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Abstract. It was studied in the article the possibility of intensification of removal of non-metallic inclusions in a 

teeming ladle during holding without any additional external influences on the metal (argon blowing or electromag-

netic stirring). Increasing the efficiency of removal of non-metallic inclusions is achieved by creating in a teeming la-

dle during tapping a circulation pattern that accelerate the floating of inclusions. The described effect is achieved by 

using a rational shape of the workspace of the teeming ladle, which has been found as a result of “water” modelling. 

To carry out the experiment, the authors have proposed the similarity numbers describing the floating of non-metallic 

inclusions in the ladle during the tapping and for some time after its completion. On the basis of the proposed similar-

ity numbers, an experimental facility and the experimental method were developed. In the course of the experiment, 

the construction of linings of several types was studied. Ladles of the best design provide by 16–19 % faster removal 

of non-metallic inclusions from steel than in ladles of conventional design. The results of the research can be useful 

for mini-plants and enterprises with ladles of small capacity, where the use of argon blowing and electromagnetic 

stirring is technologically and economically unreasonable. 

Keywords: “water” modelling, floating, non-metallic inclusions, damping devices. 

1 Introduction 

It is well known, that non-metallic inclusions (NI) in 

steel are not only concentrators of internal stresses, but 

also under certain conditions can cause corrosion destroy-

ing of steel [1]. The main sources of steel pollution by NI 

at the stage of tapping from BOF into the ladle are fur-

nace slag, fragments of the ladle lining and products of 

deoxidation. 

Usually NI are removed from steel by floating up due 

to the Archimedean force and the convection in liquid 

steel. At the same time for the small NI prevails the influ-

ence of convection, and for large – the Archimedean 

force [2]. Intensification of this process is carried out by 

accelerating upward flow of the melt by means of inert 

gas blowing or electromagnetic stirring. However, the 

application of these measures for teeming ladles of low-

capacity is inappropriate due to the significant thermal 

losses and the risk of getting the slag inclusions from the 

cover slag back into the metal with the injection of argon. 

Electromagnetic stirring requires significant capital ex-

penditures for its implementation. 

Therefore, the only technologically expedient way for 

NI removing from steel is to hold the metal melt in the 

ladle for optimal time. 

2 Literature Review 

Sang-Ik Chung et al. [3] were exploring the removal of 

NI during the processing of steel in ASEA-SKF. By using 

mathematical modeling and statistical analysis of indus-

trial data they have determined that the removal of NI 

with the diameter of 10–100 μm is the most effective 

under the condition of combined stirring of upward in-

duction stirring of 400 A and gas blowing of 5 l/min. 

The similar research has been carried out by Lidong 

Teng [4] on stainless steel. He has determined that during 

Ar injection and simultaneous EMS inclusions with a size 

of more than 5.4 μm after LF-EMS is reduced by 50 % 

compared to that after argon gas stirring ladle station. 

Inclusions with a size of more than 5.4 μm after LF-EMS 

is reduced by more than 70 % compared to that after ar-

gon gas stirring. 

http://jes.sumdu.edu.ua/
https://doi.org/10.21272/jes.2018.5(2).c1
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3 Research Methodology 

3.1 Formularization of similarity numbers 

Based on the results of the preparatory stage [5], the 

authors, using the π-theorem, established that the process 

of NI floating after filling the ladle can be described by 

the Archimedes number (Ar), the modified homochro-

nality number (Hom) and the linear simplex (D): 
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where ρliq, Δρ – respectively the density of the liquid 

and the density difference of the liquid and NMI, kg/m
3
; 

g – acceleration of gravity, m/s
2
; dNI – diameter HB, m; 

νliq – the kinematic viscosity of the liquid, m
2
/s;  

τ – time, s; hliq – the level of liquid in the ladle, m. 

However, calculating the scales of simulation, the au-

thors have encountered the problem of choosing model 

substances that would satisfy the condition: 
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The material that imitates NI must have a spherical 

shape and also not dissolve and not form a conglomera-

tion in water. Polyethylene and stearin good satisfy these 

requirements. However, the linear scale for these materi-

als is 1.8. It means that the model of a ladle must be 1.8 

times larger than the original. Using a smaller linear scale 

requires the application of a liquid with low density 

and/or viscosity instead of water. 

According to Markov [6], in case of too incomparable 

linear parameters in a similarity number, it can be ne-

glected as not essential. Based on this statement and con-

sidering the small value of the linear simplex  

D = 10
–6–10

–3
, authors have put forward the hypothesis of 

self-similarity of the linear simplex D. It means that for 

simulation of the process it is need only to provide the 

value of linear simplex less than particular value. 

3.2 Methodology of “water” modeling 

For experimental confirmation of the hypothesis, an 

experimental facility was assembled and a series of 15 

experiments was carried out. The experimental facility is 

shown in Figure 1. 

The facility consisted of a set of ladle models 1 of dif-

ferent sizes. The necessity of use several models of dif-

ferent sizes is caused by the need to vary the magnitudes 

of the Archimedes number and the linear simplex within 

ranges of their definition independently of each other. 

 

Figure 1 – The scheme of the experimental facility:  

1 – model of the ladle; 2 – electronic scales; 3 – buffer vessel;  

4 – halogen lamp; 5 – video camera 

Before the experiment a charge of the stearin was 

weighed on an electronic scale 2 with an accuracy limit 

of 0.01 g. The weight of the charge is based on the simi-

larity of the volumetric concentration of powder in the 

liquid on the model and the original of 2.88·10
–3

 m
3
/m

3
 

[7]. The weighed powder sample was gently loaded onto 

the bottom of the ladle, after which water was poured 

from the buffer vessel 3. The height of the drain hole 

above the bottom of the ladle model was changed accord-

ing to the linear scale for each experiment. From the bot-

tom, the ladle was illuminated by a 150 W halogen 

lamp 4. The duration of floating was determined from the 

video of the experiments that were taking by the video 

camera 5 in the HD mode. 

According to Markov [6], the self-similarity of a di-

mensionless number can be confirmed in following con-

dition: 
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where πy and πx – respectively the dimensionless func-

tion and its dimensionless argument. 

Condition (5) is observed for lgD < –2 (D < 0.01). 

This means that to fulfil semblance of the floating NI 

during holding steel in the ladle the diameter of the NI 

must be at least 100 times smaller than the level of liquid 

steel in the ladle. 

As a result of following statistical analysis it has been 

determined that the duration of NI floating can be calcu-

lated by using following equation: 

 -0,86-0,51DAr42420Ho m
 (6) 

The results of equation (6) and Stocks equation are dif-

ferent. According Frolov [8] his difference might be 

caused by turbulence during simultaneous floating of 

large group of NI. 

3.3 Effect of lining design on duration of NI 
floating up 

On the next stage of research authors have varied the 
shape of model workspace in order to determine the op-
timal for decreasing of floating duration. The following 
shapes of model’s bottom have been offered (Figure 2). 
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Figure 2 – Types of the shape of model workspace:  

a – common design of the ladle; b – ladle equipped with fillet 

and various damping device; c – ladle equipped with fillet 

Type (a) is common design. Type (c) has fillet be-
tween ladle’s bottom and wall with various rounding 
radius. Type (b) has besides fillet also damping device of 
various design in the place of steel jet impact. Offered 
measures have to provide change of flow pattern in ladle 
in a way to decrease duration of NI floating up. 

The experiments were carried out on the model with 
linear scale 1:10 and using the stearin granules average 
size 750 μm. In condition of these experiments stearin 
granules simulate NI average size 320 μm. 

The experiment on each type of the shape of model 
workspace was carried out three times. So for analysis 
average value of duration of NI floating up were taken. 

4 Results and Discussion 

Considering that a time scale is about 1:3 the results of 

experiment were converted for original teeming ladle of 

60 t capacity. Comparison of average duration of NI 

floating up for each type of the shape of model work-

space is shown on Figure 3. 

 

Figure 3 – Comparison of various types  

of the shape of model workspace 

It is clearly seen that the best results were achieved 

with using damping device in form of hemisphere (“b V”) 

and bowl (“b I”). Model equipped only with fillet has 

shown the worst result (“c”). 

Another important feature is the height of splash after 

impact of metal jet with the bottom of teeming ladle. The 

large splash leads to increase of metal surface that inter-

acts with atmospheric oxygen. This causes to secondary 

oxidation of steel. 

On the Figure 4 it was shown the splash after impact 

of metal jet with the bottom of teeming ladle of type “b” 

design (Figure 2). The largest splashes can be seen at the 

ladles of types “b II, III, IV”. The splashes in these cases 

reached almost to the edge of the ladle. For “b I” types 

the splash was quite small and almost as the same height 

as for the common ladle design. The shape of damping 

device in form of hemisphere (“b V”, Figure 3) has pro-

vided no splash at all, only little turbulences at the fillet 

between ladle’s bottom and wall. 

Thus the “b V” type of the teeming ladle provides both 

most efficient of NI remove from steel and the lowest 

level of secondary oxidation during the tapping. 

 

 
b I b II b III b IV b V 

Figure 4 – Splash after impact of metal jet with the bottom of teeming ladle of various design 

Obviously increase of efficiency of NI removal is a 

consequence of flow pattern which is induced during 

steel tapping. Increase of duration of NI floating up for 

some types of the shape of model workspace can be ex-

plained by creating in liquid dead zones that keep NI 

inside. 
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5 Conclusions 

Authors have proved that to fulfill semblance of the 

floating NI during holding steel in the ladle the diameter 

of the NI must be at least 100 times smaller than the level 

of liquid steel in the ladle. It makes possible to get accu-

rate results in research of NI removal on “water” models. 

By using “water” modeling, authors have found the 

shape of teeming ladle’s workspace that change the flow 

pattern in ladle during the steel taping in a way to de-

crease duration of NI floating up. 

The use of teeming ladle equipped with damping de-

vice in form of hemisphere and bowl provides decrease of 

duration of NI floating up by 16–19 %. 
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Аɧɨɬаɰɿɹ. У ɫɬɚɬɬɿ ɞɨɫɥɿɞɠɟɧɚ ɦɨɠɥɢɜɿɫɬь ɿɧɬɟɧɫɢɮɿɤɚɰɿʀ ɜɢɞɚɥɟɧɧɹ ɧɟɦɟɬɚɥɟɜɢɯ ɜɤɥɸɱɟɧь ɭ ɤɨɜɲɿ ɛɟɡ 
ɛɭɞь-ɹɤɨɝɨ ɞɨɞɚɬɤɨɜɨɝɨ ɡɨɜɧɿɲɧьɨɝɨ ɜɩɥɢɜɭ ɧɚ ɦɟɬɚɥ (ɩɪɨɞɭɜɚɧɧɹ ɚɪɝɨɧɨɦ ɚɛɨ ɟɥɟɤɬɪɨɦɚɝɧɿɬɧɟ 
ɩɟɪɟɦɿɲɭɜɚɧɧɹ). ɉɿɞɜɢɳɟɧɧɹ ɟɮɟɤɬɢɜɧɨɫɬɿ ɜɢɞɚɥɟɧɧɹ ɧɟɦɟɬɚɥɟɜɢɯ ɜɤɥɸɱɟɧь ɞɨɫɹɝɚєɬьɫɹ ɡɚ ɪɚɯɭɧɨɤ 
ɫɬɜɨɪɟɧɧɹ ɰɢɪɤɭɥɹɰɿʀ, ɳɨ ɩɪɢɫɤɨɪɸє ɩɥɚɜɚɧɧɹ ɜɤɥɸɱɟɧь. Ɉɩɢɫɚɧɢɣ ɟɮɟɤɬ ɞɨɫɹɝɚєɬьɫɹ ɜɢɤɨɪɢɫɬɚɧɧɹɦ 
ɪɚɰɿɨɧɚɥьɧɨʀ ɮɨɪɦɢ ɪɨɛɨɱɨɝɨ ɩɪɨɫɬɨɪɭ ɤɨɜɲɚ, ɨɬɢɪɢɦɚɧɨʀ ɭ ɪɟɡɭɥьɬɚɬɿ ɦɨɞɟɥɸɜɚɧɧɹ. Ⱦɥɹ ɩɪɨɜɟɞɟɧɧɹ 
ɟɤɫɩɟɪɢɦɟɧɬɚɥьɧɢɯ ɞɨɫɥɿɞɠɟɧь ɚɜɬɨɪɚɦɢ ɡɚɩɪɨɩɨɧɭɜɚɧɿ ɤɪɢɬɟɪɿʀ ɩɨɞɿɛɧɨɫɬɿ, ɳɨ ɨɩɢɫɭɸɬь ɩɥɚɜɭɱɿɫɬь 
ɧɟɦɟɬɚɥɟɜɢɯ ɜɤɥɸɱɟɧь ɭ ɤɨɜɲɿ ɩɿɞ ɱɚɫ ɡɚɥɢɜɚɧɧɹ ɿ ɜɩɪɨɞɨɜɠ ɞɟɹɤɨɝɨ ɱɚɫɭ ɩɿɫɥɹ ɣɨɝɨ ɡɚɜɟɪɲɟɧɧɹ. ɇɚ ɨɫɧɨɜɿ 
ɡɚɩɪɨɩɨɧɨɜɚɧɢɯ ɤɪɢɬɟɪɿʀɜ ɩɨɞɿɛɧɨɫɬɿ ɪɨɡɪɨɛɥɟɧɨ ɜɿɞɩɨɜɿɞɧɢɣ ɟɤɫɩɟɪɢɦɟɧɬɚɥьɧɢɣ ɦɟɬɨɞ. ɉɿɞ ɱɚɫ 
ɟɤɫɩɟɪɢɦɟɧɬɚ ɜɢɜɱɟɧɨ ɤɨɧɫɬɪɭɤɰɿɸ ɞɟɤɿɥьɤɨɯ ɜɢɞɿɜ ɮɭɬɟɪɨɜɨɤ. Ʉɨɜɲɿ ɧɚɣɤɪɚɳɨʀ ɤɨɧɫɬɪɭɤɰɿʀ ɡɚɛɟɡɩɟɱɭɸɬь 
ɧɚ 16–19 % ɲɜɢɞɲɟ ɜɢɥɭɱɟɧɧɹ ɧɟɦɟɬɚɥɟɜɢɯ ɜɤɥɸɱɟɧь ɡɿ ɫɬɚɥɿ, ɧɿɠ ɭ ɤɨɜɲɚɯ ɬɪɚɞɢɰɿɣɧɨʀ ɤɨɧɫɬɪɭɤɰɿʀ. 
Ɋɟɡɭɥьɬɚɬɢ ɞɨɫɥɿɞɠɟɧɧɹ ɦɨɠɭɬь ɛɭɬɢ ɤɨɪɢɫɧɢɦɢ ɧɚ ɦɚɥɢɯ ɩɿɞɩɪɢєɦɫɬɜ, ɳɨ ɜɢɤɨɪɢɫɬɨɜɭɸɬь ɤɨɜɲɿ ɦɚɥɨʀ 
ɩɨɬɭɠɧɨɫɬɿ, ɞɟ ɡɚɫɬɨɫɭɜɚɧɧɹ ɬɟɯɧɨɥɨɝɿɣ ɚɪɝɨɧɧɨɝɨ ɩɪɨɞɭɜɚɧɧɹ ɬɚ ɟɥɟɤɬɪɨɦɚɝɧɿɬɧɨɝɨ ɩɟɪɟɦɿɲɭɜɚɧɧɹ є 
ɟɤɨɧɨɦɿɱɧɨ ɧɟɨɛґɪɭɧɬɨɜɚɧɢɦɢ. 

Ʉɥɸɱɨвɿ ɫɥɨва: ɜɨɞɧɟ ɦɨɞɟɥɸɜɚɧɧɹ, ɩɥɚɜɚɧɧɹ, ɧɟɦɟɬɚɥɟɜɟ ɜɤɥɸɱɟɧɧɹ, ɞɟɦɩɮɟɪɧɢɣ ɩɪɢɫɬɪɿɣ. 
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