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MATHEMATICAL MODEL OF THE MELTING OF A SPHERICAL DEOXIDIZER AT  

THE SLAG-METAL INTERFACE 
 

МОДЕЛЬ ПЛАВЛЕННЯ РОЗКИСЛЮВАЧА СФЕРИЧНОЇ ФОРМИ  

НА МЕЖІ ШЛАК-МЕТАЛ 
 

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. 
 

В Україні та країнах ближнього зарубіжжя поширилася промислова металургійна тех-

нологія позапічного розкислення та доведення хімічного складу сталі шляхом введення кускових 

матеріалів різного хімічного та гранулометричного складу в рідку сталь у сталерозливний ковш. 

Така технологія є ресурсозберігаючою технологією позапічного доведення та обробки 

сталі Її завданням є вибір оптимальних режимів введення кускових матеріалів у розплав при випу-

ску або продуванні сталі в промислових агрегатах піч і піч-ковш. Відзначимо, що введення таких 

добавок супроводжується їх винесенням в шлаковий шар на поверхню, що в свою чергу призво-

дить до неефективного використання матеріалів - розкислювачів (алюмінію, феротитану). 

Для вирішення задачі плавлення кускового матеріалу сферичної форми, було запропоно-

вано використовувати метод Дюзімбера. Метод застосовується для опису процесу плавлення 

(або затвердіння), коли необхідно враховувати рух межі розділу фаз (тверде тіло-розплав). 

Метод дозволяє звести складну систему диференціальних рівнянь в часткових похідних до 

більш простих інтегральних співвідношень або аналітичних виразів. Це спрощує розрахунок 

часу повного розплавлення розкислювача сферичної форми. 

Як показав аналіз робіт представлених автором раніше цей метод підходить для вирі-

шення таких теплофізичних задач, і на даний час є актуальним. У роботі прийнято що процес 

плавлення розкислювача сферичної форми в промислових агрегатах проходить на межі шлак-

метал. Це ускладнює засвоєння матеріалу розкислювача в розплаві металу, але це є реальною 

картиною у технології позапічного доведення хімічного складу сталі. 
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Метою роботи є розробка математичної моделі плавлення розкислювача сферичної 

форми на межі шлак-метал з використанням методу Дюзімбера. 

Ключові слова: математична модель плавлення, розкислювач сферичної форми, стале-

розливний ковш, шлак-метал, рівняння теплового балансу. 
 

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 tр and molten slag tsh are high-

er than the melting temperature tpl of the sphere. Conditions on the upper surface of the sphere located in 

the slag melt (0< < 0): convective heat exchange with molten slag occurs with a given heat transfer 

coefficient sh. On the rest of the sphere's surface ( 0< < ), convective heat transfer occurs with 

molten metal with a given heat transfer coefficient m 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: 

2

2

( , , ) 1
sin

sin

T r T T
c r

r r r r r

   
 

   

       
= +          

,   (1) 

0 < r < R0, 0 <   <  , 

where c — is the heat capacity,   — is the density, and   — 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: 
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.  (2) 

r > R0, ( 0 <   <  ), 

Then point Pm 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: 

( )( ), , m

m m plt r t   −  
t (P )

λ ( )
n

m m
m m mQ W P


− = −


; mt  (

mP ) = 
m

plt .  (3) 

The temperature distribution equation in the solidified slag shell will be as follows: 
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r > R0, (0<   < 0). 

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

sh sh plt r t   − t (Pш)
λ ( )

n

sh
sh sh shQ W P


− = −


; sht  ( shP ) = 

sh

plt .  (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. M0 is the specified number of 

nodes along the radius of the sphere, N0 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 
n

ji
t

,
 for (n) and 

1

,

+n

ji
t  for (n+1) time layers, and matrices of thermophysical parameters 

of density n

ji ,
 , thermal conductivity n

ji ,
  and heat capacity n

ji
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 r =
0R /(M 0 –1/2), and the 

step along the angle   (coordinate j) is determined by the formula  = /N 0 . 

 

 
 

Fig. 1. Internal control volumes of the sphere 1<i<M0, 1<j<N0 

 

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: 

A(R, , ), B(R, , +d), C(R+dR, , +d), D(R+dR, , ), A1(R, +d, ), 

B1(R, +d, +d), C1(R+ dR, +d, +d), D1(R+ dR, +d, ). 

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: АВА1В1: 
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Face area: DC1CD1: 
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Face area: AA1DD1: 
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Face area: ВВ1СС1: 
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Volume of the sector: 
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Based on this, we obtain the heat balance equation for internal control volumes: 
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Substituting the values of area and volume into the equation, we obtain the calculation formu-

las for unknown temperatures 1
,
+n
jit : 
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 (11) 

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 
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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 ( )jtu
 is determined for each surface control volume [4—6]. 

Below are formulas for excess temperatures ( )jtu
 for 

01 Nj   freezing and melting of 

molten metal. 
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(12) 

If the excess temperature value tu(j) is less than the melting temperature of the metal 
м

плt , then 

metal freezing occurs in the neighboring surface control volume with coordinates M[i], j+1, and on 

each calculated time layer, the difference between the excess temperature value and the melting tem-

perature of the metal is 
м

плt summed in the counters. For this purpose, the array cd[j] is presented, at the 

beginning of the calculation all its elements are equal to 0. If after k1 steps in time the value of cd[j] 

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  , 1

n

M j j
t

+  is replaced by the 

melting point of the metal
m

plt  [3, 4] 

When the excess temperature ( )ut j  value exceeds the melting point of the metal 
m

plt , the given 

surface control volume with coordinates M[i], j melts. At each calculated time layer, the difference be-

tween the excess temperature value and the melting point of the metal 
m

plt  is added up in the counters. 

After k2 steps in time, the time value cd[j] becomes greater than the ratio of the heat of phase transition 

in the metal to its heat capacity, then the temperature  ,
n

M j j
t  in this control volume is replaced by the 

temperature of the molten metal zht . 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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