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Abstract

The organization of air distribution is one of the key aspects of creating a comfortable and healthy indoor
climate. The effectiveness of this process affects not only temperature and humidity, but also overall air quality,
which directly impacts people's well-being. To ensure optimal air distribution, a variety of ventilation devices are
used, including grilles and diffusers, which differ in design and technical characteristics. Recently, louvered linear
diffusers have gained considerable popularity, combining high functionality with modern design. These devices are in
line with current architectural and design trends, where special attention is paid to aesthetics, integration into the
interior and small details. With an innovative design with multiple parallel air outlets, louvered linear diffusers create
unique airflows that actively interact with each other, contributing to turbulence and ensuring even air distribution in
the room. This approach not only increases the efficiency of ventilation systems, but also creates comfortable
conditions for staying, minimizing drafts and temperature fluctuations.
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1. Introduction

To ensure a comfortable stay of people in the room, create safe working and rest conditions, it is necessary to
provide optimal microclimate parameters. These parameters of the microclimate, thermal comfort, depend on
temperature, humidity, air velocity [1] and are mainly ensured by ventilation systems. In order for ventilation systems
to correctly fulfill the task of ensuring thermal comfort, they must be designed properly. Proper design of the
ventilation system requires accurate data on the operation of the diffusers.

2. Analysis of the recent publications and research works on the problem

The parameters of diffusers are the object of many studies [2], [3], [4], [S] which were carried out experimentally
and using numerical simulations. However, such studies mainly concern vortex diffusers. Linear diffusers are a
separate type of ceiling diffusers [6]. There are several studies of linear slotted diffusers [7], [8] with different aspect
ratios, in which the parameters of the operation of ceiling diffusers and isothermal conditions were studied. Based on
the results of these studies, a calculation technique was described that makes it possible to calculate the attenuation of
the air jet velocity of a linear diffuser in two dimensions. When conducting research [9], the effect of the aspect ratio
of a linear slotted diffuser on the appearance of drafts in a small office room and a large office space was studied.
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Also, studies [10] were carried out on the flow characteristics of a linear slotted diffuser and the possibility of their
effective operation even in operating rooms [11] by the CFD simulation method.

The various air diffusers available on the market and offered by different manufacturers often have significant
differences in design, despite the external similarities. Due to different ways of representing performance
characteristics and differences in measurement methods, the selection and comparison of diffusers is not an easy task.
Due to the insufficient level of knowledge about the operation of linear diffusers, there is a need for further study of
this type of diffuser. In this article, we present some characteristics of the operation of diffusers.

3. Formulation of the goal of the paper

The article aims to analyze the effectiveness of using linear slotted diffusers in ventilation systems, to determine
their optimal operating parameters, to assess the impact on the uniformity of air distribution in rooms, as well as to
investigate their aerodynamic characteristics.

4. Presentation of research results

Like compact jets, flat jets have a similar structure. It is possible to delineate the core of the jet clearly, the pole
of the jet and the boundaries of the jet, formed by the lines that pass through the pole of the jet and the boundaries of
the linear louver diffuser.

During the experimental study of individual plane jets and their interaction, it can be noted that in the main area,
the development of the jet is characterized by a gradual uniform drop in axial velocity v,, and excess temperature,
which is the difference in air temperature in the jet and in the room t;,,: At, = t, — t;,. The question arises: how does
their combination in a linear slotted diffuser affect the characteristics of flat jets?

It can be assumed that in the presence of parallel air outlets in the louvered linear diffuser, the interaction of flat
jets occurs at the outlet of the diffuser, which causes significant turbulence of the total air flow and a sharper
attenuation of the jet velocity as a result.

The axial velocity in isothermal jets v,, m/s, is determined by the formula [12]:
v, = DC/x, (1)

where x is the current longitudinal coordinate, m; DCis dynamic characteristic, m?/s.

The dynamic characteristic, in turn, is defined as [12]:

0.66 |T;
DC =22 |2 VE Vo VR, )

where a is the angle of opening of the jet (& = 12°25'; tga = 0.22); ¢ is local resistance coefficient of the diffuser
slit under study (¢ =1); T, T,, are room temperature and diffuser slot outlet temperature, respectively, K; V},is initial
velocity at the diffuser slot outlet in a linear slotted diffuser, m/s; F, is area of the air outlet nozzle in the linear
diffuser, m?.

For simplification and convenience of calculations, the velocity attenuation coefficient VD is used [12]:

yp =2 [Iin 4/¢ 3)

- tga Tn

Axial velocity is now calculated by the following formula [12]:

X



Some Characteristics of Air Distribution at Application of Linear Crevice Diffuser 23
In horizontally released weakly non-isothermal jets, the excess temperature is determined by the formula [12]:
At =", 5)

where TC is thermal characteristic, °C-m, determined by the following formula [12]:

=05 [Tin 1 -JE
TC = A T At, - /By, (6)
where At,, is initial excess temperature (At,, = t, — ti,), °C.

For the convenience of calculations, a temperature attenuation coefficient 7D is introduced [12]:

054 [Ty 1

™D = o T (7)

Then the formula for determining the axial excess temperature At,, will be as follows [12]:
At, =TD - Aty -, ®)

Accordingly, in any section “x” at a distance “y” from the axis, the excess temperature At, =t, — t;, is
determined by the Taylor’s formula [12]:

Aty = At - exp(=0.701y") 9)

where o is Prandtl's turbulent number (o = 0.65 + 0.7 for compact jets); ¥ = y/(cx); y is current transverse
coordinate, m; ¢ is an experimental constant (¢ = 0.28).

However, for simplification, it is advisable to use the relative values of excess temperatures, axial
At, = At,/At;, and in any section At, = At,/At;,.

The study of the parameters of the jet formed during the operation of a linear louver diffuser took place at a
laboratory experimental facility. The installation diagram is shown in Fig.1.

e o o

Fig.1. Scheme of the experimental setup: 1 — centrifugal fan; 2 — electric motor; 3 — air duct; 4 — control valve;
5 — flexible insert; 6 — linear slot diffuser; 7 — testo-405 thermal electrical anemometer.
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The study was carried out for a linear slotted diffuser with four outlet slots. The diffuser under study, the
experimental setup, and the research process, including the location of the sensors, are shown in Fig.2. The
installation consists of a centrifugal fan on a vibration-insulated base for a stable air supply, a control choke to set the
required flow, an air duct system that ensures even air distribution in front of the built-in linear diffuser, and an air
velocity and temperature measurement system.

d)

Fig.2. Experimental setup photographs: a) linear diffuser; ) general view of installation; ¢) visualization of jet; d) jet boundary.

As a result of processing the array of received data, the following dependence was confirmed and obtained:
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Fig.3. Dependence of relative axial velocity on longitudinal coordinate v, = f (%) for linear slot diffuser.

From the dependence shown in Fig.3, it can be concluded that the air flow is intensely turbulent, the velocity

attenuation in the jet occurs actively. The value of the velocity attenuation coefficient for a linear slot diffuser is equal
to D = 1.0, which is smaller compared to the same coefficient for a rectangular flat slot, for which VD =2.5.

(1
[2]

[3]

(4]

[3]

(6]

(71

(8]

9]

[10]

5. Conclusion

1) The conducted studies and obtained dependences of the velocity drop in an isothermal flat jet make it possible
to supplement the existing methods of calculating linear slot diffusers and using them in premises for various
purposes.

2) The hypothesis put forward on the interaction of several jets in a linear slot diffuser has been confirmed. The

interaction of several jets at the outlet of the linear diffuser results in a sharper decrease in the axial velocity of
the supply jet by 10 - 20% depending on the current coordinate in comparison with conventional air distributors.

3) The velocity attenuation coefficient for a linear slot diffuser ¥D = 1.0 gives us a possibility to use them in
ventilation systems for premises with special requirements. Such characteristics allow organizing ventilation in
premises without the occurrence of drafts.

4) A specific velocity profile is observed in the cross section of the jet due to the design features.
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Jlesiki XapaKTepUCTUKHU MOBITPOPO3MOAIJY IIPH 3aCTOCYBAHHI
JIIHIHHOTO NILUTMHHOTO au(y30pa

SApocnaB Yemepuncobkuid, Opect Bosnsik

Hayionanvuuii ynigepcumem «Jlvgiecoka nonimexuixay, syn. C. banoepu, 12, Jlvgis, 79013, Vrpaina

AHoOTaNis

Opragizanis TOBITPOPO3MOIUTY € ONHHM i3 KIFOYOBHX AacIeKTiB CTBOPEHHS KOM(OPTHOTO Ta 3J0POBOTO
MIKpOKJIIMaTy B MpUMIIIEHHIX. Bif epeKTHBHOCTI IBOTO MPOIIECy 3aJIS)KUTh HE JIUIIE TeMIeparypa i BOJIOTICTh, a i
3arajpHa SKICTh IOBITPs, IO Oe3MOCepeHBO BIUTMBAE HA CAMOIIOUYTTs Jitojaei. J{ns 3abe3medeHHs] ONTUMAIBHOTO
PO3TOALTY MOBITPS BUKOPHUCTOBYIOTHCS PI3HOMAHITHI BEHTWIAIINHI MPUCTPOi, 30KpeMa PEUIiTKH Ta TUPY30pH, SKi
BIZIPI3HAIOTHCS KOHCTPYKIIEI U TEXHIYHHMH XapakTepucTukamMu. OCcTaHHIM 4acoM 3HAYHOI HOMYJIPHOCTI HaOymn
JKaJFO31iHI JIHIHHI Au(y30pH, IO MOEAHYIOTH BUCOKY (DYHKLIOHAIBHICTH i3 cyyacHUM au3aiiHoM. Lli mpucrtpoi
BIAMOBIJAIOTh AKTYAJILHUM apXITEKTYPHHUM 1 JIU3alHEPCHKMM TEHJICHIISM, Jie OCOOJMBa yBara MPUAULIETHCS
€CTEeTHLI, IHTerpalii B iHTep ep Ta APIOHMM JeTansaM. 3aBIsSKU IHHOBALHIN KOHCTPYKLIT 3 KUIbKOMA MapajeIbHUMH
MOBITPOBUIIYCKHMMH ILIUTMHAMH, JKaTIO31MHI JIHIMHI TU(QY30pH CTBOPIOIOTh YHIKajbHI HOBITPSHI MOTOKH, SKi
AKTHBHO B33a€EMOAIIOTH MK C000I0, CpusiodM TypOy:izauii Ta 3a0e3rnedyroud piBHOMIpHHH DPO3MOALT MOBITPS B
npuMitieHHi. Takuil migxin He Jume MiaBUIIye e(peKTHBHICTh BEHTHWLIIHHUX CHCTEM, a W CTBOPIOE KOMQOPTHI
YMOBH /s TIepeOyBaHH:, MIHIMI3YIOUH IPOTATH Ta TEMIIEPATYPHI IepeIau.

KarouoBi cioBa: miniliHUI audy3op; momada TOBITPS;, IUIOCKHHA CTPYMiHB; MIKpOKIIMAT, TypOyImi3aris
HOBITPSHOTO HOTOKY; TEIUIOBUIl KOM(OPT.
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Abstract

Experimental studies of the main indicators of power quality at the terminals of autonomous low-power
generators were carried out. The content of higher voltage harmonics, as well as voltage and frequency deviations
from the nominal value were determined. In the course of the research, the technical means of data collection and
analysis by National Instruments were used. The main indicators of the power quality of autonomous inverter
generators are shown to fully comply with the EN 50160-2022 standard. It is established that the voltages of even
harmonics of the studied autonomous generators are absent in all operating modes. As a result of the experimental
studies, it was found that with an increase in the connected load, the content of higher harmonics in inverter
generators slightly increases, but the amount of distortion does not exceed the permissible values. It has also been
found that with an increase in the electrical load of synchronous generators, the magnitude of voltage curve
distortions is significantly reduced compared to the no-load voltage. Based on the studies, to reduce the content of
higher voltage harmonics, it is advisable to connect electrical consumers with an active load character, which will
allow powering parallel devices sensitive to higher harmonics.

Keywords: power quality; measurements; synchronous generator; inverter; harmonics.

1. Definition of the problem to be solved

As a result of the military aggression by the Russian Federation, Ukraine's power system suffered many critical
damages that significantly affected its overall operation. Emergency power outages were observed in almost all settlements,
and later scheduled hourly power outages were introduced. To ensure the operation of critical consumers, the use of mobile
autonomous power sources became an urgent issue. The main emphasis was placed on the most widespread segment,
namely stand-alone generators of low power. Among these power sources, generators driven by internal combustion
engines have the longest battery life: synchronous and inverter generators. However, during their operation, there were
frequent cases of incorrect operation of household and office equipment. The likely reason for this is the deviation of certain
indicators of the quality of electricity produced by such generators. Therefore, an urgent task is to conduct experimental
studies of the power quality parameters of low-power generators and formulate basic recommendations for their
improvement. Identification of key parameters of power quality control and electromagnetic compatibility of local
generation sources will reduce problems with switching on low-power generators and avoiding failures during operation.

2. Analysis of the recent publications and research works on the problem

Currently, there is a significant amount of research on the operation of high-power synchronous generators
installed at power plants (transients, accuracy of maintaining the voltage at the terminals, rotor speed, etc.) [1], [2], [3]-
These studies are important due to the assessment of the electromagnetic compatibility of power system components and
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the proposed intelligent methods of power system coordination, which improves the stability and controllability of such
systems. However, the results obtained for large generators cannot always be directly applied to low-power generators,
especially those operating in stand-alone or hybrid mode. A feature of high-power synchronous generators is that they
provide an almost sinusoidal voltage waveform at the terminals in the range from no-load to rated load. This is due to the
fact that the large size of the magnetic system and windings of high-power synchronous generators allows us to take into
account most of the factors that affect the content of higher voltage harmonics. In such systems, power quality issues,
such as voltage stability, frequency accuracy, and the impact of higher harmonics, become critically important, requiring
separate studies taking into account the specifics of operating modes and control schemes. Among these factors are the
uneven distribution of magnetic induction in the air gap between the poles and the generator armature, the value of the
maximum magnetic induction in the teeth and the stator back, and the generator winding dissipation inductance [4]. The
author used the idea of invariants of the sums of squares of winding coefficients to analyze the harmonic composition of
currents in the windings of electric machines. Their existence determines the limitation on the value of the fundamental
harmonic and the possibility of compensating for harmful harmonics arising in multiphase winding circuits, which was
introduced by Willem Klima in 1979. The paper considers the case of symmetrical three-phase currents in single- or
double-layer winding schemes consisting of four sections in 24 slots. The peculiarity of the presentation is that the
authors of the publication not only repeat Klima's conclusions, but also generalize the approach by applying
mathematical and structural transformations to modern winding configurations. The ideas for harmonic spectrum
analysis can be applied to low-power generators, and the invariance of winding coefficients can explain the limitations in
reducing harmonic distortion in systems with a fixed winding structure. This is the basis for optimizing the winding
layout of inverter-synchronous generators to improve the quality of electricity.

As for low-power electric machines, they are designed to strike a balance between the price of the product and
operational parameters, including the quality of electricity. This is due to the fact that it is difficult to ensure a
uniform magnetic field in the magnetic system because this requires increasing the number of winding grooves and,
accordingly, stator teeth. Since stators are made of electrical steel plates by stamping, it is technologically impossible
to produce narrow teeth. Thus, there is a limitation on the maximum number of stator winding slots and teeth for low-
power synchronous generators [5].

The maximum magnetic induction in the magnetic system of a low-power synchronous generator is often located at the
limit of the linear section of the magnetization curve of electrical steel. Therefore, the transition to the nonlinear part of the
magnetization curve usually causes nonlinear distortions of the magnetic flux and, consequently, the voltage at the generator
terminals. If a low-power synchronous generator is designed and manufactured to ensure that there is no distortion in the
voltage curve, its cost increases significantly, or, otherwise, at the optimal cost, we will have a reduction in its rated power.

Today, a variety of models of stand-alone low-power synchronous generators are available on the market, both
single-phase and three-phase. Most of them belong to the budget price range. At the same time, such generators have
become the most widespread in our country over the past few years and are used to power important consumers,
including public buildings, residential buildings, and medical facilities. Given that low-cost generators can deviate
from certain power quality indicators in different operating modes, this can lead to the failure of expensive equipment
that is sensitive to deviations in power quality indicators. Such equipment includes transformerless power supplies for
gas boilers, individual power supplies for LED lamps, and medical equipment with sensitive sensors.

Leading manufacturers of stand-alone power supplies have invented a way to significantly improve the quality of
electricity by incorporating a built-in voltage inverter into the design of an autonomous generator [5]. In inverter
generators, the alternating voltage is first generated by a synchronous generator, then rectified, filtered from ripples,
and inverted by a built-in inverter into a nearly sinusoidal alternating voltage. At the same time, the frequency, rms
value and content of higher harmonics of the alternating voltage in the circuit between the synchronous generator and
the built-in voltage inverter are not normalized. The main disadvantage of inverter generators is their low resistance to
overloads caused, for example, by the starting currents of electric motors.

The issue of voltage control in distribution power grids is addressed in [7]. However, these studies concern only
the analysis of voltage control methods in distribution networks, and do not contain studies on the voltage quality of
autonomous low-power generators.

Work [8] contains a study of methods for improving the quality of electricity from diesel generators with
millisecond pulse load, which were carried out by mathematical modeling of diesel generator transients and do not
contain experimental voltage measurements.
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Paper [9] contains the results of measuring the higher harmonics of currents and voltages at the points of joint
connection of distribution power grids, which show a significant increase in the content of higher current harmonics
in distribution power grids.

Article [10] discusses the impact of the transition to low-inertia systems on frequency stability in power systems.
The authors analyze the interaction between synchronous machines and grid-forming inverters, which can ensure
system stability in the absence of traditional sources of inertia.

Article [11] emphasizes the relevance of electromagnetic compatibility of power devices in local power grids,
especially in conditions of high-frequency and fast electromagnetic processes. The authors analyze the mechanisms of
overvoltage occurrence during switching and propose effective ways to limit them with the help of properly selected
protective equipment, as well as the problem of protecting power electronic converters based on thyristors with forced
shutdown (GTO) from switching overvoltage. The presence of autonomous inverter and synchronous low-power
generators in local networks necessitates experimental studies, and their inconsistency can lead to malfunctions,
overheating, or even equipment failure.

The peculiarities of diesel generators, an assessment of existing variable speed technologies and their evaluation
according to a number of performance criteria are described in detail in [12]. The authors consider harmonics,
frequency stability, voltage, etc., which are the main indicators of electricity quality, and discuss the impact of
inverter control algorithms on these indicators.

In [13], the developers propose technical and system solutions (monitoring of diagnostic symptoms) to minimize
the likelihood of power supply failure and its timely restoration. In [14], the authors propose to use the electrical
parameters of a generator as an indicator of the technical condition of an energy source, which may be relevant for
autonomous low-power systems, for example, in microgrids or backup systems.

3. Formulation of the goal of the paper

The aim of this paper is to conduct experimental studies of the main indicators of power quality of low-power
autonomous synchronous and inverter generators. Such a study is necessary to assess the possibility of connecting
electrical consumers that are sensitive to the content of higher harmonic components, frequency deviations, and
supply voltage. To increase the reliability of the results obtained, it is necessary to use the hardware and software
complex developed by the authors, which is based on the technology of virtual devices, simultaneously with the
specialized power quality analyzer Metrel MI12892. It is worth noting that for the completeness of the research, it is
necessary to measure the quality of electricity at the terminals of autonomous power generators with a power range
from 3 to 10 kVA, both single-phase and three-phase, including inverter ones.

4. Presentation and discussion of the research results

The research methodology involved measuring and recording instantaneous voltage values at the terminals of
autonomous generators in the idle mode, as well as in the mode close to the nominal active load. Household heating
appliances such as electric convectors and electric kettles were used as a load. The set of electrical appliances used
provided a power range of 0.7 - 0.9 of the rated power of the autonomous generators. A Metrel MI2892 power quality
analyzer was used to measure the frequency, rms voltage, harmonic content, and total harmonic distortion.

The disadvantage of this Metrel MI12892 device is the difficulty of obtaining oscillograms with instantaneous
voltage values. Therefore, we used primary voltage converters CV3-1000 from LEM, an analog-to-digital converter
NI USB-6210, and a laptop with software developed by the authors for the rapid recording of instantaneous voltage
values with the ability to save them to a hard disk. The ADC sampling rate is 10 kHz (200 points per period of 50 Hz
industrial frequency for each channel), the bit depth is 16 bits of bipolar signal (£32768 discrete samples), the
bandwidth of the measuring channels is in the range from 0 to 2 kHz. This made it possible to obtain informative
voltage waveforms at the terminals of autonomous generators (Figures 2, 3).

Metrel MI2892 device uses digital signal processing, in particular the fast Fourier transform, to determine the
higher harmonic voltages contained in the voltage at the terminals of autonomous generators, as well as the voltage
frequency, its rms value, and total harmonic distortion according to EN 50160:2022 [15].

As a result of the experimental studies, it was found that the main indicators of the power quality of autonomous
inverter generators fully comply with the EN 50160:2022 standard [15]. However, attention should be paid to the voltage
spectral composition of low-power autonomous synchronous generators, which contains an unacceptably high total
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harmonic distortion and significant odd harmonic voltages in the off-load mode (Table 1). In Table 1, the models of
synchronous generators are shown conventionally, indicating the value of the rated total power and the number of phases.

In particular, Table 1 shows that the voltage and frequency deviations, total harmonic distortion, and higher
harmonic components of all the studied generators, except for the Gen8500 generator, are within the permissible
limits according to EN 50160-2022 [15]. However, the total harmonic distortion of the Gen8500 single-phase
synchronous generator with a rated full power of 8.5 kVA in the no-load mode is 16.2%, which is twice the value
allowed by EN 50160-2022 [15].

Table 1. Power Quality parameters of single-phase autonomous generators (idle mode).

Measured Values
Allowed Values
Name ofparameter Gen8500 Gen3000 Gen6000 Genl10000 EN 50160:2022
single-phase single-phase Invertor three-phase three-phase

U,V 226.9 230.9 235.0 226.7 207-253
f, Hz 54.1 50.1 52.6 53.3 42.5-57.5
Total Harmonic Distortion
(THD), % 16.2 0.3 6.6 7.8 8
Uga), % 4.0 0.16 1.5 2.9 5.0
Uy, % 5.4 0.11 5.4 44 6.0
Uy, % 0.6 0.1 1.0 2.4 5.0
U, % 1.5 0.05 0.6 2.1 1.5
Uan, % 1.1 0.04 1.1 1.8 3.5

Table 2 shows the results of measuring the above-mentioned power quality indicators when supplying
consumers with an active load and power close to the nominal value.

Table 2. Power Quality parameters of single-phase autonomous generators (nominal active load mode).

Measured Values
Name of parameter Allowed Values
single-phase single-phase Invertor three-phase three-phase
U,V 229.1 224.7 240.0 2242 207-253
f, Hz 48.9 50.1 52.0 51.8 42.5-57.5
Total Harmonic Distortion
(THD), % 17.7 2.6 9.9 6.7 8
Ug), % 17.2 0.9 7.5 2.5 5.0
Us), % 2.0 0.1 5.0 3.8 6.0
Ugy, % 0.58 1.9 1.0 2.1 5.0
U, % 0.9 0.8 0.7 14 1.5
Uany, % 0.76 0.8 1.0 1.2 3.5

Table 2 shows that when operating under load in autonomous low-power generators, except for the inverter
generator, the content of higher-order harmonics decreases, but the percentage of the third harmonic voltage and,
accordingly, the total harmonic distortion increase. This is probably due to the peculiarities of the stator winding
schemes and their design, changes in the saturation of the magnetic system when operating under load, as well as the
settings of automatic excitation controllers.

The voltage waveforms at the terminals of the studied generators in the idle mode are shown in Fig.1. As can be
seen, the voltage curve of the inverter generator has practically no nonlinear distortions, the voltage curve of the
single-phase generator with a capacity of 8.5 kVA contains higher-order harmonics, and the voltage curve of the
three-phase generator with a capacity of 6 kVA contains higher harmonic distortions, approximately the same in the
frequency spectrum that was studied.

The voltage waveforms at the terminals of the investigated generators under an active load are shown in Fig.2.
As can be seen, the voltage curve of the inverter generator contains minor nonlinear distortions, the voltage curve of
the single-phase generator with a capacity of 8.5 kVA does not contain higher-order harmonics, and the voltage curve
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of the three-phase generator with a capacity of 6 kVA contains higher harmonic distortions, approximately the same
in the frequency spectrum under study.
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Fig.1. Waveforms of generator voltages in idle mode.
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Also, Fig.2 shows that a three-phase synchronous generator with a capacity of 6 kVA does not provide sufficient
symmetry of phase voltages when operating with a load, so in the future it will be advisable to conduct experimental
studies to determine the asymmetry factor and its impact on the power consumer.

5. Conclusion

The publication highlights the results of experimental studies of low-power autonomous synchronous and inverter
generators. For this purpose, the measurement methodology used with the Metrel MI2892 power quality analyzer, CV3-
1000 high-precision voltage converters, NI USB-6210 ADC, and specialized software made it possible to perform a
detailed spectral analysis of the voltage with the determination of higher harmonics, frequency, and rms value.

The results of the analysis showed that inverter generators provide high power quality indicators that fully meet the
requirements of EN 50160-2022 with a load ranging from idle to rated. At the same time, low-power synchronous
generators demonstrate significant voltage quality violations in the idle mode: elevated values of total harmonic distortion
and unpaired harmonic voltages were found, which can negatively affect the operation of sensitive electronic equipment.

The results obtained indicate the feasibility of optimizing the winding design, excitation schemes, or implementing
filtration measures to improve the quality of electricity in synchronous generators. In particular, the connection of an active
load reduces the content of higher harmonic components in low-power autonomous synchronous generators.
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AHoOTAaNis

[IpoBeneHo ekcriepuMEHTaNbHI JOCIIKEHHSI OCHOBHHX ITOKa3HHKIB SKOCTI €JIEKTPUYHOI eHeprii Ha 3aTHCKadax
ABTOHOMHHUX T€HepaTopiB Mayoi MOTYXHOCTi. BH3HaueHO BMICT BHIIMX TapMOHIK HAINpyTH, a TAKOX BiIXWICHHS
HAMPYTH 1 YaCTOTH BiJl HOMIHAJIBHOIO 3HaUCHHs. B X011 1OCi)KeHbh BUKOPUCTAHO TEXHIYHI 3ac00u 300py Ta aHai3y
nannx komrmanii National Instruments. [loka3aHo, 110 OCHOBHI TOKa3HHKH SIKOCTI €JIEKTPOEHEprii aBTOHOMHHX
IHBEPTOPHMX I'€HEPaTOpiB IMOBHICTIO BiAnoBinaroTe crangapty EN 50160-2022. BeranosieHo, Mo Hanpyru HapHAX
rapMOHIK aBTOHOMHHMX T'€HEparopiB, SKi JOCHIKyBaJMCS, BICYTHI y BCiX pexxuMax poboru. B pesynbrati
MPOBEICHNX EKCHEPUMEHTAIBHUX JOCIHIIKEHh BHSBICHO, IO IMPH 3POCTaHHI MiAKIIOYCHOTO HABaHTAXCHHSA B
IHBEPTOPHHX T€HEpaTOpax JAello 30UIbIIyeThCS BMICT BUIINX M'APMOHIK, OJITHAK BEJIMYHHA CIIOTBOPEHB HE NIEPEBHIIYE
JIONYCTUMHX 3HayeHb. TakKoX BCTAHOBJIEHO, IO NPH 30UIBIICHHI ENEKTPUYHOTO HABAaHTa)KEHHS CHHXPOHHHX
TeHepaTopiB, BEJIWYHHA CIOTBOPEHb KPHUBOI HANPYTH CYTTEBO 3HIDKYETHCS, MOPIBHAHO 13 HANPYTOK HEPOOOUOTro
xony. Ha ocHOBI mpoBeneHMX MOCTIKEHb ITOKa3aHO, IO JUIi 3MEHIICHHS BMICTY BHIIMX TapMOHIK HAaIpyTH
JIOLIIHO TIPHEAHYBAaTH EJICKTPOCHOXKHBAaUl 13 aKTUBHUM XapaKTepoM HABaHTa)KCHHS, L0 JIO3BOJINTH JKUBUTH
napaieiabHO NPHETHAHI Yy TIUBI 10 BUIINX TAPMOHIK IPUCTPOI.

Ki11040Bi cj10Ba: SKiCTh €1€KTpOEHEPriil; BUMIPIOBAaHHS; CHHXPOHHHUI TeHEpaTop; iIHBEPTOP; TAPMOHIKH.
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Abstract

The aim of the study was to perform a numerical analysis using the CFD method of oil flow through a hydraulic valve
gap and to perform an optimisation of the gap shape with a view to linearising the valve characteristics. As part of the
work, a flow analysis of the valve was carried out using numerical simulations. This made it possible to develop the
characteristics of the studied valve. The optimisation process started with a shape sensitivity analysis to determine the
effect of geometry on key flow parameters such as pressure drop. One of the resulting solutions selected on the basis of
its functionality and technological manufacturing possibility was further analysed. The flow characteristics determined for
the optimised design were compared with those of the original valve using statistical tools. It was shown that optimised
geometry achieved a more linear characteristic, which will enable more precise throttle control using this valve.

Keywords: shape optimisation; computational fluid dynamics; pressure valve; pressure drop; flow characteristics;
finite volume method; hydraulic systems.

1. Introduction

The development of modern hydraulic power systems is associated with increasing demands for control precision,
energy efficiency and compactness of design solutions. A key role in achieving these goals is played both by new valve
concepts and the development of numerical methods — primarily computational fluid mechanics (CFD), which supports
the design and optimization of hydraulic components. In the technical literature, several major areas of research can be
distinguished that are part of these issues.

Innovative approaches to valve design are an important direction in the development of power hydraulics. Ongoing
research focuses, inter alia, on control valves [1] for which a method of active control of differential pressure in control
valves has been proposed, which allows for a significant improvement in their accuracy and dynamic performance, or
on proportional valves [2] where a flow coefficient analysis has been carried out using the CFD method, identifying
the effect of internal geometry on flow characteristics. Both approaches show that properly selected design and
numerical support can significantly improve the functionality of hydraulic valves.

Numerical simulations have also been successfully used in the analysis of flows in hydraulic pumps, motors and
actuators, for example for the aerospace industry [3], where an electro-hydraulic pump was studied, focusing on the analysis
of dynamic flow properties. Studies using simulation are also applicable to pumps in the automotive industry [4], where very
high speeds are involved. Also, simulations using deforming mesh and mesh replacement [5] show possibilities to accurately
represent geometry and boundary conditions for realistic flow analyses. Another example is the possibility of studying
fluid-structure interactions, which increase the accuracy of the representation of real operating conditions [6].

" Corresponding author. Email address: urszula.warzynska@pwr.edu.pl
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2. Analysis of recent research and publications

An important area of research is the application of shape and topology optimization methods in the design of hydraulic
components. Studies of the effect of the diameter of the inlet nozzle on the efficiency of fluid exchange in a hydraulic
cylinder [7] show that optimizing the shape of the inlet elements significantly improves the efficiency of the actuator. Also
exemplified is a comprehensive approach to the design of gerotor and orbital hydraulic machines [8], which uses advanced
reverse engineering, 3D modelling and flow analysis to improve performance. This approach is in line with current trends
of combining simulation techniques with geometric optimization, which is the foundation of modern design.

Shape optimisation became one of the most popular directions in components design thanks to many modern
calculation tools many of which contain optimisation modules already built in. One of the examples that used CFD
method to optimise shape is spool valve grove optimisation [9] using method of inner surface response checking. Shape
optimisation of the valves may be used in many fields and may have many different objective functions, such as
improving the electromagnetic force in electromagnetic valves [10] or temperature distribution efficiency [11] that can
be used in heat control valves. The next advantage of shape optimisation is a fact that multiple objectives can be set for
one optimisation, so that a compromise between several desirable properties is reached. Examples can be multi-
objective optimization to improve structural safety and sealing performance of butterfly valves [12] or optimization of
channel shape with Tesla valve [13] taking into account both temperature uniformity and pressure drop.

3. Formulation of the goal of the paper

On the background of the above studies, the present work focuses on using CFD methods and shape optimization to
modify the flow characteristics of a throttling valve. The goal is to improve its efficiency and match its precise operating
conditions by analysing the velocity distribution, pressure losses and the effect of geometry on hydraulic parameters.

4. Theoretical analysis

The velocity of the receiver in a hydrostatic drive system is dependent on the rate of fluid supplied to it. The use
of throttling valves in the hydrostatic drive system in a suitable arrangement allows us to control the speed of the
receiver when using a fixed displacement pump (throttle control or throttle regulation). The efficiency of systems with
such a solution is low, because of power loss caused by intentionally draining part of the fluid flow back to the tank.
The second solution for controlling the speed of the receiver is the use of a variable displacement pump (volumetric
control or regulation). However, variable displacement pumps are often much more expensive than fixed-displacement.
Throttle control is more often selected in low-power systems and in cases of long downtimes of the throttle-controlled
receiver or in the case of a short period of time in the operating cycle that requires choking the flow.

To describe the behaviour of a fluid and its parameters within a throttle valve, two extreme cases of throttling gaps
are considered: a sharp-edged orifice and a capillary. In the first case, the flow is turbulent, whereas in the second, it is
laminar. Laminar flow through a circular cross-section, such as a capillary, can be described using the Hagen-Poiseuille
equation, which is expressed as follows [14]:

Q = kifalp, (1)

where k; is proportionality coefficient depending on the viscosity of the liquid; f;is flow area of the capillary (m?);
Ap is pressure difference between the inlet and outlet of the capillary (Pa).

We can describe the coefficient &; as [14]:
dZ
= S’

2)

kq

where d is diameter of the capillary (m);  is dynamic viscosity of the liquid (Pa-s); / is length of the capillary (m).

Turbulent flow, which occurs when the fluid flows through an orifice, can be described for this case by the
equation [14]:

Q = kfa/Ap. 3)

In this case, the k-factor can be described by the equation [9]:

k=% @
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where { is flow resistance coefficient for the local resistances, which depends, among other things, on the geometry of
the orifice; g is the density of the fluid (kg/m?).

Based on equations (1) and (3), the general equation for flow through any type of throttling gap may be determined.
This equation is as follows [14]:

Q = kifalp™ (5)

In this equation, the power exponent n will take the value n = 1 for a capillary, while n = 1/2 for a sharp-edged
orifice. Creating from these equations the flow characteristics for both these types of flow resistances as a function of
pressure difference Ap, it can be concluded that the greater variability will be characterized by the flow through the
capillary. The slots of actual throttling valves, which are most often the geometric connection of an orifice and
a capillary, will be characterized by flows whose characteristics will lie between these two extremes, their power
exponents n will be in the range of 2 >n >1.

Obtaining the desired flow characteristic of a throttle valve depends mainly on the shape of the flow gap, which can
be improved by shape optimization methods. Modern optimization methods, based on algorithms and numerical
techniques, make it possible to identify the optimal solution more efficiently without having to analyse all possible
alternatives. Optimization is a separate theory that lies within the field of applied mathematics. It aims to adequately
formulate the object of optimization with a set of solution searches and to define the objective function. Once this
problem has been formulated, the next step is to find the optimal solution that satisfies the accepted criterion. The
following steps of optimization can be presented as [15]:

¢ Development of a mathematical model of the problem under analysis.
e Determination of the objective function.
o Searching for the optimal solution using the selected optimization method.

There are some basic concepts associated with optimization, which are discussed below.

o The set of admissible solutions Xy C X is defined as the set of points x € X that are taken into account in the
optimization process. It is defined by specifying conditions that must be satisfied by a vector x in order for it to
belong to the set X;. When no constraints are specified and X;= X = R,, where R, is an n-dimensional space of
real vectors, optimization without constraints occurs. Otherwise, there is optimization with constraints.

o The objective function is as follows:
f:X-R

For each solution x € X there is assigned some numerical value f{x) € R from the set of admissible solutions. This
gives the possibility to compare different solutions, since this assigned value expresses the quality of the solution against
the specified optimization criterion. Depending on the problem, one seeks maximization or minimization. In
minimization problems, the objective function is often referred to as the cost function. The goal of optimization in such
cases is to identify, among the possible options defined by the given constraints, the solution that minimizes this cost,
which may be, for example, the pressure output.

Any optimization problem requires finding a solution x that minimizes (or maximizes) the value of the objective
function while satisfying certain constraints that define the set of feasible solutions. For the vast majority of practical
applications of optimization methods, it is unlikely to find an exact minimum (or maximum) solution. This is due to
the limited accuracy of numerical methods. Therefore, a solution x close to assumed is sufficient, which is determined
by satisfying the stop conditions. Stop conditions are most often convergence tests, when the point obtained in
successive iterations differs little from the previous one, it can be assumed that subsequent iterations will not lead to a
much closer solution [15].

There are many optimization methods and criteria for their division. However, the remainder of this paper focuses
only on the methods used by the optimization module of Ansys Fluent software in conjunction with Adjoint Solver.
These are gradient methods. They use not only knowledge of the current values of the objective function, but also its
gradient and associated values. Therefore, the objective function in the case of gradient methods must be defined and
differentiable throughout space. When searching for the minimum solution, gradient methods analyse- -the upward
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trend of the objective function, since the gradient Vf{x) indicates the direction of the greatest increase in the objective
function, while the vector- Vf{x) indicates the direction of the greatest decrease.

In general, the optimization problem can involve both minimization and maximization of observable shapes, as
well as constraints localized in space. This requires an approach that can provide a deformation field that is well-
behaved and consistent with production requirements, while allowing locally sharper deformations when required to
satisfy the imposed constraints. For Adjoint solver, Fluent provides three different morphing techniques: polynomial-
based, using direct interpolation and using a radial basis function. These methods are based on different design spaces
and therefore produce different morphing results. Key information about them is presented below [16]:

o The polynomial method uses polynomial functions to model changes in the geometry in the design space. In this
technique, shape modifications are defined using low-order polynomials, which preserves the smoothness and
continuity of geometric surfaces. The advantage of this method is its simplicity and low computational
requirements, making it suitable for relatively simple geometries or preliminary stages of optimization.
However, a limitation is the difficulty in accurately representing complex shape changes, which may require the
use of higher-order polynomials, increasing computational complexity.

The direct interpolation method involves directly displacing selected points on a geometric surface based on
specified displacement values. In this technique, displacement values at intermediate points are calculated by
linear or higher order interpolation. This method is intuitive and allows for precise control of changes in selected
areas of the geometry, making it useful for local optimizations. However, the lack of global control over shape
smoothness can lead to discontinuities, especially with large changes in geometry.

The radial basis function (RBF) method uses mathematical functions that are defined with respect to the distance
from a central point (known as a node). These functions are used to smoothly transform the entire geometric
mesh based on the displacement values at selected nodes. RBF is very flexible and does a good job of mapping
complex shape changes while keeping the geometry smooth and continuous. This makes the method particularly
effective for complex geometries and global optimizations. The disadvantage of this technique is its higher
computational cost compared to other methods, especially for large meshes.

5. Results of the study
5.1. Original valve flow characteristics

The CFD flow simulations were performed in Ansys Fluent software with the use of finite volume method. The
original geometry of the valve was prepared based on technical documentation [ 17] using SpaceClaim software. Based
on 2D technical drawings, the internal 3D domain of the fluid filling the interior of the valve structure was modelled
(Fig.1 and Fig.2). The discrete model was composed of tetrahedral elements on surface mesh and poly-hexcore elements
in the interior domain with the maximum size of 2 mm, and mesh refinement rate of 1.2 in small gaps (Fig.3).

Fig.1. Geometrical model of the original valve fluid domain geometry.
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Fig.3. Discrete model of the original valve fluid domain geometry.

In the flow simulations, hydraulic oil Hydrol L-HL 46 was used with constant parameters of density equal to
864.7 kg/m? and viscosity 0.0393 Pa-s [18]. The inlet boundary condition was set to velocity varying with the analysed
case. Pressure and flow velocity distributions were analysed for five flow rates, ranging from 10 to 50 1/min, with a step
of 10 I/min, which translated into inlet flow velocities ranging from 1.2 to 6.1 m/s. The outlet was set to a pressure
outlet with free outflow. The standard k-e turbulence model was chosen because of reported reliable results in
engineering applications [19]. The following k-¢ model parameters values were used. For Cmu, which is the k-¢
turbulence model constant associated with the modeling of turbulent viscosity the value Cu=0.09 is a standard value
calibrated experimentally and theoretically for most turbulent flows. For C1-Epsilon which is the calibration constant
in the transport equation for €, the turbulence dispersion rate the standard value is C2= 1.44 and it results from calibration
for fully turbulent flows. C2-Epsilon is the damping constant in the transport equation for €. It controls the decay of
turbulence where the production rate of € is low, such as near the laminar-turbulent flow boundary. The standard value
is C£ = 1.92. The first step of the study was to perform steady-state flow simulations in the original geometry of the
valve. The results of pressure and velocity fields in the example of the highest flow rate of 50 I/min are shown in Fig.4
and Fig.5. The simulation results for all tested cases (with different flow rates) allowed us to develop the flow
characteristics Ap = f{Q) for the original geometry of the valve. Convergence was reached after about 70 iterations.
During this time, the values of the finite residuals declined. The residuals for velocities in the x, y, and z directions and
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the continuity equation decreased to values on the order of 10**. In addition to the residuals, the stability and consistency
of physical parameters such as wall forces, pressure losses and flow development were monitored. Finite residuals of
10 are acceptable for most engineering applications, suggesting that the solution is accurate, and further iterations
would not result in significant changes in the results. The reliability of these results is also affected by the quality of the
grid, the choice of the turbulence model and the use of second-order schemes, which makes it possible to accurately
represent the distribution of flow parameters in sensitive zones.

Pressure
Contour 3

0.766
0.689
0613
0.536
0.460
0.383
0.306
0.230
0.153
0.077

0.000
[MPal

Fig.4. Contour pressure diagram for a flow rate of 50 I/min.
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Fig.5. Contour flow velocity diagram for a flow rate of 50 1/min.

Fig.6, in addition to the characteristic itself, shows the value of the R? coefficient. This is the coefficient of
determination used to evaluate the fit of the linear regression model to the data. The value of the coefficient R?= 0.9718
indicates high agreement of the studied characteristics with the characteristics determined by linear regression.
However, to determine the reliability of this coefficient, it is worth supplementing it with the value of the root mean
square error RMSE, which gives information about the difference between actual and predicted values. For this case,
the calculated value was RMSE = 0.04234. The RMSE value representing less than 10% of the spread of characteristic
values can be considered low. With this information, the reliability of the coefficient of determination R? has been
confirmed, so further analysis and comparison of subsequent characteristics can be carried out on its basis.
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Fig.6. Flow characteristics of the original geometry of the valve.

5.2. Valve shape modification

60

39

Modification started on calculating the sensitivities of the observable variable to individual flow parameters. These
are used as input data for the optimization module in the further step. Pressure drop was chosen as an observable.

Fluent's shape optimization module — Design Tool — based on the coupled sensitivities determined by Adjoint
Solver performs shape optimization of the user-selected part of the geometry to achieve the optimization goal. A change
in pressure drop is chosen as the optimization goal. At this stage, the desired value of this drop will be determined.
However, the first step is to determine the method of morphing, that is, changing the mesh.

Part of geometry that was chosen to be modified is inner surface of the throttling gap. Defined value of change in
pressure drop was set as -6% and -8% for each morphing method. Achieved geometries are compared in Table 1 along
with analysis of functionality of changes and technological feasibility. The technological feasibility of the valve
modification was determined by analysing its geometry, the materials used for such components and the available
processing methods, taking into account the applicable tolerances and parameters of the manufacturing processes.

Table 1. Comparison of modification methods and resulting geometries.

Percentage of change

Selection for

whole range of the valve
setting

tolerances of CNC lathes

Morphing method in pressure drop Functionality Technological feasibility further analysis

. L Mesh displacement values

-6% No information- invisible too small, below possible Rejected
change .
. manufacturing tolerances
Polynomials :

No information- invisible Mesh displacement values

-8% too small, below possible Rejected
change .

manufacturing tolerances

6% Opera;leotrtli IforO(;r;e valve The nzeirfxocl?smplex Rejected
Radial basis function Cting only D
o Operation for one valve The need for complex .
-8% . . Rejected
setting only operations
Cha_n ge m the whole Mesh displacement values
circuit, influence in the . .
-6% close to manufacturing Rejected
whole range of the valve
. tolerances
Direct interpolation setting
Change in the whole .

cireuit. mfluence in the Mesh displacement values

-8% ’ within the manufacturing Chosen
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As a result of modification by Direct interpolation by the value of the change in pressure drop of -8%, a gap
surface geometry technologically feasible in a simple operation of turning the rounded surface of the valve inner sleeve
was obtained. Displacements on the order of tenths to hundredths of a millimetre are also within the manufacturing
tolerances for CNC lathes [20]. The functionality of this solution also extends to the remaining valve settings. For these
reasons, the geometry was further analysed. The geometry before optimisation is shown in Fig.7. And the optimised
geometry selected for further analysis is shown in Fig.8.

—

Fig.7. Geometry of the original valve (inner surface shown).

—

Fig.8. Geometry obtained in the modification (inner surface shown).

For the optimised geometry, flow calculations were performed again to determine its flow characteristics.
Boundary conditions were the same as for the original geometry to achieve meaningful comparison. Results in the form
of contour plots of pressure and velocity fields are presented in Table 2. The flow characteristics of the optimised
geometry are shown in Fig.8.

Table 2. Pressure and velocity charts for optimised valve geometry.

Flow rate Pressure charts Velocity charts

Velocity

Caontour 2
6.681
6.013
5345
4.677
4.009
3341
2672
2.004
1336
0.668

0.000
[ms*1)

min

min
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Table 3 (continued)

0.181
0
0.060

0.000
[MPa]

Flow rate Pressure charts Velocity charts
Pressure
Contour 1
0.257
0231 o
0.205
0.180
1 0154
30 — 0.128
min 0.103
0077 ]
0.051
0,028
0.000
[MPa]
Pressure
Contour 1
0.420
0378
0.338
0.284
1 0282
0 0210
mn 0.168
0.126
0.084
0.042
0.000
[MPa]
Pressure
Contour 1
0543
0.482
0422
1 0362
0 0.301
min 0241

In order to compare the obtained characteristics (Fig.9), the coefficient of determination R? was determined. For
the optimised case, it was equal to 0.9825 with RMSE = 0.026059, while for the original geometry R? = 0.9718 with

RMSE = 0.04234.

0,8

Pressure drop Ap [MPa]
o o o o o o
N w = (9] [e)] ~

e
il

o
=)

10 20

Flow rate Q [I/min]

optimised valve geometry

0,9718/..

50

original valve geometry

Fig.9. Flow characteristics of the optimised and original geometry of the valve.

60
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6. Conclusion

The study demonstrates that optimizing the shape of the throttling gap in a throttle valve significantly improves the
linearity of its flow characteristics. By employing computational fluid dynamics simulations and optimization algorithms,
the geometrical modifications that reduce flow nonlinearity and enhance control precision were identified.

The valve with the original geometry has an R? of 0.9718, indicating that its characteristics are well matched to linear
characteristics, but not perfectly. There is some nonlinearity in the performance of the valve in this configuration.

The valve with the modification of the internal gap area has a higher R? value, equal to 0.9825. This indicates that the
change in the internal gap geometry improves the fit of the valve's characteristics to the linear characteristic, which may
mean a more stable and predictable performance.

Compared to using complex mechanical compensation mechanisms, shape optimization offers a simpler and more
economical solution, reducing manufacturing and maintenance costs. Further research could explore adaptive shape control
and real-time optimization techniques to enhance valve efficiency under varying operating conditions.
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3acrocyBanns ynuceabHoro CFD mopenioBanns Ta onTumizauii popmu aist
Moaudikanii BATPATHHUX XaPAKTEPUCTHUK APOCEJIbHUX KIANAHIB

Aminis [lukac, Ypcyna BaxxuHcbka

Bpoynascokuii yniseepcumem nayku i mexuixu, paxyiomem maumuno6y0y8aHHs.,
eyn. Jlykacesuua, 5, Bpoynae, 50-371, [lonvwa

AHoTanis

Mertoro mocmimpkeHHs OyJi0 BUKOHATH YUCIIOBHH aHAli3 IMMOTOKY OJHMBH 4Yepe3 MPOXiAHUH OTBIp TigpaBIidHOTO
KiamaHa 3a pomomoroo Meroxy CFD Ta BHKOHATH onTHMIi3amiro Mpodio KiamaHa 3 METOIO JIiHeapHu3allii ioro
XapakTepucTuk. B pamkax pobOotu Oysio NpoOBeleHO aHal3 BUTPATHUX XapaKTEPHCTHK KialaHa 3a JIONMOMOTOI0
YHCIIOBOTO MOJemoBaHHs. e 103BoImMII0 po3poOuTH XapaKTepUCTHKH JOCITiIKyBaHOTO KitanaHa. [Iporec onrumizamii
pO3MoYaBcs 3 aHANI3Y YYTIHBOCTI (popMH, 00 BU3HAYNTH BIUIMB T'€OMETPii Ha KITFOYOBI IapaMeTpH MOTOKY, TaKi K
nepenan Tucky. OHE 3 OTpPUMaHHMX pillleHb, BHOpaHE HA OCHOBI HOro (yHKI[IOHAJIBHOCTI Ta TEXHOJIOTIYHOI
MOXIIMBOCTI BHPOOHHMLTBa, OYyJI0 MJOJATKOBO IIPOAaHANI30BaHO. XapaKTEPUCTHKM IOTOKY, BH3HAU€HI s
ONITUMI30BaHOI KOHCTPYKLUI{, OyJIM MOPIBHSHI 3 XapaKTEPUCTHKAMH BUXITHOTO KJIallaHa 3a JONOMOTOK CTaTUCTHYHUX
MmetoniB. bysio mokazaHo, 110 ONTHMi30BaHA TeOMETpis JOCATIa OUIBII JIHIKHHOI XapaKTepUCTHKH, IO JI03BOJIUTH
3a0e3Me4nTH TOUHIIIe KEPYBaHHs MPOLECOM APOCEITIOBAHHS 32 JOIIOMOT00 [[LOT0 KJlanaHa.

Kuaro4oBi ciaoBa: onmruMizamis GopMu; oOYHCIIOBaNFHA TiqpOAWHAMIKA;, HAMMIPHUN KIAlaH; MEperajg THCKY;
XapaKTePUCTHKH MOTOKY; METOJ CKiIHYCHHUX 00'€MiB; TiIpaBIiqHi CHCTEMH.
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Abstract

This article examines the use of thermal imaging diagnostics for the maintenance of electrical centralization
devices in railway automation. It analyzes traditional diagnostic methods, their limitations, and the risks associated
with the late detection of faults (overheating). The effectiveness of thermal imaging control in detecting overheating
of relay contact groups, conductor joints, transformers, and other crucial elements of electrical centralization has been
proven. Mathematical models for analyzing thermal deviations are proposed, which allow predicting failures before
the equipment malfunctions. The economic effectiveness of implementing thermal imagers in railway infrastructure is
substantiated. The use of this technology enhances safety, reduces maintenance costs, minimizes emergency
situations, shortens repair time, and improves overall equipment condition control.

Keywords: thermal imaging diagnostics; railway automation; electrical centralization; fault prediction;
maintenance.

1. Definition of the scientific problem chosen for research

Railway transport is a key element of infrastructure in Ukraine and many other countries, and its uninterrupted
operation depends on the reliability of electrical centralization (EC) systems. Failure of these systems may lead to
train delays, disruptions to transport schedules, and, in some cases, to serious emergency situations [1], [2].

The main problem with checking the technical condition of elements is that most modern EC system diagnostic
methods are based on regular inspections and reactive repairs, which do not allow for timely detection of hidden
faults [3]. For example, overheating of contact groups or insulation damage in transformers may remain undetected
during standard checks and lead to emergency situations [17].

Therefore, more attention is being paid to predicting faults in EC system elements using thermal imaging
diagnostics. Thermal imagers allow for the quick and non-contact identification of overheating elements, which is a
critical indicator of insulation wear or defects in relay contact surfaces [4].

This article analyzes classic methods of monitoring the condition of EC devices and modern trends in technical
diagnostics, as well as the prospects for further research.

2. Analysis of recent publications and studies related to the problem

An analysis of recent publications and studies in the field of diagnostics and maintenance of railway automation
devices indicates insufficient development of the general theoretical foundations for implementing EC control

* Corresponding author. Email address: maksym.y.silnyk@lpnu.ua

This paper should be cited as: M. Silnyk, V. Fedynets. (2025) Application of thermal imaging diagnostics for
technical maintenance of electrical centralization devices in railway automation systems. Energy Engineering and
Control Systems, Vol. 11, No. 1, pp. 44 — 52. https://doi.org/10.23939/jeecs2025.01.044
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methods. Some aspects, such as improving reliability and efficiency in maintenance, have been studied in the context
of specific operating conditions [1], [2].

The paper [1] discusses the issue of improving maintenance for electrical signaling and centralization
devices through comprehensive monitoring of their technical condition. The author emphasizes the lack of
sufficient theoretical justification for methods to determine the timing of maintenance tasks based on the actual
state of EC devices, as well as the need to adjust their operating modes considering specific operating
conditions.

The study [2] proposes a new approach to evaluating the effectiveness of the railway automation maintenance
system. A criterion is proposed that is an integrated indicator considering both the labor intensity of maintenance and
the effect achieved from its implementation. This approach can be used to select the most effective option for
organizing maintenance.

Particular attention is drawn to the use of thermal imaging diagnostics in the maintenance of railway automation
devices. For example, research [3] discusses the development of an automated thermal imaging system for monitoring
the condition of underground heat networks [18].

The proposed system combines the use of thermal cameras and automatic data processing algorithms to detect
temperature anomalies, indicating potential damage or heat leaks. Although this system was developed for heat
networks, its methods can be adapted for monitoring EC devices [19].

Publication [4] describes a study of the technical diagnostics of electrical installations using a thermal imager.
Special attention is paid to monitoring contact connections and transformer radiators, allowing timely detection of
defects and preventing emergency situations. The author demonstrates the effectiveness of thermal imaging control in
the technical diagnostics of electrical equipment.

Studies from the 1990s show that thermal imaging systems were first used to detect areas of elevated heat in
electrical power supply devices [5]. However, the results indicated that the proposed thermal imaging systems had
limited application for diagnosing electrical devices due to low resolution and other technical limitations. The authors
argue that with further development and improvement of thermal imaging technologies, defects in contact
connections, uneven loads, and other anomalies that may lead to emergency situations will be detected.

The use of thermal imaging diagnostics in the maintenance of electrical equipment and railway automation
began to develop in the 1990s [9]. At early stages, the method had limitations, such as low resolution and dependence
on external factors. However, modern thermal imaging systems have significantly improved, which has allowed for
their wider use in various industries, including railway transport.

In work [5], the authors studied the possibilities of using thermal imaging control for diagnosing electrical
networks. They note that infrared diagnostics not only allows evaluating the condition of equipment without
interrupting operations but also predicts the need for repairs, which improves system reliability.

Another important research area is the development of methods for automated analysis of thermal images. Paper
[6] discusses algorithms for processing thermograms to detect potential defects in electrical installations. The use of
such methods combined with machine learning allows for reducing human error in diagnostic accuracy.

Based on the analysis, it can be concluded that thermal imaging diagnostics is an effective method for
monitoring the condition of EC devices. However, its application in railway automation requires further research,
particularly regarding the adaptation of existing technologies to specific operating conditions.

3. Aim and objectives of the research

The aim of this research is to analyze the possibilities of using thermal imaging diagnostics for the maintenance
of EC devices. To achieve this, the following tasks must be solved:

o Investigate the existing methods of equipment condition monitoring and their limitations [7];

o Evaluate the effectiveness of thermal imaging control in comparison to traditional approaches [8];
® Develop mathematical models for analyzing temperature changes in EC devices [9];

e Analyze the economic efficiency of implementing thermal imagers in railway infrastructure [10].
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4. Analysis of previous research and modern diagnostic methods

4.1. Traditional methods of monitoring the condition of EC devices

The maintenance of EC devices is traditionally based on the following approaches [11]:

1) Preventive maintenance — regular inspections and component replacements regardless of their actual condition;
2) Functional control — testing devices under load, assessing operation based on signals and relay conditions;

3) Electrical measurement methods — checking voltage, insulation resistance, and current levels in the electrical
circuits of EC systems.

The methods mentioned above have significant disadvantages:

o They do not allow the detection of early defects (e.g., contact degradation or metal fatigue) [12];
o They require system downtime for testing, which may affect train operations [13];
o There is a considerable human factor influence, which can lead to errors during inspections [14].

4.2. Modern trends in technical diagnostics

To improve the effectiveness of diagnosing the technical condition of EC elements, automated monitoring
systems are being considered, with thermal imaging diagnostics playing an important role here.

Thermal imaging control is based on the analysis of infrared radiation from heated facilities. Temperature
changes in facilities are the key indicators for detecting such malfunctions [15]:

o Overheating of contacts indicates increased resistance or mechanical problems;
e Temperature anomalies in relay cabinets suggest possible short circuits;
o Increased temperature in transformer windings signals overload or insulation degradation.

Modern railway automation systems use smart algorithms to analyze thermal images to predict malfunctions and prevent
accidents [16]. A comparative analysis of traditional and thermal imaging diagnostic methods is presented in Table 1.

Table 1. Comparative analysis of traditional and thermal imaging diagnostic methods.

Parameter Traditional methods Thermal imaging diagnostics
Diagnostic Method Contact-based Non-contact

Diagnostic Time Long Fast (up to 10 minutes)

Detection of Hidden Defects Limited High accuracy

Human Factor Influence Significant Minimal

Implementation Cost Low Relatively high, but cost-effective

The comparative analysis in Table 1 shows that the use of thermal imaging control allows reducing the number
of emergency situations and improving the effectiveness of EC device maintenance.

5. Methods of thermal imaging diagnostics research
5.1. General principles of thermal imaging analysis

Thermal imaging control is based on the analysis of infrared radiation from the facilities, which enables
determining their temperature without contact [17].

The main stages of studying the condition of EC devices using a thermal imager include:

1) Preliminary thermography — capturing thermal images in normal operating conditions;

2) Analysis of thermal deviations — comparing the obtained temperatures with reference values;

3) Recording anomalous zones — detecting overheating of contacts, connections, or power supply units;

4) Predicting possible malfunctions — assessing the temperature change dynamics using mathematical models.
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Compared to traditional methods, thermal imaging analysis has several advantages:

o [t does not require system shutdown for inspection;
o [t allows for rapid evaluation of the condition of all components;
o [t detects overheating before equipment failure.

5.2. Use of thermal maps to assess the condition of devices

Thermal maps are color images that show the temperature distribution on the surface of equipment. In the case
of EC devices, the most critical areas are as follows:

o Contact groups — increased resistance causes local heating;
¢ Relay blocks — contact wear can lead to overheating beyond normal levels;
e Power supply units — voltage stabilization issues lead to overheating of components.

Identifying such anomalies enables the timely planning of maintenance work and helps avoid emergency
shutdowns.

6. Mathematical models for analyzing temperature anomalies
6.1. Calculation of normal temperature regime

To effectively analyze the technical condition of a component, it is necessary to know the optimal operating
temperature of each system component. The contact temperature under normal operating conditions is determined by
the heat balance equation:

PR
Tnorm = Taverage + T» (1)

where Thomm 1s expected element temperature under normal conditions; Tuverqge 1S average ambient temperature; P is
electrical power at the contacts; R is contact resistance; k is heat transfer coefficient.

If the actual temperature exceeds the calculated value by 5-10%, it may indicate a potential malfunction.

Using formula (1) with the following parameters at an ambient temperature of Tuyerage = 25 °C, contact electrical
power P = 50 W, contact resistance R = 0.02 Ohm and heat transfer coefficient £ = 0.8, the normal contact
temperature will be as follows:

50:0.02
0.8

Trorm = 25 + = 26.25°C.

If a temperature of 30°C is recorded during diagnostics, which exceeds the norm by =15 %, this indicates the
potential development of a malfunction.

6.2. Determining critical temperature deviations

The critical temperature deviation, which indicates a potential failure, is determined by the following equation:
ATeriticat = Tmax — Tnorms (2)

where Tyq is maximum recorded temperature on the component.
If Thax > 15 °C, an urgent technical inspection is required.

During the analysis of the transformer thermogram, 7y = 72 °C was recorded. The maximum permissible value
according to the method is 15 °C above the norm. Provided that the normal temperature 7,0 = 50 °C, an excess of
22 °C indicates the need for urgent technical inspection of the transformer.
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6.3. Fault prediction based on thermal deviations

For long-term analysis, it is advisable to use a thermal degradation model for contacts, which is expressed by the
equation:

T()=To+a-eft, 3)

where 7(¢) is temperature of the element at time #; Ty is initial temperature of the element; a is initial thermal
deviation; f is degradation rate coefficient; ¢ is operating time.

If the temperature exceeds the acceptable values faster than predicted, it signals the need for contact or relay
node replacement.

The initial temperature of the contact group is set to 7o = 30 °C, the degradation coefficient f = 0.02 °C/h,
and the initial thermal deviation a = 2 °C. The temperature forecast after 100 hours of operation is made using
formula (3): 7(100) = 44.78 °C.

If the actual thermogram readings show a temperature of 50 °C, this indicates accelerated contact aging.

6.4. Use of machine learning algorithms for analyzing temperature trends

Modern thermal imaging systems can use artificial intelligence for automatic detection of problem areas. This is
possible through the analysis of temperature graphs over time.

Main algorithms used:

o Linear regression — for predicting temperature growth;
o Neural networks — for detecting abnormal temperature values;
o Principal Component Analysis — for identifying the most at-risk areas in the system.

Such approaches allow for the automatic determination of the likelihood of equipment failure before the
problem becomes critical.

7. Discussion of thermal imaging diagnostics results

Traditional methods of diagnosing devices (EC) often do not allow for early detection of malfunctions due to
their limited accuracy. For example, electrical measurement methods can only detect anomalies after significant wear
of the contacts, while thermal imaging allows for the identification of early stages of degradation through temperature
change analysis.

Research results show that thermal imaging diagnostics reduce the number of emergency failures by 35-50%,
significantly improving the safety of railway automation.

The main advantages of thermal imaging control include:

o Detection of hidden faults — contact groups, relays, and wiring may overheat long before mechanical failure occurs;

¢ Automation of the diagnostic process — the ability to connect thermal imagers to remote monitoring systems;

e Speed of inspection — studies show that a single thermal imaging inspection takes on average 5-10 minutes,
whereas traditional methods take 2-4 hours.

8. Examples of using thermal imagers in EC device diagnostics

In our study, we analyzed the condition of contact relay cabinets at railway stations using infrared cameras. It
was found that:

® 10% of relays had elevated temperatures (>70 °C), indicating contact wear;
® 15% of connections had excessive heating (>50 °C) due to loosening of connections;
e Cases of early-stage insulation burning not detected by traditional inspection methods were identified.

This allowed for timely problem resolution and helped avoid system failure.



Application of Thermal Imaging Diagnostics for Technical Maintenance of Electrical ... 49

As a result of implementing thermal imaging control of switch point electric drives on mainline railways, it was
found that in 8% of cases, the heating elements of electric drives were operating with reduced efficiency, leading to
the formation of frost on the automatic switch contacts and further deterioration of electrical contact during the winter

period.

Thanks to thermal imagers, heating heterogeneity was identified, and defective heaters were promptly replaced,
reducing train delays during the winter period.

The condition of power supply units and transformers at electric centralization stations was also studied. It was
found that:

® 30% of devices had localized overheating zones due to the loss of insulation properties;

® 20% of transformers were operating in overload mode, which could lead to emergency shutdown.

The use of thermal imaging monitoring enabled the implementation of an automated control system that alerted
maintenance personnel in real-time about overheating risks [20], [21].

The heat map of the overheated wire connection is shown in Fig.1. The image of transformer overheating due to

overload is shown in Fig.2.

Fig.1. Thermal map of wire connections with excessive heating.

Fig.2. Transformer overheating due to overload.
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9. Analysis of the economic efficiency of implementing thermal imaging diagnostics
To assess the feasibility of implementing thermal imaging control, it is necessary to compare the operating costs
of traditional diagnostic methods and the costs of introducing infrared monitoring.

According to studies, the costs of traditional control of EC devices include:

e Personnel: each electromechanic engineer performs approximately 4 inspections per day, requiring labor costs
and significant personnel expenses;

¢ Diagnostic time: one inspection takes about 3 hours, while thermal imaging inspection takes 10-20 minutes;

e Repair costs: due to late detection of faults, the number of emergency repairs increases, which are 2-3 times
more expensive than planned work.

Table 2 below compares the costs of traditional methods and thermal imaging diagnostics as of 2020.

Table 2. Comparison of costs for traditional and thermal imaging control.

Parameter Traditional methods Thermal imaging diagnostics
Inspection time (1 facility) ~3 hours 10-20 minutes

Average inspection cost UAH 2,000 UAH 700

Detection of hidden defects Limited High accuracy

Frequency of failures due to late diagnosis High Reduced by 35-50%

Repair costs (per facility) ~ UAH 50,000 ~ UAH 20,000

The results show that the use of thermal imagers allows reducing diagnostic and repair costs by more than half.

To evaluate the economic feasibility of implementing thermal imaging control, we use the payback period formula:

Cimplementation (4)

>

Tpayback = o
savings

where Tpappack 18 payback period (in years); Cimpiementation 1S total costs for purchasing thermal imagers and training
personnel; Ciavings 1s annual savings due to reduced diagnostic and emergency repair costs.

According to [11], the average total cost of implementing a thermal imaging control system for 10 facilities
is ® UAH 500,000. The annual savings from reduced emergency repairs and quick diagnostics amount to
~ UAH 250,000. Accordingly, the payback period of the thermal imaging monitoring system will be 7j,4pqck = 2 years.

In addition to cost savings, thermal imaging diagnostics has several additional advantages:
e Reduction of operational risks — early detection of overheating of various elements helps prevent accidents;
o Improved safety of operations — reducing the number of unexpected system failures in centralization systems;

e Reduced energy consumption — eliminating problematic contacts helps optimize energy usage;
o Automation of the diagnostic process — integrating thermal imaging systems with digital service platforms.

10. Conclusion
The conducted research confirmed that thermographic diagnostics is an effective method for technical control of
electric signaling and centralization (EC) devices.
The main results of the work are as follows:
1) The advantages of thermographic control compared to traditional diagnostic methods have been established:
e Non-contact detection of faults at early stages;

e 5-10-fold reduction in diagnostic time;
e Reduction in the probability of emergency failures by 35-50 %.

2) Mathematical models for analyzing temperature deviations have been developed, allowing the prediction of
the risks of overheating in contact groups and relay blocks.
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3) The economic feasibility of implementing thermal imagers has been determined, according to which the
payback period is approximately 2 years due to reduced maintenance and repair costs.

4) Real cases of using thermal imagers for the control of relay cabinets, turnout switches, and transformers have
been reviewed, confirming the effectiveness of this method in railway automation.

Further research can be focused on:

e Integrating thermographic monitoring with artificial intelligence systems for automatic analysis of temperature
anomalies;

e Optimizing software for processing thermograms and integrating them with existing digital platforms for
managing railway infrastructure;

® Reducing energy consumption — eliminating problematic contacts helps optimize energy usage;

e Expanding the use of thermal imagers to other types of equipment, including traction substations and high-
voltage power lines.
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3acTocyBaHHS TEIUIOBI3iHHOI JiATHOCTUKH VISl TEXHIYHOT0 00CIyrOBYBaHHA
NMPUCTPOIB eJIEKTPUYHOI IEHTPAJi3allil B CHCTEMAaX 3aJI3HUYHOI ABTOMATHKHU

Maxkcum CinbHuk, Bacwne @enunens

Hayionanvuuii ynigepcumem «Jlvgiecoka nonimexuixay, eyn. C. banoepu, 12, Jlvgis, 79013, Vrpaina

AHoTaNisn

VY cTatrTi pO3TIAHYTO AOCHTIIHKEHHS 3aCTOCYBAaHHS TEIUIOBI3iHHOI JIarHOCTHKY Il TEXHIYHOTO OOCITyTOBYBaHHS
MPUCTPOIB ENEKTPUYHOI IEeHTpaTi3amii 3aMi3HIIHOT aBTOMaTHKH. [Ipoanani3oBaHO TpaAHIiiiHI METOIM JiarHOCTHKH,
iXHI OOMEXEHHS Ta PH3HKH, IIOB’s3aHI 3 HECBOEUACHHM BHSBJICHHSM HECIpaBHOCTEW (meperpiBaHusg). JloBemeHO
e(eKTHBHICTF TEIUIOBI3IHHOTO KOHTPONIO Y BHUSBJICHHI TeperpiBaHHA KOHTAKTHHUX TPyIm pene, 3’ €THaHb
CTPYMONIPOBIIHUX YacTWH, TpaHCHOpMATOpiB Ta IHIIMX BAXKJIMBHUX CIIEMEHTIB EJICKTPUYHOI IIEHTpai3aii.
3anpoNOHOBaHO MaTEMaTHYHI MOJEII aHANi3y TEIUIOBUX BiIXMJICHb, IO JAIOTh 3MOTY MPOTHO3YBAaTH HECIPAaBHOCTI
me a0 BHXoAy oOnamgHaHHA 3 Jangy. OOIpyHTOBaHO €KOHOMIYHY e(EeKTHBHICTh BIPOBAKCHHS TEILUIOBI3ODIB Y
3aJi3HUYHY iH]pacTpykTypy. BukopucranHs wmi€i TexHousorii mifBuInye Oe3leKy pyXy, 3MEHIIye BHUTpaTH Ha
TeXHIYHEe 00CIyroByBaHHs, MiHIMI3y€e aBapiiiHi CHTYyallii, CKOpOUYYy€ 4ac PEMOHTY Ta IOKpaIlly€e 3arajJbHUil KOHTPOJIb
CTaHy 00JaTHAHHS.

Kiar4oBi cioBa: TemioBi3iifiHa [IarHOCTHKA; 3ali3HUYHA aBTOMATHKA, CJICKTPHUYHA I[CHTpasi3allis;
MPOTHO3YBaHHS HECMIPABHOCTEH; TeXHIYHE 0OCIYrOBYBaHHSI.
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Abstract

The article examines current approaches to training robotic manipulators for executing complex tasks in dynamic
and changing environments. It provides a comparative analysis of modern training methods, highlighting their
advantages and disadvantages. Additionally, the paper outlines the typical areas in which these methods are applied.
Particular attention is given to approaches that involve human instructors, self-learning, and reinforcement learning.
Special emphasis is placed on training efficiency, robot adaptability to new conditions, human-robot interaction, and
the transfer of skills from virtual training environments to the real world. Based on the analysis, the authors
recommend imitation learning — specifically, the learning from demonstration approach — as it enables the rapid
and safe transfer of skills from humans to robots without the need for task formalization. The article also highlights
the challenges of adapting trained models to real-world conditions and ensuring effective human-robot collaboration.
It identifies key challenges faced by modern robot training systems. Based on these challenges, the article offers
recommendations for selecting optimal training strategies according to the specific task type and available resources.

Keywords: robotics; robotic manipulators; teaching methods; adaptability.

1. Definition of the problem to be solved

In the context of today’s rapid advancements in robotics and industrial automation, there is a growing demand
for robotic manipulators to perform tasks that require high accuracy, adaptability, and autonomy. At the same time,
traditional programming methods that rely on hard-coded scripts and predefined trajectories often do not permit rapid
adaptation of the system to environmental changes. Additionally, these methods require considerable time and highly
skilled personnel.

The challenge of teaching robotic manipulators to follow complex trajectories is particularly relevant today.
These trajectories often involve multiple stages, interactions with various objects, and operation in dynamic or
partially uncertain environments. One promising direction for solving this issue is the use of intelligent learning
methods. These methods include approaches based on environmental interaction, action demonstration, and adaptive
generalization of prior experience. However, the limitations, capabilities, and suitability of these methods for complex
trajectory formation tasks still require further analysis and comparison.

Therefore, there is a need for an approach to training robotic manipulators that ensures rapid learning of new
motion paths. This approach should minimize dependence on manual programming, allow adaptation to
environmental changes, and reduce implementation time and cost. This need is particularly important for next-
generation flexible robotic systems, where self-learning capabilities are a key performance factor.

* Corresponding author. Email address: yurii.m.senchuk@lpnu.ua

This paper should be cited as: Y. Senchuk, F. Matiko. (2025) Analysis of methods for training robotic manipulators
to perform complex motion trajectories. Energy Engineering and Control Systems, Vol. 11, No. 1, pp. 53 — 61.
https://doi.org/10.23939/jeecs2025.01.053
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2. Analysis of the recent publications and research works on the problem

Recent research in the field of robotics demonstrates a growing interest in intelligent methods for training robotic
manipulators. The objective is to enhance system flexibility and adaptability while reducing reliance on manual
programming.

Papers [1]-[3] provide an overview of imitation learning methods based on demonstrations, along with practical
considerations for implementing these systems in industrial settings. Articles [6], [7] introduce the fundamentals of
reinforcement learning, while studies [9], [10] focus on deep learning algorithms designed for continuous monitoring.
The inverse reinforcement learning approach — which enables the recovery of expert goals from observational data,
is presented in [11]. The implementation of collaborative learning and the organization of agent interactions in real-
world industrial environments are discussed in [12]—[14].

A number of publications [15]-[22] explore alternative approaches that demonstrate potential for reducing the
need for training data and enhancing adaptability. However, these methods remain insufficiently studied in the
context of using robotic manipulators for training, particularly for tasks involving the reproduction of complex
trajectories in dynamic environments.

Despite significant theoretical progress, the practical application of these methods — especially in reproducing
complex trajectories in dynamic environments — remains an open challenge. This underscores the need for further
analysis of their effectiveness in relation to the demands of the requirements of modern robotic production.

3. Formulation of the goal of the paper

The aim of this article is to review and compare modern methods for training robotic manipulators. It seeks to
identify their advantages and limitations and to develop recommendations for their application based on the types of
tasks being addressed. In particular, the authors focus on analyzing the use of current approaches in imitation
learning, reinforcement learning, collaborative learning, self-learning, and hybrid strategies. These methods are
examined in the context of training robotic manipulators to execute complex motion trajectories.

4. Analysis of methods for teaching robot manipulators

The following section provides an overview of current approaches aligned with the stated objective. It focuses on
investigating the capabilities of modern learning methods to reproduce complex motion trajectories. Special attention
is given to methods that enable robotic manipulators to acquire skills with minimal human intervention.

Imitation learning refers to the transfer of skills from a human to a robot through the demonstration of required
actions. As noted in [1], during imitation training, a robotic manipulator learns to perform tasks by replicating the
movements of an expert — either a human or another agent — who has demonstrated the actions in advance.
Demonstrations may be provided in various forms, including direct control (e.g., via a joystick), physical guidance of
the manipulator (kinesthetic teaching), or observation through video or sensor data.

This approach enables the acquisition of skills without the need for a formal algorithmic description.
Consequently, it significantly reduces the level of user expertise required and simplifies the process of programming
the robot. This technique is particularly effective in scenarios where formulating an optimal action strategy is
difficult, yet demonstrating the desired behavior is relatively straightforward.

The primary advantage of this method is its ability to enable rapid skill acquisition by a robot through direct
demonstration. This significantly reduces the time required for system training compared to alternative approaches.
The method is particularly effective for tasks in which constructing an optimal algorithm and formalizing its
individual steps is challenging. For example, robots can learn manipulation tasks that require fine motor skills by
observing human actions. This approach minimizes the likelihood of errors during the initial stages of system
operation, as the learning process is based on demonstrated and validated behaviors [2].

One of the key challenges associated with this approach is its limited generalization capability. A robot may fail
to handle situations that differ from those encountered during training. Addressing this limitation often requires
additional demonstrations or integration with other learning methods. Furthermore, the effectiveness of the approach
largely depends on the quality and precision of the expert’s demonstrated actions.

Depending on the mode of interaction between the operator and the robot, the demonstration of the desired
behavior can be carried out using different approaches. The most common of these include:



Analysis of Methods for Training Robotic Manipulators to Perform Complex Motion Trajectories 55

a) Kinesthetic teaching, in which the operator physically guides the manipulator, and the system records the
movements using its internal sensors.

b) Teleoperation, where the robot is operated remotely through specialized interfaces such as joysticks, motion
trackers, tactile gloves, or external manipulators.

c) Passive observation, where information about the operator’s actions is obtained through external sensors —
such as video cameras — without direct physical contact with the robot.

The classification of demonstration methods proposed in [3] is relevant for industrial environments. In these
settings, factors such as integration flexibility, minimal disruption to existing workflows, and safety are critically
important. The second and third approaches — telerobotic control and passive observation — are especially practical
for industrial applications, as they enable robot training in scenarios where direct physical contact is either
undesirable or technically constrained.

(a) Kinesthetic Teaching (b) Teleoperation (c) Passive Observation

Fig.1. Examples of approaches to demonstrating desired actions during robot training [3].

Among the most commonly used imitation learning algorithms are Behavioral Cloning (BC) and Dataset
Aggregation (DAgger). Behavioral Cloning treats the learning process as a classical supervised learning task with a
teacher. In contrast, DAgger addresses the issue of error accumulation that is typical of the standard Behavioral
Cloning method.

According to [4], BC is a fundamental approach in which a training dataset is constructed from expert
demonstrations in the form of situation—action pairs. These pairs consist of input data from sensors and the
corresponding actions performed by the operator. Based on this data, a model is trained to replicate the expert’s
behavior. The algorithm is relatively simple to implement and can produce quick results, particularly when the
demonstrations are of high quality and sufficiently cover the range of possible behaviors.

However, a significant limitation of this approach is the phenomenon known as covariate shift. Even a slight
deviation of the robot from the demonstrated trajectory may cause the system to enter a state that is not represented in
the training data. In such cases, the robot is unable to determine the correct course of action.

To address this limitation, the DAgger algorithm was introduced in 2011 [5]. It employs an iterative learning
process in which the robot performs actions autonomously, while an expert provides optimal action suggestions for
each encountered state. As a result, a new dataset is generated that includes situations the robot experiences during its
execution. This data is incrementally added to the initial training set, which significantly expands the coverage of
possible states and reduces the impact of error accumulation during execution.

This approach substantially improves the robot’s behavioral stability and its ability to operate in previously
unencountered situations. However, DAgger requires the continuous involvement of an expert at each iteration, which
can be burdensome in real-world applications — particularly when real-time precision is necessary.

Reinforcement Learning (RL) is based on the principle that a system learns through interactions with its
environment, receiving rewards or penalties depending on the outcomes of its actions. The primary objective of this
approach is to maximize cumulative reward, thereby encouraging the development of effective behavior [6]. As a
result, the robot can gradually learn optimal actions to achieve its goals, even without prior knowledge of the
environment.
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Figure 2 illustrates the interaction scheme between the agent and the environment in the context of reinforcement
learning for a robotic manipulator. Based on observations from the current state S, the agent generates an action A,
and sends it to the environment. In response, the environment returns a new state S;+1 and a reward R, which are then
used to update the agent’s action policy.
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A lj
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St

ENVIRONMENT

Fig.2. Scheme of interaction between the agent and the environment in the method of reinforcement learning of a robot
manipulator.

The key advantages of RL include its capacity for autonomous learning, adaptability to new conditions, and the
ability to operate without requiring demonstrations or pre-labeled data. However, the learning process typically
demands a large number of episodes, substantial computational resources, and significant time. An additional
challenge is ensuring the stability and convergence of RL algorithms, which often requires careful tuning of
parameters [7].

Additionally, the risk of hardware damage during real-world experimentation must be considered. For this
reason, RL is usually first implemented in simulation environments. However, this practice introduces the well-
known problem of sim-to-real transfer — that is, the difficulty of transferring learned behaviors from simulation to
physical systems [7].

Article [8] discusses the integration of reinforcement learning with deep neural networks, which led to the
emergence of the field known as Deep Reinforcement Learning. This approach allows agents to operate in complex
state spaces and manage continuous action domains.

The practical reinforcement learning algorithms include Proximal Policy Optimization (PPO) [9] and Soft Actor-
Critic (SAC) [10]. PPO promotes stable learning by constraining abrupt changes in the robot’s behavior during model
updates, thereby increasing the reliability of the training process. In contrast, SAC is based on the principle of
maximum entropy, encouraging the robot not only to perform actions with high precision but also to actively explore
alternative behaviors. This enhances the system’s ability to adapt to complex and unpredictable environmental
conditions.

Inverse Reinforcement Learning (IRL) is a method that enables the training of a robot manipulator by
observing the actions of an expert, without requiring a predefined reward function [11]. In contrast to classical
Reinforcement Learning (RL), where the system receives explicit feedback indicating which actions are desirable,
IRL seeks to deduce the expert’s underlying objective solely from observed behavior.

This approach is particularly useful in situations where it is difficult or even impossible to explicitly formalize
the desired behavior using a clear reward function. In such cases, manually defining all necessary criteria becomes a
major challenge. For example, a human can easily demonstrate how to handle a fragile object with care. However,
mathematically specifying all the relevant parameters for this task is extremely difficult. IRL allows the system to
learn from such demonstrations. This reduces the need for manual reward function design and enables flexible
reproduction of behavior, even under changing conditions.
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The primary advantage of this method is its ability to enable learning without explicitly defining the objective.
This is particularly valuable for tasks that depend on intuitive human experience. At the same time, Inverse
Reinforcement Learning (IRL) has several significant limitations. First, multiple reward functions can explain the
same observed behavior, leading to an ambiguity problem. Second, the implementation of IRL is computationally
complex and often requires substantial computational resources. In addition, the quality of the results strongly
depends on the accuracy and completeness of the expert demonstrations.

Collaborative Learning (CL) involves interaction among multiple robotic manipulators or between a robot and
a human, with the aim of acquiring shared skills for performing tasks. The core concept of this method is that the
experience gained by one agent during training can be transferred to others through knowledge exchange, observation
of partners’ actions, or direct interaction [12].

Such knowledge transfer can be organized in two ways: centrally, through a shared memory or control module,
or in a decentralized manner, via message passing, signaling, or by interpreting the actions of other agents [12].
Additionally, CL often includes human-robot interaction, which enables more intuitive and comprehensible
cooperation from the perspective of the human participant.

This approach is especially valuable for tasks that require coordinated actions. Examples include collective
assembly, the manipulation of large or heavy objects, and scenarios that involve close interaction with a human
operator.

In such cases, CL enhances efficiency by supporting role distribution, joint action planning, and the use of
complementary capabilities among agents. Furthermore, human involvement contributes to a more intuitive and
natural learning environment, which in turn enhances the overall performance of the system [13].

The advantages of the approach include accelerated learning through shared experience, a reduction in the
number of required training episodes, and increased system robustness to environmental changes.

However, the implementation of CL presents several challenges. The most critical among them are the need for
effective communication between agents, alignment on shared goals, prevention of action conflicts, and resolution of
possible discrepancies in environmental perception or task interpretation.

One example of a modern approach to CL is the DEEPCOBOT project (Collective Efficient Deep Learning and
Networked Control for Multiple Collaborative Robot Systems) [14]. This platform focuses on developing
decentralized deep learning techniques for groups of collaborative robots that interact with one another and with
human operators in real time.

A distinctive feature of the approach is local training performed by each agent, followed by knowledge exchange
across the network without relying on a central server. This architecture supports scalability, fault tolerance, and
accelerated collective learning. DEEPCOBOT robots are capable of adapting to changes in the production
environment, coordinating their actions, and safely cooperating with human operators.

T uonels YoM

Work station 2

= M Work station 3

Fig.3. Collaborative interaction of robots in a production environment with decentralized deep learning [14].
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Modern robotics tasks increasingly require systems that are not only accurate but also flexible, adaptable, and
capable of rapid learning in complex and dynamic environments. No single training method can fully satisfy all of
these requirements. As a result, there is growing interest in combined and hybrid approaches that integrate the
strengths of multiple learning paradigms. These strategies for training robotic manipulators aim to enhance overall
system efficiency, adaptability, and robustness. Such hybrid methods are currently being investigated in research and
practical applications, particularly in environments characterized by high uncertainty and variability.

For example, in [15], the authors propose a combination of imitation learning and reinforcement learning. In this
approach, the robot first acquires initial skills through expert demonstrations. Subsequent improvement is achieved
through autonomous interaction with the environment using RL algorithms.

Another common strategy involves integrating classical control methods, such as PID controllers, with neural
network models. This hybrid approach enables effective adaptation of robot behavior to changing environmental
conditions [16].

The primary advantage of hybrid approaches lies in their ability to eliminate or mitigate the limitations of
individual learning methods. These approaches can accelerate the training process, decrease computational
requirements, and simultaneously provide the flexibility and adaptability needed for robotic manipulators to perform
diverse tasks under varying operating conditions.

However, the use of combined methods presents specific challenges. One of the primary difficulties is selecting
appropriate methods for integration and optimizing their interaction. Additionally, hybrid systems often result in
increased architectural complexity, which demands a high level of expertise in system design and implementation.

Another promising and emerging area is few-shot learning and unsupervised learning, which are particularly
relevant in environments where collecting large amounts of labeled data are complex, costly, or impractical. These
methods allow robotic manipulators to adapt to new situations using only minimal prior information or without any
explicit supervision.

In the case of few-shot learning, a robot can acquire a new skill based on only a few demonstrations [17]. This
capability is enabled by meta-learning approaches [18], which allow systems to "learn how to learn" — that is, to
leverage prior experience from previously solved tasks in order to rapidly adapt to new ones. This method is
particularly effective in scenarios where quick adaptation is required, for example, when learning novel actions or
interacting with unfamiliar objects that the system has not previously encountered.

Unsupervised learning, as described in [19] and [20], enables a system to learn the structure of its environment
without relying on pre-labeled examples. Instead of using manually prepared data, the robot analyzes raw
observations to identify patterns, group similar states, or perform clustering. These capabilities form a foundation for
subsequent goal-directed learning. As a result, unsupervised learning is considered a promising approach for
developing autonomous robotic systems. Such systems are capable of exploring their environment independently and
gradually improving their behavior over time.

Despite their significant potential, these methods still face several challenges. Few-shot learning requires
complex models that can rapidly adapt with minimal data. Designing and training such models remains a non-trivial
task. On the other hand, unsupervised learning offers limited mechanisms for evaluating and controlling the quality of
learning, especially in the absence of clearly defined goals or external feedback. These limitations hinder its direct
application in tasks that require high levels of reliability and precision.

One of the most important aspects in the context of training robotic manipulators is the use of simulation
environments for preliminary training. Simulations help reduce the consumption of physical resources and prevent
potential equipment damage during the early stages of learning.

Thanks to advanced platforms such as Gazebo, MuJoCo, and PyBullet, researchers can conduct experiments in a
virtual space. This significantly accelerates the development and testing of new algorithms and training approaches.
Moreover, high-fidelity simulations that accurately model the physical properties of the real world facilitate a smooth
transition from virtual to physical deployment without compromising the effectiveness of the trained model.

However, a persistent challenge is the so-called "reality gap" — the discrepancy between the simulated and real
environments. This gap can lead to reduced accuracy or instability in the robot’s performance when transferring
trained behaviors to real-world conditions [21].
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To address this issue, researchers apply transfer learning techniques, as described in [22]. These methods aim
to preserve learning efficiency when moving from a virtual to a physical space. The main advantages of transfer
learning include reduced training time and resource consumption, fewer required demonstrations or training episodes,
and improved system adaptability to new conditions.

Nonetheless, transfer learning is not without limitations. If there is a substantial mismatch between the simulated and
real tasks, the system may experience negative transfer, which can degrade performance or even lead to failure [22].

A comparative analysis shows that no single method is universally applicable. Each approach has its strengths
and limitations, depending on the specific context.

For example, imitation learning enables the rapid acquisition of basic skills but often demonstrates limited
generalization to new or unforeseen situations. In contrast, reinforcement learning offers flexibility and autonomy, but
it requires substantial computational resources and time. Inverse reinforcement learning provides a deeper
understanding of the expert’s intentions, but it is complex to implement and computationally demanding. Combined
and collaborative approaches deserve particular attention. They enable the integration of complementary advantages
from multiple learning paradigms, supporting the development of more robust and adaptive robotic systems.

Ultimately, the choice of an optimal learning strategy should be guided by several factors. These include the
nature of the task, environmental complexity, the availability of training data, and technical constraints. A brief

comparative overview of the discussed methods is presented in Table 1.

Table 1. Brief comparative characteristics of teaching methods.

Method Advantages Disadvantages Typical scenarios of possible
application
1) Fast learning without complex 1) Poor generalization to new 1) Simple motions and action
sotu & P situations sequences
Imitation 2) NI:) reward function required 2) Requires many high-quality 2) Industrial tasks in controlled
Learning . d . demonstrations settings
3) Suitable for clear demonstrations . . .
4) Low risk of hardware damage 3) Hard to teach complex or error- 3) Social robotics with human-
prone behaviors like behavior
1) High computational cost and Lo
1) Learns through trial and error long training (li) i‘i;?:cs’z:ggs Sleammg n
Reinforcement 2) No demonstrations or labels needed | 2) Requires many training episodes Z;Irflleal- time cfn trol
Learnin 3) Works well in complex, dynamic 3) Risk of hardware damage in real- timization
caming environments world training (3)§) Comale(;( behaviors hard to
4) Optimizes long-term strategies. 4) Sim-to-real transfer issues P
(reality gap) program manually
1) Learns expert’s hidden goals 1) High c_omplex1ty and .
Inverse 2) Useful when reward is hard to computational cost 1) Intuitive tasks hard to
Reinforcement | define 2) Reward ambiguity for the same formalize
. . L behavior 2) Manual or medical skills
Leamning 3) Flexible generalization to new .
situations 3) Requires many expert (e.g., surgery)
demonstrations
lgszﬁfggfzﬁgﬁgwa collaboration or 1) Complex coordination between 1) Multi-robot collaboration in
Collaborative 2) Enables teamwork and human— agents L cooperative systems .
Learning robot interaction 2) Requires communication 2) Human-robot cooperation
3) Task distribution reduces protocols 3) Joint manipulation of large
individual agent load 3) Risk of goal or action conflicts or complex objects
1) Combines strengths of multiple 1 ) ComP lex implementation and . .
Hybrid / methods mtegratl_on o 1) Error correction and policy
Combined 2) Flexible and scalable solutions 2) Requires deep customization and re)ﬁnemednt hieh-risk
. o testing 2) Low-data or high-ris
Leaming i)sir?proved stability for complex 3) Higher hardware and software domains
demands
1) Reduces training time and data 1) Risk of negative transfer with ferri e skill
. dissimilar tasks 1) Transferring grasping skills
Transfer requirements issumuiar . across objects
. 2) Reuses prior knowledge for new 2) Requires good task alignment o .
Learning . 2) Retraining after sim-to-real
tasks 3) May need model architecture deplovment
3) Effective for sim-to-real transfer adaptation POy




60 Yurii Senchuk, Fedir Matiko

5. Conclusion

Based on the conducted analysis, imitation learning is the most suitable choice for training robotic manipulators.
In particular, training through demonstration proves effective in tasks where high-quality expert demonstrations are
feasible.

This method enables fast and safe acquisition of basic skills, which is particularly important when working with
robotic manipulators, as it minimizes the risk of equipment damage during experimentation. It is especially well
suited for tasks involving well-defined trajectories or repetitive actions. In such cases, imitation learning significantly
reduces the time and resources required at the training stage. This is particularly useful when an operator intuitively
knows how to perform a task but is unable to formalize it in the form of a program.

Moreover, demonstration-based learning supports safe training in real-world environments and lowers
computational demands compared to methods relying solely on autonomous exploration, such as reinforcement
learning. These characteristics make imitation learning an optimal choice for training robotic manipulators in
applications that require high levels of reliability and repeatability.
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AHaJi3 MeTOAiB HABYaHHS PO0OTIiB-MaHIIyJATOPIB
1Sl BAKOHAHHS CKJIAJIHUX TPAEKTOPil pyxy

IOpiit Cenuyk, @enip Matiko

Hayionanvnuii ynieepcumem «JIogiscorxa nonimexuixay, eya. C. bBanoepu, 12, Jlvgig, 79013, Yrpaina

AHoTaNisn

VY crarTi po3IIAHYTO aKTyalbHI IMiOXOAW OO HAaBYAHHS POOOTIB-MAHIMYISTOPIB, SIKI 3aCTOCOBYIOTBCS IS
BUKOHAHHS CKJIAJHHX 3aBAaHp y AWHAMIYHUX Ta 3MIHHHMX yMOBax cepeloBHINA. [IpoBeaeHO NOpIBHAIBHMI aHami3
CyJaCHHX METO[IiB, BM3HAUYEHO IXHI OCHOBHI II€peBarw, HEAONIKH, a TaKOXX OKpPECICHO THIOBI cdepl IXHBOTO
NPaKTHYHOTO 3aCTOCYBaHHS, 30KpeMa METOIH 13 3aJlydeHHSIM JIFOJUHU-IHCTPYKTOpa, CAMOHABYAHHS Ta HaBYAHHS 3
miakpiruieHHsIM. OcoOnuBy yBary NMpHIUICHO NMUTAHHIO €(eKTUBHOCTI HaBYAHHS, aJlalTHBHOCTI POOOTIB IO HOBHX
YMOB, B3a€MOJIi 3 JIIOANHOKI Ta MEPEHECCHHS HABHYOK 3 BipTyalbHOTO HABYAJBHOTO CepeloBHINA y peanbHe. Ha
OCHOBI aHaJIi3y PEeKOMEHIOBAaHUM BH3HAYEHO iMiTalliiiHe HaBUaHHsS, 30KpeMa ITiX1Jl HAaBYAHHS 3a JEMOHCTpALI€lo,
10 J03BOJISE MIBUAKO Ta OE3MeYHO NepelnaBaTH HaBMYKH BiJ JIOMUHM JO poboTa 6e3 HeoOxigHocTi dopmarizamii
3aBaaHb. KpiM TOro, B CTaTTi aKIIEHTOBAaHO yBary Ha ImpoOjieMax ajanTaiil HaBYeHHX MOJEJeH 10 peabHHX YMOB i
B3a€MOJIii pOOOTIB 13 JIOIMHOI0. BHU3HAYEHO KIIIOYOBI BUKIIMKH, IO CTOSTH MEpPE/l CyYaCHUMH CHCTEMaMM HaBYaHHS
poboTiB Ta cHOpMyIHLOBAHO PEKOMEHIAINT II0J0 BHOOPY ONTHMAIBHUX CTpATeriii HaBUAHHS 3aJC)KHO BiX THITY
3aBIaHb i JOCTYITHUX PECYpPCiB.

KirouoBi cioBa: po6OTOTEXHIKA; pOOOT-MaHIMyIATOP; CHCTEMa KEpPyBaHHS,; METOIAM HABUAHHS; TPAEKTOPIsL
PyXy; aJalTUBHICTb.
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Abstract

Contact methods are usually used to measure the temperature of industrial technological objects. When using the
contact method to create the necessary conditions for heat exchange, thermal transducer must be in direct contact with
the object of study, the temperature of which must be measured. When measuring stationary temperatures, the
readings must be taken after a certain time interval from the moment of contact of the thermal transducer with the
object of study, when a state of thermal equilibrium is established between them. Measurement of non-stationary
temperatures by contact methods is always associated with the occurrence of dynamic errors over time due to the
thermal inertia of the thermal transducer. The complexity of the processes of interaction of thermal transducers with
heat flows of different nature of the objects of study necessitates the construction of simplified models to obtain
practical estimates of the measurement results. Therefore, the article proposes the principles of choosing a thermal
transducer to reduce possible methodological errors and estimate the actual errors of measuring the temperature of the
objects of study. The conditions that must be met when setting up and conducting experiments to obtain reliable
temperature measurement results are given. The article contains reference and methodological materials on measuring
the temperature of technological objects by contact methods.

Keywords: temperature; contact measurement methods; thermal transducer; measurement errors; heat flows.

1. Definition of the scientific problem chosen for research

A contact thermal transducer is any transducer based on a certain principle of converting temperature into
another physical quantity that can be measured directly. In this case, its thermal interaction with the object of study
(solid, liquid, gas flow, etc.) is based on direct thermal contact. The quality of this thermal contact is a determining
factor that characterizes the error of temperature measurement by this thermal transducer.

To assess the measurement error of a contact thermal transducer, it is necessary to consider all thermal processes
in which the thermal transducer participates, from the point of view of the theory of heat transfer. It is advisable to
consider heat flows of various nature supplied to the thermal transducer from the object of study and flows removed
from it into the environment.

The complexity of the processes of interaction of the thermal transducer with heat flows necessitates the
construction of simplified models to obtain practical estimates of the measurement error. But with all simplifications,
it is necessary to consider the conditions of use of thermal transducers and the thermophysical properties of their
structural materials, which is not always possible. Therefore, based on the above, it is advisable to offer an
approximate scheme for the correct selection of a thermal transducer to reduce the measurement error to a practically
possible value.

* Corresponding author. Email address: vasyl.o.fedynets@lpnu.ua
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2. Analysis of recent publications and research works on the problem

The authors' analysis of publications and research on contact methods of temperature measurement of various
technological objects shows that the most widely used in modern temperature measurement systems are thermal
transducers based on electrical temperature conversion, i.e. resistance thermal transducers and thermoelectric
transducers (thermocouples) [1]-[5].

Currently, there are no general theoretical foundations for the development and application of contact methods of
temperature measurement, although some issues of designing contact thermal transducers for some specific
conditions of application and the possibility of reducing the measurement error have been worked out [6]. Therefore,
in this article we offer the necessary reference and methodological materials on the correct choice of contact methods
of temperature measurement to achieve the minimum possible value of the temperature measurement error.

3. Formulation of the purpose of the article

The article aims to familiarize scientists, research engineers and designers involved in temperature
measurements with the theoretical foundations and practical implementation of contact thermal transducers while
ensuring the minimum value of the measurement error in various application conditions.

The article identifies the following main research objectives: the correct choice of the measurement method and
ways to reduce methodological errors in temperature measurement.

4. Presentation and discussion of the research results
4.1. Thermal processes during contact temperature measurement

The quality of thermal contact between the thermal transducer and the object of study determines the time of
establishing its readings and in most cases is a determining factor characterizing the error of temperature
measurement by this thermal transducer. Therefore, an important property of a contact thermal transducer is its
suitability for ensuring sufficient heat exchange under the conditions of installation on the object of study so that the
temperature difference between it and the object under study is minimal. This difference determines the
methodological error of the thermal transducer for these measurement conditions. Given that a contact thermal
transducer is any transducer based on an arbitrary principle of converting temperature into a directly measured
physical quantity, the thermal interaction of which with the object under study (solid, liquid, gas, etc.) is based on
direct thermal contact.

To assess the methodological error of a contact thermal transducer, it is necessary to consider all thermal
processes in which the thermal transducer participates, from the point of view of the theory of heat transfer [ 7,8].
To do this, it is first necessary to determine the heat flux dissipated (at elevated temperatures) into the environment
by the protruding parts of the thermal transducer. This heat flux is continuously removed from the thermal
transducer and, when thermal equilibrium is established, the same heat flux is continuously supplied to it from the
object of study, the temperature of which is measured through the thermal resistance placed between them. That is,
a contact thermal transducer in principle always has a lower temperature than the object of study that is in thermal
contact with it.

If the heat transfer coefficient of the thermal transducer during operation at the object has a constant value, then
this temperature difference can be considered in the calibration process. When the heat transfer coefficient changes
under operating conditions, such a type of methodological error occurs.

It is also necessary to consider that heat transfer occurs through radiation from the surface of a heated solid
object of study. Therefore, the temperature of its surface is often significantly lower than the temperature inside of it.
This difference will be determined by the ratio of heat flows. If the heat flow dissipated by the thermal transducer is
greater than the heat flow lost by the surface of the object of study because of heat transfer through radiation, then the
temperature of this surface area measured by the thermal transducer will be lower than the temperature of neighboring
areas. If the reverse ratio of heat flows occurs, then the temperature of the surface area under the thermal transducer
will be higher than that of neighboring areas.

A continuous and constant flow of heat from the object of study to the thermal transducer is possible only when
the object has a practically unlimited supply of heat. In many cases of industrial temperature measurements, this
condition is met. However, in practice, there are often cases when the thermal transducer and the object of study have
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comparable masses. Then the thermal contact of the thermal transducer and the object under study with significant
differences in their initial temperatures will lead to a significant change in the temperature of the latter. This type of
error can be reduced by pre-equalizing their temperatures before their thermal contact.

Therefore, for these conditions, the criterion for the suitability of a thermal transducer for measuring temperature
in the given conditions should be the change in the temperature of the object under study, which occurs because of its
heating (or cooling) of the thermal transducer from the initial to the final temperature. For such cases, it is advisable
to take one third of the value of the instrumental error of the measuring system as the permissible change in the
temperature of the object under study [1]. This determines the limit of application of contact methods for measuring
the temperatures of small objects under study.

Another circumstance that may limit the application of contact methods is the possible disruption of the course
of physicochemical processes in the object under study, caused by the installation of a thermal transducer in it.

Measurement of non-stationary temperatures by contact methods is always associated with the emergence of
constantly present and time-varying dynamic errors, which are due to the thermal inertia of the thermal transducer [9].
This type of error can be considered and excluded by introducing appropriate calculation corrections.

The above analysis shows the complexity of the processes of interaction of thermal transducers with heat flows
of various nature under complex initial and boundary conditions. Therefore, to obtain practical estimates of the
temperature measurement error, simplified mathematical models of processes are usually built. But with such
simplifications, it is imperative to consider the conditions of use of thermal transducers and the main thermophysical
characteristics of materials, which is not always achievable using simple means.

In this regard, an approximate scheme for selecting a thermal transducer is proposed to reduce methodological
errors to a practically possible or necessary value and to estimate real or permissible errors.

1) Based on the analysis of measurement tasks, operating conditions, requirements for technical means of the
measuring path, make a choice of possible temperature meters according to the principle of operation. At the same
time, determine the measurement locations and ensure conditions for maximum reduction of systematic errors.

2) Substantiate the values of permissible measurement errors based on tasks, the solution of which requires
information about temperature values with a given reliability.

3) Pre-evaluate the heat exchange conditions that will determine the operation of the temperature transducer.
Based on the worst possible conditions (minimum heat exchange intensity, maximum possible temperature change
rate, maximum temperature difference between the object under study and the environment surrounding the thermal
transducer, etc.), evaluate the possible maximum errors for each of the thermal transducers proposed for use. In this
case, it is advisable to choose the temperature change rate for that section of the temperature curve that is of greatest
interest. This may be a transitional mode or a mode of smooth monotonic temperature change. Preference should be
given to that thermal transducer that has a certain margin of accuracy or some operational advantages over others.

4) If the heat transfer conditions and the requirements for the values of permissible errors are such that none of
the proposed thermal transducers meet them, then it is advisable to choose the most suitable thermal transducer for
the given measurement conditions and to introduce appropriate corrections into the results obtained with its help.
Note that to be able to introduce corrections, it is necessary to perform additional measurements to obtain the
necessary information about the thermal operating conditions of the thermal transducer. The volume of this
information may vary, but data on heat transfer coefficients and on the temperature difference between the object
under study and the environment surrounding the thermal transducer at the place of its installation is necessary. If the
operating mode of the object under study is relatively stable from experiment to experiment, then after a single receipt
of information, there is no need for repeated measurements. Under variable conditions, these measurements must be
repeated.

5) Carry out measurements and, depending on the type of the obtained temperature curve in time, evaluate the
corrections calculated for the values of the parameters of the thermal transducer that correspond to the thermal
conditions of measurement. The need to introduce corrections depends on their numerical value, the overall accuracy
of the measuring path and the value of the permissible measurement error based on the general rules of the theory of
errors.

In general, it is necessary to strive for the measuring instruments to have the necessary margin of accuracy for
the given measurement conditions and the need to introduce corrections to exist only in exceptional cases. But in
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cases where the margin of accuracy is absent, it is necessary to use ecither corrections or limit estimates of
methodological errors.

4.2. Distribution of permissible errors

When measuring the temperature of the object under study, it is first necessary to distinguish from the total
permissible error, which is normalized by the requirements for the accuracy of the study of this process, those of its
components that can be defined as:

o permissible instrumental error of the entire measuring path A;;
e permissible methodological measurement error A;
o permissible dynamic measurement error Ag.

If we consider a stationary temperature process and the duration of the measurement operation is not
significantly limited, then the dynamic error will be absent and the total permissible error will be distributed between
the instrumental and methodological errors.

All three components A;, A, and As can contain both systematic and random parts. Systematic parts that are
subject to evaluation are subject to exclusion by introducing appropriate corrections and they cannot be considered as
components of the permissible error. The uncertainty of these corrections, estimated by calculation or experiment,
does not exclude systematic errors, and they are attributed to random errors.

When isolating the components of the total permissible error, it is advisable to consider the following
considerations. If the total permissible error is normalized correctly, then it should be considered as a characteristic of
the expected random errors of measurements and a certain probability should be attributed to it, for example, 95%,
which corresponds to the confidence interval 2c. Then all components A;, A,, and A4 should have the same confidence
probability. Since all these three components are mutually independent, then the following relation is valid [10], [11]:

A= JAZ + AZ, + AZ (1)

In temperature measurements, methodological errors are the most difficult to reduce. Therefore, it is advisable to
first try to reduce the instrumental A; and dynamic A; components of the measurement error as much as possible by
appropriate selection of measuring instruments, and then, using their values, determine the value of the
methodological component A,, using formula (1).

It should be considered that increasing the accuracy class of the measuring equipment used leads to an increase
in its cost and quite often to a decrease in its reliability. Therefore, the desire to reduce the instrumental component A;
of the error is not always justified and the task of reducing the measurement error requires finding an optimal
solution.

4.4. Selection of the measurement method and measuring equipment

To obtain reliable results from measuring the temperature of technological objects, the design and conduct of
experimental studies must ensure the fulfillment of the following conditions:

o correct choice of measurement method and measuring instruments;
e correct consideration of methodological errors that arise in the given conditions of temperature measurement.

It should be noted that the task of selecting the measurement method and measuring instruments is quite
complex, since it is necessary to look for the optimal solution considering many often contradictory factors. Quite
often, there are cases when the task cannot be successfully solved and the desired temperature values are found
indirectly using the results of measurements of other physical parameters of the object under study, related to
temperature by certain dependencies.

Below are the main factors that determine the choice of the measurement method and measuring instruments.

4.4.1. Range of measured temperatures

This factor is quite important. Thus, if for measuring low and high temperatures it is possible to choose contact
methods, then with an increase in the temperature range, the number of methods becomes more and more limited.
This limitation arises in relation to primary transducers because high temperatures significantly affect the systematic
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change in their calibration characteristics. Therefore, the question of the possibility of using this transducer should be
resolved considering the duration of its operation and the rate of change in the calibration characteristic when
measuring high temperatures. The upper temperature range of applications is the value of the measured temperature at
which, during the required time of operation of the transducer, the change in its calibration characteristic will not
exceed the permissible value. Using the transducer when measuring temperatures that are too high for it leads to its
destruction.

4.4.2. Chemical interactions

A significant influence on the stability of the thermotransducer at high temperatures is its chemical interaction
with the environment whose temperature it measures, as well as the interaction of various materials that make up its
composition. Chemical interaction is especially pronounced at high temperatures, when some of the constituent
materials of the thermotransducer become quite active.

This group of influences also includes the catalytic effect that occurs on the surface of platinum group metals
when measuring temperature in combustible gas mixtures. Therefore, the readings of thermotransducers that have
parts that are in direct contact with such mixtures do not characterize the temperature established between the
thermotransducer and the medium under study, but a higher one due to catalytic heating.

The chemical interaction of the environment under study and the thermotransducer is often the main reason for
the instability of its calibration characteristic when measuring high temperatures. Therefore, to ensure reliable
operation in aggressive, and sometimes oxidizing environments, it is necessary that the protective housing of the
thermal transducer, which separates the sensitive element from the medium under study, be practically gas-proof.

4.4.3. Dynamics of the studied process

When choosing a thermal transducer for the study of non-stationary temperature processes, special attention
should be paid to its dynamic characteristics and the characteristics of the elements of the measuring path. First, it is
necessary to determine whether the process is stationary or non-stationary. Such a determination can be made only by
focusing on a certain measurement time interval. A stationary process should be considered one in which, over a
sufficiently large time interval, the temperature change does not exceed the limits of random measurement errors.

From the point of view of the coordination of the dynamic characteristics of the thermal transducer and the entire
measuring path with the time characteristics of the measurement process, the degree of stationarity should be
determined in relation to the duration of a separate measurement, that is, the time required to obtain a separate
reference. Therefore, a stationary process should be considered one in which, over the time required to perform one
measurement of the temperature change, the random error of the measuring path does not exceed the total. Since the
assessment of such a random error is probabilistic, the degree of process stationarity is also a probabilistic
characteristic, and for the correct qualification of the process, a certain confidence probability should be considered.
Therefore, for measuring stationary temperatures, the thermal transducer and the entire measuring path should be
selected with such dynamic characteristics that the time for establishing readings for a single reference meets the
requirements of the experiment.

When selecting a thermal transducer and elements of the measuring path for measuring a non-stationary
temperature process, it is necessary that the dynamic error due to the thermal inertia of the thermal transducer does
not exceed that part of the permissible total error that can be interpreted as the permissible dynamic error.

4.4.4. Accuracy class of measuring system links

When determining the required accuracy class of measuring and recording measuring instruments, it should be
borne in mind that the accuracy class is determined by the value of the permissible basic and additional errors,
expressed as a percentage in relation to the entire measurement range [10]. The corresponding relative error,
attributed to the measured temperature itself, will be the greater the closer its value is to the beginning of the scale.
For example, in a measuring device of accuracy class 0.5 with a scale from 100 to 500 °C, the absolute value of the
permissible error is 2 °C at any point on the scale. Its relative value for this case can vary from 2/500 (0.4%) at the
end of the scale to 2/100 (2.0%) at the beginning of the scale. Therefore, it is advisable to choose measuring
instruments with such measurement ranges that the expected value of the measured temperature falls into the last
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third of the scale for stationary and smoothly varying temperatures. For measuring fluctuating temperatures - in 2/3,
and in the presence of strong temperature pulsations - in 1/2 of the scale.

If the calculation of relative errors is performed in relation to temperature, then it is advisable to conduct it not to
the absolute value of the temperature, but only to the temperature interval that covers the process under study.

Since depending on the scale (Kelvin or Celsius) in which the given temperature is expressed, the relative
measurement error will have a different value, which cannot be considered acceptable.

4.4.5. Sensitivity of the measuring device

Depending on the required measurement accuracy, it is necessary to ensure the appropriate sensitivity of the
measuring path, which characterizes the change in the output value of the thermal transducer when the measured
temperature changes by one degree.

It is incorrect to state that the most sensitive measuring device can provide the highest measurement accuracy,
which is sometimes not even necessary for this study. The use of a measuring device with excessively high sensitivity
can create a false idea of the dynamics of the process under study. Such a device may be difficult to maintain in these
operating conditions, its readings may be affected by adverse factors, which can lead to an increased and not typical
spread of readings for this measurement.

The use of a measuring device with low sensitivity will not allow for recording small, but characteristic
temperature fluctuations for this process. As a result, a false idea of high temperature stability in this technological
process may arise.

Measurement of small quantities (for example, small temperature differences) can be complicated at values close
to the sensitivity threshold, which is taken as the minimum value of the change in the measured quantity, which
causes a noticeable change in the instrument readings. Note that when measuring deterministic signals, the sensitivity
threshold of the measuring instrument should be 2-3 times smaller than the minimum value of the measured quantity.
In measuring systems with information transmission in code form, the signal-quantization step is taken as the
sensitivity threshold of the system by level [10], [11].

5. Conclusion

The article provides reference and methodological information on measuring the temperature of technological
objects by contact methods. Thermal processes during contact temperature measurement are considered, which are
the determining factors of the measurement error.

An approximate algorithm for selecting a thermal transducer to reduce methodological errors in temperature
measurement is proposed. The main factors that determine the choice of temperature measurement method and
measuring instruments are presented, depending on the measurement range, chemical interaction with the studied
environment, dynamics of the studied process, accuracy class and sensitivity of measuring instruments.
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AHoOTaNis

Jlnst BUMIpIOBaHHS TEMIIEpaTypy HMPOMHCIOBHX TEXHOJIOTIYHHX 00 €KTIB 3a3BHYalf 3aCTOCOBYIOTH KOHTAKTHI
meromu. [lpm 3acTocyBaHHI KOHTAaKTHOTO METOAY [UII CTBOPEHHA HEOOXIZHMX YMOB  TEIIOOOMIHY
TEpMOIEPETBOPIOBAY [MOBUHEH 3HAXOIMTHCS B 0E3M0CEPEAHBOMY KOHTAKTI 3 00’ €KTOM JOCIIIDKEHHS, TEMIIEpaTypy
KO0 HeoOXinHo BuMipaTH. [Ipu BUMIpIOBaHHI CTalllOHAPHUX TEMIIEpaTyp BIIUIIK MOKa3iB HEOOXiTHO 3AiHCHIOBATH
yepe3 AESKUH IHTepBall 4acy 3 MOMEHTY KOHTAKTy TEpMOIIEPETBOpIOBaya 3 00’ €KTOM JOCIHIIKEHHS, KON MK HUMH
BCTAaHOBUTHCS CTAaH TEIUIOBOI piBHOBard. BHUMIproBaHHS HECTALliOHApDHMX TEMIEpaTyp KOHTAKTHUMH METONAMHU
3aBXIM IIOB’S3aHO 3 BHHHUKHEGHHSIM B Yaci [WHAMIYHHX TOXHOOK, OOYMOBJICHHX TECPMIUHOIO IHEPII€IO
TepMonepeTrBopioBaya. CKIaIHICTh NPOLECIB B3a€MOJIl TEPMONEPETBOPIOBAYIB 3 TEIUIOBUMH IOTOKAMHU Pi3HOI
IpUpoaN 00 €KTIB NOCIiIKEHHS 00yMOBIIOE TIOOYIOBY CHPOLICHUX MOJENEH U OTPUMAaHHS NPAaKTHIHUX OLIHOK
pe3ynbTariB  BUMipioBaHHA. TOoMy B CTaTTi 3alpoNOHOBAHO MPHHIMIN BHOOPY TEPMOIEPETBOPIOBAaYa JIJIs
3MEHILECHHS! MOXJIMBHX METOJMYHHMX IOXMOOK 1 OLIHKM IIHCHHMX TMOXMOOK BUMIDIOBaHHS TeMIlepaTypu 00’ €KTIB
nmociikeHHs. HaBeneHoO yMoBH, sKi HEOOXiTHO BHKOHATH TPH IOCTAHOBIN 1 MPOBEACHHI E€KCIIEPUMEHTIB IS
OTpPHUMaHHS JOCTOBIPHHMX pE3yJIbTaTiB BHUMIpIOBaHHS Temmeparypd. CTaTTd MICTHTh JOBIIKOBHH 1 METOAWYHUM
Marepiany 3 BUMIPIOBaHHS TEMIIEPATYPH TEXHOJIOTTYHUX 00’ €KTIiB KOHTAKTHUMH METOJIaMH.

KaruoBi cioBa: TemmepaTypa; KOHTaKTHI METOAM BUMIDIOBaHHS; TEPMOIIEPETBOPIOBAY; MOXHUOKH
BUMIPIOBAaHHS; TEIUIOBI TIOTOKH.
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Abstract

In the evolving world of modern digital gaming, particularly within tactical war-game strategies and realistic
naval combat environments, the demand for accurate simulation and immersive experience is growing. The design
and simulation of naval warfare must integrate more complex systems, including the impact of underwater minefield
effectiveness. The research goal is to develop a framework and model that accurately predicts the tactical and
operational impact of naval minefields on vessels across diverse gameplay scenarios. The simulation is designed to
consider many variables, such as different mine and ship types, different landing strategies, varying environmental
parameters and weather. The first objective of this research is to improve damage prediction algorithms, enabling the
simulation to more accurately estimate the consequences of ships passing through a minefield. The second objective
is to enhance mine allocation logic, developing algorithms that calculate the optimal quantity, type, and distribution
of mines needed to halt or delay enemy advances.

Keywords: underwater mines; computer game; simulation framework; game engines; tactical strategy games.

1. Introduction

As computer games continue to evolve, players increasingly seek out highly realistic and deeply immersive
experiences. Across various game genres, there is a growing appeal for simulations that let users take control of
vehicles, ranging from sports cars to aircraft and naval vessels, and immerse themselves in diverse combat
environments.

Within the broader category of simulation games, military-themed titles stand out for their complex modeling of
armed forces, equipment, and operational roles. These war-games enable players to step into the shoes of field
commanders, operators, or specialized military units, reimagining real-world conflicts or exploring fictional combat
scenarios.

In this context, our focus turns to naval strategy, with particular attention to the placement and operational
impact of naval minefields installation during sea-based confrontations [1], [2]. Game developers are tasked with
building robust simulation frameworks that can realistically portray the mechanics and consequences of mine
deployment. This includes the creation of intelligent systems that can determine effective mine-laying patterns,
estimate disruption zones for enemy ships, and simulate activation conditions when opposing vessels enter the mine
field [3].

Moreover, modeling must account for the logistical and tactical decisions behind minefield planning, including
environmental constraints and mission-specific goals. Incorporating these elements not only increases the strategic
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depth of gameplay but also helps players make better-informed choices while managing limited defensive resources
in dynamic maritime scenarios.

Our game development framework is structured to simulate a broad spectrum of maritime combat scenarios,
each presenting unique strategic challenges. The game features a detailed collection of naval mines, categorized by
type, functionality, and deployment effectiveness [1], [4]. We also experiment with different deployment strategies to
observe how the positioning of minefields affects the flow and outcome of naval engagements. The game further
includes a variety of ship classes, each assigned specific roles and operating doctrines. Using our simulation model,
we can analyze how different ship formations perform when navigating mined waters under various tactical
conditions.

Moreover, the engine integrates detection systems and countermeasure technologies such as mine-hunting
vessels and drones, allowing us to assess their performance in neutralizing underwater threats. This comprehensive
approach enables precise modeling of the effects of waterborne minefields in multiple combat environments,
delivering a highly detailed and engaging simulation of naval defense operations.

Within the framework of strategy-focused video games, players assigned to defend coastal or strategic maritime
zones must carefully plan minefield deployment to counter advancing enemy fleets. Success relies on a thorough
evaluation of multiple elements, including the opposing force's composition, tactics, and likely paths of approach [5].
Defenders must also assess their own available resources, mine types, and optimal placement zones, while factoring
in game environment variables such as sea depth, currents, and weather each of which can affect detection, activation,
and navigational hazards.

The primary objective for players managing mine warfare is to create an efficient, sustainable defense strategy
that adapts to dynamic threats over time. These simulation-heavy strategy games push players to anticipate enemy
maneuvers and respond with calculated precision. The fidelity of the simulation is key to fostering a rich and realistic
gameplay experience, promoting strategic innovation and thoughtful decision-making.

In designing a game that accurately portrays naval mine warfare, we draw from real-world military
documentation and historical conflict data to set credible baseline parameters for all elements in the simulation. This
includes defining activation radius, explosive yield, survivability against clearance operations, and the detection
likelihood for each mine type. Similarly, we establish operational characteristics for mine-laying vessels and their
limitations. These foundational values ensure that the simulation mirrors real-world operational behavior, providing
players with a deep and authentic understanding of tactical engagements shaped by underwater minefields.

2. Analysis of the recent publications and research works on the problem

By analyzing a wide range of scholarly and technical literature on naval mine warfare, we establish a solid
foundation for our research. This approach enables us to adopt and refine existing models and methodologies, using
them as reference points for developing a robust and effective simulation framework.

The reviewed sources highlight advanced strategies for coordinated deployment of naval minefields, designed to
maximize coverage and strategic disruption. One such method emphasizes synchronized mine-laying across multiple
zones to ensure that enemy vessels encounter obstacles simultaneously, thereby increasing the likelihood of damage
and reducing the chances of successful navigation through the area. These tactics involve precise control over
placement timing and spatial distribution, even under variable conditions such as shifting currents or limited
communication between mine-laying units. Simulations demonstrate that such coordination significantly improves the
effectiveness of minefields in contested environments, especially when considering differing vessel approaches and
dynamic sea conditions.

Further literature introduces mathematical models that describe ship behavior when navigating through both safe
and mined waters [5], [6]. These models apply an Estimation-Before-Modeling approach, in which key variables,
such as ship speed, maneuverability, and hydrodynamic responses are estimated individually before analyzing
patterns of vessel movement. The results allow comparison between the maneuvering performance of ships in
unaffected conditions versus those affected by mine detonations or near-miss scenarios [7]. These insights provide a
deeper understanding of how ships respond under pressure and how damage affects their tactical flexibility.
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We use these established studies to define core baseline parameters for our simulation, such as ship attributes,
mine trigger mechanisms, explosive yields, and detection probabilities. These parameters allow for a realistic
portrayal of tactical interactions within the game environment, from both defensive and offensive standpoints.

Moreover, several works draw upon differential game theory to design optimal strategies for laying minefields in
scenarios involving a defender, an intruder, and protected zones. These strategies enable the defender to hinder the
attacker’s movement while avoiding premature detection or engagement [8], [9]. Notably, these models do not require
precise knowledge of the attacker's decisions or path, instead relying on probabilistic patterns and strategic
positioning. Simulation results validate the effectiveness of these methods across varying initial conditions and
battlefield constraints [4], [10]. Additional research outlines how defenders can preemptively structure minefield
networks to reduce the success rate of enemy operations, even in the presence of mine countermeasure technologies.

Drawing on tactical doctrines and strategies outlined in naval warfare literature and operational manuals, we can
establish a set of core interactions for our simulation model. These interactions define key gameplay scenarios
involving water minefield deployment, segmented into several operational phases:

1) Naval Transit and Amphibious Approach: In this phase, enemy landing fleets transport personnel, vehicles,
and equipment toward the target coastline. These vessels are engineered for shore landings under varied sea and
weather conditions, often without prior coastal preparation. Ensuring disruption at this stage is critical for delaying or
disorganizing the initial wave of the amphibious assault.

2) Deployment of Landing Forces: This stage involves the unloading of troops and materiel from larger
transports and landing craft into designated coastal zones or shallow water staging areas. Strategic minefield
placement near these drop zones can significantly hinder the safe disembarkation of forces and equipment.

3) Approach Under Fire and Combat Support: As landing vessels move into range of the target shoreline, they
provide covering fire to neutralize defensive assets and secure landing zones. Minefields, especially influence or
intelligent variants, placed near fire support routes or expected anchor positions can limit maneuverability and disrupt
coordination.

4) Sustainment and Extraction Operations: Landing forces rely on logistical support from the sea to maintain
combat effectiveness, including the delivery of ammunition, supplies, and medical evacuation. Mines placed along
supply lanes or extraction routes serve to constrain movement and impose long-term pressure on sustained enemy
operations.

The defending player has strategic freedom to initiate mine-laying operations or rely on pre-deployed fields
during any of these phases. Timing is critical, decisions must weigh resource availability, real-time battlefield
intelligence, environmental conditions, and enemy fleet behavior. Choosing the most impactful moment to activate or
reinforce minefields can be decisive in preventing a successful enemy landing and turning the tide of the operation.

3. Objectives and tasks of the research

The core gameplay scenario is structured around two opposing players. The first, acting as the attacker, is tasked
with escorting a squadron of landing ships to enemy-controlled waters to initiate an amphibious landing. The
attacking force is composed of landing vessels, protective escort ships and minesweeper ships. The defending player,
on the other hand, primarily relies on naval mines and supporting detection and disruption systems to halt the enemy
advance.

The main objective for the defending player is to deploy and manage underwater minefields in a way that
maximizes damage to the incoming landing fleet and effectively disrupts or halts the amphibious operation. This
requires high levels of operational readiness, where mine-laying vessels, surveillance units, and crew are well-
prepared and positioned strategically to execute their mission with precision and speed.

The initial focus of the research is to develop and refine a simulation model that can estimate the potential
impact of minefield deployment on invading landing ships, taking into account all relevant factors including mine
type, density, placement pattern, and detection probability.

The second goal is to establish a method for calculating the optimal number and configuration of mines required
to successfully block or degrade a landing operation. This would provide valuable decision-making tools for both
players and Al systems, enhancing their ability to make strategic choices under varying conditions and mission
parameters within the game environment.



72 Maksym Maksymov, Oleksii Neizhpapa, Oleksandr Toshev, Maksym Kiriakidi

4. Model and methods

The simulation model centers on the strategic task of employing underwater minefields to disrupt and neutralize
enemy landing operations, with an emphasis on identifying optimal deployment tactics for common gameplay
scenarios.

The arrangement of the defending player's forces is fine-tuned to meet mission-specific objectives, guided by
criteria that define effective minefield utilization. To configure these forces properly, the player must assess the
operational capabilities of mine-laying vessels, available mine types, and the prevailing tactical context. This includes
calculating the ideal density and layout of mine placements, grouping mine-laying units for coordinated deployment,
and determining the sequencing and timing of their actions.

The positioning and use of minefield zones are also influenced by the attacking player’s escort fleet
configuration, as its defensive strength directly affects the survivability of incoming landing vessels. Exploring
different configurations of defensive forces, such as varying the number, type, or quality of mines and deployment
platforms is vital for understanding how these variables shape the overall success of the mission. In the base scenario,
an increase in the number or complexity of escort ships in the attacking player’s formation requires a corresponding
escalation in the scale and sophistication of minefield defenses.

Determining the appropriate quantity and type of deployed mines, along with the necessary support
infrastructure, involves detailed tactical analysis. To aid players in making informed decisions, these findings must be
presented in a way that clearly demonstrates how minefield effectiveness shifts under different operational conditions.
This process requires comprehensive modeling, scenario-based comparisons, and conclusions that highlight the
advantages and limitations of each potential setup.

Once the player receives a mission directive, they can draw on prior calculations to choose a suitable
configuration or refine their strategy in response to evolving in-game factors.

To make an estimate for an effectiveness of a minefield we need to calculate multiple values, such as:

- The expected number of destroyed ships when passing through a minefield consisting of a certain number of
mines.

- The expected number of mines requires to form a minefield to destroy a certain number of ships which are
passing through.

- The expected combat resistance of the minefield against various mine countermeasures.
To calculate mathematical expectation for the number of destroyed ships from a group of N ships, we can use a
formula:

My = m-2RSa, (1)
Ap

where m is a number of columns in the convoy; 4 is a mine hit area; 4, is a mine response area on a ship; R is a
minefield density; S is an area of mine barrier, based on a fairway; « is a relative part of an S area affected by passing
ships.

The area of a mine barrier S could be calculated using the following formula:
S =A+LE,, 2)

where Ej is a mean deviation of the ship's position dispersion relative to the general course of the column; / is a
stochastic coefficient which depends on environment conditions.

o value is a statistical coefficient which depends on a number of columns in the convoy, number of ships in each
column and an area which convoy covers.

The average deviation of the ship's position dispersion relative to the general course of the column Ej could be
calculated by the formula:

E, =/ (rD)? + V2, 3)

where Dy is a distance between ships in a convoy; V} is an estimated speed of a convoy.
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Minefield density R could be calculated by the following formula:

R=—3—-K, 4)

where My is a required mathematical expectation of a number of destroyed ships from a total number of N ships in a
convoy; K; is a statistical coefficient which defines effectiveness of used mines and mine installing equipment.

The number of required mines to build an effective minefield N could be calculated by the formula:

RA

To enable mine ships to deploy the required number of naval mines, it is important to calculate the mine
placement interval. Different type mines have varying effective trigger ranges. The interval must ensure that adjacent
mines' activation zones either overlap or leave minimal gaps to avoid safe passages. The mine placing ships velocity
during deployment determines the time between drops. For example, at higher speeds, a shorter time interval is
needed to maintain a consistent spacing.

To calculate an interval, we can use the below formula:

A

=2 (6)

To evaluate the combat resistance of a minefield, we will define it as the amount of time it takes for opposing
mine countermeasure forces to breach the minefield and establish a navigable, safe corridor for the convoy. This
measurement will account for the complexity and density of the mine distribution, the types of naval mines used
(contact, influence, or smart mines), and their spatial layout across the waterway.

The total clearance time required to establish a secure passage through the minefield will serve as a quantitative
metric of its combat resistance. A longer clearance time indicates higher resistance and greater effectiveness in
delaying or disrupting enemy maritime operations.

As an example for our model, we will make calculations for one of the basic types for naval mines
countermeasures — naval minesweeper with a mine-clearing line charge.

To calculate number of required mine-clearing line charges N. we can use the following formula:

N, =Ly (7)

¢ Mo o’

where Wrand Ly are width and length of a fairway required for the safe passage of a convoy; M is a width of a line
cleared of mines when cord charges explode; o is a statistical error for setting up a line charge before exploding; / is a
length of a mine-clearing line charge.

Time ¢ required for minesweepers for traveling and setting up line charges could be calculated by the following
formula:

te =t + 5+, (8)

where #; is a time needed for arming minesweepers with a required number of charges; ¢, is a time required to setup all
mine-clearing line charges; L is a distance to the fairway from a doc station of a minesweepers; V is a speed of a
minesweepers.

The time 7, needed for destroying mines by a mine-clearing line charges is calculated using the formula:
Ts = Nt, )

where N, is a number of a setups of a line charges, required to clear a fairway of a certain size; ¢. is a time required for
a minesweepers for preparations, traveling, setting up and exploding required amount of a line charges.
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The range of combat stability of a minefield 7, is the range of the total time 7" of completing the task, which is
calculated from a working time required to working days according to the formula and rounded to a whole number in
the higher direction:

T, =Tyt + (o — Dty (10)

where 7 is a statistical coefficient which depends on an outside factors, such as weather; n, is a time during which a
minesweeper could operate without an additional service, depends on a type of a minesweeper; ¢- is a time required
for a full service of a minesweeper, also depends on a type of a minesweeper ship.

5. Experiments

Experiment 1. Determine the number of mines required to install naval minefield against enemy landing convoy.
Enemy convoys consist of 60 ships. To effectively stop enemy landing operation, it is required to destroy at least 12
ships and ensure combat resistance of a minefield more than 96 hours. Possible passing area is 15 miles wide and 5
miles long. It is expected for ships to be divided into 5 columns. The distance between ships is 0.4 miles. Speed of
ships in convoy 12 knots.

In the experiment, we are using mines of “M1” type which have 35m hit radius and 40m response radius.
Opposing convoys is supported by 4 minesweepers of type “MS1”.

For the ships which are placing mines we will define coefficient: K; = 0.95.

For a mines of type “M1”: A = 35, 4, = 40.

Columns in a convoy: m = 5.

Statistical coefficient: r = 6.25.

Using formula (3) we can calculate the average deviation of the ship's position dispersion relative to the general
course of the column:

E, = /(6.25 * 0.4)2 + 122 = 29.816.

Statistical coefficient which depends on a number of columns in the convoy, number of ships in each column and
an area which convoy covers: a = 0.488.

The statistical coefficient for the environment: [ = 10.

The area of a mine barrier we can calculate with formula (2):
S =35+10%*29.816 = 333.
We can calculate minefield density with the formula (4):

12
R = 35 * 0.95 = 0.01685.
5 *70 * 333 % 0.488

Using formula (5) we can calculate the number of required mines to build an effective minefield:

N 0.01685 * 15+ 1852
- 0.95 B

With a calculated required number of mines, we can calculate an interval at which mines should be placed with
the below formula (6):

_ 15+1852
T 492

I ~ 56.5.
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Using the same formula, we can make different calculations for the same environment setup and enemy forces,
for different mine placing intervals and variable number of columns in a convoy to get the mathematical expectation
for a number of destroyed ships (Fig.1).

35

Number of destroyed ships

Mine placement interval, m

=3 = =4 =5 == —F =7
Fig.1. Estimated number of destroyed ships for a set interval for mines placement for experiment 1.

The results of our calculations provide a better understanding of how different minefield configurations affect
the outcome of enemy landing operations. This information enables us to make highly optimized strategic decisions
that balance maximum defensive effectiveness with efficient resource utilization.

For the chosen type of minesweeper and supporting equipment, we can define required variables, such as width
of a line cleared of mines when cord charges explode M = 185, and the length of a mine-clearing line charge
1 =1000.

Number of required mine-clearing line charges could be calculated with the formula (7):

15%1852 " 5%1852
1850 10000

c

48.

Time needed for arming minesweepers with a required number of charges t, = 1, time required to setup all
mine-clearing line charges tg = 1, distance to the fairway from a doc station of a minesweepers L = 15, speed of a
minesweepers V = 10.

To calculate (8) time ¢. required for minesweepers for traveling and setting up line charges:

2%15

te=1+=——+1=5.
10

The time 7, needed for destroying mines by a mine-clearing line charges we can calculate with the formula (9):

_ 48x5
12

T, 20.

For the chosen types of minesweepers: time during which a minesweeper could operate without an additional
service n, = 5, ¢ is a time required for a full service of a minesweeper t, = 2, and statistical coefficient which is
T=143.

The range of combat stability of a minefield we can calculate with the formula (10):

Tr=20*1.43+(2°’;ﬁ—1)*2=5*24h=120h.
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Experiment 2. For the second experiment, let’s define the setup with smaller landing forces and smaller area of
possible passage. Enemy convoys consist of 12 ships. To effectively stop enemy landing operation, it is required to
destroy at least 4 ships and ensure combat resistance of a minefield more than 48 hours. Possible passing area is 4
miles wide and 2 miles long. It is expected for ships to be divided into 3 columns. The distance between ships is 0.5
miles. Speed of ships in convoy is 14 knots.

For this experiment, we will use the same types of mines, ships and minesweepers.
K; = 0.95, A = 35, A, = 40.

Columns in a convoy: m = 3.

Statistical coefficient: r = 6.25.

Using formula (3), we can calculate the average deviation of the ship's position dispersion relative to the general

course of the column:

E, = /(6.25 * 0.5)2 + 142 = 35.84.

Statistical coefficient & = 0.314.
The statistical coefficient for the environment: [; = 10.

The area of a mine barrier we can calculate with formula (2):

S =40+ 10 *35.84 = 393.4.

We can calculate minefield density with the formula (4):

4
R = 35 *0.95 = 0.0123.
3 *70* 393 % 0.314

We can calculate the number of required mines to build an effective minefield:

0.0123 % 4%1852 9
B 0.95 B

With a calculated required number of mines we can calculate an interval at which mines should be placed using
the below formula (6):

_ 41852

I =~ 77.
96

Let’s make the same calculations for the same environment setup and enemy forces, for different mine placing

intervals and variable number of columns in a convoy (Fig.2).
Let’s calculate the number of required mine-clearing line charges with the formula (7):

_ 4x1852  2%1852 _

.= * 24,
1856 10000

With the same setup for the minesweepers we got variables t, = 1, t; = 1, L = 15,V = 10.

t, = 3.5.
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Fig.2. Estimated number of destroyed ships for a set interval for mines placement for experiment 2.
The time T needed for destroying mines by a mine-clearing line charges:
T, =17.

For the chosen types of minesweepers: n, = 5,t, = 2, 7 = 1.43.

The range of combat stability of a minefield:
T, = 3% 24h = 72h.

6. Conclusion

A simulation model has been developed to assess the effectiveness of naval minefields in countering naval
landing operations. This model incorporates all critical components typically involved in such operations, including
landing vessels transporting troops and equipment, escort and supply ships of various classes, and different tactical
compositions of the opposing player’s naval task force.

The model identifies the optimal density and configuration of minefields necessary to fulfill the objective of
halting the adversary's landing attempt by neutralizing or obstructing elements of their amphibious group. It enables
the selection and evaluation of multiple defensive configurations, helping players determine the most effective layout
based on the specific tactical situation in the game scenario.

Experimental simulations validate the model’s versatility, demonstrating its application across a wide range of
enemy fleet configurations. By comparing outcomes for different setups of the attacking player’s naval group,
including variations in ship classes, support elements, the model provides insights into the contribution of each
component to the success or failure of a landing attempt.

This modeling tool empowers both human players and game Al to rapidly devise and implement effective mine
warfare strategies. It enables accurate scenario forecasting and supports critical planning decisions such as minefield
size, deployment timing, type of mines to be used, and placement zones, all aimed at preventing or severely
disrupting the rival player’s naval landing operation.

References

[1] Kazuki Sakai, Ryusuke Hohzaki, Emiko Fukuda, Yutaka Sakuma, "Risk evaluation and games in mine warfare considering ship counter
effects", European Journal of Operational Research, Volume 268, Issue 1, 2018, Pages 300-313, ISSN 0377-2217,
https://doi.org/10.1016/j.ejor.2018.01.030.

[2] Sun-Kyung Jung, Myung-Il Roh, Ki-Su Kim, "Arrangement method of a naval surface ship considering stability, operability, and
survivability", Ocean Engineering, Volume 152, 2018, Pages 316-333, ISSN 0029-8018, https://doi.org/10.1016/j.oceaneng.2018.01.058.



https://doi.org/10.1016/j.ejor.2018.01.030
https://doi.org/10.1016/j.oceaneng.2018.01.058

78 Maksym Maksymov, Oleksii Neizhpapa, Oleksandr Toshev, Maksym Kiriakidi

[3] Wonjune Chang, Joonmo Choung, "Sensitivity analysis of damage extent in naval ship compartments due to internal airborne explosions",
International Journal of Naval Architecture and Ocean Engineering, Volume 16, 2024, 100622, ISSN 2092-6782,
https://doi.org/10.1016/j.ijnaoe.2024.100622.

[4] Hyunwoo Kim, Burak Can Cerik, Joonmo Choung, "Effects of fracture models on structural damage and acceleration in naval ships due to
underwater explosions", Ocean Engineering, Volume 266, Part 3, 2022, 112930, ISSN 0029-8018,
https://doi.org/10.1016/j.0ceaneng.2022.112930.

[5] Myungjun Jeon, Hyeon Kyu Yoon, Jongyeol Park, Shin Hyung Rhee, Jeonghwa Seo, “Identification of 4-DoF maneuvering mathematical
models for a combatant in intact and damaged conditions”, International Journal of Naval Architecture and Ocean Engineering, Volume 14,
2022, 100480, ISSN 2092-6782, DOI: https://doi.org/10.1016/j.ijnace.2022.100480.

[6] Myo Jung Kwak, Joon Young Yoon, Sayyoon Park, Seungmin Kwon, Yun-Ho Shin, Yoojeong Noh, "Extent of damage analysis of naval
ships subject to internal explosions", International Journal of Naval Architecture and Ocean Engineering, Volume 15, 2023, 100514, ISSN
2092-6782, https://doi.org/10.1016/j.ijnace.2023.100514.

[7]1 S.N. Ghawghawe and D. Ghose, "Pure proportional navigation against time-varying target manoeuvres," in IEEE Transactions on Aerospace
and Electronic Systems, vol. 32, no. 4, pp. 1336-1347, Oct. 1996, DOLI: https://doi.org/10.1109/7.543854.

[8] Yasukawa, H. Yoshimura, Y. 2015/03/01 “Introduction of MMG standard method for ship maneuvering predictions” Journal of Marine
Science and Technology Volume 20 Issue 1437-8213 DOL: https://doi.org/10.1007/s00773-014-0293-y.

[9] Tianle YAO, Run MIAO, Weili WANG, Zhirong LI, Jun DONG, Yajuan GU, Xuefei YAN, “Synthetic damage effect assessment through
evidential reasoning approach and neural fuzzy inference: Application in ship target”, Chinese Journal of Aeronautics, Volume 35, Issue 8,
2022, Pages 143-157, ISSN 1000-9361, DOLI: https://doi.org/10.1016/j.cja.2021.08.010.

[10] P. R. Mahapatra and U. S. Shukla, "Accurate solution of proportional navigation for maneuvering targets," in IEEE Transactions on Aerospace
and Electronic Systems, vol. 25, no. 1, pp. 81-89, Jan. 1989, DOLI: https://doi.org/10.1109/7.18664.

CumyJisiiss BCTAHOBJICHHS] MiHHOI'O I0JIS1 Y BiIeOIrPOBOMY pyLUIi€Bi

Maxkcum Maxcumos?, Onekciit Heixmana®, Onexcanap Tomres?, Makcum Kipiaxini®

“Hayionanvuuii ynigepcumem « Odecvka nonimexuixkay, Ip. llleguenxa, 1, 65044, m. Odeca, Yxpaina
bHayionanenuii ynisepcumem «Odecvka mopcoka akademiay, eyi. Jliopixcona, 8, 65029, m. Odeca, Yrpaina

AHoTanis

VY cBiTi cydacHHX mU(QPOBUX irop, 0coONMBO B paMKax TaKTHYHHX BIHCHKOBHX CTpATETiil Ta pealiCTHIHHX
MOPCBHKHX OOMOBHX CEpelOBHIL, 3pOCTA€ MOMKUT HA TOYHE MOJICTIOBAHHS Ta 3aXOIUIMBHI JOCBiA. [IpoekTyBaHHS Ta
MO/JICJTIOBaHHSI MOPCHKUX OOMOBHX il IOBUHHI IHTETPYBAaTH CKIAIHIII CHCTEMH, Ta BKIIOYHO BIUIUB €(peKTUBHOCTI
MiABOAHUX MIHHHX TOMiB. METOI0 IBOT0 MOCI/KCHHS € pO3po0Ka aJTOPUTMY Ta MOJEINI, SIKa TOYHO MPOTHO3YE
TaKTUYHMI Ta ONEPATHBHHUN BIUIMB MOPCHKHMX MiHHHX IIOJIB Ha CyJIHa B Pi3HHX irpOBHX ClieHapisxX. MojentoBaHHs
po3po0IIeHo 3 ypaxyBaHHSIM 0araTb0X 3MiHHUX, TAKHX SK Pi3HI THIM MiH Ta KOpaOIiB, pi3Hi CTpaTerii BUCAIIKHU, Pi3Hi
napaMeTpy HaBKOJIMIIHLOTO CEpelloBUIA Ta HOroad. llepmor MeTor IbOro JOCIHIKEHHS € BJIOCKOHAJICHHS
ITOPUTMIB TIPOTHO3YBAHHS IIOIIKO/DKEHb, 10 JO3BOJMTH MOJICIIOBAHHIO TOYHIIE OIIHIOBAaTH HACIHIAKH
MIPOXO/KCHHST KOpaOIiB 4yepe3 MiHHE mousie. J[pyroro MeTow € BIOCKOHAJICHHS JIOTIKH PO3MOIUTy MiH, po3poOKa
ITOPUTMIB, SIKI PO3PAaxOBYIOTh ONTHUMAaJbHY KUIBKICTb, THII Ta PO3MOALT MiH, HEOOXiTHUX Jyisi 3yNHHKH abo
3aTPUMKH MIPOCYBaHHS IPOTHBHUKA.

KoarouoBi ciioBa: migBoaHI MiHM; KOMIT'IOTEPHA T'pa; CTPYKTYpPHE MOJIETIOBAHHS; irpOBi JIBUTYHH; TAaKTHYHI

CTparerivHi irpu.
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Abstract

Sewage sludge accumulating at treatment facilities is aqueous suspensions separated from wastewater during
treatment processes. Untreated sludge has been discharged for decades into overloaded sludge beds, dumps, or
quarries, leading to environmental safety violations and deteriorating people living conditions. Due to a high content
of colloidal substances, sludge poorly releases water. An important step in sludge disposal is dewatering, which
significantly reduces sludge volume. Factors such as moisture content, the ratio of free to bound water, the degree of
dispersion of solid phase particles, chemical composition, structure, and viscosity significantly influence sludge
dewatering. The compressibility of sewage sludge under external pressure is one of its characteristic properties.
Modeling was carried out using the method of linear proportions, which allowed the derivation of a uniform
functional dependence under different combinations of similarity numbers.

Keywords: dewater ability; water content; sewage sludge; dimensional analysis; linear proportionalities method;

similarity numbers.

1. Definition of the problem to be solved

Today, many cities, towns and industrial enterprises face a very acute problem of treatment and disposal of
sludge generated during wastewater treatment. Often, untreated sludge has been dumped into overloaded sludge sites,
dumps, tailings ponds, and quarries, which has led to a violation of environmental safety and living conditions.

Wastewater sludge that accumulates at wastewater treatment plants is an aqueous suspension released from
wastewater in the process of its mechanical, biological or physicochemical treatment, with a volume concentration of
polydisperse solid phase from 0.5 to 10%. Sludge is classified as a hard-to-dewater polydisperse suspension. As in all
suspensions, moisture in wastewater sludge is in chemical, physical-chemical and physical-mechanical connection
with solid particles, as well as in a free state.

The main objective of sludge treatment is to produce a sanitary and transportable product that can be used in
agriculture. Due to the large amount of colloidal substances, sludge does not release water well. The water release of
sludge is greatly influenced by humidity, the ratio of free to bound water, the degree of dispersion of solid phase
particles, chemical composition, structure, viscosity of the sludge, etc.

Sludge produced in wastewater treatment plants represents a small part (about 1%) of the wastewater volume
treated, while sludge handling and disposal processes account for 20% to 60% of operating costs, including labor,
energy and sludge disposal [1].

* Corresponding author. Email address: orest.v.verbovskyi@lpnu.ua

This paper should be cited as: O. Verbovskyi, V. Orel, V. Femiak. (2025) Modeling of wastewater sludge
dewatering kinetics using the method of linear proportionalities. Energy Engineering and Control Systems, Vol. 11,
No. 1, pp. 1 — 7. https://doi.org/10.23939/jeecs2025.01.001
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2. Analysis of the recent publications and research works on the problem

Wastewater sludge disposal is a complex and expensive process; however, sludge is a source of carbon, nutrients
and trace elements and can be disposed of effectively [2], [3].

The following sewage sludge treatment processes are used in wastewater treatment plants: compaction,
stabilization, conditioning, dewatering, drying, thermal treatment, disposal of valuable products, or sludge disposal.

Densification and dewatering reduce the moisture content, volume, and weight of sludge and are usually an
integral part of any sludge treatment process.

Although sludge densification provides the lowest percentage of moisture reduction, it leads to the greatest effect
of water removal and maximum decrease of the primary volume of sludge.

Dewatering is carried out by natural drying of stabilized sludge at sludge drying beds to a moisture content of
80...85% or by mechanical dehydration of previously conditioned stabilized or raw sludge using vacuum filters, filter
presses or centrifuges to a moisture content of 65...75%.

An important step in the disposal of sludge is its dewatering, which allows for a significant reduction in sludge
volume [4], [S]. Depending on the sensitivity of sludge to mechanical dewatering, the water content in sludge can
range from 95-99 to 65-85% [6], [7]. Difficulties in sludge dewatering are associated with the high content of organic
and colloidal substances in the sludge. Sludge dewatering from wastewater treatment plants is a serious problem due
to the large amount of sludge produced annually. In recent years, research and development has focused on improving
the dewatering process to reduce the subsequent costs of sludge management and transportation [8].

The disposal and transportation of sludge is expensive due to its high-water content. Reducing the water content
of sludge is the most effective strategy to reduce treatment costs. However, sludge contains a large amount of
hydrophilic organic substance, which causes poor dewatering. Therefore, research on preconditioning and mechanical
dewatering is of great importance for sludge dewatering [9].

To improve dewatering, sewage sludge is chemically conditioned. Chemicals such as aluminum sulfate, iron (IIT)
chloride, iron (II) sulfate [10], [12] and polyelectrolytes are added [11]. Currently, polyelectrolytes are used for the
initial treatment of sludge before dewatering processes. However, the use of polyelectrolytes increases the cost of
sludge processing and can cause secondary environmental pollution. Therefore, various alternative methods of
sewage sludge conditioning, including ultrasonic treatment [13], microwave treatment [14], thermal treatment [15].
Sludge conditioning process was modified to reduce the consumption of chemicals, and new methods of sludge
pretreatment were proposed and investigated, such as various combined methods [16].

3. Formulation of the goal of the paper

In order to model the processes occurring during the dewatering of sludge, it is necessary to derive functional
dependencies that describe these processes. The aim of this article is to derive functional dependencies that describe
the kinetics of mechanical dewatering of sewage sludge and to validate these dependencies through experimental
investigation.

4. Presentation and discussion of the research results

The ability of sewage sludge to compress under external pressure is one of its characteristic properties [17].
Velocity, m/s, of sewage sludge filtration [18]:

q=f(G, e, W, u t, p, h), (1)

where G is sludge compression modulus, Pa; e is sludge porosity coefficient; # is moisture content of the sludge; u is
dynamic viscosity of the filtrate, Pa-s; ¢ is duration of filtration, s; p is liquid pressure in the pores of the sludge, Pa;
h is thickness of the sludge layer, m.

Moisture content of the sludge W depends on the sediment porosity coefficient e [18]. The functional
relationship (1) was rewritten in the form:

v(q, G, e p t p h)=0. ()
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The modeling was performed using the method of linear proportions. Without taking into account the
dimensionless quantities, we will compose from dependence (2) linear proportions with linear dimensions, i.e., with
the dimensions of length (L, m). The total number of linear proportions will be as follows [19]:

K=05-(n—1-2)-(n—1-1)+1, 3)

where # is total number of variables included in dependence (2), n = 6; [ is number of variables with linear differences
in dependence (2), /= 1.

K=05-(6-1-2)-(6—1-1)+1=7.

So,

. ‘u Ggt? pagt? Gh -h-
d,(ﬂ'ﬂ_ at? pat? t’pﬂt,q-t,h,e)zo. )

qu qp Gqt? pqt® Gt pt qt _
Y enon an an 5 pn€) =0 )
G-h"p-h” wh uh u uh

This equation contains redundant information. To get rid of the extra terms, we combine the similarity numbers:

1) The first and second numbers, the third and fourth numbers, and the fifth and sixth numbers differ only in the

G-q-t?
u-h

values of G and p. Therefore, we will keep the first Z—i, third and fifth % numbers, and write the relationship

between G and p as a simplex %,

42

qt Gt . . G-q-t? . .
by —, we get — . But this number already exists, so you can remove and not consider it

2) Divide —
h u u-h

further.

G-q

t
u-h

3) Multiply the numbers % and Z%’; to get the number %t. Therefore, we remove the number Z%’;, but if necessary,
it can be obtained by combining the numbers %t and %

After the transformation,

Gt

G qt _
9(_;;;716)_0- (6)
The similarity number Z—Z, which has been removed, is rewritten as % Then it can be viewed as the ratio of the
elastic force [F.] = E - L? and the viscosity force [F,] = p -V - L [20]:

IRl _EL
Fyl — wv’

(7

where L is characteristic length; V is velocity; E is compressive modulus.

The simplex G/p can be considered as the ratio of the elastic force [F;] and the pressure force [F,] = p - L* [20]:

[Fel _E
s (®)

The similarity number %t is similar to the homochrony criterion [21]
Hy =— )

which has a physical meaning as a characteristic of unsteady fluid flow [22]. This criterion can be viewed as the ratio
of the additional (local) force caused by the unsteady nature of the flow to the force of inertia [21].
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Let’s rewrite (6) as
at _ 5 (6t ¢
T_d)(u'p’e)' (10)

-q-t? . 't
PO and sixth 2=
h u

The similarity numbers in (5) were combined in different way. The second Z%Z, fourth

numbers leave and the relationship between G and p in the form of a simplex G/p. After the transformations:
pt G qt _
5(%,2,%e) =0, (1n)
. . B2
The removed similarity number Zfﬁ, is written as % = %. The resulting expression is the ratio of the pressure
force [F,] and the viscosity force [Fy] [20]:

Bl _plL
Fy]  wV (12)

This corresponds to the Lagrange's criterion La, which is a criterion for the similarity of pressure and velocity
fields in the flow of fluid in straight channels [21]. For a given channel, it characterizes the relationship between the
dimensionless pressure and velocity fields.

Let’s multiply and divide expression (12) by the force of inertia [F;] = p - V2 - L? , where p is specific mass [20]:

—_

[Fvl [Fi]  [Fil [Fv]

(Fp] [F) _ 1F) [F) _ £ Re

—_

where Eu is Euler's criterion; Re is Reynolds criterion.

_ 1l _
Eu=l=-" (13)
= 2t (14)

TR u

Therefore, the number :—# is similar to the criterion La = Eu'Re. Accordingly, the combination of numbers th
and th is similar to the combination of criteria Eu, Re, La.

We can rewrite (11) as follows
qt _ pt G
(e (15)

Dependencies (10) and (15) differ in their first similarity numbers. However, taking into account the second
number that connects them, we can consider these dependencies to be the same.

5. Comparison of the modeling results with experimental data

The experimental setup scheme and the methodology for studying the kinetics of sludge dewatering from the
Lviv wastewater treatment facilities were presented in [18].

The simplex G/p in dependencies (10) and (15) is presented (Fig.1) as the dependence G = fi(p) for a mixture of
wastewater sludge on primary and secondary sedimentation tanks in a 1:2 ratio. This relationship can be described by
the equation (R? = 0.729):

G =115.1-p+0.76 - 107. (16)
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6 8
p*107, Pa

Fig.1. The dependence of the sludge compression modulus G on pressure p.

To evaluate the filtration properties of wastewater sludge, the specific filtration resistance 7, is used. The

similarity number %t, used as the argument in equation (15), can be transformed into the following form:

pt__  pt
7 - wroh?’ (17)
Therefore, dependence (15) can be represented as %t =f, (H.f..thz) that is an analogue of the Darcy equation for

laminar filtration [18] (Fig. 2). This relationship is described by the equation (R? = 0.9395):

at _ _pt
o =09954 L0, (18)

5.7

q*t/h /
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/
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p*t/(u*r,,*hz)

Fig.2. An analogue of the Darcy equation for laminar filtration.
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6. Conclusion

Modeling by the method of linear proportions allowed us to obtain the same functional dependence for different
combinations of similarity numbers. The similarity numbers have physical meaning as ratios of forces and serve as
analogs to similarity criteria.

The physical modeling of the dewatering process of sewage sludge mixture from the Lviv municipal wastewater
treatment facilities confirmed the validity of dependencies (10) and (15) derived using the method of linear
proportions. An analog of Darcy’s equation for laminar filtration was obtained.
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MoaeaoBaHHA KiHeTHKH 3HEBOAHEHHA 0CAXIB CTIYHHUX BOJI
METO/I0M JIiHIHHUX NPONOpUiiHOCTEeH

Opect Bep6oscbkuii, Banum Open, Bonogumup dem’ sk

Hayionanvnuii ynieepcumem «JIvgiscoka nonimexuixay, 8yr. Cm. Banoepu 12, m. Jlvsis, 79013, Vkpaina

AHoTanisa

Ocamu CTIYHHX BOM, SIKI CKyMYYyIOTBCSA HAa OYMCHHUX CHOPYIaX, € BOIHHUMH CYCIICH3iMH, IO BHIIIAIOTH i3
CTIYHHMX BOJ B TIIpoleci iX MexaHigyHoOro, OiojorigHoro abo ¢i3mko-xiMigHOTO oOuYmmieHHA. YacTo ocagm B
HEoOpoOJIEHOMY BHIVISII MPOTATOM JAECSATKIB POKIB 3JIMBAJIMCA Ha MEPEOOTSHKEHI MYJIOBI IUIOIIAAKH, Y BiIBally,
Kap'epy, 10 MPHUBEIO 1O MOPYIICHHS EKOJOTiYHOi Oe3meKd i yMOB JKHTTS HaceleHHs. Uepe3 BENMKY KUIBKICTh
KOJIOITHUX PEYOBMH OcCalyl IMOTaHO BiqmaloTh BOAy. Ha BonoOBigmady ocaliB MarOTh BEIWKHN BIUIMB BOJIOTICTB,
CHIBBIJHOIICHHSI BUIbHOI 1 3B’s3aHOT BOJAM, CTYyMiHb IHMCIEPCHOCTI YaCTHHOK TBepaoi (a3u, XIMIUYHMH CKiIaf,
CTPYKTYPAa, B’SI3KICTh 0caay ToIo. Ha 04MCHUX CIOpyaax 3acTOCOBYIOTh HACTYIIHI MPOIIECH 0OPOOKH OCAIIIB CTIYHIX
BOJI: VIIITbHEHHS, CTa01Ii3allii0, KOHIUIIIOHYBaHH:, 3HEBOJHEHHS, CYIIiHHA, TEPMIUHY 00pOOKY, YTHIII3AIlII0 MIHHIX
LIHHUX TPOJYKTIB a0o JiKBiAawito ocaiB. BaxxauBum erarnom B yTHiti3anii ocaiB € iX 3HEBOJHEHHS, SIKUH 1a€ 3MOTY
3HAYHOTO 3MEHILEHHS 00CsTIB OcaiB. 30aTHICTh OCaiB CTIYHUX BOJ CTUCKYBATHCS IiJ AI€I0 30BHILIHBOTO THUCKY €
OJIHIEIO 3 XapaKTepHHX HOro BiacTUBOCTEH. [IpoBeneHO MOIENIOBaHHS METOJOM JIIHIHHMX MPOMOpUiifHOCTEH, 1o
JIO3BOJIMIIO OTPUMATH OJHAKOBY (DYHKIIOHAJBHY 3aJIC)KHICTh 3 Pi3HUX KOMOIHAIIH YrceN MOJi0HOCTI.
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Abstract

This article investigates the aerodynamic behavior and efficiency of swirled air jets used in modern ventilation
systems. The influence of rotational motion on turbulence intensity, mixing efficiency, and air distribution uniformity
is assessed. Results confirm that swirled jets enhance air mixing and reduce axial velocity and temperature gradients
more effectively than traditional non-swirled jets. Key dimensionless parameters, such as velocity and temperature
attenuation coefficients, are introduced to simplify calculations. Velocity and temperature profiles across the jet cross-
section are examined in detail. The findings demonstrate that swirled jets provide improved control of indoor air
distribution, minimize drafts, and help maintain stable thermal comfort. These insights support the implementation of
swirl-based air supply solutions in confined and energy-sensitive environments.

Keywords: air distribution; swirled air jet; air velocity; jet border; air flow turbulence; acrodynamics.

1. Introduction

Contemporary standards regulating indoor environmental quality impose stringent criteria regarding airflow
organization, thermal consistency, and the maintenance of a stable and comfortable indoor atmosphere [1]. In
scenarios involving frequent occupancy — particularly in administrative, public, or industrial buildings — precise
management of air circulation is of critical significance [2]. A pivotal factor in this context is the balanced
distribution of air across the space, which helps to eliminate stagnant air pockets and mitigate abrupt thermal
variations [3].

Conventional ventilation configurations employing standard air outlets often fail to deliver sufficient airflow
uniformity [4], struggle to prevent zones of thermal overload or excessive cooling, and are generally inadequate in
minimizing localized draughts [5]. Such deficiencies result in compromised thermal comfort, suboptimal working
conditions, and can lead to adverse health implications, including respiratory ailments and reduced occupational
performance [6]. Moreover, the ineffective operation of air delivery systems contributes to unnecessary energy
expenditure, leading to elevated operational costs for climate control [7].

One of the effective strategies for enhancing indoor air mixing and thermal comfort involves the application of
rotational (swirled) airflow patterns [8]. These vortex-type air jets, generated through specially designed inlet
geometries, contribute to more intensive and uniform distribution of air throughout the occupied zone. By inducing
turbulence and directional variability, swirled flows help to eliminate stratification and reduce the presence of
thermally stagnant regions, thereby improving the overall microclimatic balance [9].

Numerical modeling and experimental investigations have demonstrated that swirl-inducing ventilation
approaches offer superior control over air momentum and temperature gradients. This method allows for a more

* Corresponding author. Email address: valentyn.s.bokhan@lpnu.ua

This paper should be cited as: O. Voznyak, V. Bokhan. (2025) Improvement of energy efficiency of air distribution
in a room using swirled air jets. Energy Engineering and Control Systems, Vol. 11, No. 1, pp. 8 — 13.
https://doi.org/10.23939/jeecs2025.01.008
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dynamic interaction between supply air and room air, facilitating enhanced thermal comfort and energy efficiency.
The generation of rotational air streams also minimizes localized discomfort by dampening draft effects and
promoting even temperature dispersion across diverse indoor environments [10].

2. Analysis of the recent publications and research works on the problem

Modern air distribution strategies increasingly incorporate vortex-forming devices that produce rotational airflows
characterized by angular momentum and enhanced turbulence intensity [11]. These swirled jets are highly effective in
improving air mixing, reducing temperature gradients, and minimizing zones of thermal stagnation. Depending on the
boundary conditions and temperature differentials, such jets can exhibit varied flow regimes, including:

o free swirled jets, developing in open space without interference from nearby surfaces;
o confined swirled jets, influenced by walls, ceilings, or other room boundaries;

e isothermal jets, where inlet and ambient air temperatures are equivalent;

e non-isothermal jets, involving heated or cooled air relative to room temperature;

¢ laminar vortex flows, observed at low Reynolds numbers (Re < 2,300);

o turbulent vortex flows, dominant at higher Reynolds numbers (Re > 10,000) [12].

Swirled jets typically consist of a vortex core, where rotational velocity remains stable, surrounded by an outer
area with increasing mixing and entrainment. A distinct feature of such flows is their ability to generate strong axial
and tangential velocity components, which significantly enhance the distribution of thermal energy and reduce
stratification effects [13]. This makes them especially suitable for use in spaces with complex air distribution
requirements or high occupancy densities.

In the course of experimental investigations of individual swirled jets and their mutual interactions, it was
observed that within the main development zone, the jets exhibit a gradual and relatively uniform attenuation in axial
velocity v, and excess temperature 4 t,, defined as the difference between the jet air temperature and the ambient
room temperature t;,: 4 t, = t, — t;;, [14]. This raises an important question: how does the interaction of multiple
swirled jets, generated by a vortex diffuser, influence their acrodynamic behavior and thermal performance?

It is reasonable to hypothesize that the formation of multiple interacting swirled air jets at the outlet of a vortex
diffuser significantly increases flow turbulence, promotes more rapid attenuation of axial velocity in the supply
stream, and as a result, reduces the velocity attenuation coefficient (Fig.1.) [15].

Fig.1. Scheme of a free jet development. Jet pole (JP) is the vertex through which the outer boundaries of the air jet pass.
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3. Formulation of the goal of the paper

The aim of this study is to examine the efficiency of using swirled airflow configurations in mechanical
ventilation systems, to determine optimal flow parameters, and to evaluate their impact on the uniformity of air
distribution and overall microclimate quality within enclosed environments. Special attention is given to the analysis
of the aerodynamic behavior of swirled air jets. The methodology combines numerical simulations with experimental
investigations, which provides a solid foundation for developing design recommendations for ventilation systems
incorporating swirl-inducing air supply components to enhance energy efficiency and indoor comfort.

4. Presentation of research results

In the study of air distribution in indoor environments, swirled jets have gained attention due to their enhanced
mixing capabilities and ability to ensure uniform temperature and velocity fields. Unlike plane or compact free jets,
swirled flows exhibit complex velocity profiles and increased turbulence, which significantly influence the
attenuation of axial velocity and temperature excess in the supply stream.

The axial velocity v, of an isothermal swirled jet was described by the inverse proportionality law:

v =%, (1)
where x is the axial distance from the outlet, m; SC is the swirl coefficient (a dynamic parameter incorporating both
geometric and thermal physical properties of the jet), m?/s

The swirl coefficient is determined as follows:

SC =07 fi VG vo Ao, @

where f is the effective swirl dispersion angle, typically determined by the geometry of the swirl generator (for example,
[=45°, so tgf = 1); { is the local resistance coefficient associated with the swirl-inducing element; T, and T,, are the absolute
temperatures of the supply air and the room air, respectively, K; v, is the initial velocity of the flow at the outlet, m/s;
A, is the effective area of the outlet cross-section through which the swirled jet is introduced into the space, m>.

To simplify practical calculations, a velocity attenuation coefficient s specific to swirled jets is introduced as:

g = 066 T,, v— 3)

tgh

Accordingly, the axial velocity at any distance x from the outlet was expressed in a generalized form:

x=k'vo'\/A_o/xa “4)

where k is an empirical constant that may vary depending on the swirl intensity and outlet geometry.

These equations enable a practical estimation of the behavior of swirled air jets, providing a basis for optimizing
air distribution strategies in ventilation and air-conditioning systems to improve indoor environmental quality.

The velocity profile of air flow in swirled jets, particularly in the cross-sectional plane, plays a key role in
determining the overall distribution efficiency and thermal comfort. The transverse velocity component v, at any
cross-section x and at a radial distance y from the central axis of the jet is defined by Schlichting’s empirical formula:

y\15 2
w=v[1-(2)7], )
where v, and vy, are the axial and lateral velocity components, respectively, m/s; y,, is the jet boundary defined by the
extent of significant momentum transfer, m.

For practical analysis, it is beneficial to express the velocity components in dimensionless form: the relative axial velocity
Uy = /v, and the relative lateral velocity v,, = v,, /v, In this context, the dimensionless velocity v, was approximated by:

- 0.48
Vx = a-x/de+0.145’ (6)

where a = 0.078 is an empirical coefficient; d, is equivalent diameter of the nozzle or outlet.
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In the case of non-isothermal swirled jets, buoyancy effects must be considered due to temperature differences
between the supply air and the ambient environment. The ratio of buoyancy to inertial forces at the point of ejection is
characterized by the Archimedes number Ar,:

Ar, = 20, ™
where g = 9.81 m/s? is gravitational acceleration; F, is outlet area, m?, At, = t, — t;, is excess initial temperature of the
jet over ambient temperature, K; 7j, is absolute indoor air temperature, K; V5, is initial supply velocity at the outlet, m/s.

Based on the magnitude of the Archimedes number Ar,, non-isothermal jets are typically classified into two regimes:
¢ non-isothermal A — where inertial forces dominate and buoyancy effects are negligible;
¢ non-isothermal B — where buoyancy significantly affects the development and trajectory of the air jet.

Understanding this distinction is essential for accurately modeling the behavior of swirled jets in HVAC systems,
especially when maintaining thermal comfort and stratification control in large or thermally sensitive indoor environments.

In the case of horizontally discharged non-isothermal swirled jets classified as type A — where buoyancy forces
exert a limited influence — the axial excess temperature At, = t, — t;, attenuates with distance from the jet origin
and was represented as:

Aty ==

) (®)
where x is the axial coordinate, m; N is a thermal parameter describing the initial thermal energy and geometric
characteristics of the jet, °C-m.

The thermal parameter is determined as:

054 [T 1
N = T—O'rﬁ'ﬁto'm, )

where a = 12°25' is the effective jet spread angle (with tga = 0.22); & =1 is local resistance coefficient; T, is absolute
temperature at the nozzle outlet, K.

For simplified engineering calculations, a temperature attenuation coefficient » is introduced:

054 [Tin 1
n= T TE (10)

Then, the axial excess temperature may be compactly expressed as:
Ate=n-at, -1, (11

To describe the temperature field across the jet cross-section at any given distance x, the transverse excess
temperature At, = t,, — t;, is given by the following expression:

—2
Aty, = At, - exp(—0.701y"), (12)

where oy is the turbulent Prandtl number (typically 0.65+0.7 for compact jets); ¥ = y/(cx) is the dimensionless
transverse coordinate (¢=0.28 is an empirical constant).

For the analysis and comparison, dimensionless forms of the excessive temperature are often applied:

e axial, At, = At,/At,;

o transverse, At, = Aty /At,.

These relationships are essential for understanding the thermal diffusion patterns of swirled jets, which are
critical in optimizing ventilation systems for temperature uniformity and thermal comfort in enclosed spaces.

In the range of dimensionless axial coordinates x =0.7+2.2, calculations were performed to determine the relative
axial velocities of swirled jets based on equation (6). The obtained results were used to construct a velocity
distribution graph specifically for swirled airflow structures, reflecting the characteristic attenuation of velocity along



12 Orest Voznyak, Valentyn Bokhan

the jet axis (see Figure 2). Fig. 2 represents the theoretical curve and the experimental data points. The velocity was
measured at a certain coordinate and plotted on the graph.

The calculation of relative axial velocity was based on equation (6), which describes the inverse dependence of
velocity on the axial coordinate x. To align the theoretical results with the experimental data shown in Fig. 2, where
the dimensionless coordinate X = x / \/FO is used, equation (6) was adapted accordingly. Specifically, the axial

distance x was expressed in terms of X, which allowed the relative velocity v, to be represented as a function of the
dimensionless coordinate in a normalized form.

Experimental studies were conducted to determine the distribution of the relative axial velocity in a swirling jet
at various distances from the jet axis. A specially designed nozzle with a diameter of D=40 mm, equipped with
tangential channels to induce rotational motion of the air at the outlet, was used to generate the swirling jet.

The air was supplied to the setup from a compressor through a pressure stabilization system, which maintained a
constant volumetric flow rate. The mean velocity profile was measured in the control cross-section of the jet at various
distances from the axis using a single-component constant temperature hot-wire anemometer (CTA type), connected
to a digital data acquisition system with a sampling frequency of 5 kHz. The velocity measurement error was £2%.

The experiments were carried out in a laboratory aecrodynamic channel under ambient temperature conditions of
7=293+1 K and atmospheric pressure. Measurements were performed in a plane perpendicular to the jet axis, at dimensionless
axial coordinates x=0.7-2.2, x = x / \/Fo . At each coordinate, the results were averaged over 10 independent measurements.
The obtained velocity values were normalized with respect to the maximum axial velocity. To smooth the experimental
data points and construct the theoretical curve, the least squares method was applied using exponential approximation.

0.75 ~

0.254

025 05 075 1 X

Fig.2. Relationship of relative axial velocity vs dimensionless coordinate x: 1 — experimental data points; 2 — theoretical curve.

5. Conclusion

1) The obtained results confirmed the hypothesis that the introduction of swirl at the jet outlet results in
enhanced turbulence and more intensive mixing of air masses.

2) The rotational motion of the air stream significantly accelerates the axial velocity attenuation — by 10-20%
depending on the axial position — compared to non-swirled jets.

3) Swirled air jets give a possibility for efficient air supply in confined spaces, distributing airflow more evenly
while minimizing the risk of drafts and local discomfort.

4) Due to the vortex structure of the jet, a distinctive velocity profile is formed across its cross-section,
characterized by a strong axial core and peripheral rotational zones.

5) The aerodynamic behavior of swirled jets improves air distribution efficiency and provides better control over
microclimatic parameters in indoor environments.
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IixBuieHHs eHeproedeKTUBHOCTI MOBITPOPO3MOAiTY B IPUMIIIIEHHI i3
BUKOPHCTAHHAM 3aKPY4Y€HUX MOBITPSAHUX CTPYMEHIB

Opect Bo3znsik, Banentun boxan

Hayionanvuuii ynieepcumem «JIvgiscoka nonimexnixay, éyn. C. bandepu, 12, Jlvsis, 79013, Vrpaina

AHoOTAaNis

VY cTaTTi JOCTIIKEHO aepoAMHAMIYHI XapaKTEPUCTUKH Ta €(PeKTHBHICTh 3aKPYICHUX TOBITPSHUX CTPYMEHIB, IO
3aCTOCOBYIOTBCS B CY4YaCHHX CHCTEMax BEHTWIIALI. Y poOOTI MpoaHai30BaHO OCOOJIMBOCTI 3aTyXaHHS OCHOBOL
MIBUAKOCTI Ta HAJJHMIIKOBOI TEMIEPAaTypH B HEI30TEPMIUHHUX 3aKPYUEHHX MOTOKaX 3 YpaxXyBaHHSM SIK TEOPETHYHUX
MoJIeJIeH, TaK 1 eKCliepUMEHTaJIbHUX JaHuX. OLiHEHO BIUIMB 00€PTAILHOIO PyXY Ha iHTEHCHBHICTH TYPOYJIEHTHOCTI,
e(eKTHBHICTh TIEPEMIITYBaHHS Ta PIBHOMIPHICTh PO3MOMALTY MOBITPsS. Pe3ympTaTd MiATBEpKYIOTH, IO 3aKpy4eHi
CTpyMeHi 3a0e3leuyloTh Kpallle MepeMilllyBaHHsS MOBITPs Ta e(pEeKTHUBHINIE 3MEHUIYIOTh IPaJi€HTH LIBHIKOCTI i
TEeMIIEpaTypy TMOPIBHSAHO 3 TPAAWLIMHUMHU TNPSIMOJIHIMHUMU CTPYMEHSIMH. 3alpoBaJDKEHO KIIOYOBI 0Oe3po3MipHi
napaMeTpH, Taki SK Koe(ili€HTH 3aTyXaHHs LIBHJKOCTI Ta TEMIIEpaTypH, IO CIPOLIYIOTh pO3paxyHKH. JleTtanbsHo
pO3MISIHYTO TMpodifni MBHIKOCTI Ta TeMIlepaTypd B IONEpeYHOMY Iepepi3i crpymens. OTpuMaHi pe3ysbTaTH
CBiM4aTh TPO Te, IO 3aKpPydeHi CTpPyMeHi 3a0e3neuyioTh TOKpalleHe KEpPYBaHHS MOBITPOPO3MOAIIOM Y
NPUMILIEHHSX, MIHIMI3yIOTh TPOTITH Ta CHPHAIOTH CTaOUIBHOMY TeroBoMy KoMmdopTy. OTpuUMaHi BHCHOBKH
HiTBEP/KYIOTh AOLIUIbHICT BUKOPHCTAHHS CHCTEM I10/1adi HOBITPS 13 3aKPYYEHUMH CTPYMEHSIMH y 3aMKHEHHUX Ta
€HEeProvYyTIHBHX MPOCTOPAX.

Kir040Bi cj1oBa: po3mofin moBiTps; 3aKpydICHUH MOBITPSHUM CTPYMiHb; MIBHIKICTH MOBITPS; MEXa CTPYMEHS;
TypOYJIEHTHICTH NOBITPSHOTO ITOTOKY; a€pOMHAMIKa.
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Abstract

This study presents an in-depth analytical investigation into the operational efficiency of boiler plants in
industrial enterprises, incorporating the principles of building thermophysics as a fundamental component influencing
energy performance. The research focuses on the interaction between the thermophysical properties of building
enclosures, architectural design parameters, and the thermal regimes of boiler equipment. It highlights how building
structures significantly impact heat losses and overall energy demand within the industrial environment, emphasizing
the importance of considering these aspects in the operational analysis of heating systems. The study further explores
the potential of modernizing existing boiler plants through the integration of heat pump technologies. Given the
increasing demand for energy-efficient and environmentally sustainable solutions, heat pumps are examined as viable
alternatives or supplementary components to conventional boiler systems.

Keywords: boiler houses of industrial enterprises; energy efficiency; building thermophysics; heat losses;
enclosing structures; heat supply; heat pumps.

1. Introduction

The current stage of industrial development is marked by increasing demands for the energy efficiency of
production processes and engineering systems, particularly heating supply. Within the energy consumption structure
of industrial enterprises, boiler installations occupy a significant share, and their operational efficiency directly affects
overall energy resource expenditures and greenhouse gas emissions. Traditional approaches to the design and
operation of boiler plants often neglect the impact of the thermophysical characteristics of the buildings in which
these systems operate, resulting in substantial heat losses and excessive fuel consumption. Considering building
thermophysics — including the thermal properties of enclosing structures, their capacity to accumulate heat, insulation
performance, and the nature of thermal protection — is a necessary condition for forming an objective understanding
of the energy processes within the system.

In the context of the global energy transition and the decarbonization of the industrial sector, there is growing
interest in the application of innovative technologies, among which heat pumps play a particularly important role.
Their integration into the heat supply structure of industrial enterprises offers opportunities for reducing the
consumption of conventional energy carriers, optimizing thermal loads, and enhancing the environmental efficiency
of systems. At the same time, the use of heat pumps requires careful consideration of the specific characteristics of
the facility, the thermal regime of production, the structural features of the building elements, and the climatic
conditions of the region.

* Corresponding author. Email address: science.yurii.burda@gmail.com
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Research dedicated to analyzing the operational efficiency of boiler plants while accounting for building
thermophysics and the prospects for implementing heat pumps enables the formation of a comprehensive vision for
modernizing existing systems. This approach ensures not only increased energy efficiency but also the achievement
of high standards in reliability, operational stability, and environmental safety within industrial heat-generating
complexes.

2. Analysis of recent research and publications

The issue of improving the energy efficiency of industrial boiler plants is actively addressed in both domestic
and international scientific literature. This attention is driven by the increasing demand for energy resource savings,
reduced environmental impact, and adaptation to the modern requirements of sustainable development. In recent
years, researchers have particularly focused on a systemic approach to evaluating thermal processes, where not only
the efficiency of boiler equipment is considered but also a range of external and internal factors, among which the
thermophysical characteristics of building structures play a significant role. In the works of domestic scholars,
emphasis is placed on the interrelationship between heat losses through enclosing structures, the thermal conductivity
coefficients of materials, and the energy consumption level of the heat supply system [1].

In publications by international researchers, the prevailing concepts involve integrated thermal flow
management, optimization of heat supply based on digital modeling, and the implementation of adaptive energy
systems. A significant number of studies are devoted to the modernization of boiler plants through the integration of
alternative energy sources, particularly heat pumps. These studies highlight the effectiveness of heat pumps under
variable thermal load conditions and their capacity to reduce overall primary energy consumption [2].

A distinct area of research concerns the dynamics of unsteady thermal processes in industrial facilities, where the
thermal inertia of buildings is taken into account. This factor has a direct impact on the selection of boiler equipment
parameters and their operational modes. Despite achievements in this field, the scientific community continues to
express the need for in-depth investigation of a comprehensive approach that combines building thermophysics,
boiler heat engineering, and innovative thermal generation technologies — such as heat pumps — within a unified
energy system of an industrial facility.

3. Goal and task setting

The primary goal of this study is to substantiate effective approaches to the operation of boiler plants in
industrial enterprises by incorporating the principles of building thermophysics and to determine the prospects for the
integration of heat pumps as an energy-efficient alternative or supplement to traditional heat generation systems. A
comprehensive combination of the analysis of thermal characteristics of building enclosures, operational modes of
thermal generation equipment, and modern heat supply technologies allows for the formation of a holistic vision for
system modernization in the context of reducing energy consumption, improving thermal balance, and enhancing the
environmental performance of industrial facilities.

The main tasks of the study include identifying the key factors that influence the operational efficiency of boiler
plants in relation to the thermophysical properties of buildings; analyzing existing methods for assessing heat losses
through building envelopes; evaluating the impact of thermal inertia in industrial buildings on the performance
parameters of boiler equipment; investigating the technical and energy characteristics of heat pumps under industrial
operating conditions; and developing recommendations for the integration of heat pumps into the heat supply
structure, taking into account the specific features of building envelopes and the energy needs of the facility. The
fulfillment of these tasks will enable the identification of the most appropriate engineering solutions for improving the
energy efficiency of industrial thermal generation systems based on contemporary building science and energy
technologies.

4. The main part of the study

The operational efficiency of industrial boiler plants is largely determined by the synergy between the technical
parameters of heat-generating equipment, the thermal demands of the facility, and the thermophysical characteristics
of the building envelope. Neglecting building thermophysics during the design or modernization of heat supply
systems often leads to inefficient heat distribution, excessive loading of boiler units, and increased operational costs.
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In this context, a scientific understanding of the thermal behavior of enclosing structures becomes an essential
element in assessing the overall energy efficiency of the system.

Key thermophysical parameters that require consideration include thermal conductivity, specific heat capacity,
vapor permeability, and the dynamic thermal inertia of enclosing components. For example, buildings with high
thermal mass are capable of storing surplus heat during the daytime and releasing it during the nighttime, thus
reducing peak demand on boiler systems. In such cases, it is appropriate to implement weather-compensated power
regulation or variable operating regimes based on indoor thermal comfort and external climate conditions [3].

Studies indicate that, on average, up to 35% of total heat losses in industrial facilities are attributed to enclosing
structures with poor insulation characteristics. Outdated brick buildings with uninsulated facades, for instance, exhibit
excessive energy consumption, which — under conditions of rising fuel tariffs — creates a critical burden on the
enterprise’s energy budget. The application of multilayer insulation systems using materials with low thermal
conductivity, such as mineral wool panels or polyurethane foam, combined with airtightness control of enclosures,
enables significant reductions in heat loss without requiring the modernization of the main boiler equipment [4].

The integration of heat pumps into the heat generation infrastructure of industrial facilities presents a distinct
engineering challenge that requires consideration of both the thermodynamic aspects of pump operation and their
interaction with the building structure. Heat pumps operating on the reverse Carnot cycle exhibit a coefficient of
performance (COP) that significantly exceeds the efficiency of traditional boilers. When using low-potential heat
sources such as soil or wastewater, the COP may reach values of 3 to 5, indicating the potential to obtain 3 to 5 units
of thermal energy per unit of consumed electricity.

However, the efficiency of heat pumps is directly dependent on the stability of thermal loads and the temperature
regimes within the premises, which are in turn shaped by the building envelope. In cases where the building exhibits
low thermal inertia or uneven heat loss distribution, cyclic loading of the heat pump’s compressor occurs, reducing
both its lifespan and energy efficiency. For this reason, modern engineering solutions often combine heat pumps with
buffer tanks, thermal storage systems, or hybrid boilers capable of handling peak loads without compromising energy
stability [5].

A notable example is the modernization of a metallurgical facility’s boiler system, where, following
reconstruction of the enclosing structures to improve thermal protection by approximately 45%, a 250-kW water-to-
water heat pump was implemented. As a result, natural gas consumption decreased by 38%, and overall heating costs
were reduced by 31%. This case demonstrates the synergistic effect of combining building thermophysics with
innovative energy technologies.

The operation of industrial boiler plants is governed by complex thermodynamic processes in which the
conversion of chemical energy from fuel into useful thermal energy is central to meeting internal technological and
heating demands. The thermodynamic efficiency of the combustion process is primarily evaluated through metrics
such as useful heat utilization, enthalpy balances, and flue gas losses. In traditional boiler systems, irreversible losses
dominate — particularly in the form of heat dissipation through exhaust channels and suboptimal heat transfer in
exchangers — yet these losses often disregard the thermophysical condition of the building shell, which critically
influences thermal loads [6].

The incorporation of heat pumps as part of boiler plant modernization shifts the energy transformation
paradigm — from direct fuel combustion to the use of low-grade heat sources via the Carnot thermodynamic cycle.
Here, the energy conversion coefficient becomes central to evaluating the system’s ability to repeatedly return
input energy as useful heat. These processes are highly sensitive to the temperature regimes of both the heat source
and the end-use environment. Building thermophysics, by shaping the thermal inertia and volumetric storage
capacity of indoor spaces, acts as a passive regulator of thermodynamic performance.

For instance, high-thermal-mass buildings provide stable indoor temperatures over daily cycles, enabling heat
pumps to operate under consistent load conditions and improving the system's overall COP. Conversely, in structures
with low thermal inertia or uneven temperature fields, frequent compressor cycling leads to efficiency loss and
accelerated wear of equipment [7].

Thus, boiler plants should not be considered merely as sources of heat, but as integral elements of a unified
energy-thermodynamic environment in which heat generation, transfer, and consumption are interdependent with the
thermophysical properties of the surrounding medium — including wall resistance, material conductivity, internal
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thermal mass, and the nature of thermal flows through building enclosures. Consequently, optimizing a boiler plant
without a deep understanding of the thermal behavior of the enclosing structures is inherently limited in effectiveness.
Modernization efforts must include synchronized reconstruction of building envelopes and the enhancement or
supplementation of thermal generation units.

The integration of heat pumps into the thermal infrastructure of industrial facilities requires an interdisciplinary
engineering approach that encompasses thermodynamics, building thermophysics, and control automation. The
effectiveness of heat pumps, particularly those operating on the reverse Carnot cycle, is closely linked to the thermal
behavior of the building envelope. These systems achieve high coefficients of performance (COP), particularly when
utilizing low-grade energy sources such as ground heat, ambient air, or process wastewater. However, their actual
efficiency is largely dependent on the stability of internal thermal conditions, which are governed by the
thermophysical parameters of the enclosing structures. [8]

Buildings with high thermal inertia and efficient insulation significantly reduce the frequency of compressor
cycling, thereby increasing system lifespan and maintaining high COP values. In contrast, structures with low heat
accumulation capacity or non-uniform thermal loads cause frequent start-stop operation, leading to reduced energy
performance and accelerated equipment wear. This highlights the importance of synchronizing building design and
retrofitting strategies with the thermal characteristics of heat pump systems [9].

Modern engineering practice increasingly favors hybrid thermal generation models that combine heat pumps
with conventional boiler units, thermal storage tanks, and automated control systems. Such configurations allow for
adaptive load balancing, peak shaving, and optimized energy use depending on real-time thermal demand and
external temperature fluctuations. For instance, during periods of mild ambient temperatures, heat pumps can handle
the entire heating load, while during extreme cold spells, auxiliary boilers can provide supplementary heat to ensure
uninterrupted operation and thermal comfort [10].

A representative example can be seen in the case of a metallurgical enterprise where an integrated modernization
effort included the reconstruction of building envelopes and the installation of a 250-kW water-source heat pump.
Following these measures, natural gas consumption was reduced by 38%, and total heating expenses dropped by over
30%. This result underscores the synergistic potential of combining advanced building thermophysics with
progressive thermal technologies.

Thermophysical analysis also plays a critical role in evaluating the exergy efficiency of thermal systems.
Traditional boiler plants are characterized by substantial exergy losses, especially when operating with low-
temperature return water. Heat pumps, by contrast, are inherently more efficient in low-temperature applications such
as underfloor heating or pre-heated ventilation air, as they minimize exergy destruction and align thermal supply
more closely with demand.

From a thermodynamic standpoint, the building’s ability to store and buffer heat contributes to stabilizing
operational modes and optimizing energy recovery. Systems with high volumetric thermal capacity and well-
regulated insulation can function as passive energy stabilizers, thereby enhancing the thermodynamic stability and
energy responsiveness of the entire thermal network.

Furthermore, the deployment of intelligent control systems is critical for unlocking the full potential of combined
boiler—heat pump installations. Automation technologies based on SCADA platforms, IoT sensor networks, and
machine learning algorithms allow for real-time monitoring, predictive control, and adaptive optimization. These
systems enable not only efficient thermal management but also synchronization with energy tariffs, weather forecasts,
and production cycles.

Feedback systems equipped with sensors for humidity, solar radiation, CO: levels, and infrared thermography
facilitate multidimensional control over the indoor climate. This is especially important in industrial processes where
environmental conditions directly impact production quality. In such cases, the integration of thermophysical
knowledge with control systems leads to energy harmonization — where both the equipment and the building envelope
adapt dynamically to optimize performance.

By adopting such comprehensive strategies, industrial heat supply systems evolve from isolated heat sources into
intelligent, thermally adaptive ecosystems. These systems achieve maximum efficiency not by increasing energy
input but by dynamically balancing generation, storage, and consumption through thermophysically informed design
and smart control.
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The prospects for integrating heat pumps into industrial heating systems are highly promising, offering a range
of advantages in terms of energy efficiency, cost reduction, and environmental sustainability. As industries face
increasing pressure to reduce energy consumption and minimize environmental impacts, heat pumps present a viable
solution by utilizing renewable energy sources such as geothermal and ambient air heat. This enables a significant
reduction in reliance on conventional fossil fuels, contributing to a greener, more sustainable energy landscape. One
of the key advantages of integrating heat pumps is their ability to operate efficiently even at low ambient
temperatures, making them ideal for regions with colder climates. By extracting heat from the environment, heat

pumps provide a highly effective means of maintaining consistent heating throughout the year, ensuring stable
operational conditions for industrial processes.

The thermophysical characteristics of buildings directly impact the efficiency of heating systems, as they
determine how well heat is retained or lost through walls, roofs, windows, and other building elements. The

integration of heat pumps into industrial heating systems, when combined with a detailed analysis of building
thermophysics.

The generalized data and characteristics are presented in Table 1.

Table 1. Dependence of the efficiency.

Temperature (K) Boiler Efficiency (%) COP of Heat Pump Energy Consumption
(Coefficient of (kWh)
Performance)
278.15 85 32 500
283.15 84 33 480
288.15 82 35 460
293.15 80 3.8 440
298.15 77 4.0 420
303.15 75 4.1 400
308.15 72 43 380
313.15 70 4.4 360
318.15 68 45 340
323.15 65 4.6 320

Below is the graph showing the dependence of the efficiency of boiler houses and heat pumps on the ambient
temperature and energy consumption (Fig. 1).
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Fig.1. Dependence of efficiency of boiler houses and heat pumps on the ambient temperature and energy consumption.
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Further, the role of building thermophysics extends to the optimization of heat exchange processes in industrial
heating systems. By understanding how heat moves through different materials and building structures, engineers can
design more efficient boiler and heat pump systems, reducing energy consumption while maintaining optimal thermal
comfort inside the industrial facility. The continuous monitoring of these thermophysical properties, along with
advancements in building materials and insulation technologies, will play a pivotal role in future innovations aimed at
boosting the energy efficiency of industrial heating systems.

Thus, a comprehensive approach to the analysis of boiler houses, based on considering the thermophysical
characteristics of buildings and the potential for using heat pumps, allows for the formulation of an effective energy
strategy for industrial enterprises. Further research should focus on the development of adaptive heating control
models using real-time monitoring technologies, artificial intelligence for load forecasting, and digital twins of
facilities, which will enable achieving even higher levels of energy efficiency, reliability, and environmental safety in
the industrial sector.

5. Conclusion

The analysis of the operational efficiency of boiler houses at industrial enterprises, taking into account building
thermophysics and the integration of heat pumps, allows for several key conclusions regarding the improvement of
energy efficiency and the reduction of operating costs in industrial heating systems.

In conclusion, the integration of building thermophysics with industrial boiler plant operations and heat pump
technologies offers a comprehensive approach to enhancing energy performance. It enables the development of
adaptive systems that can dynamically adjust to varying environmental conditions, resulting in reduced energy
consumption, extended equipment life, and improved environmental sustainability.

Increasing efficiency through the integration of technologies. The implementation of heat pumps into the heating
system of industrial enterprises significantly reduces energy consumption by utilizing renewable energy sources,
optimizing heat usage even at low ambient temperatures.

The dependence of efficiency on temperature fluctuations. The study found that as the ambient temperature rises,
the efficiency of boiler houses decreases, while the coefficient of performance (COP) of heat pumps increases. This
highlights the importance of adaptive control systems that can automatically regulate the operation of boilers and
pumps depending on external conditions.

The implementation of combined heat generation systems significantly reduces fuel and energy resource costs,
which is a crucial aspect in today's economic realities. With proper design and system configuration, substantial
savings can be achieved compared to traditional heating methods.
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NMEePCNEeKTUBH iHTerpamii TenjJi0BUX HACOCIB
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AHoTanisa

VY crarti npenacTaBieHO aHANITHYHE IOCHIDKEHHS e(EeKTHBHOCTI eKCIulyaTamii KOTeJeHb MPOMHUCIOBUX
HIANPUEMCTB 3 ypaxyBaHHSIM OyniBesIbHOT Terutoi3WKy Ta MEepPCIeKTHB iHTerpamii TeMIOBHX HACOCIB Y CHCTEMY
TEIUIONOCTa4YaHHs. BaXJIMBICTP TAaKOro MiIXOLy WOJSAra€ B MOXIIHMBOCTI 3HW)KCHHS CHEPrOCIOXKHBaHHSA Ta
HOKpAICHHS SHEPTeTHYHOI e(EKTHBHOCTI IPOMUCIIOBHX KOTEJICHB 38 PAXyHOK ONTHMI3alil BHKOPHCTAHHS TEINIOBHX
pecypciB, 30KpeMa uepe3 BIPOBAPKCHHS CyYaCHMX TEXHOJOTIH, TaKMX sIK TEIJIOBI HACOCH, SIKi 3a0e3MeUyroTh
BUKOPHCTaHHS BIJHOBIIOBAbHUX JDKEpeNl eHeprii. bByniBenpHa Temmogi3uka € KIOYOBUM EIIEMEHTOM IIpH
MPOCKTYBaHHI Ta aHami3i poOOTH KOTENeHb, OCKUIBKH BOHA JO3BOJSE BpaxyBaTH TeIUIONEpeNaBaIbHI
XapaKTEepPUCTUKU MaTepiaiiB Ta OyAiBeNIbHMX KOHCTPYKILIHM, IO CYTTE€BO BIUIMBAlOTh Ha 3araibHy €(eKTHBHICTbH
CHCTEMH TEIUIONOCTaYaHHs. 30KpeMa, NpaBUWIbHUH MiA0ip MaTepianiB AJsl yTeIuieHHs Oy 1iBellb, a TAKOK BpaxXyBaHHS
TEIUIOBHUX BTPAT Ta HArpiBaJbHUX XapaKTEPUCTUK JO3BOJISAE 3HAYHO IMIIBULIMTH e()EKTHBHICTH POOOTH KOTEIEHb Ta
3MEHILIMTH BUTPATH Ha eHepropecypcu. TakuMm 4YMHOM, IHTErpallis TEIUIOBUX HACOCIB y KOTEJIbHI MPOMMCIOBHX
HIANPUEMCTB 13 ypaxyBaHHSIM OyIiBeNbHOT TEIUIO(I3UKK € BRXIMBUM KPOKOM Ha HUISXY O CTaJOrO PO3BUTKY Ta
3HIDKCHHS CHEPreTHYHUX BUTPAT, LIO CHpPUS€ MiJABUIICHHIO €HEepProeeKTHBHOCTI Ta €KOJOriyHOl Oe3nekn
MPOMHUCIOBUX 00’ €KTIB.

KarouoBi cioBa: KOTeJbHI NPOMHCIIOBHX IIJIPHEMCTB; €HeproeeKTHBHICTh; Oy.iBeibHA Temodi3uka;
TEIUIOBI BTPATH; OrOPOIXKYBaIbHI KOHCTPYKIIi; TEIIONOCTaYaHHs; TEIUIOBI HACOCH; CHEProe(heKTHBHICTb.
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