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This study investigates the process that forms cen-
terline porosity in the axial zone of a continuously cast
steel billet during its hardening. The task addressed
relates to the need to establish rational parameters for
the temperature-speed mode of casting to minimize
axial porosity, which is critical for increasing the den-
sity of the metal and the quality of rolled products.

A comprehensive methodology for physical model-
ing of the hardening process using stearin as a model
substance has been devised. Based on the analysis of
similarity numbers (Biot, Fourier, Kosovych), the exact
scales of modeling were established: by time - 1.854,
by linear dimensions - 0.1778, by heat transfer coef-
ficient - 0.04639. It was determined that for an ade-
quate simulation of the formation of the bloom
blank, the closing angle of the liquid core varies with-
in 2.3-6°. Quantitative parameters of the experiment
on the model were established: overheating of the
melt in the range of 1.8-4.2°C, which corresponds to
15-35°C for steel.

The resulting data are explained by the laws of
convection heat transfer and phase transition. The
angle of inclination of the crystallization front and
the intensity of heat removal determine the moment
of formation of "bridges” and interceptions in the ther-
mal center, which directly defines the morphology and
volume of shrinkage pores.

Unlike conventional mathematical modeling, the
proposed approach provides high visual reliability of
defect formation due to the use of the n-theorem for
the selection of physical parameters. This makes it
possible to investigate critical system states without
the risk of emergencies in industrial settings.

The research results could be used for implemen-
tation at metallurgical enterprises in the design and
optimization of billet cooling modes on a continuous
billet casting machine (CCM), which will ensure an
increase in the yield of suitable metal.
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physical modeling, similarity numbers, temperature-
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1. Introduction

Centerline porosity is a defect that forms in the central part
of ingots and billets during its hardening and is characterized
by the concentration of large and small pores along its thermal
center. The reasons for the formation of the centerline porosity
are the specific conditions of the formation of the continuously
cast billets, associated with the formation of a relatively deep
core of liquid metal. The crystallization front along the height
of the billets due to the considerable length of the liquid metal
core converges to the end of solidification at a very small angle,
which determines the presence of bridges and intercepts in the
center of the billets, which form shrinkage shells.

The nature of the formation and the size of the shrinkage
cavities in the axial zone of the billets depend on the amount
and speed of metal shrinkage. These processes are determined

UDC 669.18:621.746.32
DOI: 10.15587/1729-4061.2026.356920

STUDY OF THE
REGULARITIES OF
CENTERLINE POROSITY
FORMATION IN
CONTINUOUSLY CAST
BILLETS DEPENDING ON
CASTING PARAMETERS

Yevhen Synehin

PhD, Associate Professor*

ORCID: https:/ /orcid.org /0000-0002-9983-3971
Volodymyr Ruban

Corresponding author

Doctor of Philosophy (PhD)*

E-mail: v.o.ruban@ust.edu.ua

ORCID: https:/ /orcid.org /0000-0002-6617-296 X
Kostiantyn Niziaiev

Doctor of Technical Science*

ORCID: https:/ /orcid.org /0000-0002-9260-0964
Oleksandr Stoianov

PhD, Associate Professor*

ORCID: https:/ /orcid.org /0000-0002-7136-7403
Svitlana Zhuravliova

PhD, Associate Professor*

ORCID: https:/ /orcid.org/0000-0002-8519-5155
*Department of Iron and Steel Metallurgy
Ukrainian State University of Science and Technology
Nauky ave., 4, Dnipro, Ukraine, 49005

How to Cite: Synehin, Y., Ruban, V., Niziaiev, K., Stoianov, O., Zhuravlova, S. (2026). Study of
the regularities of centerline porosity formation in continuously cast billets depending on casting

parameters. Eastern-European Journal of Enterprise Technologies, 2 (1 (140)), 105-114 .

https://doi.org/10.15587/1729-4061.2026.356920

by the grade of steel, casting speed, intensity of secondary cool-
ing, cross-sectional dimensions of the billets, and a number of
other technological factors. Increased temperature and casting
speed contribute to the development of centerline porosity,
as the length of the liquid core of the metal increases. The
phenomenon of centerline porosity is most developed during
high-speed casting of small cross-section billets. It also tends to
increase when casting high-carbon grades of steel.

There is a certain dependence between the type of porosity
and the crystalline structure of the billets. Concentrated poros-
ity is usually found under a developed columnar structure and
is concentrated along the vertical axis in the form of discontin-
uous cavities. Diffuse porosity develops in the zone of equiaxed
crystals and the limited zone of columnar dendrites. With such
a structure of a continuously cast billet, shrinkage porosity is
formed in the form of numerous small pores.




Reducing the level of centerline porosity is an urgent
task for improving the quality of steel products. One of the
effective approaches to the study of this phenomenon is to
investigate conditions for the formation of the centerline po-
rosity in a continuous billet, which allows one to gain a deeper
understanding of the mechanisms behind porosity formation
and to optimize the technological parameters of the process.

2. Literature review and problem statement

Internal blank defects, particularly centerline porosity
and shrinkage, caused by poor feeding of the axial zone at the
end of solidification, reduce the density of the central zone of
the billet and the quality of the final products. An additional
factor that worsens the effect of shrinkage processes on the
quality of ingots and blanks is the content of sulfur in the
metal. Effective metal desulfurization is an important factor
in reducing the probability of the formation of centerline
porosity of a continuously cast billet [1]. The method of in-
jecting dispersed magnesium through a submerged rotating
nozzle enables deep cleaning of the metal from sulfur, which
contributes to improving its purity, reducing the number of
non-metallic inclusions and more uniform crystallization.
This, in turn, has a positive effect on the macrostructure of
the workpiece, minimizing chemical heterogeneity and gas
saturation, which ultimately reduces the formation of defects.
Also, to overcome these defects, such methods of external
dynamic impact on the metal as dynamic soft pressing, elec-
tromagnetic stirring, vibration treatment, etc. are used [2-12].

The authors of paper [2] conducted an analysis of the ther-
momechanical connection, in particular, the formation of cen-
tral shrinkage porosity and the influence of casting parameters
were investigated. Thermomechanical analysis using the finite
element method made it possible to investigate the process
of formation of central shrinkage porosity, which is inacces-
sible to conventional methods. Increased pouring speed from
1.6 to 2.8 m/min reduces the displacement of the center of the
workpiece and reduces the tendency to porosity. Increasing su-
perheat of liquid steel from 10 to 40°C also reduces the displace-
ment of the center of the workpiece, although the effect is less
pronounced. These factors confirm the possibility of slightly
controlling the formation of porosity through the optimization
of technological parameters. However, the authors of the work
did not establish quantitative regularities of the influence of
overheating and the speed of spillage on the dimensions of the
centerline porosity. This is related to the complex mechanism of
centerline porosity formation, which includes thermophysical,
hydrodynamic, and thermodynamic processes.

In [3], the influence of the range and amount of dynamic
soft crimping (DSR) was investigated using a verified heat
transfer model and physical properties of GCrl15 steel. The
optimal DSR parameters were determined based on the simu-
lation results for two options that differ in the pouring speed
and the fraction of the solid phase during crimping. The sec-
ond crimping option (pour speed 0.75 m/min and solid phase
fraction 0.3-1.0) showed significantly less segregation and
a more uniform distribution of carbides compared to the first
option (pour speed 0.85 m/min and solid phase fraction 0.6-1.0).
It was confirmed that the central segregation is inherited from
the bloom to the bar, despite partial improvement during
heating and rolling. To improve the internal quality, it is nec-
essary to minimize the carbon content in the later stages of
solidification, choose the optimal location of DSR (solid phase

fraction 0.3-1.0) and apply intensive crimping. At the same
time, the cited work does not provide an explanation regard-
ing the influence of the location of DSR and the carbon con-
tent in the remains of the liquid phase in the axial zone of the
continuously cast workpiece.

Optimum crimping zone is critical to reduce segregation,
as premature crimping increases the risk of cracking and late
crimping is ineffective. The size of the liquid core of the work-
piece and the distance between the branches of the second-
ary dendrites are also important factors. The authors of [4]
investigated a new scheme, including sequential multi-roll
soft pressing and single-roll strong pressing, and successfully
obtained a high-carbon steel billet with high uniformity pro-
duced by a continuous casting process. However, the lack of
reliable methods for determining the position of the crystalli-
zation front and the length of the liquid core of the workpiece
makes it difficult to study the regularities of the influence of
soft crimping on the formation of centerline porosity.

The authors of paper [5] claim that the soft crimping
method (TSR) leads to an improvement in the internal qual-
ity of the continuously cast billet, however, its use can cause
internal and surface cracks. Optimizing the TSR parameters
for 82A steel reduced centerline porosity, V-segregation and
central segregation of the billet while controlling cracking.
Modeling of heat exchange taking into account thermophys-
ical parameters showed that the optimal location of TSR is
at a distance of 6.96-8.46 m from the meniscus at a cooling
intensity of 2.2 m3/h. The study also found that a combination
of electromagnetic stirring (F-EMS) and TSR achieves the best
stock quality, with F-EMS more effectively reducing center
segregation and TSR reducing V-segregation and porosity.
This once again confirms the need to build deterministic
mathematical models to describe the influence of pouring
parameters on the formation of centerline porosity.

In [6], a method of pretreatment by crimping is proposed
to reduce the centerline porosity in large blanks. It was estab-
lished experimentally and by the method of modeling that the
use of a temperature gradient helps increase the deformation
of the center, and effective closing of the pores is achieved at
a deformation of 0.16-0.22. When exceeding 0.25, the porosity
is concentrated in the center, increasing the risk of defects.
Analysis of hydrostatic integration confirmed its suitability
for evaluating the degree of pore closure, which emphasizes
the prospect of the method for improving the quality of con-
tinuously cast blanks.

In work [7], the principles of the formation of the main
internal defects that arose in the blanks with different com-
pression zones after the subsequent rolling process were
investigated, from the point of view of local distribution and
formation of the microstructure. The correct selection of the
crimping zone and its intensity helps improve the density and
chemical homogeneity of the metal. In particular, the use of
active crimping rollers can significantly reduce the level of po-
rosity in the central zone of the workpiece, ensuring uniform
compaction of the metal. However, under the conditions of
incorrect setting of the mechanical crimping mode, additional
internal defects may be formed, in particular, microcracks and
uneven microstructure. Thus, the cited studies once again
confirm that the effectiveness of mechanical crimping largely
depends on the accuracy of process control, which should be
based not on optimization carried out under the conditions
of a specific enterprise, but on deterministic mathematical
models that are universal for different pouring conditions and
grade assortment of steel.



Experimental studies of the vibration effect on the surface
of a workpiece 150 X 150 mm in size with a 20-30% liquid core
content in the central part were conducted by the authors of
work [8]. Macro- and microstructural analysis revealed that
vibration reduces the centerline porosity and shrinkage shells,
and small dendrites grow in the intergranular voids of the
central zone of the workpiece due to the improvement of the
flowability of the metal in the two-phase zone. In addition,
compositional analysis revealed a more uniform distribution of
carbon in the center of the workpiece after vibration exposure,
and the density of the central region of such workpieces was
higher, while the low density zones were significantly reduced.
At the same time, the difficulty of introducing vibrational oscil-
lations to the workpiece during the pouring process slows down
the study of quantitative patterns of the influence of vibration
on the quality of the workpiece.

Electromagnetic stirring (EMS) has become a common
practice in continuous casting to reduce defects, particularly
centerline porosity and dendritic segregation. EMS systems
are characterized by high energy consumption and reduced
reliability, which is explained by their external placement and
the need to use complex cooling mechanisms [9].

Paper [10] is aimed at studying the effect of combined
electromagnetic stirring on the reduction of centerline po-
rosity during horizontal continuous casting of billets made
of SUS347 steel containing Nb. For continuous pouring of
a round workpiece with a diameter of 263 mm, combined
electromagnetic stirring was used in the crystallizer (M-EMS),
in the ZVO (S-EMS) and in the zone of final crystalliza-
tion (F-EMS). Three-stage mixing proved to be the most ef-
fective, while the absence of one of the methods reduces the
effect. S-EMS promotes the enlargement and dispersion of
equiaxed grains and prevents them from falling out in the
later stages of solidification. The optimal zone for the applica-
tion of F-EMS is a liquid core diameter of 40-80 mm. F-EMS
by itself has little effect on the structure of the workpiece but
enables maintaining the liquid mobility of the solid-liquid
phase with a high content of the solid phase.

The authors of [11] proposed an approach to improve
the quality of the continuously cast billet, based on the
pulsed supply of inert gas to the metal in the crystallizer of
the continuous casting machine (CCM) and stepwise soft
crimping of the billet in the secondary cooling zone of CCM.
The impact of pulsed inert gas supply on the formation of
the hardening model and the dependence of the width of
the columnar-crystalline zone on the inert gas consumption
and the frequency of pulsations have been established. Also,
on the basis of the authors’ physical modeling of crimping
of a continuously cast workpiece using shear in the second-
ary cooling zone of a continuous casting machine (CCM),
a mechanism for eliminating centerline porosity was estab-
lished, which shows that the use of shear improves the elimi-
nation of defects. At the same time, it is difficult to assess the
individual impact of each of the influences on the formation
of the centerline porosity.

Technical solutions for improving the crystallization
process due to pulsating blowing of metal with inert gas in
the crystallizer and shear clamping of the workpiece in the
secondary cooling zone of the continuous casting machine
are given in work [12]. The physical simulation of shear com-
pression of continuously cast blanks in the secondary cooling
zone of CCM on model ingots showed a positive effect on the
reduction of the zone of columnar crystals and reduction of
the centerline porosity.

Our review of the literature [1-12] shows that current
research is mostly focused on the use of energy-intensive
methods of external influence, such as electromagnetic stir-
ring, mechanical compression, or vibration processing. At the
same time, the issue of establishing the boundary conditions
for the formation of the centerline porosity purely through
the control of the parameters of the temperature-speed mode
of pouring remains insufficiently elucidated. In particular,
the lack of visualization of mechanisms behind the closing of
the crystallization front and the formation of "bridges” in the
liquid well under conditions of variable heat flow complicates
the development of rational cooling modes without the use of
complex technical systems.

The above allows us to state that it is appropriate to con-
duct a study aimed at establishing quantitative regularities in
the influence of hardening parameters on the morphology of
the axial zone of a continuously cast workpiece using physical
modeling methods.

3. The aim and objectives of the study

The purpose of our study is to establish quantitative regu-
larities in the influence of the temperature-speed parameters
of pouring and the closing angle of the liquid hole on the
mechanism behind the formation of the centerline porosity
of the continuously cast billet by means of physical modeling
based on the similarity theory. This will make it possible to
design and implement rational cooling regimes at metallurgi-
cal enterprises, which could ensure the minimization of axial
defects and the increase of metal density without the use of
additional energy-intensive methods of external influence.

To achieve the goal, the following tasks must be solved:

— to justify parameters for the physical modeling of the hard-
ening process of a steel billet based on the theory of similarity;

- to determine parameters for the physical model, perform
the factorization of the system, and form the experiment plan;

- to analyze the combined effect of overheating parame-
ters and cooling intensity on the morphology of the axial zone
to determine the critical conditions for the transition from
a porous to a dense structure of the workpiece.

4. The study materials and methods

The object of our research is the process that generates
centerline porosity in the axial zone of a continuously cast
steel billet during its hardening.

The principal hypothesis assumes that the minimization
of axial porosity could be achieved without the use of energy-
intensive methods of external influence purely by establishing
a rational combination of melt overheating and heat transfer
intensity, which ensure the optimal closing angle of the liquid
well, which prevents the premature formation of "bridges” in
the thermal center.

In the work, a number of assumptions are adopted, in par-
ticular, the change in the thickness of the solid crust over time
is described by the law of the square root. The thermophysical
properties of the model substance (stearin) are considered
stable within the investigated temperatures. To simplify the
study, the hardening process is considered to be a two-di-
mensional problem in the cross section of the workpiece. The
effect of the ferrostatic pressure of the melt and the release
of dissolved gases on the formation of the pore volume is not



taken into account. The cooling intensity along the height
of the coolers of the model is assumed to be uniform, which
simulates the averaged heat transfer coefficient in the cooling
zones of CCM.

We propose investigating the process of feeding the axial
zone of a continuously cast workpiece with liquid metal using
stearin as a model substance. The closing angle of the crystal-
lization front at the final stages of solidification of the contin-
uously cast billet can be simulated by changing the angle of
inclination to the vertical surface of the coolers of the model,
on which stearin is solidified.

Therefore, this study was carried out using physical mod-
eling as in industrial settings it would require rather large
costs. The plan of an active experiment may contradict the
technological instructions and lead to the formation of defects
and emergencies [13]. We note significant losses of finished
products for making longitudinal templates of blanks, which
are necessary for further analysis. Mathematical modeling is
also impractical, as the obtained results may have significant
deviations due to the presence of a large number of uncon-
trolled factors [14]. Computer simulation requires expensive
licensed software, which is also not devoid of the drawbacks
of mathematical modeling. From this point of view, physical
modeling is an expedient solution.

The experimental setup is shown in Fig. 1. Stearin of
grade (DSTU 7620:2014) with a solidification temperature
range of 54-60°C was used as a material imitating steel [15].
The required amount of stearin was weighed on electronic
scales to ensure the same length of all test samples. To pre-
vent significant overheating, stearin was melted in a water
bath. Before pouring the molten stearin, according to the
experiment planning matrix, copper coolers 6 were installed
at a given angle, which varied within 2.3-6° to the vertical.
All units of the installation were hermetically fixed to avoid
leaks of stearin. Experiments were photographed on a camera
installed before installation.

The experimental setup consists of two hollow copper
coolers 6, rectangular cross-section with internal space di-
mensions of 26 X 31 mm. Together with two glass plates 7
and rubber bottom 8, they form the working
space of the installation. Sensors of elec-
tronic thermometers 5 are attached to the

stearin shavings, while stirring with a large piece of stearin
or a metal rod.

In accordance with the selected similarity numbers and the
calculated simulation scales, the air that is blown into the system
by compressor 1 was chosen as the cooler. To improve the cooling
efficiency of the sample, the air before entering coolers 6 passes
through cooler 2. To collect excess moisture from the air behind
cooler 2, condenser 3 is installed. The volumetric air flow rate
is measured with the float rotameter 4 RM-2.5 GUZ (Ukraine).

Starting from the moment of pouring, every 5 min we re-
corded the readings of all thermometers and air consumption
for cooling. Due to the rapid change in the indicators of the
devices after filling, during the first 5 minutes, the indicators
were recorded every 2 minutes. The moment of complete
solidification of the sample was determined visually. The air
temperature in the room was measured with an electronic
thermometer XH-W1209 (China). Each measurement was
accompanied by photography on a digital camera in HD qual-
ity (1280 x 720 pixels).

After complete cooling, the obtained sample was cut along
a vertical plane parallel to the wider faces and scanned on
a Lexmark X1130 Series multifunction device scanner (USA)
with a resolution of 1200 dpi.

The following methods were used to solve our tasks.
To justify the choice of model substance, calculation of scale
coefficients (by time, geometry, and heat transfer) and en-
suring the adequacy of the physical model to real processes,
the method of dimensional analysis and similarity the-
ory (zz-theorem) was used in CCM. To visualize the hardening
process and study the mechanisms of the formation of axial
porosity with the help of transparent crystallizers and stearin,
the method of physical modeling was applied. The method of
visual control was used to study the transverse templates of
the model blank in order to assess the shape and size of the
resulting porosity. The analysis of the results from a series of
experiments and the establishment of mathematical relation-
ships between the closing angle of the hole and the shape of
the shrinkage cavity were carried out by the statistical data
regression analysis method.

inner surface of one of the coolers and to the
outer surface of the glass, which measure
the surface temperature of the copper cooler
and the glass, respectively. Other sensors for
measuring the temperature of cooling air are
installed in silicone tubes at the inlet and
outlet of copper coolers 6.

Molten stearin was poured into the

at the
inlet

at the
outlet

Temperature

of the
wall

1 1 Imn

of the
glass

of the
room

installation through a preheated stearin
temperature funnel between glass plates.
Overheating of stearin before pouring was
chosen according to the planning matrix
of our experiment in the range of 1.8-4°C.
Since the liquidus temperature of stear-
in significantly depends on its chemical
composition, its value, which was 55.6°C,
was previously determined by constructing
a thermo-kinetic diagram. The temperature
of the molten stearin was measured with an
electronic thermometer with an accuracy
of 0.1°C. In the case of excessive overheat-
ing, it was cooled by adding small portions of

Fig. 1. Schematic of the experimental installation:

1 — a compressor with a capacity of 1.5 kW and a capacity of 200 | /min;
2 — air cooler; 3 — condenser for collecting moisture; 4 — float rotameter
type RM-2.5 GUZ; 5 — sensors of electronic thermometers; 6 — copper
coolers; 7 — glass plates; 8 — rubber bottom; 9 — a lampshade
with a 12 W lamp for heating the upper part of the sample



5. Results of studies on the formation of the centerline
porosity of a continuously cast billet

5.1. Determining similarity numbers for physical
modeling

The key task in finding similarity numbers for physical mod-
eling is the selection of the most significant parameters that af-
fect the process under study. Taking into account all parameters
of the process in the model makes its simulation impossible since
it will be impossible to choose model substances and conditions
of the experiment similar to the real analog.

According to [16, 17], an important role in the formation of
the centerline porosity is also played by the closing angle of the
liquid hole at the final stages of solidification of the workpiece.
The similarity of this angle on the model can be ensured by giv-
ing the cooling surface a certain taper, the value of which can be
calculated based on the pouring modes. The tangent of angle ¢
of the inclination of the crystallization front to the workpiece
axis is equal to the ratio of thickness & of the solid crust formed
along the h length of the workpiece section (Fig. 2).

Assuming that the thickness of the crust changes over
time according to the law of the square root, a formula for de-
termining angle ¢ depending on the pouring mode is derived

S
t 2=
g n

f

e “Nw Kk o
h ho

where k is the hardening coefficient of the workpiece, m/min®>;

h - length of the studied section of the workpiece (Fig. 1), m;

w - speed of drawing the workpiece, m/min.

For the pouring conditions of the bloom billet calculated
from formula (1), the value of angle ¢ ranges within 2.3-6°,
depending on the pouring speed of the cooling conditions and
the grade of steel being poured.

Solid shell

Liquid core

Fig. 2. Ensuring the similarity of the closing angle
of the liquid hole

The main requirement when conducting physical model-
ing is to observe the most complete similarity of the processes

on the sample model. According to the theorem of similarity,
it is possible to ensure similarity only if the determining
numbers of similarity are equal on the sample and the model.
Therefore, determining the type of similarity numbers is one
of the most important modeling tasks.

At the first stage, based on the analysis of the process
and logical considerations, a set of independent physical
quantities that characterize the physical system of the sample
being modeled is compiled. To implement this process, a set of
parameters was chosen, including the temperature difference
between the liquid and the solid surface A¢, the hardening
time 7, and the coefficient of heat transfer from the cooling
surface of the crystallizer to the refrigerant a. The cross-sec-
tion of workpiece [, the density of liquid p, the specific heat
capacity of liquid c,, the coefficient of thermal conductivity
of solid phase A, the specific heat of solidification Q,, the
overheating of the liquid above liquidus temperature At, are
taken into account. The formation of dimensionless similarity
numbers according to the z-theorem is given in Table 1 [11].

Table 1
Reducing the studied parameters to dimensionless similarity
numbers
Unitof | Orderof | Pri- TR
Param- . Similarity
No. measure- | magni- | mary
eter number
ment tude factors
1 At °C 10? °C -
2 4 s 10 s -
kg o-At-73
2 — =
1 e | EYE
4 l m 10! m -
k;
5 p =£ 10° kg -
m
p c m? 10? C,-At-1?
_ T, =
P (°C-s?) 2 2
.m? A-At-13
7 pl kg m 10! _ =2 T
(°C-s*) p
2/q2 2 Q-7
8 | Q(rL) m?/s 10 - T
At
9 At, °C 10! - Ty =%
At

Similarity numbers were reduced to generally accepted
ones that describe processes by means of modification. Us-
ing the transformation of complexes 7; and 7,, we obtained
a dimensionless complex in the form of the Biot number (Bi),
which is a measure of the ratio of internal and external ther-
mal resistances

ﬂia-Atz~r3_}t~Atz-r3 _al @

a.
T, oplB 2

Using the transformation of complexes 74 and m,, we
obtained a dimensionless complex in the form of the phase
transition number (Kosovich number) K, which shows the
ratio of the heat of the phase transition (crystallization) to the
heat of heating or cooling

g _Qt? Cpodtr?  Q
V%) l2 l2 CP.AtZ

3)



Using the transformation of
complexes 73 and 7z,, we obtained
a dimensionless complex in the form

Table 2

Range of variation in the selected parameters on the model and in reality

; i Value
of the F.ourlelj numbe.r Fo, which No. Parameter Scale
shows dimensionless time. It char- For model Actual
acterizes the relationship between Tem i iqui
perature difference between liquid
the rate of change of the tempera- 1 and solid surface At 11.8286-43.2106 98-358 0.1207
ture field, physical properties, and ™'y, qening time « 6257.25 3375 1.854
body dimensions -
3 | Heat transfer coefficient a 23.195-46.39 500-1000 | 0.04639
w3 A-AtT? CprAt,-T? 4 | The width of the workpiece ! 0.08 0.45 0.1778
T, Ip 2 5 | Density of substance p [18] 812 7800 0.1041
_ AT _ a_‘r. @) 6 | Specific heat capacity of substance Cp [18] 3.22 0.69 4.6667
2 2
Fp-Cp 1 7 | Thermal conductivity coefficient A [18] 0.24 29.1 0.0082
This complex was used to deter- 8 | Specific heat of solidification Q, [18] 150.1 267.5 0.5611
mine the scale of hardening time on 9 | Overheating of steel At 1.8-4.2 15-35 0.1207
the model and prototype. The angle of inclination of the crystalliza-
10 |,. . . 2.3-6 2.3-6 1
tion front in the crystallizer ¢
5. 2. Justification of model-
ing parameters and experiment Table 3
planning Standardization of factor scales
According to the results of our — .
calculations and based on the ref- | Flan characteristics X1 =1gBi X2 =1gK x3 = lgtgy
erence literature [18], the modeling Zero level 1.0436 1.2285 -1.1873
parameters for the experimental set- Variation range 0.1489 1.2923 0.2089

up were calculated: heat transfer co-
efficient, overheating of the paraffin
before pouring, etc.; their values are
summarized in Table 2.

Upper level 1g15.6146 = 1.1935

1g25.85 = 1.4125

1g0.1051 = -0.9784

Lower level

1g7.83 = 0.8938

1g11.08 = 1.0445

1g0.04016 = -1.3962

Taking into account the signif- ) ) o Table 4
icant duration of the experiment The FFE planning matrix and the levels of variation in model parameters
and the material costs for its imple- Experiment No. | Order | x,-I1gA x, - 1gBi X, - 1gK x3 - 1gtgp
mentation, a fractional-factorial ex-

. . 1 8 1 -1 -1 1
periment (FFE) with three factors
and variation of each at three levels 2 2 1 -1 0 0
FFE 3%! was chosen for physical 3 9 1 -1 1 -1
modeling. 4 5 1 0 -1 0

The model that describes the 5 1 1 0 0 0
process is stepwise; therefore, to
find the regression coefficients, we 6 7 1 0 1 0
reduce it to a linear form by logarith- 7 4 1 1 -1 -1
mization. To determine the regres- 8 6 1 1 0 0
sion coefficients, logarithms of Biot,

. o 9 3 1 1 1 1
Kosovich (phase transition number),
and Igtge numbers should be used. Parameter value on the model Air consumption, % | Overheating, °C @

The value of the similarity num- Maximum level 30 4.2 6
bers at the zero level is calculated Zero level 21.4 28 3.7
from the following formula [19] Minimum level 0 18 23

g T 1 T
me=10 2

5. 3. Analysis of critical conditions for the formation

For the calculated three levels of factors, the values of air
flow, overheating above the melting temperature (55.6°C),
and angle ¢ were calculated. The standardization of factor
scales is given in Table 3.

According to the obtained values, the FFE planning ma-
trix was built and the levels of variation in model parameters
were established (Table 4).

The established parameters of the experimental plan al-
lowed us to proceed to the implementation of a series of model
experiments. The data obtained on the basis of this standardiza-
tion will be used to evaluate the adequacy of the model and an-
alyze the conditions for the formation of the centerline porosity.

of "bridges” and interceptions in the thermal center of
the workpiece

Scanned images with a resolution of 2400 dpi were ob-
tained from the sample sections. The resulting frames allow
us to evaluate the behavior of the formation of the structure
of the workpiece, in particular, the critical factors of the for-
mation of the centerline porosity, which affect the quality of
the continuously cast workpiece. Fig. 3 shows cross-sections
of samples of the first, second, and third experiments, which
illustrate a clearly defined shrinkage shell formed in the upper
part, indicating the zone of completion of solidification of the
steel billet.



a c
Fig. 3. Samples of the angle of convergence y in the shrink
shell (scale 1:1): a — experiment 1; b — experiment 2;
¢ — experiment 3

Fig. 4, 5 show sections of sample blanks from the fourth to
sixth, and from the seventh to ninth experiments, respectively.
The images contain macro sections of the cross-section of
samples of continuously cast model blanks, which demon-
strate the formation of the shrinkage shell.

a b c
Fig. 4. Samples of the angle of convergence y in the shrink
shell (scale 1:1): a — experiment 4; b — experiment 5;
¢ — experiment 6

Fig. 5. Samples of the angle of convergence y in the shrink
shell (scale 1:1): a — experiment 7; b — experiment 8;
¢ — experiment 9

To assess the propensity of the workpiece model to the
formation of centerline porosity, the angle of convergence y in
the shrinkage shell of the workpiece model was chosen [20].
In the case of using the depth of the shrinkage shell as an ob-
jective function, it is impractical since the shrinkage voids in
the continuously cast billet are discontinuous and are usually
estimated at the factory by their diameter.

On the basis of our research, from the obtained images of
the blanks, the angle of convergence y in the shrink shell was
measured by using Microsoft Excel (USA). The results were en-
tered into a spreadsheet for regression analysis. The estimation
of the coefficients of the regression equation was calculated
using the method of least squares. The statistical indicators of
the resulting mathematical model are given in Table 5

y = Bi®-56 . K037 .tg09%, (5)
Table 5
Statistical indicators in the resulting mathematical model
y= bO . Bl‘bl . Kb2 . tgb3(ﬂ
Parameter
bo by b, bs
Regression coefficients 1.016 | 0.561 | -0.370 | 0.936
Standard error 0.124 | 0.138 | 0.147 | 0.180
Student’s t-test 8.228 | 4.053 | 2.515 | 5.193
Critical value of the Student’s
t-test t. (o = 0.05) 2422
Multiplier R 0.953
Approximation coefficient R? 0.909

The resulting mathematical relationship quantitatively
describes the relationship between the cooling conditions and
the morphology of the shrink shell. This forms a scientific
basis for choosing such pouring modes that enable minimiza-
tion of centerline porosity without involving additional means
of impact on the metal.

6. Discussion of results based on investigating
conditions for the formation of the centerline porosity
in a continuously cast billet

In contrast to studies in which most attention is paid
to external methods of influence ("soft” compression [3-7],
EMF [5, 9, 10], vibration [8], etc.), our research focuses on the
internal resources of the system. The formula (1) that we pro-
posed makes it possible to simulate the process of advancing the
crystallization front under the conditions of continuous drawing
of the workpiece in CCM using a stationary model. At the same
time, it is assumed that the intensity of secondary cooling and,
accordingly, the speed of advance of the crystallization front in
the zone of secondary cooling is a constant value.

The proposed numbers of similarity ensure the similarity
of only heat transfer processes that take place at the final
stages of solidification of the workpiece. Observance of com-
plete similarity taking into account capillary phenomena and
fluid hydrodynamics in a porous medium is an extremely dif-
ficult or completely impossible task, as it requires additional
consideration of the surface tension and viscosity of the liquid
phase enriched with doping impurities.

Using a fractional factorial experiment design instead
of a full factorial experiment has several disadvantages. The
most important one is confounding or mixing effects. In the



fractional plan, the assessment of the main factor can be
mathematically inextricably linked with the effects of interac-
tion of other factors. In FFE 337! plan (9 experiments instead
of 27), linear and quadratic effects of one factor can be mixed
with paired or triple interactions of others. However, in our
case, only linear effects were taken into account, according to
which logarithmization and transition to a power model with
dimensionless similarity numbers were carried out.

Another disadvantage is that because of the fewer degrees
of freedom to estimate the reproduction error, statistical tests
such as Fisher’s F-test become less sensitive. This increases
the risk of second-order error: the conclusion that the factor
does not affect the process is false due to insufficient data.

There is also a risk of model bias when the real response
surface has complex topography (e.g., a sharp peak or narrow
ridge) and the full factorial experiment replica selected for the
fractional plan may miss this region entirely. However, the
chosen type of step model (step) eliminates this risk.

The empirical mathematical model derived from the results
of physical modeling for describing the angle of convergence
of the crystallization front can be used to describe the process
of formation of the centerline porosity of a continuously cast
billet. By changing the opening angle of coolers, we adjusted
the initial angle between the crystallization fronts from oppo-
site sides, simulating the angle formed during the movement
of the workpiece through the crystallizer (Fig. 2). The filling
of the model during physical modeling was carried out quickly
enough to avoid a significant difference in the thickness of the
crust, which is formed during the filling of the model.

The use of air as a coolant and a certain interval of its
consumption makes it possible to ensure compliance of the
intensity of cooling with the physical and chemical properties
of the model substance (stearin). Stearin, chosen as a model
substance, does not form a crystalline structure, but this is not
essential for the study of the process of formation of a shrink-
ing shell on a macroscopic scale. Similarly to the prototype,
both shrinkage voids and shrinkage looseness were observed
on the model of the workpiece, which testifies to the feasibil-
ity of using stearin as a model substance.

The angle y at which the crystallization front connects was
chosen as a quantitative indicator characterizing the evolution
of centerline porosity. The low value of this angle under cer-
tain cooling conditions (Fig. 3, experiment 3) indicates a high
probability of the formation of bridges, which complicate the
supply of liquid metal to shrink cavities, contributing to their
formation. A high value of the angle (Fig. 3, experiment 1),
on the contrary, indicates a low probability of the formation of
bridges and improvement of the feeding conditions of the axial
part of the workpiece at the final stage of its hardening [20].

The constructed empirical model (5) indicates a posi-
tive effect on the feeding conditions of the axial part of the
workpiece by increasing the cooling intensity (heat transfer
coefficient from the surface of the workpiece crust), reducing
melt overheating, and reducing the pouring speed. The effect
of these casting parameters on the closing angle of the crys-
tallization front of a continuously cast billet is fully consistent
with the theoretical provisions of billet structure formation
and the practice of steel casting at CCM [20].

Unlike mathematical modeling and analysis by the finite
element method [2], in which results often have significant
deviations due to the impossibility of taking into account all
uncontrolled factors, our result provides high visual reliability
of the defect formation process. This becomes possible thanks
to the application of physical modeling using the z-theorem

for accurate selection of physical parameters and scales (in
terms of time, dimensions, and heat transfer).

The reliability of the results is explained by the fundamental
laws of convection heat transfer and phase transition, which are
the basis for calculating similarity numbers (Biot, Fourier, Koso-
vich). Argument that our goal is achieved is based on geometric
similarity, thermophysical adequacy, and practical verification.

For an objective evaluation of the results and their im-
plementation in the steelmaking industry, several limitations
must be taken into account. The physical model is limited in
height, so it does not fully take into account the effect of the
ferrostatic pressure of the melt, which in actual industrial
installations contributes to the "self-healing” of pores in the
lower horizons of the workpiece. In the model, the intensity of
heat transfer is averaged through the heat transfer coefficient
in the crystallizer and the secondary cooling zone. Under real
conditions, the unevenness of irrigation by nozzles and the
condition of the surface of the rollers could induce local ther-
mal stresses that the model does not simulate.

A promising area of research is the transition from static
parameters to dynamic control over the cooling process in real
time using artificial intelligence systems. This could make it
possible to automatically adjust the temperature-speed regime
depending on the current fluctuations in the chemical com-
position of the steel and the condition of CCM equipment for
guaranteed minimization of axial porosity.

7. Conclusions

1. Based on the similarity theory, the main similarity
numbers (Biot, Kosovich, and Fourier numbers) characteriz-
ing the thermophysical processes of solidification have been
determined. That has made it possible to establish the ranges
of variation in the technological parameters on the model (air
consumption, overheating, the angle of the crystallization
front connection), which correspond to the actual conditions
of pouring bloom blanks in CCM.

2. The nature of influence of the main technological fac-
tors on the formation of axial defects has been experimentally
determined: an increase in the overheating of the melt leads
to the expansion of the zone of centerline porosity, while the
intensification of heat transfer contributes to its narrowing.
It was determined that the closing angle of the liquid hole is
a critical factor, increasing the value of which contributes to
reducing the risk of defect formation and enables the minimi-
zation of discontinuous cavities in the axial zone.

3. Based on the results of our fractional-factorial experiment,
an empirical mathematical model y = Bi%¢.K=037.1g%%p
was derived, which describes the dependence of convergence
angle in the shrink shell y on the cooling intensity and tem-
perature-speed parameters. A high coefficient of approxima-
tion (R% = 0.909) confirms the adequacy of our model and the
possibility of using it to predict the quality of the axial zone
of the workpiece. It was established that an increase in the
Biot number (cooling intensity) and the tangent of angle of
inclination of the crystallization front (¢) has a positive effect
on the growth of angle y, which improves the conditions of
liquid metal feeding of the axial part of the workpiece at the
final stage of solidification. On the contrary, an increase in
the overheating of the metal (represented by the Kosovich
number) leads to a decrease in the angle of convergence,
increasing the probability of the formation of "bridges” and
shrinkage pores.
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