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THE BY PRODUCTS CREATED DURING THE OXYGEN STEELMAKING PROCESSES 
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Abstract 

In the technological process of the oxygen steelmaking plant, secondary products originate in parallel with the 
production of the main product, which have the character of secondary by products or industrial waste. The 
major secondary products of steelmaking production include waste gases, process fluids, flue dust, sludge, 
slags and mill scales. The major waste products of metallurgical production are slags. The amount of oxygen 
steelmaking slag is about 120-150 kg per tonne of crude steel, and it is approximately 80% of all by-products 
arising from the production of steel. Next on as an inevitable by-product of steelmaking in oxygen converters is 
flue dust. Flue dusts, by-products of oxygen converter process, are together with mill scales the most valuable 
secondary raw materials produced in steelmaking. The amount of by-products is primarily dependent on the 
type of technology, the ratio of scrap to pig iron in the batch, the grades of the steel being produced, the initial 
chemical composition of the pig iron and the amount of slag additives added.  The paper presents the results of 
research project directed to the characterization of oxygen converter slag and oxygen converter flue dust 
created in oxygen converter, therefore chemical and mineralogical composition of the by-products have a main 
influence on their next utilization.  

Keywords: oxygen converter; oxygen converter slag; oxygen converter flue dust; metallurgical waste 

1. Introduction

Secondary products are produced in parallel with the production of the main product, in the technological
process of the steelmaking in the oxygen converter. They have the character of secondary by products or
industrial waste. According to the Waste Catalog issued by the Ministry of the Environment of the Slovak
Republic, the Collection of Laws 365/2015, the slags from the steel production processes are included in the
group of general wastes. This group of waste does not pose a major risk to the environment for its chemical
composition but is particularly problematic due to its large volume. The flue dusts from the steelmaking
production processes are included in the group of general wastes or hazardous wastes, it depending on its
chemical composition, see Table 1 [1].
Under the laws applicable to waste management, the waste producer is required to ensure their disposal
without negative environmental impacts.

Table 1 Categorization of the wastes from the ironmaking and steelmaking industry [1]. 

Group ID, 
subgroups, 

type and 
subspecies of 

waste 

Name of group, sub-group, type and subspecies of waste Waste 
category 

10 WASTES FROM THERMAL PROCESSES 

10 02 WASTES FROM THE IRONMAKING AND STEELMAKING INDUSTRY 

10 02 01 wastes from slag processing general 

10 02 02 untreated slag general 

10 02 07 solid wastes from gas treatment containing dangerous substances hazardous 

10 02 08 solid wastes from gas treatment other than mentioned in 10 02 07 general 

10 02 13 sludges and filter cakes from gas treatment containing dangerous substances hazardous 

10 02 14 sludges and filter cakes from gas treatment other than mentioned in 10 02 13 general 

Ironmaking and steelmaking are always associated with waste production that presents for the entire 
metallurgical process either reversible and/or reusable material or lost waste not applicable in further 
production. At present the wastes from iron-and steelmaking find hardly applicability as secondary raw 
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material [2]. In case of increasing requirements for cleanliness of products in metallurgy it is necessary to take 
into account all sources accompanying elements from the entire course of the process [3].  

1.1. Oxygen converter slag 

Oxygen converter slag plays an important role in the processes of steel production and treatment [4]. The 
importance of converter slag as dephosphorization and desulphuration media has decreased with 
implementation of special pre-converter treatments and post-converter treatments [5, 6]. Despite all efforts, 
the amount of generated slag represents about 13% of the total batch. The process of steel production in 
oxygen converter is characterized by a high rate of individual operations [7]. For example, for a 180-ton 
converter, steel production from charging to tapping takes approximately 40 minutes, the blowing itself takes 
about 15-20 minutes. The rate of slag formation must also be adjusted to this time. 

The main factors that determine the rate of slag formation are the contents of oxides of iron and manganese in 
the slag, the temperature of the steel, and the conditions under which the lime is added [8]. Other factor is the 
required final content of phosphorus. 

The generated compositions and amounts of slag will depend on the process in which the slag is formed and on 
the raw materials used in the process, e.g. iron input and fluxing ingredients such as burnt lime, governed by 
the proportions of materials required for an effective process [9].  

Slag in BOF (basic oxygen furnace) is heterogeneous and always contains some entrained gas bubbles and solid 
material (either un-dissolved or precipitated) [10].  

Knowledge of the chemical, mineralogical, and morphological properties of steel slags is essential because their 
cementitious and mechanical properties, which play a key role in their utilization, are closely linked to these 
properties [11].   

The authors of paper [12], [13], [14] reported that, the mineral phases of converter steel slag mainly include 
dicalciumsilicate (2CaO.SiO2), tricalciumsilicate (3CaO.SiO2), RO phase (free oxide phase) and calciumferrite 
(2CaO·Fe2O3) and so on, where the proportion of silicate phase is about 50%.  

1.2. Oxygen converter flue dust 

Fly dusts from steel and cast iron production contain some part of FeO that is reducible in a cupola and blast 
furnace. It is a very fine material and it has to be pelletized or briquetted before its next use [15].  
Oxygen converter steelmaking process produces a large amount of dust that is emitted with the evolved 
converter gases. This dust is a major pollutant in steel plants using the oxygen converter. Elaborate dust 
abatement systems are required to separate the dust from the flue gases before the gas is allowed to escape 
into the atmosphere. The oxygen converter dust thus separated and collected, which otherwise has very little 
use, is normally recycled into the processing stream at sintering plants. 
Flue dusts, by-products of oxygen converter process, are together with mill scales the most valuable secondary 
raw materials produced in steelmaking [16, 17]. 
The amount of generated dust is dependent on the blowing practice, the bath chemistry, and the composition 
and granulometry of the input materials. Nevertheless, a fairly good estimation can be made for a given set of 
operating parameters. When the melts are cooled with ore, dust generation varies between 13 and 25 kg per 
ton of steel, but when melts are cooled with scrap, the amount is between 21 and 32 kg per ton of steel. Some 
works has been done toward characterization of the oxygen converter dust regarding its chemical composition, 
particle size distribution, and morphology. Most of studies were undertaken with an aim to control the 
generated dust and fumes. The main emphasis of the present tests has been to determine the nature and the 
morphology of the major iron-bearing phases, as well as the minor gangue constituents present in the dust 
samples. 
This information will be useful in finding some better utilization of the dust, rather than recycling it back to the 
sintering plant. The chemical composition of the dust can vary widely depending on whether or not the gas 
evolved, which contains 70-95% carbon monoxide (CO), is subsequently burnt to carbon dioxide (CO2) by 
adding secondary air. The former process is known as total combustion, while the latter is termed suppressed 
combustion [18]. 
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2. Experimental Materials and Methods 

Experimental part of paper presents the results of the investigation of the final composition of converter slag, 
and converter flue dust in a top-blown, 190-tonne oxygen converter. The total melting time was 46 minutes 
while the blowing time was 27 minutes in all the melting processes.  

In the case of converter slag, this process was monitored using the slag samples that were collected after the 
oxygen blowing. For this purpose, the sampling was carried out during five consecutive melting processes (S1, 
S2, S3, S4, S5). The charge used in the oxygen converter consisted of raw iron and steel scrap, in approximately 
identical quantities in all melting processes. The slag-forming additives were lime and dolomitic lime. They 
were added into the oxygen converter gradually. The first dose was always added in the beginning of oxygen 
blowing and the second dose before minute 2 of oxygen blowing.   

Flue dust from oxygen converters, as an inevitable by-product of steelmaking in oxygen converters, may be 
used for the production of briquettes to be reused in the oxygen converter charge. This part deals with the 
chemical composition briquettes. As to the chemical composition, the key monitored parameters which may be 
affected by adding the briquettes are the contents of phosphorus and sulphur. 

The chemical analysis of the samples was carried out in the accredited laboratory by X-ray quantometer RIGKU 
and was supplemented with the identification of the slag basicity (B=CaO/SiO2), as well as the analysis of free 
lime in the case of slags. The content of free lime was determined applying the method of chemical phase-
analysis. This method uses the selective dissolution of free lime in the mixture of sugar and alcohol, and the 
subsequent determination through the titration with hydrochloric acid.  

The performed analyses also included the EDX microscopy analysis that was aimed at qualitative as well as 
quantitative confirmation of the percentages of individual structural phases present in the slag. This EDX 
analysis was carried out using the Joel JSM-7000F scanning electron microscope. 

2.1. Characterization of oxygen converter slag 

The basic constituents of oxygen converter slags are CaO, originating from slag-forming additives, SiO2 and FeO 
from the metal bath oxidation reactions. These three major components represent from 77.89% to 84.97% of 
the total. The minor components represent from 15.05% to 22.11% of Femetal, Fe2O3, MnO, MgO (see Table 
2). Figure 1 presents part of the CaO-SiO2-FeO ternary scheme [19], where is described final chemical 
composition of the oxygen converter slag for all analysed melting processes, as well as the evolution of the 
chemical composition of slag during the steelmaking processes. 

Table 2 The final chemical composition of steelmaking slags from oxygen converters. 

sample 
Fe total 

[%] 
FeO 
[%] 

SiO2 

[%] 
CaO 
[%] 

MgO 
[%] 

MnO 
[%] 

P2O5 

[%] 
S 

[%] 

B 
[-] 

CaO free 
[%] 

S1 15.00 22.13 12.24 50.20 5.89 5.62 1.21 0.09 4.10 0.95 

S2 19.06 23.15 10.06 51.76 5.08 4.24 1.04 0.13 5.15 1.77 

S3 15.01 15.09 11.82 50.98 5.87 4.66 1.36 0.10 4.31 0.89 

S4 19.84 21.13 10.83 48.62 6.75 4.21 1.28 0.12 4.49 0.58 

S5 21.44 22.13 10.24 46.55 4.34 5.79 1.28 0.12 4.55 0.72 

average 18.07 20.73 11.04 49.62 5.59 4.90 1.23 0.11 4.52 0.98 
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Figure 1  Final chemical composition of slag in the oxygen converter, and the evolution of the chemical composition of slag 

during the steelmaking processes for all analysed melting processes [19]. 

Another minor component is free CaO. The concentration of free CaO is between 0.58 to 1.77% in all analysed 
slag samples. The presence of free lime in the slag within the melting process S2 is visible even to the naked 
eye, as shown in Figure 2. The presence of free lime was also confirmed by EDX analysis. Figure 3 describes 
structure of the slag in melting processes S4 and EDX analysis proving the presence of the free CaO. The 
content of free lime in steel slag is the key factor that hinders potential applications of metallurgical slag in the 
building industry. If the free lime is not stabilised, it is hydrated at sites where it comes into contact with the 
surrounding atmosphere and its volume increases, thus causing the volumetric instability and the consequent 
decomposition of the slag. 

 

 

Figure 2 Free lime in the slag at the end of oxygen blowing. Melting process S2. 

Figure 3 Structure of the slag in melting processes S4 and EDX analysis proving the presence of free CaO. 

 

The structure of oxygen converter slag is very heterogenous. EDX microscopy analysis that was aimed at 
qualitative as well as quantitative confirmation of the percentages of individual structural phases present in the 
slag. From the mineralogical point of view, the structure of the oxygen converter slags consists of four main 
phases: tricalcium silicate 3CaO.SiO2, dicalcium silicate 2CaO.SiO2, stabilized tricalcium phosphate 3CaO.P2O5, a 
solution of bivalent metals oxides, e.g. Ca, Fe, Mn, Mg, (RO-phase) and solid solutions of calcium and 
aluminium ferrites 2CaO. Fe2O3 – 2CaO.2Al2O3.Fe2O3. Oxygen converter slag contain also large number of pores 
and drops of metal. Final structure of slag from oxygen converter melting process S1 is show on Figure 4. 

 Element Weight% Atomic%  

         

O  48.88 71.01  

Si  0.67 0.56  

Ca  45.40 26.33  

Fe  5.04 2.10  

    

Totals 100.00   
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Figure 4 Needles of tricalcium silicate and globular particles of dicalcium silicate, RO-phase and calcium ferrites in the slag 

sample melting process S1, 100-fold magnification. 

2.1. Characterization of oxygen converter flue dust 

A predominant mechanism of the flue dust production is the ejection of slag and metal particles from the bath. 
This is also confirmed by the fact that the majority of dust particles are spherical. The insertion of charging 
materials in the beginning of the blow results in the production of the majority of the flue dust. Slag-forming 
materials are typically charged in the first minute of the blow when the bath surface is not covered with the 
emulsion. If lime and dolomite lime are insufficiently sorted, a large amount of particles are too small and 
hence easily drawn into the exhaust burnt gases. Bigger particles get onto the bath surface where they 
dissolve; nevertheless, they can still get into the burnt gases before the slag-metal emulsion is formed. The flue 
dust produced in the first stages of the blow contains partially melted particles of lime and dolomite lime; this 
indicates that these particles were in contact with the bath surface. 

The total contribution of the ejected particles to the flue dust production is as much as 67%. Ejection of metal 
is more intensive in the beginning of the blow and its intensity decreases in the final stage when evaporation 
occurs. Ejection of slag contributes to the production of flue dust especially in the second stage of the blow; 
this is explained by the fact that the slag-metal emulsion reaches its peak after six or seven minutes [20].     

Liquid droplets are formed as beads, regardless of whether they originate from the impact of the oxygen jet 
onto the bath surface or from the bursting bubbles. The splashing and bursting of bubbles probably result in 
forming two types of beads – compact and porous. The beads, consisting of iron oxide edges and a solid iron 
core, develop as a result of the impact of the oxygen jet onto the bath surface. Zinc is only present on the 
surface; this indicates that the particles are formed from the bath as droplets of liquid iron. The high potential 
of oxygen near the nozzle oxidises the surface into iron oxide. Porous metal and slag beads are formed as a 
result of bubbles bursting on the bath surface and contain zinc inside, as well as on the surface; this indicates 
their origin in the slag-metal foam. 

Fast evaporating elements, such as Zn, Pb and Cl, occur mostly in the flue dust in the beginning of the blow, 
and slower evaporating elements, such as Mn and Cu, were observed in the flue dust at the end of the blow, as 
shown in Figure 5. 

Figure 5 Typical development of converter flue dust in the BOF process including the regeneration of zinc-rich sludge 

[21]. 

Zinc is dissolved in the steelmaking slag but its extraction capacity is low and has no practical purpose. The 
convertor process efficiently removes zinc and leaves only a small amount thereof in the steel. The zinc 
evaporation rate is controlled by the diffusion in the liquid to a phase interface which is supported by fast 
stirring of the metal bath. An excessive amount of zinc compounds on the edges of the ejected metal droplets 
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indicates either fast oxidation of zinc into zinc oxide, accompanied with the production of a solid solution, or a 
surface reaction between iron oxides and gaseous zinc. When the zinc concentration reached 20% or more, the 
whole amount of the flue dust is removed from the process and utilized in the non-ferrous metals industry. The 
experiments were carried out analysis of the chemical composition of the briquettes made from the flue dust 
from an oxygen converter, Table 3. The used briquettes were of an elliptical shape, with the following 
dimensions: the length of 74 - 75 mm, the width of 43 - 45 mm, and the thickness of 25 - 27 mm.    

Table  3  Chemical composition of the briquettes made from oxygen converter flue dust [%]. 

Fe met. Fe tot. FeO Fe2O3 SiO2 Al2O3 Mn P S C 

36.75 68.75 30.32 12.15 1.42 0.14 0.53 0.064 0.047 2.35 

Na K Cu Ni Cr MgO Zn Cd Pb CaO 

0.500 0.364 0.026 0.001 0.028 2.50 0.585 0.001 0.131 7.75 

3. Conclusion 

The first part of the present article described the final chemical and mineralogical compositions of the slag that 
occur in an oxygen converter after the process of oxygen blowing.  The chemical and mineralogical composition 
of oxygen converter slags is variable and depends on a large extent on the production aggregate, chemical 
composition and amount of input materials, technology of steel making, as well as on the grades of steel. The 
basic constituents of oxygen converter slags are CaO, originating from slag-forming additives, SiO2 and FeO 
from the metal bath oxidation reactions. These three major components represent about 80% of the total. 
Minor components represent less than 20% are Femetal, Fe2O3, MnO, MgO and free CaO. The mineralogical 
composition of oxygen converter slag consists of four main phases: dicalcium silicate 2CaO.SiO2, tricalcium 
silicate 3CaO.SiO2, stabilized tricalcium phosphate 3CaO.P2O5, a solution of bivalent metals oxides, e.g. Ca, Fe, 
Mn, Mg, (RO-phase) and solid solutions of calcium and aluminium ferrites 2CaO. Fe2O3 – 2CaO.2Al2O3.Fe2O3. 
The chemical and mineralogical composition of the oxygen converter slag is the most significant factor affecting 
its further potential use. The final properties of solidified oxygen converter slag are given by: chemical 
composition, mineralogical composition, crystal size, ratio of crystalline and glassy phase and porosity. 

The second part of the present article was to describe flue dust from oxygen converter. Flue dust from oxygen 
converters, as an inevitable by-product of steelmaking in oxygen converters, may be used for the production of 
briquettes to be reused in the oxygen converter charge. The percentage of ejected particles is higher in the first 
stage of the blow. In the beginning of the blow the additives dissolve and within a short period of time the bath 
becomes uncovered.  In an oxygen converter, gas falls onto liquid at a high speed and a large amount of 
droplets are formed; they are separated from the liquid phase, dispersed in the gaseous phase, and increase 
the speed of decarburisation. The chemical composition of the flue dust is the key monitored parameters 
which has a main influence on briquettes quality. With regard to the fact that converter flue dust contains also 
significant amounts of elements that are not beneficial for the steel properties, such as S, P, Zn, Pb, and Sn. The 
use of oxygen converter slag, and convertor flue dust is still limited by their chemical and mineralogical 
composition. 
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Abstract  

The article presents research on modelling and calculating of product masses in the process of simultaneous 
smelting of zinc and lead, commonly known as Imperial Smelting Process. The aim of the study was to 
determine the output depending on miscellaneous raw materials using as a batch. 
 
Keywords: zinc and lead production; Imperial Smelting Furnace (ISF); Imperial Smelting Process (ISP) 

1. Introduction  

The Imperial Smelting Process (ISP) was developed mid last century in the UK to create a pyrometallurgical 
continuous zinc winning process. HCM in Miasteczko Śląskie (Poland) is the only zinc smelter in Europe which 
uses Imperial Smelting Furnace (ISF). Despite the fact that the ISP technology disappears in the world, it is still 
very effective thanks to the parallel production of zinc and lead. Thus, in the furnace are not produced lead 
containing residues like in other zinc-making processes. Beside traditional raw materials as lead and zinc 
sulphides, it is also necessary to process oxides of these metals deriving from increasing amounts of post-
processing waste [1,2]. 

The present paper shows what was found during three stages of ongoing project and details that need to be 
considered while process modelling, output calculation and especially coke consumption. 

2. Sinter crusher gap size test 

Generally, in a shaft furnace, the sinter is evaluated in terms of strength and reducibility. Strength is influenced 
by the chemical composition of the material and the manner in which the agglomeration process is carried out. 
Reducibility is a more complex indicator. It depends on the chemical composition, the type of compounds that 
make up the metals, but also on other factors, the most important of which is the graininess of material 
charged to the furnace. It follows that the total value of this indicator can be influenced by the selection of the 
reacting phase’s surface. If the contact surface is more extensive, the reduction process is more intensive 
intensify, including indirect reduction. In the case of the furnace for the production of zinc and lead, the system 
of temperature zones is selected so as to counteract reoxidation carried with zinc gases. For this reason, the 
temperature of the flue gas should exceed 900 °C. Thus, almost the entire column of materials in the reactor 
working space is in the Boudouard reaction zone. It is therefore possible to assume a large advantage of 
endothermic direct reduction over indirect reduction. Zinc almost entirely will give oxygen with the 
participation of Boudouard reaction. In the case of lead, which is reduced at lower temperatures, a certain 
share of indirect reduction is possible. The greater its share, the better the utilization of the gas reduction 
potential and the lower fuel consumption in the furnace. Intensification of indirect lead reduction, with a stable 
chemical composition of the sinter is possible by selecting the optimum granularity of the batch. This feature of 
the charge, apart from the impact on the intensity of reduction processes, including indirect ones, also affects 
other elements of the shaft furnace operation. In the case of too small granules of batch, one can expect an 
excessive increase in resistance to gases flowing to the top of furnace, with constant values of pressure loss, a 
decrease in production resulting from the counter-current nature of the process. In the opposite situation, the 
charge of excessive chunkiness, the negative effect is the descent of unreacted feed material into the lower 
regions of the furnace. As part of the project supporting the presented work, at the blast furnace in HCM 
Miasteczko Śląskie was carried out an industrial test to investigate the impact of sinter size on the reducing 
ability of the gas phase and fuel consumption[3]. Changes in the sinter grain size were made by the gap size 
adjusting of the crushing unit, located between the sinter plant and the blast furnace. The normally used gap 
size is 140 mm. Table 1 shows sinter grain distribution. 
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Table 1 Sinter grain size distribution and ISF operation data in dependence of crusher gap size during 

 industrial test. 

Crusher gap size 
(mm) 

Share of sinter grain size (wt%) 
Top gas 
(vol%) 

Coke 
consumption 
(kg/Mg Zn) 

0-20 
(mm) 

20-100 
(mm) 

100-150 
(mm) 

>150 
(mm) 

CO CO2  

140 
(referenced) 

1.64 28.39 33.76 36.21 31.80 6.62 1060 

130 3.99 33.23 31.86 30.91 29.03 7.47 1047 

110 6.25 38.14 29.41 26.34 28.40 7.17 970 

3. Output calculation model 

Complexity of winning process, where substances moves through several phases, does not allow to determine 
precisely  the main product stream mass at the short period [4]. The accuracy of determining the mass of main 
products in an ISP is the more accurate the longer the time of overhead they are evaluated: shift, day, month. 
However, for the proper conduct of the process and especially for the control of the heat supply in dependence 
on its demand, it is necessary to determine the masses in a shorter period such as an hour, even half-hour.  

Figure 1 shows material streams of ISP on which it is based charging model [5]. From the furnace top are 
charged sinter, coke and sometime gathered in smelter zinc scrap. These materials are precisely weighted. By-
products as scale gathered from condenser well and black sludge from the off-gas filter are estimated daily in 
kg per tonne of raw zinc (tRZn). Also lead in condenser – sprinkled lead (SPb) - must be supplemented with 
about 70-80 kg/tRZn. So the unknown parameters in this system are the masses of raw zinc (RZn), raw lead 
(RPb) and slag. These unknowns can be found by solution of a system of three linear equations describing the 
material balance for Zn, Pb and SiO2. 

 

Figure 1 Materials streams in ISP [5]. 

 
Zinc balance: 

%𝑍𝑛𝑠𝑖𝑛𝑡𝑒𝑟 ∙ 𝑀𝑠𝑖𝑛𝑡𝑒𝑟 + %𝑍𝑛𝑠𝑐𝑟𝑎𝑝 ∙ 𝑀𝑠𝑐𝑟𝑎𝑝 = 

= %𝑍𝑛𝑠𝑙𝑎𝑔 ∙ 𝑴𝒔𝒍𝒂𝒈 + %𝑍𝑛𝑅𝑍𝑛 ∙ 𝑴𝑹𝒁𝒏 + %𝑍𝑛𝑅𝑃𝑏 ∙ 𝑴𝑹𝑷𝒃 + %𝑍𝑛𝑠𝑐𝑎𝑙𝑒 ∙ 𝑀𝑠𝑐𝑎𝑙𝑒 + %𝑍𝑛𝑠𝑙𝑢𝑑𝑔𝑒 ∙ 𝑀𝑠𝑙𝑢𝑑𝑔𝑒       (1) 

Lead balance: 

%𝑃𝑏𝑠𝑖𝑛𝑡𝑒𝑟 ∙ 𝑀𝑠𝑖𝑛𝑡𝑒𝑟 + %𝑃𝑏𝑠𝑐𝑟𝑎𝑝 ∙ 𝑀𝑠𝑐𝑟𝑎𝑝 + 100 ∙ 𝑀𝑆𝑃𝑏 = 

= %𝑃𝑏𝑠𝑙𝑎𝑔 ∙ 𝑴𝒔𝒍𝒂𝒈 + %𝑃𝑏𝑅𝑍𝑛 ∙ 𝑴𝑹𝒁𝒏 + %𝑃𝑏𝑅𝑃𝑏 ∙ 𝑴𝑹𝑷𝒃 + %𝑃𝑏𝑠𝑐𝑎𝑙𝑒 ∙ 𝑀𝑠𝑐𝑎𝑙𝑒 + %𝑃𝑏𝑠𝑙𝑢𝑑𝑔𝑒 ∙ 𝑀𝑠𝑙𝑢𝑑𝑔𝑒       (2) 

SiO2 balance: 

%𝑆𝑖𝑂2𝑠𝑖𝑛𝑡𝑒𝑟 ∙ 𝑀𝑠𝑖𝑛𝑡𝑒𝑟 + %𝑆𝑖𝑂2𝑠𝑐𝑟𝑎𝑝 ∙ 𝑀𝑠𝑐𝑟𝑎𝑝 + %𝑆𝑖𝑂2𝑐𝑜𝑘𝑒 ∙ 𝑀𝑐𝑜𝑘𝑒 = 

= %𝑆𝑖𝑂2𝑠𝑙𝑎𝑔 ∙ 𝑴𝒔𝒍𝒂𝒈 + %𝑆𝑖𝑂2𝑠𝑐𝑎𝑙𝑒 ∙ 𝑀𝑠𝑐𝑎𝑙𝑒 + %𝑆𝑖𝑂2𝑠𝑙𝑢𝑑𝑔𝑒 ∙ 𝑀𝑠𝑙𝑢𝑑𝑔𝑒          (3) 



Iron and Steelmaking 2019  

Modern Metallurgy                  23.10.2019 – 25.10.2019 

19 
 

 

where:  %Zn, %Pb, %SiO2 – weigh percent of element or substance (wt%) 

M – mass of stream per charge (kg) 

Bold parameters in equations (1-3) are unknown.  

Another parameter, calculated by application is C/Zn which reflects heat input to the furnace and can 
be adjusted: 

C/Zn =
Mcoke

(%Znsinter+0.1∙%Pbsinter)∙0.01∙Msinter+(%Znscrap+0.1∙%Pbscrap)∙0.01∙Mscrap
           (4) 

From equation (4) the mass of sinter necessary can be derived  to adjust demanded C/Zn parameter:  

Msinter =

Mcoke∙100

C/Zn
−Mscrap∙(%Znscrap+0.1∙%Pbscrap)

%Znscrap+0.1∙%Pbscrap
             (5) 

 

Figure 2 shows comparison of real sinter masses and proposed by model. Average standard deviation was 2% 
while max deviation about 8%. 

 

Figure 2 Real and calculated sinter masses during industrial test. 

4. Equilibrium zone  determining 

The aim of this stage  was to determine the effect of reductivity of various sinters produced from sulphide raw 
materials and from waste oxides on the operation of a shaft furnace. Real sinter samples from the sinter plant 
operating at the ISF furnace were collected for the experiment (Table 2). The experiment was carried out in a 
resistance furnace with a horizontal pipe at the temperatures below 900 °C to exclude zinc reduction. A 
mixture of nitrogen and carbon monoxide was used as a reducer. Reduction kinetics were determined based on 
the analysis of flue gas. Research has shown that at lower temperatures there are no significant differences in 
the reduction of sinters, while in higher temperatures the reduction of waste oxides sinter was faster. 
Moreover, from the comparison of the reduction characteristics at lower and higher temperatures, it was 
found that the use of too large pieces of sinter may delay the reduction of zinc and even cause endothermic 
direct reduction of lead. 
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Table 2 Chemical composition of sinter made from sulphide and oxide raw materials. 

Sinter 
made of: 

Mass % 

Zn Pb FeO CaO SiO2 MgO Al2O3 S 

Sulphide 
materials 

42.82 13.64 11.59 3.28 4.26 0.87 1.09 2.10 

Oxide 
materials 

41.12 12.77 8.87 3.06 6.09 1.43 2.99 0.61 

 

Therefore, it is very important to keep the grain size of sinter at an optimum level and avoid excessive 
chunkiness. This is delayed the reduction of lead and thus the beginning of reduction of ZnO in the shaft 
furnace. In addition, such a delay also causes the reduction of lead at Boudouard reaction temperature (II) and 
therefore the reduction of PbO in the two-step direct reduction mode: 

PbO+CO=Pb+CO2  (I) 

CO2+C=2CO   (II) 

PbO+C=Pb+CO  (III) 

 

It means that real ISP should be modelled as showed in Figure 3 or at least idealized schema should be used for 
preliminary calculation [6, 7]. 

 
 

a) Idealized ISP     b) Real ISP 

Figure 3 Differences between idealized and real run of ISP [8]. 

5. Conclusion 

The product output in ISP situated in Miasteczko Śląskie mainly depends on technological situation of sinter 
plant and character of using batch materials. 

Industrial grain size test of sinter used as batch in ISF showed a favourable direction in changing the flue gas 
composition (CO, CO2) and reducing the consumption of coke.  

Output calculation  model allows to calculate demanded masses of batch materials depending on heat state of 
ISF. There is also possibility of the main products masses calculation obtained after actual charging. 

The main objective of reduction test was to determine the occurrence of metallic phases in sinters made from 
sulphide and oxide raw materials after medium temperature reduction and comparing of the reduction 
kinetics. Test shown that kinetic of sulphides and oxides sinters are similar, however oxides sinter seems to 
reduce a bit faster. This can be explained by lower sulphur content in the batch. Presence of PbO shows that at 
temperatures below 900 °C the Pb reduction is not finished, what entails that in ISP blast furnace the PbO 
reduction zone is not clearly separated from ZnO reduction zone. PbO reduction zone penetrates to the high 
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temperature area in ISP and equilibrium zone fades. The range of this penetration can affect on the degree of 
increased consumption of coke in the process because PbO will be reduced directly. 
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Abstract   

The present work involves the use of physical modelling in order to study the effect of slight misalignments of 
the ladle shroud on wearing of refractory lining of a T shaped three strand  continuous casting tundish. For a 
physical modelling a 1:2 scale water model was used to observe the effect of ladle shroud alignment on 
residence time distribution of each strand resulting in different wearing of the refractory lining. Those 
observing should give us better understanding of the importance of accurate ladle shroud placing leading to 
savings in maintenance of working lining.  

  

Keywords: Physical modelling; residence time distribution; refractory lining  

1. Introduction   

Constantly raising demand for higher production rates of higher quality steel is creating pressure on production 
process of steel slabs. Continuous casting is most common method of producing these slabs [1]. The molten 
steel flow patterns inside the components of the caster play an important role in the quality of these products. 
A simple yet effective design method that yields optimum designs is required to design the systems influencing 
the flow patterns in the caster. The tundish is one of these systems. Characteristics of steel flow in the tundish 
can be affected by means of shape, size and dimensions changing of the tundish or using the steel flow 
modifiers. Traditionally, experimental methods were used in the design of these tundishes, making use of plant 
trials or water modelling [2].  

 At the present time, increasing demands are placed on the tundish, as it provides several metallurgical 
operations. In addition it’s providing many possibilities of steel treatment, in particular chemical and thermal 
homogenization, deoxidation, type and flow control, reduction of ferrostatic pressure and others [3]. One of its 
main tasks is to transport the liquid metal into one or more molds uniformly, at the selected flow rate and 
temperature without the inclusions contamination.  

Well optimised and regulated flow also plays important role in affecting working lining of the tundish. Various 
factors may affect perfect flow balance which one of them is misalignment of ladle shroud. After examination 
of the problem, these main factors were summarized:  

1. Technological limitations of operator capability to precisely fit ladle shroud. Operator can only count 
on his own judgement and guess correct position, which doesn’t only affect the impact point but also 
impact angle.  

2. The ladle turret does not have automatic shut off. It is done manually by operator.  
3. Wrong selection of impact pad.  

2. Experimental Materials and Methods  

Experimental measurements were performed on water model of three strand T shaped tundish(Figure 1), that 
was built in collaboration with steel plant Podbrezová and it is located at the Technical University of Košice, 
Faculty of Materials, Metallurgy and Recycling, Department of Ferrous Metallurgy and Foundry. The model, 
taking into account theory of similarity, is built at scale 1:2. Water flow automation is secured through a top 
flowmeter, an electromagnetic valve for reservoir filling, automatic valves at the outlet nodes, and reservoir 
and tundish water level sensors.  
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Figure 1 Configuration of the three-stand tundish [7]. 

  
System Simatic is used for measurements of ongoing processes. The system interface is based on the same one 
used on the real device. Such control allows simulation of all tundish operating states as well. To clarify various 
effects that occur in the tundish and affect the properties of produced steel, it is necessary to know the time 
spent by a particular element in the tundish. The period is called residence time distribution [4].  

Two RTD values are known:  

 Minimum residence time τmin which is the minimum time at which the impulse of the marker injected 
into the ladle shroud (τ0= 0s) appears on the outlet from the tundish.  

 Maximum residence time τmax is duration between τ0 and the maximum measured concentration of 
the marker on the outlet of the tundish [5].  

The minimum residence time and τmin and the maximum residence time τmax is determined from the C-curve. 
Values for C-curve computation are most commonly obtained under laboratory conditions on water models, 
where measured values of the change in conductivity of the trace substance between the inlet to the tundish 
and the outlet at the individual outlet nodes are obtained.  

From the measured values a graph is created, resulting in the C-curve presented in Fig.2 [6]. The value of the 
minimum residence time has a decisive effect on the time that non-metallic inclusions discharge from steel to 
slag. This time should be as long as possible.  

 
Figure 2 C-curve. 

 

For measurement, the ladle shroud was deliberately misalign from its optimal position. The deflection of the 

outlet opening from the center was 5cm and the position of ladle shroud was shifted by 45 ̊ after each 
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measurement as is shown in Fig. 3. There were conducted three measurements for each configuration under 

the same conditions, from which average values for minimum and maximum residence time distribution were 

evaluated. For visual comparison, solution of potassium permanganate was used and observations were 

captured at three time intervals depending on the greatest difference observed. 

  
Figure 3 Ladle shroud configurations. 

3. Results and Discussion  

Demonstrated graphs and visual cuts from the measurements allow us to compare mutual flow differences for 
each configuration. Fig.4 and Fig.5 represents minimal and maximal residence time distributions for each 
configuration in comparison with optimal configurations (Lmin – Left strand, Cmin – Center strand, Rmin - 
Right strand). 

 
Figure 4 Average values for τmin. 

 

 
Figure 5 Average values for τmax. 
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The verify measurements reliability, mirror configurations were compared as is shown in Fig. 6 Representative 
configuration F-C was chosen. Relatively high match was found between graphs and mirror configuration. Some 
inaccuracies may be result of turbulent flow and deviations while adjusting position of ladle shroud. The 
pictures were taken in 15, 30 and 45 seconds intervals.  

   
Figure 6 F-C mirror configurations.  

 
Mirror configuration shown in Fig. 7 represents top view and is aimed to highlight a marker delay between 

each configuration. The pictures were taken in 5, 10 and 15 seconds intervals.  

  
Figure 7 A-B mirror configurations. 

4. Conclusions  

When comparing the configurations A, B, there is a considerable difference in the length of the total time for 
which the liquid remains in the volume of the tundish. Even though change in steel quality is negligible, such 
prolonging has significant effect on degree of lining wearing. Configuration C, F showed tilting of steel flow to 
one outlet node, causing uneven wearing of lining on both sides of tundish.  

Ladle shroud isn’t the only tundish furniture which affects deflection of casting flows. Currently used reverse V 
shaped impact pad even more amplifies the flow deflection effect. It is recommended to switch this impact pad 
for one which will reduce that effect.  
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Abstract 

The task of the physical simulation of steel flow in a tundish equipped with the KLT 4 impact pad resulted from 
the requirement of the Steelworks ŽP a.s. to prevent the negative impact of the ladle shroud deflection on the 
steel flow assessment criteria in the tundish. If the results of experiments using physical model were successful, 
the KLT 4 impact pad would replace the standard impact pad 4/B. The internal configuration of the tundish 
would remain the same as that normally used for casting on continuous casting machine in Železiarne 
Podbrezová, a.s. In addition to the new design of the impact pad, the influence of the ladle shroud deviation on 
the residence times of the individual strands was analysed. Experiments with KLT 4 impact pad were performed 
using a physical model in SimConT laboratory “Physical model of tundish of ŽP, a.s.” in cooperation with the ŽP 
VVC s.r.o. and the Institute of Metallurgy of the Faculty of Materials, Metallurgy and Recycling of Technical 
University of Košice. 

 

Keywords: impact pad; tundish; steel cleanliness; continuous casting 

1. Introduction 

The basis of a properly functioning tundish is in particular suitably selected covering and refining powders and 
the associated slag regime of a tundish. A prerequisite for the proper functioning of the slag system is an 
appropriate steel flow in a tundish so that the inclusions from steel are transferred into the slag and refining 
reactions occur at the steel-slag phase interface. From this point of view, the primary and most important is the 
geometric adjustment of the impact point of the steel in tundish. The vortex flow at the point of impact is due 
to the high kinetic energy of the inflowing steel.  

One of the main indicators of the flow adjustment quality in tundish is the residence time, which is defined as 
the residence time of the steel particle in tundish. The longer residence time enables the more time of the 
inclusions in the steel have to float into the slag [1, 2, 3, 4]. 

The aim of the research was to compare the character of the steel flow in the tundish using the KLT 4 impact 
pad with the standard impact pad used in ŽP a.s. Another aim was to analyse and avoid the effect of ladle 
shroud deflection on the assessment criteria of steel flow in tundish using KLT 4 impact pad and the standard 
impact pad. 

2. Methodology 

The SimConT laboratory is a part of the Laboratory for Simulation of Flow Processes (LSPP) (Figure 1) at the 
Faculty of Materials, Metallurgy and Recycling, TU of Košice [5, 6]. The SimConT laboratory has been designed 
to utilize the long-term experience of faculty members and scientists according to the following requirements: 

 Simatic®-based, fully-automatic regulation of the water level and all volumetric flow rates in the 
tundish; 

 Easy access to the tundish equipment to facilitate service and maintenance, and future upgrades; 

 Flow measurement in steady state (C-curves); 

 Flow measurement in transient conditions (F-curves); 

 Flow measurement in non-standard, limiting states (e.g. one- or two-strand casting, low steel level 
with vortex formation, shroud deviation and others); 

 Evaluation of flow patterns using colorimetric and conductivity methods. 
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C-curves measurement method was selected to compare two tested impact pads. A C-curve is one of the most 
important tundish parameters in terms of steel flow quality. It describes the residence time for any given 
tundish configuration. The residence time is the overall time a steel particle “spends” in the tundish or, more 
technically, the time between entering the tundish via the ladle shroud and leaving it via one of the exit ports 
(submerged entry nozzles), Figure 4. C-curves are measured in steady state, i.e. with constant water level in the 
tundish (input flow rate = output flow rate) [7, 8, 9]. 

During the verification measurements it was empirically found that the optimal quantity of tracer in terms of 
the working range of conductivity probes is 150 ml. In general, three measurements are performed for each set 
of tundish configurations and casting conditions. 

 
Figure 1 The water model of tundish of ŽP a.s.in scale 1:2, laboratory SimConT. 

On Figure 2 is impact pad KLT4, which was compared to standard impact pad Figure 3. 

 

  
Figure 2 Impact pad KLT4. 
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Figure 3 Standard impact pad 4/B. 

To approximate the quantification of the deflection effect of the ladle shroud, a large number of experiments 
were performed for the outlet of the tube deflected by 50 mm relative to the vertical axis along the circle at 8 
points. This deflection corresponds to a deflection of 100 mm of the real tube. Individual configurations are 
marked with letters A - H (Figure 4). The "O" configuration represents a correctly set ladle shroud. The 
parameters of casting simulation are in Table 1. 

 
Figure 4 The measured points of deflection of ladle shroud. 

Table 1 Parameters of simulation. 

State Steady State 

Level of water in the tundish 300 mm 

Volumetric flow in each strand 8 l.min-1 

Inlet flow into the tundish 24 l.min-1 

Number of repeating each measurement 3 

Volume of injected tracer 150 ml 

 

Since it is a physical model, it is not possible to achieve 100% agreement and reproducibility of measurements. 
However, this does not reduce the quality and informative value of the presented results. In order to increase 
the cleanliness of the steel in tundish, the required residence time must be as long as possible. 
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3. Results 

The results of measurement of C-curves represented by residence time for each configuration is in Figure 5 for 
each strand (L – Left, C – centre, R – Right). Every configuration was tested three times and all presented 
measured times are calculated as an average of three measurements. 

     
Figure 5 Minimal residence time for each configuration for both tested impact pads (in seconds). 

It was found, that minimal residence time for all tested configurations is longer using impact pad KLT4. This 
impact pad is not so sensitive correct position of ladle shroud. Despite of high difference in residence times of 
centre and side strands, the real plant test were performed. 

4. The results of plant trials at ŽP a.s. using impact pad KLT 4 

Here is an overview of the individual testing of steel casting in ŽP a.s. using the KLT 4 impact pad. 

Plant trial No. 1:  casted 3 heats, sequence A 

Plant trial No. 2:  casted 6 heats 

Plant trial No. 3:  casted 6 heats 

 

Plant trial No. 1 

The test was not taken into account because more slag escaped from the main ladle during steel casting. This 
probably caused considerable chemical stress on ladle shroud, which was already melted after the second heat 
(thinner type of ladle shroud was used). 

 

Plant trial No. 2 

It was realized with a thicker type of ladle shroud. There was no splashing of steel during casting, ladle shroud 
handling and casting was smooth. After casting, approximately 1600 kg of steel remained in the tundish, which 
is a normal amount. In the area of ladle shroud was not observed formation of the so-called red eye. Excessive 
wear of the working liner was found in the slag area in the tundish inflow part. 

 

Plant trial No. 3 

This testing confirmed results from Plant trial No. 2. 

The KLT 4 impact pad has higher minimum residence time values at all ladle shroud deflection positions, which 
is a basic parameter of the tundish steel flow with a direct impact on the tundish refining ability. The difference 
in residence times between the middle strand and the side strands should have a direct effect on the different 
micro-cleanliness of the steel casted on individual strands. For this purpose, the micro-cleanness according to 
DIN 50602 for casting with a KLT 4 impact pad was evaluated. There were no differences in the micro-
cleanliness of the mid-region of all casted blocks, except 4th blocks. When assessing the micro-cleanliness of the 
samples, the contamination was evaluated by the K4 method. In the cross-section, mostly fine globular oxides 
were observed. The measured values are shown in Table 2. 
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The standard DIN 50602 describes the determination of the content of non-metallic inclusions in the form of 
sulphides and oxides in steel. The standard specifies the procedure for microscopic inspection, which uses a 
systematically compiled table of image standards and a description according to the type of inclusions, size of 
the inlay (length, width and diameter) and allowed frequency. The characteristic value (degree), which is 
proportional to the content of the inclusions of the specified limit size, can be calculated separately according 
to the oxide and sulphide fractions or as a total value. In general, the degree of cleanliness is tested on at least 
6 samples. Sections are observed on a microscope at a magnification of 100 : 1. This magnification is equal to 
the scale display of the standard table. Each sample is inspected for the entire area of the cut to be evaluated, 
and the standard series of the standard table is determined. In this case, the samples were evaluated on a 
Neophot 21 microscope. 

Table 2 The comparison of steel cleanliness using standard impact pad 4/B and impact pad KLT4. 

Batch Impact pad Value K4 Surface area (mm2) 

A KLT4 0 1160 

A KLT4 0 1280 

A KLT4 0 1160 

A KLT4 0 1140 

A KLT4 2.5 1180 

A KLT4 0 1200 

B 4/B 6 1060 

C 4/B 3 1020 

D 4/B 3 1000 

E 4/B 4 1040 

F 4/B 5 1040 

 

The results from laboratory SimConT, where the higher values of residence time were measured, were 
confirmed in plant trials. The low values of parameter K4 for impact pad KLT is in relation with longer residence 
times. [10-12] 

5. Conclusions 

Regardless of the ladle shroud position, using both the standard impact pad and the KLT4 impact pad, the 
minimum tundish residence time is the shortest for the 2nd (centre) strand. In the case of the reference (ideal) 
position of the ladle shroud, the residence times according to the results of the SimConT laboratory on the KLT 
4 shaped impact pad are increased by an average of 20% for all casting strands compared to the standard pad. 
In general, the deflection of ladle shroud has a negative effect on the steel flow in the tundish, which may have 
a negative effect on the cleanliness of the cast steel. In all cases of deflected ladle shroud, the minimum 
residence times when using the KLT 4 impact pad are longer compared to the standard impact pad. Extensive 
measurements in the SimConT laboratory have also revealed that the KLT4 impact pad is less sensitive to ladle 
shroud deflection and the differences in residence times for the ladle shroud deflection relative to the 
reference position are smaller for the KLT 4 impact pad than for the standard impact pad used in ŽP a.s. These 
results are also confirmed by real plant tests where higher steel cleanliness was observed using the KLT4 
impact pad. However, the tested impact pad KLT4 is characterized by a more intense piston flow which causes 
more dynamic slag movement in the tundish inflow area, resulting in increased wear of the refractory material 
at the slag line level. Therefore, it is necessary to adjust the shape of the tested impact pad with regard to 
extending the lifetime of refractory lining in the tundish. 
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Abstract   

The paper deals with comparison of the morphology of the coal grains surface of coals, suitable for the 
metallurgical coke production. For metallurgical coke production are used various kind of coal, from different 
regions origin. Quality of metallurgical coke influence the quality, ecology and economy of pig iron production. 
For this purpose were selected coal mined from different locations. The selected sites were from America and 
Europe, while the European coals came from Poland and the Czech Republic. Besides comparing their chemical 
and petrographic composition, the microscopic views of the various coals after their mechanical agitation were 
also compared. The aim of the microscopic analysis was to study the surface texture of milled coal. Theoretical 
knowledge present coal as a structurally very complex substance, which is a mixture of many very complicated 
organic compounds and minerals. It was found that coals, belonging to the group with approximately the same 
level of coalification exhibited the same character of surfaces, irrespective of the shape of the grains. 
Conversely, varying degrees of coalification in coals of the same composition manifested different surface 
characteristics. 

 
Keywords: metallurgical coal; morphology of coal; fracture surface; EDX; EDS analysis 

1. Introduction  

Coal as a rock is still strategic fossil raw material used by different manufacturing sectors. Major hard coal 
deposits formed about 300-200 million years ago in the Paleozoic era, when North America, Europe and Asia 
formed a proto-continent - Laurasia. In the later period began mutual separation of parts of this proto-
continent, when Africa, Antarctica, Australia and India formed one proto-continent Gondwana [1]. There is an 
assumption that coal formed under the same conditions in proto-continent Laurasia, at the same level of 
coalification, could have similar properties. In metallurgical industry, in the blast furnace method of iron 
production, hard coal is used for coke production, which requires maintaining specific conditions during its 
processing.  

Supplies of coking coal continue to shrink, therefore coke manufacturers, due to high coal prices at the world 
market, try using coal from different world deposits. This leads to the question whether the characteristics of 
coal from different continents influence the preparation of charge and coke formation without affecting its 
quality and quantity on existing plant equipment. In addition to evaluating the coking properties of the coal, 
particle size and morphology of the grains is equally important, as these parameters affect not only 
productivity of coke batteries, but also the production of refined fuels (liquid and gaseous) as well as the use of 
coal in other industries [2]. The composition of the coal vary depending on the location of their formation and 
extraction, while differences are observed in such properties as: degree of coalification, sulfur and ash content, 
moisture content, chemical composition, maceral composition, crude ash etc. [3, 4, 5]. By [6] for coke quality is 
to be able to determine coke properties before the coke is produced. This is determining for the technical as 
well as financial value of coke.  Coal quality also affects coke quality parameters such as CSR and CRI. For 
example, the composition and amount of ash in coal significantly affects the quality and reactivity of coke [1].  

From the petrographic perspective, coal grains are non-homogeneous - made up of macerals, which in their 
spatial arrangement form microlithotypes of different chemical and physical properties. These microlithotype 
grains react as a whole, rather than individual macerals.  Accurately discriminating and quantifying macerals in 
coal is important as the proportion of reactive macerals is used to predict combustion behaviour [7]. All these 
parameters of coal are used in the international trade according to the International coal classification system 
(ECE), from which the price of traded coal is derived. However, this system does not provide its physical 
properties. One of the important properties of coal is cleavability, which is linked to the formation of coal and 
its gradual coalification. The cracks generated by reduction of the volume of coal-forming materials during 
coalification are oriented mainly horizontally, vertically and transversely in a deposit along x, y, z axes [8]. 
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Cracking is also affected by the forces due to the pressure exerted by the adjacent rock layers typically at 45° to 
the plane of the coal deposit. Their number is associated with a dynamic rock pressure. Cracking is affected by 
petrographic composition of coal and crude ash content in the coal. 

The issue of granularity of the charge for the coke production have been addressed in research works and 
studies by many authors [9]. Little attention, however, was given to morphology, namely the shape and surface 
of coal grains, which affects the use of coal in coke production as well as in other sectors. Present work, 
therefore, deals with grain morphology of three kinds of coal according to the degree of coalification R0 and the 
comparison of differences according to origin in different deposits. In foreign studies, more attention have 
recently been devoted to this issue in terms of monitoring cracks and pores in the coal for the purpose of the 
possibility of obtaining methane from coal deposits [10-13]. In addition, various mineralogical and chemical 
composition of coal should also be taken into account. Increased amount of some elements in coal causes 
problems in the entire process in cokemaking process, blast furnace and steelproduction, as well as the 
negative impact on environment [14] [15] [16].  By authors [17] in the steel industry, bituminous coals are 
carbonized into coke in coke ovens and coke is charged into blast furnaces with sintered iron ore to produce pig 
iron. In this process chlorine in coke is released as HCl and could cause corrosion problems in blast furnace 
facilities, then it is important to know the chlorine content in coke and the behavior of coal chlorine in the 
cokemaking process.  

2. Experimental Materials and Methods 

For evaluation of coal grains morphology, as well as the mineral compositions of coal and coal ash, eight kinds 
of coal A-H from three different mining locations were used, with light reflectance of vitrinite ranging from 0.8 
to 1.44%. Subjected to the evaluation were coals from: 

America: location Buchanan, Ranger 

Czech Republic: Ostrava-Karvina coal basin (part of the Upper Silesian Basin) 

The Republic of Poland: Upper Silesian Basin 

Coal was crushed on a jaw crusher, then subjected to sieve analysis, and for the purpose of experimental 
analysis was selected coal with a grain size 0.5 - 3 mm. 

The determination of the shape of coal grains and subsequent evaluation of their surface was done by 
microscopic examination of the samples. Electron microscope TESCAN MIRA 3SE was used and the samples 
were observed at 98, 600 and 4000 fold magnification (EDX analysis). Similar procedure was reported by other 
authors [18] [19] [20]. By observation of the coal fracture planes were compared coals with respect to the 
degree coalification and mining location. For purposes of the coal surface morphology comparison, the samples 
were divided into three categories according to R0: 0.64 -0.95% (i.e. gas coal) R0: 1.12 to 1.14% (i.e. fat coal), R0: 
1.38 to 1.44% (coking coal).  
 

3. Results and discussions 

3.1. Comparison of coal grain shape and surface  

The shape and size of grains are influenced by mechanical stress during the extraction of coal, followed by 

milling to the desired particle size. The process depends on the chemical and petrographic composition of coal, 

degree of coalification, physical characteristics, and other factors. The shape and size of coal grains, 

unevenness of the surface together with moisture affect the charge. density, the number of contacts between 

coal grains and consequently carbonization process. All this affects productivity of battery and coke quality. 

Evaluation of grains of coal at about 100x magnification showed that the grinding of coal produced the grains 

of mainly cubic, even spherical, in less amounts of polygonal shape. There have been the grains, wherein the 

cubic grain shape was not maintained at 1:1 ratio, but there took place an elongation in one direction up to the 

ratio of 1:1.4. Sporadically, there were occurring grains of atypical form, mostly in coking coals. 

Coal belongs to the materials with brittle fracture. According to [8] for bituminous coal is characteristic 

cleavable, brittle fracture, while grains are of cubic or spherical shape. During coal crushing smooth fracture 

surfaces can form, which indicate cleavage by layers of coal deposit in the seam. There is also conchoidal 

fracture, which occurs when vitrinite components of coal are breached. 

 
3.1.1 Comparison of coals surfaces from the location Europe - America, R0 (1.38% -1.44%) 
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At a magnification of 300x the observed surface of samples changed. There were smooth and also wrinkled 
surfaces. At 600x magnification of samples were observed different surfaces (Fig. 1) in coal A with cleavage 
fracture and coal B, which shows signs of conchoidal fracture surface. The surface of coal A is evenly wrinkled, 
without the presence of smooth surfaces, in contrast to the surface of the coal B, in which smooth surfaces 
alternate with wrinkled surface areas with conchoidal fracture elements. The differences between the 
observed surfaces can be explained by the fact that coals are characterized by different degrees of 
coalification, which affects the structure of the coal. This is also confirmed by higher magnification (4,000 
times) where porous texture coal is visible. Carbonaceous matter has very diverse surface interwoven with 
pores and cracks, however, in coal A is observable more pronounced segmentation of fracture surface. Such a 
structured surface may indicate more effective reactions of decomposition products arising at thermal load. In 
both observed samples are visible crude ash-mineral materials. 

 

 

 

 

 

 

 

 

 

 

 

Figure 1 Surface morphology of coals A, B. 

3.1.2 Comparison of coal surfaces from location Europe - America, R0 (1.12 to 1.14) 

There were observed coals C, D, E, where coals of the C, E group come from coal deposits in Europe and coal D 

from deposit in America. Microscopic analysis of studied coals showed that coal obtained from the same 

locations - C, E had very similar, almost identical surface shape with more pronounced segmentation. As shown 

in Fig. 2, different shape of surface may be observed in coal D, with surface after mechanical disruption formed 

by smoother, less wrinkled fracture surfaces as well as a significant porosity in the lower right portion of the 

sample. Besides of that the carbon D differs from European coals also by the highest percentage of vitrinite 

(77.8%), whereas coals C, E have the vitrinite content at almost the same percentage level. 
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Figure 2 The surface morphology of coals C, D. 

3.1.3 Comparison of coal surfaces from the location Europe, R0 (0.64 to 0.95) 

Observation of coal surfaces from one location, samples F, G, H, brought interesting results. Although the type 
composition of coals was almost identical, coal surfaces were markedly different at 600x magnification of 
samples, see Fig. 3. In coal G (600x) are well observable terrace-like fracture surfaces. 
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Figure 3 The surface morphology of coals F,G. 

At 4000x magnification Fig. 3 was found that the samples have the same wrinkled surface shape which did not 
confirm presumptions about different surfaces of coal samples. Coals labelled F, G, H, coming from the 
European continent had also well wrinkled and wavy surface. It can be concluded that the samples with lower 
degree of coalification had more wavy, uneven surface, while the mining area did not play a role. The variable 
surface may, as in the previous analysis, influence the connection of grains during heating of coal matter, while 
there may occur more rapid escape of volatiles, which in turn will not provide extrusion of partially melted 
carbonaceous matter into the intergranular spaces. The above mentioned subsequently influences the strength 
of the walls of emerging product 

 4. Conclusion 

The results of evaluations are based on specific observed samples. During the analysis and evaluation of results, 
it is important to also take into account the uniqueness of coal grains of coal as a natural material. Based on the 
above-mentioned research and analyses, it is possible to predict the properties of coals mined from various 
locations for various use in coal processing. The paper was intended to bring forth the diversity of individual 
coal seams on different continents from the perspective of their surface morphology and mineralogical 
composition. 

There were detected: 

 Differences in surfaces of coals after crushing; there were shown the smoother and wrinkled surfaces 

 Coal mined in the American continent had smoother surfaces at the same value of luminous 
reflectance of vitrinite, in some cases, more porous structure than European coals. 

 There also have been observed various representation of elements between American and European 
coals. 

It was found that coals, belonging to the group with approximately the same level of coalification exhibited the 
same character of surfaces, irrespective of the shape of the grains. Conversely, varying degrees of coalification 
in coals of the same composition manifested different surface characteristics. This proves that the geological 
origin of coals does not affect the morphology of coal grains. Coalification level, however, has an important 
role. The surface texture is also significantly influenced by maceral and type compositions. The study showed 
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that observation of the surfaces of the coals can find its justification in terms of the further processing of 

coal.  
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Abstract  

This paper provides a primary testing records of industrial wood pellets for application in iron ore sintering 

process conditions. The aim of this research was to analyze burning process of tested biomass and define 

optimal granularity for application in the sintering mixture. The laboratory sintering pan (LSP) was customized 

and used for purposes of experimental tests. The obtained results showed important differences in vertical 

burning speed in regard of testing conditions and parameters. Based on the experiments carried out within of 

industrial black pellets burning in sintering layer conditions it can be stated that the substitution of coke breeze 

by the grain size customized pellets is real and expected results should be better or same than sintering results 

with sawdust and walnuts shells respectively. 

 

Keywords: pellets; burning; sintering; biomass; iron ore  

1. Introduction  

The popularity of biomass pellets is getting higher and become the most popular fuel due to coal burning 
prohibition in most areas and high cost of natural gas. More and more countries start to use biomass 
extensively and a large utility companies and power plants, using industrial pellets as fuel for heat and power 
production [1,2]. We know that steelmaking sector is mainly based on energy consumption and utilization of 
fossil-based fuels. Moreover the global energy politics in conjunction with reduction of carbon dioxide 
emissions is immediately concerned with iron and steel industry which belong to the biggest industrial carbon 
dioxide emitters with portion of 4–7% from the global emissions [3, 4, 5, 6] On the other side the properties of 
the fossil-based fuels and biomass are inherently different for different biomass sources. Even though it has 
been highlighted that, from the metallurgical process point of view, the most suitable raw materials are wood-
based biomasses [7]. The sintering process is an important pre-treatment step in the production of iron by the 
most important route for steel production (Blast Furnace (BF) – Basic Oxygen Furnace route (BOF)) which 
represents about 70% of world steel production. Approximately 2/3 source of iron for BFs consist of sinter and 
1/3 of pellets. BF-BOF route is mainly based on coke and coal whereby sintering process use the coke breeze as 
a standard fuel.  

Considering this facts coke has been substituted with different type of biomass and many papers was reported 
about [8-12]. It was found that some biomass-based fuels have potential to substitute coke breeze even though 
that higher volatile matter and reactivity biofuels increases vertical sintering speed and decreases the peak 
temperature [13].  

The aim of this research was to analyse burning process of tested biomass and define optimal granularity for 
application in the sintering mixture. 

2. Experimental Methods and Materials  

The combustion experiments of selected biomass, in terms of sucking layer, were carried out at the Laboratory 
sintering pan (LSP) [14], which was modified for testing smaller volumes of the mixtures. For this purpose was 
installed the reduced pot element with a circular cross section of d=100 mm and the possibility of monitoring 
temperature profile in three horizon levels of 400 mm mass height. Parallel installed SiO2 tube connected to 
the common suction of LSP was used for visual monitoring of the combustion zone (Figure 1).  
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Figure 1 Laboratory sintering pan modification for experimental works. 

A defined quantity of the test fuel [15, 16] was mixed with the inert heat-resistant material which (Figure 2) has 
been adjusted to the grain size in the range of real pre-pelletization sintering mixture. Disintegration of inert 
heat-resistant material (firebrick on the base MgO) has been realized gradually in two subsequent steps by the 
jaw crusher and swing-hammer mill. The black pellets on the base of lignin (LIG) was disintegrated using a 
hammer crusher. Sieve analyse of disintegrated materials has been done by vibrating sieve machine and the 
weight fractions of individual grain size classes were assessed.  Subsequently the distribution and cumulative 
grading curves were calculated and constructed as well. 

 
Figure 2 Black pellets (left - as received, middle-fraction after disintegration) and final MgO inert material (right). 

3. Results and discussions 

The grain distribution and the cumulative curves after the grinding and milling of the inert material are shown 
in Figure 3. Due to formation of a relatively high percentage of fine-grained fractions and the other side the 
requirement for ensuring sufficient permeability of the mixture, fractions below 1mm has been omitted and 
the mean grain size of the inert material increased from 1.98mm to 2.85mm. The permeability of the separated 
refractory material was determined for a column of 400 mm batch at 0.25 m3/hour, which falls within the 
permeability interval of the pre-pelletized batch for our permeability machine conditions. 

 

T1

T2

T3

T4

Gas

Air

exhausted gas
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a)      b) 

Figure 3 Distribution (a) and cumulative curves (b) after disintegration process (J-jaw crusher, H-hammer mill). 

Individual model situations were used for black pellet burning experiments in comparison with standard coke 
breeze (Table 1). As we can see the LIG burns faster as coke breeze in all tested grain size range. Burning speed 
was calculated from 26 to 30 mmmin-1 for 5kPa underpressure sucking. Reducing the underpressure to 3kPa 
result in decrease the burning rate, with a more pronounced effect on the reduction being measured at LD1. 
Although the increased reaction surface of the fuel promotes the combustion kinetics, in this case the 
parameter of the reduced air permeability and the air flow rate prevailed. 

Table 1 Chosen parameters of testing. 

Experiment fuel Davg / mm 

/mm 

ΔP /kPa speed /mm.min-1 

/ mm.min-1 

time /min:sec 

/ min:sec 
K2 coke 1.55 5 11.80 33:50 

LA3 LIG 1.93 5 28.90 13:50 

LB1 LIG 4.08 5 29.70 13:27 

LC1 LIG 6.50 5 26.14 15:18 

LC2 LIG 6.50 3 21.66 18:28 

LD2 LIG 1.05 5 23.30 17:08 

LD1 LIG 1.05 3 15.80 25:16 

4. Conclusion 

The following knowledges can be deduced from pilot tests of LIG burning under conditions of sinter layer 
simulation: 

 the simulation of combustion under agglomeration layer conditions showed differences in kinetic 

parameters of oxidation for individual types of fuels, 

 a treatment of the tested LIG biomass in a hammer mill and selecting a suitable mesh size will ensure a 

suitable grain size for use in the sintering process, 

 the LIG burning rate increases with increasing underpressure while maintaining the batch 

permeability, 

 a fuel grain size affects the overall permeability of the mixture and the conditions of oxidant supply to 

the reaction surface of the fuel, 

 the black pellets burns more intensively over the whole range of usable grain size compared to sinter 

coke 

 the optimum grain size of black pellets for sintering process application was  determined in a narrower 

interval 2-4mm 
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Based on the experiments carried out within of industrial black pellets burning in sintering layer conditions it 
can be stated that the substitution of coke breeze by the grain size customized pellets is real and expected 
results should be better or same than sintering results with sawdust and walnuts shells respectively [13, 14, 17, 
18]. 
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Abstract 

Carbon is a chemical element that makes up all living organisms on this planet. It belongs to biogenic elements 
and its cycle on the planet is a natural process. Carbon compounds are very important fuels and their 
extraction takes place in different ways. The most important extracted materials are oil and coal. These energy 
sources serve as highly concentrated energies for the development of industry and technology used by man. 
In metallurgy, carbon is an integral part of pig iron production. In the blast furnace, coke is burned to produce 
CO2 [1]. The carbon dioxide produced in this way has no other major uses. Therefore, it is considered waste. 
Carbon dioxide as a "greenhouse gas" contributes to the climate change occurring on Earth. Modern metallurgy 
aims to search for alternatives limiting waste production and its environmental impact. An alternative is the 
possibility of recycling waste to produce products with higher added value and long-term usability, for 
example, using carbon dioxide as waste from metallurgical production with hydrogen - a product realized by 
electrolysis from "waste" electricity. 

The VŠB-TU Ostrava team has long been involved in the issue of renewable and alternative energy sources and 
waste utilization, also from metallurgical production in the region. Renewable and alternative energy sources 
are increasingly being used for electricity generation. These do not in principle have a continuous character of 
electric power production. The quality parameters of the supplied electricity fluctuate; there is an excess of 
electricity in the grid, which may be problematic to use. In the moment, electricity is “waste”. The regional 
concept of using CO2 as waste from metallurgical production and hydrogen generated from electricity surplus 
in the electricity grid gives the activities of VŠB-TUO laboratories and the team another dimension of the 
application of knowledge and experience in industry [2], [3], [4]. 

 

Keywords: metallurgy; energy; resources; renewable and alternative sources; low carbon economy  

1. Introduction 

Carbon is a biogenic element and can be considered as the cornerstone of all organic compounds on Earth and 
its cycling in nature as a natural biogeochemical cycle of its exchange between the biosphere, lithosphere, 
hydrosphere and atmosphere. However, this cycle has been disturbed by human activity in recent millennia. 
Especially in the last centuries, called the period of "technical revolution" and "scientific-technical revolution". 
The solution should be to treat the masses so that the CO2 escapes into the atmosphere. Only in this way can 
the environmental impact be reduced. 

The carbon footprint is an indirect indicator of the consumption of energy, products and services. It measures 
the amount of greenhouse gases that correspond to the company's activities or products. The sum of emissions 
for a certain period of time, most often a calendar year, is referred to as the carbon footprint. This is currently 
monitored and reported by thousands of companies abroad, dozens of companies in the Czech Republic. Their 
reporting becomes a corporate standard, much like environmental management systems (EMS) or corporate 
social responsibility (CSR). Procedures for determining GHG emissions are codified in ISO 14064 - Greenhouse 
gases, ISO 14067 - Carbon footprint of a product, service and society, and the international standard is the GHG 
Protocol. 

In general, the use of the carbon footprint is related to international (Kyoto Protocol) and national and 
corporate greenhouse gas reduction (GHG) commitments derived therefrom. Reducing the company's carbon 
footprint contributes to protecting the climate and reducing the greenhouse effect on the planet. 
Companies use the carbon footprint as one of the key indicators of social responsibility and environmental 
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sustainability. Reporting of GHG emissions is obligatory for entities involved in the European Emissions Trading 
Scheme and voluntary for other firms. Companies most often determine carbon footprint in accordance with 
the GHG Protocol procedure. It divides emissions into 3 categories according to origin: 

 Scope1 - activities that are under the control of a given enterprise and which release emissions directly 
into the air. These are direct emissions. They include, for example, emissions from boilers in the 
company, cars owned by the company or emissions from industrial processes. 

 Scope2 - indirect emissions from the purchased energy (electricity, heat, steam or cooling) that do not 
arise directly in the enterprise but are the result of the enterprise's activities. These are indirect 
emissions from sources that are not directly controlled by the company. 

 Scope3 (other indirect emissions) - emissions that result from the enterprise's activities and that arise 
from sources outside the control or ownership of the enterprise but are not classified as emissions 
under point 2. Examples are business trips by means of transportation that are not landfilling or the 
purchase of materials and fuels. 

Reporting of emissions under Scope1 and Scope2 is mandatory, Scope3 is optional. The resulting carbon 
footprint is most often built in tons of carbon dioxide equivalent (CO2 eq). 

 

 
Figure 1  Graphical representation of cumulation for reporting generated CO2 within Scope 1-3 [6]. 

2. Metallurgical process  

Steel is on the ground, in front of cement, a mass-produced commodity. Every year 750 mill. t of steel is 
produced with an energy intensity of about 20-100MJ / kg. In iron metallurgy, carbon is an integral part in the 
production of pig iron in blast furnaces and steel furnaces by coke combustion, direct and indirect reduction of 
iron oxides by coke or carbon monoxide (Fig. 2).  

 
Figure 2  Graphical representation of the metallurgical process of iron and steel production [4] 

(1) 

(2) 

 

(3) 

(4) 

(5) 
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Identified flue gas sources in metallurgical and related processes: 

 Steel plant - converter (tandem) gas, flue gas from preheating, flue gas mini-fuel 

 Blast furnaces - blast furnace gas, flue gases from wind heaters 

 Agglomeration - flue gases from sinter agglomeration (sintering coke + ore + limestone) 

3. Waste raw material 

Waste is precisely defined by law from the legal point of view. It is considered to be a movable thing that one 
discards or intends or is obliged to discard. Existing waste is often a valuable raw material for other processors. 
The past decades could be called a period of searching for alternatives leading to the trend of further future 
sustainable development of society. Modern metallurgy cannot do without the development and 
implementation of alternative technologies, nor can it do without technologies that limit its impact on the 
environment. 
The CO2 sequestration / recycling project from industrial metallurgical processes is motivated by several 
aspects. Coke carbon in the blast furnace charge has several irreplaceable properties for iron production. This 
generates waste CO2, which would be one of the feedstocks of the recycling process. At the same time 
hydrogen H2 enters this process. Hydrogen becomes a strategic raw material. It is a carrier of energy. However, 
it does not occur freely on Earth. Only bound in compounds. As an element, it has many specific physical and 
chemical properties that significantly reduce the technology of its use by technicians. Especially in relation to 
explosion safety. 
Hydrogen must be produced for the intended process. In the Czech Republic, hydrogen is produced in several 
places. However, 96% of hydrogen is produced from non-renewable energy sources. The European Union's 
futuristic idea of a hydrogen society has not yet been fully realistic. However, the change has occurred in recent 
years in connection with the mass launch of renewable and alternative energy sources (mainly in Germany and 
Denmark in previous years). 

Thus, both the locally and globally the state of its supersaturation can occur in the electricity grid. The 
electricity grid, unlike the gas grid, does not have the property of a certain energy storage and so the excess 
electricity in the electricity grid reduces its immediate quality. Capturing these states and controlled loads will 
allow for future regulation of the quality of electricity and the use of surplus electricity to produce eg hydrogen. 

The quality of electric energy is ensured by the standard ČSN EN 50160 and by the ERO Decree No. 306/2006. It 
states that each electricity customer has the right to purchase electricity of clearly defined quality. The 
guaranteed parameters of electricity in the Czech Republic network include, for example, defined voltage 
amplitude, frequency, sinusoidal waveform, and symmetry between individual phases in a three-phase system. 
Electricity producers and distributors must therefore endeavor to maintain these parameters at the required 
level. 

4. Theoretical bases of hydrogen methanization [7], [8], [9], [10] 

Since 1900, French chemist Paul Sabatier has studied the reaction of hydrogen with carbon dioxide or carbon 
monoxide using various catalysts [7]. In the first experimental experiments, carbon dioxide in the presence of 
hydrogen was successfully converted to methane using a nickel catalyst. The reaction proceeds according to 
equation: 

 

CO2 + 4H2 → CH4 + 2H2O ∆H296
0 = −165kJ/mol             (6) 

 

The reaction is exothermic. However, an initial activation energy is required to initiate it. Components entering 
the reaction should have a stoichiometric ratio of CO2 to H2 of 1: 4 [8]. 

Methanization is a highly exothermic reaction associated with volume reduction, indicating that the greatest 
yields are obtained at lower temperatures and high pressures. To achieve a methane, yield above 98%, the 
reaction must be carried out at a pressure of at least 2MPa and a temperature below 300 °C [9, 10]. 
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4.1 Experiment preparation [11], [12], [13] 

For testing of methanization of hydrogen and carbon dioxide as an introductory work for the intention of using 
hydrogen technologies for metallurgical processes, an experimental apparatus is prepared at VŠB-TUO to 
monitor and control the reaction of hydrogen and carbon dioxide under various experimental conditions (input 
gas ratio, temperature, pressure, catalyst, residence time of the mixture in the reactor) [12], [13]. 

The apparatus is designed as a modular element for demonstration and teaching purposes for temperatures up 
to 500 °C and pressures up to 10MPa. 

The mixture of H2 and CO2 with the required pressure, concentration and flow can be realized in the Fuel Cell 
Laboratory by an already existing set of valves and flow meters connected to the reaction gas tanks in the 
integrated technical gas storage. 

Individual control and measuring elements of the device are controlled by a digital programmable and power 
supply unit, which is connected via RS 232 interface to a computer. The apparatus is shown schematically in 
Fig. 3. 

 
Figure 3  Block diagram of experimental apparatus for methanization of hydrogen and carbon dioxide. 

4.2. Measurement procedure design 

A nickel-based catalyst was selected for the initial methanization tests. The catalyst and basic control system 
settings will be used similarly as described in [9] (model stoichiometric gas mixture flow rate up to 10 l/min 
with overpressure up to 2MPa and temperature 270 °C). 

The reactor is designed to be air cooled. At the start of the reaction, it is expected that the output gas flow will 
be reduced to about 1.0 l/min due to the methanization reaction with the necessity of water separation. The 
course of the methanization reaction will be monitored by the analyzer with the expectation of the output gas 
ratio at the level see Fig. 4. 

 
Figure 4  Expected results - graphical representation of the course of the methanization reaction as a function of the 

reactor operating temperature [9]. 
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5. Carbon recycling international [5] 

Carbon Recycling International (CRI) is a world leader in methanol technology. It produces renewable methanol 
from carbon dioxide (geothermal), hydrogen and electricity (wind, hydro) for use in fuels and chemicals (Figure 
5). Involved in the development of recycling technologies and energy. It works with partners (Iceland, China, 
Sweden and the Netherlands) in the manufacturing and energy industries on transformation projects that 
increase production efficiency and create waste-added products with significant added value. CRI solutions are 
environmentally friendly and have no impact on the food chain or land use. 

 

Figure 5 Ideological diagram of the CO2 recycling process implemented by CRI in the form of pilot technology as a 

follow-up element of the Svartsengi geothermal power plant / heating plant in Iceland [5] 

In 2016, during a meeting at KIT (Keilir Institute of Technology) in Keflavik, the team became acquainted with 
the issues addressed by CRI in Iceland. Ideas of similar use of waste from metallurgical processes in the 
Moravian-Silesian region were postulated. In 2018, the VSB-TU research team established targeted cooperation 
with CRI on the project of recycling CO2 from metallurgical processes [15], [16]. A long-term plan was presented 
and a pilot visit using pilot inputs using the geothermal power plant / heating plant Svartsengi (near the Blue 
Lagoon) in Reykjannes was realized. 

Svartsengi technology mainly produces heat and electricity for Reykjavik, Iceland's capital. The water is pumped 
into the subsoil by a system of boreholes and is heated to a temperature of about 300 °C at a depth of about 
3000m. Along with the steam, the CO2 is also released from the magmatic process. This is captured and, 
together with hydrogen, synthesized to form methanol and higher hydrocarbons. In doing so, hydrogen is 
produced from the surplus electric power of the plant. An important attribute of the presented pilot 
technology is its modularity and direct usability for existing metallurgical plants. 

6. Conclusion 

The article summarizes the preparatory, research and consulting work of the team in the last period. The visit 
of the cooperating universities in Iceland in 2018 motivated the shift of activities and change of the original 
privileged orientation of the team from the field of measurement and management of renewable and 
alternative energy sources to waste management and utilization of the global characteristic of renewable and 
alternative energy function for the region. The aim of CO2 recycling from metallurgical processes associates 
some currently proclaimed directions: 

 Recovery of waste from the metallurgical process. 

 Use of excess energy in the electricity grid. 
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 Improving the synthesis gas energy content for the metallurgical process. 

 Electrical energy storage with hydrogen production. 

 Creation of closely related value-added by-products (high purity technical gases, chemically pure 
hydrocarbon derivatives, refueling of CNG, LNG, H2 vehicles). 

 Motivation of other workplaces of the University for cooperation and further research in the field of 
waste processing from the metallurgical process. 

 Employment increase 

 Active involvement in European projects to reduce emissions in transport, smart cities, hydrogen 
society, low carbon economy and others. 
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Abstract   

The metallurgical industry is a material base for engineering, construction and other industries, and is therefore 
a core industry not only in the Czech Republic but also in the world. From this point of view, the main task is to 
intensify the metallurgical production, which can be achieved by improving technological processes. The quality 
of technological processes can be improved by treatment of feedstock, oxygen enrichment of blast furnace 
wind, equipment modernization, etc. Unfortunately, these efforts are currently complicated by the slowing 
development of Czech metallurgy, which translates into reduced transport capacity, fuel and energy provision. 
charges etc. 

The metallurgical industry is connected with other equally important sectors without which it would not be 
possible to develop metallurgy. The industrial refractory industry is proof of this. Versatility and a wide range of 
ceramic materials have helped in the development of metallurgy. In the metallurgy, refractory materials are 
used primarily for protection, construction, load-bearing skeleton in the form of working lining, permanent 
lining or insulation in various high-temperature aggregates. 

Blast furnaces are a typical example of the use of refractory materials. These are used for the transport and 
distribution of pig iron and slag. The gutters consist of multiple layers of refractory materials and must 
withstand temperatures around 1450 ° C. There are high demands on materials: 

 Corrosion resistance 

 Abrasion resistance 

 Minimum volume changes 

 Heat resistance 

 Chemical resistance, etc. 

 

Keywords: blast furnace; slag runner; metallurgy; slag; pig iron 

1. Introduction  

The purpose of the blast furnance (BF) chute system is to control the flow of pig iron and slag from the tap hole 
BF. Furthermore, separating pig iron from slag, removing pig iron to mobile mixers or ladles and removing slag 
to ladles for further processing. [2] 

The BF gutter system consists of the main gutter that is connected to a tap hole, a baffle to separate the slag 
from liquid pig iron, an iron gutter, and a slag gutter. 

Refractory materials for blast furnace troughs have to meet high-quality requirements because the length of 
the furnace operation and the safety of operation depend on it. The surface of the working lining is more 
stressed, where it is exposed to high temperatures, the chemical action of slag, pig iron and gases. [3] 

 

1.1. Material testing 

The test specimens were manufactured according to the standard ČSN EN 1402-1 [4]. After weighing the dry 
refractory mixture, it was first homogenized without the liquid component, then the mixing water was added in 
an amount of 6 %  wt.preparation of mixture for production of test specimens. 
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Further, the refractory mixture was formed and vibrated into metal molds (Fig. 1). Nine beams of approx. 
160x40x40 mm were produced from each type of mixture. 

In the next step, the filled molds were placed in a hydration box for 24 hours. After the required time in the 
hydration box, the resulting test specimens were dried in an oven (Fig. 1) to 110 °C. Drying was carried out for 
24 hours and then to constant weight. After drying, the test specimens were measured and weighed. 

 
Figure 3 Test specimen in drying oven. 

After drying, some of the samples were placed in a desiccator before the properties were determined so that 
the samples did not absorb air humidity. The remaining samples were fired to temperatures of 1000, 1400 ° C 
in an electric furnace, according to the standard ČSN EN 1402-5 [5], determining the course of heat treatment 
during the preparation of test specimens. The test specimens were also weighed and measured after firing. The 
testing of materials took place at VŠB-TU Ostrava within 3 months, at the workplace of Department 635, 
Department of Thermal Engineering and Industrial Ceramics. Static tests performed: 

 Compressive strength 

 Flexural strength 

 Water absorption 

 Real porosity 

 Apparent porosity 

 Volume density 

 Density 

1.2. Abrasion resistance 

Abrasion resistance is a measure of the resistance of a refractory material when particles with high velocity 
abrade the surface refractory. It measures the bond strength and refractory particles and its resistance to the 
flow of high-speed particles through its surface. The need for good abrasion resistance of refractory materials is 
most evident in petrochemical industries where fine particles impact the refractory surface at high speeds at 
slightly elevated temperatures. A direct correlation between abrasion resistance and cold compressive strength 
have recently been established. Thus, the cold compressive strength can provide and have a direct indication of 
the predictability of the refractory material in terms of its abrasion resistance. [8] 

1.3. Changing the surface of refractory ceramics 

Coating materials are widely used in the refractory lining to avoid various detrimental effects such as reactions 
on the contact surface of the mold, abrasions of liquid metal or alloys, gases, slags and other materials in 
contact with the coating. An example is the research of Serbian researchers. Cordierite samples sintered at 
1200 and 1400 °C were used for the tests. Weight loss, the level of surface degradation obtained by image 
analysis and thermal imaging analysis were used to evaluate cavitation erosion. The results showed that 
cordierite samples can be used successfully in conditions where cavitation resistance is required. [7] 
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1.4. Other aspects of lifetime extension 

Other aspects of extending the life of a blast furnace slag trough include direct changes: 

• Changing the shape of the tray 

• Change geometry or structure 

• Changing the tray material 

And also indirect changes: 

• Change slag flow rate 

• Change in slag viscosity 

• Change the chemical composition of the slag 

• Changing the slag temperature [1] 

2. Results of laboratory tests 

Preparation and testing of given mixtures of refractory concrete took place in the laboratories of VŠB-TUO. The 
results in this chapter are on average, for faster orientation and clarity. The following were determined: 

• flexural and compressive strength 

• density criteria 

• density 

Refractory concrete blend A can be used up to 1600 °C, with hydraulic coupling. Refractory concrete B can be 
used up to 1700 °C, with hydraulic coupling. Refractory concrete C is usable up to 1600 °C, with hydraulic 
bonding. Chemical composition of every refractory concrete blend is contained in Tab. 1. 

Table 1 Chemical composition of blends [6]. 

 Al2O3 SiO2 Fe2O3 CaO SiC, C C SiC TiO2 

 [%] 

Blend A 55 - 1 1.6 30 - - - 

Blend B 69.1 7.2 0.7 0.7 - 2.7 17.2 2.4 

Blend C 77 6 0.5 2 - - 0.6 2.1 

2.1. Compressive strength 

Compressive strength was determined on cube halves of approx. 160x40x40 mm Tab. 2. The test halves of 
every block were obtained by the flexural strength test at the temperature of 110 °C. For the other 
temperatures, the samples were cut in half with a saw and then heated to the desired temperatures. 

Table 2 Compressive strength results. 

Oxidizing atmosphere Inert atmosphere 

Blend A Blend B Blend C Blend A Blend B Blend C 

[°C] [MPa] [°C] [MPa] [°C] [MPa] [°C] [MPa] [°C] [MPa] [°C] [MPa] 

110 7.00 110 7.04 110 4.37 110 24.89 110 5.97 110 5.58 

1000 19.63 1000 15.70 1000 11.10 1000 19.15 1000 16.07 1000 10.02 

1400 17.49 1400 20.78 1400 33.40 1400 26.55 1400 19.88 1400 30.06 
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2.2. Flexural strength 

Flexural strength was determined on the rectangles of approx 160x40x40 mm which were used for the test 
crushing strength test results are in Table 3. 

Table 3 Flexural strength results. 

Oxidizing atmosphere Inert atmosphere 

Blend A Blend B Blend C Blend A Blend B Blend C 

[°C] [MPa] [°C] [MPa] [°C] [MPa] [°C] [MPa] [°C] [MPa] [°C] [MPa] 

110 0.33 110 0.31 110 0.69 110 0.80 110 0.71 110 0.70 

1000 1.10 1000 2.08 1000 1.22 1000 1.91 1000 0.91 1000 1.01 

1400 1.66 1400 2.19 1400 3.37 1400 2.06 1400 1.55 1400 1.89 

2.3. Density criteria 

Density criteria include apparent porosity AP, real porosity RP, water absorption WA, volume density VD. 
Properties were determined on samples after drying and firing. The resulting values are the average of two 
measured values, Tab. 4.  

Table 4 Density criteria results. 

Oxidizing atmosphere Inert atmosphere 

 AP RP WA VD  AP RP WA VD 

110 °C [%] [%] [%] [g.cm-3] 110 °C [%] [%] [%] [g.cm-3] 

Blend A 28.00 24.37 12.23 2.29 Blend A 15.41 20.55 5.47 2.81 

Blend B 16.66 25.24 6.16 2.70 Blend B 16.81 21.73 6.23 2.69 

Blend C 15.57 16.92 5.51 2.82 Blend C 14.53 21.04 5.11 2.84 

1000 °C 
 

1000 °C 
 

Blend A 25.75 26.02 10.09 2.36 Blend A 15.32 20.58 5.44 2.81 

Blend B 20.21 27.01 7.65 2.63 Blend B 18.84 22.33 7.03 2.67 

Blend C 19.17 18.92 6.95 2.75 Blend C 17.59 22.10 6.28 2.80 

1400 °C 
 

1400 °C 
 

Blend A 20.95 25.67 8.83 2.37 Blend A 16.13 21.84 5.82 2.77 

Blend B 14.78 25.50 5.48 2.69 Blend B 17.49 21.67 6.47 2.70 

Blend C 15.20 17.05 5.39 2.74 Blend C 17.10 22.60 6.14 2.78 

2.4. Density 

The density was measured for all three Blends, from ground samples with a fraction below 0.063 mm tab. 5. On 
the Pycnomatic ATC. 

Table 5 Measured density results. 

Oxidizing atmosphere Inert atmosphere 

Blend A Blend B Blend C Blend A Blend B Blend C 

[g·cm-3] [g·cm-3] 

3.19 3.61 3.39 3.54 3.44 3.59 
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3. Conclusion 

Blend A (ULTRABET PK-B) from Industrial Ceramics s.r.o. after the materials were submitted for testing, the 
first material inspection was performed visually and by granulometry. The largest grain in the material was 
found to be 5 cm. Then, it was compared with the material sheets. 

Excess water required for sample production (declared 120 ml, needed 240 ml) Need for granulometry 
adjustment to create test specimens 

Test specimens were also made from blend and proved in an oxidizing and inert atmosphere. The results of 
static tests of materials for 1400 °C shows: 

Oxidation firing 

- Worsens the parameters of this blend 

Inert firing 

 Mechanical properties (compressive and flexural strength) 

 Density criteria (apparent porosity AP, real porosity RP, water absorption WA, volume density VH) 

Blend B (HYDRA-MAX VX-281M) from the Vesuvius Czech Republic, a.s. was studied already in 2016 and now 
2018. The chemical composition of this particular blend remained the same. After checking the supplied 
material, the granulometry and the water required to manufacture the test specimen fit with the 
manufacturer's declaration. 

Test specimens were also made from mixture and proved in an oxidizing and inert atmosphere. The results of 
static tests of materials for 1400 °C show: 

Oxidation firing 

 Mechanical properties (compressive and flexural strength) 

 Apparent porosity AP, water absorption WA, volume density VH 

- Real porosity RP 

Inert firing¨ 

- Apparent porosity AP, water absorption WA 

- Mechanical properties (compressive and flexural strength) 

- Density criteria (apparent porosity AP, real porosity RP, water absorption WA, volume density VD) 

Blend C (TRB ECOCAST 54N13) from TRB is a newly investigated material in 2018. After checking the supplied 
material, the granulometry and the water required to manufacture the test specimen fit with the 
manufacturer's declaration. This material was best processed and vibrated into molds. 

Test specimens were also made from mixture and fired in an oxidizing and inert atmosphere. The results of 
static tests of materials for 1400 °C show: 

Oxidation firing 

 Mechanical properties (compressive and flexural strength) 

 Density criteria (apparent porosity AP, real porosity RP, water absorption WA, volume density VD) 

Inert firing 

 Mechanical properties (compressive and flexural strength) 

 Water absorption WA, volume density VD 

- Apparent porosity AP, real porosity RP 

The Blend C (TRB ECOKAST 54N13) seems to be the best. If the blend of refractory concrete is installed 
correctly, the service life of the blast furnace chute should be extended. However, this is not the only solution 
for this effect can also be achieved by changing the surface of the working lining, the inclination, and shape of 
the trough or replacing it with a prefabricated element. 

Recommendations for subscribers: 

• Blend change for chute of blast furnace  

• Change of the supplier 

• Solving problematic blends with the manufacturer 

• Check feedstock before use 
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• Modification of blast furnace chute technology 

• Granulometry adjustment before blast furnace trough preparation 

• Change of blast furnace trough equipment 

• Surface change, blast furnace trough geometry 
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Abstract  

Mathematical modeling became a worldwide trend in 21. century. Top-notch programs in which a 
mathematical model is being realized are applied in great deal of industries in complex solution of most diverse 
tasks. This type of programming product is labeled as „Computational Fluid Dynamics (CFD) “. Usage of CFD can 
in some cases replace labor and financial costly experimentation. It is therefore an indispensable tool for 
developmental tasks. In the field of steel metallurgy, CFD programs are most often used to solve melt flow 
problems in metallurgical vessels and to solve heat transfer problems. One of the key factors to improve steel 
quality is the steel cleanliness. In the continuous casting process, the tundish serves not only as a reservoir and 
a distributor of molten steel, but also as a metallurgical reactor to diminish the inclusion content in the final 
product. This research is aimed to study the flow behaviour inside 3-strand tundish. The commercial 
computational fluid dynamics software, ANSYS FLUENT (student version), was used for simulation. The data of 
geometry and operating parameters were collected from tundish-model at Faculty of Metallurgy, Technical 
University of Košice, Slovakia. The simulations were performed under isothermal conditions. 
 
Keywords: mathematical modeling; CFD system; Ansys; clean steel; tundish flow 

1. Introduction  

Mathematical modeling is a very important tool for modern society to find out as much information about its 
surroundings as possible without the need for physical contact with a real object. It is used in various 
economic, natural, social and especially technical sciences. In modern steelmaking, steel cleanliness (or 
freedom from non-metallic inclusions) is a key factor in order to achieve a high-quality steel product. Today 
more than 95% of the world steel production is cast via tundish and continuous casting process [1]. Tundish 
plays an important role to minimize non-metallic inclusions in order to improve the steel cleanliness. Although 
the tundish serves as a reservoir and a distributor of molten steel, its function is also a metallurgical reactor. 
Non-metallic inclusion, such as Al2O3 and SiO2, can be floated and captured by the slag in the top layer of 
molten steel if there is enough residence time for the flow from inlet to outlet in tundish. [2] 

As the metallurgical performance of tundish depends on fluid flow, the flow behaviour in tundish can be 
improved by incorporating suitable flow control mechanisms (i.e., Turbostop or impact pad) and placing them 
at strategic locations. With the use of CFD (computational fluid dynamics) simulations, the flow behaviour can 
be visualized in several ways – the velocity flow, the temperature field, the residence time of each streamline 
from inlet to outlet and the RTD (Residence Time Distribution) These Data are useful for the design of tundish 
in order to diminish the inclusion content. [3] 

2. Experimental Materials and Methods 

In this study the numerical model of tundish flow is simulated by using the commercial software ANSYS FLUENT 
19.0 (student version). Initial equations that describe the flow of real liquids are an expression of the basic laws 
of mass, momentum, and energy. The flow of actual fluids is affected by internal friction, which causes the 
cross-flow velocity to vary [4]. 

The Reynolds number (referred to as Re) flows from the indicated inertia and frictional forces ratio. The Re 
criterion is of decisive importance for determining the basic flow types in a pipeline. We recognize laminar flow 
and turbulent flow. In the case of one-way flow in a pipeline, the critical Reynolds number ReCrit, which is 
defined by: 

𝐑𝐞 =  
𝐯𝐬𝐝

𝐯
                   (1) 

Where:  vs (flow speed) [𝐦. 𝐬−𝟏] 
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               d (diameter)  [m] 

               v  (kinematic viscosity) [
𝐦𝟐

𝐬
] 

The critical ReCrit value for a circular diameter pipe is 2320. Re ≤ ReKrit - laminar flow is arranged in the 
pipeline, movement takes place in layers and fluid particles do not move across the cross section. Re ≥ ReKrit 
flowing transit into turbulent. At higher Re values, the fluid particles perform an erratic movement in all 
possible directions. This movement is irregular, random, and resembles the movement of gas molecules, but 
may disintegrate and lose identity as compared to molecules and fluid particles. The flows in the current study 
are considered as turbulent flow, since the Reynolds numbers (Re) are equal to or greater than 5000. The 
numerical simulations of turbulent flow are carried out on the basis of the Reynolds-Averaged Navier-Stokes 
(RANS) modelling [5,6] 

An important requirement when using CFD methods is to verify the achieved results under actual operating 
conditions. This verification is desirable for further refinement of the calculation e.g. by selecting a more 
suitable flow pattern and ultimately in terms of ensuring the validation of the result for each subsequent case. 
A combination of mathematical and physical modeling is considered to be a very effective and optimal variant 
of model research. Physical modeling serves to verify the validity of mathematical modeling results and to solve 
and simulate particularly complicated cases for which numerical modeling would be problematic [7]. 

Verifying of achieved results were performed at Department of Ferrous Metallurgy and Foundry, Faculty of 
Materials, Metallurgy and Recycling, Technical University Košice, Slovakia water-model. Water model is 
assembled at scale 1:2 to original [8]. 

The CFD simulation of a two-strand tundish with water flow inside is performed using boundary conditions - 
gravity in Y direction = -9.81 m. s−2, tundish material - liquid water and pre-defined IN-LET conditions. The 
tundish geometry is shown in Figure 1.  

  

Figure 1 Geometry of the 3-strand tundish model. 
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An unstructured computational mesh of 500 thousand cells is used (low number of cells is determined by using 
only free student version of ANSYS FLUENT). Mathematical mesh for 3-strand tundish model is shown in Figure  
2. The simulations of tundish flow are performed by using ANSYS FLUENT 19.0. (student version). The k-epsilon 
standard model is used to simulate the turbulent flow. The SIMPLEC algorithm is used in the numerical 
simulation. The calculation convergence is influenced by the number of cells and the overall quality of the 
computational mesh. Acceleration of convergence can be achieved by appropriate initial estimation of 
variables that are relevant to the simulated plot. The number of iterations specified was set to 2000. Boundary 
conditions are sumarized in Table 1 [9]. 

For discovering residence times of tundish water model was used. The basic parameter which is often used for 
tundish flow description is minimal and maximal residence time. Minimal residence time is defined as shortest 
time when particle injected to the ladle shroud can be observed on the tundish output. One of aims of steel 
flow optimization is to reach maximum value of minimal residence time. Maximum residence time have 
definitive influence on time which inclusions have to rise from steel into slag. Cross section plane in which flow 
is observed is shown in Figure 3 [3]. 

 

 
Figure 2 Mesh for the 3-strand tundish model. 

 

 

Figure 3 2-D Cross Section plane at interested position. 
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Table 1 Boundary conditions. 

Boundary Conditions 

Temperature Izotermic 

Operating pressure 101 325 (Pa) 

Effect of gravity X=0 / Y= -9.81 / Z=0 (m.s-2) 

H2O (l) 

Density 998.2 (kg.m-3) 

Viscosity 0.001003 (kg.(m.s)-1) 

In-let 

Flow speed 0,16 m.s-1 

Turbulence intensity 4.8% 

Turbulent viscosity ratio 0,5 

Out-let 

Pressure 101 325 (Pa) 

Turbulence intensity 4.4% 

Wall 

Friction undefined 

3. Results and discussions 

The velocity flow field of tundish flow is illustrated in a 2-D cross section plane at interested position as shown 
in Figure 4. The flow structure can be captured from the 2-D CFD simulation during time period t1-t9. 

Figure 4 Velocity flow field in 2-D cross plane section. 
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Figure 5 C-curve of RTD characteristics obtained from water model and CFD for bare tundish [10]. 

The comparison of the flow pattern between the CFD simulation and the experiment results shows good 
agreement with minor difference. Residence times from water-model can be seen in Figure 5, 6 [9]. The 
residence time of each outflow particle in tundish model is calculated from the inlet-to-outlet flow time. C-
Curve of RTD characteristics obtained from CFD model as shown in Figure 6. is created of data that are only an 
approximation of real object because of limited potential of student version of Ansys Fluent. Data were 
obtained from iterations (2000) during each 10 steps.  

4. Conclusion 

From the current study, the 3-strand tundish model have been simulated using CFD program, ANSYS Fluent. 
The calculated results of the flow in 3-strand tundish model such as velocity, flow field and minimum/maximum 
residence time distribution show good agreement with the experimental results from water-model.  

Figure 6 Approximate C-Curve of RTD charateristics obtained from CFD model. 
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Therefore, it is confirmed that numerical simulations are satisfactorily accurate. The 3-strand tundish model is 
created based on the geometry of water model at Faculty of Metallurgy, Technical University of Košice, 
Slovakia. The results from the current study will support and enhance the potential for next study of steel-flow 
in tundish to produce high quality steel in the future. Full version of Ansys Fluent is necessary for more in-depth 
simulations of steel flow processes, further research in this area is essential.  
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Abstract  

The production of steel with high metallurgical purity is associated with the formation of ladle slag with 
appropriate physicochemical properties. Such slag must be characterized by a low degree of oxidation and 
good ability to absorb non-metallic inclusions. The results of industrial research with the use of new slag 
forming materials to create good quality of a ladle slag will be presented. Chemical compositions of slags 
obtained after the use of new slag forming materials as well as obtained oxygen contents and types of non-
metallic inclusions will be also presented.  

The obtained results indicate that due to the appropriate selection of the type and amount of slagging 
materials, it is possible to obtain steel with high metallurgical purity, meaning low content of oxygen and non-
metallic inclusions. 

 

Keywords: ladle slag formation; non-metallic inclusions; dephosphorization; desulphurization 

1. Introduction  

Both in the BOF and the EAF the melting process takes place with the presence of the furnace slag. The 
following oxides are primary constituents of the furnace slag: CaO, SiO2, MgO, MnO, FeO, Fe2O3, and Al2O3. The 
furnace slag has oxidising properties and has high contents of sulphur and phosphorus. Because of these 
characteristics it is not suitable for carrying out the steel refining process in its presence. In previous years, 
when steel was refined in a steelmaking furnace, the chemical constitution of the furnace slag would be 
modified in order to ensure its proper refining properties. Now, when steel is refined in other devices, the 
metal bath is tapped to a ladle without the furnace slag. Refining takes place under specifically made ladle slag. 
Ladle slag properties are decisive to the quality of steels obtained, and the process of its formation determines 
the process economics [1, 2]. 

The content, type, size and distribution of non-metallic inclusions are a relevant indicator of steel purity. Non-
metallic inclusions in steel result from incomplete floating of casting products, and sulphates and nitrides, 
erosion of refractory lining, slag particles penetrating into the liquid steel. During steel refining in secondary 
steelmaking installations one aims at forming slag, which can assimilate oxide inclusions. The above condition is 
met by refining slags based on the CaO-Al2O3-SiO2 system, where the content of individual constituents 
corresponds to the Mannesmann Index. 

During ladle steel refining, a calcium-aluminium slag should be created at the steel surface. Its chemical 
constitution complies with the optimum value of the Mannesmann Index. It is important that the melt is 
sufficiently long and intensively stirred with an inert gas. This slag can be formed by: 

 adding a synthetic slag to the ladle,  

 creating a refining slag on the basis of mixtures from the CaO-Al2O3-SiO2 system, 

 adding lime, and the appropriate constitution of the refining slag will be formed by dissolution of CaO 
in Al2O3 forming from aluminium steel deoxidation.  

The most preferable constitution corresponds to the eutectic 12CaO7Al2O3. In addition, slag usually contains 
some MgO in order to protect basic ladle refractory. The presence of a few percent magnesium oxide in the slag 

also intensifies the metal bath desulphurization process. Often basic synthetic slags also contain some amounts 
of additions improving their physico-chemical properties, i.e.: reduction of the melting temperature, 
improvement of fluidity, positive changes in surface properties. The best known addition of this type is fluorite 
(CaF2) [3-6].  



Iron and Steelmaking 2019  

Modern Metallurgy                  23.10.2019 – 25.10.2019 

62 
 

2. Analysis of refining slags at the ladle furnace station 

To compare conditions for refining slag formation in the ladle furnace, test heats were made in the industrial 
conditions. Three variants of slag formation were compared: 1) on the basis of steelmaking lime (Mixture 1) 
only; using a material containing CaF2 (Mixture 2); using a material with a commercial name AF-3-F (Mixture 3). 
16 test heats were made with mixture 1, 24 heats with mixture 2 and 14 heats with mixture 3. Slag samples 
would always be taken at the final stage of the refining process. The chemical analysis was performed with an 
x-ray fluorescence spectrometry Twin-X from Oxford-Instruments. Average, minimum and maximum values for 
all analysed test series are presented in Table 1. 

Table 1 Average, minimum and maximum content of refining slag constituents from the set of heats tested for 

individual slag forming mixtures. 

 
Average, minimum and maximum values of desulphurization and dephosphorization degree and phosphorus 
and sulphur distribution coefficients [7] at the subsequent stages of the refining process (LF, VD), for individual 
slag-forming mixtures for all analysed test series are presented in Table 2. 

Table 2 Average values of desulphurisation and dephosphorisation degree and phosphorus and sulphur 

distribution coefficients at the subsequent stages of the refining process (LF, VD) for individual slag-forming 

mixtures. 

 

Average values [%] 

 P LF P VD P S LF S VD S LP LS 

Mixture 1 

Av. -115.5 11.31 -0.9 12.9 -85.4 -53.562 6.57 196.3 

Min. -1011.1 0.0 -11.1 -25.0 -340.0 -214.286 0.80 14.0 

Max. 0.0 90.9 16.7 71.4 40.0 47.059 12.86 1175.0 

Mixture 2 

Av. 4.8 12.0 16.5 8.1 -12.3 -4.136 5.05 79.9 

Min. -6.7 -7.1 -7.1 0.0 -115.8 -105.000 0.78 39.5 

Max. 90.0 90.0 90.7 25.9 87.8 88.421 7.78 188.0 

Mixture 3 

Av. 0.6 -0.1 0.6 15.4 -46.7 -24.989 5.75 63.3 

Min. -12.5 -10.0 -12.5 4.2 -140.0 -91.667 3.18 28.8 

Max. 10.0 8.3 10.0 41.7 40.0 60.000 8.75 123.0 

Changes in the desulphurisation and dephosphorisation degree and the phosphorus and sulphur distribution 
coefficients in the subsequent heats, for refining stages (LF, VD), for individual slag-forming mixtures are 
graphically presented in Figure 1 to Figure 8. 

 

 

  
Average chemical composition [wt. %] Basacity  

[-] 
Mannesmann index [-] 

 CaO SiO2 Al2O3 MgO P2O5 S MnO FeO 

Mixture 1 

Av. 48.78 10.3 26.28 10.6 0.073 1.33 0.17 0.86 4.931 0.189 

Min. 43.50 7.9 21.30 8.5 0.050 0.56 0.03 0.21 3.240 0.118 

Max. 54.00 14.9 30.00 13.8 0.100 2.35 0.72 1.94 6.430 0.260 

Mixture 2 

Av. 45.53 10.0 23.73 11.9 0.063 1.01 0.25 0.97 4.582 0.194 

Min. 42.20 8.3 20.00 9.2 0.020 0.57 0.06 0.35 3.760 0.164 

Max. 47.40 12.3 26.80 15.9 0.080 1.43 0.52 2.70 5.510 0.241 

Mixture 3 

Av. 45.23 9.4 24.19 11.3 0.065 0.89 0.25 0.91 4.866 0.201 

Min. 44.00 7.7 23.10 8.6 0.050 0.49 0.03 0.49 4.080 0.168 

Max. 46.60 10.9 25.80 17.3 0.070 1.24 0.66 1.21 5.870 0.230 
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a) b) 

 
c) d) 

 
 

e) f) 

 
 

Figure 1 The dephosphorisation degree a), c), e), and the desulphurisation degree b), d), f), for the individual slag-

forming mixtures. 

a) b) 
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c) d) 

 
 

e) f) 

 
Figure 2 The distribution coefficient of phosphorus a), c), e), and sulphur b), d), f), for the individual slag-forming 

mixtures. 

a) b) 

 
Figure 3 The distribution coefficient of phosphorus a), and sulphur b) depending on the CaO content. 

a) b) 

 
Figure 4 The distribution coefficient of phosphorus a), and sulphur b), depending on the slag basicity. 
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a) b) 

 
Figure 5  The distribution coefficient of phosphorus a), and sulphur b), depending on the Mannesmann index. 

a) b) 

 
Figure 6 Dephosphorisation and desulphurisation degree depending on the CaO content. 

a) b) 

 

Figure 7 Dephosphorisation and desulphurisation degree depending on the slag basicity. 

a) b) 

 

Figure 8 Dephosphorisation a) and desulphurisation degree  b) depending on the Mannesmann index. 

Figure 9 shows changes in the slag viscosity as a function of temperature for average slag constitutions 
computed with the FactSage software, for individual mixtures. 
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Figure 9 Change in viscosity as a function of temperature for average slag constitutions computed with the FactSage 

software. 

3. Conclusions 

As follows from the data, the average values for individual constituents, as well as basicities are similar for all 
series. The obtained differences are very low. It means that no differences were observed in the slag chemical 
constitutions, despite using various methods for ladle slag formation. One should accept that both tested 
mixtures have similar properties from the perspective of chemical constitution of the slag formed.  

The performed industrial tests indicate that non -metallic inclusions based on aluminium oxides Al2O3 with the 
addition of calcium, magnesium and silicon prevail in steel. Inclusions of this kind can be eliminated by 
appropriate selection of the slag chemical constitution to enable appropriate physico-chemical properties to be 
obtained. In this connection the following recommendations concerning the chemical constitution have been 
developed: 

 the CaO content in slag should be within the range 45-55 wt. %, 

 the SiO2 content in slag should be within the range 10-15 wt. %, 

 the Al2O3 content in slag should be within the range 24-31 wt. %,  

 the MgO content in slag should be within the range 6-14 wt. %, 

 the sum of the FeO+MnO contents should be under 1 wt. %, 

 basicity B1=CaO/SiO2 should be 2.5-4.0, 

 basicity B3=CaO/SiO2/Al2O3 should be 1.2-1.8. 
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Abstract   

During the casting of the steel into the ingot mould, one of the key parts is the initial input and the subsequent 
flow of the steel into the ingot mould. Especially in terms of the possibility of spraying steel on the mould walls 
or mixing the liquid steel with the casting powder. If we focus on the shape of the outflow runners, its small 
design change affects the flow and shape of the melt flow in the ingot mould both at the beginning and during 
the casting of the ingot body. The initial casting phase has the greatest influence on the possibility of 
exogenous inclusions input into the body of the ingot, in particular from the casting powder lying on the 
surface of the cast melt. Using the numerical simulation in the MAGMA 5 software, three different types of 
outflow runners were compared in terms of flow. The present work deals with the influence of shapes of 
outflow runners on the possibility of clogging exogenous inclusions into the body of cast 5 t of ingot, in the first 
half of the steel melt casting with 1 % C and 1.5 % Cr. 

 

Keywords: numerical simulation; steel melt; steel flow; outflow runners; ingot mould 

1. Introduction  

When casting several ingots in parallel on a casting plate, defects of their inner structure arise, particularly 
during the solidification process. The defects may be caused by the setup of the input metallurgical conditions, 
which largely include, in particular, the temperature and speed of the molten metal casting procedure. Inner 
defects also occur due to improper selection of the design and material composition of the structure in which 
the melt cools down. These concerns, in particular, the shape and material composition of the ingot moulds, 
head adapter, including the materials inside [1-3]. The shape, location and material composition of the mould 
inlet and the complete gating are also important. And last but not least, the inner quality may also be 
influenced by the casting ladle, i.e. the amount, temperature and method of casting the melt from the ladle 
into the ingot mould set [4-6]. Deeper details such as the chemical composition of the melt and the melt 
production method play a role too, of course, but these lie beyond the scope of this treatment. Numerical 
simulations have been used recently to simulate the molten metal casting and solidification processes, with a 
view to eliminating the formation of defects inside the solidified ingot through proper setting of the input 
metallurgical conditions and a suitable design of the casting system, see e.g. [7-11]. 

2. Experiment Description 

The experiments were focused on the areas where the molten metal enters the mould, with a view to avoiding 
contamination of the solidifying melt by exogenous inclusions, particularly the casting powder. The mould set 
was filled with the molten metal always to 50%. The objective was to use numerical simulations in Magma 5.4, 
year 2019, software to compare three types of outflow runners with respect to their effect on the melt flow 
into the mould and on the melt solidification process during the casting procedure. The melt, the chemical 
composition of which is listed in 0, was cast at the same metallurgical parameters into the same mould sets 
composed of 8 moulds handled on a mould plate (the geometrical shape of the casting set is shown in 0). All 
the 8 moulds in a casting set were fitted with a single runner type. Three runner types were used, referred to as 
runner A, B and C. Accordingly, the simulations were marked A, B, C when using runner type: A, B or C, 
respectively. The runner designs are as follows: 

 runner A has 2 straight outlet openings, see 0, 

 runner B has 1 oval outlet opening, see 0, 

 runner C has 2 conical and elevated outlet openings, see 0. 
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The runners also differ in the outlet opening cross-sections: they were 3 180 mm2 for runners A and C and 
2 285mm2 for runner B (hence, lower than for runner A or C). 

Table 1 Chemical composition of the melt marked as CrC (wt. %). 

 
C P S Si Mn Cr Ni 

Contents 1.0 0.01 0.002 0.25 0.4 1.5 0.05 

 

 

Figure 1 Mould set with 5 t moulds, including 

the casting system. 

 

Figure 2 Meshed middle ingot and the casting 

assembly.

 

 
Figure 3 Runner type A. 

 

 
Figure 4 Runner type B. 

 

 
Figure 5 Runner type C. 

The next important step after making a drawing of the mould set was to find the most suitable mesh with 
hexagonal cells dividing the mould set parts and the molten metal into elements. Example of a "meshed" ingot 
is shown in 0. 

After the meshing, the input metallurgical parameters were defined for all the three types of numerical 
simulation. The defined temperatures of the melt and the casting set parts were are in the 0 and 0. 

Table 2 Temperatures of the part of the 

ingot mould set. 

Temperature [°C] 

ingots 50 

runners 50 

sink head lining 20 

casting powder 20 

 

 

 

 

 

Table 3 Temperature of the melt. 

Temperature [°C] 

solidus 1326 

liquidus 1453 

casting 1485 

Corner 

ingot 
Middle 

ingot 
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3. Evaluation of the experiment 

In the numerical simulations, the three runners were compared for both the middle and corner ingots of the 
mould set containing 8 ingots on a single casting plate. Hence, 8 numerical simulations are shown in total. Due 
to a higher complexity of meshing in the diagonal direction (corner ingots) compared to the transverse 
directions (middle ingots), the resulting numerical times of melt inlet into the runners of the corner ingots are 
shifted by approx. 2.6 s against the middle ingots. The view of the corner ingot is diagonally cut, and so it has 
proportionally different dimensions (height and width).  

The cross sections of the runners A and C are identical 3 180 mm2. This cross-section is 28 % larger than that of 
the runner B, which has only one oval outlet with a cross-section of 2 285 mm2. 

The pictures of the melt flow velocity in the inlet runner and the outlet runners in 0 at 2.120 s show that the 
melt entering the runner hits the end of the outlet runner wall in the same way for all the three runners. The 
melt in the runners A and B, however, has a higher spurt into the mould than in the runner C, which is probably 
related with the elevation of the outlets in the runner C. 0 also shows that with the runners A and B, the melt 
tends to tear, which indicates possible spattering on the mould walls. The higher spurt in the case of runner B 
may be caused by the smaller runner diameter. 0, depicting the situation at 407 s after start of the casting 
operation, shows that due to the higher discharge velocity from the runner B the newly entering melt gets 
closer to the melt level than with the runner C, which has the lowest discharge velocity towards the surface 
level, closely followed by the runner A. 

As to the temperature field of the cast melt: the melt temperature was above the liquidus temperature till 
approximately the 40th second for all the three runners. At 80 s, from the start the casting procedure, the melt 
started to solidify at the bottom of the ingot at the mould stool, first with the runner C, see 0. Then after 200 s 
the melt started to solidify on the mould wall with the runner B and then, after 240 s, also on the mould stool 
with the runner A; the final mould temperature at 407 s is shown in 0. 

The pressure induced in the melt during the casting procedure was also evaluated: the pressures were identical 
in all the three assemblies during the end runner filling procedure within 2.477 s after the start of casting. Once 
the runners had been completely filled, the pressure in the end runner B increased due to the smaller cross-
section and remained higher than the other pressures until the time of 11.088 s, see 0. Although subsequently 
the pressures tended to equalize, the pressure remained higher in the runner B, followed by the runner A, the 
lowest pressure being in the runner C until the time of 110 s. During the period from 200 to 407 s, the 
ferrostatic pressure began to outweigh the resistance of the openings in the runners and the pressures in the 
runners were equal. 

When looking at the summary thermal flux of the main parts from the melt in the corner and ingots towards 
the moulds, heat removal is seen to be fastest with the runner B, followed by the runner C, and the slowest 
heat removal is in the casting set A, see 0. 

4. Discussion 

The evaluation shows that the risk of mould body contamination with the casting powder due to the effect of 
the melt flow velocity, mainly at the beginning of the casting procedure, and to possible melt spurts of the 
melt, is lowest with the runner C, followed by the runner A, and is highest with the runner B. 

The runner geometry also influences the solidification process and the development of pressures in the 
runners. It is also shown that filling is more uniform with the runner C compared to the runner A, and the worst 
situation is with the runner B. 

In terms of the heat flux from the melt in the corner and middle ingots towards the moulds, the best heat 
dissipation was observed in the casting set with the runner B, followed by the runner C and then the runner A. 
This is also borne out by the development of the minimum and mean melt temperatures, which are in 
accordance with the development of heat transfer from the melt to the casting set components.  

5. Conclusion 

The present article described numerical simulations of ingot mould sets used for casting steel CrC into 8 moulds 
arranged into a pattern of 4 corner moulds and 4 middle moulds. The numerical simulations were performed 
for 3 end runner types both for the middle and corner moulds.  The objective of the work was to identify the 
runner that exhibits the lowest tendency to contaminate the metal with the casting powder during the casting 
procedure, in particular in the initial phase. 
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The melt flow velocity, temperature field and pressure induced by the melt were evaluated, and the lowest 
tendency to contaminate the system with the casting powder during the casting procedure was found for the 
runner marked as C with two elevated conical outlets, followed by the runner A with two straight outlets and 
finally by the runner B with one oval outlet. 

It should be emphasized that the work was focused on the assessment of the hazard of metal contamination 
with the casting powder for 50 % filling with the cast metal; hence, there were another 50 % of the molten 
metal missing in the mould, which may have influenced the results. Completion of the numerical simulations 
for 100 % mould filling with the molten metal, including solidification and evaluation of the effect of the end 
runner design on the inner quality of the ingot, is planned for the next stage of the experiments.  

 

 

 

Figure 6 Melt flow velocity with the velocity vectors at 2.120 s, range 0-3.5 m.s-1. 

 

 
Figure 7 Melt flow velocity with the velocity vectors at 407 s, mould filled to 50 %, range 0-3.5 m.s-1. 
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Figure 8 Melt temperature field with the melt flow vectors at 80.061 s, range 1326-1453 °C. 

 

 

Figure 9 Melt temperature field with the melt flow vectors at 407 s, range 126-1453 °C. 

 

 

Figure 10Pressure induced by the melt with the melt flow vectors at 11.088 s, range 1013-2500 mbar. 
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Figure 11Heat flux from the melt to the mould set and its parts at 0-407 s, range from -5,0 MW to 10,0 MW. 
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Abstract  

This paper specifies a mass and thermal balance of high-temperature sintering of an iron materials in 
laboratory conditions. These experiments were carried out by substituting coke with biomass (lignin). For 
realization of experimental sintering, a sintering apparatus – laboratory sintering pan (LSP) – was used, which is 
fully equipped with measuring devices and analysers. An important goal of the work was to specify 
mathematical modeling using thermodynamic software HSC Chemistry. Gibbs equilibrium diagrams, Kellog 
diagrams and mass and thermal balance were calculated. On the basis of the results, the correlation was 
obtained in the comparison of some values of sintering during modelling and experimental simulation. High 
correlations were found in the calculated fuel (substituting coke with lignin) for sintering, and determined 
produced amount of agglomerate. In the process of sintering with lignin, it was necessary to increase the 
amount of total fuel in the charge due to its lower calorific values. The maximum temperatures in the sintering 
process were lower (about 140–270 °C) with lignin than with coke. 

 

Keywords: sintering; agglomerate; coke; biomass; lignin; modelling; mass-thermal balance  

1. Introduction  

The agglomerate is a basic input material for the production of pig iron and plays an important role in the 
integrated metallurgical cycle. It is produced by high-temperature sintering of fine iron ore, iron ore 
concentrates and other materials (e.g. secondary materials from iron and steel production, basic components, 
carbon fuels). In the agglomeration process, bituminous coal coke, grain size < 3 mm, is used as a fuel. In 
addition to traditional coke powder, biomass can be used as a substitute fuel.  The creation of models, 
simulations, and predictions of the sintering process is very important today. For these models we can define 
physical chemical and thermal processes that alter the structure and composition of input sintering raw 
materials. The sintering process takes place in a heterogeneous system of the gas–liquid–solid phase, while the 
gas phase ensures the fuel combustion, heat transfer, and oxidation-reduction processes [1-2]. The creation of 
a computational model of agglomeration process is based on knowledge of the events taking place in the 
sintered layer, as well as the principles of conservation of mass and thermodynamic stability of compounds [3]. 
The agglomeration process has been modeled worldwide in several studies. Many authors show the predicted 
melting of grains and solidification heats of agglomerates [3-6]. These processes are very important for forming 
the final agglomerate structure and good reducibility of sinter [7]. Some authors developed a mathematical 
models with the heat and mass transfer processes in a sintering bed or discussed sinter properties produced on 
a pot apparatus experimental facility and presented a mathematical model based on the transport phenomena 
[3-6]. 

2. Experimental Methods and Materials  

This paper shows an application of the mathematical model and a physical simulation of the sintering process 
in laboratory conditions. For mathematical modelling the basic chemical reactions with standard Gibbs energy 
and mass and thermal balance were calculated. Thermodynamic data were obtained from the software HSC 
Chemistry, Figure 1 [8]. Thermochemical calculations are based on enthalpy H, entropy S, heat capacity Cp or 
Gibbs energy G values for chemical species. They can all be mathematically derived from experimental 
observations [3]. Due to the modelling principles based on Gibbs free energy minimization, the applications 
range from high temperature systems to analysis and process simulation. The experiments were carried out in 
a laboratory sintering pan (LSP), which simulates the conditions on an agglomeration belt, as well as the quality 
of the agglomerate, Figure 1. For the simulation of Fe agglomerate production using biomass, close monitoring 
of the sintering process needs to be maintained. For the high temperature range in the sintered layer, three 
thermocouples of the PtRh10-Pt type were used. The flue gas temperature was read at two levels by the NiCr-
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Ni type thermocouple. The chemical composition and temperature of the flue gas were analysed by the TESTO 
350 device.  

 
Figure 1 Scheme presenting the modelling of the iron sintering process. 

Laboratory experiments were performed using iron raw materials-aggloore from the Ukraine (content of FeTOT 
= 60.39 wt%) and concentrate from the Ukraine (content of FeTOT = 67.95 wt%). In the agglomeration process, 
standard coke powder (CFIX = 81%, ash = 12%, caloric value = 28 MJ/kg) was used as fuel. Biomass was a 
technical hydrolyzed lignin (CFIX = 20%, ash = 3.4%, caloric value = 23 MJ/kg) [9]. The other mixture components 
(dolomite, calcite, and lime) had a commercial standard chemical composition. These inputs were included in 
prepared agglomeration mixtures with basicity within the interval of 1.5–1.9. The produced Fe agglomerates 
had FeTOT content within the interval of about 48–53 wt%. Chemical analysis of the samples was determined 
using XRF spectrometer ARL 9900S. 

3. Results and discussions 

The authors of this paper carried out a large number of experiments and studies focused on the use and 
application of biomass in the context of the production of Fe agglomerates in laboratory conditions. In addition 
to the chemical composition of the agglomerate, the results of balance calculations include also mass data of 
produced agglomerates, which are calculated based on the balance of the chemical composition. The 
calculations have implemented the above requirements and adjustments from the perspective of various 
losses and chemical processes during the process. The actual model consists of several basic parts. The first 
part of the calculation model includes analysis of different components. The second part of the model includes 
the actual calculation of consumptions of materials in the agglomixture to ensure the desired chemical 
composition of the agglomerate. The third part of the model provides a summary overview of the material 
balance of the process. The current mathematical model used in this study was extended with thermal balance 
determined on the basis of input and output enthalpies of individual components (including the types of 
biomass). Fuel burning and heat transfer are important for the sintering process. The best sintering results are 
achieved when the speed of the heat wave movement is the same as the speed of the solid fuel combustion 
zone movement. The difference in speed of these processes is causing the increase of the combustion zone 
width, the decrease of the maximum temperature in the combustion zone, and the deteriorated quality of 
agglomerate.  
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The speed of the thermal layer movement is given by equation (1): 

  𝑉𝑡𝑣 = 𝐾
𝐶𝑔

𝐶𝑣𝑠
𝜔0                                                                                                                             (1) 

Where 𝑉𝑡𝑣 − speed of thermal layer movement (mm.min-1), 

       K − factor of proportionality, 

       𝐶𝑔 − thermal capacity of gas (kJ.m-3.K-1), 

       𝐶𝑣𝑠 − apparent volumetric thermal capacity of agglomeration charge (kJ.m-3.K-1), 

       𝜔0 −  rate of air suction through the layer (mm.min-1).  

A charge with coarser grain size and materials with reduced thermal conductivity remove the heat from the gas 
stream at a slower rate. In that case the thermal conductivity of gas and the speed of thermal layer movement 
increase. As a result of the heat transfer, the heat produced in the combustion of fuel and the heat supplied by 
the ignition of charge is utilised multiple times in the sintered layer. The value of regenerated heat is also 
calculated when the total thermal balance is determined. The share of regenerated heat in the sintering 
process is assessed using the mean temperature of the layer according to equation (2): 

𝑡𝑘 =
𝑄𝑣𝑠

𝑚𝑣𝑠.𝐶𝑣𝑠+𝑉𝑔.𝐶𝑔
                                                                                                                          (2) 

Where 𝑡𝑘 − mean temperature of the layer provided the charge and the air were not preheated (°C), 

       𝑄𝑣𝑠 − amount of heat consumed to heat the layer to the temperature of 𝑡𝑘 (kJ), 

       𝑚𝑣𝑠 − amount of the elementary layer charge (kg), 

       𝐶𝑣𝑠 − mean thermal capacity of agglomeration charge (kJ.kg-1.K-1), 

       𝑉𝑔 − volume of gas sucked from the layer (m3), 

       𝐶𝑔 − mean thermal capacity of the sucked-off gas (kJ.m-3.K-1). 

The maximum temperature in the sintered layer and the time for which this temperature is maintained in the 
charge depends both on the amount of heat released by the combustion of solid fuel and the amount of 
accumulated heat. The maximum temperature in the sintered layer is calculated according to equation (3):  

  𝑡𝑚𝑎𝑥 =
𝑄

𝑚.𝐶𝑣𝑠
                                                                                                                             (3) 

Where 𝑡𝑚𝑎𝑥 − maximum temperature in the sintered layer (°C), 

       𝑄 −  heat supplied to the elementary layer (kJ), 

       𝑚 − weight of the elementary layer charge (kg), 

       𝐶𝑣𝑠 − specific thermal capacity of agglomeration charge (kJ.kg-1.K-1) 

When sintering using biomass (lignin), the effect of the amount of fixed carbon, the amount of volatile matter 
and moisture is also thermodynamically reflected in the final thermic effect and the composition of the gas 
phase. Table 1 shows the selected parameters of the mass and thermal balance of agglomerate production 
using coke and lignin, while these mathematical models were verified by laboratory experiments. It is apparent 
that in the event of sintering with certain shares of lignin, it will be necessary to increase the amount of lignin 
in the charge due to its lower calorific values. 

Table 1 Selected parameters of mass and thermal balance of agglomerate production with lignin (calculation for 

100 kg of charge). 

 

Fuel 

Amount of 

Agglomerate (kg) 

Amount of Added 

Fuel (kg) 

Thermal Effect of 

Sintering* 

(MJ/sintering) 

Maximum 

temperature in 

the sintered layer  

(oC) 
LSP 

(real) 

HSC 

(calculated) 

LSP 

(real) 

HSC 

(calculated) 

Coke 78.55 80.18 4.35 4.97 −1.15 1420 

Coke + 20% lignin - 77.92 - 5.00 32.45 - 

Coke + 20% lignin 76.21 77.89 5.52 5.70 −1.84 1280 

Coke + 50% lignin 76.08 76.12 7.77 7.83 −1.22 1210 

Coke + 86% lignin 73.21 73.55 10.21 9.85 −1.65 1150 
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       Legend: *—negative thermal effect means sufficiency or excess of heat on sintering 

It is apparent that the model calculations of added fuel are highly correlated with the experimentally 
determined values (see Figure 2). An even higher correlation was found for the amount of produced 
agglomerate (simulated and real). The maximum temperatures in the agglomeration process were lower with 
lignin than with actual coke breeze, Table 1. 

 

   

 

(a)                                                                       (b)  

Figure 2 Comparison between the real and simulated added fuel for sintering (a) and real and simulated amount of the 

agglomerate (b) in the iron sintering process with lignin. 

Figure 3 gives characteristics of certain agglomerates produced with lignin substitution of coke powder. Worse 
quality parameters (lower production and strenght of agglomerates) were achieved even with the higher coke 
powder substitution (86%). The combustion zone is considerably wider for lignin replacement of coke and the 
lignin burns in the sintering zone faster than coke due to his high porosity and large interface area. Further 
detailed specifications of modelling and simulation of the sintering process using biomass are given in another 
article by the authors [3].  

 

 

time = 12 min 

 

time = 10 min 

 

time = 8 min 

 

time = 7 min 
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(b) 

 

(c) 

 

(d) 

Figure 3 Characteristics of sintering zone and agglomerates produced using coke + lignin (a) coke,  (b) coke + 20% lignin, (c) 

coke + 50% lignin, (d) coke + 86% lignin. 
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4. Conclusion 

The aim of this paper was to get the simplest approach (using software HSC Chemistry) to allow one to predict 
the output parameters based on the initial composition of entered materials. On the basis of the results, the 
correlation was achieved with the comparison of some values of combustion and sintering during modelling 
with HSC Chemistry software and experimental simulation. High correlations were found in added fuel (coke + 
lignin) for sintering, and determined amount of agglomerate. Some conclusions drawn from thermodynamics 
modelling were: 

1. It is possible to substitute about 50% of coke by lignin in the agglomeration. Using lignin up to 50% coke 
substitution, agglomerates with minimal variations within the chemical, and mineralogical composition 
were produced. Lignin is one of the most suitable substitutes for coke in the agglomeration process. 

2. In the process of sintering with biomass (lignin), it was necessary to increase the amount of total fuel in 
the charge due to its lower calorific values. 

3. The maximum temperatures in the sintering process were lower (about 140–270 °C) with lignin than with 
coke. 

4. Lignin fuels can burn more quickly than coke powder due to his high porosity and large interface area, 
while there is a significant increase in the vertical speed of sintering. 

5. The computational model is currently being transformed into software and can be verified and also 
adjusted according to the actual outputs from laboratory sintering. 
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Abstract  

Purging of liquid steel with inert gases belongs to the basic operations in secondary metallurgy treatment. Its 
main objectives are homogenization and refining of liquid steel. Basically, it consists of purging argon through a 
porous plug installed at the bottom of the steel ladle. In special cases, there is a need to support this process by 
using an additional blow through the lance from above. The article presents the results of model research on 
the application of a combined blow (porous plug + lance) in a steel ladle. The research has visualized character, 
also mixing curves were determined for different variants of purging. As a consequence, the obtained results 
were used to determine the optimal purging method. 

 
Keywords: ladle; homogenization of liquid steel; porous plug; lance; physical modelling 

1. Introduction  

The modern steel smelting process is basically divided into three stages. In the first stage, the steel charge is 
melted in the primary metallurgical reactor, which is an oxygen converter or electric arc furnace. In the second 
stage, secondary metallurgy of liquid steel takes place at the ladle furnace stand and possibly in vacuum 
treatment equipment. This stage aims at regulating the required chemical composition, refining and 
homogenizing the temperature in the melt volume. The third stage is the process of casting steel for ingot 
molds or using a CC device. A very important thing in this system is the synchronization of individual stages of 
steel production in such a way as to avoid interruptions or stoppages between individual stages. As a rule, a 
buffer stage where some adjustment is possible is a ladle furnace. Factors determining the residence time of 
the melt at this site are mainly hydrodynamic phenomena occurring in liquid steel caused in the process of 
blowing it with inert gases. In order to reduce this time, it is often necessary to intensify the purging process by 
increasing the intensity of the inert gas supplied to the porous plug. However, this has a negative impact on the 
refining process. In extreme cases, it seems rational to increase the mixing intensity by means of an additional 
blast using a lance from above [1-4]. 

The article presents the results of model tests (water model of the ladle) of the application of a combined blast 
(porous plug + lance) in a steel ladle. The research was quantitative (visualization) and qualitative (mixing 
curves). Various variants of the combined blows were analyzed. The obtained results were used to determine 
the optimal purging method.  

2. Research Methodology and Object of the Research Study 

The tests were carried out using a test stand (Figure 1a) equipped with a steel ladle model (Figure 1b). This 
model was made of plexiglass on a linear scale SL = 1: 5 = 0.2. The basic dimensions of the industrial ladle and 
its model are shown in Table 1. The model is built in accordance with the requirements of the theory of 
kinematic and dynamic similarity, and also meets the condition of geometric similarity [5]. The test stand is 
equipped with a precise gas flow regulation system and a device for precise tracer introduction. The research 
was divided into two stages: qualitative and quantitative. In qualitative (visualization) tests, the tracer was an 
aqueous solution of KMnO4. However, in quantitative experiments, consisting in determining the mixing 
characteristics, the tracer was an aqueous NaCl solution. In both research, the method of pulse signal forcing 
(Dirac) [6] was used. A specified, equal amount of tracer was added to the steel ladle model. The tracer for 
each of the experiment variants was given in the axis of the porous plug. The flow image was recorded using a 
video camera. This enabled uninterrupted observation of the model liquid circulation. In quantitative research 
used to determine the mixing curves, the signals constituting the basis for their determination were generated 
by conductometers [7]. They are installed in selected points of the model workspace (Figure 2). Voltage 
generated in half-second intervals by conductometers is equivalent to changes in tracer concentration in water. 
The signals recorded from the measuring sensors (conductometers) registered using the recorder are subject to 
further processing in order to draw curves. This model is described in detail in [8]. 
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a) b) 

Figure 1  View of the test model (a), scheme ladle (b). 

Table 1 Design parameters of the model and the industrial ladle. 

Parameter Symbol Unit 
Industrial ladle Model ladle 

Value 

Diameter 
A 

m 

2.555 0.511 

A1 1.930 0.386 

Height h 3.300 0.660 

Height (to the liquid steel level) hl 2.200 0.440 

Porous plug diameter  K 0.115 0.023 

Porous plug position  
LK1 0.470 0.094 

LK2 0.480 0.096 

 

Figure 2  Marking of measuring points in the model. 

Parameters for model tests (values of gas flows from real to model conditions) were calculated using the 
relationship resulting from the modified Froud`s criterion [8, 9]: 
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where: Q' - is volumetric stream of gas flow for the water model, Q - is volumetric stream of gas flow for the 
industrial reactor, c' is constant for the water model, c is constant for the industrial reactor, SL is linear scale. 

Table 2 contains the designation of the experiments and the calculated quantities taking into account the linear 
scale of the model SL 0.2. 

Table 2 Gas flow in industrial and model conditions (ladle). 

Experiment variant 

Argon flow rate under real conditions Air flow rate in the model 

(m3.h-1) (dm3.min-1) 

porous plug lance porous plug lance 

A1 10.8 - 1.2 - 

A2 9.72 1.08 1.08 0.12 

A3 8.64 2.16 0.96 0.24 

A4 7.56 3.24 0.84 0.36 

A5 6.48 4.32 0.72 0.48 

A6 5.40 5.40 0.6 0.6 

A7 4.32 6.48 0.48 0.72 

A8 3.24 7.56 0.36 0.84 

A9 2.16 8.64 0.24 0.96 

A10 1.08 9.72 0.12 1.08 

A11 - 10.8 - 1.2 

3. Results and discussions 

3.1. Visualization   

The tests were carried out in series, recording their course using a high resolution camera. Film sequences were 
created from the recorded footage. Then the sequences were divided into individual frames from which a 
series of frames with the same time parameters for individual variants of the experiment were selected. Figure 
3 presents exemplary results of research on visualization of the tracer mixing (flow) process in the model's 
workspace. 

3.2. Mixing curves    

In order to determine mixing curves, changes in tracer concentration in modelling liquid (by measuring the 
electrical conductivity) were recorded at two measuring locations. To reliably compare the results of individual 
experiments, calculations were made of the measured values of the electrical conductivity recorded by the 
conductometers  to dimensionless form. The following relationship was used for this purpose: 

   
00

CCCCC
tb


   (2) 

where: Ct, C0, C – tracer concentration at time t, at the beginning and end of the process. 

An example of characteristics (variant A8) illustrating changes in dimensionless concentration of the tracer 
during gas injection into the modelling liquid is shown in Figure 4. 

The presented mixing curves describe the hydrodynamic conditions prevailing in the steel ladle model during 
the experiment. The obtained data was processed to determine the mixing time. That is the time necessary to 
achieve the desired chemical homogenization after the introduction of the alloying additive in the real ladle at 
the secondary steel furnace stand. In order to read the mixing time, the lines (red) are marked on the graphs 

informing about the degree of mixing at the level of 95%, which corresponds to Cb 0.95; 1.05 It was assumed 
that the mixing time is the value of time read from the x axis at the point where the mixing curves for both 
measuring points fall within the described range (red lines). 
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Figure 3  Exemplary results of visualization: a) variant A2, b) variant A10. 
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Figure 4  Exemplary changes of dimensionless concentration of the tracer – variant A8. 

The read mixing times for individual monitoring points for each of the experiments are shown in Table 3. 

Table 3 Mixing times for measuring points. 

Experiment variant Measuring point No. 1 (sec.) Measuring point No. 2 (sec.) 

A1 42.5 35.5 

A2 53.5 41.5 

A3 61.0 30.5 

A4 56.5 68.5 

A5 64.0 67.5 

A6 42.5 58.0 

A7 27.5 49.5 

A8 29.0 29.5 

A9 61.5 53.0 

A10 66.0 73.5 

A11 40.5 41.5 

The obtained data show that the determined mixing time depends on the location of the measuring place, it 
was assumed that the longest of them is treated as the minimum mixing time. A summary of the minimum 
mixing time for each of the analyzed experiment variants is shown in Figure 5. 

 

  

Figure 5  The tracer mixing time for the analyzed variants. 
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4. Conclusion

Analysis of the presented results of research concerning water model ladle and assuming that the determined
mixing times constitute the criterion for assessing the degree of homogeneity of the model liquid, allows to
state:

 in variants A1 and A11 of the experiment, mixing times determined in the experiments are similar.
This is due to the fact that the required homogeneity of the bath at the gas flow rate (used in the
experiment) occurs equally, both with the use of a porous plug and lance in advance,

 in the case of gas injection with the combined method, these times are longer. On the other hand, the
longest mixing time was observed in variants A4 and A10,

 in one case only improvement of mixing conditions can be achieved, i.e. in variant A8 of the
experiment, with a ratio of gas flow rate distribution in porous plag and lance 3:7.

It follows from the above conclusions that the shortening of the time of stay of a ladle at the ladle furnace 
stand can be obtained using only specific blowing conditions used in the variant A8 of the experiment. 

The presented test results relate only to the impact of using a combined blast on mixing time and, as a 
consequence, to the effectiveness of the process of homogenizing bath in a steel ladle. However, another issue 
is the effectiveness of the process of refining liquid steel from non-metallic inclusions. These issues will be 
described in the next article. 
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Abstract  

The article presents information on the equipment and research capabilities of the Laboratory of Modeling 
Research at the Faculty of Materials Science of the Silesian University of Technology. The modernization carried 
out in it recently and the significant enrichment with new positions for model research meant that it has 
become an important research center in the country for conducting research in the field of modeling the 
metallurgical processes. This is evidenced by the implementation of many projects, both in cooperation with 
industrial entities and other scientific centers, both in the country and abroad. The information presented at 
the Iron and Steelmaking Conference is aimed at even wider dissemination of knowledge about the capabilities 
of this laboratory and is an invitation to constructive cooperation. 

 
Keywords: physical modelling; iron; steel; aluminium refining 

1. Introduction 

In 2016, a wide range of modernization works were carried out at the Laboratory of Modelling Research. The 
plumbing and electrical installation has been replaced, and mobile power sources have been used to connect 
the necessary equipment to anywhere in the laboratory. At that time, the construction of the latest research 
stand for modeling phenomena occurring during the continuous steel casting process was also started. This 
installation meets the latest requirements of this type of station and is fully automated. As a result, a very 
modern modelling laboratory was created to conduct research in the full range of technologies conducted in 
metallurgical enterprises. This range includes: phenomena occurring during the smelting of pig iron in a blast 
furnace, phenomena occurring during the smelting of steel in an oxygen converter, phenomena occurring 
during the secondary treatment - both in furnace ladle and vacuum treatment on the RH device, and finally 
phenomena occurring during steel casting by traditional methods, and above all in the device for continuous 
steel casting. The view of the currently operating laboratory is shown in Figures 1 and 2. 

 

 
Figure 1 Part of the Laboratory for Modelling Research concentrating on steel smelting and refining processes. 

 
Figure 2 Part of the Laboratory for Modelling Research concentrating on the continuous steel casting process. 
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2. Selected examples of tests carried out in a modeling laboratory. 

2.1. Model for testing solid and gas flow in a metallurgical shaft furnace 

The works carried out with the use of the model mainly concern such issues as the analysis of gas flow 
resistance in a fixed packed bed or explanation of the phenomenon of its blocking and suspension. Therefore, 
several generations test installation of a two-phase gas-dust flow through moving packed bed were designed 
and constructed. This installation, after ongoing improvements and additions to modern control and 
measurement equipment as well as IT casing, is characterized by wide functional and research capabilities. The 
apparatus view and exemplary results of determining the moment of the blockade occur are shown in Figure 3 

 

 
 

Figure 3 View of the third generation installation and the criterion determining the moment of blockage of two-phase flow 
(gas + dust) through the packed bed. 

 

2.2. Oxygen converter model. 

The physical model of the oxygen converter provides extensive research capabilities. An example is the PhD 
thesis implemented with its use, which was successfully defended at the WIMiM of the Silesian University of 
Technology. These studies concerned the determination of optimal conditions for adding lump fuel containing 
carbon to the oxygen converter from the point of view of optimizing its consumption. The use of a physical 
model of an oxygen converter allows the identification and description of hydrodynamic phenomena occurring 
when adding various portions of fuel during bath purging. The results of such tests, in turn, can be used as 
guidelines to develop a process control system so as to obtain an increase in fuel efficiency and quality of the 
produced steel while minimizing the costs of its production. The application of the results of model tests in 
industrial practice may also result in reducing the negative impact of the steel production process on the 
environment. 
Obtained results of model tests, depending on the methodology used, can have different forms. The basic ones 
are mixing curves and dissolution rates of KPZW in liquid steel during refining of the melt  - see Figure 4. 

 

 

Figure 4.  Exemplary mixing curves and KPZW dissolution rates in liquid steel during melting. 

 

A different form of results is obtained during visualization studies – examples of such results are presented on 
Figure 5.  
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Figure 5 Exemplary images of piece fuel mixing visualization in an oxygen converter model. 

2.3. Modelling research of secondary metallurgy 

In one of the completed research projects, the problem of optimizing the work of stands for secondary 
steelmaking was taken up: stands for purging steel with inert gases and stands for vacuum treatment of RH 
steel, from the point of view of increasing their efficiency. 

As a result of the research project, a new research technique was developed in the country to investigate the 
phenomena of hydrodynamic steel flows in secondary metallurgy processes, involving purging steel with inert 
gases in a steel ladle and vacuum treatment of steel in an RH device. This technique is based on experiments 
carried out on specially constructed, and made in accordance with the principles of the similarity theory, water 
physical models of the industrial devices tested, assisted at the same time by numerical modeling techniques. 
Built physical models allow to conduct visualization research. The measuring apparatus installed at the 
laboratory stands also enables the determination of the marker mixing characteristics (marker residence time) 
in the tested reactors, which uniquely determine the kinetics and effectiveness of the processes tested. 

The main issue during the project was research that aimed to determine the optimal hydrodynamic conditions 
for purging steel with inert gases from the point of view of the effectiveness of gas-permeable plugs depending 
on their design and location at the bottom of the steel ladle. Exemplary results of these tests are shown in 
Figure 6. 

A B 

Figure 6 Exemplary results of tests on the effectiveness of inert gas injection in the purging process: 
A) changes in the dimensionless concentration of the marker; b) the dependence of the mixing time on the intensity of the 

gas introduced (for 95% homogenization). 

The presented results of the analysis carried out on water models have been supplemented with numerical 
simulations, which exemplary results are shown in Figure 7. 



Iron and Steelmaking 2019  

Modern Metallurgy                                 23.10.2019 – 25.10.2019 

87 
 

 
A 

 
B 

Figure 7 Gas bubble formation depending on the type of porous plug A) physical modeling, B) CFD modeling. 

 

The research using the RH device model was aimed at determining the optimal processing parameters of the 
device. Exemplary test results are shown in Figure 8. 

 

 

Figure 8 Exemplary visualization results of the RH process. 

 

2.4. Modeling of the CC process 

Physical modeling of hydrodynamic phenomena occurring during the continuous steel casting process has a 
history of several decades in the laboratory. Work in this area has already been started when this method is 
used in the domestic steel industry. During this period, several stands for this type of research were designed 
and built. Currently, the laboratory is equipped with an installation that meets the highest functional standards 
set for laboratory test stands designed to model phenomena occurring during the CC process. It is segmented. 
The main segment is a tundish or mould model that can be replaced. This means that the station's capabilities 
are in no way limited by specific parameters of the construction and types of industrial CC devices. A rich set of 
auxiliary segments, from hydraulic infrastructure to control and measuring equipment, gives the researcher 
wide possibilities of conducting the experiment. The scheme of the test stand is shown in Figure 9. 
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Figure 9 Scheme of the test stand for modelling continuous steel casting. 

 
Figure 10, as an example, shows the results of model tests carried out to assess (qualitative and quantitative) 
the nature of the flow of liquid steel in a tundish used for various steel grades. 
 

 
 

A B 

Figure 10 Changes in marker concentration, B) Summary of the value of individual flow shares. 

 
Another example of the use of the CC device model are laboratory tests using microparticles, which are a solid 
phase dispersed in water, which give the opportunity to determine the distribution of microparticles in a liquid 
depending on their size and duration of stay in the working space of the model. The research being carried out 
concerns the essence of the movement of these particles (their distribution in liquid), which has a significant 
impact on the final effect, which is the removal of non-metallic inclusions from liquid steel. These tests are 
possible thanks to the "laser knife" installation, which is presented in the Figure 11. 

 

 
Figure 11 Determined microparticles concentrations for fractions (20 m) at measuring points. 
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After installing the mould model of CC device as the main segment on the research stand, one can, among 
others, conduct experiments to determine the optimal position of the immersion nozzle in it for given casting 
speeds. Exemplary test results are shown in Figure 12. 
 

 
Figure 12 Exemplary results of tests on the immersion depth of the immersion nozzle in the mould. 

 

2.5. Modeling of the aluminium refining process 

The next research area regarding the scope of modeling implemented in the Laboratory of Modelling Research 
is the aluminum refining process. Currently, one of the most popular methods is purging liquid metal with inert 
gases, especially argon. In this process, refining inert gas is introduced into the liquid metal through lances, 
porous gas-permeable plugs and rotors. The refining process is effective when a uniform dispersion (mixing) of 
dispersed gas bubbles is observed in the entire volume of liquid metal. Figure 13 presents a view of the test 
stand and exemplary results of refining efficiency of liquid aluminum. 

 

  
 

A B 

Figure 13 A) View of the URO-200 reactor model, B) Exemplary RTD diagram for the URO-200 reactor. 

 

3. Summary 

In summary, it should be emphasized that, in addition to the extensive infrastructure for physical modeling 
research, the modeling laboratory is also equipped with a numerical modeling workshop. The software used in 
this studio, both commercial and proprietary, is based on the same mathematical principles and laws of fluid 
theory as the physical models described in the article. This allows using both modeling techniques together and 
solving complex metallurgical problems in the hybrid modeling system. The results obtained in this way are 
highly reliable and the verification process is much easier. 
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Abstract  

Phosphorus and sulfur are undesirable elements in the steel and they should be controlled at every stage of 
production, especially in liquid state. One of the conditions for good dephosphorization and desulphurization of 
a metal bath is the formation of slag with appropriate properties in the furnace as well as during secondary 
metallurgy processes. 

The principles of slag formation in the conditions of the steelmaking shop of COGNOR S.A. Branch HSJ in 
Stalowa Wola, which is equipped with an electric arc furnace, a ladle furnace and a vacuum chamber will be 
discusses in this paper. Based on results of chemical compositions of slags and metal baths obtained from 
industrial conditions, optimal processes parameters have been proposed. Parameters have been verified. 

Verification studies showed that in the analyzed heats conditions for lowering the sulfur and phosphorus 
content in the metal were obtained, although their unstable parameters were observed. Nevertheless, despite 
the lack of stability of these conditions, at the end of refining both elements content are always lower than the 
norm permits. 

Keywords: steelmaking slag formation; dephosphorization; desulphurization 

1. Introduction  

Scrap is processed in electric arc furnaces by its simultaneous melting and refining with gaseous oxygen, with 
the aid of gas burners. At the next stage, the obtained semi-product is refined in a ladle-furnace or another 
device for the so-called secondary steelmaking. So the process comprises two production stages. The first stage 
is carried out in a furnace, and its objective is to obtain a metal bath with the minimum contents of alloy 
elements in as fast and cost-effective manner as possible, using one slag. The second stage is usually carried 
out in a ladle furnace where refining operations are conducted, often using vacuum, most frequently using two 
slags. These operations include deoxidising, supplementing the chemical composition and heating to a 
temperature suitable for casting the obtained steel. 

In steelmaking processes, slag already forms at the beginning of the melting in the furnace, and it exists until 
the end of tapping. Its chemical composition and properties and functions continuously change during the 
process. It is caused by oxidation of metal bath impurities, dissolution of slag-forming materials, erosion of the 
refractory lining and temperature changes. The following oxides are the primary components of the 
steelmaking slag: CaO, SiO2, MgO, MnO, FeO, Fe2O3, Al2O3, P2O5. The share of individual slag components 
varies, and continuously changes during the production process. The steelmaking slag, regardless of the 
process stage and its chemical composition, always has oxidising properties and contains relatively high 
amounts of sulphur and phosphorus. However, the refining slag must feature a very low oxidising capability 
and a very good capability of assimilation of non-metallic inclusions [1]. Ladle slag properties are decisive to the 
quality of steels obtained, and the process of its formation determines the process economics. 

2. Dephosphorization and desulphurization of steel 

The charge melting process is accompanied by oxidation of the phosphorus contained in the charge, as per the 
reaction: 

2 [P]+5 [O]+3 (O2-) =2 (PO4
3-

)               (1) 
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The forming anion (PO4
3-

) has a strong affinity to the calcium cation Ca2+, occurring in the forming slag. Then, 

calcium phosphates form (stable at high temperatures) in accordance with one of the molecular reactions: 

It is assumed that reaction (2) occurs when cations Ca2+ (slag basicity under 2.5) are less accessible, while 
reaction (3) when they are more accessible (slag basicity above 2.5). At the initial melting stage, it is rather 
reaction (3) that occurs. The dephosphorising of the melt occurring at this time can be characterised by a 
coefficient of phosphorus distribution between metal and slag. To define this coefficient a simplified reaction of 
phosphorus oxidation is assumed: 

2 [P]+5 [O]=(P2O5)             (4) 

Then, the coefficient of phosphorus distribution is the quotient of the amount of the phosphorus contained in 
the slag, bounded in the pentoxide, and the phosphorus contained in the metal: 

In the industrial conditions, a parameter being the so-called dephosphorising degree ηp [%] is often used, which 
is defined as follows: 

where symbols [P]i and [P]f mean the initial and the final content of phosphorus in the melt.  

The mechanism of sulphur oxidation in the steelmaking process is different than of other metal bath 
constituents. It is a reaction of anion exchange at the metal and slag interface in accordance with the following: 

Sulphur does not form any oxide or a complex anion in the slag. To chemically bond the forming sulphur 
anions, slag should contain “free cations” of the relevant elements. The most advantageous is the calcium 
cation Ca2+, hence lime is used in adequate amounts to form slag in the steelmaking process. Then the reaction 
is presented as follows: 

In the industrial practice, the course of desulphurisation is often assessed using the value of sulphur 
distribution coefficient LS [-], where (S) is a sulphur content in a slag, and [S] is an amount of sulphur in a liquid 
metal: 

and the so-called desulphurisation degree ηS, [%] defined as follows, where [Si] is an initial value of sulphur, and 
[Sf] is a final value of sulphur in metal bath: 

3. Analysis of slag forming conditions in the steelmaking process 

Slag forming conditions in the steelmaking process were analysed in the operating conditions of the COGNOR 
S.A. Branch HSJ in Stalowa Wola steelmaking shop operating along the process line: EAF, ladle furnace, vacuum 
chamber and continuous steel casting. Steel grades with various carbon contents were considered: 15B34, 

2 [P]+5 (FeO)+3 (CaO)=(3 CaO·P2O5)+5 [Fe]                     (2) 

2 [P]+5 (FeO)+4 (CaO)=(4 CaO·P2O5)+5 [Fe]                     (3) 

LP= 
(P2O5)

[P]
                  (5) 

ηP =  
[P]i− [P]f

[P]i
 100%                 (6) 

 [S] + (O2-) = (S2-) + [O]                 (7) 

 [S] + (CaO) = (CaS) + [O]                  (8) 

LS= 
(S)

[S]
                   (9) 

ηS =  
[S]i− [S]f

[S]i
 100%               (10) 
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16MnCr5, 18CrNiMo7-6, 27MnCrNiB6, 30MnVS6, 33MnCrMoB5, 41CrS4, 42CrMo4. The technological process 
of melting in furnace is the same for all tested steel grades under the analysed conditions of steelmaking shop. 
But the steel refining technological process in the ladle was varied depending on carbon content in metal bath. 
Chemical compositions of slags taken from the furnace after charge melting and before tapping, and refining 
slags taken at the beginning and the end of the ladle process, and after the vacuum treatment, were included 
in the analysis. But chemical composition for only chosen, most important and most relevant components of 
slags, only for ladle refining stage are presented in the paper.  

The first and very important activity of the refining process in the ladle is the rapid formation of slag covering 
the metal bath. This process begins before and during the tapping of meta bath from the furnace. Before 
setting the ladle, deoxidizing and slag forming materials are thrown into the ladle. The tapping with cutting off 
furnace slag is important. Deoxidizing materials are used to remove oxygen dissolved in a metal bath. Ferro-
alloys: FeSi, FeSiMn or aluminum are used for this purpose. Types and amounts are selected according to the 
carbon content and oxygen level in metal bath before tapping. 

Recommended optimal chemical composition of ladle slag at the beginning of refining is: 4550% CaO, 812% 

SiO2, 2030% Al2O3, at basicity 34. The FeO content in the slag,  which is an indicator of its oxidation potential  
should be monitored throughout the refining process in ladle. Expected level of FeO content is less 1%, and 
optimally the sum of FeO + MnO content is less 1%. For this purpose, throughout the entire refining process, 
depending on the needs, should be apply slag deoxidation by adding ground CaC2, carbon or FeSi (approx. 10-
15 kg/heat) or granulated aluminum. In order to create slag with proper basicity and fluidity, metallurgical lime 
and slag liquefier (synthetic slag, bauxite or other) are added. 

In order to protect the refractory lining of ladle, the proper MgO (5-8%) content should be controled through 
the possible use of an MgO carrier. The proportion of metallurgical lime should not be less than 8 kg/t of steel. 
During the process, the bath is constantly mixed by argon, which increases the contact area between the slag 
and metal, which results in increased reaction kinesics and reducing the oxygen content in steel. During the 
refining phase, desulphurization processes, bath deoxidation and removal of non-metallic inclusions occur. 

The desulphurization efficiency during refining process in ladle depends on: 

 FeO content in slag -  if less oxygen required the less FeO must be, 

 slag basicity - it is assumed that the optimal CaO/SiO2 value is 45, 

 the amount of slag - if the greater desulphurisation required, the greater amount of slag must be. 

Recommended optimal chemical composition of ladle slag at the end of refining is: 4555% CaO, 1012% SiO2, 

2535% Al2O3, at basicity 45. 

The following slag components were considered as relevant for the process of refining in ladle: CaO, SiO2, Al2O3 
and FeO. The variability of contents of individual components of the ladle slags is presented graphically for a 
subsequent heats. A line showing the carbon content of 0.3% is marked on the graphs. The level of 0.3% carbon 
is the criterion determining the level of some technological indicators of the metal bath, which are the quality 
determinants of produced steel. At the same time, some technological elements of refining processes were 
different for steel below and above 0.3% C. Results of the analysis are presented in Fig. 1 - 6. 

          
Figure  1 Contents of CaO and SiO2 in the initial refining slag in the ladle furnace. 
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Figure 2 Contents of Al2O3 and FeO in the initial refining slag in the ladle furnace. 

       
Figure 3 Contents of CaO and SiO2 in the final refining slag in the ladle furnace. 

         
Figure 4 Contents of Al2O3 and FeO in the final refining slag in the ladle furnace. 

      
Figure 5 Contents of CaO and SiO2 in the refining slag after VD. 
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Figure 6 Contents of Al2O3 and FeO in the final refining slag after VD. 

In the ladle process the refining slag, which substantially accounts for the quality of the steel manufactured, is 
not typical, it does not meet the classic standards for this sort of slags. However, it fulfils its role, by 
guaranteeing that the obtained steel meets the requirements assumed by the standards. 

With reference to the recommended values, the CaO content in the initial refining slag in the ladle furnace is 
generally too high, the SiO2 content is adequate, and the Al2O3 content is generally too low, while the FeO 
content is rather adequate, in exceptional cases too high. With reference to the recommended values, the CaO 
content in the final refining slag in the ladle furnace is generally too high, the SiO2 content is adequate, the 
Al2O3 content is generally adequate, though sometimes too low, while the FeO content is rather adequate, in 
exceptional cases too high. With reference to the recommended values, the CaO, SiO2 and Al2O3 contents in the 
refining slag after the vacuum process are generally adequate, while the FeO content is rather adequate, in 
exceptional cases too high. 

About whether exist the optimal conditions of formation, both furnace or ladle slag is evidenced by its chemical 
composition. The obtained desired chemical composition of slags is to guarantee the production of appropriate 
steel quality. 

The foregoing results should enable the ultra-clean steel quality parameters to be achieved, assumed as the 
objective to be accomplished in this presented research.  

It was assumed that this objective will be satisfied with following requirements: 

 the total oxygen content: max 12ppm for steels containing C ≤ 0.30%; max 10 ppm for steels 
containing C > 0,30%; 

 the phosphorous content – max 0.015 %; 

 the maximum size of D type inclusions according to ASTM E45-13 max 0.5/0.5; 

 the complete elimination of the slag entrapment risk. 

These requirements were met in all carried out heats. The required level of total oxygen, phosphorus level 
below the allowable value as well as size of D type inclusions according to ASTM E45-13 were obtained. 

Dephosphorisation and desulphurisation ratio graphs calculated with reference to the difference in the 
phosphorus and sulphur contents, accordingly, in the metal bath in the furnace, and after the vacuum 
treatment, are presented in fig. 7 

        
Figure 7 Dephosphorisation and desulphurisation ratio. 
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During steel refining in the ladle furnace a slight increase in the phosphorus content in the melt is observed. It 
is caused by a reverse reduction from the slag; however, a very low phosphorus level in the melt after tapping 
from the furnace contributes to obtaining substantially (on average more than twice) lower contents of 
phosphorus at the end of the process than required by the standard in finished steel. Therefore an engineering 
procedure like this should be considered correct. 

In the heats analysed, conditions for reducing the phosphorus and sulphur content in the metal bath were 
obtained during ladle furnace refining, although instability of their parameters was observed. Thus, although 
these conditions are unstable, at the end of refining always the phosphorus and sulphur contents are obtained 
below the limits acceptable by the standard. 

4. Summary 

On the basis of the conducted analysis of the slag forming process in the context of conditions of 
dephosphorising and desulphurising of the metal bath in the steelmaking process, we can say that the steel 
produced in the conditions of the steelmaking shop of Cognor S.A. HSJ Branch in Stalowa Wola complies with 
standards for the content of primary constituents; namely carbon, manganese and silicon, and meets the 
requirements concerning other constituents. The phosphorus and sulphur contents in steel are low – as per the 
standard, which indicates that the refining process was correct.  

Generally, the slag forming technique in the steelmaking process in the conditions of the steelmaking shop of 
COGNOR S.A. Branch HSJ in Stalowa Wola is correct. It ensures that the finished product is obtained at an 
adequate quality level. The only recommendation is to stabilize the engineering working conditions, potentially 
to implement slight modifications to the process, to increase confidence and consistency of manufacturing 
good quality steel.   
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Abstract  

Continuous casting technology is currently the primary method used for the production of steel billets, blooms 
or slabs. Flow in the tundish region during the continuous casting of steel can influence many important 
phenomena, especially the removal of inclusions or the range of transition zone. Flow in the tundish can be 
simulated using numerical modelling. The numerical modelling offers fast answer to many questions. 
The results of numerical modelling depend, however, on the accuracy of model setting. The stability of 
calculation convergence is influenced by the quality of the model computational mesh. Especially in the case of 
verification of difficult internal geometry arrangement on steel flow in tundish, the method of computational 
mesh generation and the form of results monitoring must be the same. Therefore, we validated the 
approaches of computational mesh generation and the types of results monitoring. We compared the 
numerical results using the tetrahedral and hexahedral mesh elements. We used the Multizone and Hexa 
dominant meshing. The Assembly method was considered as the most appropriate. The point and surface 
monitors enabled us to control the stability of calculation.  

 
Keywords: steel, continuous casting; tundish; computational fluid dynamics (CFD), computational mesh 

1. Introduction   

At present, the world production of continuously cast steel makes 96 %. In the Czech Republic approx. 92 % of 
steel is cast by continuous casting [1]. During continuous casting of steel, the ladle with steel melt is placed on 
the rotating casting stand of a casting machine. From the ladle, the steel is cast through the shrouding tube into 
the tundish. Then the steel is taken through the submerged entry nozzle to the oscillating moulds (in the 
primary cooling zone), where the "controlled" solidification of steel is ensured. Under moulds, there is a system 
of guiding and supportive rollers (the secondary cooling zone) including refrigerating nozzles, which ensure the 
drawing, transforming and cooling of the casting strand of steel. The layout of ladles, the tundish and mould of 
five-strand machine for the continuous casting of steel is illustrated in Figure 1 [2]. 

Tundish is one of the most important technology nodes of 
a continuous casting machine. It primarily serves as the melt 
reservoir in the sequential casting during the exchange of 
ladles and ensures the melt distribution into individual casting 
strands. Tundish also regulates the steel mass flow into 
moulds, reduces ferrostatic pressure of the liquid steel and 
homogenizes temperature of the melt. Flow in the tundish 
region during the continuous casting of steel can influence 
many important phenomena, especially separation of the 
non-metallic inclusions or the range of transition zone 
(intermixing zone) in cast strand [3, 4, 5, 6]. Therefore, with 
increasing demands on the final quality of continuously cast 
steel billets, the tundish plays a key role as the last reactor, in 
which it is possible to influence the final chemical composition 
of the steel before solidification. 

 

Figure1   Technology node of a machine for 

continuous casting of steel [2]. 



Iron and Steelmaking 2019  

Modern Metallurgy                                 23.10.2019 – 25.10.2019 

97 
 

The time available for all of the mentioned operations is very short, and therefore, it is necessary to have a 
good understanding of fluid flow behaviour in the tundish. One of the ways how to monitor and optimize the 
processing parameters of the steel flow in tundish is the application of numerical modelling where numerical 
methods are used for solving mathematical equations of the mass transfer, movement and energy. The 
advantage of the numerical modelling under metallurgical conditions of the steel production is the possibility 
of relatively simple change of the boundary conditions and verification of the influence of these changes of the 
process parameters on the final character of technology [7].  

Nevertheless, the results of numerical modelling depend on the accuracy of the setting of the model. In 
published papers, the mathematical formulations of solving equations are obviously discussed [8-16]. In the 
case of generation of computational mesh, only the information about the number and the shape of mesh 
elements are given. But the stability of calculation convergence is influenced by the quality and by the 
independence of the model computational mesh. In this case, the [17] presented only short information about 
the study of grid independence. But if we want to analyse the steel flow phenomena comprehensively, the first 
precondition of using numerical simulations is high-quality, independent and fast preparation of the 
computational mesh. Therefore, in this paper, we validated the approaches of mesh generation in correlation 
with stability of calculation and expected results. 

2. Expected results 

The residence time distribution (RTD) curves are widely used for the optimization of steel flow depending on 
internal configuration of tundish with impact pads, dams, weirs and baffles. Also, the RTD curves can be used 
for analysis of extent of transition zone during the sequence casting [18]. Then, the concentration change at 
the time for each casting strand at the outlets of a tundish for the relevant variants can be processed into the 
transitional dimensionless characteristics (see Figure 2a) of the dependence of the dimensionless concentration 
of time, and the changes of the dimensionless concentration of the length of blanks, on the basis of which it is 
possible to predict the length of a mixed area (see Figure 2b). The typical required results of numerical 
modelling comprise the velocity vectors (Figure 2c), temperature (Figure 2d) and concentration fields, which 
offers occasion of visual control of flow. The option of animation of steel flow is also very user-friendly. 

  

  

Figure 2 Examples of numerical modelling results a) transition characteristics of changes in the concentration for 

individual casting strands of a tundish b) Range and the location of the mixed area c) velocity vectors (m.s-1) 

and d) temperature field in a cut section of tundish (in K). 
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If we try to control the flotation and separation of non-metallic inclusion, the results of numerical modelling 
(see Figure 3) are proceed to distribution curves. From the results of non-metallic inclusions it is possible to 
predict the percentage amount of inclusions captured by slag and amount of inclusions taken down into a 
casting strand. 

 
Figure 3 The calculated results from numerical modelling of inclusion separation depending on steel flow 

phenomena in the tundish, where the zones introduce the zone, from which the inclusions escaped the 

steel. Zone  5 = surface melt-slag, zone 7 to 11 = individual casting strands of five strands tundish. 

3. Approaches to computational mesh generation 

From the previous chapter it can be seen, that during the optimization of steel flow in the tundish, many types 
of results can be observed. And if we want to react to the technical problems connected with the final quality 
of steel billets influenced by the tundish metallurgy very quickly, we need the optimal, quickly prepared and 
universal method of numerical approach.  

For this reason, we validated the approaches of computational mesh generation for the case of optimization of 
internal configuration of tundish construction, which affects the steel flow, or separation of non-metallic 
inclusions. Because most authors used the package CFD ANSYS Workbench with software ANSYS Fluent, we 
also realized our analysis using this software. For generation of mesh, the ANSYS Meshing was applied. 

3.1 Purpose of Computational Mesh 

The differential equations of flow and heat-transfer or substance redistribution, etc. are solved using the 
numerical methods. The numerical solution of equations describing the flow and solidification of liquids has 
developed over time. The oldest classical method is the finite differences method, for partial differential 
equations the finite volumes method can be used, or the finite element method.  

The principle of differential equation solutions lies in the geometry coverage of the solved areas by 
computational mesh (dividing the whole area into partial successive 2D cells/elements in a two-dimensional 
area, or 3D cells/elements in a three-dimensional area) and the search of discrete solutions in these sufficiently 
small sub-areas of the basic geometry using the so-called differential (algebraic) equations. The difference 
between the differential and the difference equation is defined as discretization error e. 

So, the computational mesh is necessary for the discretization of equations. On the other hand, we need the 
mesh to be as coarse as possible, but at the same time, it must be able to capture the potential of the task and 
all variables. Also, it is good to take into account the mesh requirements to the computing performance (CPU 
and memory requirements). 

3.2 Geometry preparation before meshing 

Before dealing with the studied system using numerical modelling and meshing, it is necessary to define the 
modelled area. When defining the geometry we shall take into account the desired objectives (What do I really 
want to find?), the shape of studied system (symmetrical or asymmetrical area, details), the complexity of a 
mathematical model (which partial differential equations will be addressed), set-up options in the solving 
software, the performance of a computational system. 

The advantage of flow modelling in flow reactors using SW ANSYS Fluent is the ability to limit the geometry 
only to the internal study system volume. This means that there is no need to model the geometry of flow 
reactor walls and the conditions on the wall (heat transfer, roughness, the entry of blown internal gas, etc.) are 
defined by values or features. During modelling of the tundish geometry, it is good to neglect small closed 
edges and to check the sharp edges or gaps in the modelled domain, and to verify that all edges are perfectly 



Iron and Steelmaking 2019  

Modern Metallurgy                                 23.10.2019 – 25.10.2019 

99 
 

connected. Typical examples are the area of inlet, impact pad or nozzles (see Figure 4 – green lines). These 
parts of geometry may generate  distorted mesh elements and decrease the mesh quality.  

   
Figure 4 Example of edges in the impact pad area of tundish which influences the final quality of computational 

mesh. 

3.3 Mesh Quality, Independence of Mesh, Convergence Stability 

Bad quality of a computational mesh can cause convergence difficulties, bad physics description and diffuse 
solution. At first, the mesh quality can be controlled by mesh metric tools, such as Element quality, Aspect 
Ratio, Jabobean Ration, Warping Factor, Parallel Deviation, Maximum Corner Angle, Skewness and Orthogonal 
quality. Especially in the case of CFD simulation, it is good to control the skewness and orthogonal quality when 
the values are between 0 to 1. The value of metrics with evaluation of quality mesh is defined in Table 1 [19]. 

Table 1 Metrics spectrum for skewness and orthogonal quality of computational mesh [19]. 

Metric Unacceptable Bad Acceptable Good Very Good Excellent 

Skewness 0.98-1.00 0.95-0.97 0.80-0.94 0.50-0.80 0.25-0.50 0-0.25 

Orthogonality 0-0.001 0.001-0.14 0.15-0.20 0.20-0.69 0.70-0.95 0.95-1.00 

 
After the tundish meshing, it is necessary to realize the primary simulations with control not only of the 
character of convergence solution by residuals but it is also necessary to monitor the velocity and temperature 
at the point or through the surface at the inlet and outlet area to achieve constant values of variables. 

3.4 Discussion of Mesh Generation Methods  

To prepare the computational mesh for asymmetric five strands tundish with impact pad and stopper rods, in 
our case during the mesh tuning we compared the solution using the mesh with tetrahedral and hexahedral 
elements. In all verified cases, at the inlet and outlets, we monitored the velocity and temperatures using the 
velocity surface monitor and temperature point monitor. For generation of mesh, we used at first the 
hexahedral method with Patch Conforming Algorithm of mesh generation, and then with Patch Independent 
Algorithm and Multizone Method.  

The direct utilization of Hexa dominant method was not possible. To use the Multizone method, there was 
necessary to slice the geometry and to define in ANSYS Fluent the interfaces between the individual slice 
surfaces of geometry. This method was very time consuming and very difficult. Therefore, for the next 
validation of approaches, it was evaluated as not suitable.  

In the case of Patch conforming Algorithm, the size of elements was not sufficiently small, which was 
manifested even during the unstable convergence of the calculation and also by the large distortion of the 
calculated velocity at the nozzle, or in the velocity differences between nozzles (Figure 5). Therefore, the Patch 
Independent method was used, which neglected some small edges. At the same time, to achieve good quality 
of the mesh, it was necessary to reduce the size of the elements, which led to an increase in the number of 
elements up to 5 million and an increase in computing time. 

In the end, the Assembly Method with Cut Cell approach, which could be used only for CFD calculation, was 
tested. The size of 5.3 mm was achieved as an independent size of the element and at the same time 
a high-quality mesh was obtained. Just couple of cells achieved substandard metrics, such as skewness and 
orthogonality. At the same time, by using this method we achieved a very fast stabilization of the expected 
velocity (depending on the flow rate on the inlet) at the outputs that were equal and constant through of all 
outlets. The approach chosen was satisfactory even when the tundish geometry was changed. The statistics of 
individual meshes are given in Table 2. 
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Table 2 The statistics of used meshes during setting validation of the numerical model. 

Method 
Type of 

Elements 

Nr. Of 

Elements 

Element Size 

mm 

CPU (6 processors) 

FL+TH Eq 

Skewness 

Min./max. 

Orthogonality 

Min. /Max. 

Patch Conforming Tetra 1,107,862 3.4 6 hours 0.22 0.85 

Patch Independent Tetra 5,739,912 1.7 10 hours 0.0006/0.61 0.43/0.99 

Assembly method Hexa 761,085 5.3 2 hours 1.3·10-10/0.55 0.55/1.00 

 

Figure 5 Graphical comparison of the evolution of calculation of steel flow speed through  selected nozzle of 5-flow 

asymmetric tundish. 

4. Conclusions 

The paper deals with the control of a computational mesh designed for numerical modelling of steel flow in a 
five-strand asymmetric tundish of a continuous casting machine. The following findings were achieved from the 
research and development of the authors: 

 Tundish is an important technological node of the machine for continuous casting of steel 

 Apart from its function as a reservoir, tundish today also fulfils a refining function. Depending on the 
nature of steel flow in the tundish, it is possible to influence the separation of non-metallic inclusions 
or minimize the extent of the transition zone in the continuously cast billet during sequential casting. 

 In order to ensure the refining capacity of the tundish, it is necessary to verify the character of the 
steel flow in the tundish. 

 Numerical modelling is now widely used to verify the tundish steel flow. 

 The prerequisite for use of numerical modelling is achieving stability of the calculation and 
convergence of the task, which is largely dependent on the quality of the computational mesh. 

 Numerous approaches exist for preparation of the computational mesh. To make numerical modelling 
efficient, with as little consumption of time as possible, it is important to find a suitable way of 
forming a mesh. 

 The authors of the paper verified several methods of creation of computational mesh - Patch 
Conforming, Patch Independent, MultiZone and Assembly Method. The Assembly Method with the 
prevalence of Hexa elements seemed to be the most suitable, which proved competent thanks to its 
speed, simplicity, accuracy, especially in the case of modification and geometry of the modelled area. 
On the other hand, it is necessary to take into account the assumed nature of the steel flow when 
using this technique. The use of hexaedric meshes in CFD analyses is useful when simulating the 
character of the steel flow. If the flow is directed perpendicularly to the cell wall, the mesh is 
characterized by low numerical diffusion. If the flow is not perpendicular to the cell walls, the 
numerical diffusion increases. Moreover, in the case of more complex geometries, the formation of a 
hexaedric mesh that would perfectly cover its shape is complicated. 
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Abstract 

Due to the amount of waste generated in the steel production process, attempts were made to reduce direct 
and indirect sludge. Studies on the reduction of iron oxides were carried out for selected fine-grained iron-
bearing materials using carbon monoxide as a reducing agent. Industrial waste sludge was used. Indirect 
reduction was carried out in the temperature range of 950°C - 1050°C with variablebasicity, grain size and 
height of waste material samples. To assess the speed of the reduction process, tests using carbon monoxide 
were carried out. The degree of metallization of the tested materials was determined. An indirect reduction 
was carried out using hydrogen as a reducer and a mixture of carbon monoxide and hydrogen at extreme test 
temperatures of 850°C and 1050°C. Comparative pure hydrogen reduction tests were also performed. 

 
Keywords: waste generated; sludge; reduction 

1. Introduction 

Since 2004 the steel production worldwide reaches the level of 1 billion tonnes; in 2018 1.808 billion tonnes of 
steel was produced – it showes an increase of 7% compared to 2017 (1.689 billion tonnes). In metallurgy 
production processes are consumed twice as much input materials as compared to those received as final 
products. During this processing, large amounts of post-production wastes are produced, namely the blast 
furnace and converter slags, blast furnace and converter gases, dust and blast furnace and steelmaking sludge, 
metallurgical pumice, mill scale and slag [1 - 4]. For economic reasons, steel production plants seek to develop 
these materials [5]. 

Sludges generated during iron and steel production are divided according to the following groups [6]: 
a) clean ironbearing sludge (with iron content over 60 wt. %): 

 sludge from wet flue gas cleaning steel converters,  

 wet sludge from scraper through in sintering plant, 
b) ironbearing contaminated sludge (of the iron content in the range of 24÷56 wt. %): 

 sludge from cleaning blast furnace gases, 

 other sludge derived from i.e. chemical neutralization, oily mill-scale sludge. 
Due to the amount of waste being produced during the steel production processes, certain attempts were 
made to carry out direct and indirect reduction of ferrous waste materials. From the group of waste materials 
consisting of dusts, scales and sludges, sluge samples were selected for testing. Research tests on iron oxide 
reduction in selected ironbearing materials were performed by using carbon monoxide as a reducing agent. 
Industrial sludges were employed [7 - 11]. 

2. Research material 

Four samples of sludge were collected, among which three fulfilled the given criterium of iron content 
exceeding 40 wt. %. Three samples met this criterium – Table 1. Two samples demonstrated high silica content 
– 22.18 and 19.04 wt. % [12]. 

Sludge grain composition in dry state is listed in Table 2. For sample no. 32, the largest share demonstrates the 
fraction in the range of 0.5 – 1.0 mm, which is uncommon for sludges. For this type of wastes, the greatest wt. 
demonstrate fractions with the smallest grains ranging from < 0.5 mm, as it is demonstrated for samples no. 14 
and 16. 
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Table 1 Chemical composition of selected sludge samples (wt. %) [12]. 

Sample 
number 

Type of component (wt. % ) 

Fe C CaO SiO2 MgO Al2O3 Zn S CaO/SiO2 

14 59.87 4.92 0.84 22.18 0.28 2.89 0.5 0.27 0.04 

16 62.76 1.88 1.02 19.04 0.28 1.45 0.4 0.5 0.05 

32 78.17 3.36 0.18 0.58 - 0.38 - 0.1 0.31 

Table 2 Granular composition of sludge (wt. %). 

Grain fraction (mm) 
Sample number 

S14 S16 S32 

< 0.5 89.65 81.98 36.97 

0.5-1.0 7.34 9.25 56.39 

1.0-2.0 1.70 2.27 6.64 

2.0-3.0 0.80 1.80 0.00 

3.0-5.0 0.45 1.67 0.00 

> 5.0 0.05 3.02 0.00 

Reduction testing was performed by using carbon monoxide and a mixture of carbon monoxide and hydrogen 
acting as a reducer used at temperatures of 850°C, 950°C and 1050°C on three thicknesses of sludge layers. The 
volume of the research material in a crucible with an internal diameter of 5.2 cm for particular heights receives 
following values of: 0.2 cm (4.25 cm3), 0.5 cm (10.61 cm3), and 1.0 cm (21.23 cm3). The V/A parameter adopts 
values of: 0.2 cm, 0.5 cm and 1.0 cm, subsequently starting from the lowest layer height of the material - the 
geometric volume (V) of sludge, the geometric volume (A) of the sample. 

3. Indirect reduction by using the carbon monoxide at the temperatures of 950°C and 1050°C 

For S14, S16 and S32 – the three samples of sludges – research tests on reduction with carbon monoxide were 
performed at temperatures of 950 and 1050°C for samples with basicity of 0.04, 0.9 and 1.1. CaO was added as 
an additive to increase the sample basicity. It was assumed that in this temperature range and with such sludge 
grains (Table 3), it is possible to form compounds and eutectics that affect the speed of reduction. 

Table 3 Share of grain fractions in the sludge samples (wt. %). 

Grain fraction (mm) 
Sample number 

S14 S16 S32 

< 0.5 89.65 81.98 36.97 

0.5-1.0 7.34 9.25 56.39 

Sum of two fractions 96.99 91.23 93.36 

The sludge grain size in dry state are listed in Table 2. For this type of wastes, the largest mass share is 
indicated for fractions with the finest grains in the range of < 0.5 mm, as indicated samples no. 14 and 16. 
Figure 1 demonstrates reduction process of three sludge samples in two variants: I – the subject of reduction 
process were samples with various basicity (0.4 and 1.1) carried out at constant temperature of 950oC and the 
2nd variant – slugde samples with similar basicity level of (0.9 and 1.1), however, at two different temperatures 
of 950 and 1050°C. 

 
 

Figure 1 a, b  The course of the reduction of mill-scale sludge at various temperatures and varying basicity. 
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As the data in Figure 1 a show, the curve of reduction for the sample with basicity of 1.1 tested 
at a temperature of 1050 °C (S-3 research test) differs significantly from other two research tests (S-1, S-2) 
carried out at a temperature of 950oC. The reduction rate does not decrease rapidly in the first minutes of the 
process, as it occurs in the case of research tests no. S-1 and S-2, however, it decreases gradually. It is 
associated with formation of new phases under the same conditions of basicity and temperature. Research 
tests performed at a temperature of 950°C demonstrated that the basicity does not significantly influences the 
reduction mechanism. Research on reduction of sludge with the basicity level of 0.9 showed that the reduction 
mechanism is shaped by the formation of liquid phases and despite the differences occuring in the speed of 
reduction process in the first minutes of the reaction, the final effect of reduction process after duration period 
of 60 min is very similar – the amount of oxygen being removed is 97.31 and 97.02 ml/g in the sample (Figigure 
1 b). 

The mineralogical tests being performed (in the Iron Metallurgy Institute in Gliwice) on samples S-2 and S-3, 
which indicated increased basicity, were subject to reduction processes at temperatures of 950 °C and 1050 °C, 
respectively. The tests demonstrated increased level of the glassy (liquid) phase in sample S-2, which was 
within the range of 9.8±2.8 wt. %, while in sample S-3 – 14.3±2.3 wt. %. It is worth mentioned, that the liquid 
phase occurs in the sample during reduction process at 950 °C. A change in this case is not remarkable in the 
course of the reduction process. The reduction speed increases as compared to the sample with 0.04 basicity. 
Therefore, it should be stated that an increased in the basicity of the sludge also affects the reduction rate at 
950 °C. 

Due to the fact that in the sludge, large amounts of fractions with grain lower than 0.5 mm can be observed, it 
should be assumed that such situation will hinder the reductor’s access if the V/A ratio, namely the geometric 
volume (V) of sludge is too high in the geometric volume (A) of the sample. For a crucible with internal surface 
area of 52 mm and a sludge sample layer height of 2.5 and 10 mm, the V/A parameter adopts following values 
listed in (Table 4). 

Table 4 The height of reduced material layer and the corresponding value of the parameter V/A. 

Height of layer (mm) 2 5 10 

Surface A (cm2) 21.23 21.23 21.23 

Volume V (cm3) 4.25 10.61 21.22 

Parameter V/A (cm) 0.20 0.50 1.00 

To evaluate the impact of this indicator on the reduction process, three reduction experiments by using carbon 
monoxide were carried out at 950 ° C (S14 sludge sample) at varying sample heights. Results of these research 
tests are presented in Figures 2 a, b. 

 

Figure 2 a, b  The course of the reduction of mill-scale sludge at various temperatures and varying basicity. 

As it can be observed in Figure 2 a, the reduction rate is the highest for the ration of V/A = 0.2, resulting in the 
highest amount of oxygen being removed from the sample, which equals to 91.9 ml O2/g (Figure 2 b). For V/A = 
1.0, the amount of oxygen being removed is lower and amounts to  64.4 ml of O2/g. Such results indicate that 
for small fractions, the reduction process speed depends mostly on the availability of the reducer in wt. of the 
material being reduced. As the layer height increases, gas penetration in the sludge layer becomes more 
difficult. In reference to the conditions occurring in the rotary furnace, this indicates the need to intensify 
the process of material mixing and mass exchange inside the furnace. 
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The index of metallic iron was also determined in samples S4, S5 and S6 being subject to the reduction process. 
The reduction conditions and obtained ratio of sample metallization are summarized in Tables 5 and 6 and 
shown in Figure 3. As it can be observed in Figure 3, as the V/A ratio increases, the metallization process 
decreases. A convergence between the impact of the V/A ratio and the reduction ratio can be seen – Figure 2 
b, which is caused by a high advancement of metallization and reduction processes. In such cases, 
the reduction mechanism is no longer relevant for shaping the relationship between the ratios of reduction and 
metallization. 

Table 5 Conditions for the indirect reduction of sludge samples (no. 14) with using a carbon monoxide. 

Designation of the 
experiment 

S4 S5 S6 

Temperature(oC) 950 950 950 

Height of layer h (mm) 2 5 10 

Grain fraction(mm) whole whole whole 

Basicity (CaO/SiO2) 0,04 0,04 0,04 

Reduction time (min) 60 60 60 

Reducer CO CO CO 

Table 6 Results of chemical analyzes on iron content and iron metallization degree in indirect reduction of 
sludge samples (no. 14) with using a carbon monoxide. 

Designation of the 
experiment 

S4 S5 S6 

Fec (wt. %) 54.7 52.5 51.7 

Femet. (wt. %) 40.2 36.9 33.6 

Fe(II+III) (wt. %) 14.5 15.6 18.1 

Metallization degree (%) 73.5 70.3 65.0 

 

Figure 3 The course of the reduction of mill-scale sludge at various temperatures and varying basicity. 

4. Indirect reduction of sluges by using a mixture of carbon monoxide and hydrogen at temperatures of      

850 °C and 1050 °C 

Ironbearing waste material – sludge (sample no. 16) with a grain size of < 0.5 mm and 3 – 5 mm, which was 
subject to reduction by using a mixture of CO- H2 50:50 vol. %. Hydrogen as an iron oxide reducer is 
thermodynamically characterized by a greater degree of utilization of its reducing properties compared to 
carbon monoxide. Reduction process was carried out at boundary temperatures within the adopted testing of 
850°C and 1050°C. Comparative research tests were also carried out on reduction by using pure hydrogen 
under the same process conditions – see Table 7. 

After the reduction process, samples were subject to chemical analysis for the presence of total iron, metallic 
iron, as well as divalent and trivalent iron in the Analytical Chemistry Laboratory at the Institute of Ferrous 
Metallurgy in Gliwice. Table 8 presents results of determinants for particular samples, while Figures 4-6 
indicate graphical interpretation of their average degree of metallization. 

Figure 4 presents graphical interpretation of results on reduction with pure hydrogen. By increasing the 
reduction temperature by 200°C, the degree of metallization was significantly affected. At the temperature of 
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850°C the metallization degree was 44.4%, while at 1050°C – 55%. Such a result proves that for the reduction of 
sludge with a grain fraction of < 0.5 mm, being conducted by using pure hydrogen, the temperature is a key 
factor that causes an increase in the level of metallization in the waste material subject to reduction. However, 
for the grain fraction ranging 3.0-5.0 mm, the difference in results is within the margin of error accepted in the 
research testing (5% rel.), which proves that in this case the temperature has no significant effect on the 
degree of metallization – Figure 5. For this case, it seams most likely that the factor that controlls the reduction 
process is the transport of reagents inside the sludge graines and not the chemical activation of the reduction 
reaction, being related to the process temperature. 

Table 7 Conditions for intermediate reduction of sludge (sample no. 16) using pure hydrogen and a mixed gases  

50% vol. CO + 50% vol. H2. 

Designation of 
the experiment 

Parameter 

Temp., °C 
Sample 
mass (g) 

Height of 
layer (mm) 

Grain 
fraction 

(mm) 

Basicity 
(CaO/SiO2) 

Reduction 
time (min) 

Reducer 

1A-16 850 39.66 10 < 0.5 0.05 60 H2 

1B-16 850 41.04 10 < 0.5 0.05 60 H2 

1C-16 850 42.63 10 < 0.5 0.05 60 H2 

2A-16 1050 40.40 10 < 0.5 0.05 60 H2 

2B-16 1050 35.70 10 < 0.5 0.05 60 H2 

3-16 850 19.86 10 3-5 0.05 60 H2 

4-16 1050 16.67 10 3-5 0.05 60 H2 

5A-16 1050 43.53 10 < 0.5 0.05 60 CO+H2 

5B-16 1050 41.42 10 < 0.5 0.05 60 CO+H2 

6A-16 850 43.08 10 < 0.5 0.05 60 CO+H2 

6B-16 850 41.12 10 < 0.5 0.05 60 CO+H2 

Table 8 Results of determinations for the presence of Fec, Femet., Fe2+ and Fe3+ after reduction of sludge samples with 

hydrogen and a mixed gases 50% vol. CO + 50% vol. H2. 

Designation of 
the experiment 

Parameter 

Temp., °C Reducer 
Fec  

(wt. %) 
Femet.  

(wt. %) 
Fe(II+III) 
(wt. %) 

Metallization 
degree (%) 

Average of 
metallization 

degree (%) 

1A-16 850 H2 70.0 31.3 38.7 44.7 

44.4 1B-16 850 H2 70.9 33.2 37.7 46.8 

1C-16 850 H2 70.2 29.3 40.9 41.7 

2A-16 1050 H2 74.1 38.9 35.2 52.5 
55.0 

2B-16 1050 H2 73.9 42.6 31.3 57.6 

3-16 850 H2 74.5 34.3 40.2 46.0 46.0 

4-16 1050 H2 77.2 33.6 43.6 43.5 43.5 

5A-16 1050 CO+H2 69.7 24.8 44.9 35.6 
35.4 

5B-16 1050 CO+H2 70.9 25.0 45.8 35.3 

6A-16 850 CO+H2 67.6 26.1 41.5 38.6 
38.1 

6B-16 850 CO+H2 64.9 24.4 40.5 37.6 
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Figure 4 Results of sludges reduction of fraction grain < 0,5 mm by hydrogen at temp. 850 °C and 1050 °C. 

 

Figure 5 Results of sludges reduction of fraction grain 3-5 mm by hydrogen at temp. 850 °C and 1050 °C. 

 

Figure 6 Results of sludges reduction of fraction grain < 0,5  mm by (50 vol.% CO + 50 vol.% H2 at temp. 850 °C and 

1050 °C. 

The results of sludge reduction - by using a mixture of CO - H2  50:50 vol. %, which are the average of replicate 
testing indicated in Table 8 – demonstrate that by increasing the reduction temperature level from 850°C to 
1050°C a slight decrease in the degree of metallization from 38.1 to 35.4% is observed – Figure 6. An increase in 
temperature that evokes an adverse effect on the degree of metallization, when using CO - H2  50:50 vol. % 
mixture as a reducing agent should be interpreted by the course of equilibrium curve as a function 
of temperature reduction by using such a mixture. An increase in the reduction temperature results in a slight 
decrease in the equilibrium concentration of the reduction gas product, which correlates with the decrease in 
the amount of metallic iron, being formed. 
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5. Results and discussions 

Research testing on reduction for sluge indicates that increased basicity significantly changes the process at the 
temperature of 1050°C, while the course of the reduction curve indicates a change in the mechanism of the 
reduction process as a result of accurance of easy-reduction phases. A change in basicity of sludge samples 
from 0.9 to 1.1 did not significantly affect the reduction process. During research testing of fine fractions of 
sluge in the stationary layer, the reduction speed was largely dependent on the possibility of contact of the test 
material grains with the gas-reductor. Gas penetration becomes more difficult as the height of the sludge layer 
increased. 

6. Conclusion 

The aim of the researh tests was to determine reduction conditions under which the research materials remain 
in the solid state during the reduction process in a rotary furnace. The result of the research was to determine 
the maximum temperature at which the sintering process occurs in the reduced ironbearing materials. The 
result of not exceeding the set temperature in the rotary furnace should guarantee the smooth transport of the 
test material and adequate reduction speed. Another important factor in reduction process is the area of 
reaction, which is expressed by the grain composition and bulk density of ironbearing waste materials. The 
chemical composition, and first of all – the basicity being defined as the ratio of %CaO/%SiO2, influences the 
reduction process, as well. By increasing the basicity the speed of reduction process can be boostered as a 
result of forming easy-to-reduce ferrite phases. However, the formation of liquid phases promotes 
agglomeration of reduced graines, thus limiting the area of the reaction process. It is also crucial to determine 
differences in reduction properties of carbon monoxide and hydrogen, depending on the type of waste 
materials being tested in the context of employing the mixture of these gases for industrial applications. 
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Abstract 

Created mathematical model partially described here allows processing of static state simulations of 
continuous direct-fired annealing furnace operation in different configurations. It allows the evaluation of the 
effects of variant operating modes, production speeds or heated body dimensions on the resulting 
temperature fields. A part of the heat treatment technology for steel strip at a specific continuous hot-dip 
galvanising line is a non-oxidising furnace. A comparison of measurement data from the furnace to simulation 
results of the referential configuration demonstrates the accuracy of the model. The other two simulations 
provide a test of the applicability of configurations that offer more intense heat transfer. Since the presented 
model requires low computational power, it is also suitable for operational control at the real plant. A heat 
transfer intensification upgrade of the non-oxidising furnace was suggested based on the interpretation of the 
simulation outputs. High combustion temperatures indicate that installation of more powerful burners is not 
an optimal form of increasing the heating capacity. Elongation of the burner section increases the heat 
exchange surface and is more suitable for achieving the desired effect. 
 
Keywords: hot-dip galvanising line; heat transfer modelling; emissivity; direct-fired furnace; view factor 

1.Introduction 

Maintenance of competitiveness level in the galvanised sheet steel production industry stimulates the 
operators of older plants to increase the energy efficiency and production capacity. However, diverse 
engineering restrictions might often limit productivity growth. Based on the conclusions of internal studies of 
the hot-dip galvanising line (GL) in question, we figured that the restrictive factor that governs the effort to 
increase its production speeds is the heating capacity of the installed annealing technology. It is composed of 
horizontal continuous annealing furnaces (HCAF) (Figure 1). Those have to ensure optimal heat treatment of 
the strip and sufficient cleanliness of its surfaces. The processed steel passes through the non-oxidising furnace 
(NOF), reduction furnace (RF) and cooling sections. Subsequently, it enters the zinc bath at a temperature 
above the zinc melting point. Current performance conditions of the technology limit the maximal processing 
speed of the referential assortment sample to 50 m.min-1. Data collected for this study indicate that the heat 
capacity of the reduction furnace, cooling performance, drive mechanisms and machinery construction can 
handle the production of the referential product at speed around 65 m.min-1. However, the current heat 
capacity of the NOF would be insufficient. 

 
Figure 4 Technological scheme of hot-dip galvanising line. 
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1.1 Non-oxidising furnace 

In the system of the HCAF at the GL in question, the NOF provides continuous heating in the annealing process 
and cleaning of the strip surfaces from rolling emulsions and other oils from preceding technological steps. 
Since the NOF is a direct-fired furnace, those oils oxidise at high temperatures in the fuel combustion flame [1]. 
Furthermore, the substoichiometric combustion of natural gas produces flue gas with partly non-oxidising 
properties [2]. The flue gas flows counter-currently to the steel and suppresses the formation of the oxide layer 
on the strip surfaces, that would otherwise form at these temperatures. The actual strip temperature exiting 
the chamber is mainly up to 500 °C and is dependent on the strip dimensions, its speed and actual performance 
of the furnace. Temperature control is realised by fuel throttling in two regulation zones. Each zone feeds 12 
burners. This method can be used to regulate overall chemical power input in a range between 3 - 5 MW. 
Operation at the higher boundary of the spectrum is not sufficient enough for heating strips at higher mass 
flow levels (mostly thicker sheets at greater velocities). On the contrary, operation at the lower boundary 
creates suboptimal conditions for oxidisation of the surface impurities (oils and emulsions). Therefore, our goal 
was to assess the effect of alternative power distribution on overall process parameters in a static state 
operation of NOF utilising numerical modelling. Furthermore, these alternatives ought to provide higher 
intensity heat transfer and optimal control of the temperature fields. They also ought to optimise the furnace 
for a higher mass flow of the steel. 

1.2 Existing modelling approaches 

Numerical modelling of continuous annealing furnace can be approached by several methods. One of them is 
CFD modelling, which provides calculations in high-resolution temperature and velocity fields. Therefore, it 
demands high computational power even for solutions to already simple problems. Consequently, it is 
unsuitable for real-time process control. It is often used for computation of pinpointed local processes or 
overall heat transfer coefficient [3]. Less power-demanding models potentially usable as prediction models for 
real-time control are often based on analytical, empirical, and energy balance methods [4-8]. Transient model 
of vertical direct-fired continuous annealing furnace presented in Strommer 2014 [8] is based on material and 
enthalpy balances. The combustion model computes one stage combustion right at the burner nozzle. The 
authors also considered the effect of the water-gas shift reaction chemical equilibrium on flue gas composition 
and combustion temperature. Therefore, the method provides a more accurate estimation of overall heat 
transfer conditions. The model described here follows the first principles of radiative and convective heat 
transfer, the theory of gaseous fuel combustion and the principles of material and enthalpy balance. 
Considered were only static state heat transfer and one stage combustion without the impact of water-gas shift 
reaction. 

2. Methods and modelling setup 

The processes of heating bodies inside the furnace chamber can be distinguished into internal and external 
heat exchange.  Double-sided heating of sheet metal bodies produces small enough temperature differential, 
which allows neglecting the internal exchange. The external transfer in the NOF realises in a mostly indirect 
radiative regime. The substoichiometric natural gas combustion products are considered to be the energy 
carrier. The energy transfers to surfaces of the strip and wall lining by mostly radiation but also convection. 
Most of the heat flux emitted to the walls reflects to the steel surfaces. The remaining flux transfers through 
the lining out to the environment. Computation of the energy accumulated in the heated body by flue gas and 
lining radiation, in such chamber, bases on the following expressions [9-10]: 

𝑄𝑎𝑐𝑐,𝑚
𝑅 = 𝜎0 ∙ 𝜀𝑓𝑔−𝑙−𝑚 ∙ (𝑇𝑓𝑔

4 − 𝑇𝑚
4) ∙ 𝑆𝑚  (1)  

𝜀𝑓𝑔−𝑙−𝑚 = 
𝜀𝑓𝑔 ⋅ 𝜀𝑚[1 + 𝜑𝑙−𝑚 ⋅ (1 − 𝜀𝑓𝑔)]

𝜀𝑓𝑔 + 𝜑𝑙−𝑚 ⋅ (1 − 𝜀𝑓𝑔) ⋅ [1 − (1 − 𝜀𝑓𝑔) ⋅ (1 − 𝜀𝑚)]
 (2)  

Where 𝜎0 is Stefan-Boltzmann constant, 𝜀𝑓𝑔−𝑙−𝑚  is combined emissivity factor of flue gas and wall lining,  𝑇𝑓𝑔  – 

flue gas temperature, 𝑇𝑚 – strip temperature, 𝑆𝑚 – heat exchange surface, 𝜀𝑓𝑔 – flue gas emissivity factor, 𝜀𝑚 – 

strip emissivity factor, 𝜑𝑙−𝑚 - view factor between wall lining and the strip. 

Newton's law of cooling describes heat accumulation due to convection (3). The Nusselt criterium value is used 
to determine the convective heat flux coefficient magnitude. Its value is obtained through an empirical 
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expression for turbulent flow that is a function of Reynold's number and the criterium of Prantl (3-4). The 
Reynold’s number for turbulent flow of the atmosphere inside the furnace is also based on empirical 
expressions describing the flow inside ducts and pipes. 

𝑄𝑓𝑔−𝑚
𝐶 = 𝛼𝑓𝑔−𝑚

𝐶 ⋅ 𝑆𝑚 ⋅ (𝑡
−

𝑓𝑔 − 𝑡
−

𝑚) (3)  

𝛼𝑓𝑔−𝑚
𝐶 = 

𝑁𝑢 ⋅ 𝜆

𝑙𝑐ℎ

 (4)  

𝑁𝑢 = 𝑓(𝑅ⅇ, 𝑃𝑟) (5)  

The term 𝛼𝑓𝑔−𝑚
𝐶  is convective heat flux coefficient; 𝑆𝑚 is the surface of heat exchange; 𝑡

−

𝑓𝑔 is mean 

temperature of the atmosphere; 𝑡
−

𝑚 is mean temperature of the strip. The term 𝑁𝑢 represents the value of the 
Nusselt criterium; 𝜆 the value of thermal conductivity of the atmosphere; 𝑙𝑐ℎ  is the characteristic dimension of 
the flow and terms 𝑅ⅇ and 𝑃𝑟 represent the value of Reynold’s and Prantl’s criterium. 

Temperature record obtained through a thermocouple located inside a furnace is affected by many sources of 
influence. Those are atmosphere temperature and intensity of its turbulent flow, location of the thermocouple 
inside the chamber and also the temperature of the walls which encompass the thermocouple. Therefore, the 
value recorded during a measurement cannot be understood as the temperature of the atmosphere. 
Computation of the theoretical value takes into consideration the radiation along the length of the furnace and 
also convection. Radiative heat flux from each computing zone is determined through view factors of surfaces 
inside these zones (6)[11]. The calculation realises for each wall of the lining and surface of the strip individually 
and the integral boundaries discretisation bases on the zonal divisions of the furnace. 

φp−e = 
1

π
∙ ∬

Z2dx ∙ dy

(Z2 + X2 + Y2)2

x2y2

x1y1

 (6)  

Index p represents the heat exchange surface; e a sufrace element located at the place of the thermocouple; 
X,Y,Z are spacial coordinates of the heat exchange surface. 

2.1. Computational model of horizontal continuous furnace 

This numerical model bases on zonal energy balance, the material balance of 
combustion and heat exchange conditions. Besides input parameters loading and 
output variables processing the program consists of following procedures: 

 zonal material balance processing 

 zonal iterative heat transfer computation (Figure 2) 

 aggregate energy balance processing 

 calculation of the theoretical thermocouple temperature 

Following algorithm describes the iterative heat transfer computation. It stems from 
the final strip temperature estimate and artificial temperature gradient along the 
length of the zone. In each zone, the calculation is performed as follows: 

1 loading the input values 

2 entry strip temperature and exit atmosphere temperature estimation and 
calculation of the theoretical combustion temperature 

3 calculation of the heat losses through the walls 

4 calculation of the enthalpy difference of the strip 

5 calculation of the exit atmosphere temperature 

6 wall lining temperature computation 

7 computation of the total heat flux on the strip 

8 calculation of the entry temperature of the strip Figure 5 Iterative heat transfer 
computation model. 
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9 accuracy check of the interpolated entry strip temperature 

10 entry strip temperature interpolation 

11 exit-boundary atmosphere enthalpy calculation 

12 outputting the temperatures in the zone 

After the calculation has been performed in each zone, the programme checks the value of calculated material 
temperature at the furnace inlet. The program adjusts the outlet temperature of the strip until the required 
accuracy of material inlet temperature is achieved. The outputs of the model are the profiles of material, lining, 
furnace atmosphere temperatures and theoretical value of temperature on thermocouples located at selected 
positions. Other outputs are: heat flows in the furnace space, heat balance items, furnace atmosphere 
composition in individual zones. 

2.2. Modelling setup 

Table 1 lists some input data and dimensions of the reference material. The numerical model described above 
allowed us to simulate steady-state heating through the following configurations of the burner system: 

 Configuration A - represents the current state of the device in real operation (24x200kW, material 
feed at 50 m.min-1), 

 Configuration B - operation with burners of higher power output (24x300 kW, material feed rate of 65 
m.min-1), 

 Configuration C - extended burner zone with lower output at the furnace end section (24x250 kW + 
8x200 kW, material feed rate at 65 m.min-1). 

Table 2 Overview of some input data. 

Item Length (m) Width (m) Height (m) 
Emissivity 

(-) 

Initial 

temperature 

(°C) 

Volume flow 

rate (m3.h-1) 

Furnace chamber 18.7 1.8 1.5 0.7 - - 

Material (strip) - 1.255 0.0015 0.35 25 - 

Combustion air - - - - 370 4162* 

Fuel - - - - 25 481* 

HNx atmosphere - - - - 750 313.6 

*at 5 MW 

3. Results and discussion 

The results obtained by simulating the operating state in configuration A were compared to the values 
recorded during a real operation (Figure 3). 

 
Figure 6 Temperature profile in configuration A in comparison to measurement records. Residence time 22,5 s. 
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The course of temperatures along the length of the NOF, as well as theoretical values of temperature on 
thermocouples, largely correlate to measurement values. The material temperature at the furnace outlet was 
calculated with a deviation of +1.7%, the flue gas outlet temperature with a deviation of +2.6% and the 
theoretical temperature values on thermocouples with a deviation of +3%. The source of these inaccuracies 
may be the fuel consumption value, which is the input variable of the model. Its measurement was processed 
by recording the values from the gas meter at the specified time interval. Other sources could be the method 
of calculating the heat losses through the walls of the furnace or the effect of the adopted geometric and other 
simplifications. The simulation results of the temperature field distribution achieved utilizing this method were 
considered satisfactory. Therefore, using the developed model, we proceeded to simulations of individual 
designs for optimization of heating at higher production speed, while the flue gas temperature profile in 
configuration A serves as a reference. It allows evaluating the degree of temperature increase in the chamber, 
due to the higher furnace performance in alternative configurations. 

 

As expected, the simulation output of configuration B indicates the reach of higher combustion temperatures 
and more intensive heat exchange conditions as a result of higher performance level (Figure 4). 

 

Figure 7 Temperature profile in configuration B. Residence time 17,3 s. 

Particularly in the end part of the chamber, the flue gas can reach too high temperatures, causing accelerated 
degradation of the lining, eventually deformation of the support rolls or local melting of the material. These 
observations led to the idea to spread the heating power of the NOF over a larger length, using a higher 
number of lower power burners (Figure 5). 

 

Figure 8 Temperature profile in configuration C. Residence time 17,3 s. 
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than 60 °C and could be maintained below 1400 °C throughout the length of the furnace. In the reference state, 
the system achieves efficiency at around 50%. As a result of higher temperatures in the flue gas duct when 
operating at higher power, the furnace chamber becomes less efficient. In configuration B, efficiency drops to 
48% and in configuration C to 44%. However, part of the heat loss can return to the process by preheating the 
combustion air. 

4. Conclusion 

The mathematical model presented here is based on the basic principles of heat and mass transfer, enthalpy 
balance and gaseous fuels combustion theory. It provides a calculation of heat transfer in a one-dimensional 
temperature field. The model was verified by a comparison of the reference state numerical analysis outputs 
with the values measured during a real operation. Furthermore, optimization adjustments were designed to 
increase the production capacity of the NOF. Simulations of these conditions have made it possible to assess 
that a simple increase in burner output is inappropriate given the reach of high combustion temperatures. 
Achieving optimal material and flue gas temperatures can be achieved by extending the burner zone but at the 
expense of the energy efficiency of the device. Implementation of ON/OFF regulation and burner cycling can 
ensure heating of thinner strips at lower furnace output. This type of regulation, step change of material type 
or other influences causes unsteady states during the furnace operation. They can only be taken into account in 
the calculations by creating a dynamic mathematical model of the aggregate. 
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Abstract  

Lime industry is of one the industries that have two sources of CO2 emissions, first from calcination process and 
second from fuel combustion. Reduction of CO2 emission in the lime industry is possible in several ways.  
Increase of efficiency, the substitution of traditional fuels for its alternatives, lime application are three main 
way to decrease emission impact of lime industry nowadays. The optimal selection of technology and fuel mix 
brings a potentially significant reduction of CO2 emissions from lime production.  

Two third of emissions originate from raw material and the biggest potential reduction comes from Carbon 
Capture and Storage and Carbon Capture and Utilization. 

 

Keywords: lime; steel industry; rotary kiln; shaft kiln; PFR kiln; renewable energy; alternative fuels 

1. Introduction  

The lime production process is based on a chemical reaction promoted by heating of calcium carbonate 
(CaCO3) to produce quicklime (CaO). This reaction produces CO2, which is inherent to process of de-carbonation 
of CaCO3. Such a direct process emissions are 70%  of total CO2 emission from lime production process, these 
emission can not be avoid. The residual 30% of CO2 emission comes from combustion of different types lime 
kilns. Modern lime kiln are very efficient, the energy efficiency is close to the limit. Around 38  % of lime is sold 
in EU for steel production. Although during production of lime CO2 and other emission arise, the lime has many 
environmental applications for waste gas treatment. [1] 

2. Cycle of lime 

Lime is used in variety of application and products, these products are mostly recyclable. In steel industry 
recycling rate is 95% in other industries 65%. In case of flue gas treatment lime allows to create gypsum, which 
is used for building industry.   [2,3] 

 
 

Figure 1  Cycle of lime. 



Iron and Steelmaking 2019  

Modern Metallurgy                                 23.10.2019 – 25.10.2019 

118 
 

3. CO2 emission from different lime kilns 

There are six main types use for lime production that are divided in two categories: vertical kilns and horizontal 
kilns.  

Table 1 Different types of Kilns in EU [4,5]. 

Kiln orientation  Kiln type Number of kilns (2013) 

Horizontal  
Long rotary kiln (LRK) 14 

Rotary kiln with pre-heater (PRK) 20 

Vertical 

Parallel flow regenerative kiln (PFRK) 183 

Annular shaft kiln (ASK) 67 

Mixed feed shaft kiln (MFSK) 86 

Other kiln (OK) 469 

 

The other kilns type include types like double-inclined shaft kilns, travelling grate kilns and rotating hearth kilns. 
The efficiency of the kilns depends on several factors like kiln type, feed size, limestone type, fuel and required 
residual CO2. 

 

Table 2 Overview of heat consumption range [4, 5, 6]. 

Kiln orientation  Kiln type Heat use for quicklime production (GJ/t) 

Horizontal  
Long rotary kiln (LRK) 6.2 – 9,2 

Rotary kiln with pre-heater (PRK) 5.1 – 7.8 

Vertical 

Parallel flow regenerative kiln (PFRK) 3.2 – 4.2 

Annular shaft kiln (ASK) 3.3 – 4.9 

Mixed feed shaft kiln (MFSK) 3.4 – 4.7 

Other kiln (OK) 3.5 – 7.0 

 

The overview graph (Figure 2) shows minimum energy consumption in comparison with the range of energy 
consumptions of horizontal and vertical kilns.  

 

Figure 2 Overview of minimum and maximum heat use of kilns [3]. 

 

Table 3  Comparison of best energy efficiencies achieved by new large furnaces [3]. 

Process:  Energy efficiency 

Parallel flow regenerative lime kilns 80-90% 

Rotary cement kilns with pre-heaters and pre- calciners  68% 

Cross-fired regenerative glass melting 49% 

Brick kiln  68% 

Steel electric arc furnace 70% 

Steel re-heating 75% 
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Figure 3  Fuel mix in lime industry in EU -2012 [8]. 

 

To generate the energy for the lime production process, fossil fuels are burned. The combustion of fossil fuels 
causes CO2 emissions. The vast majority of emissions from fossil fuel combustion originate in the kilns. No 
focus is given in this Roadmap on the CO2 emissions in other parts of the production process, because of their 
relatively small size compared to the emissions in the kiln : 

 The emissions during the downstream processing and hydration account for around 1.5% of total CO2  
emissions [3]; 

 Emissions during mining and stone preparation account for around 0.7% of total CO2 emissions [3]. 

In addition to the emissions attributed to the energy consumption of the lime production process, this is also a 
source of CO2 emissions. These emissions are constant and amount to 0.785 tonne CO2 per tonne of lime and 
0.913 tonne CO2 per tonne of dolime [4]  (in case of complete conversion of limestone and dolomite and no 
other impurities). 

 
Figure 4 Average share of various CO2 sources in lime manufacture for 2010 [8]. 

 

 

 

 

 



Iron and Steelmaking 2019  

Modern Metallurgy                                 23.10.2019 – 25.10.2019 

120 
 

Table 4  Average CO2 intensities for various lime products in 2010  [8]. 

Lime product:  

Process 
emissions 

(tonne CO2 per 
tonne lime 
product) 

Combustion 
emissions 

(tonne CO2 per 
tonne lime 
product) 

Electricity 
emissions 

(tonne CO2 per 
tonne lime 
product) 

Total emissions 
(tonne CO2 per 

tonne lime 
product) 

Quicklime 0.751 0.332 

0.019 

1.092 

Dolime 0.807 0.475 1.301 

Sintered dolime 0.913 0.635 1.567 

 

Total direct carbon dioxide emissions is around 26Mtonne CO2.  

 

4. Mitigation of CO2 in lime production 

The average fuel use to produce quicklime is 4.25 GJ/tonne, while the heat of reaction – for a typical quicklime 

quality – is 3.03 GJ/tonne [3]:, 71% of the average fuel use. Theoretically, the potential for energy efficiency 

improvement for quicklime is therefore limited to 29%; the rest of the fuel is simply needed to provide the 

energy used in the reaction. This is a theoretical potential, as in reality a driving force is always required to get 

the reaction going. It is to be regarded as the “impossible to achieve upper limit of energy savings potential”. 

The potential for fuel savings is shown in Figure 5. [2,8] 

 

 
Figure 5 Potential reduction of fuel use and combined effect in 2050 for quicklime [8]. 
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Figure 6 Potential reduction CO2 emission with different technologies. 

 

Options of decreasing CO2 footprint [5]:  

 Switch from horizontal to parallel flow regenerative kilns  

 Switch from long rotary kilns to preheater rotary kilns  

 Improved use of waste heat  

 use waste as fuel: 

Waste currently accounts for 8% of the total energy content of fuels used in the lime production 

process. 

 Use of gas instead of solid fuels:  

The current fuel mix contains 34% natural gas and 51% fossil solid fuels. Switching from fossil solid 

fuels use to natural gas would reduce the CO2 intensity of lime production because gas has a lower 

emission factor than fossil solid fuels. 

 Use of gas instead of fossils  

 Use of biomass as fuel.  

In case all fuel needed for EU non captive lime production by EuLA members would be 

supplied by biomass, an order of magnitude calculation shows that the amount of land needed 

to produce this biomass would be between 800 km2 and 21.000 km2. For Europe, this rough 

order of magnitude area would be 6.000 km2 

 Use of electricity to heat kilns 

 Solar heat: 

For solar thermal technologies to provide the heat needed in the calcination process, the heat quality 

should be at least 900°C. In the future, high-temperature Central Receiver Systems (CRS) with 

pressurised air could reach temperatures up to 1000 °C. A prototype receiver demonstrated a receiver 

temperature up to 1000 °C (DLR, 2005). Due to differences in the composition of the atmosphere and 

the weather, good irradiation circumstances for CRS are usually found in arid and semi-arid areas with 

reliably clear skies (typically at latitudes between 15° to 40°, North or South) (IEA, 2010). Thus the 

most southern parts of Spain and Italy, as well as Greece and Turkey could become viable locations for 

solarpowered lime production. 

 Carbon capture and storage technologies  

 Carbon capture and utilization  
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5. Conclusion 

The optimal selection of technology and fuel mix brings potentially significant reduction of CO2 from lime 
production. Two third of emissions originates from raw material and the biggest potential reduction come from 
Carbon Capture and Storage and Carbon Capture and Utilization. The most economical way is to work 
efficiency,   
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Abstract  

At present, the modernization of thermal aggregates is aimed at increasing energy efficiency and reducing the 
amount of technology emissions. One such way is the enrichment of combustion air with oxygen. Increasing 
the oxygen in the combustion air leads to an increase in the combustion temperature and to the reduction of 
the amount of fuel to achieve the same performance. The result of this change is to reduce of amount 
emissions. In the article the authors approached the issue of combustion of gaseous fuels with oxygen 
enrichment of combustion air. They focused on the design of the combustion device (burner) given achieving a 
constant flame length at various concentrations of enriched oxidizer. The positive effect of flame length 
preservation during the heating of the charge material in the thermal aggregate was confirmed by 
experimental measurements and mathematical simulations. The evaluation criteria are the temperature field in 
the furnace space, the amount of emissions generated and the combustion rate of the gas-air mixture in the 
burner.  

 

Keywords: oxygen enhanced combustion; burner; air nozzle; flame length 

1. Introduction  

Current trends show that energy-demanding industrial units require more attention. Despite extensive 
research and finding new ways of increasing the energy efficiency in industrial facilities is aggregate efficiency 
remains low. Global energy and environment policies push manufacturers towards increasing the thermal 
efficiency of thermal equipment while reducing emissions from technological processes. The current trend in 
the operation of these types of thermal aggregates is air-fuel combustion, in which fuel is combusted with 
oxygen-enriched air or oxy-fuel combustion [1,2].  The issue of oxy - combustion was largely addressed by 
Baukal, who reviewed in the publications [3,4] the effects and methods of using increased oxygen 
concentration in the oxidizing agent in the process of combustion and heat exchange in thermal aggregates. 
The main advantage of using increased oxygen concentration in the combustion process is the increase in 
combustion temperatures. Figure 1 shows the graphical dependence of the theoretical combustion 
temperature and theoretical combustion temperature with dissociation from the oxygen concentration in the 
oxidizing agent. Warmer flue gases heat the batch material more quickly, causing an increase in the production 
of the thermal aggregate. The disadvantage, however, is the lower production of combustion products from 
the combustion process, which in turn affects the proportion of heat transfer by convection. The decrease in 
the amount of flue gas produced by burning 1m3 of natural gas is shown in Figure 1. In pure oxygen 
combustion, the amount of flue gas produced is approximately 3.6 times less than in air combustion. The 
reason is the elimination of nitrogen from the combustion process in the thermal aggregate. Building on the 
knowledge of Baukal, an experimental thermal aggregate was designed and constructed at the Technical 
University of Košice, Faculty of Materials, Metallurgy and Recycling, at the department of Thermal Technology 
and Gas Industry (TTaGI) to investigate the effect of oxy-combustion on heat exchange in an experimental 
thermal aggregate. The findings of this research were published in a book [5]. In terms of heat exchange and 
temperature field distribution, the effects of oxy-combustion were found to be negligible as the distance from 
the burner gradually increased. The same trend was observed by the authors in the publication [6]. On the 
other hand, increasing the oxygen concentration led to a shortening of the flame front, thereby moving the 
temperature field distribution closer to the burner. Based on this information, a burner was developed at the 
TTaGI department, which intensified heat exchange in the heat generator by shifting the flame front. The flame 
front was moved to the area that was detected when burning with air. This type of burner has been 
successfully tested on an experimental rotary melting furnace for aluminium processing. Previous results from 
the research were published in a journal [7]. 
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Figure 1 Theoretical combustion temperature including dissociation and flue gas volume per unit of NG - Natural Gas as a 

function the oxygen concentration in the oxidizer (calculated on the basis of the mathematical model). 

2. Experimental device 

The objective of the research was to analyse the heat transfer and aluminium-melting process in the 
experimental facility when the flame front is shortened. This is caused by the increase in the oxygen 
concentration in the oxidising agent within the range of 21 to 50 %. Experiments were carried out on the tilting 
rotary kiln (Fig.2) with the inside diameter of 305 mm and length 607mm. The angle of inclination of the 
experimental model during the measurement was 7%. In total 16 thermocouples of type K (NICr-NiAl) PTTK-
TKb-60-2-SP were located in the furnace. The measurement uncertainty stated by the manufacturer is at the 
level of +/- 2.5 °C at the temperature of 1200 °C. The aim of the thermocouples was to monitor continually the 
change in the temperature field in the combustion chamber, lining, stack and charge. The experimental model 
was statically fixed due to the placement of thermocouples around the circumference of the casing and did not 
rotate during the measurement. The flue gas composition was analysed by the flue gas analyser TESTO-350XL.  
Other relevant parameters related to the furnace operation were recorded by the furnace control system. The 
charge was formed of the aluminium ingots with the dimensions 5 x 10 x 2.5 cm. The total charge weight was 
15 kg.  To achieve the comparability of the individual measurements, the melting was finished when achieved 
was the temperature of charge at the level of 740°C. 

 
Figure  2 Experimental model of the tilting rotary kiln. 
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2.1 Device for regulation flame length 

The burner is based on a device which gradually changes the diameter of the air nozzle based on the required 
oxygen concentration in the combustion process. The device has been designed to compensate the outflow 
orifice when the oxygen concentration in the oxidizing agent changes with respect to the change in the amount 
of flue gas produced according to figure 1. and the combustion rate of the gas-air mixture. The combustion rate 
of the gas-air mixture for the change in oxygen concentration is given equation by (1) for methane-based 
gaseous fuels. Equation 1 was determined empirically based on experimental measurements and the 
coefficients were determined by regression analysis [7]. 

 Where: O2 - is the oxidizer oxygen concentration (vol. %) 

The experimental measurements were carried out using a burner with 13.5 kW input power for the 

natural gas combustion. Due to the shortening of the flame front at higher concentrations of oxygen in 

the oxidation mixture, the outlet diameter of the burner was modified during the experimental 

research according to oxygen concentrations in the oxidizer at the constant fuel flow. The burner 

orifice was modified (according to the equation (2) [8]), so that the flame length was the same for each 

examined level of oxygen enrichment of the oxidizer. On the basis of the equation (2), the flame length 

in air fuel combustion was set to 42 cm. The increase of the oxygen concentration results in the 

reduction of the combustion mixture amount, and hence the outlet rate of the mixture wm decreases. 

For the purpose of studying the impact of the increased oxygen concentration in the air on the 

combustion process, an upstream burner was selected. The burner consists of a closed gas tube with a 

diameter of 8 mm, with four holes with the diameter of 2.5 mm transversally drilled along the 

perimeter to ensure better mixing of fuel and oxidizer. Construction modifications of the burner 

consisted in producing an optimised air nozzle for each examined level of oxygen enrichment of the 

oxidizer. The increase of the oxygen concentration was ensured by injecting oxygen into the 

combustion air inlet.  

 
Where Lfl - is length of flame (m), r - is diameter of the burner outlet orifice (m) ,wm - is outlet rate of the 
mixture (m.s-1) ,un - is normal combustion rate of the oxidising agent and gas mixture (m.s-1). 

Table 3 Volume flows of the inlet media depending on the oxygen concentration in the oxidiser. 

Parameter Unit Value 

Burner power kW 13.5 

Excess of combustion air - 1.1 

Oxygen enrichment % 21 25 30 35 40 

Gas flow m3.h-1 1.32 1.32 1.32 1.32 1.32 

Air flow m3.h-1 14.33 11.42 8.89 7.07 5.71 

Oxygen Flow m3.h-1 - 0.61 1.14 1.52 1.8 

Diameter of Nozzle (D1) m 0.044 0.026 0.023 0.019 0.016 

 

The advantages of using a flame length control device for various oxygen enrichment of the oxidizing agent are 
shown in Figure 3. by varying the efficiency of the thermal aggregate. The efficiency of the device was defined 
by equation 3[7]. Within the range of combustion of natural gas with the oxidant enrichment at the level of 
21% -30% at the air nozzle there is a linear increase in efficiency. The efficiency gain in this case is 6%. When 
optimizing the outflow through the flame length control device, the increase in the oxidation agent enrichment 
range is 10%. It can be seen from Figure 3 that, when using a flame length control device, it is possible to 
reduce the oxygen concentration in the oxidizing agent to achieve comparable efficiency to using an air nozzle 

un = -8.4x10-7 O2
3 –1.0898x10-4 O2

2 + 0.06228767 O2 – 0.94666177 (1) 
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at higher concentrations. Thus, in addition to increasing the efficiency of the heat generator, it is possible to 
reduce the input costs of its operation. 

Where: QUH- is useful heat use for melt aluminium batch (kJ);QCV- is calorific value of natural gas (kJ*m-3);VG - is 
volumetric flow of natural gas (m3*s-1);τ – is time (s). 

In the case of a technological process such as melting aluminium ingots in rotary drum furnaces, the QUH, QCV 
and VG components can be considered constant. The effect of the oxidant enrichment will only affect the 
heating rate of the batch material, which means that the time required to melt the batch will decrease as the 
concentration in the oxidant increases. 

 
Figure 3 Comparison of the energy efficiency depending on the oxidizer oxygen concentration and burner type 

(calculated on the basis of the measurement results). 

3. Mathematical modeling  

The influence of the air nozzle diameter on the combustion process in the physical model of the rotary furnace 
can be determined on the basis of the mathematical modelling results. Mathematical modelling enables 
investigation of the flame shape, flue gas flow, temperature field distribution, heat flow to the charge and the 
distribution of concentrations of individual components under the stabilised conditions [9,10,11].  

The mathematical model was developed in Ansys Fluent 17.2. The mathematical model of the physical model 
was discretized on a computational network, which was optimized for correct results. The combustion space 
was created by means of tetrahedral grids and was concentrated in the area of the walls and burner where 
larger gradients were assumed by the prismatic layer, which ensured correct formation of the velocity field. 
The computing network contained 5 prismatic layers. The accuracy of the number of prismatic layers as well as 
the setting of the prismatic layer algorithm was verified by cold model simulation, where the Y + parameter 
was monitored and compared in post-processing. The batch was created using a 10 mm side hexahedral grid to 
ensure correct calculation of the thermal gradients per charge and to minimize the impact of the grid on the 
result. The total computing network consists of almost a million cells. The network quality rating based on 
skewness was a maximum of 80%, which is defined as good based on parameters. 

 

 

η =
QUH

QCv.VĠ.τ
.100 (3) 



Iron and Steelmaking 2019  

Modern Metallurgy                                 23.10.2019 – 25.10.2019 

127 
 

 
Figure 4 Mesh of mathematical model. 

Boundary conditions are an auxiliary function in solving CFD model, which solves differential equations in 
models. The correct definition of boundary conditions is the basis for correct results of the mathematical 
model. The Realizable k-ε model was used to calculate the turbulent flow. For the combustion model, the 
Methan Air WGS global reaction scheme was used with the nitrogen emission calculation module on. 
Adjustment of the flow rate of fuel and oxidizing agent (Table 1) was set according to the results of the statics 
of natural gas combustion with the oxidation agent enrichment at an excess of oxidizing agent m = 1.1 and a 
fuel consumption of 1.31m3 * h-1. 

 

The results of the mathematical modelling confirmed the hypothesis that the increase of oxygen 
concentrations in the oxidizer causes the shortening of the flame. Figure 6 (on the left) illustrates the 
temperature fields at the ordinary air nozzle diameter and oxygen concentrations in the oxidizer within the 
range from 21% to 50%. On this basis, the flame shape and the temperature distribution in the combustion 
chamber related to the changes of oxygen concentrations in the oxidizer can be determined. The results of the 
CFD simulations suggest that for this particular type of a burner with the conventional air nozzle, the oxygen 
enrichment of the oxidizer cannot exceed 50% during the combustion process. When the oxidizer oxygen 
concentration is higher, backflash into the burner or possible thermal damage to the burner orifice can occur. 

On the basis of the mixture combustion rate, a constant flame length can be maintained by optimizing the 
burner air nozzle diameter. The results of the mathematical modelling shown in Figure 4 (on the right) 
confirmed the possibility of optimizing the air nozzle diameter, when the oxidizer is enriched in accordance 
with the equation (2). 

 

 
Figure 5 The temperature fields of the experimental device using ordinary air nozzles (on the left) and optimized air 

nozzles (on the right) for various levels of the oxidizer oxygen enrichment. 

Based on the results of mathematical modelling, we can determine the effect of increased concentration on 
the distribution of the temperature field around the charge material. Shifting the flame queue towards the 
charge causes temperatures to rise at the flue gas-charge material interface. In experimental measurements it 
is not possible to measure the change in the temperature field over the whole area at this point, so 
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mathematical modelling is a suitable tool for this analysis. Figure 5 shows the average temperature values at 
the flue gas-charge material interface. From the analysis of the temperature changes at this interface and the 
results of the heat balance of experimental measurements, it can be assessed that the increase in the efficiency 
of the thermal aggregate is directly proportional to the temperature change at the flue gas-charge material 
interface. 

 
Figure 6 Comparison of the average temperature on the interface Flue Gas- Batch material depending on the oxidizer 

oxygen concentration and burner type (calculated on the basis of the mathematical model). 

In connection with the change in combustion rate, the change in the flow rate of the flowing media also plays 
an important role. In the air nozzle, the kinetic energy of the oxidant stream is reduced, thereby significantly 
affecting the actual mixing of the resulting combustible mixture at the burner mouth. From Figure 6, it is 
evident that at a simulated oxygen level in the oxidizing agent of 30%, due to a change in the ratio of flowing 
media in a given burner, the combustible mixture cannot be transported further away from the burner mouth. 
In the case of an optimized air nozzle, the kinetic energy of the oxidizing agent stream remains approximately 
the same and the oxidizing agent stream entrains the natural gas into the space above the charge where 
combustion takes place. Worse mixing of the mixture of natural gas with an oxidizing agent can be deduced 
from the CO emission results, which arise mainly due to insufficient oxidation of the natural gas molecules in 
the combustion process. The constituents oxidize CO emissions as a result of high temperatures in the heat 
aggregate and reach only trace concentrations at the flue gas outlet. Based on the results of mathematical 
modelling, the CO emission concentration at the optimized air nozzle is 0.3ppm and at the air nozzle 7.7ppm. 
These values cannot be considered relevant due to the absence of experimental measurement results. 
However, it is believed that by better mixing the mixture and prolonging the residence of the flue gas in the 
furnace space, the CO emission will be less for the optimized air nozzle. 

 
Figure 7 Velocity and CO mass fraction in experimental device using air noozle and optimized air noozle for 30% 

concentrations of oxygen in oxidizer. 
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4. Conclusion 

Based on the result experimental measurement and mathematical modelling of device for regulation flame 
length it can be stated that a suitable optimisation of the air nozzle at increased oxygen concentrations in the 
oxidizer leads to better combustion condition and improve energy efficiency of thermal aggregate. From the 
environmental point of view, the main benefit is the reduction of emissions released to the atmosphere. With 
the expected improvement of the thermal efficiency of thermal aggregate using the optimized air nozzle, the 
experimental measurements performed show that further research in this field is possible. The results obtained 
reflect trends in EU energy policy and, therefore, research in the field is useful and highly topical. 
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Abstract 

A necessary condition for energy efficiency is to increase the efficiency of existing facilities, including heat 
recovery. The supply of thermal energy in our country is currently heavily dependent on the import of energy 
sources. The constant increase in the prices of energy resources leads to a reassessment of the relationship of 
consumers to efficient use of all types of energy and to savings in its production. Therefore, in order to further 
develop the economy and to ensure an adequate quality of life, it is necessary to increase energy security by 
effective use of low and medium potential thermal energy sources. This is the main objective, why the recovery 
of waste heat is becoming a necessary trend. Of the various options, the heat recovery from waste air and flue 
gas using a heat recovery exchanger is currently most commonly used. Industrial waste heat can be considered 
as the most important secondary energy source. This paper presents the possibilities of utilizing waste heat for 
the purposes of electricity production. 

 

Keywords: waste heat; heat recovery; hot air engine 

1. Introduction  

Heat recovery is used in many technical fields and is often referred as recuperation, although recuperation can 
be considered as recovery of any form of energy. An important area of heat recovery is industry, typically the 
metallurgical industry. In metallurgy, air entering the blast furnaces, which is preheated by the waste heat of 
the working gases, is a clear example. It is also possible to use waste heat in various chemical and drying 
processes, but also for the production of ferroalloys and ceramic insulators, or in the food industry during milk 
pasteurization. [1] Current trends show that more than 96% of the steel produced in the world is processed by 
continuous casting. In view of this, there is a naturally increasing pressure on producers of refractory materials 
used in the continuous casting process. The process of using heat recovery is one of the ways to reduce the 
cost of heat energy through heat exchangers. Heat exchangers in heat exchangers are usually involved in all 
three ways of heat transfer (conduction, convection, radiation). The most common are those exchangers where 
the flow prevails, so the design and thermal calculation of the exchangers is based on the general laws of 
thermokinetics and fluid mechanics. In addition to industrial technologies, it is possible to use heat recovery 
also for heating and air-conditioning systems of apartment and family houses. One of the other solutions 
without negative consequences on the environment may also be the use of alternative energy sources in 
micro-cogeneration, especially hot-air engines and their use in combined heat and electricity production, while 
heat supply can be external, not only from renewable sources, but also from waste heat.  

2. Hot air engines  

Hot air engine is a heat engine in which atmospheric air is used as the working substance. It uses the expansion 
and compression of air influenced by its temperature change, which makes possible to convert heat to 
mechanical energy. Stirling engine is a heat engine which can be described as reciprocating engine with 
external combustion, with two interconnected linear spaces with different temperatures. [2] They work with a 
closed circulation of the working substance, which is alternately heated and cooled. As the working gas can be 
used air, but is preferable to use helium or hydrogen for their smaller molecular weight and higher thermal 
conductivity, making it possible to achieve a higher efficiency of the machine. The engine operates between 
two reservoirs of heat supply and heat dissipation to working substance in the system at constant temperature 
(as in the Carnot cycle). The engine consists of a cylinder with two pistons on each side and regenerator in the 
middle. Ericsson engine is similar to the Stirling engine with the difference that to working substance is heat 
not supplied and not collected isochoric but isobaric. The principle of Ericsson engine operation consists on 
engine that contains two cylinders with pistons of different sizes. This engine allows complete separation of 
working substance - air and combustion products and effectiveness of the device significantly increases the 
regenerator like at Stirling engine. [3] 
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Figure 1 Stirling engine and Ericson engine. 

2. Numerical simulation  

The Stirling engine is theoretically divided into five characteristic control volumes, according to Fig. 1: 
expansion cylinder (E), heater (H), compression cylinder (C), regenerator (R), and cooler (K). These are 
represented by control volumes, the advanced adiabatic model, worked out according to [3], is based on the 
basic equations of mass and energy equilibrium, with a state equation applied to each control volume. The 
working gas mass is defined by ideal isothermal Schmidt analysis [4], where this analysis is taken into account 
as first step. The calculation is performed for the Stirling engine of the Cleanergy C9G cogeneration unit. The 
engine design is a two-piston engine of the alpha model with a phase shift of 90 °. The heatsink, heater and 
regenerator are tubular exchangers. The working medium is helium. 
Ericsson engine simulation is similar to the Stirling engine activity with the difference that to working substance 
is heat not supplied and not collected isochoric but isobaric. For this purpose, numerical model was developed 
with help of Matlab Thermolib library, as shown in Fig. 2.  

 

 

 

Figure 2 Block diagram of Ericson engine in Simulink. 

For the calculation it is necessary to know at least the initial values of working temperatures, which are the 
result of adiabatic processes and enthalpy flow. The only clue to their correct selection is that their end-of-cycle 
values should be equal to their respective values at the start of the cycle. [5], [6] To evaluate the potential 
electrical power of the cogeneration unit, a performance characteristic was constructed from the inlet 
temperature on the heater and the mean working pressure of the medium in the engine. The theoretical 
electrical power can be calculated even for small temperature differences between the heater and cooler. The 
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mechanical parts of the engine only come into contact with clean air, which is advantageous in terms of service 
life. The proposed hot-air Ericsson engine will be a double-acting double-cylinder with mass flow of 50 g/s. Each 
cylinder will have a compression volume at the bottom of the cylinder and an expansion volume at the top. The 
maximum circulation temperature behind the heater-heat exchanger will be 500 ° C. [7], [8] The lowest 
circulation temperature will be considered at 90 ° C at the chiller outlet. [9] 

3. Results  

The calculation of the Stirling engine was made for the Stirling hot air engine, which is part of the Cleanergy 
C9G cogeneration unit. The engine is a two-cylinder with V-shape cylinder arrangement, with displacement of 
160 ccm, using helium as the working medium. The heat source is a gas burner at the top integrated with the 
combustion chamber in one unit made of stainless steel. The used material must be characterized by high 
strength and high temperature resistance, which is conditioned by the purity of the base material. [10] Natural 
gas, LPG and treated gas from the biogas plant can be used as fuel. The electric power of this motor is from 2 to 
9 kW. The heat output varies from 8 to 25 kWt when the working gas pressure is changed. Unit noise is less 
than 58 dB. Total efficiency at max. load is declared by the manufacturer at 96%, of which 25% represents 
electrical efficiency. The calculation was carried out at different engine operating pressure settings as shown in 
the following Figure 3, according to heat source temperature as the main variable. There we can see the 
change of net power output of the engine, that varies from 800 up to 5000 W. Every line represents another 
working medium pressure. As we can see, the pressure plays significant role in net power output and has 
maybe more impact than temperature. 

 

 
Figure 3 Stirling engine net power output. 

The calculation of the proposed hot-air Ericsson engine was performed with help of Matlab – Thermolib. State 

changes of the working substance at all points in the working cycle were calculated, from these calculations we 

determined the basic operating parameters - maximum operating pressure of 2.5 MPa in the high-pressure 

branch and 1 MPa in the low pressure branch. The Ericsson engine was simulated only for one pressure, due to 

the high temperature dependence of the power output. Higher pressures are also possible to achieve, but 

there is problem with operating time. In Figure 4 we can see very strong dependence of Ericsson engine on 

temperature. 
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Figure 4 Ericsson engine net power output. 

4. Conclusion 

Within the current trend in life and global technology development, there is an increasing demand after 
innovative solutions for the production of pure and less-carbon energy. Searching for such technologies which 
will achieve high energy efficiency of production and meet strict requirements, whether standards or users, 
represents the future in the production and supply of buildings energy. One of the alternatives that seeks to 
promote as a modern resource and the replacement for conventionally available technologies is use of waste 
heat. Use of this kind of energy for heating is well known topic and is used in many companies. But electricity 
production from heat due to high procurement price, up to 30 times higher than commonly available 
technologies, and also operating costs of these high-end technologies are unfavorable circumstances that lead 
to the conclusion that the facilities are not in the present time and present state in research field competitive 
compared to the traditional way of electricity supply. One solution is the current experimental research of 
cheaper types of materials for use in such technological devices, as hot air engines are. 
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Abstract 

The paper presents a proposed modification of liquid FeSi75 ferrosilicon ladle refining with technical gases to 

improve its purity. Depending on the requirements, refining gases can be oxygen, air or oxygen-enriched air. 

Compression gas will be delivered to liquid metal through a gas lance or, optionally, through a specially 

designed porous plug located in the ladle bottom (the gas lance was used in the experiments). Physical model 

studies have shown that the optimal depth of lance immersion should be 2/3 of the metal height in the refining 

ladle. Chemical composition analyses of individual fractions of both ordinary and refined FeSi75 ferrosilicon 

after the process of mechanical milling and sieving have confirmed the presented mechanism of carbon 

removal during ferrosilicon refining through floatation of SiC carbide inclusions in liquid metal bath using slag-

forming CaO, Al2O3, MgO carriers. The most considerable changes in refined ferrosilicon chemical composition 

refer to elements with a high oxygen affinity that form oxidation-related slag (Ca, Al).  

 
Keywords: Ferrosilicon; submerged arc furnace; casting ladles; improving purity of alloy 

1. Introduction 

Global economy requires continuous improvement of a product and reduced costs of its production. Similar 

policies also refer to the metallurgical industry, although the need of product improvement is more difficult to 

satisfy in this field. Implementation of sometimes minor innovations may significantly improve the product 

quality and result in considerable economic benefits. Due to their properties, iron-silicon alloys are widely used 

in the metallurgical and chemical industries. The most popular ferrosilicons are FeSi65 and FeSi75 types, used 

in the steel industry for steel deoxidation and as alloy additives. Silicon is a component of many steel and alloy 

types, including spring, bearing, stainless, heat-resistant and electrical steels as well as structural steels for the 

construction industry. It can also be applied in processes of silicothermic reduction of oxides. Depending on the 

temperature, in equilibrium conditions of the binary system Fe-Si, a few iron-silicon compounds (silicides), such 

as FeSi, FeSi2, Fe3Si7, Fe5Si3, Fe2Si and FCC or BCC iron matrix-based solid solutions (Figure 1) that precipitate 

during the solidification process, can be found [1]. Industrial-type ferrosilicons also contain small amounts of 

other elements, such as Al, Ca, Mg, Mn, Cr, Ti, P or S, which are impurities. Their fractions depend of the quality 

of raw materials and physicochemical processes that occur during electrothermal reduction of silica with 

carbon in a submerged arc furnace [2]. Therefore, ferrosilicon should be considered a multicomponent system. 

In a finished alloy, these impurities may appear in various phases in the form of non-metallic and intermetallic 

compounds. A small fraction of carbon in ferrosilicon is important when the alloy is used in manufacturing of 

high-quality, special-purpose steels. Carbon is particularly unwelcome in certain alloy steels due to carbide 

formation, leading to depletion of alloy component in ‘pericarbide’ zones and resulting in poorer strength, 

plastic and anticorrosive properties. As quality requirements for steel increase, there is a higher demand for 

ferrosilicon with a very small carbon content. 
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Figure 1 The equilibrium system Fe-Si available for the FactSage users, obtained with the use of FTliht database (of 

light alloys) [1]. 

 

In ferrosilicon, carbon mainly occurs as carbide SiC which is one of the intermediate products in the process of 

silica reduction with carbon. For most elements, the solubility limit in solid-state silicon and ferrosilicon is small 

and dissolved elements precipitate as inclusions or form intermetallic compounds during solidification.  Carbon 

solubility in liquid silicon and ferrosilicon, in equilibrium with SiC(s), depends on temperature and decreases at 

lower temperatures. This results in precipitation of secondary SiC(s) inclusions in liquid alloy [3-6]. In addition 

to silicon carbide, ferrosilicon may contain other carbides of such trace elements as Ti, Ca, Al or Mg (e.g. TiC, 

CaC2, Al4C3, Al4SiC4, MgC2, Mg2C3). Carbon solubility in silicon is not high but some amounts may dissolve in 

other phases that are iron-matrix solutions. 

2. Composition and parameters of technical gases solution blown into the refining ladle 

One of the ways of non-metallic inclusion content reduction in liquid metal is its refining in a ladle through 

technical gas purging. Gas bubbles, moving to the liquid metal surface, facilitate flow of non-metallic inclusions. 

Depending on the type of process, refining gases can be inert gases or their mixtures with other gases as well 

as nitrogen, oxygen, air or oxygen-enriched air. In addition to stirring of metal bath alone or metal bath with 

refining slag, gas can participate in oxidation of additives. Compressed gas can be delivered to liquid metal 

through a porous plug located in the bottom of the refining ladle or through a gas lance. The scheme of a 

ferrosilicon refining system with a gas lance immersed in liquid metal is presented in Figure 2. Physical model 

studies [7] have shown that the optimal depth of lance immersion should be 2/3 of the metal height in the 

refining ladle. Assuming that for the ladle in Figure 2, containing 8 Mg (tons) of FeSi75 ferrosilicon, the height of 

metal surface is about 1600 mm, the gas lance head should be located at the depth of approximately 1000 to 

1200 mm. Due to the decarbonisation process, a non-graphite lance is recommended. Therefore, an air-cooled 

lance is suggested. In addition, to ensure a properly high gas outflow velocity, enabling volume penetration of 

liquid metal by gas streams, the lance should be fitted with a replaceable head with holes of appropriate 

diameter and shape. Pressure of gas delivered to the lance must overcome hydrostatic pressure of the metal 

bath and flow resistance of the lance head nozzles resulting from required outflow velocity. 
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1 refining ladle, 2 gas lance in a thermal cover, 3 gas lance head, 
4 refining gas stream, 5 cover of the ladle, 6 refinery gas connector 

Figure 2  Photos and scheme of a refining ladle with a gas lance. 

 

Hydrostatic pressure can be calculated using the following formula: 

 

p = gh(ρa − ρg),  (1) 

 

where: p – hydrostatic pressure, Pa;  g – gravitational acceleration m s-2; h – depth of lance immersion in liquid, 

m; ρa – alloy density, kg m-3;  ρg- gas density, kg m-3. Because the gas density in formula (1) is far smaller than 

the alloy density, it can be neglected in engineering calculations. Assuming the FeSi75 ferrosilicon density at 

1450 °C is 3400 kg m-3, the formula (1) result suggests that hydrostatic pressure does not exceed 4·104 Pa, but 

in the case of lance fitted with a nozzled head, a higher pressure of 1.5·105 to 2.5·105 Pa is required to 

overcome nozzle resistance and to ensure properly high gas outflow velocity. In industrial practice, to achieve 

the effect of smooth metal bath stirring with no metal splashing out of the ladle, gas pressure should be 

adjusted in an experimental manner by observation of liquid bath surface in the ladle. To reduce radiation heat 

loss to the environment, the ladle is fitted with a cover containing a slot for outflowing gases. Based on the 

mechanism of carbide inclusion removal from the metal bath (mediated by slag resulting from dissolved Al, Ca, 
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Mg oxidation), natural air, oxygen-enriched air or pure oxygen can be the best refining gases. Industrial 

experiences from previous years, related to liquid ferrosilicon dealumination with the use of INJECT oxidising 

refining method [8], show that with application of appropriate silica-based synthetic slags, oxygen use for Al, 

Mg, Ca oxidation is not necessarily associated with silicon loss. This is due to chemical reactions between slag 

and liquid metal in the oxidising environment [8]: 

 

[Al] +
3

4
(SiO2) =

3

4
[Si] +

1

2
(Al2O3) ,        ∆H1723 = −131.325 kJ (2) 

[Ca] +
1

2
(SiO2) =

1

2
[Si] + (CaO) ,             ∆H1723 = −170.594 kJ (3) 

 

Reactions (2) and (3) are highly exothermic, which additionally improves the thermal balance of refining 

process and enables its longer duration. Therefore, a combination of ferrosilicon decarbonisation and 

dealumination processes is worth considering. Smaller additive contents in ferrosilicon are beneficial for its 

durability, which is related to formation of a smaller 0–3 mm subgrain amount in the mechanical milling 

process. Additionally, reduced Al contents in the alloy may result in a higher sale price. The above 

considerations show that the use of inert gas for the refining process is not advisable because the same effect 

of metal bath stirring in the ladle can be achieved when compressed air is applied for liquid metal purging. In 

addition to pressure, another important parameter to determine is the size of refining gas stream. With no 

exothermic reactions, gas that flows through liquid metal leads to its cooling. It has been confirmed by results 

of previous attempts to purge liquid metal with compressed oxygen-enriched air using a bath-immersed lance 

of the 45 mm inner diameter [9]. The report does not contain detailed data on refining gas consumption or 

composition but the measurement values demonstrated a faster temperature decrease of about 3.5 K min-1 

during the refining process while the same parameter during smelting with no gas purging reached a mean 

value of 2.0 K min-1. The tests did not result in expected refining improvement compared to smelting without 

refining gas purging. Therefore, pure oxygen is suggested to be used in further refining attempts by means of 

gas purging. To estimate the quantitative gaseous oxygen requirements, Table 1 data were used and it was 

assumed that after the refining process in oxidising environment, a higher Al and Ca content reduction should 

be achieved to ensure a final Al content in the alloy of less than 0.5 %. Chemical composition analyses of 

individual fractions of both ordinary and refined FeSi75 ferrosilicon after the process of mechanical milling and 

sieving have confirmed the presented mechanism of carbon removal during ferrosilicon refining through 

floatation of SiC carbide inclusions in liquid metal bath using slag-forming CaO, Al2O3, MgO carriers. The most 

considerable changes in refined ferrosilicon chemical composition refer to elements with high oxygen affinity 

that form oxidation-related slag (Ca, Al). In stoichiometric calculations, it is assumed that mean Al content will 

be reduced from 0.9 % to 0.45 % while Ca content: from 0.1 % to 0.05 %, which (with the weight of liquid metal 

bath of 8 Mg) is, respectively: 36 kg of Al and 4 kg of Ca. Thus, the overall gaseous oxygen requirement for Al 

and Ca oxidation is 33.62 kg (23.53 mn
3). Assuming a 15-minute period of oxygen purging, the stream of 

refining gas in the form of gaseous oxygen should correspond to about 0.037 kg s-1 (1.6 mn
3 min-1). In reality, 

some gaseous oxygen will only be used for warm metal bath stirring as, due to kinetic issues, not all amounts of 

gas delivered to the ladle can undergo chemical reactions. It can be assumed, however, that as a result of liquid 

metal stirring, some metal bath-dissolved Al and Ca amounts can participate in slag-metal reactions (2) and (3) 

without gaseous oxygen. After the process of metal bath purging with oxygen, the ladle should remain still for 

10 minutes so that slag and carbide inclusions can emerge to the bath surface. The exothermic effect of Al and 

Ca oxidation with gaseous oxygen results in slower metal cooling and ensures longer duration of the refining 

process.   
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Table 1 Chemical composition changes for individual fractions of ordinary and refined FeSi75 ferrosilicon 

following the process of mechanical milling and sieving [9]. 

 

Grain 
range 
(mm) 

Fraction 
(mm) 

Chemical composition (wt. %) 

Al Ca Ni Ti C Cu Cr Fe Mn P Si 

ordinary 
10 - 60 

> 60 1.51 0.270 0.038 0.123 0.053 0.110 0.018 24.4 0.196 0.023 73.2 

40 - 60 1.44 0.256 0.036 0.116 0.067 0.107 0.021 23.5 0.181 0.024 74.2 

20 - 40 1.42 0.263 0.036 0.121 0.061 0.109 0.028 23.8 0.186 0.023 73.9 

10 - 20 1.47 0.282 0.036 0.116 0.113 0.110 0.019 23.1 0.182 0.023 74.5 

ordinary 
3 -10 

< 10 1.55 0.346 0.035 0.123 0.138 0.109 0.015 23.3 0.188 0.024 74.1 

5 - 10 1.57 0.332 0.035 0.119 0.137 0.113 0.015 23.3 0.185 0.024 74.1 

3 - 5 1.51 0.295 0.036 0.120 0.123 0.116 0.013 23.4 0.184 0.024 74.1 

< 3 1.69 0.295 0.042 0.165 0.099 0.145 0.016 26.2 0.225 0.024 71.0 

ordinary 
0 - 3 

> 3 1.59 0.330 0.036 0.119 0.152 0.114 0.013 23.2 0.183 0.024 74.2 

1 - 3 1.64 0.302 0.037 0.131 0.125 0.118 0.016 23.9 0.191 0.024 73.5 

< 1 1.79 0.338 0.037 0.140 0.112 0.120 0.015 25.3 0.204 0.024 71.8 

refined 
10 - 60 

40 - 60 0.82 0.109 0.036 0.107 0.008 0.128 0.012 24.1 0.192 0.028 74.3 

20 - 40 0.79 0.087 0.038 0.104 0.011 0.132 0.015 24.6 0.198 0.028 74.0 

10 - 20 0.74 0.101 0.038 0.109 0.011 0.132 0.013 24.9 0.200 0.028 73.6 

refined 
3 - 10 

5 - 10 0.84 0.117 0.038 0.106 0.008 0.131 0.017 24.2 0.195 0.028 74.2 

3 - 5 0.86 0.097 0.038 0.109 0.008 0.129 0.012 24.6 0.198 0.028 73.9 

< 3 0.81 0.077 0.034 0.101 0.012 0.125 0.013 23.8 0.189 0.026 72.3 

refined 
0 - 3 

> 3 0.93 0.101 0.034 0.100 0.013 0.116 0.024 24.1 0.186 0.026 74.3 

1 - 3 1.05 0.113 0.037 0.111 0.021 0.129 0.027 24.6 0.199 0.026 73.6 

< 1 1.26 0.147 0.038 0.122 0.045 0.131 0.019 25.5 0.211 0.025 72.4 

 

3. Conclusion 

 

1. The process of solid carbon inclusion removal from the metal bath is affected by slag inclusions of 

CaO, Al2O3, MgO that form as a result of element oxidation during the contact of liquid metal with 

oxygen. These slags almost entirely moisten SiC carbide and ensure floatation of carbide inclusions in 

liquid ferrosilicon. 

2. One of the ways of non-metallic inclusion content reduction in liquid metal can be its refining 

through metal purging with technical gases. Gas bubbles that move to the metal bath surface 

facilitate flow of non-metallic inclusions to the surface. The use of inert gas for the refining process is 
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not advisable. The same effect of metal bath stirring in the ladle can be achieved using compressed 

air for liquid metal purging but oxygen purging is recommended.  

3. Oxygen is suggested to be the refining gas. Ferrosilicon decarbonisation can be combined with its 

dealumination. Smaller aluminum contents in ferrosilicon are beneficial for its durability, which is 

related to formation of a smaller 0–3 mm subgrain amount in the mechanical milling process. 

Additionally, reduced Al contents in the alloy may result in a higher sale price. 

4. For gas purging, a ceramic-coated, air-cooled lance of the 45 mm inner diameter is recommended. 

To ensure a properly high gas outflow velocity, enabling volume penetration of liquid metal by gas 

streams, the lance is recommended to be fitted with a replaceable head with holes of appropriate 

diameter and shape. 

5. At the optimal immersion depth of the lance in the metal bath (1–1.2 m), hydrostatic pressure of 

metal does not exceed 4·104 Pa. To achieve the effect of smooth metal bath stirring with no metal 

splashing out of the ladle, gas pressure should be adjusted in an experimental manner by 

observation of liquid bath surface in the ladle. When the lance is fitted with a nozzled head, higher 

pressure of 1.5·105 to 2.5·105 Pa will be required to overcome nozzle resistance and to ensure 

properly high gas outflow velocity. 
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Abstract 

The submitted paper deals with possibilities of solar energy application in metallurgical industry. The paper 
presents comparison of the most significant presently working devices which use solar energy concentration. 
The experimental part is focused on the measurements of the incident solar energy in selected localities in 
Slovakia. The results provide the theoretical potential for the solar energy application in similar devices, taking 
into account the sunshine duration as well as the amount of potential energy. 

 

Keywords: solar energy; concentration; solar radiation; energy potential 

1. Introduction 

In recent years, changes in climatic conditions are also evident in Slovakia. These changes are directly linked 
with the amount of emissions produced and the pollutants entering to the air. The main producers of 
pollutants are metallurgical plants, where a number of harmful substances are released during the processing 
and production of metallic and non-metallic materials. Therefore, there is pressure to reduce emissions by 
increasing the use of renewable energy sources. These norms are given at the level of both national and 
European legislation. To meet the stricter criteria, it is necessary to choose an appropriate energy source. 
Natural conditions, geographical location and infrastructure are decisive factors in deciding on the choice of an 
alternative energy source. Metallurgy is characterized by high-energy processes, which directly represents a 
significant problem in supplementing or fully replacing them. This paper evaluates the potential of solar energy 
in Slovakia as a possible source usable in the metallurgical industry. During the analysis of the potential of 
electricity production were used photovoltaic panels, as well as solar radiation technologies of medium and 
high concentration. The evaluation is carried out for selected agglomerations in Slovakia, both in terms of 
annual operating characteristics of potential production and in terms of local conditions. The use of solar 
energy has been increasing in recent years, but it is mainly the construction of photovoltaic power plants and 
small home solar systems. Slovakia is characterized by high segmentation of the relief, which is an important 
factor in evaluating of the using of solar energy. Other important factors are the amount of incident radiation 
and the length of sunshine, which depend on the position of the Earth in relation to the Sun. 

1.1 Solar radiation  

Solar radiation reaches earth's surface consists of three forms of radiation: direct solar radiation, diffuse solar 
radiation and reflected radiation [1]. The amount of incident sunlight varies during the year and depends on 
several factors such as declination of the earth, geographical location, season, weather and daylight duration. 
The inclination and orientation of the collectors are playing an important role in capturing direct radiation. The 
angle of inclination of the solar collectors is determined according to the operation of the solar system [2]. We 
know three types of operations: summer operation (20 – 35 °C), winter operation (50 – 75 °C) and year-round 
operation (35 – 50 °C). In Slovakia, the average annual intensity of solar radiation varies in the interval of 1000 - 
1250 kWh/m2. The distribution of the intensity of solar radiation in Slovakia is shown in Figure 9. 
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Figure 9 Average annual intensity of solar radiation in Slovakia [3]. 

2. Experimental Material and Methods 

Basically there are two possibilities for conversion solar energy into another form of energy:  conversion into 
electrical or thermal energy. The conversion into electrical energy is divided into direct and indirect conversion 
[4]. By direct conversion of solar energy we convert the acquired energy directly into electrical energy. And the 
principle of transformation of solar energy into thermal energy and then with help of other devices into 
electrical energy is used in case of the indirect conversion of solar energy into electrical energy. Indirect 
conversion systems are achieves higher efficiency than direct conversion systems. Solar systems, which are 
operates on the principle of indirect conversion, concentrate the solar radiation by mirrors on a small area 
where heat accumulates to generate electricity. These solar systems are uses direct radiation, which 
concentrate in one place – solar receiver. Four basic types of solar systems are used for concentration of solar 
radiation [5][6][7]: 

1. The central tower systems are composed of a large number of parabolic mirrors, which reflecting solar 
radiation at one point on top of the thermal tower, solar receiver. The mirrors are controlled and follow the 
movement of the sun during the day and therefore constantly direct solar radiation to the solar receiver of the 
central tower. In this solar receiver the heat is transferred to the liquid, which is converted into steam, and 
then generates electricity by driving steam turbines. Heat at the top of the tower is transferred to the thermal 
storage tank due to the liquid circulation and can also be taken for other industrial equipment. The 
temperatures in the thermal tower range from 540 °C to 1480 °C; 

2. The parabolic trough systems are concentrating the solar radiation into the center of the tube, which is 
located in the solar receiver of the parabolic mirrors. The whole solar system is turned towards the sun and oil 
is used as the heat transfer medium. The oil is heated up to 400 °C and is gradually pumped through the heat 
exchangers, so that the high-temperature steam is produced and it drives the generator; 

3. The parabolic dish systems are using a set of dish-shaped parabolic mirrors and concentrate solar radiation 
into the solar receiver of the dish. In the solar receiver of the dish there is an absorber where the liquid is 
heated up to 1000 °C. And subsequently this liquid is used to generate electricity in a turbine. It is the most 
efficient solar system due to its high optical efficiency and low energy loss; 

4. The solar updraft tower is working on heating the air under the greenhouse principle. The subsequently 
heated air creates an air flow that flows through the chimney and drives the wind turbine. Part of the solar 
radiation heats the salt water tanks. These tanks maintain airflow even without sunlight and allow the plant to 
operate at night. 

The solar concentrators can also be used to reach very high temperatures, which can also be used in high-
energy consumption metallurgical processes. Equipment which can utilize such high temperatures are called 
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solar furnaces [8]. It is a system of spherical shape covered with mirrors, which concentrates solar radiation on 
a small area. Mirrors are placed opposite the spherical part of the device and they reflect the radiation to the 
concentrating part. The focal point temperature of the device can reach 3800 °C. The solar furnace can be used 
to melt steel or produce hydrogen fuel. 

At present, concentrated solar thermal energy is not widely used in the production of iron and steel. It is mostly 
used to verify experimental operating regimes aimed at monitoring of process efficiency, technological aspects, 
economic indicators as well as environmental impacts. The environmental aspects are currently assessed not 
only from direct impacts on pollutant production but also from the impact of the environmental footprint from 
the implementation of the components themselves in the system. There are several concentration solar 
systems in Europe that are mainly used for testing and experimenting [9][10]: 

1. Platform Solar de Alméria - a solar system located in Spain, where are 2 types of solar systems, namely linear 
parabolic mirrors with an achievable temperature from 120 °C to 500 °C and a pair of solar towers with 
heliostatic fields of 10000 m2 and 4000 m2, with temperature range from 250 to 1100 °C; 

2. PROMES - Odeillo solar oven - located in France, it is the world's largest 1000kW solar furnace. The solar 
furnace consists of a parabolic mirror with an area of 2000 m2 and an array of mirrors (10000). This furnace can 
reach temperatures in excess of 3000 °C. In the whole complex there are ten small solar ovens with an output 
of 1-2 kW and one kiln with an output of 6 kW; 

3. Solar Research Division - Cologne – 25 kW solar furnace; 

4. Solar Technology Laboratory - Zurich – 40 kW solar furnace. 

3. Results and discussions 

To select the evaluated sites were chosen cities where are located the largest metallurgy plants and secondary 
metallurgical producers. These places are located in different parts of Slovakia and have different climatic and 
relief conditions. Data were obtained from the PVGis database [3]. Figure 2 and Figure 3 shows the energy of 
solar radiation in individual cities and the average intensity of solar radiation in July and December. These 
averages were obtained for the period from 2007 to 2016. The intensity of radiation for July is given as the 
intensity for a 35 °C inclined panel and for December - 55 °C. Areas of Kosice and Sládkovičovo receives more of 
solar radiation energy, comparing with Podbrezová and Oravský Podzámok which areas have by almost            
13 - 14 % less energy. However, an important indication is the distribution of the amount of solar radiation 
energy in the summer and winter half year. In the summer half year, the most solar radiation is obtained from 
the Sládkovičovo and Košice regions. Comparing with them the locality of Oravský Podzámok receive by 14 % 
less solar radiation and in Podbrezová this value is lower by up to 20 %. The lower values of solar radiation are 
caused by the northern position and the severely rugged relief. 

In the winter half year, the amount of solar radiation is significantly lower and it is only from 33 % to 38 % of 
the annual amount. The differences between the sites are smaller and the northern ones can approach with 
the southern ones. The areas of Sládkovičovo, Kosice and Podbrezová have almost the same amount of solar 
radiation. Such equipoise in the amount of solar radiation is caused by frequent weather inversions and fogs 
that occur in the winter half-year and focus mainly on the lower lying areas. Another factor is the air pollution 
by metallurgical companies, which is often seen mainly in the form of industrial snow, especially in winter. 

Figure 4 shows the share of diffuse radiation in global radiation in 2016 in the regions of Košice (SE SR), 
Podbrezová (Middle SR), Oravský Podzámok (N SR), Sládkovičovo (SW SR). For solar systems, the direct solar 
component is particularly important. More of direct radiation received the southern regions of Slovakia, in this 
case in the areas of Sládkovičovo and Košice. The graph shows that in the summer half the proportion of 
diffuse radiation in global ranges from 40 % (Sládkovičovo, Košice), 45 % (Podbrezová) to 50 % (Oravský 
Podzámok). In the winter half-year, the amount of diffuse radiation increases significantly what results that its 
share in global radiation will also increase. In the area of Sládkovičovo the maximum is 69 %, Košice and 
Podbrezová – 75 % and Oravský Podzámok up to 80 %, which indicates that the amount of solar radiation 
usable for solar systems is insignificant. 
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Figure 10  Average solar radiation in selected locations – July. 

 

Figure 11  Average solar radiation in selected locations – December. 
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Figure 12  The share of diffuse radiation during the year. 

It is possible to use two types of systems to utilize the solar energy, namely photovoltaic systems or solar 
thermal systems. Photovoltaic systems work on the principle of direct conversion of solar energy into 
electricity. Solar thermal systems use indirect conversion of solar energy, which means that they firstly convert 
the sun energy to thermal energy and then use the thermal energy to generate electricity. The efficiency of 
photovoltaic power plants varies from 3 % to 14 % depending on the type of panels, while for solar thermal 
power plants it is from 20 % to 30 %. This implies that solar thermal power plants require significantly smaller 
area for the panels for the same amount of energy comparing to photovoltaic panels. The potential of solar 
radiation for solar thermal systems is greatest in the summer half year, for the southern regions from April to 
September and for the northern regions from June to September. In the winter half year, the proportion of 
diffuse radiation in global radiation is high, which is not an ideal condition for using solar thermal systems. 
Experimental and research activities are also taking place in the northern latitudes (Cologne), so there is a 
potential to use these systems in areas with less solar radiation in future. 

4. Conclusion 

The current climate change is caused by high level of emissions and air pollutants. One of the major emitters 
and pollutants is the metallurgical sector. There are processes with high-energy consumption used in 
metallurgy and the equipment of such processes is not easy to replace. The purpose to reduce emissions helps 
to increase the use of renewable energy sources. One renewable resource of energy is solar, which can be 
applied in almost all parts of the world and has enormous potential for the future. There are several projects 
around the world which are using technologies that concentrate solar radiation. Utilization of solar radiation 
energy requires conditions regarding the amount of incident direct radiation and is not applicable in every 
region of the world. In Slovakia, the climate and relief conditions for using solar systems are very diverse. 
During the year, the length and angle of incidence of solar radiation changes significantly. The rugged relief, 
altitude and natural conditions also have a high impact on the amount of incident radiation. The proportion of 
diffuse radiation in the winter half of the year ranges from 70 % to 80 % of global radiation in selected areas, 
which means very low utilization level of solar radiation. Therefore, sometimes, it is not possible to provide 
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sufficient energy from this source all year round for high-energy consumption processes. The use of 
technologies based on the concentration of solar energy can be used during the summer half year (from 4 to 6 
months), depending on the location. The use of solar energy is also possible through PV systems for electricity 
generation. PV systems are widespread throughout Slovakia and are now a stable source of electricity 
generation. 
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Abstract  

Electrical energy consumption and optimization of the chemical energy contribution in the process of melting 
the charge in the electric arc furnace is a decisive importance in steel production costs. The development of 
mathematical model that takes into account the relationships of electrical and chemical energy input or output 
to the steel production process, especially in industrial conditions, is not easy. This is mainly due to the fact 
that it is not possible to measure some parameters, such as eg. thermal losses. Analysis of the energy 
consumption, using industrial technological data of the electric arc furnace with a nominal capacity of 45 Mg 
was presented in this paper. The developed model makes it possible to calculate the theoretical demand for 
electric energy needed for the process and to compare this quantity with the measured values. In the case of 
furnaces with lower production capacity it seems necessary to more accurately characterize energy efficiency 
and the ability to control and optimize the production process. 

 

Keywords: electric arc process; energy consumption; modelling of energy demand 

1. Introduction  

A modern electric arc furnace during its operation (steelmaking) uses a few energy sources. They can be 
generally broken down into: energy transferred by means of electricity – burning arc, and by means of 
chemistry – combustion of fuels and exothermic reactions. The main aspect of its economic and efficient 
operation in the production conditions is the optimisation of proportion of electrical and chemical energy 
consumption. In addition, it is very important to effectively use the energy introduced into the process, 
including the application of the slag foaming process. The foundation of analysis of these issues is the 
conducted heat balance of the steelmaking process in the electric arc furnace [1, 3]. 
Each of the process components impacts the energy efficiency. A proper method of loading the charging basket 
with scrap is to protect the furnace bottom against damage during charging, to reduce the likelihood of 
electrode breaking and to ensure a fast melting process. In addition, selecting scrap with a suitable form 
influences the kinetics of its melting, which translates into energy efficiency of the process and the time of a 
single melting process [4].  
The electrical energy is the basic source of heat necessary to carry out the melting process in an electric arc 
furnace. Modern processes, in particular as regards production of common carbon steels, contain aspects 
intensifying the scrap melting process, in order to reduce the melting time. It is possible thanks to the 
application of various methods of adding chemical energy. Here we have gas-oxygen burners, oxygen lances, 
after-burning lances, introducing recarburization agents, etc. Another important method of process 
intensification, and at the same time reduction of the electric power consumption is increasing the furnace 
transformer power and improving the energy utilisation ratio. It is because only a part of the electrical energy 
transformed to heat in the burning arc is used for the execution of a metallurgical process. The ratio of energy 
utilisation largely depends on the arc “uncovering”, or “holding” the thermal energy radiating within the melt. 
At the initial phase of scrap melting the burning arc is covered with scrap, and the whole thermal energy from 
the arc is effectively utilized to heat and melt the scrap. However, at the final melting phase and at the 
subsequent melting process stages, the burning arc is not covered with the scrap, and a substantial part of the 
generated thermal energy radiates to the furnace walls and little amount of it is directly used for the process 
execution [1-4]. 

2. Heat balance of the steelmaking process 

The impact of process parameters and the EAF design on the demand for electrical energy is schematically 
presented in Fig. 1. 
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a)  b)  

Figure 1 Process and design parameters of the EAF influencing the demand for electrical energy a) and their 

optimisation b) [1, 5]. 

The following factors influence the demand for electrical energy in the steelmaking process in the EAF (Fig. 1a): 
amount, type and quality of charge materials, furnace design parameters, possibility of thermal energy 
recovery, flue gas exhaust system, refractories, chemical energy, and metallurgical parameters. The three main 
indicators (melting time, energy consumed for a heat, electrode consumption) optimized in the process are 
presented in Fig. 1 b).  
Effective, efficient and economic operation of an EAF during steel production can only be performed if the all 
above mentioned technological factors are optimally selected, taking account of the furnace design 
parameters, type and quality of the available scrap and the manufactured steel range. The main goal of the 
production process is usually to minimize the electrical energy consumption while optimally utilizing the 
chemical energy.  
In order to determine the complete heat balance of the EAF process it is necessary to know the volumes of all 
heat sources and the volumes of heat accumulated in the liquid steel, slag and all heat losses. In practice, 
determining the full heat balance is very difficult, primarily, because the values of all components of heat loss 
cannot be accurately determined. The primary components of the EAF melting process heat balance are 
presented in Fig. 2. 

 

Figure 2 General diagram of the heat balance of steel melting in an electric arc furnace [6]. 

The process heat sources are: electrical energy, heat from the burner gas combustion, exothermic reaction 
heat, heat of exothermic reactions occurring during oxidation of graphite electrodes, physical heat of charge 
materials [1]. 
At the output side in the heat balance there are: physical heat of liquid steel, physical heat of slag, physical heat 
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of gases, heat of endothermic reactions, heat loss for water cooling, heat loss by radiation and convection of 
the outer surface of the furnace shell and roof, electrical loss related to heat loss resulting from the current 
flow in a conductor [1]. 
Estimating the component volumes at the input side in the heat balance does not pose problems. Determining 
the volumes of components on the output side of the balance is more problematic, it concerns in particular the 
volumes of individual losses. In the most general form, the heat balance equation can be written as follows: 
 
∑ Qin = ∑ Qout                 (1) 

 

where: the left hand side of the equation means the total input heat, and the right hand side means the total 
output heat. A heat balance of the EAF operation in the industrial conditions is prepared on the basis of process 
parameter data and statistical values. Generally, the equation components can be written as follows:  
 

Qinput = Eel. + Echem;    Qoutput = Qliq. steel + Qslag + Qout gas + Qheat loss.         (2) 

 

One of general methods of energy analysis of the EAF operation is a model developed in 1992 by Köhle S. [7]. 
Modified in the subsequent years (1999-2002), the model presents a linear function between the electrical 
energy demand in the steelmaking process, and various, most influencing process parameters. The model, in its 
general form is a linear equation (3) [5]: 
 

𝑊𝑅 = 375 + 400 ∙ [
𝐺𝐸

𝐺𝐴
− 1] + 1000 ∙

𝐺𝑍

𝐺𝐴
+ 0,3 ∙ [𝑇𝐴 − 1600] + 1,0 ∙ (𝑡𝑆 +  𝑡𝑁) − 8 ∙ 𝑀𝑔 − 4,3 ∙ 𝑀𝐿 − 2,8 ∙

𝑀𝑁 + 80 ∙
𝐺𝐷𝑅𝐼

𝐺𝐴
− 350 ∙

𝐺𝐻𝑀

𝐺𝐴
− 50 ∙  

𝐺𝑆ℎ𝑟

𝐺𝐴
+ 𝑁𝑉(𝑊𝑉-𝑊𝑉𝑚)            (3) 

 

where: WR – unit electrical energy demand, kWh/Mg, WV – unit thermal loss of the melting, kWh/Mg, WVm – 
average value of unit heat loss in the furnace water cooling system, kWh/Mg, GA – weight of metal tapped from 
the furnace after melting, Mg, GE – weight of ferrous materials per heat, Mg, GZ – weight of slag-forming 
materials per heat, Mg, GDRI – weight of DRI materials (DRI/HBI) per heat, Mg, GShr – weight of shredded scrap 
in the charge, Mg, Mg– unit consumption of natural gas per heat, m3/Mg, ML – unit consumption of gaseous 
oxygen per heat, m3/Mg, MN– unit consumption of gaseous oxygen for afterburning CO in the furnace per heat, 
m3/Mg, TA – metal temperature in the furnace before tapping, oC, tS– furnace operating time „under current” 
during melting, min, tN– furnace operating time „without current” during melting, min., NV - constant. (0.2-
0.4).However, the most updated form of the modified Köhle model is equation 4 in the form [7]: 
 
𝑊𝑅 = −152.56 + 4.2146 ∙ 𝐺𝐸 − 5.0795 ∙ 𝐺𝐴 − 1.447 ∙ 𝐺𝐻𝐷𝑅𝐼 − 1.3039 ∙ 𝐺𝐶𝐷𝑅𝐼 − 1.9784 ∙ 𝐺𝑆𝑐𝑟𝑎𝑝 + 3.0905 ∙

𝐺𝐴

𝐺𝐸
+ 0.48352 ∙ 𝑡𝑡𝑡𝑡 + 4.8648 ∙ 𝑡𝑆 − 0.46807 ∙ 𝑡𝑁 −  0.31964 ∙ 𝑡𝑝𝑟𝑒𝑝 − 0.0040591 ∙ 𝑀𝑂2 + 6.8737 ∙ 𝐺𝑐ℎ𝐶 +

4.7919 ∙ 𝐺𝑖𝑛𝑗𝐶 + 3.9598 ∙ 𝐺𝐿𝑖𝑚𝑒 + 1.3675 ∙ 𝐺𝐷𝑜𝑙𝑜 + 3.8739 ∙ 𝑃𝐴𝑉𝐺            (4) 

The nature of the equation remains linear, however the nature of process variables influencing the electricity 
demand has substantially changed in terms of quality. For instance, the temperature component occurring in 
equation (3) does not appear in this equation.  
It is apparent that new models of furnace operation optimisation have been created or the existing ones have 
been modified. The numerical models developed to identify the electrical energy demand in the EAF should be 
user friendly.  
Work on the optimization of steel melts in an EAF in terms of energy is continuously carried out, in particular 
when shortage of energy prevails in the world. The new models include the influence of more and more 
process parameters – equation (4). The extended Logar model [5, 6, 8], based on solving a set of ordinary 
differential equations identifying the EAF thermal state can be another example. 

3. Analysis of process parameters from the point of view of energy efficiency of charge melting 

One of the objectives set for the conducted analysis of energy consumption was the identification of heat 
losses in the conditions of the furnace analysed. The values of these losses cannot be calculated/estimated 
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from the measured furnace process parameters, it is caused by lack of measurements of necessary physical and 
process variables. 
In order to analyse energy efficiency of the charge melting process in an EAF in the conditions of Cognor S.A. 
HSJ Branch in Stalowa Wola, a database was prepared on the basis of the selected process parameters.  
The set initial databases contains 147 records, where the main “unit” is a single heat. Each heat (record) 
includes results of temperature measurements and oxygen activity in the melt, consumption of electrical 
energy, gas and oxygen and recarburization agent, foaming agent, slag-forming materials and deoxidizers, as 
well as the melting time including the weight of the obtained metal and other production indicators. The 
database also contains set chemical constitutions of slag samples (final) taken during melting.  
The equation describing the amount of energy obtained by oxidation of elements (from scrap) was used for 
computing (5): 

𝐸𝑀 = ∑ (𝑀𝑆 ∗
𝑀𝐴𝑀∗𝑎𝑣𝑒𝑟%𝑀𝑂.𝑠∗1000

𝑘𝑔

𝑀𝑔

100%∗𝑀𝐴𝑀𝑂
∗ 𝐸𝑗𝑀)𝑀               (5) 

where: Ms – mass of slag [Mg], MAM – metal atomic weight, aver%MO.s – average metal oxide content in slag [%]; 
MAMO – atomic weight of a specific metal oxide, EjM –unit oxidation energy of a specific element [kWh/kg]. 
(where M = Cr, Mn, Fe, Al., Si). For operation conditions of the electrical steelmaking shop analysed, the general 
Köhle model (3) – for electrical energy demand – was modified and next utilized. As some process parameters, 
which are not measured or not used in a given furnace, occur in the equation (3), the equation was modified to 
the form (6): 

𝑊𝑅 = 375 + 400 ∗ (
𝐺𝐸

𝐺𝐴
− 1) + 1000 ∗

𝐺𝑍

𝐺𝐴
+ 0,3 ∗ (𝑇𝐴 − 1600) + 1 ∗ 𝑡𝑠 + 𝑡𝑁 − (∑ (𝑀𝑠 ∗𝑀

𝑀𝐴𝑀∗𝑎𝑣𝑒𝑟%𝑀𝑂.𝑠∗1000
𝑘𝑔

𝑀𝑔

100%∗𝑀𝐴𝑀𝑂
∗ 𝐸𝑗𝑀) + 11 ∗ 𝑀𝐺 + 𝑀𝑐 ∗ 2,73) ∗ 𝐹𝐿                            (6) 

where: FL – heat loss indicator [kWh/Mg], Mc– weight of the carburising agent in the charge [kg]. 
The following modifications of the equation were made: the (4.3*ML) component, representing the heat of 
combustion of elements in the melt per Nm3 of the supplied oxygen, was removed and replaced with the heat 
of combustion for each of significant elements in the melt (Al, Cr, Si, Mn, Fe – equation (5)). The conversion 
coefficient referring to the natural gas combustion was changed from 8 kWh/Nm3 to the value declared by the 
gas supplier – 11 kWh/Nm3. Next, heat coming from oxidation of carbon brought into the process with 
recarburizing agents in the charge was taken into account, also the heat loss indicator in the process was 
included. Generally, the variable – thermal loss of a heat is an estimated value, or it is calculated theoretically 
(or determined from measured parameters). In this case it is calculated by comparing the values of electrical 
energy Real and Mod –  so that the difference between the mean values of actual electricity consumption and 
the mean values calculated from the formula is as low as possible. It arises from the fact, that taking into 
account the formulas (1) and (2) – the real consumption of the electrical energy is the only measured energy 
value at the input side and it appears that only the FL estimation – relative to this value, is justified. 

Figure 3 shows a comparison of actual values of electrical energy utilisation with model values for two versions 
of the Köhle model (Köhle 2002 and Modified). The straight line presents the actual values obtained in the 
furnace. As can be noticed, the earlier version of the “Köhle 2002” model gives results, which are mostly below 
the actual values. However, the “Modified” model seems to better describe the actual data. Figure 3 shows 
also the average values of electrical energy demand obtained with the same method: av. Real – actual furnace 
data, av. Kohl2002 – earlier model, av. Modified – used last version of the model. As can be seen, the average 
values of energy for the actual energy = 341.26 kWh/Mg and the computed energy from the Modified model = 
340.99 kWh/Mg – in Figure 3 – the points overlap. 
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Figure 3 Comparison of the model and real values of demand for electrical energy. 

During the conducted analyses and tests, the estimate measurements of the slag mass tapped from the furnace 
for a single heat were made, in the actual conditions this value was 10-14 Mg. 
 

 

Figure 4 Change in the contribution of chemical energy vs. the mass of slag per melt. 

On the basis of the weighted slag, changes in the energy demand per heat were simulated, the assumed 
changes in slag weight in heats were from 6 to 14 Mg. Figure 4 shows the change in the chemical energy share 
as a function of the slag weight change. As the slag weight per heat increases, the average share of chemical 
energy in the total energy utilised in specific conditions during melting increases.  
Figure 5 shows the change in the electrical energy demand as a function of changes in total energy for various 
slag weights. As the slag weight in the furnace increases, the total energy demand increases, and the electrical 
energy demand also increases. If the electrical energy cannot be obtained, this shortage is compensated by an 
increase in the chemical energy share in the system (Fig. 4). 
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Figure 5 Change in the electrical energy demand vs. the total energy demand. 

Using the Köhle (3) equation the demand for the electrical energy was calculated, next it was compared to the 
actual value of electrical energy consumed in the furnace. The difference between these values is presented in 
Fig. 6.  
As can be seen on figure6 the zero value of differences between the reality and the model can be determined 

from the regression equation, and it is 178.11 kWh/Mg (for 0.05, R=0.837, N=145). For this value, one can 
assume the selected model fits the actual values (for the electrical energy demand per heat). 
 

 

Figure 6 Change in differences of energy values between the actual values and the values calculated as function of energy 

from oxidation of elements in the scrap. 

4. Conclusions 

The following conclusions and observations can be drawn, on the basis of the conducted calculations, 
simulations and analyses: 

1. The share of calculated chemical energy – depending on the slag amount – is within the range 40-50%. This 
value is comparable with other furnace units described in literature (although concerning bigger nominal 
capacities)  
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2. The selected Model describing the energy system of the furnace analysed “gives a good response” to 
changes in the chemical energy (oxidation of elements). Figure 5 – compensation of chemical energy by an 
increase in the electricity demand can be seen.   

3. The sensitivity of the model to the energy originating from the heat of oxidation of the metal bath 
constituents, is shown on Figure 6 – underestimations of the chemical energy are directly related to the 
divergence of values of the measured electrical energy in relation to the calculated demand, and vice versa – 
the real values higher than the computed ones are related to the computed high value of energy from 
oxidation of elements contained in the metal bath.  

It is necessary to continue the development of the model, or its modifications, reconstructions, followed by 
verification of the computed heat loss with measurements of measurable parameters – real heat losses of the 
heat, for the furnace analysed.  
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Abstract   

The solidification of cast iron is the complex process. The influence of solidification process on the final quality 
of the cast is significant. Cast iron production is a difficult process with a many number of variables. For cast 
iron foundries, to produce quality castings, is important appropriate pouring temperature (but also thermal 
process of melting), chemical composition, effective inoculation and modification, casting time, etc.  - they 
have a great effect on solidification. One of the process which allowed to observe solidification of alloys is the 
thermal analysis.  

Thermal analysis is based on the recording and evaluation of a cooling curve, used to determine solidification 
characteristics of cast iron. In the foundries, various types of test cup are used to sense the cooling curves. 
Using cup with tellurium there is possibility to take off typical temperature values from cooling curve (liquidus 
temperature – min., max., solidus temperature) and following statistical correlation functionality to assess the 
value of carbon, silicon content and carbon equivalent. By using cup without tellurium (liquidus temperature – 
min., max., eutectic temperature – min., max., solidus temperature), relative relations between metallurgical 
quality of melting cast iron and final cast quality.  

This article deals possibilities of use thermal analysis in various metallurgical processes and its restriction. The 
aim of this research is to study reliability of thermal analysis results of cast iron.  

 
Keywords: thermal analysis; solidification of cast iron; cooling curve; quality control  

1. Introduction 

The thermal analysis can be defined as “...the analysis of a change in a sample property (thermodynamic 
properties, materials properties, chemical composition or structure), which is related to an imposed 
temperature alteration” [1]. 

Thermal analysis is the recording and interpretation of the temperature variation in time of a cooling or heated 
material. Recent developments in thermal analysis instruments make it possible to precisely measure and 
visualise the events within the solidification of iron samples. Data generated from thermal analysis can be used 
to study composition, processing effect, chill and microstructure. The shape of the cooling curve measured by a 
thermocouple mounted in a thermal analysis sample cup reflects the solidification process of the melted cast 
alloy for the given solidification conditions. The cooling rates measured in degrees per second at different 
stages of the solidification sequence can be analysed and correlated with the properties of the castings to be 
produced from the same melt. Chronologically, the major parts of the curve are pre-liquidus, austenitic arrest, 
dendritic growth, eutectic solidification, end of freezing and the austenite transformation region. The normal 
cooling curve gives basic information about the solidification. Additional information can be obtained from the 
first derivative (DT/dt) of the curve [2-5]. 

Thermal analysis is not something new in foundry praxis. Nevertheless, it can be stated, that not all 
possibilities, which analysis can provide are being exploited. Nowadays, the devices for thermal analysis are 
based on top apparatus and software equipment. In addition to characteristics of cooling curves and other 
qualitative indicators, it is possible to use the devices for collection of the measurement results from different 
laboratories (results of chemical analysis, mechanical properties, structural analysis etc.) and also statistic 
evaluation of collected data. The known fact is, that it is necessary to make production process as stable as 
possible to obtain reliable results by thermal analysis. It is known and used in praxis, that via thermal analysis it 
is possible to quickly establish basic chemical composition - %C, %Si, Sc. However, from cooling curves and their 
characteristics it is possible to obtain information about crystallization and graphitization processes during 
solidifying and cooling of the sample of cast iron, in other words it is possible to obtain information about 
metallurgical quality of molten cast iron before casting. Current literature is greatly focusing on this application. 
This application can provide valuable knowledge and important manufacturers of devices for thermal analysis 
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are equipping their analysers with software that can evaluate metallurgical state of molten metal and also 
predict final structure and mechanical properties of cast iron after cooling [2-4, 6, 7].  

The thermal analysis cooling curves can be used for optimisation of inoculation in ductile iron. The minimum 
eutectic temperature should be greater than 1140°C to avoid primary carbides in ductile iron, and the angle at 
the end of solidification in cooling rate curve (VPS) should be between 25 and 45°C to avoid secondary 
carbides. Furthermore, computer-aided cooling curve analysis can be used for evaluating latent heat evolved 
during solidification. Iron castings produced with identical chemical composition can have considerable 
variations in mechanical properties. With thermal analysis, it is possible to predict such variations and correct 
the melt before pouring [5]. 

The use of thermal analysis of cast iron is in practical condition still problematic. In published papers [8-10] was 
stated, based on the results of thermal analysis of cast iron from different practical problem is, as it was 
mentioned before, that the process stability is not sufficient in the tested foundries and therefore a lot of 
influencing factors is causing unreliability of obtained results [3, 11, 12]. 

2. Experimental Procedures 

All measurements were realized by ductile cast iron production (EN-GJS-500-7) in the operating conditions in 
the foundry. The initial melt was prepared in 8 tonne middle frequency induction furnace with acid brickwork. 
The composition of used charge was: pig iron SOREL, hematite and steel scrap. After preheating on 1500°C the 
molten metal was treated by method Tundisch  Cover (into 2 t ladle). 

Foundry alloy FeSiMg (with 5% of Mg) in quantity of 3 kg (it is 1.9 – 2% of the weight of molten metal) was used 
as a modifier. The treated molten metal was inoculated by pouring into foundry ladle according technological 
rules. 300 kg molten metal was leaved in the treated ladle because of experiments. From this 20 kg were used 
for the experiment without inoculation (melting No. 11, 21, 31, … 81 – see Table 1), next 20 kg of molten metal 
was inoculated with smaller quantity of inoculation (sampling of cast iron No. 12, 22, 32, ... 82) and next 20 kg 
of molten metal was inoculated with higher quantity of inoculant (No. 33, 43, 53, … 83). Metallurgical 
conditions of molten metal were changed by the quantity and quality of used inoculants. The overview of 
metallurgical treatment of cast iron from observed 8 melts shows Table 1. 

Table 1 Used quantity and kinds of modification and inoculation additives by treatment of tested cast irons. 

Number of melts Modification Inoculation 

11 
12 

38 kg FeSiMg 
+ 1 kg CeMM 

- 
0.2% Barinoc 

21 
22 

38 kg FeSiMg 
- 

0.2% Barinoc 

31 
32 
33 

 
38 kg FeSiMg 

- 
0.2% Barinoc 
0.3% Barinoc 

41 
42 
43 

 
38 kg FeSiMg 

- 
0.1% FeSiCe MM40 
0.3% FeSiCe MM40 

51 
52 
53 

 
38 kg FeSiMg 

- 
0.2% Superseed 
0.3% Seperseed 

61 
62 
63 

 
38 kg FeSiMg 

- 
0.2% Barinoc 
0.4% Barinoc 

71 
72 
73 

 
38 kg FeSiMg 

- 
0.2% Barinoc + 0.1% FeSiCeMM 
0.4% Barinoc + 0.1% FeSICeMM 

81 
82 
83 

 
38 kg FeSiMg 

- 
0.2% Foundrysil + 0.1% FeSiCeMM 
0.4% Foundrysil + 0.1% FeSiCeMM 

 
 
Table 2 shows the chemical composition of tested cast irons which was realized by spectral analysis. Degree of 
eutectic saturation (Sc) shows that all tested cast irons were hypereutectic. 
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Table 2 Chemical composition of tested cast irons. 

Sample 
number 

C 
[%] 

Si 
[%] 

Mn 
[%] 

S 
[%] 

P 
[%] 

Mg 
[%] 

Sc 

11 3.84 2.35 0.39 0.020 0.056 0.089 1.0940 

12 3.70 2.48 0.43 0.025 0.054 0.087 1.0708 

21 3.66 2.33 0.41 0.016 0.050 0.079 1.0437 

22 3.82 2.28 0.38 0.018 0.048 0.071 1.0817 

31 3.98 2.21 0.36 0.021 0.051 0.086 1.1223 

32 3.70 2.24 0.36 0.017 0.044 0.075 1.0456 

33 4.12 2.09 0.35 0.014 0.049 0.083 1.1486 

41 3.74 2.41 0.37 0.013 0.047 0.067 1.0707 

42 3.80 2.50 0.35 0.019 0.045 0.059 1.0962 

43 3.81 2.49 0.35 0.015 0.046 0.063 1.1005 

51 3.74 2.36 0.38 0.016 0.048 0.071 1.0663 

52 3.73 2.52 0.39 0.020 0.046 0.069 1.0779 

53 3.82 2.48 0.41 0.021 0.043 0.072 1.0918 

61 3.79 2.41 0.39 0.023 0.048 0.078 1.0868 

62 3.85 2.54 0.40 0.028 0.045 0.069 1.1197 

63 3.68 2.60 0.39 0.024 0.047 0.061 1.0768 

71 3.75 2.39 0.38 0.018 0.046 0.065 1.0751 

72 3.72 2.59 0.38 0.014 0.045 0.065 1.0871 

73 3.83 2.75 0.37 0.013 0.041 0.062 1.1366 

81 3.79 2.47 0.37 0.019 0.045 0.080 1.0948 

82 3.85 2.68 0.38 0.020 0.045 0.073 1.1351 

83 4.11 3.02 0.37 0.022 0.041 0.091 1.2530 

 
Apparatus TERMOCARB assembled on the Department of Foundry in Miscolc University in Hungary was used 
for the analysis. Shell pots “Quick – cup” without telur were used, it has enabled  to achieve grey solidification. 
Collected variations of temperature by cooling of samples were registered via converter ADAM by software 
GENIE. It was not used any software for reading of characteristic temperatures on the cooling curves. The 
results of the thermal analysis are shown in the Table 3. 

Three testing Y-blocks for the testing of mechanical properties and metallographic analysis were poured from 
every melt, the first after modification treatment, the second one after inoculation with smaller quantity of 
inoculating agent and third after bigger part of inoculation agent. 

3. Results and Discussions 

As it was already above mentioned, it is possible to divide the use of thermal analysis in foundry praxis into 3 
parts: 

 Setting of basic chemical composition – amount of C, Si and degree of eutectic saturation Sc, 

 Evaluate the effect of inoculation, 

 Evaluate the final quality of castings. 

This article covers the evaluation of inoculation effect with the use of thermal analysis. Figure 1 shows the 
cooling curves of cast iron, before inoculation - cooling curve 61, inoculated with 0.2% inoculant Barinoc - 62 
and inoculated with 0.4% Barinoc - 63. From the picture it can be seen, how the shape of cooling curve by the 
influence of inoculation had changed. Liquid area and also eutectic area had moved to higher temperatures, 
over 1140 °C. Such change of cooling curve in eutectical area, as result of inoculation effect, is awaited. Mainly 
the increase of minimum eutectical temperature TEmin is important for stabile solidification. This increase of 
TEmin after inoculation is closely connected with increase of graphitizing nuclei. 
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Table 3   The results of the thermal analysis (Possibilities of evaluation of field of liquidus on the cooling curve 

were not the same in all cases.  Field of liquidus is characterized either only  TL or minimal and maximal TL.). 

Sample 
number 

TL 
[°C] 

TLmin 
[°C] 

TLmax 
[°C] 

TEmin 
[°C] 

TEmax 
[°C] 

TS 
[°C] 

11  1144.5 1146.3 1131.6 1134.3 1079.9 

12  1148.4 1149.5 1145.3 1146.6 1073.1 

21  1131.7 1132.5 1132.5 1137.5 935.3 

22  1138.2 1139.2 1135.6 1137.6 1080.9 

31  1130.8 1132.5 1132.5 1137.9 1090.2 

32  1137.4 1139.1 1134.7 1138.3 1091.5 

33 1150.8   1145.8 1146.4 1091.8 

41  1138.9 1139.3 1135.6 1137.1 1075.0 

42  1139.1 1139.3 1136.6 1139.2 1097.1 

43 1156.2   1148.4 1150.6 1106.7 

51 1163.6   1131.2 1138.7 1094.0 

52 1151.8   1147.7 1149.6 1099.9 

53  1143.3 1143.5 1142.8 1143.1 1083.2 

61  1128.8 1130.0 1128.3 1133.6 1095.5 

62  1153.0 1153.1 1147.0 1148.3 1094.6 

63 1159.5   1148.3 1150.4 1096.5 

71  1131.9 1133.1 1131.2 1135.1 1058.3 

72  1146.0 1146.9 1144.8 1145.3 1093.9 

73 1160.1   1147.3 1149.2 1093.4 

81  1141.0 1141.6 1135.3 1136.1 1089.9 

82 1155.0   1146.2 1147.2 1093.1 

83 1174.1   1148.4 1150.7 1099.8 

TL – liquidus temperature, TLmin – minimum liquidus temperature, TLmax – maximum liquidus temperature, TEmin – minimum 
eutektical temperature, TEmax – maximum eutektical temperature, TS – solidus temperature 

 
Figure 1 The cooling curves of cast iron (melt 6). 

On Figure 2 can be seen, that by melting 2, 3 and 4 (melts 22, 32 and 42) had not came to awaited increase of 
minimum eutectic temperature TEmin. According to these results, it would be possible to assume, that 
inoculation in these cases was not effective. 
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Figure 2 The measured values of minimum eutectic temperature (Table 3). 

Inoculation increases the amount of graphitizing nuclei in melt. Insufficiency of graphitizing nuclei causes 
undercooling by eutectical solidification with the formation of improperly excluded graphite, eventually 
undercooling under metastabile eutectic temperature and occurence of carbides. Results of metalographic 
analysis (Table 4) did not prove significantly lower amount of graphite spheroids and event the presence of 
carbides in structure of observed melts, what should be result of low temperature TEmin. 

Table 4 The metallographic analysis results. 

Sample 
number 

Shape of  
graphite 

Size of  
graphite [μm]  

Number of  
graphite particles/mm2 

Ferrite content 
[%] 

11 VI  55 65 30 

12 III,V, VI 55 62 55 

21 VI 55 53 30 

22 VI 35 85 55 

23 III, V, VI 25 98 80 

31 V 55 79 55 

32 VI 55 90 55 

33 VI 35 94 80 

42 VI 25 178 80 

53 III,V,VI 55 82 80 

61 III,V,VI 55 60 15 

62 VI 25 144 80 

63 VI 25 240 94 

71 VI 55 50 15 

72 VI 25 115 100 

73 VI 25 183 80 

81 V 55 58 55 

82 VI 35 96 55 

83 VI 25 182 80 

III – vermi-graphite, V – incomplete spheroidal graphite, VI – spheroidal graphite 

4. Conclusions 

In special literature it is known for a long time, that information about inoculation effect – amount and activity 
of graphitizing nuclei are got from course of cooling curve in area of eutectical change. Content of graphitizing 
nuclei in melt can be measured with the use of minimum eutectical temperature TEmin of coolilng curve. The 
higher the TEmin is, the higher is the amount of graphitizing nuclei. This is evident on increased amount of 
graphite spheroids in structure of ductile cast iron. 

Low temperatures TEmin after inoculation (melts 22, 32 and 42) should indicate improper inoculation and by 
that low amount of graphite spheroids, presence of carbides and breach of mechanical properties. Results of 
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metalographic analysis and mechanical tests did not prove that. Chemical composition of these melts (Table 2) 
do not significantly differ from other melts. The type and amount of inoculant was used also in other observed 
melts, where this effect had not proved. 

For correct use of thermal analysis  by high stability of production process is needed to secure qualified 
personnel for correct taking of samples. Another important factor is the choice of suitable tools, testing cups 
and machines and also their calibration. According to F. Hanzig, the deviation by measurements can move up to 
+/- 9,90 °C in summary. Maximal accuracy of measurement can be achieved by optimalization of single 
elements of measurement chain (thermocouples, compensation lead, compensation cold joint, A/D converter) 
[13].     
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Abstract 

The article deals with further possibilities of processing of metal-bearing wastes in the form of steel dust by 
hydrometallurgy. The main part of the research focused on the development of suitable technology of leaching 
of steel dust to obtain selected non-ferrous metals, mainly zinc and lead for economic and environmental 
reasons. Laboratory experiments were carried out to verify a suitable leaching agent in the form of high-
temperature acid leaching and neutralizing leaching. From the results of the experiments, a suitable technology 
for processing steel dust was proposed.  

Keywords: hydrometallurgy; metal-bearing waste; steel dust 

1. Introduction

The dust from steel furnaces (steel dust) was experimentally processed by the process of melt reduction. The
aim of these works was to assess the effect of self-reducing briquettes (prepared from steel dust) on the cupola
furnace charges, and, above all, to verify the degree of reduction of iron oxides. At the same time, the
behaviour of zinc in these processes was monitored, and the efficiency of its removal was monitored [1].

While some authors [2-3] propose to recycle dust and sludge in the technological cycle of pig iron and steel 
production, it should be noted that such solutions are not promising in terms of environmental protection and 
ever more stringent permissible emission standards. During the recycling of contaminated dust and sludge, the 
zinc and lead accumulate, and their contents increase, especially in the blast furnace charge. This means that 
part of the enriched and trapped dust that is non-recyclable must be landfilled appropriately. The previous 
works [4] and the average composition of steel sludge produced in tandem furnaces [5] show that dust and 
sludge are a fine pulverulent substance generated in the production of pig iron and steel. The concentrations of 
iron, zinc, lead, cadmium, copper, manganese, chromium, carbon, sulphur, Al2O3, CaO, MgO and K2O vary in a 
relatively narrow range, depending on the type of raw materials processed. However, in terms of the zinc 
content of the dust and sludge, the dependence on the proportion of galvanized scrap in the charge and the 
phase of the technological cycle in the production of steel in an oxygen converter or tandem furnace is 
significant [5]. 

At present, there is an urgent need for an immediate solution aimed at reducing the amount of waste 
generated in the production of pig iron and steel and minimizing waste deposited in landfills. Making steel 
production more environmentally friendly is a fundamental trend of current industrial production, which not 
only benefits the more efficient use of processed raw materials but also contributes to reducing the 
environmental problems that arise when landfilling steel waste [6-15]. 

The presented experimental study examines the possibilities of processing enriched steel dust by the 
hydrometallurgical method. The main part was focused on verification of suitable methodology of 
hydrometallurgical treatment of steel dust with the aim to obtain non-ferrous metals of interest, especially zinc 
and lead. In the next part, laboratory tests were carried out, which verified the leaching of recycled steel dust 
in the form of high-temperature acid leaching.  

2. Overview of technologies for processing steel dust and sludge

The issue of processing fine-grained metallurgical waste (FGMW) is so relevant and topical that it has been
addressed by many leading companies operating in the field of metallurgy of iron and steel. The companies
focused on the reprocessing of these wastes in the metallurgical cycle while removing non-ferrous metals such
as zinc and lead [16-17]. In recent years, the “Waelz” process has become the most important process for
processing the electric arc furnace dust. In the “Waelz” process ( Figure 1), sand and fine coke are deposited
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together with the dust pellets. At temperatures up to 1200°C, zinc, lead, alkali and chlorine evaporate and are 
trapped in electrical filters for hot gas processing. The larger, non-evaporated part of the pellets and sand 
forms “Wälz” slag, which must be disposed of. The minimum amount of processed material of the profitable 
plant is approximately 40,000 tons per year. Existing plants can process around 80,000 tons per year and unit. 
The BSN process was developed and tested in the laboratory of Badische Stahlwerke AG (now Südweststahl 
GmbH - SWS). This development is based on the evaporation of metals and metal compounds in dust pellets in 
indirectly heated rotary kilns. The SWS patent (PCT/EP93/00747 and P4209891.2) is based on the discovery 
that lead is present in electric arc furnace dust as lead chloride and can be separated from zinc oxide at 
temperatures above 900°C. 

 

 
Figure 1 The SDHL Waelz process is composed of the following process steps [18]. 

KAWASAKI Steel corp. has developed the fine-grained metallurgical waste processing technology (EAF - dust) 
and pickling sludge containing Cr. This technology was originally used for the production of ferrous alloys. The 
operation of the Chiba steel mill for commercial use began in 1994. [10] The technology is based on a shaft 
furnace, with a coke-filled shaft, with two rows of exhausts, with direct pneumatic charging of the powder 
material through the upper exhaust without agglomeration. Air for the furnace is enriched with oxygen to 
intensify heat production. The furnace gases, including the vaporized metals, are cleaned in a hot cyclone and 
then cooled with water in Venturi tubes. The products are metal, i.e. Fe, Ni and Cr alloy with C ≈ 4 - 5%, SiO2 - 
CaO - Al2O3 slag and scrubber condensate with Zn ≈ 60%. The gas is used to preheat the air. 

The company Scandust in Lanskrona, Sweden, uses similar technology, i.e. a shaft furnace filled with coke. The 
heat source is a plasma burner with independent plasma flame and pneumatic charging of EAF-dust in front of 
the burner. Dust is sprayed with water in Venturi tubes, the product is so-called “hot metal”, i.e. Fe, Ni and Cr 
alloy with C ≈ 4 - 5%, which is bought by the FGMW producer, slag based on SiO2 - CaO - Al2O3, generator gas 
used to heat the town of Landskrona, and the zinc concentrate [18]. 

The company Horsehead Resource Development Co. has developed a flame reactor for processing EAF dust in 
which natural gas or pulverized coal is used as the heat source and reducing agent and uses pure oxygen for 
combustion. In this case, EAF dust is pneumatically added to the flame space; the volatile metals are 
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evaporated and condensed as oxides in the condenser. The method of condensation is not specified; it is 
probably a shower of water [19-24]. 

Krupp Edelstahlprofile GmbH uses FGMW injection on the steel level below the slag in the furnace about 10 
minutes after the slag has melted and a continuous foamed layer is formed. FGMW dissolves in slag without 
noticeable problems. It is partially reduced, passes into steel and volatile metals evaporate. For each melt, a 
batch of 1.5 t of FGMW was added, with no appreciable effect on the course of the process (no overall furnace 
capacity and condensation method is given) [25-26]. 

The company Voest-Alpine Linz, Austria, uses recycling technology in its own steel converter in its FGMW 
processing technology. FGMW is added to the charge in the form of briquettes (a similar principle was used 
during the tests in 1985 the New Metallurgical Plant in Ostrava, Ing. Melecký’s report) [19-26]. Vaporized 
metals are trapped in an electrostatic precipitator. Zinc circulates in this technology until enrichment is 
sufficient for processing in zinc production technology. The same methods of FGMW recycling in the company’s 
own steel technology (electric arc furnace), until sufficient enrichment (min. 40% Zn in recycled sludge with 
minimum iron content) are used, for example, by Ugine Savoie in France. Due to the repeated cycling of the 
dust and thus the high Zn content in the dust, the recycling technologies are, with respect to work hygiene, 
highly dependent on the quality of operation of the separators [27]. 

3. Laboratory experiments 

Within the laboratory tests, the possibility of leaching of enriched steel dust (ESD) was verified. High-
temperature acid leaching technology was used. Three samples of ESD were used, which were prepared by a 
precisely defined amount of lead and zinc inserted into the furnace aggregate together with the ESD. The 
captured dust was used as input material for hydrometallurgical processing. Table 1 shows the chemical 
composition of selected elements of interest (%) of three laboratory samples.  

Table 1 The chemical composition of selected elements of interest (%) of three laboratory samples. 

Sample n. Fe [wgh. %] Zn [wgh. %] Cu [wgh. %] Pb [wgh. %] 

1 64 3 0.071 0.82 

2 55 14 0.081 1.1 

3 32 35 0.088 4.8 

 
Based on Table 1, it can be stated that by its composition, Sample 1 represents the original steel dust without 
enrichment. Samples 2 and 3 are taken at various stages of the melting process. 

The above-mentioned prepared samples were leached at 92-95°C in a beaker for 2 and 4 hours. The leaching 
agent was a sulfuric acid solution in the range of 40, 60, 80 g.dm-3. The liquid to solids ratio is 5: 1. In the 
experiment was used 2 molar sulfuric acid solution. The leaching results are shown in Table 2. They indicate 
relatively rapid kinetics of the conversion of the individual metals of interest into the leachate.   

Table 2 The leaching results. 

Sample n. 
concentration of 

the solution H2SO4 
L:S 

Temperature 
[°C] 

metal of 
interest 

2 hours 4 hours 

3 2M 5:1 92 Fe [ppm] 
Zn [ppm] 

0.098 
0.1242 

0.4237 
0.1514 

3 2M 5:1 95 Fe [ppm] 
Zn [ppm] 

1.733 
0.2145 

1.9774 
0.2293 

2 2M 5:1 92 Fe [ppm] 
Zn [ppm] 

0.215 
0.2458 

0.634 
0.324 

2 2M 5:1 95 Fe [ppm] 
Zn [ppm] 

0.935 
0.125 

1.458 
0.148 

 
Overall, the tests performed can be evaluated as follows: 

a) The raw material shows excellent kinetics and the transfer of the metals of interest into the leachate 

b) It is difficult to change the leaching kinetics to influence the transfer of iron into the leachate, with a 
required zinc leaching efficiency of about 95%, the transfer of iron into the leachate is nearly 90%. 
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c) Suitable leaching conditions are high-temperature acid leaching at 92-95°C and a sulfuric acid content 
above 40 g.dm-3. 

d) Sample 3 is suitable for hydrometallurgical treatment. 

 
4. Pilot verification 
Based on the results of laboratory tests, pilot tests were performed in the metallurgical plant. Individual test 
materials weighing 200 kg were produced during the recycling of steel dust in the tandem furnace charge. 
Samples with higher contents of zinc and lead were prepared by adding zinc and lead waste to the tandem 
furnace charge. 

Pilot verification of leaching kinetics of ESD was carried out in a prepared apparatus with a volume of 2.5 m3 
with heating to 92-95°C and stirring. Sulfuric acid in the range of 40, 60, 80 g.dm-3 was used as a leaching agent. 

The leaching kinetics of the ESD was monitored during the tests. Leachate samples were taken. The results are 
shown below, which shows: 

a) Iron and zinc transfer kinetics are sufficiently rapid to transfer both metals into the leachate 
efficiently. 

b) Sufficient sulfuric acid content in the leaching solution is 60 g.dm-3. 

c) Pilot tests verified the laboratory experiment with the possibility of shortening the leaching time. 

5. Conclusion 

Due to the inhomogeneity of the input material, but also the effort to achieve the optimum ratio of zinc: iron 
(2:1) in the product of hydrometallurgical processing, the methodology with pre-treatment of the feedstock is 
suitable. The result of hydrometallurgical processing is a leach containing metals of interest - zinc and iron. 
These can then be used as secondary raw material. 

Within the experiment, an approximate material and energy balance was carried out to assess the costs of 
obtaining metals of interest, and to design a suitable processing technology.  
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Abstract 

Evaporation of volatile components of liquid metal phenomenon could occur during every single metal and 
their alloys melting and in their refining process as well. As many researches proved the type of gas 
atmosphere used affects the rapidity of that process, especially, when is carried out under atmospheric 
pressure. In the given article the results of researches of zinc evaporating rapidity during its melting proceeds in 
atmospheres of helium, carbon monoxide and helium-carbon monoxide mixture are shown. 

 

Keywords: alloys melting; refining process; zinc evaporating 

1. Introduction  

Research conducted for many years indicate the possibility of use fine carbon fractions as well as the variety of 
waste carbonaceous material as a raw material in many industry branches. They could be used mainly as:  

 ingredients of carbons mixtures and energy fuel 

 self-contained energy fuel for specific technological process  

 materials for soil and rockmass sealing  
Bearing that all in mind, it turned out that metallurgical industry is also interested in finding alternative 
carbonaceous additives, which could replace coke and coke breeze used mainly in metallurgy extraction 
processes. That interest is caused by economic aspects, since price of that two basic batch additions has been 
significantly rising for a couple of years. In pyrometallurgy processes coke and coke breeze are fuel, which 
burns up and provides warmth. It is necessary for heating and melting batch materials and in course of 
chemical reactions (mainly endothermic reduction reactions of metal oxides). They also act as reducing agent, 
which delivers the certain amount of CO oxide necessary in indirect reduction of oxide metal compounds, 
which are the basic ingredients of batch processed in given process. An example of process in which fine-
grained carbonaceous material could be used in domestic metallurgical industry is processing copper slag 
which comes into existence in suspension process held in KGHM „Polska Miedź” [1]. That slag, which contains 
12-16wt.% of copper is processed in electric furnace. Coke is added partially during filling the furnace of 
converter slag and suspension slag and during the last phase of releasing slag and Cu-Pb-Fe alloy [2]. Presently, 
the share of coke used in the process is about 0.3 Mg per Mg of copper contained in slag. Currently in KGHM 
„Polska Miedź” is used coke peas with a grain size of 10-25mm. 

In the given paper the results of laboratory research of slag reduction process from suspension process using 
carbon flotation concentrate and coke breeze are shown. 

2. Research materials  

Industrial slag containing 11.6 wt.% Cu; 3.25 % mas. Pb and 10.63 wt.% Fe was used in research. As materials – 
reducing agents – were used carbon flotation concentrate and coke breeze. Carbon flotation concentrate is a 
fine-grained carbonaceous material which occurs in coal flotation process. Flotation is enriching method, in 
which disassociation of varied materials grains in which the grain separation of a mixture of different minerals 
occurs on the basis of differences in the surface properties of these minerals, further increased by the use of 
flotation reagents. The separation consists on taking of hydrophobic grains by air bubbles (not wetted by 
water) on the surface of suspension. Non-floating grain (hydrophilic) remains in suspension or form sediment 
[3,4]. Flotation concentrate is carbon with parameters similar to coarse coals and its only disadvantage is 
granulation. The results of analysis concerning composition and energy values used in the reducing agents tests 
were shown in the Table 1. Additionally calcium carbonate was used as batch ingredient, which accelerates slag 
decoppering process. 
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Table 1 Results of the research of the carbonaceous materials used in reduction processes. 

Research material 
Sulfur 

content, 
wt.% 

Humidity 
content, 

wt.% 

Calorific value,  
kJ/kg 

Volatile parts 
content, 

wt.% 

Ashes content, 
wt.% 

Flotation 
concentrate 

0.45 26.5 20 824 22.03 8.71 

Coke breeze 0.54 0.5 30 000 0.9 11.5 

3. Research methods 

The melting process and reducing of copper slag was carried out in two separate resistance furnaces. The first 
furnace, marked as „I” was used to melt slag in Al2O3 melting crucible. In the second furnace, marked as „II” the 
melting crucible was heated with a backfill consisting of a mixture of limestone and a selected reducing agent. 
The moment of flooding the backfill with slag melted in furnace „I” was considered to be the beginning of the 
experiment . The process was carried out up to 8 hours. After the process the melting crucibles were let to cool 
down together with the furnace. Batch additions (the reducing agents and limestone) were added in the 
amounts corresponding to those used in the industrial process conditions. Cu-Pb-Fe alloy received after the 
reduction process as waste slag as well have been subjected to chemical analysis. 

4. Research results and their report  

Tables 2 and 3 list the compositions of Cu-Pb-Fe alloys obtained after reduction processes carried out when 
using a carbon flotation concentrate and coke breeze, while tables 4 and 5 list the composition of waste slags 
obtained after reduction processes. 

Table 2  Composition of Cu-Pb-Fe alloys obtained after the slag decoppering process with the use of carbon 

flotation concentrate. 

Batch ingredients, g Duration of 
melting,  

h 

Alloy weight Cu-Pb-
Fe,  
g 

Chemical composition of the 
alloy wt.% 

Slag 
Reducing 

agent 
Limestone Cu Pb Fe 

1 000 30 70 1 132 77.03 13.65 2.25 

1 000 30 70 2 153 71.76 21.16 4.88 

1 000 30 70 3 161 70.23 15.31 4.97 

1 000 30 70 5 166 72.57 13.72 6.03 

* mean values from three experiments 

Table 3 Composition of Cu-Pb-Fe alloys obtained after the slag decoppering process with the use of coke breeze. 

Batch ingredients, g Duration of the 
smelting,  

h 

Alloy weight Cu-Pb-
Fe,  
g 

Chemical composition of the 
alloy wt.% 

Slag 
Reducing 

agent 
Limestone Cu Pb Fe 

1 000 30 70 1 181 73.60 13.39 0.07 

1 000 30 70 2 209 66.50 14.01 0.72 

1 000 30 70 3 217 78.80 17.02 1.92 

1 000 30 70 5 124 78.60 15.11 4.12 

1 000 30 70 8 142 78.87 12.09 5.06 

* mean values from three experiments 
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Table 4 Composition of slags obtained after the slag decoppering process with the use of carbon flotation 

concentrate. 

Batch ingredients, g Duration of melting,  
h 

Chemical composition of  slags wt.% 

Slag Reducing agent Limestone Cu Pb Fe 

1 000 30 70 1 0.87 1.28 14.46 

1 000 30 70 2 0.66 0.73 10.83 

1 000 30 70 3 0.38 0.56 9.23 

1 000 30 70 5 0.40 0.53 2.56 

                    * mean values from three experiments 

Table 5 Composition of slags obtained after the slag decoppering process with the use of coke breeze. 

Batch ingredients, g Duration of melting,  
h 

Chemical composition of  slags wt.% 

Slag Reducing agent Limestone Cu Pb Fe 

1 000 30 70 1 1.56 1.57 14.25 

1 000 30 70 2 0.52 1.01 11.72 

1 000 30 70 3 0.40 0.56 8.73 

1 000 30 70 5 0.25 0.45 3.79 

1 000 30 70 8 0.29 0.44 4.01 

    * mean values rom three experiments 

The results summarized in tables 2-5 are graphically shown on Figure 1-4. 

After an analyse of results of all tests, there could be stated that while using both of reducing agents were 
obtained a high level of oxide reduction for copper and lead, which were contained in the output slag. In case 
of copper, after just one hour of the reduction process the slag obtained contains less than 1.56 wt.% of this 
metal, when, after 5 hours – less than 0.4%. There should be mentioned that in industrial conditions these 
values are at the level of 0.5-0.6 wt.%. Time extension to 8 hours, when using coke breeze as a reducing agent 
has a little effect on the copper content results, both, in the alloy and in slag. 

 

 

Figure 1 Copper, lead and iron content in Cu-Pb-Fe alloy using carbon flotation concentrate as a reducing agent. 
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Figure  2 Copper, lead and iron content in Cu-Pb-Fe alloy using coke breeze as a reducing agent. 

 

Figure  3 Lead and iron copper content in waste slag obtained for alloy using with the use of carbon flotation 

concentrate as a reducing agent. 
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Figure  4 Copper, lead and iron content in waste slag when using coke breeze as a reducing agent. 

So called decoppering level can be used as an factor of the effectiveness of the analyzed process. The value of 
this factor determines the dependence: 

where: C0
Cu ; Ct

Cu  - respectively initial copper content in the slag and copper content in the slag after time h. 

 

From the data presented in the figure 5, it results that for all experiments high values of this factor were 
obtained. Therefore for tests with usage of coke breeze as a reducing agent this factor ranged from 86.5% to 
97.8% and while using flotation concentrate as a reducing agent values of the factor ranged from 92.5% to 
96.7%. 

 

 

Figure  5 The change of slag decoppering level as a function of the duration of the reduction process. 
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Basing on the results of experimental slag smelting from a flash furnace, using flotation concentrate and coke 
breeze as a reducing agents could be stated that: 

 when using in research carbon flotation concentrate the decoppering level was obtained on the range 
of 92.5% after one hour and about 97% after 5 hours of the pyrometallurgical process. 

 when using coke breeze the decoppering level takes values respectively 86.5% and 97.5%  

 in both reducing agents cases after one hour of the reduction process the obtained waste slags 
containing less than 1.5 wt.% Cu and after 5 hours – below 0.4 wt.% Cu. 

 in the case of lead for both reducing agents the reduction of this metal in slag was obtained on the 
level below 0.6 wt.% Pb in tests carried out for 5 hours.  

 results received for copper and lead removing from slag during its reduction in melting were at a 
similar level as results receiving in industrial conditions. 
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Abstract 

The article presents issues related to the use of industrial waste, especially this generated in mining and 

processing of hard coal as charge material in the electrothermal reduction of silicon and aluminum oxides in 

a six-electrode submerged arc furnace. A broad qualitative and quantitative analysis of various industrial waste, 

characterized by the closest to the optimal content of compounds of silicon, aluminum, iron, "hard" carbon and 

trace elements that allow the use of the raw material in the production of FeSiAl alloy, was performed. The 

paper presents results of tests carried out in an electric furnace equipped with two 7.75 MVA transformers 

where iron alloys with silicon and aluminum, with Al content of 4 ÷ 20 % mass and Si content of 55 ÷ 75 % 

mass, were obtained using a clay-bearing mineral substance from hard coal mining as raw material and high-

ash fine coal as a reducer. 

 
Keywords: ferrosilicon-aluminum; submerged arc furnace; carbothermic reduction process; utilization of 

industrial wastes 

1. Introduction 

Ferrosilicon-aluminum belongs to a class of complex ferroalloys which, in addition to iron, contain two or more 
other chemical elements. So far, this alloy has been produced using two technologies. In the first method, 
conventionally manufactured metallic FeSi is combined with liquid aluminum. This enables production of 
a material with high Al content. A significant disadvantage of the method is a great aluminum loss during the 
manufacturing process. The other method is analogical to conventional FeSi production through carbothermic 
reduction of silicon- and aluminum-containing raw materials in submerged arc furnaces; it was patented in the 
USA in the second decade of the 20th century [1]. In the carbothermic reduction process, conventional raw 
materials (bauxites, kaolinites or waste materials from another process) can be used as the source of 
aluminum. Utilization of waste in the production of ferrosilicon-aluminum is an attractive opportunity for its 
disposal and can result in an additional economic effect. The most commonly considered waste is generated 
during production of refractory materials, ceramics and sialon ceramics. In Polish ferroalloy industry, the most 
useful waste materials to be utilized are mineral residues from the process of hard coal and non-ferrous metal 
ore upgrading. An additional advantage is the potential for using low-quality types of coal with high ash content 
to reduce oxides contained in gangue and other mining industry waste materials. Complex ferroalloys are 
utilized during production of modern steels and their application may result in technology simplification.  

2. Production process 

Until the middle 1950s, the scale of FeSiAl alloy production used to be minor due to a small market demand. 
This mainly resulted from granulometric instability of the stored alloy and reluctance of technologists to use 
a new steel deoxidizer. Ferroalloy-related literature from the first half of the 20th century also neglected 
problems with FeSiAl production in its description or it was very scarce [2]. Methodical research, carried out in 
the Soviet Union in 1950s, resulted in the description of a ferrosilicon-aluminum production technology using 
various raw materials, including industrial waste [3, 4, 5]. In Poland, the interest in the use of complex  FeSiAl 
ferroalloys dates back to 1980s [6]. A potential for industrial waste utilization in the process of their production 
was also considered [7]. Further research was continued in the 2010s and resulted in development of the 
FeSiAl production technology with the use of industrial waste [8]. Ferrosilicon-aluminum manufacturing in the 
submerged arc furnace is based on Al203 and SiO2 reduction with carbon according to the following reactions 
[9, 10]: 

 

mailto:stanislaw.gil@polsl.pl
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SiO2 + 2C = Si + 2CO,    (1) 

3Al2O3 + 9C = 6Al + 9CO.    (2) 

 

The description of a complex process using only two reactions is strongly simplified but the analysis of all 
reactions in the furnace goes far beyond the scope of this paper. As in the ferroalloy production technology 
used by Re Alloys company, the iron source is scale formed during hot working of steel, a simplified reaction 
should be added to reactions (1) and (2):  

 

FeO + C = Fe + CO.    (3) 

 
Chemical compositions of the most common FeSiAl alloys are presented in Table 1. 

Table 1 Chemical compositions of specific FeSiAl types [11]. 

Sort 

Mass fraction, % 

Si Al P S C 

min max min max max max max 

FeSi65Al4-6 63 67 4 6 0.03 0.01 0.2 

FeSi65Al6-8 63 67 6 8 0.03 0.01 0.2 

FeSi75Al6-8 72 78 6 8 0.03 0.01 0.2 

FeSi55Al10-15 54 59 10 15 0.03 0.01 0.2 

FeSi55Al15-20 54 59 15 20 0.03 0.01 0.2 

 

Iron content in FeSiAl results from content of primary elements Si, Al and other and it doesn’t measure. It’s 
always calculated as the rest in chemical contents. 

Due to a small production scale that results from specific orders, a manufacturer can change the alloy chemical 
composition to some extent on the client’s request. The alloys are also categorized according to the grain 
classes which are shown in Table 2. 

 

Table 2 Granulometric composition of FeSiAl produced [11]. 

Size grade Size grain, mm Undersize, 
 % mass 

Oversize, 
% mass 

1 100 - 315 20 10 

2 75 - 200 20 10 

3 35 - 100 18 10 

4 10 - 75 18 10 

5 3,15 - 35 8 10 

6 3,15 - 10 10 10 

7 3,15 - 6,3 10 10 

8 < 3,15 - 10 

 

The raw materials used for production of FeSiAl alloys were clay- and silicon-bearing materials which need to 
demonstrate proper mechanical and thermal strengths. These properties should ensure stable granulometric 
composition of the charge material during its transport and weighing as well as in the furnace bath (while 
exposed to high temperatures and mechanical load) [12]. The test material was waste from fossil fuel 
processing and demonstrated variable compositions that depended on its delivery time. The material 
characteristics are presented in Table 3. 

 

Table 3 Chemical composition of the clay-bearing raw material (called ‘aggregate’ in the technology) [8]. 
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Date of 
measurement 

Composition, % mass Chemical composition of the mineral residues, % mass 

A V W C SiO2 Al2O3 Fe2O3 CaO + MgO TiO2 S P2O5 

Accepted for the 

balance 
88.0 9.17 0.61 2.23 64.22 22.25 5.01 - 1.04 - 0.06 

25 Aug 2017 82.1 11.3 2.9 6.5 67.00 27.47 4.73 2.59 1.10 0.069 0.108 

30 Aug 2017 87.9 9.7 1.7 9.3 62.72 24.06 4.98 2.75 0.92 0.077 0.139 

12 Sep 2017 84.0 9.5 4 7.5 65.93 26.18 3.57 2.42 0.95 0.083 0.099 

22 Sep 2017 80.7 10.8 5.3 10.6 64.42 25.40 4.31 2.89 1.02 0.084 0.104 

10 Oct 2017 89.2 7.7 3.6 3.6 70.07 24.02 3.96 2.48 0.48 0.151 0.105 

24 Oct 2017 82.6 10.3 5 8.8 60.51 25.06 4.83 3.11 1.01 0.098 0.173 

23 Nov 2017 78.7 10.3 0.1 0.1 62.05 23.85 5.37 2.93 1.50 0.089 0.119 

23 Dec 2017 88.9 9 2.8 3.5 72.84 29.84 6.21 3.12 0.54 0.037 0.146 

A – ash content, V – volatile content, W – moisture content, C – fix carbon content 

A missing amount of silicon in substrates was supplemented with quartzite which contains over 98 % of SiO2. 
Fine coal with high amounts of the mineral substance (up to 28 % mass) was used as a reducer. Its chemical 
analyses are presented in Table 4. 

Table 4  Fine coal characteristics [8]. 

A – ash content, V – volatile content, W – moisture content, C – fix carbon content 

Date of 
measurement 

Composition, % mass Chemical composition of the mineral residues, % mass 

A V W C SiO2 Al2O3 Fe2O3 CaO + MgO TiO2 S P2O5 

Accepted for the 
balance 

22.5 39.8 6.5 31.3 49.01 24.48 9.66 6.33 1.04 1.64 0.130 

28 Aug 2017 24.4 31.6 15.0 29.0 46.68 26.89 7.42 4.08 0.89 3.20 0.090 

30 Sep 2017 18.6 34.3 14.6 32.5 41.94 22.58 17.20 5.75 0.81 3.76 0.108 

23 Nov 2017 22.7 29.3 16.1 31.9 44.93 22.03 9.69 5.77 0.79 3.17 0.101 

23 Dec 2017 28.8 29.2 15.4 26.6 50.35 25.35 6.25 3.85 0.83 2.47 0.104 

The use of fine coal with a dominant fine grain fraction reduces post-reaction gas outflow from the charge bed, 
which may influence the element yield [13]. A missing amount of the fine coal in the reduction reaction was 
supplemented with hard coal (pea coal granulate) containing far higher amounts of ‘hard carbon’ C fix than the 
fine coal does, which additionally improves gas permeability of the charge bed. The raw materials, weighed in 
adequate proportions, were charged into a six-electrode submerged arc furnace where the process of 
reduction was carried out using electric energy as the heat source. The resulting alloy was removed (every two 
hours on average) from the furnace, through the tapping holes, to the ladle. Compositions of the alloys 
produced are presented in Table 5. 
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Table 5 Characteristics of FeSiAl types produced during project execution [8]. 

Reference period Alloy type 
Weight, 

Mg 

Chemical composition, % mass 

Si Al Ti Ca P 

Cycle I FeSi65Al4-6 415.34 65.04 4.39 0.33 0.43 0.021 

Cycle II FeSi65Al6-8 436.89 65.03 6.40 0.32 0.71 0.020 

Cycle III FeSi75Al6-8 356.47 72.75 6.18 0.36 0.58 0.024 

Cycle IV FeSi55Al10-15 264.75 59.07 10.93 0.86 0.66 0.029 

Cycle V FeSi55Al15-20 184.98 58.21 15.02 0.88 1.33 0.032 

 

The values of unit electricity consumption during FeSiAl production are presented in Figure 1. 

 

Figure 1 Daily unit electricity consumption versus Si and Al contents in FeSiAl [8]. 

Energy consumption in the process depends not only on the technology and raw materials, but also on 
a human factor related to the furnace operation. This factor can be partially responsible for significantly 
different rates of unit energy consumption presented in Figure 1. The rates of unit electricity consumption are 
similar to those observed during production of FeSi with an analogical Si content [12]. 

3. Conclusions 

The research and experiments conducted confirmed the theses assumed for development of complex FeSiAl 
ferroalloy production technology: 

The waste material, in the form of mining waste, can be used as a cheap and effective source of aluminum and 
silicon oxides during production of FeSiAl with Al content up to 20 %. 

High-ash fine coal can partly replace good-quality coals in reduction blends provided that proper technological 
procedures are followed. In the perspective, it is possible to be used, at the industrial scale, in production of a 
number of alloys containing 55 to 75 % Si and up to 20 % Al. 

The six-electrode submerged arc furnace ensures sufficient energy flux concentration in the furnace bath that 
enables adequate reduction of Al2O3 and SiO2. 

The rate of unit electricity consumption during FeSiAl production is comparable to analogical values observed 
during FeSi production. To achieve such a result, stable chemical compositions and granulation of substrates 
are necessary. 
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Due to the use of waste substrates, the analysis of FeSiAl production costs, based on experimental studies, 
demonstrated comparable costs to those for production of standard FeSi with the Si content close to the 
fraction of Si + Al in FeSiAl. 
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Abstract 

The contribution is aimed at identifying and eliminating defects occurred during gravity casting of aluminium 
alloys into metal moulds. The actual experiment of the work consists of analysis and processing of data about 
the defects formed directly in the production, with which the manufacturer of components for the automotive 
industry is confronted. The paper deals specifically with two types of pitman castings. These parts are 
important safety features of the vehicle and are subject to high quality demands. Based on the production data 
the most frequently occurring defects and examples of their elimination are described. 

 
Keywords: aluminium alloy, casting defect, gravity casting, automotive 

1. Introduction  

The fields of application of aluminium alloys are currently very broad, especially in the automotive industry the 
use of Al-based alloys tends to steady growth. On the part of car manufacturers it is emphasized to reduce the 
weight of produced cars. The reduction of weight leads to fuel savings, to reduce harmful emissions and thus 
the car manufacturers meet environmental protection standards. The main reasons for this use are the low 
specific weight of aluminium alloys, their corrosion resistance and sufficient strength of the manufactured 
components. This also involves increasing emphasis on the quality of these parts (castings). 

To achieve a high quality casting (the casting with a minimum of defects – non-conformities) is important for 
increasing the life and competitiveness of cast parts and it is the goal of every foundry plant. However, this fact 
is influenced by a number of parameters – from input material, metallurgical processing, through the used 
casting technology, to the actual processing of the final product. A technology very frequently used for the 
production of parts cast from aluminium alloys in large-scale production is gravity casting into permanent 
moulds. This technology is technically and economically undemanding and it allows to quickly obtain a large 
number of products with sufficient quality. However, this state can be only achieved after appropriate 
optimisation of the casting cycle and the casting parameters. At the same time it is necessary during the entire 
process to correctly identify the forming defects for the possibility of their further elimination [1]. 

2. Experimental materials and methods 

The experiment is aimed at analysing the non-conformities of castings cast from aluminium alloy, namely two 
types of aluminium castings of pitmans (type 1 and 2), which were produced by gravity casting technology in 
metal moulds. This technology can be described as a simple but progressive and productive method of 
manufacturing castings from aluminium alloys. This method is used where it is necessary to cast larger series 
and volumes of castings cast mainly from materials with lower casting temperature. A permanent metal mould 
is used here with metal cores or cores made from moulding mixtures. 

The studied castings were made of the AlSi7Mg alloy [2]. The 3D model of castings is shown on Figure 1 and 2. 
These are castings of chassis components – the heads of seating the wheel bearing which are hollow. When 
making these castings the cores produced by Croning technology are used. 
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Figure 1  A pitman casting – type 1. Figure 2  A pitman casting – type 2. 

 

Data from the whole year 2018 production were available for two specific types of castings (the type 1 and 2). 
In these data the individual metal doses were included which were used for the production of castings. A 
month in which the dose was worked was added to these doses. Influence of individual seasons on the 
occurrence of non-conformities was solved marginally. Subsequently these data were sorted according to the 
individual production operations in which a possible non-conformity or other deficiency could be detected. 
Consecutive operations were ordered as follows: casting, manual cutting, cutting, grinding, X-ray inspection, 
belt grinding, blasting and penetration checking. For individual metal doses the number of castings which 
passed the given operation and the number of non-conforming pieces of castings after detecting the defect 
were known. For each metal dose was also known the casting machine on which the dose was cast and also the 
mould indication was known. 

3. Results and discussions 

Based on the provided operating data the dependencies between the casting type, the metal dose and its non-
conformity expressed as a percentage were created. Allowed operating non-conformity of castings was 3%. The 
results under the permissible operational non-conformity were also included in this experiment. Possibilities to 
eliminate the most frequent defects were also consulted. 

 

The casting of the type 1 

Micro-shrinkage cavities (Table 1) and gas holes occurred most frequently in the case of castings of the type 1. 
The total number of studied metal doses for these castings was 22, of which 6 were below 3% (permitted 
operational non-conformity). From the total number of doses the 72% of them contained micro-shrinkage 
cavities and the average non-conformity of the cast parts with the micro-shrinkage cavity defect was 7.1%. An 
example of a defect of micro-shrinkage cavity type in a casting can be seen on Figure 3. 

 

Table 1 Percentage occurrence of micro-shrinkage cavities in castings of the type 1. 

Metal dose 
Number  

of castings 
Occurrence of micro-shrinkage cavities 

[%] 

1  469  3.0  

2  683  6.6  

3  687  4.1  

4  376  5.6  

5  481  6.7  

6  416  5.5  

7  137  7.3  
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8  605  8.4  

9  521  8.4  

10  150  9.3  

11  340  3.8  

12  545  9.0  

13  577  9.5  

14  830  9.0  

15  391  5.9  

16 634 12.3 

 

 
Figure 3  Picture of the X-ray inspection showing the micro-shrinkage cavities. 

 

Another type of the non-conformity – gas holes or trapped gas – occurred in the casting of the type 1 from the 
total number of doses in 32% (Table 2). The average non-conformity of cast pieces with the gas hole defect was 
4.3%. An example of a defect of a gas hole type in a casting of the type 1 can be seen on Figure 4. 

Table 2 Percentage occurrence of gas holes in castings of the type 1. 

Metal dose 
Number 

of castings 
Occurrence of gas holes [%] 

1 698 3.3 

2 374 3.7 

3 769 5.3 

4 328 4.6 

5 474 3.6 

6 914 4.2 

7 663 5.7 
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Figure 4  Picture of the X-ray inspection showing the gas holes. 

 

In the case of a micro-shrinkage cavity defect this appeared often and all the time in one place of the casting. 
Several possible measures have been proposed to eliminate this defect. The first step was to enlarge the risers, 
another procedure was the introduction of the so-called grooving to increase the liquid metal's fluidity. 
However, neither of these solutions resulted in a complete elimination of the micro-shrinkage cavity defect. 
This defect is still in the solution, it is designed further procedure of its possible removal, namely cooling the 
casting in the given problematic location. 

When solving the measures for an emerging non-conformity of the gas hole an error has been determined in 
the production data. The error consisted in wrong evaluation and determination of the non-conformity. The 
reason for this error is insufficient training of operators in the plant. So this non-conformity is still in the 
solution [2 - 4]. Several measures are proposed to eliminate gas holes – changes of the shape of the structure 
or more intense degassing of the mould. 

 

The casting of the type 2 

According to the achieved results the most common defects of shrinkage porosity and cold cracks type were 
found on the castings of pitmans of the type 2. For these castings the total number of 36 metal doses was 
studied. Of the total number of cast metal doses there were cold cracks in 16% (6 doses) (see Table 3) and the 
average non-conformity of cast pieces with the cold crack defect was 6.2%. An example of a defect of a cold 
crack type in a casting of the type 2 can be seen on Figure 5. 

Table 3 Percentage occurrence of cold cracks in castings of the type 2. 

Metal dose 
Number 

of castings 
Occurrence of cold cracks [%] 

1 268 3.0 

2 940 4.5 

3 603 6.8 

4 349 7.2 

5 567 7.6 

6 629 7.8 
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Figure 5  Picture of the cold crack in the casting of the type 2. 

 

Another type of defect in these castings (type 2) were micro-shrinkage cavities. Of the total number of cast 
metal doses the micro-shrinkage cavities appeared in 50%. The average non-conformity of cast pieces with this 
defect was 5.4% (Table 4). 

Table 4 Percentage occurrence of micro-shrinkage cavities in castings of the type 2. 

Metal dose 
Number 

of castings 
Occurrence of micro-shrinkage cavities 

[%] 

1 992 4.1 

2 740 3.4 

3 122 5.7 

4 700 5.4 

5 542 3.8 

6 77 9.1 

7 961 5.6 

8 538 3.5 

9 773 3.6 

10 225 6.2 

11 358 3.6 

12 376 5.9 

13 146 10.3 

14 608 3.3 

15 1160 3.3 

16 848 3.1 

17 752 13.4 

18 834 3.5 

 

Cold cracks in the pitman castings of type 2 were formed during the knocking-out of cores and cutting of these 
castings. As a measure to reduce the occurrence of this non-conformity the studied castings began to be "pre-
cut" in the area of the riser – just in these places a cold crack appeared. The proposed measure helped to 
eliminate the mentioned non-conformity. However, for the conditions of the foundry operation this meant one 
additional operation which was not counted in the price of the resulting casting. Therefore it started to look for 
a solution after which it would not be necessary to perform this operation and would not have to increase the 
casting price. The design was modified when the transition area between the casting and the riser was 
enlarged. Subsequently tests were carried out on several cast pieces which again passed the knocking-out and 
cutting operations without prior pre-cutting. The castings were inspected on both X-ray and penetrating 
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checking with a positive result – the defect was eliminated by changing the design. Currently the company 
discusses this change of shape with the customer. 

4. Conclusion 

A detailed analysis of the production data was carried out as a part of the contribution experiment. Based on 
the provided operating data the dependencies between the casting type, the metal dose and its non-
conformity were created expressed as a percentage. Permitted operating non-conformity of castings was 3%. It 
could be noted from the processed results that the most frequently occurring defects were gas holes, the 
occurrence of which ranged from 3.3% to 5.7%. Other common defects were micro-shrinkage cavities and cold 
cracks. In castings of the type 1 the average occurrence of micro-shrinkage cavities was 7.1% and for the type 2 
castings the average occurrence was 5.4%. In addition for castings of the type 2 the occurrence of the cold 
crack defect was characteristic – in average 6.2%. 

For manufacturers of automotive components the production volume and quality of manufactured castings are 
crucial. Equally important, however, is the precise preservation of production data for the subsequent 
possibility of elimination of possible forming non-conformities. Nowadays, especially when casting large series 
of castings, the problem is to observe the overall production process of each cast piece. The goal is to use 
casting marks that will remain in the entire production process and this will record specific operations each 
time. This would result in a more accurate keeping of data and production data for the possibility of solving the 
already established non-conformities. 
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Abstract 

Evaporation of volatile components of liquid metal phenomenon could occur during every single metal and 
their alloys melting and in their refining process as well. As many researches proved the type of gas 
atmosphere used affects the rapidity of that process, especially, when is carried out under atmospheric 
pressure. In the given article the results of researches of zinc evaporating rapidity during its melting proceeds in 
atmospheres of helium, carbon monoxide and helium-carbon monoxide mixture are shown. 

 

Keywords: alloys melting; refining process; zinc evaporating 

1. Introduction 

As the tests provided by many authors taken from literature data proved, the pressure in the melting system 
significantly affects the rapidity of metal evaporation [1-3]. Generally there could be distinguished four 
pressure ranges affecting the process. The first range is pressure, in which the rapidity of metal evaporating 
achieves maximal value and does not change when it is decreased. This is a process of free evaporation, 
because the atoms or molecules of the evaporating metal do not collide with the gas molecules and thus move 
at the same rapidity at which they left the interphase surface. The second range of the pressure is where the 
process rapidity is controlled only by mass transport phenomena in the liquid phase. Analysing Figure 1, on 
which are presented kinetic curves obtained for the manganese evaporation process from iron [4] and copper 
from iron [5]. There could be stated that pressure ranges for which the process is determined by mass 
transport in the liquid phase were similar in both cases and amounts below 10 Pa. The pressure increase in the 
system above that value changes the stage determining the analysed process. This applies to pressure reaching 
up to several hundred Pascals. In that pressure range the process rapidity is determined by the mass transport 
phenomenon in the liquid phase and in the gaseous phase as well. That means that the type of gas should have 
a visible effect on the metal evaporation rapidity carried out in the pressure of 101325 Pa, in an inert and 
reducing gas atmosphere. On the Figure  1 and 2 examples of experimentally determined kinetic curves of the 
process of evaporation of copper and manganese from liquid iron with marking pressure range for which the 
determined process was a mass transport in gaseous phase were shown. 
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Figure 1 Influence of pressure on the overall coefficient of mass transport for manganese evaporation from iron [4]. 

 

Figure 2 Influence of pressure on the overall coefficient of mass transport for the copper-iron evaporation process [5]. 

2. Research methods 

The researches aimed at determining the rate of evaporation of zinc in a specific atmosphere were carried out 
by thermogravimetric method, with pressure of 101 325 Pa, in the helium, carbon monoxide and helium-
carbon monoxide mixture atmosphere. During the measurement the sample’s temperature, weight loss and 
duration of the measurement were recorded. The sample’s mass loss was read for isothermal conditions when 
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the sample reached the desired temperature. As the material in the test the rectified zinc (the purity of 99.99% 
Zn) was used. 

Measurements were carried out in alundum crucibles with an internal diameter of 6.5 mm. the samples mass 
was about 4 g. During the tests zinc vapours condensation on the working elements of thermobalance was not 
observed. Temperature ranges in which measurements were carried out amounted from 948 K to 1023 K. 

 

4. Research results and their report  

On the Figure  3-5 exemplified relative mass losses of zinc samples determined from measurement data for 
experiments carried out in gas atmosphere and 973K and 1023 K respectively are shown [6]. 

 

Figure 3 Relative weight loss of zinc obtained for the tests carried out in helium. 

 

Figure 4 The relative weight loss of zinc obtained for the tests carried out in carbon monoxide. 
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Figure 5 Relative weight loss of zinc obtained for the tests carried out in helium-carbon monoxide mixture. 

Results obtained from all tests based on the measurement showed that in the case of using helium atmosphere 
the higher relative weight loss of zinc was observed for the same temperature than in the case of 
measurements carried out in CO atmosphere or He+CO  mixture. For a more complete analysis of the obtained 
measurement results, the average values of the zinc density evaporating flux were determined. They were 
presented in table 1. The graphical interpretation of the zinc flux density changes for all used atmospheres in 
the temperature ranges from 948K to 1023 K were presents on the Figure  6. 

Table 1 Average density values of the zinc evaporating flux. 

The type of used 
atmosphere  

Temperature K Stream density Zn, mg min-1 cm-2 

Test 1 Test 2 

He 948 23.6 22.8 

He 973 32.9 33.07 

He 998 54.0 53.1 

He 1023 72.7 73.1 

CO 948 14.05 14.50 

CO 973 23.80 23.90 

CO 998 28.6 31.2 

CO 1 023 51.2 51.8 

He+CO 948 18.08 18.30 

He+CO 973 29.5 28.8 

He+CO 998 42.4 42.7 

He+CO 1 023 59.6 63.4 

 

Data presented in Table 1 show, that temperature increase of the process from 948K to 1023K caused an 
increase in the zinc flux density in the case of helium from 22.8 to 73.1 mg cm-2 min-1; in the case of CO from 
14.05 to 51.8 mg cm-2 min-1 and in the case of He+CO mixture from 18.08 to 63.4 mg cm-2 min-1. It could be 
stated that obtained values of zinc flux density followed the relationship:  

 
NZn-CO <  NZn-He+CO < NZn-He                (1)
  

Talking about the metal evaporating process in the inert gas atmosphere it must be noted that as the gas 
pressure decreases we observe a significant increase in the rate of evaporation [7]. The maximum value of the 
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density of the evaporating metal stream is observed in the case of a process carried out under ideal vacuum 
conditions. It can be determined from the dependence [8]: 

 

�̇�𝑀𝑎𝑥 =
𝑝𝑜

√2𝜋𝑀𝑅𝑇                  
(2) 

 
where: p0- equilibrium pressure of evaporating metal, Pa; T- temperature, K; R- gas constant, J mol-1 K-1 

 

 

Figure 6 Changing of the density of the evaporating zinc stream in the temperature range of 948-1023 K. 

Using the relationship (2) and thermodynamic data of the HSC Chemistry [9], the value of zinc flux density NMax 
was estimated. It was in the interval:  1124 – 3212 mg cm-2min-1 for the temperature ranges 948K - 1023K.  

On the Figure  7 change of values of zinc vapor diffusion coefficients in the atmosphere: helium, carbon 
monoxide and He+CO mixture was shown [6]. The diffusivity values were estimated from the Enskong-
Chapman relationship [10]. From the data presented in this figure it follows that the value of the discussed 
vapor diffusion coefficients of zinc in the gas phase clearly depends on the type of atmosphere. For helium, the 
zinc vapor diffusion coefficient is almost 3.9 times higher than for CO and 2.4 times higher than for He+CO. We 
can therefore write down that there is a relationship between these diffusion coefficients: 
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Figure 7 Change the diffusivity of zinc vapours in the atmosphere: helium, CO and helium-CO mixture for temperature 

range of 948-1023 K. 

5. Conclusion 

The conducted studies of the zinc evaporation process in various gas atmospheres showed a significant impact 
of the type of atmosphere on the speed of the analyzed process. The highest rate was observed for the helium 
atmosphere and the lowest for CO. The values of the density of the zinc evaporating flux determined from the 
obtained measurement data were within the analyzed temperature range in the range 22,8-73,1 mg·cm-2·min-1 
for helium; 18.08 – 63.4 mg·cm-2·min-1 for He+CO mixture and 14.05 – 51.8  mg·cm-2·min-1 for CO. Such a clear 
impact of the type of the used gas atmosphere confirms that the process of metal evaporation carried out in 
inert and reducing gases has diffusion control. The evaporation process values obtained constituted only up to 
2.5% of the maximum values observed for evaporation processes carried out under ideal vacuum conditions. 
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Abstract 

The contribution is devoted to the issue of refining aluminium melts. The theoretical part focuses on the 
sources of pollution and their influence on the quality of the melt and the final casting. For refining the 
AlSi7Mg0.3 alloy two types of graphite rotors and a different type of refining gas (argon and nitrogen) were 
used in the experiment. Results are evaluated from the point of view of the gassing value (Dichte Index). At the 
same time the microstructure of samples before and after refining was monitored. The results showed that the 
use of argon as a refining gas is more effective. In terms of use under real operating conditions, it is also 
necessary to assess the economic aspect. 

 
Keywords: aluminium alloy; degassing; microstructure; Dichte Index 

1. Introduction 

The input material, the method and processing of the melting itself and the final treatment of the melt with the 
refining processes are decisive for obtaining a sufficient quality of cast parts. The input materials are mainly the 
pigs of the given chemical composition and return materials (residues of the gating system including risers and 
non-conforming castings). The problems are then chips from machining the aluminium castings, which can be 
very heavily polluted with organic substances (e.g. oil emulsions residues). These are used to achieve a higher 
economic efficiency of the production. This fact, however, often leads to consequent problems, which include 
an increased degree of gassing of the melt with hydrogen, a higher proportion of inclusions and the related 
waste castings [1]. In this case it is then necessary to use a more effective method of refining the melt [2]. 

An important requirement for the entire refining process, i.e. the removal of gas and inclusions from the melt, 
is to be as short as possible, but also as effective as possible to avoid an unnecessary downtime in the 
production [3]. This requirement is also important from the point of view of energy and economy intensity. 

2. Experimental Materials and Methods 

Nitrogen and argon gases were used in the experiment as refining media. To determine their efficiency both 

types of gases were tested on two types of rotors from the company JAP INDUSTRIES s.r.o. (Ltd.) marked J8 and 

F2A (Figure 1) at 500 rpm. 

Both rotors were tested with the AlSi7Mg0.3 alloy [4]. The flow rate of the degassing medium was 10.5 l.min-1, 

the melt temperature 710 °C, the ambient temperature 21 °C and air humidity of 28%. The rotor was located in 

the melt 150 mm above the crucible bottom. 

 

 

Figure 1  Used graphite rotors (J8 – left, F2A right). 

The cycle for evaluating the refining effectiveness is given in Table 1. To ensure a higher number of 

measurements and simulation of real conditions of operation the melt was after each refining gassed with 
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hydrogen using a mixed gas (H2 + N2). After each step the samples were taken (marked J for the rotor J8 and 

marked F for the rotor F2A, supplemental A letter then indicates samples obtained with the use of argon – JA 

and FA) which were evaluated for the purity from the point of view of microstructure of cast samples and the 

Dichte Index (DI). DI is a characteristic number for the melt quality of an aluminium melt sample [5,6]. The melt 

sample pair densities – the one resulting from the vacuum density test (D80mbar) and the one from hardening 

under atmospheric pressure (Datm) – are related to each other on the basis of the Equation 1. 

DI =((Datm-D80mbar)/Datm)*100 [%]                (1) 

Table 1 Tested refining cycle. 

Order Step 
Time of the 
operation 

[min] 

Marking the samples 

Rotor J8 
(nitrogen) 

Rotor F2A 
(nitrogen) 

Rotor J8 
(argon) 

Rotor F2A 
(argon) 

1 After melting - J1 F1 JA1 FA1 

2 Refining N2 3 J2 F2 JA2 FA2 

3 Gassing with H2+N2 6 J3 F3 JA3 FA3 

4 Refining N2 6 J4 F4 JA4 FA4 

5 Gassing with H2+N2 6 J5 F5 JA5 FA5 

6 Refining N2 3 J6 F6 JA6 FA6 

7 Gassing with air 5 J7 F7 JA7 FA7 

8 Refining N2 6 J8 F8 JA8 FA8 

9 Gassing with air  5 J9 F9 JA9 FA9 

10 Refining N2 3 J10 F10 JA10 FA10 

11 Gassing with H2+N2 5 J11 F11 JA11 FA11 

3. Results and Discussions 

Microstructures of obtained samples are shown in Figures 2–9. Figures 2, 4, 6 and 8 show the samples of 
materials before refining. Figures 3, 5, 7 and 9 then show the structure of samples after refining for 3 minutes. 
Figures. 3 and 5 are samples with using nitrogen and Figures. 7 and 9 with using argon as a degassing medium. 
In all cases it is evident that after refining there is a significant reduction of the amount of defects, i.e. gas 
bubbles and oxidizing inclusions. However, this effect is difficult to quantify. For this reason the gassing degree 
by determining the DI value was also evaluated. The obtained DI values depending on the used type of rotor 
and the refining gaseous medium are shown in the chart in Figure 10. 

From the measured values it is evident that after the 1st refining cycle (step 2) using argon there is a more rapid 
reduction of the DI value than in the case of using nitrogen. In the case of using the J8 rotor the decrease of the 
DI value is by 81%, for the F2A rotor it is then by 66% in comparison with the starting state of gassing the melt. 

In the case of using nitrogen the DI value is also reduced, but less pronounced. The specific values are 42% 
when the J8 rotor is used and 7% for the F2A rotor. 

In the next tested steps the difference between the used rotors and gases is gradually reduced. These steps 
also included gradual gassing that followed every refining process. Gassing was carried out with mixed H2+N2 
gas and it aimed at achieving higher DI values for the possibility of more refining cycles. This made it possible to 
use the prepared melt to perform more measurements. 
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Figure 2  Microstructure of the J1 sample. Figure 3  Microstructure of the J2 sample. 

  

Figure 4  Microstructure of the F1 sample. Figure 5  Microstructure of the F2 sample. 

  

Figure 6  Microstructure of the JA1 sample. Figure 7  Microstructure of the JA2 sample. 

  

Figure 8  Microstructure of the FA1 sample. Figure 9  Microstructure of the FA2 sample. 
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Figure 10  The DI determined in dependence on the refining step and the rotor and gas type. 

4. Conclusion 

The work was focused on refining the melt of the AlSi7Mg0.3 aluminium alloy. Two types of rotors marked J8 
and F2A supplied by the company of JAP INDUSTRIES s.r.o. (Ltd.) were verified in combination with two refining 
gases – argon and nitrogen. With the use of refining conditions the argon showed significantly higher efficiency. 
From the point of view of the rotor type the use of the J8 type is then more effective. The most significant 
reduction of the gassing degree of the evaluated DI was in the case of a combination of the J8 rotor and argon 
as a refining gas. The least significant reduction of the DI value was then in the case of a combination of the F2A 
rotor and the use of nitrogen. 

For an objective assessment the work will continue with the use of modified conditions of refining cycles and 
other types of aluminium alloys. In the conditions of foundry production the economic aspect must also be 
evaluated as the acquisition costs of argon are higher. 
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Abstract  

Croning process (C-method) has its roots in the 1940s and marks the beginning of the chemistry of the foundry 
core production. Although at present the cold processes in the production of cores predominate and this 
process of core production seems long overdue, the cores so produced and in particular their applications have 
their place in the common foundry practice in the production of cast parts. It is a technology that allows the 
production of very shaped cores with high mechanical properties, which cannot be produced by commonly 
available and most commonly used processes (eg PUR COLD-BOX). The aim of this paper is to determine the 
basic parameters of core production, respectively. optimization of methodology for evaluation of basic 
parameters of core mixture for production of cores by C-method. 
 
Keywords: foundry; core making; croning process; C-method  

1. Introduction  

One of the key operations in the production of quality castings is the production of molds, respectively cores 
for casting cavities and holes in the casting. In particular, the cores are subject to high requirements both in 
terms of mechanical properties, thermal stability and resistance, and dimensional stability. As a standard, the 
core mixtures are prepared from new quality raw materials, except for the use of reclamation sands.[1] In 
addition, the cores are used not only for disposable (sand) molds, but are also used in die casting. Although 
cold processes (COLD-BOX methods) for the production of cores are prevalent today, cores produced by older 
processes which were at the peak of the application in the 1980s (HOT-BOX processes) also retain a significant 
position, including so-called C-method (Croning). [2] It is a technology that allows to produce very complex and 
thin-walled cores with high mechanical strengths not only cold but also hot. In addition, it is possible to 
produce hollow cores, hence the evacuation of gases emitted by the decomposing organic binder is positively 
influenced and at the same time the disintegration of these cores is improved. [3] These types of cores can be 
found today mainly in the production of automotive parts such as water jackets, suction channels, wheel 
suspension, etc., side by side with new types of cores [4] 

However, it is necessary to observe the manufacturing process and be aware of the basic properties of the so-
called coated mixture, which is used in the production of cores by the C-method. As the principle of the C-
method is melting of phenol-formaldehyde resin, in which are the individual grains of sand coated, if 
technological processes are not followed, a number of foundry defects can occur. The most common defects 
include, for example, gas defects due to insufficient curing of the core mixture, the formation of non-metallic 
inclusions (dropping of the uncured core mixture), cracking of the cores and hence dimensional inaccuracies of 
the pre-formed holes and cavities, and so on. [3] The aim of this paper is to determine the basic parameters of 
core production, respectively optimization of methodology for evaluation of basic parameters of core mixture 
for production of cores by C-method. 

2. Experimental Materials and Methods 

For the design of the experiment and verification of the critical process parameters, a resin coated sand (RCS) 
was used in the experiment for the production of test samples, which is a mixture of silica sand coated with a 
novolak phenolic resin. 
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Test specimens for determining the bending strength (22.5 x 22.5 x 180 mm) were prepared on a laboratory 
core shooting machine LUT (Multiserw) suitable for production of HOT-BOX respectively. C-method. The 
experiment was carried out under the following conditions: 

• Core box temperature - 250; 280 and 300 °C to 0.1 °C. 

• Shooting pressure - 0; 0.1; 0.3 and 0.6 MPa 

• Curing time - 1; 2 and 3 min 

The bending strength was determined on the LRU-2e universal strength measuring device. The device is 
designed to measure the strength of molding mixtures on test specimens (test bars) in the raw, dried or cured 
state. The hot bending strength (immediately after removing core from the core-box) and cold bending 
strength (after cooling of the core) was determined. 

3. Results and discussions 

While observing the impact of the shooting pressure, the theoretical assumption that the resulting strength 
increases with increasing shooting pressure is confirmed. However, there is no significant difference between 
the shooting pressures of 3 and 6 bar. Therefore, with respect to the mechanical wear of the shooting machine, 
respectively core-boxes, the shooting pressure of 0.3 MPa seems to be optimal for most core types. Only in 
cases of complex shape and thin-walled cores production increase of the shooting pressure might be needed. 
The results of hot bending strength depending on the shooting strength are graphically illustrated in Figure 1. 

 

 

Figure 1 Hot bending strength in dependence on shooting pressure. 

In Figure 2 there are graphically illustrated results of hot bending strength measurements taken on test 
specimens produced with the optimal shooting pressure - 0,3 MPa. From the results it is obvious that with 
increasing curing time the bending strength increases, as well as in case of increasing the core box 
temperature. However, it can be observed that the influence of curing time is stronger wherein the differences 
between 1 and 2 minutes of curing are relatively negligible and the best results are achieved with 3 minutes of 
curing, so that the curing time of 3 minutes can be considered optimal. On the other hand, the core-box 
temperature influence is also obvious but can be considered less signifficant as the differences are smaller in 
the observed rank of temperatures. And also, as the differences between 280 °C and 300 °C are relatively 
insignifficant, taking into account the cost of energy consumption and thermal wear of the core-box, the 
optimum core-box temperature is considered to be 280 °C. 
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Figure 2 Hot bending strength in dependence on curing time and core-box temperature, measured on test specimens 

produced with optimal shooting pressure - 0,3 MPa. 

Cold bending strength measurements were also carried out to clarify the influence of the monitored 
production parameters. In Figure 3. there are graphically illustrated results of cold bending strength 
measurements taken on test specimens produced with the optimal shooting pressure - 0,3 MPa. From the 
results it is obvious that the trends are the same as in case of hot bending strength measurements,with the 
only difference in slightly higher values of the resulting strengths. This confirms the validity of previous 
hypotheses. At the same time, it shows that under optimum conditions the cores produced by this method can 
achieve a bending strength of over 6 MPa. 

 

 
Figure 2 Cold bending strength in dependence on curing time and core-box temperature, measured on test specimens 

produced with optimal shooting pressure - 0,3 MPa. 

4. Conclusion 

In the course of the experiment, a series of bending strength measurements, both hot and cold, were carried 
out on test specimens in the form of test bars made by the C-method from the resin coated sand (RCS) under 
various process conditions. The aim of this measurement was to evaluate the influence of individual process 
parameters of this method on the resulting quality of the cores thus produced. The monitored parameters 
included shooting pressure, curing time and core-box temperature. 
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It is apparent from the results of the experiment that the resulting strength of the cores thus produced 
increases in parallel with the increase in any of these parameters. However, each of the monitored parameters 
acts with different intensity. Based on the analysis of the results, the following optimal values of the observed 
parameters were determined for the production of standard cores. 

From the measured values, 0,3 MPa appears to be the optimum shooting pressure. When the pressure is 
increased to 0,6 MPa, there is only a minimal increase in flexural strength, while this increase would 
significantly increase the wear of production machines and equipment. The recommended curing time (melting 
of the mixture) is 3 min, especially with regard to the more complex cores. The optimum core-box temperature 
then appears to be 280°C. The difference in strength between 280°C and 300°C is minimal and the lowering of 
the temperature brings several positives. On the one hand, it is a reduction in the direct cost of heating the 
core-boxes. Furthermore, there will be less thermal wear of the core-boxes. This wear occurs mainly due to 
higher dilatation of the cores at higher temperatures. Therefore, most foundries prefer lower temperatures. In 
addition, the lower temperature will be compensated by a longer heating time, which will compensate for the 
uneven heating that occurs with this technology. It is not realistic to keep the core-box heating in such a state 
that the temperature field remains homogeneous. 
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Abstract 

In this paper design and the optimization of foundry production of a porous metal are described. The formation 
of porous metal by infiltration of liquid metal into the mould cavity ensures the fastest and most efficient way 
of production. But even in this case, it is necessary to use correct and verified input data for manufacture 
process. For successful production the casting model should be firstly created using 3D drawing software and 
then the MAGMASOFT® 5.4 software for the numerical simulation should be applied. Utilization of 
MAGMASOFT® 5.4 provides optimisation of the whole manufacturing process. The accurate conditions for the 
real production of castings can be defined exactly by realisation of simulations of pouring and solidification. To 
create cavities in the casting the usage of sand cores is required. The bentonite mixture (UBM) should be used 
as the mould material. The following decrease of scrap rate during production saves time and incurred costs. 
Therefore the main aim of this research is to ensure the production of sound castings, which would be used in 
the field of power industry, specifically for heat exchangers manufacturing. 

 
Keywords: porous metal; simulation program; casting; heat exchanger 

1. Introduction 

Porous metal in its internal structure has got purposely created cavities–pores. Materials can be divided 
according to the arrangement of internal cavities as regular or irregular ones. The internal structure of porous 
metals differs depending on the technology used. Porous metal can be produced in various ways, but the 
production is economically demanding, therefore it is good to deal with production by using casting 
technologies, where the lowest cost are expected. Thanks to that we can meet the technologies of forming the 
cavities with the aid of sand cores. Depending on the size, openness and the amount of pores the different 
behaviour in the field of thermal conductivity is observed. Open pores in the material increase thermal 
conductivity. This can be used for the design of heat exchangers. The principle is to let flow the fluid or gas 
through the open pores of the material, what will cool down or heat up the porous metal. To increase the 
economy of casting production of heat exchangers it is suitable to use the MAGMASOFT® 5.4 – Autonomous 
Engineering simulation program that represents a very mature tool for the simulation of all the casting 
operations from the beginning of pouring to the end of cooling process. With correct setting of the simulation 
program, boundary conditions and establishing the appropriate goals the critical points in the casting can be 
found in advance or unnecessary elements of the gating system can be removed, which otherwise burden the 
foundry with redundant cost of processing. [1, 2, 3].  

2. Experimental Materials and Methods 

Several variants of the heat exchanger in the environment of the ANSYS CFX simulation program was firstly 
analysed. Based on the calculations of heat transfer simulations the geometry with ball cores seems to be more 
efficient. A model of a casting and cores was created firstly as a drawing and then it was modelled with the 
Rhinoceros 4.0 program (see Figure 1 and 2) and inserted into the MAGMASOFT® 5.4 program. After 
production the sand cores will be settled in pairs next to each other and provided with prints. Material of the 
mould that will be used for the casting of the heat exchanger is the unit bentonite mixture (UBM). Casting 
weight is 4.72 kg with the volume of 1784.28 cm3. The used material is the AlSi10Mg alloy [4, 5]. 
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Figure 1 3D model of a sand core. Figure 2 3D model of a casting with cores. 

The next step was the creation of several different variants of gating systems and their comparison. 
Subsequently a suitable candidate for the design of experiments (DoE) analysis was chosen. Porosity in the 
casting, the optimum casting temperature of the metal, subsequently the metal temperature in the casting 
until the material solidification, the flow rate of metal in ingates and in the casting, microporosity, the ability of 
feeding the used risers, the size and shape of ingates and the casting time will be the monitored parameters. 
[6] 

3. Results and discussions 

From initial simulations that lasted nearly 120 h the one variant in was chosen as a suitable candidate for the 
DoE analysis because it achieved the low filling rates. Figure 3 shows a casting with the selected gating system 
and shrink hole in case that casting solidificated without usage of riser. Optimization was created based on the 
variables that were in the geometry itself, and namely the ingate width, the angle of overhang ending from the 
vertical wall up to a 30 ° incline, the riser diameter which was set to the values of the diameter of the bottom 
side of 40, 60 and 80 mm and the casting temperature. Altogether 144 pieces of variables were examined. 
Calculation time of the DoE analysis subsequently reached 192 hours. Of course, the calculation time could be 
shortened significantly by using a more powerful station (PC). The overall results of the analysis were recorded 
in the chart (Figure 4). Then the results were filtered. 

 
Figure 3 Porosity in casting without risers. 

 

Following criteria were used for the choice of suitable candidates: reduction of porosity, minimum temperature 
in the casting, minimum temperature of the metal, lower rate in ingates, lower rate in the casting, reduction of 
microporosity, higher feeding ability of the riser, the usage of liquid metal. Longer filling time was chosen to 
comply with lower rates in ingates. The riser dimension was changed by its diameter, not height, due to testing 
of variants with sufficient feeding ability. 
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Figure 4 Unsorted results of the DoE analysis. 

Versions 75 and 134 were subsequently added for comparison. The following (Figure 5) shows the flow rate in 

the distribution channel. Filling rates up to 0.5 m/s were recorded in the casting which is an acceptable border. 

There is no damage of cores and the filling is fast enough. The version 134 on the figure right shows lower rates 

than the more turbulent version 75 on the left. When choosing between the versions 75 and 134 it was 

decided in favour of the version 134. Although the version 75 showed better thermal node and a smaller drop 

in temperature, the riser was uneconomical. Further on the version 134 showed more continuous filling of the 

entire cavity. With regard to the drop in temperature in the 134 design two additional simulations were made 

in which the existing casting temperature compared to the newly modified one was evaluated. The initial 

casting temperature was 745 °C and there were too many temperature drops in narrow intercore areas. The 

temperature of a newly simulated sample was set to 755 °C. (Figure 6) shows the critical points in the original 

version 134 (on the left). On the left casting the places can be seen where in narrow spaces the temperatures 

of only 593 °C are reached. The casting on the right figure, however, maintains a fully cast all the time the 

temperature around 600 °C. Microporosity was also studied in both the above mentioned simulations. The 

results came out positive with a very low value of only 4% of the total volume, which was spread across the 

casting body. 

 

Figure 5 Rates in the distribution channel. 
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Figure 6 Critical points in version 134 left and new right. Casting temperature 

745°C left and 755°C right. 

4. Conclusion 

A variant with a serial number 134, which was simulated under the casting temperature of 745 °C, was 
established as the winning design of the casting. Then the casting temperature was modified to 755 °C and 
once again compared with this variant. Increased casting temperature had a positive influence on the fluidity in 
the intercore areas, as it had been assumed. Therefore the casting temperature of 755 °C has been determined 
as the minimum for a successful casting of the tested sample of the heat exchanger. The riser size was 
sufficient to eliminate the thermal node and to compensate the material loss. At the same time the gating 
system allows the faster casting than simulated, which lasted 11 seconds. Common conditions in a foundry 
when the casting rate isn’t strictly respected were taken into consideration and therefore the simulation 
calculated with a reserve. Acceleration of the casting time without the negative influence on the increase of the 
flow rate of metal in the mould cavity can be up to 15%. 
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Abstract  

The paper deals with an experience and a methodology of innovation process of a technical solution of 
apparatus for processing metals of loose nature tending to air oxidation, especially alkaline earth metals. The 
apparatus has been developed in an utility model. The aim of this technical solution is to design a device 
facilitating the process of treating rare earth metals in a way that would prevent their air oxidation and thus 
facilitate their handling in the next technological process. The utility model has been created of a standard 
device to prevent air oxidation without the use of protective devices and thus to facilitate their further 
handling. The paper has been carried out with an experience with master degree education of students in the 
subject Equipment in Processing Plant I., in which the apparatus for processing metals of loose nature tending 
to air oxidation, especially alkaline earth metals, has been developed. The education model can be used for a 
teaching of students in the subjects of innovation focus.  

 

Keywords: innovation; rare earth metals; apparatus; oxidation 

1. Introduction 

Innovations of high degree of innovation, i.e. radical innovations are indispensable for the country’s 
competitiveness since their considerable changes in the product [1], process or business model and therefore 
significantly supported by the EU member states. A significant share in the whole process of a product radical 
innovations plays young students of bachelor and master degree under the education process [2] with the aim 
of transferring of interesting innovative ideas [3] in the course in the form of interesting applied technologies 
resulting into original ideas for implementations of industrial and utility models or results with the highest 
protection level – licensed patent.  

The rare earth metals (hereinafter referred to as “REM”) have found significant and irreplaceable practical 
applications in industry and energy over the past 40-50 years due to the accelerating of new technologies, 
especially in the area of alternative energy sources [4-14]. There are strategic important in the area of electrical 
engineering, nanotechnology [15, 16], nuclear power, military technology, lasers etc. Despite their name, their 
occurrence on Earth is not rare at all. The most frequently represented cerium is the 26th element in the order 
of elemental composition of the Earth's crust and even the least common lutecium has 200 times higher 
content in comparison of gold. However, economically exploitable rare earth deposits are very rare due to their 
mostly low concentration in the deposit and the negative impacts of their mining and treatment on the 
environment [17-19].  

2. Methodology of utility model development 

Methodology of utility model development in education process in cooperation with students by the education 
process is described in the Figure 1. In the Figure 1, a problem needed to solve created by the education 
process is carried out the utility model in cooperation with an industrial company and an patent attorney 
supported by the university.  

 

 

 

https://www.lead-innovation.com/en/innovation-development
https://www.lead-innovation.com/en/business-model-innovation
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2.1. Innovation of equipment for treatment of bulk metals liable to air oxidation, especially rare-earth metals -

state of the art  

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

Figure 1  Methodology of utility model in education process. 

The most frequently used possibility of REM surface treatment is the application of a protective coat in the 
form of other metals [10, 20-24], the so-called metal-plating, such as zinc, nickel, silver and gold plating. There 
are numerous technologies for the coat application [25], starting from brush painting, dipping, spraying, 
electrostatic painting, galvanization etc. The application of another layer of a different metal on the REM 
surface is an invasive method and it causes contamination in the following technological process. 

The goal of the technical solution is to propose a design of equipment facilitating REM treatment in a way 
which would prevent their air oxidation, and thus facilitate handling of them in further technological process 
and particle characterization [26, 27]. 
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Figure 2 A design of the utility model of the bulk metal treatment equipment [10]. 

 

 

 

Figure 3 A design of the utility model of the bulk metal treatment equipment [10]. 

 

 

 

 

Figure 4 The front view of a design of the utility model of the bulk metal treatment equipment [10]. 
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3. An example of technical solution of the utility model 

In general, the equipment for treatment of bulk metals 6 liable to air oxidation, the treatment equipment 
especially for alkali-earth metals, is shown in Figure 2 through 4. The equipment of this embodiment consists of 
a load-bearing structure 13, on which there is a storage tank 2 with a hopper 1, which is equipped with a 
protective gas inlet 9. A shaft 4 with a worm 3 goes through the storage tank, which reaches into a heated tube 
5 with a flange 11, by which the heating tube 5 is connected to the storage tank 2, where the other end of the 
shaft 4 is connected with a drive 10. Furthermore, on the heating tube 5 there is a heating system 7 that 
sintered the bulk metals 6 to the continuum of metal materials 8 and the tube is connected with a load-bearing 
structure 13 by means of supports 12. 

The utility model has been published in Espacenet database under European Patent Office [10]. 

5. Conclusion 

In this paper, the methodology of utility model in the educated object has been explained from the very hint of 
a student, i.e. his/her idea, as far as to the work implementation in a form of a utility model. The main 
objective of the creation of the methodology was the student’s familiarisation with the innovation procedures 
from the draft idea through the cooperation with the patent representative and the university.  

There is described an exact way for finding a solution in the methodology formed into the Figure 1, including 
the steps necessary to be adopted for the utility model registration. A significant part of these procedures is an 
exact description of the concrete work – utility model: apparatus for processing metals of loose nature tending 
to air oxidation, especially alkaline earth metals starting from the state of the art in the form and findings of 
concrete similar constructions, over the publication of the utility model subject matter, including its description 
of functions and drawings, and ending with the composition of utility model claims necessary for filing the 
utility model application. 
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Abstract  

A comprehensive experimental and theoretical study of the thermo-physical, thermodynamic, physico-
chemical properties of steels and also the modeling of the processes of steelmaking it allow to achieve the top 
quality of the cast, semi-finished steel product, which is comparable or superior with the quality of world 
producers of these materials. The paper is focused on the study of phase transformations temperatures in 
different types of high-alloy steels during its solidification process. The field of the research reflects current 
world trends in the field of new steel grades, microstructure and mechanical properties of steel, subsurface 
and surface quality of final products, etc. The realization of highly specialized measurements of thermo-
physical properties of steels, respectively the knowledge of phase transformation temperatures (liquidus and 
solidus temperatures) of steels, is the basic precondition for successfully understanding (manage) the process 
of cast of steels with  the high internal homogeneity. Based on this information, important and significant 
parameters are specified in the whole technological flow of steelmaking production. Knowledge of those 
temperatures in combination with utilisation of the method of numerical modeling (setting of boundary 
condition of numerical simulation of steel solidification process) can then improve the quality of cast steel 
without any additional treatment.  

Keywords: steel casting technology; phase transformation temperatures; direct thermal analysis; differential 

thermal analysis; high-alloy steels 

1. Introduction  

Current trends show that more than 96% of the steel produced in the world is processed by continuous casting. 
But the production of steels made by technology of ingot casting is still irreplaceable with regard to the specific 
requirements on the final shape of ingot, which can’t to be made by continuous casting technology. Steel 
producers are in both cases exposed to naturally increasing pressure of customers to production of steels with 
top quality. One of the important aspect (factors) influencing the quality of cast steel is correct setting of 
parameters [1-3] of own casting process as the temperature of superheat of steel before casting, casting speed, 
casting temperature whose have an effect on character of solidification, structure of cast steel etc. Setting of 
those parameters depends on the knowledge of temperatures of phase transformations [4,5]. Most important 
phase transformation at steelmaking process is crystallisation of steel (phase transformation of steel from 
liquid to solid state), which has significant influence on process of own solidification of steel. Critical factors 
characterising the steel's behaviour during the solidification process are liquidus (TL) and solidus temperature 
(TS). These temperatures are important for the correct setting of casting and solidification conditions of steel 
yet and significantly affect the final quality of the cast steel. Experimental determination of the TL and TS 
temperature may lead to more precise determination of the width of the interval of steel solidification (two 
phase region). Liquidus (TL) and solidus temperature (TS) may be investigated by several ways. The most 
frequently used approaches are experimental determination of these phase transformation temperatures using 
thermo-analytical methods6,7 and the second one is theoretical determination using various models 
implemented in commercial software applications [8,9]. Usually, it is not so easy to identify the phase 
transformations occurring in such multicomponent systems like steels in high temperature region (over 
1000 °C). It is therefore appropriate to combine different approaches - experimental and theoretical and also 
with numerical simulations [10-12], because we can achieve more accurate results and thus better knowledge 
of eventual impacts of newly improved technological parameters to steel casting process and final quality of 
cast steel.  
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In this paper is an attention focused on study of liquidus and solidus temperatures of three steels grades by 
thermal analysis methods and their comparison with theoretical calculations of these temperatures by 
thermodynamic SW’s. This work follows systematic study of TL and TS temperatures [13-16] of various types of 
steels (low alloy, special types of steels) and its measurement can lead to more accurately determine TL and TS 
temperatures for specific conditions of industrial partner.   

2. Experimental methods, material’s specification and experimental configuration of the analyses  

For experimental investigation of TL and TS temperatures of steels in high temperature region were used two 
thermo-analytical methods – “Direct Thermal Analysis” method (method is often called Heating/Cooling curve 
Thermal Analysis) and Differential Thermal Analysis method (DTA).  

Method of “Direct Thermal Analysis”6,7 is based on a “direct” measurement of the temperature of studied 
sample during its controlled linear heating or cooling. The result of the experiment (analysis) is a heating or  
a cooling curve which expresses dependency of the temperature on time. During the phase transformation 
ongoing the temperature curve changes its otherwise linear progression. Deflection of the temperature curve 
from its baseline is observed. Temperatures of phase transformation is then possible to obtain by the 
interpreting such deflections from baseline for given experimental conditions. 

The principle of Differential Thermal Analysis6,7,17 (DTA) method is a measurement of the temperature 
difference between the measured sample and the reference. The reference can be an empty reference crucible 
or a reference crucible with a standard material. The sample and reference are exposed to the same setting of 
the temperature program (linear heating conditions usually). The result of DTA analysis is a DTA curve with 
expresses the dependency of the temperature difference between the measured sample and the reference.  If 
the phase transformation occurs in the sample there is also a deflection of temperature curve from the 
baseline and the peak is formed. Temperatures of phase transformation is possible to obtain by the 
interpreting such peaks for given experimental conditions.  

2.3 General material’s specification - steel grades type overview 

Experimental study of TL and TS temperatures were performed for three industrially produced steels grades:  

 15Cr18Ni - steel with increased susceptibility to crack formation during rolling of ingots,  

 X22CrMoV12-1 - steel for turbine blades, with high demands on cleanliness and structure, 

 X3CrMoNb 18-2 - ferritic magnetically mild steel, under development. 

An overview of the selected elements of the chemical composition of studied steel grades is shown in Table 1.  

Table 1 Chemical composition of steel samples (wt.%) provided by the project partner. 

Steel grade C Mn Si P S Cu Cr Ni Al Mo W V Ti Co B Nb N 

15Cr18Ni 0.160 1.01 1.54 0.033 0.014 0.13 20.21 12.31 0.028 0.271 0.03 0.051 0.003 0.070 0.0040 0.009 0.0703 

X22CrMoV12-1 0.212 0.65 0.34 0.012 0.004 0.03 11.59 0.57 0.008 0.87 0.00 0.33 0.00 0.01 0.0002 0.00 0.0110 

X3CrMoNb18-
2 

0.016 0.68 1.04 0.029 0.008 0.05 18.66 0.29 0.030 1.71 0.01 0.06 0.01 0.02 0.0003 0.48 0.0174 

2.1 Experimental apparatus and measurement configuration   

Studied steel samples were analysed with the utilization of two experimental laboratory systems (apparatus) - 
STA 449 F3 Jupiter, manufactured by NETZSCH-Gerätebau GmbH, Germany, year of manufacture 2011 
(Figure 1) for “Direct Thermal Analysis” method, Setaram SETSYS 18TM, manufactured by SETARAM 
Instrumentation, France, year of manufacture 2001, for DTA (Figure 2). The Netzsch STA 449 F3 Jupiter, 
experimental laboratory system used an ‘S’ type mono-couple sensor for TL and TS temperature detection. Steel 
samples were analysed in the regime of a cyclic experiments and under the linear heating and linear cooling 
conditions. During the cycling experiment is steel sample heated and cooled under the same experimental 
conditions first time in first cycle and the second time in the second cycle. The mass of the studied steel 
samples were approximately 21-23 g.  Heating and cooling rate was 5 °C.min-1. For each studied steel grade 
were measured two steel samples by “Direct Thermal Analysis” method. The second experimental laboratory 
system Setaram SETSYS 18TM were used the ‘S’ type tri-couple sensor for measuring the TL and TS temperatures. 
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The mass of the studied samples was approximately 200 mg. An empty corundum crucible was used as 
reference. On Setaram SETSYS 18TM analyses under linear heating conditions was performed. Heating rate was 
10 °C.min-1. By DTA three pieces of steel samples of each steel grade was analysed.  

  

Figure 1  Netzsch STA 449 F3 Jupiter. Figure 2  Setaram Setsys 18TM. 

All studied steel samples were analysed in a corundum crucibles. The analyses were carried out in an inert 
atmosphere of argon of purity 6.0.  The samples were machined to a desired shape according to requirements 
of each experimental apparatus and thermo-analytical method, then polished and cleaned by ultrasound in 
acetone.  

Besides to analyses of studied steels were also performed calibration measurements for calculating values of 
temperature correction. Experimental TL and TS values were then corrected regarding to melting point 
temperatures of the pure standard metals - palladium for DTA and nickel for “Direct TA”. Liquidus and solidus 
temperatures from DTA analysis were also corrected to influence of the heating rate and sample mass18,19.  

Summary overview of the experimental equipment and adjustment of experimental conditions of “Direct TA” 
and DTA analyses configuration is shown in the Table 2.  

Table 2 Experimental conditions and configuration of DirTA a DTA measurements. 

“Direct 
TA” 

Sample mass (g.) 20-24 
Linear heating, linear cooling 

temperature mode, cyclic experiments 
Dynamic inert atmosphere  

(Ar 6.0) 

Heating / cooling 
rate 

5 °C.min-1 
TG ‘S’ type mono-couple  
measuring sensor (rod) 

Pt/PtRh 10 %  thermocouple 

DTA 

Sample mass (mg.) 200 Linear heating temperature mode 
Dynamic inert atmosphere  

(Ar 6.0) 

Heating rate   10 °C.min-1 
TG/DTA‘S’ type tri-couple  

measuring sensor (rod) 
Pt/PtRh 10 %  thermocouple 

3. Results and discussions 

Under the experimental conditions specified in Table 2 was determined TL and TS temperatures of 15Cr18Ni, 
X22CrMoV12-1, X3CrMoNb18-2 grades of steel. The TL and TS temperatures (Table 3 and Table 4) were carried 
out by evaluation of the thermo-analytical curves: curves heating and cooling curves and DTA curves. Tables 
summarise average (and corrected) values of liquidus (TL) and solidus (TS) temperatures determined by both 
thermo-analytical methods and their comparison with theoretically calculated TL and TS temperatures by 
thermodynamic SW’s – Thermo-Calc and database TCFE8, version 2019a, IDS (version 1.3.1, year of 
manufacture 1997) and Computherm from Esi Group as a part of the Pro Cast software 2018.0 and database 
Visual Cast 13.5.5). TL and TS temperatures determined from “Direct TA” analyses are shown separately 
according to usage of experimental mode. Bold marked TL and TS temperatures in the Tables 3 and 4 represent 
temperatures that were decided to be recommended for operating conditions. 
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Table 3 Experimental and calculated liquidus temperatures. 

Steel grade 

Experimental TL temperature (°C) SW prediction of TL temperature (°C) 

„direct TA“, 

heating 

„direct TA“, 

cooling DTA Thermo-Calc IDS Computherm 

15Cr18Ni 1422 1418 1420 1419 1398 1430 

X22CrMoV12-1 1491 1488 1484 1493 1486 1494 

X3CrMoNb18-2 1492 1490 1493 1506 1476 1505 

Table 4 Experimental and calculated solidus temperatures. 

Steel grade 

Experimental TS temperature (°C) SW prediction of TS temperature (°C) 

„direct TA“, 

heating 

„direct TA“, 

cooling DTA Thermo-Calc IDS Computherm 

15Cr18Ni 1365 1381 1353 1363 1240 1363 

X22CrMoV12-1 1416 1371 1414 1419 1402 1416 

X3CrMoNb18-2 1456 1459 1454 1492 1413 1484 

According to Tables 3 can be stated that experimentally determined TL temperatures across both thermo-
analytical methods shown close TL values. Differences between them are at maximum 7 °C (X22CrMoV12-1). 
Differences between the results of thermo-analytical methods are related to different experimental conditions 
and character of their usage. More variable results show a comparison of experimental TL values with 
theoretically calculated TL values. There are also differences in tens degrees of Celsius (15Cr18Ni - IDS).  

Similar situation is obvious for TS temperature. Differences in values of TS temperatures between thermo-
analytical methods are relatively close, for Thermo-Calc and Computherm too, but IDS again shown some 
differences more tens degrees of Celsius between experimentally determined TS temperatures and 
theoretically calculated TS values. Software calculations represent more different conditions of determination 
of phase transformation temperature usually. Therefore, calculations don’t cover all aspects of experimental 
conditions. They have some own simplifications, limits for inclusion of all elements of chemical composition 
into calculation etc.  

For final operational recommendations were decided, that as relevant TL and TS temperature will be selected 
those values, which were experimentally determined by thermo-analytical methods. Not from thermodynamic 
calculations. It is always better to use experimental data and robust methodology of measuring rather to 
predicted data. Therefore, was as the final one proper TL, resp. TS temperature of each steel grade 
recommended that value which is the least critical in relation to negative impact in process of its 
implementation into steel casting technology. In the case of TL, the highest value from was recommended (in 
relation to superheat setting of steel before casting). Solidus temperature which has to be implemented into 
the real conditions of industrial partner represents as the lowest TS value (to prevent to reach the solidus 
temperature at which a steel not be in solid state). Determination of TL and TS temperatures allows to predict 
more accurate the width of temperature range of two-phase zone region (interval) as possible and allows more 
precise conditions for numerical simulation of the behaviour of the steel during its solidification process.  

All experimental values, in general, show high level of consistency and low level of variability. It was shown that 
both thermo-analytical methods used are set correctly; the results are reproducible, comparable and close to 
the equilibrium. Obtained experimental temperatures by the thermal analysis can be used to optimize 
production and processing of analysed steel grades. 

4. Conclusion 

The paper was focused on the determination of liquidus (TL) and solidus (TS) temperatures for three industrially 
produced steel grades. Two dynamic thermo-analytical methods were used: “Direct Thermal Analysis 
(Heating/Cooling Curve Analysis) and the NETZSCH STA 449 F3 Jupiter experimental system, which allows to 
measure relatively large steel samples (over 20 g) and the DTA realised on Setaram SETSYS 18TM experimental 
system and small steel samples (about 200 mg). Experimentally obtained values of TL and TS were also 
compared with the results (TL and TS values) predicted by software calculations in Thermo-Calc, IDS and 
Computherm. 
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On the basis of discussion were to operating conditions were recommended these experimental TL and TS 
temperatures:  

1. 15Cr18Ni:   TL : 1422 °C; TS : 1353 °C, 

2. X22CrMoV12-1:  TL : 1491 °C; TS : 1414 °C, 

3. X3CrMoNb18-2:  TL : 1493 °C; TS : 1454 °C. 

The results can be considered relevant, but with regard to the specific conditions of the experiments. In real 
technological conditions, it is necessary to take into account the possible influence of other factors that can 
affect the resulting behaviour (samples may exhibit different behaviour in the real technological processes). It 
is necessary to proceed with caution when implementing the knowledge into the technological practice. 

Systematic research of important thermodynamic data (phase transformation temperatures allow carry out the 
requirements of industrial partners and solve the specific operational requirements of metallurgical practice, 
solution of practical problems of real steel solidification associated with real operational problems and share 
on achieve the high requirements for quality of cast steel.  A comprehensive approach allows solving real steel 
casting problems. Realisation of systematic analyses of different types of steel grades allows create a wider 
base of analysed steels in relation to experimental study of a technically important spectrum of steels, 
development of new steel grades, various modifications of steel grades.  

This approach represent a direct connection to operating conditions and technological use in steel casting 
process:  direct use of TL to the superheat setting of steel before casting; more precise determination of TL in 
relation with TS can lead to the refinement of the interval of steels’ solidification as well; implementation of the 
experimental TL and TS temperatures into numerical simulations to setting of boundary conditions of numerical 
modeling.  

Parallel use of both different methods of thermal analysis allows reduce the disadvantages of each method and 
comparison with software calculations completes the complex illustration about results at the process of final 
decision of implementation of experimentally determined data (TL and TS) to operating conditions and achieved 
a more precise results, eliminating the neglect of one possible approach.  
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Abstract 

Presented paper deals with the use of physical modelling to study the degassing process of aluminium melts in 
the refining ladle by blowing inert gas through a rotating impeller. The method of blowing inert gas, so-called 
refining gas, through a rotating impeller into the ladle presents the most common operational technology to 
reduce the content of impurities in a molten aluminium, e.g. hydrogen. The efficiency of this refining process 
depends on the creation of fine bubbles with a high interphase surface, their regular distribution and regular 
arrangement of bubbles in the whole volume of the refining ladle and with long period of their effect in the 
melt. Physical modelling represents the basic method of modelling and it makes it possible to obtain 
information about the course of refining processes. On the basis of obtained results, it is possible to predict the 
behaviour of the real system. This paper is aimed at the evaluation of laboratory experiments obtained by the 
method of physical modelling; attention is focused on the assessment of relevant parameters for the degassing 
process – mainly rotary impeller speeds and volume flow rate of inert gas. 

 

Keywords: physical modelling; refining ladle; inert gas blowing; degassing of the melt; impeller 

1. Introduction  

Optimisation of the degassing process is difficult under operating conditions. Therefore, in laboratory 
conditions, so-called modelling is used, where the original work is replaced by the model. The technology  
of modelling is divided to two basic methods. In numerical modelling, the process is described  
by a mathematical model formed of a system of partial differential equations. In the case of physical modelling, 
a method is used, in which the real system is replaced by a tangible physical model, which is as close as possible 
to the behaviour of the real system. In this method, both the work and the model have the same physical 
substance. One of the advantages of physical modelling is the possibility of visual monitoring and evaluating  
the investigated process under review. The results achieved on the model can predict the real system 
behaviour. The combination of physical and numerical modelling is an optimal model research variant. Among 
the biggest consumers of aluminum alloys include engineering and automotive industries. In some applications, 
they can also replace structural steel. This alternative will achieve the preferred ratio of low density and good 
mechanical properties [1], [2], [3], [4], [5], [6], [7], [8].  

2. Experimental conditions 

Physical modelling of degassing the aluminium melt by inert gas blowing is quite widely used [9]. The decrease 
of hydrogen content in molten aluminium during refining with inert gas is simulated at physical modelling by  
a decrease of dissolved oxygen in model liquid (water). The main advantage of using water is primarily its low 
cost, good availability and especially because the fact that it has similar physical properties as liquid aluminium. 
The dynamic and kinematic viscosity of aluminium and water can be considered to be very close. A comparison 
of the basic parameters of aluminium and water is shown in Table 1.   

Table 1 Comparison of basic physical parameters of the aluminium melt and water [1]. 

Parameter Symbol Unit Aluminium Water 

Temperature T K 1023 293 

Density  kg·m-3 2345 998.5 

Dynamic viscosity η kg·m-1·s-1 0.00120 0.00101 

Kinematic viscosity ν m2·s-1 0.51·10-6 1.012·10-6 

Surface tension σ N·m-1 0.680 0.072 
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Laboratory experiments were conducted in accordance with the theory of similarity between the model and 
the work, based on the identity of Froude’s criterion. It is necessary to observe in particular geometrical 
similarity of the work and its model, and dynamic similarity of fluid flow in work and in its model. 

Experiments investigating degassing the metal melt by inert gas in refining ladle were performed in the 
Laboratory of Physical and Numerical Modelling at the Department of Metallurgy and Foundry, FMT (Faculty of 
Materials Science and Technology), of the VŠB – Technical University of Ostrava. The physical model was made 
of organic glass (plexiglass) at a 1:1 geometric scale for a pilot plant of warm refining ladle model. Also, two 
graphite baffles for suppressing excessive surface ripple and vortex formation were included in the physical 
modelling. Figure 1 shows a physical model assembly. 

     

 

 
 
 

 

Figure 1 Physical model assembly: refining ladle,  

impeller, two baffles and measuring probes. 

Figure 2 Detail of the impeller head used 

for physical modelling, variant J8. 

The change of the impeller immersion was solved by a hydraulically controlled platform on which the physical 
model of the ladle was placed. The J8 impeller variant was used for modelling (see Figure 2). Rotary impeller 
speeds (revolutions per minute; rpm) were resolved by using an asynchronous motor, powered through  
an inverter. Mass flowmeters and needle valves were used to measure and regulate the flow of gases  
(oxygen – press 0.2 MPa and argon – purity 5.0) [10]. 

The decrease of hydrogen content in the aluminium melt during inert gas refining was simulated in the physical 
model by a decrease of the content of dissolved oxygen in the model liquid (water). Before each experiment, 
water was saturated with gaseous oxygen to the value of 23 ppm (23 mg O2·l-1 of water) through the rotating 
impeller. The actual experiment started with exact rotary impeller speeds and flow rate of argon. Two optical 
fluorescent probes were used for continuous measurement of oxygen content in the model bath (water), which 
were placed 420 mm (A1) and 30 mm (A2) above the bottom of the refining ladle. These probes were capable 
of recording dissolved oxygen content up to 26 ppm. Figure 3 shows the basic dimensional data of the physical 
model, including the location of the measuring probes. 

 

Figure 3 Basic dimensional data of physical model. 
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3. Experiments and their evaluation 

The main aim of physical modelling was to achieve insight into the effect of relevant parameters (see Table 2) 
on the removal of dissolved oxygen during refining. The research concentrated on rotary impeller speeds and 
flow rate of inert gas. 

Table 2 Overview of the experiments performed. 

Variant A B C D E F G H I 

Rotary impeller speeds (rpm)  350 500 650 

Flow rate of Ar (Nl·min-1) 5.0 10.0 15.0 5.0 10.0 15.0 5.0 10.0 15.0 

 

The results of individual experiments were evaluated and processed into graphs, which characterise the time 
dependence of the evolution of the reduction of oxygen concentration during refining by inert gas.  

As already mentioned, two optical fluorescent probes were used to measure the dissolved oxygen 
concentration in water (A1 – upper probe, A2 – lower probe). The analysis of the results revealed that the 
course of change in the oxygen concentration indicated by these probes is practically identical. This behaviour 
was evident in all experiments, due to the high rate of turbulence, which caused an almost homogeneous 
concentration field across the entire refining ladle model volume. Due to this behaviour, values from the lower 
probe A2 were used at the next evaluation. 

The most important parameters that have a significant effect on the refining process (dewatering) include  
the rotary impeller speeds and the flow rate of argon fed to the impeller. 

The rotary impeller speeds and their influence was monitored for values 350, 500 and 650 rpm. From the 
graphs shown below (see Figure 4), a significant effect of increased rotary impeller speeds on the process of 
reduction of oxygen content can be demonstrated. The flow rate of inert gas is also a co-decision factor. At low 
flow rates of inert gas 5 Nl·min-1 (see Figure 4 a), the process of reducing dissolved oxygen is slow and the 
oxygen concentration is not reduced to 0 ppm. As it can be seen in the visualization photos (see Figure 6 a), the 
process is limited by a small number of large bubbles, which are insufficiently dispersed in the volume of the 
model and are sparse especially close to the impeller. This behaviour causes that the process of oxygen 
removal from  
the bath is slow and incomplete. 

At higher inert gas volume flow rates of 15 Nl·min-1 (see Figure 4 c), even relatively low increase of rotary 
speeds to 350 rpm leads to an increase in the steepness of the descent curve of the oxygen concentration and 
thus to a significant time reduction, which is required to remove the oxygen content from the bath. A further 
increase in rotary speeds to 500 or 650 rpm led to another, but less significant influence. The increased 
rotation speed causes a greater distribution of the blown gas volume, resulting in a creation of bigger number 
of smaller bubbles. This ensures an increase in the surface of the inert gas bubbles, which is a critical parameter 
in  
the degassing process. At the same time, these bubbles are pushed to bigger distances from the impeller, 
resulting in an increased distribution of these bubbles. Both of these reasons are supported by observation and 
comparison of visualisation photos (see Figure 6 f and Figure 6 i). It can also be assumed that increasing rotary 
speeds above 650 rpm will no longer have a great positive effect and it can carry certain negatives with it.  
The flow rate of the melt can be so high, that under real conditions it can lead to the reduction of the flowing 
efficiency of the non-metallic inclusions, rupture of the oxide layer and subsequent re-gasification of the melt 
and also higher impeller wear. 

The results shown above can also be interpreted as the effect of the flow rate of inert gas at constant rotary 
speeds of 5, 10 a 15 Nl·min-1 when the flow rate of argon is influenced at gradually increasing rotary speeds of 
350, 500 and 650 rpm (see Figure 5). At first glance, it can be seen that increasing the volume flow rate of inert 
gas has a very similar effect to increasing the rotary impeller speeds. The reason is simple, by increasing  
the volume of the inert gas in the melt, the reaction surface of the inert gas bubbles also increases, resulting in 
the increase in efficiency of the oxygen removal process. Figure 5 b shows that at a constant rotary speeds of 
500 rpm and a volume flow rate 5 Nl·min-1, the oxygen concentration in the bath decreases from the initial  
23 ppm to 4 ppm within 6 minutes, from this value to a target value of 0 ppm the content will drop in 10 
minutes. With an increased flow rate of 10 Nl·min-1, we achieve values of 4 minutes and 5 minutes to achieve 0 
ppm. When comparing these values, it is clear that the removal of oxygen from the bath is faster at an 
increased flow rate and already at high concentrations. The biggest difference arises in the removal of oxygen 
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at its lower concentrations, where the effect of an increased flow is much more significant. This phenomenon is 
more noticeable at higher rotary impeller speeds, but it also occurs at lower rotary impeller speeds.  

  

a) flow rate of Ar: 5.0 Nl·min-1 a) rotary impeller speed: 350 rpm 

  

b) flow rate of Ar: 10.0 Nl·min-1 b) rotary impeller speed: 500 rpm 

  

c) flow rate of Ar: 15.0 Nl·min-1 c) rotary impeller speed: 650 rpm 

Figure 4 Change in the oxygen content at a different flow 

rate of Ar and rotary speeds in the range  

from 350 rpm to 650 rpm. 

Figure 5 Change in the oxygen content at different rotary 

impeller speeds and Ar flows in the range  

from 5 Nl·min-1 to 15 Nl·min-1. 
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During the experiments, photos of the bath behaviour inside the model were taken (see Figure 6), from which 
the fluid flow and the amount and distribution of inert gas bubbles could be evaluated. In these photos,  
the effect of increasing rotary speeds ranging from 350 to 650 rpm is evident, with the more intense 
distribution of bubbles throughout the refining ladle volume, as well as a higher level of bath surface ripple  
in the refining ladle.  

   

a) 350 rpm and 5 Nl·min-1 b) 350 rpm and 10 Nl·min-1 c) 350 rpm and 15 Nl·min-1 

   

d) 500 rpm and 5 Nl·min-1 e) 500 rpm and 10 Nl·min-1 f) 500 rpm and 15 Nl·min-1 

   

g) 650 rpm and 5 Nl·min-1 h) 650 rpm and 10 Nl·min-1 i) 650 rpm and 15 Nl·min-1 

Figure 6 Visualisation photos of the gas flow in the bath at rotary impeller speeds ranging from 350 to 650 rpm  

and volume flow rate of inert gas ranging from 5 to 15 Nl·min-1. 
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The results obtained were also compared based on the time necessary to reach the dimensionless 
concentration of 0.5 and 0.1 (see Figure 7). The times Ʈ0.5 and Ʈ0.1 under which the oxygen concentration in the 
bath was reduced, were compared at 50 % and 90 % respectively, in which the so-called dimensionless 
concentrations  
Cx = 0.5 a Cx = 0.1 were achieved. These parameters can therefore characterise the rate of reduction of content 
of oxygen dissolved in the bath. The greatest influence on the reduction of oxygen concentration has impeller 
speed and volume flow rate. From Figure 7 we can confirm the conclusions set out in the previous section,  
i.e. analyses of experiments. Increasing the rotation speeds and increasing the volume flow rate of argon result 
in an instant reduction of the oxygen concentration; it is the same Ʈ0.5 and also at Ʈ0.1. 

  

a) Ʈ0.5 b) Ʈ0.1 

Figure 7 Comparison of the influence of the volume flow rate of argon and the impeller rotary speed. 

4. Conclusions 

The experiments were conducted under laboratory conditions to determine and evaluate the effect of each 
parameter on the efficiency of the melt refining process. The ability to influence the efficiency of the process 
was compared for individual parameters. The rotary impeller speeds and volume flow rate of inert gas have  
the greatest influence on the efficiency of the entire refining process. Other investigated parameters were  
the number of baffles the impeller height above the bottom of the refining ladle, the influence of the inert gas 
type and the effect of the bath temperature. However, these parameters have small or almost insignificant 
influence. 

The evaluation of the experiments was carried out in three phases. In the first phase, visualisation photos were 
taken, where the size of bubbles and the distribution of these bubbles into the volume of the refining ladle 
were studied. During the experiments, the oxygen concentration in the bath was obtained and recorded and 
used in the graphs. In the last evaluation phase, the results were compared on the basis of the time necessary 
for reaching a certain concentration in the bath (in this case 0.5 and 0.1). 

From the results of the physical modelling we can see that the used optical fluorescence probes allow the 
correct measurement of the evolution of reduction of the oxygen content in water. Based on a series of 
experiments, it was proven that the rotary impeller speeds and the volume flow rate of the refining gas have 
a significant impact on the process of decreasing the oxygen content in water. 

Acknowledgements 

The work was created under the support of the Czech Ministry of Industry and Trade within the frame of the 
programme TRIO within the solution of the project reg. No. FV10080 “Research and Development of Advanced 
Refining Technologies of Aluminium Melts for Increase in Product Quality.“ 

References  

[1] Michalek, K. Využití fyzikálního a numerického modelování pro optimalizaci metalurgických procesů. (Using physical 
and numerical modelling to optimize metallurgical processes) 1st edition. Ostrava: VŠB-Technical University of 
Ostrava, 2001, p. 125, ISBN: 80-7078-861-5 (in Czech). 

[2] Lichy, P., Kroupová, I., Radkovský, F., Nguyenová, I. Possibilites of the controlled gasification of aluminium alloys for 
eliminating the casting defects. 25th Anniversary International Conference on Metallurgy and Materials (METAL). 
Brno, Czech Republic, May 25-27, 2016, p. 1474-1479, ISBN: 978-80-87294-67-3. 

[3] Cagala, M., Bruska, M., Lichy, P., Beno, J., Špirutová, N. Influence of aluminium-alloy remelting on the structure and 



Iron and Steelmaking 2019  

Modern Metallurgy                                 23.10.2019 – 25.10.2019 

224 
 

mechanical properties. Materiali in technologije / Materials and technology. 47 (2013), 2, 239-243. 

[4] Bul'ko, B., Molnar, M., Demeter, P. Physical modelling of different configurations of a tundish for casting grades of 
steel that must satisfy stringent requirements on quality. Metallurgist. 57 (2014), 11-12, 605-609. 

[5] Rega, V., Molnar, M., Jusko, M., Bul'ko, B., Kijac, J., Demeter, P. Impact of cast speed on the occurrence of the  
non-metallic inclusions in steel. Acta Metallurgica Slovaca. 22 (2016), 1, 4-13, DOI: 10.12776/ams.v22i1.649. 

[6] Rega, V., Molnar, M., Solc, M., Bul'ko, B., Demeter, P., Jusko, M. Impact of interstitial aluminium content on 
occurrence of non-metallic inclusions in steel. Acta Metallurgica Slovaca. 22 (2016), 2, 88-94, DOI: 
10.12776/ams.v22i2.688. 

[7] Bul'ko, B., Molnar, M., Demeter, P., Baricova, D., Pribulova, A., Futas, P. Study of the influence of intermix conditions 
on steel cleanliness. Metals. 8 (2018), 10, DOI: 10.3390/met8100852. 

[8] Bul'ko, B., Priesol, I., Demeter, P., Gasparovic, P., Baricova, D., Hrubovcakova, M. Geometric modification of the 
tundish impact point. Metals. 8 (2018), 11, DOI: 10.3390/met8110944. 

[9] Saternus, M. Rafinacja aluminium i jego stopów przez przedmuchiwanie argonem. Gliwice: Wydawnictwo 
Politechniky Ślaskej, 2011, p. 167, ISBN: 978-83-7335-892-8 (in Polish). 

[10] Michalek, K., Tkadlečková, M., Socha, L., Gryc, K., Saternus, M., Pieprzyca, J., Merder, T. Physical modelling of 
degassing process by blowing of inert gas. Arch. Metall. Mater. 63 (2018), 2, 987-992, DOI: 10.24425/122432. 

 

  



Iron and Steelmaking 2019  

Modern Metallurgy                                 23.10.2019 – 25.10.2019 

225 
 

ZINC LOSSES IN THE MELTING PROCESS OF AL-ZN ALLOYS IN INDUCTION CRUCIBLE 

FURNACES  

Węcki B.1,2, Makieła E.2 

1 Faculty of Materials Engineering and Metallurgy,  
2 ZETOM Research and Certification of Prof. F. Staub in Katowice, b.wecki@zetom.eu, edwart@zetom.eu 

*Correspondence: bartosz.wecki@polsl.pl  

 

Abstract 

During the melting of the metal alloy we may have to deal with the unfavourable phenomenon of evaporation 

of alloy elements with high vapour pressure from the bath. An example of such an alloy is Al-Zn. During the 

melting process in an induction vacuum furnace, the process of zinc evaporation can be intensified by a 

significant increase in the bath surface due to the formation of meniscus. The paper presents the results of 

studies on the evaporation of zinc from the alloy. Al-Zn5,5MgCu in VIM 20-50 furnace taking into account the 

influence of electrical parameters of furnace operation on the size of mass exchange surface in the analysed 

evaporation process. 

 

Keywords: metals evaporation; induction melting; meniscus; Al-Zn zinc losses; vacuum induction furnace 

1. Introduction  

The new generation of induction crucible furnaces are used for melting, overheating and storage of liquid 
metals and for the production of metal alloys. They are used mainly for melting cast iron, cast steel, copper and 
aluminum as alloys of these two metals. These aggregates ensure the homogeneity of the produced alloys 
thanks to intensive mixing of metallic baths. During the operation of this type of devices, its power is usually 
smooth. However, the control of load symmetry and reactive power compensation takes place automatically. 
Although the melting aggregates have been used in industrial practice for many years, it should be 
remembered that during the melting of metal alloys containing components characterized by significant 
differences in vapour pressure, we may have to deal with an unfavorable phenomenon of evaporation of some 
alloy components. The factors that may significantly affect the intensification of this harmful phenomenon 
include the pressure in the system, the type of gas atmosphere, temperature and hydrodynamics of the system 
in which the melting process is carried out. Below, for example, the process of zinc evaporation from an 
aluminum alloy melted in an induction furnace is discussed, focusing mainly on the possibility of influencing 
this process by the size of the surface of the liquid alloy. 

2. Possible evaporation of zinc from Al-Zn alloy 

The value determining from the thermodynamic point of view the possibility of evaporation of the component 
B of a liquid metal alloy is the so-called volatility coefficient of the Oletto [1]. For the two-component alloy A-B, 
in case when we are dealing with pairs of metal in atomic form, this coefficient determines the relation:   
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                                                                                                                  (1) 

where: ΦB – volatility factor, 
           MA, MB – atomic (molar) masses of the main alloy component and component respectively  

           evaporating, 

        γB - the activity coefficient of component B in the alloy,  

       P 0A,B – partial pressures 

where:  ΦB – volatility factor, 
            MA, MB – atomic (molar) masses of the main alloy component and component respectively            

evaporating, 
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        γB - the activity coefficient of component B in the alloy,  

       P 0A,B – partial pressures. 

The evaporation process volatility factor of B is assumed to be possible when the condition is achieved: 

  > 1                    (2)  

In order to determine the value of zinc volatility coefficient ΦZn from the relation (1), the equilibrium pressure 
values   aluminium and zinc were estimated using thermodynamic data contained in the HSC Chemistry 
database [2].  The values of these pressures are presented in Table 1. The values of the coefficient of activity of 
zinc in the Al-Zn alloy were determined from the relation [3]: 

 

ln γZn =  (1172/T – 0,413 )  1,82XAl                (3) 

 

where XAl – the molar fraction of Al in the alloy 

Figure 1 shows the estimated change in the volatility coefficient of zinc ΦZn for the analyzed liquid Al-Zn alloy 
in the temperature range 933-1283 K. The data presented in this figure show that from the thermodynamic 
point of view there is a possibility of zinc evaporation from this alloy.  For mentioned temperature conditions 
as well as for the alloy composition, the coefficient ΦZn takes values > 1. 

Table 1 Vapour pressure of aluminium and zinc vapours over a clean bath. 

Temperature, K Aluminium vapour pressure, Pa Zinc vapour pressure, Pa 

933 3,284E-07 4400,842 

958 9,447E-07 6540,607 

983 2,575E-06 9518,651 

1008 6,674E-06 13585,85 

1033 1,65E-05 19044,32 

1058 3,908E-05 26255,24 

1083 8,885E-05 35640,1 

1108 0,0001945 47685,87 

1133 0,0004111 62941,55 

1158 0,0008408 82045,47 

1183 0,0016674 105691,8 

1208 0,0032121 134666,5 

1233 0,0060221 169807,4 

1258 0,0110065 212032,5 

1283 0,0176542 239570,7 

 
 

Figure 1  Change in the volatility coefficient value ΦZn for the Al-Zn alloy being tested. 

3. Own research 
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The tests were carried out on an aluminium-zinc alloy of the composition given in Table 2. This alloy was 
selected in such a way that one of the components present in it was characterized by a much higher value of 
vapour pressure (zinc) in relation to the matrix metal (aluminium). 

Table 2 Chemical compositions of the aluminium alloy used in the test. 

Alloy components, % weight. 

Alloy symbol Zn Mg Cu Mn Fe Si Cr Ti Zr Other Al 

Al-Zn5,5MgCu 5,1-6,1 2,5 1,6 <0,3 <0,5 <0,4 0,23 <0,2 - Zr + Ti:<0,25 balance 

 
The test programme was carried out with the use of a SECO-WARWICK VIM 20-50 vacuum induction crucible 
furnace. This unit is equipped with, among others, the following equipment: 

• operator panel enabling control of working parameters and control of processes taking place in the 
furnace,  

• inductor tilt drive,  
• a system for introducing alloying additives without disturbing the protective atmosphere,  
• a system enabling the ingot mould to be heated, 
• sampling mechanism. 

Additionally, the device made it possible to measure temperature in a contact way using a thermoelectric 
sensor and a non-contact sensor using a pyrometer. 
The experiments were carried out according to the following scheme. After a certain amount of alloy was 
loaded into the crucible and the Roots pump generated the assumed working pressure, the furnace power 
supply generator was started. After melting, the charge was kept in the crucible for 20 minutes.  The 
temperature was measured with the use of a thermoelectric sensor type B - PtRh30-PtRh6 and an optical 
pyrometer. At strictly defined time intervals, liquid alloy samples were taken and subjected to chemical 
analysis.  This analysis was performed three times for each sample taken. After the experiment, the liquid alloy 
was cast into a graphite ingot mould. To analyse the chemical composition, the absorption atomic 
spectrometry method was used, using the ASA Solar M6 device. 

4. Results of the research and their discussion 

Table 3 shows an example of the zinc content in the alloy for different melting times for different power values 
of the input. Graphical interpretation of these results is presented in Fig. 2. 

 

Table 3 Changes in zinc content of the examined Al-Zn alloy obtained during remelting carried out in 5kW, 10kW and 
15kW of power in function of the time. 

Duration of remelting, min Zinc content in the alloy, % weight 

5 kW 10 kW 15 kW 

0 5,56 5,69 5,61 

5 5,00 4,87 4,44 

10 4,84 4,76 4,07 

15 4,74 4,31 2,73 

20 4,60 4,24 2,17 
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Figure 2  Changes in zinc content of the examined Al-Zn alloy obtained during remelting carried out at different 

intensities secreted in the deposit. 

The data presented in this figure show that a significant increase in the weight loss of zinc from the alloy is 
observed due to an increase in the power emitted in the melt deposit in the induction furnace. For the value of 
5 kW of power after 20 minutes of the melting process, the zinc content decreased to 4.6 wt. % at the output 
content of 5,7 wt. %. For the process carried out at the power of 10 and 15 kW this value decreased to 4,24 and 
2,17 wt. % respectively.  

In order to explain the above observations, let us consider the process of evaporation of zinc from the Al-Zn 
alloy as the penetration of mass,  the exchange of mass between the core of one phase (liquid alloy) and the 
core of the other phase (gas being the furnace atmosphere).  The stream of zinc penetrating between the cores 
of both phases can be described by the relation [4]: 

GZn = kZn F Δπ,     g·cm-2s-1                (4) 

where:  kZn- the coefficient of penetration of zinc, also called the general coefficient of mass transport 
 F - mass exchange surface (liquid metal-to-gas phase interphase surface) 
 Δπ – general drive module of the process 

 

From the form of equation (4) it follows that the value of the evaporating flux of zinc is directly proportional to 
the surface of liquid metal. In the case of melting of metals and their alloys in induction furnaces, this surface is 
significantly dependent on the electromagnetic field acting on the liquid metal and on the properties of the 
liquid metal [5-8]. 
To determine the actual mass exchange area in the analyzed process of zinc evaporation from liquid 
aluminium, a method consisting of four stages was proposed: 

 taking pictures of molten metal with the use of a fast camera, 

 marking the resulting meniscus geometry on the basis of the photographs obtained, 

 determination of the function of curves describing meniscus for different furnace operating 
parameters, 

 estimation of the surface area using Wolfram Mathematica programs. 
The estimated actual surface area of the liquid aluminium alloy, using the above mentioned methodology, was 
68,1 cm2 for melting at input power of 5 kW and 77 and 95 cm2 for 10 and 15 kW respectively.  The internal 
surface area of the crucible was 63,6 cm2. 
Figure 3 shows an example of a photograph of a surface of a liquid Al-Zn alloy melted at 15 kW. 
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Figure 3 Picture of aluminium surface melted with 15kW of power emitted in the deposit. 

5. Summary 

During the melting of Al-Zn alloy in an induction crucible furnace, significant zinc losses from the alloy were 
observed in the batch at different power values. For example, for power values of 5 kW after 20 minutes of the 
melting process, the zinc content decreased to 5,7 wt. % at the output content of 4,6 wt. %. For the process 
carried out at a power of 15 kW, this value decreased to 2.17 wt. %. The results of the tests and the analysis 
clearly indicate that the increase in the amount of evaporating zinc together with the increase in the value of 
the power emitted in the batch during the melting process in the crucible induction furnace is caused by the 
increase in the evaporation surface - (surface of the liquid alloy). At melting of the alloy at the power of 5kW 
this area was 68 cm2. The increase in the power emitted in the charge to 15 kW resulted in an increase in the 
evaporation area to 95 cm2. It should be noted that these areas are larger than the internal cross-section of the 
crucible - 63 cm2. 
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AOM - ACADEMY OF METALLURGY o.z. 

The Academy of Metallurgy o.z. mission: 

The civic organisation Academy of Metallurgy o.z. was founded in 2019. The Academy of Metallurgy 
o.z. is not based on business, it is a non-political, voluntary, interest association of citizens, based for 
an indefinite period of time under Act no. 83/1990 Coll. on Association of Citizens, as amended. 

The mission of this association is to create a cultural and social environment for the individual 
members, where people are interested in industry, science, technology and related science of 
metallurgy and their positive contribution to society can enhance and develop their relationship with 
the subject areas of society. 

The objectives: 

The aim of the Academy of Metallurgy ’s activity is to support the development of civil society in the 
field of enhancing the cultural and educational level of all strata of the population. It´s goal is also to 
build and develop the relationship of the widest civil society to industry, science, technology and 
related science of metallurgy and also, particularly but not only, to raise interest in industry, science, 
technology and related science unions and to increase their reputation generally. 
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