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APPLICATION OF DENSE OPTICAL FLOW IN FLUID DYNAMICS  ANALYSIS OF TUNDISH 

AND MOLD WATER PHYSICAL MODELS  

 1Andrii PYLYPENKO, 1Peter DEMETER, 1Dominik DUBEC, 1Jaroslav DEMETER,  
1Branislav BUōKO, 1Luk§ġ FOGARAĠ, 1Slavom²r HUBATKA, 1Peter ĠMIGURA 

1TUKE - Technical University of Koġice, Koġice, Slovakia, EU, andrii.pylypenko@tuke.sk  
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Abstract  

In this study, Dense Optical Flow (DOF) was applied to videos of tundish and mold water models to reconstruct 

2D velocity fields and flow structures. Two bench tests (air bubbles; salt tracer) show that DOF yields 

quantitative maps suitable for analysis. Compared with Computational Fluid Dynamics (CFD), DOF provides 

comparable trends at much lower cost than Particle Image Velocimetry (PIV), enabling rapid datasets for digital 

twins.  

Keywords: Dense optical flow, fluid dynamics, computer vision, computational fluid dynamics, continuous 

casting 

1. INTRODUCTION 

Industry 4.0 pushes steelmakers toward digital twins, advanced analytics, and AI-driven optimisation to raise 

productivity and sustainability [1]. Particle Image Velocimetry (PIV) [2] is accurate but costly and cumbersome 

for routine experiments. Dense Optical Flow (DOF) offers a non-intrusive, low-cost alternative: by processing 

video frames, it can reveal velocity fields and coherent flow structures in water models with minimal setup [3]. 

The goal of this study is to develop and validate a dense optical flowïbased workflow that recovers quantitative 

velocity fields and coherent structures from videos of tundish and mold water models, and to benchmark its 

accuracy with CFD. 

2. DENSE OPTICAL FLOW  

Dense Optical Flow (DOF) estimates 2-D motion between successive frames for every pixel by enforcing 

brightness constancy and spatial smoothness. The Farnebªck method [4] approximates local neighborhoods 

with quadratic polynomials: 

Ὢὼ ὼὃὼ ὦὼ ὧ (1) 

and derives displacement: 

Ὠ
ρ

ς
ὃ ὦ ὦ  

(2) 

Multi-scale pyramids capture large motions while remaining robust to noise. Although abrupt discontinuities 

are slightly smeared, the method is accurate enough for bubble or salt solution tracking in water systems. 

3. WATER MODELS OF TUNDISH AND MOLD  

Scaled acrylic replicas (geometric scale = 1:2) of a single-strand tundish and mold were operated with 20 ÁC 

water, whose kinematic viscosity matches that of 1 600 ÁC molten steel after Froude scaling. Models permit 

mailto:novak@vsb.cz
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direct visualisation of inlet jets, recirculation zones, and residence time, helping engineers eliminate turbulence 

and dead zones before plant trials. 

4. 2D PROJECTION OF REAL -WORLD WATER-BASED SYSTEM  

4.1 Geometric  Projection  

A 3-D particle displaced by ▀ projects to the image plane with error ╔ is shown on Figure 1 ; therefore: 

ὺ
Ὁ Ὠ

Ўὸ
 

(3) 

where: 

 ὺ  ï real velocity of tracked motion (m/s) 

 Ὁ ï reprojection error (m) 

 Ὠ ï projection distance (m) 

 Ўὸ ï change in time over objectôs position (s) 

ὺ
Ὠ

Ўὸ
 

(4) 

From Equation 3 and Equation 4 itôs noticible that: 

ὺ ὺ  (5) 

 

Figure 1 2D projection of 3D space 

4.2 Camera Calibration  

Camera calibration [5] is a fundamental process in computer vision that aims to determine the intrinsic and 

extrinsic parameters of a camera to establish a relationship between 3D world coordinates and 2D image 

coordinates. The first step in camera calibration involves capturing multiple images of a known calibration 

object, such as a chessboard pattern, from different angles and positions. Those images are processed to 

identify keypoints, Figure 2 , that are used for reduction of lens distortion such as barrel or pincushion.  
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Figure 2  Chessboard keypoints detection for camera calibration 

Chessboard images yield the intrinsic matrix, distortion coefficients and extrinsics needed to undistort 

frames, Figure 3 , for make pixel to meters calculations more precise. OpenCV [6] python package were 

used to calculate those parameters. 

 

Figure 3  Undistorted frame 

4.3 Pixel -to-Metric Conversion  

To convert pixel measurements to real-world units, the Field of View (FOV) must first be determined using the 

following equation: 

ὊὕὠςÁÒÃÔÁÎ
7

ς&,
 

(6) 

where: 

 ὡ ï width of sensor (mm) 

 Ὂὒ ï focal length (mm) 

Once the Ὂὕὠ is calculated, the actual width of the scene Ὑὡ in real-world units can be computed with: 

Ὑὡ ςὸὥὲ
Ὂὕὠ

ς
Ὀ 

(7) 

where: 

 Ὀ ï distance from sensor to scene (m) 

To find the real-world distance per pixel ὖ, the following equation is used: 
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ὖ
Ὑὡ

ὙὉὛ
 

(8) 

where: 

 ὙὉὛ ï resolution of camera (pixels) 

These calculations enable a precise mapping between pixel-based measurements and real-world dimensions. 

The next step involves converting motion information from pixel-based measurements ὴȾὪ where ὴ is 

displacement of pixels, Ὢ is frame to real-world units άȾί. This transformation is crucial for accurately analyzing 

motion in a spatial context beyond the screen. The formula for calculating velocity ὺ in meters per second can 

be expressed as follows: 

ὺ  Ὠ ὖ Ὂ (9) 

where: 

 Ὠ ï displacement according to Equation 2  (p/f) 

 ὖ ï pixel size (m/p) 

 Ὂ ï framerate of video sequence (f/s) 

5. EXPERIMENTAL SETUP 

Tundish and mold models (transparent acrylic) were filmed at 60 fps. Custom Python code (NumPy, OpenCV) 

logged images and post-processed DOF fields. Two trials were run: 

¶ Bubble tracking  ï air injection visualised flow in the mold. 

¶ Salt solution  tracer  ï highlighted streamlines in the tundish. 

6. RESULTS AND EVALUATION  

6.1 Bubble speed detection in mold  

In Figure 4 , a processed frame from the experiment is shown.The arrows indicate vectors of detected motion 

between two frames within a defined motion field. The size and color of each arrow correspond to the speed, 

with minimum and maximum values indicated in the bottom-left corner of the image. Figure 5  provides a 

velocity map that visually represents speed across the water-based model of mold. This map can be 

instrumental for further analysis in estimating fluid motion over time. 

 

Figure 4  Waterflow speed for 600 ὰȾά incoming water in mold 
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Figure 5  Waterflow speed map for 600 ὰȾά incoming water in mold 

6.2 Salt  solution detection in tundish  

Salt solution flow dynamics within the tundish is illustrated in Figure 6  and corresponding speed map in 

Figure 7 . 

 

Figure 6  Waterflow speed incoming water in tundish 

 

Figure 7  Waterflow speed map incoming water in tundish 

6.3 Computational fluid dynamics evaluation  

Across both cases Computional Fluid Dynamics (CFD) [7] speeds exceeded DOF by å8 %, consistent with 2-

D projection theory and minor boundary-condition gaps. Nevertheless, correlation coefficients > 0.9 confirm 

DOF as a rapid, low-cost alternative to PIV for on-line monitoring or digital-twin data streams. Figure 8  shows 

directional correlation for mold within CFD simulation. 
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Figure 8  Waterflow vectors of incoming water in mold using CFD Ansys Fluent 

7. CONCLUSION 

Dense Optical Flow combined with calibrated video of water models offers a scalable, non-intrusive method to 

characterise steel-casting flow. Agreement with CFD underscores its reliability, while low hardware cost 

favours deployment in research or plant environments. Future work will extend the approach to machine 

learning dataset generation about flows and closed-loop control within digital-twin frameworks.  
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A CRITICAL REVIEW ON THE QUALITY OF TITANIA SLAG PRODUCTION THROUGH 

REDUCTION OF NON-ROASTED ILMENITE USING HYDROGEN  
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University of Johannesburg, Johannesburg, Republic of South Africa, tshedzanet21@gmail.com, 

michelk@uj.ac.za 
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Abstract  

The quality of titania slag has been largely investigated using coke. However, the environmental threats caused 

by carbon emissions has opened a platform to investigate the use of other reductants and their impacts on the 

slag quality. The aim of this investigation is to correlate the impact of hydrogen used as reductant in the pre-

reduction of ilmenite on the quality of the titania slag. Reduction is a pyro-metallurgical process where metal 

is extracted from its ore by heating and melting it at elevated temperatures in a furnace with the addition of 

fluxes and reductants. In this research paper hydrogen was used as reductant during prereduction of ilmenite. 

Argon was concomitantly blown in with hydrogen to dilute the explosive effect of hydrogen at high 

temperatures. A thermogravimetric analyser (TGA) was used to perform experiments at 800, 900 and 1000 

ᴈ. The aim of using hydrogen was to assumably increase the rate of reactions. The good quality titania slag 

in the pre-reduced sample must contain high iron, low Ti2O3, high TiO2 and high mass loss. The optimal 

concentration of hydrogen was investigated firstly through prediction using Fact sage and confirmed secondly 

through TGA test. The fact sage predictions and TGA tests aligned well with one another. The optimal 

conditions for the prereduced ilmenite, were found to be 50:50 for the Ar:H2 ratio at 1000ᴈ for 180 minutes.    

Keywords: Metallurgy, steel, properties, applications, testing methods 

1. INTRODUCTION  

Naturally, ilmenite occurs as a black titanium oxide mineral with a sub metallic to metallic lustre [1]. This mineral 

is abundantly found in igneous and sedimentary rocks [2].  Ilmenite is also used in small amounts to generate 

synthetic rutile, a type of titanium dioxide utilized to make white, extremely reflective pigments. Titanium dioxide 

is most used as a whiting powder, extremely reflective used as pigments. These pigments give paint, paper, 

adhesives, polymers, toothpaste, and even food a bright white hue [3]. In the past years, the reduction of 

ilmenite has always been conducted using carbon. However, the use of carbon required a pre-reduction step 

called roasting. The purpose of roasting ilmenite was mainly to done to facilitate the separation of titanium 

dioxide from the ore and for the generation of valuable by-products such as titanium dioxide. The chloride 

route involves the carbo-chlorination of ilmenite with chlorine gas to form tetrachloride which gets oxidised to 

form titania oxide [4]. The current industrial practice for titania-slag production is through carbothermic 

reduction of ilmenite. Not only that the process is environmental unfriendly because of the release of harmful 

gases [5,6] but also costly. Although pyrometallurgical processes are faster than hydrometallurgical practice, 

it is important to comprehend reaction mechanisms during reduction [7]. In the past recent years, research has 

a focus on finding solutions to combat global warming and decrease energy consumption in different 

pyrometallurgical processes [7]. Hydrogen metallurgy has shown great prospects in replacing the traditional 

carbothermic reduction [8]. Hydrogen is a suitable reductant for this process because it has been reported that 

hydrogen has a lower bond energy than carbon at high temperatures [2]. This means that the hydrogen-

hydrogen bonds will be easier to break up compared to the carbon- carbon bonds.  

mailto:tshedzanet21@gmail.com
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FeO.TiO2  + H2 = Fe + TiO2 + H2O                                                                                                                  (1) 

2TiO2        +  H2 = Ti2O3 + H2O                                                                                                                         (2) 

It has been reported that the mechanism that takes place into steps for the reactions above (1,2) with the first 

step being the diffusion of hydrogen through the porous layer of unreacted titanium dioxide followed by the 

reaction between hydrogen with ilmenite leading to iron and titanium dioxide [4,9]. The rate of reaction is 

generally attributed to concentrations of reactants and products over time [10] and the intrinsic chemical 

reaction and the diffusion of gaseous species through the product layer [7]. Moreover, it was reported that the 

partial reduction of titanium with hydrogen at temperatures ranging from 876- 1014ᴈ was possible [9]. To 

determine that mass loss during ilmenite reduction using hydrogen, the following equation (3) was proposed 

[11]: 

ύ   ρππϷ                                                                                                                                         (3) 

where: 

mo    - the mass of the initial sample (kg) 

mt  - the the mass of sample after reduction time t (kg) 

mcal- the mass loss obtained by theoretical calculation (kg) 

In this study, the sample was reduced in a rotary kiln furnace with temperatures ranging from 600 ï 1000 ᴈ, 

with a mixture of H2/CO and results critically interpreted. 

2. METHODOLOGY 

2.1  Material and equipment  

¶ Ilmenite (FeO.TiO2) ï the selected sample or host ore of titanium used for the purpose of this project. 

¶ Reductant ï hydrogen is used as a reductant  

¶ Diluent ï Argon was used to dilute hydrogen: this is to avoid explosions in the furnace 

¶ Alumina crucible 

¶ X-Ray Fluorescence  

¶ Pulveriser: This is a mechanical device used to reduce size of material. 

¶ Thermogravimetric analyser (TGA): used for recovering iron and separating it from slag. 

¶ Dessicator: cools down crucible with product in an inert environment. 

¶ Tongs: Assist in the handling of heated materials. 

¶ Microbalance: Used to record any changes in mass. 

2.2  Experimental procedure  

I. Sample preparation 

The as received Ilmenite was pulverised to obtain a homogenized sample. Approximately 60g of the pulverized 

sample was taken for characterization using different analytical techniques and the rest of the sample was pre-

reduced. 

II. Characterization 

The 60g of pulverized raw material was characterized using mainly XRF  

III. Prereduction: a Fact Sage prediction was conducted using different temperatures to determine the 

temperature where possible reduction of ilmenite and the TiO2 concentration. This is followed by 

experiments 

IV. Comparison of products 



May 21 - 23, 2025, Brno, Czech Republic, EU 

 

 

20 

The head sample and product samples were compared to ascertain the composition changes that have 

presumably occurred. 

3. RESULTS AND DISCUSSION 

FactSage prediction of the reduction of ilmenite in presence of hydrogen  

The predictions using FactSage are presented in Figure 1  considering a constant amount of hydrogen using 

200g of ilmenite in the temperature range of 600 and 1200 oC.   

 

Figure 1 Relationship between temperature and the concentration of FCC  

From Figure 1  it can be observed a sharp increase at 910,75oC corresponding to the beginning of the formation 

of the FCC begins while the highest concentration is obtained Between 900 and 1000oC whereas a slight 

decline is depicted above 1000 oC. The reason of the first peak at 910,75 ofC, signifies that Ilmenite starts being 

reduced at 900 oC. Therefore, iron will start getting reduced almost immediately because of it lower reducing 

temperature which is below that of ilmenite accounting to the formation of the FCC phase. The slight drop in 

the concentration of hydrogen after 1000ᴈ is due to the melting point of ilmenite which begins at 1050 oC. 

Additionally, this drop is an indication that the iron in the sample has been completely reduced.  

Figure 2  below shows the correlation between TiO2 concentration against temperature. It is observed that the 

concentration of Titanium dioxide increased from 600- 700 ᴈ by 10g. After the first peak which is at 700 ᴈ the 

concentration of TiO2 remained constant, till it reached a decline at the temperature of 990ᴈ. 

 

Figure 2  Correlation between TiO2 and temperature 

0,00

5,00

10,00

15,00

20,00

25,00

30,00

35,00

40,00

600,00 700,00 800,00 900,00 1000,00 1100,00 1200,00

C
o

n
c
e
n

tr
a
ti
o

n
 o

f 
F

C
C

 (
g

)

Temperature ( ᴈ)

15,00

20,00

25,00

30,00

35,00

40,00

45,00

50,00

600,00 700,00 800,00 900,00 1000,00 1100,00 1200,00

C
o

n
c
e
n

tr
a
ti
o

n
 o

f 
T

it
a
n

iu
m

 d
io

x
id

e
 

(g
)

Temperature ( ᴈ)



May 21 - 23, 2025, Brno, Czech Republic, EU 

 

 

21 

A huge drop in the concentration of TiO2 occurred between the temperature range of 1100-1200 ᴈ. The first 

increase in the concentration of TiO2 indicates the increase in the reduction of ilmenite. The decrease in 

concentration of TiO2 from 1100-1200 ᴈ is an indication of successful reduction with TiO2 reporting to the slag 

phase from 1100ᴈ.  

Table 1  provides the XRF results of the head sample. It transpired that the ore is acidic since the basicity is 

less than unity.  

Table 1  XRF results of the ilmenite head sample and different tests 

From Table 1 , the FeO content increased. This is presumably due to the reduction for FeO and the mass loss 

is the H2O that is released during reduction although Fe is kept as FeO in the XRF results generated. 

 

Figure 3 Correlation between Time and Mass loss (%) at 1000 ᴈ with a Ar:H2 ratio of 50:50   

From Figures 3  shows the correlation between time and mass loss percentage for a Ar:H2 ratio of 50:50. It 

transpired that up to around 25 minutes the increase was sharp and linear increase thereafter. 

Figure 4  depicts the correlation between temperature and mass loss for a constant time of 180 minutes. It 

transpired that the mass loss increased with the temperature increase for the time of retention of the sample 

in the furnace. However, two stages are identified. The first stage of reduction up to 20 minutes was rapid with 

exponential increase. The increase in mass loss became linear afterward with similarity in the trend for all 

three temperatures. Figure 5  shows the correlation between mass loss percentage and Ar:H2 ratio namely 

50:50, 60:40 and 80:20 at 1000 ᴈ for 180 minutes. It was observed that the highest mass loss was obtained 
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XRF results for head sample  

 Compo und  FeO TiO2 SiO2 MnO Al 2O3 Cr2O3 MgO CaO ZrO2 Nb2O5 

Mass 

(%) 

Head 

sample  52,23 41,47 2,49 1,18 0,93 0,60 0,28 0,16 0,12 0,10 

Test 1 54,52 41,03 1,61 1,49 0,46 0,22 0,11 0,12 0,12 0,11 

Test 2 54,62 40,91 1,69 1,52 0,43 0,20 0,13 0,10 0,14 0,09 

Test 3 56,70 39,82 1,03 1,45 0,26 0,14 0,06 0,09 0,13 0,12 

Test 4 55,99 40,08 1,36 1,37 0,38 0,23 0,08 0,09 0,15 0,12 

Test 5 61,31 34,86 1,83 0,73 0,53 0,14 0,15 0,09 0,12 0,08 
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at 50:50 ratio followed by 60:40 with 80:20 having the lowest mass loss. It was, however observed same trends 

for the ratios.  

 

Figure 4 Correlation between Temperature and Mass loss (%)  

 

Figure 5 Correlation between Mass loss (%) and Ar:H2 ratio at 1000 ᴈ 

4. CONCLUSION 

The reduction of ilmenite using hydrogen as reductant has been tested for few years. A critical review was 

undertaken in this project. Thermodynamic predictions using Fact Sage aligned well with results obtained 

experimentally using a TGA. Results obtained have shown that from different temperatures used optimum 

results were obtained at 1000oC. Secondly, different Ar:H2 ratios were experimentally tested. 50:50, 60:40 and 

80:20 Ar:H2 ratios were used at the optimum temperature. The optimum yield was obtained at 50:50 Ar:H2 

ratio. Finally, time was varied up to 180 minutes. It was observed that the mass loss increased in two stages. 

The first stage was a rapid stage with exponential increase followed by a linear stage. The second stage can 

be named slow reduction stage.   Conclusively, the results obtained alludes to the hypothesis that it is possible 

to reduce ilmenite with hydrogen.  
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Abstract  

In the iron ore sintering process, ensuring permeability to allow an appropriate amount of air to pass through 

the mixed raw material layer in the sintering machine and flow smoothly from top to bottom is crucial for the 

progress of the combustion zone and sinter productivity. Moisture control is vital for the granulation and air 

permeability of the mixed raw materials. The water holding capacities of each type of iron ore were measured, 

and the optimal granulation moisture for return fines, limestone, and solid fuel was determined through a 

permeability test to achieve the appropriate granulation moisture of the mixed raw materials. Additionally, 

optimal granulation moistures under various blending conditions were identified through permeability tests. 

This allowed for the derivation of optimal granulation moisture based on the type and mixing ratio of the raw 

materials. A system has been established to automatically control the additional moisture amount based on 

the difference between the real-time moisture measured by the microwave moisture analyzer and the 

calculated optimal granulation moisture, considering the type of raw materials and blending ratio. When this 

system was applied to the sintering plant, it was confirmed that iron ore sinter productivity increased by 0.3 

t/D.mĮ, and the sinter fuel ratio was reduced by 1.1 kg/t-sinter. 

Keywords: Iron ore Sinter, Water holding capacity, Granulation moisture, Microwave moisture analyzer, 

Permeability test 

1. INTRODUCTION  

In the sintering process, granulation of the raw materials is important to ensure the permeability of the mixed 

raw material layer for productivity. Sintering granulation is to make iron ore powder, flux, fuel, and recovered 

materials into pseudo particles with suitable moisture, reasonable particle size distribution and good bed 

permeability for sintering. Fundamentally, the sintering granulation is achieved by layering fine particles onto 

coarser core particles to achieve particle size expansion [1]. This process is usually carried out under the 

action of water. Therefore, moisture control for the granulation of mixed materials is very important. Matsumura 

et al. and Lv et al. investigated the moisture content of iron ore particles, suggesting that the optimal moisture 

content should be adjusted based on the properties and particle size of the iron ore [2-4]. Similarly, Maeda et 

al. analyzed the factors affecting quasi-particle strength from the perspectives of iron ore properties and 

granulation conditions, suggesting that increasing water content can enhance the ability of small balls to resist 

breakage [5,6]. Additionally, Lv et al. provided an equation relating the water content capacity of sintering 

mixtures to the optimal water content [7]. Khosa and Manuel studied the granulation behavior of iron ore based 

on particle size distribution and composition, and predicted the relationship equation for the optimal granulation 

water content of the ore [8].  

In this study, the equation was provided to calculate the optimal granulation moisture content in real-time based 

on the blending ratio of mixed raw materials, considering the inherent water holding capacity (WHC) of the iron 

ores and the appropriate granulation moisture content for other sub-raw materials such as limestone, 

https://doi.org/10.37904/metal.2025.5063
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quicklime, return fines, and solid fuels. Additionally, a microwave-type moisture measurement device was 

installed to measure the moisture content of the mixed raw materials in real-time. A system was established 

to automatically control the amount of moisture based on the deviation between the measured moisture content 

in real-time and the optimal granulation moisture content of the mixed raw materials. Furthermore, the 

operational effects of applying this system to the sinter plant were verified.  

2. EXPERIMENTRAL 

The water holding capacity of iron ores is an inherent characteristic that varies by ore type and is an important 

factor in determining the optimal granulation moisture for the mixed raw materials. In this test, the water holding 

capacities were measured for a total of 9 types of iron ores. Each type of iron ore is divided into specific particle 

size groups (over 2.8 mm, 2.8-1.0 mm, 1.0-0.25 mm and under 0.25 mm) and then washed. After washing, 

the samples are submerged in water for more than 10 hours. The submerged samples are placed in a 15 ml 

container equipped with a fine mesh at the bottom. The container is then spun at a speed of 1500 rpm for 5 

minutes to centrifuge the water and the sample. After centrifugation, the weight of the sample is measured. 

The sample is then placed in an oven to be completely dried, and its weight is measured again.  

To calculate the water holding capacity, you can use the following Equation 1: 

                          7ÁÔÅÒ ÈÏÌÄÉÎÇ ÃÁÐÁÃÉÔÙϷ
    

  
ȫρππ                                   [1] 

Next, the optimal granulation moistures of various sub-raw materials such as limestone, return fines, and solid 

fuels used in iron ore sinter production, as shown in Figure 1 , were calculated through JPU (Japanese 

permeability unit) tests. Each of these sub-raw materials was placed into a drum mixer, and granulation was 

carried out for 8 minutes while adding moisture and rotating the mixer. Once granulation was completed, each 

of the blended materials was charged into a pot with a diameter of 110 mm and a height of 430 mm. Under a 

constant suction pressure of 1000 mmAq, the velocity of air passing through the layer of blended materials 

was measured at 10-second intervals for a total of 5 minutes. The same permeability measurement experiment 

was conducted while varying the moisture content added to the blended materials. Through this process, the 

optimal granulation moisture content of sub-raw materials that resulted in the best permeability was 

determined. 

      

Figure 1 The method for measuring the permeability test (JPU) of mixed raw materials 

Using the cross-sectional area of the pot, the height of the mixed raw materials bed, and the average flow rate, 

the Japanese Permeability Unit (JPU) is calculated as shown in Equation 2 below. 

                                                                         *05
Ȣ

                                                                         (2) 

where, JPU : Japanese Permeability Unit,  F : Flow rate (m3/min),  A : Cross sectional area of the bed (m2) 

L : Height of the bed (mm),  ȹP : Suction pressure across the bed (mmAq)  
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The permeability measurement tests (JPU) were conducted under a total of seven different blending conditions 

(Blending A~G) to create the equation for deriving the optimal granulation moisture content according to the 

blending ratio of raw materials. The equation also uses the water holding capacities for each type of iron ore 

previously derived, as well as the optimal granulation moisture content of other sub-raw materials, including 

solid fuel. Additionally, using this equation, the optimal granulation moisture content is calculated in real-time 

on the sinter plant control room's HMI according to changes in the raw material blending ratio during actual 

operation. 

The microwave-type online moisture analyzer and an auto sampler were installed on the conveyor belt at the 

exit of the secondary rerolling drum mixer in the sintering plant to measure the moisture content of the mixed 

raw materials in real-time. To create the calibration curve for the moisture measurement device, samples were 

taken using the auto sampler while varying the amount of moisture added from the control room, and the 

readings from the moisture measurement device were recorded simultaneously. The sampled mixed raw 

materials were dried at 105ɒ for a day to measure the actual moisture content. These actual moisture contents 

were then analyzed for correlation with the readings from the moisture analyzer taken at the same time as the 

sampling, and a calibration curve was created. Based on the calibration curve created in this manner, the 

moisture analyzer provided real-time moisture content readings. These readings were compared with the 

actual moisture analysis values of various samples collected using an automatic sampler installed just behind 

the moisture analyzer, and the standard deviation between the actual moisture content and the device's 

measured moisture was analyzed to be almost 0.08%. 

3. RESULTS AND DISCUSSION 

3.1. Water holding capacity  (WHC) 

The water holding capacity for each type of iron ore was measured, and the results are provided in Table 1 . 

The magnetite series, Ore G showed relatively very low water holding capacity. In contrast, the limonite series, 

including Ore A, B, C, E, and I, exhibited relatively high water holding capacity. Additionally, the mixtures of 

hematite and limonite, such as Ore D, F, and H showed a water holding capacity of about 4-5%. It is clear that 

as the proportion of iron ore with high water holding capacity increases, the optimal granulation moisture should 

also be increased. 

Table 1 The water holding capacity (WHC) of iron ores used in this test according to particle size distribution 

Brand  
Ratio of particle size  (mm), (wt%) WHC according to particle size  (mm), (wt%) 

+2.8 2.8~1.0 1.0~0.25 -0.25 +2.8 2.8~1.0 1.0~0.25 -0.25 Total  

Ore A 20.8 11.3 15.1 52.7 2.23 3.75 3.16 10.60 6.95 

Ore B 55.5 20.0 14.6 10.0 3.54 4.57 4.29 10.97 4.60 

Ore C 53.2 28.4 16.2 2.3 5.94 6.17 6.79 9.36 6.23 

Ore D 41.4 27.1 27.3 4.3 5.90 7.25 9.64 10.76 7.50 

Ore E 28.8 18.9 23.3 29.0 5.30 7.19 8.32 15.03 9.18 

Ore F 40.5 29.6 19.2 10.7 4.23 4.90 6.01 10.02 5.39 

Ore G - - 64.5 35.5 - - 0.95 1.89 1.28 

Ore H 36.0 25.4 19.8 18.8 3.25 4.37 3.74 9.48 4.80 

Ore I 51.2 22.9 5.9 20.0 4.25 5.14 5.16 5.20 4.70 

3.2. Optimal granulation moisture  

The results of the permeability test to determine the optimal granulation moisture for other sub-raw materials 

and the mixed raw materials with various blending conditions are shown in Figure 2 . The optimal granulation 

moisture content, which provides the best permeability, was measured as 2.63% for limestone used as flux, 

3.24% for return fines, 15.81% for anthracite powder, and 14.98% for coke breeze. And the permeability test 
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was conducted by varying the amount of moisture added under the same blending condition. Based on the 

results of the permeability measurement experiments as described above, the optimal granulation moisture 

contents for various blending ratio conditions, along with the water holding capacity and blending ratio of each 

iron ore, are presented in Table 2 . 

 

Figure 2 Results of the permeability test based on the moisture content of various sub-raw materials and 

mixed raw materials with different blending ratios 

Table 2 The water holding capacity and blending ratio of each iron ore brand, as well as the optimal granulation 

moisture content under various blending conditions 

Brand  
WHC*, 

% 

Blending ratio of each iron ore brand  (wt%) 

Blend. A  Blend. B  Blend. C  Blend. D  Blend. E  Blend. F  Blend. G  

Ore A 6.95 2.15 2.15 2.15 2.15 2.15 0.00 0.00 

Ore B 4.60 3.96 5.39 5.39 3.95 3.95 6.06 6.06 

Ore C 6.23 14.70 12.00 7.05 14.70 0.00 13.00 13.00 

Ore D 7.50 26.34 15.84 14.79 4.15 18.85 20.03 11.88 

Ore E 9.18 2.69 2.69 2.69 2.69 2.69 2.74 2.74 

Ore F 5.39 4.98 2.60 1.20 4.98 4.98 2.04 2.04 

Ore G 1.28 4.35 4.35 4.35 4.35 4.35 4.77 4.77 

Ore H 4.80 2.77 2.12 2.12 2.77 2.77 3.32 3.32 

Ore I 4.70 0.00 14.80 22.20 22.20 22.20 10.35 18.50 

**WHCt,% - 6.34 5.77 5.58 5.33 5.64 5.87 5.51 

***Mopt,%  - 7.23 6.98 6.89 6.51 6.68 6.89 6.80 

* WHC : Water holding capacity of each iron ore(%),      

** WHCt (%) : Total WHC = (Ore A ratio Ĭ Ore A WHC + ... + Ore I ratio Ĭ Ore I WHC) / sum (ratio of Ore A+B ...+I)      

*** Mopt (%) : Optimal granulation moisture content from JPU test 



May 21 - 23, 2025, Brno, Czech Republic, EU 

 

 

28 

The relationship between the total water holding capacity and the optimal granulation moisture content 

according to each blending condition is shown in Figure 3 . The correlation between the total water holding 

capacity and the optimal granulation moisture content exhibited an RĮ value of approximately 0.81. 

 

Figure 3 The relationship between the total water holding capacity of iron ores and the optimal granulation 

moisture content for each blending condition 

The optimal granulation moisture content calculation equation, as shown in Equation 3, was derived by 

considering the total water holding capacity of iron ores as the primary raw materials, the optimal granulation 

moisture content for each blending condition, the appropriate granulation moisture content for other sub-raw 

materials including solid fuels, and the amount of water used in the hydration reaction of quicklime. 

            Optimal granulation moisture, Mopt = (0.632 Ĭ WHCt) + B1 + B2 ... + B5 + Ŭ                                    (3) 

where, B1 = 0.321 Ĭ quicklime blending ratio (0.321 is the water-to-quicklime ratio required for the  

hydration reaction of quicklime). 

               B2~5 = Optimal granulation moisture of each sub-raw material Ĭ Blending ratio of each sub-raw  

material 

Ŭ = Calibrating constant (selected as 2.31 through actual test operations in the sintering plant) 

3.3. Actual test operation results of the sinter plant  

For five days, under the same blending file, the operator manually controlled the moisture addition based on 

the moisture analysis results of the mixed raw materials, which were measured four times a day using the 

conventional dry method. For the next seven days, the moisture addition was automatically controlled based 

on the difference between real-time moisture measurements from a microwave-type moisture analyzer and 

the real-time optimal granulation moisture content calculated in connection with the blending conditions.  

Table 3  compares the actual moisture contents of the mixed raw material samples during the 12-day test 

operation period. The mixed raw materials were sampled four times a day, completely dried, and then the 

actual moisture was measured.  

Table 3 The actual moisture content of the mixed raw material samples during the 12-day test operation period 

Test  day 
 

Measure ment   

Moisture contents, (wt%) 

Manual control (for 5 days)  Automatic control (for 7 days)  Average  

1st 2nd 3rd 4th  5th  6th  7th  8th  9th  10th 11th 12th Manu. Auto.  

1st 8.5 8.5 7.5 7.2 7.2 7.2 7.4 7.4 6.9 6.4 6.4 6.4 7.8 6.9 

  2nd 7.5 7.5 7.2 7.3 7.3 7.3 7.1 7.1 7.1 6.3 6.3 6.3 7.4 6.8 

3rd 6.5 6.5 6.5 7.2 - 7.2 7.2 6.3 6.3 6.3 6.6 6.8 6.7 6.7 

4th 7.1 7.1 7.1 7.1 6.5 7.3 7.3 6.5 6.5 6.5 6.7 6.9 7.0 6.8 

Average  7.4 7.4 7.1 7.2 7.0 7.3 7.3 6.8 6.7 6.4 6.5 6.6 7.2 6.8 

Standard  deviation  0.73 0.73 0.36 0.07 0.36 0.05 0.11 0.44 0.32 0.08 0.16 0.25 0.25 0.13 
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During the period of using the same blending pile, the average actual moisture of the mixed raw material 

samples over 5 days of manual control was 7.2%, with a standard deviation of 0.25%. In contrast, during  

7 days when the water sprayed into the drum mixer was automatically controlled, the average moisture was 

6.8%, with a standard deviation of 0.13%, showing a reduction in moisture standard deviation by approximately 

50%. In other words, moisture variation decreased, resulting in more stable moisture control. 

Table 4 The results of the sintering operation during the test periods 

Operation  index  
Control  method   

Standard deviation , (%) 
(*Mopt -**MM/W) 

Pallet speed , 
(m/min ) 

Productivity,  
(t/D.m 2) 

Fuel Ratio,  
(kg/t -sinter ) 

Manual control  0.24 2.68 32.1 51.2 

  Automatic control  0.11 2.73 32.4(+0.3) 50.1(ȹ1.1) 

* Mopt : Real time optimal granulation moisture, ** MM/W : Moisture from microwave-type moisture analyzer 

Table 4  presents the sintering operation results for the periods during the test operation when manual control 

and automatic control were applied, respectively. Automatic control reduced the standard deviation between 

the optimal granulation moisture and the real-time moisture measured by the microwave analyzer by 

approximately 54%, decreasing it from 0.24% to 0.11% compared to manual control. Furthermore, optimizing 

the overall moisture improved the permeability of the mixed raw material bed, increasing the pallet speed of 

the sinter plant from 2.68 m/min to 2.73 m/min. Consequently, iron ore sinter productivity increased by  

0.3 t/D.mĮ, from 32.1 t/D.mĮ to 32.4 t/D.mĮ. Additionally, the sinter fuel ratio decreased by 1.1 kg/t-sinter, from 

51.2 kg/t-sinter to 50.1 kg/t-sinter, attributed to reduced excessive heat consumption required for moisture 

removal during the sintering process due to granulation moisture optimization. 

4. CONCLUSION 

The system has been established to automatically control the additional moisture amount based on the 

difference between the real-time moisture of the mixed raw materials and the calculated optimal granulation 

moisture, in order to adjust to the optimal granulation moisture in real-time, considering the type of raw 

materials and blending ratio. When this system was applied to the sinter plant, the standard deviation of the 

optimal granulation moisture and the real-time mixed raw material moisture decreased by approximately 54%, 

from 0.24% to 0.11%. Additionally, iron ore sinter productivity increased by 0.3 t/D.mĮ, from 32.1 t/D.mĮ to  

32.4 t/D.mĮ, and the sinter fuel ratio was reduced by 1.1 kg/t-sinter, from 51.2 kg/t-sinter to 50.1 kg/t-sinter. 
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Abstract  

Next generation casting technologies such as thin slab, belt or strip casting have gained popularity due to the 

reported energy saving, which can be as high as 1.6GJ/tonne when compared to conventional thick slab 

casting. However, these casting approaches result in changes in cooling rate during solidification and in 

thickness reduction to the required product geometry, which could affect the resulting microstructure and 

elemental segregation. In this work the secondary dendrite arm spacing (SDAS) and micro-segregation levels 

for the range of cooling rates relevant for different casting technologies (0.8 to 6ÁC/s) have been assessed 

using predicted COMSOL modelling coupled with known empirical SDAS and cooling rate relationships. A dual 

phase DP800 steel has been selected as the material to evaluate its specific role in micro-segregation. SEM-

EDX grid maps have been used to characterise micro-segregation levels. To complement the experimental 

observations, Thermo-Calc simulations were conducted to predict micro-segregation behaviour using both 

initial cooling rates and post-solidification profiles for validation. The segregation ratios have been mapped for 

various cooling rates, correlating to the casting relevant techniques enabling quantification of segregation 

severity. The influence of CR on the SDAS and microsegregation of Mn has been investigated in this study. 

The SDAS results show for a DP wedge mould, that at lower CR ( 0ͯ.68ᴈ/s) the dendritic structure is coarse 

with SDAS at 104.01Õm (Ñ 4.49Õm), where the SDAS was refined at higher CR ( 5ͯ.8ᴈ/s) measured at 

40.02Õm (Ñ 1.87Õm). The SR behaviour showed a difference at the lower CR 0ͯ.68ᴈ/s  and higher CR 

5ͯ.8ᴈ/s as well as the mid-section (all of which can be broken down into three distinct regions) and will be 

discussed. 

Keywords: Cooling rate, microsegregation, secondary dendrite arm spacing, solidification, casting   

1. INTRODUCTION 

Conventional continuous casting (CCC) is widely used in the production of steel grades in semi-finished 

shapes. Various cross-sectional products (such as billets, blooms or slabs) are produced, with slabs that 

include thick slab, thin slab and also strip casting. Thicknesses are typically in the range of 200-300mm for 

thick slabs, 50-100mm for thin slabs and 1-5mm for strip casts [1]. The cooling rate (CR) during solidification 

is primarily controlled by the size of the mould, where higher cooling rates are seen for thinner slabs. The CR 

is an important parameter affecting the solidification process with a direct influence on the secondary dendrite 

arm spacing (SDAS) and the extent of alloying element microsegregation in steel. The different casting 

technologies relating to the cast product sizes result in different CR, where CCC has a slow CR of 0.13ᴈ/s at 

the centre of the slab compared to that of horizontal single belt casting (HSBC) which is much higher at 50ᴈ/s 

[2, 3]. Thin slab casting (TSC) and strip casting have been reported to give CR of 45ᴈ/s and 723ᴈ/s 

respectively [4, 5].  

The variation in cooling rates affect the morphology and SDAS, which in turn influence casting defects such 

as hot tearing, cracking and microsegregation [6]. The segregation of certain elements such as Mn into the 

interdendritic regions during solidification is inevitable in steels (especially DP steels) and can lead to 

mailto:ajitesh.sharma@warwick.ac.uk
https://doi.org/10.37904/metal.2025.5071


May 21 - 23, 2025, Brno, Czech Republic, EU 

 

 

31 

differences in hardness and strength, impacting the mechanical properties. Reported studies have shown that 

with increased cooling rates (0.05ᴈ/s to 1.89ᴈ/s, with the SDAS decreasing from 96.7Õm to 47.4Õm), causing 

segregation deviation parameter for Mn, a quantitative measure of microsegregation to increase significantly 

from approximately 0.051 to 0.091, where such a rise in microsegregation at these higher cooling rates result 

in negatively impacting mechanical properties, particularly hot ductility. Also it was reported, due to the slow 

diffusion rate of Mn, it is difficult to eliminate through subsequent heat treatments, resulting in microstructural 

inhomogeneity [7]. Furthermore, some studies have reported a non-linear trend of microsegregation levels of 

Mn first increasing to a peak CR 5.87ᴈ/s (with a segregation ratio of 1ͯ.17) and then decreasing at the highest 

cooling rates of 10.28ᴈ/s (with a segregation ratio of 1ͯ.07), where the faster cooling reduces the time for 

back diffusion, leading to increased segregation, the associated refinement in microstructure (smaller SDAS, 

and while SDAS wasnôt reported, the average grain size was reported instead from around 120.17Õm to 

88.63Õm) can also reduce the diffusion distances and therefore this can mitigate segregation at higher CR [8]. 

Through this work, DP800 steel grade will be investigated and the link between cooling rate, SDAS and 

microsegregation (particularly Mn) will be explored.  

2. EXPERIMENTAL METHODS AND MATERIAL CHARACTERISATION  

Compositions were cast using a Consarc Vacuum Induction Melting (VIM) furnace into one 15kg wedge mould 

ingot. The as-cast material was sectioned along different positions on the wedge to give a range of cooling 

rates for the steel samples (Figure 1 ). Due to the ingot geometry, the as-cast microstructure was martensitic, 

thus segregation analysis was carried out on as-cast samples. These were polished to a final 0.05Õm using a 

non-crystallised colloidal silica solution. Scanning electron microscopy (SEM) using a JEOL JSM-7800F 

system equipped with Energy Dispersive X-ray Spectroscopy (EDS), to characterise the microstructure. A grid-

based EDS mapping approach was developed to analyse microsegregation across dendritic structures. Each 

mapped region consisted of 350-450 measurement points, with a x60 magnification and constant working 

distance of 10mm. The grid spacing was derived from the minimum SDAS (  ͯ40Õm), using either 1.5x SDAS 

or SDAS/1.5 of this value to ensure sufficient spatial resolution relative to the dendritic features whilst 

maintaining the minimum of 350 grid points per sample. 

 

Figure 1 As-cast ingot from the wedge mould and schematic of where points taken for micro segregation 

analysis 

In order to assess the SDAS then the samples were normalised to achieve a ferrite pearlite structure, making 

the dendritic structure much clearer. To achieve this heat treatment was carried out at 950ᴈ and held for 10 

mins before being furnace air cooled to room temperature before polishing and etching with 2% Nital solution. 

A Keyence VHX-7000 microscope was used to examine the dendritic structure to measure an array of 
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secondary dendrite arm spacings at each 1mm increment through thickness. For each region, a minimum of 

one hundred dendrite arm spacings were measured, ensuring statistical significance, and reducing 

measurement variability. The compositions used in this study are detailed in Table 1  which were measured 

using Optical Emission Spectroscopy (OES). A solidification heat transfer model was developed using 

COMSOL Multiphysics to simulate cooling rates for a DP800 steel ingot sample. The COMSOL simulation 

incorporated the measured SDAS values to validate the predicted cooling rates and then these cooling rates 

were independently verified using the CR-SDAS relationship [9]. Hence these CR were utilised in the COMSOL 

model to simulate CR at different positions along the wedge mould. The use of this particular SDAS-CR 

equation is due to the similar composition of steel analysed and hence similar SDAS and CR properties that 

are associated with it going hand in hand. The CR-SDAS relationship for this composition used is: 

ὛὈὃὛψτὅὙȢ                       (1) 

Table 1 Compositions of steel grades used in this study (wt%) 

DP steel grade  C Mn Si S P Cr Al  Nb Fe 

DP - Wedge 0.135 2.27 0.265 0.003 0.005 0.535 0.008 0.026 Bal. 

3. RESULTS AND DISCUSSION 

3.1 Microstructures and SDAS  

The typical heat-treated dendritic microstructures for the DP wedge mould is shown in Figure 2 . Here the 

microstructure is of only ferrite and pearlite phases. The measured SDAS is also shown in Figure 2  with the 

solidification cooling rates shows that over the slower cooling rates 0ͯ.68ᴈ/s to 1.27ᴈ/s, the SDAS values 

ranged from 104.01Õm to 69.76Õm and showed a sharp initial decrease in the arm spacing. At the higher 

cooling rates 3ͯ.45ᴈ/s to 5.8ᴈ/s the decrease in the SDAS was less pronounced at 45.36Õm to 40.02Õm, 

which is widely reported in literature that the SDAS sensitivity is significantly less at higher cooling rates [10]. 

 

Figure 2 SDAS for 2.27Mn wedge mould for a range of solidification cooling rates and heat-treated ferrite-

pearlite microstructure  

3.2 Microsegregation Microstructures and SDAS  

The as-cast samples for the DP wedge mould was analysed for the level of microsegregation of Mn, Figure 3  

illustrates how the segregation ratio develops over the solidification cooling rate. To quantify Mn segregation, 

N.D 

S.D 
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a weighted ranking number system was utilised to investigate the segregation ratio (SR) of Mn. This involves 

ranking the Mn concentration measurements from lowest to highest and calculating a SR of the minimum to 

maximum values in each region. However maximum concentrations of Mn may include MnS (inclusion hit 

regions) and therefore a 95th and 5th values were utilised instead of maxima and minimum values. This was 

the Mn content over the average bulk Mn composition, which enabled to exclude the MnS regions. The 

segregation ratio was defined as: 

ὛὙ
  

  
                                       (2) 

From Figure 3  the DP wedge shows a complicated behavioural profile, where the SR trends observed here 

are consistent with previous studies; where first Li, Y. et al. reported Mn segregation intensity initially increased 

with CR from segregation ratio of  1ͯ.1 to  1ͯ.3 but then slightly decreased at the highest of cooling rates to 

1ͯ.25, with a confocal scanning laser electron microscope was utilised to set the solidification cooling rates of 

6ᴈ/min, 50ᴈ/min and 100ᴈ/min. Huan, et. al. also reported microsegregation levels to increase initially with 

CR, reaching a peak at the highest CR (the CR here were calculated by thermocouples connected to a 

temperature recorder, and hence average CR of different diameter ingots was calculated) [8, 11]. The DP 

wedge in this study can be broken down into three sections;  

1. A decrease in SR at lower cooling rates (from around 0.6ᴈ/s to 2.6ᴈ/s) due to SDAS refinement.  

2. An increase in SR at mid-range CRs (from around 2.6ᴈ/s to 4.75ᴈ/s) likely due to reduced back diffusion 

time. 

3. A plateau or slight decrease in SR at the highest of CRs (from around 4.75ᴈ/s to 5.8ᴈ/s), possible due to 

the post solidification CR not changing despite increasing through solidification CR from the COMSOL model. 

In ideal conditions, the faster solidification CR might also result in a faster post solidification CR, however due 

to the geometry of the wedge mould the post solidification CR remains unchanged across the higher CR range 

(from around 4.75ᴈ/s to 5.8ᴈ/s), providing similar conditions for solute back diffusion. As back diffusion is 

dependent on temperature and time, this flattening of post solidification profile could explain why further 

increases in solidification CR does not lead to a continued increase in SR.    

 

 

 

 

 

 

 

 

Figure 3 Microsegregation for 2.27Mn wedge mould across a range of solidification cooling rates 
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3.3 Predictive Thermo -calc analysis  

As the DP wedge mould showed a complex SR profile over a range of solidification CR a Thermo-Calc DICTRA 

simulation was deployed to see the predictive relationship. The time-temperature profile from COMSOL was 

used in Thermo-Calc for the post solidification behaviour of the DP wedge mould. Specifically, the cooling 

curve from the solidus temperature down to approximately 1000 ᴈ allowing for the prediction of post-

solidification cooling (during solidification the predicted cooling rates were utilised for the analysis). Figure 4  

shows a similar trend was observed with Thermo-Calc DICTRA predictions for Mn SR. 

 

 

 

 

 

 

 

 

 

 

Figure 4 Predicted and measured Mn SR for 2.27Mn wedge mould 

This predictable trend in segregation ratio at various cooling rates, whilst initially appears unintuitive and 

complex, shows good agreement with Thermocalc. To understand this complex curve then first the two 

competing factors need to be assess. These are: 

1. The diffusion distance i.e. SDAS  

2. The diffusion time i.e. cooling rate 

Firstly, to understand what is happening here, the cooling profiles for specific locations are shown in Figure 5 . 

As observed from Figure 5 , the higher solidification rate e.g., at 5.8ᴈ/s experienced a rapid drop in 

temperature, reaching 1000ᴈ in under 70 seconds, whereas the slower cooling rate of 1.94ᴈ/s retained heat 

for significantly longer and did not reach 1000ᴈ even after 300 seconds. This reflects the efficiency of heat 

extraction under faster cooling conditions, where the heat is lost to surroundings due to contact with the colder 

mold walls and better conduction, resulting in a steeper drop in temperature over time. At the 1.94ᴈ/s the heat 

extraction is relatively poor, because this region is closer to the centre of the ingot, where the thermal gradient 

is lower due to the increased distance from the mould wall, thus retaining the heat for longer and solidifying 

more slowly.      

 

 



May 21 - 23, 2025, Brno, Czech Republic, EU 

 

 

35 

 

 

 

 

 

 

 

Figure 5 Temperature-time curves for different points along the 2.27Mn wedge mould 

To investigate the complex behaviour further, thermal energy was used and calculated as the integral of the 

temperature-time profile curve. This approach helps in evaluating whether differences in post solidification 

cooling can explain the SR profile. Figure 6  shows the calculated thermal energy profiles of the 2.27Mn wedge 

mould. The 2.27Mn wedge mould shows a non-linear trend, where a decrease in thermal energy can be seen 

with CR initially (around 0.68ᴈ/s to 2ᴈ/s) and thereafter the thermal energy dropping even more rapidly 

(around 2ᴈ/s to 3ᴈ/s) then the thermal energy plateaus in the region around (600ᴈs to 700ᴈs in thousands) 

for CRs above 3ᴈ/s. This plateau suggests that even at the highest solidification rates that due to a 

combination of latent heat, surround liquid with lower thermal conductivity and mould geometry, the post 

solidification cooling rate is much less sensitive to the position within the wedge mould, and as such 

solidification rate and post solidification cooling rate are not dependent variables. As such this plateau in 

thermal energy at solidification rates greater than 3 ÁC/s provides a constant level of back diffusion, and 

indicates a convergence in post solidification cooling which helps explain the observed Mn SR at higher CRs 

(Figure 4 ). 

 

 

 

 

 

 

 

Figure 6 Thermal energy change with respective solidification cooling rates for 2.27Mn wedge mould 

SR is proportional to the SDAS but inversely proportional to thermal energy and therefore the metric of 

SDAS/Thermal energy has been used to simplify the comparison. Figure 7  compares the predicted Mn SR 

with the SDAS/Thermal energy ratio across the range of solidification CRs for the 2.27Mn wedge mould. This 

comparison was made to assess whether SDAS and thermal energy can provide insight into the trend of 

microsegregation. By plotting SDAS/thermal energy against predicted Mn SR the aim was to evaluate if 
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SDAS/thermal energy could explain the observed plateau in SR at higher CRs. The results show a clear 

alignment, as SDAS/thermal energy drops (particularly above 3ᴈ/s), the predicted SR reaches a plateau.  

 

  

 

 

 

 

 

 

Figure 7 SDAS/Thermal energy ratio with the predicted 2.27Mn SR for the wedge mould 

3.4 Consequence of Casting Technologies  

Measured microsegregation results and predicted microsegregation levels showed good agreement. 

Therefore, utilising the predictive features from ThermoCalc and known literature for solidification and post 

solidification cooling rates, a predicted microsegregation analysis can be conducted for casting technologies. 

Figure 8a  shows the calculated temperature-time profiles for the conventional continuous caster (CCC), thin 

slab caster and strip caster (considering the through solidification and post solidification rates for the different 

technologies) and Figure 8b  showing the predicted Mn segregation ratios for the respective casting 

technologies [2, 4, 5, 12, 13].    

Figure 8 a) temperature-time profile of CCC, thin slab and strip casters and b) predicted Mn SR for CCC, 

thin slab and strip casters 

As seen from Figure 8  the Mn SR increases as the CR increases. Strip casting with the highest CR exhibits 

the greatest Mn SR of about 1.55 while CCC, with the lowest CR shows the least segregation at 1.35. this 

trend is expected as the slower cooling seen in CCC provides more time for back diffusion and reducing 

segregation as a result. Conversely at higher cooling seen in strip casting, here there is limited time for back 

diffusion to occur and an increase in SR.  



May 21 - 23, 2025, Brno, Czech Republic, EU 

 

 

37 

4. CONCLUSION 

The findings in this study were presented for a DP wedge where the Mn SR and SDAS behaviour in steels 

across a range of solidification cooling rates were evaluated. As expected, a clear inverse relationship between 

CR and SDAS was observed. Interestingly, Mn SR decreased initially with increasing CR but showed complex 

behaviour in wider CR ranges. ThermoCalc-DICTRA simulations confirmed the experimental trends for 

measured SR, validating the impact of post-solidification profiles on segregation. The SDAS/thermal energy 

ratio correlated well with predicted Mn SR. Additionally, the measured experimental SR coupled with predictive 

SR also correlated well for the SR seen in the different casting technologies.   
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Abstract  

To analyze secondary cooling control systems in continuous steel slab casting, a mathematical heat-transfer 

model and corresponding software tool were developed. The model is based on nonlinear heat conduction 

and solidification equations to predict temperature distribution in a longitudinal cross-section. The user 

interface accepts casting parameters such as mold heat flow and water flow rates in each spray zone, while 

enabling real-time temperature monitoring through charts and graphs. Results comparing temperature 

distributions under open-loop (spray table) and model-based predictive control systems are presented. This 

user-friendly modeling software serves as an effective tool for steelmakers and researchers to optimize 

secondary cooling in offline numerical experiments, to observe and monitor the process in real time, or to 

develop control systems to better maintain temperature during transients, for enhanced slab quality. 

Keywords: Continuous casting, heat transfer, secondary cooling, control methods, numerical simulation 

1. INTRODUCTION 

Secondary cooling in continuous casting involves cooling the surface of the solidifying steel strand after it 

leaves the copper mold in the caster. In this stage, water sprays or air mist is applied at controlled flow rates 

to remove heat from the strand surface, which still contains a liquid core. In addition to promoting full 

solidification before the end of containment, controlled cooling should maintain good surface temperature 

distributions to avoid defects, even during transients. 

Secondary cooling is dominated by internal heat conduction from the liquid within the slab to the surface, so 

the shell thickness grows in proportion with the square root of time. However, in thinner slabs, the spray cooling 

also has some effect on the shell growth and final solidification.  More importantly, spray cooling of the surface 

controls the surface temperature history, which greatly affects defects and metallurgical quality [1] [2]. Surface 

cracks form if stress, such as caused by bending, unbending, or thermal stress, occurs when the surface 

temperature is in a range of low ductility, and depends greatly on the composition of the steel grade being cast 

[3]. Furthermore, excessive reheating of the strand surface can lead to internal cracks and shape defects [4]. 

Finally, if low secondary cooling and high casting speed combine to extend the metallurgical length beyond 

the region of roll support, then the serious, dangerous, and expensive defect of ñwhale formationò can occur 

due to excessive bulging caused by the internal ferrostatic pressure [5]. Secondary cooling is controlled by 

adjusting the water or air-mist flow rates in each spray-cooling zone (Figure 1 ), which can be adjusted 

independently in real time. Each adjustment of Gi affects the flow rate of every nozzle in the zone, and is made 

in response to current casting conditions, according to the desired temperature profile. 

The flow rates should be carefully controlled to ensure that each part of the strand surface follows the desired 

thermal history for the grade, while considering the casting speed history. This task can be challenging, and 

requires a robust control strategy and methodology, which is the subject of ongoing research.  
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Figure 1 Schematic of caster showing secondary cooling spray zones and water-flow actuation points, Gi 

During non-steady-state casting, some regions in secondary cooling may experience undesirable temperature 

transients if sprays are not controlled properly, potentially leading to strand defects or in extreme cases, even 

causing the strand to become stuck in the curved section of the casting machine [6]. Optimizing secondary 

cooling to best maintain slab surface temperatures is one control strategy. For example, as suggested in [7], 

maintaining the surface temperature above ~900 ÁC during straightening can be an effective measure to 

prevent transverse surface cracks in continuous-cast slabs. Many studies, such as [8] have confirmed this can 

be achieved by adjusting secondary cooling to keep the strand surface temperature above the low-ductility 

range of ~700ï850 ÁC during straightening. Lowering water flow in certain cooling zones can also reduce 

transverse corner cracks and improve overall slab quality. Another strategy is to increase water flow rates in 

secondary cooling such that unbending occurs below the low-ductility temperature range. 

Direct closed-loop control of spray cooling in continuous casting has been challenging due to unreliable 

sensors.  Optical pyrometers are subject to changes in surface emissivity due to scale formation and the 

steamy environment of the spray chamber, and are difficult to maintain. Thus, traditional feedback control 

systems are not sufficiently robust for this process. 

At the other extreme, a simple method to control secondary cooling is fully open-loop ñspray tableò control, 

where the flow rates are found by interpolation of values in a ñlook-upò table based on the casting speed. 

Although spray-table control is very robust and reliable, it produces variations in temperature history after 

sudden speed changes, as investigated later in this paper.  

Recently, real-time adaptive (dynamic) cooling model-based control systems are being developed, often based 

on closed-loop feedback with a software sensor [5], or model predictive control systems [9] [10]. These systems 

provide strand temperatures in real time to the control system from a mathematical model, which acts as a 

ñdigital twinò of the caster. Such systems benefit from true real-time plant measurements of mold heat transfer, 

based on the cooling water heat up. They can be further improved by infrequent or periodic recalibration with 

pyrometer measurements, when such measurements are accurate and available. Other systems implement 

statistical evaluation of plant measurements [11], or augment a mathematical model or a historical database 

of temperature measurements and steel quality with a fuzzy logic regulator [12]. 
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Dynamic spray cooling systems utilize mathematical models in two ways. Firstly, real-time heat transfer models 

can be integrated into the control system as software sensors. Such models can also serve as real-time 

observers of the process, providing knowledge to assist the operators [5, 10]. Secondly, offline mathematical 

models can aid in understanding the process and in the development of better control systems.  This work 

shows results from a two-dimensional, transient model which can visualize the dynamics of the temperature 

field in a central longitudinal cross-section faster than in real time.  

2. MATHEMATICAL MODEL  

In this work, a transient mathematical model of convective-conductive heat transfer in a continuous steel strand 

[10] is applied to simulate the two-dimensional temperature field and solidified shell thickness evolution within 

a longitudinal section through the steel strand in a typical continuous slab caster. This section is parallel to the 

narrow faces and captures typical behavior between the wide faces, such as the caster centerline. To save on 

computation, the model domain includes only half of the strand thickness, assuming symmetry between the 

inside and outside radius. 

This model solves the transient heat conduction equation for the two-dimensional temperature field, subject to 

convective-radiation boundary conditions, according to: 

,)()(
)()(

1
)(

ý
ü
û

í
ì
ë

ù
ú

ø
é
ê

è

µ

µ

µ

µ
+ù
ú

ø
é
ê

è

µ

µ

µ

µ
=

µ

µ
Ö+

µ

µ

z

T
Tk

zx

T
Tk

xTTcz

T
v

T

r
t

t
 (1) 

where Ὕ is the steel temperature, ʂ; )(tv  is casting speed (m/min); )(Tc is specific heat capacity, J/(kgȚK); 

)(Tr  is density, kg/m3; )(Tk is thermal conductivity, W/(mĿK); ὸ is time, sec; ὼ is distance in the thickness 

direction, m; and ᾀ is distance in the casting direction, m. This equation is discretized with an explicit finite-

difference numerical scheme. The position of the solidification front, defined by continuity of temperature 

across the phase boundary interface and by the Stefan condition, along with the handling of latent heat, initial 

conditions, boundary conditions, and other numerical details, are presented in [10]. 

The user interface displays casting parameters such as average and maximum heat flow in the mold, surface 

temperature, and water flow in each zone, while also allowing real-time temperature monitoring via charts and 

graphs.  This model enables evaluation of different cooling strategies and their effects on shell temperature, 

thermal gradients, and crack susceptibility. 

3. NUMERICAL EXPERIMENTS 

Numerical experiments were conducted for a typical steel slab caster with 0.2 m slab thickness with standard 

casting speed of 1 m/min, and measured variations having a standard deviation of 0.028 m/min. The simulated 

scenario involves a realistic drop in casting speed during a ladle exchange (Figure 2 ). 

 

Figure 2 Casting speed data for experiments 
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The geometric parameters of the Continuous Casting Machine (CCM), including those of the secondary cooling 

zone, are taken from Slab Caster No. 6 at Azovstal. Thermophysical properties are taken from [13] for the 

steel whose chemical composition is presented in Table 1 . 

Table 1 Chemical composition of the steel (wt%) 

C Si Mn Ni S P Cr Cu 

0,36é0,44 0,17é0,37 0,5é0,8 < 0,3 < 0,035 < 0,035 0,8é1,1 < 0,3 

4. OPEN-LOOP (SPRAY-TABLE)  CONTROL 

The above scenario is first investigated with an open-loop spray-table control system. Open-loop control refers 

to a control system which does not consider plant measurements, or even model output data to determine the 

water flow rates at the actuation point of each spray zone. In this case, the algorithm is solely based on 

predefined rules based on the current casting speed. The values in the table are based on plant experience to 

produce temperature distributions which give good steel quality when running at constant, steady-state casting 

speed.  

The particular spray-table control system implemented here features a linear relationship between the casting 

speed and the water flow rate. Any change in casting speed causes a directly proportional change in water 

flow rate (Figure 3 ). When operating at any constant casting speed, the prescribed flow rate maintains a 

constant specific water consumption per unit mass of steel. Suggested guidelines [14] are 1.0 to 1.2 L/kg of 

steel for plain-carbon and low-alloy steels; 0.6 to 0.8 L/kg for low-carbon and high-carbon steels; and 0.4 to 

0.6 L/kg for steel grades with high sensitivity to thermal cracking. Water pressure is maintained between 0.1 

and 0.5 MPa. Because each nozzle requires a minimum flow rate to produce a good spray pattern, according 

to its ñturndown ratioñ, water flow rates are constant at low casting speed (Figure 3 ). To compensate, some of 

the last secondary cooling zones may be completely turned off at low casting speeds. Open-loop spray-table 

control is easy to implement, very robust, and effective when operating under steady conditions. 

 

Figure 3 Water discharge rates for open-loop (spray table) control 

The resulting water flow rates and temperature results are presented in Figure 4a ). For transient scenarios, 

such as this one, the temperature profiles deviate greatly from desired and vary between slices. The speed 

drop causes a flow-rate drop everywhere, including the later spray zones, where surface temperature rises. 

Steady state is not achieved again until all steel slices started during the speed drop have exited the last spray 

zone. 
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To improve this behavior, other open-loop algorithms have been developed which track the casting speed 

history of each slice of steel in the caster and adjust the water flows to implement a constant specific water 

consumption even during speed transients (e.g., [15]). The thermal behavior resulting from any of these 

algorithms can be analyzed and visualized using the software tool shown in this paper. 

5. MODEL-BASED PREDICTIVE CONTROL  

The other control system investigated here selects water flow rates which aim to maintain a constant surface 

ñsetpointñ temperature history for each slice of steel during speed-change scenarios, based on temperature 

forecasts from a digital twin mathematical model [10]. This real-time dynamic model-based control system 

simulates temperature for several seconds into the future and finds, via iteration with interval halving, the water 

flow rates which maintain the setpoint temperature [16, 17]. Consequently, during a scenario with varying 

casting speed, the flow rate behavior varies greatly between spray zones, as shown in the upper frame of 

Figure 4b) . This is in stark contrast with the identical behavior with time in spray zones for spray-table control. 

The resulting temperatures show almost no deviation from the desired setpoints during the speed-drop 

scenario, as presented in Figure 4b) . The only deviations are observed in the first spray zone, where there is 

insufficient control authority, and where also the control algorithm is not perfect.  Clearly, model-based dynamic 

spray-cooling control offers the potential for better control of spray cooling. 

  

  

Figure 4 Water rates (top) and temperature deviations from the setpoint temperature (bottom).  

a) Open-loop (spray-table) control method; b) Model predictive control method   

6. CONCLUSION 

A mathematical model and software tool of transient heat transfer and solidification is applied to visualize the 

behavior of two different control systems on water flow rates and the resulting temperature distributions 

produced during a speed-drop scenario encountered in a continuous steel-slab caster during a typical ladle 

exchange.  The model system operates faster than real time, so is capable of serving as the model in a model-

based control system at an operating caster. The output screens can support operators to visualize the thermal 

behavior of their process in real time. The software tool can also be applied to evaluate the behavior of different 

a) b) 
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spray-cooling control systems. These include open-loop spray-table control and model-predictive cooling 

control strategies, shown in this work. This software tool offers valuable support for both researchers and 

steelmakers to understand and improve slab quality through better control of secondary cooling processes. 
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Abstract  

Roturbo, multi-mode meniscus electromagnetic stirring (MODE-EMS) in tundish and flow controlling system is 

the advanced product. The unique magnetic turbo-circuit design and control technology, the product can 

automatically realize many stirring modes: single/turbo rotation mode, acceleration mode, deceleration mode, 

two-zone turbo mode, double-helix acceleration mode and so on. By using the metallurgical data packet, the 

required stirring position, modes and parameters can be switched according to the steel grades, the strand 

section and the quality requirements. So, electromagnetic stirrer for meniscus is installed on the mold the 

continuous caster. The strong Multiphysics coupling are studied with heat transfer or Navier-Stokes interface 

for induction heating or fluid flow control. In the case if the of laminar flow steel depth ŭ (penetration depth of 

the electromagnetic field inside the material) is very small compared to the characteristic dimension (e). A 

surface Impedance is set up and we do not need to resolve in detail the interior volume. Regarding, a thin 

conductive layer (e < ŭ), the layer is described only by a surface with a two way boundary condition. The 

electromagnetic action zone covers the meniscus. Mainly used to improve surface and subsurface quality of 

the bloom / slab. It is one of the key metallurgical equipmentôs for continuous casting of special steel with high 

surface quality requirements, such as EV-cars and household appliances [1]. Roturbo MODE-Electromagnetic 

(MODE-EMS) processes are good candidates for energy saving and CO reduction demands. In metallurgy 

industry, it leads to productivity improvement, maintenance reduction and safety integration. 

Keywords: Heat Transfer, Metallurgy, Contact Resistances, Solid Mechanics, Thermal Dilatation 

1. INTRODUCTION 

Numerical modelling is a very useful tool to increase the control of foundry processes and to predict the 

metallurgical and mechanical properties of molten metal ingots. In Sidex , various melting processes are used. 

Example, the plant produce large forging and castings products in carbon steel or stainless steel which are 

required to manufacture the primary components of a nuclear power plant. At Sidex plant, the vacuum arc re-

melting process is used to produce superalloys ingots with a high level of quality in terms of chemical 

composition and solidification structures. Finally, the vacuum induction melting is used in several laboratories 

to produce and study alloys and melting processes. The objective of this work is to develop a model able to 

describe crucible filling through a simplified approach and to study in details continuous-casting / ingot-crucible 

interactions, to predict their influence on the performant metallurgy results. Different physical phenomena are 

of primary importance, such as the cooling mode and the contact conditions between the ingot and the crucible. 
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2. STATE OF THE ART TECHNOLOGIES  

2. 1. Mold electromagnetic stirrer (M-EMS) 

Actual main technologies has developed an in-mold electromagnetic stirrer, (M - EMS), consisting of four 

part stirrers, two on each wide side of the mold, placed high in the mold.] Two part stirrers are electrically 

connected cross-wise to two frequency converters in order to facilitate different Lorentz force combinations 

along the meniscus level. The M-EMS creates a circulating meniscus flow (Figure 1 ), resulting in less non-

metallic inclusions entrapped in the initial solidified shell and an improved shell growth homogeneity and thus 

a decreased number of longitudinal cracks. The M-EMS is installed at most SIDEX slab casters and in some 

cases also in combination with an electromagnetic brake (E -MBR) field at the bottom of the mold.    

                             

     Figure 1  M-EMS circulated meniscus flow                    Figure 2  FC M-EMS mold electromagnetic stirrer 

The Flow Casting Mold Electromagnetic Stirrer (FC MEMS ) consists of two (2) part stirrers, one on each 

wide side of the slab, placed high in the mold and controlled from one common frequency converter,[4] (Figure 

2). A longer pole pitch of the coil makes it possible to achieve a stronger magnetic flux distribution in the mold 

and to maintain normal iron thickness, and with the benefit of reasonably low power consumption. The FC 

MEMS creates a circulating meniscus flow (Figure 2 ), resulting in less non-metallic inclusions entrapped in 

the initial solidified shell and an improved shell growth homogeneity and thus a decreased number of 

longitudinal cracks. The FC MEMS is intended for low to medium speed casters and is also recommended for 

crack sensitive grades, i.e. peritectic steel grades, and for wider strands. 

2.2. Roturbo multi -mode meniscus electromagnetic stirring (MODE-EMS) 

The ROTURBO MODE-EMS consists of four (4) stirrers, located in the middle of the mold, two on each wide 

side of the slab mold,[5], (Figure 3 ). The stirrers on the right and on the left respectively are series connected 

and each fed by one frequency converter. The stirrers are normally operated in two different modes. MODE-

mode [6,7] (stabilizing) is used for high speed casting when the meniscus velocity is too high. The force of the 

stirrers is then directed towards the submerged entry nozzle (SEN)  and counteracts the metal jets, reducing 

the velocity of these jets and thereby also the meniscus velocity. Electromagnetic low-alloy EMLA-mode [7] 

(accelerating) is used for low speed casting when the inertia in the jets from the SEN is not sufficient to reach 

the minimum meniscus metal flow velocity required. The force of the stirrers is then directed towards the narrow 

faces, accelerating the steel in the center of the mold and increasing the meniscus flow velocity. 

Electro magnetic Brake -Mode Stirring  (E-MRS) is a third mode that is intended to rotate the steel in the 

middle of the mold. However, it is not clear from the literature what the effect is and whether new mold powder 

inclusions appear with this low position in the mold [5] nor when it is intended to be used.    
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Figure 3  ROTURBO with MODE-EMS 

2.3. Flow Casting Mold -(FC MOLD) 

The FC Mold uses two static magnetic fields, (Figure 4 ),an upper field at the slab meniscus level to control 

the meniscus metal flow velocity and a second independently controlled lower field at the bottom of the mold 

to minimize the penetration depth of the steel jets from the SEN.[6,8] Simultaneous and independent control 

of the meniscus flow speed and the penetration can only be achieved by the FC Mold. The FC Mold is a tool 

for medium to high speed casting. The metal jets from the SEN is braked by the DC magnetic field and when 

reaching the narrow sides one flow path will turn up towards the meniscus and the upper field can then control 

this flow velocity. The second flow path will turn downwards and the lower field will minimize the penetration 

down into the slab. The FC Mold can also be used to increase the metal flow velocity at meniscus, should this 

velocity be lower than optimal. This is the most common electromagnetic device with totally 30 strands 

equipped or sold up to today. 

 
 

Figure 4  ROTURBO with MODE-EMS in FC Mold technology  
 

3. METALLURGICAL RESULTS  

The penetrating flow velocity of the steel jets from the SEN should be kept as small as possible in order to 

minimize inclusions being brought deep down into the strand (Figure 6) . This penetrating flow increases with 

increasing casting speed. The meniscus flow velocity, on the other hand, should be kept in a certain range 

(Figure 5).  It should be kept stable and not vayrying, neither in absolute velocity over time nor the swaying 

from the left- to the right-hand side of the SEN, i.e. biased flow. It should be kept stable and not varying, neither 

in absolute velocity over time nor the swaying from the left- to the right-hand side of the SEN, i.e. biased flow. 

The flow from the SEN can ideally be characterized as single or double roll or, via a stirrer, a rotational stirring 

pattern at the meniscus. However, what is important is to secure a stable flow pattern for an efficient washing 

of non-metallic inclusions to prevent them from being entrapped in the solidified shell. The ideal flow control 

device should therefore keep the meniscus flow velocity at a constant level for various casting conditions and 

promote a temperature increase at the meniscus area. The literature usually specifies this velocity to be around 

0.2-0.4 m/s. 
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The meniscus level fluctuations have therefore been measured as a function of time with and without the FC 

Mold (Figure 7 ). The result is a very stable meniscus profile when using FC Mold. 

 
 

Figure 7  Meniscus shape measured by thermocouples in the Cu plates more stable with FC Mold 

4.  MODELING BY MULTIPHYSICS  

The Figure 8  shows a time averaged computer simulation result of 180 sec. of meniscus metal flow in a slab 

caster of strand size 200x1500 mm with a casting speed of 2.2 m/min, an Argon flow rate of 10 L/min and a 

SEN angle of ( -15Á) . The flow pattern without an electromagnetic device gives a high meniscus velocity 

reaching peaks of 0.55 m/s and an unstable meniscus wave with a substantial amplitude. The FC Mold slows 

down the flow to an optimum meniscus speed, which stabilizes the meniscus and prevents mold powder 

entrapments. 

 

Figure 8  Meniscus metal flow velocities, no electromagnetic device (left ), FC Mold controlling the meniscus 

flow (right ). 
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The Figure 9  displays the time averaged meniscus metal flow velocities in a slab caster of strand size 

210x1500 mm with a casting speed of 1.2 m/min, an Argon flow rate of 7 L/min and a SEN angle of (0Á ). 

Without an electromagnetic actuator, the meniscus flow is weak. 

 

Figure 9  Meniscus metal flow velocities, no electromagnetic device (left ), FC Mold accelerating the 

meniscus flow (right ). 
 

4.1. Meniscus flow casting activity   

The meniscus flow at low casting speed is often too weak for a sufficient homogenization of the melt 

temperature distribution in the critical initial shell growth regions. The risk of entrapment of inclusions causing 

subsurface defects is also imminent with a low meniscus metal flow speed. The Figure 10  displays the 

calculated increase of the meniscus flow speed with a 1500 mm long FC M-EMS compared to casting without 

an electromagnetic actuator. The slab caster strand format is 250x2000 mm with a casting speed of 0.7 m/min, 

an Argon flow of 6.1 L/min and a SEN angle of ( -15Á). 

 

Figure 10  Meniscus metal speeds, no electromagnetic device (top), FC M-EMS increasing meniscus velocity 

(bottom). 

 

The Figure 11  presents the resulting time averaged meniscus flow speeds for a 1500 mm long stirrer applied 

with center line 0, 100, 200, 300 and 400 mm below meniscus. The strand format is 250x2000 mm, with casting 

speed 0.7 m/min, Argon flow rate 6.1 L/min and SEN angle (-15Á). 

 

 

Figure 11  Meniscus metal flow speeds for a stirrer applied with center line 0, 100, 200, 300 and 400 mm 

below meniscus 
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5. CONCLUSION 

¶ The results exhibit an increase in meniscus flow speeds with an FC MEMS. In areas close to the SEN, 

the FC MEMS prevents flow stagnation. 

¶ The flow speed distribution at the same casting conditions is quantified the simulated tangential flow 

speed 10 mm inside one of the wide sides of the strand at the meniscus. 

¶ These results indicate that the FC MEMS doubles the meniscus flow speed at the solidification front, 

thus ensuring temperature homogenization and preventing nonmetallic inclusions from being entrapped 

in the solidifying shell. In areas close to the SEN, the FC MEMS prevents flow stagnation with the FC 

mold, meniscus flow velocity and down flow can both be optimized for medium to higher casting speeds. 

¶ The FC Mold is also applicable for medium casting speeds, as the steel jets from the SEN are reflected 

upwards by the lower field, thus increasing the metal flow velocity at the meniscus. 

¶ Regarding really low casting speeds, the momentum of the steel coming out from the SEN is not 

sufficient to give a suitable acceleration at the meniscus, thus a mold stirrer is more suitable. 
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Abstract  

In EAF steelmaking considerable amounts of dust are generated. Depending on the furnace type and the 

content of organic material in the scrap EAF dust contains beside iron oxides, slag components and zinc also 

some organic matter (TC). Recycling of this iron-rich residue is common via briquetting of the EAF dust 

together with other fine granular steel mill residues and a binder. It is assumed that a higher TC content in EAF 

is unfavourable for the strength of the briquettes. In this study, EAF dust was refluxed with an organic solvent 

(n-heptane) in order to reduce the TC content of the EAF dust by approximately 50%. Subsequently, both the 

solvent-leached EAF dust and the untreated original EAF dust were used in mixtures in the production of 

briquettes in a stamp press. Bentonite, modified starch and a mixture of molasses and hydrated lime were 

used as binders. The strength of the agglomerates was tested immediately after pressing, one hour and 

twenty-four hours after pressing. The results showed in most cases a higher strength of the briquettes 

containing leached EAF dust.   

Keywords: Steel mill, EAF dust, recycling, briquette strength, organic matter 

1. INTRODUCTION 

Electric Arc Furnace (EAF) dust is a significant by-product of steel production in mini mills, generated during 

melting and refining of scrap metal and direct reduced iron in electric arc furnaces. This fine particulate matter 

contains various metal oxides, including iron, zinc, lead, cadmium, and chromium, making it a hazardous 

material that requires careful handling. According to the ñBest Available Techniques (BAT) Reference 

Document for Iron and Steel Productionò the range of dust produced in EAF steelmaking is 10 kg to 30 kg of 

dust per ton of liquid steel [1,2]. Due to its composition, EAF dust poses environmental and health risks if not 

properly managed. Regulations worldwide mandate strict disposal and treatment methods to minimize its 

impact [3]. 

Numerous routes for environmentally safe utilization of EAF dust have been investigated. EAF dust can be 

used in vitrification process where it is co-melted with oxides producing glasses [4,5]. EAF dust can be included 

into mixtures for concrete [6,7] asphalt [8] or in mortar [9,10] and also the use in geopolymers [11,12], as a 

filler in polymers [13], the use in land fill construction [14] or as an adsorbent [15,16] have been studied. 

However, EAF dust contains much iron and, depending of the feed material to the EAF, a large fraction of zinc. 

Therefore, the recycling of zinc to the zinc industry to close the material cycle of zinc is important. Economical 

extraction of zinc from EAF dust requires higher zinc concentrations. Therefore, recycling of EAF dust back 

into the EAF serves two targets: Firstly, the recycling of iron back into the steel production process, and 

secondly, the up-cycling of zinc for economically recycling of the EAF dust in the secondary zinc industry 

[17,18]. For recycling of EAF dust the dust is usually integrated into recycling processes of other iron bearing 

fines used in the steel industry [19,20]. Most of such recycling processes apply an agglomeration step for the 

fine-grained material like briquetting. The agglomerates need to show sufficient strength to withstand the stress 
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and environmental conditions during storage, transport and charging into the furnace without significant 

disintegration effects [21,22]. According to [23] a resistance of the agglomerates to crushing higher than 3 MPa 

should be achieved while in [24] a required strength of briquettes of 10-20 MPa is suggested. Since the binder 

has to fit also to the subsequent process steps, the selection of a proper binder for the agglomeration process 

is an important issue [25,26]. 

In agglomeration of steel mill fine residues it has been noticed that the inclusion of EAF dust into the fines 

mixture can have a negative effect on briquette quality [27]. In a previous study, the content of leachable 

organic material (TC content) in the EAF dust showed significant impact on mechanical properties of the EAF 

dust like flowability and bulk density [28]. The aim of this study was to investigate whether there is an influence 

of the content of organic material in the EAF on the strength of briquettes produced from iron containing fines. 

2. MATERIALS AND METHODS  

2.1 Materials  

For the basic fines mixture in the agglomeration tests DRI filter dust and DRI screening fines were used 

collected from a MIDRXÈ plant. The EAF dust sample was collected from the dust discharge of the combined 

primary and secondary off-gas dust filter of an EAF. The total carbon (TC) content of the original EAF dust 

was 7.2%. In order to reduce the TC content of the EAF dust, it was refluxed with n-heptane. After 3 hours of 

treatment the TC content of the EAF dust was reduced to 4.2%. 

Three different binders commonly used in agglomeration of steel mill fines [29-31] were used in the 

agglomeration process: bentonite, modified starch and a combination of molasses and hydrated lime. 

2.2 Methods  

For TC reduction 350 g of EAF dust was dispersed in 600 ml n-heptane and refluxed for 180 min. After cooling 

of the mixture the solvent was removed by vacuum filtration. Subsequently, the filter cake was dried in a 

laboratory drying cabinet.  

The TC contents of the original EAF dust sample and the leached samples were measured using an Elementar 

Vario TOC Select analyzer. For calibration a standard with 4.1% TOC was used. 

50 kg of a basic mixture of fines consisting of 70 % DRI filter dust and 30 % DRI screening fines were produced 

in an intensive mixer (Eirich R09T). For each briquetting experiment, the final dry mixture was produced in a 

laboratory mixer by mixing of the basic mixture with EAF dust ï one mixture with original EAF dust and one 

with leached EAF dust - in the ratio of 4 : 1. Subsequently, the binder and some water was added to the 

mixture. Table 1  shows the fractions of added water and binder in the final mixtures. 

Table 1  Fractions of added water and binder in the final mixtures. 

Type of Binder  Moisture content (wt%) Binder (wt%) 

Bentonite 4 6 

Starch 14 3 

Molasses + hydrated lime 2 6 + 3 

Briquettes were produced in a hydraulic stamp press. Approximately 110 g of the fines mixture were filled into 

the cylindric die with a diameter of 40 mm. Then, the stamp was put in place and the load was increased at a 

rate of 5.0 kN s-1 up to a maximum load of 100 kN. From each mixture 18 briquettes were produced. 

The strength of the briquetts was tested immediately after production (3 pieces), one hour after production (5 

pieces) and 24 hours after production (10 pieces). The load was increased at a rate of 0.5 kN s-1 and the 
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maximum load before failure was recorded. In the results, the average values of briquette strength are 

presented. 

3. RESULTS AND DISCUSSION 

In Table 2  the results for the briquettes made from the basic mixture with different binders are summarized. 

The briquettes with bentonite as binder show the highest values, while using starch as binder resulted in the 

lowes values for briquette strength. 

Table 2  Strength of briquettes made from the basic mixtures 

Type of Binder  Green stength (MPa)  1 h strength (MPa)  24 h strength (MPa)  

Bentonite 14.5 Ñ 0.4 14.7 Ñ 0.7 20.5 Ñ 1.5 

Starch 7.1 Ñ 0.1 6.3 Ñ 0.2 7.2 Ñ 0.3 

Molasses + hydrated lime 13.7 Ñ 0.8 13.8 Ñ 1.4 17.4 Ñ 0.5 

In Figure 1  the influence of the addition of EAF dust to the fines mixture is shown. When EAF dust was added 

to the fines mixture the green strength and the 1 hour strength were reduced for all three binders. The negative 

effect was greater for the original EAF dust and somewhat less for the leached EAF dust. For the bentonite 

binder the 24 hour strength was somewhat increased when leached EAF dust was added while it was slightly 

reduced when untreated EAF dust was added. For the starch binder the results were quite similar. The 24 hour 

strength was slightly increased when leached EAF dust was added while it was somewhat reduced when 

untreated EAF dust was added. For the molasses and hydrared lime binder the result were different. For this 

binder system the 24 hour strength was somewhat increased when untreated EAF dust was added while 

addition of leached EAF dust resuted in a reduced strength.  

 

Figure 1 Influence of EAF dust addition on briquette strength 

4. CONCLUSION 

The results partly confirm the common opinion that the inclusion of EAF dust into steel mill fines mixtures for 

briquetting has a negative effect on briquette strength. A negative effect mainly exists in the early phase of the 

curing time of the briquettes. After 24 hours the effect of EAF dust is less negative or even positive. Generally, 

the negative effect was less for leached EAF dust with a lower TC content. However, for the molasses and 

hydrated lime binder the original EAF dust performed better than the leached EAF dust. Therefore, the negative 

effect of EAF dust on briquette strength cannot be assigned generally to organic matter. 
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Abstract  

Approximately 1 billion tons of ash and slag waste are produced annually from coal-fired power plants 

worldwide, including 6,8 million tones in Ukraine. The total amount of accumulated ash and slag waste in 

Ukraine exceeds 380 million tones. Their accumulation creates serious environmental risks and economic 

problems. Many methods based on physical, chemical and combined approaches are known for ash and slag 

waste disposal. Most often these wastes are used in the production of building and road construction materials. 

However, ash and slag wastes contain significant amount of metal oxides that can be extracted to form alloys. 

The total content of Fe, Al and Si oxides in ash and slag waste can reach 60%. However, the instability of the 

chemical composition is a serious problem in their metallurgical processing. Traditionally, the metallurgical 

methods for processing these wastes are based on carbon reduction, which involves significant CO2 emissions 

to the environment. This approach is not in line with the current trend towards decarbonisation of industrial 

production. To find alternatives, the possibility of using the electrometallurgical smelting process with extraction 

of metals into an alloy in the recycling chain is being investigated using the ash and slag waste from Trypilska 

TPP. The aluminum waste is used as a metal oxide reducing agent. Laboratory experiments on the remelting 

of ash and slag waste by the method of reductive electroslag melting have shown the possibility of 

implementing a waste processing with the production of iron or aluminum-based alloys at the first stage of 

recycling. 

Keywords: Ash and slag waste, electroslag smelting, aluminum reducing agent, ferrosilicoaluminum  

1. INTRODUCTION 

Ash and slag waste (ASW) from thermal power plants (TPPs), which currently amount to over 1.5 trillion tons 

worldwide, has an extremely negative impact on the environment. The main environmental problems are 

associated with their accumulation and storage [1]. Soils, water resources and air are polluted. Ash and slag 

contain heavy metals (mercury, lead, cadmium, arsenic, chromium) that penetrate the soil. The accumulation 

of waste leads to land degradation, making it impossible to use the territories for agriculture or other purposes. 

Up to 50% of ash and slag waste is stored in the form of ash dumps or slag reservoirs, which can infiltrate 

toxic substances into groundwater. Surface waters are polluted by runoff from ash and slag storage facilities, 

leading to eutrophication and poisoning of aquatic ecosystems. Ash and slag waste dust contains fine particles 

(< 0.1 mm), which can cause respiratory and cardiovascular diseases when carried by wind [2]. At the same 

time, impurities of heavy metals and radioactive elements in the products of coal combustion have a 

carcinogenic effect [3, 4]. As a result, the areas around ash dumps become unfit for human habitation. 

In Ukraine, by 2022, about 6.8 million tons of ash and slag waste from thermal power plants were accumulated 

annually. Currently, more than 380 million tons of this waste have been accumulated in the ash dumps of 
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Ukrainian thermal power plants. At the same time, the level of their utilization is 5-7%, which is significantly 

lower than in the USA (64%), India (67%), and China (70%) [5]. In EU countries, this figure is almost 94%, and 

in Germany, it is generally prohibited by law to accumulate ash and slag waste from thermal power plants. 

Moreover, the main direction of utilization of ash and slag waste from thermal power plants in these countries 

is their use in the production of cement, concrete, and other building materials [6, 7]. 

The presence of a large amount of iron oxides (up to 20%) and other components in the composition of ASW 

limits their use in the production of building materials and requires additional processing to remove harmful 

impurities. One of the main reasons for the low level of ASW utilization in Ukraine is the unstable composition 

of TPPs ash, and, accordingly, the impossibility of implementing large-scale industrial processing of ASW. 

Thus, the problem of utilization of TPPs ash and slag waste is very relevant for Ukraine [8]. 

2. MATERIALS AND METHODS  

The composition of ash and slag waste differs for different Ukrainian TPPs, since these plants use different 

solid fuels and different combustion technologies. The fuel differs not only in the degree of metamorphism, the 

yield of volatile substances, the sulfur content, the composition of the organic part of coal, the content of mineral 

components, but also in the composition of the mineral non-fuel part of coal. Accordingly, ash and slag products 

of coal combustion have different chemical compositions [9]. According to information on the chemical 

composition of ASW from some Ukrainian coal-fired TPPs, the main part of ash and slag consists of aluminum, 

iron and silicon oxides. Moreover, the fluctuation of Al2O3 content is from 19.8% to 40.6%, Fe2O3 ï from 8% to 

23%, SiO2 - from 16.7% to 57.8%. The total content of Al2O3, Fe2O3 and SiO2 components in some ASW 

reaches 90%. In terms of pure substance, the average content of aluminum is 13%, iron ï 15%, silicon ï 25%. 

Thus, in the composition of ASW, three chemical components ï Al, Fe and Si - make up at least 50%. 

Therefore, ASW of coal-fired TPPs can be considered as a complex raw material in technological processes 

of metals and silicon extraction. 

Today, the extraction of metals from coal ash is a promising direction in the processing of TPPs waste [10, 

11]. Methods for extracting metals from ASW of TPPs are multi-stage and can combine physical, chemical 

and biological approaches [12, 13]. Combined methods are the most effective for use on an industrial scale 

[14, 15]. The development of these methods will allow not only to reduce the amount of waste, but also to 

obtain metals for further use in industry [16, 17]. The main disadvantage of all known technologies for extracting 

metals from ASW of TPPs is the need for constant adjustment of technological parameters and operating 

modes of technological equipment in accordance with changes in the chemical composition of the waste heat. 

Over the years of operation of TPPs, constant changes of raw materials occur. The coal used has not only 

different technological properties, but also a different composition of the mineral part. At the same time, there 

is no differential storage of ASW at the TPPs according to its composition. Therefore, the elemental and 

material composition of ASW may change unpredictably during their sequential transportation from ASW 

collector to the industrial ASW processing plant. This situation will negatively affect the technical and economic 

performance of the plant. This article is devoted to the results of the development of a new method for 

extracting metals Al, Fe and the metalloid Si from ASW of TPPs to obtain ferrosilicoaluminum of satisfactory 

quality as the final product. 

As raw materials for the research, samples of ASW from the ash-slag accumulator of the Trypilskaya TPP JSC 

"Centrenergo", Ukrainka, Kyiv region, Ukraine, were used. The TPP operated since 1977 and suspended its 

activity in 2024 due to destruction during missile attacks by the russian federation. The TPP consisted of 4 

coal-fired power units with a total capacity of 1225 MW. Anthracite was the project raw material for combustion. 

Later, technical solutions were implemented at the TPP that allowed burning high-ash low-grade coal with a 

calorific value of about 12,500 kJ/kg. One of the power units was upgraded to use low-metamorphosed coal 

with a high volatile. As at 2024, about 30 million tons of MSW had accumulated in the ash dump, which almost 
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corresponds to its design capacity. Previous studies have established the possibility of using ASW of the 

Trypilska TPP for the production of building materials and road construction [7]. 

3. RESULTS AND DISSCUSION   

To determine the chemical composition of ASW, the X-ray fluorescence method (XRF express-analyzer INAM 

EXPERT 4l) was used. To determine the carbon content, infrared absorption (HORIBA EMIA-Pro) was used. 

The content of main components (wt%) and microcomponent oxides (ppm) in ASW from the Trypilska TPP is 

given in Tables 1  and 2. 

Table 1 The content of main components in ASW from the Trypilska TPP (wt%) 

Oxides  SiO2 Al 2O3 Fe2O3 CaO K2O Na2O MgO P2O5 SO3 MnO2 TiO2 V2O5 BaO 

wt% 51.28 22.66 13.78 2.09 5.55 1.24 1.44 0.28 0.30 0.11 0.98 0.05 0.08 

Table 2  The content of microcomponent oxides in ASW from the Trypilska TPP (ppm) 

Oxides  MoO3 Cr2O3 Ni2O3 CuO ZnO Ga2O3 As 2O3 Rb2O SrO Y2O3 ZrO2 Nb2O5 PbO 

ppm 31 134 139 132 114 30 105 120 389 46 273 22 30 

According to the results of the research, 28 metal and non-metal oxides were identified in the composition of 

ASW. The carbon content was 0.83%, sulfur ï 0.07%. The elemental composition of ASW, taking into account 

oxides of chemical elements, the content of which exceeds 0.01%, is given in Table 3 . Another fraction of 

microcomponent oxides, the total content of which is 0.16%, does not have a significant impact on the results 

of experiments on the extraction of metals from ASW. In the case of their transition to the final metal alloy, the 

proportion of these microcomponents does not exceed 0.001%. 

Table 3 Elemental composition of ASW of the Trypilska TPP (wt%) 

Element  Si Al  Fe Ca K Na Mg P S Mn Ti V Ba ʆ 

wt% 23.93 12.00 9.65 1.49 4.61 0.92 0.86 0.12 0.12 0.07 0.59 0.03 0.07 45.38 

For experiments on obtaining ferrosilicoaluminum from ASW, an electrometallurgical process was chosen, 

which involves smelting metals by the electroslag melting (ESM) method. Carbon (carbothermy method) or 

aluminum (aluminothermy method) were used as reducing agents [18]. The extraction of metals to obtain 

ferroalloy is carried out in one stage at a melting temperature significantly higher than the melting temperature 

of slag and metal. The research was conducted on a laboratory installation for electroslag melting. The main 

elements of the installation were a crucible made of graphite (inner diameter of 75 mm, height of 180 mm), 

and a graphite electrode (diameter of 40 mm). At the first phase, the process took place in arc mode to melt 

the first portion of the charge containing 100 g of ASW. An electric current passes through the electrode and 

the molten ash, which creates a high resistance. At the same time, a large amount of thermal energy is 

released. As a result of heating, ASW melts, drops of molten metal separate from ASW and settle at the bottom 

of the mold. The molten metal, passing through the slag, is purified from non-metallic inclusions and gases. 

After the first portion of the charge is completely melted, the transition to a stable slag melting mode is carried 

out with the gradual addition of new portions of the charge in the amount of 50-70 g each. The purified metal 

gradually accumulates, forming a high-quality melt. After melting the entire charge, the resulting melt is 

maintained for 1 minute. Then it is poured into a mold, where the newly formed slag (in the upper layer) and 

metal (in the lower layer) are distributed by density along the height. After cooling and solidification of the metal 

and slag parts, they are separated and studied. 
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According to stoichiometric calculations, 170 g of pure carbon is required to carry out the reduction process of 

all oxides contained in 1000 g of ASW. Pure graphite powder with a purity of 99% and a particle size of Ò0.1 mm 

was used as the reducing agent. To lower the melting temperature, CaO was added to the charge, and to 

reduce the viscosity of the slag, CaF2 was added. To increase the iron content in the metal alloy, metallic iron 

was added to the charge. As a result of the experiment, a metal alloy weighing 690 g was melted from 1 kg of 

ASW. The results of the analysis of the alloy composition using a scanning electron microscope (SEM Tescan 

Vega 3) are shown in Figure 1a . 

 

Figure  1 (a) Metal alloy composition; (b) SEM image of the ferrosilicon alloy cross-section obtained from 

ASW by the carbothermy methodthe  

According to the results of the carbothermic process of smelting metals from ASW, ferrosilicon of the 

composition Fe78Si17 with impurities of 3.7% Al and 1.0% Ti was obtained. The reduction of metal oxides in 

the ESM process with carbon material as the reducing agent is very difficult. Unlike other metallurgical 

processes, where carbon is used as a reducing agent, in ESM only a direct chemical reduction reaction is 

possible upon direct contact of solid carbon with oxide molecules [19]. Under ESM conditions, it is practically 

impossible to ensure such contact throughout the entire volume of the reaction mixture. Therefore, on 

microscopic examination of the cross-section, many unreacted graphite particles were found in the metal alloy 

(Figure 1b ). As a result, a low percentage of reduced metal oxides was obtained. 

Aluminothermic reduction is a promising method for extracting metals from various wastes. Aluminum is a 

stronger reducing agent than carbon, so it reduces metal oxides more effectively [20]. Considering the 

conditions of ESM and the impossibility of reducing metal oxides with carbon by indirect methods, it was 

decided to use aluminum as a reducing agent. The objective of the study was to obtain ferrosilicoaluminum 

with the composition Fe55Si20Al25 using ESM of ash and slag waste. According to the stoichiometric equations 

of interactions between aluminum with silicon oxide and iron oxide, the composition of the charge for the 

process was calculated: 1000 g of ASW, 100 g of CaO, 343 g of Al, 657 g of Fe. As a result of melting, 1170 g 

of metal alloy was obtained. 

Studies with a scanning microscope showed that the obtained metal alloy has a composition of Fe47Si23Al29 

(Figure 2a ). As impurities, there are titanium of 1.08% and magnesium of 0.276%. The obtained result is close 

to theoretical calculations. Almost all of the titanium has been converted into ferrosilicoaluminum. SEM image 

of the cross-section of the obtained ferrosilicoaluminum is presented in Figure 2b . As a result of this melting, 

a secondary slag was obtained, which consists of 70% Al2O3. 

a) b)

Element At.No. Netto
Mass 

[%]

Mass 

Norm. [%]

Atom 

[%]

Abs. error [%] 

(1 sigma)

Rel. error [%]           

(1 sigma)

Al 13 5547 3.42 3.73 6.39 0.21 6.06

Si 14 36989 15.58 17.00 27.94 0.70 4.50

Ti 22 1614 0.91 0.99 0.96 0.07 8.00

Fe 26 80065 71.75 78.28 64.71 1.95 2.72

91.67 100.00 100.00Sum

Acquisition
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Figure  2 (a) Metal alloy composition; (b) SEM image of the cross-section of the ferrosilicoaluminum obtained 

from ASW by the aluminothermy method 

4. CONCLUSION 

In Ukraine, over 380 million tons of ASW have been accumulated in the ash dumps of Ukrainian TPPs. At the 

same time, the level of their utilization is 5-7%. The total content of Al2O3, Fe2O3 and SiO2 components in some 

TPPs reaches 90%. Therefore, ASW of TPPs can be considered as a complex raw material for the extraction 

of metals and silicon. 

The main disadvantage of all known technologies for extracting metals from ASW of TPPs is the need for 

constant adjustment of technological parameters and operating modes of technological equipment in 

accordance with changes in the chemical composition of ASW. 

As raw material for the research, samples of ASW from ASW accumulator of Trypilska TPP, Ukraine were 

used. According to the research results, 28 metal and non-metal oxides were identified in the composition of 

ASW. The total content of Al2O3, Fe2O3 and SiO2 components was 88%. 

To conduct experiments on obtaining ferrosilicoaluminum from ASW, the electroslag melting method was 

chosen. Carbon and aluminum were tested as oxide reducing agents. The best result was obtained when the 

aluminothermy method was used to obtain ferrosilicoaluminum with the composition Fe47Si23Al29. 
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Abstract  

The recycling of metal waste and scrap is an essential component of a circular economy, which is predicated 

on the principles of reducing waste and consumption of resources through the reuse and recycling of materials. 

However, it is not always possible to process the metal while maintaining its chemical composition and 

producing high-quality ingots without complicating the technological process and incurring excessive costs. 

From this point of view, electroslag remelting can be an effective technology for recycling alloyed steel and 

nickel alloys to produce a high-quality material with reduced environmental impact and minimized toxic 

emissions. Modern two-circuit ESR technology with a current supplying mould significantly reduces the 

requirements for the geometry of the consumable electrode and greatly improves the ability to control the 

thermal processes taking place in the slag and metal bath. The research conducted has demonstrated the 

ability to effectively recycle various types of metal scrap, from used small tools to nickel alloy fragments, while 

preserving their chemical composition and producing quality ingots. The experiments also showed significant 

potential for processing metal chips and other similar metal wastes with production of quality ingots. The 

presentation reviews the technological aspects and the results of a series of studies on the recycling of various 

types of alloy steel and nickel alloy waste and scrap using the current supplying mould and two-circuit 

electroslag remelting technology. 

Keywords: Metal waste recycling, electroslag remelting, two-circuit ESR, current supplying mould, ingot 

1. INTRODUCTION 

The emerging concept of the circular economy is encouraging the steel industry to innovate in the use of man-

made metal waste to achieve the ambitious goal of "zero waste" [1] and ensure production competitiveness. 

This improves the environmental sustainability of production by saving primary raw materials and rationalizing 

the use of resources [2-4]. The recycling of alloy steel scrap in Europe is considered an integral part of the 

circular economy and green metallurgy, as the production of alloy steels consumes a large amount of energy 

and mineral resources for the production of ferro-alloys. Returning alloy scrap to the metallurgical cycle can 

significantly reduce both energy and resource costs [5]. 

Steel and nickel alloys have an extremely high potential for repeated recycling and return to the production 

cycle [6]. Typically, alloy steel and nickel alloy scrap is melted in electric arc or induction furnaces [7]. With 

this, it is important to minimize the loss of valuable alloying components, but it is difficult to ensure in electric 

arc melting [8]. Induction furnaces offer better retention of alloy impurities and lower overall metal losses due 

to oxidation [7]. However, it is difficult to realize the refining capabilities of the slag in induction melting and 

thus refine the metal from unwanted impurities and non-metallic inclusions. An additional problem with the 

traditional alloyed waste processing route is the difficulty in producing high quality ingots which have a high 

degree of physical and chemical homogeneity, as well as the loss of some metal during trimming and casting 

losses. 
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It is possible to improve the quality of cast metal by using electroslag remelting (ESR) technology [7,9,10]. The 

ESR process ensures metal purification from large non-metallic inclusions, homogenization of chemical 

composition, improvement of metal microstructure and macrostructure, and production of dense ingots without 

internal pores and shrinkage cavities. At the same time, the chemical composition of the alloy does not change 

significantly [9,10]. Electroslag remelting is widely used in industry to produce high quality ingots for critical 

applications from high alloy steels and nickel alloys [9]. 

However, the incorporation of electroslag remelting technology into the traditional recycling chain adds cost, 

which in many cases limits the feasibility of its application. To reduce end-to-end production costs, single-stage 

recycling processes based on electroslag technology have been proposed, using non-consumable electrodes 

and crucible electroslag melting [11,12]. In the former, fine scrap is fed into the gap between the mould wall 

and the electrode. Under certain conditions, it is possible to use a consumable electrode with the same 

chemical composition as the fine scrap. However, this process has obvious limitations with respect to the size 

of the scrap fragments. Crucible electroslag melting offers more flexibility in terms of the shape of the scrap to 

be melted, but the metal collected in the crucible must still be poured into a mold. As a result, it is not possible 

to ensure the quality of such ingots at the level of ESR ingots. 

The main limitation to using standard ESR technology to solve recycling problems is the need to use a 

consumable electrode with geometric parameters that are unchanged along its length [13]. This is due to the 

need to maintain process stability. Usually, custom made cast or deformed electrodes are used. It is clear that 

it is difficult to implement a one-step recycling process based on classical ESR technology. 

Electroslag remelting with two independent power circuits (ESR TC) using a current supplying mould [14,15] 

(Figure 1 ) can significantly simplify the requirements for the geometry of the consumable electrode. In ESR 

TC, current is supplied through two circuits: "consumable electrode - stool" and "current supplying mould - 

stool". At a result, the periphery of the slag bath is heated by the current from the current supplying section of 

the mould. This makes it possible to break the rigid dependence of the process temperature on the electrode 

melting rate, to control the heat input into the slag and metal baths, and to distribute the power between the 

circuits in a wide range of ratios [14]. The ESR TC has been successfully used to produce ingots of complex 

steels, superalloys and titanium [16]. 

 

Figure 1 Schematic representation of the ESR in a current supplying mould with a two-circuit power supply 

scheme (1 - consumable electrode; 2 - current supplying section of the mould; 3 - separating section of the 

mould; 4 - forming section of the mould; 5,7 - power supply; 6 - ingot) 

This paper presents the results of the research on the experimental testing of the ESR TC technology using a 

current supplying mold to solve the problems of remelting various types of metal wastes of alloyed steels and 
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nickel alloys in the paradigm of the one-step recycling scheme to obtain a high quality ingot suitable for direct 

further use in the production cycle. 

2. EQUIPMENT, MATERIALS  AND METHODS 

Experimental studies on the production of ingots of circular cross section were carried out in the Laboratory of 

Electroslag Technologies of the E.O. Paton Electric Welding Institute (PWI) on the R-951 furnace using a 

current supplying mould according to the scheme of ingot extraction from a short collar mould down. In order 

to implement the two-circuit scheme, the furnace is equipped with two independent power supplies of 724 kVA 

each (transformers type TSHP-10000/1 (A-622)), modernized for smooth regulation of the output voltage. 

The electroslag remelting of the experimental ingots was carried out in a current supplying mould with a mold 

section diameter of 180 mm. The mould was a sectional unit (Figure 1 ). The upper section of the mould serves 

as a non-consumable electrode (2), and the lower section (4) ensures the formation of the surface of the ingot 

to be melted. The separating section of the mould (3) acts as an insulator to prevent breakdown between the 

current supplying section and the forming section. The design of the current supplying section ensures the 

rotation of the slag bath in a horizontal plane [17,18]. The automatic process control system installed on the 

furnace allows electroslag remelting in the current supplying mould in an automatic mode with both liquid and 

solid start. 

For experimental melts, consumable electrodes were made from scrap metal of the appropriate type (Figure 

2).  

   

ʘ b c 

Figure 2 General view of consumable electrodes formed from different types of metal scrap (a - tool steel 

scrap; b - variable cross-section model electrode; c - nickel alloy scrap) 

In order to study the recycling of P6M5 tool steel scrap, electrodes were assembled from small used tools by 

welding individual pieces into a single electrode (Figure 2a). Remelting of these electrodes was performed 

under ANF-29 flux. 

To simulate the remelting of waste rolls from continuous casting machines, a variable-section electrode with 

sections of 150, 110, and 80 mm in diameter was used to simulate the remelting of real rolls without first cutting 

off the necks (Figure 2b). With this electrode geometry, the filling factor was gradually changed from 0.69 to 
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0.37 and to 0.2 during remelting. To fix the current configuration of the molten metal bath during melting, 

ferrous sulfide was introduced into the melting zone at certain intervals. 

The electrodes for the remelting of scrap nickel alloy EP648 were formed from a 70 mm diameter cylindrical 

cut, rejected due to shrinkage defects, and half rings of the same alloy (Figure 2c). The individual fragments 

were welded together with minimal filler metal. The design of the electrode did not allow a high current to pass 

through it. Therefore, the remelting was carried out using a quasi-passive electrode. That is, the main electrical 

power was supplied to the mould and minimal power was supplied to the electrode. The remelting was carried 

out under a flux consisting of 90% ANF-29 and 10% CaF2 with argon protection of the melting space. 

We also conducted a study of remelting fine alloyed metal scrap in a current supplying mould without the use 

of a consumable electrode. Under these conditions, the slag bath is heated only by supplying current through 

the water-cooled current supplying section of the mould (Figure 1 ). The scrap was a small waste of medical 

instruments made of ʍ18ʅ10 steel and similar. Melting began with the introduction of a slag bath of ANF-28 

flux. The metal charge was added to the surface of the slag bath in portions. The melting process was visually 

monitored. 

Samples were cut from the control ingots to determine their internal quality, examine their macrostructure, and 

perform chemical analysis. 

3. RESULTS AND DISCUSSION 

Experiments with remelting electrodes of tool steel scrap (Figure 2a) under different modes showed that the 

configuration of the composite electrode directly affects the stability of the process and the quality of the 

resulting ingot. It was found that the remelting of composite electrodes with irregular geometry should be 

carried out with the main power (Ó75%) supplied to the mould. In this way, the electrode can be melted evenly 

and with constant productivity, and a high-quality ingot can be produced. The chemical composition of the 

metal of the control ingot, weighing 129 kg, obtained from tool steel scrap, corresponded to the chemical 

composition of P6M5 steel [19]. 

Remelting of the regular geometry variable cross section electrodes (Figure 2b) was conducted to determine 

the conditions under which a stable depth and profile of the liquid metal bath is maintained throughout the 

remelting process, resulting in a stable ingot metal quality along the length. Remelting performance was found 

to be controlled by the power applied to the consumable electrode. The effect of the power in the mould circuit 

on the remelting performance is not significant, but it has a strong influence on the shape of the liquid metal 

bath. In order to maintain stable parameters of the liquid metal bath, it is necessary to run a process with 

constant productivity and stable current density at the periphery of the slag bath [20]. 

Based on the results of remelting consumable electrodes from nickel alloy waste (Figure 2c), it was determined 

that the rational power distribution between the electrode and mould during the process is 1/3. With this, the 

remelting rate averaged 80 kg/h. According to the developed modes, control ingots of 1.10 m and 1.25 m in 

length were produced. The chemical composition of the metal after ESR was similar to that of the original 

EP648 alloy (Table 1 ). The oxidation loss of the high activity elements Al and Ti did not exceed 0.1% and 

0.15%, respectively, under the experimental conditions. The experimental ingots were transferred to 

production, where they were forged into rings that successfully passed the control for compliance with current 

industrial quality standards. 

Table 1 Chemical composition of the metal after ESR of nickel alloy waste, wt% 

Ni Cr Mo Nb Ti Fe W Al  

52,87 33,66 2,30 1,44 0,96 0,58 4,96 0,67 
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The experiments on the remelting of small-pieces of alloyed metal waste in a current supplying mould using 

an electrode-free scheme (Figure 3a) showed that in the absence of a central electrode in the slag bath, there 

is a ring-wall heat generation character (Figure 3b). However, with the correct choice of remelting mode, the 

temperature field of the slag bath inside the mould is effectively averaged due to mixing under the influence of 

the electromagnetic field. A special device can also be used to control the bath speed and changing the rotating 

direction. 

During the experiments, a melt rate of about 45 kg/h was achieved. The high quality of the ingot surface was 

obtained at an input power of 175-200 kVA. After remelting, the steel contained 17-18% Cr, 9.0-9.3% Ni. 

  

a b 

Figure 3 General view of the process of remelting of small-pieces of alloyed metal waste in a current 

supplying mould (a) and the view of surface of the slag bath under wall heat generation (b) 

4. CONCLUSION 

Experimental studies have identified and demonstrated the possibility of recycling various types of metal waste 

from alloyed steels and nickel alloys based on the technology of electroslag remelting using a current supplying 

mould to obtain high quality ingots suitable for direct use in the production cycle of metal products. 

The peculiarities and rational methods of remelting electrodes of variable section from alloyed steel and nickel 

alloy waste were studied in a semi-industrial electroslag remelting plant. The technology of remelting of small-

pieces of alloyed metal waste in a current supplying mould according to the electrode-free scheme was tested 

and the possibility of its application for recycling small medical instrument wastes was experimentally proved. 
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Abstract  

Real-time measurements in steel continuous casting are challenging due to extreme temperatures, leading to 

limited process understanding and frequent breakouts. This project aims to address this issue of casting 

process control by simulating steel flow using a low-melting-point Bi-Sn alloy with steel-like properties, enabling 

real-time analysis of pressure, velocity, vibrations, and mold level fluctuations to optimize stopper-nozzle 

designs. A novel glass window in the nozzle rod provides unprecedented visibility into liquid metal flow under 

varying inert gas injection rates. Results from Swerimôs unique Continuous Casting Simulator (CCS), the 

worldôs only facility of its kind, are validated through SSAB plant trials. This innovation drives greater efficiency, 

fewer breakouts, and a deeper understanding of casting dynamics, marking a transformative leap for the steel 

industry.  

Keywords: Continuous casting, liquid metal, nozzle, steel, under-pressure 

1. INTRODUCTION 

Steel is a cornerstone of modern industrial development, serving as a critical material in diverse applications 

ranging from skyscrapers and transportation systems to household appliances. Its versatility and mechanical 

properties make it indispensable across industries. However, the production of steel is a complex process that 

varies significantly depending on the intended application. Over the decades, advancements in steel 

manufacturing techniques have led to the widespread adoption of Continuous Casting (CC), a process in which 

molten steel is solidified into semi-finished strands in a continuous manner [1]. The stability of this process and 

the quality of the final product are influenced by numerous factors, including the physical dimensions of the 

casting mould, the quality of raw materials, and the flow dynamics of molten steel during casting [2]. Among 

these, flow regulation is particularly critical, as it directly impacts the homogeneity and integrity of the cast 

steel. In the CC process, stopper systems are commonly employed to control the flow of molten steel from the 

tundish to the mould, especially for high-grade steel production. However, the flow regulation region is prone 

to severe under-pressures and pressure fluctuations, particularly near the stopper tip and the narrowest gap. 

These conditions can lead to operational challenges such as air infiltration through refractory materials, 

undesirable flow patterns, and even cavitation. Such issues can result in defects like inclusions and mould 

level instabilities, which compromise product quality and increase the risk of breakouts [3]. To mitigate these 

risks, real-time monitoring of flow velocity, pressure distribution, and vibrational behavior is essential. However, 

the extreme temperatures required to maintain steel in its molten state (approximately 1,500ᴈ) create a highly 

challenging environment for direct measurement and analysis [4]. This limitation complicates efforts to optimize 

flow dynamics and enhance casting quality. 
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To address these challenges, researchers often employ analogous materials that mimic the flow characteristics 

of molten steel but can be studied at lower temperatures. One such material is the eutectic bismuth-tin alloy 

(Bi 58%-Sn 42%), which has a melting point of 135ᴈ [5]. This alloy exhibits thermal, electrical, and viscous 

properties that closely resemble those of molten steel, making it an ideal candidate for simulating CC 

processes under more manageable conditions [6]. By using this alloy, researchers can conduct detailed 

investigations into flow behavior, pressure distribution, and system stability without the constraints imposed by 

the extreme temperatures of molten steel. 

This study focuses on analyzing the pressure distribution in the vicinity of the stopper and Submerged Entry 

Nozzle (SEN) throat within a Continuous Casting Simulator (CCS) present at Swerim. In addition to pressure 

measurements, the study examines the liquid metal flow through the nozzle rod with respect to variation in 

argon gas injection rate via glass window. The primary objective is to deepen the understanding of how flow 

regulation influences pressure dynamics in the CC process, with the goal of identifying potential risks and 

improving both process efficiency and product quality. The findings from the technical-scale CCS experiments 

conducted at Swerim are cross-referenced with data from an industrial caster at SSAB Lule¬. This comparative 

approach ensures the relevance and applicability of the results to real-world industrial operations. 

2. MATERIALS AND METHODS  

2.1 Continuous Casting Simulator  

The CCS features a tundish equipped with an adjustable stopper to regulate the flow of liquid metal. The 

molten material flows from the tundish through a tundish pipe and a SEN into the mold. The mold, designed 

with dimensions scaled to replicate industrial flow conditions, comprises a main chamber connected to a 

secondary chamber via an opening at the bottom. The liquid is recirculated from the secondary chamber back 

to the tundish, creating a closed-loop system. Most flow measurements are conducted within the mold. A key 

distinction between the CCS and real-world continuous casting is the absence of solidification in the simulator. 

Figure 1  provides a schematic overview of the CCS, while Table 1  details its specifications. 

  

Figure 1 Continuous Casting Simulator at Swerim 
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Table 1 Specifications of the Continuous Casting simulator 

Mold size 0.92 depth x 0.22 width x 1.2 length (m) Fixed 

Cating Speed 0.6 ï 1 (m/min) Changed according to flow 

Argon flow rate <7 (liters/min) Changed according to flow 

Stopper position 0.01 ï 0.017 (m) Changed according to flow 

Tundish level 0.8 ï 0.9 (m) Inferred from level sensor 

Immersion depth 0.6 or 0.7 (m) Submersion depth of SEN to mold 

2.2 Glass window installation  

The CCS design facilitates seamless testing of various stopper-nozzle configurations, thanks to its user-

friendly mounting system for the stopper and nozzle rod. This allows refractory components to be evaluated 

with minimal machining requirements. In this study, the nozzle-tip is cast in aluminum and integrated 

effortlessly into the nozzle rod. Furthermore, to check whether the liquid metal sticks to the transparent glass 

thereby making them opaque/burn the glass, two different set-ups of lab-scale tests were carried out. 

¶ Static liquid metal trials: Four different kinds of test tube coatings were explored in such a way that the 
test tubes were dipped in the liquid metal for ~7 hours at 170ᴈ 

¶ Dynamic liquid metal trials: Test tubes coated in various additives were dipped in a centrifuging ring with 
the liquid metal in it, facilitating a flow similar to CCS. 

After testing the quartz glass test tubes in a much-controlled lab environment, possibilities for procuring quartz 

glass window were being considered. Figure 2  illustrates the straightforward assembly of the aluminum nozzle 

into the nozzle rod, as well as the installation of the glass window for observation of liquid metal flow. The 

construction made used of an O-ring and screws facilitating an easy removal of glass window in case of glass 

scattering or to re-apply additives. 

 

Figure 2  Schematic of nozzle rod, and pictorial representation of glass window installed in the CCS facility 
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2.3 Technical scale trials  

Technical scale trials with CCS at Swerim is being carried out with varying casting speed and argon injection 

rate, which was capable of measuring stopper lift, argon line pressure, vibrations, pressure developed along 

the stopper tip-nozzle crown, and mould level fluctuations. Having a good grasp of these data will in turn result 

in prediction of under-pressure conditions, suggesting the best nozzle-stopper combination. The best 

combination will be tested in industrial environment at SSAB at a later stage. 

3. RESULTS 

3.1 Installation of glass window  

Before the actual purchase of quartz glass window, lab-scale tests were done to check whether the glass 

window works in Swerimôs CCS environment, it was crucial to test the transparent glass tube in the liquid metal 

at an operating temperature of 170ᴈ for at least 7 hours. Hence, static and dynamic lab-scale tests were 

carried out for quartz test tubes with the following type of additives, as shown in Table 2: 

Table 2 Quartz test tubes with the following type of coating/additives 

Test tube number  Test tube coating  

1 Waterglass coated 

2 Teflon coated 

3 Standard quartz test tube 

4 Oil coated 

¶ Static liquid metal trials: Four different kinds of test tube coatings were explored in such a way that the 

test tubes were dipped in the liquid metal for ~7 hours at 170ᴈ. From Figure 3, it can be inferred that 

the test tube 4, with oil coating appeared clean even after 7 hours of dipping in the liquid metal, in a 

static environment. 

 

Figure 3  Test tube numbers 1 to 4, starting from left to right 
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¶ Dynamic liquid metal trials: Test tubes coated in various additives were dipped in an annular flow rotating 

ring with the liquid metal in it, facilitating a flow similar to CCS. It was observed that the quartz test tube 

with oil coating outperformed every other combination in this test as well. Hence, oil coating on the 

procured glass window was planned to try-out. 

From the trials, it was observed that the glass window worked with oil coating. Although, illumination near the 

glass window to clearly observe the flow is to be considered from next trials onwards. It was noted that the 

glass window almost turned opaque (indicating purely liquid metal flow without any argon gas injection) during 

under-pressure conditions. Figure 4 depicts the glass window during and after the trials indicating that the 

glass window can be re-used again by re-applying oil for the next trials.  

 

Figure 4  Glass window during (left) and after (right) the trials 

3.2 Technical scale trials  

Technical scale trials in CCS at Swerim predicted the stopper lift, argon line pressure, vibrations, pressure 

developed along the stopper tip-nozzle crown, and mold level fluctuations. This gave rise to the nozzle-stopper 

combination that produces under-pressure and positive pressure. Six different combinations of different types 

of stopper-nozzle combinations were tried out at various casting speed and argon injection rate, hence the 6 

cases in Figure 5 . It can be ascertained that the cases 1, 2, and 3 depicts positive pressure whereas cases 4, 

5, and 6 depicts under-pressure at lower argon injection rate confirming the vulnerability of cavitation. Cases 

1 and 4 were tested at SSAB in an industrial caster environment, where it was confirmed that the under-

pressure is prominent in case 4 whereas it is possible to overcome the issue of under-pressure (at same 

casting conditions) just by changing the stopper-nozzle combination to case-1. 

Gas flow within the 

melt  
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Figure 5 Pressure variation in the argon line with respect to change in argon injection rate at 1 m/min casting 

speed 

4. CONCLUSION 

Successful completion of the work lead to the following conclusions: 

¶ A glass window coated with oil has been shown to be the most effective method for observing the gas-

liquid behavior of argon and metal flow in the flow regulation region during the continuous casting 

process. 

¶ Testing various stopper-nozzle combinations gave the concept of under-pressure and what design to 

avoid while designing stopper and nozzle. 

¶ The under-pressure scenario (case 4) and the optimum pressure scenario (case 1) was checked at 

SSAB at an industrial scale, proving that under-pressure developed during case 1. This further 

strengthens the credibility of CCS data. 

As a continuation, further cases will be tested at SSAB along with an intention to upscale the mold size of CCS 

present at Swerim, with more sensors leading to more casting data. 
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Abstract  

Assessing and quantifying the impact of various factors on nitrogen content in metal is vital for optimizing 

technological and operational strategies to minimize or prevent nitridation in the final steel product. 

Recognizing how individual factors affect nitrogen levels is crucial for predicting nitrogen quantities during both 

production and processing stages within a closed production cycle. This study investigates the factors 

influencing nitrogen content in crude steel before tapping, using Cohen's distribution table and graphical 

analysis. Although the impact of after-blows on nitrogen content is well established, the paper also explores 

other factors contributing to nitridation before tapping from the basic oxygen furnace. 

Keywords: Nitrogen, steel, nitridation factors, steel cleanliness, BOF 

1. INTRODUCTION 

The presence of nitrogen in steel contributes to the brittleness of ferritic steels. The process by which nitrogen 

as a diatomic gases dissolve in molten steel can be represented by a chemical equation (1). In addition, the 

concentration of nitrogen in the steel can be quantified using Sievert's law, based on equation (2) [1]. 

ρ

ς
ὔ ὔ  ЎὌ ЈτχωȢφσς ὯὐȢάέὰȠ ЎὋ ЈσυτȢχωπ ὯὐȢάέὰ (1) 

Ϸὔ ὑ ὴ   (2) 

where: ὑ   - equilibrium constant of atomic nitrogen N 

 ὴ  - partial pressure of molecular nitrogen N2 

The amount of dissolved nitrogen in a metal is influenced by the square root of the equilibrium gas partial 

pressure. This relationship arises because diatomic gases form atomic solutions with metals [2]. Upon 

dissolution in the metal, the gas molecules undergo dissociation into individual atoms. As a result, the number 

of atoms dissolved in the metal is double that of the original molecules [3]. The applicability of Sieverts' law is 

limited to situations where no chemical reaction occurs between the gas and the metal. Furthermore, the 

solubility of nitrogen in steel is modulated by the presence of other alloying elements [4]. Predicting the nitrogen 

content of steel is complicated by the fact that it is influenced by a considerable number of active factors [5]. 

The nitrogen content in crude steel is significantly influenced by the specific process employed [6]. In the basic 

oxygen furnace, the nitrogen content primarily depends on the contamination of the oxygen jet. In the region 

where the oxygen and the melt come into contact, temperatures exceed 2000ÁC. In this region (known as the 

hot spot), the distribution of nitrogen between the gas phase and the metallic phase approaches equilibrium, 
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typically resulting in a nitrogen content of 0.002%ï0.005%. In contrast, the electric arc furnace exhibits a more 

pronounced effect due to the active influence of the electric arc, leading to a higher nitrogen content in the 

metal, generally ranging from 0.007%ï0.012% [7]. In addition, the nitrogen content in the oxygen used in both 

the bottom-blown and top-blown processes has contributed to elevated nitrogen levels [8]. The practice of 

reblow increases the likelihood of higher nitrogen concentrations in the molten steel [9-11]. The primary 

objective of this study is to investigate the various factors influencing the nitrogen content of crude steel 

produced in the basic oxygen furnace (BOF). 

2. SOURCE MATERISLS AND EXPERIMENTAL SETUP  

The nitrogen content in crude steel was examined in the basic oxygen furnace prior to tapping. Samples were 

collected from the crude steel for analysis. Presence of the dissolved nitrogen was evaluated in the sample of 

crude steel in the certified quantometric laboratory of U. S. Steel Koġice - Labortest, s.r.o. using the test method 

Thermal Conductivity Detection (standard ASTM E1019-18) with mass fraction range 0.0005 %ï0.50 %. 

The obtained results regarding nitrogen content in the metal were synchronized with databases containing 

information on the chemical composition, temperature, weight, and other relevant parameters recorded during 

specific stages of the manufacturing process. This synchronization was performed based on heat number and 

the designated sampling location. 

In total, 66 crude steel samples were analysed. The measured nitrogen content values from these samples 

were synchronized with multiple databases based on the corresponding heat number. These databases 

included detailed information regarding the chemical composition, temperature, weight of the steel, and other 

relevant parameters. All gathered data were processed and evaluated using Microsoft Excel 365 with the 

advanced statistical add-in Lumivero XLSTAT 2019. The charts were created in StatSoft STATISTICA 7.0. 

2.1 The Methodology for Factor Determination  

All examined factors were included in a correlation matrix, which enables the identification of quantitative 

relationships, wherein changes in one variable correspond to changes in others. The mathematical expression 

describing this relationship is known as the regression function. The nature of correlationðpositive or 

negativeðcan be determined based on the form of the regression function. An increasing regression function 

indicates a positive correlation, while a decreasing regression function signifies a negative correlation. The 

correlation coefficient for the statistical dataset falls within the closed interval <ï1,1>. A correlation coefficient 

approaching the value of 1 indicates a stronger linear relationship between variables [12]. The correlation 

coefficient R quantifies the strength of the statistical relationship between two quantitative variables. The most 

frequently utilized form of this coefficient in statistical analyses is the Pearson correlation coefficient (3) [13]. 

Ὑ
Вὼώ ὲὼȇώȇ

ὲ ρίί
 (3) 

where: n  - number of parameters to be measured 

 X, Y - parameters that can be written as xi and yi and in this case i = 1, 2, 3, é, n 

 ὼ, ώ - average value of X and Y 

 ί, ί - standard divergence of X and Y 

Based on equation (3), it is possible to identify and rank the factors that have the greatest influence on the 

nitrogen content at each stage of steel production within a BOF steelmaking process. The interpretation of the 

correlation coefficient R depends significantly on the context and characteristics of the analysed data. For 

instance, a correlation coefficient value of 0.8 would be considered relatively low when verifying a physical law 

using precise measurement instruments; however, the same value would be regarded as very high within the 

context of social sciences research [14]. Jacob Cohen developed a straightforward method for interpreting 
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correlation coefficients within the context of research studies (Table 1 ) [15]. The value of R2, referred to as the 

coefficient of determination (4), represents the proportion of shared variability between two variables. The 

value of R2 is highly dependent on the characteristics of the data that are being analysed and the interpretation 

of the obtained R2 values primarily relies on the nature and context of the data under investigation [15,16]. 

Table 1 CohenËs interpretation of correlation coefficients 

Correlation 
coefficient  

0 - 0.1 0.1 - 0.3 0.3 - 0.5 0.5 - 0.7 0.7 - 0.9 0.9 - 1 

Correlation 
description  

trivial,  
very small 

a little,  
low 

moderate 
big,  
high 

very big,  
very high 

perfect,  
clear 

Ὑ ρ
ȿ

 or  Ὑ ρ
ȿ

 (4) 

where: ίȿ,ίȿ - number of parameters to be measured 

 ί, ί - parameters that can be written as xi and yi and in this case i = 1, 2, 3, é, n 

3. RESULTS AND DISCUSSION 

The correlation matrix generated by StatSoft STATISTICA 7.0 was used to rank the factors influencing the 

final nitrogen content at a specific production stage. By integrating of the correlation analysis and empirical 

finding, it is possible to identify the most significant influencing factors, which are represented as variables in 

subsequent complex statistical operations. A positive correlation coefficient indicates that an increase in the 

studied parameter corresponds to an increase in the nitrogen content.  

The ranking of the most important factors influencing the nitrogen content in the crude steel after the BOF 

process is shown in Table 2 . The results are obtained from regression analysis based on the correlation matrix 

generated using StatSoft STATISTICA 7.0 application. 

Table 2 Sequence of factors influencing the nitrogen content in the crude steel after the BOF process prior to 

tapping 

Sequence 
of effects  

Factor  
Correlation  

coefficient R  
Coefficient of 

determination R 2 

1. Reblow (s) 0.4291 0.1842 

2. Manganese content in steel (%) ï0.3017 0.0910 

3. Phosphorus content in steel (%) ï0.2339 0.0547 

4. Carbon content in steel (%) ï0.2055 0.0422 

5. Briquettes (kg) ï0.1594 0.0254 

6. Tapping temperature (ÁC) 0.1457 0.0212 

7. Time of oxygen blowing (s) ï0.1314 0.0173 

According to Cohen's classification, the obtained correlation coefficients can be interpreted as ranging from 

small to medium. Nevertheless, it is important to consider the non-stationary characteristics inherent in data 

from integrated systems, as well as the operational nature of the dataset. In the context of the present study, 

the attainment of moderate correlation coefficients is indicative of a substantial level of success. As illustrated 

in Figure 1  ï Figure 5 , the impact of certain parameters from Table 2  on the subsequent nitrogen content in 

steel following its fabrication in a basic oxygen furnace (BOF) within a closed production cycle is presented 

through graphical representations. 
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Figure 1 Relationship between the Manganese 

content in crude steel and the Nitrogen content in 

crude steel prior to tapping 

Figure 2 Relationship between the Phosphorus 

content in steel and the Nitrogen content in crude 

steel prior to tapping 

  

Figure 3 Relationship between the Carbon content 

in steel and the Nitrogen content in crude steel prior 

to tapping 

Figure 4 Relationship between the tapping 

temperature of steel and the Nitrogen content in 

crude steel prior to tapping 

 

Figure 5 The impact of Phosphorous and Manganese levels                                                                                    

in steel on nitrogen content in crude steel prior to tapping 
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As shown in Figure 6 , which represents the results of an auxiliary set of experiments, the nitrogen content in 

the steel increases with a higher number of reblow treatments. This is done when the chemical composition 

does not meet the specifications required for the target steel grade. A study was conducted on a data set of 

699 reblows collected over a period of 14 months. The average nitrogen content was calculated in relation to 

the number of reblows performed. In heats without reblow, the nitrogen content is about 20 ppm. One reblow 

increases the nitrogen content to about 40 ppm, while two reblows further increase the nitrogen content to 

about 50 ppm in the crude steel. 

 

Figure 6  Nitrogen content in steel caused by number of reblows of pure-oxygen 

Figure 7  presents a histogram of nitrogen activity, while Figure 8  displays a histogram of nitrogen content in 

steel prior to tapping from the converter. Nitrogen activity is calculated based on the known chemical 

composition and activity coefficients (5), as outlined in the referenced literature [17,18]. 

  

Figure 7  Histogram of nitrogen activity in crude 

steel prior to tapping within observed heats 

Figure 8  Histogram of nitrogen content in crude 

steel prior to tapping within observed heats 

ὥ Ὢ Ͻὔ  (5) 

where: ὥ  - Nitrogen activity in steel 

 Ὢ  - Activity coefficient of nitrogen in steel 

 ὔ  - Dissolved nitrogen in the steel (%) 
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4. CONCLUSION 

It is imperative that the factors that affect nitrogen content in crude steel prior to tapping from the oxygen 

converter are identified in order to determine the sources of nitrogen. A comprehensive understanding of the 

individual factors' influence is instrumental in the development and refinement of existing production 

processes, with the objective of reducing the nitrogen content in steel. 
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Abstract  

This study is focused on the numerical analysis of molten steel flow in the CC mold of a continuous casting 

machine for two different steel grades - ferritic low-carbon stainless steel 409L and normalized structural steel 

S275N, by EN 10025-3. The aim was to identify the influence of the physical and metallurgical properties of 

these steels on flow behavior and thermal conditions in the solidification zone. Simulations were realised using 

Computational Fluid Dynamics (CFD) at two different casting speeds. 

Velocity profiles and temperature gradients were analyzed along two reference lines: one positioned at the 

steel surface and the other along the vertical sidewall of the mold. Based on the temperature gradient, the 

position of the start of solidification of the casting was determined for steel and process configuration. The 

results revealed significant differences in hydrodynamic behavior and heat transfer characteristics between 

the two steel grades, which manifested in variations in the length of the liquid zone and the formation of the 

primary solid shell. Ferritic stainless steel 409L has higher fluidity and a faster solidification process, whereas 

S275N showed slower heat dissipation and lower turbulent kinetic energy. 

The findings provide a foundation for optimizing the technological parameters of continuous casting processes 

with regard to the specific behavior of different steel grades. 

Keywords: CC mold, CFD, steel, optimizing 

1. INTRODUCTION 

The flow of molten steel in the mold plays a key role in the solidification process, the removal of inclusions and 

the quality control of castings. The behaviour of the steel flow, which can be laminar, swirling or turbulent, is 

influenced by mold geometry, casting speed, steel properties and mold oscillation [1]. Optimal flow should 

promote uniform temperature distribution, efficient inclusion removal and minimise turbulence, which leads to 

defects. The molten steel is passed through a tundish shroud where two main flow directions are generated 

from the shroud - one towards the surface and the other diagonally downwards. The flow is also influenced by 

the addition of argon, which can change the nature of the liquid steel flow if the quantity is incorrect [2]. Non-

uniform heat transport can cause surface defects and disrupt the solidification structure [3]. Therefore, a stable 

and optimised flow is essential to achieve a quality casting, and CFD numerical simulations are an effective 

tool for its analysis and optimisation [4]. 

The present study focuses on the numerical analysis of the behavior of molten steel in a mold during the 

continuous casting of two different steel grades: low carbon ferritic stainless steel 409L and standard structural 

steel S275N according to EN 10025-3. The objective of this work is to identify the influence of the physical and 

mailto:peter.demeter@tuke.sk
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metallurgical characteristics of these materials on the hydrodynamics of the flow, thus contributing to the 

optimization of their casting. 

To achieve this, Computational Fluid Dynamics (CFD) was used to provide a detailed simulation of the flow 

and temperature fields at different casting speeds. The analysis focused on the evaluation of velocity profiles 

and temperature gradients along reference sections located at the melt surface and at the side wall of the 

mold. The results of this study [5-7] provide important insights into the influence of the material properties of 

the cast steels on the continuous casting process and provide a basis for more effective control of the process 

conditions in order to achieve higher quality castings. 

2. METHODOLOGY 

The numerical simulations were carried out using Ansys Fluent, a software developed by ANSYS, based in 

Canonsburg, PA, USA. The calculations were performed on a 3D model (Figure 1 ), which is a physical model 

of the mold at a scale of 1:1 to the real device.  

 

Figure 1  Sample 3D model of the mold 

The first area of interest was the upper part of the mold. The basic values of the Reynolds number Re (1) [8] 

according to the 3D model and the turbulence intensity (2) [9] were calculated to improve the simulations accuracy. 

ὙὩ
ẗ

                (1) 

Where: v ï fluid flow velocity (m/s), dh ï hydraulic diameter (m), ɜ ï kinematic fluid viscosity (m2/s) 

Ὅ πȟρφz ὙὩ                 (2) 

Type 409LSS and S275N steels were used as simulation flow media. Type 409LSS steel [10] belongs to the 

group of ferritic unalloyed stainless steels and type S275N steel [11] belongs to the group of unalloyed 

structural steels. The chemical compositions of the steels are shown in Table 1 . Physical properties such as 

specific gravity, specific heat capacity, thermal conductivity and dynamic viscosity have been defined for both 

steels. At the inlet, the steel temperature was defined to be 1823 K. 

Table 1 Chemical composition of steels 

Steel  
C Mn Si S P Cr Ni Al  Ti N 

Liquid 
temperature  

(wt%) (ÁC) 

409LSS 0.005 0.27 0.54 0.001 0.0224 11.2 0.1 0.003 0.22 0.008 1505-1515 

S275N 0.2 1.5 0.5 0.025 0.025 - - 0.02 - 0.012 1490-1500 
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The quality of the computational network was assessed using skewness and orthogonality parameters. A 

network independence analysis was also performed to verify reliability. Three levels of network refinement - 

gross (823,231 elements), medium (1,602,956 elements) and fine (2,000,369 elements) - were compared by 

evaluating output variables such as tracer concentration and temperature field distribution. The results showed 

that although the gross mesh had higher biases, the differences between the medium and fine meshes did not 

exceed 3%. This confirms that the model is independent of the computational grid and that the gross grid 

represents a suitable compromise between accuracy and computational effort. The mathematical model used 

for the calculation was the k-epsilon standard wall function [12].  

3. EVALUATION OF SIMULATIONS  

The results were evaluated by observing the flow pattern of the liquid steel at the selected levels using 

contours, vectors, streamlines and the temperature distribution of the flowing molten steel in the region of the 

tundish shroud and the mold walls. For a more detailed view and comparison of the velocity profiles and 

temperature gradient, line segments were created and placed at the side wall of the mold and below the level 

of the molten steel in the mold. The simulations were run at two casting speeds, 0.8 m/min and 1.4 m/min. 

Figure 2  (a) shows the vector field of the liquid steel flow in the mold during the continuous casting process. 

The nature of the flow corresponds to two main streams which are considered to be optimal in terms of 

solidification quality and efficient inclusion removal [13]. 

The molten steel is passed through the SEN tundish shroud, which divides it into two main streams. The upper 

stream, directed diagonally upward toward the melt surface, helps move inclusions to the surface where they 

are subsequently captured by the flux powder. The lower stream, directed diagonally downward, provides 

intensive mixing in the lower parts of the mold and promotes stable growth of the solidified casting shell. 

The significant symmetry of the vector field around the vertical axis of the SEN indicates a well-stabilized flow, 

without the occurrence of a single main stream that could negatively affect solidification uniformity and cause 

casting shell breakage. Also, no excessively intense stagnation zones are observed, confirming efficient 

bypassing and heat distribution. Temperatures in the surface region of Figure 2 (b) range from approximately 

1600-1800 K (orange-red regions). This indicates that there is still a warm melt on the surface, which is important 

for trapping inclusions. Temperatures on the walls decrease downwards. In the coolest zones they reach values 

below 900 K (green-blue color). The most pronounced temperature gradient is seen from the SEN (top center) 

downward and toward the sidewall, where the steel cools significantly and the casting shell begins to form. 

Overall, the visualized flow represents the desirable flow dynamics of molten steel, which is suitable for uniform 

heat transfer, efficient removal of inclusions and thus an increase in the quality of the final casting [14]. 

   

(a)       (b) 

Figure 2  Illustration of vector (a) and temperature field (b) for liquid steel flow in a mold 
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Three main influences on the flow pattern of the molten steel, such as the immersion depth of the SEN tundish, 

the casting speed and the steel grade, were investigated. Table 2  shows the tested configurations.  

Table 2 Overview of simulated configurations 

Configuration  
Steel 
grade  

SEN 
immersion 
depth (mm) 

Casting 
speed  

(m/min ) 

Distance 
from the 
surface 

where the 
liquid 

temperature 
was reached 

(m) 

Evaluation  

1A 409L 245 1.4 0.25 

Higher flow rates result in good 
mixing but higher turbulence. 

Ferritic steel better tolerates faster 
heat removal  

1AC S275N 245 1.4 0.75 

Same immersion depth but less 
turbulence, stable solidification. 

S275N is more sensitive to 
temperature changes, so quieter 

dynamics are preferred. 

2A 409L 195 1.4 0.6 

Lower immersion depth, which 
promotes intensive mixing. Can 

lead to surface instability, but ferritic 
steel handles this better 

2AC S275N 195 1.4 0.8 

Likewise, low depth causes a 
reduction in velocity, higher 

viscosity and the need for higher 
stability. Less suitable for intensive 

mixing 

3A 409L 295  1.4 0.4 

The flow is more stable and even. 
Advantageous for uniform 

solidification, ferritic steel handles 
higher flow without defects 

3AC S275N 295  1.4 0.55 

Higher velocity across the width, 
resulting in intense mixing but also 
increased turbulence, but still the 
lowest and most stable velocity 

profile across the height, which is 
favourable for solidification stability. 

2AA 409L 195 0.8 0.75 

Stable speed and temperature 
profile, suitable for uniform 

solidification. Ideal compromise 
between mixing and flow stability. 

2AAC S275N 195 0.8 0.25 

Lowest flow velocity, weaker 
mixing, higher temperature 

gradients. Suitable only if level and 
temperature regime is controlled 

3AA 409L 295 0.8 0.25 

The large immersion depth ensures 
a stable temperature profile, 

uniform solidification. Suitable for 
thicker formats and quiet casting 

3AAC S275N 295 0.8 0.3 
Very stable temperature field, low 

turbulent energy. Suitable for 
S275N - helps prevent defects 
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4. DISCUSSION 

In this work, different configurations of simulations of molten steel flow in the mold during continuous casting 

were evaluated, specifically the variants labelled as 1A, 1AC, 2A, 2AC, 3A, 3AC, 2AA, 2AAC, 3AA, and 3AAC. 

The main evaluation criteria were the grade of casting steel (ferritic stainless 409L and structural S275N), the 

immersion depth of the tundish shroud, and the casting speed (1.4 m/min and 0.8 m/min, respectively). 

Ferritic steel 409L, which has higher thermal conductivity and better heat removal capability, showed good 

tolerance to both faster flow and shallower immersion depth. Configurations such as 2A and 3A (both with a 

higher casting speed of 1.4 m/min) exhibited high dynamic flow with intense mixing, which was advantageous 

for uniform temperature distribution but at the risk of faster flow. The 2AA and 3AA configurations, with a lower 

casting speed (0.8 m/min), provided more stable thermal and velocity fields and represented an optimal 

compromise between dynamics and stability, especially at greater immersion depths (295 mm). 

By contrast, S275N structural steel is more sensitive to changes in thermal gradient and requires more stable 

flow. Configurations such as 1AC, 2AC and 3AC at higher casting speeds offered acceptable conditions, but 

the best results were obtained at lower casting speed (0.8 m/min) in 2AAC and 3AAC configurations. These 

exhibited very low turbulent energy, uniform temperature profiles and surface stability, which is desirable for 

this steel to prevent defects during solidification. 

In terms of immersion depth, it was found that the greater the immersion depth of the SEN (295 mm), the more 

stable the flow in the crystallizer and the more uniform the thermal field. Although the lowest immersion depth 

(195 mm) increased the flow dynamics, it also increased the risk of surface instability, which was more 

problematic especially for the S275N casting. Based on the results of the simulations, the distance from the 

steel surface when the liquidus temperature was reached was also evaluated. The evaluation was based on 

the influence of the steel grade, the casting speed and the immersion depth of the tundish shroud (SEN). 

Effect of steel grade (409LSS vs. S275N) - 409LSS steel (stainless, with higher liquidus temperature å 1505-

1515 ÁC) reaches this temperature significantly higher in the stream, i.e. closer to the surface, than S275N 

steel (lower liquidus temperature å 1490-1500 ÁC). This means that under the same casting conditions, S275N 

steel cools more slowly, and solidifies lower in the stream. This difference is due to the lower liquidus 

temperature of S275N, which allows the melt to remain in the liquid state longer.  

Effect of casting speed (1.4 m/min vs. 0.8 m/min) - Reducing the casting speed to 0.8 m/min caused the 

temperature shift of the liquid to move higher from the surface (e.g., at 3AA 0.8 m/min Ÿ 0.25 m vs. 3A 1.4 

m/min Ÿ 0.4 m). This effect is expected because the lower casting speed provides more time for cooling, 

leading to a faster arrival at the liquidus temperature. 

Effect of SEN immersion depth (195 mm, 245 mm, 295 mm) - Increasing the SEN immersion depth leads to a 

decrease in the height where the liquidus temperature is reached, hence the liquidus moves deeper into the 

mold. For example, for 409LSS steel, at configuration 1A with 195 mm immersion Ÿ liquidus temperature 

reached as early as 0.25 m, at configuration 2A with 245 mm immersion Ÿ liquidus at 0.6 m, and configuration 

3A with 295 mm immersion Ÿ liquidus as low as 0.4 m. Therefore, too little immersion causes too rapid cooling, 

more immersion can improve flow distribution and delay solidification - which can be beneficial for more uniform 

flow but increases the risk of segregation if cooling is not stabilised. 

5. CONCLUSION 

The numerical simulation results confirm that the height at which the steel reaches the liquidus temperature 

depends on the steel grade, the casting speed and the depth of immersion of the shroud (SEN). For ferritic 409L 

stainless steel (with a higher liquidus temperature), this height was typically closer to the surface, which is related 

to its higher thermal conductivity and ability to dissipate heat more quickly. Conversely, structural steel S275N, 

with a lower liquidus temperature, exhibited a deeper solidification zone, reflecting its slower heat dissipation. 
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Reducing the casting speed from 1.4 m/min to 0.8 m/min resulted in a significant upward shift of the liquidation 

point, as the lower speed provides a longer heat transfer time and an earlier achievement of the solidification 

temperature. This effect was particularly pronounced for 409LSS steel, which formed a more stable flow with 

a uniform temperature field at the lower speed. 

With regard to the SEN immersion depth, it has been confirmed that a greater depth (e.g. 295 mm) results in a lower 

liquid point, thus keeping the melt in the liquid state for longer. This property is advantageous for solidification control 

in thicker casting shapes (slabs), but requires a stable flow, especially for the more sensitive S275N steel. 

For 409L steel, configurations with higher speeds (1.4 m/min) and medium to deeper immersion depths (245-

295 mm) proved optimal, providing both intensive mixing and uniform solidification. For S275N steel, deeper 

immersion and lower speed configurations (0.8 m/min), such as 2AAC and 3AAC, were most suitable, 

producing a very stable temperature field, ideal for preventing surface defects.  

CFD simulations have thus proved to be an effective tool for optimising continuous casting process parameters 

with respect to the specifics of individual steels. The results provide specific recommendations for the 

adjustment of immersion depth and casting speed, which can serve as a basis for industrial application and 

quality improvement of the final products. 
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Abstract  

Hydrodynamic conditions in the tundish play a crucial role in ensuring the quality of liquid steel and the 

effectiveness of refining processes during continuous casting. The present study focuses on the numerical 

comparison of flow characteristics in a four-strand tundish under various geometric configurations of impact 

pads and positional deviations of the ladle shroud. The calculations were performed using Computational Fluid 

Dynamics (CFD) in Ansys Fluent, employing the realizable k-Ů turbulence model and particle tracking methods 

to determine residence time distributions. Simulated setups included impact pads of the Spherical K4 type and 

a standard impact pad, with modifications to their geometry and positional deviations of the ladle shroud from 

the reference axis. The analysis demonstrated that the standard impact pad results in longer residence times, 

enhancing the homogenization of liquid steel, however, this benefit is counterbalanced by the development of 

more dominant piston-type flow and a higher tendency toward red eye formation under misaligned shroud 

conditions. In contrast, configurations incorporating the Spherical K4 pad demonstrated a more uniform 

velocity field and higher flow stability under varying ladle shroud positions. These findings highlight the 

importance of impact pad design in maintaining stable flow behavior, particularly under non-ideal ladle shroud 

alignment, minimizing uneven refractory wear, mainly in the slag line region near the ladle shroud, and 

reducing dead flow zones. 

Keywords:  CFD simulation, tundish, spherical impact pad, ladle shroud misalignment, steel flow 

1. INTRODUCTION 

In continuous casting, the tundish plays a critical role in distributing and controlling the flow of liquid steel, 

ensuring product quality, minimizing inclusions, and optimizing refining reactions at the slag-metal interface. 

Achieving stable and uniform flow conditions is particularly challenging when the flow is influenced by 

variations in impact pad geometry and deviations in ladle shroud positioning, both of which can significantly 

affect the hydrodynamic behavior of the liquid steel. Impact pads are widely used to control the initial 

momentum of the incoming liquid steel stream and to promote favorable flow patterns within the tundish. Their 

geometry significantly affects residence time distribution (RTD), dead zone formation, and flow stability. 

Previous studies have demonstrated that optimized impact pad designs can improve inclusion removal and 

temperature homogenization, reducing the risk of steel quality deterioration [1,2]. 

Numerical and physical modeling approaches are essential tools for investigating tundish flow behavior under 

various operational and design scenarios. These methods enable the evaluation of different configurations 

without interrupting industrial production, allowing researchers to compare the efficiency of flow control devices 

such as impact pads and dams [1,3,4]. While recent studies have highlighted the importance of combining 

CFD simulations, water model experiments, and industrial trials to validate tundish design improvements, this 

work focuses specifically on the numerical analysis based on CFD methods [4,5]. 
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Additionally, research has shown that tundish flow behavior is highly sensitive to asymmetric conditions, such 

as ladle shroud misalignments or non-isothermal effects, which can lead to unstable flow patterns and reduced 

process control [6]. This highlights the need for comprehensive numerical studies that consider both ideal and 

non-ideal operating conditions. The present study focuses on the numerical analysis of flow behavior in a four-

strand tundish, evaluating the effects of different impact pad geometries and ladle shroud misalignments. 

Specifically, the study compares a standard flat impact pad with a Spherical K4 impact pad, which features a 

three-dimensional geometry designed to enhance flow distribution. The aim is to assess how these designs 

perform under various misalignment scenarios using CFD simulations with the realizable k-Ů turbulence model 

and particle tracking methods to analyze RTD behavior. The findings are expected to contribute to improved 

tundish operation by identifying configurations that maintain stable and uniform flow, even under non-ideal 

ladle shroud alignment. 

2. MATERIALS AND METHODS  

Tundish Geometry and Configurations  

The analyzed tundish Figure 1  represents an industrial four-strand design with an operating volume of 7.794 

mį, typically used for continuous casting sequences involving approximately 65 tons of liquid steel cast over 

35 minutes. Based on similarity criteria and the physical properties of steel, the calculated volumetric flow rate 

for the simulations was 30.92 kgĿsϖĭ, corresponding to an average flow velocity of 0.878 mĿsϖĭ, assuming a 

steel density of 7020 kgĿmϖį. 

 

Figure 1 Geometrical representation of the internal fluid volume (Left) and the external structural volume 

(Right) with visualization of the basic positioning of all investigated impact pads in the tundish 

Two different impact pad configurations Figure 2  were considered to evaluate their influence on flow behavior. 

The first configuration employed a standard impact pad, designed to redirect the incoming liquid steel stream 

vertically downward. The second configuration used a Spherical K4 impact pad, featuring a three-dimensional 

geometry intended to enhance energy dissipation and promote more uniform flow distribution throughout the 

tundish volume. In addition to these impact pad geometries, the influence of ladle shroud misalignment was 

analyzed. Several positional deviations were simulated, including a lateral displacement of 200 mm left from 

the tundish centerline and tilting of the ladle shroud by 4.7Á, in backward direction. Combined positional and 

angular deviations were also tested to represent realistic operational conditions. 
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Figure 2 Geometrical models of the evaluated impact pads: Spherical K4 impact pad (left) and standard 
impact pad (right) 

Computational Fluid Dynamics (CFD) Simulation Setup  

The numerical simulations were performed using Ansys Fluent, the software developed by ANSYS, 

Canonsburg, PA, USA, applying the realizable k-Ů turbulence model to capture turbulent flow characteristics. 

The computational domain was discretized using a polyhedral mesh with 204,100 elements. The mesh quality 

was assessed based on skewness and orthogonality criteria, achieving an average skewness of 0.2318 and 

a maximum orthogonality of 0.99237, which confirmed the suitability of the mesh for accurate numerical 

analysis. 

The Reynolds number, calculated in equation (1) for the circular cross-section of the ladle shroud inlet, reached 

a value of Re = 682,935, confirming fully turbulent flow conditions. Based on this, the realizable k-Ů turbulence 

model was selected as appropriate for capturing the complex turbulent structures typical of industrial tundish 

operations. Turbulence intensity at the inlet was determined as 2.98 %, derived from the calculated Reynolds 

number, while the outlet was modeled as a pressure boundary with a turbulence intensity of 5 %. A tracer was 

injected into the flow for 10 seconds to evaluate residence time distributions using particle tracking methods. 

Both steady-state and transient simulations were performed. The transient analysis involved 8,000 time steps 

with a time step size of 0.1 s (max. iterations 20), allowing detailed tracking of tracer particle transport and flow 

development over time. 

Ὅ πȢρφzὙὩ ρzππ              (1) 

where: 

I - turbulence intensity (%), 

Re  - Reynolds number (-) 

Evaluation Criteria  

The hydrodynamic behavior of each configuration was evaluated by analyzing velocity vector fields, which 

provided insight into flow direction, stability, and the formation of recirculation zones. Concentration contours 

of tracer particles were used to identify stagnant regions with low flow activity, which are undesirable for 

effective mixing and temperature homogenization. Residence time distributions (RTD) were calculated based 

on particle tracking data and expressed as C-curves for each casting strand. These curves allowed for the 

determination of minimum and maximum residence times, offering a quantitative comparison of flow efficiency 

between the tested configurations. Additional qualitative evaluation focused on identifying flow patterns 

indicative of piston-type flow, which can lead to short-circuiting and reduced mixing efficiency, and the 

formation of red eye phenomena, associated with high-velocity regions near the ladle shroud and increased 

refractory wear. These observations were critical for assessing the practical performance of the investigated 

impact pad geometries and their ability to maintain stable flow under misalignment conditions. 
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3. RESULTS AND DISCUSSION 

The influence of impact pad geometry and ladle shroud misalignment on tundish flow behavior was evaluated 

based on six selected configurations. Two of these served as reference cases with standard and Spherical K4 

impact pads under ideal ladle shroud alignment. The remaining four configurations examined the effects of 

ladle shroud misalignment, including a 200 mm displacement to the left and a 4.7Á backward tilt. Both 

misalignment scenarios illustrated in Figure 3  were applied to the standard and Spherical K4 impact pads to 

assess their sensitivity to non-ideal ladle shroud positioning. An overview of these analyzed configurations is 

provided in Table 1 . 

 

Figure 3 Visualization of the ladle shroud misalignment: 200 mm left displacement (left) and 4.7Á backward 
tilt (right) in the tundish model 

Table 1 Overview of the analyzed tundish configurations with different impact pad types and ladle shroud 

positions 

Configuration ID   Impact pad type  Ladle shroud position  

1 Spherical K4 Centered 

2 Standard Centered 

3 Spherical K4 Displaced by 200 mm (left) 

4 Standard Displaced by 200 mm (left) 

5 Spherical K4 Tilted by 4.7Á (backward) 

6 Standard Tilted by 4.7Á (backward) 

The first criterion for evaluating the tundish flow behavior was the distribution of the tracer after 400 seconds, 

which provides insight into the formation of dead zones and overall mixing efficiency. Figure 4  presents a side-

by-side comparison of tracer concentration for all analyzed configurations. 

 

Figure 4 Distribution of tracer concentration at 400 seconds for all analyzed configurations 

The comparison of tracer distribution after 400 seconds Figure 4  shows that the Spherical K4 impact pad 1 

provides the most favorable flow behavior, with improved dispersion in the upper region of the tundish, 

supporting better refining reactions at the slag-metal interface. This configuration also achieves the lowest 

dead zone volumes. When comparing the effect of 200 mm left displacement, the Spherical K4 3 shows better 

flow distribution compared to the standard impact pad 4, which exhibits larger dead zones near the outlets. 
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For the 4.7Á backward tilt, both impact pads 5 and 6 show similar flow behavior, with no significant advantage 

observed for either geometry. 

The second evaluation criterion focuses on the direction and character of liquid steel flow, which influences 

the intensity of piston-type flow and the risk of red eye formation. Figure 5  presents a comparison of velocity 

vector fields for all analyzed configurations. 

 

Figure 5 Visualization of the velocity vector fields showing the flow direction and intensity in the tundish for 
all analyzed configurations 

In the reference configurations, the standard impact pad 2 shows noticeable piston-type flow near the ladle 

shroud, increasing the risk of red eye formation. In contrast, the Spherical K4 impact pad 1 distributes the flow 

more evenly into the tundish volume, while both pads demonstrate favorable flow just below the slag layer, 

supporting effective refining reactions at the slag-metal interface. With the 200 mm left displacement 3 and 4, 

the standard impact pad 4 promotes more concentrated flow on the right side, while the Spherical K4 3 shifts 

the flow activity toward the left side. In the 4.7Á backward tilt configurations 5 and 6 the flow appears more 

stabilized, with no significant difference between the two impact pad designs. 

The third evaluation criterion focuses on the C-curves, representing the residence time distribution (RTD) for 

each strand. Figure 6  shows examples of C-curves for configurations 1 (Spherical K4) and 2 (Standard impact 

pad), with time in seconds on the x-axis and dimensionless concentration on the y-axis. 

 

Figure 6 Example and comparison of C-curves for configurations 1 (Spherical K4) and 2 (Standard impact 
pad) measurements 

Based on the overall comparison of all evaluated configurations, the standard impact pad achieves longer 

residence times on all casting strands compared to the Spherical K4. However, the Spherical K4 shows clearly 

visible oscillations in the C-curves, indicating a more complex and less stable flow distribution in the tundish. 

This behavior results from the combination of tundish geometry and the specific shape of the impact pad. The 

effect of ladle shroud misalignment is significant across all tested configurations, influencing flow uniformity 

and residence time distribution. The quantitative results for all configurations are summarized in Table 2 , 

presenting the minimum and maximum residence times for all four casting strands. 
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Table 2 Summary of the minimum (Tmin) and maximum (Tmax) residence times in seconds for all analyzed 

configurations (1 to 6) and all four casting strands 

Resulting min. and  max. residence times  

  Tmin (s) Tmax (s) 

CS1 CS2 CS3 CS4 CS1 CS2 CS3 CS4 

1 262 49 56 249 800 258 262 752 

2 374 120 126 359 731 252 262 800 

3 301 91 87 296 781 276 316 725 

4 332 93 111 320 800 292 224 472 

5 339 98 88 347 752 239 343 800 

6 362 94 124 373 800 306 283 627 

As mentioned earlier, the results in Table 2 show that the standard impact pad achieves higher residence 

times, but with greater variation between strands. In contrast, the Spherical K4 impact pad provides more 

balanced residence times across the outlets, despite showing more oscillating C-curve profiles, which indicate 

locally more complex flow behavior. The standard impact pad shows smoother C-curves, but with less uniform 

distribution between strands. 

4. CONCLUSION 

The study confirmed that impact pad geometry and ladle shroud position significantly affect tundish flow. The 

standard impact pad achieved longer residence times and better homogenization but showed stronger piston 

flow and a higher risk of red eye under misalignment. The Spherical K4 impact pad provided more uniform and 

stable flow, lower piston flow intensity, and less sensitivity to misalignment. Spherical K4 is recommended for 

stable flow control, while the standard impact pad is suitable for longer residence time and refining.  
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Abstract  

Natural gas-fired walking-tray furnaces are an innovative solution for heat treatment of metals, providing 

increased energy efficiency and reducing environmental impact. The article analyzes the prospects for 

introducing this technology into the metallurgical industry of Kazakhstan. Particular attention is paid to 

comparison with traditional heating methods, identifying key benefits such as reduced emissions of carbon 

dioxide, nitrogen oxides and particulate matter, as well as the cost-effectiveness of switching to natural gas. 

The scientific novelty of the study lies in the comprehensive assessment of the design features of continuous 

furnaces with a walking pallet and the development of innovative approaches to automated control of 

temperature conditions. The article presents new data on the possibilities of optimizing the processes of 

heating blanks using intelligent control systems, which allows minimizing production losses and improving 

product quality. The practical significance of the study lies in the development of recommendations for adapting 

this technology to the conditions of Kazakhstan's metallurgy, including the modernization of existing production 

facilities. The introduction of continuous furnaces with a walking pallet on natural gas will allow enterprises to 

significantly reduce operating costs, reduce their carbon footprint and increase competitiveness in the global 

market. In addition, the importance of developing gas transportation infrastructure for the successful integration 

of this technology in regions with limited access to natural gas is emphasized. The proposed solution opens 

up new opportunities for the modernization of metallurgical enterprises in Kazakhstan, ensuring a balance 

between production efficiency, environmental safety and economic benefits.  

Keywords: Continuous furnace, walking tray, natural gas, metallurgy, energy efficiency 

1. INTRODUCTION 

The metallurgical industry of Kazakhstan plays a key role in the development of the country's economy, 

ensuring the production of strategically important materials for industry. In the context of rapid technological 

progress and the need to improve environmental sustainability, the issue of modernizing metallurgical 

equipment is becoming increasingly important [1,2]. 

The modern metallurgical industry is in the process of active transformation aimed at increasing energy 

efficiency, reducing environmental impact and introducing automated control systems. One of the promising 

areas of development is the use of continuous furnaces with a walking pallet operating on natural gas. These 

technologies allow not only to improve the quality of heat treatment of metals, but also to significantly reduce 

emissions of harmful substances into the atmosphere. 

Analysis of modern scientific literature shows that traditional metal heating technologies, such as continuous 

pusher pan furnaces and ring furnaces, have a number of disadvantages, including high energy consumption 

and uneven heating of workpieces [3,4]. In recent years, research has focused on optimizing heat treatment 

processes using innovative furnace designs, automated temperature control systems, and switching to more 

environmentally friendly fuels, including natural gas [5,6]. 
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Walking tray continuous furnaces are considered one of the most promising solutions due to their ability to 

provide uniform heating of the metal, reduce processing time and improve energy efficiency [7]. However, 

scientific publications note that for maximum effect, these technologies need to be adapted to the specific 

conditions of metallurgical enterprises, including taking into account the composition of raw materials, 

availability of energy resources and economic factors [8]. 

The novelty of this work lies in the comprehensive analysis of the potential for the introduction of continuous 

furnaces with a walking pallet on natural gas in the metallurgical industry of Kazakhstan. The study considers 

not only technological aspects, but also economic feasibility, issues of automation of control and environmental 

sustainability of this technology. 

2. MATERIALS AND METHODS  

The following methods are used to describe the application process of natural gas walking tray furnaces in the 

metallurgical industry: 

1. Theoretical analysis: Analysis of literary sources on the topic. Review of modern metal heating technologies 

and their comparison. 

2. Economic Analysis: Cost comparison with traditional methods. 

3. Engineering and technological analysis: Definition of design features of furnaces with a walking pallet. Study 

of automated temperature control systems. Development of recommendations for the implementation of 

technology in the conditions of Kazakhstan. 

4. Environmental assessment: Assessment of technology compliance with international environmental 

standards ISO 14001. 

The continuous wide-strip hot rolling mill 1700 was designed in 1959 by the Novokramatorsk Machine-Building 

Plant ñNMBPò (Kramatorsk, Ukraine) and was put into operation in January 1968. The design capacity is 4.0 

million tons /year. The shop includes 4 continuous furnaces. 

The furnace is a continuous, recuperative, five-zone furnace with double-sided heating with end loading and 

pusher-type delivery. Continuous furnaces are used to heat the workpiece (slabs) before delivering it to the 

rolling mill for the production of finished products (rolled products for cold rolling shops and hot-rolled coil and 

sheet products). Heating of slabs in a continuous furnace is carried out using coke-blast furnace gas with a 

calorific value of 1350 to 1600 kcal/Nmį.  

The general view of a pusher-type heating furnace is shown in Figure 1.   

 

Figure 1 Pusher-type heating furnaces 
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The nominal pressure in the working space under the furnace arch is not less than 2.0 mm H2O. Injection 

burners 49 pcs. The distance between the longitudinal axes of existing furnaces No. 1-2, 2-3, 3-4 is 24 meters. 

The main disadvantages of the installed continuous furnaces are vibration of the entire frame when pushing 

the metal. Due to the constant vibration of the furnace frame, the heat-insulating brick of the air ducts collapses. 

The imperfection of the design of individual elements excludes the possibility of automatic regulation of the 

thermal mode, leads to a difference in temperature and pressure in the furnace zones and uneven heating of 

the metal. Due to insufficient circulation of the steam-water mixture, there is a deflection of the glide pipes in 

horizontal and vertical sections. 

All furnaces have insufficient vacuum for full gas consumption (95,000 mį/hour) according to the design. The 

hydraulic scale removal chute has a slight slope, as a result of which scale removal is performed manually. 

Existing continuous furnaces consume energy resources in the amount of 2.4 GJ/ t, which significantly exceeds 

modern designs of furnaces with walking beams and using natural gas to heat slabs. 

In order to achieve the planned production figures of 4.5 million tons and reduce energy consumption to 1.8 

GJ/ t, a decision was made to replace pusher-type continuous furnaces with walking beam continuous furnaces 

that meet the following conditions. Walking-beam heating furnaces are shown in Figure 2.  

 

Figure 2 Walking-beam heating furnaces 

Receiving, heating to a temperature of 1160 -1250ÁC, and issuing slabs for subsequent rolling on a 1700 mill 

with a heating accuracy of 20ÁC and having uniform heating across the slab cross-section to the maximum 

temperature. The productivity of the continuous furnace should be up to 400 t/hour for cold charging and up to 

500 t/hour for hot charging of slabs (t slabs Ó 300ÁC). 

The new continuous furnaces should ensure the reduction of fuel consumption to a minimum by means of an 

optimized recuperative (no-heat) zone, proper design of the refractory lining (in order to minimize heat losses) 

and adequate air preheating (utilization of exhaust gas energy). Reduction to a minimum of the number of 

ñcold stripesò on the billets from their contact with the glide tubes by means of an appropriate placement of the 

beams with an offset of the beams when discharging from the furnace. Rapid restoration of productivity and 

product quality indicators after a planned or unplanned mill shutdown, due to the calculated reserve of the 

characteristics of the fuel combustion zones, as well as automatic temperature control in the zones based on 

a mathematical heating model. The quality of fuel combustion should be monitored by a CO2 analyzer installed 

on the roof of the recuperative zone in front of the exhaust gas outlet in order to exclude the influence of air 

leaks on the accuracy of the measurement results. Analysis of the CO2 content (indication only) ensures safe 

operation due to complete combustion of the fuel before the exhaust gases leave the furnace, regardless of 

the specified or actual ratio of the fuel mixture components. This also eliminates the afterburning of the fuel 

with the participation of air sucked in through the tube bundles of the recuperator, which would have a very 

unfavorable effect on the service life of the recuperators. 
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The continuous furnace has automatic control of the metal heating process, furnace loading mechanisms, 

control of the furnace movable beam walking mechanisms, furnace unloading mechanisms, and meets the 

condition of reducing metal loss to a level of no more than 7 kg/t, reducing electricity consumption for metal 

heating by no less than 1 kWh/t; automatic control must use a pressure measuring transducer, a measuring 

transducer of exhaust gas temperature before the recuperator, and a combustion air flow sensor. 

3. RESULTS AND DISCUSSION 

The use of natural gas instead of traditional solid or liquid fuels allows for a re-duction in fuel costs by 20ï30%, 

given its lower cost and high calorific value. Additionally, the costs of cleaning and disposal of combustion 

products are reduced, which is especially important for enterprises in Kazakhstan with high environmental 

standards.  

The design of the walking pallet ensures uniform heating of the workpieces, minimizing heat loss. This allows 

energy consumption to be reduced by 10ï15%, which is especially important given high energy prices. 

Natural gas emits significantly less carbon dioxide (20ï40%) compared to coal or fuel oil. This reduces the risk 

of paying fines for exceeding environmental standards and improves the companyôs image as an 

environmentally responsible enterprise [9]. 

Due to the continuous heating process and the ability to fine-tune the temperature regime, the productivity of 

the continuous walking pallet furnace increases by 10ï25%. This allows enterprises to process more products 

in the same time interval [9]. 

The furnace design and use of natural gas reduce wear and tear on the internal components of the equipment, 

reducing repair costs and increasing the service life of the furnace by 20ï30%. 

Uniform heating of blanks allows achieving stable product quality, reducing the level of defects by 5-10%. This 

creates additional competitive advantages for products on the market. 

Depending on the size of the enterprise and the level of technology implementation, the payback period of a 

walking pallet kiln is 3-5 years. Savings due to reduced operating costs and fines for environmental violations 

quickly compensate for the initial investment. 

The company uses a traditional furnace with fuel costs of 1 million tenge per month. Switching to a continuous 

furnace on natural gas can reduce these costs to 700 thousand tenge per month. The savings will amount to 

300 thousand tenge per month, or 3.6 million tenge per year. Taking into account the increase in productivity 

and reduction of defects, the total economic effect can reach 5 million tenge annually. 

The environmental impact can be divided into quantitative and qualitative indicators, which are associated with 

the reduction of harmful emissions, increased environmental sustainability of production and compliance with 

international environmental standards. 

Quantitative indicators of the environmental effect. Reduction of carbon dioxide emissions (COϜ): When 

burned, natural gas releases less carbon dioxide per unit of heat than coal or fuel oil [9, 10]. 

Reduction indicators: COϜ emissions when using natural gas are about 56 kg per 1 GJ of energy; for coal and 

fuel oil ï 90ï100 kg per 1 GJ of energy. 

If a plant consumes 100 GJ of energy per day: conventional furnace (coal): emissions are 9 tons COϜ / day; 

natural gas furnace: emissions are 5.6 tons COϜ / day; difference: emissions reduction of 3.4 tons COϜ / day 

or 1,241 tons COϜ / year. 

Natural gas has a lower combustion temperature, which reduces the formation of nitrogen oxides. Reduction 

rates: NO  when using natural gas: 50ï100 mg/mį; NO  when using coal: 200ï400 mg/mį. 
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Result 1. Reduces NO  emissions by 50ï75 %. Reduces particulate matter and soot emissions: Burning 

natural gas produces virtually no particulate matter, unlike coal or fuel oil. Comparison: traditional furnace 

(coal): particulate matter emissions up to 200 mg/mį; natural gas furnace: emissions less than 5 mg/mį. 

Result 2. Reduction of particulate emissions by more than 95%. Natural gas contains virtually no sulphur, 

whereas coal and fuel oil contain it in significant quan-tities. Comparison: coal: SOϜ emissions up to 700 mg/mį; 

natural gas: SOϜ emissions ï less than 5 mg/mį. 

Result 3. Reduction of SOϜ emissions by 99%. Reduction of emissions of harmful substances (COϜ, NO , SOϜ, 

solid particles) leads to improvement of the ecological situation near the enterprise. This reduces the level of 

air pollution and the risk of respiratory diseases among the population. The absence of solid combustion waste 

(ash, slag) eliminates contamination of soil and groundwater with decay products. Natural gas does not form 

acid rain (caused by SOϜ and NO ), which preserves the surrounding flora and fauna. 

The introduction of natural gas furnaces allows companies to comply with international standards such as ISO 

14001 (environmental management). This opens up access to new markets and reduces the risk of fines. 

Reducing emissions and switching to more environmentally friendly fuel improves the company's image as a 

responsible business. This can attract new investments and strengthen the trust of customers and partners. 

For a plant consuming 36,500 GJ of energy per year: COϜ reduction: ~12,410 tons /year; NO  reduction: ~ 36 

tons /year. SOϜ decrease: ~ 24.8 tons/year. Reduction of particulate matter: more 2 tons/year. This effect is 

expressed in a reduction in the costs of compensating for environmental damage; an increase in the service 

life of equipment due to the absence of corrosive and abrasive effects of waste; and a general improvement 

in the sustainability of ecosystems around the enterprise. 

4. CONCLUSIONS 

Natural gas-fired walking tray furnaces demonstrate significant energy efficiency improvements over traditional 

coal- or oil-fired furnaces. 

One of the key advantages of natural gas furnaces is their environmental safety. This allows enterprises to 

comply with international environmental standards, such as ISO 14001, and avoid fines for exceeding emission 

standards. Reducing harmful emissions also improves the environmental situation near the enterprises, which 

has a positive effect on public health and the environment. 

Uniform heating of blanks in continuous furnaces with a walking pallet helps to improve the mechanical 

properties of the metal and reduce production defects by 5-10%. This allows enterprises to produce higher 

quality products, which increases their competitiveness in the global market. In addition, automation of heating 

processes and precise temperature control ensure the stability of production processes, which is especially 

important for large metallurgical enterprises such as JSC ñQarmetò and LLP ñCastingò. 

The use of natural gas and modern furnace designs allows not only to reduce fuel costs, but also to reduce 

equipment maintenance and repair costs. The design of a furnace with a walking pallet minimizes vibrations 

and wear of internal elements, which increases the service life of the equipment by 20-30%. This leads to 

significant savings on repair work and increases the overall reliability of production processes. 

The introduction of natural gas walking tray furnaces provides significant economic benefits for enterprises. 

This not only reduces the cost of compensating for environmental damage, but also improves the company's 

image as an environmentally responsible enterprise, which can attract new investors and strengthen the trust 

of customers and partners. 

Kazakhstan has significant reserves of natural gas, which makes its use in the metallurgical industry 

economically advantageous and strategically important. The introduction of continuous furnaces with a walking 

tray on natural gas can be an important step in the modernization of metallurgical enterprises of the country. 
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However, for the successful implementation of this technology, it is necessary to develop gas distribution 

infrastructure, especially in regions with limited availability of natural gas. State support and investment in 

infrastructure development can accelerate the process of introducing innovative technologies and increase the 

competitiveness of Kazakhstan's metallurgy in the world market. 

The introduction of natural gas-fired walking-tray furnaces also contributes to the development of Kazakhstan's 

scientific and technical potential. The participation of Kazakhstani scientists and engineers in the development 

and adaptation of this technology to local conditions can be an important step in strengthening the country's 

scientific base and developing local production. This opens up new opportunities for cooperation with 

international companies and the integration of Kazakhstani enterprises into global supply chains. 

In the long term, the introduction of natural gas-fired walking-tray furnaces could become an important element 

of the sustainable development strategy of the metallurgical industry in Kazakhstan. This will not only reduce 

the carbon footprint and comply with international environmental standards, but also improve the energy 

efficiency and competitiveness of enterprises. Further research and development in the field of automation of 

thermal process control and optimization of furnace design could open up new opportunities for increasing 

productivity and reducing costs. 

Thus, natural gas-fired walking-tray furnaces are a promising solution for the metallurgical industry of 

Kazakhstan, combining high energy efficiency, environmental safety and economic benefits. The introduction 

of this technology will not only increase the competitiveness of enterprises, but also contribute to the 

sustainable development of the industry and the improvement of the environmental situation in the country. 

For the successful implementation of this technology, further research, infrastructure development and 

government support are needed, which will allow Kazakhstan to strengthen its position in the global metals 

market and become a leader in the field of environmentally sustainable production. 
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Abstract  

The smelting units, which are used for melting metal waste, are equipped with lances for blowing gaseous 

media. In case of refining lances, this is oxygen. These gaseous media enable, in particular, the melting of 

scrap and the intensive homogenisation of the resulting melt. In this connection, blowing systems have been 

developed both for blowing the gaseous media onto the melt surface or into the melt itself and also for blowing 

the gaseous mixture with powdery substances. In the design of the blowing systems and the individual lance 

heads and nozzles, it is necessary to respect certain recommendations, the derivation of which is based on 

long experience and knowledge gained in this field. The present paper summarises these recommendations 

for the design and construction of the refining lance heads. Furthermore, the paper describes lance heads 

made of cast and forged components including the method of their cooling by circulating water. The paper 

deals with only a part of the whole rather complex issue, but the design recommendations and description of 

the design of selected refining lance heads should help designers and engineers to navigate this issue as well 

as the process of designing systems that meet high quality, efficiency and operational reliability requirements.  

Keywords:  steel production, metal scrap processing, oxygen lance, nozzle, gas blowing, lance heads  

1. INTRODUCTION 

If gaseous medium is blowed into metallurgical aggregate for waste metal processing, then we want to achieve 

certain technological effect at melt processing or gaseous products. Within this context the character of 

mutually interaction between blown gas and melt or generally told by environment inside of reactor, which is 

substantially affected by lance design, is very much important. Wide spectrum of various lance designs are 

used in thermal reactors at different industrial branches, which are intended to different purposes [1,3,5]. In 

the following text we will focuse most of all to refine lances used in metallurgical aggregates for scrap iron 

processing. 

2. FACTORS AFFECTING REFINE LANCES DESING   

Metallurgical aggregates for iron waste processing (melting) are equipped with various types of lances for 

gaseous media blowing. Design of the lances is given by the purpose for which the lances are designed. The 

main technological process is provided by the so-called refining lances by which refining oxygen is blown to 

the surface or below the melt level. It depends on the construction of the aggregate [6,3]. 

Lance design has a significant influence on the parameters of the output stream of refining oxygen, which 

significantly influences not only the metallurgical parameters but also the economic indicators of the aggregate 

[7]. 

It is therefore necessary that the lance design respects also requirements for lance service life and reliability 

of the production unit in addition to the above-mentioned indicators. Multinozzle lances (lance tips) with 

convergent-divergent and cylindrical nozzles (see Figure 1) are designed for refining oxygen blowing, the 
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number of which depends on the intensity of the O2 blowing and in case of oxygen converter there are from 

three to six nozzles. The mutual position of the nozzles depends on the design of the lance tip. When designing 

and assessing nozzle function, we proceed with the following parameters: 

¶ maximum O2 mass flow rate through lance and the corresponding O2 resting pressure in the lance, 

¶ optimum number of nozzles and cross-sections ratio, 

¶ static pressure value in front of the nozzle, 

¶ corresponding value of the flow pulse and the action coefficient of the outlet stream on the melt bath, 

¶ dimensions of the reactor working profile (spraying, angle between nozzles), 

¶ the area on the bath surface which is affected by the outlet stream and the penetration of the O2 outlet 

stream into the melt. 

Lances for blowing of gaseous media on the melt surface in the working space of high-temperature reactors 

for metal making are exposed to severe working conditions. In the case of oxygen blowing into the steel bath, 

there is intensive heat generation, metal and slag spraying on the lance tip, and at the same time waste gases 

are released. It is reported that the surface temperature of the bath (reaction zone) reaches values from 2000 

to 2500 oC [2] and the temperature difference between the remaining volume of the bath is in the range of 400 

to 700 oC [4]. Operating experiences shows that the following factors have a decisive impact on the service 

life and perfect function of the lance: 

¶ radiation effect of the bath and reactor lining, 

¶ thermal effect of exhausted gaseous products, 

¶ effect of melt spraying on the lance tip, 

¶ aerodynamic characteristics of the lance, 

¶ position of the nozzle in the workspace - distance of the nozzle from the bath surface, 

¶ quality of the materials used for lance manufacturing, 

¶ manufacturing method, 

¶ blowing intensity, 

¶ number, shape and dimensions of individual nozzles in the lance, 

¶ design of the cooling system (central, peripheral). 

All these factors are related to the heat load of the lance and especially its tip. The outer surface of the lance 

is therefore exposed to a high heat load. To prevent breakage of the lance material, we must keep the material 

temperature within the appropriate limits and hence there is the need to cool the lance. Lance inner surface is 

intensively cooled. 

Water is used as the cooling medium. However, the lance material is exposed to high thermal stresses, which 

may cause cracks especially at the weld points between the copper lance tip and other steel parts. The design 

of the lances should meet the following requirements: 

¶ simplicity with regard to production and assembly, 

¶ use of suitable materials, 

¶ minimum heat consumption from the reactor working space, 

¶ optimal media supply with respect to pressure losses, 

¶ optimal shape of the cooling system, avoiding incrustation and excluding film boiling, 

¶ low noise intensity, 

¶ as small splash and melt ejection as possible together with maximum oxygen utilization, 
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¶ as long service life as possible, service life should not be lower than the duration of the high temperature 

reactor campaign. 

3. FORGED AND CAST REFINING LANCES TIPS  

It is said that in the case of the basic oxygen furnaces, the lance service life is about several hundreds heats. 

It may be from 100 to 500 heats and it depends on many individual parameters of steel melting shop [2]. 

The material used to manufacture lance tips is electrolytic copper [8,9]. It is a material wchich has a high 

thermal conductivity and therefore the thermal stresses do not appear at such intensity as it would be in the 

case of other materials. Conversely, it was shown that the deoxidation elements such as e.g. phosphorus, 

which are contained in a limited amount in the copper acts against diffusion of oxygen into the surface of the 

lance tip and thus prevent cracking. Although these small amounts of chemical elements reduce, to a certain 

extent, the thermal conductivity, they can, on the other hand, prolong the service life of the lance. 

The tips of the upper refining lances of the steelmaking aggregates (LD converters, heard furnaces. EAF) are, 

at the present time, manufactured in the form of forgings and (or) castings [4]. Forgings have to be machined 

to the final form, and the individual parts are then soldered and welded together. 

 

Figure  1 Three-stream lance tip consisting of six parts  

 

 

Figure  2 Three-stream lance tip consisting of three parts  

Examples of the lance tips designed for so called upper blowing to the oxygen converter and which consist of 

several forgings are shown in the Figure 1 and Figure 2 . 
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While the lance tip in Figure 1 consists of six forged parts and has six connecting points (nine places for total 

lance head assembly), in Figure 2  there is a lance tip consisting of three forged parts (Figure 3) and it has 

only three connecting points (six places for total lance tip assembly). 

 

Figure  3 Main parts of three-stream lance tip from Figure 2  

Another advantage of the lance tip in Figure 2  is the fact that the connecting plane between the inlet and the 

outlet part is moved further from the front face of the lance tip, thereby making it better protected from the 

thermal load from the front face of the lance tip. 

Cast components, on the other hand, save material, reduce production costs and simplify production and 

assembly. An example of a cast lance tip is shown in Figure 4 and Figure 5. 

 

Figure  4 Longitudinal cross-section of the cast lance tip  

4. COOLING OF REFINING LANCES   

The cooling system design is of great importance for increasing the lance service life [10]. Lances are cooled 

by technical water at a pressure of 0.5 to 1.0 MPa. Cooling water velocity inside the lance tip is in the range of 

1.8 to 6 mÖs-1. Stagnation areas of the cooling water flow should not be in this system, as the bubble boil then 

change to the film boil and thus the coefficient of heat transfer from the nozzle wall to the cooling water 

decreases sharply and the lance tip may be burnt through. 

Under operating conditions there are thermodynamic changes in both the working space of the high 

temperature aggregate and the parameters of the cooling water. These are in particular the heat transfer 

coefficient from the working space to the lance tip material, the cooling water flow velocity and the purity of the 

inner walls changes. 
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Good cooling of the lance and inner nozzles also depends on the thickness of the walls. The thickness of the 

lance tip wall depends on its dimensions, design, construction, production technology and type of use, and 

ranges from 6 to 12 mm [4]. 

Because of lance high heat load the thermal stresses arise during operational period, which may ultimately 

lead to the deformation of the particular outer tube. Bellows or stuffing compensators are used to compensate 

these adverse effects of thermal expansion.  

If we go back to the layout (design) of the lance tips in the Figure 2 and Figure 3, then cooling water is directed 

through the cooling rings, which can be divided or in whole. 

Structural design of cooling channels must ensure continuous velocity changes of cooling water flow in the 

whole area of cooling ring. Cooling water velocity gradually increases and reaches a maximum when entering 

into the output annulus formed by the lance outer pipe and the pipe which divides water inlet and outlet.  

Central convergent-divergent nozzle with a single or two-layer nozzle arrangement (Figure 5) or profiled 

nozzles with a central cooling system (Figure 6) are lance tips designed to increase the cooling effect. 

 

Figure  5 Multinozzle lance tip with central convergent-divergent nozzle  

 

 

Figure  6 Multinozzle lance tip with central front part cooling 

5. CONCLUSION 

Refining nozzles are an important part of scrap metal processing units. A properly designed lance and its head 

significantly influences the technological process of melting metal waste and thus also affects its productivity 
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and economic indicators. Certain recommendations must be respected when designing blowing systems, 

individual lance heads including their nozzles. The aim of this article was to summarize these 

recommendations for the design of refining lance heads and also to describe the types of lance heads 

manufactured from cast and forged components, including the method of their cooling by circulating water and 

selected information on the materials used. The information provided should help designers and engineers to 

navigate this issue and assist them in designing blowing systems that meet high quality, efficiency and 

operational reliability requirements. 
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