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TEOPETUYHI NONOXEHHA TA AHAII3 POBOY0rro NPOLECY YLIINIbHEHHA BE-
TOHHUX CYMILLEWN

AHOTALIA. Y cmammi po3ansidarombCsi OCHO8HI napamempu ma pexumu eibpauitiHo2o yuwine-
HeHHS1 6EMOHHUX CyMiwel, a MakoX aHai3yrombCcs eghekmueHicmb pi3HUX munig eibpauil i ix enue Ha
isuko-mexaHidyHi enacmusocmi mamepianig. Okpemy ysazy npudineHo numaHHsM subopy amnnimydu ma
Yacmomu KornugaHb, a makoxX ix 83aemModii 3 peono2iyHUMU xapakmepucmukamu CyMilli, makumu siK 2yc-
muHa, MoOyrib NPYXHOCMI ma weudKicmb MOWUPEHHS X8Uslb. ABMOPU MIOKPECIMb 8aX/usgicmb epa-
Xy8aHHSs1 3MIHHUX rapamempie 8ibpayitiHux rnpouecie 0518 00CSA2HEeHHS] onmuMarsibHUX pe3yrbmamis yuli-
TIbHEHHS, 30KpemMa 8 KOHMEeKCMi 3MEeHWEHHSI eHepa0oCroX)ueaHHs ma Jacy obpobku. 3okpema, 062080pio-
emMbCsl egheKmueHicmb 8ibPOyOapHUX PEXUMI8 | HOBUX HArPSIMKI8, maKuX sIK MPOCmMopo8i Ko/IU8aHHsI, Wo
cymmeso nidsuwyroms eqheKmuUBHICMb yWinbHEHHST 3a80SIKU Harnpy>XeHHsSM 3cysy. Pe3ynbmamu ekcrie-
pumeHmarnbHuUx 0ocnioXXeHb ma meopemuydHull aHasi3 niomeepoxyromb HeobXiOHICMb KOMIMIIEKCHO20
nioxody do subopy pexumie sibpauii 8 3anexHocmi 8i0 hi3UKO-MexaHiyHUX enacmugocmeli Mamepiarny.
Cmamms mae Ha Memi cripusimu po3eumky binbw eghekKmueHUX MexHoo2ili 8ibpayiliHo20 yWinbHEHHS Y
bydisHuuymei ma Mmamepiaro3Hagcmei.

Knro4voei cnoea: sibpauiliHe ywinbHEHHS, Yacmoma KosueaHb, eHepaemuyHa ehekmugHicme,
PEO0Io_iYHI XapakmepucmuKu, npocmoposi KOMU8aHHS, YWibHeHHS 6emOHHOI cymili, eghekmueHicmb
YUWiNbHEeHHS.

THEORETICAL PRINCIPLES AND ANALYSIS OF THE CONCRETE MIX COMPAC-
TION PROCESS

ABSTRACT. This article discusses the main parameters and modes of vibrational compaction of
concrete mixtures, as well as analyzes the effectiveness of different types of vibrations and their impact on
the physical and mechanical properties of materials. Special attention is given to the issues of selecting the
amplitude and frequency of oscillations, as well as their interaction with the rheological characteristics of
the mixture, such as density, modulus of elasticity, and wave propagation velocity. The authors emphasize
the importance of considering the variable parameters of the vibration process to achieve optimal compac-
tion results, particularly in the context of reducing energy consumption and processing time. Specifically,
the effectiveness of vibro-impact modes and new directions, such as spatial vibrations, is discussed, which
significantly improve compaction efficiency through shear stresses. Experimental research results and the-
oretical analysis confirm the necessity of a comprehensive approach to the selection of vibration modes
depending on the physical and mechanical properties of the material. The article aims to promote the de-
velopment of more efficient vibrational compaction technologies in construction and materials science.

Keywords: vibrational compaction, vibration frequency, energy efficiency, rheological characteris-
tics, spatial vibrations, concrete mixture compaction, compaction efficiency.

1. Problem statement. The process of compaction of concrete mixtures using vibrations
is an important stage in the production of concrete products, as it directly affects the mechanical
properties of the material, such as strength, structural stability and durability. However, to achieve
optimal results in the compaction process, it is necessary to determine the most effective vibration
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parameters, such as amplitude, oscillation frequency, compaction time and energy characteristics,
which is an extremely difficult task due to the interdependencies between these factors. In addition,
various modes vibration influence can have different impact on physical and mechanical properties
concrete mixtures, as well as on energy efficiency process.

Despite the significant number research in this field field, there is a need for a more precise
definition optimal parameters vibration compaction for specific production conditions, which will
improve quality concrete mixtures, reduce energy costs and increase efficiency production. Thus,
the development of new approaches to determining parameters vibration seals that will allow for
the most accurate prediction final results and achieve the optimal balance between strength and
productivity.

2. Analysis of publications on the research topic. The study of the process of vibration
compaction of concrete mixtures is an important area of research in the field of construction, be-
cause the correct application of vibration significantly improves the mechanical and physical prop-
erties of concrete. Since the introduction of vibrations into the technology of compaction of con-
crete mixtures at the end of the 19th century, a large number of publications have appeared that
consider various aspects of the vibration process and its effect on materials.

One of the main research directions influence amplitudes and frequencies vibrations on
sealing characteristics concrete mixtures. Works Freysin (1899) and subsequent studies have
shown the importance choice correct values these parameters to achieve optimal results in com-
paction. In particular, studies [1] emphasize the importance of an oscillation amplitude of at least
0.2 mm at a frequency of 314 s™! to ensure effective consolidation concrete mixtures. At the same
time, studies [2] suggest a wider range of values amplitude from 0.35 mm to 0.5 mm, which shows
the need for fine tuning parameters depending on from production conditions.

Later works, such as [3], reveal the importance of considering amplitude and frequency.
vibrations not as independent parameters, and in the relationship, because optimal parameters vi-
brations must consider comprehensive characteristics of the material. This confirm also research
vibro-impact modes in which the oscillation frequency can be reduced to 5-10 Hz, but with sig-
nificantly larger amplitude oscillations (up to 10 mm) [4, 5]. Such approach allows get significant
energy efficiency, reducing compaction time at high productivity.

Special attention also deserve work that analyze influence horizontal vibrations and their
combination with vertical oscillations. Works [1-5] and [8] consider the effects of resonant hori-
zontal oscillations that allow effectively condense concrete mixture thanks to sliding tensions,
which arise when using such modes. Additional vertical vibrations created special vibrators, too
improve efficiency compaction due to dominance vertical component active forces.

Recent work [8-9] confirms that the mixed application horizontal and vertical vibrations
with optimal parameters can substantially to increase energy efficiency process compaction, re-
ducing costs energy when reaching required characteristics of concrete. However these research
also indicate insufficient clarity in defining assessment methodologies energy characteristics, such
as specific energy and coefficient energy efficiency, which needs further clarifications and devel-
opment.

Thus, despite the significant amount scientific research, vibrational topic consolidation
concrete mixtures still needs further research, especially regarding the precise choice optimal pa-
rameters vibration modes, methods of determination energy characteristics and applications new
types vibration installations.

3. Purpose and objectives of the study. The purpose of the study is to optimize the pa-
rameters of vibration compaction of concrete mixtures to improve their energy efficiency and qual-
ity. The tasks are to analyze existing vibration modes, determine the influence of amplitude, fre-
quency and energy characteristics on the compaction process, and develop recommendations for
choosing optimal parameters for different production conditions. The study also includes an as-
sessment of the effectiveness of mixed vibration modes and their influence on the physical prop-
erties of concrete.
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4. Analysis of theoretical aspects of the process of compaction of concrete mixtures.
The working process of compaction of building mixtures consists in transferring energy from the
working body of the vibrating machine to the material structure. As a result, stresses arise that
form deformations of the medium, which ensures the compaction of the mixture. To achieve opti-
mal compaction conditions, it is important to know how the physical and mechanical properties of
the medium change, which affect the interaction of stresses and deformations. The study of the
properties of the medium includes the development of a mathematical model that establishes the
relationship between stresses and deformations in the form of equations of state. This allows you
to estimate the resistance of the medium to the working body. Based on the obtained data on the
resistance of the medium, these characteristics are taken into account in the general equations of
motion of the "machine - medium" system, which helps to determine the parameters of the opera-
tion of the machines. For example, the Hooke model is widely used for metals , and the Newton
model for liquids. At the same time, the Hooke model is effective only within the limits of elastic
deformations, while beyond these limits it is necessary to take into account the plastic and inelastic
(dissipative) properties of materials. In fast-moving processes involving liquids, their elastic prop-
erties can clearly manifest themselves. The peculiarity of the concrete mixture, as well as other
media, lies in its dependence on the magnitude and duration of the applied load. Unlike homoge-
neous solids, liquids or gases, the concrete mixture is a complex structured system that includes
solid, liquid and air phases. During compaction, the amount of air and gas phases is significantly
reduced, which changes the properties of the medium. In addition, the nature of the stress-strain
state of the medium strongly depends on the geometric parameters of the load application zone.
This process is influenced by both the physical and mechanical properties of individual phases and
the mechanisms of their interaction.

For mathematical modeling of the properties of a concrete mixture, it is necessary to take
into account the rheological equations of state of each individual phase, the nature of the interac-
tion between these phases, as well as the change in phase ratios per unit volume during the com-
paction process. It is obvious that the intensity of changes in phase ratios in the volume is deter-
mined by the parameters of the finished product, in particular, the trajectories along which one
phase moves relative to another. Thus, to describe the behavior of a concrete mixture, it is impos-
sible to reduce all components to a single universal rheological equation. Such an equation must
take into account not only the conditions of the applied load, but also the geometric characteristics
of the compacted zone. Under such conditions, each point of the environment will have its own
physical law that goes beyond the limits of classical rheological models. Based on the nature of
the task, which may include the specifics of the applied load or the dimensions of the product, it
is advisable to use simplified models. These models should be sufficiently close to the actual so-
lution of a specific problem [1 — 4]. Next, we will analyze these theoretical approaches separately.

Corpuscular theory

The study of the patterns of movement of particles that make up the concrete mixture and
interact with each other is inextricably linked to the analysis of the nature and mechanisms of
destruction of interparticle This approach is a key element of the corpuscular theory, which is
widely used in the rheological analysis of concrete mixtures, in particular in the works [1 — 6, 9].

Deep understanding of the mechanism of vibrational fracture of interparticle connections
allows us to reveal the physical nature of the processes occurring in concrete mixtures and to de-
termine the patterns of changes in their elastic and inelastic properties. In particular, this explains
the transition of a vibrating mixture to a pseudo-fluid state, which is accompanied by a change in
its viscous characteristics. The analysis of these phenomena is one of the central tasks of vibrorhe-
ology . Additionally, within the framework of this theory, complex processes are considered, such
as the redistribution of liquid and gas phases in the mixture, as well as the reorganization of solid
particles of different sizes.

The main purpose of the vibration effect on the concrete mixture is to reduce the adhesion
forces between the particles of the solid phase. This contributes to the maximum removal of air,
the share of which at the initial stage can reach 15-30% of the total volume of the system [6, 7],
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the formation of a dense structure with a uniform arrangement of solid particles, as well as the
optimal distribution of the liquid and gas phases. As a result, the rheological characteristics of the
mixture improve, in particular its fluidity, the ability to fill forms and reduce interparticle friction
during the movement of solid particles. These provisions are considered generally accepted and
do not require additional evidence. At the same time, some researchers [4, 5] question the signifi-
cance of the corpuscular theory for the analysis of the movement of components of concrete mix-
tures.

Special attention is paid to hypotheses regarding the mechanisms of vibration destruction
. Their analysis allows us to estimate the resistance forces, which are crucial in the development
of highly efficient vibration machines for practical applications.

When analyzing the mechanism of particle binding in studies [1 — 4], an analogy with the
behavior of colloidal solutions is used. It is believed that with an increase in shear stresses in the
system, a thixotropic phenomenon occurs, which manifests itself in a decrease in viscosity. In this
context, each particle is considered as a kind of "vibrator" that generates stresses, causing thixo-
tropic changes. To achieve rarefaction in a certain zone, it is necessary that the shear stresses ex-
ceed the established limit value. That is why it is proposed to introduce restrictions on the param-
eters of the speed or amplitude of oscillations that ensure the fulfillment of this condition.

Air bubbles play an important role in this process. Those that create a lift force that exceeds
the shear resistance are released from the mixture, while the less active ones remain stationary.
Further studies [8] show that the decrease in interaction between particles is associated with an
increase in volume due to the excitation energy entering the system. This, in turn, leads to the
formation of a velocity gradient between neighboring particles - a phenomenon without which a
decrease in the structural viscosity coefficient is impossible.

In addition, there are alternative hypotheses [1, 3] that suggest that during vibration, the
reduction of the coupling between particles causes forces similar to Coulomb friction.

In work [4], the mechanism of vibrational failure of a material is analyzed through succes-
sive stages of compaction:

Particle rearrangement — at the initial stage, dry friction appears, and air is gradually re-
moved from the pores.

Particle convergence — during the compaction process, zones with elastically compressed
air are formed, the mixture is partially liquefied, and a transition from dry friction to viscous oc-
curs.

Compression sealing — characterized by uniform distribution of water vapor at the contacts
between particles and partial compression of the material.

Analysis of this hypothesis in the context of the influence of the resistance forces of the
environment on the dynamics of the vibratory machine prompts us to consider the process as one
characterized by the complex nature of hydrodynamic interaction, with time-varying pressure on
the processed mixture and, potentially, with variable vibration modes. In particular, this process
can cover modes ranging from low frequencies and increased amplitudes of oscillations (which
corresponds to a relatively small pressure) to a significant increase in frequencies and decrease in
amplitudes (which is accompanied by a significant increase in pressure on the mixture). But does
this correspond to a real physical model? It is obvious that for an adequate description of this
phenomenon, in particular the mechanisms of vibrational destruction of interparticle connections
and subsequent compaction of the mixture, it is necessary to use nonlinear models for evaluating
resistance forces, including both elastic and dissipative aspects. In the case of using linear models,
this approach implies the need for appropriate refinement of the coefficients of elasticity and dis-
sipative resistance to ensure modeling accuracy.

Phenomenological theory considers concrete mixture as a continuous system, the state of
stress and deformation of which is determined by equations obtained from the conditions of con-
tinuity, as well as Newton's and Hooke's laws . However, the use of such a model as the initial one
gives rise to the problem of choosing elastic and inelastic characteristics, which is the basis of the
phenomenological (continuous) approach. It is obvious that these characteristics change not only
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under the influence of the composition of the material and vibration modes, but also in the process
of its compaction. This significantly complicates the determination of the numerical values of these
parameters and the laws of their change, despite the relative simplicity of solving the problem of
motion of the system " vibrator - medium" in a linear formulation and in the absence of a break in
contact between the working body and the medium.

Analysis of research in this direction demonstrates that in works [1, 2, 4] the Kelvin- Voigt
elastic-viscous body model is used to approximate the curves of vertical settlement of concrete
mixture during compaction . These works present the dependences of the compaction rate, how-
ever, they remain uncertain due to the variability of the characteristics of the mixture when its bulk
density changes.

At the final stage of compaction, when the density of the concrete mixture stabilizes, it is
possible to use an elastic-viscous model with constant coefficients, which allows you to evaluate
the dynamic process in the environment. For example, in studies [3, 9], the laws of wave propaga-
tion in closed volumes of the concrete mixture are studied, taking into account the reflection and
interference of waves. This leads to the formation of nodes and antinodes in the mixture along the
direction of wave stresses and deformations.

Despite the considerable number of studies based on the elastic-viscous model, doubts arise
as to their full correspondence to real processes. This is due to the fact that the viscous drag coef-
ficient, according to experimental data, is not constant and depends not only on the frequency [2,
5], but also on the amplitude of oscillations [ 9]. In addition, breaks in the continuity of the mixture
[9] have been recorded at points of extreme values of the wave distribution of the amplitude of
oscillations. In these zones, ultrasonic studies have revealed a reduced density of the material.

The problem of breaking the continuity of the concrete mixture is also considered in a
number of other works [1, 3, 5]. Based on the results obtained, a limitation of the height of the
concrete mixture layer was proposed, if observed, such breaks can be avoided. This point of view
is also supported by the authors of works [1, 2, 4].

On the other hand, based on wave representations, for higher columns of concrete mixture
it is proposed to reduce the oscillation frequency to 25 Hz [4]. This is explained by the fact that
with increasing wavelength the number of inflection zones increases. In general, the determination
of conditions that prevent the violation of continuity depends on the relationship between dynamic
and static pressure, as well as the force load in the contact zone between the working body, the
form and the concrete mixture.

In addition to the elastic-viscous model, some studies [2, 5] use an elastic-plastic model,
where the characteristics and parameters are determined by experimentally obtaining the "stress-
strain" curve. It is worth noting that during vibration, the concrete mixture does not demonstrate
unlimited plastic properties - when reaching a critical deformation, each component loses its in-
tegrity. At the same time, this approach is useful for analyzing the stress-strain state of the material.

To determine the optimal modes of vibration compaction, a solid body model is used in
some works [1, 9]. In this approach, the equation of motion of the vibration machine takes into
account the value of the specific power of the impacts. However, the zones in which elastic prop-
erties are manifested ( pre-resonant and resonant regions) do not allow this model to be fully used
for calculating stresses and strains.

In [1, 2], a continuum model is used that takes into account wave processes in a concrete
column. According to this concept, the resistance coefficient is calculated as the ratio of the energy
dissipated in the mixture during one oscillation cycle to the maximum potential energy during the
same cycle. The method of solving the problem according to the Sorokin hypothesis has an ad-
vantage over the Kelvin- Voigt model due to the use of complex numbers, which significantly
simplifies the calculations. However, in linear vibration systems with a fixed oscillation frequency,
the amplitudes of the calculations must remain identical regardless of the chosen method.

It should be noted that within the framework of the phenomenological theory it is proposed
to take into account the resistance of the medium in the form of dry friction [3]. In a number of
studies [7, 9] mathematical models are formed by interpolation of experimental data involving
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several variables. For this purpose, a matrix of experimental parameters is created, the limits of
their variation are determined, the experimental plan is formalized, and the processing results are
presented in the form of regression equations. This approach can ensure the achievement of the
desired result for a specific problem. However, there is a risk of losing the possibility of a full-
fledged analysis of physical phenomena in a mixed medium, which is key for the further develop-
ment of the theory of the working process, improvement of calculation methods and creation of
more efficient machines of a new generation.

Analysis of the most common theoretical approaches to assessing the stress-strain state of
concrete mixtures and determining the optimal modes and parameters of their compaction allows
us to draw the following conclusions:

— The corpuscular theory used to study the rheology of concrete mixtures under vibration
is focused mainly on studying the mechanisms of bond destruction in the mixture. It also deter-
mines the dependence of viscosity coefficients on the composition of the mixture, as well as on
the parameters and modes of the vibration process.

— The phenomenological model has gained wider application in the study of the stress-
strain state due to the use of well-known hypotheses and the analysis of wave phenomena in the
medium. It is currently more popular compared to the corpuscular approach.

— The practical implementation of a particular theory requires the establishment of specific
functional dependencies and the analysis of numerical characteristics. This includes amplitudes
and frequencies of oscillations, acoustic parameters (elastic moduli, wave propagation velocity,
dissipative properties), as well as energy indicators and vibration modes.

5. Analysis of parameters and modes of vibration compaction of building mixtures

Since the introduction of vibration in construction technology (Freysin, 1899), the task has
been to determine the optimal parameters of the work process that would ensure maximum strength
and productivity, while minimizing the duration of compaction and energy consumption. How-
ever, the simultaneous achievement of all these criteria is impossible due to their contradictions:
for example, maximum strength is not always achieved in the minimum time, and high productiv-
ity may require compromises in other aspects.

The process of compaction of concrete mixtures is extremely complex and dynamic. Al-
ready at the initial stage, when the density of the material changes from 1200 kg/m? to 2400 kg/m?,
there is a significant decrease in air content - from 15...30% to 2...3%. This means that at each
stage of compaction (initial, intermediate or final) the material actually changes its physical char-
acteristics, energy absorption and interaction dynamics.

As noted in recent studies [9], these parameters directly depend on the vibration modes. At
the same time, changes in the material structure affect the resistance forces that arise during the
movement of vibrating equipment. Thus, the "machine-environment" system is in a constant dy-
namic state, which complicates its control and prediction. This once again emphasizes the need
for a detailed analysis of the parameters and modes of vibration compaction for each specific case.

As mentioned earlier, the main parameters of the workflow are:

Amplitude and frequency of oscillations;

Speed and acceleration;

Sealing time;

Energy characteristics (extinction coefficient, resistance coefficient, energy, specific en-
ergy and power);

Rheological characteristics of the medium (density, elastic modulus, stress, deformation,
wave propagation velocity);

Elastic-inertial parameters (elasticity coefficient, mass);

Power indicators of working bodies ( coercive force, static moment, pressure, weight);

In the work [3] it is recommended to take the amplitude of oscillations not less than 0.2
mm at a frequency of 314 s™'. These values became the starting point for further research into the
parameters of the amplitude and frequency of oscillations. Subsequently, in subsequent works,
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larger values of amplitudes were proposed - from 0.3 to 0.5 mm. In the study [7,9] it is indicated
that the optimal amplitude is 0.5-0.7 mm at the same frequency of 314 s™'.

Comparing the data from [1] and [7], one can see a difference of more than three times in
the values of the amplitude of oscillations. This indicates differences in the approaches to the as-
sessment of compaction parameters. At the same time, in further studies [7], it was suggested that
the amplitude and frequency of oscillations should not be considered separately as independent
parameters. Instead, in [8], a methodology for assessing the speed of oscillations was proposed,
which is considered a more comprehensive indicator of compaction efficiency.

V=X, ,m/s, (1)
where x, is the amplitude of oscillations; @— frequency of oscillations, or acceleration [3,8]
a=x,0°, m-c’ . (2)

When designing vibration machines that provide a certain work process, the key parame-
ters remain the amplitude and frequency of oscillations, and it is impossible to avoid this. However,
research into alternative relationships between amplitude and frequency continued. As a result,
various combinations were proposed: x,°@’ or x,’w’, which by their physical nature are specific

values of energy. For example,

. H H-m wm-c

X o' [m2/s3] = [ 25 1= I=[ Bm/xe ]. 3)
ey

C CZ'KZ'M

A detailed analysis of these and other criteria will be discussed below. However, it is al-
ready obvious at this stage that neither the amplitude nor the frequency of oscillations, separately
or in combination, can unambiguously determine rational, let alone optimal (desired) compaction
modes.

This thesis is supported by the results of studies of vibro-impact regimes, in which the
oscillation frequency was significantly reduced (up to a two- or even five-fold decrease) with in-
creasing amplitude. Such changes significantly affected the compaction efficiency.

Table 1 provides recommendations for selecting compaction parameters according to the
results of research conducted at the Yuriy Kondratyuk Poltava Polytechnic Institute.

Table 1. Numerical values of amplitudes and frequencies of oscillations
Amplitude, mm | 4.0-7.0 | 0.7-1.0 | 0.9-1.2 |0.6 0.5 0.35 0.1
Frequency, rad/s | 70 150 200 240 300 314 600

Based on the presented numerical data, two key features can be noted: with increasing
frequency, the amplitude of oscillations decreases, and its numerical values vary within limits that
in some cases can differ by a factor of two.

For a long time, the main focus in vibratory compaction technology was on harmonic ver-
tical oscillations, as indicated in sources [3, 4, 5, 7]. The exception was deep vibrators with circular
motion of unbalance [11].

In work [3] it was proposed to change the direction of influence on the processed medium
by using horizontal vibration installations with resonant operation mode. At that time, technolog-
ical research in this direction was absent. However, the creation of such installations actually gave
impetus to the development of a new direction in the theory of concrete vibration forming .

Modern research confirms that the presence of shear stresses contributes to the compaction
of the concrete mixture. This is explained by the fact that more efficient laying of the material
occurs due to the dominance of the vertical component of the acting forces. In the zone of gravity,
the structure, geometry and volume of the future product are formed.

For vibrating machines with horizontal oscillations, the following values were proposed:

Amplitude of horizontal oscillations: 0.5—1 mm

10
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Iy
Frequency: 24-30 Hz

Due to the special design of the vibrator or its installation at an angle, additional vertical
vibrations with an amplitude of 0.2—0.3 mm were generated. Later, such vibrating platforms, which
mainly generated horizontal vibrations, were called spatial vibration equipment [4 , 5].

Also known is the mode of horizontal oscillations with simultaneous vibration on the prod-
uct using two frequencies: fi =25 Hz , f> = 50 Hz.

Vibration and impact modes

Horizontal vibrations remain relevant today. A significant number of studies [1, 7] are de-
voted to vibration-shock regimes, which are divided into two areas:

Low-frequency compaction (f = 5-10 Hz ) — amplitude 4-7 mm

Mid-frequency compaction (f =20-25 Hz ) — amplitude 0.5-1.2 mm

Table 2. Numerical indicators of the energy intensity of the mixture compaction process under the
influence of medium-frequency vibration mode.

Compaction mode Intensity Power Specific Specific Coeffi-
Fre- | Amplitude | Accel- Time vibra- vibrotac- costs absorbed cient
que | oscillation | eration | consoli- tions tile summary costs Energy
ncy | xo0l103 M a, dation | lint, m?2 onl M energy mixture efficiency
f, ms t,c 2 mixtures E., energy regime
Hz Pg, kW hm - Eps, kW - _E,.
kW m -3 hm = E,
50 0.20 20 40 1.2 2.88 0.032 0.86 2.68
50 0.50 50 40 7.74 18.5 0.206 1.70 0.82
50 0.81 80 40 20.30 48.6 0.540 1.68 0.31
50 0.50 50 60 7.74 18.5 0.308 1.08 0.31
50 0.50 50 120 7.74 18.5 0.616 1.23 0.20

Table 3. Numerical indicators of the energy intensity of the mixture compaction process under the

influence of the impact mode of the machine operation

Compaction mode Intensity Power Specific Specific Coeffi-
Fre- | Ampli- | Accelera- | Time vibra- vibrotac- costs absorbed cient
que tude tion consoli- tions tile summary costs Energy
ncy | oscilla- a, dation | lint, m?2 onl M energy mixture efficiency
f, tion ms t,c s 2 mixtures E., energy regime
Hz | x010 7, Ps, kW hm Eps, kW - _E,.
M kW m hm?-3 = E,
3 8.0 120...180 40 0.42 1.08 0.012 3.80 31.60
5 8.0 120...180 40 1.98 4.75 0.052 3.90 7.48
7 8.0 120...180 40 5.44 13.05 0.145 4.40 3.03

Tables 2-4 present experimental results on the energy intensity of compaction of concrete

mix with cone settlement OK = 1-2 cm at different vibration modes [35, 8, 9, 11]. The intensity of
the process was determined by the formula [3].

I, =x @ , M-, 4)

and the equivalent power of the supplied energy calculated per 1 m3concrete mix:

Il -
PE: inm G

gV

107, kBm-m” )
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specific energy consumption during compaction:
Pt

" 3600

Table 4. Numerical indicators of the energy intensity of the mixture compaction process under the
influence of the shock-vibration mode of operation

, kKBm-200.-m” (6)

Compaction mode Intensity Power Specific Specific Coeffi-
Fre- | Amplitude | Accel- Time vibra- vibrotac- costs absorbed cient
que | oscillation | eration | consoli- tions tile summary costs Energy
ncy | xo103, M a, dation | lint,m? onl m* energy mixture efficiency
f, ms t,c s mixtures E., energy regime
Hz PE, kWhm - Eps., kW - _E,.
kW m -3 hm = E,
10 224..4
e | 5.66...045 | 7 33 8.0 19.2 0.176 1.89 1.08
4.2
50
10 224...4
eeo | 5.66...045 | T 45 8.0 19.2 0.,240 2.86 1.19
4.2
50
10 224...4
ceo | 5.66...045 | 77 133 9.0 19.2 0.711 4.41 0.62
50 4.2

Dependencies for specific energy consumption absorbed by the mixture E.p. are not given
in [6], however, graphs of stress-strain changes for the experiments described in the same work
are presented. It can be assumed that the specific energy of absorption was determined by calcu-
lating the areas under these graphs. However, this remains only a hypothesis, since the authors do
not specify the method for determining the potential energy of the system, and there are no relevant
references to sources in the text of the work. On the other hand, based on the summarized data in
Tables 2-4, it is possible to conclude about the effectiveness of the alternating vibration mode.

The discrepancy in the numerical data is an important point. It is not clear why for the first
mode at frequency f= 50 Hz and amplitude x0 = 0.2 mm, the energy efficiency ratio is 2.8, while
in the fourth study, where the amplitude is halved, this ratio decreases by an order of magnitude.

It is also worth noting that the equivalent power of the RE is essentially the same as the
intensity, since the intensity is defined as the specific energy divided by the unit mass, while the
equivalent power corresponds to the specific energy per unit volume.

Analysis of the work [6, 12] shows that the residual strain, which is a key parameter for
assessing the state of the material, remains almost unchanged for all vibration modes. At the same
time, the stress levels change significantly. It is known that there is a clear relationship between
stress and strain, which casts doubt on the reliability of the graphs presented. However, it can be
considered reasonable to conclude that the vibro-shock mode is the most effective among other
types of vibrations. This conclusion is confirmed by tabular data. However, it would also be ad-
visable to present the specific values of efficiency within the amplitude-frequency spectrum.

Particular attention in the context of the analysis should be paid to the spatial oscillation
regime, which demonstrates a significant manifestation of shear stresses, which undoubtedly con-
tribute to the acceleration of the compaction process of the concrete mixture.

6. Conclusions. As a result of the analysis of theoretical and experimental studies of the
parameters and modes of vibration compaction of concrete mixtures, important aspects were iden-
tified that significantly affect the efficiency of the process. In particular, it was found that the
amplitude and frequency of vibrations, although they are key parameters, cannot be considered
independent, since their interaction largely determines the results of compaction. Changing the
vibration mode, in particular the use of vibro-shock and spatial vibrations, proved to be effective
in improving the quality of compaction, reducing energy consumption and achieving the optimal
structure of the concrete mixture.

12
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The results of the research confirm that the efficiency of compaction largely depends on
the specific vibration modes, including the amplitude, frequency and type of oscillations. In this
context, in order to achieve optimal parameters of the working process, it is necessary to take into
account the relationship between the rheological, energy and mechanical characteristics of the
mixture. Further research should be aimed at a deeper study of the influence of vibration compac-
tion parameters on the physical and mechanical properties of concrete mixtures, as well as at the
development of new approaches to modeling and optimizing this process to achieve even higher
production efficiency.
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TEOPETUYHI AOCNIAXEHHA POBOTU PO3YNHOHACOCIB 3 PISBHUMU KOHC-
TPYKTUBHUMU OCOBJINBOCTAMU NPUBOMIB

AHOTALJIA. lNpoeedeHo aHari3 iCHyrYUX KOHCMPYKUil pO34YUHOHAcocie, 8Kka3aHi OCHOBHI He-
Ooniku i nepeesaau ix ekcrilyamauiliHUX MNoKa3HUKig8. BusHa4YeHO OCHOBHI HarpsiIMKU pO38UMKY HOBUX
KOHCMPpYyKUili po34yuHoHacocie. HaeedeHo KoHCmMpyKmMueHi ocobugocmi po34uHOHacocie ma npuHyUr
ix pobomu. lNpedcmasneHo Ha po32sisi0 8UKOPUCMaHHS y 8uafisi0i 3aMKHEHOI KaMepu KOMIMEHCYHYUX
npucmpoie nHesmamuyHux 6asioHie 3 nidgicku asmomobinie PisHUX KOHCMPYKMUBHUX piuleHb. Po3K-
pumi KOHcmpyKkmueHi ocobriueocmi KoMbiHogaHUX KoOMieHcamopie rynbcauill mucky, ycMokmyea jib-
HOI Kamepu ma Kamepu 0X0s100KeHHS UuniHOpo-nopwHeesoi epynu. [lposedeHo aHai3 8UKOPUCMaHHS
KOHCMPYKUiti Ho8UX KOMOIHOBaHUX KOMMeHcamopie 36inbweHo20 06°emy 3akpumoao mury y 00HOMo-
pwHesMy 2i0pornpug8odHOMY PO34YUHOHacoci. BusHayeHo nodanbwi HanpsaMku 0ocnidxeHHs pobomu
HOB8UX KOMOIHOBaHUX KOMAeHCcamopie 36inbweHo20 06’°emy Ha npedMem 3HUXEHHS CmyrneHs nynbca-
uiti mucky nodayi po3yuHy.

Knroyoei cnoea: 2idponpusodHuli 0OHOoMopuwHesuli po34UuHOHacoc, KombiHosaHuUl KOMIeHca-
mop 36inbuweHo020 06°emy, cmyriHb Myfbcauiti MUCKy, nopuweHs crieyianbHOl gpopmMu, UusiHAp.

ANALYSIS OF DESIGN FEATURES OF THE USE OF NEW COMPENSATING DE-
VICES IN A SINGLE PISTON HYDRAULIC SOLUTION PUMP

ABSTRACT. The analysis of existing designs of mortar pumps was carried out, the main disad-
vantages and advantages of their operational indicators were indicated. The main directions of develop-
ment of new designs of mortar pumps were determined. The design features of mortar pumps and the
principle of their operation were given. The use of pneumatic cylinders from the suspension of cars of
various design solutions in the form of a closed chamber is presented for consideration. The design features
of combined pressure pulsation compensators, the suction chamber and the cooling chamber of the cylin-
der-piston group are disclosed. The analysis of the use of the designs of new combined compensators of
increased volume of the closed type in a single-piston hydraulically driven mortar pump is carried out. Fur-
ther directions of research into the operation of new combined compensators of increased volume in order
to reduce the degree of pulsations of the mortar supply pressure are determined.

Keywords: hydraulically driven single-piston mortar pump, combined compensator of increased
volume, degree of pressure pulsations, special-shaped piston, cylinder.

1. IMocTanoBka npodaemu. [ MexaHizamii OyaiBelbHUX POOIT MiJl Yyac MPOBEAEHHS
OTIOPSIIKYBAJILHUX POOIT HAOYJIM MIMPOKOTO 3aCTOCYBaHHS po3uMHOHAcocu. Po6ounii THCK y Tpy-
6onpoBoJax, MUTOMI BUTPATH €IEKTPOCHEPril Ha epeKauyBaHHsI, 3pYUYHICTb Ta SKICTh MEXaHi30-
BaHOTO HAHECEHHS PO3YMHIB Ha 0OpOOIIIOBaH1 MOBEPXHI, BEIMYMHA BTPAT MiJ] Yac COIUTYBAaHHS,
pecypc poOoTH TpyOOIIPOBO/IIB 1 eTalieil pO3YMHOHACOCIB 3alIeXkKaTh BiJl piBHS MyJbcallii MpH Mo-
navi OyiBeTbHUX PO3YHHIB.

ITpu cTBOpEHH1 Cy4acHOTO pO3YMHOHACOCA 3 MOMIPHOIO MyJbCalliel0 HeOOX1THO KepyBa-
THUCS BiJNIOBITHIMH YMHHUKAMH, a CaMe: BUKOPUCTAHHSIM MPOCTOTO 32 KOHCTPYKIIIEIO MTPHBO/IA,
KM 3a0€31MeYnTh poOOYMM OpraHaM MOCTIHHY MIBUAKICTh X0y MPH IUTABHUX AMHAMIYHUX HaBa-
HTOKEHHSX i1 9ac Tepexoay depe3 KpaiHi TOUYKH ¥ BUTPHUBAIICTH 3 9YaCOM; KOHCTPYIOBaHHSIM

14


https://doi.org/10.32347/tb.2025-42.050
https://orcid.org/0000-0002-6943-7687
https://orcid.org/0009-0003-2435-8592
mailto:v.mikhajlik1988@gmail.com

&drwmlssw%m—m

TipaBIIYHOT YACTHHU HACOCA TAKMM YMHOM, 11100 OyJ10 3a0€3me4eHo cTablTbHUMA MOTIK PO3YHMHHOL
CyMiI 3 ypaxyBaHHSAM ii PEOJOTiYHMX BIACTUBOCTEH SK B HAIiBUUKII BCMOKTYBAaHHS, Tak 1 B
HAaITIBITMKJIl HATHITAHHS, 1[0 B CBOIO Yepry J03BOJIMTH miaBUIIMTH 00’ emuuit KK]I Hacoca; BuKo-
pPHCTaHHSIM BUCOKOS(EKTUBHUX 1 IPOCTUX 32 KOHCTPYKIIEIO0 KOMIIEHCATOPIB MyJIbCallil TUCKY, 3a-
Oe3reueHHsM BUCOKOT HaIIHOCTI ITiJT Yac eKCILIyaTallii Ta peMOHTOPHUIaTHICTD.

3 METOI0 3HIDKEHHS IyJIbCAllii B Cy4aCHUX OJIHOMOPIIHEBUX PO3YNHOHACOCAX 3aCTOCOBY-
I0Th KOMIIEHCATOPH THCKY Y BUTJISAJII MOBITPSHUX KOBIAKIB PI3HOTO 00’eMy. AJjie IOBITPSHI KOM-
MIEHCATOPH, TIOPSI/ 3 IEpEBaraMu, MatOTh CYTTEBI HEJIOJIIKH: CTUCHYTE IMOBITPs 0€3M0CEPETHBO KO-
HTAKTY€ 3 IepeKavyyBaHUM PO3UYMHOM i TOMY IHTEHCUBHO BUIAJISETHCS 13 KOMIIEHCATOPA B IPOIIECi
po6oTH pozunHOHacoca. OCOOIMBO MPUCKOPIOETHCS BUJAJICHHS TOBITPSI IIPH iIBULIICHOMY THUCKY
(Bumie 1,5 MIIa). ITpu npomy, edeKTHBHICTh POOOTH KOMIIEHCATOPA CYTTEBO 3HUKYETHCS, a CaMe
3MEHIIYEThCS MTPOYKTUBHICTE Ta 00’ emumui KK/, a mynbcariii 3pocTarTh.

Tomy HEOOXi1THO CTBOPUTH OJIHOIOPIITHEBHA PO3YMHOHACOC ITiABUINCHOI €(DEeKTUBHOCTI,
3a paxXyHOK BUKOPUCTAHHS TipaBiIiuHOr0 MPUBOAA, 1110 3a0€3MeYnTh MOCTIHY MIBUIKICTH pO0O-
YOro opraHa Ta IiJBUIIUTh HAJIIHHICTh JI0 3HOIITYBAaHHS LMIIHIPOIIOPIITHEBOI IPYIH, BHKOPHC-
TaHHs eEeKTHBHOTO KOMOIHOBAHOTO KOMIIEHCATOPA, IO 3a0e3MeUnTh IOMIpHI IMyJIbcalii moaadi
PO34YMHY, IJIaBHICTh pOOOTH NpuBoAa i miaBumieHui 06’ emuuiit KKJI. Po3poOka HOBHX KOHCTpPY-
KI[Iif KOMIICHCATOPIB Ta YIOCKOHAJICHHS JII0YKX 3a0e31MeuuTh e(heKTHUBHY POOOTY PO3UMHOHACO-
CiB.

2. AHaJi3 ocTaHHIX Aocaizkensb i myOaikauiii. [lopriaesi po3unHOHACOCH OIMHAPHOT /Tii
3MIMCHIOIOTH MMOJIa4y PO3YMHY TUTBKH B HAIIBIMKII HarHiTaHH: [ 1], TOMy /U1l 3a0€31eUeHHs cTa-
Oiizanii THCKY pO3YHMHY MOAayi Y HaIiBIMKIII BCMOKTYBaHHs HEOOXi/THO Ha HATHITAILHOMY Tpa-
KTl BCTAHOBUTH KOMIIEHCATOp MyJjbcalii TUCKY. 3a0e3ledyeHHs] HU3bKOro piBHSA IMyjbcaliil mpu
BUCOKHX THCKaX Y PO3YMHOHACOCAX MOXKJIMBE IPH BCTAHOBJICHHI Ha PO3YMHOHACOCAX KOMITEHCA-
TOPiB KOMOIHOBAaHOT KOHCTPYKIIii, IKi MATUMYTh JIOCTATHIA KOMIICHCYIOUHA 00’ €M.

BaxmBoro BUMOTOIO J10 pO3YMHOHACOCIB € iX BUCOKA HAMIWHICTD y POOOTi, 0COOIHMBO MpH
MEXaHI30BaHOMY CIOCOOI COIUTYBaHHS. BuUpiIeHHS I1i€1 BUMOTH MOJKJIMBE NMPH BUKOPUCTAHHI
KOHCTPYKTHBHHUX MaTepialiB, SKi MAlOTh MMiIBUIICHI ()i3UKO-MeXaHI4HI BIaCTUBOCTI IpHu abpasu-
BHOMY 3HOIIYBaHHI, Ta Cy4aCHUX TEXHOJOT'1i BUTOTOBJICHHS JeTajleH.

Po3unHOHacoC MOBHMHEH MaTH y CBOEMY CKJIAJll 3aXWCHUMN NMPUCTPIN Bl NEPEBAHTAKEHD,
KM BUMHUKA€E €JIEKTPOJIBUTYH MPHUBOJA Y pa3l 3pOCTaHHS TUCKY JI0 PiBHsI OUIBLIOTO 3a JIOMYCTH-
MUl Ta TMEePeIyCKHUI KpaH Ui 3JTUBY PO3YMHY 3 HAHITAIHHOTO TPYOOIPOBOY MPH TPUBAIHMX
3yMuHKax B pobori [1, 2, 3, 4].

OTxe, HAOLIBII BAYKIIMBUMHU BUMOTAMH, 1110 BUCYBAIOTHCS IO CYYaCHUX PO3YNHOHACOCIB,
€ TIPOCTOTA KOHCTPYKIIii, BUCOKA HAJIIHICTh Y pOOOTi, pPEMOHTONIPUIATHICTh Ta IOMIpHA MyJIbCa-
1151 IpU NepeKavyBaHH1 Oy/IBEIbHUX PO3UUHIB.

3. Merta po6oTu. OCHOBHOIO MeTOI0 po0OO0TH €: 1) aHaIi3 Ta OL[IHKA KOHCTPYKLUIi I'ipor-
PUBOJHOIO OJHOIIOPIITHEBOTO0 PO3UYMHOHACOCA 3 OHOBJIEHUM KOMOIHOBAaHMM KOMIIEHCATOPOM; 2)
HiABUILEHHS €(pEeKTUBHOCTI pOoOOTH OJHOMOPUIHEBOTO PO3YMHOHACOCA 32 PAXYHOK 3HUIKEHHS
MmyJibcalii mojadi o TpyoonpoBoay 1 MiABUIIEHHS Horo mpoyKTuBHOCTI Ta 00’ emHoro KK/I 3a-
B/ISIKH BUKOPUCTAHHIO T1paBJIIYHOIO MPHUBOAA 3 KOMOIHOBAaHMM KOMIIEHCATOPOM 30UIbIIEHOTO
00’ eMy TipH parioHaATBPHUX PEKUMAX TEXHOJIOTTIYHUX MPOIIECIB.

4. O0roBopeHHsi pe3yJbTaTiB JOCTiAKeHHAA. [CHye OIHONOPIIHEBUHA PO3UMHOHACOC
(puc. 1, a, 6) [2, 3] 3 kOMOIHOBaHMM KOMIIEHCATOPOM IIyJIbCallii TUCKY Ta 301JIbIIEHOT0 00’ €My,
KU Ma€ eeKTPOMEXaHIuHUI NpuBoJI, po3pobienuit B HamionansHoMy yHiBepcuTeTi «llonras-
cbka noJitexHika imeHi FOpis Konnpatiokay.

JlaHuii po3unHOHACOC 3apeKOMEH1yBaB cebe, AK HaJliifHa 1 BUCOKoe(eKTHBHA 00’ €MHa Ma-
[IMHA JJI5 IepeKadyyBaHHs PO3YMHIB PI3HOT pyXOMOCTI. AJie AJisl MiABUILEHHS TeXHIUHUX MOKa3-
HUKIB HEOOX1/1HE BIPOBAHKEHHS Y KOHCTPYKIIIIO PO3UMHOHACOCA TAKOTO IPUBO/IA, KU 3a0e31e-
YHUTH MOCTIHHY MIBHKICTH MOPIIHS 3BOPOTHO-TIOCTYIIATBHOTO PYXY, SIK B TAKTI BCMOKTYBAaHHS TaK
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1 B TaKTl HAarHITaHHs, 10 MTO3UTUBHO BIUTMHE HA BCMOKTYBAJIbHY 3aTHICTh PO3UMHOHACOCA, OCO-
ONMBO MU NIepeKadyBaHHI pO3YMHIB 3HMKEHOI pyxoMocTi [18...9 cM, Ta 3MEHIINUTH 3BOPOTHI BU-

TOKH 4YECPE3 BCMOKTYBaHBHI/Iﬁ Ta HarHiTaJbHUH KIaIllaHu.
A-A

B-B A-A BB
A B % A

2 b |

A~

Puc. 1. OnHOMOPITHEBI PO3YHMHOHACOCH:
a — 3 KOMOIHOBaHHM KOMIICHCATOPOM IyJIbCAllii THCKY;
0 — 3 KOMOIHOBaHUM KOMIICHCATOPOM 301ITBIIEHOTO 00’ €My
Fig. 1. Single-piston mortar pumps:
a — with combined pressure pulsation compensator; b — with combined increased volume compensator

3 METOO MiIBUIICHHS TEXHIYHUX XapaKTEPUCTHK PO3YMHOHACOCA 3aIIPOBA/IKEHO Y KOHC-
TPYKIIIO pO3YMHOHACOCA T1APONPHUBOI, SIKUK 3a0e31neduye MOCTiHY MBHUIKICTh MOPIIHS IiJ Yac
3BOBOPOTHO-TIOCTYTAJIBHOTO PYXY, SIK B TAKTI BCMOKTYBaHHS TakK 1 B TakTi HarHiTaHHs. Lle migsu-
IIUTh BCMOKTYBaJIbHY 3/IaTHICTh PO3UMHOHACOCA, OCOOJIMBO IIPU NepeKauyBaHHI PO3UNHIB 3HUXKe-
HOi pyxomocrti I18...9 cm, Ta 4aCTKOBO 3MEHIIUTH 3BOPOTHI BUTOKH Y€pe3 BCMOKTYBAJIBHUHN Ta
HArHITAJFHUN KJIAllaHU 32 PaXyHOK IIBU/IIOTO MiAHOMY Ta OMYCKaHHS KyJIbOK Oils “MepTBHX
TOYOK 32 paxyHOK 4oro 3pocte 00’emuuii KKJ[ Ta 3HU3UTHCS piBeHB MyJibcalliii THCKY 0<25%.

~ W

G

-~ N

Puc. 2. KoHCTpyKTHBHA CXE€Ma OTHOMIOPIITHEBOT'O Ti[PONMPHUBOAHOTO PO3YMHOHACOCA 3 KOMOIHOBaHUM
KOMIIEHCATOPOM 301IBIIEHOT0 00’ eMY: 1, 12 — yCMOKTYBaNbHUI Ta HATHITANLHUN MaTPyOOK; 2, 4 — BCMOKTYBa-
JBHUH Ta HarHITaIbHUH HiANPY>KMHEHUH KyJIbOBI KJIallaH!; 3 — yCMOKTYBallbHa Kamepa; 5 — KoMOiHOBaHHMI KoMmIIe-
Hcartop; 6 — MOPILEeHb 3 HANpPaBISIFOYMM IUTYH)XKEPOM; 7 — XOMYT TiApaBiiuHUNA NPHUBITHUN HWIIIHAD 3 PO3NOIITIOBa-
4yeM; § — TIAPONMITIHAP 3 HOPIITHEM i IITOKOM; 9 — 30JI0THUKOBHUI po3MoAiIbHUK; 10 — perymsTop noaadi rigpaBiid-
Hoi pinuay; 11 — enextpoasurys; 13 — GinbTp MacTHiIbHOI pianHY; 14 — maTpyOOK CKUIaHHS T1APaBIi9HOI PiANHY;

15 — mecTepHeBHi TigpaBIiuHuil Hacoc; 16 — My(dTa BTyJIKOBO-TIANBIEBA; 17 — peIyKTOp MiAKaYKH MOBITPs; 18 —

CKJISTHE BIKOHIIE 3 OCBITJIEHHSIM
Fig. 2. Structural scheme of a single-piston hydraulic solution pump with a combined compensator of in-
creased volume: 1, 12 - suction and discharge nozzle; 2, 4 — suction and discharge spring-loaded ball valves; 3 —
suction chamber; 5 — combined compensator; 6 — a piston with a guide plunger; 7 — clamp hydraulic drive cylinder
with a distributor; 8 — hydraulic cylinder with piston and rod; 9 — spool distributor; 10 — hydraulic fluid supply regu-
lator; 11 — electric motor; 13 — lubricating fluid filter; 14 — hydraulic fluid discharge nozzle; 15 — gear hydraulic
pump; 16 — sleeve-finger clutch; 17 — air pumping reducer; 18 — glass window with lighting
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OmHOMOpITHEBUNA PO3YMHOHACOC, SIKMM O0JIaIHAHUNA €JIEKTPOMEXaHIYHUM IMPUBOIOM 13
KPUBOLIMITHO-IIATYHHUM MEXaHI3MOM Ta OCHAIEHHH KOMOIHOBAaHUM KOMIIEHCATOPOM 30iJIbIIIe-
HOTO 00’ eMy (puc. 1, 0), 3a1iiCHIOE TTO1a4y POOOYOTO CepeAOBHINA Y HAIMIBIIUKIII HATHITAHHS, a Y
HAIIBIMKJII BCMOKTYBaHHS BiI0yBa€ThCs 3aKPUTTS HATHITAJIHLHOTO KJIarnaHa 1 BATUCKAHHS APYToi
YaCTHHU PO3YMHY Y HArHITaJIbHUI MaTpyOOK 3 HMITIHAPUYHOI KaMEpH 32 PaxyHOK PO3IMINPEHHS
KOMIIEHCYIOUOT0 00’ €My MOBITPs KOMIIEHCATOPA.

TeopeTnyHi JOCHIPKEHHS 3MIHU THCKY PO3UMHY BHKOHAHI MPOTSTOM IUKITY 3 YpaxyBaH-
HSIM 3aKOHY PYXY IMOPIIHSA Ta Aii KOMOIHOBAaHOTO KOMIIEHCATOPa, B IKOMY BiCh Bajla KPHBOLIHIIA

3MillleHa BHU3 BIIHOCHO OCI MOPIIHS Ha BEMWYUHY € (pHcC. 3).

X1 gmax

Xig

\
n\ ~ X 1gmin ‘

==+ ]

ha

\ 91ma=17478'

Puc. 3. Kinemarnyna cxema mpruBo/ia MOPIIHS PO3YMHOHACOCA 3 €IEKTPOMEXaHIYHUM ITPUBOJIOM
Fig. 3. Kinematic diagram of the piston drive of a mortar pump with an electromechanical drive

XiJ MOPIIHS HAa HATHITAHHS PO3YMHY MPOTATOM IMOBHOTO IMKITy POOOTH PO3YMHOHACOCA
Oyne (Ipu ¢ =0...27) piBHHI

HpI/I OS¢S7Z', xl=R'(1_COS(/))_|:1_\/12_(R'Sinw—e)2:| (1)
opu 7<@<27z, x=0
ne R — paiyc KpuBOIMMNa; [ — JOBXKHHA NIATYHA; ¢ — BEIWYMHA 3MIIIEHHS OCi KPUBOIIKIIA 10

BHCOTI BIITHOCHO OC1 MOPIIIHS.
3aiexXHICTh MIBUAKOCTI IepeMilieHHs NopmHA (Touka B) (puc. 3) Big KyTa () 1OBOpOTY

KpuBOMIUITa MAaTUMC BUTJIA
(R-sinp—e)-R-cosp ’ )
\/12 —(R-Singa—e)2

Kopucryrouucs piBHsiHHAM (1) mpu napaMeTpax R =40 MM, /=180 MM, e =20 MM Ta Ipu-

xXp=R-sinp-

PIBHSBIIM xj HYJIO, OIEPKaHI KyTH IIOBOPOTY KPUBOLIMIIA o =8, 210 1 o = 174,789, sIKi BU-

3HAYAIOTh BiJIMOBIAHO MOJIOXKEHHS KPaiHiX “"MepTBUX ’ TOYOK MOPIITHS.
[ukn poboTy po3uMHOHACOCA MOAIISETHCS HA Bl YACTUHU: TaKT HAarHITAHHS B 1IHTEpBaJl

@, Bim—8,21° no 174,78° i TakTi BcMoKkTYBaHHs — npu @, Big 174,780 10 351,790.

HIBUAKICTD PyXY MOPLIHS 3A1HCHIOETHCS 3a CIHYCO1/TaIbHUM 3aKOHOM 1 SIK BUJTHO 017151 Me-
PTBUX TOUOK BiZOYBa€ThCs ii pi3Ke 3HMXKEHHS, 1110 B CBOIO Yepry BIUIMBAE Ha IIBHUJKICTH OIMycC-
KaHHS KyJIbOK BCMOKTYBaJIbHOTO Ta HarHiTAJILHOIO KJIAMaHIB Mif 4ac 3akpuTTs. Lle nmpu3BoanuTh
710 3pOCTaHHS 3BOPOTHHUX BHTOKIB Yepe3 KJIaraHH.

B TakTi HarHiTaHHA 3A1HCHIOIOTHCS JABa MPOIIECH — 301TIbIIIEHHS 00’ €My PO3UHHY B KOMIIE-
HCATOPI 32 paxyHOK HOTO 1Moj1avi BiJl pyXy MOPIIHS 1 3MEHIIIEHHS I[LOTO 00’ €My 3a paXyHOK 1oj1a4i
YaCTUHM PO3YUHY B HarHITaJIbHUN TPyOONpOBiI.

Icaye marematnana Mmozens [2, 3] poOOTH TiApONUITIHAPA MPUBOTY MOPIIHS HACOCHOT KO-
JIOHKH (puUc. 5), fKa 103BOJISIE Kpallle 3p03yMITH BCMOKTYBAJIbHY CIPOMOXKHICTh PO3YHMHOHACOCA,

17



T 4 Texnixa OyaiBHHMLITBA Bumycx/Issue 42, 2025

XapaKTep CIIPallbOBYBAaHHS KyJIbKOBHX KJIAllaHiB Ha BIIKPUBAHHS Ta 3aKPUBAHHS, MEXaHi3M yTBO-
PEHHS 3BOPOTHUX BUTOKIB PO3UYMHY ITiJ1 Yac 3aKpUBaHH KJaraHiB, CTYIiHb YAapHUX HaBAaHTAXCHb
KyJIbOK KJIallaHiB MiJ Yac iX CIparbOBYyBaHHS Ha 3aKPHUTTS Ta PiBEHb LIyMY BiJ LFOTO SBUIIA K
IIBUJIKICTh 3HOIITYBAaHHS THI3J KJIalaHiB, MexaHi3M yTBopeHHs piBHs 00’ emuHoro KKJI rizpompu-
BOJTHOTO PO3YMHOHACOCA Ta CTYIICHS MyJIbCaIliil THCKY MoJ1adi.

X&', m/c

@, rpan

u M 9. Tpan
I | 0,

a(a) 0 (b)
Puc. 4 3anexnicTs (a) mepeMimeHHs MOPITHSA po3urHOHAcoca (Touka B) (0) mBuaKoCTi Bif KyTa OBO-
POTY KPHBOIIUTIA
Fig. 4. Dependence of (a) the displacement of the mortar pump piston (point B) (b) the speed on the crank
angle

Cxema TipaBiiuHOi CHCTEMH aBTOMAaTHYHOTO MPUBOIY PO3ZYMHOHACOCA, 110 BUKOPUCTO-
BYIOTBCS IIPU ONKUCAHHI MaTEeMaTUYHOI MOJIEN, HaBe/IeHa Ha puc. 5.

Cucrema mudepeHIiaTbHIX PiBHIHD, II0 ONMUCYIOTH mepmy (asy — po3riH MOpUIHS Bix
HUXHbOI MEPTBOT TOUKHU:

e (F )+ PO)-(5-S)

dP )
B-—=-v(1)-(5-8")+Q,,
dt
1€ m — Maca eJIeMEHTIB IPUBOJA, 110 PyXaloThCs; [, — CHiIa BIUIMBY Ha MAcJIO MiJl 4ac 3IUTTS i3
MOPIIHEBOT MOPOXKHUHK T1IPOIMIIHIAPA; ¢ — MPUCKOPEHHS 3eMHOr0 TsokiHHS; § 1 §' — Biamo-
BIJTHO TJTOLI LMJTIHAPO-TIOPIIHEBOT i IEPETUHY HITOKOBOI MOPOXKHUH TAPOLMITIHAPA; f — Koedi-
LIEHT 00’ €MHOrO CTUCHEHHS Macia; (), — IIoJa4a Macja I'iJpoOHaCOCOM.

IToBHE BU3HAYEHHS MIBUAKOCTI NOPIIHA OyzAe y BUIIIALl cyMu v, (1) 1 v,, a came

v(t)=v,, (t)+v. =C, -cos %-t +C, -sin jﬁ__i; 1|+ S?OS’ . 4)
[ToyaTkoB1 yMOBH /IS IOTO PIITICHHS TaKi:
v(0)=0
voy= PO (S=S) Ftmg
m
I3 piBasnng (2) npu ¢t =0 C, =- S?OS’ , a micas qudepeHItiroBaHHs piBHSIHHSA (4) npu

o o VOB
t=0 C,=—"——.
S-8
[incraBuBuiy 3HaueHHs koedinientis C, 1 C, B piBHAHHA (4), 0 ONKCYE MBUIKICTH
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pO3roHy poOovoro oprana (opuIHs) y nepirii ¢asi:

U(t)=—&~cos S—§ -t |+0'(0)- “ﬂm' S—§ ot |+ 9, . (5)
S-5" \JBm s—s O\ Jpm ) s-5
2 1 3 9 4
7/ |
N i
S

s — 1l

a1l

1

Puc. 5. Cxema rimpaBimigyHOi CHCTEMH MTPUBOA POZUNHOHACOCA: | — MOPIIEHB TiAPOLMIIHAPa; 2 — IITOK HOp-

ITHS; 3 — HIOKHINA TOSICOK 30JI0THHUKA KepyBaHHS; 4 — BEPXHIil MOSICOK 30JI0THUKA KEPYBAHHS; 5 — JBHUIA MOSICOK OC-

HOBHOT'O 30JIOTHUKA; 6 — MpaBHii MOSICOK OCHOBHOTO 30JI0THUKA; 7 — IITOKOBA MOPOXHUHA OCHOBHOT'O Ti/IPOIIMITiH-

Jpa; 7 — MOpIIHEeBa MOPOKHUHA OCHOBHOT'O 30JIOTHHKA; 8 — IITOKOBA MOPOKHMHA 30JI0THUKA KEPYBaHHS

Fig. 5. Scheme of the hydraulic system of the mortar pump drive: 1 — piston of the hydraulic cylinder; 2 — pis-
ton rod; 3 — lower belt of the control spool; 4 — upper belt of the control spool; 5 — left belt of the main spool; 6 —
right belt of the main spool; 7 — rod cavity of the main hydraulic cylinder; 7 — piston cavity of the main spool; 8 —

rod cavity of the control spool

O

[TincTaBuBmM B piBHAHHA (5) 3aMicTh U(f) BEIUYHUHY, S g TOOTO KIHIIEBY IIBHJIKICTb

PO3TOHY MMOPIIHA, 1 BUKOHABIIIH ,Z[eHKi NEpETBOPCHHA, 3HalIeMO Yac PO3TOHY MOPLIIHS

_\/:Bm O, 6
t"_—S—S’ arctg —U'(O) '_ﬂ-m . (6)

Busnauenuii 3a 3anexHictio (6) yac posrony nopuHs ckianae 0,00214 ¢, mo 3Ha4YHO
MEHIIIe, HIX Yac 3aKpUTTS HarHiTaabHoro kianaxa (0,0225 c). Po3rin nopiHs BigOyBa€eThCs pu
MOBHICTIO BIIKpUTOMY HarHiTaJbHOMY KJlallaHi, a OTKE, BIIPUB MOPIIHS BlJ] PO3UMHY HEMOXKIIN-
BUH, OCKUIbKM B TOPIIHEBiM MOPOKHUHI 30€pira€ThCsi TUCK, OMM3BKUI O HOMIHAJIBHOTO THCKY

HarHiTaHHS PO3YUHY.
I3 piBHsIHHS cucTemu (3) MOKHA TaKOK BU3HAYUTH TUCK Macja HAMPHUKIHIII PO3TOHY MOp-

EF+m-g+m-0'(t)
S-S
VY npyriii $a3i nocriiiHa MBUAKICTh PyXy MOPIUIHS CKIaJaTHMe
0 69310
S-S 38,510 -19,6-107

mHs P(t) = , aKkuit qopiBHioe 4,22 MITa.

=0,367 M/c,

a TUCK MacJa JI0 3aKpUTTs HarHiTaieHOro KiamnaHa — 3 Mlla i1 micns #oro 3akputra — 8,3 Mlla
IIpU TUCKY po3unHy 2,5 MITa.

VY Tpertiit $a3i MWBUAKICTH PyXy HNOPILHS 3pOCTE B pe3yJIbTaTi BUTHCKYBAaHHS B JIIHIIO Ha-
nopy macia 3 AudepeHiiaibHOT HOPOKHUHY 30JI0THUKA KEPYBaHHS 1 CKiIaje
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—4
e 0, _ 6,93-10 _ 0,403 Mlc,

S—S8'—S,+S  (38,5-19,6—3,8+2,1)-10"

ne S, 1 S/ — BiANOBIAHO IUTONIi GiMBUIOrO Ta MEHILOTO MOACKIB 30JI0THUKA KEPYBAHHSL.
Tuck mMacna 3pocte y Tiii camiid mponopitii i 0yne gopiBaioBatu 9,12 MIla.
- 6-10°
Yac wmiei dasu Oyne TpuBatH ¢, = n_2T 0,0149 c,
v 6,403
7€ ), — XiJ 30JIOTHUKA KePYBaHHS JI0 ITOYATKYy BiIKPUBAHHS LIUIHHU.

Y derBepTiit Pa3i Macio nepeKkavy€eThess MACJIOHACOCOM Ta PO3AUISETHCS HA 1B TIOTOKU —

B IITOKOBY NOPOXKHUHY TiIPOLMIIIHIIPA 1 B TIOPOKHUHY 8. 3aI€KHICTh PO3MOIIICHHS TOTOKY Ma-
clia Ma€ TaKUU BUTIIAL

1 1 2
0(t)-(S—S' =S, +S)+u-S,, - 7gAP:Q0, (7)

ne M — KoeQilleHT BUTpaTH Macia; S, — IUIOLIA UIUIMHY BIAKPUBAHHS 30J0THUKA; y — FYCTHHA

Mmacia; AP —1epenan TUCKY Maciia nepej H_Ii.]'II/IHOIO.

Pimenns 3anexxHocTi (7) 3a aHaJIOTi€r0, MPUUHSTOO IS TIepIoi (ha3u, 1ae piBHIHHS IS
IIBUIKOCTI TAIbMYBaHHS

’ QO —aPt
= l‘ == . 8
vy S-5-8+5 ° ®)

_In1000  2,3:3 3,61
"oa P 1,91JP P

IIOBHOT'O 3yIMHEHHS OPILIHSA 00€pHEHO NMPOIOPLIHHNNA KOPEHIO KBaipaTHOMY THCKY Macia. Konun
THUCK Macja B rigpocuctemi B Mexax 5...10 MIla yac ranpmyBanns cknanatume Big 0,0011 go
0,0016 c.

[Ticist 3ynUHKY MOPIIHS BCE MACTIO, SIKE HarHITA€ThCS B1Jl MAcJIOHAcOCa, BUTpayae CHEPrio
Ha IepeMillleHHs] OCHOBHOTI'O 30JI0THHUKA. PO3paxyHKH 3a 3aJI€KHOCTSIMU BHILE TTOKA3YIOTh, 1110 4ac
Ha KIHIIEBE TIEPEeMIIIeHHS I[bOTO 30J0THUKA cKiagae 0,0069 c.

-3
Yac ranbmyBanHs 10 v-107 cknazge ¢ , Ta O3HAYae, 10 Jac J0

V.mle 6 7

03 5
0,2 1
01

Il
0,14 0,16 0,18 0,20 0,22 0,24 0,36 0,38

Puc. 6. 3anexHOCTI 3MiHM MBUAKOCTI pyXy mopiiHs (1) 1 Tucky Macna (2) mpoTsAroM IUKITY poOOTH Tiji-
poumIiHapa

Fig. 6. Dependencies of changes in piston speed (1) and oil pressure (2) during the hydraulic cylinder op-
eration cycle

3a aHaJIOT1YHOI0 METOAMKOIO BU3HAUEH1 PiBHI MIBUIKOCTI pyXy HOPIIHS, TUCK Maciia i yac
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pyxy nopurHs st 5—8 das.

Ha ocHOBI MareMaTUYHOTO aHaIi3y BCTAHOBJIICHO 3aJIEXKHOCTI 3MIHH IIBUIKOCTI pyXy TO-
purHs (3) 1 TUCKY Macia (4) mpoTATOM MUKy poOOTH T1APOIMITIHAPA Ta 3BEJICH] J1aHi 1Mo ycix da-
3ax taou. 1.
3a K1 poOOTH pO3YMHOHACOCA BiIOYBAETHCS MIBUAKUNA TIEPEXil OPUTHS Bl MEPiOy TaIbMY-
BaHHS Ta PO3TOHY B KpalHiX “MepTBUX TOYKaxX J0 poO040i CTabIbHOT BUAKOCTI CIIPHUSIE TOMY,
10 OUTBIIY YaCTHHY X0y HOPIIEHb PYXAEThCS 3 MOCTIHHOIO MIBUKICTIO, IO Y CBOO YEpry, Mo-
3UTHBHO BIUTUBAE HA 3HWKCHHS PIBHS CTYIICHS MTyJIbCAIlild TUCKY MO/1a4i IepeKauyBaHOTO PO3YHHY
Ta PIBHOMIPHICTB MOJa4l PO3YUHY.

Ta6mums 1. 3Beaeni nani mo ycix (azax 3MiHM MIBUIKOCTI PyXy HOPIIHS i THCKY Maca MPOTIroM
UKy pOOOTH T1APOIIIIIHApPA

Table 1. Summary data for all phases of piston speed and oil pressure changes during the hydraulic
cylinder operation cycle

ITo3HAau. ) v, M/C P, MIla
. . TpuBaJicrs, - -
ALISTHKH Ha3gpa ginsinku c mo- | KiHelb | IIO- | KIHEIb
Yar. yar.
1-2 da3za 1, posrin yBepx 0,00214 0,000 | 0,367 | 2,00 4,22
2-3 ®daz3a 2, yactuHa 1 0,0225 0,367 | 0,367 | 3,00 3,00
4-5 ®daza 2, yactuna 2 0,1347 0,367 | 0,367 | 8,30 8,30
6-7 ®daza 3 0,0149 0,403 | 0,403 | 9,12 9,12
7-38 da3a 4, ranbMyBaHHSA 0,0015 0,403 | 0,000 | 9,12 2,00
8-9 IlepextoueHHs OCH. 30JI0THUKA 0,0069 0,000 | 0,000 | 2,00 2,00
9-10 da3a 5, po3riH yHU3 0,00302 0,000 | 0,354 | 2,00 4,02
10-11 ®a3za 6, yactuna 1 0,0307 0,354 | 0,354 | 2,29 2,29
12-13 ®daz3a 6, yactuHa 2 0,1351 0,354 | 0,354 | 7,20 7,20
14 -15 ®aza 7 0,0157 0,389 | 0,389 | 7,92 7,92
15-16 ®a3a 8§, ranbMyBaHHS 0,0020 0,389 | 0,000 | 7,92 2,00
16 — 17 | IlepexitoueHHs OCH. 30JI0THUKA 0,0038 0,000 | 0,000 | 2,00 2,00

MatematuuHuil aHaii3 poOOTH TiPONPUBOY JO3BOJIUB BCTAHOBUTH, L0 JOCUThH TPUBAJIL
3YNUHKH MOPLIHS Y MEepTBUX TOUKaX 0OyMOBJIEHI BUTpaTaMH Macia Ha MEPeKI0YEeHHS OCHOB-
HOT0 30JI0THUKA. B 1aHOMy BUIaaKy CyMapHUIl yac 3yIMHOK Ha MEPEKII0UYEHHS [IbOT0 30JI0OTHUKA
cknazae 0,0069+0,0038 =0,0107 ¢ B mopiBHSAHHI 3 YaCOM OJAHOTO IIUKIY pOOOTH pO3UMHOHACOCA

60 o
—=0,373 c. A oT)Ke yac 3yMHOK NOPIIHS Y MEPTBUX TOUKax ckiane 2,9%, y ToH ke yac K

161

CyMapHa TPUBAIICTh YCIX PO3TOHIB 1 raJlbMyBaHb MOPIIHS 33 OJUH UK TUTbKH 2,32%. Jlns cko-
POYEHHS Yacy MepeKIIOUeHHs MOPIIHS MPH MOIAIbLIIOMY NPOEKTYBaHHI HEOO0X1JHO 3MEHIIyBaTH
JiaMeTpH TOSICKiB OCHOBHOTO 30JIOTHHKA, & TAKOXK BETMYMHY XOJIY I[LOTO 30JI0THUKA, X0Ua 1€ TEX
BUCOKI ITOKa3HUKHU CTAO1IBHOCTI CIIpaIfOBaHHS 30JIOTHUKIB OIS "MEpTBUX” TOYOK.

OCKiNBKY TMPUHHATO, IO 3MIiHM THCKY PO3YMHY B TaKTaxX HArHITAaHHS Ta BCMOKTYBaHHS
BiZIOYyBarOTbCS B OJJHAKOBUX MEXKaX, a CTPyMiHb PO34YMHY Ha BUXO/ 3 HarHITAIbHOTO TpyOOIpo-
BOJy IiJl 4ac poOOTH pO3YMHOHACOCA 3 KOMOIHOBAHUMHU KOMIIEHCATOpaMU MOMIPHUI, TOMY MO-
Jla4ya po34MHY MPOTATOM IIMKITY HE 3MIHIOETHCS. 3a L1€10 YMOBH 3MiHA 00’ €My CTHCHYTOT'O HOBITpS
B KOMIIEHCATOPI IiJl Yac 3MiHM KyTa ¢ OyJe CKlanaTu

IPH o< p <7, AVlen(xl—;l—”-(oJ, )
w
P 7 < <27, AVQ_F,,-Kxn_%j_;’_n.(w_ﬁ)}
T
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1€ AV; —3MiHa 00’ €My CTHCHYTOIO MOBITPS B KOMIIEHCATOP1 y TAKTI HArHITAHHSA IOPIIHSA 10 BiJ-

HOIIEHHIO IO 00’€My CTHCHYTOTO HOBITPSA NP ¢=0, AV, — T€ X CaMe y TaKTI BCMOKTYBaHHs
IOPLIHS, TOOTO IIPH ¢ =0..27 ; x; — 3aKOH PyXYy MOPILUHSA 3aJI€XKHO BiJl KyTa ¢ B TAKTI HATHITaHH:
(p=0.r), Bu3HAuaeTbcs 3a 3anexHictio (9); h, — IOBHA BEIMYMHA XOJy IOPLIHS
hy = x" — xlmin , BU3HAYAETHCS TAKOX 3a PIBHSAHHSM (3), 11 BEIMYMHA HE3HAYHO BIIPI3HAETHCS

Bix 2R 3a paxyHOK 3MiIIEHHS 0CI Bajla KPUBOIIMIIA BITHOCHO OCI IIOPLIHS; X, — BEJIMYMHA X| TIPHU

p=7.
3rizmHo 13 3aKkoHOM boitnsi-MapioTra,
v, : V,
Vip = Pay - <24, SBUIKH. = - —KOMI (10)
Py Vo

VKOMn — NPpUBCACHUU

e v, — IOTOYHMI 00’ €M CTUCHYTOIO IIOBITPs B KOMIIEHCATOP1 IPH KYTi ¢ ;
nmo  HopmambHMX  yMoB  (p,. =0,1 MIla) 06’eM MOBITpA B  KOMIICHCATOPI;
pp — THCK CTHCHYTOI'O noBiTp4 (¥ po3unHy) mpu KyTi @, MIla.

3anexHicth 1 Ha puc. 2.5 XxapakTepusye mojlady po3urHy B HIJIIHIPUYHY KaMepy KOMIle-
HCATOPIB BiJI MOPIIHS B TaKTi HATHITAHHA 3 ypaXyBaHHAM 3aKOHY Horo pyxy. Lls momaua Bu3Ha-
4acThCs 3a BUPA30OM F), - x; . 3aIEKHICTh 2 (pHC. 7) XapakTepusye 3MiHy 00’ €My pO3UMHY B LMIIi-

HAPUYHINA KaMepi KOMIIEHcaTopa MpH MoJ1avi HOTO B HArHITAILHUI TPYOOIPOBI i1 Yac BCMOK-
TYBaHHSI, 110 BU3HAYAETHCS 3aJICHKHICTIO
V

g=—22.5() (1n)

ne v, , ~ JicHUH poOounii 00’ €M MOPIIIHS.

3anexxHICTh 3 XapakTepusye 3MiHy 00’€eMy pO3YMHY B LMIIHAPUYHIA KaMmepl KOMIIEHCa-
TOpa MPOTATOM IMKITy pOOOTH pO3YMHOHACOCA.

v, V, am
| I | 3
1 - '
e e T -
0.3 F—- — : oL
02 | d 3 : ' s
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. - 4 ! ~
U T el E S
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Puc. 7. 3anexHicTh 00’ €My po3unHY B UWIIHAPUYHUX KaMepax KOMIIEHCATOPiB po3UMHOHAacoca: 1 — Bix
nepeMilieHHs HOPUIHS, 2 — BiJl mojadi B TpyOoIpoBiz, 3 — 06’eM po3unHy B NMIIHAPUYHIN Kamepi 3a TIOBHUH LUK
pobotu
Fig. 7. Dependence of the volume of solution in the cylindrical chambers of the mortar pump compensa-
tors: 1 — on the movement of the piston, 2 — on the supply to the pipeline, 3 — the volume of solution in the cylindri-
cal chamber for the full cycle of operation

Ockinbku Vp=Vo—AV , TO 3 ypaxyBaHHAM dbopmy (1) MaemMo 3MiHY TUCKY PO3YUHY NPO-

TATOM LUKy poOOTH pO3UMHOHAacoca
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Pygamm Vicomn

OS(PSH, pgomax - 2 h
VO_Fn'{R'(I_COS(/))—|:Z—\/[2_(R'Sin(/)—e) }2:;'60}, (12)
T<@<2rm, Py, = p(ﬂoamZ'kazn .
o= {2} o)

ne v, — PUBENEHUHN 00’ €M MOBITPS KOMIIEHCATOPA 10 aTMOCHEPHOTO TUCKY p . 5, — 00’ €M

Komn

— TUCK CTUCHYTOI'O I10-

. . V
CTHMCHYTOI'O IIOBITPA B KOMIICHCATOP!1 IIPH @ = 0, Vo = Pamm - K;Mn R pgooamM

BIiTPsl HA [IOYATOK LUKy poOOTH po3urHOoHacoca, MlIla; y — Xiz IOpIuHs B TaKTi HATHITAHHS, 11O

BU3HAYAETHCS 32 PIBHSIHHIM (3).
Takum 9uHOM, KOPUCTYIOUUCH hopmysiamu (12), MO’kKHA BU3HAYUTH 3MIHY THCKY PO3UHHY

IPOTATOM LUKy pOOOTH PO3YMHOHACOCA, AKIIO BiJOMi napameTpu R, [, e, F,, V,,,,, Ta noda-
TKOBUH THCK p, . .
Benunuuna ctynens mynbcalii TUCKY 0 BU3HAYa€eThes 32 (OPMYJIO0
5 = Pmax = Pmin_10 o5, (13)
Pcp
1€ p, ~ Cepe/Hil THCK 3a IUKJI [10/1a4i PO3YUHY,
_ Pmax t Pmin (14)

pCp 2

B Tabnumi 2 HaBeneHi po3paxyHKOBI JaHi MyJIbCalliid PO3YHHY B 3aJI€KHOCTI BiJ TUCKY.

Ha puc. 8 npencrapiieHi 3aJ1e)KHOCTI 3MIHU TUCKY PO3UYHMHY, L0 IEPEKauy€eThCs IPOTATOM,
MOBHOTO IIUKITy pOOOTH /ISl PO3YMHOHACOCA 3 KOMOIHOBaHUMH KOMIIEHCATOPaMH 000X KOHCTPY-
KTUBHUX DILLIEHb, 10 MPOIOHYIOThHCS, OTpUMaHi 3a gonomoro [IEOM 3 BukopucTaHHSM CHC-
TEMHU PiBHAHB (9) NP 3HAYEHHAX TUCKY po; =1 Mlla, py, =2 Mlla, py; =3 Mlla, py, =4

Mlla, 3a IKUMU BU3HAYAETHCS CTYMIHb ITYJIbCALIIM.

Tabmuns 2. Po3paxyHKOBI 3HaUEHHS ITyJIbCALlI PO3YUHY B 3aJI€KHOCTI BiJ THCKY.
Table 2. Calculated values of solution pulsations depending on pressure.

D, sMlIa P » MIa Ap , MIla P> MTIla 3. %
Po3unHoHacoc 3 KOMOiHOBAHUM KOMIIEHCATOPOM 30i/1b1IIEHOr0 00’ €My
1,0 1,130 0,130 1,065 12,2
2,0 2,300 0,200 2,150 14,0
3,0 3,600 0,600 3,300 18,2
4,0 5,180 1,180 4,590 25,7
I'inponpuBoAHHKI PO3YHHOHACOC 3 KOMOIHOBAHMM KOMIICHCATOPOM 30i/1b11IEHOr0 00’ €My
1,0 1,07 0,12 1,01 11,9
2,0 2,1 0,25 1,975 12,6
3,0 3,2 0,45 2,975 15,1
4,0 4,3 0,7 3,95 17,8

AHai3 OTpUMaHUX TEOPETHUUHUX 3aJIEKHOCTEHN CBITYUTH MPO Te, IIO MMiJl Yac TaKTy Ha-
THITaHHS y PO3YMHOHACOCA 3 €JIEKTPOMEXaHIYHUM MPUBOJIOM THCK IOBITPS B KOMIIEHCATOPI IO-
YMHAE 3POCTaTH, JOCATA€ MAKCMMAJIbLHOTO PIiBHA p, -~ TPU KyTi OOEpTaHHs KPUBOLIWIA

@ = -8,21° 1o 0= 174,78 i motim 3a paxyHOK Jiii 00’ €My MOBITPSI B KOMIIEHCATOP1 PIBHOMIPHO

3HMXKYETHCS 10 MIHIMAJIBHOTO MIPU @, = 174,780 no ¢, =351, 79° 3a nesikumii yac 10 3aKiHYEHHS
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TaKTy HArHITaHHS, 1110 BIIOYBAETHCS 32 paxXyHOK 3MIIIEHHS BiCi Bajia KPUBOIIKIIA BHU3 BITHOCHO
oci MopIIHA. Y po34MHOHACOCA 3 T1IPaBIIYHUM MIPUBOAOM TUIBKU Ha He3HauHHX (Paza 14, 5'—
7") miAsHKaX i1 9ac IepEMUKAHHS 30JIOTHUKIB BiIOYBAIOTHCS BCILUIECKH TUCKY Ha TipoTs3i 0,02 c.
B minomy mig yac TakTy HarHiTaHHS TUCK I10J1a4i CTa0UIbHUM, a B TAKTI BCMOKTYBaHHS 33 paXyHOK
KOMITCHCYIOUOi i1 00’ €My MOBITPsI B KOMIIEHCATOP1 pIBHOMIPHO 3HMKYETHCS, B PE3YJIbTaTI IOTO
CTYIiHb MyJIbCAII PO3YMHOHACOCA 3MEHITYETHCH.

p, MIla P, MPa
7
6
4
5 ZasEE R A
67 A
/ \ s F‘L
D 7 J T —————
’—-\4\ :‘_ 34, ) L
3 2 l" ! 67 b B SN
2 | f 2
1 12| 3 o o
] ]'_"'4 ( //1 §
0
0 1 2 3 4 S 6 ¢,pax ! ‘& g 1 6018 020 022 024 026 026 030 031 034 036 03LS
a(a) 6 (b)

Puc. 8. 3anexHocTi TUCKY PO34UHY p = f (z) [IpH TIoa4i y TpyOOIpOBiL IPOTATOM LIUMKITY BiJ KyTa MO-
BOPOTY Baty Kpusotuumna npu 1 — py; =1 Mlla; 2 —Mlla; 3 — py; =3 Mlla; 4 — py, =4 Mlla: a) nns
pO34rMHOHACOCa 3 eJ'IeKTpOMeXEIHi‘IHI/IM IIPUBOAOM; 6) AJIAA pO34YMHOHACOoCa 3 l"i,I[paBJ'Ii‘IHI/IM MNpUBOAOM

Fig. 8. Dependences of the pressure of the solution when supplied to the pipeline during the cycle on the
angle of rotation of the crank shaft at 1 — py; =1MPa; 2 — py, =2 MPa; 3 — pg3 =3 MPa; 4 - py, =4

MPa: a) for a mortar pump with an electromechanical drive; b) for a mortar pump with a hydraulic drive

AHaii3 OTPUMaHUX TEOPETHUYHHUX 3aJICKHOCTEH CBIIUUTH MPO Te, 110 MiJ Yac TaKTy Ha-
THITaHHS y PO3YMHOHACOCA 3 €JIEKTPOMEXaHIUHUM MPUBOAOM THCK MOBITPsI B KOMIIEHCATOP1 MO-
YMHAE 3POCTATH, JOCATA€ MAaKCHMMAJbHOTO PIBHA p, .. TPH KyTl OOEpTaHHS KPHBOLIMIA

17 =-8.21° 50 0 =174,78" i moTiM 3a paxyHOK Jii 00’€My MOBITPS B KOMITEHCATOPi PiBHOMIPHO
3HIKYETHCS JI0 MiHIMAIBHOTO TIPU () = 174,78° no @, =351, 79° 3a neskuii yac 10 3aKiHYEHHS

TaKTy HarHiTaHHs, II0 BiAOyBa€ThCS 3a paXyHOK 3MiLLIEHHs Bicl Bajly KpUBOIIUIIA BHU3 BIIHOCHO
ocl MOpIIHA. Y pO3YMHOHAcOCcA 3 T1/IpaBIiuHUM IIPUBOJIOM TUIbKHM Ha He3HauHuX (paza 1'—4', 5'-
7') miAsSHKaX Mij 4ac MepeMUKaHHs 30J0THUKIB BiI0yBalOThCs BCIIECKU TUCKY Ha mpoTs3i 0,02 c.
B ninomy mijg yac TakTy HarHiTaHHS THUCK I10J1adl CTaOlIbHUH, a B TAKTI BCMOKTYBaHHS 32 paXyHOK
KOMIIEHCYI04O1 J1ii 00’ €My NOBITPs B KOMIIEHCATOP1 PIBHOMIPHO 3HM)KYETHCS, B PE3YyJIbTATI LIbOT'O
CTYIiHb MyJIbCAII PO3UMHOHACOCA 3MEHITYETHCH.

Cryninb 3pocTaHHS TUCKY B TaKT1 HArHITAHHS 3HAYHO 3aJI€KUTh BiJl PIBHS MOYaTKOBOI'O
TucKy. JlificHo, mpu mouatkoBomy THCKY 1 MIla (puc. 8, a) iioro mysnbcais npu poOoTi pO3YHHO-
Hacoca 3 KOMOIHOBAaHUM KOMIIEHCATOPOM 301IbIIEHOr0 00’eMy crtaHoBUTH 12,5%, a mpu

po =2 Mlla - 14,0%,. Ilig yac po6oTH riiponprBOJHOTO PO3YHMHOHACOCA 3 KOMIIEHCATOPOM 30i1-

aemieHoro 06’emy mpu 1 Mlla (puc. 8, a) mynbcamis TuCKy cTaHOBHTB 11,9%, apu py =2 MIlla

—12,6%, 110 XapakTepu3ye 3HHKEHHS MyJbcalliil Hacoca.
Ilpu tucky po=4 MIla (puc. 8, 6) cTyninp mynbcanii 3HUKYeTbes 3 25,7% 10 20,8%

BIJIMOBI/THO, IO CBITYUTH MPO €PEKTUBHICTH POOOTH TiIPOMPUBOTHOTO POZUMHOHACOCA 3 KOMIIE-
HCAaTOpOM 301IbIIEHOT0 00’ eMy.

Ile MOSICHIOETHCS TUM, 1110 B HAIIBIMKJI HAarHITAHHS MIBUAKICTH pyXy poO0Yoro opraHa
TIOCTI}Ha, @ TAKOK CyMapHMI 00CAT J{) CTUCHEHOTI'0 IIOBITPs B KAMEPaxX KOMIIEHCATOPa Ha II0YaTKy
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UKy TIPSMO MPONOPUIHHUK CyMapHOMY MPUBEICHOMY 00'eMy Vap 1 3BOPOTHO MPOTIOPIIHHHINA

MOYaTKOBOMY THCKY TIOBITpPS B 1€ yac.
Ha puc. 2.7 npu noyaTkoBoMy TUCKY po =2 Mlla, a 11 cymapHOro npuBeeHoro oo'emy

nositps komnencatopa V, =41, 47 1 56 am® y po3uMHOHACOCIB Bi0yBa€ThCs 3HMKEHHS CTY-

Komn
HICHSI IyJIbCAIlii.

I'padiuni 3anexnocTi (puc. 9, 0) cBiq4aTh MPO TE, MO B TAPONPUBOIHOMY PO3UMHOHACOC]
Bi10yBa€ThCsA 3HUKEHHS Iy IbCallill TUCKY, IPY IOYaTKOBOMY TUCKY po =2 MIla, mia yac Harui-

TaHHs PO3YHHY, B IOPIBHAHHI 3 PO3UMHOHACOCOM 3 KOMOIHOBaHUM KOMIIEHCATOPOM 301IbIIEHOTO
00’emy.

INaponpuBoaHUil pO3UMHOHACOC 3 KOMOIHOBAaHMM KOMIIEHCATOPOM 30LIBIICHOTO 00’ €My
BKe IIpH 00’ eMi Kommencartopa V. =41 aM° 3a6e3medye noMipHy MyJIbCarlito Ha piBHi & = 0,19

, 110 JI03BOJINTH SIKICHO MPOBOAMTH INTYKATypHI poOOTH Mij 4ac mepeKaqyBaHHs.
Takox Ha BIMIHY BiJ] €JICKTPOMEXaHIYHOTO IIPUBO/IA MTPH SAKOMY B KiHIII XOY IOPIIHS B

TaKTi HAarHITAHHS HOTO MBUKICTH ICTOTHO 3HIKYETHCS 1 IKHICh Yac He 3a0e31euye piBeHb cepe-

JTHBOI MMO/1ayi 3a MK, TiApaBIiyHui 3a0e3neuye nocTiiHuii Tuck nojayi. [lounnaroun 3 1bOro

MOMEHTY, 110/1a4a PO3YMHY B HATHITAIBHUI TPyOOIPOBi BiIOYyBa€THCS HE TUTBKHU 32 paXyHOK Ha-

THITaHHS BiJ] OPIIHS, aJie i 32 paXyHOK PO3IIMPEHHS CTUCHEHOTO MOBITPs B KOMITeHcaTopi. Takwuii

IPOIIEC CIIOCTEPIraeThCs 1 B MOYATKOBUI MOMEHT TAaKTy HarHiTaHHsI, 0 J00pe MOMITHO Ha 3aje-

’KHOCTSX 3 BUCOKUM TUCKOM ( po =3 14 MIla).

- P, MPa
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Puc. 9. 3a1eKHOCTI TUCKY TIPOTATOM LUKIY BiJI CyMapHOT'O TIPUBEIEHOTO 00'€eMY TIOBITPS: &) [isi PO3UKHO-
Hacoca 3 KOMOIHOBaHMM KOMIIEHCATOPOM 301IbIIeHOT0 00’ eMy; 0) JUIs T1IPOIPHBOIHOTO PO3UHHOHACOCA 3 KOMOi-
HOBAHHM KOMIIEHCATOPOM 30ibieHoro o0’ emy 1 — y, 00— 41 iM%, 2 — p, o — 47 O, 3 = Vyeppun3 =56 M.

Fig. 9. Dependences of pressure during the cycle on the total reduced volume of air: a) for a mortar pump
with a combined compensator of increased volume; b) for a hydraulically driven mortar pump with a combined
compensator of increased volume 1 — Vkompl =41 om3, 2 — Vkomp2 =47 oM, 3 — Vkomp3 = 56 IM°.

Taxuit moyaTkoBUil piBeHb TUCKY OyB 0OpaHMii y 3B'A3KYy 3 THUM, 110 TUCK MI0Jja4l PO3UUHY
1,5...2,5 MIla € HaliG11b1I TOIIMPEHUM NTPH BUKOHAHHI IITYKAaTYpPHUX POOIT.

5. BucHoBKHM:

1. BUKOHaHUI aHali3 Ta OLIHKAa KOHCTPYKIINA PO3YMHOHACOCIB 3 PI3HUMH MPUBOAAMHU Ta
KOMITCHCYFOUUMHU TPUCTPOSMHU;

2. 3 mpeCcTaBIeHNX TEOPETUUHUX 3aJIEKHOCTEH BUIHO, [0 BEJIMYMHA CYMapHOTO MPHBE-
JIEHOTO 00'eMy 3HAYHO BIUTMBAE HA PiBEHb KOJMBAHHS THUCKY MPOTATOM IMKIY poOOTH Hacoca.
AJie He 3aJIe)KHO BiJ MPUBOJY BEJHKE KOJMBAHHS THCKY CHOCTEPIraeThCs TOM1, KOJIM HaBEeACHUN
00CAT HOBITPS CTAHOBUTH MeHIe 40 1m>;

3. I3 3a3HaueHMX aHUX BUILTUBAE, 1110 JUI 3a0€3MeUeHHsI MOMIPHOTO PiBHA MyJIbcallii mo-
Jadl po34rHY Ha piBHI & =0,2...0,25 MpuBEACHUA 00'€eM TOBITPSI B KOMIIEHCATOP1 IOBUHEH OyTH
He Menine 41 qm’;

4. TigponpuBOJHHMNA PO3YMHOHACOC 3 KOMOIHOBAaHMM KOMIIEHCATOPOM 301UIBIIEHOTO
00’eMy mparroBaTuMe e€(eKTUBHIIIE 1O BITHOIICHHIO 10 PO3YNHOHACOCA 3 KOMOIHOBAHUM KOM-
MIEHCATOPOM 301IBIIEHOTO 00’ eMy.
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COMPARATIVE ANALYSIS OF MATHEMATICAL MODELS FOR THE SCREW
UNIT IN SMALL CONTINUOUS-OPERATION PLASTERING MACHINES

ABSTRACT. The development of modern construction necessitates improving mechanized mortar
application methods. One of the key elements of small-sized continuous plastering units is the screw as-
sembly, which ensures uniform supply and mortars transportation.

Its effectiveness directly depends on the design parameters, physical and mechanical properties
of the material and operating conditions. To analyze the operation of the screw assembly, various mathe-
matical models are used to describe hydrodynamic processes, mechanical interactions between system
components and mortar flows characteristics.

Important criteria for choosing mathematical models are forecasting accuracy, implementation
complexity, and practical application. The article provides a detailed review of existing modeling ap-
proaches and identifies their features.

In the course of the study, a mathematical model’s comparative analysis used to describe the screw
operation assembly was carried out. Their advantages and disadvantages, as well as areas of application,
are established.

It is shown that each of the models has its own applicability limits and forecasting accuracy de-
pending on the type of working environment and unit design features. Recommendations for choosing the
most effective mathematical model for predicting the screw assembly operation of small-sized plastering
units are proposed.

The results obtained contribute to improving the efficiency of plastering units through a well-founded
choice of mathematical models for analyzing their work processes. The defined evaluation criteria can be
used to further improve theoretical approaches to calculating the characteristics of the screw assembly and
its optimization.

Keywords: screw assembly, small-sized plastering units, mathematical modeling, comparative
analysis, mortars.

1. Problem statement. Small-sized continuous plastering units are widely used in con-
struction due to their ability to ensure uniform application of mortars. However, their efficiency
largely depends on the screw unit operation, which performs the function of feeding and transport-
ing the mixture. During operation, problems arise associated with wear of parts, changes in the
physical and mechanical characteristics of mortars and work process instability [1].

The screw assembly operates in difficult conditions, accompanied by exposure to abrasive
particles, significant loads and variable parameters of the building mixture. This necessitates tak-
ing into account a wide range of factors during the design and unit operation. In addition, the
mixture physical and rheological properties may change during transportation, which affects the
efficiency of the unit and leads to unpredictable deviations in the material supply.

The development and selection of an adequate mathematical model that allows you to de-
scribe the working processes of the screw assembly as accurately as possible is a difficult task.
Existing mathematical models are divided into analytical, numerical and experimentally-statisti-
cal. Each of these approaches has both advantages and limitations[2]. Analytical models make it
possible to establish general patterns of node functioning, but are often based on simplified as-
sumptions about physical processes. Numerical methods provide high modeling accuracy, but re-
quire significant computational resources. Experimental-statistical approaches allow obtaining
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empirical data, but their application can be complicated due to experimental research complexity.
Another important aspect is the development of a universal criterion for evaluating mathematical
models’ effectiveness. Modern research offers different approaches to assessing the performance
of a screw assembly, but there is no single approach that would take into account all the necessary
parameters: energy efficiency, wear resistance, supply stability, influence of mixture physical and
mechanical characteristics, etc. This makes it difficult to choose the optimal model and its practical
application.

In view of the above, a systematic comparative analysis of existing mathematical models
describing the screw assembly operation in small-sized plastering units is needed. Such an analysis
will allow not only to identify their strengths and weaknesses, but also to determine the most suit-
able approaches for specific operating conditions. It is also important to form recommendations
for the use of different models depending on the technological requirements and parameters of the
mortar.

2. Analysis of recent sources and publications. Different researchers propose different
approaches to mathematical modeling of screw assembly’s operation. Mathematical modeling is a
key tool for optimizing mechanism operation, particularly screw assemblies in small-sized plas-
tering units [3].

The screw assembly acts as the main element for transporting and feeding building mix-
tures, and the efficiency of its operation directly affects the productivity of the unit as a whole.
Developing and improving mathematical models of these mechanisms is crucial for ensuring high
reliability and cost-effectiveness in construction processes.

Traditionally, screw assembly mathematical models rely on the fundamentals of fluid and
solid mechanics. One of the first modeling attempts used classical equations to describe fluid
movement through a screw in pipelines, considering factors like fluid compressibility, friction,
flow velocity changes, and mixture viscosity.

The authors of these developments believed that the most important parameters are the
pitch of the screw turn, its diameter, as well as the size of the gap between the screw and the
cylinder wall.

One example of such models was proposed by scientists in papers where the theory of mass
and energy transfer was used to determine the speed of working medium movement through the
propeller [4-6].

These models were based on the assumption that the solution was homogeneous and vis-
cous, and took into account only the mechanical aspects of motion.

Given that plaster mortars are complex non-Newtonian fluids with different properties, in-
cluding viscosity and ductility, there is a need to create more complex rheological models. y ac-
counting for the nonlinear interaction between the screw and the mixture, researchers achieve more
accurate modeling of real operating conditions.

One such model is the Bingham model, which is widely used to describe the flow of plastic
fluids. It allows you to accurately simulate the processes of mixing and transporting thick mortars,
such as plaster or cement mixture. According to this model, the fluid exhibits plasticity when a
certain limit stress is reached, after which it can flow like a viscous liquid.

An important point in the use of rheological models is their ability to take into account the
effect of temperature and humidity on the viscosity and fluidity of the solution, which significantly
increases the accuracy of modeling. Such models make it possible to predict not only the efficiency
of transporting solutions through screw assemblies, but also to optimize the design of the unit itself
to reduce energy costs [7].

With the development of technology and the need to increase the performance of units,
some researchers have proposed thermodynamic models that take into account the heat exchange
between the working surfaces of the screw and the environment. Such models are especially im-
portant when the working mixture experiences intense heating due to friction or when the medi-
um's temperature significantly affects the solution's properties. Taking into account such factors
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allows you to more accurately predict the behavior of the screw assembly in different temperature
conditions.

In the works of recent years, the authors have developed models in which the equations of
heat transfer and friction are integrated to analyze changes in the properties of the mixture during
its movement through the screw. This allows not only to increase the accuracy of mathematical
calculations, but also to ensure proper control over the quality of plaster application [8].

The modern development of numerical methods, such as the finite element method (FEM), opens
up new opportunities for more detailed modeling of screw assembly’s operation.

The difference between such models lies in the ability to accurately take into account com-
plex geometries of screw elements, deformations of materials and local unevenness of stress dis-
tribution.

Modern research employs multi-physics models that integrate mechanical, thermody-
namic, and rheological equations for more accurate simulations. Numerical methods enable the
analysis of screw assemblies at various operational stages, particularly in detecting areas of in-
creased wear or malfunction [9].

In addition, an important aspect is the use of technologies such as machine learning to
optimize the parameters of screw assemblies. This allows processing large amounts of experi-
mental data and identifying optimal solutions to improve the design and operation of the units.

3. Purpose of the work. The aim of this study is a comprehensive analysis of mathematical
models describing the screw unit operation in small-sized continuous-action plastering machines.
In particular, the comparison of different modeling approaches is envisaged, along with the assess-
ment of their accuracy, efficiency, and computational complexity. Particular attention is given to
identifying the key advantages and disadvantages of each method, as well as determining the op-
timal conditions for their application in engineering practice and scientific research

4. Research objectives. It is proposed to analyze existing mathematical models of the
screw unit operation, define the main criteria for model comparison, perform a comparative anal-
ysis based on the defined criteria, determine the optimal conditions for applying different models,
and provide recommendations for selecting the most effective mathematical model for predicting
the screw unit operation.

5. Discussion of research results. Classical mathematical models for screw units are based
on fluid mechanics and solid mechanics principles, using the laws of motion to describe the inter-
action between the screw and the fluid or mixture. The main task is to simulate the process of
transporting liquid or viscous mixtures through the screw assembly, taking into account the design
parameters and characteristics of the medium. Screw assemblies operate on a principle similar to
that of screw pumps, where fluid moves through a conduit or cavity that has a spiral surface. In
this case, the mathematical model of fluid motion can be described by an equation based on the
balance of forces and energy.

Under real conditions, the working mixture transported through the screw has the proper-
ties of a viscous liquid. In this case, the Navier-Stokes equation can be applied to describe the flow
of a viscous fluid in pipes or channels with complex geometry, in particular for helical assemblies.
The general Navier-Stokes equation in unreduced form for a stationary flow is of the form

p(%+v-Vv]=—Vp+yV2v+f (1)

where - p- liquid density, kg/m?; v - flow velocity vector, m/s; p - fluid pressure, Pa; p - dynamic
viscosity; f- external forces.

Screw pumps are used to pump a wide range of liquids, such as water, petroleum products,
and to move thick pastes, sludges, and mortars. After the fluid flow passes through the screw
channel, the liquid is transported along the pump axis. For this type of equipment, an important
characteristic is the volumetric flow of liquid, which determines the pumping efficiency.
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The liquid flow through the screw pump depends on several key factors, the most important
of which are the channel size, liquid viscosity, pressure difference between the pump's inlet and
outlet, and channel length.

To determine the volumetric flow through a pump operating under such conditions, a spe-
cial mathematical model can be used. One approach to the calculation is to apply a formula that
describes the volumetric flow based on the pump's main parameters and the liquid's properties.

When studying the mathematical model of a screw pump with a rheological component, it
can be built based on equations for flow velocity, liquid viscosity, and interaction with the pump
mechanism. One of the main approaches is to use equations that describe the liquid flow through
the screw channels of the pump. For rheological fluids, a generalized equation for flow velocity
can be applied, accounting for viscosity and changes in the flow structure:

_27-R-Ap
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where Q — volumetric fluid flow, m?*/s, R — pump channel radius, m, Ap — pressure difference
between pump inlet and outlet, Pa, L — channel length, m, p — dynamic viscosity of the liquid,
Pa-s, po — the base viscosity of the fluid, which characterizes its behavior at low flow rates, Pa-s.

The channel radius is an important parameter in a screw pump, as it directly determines the
amount of liquid that can be moved through the pump. With a larger channel radius, the amount
of liquid transported per unit of time increases. At the same time, increasing the radius leads to
changes in flow velocity and pressure, as it alters the flow geometry within the channel. This re-
quires taking such changes into account in the rheological properties of the liquid for more accurate
calculations.

The pressure difference between the pump's inlet and outlet is the main factor that drives
the liquid through the screw channel. Increasing the pressure difference enhances the flow veloc-
ity, which is particularly important for pumps handling high-viscosity liquids or large volumes.
However, this also increases energy consumption and can affect equipment durability, as higher
pressure imposes additional loads on the pump's mechanical components.

Liquid viscosity is one of the key characteristics that determine the liquid's flow ability.
For high-viscosity liquids (such as thick pastes, slurries, or construction mixtures), higher pressure
must be generated to ensure flow through the pump. Since the viscosity of such liquids changes
depending on the flow velocity, this must be considered in calculations using dynamic viscosity.
As flow velocity changes, viscosity can increase or decrease, which can affect the pump's effi-
ciency.

Base viscosity is a property of the liquid that determines its ability to flow under low flow
velocity conditions.

Base viscosity is a value used as a constant to assess changes in the liquid's properties
depending on fluctuations in its flow velocity. Liquids with high base viscosity generally create
much greater resistance during movement, which in turn leads to reduced pump efficiency, espe-
cially at high flow velocities. This effect is crucial for understanding liquid dynamics under various
operating conditions, as an increase in viscosity can lead to a significant rise in energy consump-
tion and a decrease in system productivity.

The channel length is also an important factor in flow calculations. Increasing the channel
length typically leads to a decrease in flow, as the liquid encounters more 'resistance' along its
path. This can be particularly important when designing pumps with long channels, as reducing
the channel length can improve pump efficiency.

The rheological properties of the liquid determine how it behaves when flowing through a
screw pump. For some liquids, such as water, oils, or gases, viscosity can be considered constant.
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However, for rheological fluids, such as slurries, cement mixtures, or pastes, viscosity changes
depending on the flow velocity.

For rheological fluids, the previously mentioned Bingham model or other models describ-
ing viscosity changes depending on flow velocity are often used. In such cases, flow calculations
through a screw pump may require additional correction factors to accurately reflect the impact of
viscosity changes on pump efficiency.

T=7+1"7, 3)

where 1 - shear stress, Pa; 7, - yield point, Pa;7 - plastic viscosity, Pa-s;y - shear Speed, 1/s.

Bingham's model is based on two main characteristics: fluidity and viscosity. It describes
fluids that require a certain minimum force to start moving. Such a fluid will not flow if the applied
force is less than a certain threshold, which is called the "yield threshold". This makes it possible
to describe the rheological behavior of substances, such as clay or dirty liquids, which behave like
solids until a certain threshold of strength is reached, and after overcoming it, behave like liquids.

When studying this model, it is especially important to take into account the design of
screw pumps used to transport thick liquids containing large amounts of solid particles or pasty
substances. Because these fluids are not ideal and viscous, their behavior when moving through
the pump requires a specific modeling approach. Considering the complexity of their movement,
the model must describe not only the change in viscosity, but also the interaction of the liquid with
solid particles, which affects the pumping efficiency. Therefore, in order to accurately predict the
operation of pumps under such conditions, it is necessary to take into account many factors that
can affect work processes, including changes in viscosity depending on the flow rate, particle
characteristics and other physical properties of the fluid.

Reducing pitch increases the number of turns per unit length of the screw, resulting in
slower but more stable fluid movement. This is especially important when transporting thick and
viscous materials, as the small step allows for a more uniform and consistent flow, reducing the
risk of clogging the pump. Such a screw copes better with liquids containing solid particles or
having high viscosity (Fig. 1).
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Figure 1. Screw with changed geometric dimensions and ridge pitch

Screw pumps work by creating mechanical energy that causes fluids to move, and Bing-
ham's model allows you to accurately predict how much energy is needed to move such fluids
through the system.

In addition, the yield threshold is important in determining under what conditions the fluid
will begin to flow. This can be useful for determining the energy costs of pumping and optimizing
pump designs for handling different types of liquids.

Considering the yield threshold, we can say that it can be used to describe the minimum
force or stress that must be applied for the fluid to start flowing. If the force acting on the fluid is
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less than the yield threshold, the fluid behaves like a solid. This can be important for processes
where it is necessary for the fluid to remain stable or stationary until a certain load is applied.

Plastic viscosity as an indicator determines the resistance of a fluid to deformation after it
has begun to flow. High ductile viscosity indicates that the fluid strongly resists flow, even after
the yield threshold has been overcome. For fluids with low viscosity, on the other hand, the move-
ment will be easier and they are able to flow with less applied force.

Shear velocity tells us how quickly a fluid is deformed by the applied force. It is defined
as the ratio of the change in velocity to distance. It is important for determining how fast a fluid
will move through a pump or pipe under certain loading conditions.

When studying the flow through the helical channel, you can use a modified version of the
Darcy-Weisbach equation, which takes into account the rheological properties of the fluid:

QZ27[-I§J-Ap{ 1 ) @)
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The Darcy-Weisbach equation has a number of assumptions and limitations. One of the
main assumptions is that fluid flow occurs under conditions of a linear relationship between flow
rate and pressure drop, which occurs only at low flow rates, when inertial effects can be ignored.
For faster flows, where these effects become significant, more complex models such as the Navier-
Stokes equation need to be used.

Another constraint is the assumption of the constancy of the porosity of the medium and
the constant viscosity of the liquid. In real conditions, these parameters can change, which requires
the use of more complex models.

In the general case, for a rheological model of a non-Newtonian fluid that does not have a
yield threshold, the dependence of viscosity on the flow rate can be taken into account.

For a more accurate mathematical model of a screw pump that takes into account thermo-
dynamic processes, it is necessary to consider factors such as heat loss, changes in pressure and
temperature in the liquid, as well as the viscosity and change in state of the fluid as it moves.

The liquid pumped by the pump can be considered to be subject to changes in pressure and
temperature when moving through the channel. As a result of the mechanical work performed by
the pump, the temperature of the liquid may rise due to friction between the fluid and the walls of
the channel.

Given the thermodynamic process, changes in temperature can be described by the equa-
tion:

Q=AT-C,m, (5)

where Q — the amount of heat absorbed or released by the liquid; AT — fluid temperature change;

C, — specific heat capacity of a liquid at constant pressure; m — mass of the pumped liquid.
Thermal processes can also affect the viscosity of the liquid. As the temperature increases,

the viscosity of the fluid may decrease, which in turn will affect the flow rate and efficiency of the

pump.
To describe the dependence of viscosity on temperature, the Arrhenius equation is used:

ELI

,u(T)z,uO-eE, (6)

where pu(T) — viscosity of a liquid at temperature; 4, — fluid viscosity at standard temperature;

E, — activation energy; R — universal gas constant; T — liquid temperature.

The general mathematical model of a screw pump, which takes into account thermody-
namic and rheological factors, describes the process of pumping a liquid through a pump, taking
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into account its rheological properties, temperature changes and pressure drop. The model inte-
grates equations for fluid flow, flow rate, and heat and energy losses.

The basis of the model is an equation that determines the flow rate of the fluid through the
pump, taking into account the cross-sectional area and flow rate, which depends on the pressure
drop and the fluid's flow threshold.

The viscosity of the fluid changes with the temperature, which is described by the Arrhe-
nius equation, which makes it possible to adjust the flow depending on the operating conditions of
the pump.

The rheological properties of the fluid are described through the Bingham model, which
takes into account the yield threshold and plastic viscosity, which is important for more accurate
flow modeling in fluids such as mortars.

In addition, the model takes into account energy losses and power consumed by the pump,
which allows optimizing its efficiency and ensuring stable operation under conditions of variable
temperatures and fluid composition.

This model is the basis for more accurate calculations and design of screw pumps for pump-
ing various types of liquids, including viscoplastic materials widely used in construction. The gen-
eral mathematical model in this case for screw pumps will be as follows:

AP -7
Q=45 )
Hy et

where Q — fluid flow rate, m?*/s; A — cross-sectional area of the pump channel, m?; AP — differ-
ential pressure, Pa; 7, — yield point, Pa; £, — viscosity at standard temperature, Pa-s; Ea —
activation energy, J/mol; R — universal gas constant, 8.314 J/mol K; T — liquid temperature, K.

Thus, the resulting model of the screw pump is a universal tool for predicting the effi-
ciency of its operation under various fluid parameters, such as temperature, viscosity, yield thresh-
old and pressure drop. This allows engineers to optimize the pump design and ensure stable and
efficient pump operation under various conditions of pumping mortars and other viscoplastic ma-
terials.

The mathematical model can be applied to calculate pump parameters in various indus-
tries, including construction, chemical and oil industries, where it is important to take into account
the rheological and thermodynamic properties of liquids.

6. Conclusion. In the course of the analysis of mathematical models of screw pumps and
the development of a complete mathematical model that takes into account the thermodynamic
and rheological properties of the liquid, important results were achieved to improve the theoretical
foundations of the calculation and design of such pumping units. This allows you to more accu-
rately predict the efficiency of screw pumps when pumping viscoplastic fluids, such as mortars or
cement mixtures. Due to the inclusion of various factors such as viscosity, temperature, yield
threshold, pressure drop and thermodynamic changes, the model allows for a more detailed assess-
ment of the performance of pumps under real operating conditions.

The mathematical models of screw pumps considered in the work, including classical mod-
els and models that take into account the rheological properties of liquids, make it possible to
understand the basic principles of calculating pumping units. Classical mathematical models based
on the basic laws of fluid mechanics make it possible to determine the flow rate of fluid through
the pump at a given pressure drop, but these models do not always take into account the influence
of the rheological properties of liquids, which is important for the accuracy of calculations in cases
where the fluid has nonlinear characteristics, as is the case with viscoplastic materials.

In research, particularly in the construction industry, various rheological models are often
used to describe viscoplastic fluids, among which the Bingham model stands out. This model al-
lows you to take into account the fluidity threshold, which is a critical parameter in pump calcula-
tions, since it determines at what value of the shear stress the fluid begins to move. However,
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standard models that do not take into account rheological properties have significant limitations,
since they are not able to accurately model the behavior of fluids with nonlinear viscosity or vis-
coplasticity. As a result of the study, a new model was developed that allows taking into account
both classical mechanical parameters (pressure drop, flow rate, cross-sectional area of the channel)
and rheological properties of the fluid, which determine its viscosity and yield threshold.

The inclusion of rheological parameters such as yield threshold and temperature in this
model greatly improves the accuracy of calculations, especially for viscoplastic fluids. The vis-
cosity of the liquid in the model is described in terms of the Arrhenius equation, which takes into
account changes in viscosity with changes in temperature. This is critical to providing more accu-
rate forecasts of pump performance under variable temperature conditions, which is typical for
many industrial processes where the temperature can vary depending on the environment or pump-
ing conditions.

In addition, thermodynamic factors such as heat loss and power consumption by the pump
are also introduced into the model.

One of the key aspects that greatly improves the accuracy of the model is taking into ac-
count the rheological properties of the fluid, such as the yield threshold and temperature. The rhe-
ological properties of liquids directly affect the shear rate and flow of fluid through the pump.
Viscoplastic fluids require higher shear stress values to start moving, and this is taken into account
by our model because of the yield threshold parameter. In addition, a change in temperature can
significantly change the viscosity of the liquid, which is also taken into account in the model due
to the temperature dependence of viscosity.

The developed model is a universal tool for the analysis and design of screw pumps, in
particular for pumping viscoplastic fluids such as mortars. The model allows you to accurately
assess how changes in fluid rheological properties, temperature, and pressure affect pump effi-
ciency, allowing designers and engineers to optimize pump parameters for specific operating con-
ditions. This is especially important in industries such as construction, chemicals, and oil produc-
tion, where a wide range of variable parameters must be taken into account to achieve maximum
efficiency.
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PO3POBJIEHHA BIBPALIINHOI OMOPU ;_SMIHHO'I' KOPCTKOCTI AnsA O4HOMACO-
BUX BIBPALIMHUX MITOLWAAOK MAJOI BAHTAXONIANOMHOCTI

AHOTALUIA. B cmammi po3ansdaombCsi numMaHHs, roe’sidaHi i3 po3pobkoto docriiOHo20 3pa3ska
rpy>KHoI 8ibpoi3onsayitiHoI ortopu Orisi oOHOMacosux geibpauitiHux rnnowadok Masoi aHmMaXxorniotioMHoOCmi
0151 su2omoereHHs1 Masnio2abapumHux 6emoHHUx eupobis. [JosedeHo, Wo 051 OmpuUMaHHS SIKICHO20 YWl i-
INbHEeHHS1 6emoHHUX cyMiuwiel HeobxiOHO 3abesrnedysamu KinbKiCHi Crie8iOHOWEHHS MiX Yacmomamu 8u-
MYyWEHUX KOrluBaHb ma 3HadYeHHsaIMU amrnimyd eibporepemiuieHb moYOK MO8EepPXHI iXHIX pobo4YuXx opaaHis.
HaeedeHo npuHyunosy cxemy 8ibpoizonsyitiHoi onopu 111 0OHoMaco8oi sibpauitiHoi nnow,adku 3 debana-
HCHUM 8i6p030ydxxeHHsM, 011 MPYXHUX efleMeHMmi8 SIKOI XKOPCMKICMb Ha CMUCHEHHST MOXHa peayrnoeamu
abo wisaxom po3nodifly HagaHMa)keHHs o o8epxHi pobo4o20 opzaHy sibpornnouw,adku abo Wrsixom 3Mmi-
HeHHS ix poboyoi sucomu. [nsi po3paxo8aHux YUCIO8UX 3Ha4YE€Hb OCbOBUX XOpPCMKocmeu NpyXHUX ere-
MeHmig 8ibpoi3onsauiliHOI orlopu 8UMIPSIHO 8i0M08IOHI amrnimydOu 8UMyWeHUX KoflueaHb 8UbPaHUX MOYOK
rosepxHi pobo4o20 opaaHa eibponiouwadku 8 HarpsiMKax KoopduHamHux oceli ma nobydosaHo epachiku
3MiHU amrnimyd eepmukarnbHUX 8ibpornepemiuleHb Yux moYok 8id eidcmaHel ix 8i0 ueHmpa KonueaHb. Ha
OCHo8I aHarnizy o0epxxaHux epaqikie 3pobrieHO 8UCHOBOK PO MEXHIYHY 8i0rn08IOHICMb XXOPCMKICHUX Xa-
pakmepucmuk po3pobrieHol 8ibpoi301sAUitHOI 0ropU MEXHOM02iYHUM 8uMo2am w000 3abe3reqyeHHs siKic-
HO20 8ibPOYLWINbHEHHS 8iOMOBIOHUX MapOK XOPCMKUX 6EMOHHUX cymilued.

Knroyoei cnoea: sibpaujtiHa rinowadka, 8ibpoizonsayiliHa oropa, xopcmkicme, amrnimyda Konu-
8aHb, YWiNbHEHHS.

DEVELOPMENT OF A VIBRATION SUPPORT WITH VARIABLE STIFFNESS FOR
SINGLE MASS VIBRATING PLATFORMS WITH A LOW LOAD-BEARING CAPACITY

ABSTRACT. The article deals with the issues related to the development of a prototype of an
elastic vibration isolation support for single-mass vibrating platforms of low load capacity for the manufac-
ture of small-sized concrete products. It is proved that in order to obtain a high-quality compaction of con-
crete mixtures, it is necessary to ensure quantitative correlations between the frequencies of forced vibra-
tions and the values of the amplitudes of vibration displacements of the surface points of their working
bodies. A schematic diagram of a vibration isolation support for a single-mass vibrating platform with un-
balanced vibration excitation is presented, for the elastic elements of which the compressive stiffness can
be adjusted either by distributing the load over the surface of the working body of the vibrating platform or
by changing their working height. For the calculated numerical values of the axial stiffnesses of the elastic
elements of the vibration isolation support, the corresponding amplitudes of forced vibrations of selected
points of the surface of the working body of the vibrating platform in the directions of the coordinate axes
were measured and graphs of changes in the amplitudes of vertical vibration displacements of these points
with respect to their distances from the centre of oscillations were constructed. Based on the analysis of
the obtained graphs, it was concluded that the technical compliance of the stiffness characteristics of the
developed vibration isolation support with the technological requirements for ensuring high-quality vibration
compaction of the corresponding grades of rigid concrete mixtures.

Keywords: vibrating platform, vibration isolation support, stiffness, vibration amplitude, seal.

1. IocTanoBka npodjeMu. BupoOHUIITBO cydacHUX OyIiBEIIbHUX MaTepialiB BUMAarae
MOCTIITHOTO BIPOBAI’KEHHS Y MPAKTUKY HOBITHIX TEXHOJIOT1H, CTBOPEHHS B Oy/l1BEIbHIN 1HTyCTpii
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HOBUX 3pa3KiB TEXHOJOTIYHOTO oOnaHanHs. J{71s BUpoOHHUIITBA MaorabapuTHUX OCTOHHUX 1 3a-
71300€TOHHUX BHPOOIB 3aCTOCOBYIOTH OJJHOMACOBI BiOpaIliiiHi IO JK1 MaIoi BaHTaXKOI1HOM-
HOCTI TIEPEBaKHO 3 00’ €MHUM a00 IMOBEPXHEBUM YIIUIBHEHHSAM OeTOHHUX cyMimel [ 1, 2]. OcHo-
BHUMH XapaKTEPUCTHKAMU TAKUX YCTAHOBOK 3 BUMYIICHUMH KOJIMBAaHHIMH iXHIX poOOUUX opra-
HIB € aMILTITYIX BIOpOTNIEPEMIIIICHb Ta YaCTOTH KOJIMBaHb, SIK1 3aJaI0THCS 32 TEXHOJIOTIYHUMU Mi-
PKYBaHHSIMH 3aJIKHO BiJl CKJIay OETOHHOI CyMillli Ta TabapuTHUX PO3MipiB BUPOOiB, 10 popMy-
totbesa [3]. Ixui konmmBHI Macu 3miliCHIOIOTH BMMYyIIEHIi yCTaleHi KONHBAHHSA 3 aMILTITYJIaMH
0,3...0,6 MM Ha TUKIIYHUX YacToTax 25...50 ', m10 3 JOCTaTHROKO TEXHOJIOTIYHOK ¢(EKTHUBHI-
CTIO BIAMOB1/1al0Th TAPMOHIHHOMY pEXHUMY IX POOOTH, 3a3HAIOUU MPHU LILOMY Ha poOOUMX OpraHax
BIZIMOBITHHUX MepeBaHTaxkeHb B Mexax (1...10)g [4, 5]. YacToTu mux KOJTUBaHb 33Jal0ThCs BiOpO-
30yKyBadaMHu, K MPaBHIIO, 3 JeOaJaHCHUM MPUBOIOM, a aMILIITYIHU KOJIMBaHb BU3HAYAIOTHCS
KOJJMBHUMH MacaMy BiOPOIUIONIAI0K Ta KOPCTKICTIO MPYKHHUX €IEMEHTIB IXHIX BIOPO130IALIIHHIX
or10p.

Pexomen10BaH1 CIiBBITHOIICHHSI M) 4aCTOTaMH BUMYIIEHUX KOJMBAHb Ta aMILTITyIaMHU
BiOponepeMileHb 11 BiOpariiHuX IJI0MA0K 3 TApMOHIHHUM PEKUMOM pOOOTH HaBEICHO B Ta0-
auii 1 [6].

Tabmuis 1 — CriBBiTHOIIEHHS MIXK 9aCTOTaMH BUMYIIEHUX KOJMBAHb Ta aMILTITYIaMu BiOporie-
peMmilleHb Uid BiOpaliiiHuX yCTaHOBOK 3 TAPMOHIMHUM PEKUMOM POOOTH

Table 1 — Relationship between frequencies of forced oscillations and amplitudes of vibration dis-
placements for vibration installations with a harmonic mode of operation

[{ukiigHa 9acTOTa BUMYIIIEHUX )
KosoBa yactora BUMyIIEHUX KO- N.T AMIIIITY1a BAMYIIIEHUX KOJIH-
JUBaHb cUCTeMH (2, paji/c KOTUBAH®, > 1 BaHb A, MM
157 25 0,8...1,2
250 40 0,6...0,8
314 50 0,6...0,8

EdexTuBHIiCTh pOOOTH OAHOMACOBUX BiOpAIIMHUX TUIOMIAJ0K OE3MOCEPEIHBO 3aTIEKHUThH
BiJl HA/IIHHOCTI Ta JJOBFOBIYHOCTI iXHIX MPYKHUX BIOPOI130JALIHHHUX OMOp, 10 CHpUMAarOTh BiO-
paniiine HaBaHTa)XeHH4 Ta 3an001ratoTh BiOpauii pyHaamenTis [7, 8]. XKopcTkicH mapaMeTpH Iux
OTIOp PO3PaxOBYIOTh Mi/l KOHKPETHI IHEpLiHI TapaMeTpH KOJIMBHUX Mac BiOpaliiHUX MUIOIAA0K
[9]. CxnanoBuMU KOMIIOHEHTaMH B1OPOI30JISLIMHUX ONOP € MPYXH1 €1EeMEHTH NEePEBaXKHO Y BU-
V1111 BUTHX MPYXHUH 00 TYMOBUX BCTaBOK, 1110 MPALIOIOTh 371e01IBIIOr0 Ha CTHCK abo 3¢yB [3], 1
3a0€3MeuyI0Th BEPTUKAIBHY Ta TOPU30HTANIbHY CKIIa0B1 BiOpaitlii. [JoCuTh 4acTo B SIKOCTI MPYX-
HUX €JEMEHTIB 3aCTOCOBYIOTh LIMJIIHIPUYHI Ta KOHIYHI KOHCTPYKIIii HA OCHOBI T'YMH, OCKUIBKH Y
BIOPOI30JISIIMHUX TPYKHUX OMOpax BOHM 3a0e3MeuyloTh OUIbIY YacTKy IpUEJHAHHS Macu Oe-
ToHHOI cymii [3, 7]. Ilpy>kHi BIaCTUBOCTI TyMH J103BOJISIIOTH BUTPUMYBATH 3HauH1 Jedopmarii
0e3 pyiiHyBaHHS, 3a0€311€4yI0Th MOKJIUBICTh PETYIIIOBaHHS KOPCTKOCTI Ta HU3bKUN PIBEHD IIyMY.
BaxnnBoro 0co6aMBicTIO BIOPOI30MIALIHHOIO MPYKHOTO By3Jia € TO (PakT, 110 B OJJHOMAcOBUX
BiOpaIiiHUX TIJIOMIAKaX BIH TEXHOJOTIUHO 3a0e3meuye 3ape30HaHCHUN PEXXUM pOOOTH iXHIX KO-
JMBHHUX CHCTEM, MIPU SKOMY aMIUTITY/IM BiOponepeMilieHb MPaKTUYHO HE 3aJIeXkaTh BiJ 3MIHU Ya-
CTOTH O0OEepTaHHS €JIEKTPUYHOro ABUryHa [3].

2. Anani3 my0aikauii mo Temi gocaizkeHHsl. Y MpaKTHI MPOEKTYBaHHS BiOparliitHIX
MaIIHH 3 PI3HUMH CI0c00aMu 30yIKEHHSI BUMYIIEHUX KOJIMBAaHb /IS YIIIIbHEHHsI OETOHHUX CY-
MilIell BU3HAHO JOLIBHUMHU JIBa POOOUUX PEKUMH iX POOOTH — PE30HAHCHUH Ta JTAJIeKO 3ape30-
HaHCcHui [ 1, 3, 4].

3ape30HaHCHUI peXXUM € pOOOYHM PEKUMOM Il HEPE30HAHCHUX OJJHOMACOBHX BiOpaiiii-
HUX TUIOMIAJIOK 13 HaBICHUM jebamaHCHUM BiOpo3OymkeHHsM. PoOota BiOpamiiHuX MaiivH B
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IbOMY PEXHMI 320€3MevyeThCs BHOOPOM YMCIIOBOTO 3HAUYCHHS 3arajibHOT dKOPCTKOCTI Cj; IPYKHUX
€JIEMEHTIB BiOpoi3osiiitHuX omop [9]:

¢, =Qm,, (1)

13 6 K

Ae ), — BJIaCHA 4acTOTa KOJIMBaHb BiIOPOILIOIAKH; M, — 3arajbHa Maca il KOJIMBHUX YaCTUH.
BracHy koJ10By 4acTOTy KOJIMBaHb MEXaHIYHOI KOJIMBHOI CUCTEMH BUOUPAIOTh 3 yMOBH [9]:

Q,<Q/7..10, ()

ne ) —KoJoBa 4acTOTa BUMYIICHHUX KOJIMBAaHb CHCTEMH (poOoya yacToTa).
Toxi KOpPCTKICTh ¢, NPYXKHOTO €J1€MEHTa KOXKHOI BIOPOI30MIALIHHOI OIIOPU JOPIBHIOE:

¢, ==, 3)

JIe 1 — KUTBKICTB OTOp BiOPOILIONIAIKH.

Omnopu mMaroTh OyTH PIBHOMIPHO pO3TaIlIOBaHI HA paMHI KOHCTPYKUIT U1 3a0e3reueHHs
ii MIIIHOCTI 1 He 3aBa)kaTH MPOCTOPOBOMY BiOpatiitHOMy pyxy [9].

Jnis omHOMacoBHX BiOpaniiHUX MAalIvH 3 1e0aJaHCHUM TPUBOAOM PE30HAHCHUN PEXUM
po0OTH € MIKIATUBUM, TOMY IO AMHAMIYHI peakiii y BiOpaliitHux onopax, siki cnpuiiMae gpyHaa-
MEHT, BHACJIIJIOK PE30HAHCY 3pOCTAOTh HACTUIBLKH, IO MOXKYTh 3pYHHYBaTH oro. B Hepe3oHaH-
CHMX Jie0aTaHCHUX MalIMHAX KOJIMBHA CUCTEMA PO3MIILYEThCS HA MPYKHUX €JIEMEHTaX HEBEJIUKOI
XKopcTKocTi [9], 3aBnsku YoMy ii TMHAMIYHI HAaBaHTaXXCHHS HA QYHIAMEHT € HE3HAYHUMU. 3ape-
30HAHCHHUM PEXUM POOOTH KOJIMBHOI CUCTEMH BUPI3HAETHCS CTIHKICTIO aMILTITyAH BiOpomnepeMi-
[ICHb NP BUIAIKOBHX 3MiHAX B’S3KOTO OIMOPY Ta YACTOT BJIACHHX I BUMYIICHUX KOJIMBAaHb CHC-
temu [9, 10].

3. Merta i 3aBaaHHs J0caiIKeHHsl. METOO CTaTTi € BUCBITJIICHHS Pe3yabTaTiB poOOTH 1O
CTBOPEHHIO J1I0U01 IOCIIIHOT MOJIeNi MPYKHOI BIOPO130JISIIIHOT OMOPH 3 PEryIbOBaHO KOPCT-
KICTIO JUIsl OMHOMACOBOI BiOpamiiHOI miomanku 3 qedanancHUM BiOpo30ymkeHHsM. B sixkocTi py-
KHHUX €JIEMEHTIB JJI1 YOTUPHOX BIOPOI30JALIMHUX OMOP BUKOPUCTAHO JIAOOPATOPHI 3pa3KH 3 T'y-
MOBOKOPJIHOTO MaTepiary — YaCTUHH HaIlipHOTO pyKaBa BUCOKOTO THUCKY, CHIIOBOIO OCHOBOIO SIKOTO
€ KapKac, CKJIaJIeHUH 13 IBOX MEePEXPEeCHUX IIapiB 00ryMOBaHOTO TEKCTUIIBHOTO Kopty. Ha ocHOBI
LUX JIaOOPATOPHUX 3pa3KiB MOTPIOHO PO3POOUTH KOHCTPYKI[IIO BIOPOI30IALIITHOT OOpU 3MIHHOT
KOPCTKOCTI. 3aBJaHHs MOJISATAaE B TOMY, 100 /711 PO3paxOBaHMX 32 YMOBU BCTAaHOBJIEHHS JJAJIEKO
3ape30HAHCHOTO PEXUMY POOOTH BIOPOILIONIAIKH YHCIOBUX 3HAYEHb OCbOBOI KOPCTKOCTI MPYXK-
HUX €JIEMEHTIB 11 BIOPOI30JALIHHOIO By3/la BUMIPATH BIMOBIIHI aMIUTITyAH BiOponepemillieHb
BUOpAaHUX TOYOK IMOBEPXHI poOOUOro opraHa B HaIPSIMKY 3aJaHMX KOOPIAWHATHUX Ocell Ta moly-
AyBaTH rpadiku 3a1eKHOCTI aMILTITYA BUMYILIEHUX BEpTHUKAJIbHUX BIOponepeMillleHb BUOpaHUX
TOYOK sIK (DYHKIIIT BiZICTaHEH iX Bl LIEHTpa KOJIMBaHb, 1110 3MIiHIOIOThCA y Mexax Bix 0 M g0 1,015
M, NIpH (PIKCOBAaHMX 3HAYECHHSAX KOPCTKOCTEH npyxHUX enemenTiB 30450 H/m, 60900 H/m, 91350
H/Mm. Ha ocHoBI aHamni3y onep:kaHux rpadikis 3p0OMTH BUCHOBOK PO TEXHIUHY BIANOBIIHICTh YU
HEBIAMOBIAHICT JKOPCTKICHUX XapaKTEPUCTHUK Ili€] BIOPOOMOPH TEXHOJOTIYHUM BHMOTaM ILIOA0
3a0e3nedyeHHs! SKICHOTO BIOPOYIIUIBHEHHS BIIMOBIAHUX COPTIB OETOHHUX CyMIIIEH.

4. Buxkiaa ocHOBHOro MarepiaJty. Konctpykiist BiOpoi3osiiiHOi OHOpH MiCTHUTB JIBi OC-
HOBHU — BEPXHIO 1 HUXKHIO, IO SBJISIOTH COO0I0 METAJIeB] TJIACTUHU | TIPSIMOKYTHOI (hopMHU OTHA-
KOBHUX po3MipiB. [0 000X IIACTMH CUMETPUYHO BIAHOCHO iX T€OMETPUYHMX IIEHTPIB METOJOM
3BapIOBAHHS MPUETHAHO IITYLEPH 2 — BIAPI3KM MeTaleBUX TPYO 13 30BHIMIHIMU Aiamerpamu S50
MM 1 TOBXKHUHOIO 40 MM KO>K€H. 3a TOTIOMOT010 OOJITOBHX 3’€/IHAaHb YOTHPH IUIACTHHHU 31 LITYyIIE-
pamu KpIIIATHCS 3BEPXY J0 PyXOMOI paMu B YOTHUPHOX KYTOBHX TOYKaX, pIBHOBIJAAIEHUX B1IHO-
CHO ii TeOMETPUYHOTO IIEHTPa, a 1HILI YOTUPU — 3HU3Y /10 HEPYXOMOi OCHOBH BiOPOILIOIIAIKHU TaK,
1100 TeOMETPUYHI IIEHTPU KOXKHOI Mapu JIeKaau Ha OAHIN BepTuKaabHili npamiid. Ha BUIbHUX Ki-
HIIIX IITYLEPIB HapizaHo MeTpUuHy pizb0y M50 nomxuHo0 1Mo 20 MM, BIAMOBIIHO HAa BEPXHIX
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mITylepax — mpaBy, a Ha HWXKHIX — JIiBy. B mpocTopi Mixk mapaMu CIiBBICHHX IITYIIEPIB PO3MIIITY-
IOTBCS TIPY>KHI €JIEMEHTH y BUIVISIIII HOPOXKHUCTHUX IUJIIHAPIB 3 3 TYMOBOKOPAHOTO MaTepiary BH-
cororo 1o 100 MM KoOKeH, 13 BHYTPIIIHIMU Ta 30BHIIIHIMH JlaMeTpaMu BIIIOBITHO 48 MM Ta 68
MM. PeryinroBaHHsI BUCOTH IIMX €JI€MEHTIB BiI0yBAa€ThHCS MUISTXOM 3aKpydyBaHHS 000X IXHIX KIHIIB
10 pi3bOOBHUX YaCTHHAX IWIIHAPUYHUX IMOBEPXOHB IITYIEPIiB 3a 200 MPOTH TOJUHHUKOBOI CTpI-
axu. J{as HamiifHOTO 3’ €IHAHHS TYMOBOKOPAHOTO €JIEMEHTA 3 METAJICBUMHU LITYIIEpaMH 3aCTOCO-
BYIOTHCSI CUJIOBI CTaJIeBl XOMYTH 4.

HT
H

2xM50

"@“

R RNRRRRNNY|
2M10 | |

\*m.\ ‘\_7
Pucynok 1. BynoBa npy»x«Hoi BiOpoi30JIAIiiiHOT OMOpH 3MIHHOI KOPCTKOCTI: H — BucoTa BibGpoonopw;
H; — po6oya BUCOTA IPYKHOTO €JIEMEHTA.
Figure 1. Structure of an elastic vibration isolation support of variable stiffness: H- height of the

vibration support; H; — working height of the elastic element.

Pyxoma yacTtuHa BiOpamiifHOT MIOLIaIKU BIJIbBHO YTPUMYETHCS Ha YOTHUPHOX BIOpOi30IIs-
[IHUX OrMopax 3a paxyHOK TOTO, 1[0 aMILTITy/1a KOJIWBHOI Macu HabaraTo MEHIIA 3a OCAJIKy Tpy-
KHHUX €JIEMEHTIB OIOp MiJ Ji€r0 Bard poboyoro opraHa. B pobouomy pexumi BiOpormiomaaku
TYMOBOKOD/IHI €JIEMEHTH 3a3HAI0Th JIONyCTUMUX KOMOIHOBaHUX Jie(hopMalliii CTUCHEHHS Ta 3THUHY,
CIPUYMHEHUX JII€I0 CUIIK 30ypeHHsI BIOp030y/1KyBaua Ha pyXoMy pamy, 3a0e3Medyoun MpH [bOMY
HaJ1HHY BIOPO130JIA1lit0 (PYyH/IaMEHTY.

B tabnuni 2 HaBeEHO YMCIIOBI 3HAYEHHS 1HEPLIHHO-KOPCTKICHUX MapaMeTpiB BiOparliii-
HOI MJIoIAAKy A5 GOpMyBaHHS MajorabapuTHUX OETOHHUX BUPOOIB.

Tabnuusg 2 — [HepHiHO-KOPCTKICHI apaMeTpu BiOpaliiiHOi rmionaaku
Table 2 — Inertial and stiffness parameters of the vibration platform

11\;(_;1 Ha3sa napamerpa ORMHMI BH- |y o obi spauenHs
MipIOBaHHS
I | Maca BIOPOIIIUTH KT 100
2 | Maca 6etonHoi cymin KT 80
3 | Maca dbopmu KT 32
4 | Maca B10p030ymKyBaua KT 11
5 | Maca ne6ananca KT 2
6 KomuBHa maca BiOportomaaku KI' 134
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7 | KoedirienT npueaHans 66TOHHOT cymimi - 0,3

8 | Cuuna 36ypenHs H 3000
9 CrarrnyHuii MOMEHT Je0aiaHca KI'M 0,0334
10 [ToTyXHICTh €JIEKTPUYHOTO JBUTYHA Bt 750
11 | KonoBa yactora BUMYIIEHUX KOJIMBaHb CUCTEMU pan/c 298,5

0,5
0,4_ \/

= i
50,3_

< 0,2

0,1

0,0 — T T T T T T T T T T
02 03 04 05 06 07 08 09 10

I (m)

Pucynok 2 — I'padiku 3a1€KHOCTI aMILTITY] BAMYIIEHUX BEPTUKAIBHUX BiOpomnepeMimieHb BUO-
paHUX TOYOK MOBEPXHI poOOYOr0o OpraHy BiOpOIIONIAIKM BiJ] iX BiJcTaHEH BiJ LIEHTPa KOJIH-
BaHb, MpU (1KCOBAaHUX 3HAUEHHSX KOPCTKOCTEN NPYKHUX €JIEMEHTIB BIOPO130JIA1I1HHOT OMOpH.
Figure 2 — Graphs of the dependence of the amplitudes of forced vertical vibration displacements
of selected points of the surface of the working body of the vibrating platform on their distances
from the center of oscillations, with fixed values of the stiffnesses of the elastic elements of the
vibration isolation support

[Tpu HaiiMeHIIIH )KOPCTKOCTI MPY>KHUX €JIEMEHTIB BiOpO130Is11iiiHOT OonopH Bapiallii amil-
JITYZl BEPTUKAIBHUX BiOponepeMilieHb € HaiMeHIIuMu. OTprMaHi1 3Ha4€HHS aMILIITY]l BEpTHKa-
JBHUX BiOponepeMilieHb BUOPaHUX TOUYOK MMOBEPXHI poO0YOro opraHa BiOpOIUIOMAAKY Ha IIUKJTi-
4Hiil yactoTi 47,5 ['11 BUMYIIIEHUX KOJIMBaHb BIANOBIAIOTH TEXHOJIOTTYHUM BUMOTaM (popMyBaHHS
MaJorabapuTHUX BUPOOIB 13 )KOPCTKUX OETOHHUX CyMillIEH.

Jis Takoi BiOpalliitHOT OIOpHU IPYHTY€ETHCA Ha 3aCTOCYBaHHI 3aJIEXKHOCTI )KOPCTKOCTI TyMO-
BOKODP/IHOT'O 3pa3Ka BiJ Npy>KHUX JAedopMalliif Ta reoMeTpHYHUX po3MipiB. 30KpeMa, IpHU He3MiH-
Hil 1e@opMyrodiil CHIIl Ta MIIOII MOTIEPEUHOTO MePePizy KOPCTKICTh TAKOTO MPYKHOTO eIeMeHTa
00EpHEHO MPOIIOpIIiHA 10 3MIHUA HOTO MOBKUHU. OCKUTEKH 3pa30K YMHUTH OIip 3MIIIEHHIO Bif
MOJIO’KEHHS PIBHOBAru, TO 3T1HO 3aKoHY ['yka, 31 301IbIIEHHSM KOPCTKOCTI IIPYKHOTO eJleMeHTa
aMIuTiTya ioro BiOponepeMilieHb 3MEHIIy€eTbes, 1 HaBmaku [11]. I'yMOBOKOp/HI eleMeHTH BiO-
pariiHUX Omop i1 yac poOOTH BiOpAIiiHOT TJIOMAIKH 3a3HAIOTh MEPIOIUYHUX TUHAMIYHUX Ha-
BaHTakeHb. Konu BiOporioniaaka nepedyBae B peskuMi X0JIOCTOTO X0y, Ha MPYXKHI eIeMeHTH ii
OTIOPH JI€ TIJIBKU Bara pyxoMoi pamMu 3 MOpOXHbOIO (hOPMOI0, a B poOOUOMY pEKUMI Ha 111 eJieMe-
HTH J1I0Th TUHAMIYHI 3yCHIIIS BiJl MacH BiOpalliifHol paMu 3 GopMoOI0 i OETOHHOIO CYyMIIIIIIO Ta
JOJTATKOBE 3YCHJUISI, IO CTBOPIOETHCS PYIIIMHOIO CUJIOK BiOpo30OymkyBada. Kpim Toro, BiOpa-
Iif{HAa TUTOIIA/IKa MiCs 3aMyCKy HOCI0BHO IPOXOAUTh TPH YACTOTHI PEXKUMH — I0PE30HAHCHUI
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(pu 3amycky ii B po0OOTY), pe30HAHCHHH (KOJIM 4acTOTa BUMYIIIEHUX KOJIMBaHb BiIOPOTUIOIIAIKH,
CIpUYMHEHa PYXOoM JebanaHca, 30ira€Thbes 3 BIACHOK) YaCTOTOIO KOJHMBAHB i pyXOMOi YaCTHUHU)
Ta JIaJIeKo 3ape30HAaHCHUN (HOMiHAJIBLHUN poOOUMiA pexXuM BiIOPOIUTOMIAAKHY 3 AcOalaHCHUM TIPH-
BOJIOM).

[TinGip >KOPCTKICHUX TapaMeTPiB JIs MIPY)KHUX €JIEMEHTIB BIOPOI30JIAIIMHUX OO 3/I1HC-
HIOIOTH TSI pOOO0YOro pexxuMy BiOparliitHoi ruiomaaku y BiamoBigHocTi 3 ymoBamu (1) — (3) 30k-
pema, Juisi KOHCTPYKTUBHOTO IapaMeTpa PEe30HAHCHOTO HAJIArO/KEHHS z;;=/ 3Ha4e€HHS CyMapHOI
KOPCTKOCTI BIOPOI30JIALIIAHOTO By3J1a 13 ypaxyBaHHsM ii KoMuBHOI Macu m,, = 134 KI JOpiBHIOE:

2 2
c,=m, g =134. 298,5 =2,44. 10° E , 4)
Z. 7 M

3

ne M — konuBHa Maca BiOpauiiHoOi IUIomaaky; 2 — KoJIoBa 4acTOTa BUMYIIEHUX KOJIMBAHb CHUC-
TEMH.

3a po3paxoBaHOIO KOPCTKICTIO BIOPOI3OIISAIIITHOIO By3Jia MiIOMPAIOTh T€OMETPHYHI PO3-
MipH Tepepi3iB MPYKHUX €IEMEHTIB /Il KOHKPETHUX YMOB €KCILTyaTalii Ta BU3HAYal0Th aMILTi-
Ty/ly KoJuBaHb BiOpatiitHoi Mamvnu [8]. Po3paxyeMo BUCOTY MPYKHOTO elleMeHTa JJIsl OAHi€T Bi-
Opoi30JIALIHHOT OTIOpH Y (hOPMI ITOPOKHUCTOTO IWITIH/IPA, IKUH BUTOTOBJIICHUN 3 TYMOBOKOPTHOTO
TpPaHCBEPCaIbHO-130TPOITHOTO MaTepiany (TyMOBa MaTpULd Ta TEKCTUIBHHUM KOp/) 1 mepedyBae B
YMOBaX IUIOCKOHAIPY>KEHOTO CTaHy IiJI JIi€I0 TOPIEBUX HABaHTAKEHb. 32 TEOMETPUUIHOIO OyJ10-
BOIO T'YMOBOKOP/IHUI IPY>KHUH €JIEMEHT BiANOBIAa€ MO JBOIIAPOBOIO KOMIIO3UTY 3 KOCOKYT-
HUM apMyBaHHSM. KyTr apMyBaHHS BOJIOKOH y IIapax CTaHOBIATh & =1+45°, a i30TpornHa Ta Tpa-

HCBepcallbHa CKJIa/I0B1 MOAYJIIS IPY>KHOCTI TYMOBOKOP/HOTO MaTepialy BiJlMOBIAHO T0PIBHIOIOTH:
E, =1440MTla, E, =6,9MIIa.

[Ipu cTUCHEHH] MPY>KHOTO €J1eMEHTa MO3/I0BKHBOIO CUIIOK0 TUCKY JehopMyBaHHS JBOIIIA-
POBOTO TYMOBOKOPTHOTO KOMITO3UTY CIIPUYMHIOE 3MiHY KyTa YKJIQJaHHS HOTO KOPJIHUX BOJIOKOH.
Jedopmariii ryMoBOi MaTpHIll Ta BOJOKOH CUIIBHO BIAPI3HAIOTHCS Yepe3 3HAUHY PI3HUIIO YHCIIO-
BUX 3Ha4CHb JKOPCTKOCTEH IUX MarepiaiiB. BHacHiIOK pi3HUIN OCBOBHX JedopMallii Ha Mexi
MOJUTY 3’ SIBJISIFOTHCSL HANPYKEHHsI 3CYBY, Yepe3 0 BEpXHIiN KiHellb MPY>KHOTO elleMeHTa 3CyBa-
€ThCS BIJIHOCHO HUXKHBOTO KiHII O€3 mpoBepTaHHs. [|Jisl IbOTo BUMAAKY dKOPCTKICTh MPY>KHOTO
eJeMeHTa JOpiBHIOE [6]:

¢, 12EJ

13

T TR

ne E — Moynb 03/10BKHBOI IPY>KHOCTI Marepialy Mpy>KHOTO eJIeMeHTa; J — MOMEHT iHepIii Ho-
MEPEYHOro Nepepizy MPYKHOTO €JIEMEHTA; /1 — BUCOTa €JIEMEHTA.

Monynbp MO3A0BXHBOI NMPYKHOCTI TPaHCBEPCAIbHO-130TPOIHOTO Marepiany IMpyKHOTO

eJIeMEeHTa Ta MOMEHT 1HEpIlii HOTO MOMEePEYHOro Tepepizy po3paxoByemo 3a ¢popmynamu [11, 12]:

: ()

E,E,| sin® @—sin’ @ cos® O +cos* O+ 3 E;

E = — : =6,93- 10°Ta, (6)
E, sin"0+E,
4 4
g2 4 27,8840 10700 (7)
64 D

Toxi BuCOTa IPyKHOTO €JIeMEeHTa 3T1IHO 3 (5) CTaHOBUTHME:

12EJ
c

n

h=: =10,23- 107 m (8)
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[Tpu npoekxTyBaHHI BIOPOI30JAIIMHUX OMOP Ha OCHOBI TYMOKOPJAHHMX €JIEMEHTIB 13 TYMO-
BOIO MaTPUIICIO T2 ApMOBAaHMMHU BOJIOKHAMH BaXIMBUM € PO3PAXyHOK iX Harpyx eHo-1ehopMoBa-
HOTO CTaHy Il TOTO, 1100 y MpoIieci eKCIiTyaTallii BOHU BUTPUMYBAJIU IOMyCTHMI TMHAMIYHI Ha-
BaHTA)XCHHS Ha (PyHJTaMEHT, CIIPUYMHEHI JIi€to BiOpaniiiHoi Mamuawu. [1igxoam 10 BU3HAUYCHHS HA-
MPY’KEHO-1e(POPMOBAHOTO CTaHy T'YMOBOKOPJIHHX €JIEMEHTIB MAlOTh BPAaxXOBYBaTH CICIU(IUHI
BJIACTUBOCTI T'YMH — CJIa0Ky CTUCIIUBICTD, B’SI3KO- Ta TEPMOTPYKHICTh, TEOMETPUYHY HENIHIHHICTD
T'YMOBOKOPJIHUX MarepiajiB npu ix nedopmaritisx [13], Ta 6a3yBaTuCs Ha 3aCTOCYBaHHI aHAITHY-
HUX T4 YUCEIBHUX METO/IaX PO3PaxyHKy Ae(POpPMOBAHUX TBEPAUX TiJl 3 KOMIIO3UTHUX aHI30TPOII-
HUX MaTepialiB.

5. BucHoBku. B miif cTarti onucano OynoBy Ta MpUHIMI Aii BiOpOi30MsLiiiHOT onopH 3
PEryIbOBaHOIO JKOPCTKICTIO ISl BIOPOILIOIIAOK MaJiol BaHTaKOMIAHOMHOCTI. CTBOPEHO Ta BH-
poOyBaHO 13 3aCTOCYBaHHIM TPUPAKTOPHOTO EKCIIEPUMEHTY YOTUPH JOCTIIHI ornopu. B skocTi
MPYKHUX €JIEMEHTIB IIUX ONOP BUKOPHUCTAHO 3pa3Kyi KOMITO3UTHOTO T'YMOBOKOPIHOTO Marepiaiy,
CHJIOBOIO OCHOBOIO SIKOTO € KapKac, CKJIQJICHUH 13 JBOX NEPEXPECHUX LIapiB 00TyMOBAaHOTO KOP.Y,
MaTPHIICIO € OJIMH i3 COPTIB TYMH 13 3a/IaHUMH PEOJIOTIYHUMH XapaKTCPUCTUKAMHU SIJIPA CIIaTKOBO-
CTi, @ KOPZIOM — apMOBaHi TEKCTHJIbHI BOJIOKHA.

Ha ocHoBI mpoBeneHrnx BUMipIOBaHb OOY10BaHO rpadiku 3aJeKHOCTI aMILITITY/l BEpTHUKA-
JHHUX BiOporepeMilieHb BHOpaHUX TOYOK MOBEPXHI pOOOYOro oprana BiOpOIUIOMIAIKY B Bijc-
TaHEH BiJ] IEHTPY KOJIMBaHb MPHU (PIKCOBAHMX 3HAYCHHSX YKOPCTKOCTEH MPYKHHUX EJIEMEHTIB J10-
CIIIHUX OMOp. AMIUTITYAH BEPTUKAJIBHUX BiOpomepeMilieHs po6odoro oprana BiOpOILIONIA KN
BIJIMOBIAAIOTh TEXHOJIOTTYHUM YMOBaM ii pOOOTH Y TApMOHIHHOMY PEKUMI.
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METOAWUKA BUKITAOAHHA AUCLIMMNIIHU « TOPIOBEJIbHE OBJIAOHAHHA» ANA
CTYOEHTIB CMNEUIAIIbBHOCTI « TOPFTOBO-KOMEPULIMHA AIAJIBHICTb» ¥ 3A-
KNAQAX BULLOI OCBITU BYAIBEJIbHO-APXITEKTYPHOI'O NMPO®IIIO

AHOTALIA. Y pobomi penpe3eHmogaHo aHariz memodonoaidHux ridxodie 0o suknadaHHs Auc-
yunniHu «TopzaosenbHe o6nalOHaHHS» Onsi cmydeHmig crieyianbHocmi « Topaoeo-komepuitiHa disnb-
Hicmby. [locnidxeHo cmpykmypy ma 3mMicm Hag4daslbHO20 Mamepiarsny 3 ypaxy8aHHSM Cy4yacHUX meHOeH-
Uil po38UMKY mopa0o8esibHOI 2any3i ma iHHo8auilHUX mexHosozil y cehepi mopaosesibHo20 0br1adHaHHS.
lpudineHo yesaey crieyudpiyi suknadarHs uiei ducyurniiHu 0ns cmydeHmig 6ydigeribHO-apXimeKmypHUX
yHigepcumemis, 8paxos8yrovu MixXOUCUUNiHapHI 38'A3KU ma npakmuy4Hy cripsmMogaHicme Hag4yaHHS. [1po-
8e0eHOo aHaJli3 cy4yacHo20 cmaHy eupobHUYMea mopeaoeesibHO20 0briadHaHHS, 8K/T0HYa4U HOBIMHI po3-
pobKU y cehepi asmomamu3sauil mopaoeeribHUX NMpouecia, eHep2oeheKkmMuUBHI PillleHHST ma eKoJl02i4Hi ac-
rnekmu sukopucmaxHsi obnadHaHHsA. BuceimneHo ocobnugocmi iHmezpauii meopemuyHuUx 3HaHb 3 rnpakx-
MUYHUMU Hasu4yKaMmu y rnpoueci Hag4aHHsi. 3arporoHo8aHo iHHosauiliHi Memodu euKnadaHHs, SKi 8KIT0-
yarome sukopucmanHsi BIM (Building Information Modelling) ma VR/AR (Virtual Reality/Augmented Reality.
BarporioHogaHO cucmemy OUiHIO8aHHS 3HaHb CMyOeHMI8, siKa 8pPaxos8ye sIK mMeopemuyHy rid2omosKy,
mak i 30amHicmb 3acmocogyg8amu OmpuMaHi 3HaHHS y pearnbHuUx npogecitiHux cumyauisx. Okpemo npu-
dirileHo ysaeay ¢hopMy8aHHIO y cmydeHmi8 HaBUYOK MPOEKMy8aHHs Mmopao8esibHUX NPUMIleHb ma subopy
onmumarsibHo20 obnadHaHHS 3 ypaxyBaHHSM apXximeKmypHOo-rjaHysanbHUX piueHb. Po3ansHymo me-
modu Hag4yaHHs, CrPsIMO8aHi Ha PO38UMOK aHanimu4Ho20 MUCeHHs ma 30amHocmi nputivamu obrpyH-
moeaHi pitueHHs uodo MexHiYHO20 OCHaWEeHHSI mopa08esibHUX MidnpuemMcms pisHUx popmamis. Pe3yrnb-
mamu 00cnidxXeHHs 3arpornoHo8aHuUx MemodonoaiyHux rnidxodie deMoHCMpytomb iX MO3umMueHul ernnue
Ha skicmb nid2omosKu ¢haxisuie. 3arnpornoHosaHo pekomeHdauii uodo 800CKOHaIEHHS Hag4yarbHO20 Mpo-
uecy ma adanmaujii Hag4arbHUX ripoepam 00 cyyacHUX eUMO2 PUHKY rpaui. 3anpornoHosaHi Memodu Mo-
XKymb 6ymu sukopucmaHi npu suknadaHHIi aHanoaidHux ucyuniiid y iHWux 3aknadax euwoi oceimu, wo
eomytoms haxieuie 0119 mopaoeesibHOI eanya3i.

Knroyoei cnoea: mopeosesibHe obrniadHaHHs, Memoduka sukiadaHHs, mopaoso-KomepuitiHa 0Oisi-
JIbHicmb, iHHOBaUiliHi mexHonoeil, suli Hag4yarbHi 3aKknaou.

METHODS OF TEACHING THE DISCIPLINE ‘COMMERCIAL EQUIPMENT’ FOR STU-
DENTS MAJORING IN ‘TRADE AND COMMERCIAL ACTIVITY’ IN HIGHER EDUCA-
TION INSTITUTIONS OF CONSTRUCTION AND ARCHITECTURAL PROFILE

ABSTRACT. The paper presents an analysis of methodological approaches to teaching the disci-
pline ‘Commercial Equipment’ for students majoring in ‘Trade and Commercial Activities’. The structure and
content of the educational material are studied with regard to modern trends in the development of the trade
industry and innovative technologies in the field of trade equipment. Attention is paid to the specifics of
teaching this discipline to students of civil engineering and architecture universities, taking into account
interdisciplinary links and practical orientation of training. An analysis of the current state of production of
commercial equipment, including the latest developments in the field of automation of trade processes,
energy-efficient solutions and environmental aspects of equipment use, is carried out. The features of inte-
gration of theoretical knowledge with practical skills in the learning process are highlighted. Innovative
teaching methods are proposed, including the use of BIM (Building Information Modelling) and VR/AR (Vir-
tual Reality/Augmented Reality. A system for assessing students' knowledge is proposed, which takes into
account both theoretical training and the ability to apply the acquired knowledge in real professional situa-
tions. Particular attention is paid to the development of students’ skills in designing retail premises and
choosing the optimal equipment, taking into account architectural and planning solutions. The article con-
siders teaching methods aimed at developing analytical thinking and the ability to make informed decisions
regarding the technical equipment of retailers of various formats. The results of the study of the proposed
methodological approaches demonstrate their positive impact on the quality of training. Recommendations
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for improving the educational process and adapting the curricula to the current requirements of the labour
market are proposed. The proposed methods can be used in teaching similar disciplines in other higher
education institutions that train specialists for the trade industry.

Keywords: commercial equipment, teaching methods, trade and commercial activity, innovative
technologies, higher education institutions.

1. IlocTanoBKa MPOOJIeMH Ta aHAJI3 OCTAHHIX JHOCTiI:KeHb i myOaikanii. Buknaganus
aucuuIuliig « ToproBenbHe 00aHaHHS € 0COOIMBO BaKIMBUM Y KOHTEKCTI PO3BUTKY Cydac-
HOT'O TOPTOBEJIHOTO PUHKY 3 KUIBKOX BaXJIMBUX MpU4HH [1-4].

[To-nepire 11e TexXHOIOTIYHA MoiepHi3allis Toprieii. Cy4acHI pUHKU XapaKTepU3YHOThCS
IIBUJIKUM BIPOBA/KEHHSAM HOBITHIX TEXHOJIOTIH y TOproBeibHHiA porec. Tomy maitOyTHi ¢axi-
BIIl TOBUHHI MaTH TJIMOOKE PO3yMiHHS MPUHITUIIIB poOOTH Ta (QYHKIIIH CydacHOTO TOProBOTO 00-
nanHaHHs, Hanpukiaaa: POS-TepMiHaiiB Ta KACOBUX anapaTiB HOBOTO MOKOJIHHSA, €JIEKTPOHHUX
CHCTEM LIIHHUKIB, aBTOMAaTU30BaHUX CUCTEM OOJIKY TOBapiB, Cy4aCHOT'O XOJIOAMUIBHOTO, TEIIO-
BOT'0 Ta BHCOKO(DYHKIIOHATBHOTO BaroBoro oonaananus [1,2,4].

[To-gpyre ne ontumizanis TOProBeIbHUX MPOLECIB. 3HAHHSA TOProBOro 00JIAAHAHHS J10-
3BOJIMTH IMiIBUIINTH MTPOAYKTUBHICTH Mpalli IEPCOHATY CKOPOTUTH 4ac 0OCITYyTrOBYBaHHSI KIIIEHTIB
CKOPOTHUTH OTI€palliifHi Ta eKCIUTyaTalliiHi BUTPATH, MOKPAIIUTH YMOBH 30€piraHHs ITiIBUIIUTH
TOYHICTb OOJIIKY Ta OTPUMATH KOHKYPEHTHY IlepeBary. ¥ KOHKYPEHTHOMY Cepe0BUIIll BaXIJIUBO
MaTH MOKJIMBICTh: IPABUJIBHOTO MiI00PY 00JIaHAHHS IJIs1 KOHKpPETHOI chepu po3npiOHOi Topri-
BJIi, €()eKTUBHO BUKOPHUCTOBYBAaTH TOPIOBEJIbHY ILIOINLY, 3a0e3MeuuBII KOM(MOPTHI YMOBH IS
MOKYIIIIB 1 pa30M 3 TUM BIIPOBAKYBaTH €HEProePeKTHBHI PIllICHHs 3a0€3MEeUUBIIN CTA0IBHY
poOoTy oOnanHaHHS, SKa BIANOBIAAE CydyacHUM craHgaptaM. OTpuMaHHS HaBHUOK B Iii ramysi
JIOTIOMO’KE 3PO3YMITH: BUMOTH O€3IeKH 10 TOPrOBEIBHOTO 00JIaHaHHS, MIKHAPOIHHUX CTaHIa-
PTiB SKOCTI Tiri€Hu, caHiTapii Ta eHeproepeKTUBHOCTI [2].

[To-tpere iHTErpamito 3 mudpoBuMu TexHONOTIsIMA. CydacHe TOPTOBEIbHE OOJIaTHAHHS
Bce O1JIbIIIE IHTErPY€ETHCS 3 CUCTEMaMU YIIpaBIliHHA ToBapHUMH 3anacamu, CRM-cucremamu, aHa-
JTITHYHUMH TUTATGOpMaMH, MOOUTBHUMHE TOJATKAMH Ta XMapHUMH CEpBicCaMu.

ITo-yeTBepTe ekoHOMIUHA edeKTUBHICT. [IpaBunbHMI TiAOIp Ta eKCIulyaTallis TOproBe-
JHHOTO 00JIaIHAHHS BIUIMBAE HA 3HIDKEHHS SKCIUTyaTaI[lfHUX BUTPAT, MiABUIIEHHS TMPOITYyKTHB-
HOCTI TIpalli, ONTHMI3allilo JOTICTUYHMX MPOLIECiB 3MEHIIIEHHS BTpaT TOBApiB Ta MiABUIIEHHS pe-
HTa0eIBHOCTI O13HECY.

ITo-n"siTe BUBYEHHS 11i€i AUCHUIUIIHU TOTY€ CTYAEHTIB 10 BIIPOBAPKEHHS 1HHOBALIMHUX
TEXHOJIOT1H, TAKUX SK aBTOMATHU3aIllsl TOPTOBEIHHUX MPOIECIB, PO3BUTKY OararoKaHaJIbHOI TOP-
TiBJIi, BAKOPUCTAHHS IITYYHOI'O 1HTEJIEKTY B TOPIiBII Ta poOOTa 3 CUCTEMaMU CaMOOOCIyTrOBY-
BaHHS.

Taxkum yMHOM, HaBYaHHA 3 TUCHMILTIHU «ToproBenbHe 001aJHAHHA» € HA/I3BUYAiHO Ba-
XKJITMBUM, OCKIITBKH (POpMye KOMMETEHIIIT, K1 HeOOX1IH1 MailOyTHIM (paxiBIsIM ISl TOCATHEHHS
YCIiXy B Cy4aCHOMY TOProBejbHOMY Oi3Heci. 3HAHHsS MPUHIMIIIB JIii, IPaBUJI eKCILUTyaTalii Ta
KOMIIETEHI[1}l Cy4acHOTr0 TOPrOBEIbHOTO 00JIaJHAHHS € BaXJIMBUM €JIEMEHTOM IpodeciiHoT mij-
TOTOBKH, 110 3a0e31edye KOHKYPEHTOCIPOMOXKHICTh TOPTOBEIbHUX MiITPUEMCTB Ta JO3BOJISE iM
3aJI0BOJIBHSTH 3pOCTa04l BUMOTH CIIOKHBauiB[4].

2.Meta Ta 3aBJaHHA THUCHHUILIIHA MOJISTAIOTh:

-y ¢dopMyBaHHI y CTYJI€HTIB 3HaHb PO OCHOBH KOHCTPYIOBAHHS, PO3MIIIIEHHS Ta BUKO-
pHUCTaHHS TOPrOBEIBHOI0 00JIa/IHAHHS;

- 03HaOMJIEHHI 3 HOBITHIMH po3po0KkaMu y cepi piTeiiry Ta KOMEpIiHHOTO Tu3aiiHy;

- NPaKTUYHOMY 3aCTOCYBaHHI OTPUMAHMX 3HAaHb NPU IPOEKTYBAHHI TOPTOBEIBHUX
mromi[9,10].

TexHiuHl aceKTH MPOEKTYBaHHS BKIOYAIOTh B ce0€ BHUBUEHHS OCHOBHHMX MPHHLUIIB
MIPOEKTYBaHHS TOProBOro 00JaJHaHHA, PO3YMIHHS BIACTUBOCTEHN 1 XapaKTEPUCTHK PI3HUX MaTe-
piaiiB, cTaHapTiB Oe3MeKu Ta eproHOMIYHUX BUMOT, O3HAMOMIIEHHS 3 MPUHLMIIAMH MOAYJISAPH-
3arlii, MoJiepHi3allii 1 BUpoOHUIITBA 0OnMagHaHHsA. Pa3oM 3 THM BaKJIMBUMH acCIeKTaMH 3aJIHINA-
IOTBCSl O3HAWOMJICHHS 3 MPUHIIMIIAMH PO3MIIEHHs 00J1alHaHHS, aHaTi3 JIiHIA pyXy MOKYIIIIB Ta
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ONTUMI3aIlisl MapIIPYTiB, 0OCOOJMBI MOMEHTH TUIAHYBAaHHS TOPTOBOTO TIPOCTOPY, CTBOPEHHS ede-
KTUBHUX BUKJIQJIOK TOBapiB Ta 3a0e3MeueHHsI 3pyYHOCTI 00CIYrOBYBaHHS MTOKYTIIIIB.

Taxox He0O0X11HO 30CepeInTH yBary Ha TaKUX IMUTAHHAX, K PO3YMIHHS Cy4aCHUX TEeH/JIe-
HIIIH B piTeilsli Ta KOMEpIitHOMY TU3aiiHi, HOBITHIX TEXHOJOTIYHUX PIlIEHHSX, aHAJI31 aBTOMa-
TU30BaHUX TEXHOJIOTIYHUX CUCTEM, HOCIIHDKEHHI eHeproe(eKTHBHKX PillIeHb, Cy9acHOMY IT1IXO/Ti
JI0 KOMITO3HIIi TOPrOBOTO MPOCTOPY, KOHIIEMIII] Bi3yalbHOIO MEpPYaHIAN3UHTY, 1HHOBAIIMHUX
CBITJIOBUX PIIICHHSIX, aJalTUBHOCTI Ta 0araToQyHKIIOHATLHOCTI O0IaIHAHHSL.

[TpakT4He 3aCcTOCYBaHHS HA0YTHX 3HAHb TOBUHHO MOEHYBATH B COO1 IPOEKTHY pOOOTY,
IPAaKTUYHI HABUYKU Ta €KCIIEPUMEHTAIIbHY POOOTY.

3. Marepiaju ta MmeToau [IpoexkTHa po60oTa MOBUHHA BKJIIOYATH B ceOe po3pOOKy IIIaHiB
PO3MILIEHHS TOPTrOBEIBHOI0 00JIaIHAHHSI, PO3PAaXyHOK HOro TEXHIYHUX XapaKTePUCTHK, IAT0TO-
BKy crenudikaiiii Ta KOITOPHUCIB 1 pa3oM 3 TUM ONTHMI3allil0 BUKOPUCTAHHS TOPTOBEIBHUX
IUIOLLL.

[TpakTH4HI HABUYKU TOJIATAIOTh B YMIHHI KOPHCTYBAHHS CIIELiali30BaHUM MPOTPAMHUM
3a0e3eUeHHsIM 3 METOI0 CTBOPEHHS MPOEKTIB, TEXHIUHOI JTOKyMEHTallli, a TAKOX BUOOPY ONTH-
MaJIbHOTO PIIIEHHS BiAMOBIIHO 0 iICHYIOUOTO OIOKETY Ta OIHKH €()EeKTHBHOCTI PO3MILICHHS
oOJiafHaHHSL.

ExcniepumenTanbHa YacTHHA MOBMHHA BKITIOYATH TaKi BUAU POOIT, SIK TECTYBaHHS Pi3HUX
KOH(Irypamiii po3MilieHHs: oOJiagHaHHs, aHaji3 BIUIMBY pO3TAlllyBaHHS Ha MPOJaxi, MOCHi-
JOKEHHS TIOBEJIIHKY TIOKYIIIIB, OI[iIHKA €prOHOMIYHOCTI pillleHb Ta MepeBipKa BiAMOBITHOCTI HOP-
MaTHUBHUM BUMOTaM.

TakuM 4MHOM Taka CTPYKTypa JOMOMOXKE 3a0€3MeYUTH pa3oM 3 KOMIUIEKCHUM PO3yMiH-
HSIM IIPUHIIUIIB poOOTH 3 0018 JHAHHSAM 37aTHICTh CTBOPIOBATH €()EKTHBHI TOPTOBEIbHI IPOCTOPHU
Ta TOTOBHICTH JI0 BIPOBAKCHHS IHHOBAIlIHHUX PIlICHb.

CyvacHuii po3BUTOK 1H(POPMALIIIHUX TEXHOJIOTIH JOKOPIHHO 3MIHUB MiIX1J 10 IPOEKTY-
BaHHS TOPTOBEJFHUX MPOCTOPIB Ta OpraHi3allii OCBITHIX MPOIECiB: BUKOPUCTAHHS TEXHOJIOTIH
BIM (Building Information Modelling) ta VR/AR (Virtual Reality/Augmented Reality) mis min-
BUIICHHS €(EKTUBHOCTI MpodeciiHol MisIBHOCTI BIAKPUBAE HOBI MOXIHMBOCTI [5, c. 45-47,
6,8,9,11,12]. Texnonoris BIM € iHTenekTyanbHUM IU(PPOBUM MPOLECOM CTBOPEHHS Ta YIpaB-
JIHHS MPOEKTHOIO JOKYMEHTAITIE0, III0 MICTUTh MTOBHI T€OMETPUYHI Ta 1HGOpMaIliiiHi Mojei 0y-
niBenb [6, . 23-25, 9]. CTOCOBHO MpaKTHUYHHUX aCHEKTIB 3acTocyBaHHs BIM B ToprosenbHuX mpo-
CTOpax 3TiIHO 3 AOCIHIPKEHHSIMH, BUKOPHCTAaHHS TeXHOoTii BIM: - 103BOJIsI€ 3HU3UTH BUTpPATH
Ha npoekTyBaHHs Ha 20-30% - CKOPOTUTH Yac Ha BUTOTOBJIEHHS NMPOEKTHOI JOKYMEHTAL] - MiHi-
MI3yBaTy MOMHWJIKH Ha €Talll IPOEKTYBAaHHS - 3a0€3M€YNTH MaKCUMaJIbHY KOOPJAMHALIIO0 MK pi3-
HUMH yJacHHUKaMu npoekty [7, c¢. 112-114, 9]. besnocepennro 10 Toprosoro obsnaaHanHs BIM
MOJIedl MOXYThb OyTH BUKOPHUCTAHI K JUIsl IPOEKTYBaHHS TOProBOro 00JaJHAHHS, BKIIOYAOUU
fioro hopMy, po3MipH Ta MaTepiajiv Tak 1 A7 CTBOPEHHS KpeclIeHb Ta IHCTPYKIIN /Ui BUPOOHHU-
LITBA TOProBOro OOJIafHAHHS, 30KpeMa, K npukiag BIM mozeni MOXIMBO BUKOPUCTATH JJIS
IPOEKTYBaHHS Ta BUPOOHULITBA XOJIOAMIBHUX BITPHH, XOJIOAUIBHUX Ia¢ Ta IHIIOTO TOProOBOTr0
o0aHaHHS.

Taxum ynHOM BIM TeXHOIOTI € MOTY)KHUM 1HCTPYMEHTOM, SIKUI MOe OyTH BUKOPUCTa-
HUH JUTSE IOKPACHHST TPOSKTYBaHHs, BAPOOHHIITBA, MOHTAXY Ta EKCIUTyaTallii TOproBoro ooma-
nHaHHS. Bukopucranns BIM TexHosorii A03BOJSE MIABUIIUTH €(PEKTUBHICTh Ta 3HU3UTH BH-
TpaTH Ha BCIX eTarnax XUTTEBOTO UKy TOProBoro ooiaananxsi[6,7,9].

VR/AR-texnomnorii[8,11,12]. € penpe3eHTariero iHHOBaLlIHHOTO IHCTPYMEHTY CTBOPEHHS
IMEPCUBHOT'O OCBITHHOT'O CEPEIOBHIIA, IO TI03BOJISE:

- MOJEIIOBATH CKJIA/JHI HaBYAIIbHI ClIeHapii

- 3a0e3medyBaTH IHTEPAKTUBHICTh OCBITHHOTO MTPOLIECY Ta JA0JaTH OOMEXEHHS TpaJauIii-
HuX (opM HaBuaHHA [8, c. 78-80], ocobmuBO BaxMBO 1100 3a0e3meunTy 6e3MeYHi yMOBU HaB-
YaHHS CTY/ICHTIB 1] 9ac BifHMU.
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Emmipuyni qocmimkenns [7,8,12]. cBiq4aTh Ipo 3HAYHI MepeBaru BUKOPUCTAHHS BIpTya-
JTHHUX TEXHOJIOTIH, a caMe MiABUIICHHS PiBHA 3acBoeHHS MaTepiany Ha 40-50%, po3BUTOK mpocC-
TOPOBOT0 MUCJICHHS Ta MOXIJIUBICTh 0€3II€YHOT0 MOJICITIOBAHHS CKIJIAIHUX MPO(eciifHUX CUTyamin
[7, c. 56-58].

[TincymoByrOYM MOXHA KOHCTAaTyBaTH, 1o BipoBamxkeHHs BIM ta VR/AR-TexHooriii €
TIepCIEKTHBHUM HATIPSMKOM PO3BUTKY MpodeciiiHoi 0CBiTH Ta IPOEKTYBaHHS. [X KOMILIEKCHE 3a-
CTOCYBaHHS JI03BOJISIE 3HAYHO IIJBUIIYE SIKICTh Ta €()EKTUBHICTH MPOGECIHHOI TiTbHOCTI.

[lo o ouiHIOBaHHS 3HAHb CTY/ACHTIB palliOHATLHUMH € 3araiibHi Kputepii[7]. Kornitus-
HUH pIBEHbB, IKUU B CBOIO YEPT'y PO3/LICHO HA PEIIPOIYKTUBHUIN, PEKOHCTPYKTHUBHHI Ta TBOPUHUH.
[Io 10 ckJIaAOBUX OLIHIOBAHHS MPOMOHYETHCS HACTYIHHUM oL Teopis - 40%, npakTHYHI HaBU-
4Ky - 35%, camocriitHa po6ota — 15% 1 npe3enTanis pe3yapTatis - 10%.

4. BucnoBku. [1iicyMOBYIOUHM BHIIICHABEICHE MOXKIIMBUM € 3pOOUTH HACTYIIHI BUCHOBKH:

1. BaxiMBOCTI TUCIUTIIIHYU )11 MaOyTHIX (paxiBIliB 3 TOPrOBO-KOMEPIIIHHO1 AISTBHOCTI.

2. HeoOXigHICTh BIPOBAKCHHSI CYYaCHUX TEXHOJIOTIM Y HAaBYAJILHUU IMPOILIEC, 30KpemMa
BIM (Building Information Modelling) Ta VR/AR (Virtual Reality/Augmented Reality).

3. IlepcieKTHBH PO3BHUTKY KYpCY Ta aJIallTallist 1O BUMOT pUHKY Mpaii YKpaiHu.
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INCREASING THE EFFICIENCY OF GRAVITY MIXING FOR CONCRETE MIXTURES

ABSTRACT. The article examines the impact of a gravity concrete mixer's geometric parameters
and the concrete mixture's rheological properties on mixing efficiency. The kinematics of particles in the
mixing drum are considered, taking into account gravitational, centrifugal and inertial forces. An analysis
was conducted to assess the impact of blade angle, drum rotation speed, and mixture viscosity on compo-
nent distribution uniformity and final material quality.

The results of mathematical modeling confirmed that an increase in the rotation speed contributes
to more active mixing, but its excessive value can lead to centrifugation of particles and a decrease in
process efficiency. It has been established that the optimal angle of blades inclination ensures maximum
circulation of particles and minimizes areas with weak mixing. A connection between the rheological char-
acteristics of the mixture and the kinematics of its movement has been revealed, which allows optimizing
the design parameters of the mixer to improve the mixing quality and reduce energy costs.

The results obtained can be used to improve the design of concrete mixers, as well as the devel-
opment of adaptive mixing process control systems. It is advisable to focus further research on mathemat-
ical modeling of turbulent flows in the mixing chamber and the development of intelligent systems for reg-
ulating mixing parameters.

Keywords: concrete mixer, rheology, particle kinematics, rotation speed, blades, mixing efficiency,
mathematical modeling, process optimization.

1. Problem statement. The process of mixing concrete mixtures in gravity concrete mixers
is determined by the interaction of the mixture particles with mixer working bodies and with each
other. The uniformity of component distribution directly affects the quality of the final material,
including its strength, durability, and resistance to external influences. Despite the widespread
practice of using gravity mixers, their effectiveness largely depends on design features and kine-
matic parameters.

One of the key aspects determining mixing quality is the dynamics of particle movement
in the mixing drum. During the rotation of the drum, material particles are exposed to gravitational,
centrifugal and inertial forces, which determines their trajectory and speed of movement. If particle
interaction with the blades is not sufficiently effective, zones with weak material circulation may
form, leading to the mixture's heterogeneity.

The geometry of the mixer blades and their angle of inclination significantly affect the
particle velocity distribution and mixing intensity. The choice of rational blade parameters deter-
mines how evenly the concrete mixture components will be mixed, which is especially important
when using highly active additives or modified binders.

The relevance of the study is due to the need to ensure high homogeneity of concrete mix-
tures, which directly affects their strength and performance characteristics. Gravity concrete mix-
ers, which are widely used in construction, have disadvantages related to uneven mixing, which
can lead to the formation of areas with weak material circulation. Determining the optimal design
parameters of the mixer, such as blade geometry and drum rotation speed, is an important task for
increasing mixing efficiency and ensuring uniform particle distribution. Research into the influ-
ence of these parameters, as well as the rheological properties of the concrete mix, will allow us
to improve the concrete preparation process and improve the quality of building materials.
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2. Analysis of recent sources and publications. Many studies highlight that mixing effi-
ciency largely depends on the mixer's design parameters, particularly the blade shape and place-
ment, drum rotation speed, and mixing chamber's inner surface geometry. Optimizing these pa-
rameters allows for uniform particle distribution and minimizes the formation of zones with low
material circulation intensity [1-2].

Scientists also focused their research on analyzing the trajectories of concrete mixture par-
ticle movement under the influence of gravitational, centrifugal, and inertial forces. Studies show
that the kinematic features of the mixing process directly affect the time it takes to achieve the
required homogeneity of the mixture, as well as the uniform distribution of components throughout
the drum volume. In particular, it has been found that too high a rotation speed leads to a centrif-
ugation effect, when particles are pressed against the walls of the drum and the mixing process
becomes significantly more difficult [3].

Particular attention was also paid to the influence of the rheological properties of the con-
crete mix on the mixing efficiency. Scientific studies show that the viscosity and density of the
material determine the nature of its movement inside the drum and the degree of interaction with
the working elements of the mixer. It has been shown that for mixtures with high viscosity it is
necessary to increase the mixing intensity, which can be achieved by changing the geometry of the
blades or the operating modes of the mixer [4].

3. Purpose of the work. The purpose of the study is to analyze the influence of the geo-
metric parameters of the mixer and the rheological properties of the concrete mix on the efficiency
of the mixing process in a gravity concrete mixer. The research is aimed at determining the optimal
design characteristics of the mixer's working elements, ensuring uniform distribution of particles,
reducing mixing time and increasing the homogeneity of the concrete mix.

4. Discussion of research results. Gravity concrete mixers are one of the most common
types of equipment for preparing concrete mixtures directly on the construction site. They are
characterized by their simplicity of design, reliability and efficiency in mixing a wide range of
building materials. The basic principle of their operation is based on the rotation of a drum, inside
which are installed blades that ensure the lifting and free fall of concrete mixture particles under
the influence of gravity. This creates a cyclic mixing process, promoting uniform distribution of
the mixture components [5].
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Fig. 1. Gravity Concrete Mixer

The efficiency of a gravity mixer largely depends on its design parameters, in particular
the shape of the drum, the location of the blades and the rotation speed. Choosing the optimal
parameters allows you to improve mixing quality, reduce mixture preparation time and reduce
energy consumption. At the same time, insufficiently intensive mixing can lead to uneven distri-
bution of components, the formation of zones with low material circulation and, as a result, to a
decrease in the quality of the final product.
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The rheological properties of the concrete mix also play a key role in the mixing process.
Viscosity, density and solids content determine the nature of the material movement in the drum
and the level of interaction of the particles with the working elements of the mixer. For low-vis-
cosity mixtures, it is necessary to adjust the angle of the blades and the speed of rotation to prevent
delamination of the material. In the case of more viscous compositions, on the contrary, the mixing
intensity must be sufficient to overcome the internal resistance forces and ensure uniform distri-
bution of the mixture components [6].

Modern research is aimed at optimizing the mixing process by improving the structural
elements of the concrete mixer and developing new mathematical modeling techniques. This al-
lows not only to improve the homogeneity of the final mixture, but also to increase the productivity
of the equipment, minimize material losses and energy costs. The use of mathematical models and
computer simulations allows to predict the behavior of particles in the mixing chamber and deter-
mine the optimal mixing modes depending on the properties of the mixture and operational re-
quirements [7].

The process of small-scale mixing of the construction mixture in a gravity concrete mixer
is determined by the complex movement of material particles along the inner surface of the drum
under the action of gravity and inertia forces. This movement is based on the rotation of the drum
with installed blades, which provide a change in the trajectory of the mixture and the formation of
a uniform distribution of particles in the mixture.

I
Fig 2. Blade interaction on the mixture

It is advisable to describe the trajectory of building mixture particles in a cylindrical coor-
dinate system (R, @, z), where R — drum radius, ¢ — angle of its rotation, and z — vertical coordinate
counted from the base of the drum [8]. The kinematics of particles are determined by two main
components: rotational motion together with the drum and translational displacement under the
influence of gravity and centrifugal forces.

Provided that the drum rotates with an angular velocity o, the particles of the mixture ac-
quire the corresponding rotational speed:

v, =R (1)

4

where R — distance from the axis of rotation to the particle,® — angular speed of the drum rotation.

However, under the influence of gravitational forces, the particles carry out a vertical dis-
placement along the inner surface of the drum, forming a movement characteristic trajectory. The
vertical movement of particles can be mathematically described as follows:

(1) =h —%gr% @)

where h; — initial particle height, g — acceleration of free fall, t — movement time.
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The blades affect the trajectory of the particles by changing their direction, which contrib-
utes to separation from the surface of the drum and subsequent movement in space. The trajectory
of this separation can be modeled in a curve form, which is described by the parabolic form equa-
tion:

z = Rtan()cos(¢), 3)

where 3 — blade angle, ¢ — angular coordinate of the particle.

Fig 3. Layout of the blades in the mixing drum

For a mathematical description of building mixture movement in a horizontal plane, it is
advisable to use kinematic relationships that relate the radius R, angle speed o and separation angle
@o, in which the particle separates from the surface of the drum:

(g
@, = arcsm( % j 4)

@

Based on these parameters, it is possible to formulate a general equation that describes the
surface of particles trajectory in the drum:

z = Rtan(f)cos(wt) — % gt’. (5)

Optimal angle of blades inclination B is determined in such a way as to promote the maxi-
mum separation of the particle from the drum surface, ensuring its uniform distribution throughout
the volume. Generally, to achieve effective mixing angle 3 taken in the range of 30°—45°. Within
these limits, the particle receives sufficient kinetic energy to break away, while at the same time
its trajectory remains controlled:

_ &
B, = arctan (2—1{} , (6)

where td¢et — The time elapsed until the particle detaches from the blade is determined by the con-
dition of equality of centrifugal force and gravity:

@’ Rcos(f) = g. (7)

Hence the optimal angular speed of drum rotation wop: €quals:

_ 8
Bon = \j Rcos(B) ®

From the resulting equation it follows that the mixing time decreases with increasing an-
gular rotational velocity ® and radius reduction R. However, excessively increasing the rotation
speed can cause a "centrifugation" effect, in which particles are pressed against the walls of the
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drum, which leads to a decrease in mixing efficiency. In this regard, there is a critical value of
angular velocity o [9], to which particles cease to come off the walls:
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Fig 4. Optimal blade angle to drum radius

To achieve effective mixing, the angular rotational speed must remain below the critical
value w¢r, while providing enough energy to detach particles from the surface of the drum:

o =0,6+0,8w,. (10)
opt cr

Solving this system of equations allows us to determine the parameter values that ensure
minimum mixing time and maximum process efficiency. For gravity concrete mixers with a stand-
ard drum diameter within 0,6 m < D < 1,5 m the optimal angular speed of rotation is 10-20 rpm
[10].

The time required for a particle to reach the surface of the drum, taking into account the
vertical component of motion, is determined by the following expression:

2h,
tver = ? ‘ ( 1 1 )

For a particle moving along a blade, the moving time is additionally determined by the
blade inclination angle  [11]. This case, the particle movement occurs under the action of the
projection of the gravitational force onto the direction of the blade. The velocity of the particle in

this direction can be written as v =/2ghsin £, from where the time of particle movement along
the blade is equal to:

L
ty = ——— (12)

Lghsin B’

where L — particle trajectory length along the blade, h — the height from which the particle begins
its movement.

The general motion equation for a particle on the blade's surface is determined by force
balance conditions:

7
m - F;nert + Fgrav +N

dt’ (13)
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, F o : . F .
where m — particle mass, Fiverr inertial force resulting from the drum rotation, = &« — gravity

force, N — reaction of the supporting blade surface.
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Fig 5. Dependence of mixing time on the drum inclination angle

Resistance reaction N is perpendicular to the blade surface and balances the normal com-
ponent of the forces acting on the particle. Accordingly, the projections of particle motion equation
onto the radial, angular and vertical coordinates can be presented in the appropriate form:

d*r

m?—mrw2 =-mgsin B+ N, (14)
2
mr;?zO, (15)
’z
mﬁz—mgcosﬂ+Nz. (16)

Since the particle remains on blade surface, its movement is limited by the fact that it does
not break away from the surface. This means that the centrifugal force of inertia should not exceed
the projection of gravity on the radial direction. Based on this condition, it is possible to determine
the appropriate dependencies for the motion of a particle:

ma’r < mgsin . (17)

The trajectory of the particle on blade surface has a helical shape, which is determined by
the speed of drum rotation and the blade geometric parameters. To describe the movement of a
particle along the blade, we can use the parametric equation of its trajectory in cylindrical coordi-
nates:

r@y=r+vt, ¢t)=wt, z(t)=z,+v.Lt, (18)

where 19 and 7o — initial coordinates of the particle, v; and v, — components of the particle velocity
in the radial and vertical directions, respectively.

The particle's trajectory takes on a parabolic shape under the influence of gravity and the
angle of blade inclination. Accordingly, the equation of its motion can be represented in the ap-
propriate mathematical form:
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z(r):zo—ziwz(r—ro)2 tan 3 (19)

The speed of particle movement along the blade is determined by the angle of the B incli-
nation and frictional force between the particle and blade surface. Given the frictional force, you
can write an expression for velocity:

v, =+2gr(sin B— ucos ), 20)

where p — friction coefficient.

If a particle moves without slipping, its trajectory is completely determined by the geome-
try of the blade. In the event of slipping, energy losses due to friction must be taken into account,
which affect the overall efficiency of the mixing process. The trajectory of a particle in the x-y
plane is described by the solution of differential motion equations:

d*x d?
mog =Fe moE=F, e

where Fx and Fy — projections of the total force on the corresponding axes.

These projections take into account the influence of inertial forces, gravity, friction and
normal pressure. Depending on the interaction conditions, the trajectory of particles can be either
smooth (provided that they are in constant contact with the blade) or discontinuous (in the case of
a particle being detached from its surface).

The energy transferred from the blades to the particles is determined by the contact area
and the mechanical properties of the material. Increasing the speed of drum rotation or decreasing
the angle of blade inclination increases the action intensity of the blades on the mixture, which can
contribute to improving the process efficiency. However, an excessive increase in rotational speed
can lead to stratification of the mixture or its uneven mixing.

To optimize the particles interaction with the blades, it is necessary to take into account
parameters such as the height of the mixture on the blades, the attack angle of the particles and the
pressure distribution over the blade surface. The lifting height h is determined by the formula:

h = Rsing, (22)

where ¢ — the angle at which the mixture rises along the blade.

For particles running into the blade, the velocity field is formed by external forces, in par-
ticular gravity, frictional forces, and inertial and centrifugal forces [6]. The general dynamics of
particle motion can be described by the Navier-Stokes equations, which for an incompressible
liquid are as follows:

p(g—‘;+§-V\7j:—Vp+yV2§+pg, (23)

where p — material density, V — velocity vector, p — pressure, u — dynamic viscosity.

The speed of particles movement in the parietal layer near the surface of the scapula usually
decreases due to the frictional forces action. To describe the velocity profile in this layer, the lam-
inar flow equation can be applied:

v(z) = Ty z,

Y7,

where 7,, — tangential stress on the blade surface, z — distance from the spatula surface.
The average speed of particles in the field allows you to estimate the mixing efficiency and

is calculated by the formula:

(24)
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v=—| var, 25
- (25)

where V' — the volume of the control zone in which the speeds are calculated.

Particular attention should be paid to the zone of particles direct contact with the scapula,
since this is where the energy transfer from the scapula to the particles takes place. In this region,
the velocity field is characterized by significant gradients [12]. The gradient of velocities in the z
direction is determined by the expression:

P _ T (26)
0z W

The determination of the velocity field allows you to estimate the stratification phenome-
non, which can occur in the event of a significant difference in particles velocities in different
layers. To prevent this effect, it is necessary to ensure velocity uniformity of the field in contact
area of the mixture with the blades.
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Fig 6. Distribution of particle velocity over the blades distance

The projection of the particle velocity field through the site projection makes it possible to
estimate the distribution of particle velocities in space and take into account the influence of the
working surface geometry of the blade and their movement trajectory [13]. For this purpose, co-
ordinate systems are used that reflect the spatial orientation of the site, as well as methods for
projecting vector quantities. In this case, the total velocity of the particle is determined by the

formula:
v:,[vf+vi+vzz. (27)

In addition, the projection of the vane area onto the coordinate plane makes it possible to
take into account the influence of its inclination on the spatial distribution of particle velocities,
which allows for a more accurate assessment of particles movement peculiarities and their inter-
action with vane surface:

S, =S§-cosa. (28)

where S — surface area of the blade, o — angle of inclination between the blade and the plane.
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To visualize the particle velocities distribution, a vector field is constructed that displays
both the direction and magnitude of the particle velocities at each point on the vane surface.

For the xy coordinate plane, the vector field makes it possible to analyze the trajectories of
particles, determine areas with maximum velocity concentrations, and evaluate the influence of
vane geometry on flow dynamics. The vector field is given as follows:

Vv, (%, ) = (v (x,¥),v,(x, ). (29)

Shear zones form local regions with high velocity gradients, contributing to intensive in-
teraction between particles of the building mixture. These zones occur in areas of direct contact
between particles and drum blades, as well as in adjacent layers of the mixture subjected to shear
forces [14]. To effectively describe shear zones, it is crucial to consider the velocity distribution
within the mixture, where the velocity gradient defines spatial velocity changes and is represented
as a tensor containing partial derivatives of velocity components. The intensity of the mixing pro-
cess in a gravity concrete mixer largely depends on the local rotational movements of particles
within these shear zones, characterized by rotor velocities. This parameter quantifies the degree of
particle rotation around the axis and reflects the medium’s dynamic properties. Analyzing the rotor
velocity enables the evaluation of turbulent structure formation in the contact zone of particles
with the blades and helps determine the uniformity of particle mixing throughout the drum volume.
The velocity gradient tensor can be expressed as:

ov, 0Ov, Ov,
ox Oy Oz
ov, 0ov, Oov
Vy=|—= L (30)
ox oy 0Oz
ov, Ov, Ov,
| Ox 0y Oz

The change in velocity between adjacent layers of the mixture forms shear zones, the in-
tensity of which is determined by the symmetrical part of the Vv velocity gradient tensor. This
symmetrical part describes the deformation processes in the mixture and characterizes the rate of
change in the relative particles displacement without taking into account the rotational components
of motion:

D=%(Vv+(Vv)T), 31

where D — shear velocity tensor.
To assess the intensity of the process, a speed rotor module is used:

2 ) 2
N8 [0 RO RO
r\ 0¢ oz oz or r\or o¢p
This parameter characterizes the total intensity of rotational movements at each point in
space. The maximum values of the velocity rotor modulus are generally observed in the parietal
layer near the blades, where the largest velocity gradients occur.
The mixing intensity can be estimated using the volumetric integral of the speed rotor mod-

ule, which takes into account the rotational movements in drum entire volume. This indicator is
determined as follows:

I= jVWv|dV, (33)

where V — mixture volume in the drum.
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In shear zones, the velocity rotor is associated with viscous forces that facilitate the transfer
of energy between particles layers. To analyze this relationship, the relationship between the rotor
and the energy dissipation is used, which is defined as:

g=u(V), (34)

where ¢ — energy dissipation intensity.

For turbulent flow, the velocity profile becomes nonlinear and is characterized by increased
velocity gradients. This contributes to more intensive mixing, but can also cause local delamina-
tion of the material due to the unevenness of the velocity fields [15].

The intensity of mixing determines the distribution uniformity of particles in the mixture
and, accordingly, the final product quality. During the mixing process, each particle of the building
mixture is exposed to shear, inertia and friction forces, which change its trajectory and ensure that
the components are evenly distributed throughout the drum volume.

If the mixing intensity is insufficient, individual particles may remain in local areas with
low turbulence, which causes uneven distribution of components and a decrease in the quality of
the mixture. The particles distribution uniformity in a mixture is estimated using the homogeneity
coefficient, which is defined as the ratio of concentration standard deviation of the components to
the average concentration.

\/;2«1 -0y
C, =" , (35)

where C; — concentration of the component at the i-th point, C — average concentration, N — num-
ber of measurement points.

The quality of the final mixture is determined by the particle distribution homogeneity,
which ensures optimal mechanical and physical product properties. In concrete mixtures, the uni-
form distribution of cement, sand, and water contributes to achieving uniform strength and crack
resistance of the finished material. Uneven component distribution can lead to the formation of
zones with excess or insufficient cement content, negatively affecting the material's performance
characteristics, particularly its strength, durability, and resistance to cracking.

5. Conclusions. In the course of the study, it was found that the efficiency of mixing con-
crete mixtures in gravity concrete mixers largely depends on the geometric parameters of the work-
ing bodies and the rheological properties of the mixture. Optimization of blade angle, drum speed
and kinematic characteristics ensures uniform particle distribution and improves mixture uni-
formity.

The results of mathematical simulations confirmed that excessively high drum rotation
speeds can lead to centrifugation of particles and reduced mixing efficiency. At the same time,
insufficient mixing intensity contributes to the formation of zones with weak material circulation.
The optimal balance between these factors ensures the high quality of the final product.

The results obtained confirm the feasibility of using mathematical modeling to analyze the
mixing process and develop new design solutions. The use of computer simulation allows you to
predict the dynamics of particle movement in the mixing chamber and optimize the parameters of
the equipment.
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NMAPAMETPU BIBPOABPA3MUBHOIO NPOLIECY TA iXHIW BMNJINB HA E®EK-
TUBHICTb OBPOBKU B BIBPOYCTAHOBKAX I3 AKTUBHUM POBO4Y1M OPTA-
HOM

AHOTALIA. Y cmammi HagedeHO ma ripoaHai3ogaHo Mamemamu4Hy modersnb 8ibpoabpa3sus-
HOZ0 rpouyecy 8 ycmaHo8ui 3 akmugHuM poboyuM opeaHOM, sika KOMIMIIEKCHO 8paxoeye /lI0KaslbHi KOHmMa-
KmHi 83aemo0ii yacmuHok abpa3susy 3 demansamu ma OUHaMiYHi xapakmepucmuku cucmemu. Lle do3eorisie
aHanimu4HoO 8CcmaHo8UMU 83aEMO38 930K MiXX 3MIHOK 3Ha4YeHb OCHOBHUX rapamempig rnpoyecy ma rnpo-
dykmusHicmro 06pobku. Modernb cmeopeHa Ha ocHoai meopii 'epua-MiHOniHa 3 3acmocy8aHHSIM PiGHSIHb
JlaepaHxa Opyeo20 poody.

BusHayeHi ma obrpyHmoeaHi Kio4osi napamempu e8ibpoabpa3usHozo rnpouecy — amimyoa ei-
bpauit, kymosa weudkicmb obepmaHHsi pobouoi kamepu, maca. [lposedeHo aHarni3 ix ennusy Ha rMpoodyK-
museHicmb 8ibpoabpa3usHoi 06pobKu.

Llleudkicmb 3HiMaHHS1 Mamepiany 6yna gusHa4eHa ma obrpyHmosaHa sik OCHO8HUU Kpumepil wo
gidrnoesidae 3a NpodykmueHicmb rpouecy ma 00380/I5€ KiflbKiCHO OUiHUMU (1020 echekmusHicmb.HasedeHa
opmyna weudkocmi 3HIMaHHS Mamepiarny 3abesnedye peasicmu4yHuUll Onuc rpouyecy 3agosiku epaxy-
8aHHI KOHMAaKMHUX cusl ma 8i0HOCHUX weudKkocmel YacCmuHOK, 8paxos8yroyu isudHi obMexxeHHs ma Oe-
mrighytodi ecbekmu.

HasedeHo ¢bopmynu onmumarnbHUX 3Ha4YeHb KOXHO20 3 OCHOBHUX rapamempis, Konu npodyKmu-
8Hicmb nipouecy npu 36inbuweHi ix 3Ha4YeHb riepecmae 3pocmamu Yepe3 Hasi8Hicmb hi3U4YHUX 0OMeXXeHb,
g8paxosytoyu ymosu 8idpusy abpa3usHoi YacmuHKU 8id demarti.

Knroyoei cnoea: gibpoabpasusHa obpobka, mMmamemamuyHa MoOesib, KOHmaKkmHa OUHaMiKa,
egeKkm Hacu4eHHs1, npoodyKmMugHicmep.

PARAMETERS OF THE VIBROABRASIVE PROCESS AND THEIR IMPACT ON THE
PROCESSING EFFICIENCY IN VIBRATORY INSTALLATIONS WITH AN ACTIVE
WORKING ELEMENT

ABSTRACT. The article presents and analyzes a mathematical model of the vibratory abrasive
process in a setup with an active working element, which comprehensively considers the local contact
interactions between abrasive particles and workpieces as well as the dynamic characteristics of the sys-
tem. This model enables an analytical determination of the relationship between changes in the main pro-
cess parameters and the processing efficiency. The model is developed based on Hertz-Mindlin theory and
employs the Lagrange equations of the second kind.

The key parameters of the vibratory abrasive process—uvibration amplitude, angular velocity of the
working chamber rotation, and mass—are identified and substantiated. Their influence on the efficiency of
the vibratory abrasive process is analyzed.

The material removal rate is defined and justified as the primary criterion for process efficiency,
allowing for a quantitative assessment of performance. The provided formula for the material removal rate
offers a realistic description of the process by accounting for contact forces and relative particle velocities,
considering physical constraints and damping effects.

Formulas for the optimal values of the main parameters are presented. These values correspond
to the saturation points where further increases in parameter values cease to enhance process efficiency
due to physical limitations, including conditions under which abrasive particles detach from the workpiece.

61


https://doi.org/10.32347/tb.2025-42.050
https://orcid.org/0000-0002-9086-3904
mailto:korobko@nupp.edu.ua
https://orcid.org/0009-0000-4571-5147
mailto:bugrov.dmitriy@gmail.com

T 4 Texnixa OyaiBHHMLITBA Bumycx/Issue 42, 2025
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1. [TocTanoBka npo6aemu. Biopoabpa3uBHa 00poOKa € OJTHUM 13 KIIFOYOBHX TEXHOJIOT-
YHUX TPOIECIB Y CYyYaCHIN MPOMHCIOBOCTI, OCKUIBKH TIBHCOKA €(EKTHUBHICTH JJO3BOJISIE OTPUMY-
BaTH 3aJ]aHy SKICTh MPU MiHIMaIbHIN cobiBapTOCTI OAuMHUII BUpoOy.llei MeTon 3HaMIIOB 3acTo-
CYBaHHS B PI3HUX Taly3sX, BKIIIOYAIOUM MATMHOOYAyBaHHs, aBialliiiHy Ta HagTOra3oBy mpomruc-
JIOBICTB 3aBJSIKH CBOiH YHIBEPCAJIbHOCTI.

He3Baxkarouu Ha MommMpeHe 3acToCyBaHHs BiOp0aOpa3sHMBHUX yCTAaHOBOK, ICHYIOUI JOCITi-
JDKEHHSI, 1110 TPYHTYIOThCS [IEPEBAXKHO HA EMITIPUYHUX MOJENAX, HE MOBHICTIO BPAXOBYIOTh CIIe-
uGivHi epexTr mporiecy, 30kpema HacuueHHs. OcoOIMBO 1€ aKTYaIbHO /I HOBUX KOHCTPYKIIIN
BiOpoOOIaAHAHHS 10 MAIOTh aKTUBHI POo0OOYl OpraHu, 1XapaKTEPU3YIOThCs OUIBII CKIATHOO T0-
BEIIHKOIO I'PaHyJIbOBAaHUX CEPEIOBUIN Y JMHAMIYHUX YMOBAX.

Xo4YakjgacHu4HI MiIX0IU 10 MOJICIIOBAaHHS (METO JUCKPETHUX €JIeMEHTIB, Teopis ['epia-
Minjsina) akTHBHO BUKOPUCTOBYIOThCS, PIBHSAHHS Jlarpanka Uit Onucy TUHAMIYHUX CHUCTEM Y
BiOpoaOpa3uBHUX Mpoliecax 1€ 3aTUILAITHCS HEJOCTaTHbO BUBUYEHUMH. BUKOpHUCTaHHS LbOTO
MiAXO0y TO3BOJHMTH BPaXOBYBaTH B3a€MO/IIF0 MK BCIMa y3araJlbHCHIMH KOOPIMHATAMH Ta CTBO-
pIOBaTH OUIBII TOYHI Ta YHIBEpCATbHI MOJEII.

Tomy noganeIre 1oCIiKEHHS 3aKOHOMIPHOCTEH MPOTyKTHBHOCTI 0OPOOKH BiJ] 3MiHHM T1a-
paMeTpiB Ipoliecy Ta BCTAHOBJIECHHS ONTUMAIbHUX 3HAY€Hb JO3BOJIUTh €(DEKTHUBHIIIE BUKOPUCTO-
BYBATH iCHyI04€e 00JIaJTHAHHA 1 CTBOPIOE MIATPYHTS VIS IOJAIBIIOTO BIOCKOHAIEHHS HOBUX KOH-
CTPYKLIN BiOpoabpa3uBHHUX yCTaHOBOK.

2. AHaJii3 ocTaHHix JukepeJ i mydJikaniii. Y cyyacHHUX JOCHIKEHHAX BiOp0aOpa3suBHUX
MPOLIECiB 3HaUHA yBara MpHUAUISETHCS ONTUMI3alii mapamMeTpiB IS MiABUILEHHS e()EeKTHBHOCTI
00pOOKH Ta SIKOCTI TIOBEPXHI.

VY poborax [1, 2] mokazaHo, 110 aMILIITy/1a KOJIMBAaHb BiAIrpae BUPILIAIbHY POJIb Y TAKUX
acIieKTax, sk 3HATTS MaTepiairy, piBHOMIpHICTh 00poOKH Ta KiHIIEBa SKiCTh oBepxHi. Lli gocmi-
JDKEHHS BKa3yIOTh, 1110 TPY 3aHAATO Majiil aMIuiiTy1i 06poOka cTae HEpIBHOMIPHOIO, a e(heKTHUB-
HICTB 3HATTS MaTepialy 3HAUHO 3HWXKYEThCA. L[e MOsSICHIOETBCST HETOCTATHROIO EHEPTi€lo, IO TIe-
penaeTbes BiJ abpa3uBHUX YaCTOK JI0 00poOII0BaHOT TOBEPXHI, 110 MPU3BOIUTH JI0 CIaOKOT0 KO-
HTaKTy MDK YaCTKaMH Ta JeTalsIMU. 3 IHIIOro 00Ky, HaAMIpHO BUCOKA aMILIITy/1a BUKIIMKA€E 3HA-
YHeE IM1/IBUIIEHHS KIHETUYHOI €HepTii YaCTUHOK, 1110 MOYe CIIPUYUHUTH MEXaHI14H1 OIIKOXKEHHS,
YTBOPEHHS MIKPOTPIIIMH a00 HEPIBHOCTEN Ha MOBEPXHI JeTaleil.

VY ny6nikauisx [3, 4] mponoHyeThCs BpaxoBYBaTH Taki (pakTopu, sk THII MaTepially JeTa-
neit, popMa 1 IIIBHICTh A0pa3UBHUX YACTHMHOK, CTYIIHb 3alIOBHEHHS po0OUYO0i KaMepH Ta IIBHI-
KicTh ii o6epTanHsa. HaykoBIi BiJl3Ha4a0Th, 1110 ONTUMI3aLlis aMIUTITYI BiOpaliii 103BOJIsIE J10-
CSTTH HalKpaIoro KOMIIPOMICY MK HIBUAKICTIO 0OpoOKH Ta siKicTiO moBepxHi. Hanpukman, nmis
IIPOIIECIB MOMIPYBAaHHS Ta TaJITyBaHHs, HAWKpaIlli pe3yJbTaTh JOCATaI0ThCs P CEPEIHIX 3HAUEH-
HAX aMIUTITY/IH, K1 3a0€3Meuy0oTh CTa0lIbHY KOHTAaKTHY CHITY.

B npatsix [5, 6] hoxycyroTbes Ha OKpeMHUX NapaMeTpax, TAKUX sIK aMIUTITy/1a, KyTOBa ILIBHU-
JIKICTh a00 THUCK, iIXH1A KOMOIHOBAaHUH BIJIMB HAa MPOAYKTHUBHICTD Ta sIKICTh OOpOOKH IIIe HEJTOCTa-
THBO BUBUEHUH. Hampukiaa, B3aeMo1ist MiXk aMILTITY 1010 BiOpalliii i Macoro abpa3uBy MOXKe CTBO-
PIOBATH HENMiHIMHI eeKTH, K1 BaXKKO Nepe1dadynTu 6e3 KOMILIEKCHOTO MOJIEIIOBaHHS.

Hocnimpkenns [7, 8] BKa3yloTh Ha iICHyBaHHS ONTHMAJIbHUX 3HAYEHb MapaMeTpiB, MICIs
SAKUX €(EKTUBHICTD MPOIIECY 3HIKYEThCS (epeKTu nepeHacuyeHHs ). [lpore MexaHi3Mu LIUX SBUIIL
JI0Ci HE MalOTh YiTKOTO TEOPETUYHOTIO OOTPYHTYBAHHS, @ TAKOXX BIACYTHI TOYHI aHAJITHYHI Me-
TOIM IS iX TIepen0adeHHsI.

3. MeTta podoTi. MeTo10 1aHOi CTAaTTi € OOTPYHTYBaHHS KJIIOUOBHX ITapaMeTpPiB MpoLecy
B10poabpa3uBHOi 0OPOOKM B YCTAHOBIII 3 AKTUBHUM pOOOUYMM OpraHom. TeopeTuyHo AOCHIAUTH
Ta MpoaHaji3yBaTy BIIMB BU3HAUEHHUX MAapaMeTpiB Ha OCHOBHHM MOKa3HUK €(eKTUBHOCTI 00po-
OKU Ha OCHOBI 3alPONOHOBAHOI MaTeMaTHUYHOT MOJIEJNI, 30KpeMa Ha UIBUAKICTh 3HIMAaHHS MaTepi-
aiy. AHalIITUYHO BCTAHOBUTHU 3HAUEHHS MapaMeTpiB Mpolecy s 3a0e3neueHHs] ONTUMAaIbHOTO
pexxumy BiOpoabpazuBHOIOOPOOKH.
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4. OOroBopeHHsi pe3yJbTaTiB J0CHiIKeHb. Y BiOpoaOpa3zuBHOMY MPOIECI B3aEMO/IIS
MDK YaCTHHKaMHU aOpa3uBHOTO CEPEIOBUINA Ta 0OPOOIIOBAHOIO MMOBEPXHEIO BUZHAYAETHCS 3aKO-
HAMU KOHTAKTHOI MeXaHiku. [[yst omucy 1iei B3aeMoii 3acTocoByeThest MoJienb [ epria-MiHtiHa
[9, 10], sixa m03BOIIsIE BpaXyBaTH SIK HOpMaJIbHI, TaK 1 TAHTCHIIAJIbHI CHJIM KOHTaKTy. Po3paxyH-
KOBa CXeéMa IIpUBeJieHa Ha puc. 1.

4 koK
[ 7] | e A5
; T Ff ’
s m Fuy
+ B
m
s
» -

Puc.1. Po3paxynkoBa cxema BiOpoaOpa3HBHOI yCTAHOBKH 32 aKTHBHHM POOOYNM OPTaHOM
Fig. 1. Computational scheme of the vibratory abrasive setup with an active working element

3rigHo 3 3akoHOM ['epiia, HopManbHa cuiia Fy, 10 BUHUKAE B TOYI KOHTAKTy, BU3HAUa-
€ThCS TNIMOWHOIO TPOHUKHEHHS &

Fy= kN53/2’ (1)

ne k, - 1e Koe(IieHT JKOPCTKOCTI KOHTAKTHOI B3a€MOJIi, BpaXOBYIOUM MOAYJII HPY>KHOCTI Ta

reomeTpito MarepiaiiB. BiH € hyH1aMeHTaNbHOIO CKIIAI0BOIO JJIsl pO3PaXyHKIB HOPMAJIbHOI CUIIH
B Mojieni I'epiia, sika BUKOPUCTOBY€ETHCS I aHaI3y KOHTAKTHOI MEXaHIKH Y BIOpoaObpa3uBHOMY
nporeci:

4,
ky=2EVR, @)

ne § — riuOuHa MPOHUKHEHHS, KA 3aJIKUTH B BITHOCHOI IIBUAKOCTI YACTUHOK Vrel:

P 2/3

3-m-v
5 — rel
4E°R )
Vrel = \/(2ﬂ-ﬁ4)2 + (a)RK)Z ’ (4)

ne BE* — 3BeneHuit Moaysb Npy>KHOCTI MaTepianiB, R — 3BeIeHUl paJilyC KOHTaKTY.
TanrenuianapHa cuwiia Fr BpaxoBye TepTsl MIX YaCTMHKAMU Ta MOJIENIOETHCS SK MPOIOp-
iifHa HOPMAJIBHIN CHUITI:
Fr= uF,, (5)
Jie 4 — Koe(IIieHT TepTa MK YaCTHHKAMH.
[ToreHmianpHa eHepris, acouiioBaHa 3 HOPMAJIbHUMU KOHTaKTaMH, BU3HAYA€THCS SIK:
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Ux= k—N55/2.
5

(6)
KonrakrtHi cunmu Fn 1 Fr, Bu3Haueni moaeto ['epra-Minamiza, iHTErpyrOThCs B TOTEHIII-
anbHy eHeprito U Ta popMyroTh y3aranbHeHi cuinu Qiy piBHsAHHAX Jlarpamxka. Lle no3Boisie onu-
CaTH B3aEMOJIIIO JTOKAILHUX KOHTAKTHUX CHJI 13 JHHAMIKOIO BCi€l cHUCTEMU.
VY3aranpHeHa cuiia Qi U1l KOJKHOT y3araibHEHOI KOOPAWHATH (i BU3HAYAETHCS PIBHSIHHIM
Jlarpanxa 3 ypaxyBaHHsM npuHuuny J1’anamobepa:

d

=——- 7
' oq dt 6% 8% @

VY 11poMy A0CTIKEHH] KITFOYOBI MapaMeTpH BiIOpoaOdpa3suBHOTO MPOIIECY MOXYTh OyTH BH-
3HAUYEHI 5K y3arajibHeH1 KOOpAWHATH B pamkax (Gopmanizmy Jlarpamka. Lle o3nauae, mio 11i mapa-
METpPHU He JIMIIE € OCHOBHUMH 3MIHHUMHU, K1 XapaKTepU3ylOTh AUHAMIKY CUCTEMHU, aie i 0e3mo-
CepeHBO BILTUBAIOTH HA CHEPTil Ta CHJIM B CUCTEMI, a OT)KE, BU3HAYAIOTh 11 TIOBEIIHKY.

Bubip y3aranbHeHUX KOOPJIMHAT JIJIs aHAJi3y AUHAMIKH BIOpoaOpa3uBHOTO MPOLIECY € Ba-
KIIMBUM €TarioM, OCKUIBKH camMe BOHU BH3HAYAIOTh TOYHICTH 1 MOBHOTY Mojeli. OOTpyHTYEMOBH-
6ip TPHOX KOOPJMHAT - aMILTITy/1a Bibpailiii A, KyToBa MIBHAKICTh 00EpTaHHS @ Ta Maca m. Ixwuiii
BUOIp 3yMOBIICHUH 3/IaTHICTIO ITUX MapaMeTpiB HalKpaile onucyBaTu (i3U4HI SIBUINA, 10 BILTU-
BalOTh Ha e()eKTUBHICTb 0OPOOKH, Ta BPaXOBYBATH BCl KIIFOYOB1 ACTIEKTH TUHAMIKUA CUCTEMH.

Awmmutityna BiOpaniit A mepia y3arajibHeHa KOOpAMHATA, OCKUJIBKM BOHA 0€310CepeHbO
BH3HAYae piBeHb 30ypEeHHS YaCTUHOK 1 iXHIO KIHETHYHY eHepriro. BoHa 103BosIsie BpaxyBaTH Tpa-
EKTOPIIO PyXy YACTHHOK, sIKa € ONTUMAJILHOIO JIJIs TIepeaBaHHsl €Heprii Bia BiOpaTopa 10 4acTu-
HOK Ta 3a0e31eueHHs IHTCHCHBHOCTI KOHTAKTY 3 00pOOII0BaHOIO TIOBEPXHEI0. X04a 4acToTa Bi0-
pariiii f TakoXX BIUIMBA€ HAa CHUCTEMY, BOHA BpaXxOBaHa yepe3 3aJIe)KHICTh KIHETUYHOI €Heprii Bil
Bupasy (2rfA)%, o poOUTh aMIIiTy Ly GLIbII IHTYITHMBHO 3PO3YMIINM i 3pyYHMM MapaMeTPOM
JUI aHAI3Y.

KyToBa mBuAKiCTh 00epTaHHS W € IPYTol0 y3araJbHEHOI KOOPIMHATOO, IO BH3HAYAE
BIUIMB BIJIIEHTPOBUX CHJI HA YACTUHKU B Kamepi. Lleit mapametp Oe3nocepeiHb0 KOHTPOIIIOE PO3-
MO YACTHHOK Y MPOCTOP1 Ta iXHE MEepeMIllIeHHs BIIHOCHO 00po0IIroBaHO1 MoBepxHi. [HImi ma-
paMmeTpH, Taki SK MOMEHT 1HepIlii abo pajiyc KaMepH, MatoTh MOCTIHHUI XapakTep 1 JIUIle ornoce-
PEIKOBAaHO BIUIMBAIOTH HA JHHAMIKY CHCTEMH, IO POOHUTH 1X MEHII BOKJIMBUMH IS BKIIOUCHHS
710 MOJedIi.

Maca m € TpeThOr0 y3arajJbHeHOK KOOPIMHATOIO, [0 BIUTMBAE HA €HEPIreTHYHI Ta KOHTA-
KTHI XapaKTePUCTUKN CHCTEMH. BakKITMBO 3a3Ha4MTH, 110 1T MACOIO MAa€ThCS HA yBa3i camMe Maca
aOpa3MBHHUX YaCTUHOK, OCKUJIbKU caMe BOHA Oe31ocepe/IHbO BIUIMBAE Ha IIBUAKICTh 3HIMaHHS Ma-
Tepiasly. 3 METOIO CIIPOILEHHSI MOJIEN, MpUiiMaeMo, 1110 Maca 0OpOOIIIOBAHUX JETallel € CTaJI0k0
BEJIMYMHOIO, SIKa BIUIMBA€ HA KOHCTPYKTUBHI aCIEKTH IMPOLECY, alle He € 3MIHHOIO JUIs €KCIIepH-
MeHTy. Maca 1oB’si3aHa 3 3arajibHOIO KUIbKICTIO YACTHHOK Yy KaMepi, a OTXKe, 1 3araJIbHOI0 KUJIbKI-
CTIO KOHTaKTiB MK a0pa3MBHUMH YaCTHHKaMHM Ta MoBepxHero aeranei. Lleit mapamerp nmpomop-
idHUN eeKTUBHIN 1uIomi 00poOKu, ajke Oulbla Maca 3a0e3neuye OibIle TOYOK KOHTAKTY.
Kpim Toro, Maca BU3Ha4ae MOMEHT iHEpIIii CUCTEMH Ta BIUIMBA€E HA KIHETUYHY €HEPrit0 YaCTHHOK,
sKa TIepeIaeThes yepe3 BiOparllii Ta o0epTaHHs. BukopucTtanHs Macu 03BOJISIE aIaTyBaTH MO-
JIeNib 10 PI3HUX THUIIB a0pa3UBHUX MaTepiajiB, HE3aJIeKHO Bl IXHBOI popmMu 4 00’ €My, JIETKO
BHU3HAUATH CTaHJAPTHUMH JIAOOPATOPHUMU BaraMu.

Taxum unHOM, 00paHi KOOpAUHATH 3a0€3MeUyI0Th ONTUC TUHAMIKU CUCTeMH. BoHM 103BO-
JISIFOTh BPaxyBaTH sIK 30ypeHHs YaCTMHOK BiOpaIiifHOO CHIIOK0, TaK 1 iXHIM pO3MOALT Ta KOHTAaKTHY
B3a€EMOJIIO M1/l BIUTMBOM OO€pTaHHS il 3alOBHEHHS Kamepu. [HiI mapametpu € abo MOXiIHKUMH,
a00 MaroTh MEHIIIMI BIUIMB HA KIIFOUOBI MEXaHIYHI MPOIIECH.
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Jlns KOXKHO1 y3araibHEHOT KOOPAMHATU (i BU3HAUMMO BIJIOBI/IHI y3arajibHeH1 cuiu Qi,
SIK1 3aJIe)KaTh BiJl 30BHINIHIX CHJI 1 B3aEMOJIIA y CHCTEMi. Y3arajibHEH1 CHUIM OOYHCITIOIOTHCS SIK
MPOEKIIIT BCIX CHJI, IO JiI0Th HA CUCTEMY, Ha HANPSIMOK BiJIIOBITHOI y3aralbHEHOI KOOPAWHATH:

_. Or,
O=2F— " ®)

i
nie F;, — 30BHIlIHS cuITa, IO i€ HA CUCTeMY, OF, — PajliyC-BEKTOP IS KOKHOT TOYKH CUCTEMH.

VY3aranpbHeHa cuiia aMIUTITYId BiOpamiii A CKJIaTaeTbes 3 CHJI, CTBOPEHUX BiOpauiiHUM
MexaHi3MOM Ta JaeMi(yBaHHS BIOpalliii uepes oIip cepeoBuIIa:

O=F +F,=mQ2rf) -A-b,A, ©)

VY3arajgbHeHa cujla KyTOBOI IIBUAKOCTI OOepTaHHA @ CKJIAAAETHCA 3 ABOX MOMEHTIB -
BiILlEHTPOBOrO Ta TEPTH B MeXaHi3Mi 06epTaHHA:

R,
) 1
0, = Me+ Mm= J. ma’rdr —b,m = EM 'R —b o (10)
0

Jie T — IIe BiJICTaHb BiJ Oci 0OepTaHHs KaMepH 10 YaCTUHKH a00 Cepe/IHE MOJIOKEHHS YaCTHHOK
y kamepi. Moro 3HaueHHs 3aJIe)KUTh BiJl KOHCTPYKII poOo4yoi KaMepH, MOJI0KEHHSI YaCTHHOK 1
HaJIAIITyBaHb CUCTEMUI MOXe OyTH BUPaKCHHUH SIK:

r= %n, (11)

Iie )— Koe(IiIieHT, 0 BPaXOBY€E TOJIOKEHHS YACTHHOK (HANIPHUKIIAJ, cepeaHe 3HadeHus 1 = 0,7
JUTIS YaCTUHOK, PO3TallIOBaHUX OJIMXKYE /IO CTIHOK KaMepH), D—niamerp poOodoi kamepH.

Koedimient ba i boy popmynax (9,10) € emmipuyHIMEU apaMeTpamu, sIKi BpaxOBYIOTb
JTUCHTIAIIIIO B CUCTEM1 Ha MaKpOPiBHI Ta HEOOX1/IH1 JIJIsI aIeKBATHOTO onucy AuHaMiku. [TapameTpu
ba Tta bo onMCYIOTH B'S3KHi, Omip aOpa3sMBHOTO CEpEeIOBHUINA NPU PyXax YAaCTHHOK, TEPMidHi
BTpatu B MexaHi3Mi. Di3MYHO BOHM XapaKTepU3YIOTh MIBUIKICTh 3aTyXaHHS aMILTITYU Ta KyTO-
BOI IIIBUKOCTI BIJIMOBIJTHO 3@ B1JICYTHOCT1 30BHINTHBOTO 30yPEHHS.

V3aranbHeHa cuna MacH Q, CKJIAJa€eThCs 3 KOHTAKTHUX CHJI Ta paBiTalii:

O, Frppy + B, =, - QrfA) + @& 1 4m: 2, (12)

Jle m — Maca YaCTHUHOK.
J1s KoHOT KOOpIMHATH PO3TisiHeMO KiHeTuuHy T 1 noreHuianbHy U eneprii.
Awmmutitynia Bibpauiit A. Kinernuna enepris:

1
T= Em(27z 2 (13)
[ToTeHniansHa eHEPris:
1
U,= EkAz, (14)

ne A — amrutityza BiOpanil, f — JacTtoTta, kK — Koe(ilieHT Ipy>KHOCTI.
KyroBa mBuakicte o0eprannsa w. KiHeTnuHa enepris:
Tw=§'(§Mk'Rk)'CO, (15)
%/_/

1

ne [ — MOMeHT iHeplii KaMepH, W — KyTOBa MBUIKICTb.
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Jlist oGepTaibHOTO pyXy MOTEHITIAIbHA €HEPTIs BiJCYTHS, OCKUIBKH PyX HE TOB'SI3aHHM 13
NPY>KHUMH YU TPaBITalliiHUMU CHIIAMH.

Maca . Kinernuna enepris.

PyX 4acTHHKM CKIIaIa€ThCS 3 CHJI TPaBiTallii Ta KOHTAKTHUX CKJIQJOBUX:

T = %m((27z JAY +(r)?). (16)

[ToreHmianpHa eHeprisi BpaxoBy€ BIUIMB MOMEHT 1HEpIIii:

U:%I-m-rz-af, (17)

[TincTaBuMO BCi BiIOMi CKJIQIOBI AJIsE KOXKHOI y3araabHEHOI KOOPIUHATH B piBHAHHS Jlar-
panxa (7), 1 OTpuMaEMo BUpa3u ISl KOXKHOT 13 KOOpIUHAT.
Awmmutityia BiOpariid:

mQrf) A+kA=mQ2rf)* A—b A. (18)

KyroBa mBuaKkicTh 00€pTaHHS W:

%MkR,fa') = %MkRka)z ~b,o. (19)

Maca m:
m-g+m-QrfA) +o’r = %(27[]94)2 +(or)? —%rza)z. (20)

Otpumani piBHsSHHS Jlarpamka € MaTeMaTHYHUM IHCTPYMEHTOM JUIS aHANI3y JHHAMIKA
BiOpoabpa3uBHOro mnpoiiecy. BoHn BpaxoByIOTh KiIHETUYHY, MOTEHI[IAIbHY €Heprii Ta 30BHIMIHI
CHUTH, 110 IIfOTh Y CHCTEMI, JI03BOJISIIOYM BCTAHOBHUTH 3B’ 30K MK KITFOYOBUMH ITapaMeTPaMH Ipo-
1ecy. BoHr MOXyTh BUKOPUCTOBYIOThCS JJIs1 BU3HAYEHHS ONTHUMAJIbHUX 3HAaUEeHb LIUX TapaMeTpiB
Ta aHaji3y e()eKTIB HACUUEHHS CUCTEMH.

HIBuakicTh 3HIMaHHS Marepiady Oyina oOpaHa siK OCHOBHUM KpuTepidl MpOIyKTHBHOCTI,
OCKUIbKH BOHA € MIPSIMUM MTOKa3HUKOM e(peKTUBHOCTI BiOpoaOpa3uBHOTO npouecy. Ha BiiMiHy BiJ
HIINX XapaKTePUCTHUK, TAKUX K SKICTh IOBEPXHI Y1 €HEPTOBUTPATH, IIBUAKICTb 3HIMAHHS € YHI-
BEpPCAJIbHUM KpUTEPIEM, KU MIAXOAUTH Ul IIMPOKOIO CIEKTpa MaTepiaiiB 1 yMOB OOpOOKH.
Kpim TOro, mBHAKICTH 3HIMaHHS JIETKO BUMIPIOETHCS 1 BAKOPUCTOBYETHCS ISl HIOPIBHIHHSA Pi3HUX
PEXUMIB pOOOTH, 110 pOOUTH i1 3pYUHOIO SIK JUIsl TEOPETUUHOTO aHalI3y, TaK 1 AJI MPAKTUYHOTO
3actocyBaHHsA. OOpaHHS LBOTO KPUTEPIIO TAKOXK JIO3BOJISIE BPaxXyBaTH HE TIJIbKU JIOKAJBHI (hak-
TOPH, TaKl K KOHTAKTHA B3a€MOJIIsl YaCTUHOK, ajie i riao0aibHi XapaKTEPUCTUKN CUCTEMH, 30K-
peMa AMHaMI4HI PeKUMH Ta BIUIMB T€OMETPUYHHX 1 eHEPreTUYHUX MapamMeTpiB.

IBuaKiCTh 3HIMAHHS MaTepialy € OCHOBHHUM IOKa3HMKOM, SIKMI BIJMOBIJA€E 3a OanaHc
MDX NMPOJYKTHUBHICTIO TIPOLIECY Ta €PeKTUBHICTIO BUKOPUCTaHHS PECYPCiB, 1110 pOOUTH 1i KIIIOYO-
BHM MapaMeTPOM Y MOJICTFOBaHHI Ta ONTUMI3aIlii BIOpoaOpa3MBHOTO MPOIIECY 1 3aMTUCYETHCS:

2
2 2 —a(d-4,.) ~B(w- 2 —y(m— 2
V:k.m.\/(zﬂfA) +(a)’/) ,e onm .e ﬂ(w womn) .e y(m monm) , (21)
ne k — xoedinieHT epekTUBHOCTI 0OPOOKH, 1110 BPaxOBYe MaTepiai aeTaii, abpa3uBy Ta KOHCT-
PYKIIiIO YCTaHOBKH.
®dopmysia IeMOHCTPYeE, 0 MIBUAKICTh 3HIMAHHS MaTepiany € QyHKII€I0 TUHAMIYHUX Ta-
paMeTpiB CUCTEMH Ta MaTepiaiiB. MakcuMaibHa MPOLyKTHUBHICTh IOCATAE€THCS, KOJIM BC1 Tapame-

TpH A, @, M 3HAXOAAThCS MOOIN3Y IXHIX ONTUMAaIbHUX 3HAYEHb.
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Ha puc. 2 HaBeneHo uttocTpatuBHUM rpadik, moOya0BaHUI Ha OCHOBI TEOPETUIHUX PO3-
paxyHKiB, SIKMI TIOKa3y€ B3a€MO3B’SI30K MK KJIIIOYOBHMH TapamMeTpaMy NpOIEeCy Ta ONTHMAalb-
HUMH peXKUMaMu poOOTH.

OnTtuManbHy aMIUTTYly Aonr MO’KHA BU3HAYUTH aHATITUYHO, BUKOPUCTOBYIOUH (hi3WUHI
BJIACTUBOCTI CHCTEMH Ta PIBHOBAry CHII, SIKi 1if0Th Ha YacTUHKU. OCHOBHA i/1es TIOJISIrae y 3Haxo-
JOKEHHI TaKoi aMILTITYH, 3a SIKOi BIALICHTPOBI CUJIW 1 1HEpIIiiHI eexTH BiOpaIliii mepeBUIyOTh
CHJIM KOHTAKTY, SIKI yTPUMYIOTh YaCTUHKY Ha 00pOOIIIOBaHiil MOBEPXHI.

3anumeMo yMOBH BiIpUBY 4aCTHHKU. YacTHHKA BiAPHBAETHCS BiJl MOBEPXHI, KOJIH CyMa
iHepUiiHOI cnm uepe3 BiOparii Fis 1 BINEHTPOBOT CHIIK F¢ MIEpEeBHIy€ HOPMAIIbHY KOHTAKTHY
cuny Fn:

[IBuAKICTb 3HIMAHHS
marepiasny 10™kr/c

Mg.QO4
Niry, 2a 8/%.006 o
Dau,-ﬁ (MO.OOS »
0.010
Puc.2. I'padik 3a1exHOCTI 3MiHU MIBHIKOCTI 3HIMAHHS MaTepiany Bijl MapaMeTpiB mporecy
Fig. 2. Graph of the dependence of material removal rate on process parameters

F

610

+F>F,. (22)

[lincTaBuMO y piIBHSIHHS B1ANOBIHI BEJIUYNHHU:

3/2

m-v2

m-Qrf)y -A4,+m-o r=k, (23)

*

E'R

J51s cripotiieHHs MPUITYCTUMO, 10 V'Y PIBHSAHHI MOKHA allpOKCUMYBATH IOMIHYIOUHM YJie-

HOM 27t f Aonr, TOAI:
k2/3- m . 1+ a)zr
" \ER) \@rf)

@rfy

OnTuManbHy KyTOBY IIBUAKICTD Wonr MO’KHA BUBHAYUTH aHAJIOTIYHO, BPaXOBYIOUHN OaslaHC
CHJI, SIK1 JIIFOTh Ha YaCTHHKY B 00epToBil kamepi. OnTumanbHa KyTOBa IIBUIKICTH BiAMOBiIa€e
CTaHy, KOJIM BIJIIEHTPOBA CHJIa MOYMHAE JOMIHYBaTH. YaCTHHKA MOYMHAE BiITAISATUCS BiJ MTOBE-
PXHIi, KOJIM BIIEHTPOBA cuiia F¢ mepeBuIllye HOpMaibHy KOHTAKTHY CHITy F :

24)
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F>F,. 25)
3/2
, m-((27z M@ )2)
m-w- r= kN' "
onm E*R

(26)

[pumyctumo, mo (2 TfA)? € MaIuM HOPIBHAHO 3 Wonr?™ IS BUMA/KIB, KOIIM KyTOBA LIBU-
JKICTh JIOMIHYE), TOJI:

(27)

(28)

Jle W, BIALIGHTPOBI1 CHJIH F ¢ IEPEBUILYIOTh CUIIU YTPUMAaHHS YaCTUHOK Y KOHTAKTI, 1 HOXiAHA M-
MY€ JI0 3MCHIIICHHSI.
dopmyiia 11 ONTUMAJIBHOTO 3HAUCHHS MacH:

1 4 * 1/2 ¢3/2 ’ 4 * 1/2 ¢3/2 ’
m =—|—E -R"0 +|l u-—E -R"°0 (29)
g \(\3 3

B Hiii BpaxoBaHO Koe]illieHT TepTs |, MOIyJb TpykHocTi E', konTakTHuii pagiyc R. Lle
JI03BOJIsI€ MOJICIIIOBATH MPOILIEC Ui PI3HUX MaTepialiB aeTanei i abpa3uBy.

5. BucHoBKH. Y CTaTTi MpoaHai30BaHO HaBEAICHY MaTeMaTHYHY MOJIENb BiOpoaOpas3uB-
HOTO TpoleCy, sIKa iHTerpye npuHuun Jlarpanka Ta KOHTakTHY Teopito ['epua-Minnina. Llei
MIJIX17] JO3BOJIMB KOMIUJIEKCHO OTIMCATH AMHAMIYHY B3a€MOJ10 a0pa3uBHUX YACTHHOK 13 TTOBEPX-
HEI0 JIeTalli, BpaXOBYIOUM KIIFOYOBI MapaMeTpu: aMIUTITYy BiOpaiiid, KyTOBY HIBHJKICTH 00ep-
TaHHS Kamepu Ta Macy abpasuBy. OTpuMaHi aHAIITUYHI 3aJIEKHOCTI MiITBEPIKYIOTh HasBHICTb
e(eKTiB HaCUYEeHHs, AKi OOMEXYIOTh IIBUAKICTh 3HIMaHHS MaTrepialy MpH HaIMIpHOMY 30111b-
IIEHH1 OJTHOTO 3 TTapaMETPIB.

BcranosneHo, o amriiTyAa BiOpariii 3Ha4HO BIUIMBAE Ha Jie(opMallito YaCTUHOK Y KOH-
TakTl. OnTUManpHe 3HaUEHHS aMILTITY 1M BU3HAYA€EThHCS Yyepe3 OalaHC MK KOHTAKTHOIO CHJIOKO Ta
BIJILIEHTPOBUM HPUCKOPEHHSM, ITPU LIbOMY NEPEBUIIEHHS 11i€] MeX1 NPU3BOAUTH J0 BTPATH KOH-
TaKTy YaCTUHOK 13 IETAJUTIO, [0 3HMKY€E MIBUAKICTh 3HIMaHHs MaTepiany. KyroBa mBuakicTs 00e-
pPTaHHS BIUIMBA€ Ha PO3MOALT YaCTHHOK y Kamepi, 1 MpU MepeBHUILEH] ONTUMAIbHOI MIBUIKOCTI
CTBOPIOE HAIMIPHY BIJILIEHTPOBY CHITY, IKa 3MEHIIIY€ B3aEMO/III0 YaCTUHOK 13 00pOOII0BaHOIO 110~
BepxHero. [ Macu abpa3uBy BCTAaHOBJIEHO, 1110 ii HaAMipHE 301JIbIIEHHS COPUYMHSE 3MEHIIICHHS
B3a€EMHOTI'0 BITHOCHOTO PyXy YaCTHHOK 1 3HM)KEHHS €()eKTUBHOCTI MPOIIECY B IILIIOMY.

3anponoHOBaHUN MiAXiJ J03BOJISIE BpaxyBaTH (Pi3MKO-MEXaHIYHI BIACTHBOCTI abpa3uB-
HOTO Martepiany (MOIyJb IPYXKHOCTI, TEPTS), KOHCTPYKTHBHI XapaKTEepUCTUKU KamepH (paaiyc) 1
JMHAMIYHI XapaKTePUCTHKH CUCTEMH (aMIUTITy/Aa, IBUAKICTh oOepTanHs). Pesyneratn  jmocii-
JUKEHHST MOKYTh 3aCTOCOBYBATHCH JIJISI ITUPOKOTO CIIEKTPY BIOpOaOpa3uBHOTO 00JIaIHAHHS 3 MO-
AKIIUBICTTIO aJjanTalii po3paxyHKiB J0 PI3HUX KOHCTPYKTUBHHUX PillI€Hb.
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ANALYSIS AND ASSESSMENT OF THE PRODUCTIVITY OF JACK AND CONE
CRUSHERS DEPENDING ON THE FREQUENCY OF REVOLUTION OF THE WORK-
ING BODIES

ABSTRACT. The development of the construction industry today is not possible without the partic-
ipation of energy-efficient machines and equipment. A key role among such machines is occupied by crush-
ing machines, which include jaw, cone, roller, vibrating and impact crushers. The main determining param-
eters of the energy efficiency of a crushing machine, which at the same time complement each other, are
power and productivity. The impact of productivity on energy costs is obvious. There are various ap-
proaches to determining productivity, but today there is no systematic analysis of such methods and ap-
proaches that could indicate similar and different patterns of the processes of material destruction by the
working bodies of crushing machines. The paper considers methods for determining the productivity of jaw
and cone crushers. The frequency of oscillations of the working bodies of crushing machines has a signifi-
cant impact on productivity. Graphs of the dependence of productivity on the frequency of oscillations of
the working bodies of crushing machines are presented, which allow a better understanding of the charac-
teristics of productivity changes. A general equation is proposed for determining the productivity of a jaw
crusher, which should include functional dependencies on the relevant parameters. The conclusions identify
the shortcomings of existing methods for determining productivity and suggest directions for further re-
search.

Keywords: crusher, energy efficiency, productivity, oscillation frequency, degree of crushing.

AHANI3 | OUIHKA NPOAOYKTUBHOCTI LLOKOBUX TA KOHYCHUX OPOBAPOK 3A-
NEXHO BIA YACTOTU OBEPTIB POBO4YUX OPIrAHIB

AHOTALIA. Possumok 6ydigenbHoi 2any3i Ha cb0200Hi He Moxnusul 6e3 ydacmi eHepaoe-
ekmusHuUX MawuH ma obnadHaHHsA. Knoyosy posib ceped makux MawuH 3atimaromb OpobusibHi Ma-
WuHU Q0 AKUX 8IOHOCAMbLCS WLOKOBI, KOHYCHI, 8arikosi, gibpauiliHi ma ydapHi dpobapku. onosHUMU
8U3Ha4anbHUMU napamempamu eHepaoegpekmueHocmi OpobusibHOI MawuHU, SKi 0OHOYacHo i3 yum
00r108H0I0Mb 00UH 00HO20, € MOMYXHiCmb ma nPoOyKmueHicmb. Brniue npodykmugHOCMi Ha eHep-
2o03ampamu € 04e8UOHUM. ICHytomb pisHi Nidxodu 00 8uU3HaYEHHS MPOOYKMUBHOCMI, Npome Ha Cbo-
200Hi 8idcymHil cucmemHul aHaniz makux memodie ma nidxodis, sAkuli mie 6u ekazamu Ha nodibHi ma
8IOMIHHI 3aKOHOMIpHOCMI rpoyecie pylHyg8aHHS Mamepiarnie poboyumu opeaHamu OpoburnbHUX Ma-
WuH. B pobomi posansHymo memodu eusHayeHHs1 NpolyKmueHOCMi WOKO8UX ma KOHYCHUX Opobapox.
BHayHul ennue Ha nNpodykmuesHicmb Mae yacmoma KosiueaHb poboyux opaaHie OpobuibHUX MalluH.
HaeedeHo epacgpiku 3anexHocmi npodykmugHocmi i@ yacmomu KonugaHb pobodux opaaHie dpobu-
NbHUX MalWUuH, ki 00380715I0Mb Kpalye 3p0o3yMimu xapakmepucmuky 3MiHu npodykmugHocmi. 3anpo-
rMoHogaHe 3azalibHe PiBHSAAHHS Onsi 8U3Ha4YeHHs NMpPoOyKmueHOCMi Wokoeoi Opobapku, sike NO8UHHO
8KIIr0Yamu yHKYioHarnbHi 3anexHocmi no gidrnogiOHUM napamempam. Y 8UCHO8Kax 8CMaHO8/1EHO He-
0orliKu ICHYrHYUX MemMoOOUK 8U3HAY€HHS NPodyKmMU8HOCMIi ma 3arpornoHO8aHO HarnpsMKu rnoodanbuwux
docnidxeHsb.

Knrovoei cnoea: Opobapka, eHepzaoegekmueHicmb, npoldyKmueHicCmb, 4Yacmoma KoJlUu8aHhb,
cmeniHb OpObIeHHS.

1. Problem Statement. The development of the construction industry today is not possible
without the participation of energy-efficient machines and equipment. A key role among such
machines is occupied by crushing machines, which include jaw, cone, roller, vibrating and impact
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crushers. The main determining parameters of the energy efficiency of a crushing machine, which
at the same time complement each other, are power and productivity. The issue of energy con-
sumption lies in the field of determining the minimum energy required for the destruction of ma-
terial in the crushing chamber [9],[10]. In addition, in research and creation of methods for apply-
ing load in order to minimize energy consumption. One of such areas is the selective disintegration
method [11],[12]. The impact of productivity on energy consumption is obvious. There are differ-
ent approaches to determining productivity, but today there is no systematic analysis of such meth-
ods and approaches, which could indicate similar and different patterns of the processes of de-
struction of materials by the working bodies of crushing machines.

2. Review of Recent Studies and Publications. In work [1], in parallel with the study of
energy consumption in crushing machines, the productivity is determined as a mass balance de-
pending on the inlet and outlet. That is, the influence of the material feed parameters and individual
crusher parameters on energy efficiency is established. The work defines three types of crushing
machines: jaw crusher, vertical shaft impact crusher and high-pressure roller crusher. The influ-
ence of the crusher outlet and material feed rate on productivity is considered in more detail. An
analysis of the influence of the crushing process parameters on productivity is performed in work
[2], however, this work does not currently take into account the design features of modern crushing
equipment. In works [3] and [4], the maximum productivity of a jaw crusher is considered based
on an empirical dependence to determine the critical rotation speed. In work [5], an assessment
and analysis of crushing machines based on mechanical mode parameters, which include produc-
tivity, is performed. However, the work does not determine the functional influence of machine,
process and working environment parameters on productivity.

3. Purpose of work. Analysis of approaches and methods for determining the productivity
of cone and jaw crushers. Assessment of the influence of the frequency of rotation of the crusher
working elements on their productivity.

4. Materials and methods. The main materials for the analysis are scientific, technical
and reference literature on domestic and foreign samples of modern crushing equipment. The main
methods used in the work are the use of mathematical analysis in calculating the parameters of the
mechanical mode of crushing machines. To perform calculations and plot graphs, software was
used Wolfram Mathematica.

5. Results.

Analysis of methods for determining the productivity of jaw crushers. Let us consider
methods for determining the productivity of jaw crushers. In general, the productivity of a jaw
crusher can be written as a dependence on a number of the following parameters:

IT=(n,L,S,d,o, i), (1)

where n — frequency of oscillation of the moving cheek, oscillations/time period; L — length of the
crushing chamber of the crusher, m; S — movement of the movable cheek, m; d — average size of
the crushed product, m; a — angle of capture; u - the coefficient of loosening of the mass of material
that fell out of the crusher outlet slot; 1 — degree of crushing.

There are several different approaches to determining the productivity of a jaw crusher.
The classic approach states that the productivity of a jaw crusher is determined by the condition
that for each jaw movement or one rotation of the main shaft, a finished product in the form of a
prism of trapezoidal cross-section is discharged from the crushing chamber. In the source [6], in
the case of n complete swings of the moving jaw in 1 s, the crusher productivity is determined as
follows, m®/sec:

_3600nLSdp
tgal ’

IT 2)

1

The average crushing product is determined based on the following relationship:
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3 d +d_ _ 2e+S
2 2

d , 3)

where e — width of the discharge opening.

An important role in the productivity of the crusher is played by the speed of movement of
the movable jaw, for which there is a specific optimal range. If the rotation frequency significantly
exceeds some optimal value, then the piece of material will not have time to fall out of the crusher
and will repeatedly contact the crushing plates. Under the condition that the rotation frequency is
less than the required optimal value, the speed of movement of the pieces through the crushing
chamber will decrease. This, in turn, can lead to clogging of the crushing chamber and, accord-
ingly, a decrease in productivity.

The rotational speed of the eccentric shaft is determined from the condition that during the
deflection tsi; movable cheek at a distance S under the action of gravity over time tsun pieces of
crushed material fall out, having a height of h.

Based on the above, we can write:

®= : 4)

gtga

where g — acceleration of free fall, m/c.
Considering that @=2nn and o = 20° we will get:

0,707
n= >
Js

Formula (4) does not take into account the influence of friction forces on armor plates
during material movement, therefore the value of the speed is taken 5-10% lower. Formula 5 is
suitable for determining the speed of small and medium crushing crushers. For large crushers, the
speed is taken lower due to the occurrence of significant dynamic loads that occur during the op-
eration of large crushers. For this purpose, the coefficient is introduced into dependence (5)
k=0,6...0,75.

In the source [7] it is proposed to determine the productivity of a jaw crusher taking into
account the factor that the material unloading can occur not only when the crushing jaw departs,
but also when it approaches the stationary jaw. Based on this, the following dependence was pro-
posed:

)

m=—, (6)

where V — crushing chamber volume, m?; n — number of revolutions of the eccentric shaft; n; —
the number of revolutions of the eccentric shaft of the crusher, during which one volume of the
entire crushing chamber is unloaded.

Expanding the terms of dependence (6), the formula for determining productivity will have
the following form, m>/sec:

- KeSLL, n(B+L,,)
B 2Btgo.

(7

where K — coefficient that takes into account the size of the crusher and depends on the size of the
loading hole; ¢ — kinematics coefficient, which takes into account the nature of the trajectory of
the moving cheek; Lmax — the largest width of the discharge opening, m; B —loading opening width.

The productivity of crushers calculated on the basis of dependencies (2) and (7) may differ
significantly from the actual data, since they do not take into account the influence of the intensity
and uniformity of the machine power supply, the shape and size of the crushing plates and their
operation. Additionally, it should be noted that the coefficients p, K, ¢ contribute their share of
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uncertainty, since on the one hand they have a wide range of changes, and on the other hand the
ranges of coefficient values were adopted on the basis of studies of domestic samples of crushing
machines, which have differences in comparison with modern foreign samples.

Considering the influence of the eccentric shaft rotation frequency in formulas (2) and (5),
it is linear. Based on the linear dependence, it is difficult to analyze a qualitative picture of the
optimal range of change in the eccentric shaft oscillation frequency.

An equally important parameter is the angle of engagement. Different sources give differ-
ent optimal values for the angle — 0=19° or 0=20°. With an increased gripping angle, the crusher's
productivity decreases. Reducing the gripping angle has no significant effect on productivity. An
analysis of the influence of the gripping angle on the operation of a vibrating jaw crusher is con-
sidered in the source [8].

Next, we will consider approaches to determining productivity based on foreign research.
Thus, in [13] the following dependence is proposed for determining the productivity of a jaw
crusher:

2L LBnpK
n:s9.s{s( s *+5)LBnp } ®)

(B a Lmin)

where Lnin — minimum size of the crusher outlet gap; p — density of the destructible material.
Dependence (8) according to a number of authors [14] is acceptable when determining the
productivity in the destruction of soft rocks. The search for a universal method for determining
productivity led to the consideration of productivity depending on the time and distance that a
particle must travel between two opposite surfaces of the working bodies of crushing machines
[15]. The maximum particle size will be determined based on the maximum distance between the
surfaces of the working bodies in the lower part of the crushing chamber. In turn, the speed of
lowering the particle to the unloading gap of the crusher will depend on how often the surfaces of
the working bodies of the crusher will approach and move away from each other. Fig. 1 shows a
calculation scheme for determining productivity. In this case, the following statement is accepted
if nc — number of cycles per minute, then the time of one cycle per second will be 60/n¢, in turn,
half of the cycle during which the moving cheek moves away from the fixed cheek will be - 60/2nc.

Puc. 1. Po3paxyHkoBa cxema 10 BU3HAYE€HHS ITPOYKTHUBHOCTI
Fig. 1. Calculation scheme for determining productivity

Thus, the distance that the material will travel in the crushing chamber will be:
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Then the oscillation frequency
o 664
¢ \/H >
Thus, for the movement of material in the crushing chamber in the direction of unloading,
a necessary condition is that the frequency of oscillation of the jaws does not exceed the frequency

determined by the relationship (10). The distance h can be determined from the angle of engage-
ment as follows, Fig. 1:

(10)

L ax _Lmin
pollmhe) "

Here it is necessary to mention one more characteristic of the operation of the jaw crusher.
It turns out that at a low frequency of oscillation of the crushing jaw, the productivity is directly
proportional to the frequency of oscillation up to some optimal value, on the basis of which the
formula for determining the productivity has the form [16]:

I, =3600Sn_L(2L,, +s)(;j , (16)

1—1

where S=Lmax-Lmin — difference between the maximum and minimum outlet clearance values; 1 =
B/e — the reduction ratio of the material size after it passes through the crushing chamber.

I1, m* /ron
1200

1000+

800 1IB
/ I1Iu
600 2.7274
3
400}
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Puc. 2. I'padik 3a1e:KHOCTI 4acTOTH 00EPTIB EKCIIEHTPUKOBOT'O Baly BiJi IPOAYKTHBHOCTI IIIOKOBOI JIpO-
Oapku Ha ocHOBI 3anexHocTei (16) Ta (17)
Fig. 2. Graph of the dependence of the eccentric shaft speed on the productivity of the jaw crusher based
on the dependencies (16) and (17)

However, at significant frequencies of oscillation of the crushing jaw, it was found that the
productivity becomes inversely proportional to the frequency of oscillation. Based on which, the
dependence (16) is written as follows:

n

C

IT, =1606L (2L, +s)[iJ , (17)
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Thus, the dependencies (16) and (17) make it possible to establish the optimal range of
oscillation frequency of the moving jaw of the jaw crusher. For example, let's take the Metso C120
jaw crusher with the following parameters — S =0.0245 m, L=1.2 M, Liin =0.1505 ™, i=4,65. Using
dependencies (16) and (17) and the determined parameter values, we will construct the correspond-
ing graph, fig.2.

Analyzing graph 2, it can be noted that a certain optimum speed for the Metso C120 jaw
crusher will be within the point nc = 2.72 rpm. Based on the above statements, it can be assumed
that in this case the performance will decrease if the oscillation frequency is exceeded, i.e. the
value nc = 2.72 rpm. Based on the real picture of the operation of crushing machines, it can be
concluded that the optimal speed of large-sized jaw crushers and jaw crushers with a simple jaw
movement lies approximately within the limits indicated in the graph, Fig. 2. However, for jaw
crushers with a complex jaw movement and which at the same time have small dimensions, the
optimal speed is somewhat higher. Among the features of the method for calculating productivity
according to dependence (17), the following can be noted - the angle of engagement is increased
to 45 degrees, based on the fact that the jaw, as stated in the source [16], can significantly change
the angle during the crushing of the material.

Based on the dependencies (16) and (17), the formula for determining the optimal rota-
tional speed of the eccentric shaft is written as:

(18)

Considering the real values of the parameters of the recommended rotational speed of the
eccentric shaft of the Metso C120 crusher, which is equal to nc = 230 rpm = 3,83 rps and based on
the specified maximum performance, it can be concluded that the graph 2 reflects a slightly shifted
optimum point. This can be explained by the fact that dependencies (16) and (17) do not take into
account additional process parameters. For example, during the passage of the crushing chamber,
the bulk density of the material is constantly changing. In turn, dependency (2) takes into account
the bulk density using the loosening coefficient, but this value is constant. In addition, dependency
(7) takes into account the crusher size coefficient and its kinematics coefficient, which also affect
the optimal productivity value.

In addition to the main parameters that are included in the dependences (16) and (17) on
the productivity of the jaw crusher, the following additional parameters have an impact: 1) the
distribution of material particles over the volume of the crushing chamber (packing characteris-
tics); 2) the physical properties of the rock (strong, brittle, viscous rocks, etc.); 3) the bulk density
of the material; 4) the geometry of the particle surface and the surface of the crushing plate. Based
on these parameters, the general expression for determining the productivity of the jaw crusher
will have the following form:

IT, =60SL(2L +S)(%j47 AN
1_

19)

_2820 S(i_leLQme+S)pf(x1)f(xz)f(x3)

where p — density of a particle of material; f(x1) — function of distributing material particles
throughout the volume of the crushing chamber; f(x2) — surface function of material particles; f(x3)
— function of the surface geometry of the crushing plate.

In general, similar transformations based on direct and inverse proportionality between the
frequency of oscillation of the crusher jaw and productivity can be performed for dependence (2).
In this case, the inversely proportional form of formula (2) will be as follows:

75



T 4 Texnixa OyaiBHHMLITBA Bumycx/Issue 42, 2025

_ 4414.5Ldy
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I (20)

2
Similarly to the graph in Fig. 2, we construct a graph of the dependence of productivity on
the frequency of oscillations of the movable jaw of the crusher based on expressions (2) and (20).

The determined parameters for the C120 crusher remain the same.
M
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Puc. 3. I'padik 3a1ekHOCTI 4acTOTH 00EPTIB EKCIIEHTPUKOBOTO BTy BiJi IPOAYKTUBHOCTI IIIOKOBOI JIpO-
Oapku Ha OCHOBI 3anexxHOCTeH (2) Ta (20)
Fig. 3. Graph of the dependence of the eccentric shaft speed on the productivity of the jaw crusher based
on the dependencies (2) and (20)

As can be seen from the graph of Fig. 3, the productivity value is closer to the productivity
of the real C120 crusher compared to the graph of Fig. 2. However, the optimal speed in both
graphs is the same. Again, the difference in productivity lies in the presence in formula (2) of the
material loosening coefficient and the parameter of the weighted average size of the material. It
should also be noted that the angle of engagement was taken equal to 20 degrees. In general, it can
be noted that the dependences (2) and (20) still give inflated productivity values compared to their
real values.

An excellent approach to determining the productivity of a jaw crusher relative to those
considered above is given in the source [17]. This approach consists in taking into account the
coefficient of reduction of the size of the material and additionally the coefficients of the process
conditions. When the material enters the crushing chamber, some of it may be smaller than the
output size of the CSS crusher. That is, this part of the material is almost not destroyed and simply
passes through the crushing chamber. In turn, reducing the maximum size of the input material
will lead to an increase in the amount of material, the dimensions of which are smaller than the
CSS crusher. Taking into account the above in the source [17], [18] the following dependence was
proposed for determining the productivity:

HT:Hx180’ @1
where I1 — crusher performance; Ilt — crusher performance based on the degree of material de-
struction; 180 = Kingo/Kouso — material size reduction ratio based on 80% feed screen pass and cor-
responding crushing product.

To take into account the physical properties of different materials, the corresponding coef-
ficients were additionally introduced into the dependence (21). Thus, the dependence (21) will
take the following form:
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Il = ngokPkBk)K’ (22)
where k;, — coefficient that characterizes the fracture properties of a material; ks — coefficient that
takes into account moisture content; k, — coefficient that characterizes power conditions.

In sources [19] and [20], the productivity of a jaw crusher is determined based on the grav-
itational flow of material through the open space of the crushing chamber, t/h:

[ 7037x10°Lk(L,, +5)

\%

where k — cheek geometry coefficient (k = 0.18-0.3 — for a straight cheek profile, k = 0.32-0.45 —
for curved cheek profile). Dependence (23) is valid for a material with a specific density 2,65
kg/m>.

Returning to the optimal speed of rotation of the eccentric shaft in the source [21], problems
were identified with the dependence (18), which assumes underestimated speed values when the
gap of the crusher inlet is too large or too small. Based on which the following empirical depend-
ence was proposed:

min

(23)

(—0212133)

v=280¢ +20% , (24)

Thus, we see that the productivity of a jaw crusher depends on a significant number of
parameters and today the methods for calculating productivity still include empirical dependen-
cies. For further research, I see a scientifically sound basis for the approach implemented on the
basis of (2) taking into account the functions that include dependency (19).

Analysis of methods for determining cone crusher performance. The main parameters
of cone crushers are: 1) angle of engagement; 2) rotational speed of the moving cone; 3) produc-
tivity; 4) power; 5) crushing force.

Due to the peculiarities of the movement of the inner cone relative to the outer cone and
the design features, the calculation of the crushing force of a coarse-crushing cone crusher differs
from the calculations of the crushing force of medium- and fine-crushing cone crushers. Fig. 4
shows the calculation diagram of a cone crusher.

J1]i]

Dcp

a(a) 6 (b)
Puc. 4. Po3paxyHkoBa cxemMa KOHYCHOT JIpoOapKu 0 BU3HAYCHHS 11 MPOIYKTUBHOCTI:
a — cxema JI0 po3paxyHKH 00’ €My MaTepiary KOHyCHOI IpoOapku KPyImHOTO ApoOIeHHs; 6 — cXxeMa J10 po3paxyHKH
00’eMy MaTepiary KOHYCHOI Ap0oOapKu CEPETHBOTO Ta MIJIKOTO IPOOICHHS
Fig. 4. Calculation scheme of a cone crusher before determining its productivity:
a — scheme for calculating the volume of material for a cone crusher for coarse crushing; b — scheme for calculating
the volume of material for a cone crusher for medium and fine crushing

The volume of the input material pieces is the sum of the material particles with diameter
D, which are placed along the length of a circle with a diameter equal to the average diameter of
the loading annular opening D¢,. In turn, the volume of the starting material is calculated based on
the average diameter of the crushing product. dcp, which is placed along the length of the circle of
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the discharge annular opening. Then for the volume of material of the coarse crushing crusher we
can write the following dependence, fig.4, a [7]:

_ nD’ mD,, B nd® md,, .

25
6 D 6 d @)

Medium and fine cone crushers differ from coarse cone crushers in the profile of the crush-
ing chamber, i.e. they have a smaller discharge gap and an increased length of the parallel crushing
zone.

During one revolution of the eccentric cup, the material passes through a parallel zone of
the crushing chamber. Then, during one revolution, the crusher will produce a finished product
with a volume of:

V=nD,_]b, (26)

Dependence (26) does not take into account the difference in the sizes of the input and
output material, as well as the number of individual particles in each layer. Therefore, expression
(30) for the volume of the material can be rewritten as follows, fig.4, b:
_ 7D} nD3 nd’

LN, +—2N,——N

AV i
6 6 6

27

where D1, D2, d — diameters of pieces of material in the upper zone and the parallel zone, m;
Ni1,N2,N3 — number of pieces of material placed in the first and second rows and in the parallel
zone. Expressing N in terms of the ratio of the lengths of the corresponding circles and the diam-
eters of the crushed pieces, we have:

_ 7D} nD, N nD; nD,, B nd’ nD, 1

AV .
6 Db 6 D, 6 dd

(28)

Since there are differences in the designs of cone crushers for coarse crushing (gyration
cone crushers) and cone crushers for medium and fine crushing, the determination of productivity
according to individual methodologies is somewhat different. Thus, in work [7] for gyratory cone
crushers, productivity is determined as follows:

_ 36007D,, 2r(e+r)np

k.r.1 >

tgo, +tga,

(29)

where o1 and a2 — respectively, the angles generated by the fixed and moving cones with the ver-
tical, degree; Dcp — average diameter of the crushed stone ring, m; e — size of the crusher discharge
gap with the cones close together, m; n —number of revolutions of the inner cone, s'; p — finished
product fluffing coefficient, p = 0,35...0,5; r — eccentricity of the vibrations of a moving cone, m.

The calculation of productivity according to the dependence (29) is based on the fact that
during one complete oscillation of the moving cone a certain volume of crushed stone falls out of
the crusher. The frequency of oscillations of the moving cone is determined on the basis that half
the time of the complete oscillation of the moving cone should be equal to the time of falling out
of pieces of a certain height from the crushing chamber. Then the optimal angular velocity will be

equal to:
=49 [ELT1EL (30)
r

In dependencies (29) and (30) there are parameters that are difficult to determine, so the
following values can be taken for them. So, the sum of angles a1 and o> should not exceed the
limits of 21...23 degrees. The value of eccentricity can be taken based on the dependency —r =
(0,01...0,02)B, where B is the width of the loading hole.
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Next, we transform the dependence (30) in such a way as to obtain an inversely propor-
tional dependence of the productivity on the frequency of oscillations of the moving cone. In this
case, we can write:

_ 44107D, (e+r)u

HKAFAZ - ) (3 1)
n

For the analysis, we will use the Kubria G150 cone crusher model with the following pa-
rameters: a1=11°, a,=18°, D¢p =1.5425 m, r=0.0075 m, €=0.035 m, B=0.5 m, p=0.4.

The graph of the dependence of productivity on the rotational speed of the moving cone is
shown in Fig. 5. The optimal rotational speed of the moving cone for the Kubria G150 cone crusher
is 6.512 rps = 390 rpm. However, it is known that in cone crushers for coarse crushing, the range
of speed changes is within 100-300 rpm, most cone crushers for medium and fine crushing operate
at frequencies that do not exceed 500-800 rpm. The limitation of speed is associated with many
negative effects, such as the imbalance of the significant oscillating mass of the moving cone,
which requires a significant increase in the foundation, the danger of the moving cone shaft jam-
ming in the eccentric at idle, and a decrease in the reliability of the lower support of the moving
cone.
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55.7883
50
00
. e, —
2 4 6 8 10 C

Puc. 5 I'padik BBy 9acToTH 00EPTIB pyXOMOI'O KOHYCa Ha MPOJLYKTHBHOCTI KOHYCHOT JJpo0apKu KpyT-
HOTO JIpOOIICHHS
Fig. 5 Graph of the influence of the speed of the moving cone on the performance of the coarse crushing
cone crusher

It is worth noting the underestimated productivity values with a direct proportional depend-
ence on the speed. For example, for the Kubria G150 crusher, according to the technical charac-
teristics, the maximum productivity is 750 t/h, which at a bulk density of the material of 1.6 t/m?
will be 468.75 m>/h. That is, a more realistic picture of productivity is reflected by the inversely
proportional dependence. However, in the inversely proportional dependence, inaccuracy is intro-
duced by the productivity values in the vicinity of zero values of the speed. In addition, in depend-
ences (29) and (31), significant uncertainty is introduced by the material loosening coefficient p,
which varies within wide limits.

For medium and shallow cone crushers, the rotational speed of the eccentric cup or the
number of oscillations of the moving cone are determined based on the dependence:

siny—f cosy
21

n>7.5 , (32)
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where y — angle of inclination of the surface of the crushing cone to the horizon; f — coefficient of
friction of crushed stone by material, =0.36; 1 =1/(12D)— length of parallel zone for medium
crushing cone crushers; D — diameter of the base of the moving cone. In medium and shallow cone
crushers, the angle y >45 degrees.

The productivity of medium and fine crushing crushers will be as follows [10]:

IT, ., =3600unD,lbn , (33)

where b — width of parallel zone, m; p =0.45 — finished product fluffing coefficient.

As an example, let's take the Metso HP400 cone crusher, which has the following param-
eters: Dep = 1.32 m; b=0.03 m; 1= 0.0631 m; p. = 0.45; y=50°, £=0.36.

Productivity in the case of inverse proportionality will have the following form:

_ 101250unD,,b(siny —f cosy)

K.c.2 9

n

(34)

The graphical dependence of productivity on the speed of rotation for the Metso HP400
cone crusher is presented in Fig. 6.

Based on the graph in Fig. 6, it can be noted that the optimum point is overestimated for
this crusher. Thus, the Metso HP400 cone crusher at a speed of 6.9 rps, has productivity 393.75
m3/h. Thus, the dependences for determining the productivity of cone crushers, similarly to jaw
crushers, do not take into account additional parameters that have an impact on the crushing pro-
cess. In general, the angle of inclination of the straight line in the graphs of Fig. 5 and Fig. 6 should
be greater, which will reflect the real picture of the process. After passing the optimum point, the
productivity will begin to decrease in an inversely proportional relationship.

I, m° /TOJT
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IIx.c.1
400t}
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200

100 —

5 10 15 20 25 30 ° ¢

Puc. 6 I'pa¢ik BIMBY 4acTOTH 00€PTIB pyXOMOT0 KOHYCa Ha MPOAYKTUBHOCTI KOHYCHOT
JIpoOapKu CepeaHbOTO APOOICHHS

Next, we will consider other approaches to determining the productivity and speed of the
moving cone. In [22] it is noted that the speed of rotation of the moving cone of a coarse crushing
cone crusher is inversely proportional to the size of the feed material:

N 665(siny—f cosy)

N :

n

(35)

where d — input material size, cm.
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Determining the performance of a coarse crushing cone crusher in works [14], [15] is pro-
posed as follows:

M, =0.35msiny(L,,, +L,, )eH(siny—fcosy)" , (36)

where H — crushing chamber height; Lmax , Lmin —maximum minimum unloading distance between
the moving cone and the fixed one.

In general, dependence (36) is similar to dependences (29) and (33). In the source [16], an
approach to determining productivity is considered similar to that used in jaw crushers. That is,
the cross-section of the material layer and the time for which this layer passes the crushing chamber
are considered. The dependence is written in the following form:

(D, —L,;, )nL,;,S60nk

IT, = , (37
tan o

where Ds¢ — outer diameter of the fixed cone at the point of unloading, m; S — cone stroke length
at the unloading point, m; Lnin — minimum outlet size, m; n- number of revolutions of the moving
cone, rpm; k — constant that defines a material characteristic, k=2...3; a — angle of capture.
Another approach to determining the productivity of a cone is considered in [17], which is
based on taking into account the Bond work index. The dependence itself has the following form:

Wme (Lmax - Lmin ) (Lmax + Lmin )k
ip = - ’
2.

1—1

(3%)

where W; — Bond work index; D — diameter of the bowl in a given cross-section; k — statistical
coefficient (k=0.5 — for soft materials, k=1 — for solid materials).

The determination of productivity based on correction factors is discussed in the source
[18]. The dependence for determining productivity has the following form:

I, = k1k2k3k4DzeanaX’ (39)
where ki — coefficient, for efficiency k=0.6; k> k3 k4 — coefficients that take into account feed size,
hardness and moisture content of the material; D — diameter of the base of the moving cone; e -
lower eccentricity of the axis of the moving cone, m; Lmax — width of the discharge opening on the
open side, m.

6. Discussion. From the analysis and evaluation of various methods for determining the
productivity considered in the work, it can be noted that in many cone crushers the process of
destruction of large pieces of material occurs when a moving cone applies a load cyclically, after
which the material undergoes destruction. A similar situation is observed in jaw crushers. This
can be explained by the geometry of the crushing chamber, the kinematic features of the crusher,
the physical properties of the material and the uniformity of the material placement in the space
of the crushing chamber. In turn, the angles of engagement in the lower zone of the crushing
space and the curvilinear profile in the lower part of the crushing chamber have a smaller impact
on the productivity, the change of which does not lead to a significant increase in the productivity
of the crusher. The angular velocity of the eccentric shaft has a significant impact on the produc-
tivity of the crusher. However, the speed of the eccentric shaft is limited due to the design features
of the crushing machines.

7. Conclusions. Most of the considered methods for determining the productivity of cone
crushers, similarly to jaw crushers, do not take into account the distribution of material in the
crushing chamber, the geometry of the material and crushing plates, and the physical characteris-
tics of the material. The absence of these parameters in many dependencies is compensated by the
introduction of appropriate correction factors, which cannot fully characterize the process of ma-
terial destruction within a wide range of its changes.
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When using the above-mentioned dependencies to determine productivity, there is a dif-
ference from the actual productivity of cone crushers, which indicates the lack of an adequate
methodology for determining the theoretical productivity of cone and jaw crushers.
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BU3HAYEHHA NONOXEHHSA LEHTPA IHEPLII NOPOXHUCTOIO KOPIYCY
BIBPOMALLUMHU BMN-10 TA BIAMNOBIAHOINO OCbOBOI0 MOMEHTY IHEPL|II

AHOTAL)IA. 3acmocyesaHHs gibpauitiHux memodie Habysae ocobnueoi akmyanbHocmi 0551 00c-
KOHarneHHs1 mexHoso2idHUX rnpouyecie. Bibpauis 3abesnevye He nuwe nid8uwWeHHs eghekmueHocmi po-
bomu ycmamkyeaHHS, arne U Crpusie rnokpaweHHI SKICHUX Xxapakmepucmuk 0bpobirogaHux Mamepiariis.
3okpema, 8 eanysi bydisHuumea ma iHxXeHepii yWinbHeHHs1 Mamepiarnie € 00HUM i3 K/o4o8UX rpouyecis,
wo susHadyae cmabinbHicms i HadiliHIcmb KOHCMPYKMUBHUX pilueHb. [Mapamempu ywinbHeHHs, ki peay-
noromecs 8ibpauyiliHUMU ycmaHoeKkaMu, Matome supiluarnbHe 3HadyeHHs1 Onsi docsieHeHHST HalKpaujux pe-
3ynbmamis. [Jo yux napamempie 8idHocsimbcs amrnimyda ma yacmoma KonueaHb, iHMmeHCUBHICMb Ha-
8aHMaXeHHs!, a makox 2eoMempuyHi ocobnugocmi KOHCMpyKUii eibpauitiHoi nnumu. BusHavyeHHs1 Hal-
Kpawux 3Ha4yeHb Uux napamempie 00380789€ He nuwe 3abesneqyumu MakcumasibHy SKICmb YUWliflbHEHHS,
arne U cnpusie payioHasibHOMY 8UKOPUCMAaHHIO eHepaemuyHUX pecypcie ma nidsuu,eHHo HadiliHocmi 06-
nadHaHHs. B Haykoeili cmammi po3ensidaembscs 8U3Ha4YeHHs MOIOXKEHHS UeHmpa Mac Koprycy sKul mae
guasis10 nycmomirnoi mpaneuii ma ocb08020 MOMEHMY iHEPY,i pO3pobrieHOI Hamu 8ibpauiliHOi ycmaHO8KU
BI1 - 10. Po3ansiHymi napamempu € HeobxiOHUMU Or1si odasiblio20 po3paxyHKy KiHemuy4Hoi eHepeii, wo,
y c80t0 Yepay, 00380s15€ p038’a3yeamu rpuknadHi 3adadvi MexaHiku, cripssMo8aHi Ha ornmumi3auito KOHC-
mpyKkmueHuXx I ekcrinyamauiliHux xapakmepucmuk eibpauitHux naum.

Knroyoei cnoea: sibpauitiHa nnuma, yeHmp mac, MOMeHm iHepuji, sibpayitiHa MawuHa, ornmumi-
3auis napamempis, 8ibpo3bydxysay

DETERMINATION OF THE POSITION OF THE CENTER OF INERTIA OF THE HOLLOW
BODY OF VIBRATING MACHINE VP-10 AND THE CORRESPONDING AXIAL MOMENT OF
INERTIA

ABSTRACT. The use of vibration methods is becoming particularly relevant for improving techno-
logical processes. Vibration not only increases the efficiency of equipment, but also contributes to improving
the quality characteristics of the processed materials. In particular, in the field of construction and engineer-
ing, material compaction is one of the key processes that determines the stability and reliability of structural
solutions. Compaction parameters controlled by vibratory units are critical to achieving the best results.
These parameters include the amplitude and frequency of oscillations, the intensity of the load, as well as
the geometric features of the design of the vibrating plate. Determining the optimal values of these param-
eters allows not only to ensure maximum compaction quality, but also contributes to the rational use of
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energy resources and increased reliability of the equipment. The scientific article considers the determina-
tion of the position of the center of mass of the body, which has the form of a hollow trapezoid, and the
axial moment of inertia of the VP-10 vibration installation developed by us. The considered parameters are
necessary for further calculation of kinetic energy, which, in turn, allows solving applied problems of me-
chanics aimed at optimizing the design and operational characteristics of vibrating plates.

Keywords: vibration plate, center of mass, moment of inertia, vibration machine, parameter opti-
mization, vibration exciter.

1. llocTanoBKa npodieMu. SIKiCTh YIIIIBHEHHS MaTepiajiB BiOpalifHUMU yCTaHOBKaMHU
3aJIeKUTh BiJl aMIUIITY/AM Ta YaCTOTH KOJIMBaHb, HABAHTA)KEHHS 1 TEOMETPUYHUX ITapaMeTpiB 00-
nagHaHH. Bu3HaueHHs HalKpalMx 3HaYeHb [IUX NapaMeTpPiB € KIIFOYOBUM IS 3a0€31ICYCHHS BH-
COKOI SIKOCTI YLIUIBHEHHsI Ta PaliOHAJIbHOIO BUKOPUCTAHHS eHeprii. JlocmiaKeHHs MOKa3yloTh,
110 e(eKTUBHICTD YIIIJIBHEHHS 3aJI€KUTh HE JIMIIE B MOTYXHOCTI BiOparopa, a i Bix B3aeMoii
YCTAaHOBKH 3 MarepiaioM. OnTumizamis JMHAMIYHUX IMapaMeTpiB Ha SKi BIUIMBAIOTh TaKl BEJH-
YHMHY, SIK TIOJIO)KEHHS IIEHTPa Mac i OCbOBHI MOMEHT 1HEpIIii, J03BOJIsIE HOKPAIIUTH MEepeIaBaHHS
€Heprii, 3MEHIIUTH BTPaTU Ta MIABUILUTH MPOAYKTUBHICTb. AHall3 MapaMeTpiB YCTAaHOBKU A€
3MOTY BU3HAYHUTH PEKUMH pOOOTH, 110 320€3MeUyI0Th MAaKCUMAaJIbHY SKICTh YIIUTbHEHHS. Pe3yib-
TaTU MOXYTbh OYTH KOPUCHUMH JJIs 1H)KEHEPIB 1 KOHCTPYKTOPIB, K1 3aiIMalOThCsI IPOEKTYBaHHSIM
Ta BJIOCKOHAJICHHSM BiOpamiifHUX MalIvH y OyiBeNbHIH 1 TOPOXKHIH ramys3sx.

2. AHaJTi3 oCTaHHIX J0CTiIKeHb i myoOJtikaniii. Biopariitni MeToiu € HeBiA'€EMHOIO CKJla-
JIOBOIO CY4aCHUX BUPOOHUYMX MPOIIECIB, CIPUSIOYH iX ONTHMI3alii, MiABUIICHHIO e()eKTUBHOCTI
Ta MOKPAIICHHIO SIKICHUX XapaKTepUCTUK KIHIIEBOT MPOAYKIIii. BukopucTaHHs BiOpamiiHIX METO-
JIB JO3BOJISIE 3HAYHO BJIOCKOHAIMTH HU3KY TEXHOJIOTIYHHX OIEpalliid, 30kpemMa y Oy/iBHHIITBI,
MalImHOOY TyBaHHI, TPAHCTIOPTHIN 1H)KEHEPIi Ta 1HIITUX raxy3saX MPOMHUCIOBOCTI [1].

OnHuM 13 HAWBAXIIMBIIIMX HANPSAMIB 3aCTOCYBaHHS BiOpAIIfHUX METO/IB € YIIUTbHEHHS
MarepiaiiB, 10 BiAirpae BUPIMIAIbHY posib Y GopMyBaHHI HEOOXITHOT CTPYKTYpPH Ta MIITHOCTI BH-
po06iB. [Iporiec yurinbHEHHS BIUTMBAE Ha €KCIUTyaTaliliHI XapaKTepUCTUKU MaTepiany, 3a0e3mnedy-
FOYH HOTO PIBHOMIPHY IIUIbHICTh, MIHIMI3aIIiF0 3QJTMIIIKOBUX ITyCTOT Ta ITiABUIICHHS HECYYOi 3/1a-
THOCTI. Bin epekTHBHOCTI IBOTO MPOIIECY 3aTIEKUTH TOBTOBIUHICTH, MIIIHICTB 1 CTa0IbHICTH KOH-
CTPYKIIii, 0c00aMBO B OyniBEIbHIN, JOPOXKHIN Ta TPaHCHIOPTHIN iHPpacTpyKTYpi [2].

[TapameTpu yuIiIbHEHHs, 1110 BU3HAYAIOTHCS XapaKTEPUCTUKAMU BiOpaIiiiHOI yCTaHOBKH,
30KpeMa aMILUTITY1010, YACTOTOIO Ta HAIIPSIMKOM KOJIMBaHb, 0€3M0CepeHbO BIUIMBAIOTh Ha J10CH-
THEHHsI He0OX1IHUX (PI3UKO-MEXaHIYHUX BIACTUBOCTEN MaTepiany. OnTumiszaliis IUX napameTpis
€ BaXJIMBUM HAyKOBO-TEXHIYHUM 3aBJaHHSM, SIKE CHPSIMOBaHE Ha MiJABUILEHHS €(eKTUBHOCTI
IpoIiecy YIIUTbHEHHS, 3HIKEHHSI eHePTeTHYHNX BUTPAT Ta 3a0e3MeueHHs] MAaKCHMaIbHOT TEXHO-
JIOT14HOI MPOAYKTUBHOCTI [3].

JlocikeHHs BIUIMBY MapaMeTpiB BIOpaLiMHUX YCTAaHOBOK Ha SIKICTh YIIUIBHEHHS J103BO-
JIsI€ PO3POOUTH HOBI KOHCTPYKTHUBHI PillIEHHS Ta YAOCKOHAJIUTU METOJIU MPOEKTYBaHHS Cy4acHUX
YVIIUTbHIOBJIbHUX MaiuH [4]. BcTaHOBIEHHS HaWKpamux PEeKUMIB POOOTH TaKWX YCTaHOBOK
CIPUATHME MiJBULICHHIO €(QEeKTUBHOCTI BUPOOHHYMX IPOLECIB Ta palliOHAIbHOMY BHKOPHC-
TaHHIO PECYPCIB.

3. MeTa i 3aBIaHHA A0CTiAKeHHsI. MeToro JaHO1 CTaTTi € BU3HAUYEHHS MTOJIOKEHHS LIEHTpa
Mac Ta OCbOBOT'O MOMEHTY 1HEpIIii KOPITyCy, IO € HEOOX1THUM ISl TIOJIaIBIIIOT0 PO3PaxyHKY Ki-
HETHYHOI eHeprii Ta po3B’sA3aHHSA NPUKIAJHUX 337a4 MEXaHIKH, COPSIMOBAHHUX Ha ONTUMI3allilo
napaMmeTpiB BiOpauiiHo1 muTi. OTpuMaHi pe3yibTaTu A03BOJSIOTh MIIBUIIUTH €HeproeeKTHB-
HICTb, PO3IIUPUTH TEXHOJIOT1YHI MOXIJIMBOCTI Ta ONTHUMI3YBaTH TATOBI XapaKTEPUCTHKHU, HEOO-
X1aH1 171 e(PeKTUBHOTO MepeMIleHHs BIOpaIiifHOTO MIPUCTPOIO.

4. OcHoBHUIi MaTepiaJ i pe3yabTaTi. Ha 0CHOBI KOHCTPYKTOPCHKUX PO3pOOOK HAMU OyJiia
CTBOpeHa BiOpalliifHa MaluHa 31 3MIHHUMHU pobdounmu opranamu BII-10 mist yuriinbHeHHs Mate-
piamy [5]. Ans 3’sicyBaHHS 3arajbHOi TEHJAEHIIT BIUIMBY OKpEMHX MapaMmeTpiB BiOparliifiHoi ma-
mmay BIT - 10 Ha pyx ii po6oyoro oprany, a Takox JiJIsl BU3HAYEHHS ONTUMAJIBHOTO CIIBBIHO-
IIEHHS] MK MacOI0 OKPEMHUX CKJIaJOBHUX €JIEMEHTIB BIOpaIiiiHOT MaIlIMHU, BEJIMYMHU 30y 1Ky4Oi
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CHJIH, 1110 TEHEPYETHCS BIOPO30YIKyBaveM, 1 30BHIIITHLOT PYIIIHHOT CHIIM TTOCTaIa MoTpeda cKiia-

CTH JUIA 1i€] MalIMHA MaTeMaTHYHy MOJIEIb ii pyXy, 1100 MOTIM JOCIIUTH 3a3HAYE€HY MOJIEIb.
st iporo OyJia mpUiHATA CXeMaTHYHA MOJIENh BIOPOMAIIIMHY Y BUTJISAI TUIOCKOT MEXaHi4-

HOI CHCTEMHU, IO PYXA€EThCS Y BEPTUKANBHIN TionuHl Oyz (puc. 1), sika CKIaAaeThes 3 KOPIyCy

I (macoro m, y ¢opmi nopoxuuctoi Tpanenii 4BDK BinmoBigHUX po3MipiB i TOBIIMHOIO ),
Ha KU )KOPCTKO 3aKpilyIeHu Kopryc 2 30yKyBada KOJIMBaHb, 1e0aTaHCHUN Ball 3 SIKOTO Po-
3TalIOBaHUH MEPHEHIUKYIISIPHO /10 HANpsIMKY pobodoro pyxy BiOpomammau. Ha nebanancaomy
BajioBl 3 »KOPCTKO 3aKpiluieHui nedananc j, o0epTaHHs SKOTO BU3HA4Yae poOOUYUil TEXHOIOI14-
HUH nporec. 3HU3Y 710 KOpIycy / TaK0X >KOPCTKO 3aKpiIjieHa IIuTa 4, A0 SKOi MapHIpHO MpH-
€/IHaHa HAIpaBJIsAloya pydka 6.

3a Takux npunyuieHs BiOpariiina mammnaa BI1-10 MmoaentoeTbecs MEXaHIYHOIO CUCTEMOIO [6],
10 CKJIAIa€ThCS 3 YOTUPHOX MaTepialibHUX TiJI.

[N}

Pucynok 1. CxemaTnuHa Mojens BiOpaniiHoi mammau BI1-10
Figure 1. Schematic model of the VP-10 vibration machine

3a pe3yapTaTaMy MPOBEJACHUX €KCIIEPUMEHTAIBHUX BUIPOOYBaHb 1 TOCTIKEHb [7] BCTa-
HOBJICHO, 110 B poO0YOMY peskuMi Kopryc / BiOpOMAIIMHU 3/1iHCHIOE TIOCKOMapaieIbHUIM PyX B
wronuHi Oyz , 9epes 1o 3a Teopemoro Kewrira [8] #oro KiHeTHYHA €HEPTist

V2 2
:ml VC1+II.O‘)1

| > > 3)

ie V. — MOAyIb MBUIKOCTI IICHTPA IHEPLIi C, xopnycy [ ; @, — MOIyJIb MUTTEBOI KYTOBOI IIIBU-
JIKOCTI KOpIycCy / HaBKOJIO OCl HOro MUTTEBOr0 0OepTaHHs, sKa B PO3IJIAIyBaHOMY IMOJIOKEHHI
MEXaHIYHOI CHCTEMH IPOXOAUTH Yepe3 Touky C| MeprneHIuKyIISIPHO JI0 IUIOIMHA PO3TAIlyBaHHS
MeXaHiqHOiI cucteMu; I, — ochOBHII MOMEHT iHepiii Koprycy / BiIHOCHO 3a3HAYCHOI OCi MHUTTE-
BOT'O 0OEpTaHHS.

Jlnist iporo croyatky 300pa3uMo Ha pUCYHKY 2 Tpamnenito ABDK Ta'y nonomMixHIN gekap-
TOBiM cucTeMl KOOpAMHAT A& BU3HAUMMO MOJIOXKEHHS i1 IeHTpa Mac [9] sik MaTepiaabHOTO Tijla

BiJIMOBIAHOT (hOPMHU.
Lentp mac Tpaneuii nozHauumo J , a ii koopaunatu ¢, 1 &, BU3HaUMMO 3a HopMyIaMu

_5e _S
o=—r ma &=, )

e A —uioma Tpamnerrii; Sa 1 SC — CTaTUYHI MOMEHTH i IIJIOMII BITHOCHO oceit & Ta { BIAMOBIIHO.
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Po36upim tpanenito 4BDK pa npsamoxytauk AEDK miomero Asepx =d-a , LIEHTP Mac
i sxoro smaxomuThes Ha TepeTHHi #oro miaronaneii, i npsamokyTHuii TpukyTHuk £BD momero

d- (b — a)
Apgp = 5 J . .

, IEHTP Mac 2 SKOTO 3HAXOMUTHCS Ha EPETHHI HOTO MeliaH, 3 PUCYHKa 2 BCTa-
HOBJIIOEMO, 1I0:
AK d DK a DE d EB b—a 2a+b
S 2. S 2. =75 3. = 3 3 3
¢ 1
RS E ) él _ | J . D
S 8
AR I 5
- & . .
d

Pucynok 2. Jlo BU3HaYCHHS MTOJIOKEHHS [ICHTPa Mac Tpamnetii
Figure 2. Before determining the position of the center of mass of the trapezoid

a+b

[Tnoma tpanenii ABDK A=d - , @ CTATHYHI MOMEHTH TUIONII Tparmeii BiITHOCHO Bi-

JIOBITHUX OCEM

a d-\b—a) 2a+b a’*+b*+a-b
Si:S§1+S§2:AAEDK.(;I-’_AEBD'CQ:d'a'_+ ( ) :d—,
2 2 3 6
d d-b—a) d 2a+b
SC =SC1+SC2 ZAAEDK'E.>1+AEBD'é2Zd'a'5+¥'g=d2-?.

[TizcraBisroun BCTaHOBIIEH] 3HaUeHHS B (hopMyity (4), JicTaHEeMO KOOpAUHATH

da2+b2+a~b
P _d(@+P+ab) 2 d+b+ab )
’ g.ath 6 d-(a+b)  3-(a+h)
2
i
pE 2a+b
¢ d*-(2a+b) 2 d-(2a+b)
(t:J: a+b = . = 5 (6)
J. 6 d-(a+b) 3-(a+b)
2

3a IKUMU Ha PUCYHKY 3 ¥ 300pa)kyeMo IIyKaHy TOUKY J .

Tenep Ha prcyHKY 3 pO3IJIsIHEMO Tpariellito, Ha3BaBiuy ii, Hanpukian, A'B'D'K', ska Bu-
3Haya€ MOPOKHUHY Koprycy /. 3a oTpumanuMu ¢opmynamu (5) 1 (6) BCTAaHOBUMO TOJIOKEHHS
nentpa J' mac mi€el Tpamerii sSIKk MaTepialbHOro Tijla BiXMOBIAHOI (GOpPMHU, BpaxoByrouH (Micis
HECKJIaJIHOTO TeOMETPUYHOTO aHaizy), mo tpaneiiss A'B'D'K' mae po3mipu:

d=d-2-9, (7)
’ 51 51
a'=a-0,-0,=a-0,—| ——=0,-tgu|=a-95,— +0, -tgu, (8)
cos U cos i
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) )
b'=b-8,-3,=b-3, —( L +3, -tgu]=b—61 ——1——3§,-1gu, )
cos L cos L
ne uw=ZBDE —KyT yBeieHuU# B 00ir Ha pUCYHKY 3, 3 IKOTO OUYEBUIHO, IO
cosSp = DE _ d , (10)
BD &+ +d* -2ab
BE b-a
Sh=Tr = (11
¢
p
oy ’ 1
B 3] /
Sy 7 i
SES L J’ D
S, " i é._;@ s
AV (Q Q &\B KI -
S
A J’
d
Pucynok 3. Jlo BU3HauCHHS MMOJIOKEHHS 11eHTpa Mac Tparenii A'B'D'K’
Figure 3. Before determining the position of the center of mass of the trapezoid A'B'D'K’
[Tnoma rpanenii A'B'D'K’
"+b +b 1
A=d- 222 —q. 277 _(a+b)-8 |1+ (d-28,)-5,
2 2 cos |
a00, ypaxyBaBIllM 3HAYCHHSI A, MATUMEMO:
A’:A—(a+b)-81—[l+%osuj-(d—2-81)-81. (12)

Koopaunatut p, 1 T, Touku J' y cucremi koopauHat A'pt (puc. 3) micranemo 3a popMmy-

nami (5) 1 (6), miacTaBnsoun B HUX BianoBiaHi 3HaueHHs (7) Ta (8) 1(9) i 3aiiicHIOI0UYH JeTITUMHI
TPUTOHOMETPHYHI TIEPETBOPCHHS:

(a+b—2~61)~[a+b—81-(2+ 3 H—(a—sl)(b—sl)

o - cos |\ +(a—b)-81-tgu+812-(3+4-tg2u)
J 9
3-(a+b—2~81—2- J ) 3~[a+b—2-5]—2- J j
cos U cos
)
d-2-8,)|2-a+b-3-86,-3-—1—+8, ¢
. _d'-(2-a'+b')_( 1)[ : cosp gu]
J ’ ’ -
3(a'+b) 3~(a+b—2-81—2~ J j
cos |

3a OTpUMaHUMHU 3HAYCHHSIMH P, 1 T, 300pakyemo Touky J' (puc. 3).
3HalO4M KOOPAMHATH P, 1 T, TOYKH J' B CHCTeMi KOOpAMHAT A'PT BCTAHOBIIIOEMO

(puc. 3) xoopaunatu C, 1 &, wi€l TOUKH B cucTeMi BIAIKy ACE :
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E,=0,+1,, (13)
C,=8,+p,. (14)

Tenep BcTanoBMMO HONOXKEHHS LeHTpa iHepuii C, 6e3nocepennbo kopmycy /. g nporo
Ha PUCYHKY 4 300pa3umo kopryc / i Touku J i J', MiCIIe3HAXOKCHHS SIKMX BXKE 3’ ICOBAHO.

Koopnunatu G, i &, touku C| y cucremi Bimiiky ACE 3HOBY 3HaiineMo 3a hopmynamu
S S

18 16

o= ma g, ="k (15)
G G ?

Al Al
ne A, —mnoma kopmycy / (meBHa pi4, B IificHOCTI A, — Iie IIIoma MonepeyHoro nepepizy Kop-
nycy / BibpauiiiHoi Mamuau BII-10; ane B yMoBax po3riisigyBaHol CXeMaTHYHOI MOJIEIIL, 1€ TIJIO0IIA
MarepianbHOro Tia / J0CIipKyBaHOi MeXaHiuHOT cucTeMu); S 1 S|, — CTaTHYHi MOMEHTH ILIOILI

kopnycy / BigHOCHO oceil & Ta { BiAMmOBiIHO.
pirycy

o /
B /.

D
B S Y
TN IR E I
L
4 d

Pucynok 4. JIo BU3HaYCHHSI OJIOKEHHS IEHTpa iHepIii koprycy /
Figure 4. Before determining the position of the center of inertia of the body /

[Tmoma xopmycy /

AI:A—A':(a+b)-61+[1+ j-(d—z-é}l)-éil, (16)
cos|
a 11 cTaTUYHI MOMEHTH BIAHOCHO oceil & Ta (
a+b ,
S, =8 +S.=d- g,+A4-¢,, (17)
a+b ,
S, =S +8.=d- §,+A4-€,, (18)

ne3nauenns A', C,, &,, &, 1 {, BuzHavarots popmyin (12), (5), (6), (13) i (14) BiamosiaHo.
[incrasusium 3nauenns (16), (17) i (18) B popmyu (15), 3Haiinemo koopaunatu G, i &,

Beranosumo [10] Terep B popmysti (3) 3HaueHHst ocboBoro MomenTy inepuii |, . 3uoBy crmo-

YaTKy pO3TJITHEMO MaTepiaibHy IJIACTUHY Y BUTIIAL Tpaneii ABDK sk CyKymHICTh MaTepiajib-
HUX IJIaCTHH Y BUTJISAAL NPAMOKYTHUKAa AEDK 1 npsIMOKYTHOTO TpuKyTHUKA EBD (puc. 2).
3rigHo 3 [11] ocboBi MOMeHTH iHepIil IpAMOKYTHOI miacTuiu AEDK (po3mipamu d xa )

Ta TPUKYTHOI MacTuiu EBD (3 xatetamu d 1 (b—a)) y cuctemi koopauHat ACE BIIHOCHO ix
HEHTPAIBHAX OCEH, [0 MPOXOAATh MEPHEHANKYIIPHO 10 Iommun ALE yepes toukn J, 1 J,
BiJIMOBIAHO, TOPIBHIOIOTH

* _mAEDK-(d2+a2) ) T _mEBD-[d2+(b—a)2].

= 1 =
AEDK 1 2 EBD 1 8
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OcboBi )x MOMeHTH iHepItii mmactud AEDK 1 EBD BiZHOCHO OCI, IO TPOXOAUTH TIEPIICH-
JUKYJSIpHO 110 miomuHu ACE yepe3 Touky J BH3HauuMo 3a Teopemoro lllteiinepa-Itoiirenca

[11]:

) (d2 + &2 i +d’
Vieok = eok + M ng '(J1J)2 = Dlazpx ( ? )+mAEDK '(‘]1‘])2 =M ppi '{—a_'_(‘]l*])z} 5

12 12

\ Ad*+(b-a) d*+(b-a)
IEBDZIEBD+mEBD'(J2J)2 — Mesp [ 18( Cl) ]+mEBD'(J2J)2 :mEBD'{%_’_(JZJ)Z}'

3 pucyHka 3 3a MOJOKEHHSIMHU BEKTOPHOTO YMCJICHHS BUIHO, IO y cucTeMi BiIKy ALE
KBaJpaTH BiAMOBIIHUX BiJaiel JOPIBHIOIOTh

(JIJ)2=(§—&J)2+((;I—Q,)2{%—@ +(§—c,j : (19)

O e A IR =k 20)

Jie 3HaueHHs KoopauHaT €, i &, Bu3HadaroTh (opmyiu (5) i (6) BiIIOBIAHO.

OCKLUTBKM MOMEHT 1HEpIIii Tijla € BEIMYUHOI aJUTUBHOIO (TOOTO MOMEHT iHepuii Tiia qopi-
BHIO€ CyMi MOMEHTIB 1HEpIIii OKpEMHX YaCTHH IIHOT'0 TiJ1a), TO, 3 ypaxyBaHHIM dopmyi (19)1(20),
MOMEHT 1Heplii MaTepiaabHOI INIACTUHU Y BUIIIsIAL Tpanenii ABDK BiTHOCHO OCi, III0 MPOXOAUTH
NEePIEeHIUKYIISPHO 10 miomuH ACE depe3 Touky J , 1OpIBHIOE

I ABDK — I aepk T I EBD —

d>+a’ (d .\ (a .Y d*+(b-af (d Y (2a+b .Y
:mAEDK'T-’_(E_&Jj +(§_C1J +mEBD'%+(§_§Jj +( 3 _ij :

Tomy 0 y po3riisigyBaHOMY BUIIAJKOBI MACH M1 5> M ppx 1 My, TIPOIOPLINHI IUIOIAM

tpaneuii ABDK , npsimokyTHuka AEDK 1TpukyTHuka EBD BiANOBiIHO, TO, CKJIABIIU OYEBHIHI
nponopuii, HeBa)KKO BCTAHOBUTH, 1110

m,rpx = “Mypgpis> & Mppp
a+b

3 ypaxyBaHHSM 4OT0 ¥ MiCJs BIATIOBIIHUX «CIPOIIEHb-IIEPETBOPEHBY JICTAEMO:

2-a |d*+a* d > (a ?
U ispk = Muspi - a+b. 12 + 5_&J + E_QJ +

b—a |d*+(b-a) (d > (2a+b :
+ : ( ) +(——i;j +( _CJ)
a+b 18 3 3

MowmeHT iHepIil MarepiaabHOl MIacTuHK y BUIsiAl Tpaneuii A'B'D'K' y cuctemi Bimtiky
A'pT BITHOCHO OCI, IO MPOXOMUTH MEPHEHIUKYISIPHO 1O MomuH A'pt uvepe3 Touky J'
(puc. 3), 3Haii1eM0, CKOPUCTABIIUCH OTPUMaHOIO popmyioro (21), migcTaBisiouu B AKy HEOOXiTH1
BEITMYMHHU, 1110 BU3HAYAIOTH OTPMMAaHI BHIIE BIAMOBIIHI (OPMYITH, IICTAHEMO:
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2. ' d!2 r\2 d! 2 ' 2
Visoe =M ygppg iy ( ) +(a) +(__’CJ') +[%_pJ’j +

a+b 12 2
(22)
b'—a | (d') +('-d) (d' T (2-a'+b' T
+ . H—=1, | +|—-p,
a'+b 18 3 3

3actocoBytoun Teopemy lllteitnepa-ItoiireHca [8] 1 BpaxoByHOYH aJIUTHBHICTH MOMEHTY
iHepIii Tia Ta Te ,110 B PO3IJIAIyBaHOMY BHIIJKOBI Macy MaTepiaJlbHOTO Tijia y BUTJISIII Tpamenii
A'B'D'K’' HeobXinHo npuiiMaTi Bia’ €MHOI, 0cboBHiT MOMeHT iHepuii |, kopmycy / BimHOCHO

oci, 1110 NpoxoauTh uepe3 Touky C,|, 3HaiIeMo y BUNIISI CyMU:

I 1= I aspk T M yppi (C]J)2 —1 480k~ Myppr '(ClJ,)2 : (23)
3 pucyHKa 4 HEBaKKO 0aYMTH, 1110
(CIJ)2 = (‘:q - éJ)z + (gc, _CJ)Z i (ClJ,)2 = (&c, - &J)2 + (Cc, - CJ)Z > (24)

nie 3HaueHHs koopmuHatr G 1 &, C,, &,, €, 1 , BusHauaroth popmyiu (15), (5), (6), (13) i
(14) BigmoBigHO.
BcTaHOBUMO CHIBBIJHOIIEHHS MK MacaMu M1, , M ppe 1 M ypp- , K1 BIITOBLIHO IPOIOP-

HiiiHi wiomam 4, kopmycy I, A tpanenii ABDK 1 A" tpanenii A'B'D'K’, uepes mo
A d-(a+b) . A
=m-—> 1

m =m,-—= M i = My - —, 25
ABDK 1 Al 1 2A1 A'B'D'K 1 AI ( )

ne 3HaueHHs o 4, i A" Bu3HavyaTh Gpopmyiu (16) 1 (12) BinmosigHo.

[TigcraBisiroun 3HaYCHHS, K1 BU3HA4a0Th popmynn (21), (24), (22) 1 (25), y dopmyamy (23),
OTPHMAEMO OCTAaTOYHE IyKaHe 3HAUCHHs 0CboBOro MoMeHTy iHepuii |, SIkmio 3BepHyTH yBary
Ha Te, 110 MicyIs 3a3Ha4eHO01 NPOoLeIypH MiICTaBISHHS, KOXKEH JJ0JJaHOK OTpUMaHo1 (hopMyiH Oye
MICTUTH CIIIBHUI MHOXKHUK 11, , SKHH MOXKHA BUHECTH 3a Ay>KKH, i IO3HAUYUTH BIAIOBIIHY CyMY,
110 ONIMHUTBLCS Y JIy’KKaX I/l BUHECEHHS /71, , YEPE3 i, , TO MOYXKHA JIicTaTH (OpMyITy OCHOBOTO

momenTy inepuii |, kopmycy / BimHOCHO OCi floro MUTTEBOrO OOEpTaHHS y BUTIISIII:
2
|, =m, i =const, (26)

ae 3rinHo 3 [8] i, — ue paaiyc iHepuii koprnycy / BiIHOCHO HOro LeHTpaIbHOI OCl.
S. BucHoBKH.
1) V nawniit po6oti po3B’s13aHO 3aa4y BU3HAUEHHS MOJ0XKEHHS [enTpa Mac koprycy C,, a

TaKOXk HOro 0cbOBOro MOMeHTY iHepuii |, BiTHOCHO oci MUTTEBOro HEHTPY 0OEpTaHHS, IO IIPO-

XoauTh 4epe3 3amany Touky C, BiOpariiinoi mamman BI1-10. OTpumani pesysbTaT € BaxIu-
BUMHU /IS TIOJANBIINX PO3PaXyHKIB KIHETUYHUX XapaKTEPUCTHK PyXy BiOpamiifHOT MalIMHM Ta
MOKYTh OyTH BUKOPUCTAHI JIJIs1 ONTUMI3aLlll TUHAMIYHUX ITapaMeTpiB 1i€i MalIUHU.

2) BcraHoBIieHO, 0 Y BUBEACHHX 3AJIEKHOCTAX (4) + (26) BCi mapaMeTpH € KOHCTAaHTaMH,
10 BU3HAYAIOTHCS Y€Pe3 YOTHPU OCHOBHI T€OMETPUUHI XapaKTEPUCTHKU KOPITYCY: JIHINHHI pO3-
Mipu d, a, b Ta d,, 1110 BpaxoBy€ KOHCTPYKTHBHI BiOpamiiinoi mammau BIT-10. Otpumani Marema-
TUYHI BUPA3HU JI03BOJISIOTH 3/11HCHIOBATH TOYHI PO3PAaXyHKH MEXaHIYHHUX MTapaMeTpiB KOHCTPYKLIi
Ta 3a0€3MeuyI0Th OCHOBY JJISl MOAANBUIMX JIOCIHIKEHb, CIPSIMOBAaHUX Ha BJOCKOHAJIEHHS po0O-
YUX pPEKHUMIB BIOpalifHUX MAIIUH.

Chnucok BUKOPUCTAHHUX JIZKEPEJI:
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BIEPALINHI KOHBEEPU, OCOBNUBOCTI BYOOBU TA EKCIUTYATALYI

AHOTALISA. Y cmammi po3arisiHymo KOHCMpPYKmMueHi ocobsiugocmi, npuHyunu pobomu ma nepe-
8aau cy4JacHux gibpauiliHux mpaHcriopmepie i KOHgeepis, WO 3acmoco8yrombcsi O mpaHcropmyeaHHs
curikux mamepianig y ripomucriogocmi. [poaHarnizoeaHo enmnue pisHUX KOHCMPYKMUBHUX pilueHb Ha ege-
KmusHicmb pobomu obralHaHHS, 30Kpema euKkopucmaHHs camobasiaHCHUX eibpamopie, HarnpsMIeHUX
KonueaHb ma adanmueHUX cucmemM peayrnsaHHs rnomyxHocmi. Okpemy ygaay npuodinieHo MuMmMaHHsIM
eHepzoegpekmusHocmi, 0o8208i4HOCMI Ma MiHiMI3auii ekcrinyamauitHux eumpam. Po3sensHymo repcrie-
Kmueu po38UmKy mexHonoz2ili mpaHcrnopmyeaHHs Mamepiarnie, 30KkpemMa 8rnposadKeHHs iHHO8auiliHUX pi-
WweHb y KOHCMPYKUIT 8ibpauitiHux KoHeeepig 0r1s nidsuweHHs npodykmueHocmi ma onmumizauii sumpam
supobHuymea.

Knroyvoei cnoea: gibpaujitiHuli mpaHcriopmep, iHepuitHut mpaHcropmep, camobasiaHCcHUU 8i6po-
npueio, eHepaoeghekmusHICMb, MpPaHCrIopmyeaHHs CUMKUX Mamepiasiie, mpoMucriosi KoHeeepu, byposutli
wiam.

VIBRATORY CONVEYORS: DESIGN FEATURES AND OPERATION

ABSTRACT. The article examines the structural features, operating principles, and advantages of
modern vibratory transporters and conveyors used for transporting bulk materials in industry. The impact
of various design solutions on equipment efficiency is analyzed, particularly the use of self-balancing vibra-
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tors, directed oscillations, and adaptive power control systems. Special attention is given to energy effi-
ciency, durability, and the minimization of operational costs. The prospects for the development of material
transportation technologies are considered, including the implementation of innovative solutions in vibratory
conveyor design to enhance productivity and optimize production costs.

Keywords: vibratory transporter, inertial transporter, self-balancing vibration drive, energy effi-
ciency, bulk material transportation, industrial conveyors, drilling mud.

1. Problem statement. Modern industrial enterprises are constantly faced with the need to
increase the efficiency of transporting bulk materials, optimize production processes and reduce
operating costs. Traditional mechanical conveyors, despite their reliability, have a number of dis-
advantages, including high energy consumption, significant wear of working elements and diffi-
culty in maintenance.

Vibrating conveyors and conveyors offer a number of advantages, including uniform ma-
terial movement, the ability to operate in difficult conditions, and reduced structural stress. How-
ever, there are also certain technical challenges, such as the dependence of the amplitude of oscil-
lations on the load, the need for precise balancing of the system, and the impact of vibrations on
supporting structures.

One of the key issues is the selection of the optimal design of a vibrating conveyor depend-
ing on the operating conditions and material characteristics. Factors such as the type of drive,
frequency characteristics of vibrations, method of fastening and damping, as well as the possibility
of integration into existing process lines must be taken into account.

Thus, the current task is to research and improve the designs of vibrating conveyors to
ensure their high productivity, reduce energy consumption, and increase durability when trans-
porting bulk materials in various industries.

2. Analysis of publications on the research topic. The transportation of bulk materials
by mechanical means is a key stage in many production processes, which determines the efficiency
and productivity of industrial systems. Studies of theoretical and applied aspects of this process
[1-4, 7-8] allow us to generalize modern methods of designing equipment intended for the trans-
portation of bulk cargoes. However, despite a significant number of scientific developments, there
is still no single systematized theory that would comprehensively describe all the mechanisms and
patterns of the movement of bulk materials [6—8].

One of the common approaches to the analysis of the transportation process is the proba-
bilistic theory, which is based on modeling the motion of individual grains along the transporting
surface [3—8]. Within the framework of this approach, it is assumed that a spherical grain interacts
with the conveyor surface according to probabilistic laws, and its initial parameters determine the
further trajectory of motion [7-8].

Current research in this area focuses on the influence of geometric parameters of conveying
surfaces on the efficiency of material movement. The determining factors are the shape of the
surface, the amplitude and frequency of vibrations, and the angle of inclination of the working
plane. It has been established that the optimization of these parameters allows to increase the speed
of conveying and ensure the uniformity of the material flow. Further development of scientific
approaches in this area is aimed at improving existing technological solutions and creating new
designs of conveying systems capable of ensuring high productivity and reliability of operation in
modern production conditions.

3. Purpose and objectives of the study. The purpose of the article is to analyze and opti-
mize the designs of vibrating conveyors to increase the efficiency of transporting bulk materials,
reduce energy consumption and increase the durability of the equipment. The study considered
existing designs of conveyors, identified the main factors affecting their efficiency and energy
consumption, developed a method for calculating dynamic characteristics, and analyzed the influ-
ence of design parameters on the performance and reliability of the system. The task of the study
is to analyze the design features of vibrating conveyors, assess their efficiency and reliability, and
develop recommendations for optimization to increase productivity and reduce energy consump-
tion.
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4. Analysis of modern approaches to the transportation of bulk materials by vibrating
conveyors

Vibrating flat conveying devices are characterized by a wide range of design solutions and
methods of excitation of vibrations (Fig. 1).

In modern production, the most common are gyration (eccentric) and inertial vibrating
conveyors. The latter, depending on the nature of the oscillations, are divided into devices with
non-directional (in particular circular) oscillations and models with directional oscillations, known
as self-balancing conveyors.

The main function of vibrating conveyors is to move and sort materials by size during the
transportation process. The trajectory of movement, amplitude and nature of vibrations are deter-
mined by the dynamic characteristics of the system, which depend on the coercive force generated
by the drive, the mass of the moving elements, the number and properties of the elastic elements,
as well as their location in the structure.

d
Fig. 1. Vibrating conveyor

The movement of material in vibrating conveyors is provided by the oscillatory movement
of the moving part of the frame. Such devices are used for transporting and sorting lumpy and
loose materials, separating the solid phase pulp into fractions of different sizes through calibrated
holes in the transporting surface, removing moisture from the material, as well as for combined
operations, such as washing the material with subsequent separation of small particles and their
dehydration. Structurally, vibrating conveyors have much in common with vibrating screens,
which is explained by the similarity of the principle of their operation.

Due to their wide functionality, vibrating conveyors are actively used in various industries.
In the mining sector, they are used for transporting and segmenting materials before crushing,
washing before enrichment in difficult environments, cleaning suspensions and dewatering en-
riched products. In the mining, chemical and coal industries, these devices provide sorting of prod-
ucts such as coal, crushed stone or sand-gravel mixtures before their shipment to end consumers.
In metallurgy, vibrating conveyors are used to separate small particles unsuitable in size from the
composition of raw pellets, as well as for re-sorting after their firing. The productivity of such
installations is selected in accordance with the requirements of a specific production, and the trans-
portation efficiency reaches 95%.

Various design schemes and excitation mechanisms of vibrating conveyors are shown in
Fig.2.

Comparing flat vibrating conveyors with other types of similar equipment, we can note
their lower weight and more compact dimensions with the same productivity. Higher efficiency is
achieved due to the constant involvement of the entire conveyor plane in the transportation process
and the active phase of throwing the material, which improves its uniform distribution and move-
ment.

The design of the working surface of vibrating conveyors is presented in various options,
which are shown in Figure 3.
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Vibrating conveyors are widely used in various branches of mechanical engineering due to
the high requirements for quality and reliability, which are mandatory for equipment of this type.
The specifics of the design of these conveyors, based on the principle of dynamic excitation of
vibrations, imposes special requirements on their operational characteristics. The main indicators
that determine the quality and reliability of vibrating conveyors are the stability of the system, the
coefficient of the coercive force and the balance of the structure.

Among the various types of vibrating conveyors, inertial conveyors have gained the great-
est popularity in the modern non-metallic materials industry. Due to their simple design, high re-
liability and cost-effectiveness, these devices are gradually replacing alternative options. Inertial
conveyors demonstrate high performance and stability even under difficult operating conditions,

which makes them an ideal choice for intensive production processes.
3 g,

ﬁ — . (G )
ONINAN b N

a b

C d

1 — movable frame; 2 — springs; 3 — eccentric drive; 4 — vibration damper unbalanced ; 5 — electromagnetic vibration
exciter
a) eccentric mechanical drive; b) vibration unbalanced drive; ¢) vibration unbalanced directional action; d) electro-
magnetic
Fig. 2. Structural diagrams and excitation elements of vibrating conveyors

The design features of inertial conveyors also ensure minimal maintenance requirements,
which, in turn, reduces equipment operating costs. Due to their versatility, inertial conveyors are
able to move materials of various fractions, which makes them indispensable in the mining, con-
struction and metallurgical industries.

The use of inertial vibrating conveyors at enterprises allows not only to optimize produc-
tion processes, but also to significantly reduce equipment maintenance costs, thus increasing over-
all work efficiency.

In the conditions of constantly increasing standards of environmental friendliness and
productivity of production processes, conveyors remain important components in material trans-
portation systems. In particular, in the operation of inertial conveyors with simple unbalanced vi-
brators, the geometric axis of the shaft together with the housing describes a cylindrical trajectory
in space, which negatively affects the transportation process. This leads to uneven distribution of
materials, increased wear of structural elements and a decrease in the efficiency of power trans-
mission systems, in particular V-belt drives.

Alternatively, horizontal inertial conveyors with directional oscillations are used, which
provide significant advantages due to the use of mounted vibrators. These mechanisms ensure
directional movement of the conveyor body, which, in turn, contributes to the uniform movement
of materials along the conveying surface.

Self-balancing conveyors have found wide application in production environments where
space is limited, for example, in mobile crushing and screening plants or specialized technological
schemes that require high accuracy and efficiency of operations. Their productivity can reach 160
tons per hour with a transportation efficiency coefficient of 90%. Fig. 4-5 show technological
processes in which vibrating conveyors are used[5].
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The main disadvantage of self-balancing conveyors is the complexity of their design,
which leads to an increase in production costs and complicates maintenance. However, these dis-
advantages are compensated by a number of significant advantages. Among them, it is worth not-
ing the reduced level of vibrations, high accuracy of material sorting and stable operation even in
extreme operating conditions. Thanks to these characteristics, self-balancing conveyors become
indispensable in production processes, where there are high requirements for reliability and mini-
mization of operating costs. They are actively used in the construction, mining and chemical in-
dustries for transporting materials in difficult conditions.

b)

d)

e)

a) v-shaped, b) flanged, c) rectangular with rounded bottom, d) rectangular with stiffening rib, e) tubular, f) rectan-
gular with covered top
Fig. 3. Types of working surface of vibrating conveyors

However, inertial conveyors have a common drawback: the dependence of the amplitude
of oscillations on the load level. When starting or stopping such devices, a sudden increase in the
amplitude of oscillations of the box is observed. This creates additional dynamic loads, which, in
turn, requires the installation of special foundations to protect building structures and elements of
the transport system from these loads.
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Despite these limitations, the numerous advantages of inertial conveyors make them pop-
ular among users. Simple design, low repair costs, high reliability in operation and efficiency of
technical indicators have allowed these devices to occupy a stable position in the market. They
have become an integral part of production processes in the mining, construction, metallurgical
and agro-industrial sectors.

Today, the market offers a wide range of inertial conveyors with various design features,
which allows you to choose the optimal solution for any operating conditions. Models with an
average screening area are especially popular, such as conveyors of the Derrick and Smico series
with vertical or circular oscillations, as well as Midwestern devices (USA).

p— N i g
Fig. 4. Technological process of transporting parts using a vibrating conveyor
5 x i
e i
f 54

Fig. 5. Technological process of transporting and dosing blanks
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Midwestern models have a number of unique advantages, including low vibration levels
on supporting structures, environmental friendliness, ease of maintenance, and the ability to be
equipped with additional systems such as water spray or screen heating. The productivity of these
conveyors is within 100 m*/h, which makes them universal for transporting and sorting various
materials. The Midwestern model , equipped with a multivibrator and a parallel-arc arrangement
of sieve tiers, deserves special attention. This technical solution significantly increases the effi-
ciency of transport operations and sorting materials, while reducing energy consumption. Thanks
to these characteristics, conveyors of this design are gaining popularity in industry, in particular in
conditions of high requirements for productivity and energy efficiency.

Modern inertial conveyors perform much more than just moving materials. They actively
contribute to increasing the overall efficiency of production processes, which allows to reduce
operating costs and strengthen the competitiveness of enterprises. This is achieved by integrating
several different conveyors into a single system that optimizes all stages of material transportation
and sorting.

One of the most common types of conveyors is the horizontal self-balancing model with a
large screening area. Their capacity ranges from 80 to 400 m*/h, which provides an efficiency of
up to 96%. These conveyors are particularly effective in sorting materials, as they require less
height for installation in industrial premises. They are widely used for transporting and dewatering
commodity materials, which makes them indispensable in various industries. A vivid example of
such equipment is the products of the Chinese company WUXI CHANGRONG (Fig. 6), which
has established itself on the market due to the high reliability and efficiency of its transport solu-
tions.

Fig. 6. GZG200 vibrating conveyor

In modern industry, there is a growing demand for high-speed sorting machines operating
on NSS ( Non-Segregated Sorting ) technology. Screening ). One example is the solution of the
company Derrick , which implements the principle of uneven load distribution on the screen: the
initial part has a greater angle of inclination than the final one. This design provides high sorting
efficiency and a significant reduction in energy consumption, which makes these systems optimal
for production with increased requirements for productivity and energy efficiency.

The use of such technological solutions allows to significantly increase productivity and
reduce operating costs during the transportation of materials. This contributes to the increase in
the overall cost-effectiveness of production and its competitiveness. In particular, resonant con-
veyors have found wide application abroad in the movement of coal, ores, crushed stone , anthra-
cite, sand-gravel mixtures and other bulk materials. They demonstrate productivity up to 300-350
t/h with a transportation efficiency coefficient of 90-96%. In the EU countries, such systems are
used less often, mainly in the coal industry. Their main advantage is the increased efficiency of
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engine power compared to other types of vibration devices. The production of resonant conveyors
is carried out under licenses of American, Japanese and Italian companies.

Special attention is paid to conveyors of the Austrian company L. Binder , which are dis-
tinguished by high reliability and long service life. Analysis of the main types of conveyors for
working with non-metallic materials allows us to determine the prospects for the development of
the industry and ways to improve transportation methods. The main criteria for evaluating such
systems remain productivity, efficiency of material movement and the degree of contamination of
the upper layers of the bulk mass. Only some models of conveyors are equipped with mechanisms
for regulating the speed of material movement using controlled oscillations.

Among the innovative developments, it is worth noting the modular vibrating conveyors
BRUKS SIWERTELL GROUP , which are characterized by high efficiency and versatility in trans-
porting and processing bulk materials of various fractions, including large-sized and long elements
of processed wood. In particular, the CV330 conveyor (Figure 7) is widely used for transporting
wood, which is confirmed by its practical use in relevant production processes.

Fig. 7. CV330 Vibrating Conveyor

The design of vibrating conveyors ensures a consistently high transport speed even under
significant dynamic loads. Such devices can be integrated into complex production lines and adapt
to changing operating conditions. One of the effective solutions is their combination with Bruks
sorting screens , which ensures high-quality separation of large and small particles of material
directly during the transport process. In some cases, this eliminates the need for separate sorting
units, which increases the versatility of the system.

Vibrating conveyors are widely used in conjunction with horizontal chippers and are com-
patible with gravity- fed systems. In addition, they can be equipped with built-in metal detectors
or heating elements, which significantly expands their functionality. This is especially important
for operation in low temperature conditions or increased requirements for raw material purity con-
trol.

The main applications of such conveyors include the sawmill and pulp and paper industries,
as well as bioenergy facilities. They are available in light, medium and heavy duty designs, allow-
ing them to transport a wide range of materials: from logs and boards to wood scraps, shavings,
sawdust and bark.

One of the key advantages of these systems is the ability to transport different materials in
parallel without mixing them, which makes them indispensable in modern production processes
with high demands on selective movement of raw materials.

Each vibratory conveyor can be adapted to specific operating conditions to achieve maxi-
mum efficiency and optimal technical characteristics. For example, the use of guide fins in the
bottom of the chute promotes correct orientation of the material, which is especially important
when shredding short wood waste (Figure 8-9).
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Vibrating conveyors are characterized by low operating costs due to the design in which
the tray is supported by springs driven by a crankshaft and one or more connecting rods. The use
of steel or fiberglass springs ensures high durability of the system and minimizes the need for
maintenance. Reinforced mountings contribute to smooth starting and stopping of the equipment,
which increases overall reliability of operation.

By distributing the material evenly over the conveying surface, the vibratory motions min-
imize shock loads, preventing damage to the raw material. The design of the conveyors can be
balanced or unbalanced depending on the budget requirements and the type of foundation. Con-
crete bases or built-in counterweights are used to compensate for dynamic loads.

Fig. 9. Transportation and sorting of waste from wood processing enterprises [3]

Due to their high versatility, durability and energy efficiency, vibratory conveyors are the
optimal solution for transporting materials in various industries. Their use ensures maximum effi-
ciency of transport operations with minimal maintenance costs.
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6. Conclusions. As a result of the study, it was found that vibrating conveyors, due to their
structural simplicity and versatility, are effective and reliable solutions for transporting materials
in various industries. The use of inertial conveyors with self-balancing vibrators significantly in-
creases the stability and productivity of work, reducing the level of vibrations and improving the
sorting of materials. However, their complexity and cost of production can be significant limita-
tions for use in some conditions. The choice of the optimal type of conveyor depends on the spe-
cific requirements of the production process, in particular, on the required productivity, sorting
efficiency and energy consumption. Further improvement of the designs of vibrating conveyors
and the introduction of innovative technologies will reduce maintenance costs and increase the
competitiveness of enterprises.
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AHANI3 NAPAMETPIB NMPOLIECY YLLIJIbHEHHA BETOHHOIO PO341HY | OBIPYy-
HTYBAHHA KOHCTPYKUIX OEBAJIAHCHOIO BIBPO3BYAHUKA 31 3MIHHUMU
NAPAMETPAMU

AHOTALUIA. lLlupoke po3nosctodxeHHs1 36ipHUX 3ari3o6emoHHUX aupobig y 6ydieHUUMEI MosiCHIo-
E€MbCSI BUCOKOIO iX SIKICIMIO, 3HUXXEHOK 8UMpPamoio apMysarbHUX e/leMeHmMI8, a maKoX WeUOKICmMIo 38e-
OeHHs1 bydisernb Ha byOmatidaHYuKy npu pi3HOMaHImHUX no2o0HUX ymoeax. Y mexHomnozidHoMmy rpoueci
8U20MOBIIEHHS MI0CKUX 3a/1i306emoHHUX KoOHCcmpyKuit(36K) Ha 3aso0ax HeobxiOHO 8UKOHYy8amu ornepa-
uil ywlinbHeHHs1 i gbopmysaHHs 6emoHHUX po34UHie y chopmax. 3aedsku yum ornepauism 8idbysaembcs
8UMICHeHHS nosimpsi i 3alieoi piOUHU, @ MaKOX 3aro8HEHHS yCiX rMycmom ¢hopMu PO3HUHOM, WO 8 pe3yrb-
mami No3UmueHoO ernueae Ha Hecydy 30amHicmb 8upoby, Lioeo 008208i4YHICMb i AKICMb 308HIWHIX MO8e-
PXOHb. Halbinbw wupoko po3rnoectoOXXeHUM criocob0M YWinmlbHEHHS | popMy8aHHSI PO34YUHY € io20 8ib-
pauyitiHe o6’eMHe 3 8UKOpUCMaHHSIM PI3HUX KOHCMPYKUit 8ibpayitiHux ycmaHO80K. Hapasi ece binbw gax-
nuguM 01151 KOHKYpPeHmMo30amHOCMi Ha PUHKY € BUKOPUCMAaHHS 2HYYKUX yHigepcarbHUX fliHil, Ha SKUX Mo-
JKHa BUKOHYy8amu 8upobHUUMeEo 8upobig pisHUX 5K 3@ hOPMOI0 | PO3MIpaMu, @ MakKoX 3 PO3YUHI8 PI3HUX
3a wjinbHicmio, nopucmicmio | HarnosHeHHsIM. Yepe3 ue po3pobka eibpauiliHux mMawuH 3 adanmue-
HUMU(3MIHHUMU) napamempamu € 3ag0aHHsaM akmyarbHUM. B pobomi euKOHaHO aHarni3 napamempis, sKi
YUHAMb 8rue Ha eenu4yuHy ammnaimydu KonueaHb cucmemu «gibpauiliHa MawuHa — poboye cepedo-
suwe» y npoueci ywinbHeHHs1 6eMOHHUX pO34UHI8. BusHayeHo ernnue Ha ammnimydy KonueaHb 8eu4UHU
KoegbiyieHma empam eHepeii Ha ywinbHeHHs1 051 pO34uHie y ¢hopmMi 3 Maror sucomoro. BuseneHo, wo
0 3abesneyeHHs1 amrnimyd KonueaHb y 8UHaYEeHUX MEXHOI02iE0 Mexax € QoUinbHUM 8UKOHy8amu pe-
2yJII08aHHS 8esTUHMUHU 3MywlyearibHOI cunu. HasedeHo yHKUiOHanbHy cxemy asmomamu3sauii sibpomadi-
OaHyuka. Po3pobrieHo rnpuHYUno8y cxeMmy MexaHiamMy 3MiHU crmamu4yHo20 MOMeHmy Macu OebaraHcie 3a
paxyHoK 38edeHHs1 abo po3eedeHHS MoI08UHOK OebanaHca 3 00MOMO20K cep8ornpusody, o Mae Ha Memi
3abesrneqyumu MOXugicmb peayrito8aHHs 8€fIUYUHU 3MyWYy8arbHOI cunu, sika e2eHepyembcsi 8ibpo36yoHu-
Kamu.
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Knroyoei crioea: cmamuyHul MoMeHm Mac, 0ebanaHc, 8i6po3byOHUK, 8i6poywinsHeHHs, 6emoH-
HUU po34uH, amnnimyda KonusaHb, yacmoma KonueaHb

ANALYSIS OF PARAMETERS OF THE CONCRETE MORTAR COMPACTION
PROCESS AND JUSTIFICATION OF THE DESIGN OF UNBALANCE VIBRATOR
WITH VARIABLE PARAMETERS

ABSTRACT. The widespread use of prefabricated reinforced concrete products in construction is
due to their high quality, reduced consumption of reinforcing elements, as well as the speed of construction
of buildings on the construction site under various weather conditions. In the technological process of man-
ufacturing flat reinforced concrete structures (RCS) at factories, it is necessary to perform operations of
compaction and formation of concrete solutions in molds. Thanks to these operations, air and excess liquid
are displaced, as well as filling all voids of the mold with solution, which as a result has a positive effect on
the bearing capacity of the product, its durability and the quality of external surfaces. The most widespread
method of compaction and formation of the solution is its vibration volumetric using various designs of
vibration installations. Currently, the use of flexible universal lines, on which it is possible to produce prod-
ucts of different shapes and sizes, as well as from solutions of different densities, porosity and filling, is
increasingly important for competitiveness in the market. Because of this, the development of vibration
machines with adaptive (variable) parameters is a relevant task. The work analyzes the parameters that
affect the amplitude of oscillations of the system "vibration machine - working environment" in the process
of compaction of concrete solutions. The influence of the coefficient of energy loss on compaction for solu-
tions in a form with a small height on the amplitude of oscillations is determined. It was found that to ensure
the amplitude of oscillations within the limits specified by the technology, it is advisable to adjust the mag-
nitude of the force. A functional diagram of the automation of the vibration installation is presented. A sche-
matic diagram of the mechanism for changing the static moment of the mass of unbalances by bringing
together or spreading the halves of the unbalance using a servo drive has been developed, which aims to
provide the ability to adjust the magnitude of the force generated by vibrator.

Keywords: static moment of mass, unbalance, vibrator, vibration compaction, concrete mortar,
vibration amplitude, vibration frequency

1. ITocTanoBka npodaemMu. Y pe3ynabTaTi 00HOBHX Jili cTaHOM Ha KiHelb BecHH 2023
POKyY OYyJIO CYTTEBO IMOIIKOKEHO 200 MOBHICTIO 3pyitHOBaHO ToHay 170 tucsy Oyxisens|1]. [To-
Tpeba y OyIiBHUIITBI HOBUX Oy[iBeNb, BIJIHOBJIEHHI, PeMOHTI ab0 pecTaBpallii MOLIKOHKEHUX
Oyne 3pocTaTy 3 4acoM, TOMY BUTOTOBJIEHHS CYYacHHUX 1 SIKICHUX Oy/IBEIbHMX MaTepialiiB 1 BU-
pOOiB MPOMUCIIOBICTIO YKpaiHU € BaxJIMBOIO[9]. 3riIHO pe3yabTaTiB ONMUTYBaHb €KCIEPTIB BUSIB-
JIEHO, 1110 HalOIBIIOTO PO3BUTKY OTPUMAIOTh J1BA CEKTOPHU — Oy IIBEIbHI MiIPUEMCTBA Ta BliiCh-
KOBO-IIPOMHCIIOB1 KOMIUIEKCH.

VY TexHOJOrIYHUX Ipolecax BUpOOHUIITBA Oy IIBEIbHUX MaTepialiB 1 BUPOOIB, a TAKOX y
CYMDKHMX Mpoliecax HIMPOKOr0 BUKOPUCTAHHS OTPUMAIIM MPOLECH 13 3alydeHHSM BiOpaliiiHoi
nii[2]. TexHoNori4HI IPOLECH Y CBOIO YEPTy CKIIAJAIOThHCS 3 NMEPEITiKy PI3HUX BUAIB ONEpariii, sKi
HEOOXi/H1 A Horo BUKOHaHHS. J[o TakuX BHUJIB Omepariil BITHOCATh OCHOBHI, 0OCIYroBYIOUi 1
JOTIOM1HI.

BiGpariitHa 1is mommMpeHa sK B OCHOBHUX Omepalisx (COpTyBaHHS CHUIIKUX MaTepialis,
Jpo0JIeHHs rPChKOT MOPOIU, YIIUIBHEHHS OETOHY TOILO) TakK 1 B 00CIyroByr0UHX(1HTeHCH]IKaIis
PO3BAHTAXEHHS BAaHTAXXHUX €MHOCTEH, EpeMIIIeHHs] CUITKUX MaTepiaiiB TOLIO).

[Tpu BuroToByieHH1 OETOHHUX BUPOOIB 1 KOHCTPYKIIN (CTIH 1 MEPEKPUTTIB) B 3aBOACHKUX
yMOBax, orepauii iHTeHcH}iKalii po3MimieHHs 6eTony y (popmi(dopMyBaHHS), a TAaKOXK BUTIC-
HEHHS MOBITPA 1 3aiiBoi piIuHM (YUIUIBHEHHS) € OJHUMH 13 HalOLIbI BignoBinanbHuX[3]. 3 ycix
CHoco0iB yIIIJIbHEHHS 1 (OpPMYBaHHs HaiOUIBIIOrO PO3MOBCIOKEHHS OTPUMaB crocid 00’eM-
HOTO0 BiOpaIiifHOTO yIIIJIbHEHHS Ha BiIOpaIiiHuX MaiiJaHYMKaXx.

CyuacHi KOHCTpYKIii BiOpoMaiilaHUMKiB OBUHHI 33J0BOJIGHATH YMOBaM iX BHCOKOI Ha-
JIHHOCTI 1 pEMOHTONIPUIATHOCT, HU3bKOT €HEPrOEMHOCTI MPOIIECy, a TAKOXK 3a0e3neuyBaTi He-
00X1JIHy aMIUTITyly 1 YaCTOTY KOJIMBaHb MpHU YIIUIbHEHHI 1 popMyBaHHI OETOHHUX PO3YHMHIB 3
PI3HMMH PEOJIOTTYHUMHU NapaMeTpaMu(Maca, MIIbHICTh) 1 OyTH MIBUAKO-HAIaroIKyBaHUMH 3a-
JUIsL BUTOTOBJICHHS BUPOOIB pi3HOI (hOpMHU 1 pO3MipiB, a TAKOXK BHYTPILIHHOIO HaroOBHEHHs. Lle
JI03BOJISI€ BUKOPUCTOBYBATH MEHIITY KUIbKICTh TEXHOJIOTTYHUX JIIHINA TPU BUTOTOBJIEHH] IIUPOKOTO
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MepeTiKy HOMEHKJIATYpH BUPOOiB 1 301IbIITy€ KOHKYPEHTO3/IaTHICTh MIAMPHEMCTBA HA PUHKY. 3a-
IUIsL IOTPUMAHHS SIKOCTI BUKOHAHHS MPOLIECY YIIUIbHEHHS 1 (POpMyBaHHS HEOOX1AHO po3po0iIsITH
KOHCTPYKIIii BIOpOMaiJaH4YMKIB, SIKI MalOTh 3MiHHI Yy Yaci mapaMeTpH.

2. AHani3 ocTaHHIX J0cHiIxKeHb i myOaikaniii. Y 6eTOHHOMY pO34MHI MK OKpPEMHUMH
YaCTUHKAaMM HAIlOBHIOBaYa 1 LIEMEHTHUM KJIEE€M/TICTOM, 1110 BXOJATh Y MOr0 CKJaJl, BAHUKAIOTh
3B’SI3KH, Yepe3 10 PO3UYHMH Ma€ BHYTpIlIHE TepTsi(B’sa3KicTh)[3,8]. BiOpariitae yuiiibHeHHs O€TOH-
HOTO PO3YMHY TOB’SI3aHO 3 MEPEX0JI0M OCTAHHBOTO y CTaH miABHUINEHOI Tekydocti[4]. Ilix miero
BiOpaIlii 3B’ A13KH M)k YaCTHHKAMU MTOPYIIYIOTHCS 1 B’ A3KICTh PO3UHHY 3HIKYETHCS, 1110 1 J03BOJISIE
YaCTUHKAM PO3MICTUTHCS OUTHII KOMIAKTHO 3a PaxXyHOK CHJI TsDKIHHS 1 JuHaMivyHUX cuil. [lpu
[[OMY TIOBITpS 1 3aiiBa piAMHA, IO 3HAXOJUTHCS MK YACTUHKAMH, BUTUCKYETHCS BrOPY 3 PO3-
yuHy[2].

Haii0inpi nomupeHuM crnoco0oM yIIiIbHEHHS! PO3YUHY ITPH BUTOTOBJICHH] IUIOCKUX 3a-
J1300€TOHHUX BUPOOIB B IPOMHCIOBUX YMOBax € 00’eMHe BiOpartiiine. Take ylIiIbHCHHS BHKO-
HY€TBCS 3 BUKOPUCTAHHIM BiOpamiiHuX MamuH 06’ e€MHOI Ail (BiOpoMaiifaHIHKiB) pi3HUX KOHC-
TPYKIIiH, K1 BIIMIHHI 32 HAIIPSIMKOM, 9aCTOTOIO 1 PSKMMOM KOJIMBaHb[4].

OKpiM TUIOCKUX BUPOOIB 3 CYHIJIBHOTO OETOHY OCTaHHIM YacOM IIMPOKOTO BUKOPUCTAHHS
oTpuMaiii OaraTomapoBi BUpOOU(TIOIBIiHI IJTUTH 3 MOBITPSHUM IPOIIAPKOM, TOABIHHI TUIUTH 3
JOJTATKOBOIO TIPOMDKHOIO 130JIAIII€r0 3 TIIHOMAaTepiaioM Ta iHIi)[5]. BUroToBneHHs nepeniky Bu-
po0iB, IO BiAPI3HAETHCS 32 HAIIOBHEHHSM, a TAKOXK MOXKYTh MaTH Pi3Hy po3Mipu i popmy, BUMa-
rae BUKOPUCTAaHHS yHIBEpCATbHUX TEXHOJOTIYHUX JIiHIH. YHIBEpCAIBHICTh TAKHX JIiHIN 3a0e31e-
qy€eThCsS BUKOPUCTAHHAM OOJIaJIHAHHSA 3 aJlalTUBHUMU(3MIHHUMH Y 4aci) apaMeTpamH, sike Mo-
KHA [IBUJIKO MIEPEHANIaro/KyBaTH B 3aJISKHOCTI BiJl 3MiH IPOTpaMy BUPOOHHIITBA BUPOOiB. [iis
BUT'OTOBJICHHSI MIEpeNiKy MOJIOHUX BUPOOIB B CKIIa/A1 TEXHOJOTIYHUX JIiHIA OCTAaHHIM 4acoM BCE
[IMPIIOTO BUKOPUCTAHHS 3HAXOATh CTaHAApTH30BaH1 (popMyBasibHi MOBEpXHi(TIAJIETH), SIKi TIepe-
MIIIYIOThCS BiJl OAHOTO YHIBEPCATBLHOTO 00JIaJHAHHS 10 1HIIOTO B Mexkax JiHii. Po3mipu MaiiOy-
THBOTO BUPOOY y M1aHi (JOpMYIOTHCS 3aB/SIKU 3HIMHAM MarHiTHUM OopTam i meperopoakam. J{is
BUKOHAHH$ YIIIIbHEHHS PO3UMHIB y MaleTaX BUKOPUCTOBYIOTH BiOpalliliHi yCTAHOBKH, B IKUX BCl
BJIACTUBI 3BHYAHUM BiOpOMalIaHYMKaM eJIeMEeHTHU(TIPY>KHI OmopH i BiOPOOJIOKH) € OKpEeMUMHU
By3J1aMu. Mixk co0010 iX 3B’3y€ JIUII BCTaHOBJIeHa (opMyBaibHa nanetalS]. Bapro Big3HauurTy,
10 Hapasi BiOYBAEThCS MUPOKE MOIMMPEHHS YCTaTKyBaHHS 3 BUCOKHM CTYIIEHEM aBTOMAaTH3a-
1ii[ 7], mo 103BoJsl€ HE TUIBKU MIJUTAITOBYBAaTH KOHKPETHE 00JIaJiHAHHS M 3MIHHI apaMeTpu
pobodoro cepefoBHINa, a 1 3B A3yBaTH MapaMeTPH BCHOTO TEXHOJOTIYHOTO IMPOIECY BUTOTOB-
JIeHHs BUPOOIB 1 MaTepialliB Ha 3aBOJaX, IOYMHAKOYHM BiJ] HAJXO/KEHHS MaTepiallbHUX PeCcypciB i
KOMITOHEHTIB 1 3aBEpIIyIOYM OTPUMAaHHIM T'OTOBOI MPOAYKII BIANOBIAHO 10 BUPOOHUYOI MPO-
rpamH.

3. Meta podotu. MeToro poOOTH € BUKOHAHHS aHa13y IapaMeTpiB MPOLECY YIIIIbHEHHS
OETOHHUX PO3YMHIB 1 OOTPYHTYBaHHS KOHCTPYKIIi ebamaHCHOro BiOpo30yaAHHKA KOJIMBaHb 31
3MIHHMMHM TapaMeTpaMu i1 BUKOPUCTaHHS Ha OJJHOMAacOBOMY BiOpOMalJaHUMKY 3 TapMOHIN-
HUMH KOJIMBAHHSAMM, 1110 MPAIIOE Y 3aPE30HAHCHOMY PEKUMI.

JlocsITHEHHS METH 3/TIHCHIOETHCS MIISTXOM BUKOHAHHS HACTYITHHUX 3aBaHb!

- IpoaHaJi3yBaTH apaMeTpH MPOLECY YIIUIbHEHH OETOHHUX PO3YHHIB;

- OL[IHUTH X BIUIMB Ha aMIUTITYy KOJIMBaHb BIOpOMaiilaHUMKa;

- 3aIPONOHYBATH 1 OOTPYHTYBATH KOHCTPYKTHUBHE pillleHHS BIOp0o30yHMKA 31 3MIHHUMHU
napaMeTpamH.

4. Marepiaau Ta Metoau. BiOpauiiiHy cucteMy NpUMHATO ALTUTH HA JIBa KOMIIOHEHTH:
BiOparriiina MamHa(ycTaHOBKa) 1 o0poOioBaHe (poboue) cepeioBHIIIe.

J10o OCHOBHHUX MapaMeTpiB BiOpaliifHOT MAIIMHU HAJeXaTh: MPY>KHO-IHEpLIHHI  MapamMe-
TpH (KOedILIEHT MPYKHOCTI OMOp, Maca), aMIUTITy/a 1 4acTOTa KOJIMBAaHb, IBUIKICTH 1 IPUCKO-
PEHHS KOJIMBaHb, CTATUYHUI MOMEHT 1 3MYIIyI04a CHJIa, TOTY>KHICTb.

[TapameTpu cepenoBuIa: Maca i CKJIaJi, NUTBHICTh, PEOJIOTIUHI XapaKTEPUCTHKUA (MOIYITH
NPY>KHOCTI, IIBUJKICTh PO3MOBCIOKEHHS XBUIIb, KOE(DILIIEHT OTOpY), €Hepris Ha YIIIb-
HEHHSI, 9ac YIIUTbHEHHS.
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OCHOBHMMM TTapaMeTPaMH, 1110 BIUTMBAIOTH Ha SKICTh YIIUTBHEHHS € aMIUTITYa Xo 1 KyTOBa
9acTOTa KOJUBaHb @.

Pexomen1oBaHi 3HaYCHHSI aMILTITYAM KOJIMBAaHb y MIPAIiX PI3HUX aBTOPIB MPUHMAIIUCS Pi-
3HMMHU TPU OAHOMY 1 TOMY 5K 3apE30HAHCHOMY PEXHMIi rapMOHIHHUX KOJIMBaHb BIOPOYCTaHOBKH.
[Tpu kyTOBI YacTOTI KONMMBaHb 314 paj/c BOHU y OJTHUX aBTOPIB 3HAXOJAThCA B Mexax 0,2 MM,
y IHIIUX PEKOMEHI0BaH1 3HAUEHHS 3HAXOIThCS B Mexkax 0,25 - 0,5 MM, a y TpeTiX IPOMOHYEThCS
Matu amrutityay 0,5...0,7 MM nipu Tiii )K€ 4acToTi KoJauBaHb. [lopiBHIOIOUM pEKOMEHI0BaHi1 3Ha-
YEeHHSI aMILTITY/]] 3Ha4eHHS pi3HAThCA Bif 0,2 10 0,7 — OiibIne HIX Y TPU pa3u.

Hapa3i onTumanpHOIO BETMYMHOIO AaMIUTITyId TMpPH TapMOHIMHUX KOJUBAaHHAX €
x0=0,5...0,6 MM Tipu KyTOBIi# "acToTi w=314 pan/c.

®Di3UKO0-MEXaHI4HI 1 PEOJIOTIYHI TapaMeTpu POOOYOTO CEPEIOBHUIIA 3MIHIOIOTHCS Y JIOCUTh
MIMPOKHUX Mexax. Jlo mpukiamy, mpu ykiIaganHi y GopMy BaXKOro OETOHHOTO PO3YHHY, HOTO
IUIBHICTD CKIaNae p = 1500 xe/m’, a MiCIs 3aBEPIIEHHS POLIECY YIIUIBHEHHS 3MIHIOETHCS 10

Maiike p =2400 xe/m’. BiIcoTok BMiCTYy MOBITPst 10 YIIIBHEHHS CKIaaae Big 35%, a B KiHili

npoliecy 3MeHIyeThes 10 2...3%, uepes 110 Ha pi3HUX eTanax yU[UIbHEHHs OETOHHUI pO34MH €
MarepiasioM 3 pisHUMH (i3UKO-MEXaHIYHUMH BJIACTUBOCTSIMHU, 110 Y PE3yJIbTaTi YUHUTD ICTOTHHA
BILIMB Ha aMIUTITY/ly KOJUBaHb POOOYOro OpraHy y Mpoleci yIIIbHEHHS, OCKUTBKA € 3MIHHUM
B’SI3KHI ommip cepenoBuina. [Ipu oMy BapTO BIIMITHTH, IO A7 3a0€3MEYCHHS 3aJaHIX TEXHO-
JIOTI€10 aMILTITY] KOJTMBaHb pOO0YOro OpraHy mpH OJHAKOBIHM KyTOBIH 4acTOTI HEOOX1HO y Mpo-
1eCi yIIITbHEHHS 3MIHIOBATH PO00Yi MapaMeTpy MalluHHy.

By Ha aMIuniTyly KoJMBaHb BiOpoMaiijaHUMKa MOXKHA BU3HAYUTH, OTJISIHYBIIM Mapa-
MeTpH poOOYOTO CepeIOBHINA 1 BIOPOYCTAHOBKH, MOJAECII 1 3aJIC)KHOCTI, IKUMH BOHHU TIOB’sI3aH1
MiX cOOOI0 1 ITpaBWIIA iX PO3PAXYHKY.

[Tpu MozmenroBaHHI KOJIMBAJIBHUX CHCTEM HailuacTillle BUKOPUCTOBYIOTH ABa Miaxou[3].
VY nepmomy miaxoi mapaMeTpy CHCTEMH, TakKi SK Maca, IPY>KHICTH 1 OIip PO3ALTICHI 0 OKPEMHUX
YAaCTHHAX CHCTEMM. [X HA3MBAIOTh CUCTEMAMH 3 IUCKPETHUMU MapaMeTpamMu. Y JIpyromy Iigxomi
KOXKHUM 13 IIUX MapaMeTpiB BOJOIIE OyIb-sSKui map cucteMu. Tofi cucrema HOCUTh Ha3BY KOH-
TUHYaJIBHOI CUCTEMH 200 CUCTEMH 3 PO3INOAITICHUMH ITapaMeTpaMu.

Bubip minxoay BU3Ha4Ya€THCS HA OCHOBI KPUTEPIIO, 110 SIBJIsIE COOOIO CIIBBITHOLLIEHHS I1€-
pioay KosimBaHb 1 Ta 4acy pO3MOBCIO/IKEHHS XBWIb Ty CEPEIOBHILI.

t<T; (1)
t=>T. (2)

Yac po3noBCroKEeHHS 30ypEeHHS y CEPEIOBHUIII JOBXKUHOIO /, sIKE MIJIATAE YIIUTbHEHHIO
npu Horo aedopmariii, c[3]:

t=Il/c. =l/\JE/p 3)

JIe Cx — WIBUJIKICTh PO3MOBCIOJKEHHS XBUJIb, M/C; E — MO/yJIb IPY>KHOCTI cepeioBuIna, [1a; p -
I'yCTHHA CEpeIOBUINA, KI/M°.

3a BuKoHaHHS yMOBH (1), 3a 4ac 7 ¢a3a KOJIMBaHb Mai’e He 3MIHIOEThCS, 1110 B pe3yJIbTaTi
BiJToOpakae po3IMO/IL MapaMeTpiB Impolecy 6e3 3MiHU 3HaKy. SIKII0 ¢a3a NPUCKOPEHHS YaCTUHOK
y Lapi Marepiaiy criBrnajae 3 (pa3zoro 3MyIIyI040i CUIH, TOA1 CepeoBuUIlle Besie cede sk abcoro-
THO TBEpJIE TIJIO 1 HOTO MPYXHUMHU BIACTUBOCTSMH MOYKHA 3HEXTYBaTH. SIKIIO MepeMileHHs Ja-
CTOK IIapy CHiBMajae mo ¢asi 31 3MyIIyI0UY0I0 CHIIOI0, TO CHCTeMa Besle cebe sK 11eanbHa mpyx-
HicTh. [IpH 1IbOMY BIUTUB MacH Ha XapaKTep BUMYIICHUX KOJMBAHb € HE3HAYHUM. B Takomy BH-
naJIky MOXHA BUKOPUCTOBYIOTb IMIJIX1J] 1O OMHUCY MOBEIIHKU PyXy CUCTEMH SIK AUCKPETHOI.

3a ymoBH (2) NiHIAHI PO3MIPU CUCTEMH, B SIKIH pPO3MOBCIOKYIOTHCS XBUJI, CTAalOTh PiB-
HUMU 200 OLIBIIUMU 32 JOBXKUHY XBUI A (A=cy/T), BHACTIJOK YOTO BUHHUKAE CKJIaTHE XBUJIHOBE
1oJie 3 BU3HAUCHUM po3noaisioM (a3. B Takomy BUIaIKy cepenoBHINa MPEACTaBISIOTECS KOHTH-
HYaJIbHOIO CHCTEMOIO.

[Tpu BUKOpHCTaHHI MOJENl 3 AUCKPETHUMHU MapaMeTpamu Jjsl ONKCY MOBEIIHKH BiOpO-
cUCTeMH «BiOpaliiiHa MalnHa - poboue cepeOBUIIEe» OTPUMYIOTh JIUII HAOJIMKEHI pe3ybTaTu
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po3paxyHkiB. HaliOibI1 JONUTBHUM € MPECTaBICHHS BIOPOCUCTEMH SK MIJCUCTEM 3 JTHUCKPET-
HUMU(MAIIMHA) 1 pO3NOUICHUMH(CEpEIOBHINE) TapameTpamu [3].

MaiuHa B piBHSHHSIX pyXy NPECTaBIeHa IUCKPETHUMU MapaMeTpaMu: Macoro m, Koedi-
LIEHTOM TIPYXKHOCTI OMop ¢, KoedinieHTom nucunauii b (puc.1):

mX +bx+cx = F,sm a. 4)
ne m — maca, Kr; b — xoedimient omopy, H-c/m; ¢ — koedimieHT s)xopcrkocti, H/™M. Y piBHSHHI mX
- iHepIiiiHa cuia; bx - cuiia ONopy; cx - CHJIa IPYXKHOCTI. X,X,X - BIAMOBIIHO Apyra MoXigHa BiJ

MepeMilIeHHs 0 Yacy(MPUCKOPEHHS ), TIepIlia MOXiHa B MepeMilleHHs o Jacy(IBUIKICTD) 1
HEepEMILIEHHS MacH, MiJl 1€k 3MYyIIyBanbHOI I F) (1) = F, sin ot .

[ leperiyenrs IMnpwsa cuaa
> 4 + * F
Mara m
Roegruierm RoegyLyierm
XOpCITKaCITIl ongp C ongay b
L Fld A

Puc.1. Cxema BiOpamiifHOI cHCTEMH 3 TUCKPETHUMH TapaMETPaMHU i OTHUM CTyIIEeHEM CBOOOIH
Fig. 1. Scheme of a vibration system with discrete parameters and one degree of freedom

KoeoiuienT onopy mMammHu b OLiHIOIOTH Ha OCHOBI KyTa 3CYBY (a3 @, sIKUil BAMIPIOIOThH 3
JOTIOMOT OO TIPUCTPOIO, IKUH BUMIPIOE Y Yaci BiIXWIEHHS poO0YOro oprana BiOpOyCTaHOBKH Bijl
MOJIOXKEeHHS JiebanaHciB BiOpo30ynHuka. Omnip BiOpoMalijaHuMKa Ha KOJTMBAHHS BU3HAYAIOTh:

1gp = (5)

2
c—mw

[HmmM ciocobom Bu3HaueHHsT KoedimieHTa onopy BIOPOYCTAaHOBKH € PO3PAaXyHOK JIOTa-
PUPMIUHOTO IEKpEeMEHTa KOJIMBaHb 0 Ha OCHOBI BIOpOTpaMM BUTBHUX 3racalouuX KOJIMBAaHb CHC-
TeMH. 3a JIaHOK METOJMKOIO0 BUMIPIOIOTH JB1 MOCIIOBHO PO3MIlll€HI Ha HIA aMILTITY 4 1 BU3Ha-
Yal0Th JIOrapu(PMIuHUI JEKPEMEHT KOJIMBAHb 32 (OPMYIIOIO:

5=l 20 (©)
Xo(n+1)
JlekpeMeHT KOJUBaHb O MOB’sI3aHUM 3 KOS(IIIEHTOM OMOPY HACTYITHOIO 3aJIEKHICTIO:
bT
o0=— 7
2mn06H ( )
beronHMi1 po34rH MpeCTaBIsSIOTh XBIUIILOBUM PIBHSIHHIM pyxy[3]:
0’ E o’ o’
L ®)
ot poz- pox ot
Pimennsm piBHsHHSA (8) €:
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JIe X9 — aMILTITy1a KOJMBaHb y TOYII 30y/DKeHHS XBHITI, M; o — KOS(III€EHT 3TracaHHs XBUII1 B ce-
penoBHIL, siKe epeOyBae Mif 1i€l0 BiOpaIiifHOro HaBaHTaXKEHHS; k — XBHIIbOBE YHCIO (k=w/cx);
Z — KOOp/IMHATA 32 HANPSIMKOM SIKOi PO3IIOBCIOJIKY€ETHCS XBHJISL.

OcHOBHUMH NTapaMeTpaMu B piBHIHHI (8) € MOAYIb IPY>KHOCTI cepeoBuina £ 1 koediri-
€HT OMOPY 7], AKi PO3PAaXOBYIOTHCS 32 GOPMYIIaMHU:

pa’(k* —a’)

E= , 10
\/(k4—a4)2+4k2a2(a2—k2)2 (10)
o
—F— -
T k) (1

XBUJIbOBI KOCQIIIEHTH CepeloBHIA, IKI BU3HAYAIOTH NPY>KHO-1HEpLiliHi (a) 1 iucunaru-
BHI BJIACTUBOCTI (d) BU3HAYAIOTHCS MU PIlICHH] piBHAHHSA (8) IPH BIAMOBIIHUX TPAHUYHUX YMO-
Bax[3]:

ash2ah+ fsin 2 ph
a= —— ; (12)
h(a” + 7 )(ch2ah + cos 2 fh)
a sin 2 h+ fsh2ah (13)

T a + ) (ch2ah +cos 2h)

VY dopmynax (12) 1 (13) koediieHTH a 1 f XapakTepu3yrOTh PO3CISIHHS €Heprii, 110 BIUIU-
BalOTh Ha TEMII 3racaHHs XBHJII Ta HA (GOpMY XBHIII; /1 — BUCOTA APy PO3UYHHY, M.
KoedimienTn a 1 f BU3HAYAIOTHCS 32 PIBHAHHSIMU:

(14)

(15)

ne y - Koe(ilieHT BTpaT. 3riHO mpall [3] 4nciaoBi 3HaYeHHs Koe(ili€HTa KOJIUBAIOTHCS Y LIH-
pokux Mexax Bix 0,001...1 i 3anexaTh BiJ BIACTMBOCTEH MarepialiB, sKi BXOJATh y BiOpocHc-
TEMY.

KoediieHT BTpaT 3 10orapuMidyHUM IEKPEMEHTOM HACTYITHUMH 3aJI€KHOCTSIMMU:

o bT
7Z. mHOSH
ne ¢ - norapu(MiuHUN IEKpPEMEHT 3aTyXaHHs KOJUBaHb BiOpocucTeMu d=I[nxo1/Xo2; Xo1 i X02 — aM-
IUTITYM 3racalouuX KOJUBaHb, sIK1 BIMOBIIAl0Th MOYATKY 1 KIHIIO UKy KOJUBAHb, M.
PiBHAHHS CHIUJIBHOTO PyXY BIOPOCHCTEMH «MalIMHA-pOOOUE CEPETOBUIIE)» 3 BpaXyBaHHIM

XBUJILOBUX KOoe(DiieHTIB[3] Mae BUTIISI:

(m+mya)x +(b+m.awd)x+cx = F,sin o,

(17)

Jie m — CyMa KOJIMBHMX 4acTUH BiOpomaiiaHuuka i GopMH, KT; 1 — Maca OETOHHOTO PO3YHHY,
Kr. 3 piBHsHHA (17) 13 ypaxyBaHHSIM XBHJIbOBUX Koe]imieHTiB (12),(13) MokHa BU3HAUUTH aMII-
JITYAy KOJUBaHb BIOPOCHCTEMH «MallliHA-pOO0YE CEPEIOBUIIIE», M:

F,

X, = - =.
\/[(c—mw2)+m6a)2a] +[ba)+m5a)2d]

(18)
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OCKUIbKM aMILTITY/I0I0 KOJIMBaHb 33JIal0ThCS BIJIMOBIHO J0 TEXHOJIOTII, TOJI BETUYMHA
3MYIIYBaJbHOI CHITM JUIS MIATPUMKH 33JaHOTO Jiara3oHy aMILTITY 1 KOJIMBaHb y MPOIECi YIIiIb-
HEHHS BU3HAYAETHCS 32 PIBHSIHHAM:

F, = xo\/[(c -m,,, @)+ mﬁa)za]z + [ba) + mﬁa)za’]Z : (19)

CratnuHuii MOMEHT MacH JiebalaHciB, HEOOX1THUH JJIs MPUBEICHHS B JIiF0 BiIOpoMaiiiaH-
YHKa 1 KOJIMBAHHS 3 BU3HAUCHOIO aMILTITYI0K0 BU3SHAYAETHCS 3 POPMYIIH:

myr, = F, | o (20)
5. PesyabTatu. [Ipu yuiissHeHHI 6ETOHHOTO PO3YMHY IPU BUTOTOBJICHHI TUTHT Pi3HHUX Ta-
OapuTHUX PO3MIPIB, JI0 PUKIIATY BHCOTA 1 TOBIIWHA SKUX - b,=1,5 m, h, =0,16 M, a noBxuHa /,
3minHa Big 5,0 10 6,0 M, a TaKOXK Ha PI3HUX €Tarax MpoIecy YUIIJIbHEHHS MapaMeTpyu pooodoro
CEepEeIOBHINA 3MIHIOIOTHCS y JJOCUTH IIMPOKUX MEXKaX, 110 YNHUTH BILUIMB HAa BEJIMUMUHY aMILTITY 1
KOJINBaHb BIOPOCHCTEMH.
BiOpamiiina ycTaHOBKa, 110 BUKOPUCTOBYETHCS JIJIsl YIIUTBHEHHS — 3 TApMOHIHHUMHE KOJIU-
BaHHSIMH Yy BEPTHKAIILHOMY HAIIPSIMKY 1 3apE30HAHCHUM PEKHMOM KOJIMBaHb. YacToTa KOJIMBaHb
— 314 pan/c. IlpuBin BiOpamiiftHOT yCTAHOBKH - Ie0allaHCHI BIOPO30yTHUKH KOJTHBAaHb.

Puc.2. Pesynbrati po3paxyHKy Koe(illieHTiB pO3CisiHHS eHeprii y 06 TOHHOTO PO3YHHY 3 TOBIIHHOIO
h=0,16 M y 3anexHOCTI BiJl BEIMYMHH KOedillieHTa BTPAT Y
Fig. 2. Results of calculation of energy dissipation coefficients in concrete mortar with a thickness of
h=0.16 m depending on the value of the loss coefficient y

Monyns npy»HocTi po3unny(cepenosuina) E=6-106 I1a, minsHicTs p = 2000 kr/mM3, mBu-
JIKICTh PO3MOBCIOKEHHS XBHIII CX=55 M/C.

3a popmynamu (14) 1 (15) po3paxoBaHi KoedilieHTH o 1 B P Pi3HUX 3HAUYEHHSIX Koedi-
mienta BTpat y=0,05...1. Pe3ynpTaTn po3paxyHKy HaBeAeHO Ha rpadiky(puc. 2)

108



Bﬂnycx/lssw%m—m

0.5 1

=
(=]
[
=
i
[=]
=3
(=]
oo
bt

Puc.3. 3naueHnst XBUIIbOBUX KOE(IIIEHTIB CEPEeIOBUINA, SIKI BU3HAYAIOTH MPYKHBO-1HEPIIHHI 1 Tucumna-
THUBHI BIACTUBOCTI Y OETOHHOMY PO34HHI Y 3aJI€)KHOCTI Bl BEIUYHHU KOe(illieHTa BTPAT Y B MeKax Bij
0,05...1
Fig. 3. The values of the wave coefficients of the medium, which determine the elastic-inertial and
dissipative properties in the concrete solution, depending on the value of the loss coefficient y in the range
from 0.05...1

Sk 6aunmo 3 rpadika, npu 30UIbIIEHH] KOe]illieHTa BTpaT MpHU YIIIJIbHEHHI O€TOHHOTO
pOo34HHY, KOe(IlI€EHT PO3CISTHHS CHEPTii 0, 10 BIUIUBAE HA 3racaHHS XBWJII 3POCTAE, MPU OMY
KoedilieHT [, IKUN BIUIMBAE HA PO3CISHHA, 110 BIUIUBAE HA (GOPMY XBUII 1 JOBXKUHY — 3HUXKY-
€THCAL.

Hapnani Bu3HaueHO 3HA4YEHHS XBUJIBOBHX KoedilieHTIB a 1 b. Pe3ynpTaTé po3paxyHKiB
HaBeJIeHO Ha puc.3.

Ha ocHOBi oTpuMaHNX 3Ha4Y€Hb BEIMYNH XBUJIbOBUX KOE(Illi€HTIB OTPUMaHi 3HAYEHHS Be-
JMYUH aMIUTITYId KOJIMBAHb MPH 33JaHUX (PIKCOBAaHMX 3HAYCHHAX 3MyIIyBaibHOI cum Fo.

Ha pucyHky Hk4e npecTaBieHi Tpadiky 3aJeKHOCTI aMILTITY AU KOJIMBaHHs BIOpoycTa-
HOBKH y 3aJIEKHOCTI B1Jl 3MIHM Koe(illi€eHTa BTpAT y MpHU yIIIJIbHEHHI OETOHHOTO PO3YUHY 3a pi3-
HUX BEJIMYMH 3MYIIyBaJIbHOI CHII BiOPO30yIHUKIB.

X0, M
107 . . . .

Puc.4. I'padik 3a1eXHOCTI aMILTITYI KOJIMBaHb IIPH YIIJIbHEHHI 0eTOHY 3 rabaputamu y dopmi (buxh,xly,)
1,5x0,16x5 M 1 BenmuuuHi 3My1yBaibHOT ek Fo:

245,8 kH - ;270,4 xH - 1294,9 xH -
Fig. 4. Graph of the dependence of the amplitudes of vibrations during compaction of concrete with
dimensions in the form (b,xh.x/,) 1.5x0.16x5 m and the magnitude of the force Fo:

245.8 kN - ; 270.4 kN - and 294.9 kN -
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Ak 6aunmo, 115 3a0e3neYeHHsT aMILTITY A1 KOJIUBaHb y 3aJJaHOMY TEXHOJIOTIEIO Jiara3oHi
3Ha4eHb, HEOOX1HO BUKOHYBATH 3MiHYy POOOYMX IMapaMeTpiB MALIMHM Y BIAMOBIAb HA 3MiHY T1a-
pamMeTpiB poOOYOro cepeIOBUINA B MPOIEC] YIIIIbHEHHS.

Bapto Bijg3HaunTH, 1110 3a pe3yabTaTaMH PO3paxyHKiB OTPUMaHi HACTYITHI BACHOBKU:

1. 3mina koedimieHTy onopy b BIOPOYCTAHOBKH B IIMPOKUX MEXKax MalKe HE YHHUTH
ICTOTHOTO BIUIMBY Ha 3HAYECHHS aMIUTITYy/AM KOJHMBAaHb Yy 3ape30HaHCHOMY pexumi. Tak camo i
3MiHa Koe(imieHTa Mpy>XHOCTI ¢, YUHUTH MIHIMAJIbHUIA BIUIMB Ha aMILTITYly KOJIUBaHb.

[TosicHIOETBCSI 1€ MOYKHA THM, IO CHJIM 1HEPIii 3HAXOAAThCA 1 mpoTH(dasi 3 3MyIITyBab-
HOIO crioro ((p=180°) 1 BpiBHOBaXYIOTh OJIHA OJIHY. [Ipu 3pocTaHH1 3MyIITyBaJIbHOI CHJIH 32 paxy-
HOK 301UTbIIIEHHS YaCTOTH 00epTaHHs BiAOyBaeThCS BiANOBIAHE 30UIbIICHHS CHII iHEpILi y TiH ke
cryneHi. Cuiam oropy 3aBXau moBepHyTi Ha 90° Ha BeKTOpHI miarpami cui(puc.S, a).

2. Ilpu 36inbmIeHH] KoedilieHTa BTpaT Y €Heprii Ha yUIiIbHeHHSI 0ETOHHOTO PO3YHHY, 3pO-
CTae amIuliTyAa KonuBaHb. 1[0 Ha mepmuii morisn BUTISAAE AOCUTh JUBHO, OCKUIBKH 301J1b-
IICHHS OTIOPY PO3UYHHY, 1110 BU3HAYAETHCS KOE(illiEHTOM BTPAT, HOBUHHO 3MEHIITYBATH aMILTITY 1y
KoJuBaHb. Ha mpakTuili sk 6auuMo 3BOPOTHHIA MTPOLIEC 3POCTAHHS aMILTITYAU, SIKU MOXKHA MOsIC-
HUTH TUM, IO MPH Maliid BUCOTI OETOHHOTO po3unHy(y naHoMy Bumanaky 0,16 M) 30ibIIeHHS
KoeillieHTa BTpaT YUHUTH O€3MOCepe/IHIN BIUTUB HA SIK HA aKTHBHY TaK 1 HA PEaKTUBHY CKIIAZIOBY
orIopy.

Posrnsinemo piBHSHHS peakiii cepeloBuIla Ha KOJIUBaHHS([3]:

R, = \/ (mx,0°a)’ +(mx,0°d)’

21)

2
o . C m;x,0°a . m;x,0"d
V' 3a1eXHOCTI BiJ] 3HaKiB KOeQIlI€HTIB a 1 d, peaKTUBHA 1 akTHBHa

CKJIaJIOBi OyayTh pO3MillIeHi 10 BIAMOBITHUM OocsiM X Ta y. KoedimieHT d 3aBxau npuitmae Juil
MO3UTHBHI 3HAYCHHS 1 TOMY aKTUBHA CKJIA/IOBA 3aBXK/IU 3HW)KY€E BEIMYMHY aMIUTITYH KOJIHBaHb
pobouoro oprany. KoedimieHT ¢ Mae 001acTh sSIK MO3UTUBHUX TaK 1 BiJI’€MHHUX 3HAYCHB 1 TOMY
PEaKTUBHA CKJIaJJ0Ba MOXKE K 3HM)KYBATHU TaK 1 30UIbIIYBATH aMILIITYAy KojauBaHb(puc.3). Y Bu-
Ma/IKy 3apE30HAHCHOTO PEKUMY KOJIMBaHb aKTHBHHUM OITip HE YHHUTH BHCOKOTO BIUIMBY Ha BEJIH-
YUHY aMILTITYAH.

X

‘ i

AN (1) i ‘
.
R
: W g
A .
X I
P R =
: E E g
j - Lo YT >
s
{7:_(')_
mx) d
o
" 273
~9__ T
a) 0)

Puc.5. BekTopHi fiarpamMu CHil, 1110 Iil0Th:
a - y cucreMi BiOpamiifHoi ycTaHOBKH; 0 - y cucTeMi BiOpamiliHa ycTaHOBKa — poboye cepeIoBHIIe
Fig. 5. Vector diagrams of forces acting:
a - in the vibration installation system; b - in the vibration installation - working environment system

YTpuMaHHS aMIUTITYId KOJMBaHb y BU3HAYEHUX TEXHOJIOTIEID MOXKHA JIOCSTTH 3MIHOIO
BEJIMYMHM 3MYIIYBaJIbHOI CHIIH, SIKY TeHepye BIOpO30yTHUK KOJIUBaHb. B poOOTi 3anpornoHoBaHO
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CXeMy KepyBaHHS Ha OCHOBI 3MIHHM OJHOTO 3 KIIOUOBHX IMapaMeTPiB — 3MYITyBaJIbHOI CHUJIU BiO-
po3oyanuka. Sk 6auumo 3 popmymu (20) 11 3MIHU BETUYMHH 3MYIITYBATLHOT CUITH € JBa MIUISIXU
— 3MiHa KyTOBOT YaCTOTH 00epTaHHs 1e0aaHCHOTO Bajia @ a00 3MiHAa CTATUYHOTO MOMEHTY MacH
nebananciB moro.

Ha pucynky 6 HaBeneHo GyHKIIIOHAIBLHY CXeMy aBTOMaTH3aIlii BiOpoMaiiiaHunKa, SKuu 1
€ 00’€KTOM KepyBaHHs. BU3HaUueHHS aMIUTITY/IM KOJIMBAaHb y MpoIieci poOOTH 3I1HCHIOETHCS 3 10-
MIOMOTOI0 JIaTYMKIB BiOpaIlii — akceJIepoMeTpiB, SIKI BUMIPIOIOTh aMIUTITYId BiIOPOIPHUCKOPEHHS.
Kepyrounm BIUTMBOM € 3MiHa BETMYUHH 3MYIIyBaJIbHOI cHutn Fo 1 JOCsATa€EThCS 3 JOMOMOT OO Cep-
BOIIPUBOAY KEePyBaHHs, IKM 3MIHIOE TIOJIOKEHHS CEKTOPIB Je0alaHCy(ITOJIOBUHOK ), 1110 B CBOO
4yepry 3MiHIOE CTATUYHUN MOMEHT Macu jebanaHciB BiOpaTopa moro. JlaT4uK KyTOBOTO MOJIO-
JKEHHS J1e0anaHCy J103BOJIsiE BU3HAYATH KyTOBY 4acTOTy oOepTaHHs JebaaHcHOro Baia 1 3a0e3-
neyvyBary ii mocriiHe 3HaueHHs. B pa3i BigXuieHb KyTOBOT 4aCTOTH OOepTaHHS BiJl HOPMAJIBHOI,
BUKOHYETHCS PETYJIIOBAHHS 3 IOTIOMOT0I0 YaCTOTHOTO 1HBEHTOPA(3a paXyHOK 3MIHHM YaCTOTH Ha-
IPYTH KUBJICHHS).

[ndopmariiss 3 gaTYUKIB OOPOOIAETHCA B PEECTPYIOUOMY OOJIAJIHAHHI 1 TIEPEAAEThCs B
KOMIT F0Tep AJIsl IOPIBHSHHS 3 IIUTbOBUMH TTapaMeTpaMu. Y pasi BiIXUJICHHS (GaKTHUYHUX Tapame-
TPIB BiJ] LUJIbOBUX, KOMIT IOTEPOM MepeaaeTbes iHdopMallis y Kepyroue oOnagHaHHs A 3MiHU
BIJITOBITHUX TIapaMeTpiB. 3aBJaHHS CEPBONPHUBOLY 1 YaCTOTHOMY iHBEPTOPY BHJIAE KepyroUe 00-
JaJIHaHHA, K€ Peali30BaHO MPOTPaMHO Ha MIKPOKOHTPOJIEPI.

| Biopauyiurug MaudaH9uK I

g Lamaukt )

PeeCTpgoe ; | bpav (akcengpomempl) |

{ OONIOHI ST Li Jamaky i

‘ ; KYmabozo ooXerHss GeoamaHcl .
Rornomen ! !
| |'| Cepfonpubid kepylamrs |

:_ Kepporse v | amamrsm morermor macy GedawiaHcy Biermpatus decascn | !
_____ T T B -I[_, FYTHUK KOO I

| 7 Sacmammnd Heeomap — '|

Puc.6. dyHkIioHaIpHA CXEMY aBTOMATH3AIlil 3ape30HAHCHOTO BiOpoMaiijaHunka
Fig. 6. Functional diagram of the automation of a resonant vibrating platform

Jnis po3poOku BiOpo30yaHMKA 31 3MIHHUM CTATUYHUM MOMEHTOM MacH jebanaHciB OyIio
y35ITO 32 OCHOBY OYJIO Y35ITO TUIIOBUI ebaiancHU B1Op0o30yaHuK KonuBaHb[6] IB-20-50 31 3my-
mryBasibHOMO cuioro Fo=20 kH (puc.7).

Buxigaumu napameTrpaMu Juist po3poOKU KOHCTPYKIT BIOpo30yIHHKA € MiHIMaJIbHA 1 Ma-
KCHUMaJlbHa 3MYyIyBaJlbHa CHJIA, SIKY T€Hepye OJuH JebanaHc mpu oOepTaHHI 3 yacToToro 314

pan/c — Fimin=7,6 kH Ta Fimax=11,04 xH.
A ke

o jofo s

T4

A Al
B

Puc.7. [lebenancuuii Biopo3oyaank [B-20-50 3 qBuryHomM 3MiHHOTO cTpyMy 3 yactoToro 50 '
Fig. 7. Unbalance vibrator IV-20-50 with an AC motor with a frequency of 50 Hz

OTpuMaHi 3HaYE€HHS MAKCUMAIBHOTO 1 MIHIMAIBHOTO CTATUHYHOTO MOMEHTY Mac
nebamaHca Ma€ 3HAYCHHS — M T 1min=0,078 Kr'M Ta Mir1max=0,112 Kr-M.
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JlebasiaHc CEeKTOPHOTO TUITY PO3OHMTO Ha JBI MOJOBUHU AcOanaHca, 3 SKUX BiH Oy1e cKiia-
TaTHCSL.
ITn01a HEBPIBHOBAXKEHOT YaCTUHHU Je6alaHca BU3HAYAECTLCA 32 PIBHAHHAM, M2 :

SHuy. = Qpag” (R* —17), (22)

ma®

1Ie Qppjy = T-5- KYT CEKTOPY nebananca, pan, a® - KyT cekropy nebanamca, rpag; R — paaiyc He-

3piBHOBAYKEHO1 YaCTHHU Jie0anaHca, M; I'— paJiiyc 3piBHOBaXEHOT YaCTHHU jAebanaHca, M. (BU3Ha-
YAETHCS TPOMOPIIINHO paailyCy 3piIBHOBXKEHOI YACTHHH 33 aHAJIOTOM ).
Bincranp Bij oci 06epTaHHs 10 LIEHTPa Macy HEBPIBHOBa)KEHOI YacCTHHHU jAebanaHca, M:
2 (R3-13\ sina
r=2(5%=) (23)

3 \R2-7r2 apas

Maca He3piBHOBa)KEHOT YaCTUHM Jie0allaHCca Mo BUSHAYAETHCS 3 YCEPEIHEHOTO 3HAUYCHHS
HEOOX1THOTO CTATUYHOTO MOMEHTY MacH J1e0alaHCiB MiT1cep—0,095 kr-M. Ecki3 po3mimieHHs ae-
0ayaHCiB y cepeTHhOMY IMOJIOKEHHI MPEJCTABICHO Ha PHUCYHKY 8.

A-A

Lypgorud YeHTE Mac HemEHobaxXeHa!

Lermpu mac HErBHOBXeRuX i}
N, T GPOTATHC

sacmu nonobu dedaaica L7 L

A

Puc.8. Ecki3 gebananciB i po3MillleHHS IEHTPIB Mac HEBPiBHOBKEHUX YaCTHUH TOJIOBUHOK JIe0alaHCy i
CYMapHUil IEHTP MacH
Fig. 8. Sketch of imbalances and placement of centers of mass of unbalanced parts of the halves of the
imbalance and the total center of mass

Bizncranp po3MillieHHS] LIEHTPY Mac JeballaHCiB 7p 3aJ€KUTh BiJl CTATUYHOI'O MOMEHTY
MacH Jie0anaHcCiB:

myry

7"0(’”1’"1 )= —

MiniManbpHe 3Ha4Y€HHS T, = 0,039 M mpu cTaTMYHOMY MOMEHTI MacH J1e0alaHCiB —
0,078 xr-M, a MaKCUMAaJIbHE 3HAYEHHS Tmqy = 0,056 M mpu cTaTHYHOMY MOMEHTI Macu Aeba-
nmaHciB — 0,112 kr-m.

Bu3HaveHi KyTH MOBOPOTY MOJOBHUHOK JiebanaHca BiIHOCHO TOPU30HTANIBHOI OCi, a Ta-
KOX J1alla30H MOBOPOTY KOXKHOTO Jebanancy. MiHiManbHe 3HauYeHHS BiJ] ropu3oHTall — 35 rpa-
IyciB, MakcuManbHe — 55 rpaayciB. ToOTO KoXHa 3 MOJIOBHHOK Jie0aiaHca BUKOHYE JIOBOPOT Bi-
JTHOCHO ocl ae0anaHcHoro Baia Ha 20 rpaaycis.

I'padiune nmpeacraBaeHHs po3MillleHHs OJIOBUH Je0anaHca 1 CyMapHOTo IEHTPY MacH He-
3piBHOBAXEHOI YaCTHHM jebananca y MiHIMaibHOMY (puc.9, a) 1 MakcuManbHOMY (puc.9, 6) mo-
JIOKEHHSX.
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a) 0)
Puc.9.ITonoxxeHHs nNoJ0BMHOK Aebananca NpH 3a0e3NeUeHHI MAaKCUMAIBHOTO 1 MiHIMAJIBHOTO CTaTHY-
HOT'O MOMEHTY Macu
Fig. 9. Position of the unbalance halves when ensuring maximum and minimum static moment of mass

[IpuHnmnoBy cxema MexaHi3My mnokaszaHo Ha pucyHky 10. IlonoBunku nebananca 2 Bcra-
HOBJICHI pyXOMoO Ha JebamaHcHOMY Baiy | Ha BTyJKax 3, 110 JA03BOJISE€ MOJOBUHKAM JebaiaHca
obepTarucs JOBKOJIA IICHTPAIBHOI Bici Baja. B monoBuHKax jebanaHciB HAassBHI KaHaBKH 4, Kl
CyMillleHi 3 BIAMOBIIHUMHU BUCTyNaMH 5 Ha ITOKY 6 cepBonpuBoay. OCKiIbKY KaHABKHU B MOJO-
BUHKaX Je0aaHca MalOTh MPOTUIICKHI HAPSMKH Hapi3KH, TO MPH PYCi MTOKA B3TOBXK IIEHTPa-
JBHOI BiC1 Bajia Ha BEJIMYUHY /4 BiIOYyBA€THCSI TOBOPOT MOJIOBUHOK Je0anaHca Ha BiAMOBIIHY Be-
JUYUHY KyTa ¢ B IPOTHIICKHUX HANpsMKax. BinOyBaeThcs 3Be1eHHS 200 pO3BEACHHS MIOJIOBUHOK
nebanaHca, 10 B CBOIO YEPry J03BOJIsI€ 3MIHIOBATH 3MYIIYIOUY CUII F), Ky peani3oBye BiOpo30y-
JTHUK KOJIMBAHb.

6V

6/ 5/ \ 4

Puc.10. Cxema MexaHi3My 3MiHH KyTa PO3BEJCHHS IIOJIOBHHOK JiebanaHca Ha JiebanaHcCHOMY Bally
Fig. 10. Scheme of the mechanism for changing the angle of the unbalance halves on the unbalance shaft

Hwuxue npencrasineno 3D Mojens BiOpo30yaHMKA KOJIMBAHb 31 3MIHHUM CTaTUYHUM MO-
MEHTOM Mac jaebananci(puc.11).
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Puc.11. 3D momens BiOpo30ymKyBada 31 SMIHHIM CTATHIHUM MOMEHTOM Mac JicOajaHCiB;
a) nebaraHCH MaKCUMAIIbHO PO3BEJICHI, 3MyITyBaibHa cria — Fnin=15,2 kH; 0) nebanancu MakcuMalbHO 3BE/ICHI,
3MyIIyBaibHa cuia — Fra=22,08 kH
Fig. 11. 3D model of a vibration exciter with a variable static moment of the masses of unbalances:
a) unbalances are maximally expanded, the force is Fnin=15.2 kN; b) unbalances are maximally reduced, the force is
Fmax=22.08 kN

6. BucHoBKkH. Y poOOTI BUKOHAHO aHAI3 MapaMeTpiB, SKI YMHATH BILUIUB HA BEIIMUHHY
aMIUTITYIH KOJIMBaHb CUCTEMH «BIOpalliliHa MallnHa — po0OYe CePEeIOBUIIE» Y MPOIEC] YIIIiIb-
HEHHS1 OETOHHUX PO3YUHIB.

IcToTHU BIUIMB Ha aMIUTITYly YAHATH BeTUYMHA KOe(illi€eHTa BTPAT Y €HEPrii Ha yIIib-
HEHHsI, SIKa BIIPI3HAETHCS MPHU 3MiHI IIUIBHOCTI 1 TOPUCTOCTI PO3UMHY Ha Pi3HUX €Tarax Mporecy
yiiabHeHHs. [Ipy nbomy 1t 6 TOHHUX PO3YMHIB 3 BITHOCHOIO MaJIOI0 BUCOTOIO IIAPY 3pOCTaHHS
KoedillieHTa BTpAT Y MPU3BOJAUTH JI0 3POCTAHHS aMILTITYId KOJIMBAHb, IO MOB’SI3aHO 3 BEIUYH-
HaMU KOC(II[IEHTIB aKTHBHOTO d 1 pEaKTUBHOTO @ OTMOPIB, @ TAKOXK 00JIACTI MO3UTUBHUX 1 HETaTH-
BHUX 3Ha4€Hb OCTAaHHBOTO.

BusieiieHo, o auist 3a0e3ne4eHHs aMILTITY ] KOJIMBaHb Y BU3HAYCHUX TEXHOJIOTIEI MEKAX
€ OLIJIbHUM BUKOHYBATH PETYJIIOBaHHS BEJIMYMHU 3MYIIYBAJILHOI CHIIH, IO MPUBOJUTH B Jit0
BiOpaliiiny cucremy.

HaBeneno ¢ynkuionanbHy cxemy aBTomaru3ailii BiOpomaiilaHuuka, M0 CKIAJAa€Thes 3:
naT4yuKiB BiOpamii (akcenepoMeTpiB), CEpBONPUBONLY KEpPYyBaHHS; JaTYMKa KyTOBOTO TOJOXKECHHS
nebayiaHCy; IHBEPTOpa; PEECTPYIOYOTO Ta KEPYIHOUYOro 00Ia JTHAHHSI.

Po3po061eHO MPUHIUIIOBY CXeMY MEXaHi3My 3MiHU CTATHYHOTO MOMEHTY MacH JIc0aIaHCiB
3a paxyHOK 3BeJICHHS a00 pO3BE/ICHHS MOJIOBUHOK Jie0aiaHca 3 JJOMOMOT O CEPBOIIPHBO/LY, 11O B
CBOIO YEpPTy JI03BOJISIE 3MIHIOBATH 3MYIITYBAIBHY CHITY F.

BapTo 3a3HaunTH, 1110 U1 TOYHOCTI pOOOTH KEPYIOUOTo 00JIaJHaHHS MPH YIIUTbHEHH] Oe-
TOHHOTO PO3YMHY Yy (hOpMax pi3HHX 3a PO3MIPOM 1 HAIIOBHEHHSM, @ TAKOXX PO3YMHIB Pi3HUX 32
HIUIBHICTIO 1 MOPHUCTICTIO MOTPIOHO MPOBECTH OLIbI JeTaIbHE 1 IPYHTOBHE JOCIHIKEHHS 3aJIeK-
HOCTI BeTMYMHM KOoe(illieHTa BTPAT BiJ OCHOBHUX IapaMeTpiB poOOUOro cepeqoBHIIa i iX 3MiHA
Ha PI3HUX eTarnax Mporecy yiuliabHeHHS.
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OOCINIIKEHHA HAQIUHOCTI I§Yﬂ|BEJ1bHO'I' TEXHIKX TA ®YHKUIOHAJIbHO-
TEXHIYHUX NOKA3HUKIB NIANOMHUX MEXAHI3MIB

AHOTALIA. Y cmammi npedcmasneHo pesynbmamu JQOC/iOXEHHS, CrpsIMO8aHO20 Ha
edockoHarseHHs1 nidxodie 0o ouiHoeaHHs1 HadiliHocmi 6ydigenibHOI 8aHMa)koniOUOMHOI MexHIKU, 30Kpema
b6awmosux KpaHie. Aemop 30iliCHIOE aHarni3 cydacHUx Memoduk eubopy ma po3paxyHKy MOKa3HUKIig
HaditiHocmi, npudinsayu ocobrugy yesaz2y HOMUPbOM OCHOBHUM eracmusocmsm  HaldilHocmi:
6esgiomosHocmi, dogeosiyHOCMI, peMoHmonpudamHocmi ma 36epexysaHocmi. BudHad4eHO MOKa3HUKU,
wo € rnpiopumemHumu 0119 MexXHIHHO20 OUjHI08aHHS MalUH CE30HHO20 Ma iHMeHCUBHO20 8UKOPUCMaHHS.

Y pobomi po3sansiHymo nidxodu, 3anporoHo8aHi rnposidHUMU haxieusamu y cepepi HadidHocmi, i
rpoaHasis3o8aHo maki MoKa3HUKU, sIK UMogipHicmb 6e38i0M0O8HOI pobomu, napamemp romoky eioMos,
KoegbiuieHm 3arnacy HadiliHocmi, KoegiuieHm 008208/Y4HOCMI, @ MaKOX KOMIIEKCHi iHOeKcu
pemoHmonpudamHocmi U 20mogHoCmi mexHiku 8o ekcrislyamaduii.

BukonaHut aHanis nacriopmuux 0aHux noHad 100 modeneli bawmosux KpaHie, 8U20mMoe/1eHUX
npoeidHUMuU ceimosumu eupobHukamu (Liebherr, Potain, Terex, Jaso). Ha ocHosi ompumaHux
cmamucmu4Hux OaHux nMobydoeaHO 3ariexXHOCmi KOHCMPYKMUEHOI Macu ma CyMapHOI nomy>Hocmi
OsueyHie 8i0 eaHmaxornidlomMHocmi KpaHy. BueedeHo 8i0noeidHi pIieHSHHS, SIKI MOXymb criyayeamu
iHXXEHepPHOK OCHOBOK Os1s1 NMonepedHbO20 MPOEKMY8aHHS ma MPO2HO3Y8aHHS MEeXHIYHUX rnapamempig
aHasoai4Hol mexHiku.

Knroyoei cnoea: HadiliHicmb, noka3Huku HadiliHocmi, 6e3g8idmMosHa poboma, nomik gidmos.
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DESIGN FEATURES OF VERTICAL ROLL MILLS FOR EFFICIENT GRINDING OF
CEMENT AND GRANULAR SLAG

ABSTRACT. The article presents the results of a study aimed at improving approaches to the
assessment of the reliability of construction lifting equipment, particularly tower cranes. The author
analyzes modern methods for selecting and calculating reliability indicators, with particular attention paid
to the four key reliability properties: dependability (faultlessness), durability, maintainability, and
storability. Priority indicators for the technical assessment of machines used seasonally or under intensive
conditions are identified.

The study reviews approaches proposed by leading experts in the field of reliability and examines
such indicators as the probability of failure-free operation, failure flow rate, reliability margin coefficient,
durability coefficient, as well as integral indices of maintainability and operational readiness of machinery.

An analysis of technical specifications for over 100 models of tower cranes manufactured by
leading global companies (Liebherr, Potain, Terex, Jaso) was conducted. Based on the collected statistical
data, the dependencies of structural mass and total installed engine power on the lifting capacity of the
cranes were established. Corresponding equations were derived, which can serve as an engineering basis
for preliminary design and forecasting of the technical parameters of similar equipment.

Keywords: reliability, reliability indicators, failure-free operation, failure rate.

1. IlocranoBka mnpodiaemu. CyuyacHI yMOBU eKCIUTyaTalii Oy/iBeIbHOI TEXHIKU
BHMArarTh MiABUIICHOT €EKTUBHOCTI, OC3MEeKH Ta TOBrOBIYHOCTI MaliH. B ymMoBax 3poctaHHs
TEXHIYHOI CKJIQJHOCTI MiJIHOMHHUX MEXaHI3MIB KPUTHYHOIO CTa€e mpodsiema 3a0e3leueHHs iX
BUCOKOI HaJIHHOCTI TPOTATOM YCHOTO JKUTTEBOTO HHKIY. HamilHICTh pO3TISIIAETbCSA SIK
KOMILJIEKCHA XapaKTepUCTHKA, 110 OXOILTIOE 0€3B1IMOBHICTb, JTIOBTOBIYHICTb,
PEMOHTOIIPHUIATHICTE 1 30epeKyBaHicTh. BogHOYac BiACYTHICTh €IMHUX MIIXOIB O BUOOPY i
OLIIHKM NOKA3HMKIB HAJIMHOCTI YCKIIQJHIOE€ TEXHIYHY €KCIEepTH3y Ta MPOrHO3YBaHHS pecypcy
MaIlH.

Oco0nuBoi yBarm morpedye BaHTaXKOMiAHOMHA TEXHiKa, 30KpeMa OaliToBi KpaHH, SIKi
eKCILUTyaTyIOThCSI B CKJIQAHUX YMOBax OyMiBHHITBA. ICHYIOYl METOIMKH YacTO OOMEKYIOTHCS
PO3IIISIOM JIMILE OKPEMHX aCIeKTiB HaJilfHOCTI, He BPAXOBYIOUM iX KOMILJIEKCHY B3a€MOJIIO 3
KOHCTPYKTUBHUMH Ta €HEPTreTUYHUMH MapaMeTpamMu. BogHovyac TeXHIYHI XapaKTePUCTUKH, TaKi
SIK KOHCTPYKTHBHA Maca i CyMapHa MOTY>KHICTh IPUBITHUX ABUTYHIB, 0€3M10CEPEHBO BIUTUBAIOTh
Ha HaJlIHHICTh Ta PYHKIIOHATbHI MOXJIMBOCTI KpaHiB.

TakuM 4YMHOM, aKTyaJlbHUM € KOMIUIEKCHE JIOCTI/PKEHHS HaAiHHOCTI MiIiHOMHUX
MEXaHI3MIB y MO€JHAHHI 3 aHaNI30M iX (QYHKIIOHAIbHO-TEXHIUHUX XapaKTEPUCTHK HAa OCHOBI
peaJbHUX CTATUCTUYHMX Ta MACIIOPTHHUX JaHUX MAIlUH MPOBITHUX BUPOOHUKIB.

2. AHaji3 ocTraHHix gociailzkeHb Ta myOaikaniii. Ilpans [1] npucesuena po3poOii
IHTEJIEeKTYalbHOI CHCTEMHU MOHITOPUHTY HaBaHTa)KEHHs JJs Oy/diBebHUX MIJHOMHUKIB 13
BUKOPUCTAHHSAM JAaTYMKIB Ta CUCTEM 30upaHHs iHpopMalii. ABTOPH BIPOBAKYIOTh KOHLIEMIIIIO
peaTbHOTO Yacy B YNPaBIiHHSA CTAHOM BaHTAXOIIAHOMHOI TEXHIKH, IO JIO3BOJISIE OTIEPATHBHO
BUSIBJISITH NT€PEBAHTAXKEHHS, HEPIBHOMIPHE HAaBaHTAXKEHHSI Ta 1HIIII MOTEHLIHHO aBapiiiHi cuTyaii.

B poGoti [2] mpoBeaeHO TIMOOKMH aHali3 KOHCTPYKTHUBHUX €JIEMEHTIB BaHTa)KHOI
MaIlliHH 3a JOINOMOror0 MeToqy ckiHueHHUuX enemeHTiB (FEM). JlocnimkeHHs 30cepeKy€eThest
Ha HANpPYXEHHSIX Y KPUTHYHUX TOYKAX KOHCTPYKIIii, OCOOIUBO y 30HAX, JIe CIIOCTEPIraloThCs
30Ccepe/KeH] HaBaHTaKEHHS.

B po6Goti [3] aBTOpM mpeACTaBisAlOTh MOBHY HENIHIWHY MOJAENTb KpaHa 31 CTpiyioo (5
CTYNEHIB CBOOO/M), BKIIOYAIOUM KIHEMAaTHKy, JWHAMIKy Ta CHUCTEMY YIpaBIiHHA. YBary
NPUIUIEHO alalTHBHOMY KEpPYBAaHHIO JUIsl KOMIICHCAIlil KOJMBaHb IIiJ] 9ac TPAHCIOPTYBaHHS
BaHTaXiB.

[TyOnikauia [4] dbokycyeTbcsi Ha anropuTMax 3MEHIIEHHs BiOpaiiil Ta KOJMBaHb, IO
BUHUKAIOTh Yy IIApHIPHO-34WJICHOBAaHMX KpaHax. ABTOpPUM BHUKOPHUCTOBYIOTh KOHIEIIIIO
€HEPreTUYHOTO YIPABIiHHSA Ta KOHTPOJIOBAHOTO 3TacaHHs KOJHMBAHb JUISL ITiIBUIICHHS
CTaOLIbHOCTI MAIIMHU.
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VY cratTi [5] 1OCTIIKYETHCS MOKITMBICTh 3aCTOCYBaHHS IITYYHUX HEHPOHHUX MEPEX IS
OLIIHKY 3aJIUIIKOBOTO PECYpCy TEXHIYHHX O00'€KTiB. ABTOPH BUKOPUCTOBYIOTH MOJEJI HA OCHOBI
HaBYaHHS Ha EKCIUTyaTal[iiHUX TaHUX, 110 103BOJISIE POTHO3YBAaTH TEPMiH CITY>KOH KOMIIOHEHTIB.

Awmepukanceki gociigauku b. Jlimnon ta Y. CuHrX y cBOiX poOOTax aKIEHTYIOTh yBary
MEePEBAXHO Ha IIOKa3HUKAX Oe3BIAMOBHOI poOOTH, 30KpeMa Ha IHTEHCHBHOCTI BIIMOB 1
HanpaioBadti 70 BiamMoBu [7]. Boguowac A.C. [IpoHMKOB MPONOHY€E PO3MIMPEHE TPAKTYBAHHS
BOTO aCIMeKTy, BBOJSYM JOJATKOBl XapaKTEPUCTHUKU, TaKl SK IapamMeTrp IMOTOKY BIIMOB 1
koedimient 3amacy HagiiiHocTi [9]. LH. KpaBueHko 30cepemkyeTbcsi Ha MOKa3HHKaX
PEMOHTOIPUIATHOCTI, CEPEe]l AKUX BUILISE KOHTPOJICTPHUAATHICTD, TOCTYMHICTh, JIETKO3HIMHICTD
Ta B3aemo3amiHHicTh [8]. B.I. Bpayne, cBoe€io deproro, mpuiiise yBary XapakTepUCTHKaM
0€3B1IMOBHOCTI Ta JJOBIOBIYHOCTI MiTHOMHO-TPAHCIIOPTHUX MaIIuH [6].

b.®. Xa30B 3ampornoHyBaB IIUPIIUI CIEKTP KPUTEpiiB HaIIHHOCTI, OJHAK HHU3Ka
BOKJIMBHUX MOKA3HHUKIB Y HOTO MiAX0Al 3anuimumiacs He po3kputoro [10]. 3a3Buuaii ayis MammH,
IO EKCIUTYaTYIOThCS BIPOJIOBXK YCHOTO POKY, 3aCTOCOBYIOTHCSI NMOKA3HUKU TPHOX OCHOBHHX
BJIACTUBOCTEM: OE3B1IMOBHOCTI, JJOBrOBIYHOCTI Ta peMoHTONpuaaTHOCTI. [IpoTte mist OyaiBenbHO-
JTOPOKHBOT TEXHIKH JIOJATKOBO BPAaXOBYETHCS 1€ OJHA KPUTHYHO BAXKIIMBA XapaKTEPUCTHKA -
30epeKyBaHICTh, 3 OIVIAy Ha CE30HHHM XapakTep i1 BUKOPUCTAHHS.

Ha mincraBi mpoBemeHOro OrIsimy JiTepaTypHHX JDKEpeNn IocTaina HeoOXiTHICTh
CHUCTEMHOT'0 TIOPIBHAHHSA MOKA3HUKIB HA/IIHHOCTI 32 BCiMa YOTHPMa KIIFOUOBUMU BJIACTUBOCTSIMU,
10 TPAKTYETHCS Y PI3HUX HAYKOBUX ITiXOAX.

3. Meta poboTu.

[TpoBeneHHs aHaNi3y iICHYIOUMX METOAMK BUOOPY 1 pO3paxyHKy MOKa3HHUKIB HAIHHOCTI, a
TaKOXX JIOCTIDKCHHS TACIOPTHUX JaHMX OallTOBUX KpaHiB MPOBIAHMX CBITOBUX BHPOOHHMKIB 3
METOK) BH3HAYCHHS 3AJICKHOCTEH KOHCTPYKTHBHOI MacH Ta CyMapHOI MOTYXHOCTI JIBUTYHIB BiJl
BaHTAXOIITHOMHOCTI KpaHy.

4. Marepiaiu Ta MeTOAU.

be3BiAMOBHICTh XapakTepHu3ye HemepepBHY poOOTy BUpoOy 6e3 Oynb-SKOro BTPYYaHHS
(peMOHTY, TeXHIYHOTO o00ciayroByBaHHs). OCHOBHHUM IIOKa3HUKOM O€3BIIMOBHOCTI — €
MOBipHicTE 0e3BinMOBHOI podoTu P(?).

VMoBipHicTs 6€3BiIMOBHOI POGOTH — HMOBIpHICTH TOro, IO B MeXaX 3aJaHOTO
HaIpalroBaHHS HE B110y1eThCs BIAMOBH 00 €KkTa [6].
P(t)=1-F(), (D

ne F(t) — iiMmoBipHicTb BiIMOBH.

[Ipu 3BHyaiiHMX BHMMOrax J0 HajaiiHOCTI BUpPOOY (BiAMOBAa HE MPHU3BOAUTH [0
KaTtacTpo(iyHUX HACHIJIKIB) OE3BIIMOBHICTh BHUPOOY XapakTepu3ye Oe3locepelHbO 3HaueHHs
iMoBipHOCTI Oe3BinMoBHOI pobotn, P(t). Xou P(f)3a BignosimHuii mepioa yacy € OCHOBHUM

MOKa3HUKOM O€3BiIMOBHOCTi, MOXYTh OYTH BHIIaJKU KOJIM HEOOXITHI JOJATKOBI MOKAa3HUKHU
(Tabm. 1).

Tabmuis 1 - JlonaTkoBi MOKa3HUKH ISl pO3PaxyHKY 0€3BIIMOBHOCTI
Table 1 - Additional indicators for calculating reliability

€ BiAMOBHU P()—0 @ -TIapamMeTp TOTOKY
BIJIMOB

MoOITHBI BiAMOBH 0<P(t)<1 P(t)-  imoBipHicTh
0€3B1IMOBHOI poOOTH

Hemonyctumi P(t)—>1 K,- KoedilieHT
HaIIHHOCTI

s nepiony t=T, Ha MPOTATOM SKOTO, SIK MPABUIJIO, MOKYTh BUHUKHYTH BiZIMOBHU 00’ €KTa
i Bigmosimno P(f) = 0, mo xapakrepHO Is BiJIMOB, AKi MOXYTh OYTH JIETKO YCYHEHi i He
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MPU3BOJATE 1O KaTtacTpodiyHUX HACHIIKIB XapaKTepUCTUKaMU O€3BIIIMOBHOCTI MOXYTh
CIIyTYBaTH CEpEIHE YUCIIO BIIMOB a00 mapaMeTp MOTOKY BiJMOB.
[TapameTp MOTOKY BIIMOB (@ - CEpPE/IHE YUCIIO BIIMOB 00’ €KTa 3a OAMHHUIIIO yacy [2]:
dQ(t) 1
dt T,

a(r) = ; 2

ne T, - HallpaIloBaHHs Ha BIIMOBY — B1THOIIEHHSI CyMapHOi TPHUBAJIOCTI pOOOTH (HaIpaltOBaHHs)
00’€KTa J10 yncIIa BiIMOB, SIKI BAHUKJIU B IIbOMY ITepioAi (TOOTO cepeiHs TpUBaIiCTh O€3B1IMOBHOI
pobotu 06’exTa), ()(f) - cepeliHe YUCIIO BiAMOB 3a yac f.

JIyisi BUCOKOHAIiMHUX 00’ €KTiB, Ko 3HaueHHs P(f) — 1 BUKOpHCTOBYIOTH KOE(illi€HT
3amacy HajiiHOoCTI [8]:
X
K, =—%>1, 3)
X

€K

e X

BEJIMYMHA TTApaMETPy.
Homenkmatypa TOKa3HWKIB JJOBIOBIYHOCTI BKIIOYaE B ce0¢ HACTYIIHI OJUHHYHI
MOKA3HUKH JIOBIOBIYHOCTI : raMMa-BIJICOTKOBUH pecypc , CepedHiil pecypc, cepeiHiil TepMiH
CITy>K0H, TaMMa-BiICOTKOBUN TEPMIH CITykKOH.
B sdxocTi KOMIUIEKCHOTO TMOKAa3HHMKAa TOBTOBIYHOCTI CIiJIT 3aCTOCOBYBAaTH KO€(]IiIi€eHT
noBrosiyuocti K AKUI JTOpIBHIOE KOe(IIiEHTy TEXHIYHOrO BHUKOPHCTAHHS 3a BECh 4Yac

- 3HAaU€HHs IapaMeTpa Ipu SKOMY HACTYIHTh BiIMoBa 00’e€kra; X, - eKCTpeMallbHa

max

H b
excruryaraii [9]:

K=t 4)

1i

1€ 7, - TPUBAJICTD (TPYJIOMICTKICTb) PEMOHTY i-i AeTani MamuHu (By3na); 7, - TEpMIH CIyxOu

(HampalroBaHHsI) 10 BIIMOBHU i-1 Jerani MamuHu (By3na). 3 GopMynH Clijiye, M0 OCHOBHUM
METO/I0M MiABUILIEHHS IOBrOBIYHOCTI MAIIMHU € 3MEHILIEHHS Yacy, SKMH 3aTpayaeTbcsl HA PEMOHT,
1 TIJIBUILIEHHS TEPMIHY CIIY»KOM JeTase.

Ockinbku Koe(illi€HT TOBrOBIYHOCTI BUPaKEHHUH uepe3 TEPMIHHU CITyKOH 1 TPy AOMICTKOCT1
PEMOHTY JeTallell MalllMHU, CIiJ PO3TIITHYTH HACTYIHY CKJIAIOBY HAIIHHOCTI, SIKa TMOJSTaE B
IPUCTOCYBaHHI BUPOOY 10 MONEpeKEHHs, BUSBICHHS 1 yCYHEHHS BIIMOB IIIIXOM ITPOBEIECHHAM
PEMOHTIB 1 TEXHIYHOTO 00CIIyTOBYBaHHS— PEMOHTONPUIATHICTD.

Jlesiki TOCHMITHUKA HAAIMHOCTI BiIHOCHIM PEMOHTONPUIATHICTH O CKJIAJ0BOi YaCTUHU
noBroigHocTi. [IpoTre Ha ChOroAHI PEMOHTONPHUAATHICTH BHUJLIEHO SIK OKPEMY IMOBHO3HAYHY
CKJIaJIOBY HAJIMHOCTI, sika BKJIIOYae B ce0e HACTyNHI MOKAa3HMKM: TaMMa-BiJICOTKOBUH dac
BIJTHOBJIEHHSI, WMOBIPHICTb BIJHOBIJIEHHS, CEpElHS OIEpaTUBHA TPYAOMICTKICTh, TPHUBAIICTb,
BapTICTh PEMOHTY. 3aCTOCOBaHO [0 JOPOXKHBO-OYJIBEIbHOT TEXHIKM PEMOHTOINPHIATHICTH
XapaKTepu3yeTbesl 1€ W JA0AATKOBUMH IOKAa3HMKAMHU: KOHTPOJENPHJIATHICTIO, JOCTYIHICTIO,
JIETKO3HIMHICTIO,  OJOYHICTIO Ta  B3a€MHO3aMIHHICTIO. KOMIIJIEKCHHM  ITOKa3HUKOM
PEMOHTONPUIATHOCTI MOXE CIYTyBaTH Koe(illi€HT TOTOBHOCTI SIKMH OILiHIOE HemependadeHi
3YNUHKM MAaIllMHU, K1 3aCBIIYYIOTH Te€, 110 IJIAHOBI PEMOHTH HE MOBHICTIO BUKOHYIOTH CBOIO
pOJIb.

KoedirienT roToBHOCTI - HMOBIPHICTB TOTO, III0 00’ €KT BUSIBUTHCSA TIpAIe3JaTHUM B OY/Ib-
KM MOMEHT 4Yacy, OKpiM 3aIlJJaHOBaHMX IEpPiOoAiB, MPOTATOM SIKUX 3aCTOCYBaHHS 00’€KTa 3a
IpU3HauYEHHSAM He nependayaerbes [10]:
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R =ar 5)

1e t - cyMapHe HalpaimroBaHHS n-To 00’€KTa B 3aJJaHOMY IHTEpBaJIl €KCIUTyaTallil; 7 - cymMapHa

orepaTHBHA TPUBAIICTh BIJHOBIEHHS MPale3aTHOCTI n-ro 00’€KTa B TOMY 3 I1HTEpBal
eKcIuTyaTartii; N - 94uciio 00’ €KTiB, IO PO3TIAAAIOTHCS B 3aaHOMY IHTEpBaJIi eKCILTyaTaIllii.

BaxJIMBOIO BJIACTUBICTIO /ISl MAIlIMH CE30HHOTO BUKOPUCTAHHS € 30€peKyBaHICTh, sKa
O3Hayae€ 3/aTHICTh 00’€KTa YNHUTH OIip HETATHBHOMY BIUIMBY (DakTOpiB HOBroro 30epirans i
TPaHCIOPTYBaHHS, a  TakoX 3a0e3redyBaTH MWICNsA IBOTO 1i 3aCTOCYBaHHS 13 3aJaHUMH
(GYHKIIOHAIBHUMH TTapaMeTpaMu. 30epeKyBaHICTh OI[HIOETHCS TEPMIHOM 30€peKyBaHOCTI,
TOOTO KaJICHIAPHOIO TPHBATICTIO 30epiraHHs ad0 TpaHCHOPTYBaHHS 00’ €KTa, MPOTATOM 1 ITICIIS
AKOI 30epiraroTbcsl 3HaYCHHS MOKAa3HUKIB 0€3BIIMOBHOCTI, TOBrOBIYHOCTI 1 pEMOHTOIIPHIATHOCTI
y BCTAaHOBJICHUX MEXaXx.

HactynauM etamom po0oTH cTaB aHaji3 MacmopTHUX JaHUX Oumemn HiXK 160 momeneit
0alTOBUX KpaHiB, SKI BUITYCKAIOTHCA MPOBIJHUMH CBITOBUMHU BHPOOHHUKAMH, TaKUMHU SK
Liebherr, Jaso, Potain, Terex. Ha ocHOBI macmopTHuX naHUX OyJy BU3HAYEHI CepeHi 3HAYCHHS
KOHCTPYKTHBHOI ~MacH Ta CyMapHOi TMOTY)XHOCTI JBHWIYHIB JUIi KpaHIiB  TEBHOI
BaHTaXOITI THOMHOCTI (TaluI. 2).

Tabmuus 2 — Buxiani gaHi ans po3paxyHKy (QyHKIIOHATBHO-TEXHIYHUX MapamMeTpiB OamToOBHX
KpaHiB
Table 2 — Initial data for calculating the functional and technical parameters of tower cranes

BanTa)xoni1iHOMHICTb q,KT KoncrpykruBHa maca, T | [ToTyxHicTh 1BUTYHIB, KBT
2000 23.38 17.70
2500 24.76 21.93
4000 24.47 24.45
5000 28.07 30.26
6000 40.89 37.16
8000 49.11 49.49
10000 58.02 62.50
12000 68.12 74.19
16000 81.43 84.05

20000 96.92 94.83
24000 104.85 110.33
25000 120.33 117.00
32000 128.14 147.00
40000 138.84 154.50
50000 165.05 163.50
62571 263.50 210.17
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Puc. 1. I'padik 3ane:KHOCTI KOHCTPYKTUBHOT MAaCH BiJl BAHTAXKOM1THOMHOCTI KpaHa
Fig. 1. Graph of the dependence of structural mass on the crane's lifting capacity

5. PesyabraTn. OTpuMaHi JaHi JO3BOJWIM HaM MOOYyAyBaTH rpadiku 3aliexHOCTen
KOHCTPYKTUBHOI Macu (puc. 1) Ta CcyMapHOi TOTYXHOCTI JABHTYHIB (puc. 2) Bix
BaHTAXXOI1JHOMHOCTI KpaHy.

PesynbpTatu nocnimkeHb JO3BOJIWIM HaM 3HAWTHU PIBHSHHS JUIsl BA3HAYCHHS 3aJIC)KHOCTI
KOHCTPYKTHBHOI MacH KpaHa BiJl BAHTaXOIi JHOMHOCTI:

m=4.6+qg+2.7le ¢ —8,245¢""* +1,95¢ ' -1,27¢°, (6)
Ta 3aJIeKHICTh CyMapHOi MOTY>KHOCTI JABUTYHIB BiJl BAHTAXOM1AHOMHOCTI KpaHa:
p=581+qg*e® —393¢"2g* —3,29¢7¢* +1,88¢*'¢° —1,37¢°¢°, (7)

Je¢ m — KOHCTPYKTHBHa Maca KpaHa, p — CyMapHa IOTYXHICTb JBUTYHIB KpaHa, ( —
BaHTaXXOI1JHOMHICTh KpaHa.
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Puc. 2. I'padik 3anekHOCTI CyMapHOT MOTY>KHOCTI BiJl BAHTAXKOM1THOMHOCTI KpaHa
Fig. 2. Graph showing the dependence of total power on crane lifting capacity

6. BucHoBku.

[TpoBeneHO aHaTi3 MOKA3HUKIB HAAIMHOCTI Ta 3a3HAYCHO IMOKA3HHUKH, SKI BAKIHBI JIJIS
OL[IHKY HaJiHHOCTI Oy IiBEIBLHOT TEXHIKU. I pyHTYIOUKCH Ha aHaIi31 ITACIOPTHUX JaHUX OAIITOBUX
KpaHiB TPOBIAHUX 3aKOPAOHHHMX 1 BITYM3HSHUX BHUPOOHMKIB, BU3HAUEHO CEpEIHI 3HAYCHHS
KOHCTPYKTHBHOI MacH Ta CyMapHOi HOTYKHOCTI JABMIYHIB JUId PI3HUX 3HA4yeHb
BaHTaXomigioMHOCTi. OTpuMaHi  gaHi  JO3BOMWIM  MOOyIyBaTh  KpUBI  3aJI€KHOCTI
KOHCTPYKTHBHOI Macu Ta CyMapHOI OTY>KHOCTI JIBUTYHIB B/l BAHTAXKOI1AHOMHOCTI Ta BU3HAYUTH
PIBHSIHHSA, JJI ONMKCY IUX 3alie)XKHOCTeH. JlaH1 pIBHSHHS € peKOMEHJALIE0 Ui repen0aueHHs
MOJKJIMBUX 3HA4€Hb KOHCTPYKTHBHOI MacH KpaHy Ta CyMapHOi MOTYXHOCT1 ABUTYHIB JIJIsl KpaHa
MIEBHO1 BAaHTAKOM11HOMHOCTI.

OTtpumaHi pe3ynpTaTu 3a0e3MeuyloTh CTBOPEHHSI MOJIENI, KA JJO3BOJMTH OLIIHUTH CTaH,
napaMeTpy KOHCTPYKIIi Ta CIPOrHO3YBaTU pecypc poOOTH MIAMOMHUX MEXaHI3MiB, sIKI HUHI
eKCIUTyaTyIThCs B YKpaiHi a00 iIMIIOPTYBaTUMYThHCS B YKpaiHy.
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'KniBcbkuin HauioHanbHuit YHiBepcuteT ByaisHuuTBa i Apxitektypu, npocn. MositpsHux cun 31, m. Kuis,
03037, YkpaiHa

NOPIBHAHHA KOHCTPYKLIA POBEOYUX OPIAHIB BEPTUKANIbHUX BANIKOBUX
MJIUHIB

AHOTALIA. Y pobomi npedcmaeneHo mexHiko-aHanimuyHe OO0CriOXeHHsT KOHCMPYKMUBHUX
ocobnusocmeli 8epmuKasrbHUX 8asIKO8UX MIIUHIB, WO 3acmocos8ytombcsi Orid MOHKO20 oMeny
nopmnaHOueMeHmy ma 2paHyribo08aHuUx OOMEHHUX wakie. Po3ensHymo hyHKUiOHanbHe npu3HayeHHs
ma KOHCMPYKUIUHI xapakmepucmuKu OCHOBHUX 8Y3/1i8 MIUHa — 8aJIKig, MoMOJIbHO20 CMOoly, MPUSOOHUX
cucmeM ma MexaHiaMmie peayrnogaHHs rpouecy noopibHeHHs. [lposedeHO aHarnia esonouii
KOHCMPYKMUBHUX pilWeHb, a@ MakoX Cy4YacHUX IHXEeHEepHUX ioxodie, CrpsiMOBaHUX Ha Mi08UULEHHS
numomoi  npodykmueHOCMi azpezaamis, 3HUXEHHSI eHepaosumpam ma [MOKPaWleHHS MeXHOM02iYHOI
HadiliHocmi obniadHaHHs. Okpemy ysazy rpudirieHo ropIieHsIHHIO eheKmuBHOCMIi 8epMUKallbHUX 8aJIKO8UX
MIuHi8 i3 mpaduuidHumMu munamu OMOJIbHO20 YyCmamKyeaHHs, 3 aKUeHmoM Ha iX repeeazau y
8UPOBHUUMSI yeMeHmYy ma WIaKoyXXHUX 8 sKy4ux Mmamepiariis.

Knro4doei crioea: sepmukaribHi 8ankos8i MUHU, epaHynbo8aHull wiiak, npodyKMmMuUeHiCMb MITUHIE,
eHepzaoehekmueHiCMb, eKcrislyamauilHi Xxapakmepucmuku.

COMPARISON OF THE DESIGNS OF WORKING ELEMENTS OF VERTICAL ROLLER
MILLS

ABSTRACT. The paper presents a technical and analytical study of the design features of vertical
roller mills used for fine grinding of Portland cement and granulated blast-furnace slag. The functional roles
and structural characteristics of key mill components — rollers, grinding table, drive systems, and control
mechanisms are examined in detail. The evolution of design solutions is analyzed alongside modern
engineering approaches aimed at increasing specific throughput, reducing energy consumption, and
improving the technological reliability of the equipment. Special aftention is given to comparing the
performance of vertical roller mills with traditional grinding technologies, emphasizing their advantages in
the production of cement and alkali-activated slag-based binders.

Keywords: vertical roller mills, granulated slag, mill productivity, energy efficiency, operational
characteristics.

1. ITocranoBka npod/emu. BepTrkaibHi BalKoBI MIMHHU — I1€ IHCTPYMEHTH, 1110 JIEKATh
B OCHOBI CY4YaCHHX TEXHOJOTIYHHX IPOLECIB y LEMECHTHIH, MpHI40100yBHIN Ta eHEPreTHYHIi
IIPOMHCIIOBOCTI. IX IIMPOKO BHKOPHUCTOBYIOTH Uil TOJAPIOHEHHS Pi3HOMAHITHUX MaTepiajiB,
cepen KX OCOOJMBE MICIIe 3aiiMalOTh IpaHyJIbOBaHI NUIAKW. B 1eMeHTHOMY BHPOOHHWIITBI IIi
MJIMHU CTalld CTaHIApTOM, OCKIJIbKM IIJIAKOBI LIEMEHTH, 3aBJSKU CBOIM BHCOKHUM MIiIIHICHUM
XapaKTepUCTHKAM Ta CTIHKOCTI J0 arpeCMBHHUX CEPEIOBHII, € HE3aMiHHUMH KOMIIOHEHTAMHU
CydJacHUX Oy/iBelIbHUX MaTepialib.

CyvacHuil eranm poO3BUTKY OyJIBEIbHOI I1HIYCTpli XapaKTepU3YETHCS 3POCTAIOUHMHU
BUMOTaMH JI0 €peKTUBHOCTI TEXHOJIOTIYHUX MPOLIECIB, 30KpeMa Ha cTalii BUPOOHHIITBA IIEMEHTY
Ta OOpOOKM TpaHyJIhOBAaHMX JOMEHHHMX OUIakiB. OJHUM i3 KIIOYOBUX HAINPSIMIB HAYKOBUX
JOCHIJKeHb € BJOCKOHAJIEHHS KOHCTPYKIIM MIMHIB, sKi 3a0e3MedyloTh BHCOKI TEXHIKO-
EKOHOMIUHI TOKa3HWKH, 30KpeMa BHCOKY THTOMY MPOAYKTUBHICTH TPH 3HIKEHOMY
€HeprocrnoXuBaHHi. PamioHanpHe BUKOPUCTAHHS €HEPTii Ml Yac TOHKOTO MOMENY € KPUTUYHO
BAXJIMBUM JUIsl 3MEHILIEHHS cOo0iBapTOCTI OyJIBEIbHUX MaTepiaiiB Ta 3HUKEHHS 3arajibHOro
BYTJIELIEBOTO CIIy raiy3i. 3pOCTaHHS MOTY>KHOCTI IIOMOJIBHUX YCTAaHOBOK 1 YCKJIaJIHEHHS YMOB
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ix excruryararlii moTpeOyrTh HOBUX MiAXOAIB /10 KOHCTPYIOBaHHS POOOYMX OPTaHiB, TAKUX SK
POJMKH, CTUI TMOMENTYy Ta cemnapauiidHi mpucTpoi. 30Kpema, IOCHTIKEHHS 30CepeKeHI Ha
ONTUMI3aIlli TEOMETPUYHUX IMapaMEeTPiB IUX CJIEMEHTIB, YJIOCKOHAJICHHI MPUBOJHHUX CHUCTEM 1
BIIPOBA/DKCHHI 1HTENEKTyaJIbHUX 3aC001B aBTOMATH3AIII1 POIIeCy MO ApiOHEHHSI.

Bognowac poGoui eneMeHTH MIMHIB (YHKIIIOHYIOTh Y CKIAQIHHX YMOBax, IO
CYIIPOBOJIKYIOTHCSI IHTEHCUBHUM a0pa3MBHUM 1 yIapHUM 3HOCOM. Lle BUCyBa€e »OPCTKi BUMOTH
0 iXHBOI 3HOCOCTIMKOCTI Ta HamiiHOCTI. OJHUM 13 TPIOPUTETHHX 3aBlIaHb CyYacHOTO
MaIIMHOOY/IyBaHHS € 3aCTOCYBaHHs BUCOKOC(EKTUBHUX KOHCTPYKIIMHUX MaTepiajiB, BKIOYHO
3 JIETOBAaHUMU CTAJIIMU, 3HOCOCTIMKMMH CILIaBaMU M 1HHOBAIIHUMH 3aXUCHUMU MOKPUTTAMHU.
OxpeMy HayKOBO-TIPAKTHYHY MPOOJIEMY CTAaHOBIATH BiOpallii, sSiKi BHHHKAIOTh IiJ 4ac poOOTH
MJIMHA 1 MOXYTb NPU3BOJIUTU [0 3HMXKEHHS JOBIOBIYHOCTI OOJaJHAHHSA Ta MOTIPIICHHS
CTaOUTRHOCTI TEXHOJIOTIYHOTO TpoIecy. Y 3B’S3Ky 3 IIUM aKTyallbHOIO € pPo3poOKa
KOHCTPYKIIIMHUX PIIICHb, CHPSAMOBAHUX Ha MIHIMI3aIll0 JIWHAMIYHUX HaBaHTaXXEHb Ta
M1 IBUIIICHHS HAIIHOCTI arperaris.

[Ile omHUM BaXKJIMBUM acHEKTOM € 3a0e3Me4YeHHs] OAHOPIAHOCTI TPaHyJIOMETPUYHOTO
CKJIa/Ty TIOMEJICHOTO MPOAYKTY, OCKIJIbKM Bapiamii (pakiiifHOTO CKJIaay CYTTEBO BILUIMBAIOTH Ha
AKICHI XapaKTepUCTUKUA IIEMEHTY, 30KpeMa HOro MillHICTh, AKTUBHICTh Ta PIBHOMIPHICTH
TBepaiHHA. ToMy onTumizamisi pEeXMMHHX IapaMeTpiB Mpolecy MOApiOHEHHS 3 METOIo
JOCSTHEHHS CTa0lIbHOTO 1 KOHTPOJIBOBAHOTO PE3yNIbTaTy € HEOOXiAHO yMOBOIO €()EeKTUBHOTO
(YHKIIOHYBaHHS Cy4aCHHX IIOMOJIBHUX CHCTEM.

2. AHaJi3 ocTaHHiX gocailzkeHb Ta myOaikaniil. KoHCTpyKIIis BEpTUKAIBHUX BATKOBUX
MJIMHIB B TOMY BHTJISII, SIKa BiJIoMa HAM CbOTO[HI, cTaia JOCTYImHOO 3 moyaTtky 1900-x pokiB i €
3arallbHONPUMHATOI0 ~ TEXHOJIOTI€0 B IEMEHTHIM, EeHEepreTHYHid MPOMHUCIOBOCTI  Ta
MIPOMHCIIOBOCTI TIEpepOOKH KOPUCHHUX KOMAIMH. BepTHKanbHi BAIKOBI MIIMHHA BH3HAHI OJTHUMHU 3
HalleeKTUBHIIIUX JIOCTYIHUX Ha JaHUM MOMEHT NPUCTPOIB HJs TIOMEIy Ta MOXYTh
BUKOPUCTOBYBATHCS U OJHOYACHOTO TOMENY 1 CYIIiHHS MarepiajiiB, TaKHX SK BAIlHSK,
HeraiieHe BalHoO, IIEMEHTHAa CHPOBUHA, TaJlbK, OOKCHUT, MarHe3uT, (ocdaT, MOIHOBUI WINAT,
OaputH, rpadit i Byriwid. JJOMiHYIOYMM BHUKOPHCTAHHSM BEPTHUKAIBHUX BAIKOBHX MIIMHIB €
CHUpPOBHMHA ISl BUPOOHMIITBA LIEMEHTY Ta IOMENIy BYTUUIA, aje € TaKOX YMMajo TNPHUKIAIiB
BUKOPHUCTAHHS BEPTUKAJIbHUX MJIMHIB y TipHUYii npomucioBocti: Schaefer B cBoiit pobori [1]
ONUCY€ BUKOPHCTAHHS BEPTUKAJIbHUX BAJKOBUX MIMHIB JUIs nomeny Qocdary, Tomai iHII
MOBLAOMJISIIOTH PO 3acTocyBaHHs: VRM npu momeni MiIHOTO, 3a1i3HOTO Ta OJIOB’SIHOTO IIJIAKY.

Bouchard J. B po6orti [5] Ta iH11i [2-4] g0CHiKEHHS TOKa3yl0Th 3HAUHY €KOHOMIO €Heprii
B MOPIBHSIHHI 3 KYJIbOBUMU MIIMHAMHU IIOHaMMeHTIe Ha 25-35% 3aexxHo Bij BUy Matepiany. Jms
JOCIIJKeHHsI OyJIM BUKOPUCTaH1 HOBITHI TEXHOJIOTIT CyXOro MOMeNy Y BEpTHKAIbHUX BaJIKOBUX
MJIMHAX, OCKIJIbBKA IIPOMUCIIOBICTh OyA1BEIbHUX MaTepialliB CTUKAETHCS 3 MpoOIeMaMu BUCOKOT
BapTOCTI eHeprii, Ae(iluTy BOAU Ta CYBOPIIIUMH €KOJIOTITYHUMU BUMOTaMHU.

V¥ crarti [6] Lucas R.D. Jensen, Erling Fundal ta Per Mpller nocnimxyBanu mexaHizm
3HOIIYBaHHS 3HOCOCTIMKMX YaCTUH BEPTUKAJIBbHUX BAJIKOBUX MIIMHIB IiJ1 4ac IIOMENTy CHPOBUHHUX
MmaTepianiB. J{ocniKeHHs OXOIUTIOBAJI0O MAaKPOCKOIMIYHUI 1 MIKPOCKOIIYHUM aHali3 3HOIIEHUX
YaCTHH, a TAaKOX JIAOOPAaTOPHI €KCIIEPUMEHTH, 110 IMITYIOTh MIpoIiecH 3Hocy. BukopucToByroun
PO30pi BajM 1 CTOJIM, JOCIITHUKU CIIOCTEpIrajid pyX YAaCTHMHOK y IIapl Marepiayy MiJ 4ac
NoJpiOHEHHS, 10 JA03BOJIMJIO BUSBUTH 30HU 3 BUCOKMMH HAaBaHTAXXECHHSAMH Ta JepopMallisiMH.
OCHOBHUII MeXaHi3M 3HONIYBaHHS — II€ JTBOKOPITyCHEe aOpa3swuBHE CTHpAHHS, SKa CIPHUYHHSIE
IHTEeHCHUBHE 3HOIIYBAaHHS B 30HAaX BHUCOKOI'O THUCKY. AHaII3 MIKPOCTPYKTYpPH IIOKa3aB, IO
TPIIIMHY M1J] TOBEPXHEI0 3HOCOCTIMKOTO MIapy BaJKiB BUKJIMKAIOTH BiIIIapyBaHHS LIUX 1IapiB BiJl
OCHOBHOT'O MacHBY MaTepiaiy.

Jung O. y cBoemy pochimkeHHl [7] BepTUKAJbHUX pPOJMKOBUX MIIMHIB, IO
BUKOPUCTOBYIOTBCS B LIEMEHTHINH IPOMHCIOBOCTI Il TOMEINTY LIEeMEHTHOI CUPOBHHH, IyLIOJIaHY 1
JOMEHHOTO IIUTaKy, a TaKOX Ui OCTAaTOYHOTO ITIOMENY IIeMEHTY, HaBOAWUTH JaHi IIO0J0
3HOIIYBaHHsS 1 3a3Hayae, 110 BTPATH 3HOCOCTIMKMX MOBEPXOHb TEPTS MOXKHA MiHIMI3yBaTH
HUIIXOM BUOOpY MaTepiaiiB ajisi 3aXMCTy BiJ 3HOCY, TaKUX SK JIETOBaHWM YaByH, MiaOip
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npaBuiabHOT  GOpMH Ta PO3MIPIB  JETaNei, 110 3HOIIYIOTHCS, 3MEHIICHHS YacTKH
BHCOKOAOpa3uBHUX KOMIOHEHTIB TOIO. Lli 3aX0q1 MOAOBXKYIOTh TEPMiH CIy>KOM JeTajnei, 1o
3HOIIYIOTHCS, 1 3a0€3Me4yI0Th €)EKTHBHE 3METIOBAaHHS Ty’Ke aOpa3uBHUX BUXITHUX MaTepialliB.

VY pob6orti [8] Kalyagina N. Oyno nmpoBeeHO OIIHKY Mpare3aaTHOCTI MIMHA 3 TJIAIKUMHU
TaplIT4acTUMM BaJIKaMU. Y MPOLEC] JOCTIKEHHs OyJI0 BUABICHO IPUUUHY PYHHYBaHHS CEKTOPIB
winHa BupoOHunTBa kKommaHii FLSmidth. IlpoBenene nocmifpKeHHS BHSABHMIO HPUYHHU
pYHHYBaHHS JeTajeil BaJIKOBOrO MJIMHA: IIPU OJAHOYACHOMY BIUIMBI pOOOYOr0 HaBaHTaKEHHS Ta
3MILIEHHS CEKTOpiB, M0 BUHHMKA€ YEpe3 IHTCHCHUBHE 3HOIIYBAHHSA, CyMapHi €KBIBaJCHTHI
Hanpy>KeHHs MEpPEeBHUILYIOTh 3HAYCHHS MEX1 BUTPUBAIOCTI NPH LMKIIYHOMY HABaHTAXKECHHI.
OTxe, BiIOYBaeThbCS HAKOIMMYEHHS BTOMIIIOBAHOTO PYWHYBaHHsS Matepiany, (GopMyBaHHS Ta
3pOCTaHHsI TPILLMH, 1110 HETATUBHO [T03HAYAETHCS HA MIPALE3JaTHOCTI MIIMHA.

Maruf Hasan, Sam Palaniandy [9] posrisiHynu mnporec BH3HAYSHHS IapaMmeTpiB
pyHHYBaHHsA B JIaOOpPaTOPHOMY BEPTUKAJIbHOMY MIIMHI 3 BHUKOPUCTAHHSAM Mozenl OanaHcy
3aBaHTa)keHH:. JlOCIiPKEHHS IIPOBOAMIIOCS /171l BUBUCHHS BIUIMBY €KCIIEPUMEHTAIBHUX YMOB Ha
PO3IOALT YaCTOK MPOIYKTY Ta reHeparito aApioHux (pakiiii. BukopucroByBaiack Moneab s
OLiHKKA (YHKIIA BHOOpPY Ta pyHHYBaHHS 4YacTOK MpPH pI3HUX YMOBax pOOOTH MIIMHA.
BceranoBneno, mo ¢yHkKIii BUOOpY Ta pyHHYBaHHsS 3MIHIOIOTBCS B 3aJIEKHOCTI BiJl po3Mipy
CepeIOBUINA, MIBHJIKOCTI OOEpTaHHS Ta KOHIIGHTpalii TBepAMx pedoBuH. Mogeni Oynu
BUKOPHUCTaHI JJis niepeAdadeHHs] pPO3MOILTy YACTUHOK Ta X MOIpiOHEHHS MpH 3MiH1 YMOB POOOTH.
BusiieHo, mo 30iMbIICHHS MIBUAKOCTI OOEpPTaHHS CIpHsie OUTBIIOMY TOJPIOHEHHIO, a
3MEHIIEHHS PO3MIpY CepeAOoBHUINA IOKpaulye eQeKTUBHICTh pyHHyBaHHA. Pe3ynbraTi
JIEeMOHCTPYIOTh, IO (YHKIIIS BUOOPY 3aJICKUTH BiJl YMOB IPOIECY, A€ 3aIUIIAE€THCS JTIHIHHOIO
JUIs BaITHSKY.

Typeuski mocmigauku Altun Deniz, Aydogan Namik [10] mnpencraBmwim OIHKY
IPOAYKTUBHOCTI BEpPTUKaJIbHOrO pojukoBoro wianHa (VRM) mnpu mnomen IeMeHTY,
30CepeKYIOUNCh HA OCHOBHUX aCHEKTaX, TAKUX K €()eKTUBHICTh TIOMEITY, CIIOKUBAHHS CHEpPTii
Ta SIKICTh OTPUMAHOI'0 MPOIYKTY. ABTOPHU MPOBOATH EKCIEPUMEHTAIbHE JOCIIKEHHS, B AKOMY
MOpPiBHIOIOTE po6oTy VRM 3 TpaauiiiHuMu KyJhOBUMH MJIMHAMH, MPEACTABISIFOUM JaHI PO
onepauiifHi MmapaMeTpu Ta pe3yJbTaTH BUPOOHUYMX BUIPOOYBaHb Ha IEMEHTHUX 3aBOJax.
Pesynpratn mokasyrorh, 1mo VRM nepeBepumiye TpaauuiiHI - KyJbOBI  MJIMHHM 32
eHeproepeKTUBHICTIO, a TAKOK 3JJaTHICTIO OTPUMYBATH OUIbII APiOHI YACTUHKH, 110 € BAXKJINBUM
JUIS TIOKPAIIEHHS IKOCT1 IEMEHTY. Y CTaTTI TAKOX PO3TJISAAI0THCS TEXHOIOTT4HI BAOCKOHAIECHHS,
K1 CIIPUSIIOTH LIUM TIepeBaram, 1 MiJKpecIroeTbcsl MOTEHIIal A1 3HU)KEHHS BUTPAT y LIEMEHTHIH
MIPOMUCIIOBOCTI 3aBJISIKM BUKOpHCTaHHIO TexHoJorii VRM. Takum unHoM, BripoBakeHHs VRM
MO’K€ 3HaYHO MOKPAIIUTH IPOLeC BUPOOHULITBA IEMEHTY 3 TOUKH 30py €(PEKTUBHOCTI Ta EKOHOMIi
€HEePropecypciB.

3. Merta po0otu. BockoHaneHHsT KOHCTPYKLINA BEPTHKAIBHUX BaJIKOBUX MIIMHIB JUIS
M1JBUIIEHHS €(PEKTUBHOCTI TOMEITY LIEMEHTY Ta LUIAKIB HUIIXOM ONTHMI3alii poOOYUX OpraHis 1
3HUKEHHSI EHeprOBUTpAT.

4. Marepianu Ta Metoau. ChOro/iHi BEpTUKAJIbHI BaJIKOBI MIIMHU MTOCTYIIOBO 3aiiMaroTh
MPOBIIHI MO3UIIIT Y BUPOOHUIITBI LIEMEHTY Ta METANYpPrii 3aBJIKU iXHIA BUCOKIH e(h)eKTUBHOCTI Y
npoteci nmomeny. Bonu 3abe3neuytoTs mopiOHEHHS LIEMEHTY, LIIaKiB Ta 1HIIMX MaTrepialiB 13
MiHIMaJIbHUMH BUTpaTaMu eHeprii. BUKopucTaHHs NUIakiB y HEMEHTHIH IPOMUCIOBOCTI CIIpHsIE
MIIBUIIICHHIO MIMHOCTI Oy/IBEIbHUX MaTepialliB, a TaKoXX 3HayHO 3HIKye BUKUIU CO2, 110
cripusie 30€peXeHHIO IPUPOJHUX PECYPCiB Ta MOKPALICHHIO €KOJIOTIYHOI CTIHKOCTI raiysi.

[TpuHnum 1ii BEpTUKATHHOTO BATKOBOTO MJIMHA MIPEICTABICHUH Ha pUCyHKY 1. Matepian
MOJIAETBCSA Yepe3 KUBWJIBHHHA >K0JIOO Yy IIEHTpP MOBOPOTHOTO PO3MENBHOTO CTOIYy 8, MI0
obepTaeThest peaykropoM 10, 1 i gi€r0 BIAIIEHTPOBUX CHUJT PO3MOAUISEThCS i Baaku 5. Banku
(bopMyIOTh IIap MaTepialy Ta 3MENOI0Th HOro. [ 3aXucTy BiJl 3HOIIYBaHHS pO3MENbHUM CTil
OCHAIICHUH (yTepyBaIbHUMU IJTUTAMU 7, @ BAJIKK — OaHJaxaMu. 3MEJICHU MaTepiall epeTikae
yepe3 Kpail CToiy, MICHs 4Oro rapsiuuil MOBITPSHUM MOTIK Kpi3k coruia 13 migHiMae Horo 1o
cenapatopa 2. TyT roToBuii NpoyKT MPOXOAUTH Yepe3 poTop 1, a rpy0i YaCTUHKY OBEPTAIOTHCS
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Kpi3b BOPOHKY 3 710 MJIMHA ISl TIOBTOPHOTO MOMENY. 3aHAATO BEJIHMKI YaCTKH BUBOJATHCS Yepe3
J0TOK 12 1 TpaHCHOPTYIOTHCS JJsl MOBTOPHOI nepepoOKu. Bamku 3MOHTOBaHI Ha OCSX, IO
BCTAHOBJICHI Ha Baxkessax 6. Iy 3a0e3mneueHHss HeoOX1JHOTO 3yCHIUIS CTUCKAHHS MaTepially MIX
BaJIKaMH Ta CTOJIOM MPHU TTOMEJi BUKOPUCTOBYIOTH T1POIMITIHIPH 9.

[Tporec moMeny y BepTHKAJIbHUX BAIKOBUX MIIMHAX 0a3y€ThCs Ha CTHCHEHHI Ta 3CYBi B
mapi marepiany. Po3monin HanpyXeHHs y mapi Cipusie yTBOPEHHIO MIKPOTPIIIMH, IO 3a0e3neuye
eHeproe(eKTUBHE 3MEHIIICHHS PO3Mipy YaCTHHOK MOPIBHSAHO 3 OapaOaHHUMH MIIMHAMH.

3aBaHmaxeHHs Buxid
cupoBuHu 2omoBozo
7 npodykmy

SR

S 9

]
2/ |l \aw

Puc. 1. KoHCTpyKIisi BEpTHKAIBHOTO BaJIKOBOTO MIIMHA
Fig. 1. Construction of a vertical roller mill

Ha pucynky 2 mnoka3aHO OCHOBHI HpPUHIMIIOBI CXEMH B3a€MHOIO pPO3TallyBaHHS
PO3MENIOBANIBHUX €JIEMEHTIB CEpEeIHBOXITHUX MIIMHIB. B 3ayiexHOCTI BiJ BUPOOHHMKA CYTTEBO
PI3HATBCS KOHCTPYKLS MOPOTHOTO CTOJIy, KOHCTPYKLIs 1 KUIBKICTh POJIMKIB Ta IMPHCTPOIB
3a0e3mneueHHs] He00X1/IHOTO HATUCKAHHS PO3MEIIIOBAJIbHUX €JIEMEHTIB.

PozmemntoBanbHi npucTpoi (pHc. 2) CKIIaAaloThes 3 00EPTOBOTO CTONY 2, OBEPXHS SIKOTO
3axuiieHa OpoHero 3, 1 ponukiB 1 abo KyJib 7, 110 KOTSATHCS MO CTOJy. Po3TalnryBaHHS TOBEPXHI
CTOJIy Ta POJIMKIB MOKe€ OYTH Pi3HUM: TOPU3OHTAIBHUM (pHC. 2, a, T, 1, €), cinadonoxuwinM (6), abo
KpyTonoxwinM (B). @opma noBepxHi MOMOJIBHHUX TLT TaK Camo, SIK 1 CTUI, BUKOHYEThCS Pi3HOIO:
rmankor (puc. 2, a, 6, B, 1) abo topoimampHoro (€). Ilomaua MOBITPST 10 PO3METIOBAIBHUX
€JIEMEHTIB 3JIIHCHIOETHCS Uepe3 HampsMHI comia 4, ki poONsATh 3aKpIIUIEHUMH Ha Kopmyci 5
miuHa (puc. 2, a, 0, B, T, €) abo 6e3mocepeTHH0 Ha 00EPTOBOMY TTOMOJIBHOMY CTOJI 2.
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Puc. 2. OcHOBHI cXeMH po3TanryBaHHs poOOYNX €JIEMEHTIB y BEPTHKAIbHUX BaJIKOBHX MIIMHAX: 1 —
BJIOK; 2 — NOMOJIBHUH CTLI; 3 — OpoHerunTa; 4 — MpUCTpiil moaadi NoBITPs; 5 — KOpIyc MITMHA; 6 - HAIlIpHE KiJIbLE;
7 — Kymi.

Fig. 2. Main schemes of grinding elements in vertical roller mills: 1 - Roller; 2 - Table; 3 - Armor plate; 4 -
Air supply devices; 5 - Mill housing; 6 - Pressure ring; 7 - Balls

CyuacHi BepTHUKaJIbHI BaJKOBI MJIMHU OCHALIYIOTHCSI BUCOKOTEXHOJIOTIYHUMHU CHUCTEMaMHU
aBTOMATH30BAaHOTO YIPABIIHHA, SKI IHTEIPYIOTh AITOPUTMHU IITYYHOTO IHTEIEKTY Ta METOIU
MalIMHHOTO HABUYaHHS JUIS aallTUBHOI ONTHUMI3allil mapaMmeTpiB nmomeny. Taki iHTEIeKTyalbH1
crcTeMH 3a0€31evyoTh 00pOOKY TEXHOJIIOTIYHHUX JAaHUX Y PEXKHUMi PEaTbHOTO Yacy, 10 J03BOJISIE
ONEPAaTUBHO KOPUTYBAaTH pOOOYl PEKUMHU 3 METOI JOCATHEHHS MAaKCHMAJIbHOTO pPiBHS
MPOJYKTUBHOCTI, €HEproe()eKTUBHOCTI Ta CTA0UIBHOI SIKOCT1 MPOAYKTY.

AKTyanbHI KOHCTPYKTHBHI PillIEHHs OPI€EHTOBAHI HAa MPUHIUIIN CTAJIOr0 PO3BUTKY, 30KpeMa
Ha MIHIMI3AI[il0 MUTOMOTO €HEProCIOXUBAaHHS Ta 3MEHIICHHS BUKHJIB BYTJIEKHCIIOTO razy y
BUPOOHMYOMY IUKII. 3apOBa/KEHHS TEIUIOTEXHIYHMX pillleHb, 30KpeMa CHCTEM peKyreparii
TeIJia, JIO3BOJISI€  MIJABUIIUTH  3arajbHy €HEProe(EeKTUBHICTH IOMEIBHOTO  IPOIIECY.
BrockoHasneHi iHXeHepHi MiIX0AM 10 KOHCTPYKLIT KOpITycy MIIMHA Ta BiOPOI30JISILIHHUX CUCTEM
CHpsSIMOBaHI Ha 3HMKEHHS PIBHS LIyMy M BiOpalliif, 110 pO3MIMPIOE MOXJIMBOCTI €KCIUTyaTarlil
o0JlalHaHHS y 30HaX 3 MiJIBUIIEHUMH €KOJOTIYHUMHU BuUMoramu. OTKe CydacHi KOHCTPYKLIi
MJIMHIB nepeadadaroTb MOAYIbHUM MiAXiJT 10 pOpMyBaHHS BY3IiB, L0 3a0e3Me€Uy€e ONEpPaTUBHY
3aMiHy 3HOIIEHUX €JIEMEHTIB Ta THYYKY aJamTallilo arperaty MiJ pi3HI BUJIU MarepiajiiB 3
ypaxyBaHHSIM X (p13MKO-MEXaHIYHUX BJIACTHBOCTEH.

3pocTaHHs BUMOT /10 CHJIM MPUTUCKAHHS BaJIKiB 10 poOOYOi MOBEPXHI 3yMOBHIIO BiJIMOBY
BiJl TPQAMLIIMHUX MIPY>KUHHUX BY3IiB, K1 3a0€31e4yBaai OJHOYACHE 3yCHILJIS HA OMTO3UTHI BaJIKH,
Ha KOPUCTh IHAMBIAyaTbHHX TiIpaBMiuyHUX UWIiHAPIB. lle m0o3BONMMIO 3MiliCHIOBATH TOYHE
peryJIioBaHHS THCKY KOXXHOTO BaJIka OKPEMO BiIIIOBITHO 1O BJIACTHBOCTEH MaTepiaiy, IIo
nonpiOHIoeThes. Ilepexin Bix M’AKMX MarepiajiiB, TaKUX SK BYTUUIA, J0 BHCOKOMILHUX 1
aOpa3MBHUX KOMIIOHEHTIB - 30KpeMa I'paHyIbOBaHHUX IIUIAKIB — MMPHU3BIB JI0 CYTTEBOTO 301IBIIICHHS
3HOIIIYBaHHS €JIEMEHTIB MOMOJIbHOI 30HHU, MEPEAyCiM MOBEPXOHb BAJIKIB 1 MOMOJBHOTO CTOY.
Sxmo st Byruwis Oylio JTOCTaTHbO MOBEpXHEBOI TBepaocTi Baika Ha piBHI HRC 52 npu
XBHJISICTOCT1 /10 3 MM 1 TOBIIMHI (pyTepyBaJbHOIO LIapy HE MeHIEe 6,5 MM, TO Ul [UIAKOBUX
MaTepiajiB CTajJd HEOOXITHUMH HOBI THUIKM 3HOCOCTIMKMX HAIUIAaBOK Ta OOJUIIOBAHb 3
MiABUILEHUMHU EKCIUTyaTalliiHUMU XapaKTepUCTUKAMHU.
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Puc.3. KoHcTpykiist By3na Bajnka:

1 — Bich Bajika; 2 - MBKIJIbIIE; 3 — BAXKLIb; 4 — TUCK MEPEIHIH; 5 — OONT crieriaabHuiA; 6 -
KUIBIIE; 7 — KOPIYC YIIUIbHECHHS; 8 — KpuIka; 9 — koxyx; 10 — quck 3amiif; 11 - 6angax
Banka; 12 — kopnyc Banka; 13 - posmipHa BTyJka; 14 — miammnHuk; 15 - yminbHeHHs; 16 —
BTYJIKa
Fig. 3. Roller assembly design: 1 — Roller shaft; 2 — Half-ring; 3 — Lever; 4 — Front disc; 5
— Special bolt; 6 — Ring; 7 — Seal housing; 8 — Cover; 9 — Casing; 10 — Rear disc; 11 — Roller
tire; 12 — Roller body; 13 — Spacer sleeve; 14 — Bearing; 15 — Seal; 16 — Sleeve

Jlia momMeny marepialliB cepeqHbOI MIIHOCTI JOMYCKA€TbC BUKOPHUCTAHHS OaHAAXIB 13
MAaJIOBYTJIEIIEBOI CTajll, apMOBaHMX 3HOCOCTIMKMM HaIlJIaBICHUM MLIapoM. Sk Marepianu ams
HaIlJIaBJIEHHS JOLIBHO 3aCTOCOBYBATH MOpOoLKOBY cTpiuky THiy [1JI-AH 101, moporkoBsi 1poTu
[T AH-125 a6o IITT-Hn350X10B8T2 3rigno 3 Bumoramu 'OCT 26101 (exBiBanent EN 14700
TZFe6), a Takox enexktpoau tuiy E-320X23C2 I'TP. Take BukoHaHHs 3a0e3nedye 3aJ0BUIbHY
3HOCOCTIMKICTB MPHU eKCIUTyaTallil y CTaHJAapTHUX YMOBaXx IOMEIy.

B ymMoBax iHTEHCHMBHOI'O aOpa3uBHOTO 3HOLIYBaHHS, 30KpeMa IIiJ] 4ac oMeIy MaTepialiB 3
BHCOKHM BMICTOM KpEMHE3EMY, JOMEHHUX IVIAKIB Ta 1HIIUX TBEPAMX BKIIOUYEHb, (YHKIIOHAJIbHI
€JIEMEHTH BaJIKOBOT'O MJIMHA MiAAI0THCS MiBUIIEHUM HaBaHTa)XeHHsAM. HaqmipHe 3HOLIYBaHHSA
MOBEPXHI BAJIKIB IPU3BOAUTH A0 3HWKEHHS €EKTUBHOCTI MOAPIOHEHHS, 301JIbIIEHHS TUTOMUX
€HEeproBUTpaT Ta 3pOCTaHHs eKcIUTyaTauiiHuX BUTpaT. OcoOauBy yBary HeoOXiTHO MPUIUIATH
cTaHy (yTepyBalbHUX IUIMT MOMEIBHOIO CTONy (pUC. 4), OCKUIBKHM IX Jerpajaiis MOxe
NOPU3BOJUTU JI0 3pOCTaHHsS BIOpalifHMX HaBaHTaXKeHb, 1110, Y CBOIO 4YEpry, IMiJBHUIIYE PU3UK
BUXOJY 3 JIaJy KJIIFOYOBHUX BY3JIiB 00JIaIHAHHS Ta 3MEHIITY€ 3arajibHUM pecypc MIIUHA.

3H0oC poOOUYMX OpraHiB BEPTHKAJIbHUX BaJIKOBHUX MIIMHIB, 30KpeMa BaJKiB Ta MOMOJILHOTO
CTOJIy, € OJIHUM 13 BU3HAYAJIbHUX YMHHUKIB, 110 BIUIMBAIOTh HA €KCIUTyaTalliiHy e(eKTUBHICTS,
HAJIMHICTP 1 TEXHIYHY TOTOBHICTh OOJaJHaHHA. YMOBH poOOTHM 1HUX EIEeMEHTIB
XapaKTEePU3YIOThCS  JII€0 IHTEHCUBHOTO a0pa3WBHOTO 3HOCY, BHCOKHMH KOHTaKTHUMH
HaBaHTAXXECHHSMHU Ta MEPIOJUYHUMM yJApPHUMH BIUIMBAMH, L0 YCKIAJHIOE 3a0e3ledeHHs ix
JIOBIOBIYHOCTI Ta CTAOLIHHOT pOOOTH MTPOTATOM TPUBAJIOTO HacCy.
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Puc.4. Xapakrep 3HONTYBaHHS TOBEPXHI MOMOJIBHOTO CTOJIA.
Fig. 4. Wear pattern of the grinding table surface.

OnHMM 13 IEPCIIEKTUBHUX ITiIXOIB JI0 i ABUIIICHHS 3HOCOCTIHKOCTI €JIEMEHTIB TIOMOJIBHOTO
TPAKTy € 3aCTOCYBAaHHS MOJIMEp-METaleBUX KOMIIO3ULIHHUX MaTepiaiiB (puc. 5), sKi
JEMOHCTPYIOTh ~ Kpallli eKCIUTyaTaliidHi XapaKTepHUCTUKW TIOPIBHSAHO 3  TpPaIULiHHUMH
MaTtepiajlaMu, TAKUMH SIK JIETOBaHi CTajli a00 BUCOKOMILIHUH YaByH. 3aB/IIKU MO€IHAHHIO BUCOKOI
MEXaHI9HOT MIITHOCTI, yJapHOi B'S3KOCTI Ta HU3BKOTO KoedimieHTa TepTs, MOIiMep-MeTaleBi
KOMIIO3UTH JO03BOJIAIOTH ICTOTHO 3HM3UTHU IHTEHCHUBHICTh 3HOILIYBAaHHS (DYHKIIOHAJIBHUX
[IOBEpXOHb. BUKOPUCTaHHSA TakUX MarepiajiB CIpHUs€ 3MEHIICHHIO YacTOTH TEXHIUYHOTO
00CITyrOoByBaHHS Ta CKOPOUCHHIO BUTPAT HA PEMOHTHI poOOTH, 10 OE3MOCepeIHRO BIUIMBAE HA
€KOHOMIUHY JOLUIBHICTh eKcIlyaTanii MinHa. KpiM TOro, pesyiabTaTé eKCliepuMEHTaIbHUX 1
MIPOMHUCIIOBHUX JIOCII/DKEHb 3aCBIAUYIOTh, IO BIPOBAKEHHS TOJTIMEP-METAIIEBUX KOMITO3HTIB
3abe3neuye cTaOUIbHY NPOJYKTHBHICTh MJIMHIB HAaBiThb y PEXHMI TPUBAJIOTO IUKJIIYHOI'O
HaBaHTaXeHHA. [10TOBKEHHS pecypcy OCHOBHHX BY3IiB 0€3 IMOTIPIICHHS iX TEXHIYHOTO CTaHY
MO3UTHBHO BIUIMBA€ HA 3arajbHy HAJIMHICTD CHUCTEMHM MOJPIOHEHHS Ta MIHIMI3ye€ PU3HUKH
HE3aIUIaHOBAHUX MTPOCTOIB, SIKi MOXKYTh CIIPHYMHHUTH 3HAYHI BTPATH Y BHPOOHHUOMY TIPOIIECI.

g
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Puc.5. Xapakrep 3HOLITYBaHHS TOBEPOHBb MOJIOJIOJIBHUX €IEMEHTIBCTOIA.
Fig. 5. Wear pattern of the grinding table surface elements

6. BucHoBku. BepTukanbHi BalkoBI MJIMHH JEMOHCTPYIOTh BHCOKHH TOTEHITIAN
MOJAJIBIIIOTO PO3BUTKY 3aBASKA IXHIM TMIABUIIEHIM €HEeproeeKTUBHOCTI, E€KOJOTIYHIN
MPUAHITHOCTI Ta 3JaTHOCTI aJanTyBaTHCS 1O IIMPOKOTO CIEKTpa TOMEIbHOI CHUPOBUHHU.
IaTerpamis cydacHMX 3aco0iB aBTOMAaru3allli Ta I1HTEICKTyaJIbHUX CHCTEM KepyBaHHS
TEXHOJIOTIYHMM TMPOILIECOM CTBOPIOE TEPEAYMOBH JJisi THYYKOTO PETYIIOBAaHHS PEKUMIB
MOJIPIOHCHHS, MO CIPHUSE 3HWKCHHIO IMUTOMHUX CHEPrOBHTpPAT 1 OOMEXKCHHIO TEXHOTCHHOTO
BILJIUBY Ha JOBKIJIJIAL.

130



Bﬂnycx/lssw42,2<)25—m

3acTocyBaHHS IHHOBAI[IMHUX KOHCTPYKIIMHUX MaTepialiB, 30KpeMa 3HOCOCTIMKUX CIIIaBIB 1
KOMIIO3UTIB, Yy TMO€IHAHHI 3 MOXIYJbHUM MPUHLUUIIOM TOOYJAOBU arperaris, 3abe3mneuye
1JIBUILCHHS €KCIUTyaTaiiiHo1 HaAitHOCT1 001 {HaHHS, CITPOIIICHHS TEXHIYHOTO 00CITyTrOBYBaHHS
Ta 3MEHILICHHS BUTPAT HA PEMOHTHO-B1THOBIIOBaIbHI POOOTH.

YHacaiJ0K BUCOKOI TEXHOJIOTIYHOT THYYKOCTI, HU3bKOTO PIBHS €KCILTyaTalliiHUX BUTPAT 1
TPUBAJIOTO PECYpCYy OCHOBHUX (DYHKI[IOHAJIBHUX €JEMEHTIB BEPTHKAJIbHI BaJKOBI MIIUHH
HaOyBalOTh CTPATETIYHOIO 3HAYEHHS SK 0a30Ba TEXHOJIOTiS B IIEMEHTHIN, METalypridHii Ta
BYTUIbHIA MPOMHUCIIOBOCTSX, 3a0e3Meuyoun cTabiibHe Ta €HEepProolafHe 3AiHCHEHHS MPOIeCy
TOHKOT'O TIOMEITY.
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2BiiCbKOBWUM IHCTUTYT TaHKOBWX BilicbK HaLlioHanIbHOro TeXHIYHOro YHiBepcUTeTy

«XapKiBCbKMIM MOJIITEXHIYHUN IHCTUTYT», M. XapKiB,

OUIHKA NMAPAMETPIB HECTAUIOHAPHUX KOJINBAHb BYAIBEJIbHUX MEXAHI-
3MIB | MALLMH Y NPOLIECI IX BIBPOBUINMPOBYBAHb

AHOTALIA. lMNpu sunpobysaHHsix pis3HOMaHImHux bydigeribHUX MexaHiamie i MawuH Memodom Ko-
JlU8aHHs Yacmomu 80HU 3Haxo0ambcs rid 8rnaueom (npudomy rnocnidosHum) sibpauiti Ha ycix 4acmomax
3adaHo20 Oiana3oHy. Bubip pexumie npuckopeHux aurnpobysaHb Ha 8rsiue cuHycoidanbHoi eibpauil npu
3MiHHIU Yacmomi 36yOXXeHHs1 suMazae 8U3Ha4YeHHs napamempie QUHaMIYHUX aMriimyOHO-4acmomHuUX xa-
pakmepucmuk (AYX) ekasaHux suwe MawuH i MmexaHiamie NpusedeHi po3e’a3ku AughepeHuyiaribHO20 pig-
HSIHHS1 pyXy 8aHmaxy rnpu KiHeMamu4HoMy 36yOxeHHi U pe3ynbmamu meopemuy4yHo20 docidxeHHs AYX
MexaHiYHUxX cucmem 3 OOHIM cmyrneHeM 8ifbHOCMIi pyxig rnpu HecmauioHapHUX KonueaHHsIX. BusHayeHi
napamempu duHamiyHux AYX y 3anexHocmi eid weudkocmi ckaHysaHHs Yyacmomu. 3a pesynbmamamu
06pobKu daHux ompumaHi eMrnipuYHi 3anexxHocmi Ors 3Hax00XKEeHHS 8e/TUYUHU MakKcuMasbHO20 8iOHOC-
Ho20 KoedbiyieHma rnepedadyi 3a NPUCKOPEHHSIM, KoeghilieHma 3MileHHsT Hacmomu MakcumMymy QUHaMiYHoT
AYX 8iOHOCHO Yacmomu efiaCHUX KosflugaHb, KoecbiyieHma po3wupeHHs QUHaMIiYHOI pe30HaHCHOI cMyau,
KoegbiuieHma 3miujeHHs1 cepedHboi yacmomu AYX 8i0HOCHO Yacmomu facHUX KOnueaHb Mpu eKCrOHeH-
uianbHOMYy U MiHIOHOMY 3aKOHax CKaHy8aHHs1 Yacmomu.

Knro4voei cnosa: bydigenibHi MexaHi3mMu, MalluHU, NMPUCKOPEHi 8ibposunpobysaHHsi, CuHycoioa-
INbHa eibpauisi, HecmauioHapHi KorueaHHs!, pe3oHaHc, amrimydHO-4acmomHi Xxapakmepucmuku.

ESTIMATION OF PARAMETERS OF NON-STATIONARY VIBRATIONS OF
CONSTRUCTION MECHANISMS AND MACHINES IN THE PROCESS OF THEIR
VIBRATION TESTS

ABSTRACT. When various construction mechanisms and machines are tested by the frequency
oscillation method, they are subjected to vibration (and sequentially) at all frequencies of the specified
range. The choice of modes of accelerated tests for exposure to sinusoidal vibration at variable frequency
excitation requires the determination of parameters of dynamic amplitude-frequency characteristics (AFC)
of the above machines and mechanisms The solutions of the differential equation of motion of the load at
kinematic excitation and the results of theoretical study of AFC of mechanical systems with one degree of
freedom of motion at unsteady oscillations are given. The parameters of dynamic AFC depending on the
frequency scanning speed are determined. According to the results of data processing, empirical depend-
ences for finding the value of the maximum relative acceleration transfer coefficient, the coefficient of dis-
placement of the maximum frequency of the dynamic AFC relative to the frequency of natural oscillations,
the coefficient of expansion of the dynamic resonance band, the coefficient of displacement of the average
frequency of the AFC relative to the frequency of natural oscillations at exponential and linear laws of fre-
quency scanning have been obtained.
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1. ITocranoBka npod;aemu. Bubip Ta oriHka nmapaMeTpiB HeCTalliOHAPHUX KOJIMBAaHb Me-
XaH13MiB 1 (T'YyCeHMYHUX) OyiBeTbHUX MAIIMH Yy MpoIiecax ix MPUCKOPEHUX BIOPOBUIIPOOYBaHb €
JIOBOJII CKJIAJIHOIO TEOPETHYHOIO Ta MPAKTHUYHOIO 3a7a4yero. 30KpeMa, MpH MPOBEICHHI BKa3aHUX
MIPUCKOPEHUX BUMPOOYBaHb OY/IIBEIbHUX MAIlMH/MEXaHI3MiB 3 TYCEHUYHOIO X000 HEOOX1THO
3MIHIOBaTH YacTOTY BiOpalliil (TOOTO, y IbOMY BHUIIAJAKY YacTOTa BIOPOBUIIPOOYBaHb CTA€ KOJIUB-
HO10). Ha 00’€KT, sIKMii 3HaXOUTHCS B yMOBaX MPUCKOPEHUX BiOpOBUIIPOOYBaHb, CYTTEBO BILIH-
BaIOTh BC1 YaCTOTH 3aJaHOTO JIiana3oHy, KOTPi, Y CBOIO Yepry, CTBOPIOIOTH MOCIIJOBHUH BiOpaIiii-
HUH BIuB. Bubip pexuMiB TakuxX BHUNPOOYBaHb HEPO3PHBHO IMOB’SI3aHUIA 3 BU3HAYCHHSAM LILJIO
HU3KW TMapaMeTpiB, 30kpeMa, nuHamidvHnX AUYX OyaiBelbHMX MAIlUH 1 MeXaHi3MiB (0COOJIHUBO
THUX, SIKI 32CHOBaHi1 Ha TyCeHW4Hii xoxi). Tomy HaranbHOIO € Tpo0ieMa CTBOPEHHS aJleKBaTHOI
(h13UKO-MEXaHIYHOI Ta MAaTEMaTHYHOI MOIeNIel TPUCKOPEHUX BiIOPOBUIIPOOYBaHb MAIIIMH 1 MeXa-
Hi3MiB BKa3aHoro Buine kiacy. Came oOrpyHTYBaHHIO i BCEOIUHOMY JTOCTI/DKEHHIO TAKUX MOJIE-
JIeil MPUCKOPEHUX BIOPOBUIPOOYBaHb 1 MPUCBSIUEHA J1aHa poOOTa.

2. Anani3 nyouikauiii mo Temi gociigxenns. [IpoGiemi OmMiHKY mapamMeTpiB HECTAIIiO-
HapHUX KOJIMBaHb MEXaHIYHUX CHCTEM, MAIIIMH 1 MEXaH13MiB IIPUCBIYCHA BEJIMKA KUIBKICTh POOIT
[1-7], sixi, 30KpeMa, AeTaIbHO BUBYAIOTh PI3HOMAaHITHI XapaKTEPUCTHKHN BKa3aHUX 00’ €KTiB, a Ta-
KO IMPUCKITIMBO aHANTI3YIOTh PI3HUMH MeToAamMH [2-4] 0cOOIMBOCTI BUMYIIIEHUX KOJIHBAaHb, OCO-
O6muBOCTI pyXy BiOpomaIuH, 1eOpMOBaHUX CHCTEM IPH MPOXOPKEHHI uepe3 pe3onanc [3, 5-7].
Opnak, Ha JYMKY aBTOPIB JAHOTO JOCIHIDKEHHS, TPOoOJieMi OI[IHKY MapaMeTpiB HECTalliOHAPHUX
KOJINBaHb Oy IiBEIbHUX MEXaHI3MiB 1 MallIMH (Ha TYCEHUYHIH XO/i), K1 CITiJT TOBOJII TOYHO BH3HA-
YaTu NMpU MPUCKOPEHUX BIOPOBUIPOOYBAHHSAX, HE MPUIICHO y CyYacHi HAyKOBO-TEXHIYHIHN Ji-
TEpaTypi HAIEKHOI yBaru. ABTOpH JTaHOi poOOTH CIIO/IBAIOTHCS, IO BKa3aHi BHIIE IpobIemMu Oy-
JIyTh YaCTKOBO BUPIIIEHI caMe Yy I[bOMY JOCIiKEHHI.

3. MeTa po6oTHu 1ossrac y oOrpyHTyBaHHI (Pi3MKO-MEXaHI9HOT Ta MaTeMAaTUYHOI Mojie-
JIed, SIKi 103BOJIATH MMPOBOAMTH OLIIHKY ITapaMeTpiB HECTALIOHAPHUX KOJIHMBAHb (TyCEHUYHUX) Oy-
JIBEJIbHUX MAIlIMH 1 MEXaHI3MIB y Tpoliecax iX MPUCKOPEHUX BiOpOBUIIPOOYBaHb, MPHU MPOXO-
JDKEHH1 uepe3 pe30HaHC, BU3HAYaTH 3 BUCOKOIO TOUHICTI0O AUX.

4. Buxkaaa 0CHOBHOIO 3MicTy 0c/izkeHHs1. BuOip pexxumiB MpucKOpeHNX BIOPOBHUIIPO-
OyBaHb OyJ1iBEIbHUX MAIIMH Ta MEXaHI3MIB Ha BIJIMB CUHYCOIaNbHOT BiOpawii mpy 3MiHHiH yac-
TOT1 30yJIKEHHs] BUMarae BU3HAUYEHHS MMapaMeTpiB iX IWHAMIYHUX aMILIITYJHO-4YaCTOTHUX Xapa-
krepuctuk. [logamo OyniBenbHY MAlIMHY Y4 MEXaHI3M SIK CUCTEMY 13 30CepeIKEHUMHU MapameT-
pamu, TOOTO BUKOPUCTAEMO iX JUCKPETHY MOJENb, Y AKiil JiHIIIHA MEXaHIuHa CHCTEMA 3 OJTHUM
CTYNEHEM BUIBHOCTI PYXY CKJIQJA€THCS 3 BAHTAXXY MacH m Ha MPYXKHUHI )KOPCTKOCTI ¢ H JieMII-
depa B A3K0ro TepTs 3 KoepiieHTOM AeMI(pyBaHHS .

JudepenuianbHe piBHSAHHSA pyXy BaHTaXy IpU KiHEMAaTHYHOMY 30YKeHHI (3a paXyHOK
PYXY OCHOBH, Ha SIKY CIIHPAETHCS BAHTAXK ), MA€ BUTIISI:

m-2+},t-(z'—5c)+c-(z—x)=0, (1)

ne: z — abCOIOTHE NMepeMillleHHs MacH, x — MEepPEeMillleHHs] OCHOBH.
BBeneMo y piBHSIHHS 1OOpOTHICTh MeXaHIYHOI cucTeMu (OyaiBeIbHOTO MexaHi3My/Ma-
mwrHr) O, KyTOBY YacTOTY BIIACHUX HEAEMII(OBAHUX KOIUBAHb CHCTEeMH () ). [Ticiist BUAineHHs

y JIiBY 1 [IpaBy YaCTHUHU 3aJI€KHUX B/l x Ta z BeJWYMH piBHAHHA (1) mpuiiMae HACTYTTHUIN BUTTISA:

U VT ®, .
P42 ity z=0) X+ —2-X. ()
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[Tepeiinemo gami Bij piBHSHHS IEPEMIIICHB 10 TU(EPEHITIATLHOTO PIBHIHHS MPUCKOPEHb.
JIBiui qudepeHIIitol0un npasy 1 JiBy YaCTHHU BHpa3y (2), HEXTYIOUU MOYATKOBOIO (Da30i0 KOJIH-
BaHb ¥ MMOJIAI0YH TPUCKOPEHHS OCHOBU y KOMIUIEKCHIHN Gopmi

jx — ij -exp(l"(p(t)), i =-1, 3)
OTPUMAEMO PIBHAHHS
d2 . d X . ;
7]22+%'ﬁ+m3 =0 '(wo “8)'145 -expli-0(1) ], )

A€ j. — NpUCKOpeHHs Macu. YacToTa 30yMKEeHHs 3aJIeKUTh BiJl 4acy, a aMILIITYy1a IPUCKOPEHHs

OCHOBH IIOCTIiliHa, TOOTO:

mz(])(t), A, =const . (5)
. _ 4,
I3 ypaxyBaHHSM [OYaTKOBHUX YMOB j_ = s 0 mpu ¢ =0 MaTUMEMO abCOJIOTHE MPHCKO-

PEHHS CUCTEMH Y HACTYITHOMY BHUTJISIIL

t
J.= 0(;" -ﬂmo +i- (Dg)]ij -epro—é-(t—t)+i(p(r)]sin[0)* (t—r)]dr, (6)
Y KOTPOMY BJIACHA YAaCTOTA JEMII(OBAHOI CHCTEMH:
. 1
O =0, 1_4_Q2 . (7)

Jl1s BUBHAYCHHS aMILTITY/ i1 aOCOFOTHOTO IIPHCKOPEHHs cuctemu A4, = | jz| 3a 3aJJaHUX
IPUCKOPEHb OCHOBU A, B yMOBaX HECTAIlIOHAPHUX KOJIMBAHbL 3HAWAEMO KOe]illieHTH nepenadi

CHUCTCMHU I10 TPHUCKOPCHHIO!:

_:[{0)0+i.(’)(QT)}.exp{?—é.(t—r)+i-(p(r)}.sin[@0.\/%.(t_T)}dT
a0

3Haroun JificHy Re/ ta ysaBHy Im/ gactunu iHTerpany (8):

Re[:Iexp{;—é-(r—t)]sin{mo- 1- -(t—r)]{—%-sinq)(r)+mo-coscp(r)}dr,
9)

-(t—r)]{%-coscp(r)ano-sin(p(r)}dr, (10)

A. 1

K="t . -(8)

40’

t

Im]=Iexp[§)—é-(r—t)]sin{a)o- 1—4;22

0

MO>KHa O0YHMCIIUTH KOe(IIEHT Mepeaayl 3a IPUCKOPEHHSIM:

X = \/(Rel) +(Im7) . an

{0
40

Jlnist IpakTHKK BiOpOBUNPOOYBaHb Oy 1IBEIbHUX MAIIMH 1 MEXaHi3MiB HaHOUIbIINI 1HTE-
PEC CTaHOBJISITH EKCIIOHEHIIAIbHUIN Ta JIIHIMHUHN 3aKOHU CKaHYBaHHS 4acTOTH 30yP)KEHHS B 1HTe-
pBam f, — f, (TyT f, — HWXHsA, f, — BEpXHs JiHII{HA YaCcTOTa KOJIMBaHb BIANOBIIHO).

134



Bﬂnycx/lssw%m—ﬂv'

BBenemo MmoHATTS NPUBEICHOTO YKCIIa KOJIMBAHb, sIKe Oy1eMO BU3HAYATH SIK BiTHOIICHHS
griciia 30yDKYIOUNX KOJIMBAaHb Y PE30HAHCHIN CMY31 10 TOOPOTHOCTI. J1JisT eKCITOHEHIIIalbHOTO Ta
JIHIMHOTO 3aKOHIB CKaHYBaHHS YacTOTH BIIMOBIIHO PO3PaxXyHOK BUKOHYEMO 3a (GOpMyJIaMHu:

_ @, _ Oy
Mo =732 > Tho =73 ,
Q ' Vlco : ln 2 Q OVZm

(12)

1€ v,,,V,, — WBHIKICTb CKaHyBaHHS YaCTOTH BiJIOBIIHO AJs €EKCIOHEHIIadbHOIO Ta JiHIHHOTO
3aKOHIB CKaHyBaHHSI.

HaiiBaxxmBiIo0 XapakTepUCTUKOK AWHAMIYHUX MPOIECIB MPH HECTALIOHAPHUX KOJIU-
BaHHiX OyAIBEIbHUX MAllWH 1 MEXaHI3MIB € MaKCHUMaJIbHE 3HAYCHHsS KoedillieHTa mepeaadi 3a
MIPUCKOPEHHSIM:

ijax = Ajzmax/ij N (13)

JIist OTpUMAaHHS y3arajibHEHOI 3aJICKHOCTI P Pi3HUX JOOpOTHOCTIX () 3pydHO Omepy-

KOTpUIl BU3HAYAETHCA K BiHOMmIEHHS K .  TpH HEeCTalioHapHUX KO-

jmax

BaTH 3 BimHOCHUM K

JBimH. °

JIMBaHHAX 110 3Ha4eHHs Kk, =0 npu cTaiionapHux (yCTaleHUX) KOJMBaHHSIX:

KjBillH. :ijax/Q' (14)

Pospaxynkun wa [IEOM mnpoBoaunuch Npu pI3HUX 3HAYECHHSX 7, W 100POTHOCTI

0=10, 20, 40, 80,160 w11  eKCIOHEHI[iATLHOrO  3aKOHY CKaHyBaHHsA  YacTOTH W
0 =10, 20, 40, 80 mns ninifiHOTO 3aKOHY. 3a pe3ybTaTaMu 0OPOOKH JaHUX OTPUMaHI eMITipiuHi
3JICKHOCTI JIJIsl 3HAXO/DKEHHS BEIMYMHN MaKCHMAaJIbHOTO BiTHOCHOTO Koe(imieHTa mepeaadi 3a
MPUCKOPEHHSM, Koe(illieHTa 3MIIIIEHHS YaCTOTH MaKCUMyMY AMHaMidHOT AUX BiIHOCHO 4YaCTOTH
BJIACHUX KOJINBaHb, KOeQilieHTa pO3IUPEHHS THHAMIYHOI Pe30HAHCHOI CMYTH, Koe]imieHTa 3Mi-
HIeHHs cepenHboi yactotn AUX BiZIHOCHO YaCTOTH BIACHUX KOJIMBAHb.

Hapuc. 1 Hagani AYX MexaHiuHOT CUCTEMH (sIKa MOJIENIO€ OyAiBEJIbHY MAIIMHY/MEXaH13M
y MeKaxX CHUCTEMHU 13 30CepeKeHUMH MapaMeTpamMu) 3a JiHIHHOTO 3aKOHY CKaHyBaHHS YaCTOTH.

Ak

20 1
181
16 1
14 1
12 1
101

S bR Sy Co

) s
— 0,92

0,96 1.00 1,04 1.08 1,12 1,16

Puc. 1. AUX cucremu:
1 — cranionapra AUX npu ycTaleHHX KONMBaHHAX; 2 — quHamiuna AUX npu 7,, =12,96;

3 —npu n,, =5,76; 4 —npu n,, =4,00; 5 —npu n,, =2,56.
Fig. 1 Amplitude-frequency response of system
1 — stationary frequency response during steady oscillations; 2 — dynamic frequency response at 1,, =12,96;

3 —at my, =5,76; 4 —at n,, =4,00; 5—at n,, =2,56.
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Jli1st peansHOTO pe3oHaTopa (OymiBenbHOI MalMHU/MexaHi3Ma) 3 noopotHicTio O =98,

PE30HAHCHOIO YaCTOTOK ®, =316,9 I'11 HecTalioOHapHi KOJIMBAaHHS PEECTPYBAINCh HA 3aMaM’ATo-
ByH0uOMy ocumnorpadi. 36y /ukeHHs pesoHaTopa 3ailicHioBan y miamasoni f, =(290—341)Iw.
[1IBuAKICTh CKaHYBaHHS YaCTOTH BCTAHOBJIIOBAIM PiBHOIO Vv, =10, 50, 1001'n/c. IIpn mocTiiinii

aMILTITY i HPUCKOPEHHS CTONy BibpocTenaa 57 M/c? BUMipIOBaIM MaKCHMAJIbHY aMILTITy Ty TIPH-
CKOPEHHsI Pe30HaTOpa y BIIHOCHUX OJMHUIIIX. TakoX BHM3HA4aaM aMIUITYay NPUCKOPEHHSA 3a
YCTaJI€HUX PE30HAHCHUX KOJIUBAHb, KOIM f, =f =f " v, =0.

Ha puc.2 3006paxeHa ocuuiorpaMa HeCTallioOHapHUX KOJIMBAHb PE30HATOPA IIPU IIBUAKO-
CTi CKaHyBaHHs 4acToTh Vv, =100Tw/c (n,, =1,31).

50’”8/?100?37?{1/ A A xorueans

1, vac

L]

E 0.2 C/no@i.w\jv

Puc. 2. Ecki3 ocumorpaMu HecTallioHapHUX KOJIMBaHb pe30HATOPa OyAiBeIbHOI MalIMHK (Ha TYCCHUY-
Hill XOJ1i) NPH UIBUJIKOCTI CKAaHyBaHHs 4acToTH v, =100Tu/c=v,, =628 pa)l/ c (n2Q = 1,31)
Fig. 2 Sketch of the oscillogram of non-stationary oscillations of the resonator of a construction machine
(on a crawler) at a frequency scanning speed v,, =100 Hz/s = v,, = 628rad / s (nZQ =13 1)

BucnoBku. 1. Y poOoTi 00rpyHTOBaHa METOAMKA BUIIPOOYBaHb Oy 1IBEIbHUX MALINH 1 M-
XaHI3MIB METOJIOM KOJIMBAHHS YacTOTH, IPU BUKOPUCTAHHI KOTPOT0 BKa3aH1 MeXaHiuHi CUCTEMHU
3HAXOJATHCSA IiJ] BIUIMBOM BiOpalliif Ha BCIX YacTOTaX 3aJIlaHOTO JI1alla30HY.

2. BuzHaueHi OCHOBHI MapaMeTpu JUHAMIYHUX aMIUTITYJAHO-YAaCTOTHUX XapaKTepUCTHK
(AUYX) MexaHIYHHUX CHCTEM IIPH BUOOP1 PEXKHUMIB X MPUCKOPEHNX BUIPOOYBaHb Ha BIUIUB CHHY-
coifjanbHOI BiOpallii mpu 3MiHHIM 4acTOTi 30y KEHHS.

3. HaBeneHi po3B’si3KH MOJIETLHOTO AU(EPEHI1aTbHOTO PIBHAHHS PyXy MEXaHIUHOI CUC-
TEMH IpPU KIHEMAaTHYHOMY 30y/KEHHI M pe3yibTaTH €KCHEepUMEHTATbHO-TEOPETHYHOrO J0CTi-
mxeHHsT AUX BKa3zaHUX CHCTEM MPH HECTAIlIOHAPHUX KOJMBAHHSIX.

4. BuzHaueHi napamerpu AuHamMiuHuX AUX y 3aieXHOCTI Bl MIBUIKOCTI CKAaHYBaHHS Ya-
CTOTH.

5. 3a pe3yabTatamMu 0OpOOKHM JaHMX OTPHUMAaHI eMIIpiyHi 3aJIeKHOCTI JJIsl 3HAXOPKEHHS
BEJIMYMHU MaKCHUMAJIBHOTO BIJHOCHOTO Koe(]iIlieHTa Tepeaadl Mo MPUCKOPEHHI0, KoedillieHTa
3MILIEHHS YaCTOTH MaKCUMyMy AMHaMi4HOT AUX BiJTHOCHO YaCTOTH BJIACHMX KOJIMBaHb, Koedi-
L[I€EHTA PO3UIMPEHHS YaCTOTH BIACHUX KOJIMBAaHb, KOE(illl€HTA PO3LIMPEHHS TUHAMIYHOI PE30Ha-
HCHOI CMYTH, Koe(illieHTa 3MillleHHs cepeAHboT yacToTH AUX BiIHOCHO YaCTOTH BIACHUX KOJIH-
BaHb IIPH €KCIIOHEHIIAJIbHOMY 1 JIIHITHOMY 3aKOHaX CKaHyBaHHS YaCTOTH.
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6. OTpumani y poOOTi pe3yJIbTaTh MOKYTh OyTH y TOJAIBIIIOMY BUKOPHUCTaHI ISl yTOY-
HEHHS W BJIOCKOHAJICHHS ICHYIOUMX IHXXEHEPHHUX METOJIIB OIL[IHKM MapaMeTpiB HECTalliOHApHHUX
KOJIMBaHb Oy/1BEJIbHUX MEXaHI3MIB 1 MAIllMH, IHIIAX MEXaHIYHUX CUCTEM y Ipoliecax iX MpUCKo-
pEeHUX BIOpPOBUIIPOOYBAHB SIK HA CTAJisIX MOJICTIOBAHHS/KOHCTPYIOBAHHS, TaK 1y peXKUMax peaib-
HOT eKCIUTyaTaIli.
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OOCTIMKEHHSA NMAPAMETPIB BIGPALIIMHOI LLOKOBOI IPOEAPKU 3 BPAXY-
BAHHAM AUCUNATUBHUX CUN

AHOTALIA. BupobHuumeo 6ydisenbHUX Mamepiarnie € 8 3HayHil Mipi eHepao3dampamHum
npouecom. binbwicme 6ydigenbHUX Mamepiarie 8U20mMoe8/IiEMbCS Ha 2ipCbKUX Kap’epax ma 3agodax
abo ompumyembcsi 8Haci0ok nepepobku bydisenbHux gidxodis. OHe 3 Ko4Yo8UX Micub 8 flaHU2y
suezomoesieHHs1 bydisernbHUX Mamepiasie nocidae OpobunbHa mexHika. KoHecmpykuii 6inbwocmi dpo-
bunbHUX MawWUuH He 3a3Hasanu enobanbHuUX 3MiH Ha MPomssi cmopiyysi i He gidrnosidaromps Cy4acHUM
sumozam eHepaoegpekmusHocmi. Taki OpobunbHi MawWUuHU NPUUHAMO Ha3ugamu OpobapKu 3 eKCUEeH-
mpukosum rnpugodom. NepcrekmusHUM HarnpsMKOM po38uUmky OpoburibHOI mexHiku, KUl ycyeae He-
Ooniku dpobapok 3 eKcueHMpuUKosuM npugodom € gibpauyiltiHi dpobapku. BukopucmaHHs 8ibpauitiHo2o
npugody € HOBUM HaMPsIMKOM 8 PO38UMKY KOHCMPYKUiti MawuH 0515 noOpibHeHHs1 mamepianie. OOHUM
i3 munig sibpauiliHux wokosux dpobapok € ApobapkKu 3 8aXKKUM KOPIYCOM i MassimHUKOM, SIKi 18/151H0Mb
cobor MawUuHU, Wo cknadarombCs 3 8aXXK020 KOprycy, ecepeduHi iko2o 30iliCHIE 380POMHO-ocmy-
nanbHi pyxu nidsiweHul ydapHuk. Ocobnugicmio makux 0pobapok € me, W0 80HU Matompb 08i Kamepu
nodpibHeHHs. BibpauiliHa wokosa Opobapka i3 mpboma KosuganbHUMU Macamu eidHocumbscs 00 onu-
caHoeo suuje muny mawuH. JaHa dpobapka Moxe cmabinbHO npaytoeamu 8 MiXpe30HaHCHOMY pe-
JKUMI rpu nodpibHeHHI KpUXKUX Mamepianie i 8i0pi3HAEMb CS HU3bKUMU sumpamamu eHepeii. [Jo Hedo-
JiKie makux MawuH 8i0HOCSMb 3Ha4YHy Macy ma eHepeaoHanpyxeHicme koprycy. [lpome 6inbwicms
KOHCMPYKUit 8ibpauiliHUx wjokosux 0pobapok € Maso00CideHUMU, WO CMPUMYE ix Biflbw wWupoke
8rnposadxeHHs. B ceor Yepey pisHi 3a emacmusocmsaMu Mamepianu ma WupoKul criekmp eumoze 8
3aexHocmi 8id nompeb cyyacHoz20 bydieHuumea, nompebyoms pauioHasbHO20 nidxody Ao npoyecy
nodpibHeHHs, onmumizauyil ma iHmeHcuikauii npoyecy Ha KoxHil cmadii. B pobomi po3ansgHymo am-
nnimydo-4acmomHi xapakmepucmuKu KosnueaHb Mac eibpauiliHoi uwokoeoi dpobapKu 3 epaxyeaHHs
Oucunauii eHepeii 8 erleMeHmax KOHCmMpyKuii MawuHu.

Knroyoei cnoea: sibpauiliHa ujokosa dpobapka, eHepeoeghekmugHicmb, ducunauis eHepeii, Yac-
moma KosugaHb, amrisiimyda KosugaHb, MpyXXHiCmb cucmemu.

STUDY OF VIBRATING JAW CRUSHER PARAMETERS TAKING INTO ACCOUNT
DISSIPATIVE FORCES

ABSTRACT. The production of building materials is a largely energy-intensive process. Most build-
ing materials are produced in quarries and factories or are obtained as a result of the processing of con-
struction waste. One of the key places in the chain of production of building materials is occupied by crush-
ing equipment. The designs of most crushing machines have not undergone global changes for a century
and do not meet modern energy efficiency requirements. Such crushing machines are commonly called
eccentric drive crushers. A promising direction in the development of crushing equipment that eliminates
the disadvantages of eccentric drive crushers are vibrating crushers. The use of a vibrating drive is a new
direction in the development of machine designs for crushing materials. One type of vibrating jaw crushers
is heavy-body and pendulum crushers, which are machines consisting of a heavy body, inside which a
suspended striker performs reciprocating movements. A feature of such crushers is that they have two
crushing chambers. A vibrating jaw crusher with three vibrating masses belongs to the type of machines
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described above. This crusher can operate stably in the interresonant mode when crushing fragile materials
and is characterized by low energy consumption. The disadvantages of such machines include a significant
mass and energy intensity of the housing. However, most designs of vibrating jaw crushers are poorly
studied, which hinders their wider implementation. In turn, materials with different properties and a wide
range of requirements depending on the needs of modern construction require a rational approach to the
crushing process, optimization and intensification of the process at each stage. The paper considers the
amplitude-frequency characteristics of mass oscillations of a vibrating jaw crusher, taking into account en-
ergy dissipation in the machine's structural elements.

Keywords: vibrating jaw crusher, energy efficiency, energy dissipation, oscillation frequency, os-
cillation amplitude, system elasticity.

1. [locTanoBKa nMpodJIeMH.

BupoGuunrBo Oy/iBebHUX MaTepiajiB € B 3HAYHIN Mipi eHepro3aTpaTHUM IporecoMm. bi-
JBITICTH OYIIBETLHUX MaTepiajiiB BUTOTOBIISAETHCS HA TPCHKUX Kap’ €pax Ta 3aBojiax abo OTPUMY-
€THCS BHACIIJIOK TiepepoOku OyaiBenbHUX BiaxomiB [1]. OmHe 3 KIIOYOBHUX MICIh B JAHIFOTY BU-
TOTOBJICHHS OY/IIBEJIbHUX MaTtepiajiB mocimae npodusbHa TexHika [2]. KoHcTpykiii OutbIiocTi
JIpOOMIBPHUX MAIIMH HE 3a3HABAIN TNIOOATBHUX 3MiH HA MIPOTSI3i CTOPIYYA 1 HE BIAMOBIAAIOTH CY-
JaCHUM BUMOTaM eHeproedekTuBHOCTI [3]. Taki 1poOuIbHI MallTiHU MPUHHSITO HA3WBaTH Ipoda-
PKH 3 €KCLIECHTPUKOBUM IpUBOJOM [4]. [lepcrieKTUBHUM HanpsMKOM PO3BUTKY APOOUIIBHOI TEX-
HIKH, KM yCyBa€ HEMOJIKH APOoOapOK 3 €KCIEHTPUKOBHM IIPUBOJIOM € BiOpaliifHi JpoOapKu.
Bukopucranss BiOpaIiifHOro npuBoay € HOBUM HAIIPSIMKOM B PO3BUTKY KOHCTPYKIIIH MaIlIvH JUIs
nopioHenHa Matepianis [5]. OnHuM 13 TUMIB BiOpaIiiiHUX MIOKOBUX APoOapoK € ApodapKu 3 Ba-
KKUM KOPITYCOM 1 MasiTHUKOM, SIKi SIBJISIFOTH COOOI0 MAIIMHM, IO CKJIAJAI0ThCS 3 BAXKKOTO KOP-
ycy, BCEPEIUHI SKOTO 3/1HICHIOE 3BOPOTHO-MIOCTYNANIbHI PYXU MiABiIeHUH ynapHuk. OcoOnuBi-
CTIO TaKHX IpOo0apoK € Te, 0 BOHU MAIOTh JBI KaMepH Mo ApiOHEeHHs. BiOpariiina mjokoBa apo-
Oapka i3 TppOMa KOJMBAIbHUMU MacaMH BIIHOCUTHCS 10 OMMCAHOTO BUIIE TUIYy MamiuH. J{aHa
npobapka MOXe CTaOUIbHO MPAIIOBaTH B MDKPE3OHAHCHOMY PEXHUMI IPU MOJPiOHEHHI KPUXKUX
MaTepianiB 1 BiPi3HAETbCS HU3bKMUMH BUTpAaTaMH eHeprii. /[0 HelomiKiB TaKUX MaIlliH BiTHOCATH
3HaYHY Macy Ta €HEeproHanpyKeHiCTh Kopiycy. [IpoTe 6inbnricTs KOHCTPYKIiH BiOpamiiHUX 110-
KOBHUX JIp0OapOK € MaJ0J0CHIKEHUMH, 1110 CTPUMYE IX OULIBII MIMPOKE BIPOBAKEHHS. B cBOIO
Yyepry pi3Hi 3a BIACTUBOCTSIMM MaTepiajy Ta IHUPOKHUM CHEKTP BUMOTI B 3aJI€KHOCTI BiJl TOTPEO
Cy4acHOro OyaiBHULITBA, MOTPEOYIOTh PaLliOHATBHOIO MiAXOLY 10 MPOLECy MoApiOHEHHSs, ONTH-
Mizalii Ta iHTeHcu@iKaIli mporecy Ha KoxHii ctaaii [6]. TakuM 4YMHOM CTBOpEHHS MEHII €HEp-
TOEMHMX METO/JIIB pyHHYBaHHsI Ta JOCIKEHHS TapaMeTpiB TEXHOJIOTTYHOI0 IpoLecy Apodapku
3 aKTUBHUM TIPHBOJIOM € aKTyaJIbHOIO 33/1auelo.

B nporneci poboTi ApoOUIbHOT MAIIMHU YaCTUHA €HEPrii, SKa MiIBOAUTHCS PO3CIIOETHCS
BHACJI1JIOK BUHUKHEHHs pi3HUX cuil onopy [7]. Jlo Takux cuil oropy MO>KHa BiHECTH TepTs, Ha-
rpiBaHHsA, HeOakaH1 KouBaHHs abo BiOparii Tomro [8]. He BpaxyBaHHS CHII OTIOPY MOXE MPU3BO-
JUTH 10 HEMPAaBUJIBHOTO HAJAILITYBAaHHSA POOOTH Apobapku abo A0 3MILEHHS YacTOTHU KOJIMBAaHb
Mac B HeOaxkaH1 YaCTOTHI Jliara3oHu. [[jst Toro, mob TOCTIANTH BIUTMB CHJI OMTOPY Ha MPOILIEC PO-
60TH 1pobapky HEOOXITHO B PIBHSAHHS PyXy BpPaxOBYBaTH JMCHIATUBHUI omip cuctemu. Jlocmi-
JOKEHHS aMILTITY KOJMBAaHHS Mac CUCTEMH 3 BPaxyBaHHIM TUCHITATUBHOTO OIMOPY TO3BOJISIE OTI-
TUMI3yBaTl poOOTY APOOHIIEHOI CUCTEMH 1 € aKTYaJIbHOIO 33/1a4€I0.

2. AHaJIi3 OCTaHHIX J0CTiIxKeHb i ny0aikaniii. Brume nucunatuBHOTo onopy Ha po0oTy
BiOpaliiiHUX YIIUIbHIOBAJIBHUX MAIIMH PO3IIIHYTO B po0oTi [9]. B poboTi BukoHaHuil aHami3
JUCKPETHHX 1 pO3MOIIJICHUX CUCTEM, BUSBIICHI JIIHIMHI Ta HENiHIAHI e()eKTH IUX CUCTEM. 3JHAUHa
yBara npuiaeHa Gpi3udHii cyTi SBUII 1 MAKPECTIOETHCS CIITBHICTh MATEMAaTUYHUX METOIIB, IO
3aCTOCOBYIOTHCS Ul OMUCY MOBEAIHKU BiOpocuctemu. [lana poboTa € QpyHIaMeHTaIbHOIO HpU
JOCTiIKEeHHI po00TH MaltuH A yiuiiabHeHHs. [lupoxuit kinac BiOpaifHuX MaIluH i3 3aCTOCY-
BaHHSIM €JIEKTPOMArHITHOTO IPUBO/IY pO3MISIHYTO B Jkepeni [ 10]. Buknaaeno teopito cuHbazHIX
KOJINBaHb, 3a SKOIO 3aIPOINIOHOBAHO aHAIITUYHI 3aJIEXKHOCTI pO3paxyHKY 1HEpLIHHUX mapaMeTpiB
Mac Ta 3HAYEHHS KOPCTKOCTEH MPYKHUX CHCTEM, SIKi JAaIOTh 3MOTY CHHTE3YBaTH MEXaHI4HI KO-
JMBAJIbHI CUCTEMH 3 MIHIMAJIBbHO MOXJIUBUM MOBITPSHUM MPOMI)KKOM B €JI€KTPOMArHiTHUX BiO-
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PpO30yMHHUKAX Ta 3HAYHO BUIIUM KOe(]IIli€HTOM JUHAMIYHOTO ITiICUIICHHS aMILTITY]] KOJIMBaHb TO-
PIBHSHO 3 ICHYIOUMMH KOHCTPYKIIisiMU. [laHa poOoTa OXOIUTIOE HACTYITHE KOJIO BiOpaliitHux ma-
IIWH: )KUBUJILHUKH, BIOPOCUTA, KOHBEEPH, CEMapaTOPH, YIIUIHHIOBAYl TOIIO.

B po6otax [9] Ta [10] He po3rasaaroThCs BiOpalliiiHi JpoOMIbHI MAIIMHA. X04a MTPOLECH
BiOpaIlifHOTO YIIUIEHEHHSI Ta BiIOpaIliiHOTO pyHHYBaHHS 0a3yIOThCSI HA MEXaHIYHUX KOJTMBAaHHSIX
mpote (hi3uKa IUX MPOIECciB € BiAMIHHOI. KpiM IOTO BiIMIHHICTh 3aKJIaJIeHa TAKOXK B PEOJIOTI-
YHUX MOJIEJISIX CEPEOBUII, K1 BAKOPUCTOBYIOTHCS IIPU MOJICIIIOBaHHI LIUX MPOIIECIB.

B mxepeni [11] BukoHaHi JOCHIKEHHS POOOYOTO MPOLECY Ta EHEPreTUKU PyHHYBaHHS
Marepiaiay B kKamepi nmoapiOHeHHs BiOpaIliiHOI MOKOBO1 IpoOapKu 3 TpbOMa KOJHWBAJILHIMH Ma-
camu. Bu3HaueHi OCHOBHI MapaMeTpu IpoOapKu MpU SKUX 3a0e3meuyeTbesi e(heKTUBHUI mpoliec
npobnenHs. Jlo HemomikiB podotu [11] ciig BigHECTH HE BpaxyBaHHS IHUCHUIIATHUBHUX OIOPIB B
PIBHSHHSX PyXy KOJMBAJbHUX Mac MAaIllMHU, 3 METOIO CIIPOIICHHS CKJIAJHOI PO3PaxyHKOBOI MO-
JIeTl MpOoIeCcy MoApiOHCHHS.

3. MeTta po0oTu. BuzHaueHHs BIUIMBY IMCHUIIATUBHUX OIIOPIB, SIKi BUHUKAIOThH B €JIEMEH-
Tax KOHCTPYKIIii BiOpaIliiHOi IIOKOBO1 Ip0oOapKK HA aMILTITYy KOJMBaHHS i1 Mac.

4. Marepiaau Ta metoau. OCHOBHIMH MaTepiajlaMH JJIsl aHai3y € HAyKOBa, TEXHIYHA Ta
JIOBIIHUKOBA JIiTepaTypa Mo BITYU3HSIHUM Ta 3aKOPJIOHHHM 3pa3KaM Cy4acHOi APOOUIIBHOI TeX-
HiKH, TporpaMue 3a6e3neuenns Wolfram Mathematica 11.3. OcHoBHUMU MeTOZaMU BUKOPHCTA-
HUMU B pOOOTI € MATEMAaTUYHUIA aHANI3 PU PO3PaXyHKY MapaMeTpiB MEXaHIYHOTO PEKUMY.

5. Pe3yabTaTn.

JocnimxyBaHa BiOpailiiiHa IIOKOBa ApoOapka CKIAAa€Thes 13 TPbOX KOJIMBAJIHHUX Mac.
Jlo mepmioi macu 1 kpinuTbes 30y THUK KOJIMBAaHb 1 BOHA Ma€ Ha3BY aKTUBHOI Maca, Ipyra maca €
pama apobapku 3 abo pyxoma pama, Tak sIK BOHA TaKOK MOKe 3/[IHCHIOBATH HEBEJIHUK] KOJIMBAHHS.
Tpetst maca 5 € ynapaukom. HanmamryBaHHs pyXy Mac ApoOapKu 3A1HCHIOETBCS TAKUM YHHOM,
1100 mepiia Ta Ipyra Macu KOJIuBalIuch B ¢asi, a TpeTs B mpotudasi abo B3araii He 3/iliCHIOBaIa
KOJINBaHb B TOPU3OHTANBHIN TuiomuHi. KonmuBanpHi Macu Mixk co00r0 3’€IHaHI IPYKHUMHU CHC-
teMamu 2 Ta 4. [Ipu BUKOpUCTaHH] €KCIIEHTPUKOBUX BiOPATOPiB MOKYTh BUHUKATH BEPTHKAJIbHI
KOJIMBaHHS JpoOapKu. 3 METO 3armo0iranHs nepeaadi KoJMBaHb KOPIyCy MallluHA Ha QyHa-
MEHT, Apo0OapKa BCTAHOBJIIOEThCS Ha 130JIAL1HHI NPYKHI eeMeHTH. Po3paxyHKkoBa cxema BiOpa-
L1HHOT IIOKOBOT 1p0o0apKu 3 TphOMa KOJMBAJILHUMU MacaMu MpecTaBieHa Ha puc. 1.
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Puc. 1 ®i3uuna Mozens BiOpaiiitHOi IIOKOBOI IpoOapKu 3 TpboMa KOJIMBAIBHUMHU MacaMu
Fig. 1 Physical model of a vibrating jaw crusher with three oscillating masses
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Cucrema piBHSHB pyXy Mac IpoOapKu 3 BpaxyBaHHSIM JUCUIIATUBHOTO OMOPY Oyjae MaTh
HACTYITHUI BUTJISIA!

mx, +bx, —bx, +x.c, —x,c, = F,sinat;
m,x, +b,X, —b,x, + x,c, — x,¢, + ¢,x, —¢,x; =0; (1)

m X, + b, %, —b,x, +c,x; —c,x, =0.

B sikocTi po3B’si3Ky cUCTEMU PiBHSHD (1) MOXXHA BUKOPHUCTATH HACTYITHE PIBHSIHHS:
x, =4, Sin(er)+B, Cos(at), )

PiBHsiHHSI (2) € 9aCTKOBHM PO3B’S3KOM 1 BijoOparkae CTiHKi 3MyIeHi KonuBaHHs. Jude-
PEHILIIIOI0YM Ta BUKOHYIOYI BIAMOBITHI MaTeMaTUYHI IEPETBOPEHHS BU3HAYAEMO 3HAYCHHS KOE-
¢imientiB A ta B. J{ns cripoimieHHs 3anucy 3Ha4eHb Koe(dilieHTiB BHKOHAEMO HACTYITHI 3aMIHH:

Cl(a)2m3(ml+m2)—02(ml+m2+m3)):§; (a)zmzm3—cz(m2+m3))=5;
2 2 2 2 2 4 2 9(3)
® (b1 +@’'m, ):9; ¢, (m +my+my)=x; @’m (my,+my)=a; ©'bbyc, :ﬂ;(cl—a) mz):g.

3HaueHHs Koe(ilieHTIB s mepuioi Macu (aKTUBATOpa) MaTUMYTh HACTYITHUN BUTIIAL;

Fo(ﬂm32 +@°b; (g—a)zm3)(—a+/c)+(c2g—a)2 (c, +g)m3)(a)2m5—§))

A — .
1 w’ (2ﬁmlm; +86% +¢7 =20’ m ¢ + w’b; (9(m2 +m, )2 —2c,a(my +m, +my)+ K ))
4)
p F, (a)zbchmS2 ~b, (asz2 (m, +m3)(g—a)2m3) (czg+a) m, (c, +g )
L@ (Zﬂmlm; +86% +¢7 - 20°m ¢ + w’b; (9(m2 +m, )2 =2ca(m +my+m,)+x’ ))
Koedimientu apyroi macu (pyxomoi pamm):
o F, (6()4b1b2m32 +&’b; (—a +k) +(02 —w’m, )(a)zmlé'—é’))
4 = 2 3 2, w2 2 2,2 2 2\\’
w (Z,B’mlm2 +96% + ¢ - 20°m ¢ + @’b; (19(m2 +my) —2ca(m +m,+my)+K ))
)
5 (chO (a)zbzm32 (c1 —a)zml)—b1 (a)zbz2 (m, +m3)—(c2 —a)2m3)5)))
Cw (2,Bm1m§’ +86%+¢7 =20’ m ¢ + w’b; (19(m2 +my) —2ca(m, +m, +m3)+1c2)).
Koedirientu TpeThoi Macu (y1apHHUKa):
ok, (—a)4b1b2m2m3 +o’b; (—a+xK)+c, (a)zm1 (a)zmzm3 —c, (m, +m, ))—4’))
4= 2 3 2, 42 A 2 2,2 2 2\\’
@ (2mm’ + 95+ —20°m S + @b’ (9(m2 +m, ) —2c,a (m, +m, +my)+ K )
(6)
5 _ c,F, (a)2b2m3 (—cozmlm2 +¢ (m1 +m, ))er1 (a)21722 (m2 +m3)—5))
L =

o’ (2,Bmlm§’ +86%+¢7 =20’ m ¢ + w’b; (19(m2 +my) = 2c,0(m, +my +my)+ K'z))‘

BpaxoByrouu 3HaueHHs KoedilieHTiB (4), (5), (6) Ta piBHsIHHS (3) BU3HAYa€EMO BIAMNOBIIHI
aMIUTITyId KOJHMBaHHA Mac apoOapku, puc.l. 3HaueHHs mapaMmeTpiB ApoOapku (KOIHMBaJIbHI
MacH, KOPCTKOCTI MPYKHUX CHCTEM, 30yprOBaIbHE 3YCUJIIJIS ) MPUMMAEMO Ha OCHOBI JTOCITIIPKEHb
[3].

3a yMoBH, 1110 Koe]ilieHT bi=br=1, aMITiTY/10-4acTOTHA XapaKTEPUCTUKA OyIe MaTH Ha-
CTYIHHH BUIJISI, puUC. 2.
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Puc. 2. AMITIITY10-9aCTOTHA XapaKTEPUCTHKA KOJUBaHb Mac ApoOapku npu bi=br=1
Fig. 2. Amplitude-frequency characteristic of the crusher mass oscillations at bj=b>=1

JUist OLIIHKM BITMBY Ha aMILUTITYly KOJIMBaHb Koe(ilieHTiB b Ta by Oynu nmoOymoBaHi Bi-
nroBinHI 31 rpadiku, puc. 3.
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Puc. 3. BrutuB koedimienTie by Ta b Ha aMIuTiTy 1y KOJMBaHbB Mac IpoOapKu
Fig. 3. Influence of coefficients b; and bz on the amplitude of oscillations of the crusher masses
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3 rpadikiB puc. 3 MOKHA BIAMITUTH, 110 TIPH 30UIbIIEHH] 3HaYeHb KOediieHTIB b Ta by
aMILTITy1a KOJMBaHHA Mac ApoOapKu Takoxk 3011bLIyeThes. Lle 301ap1eHHs Bi10yBa€eThCs 10 Jie-
SIKOT TOYKH B SIKif aMIUTITy1a JOCSATaE CBOro MakcumMymy. [loganpIie 301bIIeHHs] 3HAYCHD KO-
¢itieHTiB b1 Ta by TPU3BOAUTH 10 3MEHIICHHS aMILTITYIA A0 HYJA. B TodIlli MakCcHMallbHOT amII-
JITYAM €HEpris, SKy BUTpadyae CUCTeMa 4Yepe3 OIip, KOMIICHCYEThCs 30ypIOBaHHSIM CHCTEMH 1 MU
OTPUMYEMO MaKCHUMaJbHY PI3HUII0 MK BTPATOIO €HEprii Ta ii miakaykor. Ik 6aunMo Makcu-
MyM aMILTITyAM I KOJUBAJIbHUX Mac 3HaXOoAuThCsa B Mexkax 500<bi,b,<600. Tyt cimim BigMmi-
TUTH, IO JJIs1 APYTOi MAaCH HE Ma€ HEOOX1JHOCTI CTBOPIOBATH MaKCUMAJbHY aMILIITY1y.

BpaxoBytouu Buile 3a3HadeHe Oyinu moOya0oBaH1 BIAMOBIAHI aMILIITy10-9aCTOTHI Xapak-
TEPUCTUKH, puc. 4.

X

0.04

6 (b)

B (¢)
Puc. 4. AMIiTy10-4acTOTHI XapaKTepUCTUKH BIOpaliifHOI IIIOKOBOI ApoOapKu mpu:
a- b1=b2=100; 6 - b1=b2=500; B - b1=b2=1000.
Fig. 4. Amplitude-frequency characteristics of a vibrating jaw crusher at:
a- b1:b2=100; b - b1=b2=500; in - b1:b2=1000.

6. O0rosopenHns pe3yabraTiB. [Ipu moOyn0Bi rpagikiB puc. 2 ta puc. 4, npuiiManoch
CIPOUIEHHS, 110 KOe(IIIEHTH ONOpY NpyxKHOI cucTemMu 1 Ta 2 € piBHUMH MiXk coboro. Ha rpadiky
puc. 3, a, koedilieHT by He CIPUUMHSE 3HAYHOT KOPUTYBAIBHOI Ji1 HA aMIUTITYy MepuIoi Macu.
TyT cnij 3a3HaunTH, 110 B LIJIOMY 3MiHA KOe(ILI€HTIB ONOPY NpYX,HOi cucteMu 1 Ta 2 B HeBenu-
KHX Jllala30Hax He Ma€ CHJIbHOTO BIUIMBY HAa aMIUTITYJH KOJUBAIbHUX Mac. TOYKOI MOYaTKy
CHUJIbHUX BIIXWJICHb aMILTITY]T KOJUBAJILHUX MAC BHACIIIOK Jii AMCUTIATUBHUX OMOPIB IS JaHOT
BiOpariitHoi apoOapku moxHa BBaxkatu 100 1 6ibiie onquHub. [IpoTe peanbHi 3HaUeHHS Koedi-
IIEHTIB OMOPY MOXHA OTPUMATHU MPHU MPOBEJEHHI €KCIEPUMEHTAIbHUX JOCIII)KEHb, HA OCHOBI
pI3HHUIII 3aTpavyeHoi Ta miaBeneHoi eneprii. llle oMHUM BaXXTMBUM MOMEHTOM € T€ IO B JAOCIHi-
JOKEHHI HE PO3MBIIAIMCH BUIbHI 3aTyXar4dl KOJWBAaHHS, M0 € HAMPSIMKOM MOJIATBIIUX JOCITI-
JOKEHb.

7. BucHoBkH. B po60Ti pO3risiHyTI piBHSHHS pyXy KOJUBAJIbHUX Mac BiOpaliitHOi I0Ko-
BO1 Ip0o0OapKu 13 BpaxyBaHHs KOe(iIiEHTIB JUCUNIATUBHUX onopiB. Ha 0CHOBI 1TuX piBHSHB MOOY-
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JIOBaH1 BIJIMOB1IHI aMIUTITYA0-4aCTOTHI XapaKTEPUCTUKH MPU PI3HUX 3HAYCHHSI KOS(IIIEHTIB TH-
CHUITATUBHUX OMOpiB. Bu3HaueH1 3HaueHHs Koe(illi€HTIB OMOPIB MPH AKUX aMILTITYAH KOJIUBAHHS
Mac JpoOapKu € MaKCUMAaJIbHUMH.
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TKuiBCcbkMI HaLioHanbHWI yHiBepcuTeT ByaiBHMUTBA i apxiTekTypu, npocn. MNoeiTpsiHux cun, 31, Knis, Yk-
paiHa, 03037

XAPAKTEPUCTUKA OCHOBHMX MOPYLIEHb ®YHKUIOHAJIbHO-MJIAHYBAIIb-
HOI CTPYKTYPU YPBOEKOCUCTEM BHACHIAOK AHTPONOIrEHHOIO HABAHTA-
XEHHA

AHOTALIA. lNomyxHicmb HUHIWHLO20 871Uy aHMPONo2eHHOI QisiribHOCMI 3Ha4YHO suwul, Hix 10
POKi8 momy. 3azarnibHy MOMyXHiCmb aHMPONO2EeHHO20 8IM/IUBY MOXHA OUIHUMU 3Ha4yHO BifbWor, HiXK
nomy>Hicmb 3abpyOHeHHs 8i0 rnpupodHuUx Oxepern. Micbke cepedosuuie 8 bacambOxX 8e/IUKUX Micmax
npodoexye empayamu sKicms, Wo pobums ii He mifibku duckomegbopmHoro, a U Hebe3rneyHor Onsi 30opo-
8's HaceneHHs. Bmpama skocmi micbko2o cepedosuwja nog'sdaHa He MinbKu 3 Had3eu4allHO 8UCOKUM
pigHeM hi3uKo-xiMidHO20 3abpyOHeHHs ammocghepu, WyMo8uUM, 8ibpayitiHUX i IHWUMU 8udaMu MexXHO2eH-
HO20 ernuesy, a U 3 rnosi8o Ha mepumopii Micm KriMamu4HuUx aHomanil. YwinbHeHHs1 3abydosu, 3poc-
maHHSs eMicii mexHo2eHHO20 mersa, 3HUWEHHS 3e/1IeHUX HacalxeHb, 30iMbWeHHS Maow, 3 Wmy4YHUM Mo-
Kpummsm i iHWwi eudu aHMPOro2eHHO20 NepemeopeHHs 3eMHOI M08epPXHI Npu3sodsmes Ao 3miHU padiauid-
Hoeo i mennogoeo b6anaHcy, dechopmaujii nonie xapakmepucmuk eimpy, memnepamypu rosimps, nepe-
po3nodiny onadie i bazamboM iHWUM Hacnidkam. binbwicme 3 yux ennueie Ha npusemMHuUl wap ammoc-
ghepu HecrpusMIIUB0 Mo3Ha4YaemMbCs Ha CaMornoYyymmi HacesieHHs, W0 8UKOPUCMO8YE Mepumopito micma
5K O pekpeauii, mak i mpocmo rnepecysaembcs o Hill niwku no doposi Ha pobomy i Hazad abo 3 iHwuMu
uinamu. HedocmameHsi po36UHymicme MOKa3HUKI8 payioHanbHO20 8UKOPUCMAaHHS ma CMeopPeHHsT KOM@O-
PMHUX yMO8 MPOXUBaHHs ma byHKUioHy8aHHs1 8 ypboekocucmemi npussesiu 00 moeao Wo iX po3eumokx
8i06ysaembCsi 8 OCHOBHOMY 3a paxyHOK 36inbWeHHs niowi ma 0C80€HHS HOBUX mepumopiti. BpaxysaHHs
8cix yux npouecig 8 xodi NpoeedeHHs1 eKO102iHHO20 MOHIMopuHay nompebye 8idnogidHux uinet, subopy
Halbinbw sazomux U iHbopmamugHux napamempig. [lo3umueHul pe3ysibmam MOXHa ompumMamu minbKu
winsixom euOinieHHsI 3 8e/1UKOI KinbKocmi Kpumepiig 8i0nogiOHUX KHYo8UX napamMmempis, Wo xapakmepu-
3yl0mb CmMaH HasKoMUWHbo20 cepedosuwya.

Knro4yoei croea: exonozidyHa 6esneka, ypboekocucmema, aHmMporioeeHHe HagaHmaxxeHHs, 3abpy-
OHEHHS.

CHARACTERISTICS OF THE MAIN DISORDERS OF THE FUNCTIONAL-PLANNING
STRUCTURE OF URBAN ECOSYSTEMS DUE TO ANTHROPOGENIC LOAD

ABSTRACT. The current impact of anthropogenic activity is much higher than 10 years ago. The
total impact of anthropogenic impact can be estimated to be much higher than the impact of pollution from
natural sources. The urban environment in many large cities continues to lose quality, which makes it not
only uncomfortable, but also dangerous for the health of the population. The loss of quality of the urban
environment is associated not only with an extremely high level of physical and chemical pollution of the
atmosphere, noise, vibration and other types of technogenic impact, but also with the appearance of cli-
matic anomalies in the territory of cities. The densification of buildings, the increase in the emission of
technogenic heat, the destruction of green spaces, the increase in areas with artificial covering and other
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types of anthropogenic transformation of the earth's surface lead to changes in the radiation and heat bal-
ance, deformation of the fields of wind characteristics, air temperature, redistribution of precipitation and
many other consequences. Most of these impacts on the surface layer of the atmosphere adversely affect
the well-being of the population, who use the city territory both for recreation and simply move around it on
foot on the way to work and back or for other purposes. The insufficient development of indicators of rational
use and the creation of comfortable living conditions and functioning in the urban ecosystem have led to
the fact that their development occurs mainly due to an increase in area and the development of new
territories. Taking into account all these processes during environmental monitoring requires appropriate
goals, the selection of the most significant and informative parameters. A positive result can be obtained
only by selecting from a large number of criteria the corresponding key parameters that characterize the
state of the environment.

Keywords: ecological safety, urban ecosystem, anthropogenic load, pollution.

IMocTtanoBka npodJemMu. B cydacHux ymoBax rio0ansHoi ypOaHizallii, CTBOpEHHS HOBUX
IPUPOJHO-AHTPOIIOTEHHUX €KOCUCTEM, 30UIBLIEHHS] HEraTUBHOIO BIIJIMBY AHTPOIIOT€HHOI JisIb-
HOCTI, MICBKE CEpEeIOBHIIE BCE OLIbIIE 30CepPEeKY€E HA CBOIM TEPUTOPIi BENMKY KiJIbKICTh HAace-
JICHHS Ta pEYOBUH-KCeHO010THKIB. Tak Ak piBeHb ypOaHizallii 3pocTae, BiIMOBIAHO OLIbIITy Baro-
MICTh MAIOTh HACTYIHI (PaKTOPH: MICIe pO3TAIIyBaHHS, Mirpallisi HaCeJICHHS, CTYMiHb PO3BUTKY
1HPPACTYpKTYpH Ta iH.

Benukoro mpo0iaemMoro po3BUTKY YPOOEKOCUCTEM € BIJICYTHICTh cTa01mi3a1ii 3pOCTaHHs Ki-
JBKOCTI HACEJICHHS, TIOCTIIfHE PO3IIMPEHHSI IO MICBKOTO CepeloBHIA. Taka TeHCHIIIS MTPH3-
BOJIUTH 10 Jierpajalii HaBKOJIMUIIHBOTO CEPEOBUIIA, 301IBIIEHHS 3aXBOPIOBAHOCTI Cepesl Hace-
nenHa. Hapasi B psizi KpaiH KUIBKICTh TEpUTOPIi, 3aHATOI MicTaMH JOCUTHh Benuka: B Jlanii —
11%, B Anrmii — 12%, B benbrii — 28%. Po3noBCcroKeHHS TaKKX TEPUTOPIA TPU3BOIUTH JI0 BU-
HUKHEHHS sy MPpo0JieM, sIKi OB’ sA3aHi 3 MIATPUMKOIO €KOJIOTIYHOT pIBHOBArH MiX aHTPOTIOTCH-
HHUM Ta IPUPOJIHUM cepefoBuIleM. [1,2]

HaiiBaxxmBimoro 0coOnMBicTIO ypOOEKOCHCTEMH BiJl IHIIUX €KOCHCTEM € Te, IO CePEeIo-
BHUIIE HE 37]aTHE MiATPUMYBATH CAaMOCTIHHO MPOIIEC CaMOPETYIIIOBAHHS Ta BIICYTHICTh CTIMKOCTI
€KOCHCTEeMH, TOOTO EKOCHCTEMA HEe Oepe MOBHOIIIHHOI yJacTi B IIPOIlecax eHEepro- Ta pecypcood-
MiHYy. YPpOOEKOCHCTEMH CIIOKUBAIOTh CYTTEBY KUIBKICTh PECYPCIB , K1 BIPI3HIIOTHCA 3@ MOXO-
JOKEHHSIM, TIPU 1IbOMY YTBOPIOETHCS TaKa KIJIbKICTh BIIXOJIB JKUTTEIISUIBHOCTI, SIKa HAKOMHAYY-
€THCS Ta MEPEBUIIYE EKOJOTTUHY €MHICTh Ta 301IbIIIy€ HETATUBHUI aHTPOIIOTE€HHUH BIUIUB.

Hapasi antponoreHHuii BIUIMB JIISJIBHOCTI JIIOJAUHU Ha YpOOEKOCUCTEMH € JOMIHYIOUHM,
TOMY SIK PE3yJIbTaT MU MOXEMO CIIOCTEPIraTH CyTTE€BE NEPETBOPEHHS MPUPOAHO-aHTPOIIOTEHHUX
€KOCHCTEM, 3MIHM HOT0 Yy BIIMOBIHOCTI 710 MOTped HaceneHHs. Lle mpu3BoAUTH 10 MOCTYIOBOTO
YIOBUIBHEHHS PO3BUTKY Ta Jerpajalii NpupoAHUX KOMIIOHEHTIB JOBKULISA. BaxnuBoro ckiano-
BOIO (DYHKIIIOHYBaHHS ypOOEKOCUCTEM € OOMIH PEUYOBHMHAMHU Ta €HEPTi€l0 MK i1 CKIIAJJOBUMHU,
aJike MIChbKe cepeIoBHIle NOTpeOye HaIXOMKEHHS BEIMKOI KIJIBKOCTI PEYOBUH Ta CIONYK.

CaMme TOMY aKTyaJIbHUM 3aJIMIIAETHCS MUTAHS CTBOPEHHS €KOJIOTTYHO Oe3MEeYHHUX YMOB
KHUTTA Ta QYHKIIOHYBAaHHS HACEIEHHS B MEXax YpOOEKOCUCTEM, a TAKOXK CTBOPEHHS CIPUSATIM-
BHMX YMOB JIJIsI [TIITPUMAaHHS Ta BITHOBJICHHSI KOMIIOHEHTIB eKocucTeM. TEeHIeHIIIs 11010 PO3BUTKY
ypOOEKOCHCTEM Ta OCBOEHHSI HOBUX TEPUTOPIN Befle 3a COO0I0 HEOOX1IHICTh 301IBIIEHHS TUIOI]
3a paxXyHOK BIJTUYKEHHS 3€MeJIbHOTO (JOH/TYy 1HIIOr0 IpHU3HauUeHHs. BupimeHHs 1aHHOT eKoJIorid-
HO{ 3aj1a4i He MOXKJIUBE 0e3 BUKOPHCTAHHS CyYaCHUX METOJIIB OLIIHKH, aHaJIi3y Ta MPOrHO3yBaHHS
3MIH €KOJIOTIYHOTO CTaHy HaBKOJIMIIIHBOTO CEPEOBHIIIA.

AHTPONOTreHHUH THCK Hapasi € JOMIHYIOUHM, TOMY SIK pe3yJIbTaT MU CIIOCTEPIraEMo mepe-
TBOPEHHSI ypOOEKOCHCTEM Ta MPUCTOCYBAHHS HOTOII1]T 0OCOOUCTI, CYCIIIbHI OTPeOH, a 1€ B CBOIO
4yepry NpU3BOAUTH /10 OUTbIIMX TpaHchopmariil. TakuM YHHOM, MUTaHHS 3a0€e3MeUeHHs €KOJIOTi-
9HO O€3MEeYHHX YMOB INPOXKMBAaHHS Ta (DYHKI[IOHYBaHHS HACEJCHHS, CTBOPEHHS CIPHITIMBUX
YMOB 30€peKeHHs, BIJTHOBJICHHS Ta PO3BUTKY KOMITOHEHTIB IPUPOIHO-aHTPOIIOTEHHOTO Cepejio-
BUIIIA.

AHaJi3 nonepenHix aociigxenn. Ciia 3a3HauUTH 10 XapaKTEPUCTUKU JHKEPEN aHTPO-
MOTEHHOTO BIUIMBY MArOTh JIOKAIBHUH XapakTep Ta MOCTYIIOBO MPU3BOIUTH JI0 TIONIHPEHHS KCe-
HOOIOTHKIB IK B peTiOHATbHOMY MacITall, TaK 1 B TJI00abHOMY.
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Exomnoriuna orinka crany ypboekocucteM Oyia Ta € MpeMeTOM BUBUCHHS 0araThoX CBi-
TOBHX Ta BITUM3HSHUX HayKoBIiB. Hanpuknan, O. KapraBa y cBOiX AOCHIKEHHSAX 3alpPONOHY-
Bajla METOJMKY KOMIUIEKCHOI OI[IHKH €KOJIOTIYHOT0 MOTeHI1aTy KOM(POPTHOCTI 3a pSAAOM KpUTe-
piiB IKOCT1 MiCBKOTO CEpeIOBHIIA 3 YPaxXyBaHHAM (DaKTOPiB BIUIMBY, KOMIIEHCYIOUHX (DaKTOPIB Ta
dakropiB mianyBaHHs ypOoekocucteM. MenuxoBa T. B CBOIX AOCHIIKEHHSX 3alpONOHYyBaja
31IHCHIOBATH OIIIHKY €KOJIOTIYHOTO CTaHy YpOOEKOCHUCTEM 3a PAIOM IHTETpaIbHUX (aKTOPIB, sKi
JO3BOJIAIOTh BU3HAYUTH YMOBU MICHKOI'O CEPEIOBUINA, BKIIOYAIOYM BU3HAYEHHS TEXHOTCHHOIO
HABaHTa)XCHHS, 3a0pyTHEHOCTI, IPUPOTHOCTI Ta KOoM(popTHOCTI. B. BomoauMupoB 3arpornoHyBas
30HYBaHHsI TEPUTOPii ypOOEKOCUCTEMH BIATOBIAHO 10 IPUPOTHUX Ta AHTPOIIOTCHHUX (PaKTOPIB,
K1 popMyrOTh cepenoBulle ypooekocucTemMu. [2-5]

Baxn1Boro xapaKTepUCTHKOI MICHKOTO CEpeJOBHINA Bif MPUPOJAHOTO € BIACYTHICTh ca-
MOPETYJIIOI0Y0i 3JaTHOCTI Ta CTIMKOCTI HMPUPOIHO-AaHTPOIMOTEHHOT €KOCHCTEMH, CIIOKHBAIOTh
3HAYHY KUIBKICTh IPUPOAHUX PECYPCIB Ta YTBOPIOIOTH 3HAYHY KiIBKICTh BIAXO/IB.

PamionanbHe BUTpadaHHs PeCypciB MiCHKOTO PO3BHTKY MOBHHHO 3a0e3meuuTH: a) QpyHK-
IIOHYBaHHS; 0) KUTbKICHE 3pOCTaHHS; B) IKICHE BJIOCKOHAJICHHS BCIX MiJCHCTEM MaTepiaJbHO-PE-
YOBOI Ta COIIATBHOI IHQPACTPYKTYPH.

HenocratHbo po3BuHyTa cucTeMa (aKTUYHHUX MOKA3HUKIB PalliOHAIBHOTO BUKOPUCTAHHS
pecypciB TEpUTOPiH y MicTaX B yMOBaX PeryIbOBaHOI €KOHOMIKH IPU3BEIIA IO TOTO, IO PO3BUTOK
y IPOCTOPi 1 Yyaci IPOBOJUBCS, 3arajioM, 3a paXyHOK 301JIbIICHHS TEPUTOPIAIbHOTO IPOCTOPY 1 3
napajeIbHUM OCBOEHHSM HOBUX TEPUTOPIi, B MEPIIY YEPry CLIbCHKOTOCTIOAAPCHKUX YTi/b, SIKi
PO3TaIllOBaHi K y Me¥XKax, Tak 1 1o3a MICbKUM cepenoBuineM. OIHUM 13 BaXXIMBUX KPUTEPIiB OM-
TUMAJIbHOTO BUKOPUCTAHHS TEPUTOPIA MICBKOTO CepelloBHIA OyJIM BUTPATH HA iX 3a0yI0BYy Ta
MOKA3HUKH BUTPAT Ha MEPEANPOEKTHI POOOTH.

[IpakTryHMIA JOCBIJ B aclieKTaxX IJIAaHyBaHHS MICT MIOKa3ye, [0 3aCTOCOBYBAIMCS MTUTOMI
MOKA3HUKH TPOIIOBUX BUTPAT LI0JI0 TEPUTOPIH 1 HalYacTillIe BUKOPUCTOBYBAIUCS JIJIsl BIPOBa-
JOKEHHST OKPEMHX TUIAaHYBAJIBHUX CETMEHTIB, B OCHOBHOMY, JI0 CEITLOMIITHUX 30H, 1 HE BPaxOByBa-
Joca moTpedu PO3BUTKY MICTa B IiJIoMy. BiAmoBiIHO 10 BCTaHOBIIEHOT 3arainbHOi Kiacudikarii
MICBhKe cepefioBUIIe 3a (DYHKI[IOHATHHUM IMPHU3HAYCHHSM MOXKHA MOJAIIUTHA HA HACTYITHI 30HU:
cenpOMIHA; BUpOOHNYA; JIaHad THO-peKkpealliiiHa. BaxxmuBum eneMeHTOM Oy/IIBHUIITBA Ta €KC-
IuTyaTanii ypOoeKOCUCTEMH € HasIBHICTh 30H 3 IPOMaICBKUMH LIEHTpaMU Ta JIaHIagTHO-peKpea-
IiiH1 30HH, 10 JO3BOJISiE BIUIMBATH HA ONTUMI3allil0 MPOCTOpy. TepuTopii HaBKOIO ypOOeKocHc-
TEMHU CIYTYIOTh Oy(epHUMHU 30HaMHU Ta JO3BOJISIE MIATPUMYBATH €KOJIOT1YHO O€3MeYHUM CTaH pi-
BHOBArv, 3HW)KYyBaTH KOHLEHTpAIil0 PEeYyOBMH-3a0pynHUKIB. JlaHmadTHO-pekpeariiiii 30HHU
BKJIFOYAIOTh B ce0€ 3pI3HOMAaHITHI 3€JIeH1 HACa/PKeHHS Ta Psiji IHIUX cKianoBuXx. JlanamadrHo-
pekpearliiiHa 30Ha Ha TepuTOpii MicTa Moke OyTH Mpe/ICTaBleHa Ha TEPUTOPIi ypOOEKOCUCTEMHU Y
BUTJISIZI TTAPKIB, JTIICOTApPKiB, JaHAMA]TIB, 110 3HAXOAATHCS M1 0X0poHOoto Ta iH. CydacHi ypOoe-
KOCHCTEMH HaJ3BUYaiHO YyTJIMBI 10 OyAb-IKHMX BIUIMBIB Ta B PE3YyJIbTaTi MOXKYTh MPU3BECTHU JI0
BUHUKHEHHS KPHU30BHX SBHII Ta HEOE3MEYHUX CUTYAIlil HA MANPHEMCTBAX.

PesyabTaTn focaixkens. Ha cydyacHoMy eTtamni nocTiiiHO Bi10yBatOThCS HAYKOBI OUTYKH
Ta po3pOoOISAIOTHCS HAYKOBI METOHU ISl OCTIKEHHSI MICHKOTO CEpPEIOBHINA, K CKJIaHOT Oara-
TOKOMITOHEHTHOI ekocucteMu. OCTaHHIM 4acoM Yy CHellialbHiil HayKoBil JIiTepaTypi Bce YacTile
3ycTpidaeThes iH(popMaIltis, Mo IpUCBIYeHA aKTyaJbHUM MMHUTAHHS OpraHi3amii 1 JI€BOCTI MiCh-
Koro cepenoBuina. OQHUM 13 BXKIIUBUX HAIPSIMIB TAKUX JOCTIKEHb 1 IPAaKTUYHUX PO3POOOK €
BU3HAYEHHS MICHKOTO CEPEIOBHUIINA B aCleKTaX HEOOXITHOCTI €(PEeKTUBHOTO PO3MIIIIEHHSI OCHOB-
HUX (PYHKI[IOHAIBbHUX €JIEMEHTIB 3 MOJAJBIION iX MACIITA0HOI JU(EepeHIialielo 1 ONTUMi3a-
1I€10, 10 3HAYHO 3/IaTHE MABUIIUTH O€3MEYHICTh 1 KOM(MOPTHICTH MPOKUBAHHS HACEIICHHS.

BaxJiuBUM acnieKToOM € JOCIIPKEHHS, aHaJli3 1 BpaXyBaHHS MaTepiajibHUX IMOTOKIB B MiCh-
Kiif €KOCHCTEM, TOMY 1110 B TAKMX CUCTEMAaxX MOTOKU €Heprii 1 pe4OBUH 3HAYHO BiJIPI3HAIOTHCA BiJl
NPUPOHUX, 1 BKIIOYAIOTh B ce0e TOCIIKEHH 1 MPUYUHM 3MiH PEYOBUHHO-EHEPre€TUYHUX MTOTO-
KiB, MaTepialiiB pi3HOTO MOXO/)KEHHsI, BUBUEHHS IIPOLECIB METa00I13My 1 €KOJIOTTYHOTO CIIAY.
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CyuacHi T0cIiKeHHs TToKa3ay, mo 11 1 M? ypboekocucTeMu i HOPMAIbHOTO QYHK-
[[IOHYBAaHHS IPOTATOM OJHIET J0OM HeOOXiqHO eHeprii B KiTbKOCTI He MeHie Hix 4000 kkan. [Ipu
[[bOMY MTOKa3HUK BUKOPUCTAHHS €HEPTii MPUPOAHUMHU eKocucTeMamu B 70 pa3iB MeHIIA.

Posmmpenns ypOoekocucTeM NPU3BOJAUTH 10 BUHUKHEHHS PALy MPoOIieM, cepenl SKHX:
nopyuieHHs e(peKTUBHOTO (DYHKIIIOHYBaHHS TPAHCIIOPTHOT; HEOOXIIHICTh PETYJISIPHOI MOJIEpHi3a-
i1 IHKEHEePHOTO O0JIaIHAHHS Ta KOMYHIKAIii; 301IbIIIEHHS KUTbKOCTI 3a0pyAHIOIOUNX PEUYOBHH,
SIK1 HAJIXOJISTh B HABKOJIUIITHE CEPEIOBUIIE; HEPIBHOMIPHE CITIBBIIHOIICHHS JIaHIA() THO-pEKpea-
[IHHUX 30H Ta 3a0yJ0BH; 3HaYHA 3ayUYEHICTh MPOIYKTUBHUX CHII IJIsl PYHKIIOHYBaHHS ypOoe-
KOCHUCTEM MICT-CYITyTHHUKIB.

B Hacniok mopymeHs mpupoHOTro JaHAmadTy Ta CTBOPEHHS MPUPOIHO-aHTPOTIOT€HHUX
CUCTEM BiZI0OYBaIOThCS HETATUBHI 3MiHHU B JiTocdepi, rigpocdepi Ta armocdepi. Brume ocHOBHUX
eKOJIOTIYHUX (PaKTOPIB y MiCTax 3HAYHO BIJPI3HAIOTHCS BiJl TUX (AKTOPIB, 110 3/iHICHIOIOTH BILIUB
Ha POCJIMHU B IPUPOJHOMY cepenoBuili. Haltbinbie 11e cTocyeThes 0COOIMBOCTEN MOBITPSIHOTO
cepenoBuIa (MIPOSBISETHCS Yepe3 3a0pyAHCHHS, 3aICHHS ), HAMOIIBII 9yTTEBO BiIUYBAIOTHCS
JIIOJIMHOI0. AJie B MICBKMX €KOCHUCTEMaxX HE TUIBKA BOHH CHUJILHO 3MiHEHI, a Iie i iHmn (akTopu
(TemmepaTypa, CBITJIOBHI Ta TiIPOJOTIYHUIA PEKUM, IPYHTOBHH MOKPHUB TOIIO), 10 HETAaTHBHO
BILJIUBAE HA KUTTEBI LIUKIIM POCITMHHUX OPTaHI3MiB.

€ 11Ba MOKa3HUKH, 110 TAKOXK MPOMOHYIOTHCS BAKOPHCTOBYBATH IS OL[IHIOBAHHS €KOJIOTi-
YHOI'O CTaHy JOBKUISA Ta MOJAIBIIOTO MPOTHO3YBAHHS MEPCIIEKTUB €KOJIOTTYHO 30a1aHCOBAHOTO
PO3BUTKY MICBKOTO CEpEIOBHIIA, a CaMe, I1€ - SKOJIOTIYHUH CITiJT MiCTa Ta BYTJICIICBUI CIIiJ MicTa
- CyMapHi BUKUAH BCiX MAPHUKOBHX Ta3iB, 10 YTBOPWIUCH (TIPSMO 1 OMTOCEPEAKOBAHO) B PE3YJib-
TaTl JiSUTBHOCTI OKPEMOI JIFOJMHH, ITiJIPUEMCTBA, MicTa, KpaiHu TomIo. 1Jis CIpOIIeHHs po3paxy-
HKIB KIJIbKICTh BUKH/IIB YCiX MaPHUKOBHX Ta3iB MepepaxoByroTh y ekBiBaieHT CO2, ToOTO po3pa-
XOBYIOTb, siIKa KUTbKicTh CO2 (BUMIPIOETHCS Y TOHAX 32 PiK), IO MOKa3y€ TaKUW CaMHid TAPHUKO-
BUI e(eKT fK 1 BiJloMa KUIbKICTh 1HIIIOTO MTAPHUKOBOTO ra3y.

Omninka crany 3a0pynHeHHS aTMOc(hepHOro moBiTps st M. KuiB mpoBoauiachk NUITXOM
MOPIBHSIHHS 3 BIATIOBITHUMH I'PaHUYHO JomycTuMuMu KoHIeHTpaismu (I'JIK) peuoBun y noBiTpi
Hacenennx mict. ['JIK posnoninstorsest Ha cepennbono6osi (I'/IKc.x.) 1 3 HUMU MOPIBHIOIOTHCS
cepe/iHi KOHILIEHTpallii, Ta MakcuManbHO pa3zoBi (I'IKM.p.), 3 HUIMM TOPiBHIOIOTHCS Pa30Bi MAKCH-
MaJibH1 KOHIIEHTpALlii IIKIJIMBUX PEUOBHUH.

JUis OLIIHKM SIKOCTI MOBITPSI BUKOPUCTOBYETHCS 1HAEKC 3a0pyaHeHHs atMochepu (I3A),
KU po3paxoByeTbes Kk cyMa noauieHux Ha ['JIK cepenHix koHueHTpaliil 3a0pyJHIOBaIbHUX
PEUOBHH. 3a IOIIOMOTOI0 pPO3PaxyHKiB BenuurHa [3A mpHBOAUTHCS 10 BEIMYUHHM KOHLEHTpAIIii
niokcuay cipku y gossx I'IK. 3rigHo icHyr09rX MeTOo/11B OLIHKH pPiBEHb 3a0py/IHEHHS BBAXKAETHCS
HU3bKUM, K110 [3A Hikue 5,0; migsumenum — ripu I3A Bix 5,0 go 7,0; Bucokum — npu [3A Bin
7,0 no 14,0; ny>xe Bucokum — npu [3A piBaum 14,0 Ta OibIe.

3aranpHUi piBeHb 3a0pyAHEHHS aTMOC(EPHOT0 MOBITPS 3a 1HIAEKCOM 3a0pyJHEHHS aTMO-
chepu (I3A) y 2023 p. y M. Kuesi omiHtoBaBcst sik BUCOKuid. 3aramom no KueBy nepeBumieHHs
cepeIHb01000BUX IpaHUYHO JomycTuMux KoHueHtpauiit (I'IKc.n.) cnoctepiranocs 3 giokcuay
azoty y 2,9 pasu, popmansaeriny —y 2,1, giokcuay cipku —y 1,6, penony —y 1,5, okcuay azory
—vy 1,3 pasu. Lli pewoBunu BigHocAThes 10 I Ta Il kiaciB HeOezneunocTi. CepeTHbOPIUHI KOHIIE-
HTpalii 3aBUCINX peuoBUH NepeBulyBanu pieHb I'JIKc.1. Ha beccapabebkiit mutomi Ta npocre-
kTi [lepemoru — B 1,5 pa3u, Ha iHmuX nocrax 0ynu Ha piBHi 0,5 I'[Kc.n. CepennpopiuHa KoHIle-
HTpAallisl 3aBUCIIUX pedoBUH 1o Micty KuiB 3a 2023 pik cknagana 0,5 I'/IKc.n.

B xoni mocnimxkensb 0yno mpoaHali30BaHO BUKUAM 3a0pYyTHIOIOUUX PEUOBUH B HABKOJIH-
IITHE CEPEZIOBUIIIE 3 IPUPOJIHUX Ta aHTPOTIOTEHHUX JDKEPEN, pe3yJIbTaTH JTOCIi/KEHh HaBEICH] B
Tab6in.1. B Tabn.2 npeacraBieHa NOpiBHUIbHA XapaKTEPUCTHKA 30H YPOOEKOCUCTEMH 3 Pi3HOIO Ki-
JBKICTIO HaceJeHHs. AHami3yroun JgaHi Tabmuipb 1 Ta 2, Cimia BIAMITHTH, 0 3HU3UTH KUTBKICTh
3a0py/IHIOIOYMX PEYOBHH Ta MOKPAIIUTH €KOJOTTUYHUI CTaH MPUPOAHO-aHTPOIIOTEHHOTO Cepesio-
BHIAa YpPOOEKOCHCTEMH JI03BOJIUTH 30UIBIICHHS KITBKOCTI JaHIA(THO-PEKpEariiiHuX 30H.
JlanmadTHO-peKpealiitHi 30H1 Ha TEPUTOPii ypOOEKOCUCTEM BUKOHYIOTh JIEK1JIbKa OCHOBHUX (Y-
HKIIIH, cepell IKUX 3aXMCHA, peKpealliiiHa Ta CaHITapHO-TIr€HIYHA.
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Puc.1. Buay aHTpONOreHHOTO BIIMBY Ha HABKOJIMIIHE CEPEOBUIIE
Fig. 1. Types of anthropogenic impact on the environment

JIJsl KOMIUTEKCHOTO PO3TIISy MICBKOTO CEPEIOBUINA, SIK MITICHOI €KOCHCTEMH, JOIUIHLHO
BUOKPEMHUTH MOKA3HUKH K1 HalOUIbIIEe XapaKTepU3yIOTh €KOJIOTIYHUN cTaH MicTa. Exosoriuni
MMOKa3HUKH 30aTAaHCOBAHOTO PO3BHUTKY MicTa 0a3yIOThCS HAa TPHOX KATETOPIsX, SKi MPECTaBIICH]
Ha puc.3.

=

Puc.2. MeTooorist OI[iHKH €KOJIOTIYHOI0 CTaHy ypOOeKOCHUCcTEM
Fig. 2. Methodology for assessing the ecological state of urban ecosystems
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XapakTepHCTHKA YIPABIIIHCh-
KIX pIlIEHb ( eKOMEHE/UKMEHT)

|

XapakTepicTHKa aHTPOIIOTeH-
HUX CKJI&I[OBHX ypboeKocHcTEMH

|

|

XapakTeprcTHKa eKOIOTYHIX
CKJIAJI0BUX VpﬁoeKochreMH

~—

Puc. 3. [TapameTpu OIiHKH €KOJIOTIYHO 30a1aHCOBAHOTO PO3BUTKY MICHKOTO CEPEIOBUINA
Fig. 3. Parameters for assessing the ecologically balanced development of the urban environment
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Ta6muist 1. PiBeHb HAIXOHKCHHS 3a0py/AHIOIOUMX PEUYOBHUH 3 AaHTPONIOTEHHUX Ta MPUPOJIHIX JIXKe-

pen
Table 1. Level of input of pollutants from anthropogenic and natural sources
PevoBuna-3a0pyaHuK KinbkicTh, IKa HAAXOJUTH 3 KinpkicTh, Ka HAAXOJUTH 3
HPUPOIHUX JUKEPET AHTPOIIOTEHHUX JDKEpell
ITun ta aepo3zomni 768-2200 185-525
CO2 600000 22000
CO 3800 500
SOz 20 131
NOx 7-40 26-37
NH; 1200 7
N2O 145 4
CH4 1600 110
CxHy 2600 90

Tabmuus 2. [lopiBHsUTbHA XapaKTEPUCTHKA 30H YPOOSKOCUCTEMHU
Table 2. Comparative characteristics of urban ecosystem zones

UrcenbHICTh HACCTICHHS, Tepuropist KUTIOBOT 3a0y10BH
oci0 % Bi 3arajpHOI IO ypOoe- KM?/TIHO I HY
KOCHCTEMH

>500000 36,5 90
250000-500000 33,6 145
100000-250000 49,3 134,8
50000-100000 38,7 2233
<50000 43,2 216,9

ITig yac po3BUTKY 1 PO3MIMPEHHS MEX MICBKHX TEPUTOpPii 1 OKpEeMHUX 30H BiJOyBarOThCS
3HauyHl 3MIHU B OajaHCl HAJIXOJKEHHS 1 3aCBOEHHSI PEUOBUHU W €Heprii Ta MOPYLIEHHS CTPYKTYp
HOPUPOJHUX 3B A3KIB. Y MiCTax MpOIEC aHTPOMOI€HHUX 3MiH IPUPOIAHOTO CepeloBuIla Mae Oara-
TONPOILHUM 1 0araTomIaHOBHI XapakTep.

Bennuuna nanmadTHO-pekpealiiiHix 30H 3aJIeKUTh Bl KUTbKOCTI MEIIKAHIB, IUIOIII ic-
HYIOUHUX 3€JICHUX HAaCaKeHb, KIIIMAaTHYHUX XapaKTEPUCTHK TEPUTOPIi po3TanryBaHHs ypOOEKOCH-
creMd. B Tabnuii 3 npenctaBieHO HOPMAaTHUBHI MapaMeTpu PO3MIpY 3€JIe€HOI 30HM ypOoeKocHuc-
TEMH.

Ta6muus 3. HopmatuBHuit po3mip 3e1eH0i 30HH YPOOEKOCUCTEMH
Table 3. Standard size of the green zone of the urban ecosystem

YpcenpHICTE HACEJICHHS, 0Ci0 Bennunna 3enenoi 3ouu, 1'a/1000 ocid
500000-1000000 25
250000-500000 20
100000-250000 15
<100000 10

BinnoBiiHO 10 TOTO SIK pO3BUBAETHCS ypOOEKOCcHCTEMA 301IBIIYETHCS 1 KUTBKICTh IIPOMHUC-
JIOBHX 00'€KTIB, TPAHCIIOPTHUX 3aC001B, BUKOPUCTAHHS MPUPOJHUX Ta EHEPreTUYHUX PECypCiB, MO-
TIpUIYEThCS CTaH HABKOJUIIHBOTO CepeloBHIA. BUKOpUCTaHHS 3acTapiiMx TEXHOJOTiH npu3Bese
JI0 HE3BOPOTHUX 3MIH IIPUPOJIHOTO CEPEOBUIIA Ta BIUIMHE HA HACEJIEHHS, 1110 IPU3BEAE JI0 MOTrip-
IIEHHS CTaHy IMyHHOI CHCTEMH JIIOJMHM Ta CKOPOYEHHS TPUBAIOCTI XKUTTA. Hapasi 3011blIeHHS
TepuTOopii ypboekocucTeM BiI0YBa€ThCS 3a paXyHOK BITUY>KEHHS 3eMelb a00 3MIHU PU3HAYCHHS.

JlocIipKeHHsT HayKOBIIIB JIOBEJH, 110 PiBeHb 3a0pyIHEHOCTI Ta exo0e3neKn ypboekocuc-
TEMH Ha MPAMY 3JICKUTH B KITBKOCTI Ta MIIJTFHOCTI HACEJCHHS HA OJWHMIN TUTONI, TUIOMA Ta
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po3TanryBaHHs MPOMHUCIOBUX 00’€kTiB. OMHUM 13 BaKJIMBUX 3aXOJiB 3MEHIIECHHS HETaTHBHOTO
BIUIMBY MICBKOTO CEpeA0BHUIIa € (OpMyBaHHS 30a1aHCOBAHOI Ta ONITUMI30BaHOI 30HAIBHOCTI cepe-
JOBHILIA, palllOHaJIbHE BUKOPUCTAHHS TEPUTOPIii Ta GOpMyBaHHS 30H, YUIUIbHEHHS HOBHX Ta MO/Ie-
pHi3a1is iICHYIOYMX KOMYHIKallil, CKODOYECHHS TEPUTOPIii, sIKi He BAKOPHCTOBYIOTHCS B ITOBHIM Mipi.

[Tpu dhopmyBaHH1 YpPOOSKOCHCTEMH BaXKJIMBO KEPYBATUCh HE JIUIIIE MOHATTAM IIUIBHICTBY,
asie i BaXKJIMBO BPAaXOBYBATH TaKi NMapaeTpU Ta XapaKTEPUCTUKH SIK 3arajbHa opMa MiCbKOTO ce-
PEIOBHIIA, PO3MOILT (PYHKITIOHAIBHUX 30H Ta HABAaHTAKEHb Ha ypPOOECKOIIEHO3H, CTPYKTYPHI Ta (Py-
HKI[IOHAJIBbHI 3B’ A3KH MIXK eJIEMEHTaMU IJIaHyBaHHsI, TapaMeTpu KoM(opTy MpoKUBaHHA Ta QyHK-
IIOHyBaHHs HaceneHHs. Hapasi icHye ps miaxoziB, B OCHOBI SKHUX Mepen0avdacThbCsl MM IBUIICHHS
e(eKTUBHOCTI eKIuTyaTauii pisHUX (YHKIIOHAIFHUX 30H YPOOEKOCHCTEM, BUKOPUCTOBYETHCS PSiL
HOPMAaTUBHO-TIPABOBUX Ta PETYJIOIYUX JOKYMEHTIB, 1110 J03BOJISIE BUKOPUCTAHHS OUIBII IIUTEHOT
3a0yI0BH HUIAXOM 301JIBIIEHHS TTOBEPXOBOCTI Oy/IiBeNb Ta CrOpyA. B pe3ynbraTi BUKOPHUCTAHHS
TaKOT'0 MiJIXOJy CIOCTEPIraeThesi 30UIbIIEHHSI €eKOHOMIYHOTO npupocTy Ha 10-15%. OgHovacHo 3
TUM PO3BHBAIOTHCSI METOJIM, OCHOBHA 3a/laya KX repenadadae 301IbIICHHS PiBHS IHTEHCUBHOCTI
0CBO€HHS ypOoeKkocucTeMu, pOpMyBaHHS CEPEOBHINA 32 BIIMOBIAHUMH O3HAKAMHU, BUKOPUCTAHHS
CY4YacCHUX TEXHOJIOTiH MpH MJIaHyBaHHI Ta OyXiBHUITBI.

Ha ocHoBi BuIllecka3zaHOT0 MOKHA 3pOOUTH BUCHOBOK, 110 301IbIIIEHHS HAYKOBO-TEOPETHY-
HOT 0a3 PO PO3BUTOK Ta CYYACHI METOUKH, METOOJIOTI] IIaHyBaHHs Ta PyHKIIOHYyBaHHS ypOO-
€KOCHCTEMH JO3BOJIAIOTH OIIHUTH SIKICHUN CTaH (PyHKLIOHYBaHHsS ypOOeKOocHCcTeM, 3a0e3MeUUTH
BHCOKI ITOKa3HHUKH COIIaTbHOI, EKOHOMIYHOT Ta €KOJIOTIYHOI €PEeKTUBHOCTI, ITOTICPEANTH JIerpaja-
i TPUPOJHO-aHTPONOTEHHUX CHCTEM, 3MEHIIUTH HETaTUBHUI BIUTUB ypOOEKOCHCTEM Ha Hace-
JICHHS.

3011bIIeHHS TaHIAQTHO-pEeKpeaitHuX 30H JO3BOJIUTH CTBOPUTU ONTHUMAIBHUIN BITPOBHIA
PEXHUM, 3MEHIIIMTH KUTBKICTh «OCTPOBIB TEIUIAY», 30UIBIIIATH KUTBKICTh KHCHIO, 3MEHIIIUTH KUTBKICTh
3a0pyIHIOIOUMX PEUYOBUH, MOKPAIIUTH SKICHUM CKIIaJ CKJIaJoBHX ypOoekocuctemu. Bapro Hara-
JIaTH, 10 BiJl YCHIIIHOI peasi3alii TakKux 3aX0/iB JAJIsi BUPIIICHHS €KOJOTIYHUX MPOOIIEM 3aIeKUTh
3J10pOB’Sl HACENEHHSI.

BucHoBkwu.

1. HenocraTHs pO3BUHYTICTh OKa3HUKIB PAl[lOHAIEHOTO BUKOPUCTaHHS Ta CTBOPEHHS KOM-
(GOpPTHUX YMOB IPOKHUBAaHHS Ta (PYHKIIOHYBaHHS B ypOOEKOCHCTEMI MPU3BEIH JI0 TOTO 1110 iX po3-
BUTOK B1JI0YBa€ThCS B OCHOBHOMY 32 PaXyHOK 301IbIIEHHS IJIOII Ta OCBOEHHS HOBUX TEPUTOPIH.

2. CamMe Takuii cyyaCHU Ta HAYKOBO OOIPYHTOBAHUH MiJXi[] 1 JO3BOJIUTH OPraHizallilo MiCh-
KOT'O CepeIOBHIIA, 110 Oyae KOMMOPTHUM, €KOJIOTIYHO OE3MEYHHM 1 3pYUHUM AJI KOKHOTO KH-
TeJsd MicTa. AJe ciii IpUMHATH 10 yBary, 10 HaBiTh Halle)eKTUBHILIE 1 HalicydacHile MPOEeKTHE
pillIEHHS MOXKE 3IMIIUTUCS TUIBKU K AepoBUil TOKYMEHT, SKIO He OyJie 3MOT'H BIPOBAUTH
J€BUI IHCTpYMEHTapii Juist Horo peasizarii.
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3ACTOCYBAHHA 3APYBDKHOIO AoCBIAY D,I/IB__EPCI/IQJIKYBALI,IT AXXEPEJ1 EHEP-
rOreHepPAUIl AnA 3MIUHEHHA EHEPTETUYHOI HESANEXHOCTI YKPAIHU

AHOTALIA. Y cmammi 038y4eHO 8aXugicmb eHepaemuy4yHo20 CeKkmopy 0151 PO38UMKY KpaiHu ma
Hazo/oweHo Ha HeobxiOHocmi nocusieHHs 3ax00i8, CrPSAMO8aHUX Ha 3MIUHEHHST eHeP2emMUYHOI He3arexHo-
cmi. ObrpyHmosgaHo saxknueicme HadiliHOI cucmeMu eHep2emuyHoi 6e3neku ma nepesnivyeHo 3axoou 05 i
rnoemarnHoeo erposadxeHHs. [JaHo susHadyeHHs dusepcudpikauyii dxepen eHepaopecypcig K 00HO20 3 iH-
CMpyMeHmIs, W0 Crpusie po38UMKY eHepeemuyHo20 cekmopy. BidmiveHO ocHO8HI acriekmu nepesae 3a-
cmocysaHHA dusepcucghikogaHOi cucmemu eHepaonocmayvaHHs. HaeedeHO KOHKpemHi npuknadu enposa-
OXeHHs suwe3a3HaqyeHol nonimuku eHepaemu4Hoi dusepcudbikayii ma eHepaoeghekmusHOCmi 8 po3euUHe-
Hux KpaiHax €eponelicbko2o Cor3y, cmpameaii, Wo peasni3yrombCs 8 paMmKax 8rpo8adKeHHsI KOMIIIEKCHUX
CMPyKmMyp eHepaoCrox)usaHHs ik OCHO8HUU opieHmup Oris pO320pmaHHs aHanoaiqyHux iHiuiamue Ha mepe-
Hax YkpaiHu. 3okpema nposedeHo aHani3 docsieHeHb y 0aHOMY HarpsMKy cmaHom Ha 2024-0 pik ma o38y-
YeHO OCHO8HI nepcriekmueu Ha malibymHe. BkaszaHO Ha Kpumu4Hy HeobxiOHicmb riepeopieHmaujii eimyus-
HSIHOI cucmeMu KopucmysaHHs1 OxepefiaMu eHepaozeHepauil Ha maky, w0 8 ceoemy sI0pi crnupaemascs Ha
anbmepHamueHy eHep2emuky. [JaHo po320pHymy xapaKkmepucmuKy HeoC80€HO20 romeHujany YKpaiHu 8
KoHmekcmi Halbinbw rnepcrnekmusHUX Oxxeper 8i0HOB8THB8alIbHOI eHepaemMuUKU - COHSYHOI, 8impogoi, 2idpo-
eHepaemuKu, eeomepmaribHOi, eHepeaii biomacu - ma Moxnugocmel iX OCB0EHHS 8 Pi3HUX pezioHax KpaiHu
3 ypaxysaHHsM ix 2eoegpagidHux KniMamu4yHUx ma mepumopianbHuUx ocobnueocmel Ha mii mocmynoeor
nepeopieHmauii cekmopy eHepaemuku 00 binbw dusepcughikosaHoi cmpykmypu ma 8idmosu 8id imrnopm-
HO20 8uKornHo2o nanuea. O38y4eHO repcriekmusu nodanbuux 00CIOXeHb, y MOMY YUCIi 8 KOHMeKcmi rnu-
maHb M08OEHHOI 8i0bYA08U €KOHOMIKU ma rnpoMucio8ocmi, Mid8UUWEHHSI €KOI02i4YHOI YUCmomu ma eHep-
20ehekmugHoOCMIi, eHep2emu4YHOT 6e3rneKku ma MOXXIIU8020 3asly4YeHHS HOBIMHIX iHGhopMayitiHUX MEexXHOJI0-
eili dns onmumisauii npoyecy meHedXxmeHmy dxepen eHepaopecypcis.

Knroyoei croea: anbmepHamusHa eHepeemuka; eHepaoehekmusHicmsb; dusepcucbikauis; eHep-
eemuyHa be3rneka; eHepaemuyYHi pecypcu, eHepeoceHepaujis; eHepeemuyHa be3areka.

APPLICATION OF FOREIGN EXPERIENCE IN DIVERSIFICATION OF ENERGY
SOURCES TO STRENGTHEN UKRAINE’S ENERGY INDEPENDENCE

ABSTRACT. The article announces the importance of the energy sector for the development of the
country and emphasizes the need to strengthen measures aimed at strengthening energy independence.
The importance of a reliable energy security system is substantiated and measures for its gradual implemen-
tation are listed. The definition of diversification of energy sources as one of the currents, which contributes
fo the development of the energy sector. The main aspects of considering the diversified energy supply
system benefits are noted. Specific examples of the above-mentioned energy diversification and energy ef-
ficiency policy in developed countries of the European Union, strategy implemented within the framework of
implementation of complex structures of energy consumption as a major landmark for deployment of similar
initiatives in Ukraine are given. In particular, an analysis of the achievements in this area as of 2024 and the
main prospects for the future were voiced. The critical need to reorient the domestic system of using sources
of energy generation to one that in its nucleus relies on alternative energy. Given the detailed characteristics
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of the undeveloped potential of Ukraine in the context of the most promising sources of renewable energy -
solar, wind, hydropower, geothermal, biomass energy - and opportunities for their development in different
regions’es fossil panel. The prospects for further research have been announced, including in the context of
the issues of post-war economic and industry, increasing environmental purity and energy efficiency, ener-
getic security and possible involvement of the latest information technologies for optimizing the process of
management of energy sources.

Keywords: alternative energy; energy efficiency; diversification; energy safety; energy resources,
energy generation; energy safety.

1. ITocTanoBka nmpodyemu. EHepreTiyHa HE3JICKHICTD € MPIOPUTETOM JJIS PO3BUTKY SIK
YKpaiHChKOT €eKOHOMIKH, TaK 1 KpaiHH B LIJIOMY, aJie BOAHOYAC BUKJIMKY HALlIOHAJBHIN Oe3meri cTa-
BJISITB 17 3arpo3y IUIaHHW MOCTYIOBOI IMIIEMEHTAITiT BIAMOBIAHUX iHIIIaTUB. EHEpreTHuHuil cex-
TOP € OJTHUM 3 KJIIFOYOBHUX CEKTOPIB HAI[IOHATLHOI €KOHOMIKH, a Oe3nepebiiine Ta epeKTUBHE CHEp-
rorocrayaHHs Mae Oe3nocepeHiil BIUIMB Ha eKOHOMIYHE 3pocTaHHs. ExoHoMmika YKpaiHu, He3Ba-
YKAIOUW Ha 3pYIICHHS Y IPABUILHOMY HaNpsIMKY, BCE 1€ BiYyBa€ 3HAUHY 3AJICKHICTh Bijl IMIIOPTY
€HEeproHoC1iB, HE Ka)Ky4H BXKe PO NpoOIeMu HaIMIPHOTO 3a0pyIHEHHS HAaBKOJIIMIIHBOIO Cepejio-
BUIIIA Y€pe3 BUKOPHUCTAHHS 3aCTapiiioro BUPOOHMYOTO OONaTHAHHS, a TAKOXK TPYAHOILI, CIIPHYH-
HEH1 [MOBHOMAcCIITaOHUM BTOPTHEHHSIM, BIUIUB SIKUX 30KpEMa Ha €HEProceKTop 1 MPOMHUCIIOBICTh
Ba)KKO IEPEOI[iHITH, a TOMY BIIPOBA)KEHHS HOBOI, JUBEPCH(IKOBAHOT EHEPTeTUIHOT CUCTEMH CTa€
BCE OUITBII BaKITUBUM 3aBJIaHHSIM.

2. AHaJi3 ocTaHHIX JocaiKensb i myoaikamiii. JlocnimpkeHHs CyTHOCTI, pi3HOBHU/IIB Ta 3HA-
YyIIOCTI TOHATTS AUBEpCU(IKAIli TisIbHOCTI BiIOOpaXkaroThCs y TBOpax pi3HUX (axiBIiB Ta B pi-
3HHMX HampsMKax, Takux sK: Bubip ontumansHOro mMerony auBepcudikanii mignpuemcts|1]; Bu-
BUeHHS (haKTOPIB, 1110 BILTUBAIOTH Ha AUBepcHUdikaltito mianpuemcts[2]; [lepernsan nuBepcudikarmii
K €KOHOMIYHOTO TIporecy. [IpoGieMu Ta MepCneKTHBU PO3BUTKY €HEProeeKTHBHOCTI, BKIFOYa-
I0YHM AJIbTEPHATUBHY CHEPTilOo K OJIHY 3 MOTCHIIMHUX Ta ONTUMAJIbHUX HAMPSMKIB TUBEPCHQIKaIlii,
BUBYAIOTHCS PI3HUMHU JOCIITHUKAMH, aJie Il YKpaiHu € BUPIMIAILHUM JUIS TOTO, 100 BKa3aTu Ha
€BPONENChKUI OCBIJ pOOOTH B allbTEpHATUBHUX JUKepesax eHeprii[3] Ta 101aTH KOHTEKCT €BPO-
NeNCchKOT 1IHTerpalii Ta MOKIMBUX IpobiieM, oB's3anux 3 HUM[4]. CoHsuHa eHepris Ta il po3BHU-
TOK[5] MOXYTb OyTH OJHI€IO 3 )KUTTEBO BAKIMBUX YaCTUH CYyYaCHHMX TEHJEHIIN auBepcudikaiii
eneprii[6]. TeopeTudHi OCHOBH €HEPreTUYHOT OE3MEKH K 3araJibHOi €KOHOMIYHO1 KaTeropii B Yk-
paiHi, a TaKOX OCHOBHI1 ()aKTOpH, 1110 BIUIMBAIOThH Ha HEl, CI0YaTKy OyJIM OMHUCaHI B KiHIII JIeB'THO-
CTHX, aJle JIMIIE MOPIBHIHO HEIl01aBHO OTPUMYBAJIM PO3BUTOK B KOHTEKCTI YPsA0BO1 peryssii[7].

3. MeTa po6oTH. MeToro JOCTIKEHHS € BUBYEHHS JI0CB1ly €HEepreTUYHO1 TuBepcuikaii
SIK OJTHOTO 3 OCHOBHUX IHCTPYMEHTIB JIOCATHEHHSI €HEPTeTUYHOI Oe3neKku kpainu. /s qocsrHeHHs
MOCTaBJIEHOI METH HEOOX1/IHO 3aCTOCYBaTH HACTYIHI KPOKH:

- BU3HAYUTHU MOHSTTS €HEPreTU4HO1 AuBepcudikaiii Ta ii nepesary;

- BUBUUTH MPUKJIAJM BIIPOBAKEHHSI TAKOTO MiJX01y B KpaiHax €Bponeiicbkoro Co-
103y,

- IpOaHaJli3yBaTH MOTEHIiall BiIHOBIIOBAHUX JKEpel eHeprii B YKpaiHi K ajbTepHa-
TUBHU Ha TJI1 IOCTYIIOBOI'O EPEXO/y B/l BUKOPUCTAHHS IMIIOPTOBAHUX BUKOITHUX BHU/IB Ia-
JMBa, BPaXOBYIOUM reorpadiuHi Ta KJIiMaTUYHI 0COOJIMBOCTI PI3HUX PETiOHIB;

- OKPECIIUTH NEPCIEKTHBH MOTAIBIINX JOCIIIKEHb 010 BIOCKOHAJICHHS MIPOIIeCy YII-
paBIIiHHS JDKepeslaMu reHepallii eHeprii Ta po3poOUTH HU3KY peKOMEHAallii, 30Kpema i3 3aly-
YEHHSIM HOBITHIX 1H(pOpMAIITHUX TEXHOJIOT1H.

4. Marepiaaun Ta meroau. Enepretnuna nuBepcudikailis o3Haya€ BUKOPUCTAHHS PI3HUX
JoKepeIt eHeprii, mocTadallbHUKIB 1 MapUIpyTiB, 110, K HACTIAO0K, 3MEHIILY€E 3aJIe)KHICTh B1Jl OJTHOTO
pecypcy abo nocravanbHuka. KpaiHa, ska nuBepcudikye cBii 6a3uc Jpkepen eHeprorexepariii, 3a-
XuIIae cede BiJl eHePreTHIHMX MepeboiB 1 3MIIHIOE CBOIO eHepreTuuHy Oe3neky. Cepen Oe3neped-
HUX IepeBar AMBepCH(PiKOBaHOI EHEPreTUYHOI CUCTEMH € HACTYIIHI ACIEeKTH:

e [lonimuuna nezanedcHicms. PO3Mo1T €HEPreTUYHUX NMOTPed MK PI3HUMHU [TOCTavab-
HUKaMHU JI03BOJISIE€ KPaiHI-IMIIOPTEPY 3MEHILIUTH CBOIO 3aJIEKHICTh Bl OHOTO IOCTaYallbHUKA 1
3MIITHUTH CBOIO HE3aJIEKHICTh y CBITOBIN MOJITHUIL.
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o Exonomiuna cmabinenicms: EHepreTuuHa quBepcudikalis crpusie 30UIbIICHHIO eKOHO-

MIYHOT cTabUIbHOCTI. OTpUMaHHS €HEPTii 3 PI3HUX JPKEPE 1 MOCTaYaIbHUKIB 3aXHUIIA€ KpaiHy-
iMIopTepa BiJl eHepreTHUYHUX NepedoiB, KOIU OIHE JKepeso ado mocTavyaabHUK HE MOXe a0 He
XO04e 3a/I0BOJILHUTH TTOTIHT.

® 3axucm HaskoIUWHb020 cepedosuua; PO3BUTOK BiTHOBIIOBAHUX PECYpPCiB, TAKUX SIK CO-
HSYHA Ta BITPOBA €HEPreTHKA, 3MEHIIYE 3arpo3y Aediuuty eneprii. [HBecTuIii y BiJHOBIIOBaHY
SHEPreTUKy TaKOXK CTUMYJIIOIOTh IHHOBAIII] Ta 3pOCTaHHS 3aiHATOCTI.

Kiro4oBUM KOMITOHEHTOM €HEpPreTHYHOi auBepcu@iKallii ChOTOAHI € aKTHBHE BHUKOpPHC-
TaHHS aTbTEPHATUBHUX JpKepen eHeprii. [Ipukianom peanizarii Takoro miaxomy € Te, mo €Bporeii-
cbkuit CO103 MPOTATOM JIECSTUIITH TOCHIIOBHO MEPEXOANB Ha BiTHOBIIOBAHI /pKepea eHeprii Ta
nuBepcr(iKyBaB CBOIX MOCTa4alIbHUKIB MPUPOJIHOTO Ta3y, 00 3MEHITUTH MalOYTHIO 3aJICXKHICTh
BiJl OZTHOTO IMIIOpTEpa y BUIAJKY 1epe0oiB a00 MOMITHYHUX KOH(IIIKTIB Ta MiABUIIUTH CHEPTETH-
yHy O€3IeKy pPeriony.

All renewables
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Puc.1. YacTka BUpOOHHUIITBA €IEKTPOSHEPTil 3 BIIHOBIIOBaHUX JpKepen 3a TexHonorismu, 2000-2030(8]
Fig.1. Share of renewable electricity generation by technology, 2000-2030[8]

L1s cTpateris Oyna 3akpirnieHa B psiii FOpUAMYHO 0(pOPMIIEHUX 1HILIATUB, CEpe IKUX BapTO
BiaMmiTuTH "llpomucnoBuii mnan Green Deal", omy0OnikoBanuii €Bpokomicciero B notomy 2023
POKY 1 COpSIMOBaHMN Ha MiJABHMILIEHHS JIOBIOCTPOKOBOI KOHKYPEHTOCIPOMOXHOCTI €BPONEHCHKOL
IIPOMHCIIOBOCTI 3 HYJTbOBUMH BHKHIaMH Ta CIIPHSIHHS TIEPEXO0Ty 10 KIIMaTHYHOT HEUTPAIBbHOCTI, a
mi3HiIIe B paMKax 1i€i crparerii B TpaBHi 2024 poky OyB npuiiHATHI 3aKOH PO KPUTUYHY CUPO-
BuHy (Critical Raw Materials Act, CRMA), cipsiMoBaHuii Ha MiABUIIEHHS CTIKOCTI JAHIIOT1B MO-
CTayaHHS KPUTUYHUX MiHepaiiB B €C Ta 3MEHILIEHHS 3aJIEXKHOCTI B/l TPETiX KpaiH 111010 KPUTUIHOL
CHUPOBUHH, HEOOX1AHOT /151 "3emeHoro" mepexoay[9].

V ciuni-uepBHi 2024 poky BiTpoBi TypOiHM Ta COHAYHI MaHENi BIEpPIIE CTaJl OCHOBHUM
JOKEpeNIoM eHeprii B €Bpori, 00IrHaBIIM TpaIuIliiHI JyKepena eHeprii (ra3, Byrunis ta HadTy). 3a
OLIIHKaMH €KCTIePTiB KJIIMAaTHYHOT0 aHaNiTHUHOTO 1IeHTpy Ember, ixHs yactka cranoButs 50%, 6e-
pyuu 10 yBard iHINI BIAHOBJIIOBaHI JKepena eHeprii, Takl sk rigpoeHepreruka. Ctparerii kpaiH
I10/10 JOCATHEHHS KJIIMaTUYHUX LiJe Ta TOTpUMaHHs 3aKoHoAaBcTBa 710 2030 poky BH3HAUaTH-
MYTb POJIb TPAJUIIIHUX Ta YUCTUX EHEPreTHYHUX TeXHoJorii B €Bpomni. EkcriepT mporso3yoTs,
110 3arajibHe CHOXUBaHHA eHeprii B €C 3aMuIMThCs BIIHOCHO HE3MIHHUM MPOTATOM HACTYITHUX
TPHOX JIECATHIIITH. 3a oIliHKaMu MixkHapoaHoro eHepretuyHoro areHTcTBa (MEA), 10 2040 poky
nomnuT Ha enekTpoeHeprito B €C 3pocte Ha 12-26%.
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st YKpainu 10 TOBHOMACIITAOHOTO BTOPTHEHHST HAWBAXKITUBIIIIAM aCIIEKTOM aJIbTePHATH-
BHUX JDKepen eHeprii Oyia ii yucToTa Ta eKOJOTIUHICTh — IX aKTHBHE BUKOPUCTAHHS L€ CIIPHUSE
MOJTIMIIICHHIO €KOJIOT1YHO1 CUTYaIlii 1 HE TPU3BOIUTH JI0 3MiHU CHEPTEeTUYHOTO OaJIaHCy Ha TUTAHETI.
[Ipu BuKOpHCTaHHI BiTHOBJIIOBAaHHUX JDKEpENl €HEeprii Hemae HeoOXiTHOCTI BUA0OYBaTH, Mepepoo-
JATH, 30aradyBaTy 1 TPAaHCIIOPTYBATH MAJIMBO, @ TAKOXK YCYBAEThHCs IpodIeMa yTuizamii abo 3axo-
POHEHHS MIKIATMBHUX BiJIXO/IB TPAAULIHHOTO BUPOOHHIITBA eHeprii. BpaxoByioun, 110 BiIHOBIIIO-
BaHa CHEPIreTHKA BUKOPHUCTOBYE CHEPIETHYHI ITOTOKH, SIKi BXKE iICHYIOTh B HABKOJHUIIIHEOMY MPOC-
TOpi, TEIUIOBE 3a0pyIHEHHS HABKOJHUIIIHHOTO CEPEIOBHILA, BUKIMKAHE CKUIAHHSAM TyJIU YaCTUHU
MIePETBOPEHOI €HEePTii, € He3HaUYHUM. [HII BuaM 3a0pyAHEHHS TOBITPSI 1 BOJH, a TAKOK 0OCSTH Bij-
XOJIIB TAKOX HE3HAYHI. 3 €KOJOTIYHHX MIPKyBaHb BiJHOBIIOBAHA €HEPreTHKA MA€ MepeBary Haj
TPAIUIIIHTHAMU BHJIAMH TIAJIMBA Ta SICPHOIO CHEPTi€r0. AJie B Cy4acHUX YMOBax, Ha TJIi BiJIMOBH
BiJ] IMITOPTOBAaHUX €HEPrOHOCIIB, BUKOPUCTAHHS BiHOBIIOBAHUX JKEPEI CHEPTii € )KUTTEBO HEOO-
X1/THOIO aJTbTEPHATHBOIO BUKOITHUM BHJIAM IaJIMBAa, OCKIJIbKA MOXE MMOKPUTH 3HAYHY YaCTHHY CHe-
PrOCIOXMBAHHS 1 Ma€ BEIMKHIA OTEHIAT U PO3BUTKY. BKpail Bax/IMBO 301IbIINTH 1HBECTUIIIT Y
HIMPOKOMACIITaOHE PO3rOPTAaHHS JCIICHTPATI30BaHOT BiJJHOBIIOBAHOI CHEPreTUKH, BPaXOBYIOUH,
10 65m3bK0 40% eHepreTHdHoi iH(GpacTpyKTypH OyIIO TONTKOKEHO BHACTIIOK OOMOBUX JIiH, 1 IS
TEHJICHIIIsI HaBPSI/T UM 3MIHUTHCS B HAHOIMK4oMy MaliOyTHROMY. KHiBCBKa IIKOJIa €KOHOMIKH OITi-
HIOE TIPSIMi BTPATH B €IEKTPOCHEPTETUIII BHACIIIOK POCIHChKUX aTak y 56,2 mupx nonapis CLIA,
3 skuX 16 mpumagae Ha npsmi Gpizuyni 30utky, a 40 - Ha Henpsimi Ginancosi BTpatu[10], 1 us cyma
MOCTIMHO 3POCTAE.
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Puc.2. Kapra po3noziny npupoaHux 30H B YKpaiHi
Fig.2. Map of the distribution of natural zones in Ukraine

ExoHomiuHUI TOTEHINaN JIsl pO3BUTKY BITHOBJIIOBAHMX JDKEpeN eHeprii B YKpaiHi 3aiu-
[IA€THCS TOCUTHh 3HAYHUM. BenuKi oI HEOCBOEHUX TEPUTOPii, reorpadiyHe Ta NPUPOIHE Pi3-
HOMAaHITTSI CTBOPIOIOTH YK€ CIIPUSATINBI YMOBH JIJIsl TOAATBINOT AUBEpCcUdIKAIlli CTPYKTYpH JIKe-
pen reHepauii eHeprii. Bapto Takox 3a3HaunTH, 110 Buiesragana yroga CRMA 3a cBo€ro CyTTIO
CIIpsIMOBaHa Ha 3a0e3MeueHHs 0€3MeYHOr0, PI3HOMaHITHOTO Ta CTaJIOro moctadanHs 10 €C KpuTu-
YHO BaXXJIMBOI CHPOBUHU, BKJIFOYAIOUH PiIKICHO3EMEJbHI eIeMEHTH, HeOOX1THOT AJIs CTpaTEriuHuX
CEKTOpIB Ta TEXHOJIOT1H, MOB'A3aHUX 13 3€JIEeHUMHU Ta HU(YPOBUMH TpaHCHOpMAIIisIMU, 1 TOTEHIIHHO
MOYKe HaJIaTH MO>KIIUBICTb JIJIsl HOTTIMONIEHHS CITIBIIpalli MiXK YKpaiHoto Ta €BponeiicbkuM Coro30oM.

JuBepcudikaiiss B eHEPreTUYHOMY CEKTOpl YKpaiHM Mae€ 31MCHIOBATHCS BIIMOBIAHO 0
€BPOMNENUCHKUX CTAHJAPTIB, IPUHIUIIB 1 HOPM, BPAXOBYIOUM TiICHUI B3a€MO3B'I30K MiX JHUBEPCH-
¢ikaii€ro TpUPOIHUX EHEPreTUUHUX PECYPCiB, MAapLIPYTIB X MOCTaYaHHS TOIIO Ta PIBHEM €HEp-
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retudHoi 6e3neku kpainu[11]. HuninHs BifiHa CyTTEBO BIUTMHYJIA SIK HA EHEPTeTUYHY Oe3MneKy €B-
pormeiicbkoro Coro3y, Tak 1 Ha HOro MOMITUKY Y 1ii cdepi yepe3 BTpaTy TPaTUIlinHUX JKepell Toc-
TayaHHS €HepropecypciB. Y BIanmoBiap Ha 1i BUKIMKH €C po3poOuMB aMOITHI IHINIATHBH
"RePowerEU" Ta "Fit for 55", cpsiMoBaH1 Ha MPUCKOPEHHS! €HEPTETHYHOIO MEPEXOay Ta 3MEH-
IICHHS 3aJISKHOCTI BiJl BAKOITHMX BH/IIB MTAJIMBA, & YKpaiHa, IHTErPYIOYUCh B EHEPIeTUYHY CUCTEMY
€C, MOe CTaTH BaXJIMBUM ITOCTaYaIbHUKOM "3es1eH0i" eHeprii Ta cipusiTi JuBepcudikaii mxe-

pen enepronoctradyanus s €C[12].

e
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National and European plans:
reforms and investments,
faster permitting and innovation

4

Puc. 3. Ilincymku mnany REPowerEU
Fig. 3. REPowerEU plan summarizing

Haii6inpu nepcneKTUBHUMHU /711 PO3BUTKY B YKpaiHi € TakKl BUJIU B1IHOBJIIOBAHOI €Hepre-
TUKHU: COHSYHA €HEePreTHKa, BITPOBA EHEPTreTHKA, €HEPris MaJINX PiYOK, FeoTepMalibHa €HEepreThKa
Ta eHepris 6iomacu.

Consuna enepeemuxa: YKpaiHa Ma€ JOCTaTHBO CIIPUATIMBI YMOBHU JJIsl BIPOBA/IKEHHS CO-
HSAYHUX eneKTpocTaHiil. CepelHbOpiuHA KUIBKICTh CYMapHOi COHSYHOI pajiallii, 1110 HaJXOAUTh Ha
1 M? moBepxHi B YkpaiHi, konuBaeThcs Bia 1070 kBt-roa/m? Ha miBHou1 kpainu g0 1400 kBT-roa/m?
1 BUIIlEe HA MiBAHI YKpainu. Po3moiyi OCHOBHUX KIIMAaTHYHUX MOKA3HUKIB BUTJISAAE HACTYITHUM
YUHOM: pajialliiHuil pexXuM TEPUTOPIT XapaKTepU3y€eThCS 3MIHOIO TPUBAJIOCTI COHSYHOTO CslifBa B
cepeHboMY 3a pik Bix 1690-1850 ronun y 3axinnux paitonax Iomices ta Jlicoctremy no 2150-2450
roguH y Kpumy ta Ha y30epexxi HopHoro 1 A30BCbKOro MOpiB (3 ypaxyBaHHSIM THMYacoBO OKY-
MOBAHUX TEPUTOPIil)

Bimpoenepeemuka: Y nanionansHoMy cektopi BJIE BiTpoeHepreTHka 3a 3arajbHOI0 BCTa-
HOBJICHOIO MTOTY>KHICTIO ITOCTYTIAETHCS JIUIIE COHSYHIIM eHepreTulli. AHaii3 6araTopiyHOi TUHAMIKH
CepPEeTHBOPIYHOT MIBUIKOCTI BITPY 3@ OCTAHHI POKH TTOKAa3aB, M0 CEPEIHs OaratopiyHa MIBUIKICTh
BITpY B YKpaiHi KoJuBaeThes Bix 2,5 M/c 10 5,7 m/c Ha BucOTI ¢arorepa (=10 m). Hait6inpmni msu-
JIKOCTI BITpY XxapaktepHi Ay Kapnarcekux rip Ta BoanmHCcbkoi BUCOYMHY, 10 TOBHOMACIITAOHOTO
BTOPTHEHHS J0 yBaru Opanucs Takoxx [IpuasoBcbka BHcounHa, [IpuyopHOMOpChKa HHM30BHHA,
Kpumcbki ropu ta JloHerpka BucounHa . 3axiiHi BITpU NepeBaaroTh y 3aX1IHUX, HEHTPaIbHUX Ta
MiBHIYHUX O0JIACTAX, a CXiJIHI Ta MIBHIYHI - Y CXiJHUX Ta MiBACHHUX 00JaCTAX, BKIIOYAIOYN TUM-
4acoBO OKyIoBaHi Teputopii[ 13].

liopoenepeemuxa. T'ipoeHepreTuka Mae HalHMXK4YYy COOIBapTICTh cepel TPaJULiHHUX 1
Haltoibm HeTpaauuiiaux TexHonori (KK 6muspko 70-90%), a Takoxk XapakTepU3y€eThCsl 3HAY-
HUM TEpMIHOM eKcIuTyartarlii. PO3BUTOK Manoi ripOCHEepreTUKH CHpHUs€ 3MEHIICHHIO MaTuBHOI
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CKJIaJIOBOT €HEPTrOCUCTEMH, 3HIDKEHHIO TEXHOTEHHOTO HaBaHTaKEHHSI HA TOBKUIJIS, 3aTyY€HHIO J10-
JATKOBUX 1HBECTULIIN /10 MiCLIEBUX OIOJKETIB. 3a pe3yIbTaTaMi HAYKOBUX JIOCIIKEHb, TEXHIYHUI
MOTEHIIIaJ JIUIIe MaIUX pidyoK Ykpainu ctaHoButh 1270 muH kBT-roa/pik, 1 nume 6muspko 20%
[[LOTO MOTEHITIATY Hapa3i OCBOIOETHCHS.

Leomepmanvua enepeis: YMOBHO TOIUIAETbCS Ha CyOreoTepMalibHy, TiIpOTEpPMAIbHY Ta
nerporepMaibHy. Ha BiqMiHy Bij iHIIMX BIJHOBJIIOBaHMX JIKEpPEN €HEprii, TEMIH HapOIIlyBaHHSI
MOTY>KHOCTEH 3 BUPOOHUIITBA T€0TePMAaJIbHOI €Heprii B YKpaiHi 3Ha4HO HIDKY1, HE3BAKAIOYH Ha Te,
10 TeOTepMaJbHI JoKepelia eHeprii MaloTh NEBHI NepeBard. BoHM He 3aiie)arh Bl JHS 9 CE30HY,
a co0iBapTiCTh TEIUIOBOI Ta EIEKTPHUYHOI T€0TEPMaIbHOT €HEPTil € HU3BKOIO 3aBISIKH BUCOKOMY KO-
e¢inienty Bukopuctanas (0,8-0,95) Ta HU3BKUM €KCIUTyaTaIlIHAUM BHTPATaM.

P0o3BUTOK reoTepMalibHIX TEXHOJIOTIH Hapa3i YCKIaHIOEThCS aKTHBHUMH BiICBKOBUMMU ITi-
SIMU - €KCILTyaTallist ITMOOKKX MiI3eMHUX JKepel eHeprii Oyna 3ocepemkena Ha KpuMcpkomy mi-
BOCTPOBI, a TAKOXK YaCTKOBO (B MEHIIIOMY 00cs131) B XE€PCOHCHKIN Ta 3aKapnaTChKiii 001acTsX.

Enepeis 6iomacu: B ocTaHHI POKM CIIOCTEPIra€ThCsl TCHIACHIS 10 3POCTaHHS MOTEHITIATY
TBep101 6ioMacH, 10 3yMOBJICHO MiABUIIEHHSM MPOJIYKTHBHOCTI CUIBCBKOTO TOCIIOAAPCTBA, 3Mi-
HaMH B JIICOBOMY TOCIIOAAPCTBI Ta 3MiHAMH B YIPaBJIiHHI MOOYTOBUMH i MIPOMHUCIOBHMHU BiJXO-
namu. [1{opiuHuid TEXHIYHO AOCSHKHUM €HEPTeTUYHUN MOTEHIlia B YKpaiHi B JOBOEHHI YacH OyB
ekBiBaJIeHTHUH 43,1 MITH. TOHH, 1 HOTO BUKOPUCTAHHS IO3BOJIMIIO O MIOPIYHO EKOHOMHUTH OJIM3BKO
40 mupa. KyOOMeTpiB MpUpOAHOTro Ta3y. Haibinpmumii moTeHIiaa TBepaoi 6ioMacu 30cepeKeHUI
y Binaunekii, J{HinpornerpoBebkil, XXutomupcerkiii, Kuisewkid, Onechkiid, [TonraBerkiit, Cymch-
Kiil, XapKkiBChKill Ta UepHITiBChKiN 00JaCTAX 1 CTaHOBUTH O0JM3bKO0 2,0 MITH TOHH Ha pik[14]. Bapro
TaKOX BII3HAYUTH TCHJICHIIIIO OCTAHHIX MICSIIIB 1100 BUKOPHUCTAHHS 1HQPACTPYKTYPH T'a30CX0-
BHIII, SIK1 PaHiIlle BAKOPUCTOBYBAIUCS JIJIs 30€piraHHs iMIOPTOBAHOTO IIPUPOTHOTO Ta3y 3 POCICh-
KHUX POJIOBHIIL, JIUISI HAKONTMYCHHs Oi0MeTaHy. Y CHHEprii 3 OCTaHHIMHE JOCIIKCHHSIMU, HAIIPUKIIA],
amepukaHcbkoro crapramy Quino Energy momo neperBopeHHst HahTOBUX pe3epByapiB Ha Kiactep
MIPOTOYHUX OaTapeid, 1el HapsSMOK BHUTJISIA€ OUIBIN HiXkK MEPCIEKTUBHUM. AanTOBaHEe 10 HOBUX
peadiii icHyroue o0JiaJJHaHHS JJOTTIOMOYKE 3HH3UTH BUTPATH Ta CHPUATHME PO3BUTKY IIbOTO HArpsi-
MKY 3€JICHOI €HePTeTHKH, 10, B CBOIO YEPTY, JIUIIC MOCHIUTh KypC Ha TUBEPCUQIKAIIIO JHKEPET
reHepatii eHeprii.

Tabmuus 1. SWOT-anaini3 BipoBa)KeHHs aJIbTEPHATUBHUX JDKEpeT eHeprii B YkpaiHi
Table 1. SWOT-analysis of alternative energy sources implementation in Ukraine

CuibHi cTOpoHu: Mo:KIUBOCTI:

- Barari npuposHi pecypcu - €Bporieiicbka iHTerparis

- 3pocTaHHS iHTEpeCy JI0 3eTeHOI EHePTeTUKH - 3pOCTaHHS CBITOBOT'O PUHKY

- Kpanidikopani daxisiri - [ligBUIIIEHHS EHEPTeTUYHOI OE3MEKU

Caadki micus: Ilorpo3u:

- O0MmexeHe (iHAaHCYBaHHS - [ToniTnyHa Ta BificbkoBa HECTAOIILHICTD

- Crapa iHdpacTpyKTypa - KoHkypeHilis 3 TpauIlitHUMU JKEpeIaMu eHeprii
- PerynsaropHi 6ap'epu - 3MiHa KIiMaTy

EdextuBHa nuBepcudikaiiis pecypciB Ta IUIISXIB IX OTPUMaHHS B €HEPreTUYHOMY CEKTOp1
JIOTIOMO>Ke HOMy BUWTH Ha SIKICHO BUIIMK piBeHb (DYHKIIIOHYBAHHS 1, BIIIOBITHO, 3HU3UTH €HEp-
TeTUYH1 PU3UKH, MIIBUILUTH NPUOYTKOBICTh TOIO[ 14].

BapTo Takox 3a3HauMTH, 110 B CyYaCHUX YMOBAX KJIIOUOBHM €JI€MEHTOM CIPUSHHS PO3BH-
TKY "3eJ1eH01" €HepreTHKHU € BIPOBAHKCHHS BIMOBITHOT MOJIETII PAIlIOHAIBHOTO PO3IMOILTY JIKE-
pen reHepariii eHeprii i3 3aCTOCYBaHHSAM HOBITHIX iHpoOpMaLiiHUX TeXHOJOT1H. Bxke icHyroui iH-
CTpyMeHTH, Taki gk Multilayer Perceptron (MLP), BukopucToByroThCSl B €HEpPIeTHULll U1 BUPI-
IIEHHS PI3HUX 3aBJIaHb, TAKUX K CTBOPEHHS MOJIEII €HEPTrOCIIOKUBAHHS, IPOTHO3YBaHHS MOTPeO
B €HEprii B pi3HUX YMOBax Ta ONTUMI3allid EHEProOCUCTEMH B I[IIOMY, ajie BOHU NOTPeOyIOTh NeB-
HUX KOPUTYBaHb JUIsl BUKOPUCTaHHS B AMBEPCU(PIKOBAHUX CHCTEMAX 3 BEIHMKOIO 3aJE€KHICTIO BiJl
QIbTEPHATUBHUX JDKEPEN €Heprii.
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5. Pe3ysabTaTu J0CTiIKeHHS] TA BACHOBKHM. BHU3HAaUeHO MOHATTS €HEPreTUYHOI TUBEPCHU-
¢ikarii Ta ii mepeBaru, a TakoX PO3TIIIHYTO MPHUKJIAAN peatizaiii i€l MoJiTHKY B KpaiHax €Bpo-
neiicbkoro Coro3y. MacoBe BUKOPHUCTaHHS BiTHOBIIOBAaHUX JDKEPEI SHEPTii I TOCATHEHHS ede-
KTUBHOI €HEPreTUYHOI JuBepcH(iKalii Ma€ HU3KY HE3alepeyHUX MepeBar i JHIle MOCHINTh 3a-
BJIaHHS HAIIOHAJILHOI CTpaTeTii 111010 3a0e3MeYeHHsT CHEPTeTHYHOT OC3IEeKH.

VYkpaina Mae 6aratoo0ilsrounii MOTEHITial BIJTHOBIIOBAHUX JIKEPEN €HEeprii, Maroun BeJH-
4e3H1 TEPUTOPIi 3 PI3HUMH YMOBaMH, HE3BOKAIOYH HA T€, [0 TTOBHOMACIITA0OHE BTOPIHEHHS CTBO-
PIOE BEJIMKI BUKJIMKH Ha OUIAXY JIO €HEpreTUYHOoi Tpanchopmanii. TuM He MEHII, MU pEKOMEH/IY-
€MO PO3BHUBATH CEKTOP aJbTEPHATUBHOI €HEPreTHKH, 00 TUBEpCU(iKyBaTH BUPOOHHIITBO €IICKT-
poeHeprii B HaiIiil KpaiHi Ta 3MIITHUTHA €HEPreTUYHy Oe3NeKy 1 He3aJeKHICTb, 1[0 OCTAHHIMHU PO-
KaMH CTa€ BCe OUTBIIT BAXKIIMBHUM JIJIs Hamoro Oiara. Takuii miaxia 3a0e3mednuTs IPUHHIATHY ajabTe-
pHATUBY IMIIOPTOBAHMM BHUKOITHUM BHJaM TAJIHBA, 110 30ira€ThCsl 3 MOTOYHOK JCPKABHOKO TMOJII-
THUKOIO Ta €BpOIHTErpariinumMu npomecamu[15]. Amne mis migBunieHHs epeKTUBHOCTI ICHY€ TOT-
peba B moAanbIInX JOCTIKEHHAX, COPSIMOBAaHUX HA BIOCKOHAJICHHS MIPOLIECY YIPABIIHHS KEpe-
JlaMU TeHepallii eHeprii.

J1J1 TOCTYIOBOTO BIPOBAKEHHS TMBEPCU(DIKOBAHOI CHCTEMH €HEProroCTayanHs CIIif po-
3IUISIHYTH HACTYITHI KPOKH:

- CTBOpUTH TIPaBOBY 0a3y JJisi CHEPIeTHYHOI MONITHKH, sika O TpHUBa0IFOBaIa IHBECTHIIIT,
320X04yBajia MiANPUEMHHIITBO Ta IHHOBAIIIi, @ TAKOXK 0OMeXyBasia Hee(heKTUBHICTh Ta

MapHOTPATCTBO.

- YKJaiaTi napTHEPCTBa 3 MPUBATHUM CEKTOPOM JIJIsl BU3HAYCHHS Ta PO3BUTKY allbTepHA-
TUBHUX JKEPEN eHeprii.

- CriBrpaIfoBaTH 3 €KCIepTaMu JUIsi BA3HAYCHHS HAaHKPAIOoro MO€IHAHHS JOCTYITHUX BHY-
TPINIHIX Ta 30BHIMIHIX JHKEPET SHEPTii.

- CriBrpaIfoBaTi 3 MiXKHapOJJHOIO CITUILHOTOK JUIS BIPOBA/DKEHHSI Ta 3a0€3MeYCHHs JI0-
TPUMaHHS €KOJOT1YHUX CTaHAAPTIB, MOB'SI3aHKUX 3 PO3BIIKOIO Ta BUIOOYTKOM €HEPTOHOCIIB.

- Po3pobutu koMIuiekc pekoMeHaalii, 30KpeMa i3 3aJly4eHHSM HOBITHIX 1H(OpMaIiiHUX
TEXHOJIOT1i.
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BIMHA TA Tl HACNIOKU ANsi NOBEPXHEBUX BOOAOWUM

AHOTALJIA. Pociticbka 36poliHa agpecis npomu YkpaiHu 3aedana HernornpasHoi WKoOu O0BKifsio,
0cobnugo 800HUM pecypcam. Cmammsi aHanidye macuwmabHi eKo02idyHi HaclioKu 8iliHU, 30CepedyroYUCh
Ha b6acelHi piyku [Hinpo. JocnidxeHHs sussrnse, wo 36poliHull KOHGIIKm 3Ha4yHo nocusnug i 6e3 moao 3Ha-
YHe aHMPONO2eHHEe HaBaHMa)KeHHsS1 Ha 800HI ekocucmemu YkpaiHu. PyliHyeaHHs iHgbpacmpykmypu, 3abpy-
OHEeHHs1 IpyHmie ma rnosepxHegux 800 Haghmornpodykmamu, 8aXXKUMU MemasiaMu ma iHWUMU MOKCUYHUMU
peyosuHaMu, a makox mMacoea 3az2ubesib B00HUX opa2aHi3mie 8Hacliook 6otosux diti npussesiu 0o deespada-
uii B0OHUX ekocucmeM ma 3a2ocmpeHHs Oegbiyumy npicHoi 8odu. Ocobrnusy yeaezy rpudinieHo Kamacmpo-
ivHuUMm Hacnidkam niopusy Kaxoeckkoi EC, sikuli cmae o0Hiero 3 HalibinbLwux mexHo2eHHUX Kamacmpog
8 icmopii €sponu. L{s nodisi cnpu4uHuna macwmabHy ekosio2idyHy kKamacmpogby, Wo ernniuHyna Ha biopiaHo-
MaHimmsi, 2idponoeiyHull pexxum i sikicmb 800U 8 HUXHIU meyii [JHinpa.Ha ocHosi Haykosux 0ocnidxeHb ma
daHUX MOHImMopuHay skocmi 800U, b6yr10 8USB/IEHO 3HAYHE NMEPEBULUEHHST 2paHUYHO O0yCmMUMUX KOHUEH-
mpauil 3abpyOHYUX PeqYo8UH y pi3HUX dinsHkax [Hinpa. Lle ceid4umb npo 3a20CMPEHHS €KOT02i4HOI
cumyaujii ma 3az2po3y 0511 300p0o8'ss HacesieHHsT ma QO08KifsIA.

Knroqoei cnoea: siliHa, ekornoeisi, 600HI pecypcu, nosepxHesi eodu, Ykpaiva, [Hinpo, Kaxoecbka
FEC, aHmpornozeHHe HagaHMaXeHHs, 3abpyOHEHHS, 8iI0HOB1EeHHS, Biopi3HOMaHIMmMs.

WAR AND ITS CONSEQUENCES FOR SURFACE WATER BODY

ABSTRACT. The Russian armed aggression against Ukraine has caused irreparable damage to the
environment, especially to the water resources. This article analyses the extensive ecological consequences
ofthe war, focusing on the Dnipro River’s basin. This research reveals that the armed conflict has significantly
increased the already significant anthropogenic pressure on Ukraine's aquatic ecosystems. Infrastructure
destruction, contamination of soil and surface waters with oil products, heavy metals, and other toxic sub-
stances, as well as massive deaths of aquatic organisms due to combat activities, have led to the degradation
of water ecosystems and worsened the freshwater shortage. Particular attention is given to the catastrophic
consequences of the destruction of the Kakhovka Hydroelectric Power Plant, which became one of the larg-
est man-made disasters in European history. This event caused a massive environmental disaster that af-
fected biodiversity, the hydrological regime, and water quality in the lower reaches of the Dnipro River. Based
on the scientific research and water quality monitoring data, a significant exceedance of permissible concen-
trations of pollutants have been detected in various sections of the Dnipro River. This indicates an aggrava-
tion of the ecological situation and a serious threat to public health and the environment.

Keywords: war, ecology, water resources, surface waters, Ukraine, Dnipro, the Kakhovka Hydroe-
lectric Power Plant, anthropogenic pressure, pollution, restoration, biodiversity.

IMocranoBka npodiaemu. Kinenp XX - noyarok XXI cTOmITTS XapakTepus3yeThCsl MOTip-
IIEHHSM €KOJIOT14HO1 cuTyauii Ha rianeTi. HaliBaXJIMBIIIOO CKIIaI0BOIO €KOJIOT1YHO Ge31eUHOro
PO3BHUTKY MTPUPOTHHX 1 COMIATbHO-EKOHOMIYHUX CHCTEM € TaKe MPUPOTOKOPUCTYBAHHS, SIKE TIEPE/I-
6auae opraHizallito BUKOPUCTAHHS BOJHHUX PECYpCiB, IPU SIKOMY 3a0€31euyeThCsl CTaINi PO3BUTOK
1 IPOTATOM TPUBAJIOTO Yacy 30epiraeTbCst JUIsl bOTO IOCTaTHIN BOAHO-pecypcHui moreHian. XIX
CTOJITTS XapaKTePU3Yy€eTbCS 3HAYHUMHU HETAaTUBHUMH 3MiHaMHU OTOYYIOYOI'O CEpelOBHIIA, BUKIIH-
KaHUMH OE3KOHTPOJBHUM BHKOPHCTAaHHIM NPUPOJHUX PECYPCiB, PO3ZBUTKOM MPOMHCIOBOCTI Ta
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TPAHCIIOPTY, 110 MPU3BOANUTH J0 30UIBIICHHS CIIOKUBAHHS BOJM 1 BOJIHOYAC 3POCTAaHHSA ii 3a0py/I-
HeHHA. OCOOJIMBO MOMITHUM II€ CTaJIO MPOTATOM OCTaHHIX 50 pOKiB, KOJIM BIUIMB JIIOAMHU Ha BO-
HUHW [IUKJI TJITAHETH JOCATHYB TJI00AIbHOTO MacmTady [5].

CyTT€eBO cUTYyaIlis MOTIPIIMIACH 13 TOYATKOM BIHCHKOBUX [IiH, 1110 MPU3BEIO 0 MOCHIICHHS
CTaHy €KOJIOT1YHOI HeOe3IeKH He TUIbKHM B aHTPOIIOT€HHO HAaBAaHTAXKEHUX pailoHax, aje i mo Bcii
TepuTopii Kpainu. BilfickkoBa arpecis B IMiJIOMY JTy>K€ HETaTUBHO BIUTMBAE HA €KOJIOTIIO Ta HA YKHT-
TENIATIBHICT HACENICHHs], aJpke BIJOYBA€ThCS 3HUIICHHS Ta IOLIKO/LKEHHS IPUPOIHOIO Cepeio-
BUIIIA, BTPAYAIOTHCS IPUPOAHI PECYPCH, JIAHAAPTH, CIIOCTEPITraeThCsl CYTTEBE PyHHYBAaHHS ITi -
PHEMCTB, CHOPYJ KPUTHYHOI 1HQPACTPYKTYpH, OUMCHUX CIOPYH, CUCTEM ra3o- Ta TEIUIONOCTa-
YaHHs, 3a0pyJHEeHHS aTMOC(epH, IPYHTOBOTO IMOKPUBY, MiJ3€MHHIX Ta TOBEPXHEBUX BOIOIM, 3Me-
HIIICHHST O10pI3HOMAHITTS Ta 1H.

Binx movarky noBHOMacmTabHOTr0 BTOPrHEHHS CTaH JOBKIJUIS MOTIPIINBCS B IECATKHU Pa3iB,
MIPOTE OIIHUTH HACTIAKA BOEHHUX MM JIJIs1 €KOJIOTIi B IMIOBHIM Mipi HE MOXJIMBO.

Boani pecypceun - HeBii'eMHa CKJIai0Ba MPUPOJIOKOPUCTYBAHHS, KA B YMOBAaX PUHKOBHUX
B3a€MOBIJTHOCUH PO3IJIAAA€THCS SIK ToBap. HepiBHOMIpHMI TepuTOpiabHUI pO3MOILT BOAHUX pe-
CYpCiB Ta 3HAa4YHE aHTPONOTECHHE HABAHTAXECHHS NPU3BOASATH 0 TOCTPOTo Ae(DiluTy BOIH.

Posmnoain BogHUX pecypciB, Tak SK 1 HOTpedU CyCHiIbCTBa B HUX, HA 3eMJIl HEPIBHOMIpHI.
3aranbHi 3anacu Bogu 3emii cknananTs 1359 mma.m?, cepen sikux Beboro 2-3% mpicHi Bogu. Bo-
no03abe3neueHiCTh Ha OJHOTO KUTels KonuBaeTbes Bif 0,69 y [liBaiunil Adpui 1o 96,2 y Cubipi
i Ha Jlanexomy Cxoni Ta 219 tuc.m/pix y Kanani i Ha Anscui [4].

Ha naHuit MOMEHT BO/IHE FOCHOJAPCTBO YKpAiHU Ma€ 3HauHY KUIbKICTh IPOOJIEeM, y TOMY
YHCIIi: MOTIHOJICHHS TEHACHIIIT HepalliOHAIHHOTO BOJOKOPUCTYBAaHHS; HE3310BUIbHA SIKICTh BOJIU B
HOPUPOJHUX BOAHMX 00’€KTaX; 3HAUHE 3POCTAHHS MaTepiajbHOI IIKOAM BiJl HETAaTUBHOTO BILIUBY
BHACJIIZIOK BUHUKHEHHS TaBOJKIB, MiTOIUIEHHS TEPUTOPIi MiI3eMHUMH BOJaMH, 3a00J09yBaHHS,
BTOPUHHE 3aCOJICHHS 3€Mellb, BOJIHA €p03ii, 3HM)KEHHS KUIbKOCTI IHBECTHIIH Y PO3BUTOK BOJHOTO
rOCIOJapCTBa Ta HACTIIKA MOBHOMACIITAOHOTO BTOPTHEHHS.

[TpoGnemu 110 BUIIe HaBEECHI, IPU3BEIIN A0 CTAPIHHSI OCHOBHUX BOJOIOCHOJAPCHKUX (o-
H/IIB Ta B1ICyTHOCTI OCHOBHOTO KamiTajly B BOJHOMY rocrojapcTsi. Takok XouemMo BIIMITUTH, 1110
Cy4acHI poOJeMH 1i€i ramy3i MorauoIroThCs B 006J1aCTi BOAOTOCIIOAAPCHKOro KoMIuiekey. Boa-
Hul ¢ona maixke Ha 100% 3anuiiaeTbes ASp>KaBHOIO BIACHICTIO, @ Y BOJOTOCIOIAPCHKOMY KOM-
IUIEKCI B pe3yNbTaTi MPUBATU3aLlli BUHUKIN PI3HOMaHITHI ()OPMH BIACHOCTI.

25 mortoro 1991 poky Oyna npuiinata KoHBeHII1T po OLIHKY BIUIMBY Ha HaBKOJIUIIIHE Ce-
pENIOBHILE Y TPAHCKOPIOHHOMY KOHTEKCTI, sIKy YKpaiHa paTugikyBasia Ta BiJIOBITHO HECE Bi/IO-
BITAJIBHICTE 3a €KOJIOTIUHI Hachigku. Exomoriyna Oe3leka € HEBII €MHOK YaCTHHOIO 3arajibHOIL
Oe3neKy Halloi AepKaBH.

3 moyaTkoM BiiicbkoBOT arpecii Pocii ekosioriuna cutyaris B YKpaiHi 3Ha4HO MOTipIIuiIacs,
Ha0yJa r100abHOr0 MacIITaldy 1 cTaia MOPiBHIOBAHOIO 3 IHIIMMH BEJTMKMMHU €KOJIOTTYHUMHM KaTa-
crpodamu. BoeHH1 Jii COPUYMHUIIM YUCIIEHH] pyHHYBaHHS 1HPACTPYKTYPH, SIKI MatOTh Cepio3Hi
HACJIIJIKM U1 JOBKULIS, 30KpeMa Jilsl BOJHUX pecypceiB. Karactpoda, nos’s3ana 3 nigpusom Ka-
xoBcbkoi 'EC, € oaHi€lo 3 HAOUIBIIMX TEXHOT€HHUX KaTacTpo(d OCTaHHIX AECATHIITH 1 CIIBMIp-
HOIO 3 IJ100abHUMHU €KOJIOTIYHUMHM TpareisMu, TaKUMHU sk aBapis Ha YopHoOumnbebkiiit AEC abo
BUOYXxH HApTOBUX IIaT(HOPM, 1110 MaJIM MAcIITa0H1 €KOJIOTiuH1 HaciaAku [3].

Brnnus BiiitHM B YKpaiHi, 30KpeMa, Ha piyKoB1 OaceilHH, BOJIHI EKOCUCTEMH Ta T1IpOCIOpPYIH,
30Kpema Ha p. J[Hinpo, BuMarae ocoOJIMBO1 yBaru 4epe3 MaclTabHy JAerpajaliio JOBKULISA Ta 3Ha-
YH1 3MiHH T1IJpoMOP(]OIOTridHOrO peskuMy. Bopoxki oOcTpisiu i aTaku Ha KPUTHUHY BOJHY 1H(pa-
CTPYKTYPY HE TUIBKH YCKIIAJHIOIOTh JOCTYI JI0 MTUTHOT BOJH, ajie i BUKIIMKAIOTh Cepio3Hi 3a0py -
HEHHS BOJI TOKCHYHUMH PEYOBHHAMH, BKITFOUYHO 3 BAKKHMHU METaJIaMH Ta O10TeHHUMU eJIeMEHTaMU
[1]. ¥V GaraThox perioHax YKpaiHu CHUTyaIlisl € aHAJIIOTIYHOIO a0o TIPIIO0, IO MiAKPECTIE HE0O-
X1IHICTh MOPIBHSUIBHOTO aHAJI3y €KOJIOTTYHUX HACIIJIKIB BOEHHUX JI1{ 110 BCIH KpaiHi.

VY npoMy KOHTEKCTI BilfHa Pocii mpoTu YkpaiHu CpHUMHMIA €KOJIOTIYHI MPOoOsieMH, sKi
CHIBMIPHI 3 aHTPOINOT€HHUM HaBaHTAXEHHSIM Ha JOBKULIS M1 yac HaWMacIITaOHIIINX IPUPOTHUX
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Ta TEXHOTCHHHX KaTacTpod y cBiti. lle cTaBuTh muTaHHsS HEOOX1THOCTI HErAMHUX MTiH 71 MiHIMI-
3anii 30MTKIB Ta JOBIOCTPOKOBHX CTPATErii BiTHOBICHHS €KOJIOTIYHOT Oe3MeKu B KpaiHi.

Meta pocaigxenHsi. OCHOBHOIO METOIO JaHOI POOOTH € OIlIHKA €KOJIOTTYHHUX HACIiIKIB
BIUTMBY BOE€HHHX JIilf Ta TEXHOTEHHHUX KaTacTpod Ha BOJHI €KOCUCTEMHU YKpaiHHU, 30KpeMa Ha BOJ-
HOTO Oaceiny p. [[Hinpo, a TakoX po3poOKa peKoOMEHAIlIN A1 MiHIMi3allil HeTaTUBHUX HACIIIKIB
Ta BiZIHOBJIEHHS BOJHUX PECYPCIB y MICIIBOEHHUN TIEPiOI.

AHai3 ocTaHHIX H0c/iaKeHb i myosikaniii. [TutanHs epeKTUBHOCTI YIIpaBIiHHS PUPO-
JTHUMH pECypcaMu, aclieKTH iX opraHizamiiiHoro 3abe3neueHHs BUCBITIEHI B mpaisix A.B. fAmuka,
B.M. Ynon, M.1O. Tapacosoi, 1.O. iparana, H.M. Ocanua, H.C. Kiie6anosa, B.1. Ocamuwuii, 1O.b.
HabuBanens Ta in. [IuTaHHSM 3arajibHOTO HETATUBHOTO QHTPOTIOTCHHOTO BIJIUBY HA BOJHI €KOCH-
CTEMH SICKpaBO BHCBITJICHI B mpaisix M.I. Pomamenko, H.A. Makapenko, O.M. Knumunka, T.B.
[Tinkina Ta iH. [4,5,7]. oo BU3HAYCHHS BIUIMBY BIMCHKOBOI arpecii Ha CTaH BOJHUX €KOCHUCTEM,
TO BOHH SICKpaBO BHUCBITJICHI B pi3HMX acnekTax B npaisgx B.K. XimsueBcbkoro, O.M. Kyiibka [8].
[TpoTe, B cyyacHMX yMOBaxX MUTAHHS BIUTUBY BiCHKOBOI arpecii Ha CTaH BOAHUX 00’ €KTIB Ma€ 0Co-
OJIMBY aKTyaJbHICTh Ta MOTPeOy€e MOJANBIIOT0 BUBYEHHS, IO I03BOJIUTH OLIIHUTU PU3HUKH Ta BH-
3HAYUTU €PEKTHUBHI METOH X IMOMEePEKEHHS, YCYHEHHS HACHIIKIB.

Martepiajau Ta meToau. BoauHi pecypcu 3a3Har0Th 3HAYHOTO BIIMBY BHACIIIOK BIICHKOBUX
IiH, 10 MPU3BOJNUTH IO 3arOCTPEHHS BXKE ICHYIOYHMX MPOOJIEM 1 BUHUKHEHHS HOBHX HETaTUBHUX
HACJIJIKIB. Y X011 JoCiKeHHs OyII0 3A1MCHEHO aHali3 JIiTepaTypHUX JIKEPe, a TAKOK TaHUX MO-
HITOPHHTY SIKOCTI BOJM Ha PI3HUX JUIAHKaxX OaceliHy JlHimpa A0 Ta micis moYaTKy MoBHOMACIITa0-
HOi BiiiHH. OTpHUMaHi JaHi CBiIYaTh PO HU3KY PU3UKIB JIJIsl HACEJICHHsI Ta HE3BOPOTHI 3MiHU Y (Y-
HKI[IOHYBaHHI rigpoekocucteM (auB. Tabmuio 1).

Tabmurs 1. 3aranpHa XapakTepUCTHKA CTaHy SKOCTi Boau B p. uinpo npotsirom 2021 — 2024 pp.
Table 1. General characteristics of the state of water quality in the Dnipro River during 2021 - 2024.

DakTHYHI BEIMYMHY OCHOBHUX ITOKA3HHUKIB IKOCTI BOJIU
. Map_
. Pix - -
Hassa pinsiaku Bix Temn- | P-puit ku- Iposo 2;;;0 XCK, | 3amizo | ra- (;?;TC
Oaceitny 6 pa, °C | cens, 'p . mrO/ | 3ar., HElb, .
opy 5 | pICTB, cM. 10H, 3 3 10H,
mrO,/mm 5 M MTI/IM MTI/IM N
MTI/IM ; MTI/IM
lirieniuHi HOP-
MAaTHBH. ..
(maka3z MO3 Big | >4,0 10.00 - 30.00 | 0.30 0.100 | 2.50
02.05.2022 Ne
HOPMATMUB: 721)
Hopmatusu
EBBO Bin - - ?;i;}g) 50.00 | - - 2:;(1)) )
30.07.12
p. Juirpo - Ku- 2024 12.9 7.27 21.97 0.99 40.99 | 0.44 0.298 | 0.20
iBCcbKe Bomocxo- | 2023 12.9 8.48 22.65 0.64 34.59 | 0.43 0.065 | 0.32
BHILIC 2021 11.4 9.77 25.85 0.69 30.86 | 0.56 0.115 | 0.29
2024 12.2 7.77 21.38 0.92 33.00 | 0.19 0.117 | 0.31
Kanischke Bo- 2023 11.3 8.66 2543 0.59 27.62 | 0.14 0.074 | 0.41
AOCXOBHIIE 2022 10.2 8.33 23.88 0.57 24.80 | 0.48 1.250 | 0.61
2021 11.4 10.51 28.27 0.51 24.67 | 0.33 0.074 | 0.38
2024 13.3 8.50 31.72 0.42 42.30 | 0.27 0.061 | 0.48
Kpemenuynpke | 2023 12.0 7.75 28.61 0.47 44.59 | 0.24 0.067 | 0.49
BOJIOCXOBHIIES 2022 12.5 8.18 30.84 0.37 39.51 | 0.20 0.060 | 0.30
2021 11.3 8.42 26.33 0.35 36.60 | 0.13 0.060 | 0.47
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2004 [ 122|822 29.47 0.37 33.66 | 022 | 0.066 | 0.30
Kan’sircbie Bo- | 2023 | 115 | 7.80 29.38 0.36 3493 | 0.19  [0.073 | o026
JIOCXOBHIIE 2022 [ 113 | 744 29.07 0.29 3295 | 0.14 | 0.081 |0.23
2021 | 11.4 | 1051 28.27 0.51 2467 1033|0074 | 038
2024 | 133 [9.29 28.75 0.31 2624 | 0.18 ] 0067 |0.74
Jminposchke | 2023 [ 13.0 [ 8.76 28.59 0.33 2838 077 10077 | 027
BogocxoBume | 2022 | 115 | 8.92 28.51 1.02 26.08 | 0.10 | 0.060 |0.20
2021 | 102|943 28.25 0.32 2622 | 0.11 | 0.060 | 0.26
2024
Kaxorchke Bo- | 2023 TumuacoBa oKynailisi TEpUTOPIi
JOCXOBHIIIE 2022
2021 | 12.8 | 9.78 45.17 |04 2853|013 [0.05 [0.29
2024
p. duinpo (to- 2023 TumuacoBa oKynamis TepUTOPii
HU3351) 2022
2021 | 13.0 |9.42 45.54 013 2888 [0.13  [0.057 [0.27

AHati3 cepeJHbOPIYHMX OKA3HUKIB SKOCTI BoAM B p. JHinpo 3a nepiox 2021-2024 pp. no-
3BOJISIE€ 3POOUTH TaKi 3aKITFOUCHHS

[Toxazuukwu sikocti Boau B p. Auinpo mpotsirom 2021-2024 pp. 1eMOHCTPYIOTbH SIK CTa01Ib-
HICTb, TaK 1 I€BH1 KOJMBAaHHS. B OKpeMuX BHITaJKax CIIOCTEPIraloThCsl NEPEBUIICHHS TPaHUIHO J0-
nyctumux KorneHtpariil (I'JIK) 3a neskumu mokasHUKaMHu, 10 CBITYUTH PO MEBHE 3a0py THEHHS
BO/M [2}.

Temmiepatypa BoIM B pidlli 3MIHIOETHCS BIIIOBIIHO 70 TOPH POKY, IO € IPUPOIHUM IPO-
LECOM.

3HavyeHHs1 pH B OCHOBHOMY B MeXax JOIMYCTUMOi HOPMH, 110 CBITYUTH PO BIJTHOCHO CTa-
OUTBHUI KMCIOTHO-JIY>KHUH OanaHc BOJH.

[Tpo3opicTh BOM KOIHUBAETHCS MPOTATOM POKY, LII0 MOKE OYTH MOB'SI3aHO 3 CE30HHUMHU 3Mi-
HaMH T'1IpOMETEOPOJIOTIYHUX YMOB, @ TAKOXK 3 @HTPOIIOT€HHUM BILTMBOM.

BMicT aMOHIMHOTO 10HY B JI€SKHUX BHUIAJKaX MEPEBHUILYE HOPMY, 1[0 MOKE CBIIYMTHU PO
oprasiyHe 3a0pyJHEHHs BOJAM, MOB'I3aHE 31 CTOKAMM 3 HACEJIEHUX MYHKTIB Ta CUIbCHKOTOCIIOAAp-
CBKHUX YTifb.

XimiyHe cioxxuBanHs kucHIO (XCK) Bka3ye Ha 3arajibHUi piBeHb 3a0pyJHEHHS BOJH Opra-
HIYHUMH peUOBHHAMHU. B JeIKNX BHUIMAJKaX CHOCTEPIraeThCs MEPEBUIIEHHS HOPMH, L0 CBIIYHUTH
PO MiBUIIEHUIN BMICT OpraHiYHUX 3a0pyAHIOBAYIB.

BwmicT 3ani3a B 1eIKMX BUIIaKaX NEPEBUILYE HOPMY, LII0 MOXKe OyTH MOB'I3aHO 3 IPUPO-
HUMU T€0JIOTTYHUMHU 0COOTUBOCTSIMU OaceilHy piuKH, a TAKOXK 3 aHTPOIIOT€HHUM BIUIMBOM.

BMicT MapraHIlio TakoX B ACSIKHX BUIAIKAX ITEPEBUIILYE HOPMY.

®ocdartu € 0OJHUM 3 OCHOBHUX (DaKTOPIB, 110 CIPUSIOTH eBTpodikaiii BogoiM. Bmict doc-
¢aTiB B ACSIKUX BUIAJIKaX MEPEBULILYE HOPMY.

Binokpemitoroun koxHYy IUISHKY Oaceifny p. J{ninpo B nepioa 3 2021 — 2024pp., MOXKHO
BII3HAYUTH, TaKl MOKA3HUKH:

YV KuiBcbkoMy BOJIOCXOBHIII 32 BKA3aHHH MEPI0J] CIIOCTEPITaEThCs 3MEHINIEHHS MTPO30POCTI
ta 30umpmenHs piBHa XCK. KoHieHnTpailii aMOHI10 3aIHIIAI0THCS BITHOCHO CTa0lTbHUMHU, OJTHAK
3MEHIIMIIACS KOHIIEHTparii ¢ocdaTiB Ta 3aiisa.

[To KaniBchbkOMY BOJJOCXOBHIII Ma€EMO 3MEHIIICHHS KOHIIEHTpaIlli 3ami3a ta pocdaris, cra-
O11bHI MOKa3HUKK aMoHit0. [Ipo3opicTk 3Hu3MIacs nopiBHAHO 3 2021 pokoMm.
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KpeMeHnuyIipke BOJOCXOBHINE TEX Ma€ MEBHI BiaxuieHHs. [Ipo3opicTe Ta KOHIEHTpaIii
aMoHito cTabinpHI. 3HauHe 301bmenHs koHmeHTpanii XCK ta gocdaris y 2024 porii.

B Kam'sHcbkomy BOAocxoBHII 3a 1ei mepioa. 3araapHa mposopicte Ta XCK 3mennry-
IOThCS, aJIe CIIOCTEPIraeThcs CTa0lILHICTD B PIBHIX aMOHI0 Ta ocdartis.

VY JIHINpOBCHKOMY BOJIOCXOBHII TTOKA3HUKH aMOHII0 3HaYHO 3HU3MIuCA y 2024 portii, B TOi
yac sk XCK 3anuiraeTbcst Ha BACOKOMY PiBHI.

CrocoBHo KaxoBchkoro BogocxoBuiia Ta AutsiHkY Big KaxoBcekoi 'EC 1o YopHoro mops
CIIOCTEPEIKEHHS BIJICYTHI Uepe3 BIIKPUTHIA BOEHHHUH Hara 1 pd, OKYIAIii0 TEPUTOPIi Ta IMiApUB Ipe-
6111 BomocxoBua B Hi4 Ha 6 uepBHs 2023 poky. B pe3ynbTari yoro BinOyBcsi HEKOHTPOIbOBAHHMA
BUTIK BOJIM 1 BOJIOCXOBHIIIE Y IITYYHOMY BHIJISA/II IEPECTAJIO iICHYBATH, PIBEHb BOJIMU Ta IJIOMIA I10-
BEPXHi B MEXax BOJONMH 3arajoM MOBEPHYJIHCS 10 OKa3HUKIB PIBHIB Ta IUIOLII MOBEPXHI J3€p-
Kaia JlHinpa Ta iHIIUX PivoK Horo GaceliHy B Mepioja A0 HOro CTBOPEHHS, HATOMICTh BiOyIucs
HiATOIUICHHS (TIepeBaKHO TUMYACOB1) HACEICHUX MYHKTIB Ta MPUOPEKHUX 3€MENIb HIDKYE 33 Te-
yiero JHinpa ta 3HauHe onpicHeHHs J[HITPOBCEKO-ByrchKoro TuMany.

Crin 3ayBakuTH, 1m0 Oy/Ib-5IKi BOEHHI Aii CIPUYUHIIOTh BAHUKHEHHS KaTacTpO(QIYHUX pU-
3MKIB Ta 3arpo3 JJis JOBKULIS, )KUTTEAISIIHOCTI HACeNIEHHS, a TAaKOXK (DYHKI[IOHYBaHHS IPUPOTHUX
1 MTYYHUX eKocucTeM. Bo/iHI ekocrcTemMu, SK 1 1HIII MPUPOIHI peCypCcH, TOTPeOyIOTh palrioHa b-
HOT'O BUKOPUCTAHHS Ta HAJIEKHOTO 3aXHCTY.

3araabHi BUCHOBKH. SIKicTh Bou B p. JHINIPO B IIOMY BiJNOBiga€ HOPMAaTUBHUM BUMO-
ram, OJIHaK CIIOCTEePIrarOThCs TICBHI BIIXUICHHS Bl HOPMHU 32 OKPEMHUMH MTOKA3HUKAMH.

OcHoBHUMH TIpOOJIeMaMU € TiABUIICHUN BMICT amoHnito, XCK, 3aiiza, mapraHifo ta ¢oc-
¢ariB, 1o Moxe OyTH MOB'SI3aHO 3 OpraHiYHUM 3a0pYJHEHHSAM, CTOKAMH 3 HACEJICHUX ITYHKTIB Ta
CLIBCHKOTOCTIONAPCHKUX YT1/Ib.

Jlnst OinbIn 1eTambHOT OLIHKHU SKOCTI BOJM HEOOXITHO MPOBECTH JOJATKOBI JOCIIIKEHHS,
BKJIIOUAIOYH aHAJII3 Ha HASBHICTh 1HIIKX 3a0pyAHIOBauiB (MECTUIMAN, HAPTOIPOIYKTH TOMIO).
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PO3MNAHYBAHHA TEPUTOPIA NI XUTNOBY 3ABYOOBY 3A YMOBU CTBO-
PEHHA TEMNJTOKOM®OPTHOI'O XXKUTNOBOIO CEPEAOBULLA

AHOTALIA. Y 38’93Ky 3 2r10basibHO 3MIHOM KiiMamy, ni08UUEHHSIM cepedHbOPIYHUX memrepa-
myp i Ipo2pecyroyoro NpobieMoro MicbKo2o ocmposa meria, 8UHUKae HeobxiOHicmb epaxosyeamu 8 rnpo-
ueci npoekmyesaHHsi ckiiadogy eKosio2id4Hoi cmitikocmi apximekmypHux ob’ekmis. TexHosoaili 3esieHo20 b6y-
digHuymea, 3acHo8aHi Ha nacusHiti cucmemi 83aemMo0ii 3 HaBKOMUWHIM cepedo8uLeM, MOKIUKaHIi He minbKu
noainwumu MiKpoKriimam MiCbKUX mepumopil, a U 3HU3UMU KifbKicmb CrIOXU8aHOI eHepeil, sika peaynioe
memnepamypHuli pexxum bydigersnb. Y 38’3Ky 3 YUM, KOHMPOIb KirlbKOCMIi COHAYHOI padiauil, wo Hadxodume
Ha nosepxHi chacadie 6ydieni ma nidcmursbHy MO8EPXHIO rnpubydUHKO8OI mepumopii, € 0OHUM i3 rpiopume-
mHux Hanpsmie. [ns micma Kuesa ma Kuiecbkoi obnacmi munogsum piweHHAM 3abydosu 3anuuiaemascs
nputiom poariiaHy8aHHs, Kosu nid3eMHuUl rnapKiHr matixxe UirIKOM 3aroeHoe mepumopito 8udineHoi nid 6ydi-
8HUUMBO OinsiHKU, Mo36aensiroyu Moxxnuesocmi aucadxysamu eesuki 0epesa. Kpim moeao, sucomHa cekuyiliHa
i sucomHa moykoea muru 3abydo8u MakcuMalsibHO PO3Kpusaomsb odeip’s Orisi a2pecusHO20 8riU8y COHS-
4yHOI padiauii, cmeoprorYU nepeepigaHHs MidCmMuribHOI MO8epPXxHi. 32i0HO 3 MpoeedeHUM O0CTIOXEHHSIM, 1id
yac ropieHsIHHA eapiaHmie posraHyeaHHs OifIIHKU, 8UKOPUCMaHHS rnepumMemparbsHoi cxemu 3abydosu
dario 3aMoay 3HU3UMU KiflbKiCmb rpsiMO20 COHSIYHO20 8UMPOMIHIO8aHHS, W0 Hadxodumsb y 8HympiulHil 08ip,
Ha 30% wodo munoeoao 8UCOMHO20 MPOEKMHO20 8apiaHmMy. 1pu 03eneHeHHi UeHmMparsabHOI YacmuHu rne-
pumemparnbHoi 3abydosu depesamu 3 8EJIUKOIO KDOHOK 8ULE8Ka3aHUU MoKasHUK 3HUXyembces we Ha 14%.
Takox y docnidxeHHi 6yno po3paxoeaHo cepedH memrepamypy nidcmusibHOI MoeepxHi Onsi mpbox 8api-
aHmie cxemu 3abydosu. [lposedeHe OocnidxeHHs1 dogesio, WO roemarHe 3amiHeHHs apXimeKmypHUX
popM, IXHE yWinbHEHE PO3MIULEHHS | SIKICHE 03€/1IeHEeHHST MPOCcmopy Nodeip’s Mo3UMUEHO 8rueae Ha meri-
J108Ul PEeXUM XUMJII08020 YMBOPEHHS.

Knro4yoei cnoea: coHsiuHa padiauisi, Hagpie nosepxHi, po3rrnaHysaHHs mepumopid, mernnosud Ko-
mebopm.

PLANNING OF TERRITORIES FOR RESIDENTIAL TO THE CREATION OF A
THERMAL-COMFORTABLE LIVING ENVIRONMENT

ABSTRACT. Due to global climate change, rising average annual temperatures, and the growing
problem of the urban heat island, there is a need to take into account the environmental sustainability of
architectural objects in the design process. Green building technologies, based on a passive system of inter-
action with the environment, are designed not only to improve the microclimate of urban areas but also to
reduce the amount of energy consumed, which regulates the temperature regime of the buildings them-
selves. In this regard, controlling the amount of solar radiation received by the building facades and the
underlying surface of the adjacent territory is one of the priority areas. For the city of Kyiv and the Kyiv region,
a typical development solution is still the planning technique where underground parking almost completely
fills the territory of the plot allocated for construction, making it impossible to plant large trees. In addition,
high-rise sectional and high-rise point buildings maximize the exposure of the courtyard to aggressive solar
radiation, creating overheating of the underlying surface. According to the study, when comparing the site
layout options, the use of a perimeter development scheme made it possible to reduce the amount of direct
solar radiation entering the courtyard by 30% compared to a typical high-rise option. When the central part
of the perimeter building is landscaped with trees with a large crown, the above figure is reduced by another
14%. The study also calculated the average temperature of the underlying surface for 3 variants of the de-
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velopment scheme. The study proved that the gradual shading of architectural forms, their compacted place-
ment and high-quality landscaping of the courtyard space have a positive effect on the thermal regime of the
residential area.

Keywords: solar radiation, surface heating, territory planning, thermal comfort.

1. Beryn. JIoCTyNHICT COHSIYHOTO 1 JIGHHOTO CBITJIa B MICBKIH CTPYKTYPI € KHUTTEBO HEOO-
X1IHOI0 YMOBOIO Il CTBOPEHHS KICHOTO ypOaHICTUYHOTO cepenoBuiia. OHaK 3a HaUIMIIKY CO-
HS'YHOI €HEeprii, [0 HaJXOAUTh, BHHUKAE MePETPiBaHHS MOBEPXOHb 1, SIK HACIIOK I[bOTO, — ITiJ[BU-
IIEHHS TeMIlepaTtypu noBiTps. [oGanbHa 3MiHa KJIIMaTy 1 BAHUKHEHHSI aHOMaJIbHUX XBUJIb TEIUIA
B MMIKOBUH JITHIN Mepiof iCTOTHO 3arocTpuiio npodiemy. Sk crnocié mpoTuii cuTyartii, o cKia-
Jacs, 1 parioHaAIbHOTO BUKOPHUCTAHHS MPUPOIHUX PECYPCiB, Y cepi 3esIeHoro Oy aiBHUIITBA Aeaali
OlyIbIIIe yBaru TOCIITHUKIB MPUBEPTAIOTH METOIM TACHBHOTO OXOJIOKEHHS OYIiBENb 1 MPHIETIINX
TEPUTOPIMH.

OpHUM i3 1I€BUX AJITOPUTMIB 3HM)KEHHS PiBHS €HEProCIOKUBAHHS Ta MiATPUMAHHS TETLIO0-
BOTr0 KOM(OPTY 30BHIITHLOTO IMPOCTOPY € CTBOPEHHS 30aJIaHCOBAaHUX TIHHOBHX BI3EPYHKIB Ha Mi-
ChbKUX TOBepxHsX [1]. ¥V «MicbKOMY KaHBHOHI» TEeMIIEPaTypHUH PEXUM KOPEIIOE 3 4acoM 3aTi-
HEHHS TUIoUMHY (acaaiB 1 npuOyanHkoBoi Teputopii [2]. EQexTuBHull nepepo3noain COHTUHOT
€Heprii Mo BepTUKAIBHHUX 1 TOPU30HTAIILHUX MMOBEPXHAX MICHKOI T€OMeTpii IPYHTY€ETHCS Ha ONTH-
Mi30BaHil MopdoIorii i onTUMalbHIA OpieHTalli apXiTeKTypHUX 00’€MIB 3a CTOPOHAMH CBITY.
KomnakTHi mpocTOpoBO-pO3ILIaHyBaJIbHI PIIEHHS KYITHO 3 IOCTaTHBOIO KUIBKICTIO O3€JICHEHHS 1a-
I0Th 3MOTY 3HU3UTH TEIJIOBE HABAaHTAKEHHS 1 MEHIIOI MIpOIO CXHIIBbHI JI0 MeperpiBy, HXK MO
3 MEHII ILTHHO0 3a0y10BotO [3].

2. IloctanoBka nmpodJeMH AOCHiI:KeHb. [CHYIOUMI MiAXiA 10 MPOEKTYBAaHHS BUCOTHHUX
XKHUTIOBHUX OyaiBens y micti Kuei mepenbauae cxemy 3a0y10BH, 3a sIKOT MPOCTip MPUOYAMHKOBOL
TEPUTOPI HE MOXKe OYTH MOBHOIIHHO o3esieHeHni. HeoOXiAHICTh po3MillleHHsI radapuTHOTO Mia3e-
MHOT'O MapKIiHTY i OLIBIIO0 YaCTHHOIO JUISHKH, IO 3a0YJJOBYETHCS, YHEMOKIIUBIIIOE BUCAIKY-
BaHH BEJIMKUX JIEPEB 13 PO3BUHEHOI0 KOPEHEBOIO cUcTeMOI0. ExoHOMIKa Oy1iBHULITBA )KUTIOBUX
KOMIUIEKCIB AUKTYE caMe TaKHH MiIXiJ 3 METOI OTPHUMAaHHS HaiOLIBIIOl KUTBKOCTI KBaJpaTHUX
METpIB KHTJIA MiJl MPOAAXK. YHACHIJOK CUTYallii, 10 CKJIajacs, BHYTPIIIHIA MPOCTip MOJBIP S HO-
BUX JKUTJIOBUX KOMIIJIEKCIB BUSBIISIETHCS M1030aBJICHUM 1CTOTHUX 3€JI€HUX HACAHKEHb 1 OUIBII CXU-
JBHUHA 10 arpeCHMBHOTO BIUIMBY MPSIMOTO COHSYHOTO MOTOKY. Taka TakTHKa MPOEKTYBaHHsS He-
3MIHHO IPU3BOJUTH J10 MIABULICHHS TEMIIEPATYPHOTO pEXKUMY TEPUTOPIi B JIITHIN MIKOBHUH Mepiof,
1, SIK HACJ1JIOK, — J10 3araJIbHOT0 TEMIIEPATypPHOTO PEKUMY MIKPOPaHoHY.

30BHIIIHE TEIJIOBE CEPEIOBUILE TICHO MOB’S3aHE 3 €HEPreTUYHUM OalaHCOM JIFOJICBKOTO
Tina, 6arato B YoMy BU3HAUal04YM Mipy (i3U4HOI aKTUBHOCTI Ta IICUXOJIOT1YHOTO CTaHy JIOJAUHU. Y
CBITJII MacIITaOHUX €KCTpPEeMaJbHUX XBWJIb TeIlIa, 3a(IKCOBaHUX B YKpaiHi 3a OCTaHHI JECSTH-
JiTT4 [4], Ta MOCTIMHUM MiABUILEHHSIM CEpellHIX pIYHUX TEMIIeparyp, BIIKPUTI POCTOPH KUTIO-
BUX MacCHBIB, siki BKpuTi DEM, ra3oHamu Ta MOOJMHOKUMH YarapHUKAMH, TOJJATKOBO EKCTPYIYIOTh
NOKa3HHUK TEIUIOBOTO CTPECY, 110 HETaTUBHO BIUIMBA€E HA 370POB’S Ta SKICTh JKUTTS MELIKAHIIiB.
3riJHO 3 1OBrocTpOKOBUMU mporHo3amu Juist Kuesa ta KuiBcbkoi o0iacTi cepeiHi TeMneparypHi
3Ha4YeHHs MPOJIOBKYBATUMYTh Mporpecysatu. B npari [5] Oysio mpoBeseHo aHami3 TeMIepaTypHUX
3MiH TounHar4H 3 1881 poxy Ta MOCHTIIKEHO MPOTHO3HI JaH1 /IS BUIE3a3HAUYCHOT MICITUHU J10
2050 poky. 3a (pakTUYHOT TEHAEHLIT HOPIYHMX TEMIepaTypHUX aHOMaJlii BUHUKA€ HEOOXITHICTh
MEPEOCMHUCIICHHS X0y 10 PO3IJIaHyBaHHS MICHKUX TEPUTOPIN 1 HacamIiepea — afanTallii )KuT-
JIOBHX OCEPEJIKIB MIOA0 KIIMAaTHYHUX 3MiH [6].

VYV neskux BUIAIKax MICTOOYIBHA CUTYyaIlis, IO CKJaiacs, HE Ja€ 3MOTH TTOBHOIO MipOIO
OXOIIUTH Ta BPaxyBaTH PEKOMEHAIII] 1110/10 MOJIOKEHb 3€JIEHOr0 Oy IBHHUIITBA Ta TACUBHUX METO-
JIIB OXOJIO/KEHHS JJISI MAaOyTHIX MPOEKTIB 1 MPUJIETIOl 10 HUX TepuTopii. OMHAK Ha IIISTHKAX,
BUJIBHMX BiJl HasiBHOT 3a0y0BU, MOKJIMBICTh PO3IJIaHYBaHHS BiJl CAMOI0 MOYATKY € OibII Bapiale-
JBHOIO, 1 apXITEKTOPY Ui BUPIIIEHHS NMPOoQeciifHUX 3aBAaHb CI1J MIIXOAUTH KOMIUIEKCHO 3 ypa-
XYBaHHSM ITOKa3HUKA TETUIOKOM(POPTHOCTI.
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[IpakTUuHICTh BIPOBAHKCHHS MACUBHUX CTPATETii OXOJIOMKEHHS 0yJI0 BUBYEHO 1 MIATBEP-
JOKCHO Ha TIPUKJIAlI HU3KH JOCIiKEeHb 3apyOixkHuX aBTopiB [7—10]. Hacammepen 1ie crocyeThes
KpaiH 31 CHEKOTHUM 1 CyXHUM KJIIMaTOM, JI€ 3HI)KCHHS TIEperpiBy MOBEPXOHb 1 MIATPUMAHHS TETLIO-
BOTO KOM(OPTY € MEepIIoueproBUM 3aBIaHHsIM. Takuii JOCBI] CIUPAETHCS IEPEBAKHO HA BUBUCHHI
pO3IIaHyBaHHS KBapTaIiB TPAAMIIINAHOI iCTOpUYHOI 3a0yJ0BH 1 NMPOMIIOB BUIPOOYBAaHHS dYa-
com [11].

KpiM nOBHOIIIHHOTO 03€JIeHEHHSI, CTBOPEHHS TEIIOKOM(POPTHOTO 30BHIIIHBOTO )KUTIIOBOTO
Cepe/IoBUINA BKIIIOYAE: 3aTIHEHHS, COHIIE3aXUCT, MPOBITPIOBAHHS, BHUIIAPOBYBAHHS, OPIE€HTALIIO
tomio [12,13]. B Ykpaini BUBYCHHSI MUTaHHS 30aJIaHCOBAHOTO BIIPOBAKCHHS MEPETIYCHUX BHUIIE
METO/IiB 3apa3 oomexeHe. HeoOXiTHO MpoBeCcTH KOMITJIEKCHI IOCITIIKSHHSI, aTalTyBaTH 1HO3EMHHMIA
JIOCBIJ 10 YKPaiHCHKUX pealliid 1 po3poOUTH peKOMEH Iallii 010 MalOyTHIX apXiTEeKTypHHUX IPOE-
kTiB. CHHEpPTisSI IPUPOJTHUX METO/IIB OXOJIOKEHHS Ta TEXHOJIOTTYHOTO MPOrPECy CTaHE 3aMOPYKOI0
KOM(OPTHOTO KHUTTS 1 30€pEKESHHS TOBKIJLIA.

3. MeTa po6oTu. 3’siCyBaTH 1 MOPIBHATH 3HAYCHHS HarpiBaHHS MiACTHIILHOI IOBEPXHI MPH-
OyIMHKOBOI TEPUTOPII TUIIOBOTO MiAXO0Y A0 PO3IUIAHYBAHHS IUISHKY 31 3HAYCHHSIMH ajbTepHATH-
BHOI IepUMeTpaIbHOI MOeli 3a0y0BHU. Pe3ynprati poO0oTH BU3HAYATH HAMCIIPUATIMBIIIE MiCTO-
OyZIiBHE pillIeHHS 3 MOTJIAAY TEIUIOKOM(GOPTHOCTI MPUOYAUHKOBUX TepUTOpiil s I kmiMatuaHoi
30HM YKpaiHHu.

4. Marepiaan i Mmetoau. 3a 00’ €KT JOCIIKEHb B3STO TUIIOBY KOMITO3HUIIIIO KBapTaIbHOT
XKHUTI0BOI 3a0ynoBu ['-monioHO1 hopmu B TuIaHi B 24 mMoBepXH, € IMiI3eMHUI MapKiHT PO3MILIEHO
I1]] BCI€IO IIOBEPXHEIO MPOCTOPY MOABIP A, 110 YHEMOKIIUBIIIOE HOTO SIKiICHE 03eJIeHeHHsI. SIk 00’ €KT
MOPIBHSHHSI, HAMH 3aIIPOIIOHOBAHO BapiaHT KHUTIOBOTO KBApTaTy 31 3HMKEHOIO TToBepxoBicTio (10—
13 moBepxiB) Ta MUIBHAM IIEPUMETPATHHUM PO3MIIICHHAM apXiTEKTYPHUX 00’ €MIB JIJIsi CTBOPCHHS
OUTBIIOT IJIOMII 3aTiHEHHS MOBEPXOHb. L[eHTpallbHy YacTHHY BHYTPINTHBOTO MIPOCTOPY IBOPY 3a-
MPOEKTOBAHO 0€3 MiA3eMHOro MapKiHTy, IO J1a€ 3MOTY BHUCAJUTHU JIepeBa 3 BEIMKOI KpoHoto. Ji-
JISTHKH 1171 3a0yI0BY CTAHOBJIATH | 2a 1 € IICHTHYHUMU 32 TUTONICHO JIIs 000X BapiaHTiB (puc. 1).

AH MigcTunbHa
NOBEPXHS ABOPY

....... 4 W
24 nos 10-13 nos
IMig BCieto TepuTopieto TepuTopis ABOpPY, A€ € MOXIUBICTb
OBOPY MiA3EeMHUIA NAPKiHT BUCaAAUTU Benuki fepesa

Puc. 1. Cxemu 3a0y10BH KUTIIOBOTO KBapTally, sIKi pO3IIISIHYTO
Fig. 1. Residential neighborhood development schemes that were considered

[Ticnst po3MilleHHsI Ha CXeMi FeHEepaJIbHOTO TUIaHy CEKIIHHUX KUTIOBUX OYAMHKIB JUIS KO-
YKHOTO 13 BapiaHTiB rpadiyHUM METOAO0M OYJI0 BU3HAYEHO IJIOUTY MiJCTHIILHOI TOBEPXHI MOJBIP’S.
JIns AiNsSHKY 3 BACOTHUM OyIMHKOM y 24 HOBEpXH IUIOIIA CTAHOBUTH 5 780 v, [l nepuMeTpab-
Hoi 3a6y10Bu — 5 140 A°.

Po3paxyHOK KiJIbKOCTI MOTPAIUISIHHS NMPSAMOi COHSUHOI pajiamii Ha MiACTUIBHY TOBEPXHIO
BHYTPILIHBOTO JIBOPY MPOBEJEHO 3a CIIPOLIEHUMH IIU(GPOBUMHU MOJIETSIMU B CHEI[iai30BaHii mpo-
rpami Townscope [14] 3 ypaxyBaHHAM O6e3xMapHOro HeOa. YMOBHI AUISHKY MiJ] )KUTIIOB] KBapTaln
postamoBaHi B KuiBcbkiil 001acTi, 110 Bianosigae | kimimaruuHii 3oH1 Ykpainu [15]. PozpaxyHkoBi
KajeHaapHi nati — aunedb 2021 poky. 3a MOHITOPUHIOBUMU JaHUMHU LleHTpanbHOI reodiznunoi
oOceparopii iMeH1 bopuca Cpe3HeBchbKOro, cepeHs TemrepaTypa MOBITpS Ha TOH mepiof dacy
cranoBuia 24,6 C° [16].
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TJIOBOTO KBapTajly NMepUMETPaIbHOI 3a0y0BH O€3 03CTICHCHHS
Fig. 2. The amount of direct solar radiation on the underlying surface of the courtyard of a residen-
tial block of perimeter buildings without landscaping

Jnis nepuMeTpanbHOT 3a0yA0BU KUTBKICTh HOTPAILUISTHHS MIPSIMOT COHSAYHOI pajiarii 0yIio mo-
paxoBaHoO B ABOX BapiaHTax. [lepmmii — 3a BiCyTHOCTI epeB 1 KymiB. [Ipyruii, 1e yacTuHa ABOpY,
i1 IKOFO HEMAE ITiJI3eMHOTO IMAPKIHTY, 3aCa/HKCHA JepeBaMU BUCOTOIO 7 M 1 KpoHoto 5 M. [Ipukiaz
300pakeHb 3 po3paxyHKaMH IporpaMu Townscope 1mo1aHo Ha puc. 2.

Tabmuns 1. KiapKicTh MOTpAIISSHHS MPSMOT COHSYHOI pajiiallii Ha MiJCTHIIbHY MOBEPXHIO MOJBIP s
MePUMETPATBHOT 3a0YI0OBH YITPOJOBK CBITIOBOTO JHS 32 BIACYTHOCTI O3€JICHCHHS

Table 1. The amount of direct solar radiation on the underlying surface of the courtyard of the pe-
rimeter building during daylight hours in the absence of landscaping

[Ipsima consiuHa papia- C
. - epeHE 3HAUYCHHS
. sl Ha 30HM TOJBIP’s . p N
Komip . [Tinomma noBepxHi mo- npsAMOT COHSYHOT pa-
Ne YIOPOAOBXK CBITJIOBOI'O ., 5 Bm s
30HA IBip st (m°) miarii 3a JeHb
IIHS 33 PO3PaxXyHKOM (Bm/n®)
Townscope (Bm/m’)
1 5389 40 215560
2 4790 38 182 020
3 4191 60 251460
4 3593 1382 4 965 526
5 2994 2190 6 556 860
6 2395 925 2215375
7 1796 230 413 080
8 1198 125 149 750
9 599 100 59 900
10 0 50 0
3araiom 5140 15009 531 2 920,1

Y Mekax 1[boro AOCHiIKEeHHS 0yJI0 IPUIHATO PillIeHHs! BCTAHOBUTH B Iiporpami Townscope
oOmesxeHHs B 10 piBHIB rpajanii NOTPAIUISIHHS TEIJIOBOTO MOTOKY Ha MiJCTUIIbHY MOBEPXHIO MO-
Bip’si. Criuparoyuch Ha OTPUMaHI pe3ynbTaTH, 3a hopmyroro (1) Oyso mopaxoBaHO KiTbKICTh Bm,
K1 OTPUMYIOTh (hparMeHTH MOBEPXHI MOABIP S YIPOIOBXK CBITIOBOTO JTHS 3T1THO 3 PIBHEM TEILIO-
BOTO HAaBAaHTAKEHHS.

I[:E[XS,'a (1)
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ne E, — cepelHs KUIBKICTb NIPSMOi COHAYHOI pafialii ypoaoBk CBITIOBOrO JHA Ha (parMeHT I10-
IBip’s; S, — mioma (GparMeHTy MOABIp si; [ — HOMep dparMeHTy noasip’s, i =1,2,3...n.
Cepe/iHe 3HaYCHHS KUIBKOCTI €Heprii Big mpsMoi coHstaHol pamiauii 7, (Bm/u’), wo mnpu-

XOJIUTH TIPOTSTOM CBITJIOBOTO JIHS HA TUIOIILY TIOBEPXHI MOABIP s, BU3HAYAETHCA 32 (hopmyrnoro (2):

I
Ixaez%’ (2)

0

ze Zli — CyMapHa KUIbKICTh MOTPAIUISTHHS IPSIMOi COHSYHOI pajianii Ha MiJCTUIbHY HOBEPXHIO
HOJBIP’sl yIPOAOBXK CBITIOBOrO AHs; S, — 3arajpbHa IUIOLIA M1ACTUILHOI IOBEPXHI IOABIP 4.

OTtpumani aHi CTPYKTypOBaHO i 3aHeceHo B Tabnui. [Ipukian 38eaenoi Tadnuii 1Jis Ba-
plaHTy epUMETpaIbHOI 3a0y10BH 0€3 03€JICHeHHS MMOJjaHo B Ta0I. 1.

VY tabn. 2 BHECEHO pe3yIbTaTH CyMapHOI KUTBKOCTI MOTPAIUISIHHS MPSIMOT COHSYHOI pajianii
JUISL pO3TIISIHYTUX aBTOPaMHM BapiaHTIB 3 METOO MOPIBHSHHS JaHUX.

Tabmuns 2. [TopiBHSIHHA CyMapHOi KUIBKOCTI MOTPAIUISIHHA IPSIMOi COHAYHOI pajiaiii Ha MiACTU-
JHHY TIOBEPXHIO MOABIP Sl YIPOIOBXK CBITIOBOTO JHS 3a PI3HUX BapiaHTIB 3a0y10BU

Table 2. Comparison of the total amount of direct solar radiation on the underlying surface of the
courtyard during daylight hours for different building options

I'-noni6na 3a0ynoBa [lepumeTpanbHa 3a0ymoBa Tepumerpaibra 3a§y,)1013a 3
(24 1108.) (10-13 110B.) O3CJICHECHHM TIO/IBIp’ s
(10-13 moB.)
CepenHs KUIBKICTB 4182,6 2 920,1 2 368.,5
OpsAMOI  COHAYHOL
panianii (Bm/m?)
% 100 70 56

Ha nactynHOMy erani AOCHi/PKEHHS 0yJ10 BU3HAYEHO ycepeaHEeHE 3HauUeHHs TeMIIepaTypu
HarpiBaHHs HiJICTWJIbHOI MOBEPXHI MOABIP S YHPOJOBXK CBITIOBOTO JIHS BIANOBIAHO 1O (GOPMYIH
A. M. llknosepa [17]. Cnix 3a3Ha4UTH, 1110 HU3KY YMHHUKIB, K1 BIUTMBAIOTH HA 3pOCTaHHS TEILIO-
BOTO iH/EKCY, He OyJI0 BKIIIOYEHO 10 po3paxyHKy. B qaHomy Bunaaky BHpa3 TEIUIOBOro OajaHcy
3aIMCY€THCS HA TAKMX YMOBAX:

- He BpaxOBaHO PO3CisSHY COHAYHY pajiallilo;
- BiACyTHe Oaratopas3oBe BiAJI3epKajeHHs Ta MOTTUHaHHS MK (acagamu OyAiBenb 1 MiJICTH-

JHHOIO TIOBEPXHEIO MO/ABIP’S;

- 00YMCIeHHS MPOBOAATHCS Il TOHKOTO IIOBEPXHEBOTO 1apy, TOMY BBaXKA€THCS, 1110 TOHKUN
1ap Mae MOCTIMHY TeMIepaTypy, 0 BIIMOBIAA€ 3aKIHYEHHIO TUMYAcCOBOI'0 1HTEpBaIy;
- BIUMB aTMOc(epr He PO3TIIAIAETHCS.

RxasS,c
tcal = tout L — > (3)
(04

out

ne t . — TeMmieparypa 30BHIIHbOro noBitps (C°); R — mpsiMa COHsIYHA pafiallis, ka HaJIXOIUTh

out
Ha TT/ICTUIIBHY TTOBEPXHIO TOABIP S 32 JOCIIKYBaHMI IPOMIXKOK Yacy, Bm/w’; aS,c — xoediri-
€HT MOTJIMHAHHS COHSYHOI pajiallii miCTUILHOI MOBEPXHEIO MOABIP A, SIKHH BU3HAYAETHCS 3T1IHO
31m.11.3 ICTY 9190-2022 (tabmn. 10) [18]; er,,, — KoediLieHT TEmI000MIHY NOBEPXHI, AKHIA 00YHC-
JIOETHCS 3a eMIipudHO0 Gopmytoro [19, 20]:

a,, =1,16x(5+10x-/v), (4)

Je v — MBUIKICTD BITPY, M/C.
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Cepenns mIBUIKICTH BITPY B iumHI 411 KuiBcbkoi ob6macTi 3a nanumu LleaTpanbHoi reodi-
3u4HOiI oOcepBaTopii imeH1 bopuca CpesneBcbkoro cranoBuTh 2,2 m/c [16]. KoedimieHT Temmoo0-

MiHy moBepxHi npuitHaTo 0,45, 1m0 BiAMOBIAa€ IPUPOTHOMY OUIOMY KaMeHO 3TiHO 3 Taba. 10 B
JACTY 9190:2022 [18].

Tabmuus 3. Ycepeanene 3Ha4YSHHsI TEMIIEPATypH HATPIiBY MiACTHIIBHOI MOBEpXHi MoABip st mist mumHs 2021
POKy
Table 3. The average value of the heating temperature of the underlying surface of the yard for July 2021

[Tepumerpanbna 3a0ynosa (10-13 | [lepumerpansHa 3a0ynoBa 3 o3eie-

I'-moni6na 3a6yzxoBa (24 1oB.)

TOB.) HeHHAM nozaBip’s (10—13 mos.)
Cepenne 3Ha- TeMIenarvba Cepenne 3Ha- TeMIenaTyoa CepenHe 3Ha- TeMIeParyba
yenns [ICP 3a HOBl\gHXEI 1T(¥"pC) yenns [ICP 3a HOBthxiiT(z,"pQ yenns [ICP 3a HOBI\::HXEI IT(};OPC)
JieHb (Bm/m2) p JieHb (Bm/m2) P JeHb (Bm/m2) p
279 30,07 195 28,42 158 27,70

BHacnigok oTpuMaHuX pe3ynbTariB, Kl HaBeAeH1 B Ta0I. 2 1 Tabu. 3, Mo)kHA MOOAaYUTH 3a-
JICKHICTh 3MIHH YCEPETHEHOTO IMOKAa3HMUKa HArpiBaHHs MiICTHIILHOI TOBEPXHI MOBIp s Bia BUOpa-
HOI cxeMU 3a0yJI0BM Ha OJHIN 1 Tii camiil ainsHi. Ciia 3a3HAYUTH 3HIKEHHS TEeMIIEpaTypHOTO
peXUMY TIPUOYIUHKOBOT TEPUTOPIT MPU PO3MIIICHHI JEPEB 3 BEIUKOK KPOHOKO B IEHTPANBHIN 11
yactuHi. E(QeKTUBHICTD 3aCTOCYBaHHS CXEMH IIEPUMETPAIbHOT 3a0yI0BH 11010 TUTIOBOT CXEMH Ba-
pianTy 1 miaTBepHKYIOTH JaHi, OTPUMaHI i1 4ac MiIpaxyHKy HarpiBaHHS IMMOBEPXHI 3a L€ K Me-
TOAMKOIO HE3aJIC)KHO 110 KOXKHIM TOIMHI BIIPOJIOBXK CBITJIIOBOTO JHSA (pHC. 3).

45,00
40,00

35,00

teC

30,00
25,00
20,00
5 6

7 8 9 10 11 12 13 14 15 16 17 18 19

Yac

—@—[-nopitHazabygoea{24noe)
=& [lepumMeTpantHa 3abypoea (10-13noe)

—g—[lepuivieTpanbHa 3abynoea 3 o3eneHednam (10-13noe)

Puc 3. Temnepatypa miICTUIIEHOT TOBEPXHI MOTOMHHO YIIPOJOBXK CBITIIOBOTO JTHSI
Fig. 3. Temperature of the underlying surface hourly during daylight hours

3 Tabi. 2 BUJIHO, 1110 3arajbHa KUIbKICTh MPSIMOTO COHSIYHOTO BUIPOMIHIOBAHHS, fKa MpU-
XOJIMTb, YIPOJIOBXK CBITJIOBOTO JTHS /Ul BapiaHTY MEPUMETPATIbHOI cCXeMH 3a0yA0BH 3a BiJICYTHOCTI
o3eneHeHHs, Ha 30% MeHIa, HiK Yy BUNAAKY 3 BapianToM ['-moai6Hoi cxemu y 24 nosepxu. [Ipu
BUCA/ILlI TPYIH JIEPEB y LEHTP MO/ABIP’ sl HepuMeTpalibHOI 3a0y0BH, 3arajibHa KUIbKICTh MIPSIMOT CO-
HSYHOI pajialii, ika MoTparuise Ha MiACTUIbHY MOBEPXHIO, 3MEHIIYEThCS 1€ Ha 14%.

OCKUTbKY MiACTUIIBHA MIOBEPXHS MOABIP s O1yIbIlIe CXMIIbHA /IO TPUIUIUBY COHSYHOI €Heprii,
HIX ¢acanu OyiBeNb, TO, BIIOBIIHO, BOHA OUIBIION MIpOt0 Oepe ydacTh y Tem100o0MiH1 1 Haioi-
JbllIe BIUIMBAE Ha TEIUIOBHMM i1HAEKC MpUOYIHMHKOBOI TepuTopii. JlogaTkoBe HarpiBaHHs TeMIepa-
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TypH TOBITPS IPUOYIUHKOBOTO TIPOCTOPY BiIOYBAETHCSA i Yac TETUIOOOMIHY 3 KOKHOIO TIOBEPX-
Hero dacafiB OyAMHKIB, SIKi IPUMHUKAIOTh 0 HhOro. HasiBHICTH Ha 1mo/BIp’1 1€peB 3 BETUKOIO KPO-
HOIO KpiM (QYHKIIIT 3aTIHEHHS PO3CIFO€ YACTHHY COHSYHOI pajiallii, TAM cCaMHUM 3HIDKYIOUH PHU3UK
TETIOBOTO CTPECY.

VY 1iif cTarTi pO3rJISHYTO OAWH i3 BapiaHTIB Opi€HTAIl KOMITO3HUIIII )KUTIOBUX KBapTaJliB
IIO/I0 CTOPIiH CBITY. Y HACTYNMHHUX JIOCII/DKEHHSX IUIAHYETHCS PO3paxyBaTH KUIbKICTh COHSYHOL
EHepTii, 0 MPUXOJANTh Ha MJICTUIIbHY TOBEPXHIO IMOJBIpP S 32 YMOBH 3MiHHU Opl€HTAaIlii KBapTAIIiB.
Lle macTh MOKJIMBICTH OTPUMATH Halle()EKTHBHILIE IPOEKTHE PIIEHHS 3 MOTJISTY 3HUKECHHS TEM-
NEePaTYPHOTO PEXKUMY MPHOYTUHKOBOI TEPUTOPI.

5. BucnoBku. Hapasi micbki arnomepanii YKpaiHu NepeXnBalOTh MPUILTAB YUCETBHOCTI
HacesneHHs. [1loOu 3abe3nmeunTu CTaNMii PO3BUTOK MICT 1 MaKCMMaJIbHO MPOIyMaTH CTpaTerii,
OB s13aH1 3 PO3B’A3aHHAM MPOOJIEM EHEPTOCIIOKUBAHHS i €KOJIOTT4HOT Oe3MeKH, CIIiJl HepeoCMuUC-
JIMTH KOJMIITHI METO/IU BEJICHHS MPOEKTHUX PoOiT. OCTaHHE OCOOIUBO aKTYAIILHO ITiJ YaC OCBOEHHS
HOBUX 3E€MEJIbHHX JIITHOK Ha MEXI MiCTa, SIK1 BUTbHI BiJI HAsIBHOI MiChKOI 3a0y0BH. Y 3B’S3KY 3
BIJICYTHICTIO HU3KH OOMEKEHb 1 MO>KITUBOCTI OUIBII BUIBHOTO MiIXOTY, M Yac po3poOIeHHS reHe-
paJIbHOTO TUTaHY MIKpOpaOHIB MPOEKTYBAIBHUK Ma€ MIAHCH 3aKJIacTh (YHIAMEHT JJIsl CTBOPEHHS
OLIBII SKICHOTO JKUTJIOBOTO CEPEOBHILA HA OCHOBI METO/IB 3€JI€HOTr0 OYIiBHUIITBA.

AmHati3 pe3ynbTaTiB, OTpUMAHMX M1 Yac IbOTO JOCHTIHKEHHS, JOBOIATh EPEKTHBHICTD 3a-
IPOIIOHOBAHOTO aBTOpaMH pitieHHs1. CaMO3aTiHCHHS KHUTIOBUX CTPYKTYp 1 HASIBHICTh Ha MOJBIp 1
JIepeB 13 BETUKOI0 KPOHOIO ICTOTHO 3HIIKY€E KUTBKICTh NOTPAIUISIHHS COHSYHOI €Heprii B MIKOBUIA
JITHIN TIepioJl, THM CaMUM MMO3UTHUBHO BILUIMBAE HA MPUPOJIHE OXOJIOKEHHSI 30BHIIIHIX TOBEPXOHb
KkBapTaiy. Lle cTocyeThCs He TUIBKH TEPUTOPIi MOABIP s, a i pacamiB OydiBelnb, SKi TEX MPHIMAIOTh
YaCTHHY BUIPOMIHIOBaHHSA 1 0€pyTh y4acTh y TEIJIO0OOMiHi.

BincyTHiCTh mapKiHTy i/ EHTPAIBHOO YaCTHHOIO KHUTIOBOTO KBAPTATY Ta BAKOPUCTAHHS
I[LOT'O MPOCTOPY MiJI MOCAIKy 3HAYHOI KUIBKOCTI 3€JICHMX HACA/KEHb CTBOPUTH KOM(MOPTHHIA MiK-
pOKJIIMAT Ha piBHI HEBEIHMKHUX JKUTJIOBHX YTBOPEHb, 3HMW)KYIOUH PU3UK BUHUKHEHHS TETJIOBOTO
CTpeCy HaCEJICHHSI.
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AOCNIAXKEHHA BNJINBY POCJINH HA ®YHKUIOHATIbHY E®PEKTUBHICTb KOHC-
TPYKUIU OOLLOBUX CAAIB: AHAJI3 PEKOMEHOALIN TA HAYKOBUX PE3YJIbTA-
TIB

AHOTALIA. Jowosi cabu € mowupeHor NpakmuKo yrpaessiiHHA 3/1U808UMU 800aMu, 8KIIHOHYar4Yu
Ix sikicmb, y micbkux paltioHax 6azambox KpaiH ceimy. PocnuHu gidieparomb 8axrugy posib y cucmemax
dowosux cadie, a pekomeHoauji 3 ix MPOEKMys8aHHS, MOWUPEHI Y 8CbOMY C8imi, MiCmsiMmb PO3WUPEHI 8Ka3i-
8KU ma rnopadu w000 posi aubopy PocuH 0115 MNid8UWEHHST egbeKmusHOCMi ma cmitikocmi cucmemul.

Ha ocHosi docnidxeHHs1 pekomeHOauili wodo rnpoekmyesaHHs doujo8ux cadie b6yio 8U3HAYEHO HO-
mupu OCHOBHI eairnomesu, Wo CcmMoCymbCsl POsii POC/UH. 1) cucmemu 3 POCUHHICMIO € binbuw eghekmus-
HUMU, Hix 6e3 HuX; 2) suOu POC/UH 8IOPI3HAMbCS C80E echekmusHicmio, 3) micuesi 8UOU € echeKmMUuBHI-
wumu, Hix iHmpodykosaHi; 4) kKoHcmpykuii dowjosux cadie 3 pi3HoMaHImHUM 8udo8uM CKNadoMm € eghekmu-
BHIWUMU, HXK 3 MOHOKY/Ibmypamu.

Y docnidxeHHi 6yno po3ansiHymo eghekmugHicmb cucmem doujoeux cadie 3 moyku 30py eidpasrni-
YHUX i 2i0ponio2idHuUX enacmueocmedi, @ MakoX 3 MOYKU 30py sudasieHHs1 3abpyOHIOHYUX PEeYOo8UH. Y po-
b6omi npoaHarizosaHo 8i0NMoO8IOHICMb 8U3HAYEHUX 2inome3s pe3yfibmamam HayKogux 00C/iOxeHb, Wo Hadae
3HayHe Haykose ridrpyHms 0nsi po3pobKu 8i0no8idHUX HopMamueHUX OOKyMeHmig, cmaHOapmie ma peKo-
MeHOauil 8 YKpaiHi, ki Ha cb0200HIWHIl OeHb 8idcymHi. Bud pocnuHHocmi 6e3rocepedHbo eriueae Ha
eidpaeriyHy npodykmueHicms i ipouec sudarneHHs asomy, MPUYOMY XapakmepucmuKu KOPIHHS € 8aXIIU8UM
hakmopowm, skull ernnueae Ha ui npouecu. ObrpyHmMoeaHo, Wo KopeHeai cucmemMu pOoCiUuH Cripusitoms io-
mpumuyj 2idpasniyHoi nposiOHOCMi ma 3MeHWEeHH!IO pigHs1 3abpyOHeHHs. Haykosux pe3yrnbmamis, siki 6 rio-
meepduru ainomesy, Wo micyesi pocriuHU abo doujosi cadu 3 8UCOKOK 8UOOBOIO PI3HOMAaHIMHICMIO Marome
guWy MPOdyKmMuUHICMb MOPIBHSIHO 3 cucmemMamu 3 MEHWOHK KinbKicmto sudige abo 3 iHmpodyKkogaHUMU 8U-
damu 3HaldeHo He byro.

Banuwarombcsi Mano docnidxeHuMuU numanHsi wo0o 83aemoOii pociuH i MiKpoboueHosy y cucmemi
dowo8020 cady, posi MaKporop y migpauii 3abpydHYUX pedosuH abo dughbepeHyitiogaHo20 8rusy 8u-
b6opy pocnuH Ha nNPodyKMuUBHICmb cucmemu.

Knroyoei cnoea: dowjosuli cad, 3eneHa iHgbpacmpykmypa, pOCAUHHICMb, 3/1U808i 800U, SIKiCMb
dow080i 800U, hyHKUIOHaITbHI 0O3HaKU, pu3ocgepa, pisHOMaHImHICMb POCIUH

STUDYING THE IMPACT OF PLANTS ON THE FUNCTIONAL EFFICIENCY OF RAIN
GARDENS: ANALYSIS OF RECOMMENDATIONS AND SCIENTIFIC RESULTS

ABSTRACT. Rain gardens are a common practice for managing stormwater, including its quality, in
urban areas of many countries around the world. Plants play an important role in rain garden systems, and
design guidelines distributed around the world provide extensive guidance and advice on the role of plant
selection in improving system efficiency and sustainability.

Based on a study of rain garden design guidelines, four main hypotheses regarding the role of plants
were identified: 1) systems with vegetation are more efficient than those without; 2) plant species differ in
their efficiency; 3) native species are more efficient than introduced species; and 4) rain garden designs with
diverse species composition are more efficient than those with monocultures.
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The study examined the effectiveness of rain garden systems in terms of hydraulic and hydrological
properties, as well as in terms of pollutant removal. The paper analyses the correspondence of the defined
hypotheses to the results of scientific research, which provides a significant scientific basis for the develop-
ment of relevant regulations, standards and recommendations in Ukraine, which are currently absent. The
type of vegetation directly affects the hydraulic performance and the process of nitrogen removal, and the
characteristics of the roots are an important factor affecting these processes. It is proved that plant root
systems contribute to the maintenance of hydraulic conductivity and reduce pollution. No scientific results
have been found to support the hypothesis that native plants or rain gardens with high species diversity have
higher productivity than systems with fewer species or introduced species.

There is little research on the interaction between plants and microbial communities in a rain garden
system, the role of macropores in pollutant migration, or the differential impact of plant selection on system
performance.

Keywords: rain garden, green infrastructure, vegetation, stormwater, rainwater quality, functional
traits, rhizosphere, plant diversity

1. IlocranoBka mpodsaemu. [lIBuaki Temnu ypOaHizaiii mpu3BeId A0 3HAYHOTO 3017Tb-
IICHHS TUIOIII BOJOHETIPOHUKHOTO MOKPUTTS JIAHAMA(TY, 10 CTAHOBUTH BETMKHH BIICOTOK MiCh-
KOT IMOBepXxHi. BoioHEeNpOHMKHI TOBEPXHI 0OMEXYIOTh IPOCOYYBAHHS ONA/IB Y IPYHT, 1110 IPU3BO-
JUTH 710 30UIBIICHHSI CTOKY SIK 3 TOYKM 30py HOTro MBHIKOCTI, Tak i 00'emy [1]. JomoBa Boga y
MICBKOMY CEpEJIOBMILI MEPEBaKHO CHPSIMOBY€ETHCS y KaHaJ3aliiiHy cUcTeMY, 1110 CTBOPIOE cepiio-
3H1 TPOOJIEMH ITiJT YaC IHTEHCUBHUX OIAJ(iB, TAKUX SK MICIEBI IOBEHI, 3aTOIUICHHS PIYOK TOIIO, &
TaKOX IMOTIPIIYE AKICTh Ta JOCTYITHICTh BOAM [2]. MIChKUH CTIK € 3HAUHUM JIPKEPEIIOM 3a0pyAHEHHS
BOJIH, 1110 BUKJIMKAE TIOTIPIICHHS SIKOCTI BOJHHUX PECYPCIB Ta 3arpo3y /i ekocucteM [3]. Y Toit ke
gac 3MiHU KJIIMaTy IPHU3BOIATH JI0 3MIHH XapakTepy, YaCTOTH Ta IHTEHCUBHOCTI OIa/liB, 3arOCTPIO-
104n 110 npobaemy [4]. s eeKTHBHOTO YIpaBIIiHHS 3JIMBOBUMHU CTOKaMHU Y MICBKUX paiOHaX
OyJIi 3ampOITOHOBAHI JEsKl €KOJIOTIYHO CTIMKI MiIXOJH JI0 MICHKOTO PO3BUTKY SIK albTCPHATHBA
TpagumitauM MetoaaMm [5—10]. st onucy TeXHOIOTIH yIpaBIliHHS 37 TMBOBUMH BOJAMH, TAKUX K
KOHCTPYKIIIi JIOIIOBUX CaJliB, «3€JCHI» Jaxu, IHPUIbTpaIiiHl TpaHIIei, BOJOINPOHUKHI TPOTYapH
TakoX OyB BBEICHUHU TepMiH «3eieHa» iHndpactpykrypa [11]. IIpakTuku «3eneHoi» indpacTpyk-
TYpH MO’KHA JIETKO 1HTerpyBaTH B OYy[iBii, JJaHAIAQTHUN TU3aiiH, 3aCTOCOBYIOUH JIELEHTPali30-
BaHUM MIAX1]] 1715 pO3C1IOBaHHS MOTOKIB 1 YIIPaBIiHHS CTOKOM O17151 JKepena oro BUToky [12].

JlommioBi cajii — 11e BUJT «3€JI€HNUX» KOHCTPYKIiH, SKI IMITYIOTh TAPOJIOTiuHY (QYHKIIO TPU-
poaHoro nanamadry, 3ade3neuyodn Ik KOHTPOJIb 33 MOBEHSIMH, TaK i MepeBart JJIs SKOCTI BOJIU
[13]. OkpiM 31aTHOCTI 3MEHIIYBaTH MIKOBUH CTIK, 10 (POPMY€ETHCS HEMPOHUKHUMHU MOBEPXHSIMH,
Ta MOKpaIIyBaTH SKICTh BOJAM, BOHU MalOTh Takl [lepeBaru: 3aiiMaroTh HEBEIMKUI MPOCTIp B TIOPiB-
HSIHHI 3 TXHBOIO BOJI0301pHOIO TUIOMICI0; CTBOPIOIOTH CEPEOBHILE IS MIATPUMKHU Ta 3aXUCTY 010-
PI3HOMAHITTS; JIETKO IHTETPYIOTHCS B MICLIEBUI MICBKHMM TM3aliH; HaAal0Th BUIIUNA PIBEHb 3pYYHO-
CTi, HK 3BUYaiiHa OETOHHA JIpeHaKHA CUCTEMa; CITYTYIOTh IHCTPYMEHTOM JUIs BiIHOBJIEHHS 3B'SI3KY
€KOCHCTEM 3 PUPOTHUM KPYyrooOiromM BOIu; MarOTh MO3UTHBHUMN BIUIMB HA MICIIEBUNA MIKPOKJIIMAT,
CHPUSIOYHM BUIIAPOBYBAHHIO TA OXOJIOPKEHHIO HABKOJIMIIHBOTO NoBITps [14]. OCHOBHMMHU KOMIIO-
HEHTaMU KOHCTPYKIIiH JOMIOBUX CaJlIB € POCIUHHICTh, BUCA/DKEHA Y TPYHTOBE cepeoBuIle (cyoc-
Tpar), iHpAbTpaLiiHui map, rpaBiiHUi map Ta JpeHaxHa cucrema (puc. 1) [15].

Sk 1 B 6u1bmIoCTI cdep NMpakTUK Ta METOIB, axiBili, ki OepyTh ydacTh y iX peanmizalii,
3HAYHOIO MipOIO MOKJIaIal0THCs HAa MICIIEB1, pETiOHAIbHI YU HALlIOHAJIbHI HACTAHOBH 1[I0 MTPOEK-
TyBaHHS, OyJIIBHUIITBA Ta 00CIYrOBYBaHHS CUCTEM JOLIOBHX CaJliB. 32 OCTaHHI POKU Y PI3HUX Kpa-
iHax cBiTy OyJ10 po3pobIieHO OaraTo MOCiOHUKIB, AEsK] 3 IKUX HaBITh cTayu cTanaaptamu [16]. Taki
peKoMeH1allli MOKYTh 3HAUHO BIUIMHYTH Ha JIM3aiiH Ta e()eKTUBHICTH JOIIOBUX CaJiB Y KEpyBaHHI
3IMBOBMMHU CTOKaMHM IO BCbOMY cBiTy. Lli pekoMeHnaalii MicTATh Pi3HOMaHITHI TilIOTE3H Ta TBEp-
JDKEHHS 1010 e()eKTUBHOCTI CHCTEM, 30KpEMa, BIUTUBY POCIUHHOCTI.

Ha cporonniniHiii 1eHs B YKpaiHi BiICYTHI peKoMeH1allii Ta HOpMAaTUBHI IOKYMEHTH 11010
NIPOEKTYBaHHSI, BIIPOBA/PKEHHS Ta 00CITYrOBYBaHHS KOHCTPYKIIIH JOIIOBUX CaIiB, IO MTPH3BOIUTH
JI0 TpyOOT0 MOPYIIEHHS TEXHOJOT1H, TEXHIKUA O€3MeKH Ta 3HIKEHHS TePMiHIB eKCIuTyaTailii 00'ek-
TiB. [lepmn KOHCTPYKIIT JOIIOBUX caiB B YKpaiHi 3 ABUIUCH y M. JIbBOBI, CTBOpEHI aKTHUBICTaAMH
rpomajicbkoi opranizaiii «Ilmaro» (puc. 2, a), Ha [Togoni y M. Kuesi (puc. 2, 6) ta B KK Daitna
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Tayn y M. Kuesi (puc. 2, B). [lo xinms 2024 poxy B micti Kuesi nminanyerbcest BipoBapkeHHs e 10

KOHCTPYKILIH JOMIOBUX CaJIiB 3 METOO 3HIDKEHHS HAaBaHTA)KEHHsI HA OCHOBHY CHCTEMY KaHai3amii
[17].

1. Fiuéuna mapy A5 BOAR

2. IpyHTONOKpPHEHI MaTepiaan
3. PociuHHAI HOKPHEB

4. Tpae’sinnil NOKPHB

5. Cacrema nepeInBy

6. I'pynToBa cymim

(Ans BHCAAKH POCIHHHOTO INApY)

7. IndinpTpaniiiami map

8. I'pagiiianii map

9. IpeHa:KHa CHCTEMaA

Puc. 1. OcHOBHI eleMeHTH KOHCTPYKIIii JTOIIOBOTO cajy — ITOTIepEeYHNI Tiepepi3 (aBTOpchka po3poOKa)
Fig. 1. The main elements of the rain garden construction - cross section (author's design)

st po3poOku pekoMeHalliif 3 MPOEKTYBAaHHS Ta BIPOBAIKEHHS JIOIIOBUX CajliB B YKpaiHi
HEOOXIJTHO MpOaHai3yBaTH Ta AOCIITUTH PEeKOMEHaalii, po3po0ieHi B pi3HUX KpaiHaX CBITY, Ta
iXHIO BIATOBIAHICTh HAYKOBHUM BHUCHOBKaM. SIK IMOKa3ajau JOCIIDKCHHS Y MOMIOHUX TEXHOJIOT1X,
HaNpUKIaJ, Y BOAHO-O0JOTHUX YTiAJX, HASSBHICTh POCIMHHOCTI € KIIIOYOBUM €JIEMEHTOM JUTS 3a-
Oe3reueHHs (PYHKIIIOHAJIILHOCTI Ta €CTETUKH JOIIOBUX CaJliB, TOMY MPaBUJILHUN BUOIP BUIIB Ma€e
BUpimansHe 3HaueHHs [18]. B mpeacrasneniit poOOTi MU 30CepeKy€eMOCs JIUIIE Ha POCITUHHOCTI
(irHOpYIOYH, HANIPUKIIAJ, crieludiKallii IPyHTOBOTO CepEAOBHINA YU CXEMH JPEHAXKY ), OCKUIBKH IS
TeMa, He3BAXKAIOUX Ha ii CKJIQAHICTh 1 BAYKJIMBICTh, 3AIMIIAETHCS MAJIO JOCIIHKEHOI0 Y KOHTEKCTI
CUCTEM J0MOoBUX camiB [19].

a 0
Puc. 2. [lpuknany nepmux KOHCTPYKLIN TOMIOBUX caliB B YKpaiHi:
a) M. JIpBiB; 0) IToxin (M. Kuis; B) KK daitna Tayn (m. Kuis)

Fig. 2. Examples of the first rain gardens in Ukraine:
a) Lviv; b) Podil (Kyiv); c¢) Faina Town (Kyiv)

2. Mera 11i€1 poOOTH MOJISITa€e B MEPEBIpIll TOTO, HACKUIBKH TIIOTE3H Ta MPUITYILIEHHS 111010
podi Ta BUOOpPY pPOCIMHHOCTI, HaBe/IeH1 B 0araTb0X BU3HAHMX PEKOMEHJAIISAX 100 JOLUIOBUX Ca-
JB, MIATPUMYIOTHCS HAYKOBOIO JIiTepaTyporo. Lle HazacTh 3HauUHE HayKOBE MIATPYHTS AJIs pO3po-
OKM BIAMOBIIHUX HOPMATUBHUX JOKYMEHTIB, CTAaHAAPTIB Ta pEKOMEHMalild B YKpaiHi, a TaKOX,
NpUHAWMHI, JO3BOJUTH 3aPONOHYBAaTH CIIMCOK BiMOBIAHUX BUIIB POCIIHH.

Jlist TOCATHEHHS MOCTAaBICHOI METH MU OyJIeMO OPi€EHTYBAaTUCh Ha JAOCIHIHKEHHS, 10 CTO-
CYIOTBCSl YOTHPBHOX 3araJIbHUX TIIOTe3:

1. CucreMu JOMIOBHX CaJliB 3 POCIUHAMU € OiTbIl €pEKTUBHUMU, HIXK 0€3 HUX.
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2. Buau pocnuH BiApI3HAIOTHCS 32 CBOEIO €(PEKTUBHICTIO.

3. Micuesi Buau epeKTUBHIIII, HI’)K IHTPOYKOBaHi.

4. KoHCTpYKIIii AOMIOBUX CaiB 3 PI3HOMAHITHUM BUIOBUM CKJIAJ0M €(PEKTHBHIII, HIXK 3
MOHOKYJIbTYPaMH.

VY Hamomy JIOCIHIKEHHI MU PO3TISIIAEMO €(hEeKTUBHICTh CHCTEM JIOIIOBUX CaJliB 3 TOUKH
30py TiApaBIivyHUX 1 TAPOIOTIYHUX BIACTUBOCTEH, @ TAKOXK 3 TOYKU 30py BUAAJICHHS 3a0pyIHIOK0-
yux pedoBuH. OIIHIOIOYH, HACKIJILKHM HAasIBHI PEKOMEH/IAITii, BKJIIFOYEeH] B IOCIOHMKH Ta CTaHAapTH,
BiJT0OOpakaroTh CTaH MOTOYHOTO HAYKOBOTO PO3YMIHHS, MM TaKOX BU3HAYA€MO MPOTAJIMHH B 3HAH-
HAX 1 TOTpeOu 11 MaOyTHIX JTOCITIIPKEHb.

3. OcHoBHa yacTuHAa. PociHw, SIKi CKIIAAaI0Th BEPXHI MIap KOHCTPYKIIIN TOIIOBUX CaIiB,
BUKOHYIOTh Pi3H1 €KOJIOT1YHI 1 ecTeTH4H1 yHKIIii. BOHM MOXYTh MOKpaIyBaTH SKiCTh CTOKY IS~
XOM BHJIAJICHHS TIO)KMBHUX PEYOBHH, METATIB, 3aBUCIUX TBEPAMX PEUOBUH 1 OPraHiKd, a TAKOXK
BIUTMBATH HAa TiJIPOJIOTIYHI MOKAa3HUKHU, 3aM100ITalour 3aCMIYeHHIO CyOCcTpaTy, MiHIMI3yIOUl 00'eM
3JIMBOBOT BOJIM Yepe3 BUTIAPOBYBAHHS, SMCHIITYIOUH €PO3if0 Ta BILTUBAIOYY Ha MUISIXU MOTOKY. Kpim
TOTO, POCIIMHU JIO3BOJISIFOTh CUCTEMaM JIONIOBUX CaJliB IOCATATH IHIIKMX MEpeBar, TaKuX SIK 03eJie-
HEHHS MICT (€CTEeTHKA), CTBOPCHHSI CepeIOBHIIA TIPOKUBAHHS JIJIT KOMaX Ta 1HIIMX BHIIB 1 MOKpa-
mIeHHs KOCTi noBiTpst [20]. BaxJmBicTh POCIMHHOCTI B JIONMIOBHUX CaJiaX BU3HAHA Y CBITOBUX pe-
KOMEH/IAIIISIX 3 MPOEKTYBAHHS TAKUX CUCTEM, IPHUUOMY OLIBIIICTh 3 HUX MPONOHYIOTh KOHKPETHI
KpuTepii BigOopy BiAnoBiAHOT pocauHHOCTI [21]. OCHOBHOIO BUMOTOIO IO POCIIMHHOCTI AJISl CHCTEM
JIOIIOBUX CAJIiB € 1X 3[aTHICTB JIO MPUCTOCYBAHHS Ta PO3BUTKY B CYBOPHX IOTOJHUX YMOBAaX, iX
eCTEeTUYHA MPUBAOJIUBICTh Ta JIOCTYITHICTh JJII BAKOPUCTAHHS B TIEBHOMY PETiOHI.

Ta6mmms 1. SIkicHui aHai3 BILTMBY POCITUH Ha e()EeKTHBHICTH (DYHKIIIOHYBAHHS JOIMIOBUX CaJIiB, BUXOITIH
3 pe3yJIbTaTiB HAyKOBUX JOCIIIKCHb

Table 1. Qualitative analysis of the impact of plants on the efficiency of rain gardens based on the results of
scientific research

. SAkicHa  poJb
DyHKILiOHA- . .
MosxkauBi MexaHi- . . . pociMH 3 TO-
JbHA poJnb EMnipuyHni AaHi ekcnepumeHTa-
3MH BIUIMBY POC- . 4YKH 30py Hpo-
KOHCTPYKUil JbHHUX JOCJaIIKEeHb .
10IOBOTO ¢AX JIUH AYKTUBHOCTI
y CUCTEMH
Iaposnoriuna Tpancmiparis Hesenukuii po3mip J0IIOBOTO cajy, +
e(eKTUBHICTh MaJia IUIOIA JIUCTS BiTHOCHO BOI0301-
pHOi Tiomi. BincyTHicTh pe3ysbTaTiB
JIOCITI/PKEHB 111010 TpaHCIiparii
(TUTBKM eBamoTpaHcIipartii).
Po3BUTOK MakpoIiop KOPEHEBOIO CHC-
[IponukHicTh/MIOpUC- | TeMoro pociuH. HeoOximHI 101aTKOBI ++
TICTb: JTOCITDKEHHS JUIS TTiITBEP/KSHHS Ti-
¢izionoriyHuil po3BH- | MOTE3H TOTO, IO POCIHHHICTD CHPUSIE
TOK POCJIMH Ta Jierpa- | maTpuMmili iH(iIbTparii BOIU Y A0II0-
JaIlisi KOPEHIB yTBO- BUX cagax
PIOIOTH TIOPH, SKI
CIIPUSIOTH iATPHUMII
HEOOX1JIHOTO CTY-
MIEHIO IOPUCTOCTI IPY-
HTY
Hanzemui vactuan
POCIIUH CIIPUSIOTh ) )
. . BizgcyTHiCTh JaHUX 1I0J0 BILIMBY POC-
®dinprparlist 3J1M- | 3MEHIICHHIO IBUIKO- . . :
. . . JIVH 3T1JTHO 3 EeMITiPHYHUMH JIOCITi- 0
BOBOI BOJIU CTI CTOKY 1 CITPHSIFOTh
. JDKEHHSIMUA
OCIJIaHHIO 3BaYKEHHUX
pEYOBUH
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Bunanenus muisgxom
TIOTJIMHAHHS POCITHU-
Hamu. Puzoctepa
CIIpHSIE TIpOoIIecaM HiT-

BincyTHiCTh pocTMHHOCTI MOXKe (ak-
TUYHO CHPHUSITH EKCIIOPTY a30Ty, 3/ie-

JI1B

HaMu

JKeHHs1 piBHs pH 1 migBHIEHHS pO3-

YUHHOCTI OPTaHIYHHX CIIOTYK, MOXKE

30UTBIITUTH KITBKICTh METAJIIB Y CTid-
HHUX BOJAX

Bupnanenns azory o . Oinpioro y opmi HITpartiB, SIKUN BU- +++
pudikarii Ta AeHITpH- . .
S TANAETHCS Yepe3 010THIHY aCHUMIIIs-
¢ikanii, Gopmyroun it
30HU HACUYECHHS TPY-
HTY
Brxanerns doc Bunanenns nuisixom | Jlis 1o0pe cpopMOBaHUX POCITHHHUX
o MOTJIMHAHHS POCITHU- YIPYIOBaHb Y HCHACHYCHOMY IPYHTI +
py HaMU MOJKE CTIOCTEpIraTHCs MO3UTHBHAN
edexr Big puzochepu. Ilormmaanms
METaJIiB POCIMHAMHU HU3bKE (HAMPH-
kiman, 0,5%—14% Big 3araabHOI KiJlb-
Bumanenus mumsxom KOCTI MeTaiiB). 3MiHa BJIaCTUBOCTEH
Bunanenns mera-
. MOTJIMHAHHS POCITHU- IPYHTY POCIIMHAMU, TAKHX SIK 3HU- + -

Opranivsi 3a0py-
JHIOBaui (Had-
TOBI BYTJIEBOIHI )

Bunanenus muisixom
MOTJIMHAHHS POCIIH-
Hamu. Puzocdepa min-
TPUMY€E YMOBH, SIKi
CIPUSIOTH OaKTepia-

BincyrHicts edekty abo onocepeaxo-

BAaHHH BIUIMB MOYXeE OYTH 3yMOBJICHHIA

M IBUIIICHHSAM MiKPOOHOT aKTUBHOCTI
B puzochepi

JHHOMY PO3KIIAIaHHIO
BYTJICBOJIHIB
Mpumirka. Pons pocnun: Biacytas (0), He3HauHa (+), cyTTeBa (++), BUpimaibHa (+++), BiJl HE3HAYHOT 110

HETraTUBHOI (+ —), MOTPiOHI TOJATKOBI MoCIiKeHHs (7).

TI'inome3a 1. 3 Touku 30py (YHKIIOHAILHOTO MPU3HAYEHHS JOIIOBUX CaJliB, MUTaHHS 1O-
3UTUBHOIO BIUIMBY POCIUH Ha €()EKTUBHICTb T'POJIOTTYHUX MPOLIECIB YU BUAAJICHHS 3a0pyAHION0-
YHMX PEYOBHH HeE € TpuBiagbHUM. HaBiTh 6€3 pociinH A0I110BI caau Oy1yTh BUKOHYBATH CBOT (DYHKIII1
(mpuHaANMHI YaCTKOBO) LUISIXOM IPOXOJPKEHHS BOJU uepe3 I'PyHTOBI cepenoBuiia. dizuuHi Ta Xi-
Mi4HI MPOLECH, TaKl K (iabTparlis, aJcopOLis Ta 0CaPKEHHS, CIPUATUMYTh BUAAJICHHIO 3a0py -
HIOIOYMX peYOBUH. MIKpOOOIIEHO3 TPYHTOBOTO CEPEIOBHUIIA CITPUSATUME TAKUM IIpoIiecam, siK HiT-
pudikariisi, okuciaeHHs, OpoaiHHs Toio. [TopucTicts cepenopuiia 3ade3nedyBaTume iHPIIBTpaLilo,
TUMYacoBe 30epiraHHs, a MoTIM eKCIIbTPALIII0 Yepe3 IPYHT, L0 T03BOJIUTh 3MEHIIUTH HIBUAKICTh
MIKOBUX 3JIMBOBHX CTOKIB [22].

Jlesiki pekoMeHaanii niJKpeCIoTh POiIb POCIUHHOCTI Y JOCATHEHHI OKPEMUX TiApaBiiu-
HUX, TIPOJIOTiUHUX Ta GUIbTpyBanbHUX Iiedl. Hanpukian, pekomennanii Apcrpanii [23] 3a3Ha-
YaroTh, 1110 «POCIMHHICTD MOTJIMHAE MTOKUBHI PEYOBUHHU, CIIPUSE PO3BUTKY MIKPOO10JIOTTYHUX CHi-
JBHOT (BaXJIMBE /ISl OYMILECHHS 3IMBOBUX BOJ), MIATPUMYE Ta MOCUIIIOE MTOPUCTICTh IPyHTY». [lo-
CIOHMKHU MOXXYTbh HaJlaBaTU TEOPETUYHE MOSICHEHHS POJI1 POCIMHHOCTI ab0 BKa3yBaTH Ha OCHOBHI
iX O3HaKM (CTPYKTYpYy KOPEHs, HIBUJKICTb POCTY, PO3MIpP POCIHHH, CTIHKICTh 10 YMOB), 5IK1 ITOB's-
3aHi 3 PI3HUMH (PYHKITISIMUA JTOIIOBHUX CaJIiB.

OCHOBHHUM IIJIX0/IOM JI0 OI[IHIOBAaHHS BIUIMBY POCJIMH Ha Pi3HI (YHKII] CHCTEM JOLIOBUX
Ca/liB € MOPIBHSAHHS CUCTEM 3 POCIMHHICTIO Ta 0e3 Hei. OJHak Jy’e Mallo eKCIIepUMEHTaIbHUX
JOCTIIKEeHb OYJI0 TPOBEICHO 3 KOHCTPYKIIISIMU JIOIIOBUX cajiB 6€3 pOCIMHHOCTI. Pe3ynbTaTh sKi-
CHOTO aHaJIi3y BIUIMBY POCJIWH Ha €()EeKTUBHICTh (PYHKIIIOHYBaHHS JOILIOBUX CaJiB HA OCHOBI Hay-
KOBUX JOCIIIKEHb HaBeAeH] B Ta0mmI 1.

JocikeHHS BIUIMBY POCIMHHOCTI Ha 2i0pOo02iuHy edheKmusHicmsy Ta BOJHUHN OaaHc J0-
IIOBUX CaJliB BIIHOCHO OOMEXEHI, 1110 MOSCHIOETHCS CKIIATHICTIO BUMIPIOBaHHS eBaroTpaHCHipaliii
B CHUCTEeMaXx, SIKl BUMaraloTh CIHEI[laJlI30BaHUX KaMep y MOJbOBUX yMoBax [24] a0o Ni3UMETpiB y
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nabopaTopHux ymoBax [25]. KpiM Toro, HeBemMKuil po3Mip CUCTEM JOMIOBUX CaiB, B TIOPIBHIHHI
3 IJIOUICI0 BOJI03a00pY, MPU3BOAUTH J0 TOTO, IO IJIOMIA JHUCTS AyXKE Majia Mo BiJIHOLICHHIO JI0
00’eMy cTOKY [26]. PociiHYM BIUIMBAIOTh HA IMHAMIKY CHCTEMH «TPYHT-BOJIa» PI3HUMH CIIOCOOAMHU.
Hocnimkenns aBTopis [27] Ta [28] mokaszanu 301bIeHHS piBHS iHOUIBTpAIlii B CEpeOBHIII JTOIIO-
BOT'O CaJly 3a paXyHOK IMOKpPAIEHOI MPOHUKHOCTI Ta MOPUCTOCTI IPYHTY BHACIIJIOK ajanTaiii poc-
JUHHOCTI. J{0110Ba BO/Ia MOKE TUMUYACOBO 3aTPUMYBATHCS B POCIIMHHUX TKaHUHAX [29], aje ocHO-
BHHI BHECOK B YTpUMaHHS BinOyBaeThcs uepes BunapoByBanHs (ET) [30]. Jekinbka q0CiiKeHb
HiATBEP/KYIOTH BIUIMB POCIMHHOCTI Ha mpouec iH(iIbTpaii 37 1MBOBOT BOJU 3 4aCOM y CHCTEMax
noioBux canis. Hanpukinazn, nociignuk [31] BUABHIN, IO B IOIIOBUX Ca/1aX 3 POCIMHHICTIO MIPO-
1ec iHginbTpanii Bit0yBaeThCs IHTEHCUBHIIIE, HDK B cUcTeMax 0e3 pocaMHHOCTI. B paMkax poboTu
[32] Oyno mpoBeaeHo MOAIOHE TOCTIKEHHS 3 POCIMHHUMHU KOJIOHAMH B JaOOPAaTOPHUX yMOBaX.
3aranom, eMIipuyHi JaHi MiATBEPHKYIOTh TIOTe3y Mpo T, 0 POCIHHHICTH 3011bIIy€e 200 MmiaT-
puMye IHPIBTPAIII0 B KOHCTPYKITISAX JTOIMIOBUX CaJIiB, X04a 11€ 00J1aCTh, sika MOTpeOy€e MOAaIbIINX
JOCTIPKeHb, 0COOJIMBO, M0 CTOCYIOTHCS BUIIB POCIIHH.

Pocnunu noxpawyroms sikicms 311608020 cmoky 3a IONMOMOTOI0 TaKUX MEXaHI3MiB, 5K ¢i-
Tojerpanarisi, Giroekcrpakiiis Ta pusochepHi B3aemoii [16]. Dirogerpagaiis, TakoxX Bioma K
ditoTpanchopmalis, Cpusie PO3MICIUICHHIO CKJIATHUX OpraHIYHUX XIMIYHUX PEYOBUH, HAITPUKJIIA],
HOJIIHUKIIYHAX apoMaTHIHUX ByrieBoaHiB (ITAB), 3a mormomMoro MeTaboIiuHuX IPOIIECiB y poc-
JIMHAX, 1110 MPU3BOJUTH 10 BUpoOHUIITBA cienndiunux GpepmenTiB. Lleit mpouec 3MeHITye TOKCHY-
HICTH 3a0pyHEHb 1 MEPETBOPIOE 1X Ha MPOCTII CIOTYKH, SIKi MATPUMYIOTh picT pociuH [33]. Di-
TOEKCTPAKIIis TOJISATae B MPSAMOMY MOTJIMHAHHI 3a0pyAHIOBAYiB 3 ITPYHTY Ta iX TPAHCHIOPTYBaHHI B
TKaHuHax pociuH. DiToBUIapoByBaHHS nepeadavae akKTUBHE HAIXOKEHHS 3a0pyIHIOBaYiB, Ha-
MPUKIAJ, JETKUX OPraHIdYHUX CIONYK, TOKCHYHUX HEOPraHIYHUX €JIEMEHTIB, TaKUX sIK celieH (Se)
ta pTyTh (Hg), Ta BUALIEHHS NMPOAYKTIB iX pO3Majy B MOBITPS Yepe3 JIUCTSL.

Kinbka mocimipKeHb MATBEPINIIH, 10 CHCTEMH JOMIOBUX CaiB € ePEKTUBHUMU IS 8UOA-
JleHHs Memaie 3 3a0pyaHeHo1 AooBoi Boau [34,35]. OnHak BaXIJIMBO 3ayBaXKUTH, 1110 BUJATCHHS
MeTajIiB KOHCTPYKIIISIMH JIOIIOBUX CaJliB BIOYBAETHCS NIEPEBAKHO 32 PaXyHOK COPOIIHHOTO MOTe-
HIlay TPYHTOBOro cyOctpaTy. Takum 4MHOM, POCIMHU BIIITPAlOTh APYTrOpAIHY POJb, a IXHIH
BIUIMB Ha BUJIQJICHHS METaJIiB Bi10yBa€ThCs Uepe3 MexaHi3Mu QiTopemenianii [36], ancopbuii/emnto-
IOBAHHSI Ta YTBOPEHHS KOMILIEKCIB 3 OpraHIYHUMHU cKkiagoBuMu [37]. Jlesaki BUIU POCIUH AEMOH-
CTPYIOTh TiNepakyMyISATHBHI BIACTUBOCTI, III0 BKa3y€ Ha BUCOKHIA MOTEHINAN A0 COpOIii Ta HAKO-
MAYEHHS CHeu(IYHUX METAJTIB Y CBOIX MaroHax i jucti. JlocaipkeHHs BIUIMBY POCIUH Ha PEKYJIIb-
THUBAIIII0 METAJIIB BKJIFOYAE MOPIBHAHHS €()EKTUBHOCTI KOHCTPYKIIIH TOIIOBHX Ca/liB 3 POCIUHHICTIO
Ta 0e3 Hel, IpoTe pe3yNbTaTh BiAPI3HAIOTHCS. Hanpukinaz, 1 OuuIIeHHs 3TMBOBOT BOJIM BiJl TAKUX
Mmetanis, gk Fe, Cu, Cd, Ca, Al, Pb, Cr, K, Na, Ni, Zn i Mg aBtopu [38] nopiBHsuH €EeKTUBHICTH
pocnunHoi (Dracaena marginata) KOHCTPYKIIT I0OIIOBOTO cajly 3 CUCTEMOIO 0e3 pocIMHHOCTI. Pe-
3yJIbTaTH €KCIIEPUMEHTY MIATBEPAIIN, III0 POCTUHHICTD CIIPHSIA MMIABUIICHHIO 3araibHOI ePeKTH-
BHOCTI BHJIQJIEHHS METaJIiB KOHCTPYKIII€I0, OCKIIBKH CTYIIHb peKyIbTHBalii OyB noHan 99,8% s
BCIX JTOCJIIPKEHUX MeTamiB micis. s omiHKY epeKTUBHOCTI PI3HUX YCTAaHOBOK IIOJ0 BUIAIICHHS
KOHKPETHHX 3a0pyAHIOBaYiB MOTPIOHI JIeTalbHI eKCIIEpUMEHTANbHI JOCTIKEHHS, SIKI BKIIIOUAIOTh
KOHTPOJIbOBAaH1 JJAOOPaTOpHI Ta MOJbOBI EKCIIEPUMEHTH. 3arajioM, BUKOPUCTAaHHS y CUCTEMax J10-
IIOBUX CaJliB POCIMH 3 BUCOKOIO TNEpaKyMyJIALiHHOI MOXJIMBICTIO CIIPUATUME BHCOKOMY CTY-
MEHIO BUJAJIEHHS HE JIMIIEe METaliB, a i 1HIINX 3a0pyAHIOI0YMX PEUOBHUH.

BinpuiicTe BUIB pOCTUH BUAAISAIOTH MMOKUBHI PEUOBMHH 31 3JIMBOBOI BOJIU €(EKTUBHIIIIE,
HDK MeTanu. J{ekiibKa JOCTiIKEeHb TATBEPAIN, III0 CUCTEMHU JOIIOBHUX CaJiB JEMOHCTPYIOTh BU-
COKY e(eKTHBHICTb y BUaNeHH1 a30Ty (N), 0COOIMBO TOA1, KOJIM POCIUHU CHPUSIOTH IIbOMY IIPO-
necy [39,40]. Mexani3Mu BUJIaI€HHS TOKUBHUX PEUOBUH POCIMHAMHU B CHCTEMaX JIOIIOBUX Ca[liB
BKJIIOYAIOTh MIPsIME TIOTJIMHAHHA a00 a/1copO11ito, a TAKOXK HEMpsMe MOTJIMHAHHSA, 1110 Bi10YBa€ThC
yepes 3MiHY (13UKO-XIMIYHMX BJIACTUBOCTEH I'PYHTY Ta aKTMBHOCTI IPYHTOBHX MIKpOOPTaHi3MiB,
HaNpUKIaJl, IUIAXOM oKcureHanii pusochepu [41]. Pociunu y cuctemax A0MIOBUX CaJliB aCUMIIIIO-
10Th a30T (nepeBaxxHo y Gpopmi NO3™ i NH4") 3 31MBOBUX CTOKIB, OCKIJIBKH a30T € HEOOXiAHUM ISt
iXHBOTO BereraTuBHOro pocry [20].
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[Tiz yac KOHTPOJIBLOBAHUX EKCIIEPUMEHTIB 3 20 PI3HUMHU BUAAMHU POCIHH, III0 BUKOPUCTOBY-
I0Th B aBCTPATIUCHKUX CHCTEMax JIOIIOBUX CaliB, aBTOPH [42] BUSBUIU 3HAYHI BIIMIHHOCTI B KOH-
HEHTPaLIAX a30THUX CIIOJYK Y OYUIICHUX 3IMBOBUX BoJax. Hanpukiaa, KOHIIEHTpalisl HITpaTiB Ta
HITpUTIB BiapizHsiacs B 170 pa3iB, a KOHIEHTpalis aMoHit0 — B 570 pa3iB. Y HAaCTYIHHUX JOCITi-
JOKEHHSIX [43] aBTOpHU TaKOXK IMOKa3alld, 0 KOHIIEHTPAIlil aMOHIIO Ta HITPATIB y HAIlIBCUHTETUUYHUX
3]IMBOBUX BOJaX, 310paHuX i3 JOMIOBOTO caxy, Oyiau oOepHEHO MPOMOPIIiiHHI 3araapHill Maci poc-
JIMH, JIOBKMHI KOPEHIB POCIIMH, BIIHOCHIM MIBUIKOCTI POCTY Ta TJIMOWHI YKOPIHEHHS.

Bpaxoytoun, 1m0 ghocghop (P) € KUTTEBO BAKIUBUM €IIEMEHTOM JISl POCTY POCIHH, MOXKHA
MPUITYCTUTH, 0 POCIMHH BIAIrpatOTh 3HAYHY POJIb Y 3aralbHOMY 3HM)KEHHI HOTO KOHIICHTpAIlil B
3nmuBoBUX Bonax. JIto i JleBic [44], 6a3yro4nch Ha arpOHOMIYHUX JOCIIKCHHSIX, TIPUITYCTHIIH, 1110
MeXaHi3MH yTpuMaHHs P BKII0UaroTh KOMOiHAIIF0 000POTHOI IIBUIKOI a7copOIlii Ha TOBEPXHI Ya-
CTHHOK I'PYHTY Ta MOBUIBHUX TPOILIECIB, 3a1eKHUX Bif "acy. Jlykac i ['pinBeit [31] mopiBHsH Ki-
JbKa KOHCTPYKIIIK JOIIOBUX CaaiB 0€3 POCIMHHOCTI Ta 3 POCIMHHICTIO 3 TOYKH 30PY iX €(hEeKTHB-
HocTi st BuganeHas N ta P i3 3muBoBoi Boau. Pe3ynbraTu nmokasanu, o cTyniHb BuaaieHus P i
N pocnunnumE cucremamu ctaHoBUB 90 1 80%, mopiBHsHO 3 nutie 75 1 43% HepOCIMHHUMHU CHC-
TeMaMU, BiIOBIIHO.

PociuHHICTE TaKOXK BiAirpae BaXKJIMBY POJIb Y PEKYJIbTHBAIlIT HA()TOBUX BYTJIECBOAHIB Yepes3
KOHCTPYKIIIi TOIOBUX CajiB. X04a IPYHTOBI CEpPeIOBHILA JOIIOBUX Ca/IiB MEPEBAKHO BHIAIAIOTH
BYTJICBO/IHI 3 JIOIIOBOI BOIM IIJISIXOM a1copOIii Ta (hiibTpaltii, pOCIUHHICTh OE3ITOCEePETHBO BILIH-
Ba€ Ha JIOJII0 BYTJIEBOJIHIB, 30KpeMa Hu3bKOMOJIeKYyJIApHUX [TAB [20]. OuurieHHs 311MBOBOT BOIU
BiJl BYTJICBOJIHIB U€pe3 POCIMHHU nepeadadae ix mpsiMe MOrJIMHAHHS Ta HENpSAMY AiSUIbHICTD, 3alTy-
qarouu puzocdepHi MiKpoOHi criIbHOTH. Puzocdepa mae yHikanbHi 610THYHI Ta a0i0THYHI Xapak-
TEPUCTUKH, K1 BIUTMBAIOTH HA JIOJII0 OPraHIYHUX 3a0pyaHIOBaYiB y IpyHTi [45]. 3aranom, oCHOBHI
MeXaHi3MHU BHAJICHHS OPTaHIYHUX 3a0pyIHIOBAYiB B CHCTEMAaX JOLIOBUX Ca/liB 0a3yIOThCS Ha MPO-
1ecax i3 3aIy4eHHsIM MIKpOOHUX CIIBbHOT (HiTpHdiKatis/aeHiTprudikalis, 1erpaaaiis OpraHigHux
3a0pyIHIOBAYiB TOIIO), @ HE HA IPSIMOMY ITOTJIMHAHHI pociimHamMu [41].

Hespaxkaroun Ha 0OMeKeHy KUIBKICTh JIOCIIKEeHb, TPUCBIYEHUX BHUJIAJICHHIO BYTJIEBOHIB
CUCTEMaMH JIOLIOBUX CaJiB, OUTBLIICTD 13 HUX JOXOJSATh BUCHOBKY, 1110 CaM€ BUJ] POCIIMHHOCTI BH-
3Hayae JI0JIt0 BYIJIeBOIHIB y cucteMi. [IpiTyapy Ta iHmIi [46] BUSBUIM, 110 KOHCTPYKIIIS I0IIOBOTO
cajly 3 POCIUHHICTIO cripusie BuAaieHHio 97,1% OeH3oTpuazony 3 A0II0BOI BOJAU. ABTOPH CIIOCTE-
pirainu BHCOKI KOHIIEHTpaLli INIIKO3WIbOBAHOIO OEH30TpHa30iy Ta O€H30TpHa30dy B TKAHUHI Ta
mucti Buny Carex praegracilis. Xoda copO1iist cyocTpaTy BUSBUIIACS OCHOBHUM MEXaHI3MOM BU/1a-
JeHHs OeH30TpHa30iy, HasBHICTh POCIMH Mae€ Kilbka mepeBar. KpiM migBHILEHHS TiJpaBiaidHOl
npoBigHocTi B cucteMi, C. Praegracilis 3Ha4H0 3HU3UB KOHIICHTPAILIlI0 O€H30TPHA30Jy B CEPEIO-
BUIIII IPOTSITOM JOCIIPKYBaHUX MEPi0AiB, 3a0e3Mneuyoun mporec ¢pitopemeialii HaBiTh Micis A0-
HIOBUX MOiH. TakuM 4MHOM, Yepe3 JecopOIliio Ta Aerpaaallito 0eH30TprUasoly, acopOIiitHuil mo-
TEHI[1aJl cepe/loBUINa OyJI0 BITHOBIIEHO, 10 MPUBOAUTH 1O 30UIBIIEHHS TEPMIHY CIYKOU CHCTEM
JIOLIOBUX cafiB. B pe3ynbraTi 1abopaTopHUX €KClepUMEHTIB aBTopaMu [47] Oyj0 BCTaHOBIEHO
CTyMiHb BUnajeHHs HadTaniny 78% y KojloHaxX 0e3 pOCIMHHOCTI, siKa 3pociia 10 93% y KoioHax 3
pociuHamu. Xoua copO11is HaTaniHy IPyHTOBUM CepeloBUILEM Oylla OCHOBHUM IIPOLIECOM BH/JIa-
neHHs (56—73%), aBTopu BKazaiM, 110 MOTTUHAHHS pocinHaMu (2-23%) Ta minepamnizauis (12—
18%) 11e Ginble miABUIIMINA €(PEKTUBHICTD IIUX MPOLECIB B KOJIOHAX 3 POCIMHHICTIO.

Otxe, icHye 0araTo NMEepeKOHIMBUX JOKA31B TOTO, 110 POCIMHHICTh CIIPaB/l BIIITPAac Bax-
JMBY POJIb Y MIATPUMII (PYHKIIOHATIBHOI €PEeKTUBHOCTI CUCTEM JIOIOBHX cajliB. Pociuuu edexru-
BHO BHUJIAJISIIOTH a30T, (pocdop 31 3MMBOBOT BO/IM, @ TAKOXK MIABUIIYIOTH PiBEHb IH(LIBTpaIii B CHC-
temi. [1lo710 BUuganeHHs MeTatiB, pOCIMHM MIEBHUX BUJIIB MOXKYTh CIIPHATH LIbOMY MPOLECY HIITXOM
MOTJIMHAHHS, IPOTE HE BIAIrpatoTh iICTOTHOL podi. i aeskux GyHKIINA JOIMIOBUX CajliB MO3UTHBHA
pOJIb POCIMH e noTpedye yrouHeHb. Hampukian, MoTeHmian yTBOPEHH! MaKpoIop, CTBOPEHUX
pociarHaMu, He OyB HaJe)KHUM YHHOM BHBYCHUH y KOHTEKCTI JIOIIOBHUX CadiB. BrumB pocnuH Ha
BUJIAJICHHS OpPTraHIYHUX 3a0pyTHIOBAUiB Yy JIOIIOBUX CaJax BCE I 3aJTUILAETHCS MPEAMETOM JIUC-
Kyciii. BaxnuBo 3ayBaXKuTH, 1110 OUIBIIICTH JOCTIIKEHb, MPUCBSIUYEHNUX BIUIMBY POCIMHHOCTI Ha
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(YHKIIIOHAJIBHICT JIOIIOBHUX CaJliB, MPOBE/IEHI B JIAOOPATOPHOMY MaciiTadi, ToMy HEOOX1aH1 TTOB-
HOMACINTaOHI EKCIIEPUMEHTH B IMOJIbOBUX YMOBAX.

T'inomesa 2. Pociunu BiIPI3HSIOTHCS 32 KOPEHEBOIO CTPYKTYPOIO, BOJAHUM PEKUMOM, TO-
JICPAHTHICTIO 70 3a0pyAHCHHS Ta 3[JaTHICTIO JI0 OYHIIEHHS, 1110 3JICKUTH B iX BUAY a00 QyHKITI-
OHaNBbHOI Tpymnu. TpaB'sHUCTI POCIMHU, HAIPUKIIAL, €(PEKTUBHO (PUIBTPYIOTH TBEPAl YACTUHKHU Yy
CTOKaX, YTPUMYIOUH iX CBOIM rycTuM JUCTIM [48]. JlepeBa MOKYTh BIITICHATH BEIUKY KUIBKICTh
BOJIM 32 JIONOMOTI'OIO TpaHCIIpalii Ta MOJIMNIIyBaTH 3aTHICTh IPYHTY YTPUMYBATH BOJIOTY, 0CO0-
JIUBO y MOEHAHHI 3 TPaB'SHUCTUMHU BUAAMH POCTHHHOCTI [49]. TpaB'sHUCTI pOCTUHU MAIOTh Pi3HY
KOPEHEBY CHCTEMY, sIKa CIIPHUsi€ MaKCUMaJIbHINM 1HOUIBTpAIlii Ta MoTinmeHHo GuIsTparii 3adpy-
HIOIOUUX pedoBuH y IpyHTI [50]. KopeHneBa cucrema pociavH BIUIMBAa€E Ha IPYHTOBE CEPEIOBUIIIE,
3a0e3nevyroun Horo cTabimizaiito, GopMyBaHHS arperaTiB Ta YTBOPEHHS MaKpOIIOp, SIKi CIIPUSIOTh
iHdinpTpanii [S1].

binbmiicTh MOCIOHKKIB Ta pEKOMEHIAIIN HE OB’ I3YIOTh BHOIp POCIIMH JJII CUCTEM JOIIO-
BUX Ca/IiB 13 KOHKPETHUMH O3HAKaMH, aJie JIesKi TOCIOHWKH HAIMOJISTaloTh Ha iboMy. Hanpukias,
Hal{HOBIIA Bepcisa «PekoMeHaallii mo 0 TeXHIYHOTO IPOEKTYBAHHS JOIIOBUX CajliB» B ABCTpaii
[52] BKa3ye Ha KOHKpPETHI XapaKTEPUCTUKU POCIMHHOCTI (CTPYKTypa KOpEHS, MIBHIKICTh POCTY,
PO3Mip POCIIMHHM, CTIHKICTh O YMOB), SIKi TIOB’5I3aHi 13 3arajibHOI0 €(PEKTUBHICTIO a00 OLIbII CITe-
UG iYHIME QYHKIISIMH TOIOBHX caliB. Hampukiian, 3a3Ha4aeThes, 10 POCTHHNA 3 MUYKYBATOO Ta
ITHOOKOI0 KOPEHEBOKO CUCTEMOIO € OLTbIT €)EKTUBHUMU Ta 3a0€3MeUyI0Th BUAAICHHS 3a0pyIHIO-
IOYUX PEYOBUH Ha Pi3Hid rmubuHi. [Hin «PekoMennarii moao BUOOpy pOCIMHHOCTI JIIS IOIIOBUX
caaiB» [53] BKa3ylOTh HA BUKOPUCTAHHS TaKUX BHUJIB, SIK OCOKA Ta POro3a, OCKUILKH BOHU CIPHSI-
I0Th MOTJIMHAHHIO MMOXUBHUX pedoBHH. KpiM TOrO, X Haa3eMHI YaCTUHH MOXYTh IiBUIIUTH BH-
JTAJICHHS TBEPAUX YACTUHOK IPH IIUIbHIA BUCAIII.

B HayKkoBHX TOCIIPKCHHSX BIUTMB BUJIIB POCIIMH Ha T1IPOJIOTIYHY MPOHUKHICTH 3TMBOBUX
MOTOKIB y CHUCTEMax JOIIOBHUX CaJiB JOCHIKEHO TOCUTH JAeTaibHO. KopeHeBi cucTteMu poCivH
CHPUSIOTH MiITPUMIII TiAPaBIIYHOI MPOBIIHOCTI Ta 3MEHIIEHHIO piBHS 3a0pyaHeHHs [54]. [l miel
GyHKIIT HAaROIBIIT MAXOASITH BUIA POCIIMH 3 BEJIMKOIO IIUIBHICTIO KOPEHEBOI MacH Ta JiaMeTPOM
KOPEHIB, 30KpeMa JiepeBH1 mopou [55]. Pi3H1 BuaAM pOCINH TaK0XK PI3HATHCS 32 CBOIM BILUIMBOM Ha
MpoleC BUJAIICHHS MOXUBHUX peduoBuH. Hampuknaza, nocniqHuku [42] BCTaHOBWIM, IO KOHIIEHT-
paris a30Ty y 3JIMBOBUX BOJaX MOX€E 3MIHIOBATHCS /10 TPbOX pa3siB, 110 KOPEIIOE 3 BETUKUMU BiJl-
MIHHOCTSIMH MK BHJIaMU POCTHUH. Y MOJANBIINX JochifkeHHax [43] Oyrno mokaszaHo, mo Mopdo-
JIOT14YH1 O3HAKHM POCIIUH, TaKl SK JOBXHHA 1 IMOMHA KOPEHIB, Maca KOPEHIB 1 MIBUJIKICTb POCTY,
MaroTh 3HaYHUI BIUTMB Ha €(EKTUBHICTh BUAAJIEeHHA a30Ty. [Ipore y poboTi [32], ne Oyno mocii-
JOKEHO 22 pi3HUX BUJAM POCIHUH, KJIacu(IKOBAHUX 3a TUIIOM (Ta30HHI TpaBHU, TPaBH, OCOKA, yarap-
HUKH), BHUSBJIEHO, IIO BIIMIHHOCTI MDXK HMMH BIJHOCHO HEBENHKI. YacTKOBO 1€ MOXe OyTH
OB 513aHO 3 MIHJIUBICTIO B KOXHiH rpyni abo 3 BUOOPOM I'PyHTOBOT'O CEPEIOBHINA 3 HU3bKUM BMi-
CTOM a30Ty. Y MOpIBHIHHI €(EKTUBHOCTI JOUIOBUX CaIiB 3 POCIMHHICTIO Ta 6e3 Hei, Kim Ta 1Hmm
[56] BUSBUIIM CYTTEBY PI3HUIIO Y BUJIATCHHI KHIIKOBOT MAMYKU B 3aJI€KHOCTI B/l BULy POCITUH.

€ 11HO0 01Ty 0TIKOBAaHOIO 1H(GOPMAIIIEIO PO PIZHUIIIO MK POCIIMHAMHU 010 JIeTpajallii Ha-
(GTONMPOIYKTIB CUCTEMaMU JOIIOBUX CAJIiB € MOJIbOBE TOCTIHKEHHS 58 TOMOBUX CaiB 1 4 TipchbKUX
JIUISTHOK SIK KOHTpoJib. Y 1iboMy nociimkenHi LeFevre [47] moka3anu, mo komii MikpoOHUX QyHK-
[[IOHAJILHUX TEeHIB, 10 KOAYIOTh (EPMEHTH, SIKi BUKOPUCTOBYIOTHCS ISl PO3KIaAaHHs Ha(QTOBUX
BYTJICBOJIHIB, OyJTM OLITBII MOIIMPEH] B JOMIOBUX CajlaX, 3aCaHKEHUX POCIWHAMH 3 TIMOOKUM KO-
PIHHSM, HIJK y THX, III0 MICTAThH JEPHOBY TpaBy a00 Mylbuy. BaK1uBo 3a3HaUNTH, 110 MPOTYKTUB-
HICTh OJTHOTO BHU]Ty POCJIMH MO€E BapirOBATHUCS BiJI MO3UTUBHOI 1O HETATUBHOI, 3aJI€KHO BiJl TOCITi-
JoKyBaHoi (yHkil. Hampukinaz, sk Oyno nmokaszano B nociimkenHi [57], Bua Carex apressa edek-
TUBHO BUJAJISE 31 37TUBOBOI BOJU a30T, MPOTE Maike HE BUJAISIE KUIIKOBY MAJTHYKY, TOPIBHIHO 3
iHImmMuU Bugamu. O1iHKa BIUIMBY MOP(OJIOTIYHHX O3HAK Ta BUJIIB POCIUH Ha (QyHKI[IOHANBHY ede-
KTUBHICTH JOIIOBHUX CajiB HaBeJAcHa B TaOIHIl 2.
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TaOmuis 2. Owinka BILIMBY MOP(OIOTiYHUX O3HAK Ta BUIIB POCIMH Ha (DyHKIIIOHAIBHY e()EeKTHBHICTh J0-
IIOBUX CAaJ(iB HA OCHOBI HAYKOBHX JIOCIIPKEHb
Table 2. Evaluation of the influence of morphological characteristics and plant species on the functional
efficiency of rain gardens based on scientific research
DyHKIiOHA-
JbHA POJIb
KOHCTPYKUII
AOLIOBOIO Caay

MopddoJioriuni 03HAKH POCTUH IMosicHenHst

Buiie 3HaueHHS TiIpaBIiqHOl MPOBITHO-
CTi CIIOCTEPIraeThCs y AOMIOBUX Casax,
3aca/DKCHUMH JIepEBaMHU, Ha BIIMIHY BiJI

ToBcTe KOpiHHS KYIIiB, OCOKH Ta TPaB'sSsHUX BUJIB.
ToBcTe KOPiHHS CIIPHUSAE YTBOPEHHIO 3HA-
YHUX MaKpOIIOp, 110 MiABHILYIOThH 1H(I-
JBTPAIliI0 B CHCTEMI JIOIOBUX CaJIiB.
BiaMiHHOCTI CIIOCTEPIrarOThCS MiXK BH-
JIlaMH 3 TICBHUMHU MOP(OJIOTTYHUMH O3HA-
KaMH POCJIHH, 8 HE MK KOHKPETHUMH
JloB)krHA 1 Maca KOPEHiB, IBH- | THUIaMH (Fra30HHA TPpaBa, TPaBa, OCOKa,
JIKICTh 3pOCTaHHS POCITHH YarapHUKH).
MoskiIiBa B3a€MOJIisl MI’K BUJIAaMU POC-
JIUH Ta TPYHTOBHUM cepeioBUIeM (cyocT-

lNpgposnoriuna
e(heKTUBHICTH

Bunanenns azory

paToMm).
Bunanenns ¢o- | BrumB KOHKpETHHX XapakTe-
. . BruuB pociyH BBaXKa€eThCsl HE3HAUHHUM.
chopy PUCTHUK POCJIHH BIACYTHIM
Bupanenns me- | BIiMB KOHKpETHMX XapakTe-
. . . BrnuiuB pociuH BBaXKa€eThCd HE3HAYHUM.
TaJiB PUCTHUK POCIIHH BIACYTHIM

1. ITpstmuii BIUIMB BUJIIB POCIMH HA PU30-
XapaKTepUCTUKU MOB'A3aH1 3 | cepy (KOHKYpEeHLisl, XM)KaTBO, aHTUMI-

Buaieris ma- riaponozquom MIPOHUKHICTIO Kp06Hiv1<opeHeBi eKCcy/1aTn).
LOreHiE TPYHTY, HOrO CKJIaIoM Ta byH- 2 He'npﬂyn/m BIUTHB POCIIMH HA LIBU/-
KI[IOHYBaHHSIM MIKpOOOIIEHO3Y | KICTh 1HQUIBTpallii. OgHe T0CTiIKeHHS
puszochepu HiATBEPIXKYE OLIbIly e(heKTUBHICTD KY-
IIIiB.

HaykoBi nociikeHHs mATBEPKYIOTh, 110 ASSKI BUAM POCIUH MalOTh OUTBIINN BIUIMB Ha
e(EeKTUBHICTH JIOIIOBUX CaJliB MOPIBHAHO 3 IHIIMMH, IPOTE L€ 3aJEXKUTh BiJ (PYHKIIOHAIBLHOTO
IPU3HAYEHHS CUCTEMU. POCIIMHY 3 TOBCTUM KOPIHHSIM CHPUSIOTH MIATPUMII BOJOIPOHUKHOCTI Ipy-
HTOBOT'O CepeIoBUIIA. [CHYIOTh EPEKOHJINBI J0KA3U TOT0, L0 IOBXXKHWHA Ta Maca KOPiHHS, a TAKOX
HIBUIKICTh POCTY POCIIUH € BaXXJINBUMU MOP(OJIOTTYHUMH O3HAKAMH, SIK1 BILITUBAIOTH HA BUJIaJICHHS
a30Ty. Pi3HI BUAM POCIIUMH BiAPI3HAIOTHCS 3a CTYNEHEM BUAAJICHHS KUIIKOBOI MaJIMYKU Ta THIIUX
naToreHiB. BujganeHHs TBepAUX YaCTUHOK HE 3aJIeKUTh B1Jl BUJLy POCIIMH YU MEBHUX iX MOpQoJI0-
TYHUX O3HAK. BunajaeHHss MeTaliB y KOHCTPYKIIii IOMIOBUX CaJ[iB MOKE€ ICTOTHO BiIPI3ZHATUCS MK
BUJIamMH pociuH. OJHAK 3arajioM pPOCIMHHICTh Ma€ HE3HauHUM BIUTMB Ha 1el mpouec. [loTpi6Hi
JIOJJATKOBI JTOCTIKEHHS JUI I€TaJIbHOIO BUBYEHHS BIJIMBY BUIB POCIMH Ha TiAPaBIiYHY MPOIY-
KTUBHICTh CHCTEMH, BUAAJIEHHS a30Ty Ta MATOrCHIB y PI3HUX €KCIEPUMEHTAJIbHUX Ta MOJHOBUX
yMOBax 1 KJIIMaTHUHUX peXHUMax. J{eTalbHIIIOro BUBUEHHS MOTpeOye 1 BIUIMB XapaKTEPUCTHK Ta
BUJIIB POCIIMH Ha JIETpaaaIito HaQTOMPOIYKTIB Y TPYHTOBUX CEPEIOBHINAX NOMOBUX cafiB. CyT-
T€BA yBara MOBUHHA OyTH MPUALTICHA JOCHTIKEHHIO IePeB, SKI IIMPOKO BUKOPUCTOBYIOTHCS B CHC-
TeMax JIOIIOBUX CaJliB, aJie HEJJOCTATHHO JOCIIKEH] B IIbOMY KOHTEKCTI.

TI'inome3sa 3. TepMiH «aOOpUTEHHUID», «MICLEBUID a00 «aBTOXTOHHUI» BU3HAYAETHCS I10-
PI3HOMY B pI3HMX PEKOMEHAIISIX, 3aJI€KHO Bl KIIIMATUYHOTO PET10HY, 0COOIUBOCTEN TepUTOPii 1
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T.7. MiclieBl BUIM pOCTMH MOYKHA OMTUCATH SIK Ti, 11O MPUPOJIHI IJIsI IEBHOTO PET10HY UM MICIIEBOCTI
1 BUHUKJIM 200 3/1aBHA KUBYTH B 11 Mekax. [CHye rimoresa, 1o micreBi pociuau ehekTuBHime Qy-
HKITIOHYIOTh y JIOIIOBHUX CajiaxX, HiK IHTPOYKOBaHI BUJIH, 1 IIFO TIMOTE3y MOYKHA 3HAWUTHU SIK Yy JIITE-
patypi ISl caJiBHUKIB-IIFOOUTENIB, TaK 1 B myOuikarisx npodeciinux acomiamiii [58]. buibmiicts
MOCIOHUKIB, Kl CTOCYIOTbCS HACTAHOB JJISi CUCTEM JIOIIOBUX CalliB, TAKOXK PEKOMEHAYIOTh BUKO-
PUCTOBYBATH MICIIEBi, a HE €K30TUYHI BUIM pociuH. Hanpukian, y peKoOMEeHIaIlisX MO0 MPOEK-
TYBaHHSI CUCTEM JUIsl YIIPABIIIHHS 3JIMBOBOIO BOOKO B mTatTi Mepinens [59] 3aznaueno, mo «Ciifn
BiJIZIABaTH MEepPEeBary MIiCIIEBUM POCIIMHAM Yepe3 iXHI €CTeTUYHI SIKOCTI Ta 3JaTHICTh CIIPUATH ITi/IT-
PHUMIII BiICOEKOJIOTi MiCIIeBOCTI». Takox icHye Teopis, 1o «MicIieBi pOCIHHY MIBHUIIIE POCTYTh 1
noTpeOyIoTh MEHIIE JOTISAY, OCKUIBKA BOHH OUIBII MPHUCTOCOBAHI J0 MICLIEBOTO CEpeIOBHINA.
Buia aganrartiiina 34aTHICTh CIIPUSE MABUIIICHHIO €¢()eKTUBHOCTI JOIIOBUX CaJliB». Y PEKOMEH/Ia-
isix Minecotu [60] cTBepKYETHCS, IO MiCIIEB1 POCIIMHU «PEKOMEH IOBaH1 BUKJIFOUHO Yepe3 IXHIO
CTIHKICTB 1 IIMPOKHUHA CIIEKTP (PYHKIIIH, IKi BOHH 320€31EUYIOTh.

Y HayKOBil JIiTepaTypi MPAKTHYHO HEMAE MIEPEKOHIUBUX EMITIPHYHUX JOKA31B TOTO, IO Mi-
CIIEB1 BUIM POCIMH 3a0e31meuyroTh Oubi eheKTUBHE (DYHKITIOHYBaHHS KOHCTPYKIIIH JOIIIOBUX Ca-
JIiB, TIOPIBHSHO 3 IHTPOJYKOBAaHUMH BHAaMU. JlesKi 3 IUX JAOCTIDKEHb TOPIBHIOIOTH MPOyKTHB-
HICTh CHCTEM, 3aCaP)KEHUX CYMIMIIII0 MICIIEBUX POCIIHH, 13 CUCTeMaMH 0€3 POCIMHHOCTI. Y IUX
BUIIA/IKaX HEMOKJIMBO 3pOOUTH BUCHOBOK II0JI0 €()EKTUBHOCTI MiCII€BOT POCIMHHOCTI MIOPIiBHSHO 3
HEMICIICBOO, OCKUIBKH OCTaHHsI He OyJia BKIIFOUEHA B Tu1aH ekcnepumenTy [31,61]. B iHmux mocmi-
JOKCHHSIX BIJTHOCHI IMTOKa3HUKHU €()eKTUBHOCTI CHCTEM JOMIOBUX CAJiB 3 MICIICBUMH 1 HEMICIICBUMH
BHJIaMH POCITHH MOXKYTb OyTH a00 oyHakoBUMH [47], ab0 ripmmmu [62], 3a7€KHO Bl JOCITIHKCHHS.
Astopu [47,62,63] BUCYBaIOTh TilOTE3y, IO Kpalla MPOIyKTHBHICTh BHJy YW CIUJIBHOTH POCIUH
MOSICHIOETHCS KPAIIIOIO a/IalTAIIEI0 10 KOHKPETHUX YMOB €KCIUTyaTallil IOIOBUX Ca/liB ab0 CHelu-
¢biuHMX QYHKIIOHATBHUX O3HAK POCIHH (IIBHIKICTH POCTY, Oiomaca, TTMOWHA YKOPIHEHHS, THII
KOpPEHEBOI cucTeMHt). ICHYIOTh 3Ha4HI AUCKYCIi 11010 BiJIMOBITHOCTI MiCIIEBOi 00 €K30THYHOI po-
CIIMHHOCTI B KOHKPETHOMY KOHTEKCTI, ajie 0araTo aBTOpiB CTBEP/DKYIOTH, IO TPUHIIHIT ITiATPHMKH
€CTETUYHOCTI MICIIEBOCTI Ta IIHHOCTI 010pI3HOMAHITTS € BarOMUMH apryMEHTaMU Ha KOPUCTh BU-
KOPHUCTAHHS MICIIEBUX pOCiHH [64]. BaxMBiCTh BUKOPUCTAHHS MICIIEBUX BUIIB 3 IPUYUWH, BIIMIH-
HUX BiJ] €pEKTUBHOCTI (BM)KMBAHHS Ta MEHIL1 BUMOTH JI0 00CIyTOBYBaHHS, 3a0€3M1€YEeHHs cepeio-
BHUIIIa TIPOKMBAHHS, HEIHBA3UBHICTh, €CTETUYHICTh) TAKOXK MPONAryeThCsl IS IHIIMX TUIIB «3€je-
HUX» KOHCTPYKIIIH, TAKUX SIK «3€JIeHI» JaXu Ta «3eJeH1» CTiHu [65].

Otxe, HE 3BaXKAIOYU HA Te, 110 JESIKI PEKOMEHIAIlT BIIAI0Th TIepeBary MiCIIeBUM BHAaM
pocnuH Ui 3a0e3meueHHs] BUIIOI €(PEKTUBHOCTI CUCTEM JIONMIOBUX CaiB, YITKUX JIOKa3iB TOTO,
4yoMy Iie Ma€ OyTHU Tak, HeMa€e. BUKOPUCTaHHS MICLHEBUX POCIIMH MOKE CHPUATH MIATPUMII MicIie-
BOT0o 010pI3HOMAHITTS, X04a IHTPOIYKOBAaH1 POCIMHU TAKOXK MOXYTh 3a0€3MEUUTH 110 (PYHKIIIIO.
OpnHak He ciijl BUKIIIOYaTH MOKIIUBOCTI BUKOPUCTAHHS IHTPOIYKOBAHUX BHJIIB POCIHH, OCKUTBKH
e MoXke OyTH e(pEeKTUBHIIINUM y IEIKUX CUTYallsX, HAIPUKIA/, Y OUIbILI CTPECOBUX YMOBaX, KOJIH
MICIIEB] POCIIMHH BiUyBalOTh PUTHIUYEHHS. 3BUUYAIHO, K YacTO 3a3HAYAEThCS B HAYKOBIH JiTepa-
Typ1, TaKi BUJU POCIIMH, SIK IHBa3UBHI, HE TOBUHHI BUKOPHCTOBYBATHUCS B CHCTEMAaxX JIOIIOBUX CaiB.

I'inomesa 4. 3 MeTOI0 TOMIMIIEHHS SKOCTI CEPEOBUINA Ta MiJBUIICHHS €CTETUYHOI MpH-
Ba0JIMBOCTI OUIBIIICTH MOCIOHMKIB Ta PEKOMEHJIAIi MPOMOHYIOTh BUKOPUCTOBYBATU Pi3HI BUAU
POCTIHH y crcTeMax MomoBuX caaiB. OHaK OCHOBHA TepeBara pisSHOMaHITHOCTI POCIIMH TOJISATAE y
X 3IaTHOCTI a/IaNTyBATUCS 10 MIHJIUBUX YMOB, TAKUX SIK HASBHICTh BOJH, SIKI MOKYTh 3MIHIOBATHUCS
SK y TIPOCTOPi, Tak 1 B yaci. Hanpuknaza, YopasninHs oxopoHu npupoau Kanaan y cBoix pekoMeH-
narisx 3 nanamadTaoro au3any LID [66] miakpectoe, mo «OcTaHH] KIIMaTHYHI JaH1 BKa3ylOTh
Ha Te, 1110 B OUIbIIOCTI perioHiB KaHanu criocTepiraeThbes sk Ay»Ke BOJIOTE JITO, TaK 1 Mepioau Io-
cyxu. lle mikpecitoe HEOOX1THICTh BUCA/IKYBATH aJaliTUBHI, pI3HOMaHITHI POCIMHHU, K1 MOXYTb
BUTPUMATH MIChKI YMOBH BOJIOTOCT1». ABCTpaiiichKi peKOMEHAIIIT 11010 JOIOBHUX caiB [23] na-
I0Th TTOA10H1 BKa3iBku. He3anexHo BiJl 3MiH YMOB HAaBKOJIUIITHBOTO CEPEIOBHUIIA, POCIUHUA TaKOXK
MOXYTb BIApI3HATHUCS 32 (PEHOJIOTI€I0, BKIIOYAIOYM PI3HUMA Yac aKTMBHOCTI MPOTITrOM BereTarlii-
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HOTO mepionay. TakuMm YMHOM, B pEKOMEH/IAIISIX 100 JOMIOBUX CajliB [67] MPOTIOHYETHCS BUKO-
PUCTOBYBATH MIHIMYM TPH BHJIU JICPEB 1 TPU BUIM YarapHUKIB /ISl 320€3M1EYCHHS CTAO1IbHOT IIBU-
JIKOCTI BUTIAPOBYBaHHS Ta TOTJIMHAHHS OYKUBHUX PEYOBUH MPOTATOM BETETALIMHOTO MIEPiOy.

PesynbraTi 10CHiIKEHb MO0 TO3UTUBHOTO BIUIMBY Pi3HOMAHITHOCTI BUIB a00 (pyHKITIO-
HAJILHOTO CKJIQJy POCJIMH Ha €KOJIOTiYHI MPOIECH B MPUPOJHHUX CHCTEMaX IiITBEPIKYIOTh, IO
KOMOIHAI[iS pi3HUX BUAIB POCIMH MOXKE HIJIBUIIUTH €PEKTHBHICT POCIMHHUX CHUCTEM, TAaKUX 5K
«3eneHi» naxu [30], biropemeniartis rpyHTy [68] a00 BomHO-0010THI yrimas [69]. MoxHa npumyc-
TUTH, IO 1€ CTBEPPKCHHS 3TUIIAETHCS aKTYAIBHHUM 1 JUTSI IOIIOBUX CaJliB, OCKIJIBKH I1i KOHCTPY-
KIIi1 BKJIFOYAIOTh PI3HOMaHITHI MIKPOCEPEIOBHINA 3 TOYKHA 30Py BOJOTOCTI IPYHTY, KOHIICHTpAIIil
3a0pyIHIOIOUUX pedoBUH TOMIO [70].

[TinTBEepHKEHHS 1Ti€T TIMOTE3W B HAYKOBUX JIOCITI/DKEHHSIX Maike BiJICyTHI. B omHOMY ormy-
OsikoBaHOMY JociikeHHi [71] eheKTHBHICTh CHCTEM JIOIIOBUX CAJiB Ta PI3HOMAHITHICTH BHJIIB
MOPIBHIOBAJIM 32 JOMOMOT'OK0 €KCIIEPUMEHTAILHOTO MiAX0My. Pe3yibraTu JoCiKeHHs TTOKa3al,
10 CHCTEMH JOIIOBHX CaJliB, B ikux Oyym noeqHani sunu Carex appressa 1a Lomandra longifolia,
MaJli BUIIUN PIBEHb yTPUMAaHHS OXUBHUX PEYOBUH TMOPIBHSIHO 3 CHCTEMaMH, JI€ 1li BUIH POCITHH
OyJIi BUCAJKEHI OKPEMO.

Bucoxkui
noteHuian 1o ¢i-
TopeMeianii

[Tocyxoc- Benuka
TIAKICTB Ta BOJIO- Ha/3eMHa 0io-
TOCTIMKICTD Maca poCJIiH
Toscte Ta ABTOXTOHHI Ta
po3ranyKeHe IHTPOJYKOBaHI
KOPIHHS BUIU

-

Minima-

JbHA oTpeda B
MOXXHMBHUX pe-
YOBUHAX Ta 00-
CIIyTOBYBaHHI

Puc. 3. PekoMeH10BaHI XapaKTEPUCTUKUA POCIMHHOCTI JIJIsi CUCTEM JIOIIOBUX CalliB
Fig. 3. Recommended vegetation characteristics for rain garden systems

He nuBnsuncek Ha BiACYTHICTh KOHKPETHHX JOCIHIPKEHb y CHCTEMax JIOIIOBHX CaJliB, MU
MO’KEMO ITPOaHaNi3yBaTH pe3yabTaTH, OTPUMaHI Ui MOJIOHUX TEXHOJIOT1H, HaIPUKIIal, BOAHO-00-
JIOTHUX yTi1b. Pi3HI BUIM POCIMH MOXXYTh MaTH Pi3HI XapaKTEPUCTUKU KOPEHEBOI CUCTEMHU, TaKi K
3/1aTHICTh IO TPAHCHOPTYBAHHS KUCHIO, IPUJIATHICTH JJI KOJIOHI3aIlil MIKpOOpTraHi3MamMH, MOTEH-
1iaJI 10 MOTJIMHAHHS OKUBHUX PEUYOBUH 1 OPraHIYHUX CIIONYK, a TAKOXK MOJEI CE30HHOTO POCTY.
e moke miABUINTH €PEeKTUBHICTh BUAAJICHHS 3a0pyIHIOIOUUX PEYOBHUH Y BOAHO-OOJOTHUX YTi-
X [72]. Jlexinbka eKcnepuMEeHTaIbHUX JOCTIKeHb MOPiBHIOBAIM €(DEKTUBHICTh CUCTEM, BHCA-
JUKEHHX 3 PI3HUM BHJIOBUM PI3HOMAHITTAM pociuH. Tak, aBTopu [73] He BUSBWIM BIUIMBY Pi3HO-
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MaHITHOCTI Ha BUPOOHUIITBO Oi0MacH, BUAaJIEHHS a30Ty 4H docdopy. [ami aBropu [69] criocTepi-
raJId IO3UTUBHUN BIUTMB Pi3HOMAHITHOCTI POCIIMH HA BUAAJICHHS JIEIKUX 320y THIOIOUNX PCUOBHUH.
11 HEOTHO3HAUHICTD 3aJISKUTh B/l BUAIB POCIHH, a TAKOXK BlJ KOHKPETHOrO 3a0pyAHIOBaYa.

Pe3ynbraTi eKCIepUMEHTANIBHUX JOCIIIKEHb BOJIHO-00JOTHUX YTilb MOXKYTb HAaJaTH KO-
pucHy iH(popMaIiro I cucTeM J0IoBUX cafdiB. [IpoTe ciij mam’aTat Ipo BiAMIHHOCTI MK ITUMU
JIBOMa TUIIAMH KOHCTPYKIi. Y MOPIBHAHHI 3 CHCTEMaMH JIOIIOBHX CaJliB, MOOYI0BaH1 BOIHO-00-
JIOTHI YTiJiIs IEBHOIO MIpPOIO 3aTOIICHI, 1 0araTi MOKUBHUMHU PEUOBUHAMH (3aJICKHO BiJl IPUPOIU
CTIYHHX BOJ). TakMM YMHOM, BILTUB PI3HOMAHITHOCTI POCIIMH MOK€ HE MaTH TAaKOTO X XapakTepy,
K y CUCTEMax JIOLOBUX CaJiB, /1€ BOJIOT0-CyXUil CTaH BIUIMBAE HA POCIMHHI Ta MIKpOOHI mpouecu
[19].

Xoua TEOPETUYHI NPUITYILEHHS CTBEPAXKYIOTb, LII0 CUCTEMA JOIIOBOIO Caay 3 PI3HOMAaHIT-
HICTIO BHJIIB POCJIMH € OUIBII CTIHKOIO Ta €()eKTUBHIIIO B OPIBHIHHI 3 MOHOKYJIBTYpaMH, EMITi-
PUYHUX JI0Ka31iB, 00 MIATBEPAUTH L0 TiIOTE3y, HEOCTaTHHO. ToMy nocTtae norpebda B MOAalb-
[IUX EKCIIEPUMEHTAIBHUX JTOCITIPKEHHIX CUCTEM 3 PI3HUM BUIOBUM CKJIAJIOM POCIHH JUIsl BU3HA-
YeHHsSl HaWKpamioi koMOiHallii, 3aCHOBaHO1, HANPUKIIAJl, Ha iXHIX (DYHKI[IOHAIbHUX O3HaKax. [o
TOTO Yacy MOKHA BBa)KaTH, IO BiJICYTHICTh HAYKOBHUX JOKa3iB IIOJI0 3aCTOCYBaHHS B CHCTEMax
JIOLIOBUX CaJiB PI3HOMAHITHUX BUAIB POCIMH HE MOBUHHO IMEPELIKOXKATU iX BIPOBAIKEHHIO.
KpiM Toro, pi3HOMaHITHICTh POCIIMH HAJIa€ JOMIOBUM CaJIaM 1HIII TIepeBaru, Taki sik €CTETUYHA IIiH-
HICTb, MIATPUMKA O10pI3HOMAHITTS Ta BHIIA CTIHKICTH 10 PI3HUX BIUIMBIB HABKOJIUIITHBOTO CEPEJIO-
BUIIIA.

Taxkum yuHOM, peTeNbHUHN Bi0OIp POCTUHHOCTI ITiJT 4aC MPOEKTYBAHHS CUCTEM JIOIIOBHX Ca-
JIiB Ma€ BHUpIIIaIbHE 3HAYCHHS JJIs1 TOCATHEHHS 3aIUIAaHOBAHUX MPAKTUYHUX PE3yJIbTaTiB. 3arajibHi
PEKOMEH/10BaH1 XapaKTePUCTUKHU POCIMHHOCTI JJIs1 KOHCTPYKIIN JTOIOBUX Ca/laX 3alpOIIOHOBAHO
aBTOpaMu Ha puc. 3.

4. BucHOBKH. 3anporOHOBaH1 peKOMEHalii pi3HUX KpaiH CBITY Ta pe3yJbTaTH €KCIIepU-
MEHTAJIBHHUX JTOCIIKEHb MIATBEPKYIOTh BXKIIUBY POJIb POCIUH Y KOHCTPYKIISAX TOLIOBUX CaJiB,
sIKa 3MIHIOETBCS 3aJICKHO BiJl (QYHKITIOHAIBHOI €pEKTHBHOCTI CUCTEM. Pe3ynbTat HAyKOBUX JI0C-
JKEHb JOBOJATH T1IIOTE3Y MPO T€, 1110 €PEKTUBHICTh JOLOBUX CaJlB 3aJ€KUTh BiJl BUOOPY BHUILY
POCIIHH, epeBaKHO yepe3 iXH1 PYHKIIOHATIbHI 03HAKHU, TaKl SIK XapaKTePUCTUKU KOPEHIB Ta IIBU-
JKICTh pocTy. PociuHu cripusitoTh BUAAJIEHHIO a30Ty, (ochopy Ta Oe3nocepeHbO MiIBUILYIOTh
piBeHb 1HQUIBTpaLii B cucteMi. Ha mponec BuiaaeHHs MOKUBHUX PEUOBHH HAWOUIBIIMKA BILJIUB
3MIMCHIOIOTH MOP(OJIOTIYHI O3HAKK POCIUH, TOMY MOTPIOHI MOJaNbII JOCTIKEHHS, 11100 3p03y-
MITH, SIK BOHM BIUITMBAIOTh Ha BUJAJICHHS] KOHKPETHUX 3a0pyIHIOBaYiB, TAKUX SIK MATOreHU abo Ha-
($TOB1 BYIJIEBOJHI.

He3sBaxkarouu Ha Te, 1110 6arato nociOHUKIB 3 TPOEKTYBaHHS JOLOBUX CaJ[IB PEKOMEHAYIOTh
BUKOPUCTOBYBATH MiCLI€BI BUJIU POCIINH, YITKUX €KCIIEPUMEHTATbHUX JI0Ka31B, 1110 MiATBEPKYIOTh
II0 TIM0TE3y, HEMae. [CHYIOTh apryMeHTH Ha KOPUCTh 1HIIMX (PAKTOPIB, TAKUX K MIATPUMKA Mic-
LIEBOr0 O10pPI3HOMAHITTS, MOJIMNIIEHHs JaHAmadTy Ta MIKpOKIIMaTy, sIKi CJIiJl BpPaXOBYBaTH MpH
BHUOOp1 POCIIHH.

He auBnsunch Ha TEOPETUYHI MPUITYIIEHHS, K1 MITPUMYIOTh IepeBaru pi3HOMaHITHOCTI
POCIIMH y CHCTEMaXx JOUIOBUX CaiB IMOPIBHSIHO 3 MOHOKYJIBTypaMH, Hapasi HEJIOCTaTHBO EKCIIepH-
MEHTaJIbHUX JI0Ka3iB, 1100 MiATBEPANTH 110 rinore3y. JlocmikeHHs y 1iif 001acTi MOBUHHI 0XOM-
JIIOBATH P13HI YMOBH, a TAKOXK BpaXxoBYBaTH (DyHKIIOHAIbHI XapaKTEPUCTUKU POCIIHH JJISl KPaIoro
PO3YMiHHS iXHBOTO BILTUBY Ha €()eKTUBHICTH CUCTEM JIOIIOBUX CAIiB.

JlociKeHHS CUCTEM JIOMIOBUX Ca1B MAlOTh TOTEHITIAN /TSI TTOTIIMIIICHHS iX €(eKTUBHOCTI,
0COOJIMBO 3 ypaxXyBaHHSM OCTAaHHIX JOCSTHEHb y BUKOPUCTAaHHI MiKpoOioTu Ta (iTopemesiariii.
ExcnepuMeHTa bH1 JOCHIIKEHHS POl POCIMH B Maii0yTHHOMY MTOBHHH1 OXOIUTIOBATH SIK peasliCTH-
YHI YMOBM TOBHOPO3MIPHHX CHUCTEM, TaK 1 JIJAOOPAaTOpPHI €KCIEpUMEHTaIbHI YCTAaHOBKU (HANpH-
KJ1aJ1, KOJIOHH), 1110 MalOTh CBOT 0OMeKeHHs (KpaeBi eeKTH, HepealiCTUYHa UIUIbHICTh KOPEHIB) Ta
nepeBaru (IOBTOPIOBAHICTb 1 KOHTPOJIb 3a 00pobkamu). KpiM Toro, 10ociipkeHHs] pOCIMHHUX CHC-
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TEM JIOIIOBUX CaJliB HEOOX1THO PO3IIMPIOBATH, 100 OXOMUTH MIUPIINUNA CIIEKTP PETIOHIB 1 KJIIMaTH-
YHUX YMOB, aJK€ PE3yJIbTaTH, OTPUMaHi 3 €KCIEPUMEHTAIBHUX JOCTI/KEHb Y OJHOMY KIIIMaTi,
MOXXYTb HE BI/IMIOBIIaTH IHIIIOMY.

CnucoK BUKOPUCTAHHUX JIAKepet:

1. Zanin, G.; Bortolini, L.; Borin, M. (2018). Assessing Stormwater Nutrient and Heavy Metal Plant Uptake
in an Experimental Bioretention Pond. Land, 7, 150. 10.3390/1and7040150.

2. Kozak, C.; Fernandes, C.V.S.; Braga, S.M.; Do Prado, L.L.; Froehner, S.; Hilgert, S. (2019). Water quality
dynamic during rainfall episodes: integrated approach to assess diffuse pollution using automatic
sampling. Environ Monit Assess, 191, 402. 10.1007/s10661-019-7537-6.

3. Chen, J.; Theller, L.; Gitau, M.W.; Engel, B.A.; Harbor, J.M. (2017). Urbanization impacts on surface
runoff of the contiguous United States. Journal of Environmental Management, 187, 470-481.
10.1016/j.jenvman.2016.11.017.

4. Apel, H.; Martinez Trepat, O.; Hung, N.N.; Chinh, D.T.; Merz, B.; Dung, N.V. (2016). Combined fluvial
and pluvial urban flood hazard analysis: concept development and application to Can Tho city, Mekong
Delta, Vietnam. Nat. Hazards Earth Syst. Sci., 16, 941-961. 10.5194/nhess-16-941-2016.

5. Ahmed, W.; Hamilton, K.; Toze, S.; Cook, S.; Page, D. (2019). A review on microbial contaminants in
stormwater runoff and outfalls: Potential health risks and mitigation strategies. Science of The Total
Environment, 692, 1304—1321. 10.1016/j.scitotenv.2019.07.055.

6. Guptha, G.C.; Swain, S.; Al-Ansari, N.; Taloor, A.K.; Dayal, D. (2022). Assessing the role of SuDS in
resilience enhancement of urban drainage system: A case study of Gurugram City, India. Urban Climate,
41, 101075. 10.1016/j.uclim.2021.101075.

7. Hager, J.K.; Mian, H.R.; Hu, G.; Hewage, K.; Sadiq, R. (2023). Integrated planning framework for urban
stormwater management: one water approach. Sustainable and Resilient Infrastructure, 8, 48-69.
10.1080/23789689.2020.1871542.

8. Horvath, I.R.; Zhang, K.; Mayer, B.K.; Parolari, A.J. (2023). Effects of Regional Climate and BMP Type
on Stormwater Nutrient Concentrations in BMPs: A Meta-Analysis. Environ. Sci. Technol., 57, 5079—
5088. 10.1021/acs.est.2c05942.

9. Liu, T.; Lawluvy, Y.; Shi, Y.; Yap, P.-S. (2021). Low Impact Development (LID) Practices: A Review
on Recent Developments, Challenges and Prospects. Water Air Soil Pollut, 232, 344. 10.1007/s11270-
021-05262-5.

10. Wang, H.; Mei, C.; Liu, J.; Shao, W. (2018). A new strategy for integrated urban water management in
China: Sponge city. Sci. China Technol. Sci., 61, 317-329. 10.1007/s11431-017-9170-5.

11. Li, C.; Peng, C.; Chiang, P.-C.; Cai, Y.; Wang, X.; Yang, Z. (2019). Mechanisms and applications of
green infrastructure practices for stormwater control: A review. Journal of Hydrology, 568, 626—637.
10.1016/j.jhydrol.2018.10.074.

12. Sharma, R.; Malaviya, P. (2021). Management of stormwater pollution using green infrastructure: The
role of rain gardens. WIREs Water, 8, e1507. 10.1002/wat2.1507.

13. Kravchenko, M.V.; Tkachenko, T.M. (2023). Problems of improving the terminology and modern
classification of “green” constructions for the creation of ukrainian “green” standards. Collection of
Scientific Publications NUS, 493, 194-204. 10.15589/znp2023.4(493).26.

14. Bak, J.; Barjenbruch, M. (2022). Benefits, Inconveniences, and Facilities of the Application of Rain
Gardens in Urban Spaces from the Perspective of Climate Change—A Review. Water, 14, 1153.
10.3390/w14071153.

15. Kravchenko, M.V.; Tkachenko, T.M.; Mileikovskyi, V.O. (2024). Study of the influence of the main
parameters of the rain garden on its hydrological parameters by modeling. Collection of Scientific
Publications NUS, 166—176. 10.15589/znp2024.1(494).23.

16. Dagenais, D.; Brisson, J.; Fletcher, T.D. (2018). The role of plants in bioretention systems; does the
science underpin current guidance? Ecological Engineering, 120, 532-545.
10.1016/j.ecoleng.2018.07.007.

17. Kyiv plans to create 10 rain gardens as part of an experiment. Available online:
https://life.liga.net/all/news/v-kieve-planiruyut-obustroit-10-dojdevyh-sadov-v-ramkah-eksperimenta
(accessed on May 11, 2024).

190



Bumyck/Issue 42, 2025 T ‘

18. Gagnon, V.; Chazarenc, F.; K&iv, M.; Brisson, J. (2012). Effect of plant species on water quality at the
outlet of a sludge treatment wetland. Water Research, 46, 5305-5315. 10.1016/j.watres.2012.07.007.

19. Payne, E.G.1.; Fletcher, T.D.; Cook, P.L.M.; Deletic, A.; Hatt, B.E. (2014). Processes and Drivers of
Nitrogen Removal in Stormwater Biofiltration. Critical Reviews in Environmental Science and
Technology, 44, 796-846. 10.1080/10643389.2012.741310.

20. Muerdter, C.P.; Wong, C.K.; LeFevre, G.H. (2018). Emerging investigator series: the role of vegetation
in bioretention for stormwater treatment in the built environment: pollutant removal, hydrologic function,
and ancillary benefits. Environ. Sci.: Water Res. Technol., 4, 592—612. 10.1039/C7TEW00511C.

21. Payne, E.G.L.; Pham, T.; Deletic, A.; Hatt, B.E.; Cook, P.L.M.; Fletcher, T.D. (2018). Which species? A
decision-support tool to guide plant selection in stormwater biofilters. Advances in Water Resources, 113,
86-99. 10.1016/j.advwatres.2017.12.022.

22. Davis, A.P.; Traver, R.G.; Hunt, W.F.; Lee, R.; Brown, R.A.; Olszewski, J.M. (2012). Hydrologic
Performance of Bioretention Storm-Water Control Measures. J. Hydrol. Eng., 17, 604-614.
10.1061/(ASCE)HE.1943-5584.0000467.

23. Water Sensitive Cities Australia Available online: https://wscaustralia.org.au/ (accessed on Apr 18,
2024).

24. Hamel, P.; Mchugh, L.; Coutts, A.; Daly, E.; Beringer, J.; Fletcher, T.D. (2015). Automated Chamber
System to Measure Field Evapotranspiration Rates. J. Hydrol. Eng., 20, 04014037.
10.1061/(ASCE)HE.1943-5584.0001006.

25. Denich, C.; Bradford, A. (2010). Estimation of Evapotranspiration from Bioretention Areas Using
Weighing Lysimeters. J. Hydrol. Eng., 15, 522-530. 10.1061/(ASCE)HE.1943-5584.0000134.

26. Bratieres, K.; Fletcher, T.D.; Deletic, A.; Zinger, Y. (2008). Nutrient and sediment removal by stormwater
biofilters: A large-scale design optimisation study. Water Research, 42, 3930-3940.
10.1016/j.watres.2008.06.009.

27. Gonzalez-Merchan, C.; Barraud, S.; Bedell, J.-P. (2014). Influence of spontaneous vegetation in
stormwater infiltration system clogging. Environ Sci Pollut Res, 21, 5419-5426. 10.1007/s11356-013-
2398-y.

28. Virahsawmy, H.K.; Stewardson, M.J.; Vietz, G.; Fletcher, T.D. (2014). Factors that affect the hydraulic
performance of raingardens: implications for design and maintenance. Water Science and Technology,
69, 982-988. 10.2166/wst.2013.809.

29. Nagase, A.; Dunnett, N. (2012). Amount of water runoff from different vegetation types on extensive
green roofs: Effects of plant species, diversity and plant structure. Landscape and Urban Planning, 104,
356-363. 10.1016/j.landurbplan.2011.11.001.

30. Lundholm, J.; Maclvor, J.S.; MacDougall, Z.; Ranalli, M. (2010). Plant Species and Functional Group
Combinations  Affect Green Roof Ecosystem Functions. PLoS ONE, 5, e9677.
10.1371/journal.pone.0009677.

31. Lucas, W.C.; Greenway, M. (2008). Nutrient Retention in Mature Vegetated Bioretention Systems under
Elevated Nutrient Loads. In Proceedings of the World Environmental and Water Resources Congress
2008; American Society of Civil Engineers: Honolulu, Hawaii, United States, pp. 1-10.
10.1061/40976(316)4.

32. The influence of vegetation in stormwater biofilters on infiltration and nitrogen removal: preliminary
findings — Monash University Available online: https://research.monash.edu/en/publications/the-
influence-of-vegetation-in-stormwater-biofilters-on-infiltrat (accessed on May 11, 2024).

33. Vijayaraghavan, K.; Biswal, B.K.; Adam, M.G.; Soh, S.H.; Tsen-Tieng, D.L.; Davis, A.P.; Chew, S.H.;
Tan, P.Y.; Babovic, V.; Balasubramanian, R. (2021). Bioretention systems for stormwater management:
Recent advances and future prospects. Journal of Environmental Management, 292, 112766.
10.1016/j.jenvman.2021.112766.

34. Giilbaz, S.; Kazezyilmaz-Alhan, C.M.; Copty, N.K. (2015). Evaluation of Heavy Metal Removal
Capacity of Bioretention Systems. Water Air Soil Pollut, 226, 376. 10.1007/s11270-015-2640-y.

35. Wang, J.; Zhao, Y.; Yang, L.; Tu, N.; Xi, G.; Fang, X. (2017). Removal of Heavy Metals from Urban
Stormwater Runoff Using Bioretention Media Mix. Water, 9, 854. 10.3390/w9110854.

36. Glick, B.R. (2003). Phytoremediation: synergistic use of plants and bacteria to clean up the environment.
Biotechnology Advances, 21, 383—-393. 10.1016/S0734-9750(03)00055-7.

37. Sarwar, N.; Imran, M.; Shaheen, M.R.; Ishaque, W.; Kamran, M.A.; Matloob, A.; Rehim, A.; Hussain,
S. (2017). Phytoremediation strategies for soils contaminated with heavy metals: Modifications and future
perspectives. Chemosphere, 171, 710-721. 10.1016/j.chemosphere.2016.12.116.

191



T J Texmika OyaiBHMIITBA Bumnyck/Issue 42, 2025

38. Vijayaraghavan, K.; Praveen, R.S. (2016). Dracaena marginata biofilter: design of growth substrate and
treatment of stormwater runoff. Environmental Technology, 37, 1101-1109.
10.1080/09593330.2015.1102330.

39. Fan, G.; Li, Z.; Wang, S.; Huang, K.; Luo, J. (2019). Migration and transformation of nitrogen in
bioretention system during rainfall runoff. Chemosphere, 232, 54-62.
10.1016/j.chemosphere.2019.05.177.

40. Chen, X.C.; Huang, L.; Chang, T.H.A.; Ong, B.L.; Ong, S.L.; Hu, J. (2019). Plant Traits for
Phytoremediation in the Tropics. Engineering, 5, 841-848. 10.1016/j.eng.2019.07.019.

41. Dagenais, D.; Brisson, J.; Fletcher, T.D. (2018). The role of plants in bioretention systems; does the
science underpin current guidance? Ecological Engineering, 120, 532-545.
10.1016/j.ecoleng.2018.07.007.

42. Read, J.; Wevill, T.; Fletcher, T.; Deletic, A. (2008). Variation among plant species in pollutant removal
from stormwater in biofiltration systems. Water Research, 42, 893-902. 10.1016/j.watres.2007.08.036.

43. Read, J.; Fletcher, T.D.; Wevill, T.; Deletic, A. (2009). Plant Traits that Enhance Pollutant Removal from
Stormwater in Biofiltration Systems. International Journal of Phytoremediation, 12, 34-53.
10.1080/15226510902767114.

44. Liu, J.; Davis, A.P. (2014). Phosphorus Speciation and Treatment Using Enhanced Phosphorus Removal
Bioretention. Environ. Sci. Technol., 48, 607-614. 10.1021/es404022b.

45. Feng, N.-X.; Yu, J.; Zhao, H.-M.; Cheng, Y.-T.; Mo, C.-H.; Cai, Q.-Y.; Li, Y.-W.; Li, H.; Wong, M.-H.
(2017). Efficient phytoremediation of organic contaminants in soils using plant—endophyte partnerships.
Science of The Total Environment, 583, 352-368. 10.1016/j.scitotenv.2017.01.075.

46. Pritchard, J.; Cho, Y.-M.; Ashoori, N.; Wolfand, J.; Sutton, J.; Carolan, M.; Gamez, E.; Doan, K.; Wiley,
J.; Luthy, R. (2018). Benzotriazole Uptake and Removal in Vegetated Biofilter Mesocosms Planted with
Carex praegracilis. Water, 10, 1605. 10.3390/w10111605.

47. LeFevre, G.H.; Novak, P.J.; Hozalski, RM. (2012). Fate of Naphthalene in Laboratory-Scale
Bioretention Cells: Implications for Sustainable Stormwater Management. Environ. Sci. Technol., 46,
995-1002. 10.1021/es202266z.

48. Van Dijk, C.N.; Lim, L.S.L.; Bossuyt, P.M.M.; Marti, R.K. (1996). Physical examination is sufficient for
the diagnosis of sprained ankles. The Journal of Bone and Joint Surgery. British volume, 78-B, 958-962.
10.1302/0301-620X.78B6.0780958.

49. Dudrick, R.; Hoffman, M.; Antoine, J.; Austin, K.; Bedoya, L.; Clark, S.; Dean, H.; Medina, A.; Gotsch,
S.G. (2024). Do plants matter?: Determining what drives variation in urban rain garden performance.
Ecological Engineering, 201, 107208. 10.1016/j.ecoleng.2024.107208.

50. Boldrin, D.; Knappett, J.A.; Leung, A.K.; Brown, J.L.; Loades, K.W.; Bengough, A.G. (2022). Modifying
soil properties with herbaceous plants for natural flood risk-reduction. Ecological Engineering, 180,
106668. 10.1016/j.ecoleng.2022.106668.

51. Bodner, G.; Leitner, D.; Kaul, H.-P. (2014). Coarse and fine root plants affect pore size distributions
differently. Plant Soil, 380, 133—151. 10.1007/s11104-014-2079-8.

52. Bioretention Technical Design Guidelines - Water by Design Available online:
https://waterbydesign.com.au/download/bioretention-technical-design-guidelines (accessed on May 12,
2024).

53. Biofilter vegetation guidelines for southwest. Available online: https://watersensitivecities.org.au/wp-
content/uploads/2016/07/381 Biofilter vegetation guidelines for southwestWA.pdf

54. Le Coustumer, S.; Fletcher, T.D.; Deletic, A.; Barraud, S.; Poelsma, P. (2012). The influence of design
parameters on clogging of stormwater biofilters: A large-scale column study. Water Research, 46, 6743—
6752.10.1016/j.watres.2012.01.026.

55. Goh, H.W.; Zakaria, N.A.; Lau, T.L.; Foo, K.Y.; Chang, C.K.; Leow, C.S. (2017). Mesocosm study of
enhanced bioretention media in treating nutrient rich stormwater for mixed development area. Urban
Water Journal, 14, 134-142. 10.1080/1573062X.2015.1076861.

56. Kim, M.H.; Sung, C.Y.; Li, M.-H.; Chu, K.-H. (2012). Bioretention for stormwater quality improvement
in Texas: Removal effectiveness of Escherichia coli. Separation and Purification Technology, 84, 120—
124.10.1016/j.seppur.2011.04.025.

57. Chandrasena, G.I.; Pham, T.; Payne, E.G.; Deletic, A.; McCarthy, D.T. (2014). E. coli removal in
laboratory scale stormwater biofilters: Influence of vegetation and submerged zone. Journal of Hydrology,
519, 814-822. 10.1016/j.jhydrol.2014.08.015.

192



Bumyck/Issue 42, 2025 T ‘

58. American Society of Landscape Architects Available online: https://www.asla.org/ (accessed on May 13,
2024).

59. Water and Science Available online: https://mde.maryland.gov/programs/Water/Pages/index.aspx
(accessed on May 13, 2024).

60. Plants for Stormwater Design: Species Selection for the Upper Midwest — Urban Forestry South
Available online: https://urbanforestrysouth.org/resources/library/ttresources/plants-for-stormwater-
design-species-selection-for-the-upper-midwest (accessed on May 13, 2024).

61. Zinger, Y.; Blecken, G.-T.; Fletcher, T.D.; Viklander, M.; Deleti¢, A. (2013). Optimising nitrogen
removal in existing stormwater biofilters: Benefits and tradeoffs of a retrofitted saturated zone. Ecological
Engineering, 51, 75-82. 10.1016/j.ecoleng.2012.12.007.

62. Houdeshel, C.D.; Hultine, K.R.; Johnson, N.C.; Pomeroy, C.A. (2015). Evaluation of three vegetation
treatments in bioretention gardens in a semi-arid climate. Landscape and Urban Planning, 135, 62-72.
10.1016/j.Jandurbplan.2014.11.008.

63. Lucas, W.C.; Greenway, M. (2008). A Study of Nutrient Retention Dynamics in Vegetated and Non-
Vegetated Bioretention Mesocosms. In Proceedings of the Low Impact Development; American Society
of Civil Engineers: Wilmington, North Carolina, United States, pp. 140-158. 10.1061/41007(331)13.

64. Kendle, A.D.; Rose, J.E. (2000). The aliens have landed! What are the justifications for ‘native only’
policies in landscape plantings? Landscape and Urban Planning, 47, 19-31. 10.1016/S0169-
2046(99)00070-5.

65. Butler, C.; Butler, E.; Orians, C.M. (2012). Native plant enthusiasm reaches new heights: Perceptions,
evidence, and the future of green roofs. Urban Forestry & Urban Greening, 11, 1-10.
10.1016/j.ufug.2011.11.002.

66.LID-SWM-Guide-v1.0 2010 3. Available online: https://trcaca.s3.ca-central-
1.amazonaws.com/app/uploads/2021/10/20091521/LID-SWM-Guide-v1.0 2010 1 no-appendices.pdf
67.MD: Prince George’s County: Bioretention Manual. Available online:

https://www.slideshare.net/Sotirakou964/md-prince-georges-county-bioretention-manual (accessed on
Apr 18, 2024).

68. Hechmi, N.; Aissa, N.B.; Abdenaceur, H.; Jedidi, N. (2014). Phytoremediation Efficiency of a PCP-
Contaminated Soil using Four Plant Species as Mono- and Mixed Cultures. International Journal of
Phytoremediation, 16, 1241-1256. 10.1080/15226514.2013.828009.

69. Zhu, S.-X.; Ge, H.-L.; Ge, Y.; Cao, H.-Q.; Liu, D.; Chang, J.; Zhang, C.-B.; Gu, B.-].; Chang, S.-X.
(2010). Effects of plant diversity on biomass production and substrate nitrogen in a subsurface vertical
flow constructed wetland. Ecological Engineering, 36, 1307—1313. 10.1016/j.ecoleng.2010.06.007.

70. Tedoldi, D.; Chebbo, G.; Pierlot, D.; Branchu, P.; Kovacs, Y.; Gromaire, M.-C. (2017). Spatial
distribution of heavy metals in the surface soil of source-control stormwater infiltration devices — Inter-
site comparison. Science of The Total Environment, 579, 881-892. 10.1016/j.scitotenv.2016.10.226.

71. Mixed plantings of Carex appressa and Lomandra longifolia improve pollutant removal over a
monoculture of  “L. longifolia” in stormwater  biofilters. Available online:
https://search.informit.org/doi/abs/10.3316/informit.827759356913626 (accessed on May 13, 2024).

72. Liang, M.-Q.; Zhang, C.-F.; Peng, C.-L.; Lai, Z.-L.; Chen, D.-F.; Chen, Z.-H. (2011). Plant growth,
community structure, and nutrient removal in monoculture and mixed constructed wetlands. Ecological
Engineering, 37, 309-316. 10.1016/j.ecoleng.2010.11.018.

73. Picard, C.R.; Fraser, L.H.; Steer, D. (2005). The interacting effects of temperature and plant community
type on nutrient removal in wetland microcosms. Bioresource Technology, 96, 1039-1047.
10.1016/j.biortech.2004.09.007.

193



Haykoee suoannus

TEXHIKA BYAIBHULITBA

30ipHUK HAYKOBHX Mpallb

Bunyck 42
[linmucano 10 ApyKy
YMOBH. JIpyk. apk. 14 ®opmar 60x84 1/8 [Manip odpcernuit. Ipyk pizorp.
O6n.-Bun. apk. 12.5 Tupax 100. 3am. Ne

Anpeca penakuii: 02000, m. Kuis, npocniekt IloBiTpstHux cun Ykpainu, 31, kim.6036.
Ten. +38 044 241-5548, e-mail: tehbud@knuba.edu.ua



