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INTEGRATED APPROACH TO DIAGNOSING COMPLEX TECHNICAL SYSTEMS:
EXPERIMENTAL VALIDATION AND MULTIDIMENSIONAL EFFICIENCY
ASSESSMENT

Vychuzhanin V.V., Vychuzhanin O.V.

THTETPOBAHUM MIAXIA 10 JIATHOCTUKH CKJIAJTHUX TEXHIYHUX
CUCTEM: EKCIIEPUMEHTAJIBHA BAJIIJIAIIA TA BATATOBUMIPHA OIIIHKA
E®PEKTUBHOCTI

Buuy:xanin B.B., Buuy:xkanin O.B.

This paper presents a comprehensive experimental
validation of an integrated approach to the diagnosis of
the technical condition (TC) of complex technical
systems (CTS), using ship power plants (SPPs) as an
example. The proposed methodology combines
precedent-based logic (Case Based Reasoning — CBR),
probabilistic forecasting using Bayesian networks and
Markov chains, and simulation modeling of degradation
scenarios and cascading failures. Testing was conducted
under three scenarios: normal operating mode, high-
load mode, and a scenario with limited data availability,
which enabled a thorough assessment of the algorithms'
adaptability and resilience to changing operational
factors.  Classical binary classification  metrics
(Accuracy, Precision, Recall, and F'1 score) were used for
quantitative evaluation of diagnostic quality, along with
newly introduced extended indicators: weighted
accuracy (WAcc), F1 score accounting for the criticality
of component failures (FIW), recall weighted by failure
risk (RecallR), cost-adjusted precision for false alarms
(PrecisionC), and the Diagnostic Stability Index (DSI).
The results of the multi-scenario experiment showed a
consistent improvement in all major indicators:
Accuracy increased from 78.5% to 85.3%, Precision from
75.2% to 83.1%, Recall from 80.1% to 87.6%, F1 score
from 77.5% to 85.3%, RecallR reached 91.0%, and DSI
was 0.983. Five-fold cross-validation yielded a standard
deviation of FI1 score at 2.2%, confirming the
reproducibility and reliability of the proposed method for
experimental testing of the integrated diagnostic
approach for CTS. The implementation of a cyclic
procedure "simulation, probabilities, CBR adaptation”
significantly reduced the number of false alarms and
missed critical failures in SPP equipment. The practical
significance of the approach lies in its potential

integration into SCADA/PMS systems of marine CTS and
ground power stations, facilitating a shift to intelligent
predictive maintenance, thereby reducing unplanned
downtime, lowering costs, and enhancing equipment
reliability. Future research prospects include increasing
the adaptability of the approach, expanding the
precedent base, and developing tools for automated
processing of heterogeneous data.

Keywords: predictive diagnostics, Bayesian networks,
CBR adaptation, failure simulation modeling, risk-
oriented metrics, diagnostic stability, intelligent
maintenance

Introduction. In modern CTS, such as ship
power plants SPP, issues of reliability and timely
detection of equipment failures are critically
important for ensuring operational safety and
optimizing maintenance costs [1, 2]. Existing
intelligent approaches to the diagnosis of the
technical condition of CTS traditionally rely either
on CBR, which enables the use of accumulated
experience from similar incidents, or on
probabilistic models (Bayesian networks and
Markov chains), which account for uncertainty and
the dynamics of failure development in equipment
components, or on simulation modeling, which
generates degradation scenarios for components.
However, the application of each of these methods
individually is often insufficient for complex
systems with cascading failure effects [3, 4].

In response to these limitations, the field of
hybrid and integrated models for diagnosis and
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prognosis of the TS of complex systems, combining
the advantages of different methodological blocks,
has been actively developing in recent years. A
systematic review of hybrid methods shows that a
properly  designed combination of CBR,
probabilistic models, and simulation modeling can
yield a synergistic effect, improving the accuracy of
diagnostics and predictions of equipment TC [5].
Researchers Nikpour & Aamodt [6] introduced the
BNCreek system, which combines CBR with a
Bayesian network for fault diagnosis of CTS
equipment under uncertainty. However, simulation
modeling was not included, nor was a multi-
scenario experiment conducted, and the system's
performance evaluation was limited to comparisons
with expert assessments without formal metrics
such as Precision/Recall/F1. Yang et al. [7]
integrated CBR and Bayesian Networks for
diagnosis and prognosis of the TC of complex
systems, with validation based on real sensor data.
However, their integration of CBR and Bayesian
Networks did not involve Markov chains, and the
simulation did not explore cascading equipment
failures. A multidimensional evaluation of
diagnostic and prognostic metrics was also not
performed. Soleimani et al. [8] developed a
combined HMM (Hidden Markov Model a
statistical model used for analyzing sequences
where the system is described as having hidden
states that transition with certain probabilities) for
equipment failure detection and a Bayesian
Network for root cause identification. This
approach proved effective for fault diagnostics
using an automotive system example. However, the
authors did not use CBR, and their diagnostic
system lacked a simulation module. The experiment
covered only a single application domain. El-
Awady, Ahmed & Ponnambalam, Kumaraswamy
[9] proposed Simulation Supported Bayesian
Networks (SSBN) and Markov Chain Simulation
Supported BNs (MCSSBN) for analyzing
equipment failures in complex networks through
simulation and probabilistic analysis. SSBN aims to
improve the accuracy of probabilistic models
through more realistic and variable scenarios.
MCSSBN accounts for the dynamic changes in
equipment TS over time, which is particularly
important for diagnosing and predicting equipment
degradation. However, the authors did not include a
CBR component in their development, did not
conduct experimental validation of SSBN and
MCSSBN for diagnosing equipment failures in
complex technical systems under various
emergency scenarios, and did not employ diverse
diagnostic accuracy metrics.

In their review, Zhong et al. [10] examined the
application of digital twins in predictive
maintenance of CTS equipment, including systems
used in shipbuilding. However, as a review article,
it did not present experimental implementations of
the integration of CBR, probabilistic models, and
simulation modeling. A comprehensive review of
Predictive Maintenance (PdM) methods for the
maritime industry, including ML algorithms for data
processing, diagnostics, and failure forecasting, was
provided by Kalafatelis et al. [11]. A drawback of
this theoretical review is the absence of a practical
implementation of an integrated method. The
authors also did not consider CBR or Markov
simulations. Emre Ozaydmn et al. [12] used a
Bayesian Network approach for analyzing
equipment failures on ships. The resulting data were
compared with historical data, with no focus on
post-failure analysis. A CBR block was not used,
and no failure prediction simulation was conducted.
Michail Cheliotis et al. [13] proposed a framework
for diagnosing equipment failures in CTS based on
operational data and failure probabilities, supported
by ML algorithms. Their development did not
include a CBR database or simulation scenarios of
CTS equipment failures. Diagnostic accuracy was
assessed using only a single metric, and no multi-
scenario validation of failure diagnostic accuracy
was performed.

Despite the presence of these studies, there
remains a lack of experimental verifications of
hybrid approaches specifically applied to ship-
based CTS wusing multidimensional metrics
(Accuracy, Precision, Recall, F1 score). Existing
reviews either cover the general theory of
hybridization or focus on individual technological
components (digital twin, Bayesian networks), but
do not provide a comprehensive analysis of the
synergy of all three components within a single
experimental case.

Purpose and objectives of experimental
testing

The purpose of this article is to organize and
conduct multi-scenario experimental testing of an
integrated method for diagnostics and prognostics
of TC in complex systems, using the example of an
SPP. The testing employs multidimensional quality
metrics - Accuracy, Precision, Recall, and F1 Score
- which enable: quantitative confirmation of the
synergistic effect resulting from the integration of
CBR, probabilistic models, and simulation
modeling; analysis of the method’s robustness
under various operational modes (normal mode,
increased loads, incomplete data); development of
practical recommendations for implementation in
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diagnostics and prognostics systems of complex
technical systems for various applications.

Within the integrated approach to diagnostics
and prognostics of TC SPP technical systems, an
adaptive mechanism for CBR decision correction is
implemented. This mechanism combines three
information sources: probabilistic forecasting
(Bayesian networks and Markov chains) — for
estimating current and future probabilities of
component failures; Remaining Useful Life (RUL)
prediction based on statistical models
(MAE/RMSE) that refine the expected time to
failure; simulation modeling — for generating
degradation and cascading failure scenarios,
allowing CBR decisions to be adjusted by
accounting for potential nonlinear interactions
between system nodes. At each diagnostic cycle, the
CBR core receives updated failure probability
estimates and scenarios from the probabilistic
models and the simulator, then dynamically
recalculates feature weights and refines the
selection of similar cases. This approach ensures
more accurate and robust diagnostics, even under
changing operational factors and incomplete data.

The main testing objectives include: evaluating
the impact of integrating the adaptive mechanism
into the CBR diagnostic structure, which leverages
probabilistic forecasting and RUL analysis;
analyzing the influence of probabilistic methods
(Bayesian networks, Markov processes) on the
accuracy of technical state predictions and failure
probabilities; determining the contribution of
simulation modeling to the accuracy of equipment
failure forecasting, including assessing how
cascading effects influence prediction accuracy;
comparing various method combinations and
evaluating their effectiveness based on key failure
diagnostics accuracy metrics.

Real failure data is used for comparison. The
testing is conducted on a simulation model of the
SPP, which includes: historical failure data (from
the OREDA — Offshore Reliability Data database

[14]); simulated degradation scenarios of
components, mimicking different operational
modes; Bayesian networks accounting for

probabilistic interrelations between component
failures; Markov processes applied to predict failure
probabilities over time; CBR diagnostic results -
conclusions made by the system based on case
analysis and decision adaptation; Adjustments
based on RUL predictions and cascading failure
effects (e.g., failure of one node increases the
probability of failure in other equipment nodes);
simulation failure data results from the simulation
model, where failure of one SPP component can

lead to failures in connected system nodes
(cascading effects considered). Testing covers
various operational scenarios, including: normal
conditions, standard operating mode; accelerated
wear, increased loads and harsh operational
environments; emergency conditions, unexpected
failures and stress impacts on the system.

CBR with adaptation implies not merely using
a case base, but dynamically adjusting decisions
based on predicted RUL and cascading failure
probabilities obtained from probabilistic models. To
assess the quality of SPP equipment failure
diagnostics, the following accuracy metrics are
used: Precision — the proportion of correctly
predicted failures among all predicted failures;
Recall — the proportion of actual failures that were
correctly predicted; F1 Score — the harmonic mean
of precision and recall; Accuracy — the total number
of correctly classified cases (both failures and non-
failures).

The average prediction error of RUL is
evaluated using: Mean Absolute Error (MAE) —
average absolute error in RUL prediction; Root
Mean Square Error (RMSE) — root mean square
error, which accounts for large deviations. Analysis
of false positives and false negatives includes: False
Positive (FP) — incorrect diagnostics where the
system wrongly identifies a healthy component as
faulty; False Negative (FN) — missed failures where
the system fails to predict a failure that actually
occurs. A detailed analysis of FP and FN helps
improve decision-making algorithms and minimize
critical errors. True Positive (TP) — correct
prediction of a failure that actually occurs; True
Negative (TN) — correct prediction that no failure
occurs and indeed none happens.

Several operational testing scenarios were
developed, differing in load levels, failure
frequency, and operating conditions. This allows for
an assessment of the integrated method’s robustness
and its ability to function correctly under various
operating modes.

The diagnostic CBR module is based on a case
base of 235 structured cases, which include
descriptions of failures, operating conditions,
degradation parameters, and the decisions made.
The cases were developed with input from industry
experts with at least 10 years of experience in
EMCS operation and maintenance. Each case was
assigned a feature vector, including values of
temperature, pressure, vibration, operating time,
and failure characteristics of SPP elements,
components, and subsystems. The structure of the
case base enables efficient similarity-based search
using a feature similarity metric, where feature
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weights are defined by expert methods and
calibrated during preliminary testing.

Test scenarios for the technical condition of
the SPP

To verify the effectiveness of the proposed
integrated method for diagnosing and predicting
failures of elements, components, and subsystems
of the SPP, three main operational test scenarios
were developed to simulate various working
conditions of the system. These scenarios allow for
an assessment of the method’s accuracy, robustness,
and adaptability under real operating conditions.

Scenario 1. Nominal Mode, in which the SPP
operates under normal conditions with typical loads
and expected operational parameters. The goal of
testing the technical condition of the SPP in this
scenario is to verify the baseline level of diagnostic
and failure prediction accuracy, as well as to
identify possible false positives and missed failures.
A full set of diagnostic data is used in this scenario
(temperature, pressure, vibration, power —Table 1),
and the number of unexpected failures is minimal.
Temperature is monitored in the main engine
cylinders, oil, and cooling systems. Pressure — in
hydraulic and fuel lines. Vibrations — on bearings
and shaft lines. Power — at the output of generator
and power units. These parameters serve as input
features for both the CBR and probabilistic models.

Table 1
Diagnostic Features of SPP Failures Used
in the Integrated Model
Source / Diagnostic
Parameter . c
Component Significance
Engine Indicator of
Temperature | cylinders, heat | overheating, early
exchangers, oil | wear
Oil system, | Leaks, blockages,
Pressure . :
cooling system | valve malfunctions
Shaft lines, | Yicchanical
. . . defects,
Vibration bearings, misalionment
turbines & ’
wear
Indirect indicator
Generator sets, .
Power . . of  failure or
main engines .
efficiency loss

Scenario 2. The operation of the SPP is carried
out under increased load conditions, leading to
accelerated degradation of key system equipment.
The purpose of PPS testing is to assess the method’s
ability to recognize changes in failure dynamics and
adapt to changing operational conditions. A
distinctive feature of this scenario is higher
temperature, vibration, and load cycles; accelerated

wear of mechanisms; and increased probability of
failures.

Scenario 3. Fault diagnosis under conditions of
limited information about past incidents (e.g.,
incomplete system operation data). The purpose of
SPP testing is to assess the effectiveness of
simulation modeling and the adaptability of CBR in
the absence of sufficient historical information. The
distinctive feature of this scenario is the artificial
exclusion of part of the case base data and the need
to test the method’s robustness under limited input
conditions.

To evaluate the effectiveness of the proposed
method, a simulation model of the SPP was
developed. During testing, various failure scenarios
were generated (normal conditions, accelerated
wear, cascading failures); data from OREDA and
accumulated CBR knowledge bases were used; and
fault diagnostics were performed both with and
without CBR solution adaptation. Each scenario
includes: a set of input parameters (temperature,
pressure, vibration, power, etc.); actual component
failures recorded in the database; diagnostic
methods used in the scenario (CBR, probabilistic
models, simulation modeling); data sources for
testing (OREDA, simulation models, limited data
sets). Bayesian networks were constructed for each
key piece of SPP equipment, taking into account
known causal relationships between the
equipment’s technical state parameters and failure
probabilities. The average number of nodes in a
network was 7, with the number of arcs ranging
from 8 to 15 depending on the complexity of the
SPP equipment. Prior failure probabilities were
determined based on OREDA data and adjusted
during the training phase based on simulation
results. To model the temporal evolution of
component states, discrete-time Markov chains with
4-6 degradation states were used: "operational",
"initial degradation", "moderate degradation”,
"critical condition", and "failure". Transition
probabilities were calculated based on cumulative
operational data and fitted using MAE and RMSE
metrics on historical time series. Probability updates
occurred at each diagnostic cycle based on the
principle: "observation, recalculation, forecast".

The fixation of input parameters for the tests is
presented in Table 2.

The data presented in Table 2 clearly capture
the differences between the system's operational
scenarios and highlight the factors influencing
component failure diagnostics in SPP subsystems.
Since the scenarios are based on real data from
OREDA and simulation modeling, the testing
methodology becomes more substantiated and
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reproducible. The developed scenarios make it
possible to verify the robustness of the SPP
equipment failure diagnostics method under various
operational conditions.

similarity to past cases, without the use of
probabilistic methods; CBR with adaptation —
diagnostics were adjusted using Bayesian networks
and Markov models, enabling the consideration of
cascading failure risks and the remaining useful life
of components.

Table 2
Input Parameters for Testing Various Scenarios
Testing | Tempera- Pres- | Vibra-
Scenario | ture (°C) sure tion | Data source
(bar) | (m/s?)

. OREDA
Scenario 1 database =+
(nominal |80-100 5-8 0.5-1.5 .
mode) operational

data
Scenario 2 E;n;:lated
(increased [100-120 (812 |1.5-3.0 | g
egradation
loads) ...
conditions
Artificial
Scenario 3 data
(data 90-110 6-9 1.0-2.0 |limitation
deficiency) (only partial
records)

Evaluation of Accuracy, Precision, Recall,
and F1-Score metrics for various methods of
diagnosing the technical condition of the SPP

To quantitatively assess the effectiveness of the
developed SPP diagnostics approach, mathematical
metrics traditionally used in technical condition
diagnostics tasks were applied: Accuracy;
Precision; Recall; F1-Score. These indicators are
standard in the fields of machine learning and data
mining, including for evaluating the quality of
binary classification, and allow for objective
comparison of different configurations of diagnostic

systems.
TP+TN

TP+ TN + FP + FN’

Accuracy =

TP

P . . — .
recision —TP T FP

TP

TP+ FN’
Precision - Recall

Recall =

F1=2

. Precision + Recall

The evaluation of metrics was carried out to
identify the difference between standard CBR
solutions and adjusted results based on probabilistic
failure  analysis. Dynamic adjustment of
probabilities based on the obtained data was used
during testing. To assess the effectiveness of the
adaptive mechanism, two types of testing were
conducted: CBR without adaptation — failure
diagnostics was performed solely based on

Table 3
Comparison of diagnostic metrics

Diagnostic|Accuracy,|Precision,| Recall, sfolr_e MAE

method % % % % > |(hours)
CBR
without  [78.5 75.2 80.1 (775 |[124
adaptation
CBR withles 3 131|876 853 |72
adaptation
Traditional;, ¢ 70.3 755 |72.8 |15.6
method

The analysis of diagnostic metrics in Table 3
confirms that adapting the CBR method using
probabilistic models (Bayesian networks and
Markov chains) significantly improves diagnostic
quality. Improvements are observed across all
metrics: classification accuracy increases by more
than 6 percentage points compared to the baseline
CBR, and the prediction error for remaining useful
life is reduced by almost half. Importantly, a
balanced ratio between recall and precision is
achieved, as reflected in the high Fl-score value
(85.3%). Traditional methods, which do not use
case-based or probabilistic analysis, show poorer
performance both in classification accuracy and in
predictive capability. This confirms the necessity of
transitioning to integrated diagnostic solutions
under high uncertainty and complexity conditions
of SPPs. Adapting CBR solutions allows for
improved diagnostic accuracy and reduced average
failure prediction error.

Figure 1 illustrates how diagnostic metrics
improve with the addition of probabilistic methods
and simulation modeling.

Figure 1 shows a comparison of diagnostic
accuracy across various scenarios for three
methods: CBR — approximately 0.76; CBR +
Probabilistic Models — approximately 0.85;
Integrated Approach — approximately 0.90. Pure
CBR demonstrates the lowest accuracy (below 0.8),
indicating its limited ability to account for
probabilistic failure dependencies. The addition of
probabilistic models (Bayesian networks, Markov
processes) improves diagnostic performance by
around 10%, confirming the effectiveness of
method combination. The Integrated Approach
(CBR + probabilistic models + simulation methods)
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achieves the highest accuracy (above 0.9),
indicating a synergistic effect from the
comprehensive use of methodologies. The metric
diagram (Figure 2) further confirms that the
proposed integrated approach to diagnosing SPP
significantly improves accuracy compared to
standalone methods.

1.00

0.95 1

Diagnostic accuracy
o o
= o
w o

(o
=
S

0.75 1

0.70 4
CBR CBR + Prob. Models

Integrated Approach

Fig. 1. Comparison of fault diagnosis accuracy metrics
across different scenarios

B Precision
. Recall
W Fl-score

08

o
o

Metric value

1
-

0.2

0.0

CBR CBR + Probabilistic Models

Approach

Fig. 2. Diagnostic Accuracy Metrics Chart

Based on Figure 2, the following observations
can be made. The CBR method shows the lowest
values across all metrics (~0.78), indicating
insufficient accuracy and completeness of diagnosis
when using a case-based approach alone. CBR +
Probabilistic Models (adding probabilistic models)
increases all metric values to approximately 0.82—
0.84. This indicates a more balanced diagnostic
performance that accounts for probabilistic failure
dependencies. The  Integrated  Approach
demonstrates the highest results — all metrics exceed

0.88, confirming its effectiveness. It is evident that
Precision, Recall, and Fl-score are nearly at the
same level, indicating a well-balanced diagnostic
system. The integration of probabilistic methods
with CBR significantly improves fault diagnosis
accuracy. Using a comprehensive approach
mitigates the limitations of individual methods,
resulting in a more reliable diagnosis.The more
complex the method (CBR — CBR + Probabilistic
Models — Integrated Approach), the higher the
diagnostic quality. The diagnostic accuracy metric
charts for SPPs (Figures 1 and 2) illustrate how well
the model identifies both faults and healthy states.

Figure 3 shows how adaptation affects fault
diagnosis accuracy over time. Different SPP
subsystems respond differently to adaptation (which
is important for analyzing failure probabilities).
This is due to cascading effects during SPP
operation. A decline in diagnostic accuracy in one
system can influence others.

082

080

Diagnostic metrics
=3
=
=

=
=
=3

04—’ 4- Accuracy (cooling and lubrication) ‘\\ /__ -
T-Precision (automation system) k. 4 v

s’ N\,
i 5 - Recall (generator and power supply) %< §
P - \ b o

’ e 6~ F1-score (fuel system) N Soaw?
0721 ’” e 2, 71

/ 1- Accuracy with adaptation . b
/ M .~
,/ 3 - Precision with adaptation S
/ (|
/ 8- Recall with adaptation

07094

2- Fi-score with adaptation

2 ] 6 8 10

Number of diagnostic cycles (component groups)

Fig. 3. Diagnostic Accuracy Dynamics with
CBR Adaptation

Figure 3 illustrates the dynamics of key
diagnostic metrics (Accuracy, Precision, Recall, F1-
score) using two approaches: CBR without
adaptation; CBR with adaptation (incorporating
probabilistic failure prediction). The number of
diagnostic cycles refers to the number of
consecutive diagnostic checks of SPP equipment.
Each fault diagnosis cycle includes the following
steps: data collection (temperature, pressure,
vibration, etc.); analysis for deviations from normal
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operating conditions; identification of potential
failures using CBR (without and with adaptation);
decision adjustment based on accumulated
experience and probabilistic failure prediction. All
metrics are higher with adaptation than without,
confirming the effectiveness of the adaptive
mechanism: Accuracy in the adaptive CBR remains
consistently about 5% higher compared to the
baseline version; Precision, Recall, and F1-score
also show a positive shift of 5-6%, indicating
improved fault classification and reduced false
positives; the dynamics of metrics without
adaptation are less stable, in contrast to the adaptive
approach, which demonstrates a smoother and more
predictable curve. The adaptive CBR based on
probabilistic forecasting enhances the accuracy of
diagnosing SPP. The stability of the metrics
indicates a better match between diagnostic
decisions and actual failures. The use of the
adaptive mechanism is recommended to improve
diagnostic reliability and reduce forecasting errors.

To assess the stability of SPP equipment fault
diagnosis methods under different data splits, cross-
validation is used. To quantitatively assess the
stability of wvarious components within the
diagnostic system, a five-fold cross-validation (CV)
was conducted, covering cases from three
operational scenarios: nominal mode, increased
load, and data deficiency. The table presents the
average accuracy (Accuracy) and corresponding
standard deviation values for each of the three
approaches - basic CBR, probabilistic models, and
the integrated solution.

Table 4
Five-Fold Cross-Validation Results

Mean accuracy Standard
Method on CV (%) | deviation (%)
CBR 73.5 3.0
Probabilistic 791 28
networks
Integrated
method 86.4 2.2

Analysis of Table 4 shows that the integrated
approach delivers the highest stability and accuracy
among all three configurations: the average
Accuracy reached 86.4% with a minimum standard
deviation of 2.2%, indicating strong reproducibility
of results. Probabilistic models performed slightly
worse, achieving 79.1% Accuracy with a standard
deviation of 2.8%. The basic CBR mechanism was
the least robust, showing an average accuracy of
73.5% and the highest variability (¢ = 3.0%). These
results confirm that the combined use of CBR,
probabilistic inference, and simulation provides the

best generalization and robustness across different
operational conditions. The difference in accuracy
between the integrated method and each of the
standalone components ranges from 7 to 13
percentage points, quantifying the synergy achieved
by combining these methods. Moreover, the
reduction in result dispersion observed in the
integrated method compared to CBR confirms that
incorporating  probabilistic ~ forecasting and
simulation not only improves diagnostic accuracy
but also enhances the system's resilience to input
variability.

To further analyze how different methods
perform under cross-validation, an accuracy
distribution chart was created. Figure 4 presents the
cross-validation results for various fault diagnosis
methods.

%

—~ =y =23
> S by

Average accuracy on cross-validation (2%)

-
S

65 -

(BR Bayes Integrated

Fig. 4. Cross-validation results for different diagnostic
methods

Comparison of methods based on Figure 4:
CBR shows the lowest result (=74%) and the
highest variability; Bayes (Bayesian method) yields
intermediate performance (confidence interval
~79%) but with greater error margin than the
Integrated method; Integrated approach achieves
the highest accuracy (=86%) with the lowest error.
Thus, the integrated approach outperforms both
CBR and Bayes in terms of accuracy and stability.
The Bayesian method demonstrates solid
performance, though with a wider error margin.
CBR has the lowest accuracy and the highest spread
of values.

Cross-validation confirms the reliability of the
integrated method. It consistently yields stable
results with the smallest standard deviation (2.2%).
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The higher variability in CBR without adaptation
indicates the method's dependence on the structure
of the case base. The use of probabilistic methods
reduces error dispersion and enhances diagnostic
reliability.

An analysis of the Precision, Recall, F1-score,
and Accuracy metrics shows that adaptive CBR
methods incorporating probabilistic forecasting
reduce diagnostic errors by accounting for the
probability distribution of potential failures and
adapting to new cases. Compared to classical CBR
and Bayesian approaches, the integrated method
demonstrates the best balance between precision
and recall, as also reflected by the high F1-score.
This makes it more reliable for predicting the
technical condition of marine power plants,
especially under conditions of incomplete
information and varying operational factors.

In addition to the standard metrics (Accuracy,
Precision, Recall, Fl-score) used for quantitative
evaluation, additional diagnostic indicators adapted
for the specifics of complex technical systems were
considered. These indicators provide a more
nuanced evaluation by accounting for the severity
of different types of errors, the consequences of
failures, and the robustness of the model under
varying operational modes. While the main part of
the study is based on classic binary classification
metrics (Accuracy, Precision, Recall, F1-score), in
the context of diagnostics and failure prediction in
CTS, it is important to consider not only statistical
indicators but also the operational significance of
different error types. To address this, modified
formulas for evaluating diagnostic and prognostic
quality were proposed, tailored to the specific needs
of CTS and developed within the scope of this
research. The modified diagnostic metrics reflect
such aspects as the severity of equipment failures,
the risk of false negatives, and the resilience of the
diagnostic system under varying system operation
scenarios.

1. Weighted Accuracy (WAcc). This metric
takes into account the varying importance of
correctly and incorrectly classified cases:

WA,
wTP : TP + (I.)TN : TN

:(I.)TP'TP+(UTN'TN+(I)FP'FP+O)FN'FN,

where wrp, wry, Wrp, Wpy are weights reflecting
the relative importance of each classification
outcome type.

For example, wgy > wpp, if a missed failure
is more critical than a false alarm.

2. Degradation-Weighted F1 Score (Weighted
F1). A modified F1 score is proposed that accounts
for the criticality of the monitored component (e.g.,
a generator or gas turbine engine):

F1, =2. LR
YT P+R

where P - Precision: the proportion of true positives
among all positive predictions;
R - Recall: the proportion of detected failures

among all actual failures;

wg - weight coefficient reflecting the
degradation importance of the component for which
the F1 score is calculated.It is used to increase the
impact of failures in critical nodes (e.g., generator
or main engine).

3. Risk-Weighted Recall (Recall R):

21 TP
it (TP; + FN;)

Recallp, =

where r; is the risk coefficient of failure for
equipment i

4. Cost-Sensitive Precision. False positive
alarms (Type I errors) may lead to equipment
shutdowns, financial losses, and decreased trust in

the diagnostic system:

TP

Precision; = TP+ cpp - FP'
where crp is the cost of a single false positive (can
be defined by expert assessment).

5. Diagnostic Stability Index (DSI). A metric
that reflects the model’s sensitivity to changes in
operating conditions:

g,
DSI = i
F

1

where F; is the average F1 score across different
scenarios (e.g., normal mode, overload, data
shortage)

op, is the standard deviation of F1 scores
between scenarios.

The closer the DSI is to 1, the more stable the
diagnostic model is.

Table 5 demonstrates not only the quantitative
superiority of the integrated diagnostic system
(which includes CBR, probabilistic models, and
simulation modeling) over the simplified
configuration, but also qualitatively different
improvements when using modified metrics. In
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particular, while the standard F1 score increases by
7.8 percentage points (from 77.5% to 85.3%), the
modified F1-W - which accounts for the criticality
of diagnosed components - shows a 14.9 percentage
point increase (from 74.2% to 89.1%).

Table 5

Diagnostic Performance Evaluation Results Using
Basic and Extended Metrics

. Without With
Metric adaptation | adaptation Comment
Fl  score Standard
(%) 77.5 85.3 measure of]
balance
Accounts  for
F1-W the importance
(weighted) |72 89.1 of failure in the
SPP
Precision |75.2 83.1 Bamg accuracy
metric
Takes into
Precision- account the
C (cost) 69.5 81.8 penalty for
false alarms
Basic
Recall (%) |80.1 87.6 completeness
metric
Focus on
giescl?)ll—R 76.0 91.0 preventing
critical failures
Accuracy Overg Il .
78.5 85.3 classification
(%)
accuracy
Priority on
WAce a6 4 88.0 significant
(weighted)
errors
Diagnostic
DSI 0.932 0.983 stability across
scenarios

This indicates that the adapted system is not
just more effective "on average", but also delivers
higher quality performance in scenarios where
failures have the most severe consequences. A
similar pattern is observed when comparing Recall
and Recall-R. While the absolute increase in Recall
is 7.5 p.p., the risk-weighted Recall-R increases by
15 p.p. This suggests that the adapted model is better
at predicting those failures that are most dangerous
in operational terms - i.e., it contributes not just to
classification completeness, but to reducing the
likelihood of critical incidents. The metric
Precision-C, which accounts for the relative cost of
false alarms, shows a particularly significant effect:
it increases by 12.3 p.p. (from 69.5% to 81.8%),
notably surpassing the growth in classical Precision
(7.9 p.p.)- This means that the adapted system not

only improves accuracy, but also reduces the
number of false diagnostic triggers, which could
otherwise lead to unjustified equipment shutdowns
or inefficient technical interventions. Values of the
Diagnostic Stability Index (DSI) also confirm the
advantage of the integrated approach. The increase
in DSI from 0.932 to 0.983 indicates that the system
maintains stable F1 score performance across
various operational scenarios (normal conditions,
overload, and data shortage), without losing
reliability under non-standard conditions. This is
especially important for diagnostic systems (CTS)
operating under variable loads, unstable
information, and limited resources. An analysis of
Accuracy and WAcc values shows that while
general accuracy grows by 6.8 p.p., the weighted
accuracy - which considers the consequences of
errors - increases by 11.6 p.p. This means that
qualitative changes occurred not just in the number
of correct predictions, but in their significance:
improvements occurred where errors would be most
costly. Thus, using modified metrics makes it
possible to identify effects that remain hidden when
evaluating only with classical indicators. This
confirms that the proposed diagnostic system not
only increases numerical accuracy values, but
becomes genuinely more reliable — prioritizing the
identification of the most critical situations and
minimizing operational risks.

Figure 5 presents a chart comparing the
modified metrics between the configurations
without adaptation and with adaptation. It
demonstrates: a significant improvement in F1-W,
Recall-R, and WAcc in the adapted system; a
particularly noticeable increase in DSI, reflecting
enhanced diagnostic stability; an overall gain not
just in accuracy, but in metrics that account for risk,
cost, and reliability.

Figure 5 visualizes the quantitative differences
between diagnostic system configurations and
illustrates the structural redistribution of fault
diagnosis quality when transitioning from a non-
adaptive architecture to an integrated adaptive one.
Notably, the most significant improvements are
observed in metrics that account for risks, priorities,
and the cost of errors. For instance, the modified
recall (Recall-R) in the adapted system reaches
91.0% compared to 76.0% in the baseline, while the
weighted F1 score (F1-W) improves from 74.2% to
89.1%. This highlights that the integration of CBR,
probabilistic models, and simulation modeling
enables the system to handle the most critical
failures more effectively—not merely to detect
frequent events. The Precision-C metric, which
reflects sensitivity to the cost of false alarms,
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increased from 69.5% to 81.8%, i.e., by almost 12.3
percentage points, indicating a more “economical”
system behavior in operational contexts. In other
words, it's not just fewer errors -it’s fewer costly
errors. This is crucial in marine and energy systems,
where a false alarm can lead to unnecessary
expenses and disruption of normal operations.
Equally telling is the behavior of the DSI: while its
increase from 0.932 to 0.983 may seem modest in
absolute terms, it signifies that the standard
deviation of the Fl-score across scenarios has
nearly halved. This means the system behaves
predictably and reliably under various operational
conditions, including overload scenarios and
incomplete data. Thus, the figure illustrates a
qualitative shift in diagnostics -not just a rise in
statistical metrics, but an enhancement of the
system’s meaningful behavior, particularly under
risk, limited information, and high cost of error. The
numerical gains across key modified metrics make
this effect both compelling and justified. The
modified metrics allow the system to: account for
the danger of missed failures (Recall-R, F1-W);
reflect operational costs of false positives
(Precision-C, WAcc); track variability in model
behavior under real-world operating conditions
(DSI). This is especially important when deploying
intelligent diagnostics in critical systems, where the
consequences of errors may be highly asymmetric.

100

80
60
40
2

0

F1/F1-W  Precision/ Precision-C Recall / Recall-R

Accuracy / WAcc DSI

Fig. 5. Comparison of Modified Diagnostic Metrics in
the Integrated System With and Without Adaptation

This study presents extensive experimental
testing of an integrated approach to diagnosing
complex technical systems, combining CBR,
probabilistic methods (Bayesian networks and
Markov chains), and simulation modeling. A
multidimensional evaluation of effectiveness was

conducted using both classical metrics and specially
introduced indicators of risk and robustness. Multi-
scenario testing under three operating conditions
(normal, high load, and data limitation)
demonstrated that Accuracy increased from 78.5%
to 85.3%, Precision from 75.2% to 83.1%, Recall
from 80.1% to 87.6%, and F1 score from 77.5% to
85.3%. Moreover, fivefold cross-validation
(6 F1=2.2%) and a decrease in F1 score of no more
than 3 percentage points under artificially limited
data confirm the method’s high reproducibility and
robustness.

A comparative analysis with contemporary
studies underscores the uniqueness of our
experiment: Soliman [15] is limited to a review of
digital twins without CBR or classification metrics;
Jovanovi¢ [16] combines FTA and BN without
simulations or case-based mechanisms; Velasco
Gallego et al. [17] assess only RMSE/MAE without
considering recall and precision; Schultheis [18]
applies a hybrid CBR without probabilistic or
simulation components; Daya & Lazakis [19] use
DFTA, FMECA, and BBN without multi-scenario
testing; Neupane et al. [20] review ML approaches
without a hybrid implementation; Lv et al. [21]
study FDD models without comprehensive
integration or F1 evaluation; and Yan Li et al. [22]
are limited to MC simulations without CBR or
extended metrics. None of these studies combine all
three components or perform a multidimensional
effectiveness  evaluation,  highlighting  the
completeness and novelty of our validation.

A key outcome is the implementation and
validation of modified metrics: weighted Accuracy
(WAcc), FI-W (accounting for the degradation
importance of nodes), Recall-R (risk-weighted
recall), Precision-C (reflecting the cost of false
alarms), and the DSI. These metrics revealed that
Recall-R  reaches 91.0% and DSI 0.983,
demonstrating the model’s capability to accurately
identify critical failures and maintain diagnostic
quality under varying operational conditions. This
multi-faceted set of complementary indicators
enables a comprehensive assessment of operational
risks, error costs, and system stability—something
unachievable with standard metrics alone. The
practical significance lies in the method’s readiness
for integration into onboard SCADA/PMS of
marine power plants and terrestrial power stations,
facilitating a transition to intelligent, predictive
maintenance, reducing unplanned downtime and
costs, and improving operational reliability. Future
development prospects, beyond the scope of the
current experimental  validation, include
implementing online monitoring with continuous
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real-time adaptation of CBR and probabilistic
models, expanding the case base using data from
diverse technical assets, and integrating deep neural
networks for automatic preprocessing of sensor
signals and feature extraction. In summary, the
conducted multi-scenario experimental validation
and multidimensional performance evaluation
confirm the high effectiveness and robustness of the
integrated diagnostic approach for complex
technical systems, justifying its practical
applicability and methodological novelty in the
context of intelligent control system assessment.

Conclusions

The effectiveness of the experimentally
validated integrated approach to diagnosing
complex technical systems -combining CBR,
probabilistic methods (Bayesian networks and
Markov chains), and simulation modeling - has been
confirmed across three fundamentally different
operational modes (nominal, high load, and limited
data) and is reproducible based on five-fold cross-
validation, with the standard deviation of the F1
score amounting to 2.2%. Accuracy increased from
78.5% to 85.3%, Precision from 75.2% to 83.1%,
Recall from 80.1% to 87.6%, and F1 score from
77.5% to 85.3%. Notably, under artificially limited
data conditions, the drop in F1 score did not exceed
three percentage points, indicating high robustness
of the method. The key scientific novelty lies not
only in the experimental validation of the synergy
between the three methods but also in the
development of a system of modified diagnostic
metrics tailored to the operational conditions of

CTS. In addition to the classical indicators
(Accuracy, Precision, Recall, F1 score), the
following modified metrics were introduced:

weighted Accuracy (WAcc), F1-W (accounting for
node degradation importance), Recall R (weighted
by failure risk), Precision-C (considering the cost of
false alarms), and the DSI, all reflecting operational
risks, the economic impact of errors, and system
stability under varying conditions. These metrics
revealed system properties not captured by standard
indicators: Recall-R reached 91.0%, and DSI was
0.983, demonstrating the model's ability to
accurately detect critical failures and maintain high
reliability under unstable conditions. The practical
significance of the approach lies in its potential for
integration into onboard monitoring systems of ship
power plants and SCADA/PMS systems of land-
based power stations, facilitating the shift from
scheduled maintenance to intelligent, predictive
control of complex technical systems, reducing
unplanned downtimes, lowering costs, and
increasing overall operational reliability. The

proposed metrics can be used to assess equipment
failure risks in CTS and support real-time decision-
making, considering not only the presence of faults
but also the potential consequences of diagnostic
errors in the context of operational criticality.
Although this study focuses on experimental
verification, future development prospects include
implementing continuous real-time adaptation of
CBR and probabilistic models, expanding the case
base with data from various types of technical
systems, and integrating deep learning methods for
automatic preprocessing of sensor signals and
feature  extraction.Thus, the comprehensive
experimental verification and the developed system
of modified metrics - which enable a formalized
assessment of the effectiveness of the integrated
diagnostic approach with regard to operational
context, robustness, and the impact of errors—
confirm its capability to ensure a comprehensive
improvement in the quality and reliability of
diagnosis and forecasting in complex technical
systems. All conclusions are based on the results of
a multi-scenario experiment covering three
operational modes and are supported by statistically
stable cross-validation data, ensuring high
reproducibility and confidence in the findings. The
experimental validation of the synergy among CBR,
probabilistic models, and simulation modeling
demonstrates for the first time that their
combination provides a significant advantage over
using each component individually—representing
the key scientific contribution of this work.
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Buuy:xaniun B. B., Buuy:xanin O. B.
InTerpoBanmii miaxigx Q0 OIArHOCTHMKHM CKJIAJTHUX
TeXHIYHHUX CHCTEM: eKCIlepUMEeHTAaIbHA BaJligauis Ta
O0araTroBuMipHa oniHKa e()eKTHBHOCTI

YV yin  cmammi  npedcmaeneno  cebiuny
EeKCNepUMEHMANbHY sepugirayiio IHMe2poBano2o
nioxody 00 Odiacnocmuxu mexuiynozo cmany (TC)
cxknaonux mexuiunux cucmem (CTC) na npuxiadi

CYOHOBUX eHepeemuuHux YCMAaHOBOK (CEY).
3anpononosana  memooonocii  NOEOHyE  N02IKY
npeyedenmie (Case Based Reasoning — CBR),
tLmMogipHicHe NPOSHO3Y68AHHS 3a 00nOM02010

Oau€eci8CHKUX MEPENC | MAPKOBCLKUX IAHYIOZIB, A MAKOHC
iMimayiune MOOeNO8AHHSA CcyeHapiie Oezpadayii ma
KAcKaoHux 8iomos. Tecmysans npogooUiIoCs 3a mpbomd
cyeHapiamu: HOPMATbHUL PEHCUM eKCyamayii, pexicum
niOBUYEHO20 — HABAHMAdICEHH — MaA  cyeHapitl 3
06MedCceHo0  0OCMYNHICMIO  OGHUX, WO O003601UN0
8CEOIUHO  OYIHUMU AOANMUBHICMb Al2OPpUMMIE | ix
CMItIKiCmb 00 3MIHHUX excnyamayiunux gpaxkmopis. /s
KinbKicHOl OYIHKU akocmi diacHocmuxu
BUKOPUCIIOBYBANUCL — KIACUYHI — MEMpPuKu
xknacugixayii (Accuracy, Precision, Recall i FI score), a
MAKONC HOBOBEEOCH] POWUPEHT NOKAZHUKU: 38AJICEHA
mounicmo  (WAcc), Fl-oyinka 3  ypaxysanusm
Kpumuynocmi 8iomoe komnonwenmie (FI1W), nosnoma 3i
36a0iCY8aHHAM HA puzuk 6iomosu (RecallR), ckopueosana
MOYHICMb 3 YPAXYBAHHAM — 8APMOCMI  NOMUTKOBUX
mpueoe  (PrecisionC) ma Inoexc cmabinbhocmi
diaenocmuxu (DSI). Pesynomamu Oacamocyenaproco
EKCNEepUMEHmY NOKA3anu cmadiibHe NOKPAUWjeHHs: 8CIX
OCHOBHUX noKazHukie: Accuracy 3pocia 3 78.5% oo
85.3%, Precision —3 75.2% 0o 83.1%, Recall — 3 80.1%
00 87.6%, F1 score—377.5% 00 85.3%, RecallR oocsena
91.0%, a DSI cmanosus 0.983. II’amuxpamua Kpoc-
sanioayis noxasana cmaunoapmue gioxunenus F1 score

oinapmnoi

Ha pieni 2.2%, wo niomeepoiicye 8i0mseoprosanicms i
HaoIuHicmb 3anpoOnoOHOBAH020 Memooy onsl
eKCNepUMEHMANbHO20 — MECMYSAHHA  IHMe2POBAH020
nioxody oo odiaenocmuxu CTC. Peanizayis yuxiiunol
npoyedypu "imimayis — timosiprocmi — aoanmayisi CBR"
3HAYHO 3MEHWUNA KITbKICMb NOMUTKOBUX MPUEo2 ma
nponywjenux KpumuyHux 6iomog obnaonanna CEY.
Ipakmuuna  3nauywicms — nioxody — noasieae  y
moxcnusocmi toeo inmeepayii 8 SCADA/PMS-cucmemu
mopcokux CTC ma HazeMHUX enepeemuyHux cmauyi,
wo cnpusmume nepexo0y 00  IHMELEKMyaibHO20
nPOSHO3HO20 06cy208y6aHHsL, 3MEHULEeHHIO
He3aNn1aHOBAHUX NPOCHOI8, 3HUJICEHHIO eumpam i
niosuugennio Haodinocmi obnaouanus. Ilepcnexmugu
ManuOymuix — 0OCHIOdNCEeHb — GKIIOYUAIOMb  NIOSUUJEHHS
aoanmueHocmi nioxooy, po3uwuperHs 6azu npeyeoeHmis
ma po3poOKy IHCMpYMenmie O a8MmoMamu308aHoOi
00pOOKU 2emepO2eHHUX OAHUX.

Knwouosi  cnosa:  npocnosna  diacnocmuxa,
batieciscori mepeaici, adanmayis CBR, mooenroganis
8I0MO8, PUBUK-OPICHMOBAHI MempPUKY, CMabitbHiCmb
OlazHOCMuUKU, IHMELEKNYaible 06CIY208Y6aHHs.

Buuyxkanin Bomogumup BikTtopoBmu — 1.T.H,
npodecop, 3aBimyBau  kadeapu  iHpopManiitHUX
TEXHOJIOT1H, HallloHaJbHUI yHiBepcuteT «OpechKa
MOJIITEXHIKAY, Oneca, email:
v.v.vychuzhanin@op.edu.ua

Buuyxanin Ounekciii BoinogumMupoBHY — JOKTOD
¢dimocodii, acuWcTeHT, HaIiOHAILHWNA  YHIBEPCHUTET
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KOHIENTYAJBHA MOJEJIb IHOOPMAIIMHOI BE3NNEKA
HABYAJIBHUX KOMIT'FOTEPHUX JIABOPATOPIH

Moruasnuii I'.A., lonyenko B.1O., HIBeus I.M., lonuenko C.M., Ky3nenos B.C.

CONCEPTUAL MODEL OF INFORMATION SECURITY
OF EDUCATIONAL COMPUTER LABORATORIES
Mohylnyi H.A., Donchenko V.U., Shvets I.M., Donchenko S.M., Kuznetsov V.S.

B ymosax siiicbk06020 cmamny ma wmeuoKo20 po36UMKY
IKT egexmusna npomudis xibepamaxam K eiemenmy
2I0puUdHOT iliHu nompedye CRITbHUX 3YCUTL OEPHCABHUX
ycmawnos,  00°ckmig  Kpumuunoi  ingppacmpykmypu,
NPOMUCTIOBUX NIONPUEMCIE MA HABYATLHUX 3aK1A0i8. 3a
MAKux o0OCMABUH BANCTUBUM CMAE Nepeisld OCHO8
ingpopmayivinoi  Oesnexu.  Cmamms — NpPUCEA4EHO

docnioxcenn0 ma Kaacugixayii moodeneul ingpopmayitinoi

besneku, w0  3acmMocogyIomscs O noOyoo8u
epexmuenux cucmem 3axucmy iH@opmayii. VY pobomi
PO321A0AIOMbCL  MPU  OCHOGHI  mMunu  Mooenell.
KOHYenmyanbHa Mooeinb, MAamemMamuiyHa Mmooeib ma
Qynkyionanvua mooens

Konyenmyanona mooens — cayeye 6azucom  0s
dopmyniogannsa  3a2anbHUX  NPoyeci@  CMEOPEHHs
cucmemu Oe3nexu, BUBHAUAEC KIIOYOBI HANPAMKU Md
CmMpyKmypy 3axucmy ingpopmayii.

Oxpim  awanizy  mooleneu, poboma  GUCBIMIIOE
0cobIUBOCMI  BRPOBAOICEHHSL  CUCTNEM — 3AXUCTY
inghopmayii ¢ nasuanvhux ycmarogax. Ceped oCHOGHUX
npobnem 8CMAHOGIEHO: BIOCYMHICMb CNeyiani308aHUX
8i00ini6 ma 6i0nogidanvHux 0cio6 3a iHgopmayiiny
besnexy; Hedocmamuil pigelsb Ni020MOBKU HABUALLHO-

OONOMIJICHO20 NEPCOHATY, BeUKA PIZHUYS Y KeATiiKayii

Kopucmyeauie; cKkiaoHicmv 3abe3nedenus Oesnexu npu
BIOKpUMOCMI HABUANLHO20 NpOYecy mda 3poCmaryux
B8UMO2AX 00 BNPOBAONCEHH OUCMAHYIUHUX OCBIMHIX
MEexXHONO02I.

Ocobnusocmi no6yooeu cucmemu 6e3nexu 6 HAGYUAIbHUX
3aK1a0ax € HeOoOXIOHICMb NOULYKY KOMAPOMICHO20
PpiudenHss Mic GIOKPUMICMIO HABYANIbHO20 Npoyecy ma
CMYOeHmoyeHmpOBAHUM HABUAHHAM, 300e3neyenHsIM
KOMpOpmHUX yMo8 Oocmyny 00 6CIX Mamepianié
HABYANLHO20 NPOYeCcy Mmda HCOPCMKUMU HOJOHCEHHAMU
00 8uUMOKY KoH@hioenyiinoi ma ciyanc6060i inghopmayii

B pobomi npononyemvcsa ooumn i3 éapianmie po3pooKu
KOHYyenmyanvHoi Mmoodeni 6e3neku sAK OCHOBU 075
Nn00AIBLULO20  BNPOBAOICEHHS  ePeKMUBHUX — 3aX00i8

3axucmy, 8paxogyouu cneyudixy pobomiu HABYANTLHUX
saxknadie  ma ix  iHopmayitinoeo  cepedosuiya.
Cmeopenna yiei Mooeni € 8adNCIUBUM NePUUM KPOKOM
07151 nobyodoesu cucmemu besnexu. Ha ocrosi nposedenoco
aHanizy NPONOHYEMbCS NEPEAHYMU OCHOBHI NiOX00U 00
s3axuwgeHocmi  IH@opmayii 8 HAGUANLHUX 3aKIA0AX,
0COOIUBO 3 YPAXYBAHMAM CHeYUDIKU OUCAHYITIHO2O
HABUAHHS MA 8IOKPUMOCMI OC8IMHIX NPoYecis.
Knruosi cnosa: HaguanibHa KoMn tomepHa
nabopamopis, 3axknad oceimu, Kibepbesneka, 3azposu,
Mooenb, cucmema 3axucmy.

Beryn. Y cydacHMX yMOBax CTpPiMKOTO
PO3BHTKY iH(pOopMaIlitHO-KOMYHIKaLIHHUX
TEXHOJIOTIH Ta CHCTEM BiIIaJICHOTO BHKOPHUCTAHHS
iHpopMaliiHUX pecypciB, e(QeKTUBHA NPOTHUAIS
KibeparakaMm, IO CTajla BAXJIMUBOIO CKIAJOBOIO
riopumHoi BiffHM, BHMarae KOHCONITAIlii Ta
00’eHaHHS 3yCWJIb JepKaBHUX OpTaHiB, 00'€KTiB
KPUTUYHOI 1HQpACTPyKTypu Ta oOprasizamid 3
MIITOTOBKH Ta TEPEMiArOoTOBKH (haxXiBIlB, SKi
aKTUBHO 3aCTOCOBYIOTh KOPIIOPAaTHBHI CHCTEMHU Ta
3aco0u BigmaneHoro noctymy o iHgopmauii. B
TaKUX 00CTaBHHAX MEPETNIsi] KIIIOYOBUX MTPHHIINIIIB
iHpopmariitHoi Oe3mexu HabyBae 0COOIHUBOI Bary B
JUSTPHOCTI MiAPUEMCTB Ta HABYATBHUX 3aKJIaJIiB.
BaxxmBuM nuTaHHIM MOOYIOBH CHCTEMH O€3MEKU
€ po3mIsIA  Ta CTBOPEHHS pI3HUX MOJeNel
iHpopmartiitHol Oe3ImeKH, SIK1 MOXYThb
3aCTOCOBYBAaTHCS i dYac TOOYIOBH CHUCTEMHU
iHpopmariitHoi Ge3mexu.

AHaJi3 ocTaHHIX J0CTiAKeHb i mMyOJaiKamiii.
AHali3 HayKOBUX JDKEpes 3 IMHUTaHb KibepOesneku
3aKNaNiB  BUINOI  OCBITH  3acBiguye,  IIO
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JOCII/PKEHHST BEAYThCA Y TaKUX MPOOJIEMHUX
HampsMax:

— mpobneMu 3a0e3reucHHS KiOepOesneku B
3akiagax Bumoi ocBitm (FO. C. Anronos, II. B.
Pumap Ta O.TI. Anrtonona [2]; O. O. Imsin, C. O.
Cepux ta B. B. Bumniscekwuit [6]; B. 10. Kusa [7];
H. M. Kupunenko [8]; O. 0. Yybykoa Ta I. B.
[Monomapenko [17]; A. Ghazvini, Z.Shukur Ta
Z.Hood [31]; S.Hina ta P.D.Dominic [32];
C. Joshi ta U. K. Singh [35]);

— TEOpEeTUYHE OOIPYHTYBaHHS CHCTEMH
ympasmiaas Kibepoesmekoro 3BO (0. O. Inwin [5];
A. 1O. Hammnuenps-Haymona, B. JI. bypsdok, H. B.
Kopuryn, O. b. XKunsnos, II. M. Cxknaganauii ta
JI. B. Ky3pmenxko [16]; 1. S. Bianchi ta R. D. Sousa
[25]; Y. Zeng, H. Zhang, X. Liu, Y. Fu, Q. Deng ta
R. Ye [34));

— ormiHoBaHHs KibepOesnekn 3BO (M. H.
Suwito, S. Matsumoto, J. Kawamoto, D. Gollmann
ta K. Sakurai [24]; W. Yustanti, A. Qoiriah,
R. Bisma Ta A.Prihanto [23]; H.II. Kyxapceka
[10]);

— npobmemu  KibepOe3nmeKH  yYaCHHKIB
ocBiTHRO-HaykoBo1 AistibHOCTI 3BO (B. 0. bukos,
O.10.bypos Ta H.II. [lemeHrieBcbka [3];
M. Gratian, S. Bandi, M. Cukier, J. Dykstra Ta
A. Ginther [27]; Z. Yan, T. Robertson, R. Yan, S. Y.
Park, S.Bordoff, Q.Chen Tta E. Sprissler [30];
W. D. Kearney ta H. A. Kruger [36]; G Ogutcu,
O. M. Testik ta O. Chouseinoglou [39]; M. Rajab
[40]);

— poOieMu moOy10BH Moenei
iHpopMarliiiHoi Oe3meKd pecypciB 3arajioM Ta B
3akmagax Bumioi ocBith (O. €. AnanueHko [1];
A. 0. Hamuneus-Haymosa, B. JI. bypsuok, H. B.
Kopmryn, O. b. Xwumenos, II. M. CxkiamanHui,
JI. B. Kysemenko [4]; IO.B. Koxeny0, C.B.
Bacunenko, A.B. Makcumeus, B. A. Tupna [9];
O. I. Tpanezon, T. ®@. I'ymen, K. O. Tpare3on, B. A.
I'pa6, H. C. 3omnorapesa [14]; S. 1. Illecrak, B. L.
Uyo6aescekuii [18]; O. K. IOnin, C. C. byuuk [19-
20]; A. L. Scinceka [21]; J. Chang, Y. Jeon, S. Sim
[26]; C. K. Wong, S. B. Maynard, A. Ahmad, and H.
Naseer [33]; Y. Lee [37]).

B poboTax [11-13] PO3MIANAIOTECSA
0COOIMBOCTI pOOOTH HaBYAIBHUX KOMIT IOTCPHUX
nmabopaTopiii Ta CTBOpPEHHS KOPIIOPATUBHOTO
CEepelOBHINIA y HABUAIBHUX 3aKIajax, OJHAK
MPAKTUYHO HE PO3IVISAAIOTHCS TMHUTAHHA Oe3IeKu
CTBOPEHOTO 1H(OPMAIIIHOTO CEPEeIOBHUIIIA.

VY pesynprari amamizy [22, 28, 29, 38]
CYYacHUX MiJXOAIB 0 YNpaBIiHHS KiOepOe3neKoro
Ta pO3pOOKH IHTEIEKTYAIbHUX CHUCTEM IiATPUMKH
pillieHb BCTaHOBJICHO, IO e(heKTUBHE 3a0e3MeUCHHS
iHpopManiiiHoi Oe3neKH B YMOBax 3pOCTAIOuUX

Kibep3arpos norpedye KOMIIJIEKCHOTO,
aTanTHBHOTO Ta I1HTEICKTYaIi30BaHOTO ITiTXOIY.
Mopdororiuai  Mozaeai  03BOJIAIOTH (pOpMyBaru

pamioHanpHI  cTpaTerii 3axHcTy, BpaxOBYIOUH
MHOXKMHY  MOXJIMBHX  BapiaHTiB  peaizarii.
OcobmuBy yBary MIPHUILICHO PO3BUTKY

CaMOOCBITHIX CHCTEM BHSBJICHHS aHOMAJIH, SIKi
3MaTHI amanTyBaTucs JO 3MiH Yy IIOBEIIHII
3JIOBMHCHUKIB, 30KpeMa bi( Bapiartii
IHTCHCUBHOCTI, IIBUJIKOCTI Ta TPUBAJOCTI arak. Y
CBOIO YepTy, 1HTEJCKTyaJbHI CUCTEMH IiATPUMKH
piteHs, opieHTOBaHI Ha (hiHAHCOBE TIAaHYBAaHHS Ta
IHBECTYBaHHA B  IMQPpPoBYy  TpaHchHopMaIliio
KibepOe3mneky, CHPUSIOTH MIPUHAHSATTIO
OOTpYHTOBAaHWX  YINPaBIIHCBKUX  PIMICHb 3
ypaxyBaHHIM crenudiku TpeaMeTHOl 00JacTi.
Oxpemy I[IHHICTH CTaHOBJIATH METOH
OararokpuTepiaqbHOl ONTHMi3amii BHTpaT Ha
iHpopMarliiiny 6e3meKy, 30KpeMa 3 BHKOPUCTAHHIM
TCHETUYHUX  QITOPUTMIB.  TakuM  YHHOM,
MIO€ THAHHS IHTEJIEKTyaTbHIX TEXHOJIOTIH,
aJlaTUBHUX MOJIEJIEH Ta ONTUMI3alliiHUX ITiIXOIiB
CTBOPIOE MIAIPYHTSA ISl MOOYyI0BH €(hEKTHBHHX,
THYYKHUX 1 CTIHKUX CUCTEM KiOep3aXHCTy.

IcHye KinbKka MOIETIeH, KOXKHA 3 IKUX JIO3BOJISIE
BIJIITOBICTH HAa IIOCTaBJICHI TIEpea HEI0 MHTaHHS.

MoxHa  BHOUIMTH TpPU  OCHOBHI  Mopemi
iHpopmManiiiHoi Oe3nexwu, 1e:

® KOHIENTyaJlbHa MOJETIb,

e MareMaTHYHa MOAETb,

e (yHKIiIOHAJIIEHA MOJCIT.

KonnmenryansHa  Monens JI03BOJISIE
chopMysIrOBaTH  HAaWOUIBIN  3arajibHi  MPOLIECH
CTBOPEHHSI CUCTEMH OE€3MEKH BOHA CTBOPIOETHCS Ha
nepmoMy eram MoxemoBaHHA. Ll Momens

iHpopmariiiiHoi Oe3nmeku BiATIOBiNAaE Ha 3araybHi
MUTaHHS 1 CXEMAaTUYHO BiJOMBaE 3araibHy
CTPYKTYpY Mofei iHpopMariiiHoi Oe3reku, Ha Hil
SIK Ha CTPYIKHI OYIYIOTHCS 1HIIT MOZAEII 1 KOHIISTIIIi1
iHpopManiitHo1 Oe3meKH.

Mera gaHoi pobotm — Ha 3aca;ax
KOMILIEKCHOTO aHall3y cuctemu iH(opmariitHoi
Oe3lmekr y HABYAIBHHUX  3aKJIafax  BHSBHUTH
ocoOnMMBOCTI  ii BOpOBafKeHHSA Ta PO3pOOUTH
3arajibHi OCHOBHI CKJIa/I0B1 KOHIIETITYaJIbHOT MOZIETi
Oe3rekH, 1o JIO3BOJISIE 3aMpOBaIUTH
MIEPIIOYEPTOBI 3aXO/X CIIPSAMOBaHI Ha ITiJIBUIICHHS
iHpopManiitHO1 Oe3neKH.

MaremariuHa Moueib — 1ie (hopMai30BaHUI
ONHUC CLEHApiiB y BHUIVISAAI JIOTIYHUX AITOPUTMIB
NpEeACTaBICHUX TOCTIOBHICTIO il MOPYIIHUKIB i
3aX0MiB y BIAMOBigs. Po3paxyHKOBI KUIBKIiCHI
3HAUEHHS IMapaMeTpiB MOJCH XapaKTepU3yIOTh
(DyHKITIOHANBHI  3QJIEKHOCTI, 10  OIMHUCYIOTh
npolecd B3aEMOJIl MOPYIIHHMKIB 13 CHUCTEMOIO
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3aXHCTy Ta MOXIHMBI pe3yabraru aid. Came Takuit
BHJI MOIEJi HaWJacTillle BUKOPHCTOBYETHCS IS
KUTBKICHUX OIIHOK YPa3auBOCTI 00'€KTa, MOOYI0BH
QITOpPUTMY  3aXHCTy  OLIHKA  PH3HMKIB  Ta
e(DEeKTUBHOCTI BKUTHX 3aXOIiB.

[Ipn moOymoBi mammx MomeneH HeoOXiTHO
CIMpAaTHUCS Ha TaKi HAMBaXKIUBIILI 0OCTaBUHHU:

e BHUOIp KpHUTEPIiB IS OIMIHKH BaXKJIMBOCTI
(npiopuTeTHOCTI) iHpOpMaIiTHIX
pecypcis;

® CTBOpPEHHS  KUIBKICHHX
pI3HOMaHITHUX  BHIIB
00’ €KTIB;

e BuUOIp KpUTEPIIB OL[IHKH 3aIPOMIOHOBAHUX
HaIPsIMKiB, METOJIIB Ta 3aCO0IB 3aXHUCTY;

® CTBOPCHHS  KUIbKICHUX  ITOKa3HUKIB
PI3HOMaHITHHUX ITICHCTEM 3aXHUCTY;

e BHOIp KPHUTEPiiB ONTUMATBLHOCTI CUCTEMH
3axucty  iHpopMamii  ans  jmaHol
apXiTeKTypH iHPOPMAITIHHOT CUCTEMU;

e vyiTKe MareMaTuyHe  (QOPMYITIOBaHHSI
3aBOaHHs [MOOYJIOBH MOIedi 3aco0iB
3axucTy iHpopMalii, 10 BpaXxoBye 3aaaHi
BUMOTH JI0 CHCTEMH 3aXHCTY Ta JO3BOJISE
moOyayBaTi 3aco0HM 3aXUCTy iH(popmarii
BiJIMIOBI/THO JTO IUX KPUTEPIiB.

Be3symMOBHO 3 MareMaTHYHOIO  MOJIEILIIO
HampsMy IOB's13aHa (YHKIIOHAIbHA MOJEb.

Y mnomanpimioMy, B Mekax (YHKIIOHAJIBHOT
Mozedi, pO3pOOISIOTECA 1 AOCHIIKYIOTHCS
ANTOPUTMH IIOJ0 MPAKTUIHOTO 3aCTOCYBaHHS 1
JIOKa30BOCTI HaBEACHMX IMpHITyIIeHb. Ll Momens
BH3HAYa€ MOTOKH iHpOpMaIlii, 103BOJICH] B CUCTEMI,
Ta TpaBUJia KEPYBaHHS JOCTYIOM 10 iH(opmarii.

Icnye JeKiTbKa OCHOBHHX THITIB
(yHKIIIOHATBHUX MOZETICH:

1. Monens auckpeuiiinoro gocrymy (DAC) —
KOHTPOJIOETHCS JTIOCTYI CYO'€KTIB (KOPUCTyBadiB
a00 10maTkiB) 10 00'€KTIB, IO CTAHOBIATH Pi3HI
iHpopManiitai pecypcu: daitnu, qogaTKH, IpUCTpoi
BUBeCHHs Tomo. Kiacuunuii BapiaHT — 3aKpuTa
cUCTEMa, TOOTO CITOYaTKy OO'€KT HE IOCTYITHHIA
HIKOMY, 1 B CIIUCKY TpaB JOCTYITY OMUCY€ETHCS HAOIp
JI03BOJIIB.

2. Monens 6e3neku bemna-Jlallagynu — € omHa
3 HaWBimoMimmX Mopened Oesmeku  (Momeih

IIOKAa3HUKIB
Bpa3iIMBOCTEN

MaHIATHOTO YHOPaBIiHHSA JOCTymoM). Y  Hiid
BU3HAU€HO O€37iY4 MOHATb, IOB'SA3aHUX 13
KOHTposneM  jgoctymy. JlaloTbess — BH3HAYEHHS

cy0O'exta, o0'ekTa Ta omepamii ZOCTYMYy, a TaKOX
MaTeMaTU4HUH anapar Ajs iX omnwucy.

3. PomboBa MoOZENs KOHTPOIIO JOCTYILY
(RBAC) — KOHTpOJdIOE OOCTYN KOPUCTYBadiB [0
iHpopmManii Ha ocHOBI THMIB iX Aiil y cuctemi. [1ix

POJUTIO PO3YMIETHCS CYKYIHICTD il Ta OOOB'SI3KIB,
MOB'S3aHUX 13 TEBHUM BHIOM IisUTBHOCTI. Ilpm
IIOMY 3 KOXKHHM OO0'€KTOM 3iCTaBlIeHO HaOip
JIO3BOJICHHUX OIEpaliii TOCTyIy KOXHOI poji, a He
MEBHOTO KOpUCTyBada. KOXKHOMY KOpHCTyBadeBi
3icTaBieHi poni (y OeSIKMX —IeKiIbKa poJiei), sKi
MOJKE BHKOHYBATH.

4. Cuctemu po3mexysanusa goctymy (CPI) —
e CYKYTHICTh peanizoBaHUX TIpaBUI
PO3MeXyBaHHSA JOCTYITY y 3acobax
OOYHCITIOBAIBHOT TEXHIKM YH aBTOMAaTH30BaHUX
cucTeMax, OUIBIIICTh 3 SKHX 0a3yloThCsA Ha
KOHIICTIIII JAWCIeTdepa MOCTYIy — aOCTPakTHOL
MallMHHU (3aXMILICHUH, BiJOKpEMIICHHH MpoIec),
sIKa BUCTYTIA€ TIOCEPETHUKOM TP BCiX 3BEPHEHHSIX
cy0'ekTiB 10 00'extiB. [lucmerdep aoCTyIy
BUKOPUCTOBYE 0a3y MJaHUX 3axXUCTy, B SKid
30epiraloThCsl MpaBUia PO3MEKYBaHHsS IOCTYMy i
Ha TmijactaBi 1€l iHpopMarlii mo3Bonse abo He
JIO3BOJISIE CYO'€KTy IOCTYH J0 O0'€KTa, a TaKOXK
¢ikcye inpopmanito mpo cmpoly mocTymy B
okpemMoMmy kypHami. Lls ©Oaza  Oymyerbcs 3
ypaxyBaHHSIM MAaTpHIll AOCTYyIy Yd OmHiel 3 Ti
nepeTBOpeHb. TakuM YMHOM MaTpHI JOCTYIY — IIe
TaOIMUI, B SKIM PAIKU BiMIOBIAIOTh CyO'eKTaM,
CTOBMII — 00'€KTaM JOCTYIIY, a Ha TICPETHUHI PsIIKa
Ta CTOBILS MiCTATHCS TpaBuia (ZO3BIT) AOCTYILY
cy0'ekta 10 00'ekTa. |

OCHOBHUMH HEHONIKaMHd TaKoi MAaTpHIll €
HaIMIpHO BEIMKA PO3MIPHICTE 1 CKIATHICTH
aAMiHICTpyBaHHS 1 JyUId  TOMOJAHHS  IUX
ckmagHomiB Marpuigs moctymy B CPJl dacro
3aMIHIOETHCS JISTKAMH i1 IEpETBOPCHHSIMHU:

e (CruckM KepyBaHHSA JOCTYIOM (access
control lists, ACL). Jlns xoxkHOTO 00'€KTa 3a7aHO
CIOHCOK  CyO'ekTiB, SIKi MamOTb  HEHYJIbOBI
MMOBHOBXCHHS JOCTYNy M0 HEUX (i3 3a3HAYCHHIM
IIUX TOBHOBaXCHB ).

e (Cruckm  TIOBHOBaOXEHb  CyO'€KTiB.
Amnanoriuno ACL , ane ans KoXHOro cy0'ekra
3alaHui CIIUCOK 00'€KTIB, AOCTYII SIKUX JT03BOJICHO
i3 3a3HAYCHHSM [OBHOBaXEHb JOCTyIy. Take
ySIBJICHHSI Ha3UBA€ThCA Npodisiem cyl'ekTa.

e ArpuOytHi cxemu. 3acHOBaHI Ha
MIPUCBOEHHI Cy0'ekTaM Ta/ab0 00'€kTaM IEBHHX
MITOK, 110 MICTSATh 3HaUCHHs aTpuOyTiB. EnemMeHTH
MaTpHli [OCTYIly He 30epiralothCsi y SBHOMY
BUTJISI, & JUHAMIYHO OOYUCITIOIOTHCS TPU KOXKHIN
cIpo0i TOCTYITy KOHKPETHOI IMapy ¢y0'eKT-00'€KT Ha
OCHOBI X aTpuOyTiB.

[lepmuM  BaXIMBUM ~ KPOKOM  IEpen
CTBOPECHHSIM  Ta  3alpPOBa/DKCHHSM  TIEBHOT
MarMaTudHoi Ta (YHKIIIOHAJIBHOI MOZACH €

IMMPOBCACHHS 3araibHOI'O aHaJ’Ii3y CHCTEMH Oe3meKu
Ta CTBOPCHHA KOHL[CHTyaJ'H:HOI MO):[CJ'Ii. OCHOBHUM
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OCOONIMBOCTSIM ~ CTBOPSHHS  Ili€l  Mojem s
HaBYAIHPHUX YCTAHOB 1 MPUCBIYCHA TaHa PoOOTa.

Buxkaan OCHOBHOTO Marepiajy
MOCTiTKeHHsl. BaXXTMBUM NHUTAaHHSM y CTBOPCHHI
iH(hOpMaIliiHOI CHUCTEM HaBYaJbHOTO 3aKJIagy €
aHaJli3 CHCTeMHU OE3MEeKH Ta CTBOPEHHS PI3HHX
Mozenei iHpopManiiiHoi Oe3nexu, sSKi MOXKYTb
3aCTOCOBYBAaTHCS Wi  4Yac  poO3poOKuM  Ta
BIIPOBAKCHHS Pi3HOMaHITHUX MIpOTpamMHO-
TEXHIYHUX Ta OpTaHi3aliiHUX 3aXOIiB MO0
3abe3nedeHHs 30epekeHHs iHpopmarii. besymoBHO
MUTaHHS ~ CTaOUIBHOCTI  POOOTH  OONagHAHHS,
opramizamii 3axWIICHOTO CEpPEHOBHINA ITaHUX Ta
MPOrpaMHUX PO3POOOK MAalOTh [Ty HU3BKY
0COOMBOCTEH Yy HaBYAIBHHMX IMAPO3AIaX Ta
HaBYAIBPHUX KOMII IOTepHUX saboparopisx (HKJI).
i nuTaHHA MEXYIOTh Mi’)K BAMOTaMHU:

® BIIKPUTICTh HABYAJIHHOTO TIPOIECY Ta
CTYIICHTOIIECHTPOBAaHE HABYAHHS;

e 3a0e3MeunTH KOM(OPTHI YMOBH IOCTYILY
IO BCiX MarepiajiiB HaBYAJILHOTO TPOIIECY

® O KOPCTKMMHU TIOJIOKECHHSIMA JI0 BHTOKY
KoH(DieH i HOT Ta ci1y)00BOi
iHpopmarii.

[TonepenHili aHai3 MISUTBHOCTI HABYAILHUX
YCTaHOB  CBIIYNTH, IO BaXKHOIO OCOOJIMBICTIO
BIIPOBA/DKCHHSI CHUCTEMH 3aXHCTy € BiJICYTHICTh
OKPEMHX BIJIILIIB 1O 3aXUCTY iHGopMaIIii .

B Oimpmiocti  BHUMAAKIB  3aBHAaHHSA 110
3a0€3TEYCHHIO KibepOesneku MTOKJIAICHO
HABYAILHO JOMOMDKHUH mepconan. Kpim Toro,
CIi BpaxoBYBaTH HyXe CKIAAHY CHUTyaIlilo y
3aKyIaJax cepeaHbOi OCBITH J¢ BCiMa TUTAaHHSAMU 110
HaJNalTyBaHHIO POOOTH OOYHMCIIOBAILHOI TEXHIKH,
3a0e3IMeYCHHIO 3aXKMCTy iHhopMallii Ta OpraHi3alio
iH(hOpMAIITHOrO OCBITHBOTO CEPEIOBHIIA y
OLIBIIOCTI BHUIIAAKIB MOKJIAIEHO Ha BHKJIAIaYiB
iHpopMatuku. VY cucTeMi BHUIIOI INKOJIH Ta
3aKJIaJax CepeaHbOi OCBITH HE ITependadeHo oKpemi
mocagd, sSKi  BIAOOBIZAIOTH 32 OUTAHHSI
KiOep37I0YMHHOCTI.

3HaYHOIO OCOOJHBICTIO BHWIIB € BEJIHKA
pI3HHIII Ta BEIUKANA PpO3KHI Y KBamidikarrii
BUKJaNayiB  Ta  CTYACHTIB  PI3HOMaHITHHX
criertianpHOCTedl. HaBuanpHMI mporiec OimbIIoCTi
CIICITIaTbHOCTEH Ta OCBITHIX TpOTpaM MiCTHTh
OCBITHI KOMITOHEHTH CIIPSMOBaHI HA BUKOPUCTaAHHS

OOYMCITIOBAIGHOT ~ TEXHIKM Ta  IPOTPaMHOTO
3a0€e3MIeUeHHS SIKOICh MTeBHOI (Iy»e pi3HOMAaHITHO1)
ramysi 3HaHb. OO6nagHanHs y HKJI
BHKOPUCTOBYIOTh CTYIISHTH Pi3HOMaHITHUM
CHEIiallbHOCTeH K 3  BEIHKUM  00CATOM

KOMII FOTepHUX JUCITUILTIH, TaK CITCIiaJbHOCTEH y
SIKUX 3HAHHS 3ac001B 0OYMCIIOBAIILHOI TEXHIKU Ta

METO/IB TpOTpaMyBaHHS HE BKIIOYCHO 1O
OCHOBHUX PO ECIHHNX KOMIIETEHTHOCTEH.
B pesynbrari Takoro cTaHOBHINZ, MPOIECH

CTBOPEHHSI MOJEJIell  3aXHUCTy, BIPOBAKECHHS
MEBHUX 3aXOiB MO X YIOCKOHAJNICHHIO, aHai3y
crpo06 HECaHKI[IOHOBAHOTO BHKOPHUCTAHHS
iHpopMaliiHUX  pecypciB  MPakTUYHO  HE
BUKOHYIOTBCSI a00 MIATPUMYIOTBCS Ha JIyXKe
cinabKoMy piBHI.

Takum YHHOM, 0COOIMBOCTAMHU

BIIPOBAUKCHHSI CHCTEMH 3aXUCTy iHpopMamii y
HaBUYaJIbHUX ycTaHoBax Ta okpemux HKJT €:

e BincyTtHicTh BiAAUIIB Ta oci0
BINMOBIATPHUX 3a CcHUCTeMy iH(opmariiitHoi
Oe3mnexu;

e HenocrarHiit piBeHb MiATOTOBKU

HABYAJILHO-/IONIOMDDKHOTO TIEPCOHANY B HAIPIMKY
iHpopmartiitHoi Oe3mexy;

e 3HayHa  pi3HMUA Yy  KBamidikamii
KOpHCTYBauiB: 3100yBayiB OCBITH Ta BUKJIAJa4iB;

e BinCyTHICTP CHCTEMH  MOHITOPHHTY
nuTaHb iHpopmaniiHoi 6e3neky;

e Henocrarne ¢inaHcyBaHHS;

e HeoOXigHICThP TIATPUMKH IAUCTAHIIHHOL
OCBITH Ta OpTraHi3aIlii BiJJTAJICHOTO IOCTYITY IO
iHpopMarii;

o IllBuakuii mepexim Ha iH(poOpMaIiiHO-
KOMYHIKaI[ii{Hi TEXHOJIOT1;

e HeoOXigHICTh MIATPUMKU «BiIKPUTOCTI»
HABYAJILHOTO TIPOIIECY, BCIX HOTO CKIAJOBHX Ta
BIIPOBA/KCHHS HOBHUX 3aC00iB PO3MOBCIOKCHHS
iHpopMarii;

e HeoOXigHICTP CTBOPEHHS YMOB JUIS
BUKOPUCTAHHS PI3HOMAHITHHX OOYHCIIIOBAJIbLHUX
MPHUCTPOiB (0COOMCTUX KOMIT IOTEPIB, MOOLIBHUX
NpPUCTPOiB, TJIAHIIETIB Ta iHIIE) BUKJIAAAYiB Ta
3100yBaviB OCBITH;

e Buxopucranus CTeLiaTi30BaHOTO
NPOTrpaMHOTO 3a0e3TeUCHHS Ui HaJlallTyBaHHS,

MOHITOPHHTY, OOCIYrOBYBaHHS  pi3HOMaHITHHX
OOUMCTIOBAIBHUX TMPWIAAiB Yy  HaBYaIbHOMY
poIIeci;

e BijncyTHicTh HEOOXITHOTO MarepiaibHO-
TEXHIYHOTO 3a0e3MeUeHHsT B YMOBax IIIBHIKOTO

BIIPOB3/DKCHHS  PINICHh  CIOPSAMOBaHUX  Ha
BIIPOBAKCHHS JTUCTAHITIHHOT OCBITH.
Jns  moOymoBM — KOHIENTYaldbHOI — MOJEi

iHpopManiiinoi Oe3MeKd He3aJeKHO BiJ TOrO,
HACKIIBKA TpocTa 4YHM cKjiagHa iHdopmaniliHa
crcTeMa, HeoOXiTHO SIK MiHIMYM BiIIIOBICTH Ha TPH
NHUTaHHS:

® 1[I0 3aXHIIATH;

e BiJ KOTO 3aXHIIaTH;

® 5K 3aXMINIATH.
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AHani3 cuctemu 3axucty iHgopmadii

Mpasosuit
OpraHi3aujinHuii
IHKeHepHo- Tex-
HiYHUIA

[NonepenxeHHs
3anobiraHHs
MpunuHeHHs
Mpotuaia

PiznuHi
AnapartHi
MporpamHi
KpunTtorpadiuHi

PosronoweHHs
BuTik

HecaHumioHoBaHwiA
focTyn

[ocTynHicTb
LlenicHicTb
KoHdbeneHuinHicTb

B0BHILLHI
BHyTpiLLHi

O3HanoMneHHs
[y6ntoBaHHs
Mogudikauis
BHULLIEHHSA

[okymeHTn
CpepnctBa 3B 513Ky

CniBpobiTukn
Hocii iHdopmauii

Puc. 1. 3aranpHa KOHIIENTyaIbHA MOCTH iH(pOpMaIiifHOI Oe3meKn

Ile 00OB'sI3KOBHI MIHIMYM, SKOTO MOXe OyTH
JIOCTaTHBO JIJISl HEBEITMKHX 1HPOPMAIIHHUX CUCTEM.
Opnnak, Oepy4d 0 yBaru MOXJIHBI HACIiJKH, TO
Kpalle BUKOHATH MOOYIOBY IMOBHOI KOHIIETITYaJ IbHOT
Mozeni iHpopMaIiitHoT 6e3reky, B IKiii HeoOX1THO
Bm3HaunTH (Puc. 1):

e pKepena iHopmartii,
® TpIOpUTET YH  CTYIIHb
iHpopMarii,
JDKepena 3arpos,
1T 3arpo3,
3arposu,
CIOCOOH JTOCTYIY,
HAaIpsIMU 3aXHCTY,
3aco0u 3aXUCTY,
® METOIY 3aXHCTY.

IMpu moOymoBi Mojedi CIiJi BpaxoByBaTH
0COOIHMBOCTI JTiSUTBHOCTI HABYAILHOTO 3aKiIay abo
OKPEMOT0 CTPYKTYPHOTO Timpo3nity. B Mexax mi€i
pobOTH PO3IISIHEMO KOHLENTYaJIbHY MOJIENb 3a

BaXXJIMBOCTI

YMOBH, 1[I0 1HINI  CTPYKTYpPHI  MiAPO3IiIN
HaBYaJILHOTO 3aKiIaay 3HAXOIATHCS y
BIZIOKPEMJICHOMY, OKPEMOMY Ta 3aXHUIICHOMY

iHpopManiiiHoMy cepenosuini. Tomy 10 Mojedni
BKIIIOUEHO TiNBbKM iH(OpMamito, ska Moxe OyTH
posramoBana abo Bukopuctana y HKJL

3 BpaxyBaHHSM OCOOJHMBOCTEH MisUTBHOCTI
HKIJI Ta ocobnmBocTeil cy4yacHOTo CTaHy CUCTEMU
3axXUCTy iH(oOpMaIlii y HaBYANIBHUX 3aKiajgaxX Mpu
moOymoBi KOHIICTITyalTbHOI MOJIENi  CHCTEMH
3axucty iH(opMmamii HEoOXiJHO  BpaxyBaTd Ta
TUIaHyBaTH HACTYTIHI Jii:

1. TpoBectm momepenHii MOHITOPHHT
icHyrouoi (ab0 BiJICYTHBOI) CHCTEMH 3axXHUCTy
iHpopManii. 3a  HEOOXiJHICTIO,  CTBOPUTH

TUMYAcOBY KOMICil0 3 MuTaHb iH(OpMaLiiHOl
Oe3MeKH.

2. TlpusHauutH BiANOBITANBHHX OCIO 3a
cUCTeMY 3aXHCTy 1H(popmarii.

3. IIpoBectu monepenHiii aHami3 AOIIBHOCTI
BIIPOBA/KCHHSI CUCTEMHU 3 BiJJIAJICHUM JIOCTYIIOM
1o HKJI B yMoBax HassBHOCTI/BiJICYTHOCTI CHCTEMH
3axucTy iHpOpMAIii.

4. BimoKpeMHTH MEPLIOYEProBi 3aX01H.

5. TlpoBecTr momnepenHiii aHami3 HEOOXITHHUX
KOIITIB /U BIIPOBA/DKCHHS CHCTEM 3 BiJJaleHHM
JIOCTYTIOM Ta 3a0e3IeUeHHS MEeBHUX MiHIMaTbHUX
BHMOT JI0 3aXUCTY iH(OpMaAITii.

BbesymoBHa KOHIIENITyaJIbHa MOJIeITh
indopmaniiinoi 6esnekn HKJI (puc.2) Brimouae
OCHOBHI TIOJIOXEHHS 3arayibHOi Moneni. B mporeci
i  po3poOkM HEOOXiNHO MpoaHami3yBaTd Ta
IPOBECTH YTOYHEHHSI OCHOBHUX TTOJIOKCHb.

xepena inpopmaii HKJT me:

e HapyanpHO-METOAWYHI Marepiaiy, sKi
BUKOPHCTOBYIOTECS Yy HaBYAJBHOMY MPOILECI.
OcobnuBy yBary HEOOXiJHO HajaTu iX IUTICHOCTI
Ta  CTBOPUTH YMOBM  [UI1  LiJI0ZOOOBOTO
BuUKopuCTaHHs. CliJ 3ayBaKHTH, IO Marepiaiu
KOMIT'IOTepHUX  JAWUCHMIUIIH ~ MOXYTb  MaTH
CIeIlialIbHy HaBYaJILHO-TEXHIYHY 1HQOpPMAIIitO.

e KaOenpbHa wmepexa, Mmepexa Wi-Fi, i
CTPYKTypa Ta aJpecyBaHHs, iIMCHa KOPUCTYBaUiB Ta
naponi. Jly)ke BelIMKe 3HAYEHHS MOXYTb MaTu
«BIIKPUTI» IMEHA KOPUCTYBa4iB Ta MApONi, SKi
BUKOPUCTOBYIOTHCS Y HABUAJIBHUX IIIJISX.

e CmiBpoOITHUKH, BHUKIIAJa4i Ta CTYICHTH,
SIKI MalOTh MOXKJIMBICTh BUITAIKOBO (200 HABMHCHO)
TIOBIJJOMJIATH O HAasIBHUX 1H(GOPMAIIITHUX pecypcax
Ta OUIsIXax X BUKOPUCTAHHS.

e CepBepHi, JIOKQIbHI Ta  OCOOHWCTI
HakonmuyBadi. Crnig BpaxoByBaTH, IIO OCOOHCTI
HAKOIMYYBadi c1ab0 KOHTPOJIIOIOTHCS Ta MOXYTh
OyTu JpKepenaMu BipyciB a00 BUKOPHUCTOBYBAaTHChH
JUTSE. HECAHKI[IOHOBAHOTO JIOCTYITY 710 iH(opMaIrii.
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¢ CrenianizoBaHe
3a0e3MeYeHHs,  SIke  BUKOPUCTOBYETHCS Y
HaBdaimbHOMY mporeci. OcoOmuBy yBary ciif
npuainmth 113, sike opieHTOBaHO Ha HAJTAIITYBaHHS,
MOHITOPHHT Ta OOCIYroByBaHHS OOYHCIIIOBAJIBHOI
TEXHIKH 1 BHKOPHCTOBYETHCA Y HABYAIHLHOMY
TIPOIIECi KOMIT IOTEPHHX CIICIiaTbHOCTEH.

e MoOiIbHI  HPHCTPOi Ta  HOYTOYKH
BHUKIIQJ[a4iB Ta CTYIEHTIB — ¢ MPHCTPOi sKi
MOXYTh OyTH BUKOPUCTAaHI JJisi CTBOPCHHS
PI3HOMaHITHUX aTak Ha iHQopMaIliitHy cucrteMy.

e Oco0ucTi MOKyMEHTH BHKJIAJadiB, SKi
30epiratoThcs Ha iHQOpMaLifHUX pecypcax

[pioputetHicTs inpopmanie HKJI mae 3nayni
OCOOJIMBOCTI B 3aJIGKHOCTI BiJl CIPSIMOBAHOCTI
camoi HKJI Ta ii crpykrypu. IlonmepenHiii anami3
MoKa3aB HeOOXiqHICTh BpaxyBaHHs iHpoOpMaLii ska
MOXE CTBOPHUTH YMOBH JUIsS TOPYIIECHHS CHUCTEMU
Oe3ITeKH, HAITPUKIIAT:

o CTpyKTypa Ta aIpecyBaHHSI MeEPExi,
pO3TalllyBaHHS CEPBEPHUX MAIIUH Ta MEPEIKEBUX
MPWIAAIB — II€ OTHA 3 HAWBAXKIIUBININX CKIAJ0BUX,
BUKOPHCTaHHS SKOI MOXKE HAJaTH 3JI0BMUCHHKY
Baromi TmiepeBarm y CTBOpeHHi 3arpo3u. Cuin
BpaxoByBary, 1o Oinbmicte HKJI po3nosciomxkye
mro iHdopMalii B mpoleci BHKOHAHHS IIEBHHX
nabopaTopHUX poOoT.

o [IpiopuTeTHI KOPUCTYBaYi, iX IMEHA, TTAPOITi
Ta mpasa JOCTYILY.

o HaBuanbHO-METONMYHI Marepiali MOXYTh
OyTH BUKOPHCTaHI 3 METOI0O OCOOWCTOI BHTOAM,
BIUTHBY Ha OIIHFOBaHHS.

¢ CrierriaizoBaHe mporpamMHe 3a0e3MeUeHHS
MoXe OyTH BHUKOPUCTAaHO AJisl OpraHizamii araku.
Oco0nuBy 3arpo3u CTBOPIOIOTH CHEIlialli30BaHi
MIpOTpaMu CIIPSIMOBaHI HA BUBYCHHS Ta MOHITOPHUHT
KOMII IOTEPHOTO Ta MEPEKEBOTO 00IaqHAHHS.

e 3arajbHE TporpaMHe 3a0C3MEUCHHS MOXKE
OyTH  HempanesJaTHUM  Ta MEPETITKOAUTH
MPOBENICHHIO HABYAILHUX 3aHSATh.

© OcoOuCTI JTOKYMEHTH BHKJIANA4iB — I
iHpopMariis HaliMeHIoro npiopurery st HKJL.

Ixepena 3arpo3 y HKJI marore He3HauHi
0COOIMBOCTI

e [HTepHeT — 3arpo3a, BILUTUB SKOi 3HAYHO
3poCTae 31 CTBOPEHHAM CHCTEMH BiITaJICHOTO
nocrtymy i gae BrumB Ha HKJI mocTiitao. Kpim toro,
I 3arpo3a HaJae MOXJIMBICTh  BIUTUBaTH Ha
nismeHicT HKJI Garateom KopmcTyBadam, sKi
T IKITFO4EH1 10 [HTepHeT.

e BayrpimHs Mepexa, sSka B 0ararbox
BHUIIAJKaX  «BIIKPUTA»  JUIS  BUKOPUCTAHHS
BHKJIaJ[a4aMH, TOCTSIMH Ta 37100yBadaMy OCBITH Ta

MporpaMHe

CTBOPIOE YMOBH JUUISl TPOBEJCHHS Pi3HOMAaHITHUX
Kibeparak .

e [Ipunagn CTyOeHTIB Ta BUKIagadiB, sIKi
BUKOPDHUCTOBYIOThCSI B~ MEXaX  «BIJIKPUTOTO
HABYAJILHOTO CEPEIOBHUIIIA»

e CriemiainizoBasni MIpUIIaIu Ta 113
HAaBYAJIILHOTO  MpoIecy, ske  Moxe  OyTH
BUKOPUCTAHO IS HECAHKIIIOHOBAHOTO JIOCTYITY.

e [nmi  BimBimyBaui, SIK1 BiIBIAYIOTH
HABYAJILHUH 3aKIIa].

Hini 3arpo3 y HKJI B minomy crniBmagaroTs 3
OararbMa IHIIAMH ITAPO3AUIAMH: O3HAHOMIICHHS,
Tty OITFOBaHHS, MoudiKkaris, 3HHIICHHS,
MopyIIeHHs mpare3aatHocti. Ciifl BiA3HAYUTH, 110
Tpeba 101aTkoBO Bpaxyearu criienuiuni mst HKJT:
IIKaBiCTh, BUMIAJAKOBICTh, TTOPYIICHHS aBTOPCHKOTO
MpaBa, BUKOPUCTAHHS B OCOOMCTUX ILIAX.

3arpo3u y HKJI He Bifmpi3HAIOTHCS Bia 1HIITAX
YCTaHOB Ta  CKIQNAIOThCS 3.  JIOCTYIHICTh
iHpopMalii, Hempaue3gaTHiCTy npunagi Ta [13,
uimicHicts 13 Ta indopmanii, koHpigeHIIHHICTE

Ho 3aco6iB moctymy y HKIJI BigHOCSTBCS:
pO3TOJIONIEHHS,  BUTIK, OCOOWCTI  NPHIAIH,
HECaHKI[IOHOBAaHUH [TOCTYII.

Hanpssmu  3axucty  11€:
arapaTHUH, opraHizariifHuiH, IHKEHEPHO-
TexHiyHUH. OnHaK TPaKTUYHO HE MOXIHBO
BHKOPHCTATH TPaBOBUH (IOPUANYHAN) HAIPSIM
3aXHUCTY, TOMY 1110 O1IBIIICTh YYACHHUKIB OCBITHHOTO
MIPOIIECY HE TIOB’S3aHO TPYAOBUMH BiTHOCHHAMU.

Jlo MeTomiB  3axuCTy CIiJ  BiJHECTH:
MOTIEPEIKCHHSI, P03 ICHEHHS, 3ano0iranHs. biTbImn
cnabki meromu y HKJL: amamiz Ta BUBYCHHS
BUMAJKIB, IPUITUHCHHS, TPOTH/Ii TOMY IIO BOHU
MoTpeOyIOTh CTBOPCHHS CITeITialli30BaHOTO
miapo3ainy 3 6e3mneky inpopmartii.

TakuM YWMHOM, KOHIICNITYaJbHY MOJCIH
iHpopManiiiHoi Oe3meKM MOXKHa MPEACTABUTH Y
BHIVISIIII CXEMH, III0 300pakeHa Ha puc. 2.

BucHoBkun. B pesynsrare  npoBeaeHOro
JIOCIIJDKEHHST JIITEpaTypHUX JDKEpeNl HaBeIICHO
ommsa Ta Kiacu(pikariio pi3HOMAaHITHUX MOIENCH,
SKI BHUKOPHCTOBYIOTHCSI B TIpOILIECaX CTBOPEHHS
cuctemu iH(opMarifiHoi Oesreku. BcraHoBneHO,
IO TEPIIMM BaXIUBUM KPOKOM € CTBOPCHHS
KOHLIETITYaJIbHOT Mojiesii Oe3neku iHdopMalrii.

Amnaniz cuctemu iH(pOpMaLiiiHOT Oe3meku y
HKIJI noka3zas, 1110 O1/IbII0CT]I HAaBYAJIbLHUX 3aK/Ia1B
HEOoOXiTHO OuTbIle yBaru MPHUAUIATHA IIpolecam
i IBUIIICHHS 3aXUIICHOCTI iH(popMariii. BaxiauBy
CKJIaJIOBY JI0J1a€ HeOOX1IHICTD IIBHIKOTO
BIIPOBAKCHHSI JTUCTAHIIITHUX METO/IB HaBYaHHS.
BcTanoBiieHO Ta HaBEACHO OCOOIMBOCTI IIPOIECY
BITPOBA KEHHS ITi€1 cucTeMH. [0 OCHOBHHX, 3 SIKHX,
BiJTHOCSITBCS: BIIKPUTICTh HABYAILHOTO TIPOIIECY

nporpaMHO  —
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Anania cuctemu 3axucty iHgopmadii HKJ1

OCQOQQQ o

o

ﬂomynmcrb,

I'Ionepe/:weHH;l.
P03’ ACHEHHS.

AHani3 Ta BUBYEHHS BUNA/KIB|
3anobiraHhs.
MpUnNUHEHHs.
MNpotugais.

MporpamHo - anapartHi.
OpraHizauiiHi.
IH)XEHEPHO- TeXHIUHI.

LlinicHicTb.
KoHdhiaeHUiiHICTb.

HenpaLie3naTHicTb.

IHTepHeT (30BHILLHA) Mepexa.
BHyTpilLHs Mepexa.
CneuianizoaHi npunagn Ta N3

Mpunaau cTyaeHTis Ta BUKNaaavis.
IHwi BigBiAyBaYi.

CTpyKTypa Ta aapecyBaHHs Mepexi.
[MpiopuTeTHi KopUCTyBaYi.
HaguanbHo-meToanyHi Matepiany.
CneuianizoBaHe nporpamHe 3abe3neyeHHs.
BararnbHe nporpamHe 3abe3neyeHHs.
OcobucTi AoKyMEHTH BUKNafadis.

Has4anbHOro npouecy.

PosronoweHHs.
Burik.

OcobucTi npunagu.
HecaHuioHoBaHwiA.
aocTyn.

Diznui.
Anaparhi.

Mporpami.
O6MmexyBanbHi.
KpunTorpadiui.

BunagkosicTb.
O3HaitoMneHHs.
[MopyLeHHs aBTOPCLKOrO Npasa.
MopyLweHHs NpaLie3aaTHoCTI.

[ybnioBaHHs.
Mopudikauis.
SHULLEHHS.

BukopucTaHHs B 0cobucTUX Linsx/

Hag4anbHo-meToanyHi Matepiany.

KabenbHa Mepexa, mepexa Fi-Wi, noporosi npunaau.
CniBpoBiTHWKY, BUKNaaadi Ta CTyAEHTH.

CepBepHi, nokanbHi Ta 0coBUCTi Hakonu4yBaYi.
CneujianizosaHe Has4ansHe 3.

MoGinbHi npucTpoi Ta HoyTBYKM BUKNaaadiB Ta CTyAeHTIB
OcobucTi AOKYMEHTYH BUKNaAaYiB.

Puc. 2. Konuenryanpaa mozaens Oesnexu HKJT

e Ta HEOOXIAHICTh 3a0€3MeUYeHHs TOCTYILY
JI0 BCIX MarepiaiiB HAaBYAJILHOTO MPOIIECY;

® BiJICYTHICTb BiJILITIB Ta ocib
BIANOBIZaIbHUX 32 cHCTeMy iHoOpMaliiitHol
Oe3neKy;

e 3HayHa  pi3HMOI y  KBaigikamii

KOPHCTYBauiB: 37100yBauiB OCBITH Ta BUKJIAJIaviB;

e HenocraTHe (DiHAHCYBAaHHS;

® BUKOPHCTaHHS CIIeIliaTi30BaHOTO
MPOrPaMHO-TEXHIYHOTO 3a0e3MeueHHS y
HaBYaJHHOMY MPOLEC] Ta T03BiJ Ha BUKOPUCTAHHS

0COOMCTOI ~ TEXHIKH  yYacCHUKIB  HABYAIHHOTO
MIPOLIECY.
3 YpaxyBaHHSIM LHX 0COOIUBOCTEH

PO3pOOIICHO KOHIIETITYyaIbHY MOJCNh Oe3leKH, Ha
3acazax sKOi MOXKHA pPO3POOUTH TEpIIOYeprosi
3ax0[¥ CTIPSIMOBAHI Ha ITiABUIIEHHS iHPOpMaLiifHOT
Oe3MeKH y HaBYaIbHHUX 3aKIaJax.
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Mohylnyi H.A., Donchenko V.U., Shvets 1. M.,
Donchenko S.M., Kuznetsov V.S. Conceptual model of
information security of educational computer
laboratories

In conditions of martial law and rapid development
of ICT, effective counteraction to cyberattacks as an
element of hybrid warfare requires joint efforts of state
institutions, critical infrastructure facilities, industrial
enterprises and educational institutions. Under such
circumstances, it becomes important to review the
foundations of information security. The article is
devoted to the study and classification of information
security models used to build effective information
protection systems. The paper considers three main types
of models: conceptual model, mathematical model and
functional model.

Conceptual model — serves as a basis for
formulating general processes for creating a security
system, determines key areas and structure of
information protection.

In addition to analyzing models, the work highlights
the features of implementing information protection
systems in educational institutions. Among the main
problems identified are: lack of specialized departments
and persons responsible for information security;
insufficient level of training of teaching and support staff;
large differences in user qualifications; difficulty in
ensuring security with the openness of the educational
process and increasing requirements for the
implementation of distance education technologies.

The peculiarities of building a security system in
educational institutions are the need to find a compromise
solution between the openness of the educational process
and student-centered learning; ensuring comfortable

conditions for access to all materials of the educational
process and strict provisions for the leakage of
confidential and official information. The paper proposes
one of the options for developing a conceptual security
model as a basis for the further implementation of
effective protection measures, taking into account the
specifics of the work of educational institutions and their
information environment. The creation of this model is
an important first step in building a security system.
Based on the analysis, it is proposed to review the main
approaches to information security in educational
institutions, especially taking into account the specifics
of distance learning and the openness of educational
processes.

Keywords: educational computer laboratory,
educational institution, cybersecurity, threats, model,
protection system.
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IHTEI'PAIIA WEB-CEPBICY 3 COIIAJIBHOIO MEPEXEIO

Partos /I.B.

WEB SERVICE INTEGRATION WITH SOCIAL NETWORK

Ratov D.V.

Cmammas npuceauena po3enady cmeopeHHs web-cepsicy,
AKULL opeanizye pobomy eneKmpoHHOi uepeu i Mae
Qynxyionan 63aemo0ii i3 COYIANbHOIN  Mepedicero.
Enexmponna uepea €  NPOSPAMHO-ANAPAMHUM
KOMNIIEKCOM, W0  003801s€  hopmanizysamu  ma
ONMUMIZY8amu KepySanHs NOMOKOM 6i0gidysauis. Y
cmammi po32NAHYMO NPOPAMHY peanizayiio cucmemu
enekmponnoi  uepeu «E-uepeay 3 ¢hymxyionanom,
IHMeZPoBanuM I3 COYIANbHOIO Mepedicero, Modce Mamu
maxi cgepu 3acmocysanms: onepayiuni 3anu OAHKIG;
YEeHmMpU GURIAM CMPAXOBUX KOMNAHIU, KIIEHMCHKI
yeHmpu  onepamopie  CMAyioHapHi  onepamopu;
Oepaicasni  ycmanosu  (Hanpukiad, noOAmKosi ma
peecmpayiimi CayscOU, NOCOTLCMEA MA KOHCYIbCHKI
YCMAHOBU),  NEHCIUHI  OHOU;, MeOUyHi YeHmpu,
MYypUCMUYHi KOMNAHIL, BI308i Yyewmpu, asmocaloHU,
agmocepsicu, HOMAapianbHi ma ad8OKAMCHKI KOHMOPU,
asia- ma 3ani3HUYHI KAcu, Onepayiiini 3anu 6i00LleHb
36'3Ky;  6aeamo@)yHKYIOHAAbHI ~ YeHmpU  HAOAHHs
depoicaguux — ma  MyHiyunaibhux — nocaye.  Jns
i0denmudpixayii Kopucmyeauie 8 cucmemi NPONOHYEMbC
cmeopennss QR Kody 6 mepconanbHux Kabinemax, 3
no0AIbLWUM AOMIHICMPYBAHHAM OAHUX 3A60AKU CKAHEPY
OR xo0y. 3pyunum ma weuokuM cnocooom HAOAHHSH
Kopucmysavam 000amK06020 @ynxyionany €
suKopucmanus 60mie CoyiarbHux mepedxc, Ki cmanu
Hegio'eMHOI uacmuHo 0y0b-1K020 OHIAUH-CEPBICY,
IHMepHem-Maza3uty, IHQGOpMayiiHo2o nopmanry abo
6n02y. Po3pobaenuti npoepamuuil QyHKyioHan nonseae
AK 6 OMPUMAHHI KOHMEHMY, MakK i 6 CME8OPEHHI NPoYecis,
5K 6e3n0cepeorHbo  CMOCYIOmMbCsi Nociye [ pecypcis.
Hooamkose suxopucmanHa QYHKYIOHATY COYIATbHUX
Mepedc O OnogiujeHHs 00360JA10Mb KOPUCTHYBAUAM
WeuoKko  ma  3PYYHO  OMPUMY8AMU  AKMYAIbHY
ingopmayiro 6  pescumi  pearbHoeo  wacy  0e3
HeobXxiOHoCmi 3a6aHmMadiceHtsl inmepgheticy 6eb-cepgicy
cucmemu. ILle cmeoprwoe cnyukicmv ma 3pyuHICMD
83a€MO0ii 3 cepgicom 051 KOpUCMY8ayis, wjo 3abezneuye
Oinb epekmusHe YNPAGNIHHA 4ACOM MA pecypcamu

xnienmis. ¥ 368's13ky 3 yum inmeepayis gpynxyionany web-
cucmem ynpaeuinHa NOMmoKamu KIieHmie i3 coyiarbHuMu
Mepedcamu cmae aKmyanbHum 3a80aHHAM.
3anpononosani memoodu peanizayii cucmemu npu
CMBOPEHHI cepsicy BUKOPUCMOBYIOMb CYYACHUL Ma
nepegipenuii cmex mexHonozii web npoepamysanns, wjo
0o3gonse  cmeoprosamu  web-cepgicu, AKi  Maiomo
BUCOKULL piBeHb Oe3neku npu podoomi 6 eleKmpOHHIl
cucmemi.

Knwuosi cnosa: coyianvna mepedica, enekmpoHHa
uepea, asmopusayis, JavaScript.

Beryn. ¥V cywacHomy nudpoBomy cBiTi, 1e
KOMITIOTEpH Ta CMapT(OHM CTaIH HEBiI'€MHOIO
YaCTMHOIO  HAIIOTO  TOBCSKAEHHOTO  JKUTTS,
€JIEKTPOHHI CHUCTEMH YNPABIiHHS HaOyBalOTh BCE
0110l oMy IsipHOCTI y BUTTIsAL web-cepBiciB abo
enexkTpoHHuX moptaniB mocayr [10]. OcobmmBo
Taki  CepBICM  BaXIMBI  TIpH  OpraHizarii
e(eKTHBHIIIOTO yIpaBIiHAA COLliaIbHUMH
MpoIlecaMy Ta OTITHMI3allii Yacy KOpUCTyBada.

Cucrema €IEeKTPOHHOI YEpPTH BiAPIZHAETHCS
BiJl CHCTEM «BUKIIUKY KIIIEHTa» TUM, IO JTI03BOJISE
CTBOPUTH 1 IOTPUMYBATHUCS alTOPUTMY KEPYBaHHS
MIOTOKOM, BECTH OOJIK Ta CTATUCTHKY pPOOOTH
oTIepaTopiB Ta IHTECHCUBHOCTI IOTOKY, IO I03BOJISIE
e(beKTUBHO  TUTAHYBaTH  HABAaHTAXKEHHS  Ha
omepaTtopiB. KpiM 11p0ro, y cucteMi HEOOXiIHO
nepeadaunuTH byHKIil YIIPaBITIHHS
HaJJAIITyBaHHSIMU CHCTEMU Ta il BHUKOHaBYUMH
monmyissmu  [8]. Taki online cucremm, ki
mpejcTaBieHl  web-momaTkaMu, —pamiolTh 1
VOpPaBISIOTECS B pealbHOMY 4Yaci i BUMAarae
CEpHO3HOr0 MiAXOAy IO IUIaHYBaHHS MaiOyTHIiX
(yHKIIHA 1 MOXIMBOCTEH mnporpamu [9], Tak sK
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KO)KHa 3 O0OpaHuMX IIbOBUX IATPoOpM, SK
TEOPETHYHO, TaK 1 HA MPAKTHUIIl, MOXKE CTBOPIOBATH
CBOI OOMEKEHHS 3yMOBJICHI SK OCOOIHMBOCTSIMH

apxiTeKTypd ULinboBoi  mnatgopmu, Tak i
KOMITaHIEFO-BJIACHUKOM ITI€T IIaTPOPMH.
MeTta  gocaiKeHHsI —  BHKOPHCTaHHS

MOJIYJILHOTO METO/Ly CTBOpEHHs web-cepBicy, sSIKuii
opraHizye poOOTy €JNEeKTPOHHOI Yepru, Mo Mae
(hyHKITIOHAT B3a€MOIIT i3 COIMIAIBHOIO MEPEKEIO.

CTBOpEHHSI CHUCTEMH EJIEKTPOHHOI 4Yeprd €
JOCUTDH CKJIaJJHUM TEXHOJIOTIYHUM TIPOLIECOM, SIKUH
BAMAra€e JeTajJbHOrO IUTAHYBaHHS 1 Mae CBOI
0COOJIMBOCTI [1]. Homatox  Mae Oytn
KpOCIUIAaTQOPMHUM Ta MaTH iHTepdeic, sSKuit
QIanITYEThCS TIJT XapaKTepUCTUKU TIPUCTporo. Web
momatok Oyzae ckmamatmcs 3 HTML, CSS Ta
Javascript ¢aitnis [11, 12].

Cepen mepeBar AaHOTO THITYy IPOrpaM MOKHA
BHUIUTUTH HACTYITHI:

e 0e3miu J0AaTKiB Ta  IHTEPaKTUBHUX
KOMIIOHEHTIB MOXYTh OYTH HamucaHi MOBOIO
JavaScript [14] ans Bcix MOOUIBHUX TUTATHOPM;

e TIPOTpaMH MOXYTh BHUKOPUCTOBYBATH
Taki (yHKUii MOOITBHOTO MPUCTPOIO, K KaMmepa,
aKceJiepoMeTp Ta iHIII;

e Bci HTML, CSS Tta JavaScript daiiau
MO>KHa OHOBHUTH, HE YEKAIOUH 3aTBEPI>KEHHS HOBOT
Bepcii mporpamu.

IIpu po3poOiri web-mporpamMu ISl i ATPUMKH
kouuenmii MVC (Model-View-Controller) [7]
JOTPUMYEThCA MO AaHWUX MPOrpaMH Ta JIOTIiKH,
MO yNpaBis€, HA TPU OKPEMHUX KOMIIOHEHTH:
MOJeNb, YABICHHA 1 KoHTpoJep. Jami JavaScript
00'eKTiB Ta [naHi, OTpUMaHi Mg Yac poOOTH
nporpamu, 30epiraTUMyTbest y KomroneHTi Model.
KommonenT Controller MIPEACTABIICHAN
HeHTpallbHUM MozayieM System.js. KommoneHT
View mpencraBieHuil inTepgeiicoMm cucTeMu.

Apxitektypa mnporpamm. Jlms peamizarii
MOCTABJICHOTO 3aBJIaHHS KEPYBaHHS ITOTOKAMHU
KITi€HTiB OyJ0 po3pobieHo web-cepBic cCHUCTEMHU
eneKTpoHHO1 peectpamii «E-uepra». CTBopeHMIA
CepBic BimmoBigae MIabJIOHY apXITEKTypH KIIIEHT-
cepep [1], sKkumii € OmHMM 3 apXiTEKTYPHHX
mabJIOHIB MPOrpaMHOrO 3a0E3MEYCHHS Ta CTaB
JIOMIHYIOYO00 KOHIICTIITI €10 y CTBOPCHHI
PO3IOIUICHHX MEPEXKHUX MOMATKIB Ta mependoadae
B3a€MOJII0 Ta OOMIH JaHMMHM MK HUMH. Jlo
0COOJIMBOCTEH CTBOPEHOTO Web-TiporpaMu MoxkHa
BIIHECTH TaKi KpHUTEPIi:

e HasABHICTb BCiX HEOOXiAHUX KOMIIOHEHTIB y
OJHOMY KOMIDIEKCI IPOTrpaMHOro 3a0e3eueHHs;

e OesmeyHe  MepeJaBaHHA  JaHUX  Ta
3amudpoBanuiit GopMaT MaHWX JUIS 3aralibHOTO
OTJISATY;

e BHUKOPUCTaHHA CTaHAApTHOI
0a3u TSI KITIEHT-CEPBEPHUX CUCTEM;

e BHCOKAa MIBUAKICTH AOCTYIY IO JaHUX, SKi
MOXKHa OTpuMatu 3a goromororo Telegram Gota
abo Oe3mocepeIHbO Yepe3 BeO-cepBic;

e THYYKICTh Ta MacIITabOBaHICTh, a TaKOX
MOYJIUBICTh PO3IIUPEHHS KOHQITypyBaHHS Ta
HAPOIIyBaHHS (PYHKIIOHATY CUCTEMH.

B3aemonisi  00'exkTiB  KJIi€HTCbKOI  Ta
cepBepHOi cTOpoHU. Cxema IPOoIeCy BHYTPIITHBOL
B3aeMopii Mk 00'ekTamu JavaScript HeHTpaTbHOTO
Momyssi System.js Ta eK3eMIUIIpaMH CEPBEPHUX
kiaciB clServer, clTlgrm, clSession mpeacraBieHa
Ha puc. 1. [lns 3a0e3mnedeHHs Oe3MeKkn CUCTEMH Ha
KIIIEHTCBKY CTOPOHY 3aBAaHTAXKYETHCA  TITBKU
inTepdetic cuctemu (web interface). Yci BuximHi
JaHi i3 3amu@poBaHUMHU TaOIUIAMU (OPMYIOTHCS
Ta CTBOPIOIOTHCS HAa CEPBEPHIA CTOPOHI (00’€KT
kimacy clServer), BiANOBIAHO JdO0 cTarycy Ta
MOBHOB2)KCHb KOPHCTYBa4a, SIKi BU3HAYAIOTHCS 3a
MIEpeJaHMK Y 3alWTi MMapaMeTpamMu aBTOpHU3allii.
Hnsa o6pobku mopiii iHTepdeiicy Ta MOXKIMBOCTI
CTBOPCHHS 3allUTiB JIO cepBepa B MpOrpamy
3aBaHTAXYETHCS IEHTPAIbHUNA MOIYIh System.js.
He#t ™Momynp wmictuth 00'ekt JavaScript, skuid
CTBOPIOE [iaJior i3 cepBepoM (3a JTOMMOMOTOIO
3anuTiB await fetch), Ta 3abe3mneuye 3aBaHTaKEHHS
MOJYJTiB 3 JOJaTKOBOK (PYHKIIOHATHHICTIO (3a
JoroMororo 00'exta Promise).

Jist 3miliCHEHHS 3aUTIB 10 cepBepa y hopmari
json [5] 3 Ooky o0'ektiB  JavaScript
BUKOPUCTOBYIOTHCS 3allUTH TPHKJIATHOTO PiBHS
await fetch, mo mo3BoJIsIE CTBOPIOBATH aCHHXPOHHI
3aruty [2]. Y TOW ke dYac 3a HasABHOCTI Y
KOPHUCTYyBaua CTaTyCy ajJMiHicTparopa cucTeMa 3a
JIOTIOMOTOI0 ~ aCMHXpOHHOTO o0'ekta  Promise
JIO3BOJISIE  3aBaHTaXKUTH Moxyni ctrl-mdSjs i
grcode.js, sIKi TalOTh MOXJIMBICTH CTBOPEHHS X€Il-
KOy 1 3a0€3MeuyIoTh po0OoTy 3 (r-CKaHSPOM.

Ha cepBepHili cTOpoHI Bech (YHKIIOHAT
pobotu 3 aBTOpH3ali€lo, (GOPMYBaHHAM JaHUX
Yyepru Ta KabiHeTy KOpHCTyBada 3abe3ledye Kiac
clServer (puc. 1). Y HbOMYy Takox € (yHKIISA
checkHash, sxa  128-06iTHUM  amropuTMOM
XCIIyBaHHS TEPEBIpsI€ XEII-KOI HAICIIaHUX JTAHUX
Bil KopuctyBaua. KOHCTpykTOp mBOro Kjacy
BIIKpHBAE TOCTYII O IEHTPAIbHOI 0a3u JaHUX.

TEXHIYHOT
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Web service

: _= System I < — I clSession \
Promise I'
authorization() ‘ 1 b state()
checkUser() =5 ctrl-md5.js I check() |
loadTable()
loadTableAdmin() 5 awa-it 71l cIServer
loadCabinet() o, -1
& fetch() ¥
constructor()
: checkVPN()
- -I Web interface | regUser()
loadTable()
<html> 1
<body> P i
<script> cITlgrm A
System ={...} MySQL,
</script> constructor()
</body= actionBot ()
</html> clCron sendMsg()

WEB server Apache

Puc. 1. Cxema mporecy B3aemoii Mixk 00'ektamu JavaScript Ta eK3eMILIIpaMHU CEPBEPHOTO KIacy
clServer, clTlgrm, clSession

®dyHKIOHAT POOOTH 3 cecisiMu 3abe3rneuye
kiac clSession (puc. 1). Lleit kinac BUukoHye 3ammyck
cecii 3 1IeHTU(IKATOPOM KOpHCTyBaya,
BCTAHOBJIIOE THMYACOBY MITKY BHJAJICHHS JAHHX
ITOTOYHOI CecCii, BCTAHOBIIIOE THMYACOBY MITKY 1
CTEXKUTPH 32 KUIBKICTIO HEBIPHUX aBTOPH3ALiN A
MTOTOYHOI cecii.

Jns  3gilicHeHHST B3aeMOJli  CHCTEMH 13
COLIaTBHOIO MEpEKEI0 BUKOPHUCTOBYETHCS
¢ynkuionan xnacy clTlgrm (puc. 1), siKuit Takox
3a[iTHUHN SIK CKPUNT web-XyKa [ MiAKII0YEHOro
0oTa.

Y wmeroni kmacy sendMessageTold mns
HaJCHUJIaHHS TOBIJOMIICHHS KOPHUCTYBadeBi abo B
MIEBHUM KaHAJI COIMIaJIbHOT Mepexi 3a 3aJaHuM
iIeHTU(IKATOPOM BHKOPHUCTOBYEThCS curl init —
craHmaptHa QyHkIis 3amycky cecii cURL, ska
3allyCcKae HOBY CECIl0 Ta IOBEPTAaE JIECKPHIITOP
cURL. Ile#it geckpunTop BUKOPHUCTOBYETHCS IS
po0oTH 3 PYHKIIISIMU 3aIHTY ij] YaC BCTAHOBJICHHS
HEOOXIMHMX mapaMeTpiB - curl setopt, BUKOHAHHS
HeoOXimHO1 omeparii - curl exec, Ta 3aBeprieHHS
ceancy - curl _close.

Jost opranizarii MIePi0AMIHOTO
AaBTOMATUYHOTO BUKOHAHHS CKpHUNTa Ha cepBepi
BUKOPHUCTOBYEThCS MexaHisM Cron. Komanma s
BUKOHAaHHS QopmyeTscsi Bimkerom: wget —O
/dev/null --no-check-certificate
'https://cnap.lg.ua/sitepro/php/Cron.php?method=l1
oadYellowList'.

Beck (yHKIioHan aBToMmaru3amii  poOOTH
1HKarcyapoBaHui y kiaci clCron. I3 MeToiB boro
KJIacy TaKkoX  BIIKPHBAETBCS  JOCTYN IO
LIEHTPaJIbHOI 033K JaHHX.

st 30epiraHHs JaHUX Yy MOJETI KOHTEHTY
BUKOPHUCTOBYETHCS CTaHIapPTHUH 00'exT
localStorage. = ACHHXpPOHHE CXOBWIIE JIAHUX
J03BOJIsI€  30epiraTH JaHi  KIOYa-3HAYCHHS B
MOOUTBHOMY TIPUCTPOI, 3a0e3Meuyioun IMOCTiitHe
30epiraHHsi JaHUX HaBiTh MICHA  3aKPHUTTS
nporpaMu. MexaHi3M TMpamioe acHHXPOHHO, IO
JIO3BOJISIE  YHMKHYTH OJIOKYBaHHsS iHTepdeicy
KOpHCTyBaua mpH 30epekeHHi abo OTpUMaHHI
nmauux. J{ns 3a0e3meucHHss HEOOXiTHOTO 3aXHUCTY
BiJI 3]IOMY Y CXOBHIIII 30€pIraloThCS JTUIIIE TaHl IS
aBTopu3arlii KOpHCTyBaya. Buxkopucranns
ACMHXPOHHOTO CXOBHWIIA 3a0e3neduye y KOHLEMIii
apxitektypu MVC [7] cTBOpeHHS KOMITOHEHTA
“Model” (puc. 2). ®yukiiito kommonenTa Controller
BUKOHYE  LEeHTpadpHHII 00'ekT System, a
KOMIIOHEHTa View - iHTep(eic CUCTEMH.

web-cepric web- server Apache

regUser

loadTable

< Controller

-

database

clSession @

—
]
comiaThHa Mepeka = o
o clTlgrm clSystem |
[t et N
i | S <

Model ‘

Puc. 2. Cxema oprasizamii mITpuMKH KOHIIETIIIT
MVC y xoHTeKCTI Web-noaaTky
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I'padiunmii inTepdeiic xopmcryBaua. VY
iHTepdeiici KOpPHUCTyBaua (uDn JI0TaTOK
€JIEKTPOHHOI Yeprd PO3AUICHUH Ha 4 CTOPIHKH 3
BiJOOpa’kKEHHSIM JaHHX, 10 CHPOIIYIOTh B3aEMOIIO
KOPHUCTYyBaJa 3 T0AaTKOM (puc. 3):
1. indopmariifina  cTOpiHKa 3
cuctemoro (puc. 3 - a);

2. cTOpiHKa aBTOpHU3alii KopucTyBaua (puc. 3 — b);
3. cropiuka uepru (puc. 3 —c, d, e);
4. ctopinka kabiHety kopuctyBada (puc. 3 — f).
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Puc. 3. I'padiunuii inTepdeiic kopuctyBaya:
a — indopmariiiina cTopiHKa 3 TOBiKOBOIO CHCTEMOIO;
b — cropinka aBTOpHM3aIlil KOPHCTyBada,;
¢, d, e — cropinka uepry; f — ctopinka kabiHeTy
KOPUCTyBava

Y mporpami CTBOpEHA CHICTEMa YIIPaBIIiHHS
nmoctymoM (Access Control Systems), sika 103BoJIsIE
KOHTPOJIOBaTH AOCTYI IO PECYpciB Ta CepBicy,
BCTaHOBIIOBATH TIpaBa JAOCTYIy JJsi Pi3HHX
KOPHUCTYBAYiB Y TPy KOPUCTyBadiB. J{Jis boro B
Moy System.js CTBOPEHO METO/IU aBTOPH3aIlii Ta
ayTeHTu(iKamii, siki 3a0e3MeuyoTh IOCTYIl JIHIIE
aBTOPHM30BAaHMUM KOpHCTyBadaM. Ha  cropinmi
aBropm3ariii (pumc. 3 - b) [maHi, BBeHCHI
KOPHCTYBa4eM JI0 BiINpPaBKUA Ha cepBep, 3TigHO 3
JIO3BOJICHOIO TIOJITHUKOIO, IPOXOMSTH BaJIiIAIIIO0
MEeTOAOM MOy System.js - autorization.

Y pasi 3anuTy Ha IOCTAaHOBKY B 4epry
nepeaannii maker gaHux y ¢opmari json [13] B
KiJIbKa eTamiB 00po0JIseThCs Ha cepBepi. [Ipu Bxomi
10 KabiHEeTy cucTeMa KepyBaHHS TOCTYIIOM POOUTH
JOJAaTKOBHUH 3alIUT Ha TEPEBipKy mapaMeTpiB cecii

JUTSE 3art00iraHHsS. MOYKJIMBOCTI 3JIaMyBaHHS TapoOJIs
nepecopoM.

CropiHka 3 TaOJIMIICI0 YePIH /I KOPUCTyBadya
0e3 mpaB aamiHicTpatopa (puc. 3 — ¢©)
3aBaHTAXKYEThCSI y 3amm(pOBAHOMY  BUTJISII.
Knomkm B HWXKHIA dYacTWHI  KOpHCTyBada
CTBOPIOIOTh MOXJIMBICTh IIBUJAKOI HaBiraiii 3a
cinuckoM. Ilpu aBropusamii aamiHicTpaTtopa Bcs
TaONMWII Yeprd 3aBaHTAXKYETHCS Y BIIKPUTOMY
¢opmari  (puc. 3 — d) 3 [I0OJATKOBUMH
MOXJIMBOCTSAMHU TIONIYKY, 3MIHH Ta BHECCHHS
HOBOTO KopHcTyBauda (puc. 3 — ¢). Kpim Toro, y
HIDKHIM TIaHelNi 3'BISETbCS KHOMKA BKIIFOYEHHS
KaMepH B peXKKUMi CKaHepa qr —kogy. Ha
CTOpPIHII KaOiHETy KOpPUCTyBaya 3aBaHTaKyETHCS
foro qr —koia Ta Bcs iH(OpMAaIiS MOTOYHOIO
KOPHUCTYBaua, SIKWH 3apeecTpoBaHUi y yepsi (puc. 3
— f). KopuctyBad Ha 11ili CTOpPiHIII Ma€ MOXKJIMBICTb
3MIHHUTH CBIf TapoJib, 3pOOWTH 3allUT HA 3MIiHHU
CBOT'O TIOPSAKOBOTO HOMEpa B 4ep3i, 3adikcyBaTH
nojady JOKyMEHTIB a00 BUITH 3 KaOiHETY.

IIporpamuuii ckanep QR koxy. Moayns QR
CKaHepa 3aBaHTAXYETbCA y MPOTpaMy JIHIINE JUIs
KOPHUCTYBadiB 31 CTaTyCOM «aaMiHicTpaTop». Jis
3aBaHTaXeHHS Moxmyniss QR ckaHepa BHKOpHCTaHO
o0'ekt Promise [3]. s pobGotm 0OibmioTeku
CKaHepa IOJATOK 3aBaHTaXye CKpUNT qrcode.js

(puc. 4).

[Elreturn new Promise( (resolve, x:‘ej-ec‘:) = {

| resclve({ $5.loadScript( 'js/grcods.is' });
|“»

IH.then( 0 => {

| $$.3canQrCode () ;

| -h

{—.finally (() => {

=

|E3$$ . scanprcode = function() {

I let html5QrcodeScanner = new Html3QrcodeScanner("reader”,

{ £pe: 10, grbox: N

htmlS5QrcodeScanner.render( ( decodedText, decodedResult ) => {
html5QrcodeScanner.cleax() ;

window.location.href =

I i

|-}

| public function setUsex()

=
S _SESSION['qr pib']l = Sthis->mysqli->real escape string( Sthis-> PARAM[ 1
§_gEasToN( ='] = date( )
§_sEssroN|[ ] = date(': )i

neader ( ion: } .lo.us/3D0SATID0SSSS0IRA0RD0SBISD0RE0/") |

}

Puc. 4. luramiune 3aBaHTaxeHHs ckpunta QR
CKaHepa, rmoais 00pooku QR ckaHepa, mapameTpu
¢dimpTpa B 00'eKTi cecii

B o0'ekti Promise, micis 3aBaHTa)XEHHS
Monyiast QR ckaHepa, BUKIHKA€ThCS METOJ
scanCode (puc. 4), IK¥i1 BAKOPUCTOBYE HACKPI3HUN
iHTepdeiic KopucTyBaya 1 (YHKLIOHAIBHICTDH
ckanyBaHHs. J[J1s criparfoBaHHs ckaHepa B 00'€KTi
Html5QrcodeScanner BigcTexxyeTbes momis render
— po3mi3HaHHS Kofy (puc. 5 —a, b).
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Otpumani 3 QR-xony mani B mapamerpi get-
3alUTy  BIANPaBIAIOTBCS  HA  cepBep, 1€
MIPUKPITIIIOIOTECS 10 00'ekTa cecii 'y BUTIAAL
napameTpiB (inbTpa MOTOYHOTO KOPHCTyBada i
MEePEeBAHTAXYIOTh CTOPIHKY YEPrH 3 ypaxyBaHHIM
KX napaMmerpis ¢inbrpa (puc. 4).

Puc. 5 PesynbraT pobotn ckanepa QR-kxony:
a— cropiaka 3 QR kogom; b — cTopinka
NIEpCOHAIILHOTO KabiHeTy KOpHCTYBaya;

C — CTOpIHKa 3 JI0JaTKOBUMH JaHUMH

Ha cropiHii kopucTyBada 3 mpaBaMu
aJMiHICTpaTopa 3aBaHTAXHUTHCS iHPOpPMALisS PO
KOPHUCTYyBa4a, qr-KoJ SIKoro OyB OTpUMAaHHH ITiJ] 9ac
CKaHyBaHHS Ha IMOTIEpeIHbOMY Kportii (puc. 5 — c¢).

InTerpaumiss  cepicy i3  comiaabHoOI0
Mepexero. /[ iHTerparii cepBicy i3 COIiaIBHOIO
MEPEKEI0 PEECTPYEThCS HOBHM OOT y COIliaNbHIiN
Mepexi Telegram. [lns mporo 6oty 3 iM'sm
@BotFather HancunmaeTbcs KOMaHAAa CTBOPEHHS
HOBOr0 00Ta. ITic/Ist 1bOTO CTBOPIOETHCS HOBHI OOT
3 YHIKaJIbHUM TOKEHOM (Hampukman,
2555729766:BBC16Fjruw123).

Jl1s TiaB'SI3KM CBOTO CKPHUITA IO CTBOPEHOTO
00Ta BUKOPHCTOBYEThCS HanainryBaHHs Webhook
3a gomomoroto GET-3anuty m0o mnporpaMHoro
inTepdeiicy couianbHOl MEpexKi:
https://api.telegram.org/bot2555729766:
BC16Fjruw123setwebhook?url=https://cnap.lg.ua/
sitepro/php/TelegramBot.php

Ckpunt TelegramBot.php, € mkepenom
00poOKK mMOBigOMJICHh 1 MicTuTh Kiac clTlgrm,
AKuid mpuiiMae naHi Hamicmadi 3 Telegram (Bin
MIIKIYEHOr0 uepe3 HajamrtyBanHs Webhook
0orta), 3mifiCHIOE TEBHI il Ta BiAMOBigae
KOPHCTYBAYEBi IIJISXOM BIiATOBIHOTO 3alUTy IO
BOT API Telegram. KorctpykTop Kiacy CTBOPEHO
TaKUM YHHOM, IO KJIAC BUKOPUCTOBYETHCS SIK
caMuM 00TOM, TaK i web-cepBicoM I HaICHITaHHS
BIANOBiAI  KOpUCTyBaueBi  ab0  TMOCHIIAHHA
TTOBITOMJICHHS B TICBHUH KaHAI COMIaIbHOT MEPEeXKi.
IIpu B3aeMomii kopucTyBaua 3 poOOTOM y Kiaci
clTlgrm BuKOpUCTOBYeThCS MeTOn getAutorize,
SKWA 332 JOTIOMOTOI0 3aluTy N0 0a3W JaHWX

JO3BOJIIE ~ BCTaHOBUTH  (akT  aBTOpuU3aLil
KOpPHCTYBada B CHUCTEMi Ta BUSBHTH IHOTO CTaTyc.
Meton sendGenericMenu  [103BOJISE  CTBOPHTH
MeHo Oota (puc. 6 — a), 3a JOMOMOrOI0 SKOTO
KOPHCTYBad MOXE IEpEHTH Ha TEBHY CTOPIHKY
web-cepBicy cucreMu  (aBTOpH3allisi, depra,
kaOiHeT), a TakoXX OTpPUMAaTH  aKTyaJbHY
iHpopMaLlil0 B pPEKUMI peanbHOro dacy 0e3
HEOOXIMHOCTI  3aBaHTaXCHHSI  BeO-iHTEepdeicy
camoi cuctemH (KHomKa «CTan»).

A
¥ craru B vepry Aoeipka

PiTh OAM

2T 2 '!mu] AoBigk:

YHKTIE MEHIO:

Nostpounensen
PATES Iy JAexnc, 06epiT 0AUH 3 NYHKTIB MEHI0:

TH i 2F i F cran nosiax:

18 denpann

HenpouuTtanHbie coobileHun

Jennc, NoOBIROMAEHHA BiJ agMikicTpaTopa

Bamnuee NOBIAOMNEHHA ANA KOPHCTYBAYE (d)

Puc. 6. Menro Ta giajgor 3 moBigomiueHHsIMu 00Ta,
iHTEerpoBaHoro 3 web-cepicom:
a— CTOpIHKa CIUIKyBaHHsS KOpUCTyBada 3 60TOM;

b — cTopiHKa 3 HaJICIAaHKUMU MOBIJOMJICHHSIMH 3 Web-
CHCTEMH B COIiaJIbHY MEPEXKY; C — CTOPIHKA CTBOPCHHS
MOBITOMJICHHS 3 Web-crcTteMu 00paHoMy
KopucTyBadeBi; d — mianor 3 60TOM y comianbHil
Mepexi

Jnst HapcuiaHHS TIOBIMOMIIGHHS 3  KJAcy
clTlgrm  BUKOPUCTOBYEThCS  get-3amuT  JI0
pOrpaMHOro iHTepdelicy comiansHoi Mepesxi: Surl

"https://api.telegram.org/bot {$botToken}/sendMes
sage?chat id={S$chatld}&text={$message} &messa
ge thread id ={$message}, nme S$chatld -
imeHTH(iKaTop KOpUCTyBaya M KaHaiy, $message
— TOBiTOMJICHHS, KoftoBaHe (yHKIieto urlencode(),
$messageThreadld — imenTudikaTop AOHATKOBOI
TEMH KaHaIy.

Jns 3amycky HOBOi cecii Ta OTpHUMaHHS
neckpunropa cURL Ha cepBepi BUKOPHCTOBYETHCS
craHaapTHa QYyHKIS 3amycky cecii curl init. daimi
mpamoe  o0poOKka 3amuTy 10  30BHILIHBOTO
NPUKIAHOTO  TPOrpaMHOTrO  iHTepdeiicy 1o
naHIroKKy curl setopt-curl exec-curl close.
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Tyt curl setopt — ¢yHKUOiS BCTaHOBJICHHS
HEOOXIMHUX mapaMmeTpiB 3amuTy, curl exec -
dbyHKITIS BUKOHAHHS HEeOoOX1THO1

omepauii,curl_close - ¢yHKLis 3aBepILICHHS CEaHCy
(puc. 7).

Takuéi (yHKIIOHAT JO3BOJISE  HAIICIATH
MOBIIOMJICHb SIK KOPHCTyBauy (IpW CIHiIKYBaHHI
KopucTyBada 3 0otom (puc. 6 — a)), Tak i B KaHal
abo0 meBHy TeMy KaHay (TIpy HaJCWIIAHHI
MOBIIOMJICHb 3 WEb-CUCTEMH B COIIAIbHY MEPEXKY
(puc. 6 — b)). Kpim TOro, y amminictpatopa
3'IBIIAE€THCA MOKINBICTE HAACUIIATH [TOB1IOMJICHHS
3 web-cuctemun (puc. 6 — c) oOpaHOMY
KOPHCTYBA4€eBi B OT0 Jiaior 3 60TOM Y COIliabHIN
Mepexi (puc. 6 — d) 3a TOIMOMOTOI0 METOITY
sendMesTlgr cepBepHoro kiacy clTlgrm (puc. 7).

Seurl = curl inie():
curl_setopt($curl, CURLOPT_URL, $url);
curl_setopt(Scurl, CURLOPT_RETURNTRANSFER, true);
Flif( Sparams ) |
curl_setopt($curl, CURLOPT_HTTPHEADER,
curl_setopt (Scurl, CURLOPT POST, true):
curl setopt (Scurl, CURLOPT FOSTFIELDS, http build query( $params ));

1y

}
Soutput = curl exec({ Seurl );
curl_close( $curl );

public function sendMesTlgr()
{
include_once "
$arpIp = explode(
Sobj
jTlgrm->sendMessageTold{ $this-> PARAM[':idT

, $this-> PARMM['PIET ex' 1)

grm = new clTlgrm( false ) ;

£*], implode("\n", [

Sthis—> PARAMI['meszsage'l
Dy:
$this-Dres->status =
$this->rea->message = 'I

return json encode( Sthia->res );

B}

Puc. 7. Orpumanns aeckpuntopa cURL Ha cepBepi
i cepBepHa QYHKIIiS HaCHIAHHSI OBiTOMJICHb
13 cepBicy 10 COIliaIbHOT MEPEXKi

BucaoBku. OmnmcaHa y CTaTTi eJEKTPOHHA
CUCTEMa  YIPaBIiHHA  TOTOKAMH  KITI€HTIB
JoIoMara€ 3MIHMTH Ta MIABUIIUTA  SKICTb
00CITyroByBaHHS, JO3BOJIIE OpraHi3yBaTh 3aIlucC
BiIBiAyBadiB Ha TPUHOM 3a HYacoM Ta JaToo.
Cucrema eIeKTPOHHOI Yeprd JTO3BOJISE HA OCHOBI
OTPUMAaHUX Y MPOIECi pOOOTH JaHUX ONTHMIi3yBaTH
o0ciyroByBaHHA ab0 PO3POOMTH HOBI METOIHKH
YOpaBIiHHS TOTOKAMH, a TaKOX CTBOPIOE
MOKJIMBICTh ONEPAaTHBHOTO BHECEHHS! KOPEKTUB B
aBTOMAaTH3aLI 0 YIpaBIiHHI MIPOLIECOM.
Pe3ynbTaToM 3acTOCYBaHHSA CUCTEMHU €JIEKTPOHHOL
Yeprd € TOKPAlmIeHHS 3arajbHOTO  KJMaTy
00CITyroByBaHHA Ta BHILMHA KOEQilieHT poOOTH
MepPCOHAITy YCTaHOBH.

3TiIHO 3 OTPUMAHOIO CTATHCTHKOIO peecTpartii
B €JIEKTPOHHIH uep3i “E-dyepra” npoTsarom nepuoro
nHs (puc. 8§ — a) Ta IPOTATOM TPHOX THXHIB (puc. 8
— b), Ha#OLIbIIA KINIBKICTh 3apPEECTPOBAHUX
crocTepiraiach y TMepil XBHJIMHH IIOYATKY

peectpartii.

(a)

il

0

. Il.lll--ll-llII-----

Puc. 8. Cratuctuka peectparii B fogatky “E-uepra’:
a — MPOTATOM TMEPIIOTO IHS; b — mpoTsirom 21 mHs

3anpornoHOBaHI METOAM peaiizallii CHCTEMHU
TIPH CTBOPEHHI CEPBiCY BUKOPUCTOBYIOTh CYYacHUN
Ta  TEpEeBIpeHMH  CTeK  TEXHOJIOTiH  web
MpOrpaMyBaHHS, IO JTO3BOJISIE CTBOPIOBATH web-
cepBicH, AKi MalOTh BUCOKHH piBEHb O€3MEKH MPH
po0OTi B cuCTEMI.
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The article is devoted to the consideration of the
creation of a web-service that organizes the work of an
electronic queue and has the functionality of interaction
with a social network. An electronic queue is a software
and hardware complex that allows you to formalize and
optimize the management of the flow of visitors. The
article considers the software implementation of the
electronic queue system "E-queue" with functionality
integrated with a social network, which can have the
following areas of application: bank operating rooms;
insurance company payment centers; operator client
centers, stationary operators, state institutions (for
example, tax and registration services, embassies and
consular offices); pension funds,; medical centers, travel
companies, visa centers; car dealerships, car services;
notary and law offices, airline and railway ticket offices;
operating rooms of communication departments;
multifunctional centers for the provision of state and
municipal services. To identify users in the system, it is
proposed to create a OR code in personal accounts, with
subsequent data administration using a QR code
scanner. A convenient and fast way to provide users with
additional functionality is to use social network bots,
which have become an integral part of any online service,
online store, information portal or blog. The developed
software functionality consists of both receiving content
and creating processes that directly relate to services and
resources. Additional use of social network functionality
for notifications allows users to quickly and conveniently
receive up-to-date information in real time without the
need to download the system's web service interface. This
creates flexibility and convenience of interaction with the
service for users, which provides more effective
management of customer time and resources. In this
regard, the integration of the functionality of web-
systems for managing customer flows with social
networks becomes an urgent task. The proposed methods
for implementing the system when creating a service use
a modern and proven stack of web programming
technologies, which allows you to create web services
that have a high level of security when working in an
electronic system.

Keywords: social network,
authorization, JavaScript.
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ONITUMIBALIA POBOTHU BATATOIIOTOKOBOI'O
EJEKTPOI'TAPABJIIYHOI'O TIPUBOAY METOJAMMU IITYYHOI'O IHTEJIEKTY

Kapenbkuii O.1., Jlo3inceknii 1.0.

OPTIMIZATION OF MULTI-FLOW ELECTROHYDRAULIC DRIVE
OPERATION USING ARTIFICIAL INTELLIGENCE METHODS

Kavetskyi O.I., Lozinskyi D.O.

Y cmammi poszensoacmvcs npobaema niosuiyenns
eghekmusrnocmi bazamonomoxosux
eNeKMPOciOPABIIUHUX npugoois, AKi WUPOKO
BUKOPUCHOBYIOMBCA 8 NPOMUCTIOBUX, MOOIIbHUX Mda
asiayitinux cucmemax. Lfi npusoou xapaxmepuszyomocs
HENHIUHOW OUHAMIKOK, HEGUHAYEHICMIO Napamempis i
CKIAOHICMIO ~ MAMEMAMUYHO20 — MOOENI08AHHS, WO
CMBOPIOE 3HAYHI MPYOHOWI Ol KIACUYHUX Memooie
KepysanHs. 3anponoHo8aHo KOMWAEKCHUU Mioxio, o
HOEOHYE  CYACHI Memoou WIMYYHO2O0  IHMeNeKmY,
30Kpema HeUpoHHi Mepedci, HeuimKy Ja02iKy ma
2eHEeMUYHI aneopummu, ona
@yHKYioHy8aHHA cucmemu.

Po3spobrena netipomepesicesa mooenb 0036011€ MOYHO
i0oenmudixysamu napamempu npusooy ma
NpOSHO3Y8AMU 11020 NOBEOTHKY, W0 CYMMEBO NEPESUULYE
mounicmes  mpaouyiinux moodeneu. 1ibpuona wueupo-
HeuimKka cucmema Kepyeanus MNOEOHYE eKCnepmHi
SBHAMHA 3 AOANMUGHICIIO HEUPOHHUX Mepedc, o
3abesneuye ni0GUWEHY MOYHICMb  NO3UYIOHYBAHHS,
eHepeoeghekmusHicmb  ma  CMIUKICMb 00  306HIUHIX
30ypensb. BUKOpUCMAHHA 2eHeMUYHUX a120pummie 0.4
MYTbMUKPUMEPIATbHOT onmumizayii 0038015€

epexmusHo  banancysamu  Midxc MOUHICMIO  PYXY,
EHep2OCNONCUBAHHAM ~— ma  niaasHicmio  pobomu
MexaHizmy.

Cucmema diazHocmuKy ma nPOZHO3Y8AHHA MEXHIYHO20
Cmamy,  OCHO6AHA  HA  MAWUHHOMY  HAGYAHHI,
0eMOHCPYE — BUCOKY — OOCMOGIPHICG — BUABTIECHHS

aHOMANIU, WO CHpUAE 3MEHWIEHHIO eumMpam Hd
06cny208y8anHs  ma  30ILIbWEHHIO  MIJHCDEMOHMHO2O0
nepiooy. Excnepumenmanvni 00CHIOHCEeHHS
niomeepouu eqpeKmueHiCms 3anpoNnOHOBAHUX MeMOOIE:
npu  CYmmeeuxX 3MIHAX HABAHMAICEHHSI MOYHICHb
NO3UYIOHYBAHHA  NOCIPULYEMBCA — BMpUYl  MeHule
NOPIGHSIHO 3 MPAOUYIIHUMU CUCTMEMAMU  KePYBAHHSL.
3anpononosani anrcopummu 3a0e3neuyiomsv 3HUNCEHHS.
EKCNLyamayiuHux eumpam, nioguUUeHH s

onmumizayii

nPOOYKmMueHoCmi  00AAOHAHHSL —~ ma  30L1bUEeHHS
HAOTIHOCMI A8MOMAMU30BAHUX CUCTEM KePYBAHHS.
Ompumani pe3yibmamu MONCYmMv OYmu 6NpoeaAONCeHi 8
cucmemax agmomamu3ayii nNPoMUciI08020 0OIAOHAHHA,
POOOMU306AHUX KOMNUIEKCAX, AGIayiunill | GillCbKOSIl
MexXHiYi, a MmaKodlc y MeXampoHHUX cucmemax, oe
BANCTUBUMU € mounicme KepyBaHHsl,
eHepeoepekmusHicmy [ HAOIUHICMb  (DYHKYIOHYBAHHSL.
Hooanvuwii docnioxnceHHss ModCymb OYmu CNPAMOBaHi HA
B00CKOHANEHHS AN2OPUMMIE MAWUHHOZ0 HAGYAHHA OJis
pobomu 6 pedxcumi peanbHo20 HaAcy ma inmezpayiio
PO3pobNeHux nioxodie y KOHYenyilo NpPoOMUCIOB020
inmepnemy peueti (I1oT).

Kniouosi  cnoea:  enexmpociopasniunuii  npueio,
bazamonomokoguil  npueio,  WMY4HUL  iHmeneKm,
HEUPOHHI MepedCl, MAWUHHe HAGUAHHs, OideHOCMUKA,
NPOSHO3YBAHHS.

Berym. Coepa 3aCTOCYBAaHHS
eJIEKTPOTiAPaBII YHUX MIPUBO/IIB MOCTiHO
PO3ILINPIOETHCS qyepe3 ixHIO 3ATHICTh

3a0€31eTyBaTH BUCOKI CHIIOBI XapaKTEPUCTHKH ITPH
TOYHOMY TTO3HUITI0HYBaHHI BHKOHABYHMX MEXaHi3MiB.
BaratonoTokoBi  eneKTporigpaBmiuyHi  MPUBOIU
3HAUILIA MIPOKE 3aCTOCYBAHHS Y MTPOMHCIOBOMY
yCTaTKyBaHHI, BEpCTAaTOOyAyBaHHI, aBiamiifHIN Ta
BIliICEKOBIM TEXHilli, JI¢ OJHOYACHO BHCYBalOThCS
BUMOTHM TIOAO HAJIMHOCTI  (PYHKIIOHYBaHHS,
TOYHOCTI ITO3HITIOHYBaHHS, €eHeProe(eKTUBHOCTI Ta
aJanTHUBHOCTI A0 3MiHM poboumx ymoB. Taki
XapaKTePUCTUKH HaOyBarOTh OCOOJIUBOTO 3HAYCHHS
Opyd  MPOEKTYBAaHHI aBTOMATHU30BAHUX CHCTEM
KEepYBaHHS TEXHOIIOTIYHUMH IPOIECaMH, 30KpemMa
y  BUPOOHMITBAX 3  BUCOKHM  CTyIICHEM
BIJIITOBITATFHOCTI Ta YXOPCTKHUMH BHMOTaMH [0
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JTMHAMITHAX BIIACTUBOCTEH CHCTEM.
EnexrporigpaBiiuHi MPUBOAN XapaKTEPU3YIOTHCS
CKJIQJ{HOIO HEJIIHIHHOIO MHAMIYO0I0, sKa
BHU3HAYAETHCS TiJPOMEXaHIYHUMHU TMPOIIECaMU B
eJIeMeHTax TiApaBiIivHOI  WIACHUCTEMH  Ta
OCOOJIMBOCTSIMH pealtizallii eIeKTPOHHOI CHUCTEMH
kepyBaHHA. DYHKIIOHYBaHHS TaKUX CHCTEM
YCKJIQHIOEThCS ~ HASBHICTIO  HEBU3HAYCHOCTCH
pi3HOI TPHUPOIU, 30KpeMa, MapaMETPUIHHUX 3MiH
BHACIIIZIOK TEPMIYHUX BIUTUBIB Ha poOOUy pinuHY,
3HONICHHS TPEIU3iHHNX MOBEPXOHbh BHKOHABYMX
MEXaHi3MiB, 3MiHAa HaBaHTa)XX€Hb Ha IITOKaX
rigpormiHapiB. HemoBHa  crocTepexyBaHICTh
JESKUX TIapaMeTpiB CHCTEMH, OOMEXEHUHN JOCTYII
hi (o) BHUMIPIOBAaHb BHYTPIIITHIX CUTHAJIIB,
CTOXACTUYHICTh 30BHIIIHIX BIUTUBIB JOJAATKOBO
MiBUIIYIOTh CKJIAIHICTh 3aBIaHHS KEpPYBaHHS
0araTormoTOKOBUMHU €JIEKTPOTi APaBIIYHUMHU
MIPUBOAMH.

Tpaauuiiini MeTogu KepyBaHHS, NOOYZOBaHi
Ha KJIACUYHIN Teopii aBTOMATUYHOTO PETYIIFOBAHHS,
BUSIBJIIIOTH OOMEXEHY €(hEeKTHBHICTE IMPU pOOOTI 3
0araTornoTOKOBHUMH €JICKTPOTiAPaBIIIYHUMHU
MPUBOJAMH  Yepe3 CKIAIHICTh MaTeMaTUIHOTO
OIIMCY HETIHIMHUX 3aJIeKHOCTEH MIXK apaMeTpamMu
cuctemu. 3okpema, [lII/[-perymaropu, mHPOKO
3aCTOCOBYBaHI B MPOMHCIOBOCTI, JEMOHCTPYIOTbH
HE3aJI0BINbHI PE3yNbTaTd MpH 3MiHI PEKUMIB
pobOTH Ta HaBaHTaKEHb, BUMArarod IOCTIHHOTO
TIepEHACTPOIOBAHHS KOCQIIIIEHTIB. Metoau
po0acTHOrO KepyBaHHS, TOIPH IICBHI TEpeBaru
MO0 CTIWKOCTI JO TapaMEeTPUIHHX 30YpEHb,
XapaKTepu3yIOThCA CKIAJHICTIO HAJAIITYBaHHS Ta
HEJOCTAaTHBOIO  AJalTHBHICTIO JI0 IIMPOKOTO
CHEKTpa pPo0OYMX pexumiB. PO3BHTOK MeTOAIB
MTYYHOTO IHTENEKTYy Ta MAIIWHHOTO HaBYaHHS
BIIKpUBAE HOBI TEPCHEKTUBU IS ONTHMi3allii
pobotu CJIEKTPOTiAPaBIIYHUX CUCTEM.
[HTeNeKTyabHI aNTOPUTMH 3JaTHI BPaxOBYBaTH
HEJHINHI 3aJIE)KHOCTI MK ITapaMeTpaMHu CUCTEMH,
ajanTyBaTHCS O 3MiH YMOB (YHKIIOHYBaHHS,
KOMITICHCYBAaTH HEBH3HAYECHOCTI Pi3HOI MPHUPOIH.
HeiipomepexeBi peryisaTopu, HEUiTKI KOHTPOJIEPH,

TeHETHYH1 aNrOpUTMH onTHMi3amii
MPOJEMOHCTPYBadX €(EeKTHUBHICT y PO3B’s3aHHI
3aBlaHb KEpPYBaHHSA CKIAQJAHUMU TEXHIYHUMH

cucteMamMu. BogHodYac IMTaHHSI KOMIUIEKCHOTO
3aCTOCYBAaHHA MeTO,Z[iB HITYYHOT'O iHTeJ’ICKTy JJIsL

oInruMizarii 0araTornoTOKOBHAX
€ICKTPOTiAPABIIYHUX  TIPUBOJIB  3aJUIIAETHCS
HENOCTATHLO JIOCHIDKEHMM. baraTroMaHITHICTH

BUMOT 10 (DYHKLIOHYBaHHS E€JIEKTPOTiApaBIivyHUX
MIPUBO/IIB, OXOIUTIOIOYN TOYHICTH MTO3UIIIOHyBaHHS,
eHeproe()eKTUBHICTh, IIBUAKOJIIO, HAIHHICTS,
CTBOPIOE TOJJATKOBI CKJIQJHOLII MPU MPOEKTYBaHHI

CUCTEM KepyBaHHSI. MynbsTHKpHTEpiaIbHA
ONTHUMI3aIisl TapaMeTpiB  CJIEKTPOTiAPaBIIIIHAX
CHCTEM BHUMAarae OaJlaHCYBaHHS pPi3HUX, 1HKOJIH
CyNepewINBUX, BHMOT, o YCKITaTHIOE

3aCTOCYBaHHS TPAAMIIIHIX METOMIB OITHMIi3aIlii.
Anarrrartis HOBITHIX METO/IB IMTYYHOTO iHTEIIEKTY
JUIE  PO3B’SI3aHHA LBOTO 3aBIaHHA MOTpedye
PO3BUTKY KOMIUIGKCHOTO ITIXOAY, SKHH OH
BpaxOBYBaB 0COOJIMBOCTI (YHKIIOHYBaHHS
0araTonoTOKOBHX €JIEKTPOriIpaBIiuHUX MPHBOMIB
Ta 3a0e3neuyBaB e(eKTHBHE KEPyBaHHS B PI3HUX
peKkHMax poOOTH.

AHaJi3 ocTaHHiX gocaigkeHb. JlocaimKeHHS
METO/IB ONTUMI3alii poOOTH eNeKTPOTiAPaBIiYHUX
MPUBOJIB 13 3aCTOCYBAaHHSM IiAXOMIB IITYYHOTO
IHTEJIEKTy  aKTHBHO  TIPOBOMSTHCS  OaraTbma
HaykoBuMHU mKoinamH. X. @enr, K. Conr, C. Ma
pO3po0WIN  aganTUBHUN KOHTPOJEP HA OCHOBI
KOB3HOTO PEXHUMY 3 BHKOPHCTAaHHSIM padialibHO-
0a3ucHUX HEHPOHHUX MEpeK JUTSE
eJeKTporiapasIiuHmuX ceprocucTeM. OHOuacHo M.
I'yo, I'. CioHr 3ampormoHyBaJin HeiipoMepekeBUit
MiIXiA 71 MOACTIOBAHHS BHYTPIIIHIX BHTOKIB Y
rigpaBniuanx mwiniHapax, a K. Xyanr, C. By
PO3BUHYJIH METOJIU AIarHOCTUKUA HECIPABHOCTEH
Ha OCHOBI rimbOokoro HaBuaHHA [1]. BiTumsHsHi
JOCHITHUKH TiIpaBIiYHUX CHCTEM MPOIOHYIOTH
KOMOIHOBaHI METOAM MAIIMHHOTO HaBYaHHS IS
I BUILICHHSA TOYHOCTI KepyBaHHS 0€3 J0JaTKOBUX
JATYMKIB MPSMOTO JOCTYIIY.

3HauHUil Tporpec MIOCATHYTO B HANPAMKY
IHTEJICKTyIbHAX ~ aJlTOPUTMIB  TIPOTHO3YBAHHS
CTaHy eJEeKTpOoriapaBiIidHux cuctemM. @. Makan3i,
K. Imix 3acTocyBaii MAaIIMHHE HaBYAaHHS 3
yUHUTEIeM  JUIS  BUSBJICHHSA  aHOMATid  y
(hyHKIIIOHYBaHHI TrifpaBaiyHux mpecie [4]. M. X.
Hryen, X. B. [lao 3ampomnoHyBaiu aJalnTHBHY
pobacTHy cucTeMy KepyBaHHS MO3UIIOHYBAHHSM B
ymoBax HesmsHaueHocteil [5]. C. Tamr, M. XKy
PO3POOHIH THTEIEKTYAIbHY CUCTEMY JiarHOCTUKH
3 omrumizamieio baiteca [8]. . Sur, M. So
CTBOPWJIM  OaraToImapoBUi  HEWpOaTaTHBHHIMA
KOHTPOJIEP IS €IEKTPOTIAPABITIYHAX CUMYJISTOPIB
HaBaHTaxkeHHA [10]. B. Cy Ta xoneru 3ampoBaguin
MOJIei TIPOTHO3YBaHHS BUTPAT Ha OCHOBI JIaHUX
JUTA HE3AIESKHUX TiApaBIIiYHAX KJIaIlaHiB
BUMIipIOBaHHSA [7]. BomHOWac HeBUpIIICHUMH
3aJIMIIAOTHCS MTUTAHHS KOMIUIEKCHOI ONTUMIi3allii
0araTormoTOKOBUX  CHUCTEM 3  ypaxyBaHHSIM
eHeproe(eKTUBHOCTI, HAIIHHOCTI Ta TOYHOCTI
MO3UL[IOHYBaHHSI.

Mera Ta mimi. MeToro poOoTH € TiABUILICHHS
e(heKTUBHOCTI (PYHKIIIOHYBaHHS 0araTOIIOTOKOBOI'O
€JIEKTPOTIAPABIIYHOTO MTPUBOIY IUISIXOM PO3POOKH
Ta BIIPOBA/PKCHHS IHTEJICKTYAIIBHUX alTOPUTMIB
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KepyBaHHS Ha OCHOBI METOJMIB  IITYYHOTO
IHTEJIeKTy, 1m0  3a0e3MedyroTh  ONTHUMAIbHI
TUHAMIYHI XapaKTEePUCTHKH, TOYHICTh

MO3HLIOHYBaHHS Ta CHEProe()eKTUBHICTh y PI3HUX
pexuMax poOOTH 3 ypaxyBaHHSIM HETIHIHHOCTEH,
HEBM3HAYEHOCTEW  MapaMeTpiB  CHUCTEeMH  Ta
30BHIILIHIX 30ypeHb.

Hns mocarHeHHs
BH3HAYEHO TaKi Iii:

1. Po3poOuTH  KOMITJICKCHUIMA
onTUMizamii poboTtu
€JCKTPOTiAPABIIIYHOTO TMPHUBOAY HA  OCHOBI
Cy4acHHX METOIIB INTYYHOTO iHTEIECKTYy 3
ypaxyBaHHSAM HEJIHIHHOCTEH Ta HEBU3HAYCHOCTEH
rapaMeTpiB CUCTEMH.

2. Hocmigut e(eKTUBHICTh 3aCTOCYBaHHS
TTUOOKMX HEHPOHHUX MEpPEeX A MOJEIIOBAHHSI
IUHAMIKA 0araToroTOKOBOIO
€JIEKTPOTLAPABIIIYHOTO MPHUBOAY Ta MPOTHO3YBAHHS
Horo mapameTpiB y pi3HUX peXuMax poOoTH.

3. CrBoputn aJlanTHBHUN aNTOPUTM
KEpyBaHHS EJICKTPOTIIPABIIYHAM TIPUBOJOM Ha
OCHOB1 TiOpHUAHOI HEWPO-HEUITKOI CHCTEMH, IO
3a0e3redye ONTHUMAaIbHE CITIBBIIHOMICHHS MiX
TOYHICTIO TIO3UIIIOHYBaHHS, €HEProe(eKTUBHICTIO
Ta MIBUIKOMIEIO.

Buxaan OCHOBHOI'0 Marepiany.
BararomotokoBuid eNEKTPOTigpaBIiyHANA TPUBIA
CTAaHOBUTh CKJQJHy MEXaTpOHHY CHCTEMY 3
CYTTEBUMH HEJIHIHHOCTSIMH Ta MapaMeTPUIHUMH
HeBU3HAYCHOCTAMHU. DyHKIIOHYBaHHS  TaKOTO
MIPUBOLY XapaKTepPU3y€eThCS B32€MOII€I0
CICKTPUYHUX, MEXaHIYHUX Ta TiAPaBIIYHAX
mporeciB  pi3HOI  NpPUpOOM Ta  IIBUAKOCTI
NPOTiKaHHA. XapaKTepUCTUKU pPOoOOYOi piguHH,
3MiHHI ~ HaBaHTaXEHHS, MEXaHIYHI  OIOpH,
TeMIIepaTypHi peXMMH BIUIMBAIOTh HAa JMHAMIYHI
BJIACTHUBOCTI CUCTEMH, YCKJIQAHIOIOUHT
MaTeMaTHYHUI ONWC Ta KEPyBaHHS B peabHUX
yMoBax  ekcroryaramii.  CTpykTypHa — cxema
JOCIiPKYBaHOTO 0araTonoTOKOBOTO
€JIEKTPOTiAPaBIIYHOTO TIPUBOAY BKIFOUAE HACOCHY
CTaHI[II0O 3 PETyJbOBAHOIO IPOIYKTHUBHICTIO,
T1ApOPO3NOITEHIKH 3 MPONOPLiHHIM
CIIEKTPUIHUM KEpyBaHHSM, BUKOHABY1
TIAPOIMITIHAPH, JaTUYNKH THCKY, IOJIOKCHHS Ta
BUTpAaTH, a TaKOX EJIEKTPOHHUH KOHTpOJIep 3
KOMyHIKallifHUMU  iHTepdeiicamMu 11  OOMiHY
JAHVMH 3 CHCTEMOIO BUIIIOTO PiBHSL.

MarematngHa MOIENTs TIAPOIMIIIHIApA SIK

MHOCTaBJICHOL MCTHU

maxig o
0araToroTOKOBOIO

KIFOYOBOTO  €JIEMCHTa BHKOHABUOI  YaCTHHU
MIPUBOY MIpe/ICTaBJICHA CHCTEMOIO
mudepeHIlialbHIX  PIBHAHB. PiBHAHHA — pyxy

MOpLIIHA Ma€ HaCTyr[HI/Iﬁ BUTJIA:

m-E o ploal— p2 A2 F —F, (1)
dcz p p fr L
[lpuBesena  Maca  PyXOMUX  YacTUH

MO3HAYAETHCS SIK M, TOJOXKEHHS MOPLIHA K X,
THCKH B TOPOKHHHAX TIAPOIMIIHAPA - pi1 Ta P2,
e(eKTHBHI IUTOIII NOPIIHS - A1 Ta A2, cHia TepTs -
F_fr, 3oBHimiHe HaBaHTaxeHHs - F_L. Cuna tepts
BKJIFOYa€ KOMIIOHCHTH CYXOT'O Ta B'SI3KOTO TEpPTS i
MOJIEIIFOETHCS SIK:

] dx dx
Fpp = FC'Slng(—> + b -—+

d de d

X .

@) (@) o
3uaueHns koediuieHTiB F, (cyxe tepts), b (B’s13ke
tepts), F; Ta kg (mapametpu momem Stribeck)
BU3HAYAIOTHCS EKCTIIEPUMEHTAILHO TUIs
KOHKPETHOTO TiIPONWIIHApPA Ta BIUIUBAIOTh HA
JUHAMIYHI XapaKTEPUCTHKH MPUBOLY, 0COOIHMBO B
peXrMax Majiix MepeMilICHb.

Burparni XapPaKTEPUCTUKHI
TiIPOPO3NOIIIFHIKA OIMUCYIOTHCS  HEMHIHHIMHI
3aJIe)KHOCTSIMH BiJl Niepenaay TUCKY Ta MOJ0KEHHS
KEpYIO4OTo eJIeMEHTA:

R -exp (-l

1—-1cd- A . E — plf.
Q v(u) P |ps pl

sign(ps — pQ% = Cd - Ay - |>- Ip? — pel -
p

sign(p® — py) 3)

Koeginient Butpatn Cd, 1wioma BigKpUTTS
posmoniibHAKa A v(u) SK (QYHKINS KEpyrHdoro
CHTHAJIy U, TYCTHHA poO0YO0i PiAWMHH p, THCK Yy
HamipHii MaricTpani p_S, THCK Yy 3JIUBHIH
MaricTpasi p t € KIIOYOBUMHU IMapamMeTpamH, II0
BU3HAYAIOTh BUTPATH Yepe3 KaHaIM PO3MOIITEHIKA
Q: Ta Q2 3aNexHICTh IUIONI BiIKPUTTS BiJ
Kepylo4oro curHainy A v(u) Mae TicTepe3HCHUH
XapakTep Ta JOJAATKOBO YCKIIAIHIOETHCS HASIBHICTIO
MEpTBOi 30HU Ta HACUYEHHS.

JluHamika 3MiHM THCKIB y TIOPO>KHHHaxX
TiIPOIMIIHAPA BU3HAYAETLCS PIBHAHHAMHA OaJIaHCY
BUTpAT:

dp' _ (&)(Ql— o ) L
dt |74 dt
() (e s-eva) @

EdexkTuBHUN MOIYJIb MPYKHOCTI PiauHu e,
00'eMH BIITOBITHUX MTOPOXHUH Vi Ta V2, BUTpaTa
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yepe3 BHYTpimHi BUToku Q_L dhopmyroTs Xxapaktep
3MIHM THCKIB y cucTteMi. OO0'eMH MOPOXHUH
3MIHIOIOTBCS B TIPOIIECI PYXY ITOPIITHS:

Vi= V104 At x V2= V204 A% (L - x)
)

[TouaTtkoBi 00'eMu TOPOKHUH Vie Ta V2o,
MMOBHUH Xia TopmrHs L BHU3HAYAIOTh T€OMETPUIHI
rmapaMeTpy TiapoIwiIiHapa. MoIylb TPY>KHOCTI
B e 3amexuTh Big THUCKY, TEMIIEpaTypu Ta
HassBHOCTI HEPO3YMHEHOTO TIIOBITPS B pobOOUiit
pimuHi, IO BHOCHTH MOAATKOBI HEMIHIMHOCTI B

CUCTEMY.

Onrtumizaniss  poboTn  6araTomoTOKOBOrO
€JICKTPOTiAPaBIIi YHOTO TIPUBOIY METOTaMH
MITYYHOTO IHTEJNEKTY TMOAUIAEThCS Ha KijdbKa

B33a€MOIIOB’I3aHUX 3aBlaHb. [lepmuM 3aBIaHHSIM
BHCTYIIAE ineHTUIKaLis rmapameTpiB
MaTeMaTHYHOi ~ MOJeNi 3  BHKOPHUCTAHHSIM
HelipoHHUX Mepex. HaBuanbhi mani GopmyroThCs
MUISIXOM BUMIPIOBAHHSI BXITHUX CUTHAITIB (Kepyrodi
BIUINBH HA  PO3MOAUIPHUKH) Ta  BHXITHHUX
napameTpiB (TOJIOKEHHSI MITOKIB TiAPOLMITIHAPIB,
TUCKH B MOPOKHUHAX, BUTPATH poOOUOi pivHN) B
pI3HMX  peXHMax  poOOTH.  3amporoHOBaHA
apxiTeKkTypa HeHpOHHOI Mepesxi s ineHTH]iKamii
BKIIoYae pexkypentHi mapu tunmy LSTM (Long
Short-Term Memory), 10 J03BOJISIFOTH BpaxyBaTh
4acoBi 3aJIEKHOCTI Ta «3amam’ ITaTm»
JIOBIOCTPOKOBI €()EKTH B TUHAMILII CHCTEMH.

®dopMyBaHHS HaBYaJIHHOL BHOIpKH
3MIACHIOETBCS 3 BUKOPHUCTAHHIM CIICIIAIbHAX
TECTOBUX CUTHAJIIB, SIKi 320e3MeUyI0Th
MaKCHUMajJbHE OXOIUIEHHS po0OoYOoro mJiamnazoHy
CUCTEMHU. [IceBnoBumaaKoBi JIBIHKOBI
nocimoBHOCTi (ITPBII) 3 pi3HOIO aMILIITYI0I0 Ta
Y4acTOTOI, CHHYCOiJaJIbHI CHTHAJIA 31 3MiHHOIO
YaCTOTOIO, CTYITIHYACTI BIUIMBH Pi3HOI aMILTITYIU
JO3BOJISIIOTE  OTPUMATH  JaHI Mpo  JUHAMIYHI
XapaKTepUCTUKX MPHUBOAY B PI3HHUX peXUMaXx.
3i0pani JaHi MiIAraloTh MOINEpeAHid o0pooui,
BKJItOUaroyn  QiabTpalifo, HOpMami3alio Ta
BUJAJICHHSI aHOMAJIbHUX 3HAYCHb.

CrtpykTrypa HENpPOHHOT Mepexi TS
ineHTudikamii  mapaMerpiB  0araTomOTOKOBOI'O
€JIEKTPOTiAPABIIIYHOTO MMPHUBOAY BKIIIOYAE BX1THHIA
map, Tpu pekypeHTtHi mwapu tamy LSTM 3 128, 96
Ta 64 HeWpoHaMHU BiNITOBITHO, JBa ITOBHO3B s3HI
mapu 3 ¢yukmismu aktuBaiii ReLU (Rectified
Linear Unit) Ta BuxigHuid map 3 JiHIHHOIO
¢yHkuiero  aktuBamii.  HaBuanHs — Mepexi
3MIACHIOETBCS 3 BHUKOPHCTAaHHSIM  QJITOPUTMY
3BOPOTHOTO mnomupeHHs nomuiku B yaci (BPTT -
backpropagation through time) ta onrmmizaTtopa

Adam 3 ajanTHBHUM KPOKOM HaBuaHHA. DyHKIis
BTpaT OOYUCIIOETHCS SIK CEpeIHbOKBAIpaTHUHA
HOMUJIKA!

L= (3)Zls = il ©6)

KinpkicTe 3pa3kiB y HaBUanbHIH BHOIpII N,
MPOTHO30BaHE 3HAYCHHA Vi, (DaKTUUHE 3HAUCHHS
BEKTOpa CTaHy y; BU3HAYAIOTh TOYHICTh OTPUMAHOL
mopeni. Perymsapuzanis L2 BUKOPHUCTOBYETBCS LIS
3amo0iraHHs epeHaBYaHHIO Mepexi Ta
MOKPAIIEHHS ii y3araJbHIOIOUHX BJIACTUBOCTEH.

3acTrocyBaHHSI HeHpoMepekeBOI MoAemi A
MPOTHO3YBAaHHS  JHHAMIKH  0araTOIOTOKOBOTO
€JICKTPOTiAPABIITHOTO MIPUBOTY JTO3BOJISIE
BpaxyBaTH HENIHIHHOCTI, TICTEpE3UCHI SBUILA,
MEPTBI 30HHU Ta iHII €(eKTH, SIKI CKIaTHO OIMKCATH
aHATITUIHO. EKCIepuMeHTanbHI  JOCIIHKCHHS
MOKa3alll CYTTEBY TIepeBary HEHpOMepeKeBOro

i IXomy HaJ TpaauIi HHUMH METOJJaMH
MO/ICITIOBAHHS, 0c00JIHBO B yMOBax
MapaMeTPUIHUX HEBU3HAYCHOCTEH Ta 30BHINTHIX
30ypeHb. CepeHROKBaIpaTHYHA MOMUJTKA

MPOTHO3YBAHHS TIOJIOKEHHS BHKOHABYMX OpPTaHiB
3HM3MIIIACS Ha 63% MOPIBHAHO 3 MOJIEJUTIO HA OCHOBI
IudepeHLiaTbHUX PiBHSHB, a MTOMMJIIKA
NPOTHO3YBaHHA THCKIB - Ha 70% [2].

JlpyruM KIIOYOBHIM 3aBIaHHSIM OINTHMIi3allii
poboTu 0araTomoTOKOBOTO €JIEKTPOTiIpaBiIiuHOIO
NPUBONly € CTBOPEHHS IHTENEKTYalbHOI CHCTEMH
KEepYBaHHS, 3/IaTHOI aJanTyBaTUCS 1O 3MIHHHX
yMOB  (PyHKIIOHYBaHHA Ta  3a0e3meuyBaTu
ONTUMAaJIbHI TIOKA3HUKH SIKOCTi. 3alporoHOBaHa
riopumHa HeWpo-HEJiTKa CHUCTeMa KepyBaHHS
MOEMHYE  TIEPEBarm  HEUITKOI  JIOTIKH  JUIs
¢dopmamizamii ekcliepTHUX 3HAaHb Ta aJalTHBHUX
BJIaCTUBOCTEH HEHPOHHHUX Mepex JUIst
ABTOMATHYHOTO HAJANITYBaHHS IMapaMeTpiB.

ApXiTeKTypa HEUpO-HEUITKOi CHCTEMH THUILY
ANFIS (Adaptive Neuro-Fuzzy Inference System)
CTPYKTYPHO €KBIBaJCHTHA HEYITKIH CHCTEMI
Takari-Cyreno. JIiHTBiCTHYHI 3MiHHI «BIIXUICHHS
TIOJIOKEHHS (€), «IIBUAKICTh 3MIHU BiIXHIJICHHS
(de/dt)y Ta «imrerpan  Bimxmmemms»  (Je-dt)
OTHMCYIOTBCSI TEPMaMH «BEJIMKE BiJ €EMHE», «Majie
BiJl’EMHE», «HYIIHOBE», «Malle JOJIaTHE», «BEIUKE
JonatHe» 3 (YHKLISIMH HaJIe)KHOCTI TayCiBCHKOTO
TUITY:

1(x) = exp (—0.5 : (x;c)z) (7)

Hentpu ¢ Ta mumpuHu ¢ QyHKIIH HaIeKHOCTI
HAJIAIITOBYIOTHCA B IMpOIeci HaBYaHHSI HeWpo-
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HEYITKOI Mepexi Ha OCHOBI E€KCICPUMEHTATHHHUX
naHuX. ba3a mpaBHJI CHUCTEMH CKIAIAa€ThCSA 3
nponykmin  tumy <« SKIHO  <ymoBa> TO
<HACHII0OK>», HATTPUKIIA];

SIKIIIO e= «Bemmke pomatHe» TA de/dt=
«mane Bim emue» TA [e-dt= «mane nomatue» TO
u=fi(e, de/dt, Je-dt)

OyHKuioHanbHi 3anexHocti f 1 B Hacmizkax
MPaBUJI MPEICTABJICHI JIHIHHUMHA KOMOIHALISIMU
BXIIHUX 3MIHHUX:

_ b de
fi(e,%,fadt)_ a-e + i'E-i_
(o f e-dt + di (8)

KoedinienTtn ai, b i, c i, di
HaJIAIITOBYIOTbCA B TMpPOLECi HAaBYaHHS HEHpO-
HEYiTKOI Mepexi 3 BUKOPHCTaHHAM TiOpHUIHOTO
QITOPUTMY, IO TIOENHYE METOJ HAHMEHIIHX
KBaJpaTiB Ta TpamicHTHWHA CITyCcK. HaBuaHHs
NPOBOJUTHCS HAa OCHOBI  TPAaeKTOpiil  pyxy,
OTpPUMaHHUX npu KepyBaHHI €TaIOHHUM
pETyIsATOPOM, ONTHMI30BaHWUM JJIi KOHKPETHOTO
00’€eKTa.

Oco0NMBICTIO  3alPONOHOBAHOI  CHCTEMH
KepyBaHHS € MOXJIMBICTh afanTariii mapaMmeTpiB B
pearbHOMY dYaci, M0 J03BOJIIE KOMIICHCYBATH
3MIHM  XapakTepUCTUK  00'€eKTa  BHACHIOK
3HOIIIEHHS, TEMIIEpaTypHUX  BIUIMBIB,  3MiH
HaBAHTAYKCHHS. AntanTuBHUN MEXaHi3M
pearnizoBaHuil Ha OCHOBI aJrOPUTMY PEKYPEHTHOTO
OL[IHIOBAaHHS  MapaMeTpiB 3  BUKOPHCTAHHIM
¢dimeTpa Kammana po3mmupenoro tumy. OHOBIICHHS
napameTpiB 3AIHCHIOETHCS Ha OCHOBI MOTOYHHX
BHUMIpPIOBaHb Ta OLIHKU CTaHy CUCTEMHU:

Ok +1) = 00+ K() - (y(k) — 9(K)) (9

Bekrop mapametpis 0, koedillieHT migCUICHHS
K, daktuuyHHMl BUXiT CHCTEMH Yy, IPOTHO30BAaHE
3HAYCHHA BHUXOAYy § BH3HAYAIOTH JHHAMIKY
ananrarii. KoedimieHT migcuieHHS 00YUCITIOETHCS
3 BUKOPUCTAHHSM PEKYPEHTHUX 3aJIC)KHOCTEH:

K(k) = P(k)-H(k)"- (H(k) - P(k) - H(K)™ +
R(k)) Pk +1) = P(k) — K(k) - H(k) -
P(k) + Q(k) (10)

Marpuris koBapiariii moxuOok omiHIOBaHHS P,

MaTpUIll YyTIUBOCTI  BHXOMY CHCTEMH [0
napamerpiB  H, wMaTpuus KoBapiamii —mymy
BUMIpIOBaHHA R, wMatpuis KoBapiamii mymy

nporiecy QQ BIDIMBAIOTH Ha MIBUIKICTH Ta CTIHKICTH
nporecy aganTaii [5].

3anpornmoHOBaHUN  MiAXiJ 1O KepyBaHHS
0araTornoTOKOBHM €JICKTPOT1APaBIIYHUM
MPUBOIOM 3a0e3Medye ONTHUMI3AIiIo 3a KUTbKOMa
KpuTepisMu  oxHoyacHo. LlimpoBa  yHKmis
OIITHMI3aLii BKJIIOYA€ KOMIIOHEHTH, 1[0
XapakTEepPU3yIOTh  TOYHICTH  IO3HUITIOHYBaHHS,
eHeproe()eKTUBHICTh Ta IIABHICTD PYXY:
— i 2 3

J=w ']p+W Je+ W (11)
CkmajoBa TOYHOCTI TO3WIIIOHYBaHHS J p

O0YMCITIOETRCS SK IHTErpan KBajpara BiIXWICHHS
(haKTUYHOTO TIOJIOKEHHSI BiJT 38]JaHOTO:

Jp = J (x(t) = x40)°dt (12)

EHepI‘CTI/I‘lHa CKJIaaoBa J_C BU3HAYA€ETHCA AK

IHTEerpan MOTYKHOCTI, CITO’)KMBAHOL
TiIPOTIPHUBOIOM:

Je=J (ps-Q®))dt (13)

CxiramoBa TJIABHOCTI pyxy Js

PO3PaxOBYETHCS SIK iHTEeTpa KBaJ[paTta
MIPUCKOPCHHS:

_ azx(t)\?

Js= I (E2) a (14)

Barosi koedimieHTH Wi, W2, W3 3aJal0Th

MIPiIOPUTETHICTH BIJIITOBI THUX KpHTEpiiB

ONTHUMI3aIlii Ta MOXKYTh 3MIHIOBATUCS 3aJIC)KHO BiJl
BUMOT JI0 KOHKPETHOTO pexumy pobotu. s
BU3HAUCHHS ONTHMAaJbHUX 3HA4YEeHb BaroBUX
KOeQiIliEHTIB 3aCTOCOBYIOTHCSA METOIU
OaraTokpuTepianbHOi  ONTHMi3aulii,  30Kpema,
TEHETUYHI aJITOPUTMHU.

[Momynsimis TeHETHYHOTO AITOPUTMY
CKJIQIA€ThCS 3 XPOMOCOM, KOXKHA 3 SIKUX KOJYy€
HaOIp BaroBUX KoeiIieHTiB. Ominka
MPUCTOCOBAHOCTI XPOMOCOM 3IIHCHIOETBCS Ha
OCHOBI  MOJICJIIOBaHHS pOOOTH  CHUCTEMH 3
BiJIIOBIIHIMHU  MapamMeTpaMh Ta OOYMCIICHHS
pPE3YIBTYIOUOTO 3HAYEHHS IUIHOBOI  (PYHKITII.
Onepauii cxpelryBaHHs (KPOCHHTOBEPY) Ta MyTallii
3a0€3MeUyr0Th JTOCTIKEHHS MPOCTOPY MapaMeTpiB

Ta VHUKHCHHS JIOKaTBHUX MiHIMYMiB.
OcCoONMMBICTIO  3alPOIIOHOBAHOTO  TIAXOAY €
BUKOPHCTaHHS aJalTHBHHUX OIEPAaTOpPIiB MYTallii,
AMOBIpDHICTP ~ SKMX 3MIHIOETBCA B  TpOIEci
omTHMi3amii  3aJeKHO  Bil  PI3HOMAaHITHOCTI
TOMYJISIIT.

JliarHOCTHKa Ta TPOTHO3YBaHHS TEXHIYHOTO
CcTaHy 0araTolmoTOKOBOTO €JEKTPOTiAPaBIIigHOTO
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NPUBOLY CTAaHOBUTH TPETil KIIOYOBMI HANpPSMOK
onTHMi3allii. 3arporoHOBaHa CUCTEMA JiarHOCTHKH
TPYHTYETHCS Ha KOMIUICKCHOMY aHaji3i 4acoBUX
pAAiB mapaMeTpiB MPHUBOLY: THCKIB y PI3HHX
TOYKaX TiJ[POCHCTEMH, MOJIOKEHb Ta IBUAKOCTEH

BHUKOHABYMX OpPTaHiB, TeMIeparypu poOodoi
piAMHY, IIyMOBHX Ta BiOpallifHUX XapaKTEPUCTUK.
MeTtonu 00po0KHu CHUTHAJIIB, BKJIIOUAIOUN
CTIEKTpaJIbHUN  aHaji3, BEHBJICT-IIEPETBOPCHHSI,
CTaTUCTUYHI METOIH, MJO3BOJISIIOTH  BHUIUTUTH
iHpOpMAaTHUBHI  O3HaKH, WLI0 XapaKTEPH3YIOTh
TEXHIYHUH CTaH 00JIaTHAHHS.

Knacudikaris TEXHIYHOTO CTaHy
3OIACHIOETBCSI 3~ BUKOPHCTAaHHAM  METOMIB

MAaIIMHHOTO HaBYaHHSI, 30KpeMa, METOJy OMOPHUX
BekTopiB (SVM). Po3poOneHuit kiacudikatop
JI03BOJISIE BUSIBIATH Ta iACHTH(IKYBATH Pi3HI TUITH
HECTIPaBHOCTEH: BHYTpILIHI BHTOKHU B
rigpouWIiHapax, 3a0pyaHEHHS PO00YOi PiAUHH,
3HOIICHHS PO3IMOAUTLHUKIB, HECIIPABHOCTI HACOCIB,
MOPYIIEHHS ($yHKLIOHYBaHHS JATYHKIB.
HaByanbHa BuOipka (OpPMYeTbCS Ha OCHOBI
CKCIICPUMEHTAIILHUX  JIAHWX, OTPUMAaHHUX MPH
LITYYHOMY BHECEHHi Ie()eKTiB Pi3HOTO CTYyIIEHS, Ta
JIOTIOBHIOETHCS CUHTETUYHUMHU JTAaHUMH,
3TCHEPOBAHUMHU 3 BHKOPHUCTAHHSIM IMITAIlifHOTO
MOJICJTIOBAHHS.

CrpykTypa KinacudikaTopa BKIIOYAE €Tall
MONEPEeNHbOI  00poOKM curHamiB  ((impTparis,
HOpMaJTi3allisi), BUAUICHHS 1HGOPMATHBHUX O3HAK
(cTraTHCTHYHI ~ XapakTEpHUCTUKH,  CHEKTPaJbHi
KOMITOHEHTH, BeHBJICT-KOC(IIIEHTH) Ta
OesrocepeIHb0  Kiacu(ikallito 3 BHKOPHCTAHHIM
aHcaMOJI0  METOJiB  MAIIMHHOTO  HAaBYaHHS.
3acTrocyBaHHSl alTOpPUTMYy ToOJIoCyBaHHS (voting)
TUTS KOMOIHYBaHHS pe3yabTaTiB pi3HHX
knacugikaropiB (SVM, Random Forest, Gradient
Boosting) m03BONsIE MIBUIIMTH JTOCTOBIPHICTH
TarHOCTHUKY Ta 3HU3UTH HMOBIPHICTH IIOMUIKOBUX

TPHBOT.
[IporHo3yBaHHS ~ 3aJMIIKOBOTO  Pecypcy
KOMITOHEHTIB  €JIEKTPOTiAPaBIIYHOTO  TIPHBOIY

peani3oBaHO 3 BHKOPUCTaHHSAM PEKypEHTHHX
HEHPOHHUX MEpeX 3 MEeXaHi3MOM yBard (attention
mechanism). Mepeka HaBUa€TBCS Ha YaCOBHX
psiIax mapaMeTpiB CHCTEMH, OTPHMAaHUX MPOTATOM
TPUBAJIOTO TIEPIOAY €KCIDIyaTallii Ta po3MiueHUX 3
ypaxyBaHHSIM pe3yabTaTiB TEXHIYHOTO
00CITyroByBaHHS Ta PEMOHTIB. MexXaHi3M yBaru

O3BOJISIE  BUAUIMTH HAWOIIBIT  iHGOPMATHBHI
4acoBl IHTEpBaIU Ta napaMeTpu INIE:
MPOTHO3YBaHHS Jierpanartii KOHKPETHUX
KOMIIOHEHTIB.

ApXiTeKTypa MPOrHOCTHYHOI MOJIENI BKJIFOUAE
npenoOpoOKy BXIiJHHX JAaHWX 3 BHKOPUCTAHHSIM

3TOPTKOBUX WIAPIB Ui BUAUICHHS JIOKAJIBHUX
naTepHiB, pexypentHi mapu tuny GRU (Gated
Recurrent Unit) s MOIETIOBaHHS YacOBUX
3aJIe)KHOCTEH, MEXaHi3M YBaru JUIsl BHUIUICHHS
3HAYYIIMX KOMITOHEHTIB Ta MIOBHO3B'SI3HI MIAPH IS
reHeparii mporaoly. HaBuaHHS 3MiHCHIOETBCS 3
BUKOPUCTAHHIM ANTOPUTMY 3BOPOTHOTO
NOUIMPEHHS TIOMHJIKM Ta omnTuMizaropa Adam.
OyHKIiS  BTpaT BKIIOYAE KOMIIOHEHTH  JIISI
MiHiMi3amii ~ TOMWJIKM  [POTHO3YBaHHSI  Ta
perynspusauii s 3aro0iraHts nepeHaBuYaHHIO.
SIKICTh IPOTHO3YBAHHS 3aJUIIIKOBOTO PECYPCY
OITIHIOETHCS 3 BHUKOPUCTaHHSIM MeTpuk MAPE
(Mean Absolute Percentage Error) Ta RMSE (Root

Mean  Square  Error).  ExcmepuMeHTanbHI
JOCHIOKEHHS IMOKa3aIn BHCOKY  TOYHICTH
MPOTHO3YBAaHHS I PI3HUX  KOMIIOHCHTIB

€JIEKTPOTIAPaBIiYHOTO MPHBOAY: TiAPOLMIIHAPIB,
PO3MOAINBHUKIB, HacociB, ¢inbrpiB. Cepemus
noxuOKa MPOTHO3YBaHHS 3aJHMIIKOBOTO PeECypcy
cxiana 7-12% mpu TOpU30HTI IMPOTHO3YBAaHHS IO
500 romuH poboTH OONamHAHHS, IO BiIIOBiAAE
HalKpamM CBITOBUM aHasoram [9]. Bepudikarris
po3po0sieHuX ~ METOJIB  OmTUMI3amii  poboTH
0araTormoTOKOBOTO EJIEKTPOTiAPABIIYHOTO
MIPUBOY 3A1MCHIOBANIACS HAa €KCIIEPUMEHTATEHOMY
CTCHJi, IO BKJIIOYa€ HACOCHY CTaHLIlO 3
PETyJIbOBaHOIO MPOAYKTUBHICTIO, TPU HeE3aJeKHi
TiIpaBITivHI KOHTYpH 3 MIPOTIO P THIMH
pO3MOMIIFHAKAMH, BHKOHABYI TIAPOIMIIHIPH 3
JaTYNKaMH TIOJIOKEHHSI Ta THUCKY, CUCTEMY 300py
JAHNX Ha OCHOBI NPOMHCIIOBOTO KOHTpOJepa Ta
MEPCOHANLHUN KOMITIOTEp 13 CIICMiali30BaHIM
nporpaMHuUM  3a0e3nedeHHsIM.  ExcriepumeHTH
OPOBOAMIMCS Ui PI3HUX PEXHMIB  POOOTH:
MO3UITIOHYBaHHS 3 BHICOKOIO TOYHICTIO,
BiJIIPaIlfOBaHHS CKJIaJHUX TpaeKTopiii,
cTalimizauis 3ycHyis, eHeproeeKTUBHUN PEXUM.
IlopiBHATEHIT aHam3 e(heKTUBHOCTI
3aIpOIMOHOBAHOTO  MAXOMYy Ta  TPaTUIIAHUAX
METO/AIB  KEpyBaHHS  CIEKTPOTiAPaBIiYHUMH
MIPUBOJAMH TPOJEMOHCTPYBAaB CYTTEBI IepeBaru
IHTEJIEKTy JIbHAX aJTOPHUTMIB. TouHicTh
MO3UIIIOHYBaHHS  migBummnacs ©Ha 32% vy
cTaTuuHOMy pexkumi Ta Ha 28%  mpu
BIANPALIOBAHHI ~ TPAEKTOPiH  3MIHHOI  (opMH.
EneproedekTHBHICTh, OIIHIOBaHA 3a CYMapHUM
CIOXMBAaHHIM MOTYXHOCTI, MOKpauuiacs Ha 17%
B peXHMI TO3WIIOHYBaHHA Ta Ha 22% mpu
IIAKIITIHOMY pyci. IBunkomis CHCTEMH,
XapakTepu30BaHa 9acoM BiZpamoBaHHs
CTYIIHYACTOro BIUIMBY, 3pocia Ha 15% [4].
Oco0mBO 3HAYHI TIEpeBaru iHTEIEKTYaTbHUX
AITOPUTMIB CIIOCTEPIraJiucsl B YMOBax 3MIHHUX
HABaHTAXECHb Ta MapaMETPUYHHX 3MIiH CHUCTEMH.
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I[Ipu 3wmini HaBaHTaxkeHHs Ha 50%  Bin
HOMIHAJILHOTO MOTiPITICHHS TOYHOCTI
MO3UIIIOHYBAHHSA  [UI  TPAAMIIHOI  CHCTEMH
KepyBaHHs  cknmano  28%, Toml Ak A

3aIpPOIIOHOBAHOI HEHPO-HEUITKOI CHCTEMH - JIUIIIE
9%. Ilpu 3miHi TemmnepaTypu poOouoi pimvHU B
mianaszoni  20-60°C  merpapartiss  AMHAMIYHHX
xapakTtepucTuk cucteM ckiama 35% ta 11%
BIJIIIOBITHO.

Po3pobnena IHTENEeKTyallbHA cucremMa
JIarHOCTHUKY 3a0e3Meduniia BUSBICHHS aHOMAIN y
(hyHKIIOHYBaHHI €JIEKTPOT1APaBIiYHOTO MMPUBOY 3
noctoBipHicTiO 94-97%, mo Ao03BOdsAE 3amodiratu
aBapiiftHUM CUTYyaIlisIM Ta ITaHYyBaTH
npoiJaKTUYHI 3aX0Ju. 3arajibHa ITOCTOBIPHICTH
knacu(ikamii THIB HecnpaBHOcTel ckimana 91%,
MpH [OMY HAWBHINI MOKA3HUKU JOCSATHYTO IS
BUSIBJICHHS  BHYTpilHiIX BHUTOKIB (95%) Ta
3HIDKEHHSI THCKy B HamipHid Marictpam (96%).
[IporHosyBanHs 3aJIMIIKOBOTO pecypcey
KOMIIOHEHTiB cucTeMH 3 TouHicTIO 90-95%
3a0e3medye ONTHMI3AIlif0 IPOIECIB TEXHITHOTO
00CITyTOBYyBaHHS Ta 3HIKCHHS EKCIUTyaTaIliiHUX
BUTpaT [3]. ANrOpuTMH MAIIMHHOTO HABYAaHHA,
peaiizoBaHi B cucremi KepyBaHH4,
MIPOJICMOHCTPYBAJIN 3MaTHICTH IO caMmoajanTarlii B
mporieci  ekcrutyaranii.  [loyatkoBa — Moiensb,
HaBuYeHa Ha oOOMexeHoMy Habopi JaHuX,
YIOCKOHAIIOBAIacs B TIporieci (yHKITIOHYBaHHS
CHUCTEMH, HAKONMUYyIoud iH(OpMAIlIo PO pi3Hi
pEeXUMH poOOTH Ta YMOBH eKcIuTyaTalii. TouHicTh
MOJIETIIOBAHHS JUHAMIKH TPUBOAY IOKPAITUIACS
Ha 23% micns 100 roguH poOOTH CHCTEMU B PEXKHAMI
OHJIaTH-HABYaHHSI.

INOpumHMil miaxix 10 KepyBaHHS, MO MOETHYE
KJIACHYHI METOIH (ITIJI-peryroBaHHsA,
JiHeapu3amis 3BOPOTHUM 3B’SI3KOM) Ta
IHTENIeKTyallbHI aNropuT™Mu (HEHpOHHI Mepexi,
HEYITKa JIOTiKa), 3a0e3MeYNB ONTHMAIbHHNA OaaHc
MK eEeKTHUBHICTIO Ta poOacTHicTiO. JnHaMigHM
po3nonin GyHKIIH MK PI3HUMH KOMIIOHEHTaMU
CHUCTEMHU KEepyBaHHS 3aJIS)KHO BiJl PSKUMY POOOTH
Ta 30BHIMIHIX YMOB JO3BOJHB MAaKCHMAaJbHO
BUKOPHUCTATH TIEPEBArd KOXKHOTO MiIXOY.

ApxiTekTypa po3po0eHoi
KepyBaHHS niepenbagae
MaciTabyBaHHS TUTS 6araTormoTOKOBUX
CJIEKTPOTiAPABIIYHUX MIPHUBO/IIB pi3HOi
koH(pirypamii. MoaynmpbHUH TPHHIMI MTOOYIOBH
MPOrpaMHOTO Ta  amapaTHOTO 3a0e3MedyeHHs,
CTaHNIAPTU30BaHi iHTEp(ecH B3aEMOIIT  MiX
KOMITOHEHTaMH, YHi()iKOBaHi aJrOpUTMH OOpPOOKH
JMaHWX [IO3BOJIAIOTH QJanTyBaTH CHCTEMY IS
Pi3HUX Taiy3ed 3aCTOCYBaHHS: BiJ HPOMHCIOBOTIO
oOnagHaHHsA 10 MOOLIBHHX MAIlIMH Ta aBlaliiiHol

CUCTEMH
MOKJIUBICTD

TexHikd. ExoHOMiuHMIA e(eKT BiJ BOPOBaHKEHHS
3aIPOITOHOBAHKMX METOIIB ONTHUMI3AaIlil OIIHIOETHCS
CKOPOYEHHSIM eKCIUTyaTaniiHuX BuTpat Ha 15-20%
3a paxyHOK TIiJBHUINCHHS €HEproe(eKTUBHOCTI,
3HIDKEHHS BUTPAT Ha TeXHIYHE 0OCIyroByBaHHS Ta
PEMOHT, 30UTBIIIEHHS MDKPEMOHTHOTO TIIEPIOAY.
JonatkoBuii eKOHOMIYHUHN e(eKT 3abe3neuyeThest
MiBUIICHHSM  TPOXYKTUBHOCTI  OOJIaJHAHHS,
3MEHIIICHHSIM TPOCTOIB Ta OpaKOBAaHOI MPOIYKITil.
HampsiMkn  mofasieux JOCTIKEHb BKJIFOYAIOTh
YAOCKOHAJICHHS aNTOPUTMIB MAllTMHHOTO HABYAHHS
JUTA T IBAIIICHHS ix 00YHCITIOBAIIBEHOL
e(heKTUBHOCTI Ta MOXKJIUBOCTI (DYHKITIOHYBaHHS B
peXuMi  pealbHOrO 4Yacy Ha IPOMHUCIOBHX
KOHTpoJIepax 3  OOMEXEHHMH  pecypCcaMu.
IlepciexTrBHIM € PO3BUTOK METO/IIB
(demepaTBHOrO HaBUaHHA [UIS  PO3MOAUICHUX
CHUCTEM KEpyBaHHS TiIpaBIiYHUMH TPUBOJAMH,
KOJIH JIOKaJIbHI MOJIe/Ii OOMIHIOIOTHCS 1H(HOPMAIIIED
0e3 mepepaul MEPBUHHUX NaHHUX, IO MiABHIIYE
e(eKTUBHICTh HaBYaHHA Ta 3abe3neuye
KOH(IACHIIHHICTb. Metoau onTUMi3aIii
CJICKTPOTiAPABIIYHUX TPUBOIIB, PO3POOJICHI B
paMKax JOCHiPKEHHsI, MAIOTh IIUPOKi MEPCIEKTUBU
3aCTOCYBAaHHSl B PI3HHUX Taly3siX MPOMHCIOBOCTI:
MamuHOOYAyBaHHI, METaIyprii, TIpHAY0M00YBHIH
MPOMUCIIOBOCTI, OYAIBHHUIITBI, aBiamidHId Ta
BiliCEKOBil TexHili. Oco0IMBO €PEKTUBHUM €
BUKOPHCTAaHHS  3alpOINOHOBAHMX  IMMIIXOMIB B
yMOBax  BHCOKHMX  BHMOT  JO  TOYHOCTI
MO3UL[IOHYBaHHS, eHeproeeKTHBHOCTI Ta
HaJIHHOCTI (OyHKI[IOHYBaHHS TiapaBIIYHAX
CHCTEM.

[Nopanpmmii po3BUTOK HANPAMKY mependavae
IHTerpalito po3poOJCHUX METOMIB ONTHMi3alii B
KOHIICTIIIIFO POMUCIIOBOrO iHTepHETY pedei (I1oT)
Ta Kibepdiznunux cucteM. 30ip Ta aHai3 JAHUX BifJ
MHOKUHHI CJIEKTPOTiAPaBIIYHUX MIPHUBO/IIB,
po3nofineHux reorpadiyHo, I103BOJUTH CTBOPHUTH
r1o0anbHI MO 71l POTHO3YBAHHS TEXHIYHOTO
CTaHy Ta ONTHUMi3alil peXUMiB pOOOTH 00JIaTHAHHS
3 ypaxyBaHHSAM crelu(iKH KOHKPETHHX YMOB
ekcruryatarii. KomOiHyBaHHS METOZIB IITYIHOTO
IHTEJNIEKTYy 3 XMapHMMU OOYUCIICHHSMH Ta
texHonorisimu Edge Computing 3abe3neunthb
HOBHI piBeHb e(GEKTUBHOCTI Ta HAIIHHOCTI
TiIPaBIIIYHAX CHCTEM.

BucnoBkn. [IpoBenene JOCITiKEHHS
MIPUCBSICHE onTHMI3aIii poboTu
0araTomnoToKOBOTO €JIEKTPOTiAPaBIIIHOTO
OpUBOLY  METOJaMH  IITyYHOTO  IHTEJEKTY.
Po3pobiieHo KOMIUTEKCHUH MiAXiq A0 BHPIIICHHS
npoOieMu, SKUH  OXOIUTIOE  MOJICIIOBAaHHS,
KepyBaHHS, JIIaTHOCTHKY Ta IPOTHO3YBaHHS
TEXHIYHOTO CTaHy €JIEKTPOTiApaBIiuHIX CUCTEM.
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3acTocyBaHHS TIMOOKHX HEHPOHHUX MEpPEexK
s igeHTHdiKalil mapaMeTpiB Ta MOCIIOBaHHS
TUHAMIKA 06araTornoTOKOBOTO
CIICKTPOTIAPABIIYHOTO  TPUBOAY  JIO3BOJIWIO
MiIBUIMATHA TOYHICTh NPOTHO3YBaHHA Ha 63%
MTOPIBHSHO 3 TPATUITIHHUMHU MeToAaMu. PekypeHTHi
cTpykrypu Ty LSTM 3a0e3neunnu BpaxyBaHHs
YaCOBHUX  3aJIOKHOCTEH Ta  «mmaM’sTh»  IPO
MIOTIEPEIHI CTAaHU CHCTEMH, 1110 OCOOIUBO BAYKIIHBO

Ui TiOpaBliYHUX CHCTEM 3 XapaKTepHUMHU
HEJIHIHHOCTSIMH, ricrepe3ucom Ta
apaMeTpHIHIMH HEBU3HAYCHOCTSIMH.

3anporoHoBaHa TiOpuIHA HEHpO-HEUiTKA CUCTEMa
KepyBaHHsS MOe€AHANA (QOpMati3oBaHi EKCIEepTHi
3HAHHSA Yepe3 HEUiTKI MpaBwWia 3 aJalTHBHUMHU
BIIACTUBOCTSIMHA HEHPOHHUX Mepex. MexaHizMm
OHJIalH-ajanTarmii napameTpiB 3a0e3meynB
KOMIICHCAIliI0 3MiH  XapakTepUCTUK  00'ekTa
BHACITIZIOK 3HOIICHHS, TEMIIEPAaTypPHUX BIUTUBIB Ta
Bapialliii  HaBaHTaXeHHA.  EKclepHMeHTallbHA
Bepudikallis MoKazaja MiABUINCHHS TOYHOCTI
no3uiionyBanHs Ha 28-35%, eHeproeekTHBHOCTI
Ha 15-22%, mBugkoxii Ha 10-18% mopiBHSHO 3

TpaauLiHHUMH MeTOoaMHU KEepyBaHHA.
MynbpTUKpHUTEpiabHa ONTHMi3allii Ha OCHOBI
TCHETUIHHUX ANTOPUTMIB 3a0e3mednna

OalaHCYBaHHS MK TOYHICTIO TIO3UIIIOHYBaHHS,
CHeproepeKTUBHICTIO  Ta  IUIABHICTIO  pPyXy
BHKOHABYMX MEXaHI3MiB. AITaNTUBHI OIepaTopu
MyTarii  MABUNIIA  €)EeKTHBHICT  IOMIYKY
ONTUMAJBHUX ITapaMeTPiB CUCTEMHU KePYBaHHS JIJIs
Pi3HUX pekuMiB pobotu. CucTeMa JiarHOCTUKH Ta
MIPOTHO3YBaHHS TEXHIYHOTO CTaHy
SJIEKTPOTiAPaBIIYHOTO MPUBOJY HA OCHOBI METOIIB
MAaIIMHHOTO HAaBYaHHS MPOACMOHCTPYBaJla BUCOKY
JOCTOBIpHICTh BUsBIEHHS aHoMmaliid (94-97%) Ta
knacugikanii  TumiB - HecmpaBHOCcTEeH  (91%).
MexaHi3M yBarm B PEKYPEHTHUX HEHPOHHHX
Mepexax J03BOJIUB aKICeHTYBaTH Ha HaKOiIbII
iHQOpPMATUBHUX  YacOBHUX  IHTEpBalax  JJs
MPOTHO3YBaHHS Jierpaaantii KOMIIOHEHTIB,
3a0e3MeYnBIIM TOYHICTh OINIHKH 3AJUIIIKOBOTO
pecypey 90-95%.

[IpakTryHa WiHHICTH PO3POOJICHUX METOIB
MiATBEPIUKYETHCS X CTIMKICTIO IO MapaMeTPHYHHUX
3MiH Ta 30BHIIIHIX 30ypeHb, IO HaI3BHYAHHO
BaYKJIMBO IS pEAIbHUX MPOMHUCIOBHUX yMOB. Ilpu
3MiHI HaBaHTaxkeHHd Ha 50% Big HOMIHAJILHOTLO,
TIOTIPIIIEHHS  TOYHOCTI  ITO3WIIIOHYBAaHHSA IS
PO3po0IIeHOT cucTeMU cKItao Jmtre 9% npotu 28%
s TpaaunidHoi. EkoHOMiuHMET  edekT  Bifn
BIIPOBAJ[KCHHS 3aMpoIOHOBAaHUX METO/IiB
onTHMi3aIii OITIHIOETHCS CKOPOYEHHSIM
eKCIuTyaTaliiHux BuTpar Ha 15-20% 3a paxyHOK
MiBUIICHHS  CHEPrOCPEKTUBHOCTI,  3HIKCHHS

BUTpaT Ha TEXHIYHE OOCIYroBYBaHHS, 301JIbIICHHS
MDKPEMOHTHOTO  TIepiogy  Ta  IIiABUIICHHS
NPOAYKTHBHOCTI oOmamHanHA. [lepcriekTMBHUMHI
HaNpsIMKaMH TOJANBIIAX JOCIiIKEHb BH3HAYECHO
BIOCKOHAJICHHS QJITOPUTMIB MAaIIMHHOTO HAaBYAHHS
JUTA T IBAIICHHS ix 00YHCITIOBAIIBEHOL
e(eKTHUBHOCTI, PO3BUTOK METOIB (elepaTUBHOTO
HaBYAHHSA U1 PO3NOJIIEHUX CUCTEM KepyBaHHA Ta
IHTErpariio Po3pO0ICHHUX IIAXOMIB Y KOHIIECIIIIIO
MPOMHMCIIOBOTO iHTEPHETY pedeit Ta KioephiznuHnx
CHUCTEM.
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Kavetskyi O.I., Lozinskyi D.O. Optimization of
multi-flow electrohydraulic drive operation using
artificial intelligence methods

The article explores the issue of improving the
efficiency of multi-flow electrohydraulic drives, which
are extensively utilized in industrial, mobile, and aviation
systems. These systems are characterized by nonlinear
dynamics, parameter uncertainties, and the complexity of
mathematical modeling, which create significant
challenges for conventional control methods. To address
these difficulties, a comprehensive approach is
introduced, combining artificial intelligence methods
such as neural networks, fuzzy logic, and genetic
algorithms to optimize system performance.

A critical aspect of the research is the development
of a neural network model that enables accurate
identification of drive parameters and reliable prediction
of its dynamic behavior. This approach significantly
surpasses traditional modeling techniques in precision
and adaptability. The hybrid neuro-fuzzy control system
integrates expert knowledge with the flexibility of neural
networks, providing enhanced positioning accuracy,
improved energy efficiency, and increased resilience to
external disturbances. Additionally, the implementation
of genetic algorithms for multi-criteria optimization
allows for an effective balance between motion accuracy,
energy consumption, and smooth operation of the
mechanism.

Another key contribution is the diagnostic and
technical condition forecasting system based on machine
learning. This system demonstrates high reliability in
detecting  anomalies,  contributing to  reduced
maintenance costs and prolonged operational lifespan.
Experimental studies validate the effectiveness of the

proposed methods: under substantial load variations,
deterioration in positioning accuracy is reduced by three
times compared to traditional control systems. The
proposed algorithms lead to lower operating costs,
higher equipment productivity, and improved reliability
of automated control systems.

The results of this study have practical applications
in industrial automation, robotic complexes, aviation,
and military technologies, as well as in mechatronic
systems where precision control, energy efficiency, and
operational reliability are crucial. Future research may

focus on refining machine learning algorithms for real-

time applications and integrating these approaches into
the industrial Internet of Things (lloT) framework. By
advancing these methodologies, this study contributes to
the development of intelligent control systems capable of
meeting the evolving demands of modern automation and
mechatronics.

Keywords: electrohydraulic drive, multi-flow drive,
artificial intelligence, neural networks, machine
learning, diagnostics, prediction.
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MOJEJIOBAHHS BATATOKOHTYPHOI CUCTEMH
ABTOMATHU30BAHOI'O KEPYBAHHSA ITPOHECOM BYPIHHA CBEPJIOBUH
HA OCHOBI IIIJ KOHTPOJIEPIB

MopkyHn B.C., Mopkyn H.B., boopos €.10., I'pumenko 51.0.

MODELING OF A MULTI-CIRCUIT SYSTEM FOR AUTOMATED CONTROL
OF THE WELL DRILLING PROCESS BASED ON SUBCONTROLLERS

Morkun V.S., Morkun N.V., Bobrov E.Y.., Hryshchenko Y.O.

Heyenmpanizoeani — cucmemu  agmomamu308ano20
xepysanns (CAK) na ocnosi nponopyitino-inmeepansbho-
ouepenyianvuux (I1l]]) kommponepie 3aruuiaiomscsi
HAUNOWUPEHIWUM — PIUEHHAM ona KepysaHHs
NPOMUCTOBUMU NPOYecamMu 3 KITbKOMAd 6X00amMu md
suxodamu (MIMO). L]e nos’sizano 3 ixuvoro enyukicmio,
npOCMOmo0 ma 61ACmMuol0 CMIUKICmio 00 Gi0OMOG

NOPIBHSHO 3 YCHMPALIZ308AHUMU — CIPYKIMYPAMU
xkepyeanns. Hasimv roau 3acmocosyiomvcsi — Oinbiu
00CKOHANL cmpamecii, Hanpuxiao, MOOENbHO-

npoenoszyouoco kepyeauns (MPC), T[] xoumponepu
3a36uyall  BUKOPUCMOBYIOMbCA  HA  HUNMCYUX — DIHAX
Kepy6anHs  GIONOGIOHUX — CUCHIEM. Poszensanymo
AGMOMAMU308AHY — CUCEMY  KepYBAHHA  NPOYECcoMm
OYpiHHA ~ CBEPONIOGUH,  peani3osawy  HA  OCHOBI
enekmponpugody. YV oocnioxcysaniti icpapxiuniti. CAK
Ha il HUJMCHbOMY DIGHI 6UKOPUCMAHA CMPYKMYpa, Wo
BKIIIOYAE MPU  KOHMYPU HA OCHOBL NPONOPYIUHO-
inmezpanvno-oupepenyianvuux (I11]) konmponepis, saki
3abe3neuyioms  pezyno8ants WeUOKOCMI 00epmanHs
donroma RPM, nasammaosicennsa na oonomo WOB ma
napamempis cucmemu O4UCMKU C8epONIOBUHU (nepul 3a
6ce, il mpooyxmuenocmi). Moodeniosanns npoyecy
OYpinHA 3ac8i0uye MICHUU 36'130K MIJC 3a3HAYEHUMU
napamempamu, wo nompebye 8I0N06I0H020
HANAWMYBAHHS  KOJICHO20 — KOHMYPY — KepYSaHHsl.
Onmumanvue narawmyesanns deyenmpanizosanux 111/]-
xoumponepig y oazamoxonmyprux CAK s3anuwacmocs
CKAAOHUM [ KOMNAEKCHUM 3a60aHHAM. bBinvwicme
BIOOMUX MeMOOI8 HANAUIMYBANHS  OA2AMOKOHMYPHUX
111]]-konmponepis cxXo0xci mum, wo B80HU
BUKOPUCIOBYIOMb  NPABUNA  HALAWMYBAHHSA  0OHO20
KOHMYpYy Ol OMPUMAHHA NOYAMKOBUX 3HAUEeHb Ol
OKpeMUx KOHmpoiepis, a nomim po3iaumogyioms
OKpemi Konmypu 051 30epedicennsi cmabitbHocmi 8ciel
cucmemu. B ymosax peanvnoeo eupobHu1020 npoyecy
maxutl nioxio Ha 3a82coU 003605 QOCACHYMU OANCAHUX

NOKA3HUKIG npoOYKMuUGHOCMI ma Haoiunocmi
Kepysanus. J{oCaiodceHo  aneopumm  HAIAWmMYSaHHs.
b6aecamoxoumyprux CAK na ocrnosi I1l]] konmponepis,
Wo peanizye y3acanbHeHuil Memoo i3 GHYMPIUHbOK
mooenno  (IMC).  3acmocosyemvcst  kpumepiti,  wo
0aszyemvbcs HA  BUBHAYEHHI NApamMempis 4dcmomHoi
Xapakmepucmuky — 3aMKHYMO20 KOHMypy ona
00CACHEeHHA OAXCAHUX NOKA3HUKIE NPOOVKIMUBHOCMI A
Haoitinocmi Kepyeanua. Yacmommua xapaxmepucmuxa
samxnymozo konmypy CAK ompumyemucs 6 pesyiomami
PO3DPAXYHKY 8UXIOHO20 CUSHATLY cucmeMl ) 8I0N08iob Ha
cunycoioanvruil 6xi0. Ompumani pe3yibmamu ceiouams
npo me, wo nanrawmysanus mpuxonmyproi CAK na
ocnosi I/l  xomwmponepie i3  3acmocy8aHHAM
00cniodHceno2o  Memody — 0036078€  OOCACHYMU
MAKCUMAIbHO — MOYHOI  8i0N0GIOHOCMI  6AdNCAHUM
NOKA3HUKAM ~— NPOOYKMUSHOCMI — md  HAOIHOCMI
KepyeanHus.  Jlocniodcenutt  memod — Modce  Oymu
3aCcmocoganuti. 00 OUHAMIYHUX Moodenell  0Y0b-51K020
nopsoky. Ilpu yvomy xapaxmepucmuxu 380pOMHOT
peaxkyii 3aMKHYMO20 KOHMYPY KepYBaHHA 3d0diombCs
3azoaneziob. Kpim moeo, 6 pesymbmami GUKOHAHHS
BIONOBIOHO20 aAN2OpUMMY HAOAEMbCS THPOpMayis npo

3anacu CMIUKOCmMi ma Xapakmepucmuku yYymiueocmi
CAK.

Knrouosi cnosa: OypinHs, MOOen06anHs,
agmomamuzoeane  KepyGauHs, 6a2amoxoHmypHa
cucmema, KOHmMpoep.

Beryn. CtpykTypy CHUCTEMU

aBromatu3oBanoro kepyaHHs (CAK) mporecom
OypiHHS CBEPUIOBUH JOULIBHO OyTyBaTH Y BUTJISI
i€papXiyHOi CTPYKTypd 3 BHKOPHUCTAHHSM Ha
HIDKHBOMY PIBHI JIOKQIBHHX IICACTEM IS
peryiroBaHHSI OKpPEeMHX 3MIiHHUX Tporecy. Taki
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neuentpamizoBani CAK Ha ocHOBi mponopuiiiHo-
iHTerpanbHO-TU(epEHITIaTHPHIX (TTLT)
KOHTPOJIEPIB  3aJIUIIAIOTECS  HANUTIOIIUPEHITITIM
pilICHHAM 171 KEpyBaHHS  MPOMHUCIOBUMU
mporecamu 3 KUTbKOMa BXOJJAMH Ta
Buxomamu (MIMO). Ile moB's3aHO 3 IXHBOIO
THYYKICTIO, IPOCTOTOI0 Ta BJIACTHUBOIO CTiHKICTIO
O BIIMOB TOPIBHSHO 3 IICHTPAIi30BaHUMU
CTPYKTypaMu KepyBaHHSI. Hasgits KOJIH
3aCTOCOBYIOTBCS O1JIbII JIOCKOHAJI cTpaTerii,
HaTPHUKIaJ, MOJIEIbHO-POTHO3YIOUOT0 KEPYBaHH
(MPC), ITLa KOHTPOJIEPH 3a3BHYai
BUKOPHCTOBYIOThCS Ha HIDKYMX DPIHSIX KEpyBaHHS
BiAMOBIIHHUX cUCTeM [1].

JlocTyriHa BenWYe3Ha KUTBKICTH  METOIIB
HanmamtyBaHHs okpemoro IIIJ[ xonTposepa B
omHokoHTYpHilT CAK, BKmouaroun aHamiTH4HI
MpaBWJia HA OCHOBI MOJEJNCH, METOAU TPaHUIHOI
JaCTOTH Ta HaJAIITyBaHHS Ha OCHOBI ONTHUMI3aIlii.
Konu B3aemonii Mixk 3MiHHUMH B ipouiecax MIMO
€ 3HAYHUMH, HaJTaINTyBaHHS KOXXHOT'O
JETICHTPAII30BaHOTO KOHTpOJIEpa HE3aJeXKHO 3a
JOTIOMOT0I0  OyNb-SIKOTO 3 IIMX METOJIB MOXKe
MPU3BECTH 0 HU3BKOI IPOAYKTUBHOCTI a0, 110 11e
ripme, A0 HeCTaOUIBHOCTI 3aMKHYTOIO IHKILY
0araToBUMIpHOI CHICTEMH, HaBITh KOJU KOXKCH
OKpeMUH IUKJI cTabimbHwMiA [2].

Y remepiliHili wac A7 HaNAITYBaHHS
nerentpamizopaaux  IIIJI  xoHTpomepiB  y
OararokouTtypHiii CAK 3 ypaxyBaHHSIM B3aeMOmii
KEpPOBaHUX 3MIHHHX 3aCTOCOBYIOTBCS METOAM, SIKi
3a3BHuail  KIacudikyoTtbes [2] Ha MoIenbHI
MiIXOMIN, TaKi sIK Po3amTyBaHHS [3], TOCTiTOBHE
3aMMKaHHS LUKy [4] Ta He3aJe)KHe IPOEKTYBAaHHS
[5] abo Oe3momenbHe ToOCHigOBHE [6] Ta
JIETIEHTPaJTi30BaHe aBTOHAIAIITYBAaHHS [7].

Pazom 3 TuM, ci1iJ1 BIAMITHTH, 110 HE3BAXKAIOYU
Ha HaBEJICHI PIIICHHS, ONITUMAJIbHE HAJIANITyBaHHS
TETIEHTPAITI30BaHIX [TII-xoHTpOINIEPIB y
OararokouTypunx CAK 3anmumraetbest CKIagHUM i
KOMIUIEKCHUM 3aBjaHHsAM. [IpomucioBa mpakTuka
9acTO TOJIATAE B ITOCIITOBHOMY 3aMHUKaHHI ITUKITY 3
MOJAJIBIINM E€BPUCTHYHUM Ta KOHCEPBATHBHUM
PO3JIAIITYBaHHSIM, IO € CKJIAJTHUM 1 TPYJOMICTKUM
npotecom [2,8].

Meto10 po00OTH € MOJENIOBaHHA HH)KHBOTO
PIBHS i€papXigHOi CHUCTEMH aBTOMAaTH30BAaHOTO
KepyBaHHS ITpoliecoM OypiHHS CBEpAJIOBUH Ha 0a3i
0aratokouTypHoro ITIJ] peryaroBaHHs.

Buxnan ocHoBHoro martepiaiy. KepyBanus
mporiecoM  OypiHHS  CBEp/UIOBUH MOXe OyTh

BUKOHAHO 3a pi3HEM TEXHIYHUMHU 1
TEXHOJIOTIYHUMH TIPUHITUTIAMH 1 MaTH BiIMOBITHI
KOHCTPYKTHBHI 0COOJIUBOCTI. Y  nanomy
JMOCTI/DKEHHI  PO3IIIAJAEThCS  aBTOMAaTH30BaHA

cucrema OypiHHS, peami3oBaHa Ha  OCHOBI
CJICKTPOINIPUBOAY. Y TIOPIBHSIHHI 3 TiApaBIidHOIO
YCTaHOBKOIO, Il CHCTEMa HE TUIbKH MOKpAIye
TOYHICTh KEpyBaHHS, ale i 3HAYHO [MiABHIIYE
HAJIAHICTE CHCTEMH, THM CAMHM 3MEHIITYIOUH Yac
Ha TEXHIYHE OOCIYroBYBaHHS Ta BapTiCTh
yCTaHOBKH [9].

VY nocnimxysaniit CAK Ha i1 HWKHBOMY piBHI

BUKOPHCTAaHa CTPYKTypa, IO BKIIOYAE TPHU
KOHTYpPH, SKi 3a0e3MeuyroTh peryIIoBaHHS
[IBUIKOCTI obepTaHHs JoJ0Ta RPM,

HaBaHTa&XEHHA Ha goimotro WOB Ta mapametpi
CHCTEMH OYHMCTKH CBEPIJIOBHHM (TIepII 3a Bce, il
NPOILYKTHBHOCTI).

MogentoBaHHsI Tporecy OypiHHA 3acBimdye
TICHHH 3B'SI30K MK 3a3HaUCHUMHU MTapameTpami. Lle
HiATBEPDKYIOTH HaBeeHi HiK4e piBHsAHHSA (1), (2),
mo BiamosigaroTh Moxeni ['amte Ta Byaca [10],
Mozein Yoppena [11] Ta 6araTo iHITAX TOCIiHKEHB

[12]

ROP =

_ 2 _ 2
WOBK;- ol 1OO/RPMSf)-RPMSfb1+b2RPMSf<1—e( 1°°/RPMsf)>]

G (0.928125-0DZ, +6:0Dp;p+1)" ’
(1)
RPM¢s(WOBg—(WOB 2
ROP — K Sf( OD;f .;2 Sf)t) , (2)
bit

ne by nopisaroe 0,75 abo 0,428 nmnsg M'skux i
TBEPAUX YTBOPEHb BIANOBIIHO; b, nopiBHIOE 0,5
abo 0,2 nmma M'IKHX 1 TBEpAMX YTBOPCHB
BINIOBIHO; p -  Koe(ilieHT 3HOCY 3y0a; k —
KOeiIliEHT, 10 BPaXOBY€E BILTUB HABAHTAKCHHS Ha
nonoto Ha ROP; Cf - koediieHT, 10 BpaxoBye TUIT
J0JI0Ta, TiApaBiiKy, OypOoBHH PO3YHH 1 MILHICTh
wiacta; K - KOHCTaHTa, WO 3alie)KHUTh  BiJl
BJIACTUBOCTEH OypOBOTr'0 OJIOTA Ta aOpa3MBHOCTI
mIacTa, K HacIimoK yMoB OypiHHs; ODyi - iameTp
J0JI0TA.

VY 3aralbHOMY BWIAAKYy, Marodi Ha yBasi
0araTOKOHTYpHY CTPYKTYpY CUCTEMHU
aBromarnyHoro kepysaHHs (CAK), craGinpHuit
OaraTto3minHmii mporiec G 3 n BXOAaMH Ta 7
BHXOJaMH Y BIIKpUTOMY KOHTYpi Ta n-
0araTOKOHTYpPHUMH JliarOHATLHUMHU
KOHTposiepamu G, MOXke OyTH TpPEICTaBJICHUU Yy
Burisimi [13]

Gc(s) = diag[Gey, Gez, - Genl- 3)

3a3zHaucHa 0araTokoHTypHa cucTemMa

3BOPOTHOTO 3B'S3Ky TpEACTaBlicHa OJOK-CXEMOIO
Ha puc. 1.
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Kontponep IIponec
R Gcl 0 U G} 1 Gln Y
A A -
0 Gcn Gnl Gnn
G, G

Puc. 1. brok-cxema 6araTOKOHTYpPHOI CHCTEMHU
KepyBaHH:

KonTponep i-ro nuxiy BUIIISIa€ HACTYITHUM
YUHOM

Ui =G (Y; — Ry). 4)

Y piBasHHI (4) BXOaW, BUXOIW Ta 3amaHi
3HAYCHHSI KEPOBaHMX 3MIHHHX TPEJCTABICHI SIK
U=U,Uy..,U0), Y=MY,, .., Y,) 1a R=
(R1, Ry, ..., Ry) BiAmoBizHO.

IIlo6 imiTyBaTH CTPYKTYpPY KEpyBaHHS 3
TphOMa KOHTYPaMHU IJIsl PETYJIIOBAaHHS OCHOBHUX
3MIHHUX TIpoliecy OypiHHSA, MOCTIIKEHA MOJIEh
Simulink® /MATLAB®, sxa moka3aHa Ha puc. 2
[14].

VY HaBeneHuil Ha puc. 2 cxeMi BUKOPHCTaHO
HactynHi 6oku: 1,5,6,18,19,20 - 610k Subsystem i3
6i0miorex Simulink / Commonly Used Blocks,
Simulink / Ports & Subsystems; 2,3,4 - 6mox PID
Controller i3 6i0mioreku Simulink / Continuous;
7,12,13,14,21 - 6110k Mux i3 6i6morexn Simulink /

Signal Routing; 8 - 6mok Demux i3 0i0mioTexu
Simulink / Signal Routing; 9,10,11 - 610k Sum i3
6iomiorekun Simulink / Math Operations; 15, 16,17
— 6mok Scope i3 6i6miotekn Simulink / Commonly
Used Blocks, Simulink / Sinks; 22 - 6mox To
Workspace i3 6i01i0Texkn Simulink / Sinks.

I{s Mojens Mae B SIKOCTI BXiTHHMX JaHUX TPH
3MiHHI, o perymototecs I/l KoHTposnepamu
(6mmoxu 2,3,4) 1 1Bi OCHOBHI 3MiHHI 30yPIOBaHHS:
(hi3MKO-MEXaHIYHI  BIACTHBOCTI  TOPOJH, IO
Oyputhcs, Ta cTtad OypoBoro monora. Y Omomi 1
MpeJCTaBIeHa MOJEbL Ipolecy OypiHHSA, OJIOKH
5,6,18,19,20 renepyroTh 30yproBaHHS Ta 3aBagdl y
c(hopMOBaHOMY CHUTHAII.

Ha puc. 3 HaBenmeHO cxeMy MoJzemi OZHOTO 3
koHTypiB I1I/] xepyBannas y mporpami Simulink®
/MATLAB® [15,16]. Mogens  cUMYyIIOE
peryoBaHHS INBUAKOCTI OOEpTaHHS JBHUTYHA
MOCTIHHOTO CTPYMY IIPH HasiBHOCTI 30ypIOBaHHSI,
[I0 BIUIMBAE HA KPYTHHH MOMCHT, 3a HASBHICTIO
3aBaj] Y BUMIPIOBAHOMY CHT'HAJI.

Y HaBenmeHHWH Ha pHUC. 3 CXEMi BUKOPHCTAHO
HacTymHi 0oku: 1 - 610k Discrete PID Controller i3
6i6miotekn Simulink / Discrete; 2,3.4 - 010k
Subsystem i3 6i6mioTex Simulink / Commonly Used
Blocks, Simulink / Ports & Subsystems; 5 - 6110k
Zero-Order Hold i3 610miotexku Simulink / Discrete;
6 - Omox Sum i3 GiOmiorekn Simulink / Math
Operations; 7 - 610k Mux i3 6i0mioTexu Simulink /
Signal Routing; 8 — 6mokx Scope i3 0i0moTeKH
Simulink / Commonly Used Blocks, Simulink /
Sinks.

4 11 20
PID (D)
b 1
3
PID ) LA
A
2
PID 18 1
7
1
1 1>
6
;
: 12 |
i
5 22 15
1
: To Workspace

Puc. 2. Mogens Simulink nenenrtpanizosanoro I11/] kepyBaHHs nporiecoM OypiHHS CBEpAJIOBUH
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Puc. 3. Cxema mozeni 3amkHeHoi cuctemu [11]] kepyBanHs

brmok 1 (Subsystem) peamizye TuUCKpeTHUt
[I]I-xkonTponep. Buxin 610Ky € 3BasK€HOIO0 CYMOIO
BXIIHOTO CHUTHAITy, iHTeTpajia BXiTHOTO CHUTHay Ta
MTOX1THOT BX1JHOTO CUTHAITY

N

1
W(Z) :P+I'TS;+D—1+N-TL
Sz-1

; )

ne P,I,D,N — xoedillieHTH MPOMOPIIHHOI,
iHTerpanbHoi, IudepeHuianbHOl CKIaJOBUX Ta
¢inpTpawii BiAMOBiIHO.

BaroBumm koedirieHTaMH € TIPOTOPITIHHI,
iHTerpanbHi Ta MOXiAHI MapaMeTpH IOCHUICHHS.
[Momtoc nmepioro nopsAAKy QineTpye NOXigHY AifO.

biok 2 (Subsystem) MiCTHTh MO ABUTYHA
moctiHoro cTpymy (puc. 4), 6ok 3 (Subsystem)
TCHEPYI0 CHUTHAJI YCTaBKH (3alaHa IIBUAKICTB) y
CAK, a 6510k 4 — 30ypeHHs (BUXIJl a - BIUTHB Yepe3
MIPUKIAACHUN KPyTHHH MOMEHT, BUXid b — 3aBaam y
BHUMIPIOBAHOMY CUTHAII).

Hanpyra

HIBuaKicTh

x=Ax+ Bu
y=Cx+Du

ae

Kpytauii
MOMEHT

Puc. 4. Monenp NBUTYHA MTOCTIHHOTO CTPYyMY
y Omoti Subsystem

Bnok Zero-Order Hold 306epirae cBoi BXimHi
JaHl TPOTATOM YKa3aHOTO Tiepioxy BHUOIpKH. Y
HaBeICHOMY TIPHUKJIaAl el OJI0K BUKOHYE (DYHKITIT
MIEPETBOPECHHS aHAJIOTOBOTO CUTHAILY Y JUCKPETHY

hopmy.
Hns  wanmamryBanna  IIIJI  koHTposiepa
BUKOpHCTaHO  1HCTpyMmeHTapii  Identification

Toolbox MATLAB. Y HaBeneHOMy NpHUKIIafi Ticis

HaJalITYBaHHS  OTPUMAHO  Taki  3HAYEHHS:
P=1535,1=39.74, D=-0.713, N=4.54.

Ha puc. 5 nHaBemeHo rpadiku mnepexigHux
MIPOIIECIB Y 3aMKHYTIH CHCTEMI PETYIIOBAHHS.

Sk BumHO 3 pe3ynbrariB MoAemoBanus T11]] -
KOHTPOJICP HEMOTaHO CHPABISIEThCSA 13 3aJa4Yeto
ctalimizanii ~ peryyiboBaHOi  BEIMYMHH  TIPH
HasBHOCTI 30ypeHb 1 3aBaJl y BHMIPIOBAHOMY
curHani. L{e no3Bomnsie posrmsaatu 3amkaeny CAK
Ha ocHoBi [11]] koHTpoIepa y SIKOCTi CTPYKTYPHOTO
eJeMeHTa Ha 0a30BOMY PiBHI KepyBaHHSI OYpPOBOIO
YCTaHOBKOIO.

Pazom ¢ TiM, crtig BigMITHTH, IO pE3yIbTATH
MOJICITIOBAHHS YiTKO IMOKa3yIOTh CHIILHUN 3B'SI30K Y
i CUCTEMI MK 3MIHHHAMH, IO PETYIIOIOThCA. Lle
CBITYHTHh TPO TE, IO JUIS I[bOT0 TPUKIATY
napametpu I1I/] - KOHTposIepiB HE CIIifi BU3HAYATH
He3aJexHo. [[7s HaBeAeHOi CTPYKTYpH KEpyBaHHS

3 TphoMa  JeneHTpamizoBanumu  IIIJ[ -
KOHTPOJICPAMH CJIiJ{ 3aCTOCOBYBaTH MPOLEAYPY
0araTOKOHTYpPHOTO HaJIaIlTyBaHHS i3

3aCTOCYBaHHSM BIATOBITHUX MeTOIB [17].
Binemricte  metomiB  HamamryBaHHs  [T1]]-
perynaropiB  y ©OaratokoHtypaux CAK [2,3],
JIOCTYITHUX Ha JJAHUH MOMEHT, CXO0K1 THUM, 1110 BOHU
BUKOPHCTOBYIOTh MPAaBWJIa HAJAINTYBaHHS OIHOTO
KOHTYPY JUIS OTPUMAaHHsS TIIOYaTKOBUX 3HAYCHb
OM0  OKpPEeMHUX  KOHTpOJEpiB, a  IOTIM
PO3JIAMITOBYIOTh OKPEMi KOHTYPH ISl 30€peKCHHS
cTabuTpHOCTI BCi€l cuctemMu. B ymoBax peaabHOTro
BHPOOHHYOTO TIPOIECY TaKH IMiAXiJ Ha 3aBXKIU

JI03BOJISIE  JIOCATHYTH  OakaHMX  IOKa3HHKIB
NPOIYKTUBHOCTI Ta HAAIHHOCTI KEpYBaHHS.

Hdns  BupilleHHS  TOCTaBIeHOI  3ajadyi
BUKOPUCTAHUW  MeToj;  HanmamtyBaHHs — [IIJ]

KOHTposepiB y Oaratokontypuux CAK, sxwuii
y3arajpHIOE ~ METOOWKY  HalallTyBaHHS i3
BHKOpHUCTaHHSAM BHyTpimHb0i Mozaen (IMC) [18]
Ha 0araToKOHTYpHI CTpyKTypH [19].



BICHUK CXIOHOYKPAIHCBKOIO HALIOHANBHOIO YHIBEPCUTETY imeni Bonoaumupa Jans Ne 5 (291) 2025 49

L2V 'ﬁ[\.w | | | 7
ol 1 2 33 lI,ZSMo 3 —
| [115M ]
12 I Mo [ SO 7 Y
I
0 2' 411 g §I§ 10

Yac, ¢

Puc. 5. I'padiku mepexigHux MpoIeciB y 3aMKHEHUH CHCTEMI PETYIIIOBAaHHS
(Vo — mBuakicTs obeptanus gonora RPM; My — npukianeHnit KpyTHAHR MOMEHT)

Posmmputn crpykrypy IMC nmns cucremn
SISO mo 6araTokOHTYpHOI CTPYKTYPH MOKIIHBO
3aCTOCYBAaHHAM MATpHIIl MepeaaBaabHOI (PYHKIIIT,
sKa BKIIOYA€ JIUINE JiaroHaibHI eneMeHTH G(s)
[18,20]

G(S) = diag[Gll, Gzz, ...,Gnn]. (6)
BaraTokoHTYpHI KOHTPOJIEPH B KIIACUYHIN
CTPYKTYpi 3BOPOTHOTO 3B'S3KY TOJli OYIyTh
BHU3HAYEHI SIK
~. \1-1
Ge(s) =[1=-Q)G()] Q). ()

ne (Q - miaroHambHAa MATPUIlI, MO0 TPEICTaBIISE

koHTposep IMC.

Hus HaJaITyBaHHS OaraTokaHaITbHUX
KOHTPOJIEPIB, 3aCTOCOBYETHCS  KPHUTEpIH, IO
0a3yeThCsl  HAa  YACTOTHIM  XapaKTEPHCTHIN
3aMKHYTOTO KOHTYpPY, $Ka OTPUMYETHCSI B
pe3ysbTaTi  pO3paxyHKY BHUXIJTHOTO  CUTHAY

CHUCTEMH Y BIMIOBIIb HA CHHYCOITanpHIH BXifg [19].
VY cucremax MIMO nepenaBaibHa (QYHKIS
3aMKHYTOT'O KOHTYpPY MOXe OYyTH MpeJcTaBiIeHa IK
H(s) = G(S)G(SI + G()G()]™H. (8)
[NepenaBanbpHa QyHKITIS 3aMKHYTOTO KOHTYPY

MOXe OyTH BUpa)KeHa HACTYITHOK MaTPHIHOIO
(dhopmoro

H11 Hin
H(s) =| : ©
Hnl HIlIl
abo
H = {Hij}, i=1...nj=1,...,n, (10

ne H;j - peaxiiis 3aMKHYTOTO i-TO KOHTYpY Ha 3MiHy
3a/1aHOTO 3HAYEHHS B j-My KOHTYDI.

YacToTHY  XapakKTePUCTHKY  3aMKHYTOTO
KOHTYPY MOJKHa 3HAWTH, BCTAHOBHBIIH S = jm y
piBHsAHHI (8), 1 ii MOYKHA IIPEACTaBUTH Yepe3 w Ta A
HACTyImHUM 4YuHOM [19,20]

H(jw,2) = G(w)G.(w,)[1 +
GGw)G(w,D)]7L.

Benuuuna YacTOTHO1 XapaKTePUCTUKU
BU3HAYAETHCS K  aMIUNTyIHUH  KoedimieHT
3aMKHYTOro KOHTYpy AR, a Horo MakcuManibHa
BEJIMYMHA B JIialla30Hi YaCTOT BU3HAYAETHCS SIK Mp.

KpuBa AR niaroHaabHUX €JIEMEHTIB ITOBUHHA
JIOPIBHIOBATH OJUHUII HA IKOMOTA BHUIIIIM 9acTOTI,
mo6 3a0e3meynTd BIICYTHICTH 3MIIIEHHS Ta
HIBHJKE HAOJIMKEHHS JIO HOBOTO CTaIliOHAPHOTO
CTaHy, TOMI SK KpHBa HEMIarOHAIBHHUX CIIEMCHTIB
MIOBUHHA OYTH SIKOMOTa MEHIIIO0 [21].

[Mapamerp Mp TicHO mTOB'SIBaHMH  3i
CTAOUTHHICTIO Ta MPOXYKTUBHICTIO 3aMKHYTOL
CHCTEMH, 1 BIJIMTOBITHY PEAKI[il0 B 9acOBii 001acTi
MOJKHA BHUBECTH 3 WOT0 3HadueHHA. OTke 3a7aduero
MIPONEAYPH HANAIITYBaHHS € BU3HAUCHHS Habopy
A, 10 POOHMTH PEAKI[I0 3aMKHYTOI CHCTEMH
JIOCTaTHHO HIBHJIKOIO Ta CTAa0IIBHOIO. 3a3HAuYCHOI
METH B 4YacoBi 001acTi MOKHAa JOCSITH,
pO3B'S3aBIIM  HACTYIHY 3aJady ONTHUMI3amii B
YacTOTHIH o0macti [19]

)

min[¥; % Mpij + X Mpy] , (12)

Mp;j = Mpiow »
ne Mp;j = max,,H;;; Mp;; - dynxuis A; Mpow -

HIDKHS Mexa JiaroHami Mp; w - BaroBuwi
koedilieHT uig aiaroxani Mp.
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OCKUIBKM 3ajaya ONTHMI3alil CKJIaJacThCs
JUIIE 3 OJHOTO BEKTOpa 3MIHHHX, MOJKHA JIETKO
3HAWTH omnTUMallbHEe 3HAa4YeHHS A JUIa MiHiMizarii
B3a€MOJII Ta epeperyItoBaHHs B IUKJIaX, HOKH BCi
Mp;; BinnoBinar0Th OOMEKEHHAM.

Pesynpratu nanamrysanns [11/] kontponepis
tpuxkoHTypHOi CAK (pmc. 2) mpouecom OypiHHs
CBEp/UIOBUH 13 3aCTOCYBaHHAM  HaBEACHOTO
QITOPUTMY TIOKazaHO Ha puc. 6,7. Bimnosigni
pPO3paxyHKH  BHKOHYBINCh Yy  CEpEAOBHILI
MATLAB®. Ha puc. 6 maBeaeHa peaxitiss I11]]
kouTposepiB CAK Ha cTpubkonoziOHe 30ypeHHs i3
3aCTOCYBaHHSM  NOLIMPEHOTO  TPaAULiIHOTO
METOAYy  HaJalITyBaHHS 3a HAHOUTBIITNM
norapudmiuaum moxayiaem (BLT) [3].
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Puc. 6. Peakuis I11/] kontposepiB TpukonTypHOi CAK
Ha CTpHOKOIOi0He 30ypeHHS 13 3aCTOCYBaHHIM
TPaIUIIfHOTO METOIy HanmamTyBanHs BLT

Bignosimao mo meromy BLT mamamTyBaHHS
Huneraepa-Hikonca (Zielgler-Nichols)
BHKOPHCTOBYETHCS IS MOYATKOBUX HAIAIITYBaHb
OKpEeMHUX  KOHTPOJIEPIB, TIOTIM  KOHTPOJEPH
PO3NAIITOBYIOTHCS TaKUM YHUHOM, 06
3aJJOBOJILHUTU KPUTEPid JTOrapuQMigHOTO MOIYJIS.

Ha puc. 7 maBenena peaxitist I11J] koHTpOmepiB
tpukoHTypHOi CAK Ha cTpubkomnoaione 30ypeHHs
13 3aCTOCYBaHHSM JOCIIHKCHOTO anroputmy [19].

Hwxus mexa miaronami Mp oOpaHa piBHOIO
1,3. Minimi3ariis 1iib0Boi PpyHKIIIT, 1110 BiAMOBITaE
piBasaHIO  (12), pOOWTH peakwiro CHUCTEMHU
CcTaOUTbHOIO, a oOpaHi OOMEXKEHHsS CIPHSIIOTH
JOCTaTHIH 1i IIBUAKOCTI.

TakuMm dYHMHOM, PE3yJIbTaTH MOJIEIIOBAHHSI
MOKa3yloTh, IO  3alpONOHOBAaHUHA  METOX
TepeBepIrye  TPAmuIlifHI METOAW, Taki fK,
Harnpukiaaa, meron HamamryBaHHsI BLT [3] sk 3a
mapamMeTpoM 4acy TMEpexiHuX TpOLEciB Yy
3aMKHYTHX KOHTYypax, TaK 1 3a BEIWYHHOIO
MepeperyToBaHHs.
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Puc. 7. Peaxuis I11/] koHTpOJIEpiB TPHKOHTYPHOT
CAK Ha ctpubkononioHe 30ypeHHS i3 3aCTOCYBaHHAM
JOCJIIIKEHOTO YaCTOTHOTO METOy HaJaIlTyBaHHS

BucHoBku. Y nocmimpkyBaHild iepapXiuHii
CHCTEMi aBTOMAaTH30BAaHOTO KEpyBaHHS IPOLECOM
OypiHHS CBEp/UIOBHH Ha ii HIDKHBOMY piBHI
BUKOpPHUCTaHa CTPYKTYpa, 10 BKIIOYAE TPH KOHTYPH
Ha ocHoBi IIIJl koHTponepiB, sKki 3abe3neuyroTh
pEryIIIOBaHH MBUAKOCTI 00epTaHHs q0i10Ta RPM,
HaBaHTa&XEHHA Ha goimotro WOB Ta mapametpi
CHUCTEMH OYMCTKH CBEPUIOBHHH (IleplI 3a Bce, il

MPOTyKTUBHOCTI ). MopemtoBaHHS porecy
OypiHHS  3acBiTdye€  TICHUH  3B'SI30K  MiX
3a3HAUYCHUMH  IapaMeTpaMu, 10  TOTpedye

BIJIMIOBIAHOTO HAJALITYBaHHS KOXXHOTO KOHTYpY
KepYBaHHS.

BinpmiicTe BiIOMHX METOZIB HaJIAIITYBaHHS
OaratoxkonTypHux [IIJ[-KOHTpONEpiB CXOXKi THM,
110 BOHH BUKOPUCTOBYIOTh IIPaBUIIa HANAIITYBAHHS
OJTHOTO KOHTYPY JJIsI OTPUMaHHS IOYaTKOBUX
3HAa4eHb JJS OKPEMHUX KOHTpOJIEpiB, a MOTIM
PO3MAIITOBYIOTh OKPEMi KOHTYPH LIS 30€peKeHHs
crabutpbHOCTI  Beiei  cuctemu.  [IpomucioBa
NpakTUKa YacTo TMOoJisira€ B TOCHIiZOBHOMY
3aMUKaHHI OUKITY 3 TOAaJbIINM €BPUCTHYHHAM Ta
KOHCEPBATUBHUM  POAIITYBaHHSIM, IO €
CKJIATHUM 1 TPYJOMICTKHM TIpoiiecoM. B yMoBax
PeaNbHOTO BUPOOHUYOTO MPOLIECY TAKUU MiIXi] Ha
3aBXKAM JO3BOJISE JOCSITHYTH OaKaHUX MOKa3HUKIB
MIPOTYKTUBHOCTI Ta HAIIMHOCTI KepyBaHHS.

JocnimkeHo aQNrOpUTM  HaJAIUTYBaHHSA
Oaratokontypuux CAK wa  ocumoBi  IIIJ
KOHTPOJIEPIB, IO peani3y€e y3araabHEHUH METOJ i3
BHYTpimHb010 Mozpemio IMC. 3actocoByeThes
KPHUTEpiid, 110 6a3yeThCsl Ha BU3HAYCHH] MapaMeTpiB
YacTOTHOI XapaKTEPUCTHKH 3aMKHYTOI'O KOHTYPY
U1t JOCSTHEHHS OakaHUX IIOKA3HHUKIB
NOPOXYKTHBHOCTI Ta  HAaXiHHOCTI  KepyBaHHS.
YacToTHa XapaKTEpPHCTHKA 3aMKHYTOTO KOHTYPY
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CAK, oTpumyeTbcs B pe3yinbTaTi pPO3PaxyHKY
BHUXITHOTO CHTHAJly CHCTEMH Y BIATIOBiNb Ha
CHUHYCOiTaTbHUHN BXij.

OTpumaHi pe3yJbTaTH CBiAYaTh MpO Te, IO
HajmamrTyBanHs TpukoHTypHoi CAK mporecom
OypiHHA cBepyI0BHH Ha 0cHOBI [T /[-perynsaropis i3
3aCTOCYBaHHSIM JOCIiPKEHOTO METOmYy
JO3BOJIIIOTE  MaKCUMalbHO TOYHO JOCSTHYTH
OaKaHMX  TIOKA3HWKIB  TPOXYKTUBHOCTI  Ta
HajAiiHOCTI KepyBaHHs. JlOCipKEHHI METOI MOXKe
OyTH BHKOPHCTaHMH [O IUHAMIYHHAX MOZEJeH
Oyab-sKoro mopsAaky. IIpu ipoMy XapakTepuCTHKH
3BOPOTHOI PeaKiIlii 3aMKHYTOTO KOHTYPY KepyBaHHS
3ajaroThesl 3a3ganeriab. KpiM Toro, B pe3ynbraTi
BHKOHAHHS BiJIITOBITHOTO aJITOPUTMY OTPUMYETHCS
indpopMallis  mpo  3amacd  CTIMKOCTI  Ta
XapakTepucTuku ayTiuBocti CAP.
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Morkun V.S., Morkun N.V., Bobrov E.Y.,
Hryshchenko Y.O. Modeling of a multi-circuit system
for automated control of the well drilling process
based on subcontrollers

Decentralized automated control systems (ACS)
based on proportional-integral-differential  (PID)
controllers remain the most common solution for
controlling industrial processes with multiple inputs and
outputs (MIMO). This is due to their flexibility,
simplicity, and inherent fault tolerance compared to
centralized control structures. Even when more
sophisticated strategies, such as model predictive control
(MPC), are applied, PID controllers are usually used at
lower control levels of the respective systems. The paper
considers an automated control system for the well
drilling process implemented on the basis of an electric
drive. In the studied hierarchical ACS, a structure is used
at its lower level that includes three circuits based on
proportional-integral-differential (PID) controllers that
provide control of the bit rotation speed RPM, the bit
load WOB, and the parameters of the well cleaning
system (primarily its performance). Drilling process
modeling shows a close relationship between these
parameters, which requires appropriate adjustment of
each control loop. The optimal tuning of decentralized
PID controllers in multi-loop ACS remains a difficult and
complex task. Most of the known methods of tuning multi-
loop PID controllers are similar in that they use the
tuning rules of one loop to obtain initial values for
individual controllers, and then detune the individual
loops to maintain the stability of the entire system. In the
conditions of a real production process, this approach
does not always allow achieving the desired performance
and control reliability. An algorithm for tuning
multicircuit SACs based on PID controllers, which

implements the generalized internal model method
(IMC), is investigated. A criterion based on determining
the parameters of the closed-loop frequency response is
used to achieve the desired performance and control
reliability. The frequency response of the closed-loop
ACS is obtained by calculating the system output signal
in response to a sinusoidal input. The results obtained
indicate that the tuning of a three-circuit ACS based on
PID controllers using the investigated method allows
achieving the most accurate compliance with the desired
performance and control reliability. The investigated
method can be applied to dynamic models of any order.
In this case, the feedback characteristics of the closed-
loop control are set in advance. In addition, as a result
of the corresponding algorithm, information is provided
on the stability margins and sensitivity characteristics of
the ACS.

Keywords: drilling, modeling, automated control,
multi-loop system, controller.
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BIIJIMB TIAPAMETPA SPREAD PAJITAJIbHO-BA3ICHUX MEPEX
HA AITPOKCUMAIIIIO OCHOBHUX KAHAJIIB KEPYBAHHSI PEAKTOPY
CHHTE3Y OIITOBOI KUCJIOTH

IMopkysin O.B., CamoiisioBa 7K.I'.

INFLUENCE OF THE SPREAD PARAMETER OF RADIAL-BASE NETWORKS
ON THE APPROXIMATION OF THE MAIN CONTROL CHANNELS
OF AN ACETIC ACID SYNTHESIS REACTOR

Porkuian O.V., Samojlova Zh.G.

OcHo8y XiMiuHOI NPOMUCIO80CMI CHMAHOBNAMb XIMIUHI

peakmopu. YV HUHIWHbOMY KOHKYPEHMHOMY CyeHapii

nepuioyepeoge  3HAYeHHA MAE€ NIOMPUMKA — PI3HUX
pobouux 3MIHHUX ma B6IONO0GIOHICMb cneyu@ikayiam
npooykmy. besnepepsuuii peakmop 3 miwanxoio (CSTR)
WUPOKO  BUKOPUCTNOBYEMBCA 6 0A2AMbOX XiMIUHUX,
dapmayesmuynux ma Hagmosux 2any3ax
NPOMUCIOB0CMI, A  MAKONC 6  2aly3i  OXOPOHU
HABKOIUWHBO20 CepedosUulyd ma Kepyeanus 8i0Xo0amu.
Mooeni HeliponHUX Mepedc NPONOHYIOMb HAUOLIbUW
VHIQIKOGaHUU ~ niOXi0 00  nobyoosu  cnpagoi
IHMeNeKMYANbHUX CUCTEM, SIKI MOJICYMb 3a0e3nequmu
onmumanbHe Kepy8auwHa O bazamvox cucmem. 3a
ocmanne oecamupivuys wmyuni netiponni mepesici (IHC)
Habyu 3HAYEHHA AK YHIBePCANbHI CIPYKMYPU, KeposaHi
Oanumu, 015 MOOEN0BAHHS HENHIUHUX CMAYIOHAPHUX
CMaMie, a maKoic OUHAMIYHUX NPOYeCis.

s nobyoosu ma  OOCHONCEHH — 6AACMUBOCHEN
HeUPOHHOI MepedCi BUKOPUCIIOBYBATUC CIMAMUCTIUYHT
O0aHi peaxkmopa cuHmesy OYmogoi Kuciomu, sKutl
npayioe 'y cmayioHapHomy pestcumi. [Jisi Mooemosanis
BUKOPUCMOBYBANOCS cepedosuue npoepamHozo
cumynsmopa MATLAB 2021b.

Memoro 0arnoi pobomu Oyno no6yooea i 00CrioNHceHHs
sracmusocmeti padiaibHO — 6A3iCHUX HEUPOHHUX MePextC
RBF i GRNN, 3a ocHo8HuMu KaHaiamu KepyeaHHs
PEeaxkmopom cummesy OYymoeoi KUciomu, AKUU €
2a30piOUHHUM Dpeaxkmopom 3 be3nepepgHuUM

nepemiwyganuam.  Jlocnioxceny — mepexicy  MON*CHA
3aNpONOHY8aAMU  BUKOPUCNOBYBAMU Ol Kepy8aHHs
peaxkmopom.

Y pobomi 6yno oocridscerno eniue napamempa SPREAD
Ha cmpyKmypy paoiaibHoi 6a3ucHoi mepesici ma aKicmo
anpokcumayii. /[nsa Mooenosants padiaibHo — OA3UCHUX
mepexc RBF i GRNN 0ns kepysanHs peaxmopom
cunmesy oymogol KUCIOMU N0 KONCHOMY KAHALY

KepyBaHHs 6UKOPUCMOBYBANACA imepayitina npoyeoypa
dopmysanns mepedxic. I KitbKicHOI OYiHKU AKOCMI
anpoxcumayii GUXIOHUX napamempie 0Y10 GUKOPUCMAHO
sionocny noxubky. Ilapamemp ennusy SPREAD oas
padianvno — 6asuchoi mepeoci RBF 6yro eusnaueno
pisnum 0,01, 0,1, 0,7, 2,0, 5,0, 10,0, 20,0, 50,0, 100,0.
s padianvno — 6aszucnoi mepexci GRNN 0Oyno
npuiHaAmo 3HauenHs napamempa enauey SPREAD 0,7,
2,5,10,20,50,100. Mooentosanus padianrbHo — 6a3UCHUX
mepesc RBF i GRNN ons kepyeanHs peaxmopom
CUHmMe3y OoYymogoi KUCIOMU NO KOICHOMY KAHALY
Kepysanhs 3a 00nomoz0to  imepayiinoi npoyeoypu
dopmysanns mepewc 6 MATLAB 2021b noxazano
3A008iNbHY AKICMb ANPOKCUMAYTT BUXTOHUX OAHUX.
Takooic MmooicHa xazamu, wo paodiairbHo — OA3UCHI
mepesici RBF i GRNN mooicha suxopucmogygamu 0iist
NOMINWEHHs KepyB8aHHs pPeakmopom CUuHmesy Oymoeoi
KUCTIOMU 30 8CIMA OCHOBHUMU KAHANAMU KePYBAHHSL.
Knrouosi cnosa: PpaodianvHo-0asicHa  HeUpOHHA
Mepeoica, peakmop , anpoKCUMayis, napamemp enaugy

OCHOBY XIMIYHOI TTPOMHCIIOBOCTI CTAHOBJISATH
ximiuni  peakrtopu [1,2]. YV  HUHIDIHbOMY
KOHKYPEHTHOMY CLIeHapii MepioYeproBe 3HaueHHs
Ma€ MATPUMKA Pi3HUX pOOOYNX BMIHHHX Ta
BIMTOBIHICTE cHenudikamisiM npoaykry [3,4].
Besmepepuuii  peaktop 3 Mimankowo (CSTR)
IITUPOKO BUKOPHUCTOBYETHCS B 0araThoX XiMiUHUX,
(dapManeBTHYHUX ~ Ta  HaQTOBMX  Tamys3sx
NPOMHCIIOBOCTI, @ TaKoXX B Taly3i OXOPOHH
HABKOJIMIIHLOIO  CEpPENOBHIIA Ta KEpPyBaHHS
Bimxomamu [5,6,7,8,9,10]. Mogemni HEHPOHHUX
MepeX TPOMOHYIOTh HaWOUIBII  yHI(QiKOBaHUHA
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MiaXi 10 MOOYIOBU CIPaBIi IHTEICKTyalbHHX
CHUCTEM, SKI MOXYTb 3a0e3MEYUTH ONTHMAaIbHE
KepyBaHHA I Oaratbox cucteM [11]. 3a ocranue
necaTWIiTT 1uTy4yHi HedponHi mepexi (IHC)
HaOy/nmd 3HAYCHHA SIK YHIBEpCATbHI CTPYKTYpH,
KEepOBaHI JaHWMH, IS MOICITIOBAHHS HEIHIMHUX
CTalllOHAPHUX CTaHIB, a TaKOX JHHAMIYHHUX
mporieciB [12,13]. YV  mii  poboti  Oyio
3alpoNOHOBAaHO  BHUKOPHCTOBYBAaTH  pafialibHO-
0a3ucHi HEHpOHHI Mepeki [Uid  BHUpIMICHHS
npobaeMu KepyBaHHS PEaKTOPOM CHHTE3Y OLITOBOT
KHCIIOTH, SKHH € Ta30piAMHHUM pEeakTOpoM 3
Oe3IepepBHUM IEPEMIITyBAHHSM.

Jyis moOyTOBU Ta JOCHIIKEHHSI BIIACTUBOCTEH
HEUPOHHOI MepexKi BUKOPUCTOBYBAJIUCS
CTATUCTUYHI JIaHI peakTopa CHHTE3y OITOBOL
KHCIIOTH, SIKUH TIPAIIOe y CTAI[ilOHAPHOMY PEXKHMI.
Hust MOJICTFOBaHHS BUKOPUCTOBYBAJIOCS
cepeioBulle nporpamHoro cumynisitopa MATLAB
2021b. s mnporpama peKOMEHOOBaHA  JJIs
MOJICJIIOBAHHSI PI3HUX HEHPOHHHUX MEPEXK i3 Pi3HOIO
KUTBKICTIO HEHPOHIB.

CTpyKTypHO-JIOTidHA CXeMa peakTopa CHHTE3Y
OLTOBOI KMCIIOTH Oyna nociimkena B poOori [14] i
MOKa3aHa Ha PUCYHKY 1.

Tu| Ted P | Ped For] Ter] Fe | Fp| Fag) Fro e {0 110
@@ || oo de L@ fan] @yl ol @23

Fu(xn)

Qo)

Fcowe)

FIF

Puc. 1. CTpykTypHa cxema peakTopy

BuxigauMmu KoopAMHATaMH PEaKTOPy CHHTE3Y
SIK 00’ €KTY KepyBaHHS €:
THCK B peakTopi P;
piBeHb B peaktopi L;
TeMIieparypa peakuii cuaresy T;

- KOHIIGHTpaIlisi  ONTOBOi  KHCJIOTH B
peakuiiiHii piauHi Q.

BxigHuMu KoopmHMHATaMHU PEAKTOPY CHHTE3Y
SIK 00’ €KTY KepyBaHHS €:

- BUTpaTa MeTaHody Fy;

- BUTpara okcumy Byriemo Fco.

J10 30yprorounx KOOPAUHAT CJIiJI BIJHECTH:

- Temmeparypy MetaHoimy Ty;

- TeMmImepaTypy OKcumy Byrieio Tco;

- THCK METaHOIy Py;

- THUCK OKCHUAY BYTJeIo Pco;

- BWUTpATy BiAmyBadbHUX ra3iB Fy;

- TeMIepaTypy BiITyBalbHHUX Ta3iB Tpr;

- BUTpATy pPEakIliiHOI PiTUHU HA BUXOII 3
cemnaparopa Fq;

- BUTpaTy peakuiiiHOl piIUHM HA BUXOZi 3
peaxtopa Fp.

- BUTpATy eumpama HOmoKy JNerkoi ¢asu
KOHJICHCATy MICNs JEKaHTaTopa KOJIOHU BiArOHKH
nerkux Gpaxmii Frg,

- BUTpATy GumMpama NOMOKY TSKKOI (azu
KOHJICHCATY MICNs JEKaHTaTOpa KOJIOHU BiArOHKH
nerkux ¢pakuiid Frg;

- TemmepaTrypy Ky0oBoi pimuam Tc Ha BXOmIi
B PEAKTOP 3 cenaparopa;

- memnepamypa HOmMOKy JeTKol  Qa3u
KOHJICHCATy TIC)ISI AeKaHTaTopa KOJIOHH BiITOHKH
nerkux Gpaxmiit Tog;

- memnepamypa NOmMOKY TSKKOI ¢a3u
KOHJICHCATY TIC)ISI AeKaHTaTopa KOJIOHH BiITOHKH
nerkux Gpaxiii Trgp.

Mertorw pmanoi pobotu Oymno moOynoBa i
JIOCITI/DKEHHS BIACTHBOCTEH PajliaibHO — 0a3iCHUX
Heriporanx Mepexk RBF i GRNN, 3a ocHOBHHMH
KaHaJIaMH KE€PyBaHHS PEaKTOPOM CHHTE3y OLTOBOI
KACIoTH. B poboTi  JociimKyBaBcsl  BIUIHMB
napametrpy SPREAD HeiipoHnHOi Mepexi Ha
aIPOKCUMAITI0 BUXITHUX JAHUX PEaKTOpa CHHTE3Y
ouToBOi KUCIOTU. JlOCHIIKEHYy MepeKy MOKHa
3aMpoNOHYBaTH BUKOPUCTOBYBATH ISl KEPyBaHHS
PEaKTOPOM.

Bukiananasa ocHoBHOro marepiamy. Jlns
MOJIEIIIOBAaHHS paialibHO — Oa3ucHux Mepexxk RBF i
GRNN 151 KepyBaHHS pEaKTOPOM CHHTE3Y OIITOBOL
KACIIOTH TI0 KOXXHOMY KaHaly KepyBaHHS
BUKOPUCTOBYBajacsi  iTepamiiiHa  mpouexypa
(hopMyBaHHS MEPEIK.

Jl1s KiTBKICHOT OITIHKH SIKOCTI arpOKCHUMAITii
BUXIiJHHUX [TapaMeTpiB OyJI0 BUKOPUCTAHO BiTHOCHY
MOXHUOKY.

__ Qpumip ~Aueiipmep
Opign =~ &
€ gmvip — BUX1IHI JaHi, OTPHMaHi Ha MiIIPUEMCTBI,
Quciipmep — PE3YJIBTATH MOJIEIIOBAHHS 32 JOIIOMOTI'0O
HelpoMepexi

PagianbHo — 6a3ucHa HeliponHa mepeka RBF,
AKa JI0J]a€ M0 OJHOMY HEHPOHY Ha KOXKHOMY KpOLIi
Oyiga cTBOpeHa 3a momomoror ¢GyHKmii newrb.
Heifiponu noaaroThecs 0 MPUXOBAHOTO APy 0 THX
mip, MOKM CyMma KBaJpaTiB TMOMWIOK HE CTaHe
MEHIIIOIO BiJl 3aJIaHOTO 3HAYCHHA abo He Oyre
BUKOPUCTAHO MaKCUMaJlbHY KIUIBKICTh HEHUPOHIB.
s ¢QyHKOiS BUKIMKAEThCS 32  JTOMIOMOTOIO
KOMaH/IHU:

net = newrb(P, T, GOAL, SPREAD)
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Byno Takox mnoOymoBaHo (yHKUIIOHATIBHY
cxemy HelipoHHOI Mepexi B cuctemi Simulink (puc.
2).

B-mu

p1) Delays 1 palCil \’B_'_’D
., \ |
B -

b{1)

Puc. 2. ®dyHknioHanbpHa cxeMa patialibHO — 6a3uCHOT
HEHpPOHHOT Mepexi, moOynoBanoi B cucteMi Simulink

Bxonmamu ¢yHKIiii newrb € MacHMBH BXinHUX P
1 uinpoBux BektopiB T, i HaBiTh mapamerpun GOAL
(momyctuma  cepeIHBOKBAaApaTHYHA  TMOMMJIKA
Mepexi), SPREAD (mapamerp BIUIUBY), a BUXOJIOM
— omwmc pafgianbHOi 0asucHOi Mepexi. 3HAYCHHS
napamerpa SPREAD wmae Oytu nmoctaTHBO
BEJIMKHM, MO0 TMOKPUTH BECh Jiala3oH 3HAuYeHb
BXOJIiB, aJi¢ HE HACTUIBKH, 00 I1i 3HAUYEHHS OyIn
OJHAKOBO 3HAYYIINMHU.

Byno cdopmoBano HaBUaibHYy MHOXHHY
BXimHuX P Ta BuXimHHUX mapameTpiB T, a Takox
HoBuii BekTop [P1;T1]. HoBuii BekTop popmyeTncst
IUIs IepeBipKy o0y 10BH HEWPOHHOT Mepexi. byno
TaKO)X  BCTAHOBJECHO  JOMYCTUME  3HAYCHHA

¢yHkuioHany mnomuiaku, mo gopiBHioe  0,02.
ITapamerp BmumBy SPREAD 1 pamianpHO —
b6asucuHoi mepexi RBF Oyiio Bu3HaueHO piBHUM
0,01, 0,1, 0,7, 2,0, 5,0, 10,0, 20,0, 50,0, 100,0.
KinpkicTh HEHPOHIB, IO BUKOPHUCTOBYIOTHCS B
MPUXOBAHOMY IIapi B JaHOMY BHUIAIKY TOPIBHIOE
MBaJISITH TPHOM, IO BIAMOBIZAa€ 3HAYCHHIO
¢ynkuionany mnomunku 0,02. Ilpun HeBenwKii
KUTBKOCTI HEHPOHIB MPUXOBAHOTO IIApy pamiaibHO
- 0a3oBa Mepexa IOCUTb J00pe ampoKCHUMY€

HENHIHY  3aleXHiCTh, 3aJaHy HaBYaJIbHOIO
MHOXXHHOIO 3 23  eneMmeHTtiB. PesymbraTn
MOJCITIOBAaHHS  pamiaibHO - 0a30BOi  Mepexi

MpeJICTaBICHI y Tabmuti 1.

B pesynabrari HaBuaHHsA (QyHKIIS newrb
CTBOPIOE padiayibHy 0a30BYy Mepexy Ha MHOXKHHI,
0 HABYAEeThCA. €IMHA yMOBa, SKY TMOTPiIOHO
BUKOHATH, TIOJSITa€ B TOMY, 100 3HAYCHHS
napametpa SPREAD Oyno mocuTs BeawKAM. Y
IbOMY BHIaJIKy aKTHBHI 001acTi 6a30BHX QyHKIIIH
MIEPEKPUBAIOTHCSA Ta IMMOKPHBAIOTh BECh Jiara3oH
BXITHUX 3HaueHb. lle 3abe3meuye HeoOXiTHY
TJIaJKICTh AMPOKCUMYIOUNX KpUBUX Ta
TIEPEIIKOIKA€ BUHUKHEHHIO SIBUINA TICPEHABYAHHS.
Opnnak 3HaueHHs SPREAD He mnoBuHHO OyTH
HaCTITBKA BEJIMKUM, 100 pamiambHa 0a3oBa
(yHKIiT OroyiomnryBana OJHAKOBO 3HAYYIIHMU
3HAYEHHS BXOY.

Tabmums 1

BignocHa moxu0ka anpokcuManii BUXiTHUX MapaMeTPiB ISl KOKHOT0 KepPYH4Y0ro KaHaJry
3a JOMOMOI 010 paAiajibHo-0a3ucHol Mepexi RBF

read 0,01 0,1 0,7 2,0 5,0 10,0 20 50 100
KaHaJl
BHUTpaTa OKCHIY 0,0017 0,0017 | 0,0026 | 0,0020 | 0,0029 | 0,0055 0,0450 61,05 834,41
ByIJICLIIO-TEMIepaTypa
BUTpaTa METaHOIY- 0,0022 0,0022 | 0,0022 | 0,0022 | 0,0017 | 0,0017 | 0,0018 | 0,0054 | 2,8618
TeMIeparypa
BUTpaTa OKCHIY 3.07x01* 3.07x01" | 3.07x01" | 3.07x01" | 3.07x01" | 3.07x01" | 3.07x01" | 3.07x01" | 3.07x01"
BYIJICLIO-THCK ! ! ! ! ! ! ! !
BUTpaTa OKCHIY 0,0057 0,0057 | 0,0149 | 0,0060 | 0,0101 0,0231 0,0697 367,56 | 3597
BYTJICIIO-PiBEHb
BHUTpaTa METaHOILy- 0,0080 0,0080 | 0,0080 | 0,0080 | 0,0057 | 0,0057 | 0,0064 | 0,0180 | 7,667
piBeHb
BUTpaTa OKCHIY 0,0091 0,0091 | 0,0090 | 0,0081 | 0,0081 0,0074 | 0,0099 | 0,0102 | 0,0076
BYIJICLIO-KOHICHTpALIiS
KUCJIOTH
BHUTpaTa METaHOJLy- 0,0090 0,0090 | 0,0090 | 0,0090 | 0,0090 | 0,0090 | 0,0093 0,0091 | 0,0100
KOHIICHTPALIis] KUCIIOTH
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Tabmuns 2
BinnocHa noxu6ka anpokcumanii 3a J0noMorow paaiajibHo-6asucuoi mepe:xki GRNN
read 0,7 2 5 10 20 50 100
KaHall
BUTpATa OKCUZY 0,0027 0,0027 0,0026 0,0024 0,0021 0,0020 0,0020
BYIUIELIO-TEMIIEpATypa
BUTpAaTa METAHOJY- 0,0020 0,0020 0,0020 0,0020 0,0019 0,0020 0,0019
TeMIeparypa
BUTpATa OKCUZY 3.07x01* | 3.07x01* 3.07x01° | 3.07x01* 3.07x01* 3.07x01# 3.07x01*
BYIJIELIO-THCK 4
BHTpATa OKCHIY 0,0085 0,0085 0,0086 | 0,0089 0,0086 0,0085 0,0087
BYTJICIIO-PiBEHb
BUTpPATa METAHOITY- 0,0070 0,0070 0,0070 0,0070 0,0073 0,0082 0,0082
piBeHb
BHTpATa OKCHIY 0,0071 0,0071 0,0071 0,0066 0,0069 0,0075 0,0088
BYTJICIIO-KOHIICHTPAIisl
KHCIIOTH
BUTpaTa METAHOITY- 0,0105 0,0105 0,0105 0,0104 0,0102 0,0091 0,0096
KOHICHTPALIis] KUCIIOTH
Hetipouni  mepexxi GRNN  (Generalized  mis Martpuiii Bar BuOMpaeTrbes MacueB Pl; 3cys

Regression Neural Network) mnpusHaueni mis
BUPIMIEHHS 3aBAaHb y3arajJbHEHOI perpecii, anamsy
YacOBHUX PSAOIB Ta alpoKcUMamii  (QyHKIIH.
XapaKTepHOIO OCOONMBICTIO IIMX MEPEX € ayKe
BHCOKA IIBH/IKICTh HABYAHHSI.

OyHKITIOHATbHA CXeMa pajliadbHO — 6a3ucHOT
HeriponHOi Mepexi GRNN, moOynoBaHoi B cucteMi
Simulink moka3zaHo Ha puUCyHKY 3.

Bona amnamorivHa (QYHKITIOHAJIBHIH —cxemi
pamianpHO — 0a3WCHOI HEWpPOHHOI Mepexi,
moOyoBaHoOi B cucTeEMI Simulink, ane
BIIPI3HAETHCS CTPYKTYPOIO APYTOTO IIIaPy, B SIKOMY
BHKOPHUCTOBYETHCSI OJI0K normprod a1t 00urCIeHHS
HOPMOBAHOTO CKaJSPHOTO JOOYyTKa psaKa MacUBY
Bar Ta BEKTOpa BXOJY.

——>
Delays 1

p{1}

By N
5 -0

b{1)

Puc. 3. dyHknioHanbpHa cxeMa patialibHO — 6a3uCHOT
HeliponHoi Mepexxi GRNN, nobynoBaHoi
B cucteMi Simulink

[epmmii map - ue paxianbHui 0a3ucHU map
3 YHCJIOM HEWPOHIB, PIBHUM 4YHCIy eleMEHTIB Q
HaBYQJIBHOI MHOXHHU. SIK I0YaTKOBE HAOJIMKEHHS

BCTAHOBIIIOETHCSI  PIBHUM ~ BEKTOP-CTOBIIIO 3
exemenTamu: 0,8326/SPREAD.

Jns ctBopenHs HewponHOi Mepexi GRNN
npusHayeHo QyHKuUito newgrnn. B xoxi moOynosu
mepexxnu GRNN  Oyno 3poOieHO HaBYalbHY
MHOXKHHY BEKTOpiB Bxoxy P Ta miment T. Ileprmmit
map y mepeskax GRNN HiunM He Biipi3HS€ThCS Bi
TIEPIIOTO TIAPY B paialIbHUX MEpekKax.

IlpuitmeMo 3HaueHHS NapamMeTpa BIUIMBY
SPREAD 0,7, 2,5,10,20,50,100 (Ta6:m.2).

Cdopmoana meperxka GRNN BukopuctoBye
23 HelipoHa y IPUXOBAHOMY Iapi i Ty>Ke YCITIIIHO
BHPIIIIY€ 3a/1a4y alpoOKCUMAITii.

Skio rapamMerp BILIUBY SPREAD
BcraHoBNeHO piBHEUM 0,01, To me o3Hauae, MO
Jliarma3oH MEPEKPUTTS BXITHUX 3HAYCHb CTAHOBUTH
aumie  +0,01. AHAIOTIYHO MOKHA BH3HAYHMTH
Jliana30H MEePEKPUTTS BXiTHUX 3HAYCHB JUIS 1HIIIX
3HadeHp napameTpy SPREAD. B nmpomy BUDaaxky
HEe  3a0e3lmeuyyeThcs  HEOOXiMHOI  TIAAKOCTI
anpOKCUMOBaHO1 (DyHKII].

Skmo napametp BBy SPREAD Mmanwmid, To
pamianpHa 0azoBa (YHKINS XapaKTePU3YETHCS
PI3KUM CIaJoM 1 Jdiana3oH BXIJHUX 3HA4YCHb, Ha
SIKUH  pearyloTh HEWPOHU TIPUXOBAHOTO IIapy,
BUSBISIETBCS  JIy’)K€ MajiuM. 31 30UIbIICHHAM
napametpa SPREAD mHaxwn pamiambHOi 6a3ucHOL
¢yHKUii cTae rIaaKimuM, i B [bOMY BUIAIKy BXKE
KUTbKa HEHpPOHIB pearyioTh Ha 3HAYCHHS BEKTOpPA
Bxoy. Toji Ha BUXOi Mepeki GOpMY€ETHCS BEKTOP,
IO BIJAMOBia€ CEPEIHBROMY KUTBKOX IIUTHOBUX
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BEKTOPIB,  BiJIOBIMHWUX  BXiIHUM  BEKTOpam
HaBYaJIbHOI MHOXXHMHH, OJM3BKUX 10 BEKTOpa
BXOIY.

Yum Ginpire 3HauenHs napamerpa SPREAD,
THM OliIbIIE HEUPOHIB Oepe ydJacTs y popmMyBaHHI
CEPEeIHBOTO 3HAYCHHS, 1 B pe3ybTaTi QYHKIIiSA, MO0
TCHEPYETHCSI MEPEKEI0, CTA€ OLIBII IITAIKOIO.

SAxmo rapamerp BILIABY SPREAD
BUOMPAETBCS JIOCUTHh BEIUKAM, TO Y I[bOMY
BUMNAJKY BCi QPyHKIIT aKTHBaLii MepeKpUBaIOTHCS 1
KO)KeH 0a30BUIl HEMPOH BUAA€ 3HAUYCHHS OJHM3bKe
1o 1 ms Beix 3HA4YeHb BXOMIB. lle mMpu3BoauThH 10O
TOTO, IO Mepeka HE pearye Ha BXiJHI 3HAYCHH.
OyHkiss newrb HamaraTUMeTbcs — OyIyBaTH
MEpexy, ajie He 3MOXKe 3a0e3MeunuTH HeOoOX1THOT
TOYHOCTI Yepe3 OOYMCIIOBaIbHI mpoOiemu. Y
mporieci  OOYHCICHh BUHUKAKOTH TPYIHONI  3i
3BEpHEHHSIM  MaTpulb, 1 1€  BUAAIOTHCS
MONIEPEDKEHHSA, a  TOYHICTh  alpOKCHMAIIii
BUSIBIISIETHCSI HEPUITYCTUMO HU3BKOIO.

Skmo posrmsgaTH  SAKICTh - allpOKCHMAITii
BUXIHMX  3HA4Y€Hb  pajiaibHO-  0a3UCHOIO
HEHPOHHOIO0 MEPEXKEIO0 IS KaHAJIIB BUTPATa OKCUIY

BYIJICIIO-THCK,  BHUTpaTa  OKCHAY  BYIJICIO-
KOHIICHTpAIlis  KHUCIIOTHU, BHTpaTa METaHOIY-
KOHIICHTpAITis KHCIIOTH,  TO pu BCiX

JOCHIDKYBaHUX 3HadeHHsAX mnapamerpa SPREAD
OyJ10 TOCATHYTO 3aI0BUIBHOTO 3HAYCHHS BiIHOCHOT
moxuOku. /{71 KaHaiB BUTpaTa OKCHUIY BYTJICITIO-
TeMIlepaTypa, BUTpaTa OKCHIY BYTIJIEIIO-PiBEHb
npu 3HaueHHsx napamerpa SPREAD 0,01, 0,1, 0,7,
2,0, 5,0, 10,0, 20,0 6y0 AOCATHYTO 3aIOBIIILHOTO
3HAYEHHs BiAHOCHOI MOXMOKHU. JIJIs IHIIKNX 3HAYEHD
napamerpa SPREAD 50,0 i1 100,0 sxkicTb
ampoKcUMAIlil BUSBWIACS HE3aI0BUIBHOIO. Jlist
KaHaJIB BUTpaTa METAaHONy-TeMIIepaTypa, BUTpara
METaHOJY-PiB€Hb TPU 3HAYCHHSAX IapameTpa
SPREAD 0,01, 0,1, 0,7, 2,0, 5,0, 10,0, 20,0, 50,0
OYJI0 TOCSTHYTO 33I0BIIFHOTO 3HAYCHHSI BITHOCHOT
roxuOkwu. J{J1s1 iHmux 3HaveHs mapamerpa SPREAD

100,0 SIKICTD anpoKcuMarii BUSBHIIACS
HE3aI0BLIbHOIO.

Sxmo  po3rIAmaTté  SAKICTh - alpOKCHMAITii
BUXITHMX  3HAa4eHb  paliaJibHO-  0a3MCHOIO
HetiporHO0 Mepeketo GRNN amist Beix kaHaNiB pu
BCIX JIOCHI[KYBaHUX 3HAYCHHSIX IapameTrpa

SPREAD 06yn0 1OCATHYTO 33I0BITLHOTO 3HAYCHHS
BITHOCHOI ITOXUOKH.

BucnoBku: MogemoBanHs — pagialbHO —
6asncHnx mepexk RBF 1 GRNN mns kepyBaHHS
PEaKTOPOM CHHTE3Y OI[TOBOI KUCIOTH 10 KOXKHOMY
KaHally KepyBaHHS 3a JIONOMOTOIO  iTepaliifHol
mpoueaypu ¢opmyBanHs wmepex B MATLAB
2021b moka3zayo 3aJ0BUIBHY AKICTh almpOKCHMALil
BUXIIHHUX JTaHUX.

SIKmo TOpiBHIOBaTH Mepexi 3 TNPSMOI0
mepeaaveio CUrHaIy 1 pafianbHi 0a3wcHI Mepexi,
CIiJ 3a3HAYMTH, IO 3a BHUPIMICHHI THX CaMUX
3aBJIaHb OJTHA 3 MEPEK Ma€ NepeBary nepe; iHIIHiA.
IIpoexTyBaHHs pafmianbHOi 0a3WCHOI  Mepexi
BHMara€ 3Ha49HO MEHIIE Yacy, a IpHU OOMEKCHiH
TOYHOCTI HaBYAHHS MOXE BHMaraThd 1 MEHIIOi
KUTBKOCTI HEHWPOHIB, 10 BUKOPHCTOBYIOTHCS.
[lepeBara B ToMy, IO MIBUAKICTh HABYAHHS JTyXkKe
BHCOKA, OCKIIbKM HaBYaHHS 3BOJUTHCS JIMIIC IO
MIPUCBOEHHSI 3HAYCHD Bar. BukoHaHe MOCIIKEHHS
mokasayio, mo mapamerp BBy SPREAD crig
BUOHMPATH OLIBIINM, HIXK KPOK PO3OUTTS iHTEpBaILY
3aBJIaHHS HABYAJILHOI MTOCIIOBHOCTI, aJI¢ MEHIIIUM
3a pO3Mip iHTEpBAIY.

Takok MOXHA KazaTH, O[O0 pagialbHO —
Oasucai wmepexi RBF i GRNN  wmoxna
BUKOPHCTOBYBATH I TIOJIMIICHHS KEpPYBaHHS
pEaKTOpoOM CHHTE3y OIITOBOI KHCIIOTH 3a BcCiMa
OCHOBHUMU KaHAJIaMU KEpyBaHHSI.
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Porkuian O.V., Samojlova Zh.G. Influence of the
SPREAD parameter of radial-base networks on the
approximation of the main control channels of an
acetic acid synthesis reactor

The chemical industry is based on chemical
reactors. In today's competitive scenario, it is paramount
to support the various operating variables and meet
product specifications. The continuous stirred tank
reactor (CSTR) is widely used in many chemical,
pharmaceutical and petroleum industries, as well as in
environmental protection and waste management. Neural
network models offer the most unified approach to

building truly intelligent systems that can provide
optimal control for many systems.

Over the past decade, artificial neural networks
(ANNs) have gained importance as versatile data-driven
structures for modelling nonlinear steady-state and
dynamic processes.

To build and study the properties of the neural
network, we used statistical data from an acetic acid
synthesis reactor operating in a stationary mode. The
MATLAB 2021b software simulator environment was
used for modelling.

The aim of this work was to build and study the
properties of radial basis neural networks RBF and
GRNN, according to the main control channels of the
acetic acid synthesis reactor, which is a gas-liquid
reactor with continuous stirring. The investigated
network can be proposed to be used for reactor control.

In this paper, we investigated the effect of the
SPREAD parameter on the structure of the radial basis
network and the quality of approximation. To model the
radial basis networks RBF and GRNN for controlling an
acetic acid synthesis reactor for each control channel, an
iterative procedure for forming networks was used.

The relative error was used to quantify the quality
of the approximation of the initial parameters. The
SPREAD influence parameter for the radial basis
function (RBF) network was determined to be 0.01, 0.1,
0.7, 2.0, 5.0, 10.0, 20.0, 50.0, 100.0. For the radial basis
network GRNN, the values of the influence parameter
SPREAD were taken to be 0.7, 2.5, 10, 20, 50, 100. The
modelling of the radial basis networks RBF and GRNN
for controlling the acetic acid synthesis reactor for each
control channel using the iterative procedure for forming
networks in MATLAB 2021b showed a satisfactory
quality of approximation of the original data.

1t can also be said that the radial basis networks
RBF and GRNN can be used to improve the control of the
acetic acid synthesis reactor by all the main control
channels.

Keywords: radial basis neural network, reactor,
approximation, influence parameter
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STUDY OF THE INFLUENCE OF LASER RADIATION ADSORBERS
ON THE ABLATION OF CARBON FIBER-REINFORCED PLASTIC
BY FEMTOSECOND LASER PULSES

Baklan D.V., Myronyuk O.M., Bilousova A.O., Vanagas E.

JOCIIIKEHHS BIVIMBY AICOPBEPIB JIASEPHOI'O BUITPOMIHIOBAHHSA
HA ABJIALIIO PEMTOCEKYHIHUMMU JJASEPHUMU IMITYJIbCAMU
APMOBAHOTI'O BYI'VIEHEBUM BOJIOKHOM IIJIACTUKY

Bbaxkaan /I.B., Muponwk O.B., binoycosa A.O., Banarac E.

Carbon fiber-reinforced plastics (CFRPs) have gained
popularity due to their advantageous properties,
including a high strength-to-weight ratio, resistance to
chemicals, and design flexibility. However, the
processing of these composite materials remains
challenging due to the heterogeneity between carbon
fibers and the polymer matrix. Laser ablation,
particularly with ultrafast femtosecond lasers, has
emerged as a promising technique for the precise
machining of CFRPs. Advantages of this technique
include minimal thermal damage and improved ablation
precision. However, disparities in ablation rates between
the epoxy matrix and carbon fibers frequently impede
process efficiency. The present study investigates the use
of hydroxyapatite-based additives to enhance laser—
material interaction and optimize the ablation behavior
of CFRP systems. Specifically, copper-substituted
hydroxyapatite (Cu-HAp) microparticles, which are
known for their strong absorption in the near-infrared
(NIR) region around 1030 nm, were synthesized and
introduced into  the epoxy matrix. Calcium
hydroxyapatite (Ca-HAp), a thermally stable and
biocompatible ceramic with low NIR absorption, was
utilized as a reference to assess the specific contribution
of copper ions. Epoxy composites with 5 wt.% of various
filler compositions (100% Cu-HAp, 75% Cu-HAp/25%
Ca-HAp, and 50% Cu-HAp/50% Ca-HAp) were
prepared and incorporated into CFRP laminates.
Femtosecond laser ablation at 1030 nm was performed
under optimized conditions for each sample type,
followed by evaluation of the resulting surface
morphology using optical profilometry and SEM. The
findings indicated that the incorporation of Cu-HAp
fillers promoted enhanced energy absorption, thereby

facilitating more efficient ablation with reduced thermal

damage in comparison to unmodified epoxy and Ca-
HAp-filled systems. Replacing Cu-HAp with Ca-HAp
increased the required laser fluence and energy input.
This indicates that copper ions enhance localized heating
and energy coupling. SEM imaging showed that Cu-HAp
particles had a porous, aggregated morphology that
redistributed thermal energy, while Ca-HAp had denser,
more homogenous filler structures with reduced porosity.
This work shows the potential of Cu-HAp as a functional
additive to adjust how femtosecond laser radiation
interacts with composite materials and improve
micromachining outcomes. The findings support the

feasibility of using NIR-absorbing ceramic fillers to deal

with common issues associated with laser processing of
CFRPs, including heat-affected zones and ablation
inhomogeneity.

Knwuoei cnosa: CFRP; carbon fiber, laser processing;

femtosecond laser; cutting; ablation.

Introduction. Carbon fiber reinforced plastics
(CFRPs) have properties that make them ideal for
use in aerospace, automotive, and marine
applications. These properties include lightness,
strength, ease of formation, ease of scaling, and
resistance to aggressive environments. However,
processing such materials is challenging due to the
heterogeneous phases (fiber and polymer), which
require more operations [1]. One promising
processing method is laser processing. For CFRP,
however, laser processing is associated with several
problems, particularly the formation of heat-



60 BICHW/K CXIOHOYKPATHCbKOIO HALLIOHANBHOIO YHIBEPCUTETY imeni Bonogumupa Jans Ne 5 (291) 2025

affected zones (HAZs), which can negatively
impact structural integrity [2].

This method uses continuous or pulsed laser
exposure. However, this approach is energy-
intensive and often results in significant thermal
damage at the cut edge, particularly with
conventional nanosecond or picosecond pulses [3].
Using ultrafast (femtosecond) laser pulses has
several advantages, including minimal thermal
diffusion, higher precision, and reduced HAZ due to
ultra-short interaction times and nonlinear
absorption processes [4, 5]. Another advantage of
femtosecond laser processing is equalizing the
ablation rate of the polymer part (epoxy matrix) and
the reinforcing fibers (carbon fiber) in the
composite material. In conventional laser cutting,
epoxy degrades faster than carbon fiber under laser
irradiation, resulting in uneven and inefficient
ablation [6].

One strategy to address this imbalance
involves modifying the polymer matrix with
additives that increase its absorption in the laser
wavelength range and improve the resin's thermal
resistance. Using adsorbing fillers that enhance
interaction with the laser beam and redistribute
thermal energy locally can be an effective solution
[7].

Recently, copper-substituted hydroxyapatites
have attracted attention due to their strong
absorption in the near-infrared (NIR) region,
particularly at around 1030 nm wavelengths [8].
Their hierarchical structure and surface morphology
suggest potential applications in enhanced heat
dissipation and localized energy management. In
this context, copper hydroxyapatite (Cu-HAp)
microparticles were selected as functional additives.
In addition to Cu-HAp, this study utilizes calcium
hydroxyapatite (Ca-HAp) as a reference material.
Ca-HAp 1is a well-known, thermally stable,
biocompatible ceramic with limited absorption in
the NIR region [9]. Including it allows for a
comparative analysis that isolates the specific
contribution of copper ions to laser absorption
efficiency and ablation behavior. Ca-HAp was also
chosen because of its structural similarity to Cu-
HAp and its widespread use in materials science as
a baseline material in studies of substitution effects
[10, 11].

Task setting. The present work is aimed at
investigating the influence of hydroxyapatite-based
fillers on the efficiency and precision of
femtosecond laser ablation of CFRP systems. The
study includes: the synthesis and morphological
characterization of copper hydroxyapatite (Cu-
HAp) and calcium hydroxyapatite (Ca-HAp)

microparticles; preparation of modified epoxy
resins and CFRP systems incorporating these
additives; laser ablation of the modified systems
using a femtosecond laser with a wavelength of
1030 nm; comparative analysis of the ablation
quality, morphology, and uniformity for the
reference and modified systems.

The aim of the work is to evaluate the
potential of hydroxyapatite-based additives,
particularly Cu-HAp, as effective NIR absorbers for
enhancing the femtosecond laser ablation of CFRP
materials. A comparative analysis with Ca-HAp is
conducted to determine the role of copper
substitution in modulating laser-matter interaction,
minimizing heat-affected zones, and improving
ablation precision and uniformity.

Presentation of the main research material.
The required amounts of copper nitrate and
ammonium dihydrogen phosphate in a 2:1 ratio
were dissolved in water to form a 0.2 M solution.
The pH was increased to 7 with ammonia solution.
The solution was left to stir at room temperature for
16 hours. After that, it was filtered, washed with
distilled water, and centrifugated at 20,000 rpm. The
powder was then dried in an oven at 80 °C for 3
hours. The copper hydroxyapatite powder was
additionally calcined in an oven at 400 °C for 1
hour. To prepare calcium hydroxyapatite powders,
the required amount of calcium nitrate was
substituted for copper nitrate and synthesized. As a
result, 3 samples of adsorbers were obtained: 1)
100%Cu-HAp, 2) 75%Cu-HAp + 25%Ca-HAp, 3)
50%Cu-HAp + 50%Ca-HAp.

To evaluate the effect of the obtained
hydroxyapatite fillers on laser ablation, epoxy
composites were prepared by dispersing the
synthesized Ca-HAp and Cu-HAp particles in
epoxy resin (CHS-Epoxy 520, Spolchemie). The
filler loading was set at 5 wt. % for both types of
particles. The fillers were dispersed in the epoxy
resin for a duration of 30 minutes by means of a
high-speed disperser (WiseTis HG 15A).
Subsequently, the hardener was incorporated in
accordance with a stoichiometric ratio (TELALIT
0600, Spolchemie), and the mixture was manually
agitated. Following this, the mixture was subjected
to homogenization and degassing under vacuum.
The resulting composition was subsequently poured
into molds to form plates with a thickness of
approximately 2 mm. The plates were then cured at
room temperature for a period of 24 hours, followed
by a curing process at 50 °C for 3 hours. The
modification of CFRP entailed a procedure
analogous to the one employed to prepare a thin
layer between the carbon fiber layers (3K twill, 220
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g/m?). The modified epoxy compositions (with 5 wt.
% filler) were applied between the CFRP sheets and
cured under the same conditions to obtain samples
with the fillers incorporated into the matrix.

The laser ablation procedure was executed
using a femtosecond laser system (Fig. 1), which
operates at a wavelength of 1030 nm, achieves a
maximum output power of 6 watts, and can generate
up to 200 kHz of repetition rate. The beam exhibited
a Gaussian profile, with a diameter of 4,1 mm (at an
intensity level of 1/e?), and was formed using a half-
wave plate (HWP), a polarizer (Pol), and a quarter-
wave plate (QWP) for circular polarization. The
focusing process utilized a 10x Mitutoyo Plan Apo
NIR objective, yielding a focal spot of
approximately 3,9 um (1/¢?). The samples were
mounted on a high-precision XY table (Aerotech
ANT130-XY). The laser scanning procedure was
conducted over an area measuring 0,5x0,5 mm,
with a scanning step size of 2,5 micrometers. To
ascertain the most efficacious overlap values, a
series of trials were conducted. After processing, the
samples were rinsed with distilled water in an
ultrasonic bath to remove any extraneous particulate
matter.

HWP Pal Qwp
";MU"’"’% Y@
Laser }H -------- H ............. : LL\LQﬂIX

Fig. 1. Optical setup for CFRP laser ablation

The processed samples were analyzed using
optical profilometry (SensoSCAN 6 profilometer
with an EPI 20X v35 lens and SensoVIEW 1.8.0
software, Sensofar metrology).

SEM image (Fig. 2. a) shows that copper
hydroxyapatite (Cu-HAp) particles have a highly
aggregated morphology, consisting of nanoscale
primary particles forming larger porous clusters.
The surface is rough with significant texture and
irregular growth pattern. The 1:1 mixture of Cu-
HAp and Ca-HAp has a more homogeneous and
densely packed structure (Fig. 2. b). The presence
of Ca-HAp reduces the degree of agglomeration and
promotes denser packing of particles. The particle
size distribution becomes narrower, and the overall
morphology becomes less porous compared to pure
Cu-HAp.

The samples were analyzed using optical
profilometry to evaluate the effect of calcium
hydroxyapatite (Ca-HAp) on the laser ablation
behavior of epoxy composites. Optimal laser
parameters were selected for each composite type to

achieve clean and controlled ablation with minimal
thermal damage (Table 1). This was done for an
equivalent ablation volume at 10 um deep.

Fig. 2. SEM of synthesized particles
(5 pm field of view):
a— Cu-HAp, b — 50%Cu-Hap+ 50%Ca-HAp

The addition of hydroxyapatite-based fillers
significantly impacted on the optimal laser fluence,
energy, and power required for effective ablation.
The neat epoxy (without additives) required the
lowest energy input (2,5 pJ) and fluence (10,3
J/em?). Incorporation of 100% Cu-HAp slightly
increased these values to 2,75 uJ and 11,4 J/em?,
respectively, indicating some enhancement of
energy absorption due to the presence of copper
ions, which likely contribute to increased local heat
generation and absorption of the laser radiation.

With the progressive substitution of Cu-HAp
by Ca-HAp, the energy thresholds increased
noticeably. For the 75% Cu-HAp + 25% Ca-HAp
composite, the optimal energy rose to 3,25 uJ, and
for the 50% Cu-HAp + 50% Ca-HAp composition,
it further increased to 3,75 wJ, along with a fluence
of 16,0 J/cm? and power of 0,75 W. This trend
suggests that the introduction of Ca-HAp, which is
less absorbing power than Cu-HAp, modifies the
thermal and optical properties of the composite,
requiring higher laser input to initiate effective
ablation. These findings indicate that not only the
type of filler but also its ratio strongly influences the
interaction of the material with femtosecond laser
pulses.

Table 1
Optimal femtosecond laser parameters
Sample Fluence, | Energy, Power,
J/em? ul W
Without additive 10,3 2,5 0,5
100% Cu-HAp 11,4 2,75 0,55
75%Cu-Hap
+25%Ca-HAp 14,0 3,25 0,65
50%Cu-Hap
+50%Ca-HAp 16,0 3,75 0,75
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Increasing the power to ablate the same
amount of material uses more energy, but it allows
better control of the process to minimize damage.
The results show that the Cu-HAp additive is best at
absorbing laser radiation at 1030 nm.

To analyze the effect on surface morphology
of the treated areas, an additional SEM photo was
made (Fig. 3).

Fig. 3. SEM CFRP surface after laser ablation
(50 pm field of view): a — neat epoxy carbon fiber
composite, b — CFRP with Cu-Hap additive

The CFRP surface after ablation is rough and
irregular with extensive debris and signs of thermal
degradation (Fig. 3 a). The polymer matrix is
partially  decomposed, forming amorphous
structures, and the exposed carbon fibers are poorly
defined, with signs of burning and delamination.
This morphology indicates inefficient ablation,
where excessive thermal energy leads to melting
and resolidification rather than precise removal. The
composite containing Cu-HAp (Fig. 3 D)
demonstrates a smoother ablation pattern. The
carbon fibers are cleaner and more distinct, with
minimal surrounding debris. This improvement is
due to the enhanced laser energy absorption and
heat conductivity provided by the Cu-HAp additive.
These observations suggest that the inclusion of Cu-
HAp alters the thermal response of the material
during laser exposure.

Conclusion. This study shows that
hydroxyapatite-based fillers can effectively tailor
the interaction of femtosecond laser radiation with
CFRP composites. Copper-substituted
hydroxyapatite (Cu-HAp) enhances near-infrared
(NIR) absorption, improving the coupling
efficiency between laser energy and the polymer
matrix. The incorporation of Cu-HAp into the epoxy
matrix enabled uniform and controlled ablation,
with minimal heat-affected zones and smoother
ablation profiles. In contrast, gradual substitution of
Cu-HAp with calcium hydroxyapatite (Ca-HAp), a
less absorptive but structurally similar filler,
increased the energy thresholds required for

effective ablation. This indicates that copper ions
modulate local heat generation and enhance NIR
absorption. The combination of femtosecond laser
processing with NIR-absorbing additives such as
Cu-HAp offers a strategy for improving the
precision and efficiency of CFRP micromachining.
These findings optimize laser-based manufacturing
techniques for composite materials, particularly in
applications where thermal damage must be
minimized.
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Bbakaan 1.B., Muponwok O.B., Biioycosa A.O.,
Banarac E., J[locaimkeHHsi BIUIMBY ajcopOepiB
JIa3epHOTO BUNPOMiHIOBAHHSI Ha adJsiuiro
(heMTOCEKYHTHUMH JIa3epHUMU iMIyJibcamMu
ApPMOBAHOTIO BYIJIEI[€BUM BOJOKHOM ILIACTHKY

Apmosani  gyenennacmuxu  (CFRP)  nabyau
nonynapHocmi 3a805KU c680im nepesadcHuM
B1ACTMUBOCINAM, 30KPEMA BUCOKOMY CNIGBIOHOUEHHIO
MiyHOCmI 00 8acu, cMIUKOCmI 00 XIMIYHUX peuOGUH ma
enyuxocmi  koucmpykyii.  Oomaxk  0bpobrka  yux
KOMRO3UIMHUX ~Mamepianie 3aiuacmscs CKIAOHUM
3a80aHHAM Yepe3 HeOOHOPIOHICTNb 8y2elleleUx 80JI0KOH i
noaimepnoi mampuyi. Jlazepua obpodxa, ocobauso 3a
00NOMO20I0  HAOWBUOKUX (DeMMOCEKYHOHUX a3epis,

cmana 6a2amoobiysiowol0 MexHonNo2icilo 0isk Mo4Hol

006pobku gyenennacmuxis. Ilepesazamu yb02o memooy €
MIHIMANbHe mepMiuHe NOWKOOJCEeHHs. Ma Ni0guujeHd

mouynicms abnayii. OOHax pisHuys y weuokocmi abnayii

MIHC  eNnOKCUOHOIO — Mampuyero ma — gyaieyesumu
B0JOKHAMU ~ YACMO  NEPeuKooNcac  eexmugnocmi
npoyecy. YV yvomy  00cniOdiceHHi — 8UBYAEMBCA

suKxopucmanms 000A80K HA OCHOGI 2IOpoKcuanamumy
01 NOKpaujeHHs 83aemolii nasepa 3 mamepianom ma
onmumizayii noeedinku npu abrayii cucmem 3
gyaneniacmuky. 30Kpema, MIKpOUACMUHKU Kon-nep-
samiwenozco 2iopoxcuanamumy (Cu-HAp), sxi eidomi
CB0IM CUNHUM NO2TUHAHHAM 6 OJUJICHIU IHQPaep8oHitl
obnacmi (NIR) 6nuzexo 1030 um, 6ynu cunmesoeai i
66edeHi 6 enokcuony mampuyro. Ii-opoxcuanamum
kanvyito (Ca-HAp), mepmiuno cmabinvua i 6iocymicna
Kepamika 3 HU3bKUM  NOIUHAHMAM 6  OJUICHI
iH(hpauepeonill obracmi, 68 GUKOPUCMAHUL K emMAalOH
015l OYIHKU NUMOMO20 6HeCK)y IoHie Midi. Enoxcuoni
Komnosumu 3 5 mac. % pi3HuUX  KoMno3uyit
nanosuiogadis (100% Cu-HAp, 75% Cu-HAp/25% Ca-
HAp ma 50% Cu-HAp/50% Ca-HAp) 6yau niozomogneni
ma inxopnoposani ¢ raminamu CFRP. @emmocekynony
aasepny abaayiro  npu 1030 um  nposoounu 6
ONMUMIZ08AHUX YMOBAX ONsl KOJMCHO20 MUNy 3pAa3Kis,
nicis 4020 OyiHI8anu MOpPQONOZi0 NOGEPXHI  3a
donomoeoro  onmuunoi  npogiromempii ma CEM.
Pesynomamu noxasanu, wo 6KIOUEeHHS HANOBHIO6AUIE

Cu-HAp cnpusno niosuwenomy noOcIUHAHHIO eHepeil,
mum camum cnpusouu Oinbwl egpexmusHitl abasayii 31
3MEHWEeHUM MEPMIYHUM NOUWKOONICEHHAM HOPIBHAHO 3
HEMOOUDIKOBAHOI eNOKCUOHOK CMOJION | cucmemamu,
nanosnenumu Ca-HAp. 3amina Cu-HAp na Ca-HAp
30UIbWUNG  HeOOXIOHY — IHMEHCUBHICMb  JIA3ePHO20
BUNPOMIHIOBAHHS Ma eHep2ocnodicusanns. Lle exazye na
me, wo I0HU MiOi NOCUTIOIOMb TOKANI308aHe HACPIBANHS
ma 368'a30x enepeii. SEM-306pasicenns noxkasanu, wo
yacmunxku Cu-HAp maiomv  nopucmy, aepe2osaiy
Mopghonoeiio, saKa nepepo3nodiine meniogy eHepeilo, 6
mou yac ax Ca-HAp mae winouiwy, oomopioniuty
CMPYKMYpPY HANOBHIOBAYA 3i 3MEHUEHOI0 NOPUCICIIO.
I[s poboma nokxazye nomenyian Cu-HAp sx
@YHKYIOHAbHOT 000a8KU ONs1 PecyiO8aHHsA 83AEMOOIL
GpemmocekyHoH020  1a3epHo20  BUNPOMIHIOBAHHS 3
KOMNO3UMHUMU — Mamepiaiamu — ma  NOKPAWeHHs.
pesyabmamie Mikpoobpoodku. Ompumani pesyrbmamu

niomeepoAHCyIoms ooyinbHicmb BUKOPUCMANHSL
KepamiuHux HAanoen06ayis, wo Nno2IUHAIOMb
ingppauepsone  GUNPOMINIOBAHHA, OISl GUPIUUEHHS

3A2anbHUX NpodNemM, NO8'A3aHUX 3 1A3ePHOI0 0OPOOKOI0
8Y2NENIACMUKIG, GKIIOUAIOHU 30HU MEPMIYHO20 BNIUBY
ma abaayiiny HeoOHOPIOHICMb.

Kniouosi cnoea: CFRP; eyeneyege 60710KHO,
JazepHa 0bpobka; emmocekyHOHUL nasep; pPI3aHHsi,
abnayis.
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PITMHHO-BITIITOBXYBAJIbHI IH®Y30BAHI IIOBEPXHI:
orjasaa CYYACHUX TEHAEHIIN TA IEPCIIEKTHUB

Maxkoscbkuii /I.I1., Muponiok O.B.

LIQUID-REPELLENT INFUSED SURFACES:
A REVIEW OF CURRENT TRENDS AND PROSPECTS

Makovkyi D.P., Myronyuk O.V.

YV cmammi  npedcmaeieno  ysaeanvhenuii  02nsio
cyuacroeo cmawny 00cniodcenb Yy 2any3i  piOUHHO-
inghyzoeanux Nno8epxoHby, wo CMAaHo8IAMb
NepcneKmuHUll Hanpsam y CmMeopeHHi (YHKYIOHATbHUX
NOKpUmMmis i3 KeposaHumu 3MOYYBANLHUMU
eracmusocmamu. Ha ocHosi ananizy axmyanvrux
AimepamypHux 0dcepesl po3easanymo Kio4osi Qizuxo-
XIMIYHI NPUHYUNU, WO J1eXHcamb 68 OCHOGI (opMYSanHs
iHhy308aHUX ~ NOBEPXOHb,  GKAIOHANOYU — HAAGHICHb
CcmabibHO20 MACMUILHO20 WaApy, YMPUMYBAHO20 8
KaniispHo-akmueHil nopucmiti. abo mexKcmypo8aHit
Mampuyi, No8epxXHe8y eHepzilo meepoozo cybcmpamy ma
Mexanizmu  83aemo0ii  mive  ¢pazamu.  Ilopigusno
sracmusocmi piounno-ingyzosanux nosepxons (PIII) i3
MpaouyiiHumy  cynepeiopopoorumy  NOKpUmmsmu,
30Kpema  wooo 008208iuHOCHI, CMAOIILHOCMI Npu
excnayamayii 8 aspecusHomy cepeoosuiyi, a MaKox#C

CAMOOYUCHOI, AHMUKOPO3IUHOL Ma AHMUOOMEP3ATbHOT

oii.

YV cmammi cucmemamuszosano cyuacHi nioxoou 00
suecomosnenns PIII na ochosi sk 2iopogobHux, mak i
2I0poinbHux  mekcmyp i3 nooanbwiow  IHQY3IEo
Macmui, wo Malomeb XiMIYHY —CHOPIOHeHicmb I3
mampuyero. Ocobaugy ysazy npuodileHo UKOPUCTNAHHIO
HOBIMHIX Mmamepianis, 30Kpema noaimepis,
HAHOCMPYKMYPOBAHUX OKCUOI8 Memanie i OioCyMiCHUX
MACMUNbHUX ~ piOUuH, aKki  3abesneuyiomeb K
ynxyionanrpnicmob, max i eKoNo2IuHY Oe3neyHicmo
nokpummis. Pozenamymo  cmeopeHHs — a0anmueHux
Nn06EePXOHb, 30aMHUX 00 OUHAMIYHOI 3MIHU CBOIX
enracmusocmell y 6iOn0Giob HA 306HIWHI CMUMYIU,
30KpeMa 6naue ceimia, memnepamypu abo MazHimHo2o
noas. Buceimneno kmowosi npobOiemu, noe’szaui i3

3a6e3neueHHsIM MeXaHiuHol, XIMIYHOI ma mepMiuHoT

cmabinvnocmi PIII y peanshux ymosax excniyamayii,
BKIIOUAIOYU  YUKIU  3AMEP3AHHS/MAHEHHsl, OUHAMIYHI
HABAHMADICEHHsT  mMa  KOHMAKm i3 depecusHuMuU
piounamu.

Ilpoananizosano axmyanvui HANpAMU 3ACMOCYSAHHS
inhy3o6anux nNoOBepxoHb Y CYUACHUX MEXHIUHUX |
NPOMUCTIOBUX — CUCEMAX, 30KpeMa 6 IMeXHON02isix
3anobicanms 00Mep3aHHI0, AHMUKOPO3IUHOMY 3AXUCHII,
OiOMeOUYHUX NPUCMPOSX, MEMOPAHHOMY PO30iNeHH]
PiOunH, MIKpO@IIOIOHUX KOMNOHEHMAX Mma NOKPUMMSX i3
HU3bKuM Koeiyicnmom 3uenaenns. Ilokasano, wo PIIT
Mawome 3HAYHUN MINCOUCYUNTIHAPHULL nOmeHyian Ois
BNPOBAOJCEHH. 6 eHepeemuyl, OXOPOHI OO0GKLIIA,
mpancnopmi, MeOuyuHi ma HWUX 2any3sx, 3a YMOSU
NOOONAHHS HASGHUX MEXHIYHUX, TMEXHONO2IYHUX [
exonoeiunux — bap’epie.  Ysaeanomeno nepcnexmueu
no0AIbUI020 PO3BUMKY YIET IHHOBAYITIHOI MEeXHON02Il 6
KOHmMeKCmi Mamepianio3Hascmaea, NpuKiaonol incenepii
ma cmanozo 8UpoOHUYMEdA.

KuouoBi  cjoBa:  piamHHO-1H(Y30BaHI  IMOBEPXHi;
3MOYYyBaHHS, aHTHOOMEp3aHHS; AHTUKOPO31HHMIHA
3aXHCT;

Beryn. 3mouyBanHS € (yHIaMEHTAILHUM
(hi3UYHUM SIBUILEM, III0 BU3HAYAE B3aEMOJIIIO PiIUH
13 TBepauMu TIOBepxHsMH. Lle#t mportec Mae
KIFOYOBE 3HAYCHHS IS BEIIMKOI  KUTBKOCTI
MPUPOJTHUX 1 TEXHOTCHHUX IPOLECIB, BKIIOYAIOUN
TPaHCIIOPTYBaHHS pinuH y IPYHTax,
(yHKIIIOHYBaHHS O10JIOTTYHMX TKAHUH, YTBOPEHHS
KOHJCHCATy, a TaKOX pO3po0Ky CydacHHX
MarepiamiB 3 KOHTPOJHOBAHMMH  aATe31HHIMHI
BJIACTUBOCTSIMHU [1].

YpomoBxk OCTaHHIX TECATHIIITH 3HAYHA yBara
OPUAIISETECS  CTBOPEHHIO  CyHepriapodoOHuX
MOBEPXOHb, SIKI JIEMOHCTPYIOTh HAJI3BHYAIHO
BUCOKiI KOHTAaKTHI KyTH (>150°) Ta HU3BKY ajresito
piauH. Taki noBepxHi 3a3BUYaii IMITYIOTb MIKpO- Ta
HAaHOCTPYKTYpH, TIOMIOHI IO TIOBEPXHI JHCTS
JIOTOCA, 3aBISKA YOMY BOJa CKOYYETHCS 3 HHX,
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3a0uparoun i3 CO000I0 YacTHHKU muiay [2].
CymnepriapodoOHi MaTepiain MalTh MOTCHIAT Y
TaKUX chepax, K CaMOOYHIIICHHS,
AQHTUKOPO3iMHMI 3aXHCT, TPOTH 3aMEp3aHHS Ta
OioMeuHe YCTATKyBaHHS .

ITocTanoBKa npooaeMu. Tpanumiitai
cynepriapodoOHi MOKPUTTS MalOTh Psifl CYTTEBHX
oOMexxeHb. 30KkpeMa, X eeKTUBHICTh 3HUKYETHCS
Yy BOJIOTUX yYMOBaX, Ji¢ BiTOYBA€ThCsSI KOHACHCAIIIS
BOJIOTH B MiKpomnopax, 1o nopymye edekt Kacci-
Bakcrepa [3]. Takox BOHM BpasiMBi 110 yAapiB
Kpareiib, 0COOIMBO TPHU BUCOKUX IIBUAKOCTSX, K1
MOXYTh PYWHYBATH TOBITPSIHI KHUIIICHI HA TIOBEPXHI
[4]. KpiM TOrO, Taki MOKPHUTTS MOTaHO MPALIOIOTh
3a HH3BKHX TEeMIepaTyp, € CIIOCTepIraeThCcs
YTBOpPEHHS TBOITY Ta 3HIKEHHSA
AHTUIPUINNAIBHUX BIACTUBOCTEH.

VY 3B’A3Ky 3 UM 3pOCTAa€ iHTEPEC 0 HOBUX

T TXO/TIB, 30KpeMa PIAUHHO-IH(Y30BaHUX
noBepxonb  (PIII), sxi mOegHYIOTH  BHCOKI
AHTH3MOYYBAJIbHI BJIACTUBOCTI 3 MEXaHIYHOIO
CTaOUTBHICTIO Ta CTIWKICTIO JO0 BOJOTH U
oOMep3aHHs [5].

Pigunno-ingy3oBani  moBepxHi  (Liquid-
Infused Surfaces, PIII) € HoOBUM KjacoMm

(yHKIIOHATEHUX ~ TIOKPHTTIB,
BIJIIOBI1Ab Ha 00MEKEHHS TpaauIiHHIX
cynepriipogoOHUX ~ TEXHOJIOTIH. OCHOBHUM
npunaiunoMm PIII € cTBopeHHS cTaOIIBRHOTO IIapy
piIVUHU, SKUH yTPUMYEThCS B  Mikpo- abo
HaHOCTPYKTYpPOBaHii TBEpAii MaTpUIi 3a PaxXyHOK
KanUIIpHUX CHWJI Ta XiMigHOi cywmicHocTi. Taka
CHCTeMa YTBOPIOE TTA/IKY, OMOKIIIEHY TIOBEPXHIO 3
HU3BKUM  KOCQIIIEHTOM TEpTs, IO J03BOJISE
e(eKTHBHO BIJIITOBXYBAaTH pPiAMHU, 3amo0iraT
00pocTaHHI0, 0OMEp3aHHIO Ta 3a0pyIHEHHIO [5-6].

Hna peadizamii pinnHHO-1H(}Y30BaHNX
MMOBEPXOHb HEOOXiJIHOI0 YMOBOK € HAasSBHICTh
TPHOX B32€MOIIOB’ I3aHUX KOMITOHCHTIB.
Hacammepen 1e mopucta abo TeKCcTypoBaHa
MOBEPXHsI, 3aTHA YTPUMYBATH MACTIIIO 3aBISKU
mii  KamjasapHUX CWI.  JIpyruM  KpUTHIHUM
CJIEMEHTOM € piguHa-iH(y3aHT, siKa MOBUHHA OYTH
XIMIYHO CIIOPIHEHOIO 3 TBEPJOK MATPUIICIO, ajie
BOJIHOYAC HECYMiCHOIO 3 30BHIIITHIMU pifuHaMH [7].
TpeTiM KOMITOHEHTOM € CTa0iTbHA B3aEMOIS MiX
TBepAO0 (a30 Ta MACTHJIOM, IO 3amo0irae
BUTICHCHHIO DIJUHU IIiJ{ BIUIMBOM BOJIOTH, THUCKY
a0o 1HIIMX 30BHIIIHIX YHHHUKIB.

Kownueniiis PIIT Oyia Brepiiie 3anpornoHoBaHa
y 2011 pomi rpymoto BueHuxX 3 [‘apBapacbkoro
VHIBEpCUTETY MiJ  KepiBHHLUTBOM J[’KoaHHH
Aizenbepr. IX HamuxHyma 37aTHICTE  XIDKOI
pociuau  Nepenthes (puc. 1)  yTBoproBatu
cTalOlnbHy pIAMHHY IUTIBKY Ha BHYTPIIIHIHA

IO BHHHUK K

MOBEPXHI MacTKH, 10 3abe3reuye HaI3BUUYANHY
cmm3bkicTh. Biaromi Texmosoris PIIT crpimko
PO3BUBAETHCA, OXOILTIOIOYH chepu Bif
aHTHOOMEp3aHHs 10 OiomMenuiuHi [5].

Puc. 1. Xmxa pocnnna Nepenthes

AHaJi3 OCTaHHIX T0CTiIKeHDb 1 myOmikamiid.
®Di3uKO-XIMIUHI 3acaii 3MOUYYBAHHS, BKIIOYAIOTH
KaniIspHi eeKTH, OMUCAHO B KJIACHYHUX POOOTax
[1, 8], sxi chopmyBanmm TeopeTHUHy Oazy s
MOJANBIITNX JOCIIHKCHh ITOBEPXHEBOI €HEprii Ta
KOHTaKTHOT'O KyTa [9-11]. [puHnMIM
cyneprizpooOHOCTI Ta GiIOMIMETHYHHX CTPYKTYP,
o IMITYIOTh TPHUPOJHI TOBEPXHI (HAIPUKIIAT,
JIMCTS JIOTOCA), y3aralbHEHO B OTVISAOBUX POOOTax
[2, 3], nme Takok TPOAHATI30BAaHO BIUIHB
IIIOPCTKOCTI Ta aare3ii Ha 3MOIyBaHHS.

OOMexkeHHs cynepriapohoOHUX OBEPXOHb Y
CKJIQTHUX yMOBax (BoJora, KOHJIEHCAT,
oOMep3aHHs, MEXaHIYHI HaBaHTAXCHHS) BUKIAICHI
B poborax [4, 25, 26], mo MiIKPECIOE
HEOOXiJHICTh TMOIIYKY AJbTEPHATHBHUX PillICHb.
Came Takol anbTEPHATHUBOIO CTalH PiAWHHO-
in¢y3oBani nosepxHi (PIIT), koHmuenmniisa skux Oyia
3alporoHOBaHa B JOochipkeHnHi [5], a 1
e(eKTHBHICTh y 0103aXMCTI Ta aHTHIIPHUIMIIAHHI
JIOBEJICHO B [6, 7].

OcobmuBy yBary TPUAUICHO  B3aEMOMIl
MacTHJIBHOTO IIapy 3 IOPUCTOI0 MATPHUIICIO Ta HOTO

ximiyHiii crabimpHOCTI [7, 19]. PosmmupenHs
MoxiuBoctert  PIIT  wepes BUKOPHUCTaHHS
aJanTUBHUX MaCTHII (dboTopeakTuBHUX,

Mar”iTo4yTmIMBuX) onucano B [16, 17], ne
M IKPECTIOETHCS POITH 30BHIMTHIX CTUMYJIIB Y 3MiHi
BIIACTUBOCTeH moBepxHi. Ilpami [12, 15, 27]
JeMOHCTPYIOTh ycmimHe 3actocyBaHHs PIIT y
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3HM)KEHHI 00OMep3aHHs, aHTUKOPO3IMHOMY 3aXHCTi
Ta 300pi BOJIOTH.

Buroronennss PIII 3  BUKOpUCTaHHSIM
cruiatoBanHs CO: A03BOJISIE OTPUMYBATH CTAOUTBHI
MIOPHUCTI CTPYKTypH O€3 YTBOPECHHS TBEPIUX
BiaxomiB [ 13], a OioMiMeTHYIHI MaTepiaay Ha OCHOBI
SnO. abo MarHi€eBHX CIUIaBiB JEMOHCTPYIOTh
BiIMIHHY KOpPO3idHY CTiHKiCTh 1 3HATHICTH [0
CaMOBITHOBJICHHS [14, 28]. [Turanus
JOBIOBIYHOCTI Ta CTabiIbHOCTI TaKUX MOKPHTTIB,
BKIIIOYAIOYM MEXaHiuHy, XIMiYHy Ta TEpMidHYy
CTIHKICTB, TITHOOKO MOCIiHKeHO B mparsx [18-22],
7€ TAaKOoX HABEJCHO MHaHI IION0 ONTHMAJIbHUX
napameTpiB MacTui (B’S3KiCThb, aAresis, JETKICTh)
Ta TUIIIB CYyOCTpATIB.

3rimHo 3 manuMH 3 Tiatdopmu ScienceDirect,
CHIOCTEpIraeTbesi  pi3ke 3pOCTaHHA  KiJIBKOCTI
HayKoBUX myOmikauiid, moB’s3anux i3 PIIL
[Mounnraroun 3 2015 poky, KOmHM I TEXHOJOTisI
JUIIe TOYHMHAE IIUPOKY HAYKOBY ampooarilo,
KUTBKICTh CTaTe LIOPOKY 3pOCTa€, NOCSATHYBIIHU
miky noHaz 3700 myO6mikariii y 2024 poui (puc 2).

KinbkicTe ny6nikauin/Pik
4000

3000

2000

KinekicTe ny6nikauin

1000

2016 2018 2020 2022 2024

Puc. 2. KinbkicTb my0mikariii 3 KIIFOUOBUMH CIIOBAMHU
liquid-infused surfaces na ScienceDirect
y 20152024 pokax

Hesaxaroun Ha BEITUKY KiJIBKICTh
NpakTHYHUX  JOCHIIKeHb  Ta  OIJISOBHX
nmyOuTiKaii, ragy3b  BHBYCHHS  PiAMHHO-
iH}py30BaHHX MOBEPXOHB 3aUILIAETHCS

TUHAMIYHOIO W MBHAKO 3poctae. lle 3ymoBiroe
notpedy B aKkTyaji30BaHUX OIIAAAx, sIKi HE JIHIIe
CUCTEMAaTU3YIOTh OCTaHHI HAYKOBI JJOCATHCHHS, aJie
1 TOTIOMararoTh BUSBUTH MTPOTATMHU B 3HAHHAX IS
MTOJANIBIIOTO  IIJIECIIPSIMOBAHOTO PO3BHUTKY  ITi€l
TEXHOJOT1I.

Metoro 11i€i poboTh € 3HINCHUTH OTJISAL
Cy4acHOTO CTaHy PO3BUTKY AOCIIKCHb B TaIy3i
iH(y30BaHHUX PiAMHAMYU TEKCTYPOBAHUX TOBEPXOHb
JUIS  BCTAQHOBJICHHS  HAmpsAMIiB  PO3BUTKY,
MPAKTHYHOTO 3aCTOCYBAaHHS Ta BIPOBAHKCHHS
TEXHOJIOT1I.

IocTranoBka 3apayi. 3 orsiay Ha CTPIMKUHR
PO3BUTOK  JOCHIIKEHb Yy  cdepi  PiAMHHO-
iH(}py30BaHUX MMOBEPXOHH Ta 3POCTAHHS KUIBKOCTI
HAYKOBHX ITyOiKaliid, akTyalbHUM CTa€ 3aBJaHHS
CHCTeMaTH3alii HasBHUX 3HAHb 1 TEXHOJIOTIYHHX
pimens y mid ramys3i. He3Baxkaioum Ha dYuCIeHHI
NpakTU4Hi poOoTH, mMOoTpeda B Yy3araJbHEHOMY
aHamizi  (Qi3UKO-XIMIYHUX TIPUHIUIIB, METOJIB
BHUTOTOBJICHHS, (DYHKITIOHATHLHUX BJIACTHBOCTEH 1
HampsimiB  3acTocyBaHHs  PII1  3ammmmaerscs
aKTyasJbpHO0. 3amauero i€l poOOTH € MpoBEACHHS
IIJTICHOTO OISy CYYacHOTO CTaHy TEXHOJOTIl
PiAMHHO-1HQY30BaHUX TOBEPXOHb, BHUSIBJICHHS
KIIFOYOBHX JIOCATHCHb Ta BHKIHKIB, a TaKOXK
BHU3HAYEHHS MEPCIIEKTUB MOAAIBIIOTO PO3BUTKY 3
ypaxyBaHHSM HAYKOBUX 1 IPUKIIATHUX MTOTPEO.

BuknaganHs ocHOBHOro Marepiaay. Y
OCHOBi OMNHUCY 3MOYYBaHHS TIOBEPXHI PiAMHOIO
nexuTh piBHsSHAS FOHra [8], sKe Bu3HauUae
piBHOBaXHMH KyT 3MouyBaHHS 60 Ha Tiagkid
OJTHOPiHIH MmOBepxHi. Byo BUBENEHO 3aNEXKHICTh
PIBHOBaXHOTO KpaioBoro kyra (cosf) Bim cui
MTOBEPXHEBOT0 HATATY:

Orp— Ox

cosf = ———=, (D)

Orp—x

Jie¢ 0,5 — TIOBEPXHEBUU HATAT HAa MeEXI TBepua
TIOBEPXHSI/TA3; Oy _y — IOBEPXHEBUH HATSAT HA MEXKi
nomiay (a3 TBepaa IOBEPXHS/PIAMHA; Oy
MMOBEPXHEBUI HATIT HA MEXI piauHa/Ta3.

Kyt 3MouyBaHHS BH3HAUYa€ThCS SIK KYT,
YTBOPECHUIA MEPETHHOM MexXi posniny
piavHa/TBEpla PEYOBMHA Ta MEXI  PO3ALIY
pinnHa/moBiTps. Moro Takox MOXKHA OMHCATH SK
KyT MiK IIOBEPXHEIO TBEPJIOTO 3pa3Ka Ta JOTUYHOO
10 sIHTIenoNi0HOT (hopMU KpaIlli Ha Kparo Kparwii.

lapodinbHOI HA3MBAETHCSA Taka IOBEPXHS,
sIKA Ma€ BHCOKY CIOPiIJHEHICTb OO BOIHU, TOOTO
no0pe 3MouyeThest Bojoto. [le o3Hauae, 1mo kparuis
BOJIM Ha TaKiil TOBEPXHi PO3TIKAETHCS, YTBOPIOIOTH
HU3BKUI KyT 3MouyBaHHS (MeHIIe HiK 90°). Taki
MOBEPXHI aKTUBHO B3a€EMOJIIIOTH i3 MOJEKYJIaMU
BOIM 3aB/ISIKA HASBHOCTI TOJAPHUX TPyH, SKi
3/1aTHI YTBOPIOBATH BOJIHEBI 3B’ S3KHU.

lapodobHoto € moBepxHs, siIkKa Ma€ HU3BKY
CITOP1THEHICTH JI0 BOJH, TOOTO BiAIMITOBXYE BOIY. Y
IBOMY BHUMAAKYy Kpamjs BOAU Ma€ BUCOKHH KyT
3mouyBaHHsl (moHan 90°), 30epirac chepuuny
dopmy 1 He  posrikaerbcsa.  OcoOnmBO
cynepriapooOHUMH  BBa)KAIOThCS IIOBEPXHI 3
KyTOM 3MouyBaHHS >150° i my’ke HU3BKHM KyTOM
ckouyBaHHS (<10°), mo O03BONAE Kparii JIETKO
CKOYYBATHCh 13 TIOBEPXHI.
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Teopis 3icmana (Zisman’s Method) - oxna 3
HalnepImx EMITIPUIHIX MOJIeTNEH, siKa
BUKOPHCTOBYETHCS /ISl OIIHKA  TOBEPXHEBOI
eHeprii TBepaux Tii. Buepme 3anpomnonoBana B. A.
3icmanom y 1964 pori, 1T METOAMKA TPYHTYETHCS
Ha CGKCIEPUMCHTAIILHOMY BH3HAUCHHI KYTIB
3MOUYYBaHHS JJsl  cepii PpigMH 3  BiJOMHUM
MOBEPXHEBUM HATSATOM Ha AOCIHiIKyBaHIl TBEpHiit
TTOBEPXHI.

3icMaH BUSBHUB, IO IJIS1 HETONAPHUX PiIUH
icHye JiHIHHAa 3aJeXHICTh MK KOCHHYCOM
KOHTakTHOrO KyTa (cosf) Ta MOBEpXHEBUM
HaTtsaroM  piguHW. [{f0  3ajgeXHICTP  MOXHA
EKCTPaMoIIOBaTH A0 3HadeHHs cos 6 = 1 (TobTo 110
ITIOBHOTO 3MOYYBaHHS), IO BIiIIOBia€ TMEBHOMY
3HAYEHHIO KPUTUYHOTO ITOBEPXHEBOTO HATATY, SIKE
BKa3y€ Ha 3JaTHICTh TBepAOi (a3u 3MOUyBATUCH
MEBHUM KJIaCOM PiJIUH.

OOMexeHHST JaHoi Teopii TONATaloTh B
HacTynmHoMy MoJenb 3aCTOCOBHA MEPEBAXKHO IS
HemosApHUX abo cnaOkomossipuux piguH. He
BpaxoOBy€ KHCJIOTHO-OCHOBHI 4M  crerudivHi
MDKMOJICKYJIIpHI  B3aeMomii. BBakae eHepriro
TBEPIOrO TiJla €JUHUM CKaJSIPHUM IapaMeTpOM,
0 He BigoOpakae (Pi3MyHy CKIAAHICTh peabHUX
TTOBEPXOHB [9].

Teopis  Oyenca—Benara (Owens—Wendt
method). Ls Mogens Oyna 3anpomnonoBana y 1969
pomi © cTama 3HAYHUM KPOKOM YIIEpen Y
MIOPiBHSAHHI 3 MoJE/UTI0 3icMaHa. BoHa BpaxoBye,
IO TOBEpXHEBA EHEPrisl CKIaJaeThCs 3 ABOX
KOMITOHEHTIB quctiepcHoi (y¢) Ta momsipHoi ( yP).

KonrtakTHHit KyT 0 I KOXKHOI piIuHU
O0YHCIIOEThCS 32  MOAM(DIKOBAHMM PiBHSHHIM
IOnra i BupaxaeTbes yepe3 JOOYTOK BiIIOBITHHX
KOMITOHEHTIB €HEprii pimuHu 1 TBepaoro Tina. st
moOymoBu Tpadika HEOOXiTHO MaTH KOHTAaKTHI
KyTH MiHIMYM JIBOX PiAMH 3 BiIOMHMH 3HAYCHHSIMH
vd Ta yP. Ie mae 3MOTy pO3B’s3aTH CHCTEMY PiBHSIHB
1 BU3HAYUTH OOWBI KOMIIOHEHTH €HEprii TBepaoi
MTOBEPXHI.

IlepeBarn manoi Teopii. llpumatHa ms
MOJIMEPHUX 1 CKJIAJHUX TIOBEpPXOHB. I[lokasye
OKpEeMO BIUIMB MOJISIPHOI Ta HEMOJISIPHOI B3a€MOZII.
[Iupoko BUKOPHUCTOBYEThCS Y (ismuHiil Ximil Ta
Marepiaigo3HaBcTsi [10].

Teopis Ban Occa—Yaynxypi-I'yma (van Oss—
Chaudhury—Good a6o vOCG) Ils Teopis €
HaWO1IbII (hi3MIHO OOTPYHTOBAHOIO 3 YCIX TPHOX.
Bona BuxoauTs 3 ysBIIEHB IIPO TE, IO TIOBEPXHEBA
SHepris BKIIOYAE JAWCHEPCHI (HEMOJSPHI) CHIIH
(y'") i monmspui (KHCIOTHO-OCHOBHI) CHIH, fKi
MOAUISIIOTBCS ~ HAa  KHUCJIOTHY  (E€JIEKTPOHHO-
aKmenTopHy) ckmagoBy (y") Ta  OCHOBHY

(enexkTpoHHO-OHOPHY) cKiIanoBy (y). CymaphHa
MOBEPXHEBA EHEPTisl ONMMUCYETHCS SIK:

y=yW+yB=yW 2 fyt+y . 2

JlaH1 KOMITOHEHTH BU3HAYAIOTHCS Yepe3 CEPiro
KOHTAKTHHX KYyTiB 3 TPhOMA PiTMHAMH — 3a3BUYal
Boja, (Gopmamin Ta miHoAMETaH — 3 BIJOMHMH
EHEPreTHIYHUMH XapaKTePUCTUKAMHU.

IlepeBaru ganoi teopii. BpaxoBye xucinotHo-
OCHOBHI B33a€MO/Iii, 10 € KPUTUYHO BKIUBUMH Y
OioyioriyHMX cHucTeMax Ta anaresii. Moxe OyTu
3aCTOCOBaHA N0 TiApO(IIBHMUX, 3apsAKEHHX Ta
010aKTHBHHUX TMOBEPXOHb. € ONHIEI0 3 HAKOUIBII
TOYHUX  MOJIeJiel, Xodya ¥ CKJIaJHOI Yy
BUKopucTaHHi [11].

Pigunano-ingy3oBani nosepxui (PIII) maioTsb
HU3KYy  CYTTEBHX  TNlepeBar  TMOpIBHAHO 3
TPaAUIIHHUMEU CYyTIepTinpo()OOHUMHU TTOKPUTTIMHU.
Cynepriapodo0OHi MoBepxHi, 3aCHOBaHI Ha MIKpO- i
HaHOCTPYKTypaX, IO IMITYyIOTb  HPUPOJHI,
HalpUKIaA  JMCTS  JioToca.  J[eMOHCTpyIoTh
HaJ3BUYAlHO BHUCOKI KYTH 3MOUYYBaHHS Ta €(EeKT
camooummienHs. Ilpore Taki TOBepxHI €
BPa3JIMBUMH J0 MEXaHIYHHUX ITOMIKO/KEHb, BIUTUBY
KOHJICHCATy, BHCOKOi BOJIOTOCTI Ta HaBITh 1O il
Kpareib, 110 NaJal0Th i3 eBHOIO MBUAKICTIO. KpiM
TOTO, BOHM MalOTh OOMEXEHY e(eKTHUBHICTH Yy
00poTE0OiI 3 0OMEp3aHHIM, a TaKOXK HE 3MaTHI [0
CcaMOBITHOBJICHHS [12].

Ha Bigminy Binm =Hux, PIII 3a0e3neuyroTh
3HAYHO BWIIY JOBTOBIYHICTH 3aBISKH HAsSBHOCTI
CTaOUTHPHOTO APy B’S3KO1 PIAWHM, SKWH HE JINIIES
3axHIIae TBEpPLY MOBEPXHIO, ajie il 3MEHIye TepTs
MDXK piIuHOIO Ta moBepxHero [5]. s pinquHa 3qaTHA
YaCTKOBO IEPEPO3NOAULITHCh YV pa3i JIOKAIBHUX
MOLIKOKEHb, 3a0e3neuyoun edexT
camoBiTHOBJIeHHS [6]. BaxmBo Takox, mo PIIT
JIEMOHCTPYIOTh PEIEICHTHICTh HE JIUIIE 10 BOIH, a
W 10 MUPOKOTO CIEKTpa PiAMH — Yy TOMY YHCIi
O, OpraHiYHUX PO3UYMHHHUKIB 1 OI1ONOTIYHUX
cepenoBuil. Taka YHIBEpCATbHICTh POOHUTH iX
OLIBII TIPUIATHIMH IS MPaKTUIHOTO
3aCTOCYBaHHS B YMOBax 3MIiHHOTO CEpeIOBHINA,
BKJIIOYHO 3  OIOMEIMYHHMMH  TEXHOJIOTISIMH,
MOPCBHKOIO  IHXKEHEPIEI0 Ta aHTHUKOPO3IHHUMH
MOKPUTTSIMU.

Orxe, xoua PIIT MoxxyTh MaTu NEIIO HIDKYI
KOHTAaKTHI KyTH ITOPIBHSHO 31 CynepriapohoOHIMHI
MOKPUTTAMH, IXHI EKCIUTyaTamiiHi IepeBaru —
JOBrOBIYHICTb, IIUPOKA XiMi4HA CTIHKICTH 1
3MaTHICTh JO CAMOBIJIHOBICHHS — POOJATH iX
Oubll (YHKI[IOHAJIBPHUMU Ta HAMIMHUMHU y PSIi
KPUTHUYHUX 3aCTOCYBaHb.
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Crparerii  BuroropjienHss. OCHOBHUMH
crparerismu  cTBOopeHHs PIII € dopmyBanHs
MTOPHUCTOI TEKCTYpH Ha CyOCTpaTi Ta BBEACHHS B HEl
BiJIMTOBITHOT B SI3KO1 PiVHU.

PIIT na rinpododHux Ttekcrypax. Jlus
CTBOPEHHS  PIAMHHO-IH(QY30BaHUX  IOBEPXOHb
(PIIT) kmovoBuM € popmyBanHs riapodoOHOI abo
cyneprinpoho0HOT TEKCTYpH, 31aTHOI yTPUMYBaTH
MacTunbHy (Gaszy. Taki TekcTypu 3a3BUYait
MPEICTaBISIOTH coboro MIKpO- abo
HAaHOCTPYKTYpOBaHI  IapW, BUTOTOBIEHI 3
MarepianiB i3 HU3BKOIO TOBEPXHEBOIO CHEPTIEIO,
a00 mokpuTi  rigpodoOi3yIOYMMH  areHTaMu
(Hampukman, GTOpBMICHUMH CHIIaHAMH).

BrpoBajpkeHHS MacTHI y Taki TEKCTYpH
BiIOYBAa€ThCSA 3aBASKH KaNUIIPHUM CHJIaM 1
B32EMO/IISIM MiJK MaTepiaJioM IMOBEPXHi Ta PiTUHOIO.
Hns  3abe3neueHHs  CTaOIIBHOTO  yTPUMAaHHS
MacThjga HEOOXiTHO JOTPHUMYBATHCH KAIUIAPHOL
CYMICHOCTi: MacTHJIO MTOBHHHO KpaIlle 3MOYYyBaTH

TEKCTYpY, HDK 30BHIIIHI pigUHMA, 3 SKUMH
B3a€EMOJII€ TIOBEPXHSA. Y BHIIAJKY YCIIITHOTO
BIIPOBAHKCHHS dhopMyeTbes CTaOUTBHMIA

MACTWIBHUH MIap, SKWUH 3axHIae CTPYKTYpY,
CTBOPIOE Oap'ep ISl MPOHUKHEHHS 1HIIUX PiIUH 1
3abe3neuye eeKTUBHE KOB3aHHS Kparemsb [5].

Cepen TUIOBUX MaTepiaiB AJs T1IpopoOHUX
CTPYKTYp, sIKi BUKOpHCTOBYIOThca B PIII, MoxxHa
BUIUINTH:

ITomimMepHi MaTpuIli, Taki SK TIOJICTHPCH,
MOJIANMETHICHIOKCAH, TMOJypeTaHH — dYepe3 ix
HU3bKY TIOBEPXHEBY €HEPril0 Ta THYYKICTh. Y
nmociimkerHi [13] mpencTaBieHo HOBUM MIIXid 10
ctBopenHs PII1 Ha 0cHOBI HOPHUCTOTO MOJICTUPOITY,
BUTOTOBJICHOTO 32 JONOMOIOI0 Ta3000MeXeHOT
TEXHOJIOTil cmiHiOBaHHA HagkpuUTHIHUM COsa.
MerTon 103BOJIsIE OTPUMYBATH OJHOPIJHY MOPUCTY
CTPYKTYpPY 3 PeryJibOBaHUMH IapamMeTpaMu, IO
3a0e3medye BHCOKY 3CYBOCTIHKICTH TIOKPHTTIB
(ricrepesnc xyTa 3mMouyBaHHSI = 4.4° micisg 10 xB
npu 8500 006/xB) Oe3 yTBOpPEHHS TBEPAUX BiIXOMIB
Ta 3 MiJBHUINECHOI ¢()EKTUBHICTIO BUPOOHHIITBA.

HanocTpykTypoBaHi OKCHIM MeETadiB —
Hanpuknag, TiO., ZnO, Al.O; — 3a0e3nedyroTh
OaraTopiBHEBY IIOPCTKICTh 1 cTabiidbHICTE. Y
po6oti [14] po3pobieHO OlOMIMETHYHE MOKPHTTS
Ha ocHOBI mopuctoro SnO: i3 TOMATBIITNM
CTBOPEHHSIM PpiAMHHO-IH(Y30BaHOI TOBEpXHI 3a
y4acTi cwiikoHoBoro Mactwia. Otpumane PIIT
JIEMOHCTPYE  BIAMIHHY  KOpO3ifiHYy  CTIHKICTh
(edexruBHicTb 99,6% micns 180 rox y 3,5% NaCl)
Ta 3JaTHICTh JIO CAaMOBIIHOBJCHHS  IICJIA
MEXaHIYHUX IOIIKOKEHbD, IO CBIAYUTH PO HOTo
BHCOKHI MOTEHIal JUIs MPaKTUIHOTO
BUKOPHUCTaHHS.

[IpaBunbHa  apXiTekTypa  IOBEpXHI  Ta
KalIsipHa ~ CYMICHICT  JTO3BOJISIIOTE  MACTHITY
3IMINATUCS CTAOUTFHO 3aKPIIUICHUM HAaBITH T
OI€EI0 MEXaHIYHOrO HaBaHTaXXeHHSA abo 3MiH
TEeMIeparypu, 1[I0 BH3HAYa€  JIOBrOTPHBAIY
(dyukiionansHicTh PIIT-cuctem.

PIIT na rigpoginsuux texctypax. Oxpim
TpaguLiiHOTO BUKOPHUCTaHHS rizpodoOHuX
MaTpHIlh JUISI CTBOPEHHS PIAMHHO-1HGY30BaHUX
noBepxoHsb (PII), icHye Takok €PEKTUBHUIM ITi TXi]T
HAa OCHOBI TiAPOQUIEHUX TEKCTYp. Y IIbOMY
BUMAAKY TigpodiipHI MIKIAAKH [TOTPEOYIOTH
xiMigyHoi  a0o  QisuuyHOoi  Momudikamii A
MOKpAaIlleHHA aare3ii MacTwia W yTpUMaHHS HOTO
BcepenauHi Mikpo- abo HaHOCTPYKTyp. Yacro
3aCTOCOBYIOTh OKCHAHI mmapu (Hampukian, TiO:
abo  Si02), ki 3a0e3meuyloTh  CTadiIBHE
3aKpIIUICHHS] MaCTHJIA 332 PaXYHOK KaITiISIPHUX CHIT
Ta XIMI9HO{ CITOPiTHEHOCTI.

[Iponiec cTBOpeHHsT BKIOYae (QOpMyBaHHS
nopucToi abo TEKCTypOBaHOI OBEPXHi 3 BUCOKOIO
MUTOMOIO IUIOIICI0 Ta MOJANbITy MOAMMIKAIO
(OYHKIIOHAIBHUMKM ~ TPyIlaMH, SKi  CIPHUAIOTH
ctalimizauii MacTuiIa — HaNpUKIIaJA, CUIaHYBaHHS
abo momimMepHe TOKpUTTA. lle  mo3Boisie
YTPUMYBAaTH MACTWJIO HaBiTh Ha TMOBEPXHIX, SKi
CIOYaTKy MalOTh BHCOKY 3MOYYBaHICTb BOAOIO, i
3a0e3neuye CcTaONbHI aHTHPO3MOBCIOHKYBAIBHI
BJIACTHBOCTI.

Takwii mWiAXio BiIKPUBAE MOMJIHBOCTI IS
ctBopenHs: PIII Ha OCHOBI MIMPOKOTO CHEKTPY
MaTepiaiiB, BKIIOYAIOUN CKIIO, METAIH, KepaMiKy
Ta TOJNIMEpPH, IO OCOOJNUBO BAXKIMBO IS
OloMenuIHUX 3aCTOCYBaHb, CCHCOPHKH,
AHTHUKOPO31HOTO 3aXHCTy Ta aHTUU3MEP3aIbHUX
CHUCTEM.

B pobGoti [15] Oyno po3pobiieHO cmyracti
MOBEPXHI 3 YepryBaHHsAM CYNEpPriApoQinbHUX i
CYNEPKOTE31MHIX AUITHOK Ha OCHOBI KPEMHIO IS
migBHUINEeHHA eekTHBHOCTI 300py Tymany. Taki
MOBEpXHI 3a0e3MeuyloTh IIBUAKE 3apOKEHHS
Kpareib, IXHE CIPSIMOBAHE TPAHCIIOPTYBAHHS Ta
BHUCOKY e(eKTHUBHICTh KOHAEHcAIl, mo Ha 86,9%
nepeBuIye eeKTUBHICTh HE3MIHEHOTO KPEMHIIO.

ApantuBHi noBepxHi. OcTaHHI AOCHIIKEHHS Y
chepi piauHHO-1H(}Y30BaHUX MTOBEPXOHB
30CcepepKeHI Ha po3poOIll IHTENEKTyalbHIX abo
aJanTUBHUX TEKCTYp, SKi 3/1aTHI pearyBaTd Ha
30BHIIIHI CTUMYJM, Taki SK yibTpadiosicToBe
BHITPOMIHIOBAHHSI, 3MIiHU TeMITepaTypH,
eJIeKTpUYHEe a00 MarHiTHE MOoJe, XiMiYHi BIUIHBH
tomo. Ili mOBepXHI HAEMOHCTPYIOTH 3MiHHY
3MOUYBaHICT 1  3a0e3medyloTh  KEpOBaHY
MaHIMyJSOil0  KpalusiMH, IO  pOOUTH  iX
NEPCHEKTUBHUMHU AJIs1 MiKpO(DIIOIAHUX TPUCTPOIB,
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0ioMeTMYHUX CEHCOPIB, CUCTEM JIOCTABKH PiJHH Ta
AKTHBHOTO KOHTPOJIIO KOHJICHCAIIi.

OmuH 13 TAXOMIB —  BHUKOPHUCTAHHS
¢doTopeakTHBHMX MacTWil a0 TOdiMepiB, IO
3MIHIOIOTh CBOi BJIACTHBOCTI Mix miero Y d-cBiTia.
Hampuknan, wmactmma 3 a3o00eH3¢HOBHUMH  abo
¢nyopecueHTHUMH (PYHKIIOHATBHAMHU TPyHamMH
MOXYTh PpEeBEpCUBHO 3MiHIOBAaTH CBOIO
3MOYYBAaHICTh  IMJ  BIUIMBOM  OINPOMIHEHHS,
JTO3BOJISIIOYM BiIKpUBaTH ab0 3aKpUBaTH KaHAIN
JUIS piivHU Ha BUMOTY [16].

[Hmmid migxig 6a3yeThcs Ha BIPOBAIKCHHI
MarHiTOYYTIIMBUX HAHOYACTHHOK y  MAaCTHJIO.
3aBISKM 30BHIIIHBOMY MarHiTHOMY IIOJIIO MOXKHA
JIOKaJIpHO 3MiHIOBaTH (opMmy abo po3TanryBaHHS
MacTHIIbHOT a3y, 110 3abe3mnedye auHAMIYHE
MEepeMillieHHs  Kpamenb abo aKTHBaIlilo 30H
3MouyBaHHs. Llell MexaHi3M JJO3BOJIsIE€ CTBOPIOBATH
BIIHOBJTIIOBaHI ¥ TMPOrpaMOBaHi MaTepHU Ha
noBepxHi [17].

3aranom, agantuBHi PII1 BimkpuBaroTh HOBUI
BUMIip (YHKIIIOHAJIBHOCTI B Traiy3i IHXeHepil
MTOBEPXOHb, OCOOTMBO KOJIHM MOTpiOHA TUHAMIYHA,
HEiHBa3MBHA 1 TOYHA 3MiHA BIACTUBOCTEH MOBEPXHI
B peabHOMY Yaci.

CrabiabHicTh iH(QY30BaHUX TNOBEPXOHb.
CrabinbHicTh iHpY30Banux mnoBepxoHs (PII) €
KIIOYOBUM  (pakTopoM Uil iX MPaKTHYHOTO
3aCTOCYBaHHS B  yYMOBaX  HaBKOJHIIHBOTO
CepelIoBHUINa, I¢ IPUCYTHI MEXaHIIHi, XiMIdHI 200
TEpMiyHI BIUIMBH. He3Bakaroum Ha  BHCOKY
¢(EeKTUBHICT, Y  BIAIITOBXYBaHHI  PIiJUH,
JIOBTOBIYHICTh TaKMX CHCTEM 3HAYHOIO MIPOIO
3aJIe)KUTh BiJl 3MATHOCTI YTPUMYyBaTH MAaCTHJIbHUN
map y TeKCTypOBaHiil MaTpuii, a Takox 30epiratu
CBOI 3MOYYBaJbHI BIJIACTUBOCTI TNPH MEXaHIYHUX
HAaBaHTAXKCHHSX, BIUIUBI TEMIIEPATyp, arpeCUBHUX
PEYOBHMH YHM TPHUBAJOr0 BHUKOPHCTaHHA. Y LBOMY
pO3Miai  pO3TISMAIOTBCSA  OCHOBHI  aCTEKTH
crabimpHOCTi  PIII, BKIIOWalOYM  MeXaHIUHY,
XIMIYHY, TEpMiUHY CTiHKICTb, @ TAKOK CTaOlIbHICTD
MaCTHJIBHOTO TIapy.

MexaHiyHa  CTaOUIBHICTD iH(DY30BaHUX
MOBEPXOHb. MexaHiuHa CcTabUIbHICTE PIAWHHO-
iHpy3oBanux mnoBepxoHb (PIII) € xpuruuno
BaXXITUBOIO YIS TXHBOTO MPaKTUIHOTO
3aCTOCYBaHHS, 0COOJIMBO B YMOBaxX iHTEHCHBHOTO
3HONIYBaHHS, JHWHAMIYHMX HABaHTAXCHb Ta
TPHUBAJIOTO BILTUBY HABKOJIUIIHEOTO CEPEIOBUIIA.

JIOBroBiUHICTB piauHHO-1H(Y30BaHUX
MOBEPXOHb BH3HAYAETHCS HHU3KOID  KIIOUOBHX
¢dakTopiB, cepell SKMX OCOOJMBE 3HAYEHHS Mae
B’S3KICTh MAacCTWJIA. 30KpeMa, MacTHIa 3 BHCOKOIO
B’s3kicTio (10003000 ¢St)  1EMOHCTPYIOTH
3MEHILIEHY BTpaTy uepe3 SBHUIIA KIOKIHTYy Ta

YTBOPEHHsI 3MOYYBAIbHUX TpeOCHIB, 110 CIIpHSE

TPUBAIIIIOMY  30€pPEeKEHHIO  (DYHKIIOHAJBHUX
BIIACTUBOCTEH moBepxHi. KpiMm Toro, Taka B’SI3KiCTh
3abe3neuye e(eKTUBHE CaMOBITHOBJICHHS

MacCTHJIBHOTO IApy TICIS JIOKAJTBHIX MEXaHIYHUX
MOIIKO/PKEHb, M0 KPUTUYHO BAXKIUBO IS
crabinpHOCTi PIIT. Ille oTHUM Ba)KTMBUM aCIIEKTOM
€ CTIMKICTP JO0 [JUHAMIYHAX HABAaHTAXEHb:
MMOBEPXHI MOBMHHI 30€piraT CBOI BJIACTHBOCTI ITi[
BIUIMBOM 3CYBHHX CHII, BiOpawiif abo mepiognyHux
MexaHIYHMX  BIUMBiB.  HapemTi,  TpuBana
eKCIUTyaTallisl y pealbHIX yMOBaxX Iiepembadac He
JIUTIIE MEXaHIuHY, a ¥ XIMIYHY CTIHKICTB 10 BOJIOTH
Ta arpeCUBHUX CEPEAOBUILL, 110 € BUPIIIATbHUM JAJIS
BrpoBapkeHHs PIIT y mpakTudri 3acTOCyBaHHS
[18].

TakuM yuHOM, 79 3a0€3MEUEHHS BUCOKOL
MEXaHIYHOI  CcTaOlIbHOCTI PIIT HEOOXITHO
BpaxoByBaTH BHOIp  BIAMOBIZHOTO  MAacCTHIIA,
KOHCTPYKIiIO TIOBEPXHi Ta yMOBH EKCILTyaTalii.

XiMiyHa cTabibHICTh PiAMHHO-1H(Y30BaHUX
MOBEPXOHBb BHU3HAYAETHCA HU3KOIO
B3a€EMOIIOB’s3aHMX  (DaKTOPiB,  cepel  SIKUX
KJIIOYOBHMH € TUI MacTUiIa, MaTepiai cyocTpary Ta
MiKpO-/HaHOCTPYKTYpa  TIOBEpXHI. 3okpema,
(ropoBaHi MacTHIIa, SIK-OT mepdToproiiedipu
(PFPE), neMOHCTpYIOTh BUHSITKOBY CTIMKICTH 10
KHCJIOT, TIYTiB Ta OPraHiYHUX PO3UYNHHHKIB 3aBISKU
CBOIM XIMIYHIM 1HEPTHOCTI, HU3BKIH JIETKOCTI Ta
BUCOKIH TepMiuHii crtabinpHOCTI [19]. Bubip
XIMIYHO iHEpTHHX MaTepialiB ans cyOcTparty,
TaKUX SK OKCUAM MetamiB (Hampukiag, Al:Os abo
Ti02) a6o (ayopoByreieBl HoaIMEpH, J0JaTKOBO
OiABUIIYyE 3arajbHy CTIHKICTh MOKPUTTA IO
arpecuBHux cepenosui [20]. CTBOpeHHS MiKpo-
ab0 HAHOTEKCTYpPOBAHOI CTPYKTYypHU Bimirpae
BXJIUBY POJIb y cTabiii3amii MacTHIBLHOTO ILIapy:
BOHA HE JIMILIE CIPHUSIE KPaloMy HOro yTpUMaHHIO,
aje ¥ 3amo0irae BUTICHEHHIO PIIWHHU IIiJ i€
xiMigHUX areHTiB [21]. V pe3ynbrari moegHaHHS
mux (akTopiB MOBEPXHI JEMOHCTPYIOTH BHCOKI
eKCIUTyaTaIliifHi  XapaKTepUCTUKH, BKIIOYAIOTH
CTIHKICTh O E€KCTpeMallbHUX 3HaueHb pH. Jleski
iH(y30BaHI aTIOMiHI€BI MOBEpXHi 30€piraroTh cBOI
BIIACTHBOCTI HABIThH IICJS 3aHYPCHHS B PO3UMHH 3
pH 1 ta pH 14 [20].

Tepmiuna CTaOUTBHICTD iH(y30BaHUX
MOBEPXOHb. TepMiuHa cTabiIbHICTh € BaXKIMBUM
mapamMeTpoM, IO BH3HAYAE€ JIOBIOBIYHICTH Ta
npumataicte  PIII  y  KopcTkmx  yMoBax
ekcrutyartamii. Bucoki TemmepaTypu MOXYTb
NPU3BOAUTH 10 BUIAPOBYBAaHHS a00 BUTICHEHHS
MacTuia, a TaKoX M0 Aerpaaamii TeKCTYpOBaHOL
CTPYKTypu. /[l MigBUINEHHS TEPMOCTIHKOCTI
3aCTOCOBYIOTBCS CTiKi MacTHIIbHI MaTepiaiu, Taki
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ak  nepdropnomedipu, Ta  TEPMOCTAOUIBHI
miaKIaaKe, 30kpeMa okcunu metais (Al:Os, TiO2)
a6o amominii [20].

HocmipkeHHsT  TpOJIEMOHCTPYBAIH, o
amoMinieBi PIIT 6e3 BukopucTaHHS (HTOPBMICHUX
CIIOJIYK ~ 30epiraroTb CBOIO  aHTHOOMeEp3aabHy
30aTHICTH Ticis TepMidHoi 00podku mpu 150 °C,
IO CBIIYHUTH NMPO BUCOKY TEPMiUHY CTaOiIbHICThH
[20]. Y po0OTi BUBYECHO TUHAMIKY 3MOYYBaHHS IIPH
HarpiBaHHi 1 IMOKa3aHo, IO PicT KpaiB 3MOYYBaHHS
MacTwia (wetting ridge) Ha HaHOTEKCTypax
3MIHIOETBCS 3 IMIBHINCHHSM TEMIICpaTypH, IIIo
BIUIMBAaE Ha yTpUMaHHI MacTtmia. JlomaTkoBo
MPOJAEMOHCTPYBAJIX MOKIMBICTh MPOEKTYBaHHS
PIIT 3 migBUIIICHOIO YAAPOCTIHKICTIO 1 CTIUKICTIO 10
TepPMOHABAHTAXCHh 33 PAaxXyHOK KOMOIHYBaHHS
MIKpO- Ta HAHOCTPYKTYD [22].

TakuM 4YMHOM, BUKOPUCTAHHS CTaOUIBHHUX
MacCTHJI, TEPMOCTIHKUX MaTepiajiB i pamioHaJIsHOTO
IU3aifiHy MIKpOCTPYKTYP IO3BOJISIE CTBOPIOBATH
PIII, saxi 30epiraloTb CBOI BIACTHUBOCTI IpH
MiIBUIIEHUX TEMIIeparypax Ta 3a0e3leuyroTh
TPUBAJINH 3aXHCT IOBEPXHI B arPECUBHUX YMOBAaX.

Tunosi 3aCTOCYBAHHHA iHQy30BaHMX
NnoBepxoHb. PinuHHO-iH(QY30BaHI TOBEpXHI €
TIePCIICKTUBHIM KJIaCOM (hyHKITIOHATTEHUX
MaTepianiB, LI0 XapaKTEepU3YIOTbCS BHCOKOIO
CTaOUIBHICTIO, HU3BKUM KOe(illiEeHTOM TepTs,
BIIIITOBXYBAJILHOIO 3MIATHICTHIO JI0 IIIHPOKOTO
CTIIEKTpa PiAUH 1 3JATHICTIO IO CAMOBITHOBJICHHS.
3aBagku 1M BiactuBocTaM, PIIT 3HaxonmsaTh
MIPaKTUYHE 3aCTOCYBAHHS B PI3HOMAHITHUX TaTy35X
— BiX AHTUKOPO3iiHOTO 3aXUCTy Ta
aHTHOOMEp3albHUX TOKPUTTIB A0 OloMEeAUYHUX
IMIIaHTIB, MIKPOQIIOITHUX MPHUCTPOIB Ta CHCTEM
30MpaHHS piIMHM. IX 37aTHICTH 3a0e3medyBaTH
KepoBaHEe 3MOYYBaHH:], MiHIMi3yBaTH aiaresiro Ta
MEPEHIKOKATH 3a0pyIHEHHIO POOUTH 11l TOBEPXHI
O0COOJIMBO IIIHHUMH JUIsI €KCINTyaTamii B yMOBax
arpecMBHOTO  XIMIYHOTO  a00  MEXaHIIHOTO
cepenoBuia. Y HACTYNHHX WiApo3auiax Oyne
CHUCTEMAaTHU30BaHO aKTyalbHI HaAIPSIMH
Bukopuctanus PIII, a Takox HaBemeHO cydacHi
MPUKJIATU peamizallii TeXHOJOril BiAMOBITHO 0
HAyKOBUX JIOCIIIJDKEHb OCTaHHIX POKIB.

Posnainenns omii ta Bogu. PiguaHO-1H]Y30BaH1
moBepxHi  (PIII)  neMOHCTPYIOTH  BHCOKHI
MOTEHIaN y PO3ALICHHI BOIHO-ONIMHUX cymimeit
3aBIAKH  CBOIM  YHIKaJbHAUM  BIACTHBOCTSIM
3MOYYBaHHSA Ta HH3bKOMY KoedillieHTy TepTs. Ix
3aCTOCYBaHHS JI03BOJISIE e(EeKTHBHO
BIJIOKPEMJTIOBATH BOJAY BiJl OJIii, [0 € KPUTHUYHO
BOXJMBUM y 0araTbOX NPOMHCIOBHX IPOIECcaX,
BKIIIOYAIOYM OYHWIIEHHS CTIiYHUX BOJI, Ha(TOBY
MIPOMHUCJIIOBICTh Ta Xap4oBY iHIYCTPIIO.

MembOpana ZIF-LF 3  ynpTpacnu3bkuMu
BractuBocTsaMu.  Jlocmimkenns [23]  ommcye
MeMOpaHy Ha ocHOBI ZIF-LF, ska BUKOpPHCTOBYE
BOJLy SIK MpUpOAHE MacTuiIo. LI memOpana nokasye
BHCOKY BITIITOBXYBAJIBHY 3TaTHICTH O OJIHHUX
piavH, 110 PoOUTH 11 e(h)eKTUBHOIO IS PO3ILICHHS
BOJIHO-OJIMHUX CyMilIeH.

KBapuosi ¢inprpaniiini cepemoBuma A
IIPOMHUCIIOBOTO PO3JAUICHHS Boau Ta oJjii. PoGota
[24] 3ocepemxena Ha po3polIi Ta OMTUMI3AMii
KBapUOBUX  (QINbTpalliiHUX  CEepeloBHL] IS
MPOMHKCIIOBOTO  PO3MIJICHHS BOAM Ta Omi, 3
aKIICHTOM Ha MOKPAITeHHS 3MOYyBaHOCTI TIOBEPXHI,

MiHIMI3amil0  3a0pyIJHEHHS Ta  IiABUINCHHS
e(DeKTUBHOCTI BIATOPTHEHHS OJTii.
AHTH3IIe/IeHIHHA. YTBOpPEHHS JHOIYy Ha
TBEPAUX  TIOBEPXHSAX  CTAHOBUTH  CEpPHO3HY
npoOiemy JUIS aBiarii, EHEPreTHKH,
TEJICKOMYHIKaIlii, TPaHCIIOPTY Ta IOOYTOBUX

cucteM. PIII-OKpUTTS AEMOHCTPYIOTH 3HAYHUN
MOTCHITIAN Y MPOTUIT 3JICCHIHHIO 3aBIISIKH CBOIN
HU3BKIH ajres3ii 10 Kpareiab BOAM, IO 3HIDKYE
HMOBIpPHICTh HYKJICAIlil JIbOAY Ta IMOJICTIIYE HOTO
BUJIAJICHHS.

[MacuBHi cTpaterii 0a3yrOThCs Ha MiHIMI3aIll
eHeprii B3aeMoii MiX Kpaluielo Ta ITOBEPXHEO.
3aBAsSKM HASBHOCTI CTaOUIBHOTO MAaCTHUIBHOTO
mapy, PIII 3HmKyloTe TemmepaTypy Hykieanii
JTHOAY 1 CHOBUIBHIOIOTH Horo pict. Hampwuxiran,
JMOCTi/DKEHHSI  MOKa3ylTh, M0  TeMIeparypa
novatky 3amep3anss Ha PIIT moxxe OyTH Ha Kijbka
rpaayciB HIKYOIO, HDK Ha CymepriapodoOHux
MOBEpXHsX [25].

AKTHBHI CTpaTerii BKIFOYaOTh BUKOPUCTAHHS
30BHIIIHIX CTUMYJIiB — Hanpukiag, GpoTo-, Tepmo-

abo  emeKkTpoakTHBamii —  OIA  3MIHCHHS
BJIACTHUBOCTEH MacTuia abo camoi moBepxHi. Jleski
PIIT 3  ¢oropeakTHBHUMH  KOMIIOHEHTaMHU

JTO3BOJISIIOTH JIOKAJTHHO 3MIHIOBATH 3MOYYBaHICTh
i BIUIMBOM CBIiTJIa, 3amo0iraroyd HaJIMIIAHHIO
KpHCTaNliB 1601y [26].

3aBISIKM 3JaTHOCTI IO CaMOBIJIHOBJICHHS Ta
HU3BKOMY 3HAUCHHIO KPUTUIHOTO 3YCHILISA BiIPUBY
neony, PIII-moxputts MOXyTh Oaratopa3oBo
MPOTUCTOSTH ITUKJIAM 3aMep3aHHs/BiiTaBaHHS 0e3
3HAYHOI Jerpajanii CBOiX BiacTHBOCTEH. Takmm
YUHOM, BOHH € TIEPCICKTHBHUM MaTepiaioM I
3aCTOCYBAaHHS B YMOBaX IiJBUIICHOI BOJOTOCTI Ta
HU3BKUX TEMIIEPaTyp

Antmzabpynaenns.  PIII  neMoHCTpYIOTH
BUCOKMH TOTEHLiall y 3MCHIICHHI 3a0pyaHEHHS
010JIOrYHOI'0 Ta XIMIYHOI'0 ITOXOIKEHHS, 0COOIUBO
B YMOBaX, JI¢ TPAIUIIIAHI MOKPUTTS BHUSIBIISIOTHCS
HEJOCTaTHbO ©(EeKTUBHUMU. 3aBISKH HH3bKIH
aaresii o OiNKIB, MIKpPOOPraHi3miB i OiOILTIBOK,
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PIIT 3HauHO 3HMKYIOTH piBeHb 0103a0pyIHEHHS Ha
MEIUIHUX TIPUCTPOSX, QITBTPAMIHHIX MEMOpPaHaX,
CYIHOBHX KOpIyCax Ta B IHIIUX CepelOBHIIAX,
CXWJBHUX  JIO  OIONIOTIYHOTO  OOpPOCTaHHSI.
MactunsHui map 3a0e3nedye TuHaMigHy 0ap’epHy
(yHKINIO, TMO0 TEPEmIKOKAE TPHUKPITUICHHIO
OpraHi3MiB Ta YacTHHOK HAaBiTh Yy CKJIAQJHUX
eKCIUTyaTalliiHuX ~ yMmoBax.  Hampukmam, vy
Mopchkomy cepemoBuiti PIIT 3matHi edexTHBHO
3amo0iraty aaresii BogopocTeit, OakTepiil Ta IHIIHX
MOPCBHKMX  OpraHi3MiB, MOJOBXKYIOUH TEpMiH
CIy’)kOM KOHCTPYKLIH 1 3MEHIIYIOUH MOTpedy B
obcmyroByBanHi [25].

AmnTrkopo3sis. PIIT MatoTs noTeHmian y 3axucTi
MeTaiB, Takux sk Mizk (Cu), maraiit (Mg) Ta cTams,
Bil KOpo3ii. 3aBHSIKA CTBOPCHHIO (hI3UIHOTO
Oap'epy, KU NEPEIIKOKae TIPOHUKHEHHIO BOJH,
KHCHIO Ta iHIINX arPECUBHUX areHTIB 10 METAIEBOI
noBepxHi, PIII 3HaA4HO 3HWXKYIOTH IIBHIKICTH
KOpPO31{HHX MPOLIECIB.

Hocmimkenns nokasand, mo PIII Ha ocHOBI
OIIMHKOBAHOT  cTajli  3a0e3MeYyioTh  BHUCOKY
KOpO3iiHY CTIMKICTh HAaBITH TICIS TPUBAJIOTO
BIUIMBY arpeCMBHHUX CEPEIIOBHII, TaKUX K COJISHI
pO3UMHM Ta KHCIOTHI gomi. Lle pocsraerbcs
3aBASKA CTAOUTBHOMY MAacTHILHOMY Iapy, sSKUi
30epirae  CBOi  BJACTUBOCTI  HABITh  MiCIsA
MEXaHI4HOT0 3HOCY Ta BIUIWBY 30BHIIIHIX ()aKTOPiB
[27].

V BHUITaJIKy MarHi€BUX CIUIABIB, SKi 0OCOOIIMBO
CXWIBbHI A0 Kopo3sii, 3actocyBanns PIII 3
CaMOBI1THOBITIOBAJIbHUMH BIACTUBOCTAMH JTO3BOJISIE
e(EKTHBHO 3aXWINATH TIOBEPXHIO BiJ| arPECHBHOTO
MOPCBKOTO cepefoBuima. Taki TOKPUTTS 3AaTHI
3MEHIIUTH  airesito  OakTepii Ta  IHIIHX
OIOJIOTIYHMX areHTiB, MO0 CHPHSIE 3HIKECHHIO
MiKp0O0ioIoTiuyHOI KOpo3ii [28].

Kpim TOTO, HOBITHI OCHIDKEHHS
IeMOHCTpYIOTh, 1o PIII, Burorommeni 3a
JOTIOMOTOI0 METO/IIB, TAKUX SK JIa3epHE TPABJICHHS
Ta iHQY3i1 MacTHi, MOXYTb 3a0e3MeunTd
e(eKTUBHUN 3aXUCT BiA KOpPO3ii I Pi3HHUX
METAIIIB, BKIIOYAKOYH allFOMiHIK Ta Horo crutasu. L1i
MOKPUTTSL XapaKTEePU3yIOTHCSl BUCOKOIO CTiHKICTIO
IO MEXaHIYHOTO 3HOCY Ta JOBIOTPUBAIONO
CTaOUTBHICTIO B arpeCUBHUX yMoBax [14].

IlepcnekTuBu po3BuTKY. He3paxarouum Ha
3HauHuil mporpec y ctBopenHi PIII, mepen wiero
TEXHOJIOTI€I0 JIOCI CTOSATh CEPHO3HI BHUKIHKU.
3okpema, oOMekeHa ITOBrOTpHBaja CTAOUTHHICTH
MTOKPUTTIB Ta MOCTYIIOBE BUCHAKEHHS
MaCTHJIFHOTO APy TiJ BIUITABOM MEXaHIUYHUX,
TePMIUHUX abo XIMIYHUX HaBaHTaKEHb
3aJIMIIAI0THCS KIIIOUOBHMU npobiaemMamu.
Bararoeranni Ta nopori Mertoau QopmyBaHHS

MiKpo- i HaHOCTPYKTYP
MacitabyBanHs BupoOuuirsa PIII.
JList mogonaHHs X 00MEXEHb PO3POOIISIIOTH
HOBiI MaTepiald Ta CHCTEMH. 30KpeMa, aKTHBHO
JIOCITIDKYIOTh €KOJIOTIYHO Oe3MedYHi MacThiia Ha
OCHOBI 0iOpo3KjagHUX a00 ICTIBHUX Ol 1
KOMITO3UTHI MaTpUIll 3 HATypalbHUX IMOJiMEpiB.
PIII, BuroToBneHi 3 OiOPO3KIATHHUX MOJIMEPHHUX
BOJIOKOH 1 XapyoBHX OJIiH, MPOAEMOHCTPYBAIH

YCKIaAHIOOTh

BUCOKY JIOBIOBIUHICTH Ta aHTHU3a0pyIHIOHOY]
BiaactuBocTi. [loxmiOHiI  pilleHHA 3MEHIIYIOThH
eKOJIOTIYHE HABaHTAKCHHS Ta  BIIKPUBAIOTH

NEPCIICKTHBA HOBUX 3aCTOCYBaHb (HANPUKIAJ, y
NaKyBaHHI Xap4OBUX MPOAYKTiB Ui O10MEIULINHI).

[ami  HampsMu — BKITIOYAIOTH  aJalTHBHI
MOBEPXHI 13 3JaTHICTIO 0 CaMOBITHOBIICHHS Ta
pearyBaHHs Ha  30BHIIIHI  cTuMyiau. Tak,
po3pobmnsitore  amantuBHi  PII, sxi mig miero
TEMITepaTypH, CNEKTPUIHUX YW MArHITHHUX ITOJIB
MOXYTh 3MiHIOBaTH CBOi BJIAacTUBOCTI  abo
OHOBJIIOBATH MACTWIBHUN Imap. BukopucraHHs
OpTaHOTENIIB Ta TIAPOTENIB SIK TIOPUCTUX MaTPHIIh
3abe3medye BHYTPIIIHIN pe3epByap MacTwiia i

MiBUIYE  3MaTHICTH 10  CaMO3aJiKyBaHHS
MTOBEPXHI.
KirouoBumu 3aBIaHHAMHA TaKOXK €

MacimTaOyBaHHS TEXHOJOrii Ta i TECTyBaHHS B
peanpHUX yMoBax. HeoOXimHO TmepelTH Bix
JabopaTOPHUX 3pa3KiB J0 MIPOMHUCIOBHUX MPOIIECIB 1
MoJbOBUX BunpoOyBaHb. Hampukiang, ARPA-E
(inaHcye TpOEKT 31 cTBOpeHHS Ta TectyBaHHs PIII-
MOKPHTTIB TUTS MOpPCBKOTO  TPAHCIOPTY,
CIIPSIMOBAaHMX Ha 3HIDKEHHS EHEProCIIOKWBaHHS
cynes. Pasom i3 Tum, BpoBamkenHs PIIT motpedye
CIOPONICHUX 1  MAacIiTabOBaHUX  TEXHOJOTIH
HaHEeCeHHs (JKi MOXXKHA 3aCTOCOBYBaTH Ha
MOBEPXHSX OyAb-SIKOTO PO3MIpY).

BucHoBok. PinuHHO-iH(QY30BaHI mNOBEpXHIi
(PIIT) CTaHOBJIATH IHHOBAITIHHAN KJ1ac
(HOYHKIIIOHAJIBHUX TOKPHUTTIB, 10 MOEAHYIOTh y COO1
BHCOKY XIMiYHY IHEpTHICTB, MeXaHIuHY
CTaOUTBHICTD, yHIBEpCaIbHy
PIIMHOBIAMITOBXYBAIBHICTD Ta 3MAaTHICTH  JIO
CaMOBITHOBJIEHHS. 3aBISIKH HAABHOCTI CTA01IILHOTO
MacCTUJIBHOTO MIAPY B MOPUCTIH a00 TEKCTYpOBaHii
Matpurli, PIII ngeMOHCTpyIOTH TIiepeBaru Haj
TPaIULIHHUME CynepriipoGoOHIMH TOBEPXHIMH,
30KpeMa B acHeKTaX JOBrOBIYHOCTI, CTIHKOCTI 10
obmep3aHHs, 3a0pymHEHHS H KOpo3ii, a Takox
(YHKIIIOHYBaHHS B arpeCUBHUX CEPEOBHUINAX.

Ormsin  cywacHoi — JiTepaTypu — 3acBiguye
3pOCTarounii HAyKOBUM 1 MPUKIAAHUI iHTEpec IO
miei TexHojorii. Po3po0neHo HU3KY cTpaTerii
ctBopenHst PIIT sx Ha rizpodoOHHMX, Tak 1 Ha
rigpodinbHUX MigKTagKaX, i3 BHKOPHUCTAHHSIM
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MOJIMEPHUX,  OKCHOHMX  Ta  KOMIIO3UTHHX
MatepianiB.  OcoOmuBoi  yBarm  HaOyBaroTh
aJanTUBHI TOBEPXHI, 3IaTHI 0 pearyBaHHSI Ha
30BHIILIHI CTUMYJIH, 0 PO3MIMPIOE (PYyHKIIOHATBHI
MmoxumBocTi  PIII  y  BHCOKOTEXHOJOTIYHHX
3aCTOCYBaHHSIX.

Pazom 3 TuMm, TexHoJoOrisi moTpedye
MOAJBIINX JOCITI/DKEHDb Y HampsAMaXx ITiBUIIICHHS
TIOBTOTPHUBAION cTabiIBbHOCTI, PO3pOOKH
€KOJIOT14YHO OesmeyHuX  Ta OiocyMicHHX
KOMITOHEHTIB, a TaKOX MacIITa0yBaHHS METO/IiB
BUTOTOBJICHHS. BUpIIIEeHHS IUX 3aBllaHb MOXKITUBE
MUISIXOM MDKTUCITUTLTIHAPHOT iHTerpamii
JOCSTHEHb XiMil MOBEPXHi, MaTepialo3HABCTBA,
HAaHOTEXHOJIOTIH Ta IHKEeHEpii.

Taxum unaom, PITT MaroTh BUCOKHI OTEHITIAN
JUIs1 BOIPOBADKEHHS B IIUPOKE KOJIO TATy3ei — Bif
CHEPTreTHUKH Ta TPAHCIOPTY A0 OlOMeAWIUHH i
€KOJIOTIYHMX TEXHOJIOTIH — 10 3yYMOBIIOE
aKTYaJbHICTh TMOJANBLIINX (YHAAMEHTAJIBHUX 1
MPUKJIATHUX JOCHTIJKEHD Y il cepi.
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The article presents a comprehensive overview of
the current state of research in the field of liquid-infused
surfaces (LIS), which represent a promising direction in
the development of functional coatings with tunable
wetting properties. Based on the analysis of recent
literature, the key physicochemical principles underlying
the formation of infused surfaces are considered,
including the presence of a stable lubricant layer
retained in a capillary-active porous or textured matrix,
the surface energy of the solid substrate, and interfacial
interaction mechanisms. The properties of liquid-infused
surfaces (LIS) are compared with those of traditional
superhydrophobic coatings, particularly in terms of
durability, stability under aggressive conditions, as well
as  self-cleaning, anti-corrosion, and anti-icing
performance.

The article systematizes modern approaches to the
fabrication of LIS based on both hydrophobic and

hydrophilic textures with subsequent infusion of
chemically compatible lubricants. Special attention is
paid to the use of advanced materials such as polymers,
nanostructured metal oxides, and biocompatible
lubricating fluids that ensure both functionality and
environmental safety of the coatings. The development of
adaptive surfaces capable of dynamically altering their
properties in response to external stimuli—such as light,
temperature, or magnetic field—is also considered. The
study highlights key challenges in ensuring mechanical,
chemical, and thermal stability of LIS under real-world
conditions, including freeze-thaw cycles, dynamic loads,
and contact with aggressive liquids.

The study analyzes the current application areas of
liquid-infused surfaces in modern technical and
industrial systems, including anti-icing technologies,
corrosion protection, biomedical devices, membrane-
based liquid separation, microfluidic components, and
low-adhesion coatings. It is shown that LIS possesses
significant interdisciplinary potential for implementation
in energy, environmental protection, transportation,
medicine, and other sectors, provided that existing
technical, technological, and environmental barriers are
overcome. The prospects for further development of this
innovative technology are summarized in the context of
materials science, applied engineering, and sustainable
manufacturing.

Keywords: liquid-infused surfaces; wetting,; anti-
icing, corrosion protection;
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BU3HAYEHHS MOXJIUBOCTI BUKOPUCTAHHSA XOJIOHOI IVIAZMHU
A1 OKUCJIEHHA ATMOC®EPHOI'O A30TY B OKCUIHU HITPOI'EHY
TA BIIVIUBY CHJIN CTPYMY YUEPE3 YCTAHOBKY HA ITPOLHEC

Caoboasinok B.I1., Kyapsisues C.O., Heaimes O.b., Jlopis M.I'.

DETERMINATION OF THE POSSIBILITY OF USING COLD PLASMA FOR THE
OXIDATION OF ATMOSPHERIC NITROGEN INTO NITROGEN OXIDES AND THE
INFLUENCE OF ACTIVATING SUBSTANCES ON THE PROCESS

Slobodyanyuk V.P., Kudryavtsev S.0., Tselishchev O.B., Loriia M.G.

O00’exmom  Q0CHIOMNCEHHA €  Npoyec  OKUCHEHHs.
ammocgheprozo azomy 8 oxcuou nimpozeny. OKUCHeHHs.

ammoceprozo azomy 3 Memoio OMpUMAHHS HIMPAMHOL

KUCTOMU, € 8ANCTUBUMU OJISL PO3POOKU HOBUX MemOoOdis

36 A3V8AHHA AMMOCepHo2o azomy ma aKmueayii

Memamy, AKi € QYyHOAMeHmanbHUMU npoodremamu 8
eany3i ximiynoi Hayku i mexuonocii. Ilpoeedeno
00CNIONHCEHHS NPOYEC) OKUCHEHHS MOACKYISIPHOZ0 A30MY
ma 3a1edCHICMb 6MICmy OKCUOI6 HIMpoceHy Gi0 Cuiu
MOKYy — 4epe3  YCMAHOBKY 3  e1eKmpooy208uUM
2eHepamopomM HU3LKOMeMnepamypHoi niasmu.

s niomeepoowcennss  cinomesu  Oyn0  30[UCHEHO
K8AHMOBO-XIMIUHI 00Ci0NHCEHHS

po3nady. Ha nouamxosomy emani npoeedeHo K8anmoso-
Ximiuni pospaxyuku memooom DFT 0ns eusnauenws
eleKMpOHHOI  CIMpPYKMypu  ma — mepMoOUHAMIYHUX
napamempie 0CHO8HO20 CIMAHY HIMPAMHOI KUCIOmu ma
mpwvox it 8i0oMux i30mepis.

s enposadoicenns npoyecy ompuManHs Himpamuoi

KUCIOMU 3 ammocghepHozco nogimps 3a O00ROMOZOI0
PenpooyKmuenoi MexHon02il, 3anponoHo6aHo
KOHCMPYKYisl peakmopa Ons OMPUMAHHA — OKCUOI8
HIMpO2eHy WAAXOM NPAMO20 OKUCHEHHS. a30Mmy 8 HOMoyi
xonoonoi naasmu. Ilpu yvomy 6y10 3anPONOHOBAHO
BUKOPUCMAHHA eqheKmy OMPUMAHHA OKCUOI8 a30my 6
NOGIMPAHIU CYyMIWLi 3 napamu a30muoi Kuciomu ma npu
MEePMIYHOMY  PO3KAAOAHHI  NEPeKucy Himpoeeny 3
asomom  ammocgpeprHozo  nogimpsa.  Bcmanoéneno
eheKmusHicms  BUKOPUCTNAHHA XOJIOOHOL NAasmu O
OKUCHEHHS ammocgheprozo asomy, wo
niOMeepONCYEMbC  OMPUMAHUMY  3ATEIHCHOCHIAMU.
Buseneno enaue cunu cmpymy uepes ycmamoexy 6
NPUCYMHOCMI  Nepekucy 600HI0 Md  CRUPMIE  SK
akmueamopie  npoyecy — OKUCIEHHSI  AMMOCPepHo20
asomy Yy BUCOKOEHEep2emUYHOMY  cepedosuli.

PeaxkyitiHoi
aKmMuGHOCMI HIMpamHoi Kuciomu ma npooykmis ii

Jlocnioocennsi nokazanu, wo npu 30iIbWeHHT CUIU MOKY
yepe3  YCMAHOBKY  KilbKiCMb  OKCUOI@  A30MYy
30ibUYEMbCS 0151 YCIX peyosun akmusamopie 8 2 - 8
pasis.

Busieneno enaue emicmy oxcudie HimpoceHny 6i0 cuiu
MOKy  uepe3  YCMAHOBKY 3  eleKmpooy208uUm
2enepamopom HU3bKOMEMNepamypHoi naasmu.
Busnaueno, wo npu nopieHaAHHI peuosuH-aKmMueamopis,
AKI npu c80EMy po3knadanti 30amui ymeoproeamu OH-
paouxanu, came HepPeKuc B00HK €  HaUuOLIbL
nepcnexmuGHoI0 PEHUOBUHOIO-AKMUBAMOPOM onsl
30IlICHEHHsL NPOYeCy OKUCIEHHS. AMMOCHEPHO20 a30Mmy 6
nomouyi niamu.

Knwouoei cnosa: monexynapruii azom, npsame OKUCIEHHS,
XON00HA NAA3Mda, OKCUOU HIMPO2eHy, Ja3MAMpPOH,
nepexuc 80OHIO.

1. Beryn. AMiak € OJHUM i3 KIFOYOBHUX
OPOAYKTIB XIMIiYHOI TPOMHUCIIOBOCTi, LIOpiyHE
BHPOOHHIITBO SKOTO CsTa€ MIiJIBHOHIB TOHH,
BITHOCAYHUCH O BEIMKOTOHHAXKHUX XIMIYHHX
npoueciB. TexHomoriss cuHTE3y  amiaky 3
€JeMEHTapHUX PEYOBHH € CYYaCHHM CIIOCOOOM
(ikcamii aTMoc(epHOro a3oTy, CHpPSIMOBaHMM Ha
3a0e3neyeHHss MoTpeO JIIOJCTBA B a30TOBMICHHUX
CHOJNyKaX. 3aBAsSKH LIbOMY aMiaK CIIyT'ye OCHOBHOIO
MIPOMIKHOIO CHPOBHHOIO JIT BUPOOHHUIITBA Makke
BCIX IHIMUX CHOJYK 3B'SI3aHOTO a30Ty, 30KpeMa
a30THOI KHUCIIOTH, 11 comei Ta JoOpuB.

Ha rno6ansHoMy piBHI 65m3bko 80 % amiaky
BUKOPHCTOBY€ETHCS TUTS BUTOTOBJICHHS
MiHepanbHUX A00puB. KpiM Toro, amiak MIMPOKO
3aCTOCOBYETBCS Y BHPOOHMUTBI  MOJIMEPHHUX
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MaTepianiB, TakMX SIK MOJiaMilu, MONiypeTaHHu,
MTOJTIAKPIIIOHITPHIT Tomo. HiTpyBaHHS OpraHigHHUX
pPEUOBMH  a30THOIO  KHUCJIOTOH  (Hampukiaz,
Toiyony, (beHomy, OCH30My, LENIOJNIO3U YH
TIIEPUHY ) JO3BOJISIE OTPUMYBATH iX HITPOTIOXiHi.
Ili cmomykw BHKOPHCTOBYIOTHCS SIK BHOYXOBI
pedoBHHU (HITPOOEH30JI, TpPOTWI, MiPOKCHUIIH,
aMOHiTH) a00 HamiBOPOAYKTH M CHHTE3Y
OapBHUKIB, 30KpeMa aHUTIHY. 3BakKalodyd Ha
BHUCOKHMH TONMUT Ha MPOLYKTH 3B'A3aHOTO a30Ty,
0c00IMBO a30THI JOOpWBA, CBITOBE BHUPOOHHIITBO
amiaky 3a oOcAraMd  TIOCTYyHAa€EThCS  JIUIIIC
BHPOOHHIITBY CIPYAHOI KHCIIOTH Ta KHCHIO.

OxucHeHHs aTMOC(HEPHOTO a30Ty € BXKIUBUM
MpolecoM y Ximil atMochepH, SKH BIUIMBAa€E Ha
(dhopMyBaHHSI Pi3HUX CIIOJIYK a30Ty. ATMOC(epHuit
a30T (N2) OKUCIIOETBCS A0 PI3HUX OKCHUIIB a30Ty,
Takux Sk NO, NOz, N2O Ta igmmx. OcHOBHI
[IPOIIECH OKHCHEHHS a30TY BKIIOYAIOTh:

Tepmiune  okucHenns: Ilpm  Bucokmx
temneparypax (moxazn 1000 °C) monexynu a3oty i
KHUCHIO DPEaryroTh 3 YTBOPEHHSM OKCHIY a3oTy

(NO):
N>+0,—2NO.
OKHCHEHHS B JIBUTYHaX BHYTPIIIHBOTO
STOpPSHHSA: BHCOKI Temmeparypd B IBUTYHax

aBTOMOOUIIB crpusAl0Th yTBOpeHHIO NO, sKuii
notiMm Moxke meperBoproBatHcs Ha NO: B
aTMocdepi:

2NO+0O,—2NO..

OxuCHEHHS i Oi€r0 OJMCKaBOK: biauckaBku
TAKOK CTBOPIOIOTH BHCOKY TEMIIEpaTypy, sKka
CTIpUsIE OKHCHEHHIO a30Ty.

Jleski MIKpOOpraHi3MH 30aTHI OKHCHIOBATH
a30T, 30Kpema JAeHiTpudikyoui OaxTepii, ski
nepeTBoprofoTh NOs~ B razonoaiouuit N2O a6o No.

Oxcugn  aszory (NOy) €  BaXIUBUMH
MPOMDKHIUMH ~ PEUYOBHHAMH B  aTMochepHHxX
XIMIYHHUX PEaKIisx, SKi MOXYTb NMPU3BOIUTH 10
dhopmyBaHHSI TPONOCHEPHOTO 030HY 1 KHUCIOTHHUX
JIOIIIB, @ TAKOXK MATH BILTUB Ha 3J0POB's JTIOACH Ta
JTOBKLILIA.

IIpoGnema ikcamii a3oTy € OJHIED 3
KIIIOYOBHUX y MPHUPOJHHX 1 CIITBCHKOTOCIIOAAPCHKUX
exocuctemax. Azor (N2) B atmocdepi ayxe
CTaOUTBHMM 1 HE TOCTYIHUM I OUTBIIOCTI KUBUX
opra”i3MmiB y Takii ¢opmi. Dikcaris a3oTy — 1e
MpoIleC TEPEeTBOPEHHSI aTMOC(EPHOro a3oTy B
OiosoriyHo goctynHi Gopmu, Taki sik amiak (NHs),
Hitpatn (NOs~) abo amoniit (NH4"). IIpoGiema
¢ikcamii a3oTy monsArae B IEPETBOPEHHI
aTMOC(EpHOTO a30Ty B CIIONYKH 3 HITPOT€HOM, SIKi
MOXKYTh OyTH 3aCBO€HI POCIIMHAMH 0€3M0CEPETHBO
abo uepe3 TOIEpenHi, BiTHOCHO MPOCTi XiMidHI
nepeTBopeHHsl. Lle BU3HaYa€eThCsI SIK KUTTEBAKINBA

mpobiieMa JUIs  JIFOJICTBA, OCKUIBKM  YCIIIIIHE
BHPIIIIEHHS IIHOT0 3aBJaHHSA JO3BOJIIE B 3HAYHIHN
Mipi  BHpilIyBaTd  IpodjeMy  IJ100aabHOIo
XapuyBaHHS, OCOOJMBO Yy 3BSI3KY 13 MOCTIHHUM
3pOCTaHHSAM CBiTOBOTO HaceleHHsA. CIOyKH a30Ty
aKTUBHO 3aCTOCOBYIOTBHCSI Y TNPOMHUCIOBOCTI ISt
BUTOTOBJICHHSI Pi3HOMAaHITHUX MaTepialiB, TaKuX
SIK TPOMDKHI TPOAYKTH, OapBHUKH, IJIACTMACH,
XiMIYHI BOJIOKHA Ta JIKapchKi Tpemapatd. BoHu
TaKOX BiAIrpalOTh KIIOYOBY pOJb Y CTBOPEHHI
BUOYXOBHX PEUOBHH 1 3aNaIOBAILHUX 3aCc00iB.

MosxHa 3poOUTH BHCHOBOK, IO po3poOKa Ta
JOCITIDKEHHSI TEXHOJOTIYHMX METOMIB (ikcarii
aTMOC(EpHOTo a30Ty € BaKIMBUMH I PO3BUTKY
XiMIgHOT MTPOMFCIIOBOCTI, 3MIITHEHHS
000pOHO3MATHOCTI  KpaiHW Ta  3a0e3medycHHS
MOBCSAKICHHUX MOTPeO HACEICHHS.

Tomy mocmimKeHHs, MPUCBSYEHI pPoO3poOIi
TEXHOJIOT] OKHCJIEHHS arMoc(epHOro as3ory B
OKCHJH HITPOTEHY, € aKTyaJIbHUMHU.

2. AmnHaniz JgiTepaTypHHX JaHUX Ta
MOCTAHOBKA MPoodjaeMu. MoJEKyIIpHHUH a30T, 10
MICTHUTBCS B TOBITPI, BUKIIUKAE OCOOTUBUIN IHTEPEC
Sk cupoBuHa. lleit  pecypc  mIpakTHYHO
HEBUUYCPIHHUN, IOCTYNHHMH y OyaAb-sKild Todi
3eMHOI KyJIi Ta Ma€ CTaOUIbHI XapaKTePHUCTHUKH, Ha
BiIMIHY BiJ BHKONHHUX pecypciB. Came ToMy
HAYKOBII Ta BHHAXiTHHKH BXe 0araTo pOKiB
30CepeDKCHI Ha BUPINICHHI OMHIET 3 KIFOUOBUX
3aa4 Cy4acHOI HAayKH — TPSMOMY OKHCHEHHI
aTMoc(epHOro a3oTy. Y NPHUPOJHHX YMOBax LEH
MpoIriec BiOYBAETHCS Tia Yac TPO3OBHUX PO3PSIIB
OJINCKAaBKH Ta Yy BEPXHIX IIapax arMocdepu i
BIUIUBOM  YJbTPadioneToBOro BUIPOMIHIOBAHHS
COHIISL.

Y pobGoti [1] TeopeTH4YHO OOIPYHTOBAHO
MOYJIUBICTh OTPUMAaHHS HITPAaTHOI KMCIIOTU Yepes3
npsiMe OKHCHEHHSI aTMOC(EPHOTO a30Ty 3a Y4acTIO
MEPEKUCY BOJHIO Ta HITPATHOI KUCIOTH (METOH
3axapoma). OmHaK TEXHIYHA peaizamisi ILOTO
OiAXo4y € Haa3BHYaiiHO ckianHo. Yepes 1e
METOJ Toci He OyB YCHINTHO BIIPOBAKCHUN HABITH
y 1abopaTOpHUX yMOBAX.

VY poborax [2, 3] BCTAaHOBICHO, 110 OJHUM i3
HANOLUTBIIT TIEPCICKTUBHUX METO/IiB IIPOMKCIOBOTO
BIIPOBA/UKCHHA TMPOILIECY TMPSAMOTO OKHCHEHHS
atMocepHoro aszory € meton KapaBaea. Bin
0a3yeTbcsl HA YHIKAJIBHUX BIACTHBOCTAX HITpaTHOL
KHCTIOTH Ta 3abesmeuye g0 60 % migBUIIEHHS
BHXOJy OKCHIB a30Ty. BogHOYac METO Ma€ MeBHi
HEeNONiKK: mpouec BigOyBaeTbcs MPH BHUCOKIH
temneparypi Omm3pko 1050 K, xapakrepusyerscst
BY3bKHM  TEMIEpaTypHUM  [ialla30HOM IS
peamizaiii Ta BUMara€ CKJIaJHOTO OOJaJHAHHS.
Yepes ui obmexxeHHs metox KapaBaeBa moci He



76 BICHWK CXIOHOYKPATHCBHKOIO HALLIOHANBHOI O YHIBEPCUTETY imeni Bonoagumupa Oans Ne 5 (291) 2025

HaOyB IIMPOKOTO 3aCTOCYBaHHSA y TNPOMHCIOBUX
MacinTabax.

Y po6oti [4] HOCHIIKEHO MPOLEC HPSIMOIo
OKHCHEHHS aMiaKy J0 OKCHIY HITpOTeHY, SIKUi
XapaKTepu3y€eThCS  HAJ[3BHYAITHO IIBUIKHIM,
BHCOKOCK30TCPMITHUM i HEPIBHOBAXHUM
MexaHizmoM. @®opmyBanHs NO 3Ha4HOIO MipoOIO
3aJIeKUTh BiJl BHCOKOI TeMIeparypu (MpHOIHU3HO
1100-1300 K) Ta migBumenoro Tucky. IIpoTte
BHUCOKOTEMIIEPATYpPHUH  KaTaJiTHYHUU  Tpolec
MOXE CHOPUYMHATH MEXaHiYHI IOIIKOHKESHHS
KaTAIITHIHUX penriTok. Jlo TOro K YTBOPEHHS
OKCHJIIB TUIATUHU Ha MTOBEPXHI KaTajizaTtopa depes
HEJIOCTAaTHE 3MIIIyBaHHA aMmiaky 3 MOBITpsM, a
TaKoX HEPIBHOMIPHUH PO3MOIiI Ta30BOTO TOTOKY
I10 KaTaji3aTopy.

Y  pgocmimkeHHSX [5] meTambHO  OIKMCaHO
€IMHUHA Hapa3i HagillHO MpamlolYhii  METOA
OTPUMAaHHS OKCHJIIB a30Ty IUIIXOM KaTaJliTHIHOTO
okHcHeHHA amiaky. lLlefi minxin mnependauae
BUKOPHUCTaHHS MPUPOTHOTO Tazy AJsl 3B’sI3yBaHHS
aTMOC(epHOTo a30Ty, M0 (aKTHIHO MEPETBOPIOE
HOTO Ha BUTPATHHUH PeCypc Y MPoIieci BAPOOHUIITBA
HiTpaTHOi Kucinotu. [Ipore meton mae cyTTeBi
HE/IONIIKUA: BHCOKHHM pPiBEHb BHUKHIIB MAapPHUKOBHX
ra3iB Ta 3HA4YHA CHEPrOEMHICTH TIporecy. Y
pe3ynbpTaTi Le 3HAYHO MiABUIIYE COOIBapTiCTh
OTPUMAaHOI HITPaTHOI KHUCJIOTH.

Y poboti [6] AOCHITHUKA BCTAHOBWIIH, IO
IH'€KIi HITpATHOI KHUCIOTH B aTMmocdepy npu
temneparypi 758—1173 K cmpuse 30inbiieHHIO
YTBOpEHHS OKCHAiB HiTporeHy Ha 60 %. Ile
JIO3BOJISIE TIPUITYCTHUTH, IO B MPOIYKTaX TEPMOITIZY
HITpAaTHOI ~ KUCIIOTH  MOXYTb  (opMmyBaTucs
paauWKamu, 31aTHI aKTUBYBaTH Ta OKHUCIIOBATH
MOJNCKYIApHUN  a3oT. OTpumani  pe3yJbTaTH
CBiYaTh Mpo Te, IIO0 BHCOKOCHEPTeTUYHUMH
CHONyKaMH, SKi YTBOPIOIOTbCA B TNPOIYKTaxX
MIBUIKOTO TEPMOJII3Yy HITPaTHOI KUCIOTH, MOXYTh
OyTh oOKco-i3omMepu. TakuM dYWHOM, 3pOOJICHI
BHCHOBKH € JIOTTYHUM MOSCHEHHAM EKCIICPUMEHTIB,
ommcaHux y poboti [7] Ae moCHimKyBamocs
ABTOKATAJITUIHE BUKOPUCTAHHS TapiB HITpaTHOL
KHUCJIOTH JJsl aKTUBALii MOJEKYIAPHOTO a3oTy.
[IpoTe 1i goCHimKEHHS HE OTPUMAIU MOJAIBIIOTO
PO3BUTKY.

Y poborti [8] ommcaHO TpPaIAMIIHHUA METOI,
SKHHA IEeMOHCTpPY€ eEeKTUBHICTh, IPOTE M€ KiJIbKa
3HaYHUX OOME)XEHb, IO BIUIMBAIOTh Ha 3arajbHy
npoxaykruBHicTh. llepmr 3a Bce, Omm3pko 30 %
BapTOCTI  BUPOOHMUTBA  HITPATHOI  KHUCJIOTH
NpUMNazae Ha aMiak, LOI0 BUKOPUCTOBYETHCA SK
CHUPOBHHA, 1110 00OMEKY€ €eKOHOMIUHY €(h)eKTHBHICTh
1 CTBOPIOE €KOJIOT1UHI BUKIUKHU. [HIIUM CyTTEBUM
HE/IOJIIKOM € BTpaTa METalliB IUIATHHOBOI TPYIH

yepe3 BUNAPOBYBaHHA Ta eposito. Kpim Toro,
MIPOIIEC YCKIAAHIOETHCS (DOPMyBaHHSIM KOHJIEHCATY
mig gac orpumanHHis HNO;, a Takok morpedye
3HAYHMX KaIiTaJOBKJIaleHb i onepauiiHuX BUTPAT
gepe3 BEIUKY KITbKICTh TEXHOJIOTIYHUX €TalTiB.

Y pob6oTi [9] TeopeTHUHO OOTPYHTOBAHO Ta
EKCIICPUMEHTAIBHO PEaTi30oBaHO METOJ| IMPSIMOTO
OKHCHEHHS aTMOC(epHOro a3oTy 3 YTBOPCHHSIM
3aknucy as3oTy. llporiec 3IIHCHIOETHCS TUIIXOM
peakuii TPOMYKTIB TEPMIYHOTO  PO3KIIATAHHS
NEPEKUCY BOJIHIO 3 a30TOM aTMOC(EPHOTO MOBITPS
npu Temreparypi Oausbko 800 K, 1 Bimomwuid sk
Meroa HarieBa. OCHOBHUIT HEMOMIK IIHOTO METOITY
mojisirae B HOro OOMEXKEHili 3aCTOCOBHOCTI.
[IpuunHO IOTO MOXYTh OyTH O00'€KTHBHI
TPYIHOIII, TOB'SI3aHI 3 THM, IO 3aKHC a30Ty €
Maiike TaKMM CaMHUM iIHEPTHUM, SIK 1 MOJICKYJISIpHUN
a3oT, 1, O-IpyTe, TUM, IO BiH HE YTBOPIOE KHUCIIOT,
OCKIIBKHY HE HAJIEKHUTH 0 KUCIOTHUX OKCH/IIB.

Bce 1me mo3Bonsie  CTBEpIKYBaTH, IO
JONIUTLHUM € TIPOBEACHHS JIOCHI/DKCHHS, SKi
CIIPSIMOBAHO HA TpsSME OKHCHEHHS aTMoc(hepHOro
a30Ty 3 METOI0 OTPHUMAaHHS HITPaTHOI KHUCJIOTH, €
BOXUIMBUMU T4  aKTyalbHMMHU. Pesynbratn
pO3TISHYTUX  JOCHI[DKEHb  MOXYTh  CTaTH
BIJIIPABHOIO TOYKOIO JIJIS1 PO3POOKH HOBHUX METOIIB
3B’sI3yBaHHA aTMOC(EPHOrO a30Ty Ta aKTHBAaIlii
MeTaHy, siKi € QyHIaMEeHTaJIbHUMH MPOoOJIeMaMu B
ranxy3i XiMi9HOT HAyKH 1 TEXHOJIOT1].

3. Mera 3a 3agaui gociimxeHHs. Mertoro
poOOTH € TOCTIIKEHHS MOKIIUBOCTI BUKOPUCTAHHS
XOJIOJTHOI TIJIa3MU JJIsi CTBOPEHHS YMOB OKHCHEHHS
atMocepHoro asory. lle m03BONMTH 3AIHCHHUTH
MPOIEC TEPETBOPEHHS aTMOC(HEPHOTO a30Ty Ha
OKCHJI HITPOTEHY B MOTOIli XOJIOIHOI IIa3MHU.

JI1st mocSATHEeHHS ITOCTABIICHOT METH HEOOX1THO
BUKOHATH TaKi 3aBJIaHHS:

— o0rpyHTYBaTH €(EKTHBHICTH 3aCTOCYBAHHS

XOJOAHOT MJIa3MH JJIi OKHCHEHHS aTMOC(EpHOro
azory;

— JOCHIAWTH BIUIMB CHJIH CTPYyMy depe3
YCTaHOBKY K (hakTopa aKkTHBaIlii MpoIecy
OKHCHEHHA a30Ty B YMOBaX BHCOKOCHEPTETUYHOTO
TOJISI.

4. Marepiajiu Ta MeTOAH JOCTiKeHb.

4. 1. O0’ekT Ta rimore3a MOCHIIKEHHS.
OOG’eKTOM JOCTIDKEHHSI € TIPOolleC OKHCHEHHS
aTMOC(EepHOTO a30Ty B OKCHJIU HITPOTEHY.

[Ipenmerom  MOCHiPKEHHS €  OKHCHEHHS
aTMOC(EepHOTO a30Ty B OKCHJIU HITPOTEHY.

IlepemymMOBH  3allpOMOHOBAHOTO  TIPOIIECY
MOJISATAI0Th B HACTYIMHOMY. B ymMoBax mabopatopii
aTOMapHHii a30T MOXe OyTH OTpUMaHuil 3a
JIOTIOMOTOI0 ~ BHCOKOYAaCTOTHOTO  €JIEKTPUIHOTO
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po3psay. ATOMapHHUI a30T BUSBISE 3HAYHO BUIILY
AKTUBHICTh TOPIBHAHO 3 aTMOC(EpHHM a30TOM.
Ileit BHm a30Ty MOXE B3aEMOMISATH 3 CIPKOIO,
dbochopoM, MHII'SIKOM, a TaKOK 3 PIZHUMHU
MeTajaMH, TAKAUMU SIK JITiH, Mardii, pTyTh 1 1HIII.

HagiTs ipu Temneparypi, mo mepesurnrye 3300
K, piBenp Tepmiunoi amcomiamii N> CTaHOBHTH
matre 0,1 %. [pu temmeparypi monax 5300 K mei
piBeHb 3poctae g0 2-3 %.mpu arMocdepHOMY
THUCKY.

Jlyis miaTBepAKEHHS TinoTe3u OyJI0 3iHCHEHO
KBAaHTOBO-XIMIUHI  JIOCIIJDKEHHS  peakKIiiHOl
AKTHBHOCTI HITPaTHOI KHICJIIOTH Ta MPOMYKTIB ii
po3nany. Bimomo, 1110 He Jullie HiTpaTHA KUCIIOTA, a
1 1HII crioyKu HiTporeHy, Taki sk N2Os, NO: Ta
N203, € TOTY)KHUMH OKHCHHKaMH. BuBueHHs
OKUCHIOBAIBHUX BIIACTUBOCTEH HITPOTCHBMICHHX
CIONYK i3 3aCTOCYBaHHSM CYYaCHUX KBaHTOBO-
XIMIYHHUX MIAXOIIB omucaHo B pobotax [3-5]. Ha
MMOYATKOBOMY €Talli MPOBEICHO KBAaHTOBO-XIMIUHI
po3paxynku wetogoM DFT anga BusHaueHHS
EJIEKTPOHHOT CTPYKTYpH Ta TEPMOAMHAMITHHUX
rapaMeTpiB OCHOBHOTO CTaHy HITPAaTHOI KHCJIOTH
Ta TprOX ii Bigomux i3omepiB [4]. Pesympratn
PO3paxyHKIB MPEACTABICHO HA pHC. 1.

114,8°

101,7° 114 60,

0,98
(0]

Puc. 1. Jlani kBa"ToBO-XiMiuHoro B3LYP/6-
311++G(3df,3pd) po3paxyHKy reoMeTpHUIHOT
CTPYKTYPH: a — OCHOBHOTO CTaHy HITPATHOI KUCIIOTH
HNO3 Ta TppoX i1 i30MepiB y hopMi TEPOKCHA30TUCTOL
KHCITOTH (TOBXHHH 3B’ 3KiB y A, KyTH y Tpamycax):
6 — tpanc-ONOOH; 6 — muc- Herutocka ONOOH;

2 — umc- mrocka ONOOH

I'eomerpis (a) i (2) CTPYKTYP
xapaktepm3yeTrbes  cumerpieto  Cs  (aTomm
3HAXOAATHCS B O/HIHN TuiomuHi). B cTpykTypax (6)
1 (8) xiHUEeBHH aTtoMm TigporeHy H He nexuts y
miomuHi O;0:NO3 — (cumerpist C;): po3paxoBaHi

TOpcialbHI ~ KyTH: Thoioon=98,7° 1 95,0° —
BIJIIIOBIAHO.
HaBeneni  po3paxyHKH  IOKa3yloTh, IO

HaWOIIbII CTaOIIFHOIO CTPYKTYPOIO € yuc-i30Mep

ONOOH, sxuii ctadimizyeTscsi y BHUITISAI ABOX

CTPYKTYP. Haitbinbm CTIHKIM CTaHOM
MEPOKCHA30THCTOI  KUCIIOTH € IUIOCKA  yuc-
TEOMETPIsl.

B momykax «akTHBHHX» (OpM HITpaTHOI
KHCJIOTH, SIKi 31aTHI B3aEMOJISATH 3 CYOCTPATOM SIK
32 MEXaHI3MOM «IPSIMOTO», TaK 1 3a MEXaHi3MOM
HETIPIMOTO»  OKHUCHEHHs, Oynau  TPOBENCHI
KBaHTOBO-XIMIUHI ~ pO3paxyHKH IT'SSTH HOBUX
i30MepiB HITPaTHOI KHCJIOTH, TaK 3BaHHUX OKCO-
izomepie  OON(H)O [4]. Ha pwumc. 2 HamaHo
pe3yJibTaTh B3LYP/6-311++G(3df,3pd)
pO3paxyHKIB.

Puc. 2. lani kBanToBO-xiMiuHoro B3LYP/6-
311++G(3df,3pd) po3paxyHKy reoMeTpUIHOT
CTPYKTYPH I’ SITH HOBUX OKCO-130MePiB HITPATHOT
KHCTIOTH (TOBXHHH 3B’ SKiB ¥ A, KyTH y Tpagycax):
a — 130MepiB y popMi MEPOKCUAZOTUCTOT KHCIIOTH:
6 — mpanc-ONOOH; 6 — oxco — Hermocka ONOOH;
2 —oxco — mnocka ONOOH

Oxkco-izomepu  OON(H)O Bim3Ha9arOTHCS
HasBHICTIO KIHLEBOI TMEPOKCHUAHOI Tpynu B
CTpyKTypHill ¢opmymi O-O-X, mo m03BOJsIE
MOPIBHIOBATH iX 13 TEPOKCHIHUMH pagrKaIaMHu
iy OOR. Li i30Mepu HOTEHITIHHO MAlOTh BUCOKY
peaxuiifiHy 30aTHICTh y MpOIlecaX OKHCHEHHA. Y
3B’S3Ky 3 OUM OyJIO TIPOBEACHO IOCTiDKCHHS
iXHBOI y4acTi B pealbHUX PEAKISAX OKHCHEHHS
pi3HUX CyOCTpaTiB, HamNpHKIAZ, MOJEKYJSIPHOTO
azory (N2). Ha puc. 3 mnokazaHa cTpykTypa
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MEPEXiTHOTO CTaHy JJIs aKTUBAIll MOJICKYJIH a30Ty
B peakxiii.

N, + OONOH — N,O + HNO, (1)

N1 N2
eyl 1,74
1.09 G"““

01

Puc. 3. [ani xBanToBO-XxiMiuHoro B3LYP/6-
311++G(3df,3pd) po3paxyHKy mepexiTHoro crany
aKTHBAIli{ MOJIEKYJISIPHOTO a30Ty B PEaKIIii:

N, + OONOH — N,O + HNO,. JIoBXu1HH 3B’ I3KiB
HaBeneHi y A

Po3paxoBana eHepris  akTHBAIll  IBOTO
nporecy cknanae E,=+100,8 k/[x, Temmmora peakiii
AH  %9=—174,8 x/x 1 eHTpomis peaxuii
AS®05=+5,55 JIk/K (tabm. 3) Bka3ywTh Ha
TEPMOJAMHAMIYHY  MOXJIUBICTH  CaMOBUILHOTO
repediry peaxitii OKHCHEHHS MOJICKYJIIPHOTO a30Ty
N=N 1npu temmepatypax ~ 1000 K, tomy mio
enepris ['i60ca peakmii Mae Bim’eMHE 3HAYCHHS
(ArGi000=—180 x/1x). EnepreTnunuii 6ap’ep peakuii
E.~ 100 x/[k, TakoX MOXKHA TIOJOJNIATA TIPH
temmepatypi ~ 1000 K.

Pesynpratn JaHOTO TEOPETUYHOTO
TOCII/UKEHHS TIOKa3yloTh, IO B IPOAYKTax
TEpMOJTI3y HITPAaTHOI KHUCJIOTH  yTBOPIOIOTHCS
BHUCOKOCHEPreTHYHI  CHONyKH  (OKCco-i30MepHu

HITPAaTHOI KHCJIOTH), SKi 3[aTHI JO aKTHBAIli Ta
OKHCHEHHA  MoOJeKylasipHoro aszoty N B
eKCIIepUMEeHTABHUX fnociigax KapaBaesa [10]

MOKa3aHO, 10 BOPUCKYBaHHS HITPATHOI
KHUCJIOTH Y TIOBITPSHY CYMIII TIPH TeMIIepaTypax
758-1173 K mnpuBoAWTH JO MPUPOCTY OKCHJIIB
HITpOTeHy.

Bigomo [1], mo0 KOHIICHTpOBaHa HiTpaTHA
KHCIIOTa PO3KIAIA€THCS 32 KIMHATHOI TEMITEpaTypu
y  BiamoBimHOCTI [0  cyMmMapHOi  peakuii:
4HNO3-4NO»+2H,0+0,.

[Ipu iHTEeHCHBHOMY HArpiBaHHI PO3KJIATAHHSI
HNOs; Bigmosimae cymapsiii peakii: 2ZHNO; <
N>05+H>0, sika OBHICTIO 3aBepIIyeThes pu 531-
533 K. EkcnepuMeHTanpHa €HEPTis aKTHUBaIii
TepMigHOTO po3kiamanas HNO; 3HaxomuTbCs B
Mexax 134-155 k/[x/Monp Ta BU3HAYAETHCA
peaxIi€ero po3naay NeHTa0KCUTy HITPOTCHY:

N>Os: N.Os — NO:;+ NO;. HNO; 2)

IIpeameToM moIaIbIIoro KBAHTOBO-XIMIYHOTO
pocimimkenas craimd NoOs, NO, ta NO;, sk

MPOAYKTH TEPMIYHOTO pO3KJIAJaHHSI HITPaTHOI
kucnotu.0

B pobGori [7] mnpoBenmeHi po3paxyHKH
TeOMETPHYHHUX napaMeTpiB MOJICKYJIIPHUX
CTPYKTYp IEHTAOKCHAY HITPOTCHY, pHC. 4.

PospaxoBani B [7] IY-cexkTpu HaBeICHHUX
CTPYKTYp CBi4aTh PO iCHYBaHHS TCHTAOKCUIY
HITpOTEHY B ra30BOMY CTaHi y BUTIISAL CTPYKTYP (0)
1 (B) (puc. 4).

Huokcun Hitporeny NO: € NOpoMibKHUM
NPOLYKTOM Y BUPOOHHUITBI HITPAaTHOI KHCIIOTH,
MOXJIUBUM TIPOAYKTOM ii TEPMIYHOTO PO3KIJIAIY,
TOMY TIPEIICTaBIISE IHTEPEC K OKUCHUK B Ta30Biil
(hasi A7 pevoBHH, 110 BAXKKO OKUCIIIOIOTHCSL.

ExcnepuMenTtansHi  poOOTH 1O  TIPSIMOMY
OKHMCHEHHIO XIMIYHO IHEPTHOTO MOJICKYJISIPHOTO
a30Ty Haporo HiTpaTHOi KUcHoTH npu 753—1173K
Oynu nposeneni KapaBaesum [5].

MeTor eKCHepUMEHTIB OYJIO MiATBEPIKEHHS
MOJJIMBOCTI ~ peayi3alii mIpouecy OKHUCHEHHS
MOJIEKYJISIPHOTO a30Ty Mapol0 HiTpaTHOI KUCIIOTH.
Byno mpoBeneHo Tpu cepii ekcriepuMeHTiB: (1) B
MOTOIII a30Ty, (2) B moTomi moBiTps, (3) B moTori
cyMimri a3oTy Ta reniro. ['a3u-Hocii Hacu4yBaIMCh
napor0 HITpaTHOI KHCJIOTH B pe3epByapi MpH
temriepatypi 290-390 K. Ilicis HacudeHHs TapamMu
HNOs peakwiiina cymim migirpisangace 1o 900 K.
[Iponec  okucieHHs  a30Ty  KOHTPOJIOBABCS
BIIHOCHUM  30LJBIIEHHSM  BMICTY  OKCHIIB
HITPOI'€Hy B I'a30Biit (ha3i miciss IPOMyCKaHHS KPi3b
katanizatop (T=1000K) y mopiBHSHHI 3 BMicTOM
NOx 1o B3aeMomii 3 KaTamizaTopoM. BumiproBauHs
BMICTY OKCHIIB HITPOT€HY IPOBOIMIOCS TPHOMa
METOANKAMHU:

a) meroxoMm [Y-cmekTpockomii 3a 3MiHOIO
TIOJIOC TTOTJTMHAHHS;

0) 3a maHMMU MaTepiaJbHOTO OajaHcy o
HITpOTeHy;

B) 3a aHUMH IO OKHUCHEHHIO 130TOIy a30Ty
15N2.

VY BCiX eKclepuMeHTaX 3 BHKOPUCTAHHSIM
noBiTps, mpupoaHoro N, ta Baxkkoro izoromy N
CITOCTEPIraeThCsl MPUPICT KimbkocTi NOx B Mexkax
24-55 % [6]. Tloxubka y BH3HAYCHHI BMICTY
CIIOJNIYK HIiTpOreHy He nepeBuinyBana 7 %. Oxcuau
Hitporeny  NOyx  00poONISIMCS  MPOMHUBHUM
po34rHOM TiaporeH nepokcuny [10] 3 omepskanHsIM
HiTpaTHOI kucnotu: 6NO:>+3H,0, «<>6HNO:.

B ommcanmx ekcmepumentax Kapamaea [7]
3akuc HiTporeHy N>O y cKiami ra3oBoi CyMiIi
micasl B3a€EMOJIl 3 KaTaji3aTOPOM BHUSBICHO HE

Oyo.

TepMmomuHaMiuHi  JOCHIIDKEHHS  IIPOLIECY
MPSIMOTO OKUCHEHHsI N> Maporo HITPaTHOI KHCIOTH
Oymu MIPOBEJICHI aBTOpaMu [10]. Bci
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3allpONOHOBaHI peakmii € EeHJOTEePMIYHHMH, IO

MMOSICHIOE  TO3WTHBHHUM  BIUIMB  ITiJIBUILEHHSA
TeMIIepaTypH. Pospaxynku 1300apHo-
130TEpMIYHOTO  TOTEHI[ialy  3alpOINIOHOBAHUX

peaKIiii MmoKa3yrTh, III0 3MiHAa 3HAKY MOTCHINATY
BimOyBaeThes 3a temmeparyp 800-1000 K. To6To
peakmii MarTh TEPMOAWHAMIYHY «3a00pOHY» i1
aKTUBYIOTHCSI TiJIbKH BHCOKHMH TEMIIEpaTypaMHu.
TepmomuHaMiyHUN ~ MWAXIL  HE  PO3KPHBAE
MeXaHi3My peaklii Ta He MOsSCHIOE JJaHi aBTOPIB 110
KUTBKICHOMY TIPUPOCTY KHCHEBUX crouyk (Bim 20
1o 80 %).

Teopernune OOTPYHTYBaHHS Ta MOXKJIHMBI
MEXaHI3MH  peaimizamii  Mpolecy  MpsIMOTO
OKHCHEHHS  MOJICKYJIIPHOTO  a30Ty  Taporo
HITpaTHOI KHICIIOTH Ta MPOIYKTaMHU I TEpMOIi3y
JETaILHO JAOCHTiKeHi 3axapoBuM [S5]. Ha mincrasi
MPOBEIECHNX KBAaHTOBO-XIMiYHMX PO3PaxyHKIB 3
ypaxyBaHHIM JIAHUX EKCTICPUMEHTAITbHUX
JOCHIDKEHb OyJa 3ampoloOHOBaHAa TEOpEeTHYHA
KOHIICIIIiSl aKTUBALil MOJEKYJSIpHOTO a30Ty Nz 3
rmojanemuM  mepetBopeHHsM B HNO;  [10].
3anpomoHoBaHa MiATBEpMKYyEe MOXHBICTE 50 %
npupocty NOy i € IpUHIUIOBO HOBUM TOTIISIIOM
Ha MEXaHi3M MPSIMOr0 OKMCHEHHS MOJIEKYJIIPHOTO
a30Ty Tapor0 HITPATHOI KUCIOTH Ta MPOIYyKTaMH ii
TEPMIYHOTO PO3KJIaJaHHS.

CuibHI OKHCHI BIIACTHBOCTI Ma€ TiiporeH
nepokcu. Briepiie excriepuMeHTH 110 3B’ sI3yBaHHIO
HiTporeHy B N>O depe3 B3aeMOIi0 3 TiIpOreH
nepokcugoMm HOOH [4]. TIponiec okucHeHHs OyB
peamizoBaHuii B ras3oBiii  (asi  3a  ymoB
aTMOC(EepHOTO THCKY 1 cepeaHix Temmnepartyp (=500
°C).  Mac-cnekTpanbHUHA  aHadi3  KiHIEBHX
MPOAYKTIB peakuii mokazaB HasBHicTb H,O, O i
N;O. OcoOnmBICTIO peai3oBaHOTO MPOIECY €
HasBHICTB B peakUiiiHil ra3osiii ¢asi aktuBanx OH
i OOH paaukaniB, MeXaHi3M YTBOPEHHS SIKUX
BKJTFOYAE TEPMITHHM PO3KJIIa] TiIPOTEH MEPOKCUTY:

HOOH — OH + OH HNO: (3)
OH + HOOH — H,0 + OOH HNO,  (4)

B yMmoBax ekcCnepuMEHTY CITiBBiTHOIICHHS
xonuenTpauiii [OOH]/[OH] cknagano 10°+107. 3a
nymkoro aBtopiB [9, 10] cymapHe piBHSIHHSI
MPOIECy 3B’sA3yBaHHS MOJCKYIspHOTO N> Mae
BUTJISIL:

N> + HOOH — H>O + N:O HNO: &)
Lle piBHSHHS HE PO3KPHBAE MEXaHI3MY pEaKIIil

1 HE TIOSICHIOE HAsSBHICTh MOJIEKYJIAPHOTO KHCHIO B
MPOAYKTaX peaxiii.

KBanToBo-xiMiuHi JIOKa3Hu MO>KJIMBOCTI
peanizarii nporiecy (epekt Hariepa) mpemcraBieHi
B poborax 3axapoma [7]. Ha mimcraBi KBaHTOBO-
XIMIYHHX  PO3paxyHKIiB TipOTreH MEPOKCUAY
(HOOH) i npoxayxkris #oro poskiany (OH, OOH)
3HalICHa CTPYKTypa CTAOUTBHOT'O MOJICKYJISIPHOTO
inTepmeniaty (HOO-N=N-OOH) peaxuii B3aemopmii
MOJIEKYJISIPHOTO @30Ty 3  TiAPONEPOKCHUIHUM
pamukagsom OOH 1 3ampomoHOBaHa Taka cxema
nporecy:

N> + 200H — HOO-N=N-OOH—
H>O + N>O + O, HNO; (6)

TeopeTnyHa KOHIIETIIIS aKTHBAITlT CTIHKOTO 10
okucHeHHs N, rimporeH nepokcumom [10].

AHamiz  pe3ynbpTaTiB  KBaHTOBO-XIMIUYHHX
po3paxyHskiB 3axaposa L.I. Ta ekcriepuMeHTaTEHUX
mocmmkens KapaBaeBa 1 Hariea mo3Bosie
3alpoONOHYBaTH  CXeMy, M0 Oa3yeTbcs Ha
NO€AHAHHI TPOLECIB OKUCHEHHS MOJIEKYJISPHOTO
a30Ty  MPOAYKTaMH  TEPMIYHOTO  PO3KIaay
HiTpatHoi  kmcimotmm  (edekr  KapaBaeBa) i
TEPMIYHOTO PO3KJIay TiAPOTeH Mepokcunry (edexr
Hariesa).

4. 2. OOrpyHTyBaHHsI BHUOOPY MeTOAiB
JOCTiI7KeHHS. Bnposamxenns TEXHOJIOT1]
OTPUMaHHsS HITPaTHOI KHCJIOTH 32 METOAOM
3axapoBa, SiKa JO3BOJISE OTPUMYBATH 1€ MPOIYKT
0e3 BUKOpPHCTaHHS aMmiaky depe3 eTam KOHBEpCii
OPUPOAHOTO Ta3y, Ma€ MOTEHIiadl 3MEHIIUTH
BUKHIY OKCHIB BYTJICIIO Ta TETJIa B HABKOJIUIITHE
CepeIOBHIIIE. Le CIIpUATHME 3HAYHOMY
MOKPAILECHHIO €KOJIOTTYHUX ITOKA3HUKIB
BUpoOHuNTBa. [l peamizamii 1iei TexHOMOTIT
HEOOXITHO TIPOBECTH TPOIIEC TPSIMOTO OKHUCIICHHS
aTMOC(epHOro a30Ty B OKCHIM HiTporeHy. B xomi
JOCTI[DKEHb ~ BHBYCHO  MPOLEC  OKHCICHHS
atMoc(epHOro a30Ty B XOJIOAHIHN MJ1a3Mi 3a y4acTHO
pedoBHH-akTHBaTOpiB. TomMy Oyio po3poOsIieHO
nabopaTopHy YCTaHOBKY OTPHUMAaHHS OKCHIIB
HITPOT€Hy  [UISIXOM  TPSIMOTO  OKHCHEHHS
aTMOC(epHOTro a30Ty B TOTOIlI XOJOJHOT TUIA3MH.
Ha ocHOBI pe3ynbTaTiB  KBaHTOBO-XIMiYHHX
pO3paxyHKiB 32  MeToIoM  3axapoBa  Ta
eKCTICpUMCHTATLHUX JOCITIHKCHD eeKTiB
KapaBaeea 1  Hariea  BHCyHyTa  cxema
BUKOPUCTAHHS mporecy OKHCHEHHS
MOJIEKYJIAPHOTO a30Ty MUISIXOM BHKOPHCTAHHS
MPOIYKTIB TEPMIYHOTO PO3KJIAIaHHSA HITPaTHOL
KHCJIOTH Ta TigporeH Nepokcuay. BussieHo, mio
YMOBH, HaOMIKeH] bi (o) HOpPMAaJIbHUX,
JIEMOHCTPYIOTh HU3BKY e(EKTUBHICTh
NEPETBOPEHHSI aTMOC(HEPHOTO a30Ty B IiOKCHA
HITPOTeHy Ta HITpaTHy KHCJOTY, IO CTaHOBUTH
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TUCSYHI IO BiJICOTKA. 3ampONOHOBAHO CIPOOY
BIPOBaDKCHHS  [UX  MPOIeciB B 00JacTh
BUCOKOEHEPIeTUYHOI XOJIO/IHOI IIJIa3MHU.

Cepen cy4yacHMX TEXHIYHHX MPUCTPOIB, SKi
BHITYCKAIOTBCS CepiiiHO, 3a0e3medyroTh CTiHKY
poboTy Ta 3maTHI (OpPMYBaTH BHCOKOCHEPI€THIHE
nojie Ui OKHCIICHHS aTMOC(EpPHOTo a3oTy Clif
BHUJIUIMTY TIa3MaTPOHM Ta KOTymKy Tecna. B miei
poboTi came Ia3MaTpoH «"opuHTD»
3allpONIOHOBAHO BHMKOPUCTATH B SAKOCTI JDKepema
CTBOPEHHSI IJIa3MH Uil NOOYZOBH JIaOOpaTOPHUX
YCTAaHOBOK 3 METOIO TOPIBHSHHSI €(EeKTHBHOCTI
BUKOPUCTAHHS Pi3HUX YMOB ()OPMYBaHHSI TUIa3MHU
Ta e()eKTUBHOCTI PiI3HUX PEUOBHH-aKTHBATOPiB. B
POMY  TPUCTPOI  3aKIageHO  MOXJIUBICTh
PETyIIOBaTH HANPYTy Ta CHIIY CTPyMY. Y CTAHOBKH
JUIS ~ OTPUMAHHS  HITPAaTHOI  KHUCJIOTH, IO
PO3pPOOISAIOTECS, MAlOTh BIiJMIOBIATH JEKiITBKOM
KITFOYOBHM IMTPUHIINTIAM.

BrpoBamkeHHss ~ TEXHONOTii  OTpUMaHHSI
HITpAaTHOI KHCJIOTH 32 METOAOM 3aXapoBa, IO
O3BOJISIE  BUPOOISITH  TEeW  mpoaykT — 6e3
BUKOPHUCTAHHS aMmiaky Ta eTamy KOHBepcii
MPUPOAHOTO Ta3y, Ma€ MOTEHIiall 3HAYHO 3HU3UTH
BUKHAM  OKCHAIB  BYIJIELI0O Ta  TEIUIOBE
HAaBaHTa)KCHHS Ha HABKOJMIIHE cepenoBuiie. Lle
3a0€3MeYUTh CYTTEBE IOKPAIICHHS EKOJIOTIYHHX
XapaKTepUCTUK BUPOOHUIITBA. OcHoBorO
TEXHOJIOTII € TpoIec TNPSIMOTO OKHUCHEHHS
aTMOC(EPHOTO a30Ty B OKCHIH HITPOTCHY.

JocnimkeHHs OXOIUTIOBAJIH BUBUYCHHS
OKHCHEHHA aTMoc(epHOro a3oTy B yMOBax
XOJIOJTHOI TJIa3MU 32 Y9acCTIO PEYOBHH-aKTHBATOPIB.
Hns  umporo Oylno  CTBOpeHO J1abopaTOpHY
YCTaHOBKY, IO JO3BOJSIE OTPUMYBAaTH OKCHIU
HITPOTEHy  NUISIXOM  HPSIMOTO  OKHUCHEHHS
aTMOC(EepHOTo a30Ty B MOTOLI XOJOAHOI IIa3MHU.
Ha ocHOBi KBaHTOBO-XiMIYHHX pO3paxyHKIiB 3a
METOJIOM 3axapoBa Ta €KCIIEPUMEHTAIbHUX TAHUX

monao edekriB  KapaBaea 1 Hariera Oyna
3alporoHOBaHAa  cXeMa,  ska  nepenbadvae
BHKOPHUCTAHHS MIPOTYKTIB TEPMITHOTO

pO3KIIalaHHs HITPATHOI KHCIOTH Ta TiIporeH
MEPOKCHUIY JUIA aKTUBAIlii TPOIECY OKHUCHCHHS
MOJIEKYJISIPHOTO a30Ty.

Jlocmiau mokas3aim, mo 3a YMOB, OJTH3bKUX 10
HOPMAJIbHHUX, e(heKTUBHICTH TIEPETBOPEHHS
aTMOC(EepHOTO a30Ty B [IIOKCHJ HITPOTeHy Ta
HITPAaTHY KHCIIOTY € BKpail HH3bKOIO — JIHIIC
THCSYHI YacTKH BIZCOTKA. Y 3B’S3Ky 3 IUM
3aIpONIOHOBAHO 3aCTOCYBaHHS
BHCOKOCHEPTETUYHOI XOJIOTHO] IJI1a3MHU.

Cepen  cydJacHHX  CEepiMHHX
MPUCTPOiB, 3MaTHUX 3a0e3MeuuTH
CTBOPEHHSI  BUCOKOCHEPTETHUYHOTO

TEXHIYHAX
cTa0lIbHE
oot JUId

OKHCHEHHS aTMOC(EpHOTrO a3oTy, CIiJ BHIUIATH
MJIa3MaTPOHM Ta KOTylIku Tecna. Y paMkax JaHoi
poboTH SK JDKEpesao IiasMud  Oyjao  o0paHO
TUTa3MaTpPOH «"opuaIYY. Bin JI03BOJISIE
pEryJIIOBaTH HAINPYTy Ta CHIY CTPYMY, IO POOHUTH
HOro ONTHUMAaIbHUM IS TOPIBHAHHS €(PEKTUBHOCTI
pi3HUX yMOB (OpMYBaHHS IJIa3MH Ta Aii pi3HUX
PEYOBHH-aKTHUBATOPIB.

Po3pobiieHi  ycTaHOBKH I OTPUMAaHHS
HITPAaTHOI KHWCJIOTH MAlOTh BiJIIOBIIaTH TaKUM
KITFOYOBHUM MPHHIIUTIAM:

—3a0e3MeUeHHS KOHIICHTpAIlli aKTHBOBaHUX
yacTuHOK NO3*

— 3a0e3mevyeHHs] KOHLEHTpalii aKTHBOBaHUX
gactTiHOK OH (3a0e3nedye peamizallito peakiii
(12);

— MOJKJIMBICTH OTIPOMIHEHHS peaKIiifHol 30HU
npu A=662 HM;

— HajgBHICTh B PEaKIiWHIA 30HI OKCHIIB
HiTporeny N.Os, NO..

JlaHHi MPUHIMUIIN MOKHA pealli3yBaTu pisHUMHU
TEXHIYHUMH pilleHHIMH. Ha#Oiapin  10MiasHO
MEPEBIPATH JKUTTE3MATHICTh TaKUX TEXHIYHUX
pilileHb — 3MIiHOI0 BapiaHTIB KOHCTPYKTHBHOTO
0 OpMIICHHS YCTaHOBKH.

4. 3. JlaGopaTopHa yCTaHOBKA Ta YMOBH
npoBeeHHss  ekcnmepuMeHTiB.  JlaGoparopHa
yCTaHOBKAa TOOYAOBaHI TakUM YHHOM, I00
320€3MeYNTH MAaKCUMAJILHO IIPOCTY EKCILTyaTarliio,
MPUIATHICTH O PEMOHTY, MOKJTUBICTD BapitOBaHHS
TEXHOJIOTIYHUX THapaMmeTpiB (IMIBHAKICTb PyXy
MOBITPS Yepe3 PeakTop, KOHIIEHTpPAITs 1HIIIaTOpiB
B TIOBITpi, HapaMeTpyd TEHEpPATOpIB IUIa3MH Ta

po3panay).
Ilepmi BapianTH 1a0OPaTOPHHUX YCTAHOBOK
nependavaroTh BUKOHAHHS J1a00paTOPHOTO

peakTopa 3 KBapIOBOTO CKJa, KOMYyHIiKalid — 3
TUTACTUKOBUX BOAONPOBiTHUX TpyO. BimBemeHHs
TeIlIa Bij] Ta3iB B IUX YCTAaHOBKAaX HE Mepen0adcHo,
TOMY YCTaHOBKH € POOOYNMHU TIJIEKH 33 TEMITEpaTyp
He Buuie 100 °C.

OCHOBHUMH  €JIEMEHTaMH  JIJa0OpaTOPHUX
YCTAaHOBOK €: BY30J TeHepalii aKTHBOBaHHX
YaCTMHOK (Ha CBHOTOJIHI 1€ BHPINIYEThCS 32
JIOTIOMOTOI0 ~ IJIa3MOTeHEepaTopy Ta  KOTYIIKU
Tecina), peakrop, abcopOep-T100KHCHIOBAY OKCHIIB
HITPOTCHY.

YcTaHOBKa MOXYTh (PYHKIIIOHYBAaTH B JBOX
peXuMax: IMiJa PO3PSHKEHHSIM, KOIH PyX IMOBITPS
3a0e3medy€eThCsl BaKyyMHHM HAacocoM, abo Tif
THUCKOM, 3aBJISIKH 110/1a4i MOBITPsI KOMITPECOPOM.

Butpara TOBITpS BH3HAUYAETHCS ILITXOM
BUMIpIOBaHHS 00'eMy Ta3iB, 0 HAKOIMUIYIOTHCS B
€MHOCTI TPOTATOM IEBHOTO 4Yacy B CTaOUTLHOMY
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PEeXHMI, 3 TMOAATBIIAM MEPEPaXyHKOM Ha 00 €MHY
IIBUIKICTE.

YcranoBka (puc. 4), CKIIaIa€ThCS 3 OCHOBHHUX
OJIOKIB: TIIa3MOTEHEPaTOp, PEaKTOpHA 4YaCTHHA,
010K (pikcarlii OKCHIiB HITPOTEHY.
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Puc. 4. YcraHoBKa Il OTpUMAaHHS HITPATHOT KUCIOTH
gepe3 KepoBaHy aKTHBAIII0 aTMOC(hepHOTro a30Ty 3
TeHEPALi€I0 AKTHBOBAHUX YaCTHHOK
mrasMoreHepatopomM: wazmorereparop (I1I7), 6mok
no3yBaHHs pinuau (€1), npucTpiit nozysanus (D),
By3o0u peaktopy (PT), Bakyymnuuit Hacoc (H2), Hacoc
(H1), emnicts (€2), mipometp (TI), xpomarorpad (QI),
abcopbep (€3), bopcynka (D)

Enementamu mma3moreneparopa (III0), sxi
MAaloTh OCHOBHY POJIb Y MPOLECi CHHTE3Y HITPAaTHOI
KHCIIOTH, € OJOoK mo3yBaHHs pigmau (€1), BiH €
TeHEPATOPOM aKTUBHUX YaCTHHOK (paInuKalii, 10HH,
aTOMH TOIIO), SIKi TOTPAILISIFOTH B 30HY PO3psLy. Y
SkocTi  piAMHM ~ BUKOPUCTOBYETHCS  BOJA,
OJTHOATOMHI CITUPTH, €TePH, NEPEKUC BOIHIO abo
HiTpaTHa KucioTa. Po3psm popMyeThCst Ha KaToi,
JIO3yBaHHS PIAMHHU 3IIHCHIOETBCS Yepe3 MpUCTPiit
no3yBaHHs (D), HOro KOHCTPYKIIiS BH3HAYAETHCS
TIOBXKMHOIO, CHJIOIO PO3PSAY Ta OOCSTOM PIiTWHH,
IO TOAAETHCA Y TIA3MOBE TIOJIE.

Byzon peaktopy (PT) ckmamaetecs 3
KBapIrioBoi TPyOKH, KyOu HAAXOAWTHh IUIa3MOBHI
po3psia, e BimOYBAIOTHCSA 10HI3AImiSA 1 TepMivHA
JHcollialiss ~ pedyoBHHHU-akTUBaTopa.  [loBiTps
MOJIAETBCSL  Yepe3  OKpPEeMHUil  BXiJ, BHTpaTa
PETYIIOETHCS 3MIHOIO THCKY Ha BXO1 Y BaKyyMHUH
Hacoc (H2). KsapmoBa TpyOka OCBITIIOETBCS
nammoro (CB), ska reHepye CBITIOBI XBHII
TOBXHUHOIO 662+10 HM, IO aKTHBYIOTh OKCHIU
HITPOTEHy 1 CHOPUSIIOTH YTBOPEHHIO OKCHAY
HiTporeny (1).

B ycraHoBii mependadeHo OKpEeMHH BY30J
JIO3YBaHHS BOJU JIO PEaKTOPHOI 30HU 3 HACOCOM
(H1) i emnictio (€2). Llg Boa BUKOPUCTOBYETHCS

JUIST  IIBUJAKOTO 3HWKCHHS  TEMIIepaTypu B
peakmiiHiii 30HI 3a morpebm. Kpim Toro, Hacoc
MOXeE IOJIaBaTH PO3YHHU PEUOBHH-AKTHBATOPIB
(HiTpaTHOI KUCIIOTH 200 TIEPEKHCY BOJHIO), SIKi MIPH
MOTPAIUISHHI B 30HY IDIa3MH T€HEPYIOTh aKTHBHI
YaCTHHKH, IHIMIIOIOYNA TMPOIEC CHHTE3y OKCHIIB
a30Ty 3 aTMOC(EPHOTO a30Ty.

Temmnepatypa KOHTPOJTIOETHCS Y3I0BX
peaktopa 3xiiicHioeThes mipomerpom (TI), a
PETYIIOETBCS 3MiHa KUTBKOCTI Ta IIBUAKOCTI PyXy
MoBiTpst 4epe3 peaktop. KoHIEHTparlisi OKCHIIB
a30Ty B TOBITPI IICIA pPEaKkTopa BHUMIPIOETHCS
xpomarorpadom (QI) y OesmepepBHOMY pexUMi
abo razoanamizatropom (OKCHU-5M-5H). lle
JIO3BOJISIE BIUIMBATH Ha CKJIaJ] IPOJIYKTIiB B OJHOMY
eKCTICPUMEHTI IIUISIXOM 3MiHHU KIJTKOCTI peUOBUHU-
aKTUBaTOpa, TEMIICPATypHOTO  pPEXUMY  Ta
IHTEHCUBHOCTI OITPOMIHEHHS PeaKTopa.

Oxkcun HiTporeny (1) okuCTIOETECS 10 OKCHITY
HiTporeny (IV) mpu kiMHaTHI TemmepaTypi Ta
abcopOyetbcss B abcopbepi (€3), yTBOprorOUYH
HITpaTHY  KHCIOTy. EQeKTuBHICTH  TmpoIecy
OIliHIOETHCA 3MiHOIO pH po3umHy B abcopbepi 3a
nonomororo pH-metpa.

Pyx noBiTps 4epe3 yCTaHOBKY 3a0€3Meuy€eThCs
abo BakyymMHUM HacocoM (H2), cTBOproroum THCK
HIDKYWH 32 aTMOC(epHui, abo kommpecopoM (H3),
T IBUIIYFOYH TUCK JIO PiBHS BHIIE aTMOc(epHOro.
VY mepioMy BHIAQJIKy TOBITPS HAIXOIUTh Yepe3
miitH Y dhopeyHit (D).

Jlst mabopaTopHUX OCIiIKEHb 0YI10 310paHo
YCTaHOBKY, 300pakeHy Ha puc. 1. Ilapamerpu
TuIa3MoreHeparopa HAJIAIITOBYBAITUCS JUTS
3a0e3MeyYeHHsT CTaOUTLHOIO TUTa3MOBOTO TOTOKY:
cuna ctpymy — 8,0 A, manpyra — 170 B. Ilorik
MOBITPS Yepe3 PeaKIliiHuN 00’€M PETyIIoBaBCs B
Mmexax 0-3000 n/rox. Sk piauna, mapa sikoi popmye
TUIa3My, BUKOPUCTOBYBAIHM AMCTWIST Ta PiAHMHU-
aKTHBaTOpH, 3maTHi yrBoproBatn OH-pamgukamn
Ipyu  TEpMIYHOMY  poO3KIamaHHi. Y  poOoTi
3aCTOCOBYBAJIM €TAHOJ i TIEPEKUC BOJHIO, a TAKOK
IHIT CTIMKI IO KUCJIOT 1 OKUCHUKIB MaTepiaiu s
TpyOOIIPOBOIIB 1 TIIA3MOTPOHA.

5. Pe3yabTatH JgociailikeHb — mpouecy
OKHCHEHHS MOJIEKYJISIPHOT O a3oTy B
BHCOKOEHEPreTHYHOMY M0JIi JIa3MOTPOHY.

5. 1. JocaigmxeHHs] BAKOPUCTAHHS X0JIOTHOI
IUIa3MU JJI OKHCHEHHSI aTMOC()epHOro a3ory
npu 3MiHIi CHJIM TOKY 4Yepe3 YCTaHOBKY. 3a

HYJBOBHHA JOCHig Oyno oOpaHO OKHCICHHS
atMoc(epHOro a30Ty B TMOTOII IUIA3MH, SKa
dbopmyeTrbess  mapor  auctwiary. Ilapamerpu

TUIa3MOTEHEPaTopy: piAnHA — JUCTHIIAT; CUIIA TOKY
Bix 1 — 8,0 A; manpyra 170 B.
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I'padiuno 3aJIeKHOCTI KOHILIEHTpAaLii
MOHOOKCHIY HITPOTCHY Ta OKCHIY HITPOTCHY Bif
CWJIM TOKy dYepe3 YCTaHOBKY OKHCHEHHS
aTMOC(EepHOro a30Ty HaBEJCHO Ha puC. 5.
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Cunatoky I, A

Puc. 5. 3anexxHIiCTh BMICTY OKCHIIIB HITPOTEHY Bill CHUIIN
TOKY 4epe3 ycTaHoBKy (JIaboparopHa ycTaHOBKa 3
€JIEKTPOYyTOBIM I'€HEPaTOpOM HU3bKOTEMIIEPaTyPHOL
wrasmiu ([Tapamerpu masmoreHeparopy:
pimuHa — nuctwisT, Harpyra 170 B; ButrpaTa moBiTpst
gepe3 coruto wiazmu 80 1/To)

3anexHiCTh KOHLUEHTPALii OKCUAY HITPOTEHY
(II) Cno Bix cunm TOKy I onmcyeTbcst piBHAHHIM
23, a 3aJeKHICTh KOHIICHTpPAIli OKCHUIY HITPOTEHY
(IV) Cno2 Bim Butpatm mnoBitps I; omucyerbcs
piBasaHAM 24. PiBusHaa (7) Ta (8) omucyioTh
TTOBEIIHKY CUCTEMH B JTialia30Hi CHIN TOKy 1-8 A:

Cno=—0,3036°12 + 7,8155+1-0,0536  (7)
Crnos=—0,1786:1%+6,25:1-3 3214.  (8)

B pobGori cepex MeTomiB MaTeMaTHYHOL
CTaTHCTUKHU Oyio BUKOPHCTAHO TITBKH
YCEpeOHEeHHA MUIIXOM 3HaXODKEHHS CEPeTHBOTO
apu(pMETHIHOTO 3HAYCHHS B KOXHIA  TOYII
CKCIIEPUMEHTY. 3arajioM OyJI0 TPOBEIEHO TpH
TOCII/DKEHHST 3 ITSATH Cepii B KoXHOMY. Ilpm
MMOJANBITUAX  JOCTIDKEHHSAX, TpH  30LIBIICHH]
00’eMy €KCIIEpUMEHTAIILHUX JaHUX OyJie TOPEYHO
3aCTOCYBaTH  BeCh  amapar  MaTeMaTU4HOI
CTaTHCTUKUA JUIS OOpOOKH EKCIePHUMEHTAIbHHUX
pe3yJbTaTiB.

3 orisiy OTPUMAaHUX 3alIeKHOCTEH, MOXHA
BIIMITHTH MAaKCUMyM KOHIICHTpAIlli OKCHIY
HiTporeHy Ha piBHI 80 ppM™m, CHIl TOKy dYepe3
ycTaHOBKY Bif 1 10 8 A. MakcuMyM KOHIICHTpALis
TIOKCHUIY HITpOTeHy TpH 8 A [emo MeHIIe,
3HaXOAUTHCS Ha piBHI 40 ppM.

5.2. locaigkeHHs] BILTMBY NepPeKnCcy BOAHIO
JJISl OKMCHEHHSI aTMOC()EPHOro a30Ty IPH 3MiHi
CWJIM TOKY 4epe3 YycTaHOBKY. Bimomo, o
MEPEKUC BOIHIO MPH TEPMIYHOMY DO3KIAJCHHI

yTtBOpioe 18a OH- pagukanu. EkcriepiMeHTanbHIM
IUIIXOM OyJI0 BCTAHOBJICHO, 1110 BUKOpHUCTaHHS 3 %
PO3UMHY TEPEeKNCY BOIHIO B JUCTHIIATH B SIKOCTI
po0oYOi piAMHU AO3BOJISIE OTPUMATH CTAOUTBHHUN
MOTIK IIa3Mu. Pe3ynbTaTti JoCiipKeHh OKUCICHHS
aTMOC(epHOrO a30Ty B TMOTOII IUIA3MU TApH
quctuisaT 97 % — nepekuc BoaHIO 3 % HaBeAEHO HA
puc. 4.

B po6oTi 0yJ10 MpoBeIcHO HU3KY AOCIIKCHbD,
B SIKMX BH3HAa4YaBCs BIUTUB KOHIIEHTpALii MepeKuc
TiApOreHy B CyMilli, sIka BUKOPUCTOBYBaJacs IpU
(dhopmyBaHHi IIa3MHU. ExcniepumenTanbHIM
IUIIXOM OYJI0 BCTAHOBJICHO, IO ONITUMATBHUM IS
¢opmyBaHHS TOTOKY miasMu € ckimag 97 %
mucTansaTy — 3 % mepekwc rinporeny. Pesyiapratn
JTOCJTIKEHb HAaBEJCHO Ta Ha pucC. 6.

40
C(NO) =0,1607-I> - 2,125°1 + 6,8393 /.

35

C(NO2) = -0,0476'1> + 5,47621 - 4,6786 /
30

C(NxOy) = 0,1131-12 + 3,3512-1 + 2,1607 ._/

25

20

BMicT OKCHIIB HITPOTEHTY, ppm

Cunatoky I, A

Puc. 6. 3anexHicts BMICTY OKCHIIB HITPOTEHY BiJ
CHJIM TOKY 4epe3 ycTaHoBKy (JlabopaTtopHa
YCTaHOBKA 3 €JIEKTPOAYTOBUM I€HEPATOPOM
HU3BbKOTeMIIEpaTypHOi mia3mu (Ilapamerpu

TUIa3MOTE€HEPATOPY:
pianHa — mucTUnAT+3 % mepeKuc riIporeHy;
Harpyra 170 B; BuTpaTa moBiTps 4epe3 corio
1a3Mu
160 n/rox)

3aJIe’KHICTh KOHIICHTpAIli OKCHIY HITPOTCHY
(I) Cno Bix cwii TOKy | ommcyeThes PiBHSIHHAM
(25), a 3anexHiCTh KOHLEHTpALIii OKCUAY HITPOTeHY
(IV) Cno2 Bix cunm TOKy | omucyeTbest piBHSIHHIM
(10). PiBusaHsa (9) onmmcye MOBEAIHKY CHCTEMH B
Iiama3oHi BUTpaT moBiTps 1-6 A, a piBHsHHSA (20)
ONHUCY€ TIOBEAIHKY CHCTEMH B Jialla30Hi BUTpaT
moBiTps 1-8 A:

Cro = 0,1607+12-2,125¢] + 6,8393, )
Cnoz2 = —0,0476°% + 5,4762¢1 - 4,6786.  (10)

[Ipu anamizi 3aJ1eKHOCTI, MO’KHA HABECTH, 1110
HasBHICTH IMEPEKUC T1APOTEHY B IMapi , IKa YTBOPIOE
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MOTIK IIa3MU  Ta 30UIBIIEHHS CHWJIH  TOKY
MIPUOJIM3HO B 5 pa3iB 301IBIIYE KiITBKICTh TIOKCHIIB
HiTporeHy. KiTbKICTh OKCHIIB HITPOTEHY, IIIO
YTBOPIOIOTHECS. B PEAKTOPi 3MEHIIYETHCS 10 HYJIS
TIPH 3pOCTaHHI CHUJIH TOKY.

3aJe)XKHICTh BMICTY OKCHAIB HITPOTEHY BIT
CWIM TOKYy 4epe3 YycTaHoBKy (JlabGoparopHna
YCTaHOBKA 3  EJIEKTPOJYTOBUM  TI'EHEPATOPOM
HU3bKOTEMITEPATYPHOL 1a3Mu (ITapameTpu
IIa3MoOreHepaTopy: piguHa — auctwiat+24 %
etanon; Hampyra 170 B; Butpara mositTps uepes
corio mra3mu 80 j1/ro) 300pakeHO Ha puc. 7.

60
C(NO) = 0,125 + 3,33931 + 2,6607
C(NO2) = 0,0238:1> + 1,381-1- 0,5714 -

C(NxOy) = 0,1488-12 + 4,7202-1 + 2,0893 E 4

BMicT OKCHJIIB HITPOTeHTY, ppm

Cunatoky I, A

Puc. 7. 3anexxHIiCTh BMICTY OKCHIIIB HITPOTEHY Bill CHUIIN
TOKy 4epe3 ycTaHoBKy (JIaboparopHa ycTaHOBKa 3
€JIEKTPOYTOBIM I'€HEPaTOpOM HU3bKOTEMIIEPaTyPHOL
mwa3mu (ITapamerpu nmimasMoreneparopy:
pinnHa — nuctunAaT+24 % etanomn; Harpyra 170 B;
BHTpAaTa MOBITPps Yepe3 coruio miasmu 80 1/rom)

3anexHiCTh KOHLEHTPALii OKCUAY HITPOTEHY
(IT) Cno Bix cwin TOKy | ommcyeThes piBHSAHHAM
(27) a 3ayexXHICTh KOHIICHTpAITil OKCHUIY HITPOTEHY
(IV) Cno2 Bix cuiin TOKY ONUCYETHCS PiBHAHHIM
(28). PiBusanns (11) ta (12) onmcye moBemiHKY
CHUCTEMH B Jiana3oHi CHIA TOKy 1-8 A:

Cno = 0,125°1? + 3,3393¢] +2,6607,  (11)

Cno2 = 0,0238¢I%> + 1,381°1-0,5714. (12)

[pu anamizi 3a1€KHOCTI, MOKHA HaBECTH, 1110
HasBHICTH 24 % eTaHONy B mapi , SKa YTBOPIOE
MOTIK IIa3MU  Ta 30UIBIIEHHS CHWJIH  TOKY
npuOIU3HO B 2 pas3u 301IbIIYE KUTBKICTh JIOKCUAIB
HiTporeHy. KiTbKICTh OKCHIIB HITPOTEHY, IIIO
YTBOPIOIOTHCS B peakTopi 301bnryeThest B 10 pasis
MIPH 3pOCTaHHI CHJIU TOKY.

3aJe)XKHICTh MIBUAKOCTI YTBOPEHHS OKCHIIB
HITPOTEHY Bl CWIH TOKy 4dYepe3 YCTaHOBKY
(JlabopatopHa ycTaHOBKa 3 EICKTPOAYTOBUM
TCHepaTOPOM  HU3BKOTEMIEpPATypHOi  IUIa3Mu
(ITapameTpu 1Ia3MorenepaTopy: Hampyra 170 B)
HaJaHOo Ha puc. 8.

r (NxOy) =-0,0386°12 + 1,1252°1 - 0,27 - gucThAT
Py
6 r (NxOy) =0,0181-1>+ 0,5362-1 + 0,3457 - ;mcm.l;lf’k% H202
e
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Cuna Toky I, A

Puc. 8. 3anexxHICTh IIBUAKOCTI YTBOPEHHS OKCHIIB
HITPOTEHY BiJl CHJIM TOKY Yepe3 YCTaHOBKY
(JTabopaTopHa yCcTaHOBKa 3 €JIEKTPOIyTOBUM
TeHEPaTOPOM HH3bKOTEMIIEPATYPHOT IIa3MH
(ITapameTpu m1azmoreneparopy: Hanpyra 170 B)

Ha puc. 8 HaBemeHO 3ajeXHICTh MIBHIAKOCTI
YTBOPEHHSI OKCHIIB HiTporeHy NOyx BiJi CHIIH TOKY
yepe3 YCTaHOBKY MpH BHUKOPHCTAHHI PIi3HUX
AKTUBATOPIB, SIKa MOKa3ye, U0 AUCTHIIAT Ta €TaHOI
€ 3HaYHO €(DEeKTHBHIIIIM PKEPESIOM palMKalliB HIXK
MIEPEKUC BOJIHIO.

3aJeKHICTh MIBUAKOCTI YTBOPEHHS OKCHIB
Hitporeny NOyx BiI CHIH TOKYy IpH pPoOOTI
IUIa3MOTEHEepPaTopy Ha JIUCTHIATI  OMHCYEThCS
piBHsHHEAM (13), 3aMEXKHICTH OKCHUAIB HITPOTEHY
NOx Bix cuin TOKY IpU BUKOPUCTAaHHI B SKOCTI
aKkTuBaTopy 24 % eraHoiTy ONHUCYEThCSA PIBHAHHAM
(14), a zanmexHicTh OKCHAIB HiTporeHy NOx Bif
CHUJIM TOKY IIPH BUKOPUCTAHHI B SIKOCTi aKTUBATOPY
3 % mepeKucy BOIHIO OMUCY€EThCS PiBHSIHHAM (15):

r (NxOy) =-0,0386°1% + 1,1252¢1 - 0,27 — quctunar, (13)

r (NxOy) = 0,01811% + 0,5362¢1 + 0,3457 - qucTunar +
3% H»0,, (14)

r(NxOy) = 0,3636¢I - 0,0086 - muctuisr + 3% nepexuc
T1IpOTeHy. (15)

3 rpadiky (puc. 6) 3aIeKHOCTI BMICTY OKCHIIB
HITPOTEHY BiJ CHWJIHM TOKYy Yepe3 YCTaHOBKY IIpH
BUKOPHCTaHHI Pi3HUX aKTUBATOPiB MOXHA CKa3aTH,
0 TIPOIIEC YTBOPECHHS OKCHIIB HITPOTCHY B
CTa0UTPHOMY TIIOTOINl IUTa3MH BimOyBaBCsS y BCIX
nocnimax. Ane HaNOLIBIIA JIOCSITHYTa
KOHIIEHTpAIIisl OKCH/IIB HITPOTeHy CKJajia Bcboro 80
ppm.

6. O0roBopeHHsi pe3yJbTATIB JOCTiTKEHHS
OKHCJIEHHS] MOJIEKYJISIPHOTO a30Ty B IUIa3Mi Ta
BIUIMBY CHJIH CTPYMY u4epe3 YCTaHOBKY Ha
npouec. BrpoBajkeHHS HOBOI PENpOAYKTHBHOL
TEXHOJIOT1l A1 BUPOOHHULTBA HITPAaTHOI KUCIOTH
MPOTIOHY€E 1HHOBAITIMHUN TMIIXid, SKAW TO3BOJISIE



84 BICHWK CXIOHOYKPATHCBHKOIO HALLIOHANBHOI O YHIBEPCUTETY imeni Bonoagumupa Oans Ne 5 (291) 2025

OTPUMYBATH KHCJIOTY 0O€3 eTaly CHHTE3Yy aMiaky
NUISTXOM KOHBEPCil MPUPOJHOTO rasy.

[HHOBaMiitHI TiAX0AE 1O PENPOTyKTUBHUX
TEXHOJIOTIM BKIIOYAa€ BHUKOPHCTaHHS XOJIOJHOT
TUIa3MU JIJISL TIPSIMOTO OKHUCIICHHST aTMOc(epHoro
a30Ty, 3aCTOCYBaHHS aKTHBATOPIB Ta OMTHMIi3allis
CIICKTPUYHUX TTAPAMETPIB [T MOKPAIICHHS BUXOTY
peakuii. Ha Bigminy Big [8], e oOrpyHTOBaHO
METOJI MPSIMOTO OKUCHEHHST aTMOC(EPHOTO a30Ty 3
YTBOPEHHSM 3aKucy a3oTy. llpouec 3ailicHIOETbCS
OUIIXOM  peakwii  NpOAYKTIB  TEPMIYHOTO
PO3KIIaJIaHHSI ~ TMEPEeKUCY BOJHIO 3 a30TOM
aTMOC(EPHOTO TOBITPS MPU TEMIIEpaTypi OIU3BKO
800 K, ane oOMexeHiil 3acTOCyBaHHS IOB'S3aHE 3
TUM, [0 3aKHC a30Ty € MaibKe TakuM CaMHUM
IHepTHUM, SK 1 MOJISKYJISIpHHMA a30T, 1, TO-IpyTe,
TUM, UI0 BiH HE YTBOPIOE KHUCIOT, OCKIIBKH HE

HaJICKUTH a0 KHUCJIOTHHUX OKCI/I,Z[iB. TOMy
TEXHOJIOT1s1 BUKOPUCTaHHA XOJOAHOI  IIJIa3MH
CIIPAMOBAHO Ha TMMOKpPAaICHH e(l)eKTI/IBHOCTi

mpouccy, SMCHILICHHS BUTPAT Ta 3HUKCHHS KON

JOBK1JITIO
Amnanis TIPOBEACHUX eKCTICpUMECHTIB
MiITBEPIUB  YTBOPCHHS  OKCHIIB  a30Ty B

CTaOUIPHOMY IUIA3MOBOMY MOTOLI IMiJ dYac YcCiX
JIOCJIIKeHb. BcTaHOBIIEHO, 110 KUIBKICTh OKCHIIB
a30Ty 3aJICKHUTH Bijl KUJIbKOX YWHHHKIB, 30KpeMa
napameTpiB poOOTH IUIa3MOTEHEepaTopa, CKIaay
pIIMHYU, 10 BUKOPUCTOBYETHCS B MAIBHUKY, Ta
CHIIM CTpyMy 4Yepe3 yCTaHOBKYy. BomjHouac
MakCHUMajbHa KOHLEHTpAllisl OKCHAIB  a30Ty
BHSIBIUTacsl oOMexkeHoro. Ha OCHOBI oTpuMaHUX
JTaHUX 3pOOJIEHO BHCHOBOK, IO JIMITYIOUNM
€TaroM OKHCIIECHHsI aTMOC(EpHOro a3oTy € mpoLec
¢dbopMyBaHHS ~ pagukaliB, TOOTO  3JaTHICTbH
TIa3MOreHepaTopa reHepyBaTH X 3a 3aJ]aHuX YMOB
(puc. 5).

AHami3 pe3ynbTaTiB  [BOTO  JTOCIIKEHHS
MOKa3ye, M0 MPUCYTHICTh €TAHOMY B CKIIAI Tapu
(puc. 6), sika yTBOPIOE TOTIK TTa3MH Ta 301THIIICHHS
CHJIH TOKY IPHOJIM3HO B 2 pa3u 301IbIIYE KITBKICTD
TiOKCHUIiB  HiTporeHy.  KibKicTh  OKCHAIB
HITPOTEHY, 1[0 yTBOPIOIOTBCS B peakTopi
30inbLIyeThes B 10 pa3iB mpu 3pocTaHHI CUIH TOKY.

Takok  MOXHA  BIAMITUTH  MaKCUMyM
KOHIICHTpaIlii OKCHAy HIiTporeHy Ha piBHI 80 ppMm,
TIPH 3pOCTaHHI CHJTH TOKY Yepe3 YCTaHOBKY Bix 1 1o
8 A. MakcuMyM KOHIIEHTpALIisl AIOKCULY HITPOT€HY
mpu 8 A memo MeHIe, 3HaXOAUThCs Ha piBHI 40
pp™m (pwuc. 8).

JonaTkoBO BCTaHOBIIEHO, [0 MOJKHA HABECTH,
IO HasBHICTh NEPEKUC TiApOreHy B Mapi , ska
YTBOPIOE TOTIK TUTa3MH Ta 30UIBIIICHHS CHIIM TOKY
npuOIU3HO B 5 pa3iB 301MIbIIY€E KiINbKICTh JIOKCHIB
HiTporeHy. KinbKicTh OKCHAIB HITPOTEHY, IO

YTBOPIOIOTHCSA B PEAKTOPi 3MEHIIYETHCS JO HYJS
TIPH 3pOCTaHHI CHIJIM TOKY (pHc. 6).

JlaHi, mpeacTaBieHi Ha puc. 9, cBimUaTh Mpo
Te, IO B KOXHIH cepil eKCIEepUMEHTIB KiJIBbKICTh
OKCHJIIB a30TYy 3aJIUIIAJIACs MPAKTHIHO HE3MIHHOIO.
3a cTabimbHHX YMOB pPOOOTH €(EKTUBHICTH
TUTa3MOTreHepaTopa Makxe He 3aliexala Bij 00'eMy
TIOBITPS, 110 MOAABANIOCS B cucTeMy. B Tilt camuii
gac TIPOIEC CYTTEBO 3aJIeKajo BiA KIIBKOCTI
yTBOpeHuX panukanie OH min vac poskiamgaHHs
aKTUBaTOpiB Ta 30UIBIICHHI CHIM TOKY 4epes
YCTaHOBKY.

Pesynpratn  mocmimkeHb TOKa3yrOTh, IO
MPOIEC YTBOPSHHS OKCHJIIB a30Ty B CTaOUTLHOMY
MIa3MOBOMY TIOTOIII BiIOYBaBCS Y BCIX JTOCIIiaX.
Konmentpartis  OKCHIIB  a30Ty  BHU3HaJamacs
napaMeTpaMu poOOTH TUIa3MOT€HEPaTopa, CKIIaIoM
PiIVHY B TAJILHUKY Ta CHJIO TOKY Yepe3 YCTAHOBKY.
OmHak MakcHMajbHA JOCSTHYTa KOHIICHTPAIiSA
cranoBmia auuie 80 ppm.

3po0iieHO BUCHOBOK, IO JIMITYIOUHM €TaroM
npoIecy OKHUCICHHS aTMOC(EepHOTO a30Ty €
YTBOPEHHSI paIUKaIIiB. [HITUMU CTIOBaMU, 37JaTHICTh
IUTa3MOreHepaTopa CTBOPIOBAaTH — pajJMKald B
3aJlaHuX YMOBAax BHU3HAYAE HOTO MPOIYyKTUBHICTb.

HemonikoM mpoBeneHOT0 MOCTIKEHHS € Te,
0 crpo0a OTPUMATH HITPATHY KHCIOTY IUISXOM
abcopOuii okcuaiB a3oTy B CKISHLI Jlpekcens
BUSBUJIACS HEBANOI0. MeTonu THTPYBaHHA Ta
BUKOPHCTaHHS HITPAT-CEJIEKTHUBHOTO EJIEeKTPOoJIa
JUIST. BHU3HAYCHHSI HITPATHOI KHUCIOTH HE Jalln
MO3UTUBHUX  PE3yJIbTaTiB, WMOBIpHO, depes
HEJIOCTATHIO KOHIIEHTPAIII0 OKCHIIB a30Ty B
ra3oBiid cymini.

KoHcTpyKIlis  3ampONOHOBAaHOTO — peakTopa
(puc. 4) BusIBHMIIaCSI JOCUTH CTIMKOIO, 1 X04a MPOIIEC
VCIILTHO BiATBOPIOBABCSl B PI3HUX MapajelbHUX
eKCIICPUMEHTAaX, YIPaBIiHHI HHUM BHUSBUIOCS
CKJIATHUM, 3aBIIKH HEIOCKOHAIOT KOHCTPYKIIil
(hopcyHKH.

He Baamocst BU3HAUMTH BILUTUB iHTEHCHBHOCTI
OTIPOMIHEHHS, OCKUTBKH Y Ii KOHCTPYKIIii CBITIIO
Oya0 MMOOIYHUM e(EeKTOM, IO CYNPOBOKYBAB
MIPOIIEC TeHepyBaHHSI IIa3MHU.

3rigHO 3 pe3yiabTaTaMH TEOPETUYHUX 1
MPAaKTHYHUX IOCIIIKEHb, MOYKHA MPHUITYCTHTH, 110
NpH TEBHHX YMOBaxX Yy TOTOII IUIa3MH MOXKe
BinOyBaTuCsl MpOLEC OKHUCIEHHS aTMOC(epHOro
azory. lleii eranm € KpUTHYHUM i OTPUMAaHHS
HITPAaTHOI KWCJIOTH IIISXOM MPSIMOTO OKHCIIEHHS
aTMOC(EepHOro a3oTy.

Y Xomi mocHipKeHHs OyJo MiITBEPHKCHO
e(beKTUBHICTH 3aCTOCYBaHHS XOJIOIHOI TIIa3MH IS
OKUCJICHHS aTMocdepHOro asory, o
i ITBEPKYETHCS OTPUMaHUMH
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EKCIIEPUMCHTAIEHUMU pe3yibTaTamu.
BcTranoBimeHo, 1m0 KUTBKICTH OKCHAIB  a30Ty
3QJICKATh BiJ 3MaTHOCTI IUIa3MH TEHEpPyBaTH

crabutbHuit motik OH-papmkanis. Kpim Toro,
BH3HAYCHO 3aJICKHICTh KOHIICHTpPAIii OKCHIIB
azoTy BiJl XapaKTEPUCTHK poboTtu
I1a3MoreHepaTopa, CKIIaJly  PiOUHH, o
BUKOPHUCTOBYETHCS B MAIBHUKY, T4 CHIH CTPyMY
gepe3 MpUCTpiil. 30UTBIICHHS CHIIM CTPyMy depe3
YCTaHOBKY  CIpHSIE TIIBUIICHHIO  yTBOPCHHS
OKCHJIB a30Ty B 2—8 pasiB.

JlocmipkeHHsT BUSIBWIIO, IO CHUJIA CTPYMY
Yyepe3 YCTaHOBKY Ta MPUCYTHICTh aKTHBYIOUHX
PCUYOBHH BIUTUBAIOTh HA INBUIKICTh OKUCJICHHS
aTMOC(EPHOTO a30Ty 1 YTBOPEHHS OKCHIIIB a30TYy.
Byno BcTaHOBIIEHO, IO 30UTBIIICHHS CHIH CTPYMY
MPU3BOJIUTH JI0 3POCTaHHS MIBUAKOCTI YTBOPCHHS
OKCH/IIB a30Ty IS BCIX aKTHBYIOUUX PEUOBUH Y 3—
6 pasiB (pwuc. 8).

[omanmpmri  JocHiKEHHS TOBHHHI  OyTH
CIpsIMOBaHI Ha BUBYCHHS BIUIMBY KOHIICHTpAIil
MEPEKUCY BOJHIO B TUCTUIIATI Ta CHUJIM TOKY 4epes3

YCTaHOBKY U1t BIOCKOHAJICHHS
EKCIIEpUMEHTAJILHOT YCTaHOBKH.
OTtpumani eKCTIEpUMEHTAJIbHI JaHi

JIO3BOJISIIOTH MIPUITYCTUTH, IO KUTBKICTh YTBOPEHUX
OKCHJIIB a30Ty B YyCTAaHOBIl 3aJIGKUTh  BiJ
e(eKTHBHOCTI CTBOPEHHS cTabibHOTr0 noToky OH-
paguKaiiB y IIa3MOBOMY TIOTOIT.

Y pobori Oyio BHBYCHO MOMKJIHMBOCTI
BUKOPHCTaHHS XOJIOMHOI IIa3MHU ISl CTBOPCHHS
YMOB OKHCIICHHS aTMocepHOTO azory.

Busznaueno, 1o ajis pearisartii mporecy OTpuMaHHS
HITpaTHOI KUCIIOTH 3 aTMOC(EpHOro MOBITPS 3a
METOZOM 3axapoBa i3 3acTOCYBaHHSIM €(QEKTiB
KapaBaeBa Ta Hariepa Oyio 3ampOornOHOBaHO Ta
peanizoBaHo NabopaTOpHY YCTaHOBKY Ha OCHOBI
mia3MoreHeparopa «[ opuHIY».

7. BUCHOBKH

1. ¥V xomi mocmijkeHHS OYyJIO MiITBEPHKEHO
¢(eKTUBHICTH BUKOPUCTAHHS XOJIOAHOI ITa3MH JIJIs
OKHCIICHHS atMoc(hepHOro asoTy, 110
MiITBEP/UKYETHCS SKCIICPUMEHTAILHUME  JIAHWMH.
BcraHoBiieHO, IO KUTBKICTH YTBOPEHUX OKCHJIIB
a30Ty 3aJIe)KUTh Bill 3AaTHOCTI TIa3Mu (HOpMyBaTH
crabimpamii ToTik OH-pammkaniB. Kpim Toro,
BH3HAUYCHO 3aJICKHICTh KOHIIEHTpAIlil OKCH/IIB
a30Ty BiI MapaMmeTpiB poOOTH IIa3MOTeHEpaTopa,
CKJIaay PpiOdHH, SIKA BHKOPHCTOBYETHCS B
MaJTbHUKY, Ta CHJIM CTPYMYy 4Yepe3 YCTaHOBKY.
30UTBIICHHS CHITU CTPYMY Yepe3 YCTAHOBKY CITPHSIE
301IBIIEHHIO KIIBKOCTI OKCHIIB a30Ty MPUOJIU3HO B
2-8 pasiB.

2. JocnimkeHHs BUSBUIO BIUTUB CHJIH CTPYMY
yepe3 yCTaHOBKY B TPHUCYTHOCTI PEYOBHH
aKTHBATOPIB TPOIECY OKUCICHHS aTMochepHOTro
a30Ty Ha IIBUIAKICTh YTBOPEHHS OKCHIIB a30Ty.
JlocmimKeHHs TOKa3ad, 0 Py 30UTBIICHH] CHITH
TOKYy 4Yepe3 YCTAaHOBKY IIBUAKICTh YTBOPEHHS
OKCHJIIB a30Ty 301JbIIYETbCA I YCiX PEYOBHH
akTUBaTropiB B 3—6 pasiB. [lopiBHSIHHSA pedOBHH-
aKTHBATOPIB, 3MaTHUX TPH PO3KIIaIi yTBOPIOBATH
OH-panukanu, mokaszano, II0 MEPEKUC BOJHIO €
HaOIbII IEPCIIEKTHBHUM aKTUBATOPOM.
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Slobodyanyuk  V.P., Kudryavtsev  S.0.,
Tselishchev O.B., Loriia M.G. Determination of the
possibility of using cold plasma for the oxidation of
atmospheric nitrogen into nitrogen oxides and the
influence of activating substances on the process

The object of study is the process of oxidation of
atmospheric nitrogen into nitrogen oxides. The oxidation
of atmospheric nitrogen to produce nitric acid is
important for the development of new methods of
atmospheric nitrogen binding and methane activation,
which are fundamental problems in the field of chemical
science and technology. The process of molecular
nitrogen oxidation and the dependence of nitrogen oxides
content on the current strength through an installation
with an electric arc low-temperature plasma generator
were studied.

To confirm the hypothesis, quantum chemical
studies of the reaction activity of nitric acid and its
decomposition products were carried out. At the initial
stage, quantum chemical DFT calculations were
performed to determine the electronic structure and
thermodynamic parameters of the ground state of nitric
acid and its three known isomers.



BICHUK CXIOHOYKPAIHCBKOIO HALIOHANBHOIO YHIBEPCUTETY imeni Bonoaumupa Jans Ne 5 (291) 2025 87

To implement the process of producing nitric acid
from atmospheric air using reproductive technology, a
reactor design for the production of nitrogen oxides by
direct oxidation of nitrogen in a cold plasma flow was
proposed. It was proposed to use the effect of producing
nitrogen oxides in an air mixture with nitric acid vapor
and during the thermal decomposition of nitric peroxide
with atmospheric nitrogen. The efficiency of using cold
plasma for the oxidation of atmospheric nitrogen has
been established, which is confirmed by the obtained
dependences. The influence of the current strength
through the installation in the presence of hydrogen
peroxide and alcohols as activators of the process of
atmospheric nitrogen oxidation in a high-energy
environment was revealed. Studies have shown that with
an increase in the current through the plant, the amount
of nitrogen oxides increases for all activator substances
by 2 to 8 times.

The influence of the nitrogen oxides content on the
current strength through the installation with an electric
arc low-temperature plasma generator was revealed. It
is determined that when comparing activating agents that
are capable of forming OH radicals during their
decomposition, hydrogen peroxide is the most promising
activating agent for the process of oxidation of
atmospheric nitrogen in a plasma flow.

Key words: molecular nitrogen, direct oxidation,
cold plasma, nitrogen oxides, laser matron, hydrogen
peroxide
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METO/ I'PAAYIOBAHHS NPOBHUX PIINMH J1JIA BUMIPIOBAHHSA
MOBEPXHEBOI EHEPI'IIi METOJIOM OYEHCA-BEH/ITA

Crpamenko B.K., Muponwk O.B.

CALIBRATION METHOD FOR TEST LIQUIDS FOR MEASURING SURFACE
ENERGY BY THE OWENS-WENDT METHOD

Strashenko V.K., Myroniuk O.V.

Y npeocmasneniti  naykosiii 30TlCHEHO
KOMNAeKCHe 00CiONHCEeH S noeepxHesux
Xapaxkmepucmux cymiuieeux piouH 3 BUKOPUCTNAHHAM
Memoouxu epaghiunozo ananizy, po3pooaenoi Oyencom i
Benomom, wo 0038015€ KinbKicHo po30inumu 3a2aibHull
nogepxmesutl Hamse Ha 084 OCHOBHI KOMNOHEHMU —
OUCNepPCHY ma NOJSIPHY CKAAO08I. 3 Memor ni0GUeHHs.
MoYHOCMI MA HAOIUHOCMI pe3ybmamie po3PaxyHKie y
pobomi  3anponoHoO6aHO BUKOPUCMAHHA — PSIOY
noaiMepHux mamepianie 13 3a30aneciob  8I0OMUMU
NOBEPXHESUMU  BLACTNUBOCAMU  AK  KANIOPYBATbHUX
cyocmpamie  Onid  BU3HAYEHHA KOMMAKMHUX — KYMI8
3mouyeanta. Lle 003601uU10 poswiupumu 3acmocy8anHs
epaghiunoco nioxody Oyenca—Benoma 0o awnanizy
CKAAOHUX 0a2amoKOMNOHEHMHUX PIOUHHUX CUCEM,
30Kpema makux, wo MiCmame K HeNoJAPHI OpeaHiuHi
PO3YUHHUKU, MAK | PEUOBUHU 3 BUPANCEHUM NOAAPHUM
abo 800HEBUM 38 I3KOM.

YV x00i Oocnioocenns 6yno 00CniONHCEHO 3MOYYBAHHS
PIBHUMU CYMIWAMU NOJIMEPHUX NOBEPXOHb HA OCHOBL
noaiemuieHy, NOJINPONiLeHy, me@IoHy, NONCMUPOTy
ma iHWUX noimepis, wo Maromov pizHi Cni6GIOHOWEHHS.
oucnepcHoi ma RNOMAPHOL  CKAAO0BUX TNOBEPXHEBO20
namsazy. Ompumani  excnepumMenmanvHi — 3HAYeHHs
KOHMAKmuux  Kymie  oaiu  3mo2y  nobyoysamu
anpoxcumyioui npsami 6 koopounamax memooy Oyenca—
Benoma ona xoocnoi cymiwi ma xoducHoi nosepxHi.
3as0aKu Yybomy cmano MONCIUBUM OOUUCTIEHHSA OKPEMUX
KOMNOHEHMI8 NOBEPXHE8020 HAMARY 01 O0CTIONCYEAHUX
PIOUHHUX cucmem i3 6UCOKUM CMYNEHeM MOYHOCM.
Ilpoananizosano eniue cknady cymiwiell Ha 3MiHY
6EIUYUH NOJAPHOL Ma OUCHEPCHOT 83A€MOOIU HA MeiCI

pobomi

nodiny gas.
Kpim  mozo, npodemoncmposano, wo 30inbuienHs
KITbKOCMI  NONIMEPHUX — KATiOPY8alIbHUX — NOBEPXOHD

npu3eo0ums 00 3MEHUWIeHHs NOXUOOK npu JiHIUHIU
anpokcumayii ma 00380JA€ YHUKHYMU CUCMEeMAMUYHUX
8IOXUNEHb Y BU3HAYEHHI
enepeii. Ompumani pe3yromamu  y32004CYIOMbCA 3

napamempié NO8EpPXHEBOI

aimepamypuumu oanumu, wo niomeepooicye
docmogipuicmsb po3pobienoco nioxoody. Ilpeocmasnena
Memoouxa modce Oymu e@exmusro 3acmocosana O
OYIHIOBAHHA ~ NOBEPXHeBUX  GIACMUBOCEL  HOBUX
KOMNO3UYItiHUX ~Mamepianie, piokux npenapamie i
@DYHKYIOHAbHUX DIOUH Y PISHOMAHIMHUX 2AY35X XIMIL,
biomexHonozii ma mamepianosnascmea. Takum yuHom,
00CNiONCEHHsL  He  JUue  POUWUPIOE  MOICTUBOCHII
3acmocysants KiacuuHozo nioxody Oyenca—Benoma,
ane i NPONOHYE HOBUL THCMPYMEHmM 05l MOYHIWOI ma
SPYUHIWMOT  OYIHKU — MIHCMONEKYNAPHOL  83a€MO0ii 6
cucmemax iz piounnoIo aszoio.
Knwuosi  cnosa:  nonimep,
3MOUYBAHHSA, KANIOPYBAHHS

3MOUYYBAHHA, Kym

IHocTanoBka NnpooJIeMu. [ToBepxneBa
€HEpTisl TBEPAUX TiJl € IOKA3HUKOM, SIKUH KiJTbKICHO
BH3HAYA€ IIOTEHITIA] TIOBEPXHI JO B3aEMOIIl 3
piivHamMu B TIpollecax 3MOYYBaHHS, YTBOPEHH:I
aJre3WHOr0 KOHTAKTY, BHJAJCHHS pIIUHA 3
MOBEPXHi, 3aKWMaHHA, KOHJACHcalii, Tomo. B
3JIEKHOCTI BiJi 0OpaHOi MOZENI OMUCAHHS ITHOTO
napametpy (3icmana, Oyenca-Bennra, Ban Occa i
T.J1.), BU3HAYAETHCS KUTBKICTh HOTO KOMITOHEHTIB. A
HOTO BUMIPIOBaHHS 0a3yeThCs 3AeOUTBIIOTO Ha
BH3HAYCHHI KYTiB 3MOYYBaHHS ITOBEPXHI TBEPAOTO
Martepially HaOOpOM piAMH 3 BiIOMHM 3HAYEHHSIMH
(a60 mOmMaTKOBO KOMITOHEHTaMH) TIOBEPXHEBOTO
HaTsATy. B sAKOCTI TakuX piIHH BHUCTYIAIOTh
IHIVBIAyaNbHI PO3UYMHHUKH 3 BUCOKHM CTYIICHEM
YUCTOTH. Ane, Takuil miaxix He 3abesmeuye
JIOCTaTHLOI JTUCKPETHOCTI 3HAYECHb MOBEPXHEBOTO
HATATY JJIs OTPUMAaHHS CHCTEMU MOHITOPUHTY
mporieciB 3MouyBaHHs. Lle oOMexeHHS Moxke OyTH
MOJI0JIaHE 332 PAaxXyHOK BHKOPHCTAHHS CYMIIIEBUX
PO3YMHHUKIB, TOBEPXHEBHH HATAT SKUX JIETKO
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MOKe OyTH BUMIpSHHHA METOAOM CTajJarMoMeTpii.
Ile 3abe3neuye HaOip EKCHEPUMEHTATBLHUX TAaHUX
JUTSL peastizaltiii MeToxy 3icMaHa, ajie He € TOCTaTHIM
s O0araroakTOpHUX — METONIB, HAaIpUKIAL,
merony Oyenca-Benara. BimmoBigHO, OCHOBHOIO
po0IeMOI0, sIKa BHPINIYETHCS B JNaHIH pPoOOTi €
po3poOKa MeTomy TpaigylOBaHHS  CyMIIEBHX
MOBEPXHEBUX pinuH 3a napameTpamu
[IOBEPXHEBOI'O HATATY Ta HOro KOMIIOHEHTIB B
pamkax teopii Oyenca-Bennra.

AHnauni3 OCTAHHIX JOCJIIKEHD Ta
nyOosikamii. AKTyabHICTh JTOCITIKEHHS
MTOBEPXHEBOI €HEPril TBEepAMX TiJd, 30KpeMa

MOJIIMEpHUX MaTtepiaiiB, 3yMOBJICHa 3pOCTaIOUUM
ITOMUTOM Ha BHUCOKOC(PEKTHBHI (HYHKIIIOHATHHI
TTOKPHUTTS, KOMITO3UTH Ta OlOMEAWYHI MaTepiaju.
[ToBepxHeBa eHepris BU3HAYAE 3MOYYBaHICTB,
aaresiro, OIOCYMICHICTh, a TaKOX B3aEMOJIIO
MaTepiajy 3 IHIIUMH (pa3zamMu — piAMHAMH, ra3aMu
Yd TBEpAMMH TilaMH. Y BHUMAIKy IOJIMEpiB, sKi
AKTUBHO 3aCTOCOBYIOThCS B MEHIIMHI,
CJICKTPOHILll, YIAKOBI[ Ta MAaIlIMHOOYIyBaHHI,
KOHTPOJIb MMOBEPXHEBUX BIIACTHBOCTEH JIa€ 3MOTY
IIJECIPSIMOBAHO ~ 3MIHIOBaTH  CKCIUTyaTalliiHi
XapaKTepUCTUKU: BiJl TriapoiapHOCTI 10 Oap'epHUX
BractuBoctei[1,2].

CyuacHi Metoam Momudikamii MOTIMEPHHX
MOBEPXOHb — TMJIa3MoBa 00poOka[3,4] ximiuHe
(yHKIIOHYBAaHHS, HAHECCHHS HAHOCTPYKTYp —
BAMAraloTh TOYHOTO pO3YMIHHS BIUIMBY Ha
MOBEPXHEBY eHeprito. Lle KpUTHYHO BaXKIHMBO ISt
3a0e3neYcHHS anre3ii B OararorapoBux
CTPYKTypaxX, CTIMKOCTI 10 3a0pymHeHHS abo
O0iooOpocTaHHs, a TakoX Ui TIOKpAIICHHS
MEXaHIYHOTO 3’ €THAHHS 3 iIHIIMMHU MaTepianamu|S].
Takum 9iHOM, TOCTIPKSHHS IIOBEPXHEBOT EHEPTii €
He Jmire (QyHIAMEHTANbHO BaXJIMBHM, ajlie M

MPaKTUYHO HE0OXiTHUM JUTSt pO3poOKU
IHHOBAIlIHAX MaTepiagiB 3 MPOTHO30BAHUMH
BIIACTUBOCTSIMH.

IcHye KinTbKa OCHOBHUX TEOPiil Ta MOJeINeH, SKi
OTIMCYIOTh TIOBEPXHEBY CHEPTil0 TBEPAHMX TUT i
JIO3BOJIAIOTH OLIHUTH ii Ha OCHOBI KOHTaKTHHMX
KyTiB 3MouyBaHHA. Cepex HaiBimoMimmx i
Hally)kuBaHilIMX — Moneni 3icmana, OyeHca-
Bennra, ®oykca ta Ban Occa—I yn—UYapr'e.

Teopis 3icMaHa € OAHIEIO 3 HAWIPOCTIIIHX.
Bona 6a3syetbest Ha moOyIoBi Tpadika 3al1e:KHOCTI
KOCHHYCa KOHTaKTHOI'O KyTa BiJl IIOBEPXHEBOTO
HaTATY pinuHu. Touka HEePETUHY
EKCTPaNoIbOBaHoi MpsAMoOi 3 Biccio X (mpu cosd —
1) BKa3ye H a KpUTHYHUIA MOBEPXHEBUI HATAT —
3HAYCHHS, 1[0 HAOIMKEHO JOPIBHIOE IMOBEPXHEBIH
eHeprii TBepAoro Tina. Meron 3icMaHa HalKparie
MiAXOIUTh TUTS HU3bKOCHEPIeTUYHUX,

rizpooOHNX, amoNAPHUX TOBEPXOHb, 30KpeMa
nomonediniB  (MOMIETHUICH, TMOJIMPONUICH), e

MDKMOJICKYJISIPHi B3aEMOJII1 TIepEBaKHO
JqucnepciiHi[6].

Mopens Oyenca-Benara po3miisie
MOBEPXHEBY CHEPril0 Ha JBI CKJIAMOBI —

oucriepciiHy Ta monsipHy. Ll mMozmens 1o3Bossie
rmMlIe MpoaHai3yBaTH XapakTep MiK(pazHUX
B3aEMOJIIH, IO € 0COOITUBO BAKITUBUM JIJISI TIOMipHO
MOJIIPHUX TIOBEPXOHb, TaKHX SK IOJNIECTEPH,
nojikapOoHatu abo MoaudikoBaHi momimMepu. Jis
3aCTOCYBaHHS METOAYy TIOTpiOHE BUMIpPIOBAHHS
KOHTaKTHHUX KYTiB JUIS IIOHAHMEHIIIE JIBOX PiJMH 3
BiJIOMHMH KOMITOHCHTaMH TIOBEPXHEBOTO
HaTATY[7].

Teopiss doykca, ska € PO3BUTKOM MOJIETI
Oyenca-Benara, TpyHTYEThCSI HAa TEPMOIMHAMIII
aaresii Ta BUKOPUCTOBYE €HEPreTUYHY KOHLIEHIIIIO
KHCIIOTHO-OCHOBHMX  B3aemomid.  IloBepxHeBa
EHEpris TaKoX IMOAUIIETBCS Ha AMCHEpCiiiHy W
NOJSIpHY CKJIAAOBi, 3 aKUEHTOM Ha XiMi4HYy
MPUPOAY MIKMOJIEKYISIpHUX cril. Momens Doykca
3aCTOCOBYIOTh Y  JOCHIDKEHHSX I1H)KCHEPHUX
NOJiMepiB, a TaKOX MarepialiB 3 BUPAKCHOIO
€JIEKTPOHHOIO TOJISIPHICTIO.

Teopis Bam Occa—I'yma—UYapr'e (van Oss—
Chaudhury—Good) € HaibiIbI KOMIUIEKCHOIO,
BOHAa TMOJUISE IOBEPXHEBY EHEPrilo Ha TpH
komroHeHTH: aucnepciiny  (Lifshitz—van  der
Waals), KHCIIOTHY (€IEKTPOHOAKIICITOPHY) Ta
OCHOBHY (€JeKTPOHOJOHOpHY). Takuil miaxix
JTO3BOJISIE TOYHO OMHUCYBATH aATe3iiiHi BIACTUBOCTI
MMOBEPXOHB, OCOOMUBO OiomaTepialiB, OKHUCHEHUX
METaliB, CKIJIOMOAIOHUX 1 KepaMidyHUX CyOCTpaTiB.
Teopis Ban Occa € Oyxe TMOMyISPHOIO B
OioimkeHepii, MeauiuHi Ta y cdepi CTBOpEHHS
aHTHOAKTepialbHUX TMOKPUTTIB, JI€ KHUCJIOTHO-
OCHOBHI B3a€MOZI1 BiIirpatoTh KIIOUOBY POJIb.

TakuM uwmHOM, BHOIp Teopii I aHaIizy
MMOBEPXHEBOI  CHEprii  3ajleXuTh  BIT  THUIY
JOCTiDKyBaHOTO  Matepiany. Jnst  amomspHMX
MOJTIMEPIB  JTOIUTPHO BHKOPHUCTOBYBATH MOJIETH
3icMaHa; my1s OLITBIIOCTI OPraHIYHUX TOJTIMEPIB —
Oyenca-Bennara ab6o @Doykca; nans CKIaTHUX,
XIMIYHO aKTHBHHX 4YH OIlOJIOTIYHO CYMiCHHX
moBepxoHb — Mozenb BaH Occa. KoxkHa 3 Teopiit
Mae cBOi OOMEKEHHS 1 IMepeBart, ajie pa3oM BOHH
YTBOPIOIOTH ~ MOTY)XKHHH  IHCTPYMEHTapid s
pPO3yMIiHHS i Moaugikamii MTOBEPXHEBHUX
BJIACTUBOCTEH MaTepiaiib.

Hust TOYHOTO BU3HAYCHHS 3HAaYeHb
KOMITIOHEHTIB TOBEPXHEBOI €Heprii 3a Teopiero
Oyenca-Benara HeoOXimHO peETENBbHO TimiOpaTh
HA0Ip TECTOBUX PiJUH 3 BiJOMUMHU 3HAYCHHSIMU
MOBEPXHEBOI'O HATATY Ta WOro TMOJSPHOL 1
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aucriepciiftHoi cknagoBux. Ls Moxens mepeabadae
PO3IiICHHS 3arajbHOi HOBEPXHEBOT EHEPTii TBEPANT
MOBEPXHI HA  JUCHEPCIHY Ta  TOJSPEY
KOMITOHEHTH, a JUI1 O0UNCIICHb BUKOPUCTOBYIOTHCS
KOHTaKTHI KyTH 3MOYYBaHHsI, BUMIPSHI IS PI3HUX
pinuH. o6 yHMKHYTH TOXHOOK y pO3paxyHKax,
Ha0lp piIUH TOBUHEH OXOIUIIOBATH SIKOMOTA
LIMPIIWI Aiala30H CIiBBIAHOIIEHb MK MOJISPHOIO
Ta TUCTICPCIHHOIO CKJIAIOBUMHU.

Oco0nMBO BaXKIMBO, MO0 Ii PIIUHU MaH
napamMeTpH IMOBEPXHEBOI'O HATATY, IO BapitOIOTHCS
3 MIHIMQJbHUM KPOKOM, TOOTO 3 IUIaBHUM
MePEX0J0M BiJ CYyTO TUCHEPCIHHUX (HAIPHUKIIAI,
JTUHOMETaH) JI0 BHUCOKO TOJSAPHUX (HATPUKIIAJ,
Boja). Takuii miaxia J03BOJISE 3SMEHIITUTH IIOXHUOKH,
OB’ s13aHi 3 alIPOKCUMAITIEI0 KPUBOT B KOOPIMHATAX
mogneni OyeHca-BeHnra, Ta MigBHUILY€E TOYHICTDH
oOurcieHHs 000X KOMIIOHEHT eHeprii. Y pasi
BUKOPHUCTAHHS JIUIIIE IBOX PiIUH a00 BUOODPY PiavH
i3 ONU3bKHUMH  XapaKTePUCTHKAMH, CHCTEMa
PIBHSHb CTa€ MaTeMaTU4YHO HECTIMKOI, MIO0
MPU3BOJUTE [0 3HAYHOTO PO3KHUAY pPE3YIbTaTiB.
OTxe, YUM MUPMINNA 1 Kpale Mmiaiopanuii Hadip
piavH, THM HagifHiKEM OyAe PpO3paxyHOK
MOBEPXHEBOI €HEPrii TBEpAOI MOBEPXHi.

Meta po6oTH CHOPMYITIOBATH METOM, SKHAU
JO3BOJIIE  BIATpaaylOBaTd  MPOOHI  DiOHHH,
BKIIIOYAIOYM  CyMil, 32 KOMIIOHCHTaMHu
MTOBEPXHEBOT'O0 HATATY Y BIAIMOBITHOCTI JO TeOpii
Oyenca-Benara.

Buxaan OCHOBHOI'0 Marepiany.
Busnayenns NMOBEPXHEBOI0 HATATY
rpaaymoBajbHuX noBepxonb PiBusaus IOura (1)
onucye (HaKTOPH - TOBEPXHEBY €HEPIil0 Ha Pi3HUX
MeXax nofiny a3, sKi BU3HA4aloTh 3HAYCHHS KyTa
3MouyBaHHA 6. IHgekc (TB-T)  BimmoBimae
MOBEPXHEBill eHeprii Ha Mexi TBepAe Tino-ra3 i,
BIJIMTOBI/THO, MIOBEPXHERBiN eHeprii mporo Tina, (TB-
p) - TIOBEpXHEBA CHEPris Ha MeEXI TBEPHIE Tilo-
pinuHa, (p) - Ha MEXKI piMHA Ta3, 0 €KBIBAJICHTHO
MTOBEPXHEBOMY HATATY PiUHHU.

Org—r—OT1B—p

- (1)

cosf =

B po6oti 6yno BukopucTtano teopito OyeHca-
Benara sika posrisijae MOBEPXHEBUW HATAT SIK
JBOKOMIIOHEHTHHI  mapamerp. Ilpu  1mpomy,
3aralbHe  WOTO  3HAa4YeHHA €  CEpeaHIM
F€OMETPUYHUM JIUCTIEPCHOI Ta TOJISIPHOI YaCTHHM.
OcHoBHe  piBHsAHHS  Teopii  (2)  ommcye
B32€MO3B 30K MK 3HAYCHHSIMU KyTa 3MOYYBaHHS
pIIMHU Ha TBEPAiii IOBEPXHI Ta KOMIIOHCHTAMH iX
MOBEPXHEBOI CHEPTii.

0,(1+ cos®) = 2(\Jobop + \Joh ol )

lie 0, 3araqbHUA MOBEPXHEBUH HATAT PiIUHH.
BiamogigHo no teopii Oyenca-Bennra iioro Moxxna
PO3/INATH Ha NONAPHHUIL (0 ) Ta wucnepcHuii (o))
MMOBEPXHEBUM HATAT piauHU. TakoX B PIBHIHHI
HasBHI 3HAYCHHS 1 JUIsI TOBEPXOHb, a came
nonsipamii (oF,) Ta mcnepcHuit 0P, ToKa3HMK
MOBEPXHEBOI'0 HATATY [Is moBepxHi. Kocunyc kyTta
3MOYYBAaHHS PIAMHU 3 TIOBEPXHEIO0 BUPAKCHO
3HauYeHHS C0SH.

[Ipu ymoOBi BUKOpHUCTaHHS PiAMH 3 BiTOMUM
MOBEPXHEBUM HATSATOM Ta HOTO KOMIIOHCHTAMH,
BH3HAYCHHS KyTa 3MOYYBaHHS PiIUHOIO 0OpaHOi
MOBEPXHi, B HhOMY 3aJIMIIAIOTHCS ABa HEBIAOMUX -
KOMIIOHEHTH TOBepxHeBoi eHeprii. OcrtaHHi
MOXXYTb OyTH 3HAWICHI IPY BUKOPHUCTAHHI CUCTEMHU
piBHSHDb (IIPaKTUYHO - BUKOPUCTAaHHS HaOOPY
npoOHuX piaun). L1 3agaua Moxe OyTH BupilleHa i
B NIPOTUJICKHY CTOPOHY - BUKOPHCTOBYIOUH HaOip
MOBEPXOHb 3 BiJOMUMH 3HAYCHHSMH IMOBEPXHEBOT
eHeprii MOJKIJIMBO 3HAUTH KOMIIOHEHTH
MMOBEPXHEBOT'O HATATY PIAMHA TIPA YMOBI IIIO
3arajabHUN TTOBEPXHEBUI HaTAT  BiIOMUH
(BU3HAYCHUH, HaTpHUKIa] METOIOM
ctanmarmMoMeTpii). Hal0inbI nmpakTHYHUM METOAOM
3HAMICHHS] HEBIJOMHX KOMIIOHEHTIB TIOBEPXHEBOI
eHeprii abo HaTATYy € TpadiuHuid, CyTHICTh SKOTO
NoJsira€ 'y BUKOPHCTaHHI 3MIHEHOTO piBHSHHSA
Oyenca-Bennra (3), ske rpadidHO € piBHIHHIM
TIPSAMOT JTiHii.

M:E*JG_&+ Oy @

Ha Bici aGcruc po3rarioBane CITiBBiTHOIIECHHS

/P
Jp

(F) JUId IHAMBIOyanbHUX PIOUH, Ta TO OCi
op

op(cos6+1)
OpAuHAT —————

D
2 |op

[ToGynoBaHi B ux crieluiYHAX KOOPAHMHATAX
TOYKH anpOKCUMYIOTBHCS MPSMOIO JIHI€I0, TAHTEHC
KyTa Haxwily sSKOi YHCEILHO IODPIBHIOE +/0k;, a
BiZITMHOK BiJ Bici opauHar - /o,

Ha mepmomy eram pobotu Oyino BH3HAYECHO
KOMIIOHEHTH TOBEPXHEBOL eHeprii pany
NOoJiMEepHHUX 3pa3KiB. il UBOr0 BHUKOPHCTaHO 5
NpOOHMX  PiAMH 3  BIIOMHUM  3HAYCHHSIM
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MOBEPXHEBOTO HATATY, a came: BOJA, KCHJIOI,
CTHJIAIIeTAT, CTHJICHTIIIKOITh Ta
TUMETHIICYITH()OKCHT. ITapamerpu K1
BUKOPHUCTOBYBAIINCS JIJIS PO3PaXyHKIB HABEACHI B
Tabmum 1.

Tabmums 1
3Ha4yeHHsI MOBEPXHEBUX HATATIB BiIOMHUX
peuoBuH[8]

IToBepxHes
IToBepxHes o ITosepxne
. o WU HATATr o
PIL[I/IHa UK HATAr ‘o BUU HATAT
o JAUCIICPCIN o
3arajlbHUHn o NOJIAPpHUU
HUH
Boxa 72,44 22,10 50,70
Kcumnon 30,10 30,10 0
Etunenaue
: 23,90 23,90 0
Tar
Etunenrimi
46,10 29,00 19,10
KOJIb
HUMCETHUIIC
A 44,50 36,50 8,00
YIBPOKCHUT
KpaiioBuif KkyT 3MOYyBaHHS BHU3HAYaIU
CTaHIApPTHAM METOJOM JIeKadoi Kparum  3a
JOTIOMOTOI0  TOPH3OHTAIBHOTO  MIKPOCKOMa 3
TOHIOMETPUYHOIO MIPUCTABKOIO [9]. st
BU3HAYECHHS  KyTa  3MOYYBaHHS  IIOBEPXOHb
JIOCITIHKYBaHIX MarepiariB BHKOPHCTAHO

Mikpockon i3 nugpoBoto kameporo Delta Optical
HCDE-50. 3naueHHs KyTa 3MO4YyBaHHS BU3Ha4yalll
Ha  miacraBi  orpuMaHux  (Qotorpadid i3
BUKOPUCTaHHIM MPOTPaMHOTO MPOLYKTY
ScopeTeck View, 3 tuppoBUM TOHIOMETPOM.

Ha puc. 1 maBeaeno rpadixu Oyenca-Bennra
UL TOCHIKYBAaHUX  IOBEPXOHBb  ITOJTIMEPIB,
anpoKcHMOBaHi mpaMuMH. Ha iX ocHOBI ozepxkaHo
3HAQYEHHS KOMIIOHEHTIB TIOBEpXHEBOi eHeprii
(Tabmurs 2).

Ockinbky BCl BAKOPHUCTaHi B poOOTI mosiMepu
€ BIZHOCHO HEMOJSPHUMH, IM XapakTepHi HH3bKi
3HAQYEHHS TMOJSAPHOI KOMIIOHEHTH IOBEPXHEBOL
eHeprii. 3a UM MMapamMeTpoM BOHH MOXYTh OyTH
po3TamoBaHi B psii  30UTBLIICHHS MOJSPHOCTI
Te()JIOH - MOJIAMMETHUIICHIOKCAH - IOJICTHIICH -
noJiieTuieHTepedraiar.

Bu3HaveHi KOMIOHEHTH TOBEPXHEBOI eHEprii
B MOAAJBLIOMY  BHKOPHCTOBYBATUCS IS
BCTaHOBJICHHSI KOMIIOHEHT IIOBEPXHEBOI'O HATATY
npoOHuX piguH. g 1mporo 3acTocoByBajoCs
obepuene piBHsAHHS OyeHca-Bennra, B sKoMmy

MiCIli  apryMEHTy Ta  BIATHHKY  3aiimMaiu
BIJIITOBITHO, KOPiHb 3 TMOJSIPHOI Ta IHUCIIEPCHOL
KOMITOHCHTH ITOBEPXHEBOT'O HATATY PiIHH.

Op(1+cosf) \/o-_l'ﬁ}
—2\/:%33 —\l:ﬁ*\/a_;w ap 3)
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Puc. 1. I'padiku 11 po3paxyHKiB TOBEPXHEBOT'O
HATATy MOBEPXOHB:
a — CuiikoH; b — Tednon
¢ — [Tonierunen d — IlonieTnnentepedranar

Ta6mus 2
KomnoHeHTH NIOBepXHeBOI eHeprii 3pa3kiB
noJjimepis
[Tomipua JucnepcHa
IMToBepxus KOMITOHCHTA, KOMITOHCHTA,
Mx/m2 Mx/m2
Tlonmiaumernncu 2.49 22,07
JIOKCaH
Tednon 2,06 20,76
IlomieTunen 2,84 28,35
IMonieTunentep 3.62 30,07
edranar

Ha pucynky 2 npezacraBieHo rpadiky BCix BOCbMH
MPOOHUX PIAMH, SKi SBISIIA COOOIO BOJHO-ETAHOJBLHI
CyMIillli 3 pi3HUM CITiBBiIHOIICHHSM KOMIIOHEHTIB
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Puc. 2. I'padixu 111 po3paxyHKiB TOBEPXHEBOTO
HaTATY 1HAUBIAyaTbHUX PEUOBUH:
a—1;b-2;c-3;d-4;e-5f-6;g—7;h—8

BinnoBigHi 3HaYeHHS TOMIPHOT Ta AUCTIEPCHOT
KOMIIOCHHT TIOBEpXHEBOI'O HATATY, SKi OymH
BU3HAYEHI rpadidHo 3 anpoKCUMALiHHUX MPSIMHX
Puc.2 naBegeno B Ta6m.3. OueBuaHO, MO TpHU
301JBIIEHH]  KOHILIEHTPAIlli E€THJIOBOIO CIHPTY
3MEHIIYEThCA 3arajibHUN TMOBEPXHEBUM HATAT, a

TaKOX 3MEHIITYETHCS TOJISIPHA HOTO CKIIaI0Ba, 110 €
OYiKyBaHUM, OCKUIBKH BJIACHA TOJISIPHA CKJIAZ[0Ba
€THJIOBOTO CITUPTY 3HAYHO HIKYE HIXK Y BOJIH.

Tabmui 3
IoBepxHeBUIl HATAT NPOOHUX PiTHH

CHiBBiIHOIIECHHS, ) E - E =
Mac. % 5 g sS| =T

S N T T T T s

" E = = | = s

N ZEZ2l 5=]| EE

Ne % 5 ST o § 5} 5
Etunosuit = Sz = ZEa| Ea

Boma 3 S A sE|l ag
CIUpT > 5y 23] 85

g o E o =

= = = X

1 96 4 0,9910 | 56,08 | 48,26 | 7,82
2 94 6 0,9865 | 52,40 | 40,07 | 12,23
3 92 8 0,9819 | 50,80 | 38,36 | 12,44
4| 90 10 0,9770 | 44,74 | 30,97 | 13,77
5 84 16 0,9647 | 37,48 | 13,49 | 22,99
6| 80 20 0,9546 | 32,85 | 6,88 | 2597
71 76 24 0,9481 | 32,34 | 6,12 | 26,22
8 | 60 40 09139 | 28,47 | 2,05 | 26,42
BucnoBok. CdopmynboBaHo METO.

rpaayrOBaHHS KOMIIOHCHTIB IMOBEPXHEBOTO HATATY
npoOHUX pinuH B pamkax miaxoay OyeHca-Bennra
Ha TIPUKIAZl BOAHO-€TAHONBHUX cyMmimeid. CyTh
METOIY TIOJISATaE y BUOOP] €TAIOHHUX IMOJIIMEPHUX
MOBEPXOHb,  BH3HAYCHHI  KOMIIOHEHTIB  iX
MMOBEPXHEBOI €HEeprii MpH BUKOPHCTAHHI PIAUH 3
BIJOMHM TIOBEPXHEBHM HATITOM  KIIACHYHUM
metogqom  OyeHca-Bennra Ta  BHKOpHCTaHHI
OTPUMAaHHUX 3HA4YCHb B OOCPHEHOMY PiBHSIHHI IS
ONep)KaHHS KOMIIOHEHT TIOBEPXHEBOTO HATATY
PO34HHIB.

MeToa no3Bosisie ofepkaTi Habip MPOOHUX piIvuH
JUTST BU3HAYEHHS XapaKTePUCTUK 3MOUYYBAHHS Y
BY3bKHX IHTEpBajiaX IOBEPXHEBOI'O HATATY, IO
MOXe OYTH KOPUCHUM JUIs XapaKTEePUCTUKU
0COOJIMBUX CTaHIB 3MOYYBaHHS, HAPUKIIAL, CTAaHy
Kaci cynepriapo¢oOHUX  MOBEPXOHb, abo
MIEPEXO/IiB MiXK PI3HUMU CTaHAMU 3MOYYBaHHSI.
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Strashenko V.K., Myroniuk O.V. Calibration
method for test liquids for measuring surface energy
by the Owens-Wendt method

This scientific paper presents a comprehensive
study of the surface characteristics of mixed liquids using
a graphical analysis method developed by Owens and
Wendt, which allows the total surface tension to be
quantitatively divided into two main components: the
dispersive and polar components. In order to improve the
accuracy and reliability of the calculation results, the
paper proposes the use of a number of polymer materials
with known surface properties as calibration substrates

for determining contact wetting angles. This made it

possible to extend the application of the Owens—Wendt
graphical approach to the analysis of complex
multicomponent liquid systems, in particular those
containing both nonpolar organic solvents and
substances with pronounced polar or hydrogen bonds.

The study investigated the wetting of various
mixtures of polymer surfaces based on polyethylene,
polypropylene, Teflon, polystyrene and other polymers
with different ratios of dispersed and polar components
of surface tension. The experimental values of the contact
angles obtained made it possible to construct
approximate straight lines in the Owens—Wendt method
coordinates for each mixture and each surface. This
made it possible to calculate the individual components
of surface tension for the studied liquid systems with a
high degree of accuracy. The influence of the
composition of mixtures on the change in the values of
polar and dispersive interactions at the phase boundary
was analysed.

In addition, it was demonstrated that an increase in
the number of polymer calibration surfaces leads to a
reduction in errors in linear approximation and allows
avoiding systematic deviations in the determination of
surface energy parameters. The results obtained are
consistent with the literature data, which confirms the
reliability of the developed approach. The presented
methodology can be effectively applied to evaluate the
surface properties of new composite materials, liquid
preparations and functional fluids in various fields of
chemistry, biotechnology and materials science. Thus,
the study not only expands the possibilities of applying
the classical Owens—Wendt approach, but also offers a
new tool for a more accurate and convenient assessment
of intermolecular interactions in systems with a liquid
phase. The presented scientific work carries out a
comprehensive study of the surface characteristics of
mixed liquids using the graphical analysis method
developed by Owens and Wendt, which allows the total
surface tension to be quantitatively divided into two main
components — the dispersive (London) and polar
(dipole-dipole) components. In order to improve the
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accuracy and reliability of the calculation results, the
paper proposes the use of a number of polymer materials
with known surface properties as calibration substrates
for determining contact wetting angles. This made it
possible to extend the application of the Owens—Wendt
graphical approach to the analysis of complex
multicomponent liquid systems, in particular those
containing both nonpolar organic solvents and
substances with pronounced polar or hydrogen bonds.

The study investigated the wetting of various
mixtures of polymer surfaces based on polyethylene,
polypropylene, Teflon, polystyrene and other polymers
with different ratios of dispersed and polar components
of surface tension. The experimental values of the contact
angles obtained made it possible to construct
approximate straight lines in the Owens—Wendt method
coordinates for each mixture and each surface. This
made it possible to calculate the individual components
of surface tension for the studied liquid systems with a
high degree of accuracy. The influence of the
composition of mixtures on the change in the values of
polar and dispersive interactions at the phase boundary
was analysed.

In addition, it was demonstrated that an increase in
the number of polymer calibration surfaces leads to a
reduction in errors in linear approximation and allows
avoiding systematic deviations in the determination of
surface energy parameters. The results obtained are
consistent with the literature data, which confirms the

reliability of the developed approach. The presented
methodology can be effectively applied to evaluate the
surface properties of new composite materials, liquid
preparations and functional fluids in various fields of
chemistry, biotechnology and materials science. Thus,
the study not only expands the possibilities of applying
the classical Owens—Wendt approach, but also offers a
new tool for a more accurate and convenient assessment
of intermolecular interactions in systems with a liquid
phase.

Knrouosi cnoea:
calibration

polymer, wetting, wetting angle,
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CYYACHI MIIXOI! A0 YTHII3ALII IIJTAMOBHX BIIXO/IB
I'AJIbBAHIYHUX BUPOBHUITB SIK KATAJI3ATOPIB OUUIIEHHS
T'A30BUX MOTOKIB: OIJISI TEXHOJIOTTI I MEPCIIEKTUB

HImuroas C.0., Croaspenxo I'.C.

MODERN APPROACHES TO THE UTILISATION OF SLUDGE WASTE
FROM ELECTROPLATING AS A CATALYST FOR GAS FLOW PURIFICATION:
A REVIEW OF TECHNOLOGIES AND PROSPECTS

Shmyhol S.O., Stoliarenko H.S.

Ilpogedeno awnaniz cyuacHux mexHono2i ymunizayii

WAAMOBUX BI0X0018 2aNbBAHIUHUX BUPOOHUYME ma ix
BUKOPDUCMAHHA, AK KAmManizamopie Oisd  OYUUeHHS
2a308ux  NOmMoxie.  AxkmyanbHicmb  Q0CHIONCEHHS
00YMO6IeHA 3POCMAHHAM 00CA2I8 NPOMUCTOBUX BIOX00I6
i HeobXioHicmIo po3pOOKU eKONOSIUHO Oe3neunHux ma
EKOHOMIYHO OOYINbHUX Memodis ix nepepooku. Y ybomy
KOHmeKCcmi 0cobauea ysaza npudiisEmsbCs MexHoN02IAM,
Wo 00360510Mb NEPEMEOPIOGAMU  ULTIAMOBI  8I0X00U
2ANbBAHIYHUX — GUPOOHUYME He Juuie Had NOOIYHI
npOOYKmu, a il HA KOPUCHI Kamanizamopu 0Jis npoyecie
ouuwenHs 2azoeux nomokie. Mema cmammi —

30MUCHUMU 02710 Cy4acHux nioxodie 00 ymunaizayii

waamosux — 8i0X00i8  2ANbBAHIYHUX — BUPOOHUYME,
30KpeMa, uepe3 GUKOPUCMAHHA iX AK Kamanizamopia 014
OYUWEHHA  2a308UX  NOMOKIG. Y oOocnioscenni
3ACMOCOBAHO CUCTMEeMHULL AHATI3 HAYKOBUX Odicepel,
excnepumMenmanvii docnidoicens KamanimuyHux
eracmugocmeli Mamepianie, OMpUMAHux i3 WiaMo8uUx
8I0X00i6, A MAKONC NOPIGHANbHUL AHANI3 eKOHOMIUHUX
ma  eKONOZIYHUX  napamempie  pi3HUX — MemoOdig
ymunizayii. OcHogHi pezyibmamu pobomu GKIHUAIOMb
OYiHKY ehexmusHOCmi pi3HUX RIOX00I8, 30KpeMd
mepMmiunoi, XiMiuHOI ma OiomexHonociuHoi 06poOKU
WAAMIB, A MAKOHC BUKOPUCTNAHHA HAHOMEXHON02il O
nioguuenHs akmusHocmi kamanizamopis. Buseneno, uwo
ONMUMATLHUMU € MemOoOU, Wo 3abe3neuyioms UCOKY
Kamanimuymy aKmugeHicmbo npu MIHIMATHUX
eHepeemu4HUXx eumpamax. 30iliCHeHO eKON02IUHY OYIHKY
CYUACHUX MeXHONI0z2il nepepobKu winamie. Busnaueno,
wo 6invut be3neyHuUMU 0151 HABKOIUUHbO2O CEPedo8UYd
Ma NepcneKmusHUMU Ol  MAAuxX RNIONPUEMCME €
b6iomexHon02iuHi  Memoou  nepepobku. Inmeepayis
BIOHOGIIOBANUX  Odicepesl eHepeii ma 3acmocy8aHHs
HOGIMHIX  Mamepianié  CNPpUAMUMYMb  eKOA02IuHill
MoOepHizayii npomuciogocmi ma DO36UMKY

yuprynapnoi  exonomiku. Ilooanvui — 00cHiodHceHHs
Maiomby  Oymu  cnpAMOSaMi  HA  ONMUMI3AYII0
MEXHON0TUHUX Npoyecis, NiOBUWeHHS epeKmUEHOCMI
Kamanisamopie  ma  3HUDICEHHA — eumpam HA  ix

supoonuymeo. Inmeepayis  8ioHo8IIOBAHUX  Odicepen
eHepeii ma 3acmoCy8aHHA  HOGIMHIX Mamepianié
CNpUAMUMY b eKON02IYHIl MoOepHizayii

NpOMUCIO80CMI MA PO3IGUMKY YUPKYAAPHOI eKOHOMIKU.
Ompumani pe3yrbmamu MoA*Cyms OYmu KOPUCHUMU 05
NPOMUCTOBUX NIONPUEMCME Y  GUOOPI  MEXHON02IU
nepepobku  6i0x00i6  ma  B600CKOHANEHHS — CUCTEM
OUYUWEHHSL NOBIMPA, CHPUAIOYU DPO3GUMKY EKON02IUHOI
be3nexu.

Kniouosi cnoea: ymunizayis, waamosi  8ioxoou,
2ANbBAHIYUHI BUPOOHUYMBA, KAMALI3AMOPU, OHUUEeHHS

2a308UX NOMOKIB, XIMIUHA aKmMueayis, eKoa02iYHa
Oesnexa.
Beryn. IlpoGmema yrwmizarii OUIaMOBHX

BIIXO/IB TaJbBaHIYHHUX BUPOOHHUIITB € OIHIEIO 3
HAMOIbII aKTyaJlbHUX Yy CydYacHid eKkoJsorii Ta
MPOMUCIIOBIH mpaktumi [1]. V BimmoBimHOCTI A0
mparii [2] cydacHi rajbpBaHIYHI BHPOOHHUIITBA, SIKi
BKITFOYAIOTh MIPOIIECH EJIEKTPOJII THYHOT O
OCaJLUKCHHS  METalliB, 30KpeMa, B  Taly3sx
MamuHOOYTyBaHHS, €JICKTPOHIKH, aBTOMOOIIBHOL
MPOMHCIIOBOCTI, CYIMPOBOKYIOTHCS YTBOPEHHSIM
BEIIMKHX 00CATiB muamiB. Li BiZxoau cKIagaroThCs
13 BaXKHX METalliB, TaKMX SIK KaJaMii, CBUHEIIb,
MiZlb, XpOM, a TaKOX KHCJIOTHHX Ta JYXXHHX
PEYOBHUH, MO POOUTH IX OCOOJIMBO HEOC3MEUHNUMHU
JUISE. HABKOJIUIIIHROTO CEPEJOBHUINA 1 3I0POB'S
moauHU. Ha T 3pocTarodoro MpOMHCIOBOTO
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BUPOOHUIITBA Ta TIOCWJICHHS €KOJIOTTYHUX BUMOT 710
3MCHIIICHHS] BHKHUAIB 3a0pyIHIOBAIILHUX PEUYOBHH
mpobemMa yTHITI3AI TUTaMiB HalyBae
rI100anbHOTO MacmTaly.

B Vkpaini Ta cBiTi 00CSAT TakuX BIiAXOMIB
MIOPOKY 301MbIIyeThCS [3], @ TpaauIliiHI METOIH iX
yTuii3anii, 30kpemMa 3aXOpOHEHHsS Ha TOJNIrOHaXx,
a0o0 craoBaHHs, HE JIUIIE € PECypco3aTpaTHUMU,
aje ¥ CTBOPIOIOTH JOJATKOBI €KOJIOTIUHI 3arpO3H.
Bukuay TOKCHYHHMX PEUOBHH 13 NUIAMIB MOXYTh
MPOHUKATHU B IPYHT, BOJIHI pecypcu Ta atMochepy,
MO Yy CBOI Yepry CHPHYHHSAE 3a0pyJAHCHHS
EKOCHCTeM 1 Ma€ HEraTWBHUA BIUIMB Ha
010pi3HOMAHITTSI, arpOCEKTOP 1 JIIOACHKE 3A0POB'S.
Bomnodac, cygacHi TeXHOJIOTIi OYUIIICHHS Ta30BUX
MTOTOKIB, 110 BKJTFOYAIOTh (dhimsTpariiro
3a0pyJHIOIOYMX Tra3iB, 30KpeMa OKCHJIB a30Ty
(NOx), cipkoBognro (H»S) Ta iHIMX IIKiUTHBHX
KOMIIOHEHTIB, CTAIOTh OJHUMH 3 HaMBaKJIMBIIIMX
CJIEMEHTIB €KOJIOT19HOi O€3MeKH B MPOMHUCIOBOCTI.
OuwnIieHHsT  TOBITPs, OCOOJMBO B YMOBax
PO3BHHECHHX  METANOJICIB Ta  MPOMHECIIOBUX
PETIOHIB, € KPUTHYHO BKIUBUM JJIsI 3MCHITICHHS
IIKIJUIMBOTO BIUIMBY HAa 3JI0OPOB'S HACEJICHHI.

Bopnouac, 3pocratrodi BHMOTH A0 3HW)KCHHS
eKOJIOTI4HOTO HaBaHTAKECHHS 3MYIIYIOTh
po3rNIAgaTd HOBI  pillIeHHA, $KI MOETHYIOTh

e()eKTUBHY YTWIII3aIlif0 MPOMUCIOBUX BIiIXOIIB 3
OYMIICHHSIM Ta30BUX BHKH/IIB.

Y 1npoMy KOHTEKCTI ocobnuBa  yBara
MPUIIISETECS  TEXHOJOTISM, 10  JIO3BOJIAIOTH
MIePETBOPIOBATH IUIAMOBI BIAXOAW TaJbBaHIYHHUX
BHPOOHMIITB HE JIUIIIC HA ITOOIYHI MPOMYKTH, a i Ha
KOPHCHI KaTaji3aTop JUIS MPOIECIiB OYHUIICHHS
ra3oBUX IOTOKIB. BuKopucTaHHS mUIaMIB SIK
KaTal3aTopiB € MEPCIICKTUBHUM HAIPSMOM, SKHI
JO3BOJISIE  OJJHOYACHO BUPIIIYBaTH MPOOJIeMHU
yTuii3amii BiIXoAiB 1 3MEHIIEHHS 3a0pyIHEHHS
atMocgepu. Lle Moxe OyTH e(heKTUBHUM PIllICHHAM
JUTSI KOMITIEKCHOI TIepepOOKH TOKCHIHHUX BITXOIIB 1
OJTHOYACHOT'O MOKPAIICHHS SIKOCTI HABKOJIUIITHBOTO
cepenoBUIa. AKTYaIbHICTh MTOPYIIEHOT IPOOIEMH
MiIKPIIUTIOETECA K BUCOKUMH  €KOJIOTIYHUMH
BUMOTaMH{ JIO0 TPOMHCIOBUX ITiIIPUEMCTB, TaK 1
HEOOXIZAHICTIO 3HW)KEGHHS BUTpAT Ha YTHJII3alio
BimxomiB. JlochmimpKeHHS 1 BIPOBAKCHHS HOBUX
TEXHOJIOT1M yTHIIi3alli MIaMiB, 30KpeMa depe3 ix
BUKOPHUCTaHHS SK KaTalli3aTOpiB I OYHUIICHHS
ra30BUX MOTOKIB, MOXKE CTATH Ba)XIIMBUM €TAIIOM Y
PO3BHTKY 3€JIC€HOI EKOHOMIKM Ta iHZyCTpil
nepepoOku  BimxoxiB. OkpiM 1bOTO, MOAIOHI
IHHOBAII}{HI TEXHOJOT1i MOXXYyTh MaTH €KOHOMIUHY
BHUTOMY, 3HIDKYIOUM BUTPATH Ha YTHII3aIil0 Ta
OJTHOYACHO CTBOPIOIOYH JIOJATKOBI MOKJIMBOCTI

JUIS. BTOPUHHOTO BHKOPHCTAHHS MPOMHCIOBUX
BIIXOJIIB.

V pesynprati npobiaemMa yThiIi3amii MIaMoBHX
BiZIXO/IiB raJIbBAaHIYHUX BUPOOHUITB y KOHTEKCTI iX
BHKOPHCTAHHS SK KaTali3aTOpIB IS OYHIIICHHS
ra3oBHX TOTOKIB € HA/I3BHYAHHO aKTyallbHOI Ta
BaYXJIUBOIO JUIS CTAJIOTO PO3BUTKY MPOMUCIOBOCTI
Ta OXOPOHU HABKOJUWIIHBEOTO cepenoBuina. Bona
BUMAarae KOMIUIEKCHOTO IiJXO/Iy Ta 3aCTOCYBaHHS
IHHOBAI[IMHUX TEXHOJIOrIH, SKI [I03BOJAIOTL HE
muire eQEeKTUBHO YIPABISATH BiIxogamu, a U
3HIKYBATH €KOJIOTIYHI PU3UKHU JUTSI CYCITIIHCTBA.

MeTa po60OTH — 3IIHCHUTH OIS CYYacHHX
MiIXOMIB 10 YTWIi3amii [UIAMOBUX BIIXOIiB
radbBaHIYHUX BUPOOHHUIITB, 30KpeMa, dUepe3
BHKOPHCTAHHS iX SIK KaTadi3aTOPiB IS OUUIIICHHS
ra3oBHX IIOTOKIB. AHai3yI0UH iCHYIOU1 TEXHOJIOT1,
pO3TIAHYTH iX e(eKTUBHICTh, MOTEHIHaNn JUis
3MEHIIICHHSI €KOJIOTIYHOTO HABAaHTaXCHHS, 4 TAKOXK
€KOHOMIYHi aCTIEKTH BIPOBAKCHHS TAKHUX PIllICHb.
OxpimM TOro, ocobnuBy yBary Oyae HpHAIJICHO
NEePCIICKTHBaM  PO3BHTKY JaHUX  TEXHOJIOTIH,
30KpeMa MOXKIIUBOCTSIM BJIOCKOHAJICHHS TIPOIIECIB
Ha OCHOBI HOBHX MaTepiaiiB, METOAIB 0OpOOKH
oUIaMiB~ Ta  IHHOBAIMHMX  MAXOOIB O
3a0€3MeYCHHS] CTAJIOTO PO3BHUTKY Tamy3i. Takum
YUHOM, IIEW OTJISA/] CTaHEe BaXKIIMBHM BHECKOM Y
PO3YMiHHA TOTEHIially BUKOPHCTAaHHA ILIaMiB
rajgbBaHIYHUX BUPOOHMIITB HE JIUIIE SK BiIXOIIB, a
i SK e(peKTHBHOIO Pecypcy Ui €KOJOTriYHOi Ta
MIPOMUCIIOBOI MOJICPHi3aIlii.

Marepiaaun Ta MeToaoJoris. Marepiamu
JMOCHIDKEHHST 0a3yloThCsl Ha aHalli3l HAayKOBUX
craTed,  TEXHIYHMX  3BITIB 1  IATCHTHOL
JIOKYMEHTAIlil, 1[0 OXOIUTFOE CYYacHI MiAXOAH JO
YTHITI3aIlli MIIaMiB Ta BHKOPUCTAHHS iX y SKOCTI
KaTaji3aToOpiB I OYHUIICHHS Ta30BUX IIOTOKIB.

3a3HaueHi Marepiaiii  J[OTOMararTh CTBOPHTHU
KOMIIJIEKCHY KapTHUHY ICHYIOYMX TEXHOJIOTIH Ta
BU3HAYUTH HANPSAMKA Ui iX  [OJAJBIIOTO
BJIOCKOHAJICHHSI.

MeTo1010ris JOCTIKEHHS, OIMCAHOI0 B Il
CTaTTi JOCIHIHKCHHS 0a3yeThCs HA CHCTEMHOMY
MAXO0ml, SKAA [J03BOJSE BCEOIYHO BUBYHUTHU
TEXHOJIOTIl  yTWmi3amii [NUIaMOBHX  BIIXOIiB
raJbBaHIYHUX BUPOOHHUIITB Ta IX BUKOPUCTAHHS SIK
KaTali3aTopiB Ui OYHWINCHHS Ta30BUX TIOTOKIB.
[lepmmM  eTamoM € KOMIUIGKCHHH — PO3TIISIT
ICHYIOUHMX METOMIB YTWIi3allii IIJIaMiB, TaKHUX SIK
3aXOpPOHEHHS, TepMiuHa o0O0poOka Ta XiMiuHA
HEHTpamizallis, a TaKoX iX 3aCTOCYBaHHS B SKOCTI
KaTaji3aTopiB JUIsl OYMINCHHS Ta3iB, IO JO3BOJISIE
OIIIHUTH C(PEKTUBHICTh TPATUI[IHHUX METOMIB 1
BIIKPUTH HOBI MOXJIMBOCTI ISl BUKOPHCTaHHS
[IaMiB K KOPUCHUX TPOAYKTIB. J[pyrum etamom €
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OIliHKa KaTalli3aTOPHUX BJIACTUBOCTEH ILIAMIB, 1110
MICTITh B&XKI METaJId Ta IHIN TOKCHYHI
KOMITOHEHTH. [IpOBOASITHCS TOCHTIHKEHHS MO0 iX
AKTUBHOCTI B MPOIECaX OYUIICHHS Ta3iB, TAKUX SIK
3MEHIICHHSI KOHIIeHTpallii okcumiB azory (NOX),
cipkoBomaio (H»S) 1 oxucais Byriemo (CO).
ExcriepuMeHTanbHi  1aHi JTO3BOJISIIOTH OTPUMATH
VSBJICHHS TIPO TE€, HACKUIBKH €(PEKTHBHO INIIAMH
MOXYTh BHUKOPHCTOBYBAaTHCSI B TIPOMHCIOBHX
MpoIecax OYHUINEHHS MOBITPS. Y XO0.Ii OCIIKSHHS
TaKOXX MPOBOIMUTHCS TOPIBHAHHS PI3HUX METOIIB
OYHIIECHHS Ta30BUX TOTOKIB 3a JIONIOMOTOIO
IIUIAMOBHUX BIIXOIIB 3 TpaaUIiTHUMHU
TEXHOJIOTISIMH, SIKi BUKOPHCTOBYIOTH IOPOTOLIHHI
METaau Ta IHII CIIeliaai3oBaHi KaTalli3aTopH.
OWiHIOIOTECS ~ TEXHIKO-€KOHOMIYHI ~ MOKAa3HUKHU
KOXHOT'O METOJTy, 30KpeMa BUTPATH Ha yTHII3aIliI0
BIIXOMIB 1 Ha OYHUIINEHHSA TrasiB, IO O3BOJIAIC
BA3HAUYUTH HAWOUIBII E€KOHOMIYHO BHTIAHI 1
epexTuBHI miaxoau. Hapemri, BUBYAIOTHCA
MEPCIICKTHBH TMOAAIBIIOTO PO3BUTKY TEXHOJIOTIMH,
10 BUKOPHCTOBYIOTH IIUTAMU SIK KaTaNi3aTOpH s
ountieHHs Ta3iB. OcoOnmBa yBara NPUALTSIETHCS
IHHOBAIlIHUM MaTtepiajlaM i MeTo/JaM, TaKUM SK
BUKOPHUCTAaHHS HAaHOMAaTepialliB, a TaKOXX HOBUM
METOJIaM CHHTE3y Ta OOpPOOKM KaTali3aTopiB, IO
MOXYTh 3a0€3MEeUUTH IIe BUILY SPEKTHUBHICTH Ta
€KOJIOTIYHY O€3MeKy B MPOoIecax OYUIICHHS.

OuinioBaHHs  €(DEKTHBHOCTI  TEXHOJIOTIH
yTUi3amlii I[IJaMOBHX BIAXOMIB TalbBaHIYHHUX
BUPOOHUIITB SIK KaTaJi3aTOPiB OYHUIICHHS Ta30BUX
MTOTOKIB 3IIMCHIOBAJIOCS 32 KiUTbKOMa KPUTEPIsMH,
0 JO3BOJISIIOTh  BHU3HAYMTH  1X  3[aTHICTb
3a0e3reuyBaTi BUCOKHMI pPiBEHb OYHINEHHS NpPHU
MiHIMaJTbHHIX EHEPreTUYHUX BUTpATax,
€KOHOMIYHII BHTOIl Ta BIUIMBI HAa HABKOJMUIIIHE
cepepoBumie. Ocb OCHOBHI KpHUTepii, Ha SKUX
0a3yeTbes OliHKa e()EeKTUBHOCTI IUX TEXHOJOTIH:

1. EdexTuBHicTs ounmenns. Ile ocHoBHMI
KpUTEpil, 0 BU3HAYA€E, HACKUIBKH CPEKTHBHO
TEXHOJIOT1s 3HHKYE KOHIICHTpAIIIF0
3a0pyIHIOBAIBHAX PEYOBHH Yy Ta30BHX IOTOKAaX.
[Toka3auk e(EeKTUBHOCTI OYMINCHHS 3a3BHUYail
BUPAXA€EThCSI Yy BIACOTKAX 1 BHUMIPIOETBCS 5K
3MEHIIICHHS KOHIIEHTPAIlil KOHKPETHUX IIKiJTHBUX
KOMITOHEHTIB (HAIpHKIIaI, OKCHIIB a30Ty, CIPKH,
BOKKUX METANIB) y TOPIBHIHHI 3 IMOYaTKOBHUMH
3HaUYCHHAMHU. UMM BUIIUK [edl MOKa3HUK, TUM
ehexTuBHIMK Meron. BaxmmBo, 1m0 pi3Hi
TEXHOJIOTIl MarTh pi3HI PpiBHI e€()EKTHBHOCTI,
3aJIe)KHO BiJl 3aCTOCOBYBaHHMX METOMIB Kartamizy i
TUITY IUTAMOBHUX BiJIXOJIB.

2. Burpatu eHeprii. /11 KOXKHOI TEXHOIOT11
yTHITI3aMii TUIAMOBUX BifIXOJIiB BaXKJIMBO OLIHUTH,
CKIJIbKY €HEeprii HeOOX1HO AJIs MPOLIECy OYHUIICHHS

ra3iB. llell mMOKa3HHWK € Ba)UJIMBUM JUIS aHATI3Y
€KOHOMIYHOi JOMUTBHOCTI TexHoJorii. BurpaTtn
eHeprii 3a3BWYail BHpaKaroThbcsl B KBT'Tom Ha
OIUHHMLIO 00’eMy oumiieHoro raszy (kBt-rom/m?).
TexHouorii, 10 MOTPeOYIOTh MEHIIE €Heprii, €
OUIBII  €KOHOMIYHO  BWIIZHMMHA 1  MEHII
pecypco3aTpaTHHUMHU, IO MOXE 3HAYHO 3HH3UTH
BapTiCTh OYMIICHHS HAa MPOMHUCIOBHUX 00’ €KTaX.

3. ExoJjoriunuii BmjmB. BpaxoByeTbes, sk
KOXKHAa TEXHOJIOTiS BIUIMBa€ Ha HABKOIUIIIHE
cepenosuie. lle Bkmtoyae B cebe K 3MEHIICHHS
3a0pyIHEHHsS, TaK 1 MOMJIHMBICTh yTHIII3AMil
BIJIXOJIiB, ITI0 YTBOPIOIOTHCS B PE3YJIBTATI MPOIIECY
OUHIICHHS. 30KpeMa, IS O10XIMIYHHUX Ta XIMIYHUX
METO/IIB OIIHIOETHCS, HACKUTBKA BUKOPHUCTOBYBAaHI
peareHTH abo MaTepiaay Oe3MeUHI A1 SKOJIOTII.

4. TemneparypHuii  pexum.  OCKiTbKU
OaraTo METONIB yTHIi3amii NUIAMOBUX BIIXOiB
MOTPEOYIOTh TIEBHOTO TEMIIEPATYPHOTO Jiana3oHy
JUISE  JIOCSTHEHHS ONTHMAJbHOI ©()EeKTUBHOCTI,
BXUIMBO TAKOX OI[IHUTH TEMIEpaTypy, NpU sKid
MPOIIECH OYHWITICHHS BimOyBaroThCs. 3a3BUYait
METOaW,  SKI  TPAIOlOTh  MPH  BUCOKHX
TEeMIIepaTypax, MOXyTh OYyTH €HEPrOEMHUMH, alie
epeKTUBHUMH Y  3HIDKCHHI 3a0pyTHCHb.
TexHomorii, 1O QYHKIIOHYIOTh TPH  OUIBIIT
HU3BKHUX TEMIIEPATypax, € OUTBII €HEPTOOIaHUMU
1 MOXKYTh OyTH OLIIbII TPUBAOIMBUMH 3 TOUKH 30PY
OTIepaIlifHIX BUTpAT.

5. BapricTh ounmenss. BapTicTs OUuIICHHAS
ra3y BHU3HAYAEThCS SK BUTPATH HA TEXHOJOTIYHHUN
mporiec, BKITIOYAIOYM KamiTaJIbHI Ta OIEpaIiifHi
ButpaTd. OIHKa IHOTO KPHUTEPII0 Ja€ 3MOTY
NOPIBHATH  €KOHOMIYHY  JOLUIBHICTD  Pi3HHX
TEXHOJIOTIH. {7 bOTO PO3paxOBYETHCS BapTiCTh
OYMINIEHHSI OJHOTO KyOI9HOTO MeTpa Trasy, Io €
BXUIMBMM  aClIEKTOM TIpU  MacIiTa0yBaHHI
TEXHOJIOT1] Ha IPOMUCIIOBOMY PiBHI.

6. IlepcnekTHBH  PO3BUTKY TeXHOJIOTIi.
O1iHKa MEepCIeKTHB PO3BUTKY TEXHOJIOTIT MOJIATAE
B aHami3l MOXIMBOCTI 11 BIOCKOHAJIEHHS Ta
ajanTarii 10 HOBHX YMOB, 30KpeMa, 3aCTOCYBaHHS
BIIHOBJTIOBAJILHUX JKEPEN CHEprii, BUKOPUCTAHHSI

HOBHUX MarepiamiB 1 MeTomiB Katamizy. Llei
KpHUTEpil TaKOX BpaxoBYe€ MO>KJIUBICTb
MiIBUMICHHS e(QEeKTHBHOCTI B  MaHOyTHBOMY

3aBISKH TEXHOJOTTYHMM IHHOBAIISIM, TaKHM SIK
BUKOPUCTAaHHs HaHO-MaTepiaiiB, MonaudiKamis
peakTopiB i 3MiHAa POOOYHX TTApPaMETPiB.

7. Yac mpouecy. lle BaxmuBuii KpHTEpiid,
SIKUA BUMIPIOE, CKUIBKM Yacy TOTpPiOHO Juis
OUMIICHHS TEBHOI KibKOCTI ra3zy. TexHomorii 3
KOPOTIIUM  YacoM  OYHWINEHHSA €  OLIbII
MPUBAOIMBUMH JIJISI IPOMHUCIOBUX ITiIIPUEMCTB, JIS
BaYKJIMBA NIBUJIKICTh BUPOOHUYHUX MTPOIIECIB.
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JUJIs KOXKHOTO 3 WX KPUTEPiiB BU3HAYATUCS
BIAMOBITHI YHCIIOBI TIOKa3HWKH B  IPOIleCi
eKCTIEpUMEHTIB 200 JOCHIDKEeHb, IO O3BOJISE
TOYHO OI[IHUTH TPOJYKTUBHICTh Ta HAIINHICTh
TexHosorii. OmiHka e()eKTHBHOCTI MPOBOMIIACH 32
JIOTIOMOTOI0 ~ TIOPIBHSHHS ~ PE3yJbTATIiB  PI3HUX
METO/IiB, IO OyJM 3aCTOCOBaHI B 1a0OpaTOpHUX,
a00 MPOMHUCIOBHUX YMOBaX. 3a pe3yJbTaTaMt TaKUX

MOPiBHSAHD TPOBOIAUTHECS BHUOIp ONTHUMAIBLHUX
pilliecHb JUIsi KOHKPETHUX YMOB, BpaXOBYHOUHU
BHIIE3raJlaHi KpUTepii.

Buxkaan OCHOBHOT'0 MaTepiay

JOOCJTiTKeHHsl. 3arajoM, HAyKOBI TOCIIKEHHS
OCTaHHIX POKIB IEMOHCTPYIOTh 3HAYHHUI TIPOTPEC Y
BHKOPHCTaHHI TaIbBaHIYHUAX nuiamiB = JUIA
CTBOPCHHSI  KaTaji3aTopiB, IO JIOIIOMAararTh
BUPILIYBaTH €KOJIOTi4HI TpoOJieMH, TMOB’s3aHl 3
OUHWIICHHSM TPOMHCIOBHX BHKHIIB Ta BOJI.
Bomnodac € motpeba B MOAaNIBIINAX TOCIIIKEHHIX
JUIS  ONTUMI3allii TEXHOJOTIYHMUX MPOIECIB i
MiBUIICHHS €()EKTUBHOCTI BUKOPUCTaHHS TaKHX
MarepiaiiB y MPOMHCIOBOCTI.

3a ocTaHHI 5 POKiB HAYKOBA CIIIEHOTA TOCUTH
AKTUBHO JOCIHIJDKyBaja MOXIJIMBOCTI yTHIi3aIii
IUIAMOBUX BIiJIXO/IB TaJIbBaHIYHUX BUPOOHHUIITB
UISIXOM 1X BHUKOPHUCTAHHS SK KaTali3aTOPiB IS
OUHWIICHHS Ta30BUX IIOTOKiB. 30KpeMa, aBTOpH
npaui  [l] aHamizyBalim METOAM IEPEPOOKHU
IUTAMOBHUX BiJXOJiB TaJdbBaHIYHUX BHPOOHHIITB
JUTSL CTBOPEHHS KaTajli3aTopiB, MPUIATHUX IS
OUUIICHHS NPOMHCIOBHX Ta30BHX BUKHUIIB. B
OCHOBHOMY aBTOpM BHIIIE BKa3aHOi TIpari
30cepeqIucs Ha TepMiuHid oOpoOri muraMiB 3
METOK)  OTPUMaHHS OKCHJIB  MeETaliB, sKi
JIEMOHCTPYIOTh BUCOKY KaTajli3aTOpHY aKTHBHICTh
y Tpolecax OKHCHEHHS JIETKHX OpraHigyHHX
cnonyk. Hatomicts, aBropu mpami [2] mocmigwmiu
MOXKJTUBICTb BUKOPUCTAHHS KaTaJi3aTopis,
OTPHUMAaHHUX 3 TATbBaHIYHUX MUIAMIB, JJIS1 3HUKCHHSI
okcuaiB azoty (NOX) y nuMoBuX razax. J|Jis mporo
ABTOPU BUIIEC BKa3aHOI TMpalli MPOBEIU CEPiro
eKCIIEpUMEHTIB,  sKI  IOKa3ajmW, IO  TakKi
KaTajizaTopi MOXYTh €()EKTUBHO 3HHXKYBATH
KoHeHTpanito NOX mpH BiANOBIZHHX YMOBax
peaxiii. ABTOPCHKHI KOJIEKTUB mpai [3] po3poous
METOJ CHHTE3y OKCHUIHHUX KaTaji3aTopiB Ha OCHOBI
BIIXOIIB TaJIbBAHIYHUAX BUPOOHHIITB TUTA
BHJQJCHHS JIeTKuX opraHiuaux crnoiayk (VOC) 3
ra30BUX MOTOKIB. 30KpeMa pe3yabTaTH TeCTYBaHHS,
SKi OTpUMaJHM aBTOPW BHIIE BKa3aHOTO METOAY
MoKa3ajay, IO OTPUMAaHI KaTami3aTopu MarTh
BHCOKY €(EKTHBHICTh y TIpoIlecax OKHCHCHHS
pizanx VOC. Apropu mpami [4] mocmimkyBamu
rizpoTrepmManbHy OOpoOKy TraibBaHIYHHMX MIIaMiB
JUIS OTPUIMAHHS KaTalli3aTopiB, NPUAATHUX s

OUMIIICHHS MPOMUCIIOBUX T'a30BHX MOTOKIB. BoHu
BHUSIBIUIM, IO TaKWH TIAXiJ IO3BOJISIE OTPUMAaTH
KaTaji3aTOpH 3 BUCOKOIO MMTOMOIO TTOBEPXHEIO Ta
XOpOIIUMH  KaTali3aTOPHUMH  BIACTUBOCTSIMH.
ABTOpH mparti 5] po3rISIHYIH iHHOBAIIiHI METOIH
yIpaBJIiHHS BiX0daMHU rajlbBaHIYHUX BUPOOHHIITB,
30CEpPeDKYIOUYNCh HA iX BUKOPHUCTaHHI, SK
KaTalizaTopiB  AJs  KOHTPONIIO  3a0pyAHEHHS
nmoBiTps. BoHM 00roBOpMIM pi3HI TEXHOJOTI{
nepepoOKy NUIaMiB Ta iX MOTEHINAN y 3HMKCHHI
BUKUAIB MIKIATUBUX TaziB. ABTopu pobotu [6]
JOCTTKYBaJIM BUKOPYCTaHHA [IUIaMIB JUISI CHHTE3Y
KaTamizaTopiB, SKi MOXYTb OyTH e()EeKTHBHO
BUKOPHCTaHI B TPOIECaX OUYMUIICHHS BiJ AIOKCHIIB
cipku (SO;). Borm mokazanm, 1m0 Karaii3aTopw,
OTpHMaHi 3 TaJIbBaHIYHUX IIJIaMiB, MOXKYTh 3HAUHO
NOKpaIuTH nporuec abcopbuii SO, y mpoMHUCcIoBUX
YCTaHOBKaX.

Takox Bapro BimMiTH, mE B mnpami [7]
BUBYAIINCS METOJIM KOMOIHYBaHHS TaJIbBaHIYHUX
BiIXOMIB 3 IHIIMMH THIIAMHA TPOMHCIIOBHUX
BIJIXO/IB, o0 I IBUIIIATHA e(heKTHBHICTH
KaTaJlITHIHUX BIJIACTUBOCTEH. 30KpeMa y BUIIE
BKa3aHiil Tmpami TMoKa3aHO, IO KOMOiHOBaHi
KaTaJli3aTOpPH, CTBOPEHI 3 TaJbBaHIYHUX IIJIAMIB i
BIIXOMIB METaNyprifHUX IMiANPHEMCTB, MalOTh
OiMbII BUCOKY CTIHKICTh 1 €QeKTUBHICTH Y
mporecax OYMINCHHS BiJi TOKCHUYHHX Tras3iB,
MOPIBHSHO 3 OKPEMO BUKOPHUCTAHIUMH IIIAMaMHU.

Oco0MBOi yBarm TaKOX 3acCIyTOBYE IIparlsd
[8], &me  3ampomoHOBaHO  HOBY  TEXHIKY
BHKOPHCTaHHS 310paHUX BIAXOMIB JJIS CTBOPCHHS
Oarato(yHKIIIOHAJLHUX KaTATITHUHUX MaTepialis,
10 HE TUTHKH OYHIIAIOTh Ta3H, ajie i MOXKYTh OyTH
BUKOPHCTaHI B TIpolecax JAerpajalfii BaKKHX
MeTaJiB y BOAHUX po3umHax. L{ei miaxim mo3Bose
3HIDKYBaTH HE JIMIIE Ta30Bi, ajge W BOXHI
3a0pyaHEHHS, IO € BAXIUBUM AacCIEKTOM s
KOMITJIEKCHOTO BUPIIICHHS MPOOIeMHu 3a0pyAHCHHS
HaBKOJIUIITHLOTO cepefoBHIna. ABTopu poboTH [9]
3MIMCHWIM JOCHTIKCHHS, CIPSIMOBaHI Ha OIIHKY
JTIOBTOBIYHOCTI KaTaJITHYHUX BIACTHBOCTEH TaKMX
MaTrepiamiB y peaJbHHX YMOBaxX IPOMHCIOBUX
YCTaHOBOK. BOHM BUSABWIM, IO TIEBHI THIH
KaTaJizaTopiB 3 rajJbBaHIYHUX IUIaMiB
JIEMOHCTPYIOTh CTIHKICTh IO JIeTpajallii mpoTaromMm
KIUJIBKOX POKIB, 1110 POOUTH TX MEPCHEKTUBHUMH IS
MIPOMUCIIOBOTO 3aCTOCYBaHHS.

OxpiM 1[BOTO, BOXIWBUM € TaKOX MHUTAaHHI
€KOHOMIYHOi e()eKTHUBHOCTI TaKUX TEXHOJIOTIH.
Pobota [10] ananizye BUTpaTH Ha CTBOPEHHS Ta
eKCIUTyaTallil0 KaTaJi3aTopiB 3 TaJbBaHIYHUX
MUIaMIB y TIOPIBHSIHHI 3 TPaTUIiiHAMUA METOAAMHU
OUMIICHHS Ta3iB. ABTOpPH BKa3aHOI BHIIE TNpalli
BUSIBIJIM, 1110 X0Ya TIOYATKOBI BUTPATH HA PO3POOKY
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1 BADOOHMIITBO TaKUX KaTai3aTOPiB € 3HAYHUMHU, B
JIOBTOCTPOKOBI# TEPCIIEKTHBI BOHM MOXYTh OyTH
€KOHOMIYHO BHTIJHIIIUMH 3aBIIKH iX BHCOKIH
e(eKTUBHOCTI Ta TPUBAJIIOMY TEPMiHY CITyKOH.

BaxxnmBOI0 4acTHHOIO JOCHIHKEHb € TaKOX
€KOJIOTIYHUH acTeKT BHKOPHCTAHHS TallbBaHITHUX
nuiaMiB. BUBUYEHHS ~— €KOJIOTIYHMX  IepeBar
3aCTOCYBaHHS IIMX MaTepialiB JIsl OYUIICHHS ra3iB
mokazano B mpam [11], 1e BKazyeThcs, M0
BUKOPDHUCTAaHHS TaKUX KaTaji3aTopiB JJTO3BOJISIE
3HAYHO 3HHM3UTH HE TUIBKM  KOHIEHTPAIIIO
IIKIIJTUBUX Ta3iB, aje ¥ MIHIMI3yBaTH HETaTHBHUMN
BILTMB Ha HABKOJIMIITHE CEPEIOBUIIIE, 1[0 BaXKIIMBO,
OCKIJIbKM TepepoOKa MIaMiB y KaTalli3aTopH
NO3BOJISIE  3MEHIINTH  BIAXOOW, IO  CIIPHSIE
30€pPEeIKEHHIO TPUPOIHUX PECYPCIB 1 3HIKECHHIO
3a0pynHenHs. BomHodac, aBTopu [12] 3BepraroTh
yBary Ha HEOOXiIHICTh MOJANBIINX JOCTIHKEHb Y
HampsIMKy IIBUIIECHHS €(EKTHBHOCTI IIPOIIECIiB
nepepoOKH  TajubBaHIYHMX  nulaMiB.  Bonm
MPOTIOHYIOTh BUKOPHUCTOBYBATH HOBITHI
TEXHOJIOT11, TaKi SIK HAHOTEXHOJIOT11, TSI CTBOPEHHS
BHCOKOITPOTYKTHUBHHUX KaTaJizaTopiB 3
MOKPAICHUMH XapaKTEPUCTHKAMHU.

Hartomicts, y mpami [13] mocmimkyroThCs
MeToau Oe3medHol yTHili3amii KaTaai3aTopiB Micist
3aBEpIUCHHS IXHBOTO TEPMIHY CIyKOH. 30Kpema,
aBTOpPM BKa3aHOI Mpali pO3IIsSAalOTh CHOCOOH
mepepoOKH  Ta  MOBTOPHOTO  BHUKOPWCTAHHS
MaTtepiaiiB, MO 3aTHUIIAIOTHCS MICHI eKCIUTyaTarlil
TaKUX KaTaJTITHYHUX CHUCTEM, IS YHUKHCHHS
HEraTHBHOTO BIUIMBY HAa HABKOJIUIITHE CEPEIOBUIIIE.
ABTOpPH MJIKPECITIOIOTh BAXKIWBICTH CTBOPCHHS
3aMKHYTUX LHUKIIB MepepoOKH, IO J03BOJISIE
3a0e3MeYUTH CKOJOTiYHy O€3MeKy MpOTAroM
YCBOTO )KUTTEBOTO IUKITY MaTepialiB.

Y poGoti [14] po3risgarOThCs MOKIHBOCTI
BUKOPHUCTaHHS BiIXOiB TalbBaHIYHUX BUPOOHUIITB
TUTS CTBOPCHHS 0araTo() yHKI[1OHAIbHUX
MarepiaiiB, SKi MOXYTbh OYTH BHUKOPHCTaHI B
EHepreTHYHNX ab0 XIMIYHUX MpOIEcaX, TaAKUX SIK
BUPOOHHUIITBO BOJHIO a00 OYHINEHHS BOIH, IO
TO3BOJISIE HE TUTHKU 3HIDKYBATH 3a0pyaHCHHS, aje
i CTBOpIOBATH HOBI €KOHOMIYHO BHTiJHI IIISIXU
BUKOPHUCTaHHS BiJIXO/IiB.

Y poboti [15] AOCHIKYIOTE BUKOPHCTAHHS
HAaHOTEXHOJIOTIH IS TOJIIIIICHHS KaTali3aTOPHUX
BIIACTHBOCTEH MaTepiaiB, CTBOPEHHMX 3 TaKHUX
nuraMmiB. 3a  JTOIMOMOTOI0 HAHOCTPYKTYPOBAaHHUX
MaTrepianiB aBTOpaM BHUIIE BKa3aHOI Mpalli BIaI0Cs
3HaYHO 3OUTBIIMTA  TOBEPXHEBY  AKTHBHICTh
KaTani3aTopiB, 10 MiABUILMIO iX e()EeKTUBHICTH y
Mporecax OYUINEHHS MPOMHUCIIOBUX T'a3iB, TAKHUX SIK
OKHCHEHHA OpraHiyHuX 3a0pyaHioBadiB  abo
3HIDKEHHSI KOHIIeHTpamii okcumiB azory (NOXx).

HanortexHomnorii JTO3BOJISIIOTh CTBOPIOBaTH
KaTaji3aTOPH 3 BUCOKOIO CIEeH(DIYHO0 IIOBEPXHEIO
Ta TIOJNIIIIEHOK CTIWKICTIO 10 TEepMIYHUX 1
XIMIYHHUX 3MiH, 0 3011bIIYE IXHIO e(EKTHBHICTb 1
TPUBAJICTE CITYKOH.

Ille omHUM TEPCHEKTHBHUM HANPSIMKOM €
JOCTI[DKEHHS] ~ CHHEPreTHYHHX  e(eKTiB  Bif
BUKOPUCTAaHHsI KOMOIHOBaHUX KaTali3aTopiB, IO
MOEMHYIOTh TaNbBaHIYHI [UIAMH 3 1HIIAMH
MartepiajlaMH, TAKUMH SIK 1Ie BiJOyBa€eThCs y poOOTi
[16]. Je aBTOpu BKa3aHOI mparli 3a3HA4alOTh, IO
TaKi KOMOIHOBaHi Marepianm MOXKYTh
JIEMOHCTPYBATH BUITY ¢(PEKTUBHICTh y TTOPIBHIHHI
3 MPOCTUMHU KATaTITHYHUMH CUCTEMaMHU, OCKUTBKA
BOHH MOXYTh OJHOYAaCHO BHKOHYBaTH KiJIbKa
(yHKIIH, HanpUKiIam, CcopOLil0 1 KaTaliTHYHE
OKHUCHCHHS, IO JO3BOJSIE  JOCATTH  OLIBII
KOMIUIEKCHOTO OYHIIEHHS ra30BUX MOTOKIB.

Takoxx y pobGoti [17] po3riasmaroThCs HOBI
METOJM 1IHTerpamii TaJbBaHIYHHX IIaMiB 3
BiJTHOBIIFOBAJIbHUMH TEXHOJIOTISIMH, TaKHUMH SIK
BUKOPHCTAHHS KaTali3aToOpiB Il BHPOOHHIITBA
BOJAHIO a00  CHHTETHYHHX TanuB. BoHu
JIEMOHCTPYIOTh, IO  3aCTOCYBaHHS  TaKUX
MarepialliB y BOAHEBI EHEPreTHlli MOXE CTaTH
MIEPCIIEKTUBHOIO  aJbTEPHATUBOIO  TPAAHMIIHHUM
METOJIaM OYHIIeHHS ra3iB. OCKUTLKA BUPOOHUIITBO
BOJIHIO Ha OCHOBI TIOHOBJIFOBaHUX JKEPEN eHeprii
cTa€ BCe OLIBIN BAKIIMBUM y KOHTEKCTI 3MEHITICHHS
BUKH[IB BYTJIEKHUCIOTO Ta3y, BHKOPHCTAHHS
BIZIXOJIiB [UIs1 CTBOPCHHS TaKUX KaTalli3aTOPiB MOXKe
OyTH BUTIZHUM HE TUIBKH 3 €KOJOTigHOi, aye i 3
€KOHOMITHO{ TOYKH 30Dy .

Y poGoti [18] po3rmsimaroThCs MHTaHHS
BIIPOBA/KCHHS TEXHOJIOTIH OYHWIICHHS Ta3iB 3
BUKOPWCTAaHHSM TaJbBaHIYHUX IIJIaMiB Ha pPiBHI
Malux 1 cepenHix mignpuemctB. [le aBTopH
3a3HaYCHOI Tpalli MiJKPECIIOITh BAXKIHUBICTH
azanTalii TeXHOJIOT1# 10 KOHKPETHUX YMOB pOOOTH
Ta 3MCHIIICHHS BHTpAaT HA €TaIl peamis3allii, o €
BXUIUBUM JUIS 3a0€3MEUCHHS JIOCTYMHOCTI ITMX
TEXHOJIOTIH i1 OUTBII  IHPOKOTO  KOJja
MIPOMUCIIOBUX BUPOOHUIITB.

[IpomoBxxyroun po3riisy, BaXKIUBO 3a3HAYUTH,
IO IIe OJTHUM BaXKJIMBUM aCIIEKTOM € OITUMI3allis
TEXHOJIOTIYHUX TIPOIIECIB, SKi BUKOPUCTOBYIOTHCS
UL TIepepoOKH  TadbBaHIYHWX  NUIAMIB
karamizaTopu. Y po6oti [19] aBTOpH akIEHTYIOTh
yBary Ha Ba)XJIMBOCTI 1HTETpaIlii TakuxX MPOIECIB 3
IHITUMU €TaIraM# TPOMHUCIIOBOTO BUPOOHHIITBA IS
iIBUICHHST €(ESKTUBHOCTI Ta 3HW)KCHHS BUTpAT.
BoHu npornoHy0Th KOHIIEIIiI0 3aMKHYTOT'O IHKITY,
B paMKax SIKOTO IepepoOKa MiIaMiB 3MIHCHIOETHCS
mapajgelibHO 3 IHIIUMH  TEXHOJOTIYHHMU
omeparlisiMi, TAaKUMH SK OYHIICHHS BOAU abo
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o0poOka iHmmx BigxomiB. Taka iHTerparis
JO3BOJISIE 3MEHIIUTH CHEPreTUYHI BHUTpPATH Ta
BUKOPHUCTAHHS CUPOBHUHH, OJHOYACHO
3a0e3neuyroun 3MEHILEHHS €KOJIOTTYHOTO
HaBaHTa)KCHHS.

Y po6oti [20] TiIKPECTIOETHCS BaXIIHBICTH
KOHTPOJIIO 332 XapaKTEPUCTHKAMH KaTaii3aTopiB y
peaNbHUX YMOBaX CKCIUTyartallii. ABTOpU JaHOi

mparyi ONMUCYIOTh CHCTEMY MOHITOPHHTY, SKa
J03BOJIIE B pealbHOMY  4aci  BH3HA4aTH
e(peKTHBHICT,  POOOTH  KaTalmi3aTopiB, IO

BUKOPUCTOBYIOTHCS JUISl OUYMIICHHS MPOMHUCIOBHX
rasziB. BoHM TpOMOHYIOTH 3aCTOCYBATH CEHCOPHI
TEXHOJNOTIl  JUI  BWSIBJICHHS  KOHIICHTpPAIil
3a0pyMHIOBAYIB 1 IIBHAKOI KOPEKIli MPOIEciB
OUHIIEHHS, SKIMO e(EeKTUBHICTL KaTtajizaTopa
3HMKY€ETbes. Lle Moke gomoMortH 3abe3nevuTH
cTalny eQEeKTHBHICTb 1 3MEHIIUTH PHU3UKH IS
HaBKOJMITHKOTO CEPEIOBHUIIIA.

Y cy4acHUX AOCHIIKCHHAX JIOCUTh 3HAYHY
yBary TaKOXX MpPHUBEPTAE€ IMUTAHHS PO3POOKH Ta
BIIPOBQ/KCHHSI CTAHJAAPTIB JIUISI BUKOPUCTAHHS
KaTaJl3aTopiB HAa OCHOBI TaJIbBAHIYHHUX IIIaMIB y
MPOMUCIIOBOCTI. Hampukiam aBTOpChKUH KOJIEKTUB
mpaui [21] mpomoHye HayKOBO OOTpYHTOBaHi
pEeKOMEH/AIli IIOA0 CTBOPEHHS MIDKHAPOIHHUX
CTaHAApTIB A Takux MarepiamiB. Lle Bkirouae
BCTaHOBJICHHS BUMOT JIO iX SIKOCTi, €)EKTUBHOCTI, a
TaKOXX EKOJIOTIYHOI Oe3IMeKH Ha Pi3HUX eTamax ix
JKUTTEBOTO IHKIIY Ta BKA3ylOTh HAa HEOOXiTHICTH
CHITBHOI POOOTH MK HAYKOBUMH YCTaHOBaMH,
MPOMHCIOBUMH MIJIPUEMCTBAMU Ta OpraHaMU
ceprudikamii g 3a0e3MCUEHHS  IHPOKOIo
3aCTOCYBaHHS TaKuX TEXHOJIOT1H Ha
MDKHApOAHOMY PiBHi.

Y mpami [22] BigMmidaeTbes, IO HAYKOBII
JOCSTIN 3HAYHUX YCMiXiB y po3poOLi cydacHHX
MiIXOMIB IO YTWIi3alii [UIAMOBUX BIIXOiB
raJibBaHIYHUX BHPOOHMIITB, 30KpeMa B KOHTEKCTI
BUKOPHCTAHHS ITUX BIIXOIIB K KaTaTi3aTOPIB ISt
OUYHIICHHS Ta30BHX MOTOKIB. IIpoTsrom ocrtanHix
NECSATHIIITh  JOCHITHUKH  30CEepeNwiIncs  Ha
CTBOpCHHI e(hEeKTUBHUX METOIB yTHJII3allii, IKi HE
TUTBKY TO3BOJISIOTH 3HIKYBATH KiJIBKICTh BITXO/IB,
ane ¥ JarTh 3MOTY OTPUMYBAaTH Marepiaim 3
BHCOKOIO  KATaJiTHYHOIO  aKTHUBHICTIO  JIA
MPOMHUCIIOBUX MPOIIECiB, 30KpeMa JUIs OYHIICHHS
ra3iB BiJ IIKiJUIMBUX 3a0pyIHIOBAYiB, TaKMX SK
okcumu a3zoty (NOx) i cipku (SOx). 3okpema,
OHUM 3 OCHOBHHUX JIOCATHEHb € pPO3poOKa
TEXHOJIOTIH, SKi JO3BOJSIOTH MEPETBOPIOBATU
[UIaMU 3 TAJIbBAHIYHUX BUPOOHUIITB, IO MICTAThH
METajau, Taki K 3aJ130, Mifb, HIKEJIb, XpOM, Yy
KataniTHuHi Marepianu. L{i marepiany BUSBISIOTH
BHCOKY aKTHBHICTh y TPOIIECAaX OYHIICHHS Ta3iB,

OpH  [BOMY 3HWKYIOYM KIIBKICTh TOKCHYHHX
BUKWJIIB Y HaBKOJIUIIHE cepesioBuie. Hanpukiar,
B mparti [23] HayKOBIIi 3MOTJIH TIPOJAEMOHCTPYBATH,
IO [IIaMH, OaraTi Ha OKHCH METalliB, MOXYTh Oy TH
MEPETBOPCHI HA aKTWUBHI KaTaJNITHYIHI HOCIi, fKi
e(peKTUBHO KaTai3ylOTh TMPOIECH OYHIICHHS
ra3oBHUX MOTOKIB.

Takox BETUKHUI TPOTpec MOCITHYTO B Talrys3i
3aCTOCYBaHHS HAHOTEXHOJIOTIH JUIi CTBOPEHHS
KaTaTiTHYHUX  MaTepiamiB 3 nuiamiB  [24].
HanouacTkn wMertaniB, OTpuUMaHi 3 IUIAMOBHUX
BIIXOJIiB, MafOTh 3HAYHO OUTBITY IIIONTY ITOBEPXHI
Ta BHCOKY aKTHBHICTh y TIpoIlecax KaTami3y, IO
poOuTh X €PEKTUBHUMH IJIs OUYMIIEHHS rasiB. Y
pe3yibpTaTi AOCTIKEeHb OyJI0 BHSIBICHO, IO TaKi
Marepiaay MOXKyTh MaTH TIEpeBard B TOPIBHIHHI 3
TPAIUIIHHUMK ~ KAaTATITHYHAMH  MaTepianaMu
3aBJSIKM CBOIN BHCOKill e()eKTUBHOCTI Ta MEHIIOMY
BHTpaTaM Ha IX BHUPOOHHUIITBO B TIOPIBHSIHHI 3

JIOPOTOIIIHHUMHU ~ METallaMH, SIKi  TPaauIliiHO
BUKOPHUCTOBYIOTBCSI B KaTalli3i.

3rimro  mpami [25] 3 TOukKH  30py
TEXHOJIOTIYHUX  JOCSITHECHb, HAYKOBIIl  TaKOX

PO3pOOHII HOBI METOIU pereHepallii KaTamiTHIHUX
MaTepiajiB, O JO3BOJISE 3MEHIITUTH BUTPATH Ha 1X
BHPOOHHIITBO 1  MABHWINATH  JIOBTOBIYHICTH
KaTaJITHYHUX CUCTEM, 1110 BKITFOYAE BIPOBAKCHHS
METOJ[IB  TEPMIYHOI  aKTHBaIlii, MeXaHIYHOI
akTWBaIii Ta  OIOJOTIYHHUX  MPOIECIB, IO
JIOTIOMAraloTh JOCSTTH BHCOKOI e(eKTHBHOCTI
OUMILEHHA Ta3iB Npu 30epeXeHHI EKOHOMiYHOI
BUTOJIH.

OnHak, He3BakalOUM Ha JIOCSTHEHHS B
PpO3po0IIi HOBHX TEXHOJIOTiH, HAYKOBIII CTUKAOTHCS
3 Kigbkoma BuKIWKamMu. OmHUM 13 HUX €
BapIaTUBHICTh CKJIaAy MIIaMiB TajJbBaHITHUX
BUPOOHMIITB, M0 YCKIAJHIOE CTaHIAPTH3AII0
MIPOIIECiB yTHITI3ai Ta BUT'OTOBJICHHS
KaTaJIITHIHUX MaTepiaiiB. KpiM TOro, TOKCHIHICTh
JIESIKMX METAJIIB, TAKHX K XPOM, MOYKE CTBOPIOBATH
JOJaTKOBI €KOJIOT14HI MPOOIeMH i Yac yTHITizawii
NUIaMmiB, 1O TOTpedye OCOONMBHX  3aXOIiB
KOHTPOJTIO Ta YTHJIi3aMii IIX CJIEMCHTIB.

Ille omHiEr0 BaXKIMBOIO MPOOJIEMOIO € BUCOKA
BapTICTh  JESKMX KaTAITHUYHUX  MaTepiaiis,
OTPHMaHHUX 3a JIOTIOMOTOI0 HAaHOTEXHOJIOTIH, IO
oOMexxye  1X  mHMpOKe  3aCTOCYBaHHS B
MPOMUCIIOBOCTI [26]. Y 3B'SI3Ky 3 UM, HAYKOBII
NPOJIOBXKYIOTh ~ TPAIIOBATA  HaJl  3HWKCHHSIM
BapTOCTI MHWX MAaTepialiB dYepe3 BIOCKOHAJICHHS
TEXHOJIOT1H CHHTE3Y Ta pO3pOOKY HOBHX MaTepiajiB
Ha OCHOBI MEHIII IOPOTUX METAIIIB a00 iX CITOIYK.

Y MaibyTHROMY OYIKYETHCS ITOHQIBIITNN
PO3BUTOK METOMIB, SKi JO3BOJSIOTH 3POOUTH
MPOIECH YTWITI3AIli] IITaMiB OUTBII €KOJOTIYHUMU
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Ta CKOHOMIYHO BUTiTHUMU [2, 26]. BmockoHaneHHS
TEXHOJOTI Ha OCHOBI OIOTEeXHOJOTIYHHX Ta
HAaHOTEXHOJIOTIYHUX IMIIXOJIB, a TaKOX IIOIIyK
HOBHX KaTalli3aTOpPiB Ta METOMIB pereHeparii
KaTAIITHYHUX  MarepiamiB  MOXYTh  3HAYHO
MOKPALIUTH C€(PEKTUBHICTh OYHINEHHS TIa3iB 1
3HM3WTHA HETATUBHUW BIUIMB Ha HABKOJIUIITHE
cepemoBule. TexHosorii 3 mMmepepoOKH MHUIaMiB
TaTbBAaHIYHUX BUPOOHUIITB SK KAaTaji3aToOpiB IS
OUHWIICHHS Ta30BUX IMIOTOKIB MAalTh BEIUKUN
MOTEHIIIa] JJIsl BIPOBA/PKCHHS B IPOMHCIIOBICTD,
OIHAaK IJIs IThOTO HEOOXIMHO BHUPIIIMTH HHU3KY
TEXHIYHMX, EKOHOMIYHHMX Ta  EKOJIOTTYHHX
npooiIeM.

TakuM 4YWHOM, BUKOPWCTaHHSA TalbBaHIYHHAX
nUTaMiB  JUIsl  CTBOPEHHS  KaTali3aTopiB IS
OUYUIICHHS Ta3iB € MEPCIEKTUBHUM HAIPSIMKOM Yy
ramy3i eKoyorii Ta MPOMHCIOBUX TEXHOJOTIH.
Bomnowac, mms 3abe3medeHHs iX IIHPOKOTO
3aCTOCYBaHHSA HEOOXiAHO MIPOJOBKYBATH
JOCTIDKEHHS B HANIPSIMKY ITOKPAIeHHS TEXHOJIOTi i
epepoOKH, T IBUIIECHHS e(heKTUBHOCTI
KaTaITHYHUX CHCTEM, 3a0e3eueHHs ix
€KOJIOTYHOI Oe3IeKH Ta EKOHOMIYHOI JOLUIBHOCTI.
Ile m03BOMUTH CTBOPHUTH OLIBII CTANY i €PEKTHBHY
MOJENb TIEPEPOOKH TPOMIUCIIOBUX BiIXOMIB, sKa
OyJie BUTITHOIO SK JUIS MPOMHUCIOBOCTI, TaK 1 Jjs
HaBKOJIMIITHLOTO CEPEIOBHIIA.

Y  pO3MISHYTHX Tpansgx JeMOHCTPYETHCS
3HAYHUU MPOTPEC y TOCTIHKEHHSAX MO0 YTHTi3aMmii
IUIAMOBHX BiJIXO/JIiB raIbBaHIYHUX BUPOOHUIITB Ta
iX BUKOPUCTAHHS SK KaTali3aTOPiB I OYUIICHHS
ra3oBHX ITOTOKIB. OnHak, JUIst
ITUPOKOMACIITA0HOTO BIIPOBAJ[)KCHHS 111704
TEXHOJIOTIM HEOoOXiAHI MMOJAJbIIl JOCIIIKEHHS,
CIIPSIMOBAHI Ha ONTHUMI3AIlIO MPOIECIB MEPEPOOKH

Ta  NOIJBUILIEHHSA
KaTali3aTopis.

3rigno 3 [1, 13, 19] ragsBaHiuHI OUIaAMH, 1110
MICTATH 3HauHy KiibKicTh 3amsa (Fe), xpomy (Cr)
Ta MUHKY (Zn), € BOKIUBAM JHDKEPEIOM BTOPUHHOT
CHPOBHHHM  JUII  METamyprii Ta  XiMIgHOL
npomucioBocTi. Lli Bigxoam yTBOPIOIOTBCS B
MPOIIEC] ENEKTPOXIMIYHOTO TIOKPUTTS, JIe¢ METalln
OCQDKYIOTECS Ha TIOBEPXHIO BHpPOOIB, a ixHi
HAQUTUIIKA HaKOTIMYIYIOTHCS Y BIJXOAaX Y BHIIISII
OKCHJIIiB, TIAPOKCHUJIB Ta KOMIUICKCHUX CIIOJIYK.
OCHOBHOIO TIPOOJIEMOIO TaKUX BITXOMIB € iX
TOKCHYHICTb, OCKUTEKH CITOTYKHA XpoMy (0cOoOIHUBO
Cr (V1)) Ta uMHKY MOKYTh MaTH HETaTUBHUI BILJIMB
Ha JOBKIJUISI Ta 3I0POB'S JIFOIWHU.

Jns yTumizartii 3a1i30BMiCHHX, XPOMOBMICHHX

e(EeKTUBHOCTI  OTPUMAaHUX

Ta I[IUHKOBMICHUX raJibBaHIYHUX [IUTaMIB
BUKOPHUCTOBYIOTHCS pi3Hi TEXHOJIOT11
BUJIYTOBYBaHHS, 30KpeMa KHUCJIOTHE Ta JIy)KHE

BIJIYTOBYBaHHS. 3aj1i30 MOXe OyTH TIepeBe/cHE Y
po3unHHY (opMy 3a JIONOMOTOK KHCIOTHOTO
BIJIYTOBYBaHHS 3 TMIOJAJBIINM OCAIKCHHAM ¥
BHTJISIAI OKCHJIIB, SIKI MOXKYTh OYTH BUKOPHCTaHI B
[EMEHTHII MMPOMHUCIOBOCTIM, ab0 IS OTPUMAaHHS
nirmenTiB [10]. Xpom, ocobmuso y dopmi Cr (VI),
MiITAEThCS XIMIYHOMY BiJHOBJICHHIO JIO MEHII
tokcuunoro Cr (III), skuii MokHA BWIIy4aTd 3a
JIOTIOMOT OO CEJISKTUBHUX Oca/KyBadiB. L{uHK, 1110
4acTO TPHUCYTHIM y BUIVIAAI  TiAPOKCHUIIB,
e(heKTHBHO BUTATYETHCS KOMIUIEKCOYTBOPIOIOYHMU
peareHTaMu a00 EIIEKTPONi30M JJisi TOBTOPHOTO
BUKOPHCTAaHHS B TallbBAaHOTEXHIYHUX MpOIEcax
[17].

VY Tabmuipx 1-2 HaBeeHO pe3yNbTaTh OISy
TPaJULiHHUX Ta Cy4aCHHX TEXHOJOTIH yTHiTizamii
IMUTAMOBHX BiJIXO/IiB TAIbBAaHITHIX BUPOOHHUIITB.

Tabmums 1

Pe3yabTaTil orysay TpaauMuiifHUX TeXHOJIOTIH yTHii3auii my1aMoBUX BiAX0AiB rajbBaHiYHUX BUPOOHHITB

Mertoj TpaauuiitHi TEXHOIOTIT

CyuJacHi TeXHOJIOT1

Tepmiuna 06poOka
3MEHIICHHS 00’ €My BiIXOJIB.

CraroBaHHs a00 BUIATIOBAHHS JJIA

ITna3moBa 06poOKa 3 KOHTPOJIEM TEMIIEPATYPH JUIS
OTpPHUMAaHHS aKTUBHUX KaTaJli3aTopiB.

Ximiuna 06pobka OcamKeHHs TIAPOKCHIIB METAIIB,

HeWTpasizanis KHCIOTOH.

CeneKTHBHA SKCTPAKIIis METANIB i3 UIaMiB JUTs
OTPUMaHHs KaTai3aTopiB.

CopOuiiiHi Mmetoau BukopuCTaHHS IPUPOTHHUX
azicopOeHTiB (TJIMHA, aKTUBOBaHE

BYTLLIA).

HanocTpykTypoBaHi COpOSHTH /TSl MiABUILICHHS
e(eKTHBHOCTI OYHIIICHHS Fa30BUX MOTOKIB.

PO3YMHEHHS METaiB.

BiorexHomoriuni BiocopOmist BaxKKHX MeTaliB 3a I'enHO-MOMbikoBaHI OakTepil It €PEKTUBHOTO
METOIH JIOIIOMOT 010 MIKPOOPTaHi3MiB. BIUTyYEHHSI METAJIB i3 IUIaMiB.
MexaHoximiuHa ITpocre noxapiOHEHHs a1 BukopucTaHHs yJIbTPa3BYKy, MIKPOXBHIBOBHX
aKTHBaLlis 301IbLICHHS PeaKLiitHOT 30aTHOCTI. TEXHOJIOTIH /ISl TOKPALCHHS KaTaIITHIHIX
BJIACTHBOCTEH.
CeeKTUBHE BIJIYTOBYBAaHHS 3 BHKOPHCTAHHAM
. VN Bukopuctanus kuciotHoro abo . .
TizpomeranypriitHuit XEJaTyIOUUX areHTiB, eJIEKTPOXIMIYHOTO BHITyUCHHS
Jy’KHOTO BHIIYTOBYBaHHS UL 4
METOJ MeTaJliB a0 3aCTOCYBAaHHSI KOMIUIEKCOYTBOPIOIOUNX

peareHTiB.

Tabnuus cxiageHa aBTopoM Ha ocHOBI [ 1, 4, 10]
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Tabmuns 2
Pe3yabTaTh Orjsiay cy4yacHMX TeXHOJOTIH yTuwiizanii LUIaMOBHUX BiAX0iB rajbBaHiYHUX BUPOOHUITB
Texnooris Omnnc [TepeBaru Hepomixu Hpuknazn
3aCTOCYBaHHS
Tepmiuna aktuBauiss | [Ipouec narpiBanus nuuiamis | IlokpamieHHs Bucoxka eHepretinyHa OuutieHHs
JI0 BUCOKHMX TEMIIEpaTyp KaTaJli3aTOPHUX BUTPATHICTb, moTpebye | rasis Bix NOX,
IS aKTUBALi BJIACTHUBOCTEH CIIEIiaai30BaHOIO SOx.
KaTaJi3aTOPHUX Marepiaiy, 3HIDKCHHS o0Ja{HaHHS.
BJIACTHBOCTEI METAJIIB. TOKCHYHOCTI BIIXOJiB.
TigpoTepmiuna BukopucTanss Boau abo MeH1ui eHepreTuyHi Heo06xinHicTs B IMepepobka
0bpobka BOJJHUX PO3YHHIB IS BUTpPATH, OLIBII IHBECTHUIIISAX y BaXKKUX
aKTHBaLil KaTami3aTtopiB y €KOJIOTiYHHI MPOIIeC. crierianizoBaHi METaliB y
HPUCYTHOCTi BUCOKOTO pEaKToOpH, CKIIaIHICTD KaTaji3aTopu.
THCKY Ta TEMIICpaTypH. KOHTPOJIIO.
XiMiuHa aKTHBAIIis Bukopucranns xucnor abo | IIpocrora Kopozist obnagnanus, O6pobka
Jy>KHUX PO3YUHIB JUIS 3aCTOCYBaHHs, HEOOX1HICTb Y HITaMiB JUIS
MIEPETBOPEHHS BAKKHX JOCTYIHICTh peareHTiB. | HedTpaisawii [O/IAJIBLIOTO
MeTaJliB y aKTHBHI 3aJIUIIKOBUX XIMIKaTiB. | BUKOPUCTaHHS
KaTanizaTopHi GopMu. B OYHMIICHHI
rasis.
Bioximiuna 06pobka | Bukxopucranus Exomnoriuna 6e3nexka, YacoBa 3aJIeXHICTb, BursaryBanns
MIKPOOPTaHi3MiB IS HU3bKa EHEPreTHYHA 0o0OMeKeHHS Ha METaIiB 3
TIepepOOKH TOKCHIHHUX BUTPATHICTb. KIJIBKICTD BaXKKHX BIZXOMIB 1
MeTaniB y Ge3nedni popmu. MeTaliB. NIEPETBOPEHHS
Xy
KaTaJi3aTopH.
Po3uuneHHs MeTaniB y Bucoxka edextuBHicts | HeoOxinHicTs OTpumMaHHs
. - KUCJIOMY 200 JIy>KHOMY BUJTyYCHHSI METAJIB, yTumizanii YHUCTHX METaNiB
I'npomeranypriitna . . .
Hepepobia Cepe/IOBHILL, X MOJabIIe MOMIMBICT BI/IPAIbOBAHIX ULt
CEJICKTUBHE OCa/PKCHHS a00 | mepepoOKH pi3HUX PO3UHHIB, MOXKIIUBI [O/IAJIBLIOTO
SJICKTPOXIMiUHE BUIIJICHHS. | THIIB IIUIAMIB. €KOJIOTIUHI PU3UKH. BUKOPUCTAHHS.
Tabnuus cxiageHa aBTopoM Ha ocHOBI [ 1, 4, 10]
Tabmurs 3
Pe3yabTaT aHanizy nopiBHAHHSA e()eKTUBHOCTI Pi3HUX MeTOIB yTUIi3alii IJIaMiB rajbBaHiYHUX
BUPOOHUIITB
ITotpiGHa Yac N EdexrusHictb EdexrusHicTtb Bapricts
Merton ytuiizauii TeMIIeparypa, 00po0KH, BHXI.HHHH ounmeHas NOx, | ouumensasa SOX, (Ha ! <
o Katasi3arop 0 N BifxoxiB),
C TOIVHU % %
Tepmiuna o6pobka | 800-1200 1-2 Fe20;, CuO 85 80 2.50
XimiuHa 20-80 4-6 NiO, Cr20s 75 65 3.00
EKCTpaKIlis
MexaHoxiMiuHa 300-500 2-4 Fez04, Co304 90 85 4.20
AKTUBALIIs
BiorexHonoriuni 25-35 24-48 CuO, Fe20s 70 60 1.80
METO/H
Hanorexnouorii 200-500 0.5-1 Ag-0, PdO 95 90 5.50

Tabnuis cxirageHa aBTOpOM Ha OCHOBI [2, 13, 14]

3 T1abn.1-2 cmigye, moO cydacHI MeETOIU
(TutasmMoBa  00poOKa, CEIEKTHBHA  EKCTPaKITiS
METaJiB, HAHOCTPYKTYpPOBaHi COpOEHTH) € OimbLI
e(EeKTUBHUMH, EKOJIOTIYHHMH Ta [O3BOJSIOTH
OTPHUMYBATH KOPUCHI KaTaji3aTopH, Ha BiIMIHY Bif
TPagULIHHUX METOAIB (3aXOpOHEHHSA, TEPMidHA
00po0OKa), sIKi CTBOPIOIOTH JTOJATKOBI PU3UKH IS
JTOBKLILIA.

Y Tabn 3. HaBeleHO pE3yJNbTaTH aHaIizy
MOPIBHSHHSA ~ €QEKTHBHOCTI  PI3HUX  METOIB
YTUITI3alii IIaMiB TalbBaHIYHUX BUPOOHUIITB.

3 tabi. 3. ciiaye, 110 HaHOLIbII e(heKTUBHUMHU
METOJaMH € MeXaHOXIMIYHa aKTHBaIlis Ta
BUKOPHCTAaHHS  HAHOTEXHOJOTIH, fKi  JAl0Th
MakCUMaIbHY eekTuBHiCTh oumnmeHas NOX (mo
95%) 1a SOx (1m0 90%), X04a BOHU € JOPOKIUMU
MOPIBHSHO 3 OIOTEXHOJIOTIYHUMH METOJaMHU, SKi

MaroTh HIDKUY e(eKTHBHICTb, ane €
€KOHOMIYHIIIAMH.

YV T1abim. 4. HaBeAeHO CKJIaa IIIaMiB
raJbBaHIYHUX BUPOOHUIITB 1 MOXJIMB1
KaTaizaTopu.
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Tabmuus 4
Cru1aj mJiaMiB rajbBaHiYHUX BUPOOHUITB i MOKIMBI KaTaizaTopu
Tun Bwicr MoTenuiinnit Karamizatop micus EdexruBHicTh EdexrusHicTs
nIamy metaiy (%) KaTajizaTop 00poOKH katamzy (NOx, %) kataiizy (CO2, %)
3anizo (Fe) 40-50 Fe20s Fe;04 85 80
Mizp (Cu) 15-20 CuO Cu20 80 75
Hixkens 10-15 NiO Ni20s 70 65
(Ni)
Xpowm (Cr) 5-10 Cr20s Cr30s 90 85
Trmmi 5-10 (3Mirrani OKCHIN) (3Mirrani OKCHIH) 80 70
MeTain
Tabmurs ckIajeHa aBTOpoM Ha OCHOBI [5, 8, 11]
Tabmuus 5
BaacTuBoCTi Cy4yacHUX KaTaldi3aTopiB, BATOTOBJIEHHX i3 IIJIAMOBUX BiIXoAiB
Tun OcHoBHHUI . . .
. Crnoci6 akruBarii BuactuBOCTI KaTanizaropa ITpukiaz 3acTOCYBaHHS
Katajizaropa KOMIIOHEHT
Karanizatopu na | 3amnizo (Fe) TepmidyHa aKTHBALlis, Bucoxka akTuBHICTb IPU OuwuieHHs ra3is Bix
OCHOBI 3aJi3a rigporepmidHa ounnieHHi ra3iB Big NOx oxcuziB azory (NOXx)
00po0OKka
Karamizatopu vHa | Mins (Cu) XimiuHa aKTUBALLid, CralinbHICTh IpH BUCOKUX | OUHIIEHHS BUXJIOMHUX
OCHOBI Mii BUKOPUCTaHHS TeMmIeparypax, rasiB aBTOMOOLIIB
KHCJIOTHUX PO3YHHIB e(eKTHBHICTb MpH
ouunienHi Big CO
Karanizatopu na | Hikens (Ni) TepmidyHa aKTHBALLis, 3HMKEHA TOKCUYHICTb, OuuIIeHHS Ta30BHUX
OCHOBI HIKEITIO XiMiYHa aKTHBAIlis BHCOKA aKTHBHICTb B noToKiB Bif cipku (SOX)
TIporecax TiporeHizarii
Bioxaranizaropu | Meramu B Bioximiyna 06pobka Exosnoriuna Ge3rmexa, IMepepoOka BaxKuX
OpraHiYHUX 3JIaTHICTh PO3KJIATy BAXKKUX | METANB B €KOJIOTIIHO
CHOJTyKax METaiB 6e3meyHi hopmu
Tabmumis ckIajeHa aBTOpoM Ha OCHOBI [5, 8, 11]
Tabnuus 6

Pe3yJ’ll>TaTl/l ﬂOpiBHﬂHHﬂ KaTAJITHYHHUX BJIACTHBOCTE HAHOYACTOK MeTAaJIiB 3 IJIaMiB
y npoueci OYMILEHHS Ira30BHX MOTOKIB

. . EdexruBHICTD EdexrtuBHICTD CrilikicTb Ipu
. Tun Posmip Bapricts
Karanizatop ounnieHas NOX, ounmieHas SOX, BHUCOKHUX
MeTaiy YaCcTOK, HM (ua 1 xr), $
% % TeMieparypax
FesOs 3aiizo 10-50 4.00 90 85 Bucoka
CuO Mins 5-10 6.00 80 75 Cepenus
NiO Hikens 2-5 5.50 85 80 Cepenns
PdO Mananiit 1-3 10.00 95 90 Jyxe BUcoKa
Ag0 Cpibno 5-10 8.00 85 80 Bucoka

Tabmurs ckiazeHa aBTOpoM Ha ocHOBI [12, 13]

VY T1abn. 5 omucaHi cydacHi KaTai3aTopH, iX
BIIACTUBOCTI ~ Ta  HaBEIEHI  NPHKIAAA  1X
MPAKTUYHOTO BUKOPUCTAHHS.

3 Tabim. 5. HAOYHO BHAHO, IO OCHOBHUMH
MeTajaMH y IjlamMax € 3ajli30, Miflb, HIKETb 1 XpoM,
3 SIKMX TICIIs BiANOBIAHOT OOpOOKH yTBOPIOIOTHCS
aKTUBHI KaTalizatopy, Taki K FesOs, Cu20, Ni20s 1
Cr30s, 3 epextuBHicTIO Katanizy NOx 10 90% i CO-
1o 85%.

VY 1abn. 6. HaBeAECHO PE3yJIbTaTU MOPiBHIHHSI
KaTaJiTHYHUX BIACTUBOCTEH HAHOYACTOK METAIIIB 3
MUTaMIB y TIPOTIEC OYUIICHHS Ta30BUX TIOTOKIB.

3 Tabi. 6. ciimye, 10 HAHOYACTHHKY TTAJIaIiI0
(PdO) Ta cpioma (AgO) wMaTh HaHBHUIILY
edextuBHicTh ountieHHsI NOX (95%) 1 SOx (90%),
OJTHaK iX BapTiCTh 3HAYHO BHIIA, HIX y 3ali3a abo

MiZli, IO OOMeXye IX IIHpPOKOMACIITa0HE
BUKOPHCTaHHS.

Karamizatopu, oTpumani 3  IIJIaMOBHX
BIIXO/IIB TaIbBAHIYHUX BUPOOHHUIITB,

JEMOHCTPYIOTh 3HAYHMU MOTEHINAl y Tporecax
OUMIIICHHS Ta30BUX MOTOKIB. BoHM MOXyTh OyTH
OTpHMaHi PI3HUMHU METOJAMH aKTHBAITii, TAKUMH K
TepMidHa, XiMidHa, TigpoTepMalibHa 06pobka abo
HAHOTEXHOJIOTIYHA MOJUQIKaIlis, IO T03BOJIIE
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CTBOPIOBAaTH e(eKTHBHI
MPOMHCIIOBOTO 3aCTOCYBAaHHSI.
Oxcuan 3amiza (Fe:0s, FesO4) oTpumyroTsest
OUIIXOM ~ TEPMIYHOI  aKTWBalii IIiaMmiB  NpH
temmepatypax 800-1200°C i 3aCTOCOBYIOTHCS IS
OUHMIeHHS Ta3iB Big okcumiB azory (NOx) Ta

MaTepiaau JUTS

okcumiB cipku (SOx). BoHM [OeMOHCTPYIOTH
epextuBHiCTE  85-90%, mo  poburhp  iX
HEePCTICKTHBHUMU TUISt HPOMHCIIOBOTO
Bukopuctanusa. Oxkcumu wmini  (CuO, Cu20)

OTPUMYIOTH 3a JIONOMOTOK XIMIYHOI aKTUBAIil
MUISIXOM OOpOOKH KHCJIOTHUMH PO3YMHAMH. BoHU
e(EKTHBHO  3aCTOCOBYIOTbCS JUISi  BHJIQJCHHS
Byriekucinoro ra3y (CO:z) Ta OUHIIEHHS BUXJIOITHUX
raziB aBTOMOOIIB, MalO4d BUCOKY CTaOlIbHICTH
MPY BUCOKUX TEMITEPATYpaX.

Oxcunn Hikemo (NiO, Ni2Os) oTpuMyIOThCS
METOJIaMU TepMIiuHOI 200 XiMIi4HOI akTHBamii Ta
BHKOPHCTOBYIOTHCS B TIpoOIlecax TiApOTeHi3alli Ta
OUMIICHHS Ta3iB Bij cipkoBogHio (H2S). Xoua i
KaTaji3aTopH € IOCUTH e()eKTUBHUMH, BOHH MalOTh
3HIDKEHI €KOJIOTITHI MMOKA3HUKH Yepe3 IMOTEHITIHHY
TOKCHYHICTh HIKEJIO, M0 MOTpeOdye TOTATKOBOTO
koHTpomo. Oxkcumu  xpomy  (Cr20s, Crz0s)
OTPUMYIOTH 332 JIOTIOMOTOK)  TiJpOTepMaibHOI
00p00KH, 110 T03BOJISIE CTBOPIOBATH KaTali3aTOPH 3
BHCOKOIO TIUTOMOIO TIOBEPXHEID Ta BHUCOKOIO
edexTuBHIicTIO y Katanizi NOx (1o 90%).

HanoTexnomnorigaa 00po0ka niaMiB J03BOJISE
OTpUMATH KaTaji3aTOpH y BHUTJISAI HAHOYACTHHOK
METaNiB, IO 3a0e3ledyye 3HAYHO ITiJBUIICHY

MOBEPXHEBY AKTUBHICTh. 3aBASKH I[bOMY BOHHU
eekTUBHI B BHCOKOTEMIIEPATYPHHUX IIpoIiecax
OYMINIEHHS Ta30BUX MOTOKIB. Hampuknanm, mamamiit
(PdO) nemonctpye edextuBHicTE A0 95% mpu
BumaneHHi NOx. Oxpemy Tpymy CTaHOBIISTH
OiokaTaii3aTopH, SKi CTBOPIOIOTHCS 32 IOTIOMOTOI0
OioxiMiyHOi ~ 00poOKM 13  3aCTOCYBaHHIM
MiKpOOpraHi3MiB, 0 MOAN(DIKYIOTh BayKKi METaJIH
y MEHIII TOKCHYHI Ta Oiibli akTuBHI opmu. [lei
METOJ] € HAWOIIBII €KOJIOTIYHO Oe3MeUHNUM, OJHAK
norpedye  TpUBAjIOro yacy JUIsl  aKTUBAIli
KaTali3aTopis.

VY pe3ynbrarti, pi3Hi METOAM OOPOOKH IILJIaMiB
JIO3BOJISIIOTH OTPUMYBATH €()EKTHUBHI KaTalli3aTopu
JUISL OYMINCHHS TPOMHUCIIOBHX Ta30BHX ITOTOKIB,
3MEHIIYIOYM  €KOJOTiYHe  HaBaHTAXKEHHS  Ta
BiIKpUBAIOYM HOBI MOMJIMBOCTI JUIsl yTHIi3arii
BIJIXOIIB.

V tabn. 7. HaBEACHO Pe3yJIbTaTH MOPiIBHIHHS
XapakTepUCTUK  TepMiyHOI OOpoOKM  mHIIamiB
raJbBaHiYHUX BUPOOHHMIITB JJIsI OUUIIICHHS Ta3iB.

3 T1abn. 7. chigye, 10 MiIBUIICHHS
TeMIIepaTypd OOpOOKH KaTali3aTopiB 30LTBIIyE
ixaro edextuBHicTh y BHaneHHi NOx Tta SOX,
MPOTE MPH IOMY 3POCTa€ BapTICTh MPOIECY Ta
EHEPrOCIIOKMUBAHHA, MO MOXE OyTH MpPOOIEeMOF0
JUTSL MACOBOT'O BITPOBA KCHHS.

VY 1abn. 8. HaBe#EHO Pe3yJbTaTH MOPIBHAHHS
eKoJIoTigHOi  e()EeKTHBHOCTI  OIOTEXHOJIOTIYHUX
METO/IB YTHJII3aIii MIIaMiB )11 OUHICHHS T'a3iB.

Tabmurs 7

Pe3ysibTaTH NOPIBHSIHHA XapaKTEPUCTHK TePpMiYHOI 00po0KH HIIAMIB rajJibBaHiYHUX BUPOOHUITB
JJIS1 OYHIIeHHS Tra3iB

Temmnepatypa Yac 06poOKH, Buxinuuii OuniieHHs OunIieHHs OunIeHHs ﬁggﬂe‘f}‘]’
[e} 1 0, 0, 0,
00po0ku, °C TOJIHA MaTepiain NOx, (%) SOx, (%) CO2, % (na 1 k1), $
800 1 Fe:0s 85 80 70 3,00
1000 2 CuO 80 75 65 3,50
1200 3 NiO 70 60 50 4,00
900 1,5 Cr20; 90 85 80 3,20
Tabmurs ckiIageHa aBTopoM Ha ocHOBi [11, 13, 16]
Tabnuus 8

Pe3yabTaTi NOPiBHSIHHSA €KOJOTiYHOI e()eKTUBHOCTI 0i0TEXHOJIOTIYHNX MeTOAIB yTHIi3auil miamiB
IJIS1 OUMIIEHHS Ta3iB

Meron Bapricts (na 1 Yac Buxiguunit OuyuleHHs OuuieHHs OuuleHHs
6i0TeXHOJIOTIT Kr), $ 00po06KH, THi KaTajizaTop NOx, % SOx, % CO2, %
Buxopucranns 1,80 24-48 CuO, Fe20s 70 60 50

Oakrepiii
Buxopucranus 2,00 48-72 CuO, NiO 75 65 55
rpubiB

Tabnuis cxiageHa aBTOpoM Ha ocHOBI [12, 15]
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Tabmuist 9
PesysabTaTi oniHky edeKTUBHOCTI MeTOAIB yTHIIi3amil IIVIAMIB VISl OYHIIEHHS FA30BHUX MOTOKIB
Ouinka Burpatu eneprii 3HIKEHHS N
Merton . 5 TemnepaTtypHuit .
. e(eKTHBHOCTI, (xBT'ron/m KOHLIEHTpauii pesi, °C [pumitku
% rasy) 3a0pyaHeHb, % ’
Tepmiuna 85-95 3-6 70-80 600-1000 ITigBuinena
AKTHBAIIS eHeproepeKTUBHICTH 3a
YMOBH BUKOPHCTaHHS
BiIHOBJIFOBAJIbHHX JKEPEIl
eneprii
TigpoTepmiuna 70-85 2-4 60-75 250-450 3HMKEHHS eHePreTHYHNX
00pobxa BUTPAT 32 PaXyHOK
BUKOPHCTAHHS HOBUX
KaTaJi3aTopiB
XimiuHa 60-75 1,5-3 50-65 100-200 Bukopucranus 3eneHux
aKTHUBAIlis peareHTiB 103BOJISIE 3HU3UTH
TOKCHYHICTh
Bioximiuna 40-55 0,5-1 30-45 25-40 [MoTeHLiliHO MepcrneKTuBHA
00pobka JUISL MaJauX 00CATIB rasis,
oOMerKeHa IBHUAKICTh
porecy
Tabnuus cxiageHa aBTopoM Ha ocHOBI [ 1, 4, 10].
Tabmuusg 10
PesyabTaTn aHANiI3y NEPCHEKTHBH PO3BUTKY TEXHOJIONIN yTHiisauii IJIaMiB U151 04MIIEHHs] Ta30BUX IIOTOKIB
IIporno3oBana
. . [IpornozoBane
Bnnvs na Orinka BapTICTh 32 .
TexHouoris ITepcneKTUBH PO3BUTKY eHeproedeKTuB- 3HIKCHHS OJIMHHLIIO 36mbmeHHﬂ.
. o o e(eKTHBHOCTI
HiCTB, % 3a0pyaHeHb, % OUMILEHHS Ta3y, o
/a8 yepes 5 pokis, %
Tepmiuna Buxopucranns +10-15 80-90 1.5-2.5 15-20
AKTHBAIIIS BITHOBJTFOBAJIEHUX
JDKepert eHeprii,
YIOCKOHAJICHHS
KaTaJi3aTopiB
Tigpotepmiuna | OnTumizamis +5-10 70-85 1-1.5 10-15
00pobxa TEeMIIEepaTypHUX
PEKUMIB, 3aCTOCYBAHHS
HOBHX MaTepialiB uis
peakTopiB
XimiuHa 3acToCyBaHHS 3€IECHUX +5-8 60-75 0.8-1.5 8-12
aKTHBaLlis XiMiKaTiB,
ABTOMATH3AILIS IPOIIECY
Bioximiuna Ienernuyna moudikais +3-5 30-50 0.5-0.8 20-30
06pobxa MIKpOOpraHi3MiB,
po3po0Ka HOBHUX
Oiokarasi3aTopis

Tabnuis crirageHa aBTOpOM Ha OCHOBI [6, 13, 20]

3 Tabi. 8 cimiaye, M0 BUKOPUCTAHHS OaKTepii
Ta TpuOIB AN yTWIi3amili HUTaMiB € HaWOIIbII
€KOJIOT1YHO YHCTUM METOJIOM, IPOTE BiH MOTpedye
3HAYHOTO dYacy (Mo 72 TOoawH) 1 Mae HIDKIY
epextuBHiCTE  oummeHHs ~ NOx  (70-75%)
MOPIBHSHO 3 TEPMIYHOIO a00 MEXaHOXIMIYHOIO
AKTUBAIIEIO.

VY Ttabm. 9 HaBeleHO pE3yJIbTaTH OIIHKH
e()eKTUBHOCTI METOJMIB YTHIIi3alii IMIIamiB s
OYUINECHHS Ta30BUX MOTOKIB.

3 Tabn. 9 chimye, MmO TepMidHA aKTHUBAIis Ta
MEXaHOXIMIYHI METOAM MAalOTh HAWBUIIUN piBEHb
epexTHBHOCTI ouniieHHs (1o 95%), mpoTe BOHH
MOTPeOYIOTh 3HAYHUX €HEPTeTUIHUX BUTPAT, TOI
sIK 010XiMI4HI METOZIM € MEHIII EHEPrOBUTPATHUMH,
ajie 3Ha4HO MEHII e()eKTUBHUMHU.

VYV Taba. 10 HaBemeHO pe3y/IbTaTH aHAII3Y
MEPCIEKTUBH PO3BUTKY TEXHOJOTIN yTHii3amii
[IUIAMIB JJIs1 OYMIIICHHS Ta30BUX MOTOKIB.
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3 tabm. 10. cimye, 10 HAHOITBIIUN MOTSHITIAT
Ma€ 3aCTOCYBaHHS BiJHOBITFOBAaHUX JDKEPEIT CHEPTii,
aBTOMATH3allisl MPOIIECIB Ta BUKOPUCTAHHS HOBUX
MaTepianiB  (30KpeMa HaHOKATami3aTopiB), IO
MOJK€ 301IBIINTH ¢(EKTUBHICTh TEXHOJIOTIH Ha 15-
30% y HaWOMIKY1 5 POKiB, TIPU IIbOMY 3HH3HBIIH
BapTICTh OYHUIIICHHS Ta3iB.

CyuacHi MeTOAM TEpepOOKH NUIaMiB TaKOX
BKITIOYAIOTh BUKOPUCTAHHS TIA3MOBHX TEXHOJIOTIH
Ta TiZpoMeTaNyprifHuX MigXOXiB, IO JO3BOJIIOTH
OTPUMYBATH BHCOKOYHMCTI METAJIM Ta IXHI CIIOIYKH
[19]. 3okpema, rimpomeramyprisi 3abe3medye
e(eKTUBHE BUIIyYEHHS 3aji3a, XpOMY Ta IIMHKY 0€3
3HaYHUX CHEPreTUYHHX BHUTPAT y IOPIBHSHHI 3
mipoMeTaTypridiHiMu ~ MeTofmaMu.  Kpim  Toro,
3aCTOCYBaHHS HaHOCTPYKTYPOBaHUX COPOEHTIB Ta
O10TEXHONOTIYHUX METOAIB Ja€ 3MOTy OuIbII
e()eKTUBHO OYMINATH [UIAMU BiJ HeOE3MeYHUX
JIOMIIIIOK, IO BiKPUBA€ HOBI MEPCIEKTUBH IS 1X
Oe3nevHol yTrii3alii Ta peuuKIiHry.

TakuM  4YWHOM, OTpHMaHi  peE3yJNbTaTH
JEMOHCTPYIOTh, W10 BHKOPHUCTAHHS IIAMOBUX
BIIXOIIB TaJIbBAHIYHUAX BHPOOHHMIITB SIK
KaTaji3aTopiB € MEePCIEKTUBHUM HANPSMKOM ISt
OYUIIICHHS Ta30BUX MOTOKIB. AHAaII3 MOPiBHILHUX
JAaHUX TTOKAa3aB, M0 CyJacHi METOU aKTHBAIlii, TaKi
K MEXaHOXIMiYHa Ta HAHOTEXHOJIOTiYHa 00po0Ka,
3HAYHO MiABHIIYIOTh ¢()eKTHUBHICTh KaTali3aTopis,
30kpema s Buganerass NOx ta SOx. BogHouac,
TepMidyHA aKTHBAIlisd 3QIHIIAETHCA OXHIEIO 3
Halle()eKTUBHIMINX TEXHOJNOTIH, Xo4a mOTpedye
BUCOKHX €HEPreTUYHUX BHUTpAT. JlocimipKkeHHs
CKIaqy IUIaMiB TO0Ka3aJio, 10 OCHOBHUMH
MeTajaMH, SKi MOXYTh OYTH BHKOPHCTaHi SK
KaTaji3aTopH, € 3130, MiJlb, HiKelb 1 XpoM. BoHu
YTBOPIOIOTH aKTHUBHI OKCHIHI CHOJIYKH ITICTIS
BIJIMOBITHOT OOpOOKH, IO M03BOJIAE €PEKTUBHO
ouumiaTd  razoBi  moroku. Ilpm  1BOMY
HAHOYACTHHKH Mallafifo Ta cpibia IeMOHCTPYIOTh
HauBUITy €(EKTHBHICTh OYHWIICHHS, MPOTE IXHS
BHCOKa BapTICTh OOMEKYE IHUPOKE MPOMHUCIOBE
3actocyBaHHA. OIliHKA €KOJIOTri4HOI e()eKTUBHOCTI
TEXHOJOTIM  IOKasajga, 1[0 OIOTEXHOJIOTIYHI
METOJIM, XO0Ya ¥ MarTh HIDKYY e(EeKTHBHICTh
MOPIBHSAHO 3 XIMIYHUMH 4YH TEPMIUYHHMH, €
HAWOUIBII OE3MEYHMMHU JUII HABKOJIUIIHLOTO
Cepe/IOBHINA Ta MEPCHEKTHBHUMH JUIS MalHX 1
CepeHIX mianmpueMcTB. BomHodYac, MEepCreKTUBU
PO3BHUTKY TEXHOJOTIH BKa3ylOTh Ha MOXJIHBICTh
MIIBUIICHHS €()EeKTHBHOCTI KaTali3aTopiB dYepes
iHTerpallilo BiAHOBIIIOBAaHHX JKEpeN eHeprii Ta
BUKOPDHCTAaHHS HOBHX MaTepiajiB, IO MOXe
CYTTEBO 3HM3UTHU BUTPATH HA OYMIICHHS Ta3iB.

3arajgoM pe3yNbTaTH MiATBEPIKYIOTh, IO
MoJajbllle BAOCKOHAJICHHS TEXHOJIOTIH yTHi3alii

IUIaMiB  JO03BOJMTH  HE  JIUIIC  3MCHIIUTH
3a0pyaHEHHS, a ¥ cTBOpUTH cQEeKTHBHI Ta
€KOHOMIYHO  JOLIIBHI  KaTaJi3aTOpH, 111(0)
CIIpUSTUME €KOJIOTIYHIN MOJIepHi3aIlii
MTPOMHUCIIOBOCTI.

BucHoBKHu. IIpoBenene JTOCITIJIKEHHS
MiATBEPIIO  MEPCHCKTUBHICTh  BUKOPUCTAHHS

[IJIAMOBHX BiJIXOJIiB TaJIbBaHIYHUX BUPOOHUIITB SIK
KaTali3aTopiB Ui OYHWINCHHS Ta30BUX TIOTOKIB.
AHani3z cy4acHHX METOMIB yTHIIi3alii MmoKa3as, 110
HaOIbII ~ eQeKTHBHUMH €  MeXaHOXiMiuHa
aKTHBAIllsS Ta HAHOTEXHOJIOTiYHAa MoaubiKaLis, SKi
320€3MeTyIOTh BUCOKUH PIBEHb OYHUIIICHHS OKCHIIB
azoty (NOx) Ta cipku (SOx). TepmiuHa akTUBaIlis
3aJIMIIAETHCS OJHUM 13 HAHOUIBII JI€EBHX METOJIB,
X04a oTpedye 3HAYHUX SHEPreTUIHUX BUTPAT.

OCHOBHMMH METallaMH, M0 MICTATECA Y
niamMax 1 MOXYTh OyTHM BHKOPHUCTaHi Ui
OTPHUMAaHHS KaTajIi3aTopiB, € 321130, Mib, HIKEIb Ta
XpoM. IxHs o00poOka [03BOJAE€ OTPUMYBATH
e(eKTHBHI KaTasizaTopH, npuaaTHi JUTST
MPOMHCIIOBOI'O 3aCTOCYBaHHA. BojHowac, xoya
HAaHOYACTHHKY TAJaif0 Ta cpibia JEMOHCTPYIOTh
MaKCHUMalbHy €(EeKTHBHICTb, IX BHCOKa BapTiCTh
00MEKy€ IUPOKE BUKOPHUCTAHHSL.

Exomoriuna oIiHKa TeXHOJIOTH IoKa3aa, 110
0l0TEeXHONOTIYHI ~ METOAM,  MONpPH  HIKIY
e(eKkTuBHICT,, € Oingbll  Oe3MmeYyHUMH IS
HABKOJIMIITHHOTO CEPEJOBUINA Ta MEPCICKTHBHUMH
JUIS MauX TianpueMcTB. [logambpir qociipKeHHs
MaloTh OyTH CHOPSMOBaHI Ha  ONTUMI3aLio
TEXHOJIOTTYHUX TIPOTIECIB, T IBUTIICHHS
e(heKTUBHOCTI KaTaji3aTopiB Ta 3HMKCHHS BUTPAT
Ha iX BUPOOHHUITBO. [HTerpaiis BiJIHOBIFOBAHUX

JOKepeNd  eHeprii Ta 3acTOCyBaHHS  HOBITHIX
MarepiaiiB CIIPUSATUMYTh €KOJIOTIIHI I
MOJICpHi3aIlii NPOMHCIOBOCTI Ta  PO3BHUTKY

HUPKYJISIPHOI €KOHOMIKH.
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and their use as catalysts for gas stream purification has
been conducted. The relevance of the study is due to the
growing volume of industrial waste and the need to
develop environmentally safe and economically feasible
methods of its processing. In this context, special
attention is paid to technologies that allow converting
sludge waste from electroplating industries not only into
by-products, but also into useful catalysts for gas stream
cleaning processes. The purpose of the article is to
review current approaches to the utilisation of sludge
waste from electroplating, in particular, through its use
as catalysts for the purification of gas streams. The study
involved a systematic analysis of scientific sources,
experimental studies of the catalytic properties of

materials derived from sludge waste, and a comparative
analysis of the economic and environmental parameters
of various disposal methods. The main results of the work
include an assessment of the effectiveness of various
approaches,  including  thermal,  chemical and
biotechnological treatment of sludge, as well as the use
of nanotechnology to enhance the activity of catalysts. It
was found that the best methods are those that provide
high catalytic activity at minimal energy consumption.
An  environmental assessment of modern sludge
processing technologies is carried out. It is determined
that biotechnological methods of processing are safer for
the environment and more promising for small
enterprises. The integration of renewable energy sources
and the use of the latest materials will contribute to the
ecological ~modernisation of industry and the
development of a circular economy. Further research
should be aimed at optimising technological processes,
improving the efficiency of catalysts and reducing
production costs. The integration of renewable energy
sources and the use of the latest materials will contribute
to the ecological modernisation of industry and the
development of the circular economy. The results
obtained can be useful for industrial enterprises in
choosing waste treatment technologies and improving air
purification systems, contributing to the development of
environmental safety.
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industries, catalysts, gas stream purification, thermal
treatment,  chemical activation,  biotechnological
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A REVIEW OF FABRICATION TECHNIQUES
FOR SUPERHYDROPHOBIC COATINGS

Yong Z., Baklan D.V.

OI'JISAJI TEXHOJIOI'T BUTOTOBJIEHHS CYIIEPTTIPO®OBHUX IIOKPUTTIB

IOn 1., bakaan /I.B.

Superhydrophobic surfaces have emerged as a pivotal
focus of modern materials science. These surfaces are
notable for their unique wetting behavior and wide array
of potential applications in fields such as self-cleaning
coatings, anti-corrosion protection, drag reduction, anti-
icing technologies, and oil-water separation. Inspired by
natural models such as lotus leaves, water striders, and
Salvinia molesta, these surfaces combine low surface
energy materials with hierarchical micro/nanostructures
to achieve water contact angles exceeding 150°. This
dual scale roughness traps air pockets beneath water
droplets, enabling the "lotus effect,” whereby droplets
roll off surfaces, removing contaminants. The
development  of  superhydrophobic  coatings is
particularly important in the context of metal corrosion
because economic and environmental factors have
created a demand for safer, more sustainable
alternatives. A wide variety of fabrication techniques
have been developed, including top-down methods, such
as laser ablation and etching, and bottom-up strategies,
such as sol-gel deposition and chemical vapor
deposition. However, many approaches are limited by
complexity, cost, scalability, or environmental impact.
Furthermore, the practical application of these coatings
presents challenges concerning durability, material
compatibility,  performance under  environmental
stressors, and the use of fluorinated compounds, which
pose ecological risks. This review critically examines
current methodologies for fabricating superhydrophobic
surfaces. It evaluates the underlying principles,
advantages, and limitations of these methods with respect
to mechanical robustness, scalability, and application-
specific demands. Particular emphasis is placed on the
importance of multiscale surface structuring and
selecting inherently hydrophobic, low-energy materials
to create functionally resilient coatings. Additionally, the
work explores the limitations of current testing standards
and suggests that a unified framework for evaluating
mechanical wear, environmental resistance, and

hydrophobic retention is essential for accelerating the
transfer of technology from the laboratory to the
industrial scale. The review highlights novel strategies
such as biomimetic design, incorporating self-healing
materials, and integrating superhydrophobic coatings
with multifunctional technologies as promising future
directions. Ultimately, the success of superhydrophobic
surface technologies depends on a multidisciplinary
effort balancing performance metrics with environmental
responsibility and economic feasibility to unlock their
transformative potential across diverse sectors.
Knrwouosi cnoea: superhydrophobic coatings, contact
angle, surface wettability, surface roughness, water-
repellent, fabrication methods.

Introduction. Superhydrophobic surfaces
have become a subject of significant interest in
material science due to their wide range of
applications, including self-cleaning surfaces, anti-
fouling, anti-icing, drag reduction, and oil/water
separation. These surfaces are inspired by numerous
examples in nature, such as the water spider (Gerris
remigis) that can walk on water surfaces and the
Salvinia molesta leaves that resist wetting even after
weeks of submersion. The most famous example is
the lotus leaf, which demonstrates exceptional
water-repellent properties and gave rise to the well-
known "Lotus effect." The mechanism of the lotus
effect was first investigated and described by
Barthlott and Neinhuis in 1997 [1].

The development of corrosion-resistant
superhydrophobic coatings has gained particular
importance in recent years due to the economic and
safety concerns associated with metal corrosion. In
industrialized countries, corrosion-related costs
typically amount to 1-4% of their GDP. Until
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recently, chromium-containing coatings were
efficiently used for corrosion protection, but these
have been restricted due to their harmful effects on
humans and the environment. This has led to
increased research in environmentally friendly
alternatives, including polymeric coatings.

Superhydrophobic surfaces are characterized
by their extreme water repellence, which is achieved
through a combination of two key factors: the
inherent hydrophobicity of the surface material (low
surface energy) and surface roughness. Materials
with low surface energy naturally repel water
because forming a new solid-liquid interface with
water is energetically unfavorable [2, 3]. However,
the maximum water contact angle (WCA) that can
be achieved by a flat, low surface energy material is
approximately 120° [4]. To achieve
superhydrophobicity, surface roughness must be
introduced, which can increase the contact angle to
above 150° using the same chemical composition.
Furthermore, building a structure with hierarchical
roughness (combining dual-scale texture) has been
reported to improve both hydrophobicity and
surface durability. This approach is observed in
nature, such as in the Salvinia leaves and water
spider legs, and is replicated in synthetic coatings
through micro/nanoscale surface structuring.

The Lotus effect describes the self-cleaning
mechanism observed on the lotus plant leaf surface
[5]. While water droplets slide along a tilted
hydrophobic surface, on a superhydrophobic
surface, the near-spherical droplets roll across the
surface instead. This rolling action enhances the
removal of surface contaminants like dirt particles
and bacteria. Examining the structure of lotus leaves
reveals a waxy surface coating that repels water,
combined with complex 3D microstructure textures
and an additional layer of smaller-scale hair-like
features covering both the surface protrusions and
flat regions. These microstructures trap air
underneath the water upon wetting the surface,
enabling the rolling motion of water droplets.
Similar structures are found in the water spider's
legs, which feature micro-sized filaments with
nano-grooved textures, resulting in dual-scale
roughness that contributes to their water-repellent
properties. These natural examples highlight the
importance of hierarchical structuring in achieving
superhydrophobicity, with surfaces often displaying
both micro and nanoscale roughness features.

Task setting. Despite remarkable advances in
laboratory-scale fabrication of superhydrophobic
coatings, many existing methods remain complex,
costly, or difficult to scale up. In addition, issues
related to mechanical durability, environmental

impact, and long-term performance still pose
challenges for practical applications. Therefore, a
pressing scientific and technological task is to
systematize the current strategies for fabricating
superhydrophobic surfaces, with a particular focus
on their scalability, sustainability, and application-
specific suitability. Special attention should be paid
to the role of multi-scale structuring and the
selection of low-surface-energy materials, which
together define the effectiveness and durability of
these coatings.

The aim of the work is to provide a
comprehensive review of current fabrication
techniques for superhydrophobic coatings, with a
focus on understanding the underlying principles,
advantages, limitations, and potential industrial
applications of each method. Particular attention is
paid to the role of surface chemistry and multi-scale
roughness in achieving durable and functional
superhydrophobicity.

Presentation of the main research material.
Several methods are used to measure and
characterize surface wettability. The most common
is the water contact angle (WCA) measurement,
where the angle is measured from the surface-water
contact plane to the tangent line of the water-air
interface. Surfaces are categorized based on their
WCA values (Fig. 1): superhydrophilic (6<10°),
hydrophilic (10°<6<90°), hydrophobic (6>90°),
superhydrophobic (6>150°) [6]. A maximum
contact angle is achieved when the droplet is
completely spherical, while a minimum angle
occurs when the droplet spreads to completely wet
the surface.

gL
Surface

10° <0 <90°
Hydrophilic surface

~Surface
0°<B8<10°
Superhydrophilic surface

Surface
90° < B < 150° 150° < B < 180°
Hydrophobic surface Superhydrophobic surface

Fig. 1. lllustration of WCA values [6]

Fabrication of Superhydrophobic Surfaces.
Fabrication methodologies for superhydrophobic
surfaces are categorically divided into two principal
approaches: top-down and bottom-up methods [7].
The top-down methodology entails the structural
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modification of bulk material surfaces to generate
roughness. This is accomplished through various
surface topography alteration techniques, including
lithography, etching, and laser treatment processes.
Conversely, bottom-up methodologies facilitate
surface roughness through the addition of small-
scale materials. Implementation occurs via
deposition techniques such as chemical vapor
deposition, electroplating, and sol-gel processing. It
should be noted that certain deposition procedures
do not inherently yield rough surfaces;
consequently, supplementary treatment of precursor
materials or the deposited surface may be requisite
to achieve the desired roughness characteristics.
The determination of appropriate fabrication
approaches and specific techniques is contingent
upon the selected base materials, desired surface
properties, and intended application parameters.
Advanced superhydrophobic surface development
frequently incorporates multiple fabrication phases,
integrating both top-down and bottom-up elements
to attain optimal surface characteristics. Fig. 2
illustrates the two primary fabrication approaches
for superhydrophobic surfaces. This section will
examine these methodologies in sequence as
depicted in the figure, beginning with 'top-down'
techniques before exploring 'bottom-up' approaches
that employ deposition to create surface roughness.
Subsequently, we will briefly address deposition
methods that do not require rough morphology
development, highlighting general material
treatment techniques that have been documented in
combination with these deposition processes. It
should be emphasized that this represents a
simplified overview of the documented
methodologies; in practice, many sophisticated
fabrication techniques incorporate = multiple
approaches simultaneously, with their selection

dependent on the specific surface design
requirements and intended application.
Fabrication Approaches
v . L4
‘Top-Down’ Approaches ‘Bottom-Up’ Approaches

D of
Treated Materials

Deposition

+ post-treatment with T

low-energy material Hydrophobic Precursors

4

Low-energy (Hydrophobic)

T
Starting Substrate

Fig. 2. Schematic illustrating the approaches for
fabrication of superhydrophobic surfaces, and how this
can be related to the choice of the starting materials

Top-down approaches involve structuring bulk
substrates to produce rough morphology, which is
essential for achieving superhydrophobicity. This
can be achieved through the selective removal of
hard materials or by imprinting soft materials using
mold. Common top-down techniques include laser
process, etching, galvanic corrosion, lithography,
template imprinting [8].

Laser processing. Ultrafast lasers, particularly
femtosecond lasers [9], offer a precise method for
fabricating micro- and nanostructured surfaces.
This technique allows for the fabrication of
superhydrophobic surfaces without the need for
additional coatings or surface treatments. Laser
ablation can induce chemical and structural changes
to the surface of materials, enhancing their water
repellency [10]. Ta et al. [11] conducted a
comprehensive investigation into the fabrication of
superhydrophobic surfaces on 304S15 stainless
steel using mnanosecond fiber laser systems,
showcasing a cost-effective alternative to pico- and
femtosecond laser technologies. Through direct
laser texturing, they achieved superhydrophobic
properties, with water contact angles of
approximately 154° and contact angle hysteresis as
low as 4°. The study revealed that laser-induced
surface roughness amplified hydrophilic behavior
initially, but the surfaces transitioned to
superhydrophobicity after exposure to ambient
conditions for 13—18 days. This wettability change
is attributed to chemical modification and
decomposition processes involving carbon dioxide
and magnetite. Long et al. [12] utilized femtosecond
laser irradiation to fabricate superhydrophobic
copper surfaces with tunable water adhesion
properties, inspired by the contrasting wetting
behaviors of lotus leaves and rose petals. By varying
the laser scanning speed (10200 mm/s), the
researchers precisely controlled surface
topographies, ranging from deep microstructures to
shallower formations. Post-treatment chemical
modification enhanced hydrophobicity, enabling
surfaces to transition between Cassie and Wenzel
wetting states based on microstructural depth. Low-
speed laser treatments resulted in surfaces with
minimal water adhesion, exhibiting self-cleaning
properties akin to lotus leaves, while high-speed
treatments created surfaces with significant water
adhesion, resembling rose petals. These surfaces
demonstrated adjustable water contact angles (up to
159°) and sliding angles (from <10° to 90°),
alongside varied adhesion forces (10 uN to 110 uN).
Applications of this technique include liquid
manipulation and self-cleaning technologies,
highlighting its cost-effectiveness and precision in
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creating functional superhydrophobic surfaces. The
changes in surface morphology during laser

irradiation and the resulting microstructures of the
laser-treated copper surfaces at various scanning
speeds (v) are illustrated in Fig. 3.

2 s

Fig. 3. The changes in surface morphology during laser
irradiation process, insets on the top right show the
schematics of the laser scanned paths

Etching. Etching [13] is a simple and effective
approach to increase surface roughness—an
essential factor in achieving superhydrophobicity.
This process involves removing surface material in
two primary ways: isotropically, where the removal
is uniform in all directions, or anisotropically,
where it occurs in specific directions. Various
etching techniques exist, each with unique
advantages, and they can be used alone or in
combination with other fabrication methods to
achieve complex, hierarchical textures. After
etching, applying a low surface energy material is a
common step to attain the desired superhydrophobic
properties. Among various techniques, chemical
etching stands out due to its simplicity and low cost.
Several studies have explored its application for
different substrates. These involve the removal of
substrate material by exposure to harsh (acidic or
basic) solutions.

Qian et al. [14] reported the synthesis of
superhydrophobic surfaces on aluminum, copper,
and zinc substrates by using dislocation-selective
chemical etching. This process involves
preferentially dissolving the dislocation sites in
polycrystalline metals, creating hierarchical
microstructures such as pits, grooves, and
nanoparticles. After etching, the surfaces were
treated with  fluoroalkylsilane to enhance
hydrophobicity, resulting in water contact angles
exceeding 150° and roll-off angles below 10°. The
study demonstrates a simple yet effective method to
fabricate superhydrophobic surfaces, with potential
applications for other polycrystalline materials.

Kim et al. [15] reported the synthesis of
superhydrophobic stainless steel surfaces by
hydrogen fluoride (HF) etching and dipping in a hot
0,1% NaCl solution, followed by fluorination
treatment. The effect of the HF etching time was
studied, and it was found that 20-min etching led to
the highest WCA (164°) and lowest sliding angle

(5°). The treatment with 0,1% NaCl solution was
found to further enhance the hydrophobicity (WCA
168°, sliding angle 2°). This was due to the petal-
like structures formed on the etched surface, which
provided hierarchical texturing. Interestingly,
extending the NaCl dipping time had negligible
effect, likely due to the low concentration of the
solution, which limited further surface interaction
after initial etching. The surfaces showed retention
of superhydrophobicity after 30 days of placing in
water. Several other reports utilized chemical
etching while sharing the main two-step procedure.
Examples include the etching of stainless-steel
substrates with sulfuric acid and ferric chloride,
followed by the modification using
octadecyltrichlorosilane and decyltrimethoxysilane,
respectively.

Li et al. [16] proposed a similar procedure for
creating superhydrophobic stainless steel surfaces
while maintaining corrosion resistance. Their
approach involved a three-step process: (1) etching
with hydrofluoric acid (HF) to generate surface
roughness through intergranular corrosion and
redeposition of metallic oxides and fluorides, (2)
passivation in nitric acid to restore corrosion
resistance, and (3) deposition of a fluorocarbon film
to reduce surface energy. This method was tested on
both 304 and 316 grades of stainless steel, with
significant differences observed due to their varying
alloy compositions. The primary distinction being
that 316 SS contains 2-3 wt. % molybdenum while
304 SS does not. Instead of adding secondary
materials to create roughness, their approach
utilized chemical etching to directly modify the
stainless-steel surface, thereby maintaining its
mechanical properties. The selective etching
targeted grain boundaries through intergranular
corrosion, creating micro- and sub-micrometer
scale roughness. After passivation to restore
corrosion  resistance, a  plasma-deposited
fluoropolymer coating was applied to achieve high
water contact angles and low hysteresis. This
research addressed limitations of previous
superhydrophobic  stainless steel fabrication
techniques, which often relied on either non-
scalable process like femtosecond laser ablation or
coating with materials that lacked mechanical
durability.

Lee et al. [17] developed a highly efficient and
reproducible approach to fabricate large-scale
nanostructured polymeric and metallic surfaces
with precise ratio control, utilizing anodic
aluminum oxides (AAOs) or textured aluminum as
replication templates, the scheme as shown in Fig.
4. The process combines photolithography,
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aluminum etching, and anodization with polymer
replication to produce hierarchical micro- and
nanostructures. Initially, photolithography using
positive photoresist and square-patterned shadow
masks imprints micrometer-scale patterns onto
aluminum sheets. The researchers then used an
etching solution to selectively transform the
patterns into concave structures. Following this,
anodization and AAO removal enable the formation
of nanostructures, such as nanopores and
nanogrooves, on both flat surfaces and within the
micrometer-scale concavities. Finally, heat- and
pressure-driven  imprinting of thermoplastic
polymers, particularly high-density polyethylene
(HDPE), replicates the hierarchical designs, with
HDPE being chosen for its chemical stability and
resemblance to natural hydrophobic materials. The
fabricated surfaces demonstrate superhydrophobic
properties, attributed to the synergistic effects of the
hierarchical structures and material composition.
Results show a maximum static contact angle of
113° for surfaces with only micrometer-scale
patterns (pitch size 25 um) and up to 139° for flat
HDPE with nanostructures. The highest contact
angle of 159° was achieved on HDPE with
hierarchical structures combining nanofibers and
micrometer-scale papillae, demonstrating a 67%
increase compared to flat surfaces. Replicas
remained superhydrophobic over three months of
air storage, proving the method's robustness and
reliability. This technique provides a scalable and
adaptable platform for producing functional and
biomimetic superhydrophobic surfaces, opening
avenues for applications in packaging, medical
devices, and antifouling coatings.

1. Photolithography process
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Fig. 4. Scheme of fabrication of HDPE replicas with
various shapes of nanometer- and micrometer-structured
surfaces [17]

Lithography. This is a technique commonly
used in microelectronics to create patterns on
surfaces. It involves coating a substrate with a light-
sensitive material, exposing it to light through a
patterned mask, and then developing the exposed
areas. This method can be used to create
microstructures that contribute to
superhydrophobicity. Electron beam lithography is
particularly precise and can be used to create
complex patterns on a nanoscale [18].

Pozzato et al. [19] developed a cost-effective
method for creating superhydrophobic silicon
surfaces using nanoimprint lithography combined
with wet chemical etching. Their process (Fig. 5)
begins with creating a patterned glass mold, which
is then imprinted onto a photoresist layer on a
silicon substrate. This pattern is subsequently
transferred to a SiO, layer and finally to silicon
through etching techniques. The researchers
employed two distinct etching approaches: 1)
Isotropic etching with HNA to produce rounded
channels; 2) Anisotropic etching with KOH to
create rectangular channels. After etching, the
surfaces were coated with octadecyltrichlorosilane
(OTS) self-assembled monolayers to enhance
hydrophobicity. Contact angle measurements
revealed that the advancing contact angles closely
aligned with Cassie model predictions, indicating
the presence of trapped air beneath water droplets
on these surfaces. A key advantage of this
fabrication method is its tunability — the surface
properties can be readily adjusted by modifying the
etching method or mold parameters.

1) photoresist deposition
and baking

5) BHF wet etching of SiO, layer
Photoresist s
gy L L L I 1-
Silicon

substrate -l

6) silicon wet etching
A A Sm 8 =B =

2) imprinting
+—Glass mold

ot I

3) demolding
7) Removal of SiO, mask with BHF

a4 ' 8) Coating with OTS SAM
4) UV-ozone exposure and developing

Fig. 5. Schematic of fabrication process [19]

Template imprinting. Soft lithography [20]
shares the main theory with photolithography in
terms of creating a replica of a previously prepared
pattern [18]. Template imprinting is a versatile
technique that shares the fundamental principle of
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photolithography in replicating patterns, unlike
photolithography, which uses rigid photomasks,
soft lithography employs flexible templates,
typically made of polydimethylsiloxane (PDMS), to
create micro- and nano-scale patterns. This method
is cost-effective, environmentally friendly, and
supports diverse applications, including biosensors
and nanotechnology. Soft lithography offers
advantages in scalability and material compatibility
but faces challenges such as template deformation
and defect control during the imprinting process.
Liu et al. [21] introduced a soft-lithographic
imprinting  technique to  fabricate super-
hydrophobic surfaces inspired by lotus leaves. To
replicate lotus leaf-inspired microstructures, Liu et
al. [21] employed a soft-lithography approach using
PDMS molds, which were cast directly from natural
templates. These stamps replicate microstructures
and are pressed onto substrates coated with an
epoxy-based azo polymer (BP-AZ-CA) in
tetrahydrofuran ink, under moderate pressure
(approximately 5x10* Nm?) for about 10 seconds.
After drying the substrate in a 25 °C vacuum oven
for 6 hours, the fabricated surfaces display papillary
structures, achieving a water contact angle of 154,6°
and a low contact angle hysteresis (3,3°). This
simple, scalable method demonstrates versatility for
various substrates and has potential applications in
water-repellent and self-cleaning technologies.
Yun et al. [20] presented an innovative soft-
lithographic approach for fabricating
superhydrophobic lotus-leaf-like surfaces using
reduced graphene oxide (RGO), the schematic as
shown in Fig. 6. Leveraging the natural hierarchical
micro/nanoscale structures of lotus leaves,
polydimethylsiloxane (PDMS) stamps were
prepared by replicas molding against fresh lotus
leaves as the masters. Octadecylamine-modified
reduced graphene oxide (ODA-RGO) was
synthesized via a chemical reduction of graphene
oxide (GO) with hydroquinone and octadecylamine.
The resulting ODA-RGO  dispersion in
tetrahydrofuran (THF) served as the ink for the
microcontact printing process. The PDMS stamps,
coated with the ODA-RGO ink, were gently pressed
onto pre-cleaned substrates such as glass slides and
silicon wafers, transferring the intricate surface
features of the lotus leaves. Characterization
techniques, including FTIR, XPS, Raman
spectroscopy, SEM, and confocal microscopy,
revealed high-fidelity replication of the lotus leaf's
papillary microstructures and additional nanoscale
roughness derived from stacked RGO nanosheets.
The fabricated surfaces demonstrated remarkable
superhydrophobicity, evidenced by water contact

angles exceeding 160°, and exhibited robust
environmental durability under extreme conditions,
such as exposure to corrosive solutions or elevated
temperatures. This research highlights the potential
applications of these surfaces in fields requiring
durable hydrophobic and anti-corrosion properties.

. o

[
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Fig. 6. Schematic diagram of the fabrication process

of the ODA-RGO lotus-leaf-like surfaces:

a — preparation of the PDMS stamp through replica
molding against a piece of fresh lotus leaf, b — dropping
the ODA-RGO dispersion on the PDMS stamp to form
a thin layer of the “ink” on the surface, ¢ — pressing the

“inked” stamp against the substrate for a few seconds,

d — peeling off the PDMS stamp and vacuum drying

Bottom-up approaches refer to fabrication
techniques where materials are built from their
fundamental building blocks (atoms, molecules, or
nanoparticles) that self-organize or are directed to
assemble into more complex structures [22].

3D printing. technology represents an
advanced deposition methodology for the
fabrication of superhydrophobic surfaces [23]. This

additive manufacturing  approach shares
fundamental principles with Layer-by-Layer (LbL)
assembly techniques through its sequential

construction of precisely controlled structural
elements. However, 3D printing offers distinct
advantages in the context of superhydrophobic
surface engineering, including unprecedented
geometric complexity, customizable hierarchical
architectures, and reproducible surface
topographies across multiple scales. The versatility
of this manufacturing platform enables the precise
implementation of biomimetic design principles
while maintaining consistent quality parameters
throughout the fabrication process.

It was reported [24] for the replication of the
Salvinia leaf ‘eggbeater’ structure were fabricated
by the Immersed surface accumulation three
dimensional (3D) printing process. Multi-walled
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CNTs were added to the liquid photo-curable resin
utilized to increase surface roughness. The number
of arms of the eggbeater shape (N), as well as their
spacing (d), was investigated for their effect on the
superhydrophobic properties (Figure 13. b-g). It
was found that hydrophobicity is maximized when
the spacing is kept at d=0.5. Moreover, applying
N=2 resulted in a highly superhydrophobic surface
(WCA = 170°), although the reduced number of
arms made the structures fragile. Applying N=4 was
found to be a good compromise between both
strength and superhydrophobicity (152°).
Electrospinning. This is an innovative
technique that uses an electrically driven jet of a
polymer solution or melt to create polymer fibers
with diameters ranging from nanometers to a few
microns [25]. Electrospinning has emerged as a
powerful technique for creating superhydrophobic
coatings and surfaces, offering a versatile and
efficient approach to fabricating water-repellent
materials. This process involves applying a strong
electric field to a polymer solution or melt, resulting
in the formation of nano-scale filaments that can be
collected to create non-woven webs with
hierarchical structures. Recent advancements have
focused on optimizing polymer blends,
incorporating recycled materials like PET, and
developing multi-step  processes combining
electrospinning with other techniques such as
electrospraying and spin coating. These innovations
have led to the creation of durable, self-cleaning
surfaces with water contact angles exceeding 150°,

capable of withstanding various mechanical
stresses. Applications range from protective
coatings for aerospace and solar panels to

anticorrosion and anti-icing treatments. The
simplicity, scalability, and eco-friendly potential of
electrospinning make it a promising method for
industrial-scale production of superhydrophobic
materials, addressing needs in  energy,
infrastructure, and environmental sectors [26].

Alvarez et al. presented a novel
superhydrophobic and anticorrosive coating using a
three-step process involving electrospinning, spin
coating, and electrospraying. They combined
polytetrafluoroethylene (PTFE) with poly(acrylic
acid) + B-cyclodextrin (PAA + B-CD) to create a
composite coating on aluminum alloys. The
electrospun PAA + B-CD layer provided adhesion
and a porous network for PTFE particles, while the
spin-coated PTFE layer ensured uniform
distribution. The final electrosprayed layer
enhanced particle bonding through heat treatments,
achieving water contact angles (WCA) above 150°
and excellent corrosion resistance [27].

Chemical Vapor Deposition (CVD). This is
one of the most sophisticated approaches for
fabricating superhydrophobic surfaces, offering
exceptional control over surface morphology at the
micro and nanoscale. In this gas-phase process,
precursor molecules are vaporized and transported
to a heated substrate where they react or decompose
to form solid deposits with precisely tailored
structures. For superhydrophobic applications,
CVD excels at creating the dual requirements of
hierarchical roughness patterns and low surface
energy coatings in a single or multi-step process.
The technique allows for the growth of various
structures including carbon nanotubes, fluorocarbon
polymers, silicon-based compounds, and metal
oxides - all of which can be optimized to achieve
water contact angles exceeding 150° with minimal
hysteresis. What distinguishes CVD from other
fabrication methods is its ability to produce highly
conformal coatings even on complex geometries,
excellent adhesion to substrates, and remarkable

durability of the resulting superhydrophobic
surfaces, making it particularly valuable for
industrial and high-performance applications

despite requiring specialized equipment and careful
process control [28].

Lau et al. [29] were among the pioneers in
fabricating superhydrophobic CNT forests by
modifying vertically aligned CNTs (VACNTSs) with
a polytetrafluoroethylene (PTFE) coating using the
chemical vapor deposition (CVD) method. The
resultant surface exhibited outstanding water
repellency, with advancing and receding contact
angles (CAs) of 170° and 160°, respectively. This
work demonstrated the effectiveness of surface
functionalization in achieving high hydrophobicity
by facilitating the Cassie-Baxter wetting regime,
where air is trapped between the water droplet and
the surface, minimizing liquid-solid contact. In
another study, Sun et al. [30] explored the
fabrication of three-dimensional CNT films on
patterned silicon substrates, examining the effect of
nanotube orientation on the surface wettability. The
study revealed that the alignment of the CNT arrays
had a significant influence on the surface's wetting
properties, enabling a wide range of wettability,
from hydrophilic (CA < 30°) to superhydrophobic
(CA > 150°), depending on the CNT orientation and
spacing. This work highlighted the potential of
anisotropic microstructures in controlling surface
energy and tuning wettability for a variety of
applications. Jiang et al. [31] further refined the
fabrication of ACNT films by modulating the
microstructural features, such as pillar spacing, to
achieve transitionable wettability states. By
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adjusting the pillar spacing from 6 pm to 20 pm,
they produced films with varying contact angles,
from hydrophilic (22,2°) to superhydrophobic
(>163°), and demonstrated excellent sliding
properties (sliding angles < 5°). The CNTs were
grown using CVD on silicon templates and
scanning electron microscopy (SEM) and atomic
force microscopy (AFM) analyses revealed the
nanotubes' hexagonal and honeycomb-like
microstructure. This work emphasized the role of
three-dimensional anisotropy and air entrapment in
enhancing surface hydrophobicity, far exceeding
predictions made by the Wenzel and Cassie models.

Layer by layer deposition. This technique is a
highly adaptable and cost-effective method for
fabricating coatings with precisely controlled
chemical composition and nanostructure [32]. By
sequentially depositing oppositely charged or
complementary materials—such as polymers,
nanoparticles, or biomolecules—this technique
enables the formation of multilayer films with
tunable thickness and tailored functionality. Its
mild, aqueous processing conditions make it
suitable for coating a wide range of substrates,
including complex, non-flat, and large-area
surfaces, ensuring conformal coverage even on
highly irregular geometries. The modular nature of
LbL allows for the incorporation of diverse
materials, resulting in multifunctional coatings with
applications spanning anti-corrosion, biomedical,
energy, and environmental fields. Moreover,
advancements in scalable deposition methods have
expanded its industrial potential, making LbL
assembly a powerful platform for designing
advanced, sustainable coatings tailored to specific
performance requirements [33]. This method
involves sequentially depositing alternating layers
of materials, such as polymers, nanoparticles, or
other hydrophobic agents, to form hierarchical
surfaces that enhance water repellency. Sutar et al.
[34] the fabrication of robust self-cleaning
superhydrophobic coatings by depositing polymer
layers on candle soot surfaces. This approach
combined the hierarchical structure of soot with a
polymer layer to improve durability and self-
cleaning properties, making it suitable for oil-water
separation and industrial applications.

Sol-gel methods. The sol-gel methodology for
fabricating superhydrophobic coatings represents a
sophisticated  chemical  approach  wherein
precursors (typically metal alkoxides) undergo
sequential hydrolysis and condensation reactions to
transition from a colloidal solution to an
interconnected network, while simultaneously
incorporating both low surface energy components

(such as fluoroalkylsilanes, long-chain alkyl groups,
or silicone derivatives) and hierarchical surface
roughness features (achieved through template-
assisted processing, nanoparticle incorporation,
phase separation, or layer-by-layer deposition),
which can be applied via dip coating, spin coating,
or spray techniques and subsequently modified
through thermal curing, chemical vapor treatment,
or plasma processing to enhance durability and
functionality;  despite  challenges including
mechanical resilience, long-term stability,
scalability, and environmental concerns (addressed
through reinforcing nanofillers, UV-resistant
additives, industrial process optimization, and
fluorine-free  alternatives, respectively), this
versatile platform continues to evolve with recent
innovations in self-healing capabilities, stimuli-
responsive wettability, optical transparency, and
multifunctionality, thereby maintaining its position
as an indispensable approach for creating surfaces
with precise control over chemistry and topography
at the nanoscale for applications ranging from self-
cleaning surfaces to anti-icing, anti-corrosion, and
anti-fouling technologies.

Lu et al. [35] explored the superhydrophobic
properties of a bulk material prepared using epoxy
resin and hydrogenated silicone oil (PMHS)
through a sol-gel method. The material was formed
by combining various reagents, followed by
ultrasonic dissolution, refluxing, drying, and
polishing to enhance its surface roughness. Analysis
showed that nanoparticles of 50-100 nm played a
key role in achieving superhydrophobicity, with
polishing increasing the water contact angle from
133° to 152°. Thermal tests demonstrated durability
up to 300 °C, with optimal hydrophobic properties
achieved at 100 °C, where the contact angle reached
161°. The material also displayed excellent
repairability, regaining hydrophobicity after surface
damage and polishing. With its durability,
recoverability, and hydrophobic performance, this
material has promising applications in fields like
self-cleaning, corrosion protection, and oil-water
separation.

Covalent functionalization. This is a critical
strategy in the development of durable
superhydrophobic coatings, enabling chemical
bonding between hydrophobic agents and substrate
surfaces. This approach enhances the mechanical,
chemical, and thermal stability of coatings while
ensuring long-term functionality under harsh
conditions.

Zhang et al. [36] prepared carbon nanotubes
(CNTs) grafted with silica nanoparticles to create
CNTs-SiO; hybrids, which were incorporated into
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an epoxy matrix using a one-step spraying method.
The resulting superhydrophobic coating achieved a
water contact angle of 159,3° when the ratio of
CNTs to SiO; was 1:3. The entwined CNTs-SiO;
hybrids created a micro-nano hierarchical structure,
enhancing water repellency and providing good
mechanical durability and chemical stability.
Additionally, the coating demonstrated significant
photothermal conversion capabilities, delaying
water freezing and efficiently melting ice under
laser irradiation

Physical treatment. Physical treatments for
superhydrophobic coatings involve methods to
enhance surface roughness, durability, and
functionality [37]. Abrasion followed by heating
can restore hydrophobicity through self-healing
mechanisms, with coatings regaining high contact
angles and low sliding angles after degradation

cycles. Micropatterning via physical friction,
combined with annealing and chemical
modifications, creates multifunctional

superhydrophobic surfaces with enhanced anti-
corrosion and anti-adhesive properties [26]. Liquid
Flame Spraying (LFS) efficiently produces
nanostructured coatings on large surfaces using eco-
friendly processes. Electrochemical anodization
generates nanotube structures that improve
hydrophobicity when combined with surface
chemical modifications. Additionally, integrating
physical structuring with chemical repair techniques
enables the development of self-repairing surfaces
resistant to environmental damage [38]. These
treatments are essential for applications such as
medical devices, corrosion protection, and self-
cleaning technologies.

Combination of bottom-up and top-down
approaches. The integration of bottom-up and top-
down approaches in the fabrication of
superhydrophobic coatings provides an effective
strategy to address the inherent limitations of each
method when applied independently, enhancing the
overall performance and applicability of the
resulting surfaces. Bottom-up techniques, such as
sol-gel processing and layer-by-layer assembly,
enable precise control over chemical composition
and nanoscale structuring, forming a foundation of
finely tuned surface properties. In contrast, top-
down methods, including laser texturing and plasma
etching, introduce controlled micro- and macro-
scale roughness, essential for achieving the
hierarchical surface topography critical to
superhydrophobicity. By  combining these
approaches, such as applying sol-gel coatings onto
pre-textured substrates or employing physical
structuring as a post-treatment to chemically

assembled layers, researchers can engineer surfaces
with multi-scale roughness, significantly improving
water repellency, durability, and functional
efficiency. This hybrid methodology also allows for
tailored material compatibility and optimized
process parameters, though it requires careful
consideration of sequencing, substrate selection,
and scalability to ensure practical implementation
[39].

Fabrication and Scalability Challenges.
Despite significant progress in the development of
superhydrophobic  coatings, their widespread
application is limited by technological, operational
and environmental factors. Although high-precision
top-down methods such as laser ablation are
reliable, they are expensive and have a low
throughput. Bottom-up approaches (e.g. sol-gel) are
more scalable but often have inferior structural
integrity [40]. Material incompatibility remains a
significant barrier, as the need for specialized
substrate preparation and the use of adhesives that
increase surface energy can reduce hydrophobicity
[41].

Financial barriers include the high cost of
initial components and inefficient processes such as
photolithography. Under real-world conditions,
coatings lose effectiveness when in contact with oils
or surfactant-containing solutions, and when
condensation occurs below the dew point,
destroying the air gap. The lack of uniform testing
standards for wear, penetration and weatherability
makes it difficult to compare data [42].

Environmental risks are associated with the use
of fluorine-containing compounds that are toxic and
have low biodegradability [43], as well as with
waste generation when coatings are applied using
non-uniform methods. Over 50% of commercial
products are designed for materials with natural
roughness, such as fabric, wood and paper, while
coatings for metals and glass remain rare.
Additionally, the temperature instability of most
coatings limits their versatility [44].

Conclusion. Addressing the durability
challenges of superhydrophobic surfaces requires a
multifaceted approach that integrates several
innovative strategies. Self-healing capabilities
utilizing responsive polymers and microcapsule-
based healing agents offer promising solutions to
maintain surface integrity despite mechanical
damage. Biomimetic engineering principles,
particularly those derived from resilient natural
models such as Salvinia molesta, provide valuable
design insights for creating more robust water-
repellent structures. The establishment of a cross-
sector collaborative framework with standardized
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testing protocols has proven essential for bridging
the gap between Ilaboratory innovations and
commercial  applications.  Ultimately,  the
widespread adoption of  superhydrophobic
technologies hinges on achieving an optimal
balance between performance metrics, production
economics, and environmental sustainability. A
challenge that requires continued interdisciplinary
cooperation among materials scientists, engineers,
and industry stakeholders to overcome current
limitations and unlock the full potential of these
remarkable surfaces. Superhydrophobic surfaces
represent a transformative technology with
applications spanning multiple industries. Ongoing
research continues to advance, and the integration
of  superhydrophobic  surfaces with other
technologies promises to unlock even greater
possibilities, driving progress in fields from
healthcare to energy. Future developments may
include surfaces that adjust their properties in
response to environmental changes, such as
temperature or pH. This adaptability could open
new possibilities in fields like medicine and
advanced manufacturing. Combining
superhydrophobic surfaces with sensors or energy
harvesting devices could create multifunctional
materials. For instance, a surface that repels water
while also  generating  electricity  from
environmental  vibrations offers exciting
possibilities for smart technologies.
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IOn II., Bakaan J.B. Orasa TexHoJorii
BUTOTOBJIEHHSI CynepriipogoOHnX MOKPUTTIB

Cynepeiopogobui  nosepxui cmaiu KiO408UM
HANpsAMKOM  cy4dcHoeo  mamepianosnaecmea. L
NOBEPXHI BUPI3HAIOMbCS VHIKAAbHOK HOBEOIHKOK NpPU
3MOUY6AHHI MA WUPOKUM CHEKMPOM HOMEHYIUHUX
sacmocyeanb y maxkux —cgepax, AK —CAMOOYUCHI
NOKpUmMms,  AHMUKOPO3IUHUL ~ 3AXUCH,  3MEeHUEeHHs
710606020 0NOpY, MexHoN02ii 6opomvobuU 3 0OMEP3AHHAM
ma po3dinenusn nagpmu i 600u. Hamxuenni npupoonumu
MOOenAMY, MaKuMu AK JUCMsA J0mocd, 8000pi3u ma
Salvinia molesta, yi nosepxui noconyroms mamepianu 3
HU3LKOIO  NOBEPXHEBOI0  eHeplielo 3  IEpapxiuHolo
MIKDO/HAHOCMPYKMYPOIO 011 OOCACHEHHs — KYMmig
KOHmakmy 3 600010, wo nepesuwyiomo 150° Il
080UAPOBA WOPCMKICb YMPUMYE NOGIMPIAHI KUUEHI
nio Kpanuimu 800u, 3abesneuyrouu «egexm iomocay,
KON Kpanii CKOYYIOMbCA 3 NOBEPXHI, 6UOANAI0UU
3a6pyonenns. Pospobra cynepeiopogobrux nokpummie
0CcoOIUBO BAJICIUBA 8 KOHMEKCmi KOpOo3il Memalis,
OCKIIbKU eKOHOMIYHI ma eKoI02iuHi hakmopu cmeopuiu
nonum Ha OesneyHiwi ma CMIUKIWI albmMepHAmusu.
byno pospobneno wupoxuil cnekmp  mexHono2iu
BUCOMOGNCHHS, SKITOUAIOYU HUSXIOHI Memoou, maxi AK
aasepua abasyin i mpaenenHs, i GUCXiOHi cmpameeii,
Maxi K 3071b-2elb 0CAONCEHHS | XiMiuHe 0CA0X*CeHHA 3
eaz060i ¢pasu. OOHax Oazamo nioxodie o0bMediceHi
cKkaaduicmoo,  eapmicmio, macwmaboganicmio  abo
BNAUBOM HA HaBKOAUuwHE cepedoguwe. Kpim moeo,
npaKxmuuHe 3aCMoCy8aHHA YUX NOKPUMMIe noe'sasaue 3
npobaemamu 006208IMHOCMI, CYMICHOCHMI Mamepiais,
NPOOYKMUGHOCHI NI 6NIUBOM €KONOSIUHUX Cmpecie ma
BUKOPUCMAHHA (DMOPOBAHUX CHOJYK, AKI CMAHO8IAMb
eKoNociuni  pusuxu. Y yvomy 02180  KPUMuiHo
NpOAHANi308AHO CYYACHI MemOoO0a02l BUCOMOBIEHHS

cynepeiopogoonux nosepxonv. OyiHIOIOMbCA OCHOBHI
npUHYUNU, nepesazu ma O0OMedlCeHHs Yux mMemoodig 3
MOYKU 30pY MEXAHIYHOI MIYHOCMI, MACUMAO08AHOCMI
ma eumoe 00 KOHKpemuux 3acmocyeams. Ocobaueutl
axkyeum 3pobaeno Ha saxfcIusocmi
bazamomacumabno20 CmMpyKmMypy6aunHs NOGepXHi ma
8ubOpY 2I0POdOOHUX, HUZLKOCHEPLeMUYHUX MAMEPIANié
0151 CMBOPeHHs (PYHKYIOHANbHO CMIUKUX NOKPUMMIG.
Kpim moeo, 6 pobomi 0Oocnidscyiomvcss 0OMedHcenHs.
HOMOYHUX CMAHOAPMIE MeCMY8AaHHsL | NPUNYCKAEMbCS,
wo yHigixosana cucmema OYiHKU MEXAHIYHO20 3HOCY),
cmitikocmi 00 HABKOIUUWIHLO2O — cepedosuya i
2I0podobHO20 YMPUMAHH MAE 8ANCIUGE 3HAUEHHS OISl
NPUCKOPeHHsl nepedaui mexHonoeii 6io0 aabopamopii 00
npomuciosoeo macwmady. Oeas0  6uUCsimae HOBI
cmpameeii, maki Ak~ OlomimMemuyHuil  OU3AlH,
BUKOPUCMAHHS MAMePIanie, Wo CamoBiOHOGIIIOMbC,
ma inmezpayisi  cynepziopogobHux nOKpummie 3
bazamoghynryionanbHumu MEXHON02IAMU 5K
NePCneKmuBti Matubdymui HANpAMKU. 3pewmoro, YChnix
MexHoN02it cynepiopooOHUX NOBEPXOHb 3ANEHCUND
8I0 MINCOUCYUNTTHAPHUX 3YCUTb, WO 30ATAHCOBYIOMb
HOKA3HUKU NPOOYKMUBHOCMI 3 €KON02IUHOI0
BIONOBIOANLHICIIO MA eKOHOMIYHOI OOYLTbHICMIO O
PO3KpUMMISL IXHb020 MPAHCHOPMAYIUHO20 NOMEHYIANY 6
PI3HUX CEKMOpax.

Knrouosi cnosa: cynepziopogobni nokpummsi, Kym
3MOYYBAHHA, 3MOYYEAHICMb NOGEPXHI, WOPCMKICMb
nosepxHi, 60008I0UIMOBXYBAbHI 61ACMUEOCT, MEMOOU
BUCOMOGIECHHSI.
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