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The presence of gas bubbles and their movement in the steel bath as well as the appropriate intensity of the process forces 
a more or less intensive circulation movement of the liquid steel. This movement, in turn, is necessary to homogenize the 
temperature and to achieve a state close to chemical homogenization of the liquid steel after the introduction of the alloy 
addition and to support the flotation of non-metallic inclusions. Therefore, the intensity and configuration of argon 
injection are important technological parameters that can result in a significant reduction in production costs while 
maintaining identical or higher quality parameters. Many researchers have studied most of these parameters extensively 
(based on physical modelling), and in particular their impact on the process of blowing argon into the steel in the ladle, 
which made it possible to understand the phenomena occurring during the process to a relatively good extent. Still, many 
aspects of the process remain experimental. The paper presents an overview of the conducted model tests. 
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Přítomnost bublin inertního plynu a jejich pohyb v ocelové lázni, jakož i vhodná intenzita procesu dmýchání plynu během 
zpracování taveniny v licí pánvi, vynucují více či méně intenzivní cirkulační pohyb tekuté oceli. Tento pohyb je nezbytný 
pro homogenizaci teploty a pro dosažení stavu blízkého chemické homogenitě tekuté oceli po zavedení přídavku legury 
a pro podporu flotace nekovových vměstků. Intenzita dmýchání argonu a konfigurace dmyšných elementů ve dně licí 
pánve představují proto důležité technologické parametry, které mohou vést k výraznému snížení výrobních nákladů při 
zachování stejných nebo vyšších kvalitativních parametrů finální oceli. Vhodným nástrojem, který umožňuje porozumět 
probíhajícím jevům během uvedeného procesu, je fyzikální a numerické modelování. Optimalizaci procesu rafinace 
taveniny oceli v licí pánvi dmýcháním inertního plynu pomocí metod modelování byla již věnována řadou autorů poměrně 
velká pozornost. Cílem příspěvku je proto stručná rekapitulace stávajících poznatků v dané oblasti včetně odkazů na 
nejdůležitější práce mezinárodních výzkumných týmů.  

Klíčová slova: ocel; rafinace; foukání argonu; fyzikální modelování 

 

1. Introduction 

Currently, steel is produced using two steelmaking units: 
an oxygen converter or an electric arc furnace. Regardless 
of the process used, the steelmaking furnace is used to 
produce a liquid metal bath, which is a semi-finished 
product, which, after tapping into the ladle, is subjected to 
refinement operations and obtaining finished steel in 
secondary metallurgy (ladle metallurgy) devices. The 
refining of the steel metal bath is carried out in a ladle with 
the use of technological solutions designed and matched to 
the range of steel grades produced, with the use of an 
aggregate available in the steelworks. Irrespective of the 
type of ladle metal refining operations used in a particular 
case, argon refining is always used. The main task of this 
refining is to homogenize the chemical composition and 
temperature in the entire volume of liquid metal as a result 

of introducing mechanical energy of mixing with inert gas 
blown in. It should be noted that the injection of argon is 
carried out throughout the refining process, because 
chemical processes in the liquid metal are still taking place. 
For this reason, this element of refining plays an important 
technological role and requires optimization activities in 
the conditions of each steelworks, and model tests and 
simulation results are very useful for this purpose. 

2. Physical Modelling of the Argon Steel 
Refining Process 

Physical models, e.g. water or mathematical models with 
the use of computer software, are commonly used in 
understanding the phenomena occurring during various 
metallurgical processes, especially to determine the mixing 
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conditions and distribution of gas bubbles in liquid steel in 
the process of inert gas injection. In the refining of ferrous 
alloys, physical and numerical modelling have been 
popularly used for several decades. 

Research using physical models requires compliance with 
the rules resulting from the principles of similarity, which 
refer to the characteristic features of the real object, and 
which have a significant impact on the phenomena 
occurring in the investigated process. Similarity conditions 
are geometric, mechanical, kinematic, thermal or chemical. 
In order to ensure the similarity of the studied phenomena, 
full similarity should be sought, which in real conditions is 
often difficult to achieve, which is why the value that 
dominates in the examined process is usually selected. In 
order to maintain the aforementioned rules of similarity, it 
is enough to fulfil the rule on the equality of the relevant 
criterial numbers for the model and the tested object; then 
the results obtained as a result of experiments conducted 
on physical models can be transferred to real conditions. 

The presence and movement of gas bubbles in the steel 
supports the movement of liquids to where the desired 
chemical reactions take place. A low proportion of the gas 
phase results in bubbling flow characterized by small, 

individual bubbles whose rising speed depends on their 
size, but does not depend on the diameter of the tank. An 
increase in the share of gas generates a greater number of 
bubbles, which, as a result of collisions and coalescence, 
take the form of a spherical bowl. Therefore, the intensity 
and configuration of argon purging are important 
technological parameters that can result in a significant 
reduction in production costs while maintaining identical 
or higher quality parameters [1-3]. From the technological 
point of view, it is important to obtain the optimal diameter 
of gas bubbles, their number and flow rate. These 
parameters are of decisive importance from the point of 
view of the efficiency of the process of purging argon into 
the steel bath. The gas flow rate, position of the porous 
body, bath height and slag layer are also important. Many 
researchers [1-40] have extensively studied most of these 
parameters (based on physical modelling), and in particular 
their impact on the process of purging argon into the steel 
in the ladle, which allowed for a relatively good 
understanding of the phenomena occurring during the 
process. Still, many aspects of the process remain 
experimental. Table 1 presents a summary of the conducted 
model tests and the studied issues. 

 
Tab. 1 Summary of the results of model tests conducted for the argon steel refining process 
Tab. 1 Přehled modelovaných variant rafinace taveniny oceli v licí pánvi dmýcháním argonu dle různých autorů 

The studied phenomenon Model  
liquid/gas/slag 

Model 
height/scale 

Literature 

mixing and homogenization in the ladle 

mixing mechanism water/air/- 787 mm/0.33 Joo and Guthrie [4] 

mixing time water/air/- 270 mm/0.2 Krisnapisharody et al. [5] 

plug location water/air/- 456 mm/0.14 Gonzalez-Bernal et al. [6] 

place of Ca-Si introduction water/air/- 800 mm/0.25 Fan and Hwang [7] 

determination of dynamic similarity water/air/- 930 mm/1 
490 mm/0.53 
410 mm/0.44 
250 mm/0.27 

Mazumdar et at. [8] 

mixing time water/air/- 450 mm/0.2 Mandal et al. [9] 

mixing time water/air/- 600 mm/0.17 Mazumdar et al. [10] 

influence of slag properties on mixing time water/air/- 410 mm/0.17 Amaro-Villeda et al. [11] 

influence of plug location on mixing time water/N2/- 933 mm/0.33 Tang et al. [12] 

liquid flow and bubble dispersion water/nitrogen/- 200 mm Taniguchi et al. [13] 

influence of plug location on mixing time water/N2/- 700 mm/0.33 Liu et al. [14] 

influence of plug location and slag height on mixing 
time 

water/air/- 391 mm/ 
0.125 

Gomez et al. [15] 

gas-liquid cone structure water/air/- 450 mm Sahai and Guthrie [16] 

single bubble movement water/air/- 80 mm Wang et al. [17] 

degree of homogenization water/argon/- 950 mm/0.1 Michalek et al. [18] 

frequency distribution of generated gas bubbles and 
their diameter 

water/air/- 1080 mm/ 
0.33 

Owusu et al. [3] 
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The studied phenomenon Model  
liquid/gas/slag 

Model 
height/scale 

Literature 

degree of homogenization and mixing time as a 
function of gas flow rate and number of plugs 

water/air/- 120 mm/0.2 Merder and Pieprzyca [19] 

behavior of gas bubbles 

single bubble movement water/air/- 80 mm Wang et al. [20] 

influence of wettability on bubble formation water/air/- 75 mmm Xu et al. [21] 

bubble size distribution in the gas-liquid cone zones water/nitrogen/- 700 mm Li et al. [22] 

velocity of bubbles in a gas-liquid cone water/air/- 400 mm Castillejos and Brimacombe  
[23, 24] 

arrangement of a gas-liquid cone above the plug water/air/- 400 mm Anagbo and Brimacombe [25] 

the size of the bubbles in the gas-liquid cone water/air/- 420 mm Sheng and Irons [26, 27] 

zones in a liquid-gas cone water/air/- 233 mm Iguchi et al. [28] 

behavior of inclusions at the steel-slag interface and in liquid steel 

removal of inclusions in the area of the slag eye water/air/silicone oil 590 mm Kang et al. [29] 

slag eye formation 

influence of slag properties on formation of slag eye water/air/- 410 mm/0.17 Amaro-Villeda et al. [11] 

slag eye size as a function of the Froude number water/air/paraffin oil 500 mm / 0.1 Krishnapisharody and Irons [30] 

the height of the gas-liquid cone water/air/- 400 mm Guo and Irons [31] 

dragging slag in the slag eye water/nitrogen/mixed oil 1252 mm Huang et al. [32] 

dependencies describing the slag eye water/air/silicone oil 300 mm 
750 mm 

Iguchi et al. [33] 

modified relationships describing the slag eye water/air/soybean oil 300 mm/0.1 Peranandhanthan and Mazumdar 
[34] 

Slag eye formation water/air/silicone oil 500 mm/0.2 Wu et al. [35] 

slag eye size water/air/silicone oil 172 mm Lv et al. [36] 

mixing time and slag eye area water/air/coconut oil 705 mm/0.28 Mazumdar et al. [37] 

influence of the type of flow on the formation of  
a slag eye 

water/air/- 410 mm/0.17 Perez et al. [38] 

Based on the above list of studies, it can be concluded that 
currently modelling research of the liquid steel refining 
process with argon focus on four fundamental problems: 

• mixing and homogenization in the ladle - the influence 
of the number of plugs in the ladle and their 
arrangement on the mixing time as well as the type and 
flow pattern of gas bubbles was tested, the method of 
introducing the tracer into the liquid was analysed and 
mathematical correlations were derived for the mixing 
time depending on the gas flow rate, mixing power or 
height liquid, 

• behavior of gas bubbles from the moment of 
detachment from the hole of the plug to the gas-liquid 

cone - mainly the analysis of the frequency of 
detachment of gas bubbles from the hole of the plug, 
the speed of bubbles rising, behavior of gas bubbles in 
the gas-liquid cone, 

• behavior of inclusions at the steel-slag interface and in 
liquid steel - the influence of various parameters (size 
of gas bubbles, concentration of solid particles, size of 
inclusions) on the rate of removal of inclusions and the 
mechanism of their removal was studied, 

• slag eye formation. 

Examples of results obtained in the above-mentioned 
issues are shown in Fig. 1. 
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Fig. 1  Exemplary results of tests of the argon blowing process of steel obtained as a result of physical modelling [19, 39-40] 
Obr. 1 Příklady výsledků fyzikálního modelování procesu dmýchání argonu do oceli během zpracování v licí pánvi [19, 39-40] 
 

3. Summary 

In the process of refining a metal bath in a ladle, one of the 
most important technological tasks is to obtain the highest 
degree of temperature homogenization and chemical 
composition in the entire volume of the bath. In addition, 
there is an intensification of the outflow of non-metallic 
inclusions (mainly solid particles, but also liquid), 
intensification of the release and outflow of gases (mainly 
hydrogen, but also nitrogen). Typically, mixing is 
considered sufficient when 95% homogenization of the 
bath is achieved. Therefore, the concept of mixing time 
was introduced, which should be understood as the time 
necessary to obtain a specific (assumed) degree of 
homogenization of the metal bath in the ladle. Determining 
the mixing time in industrial conditions is not easy. 
Changes in chemical composition and temperature in the 
metal bath volume occur continuously during refining 
processes. Chemical reactions of oxidation, deoxidation, 
dissolution of added ingredients, flow of non-metallic 

inclusions take place continuously. At the same time, 
temperature changes occur continuously as a result of 
heating from above with an electric arc and the radiation of 
thermal energy through the surface of the metal and slag, 
as well as from the external surfaces of the ladle. For this 
reason, attempts to estimate the actual mixing time 
occurring in industrial conditions are carried out using 
experimental methods performed on physical models. 

The most optimal conditions for the process of refining 
liquid steel with argon are therefore conditions that ensure 
shorter mixing times, as well as the smallest possible area 
of the slag eye. Therefore, the process of optimizing the 
liquid steel refining process by blowing argon is multi-
tasking and multi-dimensional. The consequence of this is 
a set of values or solutions, not a single, optimal value or 
optimal solution. Therefore, each process taking place 
under given process conditions for a specific ladle is 
treated separately, although the model assumptions are the 
same. 
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