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MATHEMATICAL MODEL OF THE MELTING OF A SPHERICAL DEOXIDIZER AT
THE SLAG-METAL INTERFACE

MO/IEJb ITABJIEHHS PO3KUCJIIOBAYA COEPUYHOI ®OPMU
HA MEKI IINTAK-METAJI

Industrial metallurgical technology for off-furnace deoxidation and adjustment of the chemical
composition of steel by introducing lump materials of various chemical and granulometric compositions
into molten steel in a steel casting ladle has become widespread in Ukraine and neighboring countries.

This technology is a resource-saving method for off-furnace steel refining and processing. Its
purpose is to determine optimal modes for introducing lump materials into the melt during steel tap-
ping or blowing in industrial furnace and furnace-ladle units. It should be noted that the introduction
of such additives is accompanied by their flotation into the slag layer on the surface, which in turn
leads to inefficient utilization of deoxidizing materials such as aluminum and ferrotitanium.

The aim of this work is to develop a mathematical model describing the melting of a spherical
deoxidizer at the slag-metal interface.

Keywords: mathematical melting model, spherical deoxidizer, steel casting ladle, slag-metal
interface, heat balance equation.

B Ykpaini ma xpainax oaudxchvo20 3apy0incocs ROUUPULACS NPOMUCTIO8A MEMAYPeiiHa mex-
HOJIO2ISL NO3ANTUHO20 POSKUCTIEHHS MA 008E0EHHS XIMIYHO20 CKAA0Y CTANL UWIAXOM 86E0eHHS KYCKOBUX
Mamepianie pizHo20 XiMIUHO20 MA 2PAHYIOMEMPULHO20 CKAAOY 8 PIOKY CIAIb Y CIAIEPO3TUBHUL KOBUL.

Taxa mexnonoz2is € pecypco36epieaiouolo MexHoN02Ii€0 No3aniunoco0 006e0eHHs ma 0OpooKu
cmani Ii 3as0annsm e BUOID ONMUMATIBHUX PEXHCUMIE 86€0eHHS KYCKOBUX MAMEPIAIE Y PO3NLAE NPU UNY-
CKYy ab0 npoody8anHi CMai 8 NPOMUCIOBUX depe2amax niy i niy-kogus. Biozuauumo, wo esedenns maxkux
000aB0K CYNPOBOONCYEMbCA IX GUHECEHHAM 6 UWLIAKOBUL Wap HA NOBEPXHIO, WO 8 CBOI0 Yepey Npu3eo-
Oumb 00 HeeheKMUBHO20 BUKOPUCMAHHS MAMePIaie - POKUCTIO8AYIE (ATIOMIHIIO, (hepomumany).

Lna supiwienns 3a0ayi naaeieHHs KYCK08020 mamepiany cghepuunoi popmu, Oyi0 3anponoHo-
6aHo guxopucmosysamu memoo Jiozimbepa. Memoo 3acmoco8yemvcs 01 ONUCy npoyecy niaeienus
(abo 3ameepOints), Koau HeOOXIOHO 8paxo8yeamu pyx Mexci po3oiny ¢az (meepde mino-po3nias).
Memoo 0o3601a€ 36ecmu CKIAOHY cucmemy OupepeHyianoHux pieHAHbL 6 HACMKOBUX NOXIOHUX 00
Oinbw npocmMux IHMeSpANbHUX CHIBBIOHOWeHb ab0o ananimuyHux eupasis. Lle cnpowye po3paxyHnox
Yacy noeHoO20 PO3NIABIEHHS POZKUCTIO8AYA CHEPULHOT POPpMU.

Ak nokaszas ananiz pobim npeocmasienux aemopom patiue yeu Memoo nioxooums 0Jis eupi-
WeHHST MaKuX Menioi3uuHux 3a0ay, i Ha OaHULL YaC € aKMyarbHuM. Y pobomi nputinamo wo npoyec
NAABNIeHHS POSKUCTIOBAYA CheputHOi Popmu 8 NPOMUCTIOBUX azpe2amax NpoxXoOUms Ha Mexci wiaK-
meman. Lle ycknaouioe 3aceoenns mamepiany po3Kuciiogaya 6 po3niagi Memany, ane ye € peaibHolo
KApmMuHOoW y MeXHOI02ii nO3aniuH020 008€0eHH s XIMIYHO20 CKIady CIAJI.
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Memor pobomu € po3pobka mamemamudHoi Mooei NIAGIEHH POSKUCTIO8aYd ChepuyHol
dopmu Ha medci WaK-meman 3 BUKOPUCMAHHAM Memody [{io3imbepa.

Knrouoei cnosa: mamemamuuna mooens niasieHHs, po3KUciosay cepuunoi popmu, cmane-
PO3TUBGHULL KOGUL, WTAK-MEMAT, PIBHAHMSA MENI08020 DANAHCY.

Problem’s Formulation

The kinetics of the melting process of lump additives with different particle size distributions
at the slag-metal interface in a steel casting ladle have been investigated in [1, 2]; however, these stud-
ies considered cylindrical materials. The physical mechanisms governing the melting of cylindrical
and spherical materials differ.

This paper examines the case in which a refractory spherical additive is partially immersed in
molten steel and partially in molten slag. Based on these initial conditions, an algorithm was devel-
oped to solve a two-dimensional melting problem for refractory spherical materials using the
Duzimber finite-difference method [2].

Analysis of recent research and publications

After analyzing the problems of metal deoxidation in industrial ladle-furnace units and build-
ing on the author’s previous studies, a decision was made to develop a mathematical model describing
the melting of a spherical additive at the slag-metal interface. The Duzimber finite-difference method,
as presented in [2], was adopted as the basis for this research. An analysis of earlier studies and publi-
cations in this field demonstrated the necessity of developing such a mathematical model for the fur-
ther investigation of melting processes of additives with various shapes in ladle-furnace units.

Formulation of the study purpose

Let us consider the process of melting a spherical additive made of refractory material at the
slag-metal interface. We assume that the temperatures of the molten metal t, and molten slag ts are high-
er than the melting temperature ty of the sphere. Conditions on the upper surface of the sphere located in
the slag melt (0<$ <4 0): convective heat exchange with molten slag occurs with a given heat transfer
coefficient asn. On the rest of the sphere's surface (¥ 0< 3 <), convective heat transfer occurs with

molten metal with a given heat transfer coefficient o There is ideal thermal contact between the frozen
metal shell, slag, and the sphere's surface, with given boundary conditions of the fourth kind [3, 4].
Presenting main material
The temperature distribution in the sphere is described by a two-dimensional heat conduction
equation:

LaT(n8,7) _ ;ta[rza_T}+ A i[gsingm} 0

ot r2orl or | rsing a9 28]’
0<r<Ryp0< & <,
where ¢ — is the heat capacity, p — is the density, and 4 — is the thermal conductivity of the

sphere material, which do not depend on temperature. The equation for temperature distribution in a
solid metal shell is as follows:
ot (r,87) A, 0| 0T, A, 0|1 . _OT,
Cmpm = 4 r +— — =Sl .
or r<or or rsing o4 04
|’>Ro,(190< g < 7[),

Then point Py, will be located at the melting or freezing point of the solidified metal shell, and

the condition for the movement of the melting or freezing point will be as follows:

ot (P m
a, (tm(r,S,r) ) -\ a(— n) _ P QW (P t, (P) =t 3)
The temperature distribution equation in the solidified slag shell will be as follows:
Co p 0T, (r,9,7) :A_Szhg 2 Ty, N {15,1 8 1S SaT
ot r<or or rsing o9 09

(2)

(4)
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r> Ro, (0< 9 <190).

Point Psh belongs to the melting or freezing boundary of the solidified slag shell, then the

condition for the movement of the melting or freezing boundary is represented as:
sh ot (P
aSh (tSh (r’ '9’ T) _tpl ) _7\’% = _pshQshW(Psh) ; tsh (Psh) = t;? ' (5)

As an initial condition, we choose the temperature distribution in the sphere when it rises to
the surface of the metal-slag. Let us consider the calculation algorithm, where the control volume
method is used to derive the heat balance equations, and a coordinate grid is formed to solve the melt-
ing problem.

We divide the volume of half of the sphere into control volumes, whose coordinates are (i, j),
and we will find the temperature at the centers of the resulting volumes. My is the specified number of
nodes along the radius of the sphere, No is the specified number of sectors along the angle & of the
sphere. The proposed calculation algorithm uses an explicit finite-difference scheme, creating temper-

ature matrices ti'j ; for (n) and tﬁl for (n+1) time layers, and matrices of thermophysical parameters
of density Pl thermal conductivity A and heat capacity c,-In this matrix, the values of the pa-

rameters of the sphere material, solidified metal, and solidified slag are entered for each time layer,
respectively. The step along the radius (coordinate i) is determined by the Ar=R,/(M;-1/2), and the

step along the angle & (coordinate j) is determined by the formula A& =7 /IN,.

Fig. 1. Internal control volumes of the sphere 1<i<My, 1<j<Ng

Next, we derive the heat balance equation for the obtained internal control volumes. In this
case, the vertices of the sphere sector, as shown in Fig. 1, have the following coordinates:
AR, @, 0), B(R, ¢, +d60), C(R+dR, ¢, 6+d6), D(R+dR, ¢, ), Ai(R, ¢+dg, 6),
Bi(R, ¢+dg, 0+d6), C1(R+ dR, p+dg, 6+d6), Di(R+ dR, ¢+de, 6).
To derive the heat balance equations, it is also necessary to calculate the areas of the faces
involved in heat exchange and the volume of the spherical sector with coordinates (i, j).
Face area: ABA1Bs.

ArY A
Suns, = A~A1-AB=KR—%)~S|n6"A¢}-(RO—%]-A9=

(O A )
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Face area: DC,CDq:

SDCC1D1 = DC'DDl =KR+%j-Sin6’~A¢](R+%)Ag=

(6)
2
=KiAr—%)-sin&-&ﬁ}(i'Ar+%j-A0:[Ar(ijt%ﬂ -SiNG-AB-Agp.
Face area: AA1DD;:
Ar) .
S w00, :AAl-DlD:KR—7J-sm9-A¢]Ar:
A . (7
:Ki-Ar—%)-sine-Agb}-Ar:(i—zj-Arz-sinH-Agb.
Face area: BB1CCxy.
Ar) .
S =BB,-BC=|| R—— |-sin(@-A@)-Ag |- Ar =
S
A . (8)
:Ki-Ar—%j-sin(e-Ae)-Aqﬁ]Ar:(i—EJ-Arz-sin(e-Ae)-Agzﬁ.
Volume of the sector:
2
AV =S pgap, -Ar:{Ar(i—;ﬂ -Ar-sin@-A8-Ao- (9)
Based on this, we obtain the heat balance equation for internal control volumes:
" 24 At -t
AV' - 'C- ) 1) 1] — . 1,] Ifl,j . Ifl,j 1) _
Pii G AT ABAB /11,1"'2171,] Ar
24 A L th —t" . 24 . A th . —tM
1] I+1,J 1] I+l,j I,j—l 1) I,j—l 1)
. +S . . - 10
PO A+ A A MO+ A Af o
_s 21.,1' 'ﬂf.,m _tir,]j _tirjj+1
B A A, TAT-AG

Substituting the values of area and volume into the equation, we obtain the calculation formu-
las for unknown temperatures t"*:

1
n n I+—
2-At ﬂ"lj'/’i’l—lj ti—l,j_tij /’LI

tiﬁ}lztirjj + ’ — 7 j% - A - i2+l’j +
Pij G 2’.,"‘]“.-1,1' Ar |_E )‘1,j+ﬂ’|+l,j Ar
(11)
N 1 A .tir,]j—l_tir,]j 3 sin(0-A0) _ A A .tir,]j_tirjj+l
= G+ A ArPAG°

1 4. . 2.AG° (. :
Ayt Ar-AO (l—l)sme A

For the remaining control volumes, the governing equations retain the same form. Let us de-
rive the equations for the freezing and melting of metal and slag shells, and the melting of a sphere,
using the Duzimber method. During the freezing and subsequent melting of the metal and slag shells

© Bomommun P.B., 2026.
Jlinensia Creative Commons CC BY 4.0



142 Maremaruute mozemoBanns Ne 1(54) 2026

and the melting of the sphere, the temperature of the surface layer is assumed to be equal to the corre-
sponding freezing or melting temperature. In the surface control volume with coordinates M[i], j, the
process of freezing, melting of slag or metal melts, as well as melting of the sphere may occur. For this
purpose, the excess temperature t, (J) is determined for each surface control volume [4—6].

Below are formulas for excess temperatures tu(j) for 1< j <N, freezing and melting of
molten metal.

n m 2 m
. m 2-At ﬂM[j]—l,j '/IM[j],j tM[j],j -t 1 1 ty —t,
L]t E Y S b M) M ar
Pulilimlibi | it T Al J
(12)
N 1 i A . i)t 1 i i . Ui b
H . 2 H . 2 |
MUI] A + A [MJ]-ar-a0]  MU] Augy + Aot [M[]-Ar-A0]
If the excess temperature value t,(j) is less than the melting temperature of the metal t,’:fl , then

metal freezing occurs in the neighboring surface control volume with coordinates Mg, j+1, and on
each calculated time layer, the difference between the excess temperature value and the melting tem-

perature of the metal is t,lfl summed in the counters. For this purpose, the array cdy; is presented, at the

beginning of the calculation all its elements are equal to 0. If after ki steps in time the value of cdp;
becomes greater than the ratio of the heat of phase transition in the metal to its heat capacity, then the

temperature of the metal melt in the neighboring surface control volume t,?,l“]'jﬂ is replaced by the

melting point of the metalt}} [3, 4]

m
pl

surface control volume with coordinates Mp;, j melts. At each calculated time layer, the difference be-
tween the excess temperature value and the melting point of the metal t;‘, is added up in the counters.

When the excess temperature t, ( J) value exceeds the melting point of the metal t ;) , the given

After k; steps in time, the time value cdp; becomes greater than the ratio of the heat of phase transition
in the metal to its heat capacity, then the temperature t:,l[ il in this control volume is replaced by the

temperature of the molten metalt,, . When the metal or slag shell melts, it is possible to calculate the

heating of the sphere surface in a given control volume and then calculate the melting of the sphere [7].
Conclusions

Using the proposed calculation method, the melting time of refractory spherical deoxidizers of
various diameters can be determined with sufficient accuracy for metallurgical applications. The
algorithm can be efficiently implemented using the C++ programming language as the primary
computational tool.

The presented mathematical model and calculation algorithms provide a complete description
of the melting process of a spherical refractory deoxidizer at the slag-metal interface.
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