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The object of this research is the process of oscillation of liquid metallurgical slag in a slag bowl under the influence of acceleration.
The work considers the oscillation processes in bowls used on railway and road slug cars, which differ in design and operating conditions.
One of the key problems associated with the transportation of liquid slag is the dynamic instability of the melt, which leads to oscilla-
tions and splashing, which can pose a safety threat and reduce the efficiency of the transportation process. In this regard, the study of
the dynamics of liquid slag in bowls of various designs is an urgent task aimed at optimizing transportation parameters and developing
measures to reduce the risk of slag splashing.

Based on the results of numerical modeling, it was established that the nature of the oscillations of liquid slag in the bowl signifi-
cantly depends on the magnitude of the acceleration, the type of slag and the design of the bowl. In particular, the acceleration ranges
at which different oscillation modes are observed, from minor surface disturbances to intensive slag splashing, have been determined.
At the same time, the differences in the nature of oscillations for different types of slag and bowl designs lie within the limits determined

by their physicochemical properties and geometric parameters.

The results obtained allow to conclude that it is possible to develop measures for the operation of slag bowls, as well as their designs,
in the direction of reducing the amplitude of liquid slag oscillations, which, in turn, contributes to increasing transportation safety and

reducing dynamic loads on the bowl walls.

The obtained data can be used in the design of new bowl designs to optimize their shape and internal elements in order to minimize
slag oscillations. In addition, the information provided can be useful for metallurgical enterprises to develop effective methods for con-

trolling and monitoring slag stability during transportation.
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1. Introduction

Transportation of liquid slag in slag bowls is an integral part of
metallurgical production. In the process of moving the bowl, significant
dynamic loads arise, causing oscillations of the molten slag. The study
of these oscillations is an urgent scientific and technical problem that
has a number of important aspects.

Firstly, oscillations of liquid slag lead to an increase in dynamic
loads on the walls and bottom of the bowl, which contributes to their
accelerated wear and the occurrence of fatigue cracks. This, in turn,
reduces the resource of the equipment and increases the risk of emer-
gency situations associated with the spillage of molten material. The
study of slag dynamics allows to develop methods for reducing these
loads, which contributes to increasing the reliability and durability of
slag equipment.

Secondly, slag oscillations can cause splashing of the melt, which is
dangerous for personnel and the environment. Slag splashes can lead
to burns, contamination of the working area and damage to equipment.
Understanding the mechanism of splash formation and factors affecting

their intensity will allow developing measures to ensure the safety of the
slag transportation process.

Thirdly, slag fluctuations in the bowl can affect the quality of the
slag and the efficiency of its further processing. Intensive mixing of the
melt can contribute to its cooling and change in chemical composition,
which complicates its further use. Controlling fluctuations allows main-
taining the required temperature and composition of the slag, which
increases the efficiency of the technological process.

Fourthly, the development of accurate mathematical models of
liquid slag fluctuations and their validation through experimental stud-
ies are necessary to optimize the transportation parameters and design
of slag bowls. This will reduce energy consumption, minimize equip-
ment wear and tear, and increase overall production efficiency.

Therefore, the study of liquid slag fluctuations in slag bowls during
transportation is an urgent task, the solution of which is of great practi-
cal importance for the metallurgical industry. The development of
methods for controlling and reducing oscillations will allow to increase
the safety, reliability and efliciency of the slag transportation process,
as well as to ensure its high-quality processing.
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The Navier-Stokes equation is a fundamental equation in fluid and
gas mechanics, which describes the motion of a viscous fluid or gas.
It belongs to the partial differential equations and is a system of non-
linear equations, which makes their solution very difficult in general.

Solving the Navier-Stokes equations is a difficult task, especially for
three-dimensional flows. For some conditions, a solution has not been
found, and the mathematical problem of the existence and smoothness
of solutions to the Navier-Stokes equations for three-dimensional space
remains one of the most difficult problems. These equations are widely
used in computer calculations, where numerical methods such as the
finite volume method and the finite element method are used, which
allows obtaining approximate solutions.

Due to the complexity of the analytical description of the dynamics
of liquid slag, focused studies of oscillatory processes in this area have re-
mained limited. This is due to the nonlinear nature of the oscillations, the
variable physical properties of the material (viscosity, temperature, the
presence of solid inclusions) and the geometric complexity of slag bowls.

However, it is worth noting the presence of a significant body of
work devoted to the study of oscillations of both homogeneous and
multilayer fluids under various conditions. These studies cover a wide
range of configurations, from open tanks to closed vessels, and consider
different modes of oscillation excitation, providing a valuable theo-
retical and experimental foundation for the analysis of more complex
systems, such as slag bowls.

In [1], an analytical solution for free oscillations of a liquid in
a horizontal cylindrical container of finite length was published. The
work represents a significant contribution to the theory of oscillations,
however, the direct application of the results to a slug car is limited
due to differences in the geometry and physical properties (viscosity,
presence of solid inclusions) of liquid slag. Nevertheless, the presented
mathematical apparatus can be adapted to develop more accurate models
of slag oscillations.

A well-known work [2], where the authors investigated vibrations
caused by vortices in pipes transporting a liquid in the subcritical and
supercritical regimes, is known. Although this work focuses on pipes,
and not on open containers, it raises an important question about
the interaction of the liquid and the structure. Similar mechanisms of
interaction can occur between liquid slag and the walls of a slug car,
especially with sharp changes in speed or direction of movement. The
analysis methods used in this article can be useful for assessing the
stresses in the structure of a slug car caused by slag oscillations.

In [3], methods for visualizing fluid oscillations in a closed tank
subjected to oscillations are presented. The developed methods can be
adapted for experimental study of oscillations of model fluids that simu-
late the properties of liquid slag in laboratory conditions. Visualization
of oscillations will provide valuable data for verification of numerical
models and understanding of damping mechanisms. However, the dif-
ficulty of maintaining high temperatures and the aggressiveness of slag
represent significant obstacles to conducting experiments with real slag.

In [4], the authors proposed a modification of the equation of mo-
tion of a pipe transporting a liquid for laminar and turbulent flow re-
gimes. In the context of a slug car, understanding the slag motion regime
and its influence on the force acting on the container walls is of crucial
importance. Taking into account turbulence and slag viscosity in numer-
ical models can significantly increase their accuracy. The approaches to
fluid flow modeling presented in the paper can be adapted to modeling
slag movement in a slug car.

Of considerable interest are the results of research published in [5].
The authors investigated the dynamics of free surface vortex oscil-
lations in open stirred tanks without partitions. Although mixing is
different from transportation, this work emphasizes the importance
of considering the shape of the free surface and its influence on the
overall fluid dynamics. The methods used to describe the free surface
can be adapted to modeling the surface of liquid slag.

In [6], the authors performed a numerical analysis of the dynamics
of oscillations of a two-layer fluid with a free surface. Although slag is
usually not a well-defined two-layer system, this work demonstrates
methods for modeling multiphase flows with the free surface in mind.
It is important to note that some researchers [7] consider slag as a mul-
tilayer system due to differences in density and composition of the
different phases formed during the cooling process. In slag, there may
indeed be stratifications in density and composition, so methods de-
veloped for two-layer fluids can be useful for modeling these effects.
Analysis of the interaction between liquid layers is especially valuable.

A well-known work [8], in which the authors developed a strategy
for suppressing liquid oscillations during transportation. Although di-
rect control of slag oscillations in a slug car may be difficult, studying
methods for suppressing oscillations can lead to the development of
more effective vehicle motion control strategies. The control approaches
discussed in the article can be used to optimize the operating modes of
a slug car to minimize slag oscillations.

The results of numerical studies of the suppression of fluid vibra-
tions in a rectangular tank using movable partitions are presented in [9].
Although the use of partitions in a slug car is not possible due to tech-
nological limitations, this work highlights the effectiveness of active
vibration suppression methods. Studying the influence of spring system
parameters can provide insight into how the design of a slug car can be
optimized to reduce vibrations.

In [10], the authors experimentally investigated the vibration re-
sponses of a flexible riser transporting a spiral flow in deep-sea mining,.
This work, although not directly related to tank vibrations, emphasizes
the importance of considering the elasticity of the structure and its
effect on fluid dynamics. Similar effects can occur in a slug car, espe-
cially when moving over an uneven surface. The study of the resonant
frequencies of the structure and their effect on slag vibrations is an
important area of research.

Despite significant progress in the field of fluid mechanics and
vibration dynamics, the problem of safe transportation of liquid slag in
slug cars remains relevant and requires further study.

Based on the presented critical review of the literature, it can be
concluded that, despite a significant amount of research in the field of
fluid dynamics, the problem of modeling vibrations of liquid slag in slug
cars remains insufficiently studied. Most of the works are devoted to the
analysis of vibrations of homogeneous or multilayer liquids in vessels of
simple geometry and under more general operating conditions. While
the methods developed in these studies can be applied to the analysis
of slag dynamics, they do not take into account the specific features of
this material and the conditions of its transportation.

Thus, from the point of view of the applied solution methods, the
study of the dynamics of liquid slag during transportation is a standard
problem of fluid mechanics, requiring the use of numerical methods
that take into account viscosity, surface tension and the interaction of
the liquid with the walls of the container. However, the unique char-
acteristics of the slag make this study special. These include high tem-
perature, variable chemical composition and the presence of solid inclu-
sions. In addition, specific operating conditions complicate the analysis.
They include unsteady motion and complex geometry of the slag bowl.
Therefore, the study acquires a unique character. This requires the
adaptation of existing methods and the development of new ap-
proaches to modeling and analysis of results.

The aim of this research is to obtain quantitative dependences of
the parameters of the first splash (first form of oscillations) of liquid
metallurgical slag in the slag bowl on the acceleration of the vehicle, the
geometry of the bowl and the physicochemical properties of the slag.
Achieving this goal involves analyzing the influence of these factors on
the amplitude of the first splash of slag, which will allow to establish
their relationship and develop empirical or mathematical models that
describe this process.

C _u
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The practical significance of the presented research lies in the possibil-
ity of adjusting the modes of transportation of rolling stock (for bowls
on the railway) and slug cars based on the obtained dependencies.
Given that the obtained patterns will allow predicting the operating
conditions under which the first slag splash occurs, it will be possible to
optimize the parameters of vehicle movement in order to prevent emer-
gency situations. Thus, the research results will contribute to increasing
safety at metallurgical enterprises, reducing the risks of slag spillage and
minimizing potential losses.

2. Materials and Methods

The object of this research is the process of oscillation of liquid met-
allurgical slag in a slag bowl under the influence of acceleration.

In this study, to simulate the process of oscillation of liquid slag in
a slug car bowl under conditions of unsteady motion, the physicochemi-
cal characteristics of slags formed in various metallurgical processes:
blast furnace and steelmaking were used as input data. The choice of
these materials is due to their wide distribution and significant volume
of transported slag.

Blast furnace slag, which is a by-product of cast iron production,
is characterized by a complex chemical composition, the main compo-
nents of which are CaO (30-45 %), SiO, (30-40 %), Al,O5 (5-15 %)
and MgO (5-15 %). The viscosity of blast furnace slag in the tempera-
ture range typical for transportation (14001600 °C) is approximately
0.1-1 Pa-s, and the density is about 2500-3000 kg/m* [11].

Steelmaking slag, formed during steel production, is characterized
by a higher iron content (FeO up to 20 %) and a lower SiO, content.
Its viscosity is somewhat higher than that of blast furnace slag, and can
reach 1-2 Pa-s, and the density is 3000-3500 kg/m* [11].

Given the significant variability of the physicochemical properties
of slags formed in blast furnace and steelmaking industries, for the
purposes of this study, averaged values of density and viscosity charac-
teristic of liquid slags were adopted. This approach allows to simplify
mathematical modeling and obtain results that reflect the general pat-
terns of slag dynamics during transportation. The values of physico-
chemical characteristics used in the modeling are presented in Table 1.

Table 1

Average values of physicomechanical properties of blast furnace
and steelmaking slags [11]

Slag type Viscosity, Pa-s Density, kg/m’
Blast furnace slag 0.5 2500
Steel-melting slag 1.5 3500

The following parameters were adopted for modeling the move-
ment of the slug car: the speed of movement is up to 60 km/h, which
corresponds to typical conditions for transporting slag through the
territory of a metallurgical enterprise. Acceleration and deceleration
occurring during acceleration and deceleration of the slug car were
estimated in the range of 0.5-1.5 m/s? (Fig. 1), which corresponds to
moderate movement modes.

To study the effect of accelerations on the first splash of liquid metal-
lurgical slag in the slag bowl, the free surface method was applied. This
method, also known as the free surface tracking method, is a computa-
tional approach designed to model the dynamics of fluids with a clearly
defined boundary, in particular, at the interface of liquid with gas.

The essence of the method is to accurately track and simulate the
movement of the free surface, taking into account the forces of surface
tension, gravity and external influences such as acceleration. Thanks to
this, it is possible to investigate surface deformation, splash formation,
fluid oscillations and other phenomena that play a key role in the oc-
currence of the first slag splash during transportation.

Fig. 1. Calculation scheme of a slug car with an indication of the direction
of acceleration

The selected values of the physicochemical characteristics of slag
and the parameters of the slug car movement are typical for real op-
erating conditions and allow for adequate modeling of the process of
oscillation of liquid slag in the bowl. The results obtained will be used
to analyze the influence of various factors on the stability and safety of
slag transportation, as well as to develop recommendations for optimiz-
ing the design and operating modes of slug cars.

3. Results and Discussion

Within the framework of this study, a method for numerical mod-
eling of oscillations of liquid slag in slag bowls of various designs was
developed. During the work, a slag model was placed in the virtual
model of the slag bowl, the volume of which corresponded to the
filling of the bowl with an underfill height of 500 mm. The physico-
chemical properties of slag (viscosity and density) were set according
to the average values for blast furnace and steelmaking production.
To simulate the transportation conditions, the bowl model was af-
fected by acceleration, the values of which varied in the range from
0.3 m/s? to 1.2 m/s* with a step of 0.2 m/s®. During the modeling
process, the time of reaching the first maximum splash of liquid slag
was recorded. Studies were conducted for bowl models correspond-
ing to the designs used in road and rail transport. As a result of nu-
merical modeling, visualizations of the dynamics of liquid slag in the
bowl were obtained at different acceleration values (Fig. 2, Fig. 3).
Analysis of the obtained data allowed to establish the dependence
of the time of reaching the first splash (half-period of the first form
of free oscillations) on the acceleration value and the type of slag.
In particular, for blast furnace slag, a tendency was observed for
faster occurrence of splashes compared to steelmaking slag at the
same acceleration values. In addition, the design of the bowl sig-
nificantly influenced the time to reach the first burst, which was
manifested in a different response to the same acceleration for road
and railway bowls.

The obtained visualizations (Fig. 2, Fig. 3) demonstrate the char-
acteristic features of the movement of liquid slag in bowls of different
designs at different acceleration values. In the future, it is planned to
conduct a quantitative analysis of the obtained data to identify the
patterns of influence of various factors on the dynamics of the oscil-
latory process and determine the optimal parameters of liquid slag
transportation.

At first glance at the results of numerical modeling (Fig. 2, Fig. 3),
one may get the impression of their similarity and general patterns
in the behavior of liquid slag. Visually, with increasing acceleration,
there is a tendency to increase the amplitude of the first splash in the
bowl. However, a more detailed analysis of the generalized research
results presented in Fig. 4 allows to identify significant differences in
the dynamics of the oscillatory process.
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Fig. 2. Mass concentration of slag obtained during the production
of cast iron and the position of the slag mirror: 2 — acceleration of the slag
car on the railway track 0.3 m/s% & — acceleration of the slag car
on the road track 1 m/s*
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Fig. 3. Mass concentration of slag obtained during steel production and
position of slag mirror: 2 — acceleration of slag car on railway track 0.3 m/s%
b — acceleration of slag car on road track 1.2 m/s

Fig. 4 presents graphical dependences of the time of reaching the
first splash of liquid slag on the magnitude of acceleration for different
types of slag and bowl designs. From the presented data it is clear
that the nature of the oscillations of blast furnace slag significantly
depends on the bowl design. Blast furnace slag in the bowl on railway
track (item 1) behaves more evenly. Changes in the splash time at dif-
ferent accelerations in this case are relatively small. However, in the
bowl on road track (item 2) the dependence of the splash time on accel-
eration is much more pronounced. Steelmaking slags, on the contrary,
demonstrate conditionally the same behavior during transportation,
regardless of the bowl design.

In addition, the analysis of the graphs allows to distinguish two char-
acteristic zones common to all studied types of slag and bowl designs.
At accelerations up to 0.3 m/s* (zone I), slag oscillations are practically
absent, and conditional ripples are formed on its surface. In zone II, at
accelerations of 1 m/s? and more, slag splashes out of the bowl, and this
pattern does not depend on the type of slag and bowl design. Thus, the

behavior of liquid slag in zones I and 11 is characterized by universality
and does not depend on the type of slag and bowl design.
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Fig. 4. Graphs of the dependence of the time of the first maximum splash
on the acceleration of the slag car: 2 — results of research on bowls filled with
slag after smelting of cast iron; & — results of research on bowls filled with slag

after smelting of steel; 1 — results of research on bowls on railway tracks;
2 - results of research on bowls on road tracks; I — zone of absence of splashes
and waves on the slag mirror; II - zone of guaranteed slag splash

The differences in the patterns of generalized results observed
during the study of liquid slag oscillations in bowls, in our opinion,
are largely due to differences in the physicochemical properties of the
slag, in particular its density and viscosity. Blast furnace slag, which is
characterized by a lower density and viscosity compared to steelmak-
ing slag, demonstrates a higher susceptibility to acceleration, which is
manifested in a faster achievement of the first surge. This is due to the
fact that a less viscous liquid is more easily deformed and reacts faster
to external influences, and a lower density contributes to an increase
in the amplitude of oscillations. The influence of the bowl design on
the nature of oscillations can also be associated with the density and
viscosity of the slag. In particular, for blast furnace slag, which is more
mobile, the shape of the bowl has a greater impact on the trajectory of
the liquid and, therefore, on the time of achievement of the first surge.
Steelmaking slag, which has a higher viscosity, is less sensitive to the
shape of the bowl, which leads to a more uniform behavior in bowls of
different designs. Thus, the differences in the patterns of generalized
results observed for different types of slag and bowl designs can be
explained by the complex interaction between the physical properties
of the slag and the geometric characteristics of the bowl.

This study lays the foundation for a deeper and more comprehen-
sive study of the problems of slag bowl operation, opening up new ways
to optimize the processes of slag transportation and utilization in the
metallurgical industry. The results obtained and the developed model-
ing methodology can be expanded and adapted to solve a wide range
of related problems.

One of the promising directions is the study of the influence of the
physical properties of the slag on the nature of oscillations in the bowl.
In particular, it is necessary to study the differences in the dynamics
of slags formed during the smelting of cast iron, steel and ferroalloys,
taking into account their different chemical composition, viscosity and

%
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density. An important aspect is also the study of slag oscillations during
its cooling process, when there is a change in viscosity and, possibly,
partial crystallization. The data obtained will allow optimizing the
downtime of slag in the bowl, minimizing heat loss and the effect of
temperature loads on the structure. In addition, the results of studying
slag oscillations in the bowl can be used to analyze the dynamics of
the movement of a slag car train, where slag oscillations act as a vari-
able, which leads to parametric oscillations of the entire system. This
aspect requires the use of complex mathematical models and numerical
methods for an accurate description of the interaction of the liquid and
the structure.

Also, the study of the dynamics of oscillations of liquid slag in the
bowl is of particular interest in the context of the temperature problem
of determining stresses in the bowl wall [12]. Considering that the tem-
perature distribution in the bowl structure and, as a result, the thermal
stresses that arise, change in time depending on the slag temperature,
and the slag viscosity, in turn, is also a function of temperature, the task
of finding optimal transportation modes arises. This approach will
minimize dynamic loads on the bowl structure, reduce thermal stresses
and, as a result, increase the service life of the equipment.

Another important direction is the assessment of the vibration
process with different bowl designs, including changing the shape, size
and the presence of damping elements. It is also necessary to take into
account the possibility of multilayer slag, considering it as a mixture
of several liquids with different densities, which can lead to the emer-
gence of additional vibration forms and complication of dynamics [7].
It should be noted that the mechanics of liquid media is a complex and
multifaceted section of mechanics, requiring an individual approach to
solving each specific problem. The unique properties of slag, the design
features of slag cars and operating conditions make each study in this
area an important step towards improving the efficiency and safety of
metallurgical production.

The limitations of this study are the use of a model slag composi-
tion instead of a real one, which can affect the absolute values of the
vibration frequencies. In addition, the study was conducted in ideal-
ized laboratory conditions that do not take into account the influence
of vibrations and temperature gradients characteristic of industrial
furnaces. It is important to note that the model slag used had an aver-
age composition, and was not a sample from a specific smelting, which
can also affect the accuracy of predicting the behavior of slag in real
conditions. In addition, the influence of surface irregularities of slag
transportation routes, which can significantly change the nature of
oscillations, was not taken into account. For practical application of
the results, it is necessary to conduct additional studies using real slag
samples obtained directly from production, in conditions as close as
possible to production, taking into account vibrations, temperature
gradients and surface irregularities of transportation routes. It is also
necessary to develop a mathematical model for scaling the obtained
data to industrial scales and taking into account the variability of the
slag composition.

The conduct of this study was affected by the conditions of martial
law in Ukraine, which imposed certain restrictions on its implemen-
tation. In particular, access to industrial metallurgical enterprises for
conducting full-fledged field studies and collecting data on real condi-
tions of liquid slag oscillations was complicated. Security and logistical
constraints have significantly reduced the opportunities for direct
observation of technological processes and collection of primary data.
In addition, martial law has made adjustments to the usual operating
mode of scientific and educational institutions, which could affect the
timing of research and the involvement of qualified specialists. In this
regard, the results of the study, obtained in conditions of limited ac-
cess to real production processes, require additional verification and
clarification based on data obtained after the situation stabilizes and
the restoration of full-fledged activity of metallurgical enterprises.

4. Conclusions

A comparative analysis of the modeling of liquid slag transporta-
tion in slag bowls of different designs, namely in bowls used in rail and
road transport, was carried out.

The results of numerical modeling revealed significant differences
in the nature of liquid slag oscillations in bowls of different designs. For
blast furnace slag, a more pronounced dependence of the time to reach
the first splash on the magnitude of the acceleration was observed in
the bowl on the road than in the bowl on the railway, which indicates
a greater sensitivity of blast furnace slag to the geometry of the bowl.
Steelmaking slag, on the contrary, demonstrated a more uniform be-
havior in bowls of both designs.

Despite the differences in the nature of oscillations, a general trend
was established for all studied cases: the splash after the first splash of
liquid slag occurs at an acceleration of 1 m/s? and more. This result
indicates the presence of a critical acceleration value at which active
splashing of slag from the bowl begins, regardless of the type of slag
and the design of the bowl. This is an important factor for developing
strategies for safe transportation of liquid slag.

It was found that there are two characteristic zones (I and II) de-
pending on the acceleration value, which significantly affect the be-
havior of liquid slag. In zone I, which corresponds to low acceleration
values (up to 0.3 m/s?), slag oscillations are practically absent, and
a conditional ripple is formed on its surface. This is due to the fact that
at low acceleration values, the inertial forces that cause oscillations are
insufficient to overcome the viscous forces of slag, which effectively
dampen any disturbances.

In zone II, on the contrary, at high acceleration values (1 m/s* and
more), intensive splashing of slag from the bowl occurs. In this zone, iner-
tial forces significantly outweigh viscous forces, which leads to the emer-
gence of large amplitudes of oscillations of the first form and, as a result, to
slag splashing. It is important to note that the boundaries of these zones, as
well as the nature of the slag behavior in each of them, do not depend on
the type of slag and the design of the bowl, which indicates the universal-
ity of the revealed patterns. The influence of viscosity is manifested in the
fact that more viscous steelmaking slag requires greater acceleration to
begin intense oscillations and splashing than less viscous blast furnace slag,
but in zone II, where inertial forces dominate, this difference is leveled.
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