-217

KOMNNEKCHAA SHEPTOAUHAMMUYECKAA MOAEND
KOHBEPTEPHOMN NNIABKM

M. K. lllakupos, E. B. [IporononoB “, E. b. TypyaHUHOB,

E. A. Benenenxkuii, C. C. PaTbsiHOB

Cubupckuii rocyrapcTBeHHbINH HHAYCTpUAIABHBIH yHuBepeuTeT (Poccus, 654007, Kemeposckas 061. — Kyszbacc, HoBokysHenxk,
ya. Kupoga, 42)

&) protopopov@sibsiu.ru

AHHomayus. Ha npakTHKe A5 ONUCAHUS KMCIOPOAHO-KOHBEPTEPHOTO MPOLecca IMUPOKO UCTIOIb3YIOTCS TaK Ha3bIBAEMbIE CTATHUECKHE MOJIEIH,
OIMCHIBAIOIINE N3MEHEHNUS BBIXO/HBIX ITApaMETPOB HAa OCHOBE MH(OPMAIMH O BXOJHBIX ITapaMeTpax s KaKJOro OTACIHHOTO IIMKJIA MPOH3-
BOJCTBA (MUIaBKK). JIOMONHUTENLHO MCIOJIB3yEeMble MOJENIH 3aKIIOUUTENIBHOTO MEePHOoAa MO3BOJSIOT 00ecreunuTs Oosiee TOUHOe MOomaJaHue
B 3aJaHHBIC NPEJEIIbl 110 TEMIIEpaType M COAEPKaHWIO yriepoxa B Metaiuie. [Ipu 3ToM B KadecTBEe MCXOJHOI HCIIONIB3yeTCs MH(POpPMAIUL
0 pesylpTaTax MpOMEeXyTOYHOrO 3aMepa MapaMeTpoB MeTasia (ypMoii-30HI0M, KOTOPBIH MPOBOIUTCS B mepuoa pacxoaa 80 — 95 % obuero
KHCJIOpO/a Ha TuIaBKy. [t onvcanus moBeneHns: 00BbEKTa 10 X0y Mpoliecca OT Havyajia ¥ J0 KOHIa IPOM3BOACTBEHHOTO MKJIAa HEOOXOIMMO
MMOCTPOCHUE MOJICNIH, OCHOBAHHO Ha 3aKOHOMEPHOCTSIX B3aUMO/ICHCTBHS (a3 B OTKPBITON crcTeMe (KUCIOPOAHOM KOHBepTepe). B HacTosmei
paboTe npeAnpHHSATA IMONBITKA MOCTPOCHHS TAKOH MOJENIN C HCIIOJIB30BAHWEM KOHLEHIIMM CTAlMOHAPHOTO HEPaBHOBECHOTO COCTOSIHUS
U pe3ynbTaroB (PU3MYECKOrO U MAaTeMaTHYECKOrO MOJAEIMPOBAHHS CHCTEMbl IIPH W3MEHEHUH BEJIUYUHBI IUIOLIAM KOHTAKTa JABYX HECMELIU-
BAIOLIMXCS XKHUJIKOCTEH P BO3ACHCTBUY HAa HUX CTPyH rasa. [Ipu ¢opmMupoBaHuy MOIENN NCXOAWIN U3 HAIWYHS B paciljiaBe JBYX OCHOBHBIX
PEAKLMOHHBIX 30H OKHCIICHHSI KOMIIOHEHTOB, KOTOPbIE B COOTBETCTBUY C COBPEMEHHBIMHU MPEICTABICHUSAMH ONPEIIISIOT MEXaHN3M IPOLIECCOB
¥ THJIPOJMHAMUKY paclijiaBa IpH MPOyBKEe KOHBEPTEPHOM BaHHBI. J{JIst KaXk10# BBIACICHHOW 30HBI B 3HAYUTEIBHON CTEIICHN XapaKTEPUCTUKI
MaccoInepeHoca B pa3iuyHbIe EPHO/IbI ONEPAluy B 3aBUCUMOCTH OT TEKYIIMX IapaMeTpOB B3aUMOAEHCTBYIOIUX (a3 ONpeelstoT CKOPOCTH
XUMHYECKUX peakuid. Pe3ynbraTsl MpOBEepKH aleKBaATHOCTH MOJEIH C HUCIIOJIB30BAHUEM MPAKTUYECKHUX JAHHBIX MTO3BOJISIIOT 3aKIIOYHUTh, YTO
MOJZIEJIb MOJKET OBITh MCIIOJIb30BaHA JUI UCCIIEA0BAHMS POLEcca NMPOILYBKH B KHCIOPOAHOM KOHBEpTEpE.
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[ INTRODUCTION

Providing a detailed description of the processes
taking place in an oxygen converter is a complex, multi-
factorial task. In practice, so-called static models and
end-of-blow models are widely used to control the BOF
process and achieve the target parameters of the semi-
finished product. Static models [1 —3] are based on
the properties of the input materials and the desired
characteristics of the semi-finished product at the end
of the oxygen blowing. These models are primarily used
to preliminarily calculate the required amounts of charge
materials (scrap metal, hot metal), fluxes (lime, magne-
sia-based coolants, etc.), and oxygen per heat. To describe
the cyclic nature of the steelmaking process, both theo-
retical [4 — 6] and statistical [7 — 9] models are typically
applied. The models used in the final period (i.e., end-of-
blow models) utilize the results of intermediate measure-
ments of process parameters taken with a probe tuyere.
These models help adjusting the initially fixed amounts
of materials and oxygen to determine the optimal blowing
endpoint [10 — 12]. However, such models do not pro-
vide real-time information on process parameters during
blowing, which can may create certain difficulties when
new materials or technological elements are introduced,
as well as when optimizing blowing modes and overall
process performance.

- PROBLEM STATEMENT AND GENERALIZED MODEL
FORMULATION

To accurately describe the processes occurring in
the converter — including the influence of various parame-
ters on both the progress and final outcomes of the ope-
ration — the following objective was set: to develop a gene-
ralized model grounded in the physicochemical principles
that govern phase interaction patterns in the converter
unit. The proposed model is based on the concept of a sta-
tionary nonequilibrium state (SNS) [13] and adopts
the energy-dynamics approach introduced in [14]. Buil-
ding on previous research [13 — 15], the model assesses
the contact surface area between interacting phases and
estimates the rates of heterogeneous reactions using
data derived from physical and mathematical mode-
ling [16 — 19].

To model the process, the system was initially decom-
posed into elements or interacting phases, each charac-
terized by unique physicochemical properties. The active
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exchange between these phases necessitates an integrated
assessment of interdependent parameters that describe
their state and interaction throughout the operation.

The converter refining process is characterized by
continuous changes in chemical reaction conditions:

— changes in quantities of interacting phases:

¢ liquid metallic (refined metal) and oxide (slag)
phases;

* solid metallic (scrap) and oxide (fluxes, coolants,
and the non-metallic component of the solid metal
charge);

* gaseous phase, present in the slag—metal emul-
sion as CO bubbles and rising macrovolumes of off-
gases;

— changes in chemical composition of the interacting
phases:

¢ liquid metallic bath (refined metal);
¢ liquid oxide phase (slag);
* gaseous phase (rising gas bubbles);
— changes in temperature of the interacting phases;

— changes in blowing parameters, including the oxy-
gen feed rate and the position of the lance relative
to the surface of the metal bath in accordance with
the selected blowing mode;

—changes in geometric parameters of the work-
ing space due to the wear of the refractory lining over
the course of the converter campaign.

Quantities of interacting phases

Changes in the quantities of phases interacting in
the converter result from the following processes:

— charge preparation: loading of scrap and pour-
ing of hot metal, including possible presence of metal
and slag from previous heats (including slag deposited
on the unit lining as skull by various methods); addition
of auxiliary materials (fluxes, coolants, solid and gaseous
fuels) before and during blowing;

— phase transitions: melting and dissolution of solid
components of metallic charge, fluxes and coolants in
liquid metallic and oxide phases, as well as reverse pro-
cesses; wear of the working layer of refractory lining;

— oxidation reactions of iron and impurities in the
metal bath during interaction with oxygen jets;
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—redox reactions and dissociation reactions at phase
interfaces.

The change in quantity of the f-th phase during any
blowing period can be generally described by the follo-
wing expression:

G H 1 J
r_ -1
Wy =Ww, +2Awgf +hZ:Awhf +ZAwif +2ij , (1
g=1 -1 i=1 =1

where w} and w_’f_l are the quantities of the f-th phase
at the end of the current period and at the end of the pre-
vious blowing period, respectively; Aw_.is the change
in quantity of the f~th phase due to loading/addition
of the g-th material into the converter that does not
form a separate phase; Aw,, is the change in quantity
of the f~th phase due to phase transition from the /A-th
phase to the f~th phase or the reverse process; Aw,, is
the change in quantity of the f~th phase due to changes
in quantities of reagents and products resulting from
the i-th oxidation reaction with gaseous oxygen; Aw, is
the change in quantity of the f~th phase due to changes in
quantities of reagents and products resulting from the j-th
redox reaction at the slag-metal interface.

The solid metallic phase constitutes a mixture of metal
charge components, potentially forming conglomerates
during initial operation stages and developing surface
accretion (“freeze-on”) on fragments of the solid metal
charge. The solid oxide phase comprises various auxi-
liary materials not yet transitioned to liquid or gaseous
states (fluxes, coolants, non-metallic portions of the solid
charge, slag from previous heats).

Thus, individual constituents of both metallic and
oxide phases exhibit distinct chemical compositions and
physical properties which govern their interaction mecha-
nisms and transition rates into the liquid phase.

Chemical composition of interacting phases

Changes in the chemical composition of interacting
phases result from the same processes that drive varia-
tions in phase quantities.

The general expression for the change in content of ele-
ment (oxide) X in phase f during any blowing period is:

P
[X]’JZ1 w}fl + Z_;AWXP
(X7, = w — , (2)
A

where [ X ]’f and [X ]'/Zl is the content of element (oxide) X
in phase f at the end of the current and previous blowing
periods, respectively; p is the process stage identifier
(material addition, phase transition, oxidation in the pri-
mary zone, oxidation/reduction at the slag-metal inter-

face); Awy, is the change in quantity of element (oxide)
X in phase f due to process p during the current blowing
period.

Temperature of interacting phases

The temperature changes in interacting phases result
from the following processes:

—heat exchange between phases, characterized by
their current thermophysical properties (temperature,
heat capacity, quantity);

— oxidation reactions (of iron and impurities), reduc-
tion reactions (of iron, manganese, and phosphorus
oxides), and dissociation reactions (of hydroxides and
carbonates), with heat release or absorption;

— phase transitions (characterized by transition enthal-
pies);
— energy exchange with the environment (heat losses

through the refractory lining, radiation, and carried away
by exhaust gases).

To quantify temperature changes during any blowing
period, the following expression was used:

Tf :thl +
A 1 H L
D H,w, =Y AHAw, = > AH,Aw, — > Hwj
+ a=1 i=1 — h=1 =1 , (3)
2. Corwy
/=1

where H, and w/, are the specific enthalpy and the quantity
of material @ added to the converter in the current blowing
period #; AH, and Aw,, are the enthalpy of reaction i (per
unit of reagent ) and the change in quantity of reagent r
in period #; AH, and Aw, are the phase transition enthalpy
(per unit of phase /) and the quantity of phase under-
going transition in period #; H, and w, are the specific
enthalpy and the quantity of gas / exiting the converter
with exhaust gases in period ¢; C;f and w} are the spe-
cific heat capacity (at constant pressure) and the quantity
of condensed phase fat the end of period .

Specific enthalpies of substances and reaction enthal-
pies are derived from standard reference data and tempe-
rature-dependent heat capacity functions.

Blowing mode parameters

Changes in oxygen blowing parameters are deter-
mined by process objectives at different stages:

— intensive slag formation during initial blowing;

— maintaining dynamic equilibrium between iron (and
impurity) oxidation and carbon oxidation (during intense
decarburization) processes;
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— ensuring the metal’s chemical composition reaches
specified limits during the final blowing stage.

Phase interaction conditions vary depending on blow-
ing parameters (intensity, tuyere position above bath
level), as well as temperature, quantities of metal and
slag, and geometric characteristics of the working space.

Reaction rates and interfacial contact area

The rate of chemical reactions is governed by the fol-
lowing current parameters:

— phase composition of the system;
— temperature;

— current concentrations of initial components and
reaction products in the interacting phases;

— concentrations of initial components and reaction
products in the interacting phases under stationary non-
equilibrium state.

The concentrations of slag and metal components
were defined as their respective contents within the liquid
oxide and liquid metallic phases. It was assumed that
chemical reactions occur exclusively with the participa-
tion of liquid and gaseous phases. Thus, both the quanti-
ties and concentrations of the components in the liquid
phases may vary in each calculation interval, partly due
to phase transitions.

The total amount of slag was determined as sum
of the solid and liquid oxide phases, whereas the total
amount of metal was calculated as the sum of the solid
and liquid metallic phases.

The general form of a chemical reaction rate equation
is as follows

V,=k A"B", (4)

where k is the reaction rate constant, a function of tem-
perature independent of the concentrations of reactants;
A, B are the concentrations of reactants; and m, n repre-
sent the reaction orders with respect to reactants 4 and B,
respectively.

The kinetic equation for a heterogeneous reaction
describes the reaction rate as the number of elementary
interaction events occurring per unit time per unit inter-
facial area.

Based on the considerations presented, to calculate
the values of Aw, and Aw,, from equation (1) and Awy,
from equation (2), it is necessary to estimate the contact
area between interacting phases.

As demonstrated in [3; 14], oxidation reactions occur
at the interfaces between interacting phases within dis-
tinct reaction zones of the converter bath:

—primary reaction zone: the interface between
the oxygen jets and surface of the liquid metal;
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—secondary reaction zone: the interface between
the gaseous phase and the liquid metal and slag phases.

The oxidation rate of an impurity element was deter-
mined as the sum of the individual reaction rates in both
zones.

Primary reaction zone. This zone represents
the area of direct oxygen uptake from the blowing jets.
In the primary zone, the oxidation reactions of silicon,
manganese, and phosphorus — as well as carbon, when its
concentration exceeds the transitional and critical levels —
are assumed to occur under kinetic control. These oxida-
tion reactions are considered first-order, with the oxygen
concentration in the gas phase at the liquid metal inter-
face taken as constant and equal to unity. Under these
assumptions, the oxidation rate of an impurity element X
is given by:

Vig= k5,14, ®)

where k is the reaction rate constant; S, is the current
contact area between the oxygen jets and the liquid metal;
[X] is the current concentration of the oxidized element
in the liquid metal.

At lower (subcritical) carbon concentrations -
where the process is limited by mass transfer of carbon
to the reaction zone (diffusion-controlled regime) — car-
bon oxidation rate can be expressed as

V1C = kmS]([C] - [C]*)a (6)

where & is the mass transfer coefficient of carbon in
the liquid metal; [C] is the current carbon concentration
in the melt; [C]" is the limiting concentration of carbon,
which depends on the characteristics of the blowing
equipment and geometric parameters of the converter’s
working space.

Secondary reaction zone. At lower concentrations,
oxidation of silicon, manganese, phosphorus, and carbon
primarily proceeds under diffusion-controlled condi-
tions. To describe the rate of these processes, taking into
account the contact area between the interacting con-
densed phases, the following form of the kinetic equation
can be used [20]:

Vi =k, S,(IX] = [XT), ()

where k£ is the mass transfer coefficient; S, is the cur-
rent contact area between the interacting condensed
phase; [X] is the current concentration of the element
in the liquid metal, and [X]" is its equilibrium concentra-
tion (or the limiting attainable concentration in the case
of carbon).

The equilibrium concentration of an element in
the liquid metal can be calculated using the well-known
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temperature dependence of the equilibrium constant for
the corresponding reaction:

a
InK =—+5b, 8
nk=- 3

where K is the equilibrium constant of the chemical reac-
tion; 7T is the current temperature; a, b are empirical cons-
tants.

Since the equilibrium constant of a chemical reaction
is defined as the ratio of the product of the concentra-
tions of the reaction products to the product of the con-
centrations of the reactants at equilibrium, an increase
in the content of oxidation products in the slag — assum-
ing all other conditions remain unchanged — leads
to an increase in the value of [X]" and shifts the reac-
tion rate toward negative values; that is, it promotes
the preferential development of the reverse reaction, in
accordance with equation (7). Conversely, an increase
in the concentration of reactants raises the current value
of [X], which results in a higher reaction rate in the for-
ward direction.

To describe the rate of carbon oxidation in the secon-
dary zone at so-called transitional concentrations,
a kinetic equation of the following form is used [21; 22]:

V,e = k,S,[C]"(FeO)", ©)

where (FeO) is iron oxide content in slag.

The values of k, and & are the rate constants and mass
transfer coefficients in equations (5)—(7), (9) can be
approximated by linear temperature dependences.

Determining the contact area between

interacting phases

The contact area between the oxygen jets and
the liquid metal during blowing was approximated as
a value directly proportional to the dynamic pressure
of the oxygen jet at the nozzle exit and inversely propor-
tional to the square of the lance height above the metal
surface, in accordance with previously obtained data
on jet penetration depth into the liquid bath [14].

Data obtained through physical and mathematical
modeling [16 — 18] have helped clarify how various
parameters affect the contact area between the metal and
slag phases.

As a representative example, Figs. 1 and 2 [18] show
the results of low-temperature modeling of metal-slag
interaction under gas jet blowing conditions. The mode-
ling demonstrated, for instance, that factors such as lance
height (4,), gas flow rate (¢) and slag layer height (4,)
influence the contact area S between the phases.

In constructing the mathematical model, it is impor-
tant to account for how the relative amount of slag in

the converter bath changes over the course of blowing.
This can be represented using the following parameter

(10)

where a’p is the diameter of the model.

The non-monotonic relationship between the interfa-
cial area S and the total amount of slag can be attributed
to the varying influence of the parameter H,/d on the rate
of droplet formation (v,) — that is, the formation of metal
droplets (or globules) suspended in the slag, which con-
tribute to the additional interfacial area — and on their
residence time during the heat (1 ):

S=vr1, (11)

S, m
0.35

0.30
0.25
0.20
0.15
0.10
0.05

0 0.2 0.4 0.6 0.8

H,/d

Fig. 1. Effect of slag layer height /,, related to the reactor diameter ,
on the value of Sat ¢ = 1.13-103 m?/s
and various A, values (calibers) 0, 4.5, 9, 15, 24 (1 - 5)

Puc. 1. BiusHue BbICOTBI CJ10 11aKa /1,, OTHECEHHOM K IMaMETPy
peakropa d, Ha Benmuuny S 1ipu ¢ = 1,13-107 mM¥/c
¥ 3HaueHusAX M| (kamuOpsl) 0; 4,5; 9; 15; 24 (1 - 5)

2

S, m
0.35 - \
0.30 - 4

0.25
0.20
0.15
0.10

0.05

0 0.2 0.4 0.6 0.8 H,/d
Fig. 2. Effect of slag layer height /7, related to the reactor diameter d,
on the value of S at H, = 15 calibers
and various ¢ values 0.5, 0.75, 1.13, 1.50 (1 — 4)

Puc. 2. BnusHue BBICOTHI CII0A 11aKa /1,, OTHECEHHOM K TMaMETPy
peakropa d, Ha Benuuuny S nipu H, = 15 kanu6pos
u 3HaueHusx ¢ 0,5; 0,75; 1,13; 1,50 (1 — 4)
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The residence time of metal droplets (globules)
in the slag is determined by the physical properties
of the liquid phases, the characteristics of the gas jet, and
the size of the main circulation loop for both the melt and
the entrained droplets. In contrast, the rate of formation
of additional interfacial area is governed by the blowing
parameters and the thickness of the less dense, gas-satu-
rated slag layer [18].

Afterburning of off-gases

The amount of carbon oxidized to CO and CO, can be
reasonably determined using the temperature-dependent
equilibrium constant for the oxidation reaction of carbon
monoxide with gaseous oxygen

2CO + 0, =2CO0,. (12)

In this case, the reaction in the gas phase is assumed

to proceed rapidly, with equilibrium established during

the current blowing period, regardless of the time interval
selected for the calculation.

Iron oxidation

The required amount of oxygen was determined based
on the stoichiometric relationships for each oxidation
reaction occurring during the current calculation interval
in the primary and secondary reaction zones, as well as
the afterburning of carbon monoxide CO.

To calculate the amount of oxygen consumed for iron
oxidation during the current period, the total oxygen
supplied to the bath — determined by the blowing mode
parameters — was reduced by the amount used for the oxi-
dation of impurity elements in the melt and for the after-
burning of carbon monoxide CO:

N
F X;
qOZ =40, _Zqoz’ (13)
i=l
where ¢,, is the amount of oxygen introduced into
the bath during the current period; qg; is the amount
of oxygen consumed for the oxidation of i-th element or
carbon monoxide CO.

The amount of iron oxidized and the corresponding
quantity of iron oxide formed were then calculated based
on stoichiometric ratios.

For each reaction taking place, the heat effect cor-
responding to the quantities of reactants consumed and
products formed was determined. The enthalpy of the off-
gases, required for estimating heat losses (see Equa-
tion 3), was calculated as a function of gas heat capacity
and temperature, the latter assumed equal to the current
temperature of the condensed phases.
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The reaction rates, calculated with consideration
of the interfacial area between interacting phases, were
applied in accordance with equations (1) — (3).

Melting/dissolution rate of materials in the melt

The mass rate of melting or dissolution of each addi-
tive material and steel scrap during the blowing process
can be estimated using empirical expressions. These are
typically expressed as linear functions of the current solid-
phase amount and the average temperature of the con-
densed phases at the start of the current time interval.
For instance, in the case of light scrap, the melting rate
coefficients were adjusted so that, according to model cal-
culations, the transition to the liquid phase would be com-
pleted within 20 — 30 % of the total blowing time. For
heavy scrap, this transition occurred within 50 — 80 %
of the blowing duration.

Accordingly, the model is designed to calculate
the current values of the quantity, chemical composi-
tion, and temperature of the interacting phases at the end
of each defined blowing interval. These values are then
used as input data for the next interval. In practical
applications, each time step in the calculation typically
corresponds to the consumption of 200 m* of oxygen.
A generalized algorithm of the model is shown in Fig. 3.

Accordingly, the minimum required set of input data
for calculations must include the following information:

—chemical composition and quantities of charge
materials (hot metal and scrap) and additives (fluxes and
coolants);

— temperature of the hot metal;

— predefined or actual parameters of the blowing mode
(lance position, oxygen flow rate, etc.) and slag mode
(material addition schedule during blowing);

— target or measured end-of-blow values: final tem-
perature of the metal and the content of carbon, manga-
nese, sulfur, and phosphorus.

[ RESULTS AND DISCUSSION

As a result of implementing this algorithm to solve
the integrated problem, the model provided calculated
values for the final temperature and chemical composi-
tion of the metal after blowing, the total oxygen con-
sumption for the heat, and the trajectories of these para-
meters — along with those of the slag phase — throughout
the operation.

The model’s adequacy was assessed using data from
200 heats carried out in a 350-ton converter under real
production conditions, where additional process moni-
toring was performed using a probe tuyere. The assess-
ment was based on actual process data, including mate-
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Table 1. Parameters of the end of blowing

Ta6auya 1. [TapaMeTpbl OKOHYAHUS TPOAYBKHU

T,°C 0,, nm’ [C], % [Mn], % [P], % (FeO), % B
1568 —1709 | 17,235 -21.314 | 0.027 —0.098 0.059 — 0.237 | 0.0048 —0.0268 | 14.9-33.2 | 3.10—5.05
1647 19,346 0.046 0.136 0.0130 23.15 3.87
( Start ) Table 2. Parameter prediction errors
¢ Tabauya 2. OMIMOKH MPOrHO3a NapaMeTPoB
/ 1. Input parameters /
* AT, °C | AO,,nm* | A[Mn], % | A[P], % | A(FeO), % | AB
2. Phase quantities, 0.1 =43 0.005 0.0006 1.8 0.28
chemical composition, 16.1 354 0.027 0.0027 33 0.35

and temperature (¢ = 0)

!

3. Current period
t=t+1

!

4. Calculated parameters
of the primary reaction zone

!

5. Calculated parameters
of the secondary reaction zone

!

6. Reaction rate

!

7. Rate of interphase transitions

!

8. Phase quantities,
chemical composition, and temperature

9. Target values
achieved

/ 10. Output parameters /
Y
( End )

Fig. 3. Enlarged algorithm of the model functioning

Puc. 3. YkpynHEHHbIH anroput™ (GyHKIHOHUPOBAHHS MOJEIN

rial quantities, auxiliary material addition schedules,
blowing parameters, total oxygen consumption, and
the final chemical composition of the metal. Model calcu-
lations were halted once the carbon content in the metal
reached the value actually observed in the correspon-
ding heat. By tuning the model coefficients, the resulting
outputs included the ranges (numerators) and average
values (denominators) for key end-of-blow parameters
(Table 1).

Calculation errors A for end-of-blow indicators were
defined as the difference between measured and predicted
values. Table 2 presents both the mean errors (numera-
tors) and the mean absolute errors (denominators)
of the calculations.

[ ConcLusions

The resulting error values for end-of-blow para-
meters confirm the adequacy of the model developed
using the proposed approach. This, in turn, supports
the model’s application for analyzing the effects of varia-
tions in material composition, quantity, and properties,
as well as in process conditions and converter geometry,
on the dynamics of phase interaction and end-of-blow
outcomes — ultimately helping to reduce the need for cor-
rective operations.
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