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Abstract. The studypresentsaninnovative approachto creating extended datasets for modelling magneticseparation
of iron ore, which is crucial for enhancing efficiency and automating enrichment processes in the mining industry.
The aim of the research was to develop a methodology for creating extended datasets for modelling magnetic
separation of iron ore that takes into account the specifics of Ukrainian deposits and allows for the generation of
representative data in conditions of limited real production data by integrating physical modelling with machine
learning methods. Research methods: modelling using mathematical learning, simulation based on physical
processes, statistical analysis. The study examined the use of the USIM PAC simulator for modelling the iron ore
enrichment system and adapting data for magnetic enrichment, ensuring the accuracy of modelling technological
enrichment processes. The simulator was used to obtain a dataset from physical modelling of part of the enrichment
process based on data from the Valyavkinske deposit. Primary modelling of the dataset was analysed, including
statistical characteristics, distribution shape, and normality tests to identify fields requiring correction. Based on
the analysis results, specific requirements for data distribution in the new dataset to be formed for further use were
established. In accordance with these requirements, several mathematical models were implemented to reproduce
the specified criteria and parameters. For each data field, the best model was carefully selected, and the dataset
was corrected based on its data to bring the distribution as close as possible to the desired one. Comprehensive
validation of the resulting corrected data was conducted, emphasising the preservation of the physical validity
of the data and their correspondence to real enrichment processes. A detailed analysis of the corrected data
was performed, as well as the statistical characteristics of the resulting dataset, confirming the effectiveness of
the developed comprehensive methodology for modelling and adapting data for magnetic enrichment of iron
ore. The methodology holds practical value due to its innovative approach to creating extended datasets for
modelling magnetic separation of iron ore, enhancing the efficiency and automation of enrichment processes
while considering the specifics of deposits and generating representative data in conditions of limited real data

Keywords: nonlinear modelling of enrichment; separation control; machine learning in enrichment; automation of
enrichment processes; simulation of technological parameters

Introduction
The relevance of this work is determined by the neces-  data, especially for Ukrainian deposits. The specif-
sity to improve the processes of modelling magnetic ics of Ukrainian iron ore deposits, particularly in the
separation of iron ore under conditions of limited real  Kryvyi Rih basin, require the development of special
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extraction and processing technologies. The develop-
ment of a comprehensive methodology for creating ex-
tended datasets will help overcome these limitations,
taking into account local geological conditions and en-
suring more effective modelling of the magnetic sepa-
ration process. This will contribute to the optimisation
of enrichment processes, improvement of concentrate
quality, and reduction of energy consumption in the
mining industry of Ukraine.

Current trends in modelling magnetic separation
are characterised by a comprehensive approach that in-
tegrates various computational and analytical methods.
These approaches encompass a wide range from classi-
cal numerical methods to advanced techniques in ma-
chine learning and multiphysics modelling. Significant
progress has been made in developing methods that
allow for the simultaneous consideration of complex
interactions between different physical processes in-
herent in magnetic separation. Concurrently, optimisa-
tion methods for control are being developed, aimed at
enhancing the efficiency of enrichment processes. The
integration of these diverse approaches creates a pow-
erful foundation for developing adaptive and high-pre-
cision models capable of functioning under conditions
of limited experimental data and accounting for the
specifics of local conditions.

In the study by VV. Shenoy et al. (2024), the influ-
ence of the magnetic field on flow behaviour in a step
geometry is examined. Using modern computational
fluid dynamics methods, particularly the open-source
package OpenFOAM, the authors investigated the in-
teraction between magnetic forces and geometric fac-
tors affecting flow characteristics. The study revealed
important patterns in flow behaviour under the influ-
ence of the magnetic field and geometry. The proposed
mathematical models allow for the prediction of key
flow parameters under various conditions. The results
of this CFD work have the potential for application in a
wide range of engineering tasks related to magnetohy-
drodynamic flows and boundary layer control.

In the work by R. Chowdhury et al. (2024), a compre-
hensive method for optimising medium parameters for
effective material separation in a hydrocyclone separa-
tor is proposed, combining theoretical approaches and
CFD modelling. The use of CFD allowed for a detailed
analysis of the impact of medium density on the sepa-
ration of PVC and PET particles, visualising and assess-
ing key process parameters. Although the study focused
on plastics, the methodology can be applied in various
fields, including magnetic enrichment, where consider-
ation of medium and particle properties is critical for
optimising separation.

M.E. Kinaci et al. (2020) investigated the process
of indirect reduction of iron ore in fluidised beds us-
ing the discrete element method (DEM) in conjunction
with computational fluid dynamics. The developed
model can be applied to simulate the processes of iron
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ore reduction in industrial reactors, optimising pro-
cess parameters and developing new iron production
technologies. J. Liu et al. (2021) studied the magnetic
separation process in an aerodynamic drum magnet-
ic separator (ADMS) using the finite element method
and multiphysics modelling in COMSOL Multiphysics
software. The modelling of the magnetic field, airflow,
and particle movement in the separator was conducted.
The influence of various parameters (air velocity, mag-
netic field intensity, positioning of magnetic poles) on
the separation efficiency of magnetic and non-magnet-
ic particles was demonstrated. The simulation results
were verified through experimental measurements and
calculations. The proposed model allows for the predic-
tion of particle trajectories and extraction probabilities
under different conditions, which can be useful for pre-
cise control of the magnetic separation process using
combined force fields.

Moreover, there is a growing interest in the appli-
cation of machine learning methods, particularly con-
volutional neural networks (CNNs), which open new
opportunities for predicting separation efficiency un-
der complex conditions. Research conducted by Y. Li et
al. (2022) demonstrates the successful use of CNNs for
modelling grinding processes in ball mills, based on ex-
ternally measured process variables. These approach-
es can be adapted for magnetic separation, enhancing
prediction accuracy and reducing the need for large
volumes of experimental data. The implementation of
machine learning fosters the development of hybrid
models that combine theoretical knowledge with data
from discrete element method simulations, providing
more effective and rapid modelling of complex systems.

N. Yang et al. (2022) analysed the development of
modelling methods for mineral deposits, emphasising
the transition to three-dimensional digital models and
the importance of understanding ore formation process-
es. The authors highlighted the application of machine
learning methods, particularly convolutional neural
networks, for predicting hidden deposits. They stressed
the issue of data scarcity and proposed the use of ad-
vanced machine learning techniques to process incom-
plete data, underscoring the importance of integrating
expert knowledge. Despite progress in modelling mag-
netic separation, there remains a need for the devel-
opment of comprehensive methodologies for creating
accurate models under conditions of limited real data.

V. Morkun et al. (2020) investigated the identifica-
tion of nonlinear dynamic enrichment objects using a
second-order Volterra model and its projection onto
orthonormal Laguerre basis functions. This potential-
ly impacts the improvement of modelling accuracy for
iron ore enrichment processes, reducing model com-
plexity and sensitivity to noise. O. Porkuian et al. (2019)
considered the development of a predictive control
system for the iron ore enrichment process based on
a hybrid Hammerstein model. The model combines a
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fuzzy nonlinear block and a crisp linear dynamic block
for effective approximation of nonlinear, dynamic, and
non-stationary properties of enrichment line objects.
The proposed algorithms ensure rapid real-time iden-
tification and optimal control considering constraints,
leading to improved concentrate quality and reduced
energy consumption.

S.Rajendran & CV.G.K.Murty (2023) reviewed mod-
ern approaches to numerical modelling of enrichment
processes for coal, iron ore, chromite, and bauxite. This
allows for a better understanding of key process varia-
bles affecting the efficiency of enrichment equipment
and the potential for optimising technological oper-
ations. The work provides tools for predicting the be-
haviour of complex mineral enrichment systems, con-
tributing to the development of more effective mineral
processing methods.

The aim of this research was to develop an inno-
vative methodology for creating extended datasets for
modelling magnetic separation of iron ore, taking into
account the specifics of Ukrainian deposits and the Llim-
itations of available information.

Materials and Methods

Justification for the choice of modelling method. An anal-
ysis of existing methods for modelling the magnetic
separation process revealed the necessity of applying
a comprehensive approach to address the task at hand.
Considering the complexity and non-linearity of the
magnetic separation process, as well as the specifics
of the available data and tools, particularly USIM PAC -
a commercial simulator for technological processes
developed by CASPEO (Brochot et al., 1995) - and the
Python Spyder IDE development environment (n.d.),
the decision was made to employ a hybrid modelling
method (McCoy & Auret, 2019). The main arguments in
favour of choosing the hybrid method are as follows:

1. Complexity of data processing. The proposed
hybrid method combines physical modelling of mag-
netic separation with machine learning techniques. In-
itially, data is obtained from a model built on physical
principles using the USIM PAC technological process
simulator. This model is based on fundamental physi-
cal laws and empirical relationships that describe the
magnetic separation process. Subsequently, this data is
sequentially expanded and restructured using machine
learning algorithms. In particular, neural networks are
employed to uncover hidden patterns, clustering meth-
ods are used to group similar results, and regression al-
gorithms are applied to predict process efficiency under
various conditions. This combination of physical mod-
elling and machine learning methods allows for effec-
tive processing of complex, non-linear relationships in
magnetic separation data, significantly enhancing the
capabilities of the initial physical model.

2. Adaptability to different conditions. In the study,
data from the Valyavkinske deposit (Bogdanov, 1984)

was used as an example for initial modelling. The
deposit was chosen due to its typical characteristics,
which well represent the general conditions of iron ore
deposits in Ukraine. However, the developed approach
aims to create a general model of the enrichment sys-
tem that can be adapted to various mining and process-
ing plants. The hybrid method provides the necessary
flexibility for such adaptation, allowing the model to be
tailored to the specific conditions of other deposits and
mining and processing plants (MPP). A key aspect of this
adaptability is the ability to replace the technological
parameter data of MPPs and deposits. This allows for
the modelling results to be aligned with the conditions
of different MPPs. For example, by changing parameters
such as ore characteristics, equipment configuration, or
operating modes, the model can be adapted to the spe-
cifics of a particular plant. Such flexibility is especial-
ly useful when optimising processes at new deposits
or modernising existing MPPs. The hybrid method, by
combining physical modelling with machine learning
techniques, allows for rapid retraining of the model
on new data while maintaining a fundamental under-
standing of the physical enrichment processes.

3. Working with limited data. In conditions of lim-
ited access to real production data, the hybrid meth-
od allows for the effective use of artificially generated
data while preserving the physical validity of the model
through the use of USIM PAC. The effectiveness of this
approach is supported by general principles of using
simulators in modelling enrichment processes, as de-
tailed in the work of A. Karpatne et al. (2017), where
the authors emphasise the importance of integrating
physical models and machine learning methods to en-
hance prediction accuracy in complex systems. Howev-
er, further validation on real production data remains
an important step for fully confirming the accuracy and
reliability of the developed model.

4. Preparation for the development of a control sys-
tem model. Based on a limited initial dataset obtained
from the operation of USIM PAC, an expanded dataset
is created. This expanded dataset is characterised by a
significantly larger volume while preserving key rela-
tionships between fields that correspond to the math-
ematical dependencies of the USIM PAC simulation
system. Such an approach potentially allows for the
generation of a more diverse data sample, which can
serve as a foundation for the further development of a
predictive automated control system for the non-linear
iron ore enrichment system. However, to confirm the ef-
fectiveness of this approach, thorough validation of the
expanded dataset is necessary. As noted by T. Hastie et
al.(2009) in their foundational work on statistical learn-
ing, it is important to conduct comprehensive statistical
analysis to verify the preservation of key relationships
and to perform testing on real data where possible. This
ensures the reliability and practical applicability of the
developed model.
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5. Potential for further development. The hybrid
method leaves room for the integration of additional
modelling methods in the future, which may be benefi-
cial for further research and improvement of the system.

Characteristics and structure of the enrichment sys-
tem model. The enrichment system model is based on
geological and mineralogical data from the Valyavkin-
ske deposit of iron quartzites (Bogdanov, 1984; Ku-
pin, 2008).This data includes ore characteristics such as
iron content, mineral composition, textural-structural
features, and physical properties, which are crucial for
designing the enrichment process. Although the data is
derived directly from the deposit, it has been adapted
for modelling the first stage of magnetic enrichment,
typical of most Ukrainian MPPs (Sokur et al., 2022). This
allows for the creation of a model that reflects the typ-
ical conditions for enriching iron quartzites in Ukraine.
The overall structure of the studied part of the iron ore
enrichment system is presented in Figure 1.

| Oreieed | —>| Sump |<—
v
| Ball mill }— Pump

F L] I

Hydrocyclone Density Meter

I —

Water

|Magnetic separatorl— Management | —
* System
| Concentrate | _>| Tails |

Figure 1. Technological scheme of iron ore enrichment
with control of the solid density in the hydrocyclone
Source: developed by the author based on typical technological

process schemes presented in M. Sokur et al. (2022)

The key input parameters of the model include
the percentage of solids entering the hydrocyclone

(25-35%), the flow rate of additional water (180-
393 m3/h), and the iron content in the incoming ore
(36-38%). The output parameters encompass the iron
content in the concentrate (52.5-55.5%) and tails (12.6-
12.7%), as well as the mass flow rate of the concentrate
(55-60 t/h) and tails (40-45 t/h). The selected charac-
teristics of the deposit include an average rock density
of 3.2-3.4 t/m?,the grain size of magnetite inclusions of
0.074-0.044 mm, and the ratio of magnetic to non-mag-
netic minerals of 45-55.

The technological process, illustrated in Figure 1,
consists of the following operations: the feed ore is
supplied by a feeder to a ball mill for fine grinding. The
resulting ore pulp is directed to the hydrocyclone for
hydraulic classification by size. The overflow from the
hydrocyclone is sent to a magnetic separator, where
the material is separated based on magnetic properties
into a magnetic product (concentrate) and a non-mag-
netic fraction (tails). The sands from the hydrocyclone
are returned for regrinding in the ball mill, forming a
closed grinding circuit. Control is achieved by adjust-
ing the percentage of solids entering the hydrocyclone
within the range of 25-35%, which affects the flow rate
of additional water and ensures the quality of the con-
centrate (specifically, the iron content) in accordance
with the target indicators established in the technolog-
ical maps of the MPPs. This model provides a founda-
tion for the development of automated control systems
tailored to the specifics of Ukrainian iron ore deposits.

The use of the USIM PAC simulator. The technological
process simulator USIM PAC from CASPEO was chosen
to create the initial model of the iron ore beneficia-
tion system. USIM PAC stands out among alternatives
due to its greater number of equipment prototypes, the
ability to use different models for circuit elements, and
advanced result analysis. Its reliability is confirmed by
widespread application in metallurgy and chemistry
(Brochot et al., 2002). For modelling the iron ore bene-
ficiation process, the internal base Model 140 - “Feed
Liberation” was utilised, which is an integral part of the
commercial USIM PAC simulator (Fig. 2).
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Figure 2. Iron ore enrichment system based on the Model 140 USIM PAC
Source: image of a typical educational Model 140 that is part of the USIM PAC

This model was chosen for its effectiveness in sim-
ulating the early stages of ore processing, making it
particularly valuable for modelling the enrichment of
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iron ores from Ukrainian deposits. Model 140 is based
on the method of R.L. Wiegel (1975) and the libera-
tion model of A.M. Gaudin (1939), which allows for an
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accurate description of the mineral liberation process
during grinding. It operates with key parameters: the
dilution factor with waste rock, the content of the valu-
able mineral, and the effective grain size of the mineral.
An important advantage of Model 140 is that the com-
position by liberation classes does not depend on the
size distribution, making it especially useful at the be-
ginning of the technological scheme. This corresponds
to the actual operating conditions of Ukrainian MPPs.

When applying Model 140 to the Valyavkinske deposit,
specific characteristics of the local ores were taken into
account, particularly the average magnetite inclusions
and the typical mineralogical composition.

Description of model parameters. The modelling of
the iron ore enrichment process was carried out based
on data obtained using USIM PAC. Key model parame-
ters, including input and output variables, their ranges,
and units of measurement, are presented in Table 1.

Table 1. Key parameters of the iron ore enrichment process model

Parameter Description

Range of values Units of measurement

Input parameters

solid_feed_percent Percentage of solids at the hydrocyclone inlet 25-35 %
water_add_mass_flow* Additional water flow rate 180-393 m3/h

feed_fe_percent Iron (Fe) content in the feed ore 36-38 %

Output parameters

concentrate_fe_percent Iron (Fe) content in the concentrate 52.5-55.5 %

tailings_fe_percent Iron (Fe) content in the tailings 12.6-12.7 %

concentrate_mass_flow Mass flow rate of the concentrate 55-60 t/h

tailings_mass_flow Mass flow rate of the tailings 40-45 t/h

Notes: * - in fact, at this stage, the flow rate of additional water, despite being an input parameter, should be calculated
Source: developed by the author based on the data from O. Bogdanov (1984)

Modelling the distribution of iron content in incoming
ore. The initial assumption for modelling the distribu-
tion of iron content in incoming ore was based on a
normal distribution. This assumption is supported by
the research of J.C. Davis (2002), who demonstrated
that the natural variability of geological processes and
the effects of ore mixing during extraction and trans-
portation contribute to the formation of a normal dis-
tribution of valuable component content. This approach
is also reinforced by the central limit theorem, which is
relevant for many geostatistical processes. Thus, adopt-
ing this assumption is justified and beneficial for mod-
elling iron ore enrichment processes.

To improve the fit of the data to a normal distri-
bution, various transformation methods were explored.
Among them, mathematical transformations (power,
logarithmic,exponential) were applied, as well as statis-
tical transformations such as the Box-Cox method (Box
& Cox, 1964) and Yeo-Johnson method (Yeo & John-
son, 2000). Additionally, data processing methods were
utilised, including outlier removal and the calculation
of moving averages, as well as more complex approach-
es such as kernel density estimation (Silverman, 1986),
principal component analysis (PCA), and rank normali-
sation. The chosen transformation method was applied
to create a dataset with iron content distribution that
closely aligns with a normal distribution. This provided
the necessary foundation for further modelling of iron
ore enrichment processes.

Generation of solid percentage values at the hydro-
cyclone inlet. The solid percentage at the hydrocyclone
inlet (solid_feed_percent) is a key control parameter

in the developed model. A comprehensive methodo-
logical approach was employed for its analysis and
generation. Initially, a statistical investigation of the
distribution of solid_feed_percent values in the prima-
ry dataset was conducted. The Kolmogorov-Smirnov
tests (Massey, 1951) and Shapiro-Wilk tests (Shapiro
& Wilk, 1965) were used to verify the normality of the
distribution. The coefficient of variation, skewness, and
kurtosis were also calculated to characterise the shape
of the distribution, using methods described by T. Hast-
ie et al. (2009).

To fill in missing data, two methods were devel-
oped and compared: kernel density estimation (KDE)
and random filling within quantile constraints (RFQL).
The KDE method, described by B.W. Silverman (1986),
uses kernel density estimation to model the distribu-
tion of existing data. This method fills in gaps with
random values within defined quantile constraints,
preserving the statistical structure of the data while
filling in the gaps. After generating data using both
methods, a comparative analysis of their statistical
characteristics was conducted. Mean values, data dis-
persion, distribution shape, and the presence of outliers
were assessed using methods described in T. Hastie et
al. (2009). This analysis allowed for the identification
of the most suitable method for filling in missing sol-
id_feed_percent values, ensuring the accuracy and
representativeness of the data for further modelling.
The chosen method was applied to create an extend-
ed dataset that includes both original and generated
solid_feed_percent values. This approach ensures the
preservation of the statistical structure of the original
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data while simultaneously expanding the dataset for
more accurate modelling of the enrichment process.

Determining additional water flow values. In the mod-
el structure, the parameters of solid percentage in the
hydrocyclone (solid_feed_percent) and additional water
flow (water_add_mass_flow) have a close yet nonline-
ar relationship. To determine this relationship and fill
in missing water_add_mass_flow values, the following
methodology was applied. Initially, an analysis of the
primary dataset was conducted to study the nature of
the relationship between solid_feed_percent and wa-
ter_add_mass_flow. It was established that this rela-
tionship is most accurately described by a second-de-
gree polynomial dependence. A subset of records with
incomplete data containing values for both parameters
was extracted from the full dataset. Four methods were
chosen for training and prediction: Gradient Boosting
(Friedman, 2001), Random Forest (Breiman, 2001), Line-
ar Regression (Hastie et al., 2009),and Ridge Regression
(Hoerl & Kennard, 1970). The selected methods provide
a variety of approaches to data modelling, allowing for
the capture of both complex nonlinear and linear de-
pendencies. The models were trained on a sample of
complete records. Quality metrics were calculated for
each model, enabling a comparative analysis of the
methods’ effectiveness. This approach allows for the
identification of the most accurate method for filling in
missing water_add_mass_flow values and ensures data
integrity for further analysis of the enrichment process.

Determining dependant parameters. To determine
the iron content in the concentrate and tails, as well
as the mass flow rates of the concentrate and tails for
incomplete records in the dataset, the following meth-
odology was applied. Initially, models were trained
based on the complete dataset to fill in missing values
in incomplete records. Six machine learning methods
were used for this purpose: eXtreme Gradient Boost-
ing (XGBoost) (Chen & Guestrin, 2016), Support Vector
Machines (SVR) with a Laplace kernel (Cortes & Vap-
nik, 1995), Random Forest (Breiman, 2001), Multilayer
Perceptron (MLP) (Rumelhart et al., 1986), Ridge Re-
gression (RR) (Hoerl & Kennard, 1970), and k-Near-
est Neighbours Regression (kNN) (Altman, 1992). The
choice of these methods is due to their ability to effec-
tively work with multiple input/output (MIMO) models
and address approximation tasks. Subsequently, the pa-
rameters of each model were optimised to enhance its
performance. Based on the optimised parameters, final
models were formed for further use in the enrichment
process. This approach ensures the creation of an ex-
tended dataset with complete data for further analysis
and modelling of the enrichment process.

Results and Discussion

Development of the functional diagram. To better under-
stand the relationships between the model parameters
and their roles in the iron ore beneficiation process, a

Journal of Kryvyi Rih National University, Vol. 22, No. 2, 2024

functional diagram has been developed (Fig. 3). This di-
agram is based on the technological scheme of iron ore
beneficiation with solid density control in the hydro-
cyclone (Fig. 1) and the iron ore beneficiation system
based on Model 140 USIM PAC (Fig. 2). It visualises the
main input and output variables, as well as their impact
on various stages of the beneficiation process, integrat-
ing information from the previous diagrams into a more
detailed functional model.

1. concentrate_fe_percent

2. tailings_fe_percent
feed_fe_percent

. 3. concentrate_mass_flow
solid_feed_percent - -

—» Mill| Hydrocyclone

Separator|——»
water_add_mass flow MJ

A

Figure 3. Functional diagram
of the relationships between the parameters
of the iron ore enrichment process model
Source: author’s own development after processing the Model
140 USIM PAC

Thefunctionaldiagram (Fig.3) illustratesthe keyvar-
iables of the model and their interrelationships, which
are crucial for understanding the iron ore beneficiation
process. It demonstrates how the percentage of solids
at the inlet of the hydrocyclone and the flow rate of ad-
ditional water affect its operation,which in turn impacts
the efficiency of magnetic separation.J. Svoboda (2004)
notes that these factors are critical for achieving opti-
mal results in the separation process, as they determine
how effectively the useful components are separated.

The iron content in the incoming ore directly influ-
ences the quality of the obtained concentrate and tails,
which is an important aspect for assessing the economic
efficiency of beneficiation. This functional diagram not
only summarises information from previous figures but
also expands it by showing detailed interrelationships
between parameters and their impact on each stage
of the beneficiation process. As a result, it allows for a
better understanding of how changes in one parameter
can affect other aspects of the process. This knowledge
is critically important for optimising the operation of
the iron ore beneficiation system, as emphasised by
TJ. Napier-Munn et al. (2014). Thus, the functional dia-
gram serves as an important tool for analysing and im-
proving technological processes in the mining industry.

The interrelationship between parameters is key to
understanding the dynamics of the iron ore beneficia-
tion system. The parameter feed_fe_percent reflects the
percentage of iron content in the ore being fed into
the system. When this value is constant, the system re-
mains stable, but output parameters, such as concen-
trate quality and product yield, which constitute the
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objective function, do not reach their optimal values. To
optimise the process, it is necessary to adjust the pa-
rameter solid_feed_percent, which represents the per-
centage of solid material in the pulp. This parameter is
regulated through water_add_mass_flow, i.e., the mass
flow rate of water added to the system. Increasing or de-
creasing the water supply alters the pulp density, which
directly affects the efficiency of the beneficiation pro-
cess. Thus, the correct adjustment of solid_feed_percent
allows the system to achieve an optimal state, max-
imising concentrate quality while maintaining a high
product yield. In the modelling process, solid_feed_per-
cent and feed_fe_percent are set within defined con-
straints, while other parameters are calculated based
on the mathematical model of the process.

The choice of these parameters is driven by the
primary objective of the work — generating a dataset
that describes the nonlinear process of iron ore bene-
ficiation for further use in creating a predictive control
system (Hodouin, 2009). The selected set of input, out-
put, and influencing parameters provides an adequate
description of the process to achieve this goal. Deter-
mining the optimal size of the expanded dataset is a
key stage in modelling iron ore beneficiation, ensuring
a balance between data representativeness and com-
putational efficiency. This is critically important for the
accuracy of the model, avoiding overfitting, and effec-
tively utilising resources.

As noted by B.A. Wills & J.A. Finch (2015), opti-
mising the dataset size is an important aspect for
achieving high model accuracy and preventing over-
fitting. This optimisation requires consideration of the

specifics of the iron ore beneficiation process, particu-
larly the nonlinear relationships between parameters
and the variability of process conditions. Methods for
determining the optimal size may include learning
curve analysis, cross-validation, and assessing the sta-
tistical significance of sample size increases, as de-
scribed in the work of G.James et al. (2021). The appli-
cation of these methods allows for the determination
of the optimal dataset size that provides sufficient data
representativeness for accurate modelling of the non-
linear iron ore beneficiation process while maintaining
computational efficiency.

Determining the optimal size is an iterative process
that requires constant balancing between accuracy and
efficiency. Evaluation criteria may include model quality
metrics (e.g., RMSE, R?) and computational costs. A typ-
ical dataset size for modelling beneficiation processes
can range from several thousand to hundreds of thou-
sands of samples, depending on the complexity of the
process and accuracy requirements (Napier-Munn et
al., 2014). It is also important to consider specific chal-
lenges associated with iron ore beneficiation data, such
as the uneven distribution of ore quality classes and
the potential presence of outliers, which may affect the
representativeness of the sample.

Analysis of the results of the initial modelling and
characterisation of the generated dataset. As a result of
the preliminary modelling using the commercial soft-
ware USIM PAC (Brochot et al., 1995), 915 data records
were generated. The analysis of the statistical parame-
ters of the primary dataset demonstrates the following
features (Table 2).

Table 2. Statistical characteristics of the initial dataset

solid_feed_  water_add_ feed_fe_ concentrate_  tailings_fe_  concentrate_ tailings_
percent mass_flow percent fe_percent percent mass_flow mass_flow
Key indicators of central tendency
Mean 29.76 272.82 36.65 54.29 12.65 57.62 42.37
Med 29.53 267.84 36.63 54.31 12.65 57.60 4242
Dispersion indicators
Std dev 2.97 62.26 0.79 0.70 0.03 1.21 1.18
Min 25.01 180.44 35.30 52.67 12.60 54.88 39.87
Max 34.99 393.80 38.02 55.86 12.70 60.18 4497
v 0.1000 0.2282 0.0216 0.0128 0.0020 0.0210 0.0279
Distribution shape indicators
Kurtosis -1.24 -1.13 -1.24 -0.70 -1.18 -0.82 -0.86
Skewness 0.09 0.28 0.06 -0.01 0.05 0.01 -0.02
Normality tests
Shapiro-Wilk 2.21E-17 2.72E-18 6.20E-17 2.12E-06 4.25E-15 3.49E-08 6.04E-09

Notes: the most significant indicators were taken for the fields

Source: author’s own calculations when processing the data

The solid phase content in the hydrocyclone lig-
uid (solid_feed_percent) is characterised by a mean
value of 29.76% and a median of 29.53%, indicating
a typical level of solid phase content and a relatively
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symmetrical distribution of the data. The standard devi-
ation of 2.97 and the coefficient of variation of 0.1000
indicate moderate variability of the parameter. The
range of values from 25.01 to 34.99% demonstrates
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significant amplitude of fluctuations. The skewness co-
efficient of 0.09 indicates slight right-side skewness,
while the kurtosis coefficient of -1.24 suggests a flatter
distribution compared to normal. These characteristics
indicate a stable, yet not static, process of solid phase
feeding, with certain distribution peculiarities that
should be considered in further analysis and modelling.

The water flow rate (water_add_mass_flow) has a
mean value of 272.82 and a median of 267.84, indicat-
ing slight right-side skewness of the distribution. The
high standard deviation of 62.26 and the coefficient
of variation of 0.2282 indicate significant variability of
this parameter. The wide range from 180.44 to 393.80
demonstrates substantial fluctuations in water flow,
which may be related to different operating modes of
the hydrocyclone or changes in the input raw material.

Iron content indicators (feed_fe_percent, concen-
trate_fe_percent, tailings_fe_percent) demonstrate high
stability. Low coefficients of variation (0.0216, 0.0128,
0.0020 respectively) and narrow ranges of values indi-
cate the stability of the enrichment process and the ef-
fectiveness of separating iron-containing components.
The closeness of the mean values and medians for these
indicators suggests the symmetry of their distributions,
which is a sign of a stable technological process.

The mass flows of concentrate and tailings (con-
centrate_mass_flow, tailings_mass_flow) are character-
ised by low coefficients of variation (0.0210 and 0.0279
respectively), indicating the stability of the separation
process. The proximity of the mean values and medi-
ans, as well as relatively narrow ranges of values, con-
firm the stability of mass flows, which is an important

indicator of the hydrocyclone’s operational efficiency.
The analysis of the distribution shape shows that all
variables have negative kurtosis coefficients (ranging
from -0.70 to -1.24), indicating a platykurtic distribu-
tion. This means that the distributions have a flatter
shape compared to a normal distribution, which may
indicate greater uniformity of values in the central part
of the distribution. The skewness coefficients are close
to zero (ranging from -0.02 to 0.28), indicating relative-
ly symmetrical distributions for all parameters.

The results of the Shapiro-Wilk normality tests
(Shapiro & Wilk, 1965) show very low P-values for all
variables. This indicates a statistically significant devi-
ation from normal distribution for all studied parame-
ters. Such results may be a consequence of the specifics
of the technological process or the presence of certain
constraints or controls over the parameters.

Overall, the analysis of statistical characteristics
demonstrates a stable distribution of most studied
indicators with moderate variability. Such results cor-
respond to typical observations for technological pro-
cesses, as noted by D.C. Montgomery (2021) in his work
on statistical methods analysis in industry. Deviations
from normal distribution and platykurticity are im-
portant features that need to be considered in further
analysis and modelling of the data. These characteris-
tics may influence the choice of statistical analysis and
modelling methods, as well as the interpretation of the
results of iron ore enrichment process studies. A visual
analysis of the statistical parameters of the primary da-
taset, presented through histograms and distribution
density curves, is shown in Figure 4.

ater_add_mass_flow

|
Density

feed fe percent d concentrate_fe_percent

tail h;wgsje’pe:zc:nt - e
e f

concentrate_mass_flow

tailings_mass_flow

9

Figure 4. Histograms and density distribution curves of the main parameters of the primary dataset
Notes: a - solid phase content in the hydrocyclone liquid; b — water flow rate; ¢ - iron content in the feed ore; d - iron content
in the concentrate; e - iron content in the tailings; f — mass flow rate of the concentrate; g - mass flow rate of the tailings Bar
chart - histogram, line graph - density curve of the corresponding parameter
Source: author’s own development based on conducted calculations

Modelling the distribution of iron content in the in-
coming ore. In the process of modelling the distribution
of iron content in the incoming ore, an initial assump-
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tion was made regarding the normal distribution of the
data. This assumption was based on theoretical consid-
erations and widely accepted practises in the field of
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ore enrichment. However, as previously demonstrated
(Table 2; Fig. 4), the analysis of the primary model data
revealed significant deviations from the expected nor-
mal distribution.The primary cause of this deviation was
identified as the manual entry of data for the relevant
variable, which led to an uneven distribution. Conse-
quently, the task arose to adjust the distribution of this
field to normal, which is critically important for the ac-
curacy of further modelling of the enrichment process.

To address this issue, a number of distribution
correction methods were proposed and analysed.
Among them were: logarithmic transformation, ex-
ponential transformation, the Box-Cox method (Box
& Cox, 1964), the moving average (MA) method, Ker-
nel Density Estimation (Rosenblatt, 1956), and Prin-
cipal Component Analysis (PCA) (Pearson, 1901). The
results of applying these methods are presented in
Figure 5.
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Figure 5. Results of transformation using different methods
Notes: a - Log; b - Exp; ¢ - Box-Cox; d - MA; e - KDE; f - PCA. Distribution of diagrams in the group from left to right, top to
bottom: 1. Histograms of the original (orange) and modified (blue) distributions; 2. Q-Q plot after modification; 3. Density curves

of the original (orange) and modified (blue) distributions

Source: author’s own development based on conducted calculations

Based on a comparative analysis of quality met-
rics (Table 3), the moving average method with au-
tomatic parameter optimisation was selected. This
method provided the best balance between achiev-
ing normality of the distribution and preserving key
characteristics of the original data. Specifically, the MA

method showed optimal results across four of the five
key criteria: multiplier, skewness, kurtosis, and preser-
vation of the original data. Although the method did
not achieve optimal results for P-value, automatic op-
timisation helped minimise undesirable effects of the
transformation.

Table 3. Comparison of data transformation methods

Method Multiplier P-value Skewness Kurtosis Original data percentage
Optimal <10 0.05 0.5 0.5 210%

Log 3 0.0950 0.0309 0.1721 25.03%

Exp 1 0.2364 -0.0065 0.2006 50%
Box-Cox 8 0.8050 -0.0009 -0.1157 11.11%

MA 2 0.1725 0.0265 0.1731 33.38%

Notes: the first line is the optimal indicators that needed to be achieved during the automatic search for parameters

Source: author’s own calculations when processing the data
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The application of the chosen method allowed for
the creation of a new dataset, which includes 730 com-
plete and 2,026 partially filled records, demonstrating
an approximate Gaussian distribution of iron content
(the filled data column feed_fe percent with 2,756
values). This created a reliable foundation for further
analysis and modelling of the enrichment process. It
is important to note that correcting the distribution of
iron content in the incoming ore is critical for the accu-
racy of the entire enrichment model. This enables more
accurate forecasting of process outcomes and optimi-
sation of control parameters, ultimately enhancing the
efficiency of the entire iron ore enrichment process.

Generation of solid feed percentage values at the hy-
drocyclone inlet. The solid feed percentage at the hy-
drocyclone inlet (solid_feed_percent) is a key control
parameter in automated iron ore beneficiation sys-
tems. B.A. Wills & J.A. Finch (2015) emphasise that this

parameter significantly affects the efficiency of the ben-
eficiation process and the optimisation of target indica-
tors, such as concentrate quality and product yield. A
statistical analysis of the primary dataset revealed that
the distribution of solid_feed_percent has a flat struc-
ture. This feature creates favourable conditions for ex-
ploring various operating modes of the system (Fig. 4).
Two methods were employed to fill in the missing data:
Kernel Density Estimation (KDE) (Rosenblatt, 1956) and
Random Filling with Quantile Limits (RFQL) (Hastie et
al., 2009). The results of the transformation of the sol-
id_feed_percent distribution using these methods are
presented in Figure 6, which visually demonstrates the
differences between the KDE and RFQL methods: the
KDE method provides a smoother distribution, while
RFQL better preserves the structure of the original data.
This visual comparison is complemented by a detailed
analysis of statistical indicators presented in Table 4.
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Figure 6. Transformation of the solid_feed_percent distribution due to gap filling
Notes: a — use of the KDE method; b - use of the RFQL method. Distribution of diagrams in the group from left to right, top
to bottom: 1. Histograms of the original (red) and modified (orange) distributions; 2. Density curves of the original (blue) and
modified (red) distributions; 3. Box plot of the value distribution; 4. QQ plot of the residuals
Source: author’s own development based on conducted calculations

Table 4. Comparison of statistical indicators of missing data imputation methods

Metric RFQL KDE Difference
Mean 29.8897 29.8905 0.0008
Std dev 2.8954 3.0256 0.1303
Med (50%) 29.8870 29.8740 -0.0130
25" percentile 27.3300 27.2000 -0.1300
75™ percentile 32.3650 32.5003 0.1352
Skewness 0.0329 0.0472 0.0143
Kurtosis -1.1982 -1.2442 -0.0460

Source: author’s own calculations in data processing
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The data analysis in Table 4 shows that both meth-
ods demonstrate similar results regarding means, dis-
persion, and skewness. However, the RFQL method
proved to be more stable, with a lower tendency to
create outliers. While KDE offers a broader coverage
of possible values, RFOL better maintains the realis-
tic characteristics of the process, which is critical for
the accuracy of the model, as discussed in the work of
T. Hastie et al. (2009). The choice of the RFQL method
for further work is justified by its ability to preserve the
statistical structure of the original data, which is par-
ticularly important for modelling complex technolog-
ical processes. This method allows for the generation
of data that not only fills in gaps but also retains the
characteristics of the actual beneficiation process, as
noted by A. Gelman & J. Hill (2006). It is important to
note that changes in the solid percentage significantly
impact the efficiency of the beneficiation process, and
optimal control of this parameter can lead to improved
concentrate quality and reduced losses of valuable
components in the tails.

Determining the values of additional water con-
sumption. The parameters of solid feed percentage
(solid_feed_percent) and additional water flow rate
(water_add_mass_flow) were found to be non-linearly
interrelated. Solid_feed_percent serves as an indicator
of the system’s control mode, while water_add_mass_
flow regulates this mode (Wills & Finch, 2015).An anal-
ysis of the initial dataset confirmed the non-linearity of
the relationship between solid_feed_percent and wa-
ter_add_mass_flow, which is most accurately described
by a second-degree polynomial dependence. From 730
complete records containing values for both parame-
ters,a model was developed to predict water consump-
tion for 2,026 records lacking this value. Four machine
learning methods were applied for modelling: Gradi-
ent Boosting (Friedman, 2001), Random Forest (Bre-
iman, 2001), Linear Regression, and Ridge Regression
(Hastie et al., 2009), providing a variety of approaches
to data modelling. The effectiveness of each method
was evaluated using key metrics (Table 5) and visual-
ised in Figure 7.

Table 5. Comparison of the effectiveness of machine learning methods for modelling

Method MSE MAE R?
Gradient Boosting 0.9691 0.7396 0.9997
Random Forest 0.7237 0.6129 0.9998
Linear Regression 1.6805 1.0276 0.9996
Ridge 4.1035 1.5272 0.9989

Source: author’s own calculations in data processing

The analysis of results showed that the Random
Forest method demonstrated the best performance
with the lowest MSE and MAE values, as well as the
highest R (James et al.,2021). This indicates its high ac-
curacy and ability to effectively model complex non-lin-
ear dependencies between the parameters of the en-
richment process. The obtained results have significant
practical implications for optimising the enrichment
process. They allow for more accurate forecasting and
control of the solid percentage at the inlet of the hy-
drocyclone, which is crucial for enhancing the efficien-
cy of the entire iron ore enrichment process. B.A. Wills
& J.A.Finch (2015) emphasise in their work that precise
control of this parameter can significantly impact the
quality of the final product and reduce processing costs.

Definition of dependant parameters. To search for
missing values in the fields of iron content in the con-
centrate, iron content in the tails, mass flow rate of the
concentrate,and mass flow rate of the tails,an approach
is employed that utilises a complete dataset to train
machine learning algorithms that fill in the missing

values. This enhances the integrity of the extended da-
taset, which is critically important for further analysis
and modelling of enrichment processes. Six machine
learning methods were selected for this purpose: eX-
treme Gradient Boosting (Chen & Guestrin, 2016), Sup-
port Vector Machines with Laplace kernel (Cortes & Va-
pnik, 1995), Random Forest (Breiman, 2001), Multilayer
Perceptron (Goodfellow et al., 2016), Ridge Regression
(Hoerl & Kennard, 1970), and k-Nearest Neighbours
Regression (Altman, 1992). These methods are distin-
guished by their ability to effectively solve approxima-
tion tasks using MIMO models. Each of these methods
was optimised to ensure maximum efficiency, allow-
ing for the creation of models for accurate modelling
of technological enrichment processes. The analysis
results presented in Table 6 show that the Multilayer
Perceptron demonstrates the best performance. This
model has the lowest error values and the highest coef-
ficient of determination R?, indicating its high accuracy
and effectiveness in generalising data, as detailed by I.
Goodfellow et al. (2016) in their work on deep learning.
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Table 6. Comparison of metrics for mathematical learning systems

Method MSE RMSE MAE R?
XGB 0.0021 0.0460 0.0288 0.9977
SVR 0.0015 0.0383 0.0188 0.9989

RF 0.0032 0.0564 0.0336 0.9973
MLP 0.0013 0.0361 0.0208 0.9990
RR 0.0016 0.0396 0.0247 0.9986
kNN 0.0030 0.0540 0.0329 0.9972

Source: author’s own development based on the calculations performed
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Additionally, the SVR method with Laplace kernel
also showed competitive results. With a high R? value
and low error values, SVR is a reliable alternative for
modelling, especially when neural networks are over-
ly complex or resource-intensive. This method offers
a balanced solution between model complexity and
accuracy, making it very useful for real production
conditions. Figure 8 illustrates the residuals when
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using machine learning methods. MLP demonstrates
the most consistent results without significant devia-
tions, while SVR also proved to be stable, confirming
its reliability. MLP is the optimal choice for high-pre-
cision solutions to complex enrichment technological
tasks, while SVR with Laplace kernel can be a practical
option for situations where a combination of efficien-
cy and simplicity is required.
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Figure 8. Visualisation of residuals when using different learning methods

Notes: a - XGBoost; b - Support Vector Regression; c - Random Forest; d - Perceptron Neural Network; e - Ridge Regression; f -
k-Nearest Neighbors Regression. Fields in the group from left to right, top to bottom: concentrate_fe_percent, tailing_fe_percent,
concentrate_mass_flow, tailing_mass_flow
Source: author’s own development based on the calculations performed

Analysis of extended data. As a result of working
with the data, an extended dataset was obtained with
several modified distributions. The total number of re-
cords in the new dataset amounted to 2,756 records,
which was determined by the initial requirements for

automatic parameter selection when working with the
feed_fe_percent field. Further expansion of the data
array can be conducted through an iterative cycle ac-
cording to the developed methodology. The statistical
indicators of the new dataset are presented in Table 7.
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Table 7. Statistical characteristics of the resulting dataset

solid_feed_  water_add_ feed_fe_ concentrate_  tailings_fe_  concentrate_ tailings_
percent mass_flow percent fe_percent percent mass_flow mass_flow
Key indicators of central tendency
Mean 29.86 270.02 36.65 54.28 12.65 57.65 42.34
Med 29.82 261.65 36.66 54.28 12.65 57.7 42.32
Dispersion indicators
Std dev 2.86 59.66 0.54 0.55 0.02 0.91 0.87
Min 25.01 180.58 35.3 52.66 12.6 54.88 39.98
Max 34.96 393.8 38.02 55.86 12.7 60.09 44.96
cv 0.0956 0.221 0.0148 0.0101 0.0014 0.0157 0.0206
Distribution shape indicators
Kurtosis -1.18 -1.03 0.01 -0.27 -0.04 -0.16 -0.1
Skewness 0.04 0.35 0.04 0.05 0.06 -0.14 0.11
Normality tests
Shapiro-Wilk 7.51E-28 1.82E-30 5.55E-10 7.06E-03 4.82E-07 1.64E-04 1.06E-03

Source: author’s own development based on the calculations performed

The main indicators of central tendency, such as
the mean and median, remained virtually unchanged
for most indicators, indicating the preservation of the
overall data structure. However, slight changes were
observed in the indicators of water_add_mass_flow and
concentrate_mass_flow, which may be related to the
modification of the distribution of these fields. The anal-
ysis of dispersion indicators revealed that the standard
deviation decreased for most indicators, indicating a re-
duction in data spread. The coefficients of variation also
decreased, suggesting an increase in data homogeneity.

The study of distribution shape indicators demon-
strated that the coefficients of excess and skewness un-
derwent slight changes, indicating the preservation of
the overall shape of the distribution. However, for some
indicators, such as feed_fe_percent, concentrate_fe_per-
cent, and tailings_fe_percent, a decrease in excess was

observed, which may indicate a convergence towards a
normal distribution. The results of normality tests, par-
ticularly the Shapiro-Wilk test, indicate that the distri-
bution of most indicators remains non-normal. However,
for some indicators (concentrate_fe_percent, tailings_
fe_percent), a slight approach to normality is observed.
In general, it can be concluded that the modifica-
tion of the distribution of certain fields led to minor
changes in the statistical characteristics of the dataset.
The main indicators of central tendency remained vir-
tually unchanged, while the dispersion and shape indi-
cators experienced slight improvements. This suggests
that the overall data structure has been preserved, but
their homogeneity and approach to normal distribution
have somewhat increased. The visual distribution of the
resulting dataset, presented through histograms and
density distribution curves, is shown in Figure 9.
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Figure 9. Histograms and density curves of the data distribution of the main parameters of the primary dataset
Notes: a - solid phase content in the hydrocyclone liquid; b — water flow rate; ¢ - iron content in the feed ore; d - iron content
in the concentrate; e - iron content in the tailings; f - mass flow rate of the concentrate; g - mass flow rate of the tailings. Bar
chart - histogram, line graph - density curve of the corresponding parameter
Source: author’s own development based on the calculations performed
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As a result of the conducted analysis, an extended
dataset was formed while preserving the overall struc-
ture of the original data. The modification of the dis-
tributions of certain parameters led to minor changes
in the indicators of central tendency and an improve-
ment in the homogeneity of the data. The presented
statistical characteristics and visualisations confirm
the increased proximity of the distributions to normal-
ity. The developed methodology for creating extended
datasets for modelling magnetic separation of iron ore
demonstrates significant potential for enhancing en-
richment processes in the mining industry. The hybrid
method used in the study has the potential to integrate
aspects such as modularity, which, as defined by S. Sha-
lev-Shwartz & S. Ben-David (2014), allows for the up-
dating of components without the need to rebuild the
system, ensuring adaptation to new requirements.

The use of the USIM PAC simulator for generating
the primary dataset aligns with the approach described
in the work of TJ. Napier-Munn et al. (2014), who em-
phasise the importance of applying specialised simula-
tors for modelling enrichment processes. However, un-
like their study, this work identified deviations from the
expected Gaussian distribution, highlighting the neces-
sity of validating theoretical models against real data,
as noted by B.A. Wills & J.A. Finch (2015). The appli-
cation of the moving average method with automatic
parameter optimisation for data distribution correction
is an innovative approach that has not been widely cov-
ered in previous research. This method demonstrated
better results compared to traditional data transfor-
mation methods, such as logarithmic and exponential
transformations, as described in the work of T. Hast-
ie et al. (2009), which discusses various data processing
techniques to improve their quality.

The use of the Random Forest with Quantile Limits
method for filling in data gaps shows similarities to the
approach proposed by L. Breiman (2001), but with addi-
tional constraints to ensure the physical validity of the
data. This enhancement allows for better preservation
of the characteristics of the actual enrichment process,
which is a critical aspect emphasised by A. Gelman &
J.Hill (2006).A comparison of different machine learning
methods for modelling the relationships between pa-
rameters of the enrichment process revealed the supe-
riority of the multilayer perceptron over other methods.
This aligns with the findings of A. Karpatne et al. (2017),
whose authors also noted the effectiveness of neural
networks for modelling complex nonlinear processes
in the mining industry. However, unlike their work, this
study also found high effectiveness in the SVR method
with a Laplace kernel,which may serve as a useful alter-
native in conditions of limited computational resources.

The developed methodology for creating extend-
ed datasets corresponds to the current trends of In-
dustry 4.0, as mentioned in the research by H. Lasi et
al. (2014). 1t provides modularity in the approach,

allowing for the integration of new methods and data
sources (Khaleghi et al., 2013). It is important to note
that this research focuses on the specifics of Ukraini-
an iron ore deposits, particularly the Kryvyi Rih basin,
which distinguishes it from many international studies.
This allows for consideration of local geological con-
ditions and technological features, which are critical
for the practical application of the results. Overall, the
obtained results lay the foundation for further devel-
opment of automated control systems for enrichment
processes, aligning with the research directions out-
lined by P. Kadlec et al. (2009) and I.E. Grossmann &
G. Guillén-Gosalbez (2010), who detail the importance
of automation in managing technological processes
and its impact on production efficiency. In particular, a
promising direction is the integration of the developed
methodology with decision-making systems and ener-
gy consumption optimisation.

Compared to existing studies, the developed meth-
odology offers a comprehensive approach that com-
bines physical modelling, statistical methods, and
machine learning. This allows for overcoming the limi-
tations associated with the lack of real production data
while maintaining the physical validity of the model.
Such an approach opens new opportunities for optimis-
ing iron ore enrichment processes and enhancing pro-
duction efficiency in the context of Ukrainian mining
and enrichment plants.

Conclusions

As a result of the research, a comprehensive method-
ology for creating extended datasets for modelling the
magnetic separation process of iron ore has been de-
veloped, taking into account the specifics of Ukrainian
deposits and the limitations of available information.
Key achievements include: the creation and validation
of an extended dataset based on the technological
simulation USIM PAC; the development of a method for
correcting data distribution with automatic parameter
optimisation; and a comparative analysis of machine
learning methods, where the multilayer perceptron
demonstrated the highest prediction accuracy. The sci-
entific novelty of the research lies in the development
of an innovative methodology that combines techno-
logical simulation, statistical data correction methods,
and modern machine learning algorithms for modelling
the processes of magnetic separation of iron ore. This
approach allows overcoming the limitations associated
with the lack of real production data while maintaining
the physical validity of the models.

The work provides opportunities to enhance pro-
duction efficiency and product quality at Ukrainian
mining and beneficiation plants. The developed meth-
odology creates conditions for more precise tuning of
technological processes, which is particularly impor-
tant in the early stages of design and in conditions
of limited access to technological data. Furthermore,
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this methodology represents a significant step to-
wards improving the efficiency and competitiveness of
Ukrainian MPPs. This innovative approach opens new
possibilities for optimising production and enhancing
product quality in the field of iron ore beneficiation,
contributing to the overall progress of the industry and
strengthening Ukraine’s position in the global iron ore
raw materials market.

Nevertheless,an important direction for further re-
search is the integration of the developed models into
comprehensive automated control systems for techno-
logical processes, which will promote an increase in
the level of automation and optimisation of manage-
ment in enterprises. The application of deep learning

while the development of adaptive control algorithms
and optimisation of energy consumption will contrib-
ute to cost reduction and enhanced environmental
safety in production.
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KomMnAeKCHa MeTOAOAOrifi CTBOPEHHA PO3LUMPEHUX AaTaCeTiB
AASl MOAGAIOBAHHA NpoLecy MarHiTHOI cenapauii 3aAi3HOI pyAu

OnekcaHAp BonoBeubKUH

AcnipaHt

KpuBOpi3bKni HaLiOHaNbHUI yHiBEpCUTET

50027, Byn. Bitania Matycesuua, 11, M. Kpusui Pir, YkpaiHa
https://orcid.org/0009-0003-1703-387X

AHoTauif. [locnigkeHHs MpOMOHYE iHHOBAUIMHMIA Nigxis 0O CTBOPEHHS! PO3LWMPEHUX HABOPIB AaHWX ANs
MOJENOBAHHA MArHiTHOI cenapawii 3ani3HOi pyau, WO € BaXAUBMM AN4 NiABULLEHHS ePeKTUBHOCTI Ta aBTOMaTU3auii
npoueciB 36arayeHHs B ripHM4oa00yBHIM NPOMUCIOBOCTI. MeTa LOCNioKEHHS nongrana B po3pobui metomonorii
CTBOPEHHSN PO3LWMPEHNX HAOOPIB AaHWX AN MOAENOBAHHS MarHiTHOI cenmapauii 3ani3Hoi pyau, ska BpaxoBYeE
cneumdiky yKpaiHCbKMX POAOBULL TA LO3BOJISIE FTEHEPYBATH Pernpe3eHTaTUBHI faHi B yMOBaX 0OMEXeHOCTi peanibHuX
BMPOOHWUYMX [AAHMX LUASXOM iHTerpauii @i3M4yHOro MoAentoBaHHA 3 METOAAaMM MALIMHHONO HaBYaHHA. MeTtoam
[OCNIAKEHHS: MOAENOBAHHSA 3 BUKOPUCTAHHSIM MaTeMaTUUYHOIO HaBYaHHS, CUMYAALLIS HA OCHOBI di3MYHMX NPOLLECiB,
CTaTUCTUYHUI aHanis. Y pocnifxeHHi po3rnsHyTo BUKOpUCTaHHa cumynsatopa USIM PAC ons MopentoBaHHs cuctemMu
30arayeHHs 3ani3HOI pyaM Ta aganTaLilo 4aHUX AN MAarHiTHOrO 36aravyeHHs, Wo 3ab6e3neyvye TOUHICTb MOLENHOBAHHS
TEXHOJOMYHMX NpoLEeCiB 36arayeHHs. 3aCTOCYyBaHHAM CUMYNATOPY OTPUMAHO Habip AaHMX Qi3MYHOIO MOAENOBAHHS
YacTMHKM npouecy 36arayeHHs Ha OCHOBI JaHux BansBkiHcbkoro poposuuwa. [1poaHanizoBaHO nepBUHHE
MOJeNtoBaHHS Habopy faHMX, BKIOYAOUM CTAaTUCTUYHI XapaKTepUCTUKK, POPMY PO3NOAiINY Ta TECTU HA HOPMAJbHICTb
LN BUSIBNIEHHS MONiB, WO noTpebytoTb kopekwii. Ha oCHOBI pe3ynbTaTiB aHanisy BU3HAYEHO KOHKPETHI BUMOTM A0
po3noginy AaHUX y HOBOMY JaTaceTi, aKuii Mae ByTn chopMOBaHMIA 419 NOAANBLLIOINO BUKOPUCTaHHS. BignosigHo
[0 UMX BUMOT peani3oBaHO AeKifibka MaTeMaTUYHWX MOAenen, Lo BiATBOPIOKTb 33a4aHi KpuTepii Ta napameTpu.
[1n9 KOXHOro nons AaHux peTefbHO MifibpaHo HarKpally MoAenb Ta BUKOHAHO KOpeKLito aataceTy 3a ii gaHuMmu,
Wwo6 MakcMManbHO HAbAM3UTK po3nofin Ao 6axaHoro. s oTpMMaHMX CKOPUIOBAHUX AAHMX MpoBeaeHa BcebiyHa
BaNifaLia pe3ynbTaTiB 3 aKLUEHTOM Ha 36epexeHHi (i3MYHOi AOCTOBIPHOCTI AaHUX Ta iX BigMOBiIAHOCTI peasbHUM
npouecaM 36arayeHHs. [poBefeHo AeTanbHUI aHaNi3 BIAKOPUTOBAHUX AaHUX, d TAKOXK CTATUCTUYHI XapakTepUCTUKM
pe3ynbTyo4oro fataceTy, B pe3y/bTaTi Yoro niaTBepaKeHa ePeKTUBHICTb po3po6ieHOi KOMMIEKCHOI MeTofoMorii
MOJEeN0BaHHS Ta aganTaLii LaHWX 419 MArHiTHOro 36arayeHHs 3anisHoi pyau. MeTofonoria Mae NpakTUYHY LiHHICTb
3aBASKM IHHOBALiMHOMY MiAxo4y A0 CTBOPEHHS PO3LIMPEHUX HAaboPiB AaHUX AN MOAENIOBAHHS MarHiTHOI cenapauii
3ani3HOI pyaum, Wo niasuLLye eeKTUBHICTb | aBTOMATM3aLito NpoLeciB 36arayeHHs, BpaxoByoum cneundiky poaoBuLy,
Ta reHepyrUn penpe3eHTaTUBHI faHi B YMOBAX 0OMEXEHOCTi peaibHUX AaHMX

KalouoBi caoBa: HeniHiliHe MoaentoBaHHs 36arayeHHs; KepyBaHHS Cenapali€to; MalMHHE HAaBYaHHS B 36arayeHHi;
aBTOMaTM3auis 36aravyyBanbHMX MPOLECIB; CUMYNSALLIS TEXHOMOMYHMX NapaMeTpiB
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of solid waste recycling for further use as solid fuel materials

Yevheniia Savchuk’

Senior Lecturer

Odesa National Maritime University
65029, 34 Mechnikov Str., Odesa, Ukraine
https://orcid.org/0000-0002-4108-666X

Abstract. The relevance of the stated topic of this research is the global increase in environmental problems,
including resource depletion and pollution, which has led to an urgent need to develop solutions for sustainable
waste management. This study is concerned with municipal solid waste processing, with a particular focus on
the conversion of waste into solid fuel materials. A comparative analysis of the literature for the period up to
2024 was carried out to identify the most efficient waste-to-energy technologies. The findings highlight two key
societal issues: environmental degradation due to inadequate waste management practices and resource scarcity
caused by urbanisation and industrialisation. Among the notable results is the identification of waste incineration
and pyrolysis as promising technologies for energy recovery, landfill reduction and environmental mitigation.
In particular, it was shown that pyrolysis produces more energy and emissions than traditional incineration. In
addition, the analysis showed the potential of waste-to-energy and microbial fuel cells as innovative approaches
to sustainable energy production from waste. These technologies can provide additional sources of energy for
domestic and industrial needs, while reducing the environmental impact of waste disposal. The practical value of
this research lies in its potential to develop advanced technologies for processing municipal solid waste for energy,
which can improve resource efficiency and energy sustainability

Keywords: energetic resources; waste sorting; global warming; industrial processing

Introduction

Any waste is an inevitable product, the amount of
which is rapidly increasing due to population growth.
This in turn pushes for an increase in demand for waste
disposal. There are various kinds of waste in the world,
for example, non-hazardous waste that occurs in every-
day life - plastic, paper, food, etc., which are generally
called municipal solid waste (MSW). The MSW content
usually consists of a diverse mixture of materials, but,
however, the main share is organic content. Until 2024,
the most widely used methods of solid waste recycling
were landfill disposal and incineration, which seem to
have reached maximum occupancy. Such waste disposal

options have a detrimental effect on the environment,
i.e.,to environmental and social problems, for example,
to soil and sea pollution, and this leads to a deteriora-
tion in water quality, the spread of pests and various
diseases and viruses, the emergence and spread of un-
pleasant odours, etc. The reason for this is the release of
substances that include polychlorinated dibenzo-p-di-
oxins and dibenzofurans, including methane. S. Khan
et al. (2022) noted that all these pests belong to per-
sistent organic pollutants (POPs) - toxins that have a
harmful effect on human health and the environment,
and can also be sources of greenhouse gases. It should
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also be borne in mind that when burning household
waste, incomplete combustion of hydrocarbon fuel
occurs, in which soot particles are released. In turn,
they negatively affect the environment, because they
are carriers of toxic substances. J. He et al. (2022) con-
ducted a study of the morphology of soot particles that
are formed during the combustion of solid household
waste, namely paper, kitchen waste, plastic and textiles.
The results of the study showed a significant influence
of the composition of waste on the physical properties
of soot particles. This kind of work can provide valua-
ble information for modelling carbon black nanostruc-
tures and heat transfer in the furnace. In particular, the
study did not present a comprehensive account of the
long-term stability and degradation behaviour of car-
bon black nanostructures under varying thermal con-
ditions. Moreover, the interaction mechanisms between
soot particles and diverse furnace materials, which may
markedly influence heat transfer efficiency, remain in-
sufficiently explored.

There are other traditional methods of municipal
solid waste disposal - these include recycling, reuse,
incineration without energy generation, gas produc-
tion as a result of pyrolysis and industrial incineration
with the use of released energy. However, the heter-
ogeneity of the composition of waste to some extent
may limit the use of traditional approaches. K. Lin et
al. (2022) noted that incineration, pyrolysis, gasifi-
cation, anaerobic digestion and landfill disposal are
fraught with a potential risk of explosion during op-
eration. The household also has a significant impact,
since it is one of the largest sources of solid waste in
the world. In the course of the H. Alhassan et al. (2020)
study, the factors determining the characteristics of
households for waste separation and disposal op-
tions were studied. It was identified that the most and
least separable solid waste are bags and food waste,
respectively. In addition, the most significant factor
motivating and hindering the activity of households
to separate sources is the financial incentive. H. Al-
hassan et al. (2020) also found that the government
should develop and implement a waste minimisation
policy and it is necessary to provide and make waste
separation facilities accessible and convenient, since
this can contribute to waste separation behaviour.

The introduction of innovative waste-to-energy
conversion technologies can help in the management
of solid waste while maintaining a relatively stable
level of energy scarcity. The study by S.K. Awasthi et
al. (2022) proved that the number of patents in the
field of solid waste processing continues to grow rap-
idly, which stimulates the use of methods to combat
solid waste pollution. Energy extraction as a result of
waste disposal is the most preferable and profitable,
because this will reduce the amount of waste, and re-
duce the production of thermal energy. Much attention
of S.K. Awasthi et al. (2022) has been devoted to the
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issue of a more profitable technology for processing
solid waste with the conversion of solid fuel materials,
which solves most of the problems associated with the
environment. In this regard, the purpose of this work
is to analyse the latest and current research with an
overview of effective methods of processing municipal
solid waste for further use as solid fuel materials.

M. EL Alouani et al. (2024) investigated the po-
tential of utilizing bulk solid waste in the creation
of flame retardant materials. This approach offers an
alternative avenue for the utilization of solid waste
beyond its conventional use in fuel production. Such
materials can be integrated into industrial processes,
thereby reducing the necessity for the utilization of
primary resources while simultaneously enhancing
the sustainability of the process. Similarly, A. Machin et
al.(2024) demonstrated the potential of solid waste in
improving the hydromechanical behaviours of soils,
thereby contributing to more stable construction
practices and offering another avenue for waste uti-
lisation in infrastructure development. Furthermore,
Y. Xiong et al. (2024) investigated the recycling of haz-
ardous lithium-ion batteries, demonstrating the po-
tential to transform these materials into catalytic sub-
stances with high added value. This work emphasises
the necessity for recycling technologies that address
both environmental concerns and resource recovery,
particularly in the context of hazardous materials.

The objective of this research was to investigate
innovative approaches to municipal solid waste man-
agement, with a particular focus on the conversion of
waste into solid fuel materials. This approach has the
potential to address both environmental and energy
concerns.

Materials and Methods

The basis of the methodological approach in this scien-
tific study is a combination of the method of compara-
tive analysis of the results of available literary sources
in the field of assessing current achievements in the
field to processing municipal solid waste, with an an-
alytical study of the best options for their disposal. In
addition, when conducting this scientific study, the con-
ditional division of municipal solid waste into four key
categories was taken into account, with the addition of
two auxiliary categories - production waste, which is
formed exclusively as a by-product during the produc-
tion of the main product, as well as consumer waste,
which is unusable for use in everyday life.

The work also considers solid fuel materials ob-
tained by processing solid waste were studied. One
of these most common materials is considered to be
Resource Description Framework (RDF). In turn, RDF is
classified in accordance with the standards established
to accelerate the sale of this fuel for energy use and in-
crease its calorific value (Chavando et al.,2022). Among
the key standards that were considered in this study are:
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V¥ ASTM International Standard No. E856-83(2004)
(1998): RDF is officially defined by the American Socie-
ty for Testing and Materials (ASTM) through the ASTM
E-38-01 Committee on Resource, Energy Recovery. This
standard is used and applied mainly in the incineration
industry;

v UNI 9903-1:2004 (2004) is a European standard
used mainly in Italy for the incineration and cement
industries. This standard also establishes the physical
and chemical characteristics of solid fuel obtained from
waste (conventionally called RDF),including general re-
quirementsforits storage,processingandtransportation.

The practical application of the method of com-
parative analysis of the results of the study of modern
achievementsinthe field of solid waste processing made
it possible to assess the real need to develop measures
to introduce rules and prepare laws on solid waste pro-
cessing. This subsequently makes it possible to create
an integral structure for ensuring the proper level of
environmental cleanliness, which has been introduced
to 2024 in a number of large cities around the world, as
well as to create the proper conditions for the separa-
tion and processing of solid household and other waste.

An analytical study of the best available options for
the processing and disposal of municipal solid waste
made it possible to give a comprehensive assessment
of the traditional methods, such as incineration, burial,
composting and anaerobic digestion,as well as non-tra-
ditional ones,among which pyrolysis, gasification, plas-
ma gasification, hydrothermal carbonization should be
noted and torrefaction. This made it possible to evalu-
ate the effectiveness of the currently used technologies
for the processing of municipal solid waste and to make
a choice of the most preferable of them in various time
perspectives.

Results and Discussion

Solid household waste is mainly classified into 4 cate-
gories - residual, recyclable, food, and hazardous. How-
ever, waste can be divided into two large groups: the
first includes production waste, which is formed as a
by-product during the development of the final prod-
uct, and the second - consumer waste, products that
are not suitable for use in everyday life and agriculture.
Waste also belongs to the hazard classes: extremely
dangerous; highly dangerous; moderately dangerous;
low-risk; practically harmless. To understand the cor-
rectness of the ratio of waste products, a detailed clas-
sification is listed below, considering the most common
with examples and MSW compositions:

'V organic products - food and plant residues (left-
overs and scraps from fruits, scraps, bones, leaves, ma-
nure, grass, etc.);

V¥ plastic - plastic materials (wrapping films, plastic
bags and bottles, polyethylene, hoses, packaging ma-
terials from hygiene products, including cosmetic and
decorative, disposable tableware);

Vv glass - glass materials and products (bottles,
dishes, light bulbs, mirrors, ceramic and porcelain ma-
terials, and products where organic impurities such as
sand and clay are present);

Vv cardboard napkins, office paper, all paper prod-
ucts, newspapers, boxed products.

It is also necessary to attach importance to the in-
fluence of the time of year, the financial situation of
the country on the quantity, composition and nature
of solid waste. A proper understanding of the compo-
sition, classification and quantity of waste contributes
to proper management practices and gives an approxi-
mate idea and understanding of how much energy can
be extracted from solid household waste.

Solid particles contained in food, beverages and
air carry heavy metal pollutants into the human body.
These pollutants can enter the body in three ways: by
swallowing the product, inhaling the smell or by skin
contact. The amount of a contaminant inside the body
can be toxic to humans, and the consequences may not
appear immediately, but with the accumulation of such
substances. It is also worth paying attention to the
problem of handling solid waste from the standpoint
of mechanical safety, because the risks of skin dam-
age are also high, for example, fragments from glass
products can provoke bruises/wounds, etc. The work-
ing class, which is engaged in solid waste processing,
has the greatest probability of encountering such dan-
gerous cases.

To eliminate and pre-mitigate the increasing envi-
ronmental pressure, countries need to develop policies
and introduce rules and laws on the issue of solid waste
recycling. A small method that is already used in almost
all developed countries can be cited - waste sorting.
With the introduction of a separate garbage sector for
waste in cities, the collection, transportation and pro-
cessing of garbage is reduced, which leads to mitiga-
tion of climate change. It should also be borne in mind
that the separation of waste should be at the home,
household level. It is necessary to educate people about
the proper sorting of garbage - to separate paper from
glass, and to fold plastic separately. Thus, it is neces-
sary to modernise the waste sorting system. According
to D.G. de arros Franco et al. (2022), an effective waste
management system is proposed that has a beneficial
effect on society, while simultaneously attracting eco-
nomic, environmental and medical benefits. This study
has shown the possibility of improving public and pri-
vate waste disposal systems at the regional level. That
is, the elementary separation of waste into inert ones
can have the most favourable and beneficial effect on
the environment. In combination with waste-to-energy
conversion technologies, this provides numerous ben-
efits, such as energy production, recycling of materials
for secondary use and reduction of landfills and land-
fills. After all, it is worth giving the main importance to
the fact that a number of materials, turning into solid
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household waste, can store energy in chemical bonds,
when they break, a huge amount of energy is released.

Given that waste management is a societal issue, it
is imperative that the general public is made aware of
the issues surrounding waste and that those responsi-
ble for implementing recycling programmes are ade-
quately trained. J. Sun et al. (2023) demonstrated that
the promotion of waste sorting, recycling and the uti-
lisation of innovative technologies, such as microbial
fuel cells and refuse-derived fuel, may be impeded in
the absence of comprehensive public education and
the provision of training for relevant personnel. More-
over, the accessibility and comprehension of waste
management practices at all levels of society directly
influence the extent of participation and the overall ef-
ficacy of recycling initiatives. It is therefore evident that
government intervention in the form of educational
campaigns and the integration of informal waste col-
lectors into formal waste management systems is nec-
essary. These measures will facilitate the acquisition
of knowledge and the allocation of resources, thereby
overcoming the current impediments to the develop-
ment of comprehensive waste recycling systems.

The incineration method is the most economical
and reliable. As a result of municipal solid waste in-
cineration, two main products are formed - fly ash and
bottom ash. The fly ash is collected after the filtration
process and carefully sealed to avoid contamination
of the local surroundings, which are then moved to
completely closed “hazardous landfills” that do not al-
low leaching into the environment. Bottom ash is the
main by-product, accounting for almost 80% of the
total volume of ash produced. It also consists of inert,
non-combustible materials and metals. A.M. Matos &
J. Sousa-Coutinho (2022) investigated the possibility of
using shredded bottom ash from municipal solid waste
incineration as an additional cementitious material
for concrete mixtures. The results showed a good po-
tential for use in the construction sector, but the ad-
verse effects of the presence of metallic aluminium
were also noticed. C. Zhao et al. (2022) demonstrated
the features of chlorine and metal ions during the heat
treatment of fly ash, which demonstrate a significant
effect on the harmlessness and resource of fly ash. The
results showed that it is possible to remove chlorides
and heavy metals at a firing temperature above 750°C.
According to C. Li et al. (2022), an analysis of previous-
ly undetected organic pollutants formed and released
during municipal solid waste incineration was carried
out. The authors identified their identity, and carried
out a toxicity assessment and provided recommenda-
tions for a detailed study conditioned upon their highly
dangerous toxicity. Pollutants were found in both flue
gas and fly ash from various types of incineration ac-
tivities. Conditioned upon the pandemic caused by
COVID-19, clinical waste has increased dramatically.
They were disposed of mainly by co-incineration with
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solid waste, which causes an increase in the main el-
ements and non-volatile heavy metals in polluted air.
D-Y. Lan et al. (2022) showed that with such combus-
tion, the content of alkali metals and HCl in the flue gas
increases, which contributes to the potential corrosion
of the boiler. Thus, the incineration method is a good
choice only by reducing the volume of waste, which can
reach up to more than half, but there are also negative
sides - air pollution, bottom and fly ash.

The burial method is quite old and cheap; however,
it occupies a large area of the land resource and can
cause secondary contamination of soil and groundwa-
ter. Therefore, this technology has been mostly neglect-
ed. Basically, there are 3 main alternatives:

V direct disposal of unprocessed waste in a landfill;

V recycling of waste before final disposal;

V recycling of waste to extract resources (materials
and/or energy, followed by the disposal of residues.

Direct transportation (the first option) to a landfill
is usually the cheapest disposal option. However, every
day the places on landfills are decreasing, which leads
to a significant increase in the cost in settlements. The
second option serves to reduce the amount of waste.
The third option involves processes that recover en-
ergy or materials from solid waste, which eventual-
ly gives only their residues. All of this energy and/or
material extraction systems involve significant capital
and operational costs. However, the sale of both ener-
gy and materials reduces the net cost of restoration.
Such methods allow conserving resources, and waste
residues require much less space to be placed on the
ground than unprocessed waste (Daskalopoulos et
al., 1997). In an open environment, various biochem-
ical reactions naturally occur from waste, which leads
to the development of landfill gas. Such gas can be
used for energy purposes; however, such a process is
time-consuming. P. Sharma & S. Kumar (2021) found
various organic compounds that remain stable and
unchanged in the medium even after a long stay. The
work proves that various organic polymers, metals and
other related pollutants pose a danger to the environ-
ment. Thus, the main advantage of choosing a method
of solid waste disposal is the simplicity and cheapness
of the technology itself, but the main disadvantage is
that the territory on Earth is limited, and land pollution
can reduce it altogether.

There is also a common method of thermal decom-
position of waste (pyrolysis), in the complete absence
of air and creating products in three states, such as sol-
id carbon residues, bio-oils and non-condensing gases.
The output products differ in composition due to the
type, shape of the reactor, etc. Basically, the pyrolysis
process allows getting more energy compared to the
method of solid waste incineration. This is explained
by the substances formed in an inert atmosphere - ni-
trogen oxide (NO) and sulphur oxide (SO)) (Shah et
al., 2021). The decomposition temperature is usually
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in the range of 300 to 850°C. Basically, this method of
processing is used conditioned upon high efficiency in
the production of biofuels. There are also varieties of
pyrolysis — conventional, fast and flash pyrolysis.Advan-
tageous combinations with pyrolysis are also offered,
for example, the use of solar energy. In this case, the
reactor receives heat from the sun, but for 2024 there is
little research in this area (Mukherjee et al.,2021). Thus,
pyrolysis technology is good because it is possible to
produce raw materials, but, however, the cost of such a
procedure is high.

Solid household waste can be quite suitable sourc-
es of energy. Studies show that MSW contains about
20.72% of organic waste, 37.86% of combustible ma-
terials, 20.95% of commercial materials and 20.46% of
various waste (Gurunathan & Sahadevan, 2022). As a
result, it can be concluded that they can be a substitute
for coal. A number of studies have been devoted to a
new recycling technology - microbial fuel cell (MFQC).
This method is environmentally friendly for generat-
ing electricity from liquid waste due to bacteria and
oxygen. Through the process of anaerobic digestion,
wastewater is treated, which reduces the number of
pathogenic microorganisms and also allows the con-
version of biogas into electricity. Thus, the provided
MFC technology is known for the production of energy
from waste, without the use of any external or addi-
tional energy, however, MFC appears as a technology
for the production of ethanol, hydrogen, biogas, en-
zymes and bioremediation of wastewater. Therefore,
MFC has the potential to work in various fields and in
various applications (Vyas et al., 2022). Thus, this new
method is environmentally beneficial, it is expected to
contribute zero to greenhouse gas emissions during
production from waste, and also an important advan-
tage is that with this technology no unpleasant odours
come from, but on the contrary it is eliminated.

Effective waste management will contribute to
mitigation with global challenges, affecting even en-
ergy recovery. New technologies for processing solid
household waste include biological ones, with the
help of which it is possible to extract and develop
hydrogen (H,) production. An example is biochemi-
cal leaching at extremely high temperatures using
concentrated sulfuric acid or NaOH followed by acid
treatment or heating CaCO, and CaCl, and HCl at tem-
peratures above 2 975°C followed by leaching with 3%
HCl solution (Sharma & Kumar, 2021). There is also
a microbial electrolysis cell (MEC) technology, which
uses microorganisms with which it is possible to con-
vert solid household waste into H,, acetate, formic acid,
ethanol, etc. This technology has similarities with the
above MFC method, the difference is only in the cath-
odes. MEC can convert any biodegradable waste into
H, and biofuels, i.e., into high-value energy carriers
and bio-products. The only downside is the high cost
of this method.

There are also technologies for producing fuel from
waste. To do this, the sorted waste is delivered to facto-
ries, where it is deformed using a drum machine. Then
the compostable fraction mixed with inert materials is
passed through the holes. The remaining waste, which
is a fraction suitable for combustion, is processed into
solid secondary fuel RDF. However, this will require
sorting solid waste - removing food waste, metals,
glasses, etc. from the total mass. The result should be
an inorganic composition with the lowest possible
moisture content. Large-sized fractions and recyclable
plastics and metals are sorted manually, and the re-
maining combustible waste is transferred to a mechan-
ical separation unit. Incombustible and inert materials
are separated from light combustible fractions when
air is supplied. At the end, the combustible material is
crushed, and then crushed manually into a fine fluffy
fraction called RDF fluff (Kaur et al., 2021).

C-H. Liu & C.Hung (2023) investigated the utilisa-
tion of thermochemical processes, including gasifica-
tion and pyrolysis, for the generation of energy from
municipal solid waste (MSW). The findings indicate that
pyrolysis, in particular, produces a high-quality solid
fuel and significantly reduces the environmental foot-
print in comparison to traditional incineration meth-
ods. Furthermore, the study emphasises the potential
of co-pyrolysis with other waste materials to optimise
energy recovery and minimise harmful emissions. This
approach could provide a more sustainable method of
waste disposal by integrating with other sectors, such
as agriculture, where waste from organic farming could
be co-processed for energy recovery.

Another innovative approach is the utilisation of
hydrothermal carbonisation, as discussed in a study
(Li et al., 2024). Hydrothermal carbonisation has the
potential to convert organic waste materials into car-
bon-rich solids, commonly known as hydrochar, which
have a high calorific value and can be used as a re-
newable energy source. This technology is particularly
well-suited to the processing of high-moisture content
waste, such as food waste, which presents a signifi-
cant challenge in terms of incineration. Furthermore,
the study underscores the significance of hydrothermal
carbonisation in reducing the volume of waste and pro-
ducing value-added materials, such as activated carbon
for industrial applications.

Furthermore, R. Shi et al. (2024) conducted an eco-
nomic analysis of the viability of RDF production in
developing countries, with a particular focus on the in-
tegration of RDF production within existing municipal
waste management systems. The results of the study
indicate that RDF has the potential to serve as a substi-
tute for conventional fuels in industries such as cement
manufacturing. Nevertheless, the success of such initi-
atives is contingent upon the implementation of gov-
ernmental policies that facilitate waste sorting at the
source and investments in infrastructure. Furthermore,
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it was discovered that the calorific value of RDF could
be augmented by combining it with agricultural waste,
which is prevalent in numerous regions.

In the study by B. Wei et al. (2023) assessed the uti-
lisation of MEC for the processing of organic waste with
the objective of hydrogen production. This approach of-
fers two distinct advantages: the recovery of energy in
the form of hydrogen and the reduction of greenhouse
gas emissions. Although still in its infancy, this tech-
nology shows great promise in addressing both waste
management and renewable energy needs, particularly
in regions where other waste-to-energy technologies
may be uneconomical. Further research is required to
optimise the cost-effectiveness and scalability of this
method for its widespread adoption.

For 2024,the commercial application of RDF for en-
ergy production is mainly used in the cement industry
for heating cement furnaces, but is also used for com-
bined heat and electricity production in incinerators. It
was also found that during incineration, joint operation
with biomass, coal and bird droppings is possible at
conventional waste-to-energy processing plants. Stud-
ies show that active pyrolysis occurs in the temperature
range of 300-550°C, and the interaction of various RDF
components has a great influence on the kinetic pa-
rameters. A comparative assessment of the life cycle of
rapid thermochemical processing of solid waste with
burial, incineration and anaerobic digestion shows that
the pyrolysis process is one of the most environmen-
tally friendly technologies for solid waste valorisation
(Bhatt et al., 2021).

A. Veses et al. (2020) carried out the pyrolysis pro-
cess in conjunction with the stage of thermal catalytic
cracking of solid waste at the installation, which in-
cludes a reactor with a fixed layer and a tubular crack-
ing reactor. The results showed that with the help of
this technique, it is eventually possible to obtain syn-
thesis gas, including mainly solid fuel. Such a process
tactic can be considered cost-effective and profitable
conditioned upon the potential of using the resulting
charcoal as a fuel obtained from waste to meet the
energy needs of the process. The paper by P. Rajca et
al. (2020) presents the results of a study showing that
RDF consists mainly of 2 types of materials: biomass
and thermoplastic polymers. Further, the authors car-
ried out pyrolysis of samples at a temperature of 900°C
in a nitrogen atmosphere in the form of a periodic pro-

quality. RDF can become an interesting alternative to
traditional fuels, while at the same time contributing
to limiting the role of waste storage and increasing the
level of environmental protection.

Conclusions

The government needs to introduce programmes and
develop a system for the disposal of municipal solid
waste, and find innovative ways to integrate informal
waste collection contractors into the formal system, as
they seek to fill the gaps created by the formal waste
collection contractor. It is important for authorities,
researchers, formal and informal businesses, glob-
al communities and organisations to be interested
in conducting a feasibility study in the field of waste
management. Waste sorting helps to improve waste
volume control. It is necessary to increase the level of
knowledge and training at all levels of the population,
because there is a lack of awareness of people and the
availability of trained specialists in the field of waste
recycling. Technological improvements in recycling
methods can help reduce environmental protection
costs. The waste recycling system in energy is not only
a useful way of obtaining energy, but also a compre-
hensive solution to a number of problems. The latest
technologies allow significantly expanding the pro-
duction of energy from waste. The current, innovative
and safest technologies for processing solid household
waste into electricity, and into fuel cells are the micro-
bial fuel cell and microbial electrolysis cell technology.
Municipal solid waste can be converted into solid fuel
materials such as RFD, i.e., it is possible to use it to
obtain useful energy vectors, thereby solving problems
such as excessive consumption of fossil fuels and the
exponential growth of landfills. Prospects for subse-
quent scientific research in the direction of studying
the prospects for the processing of municipal solid
waste for the purpose of their use as solid fuel materi-
als lie in the possibility of finding optimal solutions to
this problem and creating the appropriate conditions
for high-quality energy supply of modern industrial
and household enterprises. This will be expressed in
the possibility of obtaining additional energy sources
for the needs of these areas, which will contribute to
the effective solution of energy supply issues in the
short and long term.
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AHoTaujif. AKTyanbHiCTb 3asBAEHOI TEMW AAHOM0 HAyKOBOro AOC/IAKEHHS MOASrae B rNo6anbHOMY 3pOCTaHHI
€KO/oriYHUX NpobaeM, BKIOUYAKUM BUCHAXKEHHSI PeCcypCiB i 3abpyaHeHHS, WO NpU3BeNo A0 HaraabHOi noTpebu y
po3pobui pilleHb LWoA0 CTAaN0oro ynpasiHHA Biaxonamu. Lle pocnifkeHHs CTocyeTbcst nepepobku TBepanX NobYTOBUX
BiAXOLiB, 3 OCOG/MIMBMM aKLEHTOM Ha MNepeTBOPEHHS BiAXOLiB Yy TBepAi NanvBHi MaTepianu. byno nposeneHo
NOPIBHSANbHWUIA aHani3 niTepaTypHMX mkepen 3a nepiof no 2024 pik 3 MeToOW BUABNEHHS Hanbinblw edeKTUBHUX
TEXHONOriW NepeTBOPeEHHS BiAXOAIB Ha eHeprito. OTpMMaHi pe3ynbTaTv MiAKPECNtoTb ABI KAKYOBI CyCnifbHI
npobneMu: NoripleHHs CTaHy AOBKINNS BHACNIAOK HEa[eKBATHUX MPaKTUK NMOBOMKEHHS 3 BiAXoaaMu Ta aediuunt
pecypciB, CpUYMHeHnii ypbaHizauieto Ta iHaycTpianisauieto. Cepes NOMITHUX pe3ynbTaTiB — BUSHAYEHHS CMANHOBAHHS
Ta Niponi3y BiAXOAIB K NepCNeKTUBHUX TEXHONOTIM ANS BiAHOBNEHHS eHeprii, 3MEHLIEeHHS KiNbKOCTi CMITTE3BANMLL
Ta MOMSKLUEHHS BM/AMBY Ha AOBKiNAN. 30kpeMa, 6yno nokasaHo, Wo niponi3 Aae 6inblwe eHeprii i Npu3BOAUTbL
[0 MEHLWMUX BUKWMAIB, HIXX TpaauuiiHe cnantoBaHHS. KpiM Toro, aHanis nokasas MOTEHLian manvBa 3 BiAXOAIB Ta
MiKPOOHMX NANIMBHUX €NEMEHTIB K IHHOBALLIMHUX MiAXO0AIB A0 CTAaNOro BUPOOHULTBA eHeprii 3 Biaxoais. LLi texHonorii
MOXYTb 3abe3neunTn AOAATKOBI AxXepena eHeprii 4ns nobyToBMX i MPOMMUCIOBUX NOTPED, OAHOUYACHO 3MEHLLYHOUM
BM/IMB HA HABKOMMLIHE CepefoBuLLE, MOBA3aHMI 3 YTUAI3aLi€ BiaxoaiB. [pakTMYHA LiHHICTb LbOro AOCNIAXKEHHS
nongrae B MOro noTeHuiani Ans po3pobku nepenoBMX TEXHONOriVM nepepobku TBepaMX MoOYTOBMX BIAXOLIB 3
METOI0 OTPUMAHHS eHeprii, Wo MOoXe NiABUWUTU ePEKTUBHICTb BUKOPUCTAHHS pecypCiB Ta eHepreTuyHy CTilKiCTb
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Abstract. This research addresses critical issues within the construction and mining sectors,encompassing operator
health and safety, productivity, equipment durability, and regulatory compliance. In addition, the research focuses
on microclimate management, ergonomics, and technology, and can improve the safety, comfort, productivity,and
sustainability of the industry. The objective of this study was to evaluate the quality of the microclimate within
the EKG-12K excavator cab, specifically examining airflow, temperature, operator comfort, and safety. Using
ANSYS Fluent, the microclimate was modelled under warm and cold conditions in accordance with international
standards. The findings revealed deficiencies in ventilation and air conditioning. During warmer periods, the
positioning of fans fails to facilitate adequate circulation of cooled air within the domain of the operator. Under
colder conditions, the interaction between fans and heat curtains generates air circulation around the axle at the
level of the driver’s seat. Temperature analyses demonstrated that during warm periods, the temperature ranges
between 23-25°C, necessitating substantial effort from the air conditioning system. During cold periods, certain
areas experience temperatures as low as 5°C, posing the risk of condensation and mould growth. Additionally,
there are concerns regarding dust circulation and the potential for glass breakage owing to temperature variations.
The conclusions underscore the necessity of optimising the microclimate within a cab to ensure operator comfort,
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safety, and excavator efficiency. The practical importance of this work lies in offering solutions to enhance the
safety, comfort, productivity, and longevity of the equipment

Keywords: cabin airflow dynamics; thermal comfort optimisation; dust particle suspension; computational fluid
dynamics simulation; ventilation system efficiency; temperature gradient analysis; condensation risk assessment

Introduction
Improving the health and safety of heavy mining and
construction equipment operators through improved
microclimate management is an important task. It is
inextricably linked to labour productivity and overall
production efficiency. I. Mehmood et al. (2022) show
that working with construction equipment for long pe-
riods can lead to mental fatigue and, as a result, an in-
creased risk of accidents related to human error, as well
as health problems for operators. E.C. Kayar & H. Oz-
can (2024) emphasised that the ambient temperature
is one of the main factors that negatively affects the
working conditions of excavator operators. The authors
emphasise that it is difficult to provide comfortable air
conditioning in excavator cabs because the weather
conditions are unpredictable. Therefore, before install-
ing an air-conditioning system, it is necessary to calcu-
late the efficiency of airflow distribution in the cab. The
authors Yu. Voichyshyn et al. (2023) emphasise that the
microenvironment in the excavator cab consists of a
number of physical parameters, including temperature,
humidity, air velocity and thermal radiation, which affect
the operator’s well-being. These parameters depend on
several external and internal factors. External deter-
minants that affect the cab microenvironment include
meteorological conditions, geographical location of the
work site, seasonal periods of work, and daily cycles.

As cabs have become an integral component of
modern excavators, the need to maintain thermal com-
fort has significantly increased. The main challenge
associated with this is the regulation of ambient tem-
perature, which is crucial for providing a favourable
working environment for excavator operators. Main-
taining a proper level of air conditioning in excavator
cabs is particularly challenging because of the unpre-
dictability of weather conditions. F.Lan et al. (2023) and
V. Aulin & M. Mahopets (2024) noted that evaluating
the efficiency of airflow distribution in an excavator
cab before installing an air conditioning system facil-
itates further optimisation. These system optimisation
studies have several benefits. Developing systems that
maintain optimal conditions accelerates project com-
pletion, thereby saving financial resources and time. In
addition, these studies aimed to improve air condition-
ing by assessing the specific cooling needs of the exca-
vator based on the expected workload.

The reviewed studies highlight the importance of
providing a favourable working environment for ex-
cavator operators and other mining and construction
equipment. One of the ways to solve this problem is to

create an optimal microclimate in the cab. These stud-
ies emphasise the need to model the distribution of air-
flow at the design stage of microclimate systems. At the
same time, the above studies do not sufficiently cover
the issues of temperature and air velocity distribution
in different areas of the cabin. In addition, no studies
have modelled the air distribution in machines used in
quarries and construction sites. Standards of Ukraine do
not regulate the distribution of air flows, but only their
temperature and speed. Manufacturers ensure compli-
ance with the operating conditions of the operators of
these machines by supplying the calculated amount of
air at the calculated temperature. In this regard, the aim
of this study was to analyse the microclimate of a mine
excavator cab, paying particular attention to air flow,
temperature conditions, operator comfort, and safety.

Materials and Methods

An EKG-12-K open-pit excavator was chosen for this
study. This type of excavator is widely used in the Kryvyi
Rih basin mining sector. The excavator is operated un-
der challenging conditions. In quarries, there are often
significant temperature fluctuations throughout the
day and seasons. There can be extreme heat in summer
and frost and snow in winter. Strong winds kick dust
and small particles that enter the cab and can lead to
respiratory illnesses. Numerical simulations were de-
veloped utilising ANSYS Fluent software (Ansys fluent
theory guide, 2021) (Fig. 1). The analysis was executed
in transient mode. The realisable k-epsilon model (Sha-
heed et al., 2019) was chosen to simulate turbulence,
and the energy option was enabled.

Figure 1. A mathematical representation of the
operator’s compartment of the EKG-12K excavator
Source: compiled by the authors

Journal of Kryvyi Rih National University, Vol. 22, No. 2, 2024




Sakhno et al.

The simulations adhered to ISO No. 10263-
4 (2009), which delineates the minimum perfor-
mance thresholds for air conditioning systems within
earthmoving equipment. This standard elaborates a
methodology for evaluating the influence of a heat-
ing system on the ambient temperature within the
operator’s cabin and explicates the fundamental

heating criteria. Figure 2 illustrates the position-
ing of the measurement points relative to the cabin
floor. The simulation was executed utilising the fi-
nite element method (Hou et al., 2021), incorporating
a mathematical model of the cabin airspace, which
comprised 364,666 nodes and 1,865,048 finite ele-
ments (Fig. 3).

Figure 2. The parameters of the excavator operator model that were utilised within the study

Source: 1ISO No. 10263-4 (2009)

Figure 3. A mathematical representation of the airspace within the operator’s cabin
of the EKG-12K excavator, encompassing both a general overview and sectional analysis

Source: compiled by the authors

The simulation process accounted for the turbulent
characteristics of the airflows, as well as the heat ex-
change occurring within the airflows themselves and
between the air, the cabin walls, and the glazing. The
analysis excluded radiation heat transfer effects during
calculations. The parameters of the model, as obtained
for both warm and cold seasons, were thoroughly ex-
amined. This simulation enabled the estimation of the
velocity, orientation, and temperature of the airflows

Journal of Kryvyi Rih National University, Vol. 22, No. 2, 2024

within the excavator cabin. Calculations have been
conducted considering the optimal functionality of
heat-generating equipment, neglecting the intermit-
tent automatic deactivation of the heating system.

Results

The EKG-12K excavator is engineered for the excava-
tion and loading of rocks classified under categories
I-11, based on the level of excavation difficulty without
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requiring loosening, category Il with partial loosening,
and categories IV-V with full loosening. The driver’s
cab of the EKG-12K excavator possesses dimensions
of 2x2.8x2.2 metres. The front facade of the cab is
constructed with a 15° inclination to enhance visibil-
ity. The cab is systematically divided into two distinct
zones: the excavator control zone and the rest zone. A
stationary partition delineates these zones. The exca-
vator control zone is equipped with video surveillance
apparatus and devices for monitoring the status of the
primary excavator components, in addition to mecha-
nisms for controlling the excavator’s rotation, boom,
and bucket positions. Conversely, the rest zone is fur-
nished with a sofa, a dining table, a microwave oven,
and an electric kettle. Furthermore, both zones are
furnished with communication devices and electrical
apparatus. The working zone features comprehensive
glazing, while the rest zone is outfitted with two blind
light openings.

The cabin features a mechanically assisted ven-
tilation system comprising both supply and exhaust
components. The air is introduced into the cabin via a
WildWind fan, which possesses a capacity of 185 cubic
metres per hour.Before entering the cabin, the air is sub-
jected to filtration. In conditions of cold weather, there
is provision for heating the incoming air. The supply fan
is installed on the rear wall of the cabin, directing air-
flow along the right wall towards the occupational zone.
Air extraction is conducted through a VENTS Ukraine
fan situated in the recreation area, located at the
upper section of the left wall. The operational capaci-
ties of both the supply and exhaust fans are equivalent.

During periods of elevated temperatures, the
cabin’s air is regulated by a Coleman-Mach air condi-
tioning unit. This unit employs a split system config-
uration, with the external component positioned atop
the cabin’s roof and the internal component affixed
to the ceiling. The air conditioning system possesses
a maximum air capacity of 118 litres per second. Air
intake within the internal unit is facilitated via lateral
air intakes, which are fitted with mesh dust filters. The
conditioned air is distributed through the front outlet
channel and two lower rotary deflectors. During colder
periods, the air within the cabin is warmed by two air
curtains and an electric convector. Both air curtains are
manufactured by OLEFINI. Specifically, the L/REN-13S
model air curtain is positioned above the front glass,
while the MINI 700 model air curtain is installed above
the entrance door. Additionally, the cabin’s recreation
area is equipped with a “Thermiya” electric convector
produced by the “Vinnytsia Mayak Plant”.

An examination of the direction and velocity of air-
flows during the warm and cold seasons revealed defi-
ciencies in the arrangement of ventilation and air condi-
tioning systems. These deficiencies become particularly
pronounced during the hot season when there is a ne-
cessity to activate the air conditioning unit. The issue

lies in the placement of both the supply and exhaust
fans, which are situated at the rear of the cabin and
positioned at an identical height from the floor (Fig. 4).

Figure 4. The orientation and velocity of air currents
within the operator’s cabin of the EKG-12K excavator
under conditions of elevated temperatures
Notes: a - perspective from the anterior right corner of the
cabin; b - perspective from the front-left corner of the cabin

Source: compiled by the authors

The supply fan generates a confined airstream
with a velocity range of 2.37 to 1.2 metres per sec-
ond. This airstream progresses along the upper right
quadrant of the cabin and converges at the wind-
screen, at which point it diverges into multiple branch-
es. One specific branch extends along the upper sec-
tion of the windscreen and, upon integration with
the airflow from the air conditioning unit, facilitates
a circular air circulation within the operational area of
the cabin. An alternate branch descends and proceeds
along the anterior right corner of the cabin, reaching
the cabin floor, where it bifurcates and integrates with
additional airflows. Another segment of the airflow
traverses from the upper to the lower section and from
right to left along the diagonal of the cabin’s front win-
dow. Upon arriving at the front left corner of the cabin,
this airflow alters its trajectory towards the rear and, in
conjunction with the initial branch, contributes to the
establishment of a circular airflow pattern within the
operational section of the cabin. During this rotation-
al movement, the air gradually descends to the cabin’s
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lower area, where it redirects towards the cabin’s rear.In
the rear section, a portion of the air ascends within the
cabin, becomes engulfed by the primary airflow gener-
ated by the supply fan, and subsequently re-engages
in the recirculation within the cabin’s operational zone.
The remainder of the air gradually advances to the ex-
haust fan and is expelled from the cabin. The velocity
of the circulating air ranges from 0.2 to 0.6 m/s. During
winter, the nature of air movement is slightly altered,
attributed to the lack of airflow from the air conditioner
and the introduction of airflow from air curtains and an
electric convector (Fig. 5).
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Figure 5. An analysis of the direction and velocity
of air currents within the operator’s cabin of the
EKG-12K excavator under cold climatic conditions
Notes: a — perspective from the front right corner of the cabin;
b - perspective from the anterior left section of the cabin; c -
perspective from the rear left corner of the cabin
Source: compiled by the authors
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The airflow originating from the supply fan inter-
sects with the airflow from the heat curtain located
above the entrance door, subsequently dividing into
two principal branches. One branch progresses along
the cabin’s ceiling into the working area, where it is in-
tercepted by the heat curtain above the front glazing
and directed towards the lower section of the cabin.
The alternative branch, merging with the air from the
heat curtain above the entrance door, advances towards
the floor of the working area within the cabin, where
it further combines with the air from the heat curtain
above the front glazing. This process culminates in air
circulation. Notably, during warmer periods, air circu-
lation is oriented around a vertical axis that traverses
the centre of the cabin’s working area, whereas in cold-
er periods, circulation predominantly orients around
a horizontal axis extending from the left to the right
wall of the working area, corresponding to the excava-
tor driver’s seat level. The frequency of air circulation
within the working area is significantly reduced during
colder periods compared to warmer ones; however, the
air velocity is substantially increased, ranging between
0.5 and 1.8 metres per second.

The current ventilation system facilitates exten-
sive air circulation within the confines of the cabin’s
workspace. Concurrently, a substantial proportion of
the circulating air interacts with the floor surface. Con-
sidering that the velocity of air flows is documented
to be within the range of 0.2-0.6 m/s during summer
and 0.5-1.8 m/s in winter, it is unavoidable that dust
particles are dislodged from the cabin floor and sub-
sequently transported to the respiratory zone of the
excavator operator. Analogous to assessing velocity,
the air temperature within the cabin was examined
for both hot and cold periods. The computed external
temperature for summer was 30°C, whereas for win-
ter it was -15°C. The thermal conductivity values of the
walls, inclusive of the thermal insulation, were con-
sidered to be 0.033 W/(m-°K). Meanwhile, the thermal
conductivity of the cabin windows was assumed to be
1.22 W/(m-°K). The analysis excluded radiation heat
transfer effects during calculations. The temperatures
of both the airflow and the internal surfaces of the
cabin, including the glazing, were systematically eval-
uated. Figure 6 illustrates the temperature of air flows
observed during the hot period.

Figure 7 illustrates that the active air circulation
within the cabin inhibits the distribution of air cooled
by the air conditioning system from reaching the area
occupied by the excavator operator. The primary con-
centration of the cooled air, maintaining a temperature
range of 22-23°C, is situated in the vicinity of the cab-
in’s front window. Air at a colder temperature, ranging
from 19-21°C, extends along the upper portion of the
cabin, approaching the partition that separates the
work and rest areas. The temperature of the air within
the operator’s area remains between 23-25°C.
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Figure 6. The orientation and thermal characteristics of
air currents within the operator’s cabin of the EKG-12K
excavator during elevated ambient temperatures
Notes: a — perspective from the front right corner of the cabin;
b - perspective from the anterior left section of the cabin

Source: compiled by the authors

Figure 7. Ambient temperature inside the operator’s
cabin of the EKG-12K excavator under conditions
of elevated external temperatures
Notes: measurement conducted along the central axis
of the cabin
Source: compiled by the authors

The temperature distribution across the cabin
walls within the working area exhibits variability, rang-
ing from 26°C at the floor level to 20°C at the ceiling
level, as illustrated in Figure 8. Typically, due to its
higher density, the cooler air is situated in the lower

regions of the premises.However,astheaircirculatesand
descends, it undergoes heating by the warm surfaces of
the cabin glazing, as depicted in Figure 9. A differential
of 6°Cin wall temperature, when considering the effect
of active air circulation, may result in moisture conden-
sation in cooler regions, consequently facilitating the
proliferation of mould and fungal organisms.

Figure 8. Thermal conditions
of the interior surface of the walls within the driver’s
cabin of the EKG-12K excavator during periods
of elevated ambient temperature
Source: compiled by the authors

Figure 9. The thermal characteristics
of the internal surface of the glazing within the
driver’s cabin of the EKG-12K excavator during
elevated temperature conditions
Source: compiled by the authors

During cooler periods, the cabin microclimate
proves to be more conducive to the driver’s operation-
al efficiency. Figures 10-11 demonstrate that, under
maximal heat curtain performance, the air temperature
surpasses the minimum acceptable thresholds. Never-
theless, the driver maintains the ability to adjust the
temperature as needed.

The thermal condition of the walls within the
working area surpasses the dew point temperature
for moisture condensation (Fig. 12). Nonetheless,
within the recreational zone located in the lower left
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quadrant, there exist regions where the temperature
falls to 5°C, consequently facilitating potential mois-
ture condensation and the associated risk of mould
and fungal proliferation.

Figure 12. Temperature measurements of the internal
surface of the operator’s cab walls of the EKG-12K
excavator during the colder season
Notes: a - perspective from the front right corner of the cab;
b - perspective from the rear left corner of the cab

Source: compiled by the authors

Figure 10. Orientation and thermal characteristics The temperature of the cabin glass ranges from 7
of airflow within the operator’s compartment of the to 46°C (Fig. 13). The maximum temperatures are ob-
EKG-12K excavator under cold climate conditions served in the area of thermal curtain operation, with

Notes: a - perspective from the front right corner of the the temperature variation within a single glass panel
compartment; b - perspective from the anterior left corner  reaching 22°C. Under conditions of cyclic activation
of the cabin and deactivation of the heating system, these dispar-
Source: compiled by the authors ities can contribute to the potential failure of the glass.

Figure 11. The air temperature within Figure 13. Thermal characterisation
the driver’s cabin of the EKG-12K of the interior surface of the glazing within
excavator during cold conditions the driver’s cabin of the EKG-12K excavator during
Notes: measured along the axis of the cabin periods of low ambient temperature
Source: compiled by the authors Source: compiled by the authors
Journal of Kryvyi Rih National University, Vol. 22, No. 2, 2024 /\
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Thus, the analysis of the microclimate in the cab of
the EKG-12K excavator has revealed several key issues
that affect the operator’s comfort, safety and potential
productivity. The study provides valuable information
on air circulation patterns, temperature distribution,
and potential health hazards in both warm and cold
conditions.

Discussion

The current design of the ventilation system, featuring
supply and exhaust fans located at the rear of the cab,
results in problematic circular air circulation patterns
under both warm and cold conditions. This design flaw
aligns with the findings of F. Lan et al. (2023), demon-
strating that improper placement of air intakes and
exhausts can lead to undesirable air circulation in ve-
hicle cabs. Furthermore, the system generates high air
velocities ranging from 0.5 to 1.8 m/s in cold weather,
which exceeds the recommended velocity range of 0.1
to 0.3 m/s for optimal thermal comfort in vehicle cab-
ins, as suggested by I. Mehmood et al. (2022). This inef-
ficiency prompts consideration of alternative designs.
J.H. Hwang et al. (2013) propose a system where air
exchange is achieved exclusively through exhaust ven-
tilation, which may offer improved air distribution and
comfort. Such redesign strategies could mitigate the
identified circulation issues and align the system with
recommended air velocity guidelines for enhanced ther-
mal comfort. In the study by B. Pirouz et al. (2021), the
focus was on airflow rates with respect to infection pre-
vention, but it did not address how airflows affect cabin
elements or the constraints related to comfortable air
velocity. F. Arpino et al. (2021) expanded on these ideas
by employing the Euler-Lagrange model to explore the
transient non-isothermal dispersion of aerosols in air,
also from the perspective of infection prevention. Their
findings, related to air and heat exchange, are applica-
ble mainly to small cabins like those of passenger cars.
It is noteworthy that such findings may not be direct-
ly applicable to larger or more complex environments,
such as excavator cabs, which have significantly larger
volumes, larger glazing areas, and are composed of two
separate rooms. These differences highlight the need
for further research to understand airflow dynamics
and infection prevention measures specific to larger
and more complex cab environments like excavators.

In environments with high temperatures, the in-
teraction between the air supplied by the fan and the
power of the air conditioning unit is inadequate for
effective cooling in the operator’s area, maintaining
temperatures at around 23-25°C. This results in tem-
perature gradients as large as 6°C on the cab surfac-
es. These observations align with U. Arora et al. (2022),
who identified difficulties in ensuring consistent tem-
peratures within excavator cabs. In contrast, research
by K. Koushik Balaji & M.S. Alphin (2016) suggests that
optimising vent locations through computer modelling

can lead to more even cooling distribution. Further ex-
perimentation by Y. Mao et al. (2018) measured air and
surface temperatures in an electric vehicle’s cabin dur-
ing both heating and cooling phases, establishing high
correlation between simulated and experimental data.
Notably,these analyses are pertinent only to single-vol-
ume cabins. Current research extends this framework by
examining a two-volume cabin characterised by exten-
sive glazing, providing new insights into the complex
dynamics of air distribution and temperature regula-
tion within such environments.

A significant concern during both seasons is the
potential respiratory hazard posed to operators by the
high-speed, circular airflows that pick-up dust particles
from the floor. This issue aligns with the findings of
M. Palega & D.Rydz (2018), who highlighted the crucial
role of adequate filtration in excavator cabs to mini-
mise dust exposure. B. Xu et al. (2018) identified the
primary air pollutants within vehicle interiors, which
include ultrafine particles, aromatic hydrocarbons, car-
bonyls, semi-volatile organic compounds,and microbes.
These pollutants stem from various sources, such as
emissions from interior materials and exhaust gases
entering through the ventilation system. Consequently,
there is a call to enhance filtration and air distribution
systems to tackle these health concerns. Furthermore,
improved air filtration systems are proposed to reduce
health risks, as emphasised by B. Xu et al. (2018). How-
ever, this proposal does not fully consider the potential
for secondary pollution caused by unorganised high-
speed air flows at the floor level. Therefore, addressing
this issue requires a comprehensive approach that in-
cludes optimising air distribution to prevent such sec-
ondary pollution. Significant temperature fluctuations
were observed on the interior surfaces, especially on
the glass, with measurements showing up to a 22°C
difference. These findings align with observations by
J.H. Hwang et al. (2013) and I. Yakymenko et al. (2022),
who also reported notable temperature variations on
vehicle interior surfaces and their implications for
thermal comfort. Such fluctuations can induce thermal
stress and potentially cause failure of interior compo-
nents, particularly as the heating system cycles.

The study identified regions susceptible to con-
densation and mould proliferation due to temperature
gradients, particularly in recreational areas during the
colder seasons. Mold growth is predominantly deter-
mined by humidity, temperature, and the availability
of appropriate substrates (Lai et al., 2024). In confined
environments, such as operator cabins, condensation
may occur when warm, moist air interfaces with cooler
surfaces, thereby facilitating conditions conducive to
mould growth (Bastien & Winther-Gaasvig, 2018). The
propensity of mould development escalates in environ-
ments with elevated relative humidity, generally ex-
ceeding 75% RH at 25°C (Qiao et al., 2024). This aligns
with the issues articulated by M. PeriSic¢ et al. (2024)
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regarding the management of humidity in enclosed op-
erator cabins. To mitigate these risks, it is imperative
to ensure effective ventilation and temperature regu-
lation. The adoption of dehumidification systems and
the maintenance of uniform temperatures throughout
the area can aid in preventing condensation and dimin-
ishing the probability of mould proliferation. Moreover,
systematic inspections and maintenance of potential
problem zones, such as corners, joints, and inadequate-
ly insulated surfaces, are essential for identifying and
rectifying issues prior to their escalation. The utilisation
of mould-resistant materials and coatings in areas at
elevated risk may offer supplementary protection (Dor-
oshenko et al., 2022). By addressing these factors, op-
erators can cultivate a healthier and more comfortable
environment, thereby mitigating the risk of mould-as-
sociated health complications and potential damage to
equipment and structures. Consequently, the study un-
derscores the essential requirement for practical design
enhancements and environmental controls to amelio-
rate these risks in vehicular and cabin environments.

In cold weather conditions, maintaining a favoura-
ble cab microclimate is crucial for driver performance,
as it often requires the temperature to exceed minimum
thresholds for comfort and effectiveness. This finding
presents a contrast to the previous study by J. Bone-
hill (2010), which highlighted issues with sustaining a
comfortable temperature within excavator cabs during
extreme cold conditions. However, the current study
points out that ensuring optimal comfort may neces-
sitate the operator adjusting cab settings. This flexibil-
ity in temperature control within the cab environment
can enhance driver performance and safety by accom-
modating individual comfort needs and maintaining a
suitable working atmosphere.

warm and cold conditions, resulting in inefficient tem-
perature distribution and potential health risks. Air ve-
locities within the cab exceed recommended ranges for
optimal thermal comfort, particularly in cold weather
conditions (0.5-1.8 m/s compared to the recommend-
ed 0.1-0.3 m/s). The interaction between the supply fan
and air conditioner is insufficient for effective cooling
in the operator’s area during hot conditions, resulting in
temperatures of 23-25°C and temperature gradients up
to 6°C on cab surfaces. High-velocity circular airflows
present a potential respiratory hazard by suspending
dust particles from the floor, emphasising the necessity
for improved air distribution and filtration. Significant
temperature fluctuations were observed on interior
surfaces, particularly on the glass (up to 22°C differ-
ence), which may result in thermal stress and potential
component failure. Areas susceptible to condensation
and mould growth were identified, especially in the
recreational area during colder seasons, due to temper-
ature gradients. In cold weather, the cab microclimate
can exceed minimum temperature thresholds, allowing
for operator adjustment to maintain comfort and per-
formance. These conclusions underscore the necessity
for design enhancements in ventilation, air distribution,
and temperature control systems to improve operator
comfort and safety. While this study provides valuable
information on the specific microclimate issues in the
EKG-12K excavator cab, it confirms the findings of other
researchers on the challenges of maintaining an opti-
mal microclimate in heavy equipment cabs. The results
of the study emphasise the need for further research
and development in the design and optimisation of
HVAC systems for these special conditions to ensure
operator comfort, safety, and productivity.
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AHoTaujia. JocnifkeHHs BUpIlLYE KNOYOBI NUTaHHS OyAiBenbHOI Ta ripHMYoL0BYBHOI ranyseil, 30KpemMa 340pOoB™s
i 6e3neky onepaTopis, NPOAYKTUBHICTb, AOBrOBiIYHICTb 0ON1aAHAHHS, i BiANOBIAHICTb HOPMATUBHUM BUMOram. Kpim
TOro, OOCNIMKEHHS 30CepemXeHe Ha YnpaBAiHHI MiKPOK/iMAaTOM, eproHOMiLi i TEXHONOrIAX, i MOXe MOoAinWuTH
6e3neky, KOMMOPT, NPOAYKTUBHICTb i CTiMKICTb ranysi. MeTa — oLiHKa SKOCTi MikpokniMaTy kabiHM ekckaBaTopa
EKI-12K, 3 akueHTOM Ha MNOTOKM MOBiTPS, Temnepatypu, komdopT i 6Ge3neky onepatopa. BukopucroBytoun
ANSYS Fluent, npoBeaeHo MogentoBaHHS MIKpPOKAiMaTy B TeMAMX | XONOAHMX YMOBAX 3riAHO 3 MiKHapoOAHWMMU
CTaHfapTaMu. Pe3ynbTaT BKasylOTb HA HEOONIKM BEHTUAALUIT | KOHAMLIOHYBAHHS. Y TENIMIM Nepios pO3MillleHHs
BEHTUNIATOPIB He 3abe3nevye HaNexHOi LMPKYNALLi 0XON04XKEeHOro NOBITPS B 30Hi onepaTtopa. Y XoNoAHMUX YMOBaxX
B33EMOJiS BEHTUNSATOPIB 3 TEMNJOBMMM 3aBiCaMMU CTBOPIOE LIMPKYNSLIIO NOBITPS HABKOJIO OCi HA PiBHI CUAIHHA BOLIS.
TeMnepaTypHuiA aHani3 nNokasas, Wo B TeNi nepioan TeMnepaTypa CTaHOBUTb 23-25 °C, xou Le i BUMarae 3HauHmx
3yCWb CUCTEMU KOHAMLIIOHYBAHHSA. Y XONOLHI nepioan iCHYHOTb 30HM 3 TeMnepaTypoto A0 5 °C, W0 BUKANKAE PU3MKM
KOHAeHcauii i nnicHaBu. KpiM TOro, € 3aHENOKOEHHS LWOAO LMPKYNALiT NUAY i pU3MKY PYMHYBaHHSA CKna 4yepes
TemnepaTypHi KoNMBaHHA. BUCHOBKM migkpecntoloTb HeOBXiAHICTb ONTUMI3aLii MikpokimMaTy B KabiHi ansa 3axucty
KoMdopTy onepatopa, 6e3nekn i ePpeKTUBHOCTI eKckaBaTopa. [pakTMYHA 3HAUYMMICTb POBOTU MONAra€E y HafAHHI
pilweHb Ang noninwexHs 6esnekun, KOMMOPTY, NPOLYKTUBHOCTI | TEPMiHY Cy>KOM 06M1afHaHHS

KalouoBi caoBa: guHaMika NOBITPSIHOrO NOTOKY B CasiOHi; ONTUMIi3aLlis TENJI0BOro KOMMOPTY; 3BaXKEHICTb YaCTMHOK

nuny; MOAENBAHHSA 00YMCNIOBANbHOT TiAPOAMHAMIKM; edeKTUBHICTb CUCTEMM BEHTUAALIT; aHani3 rpagieHTa
TeMnepaTypu; OLiHKA PU3MKY YTBOPEHHS KOHAEHCATY
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Abstract. The purpose of the study was to optimise the parameters of the propane-propylene desulphurisation
process to increase its efficiency. The study analysed the influence of temperature, pressure, and adsorbent type on
the effectiveness of the propane-propylene desulphurisation process. It was found that an increase in temperature
contributes to an increase in the rate of adsorption of sulphur compounds, but this effect persists only up to a
certain temperature value. After reaching a certain limit, the temperature begins to have a negative effect on the
adsorbent, causing its degradation. Based on the data obtained, the optimal temperature for maximum efficiency
of the desulphurisation process was determined to be in the range of 250-300°C. The effect of pressure on the
desulphurisation process turned out to be significant: increasing the pressure improves the results, as it increases
the density of the gas phase, which, in turn, contributes to better capture of sulphur compounds. However, if the
pressures are too high,there is no additional improvement in the results,and the energy costs of the process increase.
In addition, aluminium oxide proved to be the most effective of all the adsorbents considered. It has demonstrated
the best results compared to activated carbon and silica gel under optimal temperature and pressure conditions,
providing the greatest degree of sulphur removal from the gas mixture. Ultimately, the mathematical models
developed during the study confirmed that optimising the temperature and pressure parameters can significantly
increase the efficiency of the desulphurisation process. This allows not only increasing the degree of sulphur
removal, but also reducing energy costs and extending the service life of the equipment, which is important for its
practical application. The practical value of the research lies in the fact that an integrated approach that considers
the relationship between temperature, pressure, and adsorbent type significantly improves the desulphurisation
process on an industrial scale, providing higher efficiency and cost-effectiveness
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Introduction
The propane-propylene desulphurisation process is an  significantly degrade product quality and negatively
important step in the processing of hydrocarbon gases, affect equipment. The effectiveness of this process de-
as it allows the removal of sulphur compounds that can  pends on many factors,among which the main ones are
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temperature, pressure, and the choice of adsorbent. The
correct selection and optimisation of these parameters
can significantly improve the quality of desulphurisa-
tion, reduce operating costs,and improve the overall ef-
ficiency of the process. In this regard, research aimed at
optimising these factors represents an important step
in improving the productivity and durability of equip-
ment in the petrochemical industry.

The problem of effective propane-propylene des-
ulphurisation remains relevant in the petrochemical
industry, since the removal of sulphur from hydrocar-
bon gases is necessary to improve product quality and
protect equipment. Y. Lei et al. (2022) investigated the
effect of temperature on the process of propane-pro-
pylene desulphurisation, noting that an increase in
temperature to a certain level accelerated the adsorp-
tion of sulphur compounds. However, they also warned
that excessive temperature rise could lead to degra-
dation of the adsorbent, which reduced the efficiency
of the process. M. Mehri et al. (2021) studied the role
of pressure in the desulphurisation process, revealing
that an increase in pressure contributed to an improve-
ment in the interaction of gases with the adsorbent.
However, they stressed that the overpressure did not
significantly improve results and increased operating
costs. M. Andrade et al. (2021) concluded that the opti-
mal temperature for effective desulphurisation of pro-
pane-propylene was 200-350°C. This value contributed
to the maximum rate of adsorption, without leading to
overheating and degradation of the adsorbent used.
R. Kancherla et al. (2021) emphasised that an increase
in pressure contributed to an increase in the density
of gases, which improved the interaction of molecules
with the adsorbent. However, they also noted that high
pressures did not always lead to significant process
improvements and could cause additional equipment
costs. A.G. Georgiadis et al. (2021) noted that increasing
the pressure to a certain level enhanced the efficiency
of the process, but its further increase had no noticea-
ble effect on the result, which made such optimisation
economically impractical. They also emphasised the
importance of balancing pressure and other parame-
ters to achieve optimal conditions.

X. Li et al. (2023) studied various types of adsor-
bents, revealing that aluminium oxide demonstrated
the greatest efficiency in removing sulphur compounds.
They also noted that the correct choice of adsorbent
depended on the composition of the gas mixture and
the operating conditions, which required additional
analysis. P.S. Castro et al. (2023) confirmed that adsor-
bents based on metal oxides, such as aluminium ox-
ide, are significantly more effective than other mate-
rials, such as activated carbon or silica gel. They also
investigated how various parameters, including tem-
perature and pressure, affected the effectiveness of
these adsorbents. P. Kumar & V.C. Srivastava (2023) de-
veloped mathematical models for the analysis of the
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desulphurisation process, which considered the influ-
ence of temperature, pressure, and type of adsorbent.
These models allowed predicting the efficiency of the
process under different conditions and became the basis
for further optimisation research. C-T.Wang et al. (2025)
created models that helped fine-tune desulphurisation
parameters in real-world industrial conditions, mini-
mising energy costs and increasing productivity. They
emphasised the importance of using such models to in-
crease the sustainability and long-term effectiveness of
processes. X. Li et al. (2022) emphasised that the com-
position of the initial mixture influenced the choice
of adsorbent, which had to be taken in consideration
to achieve maximum sulphur removal efficiency. Their
studies examined various combinations of gas mixtures
and adsorbents to optimise desulphurisation.

Despite these achievements, there are still gaps in
understanding the exact interaction between the pro-
cess parameters, which requires additional study. For
example, the effect of the composition of the gas mix-
ture on the choice of adsorbent, the specifics of using
mathematical models to optimise the operating condi-
tions of the installation, and the durability of various
types of adsorbents on an industrial scale remain poor-
ly understood.

The purpose of the study was to determine the op-
timal values of temperature, pressure, and adsorbent
type for the propane-propylene desulphurisation pro-
cess aimed at improving its performance in energy and
engineering systems. Research objectives:

1.To consider various methods for optimising these
parameters to improve the removal of sulphur com-
pounds.

2. To assess the effectiveness of using different
types of adsorbents depending on the composition of
the gas mixture and operating conditions.

3.To evaluate energy costs under various tempera-
ture and pressure conditions.

Materials and Methods

As part of this study, the key parameters of the pro-
pane-propylene desulphurisation process were studied
in detail, with an emphasis on their impact on sulphur
removal efficiency and optimisation of operating costs.
The study focused on parameters such as temperature,
pressure, and adsorbent selection to optimise these
factors to improve process efficiency and minimise en-
ergy costs. Temperature is an important factor because
it directly affects the reactivity of the adsorbent and
the rate of adsorption of sulphur compounds. The study
examined how an increase in temperature affects the
reaction rate between the gas mixture and the adsor-
bent, which, in turn, promotes faster removal of sulphur
from the gas. However, the potential negative effects of
excessively high temperature, such as adsorbent deg-
radation, reduced adsorbent efficiency and increased
operating costs, were also investigated. The study of
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temperature conditions was aimed at finding the opti-
mal temperature at which the desulphurisation process
proceeds with maximum efficiency without damaging
the adsorbent. This would not only improve the puri-
fication speed, but also extend the service life of the
equipment. Different temperature regimes were select-
ed for each group of adsorbents based on their thermal
stability and ability to effectively remove sulphur under
various conditions.

Pressure also played a key role in the desulphur-
isation process. The study examined how an increase
in pressure affects the density of the gas phase, which
improves the interaction of the gas with the adsorbent.
The problem of excessive energy costs arising from too
high pressure, which can reduce the economic viability
of the process, was also investigated. To assess the ef-
fect of pressure on the process, experiments were con-
ducted during the study aimed at identifying optimal
pressure values at which the desulphurisation process
would be most effective and energy costs would be
minimal. The pressure increase factor was also consid-
ered to improve the density of gases, which had a pos-
itive effect on the interaction with the adsorbent, but
only up to a certain limit.

One of the key aspects of the study was the choice
of adsorbent. For this purpose, materials with high ad-
sorption capacity, selectivity, resistance to high tem-
peratures and mechanical influences, and efficiency in
removing sulphur from the gas mixture, were consid-
ered. Various types of adsorbents, such as metal oxides,
activated carbon, and metal-organic framework (MOF)
structures, were analysed. These materials have dif-
ferent physicochemical characteristics and can exhibit
different properties under different temperature and
pressure conditions.

In addition, an important part of the research was
the development of mathematical models that took
into consideration the influence of temperature, pres-
sure, and adsorbent type on the effectiveness of the
desulphurisation process. The models were used to
predict the optimal operating conditions of the plant,
which made it possible to accurately select the pa-
rameters that ensure the best result in real production
conditions. Mathematical modelling also allowed eval-
uating the economic efficiency of the process, which
was important for choosing optimal operating modes,
minimising energy costs and improving the overall pro-
duction economy. The models not only increased the
efficiency of sulphur removal, but also provided pre-
diction of the long-term characteristics of the plant,
which played a key role in optimising the process. The
study presented graphs based on calculations of math-
ematical models, such as the change in sulphur con-
centration over time and the effect of plant parameters
on the total cost of operation. The data on the initial
concentration, adsorption coefficient, adsorbent cost,
and energy consumption were used, which helped to

confirm the theoretical conclusions and give practical
recommendations.

Results

Desulphurisation is a critical process in the processing
of gas mixtures such as propane-propylene. The main
task of this stage is the removal of sulphur compounds
present in the raw materials. Sulphur and its compounds
pose a serious threat to production systems. When they
accumulate, the risk of corrosion of the equipment in-
creases, which reduces its service life and increases
the cost of repair and replacement. In addition, sulphur
compounds degrade the quality of the final product,
making it less competitive on the market. From an eco-
logical standpoint, sulphur removal reduces emissions
of toxic compounds into the environment, preventing
air pollution and minimising harm to ecosystems. With
increasing demands on the quality of hydrocarbon
products and industrial safety standards, desulphuri-
sation is becoming even more important. Modern pro-
cessing technologies require a high degree of purity of
the raw materials, which directly affects the productiv-
ity and reliability of the processes (Chen et al., 2022).

Temperature is a key factor determining the effi-
ciency of the desulphurisation process of hydrocarbon
gases, including propane-propylene mixture. It directly
affects the reactivity of the adsorbent and its ability to
remove sulphur compounds. Optimisation of the tem-
perature regime helps to accelerate adsorption, while
avoiding undesirable effects such as thermal degrada-
tion of the adsorbent or the development of secondary
pollutants (Wang et al., 2023).

An increase in temperature promotes the activation
of gas molecules, which increases the rate of their in-
teraction with the active surface of the adsorbent. For
example, for aluminium oxide-based adsorbents, an in-
crease in temperature to 250-300°C leads to a noticea-
ble improvement in their sorption capacity. However, an
excessive increase in temperature can cause thermal
destruction of the active components, reducing sorp-
tion properties and shortening the service life of the
material. This, in turn, increases the cost of operation
and maintenance of the installation.

At low temperatures, the activity of the molecules
and adsorbent decreases, which slows down the des-
ulphurisation process. As a result, the purification effi-
ciency decreases, and the plant’s performance may not
be sufficient for industry standards. To achieve optimal
results, it is necessary to find a balance between these
extremes. The optimal temperature range for most
industrial desulphurisation processes is 250-300°C,
which achieves high sulphur removal efficiency and
minimises the risks of adsorbent degradation.

In practice, temperature selection requires consid-
eration of many factors, such as the composition of the
gas mixture, the type of adsorbent used, and the op-
erating conditions. For example, mixtures with a high
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concentration of sulphur compounds may require a
higher temperature to ensure sufficient reactivity of the
adsorbent. At the same time, temperature Limits can be
set for adsorbents with low thermal stability to avoid
their destruction.

An integrated approach to the choice of tempera-
ture regime includes the use of experimental data and
mathematical modelling. Such models allow predicting
the behaviour of the system at different temperatures
and selecting optimal parameters, considering technical
and economic feasibility. This makes the temperature
regime an important element for the successful imple-
mentation of desulphurisation processes in industry.

Pressure plays a crucial role in the efficiency of hy-
drocarbon gas desulphurisation processes, including
propane-propylene mixtures. It determines the density
of the gas mixture and the intensity of the interaction
of gas molecules with the active surface of the adsor-
bent, which directly affects the removal of sulphur com-
pounds.However,pressure managementrequires finding
the optimal balance between technical efficiency and
economic feasibility, since excessive pressure can sig-
nificantly increase operating costs (Huang et al., 2023).

An increase in pressure leads to a convergence of
gas molecules, which increases the likelihood of their
contact with the adsorbent. This contributes to a more
intensive adsorption of sulphur compounds and, as
a result, improved purification results. For example,
M.A. Pordsari et al. (2024) have shown that when us-
ing aluminium oxide-based adsorbents, pressure in the
range of 10-20 atmospheres provides optimal results.
Nevertheless, the effect of increasing pressure has its
limits: after reaching a certain level, its further increase
ceases to have a significant effect on the effectiveness
of desulphurisation.

Too high pressure is accompanied by increased
gas compression costs and increased equipment loads.

This requires the use of more expensive materials and
structures to ensure reliable and safe operation of the
system. For example, increasing the pressure above 20
atmospheres may require the installation of specialised
compressors, which increases capital costs. In addition,
energy consumption associated with maintaining high
pressure is increasing, which reduces the overall eco-
nomic efficiency of the process.

To determine the optimal pressure, it is necessary
to consider the composition of the gas mixture and
the characteristics of the adsorbent used. For example,
mixtures with a high content of sulphur compounds re-
quire a higher pressure to achieve a given degree of
purification. When using adsorbents with low mechan-
ical strength, pressure limitations become critical to
prevent material damage.

Pressure optimisation is an important step in the
design and operation of desulphurisation systems. The
range of 10-20 atmospheres is considered to be the
most balanced in terms of technical and economic per-
formance. This approach helps to achieve a high degree
of purification of hydrocarbon gases at minimal cost of
equipment and energy resources.

Rational pressure management helps to increase
the stability of the process, improve the quality of the
final product, and reduce the negative impact on the
environment. This is especially important in modern
conditions, when the requirements for environmen-
tal safety and economic efficiency of production are
constantly being tightened. The type of adsorbent is a
crucial factor in the effectiveness of desulphurisation
processes, since its physicochemical properties directly
affect the ability to remove sulphur compounds from
hydrocarbon mixtures. Modern technologies offer a
wide range of materials,among which metal oxides, ac-
tivated carbon, and silica gels occupy a special place, in-
cluding the latest developments such as MOF (Table 1).

Table 1. Efficiency of different types of adsorbents depending
on gas mixture composition and operating conditions

Composition Operating Operating Adsorption coefficient
Adsorbent type of the gas mixture temperature (°C) pressure (atm) (Ka) (mg/g)
Aluminium oxide Propane-propylene, hydrogen sulphide 0.5% 200-300 10-15 85
Activated carbon Propane-butane, mercaptans 0.2% 50-150 1-5 70
Silica gel Propane-propylene, sulphur dioxide 100-250 5-15 60
MOF Propane-propylene, hydrogen sulphide 0.1% 150-250 5-20 95

Source: compiled by the authors based on J.Y. Lai et al. (2021)

Metal oxides, for example, aluminium oxide, are
characterised by high chemical stability and the ability
to bind molecules of sulphur compounds. This mate-
rial has proven to be an effective and affordable op-
tion, especially at temperatures of 250-300°C (lkram et
al.,2021). In addition, it has a good regenerative ability,
which makes it economically beneficial. However, the
effectiveness of aluminium oxide may decrease in the
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presence of complex impurities such as carbon dioxide
or organic pollutants, which requires additional pre-
treatment steps.

Activated carbon is valued for its high specific sur-
face area and versatility, allowing it to adsorb a wide
range of compounds. However, its properties may dete-
riorate at high humidity, which makes it less effective
for working with gas mixtures containing water vapour.
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Silica gels demonstrate high efficiency in low-temper-
ature processes and can adsorb moisture, improving
the quality of purification. However, their chemical re-
sistance is limited, which makes them less suitable for
handling aggressive components such as hydrogen sul-
phide or organic sulphur compounds.

MOFs are the latest generation of adsorbents that
have a unique porous structure and high selectivity.
They can be modified to work with certain sulphur com-
pounds, ensuring maximum efficiency with minimal
material consumption. For example, MOFs successfully
operate at low temperatures, which makes them prom-
ising for use in installations with limited energy con-
sumption. However, their widespread industrial use is
limited by the high cost and complexity of production.

Thus, the choice of adsorbent should be based on
a comprehensive analysis of the characteristics of the
initial mixture, operating conditions and economic fea-
sibility. Modern research in the field of developing new
materials and modifying existing adsorbents continues
to expand the possibilities of optimising the desulphur-
isation process, which makes it more efficient and sus-
tainable (Omar & Verma, 2022).

The process of propane-propylene desulphurisa-
tion is an important step in the industrial processing
of hydrocarbon mixtures aimed at removing sulphur
compounds. In order to achieve high efficiency in this
process, kinetic and dynamic parameters must be con-
sidered, which directly affect the choice of optimal op-
erating conditions for the installation. Studying these
factors helps not only to improve the process, but also
to significantly reduce operating costs, while increasing
production and environmental performance.

The kinetics of desulphurisation determines how
quickly and efficiently the adsorption of sulphur com-
pounds occurs onthe surface of the adsorbent (Al-Khodor
& Albayati, 2023). This aspect is key to optimising the
operating cycle of the installation. Important parameters
to consider are the duration of contact of the gas mix-
ture with the adsorbent and the rate of gas flow through
the reactor. The longer the contact of the gas with the
adsorbent, the higher the probability that sulphur com-
pounds will be effectively removed from the gas stream.
However, it is important to balance this parameter with
the energy costs and throughput of the installation.

In parallel with the duration of contact, the gas
flow rate through the installation is also important. A
high flow rate can speed up the process, but the degree
of adsorption will decrease, since the gas will not be in
contact with the adsorbent for a long time. On the con-
trary, too low a flow rate can lead to insufficient equip-
ment efficiency and excessive costs for maintaining the
necessary conditions.

The dynamics of the process, in contrast to kinetics,
considers the behaviour of a gas mixture over time and
its interaction with an adsorbent (Karimi et al.,2021).An
important aspect of the dynamics is to ensure an even

distribution of gas throughout the reactor volume. If
the gas passes through the adsorbent unevenly, this can
lead to the development of “dead zones” - areas where
the gas does not come into contact with the adsorbent
properly,which significantly reduces the effectiveness of
desulphurisation. Thus, it is important to adjust the gas
flow parameters to prevent the occurrence of such zones
and ensure an even distribution of the mixture compo-
nents. One solution to increase dynamic efficiency is
to use flow distributors or technologies with improved
gas-adsorbent contact. These technologies allow min-
imising the loss of working material and significantly
improving the degree of gas purification from sulphur.

In order to accurately determine the optimal pa-
rameters of the kinetics and dynamics of the process, it
is necessary to conduct experimental studies to collect
data for building models. Such data may include infor-
mation on the rate of adsorption of sulphur compounds
at various temperatures, pressures, and gas mixture
compositions. The use of mathematical modelling al-
lows predicting the behaviour of the system and opti-
mise the parameters in real production conditions.

Several approaches can be used to develop mathe-
matical models of the desulphurisation process during
propane-propylene processing. The main elements to
be considered include the adsorption coefficient, the
dynamics of changes in the concentration of sulphur
compounds, energy costs,and operating costs (Naderi et
al.,2024).Basicmathematicalmodelshavebeenproposed
that can be used to analyse and optimise this process.

The adsorption model can be based on the classical
theory of adsorption, where the concentration of sul-
phur compounds in the gas phase decreases over time,
depending on the process parameters. The basic model
for this process is the adsorption rate equation, which
can be written as (1):

ac
dat =K, C, (1)

where C - concentration of sulphur compounds in the
gas mixture (mg/m?); t - time (h); K, - adsorption coef-
ficient (m*/mg-h), which depends on the type of adsor-
bent and temperature.

The solution of this equation gives the dependence
of the sulphur concentration on time (2):

CH=C,-e*, 2)

where C, - initial concentration of sulphur compounds
(mg/m?3); C(t) - concentration of sulphur at time t.

The duration of the desulphurisation cycle depends
on the capacity of the adsorbent and the volume of gas
to be treated. The model for the cycle duration has a
form (3):

_ M'Gmax (3)

- )

¢ F-C

where t - duration of the desulphurisation cycle (h);
m - weight of the adsorbent (g); g - maximum

max
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capacity of the adsorbent (mg/g); F - volume flow rate
of gas (m?/h); C - concentration of sulphur compounds
in the gas mixture (mg/m>).

This model allows estimating the operating time
of the installation before the adsorbent needs to be re-
placed or regenerated. The energy costs of maintaining
temperature and pressure can be expressed in terms of
equipment capacity and operating time (4):

E=P-t, (4)

where E - energy cost (kWh); P - power of the equip-
ment (kW); t - operating time of the installation (h).

This model will help to calculate energy consump-
tion for different operating modes of the installation,
which is important for optimising processes. The total
cost of operating the plant consists of several compo-
nents: the cost of adsorbent, energy costs, and mainte-
nance costs. The model for the total cost of operation
is as follows (5):

300
250
200
150
100

Cmta[ = Cads + Cenergy + Cmaint’ (5)
where C_ - total cost of operation (USD); C , - ad-

sorbent cost (USD); C, - energy cost (USD); C . -
equipment maintenance and replacement costs (USD).

Here,the adsorbent cost may depend on the amount
of material used, energy consumption on the installa-
tion capacity and operating time, and maintenance
costs on the frequency of equipment replacement and
maintenance. Graph of changes in the concentration
of sulphur compounds over time: based on the equa-
tion for adsorption (2), a graph can be constructed
that shows a decrease in sulphur concentration de-
pending on time at different values of the adsorption
coefficient K (Fig. 1). The initial concentration values
of C,=100 mg/m* and adsorption coefficients K =0.1,
0.2,0.3 mg/m> were used in the calculations. Such data
help to estimate how fast the desulphurisation process
takes place at the specified parameters.

e Concentration (mg/m?) at K,=0.1
e Concentration (mg/m?) at K,=0.2
Concentration (mg/m?) at K,=0.3

50
0

~

9

Figure 1. Graph of changes in the concentration of sulphur compounds
as a function of time at different values of the adsorption coefficient

Source: compiled by the authors

Graph of the dependence of the total cost of oper-
ation on the parameters of the installation: a graph can
be constructed that shows the variation of total cost
of operation as a function of plant capacity, operating
time, adsorbent cost, and energy consumption (Fig. 2).
The total cost was calculated using the equation (5).

40,000
35,000
30,000
25,000
20,000
15,000
10,000

5,000

For calculations, the values of equipment power P=50,
75,100 kW, operating time t=100, 200 h, and electricity
price 0.1 USD/kWh, and the cost of adsorbent in the
range from USD 1,500 to 4,000 were used. These data
allow visually showing how the installation parameters
affect the economics of the process.

== Operation time (h)
= Adsorbent cost (USD)

Energy consumption (kWh)
== Maintenance cost (USD)
=T otal cost of operation (USD)

0

75 100 50

75

100

Figure 2. Graph of the dependence of the total cost of operation
of the installation on the capacity of the equipment and the operating time

Source: compiled by the authors

In engineering applications, the importance of
optimisation lies in ensuring the reliability and ac-
curacy of data for system design. For example, when
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designing desulphurisation plants, dynamic parameter
changes such as temperature or pressure fluctuations
must be considered to minimise the risks of equipment
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failure. Accurate mathematical models allow predict-
ing possible deviations and developing compensating
mechanisms, which increases the overall safety of the
installation (Ahn et al., 2023). Energy aspects are also
central to the process. Efficient energy management, for

example by choosing a low-energy adsorbent or opti-
mising pressure, reduces the load on the company’s en-
ergy systems. This is especially important in the context
of modern requirements for reducing carbon dioxide
emissions and energy conservation (Table 2).

Table 2. Energy costs under different temperature and pressure conditions

Temperature  Pressure Equipment  Operation time Energy costs Notes

(°C) (atm)  power (P) (kW) () (h) (E) (kWh)

150 5 50 10 500 Optimal mode for adsorpents with low
temperature resistance

200 10 70 10 700 Requires stable temperature c_ontrol, suitable

for aluminium oxide

250 15 90 10 900 High sulphur~ removal efﬁciency, increased
equipment cooling costs

300 20 120 10 1,200 Energy consumption increases significantly, the

use of heat-resistant adsorbents is required

Source: compiled by the authors based on PR. Chauhan et al. (2022)

Optimisation also significantly reduces operating
costs. For example, a more durable adsorbent reduc-
es the frequency of its replacement, which minimises
maintenance costs. In addition, reducing energy con-
sumption helps to reduce energy costs, which makes the
process more economically attractive for enterprises.
Engineering applications include the use of such mod-
els to select optimal materials, design equipment, and
predict system performance. The integration of these
models into automated control systems makes the pro-
cess more stable and adaptive to changing conditions.

Optimisation of desulphurisation parameters is an
integral part of engineering and energy applications. It
not only increases the efficiency of the installation, but
also ensures safety, reduces environmental risks and
improves the economic performance of the enterprise,
which makes the process more promising and sustain-
able in the long term. Thus, successful optimisation of
these parameters using appropriate models can signifi-
cantly improve the desulphurisation process, increasing
its economic and energy efficiency, and reducing oper-
ating costs.

Discussion

In the course of the study, the key parameters influ-
encing the process of propane-propylene desulphuri-
sation were analysed: temperature, pressure, and type
of adsorbent. The results showed that temperature
significantly affects the rate of adsorption of sulphur
compounds. The optimal temperature range estab-
lished during the experiments ensured high efficiency
of adsorbents, whereas a slowdown in adsorption was
observed at lower temperatures, and degradation of the
adsorbent structure at high temperatures.

This problem was also analysed by S.H. Shafeian-
pour et al. (2024), and their findings confirmed that the
process of propane-propylene desulphurisation de-
pends on temperature, since a change in temperature

regime affects the activity of catalytic processes. At high
temperatures, the reaction accelerates, which can lead
to faster desulphurisation, but also increases the risk of
adsorbent degradation. Determining the optimal tem-
perature range is critical to maximise the efficiency of
the process without loss of adsorbent quality. A.K. Sin-
gh et al. (2024) demonstrated that it is important to
establish a temperature regime that ensures a balance
between high reactivity and maintaining the stability
of the material to prevent adsorbent degradation. The
choice of a suitable temperature range also affects the
service life of the equipment and the cost-effectiveness
of the process. Careful analysis of the thermodynamic
characteristics of the adsorbent helps to avoid its de-
struction when operating at high temperatures.

It should be emphasised that optimising the tem-
perature conditions for propane-propylene desulphur-
isation is of key importance not only for increasing the
speed of the process, but also for extending the service
life of adsorbents. Despite the obvious advantages of
high temperatures in accelerating chemical reactions,
it is important to consider their impact on the stability
and durability of materials. Gas pressure also proved to
be a significant factor. Experimental data have shown
that an increase in pressure increases the density of the
gas flow and, as a result, improves the contact of gas
molecules with the adsorbent. However, with a further
increase in pressure, the adsorption efficiency stopped
increasing, which can be explained by the saturation of
the active centres of the adsorbent. This indicates the
need to fine-tune the operating parameters to prevent
an unjustified increase in energy costs.

J. Sun et al. (2022) concluded that increasing the
pressure during desulphurisation can significantly im-
prove the contact of the gas mixture with the adsor-
bent, which contributes to a more efficient capture of
sulphur compounds. Higher pressure increases the den-
sity of gas molecules, which increases the likelihood
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of collisions with the active centres of the adsorbent.
This can lead to faster and more complete removal of
sulphur from the gas mixture. The study by Q. Dong et
al. (2021) found that it is important to consider that in-
creasing the pressure has its limitations, since too high
pressure can lead to an overabundance of molecules,
which makes it difficult for them to interact with the
adsorbent. Determining the optimal pressure for desul-
phurisation is critical, as it must ensure maximum pro-
cess efficiency without unnecessary energy costs and
threats to system stability. This requires careful analy-
sis and experiments aimed at identifying the maximum
pressure for optimal operation of the adsorber.

These results confirm the previously presented
study, as they demonstrate a significant improvement
in desulphurisation efficiency when optimising tem-
perature and pressure conditions, which corresponds to
the conclusions of previous studies. It is confirmed that
the correct balance between temperature, pressure, and
reaction time can significantly increase the productiv-
ity of the process, while maintaining the durability of
the adsorbent. Such data also confirm the importance
of an integrated approach to the development and im-
provement of desulphurisation technologies to achieve
maximum efficiency and cost-effectiveness. The type
of adsorbent used showed the greatest variability in
the results. The most effective material was alumini-
um oxide, which provided a high degree of removal of
sulphur compounds. Organometallic skeletal structures
have shown promising results, but their high cost and
limitations in operating conditions have so far reduced
their competitiveness.

It is important to note the study by F. Ahmadijoka-
ni et al. (2021), in which it was also found that adsor-
bents based on aluminium oxides and organometallic
skeleton structures have various advantages in the des-
ulphurisation process. Aluminium oxides are known for
their high stability and good adsorption properties un-
der various temperature conditions, but their effective-
ness is limited compared to more specialised materials.
Whereas organometallic adsorbent framework struc-
tures offer improved selectivity and greater porosity,
which can significantly increase their efficiency in re-
moving sulphur from gas mixtures. In turn, A.T. Kadhum
& T.M. Albayati (2022) concluded that the prospects for
using modified adsorbents in industrial desulphurisa-
tion look promising, as they can combine the advan-
tages of both types of materials. Modification of orga-
nometallic skeleton structures and aluminium oxides
can significantly improve their resistance to high tem-
peratures and aggressive environments, and expand
their range of applications. These improvements open
up new possibilities for more efficient and cost-effec-
tive desulphurisation, which can lead to significant im-
provements in industrial gas purification processes.

The data obtained are consistent with the state-
ments outlined in the previous section, confirming that
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optimisation of parameters such as temperature and
pressure plays a key role in improving desulphurisation
efficiency. The results of the study demonstrate that the
correct combination of these factors can significantly
improve the contact of the gas mixture with the adsor-
bent, which contributes to a more complete removal
of sulphur compounds. Thus, observations confirm the
importance of an integrated approach that considers
the relationship between temperature and pressure
conditions, and the need to fine-tune them to achieve
maximum process performance.

The study of the kinetics of the process deserves
special attention. The results showed that the duration
of contact of the gas mixture with the adsorbent direct-
ly affects the effectiveness of desulphurisation. The op-
timal contact time ensured a balance between energy
consumption and the required purification levels, while
the insufficient duration did not allow achieving the
desired process quality. S. Li et al. (2021) also conduct-
ed a study, and their results confirmed that optimising
the gas-adsorbent contact time is an important aspect
for reducing energy consumption during desulphurisa-
tion. Too short a contact time can lead to insufficient
gas purification, while excessively long contact leads
to unjustified energy costs. Therefore, it is important
to determine the optimal duration of contact, which
will ensure effective purification with minimal energy
costs. S. Abbasi et al. (2023) also found that the effect
of the duration of contact on the degree of purifica-
tion of propane-propylene shows that there is a certain
time at which the purification process reaches maxi-
mum efficiency. Increasing the contact time usually
improves the degree of purification, but after reaching
the optimal point, efficiency begins to decrease due to
overheating and increased energy consumption. This
highlights the need to fine-tune the contact duration to
achieve the best balance between purification efficien-
cy and cost-effectiveness of the process.

Comparing the data obtained during the research,
it can be concluded that optimising the contact time
with the adsorbent has a significant impact on the ef-
fectiveness of the desulphurisation process. While in-
creasing the duration of contact improves the degree
of purification, it must be borne in mind that after a
certain threshold, a further increase in time does not
significantly improve results, but increases energy con-
sumption. These results highlight the importance of
precise control of contact time, which will optimise the
process, taking into account both purification efficien-
cy and energy savings. The dynamic properties of the
process also revealed the need for uniform gas distri-
bution in the reactor. It was observed that the uneven
gas flow led to the development of “dead zones” where
adsorption was practically absent. The use of flow dis-
tributors and preliminary calculations of gas dynamics
made it possible to significantly reduce these zones and
improve the overall productivity of the process.
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K. Kaczmarski & M.K. Szukiewicz (2021) conclud-
ed that the time of gas contact with the adsorbent is
indeed a key factor in the desulphurisation process, af-
fecting the degree of purification. The results showed
that at the initial stages, an increase in contact time
leads to a significant improvement in efficiency, since
the gas has time to interact with the active centres of
the adsorbent. However, after a certain point, the ef-
ficiency of the process stabilises, which confirms the
need to find the optimal time to minimise energy con-
sumption. X.Zhang et al. (2021) found that an excessive
increase in contact time leads not only to a slight im-
provement in the degree of purification, but also to an
increase in energy consumption, which is impractical
from an economic standpoint. This approach requires
careful process control to reduce unnecessary energy
costs while maintaining the required purification qual-
ity. It is important that this study provides a basis for
further optimisation of the conditions under which it
will be possible to achieve the best results in terms of
both savings and efficiency.

An analysis of the findings shows that optimising
the contact time with the adsorbent has a noticea-
ble effect on the effectiveness of desulphurisation,
allowing for better purification performance with
minimal energy consumption. While increasing the
contact time improves the degree of purification, it
has been found that further increasing it after a cer-
tain limit does not lead to significant improvements.
This highlights the importance of precise time con-
trol, which helps to save energy without compromis-
ing process quality. Thus, the analysis of the obtained
results confirms that optimisation of the parameters
of the desulphurisation process requires an integrat-
ed approach. The established relationships between
temperature, pressure, adsorbent type, and gas flow
characteristics can become the basis for further de-
sign and configuration of industrial installations. This
will increase the efficiency of the process and reduce
its operating costs.

been established that temperature plays one of the
leading roles in ensuring optimal operation of adsor-
bents. The use of a temperature range at which ad-
sorbents retain their activity helps to achieve a high
degree of purification of the gas mixture without loss
of the working properties of the materials. The anal-
ysis of the pressure effect revealed its critical impor-
tance for process optimisation. A moderate increase in
pressure contributes to a more intense contact of gas
molecules with the active centres of the adsorbent,
which increases the efficiency of purification. Howev-
er, an excessive increase in pressure does not provide
significant advantages and may lead to unnecessary
energy costs. The type of adsorbent proved to be a
key factor influencing the results of desulphurisation.
Aluminium oxides proved to be the most effective ma-
terials. Despite the promise of organometallic skele-
ton structures, their cost and limitations in operating
conditions limit their widespread use.

The kinetics of the process demonstrated that the
duration of gas contact with the adsorbent plays a sig-
nificant role. Optimal time parameters allowed achiev-
ing a high degree of purification without excessive
expenditure of resources. The dynamic characteristics
of the process have shown that the uniformity of gas
distribution in the reactor is crucial. The use of special
switchgear helped to minimise the development of
“dead zones”. Thus, an integrated approach to optimis-
ing the temperature, kinetic, and dynamic parameters
of the process ensure high productivity and reduced
operating costs. The results obtained can be applied in
the design and modernisation of industrial desulphur-
isation plants. The main limitation of this study is that
the experiments were conducted in a laboratory setting,
which may not fully reflect the complexity of industrial
processes. Further research is needed to investigate the
long-term stability of adsorbents under actual operat-
ing conditions, including the effects of impurities and
temperature fluctuations.
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AHotauis. MeToto po60TH byna onTuMisaLis napameTpiB NpoLecy CipKOOUULLEHHS NPONaH-NPONiNeHy AN NiABULLEHHS
Moro edpekTnBHOCTI. B poboTi npoaHanizoBaHo BNIMB TeMmnepaTypu, TUCKY Ta TUMY aacopbeHTy Ha ePeKTUBHICTb
npouecy pecynbdypauii nponaH-nponineHy. BctaHoOBNEHO, WO NiABULWEHHS TeMnepaTypu ChNpusie 306iNMblUEHHI0
LUBMAKOCTI apcopbuii cnonyk cipku, ane ueit edekT 30epiraeTbcs NMile A0 NEBHOrO 3Ha4YeHHs Temnepatypu. Micns
[LOCSITHEHHS NMeBHOI MexXi TeMnepaTypa NOYMHAE HEFAaTUBHO BMNIMBATM HA aACOPOEHT, BUKIMKAKOUM MOro AerpasaLito.
Ha ocHoBi oTpMMaHux AaHux Byno BM3HAYeHO, WO OMTMMaNbHa TeMnepatypa A/ MaKCMManbHOi epeKTMBHOCTI
npouecy CipkoOYMLLLEHHS 3HaXoAanTbCA B Aiana3oHi 250-300 °C. Bname TUCKY Ha npouec CipKOOYMLLEHHS BUSIBUBCA
3HAYHMM: NiABULLEHHS TUCKY NOKPALLYE pe3y/bTaTy, OCKiNbKM 36inblUye WiNbHICTb ra3oBoi dasu, Wo, B CBOKO Yepry,
CNpUSIE KPaLLOMY BNOBJIOBAHHIO CNOAYK Cipku. OfHaK, SKWO TUCK € 3aHAaATO BUCOKMM, [OAATKOBOIO MOKPALLEHHS
pe3ynbTaTiB He BifOYBAETbCS, @ EHEpPreTUYHi BUTPATU Ha NpoLec 3pocTatoTb. KpiM TOro, okcuza antoMiHilo BUSBUBCS
Hae@eKTMBHILMM 3 yCiX pO3rSHYTMX ancopbeHTiB. BiH NpooeMOHCTpyBaB HaMKpalli pe3ynbTaTM MOPIiBHSHO 3
AKTMBOBAHWUM BYTiNNAM i cuAikarenem 3a onTMManbHUX TEMMNEePaTYPHMUX | TMCKOBUX YMOB, 3abe3neunBLUMN HAUBINbLLMIA
CTYNiHb BUAANEHHS CipKM 3 ra3oBoi cyMili. Po3pobneHi B Xxoai AOCNigKEHHS MaTEMATUYHI Mogeni NiaATBepaAnau, Lo
ONTUMI3aLis NapaMeTpiB TeMnepaTypu i TUCKY A03BONSE 3HAYHO NiABULLMTM edeKTUBHICTb MPOLLeCy CipKOOYMULLEHHS.
Lle no3BoNSE He TiNbKM NiABULLMTM CTYNiHb BUAANEHHS CipKK, ane M 3HU3UTU EHEProBUTPATH Ta MPOLOBXUTH TEPMIH
cnyxbm o0bnagHaHHS, WO € BAKIMBUM AJ1S MOro NPaKTUYHOrO 3acToCyBaHHS. [1pakTMyHa LiHHICTb poboTH nonsrae
B TOMY, LLLO KOMM/IEKCHUI NiaXid, KM BPaxOBYE B3aEMO3BS30K MiXX TeMnepaTypor, TMCKOM i TMMOM afcopOeHTy,
3HAYHO MOKPALLY€E MpOLEC CipKOOYMLLEHHS B MPOMMCIOBMX MaclTabax, 3abesnevytoun Buly edekTMBHICTb Ta
€KOHOMIYHICTb

KarouoBi croBa: TeMnepatypa; TUCK; aACOPOEHT; OKCMA aNtOMiHIl0; EHEPreTUYHI BUTPaTH
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Abstract. The aim of the study was to compare the efficiency of the supply devices of passive ventilation systems
(wind catcher of the original design and window ventilator with the options of location “above the window” and
“under the window”).As a result,an assessment of the nature of air distribution and features of air flow circulation
in the room with different options for supply air supply was provided. To collect and systematise information on
passive ventilation, its effectiveness in thermally modernised buildings and to assess the possibility of ensuring
standardised air exchange in the premises, methods of generalising the results of previous studies, as well as
comprehensive and logical-structural analysis were used. Scientific and analytical analysis was used to process
and evaluate the data obtained. Computer modelling made it possible to compare the results and evaluate
the distribution of air flows, temperature gradients and air exchange efficiency in the room. A comprehensive
analysis of the efficiency of passive ventilation in a thermally modernised building using different types of
air inlets was carried out. Their influence on indoor air exchange under different climatic conditions (warm
and cold seasons) is investigated, taking into account the distribution of temperature and air flow velocity.
Optimal solutions for passive ventilation have been identified that reduce energy consumption while creating
a standard air exchange in thermally modernised buildings, which is a key aspect for ensuring energy efficiency
and comfortable living conditions. As a result of the modelling, data on the distribution of temperature and air
flow velocity in the room for a window ventilator and a wind catcher were obtained. The data obtained were
analysed in the frontal and horizontal planes, which allowed to assess the peculiarities of air distribution in the
room volume. Particular attention was paid to the analysis of the area directly near the air inlet, which made it
possible to study in detail the behaviour of the air flow at the initial stages of its distribution in the room and to
assess changes in temperature and flow rate depending on air flow and distance from the air inlet. The results
obtained allow for a detailed assessment of the air exchange in the room, taking into account the influence of
the design features of the air inlets on the efficiency of air distribution and circulation
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Introduction

Insulation of the exterior walls of buildings remains a
key measure to improve the energy efficiency of build-
ings, which suffer from freezing walls and humidity in
winter and overheating in summer. External thermal
insulation can significantly improve the microclimate
in apartments by protecting walls from the negative
effects of moisture, wind and ultraviolet radiation. Re-
placing outdated windows and balcony blocks with
sealed profiles with double-glazed windows also helps
to create a stable indoor climate, which in turn helps to
significantly reduce energy consumption.

In the context of modern requirements for energy
efficiency in buildings, it is important to find alterna-
tive ventilation methods that will reduce or even avoid
dependence on mechanical systems. Ensuring efficient
ventilation in thermally modernised buildings should
take into account not only the standard air exchange,
but also the minimum energy consumption. Ensuring
effective ventilation in thermally modernised buildings
should take into account not only the standard air ex-
change, but also the minimum energy consumption.The
study by N. Fu et al. (2021) analyses and justifies the ef-
fectiveness of several mechanical ventilation strategies
in high-rise buildings in terms of air quality and energy
efficiency. A significant amount of research and devel-
opment has been devoted to mechanical ventilation
systems and improving their efficiency, among which
the work of H.Y. Bai et al. (2022). But they all have one
drawback in common: the need for significant energy
consumption for operation. That is why it is promising
to study passive ventilation, which makes it possible to
reduce the energy consumption of mechanical ventila-
tion systems by using wind power and buoyancy. The
study by T. Ahmed et al. (2021) reveals the potential of
natural ventilation in solving problems related to the
quality of the indoor environment and confirms the vi-
ability of natural ventilation to ensure thermal comfort
in the building.

One of the most well-known elements of a passive
ventilation system used to improve indoor air quality is
awind catcher.As noted by V.Savin & V.Zhelykh (2023a),
this element provides efficient ventilation due to its
ability to direct wind flows towards the interior of the
building. G. Allesina et al. (2019) and M. Alwetaishi &
M. Gadi (2021) add that the wind catcher is a traditional
architectural solution typical of the Middle East, where
it is used to optimise ventilation using natural air flows.
Authors P. Nejat & F.Jomehzadeh (2018) and A.H. Cho-
han & J. Awad (2022) note that wind catchers demon-
strate high efficiency in providing natural air exchange,
while A.Bekleyen & Y.Melikoglu (2021) emphasise their
importance in the cultural context and architectural de-
sign. In modern architecture, this device is also gaining
popularity due to its versatility and ability to provide
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the required level of ventilation (Wahab et al., 2019;
Sangdeh & Nasrollahi, 2022). A study by A.H. Chohan et
al. (2024) confirms that wind turbines contribute to
improving the energy efficiency of buildings and ad-
dressing current environmental challenges, while also
being key elements in modern environmental design.

Another element of passive ventilation that uses
buoyancy and does not compromise the airtightness
and thermal insulation properties of a thermally mod-
ernised building is a window ventilator (Hoffmann et
al.,2021).Awindow ventilator is a device that is mounted
in the window frame and works on the principle of using
buoyancy to ensure natural air exchange, but it does not
have the ability to control the flow of incoming air. The
greater the temperature difference between the out-
side and inside air, the more efficient the air exchange.

Despite a considerable amount of research on me-
chanical and passive ventilation systems, aspects of op-
timising natural air exchange in thermally modernised
buildings remain poorly understood. This article was
aimed at studying the influence of the design charac-
teristics of air handling units on the uniformity of air
distribution in the premises, as well as their ability to
provide a standard level of air exchange in different cli-
matic conditions.

Materials and Methods

The study analyses the results of modelling the impact
of natural ventilation on the air exchange of a thermal-
ly modernised building on the example of a separate
room, which is a key aspect for ensuring energy effi-
ciency and comfortable living conditions. A thermally
modernised one-storey residential building located
in Kryvyi Rih was chosen for the study. The geometric
dimensions of the room for which the modelling was
carried out and the layout of the supply and exhaust
elements are shown in Figure 1.

The supply air temperature, taking into account the
climatic conditions of Kryvyi Rih, is -21°C in the cold
season. The internal air temperature is assumed to be
+20°C. The modelling of the impact of natural ventila-
tion on the air exchange of the thermally modernised
building was carried out using the licensed software
Solidworks Flow Simulation.

To simulate the supply air flow, the air inlets were
located as follows: the inlet of the wind catcher at a
height of 2,700 mm; window ventilator, depending on
the modelling conditions: “above the window” or “un-
der the window”. The maximum capacity of the window
ventilator is 20 m3/h (Mucha et al., 2024), which was
taken as a threshold value for modelling with flow rates
from 5 to 20 m3/h. The wind catcher was studied with a
wider range of flow rates: from 5 to 100 m®/h to identify
the optimal conditions for efficient air exchange.
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Figure 1. Layout of supply and exhaust elements in a room of a thermally modernised house
Notes: 1 - wind catcher; 2 - inlet of the wind catcher; 3 - exhaust opening; 4 - window ventilators

Source: developed by the authors

The study of passive ventilation efficiency analy-
sis and assessment of air exchange in the room was
carried out in several stages: 1. computer modelling of
the operation of a wind catcher and a window venti-
lator under different conditions of supply air supply;
2.special conditions of air distribution and circulation
in the room when using each type of supply equip-
ment and different options for its location; 3. the in-
fluence of air flow rate on the efficiency of air distri-
bution and features of air flow circulation in the room
is analysed; 4. recommendations on the choice and
installation location of supply devices of passive ven-
tilation to ensure.

Results

The modelling results showed that at the minimum
flow rate (5 m?/h) in each of the two variants of the win-
dow ventilator location (“above the window” and “un-
der the window”), the air flow develops slowly, which
ensures gradual mixing of the supply air with the inter-
nal air, although circulation is limited to areas close to
the window ventilators. The flow remains in the lower
layers of the room when supplied through the lower
window ventilators or in the upper layers — through the
upper window ventilators, which does not ensure full
coverage of the room volume.

As the flow rate increases, the air flow penetrates
deeper into the room, reaching the middle layers, which
ensures more efficient mixing with the indoor air. Re-
gardless of the location of the window ventilator, the
air flow covers a large part of the room, distributing
evenly. With a maximum flow rate of 20 m3/h in both
the upper and lower outlets (Fig. 2), the airflow demon-
strates high speed, actively circulating throughout the
room.The air flow is evenly distributed in both horizon-
tal and vertical planes, with complete mixing of supply

and internal air, providing full coverage of the room
volume and intensive air exchange.

a

Speed (s

Figure 2. Modelling the inflow velocity
in the frontal plane
Notes: a - through a window ventilator located “above the
window”; b - through a window ventilator located “under the
window”; ¢ - through a wind catcher
Source: developed by the authors
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The combination of the modelling results for the
upper and lower air supply is possible due to the iden-
tical temperature conditions of the supply and internal
environments (+20°C). Under such conditions, both air
supply options, although they have different directions
of distribution at the initial stages, demonstrate similar
patterns in air distribution at the same flow rates. The
main differences in the flow behaviour are smoothed
out at the mixing stage, when the air is evenly distrib-
uted throughout the room, indicating a similar effect on
the microclimate.

Modelling of the intake air flow through the wind
catcher showed that at minimum flow rates, the intake
air flow is uniform, without sudden changes in direc-
tion. Due to the low velocity, the flow does not pen-
etrate far from the wind catcher outlet and quickly
dissipates in the room. As the flow rate increases, the
ability of the air flow to distribute evenly through-
out the room gradually increases. At flow rates in
the range of 15-40 m?/h, the air flow circulates well
without significant turbulence, and at high flow rates
(from 60-80 m3/h) turbulent zones begin to appear,
which can cause discomfort. At a maximum flow rate
of 100 m3/h, the most intense air flow is provided
(Fig. 2). The turbulence becomes significant, and the
air movement can create unpleasant sensations for the
occupants due to excessive speed and uneven distribu-
tion of air flows throughout the room.

According to the modelling data, at low flow rates
(5 m3/h), and thus low velocities, the cold supply air is
slowly mixed with the warm indoor air. The air flow re-
mains close to the window ventilator, with a gradual
decrease in speed as it moves away. The cold air set-
tles, causing cold zones to form in the lower layers of
the room. The slow spread of air with a temperature
of -21°C has a slight effect on the temperature of the
room. Low temperatures remain in the area close to the
window ventilator.

With increased flow rates, the mixing of cold and
warm air is more efficient. The cold air is more active-
ly distributed throughout the room, but there are still
significant temperature gradients between the area
near the window ventilator and the farther parts of the
room. The temperature in the room begins to drop, es-
pecially closer to the floor. At the maximum capacity
of the window ventilator (20 m3/h), the air flow has a
high velocity, which ensures uniform mixing of the cold
supply air with the warm internal air (Fig. 3). The flow
extends over the entire area of the room, covering all
its nooks and crannies. The simulation results illustrate
that the air no longer settles in the lower layers, but is
evenly distributed throughout the room.

The room temperature remains more stable, al-
thoughthe cold airstillhasanimpactonthetemperature
drop near the window ventilator (Fig.4). However, at the
maximum flow rate, the air exchange becomes intense
enough to avoid the formation of excessively cold zones.
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Speed ()

Figure 3. Simulation of the inflow velocity through the
window ventilator with the location
“above the window” in the frontal plane
Notes: a - along the axis of the window ventilator; b - along
the wall
Source: developed by the authors
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Figure 4. Simulation of the supply air velocity through
a window ventilator with the location “above the
window” in the frontal plane
Notes: a - along the axis of the window ventilator; b - along

the wall
Source: developed by the authors

The simulation results show that at a cold supply
air flow rate of 5 m%/h, the cold air slowly rises and
gradually mixes with the warm room air. The air veloci-
ty remains low, and the cold zone near the floor is main-
tained over a large area. Cold air settles in the lower
layers of the room, creating temperature gradients. The
temperature patterns show that a large proportion of
the air remains cold near the floor and heating is slow
due to limited mixing with the warm room air.
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As the flow rate increases, the cold air starts to
spread upwards more quickly. This results in a more
even distribution of cold air, but there is still some zon-
al cooling near the floor, which affects the temperature
comfort in the room. At a flow rate of 20 m3/h, the cold
air actively rises upwards, providing better mixing with
the warm air (Fig. 5). The modelling results show that

a

Figure 5. Simulation of the inflow velocity through
the window ventilator with the location “under the
window” in the frontal plane
Notes: a - along the axis of the window ventilator; b - along

the wall
Source: developed by the authors

As the cold supply air flow rate increases, the likeli-
hood of localised cooling zones is reduced due to more
efficient mixing of the cold supply air and warm indoor
air. However, the increased air flow rate associated with
the increase in air velocity may cause some discomfort
to the occupants.

Discussion

Due to the high level of airtightness and thermal insu-
lation, thermally modernised buildings significantly re-
duce heat loss. M.S. Unliitiirk & T.G. Ozbalta (2024) note
that such measures contribute to a significant increase
in energy efficiency, but at the same time create new
challenges in ensuring adequate ventilation. In turn,
M. Bhandari et al. (2018) and C. Banister et al. (2022)
point out that the increased airtightness of structures
significantly limits natural air exchange, which affects
the quality of the indoor environment. Z-Y. Chen et
al. (2024) analyse the impact of external sources of
pollution on indoor air, pointing out the particular
importance of ventilation systems in such conditions.
M. Mannan & S.G. Al-Ghamdi (2021) and S. Fujiyoshi et
al. (2022) add that a significant source of air pollution
is internal factors such as furniture, finishing materi-
als, and occupants’ household activities. Mechanical

the air reaches the upper layers of the room, ensuring
uniform air exchange.The air flow rate avoids the forma-
tion of cold stagnation zones near the floor. The results
of the simulation of temperature changes in the room
demonstrate a more even temperature distribution
throughout the room (Fig. 6). Cold zones become less
pronounced, and temperature gradients are reduced.
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Figure 6. Simulation of the supply air velocity through
a window ventilator with the location “under the
window” in the frontal plane
Notes: a - along the axis of the window ventilator; b - along

the wall
Source: developed by the authors

ventilation systems are commonly used to address
this problem. As noted by V. Savin & V. Zhelykh (2023b)
note that such systems allow controlling air exchange
and microclimate parameters, however, according to
Y. Tang et al. (2022), they are characterised by high en-
ergy consumption. This contradicts the main goal of
thermo-modernisation, which is to reduce energy con-
sumption by the building.

The authors of M. Carlsson et al. (2019) conducted a
study of different methods of sealing the building en-
velope using heat recovery ventilation in multi-room
buildings. Based on the results of the study, they con-
cluded that proper modernisation reduces the overall
energy demand for heating by 78% and greenhouse gas
emissions by 83%. The work of N. Bianco et al. (2023) fo-
cused on analysing the impact of building insulation on
ventilation systems with heat recoverytechnologies.The
authors of the study emphasise that building insulation
significantly reduces heat loss due to the low thermal
conductivity of the building envelope, limiting natural
air exchange, which in turn negatively affects indoor
air quality and requires the introduction of additional
ventilation solutions. The use of heat recovery systems
can reduce energy consumption for heating and cool-
ing and ensure efficient ventilation. The results of the

Journal of Kryvyi Rih National University, Vol. 22, No. 2, 2024




Savin & Kirichenko

study show that regenerative and recuperative systems
technologies effectively maintain microclimate param-
eters, but are dependent on additional electricity use.

The authors H.Y.Bai et al. (2022) point out the possi-
bility of increasing the efficiency of traditional air han-
dling units by modernising them or integrating them
with other ventilation systems. The paper emphasises
that the combination of air handling units with me-
chanical components or the use of adaptive solutions
helps to eliminate air stagnation zones and improve
the uniformity of air exchange even in difficult climat-
ic conditions. Unlike traditional mechanical ventilation
systems described in H.Y. Bai et al. (2022), the proposed
solution is aimed at reducing energy consumption and
ensuring high indoor air quality. This approach empha-
sises the potential of passive ventilation as an effective
alternative to mechanical systems.

The results of the study demonstrated the high ef-
ficiency of the wind catcher in creating a standard air
exchange in thermally modernised buildings, while en-
suring an even distribution of the supply air throughout
the entire volume of the room, which meets modern
requirements for energy efficiency and a comfortable
microclimate. Similar conclusions were reached by the
authors of T. Ahmed et al. (2021) and PK. Sangdeh &
N. Nasrollahi (2022), who note that due to their design
features, wind catchers are able to provide efficient air
circulation regardless of external climatic conditions.
The results of modelling the operation of window ven-
tilators show that their use is not able to ensure prop-
er air exchange, in particular in the cold season, when
there are significant temperature gradients and the for-
mation of cold air stagnation zones, which negatively
affects the indoor climate.

It is also important to compare the results obtained
with the studies of M. Alwetaishi & M. Gadi (2021) and
A.H. Chohan & J. Awad (2022), which analysed wind
catchers of various designs and the possibility of their
integration into modern architectural solutions. The
modelling results showed that wind turbines can be-
come a key component of the natural ventilation system,
functioning effectively in different climatic conditions
without the need for additional energy consumption.

The authors of the study by Z. Liu et al. (2019) em-
phasise the need to introduce modern approaches to
fresh air treatment to improve the energy efficiency
of buildings. The use of innovative technologies helps

in cases where it is necessary to ensure high air qual-
ity with minimal energy consumption. In general, the
results obtained indicate that the wind catcher is an
effective solution for ensuring regulatory air exchange
in thermally modernised buildings, which is confirmed
by the data of many scientists mentioned in the article.

Conclusions

The analysis of the modelling results showed that the
use of ventilators in the warm season, regardless of their
location (“above the window” or “under the window”),
can partially distribute the air in the room, but even with
the maximum performance of the ventilators, the stand-
ard air exchange is not ensured. During the cold season,
there are significant temperature gradients in the vicini-
ty of the air handlers, especially when supplying through
the lower air handler. This creates cold zones in the low-
er layers of the room, which leads to a decrease in ther-
mal comfort in the room and an increase in energy con-
sumption required for additional heating of the room.

Due to its design features, the wind catcher ensures
standard air exchange in the room regardless of the
temperature difference between the internal and exter-
nal environment, promotes efficient circulation of the
supply air and prevents the formation of stagnant zones,
which is confirmed by the modelling results. Thus, the
results of the study prove the high efficiency of the wind
catcher as a passive ventilation element capable of
providing standard air exchange in the room regardless
of the season, which makes it a universal passive ven-
tilation solution for use in different climatic conditions.

The modelling of the impact of natural ventilation
on the air exchange of a thermally modernised building
was carried out on the example of a single room, which
limited the study, since the specifics of air exchange in
multi-room premises were not taken into account. The
study also adopted modelling conditions without taking
into account possible changes in external factors (wind
speed, etc.). Further research should be aimed at ana-
lysing the behaviour of air handling units in multi-room
buildings, determining the optimal design parameters
of wind catchers for different types of buildings and ex-
panding research to take into account climatic features.
This will provide more accurate recommendations for
the effective use of passive ventilation to improve the
energy efficiency of buildings.
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AHoTauifs. MeToto 4oCnigkeHHs YN0 NOpiBHAHHA eheKTUBHOCTI po6OTU NMPUNAMBHUX NMPUCTPOIB NACUBHUX CUCTEM
BEHTUNALII (BITPOBNOBAOBAYA OPUFiHANbHOT KOHCTPYKLiT Ta BIKOHHOIO MPOBITPIOBAYa 3 BapiaHTaMM poO3TallyBaHHS
«Hap, BIKHOM» i «nif BiKHOM»). B pe3ynbtaTi HafaHO OLIHKY XapakTepy MOBITPOPO3MOAiny Ta 0cobansocTen
LMpPKYAALi MOBITPSIHMX MOTOKIB B MPUMILLLEHHI Npu pi3HMX BapiaHTax nogadi npunaueHoro nosiTps. [ns 36opy
Ta cucTemaTum3auii iHdopMauii Npo NacMBHY BEHTUAALIO, i1 ePEKTUBHICTb 3aCTOCYBaHHS Y TEPMOMOAEPHI30BaHMX
OyamMHKax Ta OLiHKM MOX/IMBOCTI 3abe3neyeHHs HOPMATUBHOIO MOBITPOOOMIHY B NPUMILLEHHSAX 6YN0 BUKOPUCTAHO
METOAM Yy3arafibHEHHS pe3ynbTaTiB MONepeaHixX AO0CNIAKEHb, @ TaKOX KOMMAEKCHWM Ta NOriKo-CTPYKTYPHUNM
aHanis. [1na 06pobku Ta OLHKM OTPUMaHMX AaHMX Byno 3aCTOCOBAaHO HAaYKOBO-aHaNiTUYHMIA aHani3. KommioTepHe
MOJEeNt0BaHHS L03BOIMIO MOPIBHATU PE3YNbTaTH Ta OLIHUTM PO3MOAIN NOBITPAHWUX NOTOKIB, TEMNEPATYPHI FPaAieHTH
Ta eDeKTUBHICTb MOBITPOOOMIHY B NpuMiLLeHHI. [TpoBefeHO KOMNNEKCHUI aHani3 ebeKTUBHOCTI MACUBHOT BEeHTUAALi
B TEPMOMOZAEPHI30BaHOMY BYAMHKY i3 BUKOPUCTAHHAM Pi3HUX TUNIB NPUNIMBHWUX NPUCTPOiB.JocnigkeHo iXHil BNAnB
Ha MOBITPOOOMIH y NPUMILLLEHHI 33 Pi3HMX KNiIMAaTUYHUX YMOB (TEMIMI Ta XONOAHMI Nepioan PoKy) 3 ypaxyBaHHSAM
po3noainyTemMnepatypu Ta LWBMAKOCTI MOBITPSHOIO NOTOKY. BU3HaUeHi ONTUManbHi pilleHHS AN NAaCMBHOT BEHTUASALII,
AKi [O3BONAIOTb 3HU3UTU EHEPrOBUTPATU MPU CTBOPEHHI HOPMATMBHOIO MOBITPOOOMIHY B TEPMOMOAEPHI30BaAHMX
OyaMHKaXx, WO € K/HOYOBMM acnekToM ans 3abesneveHHs eHeproed®eKTMBHOCTI Ta KOMMOPTHMX YMOB MPOXMBAHHS.
B pesynbrati MoOentoBaHHS OTPMMAHO [aHi MpO pO3MoAin TemMnepatypu Ta LBWMAKOCTI MOBITPSHOMO MOTOKY B
NPUMILLEHHI AN BIKOHHOIO NPOBITPtOBaya Ta BiTPOBNOBAOBAYA. [IpoBeaeHO aHani3 OTPUMaHUX AaHMX Y GPOHTaNbHIN
Ta rOPM30HTANIbHIM NAOLWMHAX, WO LO3BOUIIO OLIHUTM OCOBIMBOCTI PO3MOBCIOAXKEHHS NOBITPS B 06EMi NPUMILLEHHS.
OcobnuBa yBara npugineHa aHanisy 3oHu 6e3nocepenHbo 6ing NPUNIMBHOIO NPUCTPOLO, WO A03BOAWIO AETANIbHO
BMBYUTM NOBEAIHKY MOBITPSHOIO NOTOKY Ha MOYATKOBMX e€Tanax Moro po3nofiny B NPUMILLEHHI Ta OLHUTU 3MiHK
TemnepaTypu i LWBMAKOCTI NOTOKY 3a71€XHO Bif BUTPATM NOBITPSA | BiACTaHI BiA NpunanBHOro npuctpoto. OTpuMaHi
pe3ynbTaTM [03BOSOTb AETaNlbHO OLHWUTU MOBITPOOOMIH Y MPUMILLEHHI, BPAaXOBYHUYM BMMB KOHCTPYKTUBHMUX
0cobMBOCTeN NPUNAUBHUX NPUCTPOiB HA ePeKTUBHICTb PO3MOAINY Ta LMPKYNALii NOBITPS
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Abstract. Solar energy development in Ukraine is reaching peak values and will increase in the coming decades.
For this reason, it is important to use various methods of optimising panel’s operation to increase their energy
efficiency. Given the fact that the angle of the sun’s rays incidence has the greatest influence on the efficiency of
photovoltaic cells on the working surface, it is important to find the stationary (non-rotating) system’s optimal
angle of inclination and forecast the generated power. The purpose of the work was to determine the dependency
between the power generated by the photovoltaic element and the angle of the sun’s rays incidence and to develop
a universal document that would allow automatic calculation of the optimal solar panels’inclination angle relative
to the horizon and the maximum daily generated power. Calculations were performed analytically using functions
and digital tools of mathematical software, elements of the mathematical theory of optimisation. As a result of
the study, a digital file was created that automatically calculates the optimal solar panel inclination angle and the
maximum generated power depending on the change in this angle. An algorithm was developed that allows to
automate calculations based on the mathematical theory of optimisation and the means of specialised mathematical
software. The research work carried out will allow to increase the solar modules efficiency in the simplest way
without material costs for additional equipment and time costs for mathematical calculations of the technical
parameters of the system.Implementation of research results in practice will increase the profitability of solar panels
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Introduction

The development of alternative energy becomes a pri-
ority for Ukraine and many countries around the world.
The percentage of energy sources that will be produced
from alternative types will grow from 1 (as of 2015)
to 13% (forecast for 2035) (Pavlov et al., 2022) This is
due to the constant reduction and increase in the price
of reserves of natural resources (oil, coal, gas, etc.), the
significant negative impact on the environment of tra-
ditional energy processes, emissions of carbon dioxide,
nitrogen oxides and sulphur into the atmosphere, pol-
lution by dust and radioactive particles. In Ukraine, as
noted by Yu. Kolontaievsky et al. (2019), the technical-
ly achievable annual solar energy potential allows for
saving about 5 billion m? of natural gas.

The operational principle of the solar cell is based
on the photo effect phenomenon - the knocking out of
free electrons from the material atoms by the sunlight
photons flow. The efficiency of the solar module photo-
voltaic cells is affected by several main factors. In the
work of A.Khotian et al. (2019) considered the influence
of the angle of incidence of the light flux on the pho-
tovoltaic cell efficiency. Research by D. Zibalov (2022)
identifies photocell quality as one of the important fac-
tors. The work of D. Ostrenko & O. Kollarov (2020) con-
sidered such aspects as the influence of temperature,
contamination of the module and atmosphere (dust,
smoke), uniformity and intensity of lighting, which de-
pend on weather conditions.

The search for ways to improve the efficiency of
solar modules is carried out in many directions. In the
work of H.S. Majdi et al. (2021), the authors suggest-
ed using systems of active cooling of the solar panels
surface. The efficiency of energy generation decreases
by 10% or more due to the heating of the working sur-
face. Studies have shown that active heat dissipation
systems can increase the life of a photovoltaic panel
from 30 to 50 years. Active air cooling increases the
efficiency coefficient by 11.2%, passive - by 1.41%, and
water - by 5.36%.

The analysed studies showed that the angle of sun-
light falling on the working surface has the greatest
influence on the photovoltaic cells efficiency, but using
the special rotary devices that maintain the optimal an-
gle of 90° is limited by their high cost. Therefore, the
goal of this work was to find the optimal angle of incli-
nation of a stationary (non-rotating) system and predict
the generated power.

Materials and Methods

The highest efficiency of the solar installation is
achieved when the sun’s rays fall normal to the receiv-
ing surface. But constant maintenance of an optimal
angle of 90° is impossible due to physical processes
(rotation of the Earth around its own axis, change of
seasons). A schematic representation of the change in
the optimal angle of panel inclination relative to the
horizon during the year is shown in Figure 1.
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Figure 1. Schematic representation of the change
in the optimal angle of inclination
of the solar panel depending on the year season
Source: developed by the authors

The design of the installation (Fig. 2) was devel-
oped for calculating the optimal tilt angle of the panel
during the year, which consists of two solar modules,
oriented to the East and the West respectively.

Figure 2. Design of the solar module system
Source: developed by the authors

To simplify calculations, the total generation per day
of only half of the system was found. The dependence on
the latitude of the area, the day of the year, the hour and
length of the day, the level of insolation, the coefficient
of light reflection, and the scattering of solar radiation
were not taken into account. The reference power of the
solar flux was taken as the average annual value on the
territory of Ukraine W,= 1,200 W/m. The dependence of
the power of the sun’s rays on the angle of incidence f is:

W(B) = Wsinp. (1)

In the projected model, the solar flux is a vector.
One of the components of this vector was singled out
for calculating and taking into account the power gen-
erated by the panel:

W (e, B)=Wsin(a.+ f), (2)

where a - the angle of inclination of the panel relative
to the horizon, which must be found.

The function of the energy generation power is ob-
tained. To obtain the objective function of daily energy
generation, depending on the angle of inclination of
the panel to the horizon, the integral of this function
was found in the range from O to 90°:

I2°W, (a )= W, (a). (3)

The maximum value of the function, which corre-
sponds to the optimal value of the angle of inclination,
was found by finding the critical points of this function.
MathCAD software for mathematical calculations was
used to computerise the calculations.




A T0R

Solar panels’ energy efficiency optimisation...

Results and Discussion

The need for electrical energy rapidly increases due
to the rapid development of technologies, energy-in-
tensive industries, and urbanisation processes. The
economic aspect plays an important role - the cost of
renewable energy sources is significantly lower than
the cost of fossil fuels, while the cost of such energy
is higher. Focusing on alternative energy is the key to
the energy independence of all countries. In Ukraine,
the development of renewable energy is one of the
five priorities of post-war recovery and further building
up of the country’s energy capacity, because the ener-
gy sector of Ukraine has suffered from huge losses. In
2024, targeted and large-scale attacks on facilities that
ensure the production, transmission, and distribution
of electricity continue. In the conditions of attacks on
the country’s energy infrastructure, the consequences of
which are partial or complete planned and emergency
power outages, the transition to alternative decentral-
ised energy sources is the only means to meet the en-
ergy needs of the population.

It is necessary to choose the most effective natural
energy resources available in this region for the produc-
tive development of renewable energy. The most prom-
ising is solar energy in connection with the favourable
geographical location of Ukraine and the degree of
availability of one or another type of alternative energy
foranindividual consumer.The process of converting so-
lar energy into electrical energy is environmentally safe
and is especially relevant in wartime conditions, as it is
the only way to obtain electrical energy in some regions.

The length of daylight hours in Ukraine allows the
efficient use of solar modules for 7-9 months a year, as
reported by the State Agency for Energy Efficiency and
Energy Saving of Ukraine (Energy of the sun, n.d.). The
annual flow of sunlight per 1 m? of horizontal surface
in the southern regions of Ukraine is 1,250-1,350 kW/
m?,and its duration is approximately 2,000 hours. As of
2024, there are no devices capable of working directly
on pure solar energy, so science has invented meth-
ods of converting solar energy into electrical energy.
The most common devices for transforming solar en-
ergy into electrical energy are solar panels. One of the
advantages of such energy sources is the possibility
of continued operation after the disconnection of de-
stroyed modules due to air attacks.

Installing solar panels is a promising capital invest-
ment, particularly, in the engineering industry. In the
process of work, plants and factories consume a sig-
nificant amount of energy, which increases the cost of
finished products and, as a result, expensive electricity
reduces the profitability and competitiveness of man-
ufacturing and repair factories. The large territory of
manufacturing enterprises allows for the installation
of a significant number of solar panels, and relatively
small initial capital investments have an economically
beneficial payback period at the scale of the enterprise.

The generated clean energy can be used for produc-
tion purposes or as an additional source of income. The
problem lies in the relatively low efficiency of devices
(18-25%), which requires finding ways to increase it. For
this, it is important to conduct scientific research in the
field of solar energy with practical testing of the pro-
posed hypotheses and created structures.

The stages of calculating the optimal inclination
angle by the method of differential calculation of the
function of two variables implemented in the MathCAD
software are given below in MathCAD terms and sym-
bols. Let the initial value of the maximum power be
W, = 1,200. Function (3) of two variables is integrated
from O to 90°:

flo) = JW (e, )dB—>1,200 - cos(a)-1,200 - cos(a+90). (4)

The first derivative of the objective function is
found:
floy:=£ fle)—1,200 - sin(ee+ 90) - 1,200 - sin(a).  (5)
Figure 3 shows finding the critical points of the ob-
jective function.

Given

fi(@)=0

a>0

M: = Find(a) - 0.55309

Figure 3. Finding the critical points
of the objective function in the MathCAD software
Source: developed by the authors

Optimal tilt angle of the panel is:

M-180

deg(a): = — 31.69. (6)

The second derivative of the objective function is
found:

f(@):=2 f,(0)—1,200 - cos(a+90) - 1,200 - cos(a);

da

- £(M)=-2,042.2. 7)

The value of the objective function at the maxi-
mum was calculated. The maximum generated power
in W/m? is fiM) = 2,042.2. Thus, the optimal angle of
inclination of the solar panel in the proposed mod-
el is o =31.69°. This value of the angle will allow to
reach the maximum value of the generated power of
2,042.2 W/m?2,

A significant number of various methods of increas-
ing the energy efficiency of solar systems have been
proposed by other scientists. For example, systems for
cleaning panel surfaces have been developed (Sin-
chuk et al., 2020). Studies have shown an increase in
generated power from 2,000 to 2,300 kW (15%) us-
ing a magnetic cleaning system. In the article Ye. Kor-
niienko et al. (2023) the authors proposed a method of
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controlling the power generation system using wire-
less technologies. If the generated electricity covers the
needs of consuming objects, then its surplus is directed
to charging batteries. When they are fully charged, the
energy is sent to the network at the “green” tariff. If the
amount of generated energy is insufficient for the needs
of the consumer,the batteries are switched on. If they are
discharged, power comes from the mains, additionally
charging the batteries. When there is no voltage in the
network, a diesel or gasoline generator is switched on.

One of the most successful ways to increase the
energy efficiency of solar panels is the use of trackers,
which are mechanisms capable of automatically chang-
ing the angle of inclination of the working surface. The
greatest efficiency is achieved when the sun’s rays fall
normal to the panel. The moving part of the tracker can
change its position, track the position of the Sun,and ori-
ent the panel as needed. The tracking system designed
in the work Ye. Korniienko et al. (2023) demonstrates an
increase in the energy efficiency of solar panels by 25%.
Basically, their high cost limits the wide use of trackers.

The authors I. Vashchyshak & V. Tsykh (2020) con-
ducted comparative studies of the solar panels’ ener-
gy efficiency with systems of directing mirrors, Fresnel
lenses to create additional optical flow on the sur-
face of solar panels. Measurements of electric power
showed that additional mirrors can increase the initial
energy by 35-60%. But at the same time, the tempera-
ture on the working surface increases significantly. In
addition, the use of the mirror system requires addi-
tional areas for their placement, which is not always
possible and expedient. The work M. Myroshnichenko
& K. Klen (2022) considers increasing the accuracy of
forecasting the amount of produced energy due to the
use of mathematical predictive models.

of 31.69° to the horizon, which does not require ad-
ditional costs and maintenance, but provides max-
imum generation in a stationary state compared to
other methods of stationary installation. Howev-
er, the panel turned to the East will generate more
in the morning and afternoon, and will generate
significantly less in the evening and will actually be
idle. The panel turned to the West will work vice versa.

Conclusions

The article analyses and briefly describes various ap-
proaches to increasing the energy efficiency of solar
systems. All approaches have a rational point and a
good proposition to increase the generated power, but
also have significant disadvantages. For example, there
is a high cost of manufacturing, installation and main-
tenance, low reliability in operation, the need for power
supply, etc. It has been proven that the installation of
solar systems according to the proposed scheme at an
angle of 31.69° to the horizon can achieve the maxi-
mum energy generation capacity compared to installa-
tion at any other angle without motion. The advantages
are small costs for a special design of the support, no
need for maintenance, and energy independence of the
method. The disadvantage is the fact that the two pan-
els in the system work during the day alternately, which
leads to a partial idle time of the solar panel.

In further studies, it is planned to supplement the
calculations with additional variables, such as the lati-
tude of the area, the day of the year, the hour and length
of the day, the level of insolation, the coefficient of light
reflection, and the scattering of solar rays. The goal is to
find new solutions for increasing the energy efficiency
of stationary installed solar systems.

Therefore, most of the feasible ways and meth- Acknowledgements
ods of improving energy efficiency are expensive, None.
which increases the cost of generated electricity. This ]
work presents a successful and inexpensive meth- Conflict of Interest
od of installing solar systems at an optimal angle None.
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AHoTauifl. PO3BUTOK COHSIYHOI eHepreTukM B YKpaiHi cArae nikoBmx 3HauyeHb i byae y HaCTynHi fecaTUniTTs Tislbku
NOCKUOBATUCS, TOMY A4 NiABULLEHHS eHeproedeKTMBHOCTI po60oTV NaHenei BaXKIMBO 3aCTOCOBYBATH Pi3HOMAHITHI
cnocobu i MeToauM onTUMiIzaLii ix poboTu. 3 ornsay Ha Te, WO HaMBINbWKMIA BNAMB Ha ePEeKTUBHICTb HOTOENEMEHTIB
YMHWTb KYT NALiHHSA COHSYHOrO NPOMiHHS Ha poboYy MOBEPXHIO, aKTyaNlbHUM € MUTAHHS 3HAXOKEHHS ONTUMANbHOIO
KyTa Haxway cTauioHapHOi (HEMOBOPOTHOI) CUCTEMM Ta MPOrHO3YBaHHS 3reHepOBaHOi MOTYXHOCTI. MeTa poboTu
nonarana y BU3HauyeHHi 38"93Ky NOTYXKHOCTI, 3reHepoBaHOi GOTOENEKTPUYHUM eNeMEHTOM, Bif, KyTa NaAiHHA COHAYHMUX
NpOMeHIB Ta po3pobui yHiBEpPCanbHOrO AOKYMEHTY, KM [O3BONWUTb aBTOMAaTMYHO PO3PaxOBYBaTU OMTUMANbHUI
KYT Haxuay COHYHWMX NaHenewn BiGHOCHO FOpPM30HTY Ta MakKCMMasbHy J000BY reHepoBaHy MOTYXHiCTb. BukoHaHo
00YMCNEHHS QHANITUYHMM METOLOM 3i 3aCTOCYBaHHAM GYHKLIM Ta UMPPOBMX iHCTPYMEHTIB MaTeMaTUM4YHOro
nporpamMHoro 3abesneyeHHs. KpiM Toro, BUKOPUCTAHO €NeMEHTH MaTeMaTU4HOi Teopii onTuMi3auii. Y pe3ynbrarti
LOCNIKEHHS 6yN0 CTBOPEHO AOKYMEHT, SKMIM aBTOMATMYHO OBYMCIIOE ONTUMANbHUI KYT HaXuy COHAYHOI naHeni
Ta MaKCMManbHY reHepoBaHy MOTYXXHICTb Y 3a/1€XKHOCTI Bif, 3MiHW LbOro KyTa. PO3pobneHo anroputm, Skuii 403BONSE
MaKCMMaNbHO aBTOMATWM3YBaTU MPOLEC PO3PaxyHKiB i nMobynoBM rpadikiB GyHKLIM 33 paxyHOK BUMKOPUCTAHHS
€/leMeHTIB  MaTeMaTM4yHOi Teopii onTMMiI3auii Ta 3acobiB cnewiani3oBaHOrO MATeMATMYHOrO MPOrpamMHOro
3abe3neyeHHs. [TpoBeseHa LOCNiIAHULBKA poboTa A03BONUTL MiABULLUTU KOEDIiLLIEHT KOPUCHOI AiT COHSYHMX MOAYNiB
y HanbinblWw NpocTuii y peanisauii cnocid 6e3 MatepianbHMX 3aTpaTt Ha AoAaTKoBe 00M1alHaHHS | YaCOBMX 3aTpaT Ha
npoBeAeHHS MaTeMaTUYHUX 0BUYMNCIEHb TEXHIYHMX MApaMeTPiB CUCTEMM, @ BNPOBAAXKEHHS pe3ynbTaTiB AOCTiAKEHHS
Ha NPaKTULL [,03BONWTb 30iNbWKTU NPUOYTKOBICTL COHAYHMX NaHenen

KatouoBi cA0Ba: cOHSYHA eHepreTuka; aBTOMATU3aLLi po3paxyHKiB; NpUBYTKOBICTb; EKOOTiS; MOLWYK ONTUMYMY; KyT
Haxuny naHeni
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Abstract. The relevance of the study derives from the need to increase efficiency of dry beneficiation of minerals,
in particular through improving methods of separation of finely dispersed materials. The research aimed to
analyse the reqgularities of the relationship of forces acting on a material particle in the vortex airflow in the
centrifugal separator. The paper uses the analytical research method and generalisation of existing studies
dealing with determining the balance of forces acting on a material particle in a vortex airflow. The main results
of the research consist in determining the dependencies between the most influential forces acting on a particle
of a mineral with a relatively high density in a centrifugal air separator. The balance of the airflow resistance,
gravity and centrifugal forces was established, which is a key aspect for improving designs and optimising
operating modes of centrifugal separators. The dependencies determining positions of resultants of the main
forces were established and allowed determining parameters of the rational operating mode of air separators
and substantiating recommendations for improving efficiency of their operation. The obtained equations of the
resultants are universal and do not depend on the specific design of the air separator, which allows them to be
used to analyse and optimise operation of various models of centrifugal air separators as well as other classes of
separators considering relevant adjustments. The practical value of the work consists in obtaining equations that
determine positions of the resultants of the three main forces acting on a particle in the vortex airflow. This, in
turn, enables determining parameters of the required mode of operation

Keywords: mineral beneficiation; centrifugal force; gravity force; airflow resistance force; balance of forces

Introduction
The problem of efficient sorting of fine-grade materials  for increasing productivity and economic efficiency of
is becoming increasingly relevant in modern environ-  mining and beneficiation enterprises. Employment of
ment, when mineral beneficiation technologies require  centrifugal air separators is of particular importance as
high process precision and optimality. Improvement of  they provide high efficiency of dry separation of fine-
material separation methods is of crucial significance ly dispersed materials, replacing inefficient screening.
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This equipment is becoming indispensable in condi-
tions of increased application of dry mineral process-
ing technologies instead of wet processing to reduce
energy costs.

Sorting by centrifugal separators is an important
operation, especially for materials with a high content
of less than 0.1-0.5 mm fractions. However, efficien-
cy of this equipment depends on understanding and
considering the complex of forces acting on the ma-
terial particles, in particular the centrifugal force, the
airflow resistance force and weight. Improvement of
these technologies requires detailed mathematical
modelling to optimise separation processes. In cur-
rent studies of centrifugal separators, much attention
is paid to the analysis of forces that act on material
particles. In particular, most researchers (Adamchuk et
al., 2021; Esmaeilpoura et al., 2024) distinguish three
main forces: particle weight, the airflow resistance
force, and the centrifugal force. M. Madaliev (2020)
presents differential equations that describe the mo-
tion of particles in vortex flows. The author notes that
the centrifugal force and the airflow resistance force
are the main forces that determine the trajectory of
particles. S. Stepanenko (2019) provides formulas
for determining these forces, but their application is
complicated due to the need to determine additional
coefficients. The above authors point out that math-
ematical modelling of such processes is critical for
optimising operation of separators. S. Stepanenko &
B. Kotov (2020) further highlight the lifting force gen-
erated by the Magnus-Zhukovsky effect, which acts in
the direction opposite to the force of gravity. Thus, a
comprehensive approach to modelling and consider-
ation of all forces acting on particles is necessary to
improve efficiency of the process.

The present work aimed to build mathematical
models to determine prevailing forces influencing ef-
ficiency of material separation and to substantiate rec-
ommendations for improving process performance.

Materials and Methods

Specific features of the research object condition ap-
plication of the analytical method when the research
focuses not on a specific design, but only on the mod-
el of the separation process and its parameters. When
considering movement of a single material particle in
the vortex airflow, the following assumptions are made:
the particle is a solid undeformed ball-shaped body, its
density is P,= 3,500 kg/m? (that corresponds to the den-
sity of iron-containing concentrates), the radius of the
circle of the particle movement is accepted r=0.5 m,
the airflow has a uniform velocity field.

The following factors act on a single particle in the
spiral flow vortex (Fig. 1):

V the particle weight (the vector is in the down-
ward direction):

G=g-m, (1)

where m, = the particle mass, kg; g - the free fall ac-
celeration, m/s

Vv the airflow resistance force, N (the vector is di-
rected collinearly with the air velocity vector):

dZ
Pazcr‘ks’pa’vrz’”’?p, 2)

where ¢ - the coefficient of the airflow resistance of
the particle; k. - the coefficient that depends on the
particle shape (k. =1 - for ball-shaped; k_=1.1 - for
oval; k.= 1.5 - for pyramidal; k. =1.76 - for longitudinal,
k. =3.8 - for acicular ones); dp - the equivalent diameter
of the particle, m; p_ - air density, kg/m?; v_- the tan-
gential air velocity component.

V the centrifugal force, N (the vector is in the radial
direction from the centre):
T-ppv¥-dj

Fe = ; ©)

67
where P, the density of the particle material, kg/m?;
r — the radius of the particle location, m.

V¥ the medium resistance force during the radial
movement of the particle from the vortex centre, N:

_ C~Fp~pp~v,2, (4)

T 2-g )

where C - the factor depending on Reynolds number
(C=10.48 for Re=1000...200000) of the airflow resist-
ance of the particle; Fp - the particle cross-section area,
m?; v, = the speed of the particle’s radial movement
from the vortex centre.

v, is determined as:

_ dpppvf
P 18vper’ (%)

where »_- the radial component of the air velocity, m/s;
v - the kinematic viscosity of air (v=1.5-10 - 5), m%/s.

Vv the kinematic lifting force, N (the vector is in the
opposite direction to gravity):

my-g-p
Py = %- (6)
14
V the friction force of particles on the curvilinear
surface of the separator housing, N (the vector is in the
opposite direction to the airflow resistance force vector):

P=k-P, (7)

where k - the coefficient of friction of the particle on
the separator housing wall.
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Figure 1. Forces acting on a material particle
in the vortex airflow
Source: developed by the authors

Results and Discussion

The values of the forces acting on the particle under
the same conditions are compared using the depend-
encies presented in the above methodology (Fig. 2).

810”7

, N
2
z

&
5

Force value

Figure 2. Comparison of the forces acting
on the particle in the centrifugal separator
under the same conditions

Notes: 1 - the particle weight G; 2 - the airflow resistance
force P; 3 - the centrifugal force P; 4 - the medium
resistance force during the radial movement of the particle
from the vortex centre P; 5 - the hydrodynamic force P,; 6 -
the friction force Pﬁ

Source: developed by the authors

Figure 2 demonstrates that the hydrodynamic force
and the medium resistance force during the radial
movement of the particle from the vortex centre are
the smallest in comparison with the others. It should
be noted that the relationship of the most influential
forces of gravity, airflow resistance and the centrifugal
force can vary significantly because they depend on the
size and mass of the particles, the radius of their loca-
tion inside the separator and the air velocity.

In the further force analysis, the hydrodynamic
force and the medium resistance force during the radial
movement of the particle from the vortex centre are
not considered due to their relatively small values. In
addition, the force of particle friction on the curvilinear

Journal of Kryvyi Rih National University, Vol. 22, No. 2, 2024

surface of the separator housing is not considered ei-
ther because the present work deals with movement of
the particles in the airflow before their contact with the
walls of the separator housing.

Analysing the three most influential forces acting
on a particle in a centrifugal separator, it should be not-
ed that their values depend on the size, weight (densi-
ty) of the particle, the air velocity and the current radius
of the particle’s location inside the centrifugal separa-
tor. Therefore, this dependency cannot be plotted in its
entirety because it is a hypersurface. The relationship of
the three most influential forces acting on a particle is
shown in Figure 3.

Particle diameter, mm

Air s
velocity, nv/s 2 \

Figure 3. Relationship of the forces acting

on a particle depending on its diameter

and speed at the location radius of 0.5 m
Notes: 1 - the particle weight G; 2 - the airflow resistance
force P; 3 - the centrifugal force P; 4 - the resultant of
the airflow resistance P, and centrifugal P, forces; 5 - the
resultant of the centrifugal force P_and the particle weight
G, 6 - the resultant of the airflow resistance force P and the
particle weight G
Source: developed by the authors

Figure 3 shows that as the size and, accordingly, the
weight of the particle and the air velocity increase, the
centrifugal force becomes dominant. At low air veloc-
ities, the force of gravity is dominant. Finally, at small
particle sizes and, accordingly, their weight, it is the air-
flow resistance force that dominates.

Special attention should be paid to the position of
the resultants. The position of the resultant of the air
resistance force and the centrifugal force determines
the boundary of the material separation by size in cen-
trifugal separators. Positions of the resultant of the air-
flow resistance force and the particle weight determine
the boundary of the material separation by size in grav-
ity separators. Based on (1) and (3), the equation of the
projection of the resultant of the centrifugal force and
the particle weight (Fig. 4) looks like:

7
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v,9P°(d,)) = 3.13 - VT,

(8)

Air velocity, m/s
7

0

j AW 1 l
0.005 J o.zkko.a 06 08
23 particle diameter, mm

Figure 4. Projection of the resultant
of the centrifugal force and the particle weight
Notes: 1 - the resultant; 2 - the particle weight G; 3 - the
centrifugal force P,
Source: developed by the authors

Then the condition of the centrifugal force exceed-

ing the weight of the material particle looks like:

P >G,if v, > 3.13 7. 9)

It should be noted that the position of the resultant

does not depend on the air velocity and is determined

only by the radius of the particle location. Based on (1)

and (2), the equation of the projection of the resultant

of the airflow resistance force and the particle weight
(Fig. 5) looks Llike:

(10)

| | L

g
=

Air veloci

| | | | |
0.005 J 02 \_\_0.4 06 038
1 2 3 Pparticle diameter, mm

Figure 5. Projection of the resultant of the airflow
resistance force and the particle weight
Notes: 1 - the resultant; 2 - the particle weight G; 3 - the
airflow resistance force P,
Source: developed by the authors

0

Then the condition of the airflow resistance force
exceeding the material particle weight looks like:

2
P,>G,if v, > 1.003-d, - )| =2
ts'Pa

The position of the resultant of the airflow resist-
ance force and the particle weight is determined by
the linear dependency and additionally depends on the
density of material particles. Based on (2) and (3), the
equation of the projection of the resultant of the air-
flow resistance force and the centrifugal force (Fig. 6)
looks Llike:

(11)

95.0625-12-v-kZ-p3
3.,2
dpPp

v (dy) = (12)

—
v.
|

Air velocity, m/s
T

w
|
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] 1
I _! : J_J [
0.005 02 04 . 06 . 038
3} 1 21 “Particle diameter, mm

Figure 6. Projection of the resultant of the airflow
resistance force and the centrifugal force
Notes: 1 - the resultant; 2 - the centrifugal force P; 3 - the
airflow resistance P,
Source: developed by the authors

Then the condition of the centrifugal force exceed-
ing the airflow resistance force looks like:

95.0625-r%-v-kZ-p3
3.,2
dpPp

P>P,ifu, > (13)

The performed analysis of the relationship of
the acting forces confirms the conclusion made by
K.W. Chu et al. (2011) that the centrifugal, gravity and
airflow resistance forces are the predominant ones act-
ing on a particle. The obtained conditions of position-
ing the resultant of the main forces acting on material
particles in centrifugal separators enable quick deter-
mination of the required air velocity depending on the
size of the separator and parameters of the processed
material. The fact that the obtained equations do not
depend on the specific design of the separator allows
using them for analysing the entire class of centrifugal
air separators, and, with some adjustments, other class-
es of air separators.

N.X. Ho et al. (2024) consider the influence of the
additional medium resistance force which acts on the
particle during its movement in the curvilinear flow.

Journal of Kryvyi Rih National University, Vol. 22, No. 2, 2024
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This aspect differs from previous studies, in which this
force was not taken into account. Interestingly, at low
particle density and relatively large sizes, which are
characteristic of agricultural but not mineral materials,
the kinematic lifting force becomes more influential, as
shown in the work by B. Kotov et al. (2019). Y. Zeng et
al. (2020) and R. Shen et al. (2022) additionally men-
tion the force of particle friction on the separator wall,
which appears when the material comes into contact
with the equipment housing. The work by N. Morkun et
al. (2022), that dealt with the modelling and control of
magnetic separator parameters, should also be consid-
ered in this connection.

Moreover, the airflow resistance force value de-
pends more on the air velocity and particle size,and the
centrifugal force value depends on the particle weight
and location. Thus, closer to the axis of the separator,
the centrifugal force prevails for heavy particles and
pushes them outward to the housing wall; the airflow
resistance force predominates for smaller particles
with low mass and pick them up and carries them out
for discharge. At that, as can be seen from the above
graphs, to provide normal operation of centrifugal air
separators with particles of large mass and size, the air-
flow velocity should be relatively high. This again con-
firms that centrifugal air separators operate more effi-
ciently with small-sized particles of up to 0.1...0.5 mm.

Conclusions
The analysis performed has resulted in identifying reg-

gravity, airflow resistance and centrifugal ones. The bal-
ance between them is determined by the particle size
and mass (density), the air velocity and the current ra-
dius of the particle location in the separator. Thus, for
heavy particles located closer to the separator axis, the
centrifugal force prevails and pushes them outward to
the housing wall; for smaller particles with low mass,
the airflow resistance force predominates and picks
them up and carries out for discharge. So, to provide
normal operation of centrifugal air separators with par-
ticles of large mass and size, the airflow velocity should
be relatively high.

The dependencies have been established that iden-
tify positions of the resultants of the main forces and
allow determining parameters of the rational mode of
operation of air separators and substantiating the rec-
ommendations for improving their efficiency. The ob-
tained equations of the resultants are universal and do
not depend on the specific design of the air separator,
which allows them to be used to analyse and optimise
operation of various models of centrifugal air separa-
tors, as well as other classes of separators considering
relevant adjustment. Prospects for further research
consist in determining designs of centrifugal air sep-
arators with the best balance of the three mentioned
forces, which will contribute to increased efficiency of
separation of finely dispersed mineral raw materials, as
well as determination of possible ways to improve the
separator design.

ularities of the relationship of forces acting on parti- Acknowledgements
cles of dense materials, such as mineral raw materials, None.
and determining their trajectories and behaviour in .
the vortex airflow of the centrifugal separator. It has Conflict of Interest
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AHOTaLif. AKTyanbHICTb LOCNIIKEHHS 3YMOBMIEHA HEOOXiLHICTIO NiABMLLEHHS ehEeKTMBHOCTI MpPOLECiB CyXOro
30arayeHHs KOPUCHMX KOManuH, 30KpemMa yepe3 BAOCKOHANEHHS METOLIB MOAiNY TOHKOAMCMNEPCHUX MaTtepianis.
MeToto pocnigpkeHHsa OyB aHani3 3aKOHOMIpHOCTEM CMIBBIAHOWEHHS CWA, WO Ail0Tb Ha YACTMHKY MaTepiany
y BMXPOBOMY MOBITPSHOMY MOTOLi Yy BiALEHTPOBOMY cenapaTtopi. Y poboTi BMKOPUCTAHO aHaniTUYHWIA MeTon,
LOCNIKEHHS Ta y3araJbHEHHS iCHYOYMX LOCNIOKEHb, OPIEHTOBAHUX HA BM3HAYeHHs GanaHcy cui, WO AiTb Ha
YaCTUHKY MaTepiany B BMXPOBOMY noToui nosiTps. OCHOBHI pe3ynsTati JOCNIOXEHHS MOAAraloTb Y BM3HAYEHI
3aN1eXKHOCTEN MiX HaMBNAMBOBIWMMMK CUAAMM, LLO AiOTb HA YACTUHKY MiHEPanbHOI CMPOBUHMU, WO BiAPI3HAETLCA
NMOPIBHSHO BWCOKOK LLMBHICTIO, Y BiALEHTPOBOMY MOBITPSIHOMY cenapatopi. BctaHoBneHM 6anaHc MK CUNow
aepoaMHaMiYHOro onopy, CMIOK TSXKIHHSA | BIALEHTPOBOK CUIOI0, IKMI € KTOYOBMM aCNeKTOM A8 BAOCKOHANEHHS
KOHCTPYKL,i/ Ta ONTUMI3aLii pexxuMiB poboTH BiLLEHTPOBMX CeENapaTopiB. BCTaHOBNEHO 3aN1eXHOCTI, L0 BU3HAYAOTb
NMONOXEHHS PIBHOAIIOUYMX MK OCHOBHWMM CMNaMK, Ta A03BONISOTb BU3HAYATU NapaMeTpu pPaLioHaNbHOMO pexmnMmy
po60TU MOBITPSHUX CENAPATOPiB Ta OOIPYHTYBaTVM pekoMeHAaLii LWoAo MiABULLEHHS NPOAYKTUBHOCTI npouecy ix
po60TH. OTpUMaHIi PiBHSHHS NONOXEHHS PIBHOLIKOUMX € YHIBEPCANIbHUMM Ta HE MPUBA3aHi A0 KOHKPETHOT KOHCTPYKLL|
NoOBITPSHOrO CenapaTopa, WO A03BOASE 3aCTOCOBYBATM iX AN aHanisy Ta onTuMmisauii poboTu pisHOMAHITHUX
Mofenen BifLeHTPOBMX NOBITPAHUX CENapaTopiB, a TAKOX HLWIMX KNACiB CENApaTOPIB 3 YypaxyBaHHAM BiAMOBIAHUX
YTOYHEHb. [1pakTUYHa LiHHICTb pOBOTH NONATAE B OTPUMAHHI PiBHAHHb, IKi BU3HAYaOTb NMOMOXEHHS PIBHOLIOUMX MK
TPbOMa OCHOBHMMM CUNAMMU, WO Ai0Tb Ha YaCTMHKY Y BUXPOBOMY NOBITPSIHOMY noToLi. Lle, B cBOto Yepry, LO3BONSE
BM3HA4aTV NapameTpu HeobXiLHOro pexmmy poboTu

KalouoBi cnoBa: 36arauyeHHs KOPUCHMX KOMAsIMH; BiLEHTPOBA CWU/A; CUMMIA TSXKIHHS; CMNa aepoAMHAMIYHOTO OMopY;
6anaHc cun
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