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ENHANCING OPERATIONAL EFFICIENCY IN INDUSTRY 4.0:
A PREDICTIVE MAINTENANCE APPROACH

Abstract

Advancements of Industry 4.0 has revolutionized manufacturing operations, among them predictive
maintenance (PdM) acts as one of the most demanding approaches. It effectively optimizes maintenance schedules
and ensures efficient and uninterrupted work. Article provides a comprehensive literature review, offering insights
into theoretical foundations, historical developments, and practical applications of predictive maintenance. The
methodology section explains the research approach in detail, focusing on the development of a MATLAB-based
code to generate the predictive model in accordance with the remaining useful life of the machine. Exploration
into the application of PdM is made through the establishment of Bayesian Inference model informed by Pearson
correlation analysis. This study underscores the possibilities of predictive analytics in enhancing operational
accuracy and effectivity across various industries. As the demand for reliable manufacturing processes continues to
grow, the findings of this research offer insights into the development of advanced PdM strategies and achievement
of operational excellence in terms of smart manufacturing.

Key words: predictive maintenance (PdM), remaining useful life (RUL), industry 4.0, reliability.

Introduction

Over the past few years, our world in terms of technology has significantly changed, with the
great contribution from the Fourth Industrial Revolution (Industry 4.0). It introduces a completely
new approach to manufacturing operations, that is mainly based on the massive introduction of
information technology, large-scale automation, and emergence of artificial intelligence. Many
studies show that the concept of Industry 4.0 is directed to reduce expenditures, effectively manage
resources, and increase the production time and quality [1].
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The high level of competitiveness encourages companies to develop effective enterprise
strategies, shift from traditional manufacturing methods into smart manufacturing. Smart factory
is defined as a factory, where each equipment is linked over the Internet to exchange data with
each other, thus providing full representation of operations and achieving safe, faster, and efficient
control [2]. One of the key branches in the context of this approach, is predictive maintenance. This
is becoming an inevitable tendency for many companies, as it provides a reliable solution for the
management of equipment’s “health status” [3]. Predictive maintenance models are mostly used as
tools for early detection of anomalies. Thorough analysis of relevant data from critical equipment,
detection of correlations between sensors, usage of historical data and visual analysis can provide a
clear schedule and reduce unnecessary maintenance costs [4].

Companies from a wide variety of economic sectors and industries — be it oil and gas, metallurgy,
food and beverage production, etc. — are actively seeking to modernize their production facilities
with the introduction of digital technologies. They are particularly interested in the use of predictive
analytics to anticipate future failures and optimize work processes, as the tendency shows that the
traditional methods apply only after a failure occurred [5]. Current situation in Kazakhstan, especially
recent news, show that country’s facilities do not have any specific maintenance strategy. In example,
the situation in thermal power plant in Ekibastuz. The high level of equipment wears and no clear
maintenance, repair, and overhaul strategy, have led to a large-scale accident, which left most of the
city without heat supply at air temperature down to minus 30 degrees [6]. This example is a great
proof that the plants need to be modernized and digitalized.

Overall, the topic of predictive maintenance is not new. The bibliometric analysis of the Scopus
database shows that there have been published research works from the 1980s. Figure 1 indicates
that the analysis has yielded a comprehensive collection of 20 187 scholarly documents, with the
growing trend. This means that with each year, interest towards this field of study has become more
popular. Analysis of documents by subject area shows that a quarter of articles contributed to the field
of engineering, while medicine and computer science occupy about 15% each.

Documents by year Documents by subject area

2500
00

[T

Doturments
£
K

Figure 1 — Bibliometric Analysis
Literature Review

To uncover foundational theories and pivotal studies on the topic of predictive maintenance,
exploration of the vast landscape of scholarly research is made in the section of literature review.

In the article [7], authors provide a systematic review on PdM application within Industry 4.0
across different manufacturing sectors. The main object of the study is to categorize maintenance by
solutions and identify impact on operational efficiency. Researchers were able to determine that the
data-driven applications are most common, which was proven through increasing interest in recent
years in sectors, such as machinery, equipment manufacturing etc. Zhang et al. conducted a survey on
the methods of predictive maintenance, which are model-based, knowledge-based, and data-driven
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prognosis [2]. Various factors, such as technological readiness, practical implementation, prove that
the data-driven method is the most efficient as well as, the most widespread method in terms of PdM.
This approach is based on analysis of historical and real-time data from sensors to further identify the
patterns that show potential failures [8].

Article [9] showcases general overview of predictive maintenance. Authors explained in detail
the life cycle of the solution implementation. Figure 2 demonstrates that the process initially starts
with data collection (gathering necessary information), data pre-processing (determining relevant
data), and model training for further establishment.

/ Data collection \

Train model Data pre-processing

Figure 2 — Lifecycle

The main purpose of PdM is to reduce expenses by minimizing the time of repair, and by
avoiding unnecessary maintenance works [10]. In terms of this perspective, Lie et al. outlines that
prediction recognizes the failure with focus on identifying the leading cause of the fault to avoid
similar problems in the future [11]. Analysis of healthy and unhealthy states of machines is helpful
for fault prognosis for prediction of remaining useful life (RUL) [12]. RUL is an index for estimating
the time left before an equipment reaches the end of its service [13].

In the work of “Challenges and Opportunities of Condition-based Predictive Maintenance:
A Review”, authors outline that PAM makes the balance between costs of maintenance and
performance [14]. Maintenance is scheduled in accordance with the measures such as efficiency,
productivity and remaining useful life (RUL). Zuo et al. established that the physical composition of
machines and its failure patterns are closely linked, thus serving as a basis for preventing unexpected
issues [15].

There have been many case studies regarding the application of predictive maintenance.
One of the examples is the Rolls-Royce company, known for their production of aircraft engines.
Implementation of forecasting techniques through the usage of digital platforms, helped company in
preventing delays by controlling maintenance requirements [16]. Another great example is Hyundai
Motors, the world’s largest manufacturer. The company mainly uses artificial intelligence (Al)
to determine vehicle failure based on the sensor detection system, which analyzes vibrations and
therefore identifies engine abnormality [17]. The system has been proven to be effective, as the
experiment results showcase that the accuracy rate from experts was nearly 9%, while the accuracy
of the Al was approximately 10 times bigger [18].

Overall, research papers related to the current topic demonstrates that the trend for predictive
analytics is positive and many manufacturing companies show interest in implementing this kind of
technologies on their plants.

Methodology

The implementation process of PAM model on a real plant may take up to 6 months in terms of
duration, due to internal processes, such as data preparation, pre-modeling, model training, project
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execution, service, and maintenance. For much newer plants this may take much longer, because it
is necessary to have a historical database with equipment’s operation properties. The general project
implementation process is shown on the figure below.

Table 1 — Roadmap of the project

Ne Stage
1 Data Acquisition

Plant documents (P&IDs)

Historical database backup

Alarm list

Maintenance logs, reports

2 Database Preparation

Data integrity check

Data clean-up

Correlation matrix calculation

3 Pre-modeling

Equipment definition

Healthy periods & validation periods identification

4 Data Modeling & Training

Modeling based on identified training periods

Model validation

5 Results presentation

Data analysis document

Identify potential quick wins and actionable insights

6 Project Execution
7 Service & Maintenance

First, the process of establishing predictive maintenance model starts with the data acquisition,
where the plant documents, historical database, alarm list etc., are gathered. During this stage data
undergoes thorough check, where corrupted data is removed, and dimensionality of the dataset is
reduced. The quality of the data directly affects the performance of the model; therefore, it is highly
important to keep only relevant information [19].

In the next stages, exploratory analysis is made on the dataset. The relevant sensors are selected
based on the correlation, which describes the time-related dependency between sensors [20]. The
sensor’s mode of operation shows a different behavioral pattern. Modes are divided into 3 categories:
1) period before a long shutdown, 2) period after long shutdown and 2) sensor failure. The figure 5
indicates how the long shutdown is represented.

The crucial factor in the application of PdM is determining correct metrics. As John Schultz,
certified maintenance, and reliability professional, said the following: “... to improve something it
is necessary to measure it, and to prove the productiveness of the program, clear and compelling
data needs to be used” [21]. Based on the analysis of the data, the most important equipment will be
chosen. Model will be built considering the historical data. The main algorithm used for the model
training is Bayesian Inference, which allows improving model with each addition of newer data [22].
The maintenance algorithms will be implemented as soon as the model is trained and validated after
thorough check.

Considering that obtaining real world datasets can be challenging, due to companies’ privacy
regulations and other reasons, a synthetic dataset is chosen for this research paper. This dataset is
designed to emulate real predictive maintenance scenarios that may be encountered in the industry.
The dataset contains 10, 000 data points with 14 features, such as temperature, torque, failure type
etc.
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Figure 4 — Dataset visualization

Figure 4 outputs the distribution of key metrics in the dataset. Regarding the air temperature,
distribution is normally distributed with a slight skew to the left, which means that there are more
observations on the lower end of the temperature range. In comparison, process temperature is more
spread out with multiple peaks. The rotational speed has a peak in approximately 1500 rpm, with
common operational speed range with variations likely due to operational demands or machine
settings. Torque displays a normal distribution, peak is at 40 Nm, with data clustering around the
center of the range.

Results and Discussion

In this research, the main programming platform for creating the predictive model is MATLAB,
which is widely used by engineers and scientists. As it was mentioned in the methodology section,
dataset is prepared and loaded into software in a CSV (Comma-Separated Values) format.

After dataset preprocessing, the Pearson correlation matrix is created, where each correlation
coefficient represents the certain relationship: 1 — displays the perfect positive linear relationship,
-1 —displays the perfect negative linear relationship, while 0 — showcases no linear relationship [23].
The output of the matrix is demonstrated in the table below.

Table 2 — Pearson Correlation matrix

Air temp Process Rotation Torque Tool wear Target
temp speed

Air temp 1.0000 0.8761 0.0227 -0.0138 0.0139 0.0826
Process temp 0.8761 1.0000 0.0193 -0.0141 0.0135 0.0359
Rotational
speed 0.0227 0.0.193 1.0000 -0.8750 0.0002 -0.0442
Torque -0.0138 -0.0141 -0.8750 1.0000 -0.0031 0.1913
Tool wear 0.0139 0.0135 0.0002 -0.0031 1.0000 0.1054
Target 0.0826 0.0359 -0.0442 0.1913 0.1054 1.0000
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According to the table 1, air and process temperature have a correlation coefficient of 0.8761,
which is a strong and positive correlation. Conversely, rotational speed and torque have a correlation
coefficient of -0.8750, this shows that as rotational speed increases, torque decreases. As the tool
wear increases, equipment tends to have a failure, which is logical. In terms of ‘Target’, in the
dataset it is a binary variable that indicates whether maintenance is needed or not. Target has positive
correlation with air temperature and torque, with torque being the most relevant predictor for the
target among all the other variables in the dataset.

X = table2array(data(:, {'AirTemperature K_', "ProcessTemperature K_', 'RotationalSpeed rpm *, ...
‘Torque_Nm_*, ‘ToolWear _min_‘}));

¥ = data.Target;|

cv = cvpartition(size(X,1), "HoldOout",8.3);

idx = cv.test;

XTrain = X(~idx,:);

YTrain = ¥Y(~idx,:);

XTest = X(idx,:);

YTest = ¥(idx,:);

BayesModel = fitcnb(XTrain, ¥YTrain, ‘DistributionMames’, "kernel');

YPred = predict(BayesModel, XTest);

Figure 5 — Bayesian Inference Model

Furthermore, the Bayesian inference model is implemented, code part of the model is shown
in the figure below. Firstly, the dataset was divided into two groups, where 70% of the data is used
for training the model, while remaining 30% would be used for testing the performance of the
model. Next, data training is accompanied by the Naive Bayes classifier, which is considered as a
probabilistic classifier that can generate accurate results [24].

accuracy = sum(YTest == YPred) / length(YTest);
fprintf('Model Accuracy: %.2f%¥¥%\n', accuracy * 100);

Model Accuracy: 96.83%

Figure 6 — Model Evaluation

To evaluate the model, accuracy is calculated. It shows that it is equal to 96.83%, which means
that the effectiveness of the model is high. Using predictive maintenance, it was possible to detect
sudden anomalies as well as slow changes of the process in systems of multiple highly correlated
sensors. Moreover, generation of early warnings for problems which finally lead to unplanned plant
shutdowns.
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Figure 7 — Prediction visualization
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Figure 7 shows the records of the equipment, there are actual values, estimated values, fault,
alarm and confidence interval. Enlarged version of is displayed in the figure 8. These figures are used
to make a better visualization of the predictive maintenance model.

— e
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Figure 8 — Enlarged version

The predictive maintenance model generates alarm around 2.5 hours earlier than failure itself
occurs. The yellow lines show the first ever alarm happens at 7:00 and at 9:04, with the failure
occurring at 9:22. Thus, the figure suggests that the predictive maintenance method works accurately.

Conclusion

Predictive maintenance is an approach that involves usage of data from intellectual sensors and
identification of patterns that indicate potential equipment failures. Application of PAM methodologies
for equipment failure prediction has proven to be a valuable and effective approach in enhancing the
reliability and performance of industrial assets.

Through a systematic analysis of failure modes, their consequences, and the implementation
of predictive maintenance strategies, this study aimed to improve the overall equipment reliability
and reduce unplanned downtime. As industries embrace advanced technologies and data-driven
approaches, the role of PdAM in equipment failure prediction becomes increasingly pivotal for
achieving sustained operational excellence.

Although many studies performed a successful job in the implementation of software, there
are still certain areas that needs more improvements. Manufacturing processes are becoming
unpredictable with a high degree of variability and uncertainty. Industrial plants require trouble-free
operation with minimum downtime. Thus, it is highly necessary for making further developments in
this field of study.

In terms of this research, there are limitations regarding the dataset and model training. For further
studies it would be better to establish a predictive maintenance model on a real-life dataset from the
working plant. Additionally, connect the predictive maintenance model or realize the prognostic
diagnosis with the high-level SCADA systems, as they are directly connected to the equipment and
monitored in their own databases.

Overall, this research paper acts as a foundation for making predictions on maintenance, repair
and overhaul works on much bigger plants. Tendency demonstrates that the interest towards this is
high and will be more in-demand in near future.
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NHAYCTPUA 4.0 OITEPAIIUAJIBIK TUIMALJIITTH KAKCAPTY:
HPEAUKTUBTI KbIBMET KOPCETY TOCLJI

Angarna

Wunycrpus 4.0 sxeTicTIKTepi NPEANKTHBTI KbI3MET KOPCETY TICUIIEPiH KaMThIFaH OHIPICTIK onepanusiiapia
TOHKepIC kacaabl. Byl o/lic TEXHUKAJIBIK KBI3MET KOPCETY KECTEJEepiH THIMAI ONTHMHU3ANMSIAY JKOHE Y3/IKCi3
JKYMBIC i1CTEYiH KaMTaMachI3 €Ty apKbIIhl MAHBI3ABI TOCUTACPiH Oipi. 3epTTey )KYMBICHIH/IA AJIIBIH aJla TEXHUKAIIBIK
KbI3MET KOPCETYAIH TEOPUSIIBIK Heri3epi, TApUXU OKUFaIapbl )KOHE MPAKTHKAIBIK KOIIAHBUTYBI TYpalibl KeIeH 1
9/1eOMeT 1I0JTy YChIHBUIFaH. OJicTeMeNiK 0emiMe )Ka0/IbIKThIH KaJIFaH KbI3MET €Ty Mep3iMiHe COlKeC MPeIUKTHUBTI
mozenb skacay yiriH MATLAB Herizinzieri KoAaTbl o3ipieyre Hazap ayaapblia OTBIPBII, 3€PTTEY TICUIl MYKHST
TYCIHAIpiaeai. AJIIBIH ana TEXHUKAJIBIK KbI3MET KopceTyai Koiiany 3eprreyi [InpcoH KoppessiuysuIbiK TanaaybiHa
HerizgenreH baifec mbFapMambUIBIFBI MOJEIIH KYPY apKbUIBI XKyprisiieni. bys 3epTrey omeparysuiblk ATk
TIeH THIMIUTIKTI 9PTYPIIi cananapaa apTTeipyaa OOmKaMIBIK aHANWTHKAHBIH MYMKIHIIKTEepiH aran etexi. CeHiMIi
OHJIIPICTIK IMPOLIECTEPTe CYPAHBIC 6Ce TYCKEH CalbIH, OYJI 3epTTEYIiH HOTIIKEIEP] TEXHUKAIBIK KbI3MET KOPCETYHiH
03BIK CTPaTErHsUIaPbIH JaMbITY YKOHE WHTEIUICKTYaN bl OHIPICTIH TYPFHICBIHAH OINEPAIMSUIBIK NISOEPIIKKE XKETy
Typajbl TYCiHIK Oepei.

Tipek ce31ep: NPeIUKTUBTI KBI3MET KOPCETY, Maialbl KbI3MET Mep3iMi, HHAycTpus 4.0, ceHIMIUTIK.
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VAYUIHIEHUE ONEPAIIMOHHON DY®®EKTUBHOCTHU B UHIYCTPHH 4.0:
nmoaxoa NPEAUNKTUBHOI'O OBCJHYXKUBAHUSA

AHHOTAUA

Jocrmwkenns nHAyCTpuH 4.0 IPOU3BEIN PEBOTIOIHIO B TPOU3BOJACTBEHHBIX OTEPAIHIX, CPEIH KOTOPHIX MIPH-
CYTCTBYET METOZ IIPEANKTUBHOTO OOCTyKiBaHHA. JIaHHBIA METO] BBRICTYIIAeT OTHUM M3 HanOoIee TpeOoBaTeIhHBIX
MOAXOMOB 3a cueT A(P(PEKTUBHONW ONTHMU3ALNHU T'PAPUKOB TEXHUIESCKOTO OOCTYKMBAaHUSI U 00ECIICUeHHs IPOIYK-
TUBHOH U OecriepeboiiHoii paboThl. B cTaThe mpeacTaBieH BCECTOPOHHMM 0030p JIUTEpaTyphl, NAIOIIUN MPEICTaB-
JICHHUE O TCOPCTUYCCKUX OCHOBAX, HCTOPHUCCKUX COOBITHSIX U MPAKTHYCCKOM MPUMCHEHUH MTPOTHO3HOTO 00CITYKH-
BaHUs. B pasjiene MeTomonoruu mogpoOHO OOBICHSACTCS MOAXOMA K MCCICIOBAHUIO, VACTICTCS 0C000C BHUMAHUE
paspabotke xona Ha ocHoBe MATLAB uis co3manus MporHO3HON MOJIEIH B COOTBETCTBHH C OCTABIITHMCS CPOKOM
ciryx0561 00opynoBanus. VccrnenoBanne MpUMEHSHHS TPEIUKTHBHOTO OOCITYKUBaHHS TIPOBOIUTCS IIyTEM CO3aHUS
MoJienu baliecoBCKOTO BBIBOJIa, OCHOBAHHOM Ha KOPPEJAIIMOHHOM aHanu3e [Iupcona. DTo nccienoBanme momauep-
KHBACcT BO3MOXHOCTHU HpOI‘HO3HOﬁ AHAJIUTHUKU B ITIOBBILLICHUHN OHCpaLIPIOHHOﬁ TOYHOCTHU U B(b(l)eKTI/IBHOCTI/I B pas-
JTUYHBIX oTpaciisix. [TockonbKy cipoc Ha HaJle)KHbIE TPOU3BOJICTBEHHBIE ITPOIIECCHI MPOAOKAET PACTH, PE3YIbTaTh
9TOTO MCCIICOBAHUS TAIOT MPEICTABICHIE O pa3pabOTKe MEPEIOBBIX CTPATETUI MPEITUKTUBHOTO OOCITYKHBAHUS U
JIOCTHYKEHUH OTICPAIIHOHHOTO COBEPIICHCTBA C TOYKH 3PEHISI HHTEIUICKTYaIBbHOTO MIPOM3BOACTBA.

KuroueBble cjioBa: TPEIUKTUBHOE OOCTYy)KMBaHHE, CPOK IIOJIE3HOTO HCIONB30BaHUA, HHIycTpus 4.0,
HAJICKHOCTb.
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USE OF IMMERSIVE TECHNOLOGY FOR DIGITAL
HEALTHCARE PRODUCTS DEVELOPMENT

Abstract

Active use of immersive technologies in medicine. The development of IT leads to the emergence of new
digital products that are actively used in medicine. Further development leads to the transfer of some medical
services to the metaverse — the concept of Metahospital is formed. This article provides a systematic review of
research to determine the prevalence and current state of the use of immersive technologies for the development
of digital health products. Studies from leading scientific databases were reviewed. The results show that research
interest in the use of immersive technologies in medicine has increased significantly over the past ten years, peaking
during the pandemic. Immersive technologies are the most common types of technologies used in medicine for
training, practical training, telemedicine, and diagnostics. In addition, our own software product is described — a
coronary artery stenting simulator using virtual reality technology. A description of the model and the results of a
survey on the effectiveness of using immersive technologies among medical school students are provided.

Key words: Unity, eXtended reality, immersive technology.

Introduction

Safe teaching practices for medical students are important for both patients and students. This
allows you to develop the necessary skills required when working with patients. Of course, depending
on the profile of the physician, the set of skills may vary, but the most common ones are presented
in Figure 1 (p. 20).

There are 9 general skills that are necessary for medical staff: communication, critical thinking,
technical competence, meticulousness, teamwork, flexibility, empathy, ethical awareness, teamwork.
Under perfect conditions all of these have to be developed equally however in real life only some
of them are obtained during studying. The most general and common skill is communication.
Medical workers need to communicate effectively with patients, their families, and other members
of the healthcare team [1]. This includes active listening, empathy, and the ability to convey
information clearly and compassionately. Nowadays is complicated to provide medical students with
communication skills in a real environment due to many reasons including patient’s reluctance to
speak with students, privacy of personal information, improper studying program with no content on
communication.

Another important skill is critical thinking [2]. Sharp critical thinking allows medical professionals
to analyze information, make sound judgments, and solve problems effectively. This is vital for
accurate diagnoses, treatment plans, and handling emergencies.
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Figure 1 — Medical students’ skills set

Also, each medical role requires specific technical expertise [3]. Doctors excel in diagnosis and
treatment, while nurses expertly manage patient care, medication administration, and procedures.

Healthcare is a field where precision is paramount. Medical workers meticulously [4] pay
attention to detail to ensure accuracy in recording information, administering medications, and
following treatment protocols.

Working in team is crucial, as doctors usually work in collaboration with each other to make a
diagnosis and treatment prescription as accurate as possible. Effective collaboration is key, requiring
open communication, information sharing, and working together to achieve shared goals with saved
individual responsibility [5].

The healthcare landscape is constantly evolving. Medical professionals need to be adaptable and
flexible [6], adjusting to new protocols, technologies, and patient populations.

Ethical awareness is crucial [7]. Medical workers must uphold ethical principles and standards
in interactions with patients and colleagues. This includes patient confidentiality, maintaining
professional boundaries, and advocating for patient rights.

Illness and injury can be emotionally taxing. Medical workers demonstrate empathy and
compassion, showing sensitivity to the physical and emotional needs of those they care for.

Multiple tasks and responsibilities often come with limited time. Effective time management
allows medical professionals to prioritize tasks, stay organized, and deliver care efficiently. In
common all of these skills are necessary for a medical professional.

Literature review

The Metahospital concept in the Metaverse represents an innovative view of medicine and
healthcare based on the use of advanced digital technologies in treatment, patient communication
and education. Metahospital integrates various digital technologies such as artificial intelligence,
augmented reality, virtual reality, mixed reality, cloud computing, blockchain and 5G/6G wireless
networks. The main aspects of such a metahospital include:

¢ Application of advanced technologies such as nanomedicine, quantum medicine, molecular
reconstruction of cells and others.
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+ Telemedicine, providing immediate provision of services using immersive reality technologies
and artificial intelligence.

+ Digital doctors and artificial intelligence providing instant consultations and diagnostics.

+ Use of artificial organs and tissues to solve the problem of organ deficiency.

+ Genetic optimization to prevent hereditary diseases and improve physiology.

+ Consideration of ethical issues related to confidentiality and potential negative consequences.

For example, research by Zeng and colleagues [8] considers various scenarios for the use of the
metaverse in medicine, from surgical treatment to cancer rehabilitation. Cerasa et al [9] propose the
use of the metaverse in the treatment of mental illness. The Gruson Group explores the possibilities
of laboratory medicine in the Metaverse.

Successful integration of the metaverse and metamedicine laboratories requires additional
training and education from scientific societies, educational institutions, and laboratory medicine
professionals. Additionally, continued research and large-scale testing are necessary to fully
understand the potential of these innovative approaches in medicine.

Despite the development of different versions of metaverses many young surgeons still often
learn by observing the operations of more experienced colleagues or participating in them as observers
and trainees. However, some countries and institutions are introducing digital simulations to provide
additional practice opportunities for students.

The paper presented by Li [10] examines the promising application of virtual reality simulation
in medicine. The approach described in the paper is based on creating an environment based on
patient data, which facilitates real-life operations. The system interacts directly with clinical data and
recreates a model of the heart, providing haptic feedback for realistic training.

Another interesting example presented by Mishvelov [11] also uses patient data to create mixed
reality layers that facilitate surgical procedures. This application allows surgeons to work with MRI
images of the patient’s organs in real time, which significantly increases the efficiency of surgical
interventions.

The prototype application developed by researchers [12] combines the reconstruction of organ
models with the operation of surgical instruments, providing quick access to necessary information
and increasing the efficiency of preoperative planning.

Additionally, a paper by Regrebusbly [13] presents a simulation system for training in dual
interventional cardiac catheterization, allowing students and junior surgeons to master complex
procedures without risk to patients.

Many medical schools create their own simulators and use a wide range of platforms and
applications such as Epocrates, Medscape, Touch Surgery, Orcanhealth and others [14—17]. These
tools not only support training, but also provide healthcare professionals with access to relevant
information and tools to improve the quality of care.

Conjunction of two ideas provides interaction of many people [18] within one digital space and
improve the learning outcomes as this experience feels real and tangible.

Some of the works [19] demonstrate necessity of improved mechanisms for accessibility,
infrastructure limitations, and maintaining student engagement. As them tend to make these virtual
simulations a promising tool for the education.

Authors suggest more careful observation and integration of virtual reality and other modern
tools as despite a great potential in telemedicine, but it is still crucial to avoid depersonalization and
loss of connection with a real world [20].

Also, in case of medical education it is substantial to adopt technology and approach in a proper
manner, including specific learning objectives and student needs [21].

In this work we propose the existing concept of metahospital at International information
technology university, Almaty, Kazakhstan.
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Figure 2 — Metahospital’s structure

At IITU the Metahospital concept was created to unify several projects into one general idea.
The previous experience of authors in virtual laboratory works development and rapid acceleration
of the virtual reality and the sphere as whole nowadays has forced many researchers and creators to
the definition of new ideas and meanings under metaverse scope. The proposed idea of metahospital
consists of 4 parts as shown in figure 2. Each of them provides user with ability to progress certain
skill. The concept has simulator module that is dedicated to the surgery simulations, knowledge base
where user can study certain concepts or anatomic issues, then goes module for the communication
skills training. It makes it possible to talk with virtual avatars that behave as different patients’ type.
And the last option is diagnostic tool for the cognitive decrease tracking and early diagnosis of the
Alzheimer’s disease using specially developed, and VR adopted tests.
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Figure 3 — Angioplasty and stenting simulator component diagram
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The simulator contains 3 main components: blood flow model, VR interaction and the stenting
simulator logic itself as shown in figure 3. The blood flow model for this case describes the motion
of the blood at different velocities of fluid based on the geometry of specific artery. In math terms
viscous flows are described using Navier-Stokes equations. The project observes specific case a
constantly flowing, compressible fluid with some internal friction (viscous). It’s accepted that the
flow moves along x-axis, and during the motion meets some separation points using Runge-Kutta
approach. The math model domain is described in figure 4. The blood flows from the inlet boundary
through the artery and exits from the outlet. Artery’s diameter at the inlet is around 6.3 mm, with the
length equal to 10 mm.

Figure 4 — Math model domain for the blood flow
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Where and -velocity by X and Y axis, -density, P — pressure and v-viscosity.

The VR interaction within the simulator is defined using Meta tools for Unity engine the more
details on them are given in Methods and Tools section. However, the more specific communication
of the user and environment is defined using scripts that were written by authors.

The stenting simulation is crucial module of the project. Basically, it has two areas for the
definition. The first is the procedure of the stenting including the algorithms for the tissues, patient’s
bahaviour, interaction between tools and the user as well as the environment which includes secondary
objects as Ul elements, audio sources etc.

Materials & methods
By now there is simulation of the stenting procedure and mathematic blood flow model. The

implementation of the project in VR is done based on Unity game engine, using XR Meta packages
that provide basic interaction within the VR scene. The choice is based on the availability of Meta
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Quest 2 HMD at the university, while the picking of Unity is based on its cross-platform deployment
feature and wide support among different VR devices producers. For the logic implementation C#
programming language is used. The mathematical model was solved using Python.

Results and discussion

For now, the project goes through the stage of merging of all the elements of the metahospital
concept. In the figure 5 there is a view on a user’s scene where a person can conduct the operation.
The scene consists of the user’s avatar, the operation room and required tool set. Along with this
equipment user’s view is provided with screens of the patient’s monitor and the coronarography
screen where the user can see where his tools are situated in the patient’s coronary system.

a) General scene view b) User’s view of the scene

Figure 5 — The scene view of the simulator

The scene is also provided with an instruction guide in the bottom of the user’s view to make the
order of procedures to complete the surgery.

To study the demand for similar applications author’s conducted survey among medical students
at medical school at Shoqan university. The school is provided with different physical simulators
that allow to obtain practical skills however along with that they do use VR for emergency block
and some other specifications. Also, they have special communication application with different
characters having specific anamnesis and diagnosis that should be defined by the student by the end
of the interaction.

The survey has shown that even the people that are familiar with technology and have access to
equipment and devices do not use it in a full range. However as shown in Figure 6 students evaluate
use of VR in surgical studying (62.5%) as useful and find it most profitable for surgery practicing.

Which spheres of medicine you find the most appropriate for the use of Virtual Reality in studying and
training

Additional information
@ Ssurgery

o A
. Reanimation

@ Diagnosis

. Others

Figure 6 — Answer of the students on question “Which spheres
of medicine you find the most appropriate for the use
of Virtual Reality in studying and training?”
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Though the use and development of VR application for medical studying provide students with
“presence sense” it is also important to consider changing in an educational program. 50% of asked
students answered that educational program should include special time slotted for the use of the
simulator.

Conclusion

The use of immersive technologies in the development of digital healthcare products has the
potential to significantly improve the quality of care and increase patient satisfaction.

Immersive technologies such as virtual reality complement traditional treatment methods
by allowing clinicians and patients to interact with data and information in a more visual and
understandable way. These innovations not only improve training for medical personnel, but also
help patients better understand their conditions and treatments, which can lead to more effective
health management and reduced risk of complications.

However, to successfully integrate immersive technologies into digital health products, it is
necessary to continue research, develop standards, educational programs and regulation, and ensure
that these innovations are accessible and safe for all users. Overall, the promise of immersive
technology in digital health products promises significant advances in medicine and improved quality
of life for patients.
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Xanbikapanslk AKnaparTeiK TexHomorusiap Yausepcureti, 050040, Anmartsl K., Kazakcran

CAHJABIK AEHCAYJIbIK OHIMIEPIH 93IPJAEY YIITH UMMEPCHUBTI
TEXHOJIOTUAJIAPABI TAUJAJIAHY

Angarna

MenuiHaaa HMMMEPCHBTI TeXHOJOTusulapabl Oencennai kommany. AT namybl MenuuuHazga OeliceH/l
KOJIAaHBUIATBIH JKaHa LUQPIBIK OHIMIEpAIH MNaijaa OoiyblHa oKeje[l. Opi Kapall AaMy HOTIIKECiHAE Kenoip
MEIMIMHAIIBIK KBI3METTEP/Ii METaajieMre KeIlipijin, MeTaeMxaHa TY)KbIPbIMJIaMachl Kanblnracaiasl. by makana
JCHCAyJBIKKA apHAIFaH U (PIIBIK OHIMACPI 93ipIIey YIiH HMMEPCHBTI TEXHOJIOT UsLIap bl KON AaHYIbIH Tapaybl MEH
arbpIMJIAFbI JKaFJallblH aHBIKTAY YLIIH 3epTTeylepre xKyheni momny kacaiapl. JKeTeKin FhIIbIMU JepeKTep KOPbIHAH
QJIBIHFaH 3epTTeyiep capanaHibl. HoTwkenep COHFBI OH JKbUIJA MEIMLMHANA UMMEPCUBTI TEXHOJIOTHSIAPABI
KOJJIaHyFa FBUIBIMUA KBI3BIFYIIBUIBIKTBIH alTapibIKTall apThil, MaHAEeMHs Ke3iHJe HIAPBIKTAy IIeTiHe KETKeHIH
kepcereni. VIMMepCHBTI TEXHOJIOTHSUIAD MEAMIMHA/AA OKBITY, NPAKTHKAIBIK cabakrap, TeJeMeIuIMHa IKoHE
JIMarHOCTHKA YIIIH KOJJIaHbUIATBIH TEXHOJIOTHSIIAP/IbIH €H KoIl TaparaH Typiepi. COHbIMEH KaTap Makaajia 0i3iiH
JKeke OarnapiaMalblk OHIMIMI3 CUITaTTalFaH — BUPTYa/Ibl IIBIHABIK TEXHOJIOTHSCHIH MaiIaTaHaThIH KOPOHAPIIBIK
apTEpUsIHBl CTEHTTEY CHMYISATOPBL. MOIeNnbIiH CHIAaTTaMachl KOHE MEIMLIMHAIBIK YHHBEPCHTET CTYACHTTEpi
apachIHIa UMMEPCHBTI TEXHOJOTTUIAPAB KONJAHYABIH THIMALIITI Typaibl cayalHamMa HOTH)KEIepi YCHIHBUIFaH.

Tyiiin ce3aep: Unity, eXtended reality, tMMepcHBTI TEXHOJIOTHsLIAP.
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M CIIOJIb30BAHUE UMMEPCUBHBIX TEXHOJIOT U
JJISA PASPABOTKH HU®POBBIX TPOAYKTOB 3JIPABOOXPAHEHUSA

AHHOTAIUA

AKTHUBHOE HCIIOJIb30BAaHHE UMMEPCHBHBIX TEXHOJNOTWN B Menuiuae. Pazsutre VT npuBOAUT K MOSBICHUIO
HOBBIX IH(DPOBBIX MPOIYKTOB, KOTOPBIC aKTUBHO UCIIONB3YIOTCS B MeIuIuHE. JlanpHeiiee pa3BUTHE TPUBOANT K
MEPEHOCY HEKOTOPBIX MEIUIIMHCKHUX YCIYyT B METABCEICHHYIO — (DOPMUPYETCsI MOHSITHE METa0ONbHUIIBL. B nanHoi
CTaThe MPUBECH CUCTEMAaTHYeCKUN 0030p MCCIICI0BAHMIT, KOTOPBIN TO3BOJISIET OMPEIEIUTh PACHPOCTPAHEHHOCTh
1 COBPEMEHHOE COCTOSIHUE MCIIOIh30BAHUS MIMMEPCUBHBIX TEXHOJIOTHI [T Pa3pabOTKH HU(POBBIX MEIUIIMHCKUX
HpO[[yKTOB. BI)IJ'II/I I/I3y‘-IEHI)I HCCIICAOBAHUA U3 BeI[yHlI/IX Hay‘IHLIX 633 JAaHHBIX. PeSyJ'II:TaTbI IIOKa3bIBaKT, UTO HC-
CJICZIOBATEIIBCKHI UHTEPEC K UCTIOIB30BAaHHIO MMMEPCUBHBIX TEXHOIOTUI B MEIHUIIMHE 3HAYUTEIIEHO BO3POC 34 I10-
CJICZIHHE JICCSTh JICT, IOCTUTHYB ITHKa B MEPUOJ TaHIeMHUU. FIMMepCHBHEBIC TEXHOIIOTHH SBIISTIOTCS. HanOoJee pac-
MPOCTPAHEHHBIMU BHUAMHU TEXHOJIOTH, UCIIOIB3YEeMbIMU B MEHIIMHE JIJIsl OOyUSHHUsI, TOTYUSHHsI PAKTUUECKUX
HABBIKOB, TEJIEME/IMIMHBI M AUArHOCTHKH. Kpome Toro, ornrcan COOCTBEHHBIN MTPOrPaMMHBIN MPOIYKT — TPEHAKEP
CTCHTHUPOBAHUS KOPOHAPHBIX apTEPHIA C HCIIOIB30BAHUEM TEXHOIOT U BUPTYaIbHON peaabHOCTH. IIpuBeeHo omu-
CaHKE MOJICJIH, PE3yJIBTaThl IPOBEICHHOTO OMpoca 1o 3)GEKTHBHOCTH UCTIOIb30BaAHHUS IMMEPCUBHBIX TEXHOJIOTHIA
CPEIM yUYaIIUXCsl MEUIIMHCKOTO HHCTHTYTA.

Kuarouesrbie ciaoBa: Unity, eXtended reality, itMMepCcHBHBIC TEXHOJIOTHH.
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DEVELOPMENT OF A MOBILE ROBOT PLATFORM
FOR SMART WAREHOUSE MANAGEMENT SYSTEM

Abstract

This study examines the TurtleBot3 Waffle Pi mobile robot’s integration into warehouse logistics, highlighting
its role in enhancing operational efficiency and reducing costs. Central to the research is the development of a
Python-based navigation algorithm that employs LIDAR for autonomous navigation, complemented by a novel
positioning strategy. This allows the robot to accurately navigate within a predefined imaginary grid, optimizing
workflow, minimizing errors, and cutting operational expenses. A custom-designed lifting mechanism, fabricated
via 3D printing, is introduced to improve pallet handling, showcasing the synergy between mechanical innovation
and robotics. The integration with Wiren Board 7 controllers facilitates seamless operation, further enhanced by
connecting the robot to the Honeywell Experion PKS system through OPC UA technology. This connectivity
underscores the robot’s capability to integrate into existing industrial control frameworks, offering a scalable
solution for modernizing warchouse operations. Focusing on Kazakhstan’s logistics sector, the application of such
technologies demonstrates significant potential to elevate operational efficiency and competitiveness on a national
scale. The study emphasizes the critical role of robotics and advanced control systems in logistics, advocating for
further technological advancements to support economic growth and sustainability.

Key words: mobile robot, smart warehouse, warchouse management system, TurtleBot3, navigation,
robotization.

Introduction

In the dynamic landscape of the 21st century, where technological advancements and automation
redefine boundaries, the emergence of Smart Warehouse Management Systems signifies a pivotal
shift towards operational efficiency, convenience, and environmental sustainability. Central to this
evolution is the integration of robotics and intelligent automation technologies, which are set to
transform traditional logistics and warehouse management practices.

This article explores the advent of the Smart Warehouse, a sophisticated paradigm in warehouse
management that marries robotics, artificial intelligence (Al), and Internet of Things (IoT)
technologies. The aim is to enhance the efficiency, cost-effectiveness, and adaptability of warehouse
operations to meet the demands of contemporary commerce. By deploying mobile robots equipped
with state-of-the-art sensors and Al-driven algorithms, these systems evolve warehouses into agile,
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self-optimizing entities capable of real-time adaptation to fluctuating demands and operational
priorities. The impetus for this shift is the escalating pressures on the global logistics sector,
driven by the exponential growth of e-commerce and heightened consumer expectations for rapid,
accurate deliveries. Traditional warehousing approaches frequently fall short under these conditions,
leading to operational bottlenecks, errors, and elevated costs. In response, the concept of Smart
Warehouses with Mobile Robots emerges as a strategic solution to these challenges, offering a
pathway to streamline operations, mitigate inefficiencies, and enhance delivery precision. Focusing
on Kazakhstan, a nation poised strategically on the Eurasian trade corridors, the urgency for adopting
technologically advanced logistics solutions is underscored. The country’s expansive geography
and pivotal economic position amplify the potential benefits of Smart Warehouse systems. Such
innovations promise to refine goods distribution, lower transport expenses, improve inventory
control, and catalyze economic advancement.

This research delves into the integration of the TurtleBot 3 Waffle Pi mobile robot within the
Smart Warehouse ecosystem. Highlighting its Python-based navigation algorithm, custom-designed
lifting mechanisms, and seamless connectivity to control systems via OPC UA technology, the article
illustrates the robot’s role in enhancing warehouse functionality. It positions the TurtleBot 3 Waffle
Pi as a linchpin in the transition towards intelligent, automated warehousing solutions in Kazakhstan,
with broader implications for global logistics practices.

Literature Review

The issue of warehouse management is becoming increasingly pressing by the day. Research
conducted in China has revealed that the efficiency of the logistics industry is struggling to keep
pace with rapid changes, leading to diminished goods turnover and adversely affecting the national
economy. A promising solution to fully address this challenge lies in the realm of intelligent logistics.
This approach aims to enhance the analytical capabilities of the logistics system, decision-making
processes, and “intelligent execution through smart equipment”. Moreover, it seeks to elevate the
level of intelligence and automation across the entire logistics system, offering a strategic pathway to
overcome existing limitations and drive significant improvements in warehouse operations [ 1]. Similar
conclusions were reached following an analysis of Warehouse Management Systems (WMS) within
major distribution companies in Bosnia and Herzegovina [2] and the third-party logistics industry
in Sri Lanka [3]. Furthermore, the application of IoT technologies in warehouses storing harvests
in India has provided a solution to the issue of rapid crop deterioration, significantly enhancing
the efficiency of agricultural operations [4—6]. Additionally, beyond localized monitoring systems,
comprehensive complexes for warehouse management are being developed: automated systems
for searching, storing, and retrieving that both receive and dispatch goods [7, 8]. Moreover, these
comprehensive systems can be augmented through the integration of cloud service technologies [9,
10]. In addition to monitoring and search systems that utilize static robotic manipulators for moving
items, the deployment of mobile devices is becoming more prevalent. These include intelligent hand
carts [11], mobile platforms [12], and unmanned ground vehicles (UGVs) [13]. As a method for
localization, RFID tags are employed [14]. This method has proven to be quite reliable; the robot
is capable of localizing itself with an error margin of less than 10 cm and an orientation error of
less than 0.4 radians in 80% of instances [15]. It is noteworthy to mention the MONITOR project,
developed by a research group from the University of Pisa, which introduced an RFID robot designed
for clothing inventory purposes [16]. To address localization challenges, this robot was equipped
with moving antennas [17], and a function for 3D localization was developed [18]. This innovation
represents a significant advancement in the field of warehouse automation, particularly in the context
of managing apparel inventories.

However, the process of integrating IoT into industrial and logistics sectors is ongoing, leading
to the emergence of new methods for device communication [19] and the development of solutions
aimed at optimizing robot operations [20]. This continual evolution signifies a transformative phase
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in which connectivity and smart technologies are fundamentally reshaping the operational landscapes
of warehouses and supply chains.

Drawing from the facts outlined above, it can be concluded that the process of integrating new
technologies into warehouses is highly complex, necessitating extensive research, calculations, and
prototype testing. However, the outcome of this intricate process promises to address significant
logistics challenges, leading to economic growth, particularly in the territory of the Republic of
Kazakhstan.

Statement of the problem is to develop of a mobile robot equipped with a lifting mechanism for
raising pallets within the framework of a smart warehouse system.

Main Provision

The TurtleBot3 Waffle Pi is integral to smart warehouse innovation, excelling in SLAM
(Simultaneous Localization and Mapping), Navigation, and Manipulation. It autonomously navigates
warehouses using SLAM, accurately mapping its surroundings, and locating itself. As shown in Figure
1, a scalable structure of the TurtleBot3 Waffle Pi refers to the design and architecture of the robot
that allows for easy expansion or customization to accommodate additional components, sensors, or
accessories. This flexibility in the robot’s structure enables users to adapt and modify it according to
their specific needs and requirements. It often involves standardized interfaces, mounting points, and
connectors to seamlessly integrate new hardware or extend the robot’s capabilities while maintaining
stability and performance.

Scalable Structure

Raspberry Pi 3 Camera

for Perception 360° LIDAR for SLAM & Navigation

Raspberry Pi 3

OpenCR
(32-bit ARM Cortex-M7)

Li-Po Battery 11.1V
Sprocket Wheels 1,800mAh

for Tire and Caterpillar

Bluetooth Module for
Remote Controller

DYNAMIXEL x 2 for Wheels

Figure 1 — TurtleBot3 Waffle Pi
It offers three power connectors: 3.3V/800mA, 5V/4A, and 12V/1A. The onboard lithium-
polymer battery has a rating of 11.1V and 1800mAh, providing approximately 2 hours of continuous
operation and 2 hours 30 minutes of charging time.

Robot kinematics and structural design

It is noted that the structure of this mobile robot is divided into several levels (layers), each
comprising a distinct set of components and functions, as depicted in Figure 2 (p. 31).
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- O
Figure 2 — Components of the robot: 1 - DYNAMIXEL X1.430-W250;
2 — OpenCR 1.0; 3 — battery, 4 — LIDAR; 5 — Raspberry Pi 4;

6 — tabletop; 7 — baseplate; 8 — crank-handle mechanism

The first layer houses the DYNAMIXELSs — highly capable servomotors from Robotis that support
not only the robot’s weight but also that of the pallet. This level also includes the attachment point for
the battery. The second layer is home to the ‘brains’ of the robot — the OpenCR board, which manages
motor control, and the Raspberry Pi 3, serving as the primary computational module. Positioned on
the third layer is the LIDAR, essential for positioning and navigation, operating in tandem with a
gyroscope on the OpenCR board. The final layer features the lifting platform, composed of three
parts: the tabletop, baseplate, and crank-handle mechanism. The core function of this platform lies
in the integration of a DYNAMIXEL with the crank-handle mechanism, enabling the automatic
elevation and descent of the platform. The baseplate secures the platform to the robot, while the
tabletop bears the weight of the pallet during transport.

Regarding the kinematics of the robot’s movement, it is illustrated in Figure 3. Here, point Or
identifies the robot’s center of motion, enabling free movement along the X and Y axes, coupled with
the capacity for a full 360-degree rotation around Or, indicated by the angular velocity .

Z 4

Figure 3 — Kinematic model of the robot

31



HERALD OF THE KAZAKH-BRITISH
No. 2(69) 2024 TECHNICAL UNIVERSITY

The overall motion of the robot is encapsulated by the vector Vr, which integrates its translational
and rotational movements. The lifting mechanism operates with a dedicated motion vector Vzlm
along the Z axis, while the motor responsible for this lifting mechanism exhibits an angular velocity
ojm, ensuring coordinated vertical movements essential for the robot’s interaction with objects
within its operational environment.

Materials and Methods

For the analysis of system behaviors, long-term data collection is crucial. This method provides
a thorough understanding of how the system operates. The DYNAMIXEL Wizard 2.0, a dedicated
software for monitoring motor performance in real-time, was utilized in this study. The software
proved vital for documenting detailed motor performance, which is essential for analyzing the
system’s dynamics. The connections within the system are depicted in Figure 4.

4@ 00 _

DYNAMIXEL DYNAMIXEL
XL430-W250 OpenCR 1.0 Arduino IDE Wizard 2.0

Figure 4 - DYNAMIXEL Wizard 2.0 connection

Data regarding the motor’s variations were efficiently collected within minutes using this
approach. Subsequently, the challenge arose in processing this information effectively. The data
retrieved from the DYNAMIXEL servo was exported into a comma-separated values (*.csv) file,
as shown in Table 1. This raw dataset contained superfluous details, presenting a potential for
inaccuracies in subsequent model identification phases. To address this, a tailored Python script was
crafted to streamline the data, filtering out irrelevant information and preparing it for precise analysis.

Table 1 — Data before filtering

Time, ms | Realtime Tick Present Velocity, rev/min Present Input Voltage, V Present PWM, %

4029 32663 263 120 885
4049 32683 263 120 885
4069 32703 260 120 655

The application of the Python script for post-processing substantially enhanced the clarity of the
data, enabling the refinement and retrieval of any missing elements. The results of this refined data
processing are depicted in Table 2 (p. 33), demonstrating the efficacy of the script in preparing the
dataset for more accurate and reliable model identification.

The analysis of the dataset revealed essential details about time, PWM (Pulse Width Modulation),
and velocity, crucial for assessing the servo’s operation. To examine the engine data within MATLAB,
a specific script was created. This script imports engine parameter values from the database to
MATLAB, turning them into variables ready for analysis. It also adjusts axis scaling to make data
visuals clearer and more precise. Running this script generates a file that reflects the current database
session. Importantly, this file lists potential system transfer functions, each distinguished by its poles
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and zeros configuration, offering different models for identifying the system’s behavior. Table 3 in
the study outlines the features of these transfer functions. This table is key to understanding each

option and guides the next step of comparing them.

Table 2 — Data after filtering

Time, ms Present Velocity, rev/min Present PWM, %
4029 263 885
4049 263 885
4069 260 655
Table 3 — List of possible transfer functions
Name of Equation Number of | Number of
a transfer poles Zeros
function
TF1 0.0593 1 0
1—0.808z71
TF2 0.02524 2 0
1—1.53z"14+0.6153z7
TF3 0.01488 3 0
1—2185z"1+1.714z72 —0.4792z73
TF4 0.01014 4 0
1—2766z"1+3.144z72 —1.724z2 4+ 0.3801z%
TES 0.07405z1 ! !
1—0.7552z71
TF6 0.0397z71 2 !
1—1.366z"1 + 0.5006z2
TE7 0.02874z71 3 !
1—1.848z"1+1.27z7%2 —0.3246z73
TF8 0.02396z 1 4 !
1—2196z"1+ 2075272 —0.9994z3 + 0.2034z~*
TE9 —0.004356z"1 + 0.1034z 2 ! 2
1— 0.6655z71
TE10 0.01064z~* + 0.05601z2 2 2
1—1.085z71 +0.3122z2
TEL 0.01355z71 + 0.4422772 3 2
1—1.292z"1 +0.5904z"2 — 0.1023z73
TF12 0.0139z71 +0.04148z 2 4 2
1—1373z71+0.7442z72 — 0.2137z73 4+ 0.03076z*
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TF13 0.01415z7 ! + 0.04579z 2 + 0.05361z 3 1 3
1—0.6149z1
TF14 0.01412z71 4 0,04626z2 + 0.0204z3 2 3
1 —0.9535z"1 4+ 0.2281z 2
TF15 0.01412z° 1 + 0.04581z 2 + 0.01826z 3 3 3
1—0.9931z~1 +0.2716z"2 — 0.0128z3
TF16 0.01412z71 4+ 0.04761z 2 + 0.02358z 3 4 3
1 —0.8654z 1 + 0.1006z2 + 0.07088z% — 0.01616z*

This comparison looks at how well the real data matches up with the models in Table 3, crucial for
choosing the transfer function that best captures the system’s dynamics. However, transfer functions
with more than three degrees are not considered to keep the analysis simple. This approach avoids
the complexity and potential inaccuracies of more complicated models. Thus, the focus is on simpler
models that accurately reflect the data and are straightforward to work with, ensuring the chosen
transfer function is both accurate and practical for understanding the system’s behavior.

Results and Discussion

In the analysis, model TF11 was identified as the most effective transfer function:

0.01355z" " + 0.4422z7°
TF]_]_ =

1—1.292z"1 + 0.5904z"% — 0.1023z3

This model stands out because it requires fewer processing resources and closely aligns with
actual data, achieving a 96.47% match as shown in Figure 5.

Measured (data d) and simulatid model oulput

Figure 5 — Measured data and simulated model output
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This high degree of similarity underscores TF11’s precision and effectiveness in modeling the
system’s behavior. The data acquired from the system identification process facilitate the assessment
of accuracy and stability in the motor system of the robotic manipulator. The discovered transfer
function enables a deeper understanding of the dynamic behavior of these systems. It provides a
mathematical model that captures how input signals, such as motor commands, are transformed into
outputs, like robotic movements. This model is crucial for predicting the system’s response under
various conditions and for designing control strategies that enhance the robot’s performance in terms
of precision and reliability.

Program realization

To orchestrate the robot’s spatial navigation and localization, an algorithm was methodically
devised. The operational logic of this algorithm is encapsulated in a block diagram depicted in Figure
6. This diagrammatic representation delineates the procedural logic that the robot adheres to, initiating
with the activation of the robot and subsequent verification of all modular components for operational
integrity. Post initialization, the robot employs LIDAR sensors in conjunction with Dynamixel
actuators to triangulate its position within the environmental context. Selecting a predetermined
navigational map, the robot establishes its trajectory by defining origin and destination coordinates.

o O ® o
- i

Robot powers on

Finds the optimal
path Lift position: LOW

A 4

( FINISH )

All modules check

Defines its location
by LIDAR and
dynamixels

v

localization
check

Chooses the ma,
e Lift position: HIGH

Sets initial and end
points

Final move
position

Figure 6 — Process block diagram
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The algorithm then engages in optimal path determination, scrutinizing the feasibility of the
intended route. Should any discrepancies in localization accuracy arise, the system is designed to
recalibrate before proceeding. A pivotal element of the robot’s task sequence involves the positional
adjustment of the lifting mechanism, which must be accurately aligned to either a designated
“HIGH” or “LOW?” state to facilitate the continuation of the operation. This sequence concludes
with the robot attaining its final programmed position, at which point the task is deemed complete,
thereby illustrating the algorithm’s efficacy in guiding the autonomous system through its intended
operational parameters.

The operational principle of the robot’s rotation within the Python script involves a series of
programmed commands that direct the robot to adjust its orientation and navigate to a specified
location within its operational environment. The script initiates with the robot determining its current
position and orientation through sensor input. It then calculates the necessary rotation to align itself
with a target direction, based on coordinates that correspond to a grid or cell-based layout of the
operational area.

After calculating the desired angle of rotation, the robot executes a rotation maneuver, adjusting
its orientation until the target angle is achieved. This precise control of rotation is essential for the
robot to face the correct direction before commencing movement towards its goal, as shown in
Figure 7.

Figure 7 — Stages of robot movement: 1 — scanning the area with LIDAR;
2 — building the shortest route

Once oriented correctly, the robot proceeds to navigate towards the target location. It uses a
pathfinding algorithm to identify the most efficient route, considering the robot’s current position and
the desired endpoint. The robot’s movement is characterized by smooth translation along this path,
demonstrating the algorithm’s ability to guide the robot through its environment accurately.

Regarding the code for actuating the lift platform, the operational dynamics are somewhat
distinct. This program embodies a methodology for actuating a robotic lifting mechanism through
a sequence of discrete operational commands. Within the context of a robotic operating system, the
script initiates a publishing node to emit control signals at a predetermined frequency, corresponding
to the actuation and cessation of the lifting platform’s movement. The operational logic is structured
around the emission of a control value, indicative of the lift’s activation, followed by a cessation
command, which signals the termination of the action. This cyclical command sequence is paramount
forachieving precise control over the lifting mechanism’s operational state, facilitating its engagement
and disengagement in a controlled manner.
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In the development of navigation algorithms for robotics, a fundamental approach involves
partitioning the floor space into discrete segments, commonly referred to as “cells” or “squares”.
This method facilitates a clearer understanding of the robot’s current sector since both the “initial”
and “final” positions of the robot are defined in terms of these cells through which it moves. This
structure has also been implemented in the Human-Machine Interface (HMI) variant for robots,
realized in the HMIWebDisplay software by Honeywell, illustrated in Figure 8.

N
( Information
Velocity 9999 ) Obstacle
Battery: 9999 () Low Battery
Lift Position: Down ) HighMass
CPU 9998 ) High Temperature

temperature:

Robot Platform Position Control

Palet Position ggg9g9¢  Final Position 9999.9¢
X axis: X axis:

Palet Position g99g99.9¢ Final Posiion 9959.%
Y ands; Y axs:

\_
4 Robot Platform Process Contral 3

O tomitioss . 3] 9] v oo

4
Direction 1,_':' 'p{fmh il
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Figure 8 — HMI-display realization

However, as previously mentioned, establishing an efficient smart warehouse system requires
the creation of a network of interconnected components. This is the rationale behind the development
of a capability to connect the TurtleBot3 Waffle Pi to the Wiren Board 7, a programmable automation
controller (PAC).
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Figure 9 — Output values from Wiren board to OPC UA Server
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The Figure 9 delineates an instance of a Node-RED interface, which is employed as a visual
tool for integrating distinct hardware and software entities. The integration of a TurtleBot3 Waffle
Pi with a Wiren Board 7 is facilitated through the implementation of the OPC UA protocol, a staple
in industrial automation for its robust and secure data exchange capabilities. Within this framework,
the Node-RED flow is constituted by a series of nodes indicative of the OPC UA communication
standards. These nodes establish a bidirectional data stream, enabling the TurtleBot3 Waffle Pi to
transmit its operational data to the Wiren Board 7, and vice versa. The flow is further augmented
by function nodes which serve as the logical intermediaries, processing the incoming data and
orchestrating the subsequent control commands. Moreover, the debug nodes punctuating the flow
are indicative of a monitoring mechanism to scrutinize the message payloads, which are crucial
for validation and troubleshooting throughout the development phase. This architecture epitomizes
a modular approach, ensuring that the TurtleBot3 Waffle Pi can be seamlessly integrated into the
automated warehouse ecosystem, thereby enhancing the efficiency and responsiveness of the system.
The OPC UA protocol ensures that the communication is not only seamless but also adheres to
industry standards for security and reliability.

Conclusion

In conclusion, the development and integration of the TurtleBot3 Waffle Pi into a Smart
Warehouse system, as delineated in this study, represents a commendable initial stride towards
redefining warehouse automation. Although the scope of this research is an initial foray and not an
exhaustive exploration into the vast potential of smart warehousing, the outcomes are promising.

The advancements presented here — the adaptation of the TurtleBot3 Waffle Pi with an innovative
lifting mechanism, the pioneering cell-based navigation algorithm, and the strategic networking
with the Wiren Board 7 via OPC UA — form a foundational platform for further development. The
integration of the Honeywell HMIWebDisplay stands as a testament to the potential for sophisticated,
user-centric control interfaces in operational settings. This initial phase has yielded positive results,
demonstrating the feasibility and benefits of such integrative approaches. While acknowledging that
this is merely the beginning of a larger journey towards comprehensive Smart Warehouse systems,
the research paves the way for subsequent in-depth studies and the refinement of technologies.

Moving forward, it will be imperative to build upon these initial findings, to explore scalability,
to enhance system robustness, and to address any emergent challenges. The journey towards fully
autonomous, highly efficient Smart Warehouses is complex and requires incremental advancements.
This study serves as a stepping stone in that ongoing process, offering insights and a proof of concept
that will, undoubtedly, inform and inspire future innovations within Kazakhstan and the broader
global context of warehouse logistics.

REFERENCES

1 Weiwei Z. & Ying C. (2020) Intelligent Technology Related to Warehousing and Distribution in
Intelligent Logistics. 2020 International Conference on Wireless Communications and Smart Grid ICWCSG),
pp- 175-177. https://doi.org/10.1109/ICWCSG50807.2020.00046.

2 Zunié E., Delali¢ S., Hodzi¢ K., Begirevi¢ A. & Hindija H. (2018) Smart Warehouse Management
System Concept with Implementation. 14th Symposium on Neural Networks and Applications (NEUREL),
pp. 1-5. https://doi.org/ 10.1109/NEUREL.2018.8587004.

3 Kodithuwakku P.I.LE., Wijayanayake A.N. & Kavirathna C.A. (2022) Impact of Warehouse Management
Factors on Performance Improvement of 3rd Party Logistics Industry. 2022 International Research Conference
on Smart Computing and Systems Engineering (SCSE), no. 5, pp. 276-281. https://doi.org/10.1109/
SCSE56529.2022.9905116.

38



KA3AKCTAH-BPUTAH TEXHUKAJIBIK
YHUBEPCUTETIHIH, XABAPIIBICHI Ne 2(69) 2024

4 Jose J., Samhitha B.K., Maheswari M., Selvi M. & Mana S.C. (2021) IoT based Smart Warchouse
and Crop Monitoring System. 2021 5th International Conference on Trends in Electronics and Informatics
(ICOEI), pp. 473-476. https://doi.org/10.1109/ICOEI51242.2021.9453029.

5 Ranjith V., Sriravinaa E.N., Subashree S. & Raguvaran K. (2023) Development of IoT Enabled
Vegetable Stockpile Warehouse Monitoring System to Support Farmers. 2023 International Conference
on Sustainable Computing and Smart Systems (ICSCSS), pp. 1006-1013. https://doi.org/10.1109/
ICSCSS57650.2023.10169370.

6 Osupile K., Yahya A. & Samikannu R. (2022) A Review on Agriculture Monitoring Systems using
Internet of Things (IoT). 2022 International Conference on Applied Artificial Intelligence and Computing
(ICAAIC), pp. 1565-1572. https://doi.org/10.1109/ICAAIC53929.2022.9792979.

7 Bukhamseen A., Alabdullah M., Bin Gaufan K. & Mysorewala M. (2023) A Warchouse Storage and
Retrieval System Using IoT and Autonomous Vehicle. 2023 9th International Conference on Automation,
Robotics and Applications (ICARA), pp. 346—350. https://doi.org/10.1109/ICARAS56516.2023.10125658.

8 Ozbaran C., Dilibal S. & Sungur G. (2020) Mechatronic System Design of a Smart Mobile Warehouse
Robot for Automated Storage/Retrieval Systems. 2020 Innovations in Intelligent Systems and Applications
Conference (ASYU), pp. 1-6. https://doi.org/10.1109/ASYUS50717.2020.9259882.

9 Shiva Shankar R., Devareddi R., Mahesh G. & MNSSVKR Gupta V. (2022) Develop a Smart Data
Warehouse for Auto Spare Parts Autonomous Dispensing and Rack Restoration by Using [oT with DDS
Protocol. Singapore: Springer Nature Singapore. Computer Networks, Big Data and IoT: Proceedings of
ICCBI 2021, pp. 879-895.

10 Lee Y., Kim J., Lee H. & Moon K. (2017) IoT-based data transmitting system using a UWB and
RFID system in smart warehouse. 2017 Ninth International Conference on Ubiquitous and Future Networks
(ICUFN), pp. 545-547. https://doi.org/10.1109/ICUFN.2017.7993846.

11 Silapunt R., Panpanyatep W. & Boonsothonsatit G. (2022) Design and Development of the Smart
Object for the IoT-enabled Smart Warehouse. 2022 International Electrical Engineering Congress iIEECON),
pp. 1-4. https://doi.org/10.1109/iEECON53204.2022.9741566.

12 Bernardini F., Motroni,A., Nepa P., Buffi A. & Tellini B. (2020) SAR-based Localization of UHF-
RFID Tags in Smart Warehouses. 2020 5th International Conference on Smart and Sustainable Technologies
(SpliTech), pp. 1-6. https://doi.org/10.23919/SpliTech49282.2020.9243755.

13 Ovsthus @., Robsrud D.N., Muggerud L., Amendola J., Cenkeramaddi L. R., Tyapin 1. & Jha A.
(2023) Mobile Robotic Manipulator Based Autonomous Warehouse Operations. 2023 11th International
Conference on Control, Mechatronics and Automation (ICCMA), pp. 278-283. https://doi.org/ 10.1109/
ICCMAS59762.2023.10374743.

14 Motroni A. & Buffi A. (2023) RFID Robots and Vehicles for Item Inventory and Localization.
2023 17th European Conference on Antennas and Propagation (EuCAP), pp. 1-5. https://doi.org/10.23919/
EuCAP57121.2023.10133127.

15 Shamsfakhr F., Macii D., Fontanelli D., Motroni A., Nepa P., Palopoli L. & Buffi A. (2022) RFID-
based robot localisation: an unconstrained optimisation problem by exploiting RSSI. 2022 IEEE International
Instrumentation and Measurement Technology Conference (I2ZMTC), pp. 1-6. https://doi.org/ 10.1109/
12MTC48687.2022.9806604.

16 Bernardini F., Motroni A., Nepa P., Tripicchio P., Buffi A. & Del Col L. (2021) The MONITOR
Project: RFID-based Robots enabling real-time inventory and localization in warehouses and retail areas.
2021 6th International Conference on Smart and Sustainable Technologies (SpliTech), pp. 1-6. https://doi.org/
10.23919/SpliTech52315.2021.9566352.

17 Cecchi G., Alice Buffi A.M., Nepa P., D’Avella S., Tripicchio P., Unetti M., Col L.D. & Salvatore
A. (2023) The MONITOR Robot with UHF-RFID Rotating Antennas enhancing Indoor Tag Localization.
2023 8th International Conference on Smart and Sustainable Technologies (SpliTech), pp. 1-6. https://doi.
org/10.23919/SpliTech58164.2023.10193453.

18 Bernardini F., Motroni A., Buffi A., Nepa P., Tripicchio P., D’Avella S., Col L.D. & Salvatore A. (2022)
Retail Robots with UHF-RFID Moving Antennas enabling 3D Localization. 2022 IEEE 12th International
Conference on RFID Technology and Applications (RFID-TA), pp. 1-4. https://doi.org/10.1109/RFID-
TA54958.2022.9924120.

39



HERALD OF THE KAZAKH-BRITISH
No. 2(69) 2024 TECHNICAL UNIVERSITY

19 Sanchez O.T., Raposo D., Rodrigues A., Boavida F., Marculescu R., Chen K. & S4 Silva J. (2023) An
[ToT-Based Approach to the Integrated Management of Machinery in the Construction Industry. IEEE Access,
11, pp. 6331-6350. https://doi.org/10.1109/ACCESS.2023.3236254.

20 LiZ., Li W. & Jiang L. (2015) Research on the task assignment problem of warehouse robots in the
smart warehouse. 12th International Symposium on Operations Research and its Applications in Engineering,
Technology and Management (ISORA 2015), pp. 1-5. https://doi.org/10.1049/cp.2015.0605.

'Camuryaun T.HU.,
PhD, kaysimaacteipsuiran npogeccop, ORCID ID: 0000-0001-9963-6719,
e-mail: t.samigulin@kbtu.kz
*Muaukosa K.A.,
ctynent, ORCID ID: 0009-0009-5931-7065, e-mail: missmlikovakristina@gmail.com
"Tonenrytos P.P.,
cryaent, ORCID ID: 0009-0000-3210-7126, e-mail: mr.rasulcool@mail.ru
'ByrakoBa JI.A.,
ctynent, ORCID ID: 0009-0006-8151-4928, e-mail:diana.butakova.13@mail.ru
"Haxumos 9.K.,
cryaent, ORCID ID: 0009-0006-0748-998X, e-mail: qasobovgholib@gmail.com

'Kazakcran-bpuran Texuukaibk yausepcuteri, 050000, Anmarsl K., Kazakcran

KONMAJIAPIABI BACKAPY/BIH AKBLJIABI )KYHECIHE APHAJIFAH
MOBWJIBAI POBOT IIJIAT® OPMACHIH 93IPJIEY

Angarna

byn 3eprrey TurtleBot3 Waffle Pi MoOMiIb/1i pOOOTHIHBIH KOMMa JIOTHCTHKAChIHA MHTETPALMSCHIH 3ePTTEeH/II
YKOHE OHBIH OTICPAIUSUTBIK THIMIUTIKTI apTTHIPY/IAF b, IIBIFBIHIAP B a3aHTYaFbI POIIIH KOpCeTe/Ii. 3epTTEY/IiH HEeTi3r1
OarbITHI —KaHa O3UIMSIIAY CTPATETUSICBIMEH TOJIBIKTHIPBUIFaH aBTOHOM/I6I HaBUTanws yirin LIDAR maiinananarsia
Python Heri3iHIeTI HABUTAIMSUIIBIK alTOPUTMII d3ipiey. byt poOoTka »KyMBIC IPOIIECiH OHTAHIaHABIPY, KaTelepIl
a3aiiTy JKoHE ONEPAlVAIbIK IIBIFBIHAAPABI a3alTy apKbUIbl ANJbIH ajla eJICCTETUINeH TOPBIHAA QM IapliayFa
MYMKiH/IiK Oepe/ii. MexaHnKaJlblK HHHOBAIMSIAP MEH POOOTOTEXHUKA apaChIH/IaFbl CHHEPTUSIHBI KOPCETE OTHIPHIII,
HauIeTTePl OHICY/ KaAKCAPTY YmiH 3D GacwIn mibIFapy apKbUIbl apHaKbl 931pJIEHTeH KOTEPY MEXaHU3MI CHI131ITeH.
Honeywell Experlon PKS )KYI/ICCIHG OPC UA rtexnonorusicel apksutsl Wiren Board 7 KOHTPOILIEpIepMEH Gipirim,
pO6OTTBIH Y3/IKCi3 )KYMBIC icTeyiH KaMTaMachI3 eTesli. byl Kochlily poOOTTHIH KOJIIaHbICTaFbl ®HAIPICTIK OaKbIIay
JKyHernepiHne HHTerpannsuIaHy KaOlIeTiH KepceTin, KoMMaapAarbl ONepalysIapsl MOAESPHN3AIHSIIAY/IbIH ay KbIM/IbI
IIETIMIH YChIHA/IBL. KaSaKCTaH,Z[LIK JIOTHCTHKA CEKTOpbIHA Oaca Hazap ayjapa OTBIPBII, MYHAAH TEXHOIOTHSIAP/IbI
KOJJaHy OMepaIHsAIBIK TUIMIUTIK TIeH Oocekere KaOUIETTIMIKTI YIITTHIK ayKbIMJ[a apTTIPY/BIH alTapIbIKTal
aneyerin KepceTezu 3eprTey poOOTOTEXHHKA MEH O3bIK OacKapy yHesepiHiH JIOTMCTHUKaJaFrbl MaHbI3/bl POIIIH
aran Kepcere/li, COHBIMEH Oipre S5KOHOMHKAJIBIK ©CY MEH TYPAKTBUIBIKTBI KOJIJAy YIIIH OJaH 9pi TEXHOJIOTHSIIBIK
JKETICTIKTEPAl KO TBI.

Tipex ce3aep: MoOmIBIOl poOOT, aKBUIABI Ko¥iMa, KoiimMaHbl Oackapy >xyieci, TurtleBot3, naBurammus,
pPOOOTTaHIBIPY.
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PABPABOTKA MOBI/I{IBHOI?'I POBOTOTEXHUYECKOM MJIAT®OPMBbI
JJISI YMHOU CUCTEMBI YITPABJIEHUSA CKJIATOM

AHHOTALUA

JlaHHOE MCCTIeOBaHNE paccMaTpUBaeT MHTETpannio MoomiasHOro podota TurtleBot3 Waffle Pi B moructuky
CKJIQJICKUX OTIepaIiii, IOJYEPKUBAsi €r0 POJIb B TIOBBIIICHUN OIlePallMOHHOMN 3()(HEKTUBHOCTH U CHUYKEHHUH 3aTpaT.
B 1eHTpe BHHMaHHS HCCICIOBAaHUS HAXOAUTCS pa3pabOTKa HABUTAMOHHOIO ajaropuTMa Ha s3bike Python,
ucnomnpaytoniero LIDAR nsist aBroHOMHOM HaBUTalluK, IONIOJTHEHHOTO HOBATOPCKOM CTpaTerue mo3unoOHUPOBaHHUSL.
OTo mo3BONAET POOOTY TOYHO TEepeMemaThCs B TpeAeiax 3apaHee OIPEIeNICHHOH BOOOpaskaeMOM CETKH,
ONITUMU3UPYST PabOYMii MPOIECC, MUHUMU3HPYS OIMHOKH WM COKpallas OICpaIloHHBIC pacxXoabl. BmemeHo B
SKCIUTyaTaIlIo0 CIICIHAIFHO pa3padoTaHHOE MOABEMHOE yCTPOHCTBO, M3TOTOBICHHOE ¢ momomipio 3D-meuarw,
YTOOBI YAYYIIUTH OOpalieHHe C MauieTaMH, YTO JAEMOHCTPHUPYET CHHEPIHI0 MEXaHWYECKUX HHHOBAIMKA M
pobGororexuuku. MHTerpanus ¢ kourpoiuiepamu Wiren Board 7 obGecrieunBaer Gecriepe®oiinyto padoty, KoTtopas
JIOTIOJTHUTEIBHO YCUIIUBACTCS MOKIIF0YeHIEM poboTa k cucteme Honeywell Experion PKS uepes texnomoruro OPC
UA. DT0 MOIKITF0YCHHE TIOMYCPKUBACT CIIOCOOHOCTE POOOTa MHTETPUPOBATHCS B CYNICCTBYIOIINE IPOMBIIIICHHEIC
KOHTPOJIBHBIC CHCTEMBI, Mpeaiaras MacIiTabupyemMoe pelieHHue s MOACPHHU3AINK OIepaluid Ha CKIAIax.
CocpenoTounB BHIMaHUE Ha JIOTUCTHYECKOM cekTope Kasaxcrana, mpruMeHeHHe TaKUX TeXHOIOT Ui IEMOHCTPHUPYET
3HAQUUTENbHBIN TIOTEHIMAN JUIsl TOBBIIICHUS] ONEepanuoHHON 3((EeKTHBHOCTH M KOHKYpPEHTOCHOCOOHOCTH Ha
HAIIMOHAJILHOM ypoBHE. MccienoBanne NoauepKUBacT KPUTHICCKYIO POJIb POOOTOTEXHUKH M IIPOABHHYTHIX CUCTEM
YIPaBJICHUS B JIOTUCTHKE, BRICTYIIAs 32 TabHEHIIICE TEXHOJOTHUCCKOS PA3BUTHE IS MTOICPIKKH SIKOHOMHYCCKOTO
poCTa U YCTOHYHUBOCTH.

KuroueBble cjioBa: MOOMIBHBIN POOOT, YMHBIH CKJIal, CHCTEMa yIpaBlIeHHs ckiangoM, TurtleBot3, HaBuranms,
poboTu3arus.
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COMPARATIVE ANALYSIS OF U-NET, U-NET++, TRANSUNET
AND SWIN-UNET FOR LUNG X-RAY SEGMENTATION

Abstract

Medical image segmentation is a widely used task in medical image processing. It allows us to receive the
location and size of the required instance. Several critical factors should be considered. First, the model should
provide an accurate prediction of the mask. Second, the model should not require a lot of computational resources.
Finally, the distribution between the false positive and false negative predictions should be considered. We provide
the comparative analysis between four deep learning models, base U-Net and its extension U-Net++, TranUNet, and
Swin-UNet for lung X-ray segmentation based on trainable parameters, DICE, loU, Hausdorff Distance, Precision
and Recall. CNN models with the smallest number of parameters show the highest DICE and IoU scores than their
descendants on the limited-size dataset. Based on the experiment results provided in the article U-Nethas maximum
DICE, IoU, and precision. It makes the model the most appropriate for medical image segmentation. SwinU-Net is
the model with minimum Hausdorff Distance. U-Net++ has the maximum Recall.

Key words: CNN, segmentation, transformers, medical image processing

Introduction

Medical image segmentation is the process of automatic extraction of masks from the images
containing the area of relevant parts. The mask could contain the damaged part of the organ or the
organ by itself. An analysis of the mask allows to get information about the current state of the
organ. In opposition to classification and detection image segmentation allows to understand the
class, location, and size of the relevant image at the same time.

However, medical image processing is a complicated and expensive process because it requires
a deficit of data for training. According to the authors of the original U-Net architecture [1], it
was proposed specifically for medical image segmentation and could be trained on a limited-size
dataset. U-Net was applied for various medical image segmentation subtasks [2—4] and shows good
performance. This was a motivation to use its key features, such as mirror encoder and decoder
application, and skip-connections were used in different other architectures. U-Net architecture could
be combined with residual [5], recurrent [6], or dense [7] blocks forming a new convolutional neural
network. U-Net architecture also could be adopted for transformer-based architecture [8, 9, 10].

Although the application of additional components increases segmentation quality, the number
of trainable parameters increases as well. The idea of automated medical image segmentation is the
reduce the burden on the medical sector through pre-medical diagnostics and patient management.
There are several criteria for methods used for the segmentation process. It should not only provide
the exact area of the required instance but also work fast without requiring large computing power.
So in the current comparative analysis, we take into account the number of trainable parameters of
each observed model because, for deep learning models, this is a key characteristic responsible for
the speed and required resources for the training process.

42



KA3AKCTAH-BPUTAH TEXHUKAJIBIK
YHUBEPCUTETIHIH, XABAPIIBICHI Ne 2(69) 2024

Another important component in the process of evaluating neural networks for medical image
segmentation is the distribution between false positive and false negative predictions. Image
segmentation could be described as a pixel-wise classification, when each pixel belongs to some
class, for example, a cancer or non-cancer area.

We compared U-Net with three U-Net-based algorithms: U-Net++ [11], TransUNet [8], and
Swin-UNet [10] among the number of trainable parameters and segmentation quality. We used
DICE, IoU, and Hausdorff Distance to evaluate the distance and similarity between the ground
true and predicted image. Also, we calculated precision and recall for predicted and ground true
masks to evaluate the distribution between false positive and false negative predictions. Based on
our experiments Base U-Net with the smallest number of parameters shows the highest DICE and
IoU scores than its descendants on the limited size dataset. However, it lost in Hausdorff Distance,
Precision, and Recall to its descendants.

Background

Medical images are an extensive source of information about the human body, its current state,
and possible illness. Together with the disease history and related visual data, the doctor could draw
up a complete picture of the disease and appropriate treatment. There are a lot of different formats
of medical image data that are appropriate depending on the case: computed tomography images,
X-rays, biopsy images, electrocardiograms, and others. In the current article, we stopped on X-ray
images because this format has some benefits among others, and it is the widely spread type of
equipment to collect medical image data.

X-rays are one of the cheapest ways to collect data about the human body. It is widely available
in various medical centers, including small rural ones which are usually not equipped with more
expensive types of equipment like CT scanners or MRI machines. Also taking X-ray images are
quick and non-invasive, requiring minimal preparation. X-rays provide valuable insights into the
internal structures of the body, making them versatile for a range of diagnostic purposes. They are
commonly used to examine bones, detect fractures, identify abnormalities in the chest, and assist in
various other diagnostic evaluations. Also, X-ray involves a relatively low radiation dose. The X-ray
was created in the 19th century and still is the most popular way of screening.

The use of X-ray images allows for gathering information about various organs in the human
body. In this article, we focus on X-ray images of the lungs, as this organ is particularly susceptible
to various diseases. Currently, lung cancer stands as the most lethal type of cancer in Kazakhstan
and worldwide. Lung cancer can be classified into two main types: non-small cell lung cancer and
small-cell lung cancer. The most spread and the least dangerous type of non-small cell lung cancer is
adenocarcinoma. It grows more slowly than other types and is often treatable due to early detection.
Usually, it could be found in the outer part of the lung. Another type of non-small cell lung cancer is
squamous cell carcinoma. Typically found in the central part of the lung. Squamous cell carcinoma is
often linked to smoking. The last subtype of non-small cell lung cancer is large cell carcinoma. This
type of cancer is characterized by rapid growth and non-predicted location in every part of the lung.
The second type of cancer is Small cell lung cancer. It is generally the more aggressive type of lung
cancer with a higher potential for rapid spread compared. This type of cancer has higher mortality
and a more negative prognosis of treatment because of several factors. First is the rapid growth. It
faster spreads inside the lung and to other human organs. It leads to the second issue the second issue
with this type of cancer. It gives early metastasis that spreads to distant organs, particularly the brain.
This can complicate treatment and affect the overall prognosis. Last but not least, the difficulties in
treating this type of cancer are twofold. On one hand, frequent late detection of small cell lung cancer
often makes surgical intervention impossible. As the cancerous area attains a considerable size, it
becomes impractical to remove it surgically without affecting other organs and important blood
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vessels. On the other hand, the traditional method of cancer treatment, chemotherapy, often yields
positive results at the beginning of treatment, but there is a high risk of recurrence. This prevents the
ability to control the cancer in the long term and maintain a stable outcome.

There are a lot of factors that cause lung cancer. Some of them are possible to control, such as
smoking, and harmful production. However, the main part of them is difficult to control, like passive
smoking, radon gas exposure, age over sixty fixe, and genetic factors.

Another widely spread type of lung disease is tuberculosis. Tuberculosis is widely spread in
Kazakhstan. Tuberculosis is a contagious bacterial infection caused by Mycobacterium tuberculosis.
This airborne disease primarily affects the lungs but can also target other organs, leading to a range
of symptoms and complications. Tuberculosis remains a global health concern, with a significant
impact on morbidity and mortality.

Tuberculosis is a highly contagious type of illness. Tuberculosis can be transmitted when an
infected person coughs or sneezes, releasing microscopic droplets containing the bacteria into the
air. The primary modes of tuberculosis transmission include inhaling air containing tiny particles of
the microbes and contact with the infection through the skin or mucous membranes. Additionally,
transmission from mother to child during pregnancy or childbirth is also possible. Due to the necessity
of contact with an infected person, tuberculosis is often transmitted in prisons and other places of
confinement. This is because many individuals are housed in poorly ventilated environments.

Tuberculosis could be in two forms: latent in active. In active form, there are common symptoms
of tuberculosis including persistent cough, chest pain, weight loss, fatigue, night sweats, and fever. A
latent form of tuberculosis occurs when the bacteria are present in the body but not causing symptoms.
However, a patient with a latent form of tuberculosis also is dangerous because of the risk of spread.
TB is treatable with a combination of antibiotics, usually taken for several months. Adherence to the
full course of treatment is crucial to prevent the development of drug-resistant strains.

One more lung disease that was the reason of the pandemic and creatine in 2019 is Covid 19.
It was caused by a novel coronavirus SARS-CoV-2 and afflicted economic, public health, and geo-
political situations over the world. COVID-19 primarily spreads through respiratory droplets when
an infected person coughs, sneezes, or talks. Common symptoms include fever, cough, and shortness
of breath, but the virus can also cause a range of respiratory, gastrointestinal, and neurological issues.
Certain individuals, particularly the elderly and those with underlying health conditions, are at a
higher risk of severe complications. Despite the mortality rate of Covid 19 significantly decreasing
and the initiation of vaccination, various new strains of the virus have begun to emerge with differing
symptomatology, transmission rates, and mortality.

Although the 2019 pandemic dealt a significant blow to humanity, it undoubtedly exposed
healthcare challenges linked to a shortage of qualified medical personnel. Overall, the medical field
faces a significant challenge with timely disease diagnosis and subsequent patient management due to
a shortage of healthcare professionals and necessary equipment. In this context, the use of automated
tools in preclinical medical diagnostics has the potential to significantly improve the quality of
services provided and the overall survival rates of patients with various illnesses. Hand segmentation
of the disease or organ is an expensive and long process. Moreover, due to the significant burden
on healthcare professionals and the fact that images are not pre-ranked based on the severity of the
patient’s condition, individuals with more severe forms of illness may not receive timely treatment.
It is also worth noting that the use of automated tools cannot fully replace a doctor since there is
a significant challenge in predicting false-positive results. In the context of pulmonary diseases, a
false-positive prediction may lead to a lung puncture, which is an invasive procedure.

We have focused on segmenting the region of the lung itself, as this step allows for the initial
assessment of the organ’s condition. It involves defining boundaries and size, as well as the potential
identification of entities with radiological characteristics deviating from the standard values of the
lung area.
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Main provision

We provide a comparative analysis of base U-Net with three U-Net-based algorithms: U-Net++,
TransUNet, and Swin-UNet. The main contribution of the article could be described as follows:

¢ The authors of Swin-UNet provide the comparison of TransUNet and Swin-UNet for the aorta,
gallbladder, spleen, left kidney, right kidney, liver, pancreas, spleen, and stomach. We checked the
algorithms for the task of lung segmentation.

¢ The comparison of TransUNet and Swin-UNet was provided in the original article Swin-UNet
based on DICE and Hausdorff Distance. We complete the comparative analysis by adding loU. Also,
for medical processing tasks, it is critical to consider the distribution between false positive and false
negative predictions. In the lung segmentation task, we took pixels belonging to the lung as positive,
and all other areas of the image as negative. We also calculated precision and recall characterizing
the distribution between segmentation errors.

¢ The comparison of TransUNet and Swin-UNet in the original article was done with the use of
hardware with different computation power. For the current research, we used the same equipment
for training all four models.

* We provide a comparison between two convolutional (U-Net, U-Net++) and two transformer-
based (TransUNet, Swin-Unet) models to check which type of model shows better results for medical
image segmentation on the dataset with a limited size. Also, we used a backbone model with a
smaller number of trainable parameters for TransUNet to bring the number of trainable parameters
of transformers and convolutional neural networks closer to each other.

Materials and methods

Image segmentation models

We compared four deep-learning algorithms for the lung segmentation task: U-Net, U-Net++,
TransUnet, Swin-UNet. U-Net++ is an extension of the U-Net architecture for semantic segmentation,
incorporating skip connections and deep supervision to enhance the ability of the model to capture
hierarchical features in medical image analysis. TransUNet is the combination of a transformer
encoder and a convolutional decoder. Swin-UNet is a fully transformer-based model. In contrast
to convolutional-based models, transformer-based architectures utilize an attention mechanism.
This mechanism can be conceptualized as a sequence of linear layers incorporating key, query, and
value components. By doing so, the attention mechanism adeptly highlights relevant features within
the original input sequence, allowing transformers to capture intricate dependencies and patterns
across the entire sequence for various tasks. The combination of the attention mechanism in the
encoder and convolutional decoder in TransUNet is the reason for additional calculation inside skip
connections because the convolutional part operates with matrixes while the transformer part works
with sequences. This architectural singularity and the number of layers are the reasons why Transnet
used the biggest number of parameters among all observed models.

TransUNet and Swin-UNet models were compared by the authors of Swin-UNet architecture
on the Synapse multi-organ computer tomography dataset [12] and ACDC dataset [13]. The synapse
dataset consists of computed tomography images of the aorta, gallbladder, kidney, liver, pancreas,
spleen, and stomach and corresponding masks. ACDC dataset contains MRI images with labeled
ventricles and myocardium.

Data

For the current comparative analysis, we used X-ray images of the lung, because the results of
the original article do not provide information about the quality of segmentation based on X-rays,
and the lung was not used in the original articles as well. We used an open-source dataset of chest
X-rays with corresponding lung masks [14, 15]. We used 704 images from the dataset, which were
randomly split into train and test sets. So the train set contains 563 images and the test set consists
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of 141 images. All X-ray images were provided in PNG format. An example of an image from the
dataset and corresponding mask is provided in Figure 1.

in

Figure 1 — X-ray image (left) and corresponding binary lung mask (right)

We used 704 images from the dataset, which were randomly split into train and test sets. We used
the same distribution between the train and test for honest comparison. The train set contains 563
images, and the test set consists of 141 images. We used the image with the size 224*224 because
this image size was applied in SwinU-Net architecture. So, we applied the same for all of the others
for honest comparison.

The dataset also has additional annotations that include information about age, gender, sex, and
diagnosis. We used only a part of the dataset. So, the distribution between genders is 442 to 262 for
males and females correspondingly. The age distribution could be described as it is shown in Table
1. As it is shown in Table 1 the main part of the dataset is the X-ray images of young adults with age
from 19 to 35.

Table 1 — Age distribution

Age span Number of examples
0-12 27
13-18 14
19-35 321
36-60 278
60+ 64

The dataset includes a variety of pulmonary conditions diagnosed through chest X-rays. There
are descriptions of the most popular cases that appeared in the dataset. Also, the dataset includes some
other cases like Smear positive, active TB, LUL apex; Bilateral secondary PTB, left encapsulated
intrathoracic fluid; Left PTB, left pleural thickening, and others which appeared in the dataset no
more than five times.

Normal (358 cases) indicate that there are no apparent signs of pulmonary abnormalities. These
images serve as a baseline for comparison with cases exhibiting pathology.

Bilateral PTB (48 cases) signifies the presence of pulmonary tuberculosis affecting both lungs.
This condition necessitates careful monitoring and treatment due to the bilateral involvement, as
tuberculosis can significantly impact respiratory function.

Right PTB (42 cases) indicates the presence of pulmonary tuberculosis specifically affecting the
right lung. The focus on the right lung allows for targeted diagnosis and treatment planning.

PTB in the Right Upper Field (26 cases) specifies tuberculosis localized to the upper region
of the right lung. This precise characterization assists in identifying the affected area for accurate
diagnosis and treatment.
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Left PTB (18 cases) highlights cases where pulmonary tuberculosis is isolated to the left lung.
Like right-sided cases, specific localization aids in tailored medical intervention.

These classifications play a crucial role in medical diagnostics, guiding healthcare professionals
in identifying and addressing pulmonary pathologies through the analysis of chest X-ray images.
Understanding the nature and location of abnormalities is vital for effective treatment strategies and
patient care.

Loss function
For training all of the selected models we used the same hyper-parameters and loss function. We
applied DICE Loss for the training process because it is widely used for image segmentation. Dice
loss is a metric used in image segmentation tasks that quantifies the difference between predicted
and ground truth masks. We used dice loss with square values for the predicted mask to increase the
distance between the incorrect prediction and the ground true mask (Equation 1).
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Model evaluation

As medical image segmentation is used as a premedical step of image diagnostics, the quality of
segmentation is critical. However, the similarity between the real and predicted mask is not only one
important characteristic. To evaluate the similarity and distance between ground true and predicted
mask we used DICE (Equation 2), IoU (Equation 3) and Hausdorftf Distance (Equation 4).
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It is important to have an opportunity to use the model on different hardware with different
computation resources. For deep learning models, the number of trainable parameters is the
characteristic responsible for the speed and required hardware for training, because it has a direct
relation with the number of layers of the model.

Image segmentation task could be described as pixel-wise classification. The distribution between
false positive and false negative predictions is also important for medical image processing tasks. We
used precision (Equation 5) and recall (Equation 6) to evaluate if the model better classified positive
or negative examples. Although precision and recall both characterize the quality of classification,
one of them could be significantly higher than the other. Precision is more important if the number of
false positive predictions has more crucial consequences than false negative. Otherwise, when false
negative predictions are more critical, it is better to increase recall.

Precisi True Positives (5)
recision = — "
True Positives + False Positives

Recall — True Positives 6
ecal = True Positives + False Negatives (6)
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Hardware

All experiments were done on the same hardware: NVIDIA A100 80GB GPU with CUDA
version 11.7, paired with an AMD EPYC 7663 56-Core Processor for CPU tasks., RAM 1,5 Ti.
Computational resources have been temporarily provided by the Institute of Information and
Computational Technologies (IICT).

Results and discussion

We calculated the number of parameters for all the models. The cheapest model we used was
Base U-Net. We used five metrics for the evaluation of segmentation. DICE, loU, Precision, and
Recall should be maximized, and Hausdorff Distance should be minimized for better segmentation
results. We used a constant number of epochs for training. The results with input size 224*224 are
provided in Table 2.

Table 2 — Comparative results for U-Net, U-Net++, Swin-UNet, TransUNet with the input size 224
* 224

Model N param DICE ToU HD Prec Rec
Base U-Net 3.25E+07 0.9546 0.9147 16.73 0.9643 0.9474
Swin-UNet 4.14E+07 0.9543 0.9141 13.6969 0.9623 0.9487

U-Net++ 4.89E+0.7 0.9537 0.9128 23.05 0.9476 0.9618
TransUNet 9.23E+07 0.9442 0.8965 14.3628 0.9580 0.9340

As we can see in Table 1, DICE and IoU decreased when the number of trainable parameters
increased. It could be caused by the limited size of the data. The model with the minimum Hausdorff
Distance is SwinU-Net, which means that it provides maximum similarity in the form of a predicted
mask. U-Net also has maximum Precision, this makes U-Net a preferred model in situations where
it is important to minimize the number of false positive predictions. Usually, the problem is false
positive predictions from the point of view of the patient and the doctor. The model with the highest
Recall is U-Net++, which means that it makes fewer false negative predictions.

Literature review

The U-Net architecture was originally constructed for the main challenges of computer vision: it
could be trained on the set with limited size, considering the fact the relevant part of the image could
be significantly smaller, like borders between cells on a biopsy image, than all other parts, and does
not require big computational resources because its architecture distinctive features. Base U-Net
consists of main parts: mirror encoder-decoder, skip connection layers, and bottleneck. U-Net shows
high performance for medical [16, 17, 18] and non-medical image segmentation [19]. The high
performance of U-Net has been a motivation for its extension for various U-Net-based algorithms
[8,9, 10, 11, 20]. U-Net architecture could be combined with residual [5], recurrent [6], or dense [7]
blocks forming a new convolutional neural network. U-Net also could be adopted for 3D image
segmentation [21, 22] which is also a widely used format of visual representation of the human body.

The author of article [23] provides a comprehensive theoretical review of more than eight U-Net-
based and original U-Net models. The authors provided a list of their applications for different human
organs and illnesses segmentation based on the information given in other articles.

The article [24] provides a comparative analysis of 2D U-Net and 3D U-Net for brain tissue
segmentation. The authors used the Open Access Series of Imaging Studies (OASIS) [25] for training
and testing. The article [26] provides a comparative analysis of U-Net-based algorithms for liver
segmentation. 3D U-Net was better in both cases. The article [27] provides a comparison of 2D and
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3D U-Net for pulmonary nodule segmentation based on the LIDS-IDRI Dataset [28]. Two Level
U-Net shows the best scores for image segmentation than 2D and 3D U-Net.

U-Net architecture could be extended not only as a part of the new convolutional neural network
but also as a new transformer architecture. The first application of transformer-based architectures
in computer vision was described in the article [29]. The authors described an application of a
visual transformer for the image classification task. The architecture was extended for the image
segmentation task. Examples of combination U-Net with transformers are TransUNet and Swin-
UNet. TransUNet and Swin-UNet were compared for caries segmentation in the article [30]. The
article [31] proposed new transformer-based architecture which was tested with TranUNet and
SwinU-Net for ACDC Dataset. In both cases, TransUNet showed a higher DICE score, which is the
opposite result provided by the authors of the original SwinU-Net article.

Although transformer-based architectures are powerful tools for image processing, they require
much more computation resources than convolutional neural networks. Sometimes their application is
not worth the resources spent. The article [33] provides an adaptation of U-Net called LargeKernelU-
Net (LKU-Net) which shows higher DICE on OASIS dataset than TransMorph [34].

Although U-Net-based algorithms show stable and high performance for the segmentation of
instances with different types, they are not the only type of architecture, used in medical image
processing. Example Mask R-CNN [35] originally described for non-medical object detection, also
could be adopted for medical image segmentation task [36, 37] by itself. The article [38] provides a
comparison between U-Net, Mask RCNN, and their ensembled for nuclear segmentation.

Conclusion

Medical image processing could be applied as a pre-medical diagnostic to increase the quality
of patient management. Image segmentation is one of the computer vision tasks, that is suitable for
medical image diagnostics because it allows to find not only the class of required instance, but the
location, size, and form as well. However, there are a lot of changes and limitations for computer
vision medicine. The first one is the computational and data resources. The second is the quality
of segmentation because the model must find the accurate size and form of the required instance.
Finally, the distribution between false positive and false negative predictions influences the choice of
the model. The limitation of medical image processing was the motivation for the creation of U-Net
architecture for medical image segmentation. U-Net shows high performance on various medical
image tasks and was extended by combination with other architectures. We compared U-Net with
three of its extensions TranUNet, Swin-UNet and UNet++. Based on our results Base U-Net still
shows comparative results with its descendants with a bigger number of trainable parameters.

Future work

In the current article, we provide a comparative analysis of four deep learning models: U-Net,
U-Net++, TransUNet and SwinUNet for lung segmentation tasks. We trained all models on similar
circumstances and compared results with each other. We used open-source data for comparison. All
of the images were provided in PNG format. We used the dataset with a small number of images. So,
this research has some limitations, which could be extended in future work.

First, the images that we used are provided in PNG format. One pixel in PNG could be described
as an integer value from 0 to 255. However, the usual format of X-ray images is an application of
DICOM format. Dicom format is also used for computed tomography images. This format could
contain much more value of each pixel which allows to separate instances of different types by the
grey value on the image by itself. So the X-ray image in Dicom contains much more radionic features
than the PNG image that we used.

Another limitation of the experiment that we provide is the size of the dataset. Although it was
one of the purposes of the research to check the behavior of selected models on small-size datasets,
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this data could not be enough for training transformer-based models. So to extend current research
the dataset with a bigger size could be used.

The distribution between the lung area and another part of the X-ray also should be considered. In
case we describe the segmentation of the lung on X-ray as pixel-ways classification, the distribution
between the lung and other instances is quite balanced because the area of the lung is big. However,
we used metrics like DICE and IoU which are partly sensitive to the size of the set. It should be
mentioned that for disease segmentation, we usually work with examples where the relevant region
is significantly smaller than other parts of the body. So, the behavior of the model could not be
predicted before real tests were done for another problem domain. Also, these experiments could
be done several types for different types of disease because all of them have different radiological
features.

We also use image size 224*224 while the size of the original X-ray image could be different
depending on the equipment used for taking the data. So some images were compressed or extended
to have similar sizes. Moreover, the Dicom format contains some additional information like the
scale of the image, which was lost because of the use of PNG. However, this information could be
deleted because in medicine all the information should be anonymized as it is possible. However, for
private usage, the quality of segmentation and image processing additional information about disease
history, age, sex, and smoking could increase the quality of the model work.

Another possible way to extend current research is not in comparison of the models but in
increasing segmentation quality. We do not apply any types of data augmentation to increase the
quality of segmentation for honest comparison. Also, we had a goal to compare models on the small-
size dataset, so we to not increase the size of the training set in any possible way. So an application
of affine transformation could make the segmentation of the models better.

The dataset also was annotated for classification purposes. For current experiments, we used only
a part of the data with X-ray images and corresponding lung masks. However, the original dataset
also provides information that was contained from two data sources: Shenzhen and Montgomery.
The dataset also contains information about gender, age, pathology existing, diagnosis, and disease.
There are nine possible types of pathology in the dataset: tuberculosis, pleurisy, atelectasis, pleural
thickening, pneumothorax, pneumonia, fibrosis, granuloma (or cavitary), and infiltrate. The main
part of the X-ray images does not contain any types of pathologies. Also, some X-ray images do
not have labeled pathology and are indicated as an unknown class. Currently, the open-source data
is labeled for lung segmentation only, however it cloud be extended by additional labeling for
mentioned diseases. However, the fact that medical labeling is expensive and long process should be
taken into account as well.

Also, we used only U-Net-based architectures for comparison reasons. However, as it is
mentioned in the Literature review, there are a lot of other ways for medical image segmentation.
Currently, we cannot effectively evaluate the reason why the neural network decides on any type of
image-processing task. However the X-ray images, especially in Dicom format, could be segmented
by non-neural network methods. So the lung could be segmented based on morphological features of
the X-ray image. Subsequently, the research could be extended by the comparison of deep learning
methods with classical computer vision approaches.
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OKIEHIH PEHTTEHJAIK KECKIHAEPIH CETMEHTTEY MOCEJIECIHJAE
U-NET, U-NET++, TRANSUNET KOHE SWIN-UNET MOJEJIBJAEPIH
CAJIBICTBIPMAUJIBI TAJIJTAY

Angarna

MenunuHaIbIK KeCKiHAEPAlI CerMEHTTEY METUIMHAIBIK KeCKIHAepAl eHIey[ae KeHIHeH KOJIaHBLIATHIH

Mocesie. MeauiHaia CerMEeHTTEYIl KOJJIaHy KaKeTTi HBICAHHBIH OpHAJIACYbl MEH MOJIIIEepiH aHbIKTayFa
MYM- KiHAIK Oepeni. Mozenb/i Tanayaa 6ipHerie MaHbI3abl GakTop eckepiiai. bipiHmriieH, Moiens MackaHbl 1971
OopKayIbpl KaMTaMachl3 €Tyl KepeK. EKiHIIiIeH, Moieb ecenTey pecypcTapblHbIH YIKSH KOJEMiH KaKeT eTmeyi
KepeK. AKBIPBIH/IA, KaJIFaH OH >KOHE jKaJlFaH Tepic OomkaMaap apachiHIars! OemiHicTi eckepy Kaxker. biz DICE,
IoU, monmix meH TONBIKTHIK, Xaycaop(h KaIbIKTEIFE CHSKTHI TapaMeTpIiep HeTi3iH/e OKIeHIH PEHTIeH KeCKiHAePiH
CETMEHTTEY YIIIH KOJIIAHBUIATBIH TEPEH OKBITYABIH TOPT MOJEIIHE CalbICTHIPMAlbl TaJIAAy KacaiMel3, oiap:
Heri3ri U-Net sxone onbiH U-Net ++ keneiirimi, TranUNet sxone Swin-UNet. Ex a3 mapamerpini CNN mozenbaepi
JIepeKTep >KUHAFbl IIEKTEIreH Kol mnapaMeTpii MojeibiaepMmen canbicthipranaa DICE sxone IoU eH xorapsl
KOpCeTKImTI Kepcereai. Makanaaa YChIHBIIIFAH 9KCIIEPUMEHT HaTiKenepine coiikec U-Net makcumanasl DICE,
IoU meH nonpaikke ue. Ayt OyJ1 OHbI MEANIIMHAIIBIK KECKIH/II CETMEHTTEY/Ie Nali1aaHblIaThIH €H KOJIAHIbl MOJEIIbIe
aftranmapipagsl. SwinU-Net — Xaycnopd KamrsIKTHIFBL eH a3 Moaelnb. U-Net++ MakCHMaIabl TOJTBIK MOICIT.

Tipek ce3mep: CNN, cermeHtTey, Tpanchopmepiiep, MEIUIMHATIBIK KECKIHI1 OHIILY.
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AHHOTAUA

CermeHTayss MEAUIIMHCKUX U300payKCHUH SBIISICTCS IIUPOKO MCITONB3yeMOH 3a1adell B 00paboTKe MeANIMH-
CKHUX M300paskeHni. VIcnonp30BaHNe CErMEHTANN B MEMIIMHE MTO3BOJISIET MOIYYUTh MECTOIMOJIOKEHNE U pa3Mep
HeoOxonuMon cymHOCTH. CyIecTByeT HeCKOIBKO BaKHBIX (DaKTOPOB MpHU BRIOOpE Mozaenu. Bo-mepBrIx, Moxens
JIOJDKHA 00ecrieunBarh TOYHOE TpecKa3aHie MacKu. Bo-BTOpBIX, MOJIETh HE J0JDKHA TPeOOBATh OONIBIIOTO 00b-
eMa BBIYHCIHUTEIbHBIX pecypcoB. HakoHel, cleayeT ydecTh pacnpeesieHHe MEXAY J0KHOMOIOKHUTEIbHBIMUA U
JIO’KHOOTPULIATENBHBIMU NpeJCKa3aHusAMU. MBI IPef0oCTaBIseM CPAaBHUTEIbHBIN aHAIU3 YeThIpeX MOAEeNed Iiy-
6okoro oOyueHus: 6a3oBoit U-Net u ee pacimpernnit U-Net++, TranUNet u Swin-UNet U1t cerMeHTanuu J1erKux
IO PEHTTEHOBCKUM CHHMKaM Ha OCHOBe oOydaeMbix mapamerpos, DICE, IoU, paccrosaus Xaycmopda, TOGHOCTH
n onHOThl. Mogemn CNN ¢ HaUMEHBIINM KOJIMYECTBOM IapaMeTPOB MOKA3bIBAIOT CaMbIe BHICOKHE MTOKA3aTeNN
DICE u IoU mo cpaBHEHHIO ¢ MOJEISIMH C OOJBIINM KOJIMYECTBOM MapaMETPOB Ha OTPAHUYEHHOM IO pa3Mepy
Habope JaHHbIX. COracHo pe3ysibTaTaM dKCIepUMEHTa, IPECTaBICHHBIM B cTaThe, U-Net nMeeT MakcHMalbHbIe
DICE, IoU u TounocTs. DT0 JenaeT Mojenb Haubosee MoAXOSIIeH AIsl CerMeHTalul MEJULIIMHCKAX U300pasKe-
Huit. SwinU-Net — Moziests ¢ MUHUMaJIbHBIM paccTosianeM Xaycaopga. U-Net++ nmeeT MakCHMalIbHYIO TTOJTHOTY.

Karouesbie ciioBa: CNN, cermenranus, TpancopMepsl, 00padoTKa MEJUIMHCKAX H300paskeHUH.

53



HERALD OF THE KAZAKH-BRITISH
No. 2(69) 2024 TECHNICAL UNIVERSITY

UDC 004.91
IRSTI 20.15.13

https://doi.org/10.55452/1998-6688-2024-21-2-54-64

"*Uvaliyeva .M.,
PhD, ORCID-ID: 0000-0002-2117-5390, e-mail: indirauvalieva@gmail.com
'Zhenyssov A.E.,
Bachelor student, ORCID-ID: 0009-0006-6441-7747, e-mail: zhenysov@mail.ru
’Shaikhanova A.K.,
PhD, ORCID-ID: 0000-0001-6006-4813, e-mail: aigul.shaikhanova@gmail.com

'D. Serikbayev East Kazakhstan Technical University, 070004, Ust-Kamenogorsk, Kazakhstan
2L.N. Gumilyov Eurasian National University, 010000, Astana, Kazakhstan

DEVELOPMENT OF A DOCUMENT MANAGEMENT SYSTEM
FOR AN ENTERPRISE BASED ON BUSINESS PROCESS MODELING

Abstract

This article will discuss the functionality of the electronic document management system. The interface,
main functions and purpose of the application will be described here to guide the user. The electronic document
management service was designed based on an analysis of existing solutions on the Kazakhstan market. When
developing the application, we took into account standard functions present in most other services, as well as
those that are missing there or implemented separately. This article consolidates the entire result of work on the
project and helps to look at the final version of the application from the point of view of the end user. Having
described each stage of working with the program, the author can also glean for himself some nuances and details
that he had previously missed. The results of this project will provide an electronic document management system
for enterprises seeking to improve their operational efficiency through the implementation of a modern electronic
document management system based on business process modeling.

Key words: user, document, operation, document route, electronic digital signature, crypto library, digital
signature key certificate.

Introduction

In today’s dynamic business environment, effective document management and business process
optimization are becoming key factors for enterprise success. In this context, the development
of an electronic document management system based on business process modeling represents a
practical and strategic solution to improve operational efficiency and increase the competitiveness of
a company. Based on the analysis of existing document and business process management systems,
through identifying their advantages and disadvantages, a system was created that allows us to fill
the gaps of its predecessors.

The main emphasis is on developing electronic document management functionality that can
improve the efficiency of business processes, reduce time costs and minimize the likelihood of errors.
The results of the study provide practical recommendations for the implementation of an electronic
document management system based on business process modeling to increase the competitiveness
of an enterprise in the modern business environment.

With the development of the concept of “Electronic government”, as well as the digitalization
of many areas in modern Kazakhstan, there is a demand in society for maintaining electronic
documentation. The sphere of document flow requires compliance with civil norms and laws, which
is why it is necessary to analyze some important sources.
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Before development began, an introduction was made to the basic terms of cryptography and
encryption. In [1], the term “electronic digital signature” was first mentioned, which is why the article
is significant from a historical point of view as one of the stages in the development of the entire
field. [2] introduces the reader to the working mechanisms of one of the most common encryption
algorithms — RSA.

Another layer of documents is regulations. It contains a large number of documents that regulate
various aspects of electronic document management. [3] provides general concepts and definitions
for most terms when working with electronic documentation. This act [4] presents rules for verifying
electronic documents. In addition to the above documents, it is also worth paying attention to other
regulations [5—6]. Some references to electronic documentation may also be found in these sources.

Some materials can be highlighted in foreign sources. [7] provides insight into the CMS standard,
which is a universal method for storing electronic documents. Documentation for working with the
XAdES and CAdES formats is described in [8] and [9]. These formats define standards when working
with documents such as XML and PDF ([10]), respectively.

As part of the development of an electronic document management system, a study and analysis
of aspects of data security when interacting with the service was carried out. For this purpose, a
number of materials have been studied (some of them [11], [12]). Particular attention is paid to
identifying and assessing potential security threats, developing appropriate measures to protect
information, as well as introducing technical and organizational mechanisms aimed at ensuring the
confidentiality, integrity and availability of data during system operation.

All of these materials provide an understanding of the scope of electronic document management
in Kazakhstan, and also allow us to determine standard development standards.

Main provisions

As part of the master’s thesis, a project for an electronic document management system was
created. This project was implemented as a web application. The project is based on the goal of
providing clients with functions that are not available in other similar systems. Therefore, an analysis
of existing offers on the market was carried out in order to identify similar functions. In addition, the
mechanism of working with electronic documents in the Republic of Kazakhstan was studied for a
deeper understanding of certain difficulties.

Before starting work, the basics of web programming were studied in order to create the first
version of the project. The development is based on the PHP programming language, supported by
HTML, CSS and JavaScript. During the work, it also became necessary to add special frameworks
and third-party free libraries in order to fully implement the functionality.

In addition, during the development, a database management system based on PostgreSQL and
the NUC RK developer kit were used to work with electronic digital signatures.

The web application interface was an important part of the development. The interface of modern
applications is important for the developer for several reasons:

+ Interface defines the appearance, interaction, usability, behavior and overall experience of
the application. A good interface can increase user satisfaction and loyalty and help achieve the
application’s goals.

+ The interface affects the performance and efficiency of an application because it determines
how users perform their tasks using the application. A good interface should be intuitive, simple and
fast to minimize errors and time wastage.

+ The interface reflects the values and reputation of the developer as it is part of the brand and
identity of the application. A good interface should meet the expectations and needs of users, as well
as convey the emotions and mood of the application.

During development, it was decided to make a user-friendly interface. A user-friendly interface
is an interface that is easy for the user to understand and use. It does not require much effort from
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the user to figure out how to work with the application. This type of interface makes interaction with
the application pleasant and efficient. It also contributes to increased satisfaction and loyalty among
users who appreciate the design and usability of the application and improves the performance and
efficiency of the application, which allows users to complete their tasks using the application quickly
and without errors.

To create such an interface, the developer must take into account the needs of the users and also
follow some principles and techniques of interface design. For example, the interface should be
simple, intuitive, consistent, adaptive, interactive and aesthetic.

During development, many tests were carried out to identify errors. It is important to consider
that electronic documents are an important area of life for companies. The purpose of testing is to
identify errors that can disrupt the operation of the system, cause an error for the client, and also
clearly notify the user of the presence of any errors.

At the moment, there are points within the service that can be improved and expanded in terms
of functionality.

The service is intended for use by individuals and legal entities operating in the territory of the
Republic of Kazakhstan.

Software and hardware requirements for the system:

1. To work with documents, user will need an electronic digital signature key.

2. Technical requirements for working with the program:

* at least 2 GB of RAM;

+ free disk space of at least 10 GB;

+ Internet connection (at least 128 Kbps, recommended speed — from 1 Mbps);

¢ open access on port 443 for correct interaction with URLs;

¢ browser: Internet Explorer 10+, Firefox 4+, Opera 10+, Google Chrome 4+, Safari 5+;

¢ operating system: Windows 7/8/10/11, Linux, OS X 10;

¢ installed NCALayer application from NCA RK.

All tools and pictures used in the application were taken from publicly available free resources.
In addition, most of the pictures are used only to demonstrate the operation of the application, and in
the future they will be replaced using our own works.

Materials and Methods

The first thing that greets the user is the login page. A standard authentication mechanism for
many websites is available here. The user can register if he has not used the service yet, or authorize
an existing account. When developing this page, great attention was paid to data storage, because
customer credential information is sensitive information and should be highly secure. User may not
log in and work with limited functionality.

Then, the user is taken to the main page, where several functions are available to him. If the
client is authorized, then three blocks are available to him: “My documents”, “Sign” and “Verify
document” (Figure 1, p. 57).

In addition, when starting work, the user can select the mode: , under which individual or legal
entity he/she will work. EDS keys for legal entities and individuals are different, so it is important
to correctly indicate the client’s data. Specifying an individual allows representatives of small and
medium-sized businesses to work with documents, and specifying a legal entity allows access to
working with documents within the company. The registration process requires connecting NCALayer
and entering the data of digital signature certificate. In this way, the user data will be saved in the
system. In this case, the password and data of the key itself are not saved.

First of all, the client can sign any of his documents. To do this, he can go to the signature page
and select the type of signed document (Figure 2, p. 57).
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“Basic” and “Additional” signature methods are available here. The main ones include: signing a
CMS document, signing an XML file and signing multiple documents. CMS signature allows user to
sign a file of many popular formats, while saving data about the signature and the original document
inside the CMS container itself. Files in PDF, WORD, EXCEL, etc. formats are suitable for this
signature. The client needs to click the file selection button and specify the required file. A visual
demonstration is available for PDF files (Figure 3, p. 58).
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Figure 1 — Home page
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Figure 2 — “Sign document” page
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Figure 3 — Signing a PDF file

Next, after checking that the file matches, user can click the “Sign” button, enter the key data in
the NCALayer window and receive a notification whether the file is signed or not. If the signing is
successful, a “More details” button appears; when clicked, the user is taken to the document page.
A similar algorithm works for other methods. It’s worth talking about additional signature methods.
The document hash signature, byte array signature, and WS message signature are available here
(Figure 4).

BINARY Signing a document in hash function format
WS-Security Select a e 10 $gn, and click the "Sign” button, Specify the path to the digital signature key and enter the password

After signing, the document will be ready for isue. Click the "Save file' button and receive the signad docurmant

Figure 4 — Additional signature methods section

These types of files are not common, but can be used to interact with some government bodies
(for example, the Taxpayer’s Account portal accepts tax reporting forms in the form of WS messages).
The mechanism for working with these methods differs from the main ones, because NCALayer is
missing signature data. Therefore, similar functionality was implemented based on the KalkanCrypt
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crypto library, which is also included in the developer kit. It is also worth mentioning that to implement
the signing algorithms for several documents, it was not the standard version of NCALayer that was
used, but a modification from 1C-Rating, which allows user to check the correspondence of the BIN
of clients and the keys with which they sign. In addition, the page offers the opportunity to upload
your own document and save it in the database without signing, with the function of further signing.
Also, the service has several types of standard documents that are generated automatically without
the need to download. For example, the document “Application for Leave” can be generated using
the service.

The next section of the service is checking signed documents (Figure 5). The functionality for
checking the validity of documents of different formats is implemented here.

Verifying a document
Select a file to verify, and click the Verify” button.
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Figure 5 — “Check Document” page
Results

Currently, documents in CMS and XML formats are checked. Document verification is
implemented using tools from the KalkanCrypt crypto library. To check the validity of the document,
user must click the file selection button, and then the “Check” button. If a signature is found in a
document, the service will issue a response in the form of several blocks, which indicate signature
data (number of signatures, date of signing and current validity), certificate verification (serial number
and certificate status), as well as signer’s certificate data (name, certification center, BIN/IIN, validity
date). The functionality of the page is the same for both authorized and unauthorized users.
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In order for documents to be stored in the system, a server model was implemented within the
service. This means that data on signed documents is stored in the system for a certain period of time.
To work with documents, user need to go to the “My Documents” page, where various operations
with documents are available. First of all, this is the storage of documents within the service. Here
user can see signed and unsigned client documents (Figure 6).
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Figure 6 — User documents section

Each document has its own page on which user can see more detailed information about signatures
(similar to the document verification page), send the document to counterparties, or download a zip
container with signature information (Figure 7, p. 61).

When downloading the container, the user receives two documents: a signed document and a
reference document, which contains all the signature information in printed form.

The signed document can be used for further operations, in particular, it can be verified through
the “ezSigner” service, which is one of the popular services for verifying electronic documents in the
Republic of Kazakhstan. Sending documents is implemented from several angles. Firstly, sending
occurs between users of the service. There are no obstacles here; the service sends documents
through internal sending mechanisms. This is implemented in the document sending block, through
a separate modal form.

Discussion

However, it was decided that the transit of documents should be carried out not only between
authorized clients, but also between others. Therefore, it is possible to send a document to an
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unauthorized user via email. To do this, when sending, a letter is generated to the specified email
address with a unique code that is valid for a limited time. The counterparty must enter the code on
a unique code entry page in order to access the document page and sign it.
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Figure 7 — Document page

In the future, it will be possible to get to the document page using this code. An algorithm for
sending documents within the company has also been implemented. To do this, use a special section
“Operations” (Figure 8, p. 62), where user can specify any document from list and send it to any
members of the company in which the sender is listed for signing.

User can also request certain employees to sign documents of the same type. Inside the service,
on the pages of the “My Documents” section, user can see both incoming and outgoing documents.
User can click on each message and see the text from the sender and the attached document. Thus,
the basic algorithm for electronic mail services was implemented.

In the process of working on the service, some of its advantages and disadvantages were
identified over other services that work with electronic signatures of the Republic of Kazakhstan

(Table 1, p. 62).
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Figure 8 — Section “Intra-company operations”
Table 1 — Advantages and disadvantages of the project
Advantages Disadvantages

Document formats implemented by NCA were added
to the service. These formats include both common
(XML, PDF, Word and Excel) and less familiar types to
the general user (binary data, document hash functions,
WS messages).

the project.

The interface and behavior of some features is very
basic in functionality and lags behind others. This
is due to the amount of work that requires a much
larger amount of time, money and people to develop

One of the advantages of the system is the ability to
work in unauthorized mode. Many services require at
least registration via e-mail to receive the basic functions
of the program, and sometimes additional payment is
required to work with the full version. companies. The application implements basic
functions to protect information.

Lack of an advanced security system. Implementing
a cybersecurity system requires in-depth knowledge
in this area. Many services resort to the use of third-
party developments or the services of specialized

It is based on the “open code” model, with the creation | Not identified
of a universal code for further implementation in
companies of any structure and specialization. The
service will be convenient for large enterprises that have
their own staff of developers.
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The created application also involves a transition to an «open source» model, with the creation
of a universal code for further implementation in companies of any structure and specialization.
Thus, the service will be convenient for large enterprises that have their own development staff. At
the same time, aspects of legislation are taken into account, which is why some functionality requires
coordination with government agencies.

Conclusion

As aresult of the design, we can come to the conclusion that the development and implementation
of an electronic document management system based on business process modeling is an integral step
in modern business. The practical significance of this project lies in the real possibility of increasing
the efficiency of document management and optimizing key business processes of the enterprise.

During the implementation of the project, the advantages of an electronic document management
system were identified, based on reducing the likelihood of errors and adding functions that are
missing in other systems. These factors contribute to the overall effectiveness of the service, helping
to increase its competitiveness in a dynamic market environment.

Based on the data obtained, a practical solution has been created for enterprises that decide
to implement such systems. An electronic document management system, created on the basis of
business process modeling, is an effective tool for modern organizations seeking to improve their
operations and strengthen their leadership in the market.
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BUSHEC-TPOUECTEPAI MOAEJIBAEY HETT3IHJAE KOCIIIOPbIHHbIH
IJIEKTPOHIBIK K¥YKAT AUHAJIBIMBI )KYUECIH 93IPJIEY

AHgaTna

Byn Makanaza SMeKTpOHABIK Ky)KaT aifHalIBIMBl JKYHECIHIH (DyHKIIMOHAIIBIFBI TaNKbUIaHaabl. [laiinanany-
miblFa OarbIT-Oarnap Oepy yiuiH uHTEepdelic, KouaaHOaHbIH HETi3r KbI3METTepPl MEH MaKcarhbl OChI XKEpJe CUIaT
Tanaapl. ODIEKTPOHMBIK KyXKaT aiHajbIMbl Kbi3MeTi KazakcTaHAblK HapbIKTarbl KOJJAHBICTAaFbl ILIESHTIMICPIi
Tanjay Herizinge xxacanran. Konnanbansl o3ipiey ke3inje 0i3 6acka KbI3METTep/IiH KONUILIriHae 6ap cTaHaapTThl
KBI3METTEpi, COHai-aK OJ1 JKepZe KOK Hemece 0eJeK OphIHIATaTHIH KbI3METTEep/i eckepik. by makama »xoba
OOMBIHIIIA KYMBICTBIH OapIIBIK HOTIDKECIH OIpiKTipei 5KoHe KOIIaHOaHBIH COHFBI HYCKACHIH COHFBI MaiilaaHy bl
TYPFBICBIHAH KapayFa KeMekTece/i. barnapiamamen sxyMbIc icTeyniH opOip Ke3eHiH CHIaTTail OTHIPHII, aBTOp O31
yiiH OypbIH xki0epin anraH KeiOip epeKIesikTep MeH MaTiMeTTep/l Jie KHHa anaabl. Ochl )KOOAHBIH HOTHIKEIEPi
OM3HeC-TIpoIIeCTeP i MOACIB/ICYTe HET13IeIreH 3aMaHay  3JIEKTPOH/IBIK KY)KaT aifHaJIbIMbI )KYHECIH SHI'13y apKbLIbI
OTepaIMsIIbIK THIMALTITIH apTThIPyFa YMTBUIATBIH KOCITIOPBIHAAP YIIIH 3JIEKTPOH/IBIK KY)KaT allHaIbIMBI )KYHeciH
YCBIHAJBL.
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PABPABOTKA CUCTEMBbI JIEKTPOHHOT'O JOKYMEHTOOBOPOTA
HNPEANIPUATUA HA OCHOBE MOAEJIUPOBAHUA BUBHEC-ITPOLUECCOB

AHHOTALUA

B a10i1 cTaThe Oyaet paccMoTpeH (hYHKIIMOHAT CHCTEMBI IEKTPOHHOTO TOKYMeHTooOopoTa. MHTepdeiic, oc-
HOBHBIC (DYHKITUH ¥ HA3HAYCHUE MIPUIIOKEHISI Oy/IyT OMUCAHBI 371ECh JIJIsl PYKOBOZCTBA oJb30BaTelsi. CepBHC J1eK-
TPOHHOTO JJOKYMEHTO000pOTa ObLI pa3paboTaH Ha OCHOBE aHAJIM3a CYNICCTBYIOIIUX PEIICHUN HA Ka3aXCTaHCKOM
peiake. [Ipu pa3paboTke MPUIOKEHHUS MBI YUYUTHIBAIN CTaHIAPTHBIC (DYHKIINH, IPUCYTCTBYIONINE B OOJIBITMHCTBE
JIPYTUX CEPBUCOB, a TAKXKE T€, KOTOPHIE TaM OTCYTCTBYIOT MJI pEaTH30BaHbI OTJACIBFHO. DTa CTaThs 00001I1aeT BeCh
pe3ynbTat paboThl HaJl MPOSKTOM ¥ IIOMOTAET B3TNITHYTh Ha OKOHUATEIHHYIO BEPCHUIO TIPIIIOKCHHUS C TOYKH 3PEHUS
KOHEYHOTO IToJTb30BaTells. OMIcaB KK IbIH ATall paboTHI C MPOrPaMMOI, aBTOP TAKKE MOKET MOYCPITHYTH IS CeOst
HEKOTOpBIE HIOAHCHI U JIETAJIU, KOTOPBIE OH paHee ymyckall. Pe3ynabsraThl TOro NpoeKTa MO3BOJIST CO3aTh CUCTEMY
ANIEKTPOHHOTO JJOKYMEHTO00O0POTa ISl MIPEANPHATHHA, CTPEMSIINXCS MOBBICUTH d()(PEKTUBHOCTh CBOCH JEATEIb-
HOCTH 3a CYET BHEJAPEHUSI COBPEMEHHON CHUCTEMBI AIEKTPOHHOTO TOKYMEHTOOOOPOTa, OCHOBAHHOM Ha MOJIEITHPO-
BaHWU OM3HEC-TIPOIIECCOB.

KaioueBble ciioBa: 10JIb30BaTeNb, JIOKYMEHT, OMNEpalus, MapiipyT JOKYMEHTa, 3JIEKTpOHHas LuQpoBas
HOAIUCH, KpUNTOOHONIHMOTEKa, cepTudukar kioya J1I1.
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DEVELOPMENT OF A WEB APPLICATION FOR DATA ANALYSIS
AND VISUALIZATION TO ENSURE THE SAFETY
OF TECHNOLOGICAL PROCESSES

Abstract

Modern technologies have developed quite well lately, and in addition to the banal data collection and
processing, modern algorithms are able to predict the behavior of equipment and prevent the occurrence of
malfunctions and failures in advance and take actions to reduce the likelihood of an accident and warn the relevant
employees. Within the framework of this study, the authors proposed the development of a web-application for the
analysis and visualization of data from UK-TPP to ensure the safety of technological processes. Ust-Kamenogorsk
TPP is a regional thermal power plant, heat and electricity generation covers 80% of the load of the housing and
communal sector of the city and industrial enterprises. The TPP is part of the unified energy system of Kazakhstan.
The application being developed has a web interface that will display and visualize data from the main sensors and
instruments of the UK TPP, as well as prevent equipment malfunctions and analyze the behavior of sensors using
machine learning. Node.js was chosen as the main software platform used, built on the java script programming
language, using additional modules that expand the capabilities of this programming language, written in ¢ ++,
which speeds up working with data arrays, receiving, and sending them.

Key words: data analysis, visualization, safety of technological processes, UK-TPP, device, Web-application,
monitoring, node.js, java script.

Introduction

Analysis and visualization of large data arrays is a topical issue in many areas of activity that
use data arrays in their work. The issue of automation of work with data is an important aspect in
the modern world, the arrays of data used are only increasing every year and there are not enough
human resources for a one-time continuous analysis and monitoring of indicators [1]. The issue of
automation is extremely acute in such enterprises as a combined heat and power plant since the issue
of analyzing and tracking data in such enterprises is the most important aspect of work. Analysis and
timely search for critical indicators can prevent equipment breakdown and emergency situations.
Monitoring the behavior of equipment, timely transmission of data, the use of visualization modules,
ensuring the safety of technological processes by means of alerting users are key in terms of solving
this issue [2].
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Among the latest modern tools, advanced technologies based on machine learning are used,
which, with the help of machine code learning, are able to solve the problems of analyzing and
predicting the behavior of large data sets at a level close to human thinking, but at the same time,
many times higher than the performance and speed of human thinking, which is many times more
effective than an ordinary employee [3].

In addition, the program can independently analyze critical data and inform the relevant
employees about the behavior of faulty equipment, visualize the change in sensors over time [4].
To analyze the emergencies that have occurred, the arrays of processed data are recorded in various
databases, using backup, so that even in the event of global emergencies, the picture of the events
that have occurred can be restored.

To optimize the analysis of indications of various equipment, web interfaces are created so that
employees can analyze the behavior of the equipment they need live. Modern interfaces can be
viewed using mobile devices, thanks to which employees are not “tied” to the workplace because of
the computer, which greatly optimizes the work with data [5]. For the same purpose, to alert about
the occurrence of emergencies, bots are used that send alerts in various popular social networks.
This is an effective solution, since every modern person has a mobile device at hand, which will
significantly speed up the notification of the relevant employees and taking measures to eliminate
existing problems.

The aim of the study is to develop a web-application for the analysis and visualization of data
from UK-TPP to ensure the safety of technological processes. The application being developed has
a web interface that will display and visualize the data of the main sensors and instruments of the
UK TPP [6], prevent the occurrence of equipment malfunctions, and analyze the behavior of sensors
using machine learning.

The main task of the thermal power plant is to provide hot water and electricity supply services
for consumers. Node.js was chosen as the main software platform used [7], built on the java script
programming language, using additional modules that expand the capabilities of this programming
language, written in C ++ [8], which speeds up working with data arrays, receiving, and sending
them.

As part of the study, the node-red visual programming interface was chosen [9], since it is quite
easy to use and configure, which does not require great programming skills and work with other
software, therefore, to work with this web interface, you do not need to have great skills in working
with programs, which will simplify the introduction of a new program. Java Script is the main
programming language of this platform [10], and all the code of each module is written in it, also,
using additional nodes, you can connect third-party libraries of other programming languages, such
as python [11].

Methology

The role of machine learning in the technological process of ensuring security

Machine learning plays a key role in the creation of intelligent monitoring and control systems
that help prevent equipment failures and ensure the continuous and safe operation of production
processes, such as:

+ Anomaly detection: Machine learning allows you to create models that can analyze data from
sensors and identify abnormal behavior of equipment that may indicate a potential malfunction. This
may be a deviation from normal operating parameters, as well as the appearance of specific signals
or patterns preceding a malfunction.

¢ Predicting the probability of failure: Machine learning models can be used to predict the
probability of equipment failure in the future based on its current state and already existing data.
This helps to take proactive measures to prevent breakdowns and plan maintenance.
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+ Adaptive Hardware Management: Machine learning models can be integrated into hardware
management systems for real-time decision making. For example, based on the analysis of sensor
data, the model can automatically adjust the operating parameters of the equipment to minimize the
risk of malfunctions.

¢ Maintenance optimization: Machine learning helps to optimize the maintenance schedule of
equipment. Based on predicting the probability of failure and analyzing data on the condition of
equipment, optimal maintenance strategies can be developed, for example, to carry out maintenance
when it is really necessary, and not according to a strict schedule.

¢ Improving production efficiency: Fault prevention using machine learning helps to reduce
equipment downtime and avoid loss of production capacity due to unexpected failures. This helps to
increase the efficiency and cost-effectiveness of production processes.

The process of preventing equipment malfunction using machine learning and analyzing sensor
behavior can be described as follows:

1) Sensor selection and equipment installation. At the beginning of the process, the necessary
sensors are determined to monitor various equipment parameters. These include: temperature,
vibration, pressure, liquid level sensors and others, depending on the type of equipment.

2) Data collection. Sensors are installed on the equipment, and data collection on its operation
begins.

3) Data preprocessing. In order for the data to be ready for analysis, it must be preprocessed.
This includes noise filtering, elimination of outliers, normalization of values.

4) Modeling and training. At this stage, machine learning methods are used to create a model
capable of predicting possible malfunctions. Classification and regression algorithms are used,
depending on the specific task. The model is trained on existing data that contains information about
the condition of the equipment and actual malfunctions.

5) Model implementation. After training the model, it is ready for use in real time. The model
can be integrated with an equipment monitoring system for continuous analysis of data coming from
Sensors.

6) Anomaly detection and warning. When the equipment is in operation, the model analyzes
data from sensors in real time and identifies abnormal or unusual indicators that may indicate a
potential malfunction. If such anomalies are detected, a warning or an automatic signal is generated
to the operator or control system to take the necessary measures.

7) Model update. New data on the operation of the equipment is constantly being collected,
and this data can be used to continuously improve the model. The model is periodically updated and
retrained on new data, which improves its accuracy and efficiency.

This process allows you to quickly detect potential problems with the equipment, minimizing the
risk of accidents and increasing the efficiency of its operation.

Technological processes of UK TPP

Ust-Kamenogorsk TPP is a regional thermal power plant, in which the generation of heat and
electricity covers 80% of the load of the housing and communal sector of the city and industrial
enterprises. The TPP is part of the unified energy system of Kazakhstan [12].

Ust-Kamenogorsk TPP was launched in 1947, for the first time in Kazakhstan, high-pressure
equipment was installed on it. In Soviet times, it was part of the regional energy management
department, covering the territories of the East Kazakhstan and Semipalatinsk regions [13]. In 1997,
it was among the six power plants transferred to the American energy corporation AES. In April
2017, AES sold the Ust-Kamenogorsk and Sogrinsk TPPs to the Kazakh company Kazakhstan
Utility Systems [14].

The main purpose of the combined heat and power plant, as the name suggests, is the generation
of electricity and hot water to cover the needs of consumers.

The full cycle of operation of the UK TPP is shown in Figure 1 (p. 68).
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Figure 1 — Operation cycle of Ust-Kamenogorsk TPP

Simplistically, the operation of a combined heat and power plant can be described as follows —
the cycle begins with the operation of a pumping station that pumps water from the Ulba River and
also takes water from the return flow of hot water, then the process of distillation of the resulting
water takes place using chemical water treatment, the resulting distilled water enters the boiler,
where the water is heated with the help of coal obtained by conveyors, then the water is heated and
converted into steam, the high-pressure steam is conveyed through the pipeline to the turbine, where,
using steam pressure, turbines rotate, the turbines, in turn, rotate generators that convert mechanical
energy into electricity, after which the generated electricity is passed through transformers, a stable
alternating voltage is created and transmitted to the consumer [15]. The resulting steam passes further
through the pipes and is transferred to the condensate, where the steam is converted into water and re-
filtered, then the resulting water is mixed with that which has not evaporated in the boiler and enters
the heat units for the final preparation of the coolant for supply to the consumer. Further, by means of
pipes and thermal wells, hot water is transferred to the consumer. Unused hot water, having passed
through the consumer, returns to the TPP, and repeats the entire chain again.

Within the framework of this work study, only the aspect of thermal generation of a combined
heat and power plant will be used.

Results and Discussion

The main requirement for the functioning of the web interface is the presence of its software
platform, namely, the key element of the application is Node.js [16]. This platform is installed using
the usual installer of the latest stable version of the program. It is also necessary to install all the
required software packages and libraries. The next condition is to install the main extension, which
acts as the web interface itself, namely node-red. This extension will act as the main editor of various
chains of nodes and program code, will act as a link for all elements. This extension is installed using
the package installation manager — NPM, using the appropriate command (Figure 2, p. 69).
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Figure 2 — Launching the node red package installation manager using the command line

To start working with the web interface, you need to run the executable module on the command
line using the appropriate command (Figure 3).

Figure 3 — Running node-red using the command line

The editing menu of this web interface (Figure 4, p. 70) is launched on the local host using
port 1880 (http://127.0.0.1:1880). You can open this menu in any browser, but it is preferable to
use the Google Chrome browser, as some functions may not be supported in other browsers, or the
displayed information may not be correct. As mentioned earlier, using this interface, you can create
a sequence of nodes that will execute the program code sequentially, according to the location of the
nodes in the chain. For each block of this chain (node), you can prescribe certain parameters, set your
own program code, customize the appearance of the displayed element, and specify the behavior
algorithm. Program code is written primarily in the java script programming language.
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Figure 4 — Node-red interface window

For all aspects of the program to function correctly, it is necessary to install all the main node
libraries (Figure 5).

The chains of program nodes are built from the nodes listed by the libraries. Nodes can act
as various structural blocks responsible for various tasks: receiving and outputting information,
outputting data of various formats to a web page, executing special program code, processing
data, interacting with programs and servers using various data transfer protocols, interacting with
databases, etc.

The web interface is a tool for providing a user interface, by means of dynamic web pages, for
the purpose of managing the program, by means of the http protocol [17]. In this case, node-red is
selected as the web interface (Figure 6). Node-red is a web interface that acts as a visual programming
tool that uses various libraries and extensions, of which there are a huge number of variations, which
greatly simplifies the development of various programs [18]. This web interface was chosen because
it does not require much knowledge in programming and any employee can easily interact with this
interface. Working with the interface, as the name says, is carried out by means of working with a
dynamic web page that acts as a web interface.

The Node-red web interface consists of several parts. On the left side is a list of all installed
nodes that can be used as modules to create node chains. In the center is located directly the
workspace for the location of these very nodes, called the flow. For the convenience of debugging
and load distribution, several threads should be used, so that in the event of a malfunction, a qualified
employee can turn off a certain thread so that the program can continue its work, and the employee
can fix the malfunction without harm to users.

Customizable web interface tabs:

1. The “Info” tab is used to display detailed information about streams and the global node
configuration.

2. The “Help” tab displays brief information about the selected node.

3. The “Debug” tab is used for debugging and troubleshooting.

4. The “Configuration” tab is used to display information about the elements used (the number
of elements used on streams).
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“MSSQL”
*node used to connect to the database, create and receive SQL queries using the TDS protocol.
“Dashboard”

* a dashboard used to display information in the form of various graphs, instrument indicators, tables and
diagrams. Also. with the help of this node. tools for interaction are used: buttons. sliders. inout fields. etc.

“Bool-gate”
¢ a node that 1s a switch using boolean values.

“Date-converter”

«a node used to convert time from various formats.
“Modbus”

* anode used to connect to a server built on OPC technology that transmits and receives information via the
modbus protocol.
“OPC-DA”
* node used to connect and interact with servers that work according to the OPC-DA standard. This standard
is used for real-time data exchange.
“Time”
+the node used to get the current date and time.
“Telegrambot”

*host used to manage the telegram bot.

“Random”

enode used to generate random numbers.
“PythonShell”
*node used to connect third-party libraries built in the python programming language.

Figure 5 — Main node libraries
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Figure 6 — Node-red web interface window

The main node used to display information from the sensors and devices of the UK TPP is the
Dashboard node. This node is a graphical panel consisting of several elements that can be used to
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display sensor data in the form of various diagrams, graphs, tables, etc. The main elements of this
node are: “Text” (output of static and dynamic text), “Graph” (output of graphs), “Audio” (audio
output), “Dashboard” (output of sensor readings in the form of a dashboard), “Alert” (display an
alert), “Number” (select numerical values using the interface arrows), “Dropdown Menu” (select
from multiple pop-up panels, when clicked), “Select Color” (select a color from the color palette),
“Switch ” (boolean switch), “Slider” (horizontal slider with which you can adjust the transmitted
value), “Form” (fillable form), “Text” (text input), “Date” (date selection).

This dashboard will be displayed on the local host by the link http://localhost:1880/ui . It is
this page that all users will use to display information and interact with the interface, except that to
connect, users will need to specify the IP address of the server instead of the “localhost” value. You
can automate this process using the local DNS of the current server by creating a record of the ratio
of the IP address of the dashboard [19] and, for example, the name of the page “UkTPPDashboard”.
Thus, when entering this combination of words in the browser, the server will find the ratio of the
record and open the dashboard page.

To display indicators, it is necessary to create sections with information output and display them
according to special templates. The templates should also be optimized for mobile devices. The main
sections are:

1. “Generation” — This section is used to display basic data on heat generation at the UK-TPP,
namely indicators of total generation, loss and net return to consumers. Basic graphs and data from
the database.

2. “Ta” The main indications of all heat units and a general graph of all indicators.

3. “Water” — Readings of all pipes and jumpers, such as: flow rate, pressure, temperature, etc.

4. “Water (graphs)” — Displaying pipe indicators on general graphs.

5. “Table” — Output of any indicators from the database for a certain period using the selection
drop-down menu.

6. “Graph” — Displays graphs for any indicators for a certain period using the drop-down menu
of choice.

Main modules of the web application

a) Module “Ta”

This section is used to display the performance of all heat units. The heat unit is a key link in
the heat supply system, designed to prepare the heat carrier in accordance with consumer demand.
This heating system is centralized and has a high efficiency. The heat carrier in this case is hot water,
with the necessary indication of temperature and pressure. If the values of the unit heat indicators are
equal to 0, this means that this heat unit is turned off due to repair or another reason. General readings
of all heat units go to the “Generation” section.

Nodes used in this chain:

1. Injector — a node used to launch a chain of actions, it initializes the launch of the chain with
the required interval and action parameters.

2. Change — a node used to write data to local and global variables for further use in other chains
of nodes.

3. Function — a node used to execute program code written in the java script programming
language.

4. Dashboard — elements of this node are used to visualize information in the form of various
graphs, tables, dashboards, text, etc. To use them, certain parameters of input data and displayed
elements are filled. The dashboard itself with graphs and indicators “Dashboard” will be a dynamic
web page that opens at the link http://127.0.0.1:1880/ui.

5. Debug — this node is used to debug the input data and indicate the operation of the node.

6. Delay — a node used to create a delay before transmitting data to the next node.
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Figure 7 — Scheme of the “TA” module

For data visualization nodes to work, they need to set: a navigation bar tab and a group (where
the element will be displayed on the dashboard), set the size corresponding to the size of the average
screen of a mobile device, the input data format (values that will be transferred from the local array),
set units of measurement, set the color of the dashboard to change when it goes beyond the norm
(Figures 8).

In addition, this chain of nodes uses the delay node, this node sets the delay before executing
the next node. The node was added in order to sequentially update the dashboard data, to optimize
the updated data, since with a one-time update of all dashboard sensors, on weak devices, the load
increases at that moment, as a result of which the browser freezes slightly, sequential data updating
solves this problem.
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Figure 8 — Dashboard Gauge Setting Window and Graph Setting Window
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The display of the section on the computer and mobile devices can be seen in Figure 9 and
Figure 10.

Figure 10 — Display window of the “TA” module on the smartphone

b) “Generation” module

This section (Figure 11) is used to display the main statistics for warm water. The main calculation
indicators are derived: losses, given to consumers and generation. These readings are also displayed
in a schematic circular graph.
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Figure 11 — Scheme of the “Generation” module
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The display of the “Generation” section on a computer and mobile devices can be seen in Figures
12 and 13.
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Figure 12 — Display window of the “Generation” module on the computer
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Figure 13 — Display window of the “Generation” module on mobile devices

¢) “Water” module
This section (Figures 14 and 15, p. 76) displays the indicators of the main pipes responsible

for supplying hot water to the consumer, various jumpers, and collectors. The section displays pipe
indicators, namely: temperature, density, and water flow rate. A feature of this section is that for data

75



HERALD OF THE KAZAKH-BRITISH
No. 2(69) 2024 TECHNICAL UNIVERSITY

visualization, in addition to the dashboard node, the “Charts” node is used, which is responsible for
temperature visualization.
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Figure 15 — Scheme of the “Water” module, part 2
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The chain of this node begins by running the loop along with the program and then polling the
chain once every ten seconds. Next comes the process of obtaining an array of machine learning
data and writing to a local one, to further process the data. With the help of functions, the node
analyzes the received data and compares them with the corresponding sensors, creates local arrays to
configure each sensor and graph. The resulting data is passed to the dashboard and ladder nodes to
visualize the corresponding values. Values such as: the name of the current sensor, its value, critical
data ranges, maximum sensor ranges, whether the value is critical, etc. After visualizing the data,
debug nodes follow, displaying the correctness of the transmitted data and signaling the operation of
the node. Further, if necessary, a more precise name is specified for the sensor, to correctly display it
on the chart. The last element in the chain is the dashboard node responsible for plotting the graph.

For the data visualization nodes to work, they need to set: a navigation panel tab and a group,
set the size corresponding to the size of the average screen of a mobile device, the input data format,
set the units of measurement, set the dashboard color to change when it goes beyond the norm. In
addition, this chain of nodes uses the delay node, the node sets the delay before executing the next
node. This node was added to sequentially update the dashboard data, to optimize the updated data,
since with a one-time update of all dashboard sensors, the load on weak devices increases at this
moment, because of which the browser freezes slightly, sequential data updating solves this problem.

The readings of one pipe are a block [20] consisting of the name of this pipe and its indicators
(temperature, pressure, flow rate), this block can be seen in Figure 16.

Figure 16 — Example of a block of one pipe in the dashboard

The display of the section on a computer and mobile devices is shown in Figures 17 and
18 (p. 78).
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Figure 17 — The window for displaying indicators on computers.
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Figure 18 — The window for displaying indicators on mobile devices

d) Web application navigation bar

“Header” — is the top strip of the dashboard, in which you can display any dynamic and static
information. The dashboard header contains the name of the selected section, time, and outdoor
temperature. The operation of this section is based on the chain of nodes that form the circuit shown
in Figure 19.

This scheme consists of:

1. An injector that is set to launch along with node-red with a certain frequency of polling a
chain of nodes.

2. A time converter that converts the time to a standard format and transfers it to the original
array.

3. The change node, which receives the air temperature from the sensor from the global OPC-
DA array.

4. A function node that rounds the data and writes it in t°C format.

5. The join node, which combines time and temperature into a single array to output data through
the template node.

6. The template node, with a customized html template specifically for the header, to correctly
display the text.

7. Debug — this node is used for debugging input data and indicating node operation.
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Figure 19 — Time and temperature display diagram
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The chain of this node begins by running the loop along with the program and then polling the
chain once every ten seconds. Next comes the process of obtaining an array of machine learning
data and writing this array to a local one, to further process the data. There is also a conversion of
time from UNIX format to standard [21], for the correct display of data. Further, the initial data
is combined into a single data array and transferred to the node for data substitution in the html
template to display data in the header (Figure 20) of the dashboard.

£n Template
1= <s5tyle>
2. gheaderstatus {
2 - -~
4 H
5 - }
G- #headerstatus.online {
7 lor: H
8- }
g - #headerstatus.offline {
18 ;
11 - )

12 = <fstyles

14 = <script id="titlescript™ type="text/javascript™>
15 = S{function() {

16 = if{%("' .md-toolbar-tools"}. "1

17 initHeader();

18 - b else setTimeout(initHeader, V)

19 = }};

28

21 = function initseader()

22 - if (!%("#headerstatus'). {

23 var toolbar = $(".md-toolbar-tools');

24 var div = ${ "<div/>");

25 var p = £('<p id="headerstatus T -

26 div[@].st Lmargin = '5px 5px Spx auto';
27 div.append(p);

28 toolbar. append(div);

29 - }

Figure 20 — Html “template” containing java script code

Sections of the navigation bar are created using, setting in the settings of group nodes and
sections of the navigation bar.

Conclusion

The created application is an effective tool for solving the tasks set by the UK TPP. All
requirements were met, threats to information security were foreseen, issues of optimization,
machine learning and data analysis were resolved. All the main aspects of the functioning of this
application were considered and analyzed. This work is an effective tool for optimizing the work of
various departments and workshops of the UK TPP. One of the main tasks was to prevent critical
situations related to the equipment of the workshops, analyze the behavior of the equipment, and
increase the efficiency of the devices, thanks to the timely replacement of the necessary equipment.
If the indicators of the devices go beyond their norm, the relevant employees will be immediately
informed, in addition, thanks to the database used. The database is systematically backed up, which
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in the event of a hardware breakdown or other malfunction will save data from loss. Also, the
application optimizes the visualization of key indicators for employees of various workshops to
increase labor productivity. The software used is clear and intuitive for all employees, so there should
be no problems using the dashboard and interface.
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TEXHOJOTHUSIIIBIK YPAICTEPAIH KAYINCI3AITTH KAMTAMACHI3
ETY YIITH AEPEKTEPII TAJIJIAY MEH BU3YAJIN3ALIMSIJIAVFA
APHAJIFAH WEB-KOJIJAHBA O3IPJIEY

Anjiarna

CoHFBl yaKpITTa 3aMaHayd TEXHOJOTHSIAP KApPKBIHIBI TYpAC JaMyla J>KOHE KapamaibiM JepeKkTepii
JKUHAII, OHICT KaHa KOoHMal, Kasipri aaropuTMiep KaOAbIKTHIH opeKeTiH OoJpKayFa, TYpPJi aKayJapAblH alablH
aJlyFa, alaTThlH BIKTHMAJIBIFBIH a3aiTy VIOIH Inapanap KaObUigayFa, THICTI KbI3METKEpJIepre €CKepTy CHSAKTHI
MYMKiHAIKTepre ne 60i1b1. OChl 3epTTey asChIHIIa aBTOPJIAP TEXHOJIOTUSUIBIK YPIICTEPIiH KayilCI3AiriH KaMTaMachl3
€Ty MakKcaTblHJa OCKEeMEH JKbUIY JJIEKTP OPTaJbIFBIHBIH JEPEKTEpiH Tajjay >KOHE BH3yaJM3allysuiay YIIiH BeO-
KOCBIMIIIaHbI a3ipneyi ycbiHaapl. OckeMeH JXXOO 0OIBICTBIK JKBITY SJIEKTP OPTAJBIFBl — KallaHBIH TYPFBIH YH-
KOMMYHAJIJIBIK CEKTOPBI MEH OHEPKACINTIK KacimopbIHap kykremMeciHiH 80%-bIH KaMTaMachl3 €TETIH JKbUTY JKoHE
ANeKTp PHeprusiceiH eHAipymmi. KO0 — KazakcTaHHBIH 0ipTyTac »HEPTreTHKANBIK KYHECiHIH Oemiri. O3ipieHin
JKaTKaH KocbiMIiana Ockemed KOO Herisri ceHcopiapbl MEH acmanTapblHaH allbIHFaH JEPEKTepIi KOpCETeTiH
JKOHE BU3YaJIM3ALMSUIANTBIH, COHJIal-aK )KaObIKThIH aKayJaapblH OOJIBIPMaiThIH, MAIIMHAJIBIK OKBITY/IbI KOJIJIaHa
OTBIPBIN, CEHCOPJIAP/bIH OpEKeTiH TalaWThIH BeO-uHTepdelc KapacTblppuiaipl. [laiinanaHbuiaTelH HETisri
OarmapiamansIk iardopma peringe Node.js TaHAaIIbl, java CKPUNTTIK Oafrnapiamanay TLTIHAE KYpacThIPBUIBII,
Oarmaprmamanay TUTIHIH MYMKIHIIKTEpiH KeHEHTeTiH ¢ ++ TUTiHAE JKa3pUIFaH, COHOANW-aK JepeKTep ayKbIMBIMCH
JKYMBIC ICTEYAI, OJapAbl KaObIIIay 6! KOHE JKiOepyai JKbUIIaMIaTaThIH KOCBIMIIIA MOIYIIBACD MaiAaIaHbUI/Ib.

Tipek ce3mep: nepexTep i Tanaay, BU3yaau3anusiay, TEXHOIOTUSIIBIK MPOIECTEPIiH Kayinci3airi, OckeMeH-
KDO0, kypsuirsl, Web-KockiMIlIa, MOHUTOPHHT, node.js, java script.
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PABPABOTKA WEB-IIPUJIOKEHUSA AHAJIU3A
N BU3YAJIN3AIUU JAHHBIX AJISA OBECIIEYEHU A
BE3OINIACHOCTHU TEXHOJIOI'MYECKHUX TIPOLHECCOB

AHHOTAHUA

CoBpeMeHHBIE TEXHOJIOTHH JOBOJIBHO XOPOIIIO PAa3BIIIMACH 32 MTOCIIEIHEE BpeMs, U KpoMe OaHAITBHOTO cOopa 1
00pabOTKN TaHHBIX COBPEMEHHBIE aJITOPUTMEBI CTIOCOOHBI IPEIyTaIbIBaTh OBEACHUE 000PYIOBAHUS U TIPEIYTIPEK-
JIaTh BO3HUKHOBEHHE HETIOJIAJIOK U BBIXOJ M3 CTPOS 3a0JIaTOBPEMEHHO W MPEINPUHUMATE ASHCTBHS 10 CHUKESHUIO
BEPOSTHOCTH BO3HHUKHOBEHHSI aBaApUU U TMPEAYNPEKIECHUIO COOTBETCTBYIONIUX COTPYAHUKOB. B pamkax JaHHOTO
WCCIICIOBAHUSI aBTOPAMU MPEIUIOKEHA pa3padoTka Web-IIpUIOKEHUs aHaIn3a U BU3yan3anuu JaHHbeix Y K-TOI]
JUI oOecriedeHus] 0e30MaCHOCTH TEXHOJIOTHYECKHX IporeccoB. Yerb-Kamenoropekas TOII sBisieTcs TerwioBoit
ANIEKTPOCTAHIIMEH PETHOHATIBHOTO HAa3HAYCHNUS, BRIPA0OTKA TEIlIa U 3JIEKTPUUSCTBA MOKphiBaeT 80% Harpy3Ku Ku-
JUITHO-KOMMYHAJIEHOTO CEKTOpa Topojia ¥ MPOMBIIIICHHBIX peanpusaTuid. TOL] BXOIUT B €AUHYIO SHEPTOCUCTEMY
Kazaxcrana. Pa3pabarbiBaemoe mpuiokeHHe UMeeT BeO-nHTepdeiic, KOTOpbIil OyaeT oToOpakaTs M BH3yaJIn3HUpO-
BaTh JJaHHBIE OCHOBHBIX aT4MKOB U prubopoB YK TOL, a Taxxke npeaynpex1aTh BOSBHUKHOBEHUE HEUCITPABHOCTH
000pYIOBaHUS U AaHAJIM3UPOBATH MTOBEICHHUE JATYMKOB C TIOMOIIBEO MAITMHHOTO 00yucHHs. B kKadyecTBe OCHOBHOM
HCIOJIB3YeMOH PpOrpaMMHOM 11aTopMbl ObLTa BEIOpaHa node. s, MOCTPOCHHAS Ha SI3BIKE TIPOTPAMMHUPOBAHUS java
script, ¢ UCIIOIF30BaHUEM JIOTIOTHUTEIHHBIX MOYIICH, PACITUPSFONIINX BO3MOKHOCTH JAHHOTO SI3BIKa IPOTPaMMHU-
pOBaHU, HAMMCAHHBIX Ha C++, 9TO YCKOPSET paboTy ¢ MacCHBaMHM JaHHBIX, UX MTOJTYYCHNE U OTIIPABKY.

KuroueBble ci10Ba: aHATN3 TaHHBIX, BU3yaln3aIlis, 0€30ITIaCHOCTh TEXHOJIOTHIECKHX TporeccoB, YK-TOL,
npubop, Web-npuiokeHre, MOHUTOPUHT, node.js, java script.
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PEI'YIU3ALINA MEH KOACCOLHUAIUSIBIK
MATPULAHBI TAUJAJTAHA OTBIPBIII HAIITAP
BAKBIJIAHATBIH PETPECCUSA ECEBIH HIEITY

Anjiarna

Kasipri yakpITTa MalIMHAIBIK OKBITY TEOPHACH MeH onictepi (MT) KapKeIHABI TaMBI KeJei )KOHE FRUTBIM
MEH TeXHUKAHBIH OPTYpJi cajalapblHIa, aTam aiiTKaHga, eHIipicTe, OimiM Oepyne KoHE MeIWIMHama KeOipek
KoyanbpuTyna. Hamap GakbuiaHaThIH OKBITY — spTypni aKmapaTThl TAIAAYABIH MOACTBACP] MEH SJiCTepPiH saipneyre
OaFpITTaJIFAH MAIIMHAJIBIK OKBITY 3epTTeyIIepiHiH Oeiri. Hamrap 6akpl1aHaThIH OKY MOCEIICCiH KapacTeIpy Ke31H/Ie,
MOJIENBJETT KeWOip OOBEKTIIEp AYpBIC eMec OCTiIEHreH el eCenTesel. B¥n JIQJICI3MIKTI opTYpIti TycCiHyre
6onanel. Hamap 0akplIaHaThIH OKBITY — OYJI TOJIBIK JTYPBIC OeNTiIeHTeH IepeKTep i NaliaIanyIblH OPHBIHA, TOJIBIK,
JIOIT eMec HeMece aHBIK eMec OaKpliay CUTHAIIAPBIH KONIAHY apKbLIBl MOJCIh OKBITHIIATEIH MAITMHAIBIK OKBITY
TeXHUKACBIHBIH Oip Typi. Hamrap Gaxpiiay opTypii cebenrepre OaillaHBICTBI HAKTHI MOCEIIeNep e KUl TyBbIHIai bl
byn nepextepai Oenriney ypaiciHiH KpIMOAT OOybIHA, CEHCOPIIApABIH JAJIITIHIH HAIIapIbIFbIHA, MAMaHIAP/IbIH
OUTIKTUTITIHIH KETKUTIKCI3AIriHe HeMece aJaMHbBIH KaTelirine OailaHbICThl OOJIybl MYMKiH. MBbICasbl, Harap
6a1<1,1nay)11)1 6enr1ney KPayJICOPCUHT dJIiCTepiH KOJIZIaHa OTBHIPBII aJIbIHFAaH JKaraaiaapia Ky3ere achblpbulajibl: ap
OOBEKT YIIiH pTYpii 6enr1nep JKHUBIHTBIFBI Oap, 0JIap/IblH canachkl OpbIH/IAyIIBUIAPABIH IeOepIirine 6aiIaHbICTHI.
Tars! Oip MBICaI KeCKiHIETi 00BeKTiIep i aHbIKTay eceOi. [LIexTey ChI3BIKTaphl OOBEKTLIEP/Ii aHBIKTAY €CeTTepiHIe
KECKiHJIe aHBIKTaIFaH OOBEKTIJIEpAiH OpHBI MEH KOJEeMiH KOepCeTyHiH jkaimbl Tocim. XKymeicta Bacceprureitn
METPUKACBIH, dPTYPIi XKYHeneyai skoHe YKCACTBIK MaTpPHULAChl PETiHAe KOacCOIMAlus MAaTPULACHIH MaiganaHa
OTBIPBIII, KOIT MAKCATThI HaIllap OaKbUIAHATBHIH PErpeccHs €CeOIH ISy alTOPUTMIH YChIHaMbI3. JKyMbIcTa opraiia
CaJIMaKThl YKCACTBIK MAaTPHLACHIH €cenTey aaroputmi ae xkerTinaipiaai. CoHplHIa 013 YCHIHBUIFAH ajlropuTMIL
CHUHTETHUKAJIBIK JKOHE HAKTBI JepeKTepleri Oakpulaydarbl OKBITYABIH JKOHE Hamiap OaKbUIAHATHIH OKBITYIBIH
ANTOPUTMACPIMEH CaNBICTHIPAMBI3.

Tipek ce3nep: Hamap GakbuiaHaThIH OKBITY, KJIACTEPITiK aHCAMOJIb, KOIT MAKCATThI PETPECCHST, TOMEH JopexKeli
YKCaCTBIK MaTPHIIACHI, KOACCOIMAIUS MAaTPHUIIACHL.
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Kipicne
Atiransik, P, ynecripiminen X = {x1, ., x, 1 x; = (xil, ,xip} € RP 6Gepincin,

MYHAarel M-yarigeri oObeKTiiep caHbl, al P-MyMKIHAIKTEp KEHICTITiHIH emeMailiri. O3
. — — 1 m m .
keseringe, Y = {(Visee:Vuh Vi = (}’5 e Vi )T eR MakcaTTbl  Oenrinep,

MyHaFbl M -MaKcaTThl OeNrijaep KeHICTITIHIH eIIIeMi.
XKapTtbutali 0akpIIaHATBIH TPAHCTYKTHUBTI OKBITY MOCEJIECIH/IE

X XY = {(x1 , V1 ), I Yn)} JIEPEKTEP KUBIHBI KapacThIpbUIAIbl, Oipak

MaKcarTel Oenrinep Vq,...,V,, = Y7 & Y xon xerimai aepexrepaiy a3 rana Oediri yirix
Gemrimi  Xq,...,Xp = X; & X. Kanran oGbekrinep {x‘ﬂl 1,...,x,} = Xo & X
OenriJIeHTeH.

Ecentin koiisuisiMel: Yy = {Vn, JH1re- o Va Oenruiepin KeuoOip kpurTepuil OOWBIHIIIA

MYMKIHAITIHIIE 197 Ooipkay. bakpiianaTeiH Oenrinepaid Oenrici3airii MoaenbAey YIIiH 013
KOIl alfHbIMaJbl KAJBINTHI YJIECTipyal KojaaHambl3. OpOip l-mri aepekrep HYKTECl YIIiH,
i = 1,...,n, MakcaTThl MYMKIiHIIKTiH Vi MOHI aHBIKTaJIFaH >XHHAKTAYIIbl Tapaiy

dbysakmsce (cdf) F; (y) Oap Y; kesneiicok mamachIHBIH icke aCBhIPBUTYHI JIETT 00KaHMBbI3
DY - Rm .

Yi ~ N (u;, 2p), (M

myngarst f; € R™ opramra Bextop, X, € R™*™ koBapHaHTTHIK MaTPHIIA,

i = 1,...,n. benrici3mikTiy amms! gopexecia 1; = | Z;1 nen TYCIHAIpYTe OOJIambl:
OJI HEFYPJIbIM YJIKEH OoJica, OCNTiHIH OCNrici3miri COFypJibIM >KOFapbl Oonazael. TuiciHIe,
KaraH TaHOaJlaHFaH OOBEKTLJICp YIIiH TL- ~ 0 Gonansl men kyTtinyne. COHbIMEH e€CenTiH
KOMBLIBIMBI OOBEKTHBTI KpuTepwii 6oiibiama i = Mg +1 ymin F; (V) anbicraymsr.

Herisri epexenep

3eprreymen OailnmanbIcThl KyMmbicTap: Kymbic [10] Oip emmemai MakcaTThl aifHBIMAJIbI
JKaralbIHIAa TPAHCAYKTHBTI TY)KBIPBIMAA JICi3 OaKbpUIaHATHIH PETPECCHUSl MOCENIECIH IIeTy
aJITOPUTMIH YyCbiHA/Ibl. OJI TQJICI3AIKTI MOAEIBACY YIIIH Olp alHbIMaIbl KAJIBIITHI YIECTIPYal

maiinananane;: ¥; ~ N ((Ii, a, i)r MyHarbl O moncizmikTig kepcerkinn. ComaH kediH
KeIl PEeTTIK peTTeyll naijanaHa OTBIPbII, OOKaM/Ibl KOHE HAKTHI YJIECTIPYJEep apachblHIAFbl
KAIIBIKTHIKTHI a3aHTy apKbUIBl OHTANWIIAHIBIPY MOCEJIECIH ISy YChIHBIIAbl. MyH/1a YKCACTBIK
MaTPHUIACHIH KYBIKTAy YIIIH KOAaCcCOIWAalMs MaTpHUIAchl TNalJajaHbUIAbl KOHE YKCACTBIK
MaTpUIAChIH ajly VIIH KJacTep aHcaMmOJi JKOHE KO-acCOIMaIlMsl MaTPHUIACKIH aly YIIiH
KiIactep aHcaMOii koHe k-opTrajmap ajroputmi KojJaHbUIFaH. JlereHMeH, MyHJia aJrOpuTM
KeIleIIeMIl Karaaiira xannbsuianOanael. Kerm makcaTTsl perpeccHsiHbl IIelry YIIiH opoip
MaKCaTThl alHBIMAJIBI YIIIH K€Ke MOAEIBIl OKbITY Ka)keT. byJs1 TocUIliH KeMeriMeH MaKcaTThbl
aliHBIMaNTBLIAp Oip-OipiHEH ToyeIci3 00NMaThIH MOceeNIep i TUIM/II Ienryre 60Iab.

[11] makanana KoaccoMaIys MaTpPUIIAChl MEH OHBI KYPY aJITOPUTMIHIH TOJIBIKTAH Tayiaybl
Oepinred. Jlereamen o k-opramap anropuTMiHIH HET13T1 HYCKachlHA CYWEHE/I1, OHBIH MaHBI3IbI
KeMIITIKTep1 0ap, COHbIH i1IiH1e O1p METPUKAJIBIK ONLMSIHBI Maiianany >KoHe KiacTepiepiH
coiikec caHbIH TaHmay Oenrici3. [12] aBropnap k-opramra anroputmi OOWBIHINIA KiacTepiey
canacbiHa EBKIMATIKTEH 6acKa KOPCETKIMTEPIH 9CEPiH TaIal/Ibl.
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MarepuaJjiiap MeH djicTep

¥ chIHBUIFAH 9iC: ANTANBIK,

- F* = {F{c , ---:Frrl Y Diy } €piKTi Kon alHbIManbl KaibinThl cdf >KUBIHBI
0O0JICBIH, OpOip FLH (a;, 8;) JKYOBI apKBLIIbI KOPCETUIC];

- F = F,,..., F,q Genrini cdf xubHel GonchH, opbip F; xynnen ycwupuiran
(i 23).

Kenecige X'; >xone S; ekeyiH [e OH-aHbIKTAIfaH MarpuLanap ﬂen ecenTeimis.

1/2 1/2 1/2 1727

>, =xM?x1/2 5 =sl/sl/

L !
1/2 . L ..
2 ;" onementTTepin Ojy jen Genrineiimis.
OynknmoHan sk MiHjeT: Keneci oHTalaHapIpy MOCEJIECiH KapacThIpalbIK:

. bi3 SLX BHCMeHTTele _,Ik JCII aJblIl, aj

find F** = arg rréi*n J(F,F™)

MYRaTHI J(F,F* )= > . W(F,F )+
YV 2in,ex WCEF Fj ) Wi @
M¥HILaFI>I W —2-Baccepmreiin Merpukacel [60], ¥ = (0 — mapamerp, an marpuna

(W ) JACPEKTEP KUBIHBIHBIH 3J'I€M€HTTCp1 apacbiHAarbl YKCACTBIK OJ'IIJ_ICM,HCle

6111;upe,zu EKI xon aiiubiManel Layce ynecripimaepi ymin N (g, Zy) xone N (M1, ),
2-BaccepmTeitH KallbIKTBIFBI OJI:

1/2 12
W(N (1o, £0), N (111, £1)) = o — mall} + 1=, — =/

find (™, $™) = argminJ (i, X, a, S)
1/2 12
Jw2,a,8) = ¥ o NG —aill + 112" — s ||

I -

MYH/TaFbI
1/2 1;2
vy ) Wil — o B+ IIs” = 5! 1)
eEX
2 2
B ) llagl 3+ 1Isi 113
i=1,.n
Onraiinel menrimai Taby yuin @; xone S Ll /2, i = 1,...,N >neMeHTTEpiHE KATHICTHI

(2) nuddepenunangaitMbIz:

3}' s
3(1 _2(1”1} - (IU)—F-‘:]"}"Z le(alj_aij)—l_zﬁaij’[_ 1,...,7’11
I=1,....n

a] :
6—:4'}" Z WU((IU—(Iij)+2ﬁ{lij,[:n1,...,n
aij
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5]_2(i_i)+4 W (si —siyy28st [=1
sl Uk Gk 4 1 (Sjie = Sji) + 2PSjip 1 = 1,0,y
Ik 1=1,..1n
aj =4 W, A | + 2 i .
asi Y 1 (Sjik — Sji) BSjjrt = Ny, ey M
1k I=1,..n

El /2 MaTpunanapBIHBIH TOMEHT YIIOYPHIIT eKeHiH eCKePe OTBIPHIIT, JKOFAPBIIAFH GAPIBIK
L m{m+1)
alIeMeHTTepal TypiaeHaipeTin VECy : @M XM _, @™ 5  KOMEKII ONepalusCchbiH SHIri3eMi3.

Conpaii-ak, TOMEHT1 YIIOYPBIIITE MaTPUIIAHBI KEJIECl ONepaIusachl apKbLIbl BEKTOPAAH adyFa
Ooambl.

-1 m(m+1) mRm 17 XM KM X mm+1)
vec, TR 2 - R . ¥kcac, V€C3 oneparnuscer; R - R 2

m(m+1)
(COHBIMEH KaTap VecCs L gnx— =2 - Rpnxm XM S1eMEHTTepi TOMEHIT YIIOYpBIITEL
Marpuranap OONbIT TaOBUIATHIH YIII ©JIIIEMTI TEH30pJIap YIIiH aHBIKTaTyhl MYMKiH. benriney
EHI13CeK:

Yip = (HT:---,HEI,U,.-.,U) g REXM

z m(m+1)
Z — (Vecz(z )7,0,..,0) € RP 2
1,0 1

B = diag(B +1,...,p+ 1,B,...,B) € R™*™

CopaHn keliiH OHTalJIaHIBIPy MOCEJIECIHIH MIENIMiH MaTpula Typinae 6epyre 6omass:
a* = (B + 2yL)'r,
® -1 -1
§" =vecy ((B+2yL) "Zi,)

mynparst L —Jlamnaunii marpunacer srnn, [, = D — W, D Gynonementrepi Dy 3 W jFa
TeH AWaroHaiasl Matpuna. Erep 6i3 W = VT Gonaremmait V € anu} qg<n Oap nen
ecenTecek, OHa

B 4+ 2yL = B + 2yD — 2yvvTl = G — 2yvVvT.

myunarel G = B + 2yD. Bynbepu colikectenaipyiH [16] maiinanaHy apKbUIbl MIeIIiMIeTi

3)

3 o . .
O(n°) amanmapsin KaGbuimaiitein xepi B + 2yL oneparopelH Kemecimell Kepceryre
Oonaspb:

(G - 2yvvTY !t =61 4 2y vz - yvTe vy lvTgt @

MYHAFbI (; JUaroHaIbJIbl MaTpuia, | — ZyVVTG_l V € R9%49. Conuplkran Kepi MOHJI
opeipay ymin O(ng + qg} KaXeT, OyJ1 ecenTeyiep/al alTapibIKTald a3alTajbl, OUTKEHI
Oomxam OolibiHma § << 1 . Conpinaa 013 Keneci GOpMysIaHbl alaMbl3:

' = (G'+ V(I - VTeTV)TVTGT, Y (5)

S§* = vec;'! (GT'+ 2yGTVI -VIGTIV)YTWWIETHE )
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OpTama OJIIICHI'CH KO-accouanuusa MaTpruLachbl KGJ'ICCi,Z[CfIZ

— T
H = ZI:]_GJIHI: (6)
mysaarsl Hy, ..., H, &yObIHBIH OCbI GoiMHIH 6ip KJIacTepiHe )KaTaTbIHBIH HEMECE JKaTlaFaHbIH
KepceTeTin snementrepi 6ap Py, ..., B 6enimaepi yuuin Gipiecked acconuanus MaTpuiaiapsl,

X, Xj ancamOmb sneMeHTTepiHiH canMakTapsl, w; = 0, Zw; = 1.
Byn MarpunianeIH TOMEH Jopeskelti KepiHici 6ap:

H = vvT,

mynparel Vo = [\, .. ¥ ] — OGnox marpuuacsi, V= Vlla ZI,ZIE]RTIXKE [- i Gemim
YIIIH KJIacTep/l TaraiiblHaay MaTpUIIackl: partition:

Z(i,k)=I[c(x)=kl,i = 1,....n, k=1,...,K xwome K, P, K<n
GeniMingeri kiactepiep caHbl. CoHbIMEH KaTap [ Marpuuachl YIIiH Jamianusibik L
MaTPHUIACKIH KeJIeCi Typ/e )Ka3yFa 00JIaTbIHbI KOPCETUITeH:

L=D"—H,
D' = di&g (Dill ey D’:m),

D;=Yr HGJ) = }212?:100;ZleZz(i,k)Z;(}}k}- 7

Enni (4) oHraiinsl memrimal (6) YKCaCThIK MaTpPHUIACHIHBIH KoHE (7) IHaroHaJIbJAbl TOMEH
JIOpesKelli MaTpULIaHbl KOJIIaHy apKbUIbl TaOyFa OOJIabl.

Koaccommanusaneik Marpuna: TeMeH Topekelsll YKCacThlK MaTpHUIAChIH YChIHY YIIIH 013
YKCaCTBhIK MaTpPHIACHl PETIHAE OpTalla OJIICHIeH KOACCOLMAIMS MaTPULIACHIH KOJIIaHAMBI3.
JlerenmeH, oprama cajJMakTbl KOAacCOLMAIMs MATPUIIACHIH E€CENTEydiH CTaHIapTThI
anroputMmiHig [17, 18] Gipkarap kemurutikrepi 0ap:

¢ EBKIMATIK METPUKaHbI KOJIJAaHATHIH K-opTajap aaropuTmi Tek cepaiblk KiacTepiaepal Tada
anajpl, COHJBIKTAH JIepeKTepaeri Keloip KypJeii KaTblHACTAp KJIacTepiiey HOTHXKECiHAe TaObul-
Maybl MYMKIH;

¢ Hotmxkere k-opramap anropuTi YIIiH KaKETTi KJIacTep CAaHBIH TaHIAy na, aHcamOiberi
opTyp:i OesiMaep caHbl Aa dcep eTei.

byn ecenrepni memry ymriH 613 opramia cajiMakThl acCOLMAIMs MaTPUIIACBIH €CenTey
aJITOPUTMIH JKeTULMipyai memTik. bipiamriaeH, 013 k-oprama anropuTMidae KOJIAaHBUIATBIH
KAIIBIKTBIK METPHUKAChl OOibIHIIA OipJIeCKeH accouMalys MaTpUIIACBIH OpTallajaydbl YChI-
HaMmbI3. EKiHIINIEH, KaKeTci3 OeniMIepaiH dCepiH a3alTy koHe aHcaMOib KeJIEMIH a3anTy
YIIiH aHcamOb/e KIIacTep/liH KapaMJIbUIbIK WHACKCI TYPFBICBIHAH TEK OHTAWJIBI Oeimiep/Ii
nanaganyabsl YChIHAMBI3.

MynbTUMETPHUSIIBIK OpTallla OJIIIEHIeH KOACCOLMAMsIIBIK MaTpuLia

{M, }g":l HYKTeJIep apachlHIaFbl KAIUBIKTHIK peTiHae K- anropurMinze HykTenep
apachIHIaFbl KAIIBIKTHIK PETIHE KOJMJaHyFa O0IaThIH KOPCETKIIITEP KUBIHBI OOJICHIH, MBICAJIBI,
P — perti MUHKOBCKMI KalIbIKThIFbL. COMaH KEeWiH OCHI KUBIHTBIKTAFbl 9pOip METpHKa YIIiH
M
[}

M t
KJIACTEPJIIK aHCaMOJIbJIIH KOMETiMeH {F} y} —1 OemimaepiHiH HYCKaJapbIHBIH €PIKTi )KUBIH-

TBIFBIH aiyFa O0onazapl. Coll CHSKTHI, op OeiiM yuriH H I ! kxoaccormarus MarpuuachkiH Taby-
ra Oomanpl [19]. ComaH keiiH 0i3 MYyJBTHUMETPHUSIIBIK OpTalla ©JIIEHIeH KOacCOIHAITHS
MAaTPUIIACKIH KeJeciAel aHbIKTauMBbI3:
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d d rMt
H = ZHMt — Zw{”fﬂf”t,
w Mt (:U Mt .. Mt
MYHIarbl 1 Wy a"HcaMOJIb 3JIEMCHTTCPIHIH caJIMaKTapshl, (.Ul =0,
Mt

=1 wiwt = 1 op6ip M, t = 1, ...,d yuiH.

M,
benimHuin canmarbl @; ° Toyenai OONATBIH KIAacTEpiiey CaNnachbIHbIH MHIEKCI HYKTEJep
apachlHJIaFbl KAIIBIKTHIK PETIHAEC TaHJaJFaH KOPCETKIITI KOJJAaHYybl KEPEeK EKEHIH eCKepy

KaXeT.
My M . . My M
CoHIbIKTaH Ele Zle W, ' = 1 emec, op6ip M,t=1,..,dywmin Ele W, ' nen

ecenTeiimiz. Opi Kapa )akcapTy PeTiHe KoacCOIHaIlUs MaTPUIIAJIAPhIH J1a eJIeyTre 00J1aIbl.

OHTAIBl OJIIEHTeH OpTalla KoaccoImanus Marpunachkl: JKaimel, op Oesimieri Kiiactepiiep
caHbl runepnapaMeTp 60bIn TadbLIaabl. Mbicanbl, [3] iiHae eKi TYpil napamMmeTpiaep >KUbIHbI
naigajsagbuIagbl:

AuncaMOnpniyg emmemi 7 = 10, I-mi Oemimzaeri Ki KJIacTepJIepiHiH  CaHBI:
K, =2+ ii=1,..r:
AncamOnpain emmemi 77 = 10, {-mi OGemimmeri K; xmacrepnepiHiH caHbI:

K;,=— 100 + i,i = 1,...,1.

Jlereamen OyJ1 TaHmay OHTaiibl OoiiMaybl MYMKiH. COHBIMEH, OIipiHIN KaFaaima
KJIACTEpJIEp/IIH CcaHbl a3 OeyliMIep YIIIH aJrOpUTM cajMakTapbl ©Te a3 O0dybl MYMKIH, Oy
oJIap/IbIH OpTalla cajIMaKTbl KOaacCOIMalls MaTpUIIachlHA dcepl MIaMalibl OoJajbl JEeTeH/Il
Oinmipeni. Exinmm jkarmaiiia, KiiacTepliepiH YJIKEH CaHbl Oap Oemimaepal TaOyIblH KOFaphl
ecenTey KypAenulirine Koca, 6apiblK ajblHFaH OeiMaep Oip-OipiHe yKcac xkoHe Oipaen aepiik
canMakka ue Oosrybl MyMkiH. CoHpail-ak, ekl >karJaija /1a Ke3 KeJreH KpUTepuil OoiibIHIIa
KeM JiereHjie Oip OHTalIbl 0eJIiMHIH TaOBUTYBIHA KEMUIMIK OepiIMEii: MbICalbl, KIIaCTEPIiH
>KapaMJIbUTBIK MHACKCIHIH KEPTiiKTI OMTUMYMBIHA KOJ KETKI3ETiH OOIiM.

bi3 oHraitnel OeniMIepMeH opTallla eJIIEHTeH KOoaacCOIUaIus MaTPUIAChIH €CEeNTeHTIH
Oacka anropuTmai ycbiHaMbl3. Ocbutaiiima anmeiHFad H* maTtpumacel onTUMamiasl opraiia
CaJIMaKThI KO-aCCOIIMAIIUSI MAaTPHIIACHI JeM aTanaabl. by Marpuiia oHTaiabl 0OIbIN TaObLIAIbI,
OITKEeHI OHBI ecenTeye KIacTepaiH kKapamAbLIbIK MHIEKCIHE COMKec OHTalIbI OesiMaep FaHa
KOJIaHbIIaab6l. TOMEH /1€ OHTAIIBI OpTallla eJIIIeHTeH KOaCCOIMAIUSIIBIK MaTPUIIaHbI Kagamaap
OoiibIHIIIA ecenTey anropuTMi OepiuIreH:

Kipic:

X — nepeKkTep KUBIHBI.

¥ — vnacTepiik aHcaMOJIb JIIIeMi.

in — OeJiMIeTi KIIacTepJIep/IiH MUHUMAJIIbI CaHBI.

kmax - OeirimMeri KiiacTepiiep/iiH MaKCUMAaJIAbl CaHBbI.

IIereIC:

H™ — opramia eJnenren OHTaMIBI KOACCOIMAIAS MATPHIACHL.

Kanampap:

k op Typni xmactepnmep cambl 6ap k-means anropUTMiH KoNjgaHa OTHIPEINT X KMBIHBIHAH

kmax 0
omyJIep KUBIHBIH TaOBIHBI3.
{Pr 1o iy P H
r k
{ P } . . .. .. max
kiJi=1 66J11M,Z[ep JKHUBIHBI YII1H KJIaCTCPJICP MHACKCIHIH MOHACPIHIH XKUBIHBIH {GJ' ;C} k
€CEITEY.
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kmax‘ T o . T o .
{w’k } k=K, "KUPIHBIHAH XKOHE {P k; } i—1 Colikec OemiMIep KUbIHBIHAH {6'.} kt} {=1 MOHJIEPIHIH
€H YJIKCH I MOHJICPIH TaH/ay.
S E—— i (i),
k; Ji=1 OOIIMIEPIHIH KMBIHBI YIIiH k;Ji=1 KoaccouManus MaTpULaIapbIHbIH KUbIHBIH
ecerTey.
H* =37 H i
= 2ij=1 Wk, Tk, oHTailNBI OpTAIIA KOACCOIMAINS MATPUIIACHIH ECETITEY.
COHBL.
Ochutaiiiia  ajgblHFAH OHTAMJIBI  OpTallla  OJIIIEHIeH KOACCOIHAIlMs MaTPUIIAChIH
MYJIBTUMETPHUSUIBIK OpPTaIlla OJIIMICHIeH KOACCOIHAIIAs MaTPHUIIAChIH €CeNTey YIIIiH Nai1alaHyFa
Ooansl:

H* = Y&, 1" (10)

C — ABR anropurmi

Koppensuusinpik Hamap OakpuiaHatein perpeccust (C- ABR) anroputminig yin Herisri
HYCKACBIH TY)KBIPBIMIANMBI3:

¢ RNF: yKcacThIK MaTpUIIACBIH €CETTey YIIiH paauaiibl HeTi3 (yHKIMACH mai1anaHblia bl

¢ TDKM: yKcacThlK MaTpULACBIH €CeNTey YVIIH OpTalia CajJMaKThl TOMEH JJpeiKeli
KOACCOIMALIMs MaTpUIacs Mai1aaHbUIa b,

¢ NDMKM: yKcacThIK MaTpULIACBIH €CENTey YUIIH OHTAMJIbI MYJbTUMETPHSUIBIK OpTaiia
CaJIMaKThl TOMEH JI9peKei Koaccoruarys Marpunace (10) maigananbuiamb.

Kipic:

X — onci3 OakbUTaHATHIH JIEPEKTEP KUBIHTBIFBI, X 1 © X - GenrisieHred o0ObexT, X 5 C X
-KaTe GenrinenreH oobekT, X3 C X — GenrinendereH oObEKT.

a;, X;i- opbip X; € X4 U X, ywin makcaTTsl yJecTipylep/iH opraia BeKTOpJIaphl
MEH KOBapUaHTTHIK MaTpUIaIapbl.

TDKM nyckacel: T,§2 — kmacreprnik aHcamOnbaiH enmieMi jxoHe K- Kiacteprey
KypajjapblHa apHaJIFaH MapaMeTpiiep >KUBIHTHIFbI.

LROMCM nyckacel: M, k — anropurmre apHairan KOPCETKIIITED JKUBIHTBIFBL, 1* — KJIaCTEP

aHcaMOIiHiH enmemi, K. — JKUBIHJIaFbI KJIACTEPJICP/IiH €H a3 CaHbl, kmax — JKUBIHIAFbBI

] min
KJIACTEPJIEP/IH €H KOII CaHbl.
[brreIC:
* . .
a’, S OoJKaMIbl OpTalia BeKTopyiap >koHe X JKUBIHBIHIAFbI OOBEKTLNEpP YIIiH

MaKcaTThl YJIECTIpiMAEP/IiH KOBapHUAHTTHIK MaTpHIiaiapsl (TanOanan0aran 0ObEKTIre apHaJIFaH
OoipKamaapabl €CerKe ajaFaHaa).

RNF HyCcKacbIHBIH KagaMIaphl:

(2) xxone (4) popmymnanapbIHBIH KOMETIMEH MAKCaTThI YJIECTipyJep/IiH O0JKaM/Ibl opTalia
BEKTOPJIApbI MEH KOBAapHUAHTTHIK MaTPHIlAIapbIH TiKeJIel ecenTey Kepek.

TDKM HycKacbIHBIH KaJaM1aphbl:

{)- neH Ke3NeMCOoK TaHJaliFaH MapaMeTpiiep YIIiH KiIacTepiik OesiMHIH 1" HYCKaJIapblH
KYPBIHBI3; OpTallla OJIIIEHIeH KOACCOLMAIINS MAaTPHUIIACHIH €CEITey.

Jlannarman rpadurin (6) xoue (7)-bopmynagan D' konmany apkbUibl TOMEH Aopexeni
KecKiHze Tady.

(5) popmynaHnbl KOJAAHY apKbUIbI MAKCATThI YJIECTIPYIEpAiH OOIKaM/ bl OpTallla BEKTOPJIAphl
MEH KOBApHAHTTBIK MaTpUIAIapbIH €CENTeY.
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LROMCM HyCKachIHBIH KaJamMaaphl:

M KUBIHBIHIAFbI METPHKaTapMeH skoHe (8) sxoue (9) apkputbl T, k. -0, Ko oo TapameTpiiepi
0ap OHTAWJIBI MYJIBTUMETPHSIIBIK OpTaIlla CaIMaKThl KOACCOIMAIINS MaTPUIIACKIH €CETITEY.

Jlarnanuan rpadurin (6) xone (7) -neri D' kemerimen ToMen nopexeni keckine Taby.

(5) dopMmynanbl KoJIaHY apKbUIbl MAaKCaTThl YIICCTIpYJIEpHAiH OoJpKaMJibl oOpTaiia
BEKTOPJIapbl MEH KOBaPHUAHTTHIK MaTPHUIIAJIAPBIH €CEIITEY.

COHBI.

HoaTu:xesiep MeH TaJaKbLIAY
By Genimae YChIHBITFAH KOPPEIAMUSIIBIK 9J1ci3 OakputaHaTeiH perpeccus (C-ABR) anro-

PUTMIHIH YII HycKachl canblcThIpbuiabl. biz MWD xone MAE meTpukakanapblH YChIHFaH 9JICI3
OakplIaHATBHIH OKBITY AJITOPUTMJIEPIMEH CANIBICTHIPY Ke3iHe naijaiaHaMbl3:

. 1 2 1/ 1/2
MWD(y,y") = Z i —a;lls + Z —S;
Ntest t

X EXpast F

1 Z
p; — a;llz.
Niest ' '

X EXpast

MAE(y,y") =

MyNBTUMETPHUSIIBIK ~ OpTallla OJIIMICHTeH KOACCOIMAIlMs MAaTPHUIACBIH eCerNTey YIIiH
callMaKTap/bl KOHE K 013 cayMaKTapabl )KOHE KJIacTepepAiH OHTAMIIBI CAHBIH aHBIKTAY YIIIIH
UHIEKCTIK KJIAcTEPiH >KapaMIbLUILIFbl peTinge oprypmi P € {1, 2, 00} sxxoue Silhouette
Minkowski MeTpHUKaJIBIK Pp naiinananambrs.

Mownte-Kapno monenbeyi

N(u,, %), u. = Bk + 1,8k + 2,...,8k + d,)e R, X, =
diag(1,...,1) € R%*X%x d = 8 xoHe k € 1,2,3

Kol alHbIMaJbl KaJdbINThl yiecTipynep xkublHbIHaH 1000 oOBEKTIIEpAIH HepeKTep >KUHAFBI
YKaCaJIbIHIBI.

k - m1i kypamaac GemikTeH KyphUTFaH 00BbEKTiTep YITiH MakcaTTel ynkmusa Y, = K + &
JIeTl ecenTeimi3, MyHaarbl € Ke3Nelcok mama, dy —eJIIeM/Il KaJbInThl Tapary(yiaecTipy)
ynxiusacer N (0, Dy, D;‘g ), D xe3nelicoKk TOMEHIi-KaJbIIThl YJIECTIPIMHEH ipiKTereH
AJIEMEHTTEpi Oap YIIOYPHIIITH MaTPHUIIA KOHE J)KOHE dy =4.

Hamap Gakputaynpl KaMTaMachl3 €Ty YIIIH 013 AepeKTep KUBIHTHIFBIHBIH 10% -bI KaTtag
OelNrisieHreH, JEepeKTep J>KUBIHTBIFBIHBIH 20%-bI nypbic OENTiIEHreH OOBEKTIIepIeH, all
KasiraH 70%-b1 OenrisienOereH gen ecenrtenik. AHBIK emec Oenriieyni moxenbaey yuriH (1)
(opMyachIMEH aHBIKTAJIFaH IapaMeTpiep i KOJJaHaMbl3: &; = 2y, MyH1arsl 2y Genrinenren
JIepeKTepre apHaJIFaH MakcaTThl (PyHKIHMSHBIH KOBApHAHTTHIK MaTpuackl. Karan OenrineHrexn
00BbeKTiNIep yIiH X; MaTpHIACKIH HOJIK MAaTPHLA JeM ecenTeiMis.
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C-ABR-TDKM anropurmaepi ymin 7' = 30 enmrem/i Kiactepiiik aHcaMOibi xoHe L- mri

Oemimaeri K; KJIacTepJiep CaHbIH KOJIJIAH/IBIK;
Ki=2+4+i.,i =1,...,30. C-ABR -NDMKM anropurmi ymin r = 10, f =2

min
JKOHE [ = 3( mapamerpiepi KomgaHbUIbL. Bapmsik anropurMzaep yuris § = 0.001 xone

max
¥ =0.001 xyiteney xosdduuuentrepi opHaTHUIABI. AIIBIHFAH canla KOPCETKIITEPiHiH opTama
ecenrmed 100-aeH acrambl opblHaanabl. Hotmxkenep 1-kectene GepiireH.

Kecre 1 — MonTe-Kapio cumMysiiusicbl OOMBIHIIIA CaTBICTBIPY

Supervision type C-ABR
RNF TDKM NDMKM
MWD 0.382 0.324 0.227

Toxipubesne KOJITaHBUTFAH ISPEKTEP >KUBIHBI

CO / NOx nepextep >xkuHarbl yunH [20] 2015 sxputFbl kKeMipKbIIKbUT Ta3sl (CO) xoHe
azor okcuaTepi (NOX) mbIFapeIHABLIIAPBIH Mali1agaHaMbl3. byl qepexrep KMBIHTBIFBIH/IA Ta3
TypOMHACHIHBIH CHUIIaTTaMalapblH CUIIATTAUTBIH jkoHe 36733 Oakpurayabl KaMTUTHIH 11 epek-
ek 6ap.

Hepexrepain 1%-b1 KaTan OenrineHreH, 9%-bl nypwic OenriieHreH koHe 90%-b1 Oenri-
nmeHOereH jaen ecenreneri. J[epekTep )KUBIHTBIFI YIIKCH OOJIFaHIBIKTaH, IYPHIC eMec Oenrineymi
Mojenbaey yumiH O6i3 [ oprama BEKTOpIaphlH KOHE ZX; KOBApUAHTTBIK MAaTpUIlajapblH
eH >kakplH 50 kepmriepi OoiwHIa Oaranaiimbl3. Karan OenriieHreH oObeKTuiep YIIiH
nan Genriney oprama Bektop M perinie nalinananbuianel, An X; HeIIIK MaTpULiara TEH.
CHHTETHKAIBIK IePEKTEpP CUSIKTHI, XKyieney kodddumentrepi f = 0,001 xone y = 0,001
opHarbuFaH. C-ABR-TDKM xone C-ABR-TDKM anroputrmuepi yuiiH j-mri GesiMpieri
k; wnacrepnepinin campiven T = 30 emmemui KJIACTEpJIiK aHCaMOJb KOJITaHBLIAIbI:
K,=10+ 11 = 1,..,30.

C-ABR-NDMKMamropurmir = 10.k_min = 2 Kpin = 2 X8He Kjq, = 50
napaMeTpJiepiMeH OKBIThUIFaH. baKplIaHATBIH OKBITY airoputmuaepi (Ker alHBIMablUIbI ChI-
3pIKTHIK perpeccus (MLR) sxone XGBoost (XGB)) Tek karan OenriieHreH 0OBEKTUICPMEH
OKBITBUTFaH. JlepeKTep >KUBIHBIHAAFBI JIePEKTEepiH YJIKeH KeyiemiHe OaitnanpicThl RBF Hyc-
KachIH/a Kepl MaTpuIaHbl Taby eCernTey pecypCTapbIHbIH, dCipece KeIe KaIThIH alTapIbIKTai
KOJIEMiH KaXXeT eTeTiHIH eckepiHi3. HoTmxenep 2 -kecrene YChIHbUIFaH.

Kecre 2 — CO/NOX nepekrep KUHAFbIHIAFbI CAIBICTBIPY

Supervision type C- ABR SR
RNF TDKM NDMKM MLR XGB
MWD 65.45 52.22 44.74 — —
MAE 38.84 31.92 26.83 38.69 30.48

Ocpburaifia, SKCIIepUMEHTTEPIH HOTHXKeJIepl YChIHBUIFAH 9/IICTIH JOJAITIHIH alTapbIKTai
YKaKCcapFaHbIH KepceTe]i.
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KopbIThIHABI

JKyMmbIcTa TpaHCIYyKTHBTI OpTajarbl MIyJAbl JACPEKTEPMEH OepuireH KOIl MaKCaTThl
Hamap OaKbLIAHATBIH PErPecCHsi MACceeci KapacThIpbUIAbL. BaccepiuTeliH MeTpUKachl MEH
MYJIBTUPETYJIIPU3alUsIHbl T1ali/1ajlaHa OTBHIPBIIN, OHTANHIAHABIPY MOCEJECIH IICNly aJrOpUTMI
yYChIHBUIABL. OHTAWIaHABIPDY MOCENECiH MISHIyAl S>KbULAAMAATy YIIIH KOACCOIUAIMSIIBIK
MaTpHUIAHbl Iy YIIIH KJIacTepilik aHCaMOJIb/Il JKOHE aJIbIHFaH MaTpHUIalapibl CHIFY YIIiH
TOMEH JOPEXKENl KOPCETY 9JIiCi KOJMJIAHBUIAbI. ¥ ChIHBUIFAH aJTOPUTM OKBITY Ke3iHJe Oenrici3
Kemn eumemMal OenriepAi maiiganaHa aaMalThIH Oap MAaIIMHAJBIK OKBITY aJTOPUTMISPIHEH
apTHIKIMIBUIBIFBIH - KopceTTi. CoHpaii-ak OHTaIbl MYJBTUMETPHUSIIBIK OpTalla CajIMaKThl
KOACCOILMAIUSIIBIK MaTPHUIIAHbl €HIi3y apKbUIbl OpTallla CaJIMAKThI KOACOIMALAS MAaTPULIACHIH
ecenreyre OipHeIIe MaHbI3/IbI )KaKcapTyiap JkacaiablHay. JKaHa TOCi aNropuTMHIH carachkl MEH
TYPaKTBUIBIFBIH alTapIIBIKTAl KaKcapTa ana/ibl, COHBIMEH Karap opOip HAKThl MOCEJCHI STy
YILIiH OHTaIUIBI TUIIEpIapaMeTpiIepal 131ey/l )KeHIIIeTe .
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SOLUTION TO THE PROBLEM WEAKLY
CONTROLLED REGRESSION USING COASSOCIATION
MATRIX AND REGULARIZATION

Abstract

Currently, the theory and methods of machine learning (ML) are rapidly developing and are increasingly used in
various fields of science and technology, in particular in manufacturing, education and medicine. Weakly supervised
learning is a subset of machine learning research that aims to develop models and methods for analyzing various
types of information. When formulating a weakly supervised learning problem, it is assumed that some objects
in the model are not defined correctly. This inaccuracy can be understood in different ways. Weakly supervised
learning is a type of machine learning method in which a model is trained using incomplete, inaccurate, or imprecise
observation signals rather than using fully validated data. Weakly supervised learning often occurs in real-world
problems for various reasons. This may be due to the high cost of the data labeling process, low sensor accuracy,
lack of expert experience, or human error. For example, labeling of poor control is carried out in cases obtained
by crowdsourcing methods: for each object there is a set of different assessments, the quality of which depends on
the skill of the performers. Another example is the problem of object detection in an image. Boundary lines are a
common way to indicate the location and size of objects detected in an image in object detection tasks. The article
presents an algorithm for solving a multi-objective weakly supervised regression problem using the Wasserstein
metric, various regularizations and a co-association matrix as a similarity matrix. The work also improved the
algorithm for calculating the weighted average co-association matrix. We compare the proposed algorithm with
existing supervised learning and unsupervised learning algorithms on synthetic and real data.

Key words: Weakly supervised learning, cluster ensemble, multi-objective regression, low-rank similarity
matrix, co-association matrix.
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PEIIEHUE 3AJIAYU CJIABO KOHTPOJIMPYEMOM
PEI'PECCHUMU C UCITOJIB3OBAHUEM MATPUILbI
KOACCOLUUAIIMHU U PET'YJIAPU3IALIUU

AHHOTALUA

B Hacrosiiee BpeMsi TeopHst U METO/Ibl MAITMHHOTO 00y4eHust (MO) ObICTPO pa3BUBAIOTCS U BCE IIMPE UCIOJb-
3yIOTCS B PA3IMYHBIX 00JIaCTSX HAYKH M TEXHHUKH, B YaCTHOCTU B IPOM3BOJICTBE, 00pa3zoBaHnu 1 Meaniune. Cinabo
KOHTpOJIMpyeMoe 00ydeHHe — 3TO YacTh UCCIIEIOBaHUI B 001aCTH MAIIMHHOTO 00y4€eHHs, HAallpaBJIeHHasl Ha pa3pa-
0OTKy MoOJieJIel M METO/IOB aHallM3a pa3lInuHbIX THIIOB HHpopManuu. [Tpu dpopmynupoBanun 3a1auu 00y4eHUs CO
11200 KOHTPOIMPYEMOi 00ydeHHEM IPEAIOIaraeTcs, YTO HeKOTOPbIe OOBEKTHI B MOEIIH OIPE/ICIICHBI HETTPABUIIb-
HO. DTy HETOYHOCTh MOJKHO ITOHUMATh MO-pa3sHoMy. Crtabo KOHTpOIHpyeMoe 00ydeHHe — 3TO THUIT METO/Ia MAIIiH-
HOTO 00yYeHWUs, IPU KOTOPOM MOJIEIb 00y4aeTcs C UCIOIb30BAHUEM HETIOIHbIX, HETOYHBIX MJIM HETOYHBIX CHI'Ha-
JIOB HaOITIOZICHUSI, @ HE C UCIIOIb30BaHNUEM ITOJHOCTHIO IPOBEPEHHBIX JaHHBIX. Cr1abo KOHTpoIHpyeMoe oOydeHHe
YacTO BO3HMKAET B PEANIbHBIX 337a4ax M0 Pa3HbIM MPHUMHAM. DTO MOXKET OBITH CBA3aHO C BBICOKOH CTOMMOCTBIO
mpoliecca MapKUPOBKH JJAHHBIX, HU3KOM TOYHOCTHIO TaTYMKOB, HEAOCTATKOM OIBITA IKCIIEPTOB MM YEeJIOBEUECKOM
omuoOKoi. Hanmprmep, MapKknpoBKa IJI0XOT0 KOHTPOJISI OCYIIECTBIISIETCS B CIIydasiX, MOTyUYEHHBIX METOJaMHU Kpay/l-
COPCHHTa: AJIsl KayKA0T0 00beKTa MMeeTCs Habop pa3iINIHBIX OIICHOK, KaUeCTBO KOTOPBIX 3aBHCUT OT MAacTepCTBa
ucnonuauTeneit. Jpyroii mpumep — npodiema oOHapyKeHHs 00beKTa Ha W300pakeHUH. OrpaHUYUTEIIBHBIC JIUHUH —
9TO PaCIpPOCTPAHEHHBII CIIOCO0 yKa3aHUsI MECTOIOJIOKEHHUS U pa3Mepa 0ObEKTOB, 0OHAPYKEHHBIX Ha M300pake-
HHH, B 3371a4ax OOHapyKeHUsI 00bEKTOB. B cTaThe mpencTaBieH anropuT™ peieHnss MHOTOKPUTEPHATIbHON 3a1a9u
c11a00 KOHTPOJIIMPYEMOM perpeccuy ¢ UCMOJIb30BaHMEM METpUKH BaccepiuTeliHa, pasiMuHON peryssipu3anud U
MaTpUIbl KOACCOLMALNK B Ka4€CTBE MaTpHIIbI 110100us. B pabore Takike ObUI yCOBEPILIEHCTBOBAH aJITOPUTM pac-
yeTa CpeIHeB3BEIICHHON MaTPUIIbI Koacconuanuii. Mbl CpaBHUBAEM MPETIOKEHHBIN aITOPUTM € CYNIECTBYIOIINMHA
ITOPUTMaMHU OOyUYEHUS ¢ yauTeneM U oOydeHus 6e3 yduTelsi Ha CHHTETHUECKHUX U PEaJIbHBIX TIaHHBIX.

KiroueBbie cioBa: ciabo KOHTPOIHpyeMoe o0yUeHne, KIaCTepHBIN aHCcamMOiIb, MHOTOIIETICBAsl perpec-
CHs1, MaTpuIla CXOACTBA HU3KOTO paHTra, MaTpHIla KOACCOIUAIIUH.
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Abstract
In quantum information theory, understanding the complexity of entangled states within the context of SLOCC
(stochastic local operations and classical communications) involving d qubits (or qudits) is essential for advancing
our knowledge of quantum systems. This complexity is often analyzed by classifying the states via local symmetry
groups. The resulting classes can be distinguished using invariant polynomials, which serve as a measure of
entanglement. This paper introduces a novel method for obtaining invariant polynomials of the smallest degrees,
which significantly enhances the efficiency of characterizing SLOCC classes of entangled quantum states. Our
method not only simplifies the process of identifying these classes but also provides a robust tool for analyzing the
entanglement properties of complex quantum systems. As a practical application, we demonstrate the derivation of
minimal degree invariants in specific cases, illustrating the effectiveness of our approach in real-world scenarios.
This advancement has the potential to streamline various processes in quantum information theory, making it easier

to understand, classify, and utilize entangled states effectively.

Key words: invariant polynomials, quantum entanglement, SLOCC.
Introduction

Understanding entanglement is a basic idea in quantum information theory. The main issue is
figuring out how to measure and sort the entanglement in quantum states [1]. It's seen as an impor-
tant part of quantum information and become an important field of research [3, 4, 5]. Polynomial
functions that stay the same with stochastic local operations and classical communication (SLOCC)
changes have been investigated extensively over the past years [2, 3, 7]. These functions are some-
times exploited to measure the entanglement [13].

Stochastic Local Operations and Classical Communication (SLOCC) is a pivotal concept in this
context, offering a framework for classifying entangled states based on their convertibility through
local operations and classical communication. This classification is vital because it helps identify
which quantum states can be transformed into each other using local operations, shedding light on
the fundamental structure of quantum entanglement and its implications for quantum information
processing. Within the SLOCC framework, the complexity of entangled states, particularly with
systems composed of d quantum units (qunits, I states), becomes a critical area of study. The chal-
lenge lies in efficiently categorizing these states to understand their potential for various quantum
information tasks.

This paper addresses the challenge of classification of entangled states under SLOCC, for odd
number d = 3 of parties each having a single qunit. It introduces an improved method for the
derivation of invariant polynomials of smallest degrees, which serve as a robust tool for efficiently
characterizing SLOCC classes of entangled quantum states [2, 3, 13, 14, 15]. This way of derivation
was shown in [8, 9] and developed in [10]. Using representation theory, particularly Schur-Weyl
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duality, we obtain the spanning set of homogeneous invariant polynomials of fixed degree over state
space of d qunits.

The motivational problem of this research can be stated as follows.

Problem 1 (Orbit separation problem). For two entangled states is it possible to transform one to
another by stochastic local operations?

To address this problem, we reformulate it in the mathematical setting. Quantum states are inter-
preted mathematically as elements of V.= (1" & -+ @ O™ (repeated d times) scalad ta nnit norm.,
Under the fixed basis, each state can be associated with d-dimenisonal hypermatrix { 1 g J. Sto-
chastic local operations are associated with the elements of the group G = SL(n) X --- X SL(n)
(repeated d times), where each group copy acts independently on the corresponding tensor compo-
nent by left multiplication. Here SL(1) is the group of N X N matrices of a determinant 1. Thus,
SLOCC classes are exactly the orbits of a group action.

The polynomial P over the vector space V is G-invariant when it is constant on the orbits
of G-action, i.e. ., P(gv) = P(v). One way to separate tensor orbits (state classes) is to provide dif-
ferent evaluatlons on some invariant polynomial. Thus, generation of such polynomials is the crucial
task for QIT.

Problem 2 (Invariant calculation problem). Given tensor space, compute the smallest tensor
invariants.

Our main contribution is that we provide a method to produce polynomials of the smallest pos-
sible degree. This problem is of Computer Science nature, as it requires development of an algorithm
based on the structure of underlying tensor space. The findings and methods can also be exploited in
other areas of computer science, where tensors are applied, since they shed light to the symmetries
of a tensor space with respect to the natural group action.

In the context of SLOCC (Stochastic Local Operations and Classical Communication), certain
types of entangled states play significant roles. Here's a brief exposition of the EPR state, GHZ state,
and W-state in terms of SLOCC:

1. EPR state is a maximally entangled state between two qubits:

1
EPR = 7 (1)

2. GHZ State, named after Greenberger-Horne-Zeilinger, is a maximally entangled state, gen-
eralizing EPR state, involving three or more qunits, where all qubits are entangled with each other:

GHZgn+1 = ,—(|U .0) + -+ |n..n)). )
3. W-State is another type of multipartite entangled state, usually involving three or more qubits:
1
Wq = (110...0) + [01...0) + -+ + |00 ... 1)). 3)

These states are fundamental examples of multipartite entanglement and play crucial roles in
various aspects of quantum information processing, including quantum communication, cryptogra-
phy, and computation. For instance, in [12] W-state were constructed on a quantum computer.

We shall describe the theoretical background hidden behind the generation of smallest invariant
polynomials, provide the basis of smallest degree polynomial invariants in case of 5 qubits and 5
qutrits.

Literature review

Invariant polynomials are critical tools in the classification of quantum states, particularly within
the framework of quantum computing and quantum information theory. By leveraging these poly-
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nomials, one can efficiently characterize and measure the complexity of entangled states under local
operations and classical communications (SLOCC). This review explores the foundational theories,
practical applications, and computational techniques associated with invariant polynomials, empha-
sizing their significance in quantum computing.

The foundational work by Diir, Vidal, and Cirac [1] demonstrated the distinct ways three qubits
can be entangled, laying the groundwork for understanding polynomial invariants in quantum sys-
tems. Their findings revealed the existence of two inequivalent classes of entangled states, which are
distinguished by different sets of polynomial invariants. This seminal work emphasized the role of
local symmetry groups in classifying entangled states, which has become a cornerstone in the study
of quantum information theory.

Building on this foundation, Luque and Thibon [2, 3] expanded the scope of polynomial invari-
ants to systems with four and five qubits. See also [14]. Their research provided explicit descrip-
tions and closed formulas for these invariants, facilitating the classification of more complex quan-
tum states. By deriving minimal degree invariants, they enabled more efficient characterization of
SLOCC classes, thereby advancing the practical applications of these mathematical tools in quantum
computing.

Hillery, Buzek, and Berthiaume [6] explored the application of polynomial invariants in quan-
tum secret sharing, demonstrating how these invariants can be used to secure quantum communica-
tion protocols. Their work highlighted the practical relevance of invariant polynomials in real-world
quantum information tasks, showcasing the versatility of these mathematical constructs.

In [21] a novel method was proposed for the canonicalization of Riemann tensor polynomials
by employing a block distance invariant approach. This technique simplifies the process of reducing
monoterm tensor polynomials to their canonical forms, providing an efficient computational frame-
work for handling tensor polynomials in algebraic computations.

Hrushovski et al. [25] investigated the strongest algebraic program invariants, providing a new
approach to understanding algebraic invariants in the context of program verification. Their findings
offer robust tools for the analysis and verification of polynomial dynamical systems.

In [26] advanced visualization techniques for tensor fields were developed using fiber surfaces of
invariant spaces. This method enhances the visualization and interpretation of complex tensor fields,
offering practical applications in scientific visualization and data analysis.

Miyake [7] further extended the classification of multipartite entangled states by employing
multidimensional determinants, which are closely related to polynomial invariants. This approach
allowed for a more nuanced understanding of entanglement in higher-dimensional quantum systems,
bridging the gap between abstract mathematical theory and practical quantum computing applica-
tions.

The identification of fundamental invariants by Biirgisser and Ikenmeyer [8] marked a signifi-
cant advancement in the field, as they explored the role of these invariants in orbit closures within
algebraic geometry. Their research provided deeper insights into the structure of polynomial invari-
ants, enhancing the theoretical framework for their application in quantum computing.

In a related study, Biirgisser et al. [9] investigated scaling algorithms and the null-cone problem
from the perspective of invariant theory. Their work demonstrated the computational efficiency of
these algorithms in determining invariant polynomials, offering practical tools for quantum informa-
tion scientists to employ in their research.

Leifer, Linden, and Winter [5] presented a novel approach to measuring polynomial invariants
of multiparty quantum states. They developed networks that estimate these invariants under local
unitary transformations and SLOCC, providing a practical method for experimental physicists to
measure entanglement. This work bridged the gap between theoretical constructs and experimental
applications, making polynomial invariants more accessible for practical use.

Grassl, Rotteler, and Beth [8] focused on computing local invariants of qubit systems, dem-
onstrating how these invariants can be used to test local equivalence of quantum systems. Their
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research provided concrete examples and computational techniques for deriving invariant polynomi-
als, contributing valuable tools for the quantum computing community.

In [19] the author provides a fixed parameter tractable algorithm to compute quantum invariants
of links presented by planar diagrams, including the Reshetikhin-Turaev invariants derived from
simple Lie algebras. While in [20] the neural networks and machine learning techniques were used
to compute invariant polynomials.

In [22, 23] the counting of O(N) tensor invariants were examined, offering significant insights
into the combinatorial aspects of tensor models. Their work elucidates the structure of tensor invari-
ants, contributing to the broader understanding of tensor algebra and its applications in theoretical
physics.

In general, most tensor problems are NP-hard as were shown in [27], another example refers
to [24], so it is hopeless to expect, that tensor related problems could be solved fast.

The study of invariant polynomials is indispensable for classifying and measuring entangled
quantum states in the context of quantum computing. By providing a robust mathematical frame-
work, these invariants facilitate the efficient characterization of SLOCC classes and offer practi-
cal tools for quantum information processing. The development of minimal degree invariants and
advanced computational techniques continues to enhance the applicability of these methods in both
theoretical and experimental quantum computing research.

Main provisions

A. Tensors and invariants

We denote [n] = {0,...,n — 1} Let V = (I]n}@'d be the space of tensors (state space).
Elements of Y written in a fixed basis correspond to hypermatrices Xip---;iu indexed by
(iy, ..., ig) € [ny] X ... X [ng] and we shall usually identify tensors in V with corresponding
hypermatrices.

The group G = SL(n) Xd paturally acts on the space of tensors V. = (O n}®d by

(81, 8a)V1® .QVg=g1V1 ® ... ® 8qVq 4)

for g; € SL(n),v; € O™ and extended multilinearly. Let PInv4(n) be the ring of G-invari-
ant polynomials that inputs elements of V. It is known [2, 3] that the degree of any polynomial in
PInv4(n) is a multiple of n. By PInv,(n,k) we denote the homogeneous degree nk part of
PInv4(n), which provide the grade decomposition:

PInvg(n) == PInv4(n, k). (5)

The dimensions of the grades are counted by rectangular generalized Kronecker coefficients
gq(n,k):= g(n xKk,...,n X k) (repeated d times). The (generalized) Kronecker coefficients
are structural constants of tensor products of irreducible symmetric group representations. It is the
major problem to give a combinatorial interpretation for these numbers; this problem sometimes
referred to as last open problem in algebraic combinatorics. Decision problem of positivity of Kro-
necker coefficients is known to lie in NP class.

In [10], the authors studied dimension sequences via Kronecker coefficients. it was obtained the
lower bound for smallest K for which dim PInv4(n,Kk) > 0. Denote

8 4(n) = min{k | dim PInv4(n,k) > 0}. (6)

98



KA3AKCTAH-BPUTAH TEXHUKAJIBIK
YHUBEPCUTETIHIH, XABAPIIBICHI Ne 2(69) 2024

It is known, that SF d (n) = 1 for even d and there is a unique polynomial invariant of that de-
gree called Cayley’s first hyperdeterminant [15, 16]. For odd d situation is completely different. The
following theorem sheds light to odd d case.

1

[ na-1 ] = ald (n) < n.d we have the bounds: .

In particular, the lower bound is sharp in cases n < 29 14nd 3971 < p < 4471

By computing the Kronecker coefficients we know the dimensions of the grades by
g4 (n,k) = dim PInv d (n, k). See the figures in the Results section for dimension sequences.

Our aim is to describe the minimal possible invariants. For that we require a few combinatorial
definitions.

B. Magic sets and its signature function

We refer to elements of the box [K] d 25 cells. A slice of [K] d is a subset of all cells with fixed i
-th coordinate (called direction) for some i € [d]. A diagonal of the box [K] d is a subset of size k
with no two cells lying in the same slice.

A magic set is a subset of [K] 4 Which has an equal number of elements in every slice of (k] d,
and this number is called magnitude. We can represent a magic set T as a magic hypermatrix with 1
at cells corresponding to elements of T and 0 elsewhere. Magic hypermatrix is a natural generaliza-
tion of (0,1)-magic squares. Denote the set of all magic sets in [K] 4 of magnitude N1 as B4 (n, K).

Each magic set T in [k]d of magnitude n and cardinality m = nk can be represented as
d X m table with entries in [1] as follows: iterate over cell I = (ig, e, ig) of [k]‘:l in lexico-
graphical order and add column I to the table whenever Til,...,ic1 = 1. We refer to resulting table as
magic table T. For instance, ford = 3 and k = 3 assume Tyq9 = 1, Tog1 = 1, Ty70 = 1 and

T;11 = 1 and zero elsewhere, then the corresponding table is:

0011
T=1{0011]. ®)
0101

We identify magic sets and corresponding tables. Note, that if T € B, (n, k) then correspond-
ing magic table is of size d X nKk and each row consist of letters from [K] each appearing n times.
Since Til,---,id € {0,1} the columns of magic table do not repeat.

For each magic set let us introduce a ‘filter’ for (noncommutative) monomials involved
in polynomials of PInvg(n) of degree nk. For the map G: [nk] — [n]d denote monomial
X; = szkl KG(i)' The map @ can also be regarded as d X nk table with i-th column being &(i)
with each row containing letters from [H] each appearing k times.

For the magic table T € By(n,K), define the sign function sgnt(c) € {—1,0,1} as fol-
lows: overlay table O on table T and consider all symbols of table G that lie in the same row and have
the same underlying symbol from T, denote resulting sequence @ = (&g, ...,ay, ), if a results into
permutation then multiply the result by the sign of this permutation; otherwise set SgnT(G} = 0.
In other words, sgn.+ (@) is the result of overlaying of ¢ on T where we expect each block of equal
letters within the same row of T be covered by permutation and the product of all signatures of result-
ing permutations is exactly the quantity sgn(o).

C. Spanning set of invariant polynomials

For a magicset T € B d (n, k) define the polynomial

Ar = zc:[nk]—:[n]d sgnr(o) [T X (i) 9)
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where sum runs over all possible such maps G. In turns out, that these polynomials are enough to
span PInv4(n,k).

Proposition 3 ([9, 10]). Polynomials {&T} are invariant, for T running over B4(n, k), and lin-
early spans the space PInv4(n, k).

We note that the polynomials {&T} may and will be linearly dependent. Also, the size of
B4(n, k) is still much larger than the dimension of PInv4(n,k), but in the next chapter we pro-
vide several optimizations on search of B4 (n, k) by means of representation theory.

Materials and methods

In this section we provide the pipeline of generating the spanning set of PInvg (n,k). By
Proposition 2 we know that the set {A. | T € By(n,k)} linearly spans PINv4(n,K) . But the

size of the set grows exponentially fast, the rough upper bound would be B4 (n, k) =< (k )

The following fact helps to enhance the search of smaller spanning set. We call a word
w = (Wy, ...w,) € [K]™ lattice if for each i = 1, ..., m the number of occurences of ] in
the word (W, ..., W;) is at least as the number of occurrences of j + 1 in (Wy, ..., W;) for each
ji=1,.. k- Let B:l' (n,k) € B4 (n, k) be the subset of magic sets called lattice magic sets, if
each row of a corresponding magic table is a lattice word.

Proposition 4 [10]. The set {A1} where T ranges in By (n,Kk) is the spanning set of
PInv,y(n,k).

Theorem 5. The set {A} where T ranges in B&L (n, k) is the spanning set of PInv 4(n, k).

This combining with Proposition 3 provides an enhanced method of generating such polynomial
invariants. Theorem 5 in practice allows to dramatically reduce the size of search space of T from
B4(n,k) to B&L (n, K). This can be done with simple backtracking algorithm.

Results and discussion
In this section basis for the space of invariant polynomials of minimal degree is obtained. Us-
ing Sage [18] several dimension sequences are presented. As we can see from the date, there is the

unique invariant of degree 4 for 3 qubits:

Table 1 — Dimension sequences of polynomial invariants of degree NK for 3 qunits

k\n 1 2 3 4 5 6 7 8

1 1 0 0 0 0 0 0 0
2 1 1 1 1 0 0 0 0
3 1 0 1 1 1 1 0 1
4 1 1 2 5 6 13 14 18
5 1 0 1 4 21 158 1456 9854

the celebrated 2 X 2 X 2 hyperdeterminant. This invariant was first obtained by Cayley, since then
referred to as Cayley’s second hyperdeterminant [16]. Almost 150 years later, this invariant was gen-
eralized by Gelfand-Kapranov-Zelevinsky [17].
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The following table characterizes degree sequences for degree 4 invariants of d qunits for vari-
ous I1.

Table 2 — Dimension sequences of polynomial of degree 2N for D qunits G, (N, 2) = pIM PINV, (N, 2)

n\d 3 5 7

0 1 1 1

1 1 1 1

2 1 5 21

3 1 11 161

4 1 35 3341

5 0 52 64799

6 0 112 1407329

7 0 130 27536390

8 0 166 482181504

9 0 130 7403718609

10 0 112 99468725538

11 0 52 1168191022248

12 0 35 12009002387858
13 0 11 108266717444858
14 0 5 857991447205123
15 0 1 5991301282600760
16 0 1 36953889463653995

The following table characterizes degree sequences for degree 6 invariants of d qunits for vari-
ous .

Table 3 — Dimension sequences of polynomial of degree 3N for D qunits, Gp, (N, 3) = DIM PINV, (N, 3)

n\d 3 5 7

0 1 1 1

1 1 1 1

2 0 1 70

3 1 385 636177

4 1 44430 9379255543

5 1 5942330 215546990657498

6 1 781763535 6136455833113627910

7 0 93642949102 191473697724924688999920

8 1 9856162505065 6100591257296003780834337810

9 1 894587378523908 190121112332748795911599731191284
D. 3 qubits
Letd = 3, n = 2, k = 2. As mentioned earlier there is a unique invariant polynomial of

degree 4 which is 2 X 2 X 2 hyperdeterminant. Associated magic table is the following:

0011
TZXZXZ =10011 (10)
0101
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E. 5 qubits
Letd = 5,n = 2,k = 2.There are 15 magic tables in the set B5+ (2,2) that span the space

of invariant polynomials of degree 4. There are two possible lattice words in that case: 0011 and
0101, Since, we restrict magic tables to have columns sorted the first row of magic set is always
001 1. Therefore, rest 4 rows may have any of two rows and there are 2% = 16 possible tables,
but one with repeating columns.

All 15 invariant polynomials are non-zero, but the dimension of dim PInvs(2,2) = 5,
therefore they are linearly dependent. Simple Gauss algorithm shows that polynomials with the fol-
lowing tables form the basis:

0011 0011 0011
0011 0011 0011
T,=|o0011|, ,=|o0011| T7s=1|0011]
0011 0101 0101
0101 0011 0101
0011 0011
0011 0011
T,=|o0101|, 7Ts=]o0101
0011 0101
0101 0011 (n

Each polynomial 4 T; is of degree 4 and has 192 terms. In contrast, geometric hyperdeterminant
detyyoxaxax2 is of degree 128 and has more that 1 0° terms.

F. 5 qutrits

Letd = 5,n = 3,k = 2. There are 239 magic tables, but only single invariant of degree 6.
Thus, it is enough to find any non-zero polynomial. We ensure that the following magic table produce
non-zero invariant polynomial:

001122
010122 (12)
T =| 001212
010212
012012

In particular, the coefficient at

XGUUGUXGUUIIXOllﬁﬁxlﬁlﬂlxllﬁlﬂxlllll (13)
of Ap(X) is equal to 1.
Conclusion

The problem of classification of SLOCC classes is hard. Not only because of the complicated
nature of entanglement phenomena, but for practical reasons as well: the size of computational
problem grows exponentially as the number of parties, or the number of possible particle states
grow. This creates a need for fast and efficient methods to be developed. This paper addresses this
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problem and proposes the method for derivation of a basis of homogeneous invariant polynomials of
tensors. The present paper offers an efficient algorithm to produce invariant polynomials of tensors.
The results also provide contextual understanding of a tensors with respect to symmetries, which
is essential in computer science, since most of the methods of higher order machine learning or
statistics expect tensors to be symmetric with respect to some of the coordinates.
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KBAHTTBIK ECEINITEYJIEPI'E KOJIJAHBIJIATBIH
NHBAPUAHTTBI KOIIMYIIEJIEP

AHgarna

KauTThik akmapar teopusichigga SLOCC (CTOXaCTHKAIBIK JKEPTUTIKTI ONepanusuiap KOHE KITaCCUKAIBIK
Oaitnanbic) koHTekciHae d KyOuTTep (HeMece KyJUTTep) apKbUIbI IIHMEIEHICKEH KYWIEepIiH KYPACIUITiH TYCiHY
KBAaHTTHIK JKYHeNep Typaibl OiTiMiMi3/I aTFa >KBUDKBITY YIIIH MaHBI3IbL. BYJT KypAeTUTiK KUl )KePTiTiKTI CHMMETPHS
TOTITApbl apPKBUTBI KYHIIEp/i JKIKTey apKbpUIbI TainaHaael. HoTiokeciHae amblHFaH CHIHBINTAPABI IIMEICHICTIKTIH
eJieMi 00JIaThIH MHBAPUAHTTHIK IOJIMHOM/IAP apKbLIbl )KbIpaTyFa 0onaabl. bysr Makanaia mmeleHiCKeH KBaHTThIK
kyinepain SLOCC chIHBINTaphlH CHNATTAYJbIH THIMAUINCIH alTapibIKTail apTThIpaThlH €H Killi Jopexedi
WHBAPUAHTTHIK TMOJMHOMAAPIBI ANYIBIH JXKaHa OMici YCHIHBUIFAH. Bi3miH oficiMi3 OYJI CBHIHBINTAPIbl AHBIKTAY
YPIiCiH JKSHUTACTIN KaHa KOiMali, COHBIMEH KaTap Kyp/elli KBaHTTHIK KYHWEeIepIiH [IHeICHIC KACHETTEPiH TalayFa
apHaJIFaH CEHIMJ Kypajibl YChIHAJbI. ApHAlibl jKaFAaiyiapaa MUHUMAJIBl A9PEKe MHBAPUAHTTAPBIH LIBIFAPHII,
013/11H TOCITIMI3AIH HaKTHI CLIEHAPHUIIEpeT] THIMIUTITIH YCHIHYABI TOXKipOue Ky3iHae KonganaMbl3. by xeTicTik
KBaHTTBIK aKapaT TEOPHSCHIHAAFBI TYPJi YPAICTEPIIl KEHUIJCTY dJeyeTiHe We, IIMEJCHICKeH Kyiuepi TYCiHy,
KIKTEY JKOHE THIMJII Naliiajany OHaMbIpaK KoHe THIMIIPEK Ooabl.

Tipek ce31ep: MHBapHMAHTTHI KOIIMyIIeNep, KBaHTTHIK Tyiicy, SLOCC.
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NMHBAPUAHTHBIE MHOT'OYJIEHBI C IPUMEHEHUWUEM
K KBAHTOBbBIM BBIYNCJTEHUAM

AHHOTALUA

B Teopun xBaHTOBOH WH(pOPMALNU MOHWMAaHHUE CIOKHOCTH 3aIyTaHHBIX COCTOSHHUHA B KoHTekcTe SLOCC
(croxacTuueckue JOKalIbHbIE ONEpaly U KJacchuueckas KOMMyHHUKanus) ¢ d KyOutamu (WM KyJuTaMu) sIBISIETCS
B)KHBIM JUIS MTPOJBIDKCHUS HAIINX 3HAHUH O KBAHTOBBIX CHUCTEMaxX. JTa CIOKHOCTh YacTO aHAIU3UPYeTCs Iy-
TeM KJ1acCH(UKALMKM COCTOSTHUH Yepe3 JIOKAIbHBIC TPYIIBl cHMMETpuH. [loiydeHHbIe KI1acChl MOYKHO Pa3iIMYUTh
C MOMOIbIO HHBAPHAHTHBIX MHOTOWICHOB, KOTOPBIC CITy»KaT MEPOil 3allyTaHHOCTH. B TaHHOH cTaThe NpeACTaBIcH
HOBBIIl METOJ MIOJTyYEeHHsT MHBAPHAHTHBIX MHOTOYWICHOB HAUMEHBIINX CTEIIEHEH, YTO 3HAYUTEJIHFHO MOBBIIIAET d()-
(hexTuBHOCTH XapakTepucTuku kaaccoB SLOCC 3amyTaHHBIX KBAaHTOBBIX COCTOSHUI. Harr MeTos He TOJIBKO yIpo-
macT npouecc I/I)IeHTI/I(bI/IKaHI/II/I OTHUX KJIAaCCOB, HO M MPEAOCTABIIACT Hal[e)KHBIﬁ HHCTPYMCHT JI aHaJIn3a CBOICTB
3aIlyTaHHOCTH CJIOKHBIX KBAHTOBBIX CUCTEM. B KauecTBe MpaKTHYeCKOTro ITPUMEHEHHS MBI IEMOHCTPUPYEM BBIBOJT
WHBapHAaHTOB MUHMMAJIbHOM CTENEHU B CIEHHUAIBHBIX CIIydasX, WILTIOCTpUpPYs 3()(EKTHBHOCTh HAIIETO MOX0/a
B peallbHBIX CLICHAPHUAX. DTO JOCTHKCHHE MMEET MMOTCHIMAI JUIS YIPOIICHUS Pa3IMYHBIX MPOLECCOB B TCOPUH
KBaHTOBOH MH(OpMaIWY, Aesasi MOHUMaHUe, KIAacCH()UKAILIMIO ¥ HUCIIOIb30BAaHNE 3allyTaHHBIX COCTOSHUN Ooiee
JIETKUMU U 3P PEKTUBHBIMH.

KuiroueBble cjioBa: MHBapUaHTHBIE TOJMHOMBI, KBAaHTOBAs 3anyTaHHOCTh, SLOCC.
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NMMIVJABCTI XKYKTEJITIEH JUOPEPEHUHUAJABIK TEHAEYJIEP
YIIIH IMMAPAMETPJII WHWETTIK ECENTI CAHABIK HIELITY

Angarna

WmnysbeTi KykTeiareH IuddepeHmanibK TeHJIeyIIep )KYI/IeCI YHIIH napameTpAeH TOoyeli MIETTIK ecemn
KapacThIpbUIAIbI. 3epTTen1n OTBIPFaH MapaMeTp/IeH TYeII Il IETTIK eCeNTi CaH/bIK Ienry Makcarbinaa Kymabaes-
TBIH TapaMeTpiey 9JICIHIH CaHJBIK JKy3ere achlpy ajropuTMiepi AaMbiThuiraH. JKymaOaeBTbIH mnapameTpliey
QJIICIHIH CaHJBIK XKY3ere achlpy ajJropuTMepi xxail nuddepeHnuaiIslk TeHaeynep xyieci ymin Komm ecenrepin
IeTTyTe HeTi3AeNTeH. ¥ ChIHBUIFaH 9/IiCTI KONIaHy HOTIDKECI IMITYIBCTI KYKTeNTeH nu(depeHINaIIbIK TSHACYIep
YIIiH MapaMeTpre TOYeNAl METTIK eCeNTiH IIeMIiMiH Ta0yapl aareOpanslK TeHASyaep KYHeciHiH menriMia Tabyra
aJeIm Keneni. byi anreOpanbik TeHaeysep )Kyheci meTTik IAPT TIEeH HMITYJTbC HYKTEJIepiHAeT] IapTTapra KaTbICThI
TeHﬂlKTep}leH Typabl. JKymabaeBThIH MapaMeTpiiey 9[ICIH CaHJbIK Ky3ere aCBIPBUTYBIHBIH JKOFAPBI THIMJIUTITIH
KepceTeTIH CaHIBIK HOTHIKE YCHIHBLTFaH. MBplIcai HOTHKEIJIepi CaH/IbIK )KOHE JIaJT MIeNIIM/Eep apachIHJIaFbl IJIIKTIH
COMKECTIrl JKOFapbl PETTi EKeHIH KOpCeTei.

Tipek ce3aep: xykrenren auddepeHnnanapk TeHIeY, IIETTIK eCell, UMIYIBCTIK dcep, MapaMeTpIIey oici.
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Kipicne

byn Makamaga TeMeHIle YCHIHBUIFAH HMMITYJIBCTI JKYKTENTeH IU(QEpEeHIUANIBIK TeHILYIIEp
JKyHeci YIIiH mapaMeTpili MIETTIK eCer KapacThIPhLIAIbI,

m
du(t) .
S Ho(Du(t) + ) G WM u(t) + Hoar (D + F(D),
dt = t=1,+0 (1)
te [0: T]\{?h:?}'z: '"r?;"m}:u € Rnr.“ € RI:
Bou(0) + Myu + Cou(T) = dy, dy € R™H, (2)
B; t_l’i?g?_ou(t) — G t_l,i?ﬂou(t} =d;,i=1,m,d; € R", (3)

mynnarer (N X 1) — emmemai K (), i = 0,m; (n X 1) - enmemni Kon+1(t) MaTpHIanIapbl
xone N — ommemui F (t) sexrop — ¢ymxumsicer [0, T| apanssmga t =1n;,i = 1,m,
HYKTesepinae OipiHimIi TeKTi y3uricTepiMen OemikTi-y3imiccis, ((Tl +1) X T-'.) — eJmeMal By, Co
MaTpHIaIaphl, ((Tl + 1) X l)—enmeMniMU marpumackl, (. X 1) —emmemuni B;, C;, 1 = 1, m,

MaTpULIAJIApPBl — TYPAKThl MaTpuLajap, d’i: [ = 1,m,n — enumemMai TYPaKThl BEKTOpIIap;

lull = maxfu; 0 =ny <ny < <Hp <M1 =T.

i=1n

[0, T] apansrbmma t = 1,0 = 1, m, nykrenepinge Gipinmi texri ysimicrepi Gonarem U(t)
GemikTi-y3imccis Bekrop-byukimsamap kenicririn  PC ([0, T],?;l, R™) apxpusr  Genrineitik,
llelly = max — sup - Jlu(®)ll.
= ’mte[niyni+1 . .. * * o

(1) — (3) eccebiHiH memiMi  JeI (u™(t), 14 ) KYOBIH  aTaiiMbI3,  MyHza

u*(t) € PC([0, T],n, R™) sxome TyLIHz[LIcmw € PC([0, T],n, R™): TR = RE, erep
dt

OCBI XKYIT t € [[], T]\{n1:n2: ,nm} yuria (1) xxykrenren nuddepeHnmanapk TeHaeyit, (2)
METTiK MapTHIH XkoHe (3) HMITYIBCTIK dcepiiep MmapTTapbiH apaMeTpain I = [~ GorFaHIarsl MoHi

YIIiH KaHaraTTaHIbIpaThIH OoJCa.

Nmmynberik auddepeHnmanaplk TeHaeynep Gusukana, MOmyIIsaius JTUHAMHKACHIHIA, JKOJIO-
rusga, OMOJOTHSJIBIK KyHenepae, OMOTeXHONOTHAAA, OHIIPICTIK POOOTOTEXHUKAAA, (hapMaKoIo-
rusiga, THIMIlL Oackapy/a jKoHe T.0. MMIYJIBCTIK e€cenTepii MoJenbjaeyre apHairaH. MMmynbeTik
b depeHInanabK TeHASYIep TeOpUscHl [ 1-5] sKyMbICTapbIHIa KEHIHEH 3epTTEITeH.

ABTOMATTHI 0acKapy TEOPHUSACHIHIAFHI, SIPOJIBIK PEAKTOpIap TEOPUSCHIHBIH, IEKTPOTEXHHUKA
MEH MalllMHa JKacayJarbl, Xep CUIKIHICIH OakbLIay/larbl, TUHAMUKAIBIK XXYHelepaeri ecentepai
MaTeMaTHKAJIBIK MOJIEIBICY JIe JKYKTeNTeH nuddepeHmanaplk TeHIeyIep YIIiH MIeTTIK ecenTepre
okenemi [6—12].

Koit nuddepeHnnanpik xKoHe HHTErpanIbIK-1udhepeHIranabpIK TeHaeyIep YIiH napaMmeTplie-
pi Oap WETTIK ecenTepii KONTereH raibiMaap keHineH 3eprreret [13—17]. by ecentep konnan6ab
MaTeMaTHUKaHbIH OPTYpIi cajaiapbiHjaa, Onodusnkaaa, 6MOMEIUINHAA, XUMUIA KOJIAAHbBLIA b
MyHnai ecentep/aiH menrimMid Tady yurid auddepeHmaiapk TeHISYIepIiH CaraiblK TeOPUSChIHBIH
ozaicTepl, mapaMeTpiiey 9/1ici, TUIMJLIEY TEOPHUSCHI, )KOFAPFbl )KOHE TOMEHT1 IIEUIIMAEP SIC] KoHe
T.0. 9icTep KOJMAaHbUIFaH.
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By makanana uMImynsCTi KykTenreH auddepeHnuanapik TeHaeyaep JKyreci YIH mapamMmeTpii
HIETTIK ecenTi ey yiriH npodeccop KymabaeB ycbiHFan napamerpiey oaicinig [ 18, 19] canabik
JKy3ere achIpbuTybl KoimaHbutiagsl. Ochl mapamerprey omiciH AuQQepeHInanIbK TeHACYIePIiH
OPTYpIIi KJIaCTaphl YIIiH ecenTepii menryae KonnanybH [20—25] skyMbIcTapblHaH KopyTe 00Jabl.

Herisri epesxeJiep

[Tapamerpiiey oiCiHIH CXEMachlH IaliJaJIaHbIN, OepiuIreH [O,T ] apalbIFbIH  Keneciaei

OeJtikTepre OeJICHiK:
m+1l

0.1 = | Jim—sm0.
r=1

C ( [0,T],n, Rnrim+ 1)) KEHICTIIH €HI3eHiK:

D ¢([0,T],n, RM™D) kenicriri u[t] = (ug (), uz (1), o) U1 (1)) ymcumsnap
KyHeciHeH Typaibl, MyHIaFb Uy ! [1) 1,10y ) — R™ pyuxuusaapst [nr_l,m.},r =1m+1,
apasibIKTapbiHaa ysimiceis xone Gapnbik 7' = 1, M + 1 ymin  lim  w,.(t) axeipast con xax
mekTepi 6ap; e

2) ¢ ([[], T],n R" (m+ 1)) KeHicriringeri  y[t] GyHkuusnap OKyHeciHiH HOpMAachl
lulll, = max_ sup [lu, ()| rvpinze Gona.

r=lm+1tefn,_y,n,)

[3neninmi u(t) byukiusiceiabiy T € [?]'T._l,nr),?” =1,m+1, apalibIKTapra ChIFbUIYBIH
Uy (1) pen Genrinen, kockiMma V. = W, (,—1), 7 = 1, m + 1, mapamerpuepin enriseiiik. A
eHm VvV = (’Ul, Vo, v Vin+1s vm+2) BEKTOPBIH KYPalbIK, MYHJIaFbl €H COHFBI KOMTOHEHT (1) —(3)
ecebineri U mapametpi, srHU Vyp42 = U

opoip [Ny—1, M), T = 1, m + 1, apamsikrapsa W, (t) = w,.(t) — v,., 7 = 1,m+ 1,
anmMacTeIpsi, keneciaei (1)-(3) ecebine mapa-map mapameTpiepi 0ap IMETTIK ecernke KoeleMis:

w ) m+1
3G () + v, + Z H(O)Virs + T (D), @

ten_y,n), r=1,m+1,

w,(n,—1) =0,r =1,m + 1, (5)
Bovy + MoVim+2 + CoVip+1 + GGtE,pEOWm+1(t} = dy, (6)
B;v; + B; t_l,i?g?_ﬁ w;(t) — Cviy = d; i = 1,m. (7)
) — (7) ecebinin wemivi gmen V' = (V[, V3, e, Vipa1) Vigan) € RUMIDH

wot] = (wy (), w5 (L), ..., W1 (1)) € C([0,T],n, R*™ D)) onementrepi  Gap
(v™,w™[t]) xyObiH aiitambl3, MyHIaFbl w,. (1) (byHKIUSIIAPbI M-, M), T =1,m+1,
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apalbIKTapbIHIa Y3uTicci3 auddepennumanaananb xoHe (4) kol muddepeHIranapK TeHISYIepiH,
Vv, = v;, = m, oonranaa (5) — (7) maprrapblH KaHaFaTTaHIbIPaIbI.

Bbacranker 6epinren (1) — (3) xone mapametpiepi 6ap (4) — (7) ecenTepi mapa-map ecenrep
Oomeir TabbLTANEL. ETep (u” (t),,u*) )yObI OacTankbl Oepinrer (1) — (3) ecebiniy mremiMi 6oca,

OHJIa Keyeci (w*[t],v") KyObI, MyH/IaFbI

wit] = (' () — u (o) u* () —uw* (1), v, w(£) — w* (M),
Vi =W (M), (M), e, U (M), %)

napamerpiepi 6ap (4) — (7) ecebinin werrimi 6onansr. An eHai kepicinme, erep e (W[t], V)
*KyObI mapamerpiiepi 6ap (4) — (7) ecebiniH mentiMi Honca. oHna

) =V, +w.(t) t€Mp_y,m) T=1m+1

U(T) = Vppyq + tﬂ?}nfﬁmﬂ(t), A= Vo,
TeHAiKTepiMeH anbiKTanatbit ({1(t), fi) xyOs1 6acrankel Oepinret (1) — (3) eceGiniH wewmimi

OoJtasl.

MarepuaJjigap MeH dicrep

Koceimma mapamerpriepai eHrizy wlt] = (wy (1), w5 (£), ..., Wiy +1 (1)) 6enricis (byHK-
uysiiap KyHeCiHiH KOMIIOHEHTTEP! YIIH W, (];Lr._l} = 0,r = 1,m + 1, Gacranksl MoHJEpIH
amyra MYMKiHAIK Gepeni sxone ne V = (Vq, Vs, ..., V4o ) TapaMeTPIEpiHiH OEKiTIIreH MoH-
nepinae (4), (5) ecentepi Komm ecenrepi 6onbim tabbimansl. byn Komm ecenrepi [7r—1,12),
r = 1,m + 1, apansikrapsina sxeKe-kKeKe Weminei ae, memiMaepin Tady Yl ipreii Marpuia
KOJIIaHbLIa IBI.

[7,_1,M,),7 = 1,m + 1, apansikrapsinia % = A(t)x auddepenimanipk TeHACYiHIH
@..(t) — ipreni marpuuacsis Kongansin (4), (5) Koum ecebiniy memiMin keeci Typje xa3aibik:

t t m+1
w0 = 0,(0) | 97 OK@vde+ 0,0 [ 71D ) G (vyeadr +
Nr—1 Nr—1 j=1
t
+@,.(t) f o 1(D)F(1)dr, tem_y,n)r=1m+1. (8
Nr—1

Byn conrsl eprekti memin, W(t) monin y € R*M+YD* xone F(t) tepmunnepinme
tabambi3. Ockl (8) epHerin (6) xoHe (7) mapTTapblHa KOO apKbUIbI vy € Rrim+1)+ oenrici3
napameTpiiepiH Ta0yFa apHaIFaH KeJleciieil xynHeHi aJambl3:

Bovl + Mﬁvm+2 + e(}vm+1 +
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T m+1
+eoPpr (1) | s () [ Ko(en + ). G(vj1a | dr =
e = )
=dy— Co®@,,+1(T) f @, L (0)F(1)dr,
Mm
Ni m+1
B;v; + B;®;(m;) f @71 (1) | Ky (T)v; + Z H; (D) Vjeq [dT — Cvisy =
e = (10)
=d; —B;®;(n;) f o M (D)F(Ddr, i=1m.
Ni-1

Ocpi1(9), (10):xyieciHiH coKaFbIHIAFbI OeINTiCi3 TapaMeTpliep aJlAbHAaFbl KO3 (D puLmeHTTepAcH
TypaThiH MaTpuianel Q(n) men 6enriney apkbutbl ockl (9), (10) xyliecin keneci Typ/e Ka3aibIK

Qv =F(n),v € RMMH, (11)

MYH/JIarbl

T
F) = | do — Co@par () f ©L, (DF(D)dr,

Mm
N Nm !
d; — B, @ (1) f O (D)F(D)dr, ..., dyy — By @y (1) f O L (D)F(1)dr
Mo Nm-1

bacranke! 6epinren (1) — (3) merTik ecebiniy menrimiMainiri (11) xylieciHid menmiMaTirine
napa-Tnap eKeHiH KOpCeTy KHbIH eMecC.

HoTuikesiep MeH TaJKbLIAY

(1) — (3) ecebin caHABIK HIENTy aarOpUTMi. AJITOPUTMII YChIHOAC OYPBIH 1MIKI apanblKTap/a
xol muddepennmanapik Tenaeyaep yuris Komm ecentepin KapacTelpabIk:

dy

ar Ko ()y + P(1),

Yy(—1) =0t €[y, ) r =1, m+ 1,

MVYHIaFbI :}D( t) -(n X T-'.) eJIIIeM/TI MaTpulla, HemMece T eeM/Ii BEKTOp, eKeyi Jie [nr—ll??*r}:
r =1, m + 1, apansiFbiaa ysimceis. (12) Komm eceOiHiH miemiMi MaTpuia HEMECE BEKTOP

Gonbin Tabbitansl. Ocel wewtimai @ (P, t) nen Genrineiiik. Onait Goinca,
t

a(P,t) = ,.(t) f o Y (D)P(D)dr,t € M, 1, ], T =1,m + 1.

MNy—1

(12)
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YCBIHBUIBITT OTHIpFaH caHAbIK omic (11) kyleHi KypyFa jkoHe Ienryre HerizmenreH. (9),
(10) Tenneynepinen kepiHin Typranmail (11) »xyiieHiH Kod(hUIUEHTTEpI MEH OH JKarbl Kol
muddepeHInaIabK TeHISYIep YIIH MaTpULAJIbIK KoHEe BEKTOPJbIK Komm ecenTepiHiH mrenrimi

peTilgiz[e:

y
= Koy + 3G(0), y(1,-1) = 0,
ten_unr=1m+1,j=0m+2, (13)
d -
= =Koy + F(), (1) = 0,t € [,y ],r =T m+ 1. (14)

O=no <y < <Ny <Nps1=1T apasIbIFbIH KapacThIpalbIK. Opoip
-1l = m’apaHHFHHhT = (N — Ny—1)/Nyxanammen N,., 7 = 1,m+1,
Oemiktepre Oenemis. (11) xyieHiH KodpUITMEHTEPI MEH OH JKaFbIHBIH JKYBIK MOHIEPIH opOip
1K1 apaJibIKTa }L,. kamammeH 4-mii perti Pynre-Kyrra omicinig kemerimen (13), (14) Marpumaibik
*oHe BEKTOpIBIK Komu ecenTepid mmienry apKpUibl Tabambi3. SIFHH (4 (f}{'i,ﬁ), Jj=0m+2,
r=1,m+1, M Xn)wvarpunanapsi wmen &, (F,H),r =1, M+ 1, n-BekTOpHIHBIH
MOHJIepiH TabaMbI3.

Conpa Keseci KybIK KYHeH1 ajJambI3:

R _ R 1)+l
Qv = —FI(m),v e RMMDH, (15)
By (15) sxyiiecinin memiMivh.}KOFasz[a aifrkanait: utr (m,—q) = v.f:" ,r=1:(m+1),

yh?’ = v’r}:v, 4o+ [IIKI apalbIKTap/IbIH KAIFaH HYKTEICPIHICr] MEMiMHIH JKYbIK MOH/Ep] Kenecie

Komm ecenTepiHiH menriMaepiMeH aHbIKTaa Ibl:

d —
2 = Kou+ T K (V] + F (D), (16)
u(nr—l) = Vf,t € [??r—l:???—]:r - l,m + 1. (17)

Comnrsl (16), (17) Komm ecenrepin 4-mi petrti Pynare-Kyrtra omicimen meme otbipeim, (1) — (3)
UMITYIBCTI KYKTEITeH AU PepeHITnaNIbIK TCHISYIep JKyHecl YIIiH mapaMeTpi 0ap meTTiK eCenTiy
caH/bIK IIenimMid Tabambl3. bactankel 6epiired (1) — (3) uMmynbcTi xKykTenreHn auddepeHmranabk
TeHJEYyJep JKyHleci YIIiH mapaMmerpi Oap MIETTIK €CEeNTiH CAaHIBIK MIeNIiMiH Taly aaroOpuTMiHIH
JKY3€re achIPbUTYBIH KOPCETY YIIIH Keleci MbICAJIbl KapaCcThIPAbIK.

Mpican. UMnynbeTi kykTenareH nuddepeHunanablK TeHaeynep Kyheci YiIiH napamerpi 0ap
HIETTIK €CeNTi KapacThIPalbIK;

du(t) _ 3¢* -5 4 12ty .
dt = 7t Ju®+ (21:3 8 )til%rllou(t} ' (18)
t 3 t* N
+ + F(t), 2 2 3
(o 32 3 1)t +F@elo, TN uer per?,
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2 3 5 3 1 —4 8 59
5 1 9 5 1 9 0 432
0 7|lu(0)+] 0 5 -8|lu+| 3 4|u(T)=|-105]|, (19
-3 5 -3 11 8 —6 9 281
0 1 7 6 0 1 O 221
8 0y .. —4 —6\ .. 83
(G 91,0 50t 0 (5

Z2_ 5 _ 4 7 _ 1
?(t):(%t 481': 7121: 321*.: J;48t 125),1:5[0,—);
5t* —8t’ —48t> — 63t — 307 2

Z2_ 4 3 _ 5 _ 1
F(t) = (20*.: 5701: 341: 125*.: + 81t 160)11: c [_11)_
—4t° — 23t° — 63t° — 27t — 244 2

(18) — (20) eceOin mienry yIIiH mapameTpiey SJICiHIH JKOFapblla YCHIHBUIFAH CAHIIBIK JKy3ere
acCBIPBUTYBIH KoJI1aHaMbI3. SIFHu (15) TeHaeynep sKyHeciH menrin, mapaMeTpiepIiH CaHIbIK MOHACPIH
AJIaMBbI3 _ 10.999997352

- ( 6.99998828 ) Vi = ( 15.500002645 ) v§* = ( 21.00000678 )

1 —0.000032228/, 2 —6.999990617/, 30.999990026/.

[mki apanpIKTapAbIlH KajdfaH HyKTenepinae canaslk menrimaepin (16), (17) Kommu ecenrtepin
4-mi perti Pynre-Kytra oficiH KoyiaHa OTBIPHII, MIENTy apKbUThl TAa0aMBbI3.

(18) — (20) ecebinin mor mermimi: (1™ (t),1"),

mysmarer U (t) =

5t + 13
4t?2 — g

(g "0 eefod) (11)
el

21 ).
31

Kecte 1 — (18) — (20) ecebinHiH caHIBIK MENTIMiHIH MOHIEPI.

t 1y (1) 1y (t) t 1 (1) 1y (t)
0 6.99998828 20.000032228 0.5 15.500002645 26.999990617
0.05 | 7.000872683 20.249987604 0.55 15.750001343 26.789991693
0.1 7.007008044 20.499238179 0.6 16.000000628 26.559992901
0.15 | 7.023642901 20.745983849 0.65 16.250000499 26.309993993
0.2 7.056025882 20.987225007 0.7 16.500000915 26.039994727
025 | 7.109405819 1218762486 0.75 16.750001805 ©5.74999487
03 7.18903 184 1435197465 0.8 17.000003077 ©5.439994205
035 | 7.300153421 21629931343 0.85 17.250004632 25.109992532
0.4 7.448020406 ~1.795165604 0.9 17.500006374 ~4.759989663
045 | 7.637882984 -1.921901688 0.95 17.750008215 ~4.389985413
0.5 7.87499164 -1.999940869 1 18.000010081 13.999979585
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1-KecTeHIH Kaaracsl

~ _ R ~ _ _h ~ _ _h
M1 = V3q Ko = V35 Hz = V33
10.999997352 21.00000678 30.999990026

Ecenrrin (u™(t), ™) non memimi men (@i(t), [I) canabIK MewiMAePiHiH apaCbIHIAFbl aiibl-
PBIM YIIIH Kesiecl Oarasay/abl alaMbl3:

m%”u*(tj} — 1(t;)|| < 0.00006 xone max||u” — fi|| < 0.00001.
J=u,

KopbIThIHABI

By xkyMbIcTa UMIYNBCTI KYKTeNTeH AudepeHaiIplk TeHAeyep Kyiec yillin mapameTpaii
MIeTTIK eceOiHiH CaHIbIK miemiMiH Taly ymriH npodeccop JKymabaeB YCBIHFaH IMapameTpiiey
OMICIHIH CaHJBIK >KY3€re achIpbUTybl KOJJAHBUIABL. Opi Kapail OChl 9MICTI MUMITYIbCTI MHTETPO-
G depeHInaIIbIK TEHACYIIep KYHect YIITiH mapaMeTpi MIETTIK eceOi YIIiH e KapacThIpy Ke3aemin
OTBIp.

Kap:xbrianasipy Typaasl aknapar. byn seprreyni Kazakcran Pecny6nukachiabiy Frutbiv
JKOHE JKoFapbl O111M MUHUCTPAITIHIH FbiabiM komuTeTi (rpant Ne AP19675193) kapskbutanasipaibl.
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NUMERICAL SOLUTION OF A BOUNDARY VALUE PROBLEM WITH A
PARAMETER FOR IMPULSIVE LOADED DIFFERENTIAL EQUATIONS

Abstract

The boundary value problem depending on the parameter for the system of impulsive loaded differential
equations is considered. Algorithms of numerical realization of the Dzhumabaev parameterization method are
developed for numerical solving of the studied boundary value problem depending on the parameter. Algorithms of
numerical realization of the Dzhumabaev parameterization method are based on the solving of Cauchy problems for
the system of ordinary differential equations. As a result of application of the proposed method, finding a solution to
the boundary value problem depending on the parameter for impulsive loaded differential equations leads to finding
a solution to the system of algebraic equations. This system of algebraic equations consists of a boundary condition
and equalities with respect to the conditions at the impulsive points. Numerical results showing the high efficiency
of the numerical implementation of the Dzhumabaev parameterization method are given. The result demonstrate
that there is congruence between the numerical and the exact results to a high order of accuracy.

Key words: loaded differential equation, boundary value problem, impulse effect, parametrization method.
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YUCJEHHOE PEIIEHUE KPAEBOM 3AJTAUH C TAPAMETPOM JIJIS .
NUMIOYJABCHBIX HATPYKEHHBIX JUODPEPEHIHUAJBHBIX YPABHEHUU

AHHOTAIUA

PaccmarpuBaeTtcst KpaeBas 3a7a4a, 3aBHCSIIAS OT MapaMeTpa Uil CHCTEMBI UMITYJIbCHBIX HarpyXeHHBIX AU(-
(hepeHIMaNBHBIX ypaBHEHUH. I YUCICHHOTO PEIICHNUS HCCIEeAYeMOl KpaeBoi 3a/1adu, 3aBUCSIIEH OT TTapameTpa,
pa3paboTaHbI ATOPUTMBI YHCICHHON pean3aliii MeTo/a mapameTpusarun JxymadaeBa. AJTopuTMBI YUCICHHOM
peanuzanuu MeTosa napaMeTpusannu JpxymadaeBa 0CHOBaHbBI Ha pellieHnH 3a1a4u Ko [uist cucteMbl 0OBIKHOBEH-
HBIX JuddepeHnnanbHpIX ypaBHeHHH. B pesynbrare npuMeHeHns IpeuIoKeHHOT0 METo/a HaXOK/ICHUE PEIICHUS
KpaeBoH 3aj1aun, 3aBUCAIICH OT MapaMeTpa ISl UMITYJIbCHBIX Harpy>KeHHbIX Tu(depeHInanbHbIX ypaBHEHUH, TpH-
BOAMT K HAXOXKJICHUIO PEIICHHS CHCTEMBbI alre0OpandecKix ypaBHEHUI. JTa cucremMa anre0pandeckix ypaBHEHUH
COCTOHT M3 I'PAaHUYHOTO YCIIOBHUS U PABEHCTB OTHOCHTENILHO YCIOBUH B TOUKAX UMITynbca. I IprBeeHb! YHCICHHBIC
PE3yIIbTaThI, TOKA3BIBAIOIINE BHICOKYIO 3((EKTHBHOCTh YHCICHHON pean3alii METo1a napaMeTpusanuu Jhxyma-
6aeBa. Pe3ysbTaTsl mpuMepa MOKa3bIBaIOT, YTO CYIIECTBYET COOTBETCTBUE MKy UHCIICHHBIMHU 1 TOYHBIMH PE3yib-
TaTaMU C BBICOKMM HOPSIIKOM TOUHOCTH.

KuaoueBble ciioBa: HarpyxeHHoe audhepeHnnanbHoe ypaBHeHHe, KpaeBas 3a/1a4a, MMITYJIbCHOE BO3JICUCTBHE,
METO/I TapaMeTPU3ALHH.
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FRACTAL GEOMETRY AND LEVEL SETS INCONTINUED FRACTIONS

Abstract
Continued fractions offer a unique representation of real numbers as a sequence of natural numbers. Good's
seminal work on continued fractions laid further research into fractal geometry and exceptional sets. This paper
extends Good's findings by focusing on level sets constructed by restricting the partial quotients with lower bounds.
Using elementary approaches, we establish new bounds on their Hausdorff dimension, providing theoretical
insights and practical estimation methods. Additionally, we offer alternative proofs and corollaries that deepen

our understanding of the relationship between continued fractions and fractal geometry. Continued fractions
provide a distinctive means of expressing real numbers as a sequence of natural numbers, offering
insights into the underlying structure of these numbers. Building upon Good's foundational research
in continued fractions, this paper delves into the domain of fractal geometry and exceptional sets,
exploring the interesting connections between these mathematical constructs. Our focus lies on
investigating the Hausdorff dimension of level sets formed by constraining the partial quotients
with lower bounds. Employing elementary methodologies, we present fresh theoretical bounds on
Hausdorff dimension of these level sets, enriching our understanding of their geometric properties.
Through combining theoretical advancements and practical techniques, this research contributes to
mathematics, providing both deep theoretical insights and practical applications in understanding
continued fractions and their geometric properties.

Key words: continued fractions, number theory, Hausdorft dimension, fractals, numerical ap-
proximation, Newton—Raphson method, Taylor series.

Introduction

Continued fractions are a unique way of representing a real number X in [0,1) as a sequence
(a,,(x)) of natural numbers:

X = 1 or [ay, ay, az, -]
a(x)+ 1
ﬂz(l‘)*-W

They can be obtained through an iterative process of representing a number as the sum of'its inte-
ger part and the reciprocal of the fractional part. This process can be finite or infinite, and it provides
an alternative representation of real numbers, which has connections to various areas of mathematics
such as number theory, hyperbolic geometry, and Diophantine approximation. Continued fractions
have applications in various fields, including the analysis of rational approximations, the study of
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quadratic irrationals, and the computation of irrational numbers like 7. The study of continued frac-
tions also has connections to fractal geometry and dimension theory. Fractals are complex geometric
shapes that exhibit self-similarity at different scales and have a non-integer dimension. The connec-
tion between continued fractions and fractal geometry lies in self-similar properties of certain contin-
ued fractions, which can lead to the exploration of fractal sets with specific dimensions, such as the
Box dimension and Hausdorff dimension [1]. Therefore, the study of continued fractions and fractal
dimension provides a rich and interconnected area of mathematical research, with implications for
diverse fields within mathematics and its applications.

In his work, Good [2] studied the Hausdorff dimension of various exceptional sets arising in
continued fractions and in particular proved the following:

For & = 20, the Hausdorff dimension of exceptional sets
1 1

] 1
3 T aonary < dimy {x €[01] | ay(x) = @V} < S+

log log(a—1)
2log(a—1)

Here we denote [og as the natural logarithm.

Let us define the set F of divergent partial quotients, namely
F={x €[01]|a,(x) > cmasn — oo}
He also showed that
dimy F = —.
H 2

Numerous studies have been undertaken to generalize and build upon the findings since Good
initially published his work. In two consecutive works, Hirst investigated the dimension of sets with
partial quotients satisfying functions a,, = f(m) tending to infinity [3-4]. Specifically, he demon-
strated that the dimension of the set of real numbers with partial quotients satisfying @,, = n? is 1/
(2b). Subsequently, Cusick demonstrated that for given values of a and b greater than 1, the set with
a, = abn for all n has a zero Hausdorff dimension [5]. Later Fan et al [6] obtained a general frame-
work for calculating the dimension of the sets satisfying §,, = @, (x) = Ns,, with any increasing
sequence Sp. Another avenue of generalization involved considering litnsup sets rather than all
statements. In this regard, Moorthy [7] established that the set with a, = abn for infinitely many
n has a dimension of at most 2/(1+b). He hypothesized that the exact dimension should be 1/(1+b),
which was later confirmed by Luczak in 1997 [8]. Additionally, refer to [9] for an alternative proof
of the lower bound. For further results in this area, please consult [ 10—12].

In recent years, there has been a notable increase in research focusing on the dimensions of di-
vergent partial quotients. Particularly, the study of weakly divergent partial quotients was undertaken
in [13]. Additionally, investigations into increasing partial quotients with joint constraints were con-
ducted in both [14] and [15]. In [16—17], various formulas were derived pertaining to the dimension
of sets where the growth rate of partial quotients @,, is comparable to e ‘f’(ﬂ'}, where (1) satisfies
various conditions. Furthermore, in [18], the authors explored exceptional sets wherein the limit in-
ferior and limit superior of log @,,/log N converge to @ and b respectively. They demonstrated
that for positive values of @, the dimension is one half, and it is 1 if a equals zero. Takashi [19] delved
into the study of slowly divergent partial quotients.
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From the literature, it is evident that while numerous works have concentrated on sets with di-
vergent partial quotients, there appears to be a gap in research regarding the dimension of level sets
with lower bounds since Good's work. In this work, we plan to focus on this direction of research.

For any positive @@ we define the following level set

F,={x €[0,1) |a,(x) = a,Vn = 1}.

In this work we consider an elementary approach in estimating the dimension of the level sets F,
and improvement of the Good’s above-mentioned results. Our main result is the following.

Theorem 1. Let @ = 2 be an integer. Let e(a) € (0,1) be a real number such that

e(a) (a— 1)@ >1 (1)

Then, the Hausdorff dimension of [, satisfies
] 1 1
dimy FE, < > + Ee(a).

loglog(a—1) . o iy o
For €(@) = “log(a—1). with ¢ = 20 it is easy to see that the condition (1) is satisfied.

Hence, this theorem can be thought as an improvement of Good’s result. We note that we do not
have any restrictions to ¢¢ other than it being at least 2. Clearly, when @ = 1, the theorem is false, as
in this case F; = [0,1) which has full Hausdorff dimension 1. In fact, it has Lebesgue measure 1.
In the next, we consider various estimates for € (@). Using the Newton—Raphson method we
obtain the following corollary.
Corollary 2. Let @ = 17 be an integer. Then, the Hausdorff dimension of F, satisfies
1 1 (log log (a —1))?+ 1

di E < —+— .
TMafae = 5T 5000 (@ — 1) (log log (¢ — 1) + 1)

Another approach to estimate € (@) is to use Taylor’s approximation. In this case, we have the

following corollaries:
Corollary 3. Let @ = 2 be an integer. Then, the Hausdorff dimension of Fy satisfies

1 —1+./1+4log (a—1)
di F, < —+
"ufa = 5 4 log (a — 1)

Corollary 4. Let ¢ = 2 be an integer. Then, the Hausdorff dimension of F,, satisfies

20+54 log(a—1)

where p = 3log? (a—1) and q = 27l0g* (a—1) ~

As a by-product, we obtain another proof of Good’s result that the dimension of the set of diver-
gent partial quotients is one-half.
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Main Provisions

Define the Hausdorft dimension:

Definition 1. Recall that a §-cover of a set F is a countable (or finite) collection of sets {U; }
with diameters ) < |U;| = & that cover F. Suppose that F € R™and s = 0. Foreach & = 0,
we define

Hs*(F) =inf {32, |U;|°: {U;}isa 6 — cover of F}

We call H® (F) = %T%H 8 (F ) the S-dimensional Hausdorff measure of F.

Definition 2. Let % (F) be a Hausdorff measure, then Hausdorff dimension of a set F is

dimy F =inf {s=0: H(F) =0} =sup{s > 0: H*(F) = oo}

For any continued fraction [@1, @y, @3, *++ ] we define the convergents Pn/ @nby

Pn
P [alr Qp, sz, , a‘n]:
n
where Pns @nare in lowest terms, so that they are coprime positive integers. In fractal geometry to
compute the dimension of the given set one often needs to find a minimal number of intervals needed
to cover the given set and the lengths of these intervals. The following lemma gives us these building
blocks.
Lemma 1. For any natural numbers 7t @1, @2, ***, Qnwe et Iy(ag,as, -, ay) the following

set Iﬂ(alfagf'”fa‘ﬂ} = {x € [U 1] |{11(X} = {11,{12(?5} = Qap, ra‘n(x) = an}

Pn Pntp PntPn1 P
Un(ay, @y, ) = G2 2 o (2 )

The lemma is well-known and for the proof we refer to [20].
Lemma 2. For any natural numbers 1, @4, @9, ***, @4, the intervals have the following length

estimate

|fn(:(11,{12, :a‘n}l = (alflz vy )_2'

pﬂ—l Pn |pﬂ 19n — PTLQTL—ll

|J'r ({11,(12,' ra‘n)l_l __l_
" (4 + (¢ P (4 q'ﬂ(q'ﬂ —’_q-ﬂ—”lj

Since Prn—19n — Pnn-1 = ( 1) see e.g. [21], we have

” (QIJQZJ !aﬂ}l -
" O (qﬂ + O —1 }
We now obtain the growth rate of 4 using the fact that the convergents can be constructed using
difference equations [21]:
In = Anln-1+ qn—2 = nGn-1 = (A 1Gn-2 + Gn-3) =
Aplp—1qn—2 = .- = Aplp_1...a

As a result, we have the following length estimate

1 1 1
I (1 1 e == g g )
| Ti.( 1,42 ’ an) | An(@ntdn_1) E’Qn)z (a a?"'a‘”)z
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Materials and methods
In this section we prove our results stated in the introduction.
Proof of Theorem 1. From the definition of Hausdorff dimension we deduce that if there exists
s such that H(E,) = 0, then dimpy (F,) = s. Since Hg*(F,) is an infimum of sums, we see
that for any family of 5-covers {U ,;6} of F, it holds
H*(E,) = limHg*(E,) < lim¥,; |U;°|°.
& =0 " )

F, © U Iﬂ(alraﬂr'”raﬂ}:
.. . ;= .
where the union is taken over all possible (ilnteoéer tuples @1, Ay, "+, Ay, = «.This is a countable

setand {I,,(aq,ap,, ay)} provides a cover for Fy . Hence for a suitable & it follows that

HSS(FQ) = Zal,...,ani_ba ”n(alra}?r ra‘ﬂ.}ls = Zal,...,aﬂza(ala?' _%}—25 =
e k)"

For the sum to converge, we need § > 1 /2. We may recognize the sum as the lower Riemann

sum for an integral- . e S . ) N
(Zk:a k )= (Jra,_l x “dx)" = ((25_1-}(05_1)23—1) ,

We note that as T increases, the sizes of the intervals [ (aq,a,,'*, a, ) decreases to zero,
hence & decreases to zero. Thus, to obtain that H*(F,) = 0 we need to take S that depends on &
such that (25 — 1) (a — 1)?*71 > 1. For such S we then have dimy (F,) = 5. Making a
change of variable € (@) = 25 — 1 we see that once € (@) (@ — 1}6(‘1) > 1 we have

dimy (Fy) <s=>+e(a).

We do not turn in proving the corollaries.

Proof of Corollary 2. To prove the statement, we utilize the Newton-Raphson method. The New-
ton-Raphson method, a powerful tool for solving nonlinear equations, has been the subject of various
studies [22]. Consider the function f(x) = x(a@ — 1)* — 1. In view of Theorem 1 we need to
approximate the root of the function f (x) from above. The graph of the function for several values
of & is depicted in Figure 1 (p. 30).

__loglog (a—1)

For X log (a—1)

=log,,_,log (a — 1) we see that

log log (x—1)

Fl) =299 4 1) eg@s — 1 =loglog (a —1) — 1.

log (a—1)
Since loglog 16 ~ 1.01978, it follows that for @ = 17 we have

loglog (a —1) —1 > 0. In particular, if we initiate the Newton—Raphson method with

log log (a—1)
log (a—1)

X-intercept due to convexity. We note that the derivative of the function is

fl(x)=(1+xlog (a —1))(a— 1™~

the initial value Xy = , then in any iteration we remain on the right-hand side of the
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Figure 1. The graph of f (x) for various values of &.

In one iteration of the Newton—Raphson method we get
_ Jxo) _ . xXo(a—1)*0-1
Frixe) 70 (a-1)%0(xplog(a—1)+1),
logl —1))2%+1
e(a) = (log log (a—1))
log(a—1)(log log (a—1)+1),

e(@):=x; = xp

ProofofCorollary 3. Our goal is to estimate € (@ ) from above such that€ (@) (a — 1) €@ - 1,

1
o0 X

To this end, we use Taylor approximation. We know that €* has Taylor expansion e* = n=0"

Writing (& — 1)* = e™* log(a@=1) we see that the Taylor expansion for x(a — 1)* is given by
oo o0

(o — 1) = XZ (x log (a— 1" _ Z log (a — 1an“+l.

n! n!
n—N wn—iNn

Considering 2nd order approximation we see that

x(a —1)* = x +log (a — 1)x? + 0(x).
From thisit followsthatifx +log (@ — 1)x2 = 1,thenx(a —1)* =1+ 0(x*) > 1

which gives an upper estimate. Solving the quadratic equation

log (@ —1)x2+x—-1=0

we get E({I} = x = “1ty1+4log (a— 1}_ Now, applying Theorem 1 yields the desired esti-

21 —1
mate. og (a-1)
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Proof of Corollary 4. Arguing as in the proof of Corollary 4, but this time considering 3rd order
Taylor approximation we see that the positive solution to

2
log® (a—1) ,
X
2
within the interval (0,1) gives a good estimate for € (@). Let us analyze the function

x +log (a — 1)x? + =1

2 (q—
f(x) =Wx3 +log (a — Dx? +x—1

3 log(a—1
g ( )xz

Taking derivative, we get f'(x) = + 2 log (a — 1)x + 1. From Arith-

metic mean — Geometric mean inequality we get

3 Iog2 (a—1) 3 Iog2 (a—1)
5 x2+1 =2 > x2 > 2log (a — 1)|x]|.

It follows that f'(x) = 0 on the real line so that the function is strictly increasing. Since any
cubic function has at least one root, we deduce that the function f(x) has exactly one real root. Also,
since f(0) < 0 < f(1) we conclude that for any positive integer @ = 2 the unique real root
must be on the interval (0,1). It can be found using Cardano's formulas

_ 20+54log(a—1)
27log*(a—1)

where P =

3log?(a—1) an

Results and Discussion

In this section we compare our results to that of Good. To this end, we provide various graphi-
cal illustrations. In Figure 2, we compared the Hausdorff dimension estimates for F,, for various @
ranging from 2 to 500 using different methods, namely 1st order Newton-Raphson, 2nd order Taylor
expansion, and 3rd order Taylor expansion, against Good’s upper bounds. Second order Taylor, as
depicted in the graph, shows that it consistently remains above all other curves, indicating an over-
estimation of the Hausdorff dimension. Our remaining two estimation methods, 1st order Newton-
Raphson and 3rd order Taylor expansion, on the other hand, stays lower than Good, suggesting an
improved result. The best upper estimate for the Haus%grgﬂ; od‘;nagllsliﬁ)n among these methods turns
out to be Ist order Newton-Raphson with initial value ———————=. We note that clearly one can
improve both Taylor and Newton-Raphson, however the dilrﬁglgg?on formulas get very complicated.
These findings provide valuable insights into the performance and accuracy of different methods for
estimating the Hausdorff dimension.
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Figure 2. Dimension upper estimates of F, for varying @
Conclusion

The exploration of continued fractions and their connection to fractal geometry has yielded
significant advancements in mathematical theory and practical applications. Through this paper, we
have extended Good's seminal work on continued fractions and exceptional sets, focusing particu-
larly on level sets constructed by imposing lower bounds on partial quotients.

Our main result, Theorem 1 and its corollaries, provide new bounds on the Hausdorft dimen-
sion of these level sets, improving upon Good's earlier findings. In our corollaries, we offer practi-
cal estimation methods for the Hausdorff dimension of these sets. Utilizing approaches such as the
Newton-Raphson method and Taylor series approximation, we provide insights into the behavior of
these level sets under different constraints and parameters. By establishing conditions under which
these level sets exhibit specific dimensional properties, we deepen our understanding of the intricate
relationship between continued fractions and fractal geometry. Additionally, our graphical analysis
comparing our estimations with Good's upper bounds highlights the effectiveness of our methods in
providing accurate dimension estimates.

Overall, our obtained results contribute to the ongoing research in this field, shedding light on
the complex structures inherent in continued fractions and their implications for fractal geometry.
Further investigations into the properties of level sets with lower bounds present avenues for fu-
ture exploration and refinement of dimension estimation techniques. Besides, similar numerical ap-
proaches can be utilized to better approximate the Hausdorff dimension of the level sets from below.
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Y3JIKCI3 BOJIIEKTEPIEIT ®PAKTAJ bl TEOMETPHUS
JKOHE JEHTEWJI )KUBIHIAP

AHaarna

Y3mikci3 OelnmekTep HaTypad caHAap Ti30eri peTiHAae HaKThl CaHAapHIbIH Oipereil OeHHECiH TyciHyre Ke-
MekTeceni. ['yATBIH y3IiKci3 OeNmeKTep Typasbl HETi3ri JKYMBICH (paKTalIsl TEOMETPUsS MCH €pPeKIIe KHIBIH-
JIapJIbIH opi Kapai 3epTTeinyine TYpTKi Oospl. bysr Makanaia TOMEHTT IEKTEpPMEH HIEKTey apKbUIbI allbIHFaH JICHI el
JKUBIHAAphIHA Oaca Haszap aymapy apKbUIbl ['VATBIH HOTIDKENepi OfaH opi kerummipinreH. KapamaibiM Tocimmep
apKBUTBI 013 TEOPHAIIBIK O1TIM MEH TOXKipHuOerik Oarayay 9iCTepiH KolaaHa OTHIPHII, OJapAsIH Xaycaopd emmemi
YIIiH KaHa IHIeKapanapbiH opHaTambi3. COHbIMEH Karap 013 Y3IiKCi3 OemIeKTep MEH (paKTalJIbIK FeOMETPHS
apaceIHIAFBl OaiJIaHBIC Typajbl TYCIHITIMI3AI TepEHIETETiH OaamMa IoJeIep MEH OHBIH CalIapblH YCHIHAMBI3.
Y3naikci3 OemmiexTep HAKTHI CaHAApABl HATypasl caHaap Ti30eri peTiHAe epHEKTEYIiH epeKIe TOCUTIH YChIHAMIbI,
OyJ1 ©3 KeseriHae OChl CaHJap/blH HEri3ri KYpBUIBIMBIH JKaKChIpaK TYCiHyre Kemekreceni. ['yIThIH y3IiKci3
OenekTeperi ipreni 3eprIeylepiHe CYHeHiN, OChl MaTeMaTHKAJbIK KOHCTPYKLMSUIAD apachbIHAAFbl KbI3BIKTHI
OaitmaHbICTapABl 3ePTTEH OTBIPHII, OYJI MaKaja (GppakTaaIblK TEOMETPHS MCH epeKIIe KUbIHAAD caalapblHa TEPeH
K03 xyripreai. bi3aiH 6acTbl Ha3apbIMBI3 Y3/IKCI3 OOJIIEKTEp i TOMEHT] NIEKTEPMEH LIEKTEY apKbUIbl KYPbUIFaH
JIeHIel SKUBIHIAPBIHBIH XaycIopd eJIIeMiH 3epTTey. DIeMeHTap d1icTeMenepi KOJIaHbl, 013 oJlapAbIH reoMeT-
PHSUTBIK KAaCHETTEpi Typajbl TYCIHITIMI3I KCHEHTE OTHIPHIN, ACHTeH >KUBIHAAPBIHBIH Xaycaopd ejmeMiHe KaHa
TEOPHUSUIBIK IIeKapajiap/ibl YChIHAMbI3. TeOpHUsUIBIK JKETICTIKTEp MEH IMPaKTHKAJIBIK oMICTep/l OipiKTipe OTBIPHIII,
OyJ1 3epTTey TEPEH TEOPHSUIBIK OLTIM MEH Y3IIKCi3 OOJIIeKTep KOHE OJapAblH TeOMETPUSUIBIK KACHETTEPiH TYCIHY
YLIIH IPaKTHKAJIBIK KOJIAaHOaIapbl KAMTAaMachl3 €Ty apKbUIbI MaTeMaTHKaFa YJIec KOcabl.

Tipek ce3aep: y3mikci3 OenmiekTep, caHmap TCOPHICHL, Xaycaopd eimmemi, ppakTangap, CaHIBIK KYBIKTaY,
Heroton-Padcon oxici, Teitmop KaTapsl.
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TFEOMETPUSA ®PAKTAJIOB U MHOKECTBA
YPOBHEM B HEITHBIX APOBAX

AHHOTAUMS

Hennsle apo0u MmpeiaraloT YHUKAIbHOE MPECTaBICHUE IEHCTBUTENBHBIX YHCET B BHJE MOCIIEA0BATENb-
HOCTHU HaTypasibHBIX uncesl. OcHOBoMoaraoIias pabora ['yna o nenHbIX qpo0sX MOJ0KKUIA HAYaIo0 AaTbHCHIITM
UCCIICIOBAHUAM (PPAKTAIILHOW TCOMETPUHU U MCKIIFOUUTEIIHLHBIX MHOXKECTB. JTa CTAThs PacIIUpsieT BHIBOIBI ['yna,
COCpEIOTOYHB BHUMAHHE HA MHOXKCCTBAX YPOBHS, MOCTPOCHHBIX IyTEM OTPAHUYCHUS YACTHUHBIX IPOOCH HIK-
HUMH TpaHuiiaMu. VICrosnb3ysi aieMeHTapHbIe MOAXO0/bl, Mbl YCTAHABIMBACM HOBBIC TPAHUIIBI UX XayCA0p(POBO
Pa3MEepHOCTH, MPEAOCTABIISISE TEOPETUUECKUE 3HAHUSI M MPAKTUYECKUE METO/IbI OlleHKH. KpoMe Toro, Mbl mpejia-
TracM aJIbTCPHATUBHBIC JOKA3aTCIIbCTBA U CIICACTBUA, KOTOPHIC lely6.H${IOT Halli¢ MOHMMAaHNUE B3aMMOCBA3HU MCKIY
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LEMHBIME JPO0sSME U (ppakTaibHOM reomerpuei. Llenupie 1podu MpeaCcTaBisIFOT 0COObIi CIT0CO0 BhIpAKECHUS JCii-
CTBHUTEJILHBIX YHCEJl B BUJIE MTOCIICI0BATEILHOCTH HATYPaJIbHBIX YMCEIl, YTO TO3BOJISIET JIyUIlle OHSITH OCHOBHYIO
CTPYKTYpy 3TuX uuces. OCHOBBIBASCh Ha (PYHIaMCHTAIBHBIX HCCIICAOBAaHUSX ['yna B 00JacTH IEMHBIX IPOOCH,
9Ta CTaThsl yIIyOJsieTcsl B 00MacTh ()paKTaabHOW FeOMETPUH U UCKITIOUUTEILHBIX MHOXKECTB, UCCIEysT HHTEepPEC-
HBIE CBSI3M MEKJIY 3THMH MaTeMaTHUeCKUMU KOHCTPYKIMsMU. Haille BHUMaHie COCPEIOTOYCHO Ha MCCIIEIOBAHUN
xaycop(poBol pasMepHOCTH MHOXKECTB YPOBHSI, 00Pa30BaHHbBIX MTyTEM OTPaHHUYCHHUS] YACTUYHBIX IPOOeH HUKHH-
MU rpaHunamu. Vcrnomnb3yst a1neMeHTapHble METOIOJIOT MU, MBI IIPECTAaBIISIEeM HOBBIC TEOPETHUECKHE MPAHUIIbI Xa-
ycaopdoBoii pasMepHOCTH ATUX MHOXECTB YPOBHEH, oboraiasi Halle NOHMMaHUE X TeOMETPHYECKUX CBOMCTB.
Couerast TeopeTHYECKNE TOCTHKEHHS M IIPAKTUYECKUE METOJIBI, 3TO MCCIIEA0BaHNE BHOCHT BKJIaJl B MaTEMaTHKY,
MPEOCTABIISAS KaK ITyOOKHE TEOPETHUSCKHIE 3HAHKS, TaK U NPAKTUYCCKUE MPUIIOKEHHS U TOHUMAHUSI IISTTHBIX
Ipobeit 1 UX TeOMETPUIECKUX CBONCTB.

KiroueBble ciioBa: IemHble IpoOH, TEOpUs 4YUCET, pa3MepHOCTh Xaycmopda, (pakTaibl, UYHCICHHOE
npudmmkenue, metoq Hetorona-Padcona, psx Teitnopa.
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TOYHBIE OIIEHKU PET'YJSAPHBIX ®YHKIIMA U PAJINYCBHI
BbIIYKJIOCTH U 3BE31OOBPAZHOCTH HEKOTOPBIX KJACCOB
3BE3/10OBPA3HBIX U ITOYTHU 3BE3JOOBPA3HBIX ®YHKIHUU

AHHOTAUMS

W3BecTHO, YTO MHOTHE 3aJa4d JJIsl TOJKJIACCOB OJHOJHMCTHBIX (DYHKIHMHA MOTIYT OBITh HpeoOpa3oBaHbl B
3aga4u MUHUMH3AIUN WM MaKCUMU3allu HCKOTOPBIX (byHKHI/IOHaIIOB, CBsA3aHHBIX C UCCJICAYEMbBIMU MMOJAKIIaCCaMU
OIHOJMCTHBIX (yHKIMH. YacTo B KauecTBe Takoro (yHKIMOHAJIA BBICTYNAeT Jorapupmuyeckas NMpoU3BOAHAS
perynsipHbIX QyHKIMi. B HacTosieil craTtbe BBOIUTCS ByXIapaMeTPUUECKUIl TIOKIACC ?n((l, }f:) pEryISIpHBIX
B IMHUYHOM Kpyre (YHKIHMH C MOJIOKUTEIFHON BENIECTBEHHON YacThIO, Pa3lIOKEHHUE B PsiJi KOTOPBIX HAYMHACTCS
C N-HOM cTernenu, obobmaromumii n3BectHeld kiace P. Toena u JI. Iaddepa perynspubix (yHKIMH, 3HAYSHUS
KOTOPBIX COMAEP)KATCsS B KPyre, CHMMCTPUYHOM OTHOCUTEIIBHO JCHCTBUTEIBHON OCH, COIEpPIKAIEM Ha IPAHUIIC
Touky 0. B ykazaHHoM kiacce (QYHKIMH MNOJNYy4YeHbI TOYHBIC OLICHKH Pa3IMYHBIX (PYHKIMOHAJIOB, BKJIIOYAs
JorapupMHUCCKYO IPOU3BOAHYI0. B KauecTBe MPUIIOKCHUI ITHX OICHOK HAWICHBI TOUHBIC PAJNYChI BBIMYKIOCTH
(vu 3BE31000pa3HOCTH) DA3IMYHBIX KJIACCOB 3BE31000pa3HBIX U MOYTH 3BE31000pa3HbIX (HYHKIUH, 3aJaHHBIX C
KCIIOJIL30BAaHUEM KJIacca an(a, V}. Bce nonydenHble pe3ynbTaThl SBISIFOTCS TOYHBIMU M 0000IIAI0T MHOTHE U3
paHe€€ M3BCCTHBIX PE3YJIbTATOB. HpI/IMeHeHI/Ie IMOJYYCHHBIX B CTATbC OLCHOK SABJIACTCA MCPCHECKTUBHLIM, TaK KaK
BHOCHUT BKJIa[l B TCOPUIO DKCTPEMAJIbHBIX 3a/1a4, CBA3aHHBIX C pa3sIMYHbIMU NOJAKIACCaMU OAHOJIMCTHBIX (byHKHPIﬁ.

KaioueBble cj0Ba: ONLEHKHM PEryIIpHBIX (YHKIMH, OZHOIMCTHBIE (QYHKIUH, 3Be31000pa3zHble (YHKIHH,
panuyc BBITYKJIOCTH, PANyC 3B€31000pa3HOCTH.

BBenenune

Pemienue MHOTHX OKCTPCMAJIbHBIX 3aJda4 IAJId IMOAKJIACCOB OOHOJIMCTHBIX (I)YHKL[I/Iﬁ f(Z}

CBOIMTCS K 33/1a4e MaKCUMHU3aLKMK WM MuHUMu3aunn pu |z| = 1,0 < r < 1 coOTBETCTBEHHO
(yHKIIMOHAJIOB
r r
¢'(2) ¢'(2)
z——|,Re jup(z) +nz——=¢,,n = 0, (1)
¢(2) ¢(2)

na knacce M (@), onpenensromem kace GyHKImit f(2).
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Jlnst knaccos pynxuuit ¢(Z), sanannsix yenosusmu Re @(z) = 0w [@(2) — 1] = 1,
TOYHAsl OLEHKa CBepXy mepBoro u3 QyHkuumonanoB (1) momydena B [1-3]. OOGoOueHust 3TUX
pesy/IsTaToB Ha ciydaii, koraa (9 (Z) ynosmnersopsier yenosuio | (z) — a| = @, naiinens B [4-5].

JlaHHbIe pe3yNbpTaThl MCIOJB30BAIMCh MHOTMMM aBTOpaMHU IPU HCCIEIOBAHUU DA3IUYHBIX
MTOJTKJIACCOB OJTHOJIMCTHBIX (DYHKITHH, TaK WJIM WHAYE CBOISIINXCS K YCIOBUIO |§0 (Z } - fll =< a.

B Hacrosmeu crarbe BBOAMTCS  KJAcc ?n(fl, Y) peryaspubix B E Qynkumii
@p(z) =14+c,z" + C,,.+1Zn+1 +--,m=1,z€E,  yIopierBopsiOmHUX  YCIOBHIO
(qj (Z}) Yy _ al<a,a>1/2,0 <y =< 1, He TOIBKO 06OOMmAIONIHMIT M3BECTHBIH Ki1acc P.
l'oena [4] u [I. addepa [5], HO 1 BKIOUarOmuii Kiace GyHKIMH C OTPaHUYEHHBIM apTyMEHTOM.
Jlnst Hero moJy4eHbl TOYHbIe OLeHKH (pyHKIMOHAOB (1), M B KauecTBe MX MPUJIOKEHUN HaNJEHBI
TOYHBIE PAJNYCHI BBIMYKIOCTH (MM 3BE3M000pa3HOCTH) Pa3UYHBIX KJIACCOB 3BE3M000pPA3HBIX U
TI0YTH 3B€31000pa3HbIX (YHKIIMIA, 3IaHHBIX ¢ HcTob3oBanneM Kiacca Py, (@, ). Bee momydennsre

PE3YIbTAThI ABJIAIOTCA TOYHBIMH, JalOT KaK HOBBIC, TAK U 0606HIaIOT PpaHe€C U3BCCTHLIC PE3YJIbTAThI.

MaTepI/Iaﬂbl " METOAbI

0 Ed
Yepez S, S7, S u K Gynem 0603HauaTh COOTBETCTBEHHO KJIACCHI OHONMCTHBIX, BBITYKIIBIX,
3Be31006pa3HbIX M 10Ut BbimyKibix Gyrxumii f (Z).
OCHOBHBIM METOIOM HCCJIEIOBAHUS CTaThbU SIBISETCS METOJ IOJYMHEHHOCTH PETYJISPHBIX

GyHkumit. Bynem roBoputs, uto perynspHas B E pynkims (p(Z ) nomunnena oxHOMMUCTHOM ByHKIMM

Po (2) B xpyre E, u nucars @(Z) < @o(2), ecnun QD(E) C @y (E)n cp([]} = QDO(U}.
OCHOBHBIE OJIOKEHH S

Bynem cuurats, uto R, — knacc perymspusix B kpyre E = {z:|z| < 1} dynxumin @(2),
umetomx  pasnoxenne  puta  @(2) =1+, 2t + 2t + -, n =1,z €E,
u M, — «macc wHopmupoammsix perymspubix B E  Qysxmmit  f(Z)  Buma
fD=z+a,:12" +a,,,2"% 4+ ,n=1z€E.

Ecrn M., ects R, wmm NV, wmm mexotopsiit monxiace xnaccos R, wm Ny, ronmpun = 1
HIDKHUN MHIeKC y Kiacca M, s ynpouienus 0603HaueHui Oy1eM OITy CKaTh, TO €CTh Oy1eM CIUTATh,
gro M’ = M. Y obpartro, eciu M ecth HekoTopsiit moakiace kiacca R um N, to no6asnenne
HIKHETO MHIEKca 11 y 0003Ha4eHHs ITOTO MOJKIacca Oy1eT 03HaYaTh, 4TO (YHKIMHU 3TOTO MOIKIACCa
M, IMEIOT pa3JIoKEeHnE COOTBETCTBEHHO uma@(z) = 1+ c,z" + cnﬂz““ +-,n =1,
nw f(2) =2+ ap12" T+ a2+, n = 1.

Tycts P, — xnace pyuxunii @ (Z) us R,,, y koropeix Re @(z) =0,z €E.

O030p uTEpPaTYpPBI

[lycts M (cpﬁ) ob6o3HavyaeT kiacc (GpyHKIMiA (P(Z} u3 R, KOTOpBI ¢ MOMOWIBIO YCIOBHS
MOJYMHEHHOCTH (PyHKIUI
f'(2)
@(z) =z—= < @o(2) (2)
f(2)
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sapaet noaknace S () 3Be3n006pasubix dpynxumii f (Z) s V.

Torma, HampuMep,

1+z 1+z s
M (1—) =PuS” (E) = S — ecTh Ky1acc Beex 3Be3000pa3HBIX (ByHKIIHIL;
. _
2) ecn gy (z) = H+A-2a)z ToJTydaeM Kjacc

1—=

M (o) = {@(z) € R:Re ¢(z) = a,0 = @ < 1}, KOTOPOMY COOTBETCTBYET KIIACC S,

3Be3no06pasubix yrxuuii [ (Z) nopsaxa a [6];

3) ecnn @y (z) = /1 + z, 10 noMTyHAEM KiIace
M (@y) = {@(2) € R: |¢)2(z) — 1| = 1} u cooTBeTcTBYIOMMIF €My KIacc SL*
nemuuckatHbIX Gynkumit f(z) [7];

. 1+z

4) ¢dysxkmms Po (z) = m
OMPE/ICIACT KIIACC §* () 3Be31000pasHbIx Gynkimit f(Z), BBeennbIit AnoBCKUM [8].

HaunHas C KIacCHYECKOro pe3yisTara O pajMyce BBIIYKIOCTH Ty = 2 — /3 Kmacca S,
BBIYUCIICHHE pa3JIMYHBIX TEOMETPUYECKUX PATUYCOB CTaJlO0 OTACIbHBIM HAIPABICHUEM B
reoMeTpuyeckor Teopun GpyHkuui (cM. Hamp. [7, 9-12]).

Pa6orer M. Puna [13] u T. MakIperopa [1-3, 14] cTtanu HayasoM H3y4eHHs KIACCOB MOYTH
3Be31000pa3HbIx GpyHKIui (cm. Hamp. [10, 11, 15]).

Takum 00pa3oM, MCXOIs W3 BBIIICONMCAHHOTO 0030pa HMCCIEJOBaHMA, B HACTOsSIIeE BpEeMs
COXpaHSET aKTyaJIbHOCTh BOIIPOC O BBEIICHHH HOBBIX KJIACCOB PETYJSIPHBIX (DYHKIUI ©(2) us R,

¥ TIOJTyY€HUH [ HUX OLIeHOK (pyHKIMOHAOB (1), HO3BOJISIOMUX IPOBOAUTH UCCIIEN0BAHNE HOBBIX
naccos pyukuuit [ (Z2) uz V.

sagaer ycnosue |@(z) —al=a,a > %, KOTOPOE

Pe3yabrarsl u 00cy:x1eHue
OneHKH B HEKOTOPBIX KJlaccaxX PeryssipHbIX (PyHKIHMA
Jlemma [16]. ITycts ¢pynkuus @(z) + 1 € R, ¥ YIOBJIETBOPSET YCIOBUIO

|exp {%’fb(z)} —a

Torma npu |Z | =r<=1 CIIpaBeAIMBa TOYHAs OLICHKA

{_ia,a:}%,[]{}/il. (3)

y(2a — Dnr™ 1t
—rM)a+ (a— Drm]

@] < @

Onpenenenue 1. O603naunm wepes Py, (@, ¥) xnace dynxumit ¢(z) € R,,, nns kotophix

1
(p(2))y —a|=a,a>1/2,0<y<1,zeE. (5)

Ipu @ — oo xnacc P, (@, y) cBoaures K kmaccy

Pa) = {9(2) € P: larg 9 (D) <77, z € E}. puaron
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Pulay) € P(y) € P(1) =P,

Teopema 1. ITycts 0 (2) € P, (@, y). Tornanpu |z] = 1,0 = 1 < 1,umeror MecTo olieHKH

1—r" 4 _ _ _ 1+7" ¥
(1 (1= 1/&)?’“) = Rep(2) = lo(2)] = (1 — (1= l/a}r“) (6
larg ¢ (z)| =< y arcsin (2-1/a)r" (7)

1+(1—-1/a)r2n’

Zzéi < s e 17 ®
u s mobsix 1, 1 = 0 LRe p(2) + TRe 2 c:;’((;} .
= u(iy (1 :Zja}rﬂ)y a- r};gi; +1/([;1 )—ana}T“}’ ©)
Orenku Tounsle U gocturarorcs as pynkuan @(z2) = @ (z™), tne
oo = (- (1 t21'/{1}2)?’ (10)

Jloka3zarenscTBo. YenoBue (5) pPaBHOCHIBHO TOMY, 4YTO BBINOJHSAETCS IMOJYMHEHHOCTD
dynxunit @(2) < @o(z), e @o(Z) - orobpaxenne kpyra E na  o6nacts
{W: |W1f - al < a, Rew = ()}, OTPaHUYEHHYIO KPHMBOMW, CXOMHOW C NPABOW IONIOBUHOM
JIEMHHUCKaThl BepHyuiu ¢ y310Boi Toukoli W = () M yIJIoM MeXy KacaTeJlbHBIMH B Y3JI0BOH TOUKE,
paBHBIM ¥IT.

B cuny mnomuunHenHoctu @ (Z} =< Qo (Z} ¢ yueTtoM BbIIyKiIocTH GYyHKIUU g (Z)
u cBoiictBa ee cummerpun @o(Z) = @(Z) orTHOCHTENBHO JEHCTBUTENBHOH OCH IIpU
moboM 1, < 1 < 1 HMEeT MECTO BKIIOYCHHE e(lz] =1) € po(lz] =1™). Orciona

B CHJIy TeOMeTpHueckux cBoiicte MHokectBa (Po(|z] = ™) BoiTexaer mepasencrso
@o(—1™) = Rep(z) = |@(2)| = @y(r™), uro paBHOCHIBHO OLEHKeE (6).

[Tockonbky 14
Z

@' (2) < w(z) = 107

rneW (Z) ects otobpaxenuekpyra E naxpyr [w — a| < a,Tocplfy(|z| <r)cw(lz]l =r™).
[ostomy pu |z| = 7,0 < r < 1, BBIIONHAETCS HEPABEHCTBO

[ /" (2) — c()| =R,
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1+(1—-1/a)r® R() (2—-1/a)r™

,R(r) = .
1-(1—-1/a)r® 1-(1—-1/a)r?n
Otcrona B CHITy T€OMETPUYECKUX COOOPaKEHNH HETPYIHO HAlTH, 4TO

1 1 ~ R(r)
}—,arg 0 (z) arg @¥(z)| =< arcsin —,

C(r)

C(r)=

OTKyJ1a BBITEKAET oreHKa (7).

Hockomsky @(z) = In @(z) < ®y(z) = In @y(z), To ycnosue (5) moxkHO nepenucars B
Bujie (3). [loatomy ornenka (8) cpasy BeITEKaeT U3 OIICHKH (4).

Onenka (9) BeITEKaeT U3 OLECHKH (8) H JieBOH oleHKH (6).

Tounocts oneHok (6)—~(8) mpoBepsercs HenmocpeACTBEHHO. OTMETUM JMIIb Ba)XKHOE Ui
JalbHEHNILETO0. YTO JieBast oLieHKa (6) 1 oueHkH (8)—(9) nocturarorcs 11 GyHKLNU (z) = Po (z™)
B TOUKE Z — ?{f——l T, e Po (z) sanana dbopmyoii (10).

[Tpumeuanue. [lpu ¥ = N = 1 ouenxu (6), (8) monydenst B [4], ampu ¥ = 1, n =1 —
coBmajaloT ¢ ouneHkamu w3 [5]. Ilpu ¥ — n = 1 cayyam @ — ©9 (Re Q‘J(Z} = U} Hu
a=1(le(z) —1] =1) ycnosus (5), a Takke cmydait @ — 0 mpu N = 1 npuBoAAT
COOTBETCTBEHHO K OIleHKaM [1-3].

Ilpun=1,a - 00,0 < ¥ = 1 ouenka (8) nomyuena B [17], anpu ¥ = 1/2,a =1,
Kxoraa yciosue (5) paBHocuabHO mogdnaeHHocTH (0(Z) < @o(2) = +/1 + z, gactHbIe ciaydan
o1eHOK (6), (8) coBceMm HemaBHO TOTy4YeHbI B [18].

Eciu Ip (Z ) e P, (a, ]f}, TO (YHKIUSA m(z ] =1 / Ib(—Z } YIOBJIETBOPSIET YCIIOBUIO
|(¢J(z})_1’ﬁ, — a| <a,a>1/2,0<y <1,z€E.
Kmacc  takux  dyHkmmit ﬁB(Z ) oGosHaunm yepes ﬁl(a, ¥).  Tlockombky
z@' (2)/p(z) = —zyY'(—2z) /P(—2), 10 u3 TeopemsI 1 BoITeKACT
Crnenctrue 1. Ecnu ¢pyHKIUS QD(Z ) € ﬁ(a, }f), TO IIpU |Z | = 1 <{ 1 UMEIOT MeCTO TOUHEIE

OILIEHKH

1+7r" 1—7r"

(1 —(1-1/a)r™ 1+ (1— 1/a)r“)“"

¥
) = Rep(z) = |p(2)] = (
Y@ re- o

(|~ Q-+ 1-1/a)rm)
OxerpemansHas Gpynkums nveet Bua @ (z) = [@o(—2z™)]” L e 0 (2) — pynxuus us (10).

3ametum, uto mpu Y = 1 ¢yskuuu ﬁﬁ(Z ) us 56;1((1, 1) YIOBJIETBOPSIIOT  YCIIOBUIO
Re ¢(z) = B, tme B =1/(2a),0 = f < 1, u cnencreue 1 npuBoant K pesyinsraram u3
[5,19],anpu f = Onumpun = 1,0 = < 1 -k pesynsraram u3 [3, 20].

Paamnycel BBITYKIIOCTH HEKOTOPBIX KJIACCOB 3BE3A000PA3HBIX (QYHKITHIA

Onpenenenne 2. Bynem cunrars, uto ¢pyHkuus | (z) w3 IV, npunanexur knaccy S E (a,y,n)
'@

TOTJZIa U TOJIBKO TOTAA, Korna Z —— & Pﬂ(a’f }"}, TO €CTb BLIIIOJIHACTCA YCIIOBUEC

f(z)
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1/y
f'(@)
z —al=a,a>=1/2,0<y=1,zcE.
f(2)
Benenue nannoro kiacca 06buto npemoxeno E. [Tanporkn u XK. CokonoMm [21] kak pactmmpeHue
kiacca GpyHKIu# [7], 3a1aHHOTO yCIIOBHEM |(z ff(z} / f(z))z —1| = 1.

Teopema 2. TouHblii paauyc BBITYKIOCTH T Kiacca SE (a,y,n) ompeAensieTcd Kak

equncTBenHbl Ha (0 1) KopeHs ypaBHeHus

1-r" Y y(2 —1/a)nr™ B
(1 +(1- 1/a)r“) Ta—-ma+d-1/am (11)
Hoxka3arenbcTBo. O603HaYMB Z f(_(z}) qo(z}, rnojry4yacm
1+f(2'} f(z} .;a() (@) + 2 0'(2)

@ T@ Te@ p(z)
[Tostomy B cuny onenku (9) nmpu (L = 1] = 1 B kpyre lz| =r
' (2) . 1—r" ¥ y(2 —1/a)nr™
f’(z)) - (1 + (1 - l/a}r“) B (1-mQa+A-1/a)r™)

Ecmu 1, — HanMeHbLIMA NOJOKUTENbHBIH KODeHb VpaBHeHust (11), To B kpyre lz| = To

f()

Re(1+z

BBINOJIHsIETCsE yeoBue Beinykinoctd 1 + Rez —— = 0 u dynxuus f(Z) sBusiercs BbITyKION.

[okaxem, uro Ha (0; 1) ypaBHeHue (11) UMeeT E€IMHCTBEHHBI KOpeHb Ty. s »Toro

npeobpasyem ypasrenne (11) x Buxy Po(r) — 1 () = 0, 11e

1—r" )y_l y(2—-1/a)nr™

Yolr) = (1 Ta_vaor) N T T g Ty

1+r L4
[Mockonpky mist Z = 1 yHKIUSA ﬁBO(Z}lz— (W) n3 (10) Ha wmHTEpBaie

(0; 1) nonoxutensna 1 MonotonHo sospactaetr, 10 Yo(r) ma (0; 1) momnoronno y6eBaet ot
1o(0) =1 1o Yo(1) = 0. C apyroii cTOPOHEL, HETPYIHO yCTAHOBHTE, YTO B CHILY yCIOBHS

a > 1/2 gynxuns 1, (1) monoronno sospacraer na (0; 1) or1p; (0) = 0 no1p; (1) = +oo.
ostomy ypasrenne Yo (1) — Y, (r) = 0, a snaunr u (11), va (0; 1) umeer exuncTBEHHBII
KOpeHb T7.

Jlnst okaszaTenbCTBa TOYHOCTH PAAMYCa BBIMTYKIOCTH OMPENEINM SKCTPEMAIBHYIO (YHKIIHIO

(2
f(z)
zZ = n\#—l T, TIe T = Ty, noiaydaem

0 (2) B ( 1-18 )1" y(2 — 1/a)nrd

fo(2) 2T 1+(1-1/a)ry (1-)A+1- l/a}rg‘}

fo(2) us ypaBHeHnst z —— = ¢, (z"), rae dpynxuus @g (z) onpenenena B (10). Torna B Touke

1+ Rez
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CrenoBatenbHO, pauyc BBITYKIOCTH YBEIHYUTD Hellb3s. Teopema 2 moka3aHa.

3avernm, uro Sp(L,¥,1) =S5/(@0). ¢o(z) = (1+2)YV,0<y=1, - eccm
KJIaCC JICMHUCKATHBIX (DyHKITUI f(Z) u3 [7], i koroporo ypaBHenue (11) mpmoOperaer BUI
(1—71) vy = ¥1. To ects nonyuyaem teopemy 2.15 u3 [9], anpu y = 1/2 — reopemy 4 u3 [7].

Iipu ¥ = 1 ypasuenue (11) mpeobpasyercst k Bumy 12" — (2 +ne)r™+ 1 =0, e

¢ = 2 — 1/a, otxyna BeITeKaeT

Cnencteue 2. Ecm f(2) € S E (a, 1,1), To ecTb yIOBIETBOPSIET YCIOBHIO

f'(@)
f(2)

z —al=a,a>=1/2,z€¢E,

TO TOYHBIN PaUyC BBITYKIOCTH

o = ((2 + nec —+/nc(4 +nc})/2)1m,c =2—1/a.

IIpun = 1, ¢ =1 — A cnencrBue 2 gaet pe3yisTar cTathy [12]:
F@_
f(2)
Paanycel 3Be31000pa3HOCTH HEKOTOPBIX KJIACCOB TOYTH 3BE3/1000pa3HBIX (PyHKIHNA
B 1955 rogy M. Pux [13] no aHaloruu ¢ KJaccoM IMOYTH BBINYKIBIX (YHKLMNA BB KJacc
CS™ nourn 38e31006pa3HBIX QYHKIMIA, COCTOSIIMIT U3 (hyHKITHIA f(z) € IV, ynosnersopsionux
YCIIOBHIO f(2)
Re——=0,g(z) €S*,z€E, (12)
9(2)
B nmanpHeiimem B pa3HBIX cTaThsX BMecTO (12) paccmarpuBaiich HEKOTOPhIE IPyTUE YCIOBUS,
cespiBatonue f(z) n g(z), 6o B kavecte g (Z) paccMaTpuBamUCh GYHKIHH M3 HEKOTOPHIX

1 1
z <aqa>1/2 = *rg25(3—A—J5—6A+A2),A:a—1.

HOIKIACCOB Kiacca S ¥, 100 KOHKPETHEIE 3B€31000pa3Hble (PyHKIINH.
Onpenenenne 3. bynem cumrarh, 49TO0 (yHKIUA f ( z) 3 N npuHamIexKuT Kiaccy
CS*(a,y, n,m) toraa u ronbsko Torna, korna f (Z) ynoenerBopsier yciosuio

f(})" !

—a {_ia,a:}E,U{}/El,mEU,nEN. (13)
z

((1 —z)"

Eciu nm = 2, 1o dynxuus g(z) = z/(1 — z™)™ asnsercs 38e3n006pasnoii B kpyre E.

JeiicTBuTensHO, 1 GyHKIUU g (2) Bomonmsiercs HEPABEHCTBO

zf'(2) z" nm
=1+nmR8721—720,2EE,

f(2) 1—2zn

npu M = 2. Tlostomy dyukuus g (Z) sensercs 3se3no006pasnoii B E, To ects dynkuuu f(Z) us

Re

CS*(a,y,n, m) sABuseTcs IOYTH 3BE31000PA3HBIMH.
= )
Yactusle caydau ki1acca S ({1, Y. n, m} HCCIIeIOBANINCh B cTaThsx [ 10, 11, 15], rae HaineHsI
*
WX PagryChl 3B€31000Pa3HOCTH OTHOCHTENLHO Pa3siMYHBIX MOIKIACCOB Kiacca O  (Hampumep,
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OTHOCHTENBHO S ﬁ*, S, u apyrux). B kadectBe mpumepa HaiijieM pajdychl 3BE371000pa3zHOCTH
nopsiaka @ kmacca CS™ (a, ¥, n,m).

Teopema 3. Tounslii paguyc ‘r*(a} 3Be3n000pazHocT mopsaka & kmacca  QyHKIMH
f(z) € €S5*(a,y, n, m) onpenensiercs kak equncraennsii Ha (0; 1) kopens ypasHenus

nmr™ y(2—1/a)r 0 (14)
1+r" 1-nNA+0-1/ar)
Jlokazarenbetso. O603naunm @(z) = % Torna
r n r
f (2) _ L9 (z) L9 "(2) nmz ¢ (2) (15)

=1+ +z .
T 9@ T 1-z" 92
B cuuty storo Ha ocroBanuu Teopemsl 1 ipu ft = 0,1 = 1,1 = 1sxpyre |z| < rnonyyaem

f (z ) nmr" y(2—1/a)r
f(z} T 1+ -+ (A -1/a)r)

Eciu |z| < 1, e 7 = 1r7(@) — xopens ypanenus (14), To Re zf—[jl =au [(2)
sABJIsIeTCA 3Be31000pasHoil nopsaka & B kpyre |z| < ¥ (a). @)

Kak ¥ mpu JI0Ka3aTeIbCTBE TEOPEMBI 2 HETPYMHO 0Ka3aTh, uto ypasuenue (14) ma (0; 1)
MMeeT eIMHCTBeHHbIH Kopenb 1~ (). [TokaskeM, uto pajuyc 3Be3n006pasnoctu T () yBenmuuuth
HEJb3s.

Re

= a.

Ecnu n siBisieTcss He4eTHBIM, TO JUIs (PYHKIIUU

@ z ( 1+z )7’ cs( )

z) = € a,y,n,m

o) = U= 1/0)2 Y

BTOUke Z = — T, et = r*(a}, IOJIyYaeM:

' nmz™" 2—1/a)z
Rez 2D _14ge + A ) —
f.;,(z} —r 1-z" (1+2)(1-(1-1/a)z) .
nmr™ y(2—1/a)r
_ — = (.

1+ (1-r)(A+1-1/a)r)

Ecnu 1 — 4eTHOE, TO PACCMOTPUM J[Ba CITydas. -

Hycte 1 = 4k, k € N. Torna i™ = 1. O603naunm £ = [ m . Torma i Z = —EF uMeeM
zZ" =" e lz = —r Ecmmxen = 2(2k — 1) k € N,10{" = 1 u, eciu 06003HAYNTH
= —l, oM Z = —£r = [T onsaTh nonyqaeMZ Tn,E_lz = —T,

@ z 1+¢71z Y cs*( }
z) = € ay,nm
fi (1—z9)m\1—(1— 1/a)e 1z ¥
B TOUKE Z = — £1 HAXOOUM
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"(z nmz" 2—1/a)e7 1z
Rezﬁ(} =1+Re( o _1’( ) — ) =
L@ ___. 1—z" 1+ 120(1—(1—-1/a)s712) .
nmr™ y(2—1/a)r

14 -0+ 0A-1/an) ¢

Bo Bcex cilyuasix B yCJIOBHMHM 3B€31000pa3sHOCTH TOpsAKa (I JOCTHIaeTcs 3HAK PaBEHCTBA.
[ostomy paauyc 3Be3noodpastoctu T~ () seisercs TounsiM. Teopema 3 0Ka3ana.

Kinace CS™(a,y,n,m) seusercs o6o6wmennem kiaccos FC1,F3, Fa us [10-11], sanannsix
COOTBETCTBEHHO YCIIOBUAMH

Re{(1—z3)f(2)/z} = 0,Re{(1 — 2)%f(2)/z} = 0,Re{(1 — 2)f(z)/z} = 0.

Ipuy = 1, @ = © ncoorsercTByromem BeIGOpe 1, M HOTyYaeM pa Iy Chl 38€31000pa3HOCTH
nopsika @ wnaccos Ky Fg, Fy, nonyuennsie 5 [10-11].

IIpum = 0, &« = 0 u3 TeopeMsl 3 Moay4aeM TOUHBIN paJnycC 3BE31000pa3HOCTH

1+yQ2a-1)—A+yQ2a—1))2+4a(a—1)

= 2(1—a) a1,
1+vy, a=1,
KJacca QyHKIHHA f (:Z } eEN, YAOBIICTBOPSIONIUX YCIIOBUIO
10\ Ykl 1 _
(7) — a| < a,a > E’ 0 < Y = 1. Hua cayuas Y = 1 »sror pe3yabTar IO0Jy4YeH

B[15],ampuy = a = 1-B[14].

3akJ/oueHue

B nacrosueii crarse BBogutes kinace P, (@, ) perymsipusix B kpyre E ¢pyuxuuii
(p(z} =1+ C_nzﬂ + Cn+1zﬂ+1 + -+-, M = 1, YAOBICTBOPAIOIMX YCIOBUIO

|(cp (Z))ljy — {1| <a,a>1/2,0 <y <1, obobmarommii wu3BecTHHIH Kiacc loena
u Magpdepa. B knacce Pn(a,]f} yCTaHOBNIGHB TouHble ouenkn npu |Z| = 1,0 <1 < 1,
¢ynkumonanos (1).

B kauecTBe mpUMEpOB NMPUMEHEHHS JAHHBIX OIEHOK HANJIEHBI TOUHBIC PAJANYChHI BBITYKIOCTH
(nnm 3Be31000pa3HOCTH) HEKOTOPBIX KJIACCOB 3BE31000pa3HbIX WIIM MOYTH 3Be34000pa3HbIX (PyHK-
1uii. Bee nmosydeHHble pe3ynbTarhl IBISIOTCS TOYHBIMU M 0000IIAI0T paHee U3BECTHBIE Pe3yIbTaThl.

W3BecTHO, 4TO pemieHne MHOTHX 33/1a4 Ha TOJKIACCaX OJHOJIMCTHBIX (YHKIMA MOXET OBITH
CBENICHO K 3a/1auaM MUHHMH3AIMH MM MaKCUMH3AIMA HEKOTOPHIX (DYHKIIMOHAJIOB, CBSI3aHHBIX C
UcClieyeMbIMU Kiaccamu (yHKIHMH. B 3TOM miaHe mpuMeHEHHe MONYYeHHBIX B CTAaThe OLEHOK
YKa3aHHBIX BbIlIE (DYHKIIMOHAJIOB SBISETCS MEPCIEKTUBHBIM, TaK KaK IO3BOJSET B JajbHEHIIeM
PEIIUTh LEbIH PsA SKCTPEMAIBHBIX 3a/1a4, CBSI3aHHBIX C PAa3THYHBIMH MOIKIACCAMHU OJHOIUCTHBIX

(byHKIU.
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HEMECEe MaKCHMM3alLUsIay CCeNTepiHe aiHamapipyra OosareiHbl Oenrizi. KeOinece mMyHmall (yHKIIHOHAJIBIK
TYPaKThl (QyHKUUSIIAPABIH JorapudMaik TybIHABICBIHA ToH. Makanana Ploans men /[I. Hladdepnin TypakTsi
(YHKIMSITapbIH aTaKThl CHIHBIOBIH JKaJIMBUIANTEIH, MOH Iepi mekapaaa 0 Hykreci 6ap HaKThl OCbKEe CHMMETPHSIIBI
meHOepe OpHaTacKaH, KaTapiiapra bIIbIpaybl N-IIi T9pekKeIeH OacTanaThlH, HAKTHI OOIiKTi Oipiik meHOepiHaeri
TYpakThl (pyHKIUATIAPABIH €Ki MapaMeTpii imKi CHIHBIOBI eHTi3inai. OYHKUUTapablH Oy CBIHBIOBIHAA OPTYPIL
(YHKIUSTAPABIH, COHBIH 1IIiHIe JIOTapu(MMIIK TYBIHIBIHBIH HAKThI Oaranapbl anbiarad. Ocbkl OaranayaapablH KO-
CBIMILIAJIAPBI PETIHE CHIHBIN apKbUIbI OEPUIreH XKYJIIbI3 TOPi3/l )KOHE KapThUIal HKYJIIBI3 TOPi3l QYHKIMSIAPIbIH
OPTYPITi CBIHBINTAPBIHBIH JJOHEC (HEMECE JKYJIIbI3 TOPI3/i) A parycTapbl TaObULIbL. AJIBIHFAH OapIIbIK HOTHKEIEP
JIONT KoHE OYPBIH OenTiyi OONFaH KONTEreH HOTWOKENEpHi KOPBITHIHABLIANEL. Makanaga alblHFaH Oarajapibl
KoNgaHy OiprmapakTsl (GYHKIUSTAPIBIH OPTYPIIl IMIKI CHIHBIITAPHIMEH OalIaHBICTHI SKCTPEMANIBI €CeNTep TeOo-
PHSCBHIHA YJIeC KOCKaH/BIKTaH NEPCIEKTHBAFa He.
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EXACT ESTIMATES OF REGULAR FUNCTIONS AND RADII
OF CONVEXITY AND STARLIKENESS OF SOME CLASSES
OF STARLIKE AND CLOSE-TO-STARLIKE FUNCTIONS

Abstract

It is known that many problems for subclasses of univalent functions can be transformed into problems of
minimizing or maximizing some functionals associated with the studied subclasses of univalent functions. Often,
the logarithmic derivative of regular functions acts as such a functional. In this paper, we introduce a two-parameter
subclass an(a, y) of functions regular in the unit circle with a positive real part, the expansion into a series of
which begins with the nth degree. This class generalizes the well-known R.Goel and D.Shaffer class of regular
functions whose values are contained in a circle symmetric with respect to the real axis containing the point 0 on
the boundary. In this class of functions, exact estimates of various functionals, including the logarithmic derivative,
are obtained. As applications of these estimates, the exact radii of convexity (or starlikeness) of various classes
of starlike and close-to-starlike functions given using the class Pn(a, ]f} are found. All the results obtained are
accurate and generalize many of the previously known results. The application of the estimates obtained in the article
is promising, as it contributes to the theory of extreme problems associated with various subclasses of univalent
functions.

Key words: estimates of regular functions, univalent functions, starlike functions, radius of convexity, radius
of starlikeness.
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NUMERICAL MODELING OF OIL AND PETROLEUM
PRODUCTS DISTRIBUTION IN CASE OF AN EMERGENCY
SPILL ON THE WATER SURFACE

Abstract

Water pollution is an urgent problem today. The amount of water pollution with petroleum products is growing
as oil production increases, oil transportation becomes globalized, and new fields are put into operation. This has a
detrimental effect on the ecosystem. The aim of the work is to numerically simulate the spread of oil product on the
water surface, which can help improve the efficiency of planning and operational management of measures for the
localization and elimination of emergency spills. Different emission rates of the pollutant (gasoline) were considered
in order to investigate how the pollution area varies for each speed. To model this problem, the Navier-Stokes
equations for an incompressible fluid are used as a mathematical model. The numerical solution of the Navier-
Stokes equations was achieved using a SIMPLE algorithm. A test problem was performed to verify the numerical
method and the mathematical model. The calculation results were compared with the result of the experiment and
showed an excellent match.

Key words: mathematical modelling, oil spill, water pollution.
Introduction

Water is the basis for human life and health and everyday functions. We have a lot of it on Earth.
Nevertheless, water pollution is a pervasive problem with several sources consisting of industrial
unwanted emissions, agriculture, and waste from urban lives. [1] The foremost hazard this is harmful
petroleum products, which can have very bad effect on ecosystems, human health and economy. The
instances of water poisoning can occur when petroleum products, such as gasoline, diesel, lubricants,
and crude oil are dumped either intentionally or accidentally into a water body. Among the most
characteristic types of pollution by petroleum in the water bodies is the oil spills.

Oil spills are a relatively common incident however, we may tend to underestimate how often
they happen from diverse sources. Along with oil production and transportation, and especially dur-
ing oil field operations, the annual number of oil spills continues to increase. Every year, around
the world, oil spills happen up to 70,000 times. While most of them are relatively small in scale,
take fuelling deep-sea ships, for example. On the other hand, when oil spills occur on the coasts,
mangroves, and bogs which are very sensitive, they are deadly with long-lasting effects. Oil spills
of larger amounts can cause ecological catastrophe with big consequences for our environment and
economy. Therefore, we should take measures for oil spill prevention. This type of disaster is usually
caused by pipeline cussing, crude oil spills from super tankers and booms occurring during drilling
operations. These stories, which eventually occur in profusion and enormous volumes, have terrible
and multiple effects simultaneously on the ecosystems and economies. Oil spillage potentially takes
place throughout the course of its extraction, ranging from drilling to transportation and processing.
The main danger, that occurs in the process, is of planetary character.
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There is a wide variety of organisms that thrive in these spills in marine environments whether
aquatic, land-based, or airborne. The same serves as the blocker of sunlight for the water with a
reduction in the oxygen content in the water. On birds and mammals, the oil harms feather and fur,
but it is not destructive to the structure which does not fall off (shedding), thus animals can die from
hypothermia. The fish early in life are more sensitive to the oil effects as compared to adult fish thus
in instances of significant exposure to a huge number of fish the initial stage of death occurs. Another
danger is oil polluting the food chain it can be fatal to many species recovering the habitats even after
the oil spill is eliminated is possible.

There are many studies which speak about this problem. [2] presents the finite element model
and the COMSOL multi-physics software for 1st order differential leak detection in crude oil pipe-
lines directly. The work [3, 4] encompasses a detailed and comprehensive mathematical model of
the river pollution arising from the pipeline rupture. They research the role of different water body’s
characteristics as well how they affect hydrocarbons movement in the water system.

The model of the movement of an oil spill along the Bosphorus Strait, which is a very important
port on Turkey, is also a responsibility of them [5]. The model serves as an informative illustration of
the movement of the oil spill which reveals that in just four hours the oil spill can reach both banks
of the street already, implying emergency response should be implemented after the accident about
the oil spill. In [6] ADIOS and GNOME models are among the tools that AWI uses to simulate oil
spill dynamics in New York Bay with the intention of assessing its environmental consequences.
This part concentrates on the behaviour of oils of various types under different circumstances, at the
same time highlighting the significance of environmental features, for example, wind, and currents
in shaping spill paths and decomposition processes. The experiment says the light oils like gasoline
are evaporating swiftly, the risk of contamination is less, and heavy oils are not. In [7] is a paper that
shows how oil spill modelling can be done using adjoin-methods in an attempt to find the source of
emissions and the time of their entry. It sorts out the advection-diffusion equation to convey how
oil spill’s function and offers a brand-new technique for locating the pollution origin by numerical
simulation. The effectiveness of this method comes out of examples as shown in the case studies of
the Vietnamese coast. [8] uses geospatial hydrodynamic and oil spill models to investigate the envi-
ronmental effects of the oil spill at Tramandai Beach. The simulation takes place by simulating a spill
and following wind and currents contributes to the oil movements and dispersion. Data are confirm-
ing that the oil hit the shoreline in 10 hours, where wind and currents were responsible for the right
timing and destination of the spill ultimately.

Some studies that mean prediction of oil spills and assessment of risks are conducted. In [9]
discusses the hazard of spilling oil into the Bohai sea focusing on the risk of shipping and offshore
drilling catastrophic disasters. Coinciding spatially and historically important data, the research de-
tects the areas of high spill risks and gives a probabilistic model for assessing their spill probabilities.
Based on this detection, seven high-risk locations have been shown as strategic places where spill re-
sponse equipment might be stored. In [10] aims to precisely reproduce the spread of oil spills as well
as processes such as surface spreading, transport by advection, turbulent diffusion, evaporation and
interaction with shorelines. It is completed with the 3-D hydrodynamics and a wave model in order
to increase the hydro-environmental simulation precision. The case study, designed to imitate an oil
leak in Dalian, is bound to portray the power of the model to predict the dispersion and fate of the oil.
Considering [11] the model performing with local hydrological data and taking into consideration
seasonal variations, the model successfully predicted the estimated movement of contaminants from
various sources like Chernaya River and Gollandiya Bay. The season analysis of pollutant diffu-
sion reveals that the local water circulation patterns and the wind conditions basically determine the
fluctuations of pollutant spread. In [12], they are deepened taking advantage of 2D and 3D transfer-
diffusion equations, estimating the behaviour of the pollutants and calculating risk level.

In [13] showcased the role of mathematical models as a primary tool in the management of en-
vironmental disasters, such as an oil spill, through the illustration of their efficiency by predicting
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pollutant behaviour and provision of necessary information for mitigation and clean-up activities.
Many authors have written papers to add to the existing knowledge base of oil spill behaviour in
marine ecological systems and its effects. In [14] provide detailed information on how oil spills af-
fect the flow paths and oil distribution in the immediate spill area and nearby flow domains, which in
turn improve the understanding of the dynamics of oil spills and are an avenue for the development
of the management or mitigation of oil-in-water spills. In [15], to construct a mathematical model
that is based on the principle of linking ordinary differential equations to identify and predict the
consequences of exposure to oil pollutants in the marine environment, the MATLAB software was
used for the solution [16]. This work was concentrated on the creation of a coded model for oil spill
drift modelling in coastal waters. In [17] researched the spreading of oil pollutants throughout the
Rioni River and Black Sea. In [18] the dynamic when oil spills under different scenarios such as con-
tinuous low-intensity releases as well as high-intensity short-term accidents have been presented in
detail with regard to oil emission at the sea surface and seabed. In [19], this case involved Deepwater
Horizon oil leak modeling which included hydrodynamic, wave, and weather conditions in order to
simulate oil spread. In [20] carried out the oil spill dynamics with the MOHID software used and
assessed the Sao Sebastido area, which is thought to be the most important marine terminal in Bra-
zil. In [21] constructed a computer model to model the temporal and spatial alterations of pollutants
after water pollution incidents. In [22] examined the pollution in the Ganges River, especially in the
urbanized areas of cities including Kanpur and Varanasi.

Main provisions

This study focuses on the mathematical and computational modelling of oil and petroleum prod-
uct dispersion in the event of accidental spills on water surfaces. The primary aim of this research is
to conduct numerical simulations of petroleum product spread on water surfaces, with the objective
of enhancing the efficiency of planning and operational management of measures for the contain-
ment and remediation of spill incidents.

To achieve this objective, the Navier-Stokes equations were employed for modelling purposes.
These equations are fundamental in fluid dynamics and are particularly suitable for simulating the
behaviour of oil spills on water bodies. Furthermore, the SIMPLE (Semi-Implicit Method for Pres-
sure-Linked Equations) method was utilized for numerical solution, chosen for its effectiveness in
addressing the complexities associated with fluid flow problems.

The findings of the simulations demonstrate a direct correlation between the extent of contami-
nation and the rate of discharge. Specifically, an increase in discharge velocity by a factor of two
resulted in a 17% increase in contamination area, while a decrease in velocity by the same factor led
to a 12% reduction in contamination area. These results highlight the significance of considering dis-
charge velocity as a critical parameter in the planning and execution of strategies for the localization
and mitigation of spill incidents.

Research area

We are considering the area where the Ural River flows into the Caspian Sea. The Ural is a river
that has its source in the west of Russia and runs through different regions, including those of the
countries, Russia, and Kazakhstan. The length of the Ural River is 2,428 km and its watershed has
231 land area. The amount of annual runoff is around 12,6 km?, and the water at the mouth is 400
m?/s.

The river gets back 94% of water resources from the melting of snow mass in the mountains and
in lower elevations and 6% supply comes from groundwater and from underground water sources.
The river’s water resources are used for irrigation of the large city people of which the forming of
the reservoirs along the Urals River has been done as well as communications of water utilities and
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sewage treatment plants have been created to be seated on the dams. In the regions of oil and gas
production, chemical raw materials processing, including competitive industries arise at the Ural
River shores.

Figure 1 — Location of the research area.
Materials and Methods

Mathematical model
The mathematical model contains a non-stationary equation of continuity, momentum, heat
transfer, and concentration transfer.
Continuity equation:
du;

ov, 0 (1)

Momentum equations:

ou; |, puay) _ 0(-puiv)) op o (ﬂ (s auj))

at dx; dx; dx; Ox; 8x;  dx; 2
Heat transfer equation:
or | ApwT) _ a(-pu)T") L0 (D aT)
Concentration transfer equation:
Py
ac  3(pu;c) _ 3(—91&}-0 )+ ] D ac

here, u; — velocity, it — viscosity, 2 is the density of the liquid, and P is the fluid pressure, T — tem-

perature of the liquid, D — the diffusion coefficient, %% — turbulent fluxes of velocity, qu_T, qu_C -
turbulent fluxes of heat and concentration of pollutant (benzene).
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The given set of equations is a representation of a physical system in the Cartesian coordinate
system x;, where i take the values 1, 2, and 3. The system consists of 3 velocity components,
namely ;.

Numerical modelling

Along the Zhaiyk River in the proximity of Atyrau city where the pollution is going to take place
2D models of the pollution made it possible to model the processes. Notably, even the most powerful
computing clusters cannot feasibly execute full 3D modelling for many real-world scenarios. The
area which is modeled with the aid of the 2D model can be seen in Figure 1. Using a two-dimensional
model allows us to coarsely evaluate the profile of flow fields with temperature and pollutants as well
as chemical reactions directed in different directions.

The SIMPLE (Semi-Implicit Method for Pressure-Linked Equations) algorithm was used as a
numerical algorithm. Complete SIMPLE algorithm includes following steps:

1. Guess the pressure field P* and solve the momentum equations to obtain u**, v

*k *

U -yt 1dp” 1dp
———=————+ L, s u” =y + At ————+ L,
At p 0x p Ox

v —p" 1dp” 1dp*
— = ——— 4L, v ="+ At [ —— + L,
At pay p dy

2. Solve the p" equation by substitute into the continuity equation and we get the Poisson equa-
tion

yn+l g _ _lﬁp-’ Lyt _ g _Eﬂp:
At p Ox p Ox
Mz_laplﬁvﬂ+l= **_Eap!
At p dy p oy

62 r 62 r a =% a "
P _p ( u” v )
9x?  ady?* At

3. Correct pressure field P = Pr +p".
4. Correct velocity field U = u +u™; ¥V = v + v".

This algorithm is widely used to solve Navier-Stokes equations.
Model verification

To test the mathematical model and numerical algorithm, a test problem was performed. The
problem was to develop an open channel and lateral tap model from [23]. The reactor comprised two
channels and is shown in the Figure 2. It was assumed that the diameter of the pipe was 5 mm which
is equal to D. In addition, the vertical channel was positioned exactly on the X-axis in the middle at
100 mm (20D) from the beginning of the horizontal channel. The width of the main section and the
height of the pipe were 120 mm (24D), and its length was 505 mm (101D). At first, the temperature
of the warm water was 25°C, and the temperature of the hot water was 81°C. Figure 2 shows a lami-
nar jet that enters the channel in the frontal direction. The conditions for the pipe and crossflow were
set using 2 distinct target velocities. For example, the velocity in the horizontal duct was set at 2,005
m/s, and in the vertical duct — 11,969 m/s. To model this problem numerically, the viscosity of the
water was set to 0,001003 kg m?/s and the density to 998,2 kg/m?3.
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Figure 2 — Geometry and boundary conditions of the test problem.
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here, T, represents the ambient temperature, T} denotes the pipe temperature, Velocity U indicates

the velocity across the X-axis, and U, 5 signifies the highest value of the velocity across the X-axis.

Figure 3 (p. 145) represents a comparison of experimental data with numerical solutions from
different grid sizes. To be more precise, the grid sizes of 2,5 mm, 3 mm, and 4 mm were used. It can
be seen from the figure that the results with a grid size of 4 mm where 4034 nodes and 3848 elements
coincide well with the experimental data. To completely match the algorithm with a test problem, the
numerical results were compared with empirical results [24], as well as with computational results of
other researchers [23] for different cross-section dimensions (X/D =2, 4, 6, 8, 10).

Figure 4 (p. 146) represents dimensionless temperature profiles in the vertical direction. The
outcomes of the numerical modeling exhibit favourable alignment with the empirical findings. It is
evident from the collected data that the numerical results reasonably correspond to the experimental
data. For the numerical solution of this problem, the SST k-w turbulent model was used.

Numerical results of pollution of the Caspian Sea

A computational framework was designed to numerically model the concentration transfer of
oil product (benzene) in Zhaiyk River and then in the Caspian Sea. Figure 1 represents the satellite
image of the area we are concerned, while Figure 4 shows the geometry of the region. The computa-
tional area includes a span of 6500000 x-axis and 4082500 y-axis, respectively. This equals 1062500
m x 648100 m. The area of the research area was 6886062500 m*. The casework included 3 ways of
pollutant liberation with varied rate values. The computational grid of 466852 tetrahedral elements
10 m per cell, evenly spread over the total river region and sea surface extending toward 200 m con-
structed the design. Furthermore, the grid was refined in the direction of the product out flux partition
along with the element size of 0,1 m for this particular zone. This refinement was thereby done to
improve the precision of the mathematically based outcomes.
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Figure 3 — Temperature profiles for different mesh sizes.

Results and Discussion

It was supposed that some spill of oil products into Zhaiyk River had to be over during the
emergency refinery situation. Then the oil product spreads along the river and all this falls into the
Caspian Sea, where the Zhaiyk River flows. For an accurate forecast of the spread of an oil slick, the
real velocity of the river and wind are taken into account. According to Figure 5 at inlet 1, the average
wind velocity over the sea is accounted for, at 5,49 m/s. At inlet 2, the velocity of the Ural River is
considered, at 0,3 m/s. At inlet 3, the emission rate of the pollutant is taken into account, at 0,03 m/s.
According to Table 1, the pollution area was 1126143218,94 m? as the pollutant level was 0,03 m/s.
Nevertheless, the emission factor of 0,06 m/s got the water of 1318207280,65 m? polluted. Accord-
ingly, when emission intensity is 0,015 m/s, the affected area is 987727620,15 m? In fact, slashing
the emission rate in half would lead to a 12,3% area reduction, and if we doubled the emission rate
its contaminated area would grow by 17%. Figure 6 shows the direct dependence of the pollution
area on the emission rate.
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Figure 4 — Vertical profiles of temperature at the indicated points.
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Figure 5 — Geometry of the main problem
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Table 1 — The area of the pollution zone at different rates of release of the pollutant

u the area of contamination
0,03 m/s 1 126 143 218,94 m?
0,06 m/s 1318 207 280,65 m*
0,015 m/s 987 727 620,15 M*
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Figure 6 — Dependence of the pollution area on the emission rate.
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Figure 7 — Distribution of the contaminant for velocity u= 0,03 m/s
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Figure 8 — Distribution of the contaminant for velocity u= 0,06 m/s
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Figure 9 — Distribution of the contaminant for velocity u= 0,015 m/s

Conclusion

The study aims to develop a model describing the spreading of oil products and petroleum in
case of an emergency release on the water reservoir, taking into account wind velocity and water
streaming velocity. The results of numerical modeling showed that the emissions directly influenced
the pollution area. Considering 3 different emission rates (u=0.03 m/s, u=0.06 m/s, u=0.015 m/s)

from Table 1,
148
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emission rate reduction leads to a pollution area decrease. Figures 7, 8, and 9 depict the concentration
of the maximum allowable amount of gasoline in 24 hours. This demonstrates the need to slow down
and regulate the rate of release in case of overflowing of the spilled liquid. Doing so reduces the pol-
lution area and lowers the negative impact on the environment. But in addition to these components,
there are some others, for example, wind velocity and rivers are the determining factors of the spread
of pollution. Consequently, a modeling for the transportation of oil and petroleum products shows
not only the importance for predicting the spread of accidental spills, but also calls for the develop-
ment of strategies and measures to prevent and respond to such spills with an aim of minimizing the
negative impact.

Beyond, this research has provided opportunities for the dynamics and ways of possible events,
and measures of their implementation as well. This is an advantage since it enables us to realistically
see the effects of oil spills on water resources and to come up with the most effective rehabilitation
and response procedures to mitigate further pollution. Moreover, likewise, the results of the simula-
tion become indispensable not only for research purposes but also for the very applications in almost
environmental management and mitigating catastrophic consequences of oil spills that are made
because of accidents. The data and conclusions from this research can be important for developing
and implementing plans to employ safety actions at underground oil and gas can corporations and
for the training and training of the personnel to cope with emergencies. Besides, ecology and sustain-
able development research can be based on our work which is one of the key issues relating to our
environment protection goals.
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ABAPHSUIBIK TOT'LIIY KE3IHJE CY BETIHE MYHAM
MEH MYHA 1 ©HIMJIEPIHIH, TAPAJTY bIH
CAHJIBIK MOJIEJIBJIEY

AnjiaTna

CynblH nacTaHysl OYTIHTI KYHHIH e3eKTi Mocemeci. MyHail eHAipymiH ecyiHe, MyHall TachIMaJIayIdblH
»kahaHmaHybIHA, KaHA KEH OPBIHIAPBIHBIH KOJJAHBICKA OepilyiHe Kapall CyIblH MyHail eHIMIEpIMEeH JacTaHy
KeJeMi ecin Keneni. bys skokyiere 3usiHbIH THTi3il OTHIP. JKYMBICTBIH MakcaThl cy OeTiHAeri MyHail eHIMiHIH
TapajyblH CaHIBIK MOJICIBJCY, allaTThIK TOTUTYJICPAl OKIIayJiay >KOHE JKOK OOWBIHINA ic-IIapajiapibl jKOocmapiay
MeH ezel OacKapyablH THIMIUIITIH apTThIpyFa KeMekTeceni. Jlacrany aiiMarbIHBIH op JKbULAAMJBIKTa Kasai
©3repeTiHiH 3epTTey YIIiH JiacTaylbl (OCH3MH) MIBIFAPBIHABUIAPBIHBIH SPTYPII JAEHreIepl KapacTelpbluiabl. by
€CeNTi MOZIEeNb/ICY YIIIiH MaTeMaTHKAIIBIK MOACIH PETiH/Ie CHIFUIMANTHIH CYHBIKTHIK YiIiH HaBbe-CTOKC TeHIEYIepi
Konmaneuiasl. HaBbe-CTOKC TeHACYNEpiHiH CaHIBIK MIeIIiMiHe KapamalblM alTOpPUTM apKbUTBI KON JKETKI3UIi.
CanJbIK 9J1iC TIEH MaTeMaTHKaJIbIK MOJCNb/ TEKCepy YIIIH TECT TalChIpMachl OpbIHAaNIbI. Ecentey HoTHKEIEP]
IKCIIEPUMEHT HOTHIKEJIEPIMEH CaJBICTBIPBLIBII, TAMAIla COMKECTIKTI KOPCETTI.

Tipek ce3mep: MaTeMaTHKAIBIK MOJICTb, MYHAHIBIH TOTLTY1, CY/IbIH JIACTAHYBI.
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YUCJEHHOE MOJAEJTUPOBAHUE PACHPOCTPAHEHUWSI
HE®TH W HEOTEMTPOAYKTOB IITPH ABAPUMHOM PA3JIUBE
HA BOJHOU NIOBEPXHOCTH

AHHOTAUA

3arps;3HEHHE BOJBI SIBISICTCS aKTyallbHON MPOOIeMOil Ha ceromHAITHUN IeHb. OCOOEHHO pacTeT KOIHYECTBO
3arps3HEHUH BOIBI HE(TETIPOAYKTAMH, TaK KaK pacTeT 1o0pda HeTH, MPOUCXOTUT TiTobann3anus HedTernepeBo-
30K W BBOIATCS B SKCIUTyaTaIlMIO HOBBIC MECTOPOXKIEHH. JTO maryOHO BIHsIET Ha dkocucTemy. Llempro paboTsl
SIBJISICTCSI YMCIICHHOE MOJICJIMPOBAHKE PACIPOCTPAHEHHUS HE()TEIPOAYKTa HA BOIHON MOBEPXHOCTH, KOTOPOE MOXKET
MOMOYb OBBICHTH 3()(HEKTUBHOCTH IUTAHUPOBAHUS M ONICPATHBHOTO YIIPABICHUS MEPOIIPUATUSIMHE 110 JIOKAJTU3AI[HH
W JINKBUJAIINY aBAPUITHBIX PA3IHBOB. BBUIH paccMOTPEHBI pa3IUYHbIC CKOPOCTH BEIOPOCOB 3arPsI3HSOMICTO BEIIle-
cTBa (OcH3MHA), YTOOBI MICCIEI0BATh, KAK MEHSICTCS 30HA 3arpsi3HCHUS MIPH KKI0U CKOpOCTH. 11 MOIEIMPOBaHHS
9TOH 3aJa9M B KaueCTBE MaTEMaTHUECKONH MOJENN MCIIONb30BaNNCh ypaBHeHNsT HaBbe-CToKCa 171 HeC)KUMaeMoit
KUAKocTH. YncneHnHoe pemierne ypasHeHnid HaBbe-CTokca OBUIO JOCTHTHYTO € TIOMOIIBIO TIPOCTOTO aJITOPUTMA.
BI)IJ'IO BBITIOJIHEHO TE€CTOBOC 3aaHUC TJIA HpOBepKI/I YUCJIICHHOI'O ME€TOo4a U MaTeMaTH‘IeCKOﬁ MOIOCIN. PeSyJ'IBTaTI)I
pacyeToB OBLIM COMOCTABIICHBI C Pe3yJbTaTaMH YKCIIEPUMEHTA U TIOKA3aJIi OTIIMYHOE COOTBETCTBHUE.

KiaroueBrble ciioBa: MareMaruiecKas MOJECIIb, pa3jiuB Heq)TI/I, 3arpss3HEHUEC BOJbI.
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MATEMATHYECKOE MOAEJUPOBAHUE BETPOBOI'O IIOTOKA
U IEPEHOCA 3ATPA3HAIONINX IPUMECEN
C IEJBIO IPOTHO3UPOBAHHUSA DKOJOTHMUECKOM
OBCTAHOBKH HA CEJIUTEBHBIX TEPPUTOPUAX

AHHOTAIHSA

[lenpio TaHHOTO MCCIENOBAHUS SBISAETCS aHAIM3 TypOYIEHTHOTO PacCEeMBAHMs 3arpsI3HAIONINX BEIIECTB B
r. Anmvarel, Ka3zaxcTas, BRI3BaHHOTO BEIOPOCAMH aBTOTPAaHCHIOPTa. M3ydanock BIUSHIE OKPYKAIOMISH CPpebl U 31a-
HUI Ha PaclpoCTpaHEHUE KOHLIEHTPALUK 3arpsA3HEHHUs, B JAHHOM ClIydae 3TuiIeHa. bblula mocTpoeHa TpexmMepHas
MOJICJTb, B TOYHOCTH OITUCHIBAIOINAS CYIICCTBYIOIYIO YIHUILy B Topoje. TypOyJeHTHBIH MTOTOK BO3yXa U KOHIICHTPA-
1K OBUTH MCCIIEIOBAaHBI C IIOMOIIBIO MAaTEMaTHYECKOW MOJIENN KOHBEKIIMH B ITOJIOCTH, U 3aJ/la4a pelieHa METOI0M
SST k-omega. [ns pemieHus cBs3M CKOPOCTH M KOHIEHTpauuu npuMensuics anroput™ SIMPLE. [Ipu cpaBHennn
MOJTyYCHHBIX PE3YJIbTaTOB U U3BECTHBIX TECTOBBIX IAHHBIX CXOJKECTh BBISIBJICHHBIX PE3YJIbTATOB ITOKa3aja IPaBHIb-
HOCTb HCTIONIb3YEMbIX METOZIOB U anropuTMOB. [1o uTory ObUTH MpoaHaIN3UpPOBAHBI PE3YIIETAThl PACIPOCTPAHCHUS
3arpsA3HAIONINX BEIIESCTB MPU HAUTUMYUH Oapbhepa pa3muuHOr BHICOTHL: 1 M, 2 M 1 3 M. Pe3ynbTaThl MOKa3bIBaloT, 4YTO
Haluue Oapbepa MOJIOKHUTENLHO BIMSIET Ha yuepkaHue 3arpsisHeHuid. Taxoke BbICOTA JaHHBIX 0apbepoB MIpacT
Ba)KHYIO POJIb, TIOATOMY IPH IUIAHUPOBAHHUHU U CTPOUTEIHCTBE HAZI0 OTTAIIKUBATHCS OT PE3YJIBTATOB MOJCIHMPOBAHMUS
1 0COOEHHOCTEH MaHHOW TEPPUTOPUH. DTO AOKAa3bIBAIOT BBIICIISIOMIMECS PA3INIMsl KOJMYECTBA KOHIIGHTPAuU B
OZIMH M TOT K€ MOMEHT BPEMEHH JUIsl BCEX CITydacB.

KaroueBble ciioBa: 3arps3HeHHe BO3yXa, YIUUHbII kKaHboH, SST k-omega, BbicOoKast KOHIIEHTpaIus, 0apbephl.

BBenenune

3arps3HEHUE B TOpojax — OJHA M3 CEPbE3HEHIINX 3KOJOrMYecKux MpolseM 1Mo BCEMY MHUDY,
KOTOpasi Ka)KJIblil roJl YHOCUT MWJUIMOHBI xku3Hed. Kasaxcran Bxogut B cnucok ton-40 cambIx 3a-
I'PA3HEHHBIX CTPaH Ha IJIaHETe, a I AJIMaThl 3aHMMAaeT BTOPOE MECTO IO YPOBHIO 3arpsi3HEHMs B
crpase [1]. M3-3a cBOEro pacrnonoxeHus y HOAHOXKHUS TOp U HeOIaronpHATHBIX KIMMAaTHUECKUX YC-
JIOBUH B rOpojie HaKalIMBaIOTCS ONACHBIE YACTHIIbI, 00pa3yrole CMOr. JTO HEraTUBHO BIIMSET Ha
30POBbE, BbI3bIBAsI XPOHNYECKHE OOJIE3HU, TAKHE KaK aCTMA U pakK, U 3aMeJIseT TOPOACKAE NHHOBA-
LIUH, BIUSS HA IPOU3BOACTBO U NIPEAIIPHUHUMATENBLCTBO [2].

VYpoBeHb 3arpsi3HEHUs] 3aBUCUT OT MHOTOYHMCIEHHBIX (DAKTOPOB: BBIOPOCOB OT aBTOMOOWIIEH,
paboThI dNEKTpUYeCKUX cTaHmui U npyrux. [lo craructuke, 70% 3arps3HEHUs BO3/IyXa IMPOUCXO-
JUT 13-32 BBIOPOCOB BPEIHBIX [a30B U3 BBIXJIOMHBIX TPYO aBTOMOOMIEH. B yacTHOCTH, 3TO 3aBUCUT
OT BHUJIa UCIIOJIb3YEMOr0 OEH3MHA MM CpOKa 3KCIUTyaTalu aBToMoOmis. HenaBHue ucciienoBaHus
HOATBEPKAAIOT, YTO BEILECTBA, BHIOpAChIBa€Mble aBTOMOOMIISIMM, OKa3bIBAlOT KpaliHEe HEraTUBHOE
BO3JI€IICTBHE Ha 310pPOBbE YEIIOBEKA U DKOCUCTEMY [5—7]. DTH 4acTHUIIbI IIPOHUKAIOT B JIETKHE U OC-
7Ta0JIAI0T UX 3alUTHBIE QyHKIMK. VcapeHne 1 BhITECHEHUE TOIUNBA U3 0aka BHIOPACHIBAIOT yIlie-
BOJIOPO/Ibl, BKJIFOUasi OEH301, TOIYOJ, 3TaH, STUIECH U NIEHTaH.

Bo MHorux crpanax ypOaHM3alMs BeIeT K PacIIMpPEHUIO0 TopofoB. M3-3a pocra cTOMMOCTU
KHWIbsl B LIEHTpEe OOJBIIMHCTBO JIIOJCH Mepee3karoT Ha OKPauHbI, YTO BBI3BIBAET 3HAYUTEIIBHYIO
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JTHEBHYIO MUTPAIMIO U aBTOMOOWIBHBIE TPOOKH. DTO YCHUIIMBAET 3arps3HEHUE OKPYIKAIOIIEH Cpeibl
U3-3a KOHLIEHTPUPOBAHHBIX aBTOMOOMIIBHBIX BEIOPOCOB [8].

Boprba ¢ 3arps3HeHnEM BO3ayxa TpeOyeT KOMILIEKCHBIX Mep, TAKMX KaK BHEAPEHHE YHCTBIX
TEXHOJIOT'HH B IPOMBIIIEHHOCTH M TPAHCIIOPTE, YIy4IlIeHHe CUCTEMBI 00IIeCTBEHHOTO TPAHCIIOPTa,
a TakXe KOHTPOJIA 3a BBIOPOCAaMU BPEIHBIX BEUIECTB. | paioCTpOUTENBCTBO U IU3aMH CTPOSLIETOCs
ropoja TaKXe BIUSIOT Ha YCIOBUS BEHTUISIIMY B Topozax [9]. B mensx pemenns 1aHHOM poOieMsbl
3acTpoiika J0/KHA OBITh CIUIAHMPOBAaHA U OPHUEHTUPOBAHA TAK, YTOOBI PACIIMPUTh MPOHUKHOBE-
HHE Bo31yxa 1o Makcumymy [10]. Jannas npobiaema npuBesia KO MHOXECTBY BUIOB HCCIIEJOBAHUM,
U3Yy4arolUX BIUSHUE TOPOJICKON CTPYKTYpPhI Ha PACIPOCTPAaHEHHE BO31yXa. B OCHOBHOM [uIs 3THX
UCCJIEZIOBAHUHN MCIIONIB3YIOTCSl TaK Ha3bIBa€MbI€ TOPOJICKHE KAaHBOHBI, IJI€ HAUMEHBIIMHA ypOBEHb
MIPOBETPHUBAHUSA U, CIIEOBATEIbLHO, Hanboee 3arps3HeHHbie paiionsl. B 2021 1. B peruone [[3un-
3unb-13u B Kurae yuensie Ze Liang et al. [11] mpoBenu ucciiegoBanue o B3aMMOCBSA3H 3arpsi3-
HEeHHUS BO3IyXa U GOPMBI TOPOAa, OCOOCHHO B HOYHOE BpeMs. OHU MPEATTIOKHUIN U3MEHUTH (HopMy
ropojia, YMEHbIIHB €€ (PaKTaIbHYI0 Pa3MEPHOCTh U IIPABUIBHO YAJIMHUB, YTO OCOOEHHO BayKHO JUIs
PaifoHOB C BHICOKMM YPOBHEM 3arps3HEHUs], YTOObI CHU3UTH €r0 BO3/ICHCTBHE.

N3-3a nmoctynaromiell COITHEYHONW paaualy BHYTPU YJIMYHOIO KaHbOHA TEMIIEpaTypa BBIIIE,
yeM HaBepxy. HempaBuiibHasi MOCTpoiika 37aHUI U JKUJIBIX IOMOB OY€Hb BIMSET HAa BEHTUJISLIMIO
JAaHHBIX KaHbOHOB. B 1. Tymy3a OblTH MccieoBaHbI /IBa BapUaHTa PEKOHCTPYKIUH TrOpojia IMocie
CPaBHEHHUS C peaTbHBIMU JAHHBIMH. YBEIMUEHUE BBICOTHI ITYMOBBIX 0aphepOB HE CHIIBHO YITy4Ila-
€T BO3/1yX, a YJaJeHHE 31aHui yXyILIaeT ero B HEKOTOPbIX MecTax. OJJHaKO COXpaHEHUE 3JaHUi 1
UX CHOCOOHOCTH MEPEHOCUTH 3arpsi3HEHUs Ha OOJIBIIYIO BBICOTY MOTYT YIIYUIIMTh Kau€CTBO BO3-
ayxa [12]. A 4ToOBI yIy4lmIUTh BEHTHIALMIO B TOPOJCKUX pailoHaX C MHOTO3TaXXHBIMU 3/1aHUSIMU,
HYKHO CTPOUTH MX Pa3HOM BBICOTHI U HE 3aKphIBaTh BHyTpeHHHE mpocTpancTra [13]. [IpoBoasTes
TaK)Ke MCCIEI0BaHMs, UCIIONB3YIOIINE MOPUCTYIO CPEay Ul M3yYeHUs BIMSHUS OapbepoB B BHJIE
3eJICHbIX HHPPACTPYKTYp, K IPUMEPY KPOHBI IEPEBLEB, HAa pacrpocTpaneHue 3arps3Henun. [1o pe-
3yabraraM pabotsl Shi et al. [14] yBenuueHue CBA3HOCTH U yMEHbIIEHHE (parMEeHTalUN 3eJIeHbIX
30H YJIYyYIIUT Ka4€CTBO FOPOACKOI Cpesibl U clienaeT ee Ooiee IKonornyecku ycroitunsoit. Ho Hazno
YYUTHIBATh, YTO C YBEIMUYEHHEM TITyOWHBI KaHhOHA BIIMSHUE JIEPEBbEB OrpaHndnBaeTcs. Jomomnn-
TEJIbHO PEKOMEHYeTCsl JJI1 HaBETPEHHOM CTOPOHBI UCIOIb30BATh JACPEBbs C OONBIION KPOHOH, B
TO BpeMs Kak JJIsl TOJIBETPEHHOM — ¢ MeHbIlel. 1 nipu cuiabHOM BeTpe JIydlle BCEro UCIOIb30BaATh
BBICOKHE JIEpeBbs ¢ penkoii mucTBoii [15]. B npyrom uccnenoanuu Lu Zhang et al. [16] ouenuBa-
mu 3¢ heKTUBHOCT pa3HBIX KOHPUTrypauuil pacTuTeabHOCTH. OKa3anoch, YTO MPU BETpE, HIYLIEM
HNEePHEeHIUKYIIAPHO YIHIIE, pacTeHUs paboTalOT JIy4Ille, 4YeM IPH KOCOM BeTpe. THIl U pacioIoKeHne
JIEPEBbEB UTPAIOT 0OJIee BAKHYIO POJIb, YEM UX 00Ias IUIOMIA/lb, B CHUKEHUH YPOBHS 3arpsi3HEHUS
Bo31yxa. [Ipy aTOM camasi SKOHOMHUYHAS U pa3yMHas IJIOTHOCTH AepeBbeB cocTaniseT 30%, a 00beM
KPOH JIJIs1 YMEHbBIIICHHUS BO3/IYIIHBIX YaCTHUIl B TOPOJICKHX mapkax cocrapisier 1.8 m*/m? [17].

Jns pemieHust mpoOiaeM 3arps3HEHHS yUYCHbBIE MPOBOAST AKCIIEPUMEHTHI, YTOOBI ONpPEaenuTh
ONTUMAJIbHBIE KOH(PUTypalluu ropoJcKoil reomerpun. B onHoM u3 takux uccinenoBanuit Craig et
al. [18] ucnonp3oBanuch JBa METOJa MaTEMATUYECKON ONTUMH3ALMK: MIEPBBIA METOI MaKCUMH3U-
pyeT IoKa3aTelau IOO0YEepPEIHO, a BTOPOMl ONpENesseT paclnoJoKEeHHEe TOYEK MUHHUMYyMa 3arpsizHe-
HUSI, pacCMaTpHBasi TOPOACKYIO T€OMETPHUIO M HampaBieHHs BeTpa. JIokaabHO ONTUMallbHAs TOYKA
IPEJOCTABIISAET JIyUIIYH0 T€OMETPUIO TOposia Ul HAaUXyAIIEro METEOPOIOrHUECcKoro cueHapus. B
npyrom uccienosanuu Gergely Kristof et al. [19] ucnonb3ytor annpokcuManiuio ropoJicKoro HaBeca
B BHUjIe OECKOHEYHOH JBYMEPHOM CETKH C 3a/JlaHHOW CTPYKTYpPOH 3aCTPOMKH, KOTOpas TaKXke y4H-
TBIBA€T MCTOYHMKH 3arpsi3HeHUH. briarogaps TakuM pabotaM ¢ MOMOIIBIO MOJETUPOBAHUS MOYKHO
BBISIBUTH YUCIIEHHBIE pe3ynbTarhl. VccnenoBanus, KOTOpble MPOBOASTCS € MOMOIIBIO MareMaTHye-
CKOH MOJIeNIN C MCTIOIh30BaHUEM YHciIeHHOro Moaenuposanust CFD, nanbomnee 3 peKTUBHBI U KO-
HOMHUYHEE U UMEHHO IO 3TOW MPUYMHE YaCTO MCIIOIB3YIOTCSl YUEHBIMH U3 pa3HbIX cTpaH [20-24].
st apyrux BUIOB UCCIEIOBaHUN TpeOyeTcst MHOTO pecypcoB u 3arpatr. Hanpumep, Fusuo Xu et
al. [21] ucnonp3oBasiu MeToa KomnbioTepHoro MonenupoBanus (CFD) n quHaMuyeckyro ceTKy Iist
u3yuyeHus, Kak popma 000YMHBI U IBUKEHHE TPAHCIIOPTHBIX CPEJICTB BIUAIOT HA BO3YIIHBIA TOTOK
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¥ BEHTWISAIUIO B yIIHMYHBIX KaHboHaX. B 2018 1. Francisco Toja-Silva et al. [22] ncnons3zoBamm CFD
IS MOIETMPOBaHUs paccenBanus BbIOpocoB CO, OT TEMIOBOM SJIEKTPOCTAHIIMH, yIUTBIBAs PACIIPE-
JIeJIEHUE 31aHMM, IIJIOTHOCTh 3aCTPOMKH B palioHax I. MroHxeHa, ['epmanus. Mccienosanue npen-
JlaraeT HOBOE YPaBHEHME JJISI pacueTa BEPTUKAJIBHOW JTUCIIEPCHM Ta3a B TOPOACKOM cpene. Takxke
CFD ucnons3oBanu Xiangwen Fu et al. [23] 111 Toro, 4To0b1 BEIYUCINUTE, KaK T€OMETPUS YITUYHBIX
KaHLOHOB BJIMSIET Ha pacrpeiesieHue 3arpsa3ustonmx Beniects B T. [lekune. A B 2021 1. Li et al. [24]
U3ydajal ONTHUMAJIbHBIE METOABI JJIS MPOSKTUPOBAHMSI 3€JIEHBIX 30H B TOPOJICKHUX MapKax, IIe s
UCCIeIoBaHus Hcromb3oBatrch moaenu CFD, Bkitouas cranaapTHyio k-& Moziesnb, OCHOBaHHYIO Ha
noaxoge RANS. Ilpu npoBenennn uccienoBannii B 001acTH MEXaHUKH )KHUJIKOCTH HEOOXOIMMO HUC-
MOJIb30BaTh HAOOP (yHAAMEHTAIbHBIX YPABHEHUN I T€UEHUS KMJIKOCTH, TAKUX KaK ypaBHEHHE
HEepa3pbIBHOCTH M 3aKOH COXpaHeHHs uMmynbca. Kpome Toro, it 3((eKTHBHOTO pEeIIeHHs 3THUX
YpaBHEHUH UCCIIEI0BATENHN TOJKHBI BBIOPATh BEIUKMCIUTENbHBIE MeTObI. B 2019 1. Ob110 TpOBEACHO
uccienoBanue, riae Santiago et al. [25] oneHuBanmm 3 hEeKTUBHOCTH 3€JIEHBIX 0APHEPOB B CHIKEHUH
KOHILIEHTPALIUK 3arpsi3HAIONIMX YacTUIl B Bo3ayxe ropoaa Mcmanuu [lammone ¢ ucronb3oBaHUEM
mozeneit CFD. Ouu BbIsICHUIN, YTO HaUJTy411ast KOH(pUrypanus 0apbepa 3aBUCUT OT PACIIOIOKEHHS
MCTOYHWKA 3arps3HEHUS, BKIIIOUAs THIIMYHYIO CTPYKTYPY MOTOKA Ha AToi ynuie. [Toxoxkee mccre-
JoBaHue ObLIO MpoBeneHo B I. AyrcOypre, ['epmanus. Pa6ora loannidis et al. [26] mocssimiena pasz-
pabotke u npumeHernto CFD-monenu mis paccenBanus TBepAbx yactuil, CO u NOX B pe3ynbrare
TPaAHCIIOPTHOW aKTUBHOCTU B OXHBJIEHHOM paifone. Nguyen et al. [27] co3manu mozens, KoTopas
npeJHa3HaueHa JUIsl U3y4eHHUsl CTPYKTYPbl IOTOKA U paCCEUBAHUS 3arpsI3HAOLIUX BELIECTB B KAHbO-
HaX TOPOJICKHX YJIHII C Pa3IMYHBIMUA T€OMETPUIECKUMU KOH(UTYparusiMu. [ e Takke 1 Moaesnu-
POBaHUS MEPEHOCA 3arPS3HSAIONINX BEIIECTB MCIONIB3YEeTCs CKAIPHOE ypaBHEHUE MepeHoca, CBA-
3aHHOE C YPAaBHEHMSMHU MMITYJIbCA BO3AYLIHOIO ITOTOKA, BEIBOAMMBIMY U3 YpaBHEHHH PeitHonbca,
ycpeanennbix o Hasee-Ctokey (RANS). Heobxonumo co3naTh TOUHYIO TPEXMEPHYIO T€OMETpUye-
CKYI0 MOJIEJIb TOW TEPPUTOPHH, TJ€ Mbl IPOBOJUM HCCIIEIOBAHUS HA PACIPOCTPAHEHUE 3arpsA3HSIIO-
mux BemecTB. Hy’)kHO OTMETHTB, YTO MOXKHO JIeNIaTh U IBYMEpHYI0 Mozelb. B uccienoanuu Mei et
al. [28] uzyuarorcs pa3nuuus MeXy IByMEPHBIM U TpeXMepHbIM MozaenupoBanrueM RANS B onpe-
JICJICHUY BEHTWISAIIMY B YIIMYHOM KaHbOHE. VcciieqoBaHre TTOKa3bIBACT, UTO C YBEIWMYCHUEM JTHHBI
YAUIBI TPEXMEPHOE MOJICIMPOBAHNUE CTAHOBUTCS OJIMIKE K pe3ysibTaraM AByMepHOro. JlJist TOro urto-
OBl MpeCKa3bIBaTh M BU3YAJIH3UPOBATH CKOPOCTH, AABJICHHUE, TEMIIEPATYPY M KOHIICHTPALUIO TPH-
Mmeceil, CFD ucnonb3yer MeTo/ibl YMCIEHHOTO pelieHust ypaBHeHUu HaBbe-CTokca, OMUCHIBAIOIINX
JBIDKEHHE J)KUAKOCTH Wit ra3a. Hampumep, Lauriks et al. [29] ni1st oneHkH ypoBHSI U pacripeesieHus
3arpsi3HEHMS Ha OHOM M3 ITIaBHBIX IOPOKHBIX apTepuil B I. AHTBepIieHe, benbrus, ucronp3oBaiach
BbluncuTenbHas rufaponuHamuka (CFD), ncnons3oBaBiias MeToq ycpenneHnust no PelinHonbacy u
Haspe-Ctokcy (RANS), XxapakTepHBIii 111 MOJEIUPOBAHUS aTMOC()EPHOTO TOTPAHUIHOTO CITIOSL.

OcHOBHBIE IT0JIOKEHUS

B nannoii crarbe npejcTaBieHbl pe3yabTaThl HCCIIEOBaHUSI BETPOBBIX ITOTOKOB U MEpeHOoCca 3a-
TPSI3HAIOIIMX BELIECTB, IPOBEAEHHOIO C LIEJIBbIO MPOTHO3UPOBAHUS 3KOJIOIMUYECKUX YCIOBHUM B KU-
JBIX KBapranax. Msl mpencrasnsieM MeTon pacueta TypOynentnoctu SST k-omega B kommbroTep-
HBIX MOJIEJISIX YUCJIEHHOTO aHalln3a, a TaKke 00CyXkK/IaeM BIUSHUE PA3IMYHBIX BUJOB OapbepoB HA
paccenBaHMe 3arpsiI3HEHUI B ropoze.

Ucnonb3oBanuchk ypaBHeHusi HaBbe-Crokca i JOCTHXKEHUSI 3TOW UENH, TaK KaK JIaHHbIE
YpaBHEHUS SIBIISIOTCS OCHOBHBIMU JJISi ONMMCAHMSI ABMXKEHUS KUAKOCTH U raza. OHU YYUTHIBAIOT
TypOyJIeHTHbIE TIOTOKH, HECTAllMOHAPHBIE W HEOJHOPOIHBIC MOTOKH W B3aMMOJCHCTBHE MEXKIy
BBIOPOIICHHBIMH BEIICCTBAMU. JIJIsI YMCIEHHOTO MOJISTUPOBaHUS HCTob30Bajcs Meron SIMPLE
(Semi-Implicit Method for Pressure-Linked Equations).

Pesynbprarel 10Ka3bIBAIOT MPSAMYIO CBSI3b MEXKIY YPOBHEM 3arpsi3HEHHUS M BBICOTOH OaphepoB.
Hanunune OapbepoB onpeieleHHO YMEHBIIAET CTENEHb 3arpsA3HEHNUs, IPU 3TOM yIyullas KauecTBO
BO3/TyXa.
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dusnyeckas MOCTAHOBKA 3a1a41

I'eomeTpust yauIbl BBINIAUT CIELYOIIUM 00pa3oM. CTaBATCsS pa3iUuHbIE YCIOBUS, KOTOpPbIE
KacaroTCsl HEMOCPECTBEHHO Oaphepa, ¢ IeIbI0 ONPEAEICHUS ero BINSHUS Ha paclpesieeHus 3a-
IpA3HAIONIMX BelecTB. BeiOpas it Hero Beicoty H = 1 M, 2 M 1 3M, MbI OTy4niIu 3 pasHbIX pe-
3yJbTara.

Ha pucynke 1 npencraBiena ynuia, Ha KOTOpoi MPOXoANT uccienosanue. Ynuia Kaspioek 6u,
nepeceuenus ot Kannaskosa — Ka3pibek 6u 1o TymnebaeBa — Kaszpioek Ou. 1o mpaBoii cTopoHe 3Toi
YJMILBI PACIIONOKEH IIapK pa3MepoM 18 ra, a o npaByro CTOPOHY — KHIIBIE JOMA, KOMIUIEKCHI, 4 TAKKE
3MaHMs yHUBepcHUTeTa. Bce 31anus pa3Hoil BBICOTHI: MakcuMalbHast Beicota — 42 M (14 sraxeit), a
MUHHMMaJjbHas BbicoTa — 3 M (1 aTax). JlanHast ynuia BbIOpaHa IMEHHO M3-3a PacIIOJIOKEHNUS MTapKa ¢
LIeJIBIO HAaIJITHO [I0KAa3aTh €ro mpeumyniectsa. Jnuna ynuuel coctasiset 900 m. [pyrumu ciosamu,
JutmHa TpexmepHoi mozaenu A = 900 m, mupuna B = 450 m, a Beicota H = 100 M. Konuentpanus
npoxoauT 1o Beel ymune Kassibek Ou, e ee ckopocts pasHa V.= 0.01 M/c, B 1o Bpems Kak
MOTOK BO3/LyXa JIBUTAETCS C 3alaga Ha BOCTOK CO CpeaHel ckopocTeio V.= 5.5 wm/c.

C nenpio MOKa3aTh PasziIMyUe PACHPOCTPAHEHHUS 3arps3HSAIONIMX YaCTUI[ IIPU Pa3HOW BHICOTE
O6aprepa ctaBuM 10 JIMHHUH BHYTPHM MOJENIH, B KOTOPBIX HEMOCPEICTBEHHO M CPaBHUBAIOTCS
Ppe3yNbTaThl KOJIMYECTBA KOHIEHTpauuu (pucyHok 2). IlepBelie 5 1MHUI pacnonaokeHbl CO CTOPOHbI
3JaHUH, B TO BpEMs KaK OCTaJbHbIE 5 TMHUN HAXOIATCS CO CTOPOHBI IapKa.

— 1= o = a
C
Kowin
Alba e Lsperanza

Tyebiega

] - o
Halyk banic]

Cusl Mapnd Pous - - KasHIIY . Asan - "
& 5 KA Y . AGan L was - 2 - Apau

L)
= [Gwbaiair

4
LRI

Pucynok 1 — BeiOpaHHO#H y4acTOK I. AJIMAaThI JIJIsl HCCIICIOBAHUSI.
N3o06paskeHue B35STO M3 JICKTPOHHOTO CIIPaBOYHKKA € KapTaMu ropogoB «2GIS»

Pucynok 2 — CmonenupoBanHast ynuna I. AJMaTsl
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MarepuaJibl 1 METOABI

MaremaTnueckas MOAEHb
Jlst ontrcanwmst mporiecca KOHIEHTPAMOHHON T dy3un UCTIOIb3yeTCsl CUCTeMa YPaBHEHUH,
TAKHUX KaK ypaBHeHI/IH HaBBC—CTOKca nu ypaBHeHI/IH KOHHeHTpaHI/II/I.

Vu=0 (1)
M wwu =1t Lup+ v (v (2)
ot UU—p 0 p 0 HeeVU

ar " Wiy Ceffye )

B nmanHo# pabote omuckIBaeTcs mpoiecc arMochepHoii quddy3un, KoTopasi OUChIBACTCS CHUC-
TEMOW ypaBHEHH, COCTOSIIECH U3 ypaBHEHHS HEpa3pbIBHOCTH (1), ypaBHEHUs ABMKEHUs (2) U ypaB-
HeHus1 koHUeHTparmu (3). Takum 00pa3oM, BBIXOAUT CHCTEMa HEJTMHEHHBIX TU(epeHIInaIbHbIX
ypaBHEHHH, KOTOpasi MOKa3aHa BBIIIE.

B xomnonenTHoii hopme ypaBHeHue (1) MOXKHO 3amucarhb B CIEAYIOIIEM BHIE:

duy Ouy Odu,

y
+—2+—=0
ox dy 0z Q)]

T'ne UX, uy,uz — KOMIIOHEeHTBI BeKTOpPa CKOPOCTH B HallpaBJIEHHAX X, ¥V, Z COOTBETCTBEHHO;

1 — BEKTOpP CKOPOCTH, (Vu}u — KOHBEKTHBHBIN YJIEH, ONMHUCHIBAIOIINNA U3MEHEHHE CKOPOCTHU U3-
32 JIBMKCHUS XKHIKOCTH; ) — TUIOTHOCTE XKHIKOCTH; f — BHemnsas cuna; P — nasnenue; Heff —
>pdexTuBHAT OUHAMMYECKAs BA3KOCTb; V| — IPaJMEHT JaBICHHUS, OMMCHIBAIOMINN BIUIHUE
VW3MEHEHHS JAaBIEHUS HA CKOPOCTh JKUJKOCTHU. ([ — KOHIIEHTpAlUs 3arpsi3HSIONINX BEIIECTB,

u: a_c __ KOHBEKTHUBHBIN YJICH, OHI/ICBIBaIOH_[I/Iﬁ NEPCHOC 3arpA3HAIOIINX BEIICCTB IIOTOKOM XXUJIKOCTHU

(CyMJI(\JII/IpOBaHI/Ie 10 uHACKey j —ot 1 j1o 3). degr — >ddextuBHbIil KOOGHUIHEHT TUDDY3HH.

TypOynenTHast Moenb

Jlnst 3ambikanus cucreMbl ypaBHeHud HaBbe-Crokca ¢ yepeanenuem 1o Peitnonbiacy (1) — (3)
npumensiercst TypOynentHas mozaeib SST k-omega (Shear Stress Transport k-m). SST k-omega mo-
JIeTTb SIBIISICTCS. YHUBEPCAIBHON MOJIEITBIO, KOTOPAsi HCIOIB3YETCs ISl OMMCAHUS IIMPOKOTO CIIEKTpa
TypOYJIEHTHBIX MOTOKOB >KUAKOCTH. TypOyneHTHas Mozaenb paboTaeT Ha OCHOBE JByX ypaBHEHUH,
OTMCBIBAIOIINX 3BOJIOIHIO JIBYX ITAPaMETPOB: YCPETHEHHONW KHHETUYECKOI SHEpruH TypOylIeHTHO-
CTH K 1 monpaBKu AJ1s1 HHTEHCUBHOCTH BUXPEH ©.

VYpaBHenus s Mojienu k- MOryT OBbITh 3alMCaHbl CIASIYIOIIMM 00pa3oM:

1. YpaBuenue mist k (ycpeTHeHHOM KMHETHYECKOH SHEPTUH TypOYJIEeHTHOCTH):

dpk dpu:k d dk
17 * & (4:')
— +tu—L =B —Pko+—| (n+ 8" ) —
I P B o (Gl OF
k — TypOynenrans kuHeTHueckas SHeprus, Uj —  KOMIIOHEHTEI BEKTOpa CKOPOCTH,

v o *
Pk — MPOAYKIHS TypOyJCHTHONH KUHETHYECKOW YHEPTHH, B — KOHCTaHTa Mojenu, (0 — choenu-
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(uueckas nuccunanms TypOYJEHTHOM OHEPruM, |L — JMHAMUYECKas BI3KOCTb JKHMIKOCTH,
8" — KOHCTAaHTa MOJEJH, |l — TypOyJIEHTHAs BA3KOCT.

2. YpaBHeHue i o (OMpPaBKU AJI1 UHTEHCUBHOCTH BUXPEil):

6pw+ dpujw <2 2+6‘ (Lt 5 )6‘(0 21— 16 1 dk dw .
at - 0x; e pw 0; Y Sl 0x; ( 1) “2 o 0x; 0%; ®)
B a k
e He ™ max(a; wq Sf,)
aui al]] aui 2 al]k auk
- T 2% (3 T k)
Pkl e (aXJ aXl) aX] 3 an ( e an P

P = min(P , 108 kw)

2
2vk 500
f, = tanh (max( H))

Brwy’ yZw
4
_ 2k 500p\ 48w,k
f; = tanh | | min [ max , ,
B*wy’ y2w / CDy,y?
cD (2 5 1 Iokow; 10—10) f 1-f
= maX ———, = _|_ .
ke p ©2 (3%, 0%, ¢ = Pifi + Po( 1)
S — ckopocTh aehopmanuy, fl — GyHKOES I TIEPEKITIOUEHUST MEXAY pa3IHdHBIMH
pexumMamMu  MOZENH, Cka —  KOPPEKTUPYIOIIMN WIeH s w’q) — oObenuHEeHHAs

yHKIms, 3aBuCsmas 0T PyHKUUH fiuf,. d; — snaveHue GYHKIUU B IepBOH 30He, ¢, —
3HaueHHe QYHKIIUHU BO BTOPOM 30He.

Koaddunmentsr moaenu:
@ = 1.0, ay =052, & =1.178, & =10, §, =20, §, = 1.168,
a; = 0.31, B =0.09, B, =0.075, B, =0.0828

I'pannuHbIE yCnOBUSA

J171st 5TOW MOJIEH UCTIONIb30BAIMCH TAKWE BHUJIBI PACUETHBIX 00JIACTeH, KaK:
1) Bxox 1

2) BxO# 2

3) TBepnas cTeHKa

4) CHUMMETPUYECKHE CTCHBI

5) BBIXOJ

157



HERALD OF THE KAZAKH-BRITISH
No. 2(69) 2024 TECHNICAL UNIVERSITY

rpaHI/ILIHBIC YCIOBHA CTaBATCA AJId TaKUX NEPEMCHHBIX, KAK KOMIIOHEHTBI CKOPOCTH, KOHIICH-
Tpalouu U JaBJICHUA. PaCCMOTpI/IM PAa3JIMYIHBIC T'PAHUYHBIC YCIIOBUA IJI Ka)I(,HOﬁ KaTCropuu.

ac

dp
ngaBxoga l: — = 0
A a dn ' dn

0, u=ugv=w=20

d
I[JISIBXO}:[aZﬁ: 0,C,=1, v=vgu=w=20

. dp ac
Jlnst tBeppoii crenku: — = 0, — =0, u=v =w =
dn dn
a ac du
s cuMMETpUYEeCKUX CTEH: i 0, —=0, —=0,v=w=20
dn dn Jz
~ 0 ac EJu_EJv_EJw_U
JI BBIXOJA: P — = s =
A Aa: P '’ an ’ 8n dn dn
dp .
an = 0 — rpamuenT naBeHUs B HAIIPABICHUM HOPMAJM K TBEPOH CTEHKE PaBeH HYIIO, TO €CTh
ac
W3MCHEHNE 1aBICHHS NEPICHAMKYISIPHO OBEPXHOCTH CTEHKH OTCYTCTBYET. = 0 — naxonne-
n

HUE UJIM HOITIOIIEHHUE 3arPA3HAIONINX BEIIEeCTB Ha CTEHKE TakkKe OTCYTCTBYeT. U = U,V = Vg —
Ha TPaHUIIE PacCMaTpUBAaeMOil 00IacTH KOMIIOHEHTA CKOpocTH U, V MMeeT MOCTOSHHOE 3HauYCHHUE
Ug,Vg. C, = 1 — xoHuenTpauus KommnoHeHTa Z paBHa | Ha daHHOM rpanune. U, V,W = 0

KOMIIOHEHTBI CKOPOCTH BOJIM3H 3aITaHHOM 00JIaCTH PAaBHBI HYJTIO. 66_121 = () — rpasueHT KOMIIOHEHTA

CKOPOCTH HE MU3MEHSETCS BJIOJNb OCH Z, UTO O3HAYAET, YTO CKOPOCTh OCTAETCS MOCTOSTHHON B 3TOM
du av ow

HaNpaBIeHUH. p = () — Ha BBIXOAE NABJICHUE PABHO HYIO, — = — = — = () — IPagUEHT
on dn on

KOMITOHEHTBI CKOPOCTH U, V, W B HalpaBJICHUH HOPMAJIU K TPAHUIIC PaBHBI HYJIIO, YTOOBI TIPEIOT-

BpaTUTb MCKYCCTBCHHBLIC YCKOPCHUA HJIM 3aMCIJICHHUS ITOTOKAa Ha BBIXOAEC, oOecreunBasl IUIaBHBIN

BBIXO/.

YuciieHHBIM METOJ U BaJIU AN

B nacTosmieii pabore ypaBHEHHE TaBISHHS TUCKPETU3HPOBAIIOCH CXEMOI BTOPOTO TIOPSAKA, U K
HeMy npuMensuics metos SIMPLE, onrceiBaromunii TeueHne KUAKOCTH U raza. OCHOBHBIC JEHCTBUS
JAHHOTO aJrOpUTMa MOYKHO paccMaTrpuBaTh B Tpex marax. [lepBplii mar — BEIYUCIEHUE TPOMEXKY-
TOYHBIX 3HAUEHUI CKOPOCTH, HE YUUTHIBAsI TIOMIPABKU JaBieHus. BTopoil mar — koppekuus npome-
JKYTOYHBIX 3HAUEHUH CKOPOCTH C yUETOM TONPABKU JaBJICHUs. TpeTHii mar — KOppeKIus CKOPOCTH
C Y4ETOM M3MEHEHHBIX 3HAYCHUH JaBJIeHUA. DTOT aJrOPUTM — OAMH U3 CaMbIX MOMYJISPHBIX U 4acTO
UCIOJIb3yEMBIX METOJIOB /JIsl pemieHus: ypaBHeHnit HaBbe-Crokca Giarogapsi €ro npocrore, yCTou-
YUBOCTH, XOPOIIEH CXOAUMOCTH U MPUMEHUMOCTH K Pa3TUYHBIM 3a/1a4aM.

Jiia Banmumanuu pe3ynbTaToB ObUTH B3ATHI pabota Kikumoto et al. [30], skciepuMeHT KOTOPBIX
OBUT IPOBEJICH C UCIOIB30BaHUEM (PU3NIECKON MOJIENTH KaHbOHA, KOTOpast uMmena npomnopiun 1:1 u
BbicoTy 1.0 M (pucyHoKk 3, cTp. 159).

J71g BBOJIa TPACCHPYIOLIETO Ta3a UCTIOIb30BANACh TMHUS HICTOUHUKA, PACTIONIOKEHHAS B HIKHEH
[EHTPaJIbHON YacTh Mozenu ¢ mapamerpamu 10 mm(x) x 260 mm(y). Tpaccupyromuii ra3 mpeacTas-
JSUT COOOHM CMENIAHHBIN Ta3, COCTOSIINNA U3 CHHTETHIECKOTO Bo3ayxa u stwieHa (C2H4) B koHIICH-
Tpatmu 1.2%. CKopocTh BeTpa U3MEpsIaCh MPH MOMOIIM aHEMOMETPA, a KOHIIEHTpalus ra3a — ¢
MOMOIIIBIO TJIAMEHHO-MOHU3ALMOHHOTO JIETEKTOpa. DKCIIEPUMEHT MPOBOAUIICS B H30TEPMUUYECKUX
YCIIOBUSIX TIPH CKOpOCTH mpuToka 1.0 mM/c, B TO BpeMs Kak CKOPOCTh KOHIIEHTparuii Obima 1.923 x
102 m/c.
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PucyHok 3 — BerunciaurensHast 0051acTh, HCHOIb3yeMast
I MOACTIUPOBAHUS HUCTIBITaTEILHOU KaMepbl

JUis OLIEHKH TOYHOCTH CETKH OBLJIO BBINOJIHEHO CPAaBHEHUE BEPTUKAIBHON CKOPOCTU KOHLIEH-
Tpamuu B Tpex pa3nudHbix Toukax (0.05 MM, 0.5 mm 1 0.95 MM) B KOHTEKCTE TECTOBOM 3a7a4H, KOTO-
poe BbI MOXKETe YBUJETh Ha pucyHKe 4. M300paskeHHbIe Ha pucyHke 5 (a, b, ¢) pe3yabraTsl KOHTypa
CpeIHel KOHLIEHTPALUY OKa3ald, YTO OTIMYHS MEX]Ty HAIIUMHU pe3yJbTaTaMu U JAHHBIMH IIPEKIe
ynomsinytoro uccienoanus (exp, LES2 u LES4) okazanuck He3HauuTeNbHBIMU. Tak:ke CpaBHEHHE
KOHTYPOB CpEIHEN CKOPOCTH MMOKA3aJI0 HE3HAYUTEIbHYIO PA3HUILY C SKCIIEPUMEHTAIbHBIMU PE3YJIb-
TaTaMH Ha pucyHke 6. [lomyduB ynoBIE€TBOPUTENbHbBIE PE3YNbTAThl, JaHHBIN MOIXO0/ BBIITOIHACTCS
JUIsl OCHOBHOM 3a1a4H.

Jlnst MOAETMPOBAaHUS | TTOTyYSHHS TaKUX PE3yIbTaToB HEOOXOANMO HCIOIb30BaTh OMpE/IeIeH-
HbIE NIpOrpaMMHbIe obecnieueHus. B nanHoi padore ucnons3oBaics Ansys Fluent 2022. Ansys no-
3BOJISIET MOACTUPOBATh MOTOKH JKUJKOCTEH U ra3oB, UCCIEN0BaTh TypOyJIEHTHBIC TEUCHUS, PacCeu-
BaHUS TEIUIa U MacconepeHoca. Ero npuMeHeHne noMoraeT CHU3UTh 3aTPaThl U YCKOPUTH IPOLIECC
pa3paboTku.

Ansys
2022 R2

2

o

Pucynox 4 — Tpu KOHTPOJIbHBIE TOYKHU B IMOJIOCTH I OOJIee ICTATIbHOTO U3yYCHUS

T BT
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exp @
LES2 =—a—
LESY == |
Present
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Mean concentration

Pucynok 5(a) — Kontyp cpenneit kontentparuu Ha auaun 0.05 mm

1.2 —_—

wp @
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Pucynoxk 5(b) — Koutyp cpeaneit konnentpauu Ha auauu 0.5 mm

ap @
LES2 —a—
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50 160 150 200 250
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Pucynok 5(c) — Kontyp cpenneit koHneHTpanuy Ha auaud 0.95 mm
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Pucynox 6 — [Ipodwmnmu ckopoctu
Pe3yabTarhl U 00Cy:KIeHUS

ITpu mocTpoeHNH CEeTKH MOTYUYHIINCh PE3YIIBTaThl, KOTOPbIE MOKA3aHbI HIKE. MOXKHO 3aMETHTb,
YTO CETKa IOCTPOEHA IJIOTHEE B TeX OOJIACTAX, IJI€ BAKHO yUUTHIBaTh KOHIEHTpauuto. Camas Me-
Kasi CeTKa — Ha JIMHUM BBIOPOCA KOHILIEHTPAIIUU U CeTKa i 6apbepoB, Oarogapst KOTOpOH orpese-
JsIeTCsl BIUSHUE UX MPUCYTCTBUS (PUCYHOK 7). Pa3mep ceTku 1iisl 3AaHUM TakKe Ba)KHO YUUTHIBATH,
TaK KaK IMEHHO 110 HUM OIpeJieNseTcs AajbHelIIee pacupeeIeHne 3arps3HA0IINX BELIECTB U UX
BIIMSIHUE Ha HAXOIAIIMXCS B HUX Jrofel (pucyHok 8). CeTka JUIst OCTalIbHOM reoMeTpun He o0si3a-
TENIBHO JOJKHA OBITH CIMIIKOM MEJIKOHM, TI03TOMY OHA SIBJISIETCSI CaMOM KPyNHOM IO CPaBHEHMIO C
JIpyTUMU (PUCYHOK 9).

Pucynox 7 — Cetka a5 6apbepoB U 1I0pOTH,
OTKyJ1a BBIOpachIBA€TCsI KOHLIEHTPALUS

Pucynok 8 — CeTka BOKpyT 31aHUN
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Pucynok 9 — Cetka 1151 Bcelt MOBEpXHOCTH

BriOpaB Beicoty OGaprepa H =1 M, 2 M u 3 M, MBI OJTYYHIM TPU pas3HBIX pesynbrara. [1o 3a-
BEPLICHUY 3371a41 MBI MTOJYYHIIM TAKHE PE3YNIbTaThl KOHTYPOB CpPEIHEN KOHIICHTPAIIUHU, YTO BBl BH-
mute Ha pucyHke 10 (a-j). Ha ocHOBaHMM 3THX pe3yJIbTaTOB MOKHO CJIEJIaTh BHIBOJ O 3HAYUTEIIHLHOM
BIIMSTHAM BBICOTHI Oapbepa Ha paclpoCTpaHeHHe 3arps3HeHHs. B 0oCHOBHOM Oapbephl BHICOTOM 3 M
MOKa3bIBAIOT HawIy4Iue pe3yasratel. Ha pucynkax 10 (f), 10 (j) HaGmromarorcst HeOOIbINe pasiiu-
YHsl B paclpeelIeHIH 3arpsi3HEHHS Ha BBICOTAaX 2 M M 3 M, UTO yKa3bIBaeT Ha BO3MOKHOCTb HCITOJb-
30BaHUs OapHEPOB BHICOTON 2 M B 3TUX MECTax. JTO, B CBOIO 0Yepe/b, TO3BOJISIET ONITUMU3UPOBATH
MCTIOJIh30BAHNE TAKMX PECYPCOB, Kak Bpems u OromkeT. Ha pucynke 10 (g) Habmromaercst mpoTUBo-
MIOJIOJKHBIN PE3YIIbTaT, Tie Oaphep BBICOTOH 3 M MOKa3bIBaeT CaMO€ BBICOKOE 3HAYCHHUE KOHIIEHTpa-
[UiA. DTO MOXKET OBITh CBSI3aHO C TEM, YTO JaHHAsI JIMHHS HAXOIHUTCsl CO CTOPOHBI nmapka. [lapk cam
1o ce0e BIMSIET Ha YMEHbIIEHUE PACIIPOCTPAHECHUS 3arpsi3HEHUs, ¥, BO3MOXKHO, HalTM4Kne 0apbepoB
nepesl HUM HETaTUBHO BJIMSET Ha YMEHBIICHHE PAacHpOCTpaHEHUs KOHIEHTpauuu. Bens Gapbepsl
MOTYT U3MEHSTh HalpaBlIeHHE U CKOPOCTh BO3AYIIHOTO IIOTOKA BOKPYT HHUX, YTO MOXKET MPUBECTH K
CO3/IaHUIO BUXPEW WM 00JacCTe HU3KOTO JaBJICHHS, YTO, B CBOIO OYEPElb, MOXKET CIIOCOOCTBOBATh
3a/Iep’KaHuIo 3arpA3HEHMI B OTPEICTICHHBIX 00IacTAX.

I

ZH

Cn

Pucynok 10 (a) — Koatyp cpenneii kKoHIEHTpaIus A TUHUH |
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Pucynox 10 (b) — KonTyp cpennel KOHIIGHTpaIHs A JIMHUH 2

¥¥s
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i

Pucynok 10 (¢) — Konryp cpenneii KoHIIEHTpaIust AJIsT THHAH 3
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Pucynox 10 (d) — KonTyp cpenneit koHLeHTpauus 11 TuHui 4
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Pucynox 10(f) — Kontyp cpeaneii KOHIIGHTpaIMs JIs JIMHUHN 6
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Pucynox 10 (g) — KonTyp cpenHell KOHIIGHTpaIys A THHU 7
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Pucynoxk 10 (h) — KonTtyp cpeaneil koHIIEHTpaIust 1J1st TUHUHN §
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Pucynox 10 (i) — KoHTyp cpenHei KOHIEHTpaIus JUTst THHAN 9
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Pucynok 10 (j) — KonTyp cpeaHeii koHIeHTparust it JuHui 10

165



HERALD OF THE KAZAKH-BRITISH
No. 2(69) 2024 TECHNICAL UNIVERSITY

3akiouenue

JlaHHOE HCClIeJOBaHNE IMOCBSALICHO 3arps3HEHUIO BO3/yXa B YIMYHOM KaHbOHE B I. AJIMarThl,
Kazaxcran. lenp uccnenoBanus — npoaHaIM3UpOBaTh YPOBEHb 3arpsi3HEHUsT BO3/AyXa JJIs paspa-
OOTKHM CcTpaTeruit U METOI0B TOPOJICKOTO MIaHupoBaHus. [odydeHHbIe pe3ybTaThl HOCIyKaT OCHO-
BOM JJI IPUHATHA IIJIAHOBBIX U SKOJIOTHYCCKHUX peHIeHPIﬁ, HaITPpaBJICHHBIX HA YIIYUHICHUC Ka4CCTBa
OKpY’KaloIei Cpe/Ibl U 310POBbs HACETICHUSL.

VYpbanuzanus co3aana cepbe3Hble MPOoOIeMbl I TOPOXKaH: MPOOKH Ha JOPOTrax, CMOT U OTCYT-
CTBHE BETpa YXYAIIWIN YCIOBHUS XKHU3HU. YTOOBI PELIUTh 3TU MPOOIEMBI, HEOOXOIUMO COOIIONATh
CTaHapThl TOPOJCKOTO JTN3aiiHa, TAKHE KaK PACIOIIOKEHHE U PACCTOSHUE MEXK Ty 3AaHUsIMU, apKa-
MM 1 3€JICHBIMU 30HAMU.

Bruta BbIsBIEHA 3HAUUMOCTH BBIOPOCOB STHJIEHA B pE3yNbTare IBIKEHHS TPAHCIOPTa B
. Anmarsl. [l 9Toro Obiia BeIOpaHa yiuIa, pacroiIoKeHHAas: BIOJIb TOPOJCKOTO TapKa U pa3iind-
HBIX 371aHui. Takas ynuia Obuia BeIOpaHa ¢ IebI0 BRISIBUTH BIMSIHUE MTapKa Ha PacipoCTpaHCHUE
3arpsi3HEHUH. BbUTH IpoJeMOHCTPUPOBaHbl pa3IUYHbIe BapHaluu Oapbepa BIOJb JAOPOTH, YTOOBI
CPaBHUTbH MX BIIHMSHUE HA MMPOHHUKHOBEHHE KOHIIEHTPAIIMH Ha TENIeX0IHYI0 30HY. [Io moxy4eHHbIM
pesyabTaTaM MOXHO C/IeIaTh HECKOIBKO BBIBOIOB!

¢ BBICOKHE IPENATCTBUS MOI'YT HAIPaBIIATh IIOTOK BO3JyXa B OIpPEIEIEHHOM HallpaBICHUU,
BBI3bIBAsi U3MEHEHUSI CKOPOCTU M HAIPaBICHUS. DTO MOXKET OBITh MOJIE3HO I TIEpEeHANPABICHUS
3arpsI3HAIONIMX BEIIECTB B HAIPABJICHUU, i€ OHU OyIyT MEHEee BpeIHBI JUIsl OKpY Karolei cpe/sl
VI JIFOJICH

¢ Oapbepbl C BEICOTOM 3 M JJaJIi HAMITyUIINe PE3YJIbTaThl B YMEHBIICHUHU PACIIPOCTPAHEHHUS KOH-
[IEHTPAIlMU, HO B HEKOTOPBIX paiioHax Oapbepbl BHICOTOM 2 M JAIOT TAKXKE HEIUIOXHUE PE3yNIbTaThI.
9T10 3HAYUT, YTO JJIsI DKOHOMHHU PECYPCOB MOKHO UCIIOJIB30BATb U TAKYIO BBICOTY.

HccnenoBanne mokasano, 4To MPU TUIAHHPOBAHWUHM M MPOSKTHPOBAHUH T'yCTOHACEIEHHBIX T0-
POACKHX PaliOHOB HEOOXOIMMO YUHUTHIBATh CTPATEIHHU 10 CHIKEHUIO PACCEHBAHUS 3arps3HAIONINX
BO3lyX BellecTB. B HacTosiee BpeMsi TpaHCIIOPTHBIE BHIOPOCHI B TOPOAAX, KaK MPaBHIIO, KOHIICH-
TPUPYIOTCSI B YIMUYHBIX KaHbOHaX. EciiM HE M3MEHUTh CYIIECTBYIOLINE METOAb! JIAHUPOBAHUS U
MPOEKTUPOBAHUS, TO B OyAyIIeM IO MEpe pocTa ropojia 3ta npoodiemMa OyzneT yCcyryonsaTecs. Y YuThl-
Basl HETATUBHOE BIIMSHUE 3arpSA3HEHUS BO3/yXa Ha 3/10pPOBbE HACEICHHS U BBICOKYIO IUNIOTHOCTD Ha-
CeJIeHUs B I. AJIMaThl, BXKHO pa3paboTaTh U BHEAPUTH CTPATETHH 110 CHUYKEHHUIO STOTO HETaTHBHOTO
BO3JIEHCTBHUSI.
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EJIII MEKEHJEPIIH DKOJIOTUSIBIK KAFTANWBIH BOTKAY
MAKCATBIHJIA KEJ AFBIHBIH )KOHE JACTAYIIIBI 3ATTAPIBIH
TACBIMAJJAHYBIH MATEMATUKAJIBIK MOJIEJBIAEY

AHjgarna
Byt 3epTTey KemiKTepiH IIbIFapbIHIBLUIAPH! ocepineH Ka3akcTaH, ANMaThl KalachlHa JaCTAYIIbI 3aTTap IbIH
TypOYJIEHTTi AUCTICPCUSCHIH TaJIayFa OarpITTaFad. Kopiiaran opTaHbIH )KOHE FUMAaPATTHIH JIACTAYIIbI 3aTTaP/IbIH,
OyJ1 »Karaiiia STHICHHIH KOHICHTPAIMSCHIHBIH UCIIEPCHSIChIHA dcepi 3eprrenai. Kamamarel 0ap KelleHi 1o
CHMATTay YIIiH YII OJIIeM i MakeT calbiHbl. TypOyleHTTi aya aFbIHbI MEH KOHIIEHTPAIMSCHI KybICTAaFbl KOHBEK-
LUSIHBIH, MaTeMaTHKAJIBIK MOJeli apKblibl 3eprreiai xoHe SST k-omega omicimMen mienrinmi. XKbuigaMiapIK-KOH-
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HeHTpanus KarbiHacklH menty yurin SIMPLE anroputi Konaanbuiasl. AJIBIHFAH HOTHOKENIEp MEH OeNrisii chiHaK
JICPEKTEPIH CAJBICTBIPY KE31HJC AHBIKTAIFAH HOTHIKCICPIIH YKCACTBIFBl KOJJIAHBUIATHIH OJICTEP MCH aJro-
PUTMIEPIIH TYPBICTHIFBIH KopceTTi. KOpBITHIHABUTAN Kelle, JacTaylibl 3aTTapAblH Tapaidy HOTHXKeIepi opTypii
OmikTikTeri OereT OoIFaH KaFfaima TammaHasl: 1M, 2M xoHe 3M. HoTmkenep TOCKAaybULABIH OONYHI JTacTayIIbl
3aTTapAblH CaKTaJdyblHa OH ocep eTeTiHiH kepcereni. CoHmai-ak Oyn KemeprimepmiH OHWIKTIrT MaHBI3IBI P
aTKapaJibl, COHABIKTAH KO CIapiay )KoHe caly MOJIEIb/Iey HOTHKeIepiHe )KoHe OepiireH ayMaKThIH epeKIIeTiKTepiHe
HETi3/1eTy1 KepeK. byJ1 0apIibIK skaraaiiap yiimiH 0ip skoHe Oip yaKbITTaFbl KOHIICHTPALIKS MOJIIICPiHIH alTapIIbIKTai
AlBIPMAIIBUTBIFBIMCH JIQJICIICHE]T.

Tyiiin ce3aep: AyanbIH JacTaHysbl, keme markainsl, SST k-omega, »KoFapsl KOHIICHTpALs, KeIeprijep.
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MATHEMATICAL MODELING OF THE WIND FLOW
AND THE TRANSFER OF POLLUTANTS IN ORDER TO PREDICT
THE ENVIRONMENTAL SITUATION IN RESIDENTIAL AREAS

Abstract

This study aims to analyze the turbulent dispersion of pollutants in the city of Almaty, Kazakhstan, caused
by vehicle emissions. The influence of the environment and building on the dispersion of pollutant concentration,
in this case ethylene, was studied. A three-dimensional model was built to accurately describe an existing street
in the city. Turbulent air flow and concentration was investigated using a mathematical model of convection in
a cavity and was solved using the SST k-omega method. SIMPLE algorithm was applied to solve the velocity-
concentration relationship. When comparing between the obtained results and known test data, the similarity of the
identified results showed the correctness of the methods and algorithms used. In summary, the results of pollutant
spreading were analyzed in the presence of a barrier of different heights: 1m, 2m and 3m. The findings indicate that
the presence of barrier has a positive effect on the retention of pollutants. Also the height of these barriers plays an
important role, so the planning and construction should be grounded on the outcomes of modeling and peculiarities
of the given territory. This is proved by the marked differences in the amount of concentration at one and the same
moment of time for all cases.

Key words: Air pollution, urban street canyon, SST k-omega, high concentration, barriers.
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KE3 KEJI'EH AKBIPJIbI OPIC AJIMACTBIPYJIAPBIH KYPY
OJAICTEPI ’KOHE OJIAPABIH CbI3BIKTBIK CUIIATTAMACHI

Angarna

AXBIpIIBI ©picTeri anMacTeIpyiap (OMEeKTHBTI TYpIICHIIpYIIep) KONTereH KOChIMIanapra 0aiIaHbICThl, COHBIH
ilIiHzAe, akmaparTtel KOpray TEOpHsChIHAA OenceHsi 3eprrenyne. AJMacTblpyilap KeOiHece akmaparTbl eHJIEeY
TOpaNTapblH Kypy JIEMEHTTepi periHiue KonaaHbuiansl. 20-1mbl Faceipasl oprackinaa K. IIeHHOH ochliHAai
TopamnTap/a JKy3ere achIpbUIaThIH OeWHeNeyepre KOWBIIATEIH 0ACTHI TalTanTapAbl TEOPUSUTBIK Herizmerni. Kasipri
yakpITTa OMEKTHBTI TYpieHAipyaepai Kypyaa Oy tamantap GF(2) epicinae kecte apKbpUIbI OpIiTeH CBHI3BIKTHIK
emec OeifHeseyepiH KOMIO3HUSALMICHIMEH KaMTaMChI3 eTijie/i. ¥ ChIHBUIFAH MakKajia TYPakKThl (YHKIIHOHAIIbI
JKYHenepiiH eJIeMiH YIFauTy omictepi Typansl [1] »KyMbIC HOTHIKeNepiH »kanmbliaiabl. [lomipex adTKanzaa,
JKYMBICTA aKbIpJIBl OpicTe OacTamkbl alMacThIpylapJaH J>aHa aJMacThIpylIap KYpy Tocliaepi 3epTTeireH.
Kypbutran anmacTeIpyiap YLIiH CBI3BIKTBIK curarTama ecenteini. KoopanHaTaiblk (yHKUMsIIapMeH OepiireH
aIMacTBIpyIapAbl Kypy ecebi Kypmemi. Makama TakbIpPBIOBIHBIH ©3€KTLTIT Tajal eTiNeTiH KOMOWHATOPIBI-aj-
reOpasblK KacHeTTepre Me YIKCH eJIIeM[i KeHICTIKTepZe aaMacThIpy KIacTapblH KYPYABIH JKaHA, TCOPHSIIBIK
HETI3/IeNIIeH 9JIICTEPiH 13/Iey KaKETTUTIKTepiMeH aHbIKTaa/ibl. JKyMbICTa aKbIpIIbl ©picTep alMacThIpyJIapbiH, Killli
OJIILIeM/II BEKTOpJIapFa dcep eTeTiH, OacTankbl alMacThIpylapJaH KYPYAbIH OipHemIe oicTepi KapacThIPbUIFaH.
Exinik »xarnmaiina, Oys1 anmMacThIpyinap/blH KOOPAWHATTHIK (DyHKIUSUIAPBIHBIH CHI3BIKTHIK KOMOMHAIMSIIAPBIHBIH
Oapiblk ahuHIIK QyHKIMIIAP KIIAChIHA YKAKBIHIBIFBIH CHIIATTANTBHIH KapacTBIPBUIBIN OTBIPFaH aJIMaCThIpyIap-
IIBIH OCHCHI3BIKTRIFBIH TaOyFa MYMKIHIIK Oeperni. ¥ CHIHBUIFAH MaKaJIaHBIH HOTIDKENEpi Ke3 KeNTeH aKBIPIBIopic
JKaFJalbIHIA aIMacCTRIPyIapAbl KYPy MYMKIHAIKTEPiH KEHEHTE M ].

Tipek ce3aep: axpIpiIbl Opic, AIMACTBIPY, JTOTHKATBIK (YHKIHUSIAP, CHI3BIKTBIK CHIATTaMa, OWCKTHBTI
TYPJICHIIPY.

Kipicme

[1] >xymbIcTa OacTamkbl aaMacThIPYIapAaH Y3bIHIBIFbI apThIK €KITIK BEKTOpPJIapAbIH ajaMac-
THIPYJIAPBIH KYPY TOCUIAEP! YChIHbUIFaH. ¥ CHIHBUIFAH JKYMBICTA OCBIHJIAN ajMacThIpyaapAbl q dJie-
MEHTTEH TYpaTblH K€3 KeJreH epicTe Kypy Maceneci 3eprreineni. Kyppuiran OeiiHeneynep yuiiH
OJIapJIbIH CBI3BIKTHIK CUTIaTTaMachl TaObUIAbI. EKITIK jkaFaiaa KapacThIPbUIFaH aIMaCThIPYIapablH

CBI3BIKTBIK €EMECTIT1 KOPCETUIE I,
Avntransik, P=GF(q) — q »o1eMeHTTeH TypaTblH akbIpiabl epic OonceiH. Erep 06apibik
C €EP yuin |f_1(C}| TynOeiiHe Kyarsbl q“_ Lre TeH Gonca, f: P™ - P dyuxumscein
TeHmectipinren gen  araiimMps.  Erep opGip  (Xq, .., Xp)€ PM ymin @ (X1, e, Xn)=
(@1 (X1, s X)), woe s @ (X4, oov, Xy )] Gorica, oHza Ke3 Kenren @: P™ — P™ Geiineneyi ymin
@;:P™ — P OGeiineneynepi, i € 1,n, ¢ Geiineneyinin KOOPAMHATTHIK (YHKUMAIAPBI eIl

aranazubl. Byn xarnaiina @ = (@1, ..., @) Genrineyin KoIIaHAMbI3.
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Heri3iri epe:kesiep

[2]xymbIcTa (P GeiiHeneyiHiH OMeKTHBTLTIT HIH OHBIH KOOPAWHATTHIK (DY HKIUSIIAPBI TEPMUHIH IS
KeJeCl KpUTEpHidl aJbIHFaH.

Teopema 1. Aiiransix, P=GF(q), ouma @ = (@1, o) @p): P* — P™ Geitneneyi 6nexTusri
Gomybl yiiin Ke3 KedreH (Cg, v, Cp)E P™\{0} yuwin Z?:l C;; GyHKUMACH TEHAECTIPIITeH
0OJTyBI K&KETTI )KOHE JKETKUTIKTI.

Annarsl yakpITTa KeJIeCl TYXKbIPbIM KaXeT 00Ja ibl.

Jlemma 1. Aiitaneik, P=GF(q), 1 < m < n xone @ (X1, ..., Xp) byHKUMACK MbIHA TypJe
OepiyIciH:

q'}(xl’ B xﬂ): P1 (xlr e x‘m.) + @9 (xm.+1 1 xn}-

Erep ¢4 (xl, ey xm) Hemece P2 (xm+1, ey xn} (hyHKIMSIIapBIHBIH eH OoMaranaa Oipeyi
TeHpectipinren Gonca, onna @ (X1, -, X) QyHKUUSACH TeHAECTIpiIreH GoTaIbL.

Jlonenney. Aitansik, @(Xq, ..., X;,;) dyHKuuMsICH Termectipinren aemik. OHAA Ke3 KeJreH
C € P snemenri yiuiin OHBIH TOJBIK TYIIOEHHECIHIH KyaThl

9 @I= D lort@lle; @) = ) lort(c — b)llg; ()]

a,beP bEP
atb=c
dopmynaceiven  Tabbuianbl. @ (X1, v, X;y,) OYHKUMACH TEHAECTIpiNreH OOIFAH/IBIKTAH,
AJIaTBIHBIMBI3:
-1 — ,m—1 -1 — ,m-1 _ n—-m _ ,n—1
lo ()l =q™ " Xpeplo, (D)l =q™ "¢ ™ =q" 7,
Aiiransik, P=GF(q) — ke3 kenreH epic, p - oHbIH cunartamacsl, @ = (@1, ..., @,): — Ke3 KeJreH

oeiineney, X4, @ € P\{0} — P opicinix ammutusri cunarramacsl GOJICHIH, O KEJIECi TEHIKIEH

aHbIKTAJa/bl: (% (ax) /)
_ 2mi(tr, (ax)/p

Xa(x) = e

5

MYHJIaFbl trpq — P epicinen xaii imki epicke «i3». Opbip a = (ay, ..., @,), C = (Cq, o) Cp)

€ P™ BEKTOpJIaphbl yLIiH
n n
cE@,0) = ) xa() ax— ) ;)
=1 =1

xEpPN

[IaMachbIH KapacThIPAUBIK,.
[3] sxymbICTa KepceTiIreHien, ®» OeifHeneyiHiH CBI3BIKTBIK CUIIATTaMAachl €Tl KeJeci IaMaHbl
aTaiMbI3:

_ P
3(0) = a5 B oY) o (@ O

OJjedueTKe MOy

[1] >xymbIC OGacTanKbl aaMacThIpyIapAaH Y3bIHIBIFI APTHIK SKIJTIK BEKTOPJIAP/IbIH aJIMaCThIPY-
JapbIH KYpy Tocimaepine apHanraH. JKympicTa OeliHeneymaiH OMEeKTUBTUIITH OHBIH KOOPIUHATTHIK
(byHKIUIApEl apKbUIBI ©pHEKTeY VChIHBIIFAaH [2]. [3] makananga OelHeNey/liH ChI3bIKTHIK CHUIIAT-
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TaMacChIHBIH aHBIKTamMachl OepinreH. [5] skympicta ke3 kenreH esmemai GF(2)™ BEeKTOPIBIK
KEHICTITHJIE CHI3BIKTBIK €MeC aJIMacThIpy/Iap 3epTTeireH. [6] skyMmbIc kepi OailyiaHbIC (QyHKIMSIIBI
YJIKEH Y3BIHIBIKTAFbl KBUDKY PETHCTPIMEH OepiireH OWEKTUBTI OCiHeneynepli KypyablH JKaHa
oziciHe apHanFaH. [8] Makanaaa abeNbiK TYpaKThl IMIKi TONTApAbl KAMTHTHIH aJIMacThIPYJIap/IbIH
AKbIPJIbl IPUMUTHUBTI TONTAPBIHBIH TOJBIK KIacCU(PUKALUACH OEPUITeH.

MarepuaJiiap MeH djicrep

P> >KuBIHBIH OMEKTHBTI TYPJICHIIPY/Ai P" KUBIHBIH OMEKTHBTI TYPICHIIPY apKbLUIbI KYPY 9/ICiH
YCBIHaMBI3. ApBI Kapail ToMeH Ieri Oenriieyaepi KoaaaHaMbl3:

X = (x11x2) = (x]_: v X X+ 10 ---:xz-n} € PZTL;

X1 = (X, 00, X%); Xo = (X34, e, X0,,) € P™

_ n n
Teopema 2. Antanwik, char (P)=p, ¢ = (91, ""q'}ﬂ): P" =P OeitHeneyl OMEKTHBTI

OOJICHIH, n
Pn+1 = § Pk
k=1

xoHe Y = (WPq, .., Woy): P21, p27 Gejineneyi

Y1 (x) = @1(x1) + @pi1(x2);

() = Pu(x1) + Pras (X); O
Unt1(X) = @41 (x1) + @01 (x3);

Yon (1) = @1 (x1) + @, (x2).
epexecimen Gepincin. Onta Y Geiiteneyi GrekTusTi 6o1ybl yuiin N2 Z 1(mod p) oprnanyst
KaXKET KOHE JKETKLITIKTI.

Honeneney. Koaddurmentrepi P epiciHeH anblHFaH KOOPAWHATTBHIK (YHKIUSIIAPIBIH Keleci
CBI3BIKTBIK KOMOMHAIIUSCHIH KapacThIPabIK:

a1 () + -+ @ (X) + by (X) + o + bptpp(x) =

= a;[1 (1) + @41 ()] + -+ @ [@r(01) + @141 (x2)]

+ by [@na1 () + @1 ()] + -+ b (@501 (1) + @, (xp)] =

= a1 (x1) + -+ @@ (x1) + b1 Ocp) + -+ + b, (x5) + @)
+ay (1 () + -+ 9n(x2)]y a1 () + - + @ (x2)] +
+by [ (x1) + - + @, ()] + -+ bl () + -+ + @, (x1) ]

= (a; + by + -+ b)) (x1) + -+ (aq + by + -+ b)), () +

+(by +ay + -+ ay)o () + -+ (b, +ag + o+ ay) @, ().
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Erepn? = 1 (mod p) 6onca, onna 1 Geitnerneyi GHEeKTHBTI ekeHiH gonesneiik. O yIiH Ke3
KEeJITeH TPUBHAJIIBI €MEC Z?’__ 1 €@ ; CBI3BIKTBIK KOMOMHAIMACHI TEHIECTIPIITeH EKEHIH KopceTeHik.
Onpa l-teopema OoibIHIIA P Geitneneyi 6uexkTusTi Gomansl. Erep @; + by + ++- + b,, nemece
bi +a; +t+ayieln ko3 unmentrepinin eH OonmmaraHaa Oipeyi 0-re TeH Oonmaca,
oHJa 1-leMMara colikec (2) ChI3BIKTHIK KOMOMHAIIMS TEHACCTipiIreH 0omaabl. TOMEHIET1 KaFJai 1bl
KapacThIPalbIK:
a1+b1 +"‘+bn - 0,

s ‘|—b1 + '”‘"b.n = U,'
a, +b; +--+ b, =0;
b1‘|—{11+“'+a.n:0,'
bz +a1‘|—“"|—%:0;

b, +a; +--+a, =0.

B¥I[aH HIBIFaTbIHbI

a, = —C,
a, = —C;
a, — —C;
b; = —nc;
b, = —nc;
b, = —nc;
myHparei € = by + -+ b,.a; = - = @,, = @ xome by = +++ = b,, = b nen Genrineitix.

Erep p caubl n-1i Gesice, ona b = 0 soHe ChI3BIKTHIK kombuHamus A@q (x1) + =+ + a@, (x;)
typinge G6onanel. @ = 0 Gomranga on tpusmanawsl, an erep @ ¥ 0 Gonca, onga TenpecTipinren
Oomnaapl. AWUTaNBIK, p caHbl n-1i Oenmecin. OHza b =0 6Gomranma @ = 0 xone w i,lE m
KOODAMHATTBIK (DYHKIUAIAPIBIH ChI3BIKTBIK KOMOMHAIUACKI TPUBHAIIBI 001abl. Alitansik, b # ()

GonchIH. (2) Kyiere @y = *** = @, = @ xone by = ++- = b,, = b KositbIK. AnaTEIHBIMBI3

(a +nb)@y(xg) + -+ (a+nb)e,(x) +

(b + na)p;(xz) + - + (b + na) g, (x7).
Erepa@ + nb # Onemeceb + na # 0,oumal;,1 € 1,2N koopauHaTTeK GyHKIUATAPIBIH

CBI3BIKTHIK KOMOMHAIMACKHI 1-TeMMa OOMBIHIIIA TEHACCTIpiATeH OoIabl.
a+nb=0
{b + na = 0;
JKarmaibiH Kapactelpy Kamael. Ouma b + n(—nb) = 0, nemex b(n2 —1)=0.b+#0
Gorransicran, oynan b|(n? — 1), nemex n? = 1(modp p). Kapama-KalilIbUTbIK aJjIbiK.
) Geitneneyi GuexTHBTI Gonca, oHma n? = 1(modp p) exenin monenneiiix. Kepi *opubIk:
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n? = l(modp p). a4 =+ =@, = € xone by = -+ = b, = ne nen anaiibik. Ouna (2)

OpHeT1 ObIal Ka3blIa bl :
2 2
(e —n®e)o;(x1) + -+ (e —ne)p,(x) +
+(—ne + ne)p, (x,) + - + (—ne + ne) @, (x,).

On teme-teH 0-re TeH KOHE TEHAECTIpiIMereH Oonambl. 1-Teopemara COWKeC KaWIIBUIBIKKA
KeJ K.

P >KUBIHBIH OMEKTUBTI TYPICHAIPYIi P" )KUBIHBIH OMEKTUBTI TYPICHAIPY apKbLIbI KYPY 9iCiH
yewmaiibik, O ymin X; = (X, v, Xp4¢) € PP, x1 = (X4, our, X;,) € P™ Genrineynepin
eHT13eHiK.

Teopema 3. Airaneik, ¢ = (@1, ey Pp): P = P @ = (X1) 0, X ): P = P,

i €1,n xome @ = (Py,..., D, ): PPt pFL Geiineneyi keneci epexe apKbuIbI

oepen: 1 (2) = 1 (1);
CDH(X} = ";Dn(xl)i 3)
Q41 (x) = Pi, (x1) + 71 (X411

D,41(x) = Pi, (x1) + 1. (Xp4e)
myngaret 1 < iy <+« < [, <N, Tj— P xubiHbHgars! anMactepy, | € 1,t. @ Oeitnerneyi
OueKkTHBTI 00MyHI YIiIiH ¢ OeiiHerneyi OUEeKTHUBTI OOTYybl KaXKET KoHE KETKLTIKTI.

Jonenzey. P Geiineneyi 6uexktunri 6onmaca, P Gelineneyi ge OUEKTUBTI GOIMAWTHIHBIH KOPY
KUBIH eMec. AWTaNbIK, (¢ — Ouextusti aenik. Koapuunentrepi P epiciHeH ajabIHFaH KOOPAMHATTHIK

(byHKIMSTAPIBIH KeJIeCl ChI3BIKTHIK KOMOMHAIMSCHIH KapacThIpanbIK:

a1 P (x) + -+ @, Py (X) + by Dyt (X) + -+ + b Py (X))

a1 @1 (X) + - + @ @n (%) + bi;, (x1) + 11 (Xpe) | +

Tt bt[@it(xl) + T ()| = @1 () + - +

+(a;, + by )@, Oo) + -+ (@i, + be) s, (x1) + - + )

+a, @n(x1) + by Ty (Xpge) + o+ BT (Xpae)

@;. [ = 1,n + t KOOPAMHATTHIK (byHKIMATAPIBIH Ke3 KeJTeH TPUBUAJIBI €MeC ChI3BIKTHIK
KOMOMHALIMACK TEHJIECTIpiNreH ekeHiH kepcereiiik. Onpa l-teopema Goitbimimma P Geitneneyi
ouexTunTi Oonaawl. Erep A1, .., (G‘,;_l + bl): vy (a,-_t + bt): vr ) Ay memece by, ..., by xoddpu-
UEHTTEPiHIH eH OonmMaransa Oipeyi 0-re TeH 6onmaca, oHza (4) ChI3BIKTHIK KOMOMHAIM |-Temmara

ColiKkec TeHJeCTIpUIreH 0omabl.
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fll - U,
{1 + bl
a; + b
A = 0:
bl - 0,
b, =0
JKarJaiiblH KapacTelpy Kanabl. by skarmaiiga @y = -+ = @, = 0 xome Py, | = 1,n+t

KOOPIUHATTHIK (PYHKUHUSIAPAbIH ChI3BIKTHIK KOMOMHALUSACHI TPUBHAJIIbI OOTa IbI.
HoTu:kesiep MeH TaJKbLIAY

(1) epesxe GoifbIHIIA KYPBLUTFaH 1) TYPICHIIPYiHiH CBI3BIKTHIK CHIIATTAMACBIHBIH ¢ OeiHEeNIeyiHiH
CBI3BIKTBIK CHITATTAMAChIMEH OaiJIaHBICHIH Ta0aMbIK.

Teopema 4. Aliransik, 1 € N, n® = 1(mod p), = (@1, -, ©n): P* - P™ — ke3
kenren Oeitneney xone P = (Y4, ..., Pop): P2M 5 p2n — (1) epexe OoMbIHIIA KYpbUIFaH

oeiineney OonceiH. OHTa

§(Y) = 5(@)@‘” )
Jonenzey. Cg}(a,c} - Z Xb Z Z ;Y (x)
xepT

OpHeTiH KapacTbIpaiibk. Keneci TeHaikTep OpbIH anaabl:

¥ (a,¢) = Tuepn 25 (T2 1 a5 — X271 i1 (1)) _

> % Z chj(m i % - i 63 (0)
XEPIN j=n+1 j=n+1

(1) epexxernieH oHE aIMTUBTI CUTIATTaMa KaCUETTEPIHEH aaTbIHBIMBI3

2n 2n
X Z Z G0+ ) ap— Y i) |-
j=n+1 j=n+1
n n 2n 2n
Xb Zﬂjxj—zcﬁpj(x) Xb Z a;x; — Z cii(x) | =
j=1 j=1 j=n+1 j=n+1
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n n n
= Xb Z a;X; _Z C;Y; (x) — @n+1(x2)z ¢
j=1 j=1 j=1
2 2 )
X Xb( j=n+1 &jX; — ﬂ'n+1 Cij— n(x2) — ﬁ0n+1(x1}2j:n+1 Cj)
AWTanbIK,
oHIa ! j=n+16j> T2 ) j=1%j
2n 2n
2 Z Z G+ ) e ) G |-
j=n+1 j=n+1

2n

= Xb(zj 1@ X; — J 1 ;fﬁf(xl})l’b(zj =n+1 4 Xj — Lj—n+1 fﬁa} ‘“(xg})
MYH/IaFbl Ke3 KeJreH j' = 1,7’1 YIIiH dj = Cj + 17 xoHe j' En+1,2n YIIiH dj = Cj + 1.

OCLIJ'I&IZH.I&, aJIaThIHBIMbI3

C;;b(a,c) = Cf(al,dl}cf(azxdz),

myHzarel @ = (@q,@a5); d = (dy, d5). Erep ¢ Gapisik Hen emec BEKTOPIApABIH MOHJEpPiH
Kyripin erce, onna d, sxone d, mMoHzepi ne P"epicingeri 0apiblK HOJ eMEC BEKTOpPIAp apKbLIbl
oteTinin eckepeiiik. byn xarmaiina 47 # 0 memece dy # 0. IlsmbiMen, erep di =d, =0
Gonca. oHIa € = (—Ty, ., — Ty, —Tp, en, —T3), T} = —NTy, Tz = —NI7, gemex, 13 # 0,

— g2
T2 = M'T2 6ynait Gomyst Mmymkin emec. COHBIMEH Katap ¢ = (e,...,e,—ne, ..., —ne), x3He
a, = 0
Cgo(a:c) = C;D(al:dl)cgp(olo) = Cgo(alidl}qn

bynan § (1) = &6(¢g)q™ anamsis.

Canzap 1. Aliransik, 4-teopema mapreiaga ¢ = 2 6oscbin, onza (1) epeske GOMBIHIIA KYpbUTFaH

) GeitHeneyiHiH ChI3BIKTBIK €MECTIri

NL(y) =2"NL(¢)
MapTbIH KaHaraTTaHAbIpa/bl.

Honenney. Keneci Tenaikrep/i [4] xoHe 3-TeopeMaHbl KOJIJIaHy JKETKUTIKTI.

NL(Y) = 277~ ()

NL(p) = 2271~ 5(9)

NL(y) wawmacsl 1) OeitHeneyiHiH KOOPAMHATTHIK (YHKIHSIAPBIHBIH OApIBIK TPHUBHAIIB/IBI
€MEeC CBI3BIKTHIK KOMOMHALMSIIAphl MOH/IEPiHIH OaraHAapbIHAH 2n aifHBIMAIBUIBI OapIIbIK apPUHIIK
JOTHKAJBIK (PyHKIMSIAphl MOHACPiHIH OaraHAapblHA JEHIHTT €H KbICKa XOMMUHI KalBIKTHIFBIHA
TEH €KeHIH aiiTa KeTeHiK.
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l-xkecrene GF (22“} epiciaae (1) epexe OOMbBIHIIA KYpBUIFaH alIMaCTBIPYIapIbIH ChI3BIKTHIK
E€MECTITHIH MaKCHUMaJIJIbl MYMKiH MOHJIEP1 KOPCETINITeH, 11 & {4,6}.

Kecre 1 — GF(2°") epicinne (1) eperxe GOMBIHIIA KYPHLUIFAH aIMACTBIPYJIAPAbIH MaKCHMAIIIbI
CBI3BIKTBIK EMECTIT1

NL(p) NL(y)
4 64
6 24 1536

(3) epexe OolibIHIIA KYpbUTFaH @ TYPACHIIPYIHIH CBI3BIKTHIK CHIIATTAMAChIH KapacThIpaibIK.
Teopema 5.  Alrambik, @ = (1, ..., @n): P* - P™ — ke3 «xemren Oeiineney,
Q = (xl, v, Xp): P > PLE L_n,l < << = 1, Lj —PKUBIHBIH/A aIMACTHIPY,
= 1, t wone @ = (@, ..., D, ,.): pnHt _, pntt Geitneneyi (3) epeske GOMbIHIIA KyPhUTFAH
6oscbiH. OHna @ OeliHeneyiHiH ChI3BIKTBIK CUIIATTaMachl YILiH
§(®) = max{8(p)qt,q™""* tm}

KaTbIHACBhI OPpbIHAAJIAaAbl, MYHOAF bl
m = max 6(t,)

se(1r)
n n n+1 n+1
> _ _
Cy(ac)= Z Xb Zajxj—chqu(x}—l— Z a;x; — Z ¢;®;(x) | =
xEpn+t j=1 j=1 j=n+1 j=n+1

= Yxepn+t Xp (Z?:l ajXj — ?:1 c;i@i(x) +

n+1 +1
j=n+1 Cj (pjj—n (xl)) Z [xnﬂ,...,an)EPt Xb (Z?=n+1 erj_ﬂ(xf ))

n n+1l
S= Z ci@;(x1) + Z @, (x1)
j=1 j=n+1

KOCBIHABICBIH KapaCTBIpaﬁBIK. On YIJ.IlH MBIHaI[aﬁ TeH,I[iKTep OpbIHAAJIAABI:
S=c101(x)) + -+ ¢ @ (1) + -+ () +
+Cp19i, () + -+ Cpae @i, (1) =
= dy1(xq) + -+ d, @, () + -+ dy 0, () + dy@,(xq),
MYHJarbl (dll vy dill vy dit! vy dﬂ) - (C1; vy Cil + Cpt1r s Cit + Cpstr ey Cn) .

Omnna
n

Ce(a,c)= Z Xb Zﬁjxj _i‘i}'q}j(xl) ﬁ z Xb (a‘?1+jxn+j_cﬂ+fr(xﬂ+j)):

x,EPT j=1 j=1 j=1 xn4jEP
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Cf?(alfd}nj 1 b}(aﬂ+_}! n+_;)

cE P“"‘t\{[]} SIEMEHTIH epKiH TanmaiiMbls. Erep d = () 6Goinca, onna
max maxl(?b (a.0)| = 6(@)q"

acpPn+t c.d#0
Erep d # 0 6Gouca, ouma ¢ = (0,...,—b,...,0,...,b, ...,0) BexropmapsiH KapactsIpa

OTBIPBII, MYHAAFbI b+ U, (-b) 1-1mi opeIHAa, an b nt+s-mii OpeIHAA TYPasI, S=1,...,t, aJIaTbIHBIMBI3

max max|C¥(a )| < §(t)g™t L
max max |Cy, (a,c)l (15)q

§(®) = max{6(p)q-,q" " 'm},

Canmap 2. Ajitansik, 5-reopema maptbiaga = 2 Goncen, ouma NL(®) = 0.

bynan

Jonenney. s=1,....t ymia §(T,) = 2 eKkeHiH eckepy KETKINIKTi.

KopbIThIHABI

KympicTa GastHIaIFaH HOTHKETIEP Killll JIIIeM/Ti BEKTOpJIapra ocep eTeTiH OacTankbl OMEeKTUBTL
TYPJICHIIPYJIEp HEeT131HAe KYPhIIFaH OMEKTHBTI TYPJICHIIPYJICPIiH €Ki KITAChIH CHITaTTayFa MYMKIHJTIK
oepeni. Kypbutran ainMacTeIpyliapIblH ChI3BIKTBIK CHITaTTaMalIapblH ecenTey hopMynaaaphl aJIbIH/IbI.
Exinik >xarnaiiga OyJ1 KapacThIpbUIBII OThIpFaH O€iHeNeylepaiH ChI3bIKTHIK €MECTITiH aHbIKTayFa
MYMKIHIIK Oep/i.

Kap:xbL1anabipy Typasbl aknapar

3eprrey xymbichl Kaszakcran PecryOnukacsl FpuibIM koHE >KoFapbl OLTIM MHHHUCTPIITIHIH
KosgaybiMeH AP19677733 «FbuabIMu MOTIHAEPI Mapaliesib/i TAAAYAbIH 3USATKEPIIK YIeCTIPUIreH
KYHECiH a3ipiaey» k00achl meHOepiHAe OphIHAANAB. ABTOpIap 3epTTEY KYMBICHIHA KOPCETIITeH
KOJIJIAy YIIIH aJFbICTapbIH OL1aipeni.
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METO/bI IOCTPOEHUA MNOACTAHOBOK IIPOU3BOJIBHOI'O
KOHEYHOTI'O IOJIA 1 UX IMHEUHAS XAPAKTEPUCTHUKA

AHHOTALUA

[ToncraHoBKYM B KOHEYHOM TI0NI€ (OMEKTHBHBIE IPe0Opa30BaHMs) aKTUBHO N3yUJaOTCSI BO MHOTHX TPHIIOKCHH-
SIX, B TOM YHCJIE ¥ B TEOPUH 3aIIUThI HH(popMarun. [10cTaHOBKH YacTO MCIIONB3YIOTCS B KQYECTBE AIEMEHTOB ISt
MOCTPOCHUs y3110B 00paboTku nHpopmanuu. B cepeanne XX Beka K. llleHHOH TeopeTHuecKku 000CHOBA OCHOB-
Hble TPEOOBaHMS K OTOOpaKEHUSIM, OCYIIECTBIIIEMbIM Ha TaKMX y3iax. B Hacrosiee BpeMst IpH MOCTPOEHUN Ou-
EKTHBHBIX IIpe0Opa3oBaHuii 3TN TpeOOoBaHMS 00ECTIEUNBAIOTCS KOMITO3UIINEH HETMHEHHBIX TIPE/ICTABICHHH, 3a/IaH-
HbIX Tabmumeit B mone GF(2). IIpencraBiennas ctates 0000MIaeT pe3yasraTsl padoTs [1] 0 MeTogax yBemTHIeHUS
Pa3MEpPHOCTH CTALMOHAPHBIX (DYHKIMOHAIBHBIX cUcTeM. IMEHHO B JaHHOU paboTe nccieoBaHbl MOAXOABI K 110~
CTPOCHHIO HOBBIX ITOJICTAHOBOK U3 MCXO/IHBIX MOJICTAHOBOK B KOHEYHOM MoJie. J{jist TOCTPOEHHBIX TOJICTAHOBOK BbI-
YHCIIeHa JIMHEHHAsT XapaKTepUCTUKA. 3a/iada MOCTPOSHHS MOJICTAHOBOK, 33aJ[aHHbIX KOOPAWHATHBIMU (DYyHKIUSIMHU,
SIBJISIETCSI CIIOKHOM. AKTYaJIbHOCTh TEMBI CTaTbU ONPEJENseTcsi HEOOXOMMOCTBIO ITONCKA HOBBIX, TEOPETUYECKU
000CHOBaHHBIX METO/IOB MOCTPOCHUSI KITACCOB MOACTAHOBOK B MHOTOMEPHBIX MPOCTPAHCTBAX, 00JIaIafoNINX Tpe-
OyeMBIMI KOMOMHATOPHO-aJIre0panyecKMMH CBOHCTBaMH. B paboTe paccMOTPEHO HECKOIBKO METOJIOB TIOCTPOCHUS
TIOICTAHOBOK KOHEYHBIX MOJISH M3 MCXOIHBIX IOJICTAHOBOK, AEHCTBYIOIINX Ha BEKTOPHI MEHbIICH PasMEpHOCTH.
B OunapHOM cilyyae 5TO TO3BOJISIE€T HAWTH HEIMHEWHOCTh PacCMaTPUBAEMBIX MOJCTAHOBOK, XapaKTePH3YIOIINX
CPOZICTBO JIMHEHHBIX KOMOWHALIMIT KOOPAWHATHBIX (DYHKIMH TOJICTAHOBOK KO BceMy Kiaccy appuHHBIX (QYHKIIHH.
Pesynbrarhl npecTaBiIeHHO padoThl HECKOIBKO PACIIMPSIIOT BO3ZMOKHOCTH TIOCTPOEHHS TIOJICTAHOBOK ISl IPOU3-
BOJIBHOTO KOHEYHOTO TIOJISI.

KuioueBble ci10Ba: KOHEUHOE 110J1€, IIOCTAHOBKA, JIOTHYECKHE (DYHKLMH, JINHEHHAsS XapaKTepUCTHUKA, OUeK-
THUBHOE TIpeoOpa3oBaHMe.
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METHODS FOR CONSTRUCTING PERMUTATIONS
OF AN ARBITRARY FINITE FIELD AND THEIR
LINEAR CHARACTERISTICS

Abstract

Permutations in a finite field (bijective transformations) are actively studied in many applications, including
in information security theory. Permutations are often used as elements for building information processing nodes.
In the middle of the 20th century, K. Shannon theoretically justified the basic requirements for mapping performed
on such nodes. Currently, when constructing bijective transformations, these requirements are provided by the
composition of nonlinear representations given by the table in the field GF(2). The presented paper summarizes the
results of work [1] on methods for increasing the dimension of stationary functional systems. Namely, in this paper,
approaches to the construction of new permutations from the initial permutations in the finite field are investigated.
The linear characteristic is calculated for the constructed permutations. The problem of constructing permutations
given by coordinate functions is difficult. The relevance of the topic of the paper is determined by the need to search
for new theoretically sound methods for constructing s permutation classes in multidimensional spaces with the
required combinatorial-algebraic properties. The paper considers several methods for constructing substitutions of
finite fields from initial permutations acting on vectors of smaller dimension. In the binary case, this allows us to
find the nonlinearity of the substitutions under consideration, characterizing the proximity of linear combinations
of coordinate functions of permutations to the entire class of affine functions. The results of the presented work
somewhat expand the possibilities of constructing permutations for an arbitrary finite field.

Key words: finite field, permutation, Boolean functions, linear characteristic, bijective transformation.
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AUHAMMUKA TEPMOYIHNPYTOI'O CTEPXHSA IPU HECTALHUOHAPHBIX
TEIUIOBBIX U CUJIOBBIX BO3JIEVCTBHUSAX

AHHOTaNMA

CTeprKHEBBIC 2JIEMEHTBI IIMPOKO MCHOJIB3YIOTCS B CAMBIX Pa3HBIX 00J1aCTIX TEXHUKU. BpeMeHHbIe H3MEHEHHS
TEMIIEPaTypPHOTO I10JIsl BBI3BIBAIOT B CTEPIKHEBBIX KOHCTPYKIHMSIX BPEMEHHO M3MEHSIIOLIEECs 110J1e HAPSDKEHUH, 4TO
BJIMSICT HA WX NMPOYHOCTH M HAJAEKHOCTh B OKCILTyaranuu. OnpeneneHne TepMOHAIPSHKEHHOTO COCTOSHUSI CTEPK-
HEBBIX KOHCTPYKLMIA C y4ETOM UX MEXaHHYECKUX CBOWCTB, TAKMX KaK YIPYTOCTb, SBISCTCS OJHOW M3 aKTyalIbHbBIX
Hay4YHO-TEXHHYECKHUX 3a1a4. [IpuMeHeHHe MeTOl0B MaTeMaTHYeCKOro MOACIUPOBAHUS IIO3BOJISET HCCIIENOBATh
TePMOANHAMHYECKHUE IIPOLECCHL, IPOUCXOAAIINE B KOHCTPYKIMHU U €€ 3JIeMEHTaX, U ONPeeNsATh NX JUHAMHUYECKHE
Y IPOYHOCTHBIE XapaKTEPUCTHKH Ha dTare MPOeKTUpoBaHus. B nanHoii paborte paccmarpuaercs 3aaada Komm aist
JMHAMHMKH TEPMOYIIPYTOTO CTEPIKHS IIPH IIPON3BOJIBHBIX HAYAJIbHBIX YCIOBHSIX, @ TAK)KE ITPU CUIIOBBIX M TETUIOBBIX
Bo3neiicTBIsIX. C MOMOIIbIo TeH30pa [ prHa ypaBHEHUH TepMOYIPYTOCTH OBUIO ITOIYYEeHO aHATMTHIECKOE PEIIeHHe
331241, O3BOJISIOIIEE ONPEACTUTH Je()OopMaLiy, HANIPSHKSHHUS U TEMITEPaTypy B JIFOOOM CEYEHHH CTEPIKHS U B JIO-
00if MOMEHT BPEMEHH, €CIIM H3BECTHBI €I0 HAYAJIbHOE COCTOSHHE U JICHCTBYIOIIME CUIIOBBIC M TEIUIOBBIC HCTOYHH-
ku. [IpuBeeHb! YHCIIeHHBIE pacueThl TeMIIepaTyphl, HepeMeIleHN il IPH 1eHCTBUN MMITYIbCHBIX COCPENOTOYEHHBIX
CHJIOBBIX M TEIJIOBBIX MCTOYHHMKOB. [IpoBeneHbl pacuersl pemeHus 3aaa4 Koy npu JedCTBUN pacnpeielleHHbIX
BJIOJIb CTEPIKHSI CHJIOBBIX M TEIUIOBBIX MCTOYHUKOB PETYISIPHOTO BUja. Pa3spaboranHas mporpaMma 1mo3BosisieT ue-
CJIe/IOBaTh TEPMOAWHAMUYECKHE MPOLECCH B CTEPXKHAX C PA3INYHBIMU (DPU3UKO-MEXaHHUECKUMHU IMapaMeTpaMu
IIPU JCHCTBUM TEIUIOBBIX U CHIIOBBIX HCTOYHHUKOB KaK paclpelIeIeHHBIX, TaK H COCPEIOTOYCHHBIX ¥ UMITYJIbCHBIX,
OTIMCHIBAEMBIX CHHTYIISIPHBIMU 0000IIEHHBIMY (DYHKIIUSIMH.

KioueBble ci10Ba: TepMOYIPYTHil CTEPIKEHb, TEMIIEPATYPa, IepeMEIIeHIe, HAIPSHKEHNE, METO,] 0000IIEHHBIX
(dbynkuii, Tenzop [puna.

BBenenune

Pa3BuTHe Teopuu M METONOB pEIIeHUS 3a7ad TEPMOYIPYTOCTH O00YCIOBICHO MOTPEOHOCTIMHU
MHOJKECTBA OTpaciied TEXHWKU M MPHUKIATHBIX HayK. Takue 3a/ladd BO3HHMKAIOT TIPH pa3padoTKe
HOBBIX KOHCTPYKIIMI TTAPOBBIX U Ta30BbIX TYpPOWH, PCAKTUBHBIX U PAKETHBIX JTBUTATEIICH, BBICOKO-
CKOpOCTHBIX CaMOJICTOB, SII[epHLIX peaKTOI)OB nu MeCTOpO)K,ZICHI/Iﬁ ITIOJIC3HBIX MCKOIIACMBIX B I‘OpHOﬁ
MIPOMBIIIIIEHHOCTH. DJIEMEHTBI 3TUX KOHCTPYKIIUI pad0Tal0T B YCIOBUSX HEPABHOMEPHOTO M HECTa-
[IMOHAPHOTO HAarpeBa, YTO MPUBOJIUT K M3MEHEHUIO MEXaHUYECKUX CBOMCTB MaTepUasoB U MOsBIIE-
HUIO TCMHCpaTypHBIX Fpa,[LI/IeHTOB, BBI3bIBAOIIIUX HEOANHAKOBOC TCIIJIOBOEC pacmnpeHHe paSHI/I‘IHI:IX
gactel koHcTpykuuid[ 1-8]. Hekotopbie MaTepuaibl mpu OLICTPOM BO3HUKHOBCHHH HATPSHKCHHH W3-
3a PE3KOro rpaAveHTa HECTAIMOHAPHOIO TEMIIEPATYPHOIO IIOJIS CTAHOBATCS XPYNKHMH U HE BBI-
JIEP’)KUBAIOT TETUIOBOTO yaapa. [loBTopHOE BO3/IEHCTBHE TEIJIOBBIX HANMPSDKEHUH MOXET MPUBECTH
K pa3pymeH1/H0 BJICMCHTOB KOHCTPYKIII/II/I, HOSTOMy I/I3y‘l€HI/IC BIINSAHUA TeMnepaTypHoro I10JI1 Ha
HaMpsHKeHHO-Ae(hOPMUPOBAHHOE COCTOSIHUE COOPYKEHUW M KOHCTPYKIUH SIBIISIETCS KpalHe aKTy-
aJLHOM 3a7a4ucii.
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CreprKHEBbIE IEMEHTHI HIMPOKO MPUMEHSIOTCS B CAMBIX Pa3JIUYHbIX 001acTAX TEXHUKH. MOX-
HO TPUBECTH MHOKECTBO MPUMEPOB HATPYKEHHBIX CTEPKHEBBIX DJIEMEHTOB KOHCTPYKIIMNA, TAaKUX
KaK OMOPbI Pa3JIMYHbIX COOPYKEHUH, 31aHUI1, MOCTOB U T.Jl. B peasibHbIX yCIOBUSIX HAa CTEPIKHU MO-
T'YT JIefiCTBOBATh TMHAMUYECKHE HArpy3KH, BHI3BIBAOIINE KOJIeOaHNs, KOTOPhIE MOTYT 3HAYUTEIIEHO
BJIMSITh HA HAJIS)KHOCTh CTEP)KHEBBIX JIEMEHTOB U, CJI€I0BATEIbHO, HAa HA/IEKHOCTh BCEH KOHCTPYK-
nuu. HeycraHoBuBLieecs TeMnepaTypHOE I10J1€ BbI3BIBAET B CTEPHKHEBBIX KOHCTPYKLUAX U3MEHSIO-
Iieecsi Co BpeMeHeM Iojie JeopMalyif, 4To BIUSET Ha UX IMPOYHOCTh U HAJEKHOCTh B Ipoliecce
JKCIUTyaTalluu.

Omnpenenenue TEPMOHANPSKEHHOTO COCTOSTHUS CTEP>KHEBBIX KOHCTPYKLUI C yU4ETOM MX MeXa-
HUYECKUX CBOMCTB (0COOEHHO YHpPYTrOCTH) SIBISICTCSl OAHOM U3 aKTyaJbHBIX HAyYHO-TEXHUYECKUX
3aga4. Mcnonap3oBaHre METOAOB MaTreMaTniecKoro MOJEITUPOBAHNUS O3BOJISET UCCIIEIOBATh (PHU3H-
YEeCKHUE MPOLECCHI, MPOUCXOANINE B KOHCTPYKIMIX U UX DJIEMEHTaX, U ONPEIeNATh UX JTUHAMHYE-
CKHE€ XapaKTEPUCTHKH Ha 3Tale MPOEKTHUPOBAHUA. DTH XapaKTEPUCTUKH, B CBOIO OYEpEb, CITy’KaT
OCHOBOM /17151 IPOrHO3UPOBAHNS TIOBEICHUS U3/IeNIUS B 3a/IaHHBIX YCIOBUSAX IKCILTyaTallUH.

3neck pazpaboTaHa METOMKA ONPEACIICHUs TEPMOANHAMUYECKUX XapaKTEPUCTHK TEPMOYIIPY-
TOTO CTEPXHS NPU IEHCTBUH PA3TUIHBIX CHIIOBBIX M TETUIOBBIX ICTOYHUKOB C YYETOM €T0 (PU3UKO-
MEXaHUYECKUX CBOMCTB U HAYaJIbHOI'O COCTOSIHUS.

OCHOBHBIE I10JI0KEHHUS

1 ITocranoBka 3agaun Komn 1uist ypaBHEHUI HECBSI3aHHOM TEPMOYIIPYTOCTH
dopmynupyercs 3agada Komm 111 ypaBHEHUI HECBA3aHHON TEPMOYIIPYTOCTH, IPUMEHUTEIBHO
K TEPMOYIIPYTOMY CTEPKHIO. YPaBHEHHsI COCTOSIHUS 3TOTO CTEP>KHS BBIPAXKAIOTCA CIEAYIOUIMM 00-

pazom [9, 10]:
P, —pit,, —70,, +pF (x,t) =0 (1)

0, —K 0, +F, (x,t)=0

xx

rme x € R',¢ > 0. 31ech P — IIIOTHOCTh MACChl, C — CKOPOCTh PACIPOCTPAHEHUS YIIPYTUX BOJIH B

CTep)KHE, Y — K0P UIMEHT TEIUIONPOBOAHOCTH, K = — K03 QUIMEHT TeMIepaTyponpoBO/I-

HOCTH, U(X,t) — IPOIOJIbHBIE MIEPEMEIIECHHS CEUeHU CTepxHs, O(X,t) — OTHOCUTENbHAS TeMIIepaTy-
pa, F;(x,t)— IponoJbHAss KOMIIOHEHTA BHEIIHEH CHJIbl HA €IUHUILYy JUIUHBL, F,(X,?)— BEIUYMHA,
XapaKTepH3yIoIas MOITHOCTh TEIUIOBOTO MCTOYHUKA. 3/1€Ch U JJaJIee YaCTHbIE TPOU3BOIHbIE 0003Ha-

‘ ou. ou, .
YCHBL gy =y, 1y =0, u, =0 u; = a_xl’ U, =0U; = a—t’ @i=12).

Tepmoyripyroe HarpspKeHUE B CTEpIKHE ONpeenseTcs: cooTHolenueM Jroamensa-Helimana:

o= pczu,x —y0 2

Ha‘laHBHBIe YCJ'IOBI/ISI HN3BCCTHBLI:
u(x,0) =uy(x), u, (x,0)=v,(x), 0(x,0)=6,(x),
g (x) € C2(R"), 6 (x) € C*(R"), vy (x) € CX(R"), 3

e C” (R") npoctpancTio mupdepeHmpyeMbIX 10 N-To nopsaka GyHkuuid Ha R'.
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Hccnenyercs 3aaa4a HadaIbHBIX 3HAYCHUH, TPU PEIICHUN KOTOPOIl MOYKHO OTIPENIENIUTh COCTO-
SITHME CTEP KHsI B IPOM3BOJILHBII MOMEHT BPEMEHH, €CJIM U3BECTHBI €r0 HauaJlbHOE COCTOSIHUE U BO3-
JIEMCTBYIOIINE CHIIOBBIE U TETIJIOBbIE HCTOUYHHKH.

HeoOxonumo Haiitu pemienus ypaHenuii (1) ¢ HauaabHBIMU YCIOBUAMH (3), KOTOpbIE COOTBET-
CTBYIOT YCJIOBHSIM HU3ITy4EHUSI.

u(x,1) =0, O(x,1) >0 npu |x| >0, Vi (4)
IPH BO3JCHCTBUU NPOM3BOIBHBIX CUJI M TEIUIOBBIX HCTOYHUKOB: F, (x,t)=L(R"),npu j =12,

2 INocranoBka 3amaun Koy B mpocTpaHcTBe 0000IIEeHHBIX (DYHKINI

Jlns pelieHus 3aaudl IpUMEHseM MeToj, paspaboranHblii BraaumupossiM B.C. mis 3amaun
Ko a1t BomHOBBIX ypaBHeHMi [11, 12]. BBogsTces cinemyromue peryaspHbie 0000IIeHHbIE PyHK-
LIMH, OllpeesIeHHbIe Ha R2:

A(x,0) = u(x,)H (1), O(x,0)=0(x,0)H(?), ﬁj(x,t):Fj(x,t)H(t), j=12. (%)

e u(x,t), 6(x,t)— pemenne 3amaun Komu, H(t) — dynkmust Xesucaiina: H(t)=1 mpu t>0, H(t)=0
npu t<0 . To ecTs moompexesnsieM HyleM pemeHue 3anaun Komm BHe oOmact omnpeneneHus (mpu
t<0). 1 paccmotpum aeiictBue nudepeHnnaibHoro oneparopa cucreMsl (1) Ha 3Tu QyHKIUH B
NPOCTPAHCTBE 000OIICHHBIX BYHKIMHA [ ( RZ) [11,12].

Jis 5TOTO BHavYase HaiineM 0000IIeHHbIE IPOU3BOIHBIC ATHX (DYHKIIUK:

R 2 2
X P10y +uy (960, T2 = CE F () + vy (1)3(0) + 11y (1) (1),
ot ot o’ ot
00 06
-7y
= S HW+ 0,()5(0)
i _ %2 o ae o0 0 o'
t =—H(t = —H t
8x 8x B0, =7 6 HO. o ox 0 27 o? ox’ @,
3nech O (t) — CHUHTYJISIpHAS 5 — ¢ynknus. Torna cucrema (1) B D'( R2) MpUMET BUJI:
Py~ — 70, +F (X, ) H (1) = —vo ()8 (1) — 1 (x)5(0),
O, —x 0, +F, (x, N H () = 7' 6, (x)5(2), (6)
s
Yo,

B st YpaBHCHHA HAYaJIbHBIC YCJIOBHA BKJIFOUCHBI KaK CUHTYJIAPHBIC MAaCCOBBIC CHUJIbI U TCILIO-
BBIC NCTOYHUKMU. I[anee 0003HAUNM

R0 = RenH@, B0 = B(GOH(@). )
G (x,0) = F (x,1) + vy ()5 (1) + o (¥)5'(8)
G, (x,1) = Fy (x,0) — k' 0,(x)5 (1)
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Perienue 3Toit 3a7a4M B MPOCTPAHCTBE 00OOIIECHHBIX (DYHKIIUH BBIPAKACTCS Yepe3 TEH30PHO-
(GYHKIMOHAIBHYIO CBEPTKY( *):
i(x,0) = u(x, ) H() = Uf (2,0) % Gy (x.1),
n . A 8
O(x,t) =0(x,t)H(t) = Ué‘ (x,t)* Gy (x,0), k=12. ®

Ine Uf (x,t) — Tenszop ['puna ypaBHenuii (1), KOTOpbIH OMUCHIBAET TEPMOYIPYTUE BOJIHBI, TO-
pOXIaeMbI€ COCPENOTOUCHHBIMU UMITYJILCHBIMU HCTOYHUKAMH. BCIOMy IO OTHOMMEHHBIM HHIEKCAM
B IIPOM3BEJICHUU CYMMHpOBaHUeE OT 1 110 2 (TeH30pHAas CBEPTKA).

Kak wu3BecTHO, B Teopun 00OOIIEHHBIX (YHKUUN pemieHre AuQQepeHIuanbHbIX ypaBHEHUI
€IMHCTBEHHO B ajredpe CBEPTOK ¢ TeH30poM [ prHa ATHX ypaBHEHHIA.

3 Tenzop I'puHa ypaBHEHMI HECBA3AHHOW TEPMOYIIPYTOCTH

J o o
Tensop I'puna U; (X,f ) — 3TO MaTpula GyHAaMEHTAIBHBIX PEIICHUI CUCTEMBI ypaBHeHHH (1),
BO3HUKAIOLIUX MPH JAEUCTBUU UMIYJIbCHON COCPEIOTOUEHHOM CUIIBI U TEIJIOBOTO UCTOYHUKA OTIpe-
JIEICHHOTO BUJIA:

E =8(x)8()s!, F, =655, j=1,2 )

e ¢ —cumpon Kponekepa. Ilpu j=1 neiictyer cuiopoii ucrounuk. [lpu j=2 neficteyer Temo-
BOW UCTOYHMK. TeH30p I'prHa yIOBIETBOPSET CIETYIOIUM YCIOBUAM U3ITy4EHUS:

U/ (x,0)=0, <0,
(10)

Ul.j(x,t) —0, t—> oo Vxe R'.

Uij (x,t) > 0, |x| — oo 151 Vi >0

[TocTpoen tensop ['puna, KOTOPBINA UMEET cienyromuid Bu (BbIBOJ TeH30pa cM. [13, 14]) :

; )3 0%y oY . oy
U/ (x,t =5/k! L_ s/ L_s5i7250 5T 3 () S(x)+ 57 2’
{ (x,1) i o i o >V ox i 3() (xX)+05y o "
2 2
U;ZO, U220223(x,t)+c26 22:2—8 22:2’ j=12
ox
%) = (e - |x|){%(l _ ) ] o _M]
c c c |,
_ittefr_m te_ﬁ

To(un) = AH (1)je ¥ [—=—dr=[—=dr 23<x,t)=—ci2H<t)(ekt—1),

0

oY,  k Ader) 0%, &k =e)
8t1 Z_;H(Ct_|x|){ek —l}, a—xlzc—zH(ct—|x|)sgn){ek +1]’
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0%,  AH(1)| Silok ake o fo w4
=z £ Tar-[E—Zart,
Ox k ¢ £ Jr 2t ! ~([ Jr o2t ‘
B2 et El|xd-ct
22:1 =(—%é‘(ct—|x|)+%H(ct—|x|)§(x)j[ek(x “) +1]+1H(ct—|x|)ek(x i
ox c c c ,
o2 zz ot —it g e7r_47kr o2 —it 67T_4kz'
=AH (1){ e * [F——dadr—-"-e » =1
or? (1) i £ Jr k Jr
, e, X 22
St ok Akt x2 x2 e 4kt
—AH (t)<e * 02 — +
(1) k~Jt ( 4z2j 4kt® ;
N N
’y, AH(t)| j.ek w2, je w2 )
ox? 2k 0 o\ 2kt 5 ot \ 2kt

3Has TeH30p [ prHa, MOXKHO IMMOCTPOUTH pelieHrne cucTeMsl (7) Ams JII0OBIX HCTOYHUKOB B BH/E
TEH30pHO-(PYHKIIMOHAILHOW CBEPTKH (8).

B dopmynax (8) cBepTka Mo KOMITOHEHTAaM BBHITIONHIETCS B COOTBETCTBUU C ONpEACIICHUEM
CBEPTKHM B IIpocTpaHcTBe 00001meHHbIX pyHKuit [11, 12]. JIns peryaspHbIX HCTOYHUKOB, OIMCHIBA-
€MBIX JIOKAJIbHO MHTETPUPYEMBIMH (YHKIUAMHU, 3Ty POPMYITY MOKHO TIPEACTABUTH B UHTETPATBHOM
BUJIC:

k .
u; (x,1) =_L[Uj (x—y,t—7)* F,(y,0)dydr  j,k=1,2. (12)

4 Pemenne 3anaun Ko

UYToObI MOIYYUTh UHTETPAITLHOE MTPEICTaBICHNE 0000IICHHOTO PEIICHUs, BO3bMEM CBEPTKH (8)
¢ yuetoM (7), UCTIONB3ysl CBOMCTBA (PYHKIIHH U €€ MPOU3BOHON (MIEpEMEHHAs X MOJT 3HAKOM CBEPTKH
03HAYaEeT HEIOJIHYIO CBEPTKY TOJIBKO IO X):

(x, 1) = u(x,t)H(t) = U (x,t) * F, (x,0) H(t) + U} (x,) *0y (x) + (13)

+ %U} (6, 1) %1y (X) + UZ (0, 0) % Fy (x, 0 ) H (2) + UZ (x, 1) % &' 6, (x)

O(x,t) = O(x, O H (t) = U3 (x,8) * Fy (x, O H (t) + U3 (x, 1) * 5 Oy (x) (14)

OTmMeTruMm, 4TO BCe HadajbHbIE yclIOBUA 3aAa4un Komu BXOAST B MpaBylO 4acTb COOTHOIIEHHM
(13), (14). ITockonbKy BXOAsAIIME B MpaBylo 4acTh ypaBHeHuH (13), (14) GyHKuMHU ABISAIOTCS pery-
JSIPHBIMH, 3TH NPEJICTABIECHHS PEIIEHH MOYKHO 3allMCaTh B CIIEAYIOLIEM HHTETPaIbHOM BU/IE.

CdhopmynupyeM ClieayIoIIyo TeopeMy.

Teopema. Ecimn F| (x,2), F, (x,?) unTerpupyembie Ha R2 QyHKIMM, a HENpepbIBHBI Ha R, TO pe-
umeHue 3agaur Ko uist ypaBHEHUN HECBSI3aHHOM TEPMOYIIPYTOCTH UMEET BHI:
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i(x,0) = HO)[dr [ Ul (x=y,00F (0,1 = 0)dy + H() [ U (x =y, 7)oy ()l +

0 —o0 —®

+H<r)§ [ Ul (e =y, o)y (0)dy + H(@) | U (x = 3, 7)Fy (v, = 7)dy +

—00

+x7 [ U7 (= 3,08, (»)dy
e (15)

O(x,t) = H(t) j dr j U2 (x—y,0)F, (0.t —7)dy + k" H(1) j U2 (x— y,7)0,(y)dy (16)
0 —0 —©

e t>0.

Hcnons3yst npencrasienue Tensopa [puna (11) u Gl (x,1), éz (x,t) (7), peienwe 3anaun Komu
VMeeT BH/L:

u(x,t) = UIJ *Gj =
Y, _0Y,

.02 . > . .
_ 1 1 1
= o/ Gy =0 —She Gy =87 “G; =0/ T3 (1)5(x)* Gy + 5] 7=

(e @ (0%, 9%, .. _
—{K o ol ]_23(t)}*G1+7( o —E]*Gz— (17)

2
={(,«-1@——8 ZlJ—;(z)}*ﬁl +7(‘922 _azlj*ﬁﬁ

ot o2 Ox Ox

L0y, °Y (80X, oX
{K 18—t1_ alej_z3(t)}j:"o(x)"f 17( 8x2 - axljj:‘go(x)Jr

2
+0, {{K‘_l 56_2;1_ o2 J_ZG (t)}iuo(X)

ox?

Al oA o’ o°T
O(x,t) =U{ *G, =*Z3(x,0)* G, +c* - 2% 2
X

, 0%, 2°%,
ox? or?

,0°%, 9°%,
ox? or?

= (0223 (x,t)+c J*FZ (x,t)H(l)—(czZ3 (x,t)+c J*K_leo (x)

BgeneMm 0003HaUYCHUS:

105 2%, _
SCSN (), f2en=

2 2

o’ o

0%, 0%,

1(x,t) =K
S0 Oox ox

3000 =2y (x,0) + ¢

186



KA3AKCTAH-BPUTAH TEXHUKAJIBIK
YHUBEPCUTETIHIH, XABAPIIBICHI Ne 2(69) 2024

Torma nunrerpanbHoe npencrasnenue (15, 16) umeeT crneayrommii BUI:

u(x,0) = HO[dr [ {f1(x=p,t =0)F (3,7) + 7 f 2Ax = y,t =) % By (y,7)} dy +
0 —o0

+H(0) | {f 1x = 0o (V) = &7/ 20x = y,0)0, () + 8, f1(x =y, )y (y)}dy

—00
o0

O(x.1) = HO)[d7 [ [3(x—y,t =D)F, (v, 0)dy — " HO[ £3(x = .06, ()dy
0

0 —o0

3ameTuM, uTo (opmyisl (15), (16) MOKXHO HCIONB30BAaTh M NPH NECHCTBUM CHHIYISPHBIX HC-
ToyHukoB F (x,t), F, (x,t), TONBKO B 9TOM Cilyyae CBEPTKH HaJ0 OpaTh IO IPaBHJIaM CBEPTOK B
npocTpaHcTBe 0000meHHbIX GyHKIwmii [11, 12].

5 Yucnenssle pacueTsl TeH30pa [ puna _
B cucreme MathCad-14 paspaGorana nporpamma juis pacuera tensopa I'puna U/ (x,¢) . 3nech
IPE/ICTAaBICHBl PACYEThl KOMIIOHEHT 3TON MATPHIIBI ISl CIIEAYIONINX Oe3pa3MEPHBIX YCIOBHBIX TEp-
Moympyrux mapamerpos: p =1, c=1, y=1, k=2,
2 T T T 2 T T T

Uli(Lm) b [ — Ull(an. 1)
_;:—‘__F-'- - JE— 1+ |
UL1(5.tn - o
oue.m : Uli(x,2) e T
Ul1(10.tr) g— — — Uli(xm,10) [ 5 ﬂ 5
== o L e ]
-1 | | | | | 1
0 10 0 30 20 “10 0 10
mn i1
a b

20 T T T T T

10 10F
Ul2(mn. 1)
UL2(1, tn) _

- . Ul2(an.2
U12(10,tm) 3 U2m.) o
Ul2(an,4)

U12(20,m) 10

=20

10

UR(Ltn) |

U22(2,tn)
U224, tn
s (|

PucyHok 1 — KomnounenTs Tensopa puna (Uij (xn, tn) =U/ (x, t) B DMKCUPOBAHHOI
TOYKE U B (PUKCHPOBAHHOE BPEMsI
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Ha pucynke 1 (a—f) npeacraBieHbl H3MEHEHUS BO BPEMEHH COOTBETCTBYIOIINX KOMITOHEHT TEH-
3opa ['puHa B GUKCHPOBAHHOM TOYKE Cpenbl (X=XN) M B 3a/laHHBIII MOMEHT BpeMeHH (t=tn). Ilepe-
MEIleHHs, 0TOOpakKeHHbIE Ha rpaduKax, IMEIOT CKaYKH, CBI3aHHBIE C MOMEHTOM MPHUXO0/1a YIIPYTron
yAAapHOH BOJIHBI B TOUKY XN B MOMEHT BpEMEHH tn=xn/c.

6 Pemenus 3aaa4yu Komm npu JeHCTBUU pacnpeacICHHbIX CUJIOBBIX U TCIVIOBBIX HCTOYHUKOB

JaBaiite paccMoTpuM peeHus 3agadn Komm npu Bo3aecTBUN pa3iayHbIX pacipeaeIeHHbIX
CWJIOBBIX M TEIJIOBBIX HCTOYHHUKOB PETYJIIPHOTO THIIA.

3anaya Komu 1. [TycTh Ha OTpe3ke cTepHS TPUIIOKEHA Chla;
F(x,0) = A(x,0)H (L —|x|), F,(x,t)=0.

Hauanensie ycinoBust — nynessle. Toraa, ucronssys ¢popmynsr 15, 16, Teopems 1, momyynm me-
peMeleHue:

t L
u(x,t) = U\ (x,0)* ACe, ) H(L=|x|) = H(®) [ dr [ U} (x = y,7) A(y,t ~7)dz
0 —-L
U3 (2) cnenyer
o,(x,0) = pc’u,, = pc’U, (x,0)* F,(x,0) = pc’U| (x,1) *

= pCU, (5,1 * (A(x, ) H(L—|a])), =
= pc’U, (x,t) * A(x,t){é'(L +x)—0(L— x)} + pc’U] (x,t)* (A, H(L - |x|)) =

OF (x,t)
Oox

= pczH(t)j{Uf (x+L,0)A(-L,t 1)~ U\ (x = L,0) A(L,t 1) }dz

L t
+pCH) [ dy[U) (= y, DAy, 1 —2)dz
0

-L

3anaya Komu 2. [lycTh Ha oTpe3ke 1elCTBYeT TEIJI0OBOM HCTOUHUK:
F(x,0)=0, F,(x,1) = A(x,t)H (L —|x])

Hauvanbnbie ycnoBust — Hynebie. Torna

u(x, 1) =Ul(x,t)* ACx, ) H (L —|x|) = H(t)j dr j Ul (x—y,0)A(y,t —7)dy

O(x,1) =U; (x,1)* A(x, ) H(L —|x|) = H(z)j dr j U (x—y,0)A(y,t —7)dy

o(x,t)= pczu,x -0 =

= pczH(t)j (UM (x+ L,0)A(-L.t = 7) = U} (x— L,0) A(L,t —7)}d7 +

+p H(O) [ dy[{UF (x = 3,0) = yUS (x = 0, D)} At = 7))
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3anaua Kommm 3. [lycts Ha oTpeske cTep:kHs MpuiloKeHa cuiia. HauanbHble yCIOBHS — HYJIEBBIC.
F(x,1)= A(x)H(L—=|xH (1), F,(x,1)=0
u(x,t)=U, (x,0) % A(x, ) H(L~|x]) = H(2) j A(x—y)dy J’ Ul(y,7)dr

o(x,t) = pc H(Z)I Ul(x+L 7)A(-L)— Ul(x L T)A(L)}err

+pc H () j A= )i [ U o)

3anada Ko 4. ITycTh Ha OTpe3ke JeiCTBYeT TEIUIOBOM HCTOYHHK:
F(x,1)=0, F,(x,t) = A(x)H (1) H (L —|x|)
Hauvanbnble ycnoBus — HyneBbie. B atom ciydae
u(x,t) =UE(x,0) % ACx, ) H(L ~|x|) = H(1) j dz"[ UZ(x—y,7)A(y)dy

L

O(x,1) = U2 (x,0) % A(x, ) H(L—|x|) = H(2) j dr j U2 (x—y,7)A(y)dy

o(x,t)= pc’u,, —y0 =

= pczH(t)j. {U12 (x+L,0)A(-L)-U](x-L, T)A(L)}d‘[ +

+pH(t) [ A()dy [{U} (x=y,0)=yU (x =y, 7)) =

[Ipu coBMECTHOM pacripeieIeHUH CUIIOBBIX U TEIUIOBBIX HCTOYHUKOB ITOI0OHOTO TUTIA PEIICHUE
OyIeT CyMMOH COOTBETCTBYIOIIUX PEIIEHUH IS KaXKJI0TO U3 HUX.

MarepuaJibl U1 METOABI

Pemienune 3amaun Komm fjisi ompeneneHuss TEPMOHAMPSKEHHOTO COCTOSIHUSL TEPMOYIPYToro
CTEPKHSI TPU JIEUCTBUM PACIIPEICIIEHHBIX CUJIOBBIX M TEIJIOBBIX MCTOYHUKOB. JlJisi MccienoBanus
HCTIOIH30BAJICS METOT 0000IIEHHBIX (PYHKITHH.

Pe3yabTarthl u 00cy:kaeHue

Pe3ynbraToM MpPOBEAEHHOTO UCCIEAOBAHUS SIBIISIIOTCS YUCICHHBIE PACcUeThl TEMIIEpaTypbl U

HCpCMCHICHI/Iﬁ CTCPIKHS IIpU HCﬁCTBHH HUMITYJIBCHBIX COCPCAOTOYCHHBIX CUJIOBBIX U TCIUIOBLIX HC-
TOYHHKOB.
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3akiouenue

[Tony4ennsie popmyrnsl u pazpaboTaHHAs MPOrpaMMa IMO3BOJSIOT HCCIE0BATh TEPMOIUHAMU-
YEeCKUE MPOIECCHl B CTEPIKHSIX MPU JACUCTBUN PA3IUYHBIX TEIUIOBBIX M CHUJIOBBIX MCTOYHHUKOB, KaK
pacrpeneseHHbIX, TaK ¥ UMITYJIbCHBIX M COCPEIOTOYCHHBIX, ONMMCHIBAEMBIX CHHTYISIPHBIMUA 0000-
HICHHBIMH (PYHKIUSMHU.

PesynbTarel nccieoBaHus, a Takke pa3padoTaHHAs KOMIIbIOTEPHAs MPOrpaMMma, MOTYT OBITH
UCIOJIb30BAHbI JUI OLEHKHU MPOYHOCTU M HAJIEKHOCTHU MPU IKCIUTyaTalluu CTEP/KHEBBIX KOHCTPYK-
Ui, UCHIOJIb3YEMbIX B MAIIMHOCTPOCHUU U CTPOUTENILCTBE HA3EMHBIX U MOJ3EMHBIX COOPYKEHUIH,
TaKHMX KaK OIOPbI 3aHNUN, KOJIOHHBI U IPYTHE SIEMEHTHI.

HNudopmanust 0 puHAHCHPOBAHUH

Jlannble uccnenoBanus nojuep:xkanbl Komurerom Hayku MuHHCTEPCTBA HAYKH U BBICILIETO 00-
pazoBanus PecrryOmmkn Kazaxcran (rpant BR20280990), a Taxoke mpoektom Ne AP19674789.
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CTALHUOHAPJIBIK EMEC XKblJ1Y MEH KYII OCEPIHAETI']
TEPMOKATTbBI O3EK JTUHAMUKACBI

Anjgarna

O3eK 2JeMEeHTTepl TeXHHWKaHBIH SpTYpJl cajajapblHIa KEHIHEH KONJaHbLIajbl. Temieparypa epiciHiH
YaKpITIIa ©3repyl INTAHTAJBIK KYPBUIBIMAApJa YaKbITIIAa ©3TepeTiH KEepHEYy ©piciH Tyablpajsl, Oy oJapiblH
OepikTiri MeH ceHimaumiriHe ocep eremi. CepmiMAUTIK CHAKTHI MEXaHHKAJBIK KAaCHETTepiH eCKepe OTBIPHII,
©3eK KOHCTPYKIUSIAPBIHBIH TEPMILUIBIK KEpHEYNi KYWHIH aHBIKTay ©3€KTi FRUIBIMH-TEXHUKAIBIK MIHACTTEPHiH
Oipi. MareMaTHKaJIbIK MOJIENBACY O/ICTEPIH KOJJAHy KYPbUIbIMJA JKOHE OHBIH AJIEMEHTTEpiHAe OoJaThiH Tep-
MOJIMHAMHUKAJIBIK IPOIECTEP/Ii 3ePTTEYre KOHE kK0o0ajmay Ke3CHIHIC OJIap/blH JUHAMUKAIBIK JKOHE OCPIKTIK CH-
rarTamalapblH aHBIKTayFa MYMKIHJIIK Oepeti. ByJt skyMbIc epikTi OacTarkel )Kar1ainap/a, COH1ai-aK KYII HeH KbLTY
9CepiHEH TEepMOAJIACTUKAJIBIK IITAaHTaHbIH JUHAMHUKACH YIIiH Kom MiHIeTiH KapacTelpaisl. [ pUH TEH30pBIHBIH
KOMETIMEH KBUTY-CePIIMILTIK TEHICYNIEpi, erep OHBIH OacTamKel KYHi jKoHE OCJCeHIi KYII MEeH JKbUTy Ke3aepi
Oenrini Oomca, MTaHTaHBIH Ke3 KeJITeH KHMACHIHIAFbI )KOHE Ke3 KeJITeH YaKbITTa Ae(popMarsuiapAsl, KepHEYIep MCH
TeMIIepaTypaHbl aHbIKTAyFa MYMKIH/IIK OCPETIH €CeNTiH aHAIMTHKAJIBIK [ICIIIMI aTbIHIbl. IMITYIbCTIK HIOFBIPIIaH-
FaH KYII II€H KbUTy KO3EpiHiH OCEepiHEeH TeMIlepaTypaHblH, KO3FaJIBICTBIH CaHIBIK ecerTeyiepl YChIHbUIFaH.
TypakTsl Typzaeri KyaTr >KoHE JKbIIy Ke3epiHiH e3eri OoiibiMeH OemiHren kesme Komm mocenenepin mremnry
ecenreyiaepi Kyprizuimi. O3ipieHren Oarmapiama OKIIaylaHFaH SKalblIaHFaH (QyHKIMsUIapMEH CHIaTTalaThiH
YIIECTIpIITEeH JKOHE IIOFBIPIIAHFAH JKOHE MMITYJBCTIK JKBUTY JKOHE KyaT Ke3IepiHiH ocepiHeH opTypii (u3nka-
MEXaHUKAJIBIK IMapaMeTpiepi 0ap e3eKTepaeri TepMOIMHAMHUKAIBIK IPOIIECTEP/Il 3ePTTEyTre MYMKIHIIK Oeperi.

Tipek ce3aep: TepMOIJIaCTUKAIIBIK ©3€K, TEMIIEPAaTypa, OPBIH aybICTHIPY, KEpHEY, JKaJIblUIaHFaH (DYHKIHS
onici, ['puH TeH30pHI.
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DYNAMICS OF ATHERMOELASTIC ROD UNDER UNSTEADY
THERMAL AND FORCE INFLUENCES

Abstract

Rod elements are extensively utilized in various technological fields. An unsteady temperature field induces a
time-varying stress field within the rod structure, impacting its strength and reliability during operation. Determining
the thermally stressed state of rod structures, considering their mechanical properties (especially elasticity), is a
significant scientific and technical challenge. The application of mathematical modeling methods enables the study
of thermodynamic processes occurring within a structure and its elements, allowing for the determination of their
dynamic and strength characteristics during the design phase. This paper addresses the Cauchy problem for the
dynamics of a thermoelastic rod under arbitrary initial conditions and subjected to force and thermal influences. By
employing the Green’s tensor for thermoelasticity equations, an analytical solution is derived, which determines
deformations, stresses, and temperatures at any point along the rod at any given time, provided the initial state and
the acting force and heat sources are known. Numerical calculations of temperature and displacement are presented
for cases involving pulsed concentrated force and heat sources. Additionally, solutions to Cauchy problems under
the influence of regular force and heat sources distributed along the rod are computed. The developed program
allows for the investigation of thermodynamic processes in rods with various physical and mechanical properties,
under the influence of both distributed and concentrated pulsed thermal and force sources, described by singular
generalized functions.

Key words: Cauchy problem, rod, uncouple thermoelasticity, method of generalized functions, temperature,
displacement and stress.
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PRE-CONDITIONING METHOD FOR SUBSTANTIALLY
SUBSONIC FLOWS

Abstract

The proposed work is a detailed numerical simulation of three-dimensional subsonic turbulent flow in a
channel, with the main focus on symmetric perpendicular jets arising from the walls. The solution of the Favre-
averaged Navier-Stokes equations closed by the turbulence model is carried out using an algorithm based on the ENO
scheme. To accelerate the convergence of the iterative process, a preconditioning method is used and a transition
to a vector of primitive variables is performed. The results of the study are essential for a better understanding of
subsonic turbulent flows and may find applications in various fields, including engineering and scientific research.
The relevance of the work is highlighted by the development of efficient numerical algorithms capable of solving
subsonic three-dimensional Navier-Stokes equations using high-order accuracy schemes, as well as the application
of robust turbulence models to analyze supersonic multicomponent flow. The scientific novelty of the work is the
successful use of the preconditioning method to accelerate the convergence of the iterative process.

Key words: numerical modelling, subsonic flow, perfect gas, boundary layer, Navier-Stokes equations.

Introduction

One of the peculiarities of modelling low-speed flows using the compressible form of the Euler
or Navier-Stokes equations is the instability of the numerical solution and the slowing down of the
convergence rate of the iterative process due to the small difference between the velocities of acoustic
and convective waves [1-4]. The application of preconditioning allows us to modify the difference
equations in such a way that the eigenvalues of the Jacobian (wave propagation velocity) of the
modified system of equations have comparable orders of magnitude. The use of the preconditioning
method [5-14] mainly leads to the improvement of convergence of stationary solutions of the
establishment schemes.

When approximating spatial derivatives, central-difference methods or, as in the case of the
scheme in [3], methods with special approximations are usually used. The main objective of this
work is to develop a numerical algorithm for solving the problem of blowing subsonic jets from
circular holes located symmetrically on the upper and lower walls of the channel perpendicular to
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the flow of a low-velocity perfect gas using the preconditioning method. The solution of the original
Favre averaged Navier-Stokes equations is performed using an algorithm based on the ENO scheme.

Based on the analysis, it can be noted that most authors studying flows at low Mach numbers
and using the preconditioning procedure to solve the equations use Turkel matrices [7], which are
suitable for preconditioning both the Euler and Navier-Stokes equations

The analysis of methods for solving the Navier-Stokes equations for flows with small Mach
numbers shows that the most common way of eliminating computational difficulties is the application
of the preconditioning method, which allows to solve in a unified way the problems characterized
by the velocity change, mainly leads to acceleration of convergence of the stationary solution of the
establishment schemes.

Main Provisions

The initial system is a system of three-dimensional Favre averaged Navier-Stokes equations for
a compressible turbulent gas written in Cartesian coordinate system in conservative form:

au  8(E-E,) 8(F-F,)  9(G-G,) _
E—F dx + ay * oz =0 0

U = (p, pu, pv, pw, E)T @)

Expressions for convective E, F, G and diffusive Ev, Fv, Gy flux vectors are given in [15].
The initial system (1) is written in dimensionless form. The input parameters are taken as defining

parameters gy, Poo, T, pressure and total energy are related to the value of 0, uﬁj , the characteristic
length dimension is the diameter of the jet's circular orifice.
The flow parameters are given at the inlet and also as initial data:

u=Lv=0w=0p=1T=1 x=00=y=H,0=z<H,

Initial data for the parameters k , @ are determined on the assumption of equality of turbulence
generation and its dissipation

P, = [ pwk
Then

Utp_1. Py
k = k., where koo = = W= w
" ® pReB |1y’ o’

pk 2 2
. = — Ut (6w) 4 (Bw)
where oo , = =||— —— .
uep-1 Re P Re ( dx + 3\9z

Here, the algebraic Baldwin-Lomax model is used to determine the value of the turbulent viscosity

coefficient. Near the wall (0 = Z = &), the turbulent viscosity coefficient has the following form
pe = pl?|0 |

-
where 121 —vorticity, | = kz |1 —e 2 /A | — mixing path length, k = 0.4 1 — Karman constant,
A= 26. Away from the wall (z > §;) is accepted
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i, = 0.0168pV, L,

where Vo = (Fmax, 0. 25q§1fmeax) Ly =1. 6Zmax1k’ Fpax = max (|02 |H(}
Qaif —max(|V|) min (||V|D V= \/uz +v2 4+ W2

Z
max consistent with mﬂx

I* = [1+5.5(0.32/ Zmax) ] — Klebanov's limiting multiplier [16]. This is the time durmg
which turbulent flow is observed at a given point, related to the total measurement time. In almost
all algebraic turbulence models, the Klebanov intermittency coefficient is used as a multiplier to the
turbulent viscosity in the outer region.

on the bottom wall:
arP

u=0v=0w=0 ——0,5—U,z=U,U£x£Hx,U<_iy<_iHy,
The following boundary conditions are specified for the parameters J — ¢ of the turbulence
model on the wall

bu

k=0w= 0.075p(Ay,)?

There is a boundary layer near the wall, the thickness of which is determined by the formula

6, =03 7x(Re)™%2 A wall layer is also specified (10% of the boundary layer) §, = 0.16;. In
this situation, the use of the percent boundary layer thickness does not lead to significant difficulties,
since the calculation results are not sensitive to this parameter. Longitudinal velocity component 1
takes the following form:

u=01(> )+09( )2 0<x<H,0<y<H, 0<z<5,

In a developed turbulent boundary layer, the longitudinal velocity profile is given by a power
law:

u:(i)lﬁ, U{_:x{_:Hx’U‘:_iy‘:_:Hy,él‘:—:Z£52.
&

Depending on the velocity distribution, the temperature and density values will take the form of:

T=T,+u(1-T,) p=-

rne T, = (1 +7r (}' 2 M2 ) — temperature on the wall, ¥ = 0.88;

on the stream:
u=0v=0T=0.6w=+TM,/M, Py =nP, z=0 M,|x2+y?| =R.

the symmetry condition is set on the upper boundary:

u dw
W=05 =05 =05 =0T =032=0,_p g<x<p, 0=y=<H,
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on the lateral borders:

Bu_av_aw Elp dk _ dw ~0
ay ady ady ay ady ady y=00=x=H,0=z=H,

where Hy - length, Hy. height, H y - design area width, R - radius of round hole; the non-
reflection condition is set on the output boundary.

Materials and methods

In [15], an ENO scheme is constructed and the applicability of the scheme to the solution of the
problem of supersonic flow of a multicomponent gas in a channel with blowing perpendicular jets is
shown. In accordance with this, mesh densification is introduced in the boundary layer, near the wall
and at the jet level, with the help of transformations [15] for a more accurate account of the flow:

E=¢@n=1@ =) o
In this case the system of equations (1) in generalised coordinates is written in the form:

oU 8E OF 9C _ 9E,, 0F,, 0Fy,  0Fm 3Gy  0Cum

ot Tan "¢ T ar TTag Tam "o Tar Tag @
where ﬁ:%ﬁ:g (?)E F:(})ﬁ E (Ex) _)vz,gvm:(i_x)gvm,

ﬁin - (?Il'_rz) ﬁvZ. ﬁwm (?}z) ‘F{ﬂm GvZ (( ) v2, évm (?) Gv'm’
here | = 0.0

d(x,y.z)
second derivatives.

In order to eliminate the problem associated with the system of equations (1), where M — 0

- Jacobian transformation, Evm, EvZa diffusion terms containing mixed and

the method of preconditioning is used. For this purpose, let us consider the system of equations for
compressible fluid flow in linearised form in three-dimensional formulation

dE aF a6 .
where A = — B = B_y’ C= 9z Jacobi matrix, and the vector of primitive variables has the

form Q = (p,u,v,w,S}-

The Jacobi matrices are defined as:

u pc2 0 0 0 v 0 pc> 0 0 w 0 0 pc2 0
/1 ooo\ 0 v 0 0 0 0w 00 0
P 1 0 0 0 0
a=| » | B=| 20 wv oo | c=[s0M™
\OOOHO/ 000 v O \P /
0 0 0 0 u 000 0 v 0 0 0 0 w
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The idea of the method is to modify the system of equations (5) by multiplying the terms with

time derivative by the matrix P _1:
10 d d d
pm1224 422, poe, ¢
dx dy

5, — 0 (6)

dat

multiplied by p-, the system of equations (6) is rewritten in the form:

aQ aQ aQ aQ

at—l—PAax—FPBay—l—PC Py 0 (7
The main purpose of building a preconditioning matrix p~' s to make the eigenvalues of the

matrices P4 and PB, PC have the same order of magnitude. It is assumed that the matrix P~

positive and as vector parameters  different independent variables can be used (p, u, v w, P, T, S).

Selection of primitive vector parameters QO is dictated only by convenience in the construction of

preconditioning matrices. Turkel's preconditioning matrix [7] was used in this work:

‘0004

1000
b PP
12010 0

Pp

X001 0

P

0 00 0 1

and correspondingly its inverse matrix:

B B
o000 -Fs
C C
au au
-1 00 %o
pc pc
P:

—ﬂz 010 ﬂzé
pc pc
—ﬂz 00 1 ﬂza
pc pc
0 000 1

constructed for the vector of independent variables, O =(p,u,v,w,S )T , here S=h (p/ ﬁﬁ) —
entropy. Then products of matrices P4 u PB, PC will take the form

2
pupp 00 L
2 2
l(l—‘“ﬁj (—an 0 0 %2
pL e pe
PA= oavu oavud
-— -av  u 0 .
pe pe
SO e 0w O
pe pe
0 0 00 u
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2 2
ﬁzv O pﬂZ 0 _ﬂ:}&
c c
avu avuod
-—; 11 0 .
pc pc
_ 2 2
PB= 1[1—‘”2j 0 (-ap 0 22
P c pc
O R
pc pc
0 0 0 0 %
2 2
c c
auw awuod
-— w 0 —au .
yos pc
PC = _avvzv 0w —an avw:é
pc pc
2 2
l(l—‘”jj 0 0 (-ayw 29
P c pc
0 0 o0 0 w

Let us calculate the eigenvalues of the matrix PA. For this purpose we solve the system of
homogeneous equations of the form: (P4 — AI)=0 with respect to the unknown variables

A, i=1.4.
Zzu,

1 u’
A, =- zuF . |z°u’ +4p° —— | >
- 262|: \/ P 02]

2 2
where z:l—a+ﬂ— (ifa:1+ﬂ ,whenz=0,T10 A, :1«/,8231—M2 ).

¢? ¢?

Thus, as a result of preconditioning in the case of M<<1, in selecting B = u’ +v’ +w all ei-
genvalues of the Jacobi matrix P4 will have the same order u. Moreover or 8 =c? all A. become
eigenvalues of the original Jacobi matrix A.

The eigenvalues of the matrices PB and PC are determined similarly. Then, according to the
calculated eigenvalues of the matrices, the eigenvectors from the solution of the following system of
homogeneous linear equations are determined:

(PA-W, —AW,)=0,

where W, i=1...5 — components of eigenvectors corresponding to the eigenvalue 4, i=1...5,
The matrices of eigenvectors (right eigenvectors) will take the form:
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P’ pE* 0.0 0
AP Py g M
c c oc
A A
R =| &% D10 0
! u—A, u—A~
yl A
ave. A 10
u—A, u—A~
0 0 00 1
pp* 0 pp* 0 0
oA, 1 Ui 0 0
v—A, v—A_
2 2
R={2 LY o1 LYoy ¥
c c oc
yl
awk oy Ay
v—A4, v—A
0 0 0 0 1
AP 00 pB° 0
oui, | oud
w—A4, w—A4
Ro| XA o @
w—A4, w—A4_
2 2
AP g g g B o
c c pc
0 0 0 0 1

The inverse matrices or left eigenvectors will be written in the following form:

- = Bu 1
¢’ o=y +2) —y+A
A+ pu 1
Bl p(=y+A) —y+A
=| (—yc2/1+ﬂ2u2)av avu

CPpu-u—-2)  (w-p)u-2)
A+ pru’ B awu
cZﬂzp(uO—yxu—z) (u—yg(u—a)

o
¢ pl=y+2)
-
¢ pl-y+2)
oovu’
¢ plu=y)u-A)
oowu’

c* plu=y)u-2)
0 0 I
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-’ + By 0 1 0 0 - o
¢’ B p(—y +2) —y+4 pl-y+2)
~ (3 + B2v? Jau 0 . owu 0 dauv*
¢’ B2 p(v=y)(v—A) v=-n=2)  pv-pv-2)
R'=| A+ 1 0 S
B p(—y+2) —y+A ¢ pl-y+4)
B (—7c22+,6’2v2)aw _ awd ! dawv?
B p(v=y)(v-2) v=-7-1) ¢ pv=y)v—-2)
0 0 0 0 1
-’ + fPw 1 Sw
0 0 -
B p(-y+A) —y+A ¢ pl-y+2)
_ (—yczﬂ,+ﬂ2w2)au L o0 - oauw Souw’
¢’ B p(w=y)(w=2) w=nw=2) plw=7y)w=2)
R'=| (=)’2+pw | avw Savw’
¢’ B p(w=y)(w=A) w=n)w=2) ¢ pw=y)w-2)
—Ac’ + BPw 1 ow
YT 00 B PEDN AR
B p(—y +A) y—A pl-y+2)
0 0 0 0 1

The following relations must be satisfied for the constructed matrices:
—1 —1 -1 . . .
R xR =1, Ry ny =1, RxR =1 unit matrices.

RAR'=PA> RAR'=PB RAR'=PC- 8)

X° XX

Let us make a transition from the system of equations (5) in primitive variables to the system of
equations (1) in conservative variables. Then equation (1) is rewritten in the form:
U _ 00, 3U QU 3Q ,,0U 0U  3Q ,. U aU
ot oU 00 ox oU oQ oy oU 0Q oz

©)

Moreover, the transition matrix has the form:

iz 0 0 0 i

C C

= e 0 0 %

C C

00 v v
ol = 0 0o -—
aU CZ p cZ
w w

P .
M -
PR
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The inverse of it will be written as follows:

The matrix of preconditioning in conservative variables in the x direction taking into account (5)
is as follows:

According to the principle of ENO scheme construction, the original system of equations is
formally represented as follows:

_1 2 2 2
%(M v +w)  =(-u (- —(y-Dw y-1
_u 1 0 0 0
P P
6_U: _8 0 1 0 0
o0 P p
P p
Pl v ew )= (= —(r=1p (-1 p-1

The matrix of preconditioning in conservative variables in the x direction taking into account (5)

is as follows: 5 ou o oU
Q py Q pigr oY (10)

ou 00 oU RoAR, 00
According to the principle of ENO scheme construction, the original system of equations is
formally represented as follows:

U au U U
—+ (AT +47)A +(B*+B)B,,—+(C"+C)Cp—=
at ) 66 ( ) DT an ( ) T 6(
_ 0(Ey + Epm) N d(E,, + E,p) N (Gyp + Gym)
a¢ an a¢
(£++A“—)@—(B + B )En—“’v) (6+ + ¢-) 2E2D)
a& a¢
_ 00,00 5 _ 00 _0pe U
here Ap = BUPA 30 Bp,, PB 30 C.p.,, aUPC 30 Jacobi matrices,
o A 1 lisign(z’l,f] 1 5+ _ 1 1+sign(An )\ -1
A* =R AR, =R, (f R;! B* = R,A, Ry = R, ()R

lisignl:Aq)

C* = R AR = R, (F

)Rz_l Eng-i-gg"—ﬁg FmZﬁ—l—En-i-En

modified flows at nodal points (i,j.k), consisting of initial convective vectors (E , EF , G") and high-

order precision additive terms (E £ D £ E??’ D?J" Eg, E(), described in detail in [17].

After factorisation of the one-step finite-difference scheme for time integration of equation (11),
the following equality is obtained:
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. @ d a1 ]
{I+ﬂ.t (A++A_)H—A?-——ﬁga—€r- }x

- |
{I+At (B++B_)n%B"-—i~ a1 }x
ot an O o 011~
jU"+At[ . +a§f2+%(21§3m—Eﬁrﬁl)+%(zﬁv’r‘n—er‘{l)+
o7 (26 — G ]— At [(A+ + A7) 55 (B + D) + (B +B7) 5 (B, + D) +

~ ~ N0 n
(Q* +0Q7) 57 (. + D)) (12)
where A; = ¢, A, B, =n,B,Q; =0, moreover At + A~ = I, I - unit matrix fs =
peE ook oo BG

Re?Fn =R p B T ke , o .
The following operator is used to approximate the derivatives in the convective terms:

g “"Ti_ﬂfz(fiﬂj —fij) + ﬁ?—lfz(fij ~ fi-15)
0¢ AS

The approximation of the terms containing additive vectors of high order is performed as in [18].

0E}, n 0Fy,
0¢

(A~ + A*

flij =

Results and discussion

A splitting method is applied to solve the system of equations (11), using matrix run vector. A
turbulence model is introduced to equilibrate the system of equations (1), and a precondition method
k — @ is implemented to overcome the stiffness of the original system.

Figure 1 shows a comparison of the exact and numerical solutions for the profile of the longitudinal
component of velocity in the section at x=6.6. The velocity profile converges to the exact solution.
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Figure 1 — Comparison of numerical results with exact solution for Poiseuille flow calculation: velocity
profiles " " - initial velocity; "- - - - - - " - exact solution; "........ " - numerical solution
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The velocity profiles (Figures 2-3) quickly approache the exact solution as shown in Figure 1 [19].
Accurate results are ensured by the boundary conditions. The pressure plot (Figure 4) shows a
constant pressure gradient (Figure 4) in most channels, which is 0.998(dp®**“t /dx,). The boundary
layer behaviour is not evident in the longitudinal velocity profiles (Figure 2) or in the temperature
regime (Figure 5).

It can be concluded that, the convergence rate of the solution is high enough, strong pressure and
temperature gradients are formed near the outflow, and a boundary layer appears in the temperature
contours.

Conclusion

Based on the analysis of the existing literature, the state of the problem of numerical solution of
the full Navier-Stokes equations for compressible turbulent viscous gas at small Mach numbers is
studied. It is known that the main problem in solving finite-difference equations is numerical instability
leading to the problem of convergence of the iterative process. The main ways of eliminating the
arising problems are studied. It is obtained that, to date, there are two main approaches in solving the
initial equations. The Density-based method, where the full Navier-Stokes equations are used and
pressure, temperature and entropy are solved directly using the basic parameters. It was found that
within the Density-based method, the most common way to eliminate computational difficulties at
small Mach numbers is to apply preconditioning of the initial equations, which allows the difference
equations to be modified in such a way that the eigenvalues of the Jacobi matrix (wave propagation
velocity) of the modified system of equations are of the same order. It is revealed that the main
advantage of the preconditioning method is that it allows to solve flow problems with both small and
moderate Mach numbers in a unified way.

The mathematical formulation of the problem of turbulent air flow with transverse jet induction
in a substantially subsonic regime with the use of the preconditioning method has been formulated.
The main advantage of using the procedure of preconditioning when solving the original Favre-
averaged Navier-Stokes equations is the possibility of modifying the difference equations in such
a way that the eigenvalues of the Jacobian (wave propagation velocity) of the modified system of
equations have the same order. A numerical method for solving the problem is developed, in which
the Turkel preconditioning matrix for primitive variables is used. The transition to conservative
variables is performed using transition matrices, and the right and left eigenvectors are calculated for
the system of three-dimensional preconditioning matrices.
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KBIJIAAMABIFbI IbIBbIC KbIJIIAMJIBIFAHAH TOMEH AFbIH/IAP
YIIIH IAPTTSBI TYPIEHAIPY 9 AICI

Anjarna
Y CHIHBUIBII OTBIPFaH XXYMbIC KaObIpFaja maiga OoiFaH CHMMETPUSUIBIK NEPIeHIMKYIAp arblHIapra Hazap
ay/liapa OTBIPBII, apHAJAFbl YII OJIIEM/Ii KbUIIAMJIBIFbI JbIOBIC JKbIJIIAM/IBIFBIHAH TOMEH TypOyineHTTi arbin/{bl
MYKUST cannslk Mozpenbaeyre apHairad. TypOyJneHTTUTK MojeniMeH Tyiibikrainran DaBp-opraiiaiaHraH
Hasne-Croke Tenaeynepi ENO cxemachlHa HeTi3ieNreH ajaropuTM apKbUIbl menriieni. Mrepanusuiblk ypaicTiH
KOHBEPTEHIMSICHIH JKbIIIaM/IaTy YIIiH MIApTTHl TYPIACHAIPY S/ici KONJaHbIIa bl XKOHE KapaOalblp aifHbIMaIbIIAp
BEKTOPBIHA KOIITy )KY3€Te achIphIIaIbl. 3epPTTEY HOTIDKENIEPi ABIOBICTHIK TypOYICHTTI aFbIHIAPIBI XKAKCHIPAK TYCIHY
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YIIH MaHBI3/IbI KSHE OPTYPIIl cajanap/a, COHbIH IMIiHAEe MHXEHEPIIK KOHE FHUIBIMHU 3€PTTEYNIepAe KOJNaHbLTYbI
MYMKiH. JKYMBICTBIH ©3€KTUIIrl OFapbl PeTTi JRJIK CXeMalapblH IaljangaHa OThIpbI, yml esmremai Hasbe-
CTOKC TeHAeyNIepiH HIenryre MyMKIH/IIK OEpeTiH THIM/II CaH/IBIK aJITOPUTM/IEPAL 931pJIeyMeH, COHIai-aK IbIObICTaH
JKOFapBl KOIT KOMIIOHEHTTI aFbIH/IBI TANAAY YIIiH CEHIMAI TYpOYICHTTIIIIK MOJICTbICPiH KOMTaHyMEH CPEKIICICH/I.
JKYMBICTBIH FBUIBIMU JKaHAJIBIFBI HTEPALMSIIBIK IPOLIECTIH KOHBEPTeHIMSCHIH JKEACIACTY YILiH LIapTThl TYPICHIIpY
SJIICIH COTTI KOJIJIAHYBIHIA KATBIP.
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METOA INPEAOBYCJIABJIMBAHUA AJ1SA CYIHECTBEHHO
JO3BYKOBbBIX IOTOKOB

AHHOTAIUA

[Ipemiaraemast padboTa MpeaCcTaBisieT cOOOW AeTalbHOS YUCICHHOE MOJACIMPOBAHUE TPEXMEPHOIO JIO3BYKO-
BOTO TypOYJICHTHOTO TCYCHHUS B KaHAJIC C OCHOBHBIM YIIOPOM HAa CHMMETPUYHBIC IIEPIICHINKYIISIPHBIC CTPYH, BO3-
HUKaIONKe y cTeHoK. Pemenne ocpenneHHbIx mo Maspy ypaBHeHnit HaBre-CToKca, 3aMKHYTHIX MOACIBIO TYpOY-
JICHTHOCTHU, OCYIIECTBIISIETCS C MOMOIIBIO ANTOpUTMa, OCHOBaHHOTO Ha cxeme ENO. Jli1st yCKOpeHHUsT CXOMUMOCTH
UTEPALMOHHOTO MPOIIecca UCIONIB3YETCs METO/ P00y CIaBINBaHUs M OCYIIECTBISIETCS IEPEXO01 K BEKTOPY MpH-
MHUTHUBHBIX HepeMeHHBIX. PeSyJ'IBTaTI)I HUCCIICOOBAHUA BAXXHbI HJIA nquero IIOHUMAHUA I[O3ByKOBBIX Typ6yHeHTHBIX
MMOTOKOB U MOTYT HAWTH MPUMEHCHHUE B PA3IUYHBIX 00IACTSIX, BKIIIOUAs MHKCHEPHBIC U HAyYHBIC MCCIICIOBAHMUS.
AKTyaJbHOCTH pa0OTHI IOAYEPKHUBACTCS pa3paboTKol A((PEKTHBHBIX YHCICHHBIX aJITOPHUTMOB, ITO3BOJISIOIINX pPe-
maTh O3BYKOBBIC TpeXMepHBIC ypaBHeHN HaBhe-CTOKCa € HCITONB30BAHUEM CXEM BBICOKOTO TIOPSIIKA TOYHOCTH, &
TaKXKe ¢ MPUMEHEHUEM POoOACTHBIX MOJIENIeH TypOYICHTHOCTH JJIsl aHAJIM3a CBEPX3BYKOBOT'O MHOTOKOMITOHEHTHOTO
TeueHusi. HayuHasi HOBU3HA pa0OThI 3aKIIIOYACTCS B YCIIEITHOM MCIIOJIB30BaHUU METO/Ia TP 00y CIOBIUBAHUS ISt
YCKOPEHHSI CXOJMMOCTH UTCPAIIHOHHOTO ITPOIIecca.

KuroueBble cJI0Ba: 4HCIEHHOE MOJEIUPOBAHUE, TO3BYKOBOE TEUCHUE, UICANbHBIN Ta3, IOrPAHUYHBIN CIIOH,
ypaBHeHust HaBbe-Crokca.
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COMPUTER MODELING OF ANTENNAS
FOR SMALL SPACECRAFTS

Abstract

Antenna systems used in small spacecraft are a very important element of the spacecraft. The limited size and
operating features of these devices adjust the development processes of subsystems for them. In this work, wire
and microstrip antennas for small spacecraft will be modeled and studied. The software environment chosen for
modeling was CST Microwave Studio, which allows modeling antennas and ultra-high-frequency devices as close
to reality as possible. In this work, a wire dipole antenna operating at a frequency of 433 MHz and a microstrip
antenna operating at a frequency of 2200 MHz will be simulated. The dimensions of the antenna will be selected
according to calculations, materials will be selected as close as possible to those available to the authors. The results
of the study will be useful for further prototyping and research of these antennas.

Key words: antenna, CubeSat, modeling, dipole, microstrip antenna.
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Inroduction

Currently, one of the trends in the development of science and technology is the use of small
spacecraft to carry out various missions, including scientific research, education, remote sensing and
imaging of the Earth's surface, etc. The relatively low cost of small spacecraft makes it possible to
attract small businesses and enterprises for their creation higher technical educational institutions,
that is, contributes to the creation of a “border zone” development/education [1].

Limited size and communication resources require advanced solutions in this area. Efficient use
of space on board the small spacecraft is very important in this case. Therefore, optimization of the
physical dimensions of small spacecraft components, including antenna devices, is an urgent task.

To transmit and receive data (tracking, telemetry and control (TT&C), imagery, etc.) many
CubeSats in service or in service use different types of antennas, depending on the mission, space-
craft capabilities, and frequency range. design. Most CubeSat missions used VHF and UHF radio
frequency (RF) communications with typical data rates of 1.2 and 9.6 Kbps for both telemetry and
payload data transmission. Typically, wire, ribbon monopole and dipole antennas are widely used in
the VHF and UHF bands due to the ease of their manufacture [2, 3]. Patch antennas, which primar-
ily operate in the L- and S-bands, are the second most popular due to their low profile, light weight,
and lack of additional deployment mechanisms [4, 5, 6, 7]. Review papers [8—10] list and describe
modern antennas of various types used in small spacecraft. In practice, depending on the mission,
deployable and protruding antennas are most often used [11-15]. The work [16] presents the concept
of a tunable antenna, implemented using polyamide tape for operation in the S band. A feature of this
antenna is the ability to change the configuration of the diagram. At the same time, for full opera-
tion, the authors propose to use a servomotor, which has a certain mass and occupies a certain place.
The antennas studied and proposed in these works have fairly good characteristics, but the need for
additional mechanical, software actions and resources increase the likelihood of failure of the small
spacecraft mission. As is known, small spacecraft usually use several separate communication chan-
nels to transmit signals in the Earth-to-space and space-to-Earth directions, where antenna systems
are used that cover and operate in several frequency ranges. Studies [17-20] proposed antennas for
operation in multi-band and wideband frequency ranges. In [17], a star-shaped fractal antenna struc-
ture for operation in two bands was developed, modeled and manufactured. The geometric shape of
this antenna starts with two conductive squares forming an octagonal star, which makes this antenna
multi-band. [ 18] describes a multi-band miniature fractal microstrip antenna with high gain for mod-
ern communication systems. In the proposed design, a hexagonal Sierpinski pad is loaded onto a
square microstrip antenna, which allows the spot area to be reduced by 68.4% and the perimeter to
be increased by 168.8% by loading multiple triangular slots of different sizes in different iterations.
[19] used dual fractal techniques to design a fractal Koch-Sierpinski microstrip antenna (KSFM) for
wireless applications. The Koch fractal concept is applied to the outer periphery of the rectangular
region, and the Sierpinski gasket concept is applied to the inner segment of the square region to re-
duce the influence of surface currents. The frequency characteristics of these antennas are achieved
by fractal geometry, cutouts of different shapes and lengths. It should be noted that when developing
these antennas, classical fractals were mainly used, in which large changes occur in all directions as
the iteration number increases. This feature can degrade the basic characteristics of antenna systems.

Main provisions
This article performs computer modeling and research of wire and microstrip antennas for small
spacecraft. The results of the study will be useful for understanding methods for modeling antenna

systems for this type of device and for further research and development of effective antenna systems
taking into account the limitations and requirements of this technology.
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Methodology

CST Microwave Studio (CST MWS) is a program designed for fast and accurate numerical
simulation of high-frequency devices (antennas, filters, power couplers, planar and multilayer struc-
tures), as well as analysis of signal integrity and electromagnetic compatibility problems in the time
and frequency domains using rectangular or tetrahedral partition meshes.

A whip dipole antenna, also called a Hertz vibrator, consists of two identical arms made of metal
pins. Most often, the total length of the antenna is half the wavelength of the 0.95 A radio signal. The
full wave is calculated using the formula:

=3, (1)
f
where ¢ — is the speed of propagation of an electromagnetic wave in vacuum, f— is the frequency of

the signal.
For a frequency of 433 MHz, the wavelength is 693 mm, respectively, the length of the half-
wave dipole will be 329 mm.

M\‘——-_____\ / |

[ _\“74
]
‘-‘—-“‘-.l_

Figure 1 — Modeling of a half-wave dipole antenna

The distance between the two shoulders is 1-2 mm. Wire thickness 3 mm, material — copper. All
antenna characteristics are defined in the software environment, which makes it possible.

Microstrip antennas, along with monopoles and dipoles, are probably the easiest to design. These
antennas are also so easy to integrate on a printed circuit board that they are widely used in advanced
systems such as 5G antenna arrays and radars. These antenna arrays are described by a simple set of
design equations for the fundamental and higher order modes, so they can be designed without even
using a simulation tool.

A microstrip antenna is essentially an open resonator. The antenna is located above the ground
plane and the field limitation between the strip antenna and the ground plane determines the set of
eigenmodes on which the antenna can operate (similar to longitudinal wave transmission lines). The
eigenmodes correspond to certain modal field distributions within the resonant cavity created by the
antenna, although such antennas usually operate on the fundamental mode. A microstrip antenna
consists of an emitter, a dielectric substrate and a ground plane (figure 2, p. 210).

The main dimensions of a microstrip antenna are calculated using formulas (2) and (3), where ¢
is the speed of propagation of the electromagnetic wave, f0 is the signal frequency, € R is the dielec-
tric constant of the substrate, h is the thickness of the dielectric substrate.

w=_—°

ot ()
27, [ &7
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Figure 2 — Microstrip antenna structure

In the CST MWS software environment, a patch antenna was simulated to operate at a frequency
of £ =2200MHz (figure 3).

Figure 3 — Modeling a microstrip antenna

According to calculations for an antenna with substrate material FR-4 with a substrate thickness
of 3 mm, the radiator size is W=82 mm and L=62 mm. In addition, matching cutouts were made at
the junction of the emitter and the power line.

Results and discussion

This section shows and describes the results of modeling antenna systems. One of the most im-
portant characteristics of antennas is parameter S, , shown in Figure 4 (p. 218), where the working
area is taken as the area where the reflection coefficient is below -10. According to the graph, the
dipole antenna operates in the range 390-442 MHz, maximum resonance 420 MHz.
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Figure 4 — S, of a half-wave dipole antenna

Figure 5 shows the radiation pattern of a dipole antenna, showing the antenna's ability to direct
the main energy in the desired direction. According to the figure, the dipole antenna directs the main
beam of the signal along the arm, while in the transverse direction the signal shows minimal radia-
tion. This means that this antenna is close to omnidirectional in directional characteristics. The maxi-
mum gain is 2.26 dB, which corresponds to the performance of a dipole antenna (figure 5).

Farfield Directivity Abs (Phi=90)

30 Phi=270
O

farfield (f=433) [1]
Phi=90 30

90 90
120 N\ e 120
Frequency = 433 MHz
150 7. 150 Main lobe magnitude =  2.26 dBi
Main lobe direction = 90.0 deg.
Theta / Degree vs. dBi Angular width (3dB) = 77.5 deg.

Figure 5 — Radiation pattern of a half-wave dipole antenna at a frequency of 433 MHz

Figure 6 shows parameter S, of a microstrip antenna, according to which this antenna operates
in the range of 2150-2260 MHz with a maximum reflection coefficient of — 34 dB. In addition, there
is a second resonance with a central frequency of 3450 MHz.

S-Parameters [Magnitude in dB]
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Figure 6 — S | of microstrip antenna
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Figure 7 shows the radiation pattern of a micropolka antenna at the fundamental frequency of
2200 MHz, according to which the antenna has more directional characteristics at this frequency.

Farfield Gain Abs (Phi=90)

0 —— farfield (f=2200) [1]
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Figure 7 — Radiation pattern of a microstrip antenna at a frequency of 2200 MHz.

The main beam of the diagram corresponds to the direction of the antenna, the maximum gain at
the frequency in question is 2.69 dB. The data obtained correspond to the calculations and show the
performance of the antenna in this range.

Conclusion

In this work, antenna systems for small spacecraft of the wire and microstrip types were pro-
duced and studied. The research method chosen was computer modeling in compliance with the
requirements of boundary conditions. A simulated wire dipole antenna for operation at 433 MHz
shows performance at this frequency and has a maximum gain of 2.26 dB. Also, a simulated micro-
strip antenna for operation at a frequency of 2200 MHz shows performance at the required frequency
with a maximum gain of 2.69 dB. In general, the characteristics of the antenna systems modeled for
small spacecraft correspond to the calculations and are suitable for prototyping for further research.
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ITATBIH FAPBIII AIIITAPATTAPBIHA APHAJITAH
AHTEHHAJIAPAbI KOMIIBIOTEPIIIK )KOBAJIAY

Anjarna

[larprH FapbIll armapaTTapblHia KOJIJAHBUIATEIH AaHTCHHAJIBIK JKYHesIep FaphIll alapaThlHbIH 6T¢ MaHbI3/IbI
aneMeHTi. bysl KyphUIFBUIapIbIH IIEKTEYN MeJmepi MEeH XYMBIC MYMKIHIIKTEpl onap YIIiH imki xyienepui
J3ipIiey MpoIecTepiHe TY3ETylIep eHri3eai. byt »KyMBICTa TIaFBIH FAPHIII alapaTTapblHa apHAJIFaH CBIMIBI JKOHE
MUKPOKOJIAaKTHl aHTEHHAJIAp MOJCIBICICAl KOHE 3epTTeIeNi. Moznem)z[ey YIIiH TaHJaIFaH OaFmapiamaiiblk
opta — CST Microwave Studio. On aHTeHHAIap MEH yabTpa KOFaphI KULTIKT1 KYPBLIFbLIAP/TbI 6ap1>1Hma IIBIHAKBI
MOJICIIBICYTE MYMKlHJllK oepeni. B¥n KYMBICTA 433 MI 11 KUUTIKTE )KYMBIC ICTCUTIH CBHIMJIBI IUIONbII AaHTCHHA
skoHe 2200 MI'1 )KUITIKTE HKYMBIC ICTCUTIH MHUKPOXKOJIAKTHI aHTCHHA UMHUTALUSUIAHAIbl. AHTCHHAHBIH OJIIIEeMIepP1
ecenTeyepre Coiikec TaHIaNlaIbl, ajl MaTepHajaap aBTOPIAP/IBIH KOJTBIH/IAFbl MATCPHAIAPMEH YKCACTBIPLIBIT
TaHAanaabl. 3epTTeY HOTIKENEPi OChl aHTEHHAIAP/IB! OaH opi IIPOTOTUIITEY MEH 3epPTTEY/IC Taliaalbl.

Tipek ce3nep: antenna, CubeSat, sxobasay, TUITOIb, MUKPOXKOJIAKTHI aHTCHHA.
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KOMIIBIOTEPHOE MOJAEJINPOBAHUE AHTEHH
JJIAA MAJIBIX KOCMHUYECKUX AIIITAPATOB

AHHOTAIUA

AHTEHHBIE CUCTEMBI, UCIIOJIb3yEMbIE B MaJIbIX KOCMHUYECKUX alapaTax, ABISIOTCS OYE€Hb BaXKHBIM JIEMEHTOM
KOCMHYECKOro arnmnapara. OrpaHHdeHHOCTh Pa3MEpPOB M 0COOEHHOCTH pabOThI JAHHBIX allapaToB BHOCSAT KOPPEK-
THBBI B TIPOLIECCHI Pa3pabOTKH MOACKCTEM AT HUX. B manHO# padoTte OymyT cMOJETHPOBAHbI U HCCIIEJOBAHbI IPO-
BOJIOUHAs U MHUKPOIIOJIOCKOBBIE AHTEHHBI JUI MAJIBIX KOCMHYECKHX anmnaparoB. IIporpaMMHO# cpenoit i Moze-
nupoBanus BeiOpana CST Microwave Studio, mo3Bosisitolasi MOJICIMPOBATh aHTEHHBI U CBEPXBBICOKOYACTOTHBIC
yCTpoiicTBa MaKCUMaJILHO MPUOJIMKEHHBIMH K peajbHOCTH. B naHHoii paboTe OyayT CMOJEIMPOBaHbI TPOBOJIOYHAS
JIMIIOJIbHAS aHTEHHa, paboratomas Ha yactore 433 MI'1, n MUKpOIIOJIOCKOBas aHTeHHa, padoTarollas Ha 4YacToTe
2200 MI't. Pasmepbl aHTeHHBI Oy/yT MOAOOPaHBI COMIACHO pacueTaM, MaTepHaibl OyIyT BHIOpaHbl MAaKCHMaJIbHO
NpUONMKEHHBIMI K HMEIOLIMMCS y aBTOPOB. Pesynbrarsl nccnenoBanus OyayT MOJIE3HBI A JalbHEHIIETo Ipo-
TOTHITUPOBAHMS U NCCIIEJOBAHNS JTaHHBIX aHTEHH.

Kuarouesble ciioBa: antenna, CubeSat, MoeMpoBaHue, AUIONb, MUKPOIIOIOCKOBasI aHTEHHA.
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BEJICEHAIPIJITEH KOMIPAEH XAMMEPC 91ICI APKbIJIbI
I'PA®EH OKCHUAIH (I'O) AJIY KOHE OHBI 3EPTTEY

AHaaTna

KemiprekTi Marepuaniap 2JIEKTPOHUKAIa, MEANIMHA/AA, COPOIMSUIIBIK MaTepuaiap JaibIHaaya ui KoJl-
naHplIagsl. byHnmait marepmanmapra rpacwur, rpaden, rpadurren anbiaraH rpaden okcuni (I'O) sxeme Oen-
ceHmipinreH kemipaen cuaTe3nenreH rpadeH okcumi (BK-I'O) Topizni marepmanmap keH KOJTAHBICKA TYCYIC.
By makanana Gencenaipinren keMipaeH cuaTesnenreH rpaded okcuainia (BK-I'O) rpapurren ansaran ['O-man
alBIPMAIIIBUTBIFBI, KEMIIJIT1, apTHIKITBIIBIFBI aTANBIT 0Te1. 3epTTey OaphIChIHIa OeIceHIpiIreH KoMipi Xammepe
O/IICIMEH TOTBIKTBIPKIN, OuononauMep kapOokcumerwnnentonozamen (KMIL) 1/1, 1/3, 3/1 karbiHacTapbiHza
QJIBIHFaH KOMIIO3UTTI Marepuayigap MH(pa KbI3bUI, YIBTPAKYITiH-CIIEKTPOCKONHS JKOHE ONTHKAIBIK icTep
apKBUIBI 3ePTTEN/Il. 3epTTey HATIKeepl Heri3iH e aJbIHFaH KOMITO3UTTI MaTepHaiap/AblH HH(pa KbI3bUT CEKTPi
724 cm! xyTeity aiimarbiaga -CO-OH tonrapsr sxoHe 944 cm! aiimarbinga C-H Tonrapbl aHbIKTas (b, DU3HKATBIK
JKOHE MEXaHHMKAIBIK KacHeTTepiHe OailTaHBICTHI ONTHUMAJIbI KaThIHAC ANBIHIBL. YJIBTPAKYITIH CIIEKTPIHE COoiKec
C=0 »¢upmik Oaiianbichl 226 HM TOJBIK Y3bIHIBIKTAFbl JKYTBUTYBIH KOpceTTi. CHHTE3IeIreH MaTepHalaapablH
(BK, BK-I'O, BK-I'O/KMII) 6etTik MOp(OIOTHICH ONTHKANIBIK KOHE CKAHCPJICYII 3JCKTPOHIBI MUKPOCKOIITAp
(COM) kemerimen 3eprrenai. Hotmxecinne BK-I'O marepuanbiHbIH MIAMIBIPAHKEl OpHANIACKaH TacTap Topi3ifl
eKeHi aHBIKTamAbl. CKaHepIeyIi IEKTPOHIBI MUKPOCKOIITA 3EPTTEICTIH MaTepHAIIAPIBIH Xa0CThl CTPYKTypara
ne ekeHi skoHe 6armanbIcTRIPFRIT KMI[-Hb1 BK-T'O xocy 6apricsiama ontimanasl BK-I'O/KMI] 1/1 xaterHackHIA
AJBIHFAH MaTeprasl OOHBIHAAFBI KEYSKTEePAiH OTTEKTi (DyHKIIMOHAJABI TONITapMEH KalTaJFaHbl OaliKalabl. 3epTTey
HoTmwkenepi OoiibiHma BK-I'O MarepuanblHBIH KacueTTepi skarblHaH TpaduTTeH ansiaFaH ['O ykcac ekeHi
AHBIKTAJ/Ibl. DKOHOMHKAJIBIK XKaFbIHaH OyJI Marepuaiaap/blH 0acka KOMIPTEKTI KOMIIO3UTTEPCH apThIKIIBUIBIFBI
CHUHTE3 KaparaibIM/IbUTBIFbI XKOHE MIMKI3aT KO31HIH KOJDKSTIMIUTITIHIE.

Tipek ce3xep: 6encennipinren kemip (BK), 6encennipinren kemipaen cuatesnenred rpaden okcuai (BK-I'0),
rpaden okcuni (I'O), Xammepc amici.

Kipicne

Kazipri yakpITTa KeMipTeri HETi3iHAE ajblHFaH MaTepuaap epekine KacHeTTepiHe, aram
alTKaHJa IIEKTP JKOHE JKBUTYy OTKI3TIIITIK, MEXaHWKAJBIK OCpIKTIriMeH, COHIal-aK COPOIHUSITBIK
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KoHE (PUBMKO-XUMUSIIBIK EPEKIICTIKTEpiHe OaiaHBICTBI ©3€KTi FHUIBIMH OaFBITTApAbl JKOHE
OHJIpic opeIHAApBIH KaMTH Oactanbl. ['paden okcuai (I'O) HeriziHeH KeMipTeri YAIIBIKTapbIHA
OpHaJacKaH OTTEKTI (PyHKLMOHAJIbI TONTapJaH TYpaTbiH, eki emmemal marepuan [1]. KemiprexTi
MaTepHalapibIH, ocipece OeICeHAIPUITeH KoMip MaTepHaiaphl ayaJarbl OPTYPIIi Ta3aapabl )KOHE
Cy TazapTy/a e3iHiH COpOIMSIIBIK epeKIe KacCueTiH kepcereni [2, 3].

I'padurren anviaran rpaden okcuai (I'-I'0O) xoHe OenceHaipiiareH KOMipIeH CHHTE3/IENITeH Tpa-
¢den okcuni (BK-I'O) Topiznec marepuanmapabl 3JIeKTpoHUKaAA [4], Cy Ta3apTaTblH QBT KOHE
aJIcopOeHT peTinge [5], sHeprus cakTay KypbUIFBUIAPBIH XoHE OMOCEHCOopIap xkacayna, OnomMeTu-
[[MHA caJlachlH/la, KOMIIO3UTTI JKOHE Kara3 Topizzaec [6] jxoHe aacopOuusuiblK Matepuanaap [7] amy-
Jla, COHBIMEH KaTap COpPOIMSIIBIK JKOHE KaTaJIMTUKAIBIK KaCUETTEpiHe OallaHBICThI KaTaldu3 YIIiH
omb6eban marepuan [8].

bencennipinren kemipnes (bK) ansraran ['O e3iHiH GU3UKATBIK KOHE XUMUSIIBIK KACHETTEPIHE,
KYPBUIBIMABIK (popMachiHa OaimanbIicThl, rpaduTTeH anbiHFad ['O canbICThIprana ©31iriHeH MeM-
Opana Ty3e anmaiinsl. Con cebenteH OeiceHipiareH kemipaeH aibiHFaH ['O OailaHBICTBIPYIIBI
OuonoauMepIepMeH KOCy apKbUIbl MeMOpaHa Ty311eTiHi anbIKTan bl ['O xoHe Grononumepiaepaiy
KypaMbIH/Ia OTTEKTI (D)YHKIIMOHAJJIBI TONTAP/ABIH OOMybIHA OaMIaHBICTBI KOMIIO3UTTIK MarepHua-
nmap Ty3iryine acep eteni. 'O xoHe OuomonmMep KOMIO3UTTIK MaTepuasaap ary YIIiH [eUTI0I0-
3a, HAHOIEJUTION03a, THAPOTeNh KoHe KapOokcuMmermesntoino3a (KMLI) konmansuiaast [9, 10].
Hormxkecinme 6eTTik KabaThl Teric, KaTmapibl MeMOpaHa Topi3ai MaTepral TY3UISTIH/AIr 3epTTeyTi
FaJIBIMIAP/bIH JKYMbBICTapbiMeH aHbIKTangsl [11]. JKorapbima yChIHBUIFAH epekine (QHU3HKO-
XUMMSUIBIK, OCTTIK KYPBUIBIMABIK KacUEeTTepiHe OailllaHbICThl OYJ1 *KYMBICTBIH e3ekrTiiiri, 10/
KMI] 6MOKOMIIO3UTIH 3JEKTPOHKMKAA, CE3IMTall CEHCopap/a, ayblIIapyambUIbIK CallaChbIH/IA, CY
Ta3apTKbII QUIBTP PETIH/E KOJIJaHy OpiCiH KeHEUTyre ocepiH TUTri3ei.

'O anynma mmki3ar ke3i peTiHae KOJJaHbUIaThIH OeJICeHIIPIITeH KOMIp/iH JKOFaphlaa aTabIn
OTKCH O3IHIK KEeMIIUTIKTePIMEH apTHIKIIBLUIBIKTAPbIHA OaiIaHBICTHI TPA(HUTIICH CaNBICTHIPFaHIA
HKOHOMUKAJIBIK THIM/II, ce0e0i KailbIH aFalbIHBIH KaJIABIFbI dKOHE OPTYPIl OPraHUKANbIK KaJBIKTap
CHSIKTBI KOJDKETIM/II MaTepuaiiap/iaH ajlbIHa/bI.

Herizri epesxesiep. Marepuajagap MeH djicrep

Konnausiiran peakTuBTep MEH Kypajaap:

3eprrey xymbichiHa OencenaipinreH kemip BAY-A 6penai (TOCT 6217-74), KYKIpT KbIITKBLTBI
(H,SO,) (TOCT 4204-77), a3ot kpimkbLisl (HNO,) 75% (TOCT 11125-84), narpuii nutparsl (NaNO,)
(I'OCT 4168-79), kamuit nepmanranarel (KmnO,) (FTOCT 5777-84), cyrerinin ackein ToThIFsl (H,0,)
(I'OCT 50632-93), Ty3 kbimkeuiel (HCl) (I'OCT 3118-77), kap6okcumermnuemnonoza (KMLI)
(T2K2231-002-50277563-00), newonumzaumstianrad cy (IFOCT 52501-2005), XUMHUATBIK CTakaH
250 mi ('OCT 25336-82), marautTi apanacteipreimn (T 25-11-834), ynbTpaasiObICTHIK BaHHA
(I'OCT 15150-69), xentiprim mxkad (T2 92-00243346-01-92), tapaszsl ('OCT 24104), enmerim
mwmHap (FOCT 1770-74), enmerim konda (IOCT 1770-74), nerpu tabakmacs (ITOCT 23932-90)
KOJITaHBLJIIBL.

CuHTesey jxoHe 3epTTey o/ICTepiHIH CUIIaTTaMAaChl:

Bencennipinren kemipaen ['O cuntesey.

I'paden okcuain (I'O) GencenmipiareH koMipAeH ary 6apbIChIHa XaMMepC 9/1iCi KOJIAaHbLIIbI.
l-cyperTe yChIHBUFaHAAW OyJ1 OmiCTiH cuHTE3 OapbichiHAa 250 MJI XUMUSUTBIK CTakanFa | T
oencenaipiires kemip (BAY-A) emnmienin, My3 BaHHAaCbIHa OpPHAJIACTHIPBULABL. Onmenaire 23 mi
94% xyxipr kbbbl (H,SO,) Kockutbim, 15 muH. 6oiibl 0°C-Ta MarHMTTIK apanacThIPFBILTA
Y3HiKCi3 apanacThIpbUIAbl. 15 MHH. ©TKEHHEH KeliH anbiHFaH epiTiHzire 0,5 r HaTpuil HUTpPATHIH
(NaNO,) KocpIn, Tarbl 15 MMH. apanacTeIpABIK. Apanachill 60IFaH COH 3 I KaJui MepMaHraHaThl
(KMnO,) 6ipringen canbinbi, 20°C-Tan ToMeH Temmeparypaia 2 carar OOHbBI apanacThIPbLIIbL.
Bepinren yakpiT eTkenHeH keiiH 35°C-ta 30 MuH. apanacTelpy apKbUibl cakTaiabl. OmaH KeiliH
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temneparypanbl 90°C-ka IeiiiH KeTepy YIIIiH JeHOHU3alMsIIaHFaH Cy KyHbUTbIT, 30 MUH. apanacTeIpy
ypliciHze, Temrneparypanbl Oakpinayaa yeraasik. Kelinnen apanacein 6onrad coH 30%-1bIK H,0,
CYTETiHIH aCKbIH TOTBIFBIH KOCTBIK. AJIBIHFAH €PITIHAI CYBIN, Ta3 O6JiHYy asKTalIFraH COH, JaibIH
OoJFaH epiTiH/IIHI METAJIJI HOHJIaPbIHAH Ta3apTy YIIiH 5%-abIK Ty3 KeIIKbUTBIHBIH HCI epiTiHaiciMen
KYBUIIBIL.

Cyper 1 — I'paden oxcumin (I'O) any cxemachsl.

beiitapanray ke3iHzne OeJCeHAIpUIreH KOMIpAEH aiblHFaH KbIKbLUT rpaden okxcuai (I'O)
epitiaicine 1000 mMa gewoHChI3NaHFaH cy KyHbUIAbl. 15-20 MUHYT ynbTpaabIOBICTHIK BaHHAAA
OHJIeINIH/II, KeHIH MarHUTTIK apajacThIpFblliTa 4—5 caraT apajacThIpbUIAbI. benriieHreH yakpIT
asKTaFaH COH, THIHBIIITBHIK KYWre KOWBUIIBL. O3iHIH MaccachlHa OalIaHBICTBI TpadeH OKCHI
(I'O) piapic TYOiHE meremi. beltapanTay MakcaTbiHIa, SPITIHAIETT KBIIIKBUT CYHBIKTBHIFBIH pH~7
OoJFaHFa JCHIH O6JIiI aJIbIN OTHIPHI, YPIiC OipHEIIe peT KalTalaHbLIa b,

Cyper 2 — I'paden oxcunin (I'O) OefitapanTay peri:
a) ICMOHCBI3IaHFaH Cy KYI0; 0) yIBTPaIbIOBICTHIK BaHHAFA CalTy;
B) MarHUTTIK apaJlaCTBIPFBINIKA KOO,

Beiitapanranran rpaden okcuai (I'O) netpu TabakmacsiHa KyHbUIbII, KenTiprim mkagta 50°C-
Ta kenTtipinai. Kenken rpadeH OKCHIiHIH MaccachlH TEXHUKAJIBIK Tapa3blia emen asir, 0,5%-1bIK
epiTiHfl AaibIHaanas! (cypert 3 (a)).

I'O-up1 KML] MeH opekeTTecTipy apKblibl KOMIIO3UTTI MaTepua aiy.

bencennipinren kemipaen cunresnenreH 'O e3iHiH MOpGhOIOTHSIIBIK KacueTTepiHe OalIaHbl-
CTBI ©3/IiriHeH MeMOpaHa Ty3e anmaiinbl. COHIBIKTaH KOMITO3UTTI MeMOpaHa ajry MakcaTblHaa Oai-
JaHbIC TY3AIpyIIl MaTepuangapasiy 0ipi perinae KML (kapOokcuMeTHIILENTI0103a) KO AaHbUIIbI.
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Komrmo3uTTi Marepuan aimy OapbIChIHIa Keneciaeriaen 3 Typ:i KarbiHac anbraael: 1/1; 3/1; 1/3.
ArtasrraH op KaTblHACTapbIH JKaIbl kejaemi 40 mit TeH epiTini a3ipsieni. 100 M enmmerinn koadara
0,5%-np1k KML (kapOoKCHUMETHIILIEIUTION03a) ePITIHICT alIbIH-aja 331paeH i (cyper 3).

r

Cyper 3 — bencenpipinres kemipaeH ansiarad ['O mer KMI (kapOoKCUMETHIIIIEIUTION032)
ApKbUIBI KOMITO3UTTI MaTepHa airy 0apbIiChl

HK-crekTpoCKONUSIIBIK TAJIaY.

1 e axbipareivabuibikiied FT-801 criekrpomerpinae (Simex, Peceit) BK anbiaran 'O xoHe
I'O/KMII memOpaHamapbIHbIH XUMISUTBIK KYPBUTBIMBbIHA K -CITEKTPO CKOMMSUTBIK TaI1ay KYPri3iii.
OmmeMaep CraHAapTThl omicke colikec 4504700 cm' nuana3oHbIHIA MOICIBIIH KOFAPFBI
no3unusAceiHAa, 25°C TeMmeparypaaa TONBIK IIKi JKOHE aifHa MIAlIbIPaHKbI IAFBUIBICTRIPATHIH Oip
peTTiK oMOedan KYpbUIFbIHBI KOJAaHY apKbUIBI KYPTi3UIIi.

VK-CreKTpoCKONUSIIBIK TAJIaY.

bK-nen ampiaran 'O sxone KMIl-MeH op Typii KaThlHACTa CHHTE3/CITCH KOMITO3UTTI
Marepuannapabl crekrpodoromerp [13-5400YD koHabIpreichiHAA | cM!' @XKBIPATHIMABLIBIKICH
KYpriziaai. Ommrey cranaapTThl dictemere caiikec 190—1000 cm!' criekTpainabl auana3oHbIH/A,
JeHTepuil )KoHE TOJIOTSHTI JTaMITa KaThIChIHIA )KYPTi3iIi.

Bbertik Mopdonorusnsik Tangay.

BK-nen cunresnenren ['O 6ertik Mopdonoruscel XSZ-146T mapkasbl ONTHKAIBIK MUKPOCKOII-
Ta 3epTTEN/l. 3epTTey KYMBICHI KaJbIIThl 06JIME TeMIlepaTypachlH/a, ajlIbIH-ajla 3aTThIK IIBIHBIFA
YIITiHI JaibIHIay apKbLIbI KYPIi3iii.

COM.

BbK-nen anbraran 'O xone 'O/KMII memOpananapbiHbiH 0eTTiK Mopdoorusicel JSM-6390LV
(Hxeomn, JKanoHus) ckaHepiieylli 31EKTPOHIbI MUKPOCKONTBIH KOMETrIMEH 3epTTeial. Onmemaep
JKOFaphl BakyyM pexkuMinge 15 kB yaetkim kepHeyae eKiHIIUTIK 3JeKTPOHIbI I€TEKTOPAbI KOJIIaHy
apKbUIBI XKYPri3ial.

HoTuaxkesep xoHe TaAJIKbLIAY
UK-criekTpoCKONMUSIIBIK TaJIIaYy.
Xammepc omici apkpuibl BK anbmran 'O Topizmec xoHe rpadurren cunresnenareH 'O

MarepuaIapAblH XUMUSUIBIK KypblUIbIMAapsl MK-crieKTpoCKONUAIBIK 9/1iC apKbUIBbI 3€pTTeNal. 3epT-
Tey OapbICBIH/IA alIBIHFAH HOTHXKeJep ToMeH e 4-cyperre (221 6.) YChIHBUIFaH.
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Cypert 4 — a) rpadut UK-cnekrpi; 6) rpadurren Xammepc oiici apkpiibl anbiarad ['O UK-cekrpi;
B) Oencenpipinren keMip MK-crexTpi; T) GesceHaipinren keMipaeH XaMMepce 9/1ici apKbLUIbI
cunresaenred 'O UK-cnektpi
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— — y
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Cyper 5 — a) Oencenipiiares kemipaeH XamMMmepe o1ici apKpuibl cunTesaenre '0;
0) kapookcumetunuetonosa (KML); B) 6encenaipinren kemipaeH ansiarad ['O men KM 1/1;
r) 3/1; 1) 1/3 KarbiHacTa aJIbIHFAH KOMITO3UTTI MaTtepuanaapabiH UK-cnekTpi

XKorapeina aranrannait rpadutTen ansiarad 'O MeH OesceHaipulireH KeMipieH Xammepe dici
apkpUIbl cunTesnenred ['O-ubiH ykcacToirbl UK-criekTpoMeTpiaik 3epTTey ofici apKbUIbl 3epTTENIi.
Hormxkecinne 6actankbl eHIM rpauTieH OeICeHAIpUIreH KOeMipAl KYMITI TOTHIKTBIPFBILITAD KO-
MmerimMeH cunteszey 6apeicbinna 'O xone 'O Topizaec marepuanaap anbiabl. Kypambinga oTTexTi
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(YHKIMOHAIIBI TONTAPJABIH YKCAC TOJKBIH Y3BIHABIKTApbIHAa OopHanackaHsl MK-crekTprapsinaa
(cyper 4) Oeitnenenren. 'O amymarer Heri3ri mmukizarel rpadutti MK-crekrpomerprik (cypet
4 (a)) ananusney OapwichiHAa 1528 cM™! sKyTHUTY aliMarbIHa YKOFApbl KOBAJICHTTI OaillaHbIC TICH
KpuCTaIael KabarTapasiH Oomybl C=C TtomrapbiHbIH Oap ekeHmiriH kepceremi [12]. I'padwurri
TOTBIKTBIPY HOTHXeCiHae anbiaran ['O 3eprreyae (cyper 4 (6)) 1075 cm! sxyTbuty aiimarsiaga C-O
kapOokcuiai torrap, 1443 cm!' C-C apomartel Tontap, 1732 cm!' C=0 xapGonwmiai tornrap, 3336
cm!' OH ruapokco Tontapsl aHbIKTaIs! [ 13]. IpaduTTi KymTi TOTBIKTHIPFRIIITApMEH XaMMepe d1ici
apKBUIBI CUHTE3/IereHHeH Keilin anpinran ['O Gactankel eHIM rpaduTHeH caabICTRIpFaHaa OTTEKTI
(yHKIIMOHAIIBI TOTITAp, atan aiTkanaa kapookcmwiai C-O, kapoormiai C=0, THIAPOKCO TONTAPIBIH
OH mnaiina 6omybiH Oafikayra Oomansl (cypet 4 (a, 0)). 'O Topi3mi MaTepuan amyaa muUKi3aT Kesi
peTiHge OeliceHIIpUIreH KeMip KommaHbuLnbl. bencenmipinren kemipai MK-creKTpoCcKOTMHUSITBIK
3eprrey OapwichiHga (cyper 4 (B)) 1518 cm! skyreuty aiimarbiga apoMartei C=C TomTapsl,
1054 cm! aiimarbiaga kapOokcmnai C-O tomrapbl, 2902 sxone 2986 oM™ skyThuly aiiMarbiHIa
mumepati tuapokco Tontapbl OH anbikTane [ 14]. bencenaipinren kemipaen (bK) cuaresnenren 'O
(cypet 4 (1)) 3eprreyne C-O kaopookcuiai Tontap 1097 em™! sxytbuty aiimarbiana, C-C apomMarThsl
tontap 1470 cm!, C=0 kap6onuaai tonrap 1782 cm!, OH rumpokco tonrap 3325 cm™! sxyThuTy
aitmakrapbraa 6aiikanasl [15]. BK-ai XamMmMepc omiciMeH cuHTe3/1ey HoTmkeciH e aimbiarad [ O-HbIH
OacTankpl YATieH allbIpMaIIbUIBIFBl MaTepuan Kypambiaaa apomartsl C=C xone kapookcuiai C-O
TonrapeiHaH O6acka apomatrThl C-C, kapooumiai C=0 conpmaii ak ruapokco tontapeiabiH OH maiina
OomysiMeH epekmienieneni. Capanray kesinne rpadurren ansiaran ['O sxone BK-aeH cuaTe3menreH
I'O Topizaec MaTrepuanapiH KYpaMbIHIA aHBIKTAIFaH OTTEKT] ()YHKIIMOHAIIBI TOTITAPbIH/IA YKCACTHIK
0apbl aHBIKTAIIIBI.

BK-nen cuatesnenren ['O-HbIH 631HIIK (DU3UKAIBIK KACHETIHE OailJIaHBICTHI ©3/1iriHEH MeMOpaHa
TY3€ aJIMalTHIHIBIKTaH, Oalanbic Ty3aipymri ononomumep KMI men 1/1, 1/3, 3/1 karbiHacTapeiaaa
xkomno3uTTi Mmarepuangap MK-cnexrpocknust onicimen 3eprrenai. bBK-men cunresnenren 'O-ra
KocbutathiH ononouMepai (KMII) (cyper 5 (6)) capantay 6apsiceiiaa 800 cm' C-H apomartbl, 948
cm! -CO-OH kap6oxkcni, 1164 cm!' C-O kap6oxkcunmi, 1412, 1496 cm! C-C apomartsl, 1704 cm!
C=0 anpaerum, 3024 cm' xyTeuty aiiMarbiHga OH apomarTsl ()YHKIIMOHAIBI TONITAP aHBIKTAJIJIB.
An BK-nen cuntesnenren ['O-uoeiH (cypet S (a)) UK ananm3i sxorapblia )Ka3blUIbIT OTKSHICH (CypeT
4 (r)) cunarranapl. bactanker BK-nen ansiaran Ol marepuannaperd 1/1, 1/3, 3/1 karbiHacTapeiHIa
KMI] men xocy Oapbicbinaa: 1/1 kareinacta (cypet 5 (B)) ananusinzge 740 cm! skyThuTy aliMarbIHIa
apomatrtbl C-H Tomraps! anbikTanisl, 941 cm! aiimarsinga -CO-OH kapOokcun Tontapsl, 1552
cm! aiimarpiama C-O kapOokcui tomrapbl, 1444 cm!' C-C apomartel Tomtap, 1696, 1728 cwm!
aiimakrapeiana C=0 anpaerua tontapbl, 3032 cm! KyThuly aiiMarbiHIa KapOOKCHIIII TONTAPhI
OH oaiikanmer. 3/1 kareiHacTa (Cypet S5 (T)) aJIbIHFAaH MaTepHaIbl aHATHW3/ICY HOTHXKeCiHae, 736
cm! kyThUTY aliMarbiHga apoMartel C-H Tonrapsr, 944 cm! aiimarsinaa -CO-OH kapOoKcHi TOOBI,
1484 cm! aiimarbiaga C-C apomartsl Tontap, 1552 em! aiimarsiaga C-O kap6okcui Tonrapsl, 1680,
1696 cm! aiimakrapbiga C=0 amgerun Tontapsl, 3036 cm! xyThiTy alimMarbsiHaa kapookcuna OH
TonTaphbl aHBIKTaAbl. An 1/3 kateiHacTa (cypeT 5 (m)) amblaFaH matepuanga 724 cm!' skyTbuty
aitmarbiaia apomarthl C-H 100b1, 920 cMm! aiimarbiaga -CO-OH kap6okcwn tontapsl, 1444 cm!' C-C
apoMatThl Tortap, 1552 cm™! afimarsinaa C-O kapOokcu Tontapsl, 1686, 1692 cm! aiimakrapbinia
C=0 angerun Tontapsl, 3032 cm! sxyThUTY aiimarbiaa kapookcuiai OH Tonraps anbikTanabl. bK-
neH cuaTe3aenrer ['O-up1 onononmumep KMIL] kocy HOTHKECiH IE albIHFaH MaTepuanaapaa 724—740
cm! apanbirbiiga apoMartsl C-H Tonrapsl, 920-944 cm! apansirbiaaa kapookeuai -CO-OH torntap
anbiktanael. ConbiMeH kKarap ['O-ra ToH kapOonmiami C=0O 1782 cm!' apanbIiFbIHAH albICTHUATI
TonTapbiHa SIFHU 1686—1728 cm™! apanbiFbiHa AeiiH )KbUDKYBI Oalikanabl. BK-n1en cuntesnaenren O
MeH KMI] KoMITO3uTTi MaTepuaIap/IbIH imiHAe eH THiMIici peTinae 1/1 KarbiHacTa aabIHFaH YT
aHbIKTansl. 3/1 sxoHe 1/3 KaTpIHACTAapBIH 1A aJIBIHFAH MaTepHaIapAbiH (PU3UKAJIBIK €peKIIeTIKTepiHe
KaparaHza 1/1 KaTeIHACKI HIITIII )KOHE OepiKk MaTepra eKeHIIr XKoHe MeMOpaHa TY3eTiH epeKIIeiri
AHBIKTAJIBII, ONITUMAJIIbI KATBIHAC OOJBIN aJIbIH/IBL.
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VK-CreKTpoCKOMUSITBIK TaJIay.

Bencennipinren kemipaeH Xammepc dici apkbutbl cuaTesnenred ['O Topiznec MaTepuaIbiH,
kapookcumetmientono3ansiH (KML) sxone 'O mern KMI] onrtumanet 1/1 KaTeiHacTa anbIHFaH
KOMIO3UTTIH Y K-CIIeKTpOCKOMUSIIBIK 3epTTEy HOTHKECI TOMEH/Ie KOpCeTiIreH (Cyper 6).

B
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Cyper 6 — a) 6encenpuipinren kemipzaeH anbiarad ['O; 6) kapOoxcumermemmono3a (KMLI);
B) Gencenpipinrex kemipaeH ansiarad ['O mer KML ontumanst 1/1 KaTbiHacTa ajbIHFaH
KOMITO3UTTI MaTepuainsiH Y K-ciekrpi

Bencennipinren kemipaen ansiaFan ['O-ubiH YK-cniekrpockonusicein Tanaay OapbicbiHaa (Cy-
per 6 (a)) XUMHUSIIBIK KYPBUIBIMBIHAAFbI apOMAaTThl CAaKMHAIAPABIH TT-T* Oailyianbic ocepineH 223
HM JKYTbUTYy aiimarbl maiina 6onael. Keneci cnexrpae (cyper 6 (6)) KMLI-HbIH e3iHIiK (usmKo-
XUMHSUIBIK KypibIMbIHa OainmanbicTel YK capanramachiHna KyThUTy aiiMarbl Oaiikanmansl [16].
bencennipinren kemipnen ansiaran ['O men KML[-ub1 ontumanasr 1/1 kareiHacta (cypet 6 (B))
KOCY apKbUIbI aJIbIHFaH KOMIO3HUTTI MarepraiasiH YK 3epTTey HoTHX)eciHae 226 HM apajbIFbIHAA
KYThUTy Oalikanapl. bactanker 6encenpaipinren kemipaeH anbiarad ['O-mer 'O/KMII koM0O3HUTTIiK
MatepuanMeHn caibicThipranga YK crekrpinne 223 HM—226 HM JAeHiH KbUDKY Oalikanjsl. by
MarepuasablH Kypambiaa ¢yHkiuoHanasl ortekti(C-O, C-O-H, C=0) TonTtapasiH n-n* Oaiina-
HBIC 9CEpiHEH TY3UIyiMeH TYCiHaipiieai. bactankpl MaTepuanibl TOTHIKTBIpFAaHHAH KEHIHT1 OTTEKT1
(YHKIIMOHAIIBI TONTAPbIH KOHYBIH MK-CIEKTPOCKOTUSIBIK 3€PTTEY HOTHIKECIHEH JQJIEN PETiHIe
KepyTe 00Jabl.

OnTHKAIBIK MEKPOCKONTAFBI 3€PTTEYIIEP.

Bbencenaipinren kemipaeH anbiHFaH ['O-Hbl METATyprusiyIbIK MUKPOCKONTA 3€PTTEN1. 3aTThIK
mbiHbIFa ['O TaMbI3bLIbI (CypeT 6 (a)), OesMe TemmnepaTypachiHia KeNTipUITeHHEH KeHiH ONTUKAJIBIK
MUKPOCKONTa OETTiK MOP(OIOTHsICHl capanTaibiHbl. HoTmkecinae Oencenaipiiiren KeMipJeH CuH-
tesaenred ['O-HbeIH 6eTTiK MOP(OIOTHICH KaTmapIibl eKeHi Oaikanasl (cypet 6 (0)).
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Cypet 7 — a) 3aTThIK IIbIHBIFa TAMBI3bUIFaH O€JICeHIIpUIreH KeMipaeH cunresaenrex 1'0O;
0) yarini 50 ece yrraiTKaHIarbl KOPIHICI JKOHE Y3BIHABIFEL MEH €Hi; B) VITiHI 25 ece
b
YIFalTKAaH/IaFbl KOPIHICI )KOHE ayJaHbI

Ommem OapbichiHaa OelceHaiplireH KemipiaeH cunresnenreH ['O Topizmec MaTepuanibiH
y3uIHABIFRl 124,249 um, eni mamamen 7,1845 um (Cypet 7 (6)) Kypansl, an aymadsl 138,257 pm?
(Cyper 7 (B)) TeH 60mb1. COHBIMEH KaTap MaTepHUaJIJIbIH PETCI3, Xa0CThl OPHAJIACYBI AHBIKTAJIJIBI.

CoM

Bacranke! yirini sFHU OeceHIIplIreH keMip, Oeicenipiired kemipaeH cuntesaenres ['O xone
I'O men KMI ontumanet 1/1 KaTbiHaCTa ajbIHFaH KOMITO3UTTI MaTepHaAbIH O€TTIK MOP(OIOTUACH
CKaHepJeyI 3MeKTPOHAbIK Mukpockonmned (COM) 3eprrenai. HoTmxkenepi TemeHne yChIHbUIFAaH
cypeTTepae KepceTiiareH (cyper 8).

Cypert 8 — a) 6encenipinren kemip; 6) 6eJIceHaipiireH KemipaeH XamMmmepc
oxici apkbUIbl cuHTesaenreH ['O; B) Oencenaipinren kemipaeH cuaresaenren 'O
men KMII ontumaner 1/1 KarbiHacTa aJlbIHFaH KOMITO3UTTI Marepuaiibiy COM keckiHi

bencennipinren kemipaeH XaMmepc 9iCi apKbUIbI CHHTE3JENTeH TpadeH OKCHI JKOHE OHBI
KMII men ontumaner 1/1 KaTeiHacTa KOCY apKbLIbI alIbIHFAH KOMITO3UTTI MarepuangapasiH COM
Keckinzepi (cypet 8) Oelinenenren. bacrankel yariHiH (cypet 8 (a)) sSsFHU OeJICeHAIpIIreH KOMIpIiH
0eTTiK MOP(OIOTHIIBIK capanTaybl OOWBIHILIA XaOCThl KEYEKTl, YAIIBIKTHl KYPbUIbIMFAa M€ EKEeH1
KepiHeni. An 6enceHaipiiares kemipi XaMmmepc 9/1ici apKblUIbl CHHTE3/IeY HOTHKECiH e anbiHFaH ['O-
HBIH O€TTIK KYpBUIBIMBI (CypeT 8 (0)) XaoCThl )koHE KYILUTI TOTBIKTBIPFHIILITAP KOMETIMEH TOTBIKTBIPY
HOTHXECIHJIe OeICEeHAIpUIreH KeMip KeyeKTepiHIe OTTeKTI (D)YHKIMOHAJIbI TONTAPIbIH €HYIHIH
OCEpIHEH KEeYeK KYBICTAPBIHBIH OTTEKTI (PYHKIIMOHAJIABI TOMTAPMEH KaObIH TOPI3/I KalTaJFaHbIH
Oaiikayra Oomanpl. Capanrtay OapbICBIHAA MaTepHaIIapblH Y3bIHIBIFBl )KOHE KEYeKTEp.iH KybIC
enemepl aHbIKTanabl. bencenpipiaren kemipaeH cunrtesaenreH ['O-HbIH opraiia y3bIHABIFbI
88,85 um, an keyek caHbUIaybIHBIH opTaia eimemi ~4,04 um mamacbiH Kypaiasl. bencenaipiiren
kemipzeH cunresnenred 'O men KMIL ontumanasr 1/1 kaTbiHacTa KOCY apKblLIbl ajlbIHFAH KOM-
MO3UTTI MarepuayasiH (cypeT 8 (B)) OeTTik MopdoorusaceiH 3eprrey OapwickiHma ['O Guomomnu-
MEPMEH OPEKETTECTIPY HOTHIKECIHIIE KeIip-OYIBIPIIBI KEePICPIiH, YAIIBIKTApABIH a3aibIl OlpKeIKi
Tericrey OCTTIK KBIPTBHICTApbIH Taiina OonraHbl Oakikammel. COM KecKiHIHAEC KepCeTUIreHIeH
Oencenaipiires kemipaeH ansiaFad ['O GaitnanbicTeipyiisl Marepuan KML kocy HoaTmxkecinne 61ip-
OipiMeH kaObICKaH KOMITO3UTTI MaTepua anbiHabl. CoHai-aK, OeJIceHaipiireH KeMipJieH CHHTE3-
nenreH ['O-ra 6uononumep KMII xocy Hotmxecinae I'O OeTiHzeri KeyekTi caHpliaylap OTTEKTI
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(YHKIIMOHAIIBI TONITAPMEH KaObUIFaHBIH Oaiikayra Oomnambl. OTTeKTi (YHKIIMOHAIIBI TOITAPIBIH
OTBIPFaHBIHBIH J1as1eNi peTinae xkoHe 'O corti cuaTe3nenyi UK xone YK crieKTpoCKONUSIIBIK Tal-
Jlay HOTHKEJIePIMEH aHbIKTaJIIbI.

KopbIThIHABI

bencenmipinres keMipai KYIITI TOTBIKTBIPFBIIITAPMEH XaMMepC 9JIiCi apKbUIBl TOTBHIKTHIPY
HOTWXeciHae cuHTe3nenreH rpaden okcuni (I'O) Topizai MaTepuaniblH ajJbIHFAaHBI 3€PTTEY KY-
MBICTapBIHBIH TaJIay HOTIDKENEPl apKbUIbl aoienaenai. Tannay Hotmxkenepi 6oibiaima MK-crekt-
POCKONMSUIBIK aHaTU3/ey OapbIChiHAa Oencenaipiired kemipaeH cunresaenred 'O rpadurren Xam-
Mepc d/ici apkbuIbl anbiHFaH ['O oHBIH KypaMbIHJa aHbIKTanFaH kapookcmiai C-O, apomartel C-C,
kapooHmni C=0 xone ruapokco OH TonTapbIHBIH KYTHUTYy aiiMakTapbl Oip-OipiHE YKCACTHIFBI
aHBIKTAIIBL. bencenaipinren kemipaeH cuaresaenred ['O o3iHaiK GU3NKaIBIK KaCHETTEpiHe Oaiia-
HBICTHI ©3/IITIHeH MeMOpaHa Ty3€ aJIMalTBIHABIFbl aHBIKTAJIbI, OCHl KEMILILTIriHeH apbuty yuria ['O
1/1; 1/3; 3/1 kareiHacTapbinga ouonoiaumep KMI[ Men Kocy apKblibl KOMIO3UTTI MaTrepuai ajiblH-
161, UK-ciekrpockonmusibiK Tanaayra colikec I'O-uer ononomumep KMI kocy HoTmxkecinae ['O-n1a
kapOokcmnai -CO-OH xone apomartsl C-H Tonrapsl Ty3iireHi >koHe allbIHFaH MaTepHaIap/IbIH
O31HIK (PU3HKAIBIK, MEXaHUKAJIBIK KacHeTTepiHe OaimaHbIcThl 1/1 KaTbiHacTa KOCHUIBIN alIbIHFaH
KOMIIO3UTTI Marepuaj ONTUMAIIbl €KeHl aHbIKTaNAbl. Y K-CIIeKTpOCKOMUSIIBIK Tajiay HOTHKECIH e
T-m* OalIaHBICTBIH OOJYBI AJBIHFAH KOMIIO3UTTI MaTepUalJbIH KYpPaMbIHIA OTTEKTi (pyHKIHO-
HaJIJIbl TONTAPAbIH TY3UTyiH KepceTTi. bencenaipinren kemipaen cunresneiares 'O 6erki Oesirin
ONTUKAJBIK MUKPOCKOIITA 3€pTTey HOTIKeciHe anbiaFad ['O Topi3ni MaTepHasIblH KEYeKTi eKeHi
aHbIKTaNIbl. bertik Mopdonoruscein COM ranpay HoTHxkecinae 6actanksl Mmarepuan bK TOTBIKTEIpY
HOTIDKECIHJIE OTTEKTI (DyHKITMOHAIIBI TONTapbIH KEyeK KybICTapbiHa eHyl koHe bK cuHTe3nenren
I'O Topiznec marepuanas 6nononmumep KML] men ontumansr 1/1 KaTelHacTa ajdbIHFAH KOMITO3UT-
Ti MaTepaibl 3epTTey OApBICHIHAA KEyeK CaHblIayaaphl KaObuTFaHbl Oaiikanasl. OChl ajJbIHFAH HO-
TYDKENEep/li KOPBIThIHBUIAN Kejle OenceHaipuired keMipeH cunre3aenred ['O Topizaec marepual-
nbl koHe ['O/KMII-HBI BIIeKTpOHWKA/IA, Ta3Fa JKOHE BbUIFANIFa Ce3IMTall JaTUYMKTEp ’Kacayia JKoHe
COpPOIMSITHIK KACHETIH €CKEepPE OTBIPHIT Cy Ta3ajaylibl (GUIBTP peTiHAe Kolmanyra 00abl.
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PRODUCTION OF GRAPHENE OXIDE (GO) FROM ACTIVATED
CARBON BY THE HAMMERS METHOD AND ITS STUDY

Abstract
Carbon materials are frequently utilized in electronics, medicine, and the production of sorption materials. Such
materials, including graphite, graphene, graphene oxide (GO) derived from graphite, and graphene oxide synthesized
from activated carbon (GO-AC), are widely employed. This article delineates the differences, disadvantages, and
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advantages of graphene oxide synthesized from activated carbon (GO-AC) in comparison to GO obtained from
graphite. During the research, composite materials obtained by oxidizing activated carbon using the Hammers
method and biopolymer carboxymethyl cellulose (CMC) in ratios of 1/1, 1/3, and 3/1 were studied using infrared,
ultraviolet spectroscopy, and optical methods. Based on the research results, the infrared spectrum of the obtained
composite materials revealed absorption peaks of -CO-OH groups at 724 cm™ and C-H groups at 944 cm™ The 1/1
optimal ratio was obtained due to the unique surface morphology and physical-chemical and mechanical properties
of the synthesized composite materials. According to the UV spectrum of the GO-AC/KMC, the C=0 ether bond
exhibited complete absorption at 226 nm. The surface morphology of the synthesized materials (AC, GO-AC,
GO-AC/CMC) was studied using optical and scanning electron microscopes (SEM). As a result, it was observed
that the BK-GO material exhibited a scattered stone-like shape. It was observed that the materials studied by SEM
exhibited a chaotic structure, and the pores along the material, resulting from adding the binder CMC to GO-AC in
the optimal GO-AC/CMC ratio of 1/1, were covered with oxygen functional groups. Based on the research findings,
it was determined that the properties of the GO-AC material are similar to those of graphene oxide (GO) obtained
from graphite. According to the study results, it was discovered that the GO-AC material exhibits similar properties
to graphene oxide (GO) obtained from graphite. The advantage of these materials over other carbon composites in
terms of economic efficiency lies in the simplicity of synthesis and the availability of raw material sources.

Key words: activated carbon (AC), graphene oxide synthesized from activated carbon (GO-AC), graphene
oxide (GO), the Hammers method.
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HOJYYEHHUE OKCHUJA I'PA®EHA (I'O) U3 AKTUBUPOBAHHOI'O YIUIA
METOJOM XAMMEPCA U ETTO U3YYEHHUE

AHHOTALMA

VYriepoaHble MaTepuabl YacTo UCTONB3YIOTCS B AJIEKTPOHUKE, MEIUIIMHE, IPOU3BOJICTBE COPOIIMOHHBIX Ma-
TepuanoB. Takue marepuansl, B ToM uncie rpadut, rpaden, okeua rpadena (OI') nomyuennsiii u3 rpadura, n
okcus rpad)eHa, CHHTE3UPOBaHHbIN 13 akTHBHpoBaHHOTO yruis (OI'-AY), mmpoko ucnonbs3yores. B nanHol crarse
paccMOTpEHBI pa3Inyus, HeJOCTaTK! U IPEHMYIIecTBa OKcraa Ipad)eHa, CHHTE3UPOBAaHHOTO U3 aKTHBUPOBAHHOTO
yrist (OI-AY), o cpasreruto ¢ OI, momy4deHHbIM U3 Tpadura. B xome nccienoBannii ¢ moMOIIs0 HHYPaKpacHOH,
yABTPaHOIETOBON CIIEKTPOCKOMMH U ONTHYECKUX METOJOB OBUIM M3Y4EHBI KOMITO3HMIIMOHHBIE MaTEPHAIbI, 110-
JTy4eHHbIC OKHCIICHUEM aKTUBHPOBAHHOTO YIVIsI METOIOM XaMMepca U OHuonoauMepa KapOOKCHMETUIILEIITIONO03bI
(KMLI) B coorHomenusx 1/1, 1/3 u 3/1. Ilo pesynsraram uccieoBaHuii B HHYPAKPACHOM CIIEKTPE MOTYUEHHBIX
KOMITO3UIIMOHHBIX MaTepuaioB oOHapykeHsl nuku nornoienus rpymnn -CO-OH npu 724 em™! u rpynn C-H npu
944 cm'. OntumaneHoe cooTHomeHue 1/1 momy4eHo Onaronapst yHUKaaIbHOH MOP(OIOTHH MOBEPXHOCTH H (HH3H-
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KO-XMMHMUYECKUM U MEXaHUYECKUM CBOWCTBAM CUHTE3UPOBAaHHBIX KOMIIO3ULIIMOHHBIX MaTepuainos. [1o nanusimM YO-
crnekrpa OI'-AY/KMII 1/1 a¢pupnas csa3p C=0 umena noiaHoe noniouieHue npu 226 HM. Mopdoioruto moBepxHo-
CTH CHHTE3UPOBaHHBIX MaTepuaioB (AY, OI'-AY, OI'-AY/KMII) u3y4anu ¢ MOMOIIBIO ONTHYECKOTO U CKaHUPYIO-
IIETO YIEKTPOHHOTO MUKpocKonoB (COM). B pesynbrare Obu10 3aMeueHo0, uto Matepuan bK-I'O umen hopmy pac-
CESTHHOTO KaMHs. bbl10 3aMedeHo, 4To nccieoBanabpie MeTogoM COM Marepralibl UMENH XaoTHIHYO CTPYKTYPY, a
MIOPKI BIIOJIE MaTepHualia, o0pa3oBaBInecs B pesyibrare nodasneHus csasyromero KMI[ k OI'-AY B ontuMansHOM
coorHomeHnn OI'-AY/KML] 1/1, ObuIM MOKPBITHI KUCIOPOIHO-(PYHKIIMOHATBHBIMU Tpynmamu. [To pesynsraram
HCCIICIOBAHUHN YCTaHOBIICHO, UTO CBOMcTBa Marepuana O'-AY ananoruynsl cBoicTBaM okcuia rpadena (OI), mo-
JTydeHHoro u3 rpadura. [IpenmyInecTBo 3THX MaTepHaIoB Mepej APyTUMH YIICPOAHBIMU KOMIIO3UTAMH C TOYKH
3pEHNST SKOHOMHYECKON 3(h(EKTUBHOCTH 3aKITIOYACTCS B TPOCTOTE CUHTE3a M JOCTYITHOCTH HCTOYHNKOB CHIPBSL.

KutioueBble ¢JjI0Ba: aKkTUBUPOBAHHBIA yroib (AY), okcnua rpadeHa CHHTE3UPOBAHHBIA M3 aKTUBUPOBAHHOTO
yrist (OI'-AY), okena rpadena (OI'), meton Xammepca.
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MUKPO ’KOHE HAHO MUKPO MATEPUAJIIAPIABIH
NUPOTEXHUKAIA KOJAAHBIJTY bI

Anjgarna

ConFbl KXbpUIIApHl Oipereil (U3MKANBIK JKOHE XHMHSIBIK KACHETTEpiHE OaiJIaHBICTBl MHPOTEXHUKAIBIK
3aTTapiblH OHIMALIIr MEH KayilCi3[iriH apTThIpy/a TanThpMac pell aTrkaparblH KOMIPTEKTI HaHOMaTepHasaap
3epTTEeyLIUIEPAiH KBI3BIFYIIBUIBIFBIH TyAbIpYJa. byl Maxanazna dJIeKTpAOFalIbIK CHHTE3 O[ICIMEH allbIHFaH
KeMipTeKTi HaHOKYpbuTbIMaapabH C60 sxone C70 dysepen kyienepi ekeHi anbIkTan sl Cunresnenrex Qymiepexn
Kylie OenmeKTepiHiH MOP(OIOTHACH KEYEKTi JKoOHE KeIip-OyAbIPIIbI, all OHIAFbI Kyiie KeyekTepiniH exmemi 32—190
HM apaJIbIFBIHA OONATHIHEI aHBIKTAIEL. ToxXipuOenepaiH HoTHKeci OOMBIHINIA CHHTE3IENTeH (yIUIepeH Kyieaepin
MUPOTEXHUKAIBIK KOMITIO3UT KYPaMHBIH KYpayIIbl KOMIIOHEHTI pEeTiHAe NaimamaHy MYMKIHIIT1 YCBIHBIIIBL.
Marpuna perinie Kajiuid HUTparhl, HaHoeuiemiai (ymiepeH Kypamubl Kyie, arail KeMip MEH allOMHHHUI
TOJTBIPFBIII TaHAJBII, TUPOTEXHUKAIIBIK KOMIIO3UTTIK KYPaMAAP/bIH JKaHy YaKbIThIHA TOYENJIUIIrT aHbIKTAJJIbI.
Hotmxe Goitpiamia dymiepen KypaM/sl Kylie Mesepi MMpoTeXHUKAIbIK KOMIIO3UTTIK KypaMaa KeOeHreH caiblH,
KOMIIO3UTTIK KYPaMHBIH aHy yaKbITBIHBIH aPTaThIH/IBIFBl AHBIKTAJIIBI.

Tipek ce3aep: dymiepeH, MUPOTEXHNKA, KOMITO3UT, Ta3 (pa3achIHIAF JOFAIBIK Pa3psl.
Kipicne

Oymiepenaepai KoIAaHy MOJEKYNIANbIK 3JIeKTPOHUKaAaH OMoMenuIMHara JeiH KeH Tapaj-
FaH, MarHATTIK KacHeTTepiHe OalIaHbICTBI PE30HAHCTHIK 3ePTTEYJIEP/Ie CUTHAIIAP/IBI KYIICHTETIH
TaJIOJIMHUN aTOMJIAPBIHBIH OpHAIACYbl MEH OPICKEe KaThICYbIHAa OaiIaHBICTHI TY3ETKIIITEp PETiHIE
KBI3BIKTHI KacueTke ue [ 1-2]. KomnaHy ascel eTe mepcreKTHBAIBI OOJIBIT KOPIHTCHIMEH, MOJIEKYIIAJIbIK
OHJICY Ke3iHJIe ©3eKTi Macenenep TybiHaaiapl. Kaszipri yakpiTTa QyiepeHaep inmiHmae aToMaapab
Kajlail KopIay >KOHE oJapibl KajlblHA KEeNTIPY KYMBICHIH aTKapaThlH OPraHM3MHIH Oenrim Oip
HYKTETe Kayaid OarbITTay KepeK CHAKTHI JIeTeH Tociinaep Oenrim [3—4].
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dynnepennep ampuFaHHaH Oepi FRUIBIMHBIH OPTYPIIi callallapbIHAa KbI3BIFYIIBUIBIK TYIBIPYAA.
Epekiie kacueTTepi MeH (H3UKAIBIK CHIIATTaAMANIaphl — OJap/Ibl epeKIle OaralaHaThIH MaTepualFa
aifHanpIpran ¢akrop [5]. OymiepeH eHepKacinTe SPTYPIi TICUIIEPMEH KOJJIAHBUTFaH, MBICAbI,
Bardahl xommanmsicel Oy MaTepuaibpl OHBI Maillapra, aram aiTKaHaa, yil KaOaTThl KOpPFaHbIC
KabaTrbiH KamTamacki3 eteTiH Technos C60 maifbiH eHmipyre Kocy ymriH nmaimanasabl [6]. OHbIH
OpTYpIIi KarmraMaiap, eTKI3Till KYPBUIFBUIAP JKOHE MOJICKYJIAJBIK KeIIepal KYPY CHSIKTBHI opTYpIi
KonnanOanaper 6ap. COHBIMEH KaTap MeIUIMHA CallaChIHIA Cy/la EPUTIH QyJUIepeH aaMHbIH IMMYH
TammbIFeHAa naiaa 6omysr Mmymkid JKUTC (CITU]]) BupycTapbiHa Kapchl OSICEHIUTIK KOPCETTI,
OHBI TINTI aHTHOKCUAHT PETiH/IE JIe KoJImaHyFa Oomaabl [7].

KeMipTekTi HaHOKYPBUIBIMHBIH Oy MOAM(MUKAIUSICHIHBIH €PEKIIe KYPBUIBIMBI, TEPMHSIIBIK
TYPaKTBUIBIFBI, JKOFApbl OCPIKTIri CHUSAKTHI Oiperei KacHeTTepiHiH OonyblHIa ekeHi Oenrimi. XKoHe
MYH/1a#f KacHeTTep OJIap bl 9PTYPIIi calianap/ia, COHbIH il H/Ie TUPOTEXHUKA A KOJaHyFa MYMKIHITIK
oepeni.

[TpoTexHUKa KAHFBIII areHTTEH, TOTHIKTBIPFBIIITAH, OaliTaHBICTBIPFBIIITAH KOHE (DYHKIIHO-
HaJJIBIK KOCITAaJIaH TYPaJIbl, OJap Te3 SPEKETTeCce Il )KOHE JBIOBIC, JKAPBIK, TYTIH JKOHE JKbLTY CHIKTHI
KenTereH acepiuepai oepeni [8—9]. On a3aMaTThIK KOHE dCKEpH cayajapia KeHIHEH KOJIaHbLIa b,
Oipak pecypcTap/IbIH bICBIpaIt 00JTybl, apTHIK 9CEP €Ty, MaliJaiany )KoHEe CaKTay Ke3iHAeT! Kayirci3mik
K03 HUIMEHTIHIH TOMEHIITI CUSKTHI PEareHTTeP PEeAKIMACHIHBIH JKETKITIKCI3ITIHEH TyBIHIANTHIH
kei0ip mocenenep 6ap. CoOHIBIKTaH OYJI TUPOTEXHUKAIBIK 3aTTap bl 93ipiiey MEH KOJJIaHy/Ia YIKeH
KUBIHIBIKTAP TYFbI3a/bl. COHFBI JKbUIIAPBI FEUIBIMU-3EPTTCY JKOHE TIKIPUOENIIK-KOHCTPYKTOPIIBIK
KYMBICTap MEH JKaHa HaHOMaTepUaILAap/bl JalbIHIAy TEXHOJIOTHSCHIHBIH KapPKBIHIBI JaMybl OYIT
Moceenepi OipTiHIen MIeTi.

Heri3ri epesxesiep. Oneduerke moJsay. Marepuajaap MeH aicrep

Kasipri Tapia keMipTeKTi HAaHOKYPBUIBIMIAP/Ibl, COHBIH 1MIiHe (YIIepeHaepaiH CHHTE31 YIIiH
OipHenie sicTep Koiaaanbuiaasl. Oymnepenaepai CUHTE3AEYAIH alTapbIKTall oTe KaparnaibiM *KoHe
KOJIJaHyFa oHall onicTepiy Oipi — ra3nblK (azagarbl JOFAIbIK pa3psil ofdici.

Byn xymbicTa ra3abik (azagarbl JOFaibIK pa3psl 9lICIMEH allbIHFaH KOMIPTEKTI HaHOMare-
pUaIapAblH MUPOTEXHUKAIBIK KYPBUIBIMIAPIBIH TOJTBHIPFBIII KOMIIOHEHTI peTiHAE Maiganany
apKbUIbl OJApAbIH JKaHy MapaMeTpliepiHe SCepiH aHBIKTAy KapacThIPbUIABI KoHE OYJ OlapiablH
MaKcaTThl KOJIJJAHBUTY asiIChIH KEHEUTyre MYMKIHAIK Oepe/i.

I-cyperte (231 6.) MUKpO K9HE HAaHOKYPBUIBIMIAP/bl CHHTE3/I€yTe apHaIFaH ra3 ¢a3zachlH/a-
FBI TOFAJIBIK pa3psijl 9/1iC1 KOHIBIPFBICHIHBIH KYPBUIbIMbI YChIHBUTFAH. KOHIBIPFBI KYPBUIBIMBI Kapa-
naiibIM eMec, 0J1 I'a3 KbICBIMBIH OacKapy *KYHeCIHEH, JOFaJIbIK pa3ps peakKTOpbIHAH, YIEKTPOATAP/IbI
CaJIKbIHJATyFa apHaJFaH Cy aFbIHbIHAH, FeHEepaTopAarbl TYPAaKThl TOK IEH PEakTop OCiHiH OOMbIH-
JIarbl AJIEKTPOATAPABIH apaiacy MEXaHU3MIHEH JKoHE IUIa3MallaFrbl TYPaKThl TOKThI OakbuIay cep-
BOKO3FAJTKBIILIBIHAH Typaabl. byn mapanap dymiepenaepal cananbl CUHTE3/ey YIUIH KoHe (yi-
JepeHaep MEH OJapAblH TYBIHABUIAPBIHBIH CHHTE31HIH IJIa3MOXUMUSUIBIK MPOLECIHIH OHTAMIIbI
MIAPTTAPBIH AHBIKTAY YIIIH KaXKeT.

I'padur snexTponrapsl ycrarbimka opHaTbulbl. ComaH KeWiH JKUHAKIEH KOHE JJIEKTPOIICH
Oipre peakTop Kamepachl ThIFbI3 )ka0bU1IbI. Apbl Kapail peaktop kamepacsl copreiMeH 0,7 I1a=(0.005
Topp) moHiHe neiiH Bakyymuaiabl. Peaktopnabl arbiHabl cymeH 19-21°C temmeparypara JeiliH
CaAJIKbIHJATyFa apHAJIFaH Cy KOCHUI/BI.

KaxeTTi BakyyM MoHiIHE JKE€TKEH/E AJIEKTPOATApP KOCBUIBIIN, KepHEY OipTiHAen Oepiii, IeKT-
poATapAa Pe3UCTUBTI KbUTy Maiaa Oonabl *oHe BakyyMm e3repii. Kp3ablpbuiraH kesne rpaput
KEYEKTEpIHEeH rasfap UIbIFapbUIbII, MPOLECC BaKyyM TYPaKThl OOiFaHFa JeiiH xanracTol. [Ipormecc
OapbIcbIHIa Kamepa OipHelle peT HHEePTTI ra3 — reJuiiMer ypieHeni. Apbl Kapail kamepa reruimMer
30,7 kIla KpICBIM MOHIHE eiiH TONTBIPbULABLL. OChblIaH KeliH CUHTE3 Mpolieci 0acTanibl, oj rpaduT
ANIEKTPOATAPHI APACBIHAAFBI ANIEKTP JOFAJIBIK pa3psiiKa HEri3/1ereH.
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Cypet 1 — I'a3 ¢a3acelHAaFbl JOFAIBIK Pa3psl dJ1ici
KOH,Z[I:IpFI)ICI)IHLIH K¥pI>IJ'II>IMI:I

HanokypbeumbIMIpl MaTepuaniapasl CHHTE3CY YIIIH IOFajbIK 9ic ombedarm Oombim TaObI-
"Tanpl. DIEKTPONTAPIBIH XUMUSJIBIK KYpaMblH (JI€KTPOATApAbl METalJapMeH JIeTupiey) >KoHe
KYMBIC Ta3blHBIH KYpPaMbIH ©3TepTy apKbUIBI OpPTYpJi KYpPBUIBIMFA JKOHE MOpQOIOrusFa He
HaHOMaTepHalaapAbl CUHTe3eyre Oonanasl. byn onmicrieH cuHTe3ney OapbIChIHIA TY3UIT€H KYpbI-
JBIMIAp PEAKTOPABIH KaObIpFalapblHIa J>KOHE IUIa3Ma TY3€TiH SIIEKTPOATapAa TYHIBIPBIIAIBI.
2-cyperTe AOFajbIK paspsal oMICIMEH CHHTE3ZeireH (QyuiepeH Kyileci MEeH KaTol MarepuajblHa
KHUHAJIFaH (QysiepeH KyHeciHiH MUKpPOCypeTi OeliHeIeHTeH.

Cypert 2 — Cuntesnenret (ysnepeH Kyieci (a) MeH KaTof MaTepHallbiHa
JKUHAJIFaH QyluiepeH Kyhecitin (0) cyperti

HOTI/I)KC.HC]) MCH TaJIKbLIAYy

Anpiaran yiariiep Quanta 3D 2001 MHKpOCKOOBIHJA PACTOPIIBI AJIEKTPOHIBI MUKPOCKOIHS
(COM) apxpuisl s)xoHe NT-MDT NTegra Spectra ciektpoMeTpiH (J1a3epiiK TOJKbIH Y3bIHIBIFBI A =
473 uM) maiganaHa OTBHIPBIN, AIIBIK TYpAETri YITTHIK HAHOTEXHOJIOTHUIIBLY 3epTXaHana (AJmMarsl,
Kazakcran) Paman criekrpockonusicel (RS) apkpeuibl 3eprreni. Conpimen karap Hitachi TM4000
Plus Quantax 75 Bruker smeKTpOHIBIK MHKPOCKOOBI apKbUIbI KOMITO3UTTEPAIH MOP(OIOTHUACH
3epTTEIH/II.
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Keneci cyperre (ymiepen kyliecinin Paman criektpiiepi OeiiHEeIeHTeH.

1440 1560 1463

1175 1225 " W H 1
1225 |{ T 9 MiXIUTE

Intensity

1420 I
1570

494 Cog

200 Aan urjn san mrn-n 1z1nn urn-n 1s1nn 1ulon zn‘nn 26& 460 560 SIEIO 1{;00 12:00 14:00 16'00 1a'c~u 20|00
Raman shift, cm™ Raman shift, cm™

Cyper 3 — JloramnbIk pa3psaTa cuHTe3/1ereH GyiepeH KyiHecinin
’KapBbIKThIH KOMOMHAIMSUIIBIK IIALIBIPAY CIIEKTPIIepi

3a—cypeTTeH (acThIHFBI crieKTp) crektpmaid 271, 494, xone 770 cm' aiimakTapeiaga C60
MOJIEKyJIachbIHbIH PamMaHIBIK BIFBICYJapbIHA Call KeJNeTiH MIBIHAApAbl Kepyre Oomansl. D misIHbI
1463 cm! aiimarbiHza opHanacca, G mbIHEL 1570 cm! aliMarbiHga Oaiikanaabl. ©3 keserinae 4a
(ycrinri cnekrp) cypetrinen C70 MolieKynachlHa TOH BIFBICY HIBIKAApbIH 253, 488 xoHe 770 cm!
aiimakTapbeiga Oaiikayra 6onanbl. by ciekrp yiria D xoHe G msiHmaps! coiikecinme 1440 xoHe
1560 cm! alimarbiHIa Oalikasael. 40—CypeTiHeH CHHTE3IeNTeH HaHOKYPbUTBIMHBIH C60 sxoHe C70
MOJIEKyJIaJIapbIHBIH KOCIIAChIHAH TYPATHIHBIH Oaiikayra Oomnaibl. Aaiiia ClieKTpiaepAiH eH KapKbIH bl
MIBIHIAPBIH Tannay yarizeri C70 MoneKylachIHBIH 0achIM €KEeHIH KOpPCETEeIl.

4-cyperte dymiepeHKypamab! KyiieHiH COM apKbUTbI anbiHFaH OeifHenepi YChIHBUIFaH.

TM4000 15KV 5.3mm x10.0k BSE MO U s oo

Cyper 4 — Oymiepenkypamibl kKyiieHiH COM apKbLiibl allbIHFaH OciiHenepi

COM OeitHeciHeH OaiiKayiFaHmail Kyie OemiekTepiHiH MOPQOIOTHICH KEYeKTl JKOHE KeIlip-
oynwipiel. Kyiie keyekTepinin emmemi 32—190 HM apasbIFbIHIA.

[MupoTexHUKaIBIK Kypamaap — Oy e3/iriHeH kKaHyFa KaOUIeTTi jKOHEe KaHFaH Ke3Je KaphIK,
TYTiH, XKBLTY, IBIOBIC XKoHE OacKa /1a ocepiep OepeTiH TeTeporeH I Kocnanap. DIeKTPAOFaIbIK CHHTE3
omiciMeH ajbpIHFaH (yuIepeH Kykhenepi MIPOTeXHUKAIBIK KYPaMHBIH Kypaylibl KOMITIOHEHTI PETiH/Ee
naiaaneuIasl. [TMpOTEeXHUKANBIK KYpPaMHBIH KaHYBIH KEHUIIETY jKOHE OHBIH JXKaHy MYMKIHIITiH
KaMTaMachI3 €Ty YIIIiH 9JICTTe ayaJarbl OTTETIH TaiiamanOaipl, OHBIH OpPHBIHA MEHIIIIKTI TOTHIK-
TBIPFBIII — TEPMUSUIBIK BIABIPAY KE31HIE OTTETiH KYPaWThIH KypZeli 3aT KOJMIaHbUIAIbL. bi3mig
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JKarIaiflbIMbI3/1a, )KYMBICTA TOTBIKTBIPFBIII PETiHE KaJIUil HUTPATHl KOJJIaHBUIIBL. By)r OHBIH cakTay
JKOHE TaHBIMAJIJAy THIMIUTITIHE OaiaHBICTBI, SFHH, KaJIMH HUTPAThl ©3T¢ TOTHIKTBHIPFBINI Mare-
pHaIIapMEH CaNbICTHIPFaHIa XKEKE ABIHFAH KA HUTPATHI )KapbUIFBIII KACHETKE Ue eMeC, OUTKEH1
OHBIH BIIBIPAYBI OTE a3 )KBLTY IIBIFAPYMEH KYPEIi.

[MupoTexHUKaIBIK KYpaMIapIblH eKiHII KypaMaac 0eTiri — KaHFbII 3aT. JKaHFbIII 3aTTap YIKSH
KOCBIMIIIa OTTEK 0oyl Hemece Oenriii Oip kaHy TeMieparypachit Oepyi Tric. JKymbIcTa amoMUHUI
JKaHFBIII 3aT peTiHae maiaansuibl. CeGedi o1 skep KbIPTHICHIHAA KO MeJIIep/e Ke3IeCeTiH KO-
JKETIMIII Ke31H/IE )KOFaphl KbICKIMJIBI KOJIaHY apKbLIBl KOMITO3UTTiH JKOFaphbl OEPIKTITiHE KO JKETKIZY
opaaiibIM MYMKiH eMec. OHIMIEpIiH OCPIKTITIH apTTHIPY YIIiH KOCBIIBICTApFa OalIaHBICTBIPFBIIITAP
eHTi31Iei (Kelae IeMeHTaTopiap e aTaxabl).

[TrpoTeXHUKAITBIK KOMITO3UTTIH KypaM KOMIIOHEHTTep1 peTiH/Ie Maii1allaHbUTFaH KaJIuid HUTPATHl,
QATFOMIHHN KOHE CHHTE3/IeNTeH (QyiepeH KyheciHiH OeliHec Keneci CypeTTe YChIHBUIFaH.

a — KaJMid HUTPaThl, O — AIFOMUHUM, B — CHHTE3lIeNTeH (QyIuiepeH KypamIbl Kyiie

Cyper 5 — IInpoTeXHUKAJIBIK KOMIIO3UTTIH KYpaM KOMITOHEHTTEP1

Kerneci cypeTTe nHpOTEXHUKAIBIK KOMIIO3UTTIH KYpaM KOMIIOHEHTTEp1 peTiH/Ie Nai1anaHblIFaH
KaJMi HUTPATHI, aJIOMUHUN KOHE CHHTE3leNreH (yiepeH KyHeciHiH MHUKPOCYpPETi YChIHBUIFaH.
Tannan anblHFaH KOMIIOHEHTTEp, aTal alTKaHIa Kaluii HUTPAThl MAaTpHUIlA POJIiH aTKapAbl kKoHE
HaHoeJmeM/1 QyJUIepeH Kypamabl Kyiie, arall KeMip MEH aJIOMUHUI TONTHIPFBIII POJIiH aTKap/Ibl.

+ 189nm

-82.6nmk 102nm

147nm

72.2nm

V 5.3mm X20.0k SE

a

a — KaJIui HUTPaTHhI, O — aJIFOMUHUM, B — CHHTE3/IeNTeH (QYIUIepeH KypaMIbl Kyiie

Cyper 6 — [IMpOTeXHUKAIIBIK KOMIIO3UTTIH KYpaM KOMITOHCHTTEP1

Tananran KOMIIOHEHTTEp |-KecTe/ie KOPCETLIreH MacCaNbIK KaTbiHAC OOMBIHILIA AaHATTUTHKAJIBIK
Tapasbl/ia OJIICHIN albIHIbL. OJIIEHreH KOMIOHEHT YHTAKTaphl KEPAMUKAJBIK BIABICKA CaJIbIHBII,
CTYIIKaHBIH KOMETIMEH O1pKeJIKi MeJIIIepre AeHiH YHTaKTalbl. KOMIOHEHTTEepaiH 9pTYpIIi MaccajblK
KaThIHACBIHA e TOPT TYPIi KypaMm AaibiHaanasl. JlaibiHaamFan KypaMaap/asH )KaHyblH Kajiarajay
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YILH MUPOTEXHUKAJIBIK KYPaM JIAO0PaTOPHSICHIHIAFbI TAPTKBIII KA THIH ACThIHA OPHAIACTHIPBUIIBI
JKOHE JKary JKYMBICHI Kypri3inmi. XKaHy OactanraH yakbITTa CEKyHJaMep KOCBUIBIT, KYPaMHBIH
KaHy yakbpIThl Oenrinenmi. DymiepeH Kypamabl Kyiie Maccachl apTKaH CaiblH TOJBIKTBHIPHLIFAH
MMUPOTEXHUKAJIBIK KYPAMHBIH JKapPBIKTHIK 2P EKTICI )KOFapbl €KSHIIT1 aHBIKTAJIJIbI.

a—IIK Nel, o — ITK Ne2, 6 — TTK Ne3, B — [1K Ne4

Cypet 7 — [IupoTeXHUKaJIBIK KOMIIO3HTTIK KYPaMHBIH KaHY MPOIECi

Kerneci cyperTe nupoTeXHUKAIBIK KOMIO3UTTIK KypamIap/blH jKaHy yaKbITBIHAH TOYeI Il Juar-
pamMmMacs! YChIHBUIIBL. Kepin TypraHbIMbI3fai, Qy/uiepeH Kypamabl Kylie MeJepi MupoTeXHHUKa-

JIBIK KOMITO3HUTTIK KYpama KeOeHreH cailblH, KOMIIO3UTTIK KYPaMHBIH JKaHy YaKbITHIHBIH apTaThiH-
JIBIFBIH OaifKayFa OOaIbl.

8
s | - B W yaKbIT, €
\ _ W yaKbIT,C
a - .
‘ W yakbIT,c2
L -
2 yaKbIT,c2
_
o] YaKbIT,C
nKi nK2 YaKbIT, C
NK3
NnK4

Cypert 8 — [IupoTeXHUKaIBIK KOMIO3UTTIK KypaMAapAbIH
JKaHy yaKbITbIHA TOYEJILIIK AUarpaMmachl

Kecte 1 — IlupoTexHUKaJIbIK KypaMaap/blH KaHy >KbLIIaMIbIFbl

[TMpOTEXHUKATBIK TTUpOTEXHUKAIBIK KYPAMHBIH KOMIIOHEHTTEPI, %o Kany
Kypam Kanuit Hutparel | AnroMuHHI Aramr Dyiepen YaKBITBL, C.
(KNO3) keMmipi(C) Ky#eci
1 | TIK Ne 1 65 10 15 0 5
2 | TIK N2 65 10 10 5 7
3 | TIKNe3 65 10 5 10 8
4 | IK Ne 4 65 10 0 15 11
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Kectenen OaiikaraHbIMbI3aid, (QymnaepeH KypaMmasl Kyile KOMIIO3UTTE MHTHOUTOP pOJIiH aTkKa-
paTbIHBI AHBIKTAJIBL.

KopbIThIHABI

DJEKTPAOFAIIBIK CHHTE3 9JIICIMEH aJIbIHFaH KOMIpTeKTi HaHOKYpbUIbIMaapabiH C60 sxone C70
¢dymiepen kyienepi exei anblkTanabl. CuHTe3nenreH QyiuiepeH Kyie OemmekTepiHiH Mopdo-
JIOTHSICHI KEYEKTi JKOHE KeHip-OyJbIpiibl, Kylie KeyekrepiHiH eimiemi 32—190 HM apanbiFbIHIA
0O0JIaTHIHBI AHBIKTAJIBI.

Toxipubenepain HOTHXKeCi OOMBIHINIA CHHTE3/CNreH (ysuiepeH KyielaepiH MUPOTEXHHKAIBIK
KOMIIO3UT KYPaMHBIH KypayIllbl KOMIOHEHTI peTiHAe Naianany MYMKIH/IT1 YCHIHBUIIBI.

Tanman ajbplHFaH KOMIOHEHTTEp, aTan alTKaHAa KaJWi HUTpPATbl MaTpHlla POJiH aTKap.bl
KOHE HaHoemmemal (ymaepeH Kypam[sl Kyie, arall KeMip MEH aJlOMHHUN TONTBIPFBIII POJIiH
arkapabl. JKYMBICTBIH HOTHXKEC1 OOMBIHIIA MTUPOTEXHUKAIBIK KOMIIO3UTTIK KYpaMIapAbIH MpoIecce
OapbIChIHAA KAPBUIMANUTHIHBI AHBIKTANABL. [IMPOTEXHUKAIBIK KOMIIO3UTTIK KypaMmJapAbl CakTay
JKOHE TackIMalifay OapbhIChIHIA OJIAPBIH KayilCi3/iK mapTTapblHa cail KeJIeTIHIHE KO3 KETKI3UIII.

®dymiepeH KypaMpl Kyiie HeTi3iH1e MHPOTEeXHUKAIBIK KOMITO3UTTIK KYPAMHBIH JKaHY yaKbIThIHA
TOYeJIUIITT aHbIKTaabl. HoTrke OolibIHIIA QyIIepeH KypaMIbl Kyie MeJIepi MIPOTEXHUKAIIBIK
KOMIIO3UTTIK Kypamja KeOeWreH CaiblH, KOMIIO3UTTIK KYPaMHBIH >KaHy YaKbITBIHBIH apTaTbIHBI
AHBIKTAJIJIBL.

byn makana MPH BR21882375 «Kep >koHe FapbIlll CErMEHTTEPiHIH OCPIKTITiH apTThIPY KOHE
HMOHOC(EepaHbl 3epTTey aAPKbUIbl FAPBIIITHIK TEXHOJOTHSIAP OHIMJEPIH jKacay >KOHE JKaHFBIPTY»
OarapIamMaiblK MaKCaTThl KapKbIIaHBIPY asChIHA KYPri3Ui.
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MICRO- AND NANOMICROMATERIALS IN PYROTECHNICS

Abstract

Due to their unique physical and chemical properties, which play an unrivaled role in enhancing the
performance and safety of pyrotechnic substances, carbon nanomaterials have garnered significant interest from
researchers in recent years. In this paper, carbon nanostructures prepared by electric arc synthesis are identified as
C60 and C70 fullerene carbon blacks. The carbon black particles derived from the synthesized fullerenes exhibit
a porous and rough morphology, with sizes ranging from 32 to 190 nm. The experimental results indicate the
potential use of synthesized fullerene soot as a constituent component of pyrotechnic composites. The dependence
of pyrotechnic composite compositions on combustion time has been determined by selecting potassium nitrate,
nanoscale fullerenes, composite carbon blacks, wood coals, and aluminum fillers as matrix materials. According
to the findings, the combustion time of the composite composition increases as the content of fullerene soot in the
pyrotechnic composite composition increases.

Key words: Fullerene, pyrotechnics, composite, gas-phase arc discharge.
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MHUKPO- U HAHOMUKPOMATEPHUAJIBI B IIMPOTEXHUKE

AHHOTALMA

B cBsI3U ¢ yHUKaTBHBIMU (U3NYECKUMU U XMMHUYECKIMH CBOMCTBAMH, UTPAIOIIMMHU HETIPEB30HCHHYIO POJb
B MOBBIILICHUHU POU3BOUTEIILHOCTH M O€30MTaCHOCTH MUPOTEXHUYECKUX BEILIECTB, YIIEPOIHbIC HAHOMATEpHAJIbl B
MOCJIETHUE OBl BBI3BIBAIOT UHTEpPEC UccienoBareneil. B 3Tol ctarbe ycTaHOBIEHO, UTO YIIEPOJHbIE HAHOCTPYK-
TYpBbI, MOIyYCHHBIE METO/IOM DJIEKTPOIYTOBOTO CHHTE3a, MPEACTABISIIOT coboil caxku n3 C60 u C70 dymnepena.
YCTaHOBIICHO, YTO YaCTHIBI CAXH M3 CHHTE3MPOBAHHBIX (yIIEPEHOB UMEIOT HOPUCTYIO M IIEPOXOBATYI0 MOp(ho-
JIOTHIO M pa3Mep caxu cocTasisieT oT 32 mo 190 um. [lo pesynsraraM SKCIEPHIMEHTOB MTOKa3aHa BO3MOXKHOCTH
WCTIONIb30BaHMS CHHTE3MPOBAHHBIX CAXKHU (y/UIEpeHA B KAUECTBE COCTABIISAIONIETO KOMIIOHEHTA MUPOTEXHUIECKOTO
komro3ura. OnpeeneHa 3aBUCUMOCTh MMPOTEXHUYESCKUX KOMITO3UTHBIX COCTABOB OT BPEMEHH I'OPEHHSs1, BEIOUpast
B KaueCTBE MaTPHIbl HUTPAT KaJusi, HAHOpa3MepHbIe (yJUICPEHbI, COCTaBHBIE CAXKH, ICPEBSIHHBIE YIVIN U aTFOMUHH-
eBble HarronmHuTen!. [1o pe3ynbraram yBeIHMIMBaeTCs BPEMsi TOPEHMST KOMIIO3UTHOTO COCTABA 110 MEpPE yBEIHUCHUS
coziepxkanust PyJUIepeHOBON CaXKH B IIMPOTEXHMUECKOM KOMIIO3UTHOM COCTAaBE.

KiioueBble ciioBa: QysiepeH, MMpOTEXHUKA, KOMIIO3HT, TyTrOBOH pa3psil B ra3oBoii dase.
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TFrASOAUHAMHUYECKHE INTPOLHECCHI, IPOUCXOAAIIUE
IIPU PASPYHIEHUU T'A30IIPOBOJOB, U METOJIbI UX AHAJIU3A

AHHOTAUMS

PaccmarpuBaeTcst pouecc ANHAMHYIECKOTO Pa3pyIIeHHs TUIIOBOTO y4acTKa CTalbHOIO MAarucTPajbHOTO ra-
30MPOBOJIA C TPELIMHOW MO JCHCTBUEM ra30IMHAMUYECKOTO JiaBleHus. Vccnemnyercst BBICOKOCKOPOCTHOE pa3BH-
THE TPELIMHBI, KOTOPasi pacTeT IM0J JEHCTBHEM HMCTEKAIOIIEro OOJIBIIOrO KOJMYECTBA Ta3a I0J] BHICOKUM JaBiie-
HueM. Mozenupyercsi MpoLece ABMKEHUsSI MaruCTPabHONW TPELIMHBI, KOTOPOe WHIYLMPYETCs JABHKCHHEM rasa.
Maremarrdeckas MOJIENb 9TOTO IPOLECCa BKIIOYAECT MOZAECTH Ta30MHAMHYECKUX MPOLIECCOB B TPYOE M MOJCIH
BBICOKOCKOPOCTHOTO Ae(hOPMHUPOBAHMS U pa3pylleHHUs ydacTka TpyObl ¢ TperuHoi. [Ipemioxkena npuoamkeHHast
QHAJINTHYECKAs MOJENb Ta30IMHAMUYECKHX IPOLECCOB, KOTOpas MO3BOJIET MOJEINPOBATh THHAMUYECKOE YObI-
BaHUC JAaBJICHUA Ha BHYTPCHHIOIO ITOBCPXHOCTH pr6]:l u 6epera TPCUIUHBI. I[I/IHaMI/I‘IeCKoe U3MCHCHUC NaBJICHUS
Ga3zupyercs Ha ICKOMITPECCHH Ta3a B JIOKAJTM30BAHHON YacTH TPYObl B OKPECTHOCTH TPCIIUHBL. MOJICNb yUUTHIBACT
W3MEHEHHE JaBlICHUs ra3a B TPyOONPOBOJIE BIOJb MPOJOIbHON KOOPANHATEI YaCTH TPYOBI ¢ TpeluHoi. Paccmot-
pEHa YHCIICHHAs MPpOoLeypa Ul pacyeTa ra30AMHaMHYeCKOT0 IaBJICHHs IPU UCTEUCHUH Ta3a dyepe3 Tpeiuny. OHa
I03BOJISICT OIIPENEIIATh JaBeHHe Ha Oepera TPelMHbI Kak (DYHKLMIO BpeMEHH. Pe3ynbrarsl 9Toi 4nCcIeHHOH npo-
LEeAypBl HCIIONB3YIOTCS A YHCICHHOTO MOAEINPOBAHUS BBICOKOCKOPOCTHOTO Ae(hOPMHUPOBAHHS U JTABUHHOTO pa3-
PYIICHHS] THIIOBOTO y4acTKa MarkCTPajbHOTO Ta3olpoBoja ¢ TpeurHou. Ilpemnoxkena aHanuTHyeckas MOJEINb,
KOTOpAsi MCIIOIb3yeT METO/bI MEXaHUKH Pa3pyLICHHs JUTS TPEACKa3aHus KPUTUUCCKOrO MaBJICHHUS, IPH KOTOPOM
HaOII0aeTCsl POCT TPELIMHBI B TPpyOe. Mozens BepuHIpOBaHa MO KCIICPUMEHTAIBHBIM TAaHHBIM U CITYXKHT JUIS
OBICTPOI OLICHKU LENOCTHOCTH TPYOBl. DTOT aHATMTHYESCKUI MOIXOM MCIIOIB3YeTCs JUIS MIPEICKa3aHUs BO3MOX-
HOCTH pa3pylleHust TpyObl Ha OCHOBE CBOWCTB MarepHala, FTeOMETPHH TPEIIMHEI  pa3MepoB TpyOsl. OH MOXKeT
HCIIONB30BaThCsA U IIPEBAPUTENIBHBIX OLIEHOYHBIX PAcyeTOB. PaccMOTpeH YMCIeHHO-aHATUTHYECKUI METO AT
aHaJIn3a HeYNPYroro JMHAMUYECKOTO pa3pylieHus Tpyobl. OH OCHOBBIBACTCS HA aHAJIN3E BEIMYHMHBI yIJIa PACKPbI-
THS BEPIINHBI TPEHMHBI. TakkKe PacCMOTPEH YMCICHHBIH METO]] aHAlHM3a HAMPSDKCHHOTO COCTOSHHMS B O0NacTH
TPEIIMHBI, YYUTHIBAIOIINI TIacTHYECKoe AedopmupoBanue. [IpecTapieHHbIe MOACTHU MO3BOJISIOT YUCICHHBIMU
METO/IaMH HCCIIeJOBAaTh AWMHAMHKY PAa3BUTHS TPEIUMH U, KaK CJIEACTBUE, PA3pyIICHHUE THUIIOBBIX YYacTKOB Maru-
CTPAaJIbHBIX I'a30MPOBOJOB MOJ JaBiIeHHEeM. VIcronb30BaHUE Pe3yabTaToOB ATHUX HCCIIENOBAHUH TTO3BOJIHUT IIPUHATD
IPEBEHTUBHBIE MEPbI JUIS MIPEIOTBPALICHHS CIIy4aeB JIABUHHOTO pa3pyLIeHHsl aBAPUHHBIX Y4aCTKOB MarucTpaib-
HBIX TPYOOIPOBOIOB.

KiaroueBrnle ciioBa: ra3onpoBo[, pa3pyulicHue, I‘a30ﬂPIHaMPI‘IeCKPII71 mponecc, M€ToAbl OLICHKH, KOHYUK Tpelu-
HbI, aHAJIN3.
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BBenenune

Esxeroanbiil pocT n00bIUM ra3za U yBEJIMUYEHHE €ro YAEIbHOrO Beca B TOIUIMBHO-dHEpreTHYe-
CKOM OaJiaHCe CTpaHbl U B SKCIOPTHBIX MOCTAaBKaX Ha MEXIYHApOJHBIE PBIHKH MPEAONPEaSITUIN
BBICOKHE TEMIIbl pOCTa CTPOUTEIHCTBA CETU MAarkuCTpalbHbIX ra30npoBooB [1]. CoracHo JaHHBIM
HaI[MOHaJIbHOTO oneparopa Qazaqgaz B cdepe raza u razocHadkenus: Pecryonuku Kazaxcran, ma-
TUCTpajbHbIE Ta30IPOBO/IBI B HACTOSIIEE BPEMsI SIBIISIFOTCS OCHOBHBIM CIIOCOOOM TPaHCIIOPTUPOBKH
00sbIINX 00BEMOB raza OT MECTOPOXKACHUN K MecTaM notpedneHus. OnHaKko aHalIu3 3apyOeKHBIX
U OTE€YECTBEHHBIX HCTOYHHUKOB MOKa3bIBAET [2—5], 4TO B MarucTpaibHbIX ra30IpoBOJax MO pa3HbIM
IpUYUHAM IIPOUCXOAT aBapUU PA3IMYHOTO XapaKkTepa. YBEeIMUEeHUE NPOIMYCKHOM CocOOHOCTH ra-
30IIPOBOJIOB 3a CYET yBEJIMYEHUS JUAMETPOB TPYO U pabOUMX CKOpPOCTEH MEepeKaukH, a TaKxkKe Io-
BBIILIEHUS] Pa00Yero JaBieHHs IPUBOJUT K BHICOKOW MOBPEKIAEMOCTH U Pa3pylIa€MOCTH Y4aCTKOB
MarucTpajibHbIX T'a30MpPOBOJIOB. Takue pa3pylIeHUs] COPOBOKAAIOTCS OBICTPHIM POCTOM TPELIHUH.
CKOpOCTh TaKOTO pOCTa TPEIIMHBI COM3MEPUMA CO CKOPOCTBIO PAcHpOCTPaHEHUs 3ByKa B COOT-
BETCTBYIOLLEM MeTasuie. Takoi poCT TPELUMHbl HHIYLIMPYETCS UCTEUEHUEM OOJIBIIOr0 KOJMYeCTBa
ra3a 1oji OOJIbLINM JaBI€HUEM. Y YUThIBAs BBIIICU3IIOKEHHOE, MOSBISIETCA HEOOX0IUMOCTh aHaIN3a
METO/IOB OLICHKHU Pa3pyIlI€HUU B MArUCTPaJIbHBIX Ta30IIPOBOJIAX, YTO SIBJISETCS BECbMA aKTyaJIbHOM
3a/1aueil B HALIMOHAJIBHOM U MEKYHapOAHOM MacuITalde, TeM 0oJiee 4To 001Ul H3HOC CYLIECTBYIO-
mux razonpoBojoB Pecny6nuku Kazaxcran cocrasmser 70% [6].

O030p uTEpaTYypHI

MeTonpl aHanM3a TUHAMHYECKOTO Pa3pylIEHUS] KOHCTPYKIMM M TEXHOJIOIMH OCTAHOBKH OblI-
CTPOr0 JIBMKECHUS TPELIUH SBISIOTCS KIIOYEBBIMH JII 0OECHEUEHUs LETOCTHOCTH HMHKEHEPHBIX
KOHCTPYKLUU, OABEPKEHHBIM 3HAUUTEIbHBIM IMHAMUYECKUM BO3/ICHCTBUSM. DTH METOJIbI MHTEH-
CHUBHO Pa3BHBAIOTCS B MEXaHUKE pa3pylueHus [7, 8]. DTH TEXHOIOIMH Ype3BbIUaifHO BasKHBI B CIIy-
YasiX, KOrJa poCT HEYCTOMUMBOCTH TPELIUMH HENb3sl MPEJOTBPATUTh U MAaCIITAOHOTO pa3pylICHUs
razonpoBosoB [9]. [TomobHbIe uccienoBaHus GUHAHCHPOBAIUCH KAK YaCTHBIMU KOMITAHUSIMH, TaK U
Hay4YHBIMM opraHu3anusmu B EBpocorose, CILIA, Kanane, Kurae [10—12]. [ToaTtomy HEKOTOpBIE yCH-
TS IPEANIPUHATHI JJIsl peLIeHHs 3TUX 3a1a4d. B cTarbe [9] craBuTcs 3a1a4a ABUKEHUS MarucTpalib-
HOM TPELIMHbI, KOTOpask UHAYLHUPYETCS JBMKEHUEM ra3a. YKa3bIBaeTCs, UTO 3a/a4a JIBUKECHUS Maru-
CTPaJIbHOM TPELIMHBI COCTOUT U3 TPeX Moj3aay (aHaIM3a HAPSYKEHHOTO COCTOSHUS KOHCTPYKIUH,
JBUKEHUSA Ta3a Mo TpyOe W uepe3 TPEHIMHY U MEXaHUKU pa3pyuieHus). OnucsiBaeTcst pa3padboTka
[IpOrpamMMbl pacueTa, KOTopasi COCTOUT U3 TPEX MOIYJIEH: aHaI13a HAPSHKEHHOI'O COCTOSIHUS, Ta30-
JUHAMHUKHU U MOJCJIMPOBAHUs pa3pylieHus. PaccMaTprBaroTcs MOIXO/bl 1711 TPEJOTBpaIleHus: Obl-
CTpOro JABWXKEHUs TpemuHbl. B pabote [13] npeanoxkeH BbIUMCIUTEIbHBIN MOIXO K pacyeTy JBU-
JKEHMsI MarucTpaibHON TpemuHbl. s pacuera HaNpsyKEHHOTO COCTOSIHUS U JBMKEHUS TPEIIMHbI
npuMeHsieTcs komMmepueckas nporpamma LS- DYNA, a nis pemieHus 3a1auu ra3oJuHaMHUKH ObLia
pa3pabotaHa cBosi mporpamma pacuera. [loquepkaeM, 4To MpH aHaIU3€ pa3pyLICHUS KOHCTPYKIUU
YUUTBHIBAETCSA 3aBUCUMOCTH OT CKOPOCTHU JAe(POpMHUpOBaHUA. PSIIOM C BEpIIMHON TPEIIMHBI YUUTHI-
BaeTCs MIacTuYeckoe AeGpopmMupoBanue Marepuana. bnarogaps pa3BuTHIO MIacTUYECKUX aedopma-
Ui TPOUCXOAUT pocT TpeuH. C Ipyroit CTOpOHBI, MIacTUYECKoe 1e(hOopMUPOBAHNE HHIAYLUPYETCS
neiicTBreM raza Ha 6epera TpeuHbsl. Kak ciieayeT U3 YuciieHHOro MOJIeIMpOBaHus, IBUKEHHE ra3a
IPOUCXOIHUT co ckopocThio 100-300M/c. B paGorax [14—17] ucnons3yercs paciIMpeHHbIH METON
KOHEUHBIX JIEMEHTOB, KOTOPBIM MPUMEHSIETCS 17151 MOACTUPOBAHUS HAMPSKEHHOTO COCTOSHUS OKO-
70 TpenrHbl. C IOMOIIBIO TTakeTa mporpamm Abacus MozienupyeTcsi poCcT TPELH B TPyOOIpoBoO-
ne. B crarbe [18] paccMaTpuBaroTCsl HECKOJIBKO CYIIECTBYIOIINX aHATUTHYCCKUX METOJIOB pacuera
paszpylieHus TpyoorpoBosa. Pe3ynasraTsl aHaTUTUYECKUX PACUETOB CPABHUBAIOTCA C pe3ysIbTaTaMu
SKCIEPUMEHTAIBHOTO aHalu3a pa3pylieHus Tpyoonposoaa. Cpeny aHAIUTHYECKUX METOA0B BbIOU-
paroTcs Te, KOTOpbIE aJIEKBaTHO ONMCHIBAIOT UMEIOLIUECS aHATUTUYECKUE pe3yabTaThl. B crarse [19]
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Jenaercst 0030p aHATUTUYECKHUX METOJIOB pacdeTa pa3pyllieHUs ra30IpoOBOIOB MO IEHCTBUEM J1aB-
nenwus rasza. [IpeqmaratoTcss METObI OCTAHOBKH Pa3BUTHS MaruCTPaJbHBIX TPEIIHMH B ra30MPOBOAAX.
B [20] onuceiBaeTcs uccienoBarenbCckuii onbIT EBpomneiickoil ucciieqoBaTenbCKOM MYkl MO MPoy-
HOCTH Ta30npoBoaoB. OMHUCHIBAIOTCSA NOAXOAB! K aHAJINU3Y CONPOTUBIICHUS IUIACTUYECKOMY pas3py-
mieHnto. [loctpoeHa niuacTuyeckas MOEb pa3pylIeHUsl Ha OCHOBAaHMM YHCJIEHHOTO aHAJIW3a Halpsi-
KEHHOTO cocTosiHus. B pabore [21] MeTo KOHEUHBIX IIEMEHTOB MTPUMEHSIICS JJIS1 MOJICITUPOBAHHS
paspymenus TpyoomnpoBoaos. Ilo pesyasraram pacdera onpeaessieTcss yrojl pacKpbITHS BEPIIMHbI
TPEIMHBI, KOTOPbIH 0603HauaeTcs vepes (CTOA) . DTOT napameTp SKCEPUMEHTATBLHO ONPEIEs-
ercst Juis Kaxaoro Marepuaina. [pu kputnueckom sHayennn (CTOA), mpoMCXOMUT POCT TPEIIMHBL.
Casi3aHHast cucTema ra3 — 000J104Ka YHCIEHHO uccienyercs B [22]. Pa3zBuThe TpeumHbl MOJCIUPY-
€TCSl METOJIOM KOHEYHBIX JIEMEHTOB C MCIOJIb30BAHUEM JIOKAJIBHOTO KPUTEpUs pa3pylieHus. Me-
TOJI KOHEYHBIX 00BEMOB UCTIONB3YETCS TSl MOJCIIMPOBAHUS Ta30IuHAMUKH. [IpenokeHHbII MeTox
OyZIeT HMCIIOJIb30BaThCs ISl MMPOSKTUPOBAHUS Ta30mpoBoAoB. B craree [23-24] paccmarpuBaroTCs
METO/Ibl OCTAaHOBKH Pa3BUTHS TPELIMHBI U 0030p MPUYUH BO3HUKHOBEHUs. OOCYKAAETCS MCIOb-
30BaHUE NPOBOJIOKH M KOMIIO3UTHBIX HAMOTOK ISl OCTAHOBKH JIBUKEHMS TpelMHbL. B padote [25]
KOHEYHO-3JIEMEHTHBIE PacueThl IPUMEHSIOTCS COBMECTHO C IKCIIEPUMEHTAILHBIMH UCCIIEA0BAaHU-
MU /111 MOAECITMPOBAHUS Pa3BUTHS TPEIIMHBL. YNCIEHHOE MOAECTUPOBAHUE ra30JMHAMUYECKUX IPO-
IIECCOB, KOTOPBIC HAOIIOMAFOTCS TTPH UCTCUCHHH T'a3a U3 TpyObl, IpeacTaBieHo B [26]. B aToit ctaThe
ONMCaHa YUCICHHAs POLEAypa sl TAKOTO MOJEIUPOBAHUS.

[TpoBeneHHBII HAYYHBIH 0030p CYIIECTBYIOIMIMX METOIOB aHAM3a Pa3pyLICHUH Ta30mpoOBO-
JI0B TpeOyeT TOTIOTHUTENBHBIX UCCIEIOBAHUI B YaCTH COMOCTABICHUS M KOHCONUAALUH B €IUHYIO
METOJUKY pacyera, 4To BIIOCIEACTBUU Oy/leT MPUMEHEH aBTOpPaMHU B YHMCICHHBIX HCCIEJOBAHUIX
HaIpsHKEHHO-/1e(DOPMHUPOBAHHBIX COCTOSHUM MarucTPalbHBIX Ta30MpPOBOJOB B COBPEMEHHOM MPO-
rpaMMHOM KOMIuIeKce [27].

MarepuaJibl 1 MeTOIBI

[TpubmmKkeHHast aHaTUTHYECKAss MOJICIIb Ta30JMHAMHYECKUX IPOIIECCOB

Paspymienue TpyOOnpoBOIOB MPOUCXOIUT BCIICACTBUE HATMYHUS HAYaIbHBIX MaJIbIX TIOBPEXK/IE-
HUH, KOTOPBIC PAa3BUBAIOTCS BCIICACTBUE JICHCTBUS HHTEHCUBHOTO BHYTPEHHETO JaBiicHUS. B aTOM
MoJpa3iesiec PacCMOTPUM MPHOIKESHHYIO MPOCTY0 MOZEIb Ta30MHAMUYCCKOTO JaBJICHUS, KOTO-
poe neicTByeT Ha Oepera TPEIIMHBI U BHYTPCHHIOI CTOPOHY TpyObl. Takas MoJeiib pUMEHSETCS
JUISL pacdyeTa TMHAMHYECKOTO Pa3BUTHS TpenuHb [21].

Pa3zBuTHE TpeuHBI COMPOBOKIACTCS JCKOMIIPECCHUEH raza, TO eCTh 3aTyXaHHUEM JIaBJICHHSI CO
BpeMeHeM. DTO IPOUCXOINUT B TpyOe B OKPECTHOCTU TPeHIMHbBIL. [[pu 3HAYMTETEHOM OTKPBITHH Tpe-
IIMHBI Ta3 HAYMHAET OBICTPO BBIXOJUTH W3 TPYObl. DTOT MOTOK, BBIXOASIINN HAPYXKY, HHUIIUUPYET
BOJIHBI JICKOMITpeccuu (pacimpenus) B ra3e. Kak ciieyeT U3 TeopeTHUeCKoro aHain3a, 3aKoH IS
UICAJILHOTO Ta3 HeaIeKBAaTHO OMMCHIBACT JICKOMIIPECCHIO ra3a. JIokajabHOe aBiIeHHE, ICHCTBYIOIICE
Ha Oepera TpEeIIMHbI, OMUCHIBACTCS COOTHOIICHUEM:

2 y—1\ v 2y/(y—-1)
— _ 1
P1 p“[r+l+(}'+l)vj ! M

rne P1 — JaBiIeHUE Y BEPLUMHBI TPEIIUHBI;
Po —BEJIMYHA JABICHUS JI0 Hayaja Mpolecca pa3pyLieHHs;
U — CKOPOCTb PaclpOCTPaHEHHS TPEIIHHBI,
Vg —CKOPOCTb BOJIH JICKOMITPECCHH;
¥ — mokasarejib aaua0arhl.
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Hacpimenue
Jlapnenue
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Hacnimenue
ABJICHHC
pit P,

Jlapnenwue, hyHToB Ha
KBANpaTHeI ok
anp JuoliM =g

1.0 1.0 Vv, 1.0

v/ Va v/ Va
(a) XKuaxocers CO, (b) HachnmeHHbIH ra3 (¢) MetaH Wi Bo3yx

Pucynok 1 — Kpussie, onmchiBaroriye 1eKOMIIPECCHIO Ta3a

W3Bectrbie ypaBHeHus Benedict, Webb, Rubin [28] ucmonbs3yroTcs a1t onucanusi I€KOMITPEC-
CHIHM Ta3a B CJIC/IYIOLIEM BH/IC:

I 3
p=RTp+ (BGRT — Ay — T_g) p? + (bRT — a)p® + aap® + c%(l +yp?)exp(—yp?).(2)

Starling [29] npemmoxmt mapaMeTpuaeckoe YpaBHECHHE COCTOSHHSI B CIICTYIOIIIEM BHJIE:

Co Do Eg d d
szTp-i-(BgRT—Ag— + ——)pz+(bRT—a——)p3+(a+—)ap6

T2 ' T3 T4 T T
03
+temg (1 +yp?)exp(—yp?), (3)

r7ie P — JaBICHUE;
R — ra3oBasi HOCTOSIHHAs,
p — IUIOTHOCTb Ia3a;
A, By, Cy,Dy,Ep,a, b, c,d, &,y — napameTpsl ypaBHeHus (3).

I

! ) , i

i i
a1 N
/ i\ KOHYHK TPELHHbI : N

0 VA

PucyHok 2 — 3aBHCHMOCTb JJaBIICHUS OT MPOIOJILHOM KOOPAMHATHI TPYOOIpOBO/Ia

R
|
I

Ha pucyHnke 1 mokaspIBaeTcst 3aBHCUMOCTB JIaBIICHHsI Ta3a OT ITapamMeTpa OTHOCUTEILHON CKOPO-
CTH via Ha pucynke 1b moka3piBaeTcst KyCOYHO-THHEHHAsI 3aBUCMOCTbD OT CKOpOCTH. VIcTionb3yst pu-
CYHOK | 1 9KCTIepUMEHTAJIbHBIC JTAaHHBIE, TOCTPOUM TPH JTMHEUHBIN PEIKUM JIEKOMIIO3HUIIUH, KOTOPBIN
npejcTaBiieH Ha pucyHke 2. Takasi 3aBUCUMOCTD JIaBJICHUS OT MPOIOIBHON KOOPIMHATHI OMHCHIBACT
npuOIKEHHOE paclpe/ielieHHe JaBlieH s, KOTOpoe Hadmonaercs B Tpybonposoae. Tpu TUHEWHBIN
PEXHUM TEKOMIIO3HIINH MTPECTaBUM Tak (pucyHok 3) [30]:

Z
Pa@) = o) (1-7) 4Pl tlpp + loa <2< I+l +la+ L (4)
p(z) =p; A<z <1+ lpp + Lyg;

Pa(2) zp(l—%)ﬂo;o <z <l
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rac Ipa — JJIMHA TOCTOAHHOI'O 3HAYCHUS JaBJICHHA 10 BEPUIMHBI TPCIIUHBI;
Inh — JUJIMHA IIOCTOAHHOI'O 3HAYCHUA NAaBJICHHUA 3a BeleI/IHOﬁ TPCIIUHBI;
| —nuHa ydacTKa ACKOMIIPECCUU 10 MMOCTOSAHHOT'O J1aBJICHUA,
P — IHOCTOIHHOC 3HAYCHUC NaBJICHUS OKOJIO TPCIINHBI.

-
— ;;\ ——= JlaBnenue rasa

AKycTHYECKas CKOPOCTh
Y P PR ST T TRITTY (R TR T L E R

Jasnenue raza

—-

" Tazm
TyMaH

B -

PaccToanne

Pucynok 3 — KauecTBenHoe moBejieHe rasa MnpH ero JeKOMIIPECCUN

BcenencrBue nuccumnanyy SHEpruM B OBICTPO JBMXKYIIEMCS MPOIECCE Pa3pyIIEHUs] CKOPOCTb
ABWKCHUSA TPCHIUMHBI 3aTyXacT. MraoBeHHAas CKOPOCTb ABMIKCHUA TPCHIMHBI BBIPAXKACTCA YCPE3
0000IIEHHYIO JUINHY TPEIINHBI:

v = vg(l—,xz/Lr), ®)

I7I€ ¥y — Ha4yaJabHas CKOPOCTh JABHKEHHS TPEILUHBI;
Z — PACCTOSIHUE OT Havyayia TPEUIUHBI 0 €€ TeKYIIEero MOJI0KEeHNUS;
L, — 0600uennas 1una TpeiuHel paHas 1.5-2.0 nuameTpa TpyOsL.

UYucnenHas npoueaypa Julsl pacuera ra3o0iMHaMU4YeCKOro J1aBIeHUs

Mogzenb 1eKOMIIpeccuu rasa

PaccmoTpum Tpu npeAnonoxkeHusi, Ha OCHOBaHUU KOTOPBIX CTPOUTCS paccMarpuBaeMas OJHO-
MepHas MOJIENIb U30HTPOMMYECKOro MOTOKA rasa.

(1) INoTrok cuMTaercs OIHOMEPHBIM, HECMOTPSI Ha TEUEHUE ra3za yepe3 TPELUHy. JDTa Tunoresa
BBITNOJIHSETCS TP JIBMKEHUN TPELIUHBI, 32 UCKIIOYEHHUEM BpEMEHH €€ 00pa30BaHMUs.

(2) TloTok aBnsieTCs anuabaTuyecKuM, MOATOMY HarpeBOM ra3a U TPEHHEM MpeHeOperaem.

(3) TepmonuHamMuueckoe paBHOBECHE HAOIIOAETCs BO BCEM MTOTOKE rasa.

Bocnonezyemest Tpemst auddepeHnuanbHpIMI YPaBHEHUSIME B YaCTHBIX MPOU3BOJHBIX, KOTO-
PpBI€ OMUCHIBAIOT TOCTOSIHCTBO MACChl, 3aKOH COXPAHEHUS SHEPTUU U U3MEHEHHUE KOJIMYECTBA JBUKE-
HUS. DTH YpaBHEHUS BBINJISAJAT B CIEAYIOLIEM BU/IE:

dp d

&‘l‘a(,@ﬂ) :'3;
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a a
aipu +—(pu2)+ P =0;

Z—':p(h—l-ﬂﬁuz)—I—%pu(h—l—ﬂﬁuz)—g—z: 0, ©)
rie p — IUIOTHOCTb rasa;
U — CKOPOCTb JIBMKCHHUS I'a3a;
h — suranemus;

P — naBJieHHE.
CKOpOCTh JIBHIKEHHUS BOBMYIIIEHUH B Ta3e ONPEACIISICTCS CIICAYIOIINM COOTHOIIICHUEM:

dp
2 P
= (7)
DTO COOTHOIICHUE MOXKET OBITh MPEICTABICHO TAK:
du 1 (8)
— =+
dp pa

VYpasuenus (7, 8) UCMONB3YIOTCS Ul pacdeTa CKOPOCTHU ra3a B 3aBUCMMOCTH OT JiaBieHus. Boc-
MOJIb3yEeMCsl TAKUMHU T'PAaHUYHBIMH YCIOBUSMHU:

u=0;a=a; npup = p;.
IIyctb Pn:Pn U Pr+1, Pn+1(Pn > Pn+1) SIBIIIFOTCSL IBYMsI IIOCJIEIOBATEIbHBIMU TOUKAMU JIU-

HUU MTOCTOSHHOM OHTPOIINH, HpOXO,E[SIHleI 4cpe3 HAYaJIbHYHO TOYKY. I[J'If[ YU CJICHHBIX PACUCTOB UC-
MOJIB3YIOTCS TAKMEC KOHCUHO-PA3HOCTHBIC COOTHOIICHUA:

3121 _ Pn — Pn+1 .
i Pn _pn+1,
Pn —Pn+1(1 1
Uu =1u +0.57(——|— )
m @G \Pn  Pni

Korna tpy0a paspbiBaeTcs, ra3 BEIXOAUT Yepe3 TpeInHy (pUCyHOK 4, cTp. 244). Jlekomnpeccu-
OHHOE BO3MYILIEHUE BUKETCS 00paTHO B TpyOy. Torna BosiHa aBiaeHus pacipocTpaHseTcst 00paTHO
CO CKOPOCTBIO W, KOTOpast SBISIETCS pa3HULIEH MeXly CKOPOCTbIO BO3MYILIEHUH B Ta3e @ U CKOpPO-
CThIO Ta3a .

Whi1 = Qp4p — Un4q-

Jnst pacuera KpHUBOW JEKOMIIO3UIIMHM HCIONB3YETCs MapaMeTPUYecKoe ypaBHEHUE COCTOSI-
Hus (3).

JlexoMIipeccusi Taza 4epe3 pacKphITyIO TPEIUHY

Tpeuna B TpyOe ABMKETCS CO CKOPOCTBIO, OMM3KON K CKOPOCTH PACIPOCTPAHEHUS MPOIOIh-
HBIX BOJIH B TpyOe. BciencTBue 3TOro BO3HUKAIOT YYaCTKU TPyOBl ¢ OOJNBIIMM pa3ioMOM (pHCY-
HOK 4, cTp. 244). Uepes 5T pa3inoMbl BBITEKAaeT ra3. MoJiellb TaKoro UCTEYCHUST paCCMaTPUBACTCS B
9TOM paznene. [I[poucxoauT ecrecTBeHHAst JEKOMITO3HUIIMS Ta3a (PUCYHOK 4), YHCICHHOE MOJEITUPO-
BaHHE KOTOPOI pacCCMOTPEHO B 3TOM paszzene. [[BIKeHHe Ta3a ONUChIBACTCS CIEAYIONIe CHCTEMON
YPaBHEHHH B YACTHBIX MPOU3BOIHBIX:

dQ OJE
——I——+H—'D 9)
Jx
ou
e Q= [PU— E=|pu’+p|—;
(e + plu
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0

N7
- ea (|

0
OO61as SHEPrust Ta3a ONPeIENAETCs TakK:
e = ph + 0.5pu? — p.

A
Bennunna / A OTIPEIeIIsIeT OTHOIIECHNE JIOKAIIBHOTO TIONEPEYHOr0 CEYEHHUs] K OCHOBHOMY 110~
MIEPEYHOMY CEUEHHUIO.

Pucynok 4 — Ucreuenwne raza yepes TpeniuHy
Pe3ynbrarsl u 00Cy:K/1eHUA

AHanMTHYECKUE METO/IbI aHAJIN3a Pa3pyLICHUs] TPYOOIPOBOIOB

AHanuTHuecKasi MOJEINb HCIOIb3YeT METOIbI MEXaHUKH Pa3pyLICHUs U MPEACKa3aHusl Kpu-
THUYECKOTO JABJICHHUS, IPU KOTOPOM HAOIIONAETCS POCT TPEUIMHBI B TpyOe. DTa Moaens BepuduIu-
pOBaHa 10 YKCIIEPUMEHTAIFHBIM JTAaHHBIM U SBJISIETCS OY€HB YA0OHOI /1st OBICTPOI OIIEHKH IIeTI0CT-
HOCTH KOHCTpYKIMH. CBOWCTBA Marepuana, reOMeTpHs TPEUIHHBI, pa3Mepbl TPyObl UCTIONB3YIOTCS
JUISL TIPE/ICKa3aHusl BOBMOXKHOCTH Pa3pyLIeHUs TPYOBI.

Mpbl ucnonb3yeM KOMOMHAILMIO CIEAYIONIMX aHAJUTUYECKHX METOIO0B: MOIU(HUIIMPOBAHHBIE
NG-18 ypaBuenus [31], monxon CorLAS [32], amarpamma oneHku paspywmenus [33, 34]. Moau-
¢unmpoBanHble NG-18 ypaBHEHUS HCHONB3YIOT MOTYIMIUPUYECKYIO MOJENb JJIS MpeIcKa3aHus
JaBJICHHS, TIPU KOTOPOM HaOmromaeTcs: paspyuieHue. MoauduuupoBaHHas BEPCUsl 3TOTO MOIX0a
COCTOMT U3 CIEIYIOIIMX COOTHOILIECHUH:

_ oarccos(e™)
- Myarccos(e™?)’ (10)
B 3-CVN-Em

x = -
2Ayc0?

=i (]

rae Ops — BEIMYMHA HANPSDKSHUH NIPU pa3pyLICHUH;
& — TOTOK HaNpsHKEeHUM;
Mr — xoadpdunment Folias; CVN — BepxHss OLlEHKA YHEPTHH yAapa;
An — TJIOMIAAb pacCMaTPUBAEMON TPEIIUHBL;
E — monyns IOura; d — ryOuna TpeluHbI;

(Tfs
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t — TonmmuHa TPYOBHI;

2c — JUTMHA TPEIINHBI.

IToTok HampspKeHuit onpenensercs Tak: @ = gy + 68.95 MPa . Kospduuuent Folias My pac-
CUMTHIBaeTCA 1O hopmyie:

a
1_EMt
MT: a !
=7
céq Céq
M., = |1+ 1.255— —0.0135
t + Rt R2¢t2

VYpasuenwue (10) nucnonb3yrores A pacuera HanpsHKEHUH npu paspymeHud. Pesynsrarel pac-
U€Ta MCTIONB3YIOTCS TS MPE/ICKA3aHMs PA3PyIIAKONIETO IaBNCHUs Py

P-=0 E—(l_%)
r st(l—ﬁ),

riae A —001acTh TPEIINHBL.
KoadduipieHT "HTEHCHBHOCTH HANPSHKEHUH CUUTACTCS TaK:
8aag? oMy )

g2 =229, (_
f — Insec|—

V.
CKOpOCTB pacrpoCTPaHEHHsI TPEIIUHBI '/ OMpeIeNsIeTCs TaK:

Ye

-1

CVXA

c
rae Vf A — COIPOTHUBIIEHHE Pa3pyLICHUIO;

P— JAaBJICHUEC Ira3a Ha 6epera TPCIINHBI;
2ta

F, = T

C — NOCTOSIHHAS 3aChINKU KaHaBbl, KOTOpas paBHa 0.648 (unu 2.75) m1st He3achbImaHHON TPYOBI.

JJ1s OTHOCTHIO 3achlaHHON TPyObI mocTosiHHas (¢ paBHa 0.47 (wm 2.34).

[Momxon CorLAS [32] ucnonb3syer / uHTErpan, pacyer KOTOPOro MCHOJIb3YET BAKOCTh paspy-
HIEHUA. DTa BSI3KOCTb JUIsl KQKJIOTO MaTepraja HaXOAUTCS SKCIIEPUMEHTaIbHO. DTOT MapameTp uc-
HOJIB3YETCS JJISl aHAIIU3a POCTA TPEIIMHBI U Pa3pylIAloNIero JaBieHus. | WHTerpal UTepallHOHHO
CUMTAETCS C UCTIONB30BaHUEM (DOPMYIIBI:

olma

] = Qstf E

+ fa(M)ag,a|,

e Qp — K03 GUIIMEHT U THIECKON (POPMBI;
Fop — K03(UIMEHT CBOOOTHOMN MTOBEPXHOCTH;
o — JIOKaJIbHbIE HAIIPSIKEHHS;
a — DIyOWHA TPEIIUHEI,
f2(n) — K0dpduLIEHT ynpouHeHus AeopMarliii;
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n

"~ TI0Ka3aresb yOpouHeHUs nedopmanuii;
£

P miacTuyeckue nepopMaIum.

3HaueHue [ UHTErpaga CPaBHUBACTCS C BSI3KOCTHIO Pa3pyIICHHs Marepuana J €T, KOTOPOE OlIpe-
JeNeTcs HKCepuMeHTanbHo. Paspylienne KoHCTpyKuuu HaOmoaaercs, koraa | = Jq..

[IpensiokeHHBIN aHATUTHYECKUH METOJ pacyeTa HE MOXKET 3aMEHUTDH CIIOKHBIM KOHEUHO-3JIe-
MEHTHBIH pacueT paspyllieHus: TpyOornpoBoaa. DTOT aHAIIMTUYECKUI pacyeT MOXeT ObITh IpoBe-
POUYHBIM pacyeToM ISl KOHEYHO-3JIEMEHTHOIO MojienMpoBanus. Kpome Toro, 3TOT aHAJIMTUYECKUI
MOJIX0/T MOXKET MCIIOJIB30BATHCS 111 IPOCTHIX NMPEABAPUTEIBbHBIX OLEHOYHBIX PACUETOB.

YUucneHHO-aHATUTUYECKUI METO.

bricTpoe miiacTuyHOE pa3pylleHHe B CTAJIBHOM Ta30lNpOBOJE — 3TO YPE3BBIYANHO CIIOKHBIN
MPOLECC, COCTOSIIUN U3 TPeX B3auMoAeHCTBYyromUX sBiaeHui. (1) MHoromacmrabuoe ynpyrormia-
CTHUYECKOE AUHAMUYeCcKoe e(opMUpoBaHrEe CTEHOK TPYObI. (2) TpexMepHble HeyCTOMYUBBIE Ta30-
muHamuku nporeccsl. (3) Heynpyroe pacnpocrpanenue tpemunsl. [locnennuii stan cxeMaTuaHo
MIPEICTABIIEH HA PUCYHKE 5.

! \

! 1
! [l
A COA 1
L 1

' ]

\ 1

Pucynok 5 — Dcku3 pa3BUTUS TPEIIKHBI

Jyis aHanM3a HeyNpyroro TMHAMUYECKOTO Pa3pyIIeHUs TPYyObl YToJl paCKpBITUS BEPITUHBI Tpe-
nmmHbl CTOA cuuTaercst HanOosee mpruemiieMbiM TapameTpoM (pucyHok 5). [Tapamerp CTOA 3aBu-
CUT OT T€OMETPHUH KOHCTPYKITMH U Harpy3ok. Kpurnueckoe 3HaueHne 3TOro mapaMmerpa o0o3Hada-
ercst (CTOA),

IMapamerp (CTOA)may MCIONB3YETCS I OMMCAHMS HAUOOIEE OMACHOTO HANPSKEHHOTO CO-

CTOSIHMSI OKOJIO TPEIIUHBI. SIBJIeHne pa3pymieHus He HaOJII0IaeTCsl, €CIIM BBIMOIHACTCS COOTHOIIE-
HHE:

(CTOA), > (CTOA) max.

Jlnst uccneoBaHusl 4yBCTBUTEIBHOCTH TPYOBI K IIACTUYECKOMY pa3pyIIEHHIO HEOOXOAMMO
OTIpeNeNuTh 00€ YacTH MOCIIeTHETO ypaBHEHUS VIS 3aJaHHBIX pabounx ycioBuil TpyOsl. Koneuno-
JJIEMEHTHBIA METOA IIPUMEHAETCS I MoaennpoBanus (T (A B cilydae yCTaHOBHUBILETOCS JBHXKE-
HUS TPELIVHBIL.

Bemmunna (CTOA), onpenensiercs U3 CIeIyOIero COOTHOICHHUS:

180 S,
(CTOA), = 2571 ——,
T Opg
e S, — dHeprus, HeoOXxoAuMas JUlsl IIACTUYECKOro Ae(OpMHUpOBaHUs 001aCTH BO3JIE paspylie-
HMs, OTHECEHHAs K IUIOLau o0nacTy;
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Ooa = 0.65(ay, + 0,,);

@,, — TIPEJIEN yIpyrocTH;
g,, — NPEJIET TIPOYHOCTH.

4.3. UucneHnHble METO/IBI aHATM3a pa3pyILlIeHus: TpyOonpoBoaa

Jlig aHanu3a HaMpsHKEHHOTO COCTOSIHUS B 00JaCTH TPEIIMHBI IPUMEHSIETCS pacCIIMPEHHBINA Me-
TOJ] KOHEYHBIX 21eMEHTOB. CyIITHOCTh 3TOr0 METO/Ia 3aKJII0YAETCS B TOM, YTO BEKTOP Y3JI0BBIX IEpe-
MernieHui U B 00JaCTH TPEIKHBI MpecTaBisiercs Tak [7—11]:

N 4
u :;Nf(x) u; + H(x)a; +;Fa(x)b§‘ )

e N;(x) — dyuxims popm;

U] — BEKTOP y3JIOBBIX IEPEMEILEHHUH, XapaKTEPU3Y IO HEMPEPHIBHYIO YaCTh PEIICHHUS;

H(x) — paspbiBHas QyHKIMS, ONMCHIBAIOMIAs CKAYOK;

aj — pPacUIMpPEHHBIE CTENEHU CBOOO/IbI HaJl BHYTPEHHEH YaCcThIO TPEIHHBI;

b? — y3II0BbIE PACHIMPEHHBIE CTENIEHN CBOOO/IBI OKOJIO BEPLIMHBI TPELINHbI;

E,(x) — ynpyras acuMnTotuueckasi QyHKIMS BEPIIUHbI TPEIHHBI.

[poussenenus H(x)aj u F,(x)bft npencTapisior I0NOTHUTENBHBIE PELIEHHS, KOTOPBIE BBIPE-
3a10T BHYTPEHHIOIO YaCTh TPEIUMHBI U BBIPE3aIOT y3Jbl OKOJIO BEPUIMHBI TPEIUUHBL. PaciiupeHHblil
METO]] KOHEUHBIX IEMEHTOB UCIIOJIb3yET BHYTPEHHUE IEMEHTHI, YTOOBbI CBOOOIHO Pa3MECTUTh Tpe-
IIMHY C CETKOH U He CBA3BIBATh €€ C IPaHMLIEeH IeMEHTa. DTO JA€T BO3MOXKHOCTb HE NIEPECTpanBaTh
CEeTKYy IIpU pacueTe ABMKeHUs TpeuuHsl [35]. B npouecce pacuera 061acTi pa3BUTHSI MaruCTPasb-
HOW TPELIMHBI JCHCTBUTEIbHBIE Y3/bl TPEIIUHBI BMECTE C KOHEUHBIM DJIEMEHTOM YAAISAIOTCS, €CIU
HalpspKeHUsl WK AeopMalvy IpeBOCXOIAT KPUTHUECKUE 3HAYECHUSI.

[Tpumensiemblil kputepuil MHUIUALKMU Ae(eKTa MOXKET BBINIAAETh TaK, YTO MAKCHUMaJIbHbIC
I1aBHbIe HanpsbkeHus (Maxp) win nepopmannu (Maxs) 1OCTUIIN KPUTHUECKOTO 3HaueHus. Moxker
UCII0JIb30BAThCS IPyTroi KpUTEpUil MHULMALUNU Ae(eKTa, KOTOPBIN 3aKIH0YaeTCsl B KBaJpaTUYHOCTU
HalpsDKEHUH, WU KBaJIPAaTUYHOCTH Jie(hopMaLiuii.

Kpurepnii 3Bomtonnu nedexra MOXET BbIPaXKaTbCsl B KPUTHUECKOM 3HAUCHUU SHEPTHU pas3py-
LICHHUS, WM KPUTUYECKOM 3HAYEHUH NIEPEMEILECHUIN BEpIIMHBI TpEIUHEL. B craree [36] npemiaratot
UCIIOIb30BATh KPUTUYECKOE 3HAUEHUE KOT€3MOHHOU IIPOYHOCTH KaK KPUTEPUS MHULUAIU3ALUH Pas-

2
pymenus. IIoTok SHEpruu B BEPLIMHY TPCLUIMHBI ¢, . = Kic NPUHUMAETCS PaBHBIM KOT€3UOHHOMN
SHEPruM I XPYIKOro Marepuana, a | MHTerpajl UCIOJb3yeTcs Ul IUIACTUYHOro Marepuana. B

crarbe [30] npejuIaraeTes Oparh 3HaYCHMSI KOTE3MOHHOW TIPOYHOCTH M KOTe3UOHHOW YHEPTUU B BUJIC

KIC

30, u T, = - COOTBETCTBEHHO. 31€Ch @, — PE/EI YIPYTOCTH.

¥y

B [37, 38] mokasaHo, 4uto Maxp > 1.50,, TpeOyeTcst Iuis pa3BUTHSI ITACTUYECKUX AeopMartuii
B BEpILIMHE TPEUIMHBI B KOHCTPYKLMHU U3 CIUIaBa alIOMUHUA. B 3TOM citydae conpoTuBieHue pa3Bu-
THIO TPEIIMHEI HaOIIOaeTCsl BCIIEACTBHE IIACTHYECKOM uccunamuy sueprum. [lpn Maxp < 1.5ay,
COIIPOTHBJICHNE PA3BUTHIO TPEIIUHBI OKA3bIBACT SHEPTHSI Pa3pyIICHHS.

[Ipenmnonoxum, 4To 7151 MOIEIUPOBAHUS POCTA TPELUIMHBI BOKPYT HEe MOCTpOeHa KOHEYHO-3JIe-
MEHTHast MOJIeJb. J{J1s pacueTa MBMKSHHS TPEIIUHBI UCTIONB3YETCS YIaIeHNE KOHEUHBIX SJIEMEHTOB.
Jns ynanenus npeniaraercs ucnoib3oBath Cockceroft u Latham kputepwuii mimactuanocTH [6], KoTo-
pBIii ONKCHIBAeTCS TaK.

W= fﬂldEe =W, (11)
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IJIe 07 — MaKCUMaJIbHasl BEJIMYMHA U3 NNIABHBIX HAIPSKCHUI;

£, — DKBHUBAJICHTHBIE IIIACTHYECKHUE Je(pOpMalHy;

W, — mapameTp MaTepuaa, KOTOPbIi ONPENENAETCs U3 DKCIIEPUMEHTA.

OTOT KpUTEpU UMEET pa3MepHOCTb pabOThl eTUHUIEI 00beMa. OTMETUM, YTO KOHEUHBIH 3J1e-
MEHT He Y/IallAeTCs, €CJH BhoyHseTcs yenosue: W = [ g,ds, < W,. Bemmunna W, onpezensiiach
U3 UHTErPUPOBAHUS KPUBOM HampsikeHUs — aedopMaluu 10 paspylieHus marepuana. Mcnonssys
Cockcroft n Latham kputepnii nimactuynocTy, noiaydaeM W, = 1200(+80) MPa-

BriBoabI

PaccmoTpen nporecc TMHAMUYECKOTO pa3pyleHHUs TUIIOBOTO yYacTKa CTAJIbHOTO MarucTpalib-
HOI'0 Ta30MpoBOJa C TPEIIMHOH oA AeHCTBUEM ra3oJuMHaMHUYecKoro nasieHus. Mccaemyercs Bbl-
COKOCKOPOCTHOE€ Pa3BUTHE TPEIIUHbI, KOTOpasi pacTeT IMoJ JEHCTBHEM HCTEKAIOUIEro OOJbLIOTO
KOJIMYECTBA Ta3a MO/ BBICOKUM JaBleHHEM. MojenupyeTcs Mpolecc ABMKEHHS MarucTpalbHON
TPELINHBI, KOTOPOE MHAYIMPYETCS IBM)KEHHEM rasa. Maremarndeckas MOJENb 3TOTO Ipolecca
BKJIFOYAET MOJIEJIb Fa30JUHAMHUYECKHX IPOLIECCOB B TPYOE U MOJIENb BEICOKOCKOPOCTHOTO J1e(hOpMHU-
POBaHMS U Pa3pyIICHUs y4acTKa TPYObI C TPEIINHOM.

HpezmonceHa HpI/I6J'II/I)KeHHaH AHAJIMUTUYCCKAad MOACJIb ra30AMHAMHUYCCKUX IMPOUECCOB, KOTOpasd
IMMO3BOJIACT MOACIMPOBATL JUHAMUYCCKOC y6BIBaHI/I€ JaBJICHUA Ha BHYTPCHHIOIO ITOBEPXHOCTDL TPY-
651 1 Oepera TpeuuHbl. [[nHaMuYecKkoe N3MEHEHNE AaBICHUs Oa3upyeTcs Ha JEKOMITPECCUH Ta3a B
JIOKaJIN30BaHHOM YacTH pr6BI B OKPECTHOCTH TPCUINHBI. MOI[CJ'IB YUUTBIBACT UBMCHCHHUC NaBJICHUA
rasa B TpyOONpoBo/E BJOIb MPOIOIBHOIN KOOPJUHATHI YaCTH TPYOBI C TPEIIUHOM.

PaccmoTpeHna uucieHHas npoueaypa Ajlsl pacueTa ra3oANHAMUYECKOro JaBJIEeHUs NPU HCTede-
HHHM Ta3a yepe3 TpemuHy. OHa M03BOJISIeT ONpe/esaTh JaBlIeHHe Ha Oepera TpeuHbI Kak (yHKINIo
BpeMeHH. Pe3ynbTaTel 3TON YMCIEHHOU IPOLIE Ty PBI HCIIONIB3YIOTCS U YUCICHHOTO MOJEINPOBAHNUS
BBICOKOCKOPOCTHOTO Ae()OPMUPOBAHNUS U JIABUHHOTO PAa3pyLICHUs] THUIOBOTO YYacTKa MarucCTpajb-
HOTI'0 Ia30MPOBO/A C TPEIINHOM.

[Ipennoxena aHanuTHYECKAst MOJIEITb, KOTOPAs HCIIOIB3YeT METO/Ibl MEXAHUKHU pa3pyIICHHS 115
NpPEeACKa3aHusl KPUTHUECKOTO JaBICHHS, TIPH KOTOPOM HAOIIOIAeTCs POCT TPEUIMHBI B TpyOe. Mo-
JieNb BepU(UIIMPOBAHA M0 SKCIEPUMEHTAIBHBIM JTAHHBIM U CITY>KUT JJIs1 OBICTPON OIIEHKH LIEIOCT-
HOCTH TPYOBI. DTOT aHATMUTUYECKUHN TIOXO/I UCTIOIB3YETCs IS TIpeIcKa3aHusl BOSMOKHOCTH pa3py-
HIEHUs TPYOBl HA OCHOBE CBOWCTB MaTepualia, TeOMETPUH TPEIIMHBI U pa3MepoB TpyOsl. OH MOXeT
HCIOJIB30BaTbCA MJIs MPEABAPUTEIIbHBIX OLICHOYHBIX PACYCTOB.

PaccMoTpeH uKCIeHHO-aHAIMTUYECKUI METOJ JUld aHalIKu3a HEYIpPyroro AMHaAMHUYECKOIo pas-
pymenust Tpyobl. OH OCHOBBIBAETCS HAa aHAJM3€ BEIMYUHBI YIVIa PACKPHITHS BEPLIMHBI TPEIIHHBEIL.
Taxoxe pacCMOTpCH YMCJICHHBIN MCTO/] aHaJIM3a HAIIPsSKCHHOI'O COCTOSAHHA B obmactu TPCUIUHBI,
YYUTHIBAIOIINHN TUTACTHYECKOE 1ehopMUpoBaHue.

Hpe,Z[CTaBJ'IeHHI)IC MOJCJIM MMO3BOJIAIOT YMCJICHHBIMU MECTOAAMU HCCJICA0BATH NUHAMHUKY PAa3BH-
TUA TPCIIHUH U, KaK CJICACTBUEC, pa3pyHICHNE TUIIOBLIX YYAaCTKOB MaruCTpaJibHbIX Ira30IIPOBOJOB 1101
JaBJICHUCM. Hcnonp3oBanne PE3YIbTATOB 2TUX I/ICCJIe)IOBaHI/Iﬁ IMO3BOJIUT HPUHATH MMPEBCHTUBHLIC
MEpHI I NMPENOTBPAICHHs CIIy4acB JABUHHOTO PAa3pyLICHUS aBaPUMHBIX y4aCTKOB MarucTpaib-
HBIX TPyOOIIPOBO/IOB.

ITomy4yeHHBIE pe3ynbpTaThl INIAHUPYETCS UCIIOIB30BaTh I YMCICHHOTO aHAJIN3a JUHAMUYECKO-
T'O HaIPsHKEHHO-1e(OPMUPOBAHHOTO COCTOSIHHS U pa3pylICHHUs THIIOBOTO Y4aCTKa MarucTpaibHOTO
ra3onpoBojia ¢ TPELUIMHAMU.

Bbaaronapuoctu/mcTouyHuK GUHAHCMPOBAHUS

HccenenoBanne NpoBOIMIOCE B paMKax I'paHToBOro (hmHaHCHpoBaHus Komurera Haykn MuHUC-
TepCcTBa HAayKW W BhIcHIero oOpasoBanus Pecmyonuku Kazaxcran MPH AP19680589 «PaspaboTka
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HAyYHBIX OCHOB CONPOTHUBISIEMOCTH MAruCTPajbHBIX T'a30MPOBOIOB MPOTSHKEHHOMY JaBUHHOMY
Ppa3pyLICHHUION.

KondankTt naTepecon
ABTOPBI 3asBIISIOT, YTO KOH(IMKTA HHTEPECOB HET.
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M. OyesoB arubiarbl OHTyCcTiK Kaszakcran yausepcuteti, 160012, IIsimMkeHT K., Kazakcran
*XanbIkapaibik 0iim 6epy koproparusicel, 050043, Anmars k., Kazakcran

TA3 KYBBIPJIAPBI KHPAFAH JKAFIATIJIA TAWJIA BOJATBIH
TA3IUHAMHUKAJBIK YPAICTEP MEH OJIAPABI TAJJAY 9ICTEPI

Anjgarna

lNaznuHaMuKanblK KbICBIMHBIH SCEPIHEH JKapbUIFaH MarucTpalbJIblK Oosar ra3 KyOBIpBIHBIH Oenriii Oip
afiMaKTapbIHIAFbl JUHAMHKAJIBIK KUpAy YpAici KapacThIpbUIAbl. KBICHIMHBIH oCepiHEH ra3 arblHbl KYIIEHim, Kem
Mesmrepae 0onyblHa OailJIaHBICTHI JKapBIKIIAHBIH JKBULIAM TapaJaThIHbI 3epTTeii. ['a3/bIH KO3FaIbICBIHAH TYbBIH-
JaFaH MAaruCTPaNbIBIK JKapbIKIIaHBIH KO3FAalBIC YpAiCi MONENbIACHII. Byl ypmicTiH MaTeMaTHKaJBIK MOAei
KyOBIpIarbl Ta3MUHAMUKAIBIK YPAICTEPAIH MOJEIIH KOHE KYOBIPBIH JKapbUIFaH OOJITiHIH KOFaPhI JKbUIIAMIBIK-
ThI e(hopMaIMsIChl MEH OY3BUTYBIHBIH MOJIENIH KaMTH/IbI. [ a3 inHAMUKAIIBIK YPIICTEP/IH aHAJTUTHKAIBIK MOJIEI]
YCBIHBUIBIN, Oy7 KYOBIPABIH 1mIKi O€TiHe >OHE jKapblKIa jKarajayblHa KbICHIM JIMHAMHUKACHIH TOMEHJETYII
MoJesbeyre MyMKiHIiK Oepesti. KpICBIMHBIH IMHAMUKAIBIK ©3repyl KYOBIp/bIH JIOKaIH3alusUIaHFal Oeirinueri
JKapBIKIIIa MaHBIHIAFBI Ta3BIH IEKOMIIPECCHSICBIHA HeTiznenreH. Moienb KyObIpAbIH KapblUTFaH OeiTiHiH OOMITBIK
KOOpAHMHAaTachkl OOMBIHIIA KYOBIpAAFhI ra3 KbICHIMBIHBIH ©3repyiH eckepeai. JKaphIkiia apKbIIbl Ta3 aFblll KATKaH
Ke3J1e Ta3INHAMUKAIIBIK KbICBIMIIBI €CeNTEYIIH CaHABIK IPOLELYPACchl KapacThIpbLIaabl. JKaphIKiia apKbLIbI Ta3 ary
Ke3iH/IeTi ra3IMHaMHUKaJIbIK KBICHIM/IbI €CeNTEeY/IH CaHAbIK TPOLEeypachl 3epTTeli. byl caHIbIK mporeypaHbiy
HOTHOKEC1 )KapbIIFaH )KUEKTEPIET] KbICHIM/IBI aHBIKTayFa MYMKIHAIK Oepenti. KyObIpiarbl s>kapbIKIIaHbIH Tapa JIybIHa
acep eTeTiH KPUTHUKAIBIK KbICBIM/IBI OOJDKay YIIIH KUpay MEXaHMKACBIHBIH 9ICTEPiH KOJIAaHATHIH aHAINTHKAJIBIK
MOJICNTb YCBIHBUIIBL. MoOeNb TOXKIPHOCNIK IEPEKTEePMEH TEKCEPUITeH JKOHE KYOBIPABIH TYTACTBIFBIH JKBUIIAM
Oaramayra KpI3MET eTefi. bysT aHaTHTHKAIBIK TOCUT MAaTepPHAJIBIH KaCHeTTepiHe, JKaphIKIIa TeOMETPHICHIHA KOHE
KYOBIp emmemaepiHe HerizaenreH KyObIpIbIH KUpay MYMKIHIITIH Ooipkay YIIiH KoinaHbslIaasl. OHBI ajabH anxa
Oarayiay ecemnTeysepi yIiH nainananyra 6omaasl. KyObIpAbIH cepriMIi eMec TUHAMUKAIBIK KHUpayblH TaldayIblH
CaHJIbIK-aHAIMTHKANIBIK 9/1ici KapacThIpblara. OJ1 )KapbIKIa MIBIHBIHBIH alIbLTy OYPHINIBIHBIH 112 MACHIH TaJllayFa
HerizaenreH. [lnacTukanbik nedopManusiHEl €CKepe OTBIPBII, XKapbIKIIa aiMarbIHJAFbl KEPHEY JKarJalblH Tai-
JayJbIH CaHJBIK 9JIici JIe KapacThIpbUIaAbl. Y CHIHBUIFAH MOJICNBACD CAHIBIK 9JICTEPMEH >KapbIKIIAIap/IbIH JaMy
JMHAMHUKACHIH JKOHE KBICBIMHBIH MaruCTPaJIbIbIK ra3 KyObIpIapblHa 9CepiH Tajiay HOTHKEC] K11 KUpaiThIH.

Tipek ce3mep: ra3 KyObIpbI, KUpay, Ta3MHAMHUKAIIBIK YPAICTED, Oaranay oJicTepi, )KapbIKIIAHbIH YIIbI, TAJIIay.
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GAS-DYNAMIC PROCESSES OCCURRING DURING THE DESTRUCTION
OF GAS PIPELINES AND METHODS OF THEIR ANALYSIS

Abstract

The process of dynamic destruction of a typical section of a steel main gas pipeline with a crack under the
action of gas dynamic pressure is considered. The high-speed development of a crack, which grows under the
action of a large amount of gas flowing out under high pressure, is investigated. The process of the main crack
movement, which is induced by the gas movement, is modeled. The mathematical model of this process includes
a model of gas-dynamic processes in a pipe and a model of high-speed deformation and fracture of a pipe section
with a crack. An approximate analytical model of gas-dynamic processes is proposed, which makes it possible
to simulate the dynamic decrease in pressure on the inner surface of the pipe and the crack bank. The dynamic
pressure change is based on decompression of gas in the localized part of the pipe in the vicinity of the crack. The
model takes into account the change in gas pressure in the pipeline along the longitudinal coordinate of the part of
the pipe with a crack. A numerical procedure for calculating the gas dynamic pressure when gas flows through a
crack is considered. It allows you to determine the pressure on the crack banks as a function of time. The results of
this numerical procedure are used for numerical simulation of high-speed deformation and avalanche destruction
of a typical section of a main gas pipeline with a crack. An analytical model is proposed that uses the methods
of fracture mechanics to predict the critical pressure at which crack growth in the pipe is observed. The model is
verified according to experimental data and serves for a quick assessment of the integrity of the pipe. This analytical
approach is used to predict the possibility of pipe failure based on material properties, crack geometry and pipe
dimensions. It can be used for preliminary estimation calculations. A numerical-analytical method for the analysis
of inelastic dynamic destruction of a pipe is considered. It is based on the analysis of the magnitude of the crack
tip opening angle. A numerical method for analyzing the stress state in the crack region, taking into account plastic
deformation, is also considered. The presented models allow numerical methods to investigate the dynamics of
crack development and, as a consequence, the destruction of typical sections of main gas pipelines under pressure.
Using the results of these studies will make it possible to take preventive measures to prevent cases of avalanche
destruction of emergency sections of main pipelines.

Key words: gas pipeline, destruction, gas dynamic processes, assessment methods, crack tip, analysis.
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HOBBII TUBPUHBIA CBETOJUOJHbIN JPAUBEP

AHHOTAHUA

B pabore npeamaraeTcst HOBBIM THOpUAHEIH cBeToauonnblil npaiisep (hybrid LED driver). ['mOpunHsiii cBeTo-
JHMOIHBIN JipaiiBep cOBMeIaeT B ceOe NPHHIMI UMITYJIbCHOTO IPeoOpa3oBaHus MOIIHOCTH, KaK B TPaJIULUOHHOM
cBeTonuoaHoM apaiiepe (LED driver), ¢ naeeii mepekIr04eHNs CBETOAMOIHBIX JTMHEEK CHHXPOHHO C BXOIHBIM Ha-
NpsDKEHUEM, KaKk B CBETOAMOJHOM MOJIYyJIe HerocpecTBeHHOro BkiroueHus B ceTb (Direct ACLED module). Dtot
CHHTE3 00€IIaeT MOBBICUTH 3(P()EKTUBHOCTh ¥ YMEHBILIUTh IEKTPOMAarHUTHBIE TOMEXH. biarogapst HU3kuM more-
PSIM MOIIHOCTH THOPUAHBINA CBETOAMOAHBIN JpaiiBep NMpHUBIEKATENIEH sl HHTETPAlMd B MUKPOCXEMY, UTO M03BO-
JSIeT YMEHBIIUTD pa3Mep U CTOMMOCTB T10 CPABHEHUIO C TPaJLIHOHHBIMH CBETOIMOJHBIMY JpaiiBepaMu, UCIIONb-
3yeMbIMH B HACTOSIIMIT MOMEHT. B THOpMIHBIX CBETOAMOAHBIX JApaiiBepax IPEILIecTBYIOIETO YPOBHS TEXHUKH
CBETOIHO/bI PAa0OTAIOT B UMITYJILCHOM PEXKUME IIEPEKIIOYECHHS, YTO OIPaHUYNBaeT 3(PPEeKTHBHOCTD M3-3a MEJICH-
HOHM paboThl cBeTOM0/10B. OJTHOBPEMEHHO C 3TUM MHTEHCHUBHOCTb M3JIyYEHHs TaKUX CBETOJHOJIOB YMEHBIIACTCS
B UMITYJILCHOM peXuMe. B nperiaraeMom HOBOM JipaliBepe MCKIIIOUEH JKECTKUI PEKUM PabOThl CBETOAMO/IOB, YTO
noBbImaeT 3pHEeKTUBHOCTS U YMEHBIIIACT JIEKTPOMAarHUTHEIE TIOMEXH. B craTbe nan aHamu3 HOBOro rHOpHUIHOTO
npaiiBepa. Jiisi ONTBEPKICHUS TTOJIYYCHHBIX PE3YJIbTaTOB OBIIIO MPOBEICHO KOMIIBIOTEPHOE MOJICITUPOBAHUE C HC-
HOJIL30BAHUEM CIELHATN3UPOBAHHOIO IPOrPaMMHOTO 00ECIICYCHHSI.

KioueBble ci1oBa: rTHOpHIHBIN CBETOMOIHBIH MOJYITb, CBETOIMOTHBII MOYJIb HETIOCPEICTBEHHOTO BKITIOUE-
Hus B ceTb (Direct ACLED module), 6eckoHieHCAaTOPHBIN CBETOANOAHBIN JpaliBep, BHICOKOBOJILTHBIN CBETOIMOI-
HBII JIpaiiBep, CBETOANOAHOE YIIMYHOE OCBEIICHUE, HaIeKHOCTb.

BBenenune

PBIHOK OCBelleHUsT COBEPIINI PEBOJIIOLUOHHBIN MEPEX0 Ha CBETOIMOIHBIE UCTOYHUKU OCBE-
HICHUS, YTO OOYCIIOBIEHO PE3KUM CHIKEHHEM IIeH Ha 3(PPEKTUBHBIEC U JOJTOBEUHbIE CBETOAMO/IBI.
B cBeToaMOAHBIX JIaMIIax UCHOJb3YIOTCS ClIEUMAIU3UPOBAHHBIE CBETOIMOIHbIE JIpaliBephl ISl CO-
MPSKEHUS] CBETOJMOIHBIX KPUCTAIIOB C MIEPEMEHHBIM HANPSKEHUEM B CETH U 3aIIUThI UX OT Iepe-
XOJIHBIX ITpoLeccoB B ceTu. CTOMMOCTh TPaJUIIMOHHOIO CBETOJUOAHOIO ApaiiBepa B COCTABE OCBE-
TUTEJIBHOTO MPUOOpa BHINIE, YeM CTOMMOCTh BBICOKOTEXHOJIOTHUHBIX CBETOJHONIOB, B PE3yJbTaTe
MPOIOJIKAIOIIETOCS CHUKEHUS LIEH Ha CBETOJUOAHBIC KpHcTaulbl. [[pailiBep sIBISETCSA CIOXKHBIM
ANIEKTPUUECKUM yCTPOMCTBOM, U €r0 1IEHa HE MOXKET OBITh CYIIE€CTBEHHO CHUKEHA M0 O0bEKTUBHBIM
npuunHaMm [ 1-7]. M3-3a CI0KHOCTH HAJIEKHOCTD ApaliBepa orpaHuuYeHa U HE COOTBETCTBYET BpEMeE-
HU HapaOOTKH JI0 0TKa3za cBeToano/10B [9—14]. JlaBHO Ha3peBIIel 3aaueil sBISETCS MOUCK HOBBIX
TUTIOB YIPABJICHHS CBETOAMOAAMHU, KOTOPHIE OyIyT HEIOPOTHUMHU M HAJIS)KHBIMH, HO COXPaHSIOITUMHI
OO0JIBIIYIO YacTh (PYHKIIHOHAJIBHBIX XapaKTEPUCTHK, KOTOpbIE 00ECIIEYNBAIOT CBETOANOIHBIC Apaii-
BEPBI.
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[TpoBoasTCs HccnenoBaHUs 110 N30aBICHHIO OT NEKTPOTUTHYECKUX KOHICHCATOPOB IS YBEIIHU-
YEHMsI CPOKa CITYKObI CBETOAMOAHBIX ApaiiBepoB [15-21]. OnHako CIOXKHOCTh U CTOUMOCTb TAKHUX
pelleHUH CYIIECTBEHHO HE YMEHBIIIAI0TCA, TaK KaK B OOJIBIIMHCTBE UCCIIEIOBAaHUI pacCMaTpUBAET-
Csl 3aMEHa KOHJIEHCATOPA Ha CI0XKHBIE CXEMBI.

TpeHmom mocieTHero qeCATUIIETHS B CBETOAMOIHOM OCBEIICHUH SIBIISTFOTCSI CBETOIUOIHBIE MO-
JIyJTA TIPSIMOTO BKJTFOUEHUS B CETh MEPEMEHHOTO ToKa [22—25]. D10 Oe3mpaiiBepHOE perieHne, uies
KOTOPOTO 3aKJII0YaeTcs B TMHAMUYECKOM MEPEKITIOYCHNH U BBICTPAUBAHUN CBETOAMOIHBIX JTHHEEK
I0/1 YPOBEHb MTHOBEHHOTO 3HAYCHUS HAMIPSIKCHHUS CETH.

OcHoBHAasfI YaCcTh

CBeToaMOAHBINA MOIYNb BKJIIOUAET B ¢€0sl JIOTHKY HU3KOYAaCTOTHOM KOMMYTAllUU, CHHXPOHU3H-
POBaHHYIO C 4acTOTOM ceTH. CBETONMOTHBIA MOAYIb BKITIOUAET B C€0sl IOTUKY HU3KOYaCTOTHOTO T1e-
PEKIIIOUEHUs, CHHXPOHHU3UPOBAHHYIO C 4aCTOTOW ceTu. [yt mpuMepa pacCMOTPUM TUIIMYHYIO CXe-
My CBETOJIMOIHOTO MOJYJIsl, IOKa3aHHYIO Ha pucyHke 1. B 3aBUCHMOCTH OT BXOJHOTO HaNpsHKEHUs
maneiliku LED -LED, HacTpaunBaroTcs ¢ MOMOIIBIO mepekiodaresneit Q -Q, mo mMepe yBenuueHus
BXOJITHOTO HampsikeHus. JImHenku LEDl-LEDK BKJIFOUAIOTCSI MMOCJIEA0BATEIFHO B COOTBETCTBUH C
BXOJIHBIM HANPSKEHHEM, TaK 4to V.o . +V, < V. (t), mna 1<K<N. AKTUBHpPOBaHHBIH mepe-
Kirodaresnb Q. paboTaeT Kak JMHEWHBIA CTaOMIN3aTOp TOKA, YCTPAHssA PaspblB MEKIY MaJeHHEM
HANpPsDKEHUS HA OCIIEI0BATENbHO MOAKIOYEHHBIX cBeToaronax LED -LED, 1 OoCTOSHHO U3MEHS-
IOLIUMCS HallpspkeHUueM ceTd. OTHOBPEMEHHO TOK MOAYJISE MOXKHO PETyIMpPOBATh B 3aBUCUMOCTH OT
BXOJIHOTO HAMNpPSKEHUS IS TOTyYeHUs XOpoIiero koddduirenta moutHoctu. [loka nepexitodarennb
Q aKTUBHMPOBaH, OH IIYHTUPYET U BHIKIIOYAET OCTAIbHBIE CBETOAMOAHbIE IMHeliku LED, , -LED.
Moayinb nepeMeHHOro TOKa MPOCT U HEAOPOT U HE COAEPKUT OBICTPOJICHCTBYIOLINX CHUIIOBBIX KITIO-
4eil, Tpancopmaropa, Ipyrux MarHUTHBIX KOMIIOHEHTOB, HEHA/IEKHOTO AIIEKTPOITUTHYECKOTO KOH-
JIeHCaTopa WK BBICOKOYACTOTHBIX (puibTpoB. HecMOTpst Ha TO, UTO OH HE 0OeCcreunBaeT rajibBaHU-
YECKYI0 pa3Bs3KY, IPOCTOTA U JJOCTYTHOCTh 3TOM CXeMbI 00YCIIaBIMBAIOT €€ MPUCYTCTBHE Ha PHIHKE.
VYBenuueHHOe BpeMst HapaOOTKH Ha OTKa3 TaKXKe CHUKAET CTOMMOCTB dKCIuTyatanuu. K coxkanenuro,
HAJIMYUE JIMHEHHBIX CTAOMUIM3aTOPOB TOKA MPUBOIUT K MOTEPSIM MOIIHOCTU U TEIUIOBBIIEICHHIO.
TpaauLIMOHHBIN CBETOAUOAHBIN MOIYJIb IIEPEMEHHOIO TOKA B HACTOALLIEE BPEMS UCIOIB3YETCS UL
NPUIIOKEHUH ¢ HU3KUM SHEPronoTpeOIeHUEM.

LED, LEDn
[ ]
®
®
&
[ ]
[ —
= G2 ey ON
— E‘ —
Rsense

Pucynok 1 — TpaauunoHHBINH CBETOAUOAHBIA MOTYIb PSMOT0O IIEPEMEHHOTO TOKa
Jis oBbImeHUsS 3PPEKTUBHOCTH MPETI0KESH THOPUIHBINA CBETOAMOMHBIN JpaiiBep [26-28]. B

3TOM KOHCTPYKIIMHU HACTpanBaeMble CBETOIMO/IHbIE JINHEUKN CUHXPOHHO HACTPAUBAIOTCS HA HaIpsi-
KeHue ceTH, kak B Moxyie Direct AC LED. JIis koMmneHcanuu pa3pbiBa CETEBOTO HANPSKSHUS Ha
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NaJICHUEM HalpsDKEHHUs B CBETOAMOAHBIX JIMHEHWKAX MCIIOJIb3YETCSl MMITYJIbCHBINA IpeoOpa3zoBareib
Manoi momHocTH. Ha pucyHke 2 ruOpuaHoro apaiiBepa BUJHO, YTO ATO €CTh UMIYJIbCHBIN mpe-
o0OpasoBaresb C Harpy3Koi M3 KOH(OUIYPHPYEMBIX CBETOAMOIAHBIX JuHeeK. Ilycts V -V — mane-
Hus Hanpspkenus uHeek LED -LED cootBeTcTBeHHO. Korna BXogHOE HANpPsKEHUE HAXOAUTCS B
auanazone V +.+V, <V <V + . +V +V _, nepexmodarenu Q -Q, OTKPBITHI, CIEIOBATENLHO, Ka-
Tymka uHayktuBHocTr L v muneiiku LED -LED nonkirouens! mocienosarenbHo. [lepexitodaresnb
Q. 3aMKHyT, yHTHpYs ocTaBmuecs quneliku LED,  -LED . [lepexmouarens Q, paboraer B um-
MYJTBCHOM PEXHUME JUTSl YIPABICHHS BXOJHBIM TOKOM THOPHIHOTO JpaiiBepa MpH 3aJaHHOM BXO/I-
HOM MTHOBEHHOM Hanpsbkenuu V. . Takum 006paszom, npeoOpasoarenb d3QPEKTUBHO KOMIEHCHPYET
M30BITOYHOE HAIPSDKEHUE B CETH, KATYIIKa HHAYKTUBHOCTH L KOHTpOIUpPYET MyJibCalliu BXOJAHOTO
TOKa, CBSI3aHHbIE C MPE0OPa30BAHNEM MOIIHOCTH MepeKitodaTess. TOT Npeodbpa3zoBaTeslb KOHTPO-
JUPYET JIUTIH HEOOIBITYIO YacTh 00IIeH BBIXOIHOW MOIITHOCTH, YTO IIPUBOUT K MEHBIIIUM ITOTEPSIM,
4YeM B TPaJMLIMOHHOM JpaiiBepe. Bo3mMoxkHa cxeMHast MHTerpanus JpaiiBepa rHOpUIHOTO CBETON-

0/1a B MUKPOCXEMY.

LEDN

— —
I e
|— |—
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-

Rsense

Pucynox 2 — ['mOpuaHbIi CBETOAMOIHBIN ApaiiBep NPeAbIIyILEero ypoBHI TEXHUKH

K coxanenuto, B TONOJOTMH ME/UIEHHbIE CBETOUO/IbI IIEPEBEICHBI B UMITY/IbCHBIN PEXXUM Iepe-
KIJIFOYEHHS, YTO OrpaHu4IuBacT dQPeKTUBHOCTH. CUIIOBBIE TPaH3UCTOPHI Q -Q 1 CBETOAMOBI pabo-
TAIOT B PEKUME JKECTKOTO MEPEKIIIOUEHHSI M3-3a MEUIEHHBIX CBETOAMOOB M TEHEPHPYIOT EKTPO-
MarHuTHeIA 1rymM. Kpome TOro, HHTEHCMBHOCTh CBETa CBETOAMOJIOB YMEHBIIIAETCS B UMITYIIbCHOM
pexume. YToObI CMATYUTH 3TH HeOmaronpusaTHbIe ((HeKThl, He0OX0TUMO THOO0 YMEHBITUTH YaCTO-
TY, YTO MPHUBEJET K YBEIMUCHHUIO pa3Mepa KaTyIIKH WHAYKTUBHOCTH, INOO YMEHBIIUTh UMITYJIbCHOE
HanpspkeHre. CHIKEeHUE UMITYJIBCHOTO HapsDKEHUs TpeOyeT pa3apoOIeHNs CBETOANOIHBIX TIHHEEK,
B TO K€ BpEMsI YBEIIMUCHUS KOJMYECTBA JIMHEEK U CHIIOBBIX TPAH3HCTOPOB, & 3TO YCIOXKHSIET CXEMY.

OnHuM 13 coco0O0B yay4IIeHHS THOPUIHOTO CBETOIMOAHOTO JApaiiBepa MOKET OBITh MOCIIEIO0-
BaTENbHOE Pa3sMELIEHNE ObICTPO NEPEKITIOYAIOIIUXCs TM010B D -D o CBETONMONHBIMH IMHEHKAMH,
KaK [10Ka3aHO Ha pucyHke 3 (cTp. 258). DTo npeaoTBPaTUT CUIIbHbIE 0OpaTHBIE TOKU BOCCTAHOBIIE-
HUSI MEAJICHHBIX CBETOAM010B. HO HeocTaTrok 3aKiitouaeTcst B TOM, UTO 100aBIEHHBIE AUO/IbI T'eHe-
PHUPYIOT BBICOKHE HOTEPU MPOBOAMMOCTH, €CIH KOJINYECTBO N CBETOIUOAHBIX JIUHEEK TOCTaTOUHO
BeJIMKO. J[J1s1 CHMKEHUS TOTeph MOLIHOCTH MOTYT ObITh mpuMeHeHb! auonsl Llortku. Konnenca-
Topbl C -C MOTYT OBITH IOAKIIIOYEHBI MAPAIUIETBLHO K CBETOJMOMHBIM JIMHEHKAM IS TOBBILICHUS
3¢ (HEeKTUBHOCTH TeHEepaIluy CBETa.

257



No. 2(69) 2024

HERALD OF THE KAZAKH-BRITISH

TECHNICAL UNIVERSITY

LED4 LEDN

®

Dy ° Dn

ci * l * On|

L ]
®

— —

i Q2 iy QN

— —

Rsense

Pucynox 3 — 'mOpuHBII CBETONNOIHBIN IpaiiBep

JU1d yMeHbIIEHUS OTEPh IPOBOJAUMOCTH JUOJ0B HA PUCYHKE 3 NPEUIOKEH CIEAYIOLINI Bapu-
aHT TMOPUAHOTO CBETOJMOHOIO JipaiiBepa, Moka3aHHbIM Ha pucyHke 4. Kak u Ha pucyHke 3, AM0/bl
D,-D IpUMeHEHBI ISl YAy4YIIEHUsS KOMMYTAllUU CBETOAMOIHBIX JMHEEK, HO B OTIIMYME OT PUCYH-
Ka 3 QUOABI HE COEIMHEHBI NOCIEA0BAaTENbHO CO CBETOJUOAHBIMY JIMHEHKaMu. TakuMm o0pas3om, B
Ka)/IbIil MOMEHT BPEMEHHU MIPOBOIUT TOJIKO OJMH JUOJ U TOJBKO J1BA AMO/A pabOTalOT B UMITYJIbC-
HOM pEeXHUME, KOMIZIEMEHTAPHO IPYT IPYTY.

LED4

C1

¥ Dy ¥ Dna2 ¥ Dn-1 ¥ Dn

I ! e
_m aE |
— — —
i Rsense

B crarbe npoananu3upoBana paboTa rpeiaraeMoro apaiiBepa 1yl BBISBICHUS PEHUMYIIECTB.
[IpoBeneHo koMIbIOTEpHOE MOAETUpPOBaHUE. Pe3ynbTaTel MOEIHMPOBAHMS TOATBEPKIAOT IPEUMY-
IIeCTBA MpeJIaraeMoro THOPUAHOTO CBETOAUOIHOTO ApaiiBepa.

Q2 Qn-1

e
-

Pucynok 4 — [IpemiaraeMplii THOPHIHBINA CBETOMUOIHBIN paniBep

MarepuaJibl 1 METOABI

[Ipennoxkena cnemyromas npoueaxypa padots! s kiaroded Q -Q,. Ilpy 3a1aHHOM BXOJHOM Ha-
NPsDKEHUM V, , TAKOM Kak V| . 1+VLED2+"'+VLED(K- 1)<Vm<VLED l-F\/LE])er...JrVLED(K), BBITIOJTHSICTCS 3T8{I
(K): Tpanzucropsr Q -Q, | HE IPOBOIAT, TPAH3UCTOP Q, . — MOCTOAHHO NPOBOJUT U TOJIBKO CHJIOBOM
TpaH3ucTop Q, paboTaeT B MMITY/ILCHOM PEXKUME /I PETYJIMPOBAHUSA MOIHOCTH. IIpy yBennuenuu
WIM YMEHBIICHUH BXOJHOTO HAIPSDKEHUS TpeiaraeMblil IpaiiBep MepeXoauT COOTBETCTBEHHO HA
oran Boiie (K+1) wimn mmke (K-1).

Oran (K), tpansucrop Q, BKJIIOYEH (CM. PUCYHOK Sa).

Tpansucropsl Q,-Q, | HaXOAATCA B BBHIKIIOYEHHOM COCTOSHUM, TPaH3HMCTOp Q. HaXOAWUT-
Cs BO BKIIFOYEHHOM COCTOSHHM, TPaH3MCTOP Q, HAXOAMTCS BO BKIKOYEHHOM COCTOSHHM, LETOYKU
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LED -LED, , HOIKIIIOYEHBI MOCTIEN0BATENLHO K KaTyIlIKe MHIYKTUBHOCTH L, BXoaHOW TOK I, yBe-
JMYMBAETCS U JOCTUTAET 3alaHHOTO BepXHEro ypoBHs [ . (t), HOCKOJIBKY BBIMOIHSIETCS YCIOBUE

VLED1+VLED2+...+VLED(K_1)<Vin Ha srane (K). uoast DK-ISI;G:I’,{aHepTH HANPKCHUAME Vs ..o Vi)
COOTBCTCTBEHHO, INE VD(K): VLED(K)’ VD(K+1): VLED(K)+ VLED(KH)’ o VD(N): VLED(K)+ VLED(K+1)+"'+
VLED(N)'

Oran (K), Tpansuctop Q, BBIKIIFOYEH (CM. PUCYHOK 5b).

Tpansucropsr Q-Q, | HAXOATCS B BBIKIKOYEHHOM COCTOSIHUM, TPAH3UCTOP Q.. HAXOAUTCS

BO BKJIFOYEHHOM COCTOSIHWMH, TpaH3ucTtop Q(k) HaXxoauTcs B BBHIKIIOYEHHOM COCTOSIHWH, IETIOUKU
LED -LED, , u LED, noaxiiro4eHs! mocie10BaTebHO K KaTy ke HHAyKTUBHOCTH L, mron V. nipo-
BOJIUT BXOIHOW TOK I, KOTOPBI yMEHBIIAETCS /IO MPEAONPENENEHHOTO HU3KOTO 3HadeHus [ (1),

ITOCKOJIBKY BBIIIOJHEHO YCJIOBUE Vin<VLED1+VLED2+...+VLED(K) na orane (K). uonwr D, -D, obpa-
THMO CMEILIEHbI HaIPSKEHUSIMHU VD(KH), s VD(N) COOTBETCTBEHHO, TJIC VD(KH)= LEDK+1)? *** ° VD(N)=
VLED(K+1)+' W VLED(N)'
LEDk LEDN
[ ]
&
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s . i |
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PucyHoKk 5 — DKBUBaJICHTHBIE CXEMBI IPEAIaraéMoro CBETOIUOHOTO ApaiiBepa Ha dtarne (K):
a) TpaH3ucTop Q, HAXOMMTCS BO BKIFOYEHHOM COCTOSHHY;
0) Tpan3ucTop Q, HAXOAUTCS B BBIKIIIOYEHHOM COCTOSHHUM

AMIUTUTYAa KOMMYTAIIMOHHBIX HANPSKEHUH JIs1 KaTYIIKU UHJYyKTUBHOCTH L, aKTUBHOTO TpaH-
3ucropa Q. W akTUBHOIO noaa D, paBHa HanpsuKeHHuo V
Ha pucynke 5 noka3aHa KOMIbIOTEpHAs MOZAEIb CXEMbI C YEThIPbMS CBETOAUOAHBIMU JIMHEHKA-

MU, pa3paboTtaHHas s MmoaenpoBanus B PSIM. BriOupas 3HaueHne HanpspKeHHs aieHus: V

LED(K)

CBETOIUOIHOMN JINHENKH V

LED(K)"

LEDO

Ha jmnelike LED, (cM. pucyHOK 4), MOXHO yIPaBIsTh HHTEPBAJIOM IIPOIYCKa MMITYICHBIX TIEpe-
KJIFOYEHUH TTPY HU3KOM BXOJHOM Hanpsbkenuu V. . Ha pucynke 5 ner nuneiiku LED , Takum o6pa-
30M, MOZIETIUPYEMasl CXeMa IT'eHepUPYET UMITYJIbChI 0K0JI0 Vin=0 BKIIOUNTENBHO. /{7151 mpoCcTOTHI pe-
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AJIM30BaHO YIIPABJIEHHUE C TUCTEPE3UCOM IO BXOAHOMY TOKY. J[Ba kommnaparopa Comp L u Comp H
CPaBHUBAIOT TOK I, KaTylIK¥ HHIyKTHBHOCTHU C OTalOHHbIMH 3HaueHusamu I_high n I_low. Omnepa-
uoHHbIN yeunutens Ul ¢popmupyet onopubie Hanpsokenus I high u I low, kotopsie sSBASIOTCS BbI-
IPSMJIEHHBIMH [IEPEMEHHBIMU CUTHAJIAMHM, (DOPMUPYIOIIMMH HATPABJISIONINE TPAHMIIBI Uit ToKa [
kaTymku nHIykTHBHOCTH. DEMUX 6110k peanusyet nepexon Mexay dtanamu (K-1)«(K)«—(K+1),
nepesaeT MOMYJIMPOBAHHBIA MMITYJILCHBIM CUTHAJI ¢ TPUITEPAa HA TEKYIIMH aKTUBHBIA K04 Q,
yaepxuBaet 3HaueHus Gate(1)-Gate(K-1) paBasiM Hyoto, a 3Hauenus Gate(K+1)-Gate(4) Ha BbIco-
KOM YpOBHE.

Jst peanu3zanuu nepexonoB Stage(K)«— Stage(K+1) MmoxHO ncnonb30BaTh pa3inyHbIe alTOPUT-
Mbl Ut peanmzanuu B 6moke DEMUX. B 6moke DEMUX (pucyHok 6) peann3oBaHHAs MPOIETY-
pa cienyromas: a) stan (4) sBISIeTCs Ha4albHBIM 3TalloM NP TIEPBOW WHUIMATU3aNUN; b) ecin
Comp_L cpabarbiBaeT npu MOHMKEHUHU TOKa [ poccens Huke HWKHETO ypoBHs I_low u ocraercs
B 3TOM COCTOSIHMHM B TE€UCHHE HEKOTOPOro BpeMmeHm Bbiiepxkku DELAY, To mpoucxomaut mepexon
Stage(K)—Stage(K-1); ¢) ecim Comp_H cpabarbiBaeT mpu NOBBIIEHUK TOKa I, apoccens Boime
BepxHero ypoBHs [ high u ocTaercst B 3TOM COCTOSIHUU B TEUEHUE HEKOTOPOTO BPEMEHH BBIIEPIKKHI
DELAY, to npoucxonut nepexoa Stage(K)—Stage(K+1); d) Bo Bcex ocTanbHbIX CaydasX UMITYJIbC-
upie curnansl [IIMM Tpurrepa HanpsMyro NepenaoTes Ha 3aTBOP TpaH3uCTOpa Q, TEKYIIETo 3Ta-
na (K).

Isense L 10mH
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Pucynox 6 — Cxema THOpHIHOTO CBETOMOIHOTO JApaiiBepa JIjIsi MOJICIIMPOBaHUS

Ha pucynke 6 610k AeMyJIbTHILTIEKCUPOBAHUS U Pa0OThI, TIOMUMO CUTHAJIA TPUTTEPa, UCIIOIb-
3yeT BBIXOJIHBIE CUTHAJIBI KoMIapaTtopoB u 610k DELAY.

Pe3y.m>TaT1>1 u oﬁcy)w]elme

Ha pucynke 7 (ctp. 261) MOXXKHO yBUJETh CTAallMOHAPHBIE CUTHAJIBI Pe3y/IbTaTa MOAEIMPOBAHUS
JJIs OTHOTO MOIYTIEPHOZIa BXOAHOTO HanpsbkeHus. Bxognoe nanpsuxkenne V., =230B. [lng yno6crsa
HaAOIIONIEHUs KaTylIka MHIyKTUBHOCTU L BpiOpana paBHoi 10mI, 4TOOBI yMEHBIIUTH YaCTOTY UM-
MYJIBCHOTO MEPEKITIOYEHHS TaK, YTO MOKHO YETKO OTCJIEKUBATH MOJIEIMpyeMble (hOpPMBI CUTHAJIOB B
TEYEHUE OJHOTIO MONIYIIEPUOJA BXOJHOIO HANIPSKECHUS.

W3 pucyHka 7 BUAHO, 4TO BCE CHIIOBBIE TPAH3UCTOPBI, JUOBI U IpOCCelb L HCIBITHIBAIOT HU3-
KH€ aMIUTUTY/Ibl IMITYJIbCHOTO HAPSDKEHUS. DTO OJIaronpusATHO VIS MOBBIMIeHUS () )eKTHBHOCTH U
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CHIDKEHHUS JJIEKTPOMArHUTHBIX ITOMeX. CBETOMO b TUTAIOTCS IIOCTOSTHHBIM TOKOM, TAKUM 00pa3oM,
JIOCTUTHYTa LEJIb UCKIIOUUTH JKECTKYI0 KOMMYTAllMIO CBETOAMOAO0B. CpelHue TOKHU TPaH3UCTOPOB
Q, yBenmmuuBaroTcs ¢ mHAeKCoM K, HO 001ee HanpshkeHWE Ha TPaH3UCTOpax Vds, yMEHbIIAETCS OT
Tpansucropa Q, 10 Q,. DTO XOpOUIKH pe3yabTar i ONTUMU3ALMU TPAH3UCTOPOB. HOMUHAIBHBIE
3HaYEHHMs HANPSHKEHUs U Toka 1noaoB D, yeennuusarorcs npu K=0—4. O01uas HoMuHaIbHasS MOII-
HOCTB CBETOIMOIHBIX OJIOKOB yMEHbIIaeTcs ¢ nHaekcoM K=1—3, HoMuHaIbHBIN TOK ¥ MOIIHOCTb
ceetoauoaHoro onokalLED,c cambiM BBICOKMM MHIEKCOM K=4 coCTapiseT IpuMEpHO MONOBUHY OT
mo6oi mmuelikn LED  ,, 5TOT GakT MOXKET OBITH MOJIE3EH I ONTHMHU3AINH,

I_high IL I_low

Vdsq Vdsp Vdsz Vdsy

ST o

Viept Viep2 Vieps ViEDa
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85
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Vpi Vpz Vb3 Voa

||l Ui n T 1 10l Bl
o FDHDL i
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. 420 4om Time (s)

Pucynok 7 — IMuTanmoHHbIE CUTHAIIBI THOPUIHOTO CBETOMOIHOTO ApaiiBepa
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BriBoaBI

B crarpe 00cyxaaroTcs mpenMyniecTBa 1 HeJOCTaTKH THOPUAHBIX CBETOANOIHBIX JIPaiBEPOB.
Jlng ycTpaHeHust HeJOCTATKOB MpelaraeTcsl HOBbIM TMOpUIHBIN CBETONMOAHBIN ApaiiBep. BuuMmanue
OBLIO yHENEHO MPEIOTBPAIICHHUIO JKECTKOTO MEPEKITIOYSHHS CBETOINO/IOB, YTO MOBBICUT dPPEKTHB-
HOCTb 110 MOIITHOCTH U YMEHBILIUT 3JIEKTPOMarHuTHble moMexu. [Ipoananu3upoBaHo npeajgaraeMoe
YCOBEPIIIEHCTBOBAHUE THOPHUIHOTO ApaiiBepa. st moATBEepKIEHUS Pe3yabTaToB OBLJIO MPOBEACHO
KOMIIBIOTEPHOE MOZIeIMpoBaHue. MoenpoBaHue OKa3bIBAET, UTO CXEMa, IIPEJIOKEHHAs 171 Ipe-
JIOTBpAILIEHUS JKECTKOTO MEPEKIIOUEHUs] CBETOIMOA0B, BepHa. B cTarbe ObuiM 00CYXI€HBI METO/IbI
OTITUMH3AIIAN CXEMbl. YMEHBIIICHHE dJIEKTPOMArHUTHBIX IOMEX OJIATONPHUATHO CKa3bIBACTCS HA BO3-
MOYKHOCTH YMEHBILIEHUSI MAacCOrabapuTHBIX MOKa3aTelel CUIOBOrO APOCCENs, YIPOIIeHus (puib-
Tpa MoMeX I0 MPOBOAAM B CEThb, YMEHBLICHUSI MEPONPUITHIN MO CHUKEHUIO M3JTyYaeMbIX MOMEX.
YMeHblIeHHEe N0Teph 10 MOIIHOCTH MPUBOAMT K BO3MOKHOCTH YMEHBILEHUS TEIUIOBBIICISIOIINX
3JIEMEHTOB OCBETHUTEIBHOTO MPHOOpa, YMEHBIICHUIO TEMIEPaTyphl SKCIUTyaTallud, YBEIMYEHHUIO
CpOKa CITy>KOBI, yMEHBIICHHUIO 00IIe CTOMMOCTH KaK MPUOOpa, TaK U CTOMMOCTH OT BJIQJICHUS TIPH-
6opom. braronapst HU3KUM MOTEPSIM MOILHOCTH MPEII0KEHHBIN HOBBIA TMOPHUIHBIM CBETOAMOAHBII
JipaiiBep ImpUBIIEKaTeNIeH JJIsl MHTErpalii B MUKPOCXEMY, YTO TIO3BOJIUT JlaJie€ YMEHBIIUTh pa3Mep
U CTOMMOCTb IO CPAaBHEHHUIO C MPEAbIAYIIMMUA TEXHUYECKUMH pelIeHussMU. MHTerpanus cUiIoBbIX
KITIOYEH M CXEMBI YIIpaBJICHUS sBIAeTCS Hambosiee >PEeKTUBHBIM BO BCEX CMBICIAX BAPUAHTOM
NPUMEHEHUS MPEAJIOKEHHOTO pelleHus. Pemenre nMeeT moTeHIuanbHO 00bIIoln 3G GeKT Kak B
SKOHOMHUYECKOM IUIaHE, TaK U B SKOJOTUHU. Llenbto sBisieTcsl MPUMEHEHNE BO BCEX OCBETUTENbHBIX
npubopax B ACATEIBHOCTH YeloBeKa. [l TOpoKHOTO OCBELICHUSI BO3MOYKHO HCITOJIB30BAHUE TPEX-
(ha3HOrO MUTAHUA JUIS CYIIECTBEHHOIO CHMKEHUS CBETOBBIX IMyJibCAallMi. ABTOpPBI CTaThU HE ILa-
HUPYIOT OTPAaHUYUTHCS 3asiBJICHHMEM O HOBOM pelIeHUH JUIsl ApaiiBepa, a B JajlbHeiIIeM ocienyeT
MyOJMKaLus pe3yIbTaToB MPAKTUYECKOW padOoThl Hal CO3AaHHBIM JIA0OPATOPHBIM 00PA3IIOM.

baarogapHocTs

Pabora ¢punancuposanacs Komurerom no Hayke MunucrepcTBa 00pazoBaHus u Hayku Pecry-
6muku Kazaxcran B pamkax npoekra AP Ne 19678370 «MccnenoBanue u pa3paboTka THOpUAHOTO
CBETOJUOHOIO JpaiiBepay.
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"KAHA TUBPUATI KAPBIKINOJATHI IPAVBEP

AHjaarna

Maxkasasa sxxaHa ruopuTi skapbikauoaTsl apaisep (hybrid LED driver) yceiabuianbt. [HOpuITI 5KapbIK JHOITHI
JpaiBep Keire TiKeled KOoChuly YHIH kapbIkauoatsl Moayibieri (Direct ACLED module) xipic keprHeyimeH
CHHXPOH/IBI TYPJIE JKAPBIKIHOITHI JKOIAKTAP/AbI aYBICTBIPY HJICSCHIH JKOHE JICTYPIIi KAPBIKAUOATHI JpaiBeperi
(LED driver) uMIymbCTIK KyaTThl TYPACHIIPY NPHHIUMIH OipikTipeni. MyHnait OipikTipy THIMALTIKTI apTThIpaIbI,
JMEKTPOMATHUTTIK Keaepriiepai azaitanasl. Kyar MIBIFBIHBIHBIH TOMEHIIT apKachlHIa THOPHUITI YKAPBIKIHOATHI
JpaiiBep MHKpOCXeMara OIpiKTipyre THIMII JXOHE Kasipri yakpITTa KOJJAAHBUIATHIH JOCTYPJ KAPBIKIHOIATHI
JIpaiiBEpIICPMCH CaJBICTHIPFAH/IA OJIIIIEM MCH IIBIFBIHIAPABI a3alTyFa MYMKIHIIK Oepesi. AJIBIHFRI JICHTeHaeri
THOPHITI >KapBIKAHOATHI JpaiBepIiepe KapbIKIUOATHI MaMIap KOMMYTAIUSUIBIK PEKUMIC HKYMBIC ICTEHI, Oy
JKaPBIKANOATHI TaMIApABIH 0asty KYMBIC icTeyiHe OaiiaHBICTHI THIMALTIKTI mrekreiini. COHpIMEH KaTap, MyHIai
JKAPBIKAUOATAPBIHBIH COYIIENICHY KAPKbIH/IBUIBIFBI UMITYJILCTIK PEXKUM/IE TOMCH U1 ¥ ChIHBUIFAH XKaHa JpaiBep
THIMIUTIKTI apTTBIPAThIH JKOHE 3JIEKTPOMArHUTTIK KeAepTriep Al a3aTaThlH KapbIK TUOATAPBIHBIH KATThl KYMBIC
PEeXKHMMIH JKOKKa IIbIFapajsl. Makanana jkaHa TMOpPHMATI ApaiiBepre Tajjiay jkacajajbl. AJIBIHFaH HOTIIKEIEepIi
pacTay YIIiH MaMaHIAHIBIPbUIFAH OaFgapiiaMaliblK >KacaKTaMaHbl KOJIJAHA OTBIPBII KOMITBIOTEPIIIK MOJICIIBICY
KYPTi3ULIL.

Tipex ce3mep: THOPUATI >KAPBIKAUOATHI MOAYIB, JKENre TiKeled KOCBUIATHIH JKAPBIKAUOATH MOIYIh

(direct ACLED module), KOHICHCATOPChI3 JKAPBIKAMOATHI JpaiiBep, KOFapbl BOJBTTHI JKAPBIKIAUOATHI IpanBep,
JKAPBIKIUOJTHI KOIIIE KAPBIFBI, CCHIMLTIK.
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ANEW HYBRID LED DRIVER

Abstract

In the paper, the new hybrid LED driver is proposed. The hybrid LED driver combines the idea of pulsed
power conversion of a conventional LED driver with the idea of adjusting configurable LED strings synchronously
with input voltage like in a direct AC LED module. This synthesis promises to increase efficiency and reduce
electromagnetic interference. Due to low power loss a hybrid LED driver is attractive for circuit integration to
reduce size and cost compared to the traditional LED drivers. But in the hybrid LED drivers of previous arts the
topology exploits LEDs in switch-pulse mode operation, which limits the efficiency because of LEDs slow nature.
In addition, the light intensity of the LEDs decreases in pulsed mode. Therefore the new hybrid LED driver is
proposed to overcome the drawbacks. The attention was paid to preventing LEDs from hard switching to improve
efficiency and alleviate EMI issues. To confirm the results obtained, computer modeling was performed using
specialized software.

Key words: Hybrid LED module, Direct AC LED module, Capacitorless LED driver, High voltage LED
driver. LED street lighting, Reliability
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CONTROL OF THE SIZES OF LEAD SULFIDE (PBS)
NANOPARTICLES BY PLASMA TREATMENT METHOD

Abstract

In this work, the optimal parameters for the production of lead sulfide nanoparticles (PbS) were determined.
Lead sulfide nanoparticles were obtained by chemical precipitation in an aqueous solution of lead nitrate (Pb(NO,),)
25 ml 0.18 M (1.524 g), sodium hydroxide (NaOH) 75 ml 0.38 M (1.172 g), thiourea (CH,N,S) 50 ml 0.11 M
(0.399 g), at a reaction temperature of 100 °C, the duration of the synthesis reaction was 120 minutes. The particles
were deposited on a pre-purified silicon (Si) substrate. After synthesis, the particles were processed in a glow
discharge plasma in an argon atmosphere at a pressure of the order of D=1 Pa, for #, =1 minand U =2 min, ata
voltage of / =2 kV and a current strength of / =1,5 mA. The morphology of the obtained structures was studied
using a scanning electron microscope (SEM), the elemental composition of the particles was determined by energy
dispersion analysis (EDX). Plasma treatment reduces the average particle size from the submicron to the nanometer
range.

Key words: PbS particles, CBD method, plasma treatment, optimal parameters, Si substrate.

Introduction

Lead sulfide (PbS) is a semiconductor material that is one of the main materials in solar cells,
photo detectors [1-5] and for selective coating for photo thermal conversion [6-9]. PbS is also
used in devices such as LEDs, photoluminescence and infrared photo detectors [10] and in gas sen-
sors [11]. This material is of particular interest, since its band gap (0.41 eV at 300 K) can increase
with a decrease in its crystallite size and particle size become comparable to the exciton radius of
Boron, this affects its physical properties and arouses the interest of scientific researchers, therefore
they are intensively studied today [12].
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PbS nanoparticles can be produced by various methods such as vacuum evaporation, pyrolysis
by spraying, electro deposition, pulsed laser deposition, chemical vapor deposition (CVD), ultra-
sonic deposition and chemical bath deposition (CBD) [13].

In this work, the chemical bath deposition (CBD) method was used. This method is financially
budgetary and very convenient, since it does not require a vacuum and the reaction takes place in an
open space [14—18]. With the help of parameters (reaction time, temperatures and concentrations of
reagents), the particle size can be varied and their properties can be influenced. If we compare, the
physical method is energy-intensive and has a high cost of production [19]. Therefore, the (CBD)
method is the most optimal method for the future, because it is more efficient, highly manageable
and environmentally friendly [20].

Materials and methods

Lead sulfide (PbS) nanoparticles were obtained by chemical bath deposition (CBD). At the be-
ginning of the experiment, the Si (100) substrate was washed with distilled water and the surface was
cleaned with alcohol. The masses of the reagents were Pb (NO,), (lead nitrate) 25 ml 0.18 M (1.524
g), NaOH (sodium hydroxide) 75 ml 0.38 M (1.172 g), CH,)N,S (thiourea) 50 ml 0.11 M (0.399 g),
reaction temperature 100°C. Lead nitrate and sodium hydroxide were diluted in 75 ml of distilled
water, with a turnover of 1200 rpm, using a magnetic stirrer at a temperature of 100 °C. And thiourea
was diluted separately in 50 ml of distilled water with a turnover of 500 rpm, using an agitator at
room temperature. Both reactions took place within 120 minutes. After that, the two solutions were
mixed and after two minutes, when the color of the solution turned blue-black, at that moment the
Si (100) silicon substrate was immersed in the solution for exactly 10 minutes, at room temperature.
To maintain the uniformity of the solution, a magnetic stirrer was used. After receiving the PbS, the
substrate surface was cleaned in an ultrasonic bath for 10 minutes.

Further, the resulting film was subjected to plasma treatment of a glow discharge in argon. The
surface treatment was performed under the following parameters: pressure D=1 Pa, voltage / =1,5
kV, discharge current 7 =1,5 mA and processing time ¢, =5 minand ¢, =5 min. The main param-
eters of the glow discharge (voltage, current, brightness) remain unchanged under constant external
conditions. Figure 1 shows that the smoldering discharge is accompanied by a visible glow, the color
of which depends on the type of gas.

Figure 1 — Glow discharge
In the process of plasma generation, argon gas and direct current were used in the glow dis-

charge, which is released from the power supply of the Aktakom APS-1915 High voltage DC Power
supply. A constant current source provides stable voltage and current. A low pressure is created in the
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vacuum chamber and the vacuum pump regulates the pressure in the chamber and the control system
monitors and corrects the pressure using sensors and feedback. The vacuuming process takes place -
the chamber is pumped out to a set pressure of 10 Pa, the pressure is not absolutely constant, but is
usually maintained with high accuracy (for example, + 5%). Argon is injected into the chamber until
an operating pressure of 1 Pa is reached. A voltage of 2 kV is applied between the electrodes. During
the collision of electrons with argon atoms, their ionization occurs and an avalanche of ionization
leads to the formation of a quasi-neutral electron—ion gas - plasma. The camera material was made
of stainless steel.

The choice of specific parameters for plasma surface treatment of lead sulfide on a silicon sub-
strate is determined by a combination of factors aimed at achieving the desired effect. The pressure
(1Pa) ensures a high degree of ionization of the working gas, which increases the number of active
particles bombarding the surface. It helps to remove impurities and adsorbed molecules from the
surface more effectively. Modifications to the surface of lead sulfide reduce the formation of byprod-
ucts associated with collisions of neutral particles. High voltage (2kV) prevents the destruction of
lead sulfide by high-energy particles. Provides a controlled change in the chemical composition of
the surface. Promotes the functionalization of the surface. A low current (1.5 mA) limits the thermal
load on the sample, which reduces the risk of degradation. It promotes uniform surface treatment and
increases the reproducibility of the process.

Quanta 200i 3D (FEI Company, USA) was used to measure the size of nanoparticles and study
structural properties, and the energy dispersion spectroscopy (EDX) method was used to verify the
stoichiometry of the obtained films.

Main provision

The treatment of cubic particles of lead sulfide with glow discharge plasma reduces the average
particle size from the submicron to the nanometer range.

Results and discussion

The morphology and elemental composition of the particles were studied using a scanning elec-
tron microscope and energy dispersion analysis, respectively. The images were obtained at 50,000
times magnification. Figure 2 (a) shows that as a result of chemical deposition, individual cubic
particles with an average size of 320 + 70.1 nm are formed. It is worth noting that the reaction
temperature and synthesis time affect their uniformity. Figure 2(b) is an energy dispersion analysis
(EDS) of these particles. Figure 2 (c) shows the particle size distribution.
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Figure 2 — SEM image, energy dispersion analysis and distribution
of PbS particles obtained by the CBD method.
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Further, these cubic particles were subjected to plasma treatment. Figure 3 (a) and 3 (d) show
images treated with plasma for #, =1 minutes and ¢, =5 minutes. The average particle size during
treatment with duration of ¢, =5min is 178 + 44.7 nm. The reduction of the average size occurs
linearly, which is very important for controlling the size of cubic particles.
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Figure 3 — SEM images, energy dispersion analysis and distribution
of PbS particles obtained using CBD and plasma processing

Figure 3 (a) demonstrates PbS particles obtained by chemical method for 10 minutes and sub-
jected to plasma treatment for 1 minute. Figure 3 (b) is an energy dispersion analysis (EDS) of these
particles. Figure 3 (d) shows PbS particles obtained by chemical method for 10 minutes and sub-
jected to S-minute plasma treatment. Figure 3 (e) — EDS analysis of these particles. The elemental
composition of PbS nanostructures was investigated using EDS. Energy dispersive spectroscopy of
the samples revealed peaks of Si, Pb and S, which confirms the presence of these elements in the
nanostructure. Figure 3 (c, f) shows the separation of particles by size, treated with plasma for one
and five minutes, respectively. As can be seen from these figures, the smallest cubic particle size in 1
minute treatment was 110 nm, and in 5 minute treatment, the smallest cubic particle size decreased
by 60 nm.

Lead sulfide crystallites have a cubic shape due to the peculiarities of the crystal structure of this
substance. Lead sulfide crystallizes in the cubic symmetry that its unit cell has the shape of a cube. In
this cell, lead and sulfur atoms are arranged in strictly defined positions, creating a repeating three-
dimensional structure. Defects in the crystal lattice: may lead to the formation of imperfect cubic
shapes.
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Conclusion

In this paper, the effect of plasma treatment on the size of cubic particles of lead sulfide (PbS)
obtained by chemical method was studied. It was found that plasma treatment for five minutes leads
to a significant reduction in the particle size of PbS. As a result of plasma exposure to cubic particles
of lead sulfide, a change is observed.

REFERENCES

1 ElMadani A., Daoudil O., Benyousse S., Qachaou A., Fahoume M., Lharch M. (2021) Experimental
and Ab Initio Investigation of the Physical Properties of PbS Thin Films Prepared by Chemical Bath Deposition
(CBD), Brazilian Journal of Physics, no 51, pp. 1166-1174.

2 Gunes S., Fritz K.P., Neugebauer H., Sariciftci N.S., Kumar S., Scholes G.D. (2007) Hybrid solar cells
using PbS nanoparticles. Sol. Energy Mater. Sol. Cells 91, pp. 420-423.

3 Preetha K.C., Murali K.V., Regina A.J., Deepa K., Remadevi T.L. (2012) Efect of cationic precursor
pH on optical and transport properties of silar deposited nanocrystalline PbS thin flms. Curr. Appl. Phys.,
no. 12, pp. 53-59.

4 YuH., LiuS., Baek S., Kim D.Y., Dong C., So F. (2016) Solution-Processed Copper Oxide Interlayers
for Broadband PbS Quantum- Dot Photodiodes., no. 4, pp. 11205—11211.

5 Patel M., Kim H.S., Kim J., Yun J.H., Kim S.J., Choi E.H., Park H.H. (2017) Excitonic Metal Oxide
Heterojunction (NiO/ZnO) Solar Cells for All-Transparent Module Integration. Sol. Energy Mater. Sol.Cells,
no. 170, pp. 246—253.

6 Barrios-Salgado E., Rodriguez-Lazcano Y., Pérez-Orozco J.P., Colin J., Altuzar P., Campos J., Quesada
D. Effect of Deposition Time on the Optoelectronics Properties of PbS Thin Films Obtained by Microwave-
Assisted Chemical Bath Deposition, Hindawi Advances in Condensed Matter Physics, vol. 2019, p. 8.

7 Chattarki A.N., Kamble S.S., Deshmukh L.P., Mater. Lett., 67(1), 39 (2012).

8 Akhmedov O.R., Huseynaliev M.G., Abdullaev N.A., Abdullaecv N.M., Babaev S.S., Kasumov N.A.
(2016) Optical properties of PbS thin films, Physics and Technology of Semiconductors, vol. 50, issue 1,
pp. 51-54.

9 GaoF.,LuQ.,LiuX., YanY., Zhao D. (2001) Controlled Synthesis of Semiconductor PbS Nanocrystals
and Nanowires Inside Mesoporous Silica SBA-15 Phase, Nano Letters , vol. 1, no. 12, pp. 743-748.

10 Rodriguez C.A., Mera A.C., Pizarro-Castillo L., Ashfaq M., Sandoval-Paz M.G., Burgos M.J.C.,
Suérez S. (2021) Materials Science in Semiconductor Processing, no. 131, p. 105839.

11 Gunes S. et al. (2007) Solar Energy Mater. Solar Cells, 91, 420.

12 Abe S., Mochizukt K., Masumoto K., Nippon Kinroku. J. Jpn., ‘Inst. Met., 56, 1479.

13 Akhmetov N.S. (2001) General and Inorganic Chemistry. Higher. School, Ed. center Academy,
Moscow, 743 p.

14 LiuY.-C., Xiong Y., Lu D.-N. Appl. Surface Sci., 252, 8, 2960-2966, 2006

15 Yildirim A.K., Altiokka B. (2020) Emerg. Mater. Res., 9(1), 47.

16 Alekseeva G., et al., Semiconductors, 30 , p. 1125 View in Scopus Fiz Tverd Tela, 23 p. 2888

17 Crisp R.W., Kroupa D.M., Marshall A.R., Miller E.M., Zhang J., Beard M. C. Luther, J.M. Sci. Rep.
2015, 5, 9945.

18 Ekimov A., Efros A.L. and Onushchenko A. (2018) Solid state communications 88 947 5. Carroll G.
M, Limpens R . and Neale N. R. Nano letters, 18 3118.

19 Huo N., Gupta, S., Konstantatos G. (2017) MoS2—HgTe Quantum Dot Hybrid Photodetectors beyond
2 pm. Adv. Mater., 29

20 Abdallah B., Hussein R., Al-Kafri N., Zetoun W. (2020) Iranian Journal of Science and Technology,
vol. 6, issue 2, pp. 94-98.

270



KA3AKCTAH-BPUTAH TEXHUKAJIBIK
YHUBEPCUTETIHIH, XABAPIIBICHI Ne 2(69) 2024

'9mipbekosa I.C.,
nokropant, ORCID ID: 0009-0001-3774-0120, e-mail: gulzhanatt95@gmail.com
*Tesenos K.K.,
PhD, ORCID ID:0000-0001-7895-0434, e-mail: mr.tolepov@mail.ru*
'T'yceiinoB H.,
ORCID ID: 0000-0003-4804-5323, e-mail: solar neo@mail.ru
'Tonerenosa M.A.,
PhD, ORCID ID: 0000-0002-6413-4302, e-mail: malika.tulegenova@bk.ru
'Opsbinbaii b.F.,
ORCID ID: 0009-0004-6550-9761, e-mail: bakytzhan2797@mail.ru
’Komrnioaes T.,
¢.-m.r.x, ORCID ID: 0009-0081, e-mail: koshtybayev70@mail.ru0004-9052
3Orap6aii XK.,
ORCID ID: 0009-0008-6842-1908, e-mail: Otarbay@human-engine.com

! on-dapabu areiHgarel Kazak yITTBIK YHUBEPCHTETI,
050040, Anmars! K., Kazakcran
2 Ka3zak VITTBIK KbI3Jap Meaarorukaiblk yausepeuteti, 050040, Anmarsr K., Kazakcran
‘Human-Engine LLC, Jloc-Anmxenec K., Kamudopuus, 91106, AKIL

IJIABMAJIBIK OHJIEY B1ICI BOUBIHIIIA KOPFACBHIH CYJIb®UII
(PBS) HAHOBOJILLEKTEPIHIH OJIINEMIEPIH BACKAPY

Anjiarna

Byn sxymbicTa KoprachH cyabduainiy (PbS) HanoOemmeKkTepiH KaJbIITaCThIPYIbIH OHTAMIIBI apamMmeTpiepi
aHbIKTanel. KopraceiH cymbhumiHiH HaHoOemmekTepi KopracklH HHUTpaTeHBEIH (Pb (NO3)2) 25 mm 0,18 M
(1,520 ), marpuii ruapoxcuai (NaOH) 75 mi 0,38 M (1,150 1), TnomoueBuna (CH4N2S) 50 m 0,11 M (0,396 1)
CyJIbl epiTiHAiciHae, peakuus Temneparypackl 100°C, cuHTe3 peakiUsIChIHBIH Y3aKThiFbl 120 MUHYT IIaMachIHIA
XUMUSUTBIK TYHZBIPY apKbUIBI aNbIHABL. belmiekrep anapH aia TazapTbuiFaH KpeMHHH (Si) ToCeHiliHe KOWBIIIBI.
Cunresnen keitin Gemmekrep [ =1,5xB xepueyne xone [ =1,5 MA toxra, ¢, =5 Mun xoHe f, =5 wMun
YaKBIT IamMachin/a, f, = 1T1a KpIcbIMIa apron arMocd)epachlH/Ia CONFbIH Pa3psil Ia3MAChIH/IA OHIEI. AJbIHFaH
KYPBUTBIMIIAPIBIH MOPQOIOTHACH CKaHEPICYIIi AIEKTPOHIB MHUKPOCKONTHH (SEM) kemeriMeH 3epTTemnmi, ai
OenmeKTepAiH MMEMEHTTIK KypaMbl sHeproauciepcusutbik Tanaay (EDX) apkputer ansikTanasl. [Inasmamen exuey
OeuiIeKTep IiH opTalla eJeMiH CyOMUKPOHHAH HAHOMETPIIIK JAMara3oHFa AeiiH KilipenTe.

Tipek ce3mep: PbS Gemmiexrepi, CBD omici, ma3manbik ©HJICY, OHTANIIBI TapaMeTpiep, Si TOCCHIIIII.
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KOHTPOJIb PABMEPOB HAHOYACTHUL CYJIb®UJA
CBUHIA (PBS) METOAOM IIJIABMEHHOU OBPABOTKH

AHHOTALUSA

B 01 paboTe ObLTH OTIpeIeIeHB ONTUMANbHBIC TapaMeTPHI MTOTyYeHISI HAHOYaCTHUI] Cyabduaa cBuHIa (PbS).
Hanouactuns! cynb(uaa cBUHIIA ObIIH TOIYyYEHBl METOIOM XMMHUYECKOTO OCAXK/ICHUS B BOXHOM PAacTBOpPE HUTpaTa
ceuna (Pb (NO,),) 25 mn 0,18 M (1,524 r), ruapokcuna narpus (NaOH) 75 ma 0,38 M (1,172 r), THOMOYEBUHBI
(CH,N,S) 50 mx1 0,11 M (0,399 1), ipu Temneparype peakuuu 100 °C, JUTMTENBHOCT PEAKIIMU CUHTE3a COCTABIIAIA
120 MunyT. YacTHIbl OCaXIaIiCh HA MIPEABAPUTEIBHO OYUINCHHOW KpeMHHUeBoit (Si) momnoxke. [Tocie cunresa
YyacTHIBl ObUTH 00pa0OTaHbl B IUIa3Me TIICIOIETO pas3psijia B aTMocg)epe aproHa npu JaBjeHuu nopsaka I, =1
ITa, B Teuenne t, =1 MunH I=1,5 mun., npu Hanpsokernn [ =15 kB u cune Toka [ =1,5 mA. Mopdonorus
MOJYYCHHBIX CTPYKTYp OBIIa HMCCIIEAOBaHA C TOMOIIBIO CKAaHHPYIOIIETO 3JIEKTPOHHOTO MHKpockoma (COM),
AJIEMEHTHBIN COCTAB YaCTHUI] OTPEEIISIICS METOJIOM dHeprouciepcronHoro ananmsa (EDX). O6paborka miiazmoit
MPUBOJIUT K YMEHBIICHHIO CPEIHET0 pa3Mepa 4acTul] OT CyOMHKPOHHOTO 10 HAHOMETPOBOTO JIMara3oHa.

KuaroueBbie ciaoBa: PbS wactumer. CBD meron, mmasmeHHass 00pa0bOTKa, ONTHUMAIBHBIC MAapaMeTphl, TOJ-
JIOKKa Si.

272



KA3AKCTAH-BPUTAH TEXHUKAJIBIK
YHUBEPCUTETIHIH, XABAPIIBICHI Ne 2(69) 2024

VIIK 544.6
MPHTH 31.15.33

https://doi.org/10.55452/1998-6688-2024-21-2-273-280

Kaakozosa K.K.,
KaH/1. pu3.-MaT. HayK, acconuupoBanHblii npopeccop, ORCID ID: 0000-0002-4826-1678,
e- mail: zhanar.kalkozova@kaznu.edu.kz
’baarumobaesa Y.A.,
nokropant, ORCID ID: 0000-0002-6051-5538, e-mail: u.balgimbaeva@kbtu.kz
3Cepukkanos A.C.,
kaHz. pus.-mat. Hayk, ORCID ID: 0000-0001-6817-9586, e-mail: a.serikkanov(@gmail.com
TAdnyaaun X.A.,
JOKT. (hu3.-Mart. Hayk, nmpodeccop, ORCID ID: 0000-0002-2729-2272,
e-mail: kh.abdullin@physics.kz

"HarnmoHanbHas HAaHOTEXHOJOTHYecKast Jaboparopust otkpeitoro tTuna (HHJIOT),
Kazaxckuit HanmoHaNbHBIN yHUBEpCUTET UM. anb-Papadu, 050040, r. Anmatsl, Kazaxcran
’Kazaxcrancko-bpuranckuii Texanueckuii yausepeutet, 050000, . Anmarsl, Kasaxcran
3Satbayev University, TOO «®u3uko-TexHudeckuit ”HCTUTYT», 050013, . Anmartsl, Kasaxcran

CHUHTE3 I'NIPOKCHU-KAPBOHATOB IMHKA, KOBAJIBTA U ME/IN
A1 CO3JAHUA QJJIEKTPOXUMHUYECKOI'O
HE®EPMEHTATUBHOI'O CEHCOPA IJIFOKO3bI

AHHOTAIUA

HedepmeHTaTnBHBIE CEHCOPBI INTIOKO3bI ABJISIOTCS MEPCHIEKTUBHBIMU JUTS SJIEKTPOXUMHUUIECKUX TECT-CHCTEM
MHOTOPa30BOI0 KCIOIb30BaHUSL, IIOCKOJIbKY 00JIaIal0T BHICOKOH 4yBCTBUTEIBHOCTHIO, OBICTPHIM OTKIMKOM U IIPOC-
TOTOI B AKcIuTyaTanuu. J{ist co3nanus He(hepMEHTaTHBHBIX CEHCOPOB IITFOKO3bI HCIIOJIb3YEeTC sl IMPOKHH KITacc Ma-
TEpUaJIOB, TAKUX KaK HAHOYACTHUIIBI OJIarOPOAHBIX METAJIJIOB, KOMITO3UTHI HA OCHOBE YIIIEPOIHBIX HAHOMATEPHAJIOB,
OKCH/IbI MeTaJlIOB. [ToMCK HOBBIX MaTepHasoB JUIs CO3/IaHNs BEICOKOTYBCTBUTEIBHBIX CEHCOPOB IITIOKO3bI SIBIISICTCS
aKTyaJbHOU 3ajadeil. B HacTosIIel paboTe ncciie0BaH HOBBIN CEHCOPHBIN MaTepHall, IepCIeKTUBHBIHN TSI cO3/a-
HUsI OMOCEHCOPOB ITIOKO3bI. ' MIpOKCcH-KapOOHAThI IIMHKA, KOOAIbTa U MEAW CHHTE3HMPOBAHbBI I'MIPOTEPMATIbHBIM
MetozioM Tipu Temieparype 120 °C u oxapakTepu30oBaHbl METOAAMH CKAaHUPYIOIIEH AJIEKTPOHHONH MHUKPOCKOIHUH,
PEHTIEHOCTPYKTYPHOTO aHallu3a, PAMaHOBCKOW CIIEKTPOCKOIIUEH U JJEKTPOXMMHUECKMMHU MeTonamu. [lokazaHo,
YTO CHHTE3UPOBAHHBIA MaTepual JEeMOHCTPUPYET BBICOKYIO YyBCTBHTEIBHOCTH K TioKo3e (11.2 MA MM cm?),
MIMPOKHH TNaIa30H YyBCTBUTEIBHOCTH, TEPMUUECKYIO CTAOMIIBHOCTD M IIEPCIIEKTUBEH JUTS CO3/IaHNsI He)epMeHTa-
THUBHBIX OMOCEHCOPOB INIIOKO3bI. [Ipenen oOHapyKeHNs, OICHEHHbIH 110 BEIMYUHE IEKTPOXUMHUECKOTO OTKIIMKA
MIPY BapbUPOBAHNH KOHIIEHTPAIIH TIIOKO3BI B mpesenax uarepsaia 10 0.5 MM, cocrasmt 0.007 MM. TTomyueHHbII
MarepHall rokasan TePMUYECKY0 CTa0MIbHOCTD BILIOTH 10 200 °C mnpu HarpeBe B OKUCIUTENBHON aTMocdepe, 4To
Ba)KHO JUIS 00ECTICUeHNS JIONTOBPEMEHHON CTaOMIIBHOCTH CEHCOPHBIX XapaKTEePUCTHUK.

KJI]O‘-[CB])IE cJaoBa: 6I/IOCGHCOp TJIFOKO3HhI, SHCKTpOXI/IMI/I‘leCKI/Iﬁ JaT4YHuK, He(l)epMGHTaTI/IBHHﬁ CGHCOp.
BBenenune

C y4eTroM Ba)KHOCTH JICUCHHsI JuabeTa U KOHTPOJIS MpeainadeTHIeCKNX COCTOSTHUH 3a1a4a 1Mo
pa3paboTKe HOBBIX MaTEPHAIIOB I CCHCOPOB YPOBHS IIFOKO3HI SIBJISICTCS aKTyalbHOU. B HacTosIiee
BpeMsi pa3paboTaHo OOJBIIOE KOJIUYECTBO PA3IMYHBIX THIIOB JIATYMKOB TIFOKO3bI. OHAKO BBUY
BaYKHOCTH JIAHHOTO HANPaBJICHUsI MHTEHCUBHOCTh UCCIIEIOBAHUH 110 pa3paboTKe CEHCOPOB TITFOKO3bI
OCTaeTCs BHICOKOH, O UeM CBHUJICTEIBCTBYET OOJIBIIIOE YMCIIO HEAABHUX 0030pHBIX padoT [ 1-7]. Dep-
MEHTaTUBHBIE JATYUKH TIIFOKO3bI ITUPOKO PACIIPOCTPAHECHBI U YaCTO MUCIIOJIB3YIOTCS B MEAUITUHCKON
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MPAKTHKE, OTHAKO OHHU TIOIBEPIKCHBI JIeTpaiallii OCIIKOBBIX COCTMHEHHH, BXOSIINX B COCTaB TAKUX
CEHCOPOB, 3TO HETAaTUBHO BIIUSAET HA CPOK XPAHEHUS U BOBMOXKHOCTD X TIOBTOPHOTO UCITOTB30BAHHS.

HedepmenraruBabie (0e39H3UMHBIC) CEHCOPHI SBISFOTCS TICPCIIEKTUBHOW aJIbTCPHATHBOW SH-
3MMHBIM CEHCOpaM TJTIOKO3BI, H, XOTSI OHH MCCIIEAYIOTCS TOCTATOYHO JaBHO [8], WX pa3paboTKu 10
CHUX TIOp BEIYTCS BeCbMa MHTEHCUBHO. [T0OCKONIBKY Takue CEHCOPBI HE COJepIKaT OpraHMIeCKIX Ma-
TEpHUAJIOB, OHU 00JIAIAIOT 3HAYNUTEIIEHO 00JIee BRICOKOHM CTa0OMIBHOCTBIO, HE TIOJIBEPIKEHBI JeTpajia-
iy Tipy XpaHeHuH. Cpean pa3iIudHbIX THUIIOB CEHCOPOB MIEKTPOXMUMHUYCCKUAE TATUUKHU SBISIFOTCS
BEChbMa MHOTOOOCIIAIOIINMH YCTPOHCTBAMH, KOTia TPeOYIOTCS OPTAaTUBHBIC 1 HEMHBA3WBHBIC TTPH-
OOpBI 11 MOHUTOPUHTA YPOBHS caxapa B KPOBH U JAPYTUX (PU3UOIOTHUECKUX aHAIUTOB.

DIEKTPOXUMHUICCKUI OC33H3UMHBI METOJ] UMEET TaKhe TOCTOMHCTBA, KaK SKOHOMHYECKAsS
3¢ (HEeKTUBHOCTH U MPOCTOTA METOIOB, HU3KOE YHEPTOMOTPEOICHHIE, Malloe BpeMsl aHaIn3a. DJIeKT-
POXUMHYECKHI O€39H3MMHBIN METOJ JCTEKTUPOBAHUS TJIFOKO3bI OCHOBAaH Ha AJIEKTPOXHUMHUYECKOM
OKHCJICHUH TITIOKO3bI, HEOOXOIMMBIM yCIIOBHEM SIBJISICTCS IISIOYHAs cpena ¢ BRICOKuM pH, B To Bpe-
Ms KaK OMOJIOTHYECKHE KUIKOCTH UMEIOT HelTpanbHbIi pH okono 7. OmHako, Kak moka3aHo B [9],
MOYKHO 00€CIIeUnTh JIOKATbHOE TIOBBIIeHNE pH B HEUTpaIbHOMN Cpeie U TAaKUM 00pa3oM HUBEIUPO-
BaTh HEJOCTATOK AIEKTPOXUMHUECKOTO METOIa B paboueii cpeze ¢ BhIcokuM pH.

Pa3paboTanbl pa3mTudHbIC THITBI He(DePMEHTATUBHBIX CEHCOPOB TJIFOKO3BI HA OCHOBE OJIaropo/I-
HBIX METaJUIOB, B OCHOBHOM C HCTOJIb30BaHueM 30j0Ta [10]. Taxke cozmansl cerncopsbl Glu Ha oc-
HOBE KOMITO3UTOB C MEPEXOAHBIMU METaJUIaMU, OKCUIOB MeTayuioB [11], Hampumep, okcuaa HUKe-
1 [12], okenaa menu [ 13] u cynbdunos, Hanpumep, cyabduaa cepsl [ 14], 1 mUpoKkoro Kpyra Ipyrux
coemuHenHwmi [ 1-7]. OmHako 10 CHX TIOp HE OBLIIO COOOIIEHUH O MPUMEHEHHH THIPOKCH-KapOOHATOB
B KaueCTBE CEHCOPOB, BBI3BIBAIOIINX OKHCIICHHUE TTFOKO3HI.

B nHacrosime#t pabote mokazaHo, 4TO THAPOKCH-KapOOHATHI IIMHKA, KOOAIbTa M MU, CHHTE3H-
POBaHHBIE THIPOTEPMATBHBIM METOJIOM, IEMOHCTPHPYIOT BBICOKYIO YYBCTBUTEIIBHOCTD K TITFOKO3€,
MIMPOKUI JHANa30H 4yBCTBUTEIBHOCTH, TIOATOMY TIEPCIIEKTUBHBI [T CO3MaHusl He(hepMEHTaTHB-
HBIX OMOCEHCOPOB ITIOKO3BI.

OcHOBHBIE TOJIOKEHUS

B cBsi3u ¢ mMpOKUM pacnpoCTpaHEHUEM CaXapHOTro JuabeTa B HACTOSALIEE BPEMsI CYLIECTBYET
3arpoc Ha CO3JaHUe CEHCOPOB MIIOKO3bI, 00JIaJAIOIIMX [IUPOKUM CIEKTPOM CBOMCTB M XapaKTepHc-
Tuk. [ToaTOMY pazpaboTka HOBBIX MaTepHalIOB ISl CO3/IaHUSI CEHCOPOB IVIFOKO3bI, B YACTHOCTHU HE-
(hepMEHTaTUBHBIX CEHCOPOB, SABISAETCS aKTyallbHOM 3a1auell. OCHOBHBIMU TPEOOBAHUSAMU K TAKUM
MarepuajiaM SIBJISIFOTCS BBICOKAsi YyBCTBUTEIBHOCTD K LIEJIEBBIM peareHTaM, IUPOKU AUarna3oH Je-
TEKTUPYEMbIX KOHLIEHTPALUH, CTA0OMIIBHOCTb MIPU XPAaHEHUH B HOPMAJIbHBIX YCIOBHUSX U SIKOHOMHU-
yeckas 3pPEeKTUBHOCTb MIPOLECCA CUHTE3A.

Lenbto naHHOM pabOTHI OBLIT MOUCK HOBBIX MAaTEPUANIOB ISl IETEKTUPOBAHMS IITIOKO3bI. [Tokaza-
HO, YTO MaTepHal Ha OCHOBE T'MAPOKCH-KapOOHATOB IIMHKA, KOOAJIbTa U ME/IU, KOTOPBIA CUHTE3UPO-
BaH T'MJIpOTEPMaIbHBIM METOI0M, IEMOHCTPUPYET BHICOKYIO YCTOWYMBOCTb CTPYKTYPbI B LIMPOKOM
JMana3oHe yCJIOBUI CHHTE3a, a TAK)KE MMOKA3bIBAET BHICOKYIO UyBCTBUTEIBHOCTb JJISl AE€TEKTHPOBA-
HUS [IIOKO3BI, TI03TOMY SIBJISIETCSI HOBBIM IIEPCIIEKTUBHBIM MaTe€pHaioM JJIsl CO3AaHNs OMOCEHCOPOB.

MarepuaJibl 1 METOIBI

JUist cMHTE3a UCTIOJB30BaHbl a30THOKUCIIBIA MHK 6-Boaubiid Zn(NO,),*6H,0 (Sigma Aldrich),
kobaneT Co(NO,),*6H,0 azorHokucbIi 6 — Boanbli (Sigma Aldrich), Cu(NO,), *6H,0 asorHokuc-
el 6 — Bomubld (Sigma Aldrich), moyesuna CH,N,O (Sigma Aldrich), nukenesas nena, auetom.
JenonnzoBanHas Boaa (18.2 MOwmxcMm) nomydanace u3 cucreMbl ounctku Bojsl ARIUM 611 DI,
Sartorius Group.
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[TopomkooOpa3neie 00pa3ipl OBLIM TMOMYYEHBI ¢ MOMOIIBIO THAPOTepMaIbHOrO MeTona. s
IPUTOTOBIICHHUS BOJHOTO paboyero pacTBOpa UCMOIb30BAIM HUTPATHI IMHKA, KOOAIbTa, MEIU M MO-
YEBHHY B PA3JIUYHBIX MOJISIPHBIX KOHIIEHTpanusix. B Tunuunbsix cuareszax 50 mi pabouyero pactBopa
3aJMBaii B Te(DJIOHOBBIM CTAaKaH C KPBIIIKOH, KOTOPBIN MOMEIIAlN B aBTOKJIAB U3 HEP)KaBEIOLIeH
CTaJIM ¥ TEPMETH3UPOBATH. ABTOKJIAB IMOMEINAIN B My(deapHyI0 neub, Harpetyro mo 120 °C. Jlmu-
TEJILHOCTh THPOTEPMATIBHOTO CHHTE3a COCTaBisIa 6 yacoB. [lomyyeHHbie 00pas3ibl HECKOIBKO pa3
IPOMBIBAJIN JIENOHU30BAHHOM BO/IOH ¥ cymmid. bbuto cuHTe3upoBaHo Tpu oOpasiia ¢ pa3HbIM MO-
JSIPHBIM COOTHOLICHUEM MPEKYPCOpoB KobanbTa, tuHKa 1 Menu. /s o6pasua Nel monsipHOe OTHO-
menne npekypcopoB Co:Zn:Cu cocrapisuio 4 : 1.8 : 0.2. JInsa o6pas3moB Ne2 u Ne3 MonsipHOE OTHO-
IIeHUE MPEKYPCOPOB cOCTaBsI0 cooTBeTcTBeHHO 4 : 0.2 : 1.8 14 : 1 : 1. MonsipHasi KOHIIEHTpaIus
MOYEBHHBI Bceria Obliia B 1Ba pa3a 0oJbIe MOJISIPHON KOHIIEHTPAIUU KOOasbTa.

Pentrenoctpykrypubiit ananu3 (XRD) npoBoammu Ha nudpakromerpe MiniFlex Rigaku ¢ uc-
nonb3oBanreM Cu Ka mznydenus. PamaHoBCKue CHIEKTpBI UCCIIEIOBaHBI Ha crieKTpoMeTpe Ntegra
Spectra (NT-MDT) nipu Bo30y>xJeHIH Ha JyTUHE BOJHBI 473 HM. Mop(hooruio 1 MUKPOCTPYKTY-
Py M3ydalH ¢ TIOMOIIBI0 CKaHUPYIOMIETO 3eKTpoHHOro MuKpockorna (SEM) Quanta 3D 200i FEI.
DNEeKTPOXUMHUYECKHE U3MEpPEHHs MPOBOIMIN C MCHonb3oBaHHeM mnoreHunuocrara Elins P-40X B
TPEXIIEKTPOIHON SIEKTPOXUMHUUECKON sSYeiKe ¢ IIaTHHOBBIM IMPOTHBOANEKTpoaoM u Ag/AgCl
ANIEKTPOJIOM CpaBHEHH. B KauecTBe paboyero aneKTpo/ia UCIoIb30BaJICs MEKTPO U3 CTEKIIOYyTIIe-
poxa nuameTpom 2 MM, Ha KOTOPBII HAHOCHIIM MOPOIIKOOOpa3HbIid oOpasen. B kauecTBe anekTpo-
nuTa ucrnonbs3oaincs pacteop 0.1 M KOH.

Pe3ynbrarsbl u 00cy:K1eHUE

Heo0xoammo oTMEeTHTD, 4TO, HECMOTPSI Ha pa3inyus B COCTaBaX PpOCTOBBIX paCTBOPOB MPH CHH-
Te3e 00pa3loB, pe3yabTaTbl PEHTTEH-CTPYKTypHOro aHanuza (XRD), aneKTpoHHONH MUKpPOCKOIUHU
(SEM) 1 crieKTpoCcKOnuM KOMOMHAIIMOHHOTO paccestHusl BceX Tpex o0pa31oB OblIM BechbMa OIHU3KH-
mu. Ha pucynke 1 (ctp. 276) npuBeaeHbl pe3yabTaThl pEHTI€H-CTPYKTYPHOIO aHAIU3a CUHTE3UPO-
BaHHBIX 00PA3IIOB.

Kak BunHo u3 pucynka, XRD pe3synbrarsl Bcex 00pa3iioB OJU3KH, MOJIOKEHUST OCHOBHBIX ped-
JIEKCOB COBIAJIAIOT ISl BCeX Tpex 00pasuoB. Bee Habmronaronuecs peduaexcsl XRD MokHO onMcath
HalIM4YueM B 00pasuax JIByX (a3 ruIpoKcu-KapOOHaToB, a MMEHHO, BO-niepBbiX, Co,(OH),*(CO,),
coorseTcTBytommas kapra JCPDS #01-079-7085, a raxxke CuZn(CO,)(OH),, 5101 dase coorseTCTBY-
et kapra JCPDS#00-036-1475. llupuna XRD nukoB Bo Bcex Tpex AupakTorpaMmax OJHHAKOBas
U 3HauUTENbHAsA, KaK BUJHO U3 pHucyHKa. [lo mectu oguHOYHBIM pedrexcam obpasma Ne3 ¢ uc-
noas3oBaHueM Gpopmyisl Llleppepa Ob11 O11eHEH cpeAHMiA pa3Mep KPUCTAIITUTOB, KOTOPbIN OKa3ascs
9.5+1.8 uMm.

Heo6xomumo ormeTuts, uto XRD pesynasrarsl 1 MOp¢hoorus 00pa3IoB HE H3MEHSIIHCH MOCTe
omxwra rpu 200 °C B TedyeHHe 5 4acoB Ha BO3/IyXE, YTO CBUCTEIBCTBYET O CTAOMIBHOCTH CTPYKTY-
pbl. CHexTpbl KOMOWHAIIMOHHOTO pacCcesHusl Takke ciabo MEHSUIMCh Npu TakoM omxkwure. Ha
pucyH-ke 3 (ctp. 277) mpuBEOEHBI CHEKTPhl KOMOMHAIMOHHOTO paccesHus oOpazma Ne3 no u
nocie omxkura npu 200 °C. JIpyrue oOpasisl 1eMOHCTPUPOBAIU MTOXOXKHE CIIEKTPBI, TOITOMY OHHU
31ech He MpHuBO-IsTcs. Ha crmekrpax mpucyTcTBue MHTEHCUBHOW nuHuM mpu 1075 cm!, a Takke
cnaboit, Ho yskoi momockl mpu 710 cm! cBuperenbcTByer o Hanuuuu rpynn Me-(CO,) B
kapOoHaTax MeTayuIoB [15], B KOTOPBIX 3aMeHa METAJIOB BHI3BIBAET TOJIBKO CIA0BIN CIABUT JTMHUU
[16]. UnenTrnduKams HU3K0Ya-CTOTHBIX JTHHUHE tipu 520, 225 u 150 cM! He Tak OYeBHIHA, HO MX
TaKXKE€ MOXHO OTHECTH K CTPYKTy-pe KapOOHATOB METauIOB, KOTOpbIE B O3TOW 0OO0JACTH
neMoHcTpupytoT pan auHuid [15]. Tak xe xak u B ciysae XRD u SEM wuccnenosanui,
PaMaHOBCKHE CIIEKTPHI HE JIMOHCTPUPYIOT 3aMETHBIX U3ME-HEHUH TIOCIIe OTXKHTa, YTO JIOKA3bIBAET
OTHOCHUTEIIFHYIO TEPMHUECKYIO0 YCTOMYMBOCTH MOJTyYEHHBIX THAPOKCH-KapOOHATOB.
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Pucynok 1 — Pe3ynbrarhl peHTTEH-CTPYKTYPHOTO
aHaJIN3a CHHTE3UPOBAHHBIX 00Pa3IOB

Ha pucynke 2 npuBeieHbl CHUIMKH CKaHUPYIOILEH 3J1eKTpoHHOM MuKpockonuu (SEM) o6pasios
Nel-Ne3. Mopdonorus 006pa3iioB NpuMEPHO OAMHAKOBASI U COCTOUT U3 TOHKUX TUIACTHH TOJIIMHOMN
okoi10 40 HM.

Pucynoxk 2 — SEM cuumku o6pasuoB Nel (a), Ne2 (b) u Ne3 (c).
MacmTabHblii 0TPe30K 4 MKM

UyBCTBUTENBHOCTH K IIIOKO3€ ObLIA MPOTECTUPOBAHA METOIOM LIMKJINYECKON BOJIETaMIIEpOMeE-
tpuu CV. Ha pucynkax 4 (a) u 5 (a) nokazansl CV kpuBble a1t 06pa3ioB Ne2 1 Ne3 cOOTBETCTBEHHO.
Bunno, uyto npu 106aBneHNH IIIOKO3bI HAOMIOAAIOTCS 3HAaYUTeNbHbIe n3MeHeHuss CV kpuBbiX. TOK,
n3MepeHHbId npu noreHnuane 0.6 B ornocurensno Ag/AgCl, pacter B untepsaine 10 ~0.5 MM no
3aBUCHUMOCTH, OJIM3KOH K JTMHEWHOM, Kak moka3aHo Ha pucyHkax 4 (b) u 5 (b). Ha atux xe pucynkax
MOKa3aHa 3aBUCUMOCTb YYBCTBUTEIBHOCTU OT KOHIEHTpauuu. Kak BUAHO, YyBCTBUTEIBHOCTD J0-
cruraet ~13 MA MM cM?, 3Ta BeTuMHA BeCbMa BBICOKAsl B CPABHCHUU C TAHHBIMHU, UMEIOLIUMHKCS
B siuteparype. Hanpumep, BbICOKasi 1yBCTBUTEIBHOCTD K TIIFOKO3e 7.432 MA MM em? nocturayra
Ha rieHke u3 HanoBosokoH (NiCo,S ,/EGF) B niuneiinom auanasone 10 3.57 MM [17]. B pabore [18]
CEHCOp M3 YIVIEPOJHBIX HAHOBOJIOKOH C OKCHJIOM KOOaJsibTa MpoJeMOHCTPUPOBAII TIpeiesl OOHapyKe-
HUst 0k0j10 1 HM. OtHaKO THITHYHBIH JUana30H 4yBCTBUTEILHOCTH cocTaBiseT 0.1+10 MA MM cm?,
MPpU JTMHEHHOM JThanasoHe J10 HeCKoiabkux MM rmtoko3sl [19, 20]. Takum oOpa3om, Takue rnapamer-
PBI TIOTYYEHHBIX CEHCOPOB, KaK YYBCTBUTEIBHOCTh M JMANa30H KOHLEHTPALUN, CPAaBHUMBI JTUOO
MPEBOCXOMAT apaMeTPbl U3BECTHBIX CEHCOPOB TITFOKO3bI.
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Pucynoxk 3 — CriekTpbl KOMOMHAITMOHHOTO paccesiHust o0pasiia Ne3
1o u tocne orxura npu 200 °C Ha BO3ayXxe
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Pucynok 4 — CV xapakrepucTuku st oOpasia No2 B quana3oHe KOHIIEHTPAITUH TITFOKO3bI
ot 0 10 0.485 MM (a); 3aBucUMOCTH TOKa npu notenimane 0.6 B ornocutensuo Ag/AgCl
Y 4yBCTBUTEIHLHOCTH OT KOHIIGHTPALIMHU [ITIOKO3BI ().
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Pucynok 5 — CV xapakrepuctuku ajist 00pasua Ne3 B auana3zoHe KOHIEHTPAIMI [ITFOKO3bI
ot 0 10 0.485 MM (a); 3aBucumocTs ToKa mpu notennuaie 0.6 B otHocutensHo Ag/AgCl
M 4YBCTBUTEILHOCTH OT KOHIIEHTPAIMHU [TFOKO3bI (D).
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3akiouenue

Takum 00pa3zom, B HacTosiIEel paboTe cooOIIaeTcs 0 HOBOM MarepHale sl U3TOTOBJICHUS CeH-
copa IVIIOKO3bl — THIPOKCH-KapOOHATOB LIMHKA, KoOaiabra U Meau. YCTONUMBBIN (ha30BbIi cocTaB
ATOro Marepuasia (popMHpyeTcsi MpH JAOCTATOUYHO IMIMPOKOM JMAIa30HE YCIOBHMH CHHTE3a, B 3TOM
JKe JMara3oHe COXPaHAETCs BBICOKAs UyBCTBUTEILHOCTh CEHCOpa. Marepuai mpoaeMOHCTPUPOBa
qyBCTBUTEIBHOCTh 11.2 MA MM cm?, nuHeitHyro obnacte 10 0.5 mM, B 1ol 0bnacTH Mmokasan
npenen ooHapyxenus noko3sl 0.007 mM. Ilpoctoil cuHTe3 MaTepuania U €ro BbICOKasi 4yBCTBU-
TeJIbHOCTH JIEIAI0T MOTYYEHHbII MaTepual NepCleKTUBHBIM JJIsl IPAKTUUYECKOTO IPUMEHEHUS MPU
CO3/1aHUU He(PEPMEHTATUBHBIX CEHCOPOB OOHAPYKEHHSI IIFOKO3BI.

Nudopmanusa o ¢uuancupoBanum. JlaHHoe wuccienoBaHue ObUIO NPOPUHAHCHPOBAHO
MuHuCcTepcTBOM HayKU U Bbiciiero oopazoBanus Pecnyonuku Kaszaxcran, rpantel Ne AP19676535
u Ne BR18574141.

JINTEPATYPA

1 Tamoghna Saha, Rafael Del Cafio, Kuldeep Mahato, Ernesto De la Paz, Chuanrui Chen, Shichao Ding,
Lu Yin and Joseph Wang (2023) Wearable Electrochemical Glucose Sensors in Diabetes Management: A
Comprehensive Reviews 123, 12, 7854-78809. https://doi.org/10.1021/acs.chemrev.3c00078.

2 Yan Wang, You Wu and Yifeng Lei. (2023) Microneedle-based glucose monitoring: a review
from sampling methods to wearable biosensors. Biomater. Sci., 11, 5727-5757. https://doi.org/10.1039/
D3BMO00409K.

3 Kermue Vasco Jarnda, Danqi Wang, Qurrat-Ul-Ain, Richmond Anaman, Varney Edwin Johnson,
Garmai Prosperity Roberts, Pauline Sammumah Johnson, Bob Wisdom Jallawide Jr, Tianhan Kai, Ping
Ding (2023) Recent advances in electrochemical non-enzymatic glucose sensor for the detection of glucose
in tears and saliva: A Review. Sensors and Actuators A: Physical 363, 114778. https://doi.org/10.1016/].
sna.2023.114778.

4 Daria Di Filippo, Frédérique N. Sunstrum, Jawairia Umar Khan, Alec W. Welsh. (2023) Non-Invasive
Glucose Sensing Technologies and Products: A Comprehensive Review for Researchers and Clinicians.
Sensors, 23(22), 9130. https://doi.org/10.3390/523229130.

5 Muthukumar Govindaraj, Ananya Srivastava, Magesh Kumar Muthukumaran, Pei-Chien Tsali,
Yuan-Chung Lin, Bharathi Kannan Raja, Jerome Rajendran, Vinoth Kumar Ponnusamy, J Arockia Selvi.
(2023) Current advancements and prospects of enzymatic and non-enzymatic electrochemical glucose
sensors. International Journal of Biological Macromolecules 253(Part 2), 126680. https://doi.org/10.1016/].
ijbiomac.2023.126680.

6 Seyed Saman Nemati, Gholamreza Dehghan, Samaneh Rashtbari, Tran Nhat Tan, Alireza Khataee.
(2023) Enzyme-based and enzyme-free metal-based glucose biosensors: Classification and recent advances.
Microchemical Journal 19,109038. https://doi.org/10.1016/j.microc.2023.109038

7 Guati, Carlota, Gomez-Coma, Lucia, Fallanza, Marcos and Ortiz, Inmaculada. (2024) Progress on the
influence of non-enzymatic electrodes characteristics on the response to glucose detection: a review (2016—
2022). Reviews in Chemical Engineering, 40, 123-148.https://doi.org/10.1515/revce-2022-0058

8 Kathryn E. Toghill, Richard G. Compton (2010) Electrochemical Non-enzymatic Glucose Sensors:
A Perspective and an Evaluation, International Journal of Electrochemical Science,Volume 5, 9, 1246—-1301.
https://doi.org/10.1016/S1452-3981(23)15359-4.

9 Strakosas, X., Selberg, J., Pansodtee, P. et al. (2019) A non-enzymatic glucose sensor enabled by
bioelectronic pH control. Sci Rep 9, 10844. https://doi.org/10.1038/s41598-019-46302-9.

10 Mauro Pasta, Fabio La Mantia, Yi Cui. (2010) Mechanism of glucose electrochemical oxidation on
gold surface, Electrochimica Acta, 55, 20, 5561-5568.https://doi.org/10.1016/j.electacta.2010.04.069.

11 Naikoo Gowhar A., Salim Hiba, Hassan Israr U., Awan Tasbiha, Arshad Fareeha, Pedram Mona Z.,
Ahmed Wagqar, Qurashi Ahsanulhaq. (2021) Recent Advances in Non-Enzymatic Glucose Sensors Based on
Metal and Metal Oxide Nanostructures for Diabetes Management. A Review Frontiers in Chemistry, 9. https://
doi.org/10.3389/fchem.2021.748957.

278



KA3AKCTAH-BPUTAH TEXHUKAJIBIK
YHUBEPCUTETIHIH, XABAPIIBICHI Ne 2(69) 2024

12 Devesh K. Pathak, Hong Chul Moon. (2023) Enzyme-free, metal oxide-based amperometric-
colorimetric dual-mode functional glucose sensor. Materials & Design 234,112309. https://doi.org/10.1016/j.
matdes.2023.112309.

13 Emil R. Mamleyev, Peter G. Weidler, Alexei Nefedov, Dorothée Vinga Szab6, Monsur Islam, Dario
Mager and Jan G. Korvink (2021) ACS Applied Nano Materials 4, 12, 13747—-13760.https://doi.org/10.1021/
acsanm.1c03149.

14 He W., Huang Y. & Wu J. (2020) Enzyme-Free Glucose Biosensors Based on MoS2 Nanocomposites.
Nanoscale Res Lett 15, 60. https://doi.org/10.1186/s11671-020-3285-3.

15 Alves J.F., Edwards H.G.M., Korsakov A., de Oliveira L.F.C. (2023) Revisiting the Raman Spectra of
Carbonate Minerals. Minerals, 13, 1358. https://doi.org/10.3390/min13111358.

16 William Dufresne, Carson Rufledt, Craig P Marshall. Raman spectroscopy of the eight natural
carbonate minerals of calcite structure. Journal of Raman Spectroscopy 49, 3, 1999-2007, 2018.https://doi.
org/10.1002/jrs.5481.

17 Qiaohui Guo, Tingting Wu, Lijuan Liu, Yi He, Dong Liu, Tianyan You. (2020) Hierarchically porous
NiCo2S4 nanowires anchored on flexible electrospun graphitic nanofiber for high-performance glucose
biosensing. Journal of Alloys and Compounds 819, 153376. https://doi.org/10.1016/j.jallcom.2019.153376.

18 Kim S.G., Jun J., Kim Y.K., Kim J., Lee J.S., Jang J. (2020) Facile Synthesis of Co304 -Incorporated
Multichannel Carbon Nanofibers for Electrochemical Applications. ACS Appl. Mater. Interfaces, 12, 20613—
20622. https://doi.org/10.1021/acsami.0c06254.

19 Mohammadpour-Haratbar A., Mohammadpour-Haratbar S., Zare Y., Rhee K.Y., Park S.-J. (2022) A
Review on Non-Enzymatic Electrochemical Biosensors of Glucose Using Carbon Nanofiber Nanocomposites.
Biosensors, 12, 1004. https://doi.org/10.3390/bios12111004.

20 Vuslat B. Juska, Martyn E. Pemble. (2020) A Critical Review of Electrochemical Glucose Sensing:
Evolution of Biosensor Platforms Based on Advanced Nanosystems. Sensors 20, 6013. https://doi.org/10.3390/
$20216013.

'Kaaxkozosa K.K.,
¢b-M.F.K., KaybIMaacTeipbuirad npodeccop, ORCID ID: 0000-0002-4826-1678,
e-mail: zhanar.kalkozova@kaznu.edu.kz
’banrumbaena Y.A.,
nokropant, ORCID ID: 0000-0002-6051-5538, e-mail: u.balgimbaeva@kbtu.kz
3CepuxkanoB A.C.,
¢-m.r.k.,ORCID ID: 0000-0001-6817-9586, e-mail: a.serikkanov(@gmail.com
TAonynaun X.A.,
¢b-m.r. 1., mpodeccop, ORCID ID: 0000-0002-2729-2272,
e-mail: kh.abdullin@physics.kz

'AIIBIK TYp/eri YITTHIK HAHOTEXHOJOTHSUIBIK 3epTxana (ATYH3), on-dapabu atsingars Kazak
WITTHIK YHUBEpCHUTETI, AMarsl K., Kazakcran
’KasakcTan-BpuTan TeXHUKAIBIK YHUBEPCUTETI, Tose Ou kereci 59,
Ammarsl k., 050000, Kazakcran
3CorbaeB yHuBepcuTeTi, «PU3HKa-TeXHUKAIBIK HHCTHTYThDy JKIIIC, Anmarsr k., Kazakcran

IJIEKTPOXUMUAJIBIK ®PEPMEHTATUBTI EMEC IVIIOKO3A CEHCOPBIH
KACAY YHIIH MbIPbIIII, KOBAJIBT ’KOHE MBIC 'HIPOKCHU
KAPBOHATTAPBIHBIH CUHTE3I1

Anjarna
['moko3aHbIH (EPMEHTATHBTI €MeC CEHCOpJapbl KaiTa maijaiaHyra OONAaThlH AIEKTPOXUMHSIIBIK ChIHAK
JKy#ernepi YIIiH IepCreKTUBTI, OUTKEeH1 oJ1ap )KOFaphbl Ce3IMTANIBIKKA U, )KbUIIaM d9pEKeT eTel KoHe Maljaianyaa
KaparmnaiibiM. [J1r0k03aHbIH (DePMEHTATUBTI €MEC CEHCOPJIAPBIH jKacay VIIiH achblUl METaJUIAapIbIH HAHOOOIIIIIEKTEPI,
KeMipTeri HaHOMaTepHalAapblHA HETI3/ICITCH KOMIIO3UTTED JKOHE METAJUT OKCHITEPI CHSKTHI MaTepHalAapIblH
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KEeH KJIAChl KoJ1aHbu1aabl. Ce31MTal IbIFbl )KOFaphI TII0K03a CEHCOPIIAPBIH JKacay YIIIH )KaHa MaTepuaiiapsl i31ey
e3eKTi Macerne. byir ’KywmbIcTa III0OKO3a OMOCEHCOpIIAphIH jKacay YIIIH NEpCHEeKTUBTI jKaHa CEHCOP MaTepHabl
3epTTeii. MBIphIII, KOOaIBT )K9HE MBIC THIPOKCOKapOOHATTaphl rHApoTepMai sl aictieH 120 °C remmeparypana
CHHTE3/ICNIIl JKOHE CKAaHEpJeylli OSJICKTPOHIbl MHKDPOCKOIHUS, PEHTICHIIK KYPBUIBIMIABIK Tannay, Paman
CIEKTPOCKOTHUSICHI KIHE MEKTPOXUMHUSIIBIK 9/1iCTEpMEH cunartanabl. CHHTE3/1eJITeH MaTepHal ITTI0KO3aFa KOFaphl
ce3iMTamabIKTh! (11.2 MA MM cM™2), ce3iIMTaNIIBIKTHIH KEH JMAaa30HbIH, TEPMHUSIIBIK TYPAKTHUIBIKTHI KOPCETTI KOHE
IJTFOKO3aHBIH ()ePMEHTATHBTI eMec OMOCEHCOpIIapbIH jKacay YIIIH MepcreKTHBTI. [TI0Kko3a KOHIEHTPALUsIChIHBIH
0,5 MM-re neliHri apanbIKTa e3repyl Ke3iH/e AEeKTPOXUMHMSIIBIK PEaKLUSHBIH IIaMachl OOMbIHINA OaraiaHraH
anbikTay meri 0,007 MM Kypajsl. AIIBIHFaH MaTepuaj TOTBIFY aTMocdepachinaa Kpi3aplpy kesinae 200 °C neiiin
TEPMHUSIIBIK TYPAKTBUTBIKTBI KOPCETTI, OYJI CEHCOPIIBIK CHIIATTAMAHbIH Y3aK MEP3iM/Ii TYPaKTHUIBIFBIH KAMTaMacChI3
€Ty YIIiH MaHBI3IHI.

Tipek ce31ep: TI0K03a GHOCCHCOPBI, AEKTPOXUMHUSUIBIK JaTYNK, (EPMEHTATUBTI €eMeC CEHCOP.
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SYNTHESIS OF ZINC, COBALT AND COPPER
HYDROXY-CARBONATES FOR CREATION OF ELECTROCHEMICAL
NON-ENZYMATIC GLUCOSE SENSOR

Abstract

Non-enzymatic glucose sensors are promising for reusable electrochemical test systems because of their
high sensitivity, fast response and ease of operation. A wide class of materials such as noble metal nanoparticles,
composites based on carbon nanomaterials, and metal oxides are used to create non-enzymatic glucose sensors.
The search for new materials for the creation of highly sensitive glucose sensors is an urgent task. In the present
work a new sensor material promising for the creation of glucose biosensors is investigated. Zinc, cobalt and
copper hydroxy-carbonates were synthesized by hydrothermal method at 120 °C and characterized by scanning
electron microscopy, X-ray diffraction analysis, Raman spectroscopy and electrochemical methods. It is shown
that the synthesized material exhibits high sensitivity to glucose (11.2 mA*mM-1*cm™), wide sensitivity range,
thermal stability and is promising for the development of non-enzymatic glucose biosensors. The limit of detection,
evaluated by the magnitude of the electrochemical response when the glucose concentration was varied within the
interval up to 0.5 mM, was 0.007 mM. The obtained material showed thermal stability up to 200 °C when heated in
an oxidizing atmosphere, which is important for ensuring long-term stability of sensory characteristics.

Key words: glucose biosensor, electrochemical sensor, non-enzymatic sensor.
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N3YYEHUE YCTOI?I‘\{JI/IBOCTI/I CU(CO,NDBLO,IIVIEHOK K KOPPO3UH
INPU BO3JAEUCTBUU C ATPECCUBHBIMU CPEJAMMU

AHHOTAIMA

B pabote paccMOTpeHO BJIMAHHME 3aMEIIEHU MeIH KoOansToM M HuKeneM B coctaBe CuBi O, mieHok, mo-
JYYEHHBIX C IPUMEHEHUEM METOA EKTPOXUMHUYECKOTO OCAXK/ICHUS. 3aMeIleHHe ObI0 MHUIMUPOBAHO ITyTEM
J00aBIEHNS B COCTAB CEPHOKHCIIOTO PacTBOPA — NEKTPOINTA CYIb(haToB KOOAIBTA MM HUKEIS, YTO ITO3BOJIMIIO
TIOJTy49UTh TICHKH C TETParOHaJbHBIM THIIOM KPUCTAJUIMYECKOH PEINETKH, XapakTepHoi 11 paser CuBi,O,. Ilpu
9TOM aHAJIU3 CTPYKTYPHBIX IIAPaMETPOB M M3MEHEHHH JIEMEHTHOTO COCTaBa IUICHOK MOKa3all, 4To J100aBJICHUE B
COCTaB 2JIEKTPOJIUTA CYJIb(PATOB HUKEIS M KOOAIbTa NPUBOAUT K (DOPMUPOBAHHIO TETPAroHAIBHOM (a3bl IO THITY
3aMEILeHNS], CBI3aHHOMY C YaCTHYHBIM 3aMELIeHHEM MEAM HHUKEJIEM WJIM KOOAJIbTOM B 3aBUCHMOCTH OT COCTaBa
pacTBopa — 3IeKTposINTa. B Xo/me MopennpoBaHus MPOIECcCOB AErpajallii IUICHOK MPU BHEIIHUX BO3ACHCTBUAX
OBLIH TIOMYYEHBI PE3YIBTAThl KOPPO3HOHHBIX UcTbITanui CuBi,O, TIIEHOK B arpeCCHBHOM Cpejie MOAETBLHOTO PacT-
Bopa 0.1 M NaCl npu pa3nuusbIX Temreparypax cpeasl. OmpeneaeHbl 3aBUCUMOCTH U3MEHEHHS CTENICHH CTPYK-
TYPHOI'O YIOPSIAOYEHHS U CTEIICHU Pa3yIPOYHEHUS HCCIIENYEMBIX TUIEHOK B 3aBUCUMOCTH OT BPEMEHH HAXOKICHUS
B arpecCUBHOM cpezie. YCTaHOBJICHO, YTO 3aMEIleHne MEIH KOOalbTOM HJIM HUKEJIEM MPUBOAUT K YBEINYECHHIO
COIPOTHUBIISIEMOCTH UCCIIEAYEMBIX TUICHOK K JIETPa/Iallid U OKHUCIICHHIO, YTO CBUAETEILCTBYET O MOJIOKHUTEILHOM
a¢dekre 3amerneHus, 00ycIaBIMBaIOIEMy CHIKEHHE CKOPOCTH JIerpaJalliil IIOBEPXHOCTH IUIEHOK NP KOHTAKTE
C arpeccuBHOM cpenoil.

KuroueBbie cj10Ba: TOHKHE IJIEHKH, JIEKTPOXUMUUYECKUH CHHTE3, aHTUKOPPO3HOHHbIE NokphiTus, CuBi,O,,
CTPYKTYpPHOE pa3ynopsiI0ueHUE.

BBenenune
OpHUM U3 MEPCIIeKTUBHBIX THUIIOB 3aIlIUTHBIX MaT€pPUAJIOB JJI SKPAaHUPOBAHUS PA3TUYHBIX TH-
I10B I/IOHI/I3I/IpyI-OH_IeFO 1/13J1yqu1/1;1 (B YaCTHOCTHU, r'aMMa- U pCHTFCHOBCKOFO I/ISJ'Iy‘leHI/ISI) SIBJISSHOTCA

KOMITIO3UTHBIE INIEHKU HA OCHOBE COCAWHEHHUN Meau U BUCMYTa, HHTCPECC K KOTOPBIM O6YCJ'IOBJ'I€H
BBICOKMMHU TMOMNIOIIAOIIUMHU XAPAKTCPUCTUKAMHU BUCMYTAa U €TI0 OKCHUIHBIX (bOpM, a TaKXXE IIpoY-
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HOCTHBIMH MapaMeTpaMu. [Ipu 3ToM B ciTydae TIIEHOK OYeHb YaCTO UCTIONB3YETCs] TEXHOIOTHS 00b-
€IMHEHHUS JIETKUX U TSOKEIIBIX IEMEHTOB, KOTOpas MO3BOJISAET CHU3UTh 3(dekT Bo3aeiicTBUs BTO-
PUYHOIO M3JIy4€HUs K MUHMMYMY 3a CUET pa3jIMYuil B aTOMHBIX paJHycax, a TaKKe JIEKTPOHHON
IUIOTHOCTH 3JIEMEHTOB. BBHTy TOr0, 4TO B OOJIBIINHCTBE CIIy4yaeB HEBO3MOKHO HCIIOIb30BATh KJIAC-
CHUYEeCKUH (PaKTOP YBEIWYECHHUS TONIMHBI INIEHOK JUIS ITOBBIIEHUS () GEKTUBHOCTH SKPaHUPOBAHMS,
B TIOCJIETHEE BPEMsI UCIIONB3YIOT Pa3IMUHbIe (haKTOPHI, TTO3BOJISIONINE MOAUDUIIMPOBATH IJICHKH 32
cueT 3¢ (HeKToB JOMUPOBAHUS WIM YaCTUYHOTO 3amerienus [ 1, 2]. Ilpu aToM BBIOOp AOMAHTOB, Kak
NpaBUIIo0, 00YCIIOBICH BO3MOXKHOCTSIMH HE TOJIBKO YBEIHYeHHUS () (HEKTUBHOCTH IKPAHUPOBAHUS, HO
U TIOBBILIEHUS IPOYHOCTHBIX XapaKTEPUCTUK, a TAKKE YBEJIUYEHUS! CONPOTUBIIAEMOCTH BHEUIHUM
BO3JICHCTBUSM, BKIJIIOYAsl arPECCUBHBIE CPEIbI MM MPOIIECCHI €CTECTBEHHOTO CTAPCHHUS.

Bonbuioe BHMMaHuEe B JAHHOM HAIPaBJIEHUH, B YACTHOCTH, YJEJSIETCS MMOMCKY ONTUMAaJIbHBIX
COCTaBOB IIJICHOK, 00J1a/1al0IINX BBICOKOH 3(p(h)eKTUBHOCTBIO AKPAaHUPOBAHUS, a TAKXKE UCIIOJIb30Ba-
HUIO UX B KQUECTBE 3aIUTHBIX MAaTEPUAJIOB C XOPOIIUM COUYETAHUEM IIPOYHOCTHBIX U SKPAaHUPYIO-
IIMX XapaKTepUCTUK. Tak, cpeau MHOrooOpa3usi TOHKHMX IJIEHOK M HOKPBITUI MOXKHO BBLAEIUTH J1Ba
THUIIa MaTepUAJIOB: OKCHJI IINHKA U MeJb, KOTOPBIE 00J1a1al0T XOPOLIMMH ITPOBOSIIIUMH CBOHCTBAMH,
a TakXe pe3ysbTaThl psja pador [1-6] moka3pIBatOT OONBLIYIO IEPCIIEKTUBHOCTD UCIIONB30BaHUS UX
B KaueCTBE SKPAHUPYIOIIUX MATepHajoB I 3aIIUTHI OT TaMMa-, 3JIEKTPOHHOTO, PEHTTE€HOBCKOTO
WIH JIEKTPOMArHUTHOTO M3iy4eHus. VIHTepec K 1aHHBIM TUIIAM IUIEHOK 00YCJIOBJIEH HE TOJIBKO UX
HPOBOAALIMMH, POYHOCTHBIMU U 3KPAaHUPYIOLUIMMHU CBOMCTBAMH, HO U IMPOCTOTOM MX MOIYy4YEHUS
(kak mpaBWIIO, C MPUMEHEHNEM METOJOB MAarHETPOHHOIO PACHBIICHHS WIN 2JIEKTPOXUMHUYECKOTO
ocaxaeHus). [Ipu 3ToM B nociienHee BpeMs 00JIbIIOE BHUMAHUE YAESAETCs MOMCKY CIIOCOOOB I10-
BBIIIEHUS 3()(HEKTUBHOCTH JAHHBIX THIIOB IJICHOK 33 CYET MX CTPYKTYPHOM MOAM(DUKAINH, TyTEM
J00aBlIeHNS B HUX TSKENBbIX WIM PEAKO3EMENbHbIX 37eMeHTOB [7-9]. Mcnonb3oBaHue TaHHOTO
THUMA CTPYKTYPHOH MOAM(UKAIIUK TO3BOJIET HOBBICUTH 3((EKTUBHOCTh SKPAHUPOBAHUS, a TAKXKe
U3MEHUTh CBOMCTBA CUHTE3MPYEMbIX TOHKHMX IUIEHOK WIJIM MOKPBITHI, B TOM YHUCIIE YBEIUYUTH UX
YCTOMYHMBOCTB K JIerpajlaliii, KOPPO3UH, IOBBICUTH IPOUYHOCTHBIE cBOMcTBa U T.A. [Ipu 3TOM B psine
pab6ot [10, 11] B kauecTBe JomaHTa pacCMaTPUBAIOT COSAMHEHUS C BUCMYTOM, T0OABICHHE KOTOPOTO
IPUBOJUT K CYLIECTBEHHOMY YBEJINUEHHIO HE TOJIBKO SKPAHUPYIOIIUX XapaKTePUCTUK, HO U YCTOM-
YMBOCTH K BHEUIHUM BO3JCHCTBHUIM 3a CUET MOBBIIIEHHUS IPOYHOCTH U M3HOCOCTOHKOCcTH. Cam 1o
cebe BUCMYT WJIHM €r0 OKCH/IHbIE COEIMHEHUS pAaCCMaTPUBAIOTCS KaK OIMH U3 NEPCIEeKTUBHBIX MaTe-
pHAJIOB JJI SKPaHUPOBAHUS, HCITOJIB30BAaHUE KOTOPOTO, Kak OBIJIO TIOKa3aHo B psije padot [12—15],
IPUBOJUT K CYLIECTBEHHBIM U3MEHEHHSIM SKPAHUPYIOIIUX XapAKTEPUCTHK 3AIUTHBIX MaTepHalIoB.

OnHako B cllyyae COYETaHUS MEIU M BUCMYTA, a TAKXKE UX OKCUJIOB JIaHHbIC IICHKH 001aJat0T
JIOCTATOYHO HU3KUMH ITOKa3aTeNI MU YCTOHYHMBOCTH K OKHCICHMIO IPHU B3aUMOJICHCTBUM C arpec-
CUBHBIMU CpeJaMH, KOTOpOE OOYCIIOBIEHO cIab0oi YCTOWYMBOCTBIO MEIU K OKHMCIEHHIO 3a CUET
00pa3oBaHMsl OKCUIHBIX M THIPOKCUIHBIX (OpPM, a Takke 0Opa30BaHMs OKCHIHBIX BKJIIOUCHHUH B
IPUIIOBEPXHOCTHBIX CI0AX. B 3TOH CBA3M B Cilydae UCIIOIB30BaHUS NOJOOHBIX TUIEHOK B YCIOBHUAX
BO3MOKHOTO COTPUKOCHOBEHHUSI C PA3IMUHBIMU BOJHBIMU CPEAAMU, BKIIFOUAsi arPECCUBHBIE (KUCIIOT-
HBIC WM IEJIOYHBIE CPeJibl), HEOOXOIUMO IMOBBIIIEHNE YCTOHYUBOCTH IJICHOK K OKHMCJICHUIO U T10-
cllefiyIoliel CTPYKTYpHOH U MPOYHOCTHOM Aerpagauuu. OJHUM U3 BApUAHTOB IOBBIIICHUS YCTOM-
YUBOCTH MOYKHO PaccMaTpuBaTh (PaKTOp YACTUYHOTO 3aMEIEHHs] MeIn OMM3KUMHM 3JIEMEHTaMHU, K
npuMepy KoOaJIbTOM WM HUKeNIEM, KOTOpbIe 001agaroT 0o1ee BRICOKUMH TOKa3aTeNs MU K OKHCIIe-
HHIO, A TAKXKE IOCTATOYHO JIETKO MOT'YT BCTPaUBaThCs B KPUCTAIMUECKYIO CTPYKTYpY IIyTEM 3ame-
IIEHHUS HOHOB ME/IH, TEM CaMbIM YBEJIMUYMBAs IPOYHOCTh MaTepuaia U KOPPO3UOHHYIO CTOMKOCTb.

Iesb naHHOTO HUCCIIEIOBAHNUS 3aKIIIOUACTCS B ONPEIETICHUY BIUSHUS 100aBIE€HUS B COCTaB PacCT-
BOpa — DJIEKTPOIIMTA, MCIONB3yeMoro Juisi monmydenus CuBi,O, MIeHoK npu 3eKTPOXMMHYECKOM
CHHTE3e, CyNb(}haTOB KOOAIbTa WM HUKEJS, IPUBOJISIIECTO K BOZHUKHOBEHUIO AP PEeKTa YaCTUIHOTO
3aMEUICHUs MEM KOOaIbTOM MM HUKeNeM B cTpykType CuBi,O, mIeHOK, Ha IOBBIIIEHHE YCTOWYH-
BOCTH K ITpOLIecCcaM KOPPO3UH U Jerpaallui, BOSHUKAIOIUX IPH B3aMMOIEHCTBUY IJIEHOK € arpec-
cUBHbIMU cpeaaMu. [Ipu 3ToM npoBeieHrEe SKCIIEPUMEHTOB Ha ONPEAEICHNEe YCTOHUNBOCTHU IJICHOK
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K KOPPO3UH, KaK MPaBUIIO, B TAOOPATOPHBIX YCIOBHUIX MPOBOAMUTCS C UCIIOIBE30BAHUEM MOJAEIBHBIX
pacTBopoB, k npumepy, pacteopa 0.1 M NaCl, ucnonp3oBaHne KOTOPOTO MO3BOJISIET OMPEEITHUTh
MEXaHU3Mbl KOPPO3UH, BOZHUKAIOIIUE ITPU B3aUMOAECHCTBUN IOBEPXHOCTH NOKPBITHHA B YCIOBHUSX,
CPaBHUMBIX C aTMOC(epHBbIM BO3ACHCTBUEM IPU MOBBILICHHON BIaXHOCTU. B cBorO ovepenp, uc-
MOJIb30BaHKME JAHHOTO PacTBOpa cornmacHo pabdore [16], MO3BOMSET MHUIIMUPOBATH KOPPO3UOHHBIE
NPOIIECCHI, CBA3aHHBIE C OKHCICHHUEM M 00pa30BaHUEM OKCHIHBIX BKJIIOYEHUH. B cBOIO ouepenp,
UCTIOJIb30BAHUE YACTHYHOTO 3aMEIEHUsI MEAU KOOATbTOM WIIM HUKEJIEM OIpaBIaHO TeM (PaKToMm,
970 3()(HeKT YacCTHUHOTO 3aMEIICHHs NMPUBOIUT K YBEIMUYCHHIO NMPOYHOCTHBIX CBOMCTB IJICHOK, a
TaK)Ke K YBEJIMUEHUIO COMTPOTUBIIIEMOCTH KOPPO3HUH U JIErpafalliy Py ATUTEIbHOM HAXOXKICHUU B
BOIHBIX cpenax. [Ipu aToMm crieayeT OTMETHTh, Y4TO 3aMeIleHNe TPUBOIUT K CTPYKTYPHBIM W3MEHe-
HUAM OCHOBHO# (asbl CuBi,0,, 6e3 kakux-m100 GopMUpOBaHKi BKIIOYEHUH B BUIE (a3 HUKENA U
KoOaJibTa B COCTaBe TUICHOK, YTO UCKITIOYAeT 3(PPEKT TOKCUIHOTO BO3IEHCTBUS JAHHBIX SJIEMEHTOB
Ha 3arps3HEHHE OKPY’KAIOIIEeH Cpe/Ibl 32 CUET BHICOKOM CTAaOMIBHOCTH K OKHCIIEHHUIO TUIEHOK C 3(-
(heKToM 3aMeIeHuUs.

MaTepI/la.ﬂbl U METOAbI UCCJIeAOBAHUSA

Cunres CuBi,0, miueHoK ObUI OCYyHIECTBIEH C NMPHMMEHEHHEM METONA SIICKTPOXHMHUYECKOTO
ocaxJeHus. s cuHTEe3a MCIONIb30Bajach IEKTPOXUMUYECKas ssueiika u3 TepMOIIIaCTUYHOTO T10-
mumepa (PLA), usroroBrnennas ¢ npuMmenenrneM 3D-niedarn. B kauecTBe 37€KTpOIOB MCIONB30Ba-
JIMCh MEJIHBIE TUIACTHHBI MUIoIaabpio 9 cm? (3.0%3.0 cMm). [lepea KaXKabIM MPOIECCOM IEKTPOXHUMHU-
YECKOTO OCaXKJIEHUS JaHHbBIE TUTACTUHBI TMOIBEPTATUCH MOTUPOBKE C LENbI0 YCTPAHEHHSI OKCHUTHBIX
IUIEHOK, a TaKXe OCTATKOB IPOAYKTOB AJIEKTPOXMMHUYECKUX peakuuil. KoHTpons 3a mponeccamu
OCaXJIEHUS IPOBOJWICA C IPUMEHEHHEM MOHOKaHaabHOro noreniuocrara VersaSTAT 3 (Ametek-
AMT, CIIIA), mo3BOJISIOMIETO MTYTEM MOCTPOSHHS TPadhUKOB XPOHOAMIIEPOTPAMM KOHTPOJIHUPOBATH
MPOLECC OCAXACHUS 32 CUET U3MEHEHUS MTOKa3aTeslel CUIIbl TOKA M IUIOTHOCTHU TOKA B sYEiiKe B Po-
necce ocaxkaeHus. KoHTpob 3a mpoleccoM pocTa INIEHOK OCYIIECTBISUICS ¢ MPUMEHEHHEM METoAa
XpOHOAMIIEPOMETPHH, B Ka4yeCTBE AEKTpoaa cpaBHeHus ucnonbioBaics AgCl anekrpon. B kaue-
crBe nopyokek 1yis noydenns Cu(Bi)/CuBi, O, mieHOK MCMONb30BAIMCH NOJMMEPHBIE TUICHKH Ha
ocHoBe nonmTIiIeHTepedTanara ([I19TD), Ha ogHY U3 CTOPOH KOTOPHIX METOIOM MarHeTPOHHOTO
HanbUICHUS HAaHOCHWJICS TOHKHMM MPOBOAALIMI coif 3010Ta (ToamuHoN nmopsiika 30 HM), KOTOpBIi
SIBIISIETCS CBAZYIOLINM CJIOEM JUTsl (HOPMUPOBAHUS 3€PEH, U3 KOTOPBIX B XOAE DIEKTPOXUMUYECKOTO
OCaXACHUS POPMUPOBAIUCH IIJICHKH.

Jist monmyuenust mwienok Cu(Bi)/CuBi,O, Obl1 MCIIOIB30BaH CIEAYIOIMA PACTBOP — SJIEKTPO-
mara CuSO,-5H,0 (238 r/m), Bi,(SO,), (10 r/m), H,SO, (21 r/n). [{na nonydenus mienok Cu(Co)
Bi1,0, ¢ yacTMYHBIM 3aMENIEHUEM MEIM KOOATBLTOM MCIIOJIL30BANIH CIIEAYIONIEE COOTHOLIEHUE CYJlb-
(aros 1 npurorosnenus pacteopa — snekrpoanta CuSO,-5H,0 (200 r/m), CoSO,-7H,O (40 r/m),
Bi(S0,), (10 r/m), H,SO, (21 r/n). [{na nony4enns Cu(Ni)Bi O, I€HOK ¢ YaCTHYHBIM 3aMENEHUEM
Me€JIM HUKEJIEM MCTIONb30BAIIH CIIEYIONIEE COOTHOLIEHNE KOMITOHEHT Cyib(aros coneit CuSO,-5SH,O
(200 r/m), NiSO,7H,0 (40 r/n), Bi,(SO,), (10 r/m), H,SO, (21 /).

Bce ucnonb3yemble XUMUYECKUE PEaKTHBBI ObUIM MPUOOpeTeHbl y Komnanuu Sigma-Aldrich
(Merck KGaA, CHIA), xumudeckas 9MCTOTa PEaKTHBOB cocTaBisiia 99.95%. Jlnsa manpHeumei
MPOCTOTHl MHTEPIPETALMH JaHHBIX pacTBOp 0e3 100aBneHus cynbdara koOanbTa WM HUKES uMe-
HOBasu pactBop Nel, ¢ nobGaBnennem cynbdara kobansra — pactBop Ne2, ¢ mobaBneHneM cyabdara
Hukess — pactBop Ne3. C 1enbro onpeaeneHus: BOSMOKHOCTH BapUalluy 3JIEMEHTHOTO COCTaBa Iuie-
HOK 3a CYeT 100aBIEHHS B PACTBOPHI — AIEKTPOIUTHI CYIb(HaTOB KOOAIBTa UM HUKEISI SKCIIEpUMEH-
TBI 110 AJIEKTPOXMMUYECKOMY CHHTE3y 00pa3loB ObUTH OCYIECTBIICHBI B IMAITa30HE MPUKIIAIbIBAC-
MBbIX pa3zHocTel moreHnuanos ot 2.0 g0 4.0 B, ¢ marom 0.5 B. I'pannunbie ycioBus cuntesa 2.0 B
u 4.0 B BbIOpaHbI C y4€TOM anpUOPHBIX IKCIIEPUMEHTOB, B XO/I€ KOTOPBIX OBLIO OTMPEAENICHO, YTO
IpU Pa3HOCTSIX MOTeHUUaN0B Huke 2.0 B aekTpoXxuMuyeckoe ocax/1eHue IIEHOK COMPOBOXKIAET-
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cs1 OOJIBIIMM KOJIMYECTBOM BKJIFOUEHUI B BHJIE OKCUIOB Meau. B cilydae pa3HOCTEN MOTEHIIMAIOB
Bhie 4.0 B nabmionanocsk OypHOE BbIACTIEHUE KUCIOPOIa B AIEKTPOXUMHUUECKOM siueiike, 4To Mpu-
BOJIMJIO K YAaCTUYHOM MACCHBALMU KaTO/a ¥ aHO/A.

[Tocne ocaxxaeHUs MOJy4YEeHHBIE TUIEHKH MTPOMBIBAJIUCH B TUOHU3UPOBAHHON BOJIE U BBHICYILIU-
BAJINCh HAa QUIBTPOBAIBHOM Oymare, Iociie 4ero MoMeIaIich B IJIaCTUKOBbIE TAKETHI JJIs1 BO3ZMOXK-
HOCTH JUIUTEIBHOIO XPAHEHUS U MOCIIEYIOIIETr0 UCIIOIb30BAHMS.

Omnpenenenue >I€MEHTHOIO COCTaBa UCCIEIyeMbIX 00pa3lloB IUIEHOK B 3aBUCUMOCTH OT yC-
JIOBUH MOJTy4YeHHUs1 ObIJIO MPOBEACHO MyTEM CHEMKH HHEPro-JAUCHEPCHOHHBIX CIIEKTPOB Ha PaCTpO-
BOM 351ekTpoHHOM MuKpockornie TM3030 (Hitachi, Tokuo, Sinonus), ocHaleHHbIM TPUCTABKOM JJ1st
9HEPro-AUCIIEPCUOHHOTO aHaJIM3a.

Omnpenenenue (Ha3oBOro coCTaBa CHHTE3UPOBAHHBIX IJICHOK B 3aBUCUMOCTH OT YCJIOBUI CHH-
Te3a (MpH BapuaIliy pa3HOCTH MPUKIIABIBAEMBIX MTOTEHIIMAIOB, @ TAK)KE N3MEHEHHUSIX PACTBOPOB —
ANIEKTPOJIUTOB) OBLIO MPOBEACHO C MPUMEHEHHEM METOa PEHTTEHOBCKOM au¢pakuuu. PeHTrenos-
ckue qudpakTorpaMmbl ObLITH CHATHI Ha opoikoBoM Audpakromerpe D8 ADVANCE ECO (Bruker,
Kapncpyns, ['epmannst) B reomerpun bperr — bpenrano.

Omnpenenenue yCTOMUYMBOCTH TUIEHOK K BHELIHUM BO3/AECUCTBUSAM, B YaCTHOCTH K IpoOLiecCaM
Jierpajanny, BeI3BaHHBIM BO3zielicTBUeM arpeccuBHOi cpensl (NaCl), Obl1o mpoBeaeHo B BUJE Ce-
puitHBIX UcnbITaHUH. CHHTE3UpOBaHHBIE 00pa3Lbl IPU PANIUYHBIX PA3HOCTAX MOTEHIMAIOB U, KaK
CJIEICTBUE, C PA3JIMYHON CTENEHbIO CTPYKTYPHOTO YIOPSAJOYEHUs, a TaKXKe 3JIEMEHTHOro U (azo-
BOro coctaBa Obuth momenieHbl B pactBop 0.1 M NaCl, ucrons3yronuiicss B Ka4ecTBe MOJIEIBHO-
r0 pacTBOpa AJIsl MPOBEACHUSI KOPPO3UOHHBIX UCIBITAHUN C LIEJbI0 onpeneiaeHus 3(p(HEeKTUBHOCTH
YCTOHYMBOCTH MaTepPHAJIOB K JIETPAJAllNU U OKUCIICHUIO. VICTIBITaHNS IPOBOMIINCH TPHU ABYX TEM-
neparypax: 25 °C u 50 °C, 4yTo n03BOJIWIO ONPENEIUTh YCTOMYUBOCTh MOIYUYEHHBIX IJIEHOK K MPO-
neccam jerpaganuu. Bpems Boiaepxkku o0pas3noB — 10 aHel, mociae KaKAbIX IBYX THEH oOpasiibl
U3BJIEKAINCh U3 PACTBOPOB M HA HUX MPOBOAMIOCH U3MEHEHUE CTPYKTYPHBIX U NMPOYHOCTHBIX Xa-
PaKTEPUCTHK.

OreHka CTPyKTYpHOM jerpajanuu Obuia MpoBeieHa IMyTEM OIpeaesICHHsI H3MEHEHUH CTENeHH
CTPYKTYPHOI'O YHOPSAAOYEHUS (CTENEHU KPUCTAUIMYHOCTH) JI0 M MOcie ucnbiTaHuil. M3meHnenue
CTETICHH CTPYKTYPHOTO YIOPSIIOYEHHS B 3aBUCUMOCTH OT BPEMEHH HAaXOXKJICHHs 00pa3IloB B arpec-
CHBHOH Cpezie TMO3BOJIIIIO OIPEIETUTh CKOPOCTD JIerpalalliy IUICHOK, a Takke BIusHHE 3()(dexToB
3aMeIIeHUs Ha COXpaHEeHUe CTaOMIbHOCTH K IIPOIleccaM Jerpajaliui.

Onpenenenue NPOYHOCTHBIX XapaKTEPUCTUK CUHTE3UPOBaHHbBIX IUIEHOK B 3aBUCUMOCTH OT Bpe-
MEHU HaXOXKICHHS B arpeCCUBHOMN cpejie MPOBOAMIOCH C MPUMEHEHHEM METO/a MHIEHTUPOBAHMUS,
peaNn30BaHHOTO C MOMOIIBI0 MUKpoTBepaomepa Duroline M1 (Metkon, Bypca, Typrwus). s un-
JEHTHpPOBaHUs Oblila MCIOJb30BaHA NMupamuia Bukkepca npu pa3nnyHON BEIMUMHE HArpy3Kd Ha
UHJIEHTEp, Bapualysi KOTOPOI M03BOJIMIIA ONPEIEIUTh BEIMUUHY TBEPIOCTH HA PA3IMUHON IITyOuHe
WH/ICHTUPOBAHMs. AHAIIN3 IPOBOAMIICS ITyTEM OLIEHKH TBEPIOCTHU J0 H MOCIIE BBIIEPKKH 00pa3IoB
B arpecCUBHOM cpejie B TEUEHUE ONPEJICIEHHOIO BpEMEHH, a HA OCHOBE U3MEHEHU 3HaYeHUN TBep-
JocTH ObljIa OTpeieNneHa CTeNeHb Pa3yIpOYHEHHUS IIJICHOK IPU UX JIeTPalaliH.

OcHOBHBIE TOJIOKEHUS

Bri6op B xauectBe 00bekTOB Hccnenosanus CuBi O, u Cu(Co,Ni1)Bi,0, m1eHOK, T0Ty4eHHbIX
METOJIOM 3JIEKTPOXUMHUYECKOTO OCaXJIeHHsI OOYyCIIOBJIEH BO3MOXHOCTSIMHU oIperencHus 3pdex-
TUBHOCTH HCIIOJIb30BaHMS JaHHBIX IUICHOK B Ka4eCTBE 3alIUTHBIX MaT€pPHAaJIOB, KOTOPHIE MOKHO
paccMaTpuBaTh Kak OAMH U3 KJIACCOB MaTepHasioB, 001aaloNIMX BHICOKOW YCTOMYUBOCTHIO K KOP-
PO3MOHHBIM IPOIIecCcaM, BO3HUKAIOIINM IPU B3aMMOJCHCTBUY C arpEeCCUBHBIME CPEIaMU WIIH OKPY-
JKaromien cpefoi (Mpouecchl eCTECTBEHHOIO CTapeHus Npu B3auMojeiicTBuu ¢ armocdepoii). [Ipu
5TOM J00ABIICHHUE B COCTaB HJIEKTPOIIMTA, HCHIONb3yeMoro ajis nomydenus CuBi O, niuenok cynbda-
Ta KOOAJIbTa MITH CyJb(ara HUKels, 00yCIOBIEHO BO3MOXKHOCTAMHU (DOPMHUPOBAHUS TBEPABIX PACTBO-
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POB 3aMEIIEHUS HOHOB MEIM HOHAMH KOOaIIbTa MK HUKeNs B cTpykrype CuBi O, — mmuneny, 4o, B
CBOIO OY€pe/ib, MOXKET MPUBECTH K YBETUUYCHUIO YCTOMYMBOCTH TUIEHOK K BHEITHUM BO3JCHCTBHSIM.
[ToBpIIeHHE KOPPO3ZHMOHHON CTOMKOCTH TUICHOK 3a cueT 3ddexra 3amemnieHuns: o0yclioBiIeHo Oomee
BBICOKMMH TOKa3aTeNIIMU CTPYKTYP, COAEPKALIUX HUKEIb UM KOOANbT, K BHEITHUM BO3JEHCTBUIM
3a CUET HU3KOH CKOPOCTH OKHCIIEHHS B CPAaBHEHUU C MEJECOJepKAIUMHU CTpyKTypamu. [Ipu aTom
cam 3((deKT 3aMeleHrsT OCHOBAaH Ha CXOXKECTU JIEKTPOIHBIX MMOTEHIMAJIOB BOCCTAHOBICHHS HO-
HOB MeJ/IM, KOOanbTa M HUKEJS, YTO B CIy4yae BapHallUM PAa3HOCTH MPHUKIIAIbIBAEMbIX MMOTSHIIMAIOB
B BeIOpanHOM nuana3one ot 2.0 no 4.0 B nmpuBoauT K BOSHUKHOBEHUIO d(h(deKTa 3aMeneHns Meau
k00abTOM (B Clyyae MCHOJIb30BaHUs CyIb(ara KoOaabTa) Wik HUKEJEeM (B ClIydae UCIOIb30BaHUs
cynbdara Hukens). [IpencraBiennsie B Tabnuiie | JaHHbIE M3MEHEHHSI 2JIEMEHTHOTO COCTaBa IIEHOK
B 3aBUCHMOCTH OT BapHallM¥ Pa3HOCTH IMPHKIIAJIBIBAEMBIX MMOTEHIMAJIOB B CIy4ae UCIIOJIb30BAHUS
pa3IMYHBIX PACTBOPOB — BJIEKTPOIMTOB, CBUICTEILCTBYIOT 00 yBelndeHHH dPQeKTa 3aMeneHus
MeIu KOOaJIBTOM MJTH HUKEJIEM MPH U3MEHEHUH Pa3HOCTHU MPHUKIIA/bIBAEMbBIX TOTCHIINAIOB.

Ta6muua 1 — lannbie nsmenenuns sneMenTHoro cocrasa CuBi, O, n Cu(Co,Ni)Bi,0, neHox,
TIOJTYYEHHBIX U3 PA3HBIX PACTBOPOB — 3JICKTPOJIUTOB

OneMeHT PacTtBop — anekrponut Nel
Pa3HocTh mpuKIaapIBaéMbIX IOTEHLINAIOB, B

2.0 2.5 3.0 3.5 4.0
Cu, ar. % 93.4+1.4 87.5+1.3 83.2+1.1 73.4+1.4 21.2+0.6
Bi, at. % 6.6+0.5 12.5+0.8 14.3+£0.9 21.2+0.8 35.3+1.1
0, at. % - - 2.5+0.2 5.4+0.4 43.5+1.2
XapakrepHas (¢asa, Kybouueckast daza Cu(Bi), xapakrepHasi 1ist Terparonansnas gasa CuBi,O,,
COIVIACHO JITAaHHBIM TUICHOK C OOJIBIIUM COZIEpYKaHNEM MEJH B o0pasyromascst B pe3ynprare
PEHTICHOBCKOM cocrase YBEIMUYCHUS COACPKaHUS
JuppaKuum BHCMYTa B COCTaBE IJICHOK
OneMeHT PacTtBop — anexkrponut Ne2

2.0 2.5 3.0 3.5 4.0
Cu, at. % 19.740.3 16.6+0.5 15.540.5 13.3+0.3 13.0+0.5
Co, at. % 7.7+0.2 12.2+0.7 14.3+0.3 18.9+0.7 22.3+0.9
Bi, at. % 27.840.9 27.940.9 28.1+£0.6 28.2+1.1 29.2+1.2
O, ar. % 44 .8+1.6 43.3£1.5 42.1£1.6 39.6+1.2 35.5+1.5
XapaxTtepHas da3a, Terparonanbhas pasa CuBi,O, ¢ U3MEHEHHBIMH CTPYKTYPHBIMH IIapaMeTPaMu,
COIVIACHO JTAaHHBIM 00ycnoBieHHBIMU () (EKTaMU 3aMEIeHNST MEIN KOOAILTOM, YTO, B CBOIO O4YEPEIb,
PEHTICHOBCKOM MIPUBOAUT K CTPYKTYPHOMY YHOPSIOUCHHIO (a3bl MPU U3MEHEHUH Pa3HOCTH
JuppaKuum NPHUKIIAJbIBACMBIX TOTCHIUAJIOB
OneMeHT PacTtBop — anexrponut Ne3

2.0 2.5 3.0 3.5 4.0
Cu, at. % 19.8+1.1 19.0+0.8 16.9+0.6 12.3+0.4 10.2+0.6
Ni, at. % 6.5+0.3 10.2+0.6 13.2+0.7 17.9+0.6 19.8+0.7
Bi, at. % 28.4+0.9 29.6+0.9 29.5+1.2 29.8+1.1 30.4+0.9
O, ar. % 45.3+1.5 41.2+1.1 40.4+0.9 40.0+0.8 39.6+1.1
XapakrepHas ¢a3sa, PenrrenoamopHble TUICHKH, Terparonanbhas pasa CuBi,O, c
COITIACHO TaHHBIM XapakTepHbIE U1 CTPYKTYD, HU3MEHEHHBIMU CTPYKTYPHBIMU IIapaMeTpamu,
PEHTI€HOBCKOM COCTOSIIIIMX U3 MaJIbIX YacTHII, 00yCIIOBIIEHHBIMU (P peKTaMu 3aMeCHUS
audpakum HE NUMEIOIIHUX CTPYKTYPHOTO MeJI HUKEJIeM

YIOPSIIOYCHUS

ComnracHO JaHHBIM, ITPEJICTABICHHBIM B TaOIHIIC 1, B ClTydae MCIIOJIb30BaHUS pACTBOPA — JICKT-
ponuta Nel (6e3 mobGaBienus cynbdara koOaabTa WM HUKENS) BapUalvs pa3HOCTH MPHUKIIAIbIBaC-
MbIX oTeH1nanoB ¢ 2.0 10 4.0 B npuBoaUT K CyIIeCTBEHHBIM WU3MEHEHHSIM AJIEMEHTHOTO COCTaBa,
W3MEHECHHE KOTOPOTO 00ycaBiIuBaeT mporecchl (hazoodpa3oBaHus B mieHKax. [Ipu Maybix pasHoc-
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TSAX MPUKIAIbIBaeMbIX MoTeHIaioB (2.0-3.0 B) qoMuHupyomniyto pois B cOCTaBe MICHOK UTPAeT
conepxanue menu (6omnee 80 at. %), mpu 3TOM aHAIU3 TaHHBIX PEHTTEHOBCKOM Audpakunu, mpes-
CTaBJICHHOM Ha PUCYHKE 1, CBUIETEIBbCTBYET O JTOMUHUPOBAHUU KyOndyeckoil ¢as3sr Cu B cocTase
IUIEHOK. B ciy4ae jke yBelW4eHus: pa3HOCTH MPHUKIIAABIBAEMBIX MOTEeHIManoB Beime 3.0 B cTpyk-
Typa IUICHOK IPEJCTaBIeHa KOMIIO3UTOM M3 JIBYX (ha3: kyOmueckoil ¢as3sl Cu U TeTparoHaibHOM
¢aspr CuBi,0,, popMupoBaHHe KOTOPOH IIPOMCXOIHT 38 CUET YBEIMYEHHS COIEPKAHUA BUCMYTa B
COCTaBe IUICHOK, OCAaX/ICHHE KOTOPOTO COMPOBOXKAACTCS TaKKe BHEIPEHHEM KHCIOPOJa B COCTAB
IUIEHOK B OounbiioM konuuectBe (6onee 40%), HaaMuue KOTOPOTO Takke OOyCIIaBIMBAET BO3MOXK-
HOCTh (pOpMUPOBaHHUs TETparoHanbHo# dassl CuBi,0,.

[Ipu ucronb30BanumM pactBopa — 3ekTponuta Ne2 (comeprkamiero B cebe cymbdar kobanbTa)
BO BCEM pPacCMaTpUBAEMOM JAHMana3oHe Pa3sHOCTEeH MpHUKiIaasiBaeMbIX moteHiuanos (ot 2.0 B mo
4.0 B) nabmonaercst GopMUpOBaHKE XOPOILIO YIIOPAJAOUYEHHON TeTparoHanbHoi dasel CuBiO,, u3
Yero MOXKHO CIIeNIaTh BBIBOJ O TOM, UTO MPH J0OABICHUU KOOAIbTa B COCTaB MHULIUUPYETCS MPOIIece
(hazooOpazoBanus npu Oosiee HU3KUX Pa3HOCTAX MPUKIIAIbIBAEMbIX TOTEHIIUAIOB, YEM B CIIy4ae uc-
MOJI30BAHMS pacTBOpa — AnnekTponuta Nel.
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PucyHoxk 1 — Pe3ynbraTbl peHTTCHOBCKOM AN(MPAKIIUI UCCIETYyEMBIX TUICHOK, ITOTYIeHHBIX
TP MCTIOJIB30BAHUH PA3JIMYHBIX PACTBOPOB — AIIEKTPOIUTOB: a) PACTBOP — AMEKTPoauT Nel;
0) pacTBOp — 3MeKTPoIUT Ne2; B) pacTBOp — aekTpoiutT Ne3 (muppaMu Ha pEHTTCHOBCKUX
nmudpaxrorpaMmax 0003HauEHa Pa3HOCTb MPUKIIAABIBAEMBIX TOTCHIINAJIOB,
IpY KOTOPBIX oHHU ObuH TomyueHsl: 1) 2.0 B; 2) 2.5 B; 3) 3.0 B; 4) 3.5 B; 5) 4.0 B)

[Ipu ananm3e peHTreHOBCKUX AUPPAKTOTPaMM UCCIIETyEMbIX 00pa3IOB IJICHOK B 3aBUCUMOCTH
OT YCJIOBUH MX MOJYYEHUS, BKIIOYAIONINX BapPUAIMIO PACTBOPOB — AIEKTPOJIUTOB, a TAKKE Pa3HOC-
TH MPUKJIAIbIBAEMbIX MOTEHIIMAIOB OBLIN OMNpeAeNieHbl OCHOBHBIE (ha30Bble M3MEHEHHUs B 00pa3-
nax. Kparkas xapakrepusainus n3MeHeHHH (a30BOro cocTaBa IUIEHOK MpejacTaBieHa B Tabmuie 1.
AHanIM3 pEeHTIeHOBCKUX TU(PPAKTOrpaMM HCCIeIyeMbIX MIJIEHOK MoKa3a, 4YTo 100aBIeHIE B COCTaB
ANIEKTPOIUTA Cyib(haTa KobarbTa BHE 3aBUCUMOCTH OT PAa3HOCTH TMPUKIIAABIBAEMBIX TOTEHIINAIOB
NPUBOMT K (POPMHUPOBaHUIO yropsanodeHHoi ¢aser CuBiO,, B TO BpeMst KaK MCIOJIL30BaHUE pac-
TBOpA — EKTPOJIUTA C 100aBICHUEM Cylb(haTa HUKEIS MTPHU MAJIBIX PA3HOCTSIX MOTEHIMAIOB MTPUBO-
JHUT K OPMUPOBAHUIO PEHTTEHOAMOP(HBIX IJICHOK, a TIPU Pa3HOCTAX MOTeHIanoB Boime 3.0 B —k
(bopmupoBanuio xopoio ynopsaouenHoi dassr CuBi,O,.

KacarenpHO OHOPOTHOCTH pacHpeieeHUs HIEMEHTOB HUKENSI M K0OaIbTa B COCTABE MJICHOK.
B xoze 3KcrieprMeHTOB 110 OIPEENIEHUI0 H30TPOITHOCTH paclpeieIeHHs JIEMEHTOB B COCTaBE IIe-
HOK C MPUMEHEHHEM METO/1a KapTUPOBaHHsI OBLIIO YCTAHOBIIEHO, YTO H3MEHEHHUE PA3HOCTH MOTEHITHU-
aJIOB MPUBOJHT K YBEIMUYCHUIO COJEPKAHUS KOHLEHTPAIIMK HUKEIS U KOOAJIbTa B COCTABE IUICHOK,
B TO BpeMs KaK OJJHOPOJHOCTB paclpeiesieHusi CoXpaHsercs Bo BceM oObeme. [Ipu sToM yBenuue-
HUE KOHIIEHTPAIUY HUKEJS U KOOAJIbTa, COMNIACHO MPEICTaBICHHBIM JAHHBIM 3JIEMEHTHOTO COCTaBa,
INPUBOIUT K YMEHBIICHUIO COJAEPKAaHUS KUCIOPOJa B COCTABE IUIEHOK, YTO TaKkKe MOXKET CIOCO0-
CTBOBATh YBEITUYCHUIO YCTOMYUBOCTH K KOPPO3UH TIICHOK.

Pe3yabTarhl U 00Cy:KIeHIE

OI[HI/IM N3 BAXHBIX KPUTCPHUCB HCITIO0JIb30BAHHWA IIJICHOK WUJIN HOKpBITI/Iﬁ B IMIPOMBIINIJICHHOCTH, B
YaCTHOCTHU IIPU MCIIOJIb30BAHHUU HMX B KAQUCCTBC 3alllUTHBIX MATCPUAJIOB, ABJIACTCA yCTOﬁ‘lHBOCTB K
BHCUIHUM BO3H€ﬁCTBHHM, B TOM YHUCJIC M K pa3/IMYHbIM arp€CCUBHBIM CpE€aaM (KI/IC.TIOTaM WJIN mECJI0-
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yaMm), IPH B3aUMOJICHCTBUU C KOTOPBIMU MOT'YT IPOUCXOAUTH MPOLECCHl JECTPYKLUU IUIEHOK, CBS-
3aHHbIE C OKUCJIEHUEM (T.€. (POPMUPOBAHUEM OKCHUIHBIX BKIIOUEHHI), TPUBOIALIINM K CHUKEHHUIO
YCTOMYMBOCTH MPOYHOCTHBIX CBOMCTB.

Ha pucynkax 2—4 mpencTtaBiieHbl pe3yinbTaThl H3MEHEHHs CTENICHH CTPYKTYpPHOTO YIIOpsiode-
Hus ucenenyeMbix CuBi/CuBi O, IeHOK, HOTyYE€HHBIX M3 PA3IMIHBIX PACTBOPOB — JIEKTPOJIUTOB B
XO0J1€ MPOBEJCHHSI KOPPO3UOHHBIX MCTIBITAHUN MPHU Pa3IMYHBIX TEMIEpATypax arpecCUBHOMN Cpeabl.
CreneHb CTPYKTYpHOTO YMOPSIIOYEHUS (CTENEeHb KPUCTAJTMYHOCTH) OIIEHUBAJIACch KaK COOTHOIIIE-
HUE TUTOMaae MU pakiImOHHBIX pedIeKcoB, XapakTepu3yONMX 0CHOBHBIE (a3, U tuiomanu ¢o-
HOBOT'O U3JIYUYEHHUsI, XapaKTePU3YIOLIEH CTPYKTYPHO-HEYOPSA0UEHHbIE BKIFOUEHHS B COCTABE ILJIe-
HOK, BO3HUKAIOIIME KaK B MPOLIECCE CUHTE3a, TAK U B PE3yJIbTaTe BHEIIHUX Bo31eHCTBUN. JlaHHbIE
U3MEPEeHUS MPOBOAMIUCH C UCTIOIB30BaHUEM nporpaMMHoro koaa DiffracEVA v.4.2, ucrions3oBanue
KOTOPOTO TIO3BOJISIET MPOAHATN3NPOBATH MOYYCHHBIE TU(GPAKTOTPAMMBI U ONIPENIEITUTh BETHUNHY
CTENEHU CTPYKTYpPHOTro ynopsigoueHus. CpaBHUTEIbHBIA aHAIN3 BEJIMYMH CTENEHU CTPYKTYPHOTO
YHOPsA04eHUsT 00pa3loB 10 U MOCJE ONPENEICHHOIO BPEMEHH BbIIEP)KKH B MOAEIBHOM PacTBOpE
MO3BOJIMJI OTMPEJEIUTh BETMYMHY CTPYKTYPHOU JIerpajaliii NPy KOPPO3HH, KOTOpast MPEACTaBISET
co00i1 OTKJIIOHEHHE CTENICHH CTPYKTYPHOTO YIOPSIIOYEHUS OT HAYaJILHOTO 3HAYCHUS JJIs KaXKIO0TO
uccuexyeMoro oopasmna. CKOpocTh KOPpO3UH OLIEHUBAJIACh HA OCHOBE M3MEHEHHUH CTETEHH CTPYK-
TYpPHOTO YTIOPSJIOYEHHSI, U3MEHEHUE KOTOPOIl CBHUJIETENILCTBYET O JErpajallii KpUCTAITNYeCKOM
CTPYKTYPBI TUICHOK MPH BHEIIHUX BO3JEHCTBHIX, KOTOPBIE CBSA3aHBI C 1e(hOpMaIlMOHHBIMH HCKaKe-
HUSIMU KPUCTAJUTHIECKON CTPYKTYPHI, a TaKXKe €€ YaCTHIHOW amopdu3anuu. B 1aHHOM KOHTEKCTE
CKOPOCTb KOPPO3UH SIBIISIETCS 0000IIEHHBIM AapaMeTPOM, OTPAKAIOLINM N3MEHEHNE KPUCTAILTHYE-
CKOW CTPYKTYpBI B pe3yJIbTaTe BHEIIHUX BO3AEUCTBUN. BBUAY TOro, 4TO 3KCIIEPUMEHTHI OBLIU BbI-
MIOJTHEHBI Ha OJTHUX U T€X ke 00pasax (T.e. U3BMEPEHHE CTETIEHN CTPYKTYPHOTO YIOPSA0YESHUS TIPO-
BOJIMJIOCH Ha 00pa3Iiax B MCXOJHOM COCTOSIHUM M TIOCJIE0BATEIbHO BBIIEPYKAHHBIX ONpeeIeHHOe
BpEeMsi B MOJICIbHOM PacTBOpE), OOMIMK TPEH[ CHWKEHUH CTENEHH CTPYKTYPHOTO YHOPSIOYCHHUS
MO3BOJIMJI OTPENEINTh, HACKOJIBKO JETrpajiupyeT KpUCTaIM4ecKas CTPYKTypa IJICHOK B TEUEHHE
BPEMEHH.
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PucyHok 2 — Pe3ynbraThl HF3MEHEHUS CTENICHH CTPYKTYPHOTO YIIOPSIOYCHHS (CTETIEHN KPUCTAITAYHOCTH )
uBi/CuBi IIJICHOK, ITOJIYUYCHHBIX U3 PacTBOpPA — DJICKTPOJIUTA Nl ITPHU KOPPO3UOHHBIX UCIIBITAHUAX B
CuBi/CuBi,0, , IOy Nel
YCIIOBHUSIX BapHalllH TEMIIEpaTyphl Cpeabl: a) mpH Temmepatype 25 °C; 6) mpu temmepatype 50 °C

Kak BuaHO m3 mpencTaBneHHbIX JaHHBIX, B cirydae CuBi/CuBi,O, mieHOK, NOMyYEeHHBIX MPH
UCIOJIB30BAaHUU pacTBopa — anekTpoiuta Nel, B ciayyae, KOrja B cOCTaBe IJICHOK JTOMHHHUPYET Ky-
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onueckas (aza Cu, HaOMoMaeTCss yCKOpEeHHas Ierpaalys MIICHOK, B 0COOCHHOCTH mocie 4—6 mHei
KOPPO3HOHHBIX HcnbiTanuid. Takoe nosenenne CuBi/CuBi, O, nieHok 00yCloBIeHO HU3KOM yCTOM-
YHBOCTBHIO ME/IM K IPOIIECCAaM OKHCICHHS, KOTOPBIE MIPU JUIUTEIIEHOM HAaXOX/IEHHH B arpeCCUBHOM
cpele COnpoBOXAat0TCA (POPMUPOBAHUEM OKCHIHBIX BKJIIOUEHUH B MPUIOBEPXHOCTHOM CIIOE€, YTO
MPUBOIUT K YCKOPEHHIO JIETPaIallii U, KaK CIEICTBUE, K CHIDKEHUIO CTETIEHN CTPYKTYPHOTO YIIO-
psapoueHus. [Ipy 5TOM JaHHBIE IPOLIECCHI IETPalalliK IIPOTEKAIOT O0JIee MHTEHCUBHO MPH MOBHIIIIE-
HUM TeMnepatypsl, yTo B ciayyae Cu, Cu(Bi) mieHok, moqydeHHBIX TP Pa3HOCTAX MOTeHInanoB 2.0
u 2.5 B, npuBonuT k nerpaaamun 6onee yem Ha 20-25% nocne 10 qHel HAX0KASHUS B arpecCUBHON
cpene npu temmneparype 50 °C (cMm. naHHble Ha pucyHke 5). IIpu aTom n3menenue ¢azoBoro cocrasa
IJIEHOK ¢ 00pa3zoBanueM TeTparoHanbHo# (asel CuBi,O, NpUBOAMT K YBEIMYEHHIO YCTOWYMBOCTH
K Aerpaganuu Oonee yem B 2—2,5 pa3a, YTO CBHICTEIbCTBYET O TOJIOKUTEIHHOM BIMSIHUN (a30BbIX
TpaHchopMaLuii Ha yCTOMYMBOCTh K BO3JCHCTBUIO arpeCCUBHBIX CpeJl U CHUKEHUIO CKOPOCTH KOp-
po3u mieHoK Oosee uyeM B 3,5—4 pa3a B cpaBHeHuu ¢ Cu, Cu(Bi) muieHkamy.
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Pucynok 3 — Pe3ynsraTsl H3MEHEHUSI CTETICHH CTPYKTYPHOTO YIOPSIIOYEHUS (CTENeHN KPUCTAJUTMIHOCTH )
CuBi/CuBi,O, 71eHOK, MOMyYEHHBIX M3 PacTBOpPa — 31eKTpoanTa No2 Ipu KOPPO3HOHHBIX UCTIBITAHHMAX
B YCIIOBHSX BapHaIlMy TEMIIEPATYPHI CpeIbl: a) Tipu Temiieparype 25 °C; 6) nmpu temneparype 50 °C
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PucyHok 4 — Pe3ynbrarbl U3MEHEHHs CTEIIEHH CTPYKTYPHOTO YIIOPSIOYEHHUs (CTEIIeHH KPUCTAITIMYHOCTH)
CuBi/CuBi, O, n71€HOK, MOIyYEeHHBIX U3 PACTBOPA — 3JIEKTPOoanTa No3 Ipu KOPPO3HOHHBIX MCTIBITAHUAX
B YCJIOBUAX BapHAallMU TEMIIEPATyPhl Cpeabl: a) pu Temieparype 25 °C; 6) mpu temneparype 50 °C
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Wsmenenne snemenTHOro cocrasa CuBi/CuBi,O, IeHOK 3a CYET 3aMEeIEeHHs MEIU KOOaIbTOM
WM HUKEJIEM B COCTaBe TUICHOK, MOJIYYEHHBIX TP UCIOIB30BaHUH PACTBOPOB — DIEKTPOIUTOB No2
1 No3, MpUBOINUT K YBEITMUEHUIO CTAOMILHOCTH COXPAHEHUS CTETICHN CTPYKTYPHOTO YIIOPSIOYSHHS
IUIEHOK B arpeCCUBHOM cpe/ie BHE 3aBUCUMOCTHU OT TEMIIEPATyPhl Cpeibl (MAaKCUMalIbHOE U3MEHEHHE
CTETICHH CTPYKTYPHOTO YMOPSIIOYEHUS MTPH U3MEHEHUH TeMIIepaTyphbl CPelbl COCTABISET HE Ooree
geM 1,5-2,0%). Ipu sToM mis CuBi/CuBi,O, mieHOK, IOMyYeHHBIX W3 PACTBOPOB — JJIEKTPOIMTOB
No2 u Ne3, cHWKeHWE CTENEeHU CTPYKTYPHOTO YIOPSAOUYCHHS HaOMofaeTcs mocie 6—8 aHe, uTo
TaK)Ke CBUJICTEIBCTBYET 00 YBEITMUCHUN YCTOMYUBOCTH K KOPPO3HH.
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PucyHok 5 — Pe3ynbraThbl OLIEHKU CTEIIEHH CTPYKTYPHOI Jerpaialiuy IUICHOK B 3aBHCUMOCTH
OT BPEMCHHU HAaXOXKIICHUS B arPECCHBHOM Cpelle, a TAKXKE BapUALIUU TEMIIEPATYPhI CPE/IbL:
a) Cu(Bi)/CuBi,0, mnenku; 6) Cu(Co)Bi,0, nnenku; B) Cu(Ni)Bi, O, mienku

Ha pucynke 6 (ctp. 291) npeacraBieHbl pe3ybTaThl OLEHKH CTEIIEHN Pa3ynpodHeHus (M3MeHe-
HUS TBEPIOCTH 00pa3IOB IJICHOK) B 3aBUCHMOCTH OT YCIIOBHI MPOBEACHNUS KOPPO3NOHHBIX UCTIHITA-
HUM (TIpU Bapualiy TeMIIepaTypbl CPeJibl).

OO0mas TeHACHINA U3MEHEHUN CTENIEHU Pa3ylpPOYHEHHUSI CBUJIECTENILCTBYET O MIPSIMOM BIHSIHUU
CTETICHH JCTPAJIAllii KPUCTAIUTNISCKON CTPYKTYpPHI Ha CHIDKEHUE TBEPIOCTH INICHOK, KOTOPOE Hau-
6onee nposiieHo A Cu, Cu(Bi) miueHoK, momydyeHHBIX U3 pacTBopa — snekTponuta Nel, pu pas-
HOCTSX NPHUKJIAAbIBaEMbIX noTeHuuanos 2.0 u 2.5 B. B cirydae Cu(Co)Bi,0, u Cu(Ni)Bi1,0, nieHox,
MOJY4YEHHBIX U3 PacTBOPOB — 3MMEKTPOnUTOB N2 u Ne3, cHM)KEHUE TBEPAOCTH (CTETIEHU pa3ynpoy-
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HeHus) cocTaBisieT nopsiaka 3—4% nocne 10 nueit ucneiranuii, yto 60ee yem B 2,0-2,5 paza HIKeE,
4yeM 3Ha4eHus crenenu pasynpounenus s Cu, Cu(Bi) mieHok.
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PucyHok 6 — Pe3ynbrarhl OLICHKH H3MEHEHHUS CTEIICHN Pa3ypPOYHEHH s IJICHOK B 3aBUCUMOCTH
OT BPEMEHHU HaXOXK/ICHUS B arPECCUBHOM CpeJie, a TAKKe BapHaIlU TEMIIEPaTyPhl CPE/Ibl:
a) Cu(Bi)/CuBi,0, menku; 6) Cu(Co)Bi,0, nnenku; B) Cu(Ni)Bi, O, mienku

Takum 00pa3om, aHATM3UPYS TOTYUYCHHBIE JaHHBIC, MOYKHO CJICJIaTh BBIBOJ O MOJIOKHTEIHBHOM
BIUAHUM 5P PEKTa 3aMEIEHNs. MEU KOOaIbTOM Mith HukesieM B coctaBe CuBi,O, nieHok Ha 1moBbI-
IICHHE YCTOMYMBOCTH K BO3IECHCTBUIO arpeCCHBHON CpeJibl, KOTOPOE COMPOBOXKIAETCS MPOIIecCaMu
KOPPO3HH U J€TpaJalyy. YBenudeHue ycroiunsoctu K kopposun mis Cu(Co)Bi,O, n Cu(Ni)Bi,O,
TUICHOK OOYCJIOBIICHO B MIEPBYIO OYEPE/b YBEIMUCHUEM CTEIIEHH CTPYKTYPHOTO YIIOPSIOYCHUS B UC-
XOIHOM COCTOSIHMH, KOTOpoe Haubonee mposieneno s Cu(Co)Bi, O, nnenok. [Ipu 3ToM 3amenienne
MeIu KOOaJbTOM I HUKEJIEM, B CBOIO OY€pEe/b, IPUBOIUT K MOBBIIICHUIO CONPOTUBIIEMOCTH K
OKHCIJICHHIO ¥ 00pa30BaHHIO 00JacTel pa3ynopsIOYeHHs B MPUIIOBEPXHOCTHOM CJIO€ IUICHOK, Ha-
JMYUE KOTOPBIX XapaKTepHO JJIsl MEIeCOACPIKALINX CTPYKTYP M CBA3aHO C 00pa30BaHUEM OKCHIHBIX
Y THJIPOKCUJIHBIX TUICHOK. [Tpu 3TOM Hanmuume obGmacteit pasynopsiiodeHust (00yCIOBICHHBIX MPO-
I[ecCaMy CHHTE3a IUIEHOK ) TAKXKE CIIOCOOCTBYET YCKOPEHHIO TTporieccoB Aerpananuu st Cu, Cu(Bi)
IJIEHOK, OJIHaKo B ciydyae (popmuposanus aByxdasueix mieHok Cu/CuBi,O, nabmonaercs ysenu-
YCHUE COTPOTHBIISIEMOCTH K OKHCJICHUIO 33 CYET HAJIMUYUS MEK(Da3HBIX PaHMII, TPETATCTBYOIINX
pacrnpocTpaHeHHIO KOPPO3HH B IITyOb IJICHOK. [os1 onpeneneHneM ConpoTUBIISIEMOCTh K OKUCIICHHIO
B JIAHHOM KOHTEKCTE IMOJPa3yMeBaJIOCh YBEIMYCHUE YCTOWYMBOCTH KPUCTALUTUUECKONU CTPYKTYPBI
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IUIEHOK K JIETpaJIalliil U CHIDKEHHIO CTETIEHH CTPYKTYpPHOTO YIOPSIOYeHHS 3a cueT aedopmanuu
KPUCTAJITMYECKON CTPYKTYphI U 00pa30BaHUIO Pa3yNnopsI0YCHHBIX BKIIOYEHHH.

3akJ/oueHue

B pabore mpencraBieHbl pe3yibTaThl OLEHKH BIMSHHUS H3MEHEHHs 3JIE€MEHTHOTO COCTaBa
CuBi1,0, mieHoK MmyTeM YacTHYHOTO 3aMEILECHHS MEM KOOAIBTOM MM HUKEIEM, 00yCIOBIEHHOTO
IpoIeCCaMU MEKTPOXUMHUUYECKOTO OCaXIeHHs, Ha YCTOMUMBOCTD IIJICHOK K IpolieccaM Jerpagaiun
U KOPPO3UH NPU B3aUMOJEHCTBUH C arpECCUBHBIMU CpElaMHu.

Onwupasich Ha JaHHBIE U3MEHEHHUH CTETEeHU CTPYKTYpHOTO YHOPSAOYEHHUs (CTENEeHH KpUCTa-
JMYHOCTH ) CUHTE3UPOBaHHBIX IUIEHOK B 3aBUCUMOCTH OT YCIIOBUIM HaX0KJEHHS B arpECCUBHOM Cpe-
ne (B cilydae BapualK TeMIepaTypbl Cpeibl U BPEMEHU HAXOXKJEHUS B HEl), ObUIO yCTaHOBJIECHO,
YTO HaMEHBIIIEH CTaOUIBHOCTBIO K KOPPO3HOHHOM Aerpananun odnanatot Cu, Cu(Bi) miuenku, B To
BpeMs Kak popmuposanue (aspl CuBi,O, B IJIeHKaX, a TAKKe NPU YACTHIHOM 3aMELIEHUU ME/IU HU-
KeJIeM U KoOalbToM HaOroaeTcs yBeInueHne YCTORIMBOCTH K Koppo3uu 6onee yem B 2,0—4 pasa.

B xozne npoBeieHHBIX HCcaeI0BaHUH ObUTO TOKAa3aHO, YTO YACTHYHOE 3aMEIIEHNE MEU B COCTa-
Be CuBi,0, IIEHOK NPUBOJMT K YBEIMYEHUIO CONPOTHBIIIEMOCTH K KOPPO3MH M POLIECCAM OKHCIIE-
HUS KaK TIpU KOMHATHOU TeMrieparype mozaensHoro pactsopa 0.1 M NaCl, tak u pu temmneparype
50 °C.

ITpu oneHke M3MEHEHUH MPOYHOCTHHIX MAPAMETPOB IUICHOK B 3aBUCHUMOCTH OT YCIIOBHMH Ha-
XOXK/ICHUSI MX B arpeCCHBHOI cpene ObUIO YCTaHOBJIEHO, YTO YACTHUYHOE 3aMeIleHHe MEIN HUKe-
JeM U K0OaJIbTOM IMPUBOJUT K CHI)KEHHIO CKOPOCTHU JErPaJalluyl IPOYHOCTHBIX CBOMCTB Oojee ueM
B 2,0-2,5 paza nocne 10 nHel ucHbITAaHUN B CPaBHEHWHU C aHAJIOTHYHBIMU mapamerpamu aiusa Cu,
Cu(Bi) mnenox.

PesynbTarel, mokaspiBaone BIUsgHUE d((dexTa 3aMenIeHnss MeIu HUKEJIEeM MU KOOaJIbTOM B
cocrase CuBi,0, NIEHOK, MPUBOAALINE K YBEITMIECHUIO YCTOWYMBOCTHU IUIEHOK K KOPPO3UH, B JIallb-
HEHIeM MOTyT OBITh MCIOJB30BAHBI MPH ONPEACICHHH MEXaHU3MOB IMOBBIIICHHS yCTONYNBOCTH
IUIEHOK M MOKPBITHI K BHEIIHUM BO3A€UCTBUAM. [Ipy 3TOM MOiMydeHHbIE 3aBUCUMOCTH CKOPOCTEH
JIETpa/Ialiii TUIEHOK B XO/I€ KOPPO3HMOHHBIX UCIIBITAHUN MOTYT OBITh UCIIOJIB30BaHbI JUIS OMpeaesie-
HUS TOTEHIMaJIa TPUMEHUMOCTH JITaHHBIX IUIEHOK B KAaU€CTBE 3ALUTHBIX AHTUKOPPO3HOHHBIX I10-
KPBITHI.

HccnenoBanre BBHITIOIHEHO B paMKax TpaHTOBOTo (puHaHCHMpoBaHUs Tpu noiaepxke MHBO
PK AP14871152 «Cunre3 CuBi/CuBi,0, MIeHOK — NEPCIIEKTUBHBIX MAaTEPUAIIOB I CO3MaHuUs 3a-
MIMTHBIX TTOKPBITHIA OT JIEKTPOMAarHUTHOTO W MOHU3HPYIOIIETO H3ITYICHUS.
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ATPECCHUBTI OPTA 9CEPIHEH CU(CO,NI)BI1204 KABBIKIIAJIAPBIHBIH
KOPPO3UATA TOSIMAILJITTH 3EPTTEY

Angarna
JKymbIcTa JIeKTPOXUMUSITBIK TYHABIPY 9aiciMer anbiaFaH CuBi204 kaObIKIIaTapbIHBIH KYPaMbIHIaFbl MBIC-
TBI KOOQJIBTIICH )KOHE HUKEIbMEH aJIMACTBIPYIIBIH acepi 3epTTelielli. AybICTBIPY KYKIPT KBIIIKBUIBI €pITIHJIICIHE —
JNIEKTPOJIINTKE KOOAJIBT HEMECE HHKENb Cyab(arTapblH KOCy apKbuibl Oactamabl, Oyn CuBi204 ¢dazaceina ToH
KPHUCTAJIBIK TOPABIH TETParoHaibAbl Typi Oap KaObIpmiakrapapl amyra MyMKiHaik Oepai. CoHbIMEH Karap
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TUICHKAJIAP/IbIH KYPBUIBIMABIK TapaMeTpiiepl MEH JJIEMEHTTIK KYpaMbIHBIH ©3repiCTepiH Tajjiay 3JIEKTPOJIHUTKE
HHKEJb MEH KOOAJIBT Cyb(aTTapblH KOCY illiHapa ajJMacThIpy TYPiHE COlKeC TeTparoHalib/abl (pazaHbIH Ty3iTyiHe
OKEJIETIHIH KOPCETTi. EKTPOINT EpiTiHAICIHIH KypaMblHa OaiIaHBICTBI MBICTHI HUKEIBMEH HeMece KOOalbTIIeH
anmactelpy. CBIPTKBI acepiep KesiHle KaObIKIIaHBIH BIABIPAY MPOLECTEPiH MOAENbACY OaphIChIHAA KOpIIAFaH
opTaHbIH opTypri Temneparypamapbiana 0,1 M NaCl yari epitinaiciniy arpeccuBTi opracsiaarsl CuBi204 ka-
OBIKIIIaIapbIHBIH KOPPO3HUSFa ChIHAY HOTHIKENIEP] allbIHIbI. ATPECCHBTI OpTajia OTKI3IEeTIH YaKbITKa OalIaHbICThI
3epTTENETIH IJICHKAIAPABIH KYPBUIBIMIBIK PETTLTIK JOPEIKECI MEH )KYMCapTy JOPEKECIHIH 03repyiHiH ToyesIIiK-
Tepi aHBIKTaIbl. MBICTBI KOOAIBTIICH HEMECE HUKEJIbMEH ajIMacThIpy 3€PTTEJIETIH IUICHKAIap/bIH JIerpajalusFa
JKOHE TOTBIFYFa TO3IMAUIITIHIH )KOFaphlIayblHa OKEJIETIHI aHBIKTaIIIbI, OYJI arpecCcHBTI OpTaMeH OaiiiaHbIcTa OoNFaH
Ke3Jie TUICHKA OCTIiHIH Jerpa aius sKbUIIaMIbIFBIHBIH TOMCH/ICY1HEe OKEJICTiH aJIMaCTBIPYIBIH OH dCEPiH KopceTei.

Tipex ce3aep: xyka KaObIKIIamap, SJI€KTPOXMMHSIBIK CHHTE3, KOPpO3usara Kapchl kabbmmap, CuBiO,,
KYPBUIBIMIIBIK, Oy3bLTYyIIap.
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STUDY OF THE CORROSION RESISTANCE OF CU(CO,ND)BL,O, FILMS WHEN
EXPOSED TO AGGRESSIVE ENVIRONMENTS

Abstract

The work examines the effect of substitution of copper with cobalt and nickel in the composition of CuBi,0,
films obtained using the electrochemical deposition method. The substitution was initiated by addition of cobalt
or nickel sulfates to the sulfuric acid electrolyte solution, which made it possible to obtain films with a tetragonal
type of crystal lattice characteristic of the CuBi,O, phase. Moreover, an analysis of the structural parameters and
changes in the elemental composition of the films showed that the addition of nickel and cobalt sulfates to the
electrolyte leads to the formation of a tetragonal phase according to the type of substitution associated with the
partial replacement of copper by nickel or cobalt, depending on the composition of the electrolyte solution. During
simulation of the film degradation processes under external influences, the results of corrosion tests of CuBi,O, films
in the aggressive environment of a model solution of 0.1 M NaCl at different ambient temperatures were obtained.
The dependences of changes in the structural ordering degree and the softening degree of the films under study
were determined depending on the time spent in an aggressive environment. The substitution of copper with cobalt
or nickel has been found to increase the resistance of the studied films to degradation and oxidation, indicating a
positive substitution effect, reducing the degradation rate of the surface of the films in contact with the aggressive
medium.

Key words: thin films, electrochemical synthesis, anti-corrosion coatings, CuBi,0,, structural disorder.
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CPABHUTEJIbHBIN AHAJIN3 3ATPA3HEHUSA
ATMOC®EPBI PETHOHOB 3AIA/THOI'O KA3AXCTAHA

AHHOTAIUA

B crarbe 1mpoBeieH cpaBHUTENIBHBIN aHaIM3 aTMOC(EpHBIX BBIOPOCOB HA TeppuTopuu 3anaaHoro Kasaxcrana.
Pesynprarel aHanm3a BEIOPOCOB 3arpsI3HSIONINX BEIIECTB B aTMOcdepy 3amagHo-Ka3axcTaHCKOTo pernoHa TOoKa-
3BIBAIOT, YTO HA MCCIIEAYEMON TEPPUTOPUH TOCTATOYHO MHOTO HCTOYHHUKOB, BEIOPOCH KOTOPBIX (POPMHUPYIOT BEICO-
KHAH yPOBEHB 3arpsA3HEHHS aTMOC(HEPHOTo BO3/AyXa Ha OOJIBIICH yacTh perrnoHa. B pa3pese BHI0B SKOHOMHUYECKON
JACATCIBbHOCTH IIOKA3aHO, YTO OCHOBHas J0JIsA BI)I6pOCOB MPUHAIJICKUT MMPEANPUATUAM He(bTel"aSO}IO6BIBaIOLLIeI‘/‘I
U XUMHYECKOW OTPaciii MPOMBIIUIEHHOCTH. PaccunTaHHbIE TOKa3arely BHIOPOCOB, XapaKTEPH3YIONIHE YPOBHU
3arpsi3HEHUs arMoc(epsl B IepecueTe Ha eIUMHUILY TUIOLIA/IH, TyIly HACEJICHHUs, a TaK)Ke HHTErpajbHble Kodhu-
LMEHTHI TTOKA3alii, YTO BKJIAJ 0OJacTeil B 00mure BEIOPOCH aTMOC(EPHBIX 3arps3HEHUI HepaBHO3HaYeH. Tak, Ha
ATpIpaycKyto 1 AKTIOOMHCKYIO 00nacTu mpuxoAauTcst ocHoBHas 1o (36,6% u 35,4% cOOTBETCTBEHHO) OT 00IIETO
Kom4yecTBa BbIOpocoB. Ha teppuropun 3amagHoro Ka3axcrana ocymiecTBISeTCS ylnaBIMBaHUE TOJIBKO TBEPIBIX
YacTHII, BEIOPAChIBAEMbBIX B arMOc(epy MPEUMYIIECTBEHHO B TIPOMBIIILIEHHOH 30He, 105151 YJIaBIUBaHUsI Ta3000pa3-
HBIX BEIICCTB HE3HAYWTENbHAsl, Ha OOJbIIEH YacTH TEPPUTOPUU PErMOHA OYMCTHBIE COOPY)KEHHS OTCYTCTBYIOT.
[IpoBenennas pabora criocoOCTBYeT AaibHEHIIEH OLIEHKE SKOJIOTHYECKOTO COCTOSIHUS arMOc(hepbl KPYIHBIX IPO-
MBIIUICHHBIX PETHOHOB CTPAHEL. Pe3ynbsraTsl aHaINM3a HCTOYHUKOB M YPOBHEH 3aTrpsA3HCHUS TI03BOJISIOT ONIPEICITUTh
TIPHOPUTETHBIC HANPABICHUS IS CHIDKCHHUS aTMOC(EpHBIX BEIOPOCOB, a Takke pa3paboTaTh CTpaTerwd U Ipo-
TpaMMBI TI0 KOJIOTHYECKOH 0€30IMacHOCTH M YCTOMYMBOMY Pa3BHTHIO B pernone 3amaanoro Kazaxcrana.

KoaioueBble ciioBa: 3arpsi3sHeHHe aTMOC(Epbl, CTAllMOHAPHBIE UCTOYHUKH 3arpsi3HeHus1, 3anaaublii KazaxcraH,
MHTETPaJIbHBINA KO3()(DUINEHT 3arpsa3HeHHs] aTMOC(hEPHI.
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BBenenune

Pernon 3anagnoro Kazaxcrana, Bkirouaromuid AKTIOOMHCKYT0, 3anaiHo-Ka3axcTanckyto, AThI-
payckyio 1 MaHTUCTayCcKylo 00JacTH, SIBISETCSI MUPOBBIM JIMJIEPOM IO 3amacaM Xpoma, ero o0b-
embl npeBbimaoT 400 MitH ToHH. Okonio 98% Bcex pa3BeAaHHBIX 3allacoB a3a COCPEJOTOYEHO HA
3anane Kaszaxcrana (3,3 Tpiu m*), a Takke 6onee 87% kpymHbix Hedrerazosbix (Tenrus, Karrarasx,
Koponesckoe, XKanaxon) u Hedrerazokonnencarabix (Kapauaranak, MmaimieBckoe) MecTopoxie-
uuii [1]. Kpome Toro, B pernone conepxxurcs 40% oOmepecyOnnKkaHCKUX 3aracoB TUTaHa u 55%
Hukens, 30% NpOorHO3HBIX 3aracoB YINIEBOJAOPOIHOTO CBIPhS, a TaKkKe COCPEAOTOYEHbI KPYIIHbIE
MECTOPOXKICHHUS 30J10Ta, cepedpa, MeIu, IMHKA, K0OabTa, KaoiauHa, PocPopuToB, HEPTEOUTYMHBIX
HIOPOJI ¥ CHIPBS AJISl IIPOU3BOJICTBA CTPOUTENBHBIX MaTepualioB [2]. B Onmkaiiiime rofsl oxXugaeTcs
POCT JTOOBIYH YTIIEBOJOPOAHOTO ChIphs KommanusMu « Tenrusmespoitn (TILO) u «North Caspian
Operating Company» (NCOC) na mectopoxaenusix Tenrns u Kamaran g0 60 Maa 1 39 MJIH TOHH
HedTH B roJ; COOTBETCTBEHHO [1].

Bwmecre ¢ Tem 3amagubiii Kazaxcran, obnagast 6oraTbIMH IPUPOJHBIME peCcypcaMy U pa3BU-
TOW TMPOMBIIIICHHOCTBIO, CTAJIKUBACTCS C BHI30BAMH, CBSI3AHHBIMH C COXPAaHEHHEM SKOJIOTHYECKO-
ro paBHoBecHs. [IpomblIlIEHHBIE KOMIUIEKCHI, JHEPT€TUKA U TPAHCHOPT, SBJSSCH HEOThEMIIEMOI
YacThI0 PErMOHAJBHON 3KOHOMHUKH, (OPMHUPYIOT MCTOYHHUKH BBHIOPOCOB 3arps3HSIONIMX BELIECTB
B arMoc¢epy. COanaHCHPOBaHHOE HCIOIb30BaHHE SKOHOMHUYECKOTO M MPUPOTHO-PECYPCHOTO TI0-
TEHIIMAJIOB TEPPUTOPUI JOJHKHO OBITH HAINIPABICHO HA COOJIONCHHE SKOJOTHUECKOTO PaBHOBECHS,
YCTOHYMBOE pa3BUTHE MPUPOJHBIX SKOCUCTEM U UX BOCIPOU3BOACTBO [3]. B Hacrosiee Bpems 11o-
OanbHAast SKOJOIMUYECKas MOJIUTUKA UMEET YeTKYIO 11eJb 00eCeUUTh YCTOMUNBOE pa3BUTHE, OTHON
U3 IVIaBHBIX LIeJIeld KOTOPOTO SIBJISIETCS COXpAaHEHHE, BOCCTAHOBJIECHHE U 3((PEKTUBHOE HCIIONB30-
BaHME KOMIIOHEHTOB MPHUPOJHON cperpbl. M3yueHne 3TuX mpoOieM U MOMCK MyTed MX pa3peuieHus
B paMKax JIOCTH)KEHUS YIIEpOJHOW HEHTpaabHOCTH, 00s13aTeabCTB B [1apiikCKOM KIMMAaTH4YECKOM
COIVIALIIEHUH — aKTyaJlbHas 3ajja4a 00ecreueH s yCTOMYMBOTO pa3BUTHS AJISl KaX 10 CTpaHbl, BKIIIO-
qas Kazaxcras [4, 5]. B HeQTemoObIBarOImux pernoHax MUpa OTMEUAETCs 3arpsi3HeHNe aTMoc(hepHo-
T'O BO3/lyXa, IOBEPXHOCTHBIX U MOA3EMHBIX BOJOMCTOYHUKOB, TOYBEHHBIX TIOKPOBOB, HAOIIONACTCS
rubenb pacTUTENILHOTO U JKUBOTHOTO MHUpA, HAHOCUTCS 3HAYUTENbHBIM BpPEl 3A0POBbI0 MECTHOIO
HacelleHusl. Bce 9T M3MeHeHus MOTYT NPUBECTU K HapYIIEHUIO SKOCUCTEMBI B pailoHaxX J00BIYH,
nepepaboTKH U TPAHCTIOPTUPOBKHU HedTH [6].

B mnaycTpuanbHO pa3BUTHIX CTpaHaX ONTHUMAIBHBIM COUYETAaHHEM YPOBHS aTMOC(EpHOro 3a-
IPA3HEHMS U CTENEHM 3alllUThl OT HEro SIBJIAETCS CUCTEMa YIpPaBICHHs Ka4yeCTBOM arMOC()epHOro
BO3/lyXa, OCHOBaHHAs HA y4eTe HKOJIOTUUECKUX U SIKOHOMUUECKUX IIPUOPUTETOB.

AtMocdepHbIil BO3IyX O0IbIe, YeM JIpyTHe MPUPOIHBIE 00BEKTHI, CBSI3aH C KU3HEHHBIMU WH-
TepecaMu JIIOIeH, ero Ka4ecTBO HEMOCPECTBEHHO BIUSIET HA MX 37J0POBBE U COCTOSIHUE JPYTHX 00b-
€KTOB OKpy»aroliei cpenbl. HTEpnpeTanys 1aHHBIX 10 BbIOpocaMm B arMocdepy TpeOyeT kKomI-
JIEKCHOTO TO/IX0/1a, BKJIIOUasi TEXHUYECKHE, SKOJIOTHUECKUE, MEIUIIUHCKIE U COLIMAJIbHbIE aCIIEKTHI.
[IpocTpaHCTBEHHBIN aHATN3 3arpsS3HEHUs aTMOC(EpPHOTO BO3AyXa MO3BOJSET BBHIIBUTH HCTOYHHKH
3arps3HEHHS U UMEET pellaolee 3HaYeHUe Il YIPaBICHUs Ka9eCTBOM BO3/1yXa M OLEHKH P dek-
TUBHOCTH NIPUHUMAEMbIX yIpaBICHYECKUX pemieHuil. [Ipy 3ToM BakHO yduMThIBaTH MHOrOOOpa3ue
(akTOPOB, BIMSIONUX Ha KAUECTBO BO3/lyXa U COCTOSIHUE OKPYXKAIOLIEH Cpebl, a TAKKE IPOBOJUTH
MOCTOSTHHBI MOHUTOPHHT U KOPPEKTUPOBATh Pa3paOOTaHHBIC CTPATETHH YIPABICHHS KaueCTBOM
BO3JlyXa.

[enb HacTOAIIETO UCCIIEOBAHNUS: IPOBECTU CPABHUTEINIbHBIN aHAIN3 3arPSA3HEHUS BO3AYIIHOTO
6acceiina 3anaaHoro Kazaxcrana.
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MarepuaJibl 1 METOABI

Marepuainsl Ui aHaIM3a 3arpsi3HEHUs] aTMOC(EPHOTO BO3AyXa B3SIThI U3 €KETOJHBIX HH(pOpMa-
LIMOHHBIX OroJuieTeHel o coctostHuM okpyskatoieit cpeasl PK 3a 2017-2022 rr. [1-3]. Undopmarus
(hopMmupyeTcs o uroraMm OOIIErOCyapCTBEHHOTO CTaTUCTUYECKOro HabmoneHus no gopme 2-TI1
BO3MyX (TO/IOBasi) B BUJE TIOKA3aTeJIe B COOTBETCTBUHU C YCTAHOBIECHHBIMH TpeOoBaHusIMU [7, §].
AHanu3 NOJyYEHHBIX JIaHHBIX BaXKEH JUIsl OTCIIEKUBAHUS JUHAMUKHN U3MEHEHUN U 3((HEKTUBHOCTH
INPUHUMAEMBIX Mep.

Wnrerpanbubii ko3 puuunent sarpsasnenns (K ) nius Beex paiionos 3amaanoro Kasaxcrana
paccUuTHIBAJICS MO CleAyIoLei popmyre:

K. =AN SxN, rue:
A — BBIOpOCHI B arMOcdepy BPEAHBIX BEIIECTB, THIC. TOHH;
S — myoIa > TEPPUTOPUH, THIC. KM,

N — cpenHerogoBast YNCICHHOCTh HACEJICHHUSI, ThIC. uenoBek [9, 10].
Pe3yabTarhl U 00Cy:KIeHIE

B 2022 r. cymmapHbie BBIOPOCHI 3arpsA3HSIONIMX BEIIECTB B aTMOC(EPHBIN BO3AyX OT CTAIMO-
HapHBIX UCTOYHUKOB B 3anajgHoM Kazaxcrtane coctaBunu 373,1 ThIC. T., wiu Ha 6,8% MeHbIIE, YeM
B 2021 r. Cormacuo nanueiM PI'TI «Kasruapomer», ypoBeHb 3arpsi3HEHHs] aTMOC(HEPHOTO BO3IyXa
B 2021 1. B 4eThIpeX M3ydaeMbIX 00JacTAX IO MOKa3aTesiM «cTaHaapTHbii unaeke» (CHU) u «uau-
6onbuas nosropsieMocTsb» (HII) onenuBaiicss kKak O4eHb BBICOKHIA, BHICOKHMI U MOBBIIICHHBIN [1].
[Ton BeIOpOCcaMu B aTMoChepy 3arpsi3HAIONINX BEIIECTB, IPEACTaBICHHBIMU Ha PUCYHKE 1, MOHUMAa-
€TCs MOCTYIICHHE B aTMOC(HEPHBIN BO3YX 3arpsA3HAIONIMX BEIIECTB OT CTAI[MOHAPHBIX UCTOUHUKOB
BBIOPOCOB (OpPraHM30BaHHBIX U HEOPTaHW30BaHHBIX). [Ipruem Kk cTanMoHapHBIM OpraHM30BAHHBIM
MCTOYHHUKAM OTHECEHbI HENepEeABMKHbIE HCTOYHUKH, OT KOTOPBIX 3arpsi3HAIONINE BEIeCTBA MOCTY-
NaloT Yepe3 CHUCTEMbI Ta300TX0A0B M BO31YXOOTBOIOB (JILIMOBbIE TPYObI, a’pallMoHHbIE (OHAPH,
BEHTWIALIMOHHBIE IIAXTHI U JIp.). Bkiaa obmacreit B 001ue BHIOPOCH aTMOC(hEpHBIX 3arpsi3HEHUI
HepaBHO3Ha4YeH. OCHOBHBIC 00BEMBI 3arPSI3HSIONINX BEIICCTB OBLIM CPOPMUPOBAHBI B OOsee Mpo-
MBILIUIEHHO Pa3BUTHIX PETHOHAX — ATBIpayCKOi 1 AKTIOOMHCKOW 001acTsAX, Ha OO KOTOPBIX MPH-
xonutcst 36,6% u 35,4% cooTBeTCTBEHHO. BBIOPOCH! 3arpsi3HAIONIMX BELIECTB B MaHrucTaycKoi
obmactu B 2022 r. coctaBmsiu 78,7 ThIC.T. (21,09% 0T 0611KX BEIOPOCOB), @ MUHUMAJIbHBIE 00bEMBbI
3arps3HSAIONIMX BellecTB Habmonanuck B 3amanHo-Kaszaxcranckoit odmactu — 25,79 Teic.T. (6,9%
oT 001X BeIOpOcoB). Paznuune B oObeMax BHIOPOCOB 00YCIOBICHO HEOIMHAKOBBIM KOJUYECTBOM
MCTOYHUKOB 3arpsi3HEHHS B paCCMAaTPUBAEMbIX PETMOHAX, a TAK)KE OTIUYMEM B XapaKTepe pacceu-
BaHus npumeceit B armocgepe [3]. Tak, 3a 2022 1. 3aperucTpupoBaHO CTALMOHAPHBIX HCTOUHUKOB:

* B ATbIpayckoit oomactu — 27 017 enunu;

¢ B AxTroonHckoi odmactu — 20 715 egunmir;

* B Manrucrayckoit oomact — 28 304 enuHUIIBI,

* B 3ananno-Kazaxcranckoit oonactu — 11 747 equHuiL.

Crnenmyet oTMETHTD, uTO 32 20202022 TT. HaOMIOAaeTCsS YBETUYCHUE UX YHCIIa BO BCEX PErHOHaX
3anagHoro Kazaxcrana [1]. D70, 04€BHIHO, CBSI3aHO C CUCTEMATU3aLMENl UCTOUHUKOB BHIOPOCOB
C YCTaHOBJICHHEM IpeNesIbHO AonycTHMbIX BeIOpocoB (IT[IB) B coorBeTcTBUU ¢ DKokoaekcom PK
(2021) [11]. CormacHo DxonorndeckomMy kKojekcy B Kazaxcrane pa3paboTaHbl HOPMATHUBHI TPEICITh-
HO JIOIYCTUMBIX U BPEMEHHO coriacoBaHHbIX BbIOpocoB (ITJIB u BCB) ans ctanmoHapHbIX HCTOY-
HUKOB [12—13]. BMmecTe ¢ TeM clokuiiach Takas MpakTUKa, MPU KOTOPOW MPUPOIOTIOIL30BATEIH,
CTPEMSICh yUECTh N3MEHUYMBOCTD BRIOPOCOB Ha OyAyIINi IIEPHOI, 3aBBIIAI0T HOPMATUBBI BEIOPOCOB
C EeNbI0 MUHUMHA3AUK puckoB Hapymenus [1]IB. Kpome Toro, IT/IB mMoryT onpenenstbcs Ha oc-
HOBaHHUH MTPOEKTHON MOIIHOCTH TEXHOJIIOTHYECKOTO 000PYIOBaHHS, TOT/IA KaK B IEHCTBUTEIBHOCTH
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OYEHb YacTO MPEANpPUATH He pabOTar0T Ha MOJHYIO0 MOIIHOCTh. Bee 3To He co3maeT qocTaTouHon
MOTHUBAIIMH JIJIS1 COKPALICHUST IMEIOLIETOCs YPOBHS BHIOPOCOB.

W AxTHOOMHCKaA o6nacTb M ATeipayckan o6nacte M 3anagHo-KasaxcraHckana obnactb

MaHructayckan obnacts
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PucyHok 1 — BeIOpOCHI 3arps3HSIONINX BEMIECTB B arMochepy
OT CTallMOHAPHBIX UCTOYHUKOB (ThIC.T.) B 3amagHoM Kazaxcrane 3a 2017-2022 rr.

[Tpumeuanue: CocraBlieHO aBTOpaMH Ha OCHOBAaHMHU MaTtepuanos [ 1-3].

J1n1st XapaKTEpUCTHKH MTPOCTPAHCTBEHHOTO pa3MeIIeH s aTMOC(EpHBIX BBIOPOCOB OBLIT paccuu-
TaH 00beM aTMoc(epHbIX BHIOPOCOB B IiepecueTe Ha euHMILy Tuomaan. Ha pucynke 2 npencrasie-
HBI B CPABHEHUH BBIOPOCHI 3arpsI3HSAIOIIMX BellecTB B arMochepy B 3ananHom Kazaxcrane Ha equ-
nuity tiomaau 3a 2017-2022 rr. Cormacao uM B 2022 T. 9TOT MOKa3aTelb HUXKE, YeM B CPEHEM IO
Kazaxcrany (0,51 u 0.851/kM? coorBeTcTBeHHO). OIHAKO NAHHBIN MOKA3aTelb CYIIECTBEHHO BBIIIE
TOJIEKO B ATbIpayckoi oOmacTu kak B 2022 r. —1,11 1/kM?, TaK U 10 BceM paccMaTpuBacMbIM TOAaM.
Haumenpmmii ypoBeHb BEIOpOCOB HaOmromaercs B 3amanHo-Kazaxcranckoit obmactu (3a 2022 . —

0,17 t/xm?).

W AxTioBuHCKanA ofnacTtb W ATbipayckan o6nacts ® 3anagHo-KasaxcraHcKan ofnacte

MaHrucrayckan obnactb M 3anagHbiid Kasaxcrad
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PucyHok 2 — BeIOpOCHI 3arpsi3HSIOIINX BElIeCTB B arMocdepy (T/xm?) o 3anagrHomy Kazaxcrany
B 2017-2022 rr. B pacueTe Ha €AUHUILY TUIOIIAIH

[Ipumedanne: CocTaBieHO aBTOpaMH Ha OCHOBaHWHU MaTepuanos [ 1-3].
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PaccuntanHbie BRIOPOCHI 3arps3HSIONINX BEHISCTB B aTMocdepy B Iepecdere Ha AyIIly Hace-
nenwus (kr/4en.) B 3anagHom Kaszaxcrane 3a 2017-2022 rr. npencrasnens! B Tabmume 1. J[nnamuka
WU3MEHEHUS 3TOTO TIOKa3aTels, XapaKTepU3YIOIIEero paccesieHue B 3amaaHom Kasaxcrane, BBITISAUT
creaytomuM 00pa3oM: YpoBeHb aTMOC(EpPHBIX BHIOPOCOB Ha Jylry HacelneHus B 3anmanHoMm Kazax-
CTaHe HECKOJIBKO BBINIE, 4eM B cpeaHeM 1o KazaxcraHy mo BceM paccMaTpuBaeMbIM rogam. K mpu-
mepy, B Kazaxcrane 3a 2022 1. ypoBeHb BHIOPOCOB Ha aymry HaceneHus — 117 kr/4en., B 3anagHoM
Kazaxcrane — 123 xr/4en., nmpuyemM HanOoJiblliee 3HaYEHUE HAOMIOMAeTcs Mo AThIpayckoi obmac-
™™ — 200 Kr/4en., 3HAYUTEIILHO HIKE JTOT IMOKa3aTellb OTMedaeTcs s 3amaaHo-KasaxcraHckoit
obmactu — 37,5 Kr/4ei.

Tabmuna 1 — Beiopocsr 3arpsi3ustonx armocdepy BemecT B 3anagnom Kazaxcrane B pacueTe Ha
nyiry Hacenenus (kr/gen.) B 2017-2022 rr.

BriOpocs! kr/uen
Peruonst
2017r. | 2018 | 20191 | 2020r | 2021 | 2022

AxTIOOMHCKAsT 001aCTh 200 184 157 153 152 148
ATbIpayckasi 00JacTh 291 278 256 239 244 200
3anagHo-Ka3axcranckas 00/1acThb 60 75 63 47 37 37,5
Manrucrayckas 061acTb 97 99 95 101 105 103
Banaaueiii Kazaxcran 165 159 143 135 134 123
UTOT'O no Kazaxcrany 129 133 134 128 124 117
[Ipumedanue: CocTaBieHO aBTOpaMHU Ha OCHOBaHWHU MaTepuainos [ 1-3].

VY4uThIBas pa3nUYHbBIN XapakTep MPeANpHITHH, cOCpenoToYeHHBIX B 3amanHoM Kaszaxcrane,
CJIeZIOBATEeNbHO, U crenru(uKy arMoc(hepHbIX BBIOPOCOB, MPEACTABISIET WHTEPEC M3Y4YEeHHE pac-
NpeesIeHUs 3arPSA3HAIONIMX BEIIECTB HE TOJBKO 110 MX CYMMapHOMY KOJTMYECTBEHHOMY, HO U Kaye-
CTBEHHOMY (XMMHUYECKOMY) cocTaBy. Kak M3BECTHO, OCHOBHBIE BpPEIHBIC /ISl 30POBbs BEILIECTBA,
3arps3HsIoIME BO3yX, — Okeupl azota (NO, ) u cepbl (SO, ), 030H U JUCTIEPCHBIE BENIECTBA, 0CO-
OCHHO TMaMEeTpoOM MeHee 2,5 MuKpoHa [ 14].

PacueTs! ObUIHM TPOM3BEICHBI KaK HA €AMHUILY IUIONIA U (PUCYHOK 3), TaK U Ha YTy HaCeICHUS
1o Kaxaou oonactu 3anaanoro Kazaxcrana (tabmuma 2, ctp. 300).
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MaHrucrayckan ob1acTos M 3anagHolii Kazaxcran

Pucynok 3 — CocraB arMmocdepHbIX BIOpocoB 1o 3anagHomy Kazaxcrany
B pacyeTe Ha equHUIy riotaau (1T/km?) 3a 2022 1.

[Tpumeuanne: CocTaBieHO aBTOpaMH Ha OCHOBAaHMHU MaTtepuanos [1-3].
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Tabmuma 2 — CoctaB armochepHBIX BBIOpoCcOoB 1o 3anagHomy Kazaxcrany B pacdere Ha Tynry
HaceseHus (kr/gen.) 3a 2022 r.

Peruonsi
HaumenoBanue AxTiOOMHCKass | ATsIpayckas K 3anao- Manrucrayckas 3ana HbIH
obmacth o0macTh asaxcranckas 00acTp Kazaxcran
ob6nacTh
Hacenenwue, Thic.yen. 924,875 661,014 688,127 762,027 3036,018
TBep/pIe aCTUIIBI 20,47 3,41 3,16 3,11 8,48
T"a3 u xuaKOCTH 127,15 196,48 34,39 100,23 114,46
SO2 25,5 56,49 3,51 2,61 21,52
CO 40,53 54,48 8,28 14,64 29,76
NO2 15,56 28,01 6,57 17,55 16,74
JIOC 34,27 36,59 8,49 48,74 32,56
VrneBonasl 7,26 25,23 8,58 16,52 13,8
CepoBogopo 0,36 0,27 0,012 0,013 0,17
AMMHaK 0,037 0,032 0,051 0,336 0,114
[Tpumeuanue: CocTaBlieHO aBTOpaMHU Ha OCHOBAHUU MaTepuaiios [1-3].

OT cTanMoHapHBIX UCTOUYHUKOB BHIOPOCOB B aTMOc(epy BBIACISIOTCS pa3IMYHbIC BEIIECTBA,
KOTOPBIC TPEJICTABICHBI B CTATUCTHYECKON OTYETHOCTH JICBATHI0 HAMMEHOBAHUSIMH, ITOKa3aHHBIMU
B Tabmuie 2. OCHOBHOI 00beM BbIOpOCcOB B arMocdepy B 3anaagnom Kazaxcrane mpuxomuTcs: Ha
ra3oo0pasHble U JKHJIKKE BellecTBa, cocrapistomue ot 34,4 (3amanno-Kazaxcranckas o0acte) 710
196,5 xr/uen. (Ateipayckasi onacts). [Ipruem B cocTtaBe ra3000pa3HBIX BEIIECTB, 3arPS3HSIOMINX
armocepy B ATbIpayckoil 00nacTH, HaOMIOIaeTCs 3HAUUTENLHO OOJIbIlIee B CPABHEHUHU C APYTUMHU
obnactamu conepxanue SO, — 56,5 kr/gen., CO — 54,5 kr/uen., NO, — 28,0 kr/4en., neTy4nx opra-
Huueckunx coeaunenuit (JIOC) —36,6 kr/yen., yreBonopoaos — 25,3 Kr/4en. DTO MOATBEPKIAETCS
JAHHBIMU JIenapTaMeHTa YKOJIOTHH 0 ATBIpayCcKoi 001acTu, cortacHo KoTopsiM 80—85% BeIOpOCOB
NPUXOAUTCS Ha MpeaAnpusTHs HedrerazoBoro cextopa [1].

CpaBuuTtensHO Bbicokoe cogepxkanue JIOC nabmonaercs Takxke B ApYyrux HedTea00bIBatOIUX
obmactsix: AxkTioOMHCKOHM, Manrucrayckoit — 34,27 kr/4en. u 48,74 xr/den. cOOTBETCTBEHHO. B TO
e Bpems B 3amanHo-KazaxcTaHckoit 061acTu 3TOT Mmoka3aTenlb 3HaYuTeNIbHO HuKe — 8,49 Kr/ger.
Jlnsa cpaBuenus: o Kazaxcrany 3ToT mokaszarens cocrasisier 7,9 kr/gen. [1]. [ToBsimennoe conep-
JKaHHUe YIIIeBOAOPOAOB B arMoc(hepe HabmronaeTcss 1 B Manrucrayckoit odnactu — 16,52 kr/gern., B
TO BpeMsi Kak B cperaHeM 1o KazaxcraHny 3TOT mokaszaresib COCTaBiIgeT 6,8 Kr/4den.

Kpome Toro, cpean BEIOPOCOB XMMHUYECKHX BEIIECTB B aTMOc(epy 0coboe MecTo 3aHMMAET ce-
poBonopon. Tak, B cocTaBe 100bIBAEMOT0 YIIIEBOIOPOIHOTO ChIphs HAa KapauaranakckoM MeCTOpox-
JIEHUH COEPXKHUTCS J10 4,5% BBICOKOTOKCHMYHOTO M KOppo3uoHHOTo ceposopopona (H,S) [15]. Tlo
pesynsratam Mmonutopunra PI'TI «Kasrugpomer» B 3amagnom Kaszaxcrane Obutn 3apuKcHpOBaHbI
CJIy4au TpeBbIIIeHus npeneabHo nomyctumoii konnentpauu (I1TK) no cepoBogopoay: 3a 2020 . —
774 npesbienust [111K, 3a 2021 . — 838, 32 2022 . — 1375 [1].

Crnenyer OTMETUTh, YTO 3HAYUTENHLHO OOJBIIEE 3arpsi3HeHHe aTMOc(ephl B pacyeTe Ha YLy
HACEJICHUS TBEPIBIMU YaCTUILIAMU XapAKTEPHO LI TEPPUTOPHH AKTIOOMHCKON 00macTu. DTOT QakT
HE MOXXET OBITh CBS3aH TOJBKO C pelibe()oM MECTHOCTH, MOCKOJIBKY B OCTABIIUXCS TPeX 001acTsix
9TOT TMOKA3aTelb CYIIECTBEHHO HIDKE. DTH PE3YJIbTaThl MOKA3bIBAIOT, YTO JOJS MEJIKUX YaCTHIl B
9TON 00JaCTH MOXKET BKIJIIOYATh CIOXKHYIO CMECh OYEHb BPEIHBIX HEOPraHUYECKUX, B YACTHOCTH
Cr, ¥ opraHMyYecKuX COEIWHEHUMN, HalpUMEp, pa3IMuHbIe YIIIEBOAOPObL. 3arpsi3HEHUE BO3YyII-
Horo 6acceifHa AKTIOOMHCKOM 00JIaCTH B OCHOBHOM OOYCJIOBJICHO J€SITEIbHOCTBIO TAKUX KPYIHBIX
npennpusatuii, kak AO « CHIIC-Axro6emynaiirasy, TOO «Ka3zaxoinAkTo6e», AKTIOOMHCKUHN 3aBO
tdeppocmiaBoB u JAI'OK, ¢pummaner AO « THK «Kazxpom», AO «MuaTepras LlenTpanbaas Azusiy»,
YMI' «Axto6e», AO «Aktobe TOL» [1]. [lomyueHHble maHHbIe TPEOYIOT NETANBHBIX MCCIEI0BA-
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auii. Tem 6onee uto B PK B 1aHHBIX IO MOHUTOPUHTY aTMOC(HEPHOTO BO3yXa pa3eNeHHs TBEPAbIX
vactuil o quamerpy (PM, , PM, ), kak o1o npeaycmorpeno cranaapramu EC, He nposomutes [16].
[Tonuelil cocTaB coenvHeHuH, nmoasepraemMbix Mouutopunry B EC, nomken Bkmrodars SO,, H,S,
NO,, PM,, PMZ,S, 0,, CO, JIOC, Hg, nonnuukInyeckue apomMarndeckue yrneBonopomst (IIAY),
As, Cd, Ni u Pb [17]. Ha mHam B3m1s171, mporieypa oToopa 3arpsA3HSIONINX BEIIECTB, MOBEPTracMbIX
MOHUTOPUHTY aTMOC(hepbl, HE COOTBETCTBYET TEKYIIEMY TOHUMAHHUIO TPUOPUTETHBIX 3arps3HEHUM,
KOTOpbIE HAHOCAT HanboJee cepbe3HbIid Bpe 310poBbi0. Oco00e BHUMAHNE TOHKHO OBITh Y/IEJIEHO
MOHHTOPHHTY BBICOKOIIPHOPUTETHBIX 3arps3HsIoNux BemecTs — PM, , PM, ; n3-3a nx cuiibHOrO He-
raTUBHOTO BO3JEHCTBUS HA 37J0POBbE.

I'mo6anbuble pexomennanuu BO3 o kauecTBy Bo3/1yXa MpeLycMaTpUBatOT POMEKYTOUHBIE Lie-
JICBBIC MOKA3aTE/IM KOHICHTPALM ncniepcHbIX YacTull PM, i PM, ., koTopble nocTuraioTes nocre-
MICHHBIM TIEPEXO0IOM OT BBICOKHMX KOHIICHTpAIIHi K Oojiee HU3KUM [ 14].

VcTounnkamu BO3A€UCTBHSI Ha aTMOC(EpHBIH BO3AyX paboTaromux He(Tera30BbIX Mpeanpus-
THH SIBISIOTCS] TEXHOJOTHYECKOE 000PYI0BaHHUE, YCTAHOBKH, CHCTEMBI U COOPYKECHHUSI OCHOBHOTO H
BCIIOMOTaTEeNIbHBIX TPOU3BOJICTB, HEOOXOAUMBIE [T TOOBIYH, cOopa, mepepaboTKU U TPaHCHOPTa
NPOAYKIMU U YTIIEBOAOPOIHOTO ChIphsi. OCHOBHOE 3arpsi3HEHHE aTMOC(EPHOTo BO3IyXa OCYIIECT-
BJISIETCSI IPOyKTaMH CTOPaHUs OPraHMYECKOro TOIUIMBA OKCUAAMM YITIEPO/Ia, CaXkKel, a TaKKe Belle-
CTBaMH, COAEPKAIMMUCS B UCXOAHOM TOILIMBE WM MPOIYKTax cropanus, yresogopogamu, JIOC
u Jip.

W3 HuX numb Ha OIHY TPYIITY CyMMAalMK OJTHOHAIIPABJIEHHOTO AEHCTBUS (OKCHBI a30Tat cep-
HUCTHINA aHruapun) npuxoautcs ot 20,1 (3anamHo-Kazaxcranckas obmacts) 1o 43,01% (Atbipay-
cKkast 00macTh). BEIOpOCHI OKHCIIOB a30Ta MPH CXKUTAaHWU HE(TIHBIX Ta30B CBA3AHBI C OKUCICHHEM
a30Ta BO3/yXa B BBHICOKOTEMIIEPATYpPHOM ra3oBoM Qaxesne. KomnuecTBO BBLACSIOMNXCS OKHCIIOB
a30Ta 3aBUCUT OT OPraHM3ALMU MPOLEcCa FTOPEHUS U MOXKET PEryIHpPOBATHCS TEXHOJIOTUYECKUMU
metonamu. B coctas okucios Bxoaar: Monookeua NO (1o 95%), nnokenn asora NO, (5%) u npyrue
okcuapl. [Ipu paccenBaHNM JBIMOBBIX T'a30B B aTMOc(epe B pe3yabraTe (POTOXUMHYSCKUX PEAKIIUN
B3aUMOJICHCTBHUS C aTMOC(EPHBIM 030HOM NpoucxoauT nookuciaenne NO u NO, [18].

[TpryrHAME OTMEUEHHOTO BBICOKOTO 3arps3HEHHS, O-BUIUMOMY, SIBISIOTCS HEd(P(HEKTUBHOCTD
paboThI MBUTETa3004UCTHBIX COOPYKEHUH Ha 3aBOJaX, OTCYTCTBHE d()()EKTHBHON CHCTEMBbI YIIaBIIU-
BaHMS, U3HOIIEHHOCTh 00OPYAOBaHUS U 00€33apaKUBaHUs 3arPS3HAIONINX BEIIECTB B COCTABE MPO-
MBIIIJICHHBIX BBIOPOCOB. [10 cTenenn ux ynaBiMBaHUS MOXHO CyAUThH 00 3()(heKTHBHOCTH yTpaBiie-
HUSI KaUE€CTBOM aTMOC(EPHOTO BO3AyXa B LIEJIOM.

YcraHoBIEHO, YTO 10 BCeM peruoHaM 3anaaHoro Kaszaxcrana ouMcTKe MOAJIEKAT B OCHOBHOM
TBepAbIe BemecTBa. Tak, B 3amanHo-KazaxcTaHckoil 00JacTH OYMCTKE MOABEPrarOTCs TBEP/bIE Ya-
ctunsl (71,3% ot ux obuiero xkonuuecTsa), a Taoke nopsaka 20% JIOC. HeznauntenbHO yiaaBiu-
BAIOTCS U OUMIAIOTCS BPEIHBIE COCIUHEHMs Ha MpeAnpusTHsaX pailona baiitepex. Hampumep, 3a
2022 r. ux ponst cocraBmwia juib 0,2%. B ocTanpHBIX palloHaX yKa3aHHOW 0OJAcTH OTCYTCTBYIOT
OYHCTHBIE COOpYKeHHs. B AKTIOOMHCKOM 0051acTH yIaBIuBaeMble 3arpsi3HSIONINE BEIIECTBA U3 YUC-
J1a Ta3000Pa3HBIX U KHUJIKHX COCTABISIOT TOJBKO 4,1% [1].

[To namemy MHeHHIO, /Ui Ooiee KOPPEKTHOTO ONpENIEIeHUs] YPOBHS aHTPOIIOTEHHOTO BO3-
JeCTBUS Ha aTMOC(EpPHBIN BO3AYX HCCIEAYeMO TEPPUTOPUH 1IEIECO00Pa3HO UCHONIb30BaTh MH-
TErpaJbHBIN TOKa3aTeNb, KOTOPBIA YUUTHIBAI OBl W YHCICHHOCTb HACEJICHUs, MPOKHUBAIOIIETO Ha
TEPPUTOPHH, IOJBEPKEHHON 3arps3HEHHIO, W €€ IUIOIaAb, U 00beM BBIOPOCOB 3arps3HSIOIINX
BemecTB. [y 3Toro B paboTe HAMU pacCUUTaH WHTETPATIBHBIN KOI(DOUIIMEHT, XapaKTepH3yIOIHn
TJIOTHOCTB BBIOPOCOB 3arpsI3HSAIONIMX BEMIECTB B aTMOC(HEPHYIO cpenty (K, ) U BCEX PETHOHOB 3a-
najHoro Kasaxcrana cornmacHo [5, 6]. B tabmume 3 (ctp. 302) mpeacTaBieHbl pe3yinbTaThl, KOTOPhIE
MOKAa3bIBAIOT, YTO B IesioM 1o 3anagHomy Kaszaxcrany Tpu obmactu: ATbipayckasi, AKTIOOMHCKas U
Masrucrayckast OTIIMYalOTCSl BBICOKUMH 3HAYEHUMH ATOTO TOKa3aTessl Kak Ui BCETo 00beMa BbI-
OpOCOB, TaK | IJIs ra3000pa3HbBIX BEIIECTB.

10°
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Tabmuna 3 — 3HaueHs] HHTErPaIbHOTO KO GUITUEHTA BRIOPOCOB B aTMOC(epy 3amaHoro
Kazaxcrana 3a 2022 1.

%10 %10
Haumenosanue N, A, 00beM kary *10-3 karm *10-3 karv *10-3
S, momanb, YUCJIICHHOCTH JUIsL O6III€FO JUIsL
peFI/IOHa, 2 BBI6pOCOB, JJIs TBCp,Z[I)IX
TBIC. KM HaCCJICHUA, 061,eMa l"aSOO6paSHLIX
06J'IaCTI/I TBIC. T. qacTulj
TBIC. YCJI. BLI6pOCOB BEIIICCTB
AKTIOBHHCKAS 300,6 924,845 136,5 258.9 35,900 223,027
ATbipaycKas 118,6 661,014 132,1 471 8,059 463,800
fj‘“aﬂﬂo‘ 151,34 688,127 25,79 81 6,730 74,220
a3axCTaHCKasia
Manrucrayckas 165.6 762,027 78,7 2215 6,680 214,820
3arna bl
Kasaxcran B 736,2 3036,013 373,1 2495 17,210 232,290
1eJIOM
Kasaxcran B 2724.9 19 703,159 2314.8 315,9 60,870 254,290
eJIOM
[Tpumeuanne: CoctaBieHo aBTopamMu 1o Matepuanam [1-3, 7, §].

[Ipuyem HanOONBITUIT MHTETPAJILHBIN MOKa3aTrelib XapakTepeH sl AThIpayckoi obiacTu —
471*%1073,463,8*%10 coorBeTcTBeHHO. [IpH 3TOM HaUMEHBIIIEE 3HAUCHKE ITOT0 TIOKa3aTesst HabIoaa-
etcs s 3anaano-Kasaxcranckoit oomacti — 81%1072, 74,2*10-3coorBeTcTBeHHO. ClieyeT OTMETHTD
BBICOKHI MHTETPATbHBIA KOA(PPUITUCHT 3arPsS3HCHUS IS TBEPJIBIX YACTHIl B AKTFOOMHCKOM 00JIaCcTH
B CpPaBHEHHUH CO 3HAYCHUSIMU JIJIs APYyTHUX oOnactei U Bcero 3amagHoro Kazaxcrana. B nenom mo-
JyYEHHBIE JIAHHBIE CBUACTEIBLCTBYIOT O TOM, YTO pervuoHsl 3anajgHoro Kazaxcrana ¢ HanOonbImM
3arpsi3HEHUEM aTMoc(depsl CIIeIyeT paccMaTpuBaTh Kak MPUOPUTETHBIC JJIs TPOBEICHUS aTMOChe-
POOXPaHHBIX MEPOPHUSITHH.

OcHoOBHBIE MOJIOKEHUS. 3aKII0UeHHe

Ha ocHoBe cpaBHUTENBHOTO aHaiM3a 3arps3HeHus: armocepHoro Bozayxa 3amanHoro Kazax-
CTaHa MOYKHO CJIEJIaTh CJIEAYIOLINE BHIBOJIBI:

¢ Ha UCCIIEAYEeMOW TEPPUTOPUH JAOCTATOYHO MHOTO MCTOYHHKOB, BHIOPOCHI KOTOPBIX (hopmu-
PYIOT BBICOKHE YPOBHH 3arpsi3HEHUsI aTMOC(HEPHOTO BO3AyxXa Ha OOJBIIECH 4acTH TEPPUTOPUH, UTO
TOBOPHT O HEOOXOIUMOCTH JETAILHOTO U3yUEHHs JaHHOM MPOoOIeMBl;

¢ KOJIMYECTBEHHAsl M Ka4eCTBEHHAsI XapaKTEPUCTHKA BHIOPOCOB B arMocdepy B 3anmaaHoM Ka-
3axcTaHe OMpPEeNeNsIeTCs ITIaBHBIM 00pa3oM JesTeIbHOCThIO He(Tera3oJ00bIBatOIIeH, XMMUYECKOM
MPOMBILIUIEHHOCTH, IPUYEM, OCHOBHBIMH 3arps3HSIOIIMMHU BEIIECTBAMHU, BHIOPACKIBAEMBIMH MIPEI-
NPUATUSMU B aTMOC(EPY, SABISIOTCS CEPHUCTBIN aHTHIPHI, OKUCIIBI 230Ta, OKUCh YIIEPO/ia, YIJIEBO-
JOpOIIBI (CyMMapHBIE) ¥ TBEP/IbIC BEIIECTBA;

¢ paccuMTaHHBIC TIOKA3aTeN BRIOPOCOB, XapaKTEPHU3YIOIINE YPOBHH 3arpsi3HEHUsT aTMOC(hepbl
B [IepecyeTe Ha eAMHUILY TUIOIIAAH, JYITy HACeJICHHs, a TAK)Ke MHTErpasibHbIe KO3()(OUITHEHTHI TOKa-
3aJIi, 4TO BKJIaJ 00JacTeil B 001ne BHIOPOCH aTMOC(EPHBIX 3arps3HEHUI HEpaBHO3HAYEH, HA AThI-
paycKkyro 1 AKTIOOMHCKYIO 001acTu MPpUXOAUTCs 0cHOBHAsA 1071 (36,6% u 35,4% cooTBETCTBEHHO)
0T 00IIEero KOJM4ecTBa BEIOPOCOB;

¢ Ha TeppuTopun 3anagHoro KazaxcraHa ocymiecTBiIsieTcs ylIaBIMBaHUE TOJIBKO TBEP/BIX Ya-
CTHII, BEIOPAChIBaEMBIX B aTMOC(epy, IPEUMYIIECTBEHHO B IIPOMBILIUICHHOH 30HE, 0 yIaBIUBa-
HUSI Ta3000pa3HbIX BEUIECTB HE3HAYMUTENIbHAS, Ha OOJBIIEH YacTH TEPPUTOPUU PETHOHA OYMCTHBIE
COOPYXKEHUS OTCYTCTBYIOT;

¢ 0c000€ BHUMaHUE JIOJKHO OBITh Y/I€JI€HO MOHUTOPUHTY BBICOKOIIPHOPHUTETHBIX 3arpsi3HSIO-

[IIUX BEIIECTB PMIO, PM2 s M3-3a UX CUJILHOTO HETaTUBHOTO BO3JICUICTBUSI Ha 37I0POBhHE;
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¢ B c(hepe oCymeCTBICHHUS TOCYAapCTBOM Mep I10 3aIIUTE OKPYKAIOIIEH CPeibl BOIIPOC OXPaHBI
BO3/yIIHOro O6accelina 3anagHoro Kazaxcrana cTaHOBUTCS BeCbMa akTyalbHbIM. Pernons! 3anaaHo-
ro Ka3zaxcrana ¢ HauOoibIIUM 3arpsi3HEHHEM aTMOC(epbl CIEAYeT pacCMaTpUBaTh Kak MPUOPUTET-
HBI€ I TPOBEACHUS aTMOC(PEPOOXPaHHBIX MEPOTIPUSATHIA.
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BATBIC KABAKCTAH AYMAKTAPBIHIAFBI ATMOC®EPAHBIH
JIACTAHYBIHA CAJIBICTBIPMAJIbBI TAJIJAY

Angarna

Makanana barbic Kaszakcran aymarbIHAarbl aTMOC(EpalbIK INBIFAPBIHIBUIAPFA CANBICTHIPMAIB  TaJIAY
xacanasl. barbic Kaszakcran eHipiHiH armocgepachlH JacTayllibl IIBIFApbIHABUIAPABI TAJNAdy HOTHKENepi
3epTTENeTiH ayMaKTa KypaMbl XKajllbl ayMakKTbIH OachlM OeIiriH/e IIbIFapbIHIBUIAPEI aTMOC(EpabIK ayaHbIH
JacTaHybIHA YKOFAPHI ISHT e Ie ocep eTeTiH HeTi3aep JKeTKUTIKTI eKeHIH KOPCeTTi. DKOHOMUKAIBIK KbI3MET TypJiepi
OOMBIHIIIA ITBIFAPBIHABLIAP/IBIH HETI3T1 ylIeci MyHal-Ta3 OHIIpY KOHE XUMHUS OHEPKICiO1 KOCITOphIHIapbIHA THECLITI
eKeHJIIT1 aHBIKTANABI. AyaaH OipiiriHe, kaH OachblHa MIaKKaHAA aTMOC(epaHbIH JIaCTaHy ACHICHiH CHIAaTTalThIH
HIBIFAPBIHBIIAP/BIH €CENTENreH KOPCETKIITepl, CoHaii-ak MHTerpalablK Koddduimentrep armocepans! Jac-
Tay/AbIH JKaJIbl IIBIFAPBIHBUIAPbIHA OHIPICPIIH Yieci TeH emec ekeHiH kepcerTi. Ocbuiaiiina ATbkipay KoHE
AxTebe oObIcTapbIHA IIBIFAPBIHIBUIAPIBIH KB CAHBIHBIH HET13ri yieci (tuicinme 36,6% sxane 35,4%) Tuecii.
bareic Kazakcran aymarblHAa aTMoc(epara IIBIFApbUIATBIH KATThl OOJIICKTEP FaHA TYTHIHBLIAABL, HETi3iHEH
OHEPKOCINTIK aiiMakTa ra3 Topi3Aec 3aTTapAbl TYTHIHY YiIeci IIamaibl, eHIp ayMarblHbIH OachiM OediriHae
Ta3apTy KypbuIblcTapsbl oK. JKypri3iireH jskxyMbIC eTiMI3/IH ipl @HEPKICINTIK OHipaepiHeri arMmochepaHblH dKo-
JIOTHSUTBIK, JKal-KYHIH ofaH opi Oaraiayra bIKnan etefi. Jlactany kesiepi MEH JEHreiaepiH Tanaay HOTHKeNepi
arMocdepanblK IbIFApbIHABUIAP/BI a3aiTy/bIH OachkiM OarbITTapblH allKbIHAAyFa, coHaal-ak bareic Kazakcran
OHIpIH/IE YKOJIOTUSUIBIK KaYIICi3/IiK )K9HE OPHBIKTHI JIaMy JKOHIHJIET] cTpaTerysiap MeH OaraapiaManapipl a3ipiaeyre
MYMKIHJIIK Oeperti.

Tipex ce3aep: armocdepaHblH JacTaHybl, JAaCTaHYIbIH CTAalMOHApJIBIK Ke3nepi, bareic Kasakcrah,
arMocdepaHbIH JaCTaHybIHBIH HHTETPAIIBIK KO3 HUIIMEHTI.
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COMPARATIVE ANALYSIS OF ATOMSPHERE POLLUTION
IN WESTERN KAZAKHSTAN REGIONS

Annotation.

The article contains a comparative analysis of atmospheric emissions on the territory of the Western Kazakhstan
regions. An analysis of pollutants emissions into the atmosphere of Western Kazakhstan shows that in the study area
there are quite a lot of sources, the emissions of which create high levels of air pollution in most of the territory.
In terms of economic activity types, the main share belongs to industry. It has been established that the main
air pollution’s stationary sources are the oil, gas complex and chemical industry enterprises. Calculated emission
indicators characterizing the air pollution levels per unit area, per capita, as well as integral coefficients showed that
the regions contribution to atmospheric pollution’s total emissions is unequal, Atyrau and Aktobe regions account
for 36.6% and 35.4% of the total emissions, respectively. On the territory of Western Kazakhstan, only solid particles
emitted into the atmosphere are captured, mainly in the industrial zone, the share of gaseous substances captured is
insignificant, and in most of the region there are no treatment facilities. The work carried out contributes to further
analysis of the assessment of the atmosphere environmental state in country’s large industrial regions. The results
of the sources and pollution levels’ analysis make it possible to determine priority areas for reducing atmospheric
emissions, as well as to develop strategies and programs for environmental safety and sustainable development in
the region of Western Kazakhstan.

Key words: air pollution, stationary sources of pollution, Western Kazakhstan, integral coefficient of air
pollution.
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N3YUYEHUE I'NJAPOT'EOJIOI'NU KbBIPI'BI3CTAHA — KA3BAXCTAHA
JJIs1 BHEAPEHUSA BOJAOPOJHO-BOJHOI'O PBIHKA

AHHOTAIUA

Jeduuut Boxb! SIBISIETCS OJHUM U3 TIIO0AJIBHBIX PUCKOB B 3aCYIUIMBBIX U MOTY3aCyIUTUBBIX PETHOHAX, TAKHX
kak LlentpanbHas Azus (LIA), Bkimtouas Keipreisctan u Kazaxcran. OcHoBHble pexu LA sBnsioTcs TpaHCTpaHUY-
HBIMH, KaK, Hanpumep, Oacceitt pek Uy u Tanac, koTopsie HaxozsiTest Ha Tepputopun Keiproizcrana n Kazaxcrana.
[IpuponHble 1 aHTpONOreHHbIE (hAKTOPBI, TAKME KaK U3MEHEHUE KIMMara, MOI'YT IMPUBECTU K BOIHBIM KpU3HCAM
¥ KOH(IMKTaM M3-3a CHM)KEHMS BOJJOCHAOKEHUS M yXy/AIIEeHNs KadecTBa Bosibl. K coxanenuio, B LIA B 0cHOBHOM
M3YJaloTCs TOBEPXHOCTHBIE BOAHBIE PECYPCHI, @ PECYPCHI MOA3EMHBIX BOJ MCKITIOUYEHBI U3 OTKPBITOTO aHAIUTHYC-
CKOTO aHaJIn3a. B To ke BpeMst oA3eMHBIC BOABI SIBISIOTCS KU3HEHHO BayKHBIM KOMIIOHEHTOM 3KOCHCTEMBI PEIHBIX
6acceiHOB M JOIDKHBI M3y4aThCsl OJTHOBPEMEHHO C TOBEPXHOCTHBIMHU BOIAMH, YTOOBI ITOTYYUTh O0JIee OJIHBIHN aHa-
JM3 yCTOMYMBOCTH MHTETPUPOBAHHOIN CHCTEMbI OBEPXHOCTHBIX, ITOA3EMHBIX BOA OacceliHa. KomOnHMpoBaHHbIE
Hay4YHbIE UCCIIE0BAHMUS TOBEPXHOCTHBIX, TIOJI3EMHBIX BOJI, ITPOTHO3 BOAHOTO OanaHca 0acceifHOB CBS3aHbI ¢ 00JIb-
HIMMU CIOKHOCTSIMU TPAHCTPAHUYHOHN KOONEpaluu CHENHAaINCTOB — METEOPOJIOTrOB, THAPOIOTOB, THAPOre0IOrOB
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rpaHUYalIiX TOCYAapcTB. B OCHOBHOM B TpaHCTpaHMYHBIX IEPEroBopax NpeodiagaeT BeJOMCTBEHHOE yIpaBie-
HHC, 6OJ'II)IJ_IC AIMHUHUCTPATUBHOC YIIPABJICHUEC, 0e3 CUCTEMHOTO IJIaHUPOBAHUS, aHAJIM3a aJalTalui U IoAroToB-
KU K €CTECTBEHHBIM MPUPOJHBIM IIpoleccaM, 0€3 CTUMYIMPOBAHUS BOBJIEUEHHS MECTHOTO HACENIEHHs, CTYAECHTOB
IIKOJ, KOJUIE/DKEH, YHUBEPCUTETOB B U3yUCHNE, O€3 TPOBEICHNUS MOJIEBBIX BOAHBIX HCCIICA0BAHIN, MOAETHPOBAHUS
BOJHBIX 0AJIAHCOB IMOBEPXHOCTHBIX, TOJ3EMHBIX BOJ OacceiHOB. MecTHBIC KUTEIH ayJoB 0acceitHOB pek KbIprais-
crana u KaszaxcTana HyXHalOTCsS B YCHJICHHH COBMECTHOW MOAJCP/KKU TOBBIMICHHUS KBATH(UKAINN HACEICHNS,
BO3MOXXHOCTEH afanTalnuy K N3MEHEHHIO KJIMMaTa B IIEMOYKE IIKOJIa — KOJUIEIDK — HHycTpus — yHuBepcuTeT. Co-
BMECTHBIE THPOTE€OJIOINYECKNE NCCIIEJOBAaHNS €CTECTBEHHBIX MPUPOIHBIX nporeccoB B Keipreiscrane n Kazax-
cTaHe wioxo orpadoransl. Keipreizeran, Kazaxcra ymyckaroT BO3MOKHOCTH COBMECTHOMU Koorepauy. Bo MHOrHX
CTpaHax ceiuac WJIeT «30J10Tas JIMXOPaaKa» IHIPOreoIOTMYECKUX UCCIIeJOBAaHNH, NCCIIEJOBAaHUH 110 TPUPOTHOMY
Te0JIOrHYecKoMy «0eJIoMy» BOJIOPO/LY, B TOM uKciie Ha rpanuie @pannun u ['epmanny, rie 00HapyKeHbI KpyITHEH-
IIMe MUPOBBIE MTOA3EMHBIE 3arackl Bogopoaa. Ha tepputopun TpancrpanunyHoro 6acceiina pek Mosens, Caap, rie
pacnonoxens! 3a0pornieHHbie Oonee 20 JeT Ha3a)| YrojdbHbIEC HIaXThl, 0OHAPYKEHBI OOJIBIINE 00BEMBI IPUPOAHOTO
re0JIOTMYECKOro «0esoro» BOAOpOa C OLEHHBAEMBbIM 00beMOM /10 250 MJIH TOHH C LIUKJIOM BO30OHOBIICHUS BbI-
pabOTKK B MOA3EMHBIX «(hadprkax» Bomopoaa okojao 80 JIeT — CPeIHHUM [UKIT YSIOBEYECKOM sku3HU. [Toa3eMHBIM
«(abpuxam» Boopoia BakHA MOAMUTKA BOBI IS (PU3UKO-XUMHUECKUX OKHCIUTEIBHBIX MPOLECCOB CEPICHTUHNU-
3aUH, PaJHoNIn3a, YTO SABJISAETCS BaKHBIM JJIsI COIIACOBAHMUS MPEACTABUTEISIMUA TPAHCTPAHNYHOTO OacceliHa pek
Moszens, Caap — @pannmn u ['epmannu. Keiprerzerany ¢ KazaxctaHOM Ba)KHO YCHIIUTH KOOTIEPAIHIO C CO3MaHU-
€M CTHUMYJIOB POCTa, TOIEPKKOH MCCIIenoBaTeel yaeHbIX-THIPOTCOIOTOB, CO3aHINEM COBMECTHBIX KHPTH3CKO-
Ka3aXCTAHCKUX 0acCeHHOBBIX KOJIIEIPKEH ITOJTOTOBKM TEXHHWKOB I10 BOIHBIM PECypcaM, BOAOPOAHBIM TEXHOJIO-
THsSM, aHAJOTUYHO TOMY, Kak JeJaeTcs B JAPYTHMX cTpaHax. B Hacrosmiem o030pe mpencraBieHbl BO3MOXXHOCTH
ycmnenus koonepanuu Keipreizcrana n Kazaxcrana, B TOM 4Hcie 110 COBMECTHOMY 3((EKTHBHOMY YIPaBICHUIO
NPUPOIHBIMHU pecypcaMu, u3ydeHuro ruporeonorun Keiprescrana, Kazaxcrana st 2 (heKTHBHOTO COBMECTHOTO
HCTIOJIb30BaHMS BOJJOPOIHO-BOJHBIX PECYPCOB JBYX CTpPaH.

KuroueBrble cii0Ba: TOBEPXHOCTHBIC, TOA3EMHBIC BOJIBI, OacceitHOBEI coBeT, @pannus — [epmanus, Kanana —
CIIA, Ksiprecran — KazaxcTan, mpupoIHbIil «OembIiny BOZOPOI.

BBenenune

3abnaroBpeMeHHasi MOATOTOBKA ¢ 3(h(heKTUBHON Hay4HOU MOJAEPIKKON OM3HEC-TIIIaHUPOBAHUS
NpUX0Ja-pacxojia BOJHBIX PECypCcoB IIOX0 oTpadboTana B L{A, B ToM uncine Ha 6acceitHax pex Kuip-
rei3ctana — Kaszaxcrana [1-3]. Tak mpoucxoaut Ha npumepe Oacceitna pek Uy — Tanac, korma 6b11
C/IeJIaH CJIUIIKOM OMTUMHUCTHYHBIN pacyeT, uTo OyaeT MHOTO Bojbl B 2023 1. «Ilo mpeaBapurensHOMY
MPOTrHO3Y TUAPOMETEOPOIOTHUECKOMN CITy>KObI BOJHOCTH PEK M MPUTOKA BOJBI B BOJOXPAaHMIMILA HA
BEreTallMOHHBIN niepuon (anpenb—ceHTs0ps) 2023 1. mo peke Iy mputok B Opro-Tokoiickoe Bomo-
XpaHWIMILE OKuAacs B ipeaenax 474—727 min kyoomeTpos, unu 115%. A no peke Tanac nputok B
KupoBckoe Bogoxpanunuiie mpeanonaraics B oobeme 316—474 mun kydomerpos, uin 109%. Yuu-
TBIBasI MPOTHO3, OBUIM COCTaBJICHBI rpaduku Ha Beretaruio 2023 1., rae mo peke [y nomkHo ObLIO
MOCTYNHTH 222 MJTH KyOOMETPOB BOJIBI, a 1o peke Tamac — 520 mutay. «OHaKO U3-3a HU3KUX HOUHBIX
TEMIEpaTyp BECHOI M B HayaJle JIeTa TasHUE JIEIHUKOB OKa3aJl0Ch HEMHTEHCUBHBIM. B 3TOl cBA3M
nporuo3 He noarsepawicsa. K nmpumepy, oobeM Bonbl B KUpOBCKOM BOJOXpaHMIIMILE C arpelis Mo
10 aBrycra 2023 1. coctaBmi 60 MJTH KyOOMETPOB, B TO BpeMsl Kak B aHaJIOTHYHOM riepuozae 2022 1.
B BOJIOXpaHujuiie noctymnmio 297,09 miiH kyoboMeTpoB Bojibl», «Ha 10 aBrycta 2023 1. 00beM BOJIBI
B KupoBckoM Bogoxpanwmiuiie coctasiusier 31,27 MiH KyOoMeTpoB, TO €CTh Bcero 6% OT MPOEKTHOM
MOIITHOCTH; B aBrycte 2022 T. 3TOT moka3areib ObuT Ha ypoBHE 174,29 MiTH KyOoMeTpoB» [2].

Crnenyromiasi CIOKHOCTh CBsS3aHa C YIpPaBJICHUEM BOIHBIMH Pecypcami, rie B 0acCeiHOBBIX
yIpaBIeHHUIX MpeolnagaeT aJMUHUCTPATUBHAS CUCTEMA, TIOXO0XKAas Ha CHAOKEHYECKYIO CTPYKTYDY.
B3aumootnomenus mexay Keipreizctanom m Kaszaxcranom mpezactaBisitoT co0oil cucteMy cHa0-
KEHUECKHX CIIEJIOK, KOTJa OJUH CHAOKEHEeIl BITaeTCsl YOSTUTh JPYroro 3a0paTh YTO-TO KaK MOXK-
HO cKopee M 1moOoJbIle WM, HA000poT, 3a0paTh MO3XkKe, 0e3 JAETANbHOrO aHAJIM3a ydeTa MOCie-
CTBUH, MPOTHO3a, YTO MOXKET MPOU30UTH B OyAylIeM, KaK 3THU TEKyIIHe CUIOMUHYTHBIC NEHCTBUS
MOBITUSIIOT HA YCTOMYHMBOCTH IEIOCTHOW CHCTEMBI OacceliHa, Ha OKpPYKaIoIIyro cpedy. Tak, omHa
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cropona — KeIpreizcran yoexaana apyryio ctopony — Kazaxcran, 4to mpuOImKaroTcst MpoOIeMbl ¢
3anonineHueM KupoBckoro BogoxpaHminiia, Ho cHadkeHaM Bozbl 13 Kazaxcrana Hy»HO ObLIO 3a-
Opath BoIy BHE rpaduka mocTaBoK, BoJa Hy)KHA IPSMO ceifuac, 6e3 MporHo3a aHaim3a CI0KHOCTEH.
«17-19 urons 2023 r. B bumkeke npomwna BcTpeua npencraButeneid Koipreiscrana u Kazaxcrana, B
XO0J1e KOTOPOH Ka3axcKasi CTOPOHA MPOCHIIa YBEITUYHUTh TTOCTaBKHU BO/IbI. Kazaxckas cropoHa obparu-
Jack ¢ Mpoch0oi 00 yBenMYeHUHu mojadu Boabl u3 Kuposckoro Bomoxpanmmuma ¢ 18 mo 31 utons
10 45 KyOOMETpOB B CEKYH/TY, XOTsI 10 MOANUCAaHHOMY TpaduKy nobkHa Obuta monyyars 40. B cBoro
odepeib, KbIPrbI3CKasi CTOPOHA MPOMH(GOPMUPOBaIa 00 aHAIOTUYHON TSKENION CUTYaIluH C TTOJINBa-
Mmu B Uylickoit n Tanmacckoil 00JacTsX ¥ yBeJJOMHIIA Ka3aXCKYI0 CTOPOHY, YTO MpH pacxoe 45 Ky0o-
METpPOB B ceKyHIy nois Kazaxcrana, koTopas coctapiseT 3,54 MIIH KyOOMETpOB, OyleT ncuepnana
K 4 aBrycra. HecMoTpsi Ha nmpuBeeHHBIE pacyeThl U JOBO/IbI, Ka3aXxCKas CTOPOHA HE OTKa3aiach OT
cBOEH MpochObl. B pesynbpraTe CTOPOHBI MOANUCAINA TPOTOKO, COITIACHO KOTOPOMY CO BTOPOH Jie-
KaJIbl aBTyCTa BOJA Ka3aXCKOW CTOpOHE He OyAeT MOAaBaThCs», — pacckasanu B Muncenbxo3e Keip-
rei3crana [3].

MHeHre MECTHBIX KHUTEJIeH, epMepoB, MOJIb30BaTeNei BOIbI 0aCCEHHOB MPAKTUYECKU OTCYT-
CTBYET B IPUHITUU PELIECHUH, KaK UM UCIOJIb30BaTh BOAY B UX OacceliHe, UX perMoHe MPOKUBAHMUS.
MecTHbI€ )KUTEIH UCKITIOUEHBI U3 CUCTEMBI TPOrpaMM P PEKTUBHON OATOTOBKY aHAN3a 00bEMOB
BOJIbl B UX OaccelHaxX, y MECTHBIX JKUTEJIEH OTCYTCTBYET BO3MOXKHOCTh CAMHMM COIVIACOBAaHHO IJIa-
HUPOBATh C JPYTMMH WieHaMH OacceifHa, Kak UM Jy4llle MOATOTOBUTHCS K CE30HY, UTO JydIle 3a-
ceBaTh, KaK UM IUIAHHUPOBATH PECYPChl B KOOPAMHAIMK C APYTMMHU 0€3 co31aHMs MPoOIeM CBOUM
O6mu3kuM cocensam. Crucrema mpuxosa U pacxoja oOuiero 6acceifHa BOOAHBIX PECYPCOB IIOXO OTpe-
TYJIMPOBaHa, KOT/Ia HY)KHO TIPUXOJ NPAaBHIBHO CIUTAHUPOBATh C dPPEKTUBHONW CUCTEMOM TOXOMOB.
[TpakTHUeCcKH CKOJIBKO OCAJKOB, CHETa, JOXK e, KaKoi BOAHBIN OaylaHc B OacceiiHe, KaKoW MPUXOJ]
Bo/IbI B KbIpreizcko-kazaxckoM Uy-Tanacckom 6acceiine mioxo npocuntaHo. O6e CTOpOHBI, Kak KH-
tenu Keipreizcrana, Tak 1 Kazaxcrana, Tpatst Oomnbine, 4eM uMeeTcst npuxoa. OnTuMaibHO TPUXOJ
C pacxoZioM OTPEryJIMPOBaTh C YYETOM MHTEPECOB U BO3MOKHOCTEH 00erx cTopoH. BaxkHo moaro-
TaBIMBaTh Hanbosee 3(h(heKTUBHOE HCIIOIB30BAHNE IPUXO/a AJISl YBEJIIMYECHUS CIISTYIOIETO 10X0/1a,
0e3 ymiep6a i IpUpoAbl, ¢ MAaKCUMAJIbHBIM COXPAaHEHUEM OKpY)Karollel Cpeibl, IOMoras CBOMM
JETSIM BUAETH M TIOHUMATh, YTO TAKOE XOPOIIIO U YTO TAKOE TIOXO0, U CTUMYJIMPOBATH X CO3HATEIHHO
CaMOCTOSITENIFHO MPUHUMATH MPABUJIbHBIE pelIeHus 0e3 aJIMUHHCTPATHBHOTO JaBieHus. Pa3yme-
€TCsl, 3TO KPOMOTIMBAs U Jofrast paboTa, TpeOyromiasi MOBbIIIEHNS KBaTU(UKAIUU U 00yUYEHHS C
PAHHETO IETCTBA U B TEYEHHE BCEH )KM3HU B LIETTOYKE IIKOJIA — KOJUIEIK — UHyCTPHS — YHUBEPCUTET.
Co3znaHne COBMECTHBIX KUPTU3CKO-Ka3aXxCKUX 0ACCeMHOBBIX KOJUIEIKEH — MepCIEeKTUBHOE HalpaB-
JICHWE KOOTIEPAIINH ISl 00EMX CTpPaH.

OcHOBHBIE TT0JIOKEHUST

Kak ycunuts usydenue ruaporeonorun Keipreiscrana — Kasaxcrana amist BHeApeHUs! BOAOPOI-
HO-BOJIHOT'O PbIHKA?

Jlis oTBETa Ha 3TH BOIPOCHI ONTUMANILHO MU3Y4YHUTh ONBIT JIPYTHX aHAJIOTUYHBIX Map, KaK OHU
B3aMMOJIEHCTBYIOT B TAKUX CUTyalUsIX, KaK IUIAHUPYIOT CBOM IIPUXOA-PACXOJ, KAKOM Y HUX YPOBCHb
NPUXOJA-PACX0A, KTO 3aHUMAETCS PACYETOM, KaK OHHM MCIIOJIB3YIOT CBOM IPUXOJ, BO YTO BKJIAJbI-
BAIOTCs, KaK CO3/aI0T YCTONUUBYIO 3(P(PEKTUBHYIO CHCTEMY UCIIONIb30BAHUs 001UX pecypcos. [Ipu-
OnM3UTENBbHO UCHTHYHbIE apbl — pernonsl Kanaga — CHIA, @pannus — 'epmanus — npenacrasie-
HBI 1715 U3y4eHHs 1 0OMEHa OIIBITOM, CO3JaHUs AyaJbHBIX IpOrpaMM 00y4eHHsl, B3aUMHBIX BU3UTOB,
CPAaBHEHHUS IIOXOKUX U UMEIOIINX UIEHTUYHBIEC CII0KHOCTU TEPPUTOPUH, [UIs PALlMOHAIIBLHON CHCTE-
MBI B3aUMHOM ajantaiuu (pucyHok 1, ctp. 310).
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Three States, One Province, Two Countries, ONE Red River Basin
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Kpiproizeran-Kazaxeran  hups:iwww.rre.cal «benbIii» BOAOpOX
c@ Philippe de Donato and Jacques Pironon, research

professors at the GeoRessources Laboratory
RED RIVER COLLEGE -

i, Dhsits
NAKIUR (NAMEN)

" "
CHARLEROL

wiesspEn S L FRANKSE
SN e O
DARMSTAD)
5
|
LUOMIGSHAFEN i e
siisexsual ek :

REIMS

KARLSRUHE

T
s . e il AV ] = Lo g s

Pucynox 1- Ksiprescko-Kazaxckuit Uy-Tanacckuii 6acceiin,
onuH u3 6acceitHoBbIX komuTeToB Kananer — CILA [8] ¢ addrmupoBaHHEIM
xomemkeM Red River [9] u dpaniry3cko-repmanckuii 6acceitn Mozens-Caap

MaTepnanbl " METOAbI

MeTtonp! Hecnen0BaHnAs BOSMOXKHOCTH BHEIPEHUS BOIOPOIHO-BOIHOTO PBIHKA C IIPEABAPUTEIb-
HBIM H3yudeHreM rujiporeosioruu Keipreizcrana — Kasaxcrana o onsITy Ipyrux cTpaH, B 6acceiiHax
pex @pannuu — ['epmanuu, CLIA — Kanaael, npeacraBieHbl Ha pUCyHKe 2.

MeTogwvKa MccnenoBaHnA

BO3MOXHOCTU BHEPEHWNA
BOJOPOAHO-BOAHOIO pblHKA

CpaBHUTENbHbIA aHanns

NuTepaTypHelia 0630p

l

oneIT ®paHunn-
FepmaHum no
uccneaoBaHnAM
YronbHeIX WAXT Ha
TpaHcrpaH4YHOM
6acceiiHe pek Mosenb-
Caap

Wccneposanme
MecTopoXAeHWA
npupoaHoro
«Benoro»
Bogopoaa

one!T KaHaas! CLUA no
MCNONbB30BAHWNIO
Tpancrpanquuux BOJ,

| l

nogroToeka K 4C npUMeHeHue
nporpamma FEMA nporpamm
HAZUS FLOOD MAR

Pucynox 2 — [luarpamMma #cciaeoBaHusl BO3SMOKHOCTH BHEIPEHUS BOJOPOAHO-BOJIHOTO PHIHKA
C TIpeABapUTEIbHBIM U3yUeHueM ruaporeosniorun Keipreizcrana — Kazaxcrana no onsity Jpyrux cTpa,
B Oaccelinax pex @panuuu — I'epmanun, CLLIA — Kanaaps!
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Cucrema yCTOWYMBOCTH YNPABIECHUS U UCTIOIb30BAHUS IPUPOJHBIX PECYPCOB TPAHCTPAHUYHO-
ro Oacceitna Kbipreizcrana — Kasaxcrana npoaHaln3upoBaHa B CPAaBHEHUU C TPAHCIPAHUYHBIMHU
Oacceiinamu pek Kananel — CIIA, ®panuuu — ['epmanum.

Keipreizcko-kazaxckuit Yy—Tanmacckuii 6acceitn

Bepxone 6acceiina pex Uy—Tanac (bPUT) naxomurcst B8 Keipreiscrane, a Hu30Bbe pek — B Ka-
3axcrane. Pexu Uy (Illy) u Tanmac 6epyT Boay ¢ rop Llenrpansnoro Tsaub-11lanst B Keipreiscrane Ha
BbicoTe Oonee 4000 M HaJ ypoBHEM MOps U Jajiee CIYCKAlOTCS B HU30BbE J0 CTENEH U MyCThIHb
Kazaxcrana ¢ Beicoramu okosio 400 M HaZ ypOBHEM MODsI, Tl OHH 3aBEPIIAIOTCS TOMOTpaduuecKoit
Jienpeccueit, oopasyromieit Menkue ozepa (pucyHok 1). bacceitn Uy nmonydaet OombIiie ocaakoB (710
1000 mm/ron B BeIcOKOTOphe Tstab-11Ians), uem Tanacckuii (oxomo 500 mm/ron), u umeet Gosee BbI-
COKYIO IUIOTHOCTb HACEJIEHUS U JOJIO MaXOTHBIX 3€Meb, KOTOpbIe cocTaBisoT 11% u 5,3% ot mo-
naau 6acceiiHoB cooTBeTCTBEHHO [4]. Cronmuma Keipreizctana — buikek ¢ HacesieHneM 4y Th Oosiee
MUJIJTMOHA YEJIOBEK pacrlojokeHa B BepxoBbe peku Uy, Ha nputoke Ana-Apya. B Bononorpebnenuun
npeobanaeT uppuranus, Ha KoTopyro npuxoaurcs o6onee 90% BogonoTpebaeHUs Ha KbIPrbI3CKOM
cropore BPUT. O6 sToM OacceitHe ropas3no MEeHbIIE COBPEeMEHHONW WH(GOPMAIIMH TI0 CPAaBHEHUIO C
npyrumu G6acceitnamu LA, xots Tekymas padora, koopaunupyemas Uy-Tanacckoil TpaHcrpaHud-
Hoii komuccuert (UTTK), co3manHoii mpaBuTenbcTBamu Kazaxcrana u Keipreiscrana, HanpaBiieHa Ha
pacuupenue BogHoro cotpynundectsa [5]. bacceitn pexk Uy—Tanac HanMeHee U3ydeH cpesid Ipyrux
peunbix OacceiiHoB I{A [4]. Muenue mecTHBIX kutenel, pepmepoB bPUT kak co ctopons Kazax-
cTaHa, Tak ¥ KeIpreizcrana npakTHUY€CKH OTCYTCTBYET B PEILIEHUM COBMECTHBIX IPOEKTOB IPOTrpamMm
3(h(PEeKTUBHOTO UCTIOIL30BAHMSI BOJIHBIX PECYpCOB Oaccelina, ciaboe ydacTre rpakJIaHcKoro oore-
CTBa B YIIPAaBJICHUU BOAHBIMHU PECYpCaMU, TAKKE U CIA0BI MECTHBIN MOTEHIIMAT BOJHBIX TEXHUKOB
JUISL yIIPABJIEHUSI CBOUMH BOIHBIMU pecypcaMu bPUT, oTcyTCTByeT OTKpBITast, JOCTYITHAS KaXKIOMY
xwureno 6a3a qanueix [ YIC (reonngpopmannonHas cucteMa), margopma moBepXHOCTHBIX—TIOA3EM-
HbIX Bog BPUT ¢ BHeApeHHOUW cUCTEMOW MOJETUPOBAHWS MPOTHO30B, HHTETPUPOBAHHBIX THUIPO-
JIOTUYECKHUX, THIPOre0JIOrMueCKUX JaHHbIX, OTCYTCTBYET OTKpBITas 0a3a JaHHBIX IMOJIb30BaTelei
Bozibl BPUT, ncnonb3yeMblx CKBaKUH MOJI3EMHBIX BOJ], OTCYTCTBYET €IMHAsI TpOrpamMma MOAr0OTOBKU
BPUT k upe3BpIuaifHOM CUTyaIMsIM 110 HAaBOJHEHUSIM U 3acyXaM, ¢ (MHAHCOBBIMU pacyeTaMu, Uc-
noJip30BaHueM Tporpamm, aHanorndHeix FEMA HAZUS, Flood-MAR [6]. KupoBckoe Bomoxpa-
Humie, Haxoxasmeecss B bPUT, moctpoeHo B palioHe NeBATHOALIFHON CEHCMUYECKON OTTACHOCTH,
CTPOUTENBCTBO BeJIOCh B 1965—1975 rr. B cBA3M ¢ U3MEHEHHEM KiMMara MUKU NePHUOA0B HaBOJIHE-
HUH 1 3aCyX YCWJIMBAIOTCS, U B CIyyae KOMOMHHUPOBAHHOTO COBIAACHHUSA C 3eMJIETPICEHUEM JaMObl
BOJIOXPAaHWJIMILA MOTYT Pa3pylIMThCA OT MAaBOJKA C 3eMIIeTpsiCeHHEM. B ciryuae mpopbIBa TIIOTHHBI
Kupogsckoro Bopoxpanmnuima 6au3 Tapasa MoryT norubHyTh 6osee 150 ThIc. yenoBek u ObITh pa3-
pyieHo 6omee 44 ThIC. JKUIBIX TOMOB [7].

Onun u3 6acceliHoBbIX KomuTeToB Kanaasr — CLLIA

Bacceiinossiii komuter Kanagsl — CIIIA koopauHupyeT BoJHbIE IPOEKTHBIE MPOTrpamMmbl (pu-
CYHOK 1), BKito4asi (puHaHCOBBIE, MHKEHEPHBIE Pa0OThI M0 HABEACHUSAM, 3acyXaM, Y3PPEKTUBHOMY
HCTIOJIB30BAHUIO BOAHBIX pecypcoB. Cucrema OazupyeTcss Ha CaMOYIpPaBICHHH OOIIUMHU BOIHbI-
MH pecypcaMu >kuteneil pepmepos, MHJeHeB, npoxuBaonmx B Tpex mrarax CIHIA (Munzeco-
ta, CeBepHas u IOxnast [lakora) u nmpoBuammu Kanamer (Manuro6a). MecTHbIe xutenu, depme-
PBI, HHACHIIBI, TPAKIAHCKHE OOIIECTBA 3aIUTHI TPUPOABI, (IOPH U (GayHBl aKTUBHO yYacTBYIOT B
pEIIEHNH COBMECTHBIX MPOEKTOB MPOrpaMM 3G QGEKTHBHOTO HCIOIb30BAaHMS BOAHBIX PECYPCOB, B
yHpaBiIeHUH BOAHBIMU pecypcamu. CHUIIbHBIN MECTHBIN MOTEHIIMA BOJHBIX TEXHUKOB B YIIPABICHUN
CBOMMH BOJIHBIMH pecypcaMu ¢ (PMHAHCOBO-TEXHUUECKOM MOATOTOBKOM TEXHUKOB B adumupoBaH-
HBIX KOJUIEKaX TOCTOSTHHO OOHOBIISIETCS CAMBIMH COBPEMEHHBIMH 3HAHUSAMH M TEXHOJIOTHSIMH C
BBICOKOI orutatoit Tpyna [8, 9]. bacceitnoBsiii komuter Kanaasr — CIIIA Bemer 6a3wl JaHHBIX, OHU
OTKPBITHl M JOCTYIHBI Kaxkaomy. HpopMaIus mo KaxaIoMy NpOeKTy U TPYyINIe, Beaylleld MpOeKT,
HAXOJUTCS Ha OTKphITOM BeO-caiite [10]. K mpumepy, mo Oacceiiny xutenu, pepMepbl permiim clie-
nate LIDAR [11], Light Detection and Ranging — Remote Sensing, CHUMKHU BBICOKOH PE30JIIOLUU B
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50 cm ans co3nmaHus TonorpapuuecKux KapT, HU(PPOBBIX Mojeneil penbeda, MIaHUPOBAHMS 3eMIIN
(hepmepoB, MOJEIMPOBAaHUS HABOAHEHUH U 3acyX. Ha 310 ObU10 moTpavyeHo 5 miuH nomnapos. Ou-
HAHCBI ObUTH BJIO’KEHBI YACTUYHO OOIIMMU yCHIIMAMU MecTHBIX ¢pepmepoB Kanaas! u CIHA — 3 miH,
JIpyrasi 4acTh — 2 MJTH JIOJIJIapOB Obl1a CyOCHIMPOBaHa IPOBUHIIMAIBHON aIMUHHUCTpalnei. JlanHbie
LIDAR B otkpsiToM goctyne s ckaduBanust [ 12]. JlocTymHbie mporpaMMbl 00ydeHus IO UCTIONb-
3oBanuio LIDAR oTkpsiTh! 1151 Kaskoro [13] ¢ mporpaMMaMu MOJIETUPOBAHUS IO TPOTHO3Y U aJiall-
Taluyu K u3MeHeHuto kmMata [14]. Ilo apdexTnBHOMY MUCTIONB30BAHNUIO HAKOTUICHUS JPEHAKHBIX,
MaBOJIKOBBIX BOJl HABOIHEHU I 0AaCCEIHOBBII KOMUTET UCIIONIB3YET MHTEHCUBHO MOJIETMPOBAHHUE CO-
macoBaHHo ¢ (hepmepamu Kananpet u CHIA. CTOpoHBI COBMECTHO ONPENEISAIOT PErHOHBI, TAe OyneT
ONTHMAJIBHO CO3/aTh Majble HAKOMUTENU ISl TIOMIOJHEHHUSI BOJJOHOCHBIX MOJ3EMHBIX TOPU30HTOB
(MAR-Managed Aquifer Recharge) [15], ananornuno nporpammam Flood-MAR neiictByronmm B
Kamudopuun [16]. MectapiMu xutensmu Kanamnsr — CILIA ucnonb3yercst eauHas reonH(opMaIiu-
OHHas 0a3a JaHHBIX MOJCIMPOBaHMs Ype3BblUaiiHbix cutyarmii Kanamer — CIIIA FEMA HAZUS
[6], mpencTaBnsomas CTaHIAPTU3UPOBAHHBIE UHCTPYMEHTBI M JIAHHBIE JJI OLIEHKH pUCKa 3emile-
TPSICEHUI, HABOAHEHUMU, yparaHoB, 3aCyX, MOXKapOB C SKOHOMHYECKUM aHAJIM30M U CIIEHAPUSIMHU
TUTAHUPOBaHUS (PMHAHCOBBIX PAcXol0B (PUCYHOK 3) B KOOMEPALUU CO CTPAXOBBIMH KOMIAHHUSIMHU
ATHUX TOCYIapCTB.

Pucynox 3 — Eaunas reoundopmaniontast 6a3a JaHHBIX MOJECIUPOBAHUS
ype3Bblvaiinbix cutyauniit FEMA HAZUS 1o orieHKe pUCKOB 3eMJIETPSCEHUH,
HABOJIHCHUH, YparaHoB, 3acyX, II0KapoB ¢ (PMHAHCOBBIMHU pacueTamH [6]

DKkoHOMHUYECKas 10J1b3a, 3P(EKTUBHOCTD OT BHEAPEHHUS TPOrpaMM MOZAEIMPOBAHUS, IPOTHO34,
MEpOnpUATUH 3apaHee 10 upe3BblyaiiHbIX coObiTuii (YC), ncnonp3oBanne KOMOMHUPOBAHHBIX JICH-
ctBuil ¢ TexHonorussMu FEMA HAZUS ouenena @enepanbubiv areHTcTBoM Kanaaer — CIIA o UC
B ipontopumu 1:10, Kak i qoiap, Bioxkennbi 10 YC, skonomut 10 10 qonnapoB Ha MOCHEICTBH-
ax YC [17]. [To Mepe TOTO KaK YMCIO U CTOUMOCTH MOTOJHBIX U KIMMAaTHYECKHX KaTacTpod yBesu-
ynBatotcs, PenepansHoe areHTcTBO 10 YC FEMA CIIIA Bce Oosbliie MHBECTUPYET B MPOTPAMMBbI
noaroroBku K YC ¢ a¢hekTuBHOM pearupoBaHHEM, C aKIIEHTOM Ha MOBBIIIEHUE KBAaTU(PUKAIIMH HA
MecCTax CaMUM HAaCeJICHHEM, B MECTHBIX KoJuiemkax. Kax bl To1 B TeueHNe MOCIECAHHUX ATH JIET
B CIIIA mpoucxomut 6onee 20 6encTBuii, ymepd oT KOTOPBIX olleHUBaeTcst Oonee yem B 20 Mipa
nostapoB [17]. Crpareruss FEMA CIIIA — crare 6oiiee 1aabHOBHIHBIM, a HE PEaKTHBHBIM. M3Me-
HEHME KIIMMaTa TpeOyeT IUIaHUPOBAHUS Ha JIECATUIICTHS BIEpell, HO B MPOILJIOM 3TO HE BXOAMJIO B
o0siz3anHocTH FEMA. Ceituac ke FEMA CIIA MHTEHCHBHO BKJIaJbIBa€TCsl B UCCIEI0BATEIbCKUE
paboThl MO MOAETUPOBAHUIO CLIEHAPHEB Ha JecaTku jeT Buepen no YC ¢ mepemayeil U JOCTYIHO-
CTBIO 3HAHHM JJIs1 pA3HOTO YPOBHS B IIEMOYKE IIIKOJIA — KOJIJIEIK — MHAYCTPHS — YyHUBEpCUTET. Moie-
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o1 HAZUS coderatoT B ceOe OMBIT U3 MHOTHX AUCIUILINH IS CO3MaHMS MOJIe3HON HH(opManuu o
pHUCKax, KOTOpast MOBBIIAET YCTOHUMBOCTE coobmiectsa. [Iporpammuoe obecnieuenne HAZUS pac-
IpocTpaHseTcs Kak HacTosbHOE npuiioxkenne Ha ocHoBe ['MC ¢ pacTymumM HaOOpOM yNpoOIEHHBIX
MHCTPYMEHTOB C OTKPBITBIM HCXOIHBIM KOJOM. Pecypchl 1o onieHke pruckoB u3 nporpammsl HAZUS
BCErJa HaXOAATCA B CBOOOIHOM JIOCTYIIE M TIpo3padHo pasBuBatotrcs. [Iporpammoit HAZUS ympas-
nset [Iporpamma onenku pruckoB npupogHbix ornacHocteid (NHRAP) denepansHoro areHTcTBa 110
Yype3BbIYAHBIM CUTYyalUsAM ynpasieHus puckamu. HAZUS BxiroyaeT MOAyau: a) HCTOPHUUECKOE U
CLIEHApHOE MOJIEIIMPOBAHKE; ) IKOHOMUYECKHUE MOTEPH; B) yILIepO 3MaHHUSIM U COLUATIbHbIE MTOCIEI-
CTBUSI HCTOPUUECKHUX COOBITHI; T) clueHapuu miuaHupoBanus [6]. bacceitnoBblil komuTteT Kanaabr —
CIIIA neficTBYeT 1O MPUHIIMIIAM €TUHON MIaTHOPMBI B IIEMOYKE IIKOJIA — KOJIJISIK — MHIYCTPHUS —
YHHUBEPCUTET C BOBJIEUCHUEM JI€TEH U B3POCIBIX B 00CYXk/IEHHE U peIlleHHe UX OOIINX CIOKHOCTEH,
HAXOXJICHHUE ONTUMAIIBHBIX pelIeHu, nMest ahpUIMpOBaHHBIN KOJUTeK mpu Oacceitne [9]. [lkoms-
HHUKHU BOBJIEKAIOTCS M TIOMOTAIOT CBOUM DPOIUTEISAM-(hepMepaM B KOMIBIOTEPHBIX TEXHOJOTHAX, a
TaKXKe B IMOJIEBBIX pabOTaxX MO M3yUYEHHIO COCTOSIHUSI NMOBEPXHOCTHBIX—TIOA3EMHBIX BOJ OaccelHa.
[IporpaMMbl HIKOIBHUKOB, aHAJOTHYHBIE TporpaMme «3Hail CBOIO CKBaKUHY» [ 18], 00yueHue Tomy,
Kak 0TOMpaTh MPOOBI M TPOBEPSITH KaueCTBO BO/IbI CKBaKUH, nomysisipHbl B CILIA — Kanazge. Ctynen-
ThI CPAaBHUBAIOT CBOM PE3YNBTAThl C TECTaMH, TPOBEJACHHBIMH B JJAOOPaTOpuu BOIHBIX HayK. CkBa-
JKUHBI MECTHBIX JKMTEJIEH MPOBEPSIIOTCS HA HAJIM4KME HUTPATOB, HUTPUTOB, METAJIOB, IECTUIINIOB
U OaKTepHil TPYNIbl KUIIEYHON najgodku. CTyaeHTHl COOMPAIOT NaHHBIE O 3eMJICTIONB30BAHUM IS
onpeseNeHHs YA3BUMOCTH K 3arpsi3HeHuto. Bragenbuam CKBaKMH MPEIOCTABISIFOTCS PE3YJIbTaThl
UCHBITAaHUHN U HHPOpMAIIHSL, KOTOPast IOMOXKET UM OLIEHUTh KauyecTBO BoAbl. [Iporpamma «3Haii cBOtO
CKBa)XMHY» TIOMOTaeT BaJeJIbliaM CKBa)XMH U IIKOJIbHUKAM CaMUM aHaJIM3UPOBATH CBOIO BOJY Ha
MECTHOM yYpPOBHE B perHoHax 0e3 IIEeHTPaIM30BaHHON CUCTEMbI a]MUHUCTPUPOBAHHUS (PUCYHOK 4).

KNOW YOUR WELL

KNOW YOUR W
‘ﬂ P

Pucynox 4 — xonsauku CHIA — Kananer o0y4arorcs
MOJIEBBIM PA0OTaM 10 U3YUEHHUIO OA3EMHBIX BO/,
oTOOpy Mpo0 M MPOBEPSIFOT Ka4eCTBO BOJIbI CKBaXKHH [ 18]

CIIA, Kanana Takke HHTEHCHUBHO MOJIEP>KUBAIOT HaydHbIE pabOTHI YUEHBIX HCCIeI0BaTeNeH
B Koonepanuu ¢ MHIycTpueit mo co3nanuio BOZOPOIHBIX XaboB (pUCYHOK 5, cTp. 314) ¢ pa3BuTHemM
BHYTPEHHUX COBMECTHBIX PBIHKOB BOJOPOJA, B TOM UHUCJIE JUISl MUCIIOIB30BAHUS arpapHbIMH KOPIIO-
panusMu, UPPUTAIMOHHBIMUA U TPAHCHIOPTHBIMU MAalIMHAMU Uil paboT MO MPOU3BOJACTBY MPOIO-
BOJIbCTBUSL.

[Ipuponubiii «Oesnblit» BOAOPOA B KATETOPUHU «30JI0TOM JMXOpaJKH» BO MHOTHX cTpaHax. ['un-
poreosioraMy BeIyTCS HHTEHCUBHBIE uccienoBanus B CeBepHoil AMepuke Ha 3eMisiX (epMmepoB
(pucyHok 6, ctp. 314). IlpupoaHslii «Oenbli» BOZOPOI — 3TO CaMO€ JICIIEBOE pEelIeHHE I IPOU3-
BOJICTBA YIVIEPOJHO-HEUTPAILHOTO BOIOPO/IA, KOTOPBI MOXKET KOHKYpPUPOBATh C HCKOMAEMBIM TOII-
auBoM. Lleroyka reoJornueckoi pa3Beku MpUPOAHOTO BOAOPO/a aHAJIOTHYHA JOOBIUE TPUPOTHOTO
ra3a u BKJIIOYAET B ceOsi pa3BeiKy, BBIOOP y4acTKOB, OypeHHe, TOOBIYY M pas/elieHHe MPOAYKIUH.
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3ammTa OKpY)Karollel Cpeibl BISIETCS IPHOPUTETOM ISl peaIn3alluyl JOOBIYN TPUPOTHOTO «OeIto-
ro» BOJOPO/A, KOTOPBIA HEe TPeOyeT MCIONIb30BaHHUS YKOJIOTUYECKH OMACHBIX METO/IOB, TAKUX KaK
ruapopa3pbiB miacta. [Ipupoansiit «6emnsiit» Bogopoa Ha 33% xemenie, YeM CaMblii I€HIeBbIA BO-
JIOPOJ] U3 UCKOTIAEMOTO TOIUIMBA, U B HECKOJIBKO Pa3 JCIIEBJIE CaMOT0 JCIIEBOTO «3€JIEHOT0» BOJO-
pona [20]. [TpupoaHbIii «OemnbIii» BOIOPOI MEPCIEKTUBEH B KauecTBE OoJiee IeeBON albTepHATHBBI
«3eneHoMy» Bopopoxay. Ilpuponusiii «Oenblit» BOIOPOI CTOUT B AECATH Pa3 JICIIEBIE «3EJICHOT0»
Bojiopona [21-24].

i PACIFIC NORTHWES

. ROCKl- e
N. CALIFORNI 1 _.

' KANSAS

ESTERNPE NNSYLVA NIA
5. CALIFORNIA

‘ OKLAHO

\ Core Area
Emissions

POTENTIAL US ; ; A r i : Regions
HYDROGEN HUB SITES* ; \

*Asidentified by the GreatPlains Institute, and
including carbon management sites

Pucynox 6 — BypoBbie paboThl KOMITAHHH TI0 JIOOBIYE TIPUPOTHOTO «OEIIOT0» BOIOpO/Ia
Ha 3emiisix GepmepoB CeepHoii Amepuku Natural Hydrogen Energy [20]
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Opanmus — ['epmanwnst, 6acceitn pek Mo3enb — Caap

Ha teppuTtopun ObIBIIMX 3a0pOIIEHHBIX IIAXT, 3aKpbITHIX 20 JIeT Ha3aj, Ha rpaHule OpaHuun
u I'epmanun (pucynok 7) yuensie-rugporeosiorn @ununn ne Jonato u XKak Iluponon, mpodec-
copa-uccienosarenu jadboparopun GeoRessources B ropose Hanen, ucciaenoBaiu MeCTOpOKICHUS
npupogHoro «oemoro» Bomopoaa (H2). 3emus mox ropHomoObiBatonM Oacceitnom Jlotapuarum
O4YeHb Oorara MPUPOIAHBIM «OeTBIM» BomopomoM [24, 25]. MccnenoBareny moiararoT, 94T0 MPUPOI-
HBII «OeJBIi» BOJOPO HEMPEPHIBHO MPOU3BOIUTCS HACTOAIICH BOMOPOIHON MOI3EMHOM «hadbpu-
KO», CKPBITOM MOJ] HOTaMH, ChIPb€M KOTOPOM SIBIISIFOTCS MOJIEKYJIbI BOJIBI 1 MUHEPAJIbI, COCTOSIINE
u3 kapoonaros xene3a (FeCO3 u Ca (Fe, Mg, Mn) (CO3) u ypaHOBbIX MUHEPAJIOB. 3eMJIsi BOKPYT
3a0pOIICHHBIX YTOJBHBIX MIAXT pyAHUKOB DommBuiiep Oorata TuMu TuNamu coeaunenuid. Korna
MUHEPAJbl BCTYMAIOT B KOHTAKT C BOAOH, MPOUCXOAUT (PU3UKO-XUMHUYECKAsi OKHCIUTEILHO-BOCCTA-
HOBHTEIbHAS PEaKIns, B KOTOPOU MUHEpaJbl pa3nessitoT MosieKyisl Boabl (H20) Ha kucmopon (O2)
u Bonopox (H2) [23].

[MpuponHsiii «Oembliy BOAOPO/ MPUCYTCTBYET B IIMPOKOM CIIEKTPE TOPHBIX ITOPOJ U TeOJIOTH-
yecKkux peruoHoB. [lom3emHble (U3MKO-XMMHUYECKHE pPEaKLMU BKIIOYAIOT JIera3aliio BOIOpO/a,
PEaKIuio BOAbl C IEOJOrMYECKUMU TOpoAaMH (CeprieHTUHHU3AINH) WK PAagUuoiIn3 (JIUCCOLUAIIHS
BOJIbI YPAHOM WJIHM TUTyTOHHEM) M PA3JIOKEHUE OPraHMYECKOro BemecTBa. CeprneHTHHU3AINS — 3TO
IpoIecC BCTYIUICHHS BOJBI B PEAKIUIO C ONIPEIeICHHBIMHI O(HOIUTOBBIMU MIOPOJIAMH U BBIICIICHNE
Bozmopozaa [20]. CeprieHTUHM3AIUS SBISETCS €CTECTBEHHBIM MPUPOTHBIM MPOIECCOM H3MEHEHUS
BOJIOM TOPHBIX MMOPOJI, COAEPKAIMX BBICOKYIO KOHIIEHTPALMIO JKeJie3a U MarHusi. OTO U3MEHEHUe
B COYETAHUM C OKMCIICHHEM METaJUIOB, MPHUCYTCTBYIOIIMX B MOPOAAX, NPUBOAUT K 0OpPa30BAHUIO
OoraToro BOJIOPOAOM Ta3a U o4YeHb IesiouHoi Boss! (pH 10 12,5).

®panuus-I'epmannsn,
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=  Source https:/hwww.french-waterways.com/waterwaysi/north-eastiriver-moselle/

Pucynok 7— Ha rpannne @panuyu u [ epMaHuy ydeHble-THAPOTe0Iorn
Owumurm e Jlonaro u XKax [TuporoH, npodeccopa-mccirenoBaTens 1a00paTopuu
GeoRessources ncciie0Baiy ruraHTckoe MecTopoxieHue 10 250 MIIH T IPUPOIHOTO
«6eoro» Bogopona (H2) B pernone peunoro 6accerina Mo3zens — Caap
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Pe3ynbrarsl u 00cy:K1eHUE

HccnenoBanust THAPOreosIOTHH MIPUPOIHBIX 3arlacoB BOJOPOJA SIBISIOTCS CIOKHOW 3ajaueil.
HccnenoBarensiMu-ruiporeoyioraMyu IpoBOAATCS. OOIIMPHBIE UCCIIEIOBAHUS JUIS OTPEIeNICHUs 110-
TEHIIUATLHOTO PACTIONOKEHHSI MECTOPOXKICHUN TPUPOITHOTO BOJIOpOia (PUCYHOK 8).

MpupoaHbIi reonoruyeckmin «6ensin» Bogopoa
~w 1) CepnenTiHWaauua (ruapataumns BoraTeix Xenesom
L nopoa/MUHEpancs)
2) Pagwonus (pacliennexne Monekyn Bojbl Npy paguoakTHBHOM
\ pacnage ypasa winu Topua)
BawHOCTb HanM4Y1A Bofbl B Nog3eMHbIX «thabpuKaxs
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Pucynox 8 — [TogzeMHBIe TIPUPOIHBIC TEOJIOTHYECKHE «(PaOPUKI» IPOU3BOJICTBA BOJIOPOIA,
BO300HOBIISIEMOW YHEPTUH C IIUKIIOM OKOJIO TIEpHOIa YeTOBEYECKOH JKU3HH, okoito 80 net [26, 27]

Y4eHBIe-THAPOTECONIOTH UCTIONB3YIOT PACITUPEHHBIC UCCIIEA0BaHMsI 0a3bl JAHHBIX CKBKUH JIJIS
aHaju3a 3armacoB MPUPOTHOTO «Oeoro» Bojoposa. B To e BpeMs J00bI4a IPUPOTHOTO «OEII0TOY
BOJIOPO/Ia MOXKET ObITh HAMHOTO JICIIEBIIE, YEM BCE TUIIBI BOAOPOOB (pucyHok 9). Ilox 3emieit Mo-
JKET OBITh B THICSYY pa3 O0JIbIe BOAOPO/IA, YeM BCEX CYIIECTBYIONINX THIIOB BOJOPO/IA, TPOU3BOIN-
MbIX Ha 3emiie [27]. [eonoruueckas cimyx0sr CILIA, USGS, cunraert, uro 3emiis €XKeroIHO MPOU3BO-
JIUT HAMHOTO OOJIBITIC BOJIOPO/IA, YeM MUJLTHOHBI TOHH, POU3BOMMBIC JIFOIBMHU Ha Beel 3emute [28].

The Colours of Hydrogen H, Production Cost (USD)
P TS

=% 6 Of

Blue Hydrogen

Watyral Gos .m | Hydrogen
[ H

Green Blue Grey

Pucynox 9 — [IpupoaHbIi reooTnIecKuil «0eibIiiy BOJJOPOI HAMHOTO
JICTICBIIC 1TO0 CEOECTOMMOCTH, YeM BCE THIIBI JPYTHX BOIOPOIOB,
MIPOU3BOIUMBIX Ha 3emute [27].
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Hamuuue Boabl B MOA3eMHBIX «(paOpUKax» SIBISETCS OJHUM M3 OCHOBHBIX KOMIIOHEHTOB TPO-
1iecca BeIpaOOTKU MPUPOTHOTO T€OJIOTUIECKOro «0eoro» Boaopoaa. bes Boasl moasemuas «padpu-
Ka» MPOCTO BBICOXHET. B CBSI3U € 3TUM OYECHBb Ba)KHO OTPETYIHPOBATh CHAOKEHHE BOIOM MOA3EMHBIX
reosioruueckux «(adpuk» Bomopoaa. OCHOBHBIMHU MPOLIECCAMH BBIPAOOTKH TPUPOTHOTO T'€OJIOTH-
94EeCKOro «0eroro» BoIopo/a sIBISIOTCS:

a) cepreHTUHU3ANUSA (TUapaTaIys 00TaThIX JKEJIe30M OO/ MHHEPAIIOB)

0) panuonu3 (pacuierieHue MOJICKYJ BOIBI IPH PaJIMOAKTHBHOM pacliajie ypaHa /Wi TOPHs)

[Tpumep ceprieHTUHU3AIMN OJMBUHA (MUHEpasa, 0OraTtoro )eie30M U MarHheM):

3 Fe,SiO, +2H,0—>2FeO,+38i10,+2H, (1)
@asimut + Bona -> Marnerut + Kpemuesem + Bonopon

[Tpumep paguonusa, AUCCOUMANNS BOIBI YPAaHOM WM IUTyTOHHS B 3emie. [Ipu paguonuse Boga
paznaraercsi Ha TaKMe YacTHIIbI, KaK THAPOKCHIIbHBIE paaukaisl (Touka HO-panukai), aTombl BOJO-
pona (H Touka-panukan) u aromsl kuciopona (O touka-paaukain) (pucyHok 10) [26].

H,O + hv
H,0* e —y HO"
+H,0 +H* +0, decomposition
HO® + H;0* H 0" H", HO", O"

Pucynox 10 — OcHOBHBIE NTEPBUYHBIE PEAKIIUHU U POTYKTHI Painon3a BOAbI [26]

EcTb Oonblast BEpOATHOCTh HAXOXKIEHHS MPUPOIHOTO «Oenoro» Bopopona B Keipreiscrane —
Kazaxcrane, rie nMeroTcst 0oJbIre 3anachl MOJIMMETauIOB, YpaHa, moa3eMHbIX Boal. B Keipreiscra-
He — Ka3zaxcTaHne oTCyTCTBOBAIM CTUMYJIBI TOMCKA TPUPOTHOTO «OEIIOT0» BOJIOPO/IA, OTCYTCTBOBAJIO
(MHAHCHpPOBaHME, CTUMYIIbI BOBJICUEHHS YUCHBIX-THIPOT€OJIOTOB B U3yUYEHHE MPUPOTHOTO «Oeo-
ro» Bogopoaa. Temeps ke uMeercss nHGOpMAITUI U 3HAHUS, KaK BBITVISIIAT MTPABHIIbHBIC T€OJI0OTHYC-
CKHE CTPYKTYPBI, TJIe MOTYT HaXOJUThCSI MOJ3€MHBIE «(PaOpHKM» MPOU3BOICTBA PUPOIHOTO «Oeo-
TO» BOJIOPO/IA 1O ONbITy ucciuenoBanuit Manu, [lIselinapun, ®pannuu, ['epmannn, CIIA, Kanasusl,
Agctpanuu [29-31]. OnTUManbHO U3YYHUTh OMBIT ATUX CTPAH U UX TEOJIOTMYECKUE CTPYKTYPHI, 00-
YUHUTBCSI U UCCIIE/I0OBATh aHAJIOTMYHbIE Ieojornyeckue cTpykTypbl Kbipreizctana — Kazaxcrana, e
MOTYT OBITh MECTOPOXKIACHUS MPUPOTHOTO «OEI0ro» BOAOpONIa, CTUMYJIUPOBATh U 1aTh (pUHAHCH-
poBaHue yueHbIM-TUaporeosnioraM Keipreiscrana—Kazaxcrana. B ciydae Hanuuusi npupoaHoro «oe-
noro» Bogopozaa B Keipreizcrane—Kazaxcrane oH MOKET OBITh JCTIEBIIE TIPOM3BOJICTBA «3EIICHOTOY»
BOJIOpoJa B necaTku pa3 [21]. Hanuuue nmpuponnoro «oemoro» Bogopona B Keipreizcrane — Ka-
3aXCTaHe BIOJHE MOKET MO3BOJIUThH PAa3BUBATh MHTEHCUBHO BHYTPEHHEE MCIOJIB30BaHUE BOJOPO/Ia
HACEJICHUEM 3THUX CTPaH, I7Ie HY)KHbI OyTyT TEXHOJIOTHH, aHAJIOTUYHBIC TEXHOJIOTHAM (PPaHILy3CKUX
IPOU3BOAUTENIEH BOJOPOAHBIX IEKTPUUYECKHX I'€HEPATOPOB C HYJIEBBIM YpOBHEM BbIOpPOCOB [32,
33]. HakonuTenbHbIE TEXHOJIOTHH BOAOPOJA B €MKOCTSX, UICHTUYHBIX CKUKEHHOMY MPUPOTHOMY
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rasy, ¢ TMOCJEIyIONUM MIPOU3BOICTBOM dnekTposHeprun ctaniusmMu GEH2, BnomHe MoryT 3ame-
HUTB JOPOTHE TEXHOJIOTHHU XPAHEHUS JIEKTPOIHEPTUHU B OaTapesiX, MPaKTHIECKU MOTYT 3aMEHHUTh
Oarapeu (pucyHnok 11). Pa3BuTne ucnonb30BaHus TAKUX TEXHOJIOTUN TPeOyeT TEXHUUECKON IKCIIEP-
TH3BI C CHCTEMOM MOATOTOBKHM TEXHHKOB IO BOJOPO/Y, BKIIOUYAs 0OyUYCHHE TEXHUKOB B KOJUIEMKaX
B Koorepauuu ¢ kouexamu @pannnn, Kanaas! u Karapa. Keipreizcrany — Kazaxcrany Oyzert BbI-
TOJHO YCWJIUTH KOOIIEPAIMIO B MOATOTOBKE TEXHUKOB B IIEMOYKE IIIKOJIA —KOJUIEJIK — UHAYCTPHUS —
YHUBEPCUTET B U3yUCHUHU, MPOBEJACHUH TOJIEBBIX BOJHBIX UCCIIEIOBAHUN, MOICTUPOBAHUH BOJIHBIX
0ajaHCOB IIOBEPXHOCTHBIX—IION3EMHBIX BOI O0acceliHOB, ruaporeoyioruu [34, 351.

5
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DpaHuy3CKMe BOAOPOAHLIE INEKTPHYECKHE reHepaTopkl C HyNeBkIM ypoBHeM BLIBpocon

Pucynok 11 — ®@paniy3ckue TEXHOIOIMH BOLOPOAHBIX AleKTpudeckux reueparopos GEH2 ¢ HyneBbIM
ypoBHEM BbIOpOCcOB [33, 34, 35] ¢ HAKOMUTENSIMHU BOAOPO/Ia B EMKOCTSIX, WACHTUYHBIX CKUKEHHOMY
IPUPOJHOMY rasy, ¢ IMOCIEAYIOIUM IPOU3BOJICTBOM AIEKTPOIHEPTUH BIIOJTHE MOTYT 3aMEHUTH JOPOTUE
TEXHOJIOTUH XPaHEHUsI JEKTPOIHEPTUU B OaTapesix, IPAKTUUECKU MOTYT 3aMEHUTh OaTapeu

3akiaoueHne

Keipreiscrany n Kazaxctany BaskHO pa3BUTh 00j1e€ TECHYIO KOOIEPALHIO IO COBMECTHOMY Pa3-
BUTHIO BOJOPOIHO-BOTHOT'O PhIHKA C CO3JaHUEM CTUMYJIOB BOBJICUCHHUS HACETICHUS B U3yUCHUE M-
pOreoJIoruy B LIEMOYKE LIKOJIA — KOJUIEIK — MHAYCTpus — yHuBepcuTeT. Kbipreiscran u Kazaxcran
OYeHb 00raThl MOA3EMHBIMU ITPUPOJHBIMHA PECYPCaAMH, KOTOPBIC UCIIOJIB3YOTCA B OCHOBHOM TOJIBKO
JUIsL TOTO, YTOOBI TOJIYYUTh CHIOMHHYTHYIO BBITOTy Ha HECKOJIBKO JIET, 0€3 CUCTEMBI JI0JITOCPOYHOTO
COXPaHEHUS IIPUPOJHBIX PECYPCOB Ul OyIyIINX IMOKOJIEHUH 3TUX cTpaH. JloObIBaroIas HHAYCTpUs
Keipreiscrana — Kasaxcrana HaleneHa JHUIIb Ha W3BJIe€UYeHHE pyd 0€3 BO30OHOBIAEMON CHCTEMBI
BOCCTAHOBJICHUS] NIPUPOIHBIX PECYpcoB. TeXHOIOTHMM HCIOIb30BAaHMS MOI3EMHBIX PECYpPCOB Kak
BOCCTaHaBJIMBAEMOI MoA3eMHON «padpuku» ¢ 3(h(heKTUBHON CUCTEMOM BOCCTAHOBJIECHUS NPUPO-
HBIX pecypcoB IpakTuiyecku HeT. Kbipreizcran u KazaxcraH BroiHe MOTYT UCCIIE10BaTh, HAJIAIUTh
1 3((HEeKTUBHO HCIIOIb30BaTh MPUPOAHBIN I'€0JOTHUECKUil «Oesblily BOAOPOI B CHCTEME Herpe-
PBIBHOI'O NOJY4€HHs U BOCCTAaHOBJICHUS B MOA3EMHON BOIOPOAHOM «pabpuke». B Keipreizctane u
Kazaxcrane mioxo oTpaboTaHa KoONepalys IHIporeoIorHueckux uecieoBanuii. I'eonndopmanu-
OHHBIE KapThl PAcIOJIOKEHUS IPUPOIHOTO «OEI0ro» BOAOPOAA OTCYTCTBYIOT. BajkHO yCcHIUTh 3KC-
HepTU3y, 3HaHUA, 3aUHTEPECOBAHHOCTh, MHBECTUIIMM B T'MIPOreOJIOrNYeCKre UCCIEN0BaHUs MpH-
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poaHoro «0enoroy» Bogoposaa B 0b6enx crpaHax. [‘maporeonornuyeckne UCcciaeJ0BaHMs €CTECTBEHHBIX
IPUPOJHBIX MPOLIECCOB CEPIEHTUHU3ALNH, PaaAuoan3a oxo orpadoransl B Keipreizcrane u Ka-
3aXCTaHe, NPaKTUUECKU OTCYTCTBYIOT. MccnenoBanusl BOOHBIX PECYPCOB TMAPOTEOJIOTMH UMENIH U
UMEIOT OCTaTOYHbIN MpuHIUI. PabOTHI THIPOreo10roB 04eHb MI0X0 puHaHcupyroTcs. Hayunsle un-
cTuTyThl TuaporeosnoroB Keipreiscrana u Kasaxcrana ¢ TpyioM BBIKHMBAIOT 0€3 (prHAHCHPOBAHMS.
OTUM CTpaHaM ONTUMAJIBHO HMCIIOJIB30BaTh TEKYIIME BO3MOXKHOCTH «30JI0TOW JIMXOPAaIKW» THIPO-
T€OJIOTHUECKUX HMCCIIEOBAaHHN 10 MPUPOJHOMY T'eoJIoTHUecKoMy «Oenomy» Bopopoxy. Hambomee
paLMOHAaIBHO Pa3BUTh ApTHEPCKHE AyaibHble cucTeMbl o0yuenus ¢ Kananoit —CIIA, ®panuueit —
I'epmanmeit, roe oOHapy>KeHbI KpYTHEHIIIME MUPOBbIE TIOA3EMHbBIE 3arackl Bogoponaa. Kelpreizcrany
¢ KazaxcraHOM BaKHO YCHJIMTH KOOIEPALHUIO C CO3AAHMEM CTUMYJIOB POCTa, MOJAEPKKON Hccie-
JoBaTesel, yUeHBIX-THPOre0I0roB, CO3aHNEM COBMECTHBIX KBIPI'BI3CKO-Ka3aXCKUX 0acCeHHOBBIX
KOJUIEPKEN MOATOTOBKM TEXHHMKOB IO BOAHBIM peCypcaM, BOAOPOAHBIM TEXHOJIOIMSIM aHAJIOIHMYHO
TOMY, KaK JIelaeTcs B APYTrUX CTPaHaX.

HNudopmanust 0 pMHAHCHPOBAHUH

Hannas pabora nognepxusaercs mpoektoM Ne AP19679749 rpantoBoro ¢puHancupoBanus Mu-
HHMCTEPCTBA HAyKH U BbIcIero oopasoBanus PecmyOnuku Kazaxcran.
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CYTETII-CY HAPBIFBIH EHT'I3Y YIUHIH KbIPFBI3ZCTAH - KASAKCTAH
IT'NJAPOT'EOJIOT'UACHIH 3EPTTEY

AHjgaTna

Cy tammbuteirel Opranbik Asus (OA), conbrH imiHAe Kpipreisctan — Ka3zakcTaH CHSAKTBI KYpFaK JKOHE
JKapThUTal Kyprak aiMakrapiarsl jxkahaHmplik ToyekenmmepaiH Oipi. Opraiblk AB3HSHBIH HETI3Ti ©3eHIepli —
Keipreizcran men Kasakcran aiimarpiana opHanmackan Llly—Tamac e3enmep amaObl CHSKTHI TPaHCIIEKAPAIBIK
Gounbin kenesi. KimumarTeiH e3repyi, CyMeH KaMTamachl3 eTYIIH KbICKApybl, Cy CalachlHbIH HalIapiaybl CHUSKTHI
TAaOUFU JKOHE TEXHOTEH/IIK (haKTopiyiap Cy AaraapbiCTapbl MEH KaKThIFbICTApbIHA OKeyl MyMKiH. OKiHIIIKe opaii,
Heri3iHeH OpTaiblK A3USIHBIH JKep YCTI CyJIapbIHBIH PecypcTapbl 3€pTTEJil, JKep acThl CyJapblHBIH PECypCTaphbl
AIIBIK aHAJTUTUKAIBIK TaujgaylaH Teic KanraH. COHBIMEH Karap >Kep acThl Cylapbl ©3¢H analbl AKOXKYHeCciHiH
OMIpIIiIK MaHBI3IBI KypaMmaac Oeliri >koHe alaOThIH JKep YCTi-)Kep acThl CYTapbIHBIH OipIKTipireH KyHeciHiH
TYPaKTBUIBIFBIH TONBIK TaJady YIIiH XKep YCTi CyJapbIMeH Oip Me3riiie 3epTTenyi kepek. JKep ycTi jkoHe kep
aCThI CyJIapbl OIPIKTIPUITEH FHUIBIMU 3€PTTEYIICD, aa0TapablH CY TCHrepiMiH O0JKay IeKapasac MEMJICKETTEPIIH
METEOPOJIOT, THIPOJIOT, TUAPOTre0I0r MaMaHAapbIHBIH TPAHCIIEKAPAJIBIK bIHTHIMAKTACTHIFbIH/IAFbl KUBIHBIKTAPMEH
OainanbicThl. HeriziHeH TpaHCIIeKapajblK Keliccesleple MEKeMeliK Oackapy, JKYHell >KOcHapchbli3, TaOuFu
ypaictepre OeHIMALTIK TeH JaWBIHIBIKTHI TATTaMAaH, TaTaJIbIK )KYMBICTaPFa KEPT UTIKTI TYPFBIHAAPIBL, MEKTCIITSPIIH,
KOJIICIDKACPIH KOHE YHUBEPCHUT CTYIEHTTEpiH TapTHIN, BIHTAIAHABIPMAi, ep YCTI JKOHE JKep acThl Cylapbl
aa0BIHAAFEI CY TEHTepiMiH MOCIBICY/I, CYABI 3ePTTEUTIH OKIMIIUIIK OacKapyaaH OackIMBIpaK. KpIpFeI3cTaH MeH
Kasakcran anaGTapbIHIarbl aybUIIAap/IbIH KEPrUTIKTI TYPFBIHIAPBIHBIH MEKTEI — KOJUIE/K — OHJIIPIC — YHUBEPCUTET
Ti30eriHae OUTIKTUTIMH, KIMMATTIH 63repyine OciliMueny MyMKIHAIKTEPiH apTThIPY YIIiH Oipiece Koaaay KepceTy
kepek. Kpipreizcran MmeH Kazakcraniarsl TaOusn ypaicTepiiiy OipJIeCKeH THIPOreoJIOTHsIIbIK 3epTTeyiepl Hamap
nambiral. Keipreicran MeH KazakcTan OipsieckeH BIHTBIMAKTACTBIK MYMKIHAIKTEpiH skoranTyna. Kasip kenreren
eJZiep/ie THAPOTEONOTHSIIBIK 3ePTTEyIep MEH TaOUFU T€OJOTHSUIBIK «aK» CyTeri OOMBIHINA 3epTTeyIepIiH «alIThIH
KapKbIHBD» XKYPIM XKaTblp, COHbIMEH Karap ®PpaHums — I'epmMaHns miekapacbhlHaH QJIEMJETi €H YIIKEH JKEp acTbl
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CyTeriHiH Kopbl TaObL1bl. 20 5KbUT OYpBIH Kapaychl3 KalFaH KeMIp Iaxrajapbl opHainackan Moseinb jxone Caap
©3CH/ICPIHIH TPaHCIIeKapalblK aJladTapbl ayMarblH/a )KEP acThl «3aybITTapbIHAFbD) OHIIPICTI — aJlaMHBIH OpTalia
eMip cypy Ke3eHiMeH 1mamaiac 80 KbUIJa KaiiTa KaJblHa KelTipy MYKIHAITIHE ne, KejeMi maMameH 250 MUTHoH
TOHHAFa XETETIH TaOWFU TCONOTHSIIBIK «aK» CYTEKTIH YJIKeH KejeMi aHbIKTanabl. Moszenb, Caap e3eHIepiHiH
TpaHCIIEKapaIbIK ala0bIHBIH OKiaepi — @paHims MeH [ epMaHUSHBIH KeliciMi CepIeHTHHU3AIHS MCH PaIHONA3IIH
(bH3MKa-XUMUSIIBIK TOTBIFY YPAICTEPIiH JKY3€re achlpy VIIIH Kep acThIHAAFbl CYTET1 «3ayBITTApPbIH» CyFa TOJITBHIPY
KEe31H/Ie MaHBI3/IbI poJT aTKapa isl. Keiprei3cTan MeH KazakcTaH yIiiH XaaKbIH JaMyFa bIHTaJIaH IbIPBII, 3ePTTCYIIICD
MEH THIPOTEONIOrTapFa KoJIiay KepceTill, eKi enJiiH FpulbiM akajeMusiapblH HBIFAUTY apPKbUIbI BIHTBIMAKTACTHIKTHI
Kymeity kepek. byn momyna Keipreizcran MeH KazakcTaHHBIH THIPOTe0JIOTHCHIH 3epeiiey apKbuibl KelpFbI3cTan
MeH KasakcraH apacklHIarbl KOFAMIACTHIKTHI HBIFANUTY, COHBIMEH KaTap €Ki eJiH Oipiecin TaOUFU pecypcTapibl
THiMAL 6acKapy, CyTeK MeH Cy pecypcTapblH THIMII aiganaHy MYMKIiHIIKTepi YCHIHBIIB.

Tipex ce3mep: xep ycTi, Xep acThl cydapsl, anadThIK keHec, @panmms —Iepmanns, Kamama — AKII,
Keipreizcran — Kazakcran, TaOUFH «aKky» CyTerTi.
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HYDROGEOLOGY OF KYRGYZSTAN-KAZAKHSTAN EXPLORATION
FOR HYDROGEN-WATER MARKET DEVELOPMENT

Abstract
Water scarcity is one of the global risks in arid and semi-arid regions such as Central Asia (CA), including
Kyrgyzstan-Kazakhstan. The main rivers of Central Asia are transboundary, such as the Chu-Talas River basin, which
is located on the territory of Kyrgyzstan and Kazakhstan. Natural and man-made factors such as climate change
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can lead to water crises and conflicts due to reduced water supplies and deteriorating water quality. Unfortunately,
in Central Asia, surface water resources are mainly studied, and groundwater resources are excluded from open
analytical analysis. At the same time, groundwater is a vital component of the river basin ecosystem and should be
studied simultaneously with surface water to obtain a more complete analysis of the sustainability of the integrated
surface-groundwater system of the basin. Combined scientific research of surface and groundwater, forecasting
the water balance of basins is associated with great difficulties in transboundary cooperation of specialists from
meteorologists, hydrologists, hydrogeologists of bordering states. Basically, cross-border negotiations are dominated
by departmental management, more administrative management, without system planning, analysis of adaptation
and preparation for natural processes, without stimulating the involvement of the local population, students of
schools, colleges and universities in studying, conducting field water research, modeling surface water balances
-groundwater of swimming pools. Local residents of the villages of the basins of Kyrgyzstan and Kazakhstan need
increased joint support for advanced training of the population, opportunities for adaptation to climate change in
the school-college-industry-university chain. Joint hydrogeological studies of natural processes in Kyrgyzstan and
Kazakhstan are poorly developed. Kyrgyzstan-Kazakhstan is missing out on opportunities for joint cooperation. In
many countries there is now a “gold rush” of hydrogeological research and research on natural geological “white”
hydrogen, including on the France-German border, where the world’s largest underground reserves of hydrogen
have been discovered. It is important for Kyrgyzstan and Kazakhstan to strengthen cooperation with the creation
of growth incentives, support for researchers, hydrogeologists, and strengthening of the Academies of Sciences
of the two countries. This review presents opportunities for strengthening cooperation between Kyrgyzstan and
Kazakhstan, including joint effective management of natural resources, studying the hydrogeology of Kyrgyzstan
and Kazakhstan for the effective joint use of hydrogen and water resources of the two countries.

Key words: surface-groundwater, basin council, France-Germany, Canada-USA, Kyrgyzstan-Kazakhstan,
natural “white” hydrogen.
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RESEARCH PROGRESS ON THE EFFECT
OF NANOPARTICLES ON FOAM STABILITY

Abstract

As a fluid with a certain viscosity, foam is widely used to control gas channeling and reduce gas mobility in
oil fields due to its simple process, low cost and stability in water, and has achieved good results. Through literature
research and the research results of our team in recent years, the research status of CO, foam is expounded from
the direction of foam structure and foam decay. On this basis, the research progress of the effects of nanoparticles
and external conditions on foam stability is introduced. Finally, the mechanism of nanoparticle stabilized foam was
discussed by introducing the maximum desorption energy theory, the maximum capillary pressure theory and the
interaction theory between particles. With the continuous development of foam flooding technology, the diversity
and functionality of foam will continue to show, the development cost will be further reduced, and its application
prospects in oil fields will become more and more broad.

Key words: foam, fluid mobility, gas channeling, nanoparticles.
Introduction

Researchers consider foam flooding a crucial technology for enhancing oil recovery due to its
straightforward process, cost-effectiveness, and ability to control gas channeling. Foam demonstrates
good stability in formation water within reservoir channels, allowing it to effectively block high
permeability layers, adjust reservoir heterogeneity, and increase sweep efficiency. Additionally, using
foam as a displacement fluid offers advantages such as low density, minimal formation leakage, and
limited formation damage, making it a widely employed method. China began the experiment of
foam flooding in Yumen oilfield in 1965. Since then, a large number of foam flooding research and
field tests have been carried out in Daqing, Liaohe and Shengli [1]. Currently, gases like flue gas,
N,, and CO, are predominantly used in foam flooding. However, as global focus on reducing CO,
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emissions has grown, carbon capture, utilization, and storage technologies have gained significant
attention from major energy companies worldwide. CO, foam flooding is an important technology
for enhancing oil recovery in oilfields. It not only overcomes issues of CO, gas channeling seen in
conventional CO, flooding but also enhances swept volume and oil displacement efficiency while
utilizing and sealing CO, gas. Despite these benefits, challenges like poor foam stability during
application persist, and existing methods using polymers as foam stabilizers have not adequately
addressed this issue. As aresult, researchers have suggested using hydrophobic inorganic nanoparticles
to stabilize CO, foam [2]. The addition of nanoparticles can enhance foam's mechanical strength
by adsorbing onto the gas-liquid interface, reducing foam's elastic deformation from gas collision,
preventing coarsening and coalescence, and thus improving foam stability [3]. However, the use of
inorganic nanoparticles can cause irreversible damage to low permeability layers after foam rupture,
limiting its application in oilfields.

In view of the above problems, this work focuses on the research status and application of
nanoparticles in the direction of foam, and analyzes and summarizes the stability of foam under
different conditions. The effects of nanoparticles, external conditions and other factors on foam
stability were described in detail. Combined with the theory of foam stability factors, the mechanism
of nanoparticle stabilized foam was systematically introduced. It lays a theoretical foundation for the
popularization and application of foam in the direction of oil and gas field development.

Research status of CO, foam

During the 1950s, the United States, with its abundant CO, gas resources, laid the groundwork
for CO, foam flooding and was the pioneering country in researching this technology. In China,
research on CO, foam systems started relatively late. However, both domestic and international
research results have demonstrated the efficacy of foam plugging in controlling channeling. The crux
of CO, foam flooding technology lies in the foaming effect and stability of the foam system. The
primary cause of foam instability is the decay of the foam structure itself.

The structure of foam

Foam can be described as a dispersion system of 'bubble polymer,' where gas is separated by a
liquid film. There are various foam shapes, with spherical foam containing more liquid and thicker
liquid film between bubbles. As foam loses liquid and the liquid film between bubbles thins, it
transitions from spherical to polyhedral, forming polyhedral foam.

Apocenosis

Exhaust Gas phase

Ciquid phase

Foam :
concentration 3

Figure 1 — Composition and structure of foam

Foam is a dynamic system that naturally decays over time. Its basic elements include the liquid
film, node, and Plateau channel, as illustrated in Figure 1. The fundamental framework of foam, known
as the Plateau channel, is created by the meeting of liquid films from three adjacent bubbles. Four
adjacent frameworks join to form a node, which acts as the connecting point of the framework [4].
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During the defoaming process, the structure of foam in layers of varying heights differs. Due
to gravity, the foam system expels liquid from top to bottom, while gas is released from bottom to
top. Consequently, the lower layers of the system have a higher liquid content in the liquid film,
resulting in smaller, more spherical bubbles with lower gas content. As the height of the foam layer
increases, the liquid content in the system's liquid film decreases, leading to thinner liquid films and
larger bubble sizes. Excessive spherical foam transitions to polygonal foam, which is more stable
than spherical foam [5].

The decay of foam

Foam is a thermodynamically unstable dispersion system where the gas phase is dispersed in
the liquid phase. With numerous gas-liquid interfaces, the foam naturally tends to transform into its
lowest energy form according to the principle of minimum energy. As the interface area decreases,
the system's energy lowers, leading to foam collapse [6]. The collapse of foam primarily occurs due
to the drainage of the liquid film and the coalescence and enlargement of bubbles.

Film Drainage: Liquid film drainage consists of two main processes. Initially, when the foam
contains a high liquid content, gravity causes the liquid to drain mainly through the Plateau channel.
As the liquid film thins, drainage shifts from gravity-driven to thermodynamic. Thermodynamic
drainage includes capillary pressure and surface tension-induced separation pressure at the gas-liquid
interface [7].

Bubble Coalescence: When adjacent bubbles collide during defoaming, two outcomes can
result: elastic collision or bubble coalescence. Elastic collision occurs when the liquid film's
elastic deformation offsets the collision force, maintaining the number and size of bubbles. Bubble
coalescence happens when the liquid film cannot withstand the collision force, leading to film rupture
and the merging of bubbles into larger ones [8]. In relatively stable dynamic environments, bubble
collisions are primarily driven by coalescence due to the weak motion intensity between bubbles,
making coalescence the main cause of bubble instability.

—_— —— -— .

Elastic
—— B —— .
/ (:X) O Q B

OO —=
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Figure 2 — Collision process of adjacent bubbles

Research progress on the effect of nanoparticles on foam stability

To address the stability of CO, foam, foam stabilizers are commonly added, with polyacrylamide,
sodium carboxymethyl cellulose, xanthan gum, and other polymer stabilizers being widely used.
These stabilizers work by increasing the viscosity of the liquid phase. Higher viscosity slows down
liquid film drainage and gas exchange between bubbles, but this can also reduce foaming ability due
to increased viscous resistance.

In addition to polymers, nanoparticles exhibit excellent foam stabilization due to their high
desorption energy, allowing them to adsorb effectively at the gas-liquid interface. This inhibits foam
disproportionation and enhances liquid film strength. In a three-phase foam system, nanoparticles
enhance foam stability by increasing the mechanical strength of the liquid film and preventing liquid
film drainage [9].
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Effect of nanoparticles on foam stability

(1) Effect of Particle Size on Foam Stability: The particle size of nanoparticles influences their
long-term adsorption at the foam liquid film boundary and their arrangement on the film, crucial
factors in foam stability. Studies have shown that smaller nanoparticles generally enhance foam
stability compared to larger ones. For example, Tang et al. [10] studied nano-SiO, particles (20-500
nm) in sodium dodecyl benzene sulfonate (SDBS) foam, finding that smaller particles led to better
foam stability. Similarly, Aktas et al. [11] observed that smaller particle sizes significantly improved
foam stability. He et al. developed hydrophobic nanoparticles and discovered that smaller particle
sizes correlated with stronger foam stability. However, there can be an optimal particle size range for
stability. Liu et al. investigated the effect of PTFE particle size on foam stability, noting that stability
initially increased and then decreased with particle size. They concluded that extremely small or
large particle sizes were detrimental to foam stability, as they couldn't stably adsorb at the foam's
liquid film boundary.

(2) Effect of Surface Hydrophobicity on Foam Stability: The hydrophobicity of spherical
nanoparticle surfaces is often characterized by the three-phase contact angle. When the contact angle
between the nanoparticles and the liquid film is less than 90°, the nanoparticle area in the liquid
phase exceeds that in the gas or oil phase. Conversely, when the contact angle is greater than 90°, the
nanoparticle area in the gas or oil phase surpasses that in the liquid phase. This principle also applies
to curved interfaces [12].

(a)
Oil or gas \ \
0 | Water L‘ \)\

(b) N Oil or gas N Oil or gas J
22 jJJj 253509

Water Water

Figure 3 — The adsorption state of spherical particles
at the interface (a) plane (b) curved interface

The contact angle between nanoparticles' surfaces and water (surface wettability) is another
crucial factor in stabilizing foam. If the contact angle is too large or too small, it can hinder foam
stabilization. Liang et al. [13] found that when the contact angle between nanoparticles and the
liquid film was around 80°, it had the best stabilizing effect on foam. Nanoparticles with strong
hydrophilicity had almost no effect on foam stabilization. Johansson et al. [14] observed that
excessively hydrophobic particle surfaces were unable to stabilize foam. Wang et al. developed a
high-performance three-phase foam system using a-olefin sulfonate (AOS) as a foaming agent and
fly ash as a foam stabilizer. They discovered that at low AOS concentrations, the particles' surface
became hydrophobic, enhancing their adsorption and dispersion at the foam interface, thus improving
foam stability. However, at high AOS concentrations, excessive AOS molecules on the particle
surface changed its wettability from hydrophobic to hydrophilic, reducing its ability to adsorb at the
foam interface and thus decreasing foam stability. Zhang et al. used Fe304 nanoparticles as a foam
stabilizer in a foam flooding system, modifying their surface to be hydrophobic. They found that
nanoparticles with a water contact angle of 68° had the best foam stabilization effect. Stephanie et al.
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[15] stabilized supercritical CO, foams with both hydrophilic and hydrophobic SiO, nanoparticles.
They found that nanoparticles with extreme hydrophilicity or hydrophobicity were not adsorbed
on the liquid film and were more likely to remain in the liquid or gas phase, lacking the ability to
stabilize foam.

(3) Effect of Concentration on Foam Stability: Nanoparticle concentration influences their
adsorption and arrangement on the foam membrane. Guignotetal. [ 16] observed thatincreasing particle
concentration inhibited liquid film drainage and stabilized foam by reducing particle agglomeration.
Sheng et al. studied SiO, particles' enhancement mechanism on firefighting CO, foam stability,
noting a slight decrease in foam volume with increasing nanoparticle concentration but a significant
increase in foam stability. Carn et al. [17] found that exceeding a 1% nanoparticle concentration led
to most particles being adsorbed on the liquid film, significantly reducing foam liquid drainage in the
Plateau channel. Foam stability generally increases with nanoparticle concentration up to a critical
value, beyond which stability decreases due to particle coalescence. Hunter et al. [ 18] observed that
high nanoparticle concentrations formed a shell on the liquid film surface, enveloping the gas-liquid
interface and reducing liquid film drainage, thus improving foam stability. However, exceeding the
maximum load the liquid film can withstand causes nanoparticle coalescence, negatively impacting
foam stability.

Single-layer bridging

particles J‘)
Jj ) JJ Bubble interface )J Jj)

J I )
JJ) jJJJJJJ )
o2 5y’
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Jd Double-layer
closely arranged
J
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Figure 4 — Particles adsorbed at the boundary of foam liquid film

Effect of external conditions on foam stability

(1) Oil saturation

After the foam agent encounters water, it will produce a large amount of foam after the formation
encounters water, blocking the high permeability channel, to achieve the purpose of expanding the
spread range. The foam system will quickly defoam after contacting a small amount of residual oil
on the rock wall, resulting in a decrease in plugging effect. The addition of nanoparticles can form
a protective layer between crude oil and foam to prevent direct contact between crude oil and foam
liquid, reduce the damage of crude oil to foam structure, thus improve the oil resistance of foam
[19]. Yang et al. [20] found that the foam system with nanoparticles (AIOOH) as a foam stabilizer
had better oil resistance than the foam system with a single surfactant. This is because nanoparticles
(AIOOH) can be adsorbed at the gas-liquid interface of the foam to form a spatial network structure,
and the hydrophobic groups on the surface can effectively adsorb crude oil, slowing down the contact
between crude oil and the liquid film and the diffusion on the liquid film.
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(2) Salinity

The inorganic salt ions in the formation will affect the stability of the foam. Generally, the stability
of the foam increases with the increase of the concentration of inorganic salt ions. This is because
inorganic salt ions can be adsorbed on the liquid film of the foam, to increase the stability of the
foam. However, with the increase of salinity, the concentration of inorganic salt ions in the solution
increases, the diffusion electric double layer is compressed, the electric repulsion is weakened, the
thickness of the liquid film becomes smaller, the drainage speed of the liquid film increases, and the
stability of the foam decreases. Dickinson et al. [21] found that different concentrations of sodium
chloride (0-4 mol-L") had a certain effect on the stability of the foam. With the increase of sodium
chloride concentration, the Zeta potential of the particles decreased and agglomerated, which had an
adverse effect on the stability of the foam.

Study on foam stabilization mechanism of nanoparticles

The foam system is inherently thermodynamically unstable, leading to various factors contributing
to foam collapse, such as liquid film drainage, bubble coalescence, and bubble coarsening [22]. In
recent years, there has been increasing research on the mechanism of nanoparticle-stabilized foam.
Currently, the maximum capillary pressure theory, desorption energy theory, and particle interaction
theory are used to explain the mechanism of nanoparticle-stabilized foam.

(1) Maximum Desorption Energy Theory: Desorption energy refers to the energy required for
nanoparticles adsorbed at the gas-liquid interface of the foam liquid film to detach. Studies have shown
that nanoparticles can be stably adsorbed at the gas-liquid interface, enhancing foam's mechanical
strength and stability. Horozov et al. [23] observed that nanoparticle adsorption on the gas-liquid
interface effectively reduces liquid loss from the liquid film, decreases the gas-liquid interface's
surface area, and increases gas diffusion resistance between different foams, thereby inhibiting foam
coarsening to some extent.

The desorption energy of particles at the gas-liquid interface of foam is much greater than that
of surfactants. A higher desorption energy indicates stronger particle adsorption capacity at the gas-
liquid interface, making it more challenging for particles to desorb and thus stabilizing the liquid film
[24]. The desorption energy AG_remove of spherical particles is expressed in Equation (1), with a
schematic diagram shown in Figure 5.

AG :ﬂaz?(1—|cos 0| ’ (1)

remove

Where a is the particle radius, m. y is the surface tension of the gas-liquid interface, mN-m. 0 is
the contact angle between particles and liquid phase, °.

Gas

Liquid 0

AW,

T

Figure 5 — The desorption energy of particles at the gas-liquid interface
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(2) Maximum Capillary Pressure Theory: According to Equation (1), foam is most stable when
the contact angle between nanoparticles and the liquid film boundary is around 90°. However,
defining the optimal contact angle for nanoparticle-stabilized foam solely based on the maximum
desorption energy theory is insufficient. As illustrated in Figure 6, there exists a force between two
adjacent particles that prevents adjacent bubbles from merging, known as the maximum capillary
pressure. This pressure represents the dispersing effect of nanoparticles on the foam liquid film. A
higher maximum capillary pressure indicates better nanoparticle dispersion between bubbles and
greater foam stability. The formula for maximum capillary pressure Pc is shown in Equation (2).
Combining this theory with the maximum desorption energy theory, the most stable state for a three-
phase foam system occurs when the contact angle between nanoparticles and the gas-liquid interface
is in the range of 50°-70°.

P =iﬂ2—7/c056 )
a

Where f is the theoretical packing constant. a is the particle radius, m. v is the surface tension of
gas-liquid interface, mN-m'. 0 is the contact angle between particles and liquid phase, °.

Figure 6 — Maximum capillary pressure between particles

(3) Interaction theory between particles
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Figure 7 — The arrangement of particles on the liquid film

The arrangement of particles on the liquid film surface can be categorized into (a) single-
layer arrangement, (b) double-layer compact arrangement, and (c) spatial network arrangement,
as depicted in Figure 7. Lian et al. discovered that interactions between particles at the interface
can alter the interfacial tension of the liquid film. When gravitational forces dominate, particles
tend to decrease interfacial tension. Conversely, when repulsive forces are at play, particles increase
interfacial tension. This interaction theory suggests that nanoparticles can form a 'mesh protective
film' at the foam surface, reducing contact between adjacent liquid films, enhancing foam's resilience,
and preventing bubble merging, thereby stabilizing the foam.
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In summary, according to the maximum capillary pressure theory, desorption energy theory, and
particle interaction theory, only nanoparticles can stably adsorb at the gas-liquid boundary of the
foam liquid film to stabilize the foam. Nanoparticle size, concentration, and surface wettability affect
their adsorption at this boundary.

Zhang et al. studied the effect of nanoparticles ranging from 22 nm to 200 nm on foam stability
and found that stability increased with decreasing nanoparticle size. With an appropriate concentration
and surface hydrophobicity, smaller nanoparticles led to better foam stability. Therefore, selecting
nanoparticles with smaller sizes and suitable surface hydrophobicity is crucial for foam stabilization.

Conclusion

Foam plays an important role in channeling sealing because of its unique rheology and stability.
At present, experts and scholars in the field of oil and gas field development have made some progress
in the research of foam structure and foam decay. As a component of stable foam, nanoparticles
can increase the mechanical strength of the liquid film by adsorbing on the surface of the foam
liquid film and prevent the drainage of the liquid film to improve the stability of the foam. However,
the application cost of foam technology and nanoparticle materials in the field of oil and gas field
development is high, and a mature development system has not been formed. With the expansion
of oil and gas exploration and development to deep, ultra-deep, unconventional and other harsh oil
and gas resources, the research and development of foam technology will become the main way
to efficiently develop oil fields. In the future, foam technology should comprehensively consider
reservoir geology, engineering, materials and other disciplines to carry out research and practice,
strengthen the universal applicability of foam technology, and then realize the efficient application
of foam in the field of oil and gas field development, and accelerate the process of unconventional oil
and gas exploration and development.
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HAHOBOJIINEKTEPAIH KOBIK TYPAKTBIJIBIT BIHA
IJOCEPIH 3EPTTEY XKETICTIKTEPI

AHjaTna

Benrini 6ip TYTKBIPIBIKKAa M€ CYWBIKTBIK peTiHIe KOOIk ap3aH 0ara MEH CyJdarbl TYPaKTBUIBIK CHSIKTHI
KaparnaibIM YpAICTIH apKachblHa MyHal KeH OpbIHIapbIH/IA ra3 CEepHuUNICIiH OaKbplIay jKOHE Ta3 KO3FaJFbIIITHIFBIH
TOMEHJIETy/Ie KCHIHEH KOJJAHBIIBII, YKaKChl HATIKE KOPCETTi. OneOneTTepAl Tajay MEH TOOBIMBI3BIH COHFBI
KBLULIAPEI JKYPTi3reH 3€pTTEyNepiHiH HOTIkeCi apKpuibl CO, KeoOiriHiH 3eprrey KyHi OGasmmannel. basamama
Heri3ie HaHOOOIIIEKTep MEH CBIPTKbl JKaFrJaiyiapAblH KOOIK TYPaKThUIBIFIHA OCEpPiH 3epTTeyleri KeTiCTiK
YChIHBULABL. KOpBIThIHABIIa HAHOOOIIIEKTEPMEH TYPaKTaHABIPbUIFaH KOOIK MEXaHM3MI YCHIHBUIFAH MaKCUMAaJ bl
JIeCOPOLIMSUIBIK, SHEPI Ul TEOPHUSICHI, MAKCUMaJIbI KalMJUISPIIBIK KBICHIM TEOPHSCHI JKOHE OOJIIIEKTep apachIHarbl
©3apa opeKeTTeCy TEOPUsUIAphl apKbIIbI TaIKbUIaH bl KOOIKTI CyTOFBITY TEXHOJOTHSACHIHBIH Y3/IKCI3 JaMybIMEH
KOOIKTiH allyaH TYPJILTIri MeH (yHKIIMOHAIBIFBIHEIH jKaHa TYPIIepi matiaa 6oma 6omaasl. KebOikTi urepy KyHbI ofaH
opi TeMeHien, OHbI MYHal KEH OPBIHAAPBIH/A KOJIaHY IIEPCIEKTUBACKH] YIIFas TYCE/l.
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JOCTUXEHUSA B UCCJIEJTOBAHUM BIUSAHUS HAHOYACTHI]
HA CTABUJIBHOCTD IIEHBI

AHHOTALUA

ITeHa Kax JKUAKOCTH C OMPENIETICHHON BI3KOCTBIO IIMPOKO UCTIONB3YETCS Il KOHTPOJIS TIPOPHIBA ra3a U yMEHb-
IICHUS TIOIBMKHOCTH ra3a B HEQTSIHBIX MECTOPOXKICHUIX Onaronaps MpOCTOMY IPOLECCY, HU3KOH CTOMMOCTH U
CTaOMIIBHOCTH B BOJIC M TIOKa3ajia XOPOIIKEe pe3ybTarhl. Uepes ucciieNoBaHue TUTEPATYPhI U Pe3yJIBTaThl UCCIIEIO-
BaHMI HaIIell KOMaHJIBI 3a TOCJIETHNE TO/IBI OCBEIIECHO COCTOSIHHUE HCCIIETOBAHUI TTICHBI COZ. Ha s1oii ocHoBe npen-
CTaBIICH TPOTPECC MCCICIOBAHUI BIMSHIS HAHOYACTHII M BHEITHUX YCIOBUH Ha CTaOMIBHOCTH MEHBI. B 3akirode-
HHUE 00CyKIaeTcss MeXaHU3M CTaOWMIN3aINy ITeHBl HAHOYACTHIIAMH IYTEM IIPEICTaBICHIS TEOPUH MaKCHMAIIbHOM
SHEPTUH JECOPOITNH, TEOPHH MAKCHMAILHOTO KAMMUISIPHOTO JaBICHUS, & TAK)KEe TEOPUU B3aUMOACHCTBHS MEXTY
yacturiamud. C MOCTOSHHBIM Pa3BUTHEM TEXHOJIOTHH TICHHOTO 3aBOIHCHHS Pa3HOOOpasue M (yHKIMOHAIBHOCTD
MICHBI OYIyT MPOIOJKATH MPOSBIIATHCS, CTOUMOCTD Pa3pabOoTKu OyneT emie OOoJIbIlie CHUKATHCS, a ICPCIICKTHBEI €€
MPUMEHCHUS Ha HE(TSHBIX MECTOPOXKACHUSIX OyIyT Bce Oolree 1 Ooiee IMUPOKUMI.

KiroueBble ciioBa: TI€HA, TOABMKHOCTD JKUAKOCTH, IIPOPHIB ra3a, HAHOYAaCTHUIIBI.
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THE SIGNIFICANCE OF IMPLEMENTING
EFFECTIVE HUMAN RESOURCE MANAGEMENT

Abstract

In the modern economy, there is a continuous development of market dynamism, where strategic human
resource management acts as a fundamental factor determining the sustainability and development of an
organization. Employees are the core of any organization. Effective interaction with them contributes to the well-
coordinated and flexible work of the organization. This article discusses the importance of implementing effective
human resource management practices. As part of this study, a survey was conducted among Ernst& Young auditors,
aimed to analyze the impact of various human resource management practices on employee effectiveness within
this organization. The article reveals the aspects that are important for improving the efficiency and satisfaction
of employees. Five key aspects are analyzed: training and development, performance evaluation, compensation,
authority and responsibility, and the work environment. The study is provided in the form of a quantitative analysis
of respondents’ responses, which reflect their perception of existing human resource management initiatives.
Research has revealed that investments in staff training and development, as well as the creation of a transparent
evaluation and remuneration system, have an impact not only on increasing employee satisfaction and strengthening
the position of loyalty to the company, but also contribute to achieving the strategic goals of the organization.

Key words: human resource management, human resource management practices, employee effectiveness,
training and development, performance assessment, compensation, authority and responsibility, work environment.

Introduction

Human resource (HR) management has been studied for over 30 years and received much
attention for its positive impact on organizational performance. It has been used as organizational
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strategy in managing human knowledge, skill and talent to work for increasing organizational
performance (Lee, 2023: 10).

In this context, effective utilization of human resources, especially in professional services such
as auditing, directly correlates with overall productivity, innovation activity and corporate culture
of the company. This research paper attempts to analyze and evaluate the impact of managerial
HR practices on employee satisfaction and productivity using a case study of auditors from Ernst
& Young (EY). EY is one of the world’s leading professional services firms and stands as one of
the most extensive professional services networks globally. Regarded as a member of the Big Four
accounting firms, EY holds a prominent position in the industry (EY, 2013: 1).

According to EY Kazakhstan Transparency Report (2022), EY Kazakhstan is part of the EMEIA
Area, which includes EYG member firms in 94 countries and is divided into eight regions, with
the EY Kazakhstan belonging to the Central, Eastern and Southeastern Europe and Central Asia
(CESA) Region. EY prioritizes investing in talent to enhance audit quality, providing significant
value to audited companies. Despite disruptions, EY continues to invest in its people, emphasizing
retention as crucial for delivering high-quality audits. A key factor in retention is addressing
employee expectations, particularly work-life balance, which has become increasingly important.
The EY Global Wellbeing Strategy aims to embed a culture of wellbeing, increasing job satisfaction
and effectiveness. Given that new workers are less likely to stay with one company for their entire
careers, retention efforts now focus on improving the overall employee experience.

The significance of implementing effective human resource management is underscored by EY
Kazakhstan’s commitment to investing in talent and enhancing employee wellbeing, as highlighted
in their ongoing efforts to improve audit quality and retention within the Europe, the Middle East,
India, and Africa (EMEIA) Area. The specifics of working in the audit field require a high degree
of responsibility and specialized knowledge, which makes the issues of effective human resource
management especially relevant.

The questions addressed in the questionnaire aimed at identifying the extent to which employees
agree with the statements regarding these aspects, as well as collecting opinions on how these aspects
are realized in their daily work practices. In his regard, the aim of this study is to analyze the impact
of various aspects of HR management practices on employee productivity and satisfaction, in the
example of Kazakhstan.

Main provisions

Using data from a comprehensive questionnaire, the study examines how training and professional
development, performance appraisal methods, compensation structures, authority and responsibility,
and the quality of the work environment affect motivation, loyalty, and professional satisfaction in
the audit profession.

Literature review

Human resource management is the practice of managing an organization’s employees in order to
improve the organization’s performance and efficiency. Effective and adequate resources contribute
to a smoother corporate operation and a more sustainable business development (Freddy, 2022: 5).
As part of the study aimed at analyzing the effectiveness of human resource management practices
at the Ernst & Young audit company, key aspects that affect employee productivity and satisfaction
were considered. Based on the collected data, the following main provisions have been identified that
are of interest for the theoretical justification and practical implementation of modern HR strategies.

Various investigations into HR management practices have delineated distinct methodologies,
often labeled as “best practice,” “high-performance,” “formal,” “sophisticated,” or “professional.”
Some scholars advocate for a standardized set of superior HR management practices that boost
organizational performance, while others doubt on the existence of such a universally superior
approach. Theories posit that adequately remunerated, motivated employees within a culture of trust
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lead to enhanced productivity and decreased expenses. Noteworthy is Pfeffer’s initial identification of
16 best practices, subsequently distilled to seven core ones: job security, selective recruitment, self-
directed teams, performance-based high compensation, extensive training, decrease of hierarchical
distinctions, and transparent communication. Moreover, Redman and Matthews pinpointed an HR
management package that bolsters quality strategies in service-oriented firms, whereas Saxena and
Tiwari formulated the 3cTER Framework including training, employee engagement, incentives,
cultural cultivation, career progression, and remuneration. (Tiwari, 2012).

A recent study by Meenu G., et al (2017) identifies several HR management practices crucial for
effective employee retention management. These practices help maintain employee motivation and
productivity, ensuring they stay with the organization. The article will discuss selected practices in
detail.

1. Training and development. Training and development represent crucial components for
every employer, essential for unlocking and cultivating the value, performance, and potential of
their workforce. The significance of training is particularly pronounced for new employees as it
facilitates the acquisition of vital skill sets necessary for independent task execution. Furthermore, it
affords employers the opportunity to gain a deeper understanding of their employees’ strengths and
weaknesses. Following training and development sessions, employees experience heightened levels
of support and motivation in the workplace, leading to increased productivity and job satisfaction
(Ritesh, 2018: 9).

Training is a prompt reaction to an elevation in job effectiveness, whereas development
constitutes a comprehensive program aimed at enhancing managerial efficacy. The objective of HRM
training is to enhance the essential competencies required, whereas development strives to fortify the
employees’ holistic persona. Managers undertake the training process to address any deficiencies in
employees’ skills, while the development process is executed with a prospective succession strategy
in view (Beydoun, 2023: 11).

On-the-job learning is essential to guarantee a sufficient availability of personnel who possess
technical and social skills, as well as the capacity for professional growth directed at supporting
organizations in achieving their goals (Alkali Kalli, 2023: 13).

The findings from the survey indicated that the structured execution of educational initiatives and
training sessions plays a crucial role in enhancing the proficiency of auditors, essential for handling
intricate assignments and adjusting to the dynamic market environment.

2. Performance Appraisal. Performance appraisal is the consequence of a methodical evaluation
grounded on a set of performance indicators encompassing input, output, outcome, benefit, and impact
indicators. It serves the purpose of informing employees about the extent of their performance and
the corresponding rewards. Moreover, the primary objective of performance appraisal is to assess
and offer feedback to employees for their development as well as to gauge the efficiency of the
organization (Navia, 2020: 5).

Performance appraisal involves a range of factors that allow the supervisor to effectively
evaluate an employee’s performance. The validity of performance appraisals is enhanced when they
are carried out with the involvement of external and internal experts. Employee satisfaction and
reduced turnover rates are outcomes of performance appraisals that are grounded in objective criteria
(Shahid, 2022: 10).

The research underscores the significance of a just evaluation in not only harmonizing
employees’ endeavors with the strategic objectives of the organization’s advancement but also acting
as a stimulant for continuous professional and personal advancement. The necessity of regular and
constructive feedback for operational refinement of work has been demonstrated by the findings.

3. Compensation. Compensation is one of the factors affecting the job satisfaction. Each
organization should strive to improve job satisfaction by providing a fair and competitive compensation
program (Mardiana, 2017: 14).

Compensation management holds a significant role within organizational operations, being
essential for both employers and employees alike. The pivotal nature of compensation stems from
its direct correlation with the fulfillment of various human needs, whether it be direct or indirect.
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The impact of compensation extends to critical aspects such as job satisfaction, talent acquisition,
retention rates, performance levels, skill development, and fostering cooperation among individuals
(Praveen, 2017: 13).

Attractive and engaging work environments are shaped by salary packages that encompass not
monetary rewards, but also social perks. Investments in tangible and intangible rewards stimulate
employees to achieve high results and contribute to their long-term commitment to the company.

4. Employee Empowerment and Ownership. Employee empowerment is a concept that has been
employed interchangeably with employee participation, engagement, power sharing, and information
sharing to articulate the notion of employee autonomy, authority over tasks, exchange of ideas,
recommendations, and involvement in the decision-making process. Owing to the volatile nature
of the business landscape, employee empowerment has emerged as a potent managerial instrument
for impacting organizational triumph (enhanced productivity, employee contentment, and customer
gratification) (Sang, 2019: 7). Empowerment assists subordinates realize the importance of their
contribution to overall organizational goals. It also can be considered as a motivation tool because
the empowering leader expresses her/his confidence in the subordinate’s competence and give her/
him a chance to have autonomy in work (Judeh, 2022: 11). As the survey results show, auditors with a
greater degree of autonomy in their work demonstrate a higher level of satisfaction and productivity.

Employee Empowerment refers to the delegation of authority to individuals. Employee
employment is characterized by reduced hierarchy and increased autonomy for employees within their
roles. This facilitates prompt decision-making without the need to await directives from superiors.
It entails the process of granting employees the ability to think, act, and manage their work and
decision-making processes independently or in an autonomous manner. Employee Empowerment
represents a mindset where individuals perceive themselves as having the capacity to control their
own future. It entails equipping staff with the necessary skills to add value to the organization,
with clear roles and responsibilities that contribute to organizational efficiency and effectiveness
(Dhanabhakyam, 2016: 5).

5. Work Environment. The work environment is a very important component part when employees
carry out work activities. By paying attention to a good work environment or creating working
conditions that are able to provide satisfaction in doing work, it will have an influence on employee
job satisfaction at work (Yusnita, 2023: 14). An ergonomic office space, appropriate technological
tools and a culture of respect and support within the team are key elements for maintaining high
motivation and productivity of employees.

The HR department ought to develop strategies that cultivate workplace environments conducive
to fulfilling the fundamental psychological requirements of autonomy, relatedness, and competence.
Establishing positive and supportive work atmospheres can be a daunting task; nonetheless, this
endeavor could yield substantial benefits for both leaders and staff members. Employees who evaluate
their work settings positively at a cognitive level are more likely to be driven by a sustainable and
optimal internal motivation compared to less favorable types of motivation, such as extrinsic and
introjected motivations. A work setting that nurtures basic psychological needs is linked to the
emergence of healthier work drive and employees’ determination to strive for improved organizational
outcomes, as suggested by our conceptual framework. The more positively an employee perceives
their work environment, the higher the probability that they will be incentivized by intrinsic
motivations and demonstrate elevated levels of behavioral intention concerning crucial performance
metrics like discretionary effort and endorsement. If cultivating a workforce that operates at efficient,
self-directed levels of motivation is deemed beneficial, the HR department would be wise to evaluate
the context and characteristics of the work environment as an initial and crucial step (Shuck,
2018: 17).

The impact of the work environment on employees’ performance is a significant factor to consider.
Enhanced comfort within the environment correlates with higher levels of employee performance.
This can be achieved through the provision of comprehensive facilities and ensuring a pleasant
non-physical environment, which includes fostering positive relationships with both superiors
and colleagues. Such measures serve to bolster and optimize employees’ overall performance
(Tjahjaningsih, 2019: 4).
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Methodology

Provided the above literature review, which was critically reviewed to narrow down to the five
HRM aspects, the authors put forth the following research question: What are the effects of different
HR management strategies on the efficiency of employees in a company, on the example of EY?

To investigate this questions, the study hypothesis is:

Hypothesis 1: The assertion posits that systematic and all-encompassing human resource
management approaches have a positive influence on the contentment and output of employees,
consequently bolstering the overall performance of the organization.

Hypothesis 2: Furthermore, it is postulated that within a spectrum of HR practices, remuneration
(salary) assumes a pivotal role in ascertaining the satisfaction and efficiency levels of employees at
EY.

The methododology is further subdivided into the following stages.

1. Literature Review: A thorough examination of prevailing literature concerning human
resource management was undertaken to pinpoint pertinent theories and antecedent research
discoveries associated with employee contentment and organizational performance.

2. Data Collection: A meticulously crafted questionnaire was formulated and dispersed among
Ernst & Young auditors to amass primary data regarding their perceptions of human resource
practices.

3. Data Analysis: The responses were subjected to quantitative methodologies to evaluate the
repercussions of diverse HR practices on employee efficiency.

The research included the adopted cross-sectional survey design. The participants comprised
auditors from EY, chosen through a convenience sampling technique. The final cohort constituted 27
respondents based in Almaty , Kazakhstan. The questionnaire was sent to the head office as a link via
a Google form by the auditors of Ernst Young from April 29 to May 5, 2024.

The questionnaire was disseminated electronically using Google Forms. Involvement was
voluntary, and the confidentiality of the participants was preserved throughout the research endeavor.
The data collection included the information gathered via a structured questionnaire encompassing
inquiries about training, performance appraisal, compensation, authority, responsibility, and the
working milieu. Responses were gauged on a four-point Likert scale. “Likert Scales” consist of a
series of related “Likert-type items” — statements concerning a specific referent, namely the focus of
the attitude to be measured. A balance of both positive and negative items is generally recommended
to reduce response-set bias. Responses for each subject are scored from one (1) to five (5), with
negative items reverse-coded. The scores for the individual items are then summed to obtain a
Summated Rating Score or Likert Scale value for each respondent. Alternatively, the mean scores
of the responses of each subject can be used so that the scale scores fall in the same 1 to 5 range as
the individual items. Although these five category response alternatives are common, three, four, six,
seven, and more have also been used (Fern, K., 2016 :14).

Reliability test. Cronbach’s alpha is a statistical indicator utilized for evaluating the reliability,
specifically the internal consistency, of a group of test items or scales. Put differently, the reliability
of a given measurement pertains to the degree to which it serves as a dependable measure of a
particular concept, and Cronbach’s alpha represents a method for gauging the robustness of this
consistency. Cronbach’s alpha is derived through the process of correlating the score assigned to each
item within a scale with the total score allocated to each individual observation (typically respondents
in a survey or individuals taking a test), and subsequently contrasting this with the overall variance
across all individual item scores. The calculation can be expressed by the following formula.

K 357
=11 s;,)

a

where k is the number of items, si2 is the variance of the ith item and sT2 is the variance of the total
score formed by summing all the items (Himani, Kotian, 2022:5).
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Results and discussions

The outcomes will be deliberated in connection with prevailing literature on HR management,
accentuating how the findings either align with or diverge from prior investigations. This methodology
is geared towards meticulously evaluating the repercussions of HR practices on the efficacy and
contentment of employees at Ernst & Young, furnishing invaluable insights into the strategic
administration of human resources in a constantly evolving market milieu.

In this investigation, the survey instrument’s Cronbach’s alpha was determined to be 0.852. The
obtained result signifies a robust internal consistency present among the survey items. The elevated
value of Cronbach’s alpha (0.852) implies that the survey items employed in this research effectively
gauge the concepts associated with efficient Human Resource Management strategies. You can see
the results from Table 1.

Table 1 — Cronbach’s alpha calculation
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- Descriptive Statistics: Fundamental descriptive statistics will be showcased to encapsulate the
sample attributes and response distributions.

- Inferential Statistics: Approaches like the Relative Importance Index (RII) methodology will
be utilized to categorize the influence of diverse HR practices based on the perspectives of the
respondents (Mursalim, 2014: 42).

Average Index = (D w)/N

where w signifies the weightage allocated to each facet by the participants, ranging from 1 to 4, while
N denotes the cumulative count of samples or factors.

An examination of the data from the employee survey conducted by Ernst & Young reveals that a
significant portion of participants (27 individuals) possess limited tenure within the organization. Work
experience among the respondents is primarily categorized into two distinct groups: those with “Less
than 1 year” and those with “1-3 years” of experience.The segmentation of the survey sample offers
valuable insights into the perceptions of crucial workplace elements by new and relatively new staff
members, as well as the factors they deem significant.

Work experience in the current company:

1-3 vears
33%

Lessthan 1 vear
67%

mlessthan | vear ®1-3 years ®3-5 years ®Morethan 5 years of experience

Figure 1 — Work experience in the current company

Table 2 displays the outcomes in the format of mean indices for every group, showcasing the
extent to which employees prioritize each of these factors.

Table 2 — Average Index of Importance of Effective HR Utilization

Training and Development 3,69
Performance Appraisal 3,41
Compensation 3,56
Employee Empowerment and Ownership 3,37
Work Environment 3,69

Training and development attained one of the most elevated average indices (3.69), emphasizing
their crucial significance for employees. This highlights the prioritization of opportunities for
professional advancement and the expansion of competencies among auditors. Employees who
engage in continual learning and growth demonstrate enhanced capability to adjust to fluctuations
in industry norms and technologies, thereby ultimately enhancing the overall productivity and
innovative capacity of the organization.
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In conjunction with training and development, the quality of the workplace environment
garners a commendable rating (3.69), underscoring its pivotal role in ensuring heightened employee
contentment and efficiency. Efficient management of the work milieu encompasses the establishment
of secure, pleasant, and invigorating working conditions. This encompasses not solely physical
components like office infrastructure and spatial layout but also a psychological ambiance that fosters
cooperation and camaraderie among coworkers.

Compensation, with an index of 3.56, holds a notable position in the hierarchy of employee
values. This validates the notion that competitive remuneration stands as a pivotal element in the
retention and attraction of skilled professionals.Compensation packages, encompassing salaries,
incentives, insurance, and additional perks, directly impact levels of job satisfaction and staff
allegiance.

The outcomes derived from 27 auditors at Ernst & Young provided valuable insights into the
influence of human resource management strategies on employee effectiveness. The assessment
employed the Average Index and Relative Importance Index (RII) methodologies for assessing
responses. Notably, training and development, as well as the work environment, obtained the
highest Average Index ratings, underscoring their crucial role in enhancing employee satisfaction
and effectiveness. Nevertheless, in contrast to the secondary hypothesis, compensation, despite its
significance, did not emerge as the predominant factor according to the data.

The discourse ensuring the results of this investigation is in accordance with prevailing literature
that accentuates the significance of comprehensive HR practices in augmenting organizational
performance. Prior investigations have accentuated the critical nature of training and development in
nurturing an adaptable and skilled workforce, a notion that resonates with our discovery that training
received one of the most commendable scores among the auditors. The importance attributed to the
work environment is congruent with recent research findings linking positive work environments
with amplified productivity and job contentment.

An intriguing observation pertains to the common belief that compensation stands as the
principal catalyst of employee satisfaction, where our study suggests that it does not overshadow
other elements such as professional growth opportunities and working conditions. This infers a
potential shift in emphasis among contemporary professionals, who potentially prioritize personal
advancement and a conducive work environment over financial motivations.

Conclusion

The present study was conducted with the objective of examining the influence of various
human resource management strategies on employee effectiveness at Ernst & Young. Utilizing
a quantitative research approach, data was gathered through a structured survey administered to
auditors, and the analysis involved techniques such as the Average Index and the Relative Importance
Index. The results provide valuable insights into how HR practices impact employee satisfaction and
productivity, which are essential for the success of an organization.

The research findings suggest that training and development, and the quality of the work
environment are the most highly valued aspects by employees, demonstrating a notable impact on
both personal and professional progress. These elements enhance employees’ skills, their ability
to adapt to market dynamics, and foster a nurturing organizational culture essential for employee
satisfaction and efficiency. Despite the expectation that compensation would greatly influence
employee satisfaction, it was not identified as the primary factor, underscoring the significance of a
holistic HR management approach in shaping employee conduct and organizational allegiance.

The conclusions drawn from this study make a substantial contribution to the existing knowledge
on human resource management by illustrating that a combination of comprehensive training, a
supportive work environment, and fair compensation strategies are key in enhancing employee
effectiveness. These components collectively cultivate a motivated workforce capable of steering
organizational success. The results propose a shift from traditional perspectives where compensation
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was paramount towards a more holistic approach where personal development and work environment
quality equally impact job satisfaction and performance.

Given that EY Kazakhstan operates in three areas, the sample population is relatively small.
Furthermore, the sample is geographically confined to Kazakhstan, while EY operates in 94 countries
globally. As Tiwari (2012) notes, HRM practices vary between countries due to different external and
internal factors. Therefore, the survey results may differ across various EY locations.

Prospects for implementation and further research. Moreover, this study provides practical
implications for HR strategies in professional service firms like Ernst & Young. By aligning HR
practices with employees’ motivations, organizations can better achieve their strategic goals and
improve their competitive position in the market. Specifically, investing in continuous professional
growth and maintaining a high-quality work environment can result in increased employee
engagement, reduced turnover, and superior organizational performance.

For future research, it would be advantageous to conduct longitudinal studies to evaluate the lasting
effects of these HR practices on employee satisfaction and organizational outcomes. Additionally,
comparative studies across different sectors could offer broader insights into the applicability of the
current findings. Opportunities for practical application include developing customized HR programs
tailored to meet employees’ specific needs based on their career stage and individual aspirations,
further enhancing the impact of HR initiatives.

In conclusion, this study emphasizes the importance of a comprehensive approach to human
resource management, where training, development, and a supportive work environment are equally
essential as fair compensation in fostering a productive and content workforce. The strategic
integration of these elements is likely to not only address the immediate needs of employees but also
sustain long-term organizational development and resilience.
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AJIAM PECYPCTAPBIH THIM/II
MAWJIATAHYABIH MAHBI3ABIIBITBI

Angarna
Kasipri 3aMaHFBI 5KOHOMHKA/Ia HAPBIK CEPIIHILTITIHIH Y3/iKCi3 JaMybl 6aliKaIaabl, OHIA alaM pPecypCTapbiH
CTpaTerusuIblK 0ackapy YHBIMHBIH OpPHBIKTBUIBIFBI MEH JaMybIH alKbIHIAWTBIH ipreni (akTop peTiHle SpeKeT
ereni. Ke3 kesreH yibIMHBIH 03eTi — KbI3MeTKepiep. OnapMeH THIMII e3apa ic-KUMBLI JKacay YHBIMHBIH YileciMai
JKOHE MKeMJ XYMBICBIHA BIKIAJ eTedl. byl Makanmajga amam pecyperapblH OacKapyablH THIMAI TXipuOeciH
SHT'13y/1iH MaHBI3IBLIBIFBI KapacTeipbutaabl. Ockl 3epTTey menoepinae Ernst& Young ayauropnapbl apacklHia ajam
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pecypcTapbiH 0acKapy/IblH TYpJi 9[ICTEpiHIH OChl YHBIMIArbl KbI3METKEpJICPAIH THIMJLTITIHE 9CEpiH Tajjiayra
OarpITTANFaH cayasiHaMa )Kyprizinai. Makanaia KbI3METKepIIep IiH THIMIUIIrT MEH KaHaFraTTaHyIIbUIBIFBIH apTThIPY
YIIIiH MaHBI3/IbI aCTIEKTLIEp ambiiaasl. bec Heri3ri aceKT TajaiaHaIbl: OKBITY JKOHE IaMBITY, OHIMIIIKTI Oaraiay,
OTEMaKpl, OKIIETTIKTEp JKOHE XKayalKePIILTIK, COHal-aK KYMBIC OpTachl. 3epTTey PECIIOHICHTTEP/IH KayarnTapbliH
CaH/BIK TaJay TYpPiHAC YCHIHBUIFAH, OH/IA aaM pecypcTapbiH OacKapy >KeHIHIET] KOIIaHBICTaFbl OacTaManapIbl
KaObUIay KOpiHiC TalmkaH. 3epTIeylep HNepCcOHAIbl OKBITYFa JKOHE NaMBITyFa, COHJIAH-aK >KYMBIC OpPTachIHBIH
carachlHa WHBECTHLMSUIAP KbI3METKEPJICP/iH KaHAFaTTaHybIH apTThIPYFa jKOHE KOMIIAHHsFa KAThICThl aJlallIbIK
YCTaHBIMBIH HBIFaliTyFa FaHa ocep eTil KOMMail, COHBIMEH Karap YHBIMHBIH CTPATErvsuIbIK MakcaTTapblHa KOJI
JKETKI3yTe BIKITAJ €TETIHIH aHBIKTAIBI.

Tipek ce3aep: amaM pecypcTapblH Oackapy, amaM pecypcTapblH Oackapy OOMBIHINA IpaKTHKamap, KbI3-
METKEPIEPIiH THIMJIIIIT], OKBITY JKOHE aMBITYy, OHIMAUTIKTI Oarajay, 0TeMaKbl, OKUIETTIKTED KOHE KayarKepIiri-
JIK, )KYMBIC OPTaCHI.
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BAKHOCTD 9OPPEKTUBHOI'O UCITOJIB3OBAHUA
YEJOBEYECKHUX PECYPCOB

AHHOTAIUA

B coBpeMeHHO SKOHOMHUKE HaOJIIOAeTCsl HENPEPHIBHOE PAa3BUTHE JTMHAMHUYHOCTH PBIHKA, Il CTparernye-
CKO€ yTIpaBJIECHHE YEIOBEYECKUMH PECypcaMy BBICTYIAeT B BUE (pyHIAMEHTAIBHOTO (haKTOpa, ONPEACIIONIEero
YCTOMYUBOCTH U pa3BUTHE opraHu3anyy. COTPYITHUKH SBISIOTCS SAPOM 0001 opranu3armn. DPPeKTHBHOE B3au-
MOJICHCTBHE C HUMH CIIOCOOCTBYET CIIa)XEHHOW M THOKOH paboTe oprann3anui. B naHHOI cTaTbe paccMaTpuBaeTCs
B)XHOCTh BHeJpeHHs 3P ()EKTUBHBIX PAKTHUK YIIPABJICHHS YEIOBEUECKUMH pecypcamu. B pamMkax gaHHOTro uccie-
JIOBaHMsI OBLI MPOBEJICH OIIPOC CPEH ayAnTOpoB kommanuu Ernst& Young, 1esibio KOToporo 0bUIO ITPpOaHAIN3UPO-
BaTh BIMSHHUE PA3IMYHBIX MPAKTHUK YIPaBICHUS YEIOBEUYECKHMH pecypcaMu Ha 3(Pp(eKTHBHOCTH padOTHI COTPYI-
HUKOB B 3TOH opranuzanuu. CTarhbsi pacKpbIBaeT acleKThbl, KOTOPbIC 3HAYNMBI JUIS HOBBIMICHHUS 3 PEKTUBHOCTH
1 YIOBJIETBOPEHHOCTH COTPYAHUKOB. AHAIN3UPYIOTCS ISTh KJIIOUEBBIX aCMEKTOB: OOyUCHNE U pa3BHUTHE, OIICHKA
MPOU3BOJUTEIILHOCTH, KOMIIEHCAIIHS, TOJTHOMOYHNSI M OTBETCTBEHHOCTD, a Takxke padouast cpena. VccienoBanue
NPEIOCTABICHO B BUJIC KOJIMYECTBEHHOTO aHAJIN3a OTBETOB PECIIOH/ICHTOB, B KOTOPBIX OTPa)KEHBI HX BOCHPHUSITHE
CYIIECTBYOLIMX WHHUIUATHB O YIPABICHUIO YeJIOBEYECKUMHU pecypcamu. VccienoBanue BBISBUIIO, YTO HHBECTH-
UK B 00yYeHHE U Pa3BUTHE NEPCOHANA, a TAKXKE KauecTBO paboyell cpeabl MMEIOT BIHMSIHUE HE TOJBKO Ha MOBBI-
LICHUE YAOBJICTBOPEHHOCTH COTPYAHUKOB M YKPEIUICHHUE TIO3UIINH JIOSUTBHOCTH 110 OTHOLICHHUIO K KOMITAaHWH, HO U
CIOCOOCTBYIOT JOCTHKEHHIO CTPATETHUECKHUX IIENIeH OpraHu3ain.

KuroueBble cjioBa: ympaBlieHHE YEIOBEYCCKUMH PECypCaMH, MPAKTUKH 110 YHPABICHHIO YEJIOBEYECKUMU

pecypcamu, B(b(l)eKTI/IBHOCTL COTPYAHUKOB, 06yl1eH1/1e 1 Ppa3BUTHUEC, OLCHKA MNPONU3BOAUTCIIBHOCTH, KOMIICHCAIIU,
IIOJTHOMOYUSA U OTBETCTBCHHOCTD, pa6oqa${ cpeaa.
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THE INFLUENCE OF MACROECONOMIC FACTORS ON THE TOTAL
ANNUAL VOLUME OF INVESTMENTS IN PPP PROJECTS

Abstract
The article analyzes the influence of macroeconomic factors on the investment attractiveness of PPP projects.
The purpose of this article is to conduct this study to identify the degree of influence of external macro-economic
factors on the volume of attracted investments. Methodology of the paper is quantitative, regression analysis.
Analysis results show that there is a moderately strong relationship between dependent and independent variables. In
conclusion, this study will help both the state and private investors, as well as project managers, since the increasing
investments leads to the region competitiveness, that ensures high and sustainable rates of socio-economic growth.

Kew words: project management, PPP projects, macroeconomic factors, regression analysis, investments,
national economy.

Introduction

Budget limits, high levels of national debt, and lack of sufficient funds are often identified as
a cause of developing countries search to find alternative ways to finance their infrastructure needs
[1, 2, 3]. Macroeconomic stability is often considered as a significant factor for implementing PPP
projects [4, 5, 6, 7, 8]. Macroeconomic situation and financial state of a country affects the progress of
the implementation of alternative source of funding, PPP projects. Analysis of such external aspects
such as the public debt of the country, population density, real GDP per capita, annual inflation in the
country, international reserves of the country is devoted to this study. The reason these factors were
chosen is that according to research in the field of macroeconomics and project management that was
mentioned in this study, these factors influence the volume of investment with a high probability,
and with great influence, they also help in assessing the economic health. Due to the difficulty of
expressing a qualitative indicator in numerical form, and including in the regression, qualitative
factors were chosen.

The purpose of this research is to understand independent factors, such as macroeconomic
indicators effect dependent factor, which is Total investment in PPP projects. Total investment in PPP
projects is measured as the sum of all investments directed to the implementation of the PPP project.
Independent factors in this case are represented by public debt of the country, population density, real
GDP per capita, annual inflation in the country, international reserves of the country.

The objective of this research is to analyze what effect each of the independent variables has on
the amount of investment using regression.

There has been limited scholarly attention devoted to this field in the practice of Kazakhstan. This
paper brings original contributions to the Private-Public Partnership projects. The paper demonstrates
the applicability and practicability of the regression analysis in analyzing the impact Kazakhstan’s
macroeconomic factors.

345



HERALD OF THE KAZAKH-BRITISH
No. 2(69) 2024 TECHNICAL UNIVERSITY

Main provisions

Here are the hypotheses of this research proposal:

It is assumed that inflation (Inf) will negatively affect the volume of the total investment in
PPP projects, which is confirmed in most of the earlier works [9]. Population density (Density) and
Real GDP per capita (percapReal GDP) should have a positive impact on the amount of investment
[10]. Countries with significant public debt (TD) will more actively use the PPP mechanism [11].
The hypothesis of a positive relationship between the ¢ activities of the public-private sector and the
value of international reserves is also proposed (Reservelnt) [12].

Literature Review

A review of the literature determining the impact on PPP activity in recent years found that
it only covered macroeconomic indicators and did not disclose industrial characteristics. In the
economic literature, there are various approaches to assessing the factors that influence the attraction
of investment in the national economy. Various researchers use in their works quite popular indicators
of capital flows, such as economic openness, market capacity, per capita income in real terms and
GDP per capita.

Despite the fact that qualitative indicators have an advantage over quantitative indicators,
difficulties arise with their inclusion in regression. The problem of conducting mathematical-
statistical and empirical analysis arises, often due to the difficulty of expressing a qualitative indicator
in numerical form. In addition, discrepancies in the numerical expression of the same qualitative
indicator for constructing an econometric model lead to different, and more often than not, inadequate
results.

The factors that were chosen in this article are quantitative and mentioned most often in foreign
articles, analysis of them will be implemented on Kazakhstan’s case. Overall, the works selected
by the researchers can be separated into two clusters: analysis considering the impact of a single
indicator on the effectiveness of the use of the PPP mechanism, and analysis evaluating the overall
effectiveness of several indicators.

Osey-Kyei studied factors that attract investments in PPP projects, conducting a survey from
PPP experts, and found out that top important factors include political support, government’s positive
attitude towards the investments from private partners, political stability that are greatly affected by
macroeconomic state of the country [13].

Work analyzing the effects of single factors is primarily concentrated on assessing the effects of
debt of public, less attention is paid to the effects of inflation rate. In their work, M. Han et al. and L.
Alessi et al. It was concluded that PPP mechanism can implement the allocation of investment among
several partners, thus, there can be a positive relationship between public debt levels and activities
of PPP[11].

Economist M. Hammami et al. and S. Banerjee et al. Developing countries have been studied
as case studies and use almost the same set of macroeconomic variables [9]. According to the study
of M. Hammami et al. Population density and size of population have been found to be important
predictors of PPP activity, because a mechanism is more common in countries where population is
dense [10]. He also concluded that countries that have large amount of budget deficits tend to use
PPP mechanisms than resource-rich countries. The latter is due to less stringent budget constraints.
S. Banerjee et al. It was concluded that inflation and GDP per capita affect the amount of private
investment [9].

In C. Sharma’s work it is assumed that higher international reserves aids macroeconomic stability,
which means that, for example, for infrastructure projects, the risk of implementation declines [12].

Another critical conclusions were made by Khudko E.V. and Shcherbak A.O. in 2022 on how a
positive impact on the volume of investment is provided by indicators of the volume international
reserves [14].
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The study of Kamasak, Rifat & Yurdakul, Hakan finds a weak association between the number
of PPP projects and GDP growth. Authors state that it is related to the other macroeconomic factors
that affect the growth of GDP as a proxy of overall economic development [15]. Thus, analyzing
the impact of a single variable is considered as weakness of their paper and author recommends to
consider other factors that might positively contributions to PPP project investments.

In conclusion, in literature a gap in existing research highlighted regarding the lack of consideration
for industrial characteristics alongside macroeconomic indicators. There are various approaches for
assessing factors influencing investment attraction in national economies, with a focus on popular
indicators like economic openness, market capacity, and GDP per capita. While qualitative indicators
are considered advantageous, their inclusion in regression analysis is deemed challenging due to
difficulties in numerical representation. The article selects quantitative factors frequently mentioned
in foreign literature, intending to analyze them in the context of Kazakhstan. So later in this research
paper, analysis of these factors will be implemented on Kazakhstan’s case.

Materials and methods

Methods and data sources

This research method chosen is going to be quantitative (statistical) and use secondary data.
Due to regression being one of the most suitable types of analysis that can assess quantitatively the
relationship between variables, in the course of the study, regression analysis will be used, hypotheses
will be formulated and tested. In quantitative methodology, researchers describe existing theories,
generate and test a hypotheses, and re-evaluate existing theories deductively based on their results
of experiment [16]. Also regression helps to identify what factor significantly impact the attracted
investment amount. It is a great tool for forecasting future investments. This can be valuable for
policymakers, investors. Analysis is easy to understand and interpret the result to communicate with
stakeholders [17]. Secondary data would include some open source data, for ex. data from web-site
of Bureau of National Statistics of Republic of Kazakhstan, “Private Participation in Infrastructure”
(PPI) and “World Development Indicators” (WDI) [18]. Also sources of information can be
publications, press releases, such as Macroeconomic Reviews of Kazakhstan, which are submitted
by Applied Economics Research Center (AERC) LLP, Public-Private Partnership Center, also by the
Ministry of National Economy of Kazakhstan [19]. Selected period for all indicators are 2005-2023.

Analysis Techniques / Tools

Since the analysis in this study is quantitative analysis and regression analysis, MS Excel is
used. The initial data consists of a table containing items, (see Figure 1). It contains from country’s
annual inflation rate (%), total government debt (% of GDP), population density (number of people
per square kilometer), and real GDP. Per capita, (million USD), total investment in PPP projects,
(million USD). It will be needed to interpret the results, high or low, moderate indicator R squared.

Results and Discussion

BUREAU OF NATIONAL STATISTICS provided inflation rate of 9.5% for 2023 year. Inflation
(annual %): Notation is Inf.

Central Government Debt (% of GDP): Debt is a stock. It can be measured as of a given date,
usually the last day of the fiscal year. Notation is TD. Total Debt is 162.7 US$ as of January 1st
2024 [20].

Total Population as of January Ist 2024 is 20 033 546 people.

Population: Total population of the country. Density is measured by population diving by land
area of the country.

Real GDP per capita: The gross domestic product divided by population [21]. Notation is
percapReal GDP.
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International Reserves (current US$) are 35.1 billions [22]: Total reserves in months of imports
of the country. Notation is Reservelnt.

Total amount of investment in PPP Projects. Notation is totalPPP.

Based on the above variables and available data, the below empirical model is tested statistically:

TotalPPP = f [Inf; TD; Density; percapReal GDP; Reservelnt]

Inf (%) TD (miIn usd) Density (people) percapRealGDP (usd) Reservelnt (bln usd) totalPPP

2005 7,87 S 23 089,30 57 $ 3 771,30 7,07  6492937,00°
2006 84 $ 3272373 58 $ 5 291,60 19,13 6492 937,00°
2007 18,77 $ 4342850 587 6 771,40 17,64 6492 937,00°
2008 9,48 $ 74 014,10 504 § 8 458,00 19,88 6492 937,00°
2009 6,38 $ 96 893,00 6,01 $ 7 165,20 23,18 6492 937,00°
2010 7,97 $107 933,40 6,1 $ 9 070,50 28,26 6492 937,007
2011 7,43 $112 866,90 6,19 $ 11 634,00 29,22 6492937,00°
2012 6,06 $118 222,80 6,27 S 12 386,70 28,3  6492937,00°
2013 49 $125 320,30 6,36 S 13 890,60 2469  6492937,00°
2014 7,54 $136 918,20 6,45 12 807,30 20,25 6492 937,00°
2015 13,53 $150 032,90 6,54 S 10 510,80 27,85  6492937,00°
2016 8,29 $157 114,50 6,63 S 7 714,80 29,6  6492937,00°
2017 7,22 $153 006,60 6,72 S 9 247,60 30,75 $ 69758 287,0
2018 543 $163 528,50 6,8 $ 9 812,60 30,98 265 504 230,00
2019 543 $167 482,70 6,88 S 9 812,60 28,96  1400000,00°
2020 6,37 $160 331,30 6,96 $ 9 121,60 35,64 96524 905,50
2021 8,4 $159 544,20 78 10 373,80 34,38 96524 905,50
2022 20,3 $163 980,10 711 11 492,00 35,08 109 053 312,00°
2023 9,5 $164 131,10 72 $ 13 136,50 35,01 109 053 312,00°

Figure 1 — Dependent and independent variables

Figure above shows independent variables (x): Inf, TD, Density, percapRealGDP, Reservelnt;
and dependent variable (x): totalPPP.

Multiple R: Multiple R represents the correlation between the actual values of the dependent
variable and the predicted values obtained from the regression model. It measures the strength and
direction of the linear relationship between the independent variables and the dependent variable in
a regression model.

In our case, this value is 0.66, which means a moderately positive relationship.

R-squared: R-squared is the square of multiple R and is commonly used to evaluate the explanatory
power of a regression model. It shows what percentage of the variability in the dependent variable is
explained by the independent variables in the model. Our value is 0.43, which means that the model
moderately explains the variability in the dependent variable.

Table 1 — Regression Statistics

Regression statistics
Multiple R 0,657917531
R-square 0,432855478
Nominal R-square 0,214722969
Standars error 59956769,7
Observations 19

F significance is a statistical test that is used to determine whether a regression model is
statistically significant overall.
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The statistical value I obtained is 0.15, which exceeds the critical threshold at a given significance

level (usually 0.05), the regression model is considered statistically significant.

Analysis of variance

df SS F Significant F
Regression 5 3,57E+16  7,13E+15 1,984369 0,148198527
Residual 13 4,67E+16  3,59E+15
Total 18  8,24E+16
Figure 2 — Analysis of variance
Coefficients Standard Error t Stat
Intercept -841 889 663,60 464 000 000,00 -1,81 0,09
Inf (%) -2 055 885,97 3718 468,00 -0,55 0,59
TD (mln usd) -816,05 1062,14 -0,77 0,46
Density (people) 155071 303,00 89 078 432,00 1,74 0,11
percapRealGDP (usd) -4 934,08 7 532,56 -0,66 0,52
Reservelnt (bln usd) 1854 062,61 5156 005,00 0,36 0,72

Figure 3 — Regression analysis

Withdrawal of balances

Residuals in regression analysis represent the difference between the actual values of the
dependent variable and the predicted values obtained from the regression model. In effect, residuals
represent model errors—what the model cannot explain or predict.

Each observation in the data has its own residual.

In our case, the model fits the data well because the residuals are random and do not have any

systematic structure.
Key aspects of balances include:

Normality: The residuals should be normally distributed around zero. This is important for the
correct use of statistical methods and obtaining reliable conclusions.

RESIDUAL OUTPUT
Observation Predicted totalPPP
1 1495 247,37
2 22 909 295,59
3 -6 354 881,09
4 -5 528 800,92
5 5526 302,12
6 7222 079,08
7 7394 077,58
8 12 826 044,58
9 9261 438,45
10 22 125 876,40
11 21800 717,60
12 57 791 338,53
13 71 869 017,71
14 77 007 042,71
15 82 440 716,54
16 114 544 374,20
17 108 701 515,80
18 93 454 955,81
19 121 247 838,00

Figure 4 — Residual

Residuals

4997 689,63
-16 416 358,59
12 847 818,09
12 021 737,91
966 634,88
-729 142,08
901 140,58
6333 107,58
-2 768 501,45
-15 632 939,40
-15 307 780,60
-51 298 401,53
2110 730,71
188 497 187,30
-81 040 716,54
~18 019 468,66
12 176 610,31
1 558 356,19
-12 194 525,97

Standard residuals

0,10
-0,32
0,25
0,24
0,02
-0,01
-0,02
-0,12
-0,05
0,31
0,30
-1,01
-0,04
3,70
-1,59
0,35
0,24
0,31
-0,24
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Constant variance: The residuals must have constant variance across all predictor values. If the
variance of the residuals is not constant, this may indicate heteroscedasticity.

No autocorrelation: The residuals should not be correlated with each other. If the residuals are
correlated, this may indicate a violation of the assumption of independence of observations.

Lack of systematic patterns: The residuals should not show any systematic patterns such as
trends or cycles. The presence of such patterns may indicate an incorrect model specification.

Conclusion

Implications in relation to literature review, my results support and justify theories mentioned
in literature. The results of this study will help both state and private investors to make a decision. It
can be found useful for the government, investors, project managers.

This method is suitable for encouraging state investments in various budget constraints (constant
level of public debt of a public funds). Pooling resources and financing with investors are required.

The dynamics of the money supply is important for investors when deciding whether or not to
participate in a PPP project, because it is often necessary to obtain external sources of financing to
meet PPP agreement obligations.

Based on the findings of this study, it is very difficult to make initial recommendations and
suggestions because investors should focus on industry performance rather than population density
when making investment decisions in PPP projects in developing countries. Sectoral indicators also
make it possible to talk about the possibility of implementing intensive projects.

It is very difficult to give any preliminary recommendations and proposals based on the results
of this study, because considering developing countries, when investor decides whether to invest
in PPP projects in, it is needed to focus not so much on, for ex., density of country’s population
as on industry and its indicators. Industrial indicators also allow us to talk about the feasibility of
implementing intensive projects.

Given the subject of the study, the study could be limited if there were little information in the
public domain, or inaccurate and unreliable information about the country’s macro-indicators. It is
also worth considering industrial indicators, as they also differ.

REFERENCES

1 Altug S. & Firat M.C. (2018) Borrowing constraints and saving in Turkey. Central Bank Review, 18
(1), lell.

2 Amos S., & Zanhouo D.A K. (2019) Financial constraints, firm productivity and cross-country income
differences: Evidence from sub-Sahara Africa. Borsa Istanbul Review, 19(4), 357¢371.

3 Arezki R., Bolton P., Peters S., Samama F., Stiglitz J. (2017) From global savings glut to financing
infrastructure. Economic Policy, 32 (90), pp. 221-261.

4 Boyer E.J. & Scheller D.S. (2018) An examination of state-level public—private partnership adoption:
Analyzing economic, political, and demand-related determinants of PPPs. Public works management & policy,
23(1), pp. 5-33.

5 Delmon J. (2017) Public-private partnership projects in infrastructure: an essential guide for policy
makers. Cambridge university press.

6 Ehrhardt D. & Irwin T.C. (2004) Avoiding customer and taxpayer bailouts in private infrastructure
projects: Policy toward leverage, risk allocation, and bankruptcy. Risk Allocation, and Bankruptcy (April 12,
2004).

7 Hammami M., Ruhashyankiko J.F. & Yehoue E.B. (2006) Determinants of public-private partnerships
in infrastructure.

8 Thomsen S. (2005) Encouraging public-private partnerships in the utilities sector: the role of
development assistance. Investment for African Development: Making it Happen, pp. 25-27.

9 Banerjee S., Oetzel J. and Ranganathan R. (2006) Private Provision of Infrastructure in Emerging
Markets: Do Institutions Matter? Development Policy Review, 24(2), pp. 175-202. Available at: https://doi.
org/10.1111/j.1467-7679.2006.00321 .x.

350



KA3AKCTAH-BPUTAH TEXHUKAJIBIK
YHUBEPCUTETIHIH, XABAPIIBICHI Ne 2(69) 2024

10 Yehoue E.B., Hammami M. and Ruhashyankiko J.-F. (2006) Determinants of Public-
Private Partnerships in Infrastructure, IMF Working Paper, 2006(099), p. 1. Available at: https://doi.
org/10.5089/9781451863598.001.

11 Alessi L. et al. (2014) Central Bank Macroeconomic Forecasting During the Global Financial Crisis:
The European Central Bank and Federal Reserve Bank of New York Experiences,” Journal of Business &
Economic Statistics, 32(4), pp. 483—500. Available at: https://doi.org/10.1080/07350015.2014.959124.

12 Sharma C. (2012) Determinants of PPP in infrastructure in developing economies, Trans-
forming Government: People, Process and Policy, 6(2), pp. 149-166. Available at: https://doi.
org/10.1108/17506161211246908.

13 Robert, Osei-Kyei & Chan Albert. (2017) Factors Attracting Private Sector Investments in Public—
Private Partnerships in Developing Countries: A Survey of International Experts. Journal of Financial
Management of Property and Construction.

14 Khudko E. and Shcherbak A.O. (2022) Public-private partnership in in the information and
telecommunication technologies sector: relationship with macro- and meso- indicators, Vestnik Universiteta,
(2), pp- 91-99. Available at: DOI: 10.26425/1816-4277-2022-2-91-99.

15 Kamasak Rifat & Yurdakul Hakan. (2020) Investment through Public Private Partnership
(PPP): The impact of PPP activities on the growth of GDP. Pressacademia. 11, pp. 150-152. 10.17261/
Pressacademia.2020.1257. Available at: https://www.researchgate.net/publication/343319985 Investment
through Public_Private Partnership PPP_The impact of PPP activities on the growth of GDP

16 Barroga, Edward & Matanguihan, Glafera & Furuta, Atsuko & Arima, Makiko & Tsuchiya, Shizuma
& Kawahara, Chikako & Takamiya, Yusuke & Izumi, Miki. (2023) Conducting and Writing Quantitative and
Qualitative Research. Journal of Korean Medical Science. 38. 10.3346/jkms.2023.38.¢291. Available at: https://
www.researchgate.net/publication/373355080 Conducting_and_Writing_Quantitative_and Qualitative
Research.

17 Igbal, Muhammad Ahmad. (2021) Application of Regression Techniques with their Advantages and
Disadvantages. 4, pp. 11-17. Available at: https://www.researchgate.net/publication/354921553 Application_
of Regression_Techniques with_their Advantages and Disadvantages.

18 World Development Indicators, DataBank (no date). Available at: https://databank.worldbank.org/
source/world-development-indicators.

19 Applied Economics Research Centre (2022) Makrojekonomicheskij obzor Kazahstana Available at:
https://aerc.org.kz/images/blogs/2022/07/07/MOK_june 2022.pdf (Accessed: May 11, 2023).

20 “Centras Securities” JSC (2021) Makrojekonomicheskij obzor RK za 2021 g. Available at: https://
cesec.kz/analitika/

21 “Halyk Bank” JSC (2023) Makrojekonomicheskij otchet za 4 kvartal 2022 g. Available at: https://
halykfinance.kz/download/files/analytics/macro_4q22.pdf?ysclid=lhj28ryyi0774254415.

22 Eurasian Development Bank (2022) Makrojekonomicheskij prognoz. Available at: https://eabr.org/
upload/iblock/d15/EDB_Macroreview 2022 05 RU web.pdf?ysclid=lhj1uk90gx906627937.

*Bek0aeBa A.E.,
maructpant, ORCID ID: 0009-0002-8213-5859, e-mail: a.bekbaeva2001@gmail.com
’Kecep E.,
sxoHomuka Maructpi, ORCID ID: 0000-0003-0360-7492, e-mail: emrekeser1987@gmail.com

'Kazakcran-bpuran Texuukaibik yausepcuteri, 050000, Anmarsl K., Kazakcran
*blcteik yauBepcureti, CramOyin K., Typkus

MK9O /KOBAJIAPBIHA KAJIIbI )KbIJIABIK MHBECTULIUA
KOJIEMIHAEI'TI MAKPOOKOHOMMKAJIBIK PAKTOPJTAPABIH OCEPI

Anjiarna
Makanaga MO >k00a1apblHbIH WHBECTUIIMSUIBIK TAPTHIMIBLIBIFEIHA MAKPOIKOHOMUKAIBIK (haKTOPIAPIBIH
acepi Tanmanazpl. byl MakajgaHblH MaKCaThl — TAPTHUIFAH WHBECTHIIUS KOJEMIHE ChIPTKbI MaKPOIKOHOMHKAIBIK
(hakTOpIapABIH ocep €Ty MOpeKeCiH aHBIKTAy VIIIH OCBHI 3epTTEyHi KYPTidy. JKYMBICTBIH OoficTEMeCi CaHIBIK,
perpeccusibIK Tanfay. Tanmay HOTHDKENIEpl TOyell JKOHE TAyesci3 alHbIMalbUIap apachlHIa OpTallla KYIITI

351



HERALD OF THE KAZAKH-BRITISH
No. 2(69) 2024 TECHNICAL UNIVERSITY

Oaiinanbic Oap ekeHiH kopcetei. KopbIThIHABLIAM Kelie, OYJT 3epTTey MEMJICKETKE JIe, )KEKe HHBECTOpIIapFa 1a, )oba
MEHe/DKepIIepiHe Jie KOMEKTecel, OMTKeHI TapThUIFaH MHBECTULMSIAPBIH OCyi OHIpAiH 0acekere KaOineTTiIriH
apTTBIPYFa, AJICYMETTIK-9KOHOMHKAIIBIK OCY/iH KOFaphl )KIHE TYPAKThl KAPKBIHBIH KAMTaMAaChI3 €Tyre OKee/Ii.

Tipek ce3nmep: xobamapasr 6ackapy, MIKO MakpoIKOHOMHKAJIBIK (paKTOpIap, perpecCrsuIbIK Tauaay, HHBEC-
THLUSIIAP, YITTHIK SKOHOMHKA.

*LekoaeBa A.E.,
maructpant, ORCID ID: 0009-0002-8213-5859, e-mail: a.bekbaeva2001@gmail.com
’Kecep E.,
maructp s3xkoHomuku, ORCID ID: 0000-0003-0360-7492, e-mail: emrekeser1 987@gmail.com

'Kazaxcrancko-bpuranckuii Texauueckuii yauepcuret, 050000, r. Anmarsl, Kazaxcran
Nk yausepcutert, r. CramOyi, Typrust

BJIASHUE MAKPOSKOHOMHUYECKHUX ®PAKTOPOB
HA ObIIUU TOAOBOU OFbEM MHBECTHULHHWU B NPOEKTHI I'dn

AHHOTALUA

B CTaTbe aHaHI/I3I/IpyeTC${ BJIIMSIHHUC MaKpOSKOHOMI/I‘IeCKI/IX (baKTOpOB Ha I/IHBeCTI/IHI/IOHHy}O HpI/IBJ'IeKaTeJ'IBHOCTB
HpOeKTOB FLIH Ilem)}o CTaTbHU ABJIACTCA HpOBeI[eHI/Ie JAHHOI'O UCCJICOOBAHUS IJIs1 BBISABJIICHHUSI CTCIICHU BIIUSAHUA
BHCIIHUX MaKpOBKOHOMI/I‘IeCKI/IX q)aKTopOB Ha 06"I>€M HpI/IBJIG‘IeHHBIX HHBCCTHHI/Iﬁ. MCTOZIOJ'IOFI/IH pa60T},1 — KO-
HHHCCTBGHHLIﬁ, pel"peCCI/IOHHHﬁ aHaJIn3. PeSyJ'IBTaTBI aHaJInu3a ITIOKa3bIBarOT, YTO CyH.IeCTByeT yMepeHHO CUJIbHAas
CBs3b Mexcz[y 3aBUCUMBIMH U HE3aBUCHUMbBIMU HepeMCHHHMI/I. B 3aKJIIOYECHUE NJAHHOC NCCICAOBAHUEC ITOMOXKET KaK
TOCYapCTBY, TAK M YaCTHBIM HMHBECTOpAM, a TaK)K€ PYKOBOAMTENAM IIPOEKTOB, IMOCKOJIBKY POCT NPUBIICYEHHBIX
MHBECTHIIMIT MPUBOJMT K TOBBIIICHHIO KOHKYPEHTOCIIOCOOHOCTH PEruoHa, 00EeCIICUYCHUIO BHICOKUX U YCTOWYHMBBIX
TEMITOB COIHAIBHO-I)KOHOMUYECKOTO POCTA.

KuaroueBnble ci1oBa: ynpasienue nmpoekram, I UIT mpoekTsl, MakpoSKOHOMHYECKHE (aKTOPbI, PErPECCHOHHBII
aHaJIN3, MHBECTHINH, HAIIHOHAIbHAS SKOHOMHUKA.

352



KA3AKCTAH-BPUTAH TEXHUKAJIBIK
YHUBEPCUTETIHIH, XABAPIIBICHI Ne 2(69) 2024

UDC 334.025
IRSTI 06.39.41

https://doi.org/10.55452/1998-6688-2024-21-2-353-363

*Saulen A.N.,
Master’s student, Researcher, ORCID ID: 0009-0003-9600-6377, e-mail: anelyasaulen@gmail.com
2Yesmurzayeva A.,
Researcher, ORCID ID: 0000-0003-0114-5925, e-mail: aknur.yesmurzayeva@gmail.com

'Kazakh-British Technical University, Almaty, 050000, Kazakhstan
’Institute for Advanced Research and Sustainable Development, Almaty, 050040, Kazakhstan

SUCCESS FACTORS OF PROJECTS IN GLOBAL COMPANIES

Abstract

Project success is the best outcome expected by project stakeholders. Whether it’s a product launch or service
delivery, practitioners want to achieve success in projects as well and they have their understanding of project
success and dependence of it on various factors. This concept is still developing, as the projects constantly transform
in dynamic market. Project success is connected to factors, which contribute to the project successful delivery. For
the time-being it is not limited to triple constrains pyramid of time, cost, and budget. “Iron triangle” was the initial
model for project management success, however, it reflected only general projects in the 20th century. Researchers
establish new factors and frameworks analyzing, how companies reach success in different fields. At the same time
the business expands, companies strive to extend their territories to more than one country, so become international,
global as the time goes by. They way how this companies continue leading projects is a matter of research nowadays,
they face challenges as cultural, language, communication, legal, etc. The purpose of this research is to define project
success factors from the perspective of practitioners with project management experience in global companies.
Conduct of survey, quantitative analysis was applied as a research method. The findings of this study tested the
hypothesis claiming that specific factors considerably contribute the success of global projects.

Key words: project, project management, success factors, global companies, project stakeholders.
Introduction

Expansion of companies on the territory of more than one country happens more often, leading
to the creation of global companies worldwide. Many organizations switch to a project-based format
and use project management principles to reach commercial goals. It’s hard to imagine a modern
company that isn’t engaged in any type of project. Today’s dynamic market forces companies to
respond faster to modern challenges to gain a competitive advantage. Organizations act in increasingly
diverse and complicated environments influenced by constant changes and transformations.

Regardless of business activity, size, duration, and budget, management is essential for projects.
Whether it’s a product launch or service delivery, practitioners want to achieve success in projects
as well and they have their understanding of project success and dependency on various projects [1].

Over forty years, extensive research has discovered a diverse range of new success factors and
expanded the scope of success criteria [2].

The purpose of this study is to define project success factors from the perspective of practitioners
in a global context. This study aims to contribute to today’s knowledge and gather insights into the
best practices formed by project managers and organizational leaders, which can serve as an example
for other companies with similar activities.
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Main provisions

Carrying out projects successfully on a global level requires an understanding of success factors
associated with project management. Identification of these factors helps organizations strengthen
their capabilities and drive operational excellence. Projects can face a lack of applied PM techniques,
but on the other hand, they reach their main goals and seem successful as they comply with the
expected results.

The research question and hypothesis are the following:

+ RQ: What factors are considered key to the success of global projects from the perspective of
project practitioners?

* Hypothesis — there are specific factors that significantly contribute to the success of global
projects.

The study’s goal, which is to assess current project management practitioners’ techniques and
pinpoint best practices, closely aligns with the research objectives.

Literature review

Choosing articles for literature review is a process of filtering reliable and relevant sources. The
keywords for searching the articles were: “project management”, “success factors”, “global”, project
success” and they didn’t show up a recognizable amount of literature. So, it means that this field is
still not investigated and explored in its big scope. The works dated from 1980th and until present
were used for analysis.

The literature review part consists of 3 subparts. First subpart opens the definitions of concepts
and meanings used in the research: project, project management, success factors, and recognized PM
practices met in the literature, which lead to the project success.

During the review, literature shows that there is no common agreement of what aspects direct
project to success. [ 15, 31-33]. However, organizational concept and communication, and stakeholder
management were one of the most frequently mentioned factors, which fall under the focus of authors

and became as theme for the second and third subparts of literature review.

Success factors and PM practices

The concept of success always appears in mind when it comes to associating future project
outcomes. Each practitioner wants their project to be successful, as in that case, everybody wins.

“Iron triangle” was the initial model for project management success, however, it reflected only
general projects in the 20th century [3]. Morris and Hough (1986) introduced safety along with
time, cost, and quality as four success factors. Later researchers needed to find other approaches
corresponding to the modern demand of practitioners [5].

In literature review success factors can be categorized as either general factors, such as the “iron
triangle,” or specific factors that are relevant only to a specific project or organization according to
Pinto and Slevin (1987) [4].

The critical success factors vary depending on the nature, objectives, and perception of the
project as stated by Pinto and Prescot (1988). They conducted a study on critical success factors
throughout the project life cycle and found that the relative importance of several critical factors
changes significantly at different stages of the life cycle [8].

According to Shenhar (1997) business was described as a distinct dimension of project success
in addition to the previous work of De Wit et al. Shenhar proposed four success dimensions, namely:
project efficiency; impact on the customer; business and direct success; and preparing for the future
were suggested by them [9]. These dimensions contain 13 measures and form a project success
multidimensional strategic framework. Additionally, Shenhar categorizes preparation for the future
as a long-term company dimension and direct success as a short-term business dimension [9].
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Baccarini (1999) presented the logical framework, where four levels of project objectives should
be used to define success, namely goals, purpose, output, and input. Baccarini’s four levels are similar
to Shenhar’s four dimensions mentioned above [15].

Chow and Cao’s (2008) research model reflects the 12 potential success factors within five
categories: organizational, people, process, technical, and project with the claim that they impact the
success of large and distributed agile software development projects using Scrum methodology [10].

H.R. Kerzner, (2011) has proposed that PM success is possible to be evaluated through criteria
of time, cost, quality, scope, resource, and activity [11].

At the first stage of a project, internal factors such as budget, schedule, and technical performance
took place, as noted by Pinto and Covin (1989) [34]. While, in the final stages of the project, external
factors such as customer needs and their satisfaction are deemed to be of greater significance.

Lim and Mohamed’s framework (1999) proposed two tiers of critical success factors [14]. The
first level - micro level included time, cost, performance, and safety and the second level - macro
level focused on overall project duration, and user satisfaction during the exploitation and operation
of the end product.

When these practices are recognized, adopted, and proven successful by other project managers,
they become accepted practices [16]. Hobbs and Besner et al (2016) propose the connection between
success factors and PM practices [2]. They define PM practices as common PM norms, routines,
traditions, and rules that guide the behavior of project managers in general circumstances and are
described in bodies of knowledge and textbooks” [16]. According to Hobbs and Besner et a. (2016)
in order for these practices to be considered as success factors, they must be connected to project
management success by assessing their effect and influence on project efficiency, product success,
quality of deliverables, team performance, and satisfaction of team members [2, 17]. Even if there
are debates on how to measure the contribution of these PM practices, studying practices holds value
if it can be demonstrated that they significantly enhance project efficiency [2].

Ensuring stakeholder satisfaction, timely delivery, and budgetary adherence are on the top metrics
list for project success evaluation. Project failure is more frequently caused by internal than external
issues; inaccurate projections or missed deadlines, scope modifications, and a lack of resources
account for 50% of the causes [18]. The results of the survey handled by PwC in 2006 showed that
project success is primarily affected by stakeholders’ satisfaction, on-time delivery, budget, benefits,
quality, acceptable return on investments.

Mladen Radujkovi¢ and Mariela Sjekavica (2017) draw the breakdown where project
management success is connected to 1) project management competence (project manager
competence, project team competence, coordination), 2) organization (structure, culture, atmosphere,
competence), and 3) PM methods, tools and techniques (methodologies, software, tools, decision
techniques, risk assessment tools, information communication technology support tools). They argue
that strengthening previously mentioned aspects testifies successful PM, which facilitates project
success [35].

Organizational concept

Choosing the appropriate procedural model impacts the success of the project [19]. The
organizational environment plays a significant role in the successful selection of the approach.
Success factors also vary depending on whether the project teams use agile, traditional, or hybrid
approaches. In other words, organizations can be unprepared or even resistant to adopting new
approaches, and most of the time they continue to rely on existing processes, which is usually a
traditional approach [20]. The competence of the team and the organizational abilities of its members
are critical to the project’s success.

Projects become complex and as organizations continue to undertake a rapidly growing number
of projects concurrently, “having a central, horizontal office to govern and control projects amid the
shift to a project-oriented approach becomes a necessity” as stated in the KPMG report (2022) [21].
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The metrics for project success may vary depending on the business activity of the company,
project type, and sometimes applied PM methodology.

The 13th annual Agile report (2019) has an analysis of the survey with 1319 respondents in 6
regions. [22] The respondents were the representatives of North and South America (47% and 8%),
Europe (30%), Asia (10%) and Australia with New Zealand (3%) and of different sectors. 95%
of respondents answered that somewhat their agile projects were successful and 48% — that most
of their projects or all of them were successful. Also, participants emphasized that organizations
measure the success of the agile approach in three indices, which remained the same during the
last few years. There are customer satisfaction, business value, and on-time delivery. The metric of
customer and/or user satisfaction means that companies aim to build reliable relationships between
them, establish loyalty, and want to receive positive feedback and reactions. And depending on how
much the amount of positive feedback has grown or whether the client returned, it’s clear if Agile
was successful.

Success models like PMPA — Project Management Performance Assessment [12] or maturity
models of management within an organization like Project Excellence Model® [13] can be useful for
measuring project success. Project Excellence Model® is divided into six outcome areas encompassing
project success criteria and six organizational areas including essential success aspects. The Project
Excellence Model describes project organization using five different project categories, providing
guidelines on how to use the model.

Project stakeholders

Brown and Eisenhardt (1995) mentioned the significance of team members, project leaders,
senior management, customers, and suppliers in the process of new product development [23].
At that time they were called agents but currently, they are named “Project Stakeholders” [24].
Project Management Institute defined project stakeholders as: “Individuals and organizations who
are actively involved in the project, or whose interests may be positively or negatively affected as a
result of project execution or successful project completion.”

Young and Poon (2013), using a fuzzy set analysis of 15 cases, concluded that when top-
managements support the project team and other stakeholders, it is counted as more important rather
than other success factors, as it impacts the project’s success in general. [25]

It means that the business is people/individuals, and mental support, and cultural awareness are
significant for process flow. Building trust can play a key role in developing effective relationships
with partners. Trust is also helpful when a failure happens, and customers can share feedback on
improvement decreasing the possibility of a second failure. Jack Gido and James P. Clements
(2011) claimed that cultural awareness and sensitivity are imperative for successful global project
management [26]. Understanding and gaining knowledge of the culture and customs of other team
members is essential for a successful global PM as it shows respect, promotes trust, and helps create
an efficient project team.

Level of responsibility, duties, and functions, contributions to the project, and sponsorship,
including both financial and political support, - bring a variety to the categories of project stakeholders.
Project stakeholders usually have expectations and visions of project outcomes, and non-compliance
with them means failure.

In most project-based organizations Project Management Office (PMO) acts as a separate
division.

Project management offices represent established organizational structures where project
managers and team members interact with PM process owners, portfolios, and programs within
a parent organization, and the temporary ad-hoc organizations that are created to support a large
program or group of projects [27, 28].

Global PMOs are often related to the implementation of mechanisms such as coaching and
assistance, information, and knowledge sharing related to political, legal, and cultural factors [29].
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Project success requires the development of an effective project team. And even if PM techniques,
tools, and approaches are in place, people engaged in the project as project manager and project
team, are very important and key to the best outcomes. According to Forsberg, Mooz, and Cotterman
(2005), the team is responsible for the achievement of product success in the market, and not only for
the effective execution of the project. Since teamwork is a crucial element of project management,
project managers must possess the ability to manage people, as they bear much of the burden [36]. In
parallel, Akkermans and van Helden (2002) noticed that in case of failure, not all the people engaged
in the project are responsible for it [30].

Formation of the team is a separate matter, and the efficiency of it will depend on how smoothly the
project will be performed. Random people put together will not create an effective team. It’s required
to analyze the background of individuals and work with them closely not only on their hard skills
and technical performance but also on cultural awareness, communication, and establishing good
relationships in a team atmosphere. The project team should move together with the project manager.
An effective team clearly understands the expected project outcomes, stated project objectives, what
are the requirements of project stakeholders, roles and responsibilities of team members. Members’
characteristics also include high collaboration, level of trust, and communication skills, which are a
game-player when the team is virtual or works mostly on a remote basis. They share new information
timely, generate ideas, provide constructive points of view, and have open discussions on relevant
topics during the work. Members of the effective project team are professionals, first. The way they
manage their work schedule, respond to the given tasks, adequately react to changes, feel responsible
for the assigned work scope, and initiatively go beyond — all of these directly impact the project. The
diversity brings opportunities for new visions and ideas and is considered as a strength.

The behavior of team members is significant in building a trusted environment within the
organization. Also, it reflects all project stakeholders. The behavior includes a healthy conflict
resolution with the acknowledgment that a lack of agreement on questions is possible and normal.
Most important here is how it can be handled. Conflicts show the weaknesses and address them to
the project team for analysis and further growth. The resolution might be in the form of feedback,
argument revision, or meet-up. Any vulnerable situation is a step towards maturity.

The project manager’s responsibility isn’t only limited to time, cost, and quality management,
but also integration, scope, HR, communication, risk, and procurement management. As a result,
the project manager is considered one of the key persons in achieving project success and smooth
delivery of project objectives within time, budget, and quality constraints.

Project success is always attributed to the role of the project manager and how they lead the
processes. Project Managers need to make sure of the perception of the customer, keep in touch
with them, and control their satisfaction by minimizing delays and missing deadlines, that affect
customers. Customers should be confident in the leader who carries out the assigned project within
triple constraints.

Proactivity of PM may warn of future risks of task delays or non-performance, they don’t
leave things to get solved by themselves, and they take actions to solve the situation in the shortest
and optimal meantime. The project manager also acts as a coach and consultant to the team as he/
she/guides the members, reminds them of the objectives, and trains them for permanent personal
development, but doesn’t tell them how to execute the assigned task. Again, the team consists of
professionals. However, the project is not about a one-man show, in case of complicated decision-
making, project managers seek for a piece of advice and suggestions from team members [26].

Methodology

Research design

The main research subject covers the notion of global companies, project success, and its
fundamental component success factors as parts of PM.

To answer the research question and test the hypothesis quantitative research was conducted.
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Sample group is formed by individual respondent who’ve taken the survey. They group is
represented by project managers, executive, PM practitioners. The aim is to receive answers of PM
practitioners working in global companies performing projects, who has insights and opinion on
project success factors. The survey was sent to target audience through social media networks and
messenger (LinkedIn, Whatsapp, Telegram) and personal face-to-face request.

Google Forms survey tool was applied to gather information and assess the responses of
practitioners on their practices and success factors in various regions and fields. The survey-based
research was selected as the optimal variant for data collection from moderate and large groups of
participants. Answers to the research are collected on a separate Google Excel Sheet, which sorts
answers in proper sequence of columns and rows and shapes raw data for future analysis.

The survey can be logically divided into two main parts.

The first part of the survey is dedicated to the background of the respondents and company
profiles. The survey included questions about the fact of participation of respondents in a global
project, experience, age, possession of PM certifications, their role in the project, as well as questions
about the global presence of the company, project duration, team size, industry, sector, project type,
and used PM methodology. They help to understand the target participants and filter the answers
accordingly. Also, it clears the picture on insights of PM practices in a particular field, sector, project
type, etc., in other words, it forms the context.

The middle part of the research reflects information on the analysis of PM methodologies
characteristics and variability in project estimates and is not directly linked to the present research.

The last part of the survey reflects the research question of the present study (Table 1), i.e. key
success factors in global projects.

The questions were closed-ended and open-ended to understand the characteristics of participants
and projects globally and in Kazakhstan. The matrix question in the part for “key success factors”
helped to merge multiple options into one and put a rate.

All questions were marked as obligatory, and respondents could not move to the next part until
they chose options in all questions on the active page.

Research method.

The author used statistical measures like Mean, Median, and Standard Deviation, a qualitative
analysis for the gathered data. These metrics helped to analyze the frequency, distribution, and central
tendency of answers in matrix complex questions.

Questions at the Table 1 are dedicated to test the hypothesis:

Hypothesis: There are specific factors that significantly contribute to the success of global
projects.

Question: In your view, what do you consider the most critical factors for the success of global
projects?

Table 1 — Extract from the survey conducted by the author

No Metrics Not Slightly | Moderately Very Highly
Success factors Important | Important | Important | Important | Important

1 | Cross-cultural communication strategies

2 | Use of collaboration tools and technology

w

Clearly defined project objectives and
goals
Adaptive project management strategies

Resource allocation and management

Timely and accurate risk assessment

Leadership and team collaboration

R I | N~

Stakeholder engagement and
communication
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Findings and discussions

The survey was addressed to the respondents on social networks such as LinkedIn, WhatsApp
and Telegram messengers, by creating a post and sending direct messages. It was distributed to Project
managers and executive managers from various fields, regions, and project types. The response rate
was comparingly lower than expected.

Overall, the number of respondents in the conducted survey was twenty-three people. 61% of
the total number had experience in global projects, consisting of 35% noting that they led projects in
different regions but on the same continent, and 26% noting that they had been engaged in projects
on different continents. The average age of participants is 35 years, the average work experience is 6
years. 6 of those people had project management certifications, namely PMP, SMCP, IPMA level D,
IPMA D, and Chapter Lead, Prince 2.

The majority hold Project manager positions within the projects, which takes 74% of the total
percentage. Additionally, it is needed to highlight the duration of their participation in projects. A
large number of respondents were involved in the projects that lasted for a maximum of 5 years.
However, there were only two respondents who reported being involved in long-term projects within
the research and development (R&D) and oil and gas industries. These projects had a duration of
100 years and 40 years. Professional fields of the respondents occur to be very diverse: IT and
consulting — 30%, Banks and insurance — 23%, Oil & Gas, and telecom — 10%, and Mining — 10%
(figure 1).

Other

17% IT and consulting u [T and consulting

30%

Mining .
10% m Banks and insurance

OiL&Gas

Telecom
10% H Telecom
OiL&Gas Banks and
10% insurance H Mining
23%
u Other

Figure 1 — Professional fields of respondents

The teams’ size is also different: 1-10 people within a team were at 44% of respondents, 10-100
people within the team were at 43% of respondents, and at the same time, only 13% were working in
teams of more than 100 people.

There was also the choice to choose the applied PM methodology and the answers among those,
who work in global companies, were 64% with hybrid methodology and 36% with Agile, no one
chose waterfall (figure 2, p. 360).

Matrix questions to evaluate preferences of practitioners in success factors included variants
such as cross-cultural communication strategies, use of collaboration tools and technology, clearly
articulated project objectives, adaptive project management strategies, resource allocation and
management, timely and accurate risk assessment, team leadership, and collaboration, and stakeholder
engagement and communication.

The average scores for these factors were 4.52, 4.39, and 4.35 respectively, out of a maximum
possible score of 5 (table 2, p. 360). Additionally, the standard deviations for these factors were 0.95,
0.94, and 0.98 respectively. These relatively low standard deviation values suggest a high level of
consensus among the respondents regarding the significance of these elements.
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Chosen methodology

HAgile
= Hybrid

Figure 2 — Methodologies chosen by respondents
Therefore, it is clear that well-defined project objectives, effective resource management, and
stakeholder engagement are crucial for initiatives in achieving success in projects within this specific

context.

Table 2 — Statistical results of the survey conducted by the author.

Statistics Variants in matrix question Kegai;;gess
1 2 3 4 5 6 7 8
Mean 3,74 4,04 4,52 3,87 4,39 4,17 4,09 4,35 4,15
Standard deviation 1,14 0,71 0,95 0,92 0,94 1,03 1,04 0,98 0,79
Median 4,00 4,00 5,00 4,00 5,00 4,00 4,00 5,00 4,50
Mode 4 4 5 4 5 5 5 5 4,5
Min value 1 3 1 1 1 1 1 1 1,25
Max value 5 5 5 5 5 5 5 5 4,88
Interquartile range 1,50 0,50 1,00 0,50 1,00 1,00 1,50 1,00 0,75

Conversely, the respondents gave lower ratings to the factors of intercultural communication
strategies and adaptive project management, with mean scores of 3.74 and 3.87 respectively. The
standard deviations for these factors were 1.14 and 0.92. A high standard deviation for intercultural
communication strategies suggests a wider range of opinions among respondents, while a lower
standard deviation for adaptive project management indicates a more consistent view. This data
supports the idea that intercultural communication strategies and adaptive project management are
perceived differently by respondents and may have varying perceptions in the realm of effective
project management.

From the final section of the survey, we found out that:

¢ clearly defined project objectives and goals,

¢ effective resource allocation and management,

+ stakeholder engagement and communication,

+ timely and accurate risk assessment.

They considered as key factors for the success of global projects by project management
practitioners, therefore the hypothesis has been tested and approved.

Conclusion
Project success is unquestionably a highly debated topic in the contemporary academic realm

of project management, attracting significant research attention. However, a commonly acceptable
definition of “project success” has not been detected until nowadays. Organizations that effectively
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employ project management practices to facilitate change and accomplish their business goals are
the ones that achieve successful project outcomes. There are numerous chances to enhance current
project management methods to align with the constantly evolving requirements of the business
environment. The success criteria serve as the variables that determine and assess project success.
The literature shows that time — schedule, cost — budget, and quality — performance are the three most
cited and significant success criteria, added by recently recognized client/user satisfaction.
However, as time goes by and the business expands, the competitive advantage is harder to
gain, and the practices begin to vary because the usual path for the project to be successful and reach
excellence is not as straight as it used to be before. Our study investigated that nowadays practitioners
working in global companies consider clear project objectives, effective resource management,
stakeholder engagement, and proper risk management impact on the successful performance and
execution of the project.
It’s essential to recognize research limitations / ethical and other considerations of this study.
To collect the data by conducting the questionnaire the limit might be:
1. The response bias, as respondents can give inaccurate answers to the questions or interpret
the questions in a way not planned by the researcher.
2. Non-response bias is also a possible limit, so in this regard, the list of participants can
be shorter than expected. Non-response can be caused by ignoring the request to take a
questionnaire.
3. Confidentiality notes - the request to hide the name of the company and the names of the
participants might also cause the perception of non-reliability.
These limitations may have altered the findings’ universality and must be acknowledged when
evaluating them.
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Angarna

JKobaHbIH COTTLIIIT — KOOAHBIH MYJUIENI TapanTapbl KYTETIH €H JKaKchl HOTHXe. byt eHiMal 1mIbIFapy Hemece
KBI3MET KepceTy Ooica jaa, Toxipubeinep jxodanapia TaObICKa KTyl Kajlalpl *KaHe ojap OOaHbIH COTTIIIr
MEH OHBIH dPTYPJIi (haKTOpIapFa TOYSIIUTITiH TYCiHe i By TYKBIphIMIaMa olTi [Ie JaMBIIT KeJie i, OUTKeHi sko0arap
JTUHAMUKAJIBIK HAPBIKTA YHEMI ©3repin oThIpaabl. JKoOaHBIH COTTLNIT KOOAHBIH COTTI OPBIHIATYBIHA BIKIA CTETIH
(hakToprmapMeH OaiaHBICTBI. O3ipre O YaKbITTHIH, IIBIFBIHAAPIBIH JKOHE OIOKETTCH TYPATBHIH YINTIK IICKTEY
nupaMuacbiMer mekrenmeii. « Temip ymoOypsiiny sx00anbl OacKapy/blH COTTUIIIHIH OacTanksl yirici, 6ipak
o011 20 FacwIparbl KaJIbl )Ko0amap/bl FaHa KOPCETTi. 3epTTeyIiiep KOMIaHUUIApAbIH SpPTYpIli cananapia Kamai
TaObICKa XKETETIHIH TaJ1ail OTHIPHI, )kaHa (akTopiap MeH Herizaepai Oenrineliai. CoHbIMeH Karap Ou3Hec KeHeHin
Kelie/li, KOMIIaHUsIIap YaKbIT OTe KeJie XaJbIKapasblK, skahaHablk 0oy YIuiH OipHelle enjie 63 ayMarblH KeHeHTyre
THIPBICAABI. By KoMImaHUSAIapIsIH KoOamapapl KYpri3yli KalFacTeIPy TOCUTi Kazipri yakpITTa 3€pTTECy HBICAHBI
OOMbI, MOACHM, TINNIK, KOMMYHHKALMSIIBIK, KYKBIKTBIK JXKOHE T.0. MocenenepMeH Oerme-Oer keneni. 3epTrey
oiici peTiHae cayajaHaMma, CaHIbIK Tajlfay *Kypri3iami. By 3eprreynin HoTHKEIepl HaKThl (hakTopiap skahaHIbIK
JKoOaapbIH COTTUTITIHE aliTapIIBIKTal BIKIAJ €TE/ll JICTCH TUIIOTE3aHbl TEKCEP/IL.

Tipek ce3mep: x00a, x0oOaHBI OacKapy, TaObIC (haKTOpIapHI, )KahaHABIK KOMITAaHUIIAD, )K00a KaTHICYIIBLIAPEL.
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®AKTOPBI YCIIEXA TPOEKTOB INTOBAJIBHBIX KOMIIAHUM

AHHOTaUMA

VYemex mpoekTa — 3TO JIy4IIni pe3ybTar, KOTOPOTro OXKHJIA0T 3aHHTEPECOBAaHHBIE CTOPOHBI TpoeKTa. bynb To
3aIyCK MPOAYKTA MITH MIPEAOCTABICHHUE YCIIYT, CIECIUAIICTHI-TIPAKTHKH TAKXKE XOTAT JOOUTHCS ycIiexa B IPOEKTax
1 UMEIOT CBOE TOHMMAaHME YCIeXa MPOEKTa M €0 3aBUCHMOCTH OT PA3IMYHBIX (PAKTOPOB. DTa KOHICIIHS BCE
eIle Pa3BUBACTCS, MOCKOIBKY MPOEKTHI TIOCTOSHHO TPAHC(HOPMHUPYIOTCS HA ANHAMHUYHO PA3BUBAIOIIEMCS PHIHKE.
VYemex mpoekTa cBs3aH ¢ (haKTOpaMHu, KOTOPBIE CIIOCOOCTBYIOT YCIIEIIHOW peai3anuy mpoekra. Ha manHbIi Mo-
MEHT JIeJI0 HEe OTPpaHUYNBACTCA TPOMHHOMN MUpaMuI0i OTpaHIMYCHIH BPEMEHH, CTONMOCTH U OrokeTa. «JKeme3Hsrit
TPEYTOIBHNKY» OBUT IEPBOHAYATBHON MOJIENBIO YCIIEXa YIPaBICHNUS IPOSKTAMH, OJJHAKO OH OTpaskall JINIIb 00IIHe
mpoekTel XX Beka. Mccnenosarenn yCcTaHaBIMBAIOT HOBBbIE (DAKTOPHI M PAMKH, aHATM3HUPYSI, KaK KOMITAHUN JIOC-
THTAIOT yCIIeXa B Pa3lINYHBIX 00nacTsIX. B To sxe BpeMmst OM3HeC pacmmpseTcs, KOMIAHHH CTPEMSTCS PAaCIIHPHUTh
CBOIO TEPPUTOPHIO O0JIEe YeM B OTHON CTpaHe, YTOOBI CO BPEMEHEM CTaTh MEXIyHapOAHBIMH, To0ansHbIMH. To,
KaK 3T KOMIAHUH MPOIOJDKAIOT BECTH MPOEKTHI, B HACTOSIIEE BPEMsI ABIACTCS MPEIMETOM HCCIIEIOBAHUN, OHN
CTAJIKUBAIOTCS C MPOOJIEMaMH KyJIbTYPHBIMH, SI3bIKOBBIMH, KOMMYHUKAIIMOHHBIMH, IOPUANIECKUME U T.JI. Llenbro
JTAHHOTO HCCIIEIOBAHMS SIBIISETCS ONpEeIcHUe (DAKTOPOB ycIexa MPOeKTa ¢ TOUKH 3PEHHST MPAKTHKOB, MMEIOIIINX
OTIBIT YIPABJICHMS IPOEKTaMH B II00ATBHBIX KOMITAaHHUSX. B KadecTBe MeTo/1a HCCIeIOBaHNs OBIJIO TIPOBE/ICHO aH-
KETHPOBAaHNE, KONNYECTBEHHBII aHaMN3. Pe3ylbTaTsl 3TOT0 NCCIEAOBAHMUS TPOBEPHIIN THITOTE3Y, YTBEPKIAIOILYIO,
YTO KOHKPETHBIE ()aKTOPBHI B 3HAYUTEILHOI CTEIIEHN CIIOCOOCTBYIOT YCIIEXY III0OATBHBIX TPOSKTOB.

KirodeBble cji0Ba: NpPOEKT, YIPaBICHUE MTPOEKTOM, (aKTOPHI ycHexa, MIo0albHbIe KOMIIAaHWH, YIaCTHUKH
MPOEKTA.
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Abstract

Kazakh business establishments demonstrate a collective approach in addressing the environmental dimension
by evaluating their environmental management systems and commitment. However, it is important to note that
these efforts are implemented in a proportional manner rather than in their full. Consequently, Kazakh companies
are able to achieve sustainable development goals to a certain extent, but not to the fullest extent. The objective
of this study is to ascertain the characteristics and attributes of environmental performance auditing, as well as
the rules and norms that regulate auditors’ conduct within this professional domain. SPSS was used to analyse
data and it is found that there is a positive and strong relationship between activating the environmental audit
and achieving sustainable development goals. The sample members demonstrate a significant level of awareness
regarding the crucial significance of examining the environmental issue in the attainment of sustainable development
goals. The findings of the research demonstrate the significant and direct impact of audit reports on the motivation
of companies to demonstrate a strong commitment towards the protection and preservation of the environment.
The study suggests that it is imperative to encourage enterprises to enhance their environmental transparency by
including environmental information in their submitted environmental reports to the relevant stakeholders with
other some factors.

Key words: Environmental Accounting, Sustainable Development, Environmental Disclosure, Environmental
changes, Kazakhstan.

Introduction

The accounting and auditing profession is affected by the conditions of the environment in
which it operates and the progress of this profession is measured by the extent to which it keeps
pace with environmental changes and developments and the global awareness of the importance of
environmental problems in light of the existing economic and social development challenges has
increased in recent years. Moreover, pollution control laws have also increased in most countries
of the world which has created mechanisms for a new economic policy that determines the form of
corporate behaviour accompanied by a change in the traditional view of companies and the way to
evaluate their performance as performance evaluation has become linked to the extent of the impact
of the company’s operations from economic and social aspects on the surrounding community as
the company’s financial statement data may reflect a clear success according to the standards of
profitability or cash flow while in fact the community surrounding the company suffers severely from
its exploitation of some environmental factors improperly which causes some damage.

The trend has increased to the need for measurement and accounting disclosure of data that have
an environmental content on the one hand and then conducting an environmental review on the other
hand for the results of this measurement and evaluation of the general environmental performance of
companies because of its importance in the purposeful impact on the behaviour of decision makers in
companies to maximize their returns from making such a decision as studies confirm the increasing
demand by users of financial statements to obtain relevant information on the environmental impacts
of corporate activities and environmental audit is an organized process for collecting and evaluating
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evidences related to the environmental performance of the company in all its dimensions to verify
the compatibility of this performance with the standards and communicate the results reached to the
various parties [8].

The world is currently facing with the current development model two main problems, the
first is that many natural resources which we take for granted are subject to depletion in the near
future, and the second is the problem of increasing pollution that our environment suffers from at
the present time and resulting from the large amount of harmful waste that we produce and as a
result the increasing pressure forces us to think about formulation of another development model
that maintains the existing natural resources for future generations and reduces waste and harmful
emissions and this is known as ‘’sustainable development” which means meeting the needs of the
present generation without wasting the rights of future generations in the life at a level not less than
the level we live in now. This term was adopted by the international community at the Earth Summit
in Brazil in 1992.

Professional organizations and international bodies in the field of accounting and auditing are
interested in measuring and reporting environmental performance in terms of goals, evaluation
concepts, measurement methodology and standards for preparing the final report and therefore
environmental accounting appeared as a means of measuring the environmental performance of the
company and communicating the obtained results to interested parties which resulted in the need to
audit environmental performance to confer confidence in the disclosed information to reassure the
community in all its sects of the results of the environmental activity that should be carried out by
companies considering that auditors are an agent for society in all its different sects [10]. Moreover,
the close link between the environment and development led to the emergence of the concept of
sustainable development which has become one of the vital and urgent issues to be considered in
the process of development planning at the level of countries and various business organizations
and since financial reports represent the main source of information for each party has a relationship
with business so sustainability reports including financial and non-financial information on the
performance of these business have become an effective tool in bridging the information gap between
the management and the parties interested in that firm [4].

The researchers were not only interested in the disclosure of sustainable development, but they
examined factors and characteristics that affect the level of that disclosure as many previous studies
found that there is a difference in the level of disclosure of sustainable development between countries
worldwide as it was found that the difference in cultures, environmental, social and economic
conditions between countries affect the level of disclosure [9]. Hence, it is clear to the researcher that
the research problem can be clarified within the framework of the following questions:

1. What is the nature and importance of environmental auditing in light of environmental
performance review standards?

2. What are the mechanisms and requirements for activating environmental audit activities in
light of environmental performance audit standards?

3. What are the determinants and controls for achieving sustainable development at the local
and international levels?

4. Does activating environmental audit activities contribute to achieving the requirements of
sustainable development?

5. To what extent can a proposed approach be submitted that reflects the role of activating
environmental audit activities in light of environmental performance review standards in achieving
the requirements of sustainable development?

Main provisions
Tha study defines what environmental accounting entails, emphasizing its role in integrating
environmental costs and benefits into financial reporting and decision-making processes, discusses

the global imperative of sustainable development, emphasizing the need for integrating environmental
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considerations into economic activities. The analysis provides an overview of Kazakhstan’s economic
and environmental landscape, highlighting key industries and environmental challenges the country
faces. The study related to finfing obstacles and challenges faced in implementing environmental
accounting practices in Kazakhstan, such as regulatory frameworks, technological limitations, and
institutional barriers.

Overrully, the research outlines the potential benefits of adopting environmental accounting
practices, such as improved resource efficiency, cost savings, enhanced corporate reputation, and
compliance with international standards.

Literature Review

The of study Sharma aimed to identify opportunities for environmental auditing in India, assess
the factors affecting the implementation of environmental audits in large industries and identify the
strengths and weaknesses of their practices. The study found that the company systematically conducts
environmental audits in its various factories and work sites on a regular basis and its reports and data
are available on the company’s website. The company also has many factories and production units
with a large workforce that are directly related to the environment, and it is necessary to verify the
level of pollution in their factories and nearby sites so environmental audit practices are necessary to
know the state of pollution in their sites in a timely manner [12].

Olga research aimed to provide a framework for reviewing financial statements on future events
caused by environmental factors, which are disclosed in financial reports to improve the quality of
audit and to verify financial data for organizations that have a negative impact on the environment.
The study reached a framework for reviewing financial statements taking into account environmental
aspects, which makes it possible to trust the disclosed information about future events resulting
from non-compliance with environmental laws and the continuity of the organization being reviewed
and this framework was reached in the form of several steps namely setting environmental audit
objectives, audit planning procedures and analysing the impact of definitions that were identified in
the financial reports. The study recommended using that approach as it helps to achieve the principle
of business continuity and estimate the size of reserves for the environmental obligations of the
organization [11].

The of study Amal aimed to analyse and evaluate the relationship between environmental
performance disclosure and financial performance for sustainable development purposes in Egyptian
business environment. The study stressed that the existence of environmental management improves
environmental performance and that the disclosure of environmental performance leads to improving
internal procedures and policies in order to achieve the goals of sustainable development and the
study also stressed that integrated reports contribute to providing a clear picture of the environmental,
social and economic performance of the facility [2].

The of study Ahmed (2016) aimed to analyse what is meant by environmental audit and to
measure the impact of the environmental audit evaluation of audit activities using the balanced
scorecard. The study found that there is a statistically significant effect between the dimensions of
the balanced scorecard and the effectiveness of the environmental audit and the study recommended
the need for the industrial facilities management to pay attention to developing and updating the
requirements of the balanced scorecard and training and qualifying members of the environmental
review in the industrial facility to know how to apply the balanced scorecard in industrial facilities.

The study of Ahed dealt with the role of environmental auditing in achieving sustainable
developmentin companies by addressing previous studies related to environmental audit for sustainable
development and the intellectual framework for environmental audit and sustainable development.
The study found that there are problems related to environmental pollution, climate change, debt and
poverty that limit the achievement of the sustainable development goals and the study also found that
there is low compliance with laws and regulations and poor disclosure of environmental performance
for sustainable development purposes in businesses operating in developing countries [1].
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The concept of environmental auditing: The environmental audit includes both estimates
related to environmental pollution, environmental impact estimates in investment planning, areas
of maintaining environmental integrity, reviewing companies’ environmental performance reports
and finally reviewing companies’ compliance with environmental laws and regulations this
concept was adopted by IFAC while US Environmental Protection Agency defined it as organized
periodically documented inspection of the environmental practices of the facility to verify that the
environmental requirements imposed by the laws and regulations of the environmental organizations
are met. Moreover, British Standards Institute defined it as systematic evaluation set to determine the
compatibility of the management and environmental system of the facility with the planned programs
and to determine the effectiveness and suitability of that system to accomplish the environmental
policy of the facility.

Types of Environmental Audit: Regulatory bodies can practice many types of environmental
audits and these types are complementary to each other and therefore they can be gathered under one
name which is environmental audit. Therefore, the types of internal audit are as follows [10]:

Financial Audit: Reviewing the extent of compliance with GAAP in the entry, classification and
summary of operations related to environmental expenses and revenues in other words ensuring that
costs, liabilities and assets related to the environment have been identified and valued and that the
environmental cost of the company moderately reflects the results of its obligations and reporting in
accordance with generally accepted accounting rules.

Compliance Audit: It means the administration’s pledge to implement the requirements and
legislation related to the activities and operations of the company and this review is considered the
most widespread form of environmental reviews in the industrial fields due to the criminal liability
that arises as a result of violating environmental laws as facilities that are subject to compliance
requirements must take into account the implementation of a program to review compliance with
environmental laws noting that the extent of expansion of the review depends on the extent of risks
resulting from non-compliance as the non-compliance of business will have a financial impact on their
financial statements so the auditor when preparing the report must take this situation into account.

Environmental Management Systems Audit: The environmental management system expresses
the structure that defines the responsibilities, practices, procedures and resources necessary to protect
the environment and manage environmental issues and this system is considered part of the company’s
internal management control structure in order to provide information related to the following:

FASB addressed in his publications on environmental aspects to how to identify potential
environmental losses, the cost for removal of hazardous materials and accounting for capitalization
of environmental pollution treatment costs. The U.S. has adopted a number of guidelines and releases
related to environmental disclosure as general rules used by the SEC when providing disclosure
evidence by entities approved by it. AICPA addressed in the Statement of Position 1/96 how to
handle the effects of environmental pollution as this statement seeks to give accountants an overview
of key environmental laws and regulations and the oversight mechanism for environmental issues.
Moreover, IAS (10) introduced guidelines on how to capitalize environmental expenditures needed
to repair environmental damage to assets and capitalize expenses necessary to avoid the closure
of the facility or the suspension of its activities as a result of environmental violations and how to
address the expenses incurred by the company as a result of the purchase of a polluting asset [5].

International Auditing Standards Related to Environmental Aspects: Standards are the basis for
obtaining an appropriate evaluation of the performance of companies and are one of the tools for
the successful practical application of any activity, the issuance of environmental audit standards
helps not to lose sight of the environmental aspect of companies that have an important impact
on the environment. Therefore, the most important ISAs regarding auditing will be mentioned as
follows [6]:

ISA (200) indicates the need to obtain reasonable assurance about whether the data is free from
material errors which are caused by fraud or error and therefore the environmental auditor must
verify that the data and information contained in environmental disclosure reports are correct.
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ISA (250) clarifies the responsibility of the auditor in considering the application of laws and
regulations when auditing financial statements. Therefore, the environmental auditor must review
environmental laws and regulations to verify the extent of compliance with them

ISA (500) addresses the auditor’s responsibility for designing and implementing audit procedures
to obtain sufficient and appropriate audit evidence so that he can reach reasonable conclusions. Based
on this criterion, the environmental auditor must design and perform environmental audit procedures
in order to obtain sufficient evidence.

ISA (540) clarifies the auditor’s responsibility for accounting estimates such as estimates of
fair value and related disclosures in the process of auditing financial statements and it also includes
requirements and guidance on errors in various accounting estimates and indicators of possible bias
by management and based on this standard, the environmental auditor can perform the audit of
accounting estimates for fair value and disclosures related to environmental activities.

ISA (550) clarifies the responsibility of the auditor related to the treatment of related parties
when auditing financial statements in order to enable users of financial statements to understand their
nature and the actual or potential effects of them and from the above, the environmental auditor must
view environmental records, data and transactions and communicate them in a manner that is easy to
understand by all relevant parties.

The environmental audit must stem from the conviction of the management with optional self-
motives and not compulsory in order to avoid falling into violation of legal legislation and to provide
adequate support to the environmental auditor within the company and facilitate the difficulties
in front of him to perform his tasks with the required efficiency and the need for management to
comply with environmental obligations and the need to integrate the environmental audit with the
overall system of environmental management and documenting the audit process in an appropriate
manner [13].

The Importance of the Sustainable Development Reports Audit is that it works on the following [3]:

1. It meets the increasing global interest in sustainable development reports as there are nearly
a thousand companies worldwide that provide integrated reports instead of traditional separate
financial reports.

2. It increases the reliability of reports issued by entities and enhances the quality of disclosure
of non-financial data and goes beyond the traditional financial reporting process.

3. Confirming non-financial information and data to detect sustainability issues by providing
integrated reports to ensure that they are reliable and do not conflict with financial information.

The Role of Environmental Audit in Achieving the Sustainable Development Goals

The environmental audit has emerged recently which is concerned with paying attention
to environmental matters through the follow-up of commercial and industrial companies to the
extent of their compliance with laws, legislations and standards for environmental protection and
holding companies responsible for the direct and indirect effects of their activities [7]. Countries
increasingly emphasize the importance of preserving the environment through the issuance of
legislation regulating the environment as it led organizations to include environmental issues in their
agenda and activities in order to achieve the goals of sustainable development and the use of the term
sustainable development began largely from the Rio de Janeiro Conference in 1992 where countries,
governments and organizations sought to achieve sustainable development represented in preserving
the environment, the welfare of society and the development of the human element which led to the
emergence of several bodies concerned with environmental control and protection.

Companies seek to achieve the maximum possible return by making the most of the available
resources, and the fear of overuse of natural resources through illegal exploitation has emerged and
as a result many international bodies interested in sustainable development and the environment
including the World Business Council for Sustainable Development have called for the need to pay
attention to sustainability. With the increasing interest of the company’s related parties in non-financial
matters, the company’s accounting and financial systems are unable to provide this information and
therefore they require development to provide non-financial reports with an economic, social and
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environmental dimension which led to the emergence of sustainable development practices as an
essential part of the internal policies and procedures of companies and commercial and industrial
institutions.

Research Methodology

To achieve the objectives of the research, the researcher relied on the inductive approach
which aims to clarify the theoretical framework of the study by presenting the nature and activities
of environmental audit in Kazakh joint stock companies on the one hand and what sustainable
development activities are and how to reach them and the role of environmental audit in achieving
sustainable development in Kazakh joint stock companies on the other hand and this is achieved by
reviewing the latest professional publications studies and research related to the subject of study.

The researcher also relied on the deductive approach in testing the research hypotheses through
the field study, which relied on a survey list aimed at analysing the answers of the study categories
through a survey of a sample of (300) accountants and internal and external auditors to determine
the extent of their awareness of their role in activating environmental audit methods in Kazakh joint
stock companies at all stages of their work. 260 questionnaires were received back and available
for analysis. The statistical program (SPSS) was used and to convert non-quantitative data into
measurable quantitative data contained in the questionnaire Likert five points scale was used.

Results and Discussion
Table 1 provides classifies data based on a scale of responses (from Strongly Disagree to Strongly
Agree) along with corresponding numerical values and their respective ranges. Here’s a description

of the data:

Table 1 — Weights of answers in Likert five points scale

Classification Value Range
Strongly Agree 5 1.00- 1.80
Agree 4 1.81-2.60
Neutral 3 2.61-3.40
Disagree 2 3.41-4.20
Strongly Disagree 1 4.21-5

Hypotheses Testing Using One Sample T Test
First hypothesis: There are no statistically significant differences between the respondents’
opinions on the requirements of environmental auditing in Kazakh joint stock companies.

Table 2 — Shows opinions towards the requirements of environmental auditing.

The Axis il STD No DOF T value Sig
Requirements for environmental auditing 365 055 260 259 19.01 001
in Kazakh joint stock companies ) ) ) )

Since p (3.65) is greater than standard mean of Likert scale values which is (3) and calculated
T (19.01) is greater than critical T which is (2.59) hence, we have to accept the first hypothesis as in
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this sense there is a strong and positive trend for the respondents’ opinions about the requirements of
environmental auditing.

Second hypothesis: There are no statistically significant differences between respondents’
opinions on the role of the external auditor towards environmental auditing.

Table 3 — Shows opinions towards the role of external auditor in environmental auditing

The Axis u STD No DOF T value Sig
The. role of the ext@r.nal auditor towards 335 055 260 259 10.52 001
environmental auditing.

Since p (3.35) is greater than standard mean of Likert scale values which is (3) and calculated T
(10.51) is greater than critical T which is (2.59) hence, we have to accept the second hypothesis as in
this sense there is a strong and positive trend for the respondents’ opinions about the role of external
auditor in environmental auditing.

Third hypothesis: There are no statistically significant differences between the respondents’
opinions on the measures to achieve the dimensions of sustainable development.

Table 4 — Shows opinions towards measures to achieve of sustainable development

The Axis n STD No DOF T value Sig
Measpres to achieve the dimensions of 3 64 0.79 260 259 13.09 0.01
sustainable development

Since p (3.64) is greater than standard mean of Likert scale values which is (3) and calculated
T (13.09) is greater than critical T which is (2.59) hence, we have to accept the third hypothesis as
in this sense there is a strong and positive trend for the respondents’ opinions towards measures to
achieve the dimensions of sustainable development.

Forth hypothesis: There is no statistically significant relationship between activating the role of
environmental audit and achieving sustainable development in Kazakh joint stock companies. This
hypothesis will be tested using Pearson Correlation Coefficient.

Table 5 — Shows the relationship between environmental audit and sustainable development

Correlation Determination
The Axis Coefficient Coefficient Sig
R R?
The impact of activating the role of environmental auditing
in achieving sustainable development in Kazakh joint 0.78 .61 0.01
stock companies

Since R is (78%), hence there is a positive and strong relationship between activating the role
of environmental audit and achieving sustainable development in Kazakh joint stock companies.
And since R2 is (61%), hence (61%) of change in achieving sustainable development is justified by
activating the role of environmental audit while the rest (39%) is due to other factors.

1. Kazakh enterprises apply environmental dimension audit only through the revision of
environmental management systems or the review of environmental compliance and it is applied
relatively but not to the full degree.
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2. Kazakh businesses are meeting the Sustainable Development Goals (SDGs) but they are also
relatively not reaching the full degree.

3. There is a very high awareness of the important roles of the environmental dimension audit in
the implementation of the SDGs.

4. The results of the study indicate a high positive impact of audit reports in urging business
organizations towards a commitment to protect and preserve the environment.

Conclusion

The following recommendations are suggested:

¢ The need to push companies to improve environmental disclosure by presenting environmental
aspects in environmental reports submitted to relevant parties. Increasing government attention to
environmental aspects by motivating businesses with a global interest in the environment with the
help of environmental experts to give confidence and credibility to the environmental performance
audit report.

¢ The need for coordination and integration between the work of the external auditor and the
internal auditor in order to improve the efficiency and effectiveness of the environmental performance
audit process.

¢ The need for companies to pay attention to developing their staff in how to pay attention to
environmental aspects.

+ Business organizations should be aware that environmental reporting and review activities are
an integral part of the environmental management systems within the organization.

¢ Community members should be aware of the information of environmental audit reports when
making investment decisions.

+ Benefiting from the experiences of developed countries in the field of environmental protection
and sustainability of ecological balance to prepare a national framework for environmental auditing.

The state must provide various incentives to business organizations that are interested in
reviewing environmental performance, reporting and disclosing it.

Research limitations are related to restricted methodology and regional aspects. Therefore, future
studies may use other methods to investigate additional markets and countries.
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'On-Dapabdbu arbigarbl Kasak yirteik yHuBepcuteti, 050040, Anmarsr k., Kazakcran

TYPAKTbBI JAMYFTA XKETYAET'lI 9KOJOTI'UAJBIK
ECEINTIH POJII: KASAKCTAH AEPEKTEPI

Angarna

KazakcTaHpIK KoCIOphIHIAp 631CPiHIH SKOJOTHSIIBIK MCHEPKMEHT JKYHeaepi MeH MiHAeTTeMe IepiH Oaraiay
APKBUTBI 3KOJIOTHSUIBIK MOCEJICICPIl MICITyAe YKBIMIBIK TOCUIII YChIHAMBL. JlereHMeH Oyl KYII-KITepIiH TOJBIK
KeJIeMJIe eMec, MPOMOPIIMOHAIABI TYPIE KY3€re achIPbUIBII JKaTKAHBIH aTal OTKEH XeH. J[eMeK Ka3aKCTaH[bIK
KOCITOPBIHAAP TYPAKTHI JaMy MaKcaTTapblHa Oenrisi Oip Jopeskeae KOl JKeTKize anaibl, Oipak TONBIK eMec. by
3epTTEYNiH MaKCcaThl — SKOJOTHSIIBIK THIMIUTIK ayIUTIHIH CHUIaTTamMalapbl MEH epPeKIICTIKTePiH, COHIai-aK OChI
KociOM canaiarsl ayJUTOPIAP/IBIH iC-0peKeTiH PeTTEUTIH epexeriep MEH KaruIanapsl aHbIKTay. [lepexrepai Tanaay
yurin SPSS nmaiiranasbuiIb! doHE SKOIOTUSIIBIK ayTUTTI OSJICCHIIPY MCH TYPAKThI 1aMy MaKcaTTapblHa KOJI )KETKI3y
apachIH/Ia OH JKOHE KYIITI OaliaHbic 0ap eKeHI aHBIKTABI. [piKTeyre KaThICyIIbUIap TYPAKTHI JaMy MaKcaTTapbiHa
KOJI JKETKI3yZeri SKOJNOTHSIIBIK MACENICHI 3EPTTEY/iH MAaHbI3/IbUIBIFEl Typasibl OUIIM JEHIeiiHIH KYHIBUIBIFBIH
KepceTei. 3epTTey HOTHKENEpl ayJAuTOPIIBIK €CENTEP/IiH KICIMOPhIHAAP/Ibl KOPIIAFaH OpPTaHbl KOpFayFa KOHE
cakTayFra JereH Oepik MiHIETTeMEeCiH OpBIHAAyFa BIHTAJaHIBIPATHIH MAHBI3/IbI JKOHE TIKeNel ocep eTyIli eKeHiH
nmonenzaeni. 3eprrey 6acka ¢pakTopiiapMeH KaTap, THICTI MYelli TapanTapra YChIHbUIATHIH SKOJOTHSUTBIK €CenTepre
KOpIllaFaH OpTa TypaJibl aKMapaTThl KOCY apKbUIbI OW3HECTI KOpIaraH OpPTAaHbBIH AlIBIKTHIFBIH JKaKCapTyFa
BIHTAJIAHBIPY MAHBI3/Ibl CKCHIH KOPCETE/II.

Tipek ce3aep: YKOIOTHSIIBIK €CeTl, TYPAKTHI JaMy, SKOJOTHIIBIK aKIIapaTThl allly, SKOJIOTHUSIIBIK ©3TepicTep,
Kazakcran.

Xamau Moxamen A6aeanpaau Moxamer,
Maructp s3xkoHomuku, ORCID ID: 0000-0001-7143-6352
e-mail: radyhamdy782@gmail.com

'Kazaxckuii HallMOHAJILHBIN YHUBEPCUTET UMEHH aib-Dapadwu,
050040, r. Anmarel, Kazaxcran

POJIb SKOJTOIT'HYECKOTI'O YYETA B JOCTHKEHUN
YCTOUYUBOI'O PASBUTUSA: JAHHBIE U3 KASAXCTAHA

AHHOTAIUA
Kazaxcranckue npenpusaTis JeMOHCTPUPYIOT KOJUICKTUBHBIHN MOAXO0 K PEIIEHHIO KOJIOTMYECKUX MpobieM,
OIICHUBASI CBOM CUCTEMBI SKOJIOTHYCCKOTO MCHEPKMEHTA U 00s13aTeNIbeTBa. OTHAKO BaKHO OTMETHTH, YTO 3TH YCH-
TSI pealn3yroTCs He B TTOJTHOM 00BheMe, a MPONOpIHOHaNBHO. ClieIoBaTeIbHO, Ka3aXCTaHCKIE KOMIIAHUHU CIIOCO0-
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HBI B OTIPEJICJICHHOM, HO HE B ITOJIHOW Mepe, JOCTUYb LIeJeH yCTOMUYMBOro pa3sutHs. L{enpto JaHHOTO nccaea0BaHus
SIBIISICTCSL OTIPEICIICHUE XaPAaKTCPUCTHK U OCOOCHHOCTEH ayluTa 3KOJOrHIeCKOi 3(p(HEKTUBHOCTH, a TAKKE MTPABHIT
W HOPM, PETYITHPYIONINX TOBEICHUE ayTUTOPOB B 3TOH mpodeccnoHanbHOM obmactu. SPSS mcmomp3oBancs mist
aHam3a JaHHBIX, ¥ ObUTO OOHApY)KEHO, YTO CYIICCTBYET ITOJIOKUTEIbHAS W CHIIbHAS CBS3b MEXKIY aKTHBAITUCH
9KOJIOTWYECKOTO ayinuTa M JOCTIDKEHHEM IIeJied YCTOHYMBOTO pa3BUTHS. YUYACTHHUKU BBHIOOPKH EMOHCTPUPYIOT
3HAYNUTENBHBIH YPOBEHb OCBEIOMJICHHOCTH O PELIAIONIEM 3HAYCHUH HM3yYeHHs SKOJOTHYECKON MpoOIeMbl B JO-
CTH)KCHUU 1IeTIeH yCTOMYMBOTO pa3BUTHUs. Pe3ynbraThl UCCIENOBaHUS TEMOHCTPUPYIOT 3HAYUTEIHLHOE U MIPSIMOE
BIIMSIHUE ayIUTOPCKUX OTYETOB HAa MOTHBALIMIO KOMIAHUH JIEMOHCTPUPOBATh TBEPAYIO MPUBEPKEHHOCTH 3aIUTE
U COXpaHEHUIO OKpYy Karolleil cpeabl. MccenoBanne nmoka3plBaeT, YTO KpaiiHe BaXKHO MOOLIPSATH NPEANPUSTUS 110-
BBIIIATh AKOJIOTHYECKYIO TPO3PAauyHOCTh MYTEM BKIFOYCHUS DKOJIOTHUECKOW MH(MOPMAIIMHA B CBOHM HKOJIOTHICCKIEC
OTYETHI, IPEICTABIIEMBIC COOTBETCTBYIOIINM 3aHHTEPECOBAHHBIM CTOPOHAM, a TAaKXKe APyTHe (HaKTOPHI.

KiioueBble ci1oBa: dKOJOrMYECKUI yueT, yCTOHUMBOE pa3BUTHE, PACKPBITUE HKOJIOTMYECKOW MH(pOpPMAIHH,
SKoJIorH4yeckue n3MeHenus, Kazaxcras.
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Previously unpublished material by the author (s) corresponding to the profile of the journal
in Russian, Kazakh or English is accepted for publication. The article is provided in electronic
format (in formats .doc, .docx,) only by downloading it through the functionality of the journal's
website (https://vestnik.kbtu.edu.kz/jour/about), which has detailed instructions for authors on the
process of submitting articles, as well as on payment for publication.

Mandatory requirements for registration:

¢ The MRNTI index is placed in the upper-left corner. (Times New Roman 14 size)

* One single interval below the authors ' surnames and initials in bold. Detailed names of
organizations, cities, countries where the work was performed, e-mail of one of the authors.
Specify footnotes to the place of work of the authors.

+ Below, in one interval, the full title of the article is in bold.

+ Below, a brief (150-250 words) abstract (abstract) at one interval. Abstract should outline
the general orientation of the article and formulate its main results and be self-sufficient, it should
not contain references to literary sources or to any sections and elements of the article to which it
relates.

+ Key words related to the submitted article.

The text of the article is typed in a straight font Times New Roman, size 14. The line spacing
is single. All fields are 2 cm long.

The article should be divided into sections: Introduction, Materials and Methods, Main
provisions, Literature review, Results and Discussion, Conclusion, Information on funding (if
available).

At the end, a "List of References" is given. Literary references in the text are in square
brackets [1]. The list of references is drawn up twice: according to the above GOST. The list
should fully correspond to the main text of the article, contain all the works mentioned (and only
mentioned) in it. Next, the same list of references should be presented in the generally accepted
English transliteration (see the sample of the literature design below).

The article undergoes "blind" review, reviewers are appointed by the editorial board of the
journal.

At the end of the article please indicate full name, return address, phone numbers, fax, e-mail
address.

The author(s) are responsible for the content of the article. The opinion of the Scientific and
Editorial Board does not always coincide with the opinion of the author (authors). The Editorial
Board reserves the right to publish or reject articles.

The reference to our edition in reprinting is obligatory.

Our address: 59, Tole Bi St., Almaty, 050000, Kazakhstan-British Technical University.
Website: https://vestnik.kbtu.edu.kz/jour/pages/view/EditorialC Editorial Board.
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KYPHAJIBIHAA KAPUSJTAHATBIH MAKAJIAJAPIBI
POCIMIAEYTE KOUBIJIATBIH TAJIAIITAP

Kapusinay yumriH aBTopMeH (aBTopjapMeH) OYpPbIH KapusjaHOaraH, KypHal OciiHiHE
Ccolikec KeJIeTiH OpbIC, Ka3aK HeMece aFbUIIIbIH TULIepiHAeri MaTepuaniap Kaobliaanaasl. Makana
xypHan calTeiablH (https://vestnik.kbtu.edu.kz/jour/about) QpyHKIIMOHAIIBIFEI apKBLIBI JKYKTEY
KOJIBIMEH TeK 1eKTpoH bl (hopmarta (.doc, .docx popmaTTapbiHaa) KaObUIIaHA B, CATTa aBTOP-
JapFa MaKaJlaHbl KYKTeY, YChIHY YPIICl Typalibl, COHJIal-aK >KapHUsUIaHbIMFa aKbl TeJIey Typaibl
TOJIBIK HYCKAYIIBIK Oap.

Pecimaey GolibiHIIa MiHAETTi TajanTap:

JKoraprsl con sxak Oypeimra FTAMU unraekci sxaspuiasl. (Times New Roman 14 enmem)

+ bip Oipinik nHTepBaiIaH KeWiH aBTOPIIAPIbIH TET1 MEH aThl-)KOHI1 KapThlIail KaJIbIH KapinmeH
*a3putapl. JKYMBIC OpbIHQIFaH YHBIMIAP/IbIH, KaJlaJap/IblH, eIIESPIiH TOIBIK aTayjaphl, aBTOp-
napabiy OipiHiH e-mail momTacel Kepcetiieai. ABTOPJIapAbIH dKYMBIC OPHBIHA CLITEME Oepiiiel.

¢ bip unTepBangaH KeiiiH MaKaJlaHbIH TOJIBIK aTayhl XKapThUIail KaJblH KapiNIeH sKa3bUTaIbl.

* bip uaTepBangan keiin Kpickama (150-250 ce3) annarna (abstract) yceiHbIIaABL. AHATIIA
MaKaJlaHbIH JKallbl OaFbITBIH KOPCETIN, OHBIH HETi3T1 HOTIKENEPIH TYKbIPBIMAAYbl THIC,
agjaTtnaga ofe0u JepeKKesaepre e, OFaH KaTbICThl MaKalaHbIH Ke3-KeJreH OeliMiepi MeH
AIIEMEHTTEPIHE CUITEME kKacayFa O0IMaiIbl.

¢ YChIHBUIFAH MaKajara KaThICThI KUIT co3/1ep (TIpeK co3ep) xKa3bliabl.

Makana matini 14 enmemai Times New Roman mpudrimen tepineni. Xongap apacsinga Oipiik
nHTepBai cakranaapl. [llertep — OapibIK KaFbIHAH 2 CM.

Makana keneci Gemimaepal kamtysl Tuic: Kipicne, Marepuangap »xoHe oxmictep, Herisri
epexenep, Oneduetke 1oy, Hotmwkenep Men tankeuiay, KopbITeinasl, Kapxkbimanabipy Typasibl
akmapar (OoJyFaH xariaiia KepceTiieni).

Conpiaaa «Oneouertep Tizimi (References)» sxasputambl. MotiHzmeri omebu cinTemenep
TOPTOYPHIIITHI JKaKiIaaa yYCeIHbUIaAb! [1]. Oneouertep TiziMi MEMCT-ke coiikec €Ki peT paciM-
neneni. Ti3iM MakalaHbIH HET13T1 MOTIHIHE TOJBIK COMKeC KeJIil, MaKaliaa aTairaH (TeK arajaraH)
OapIbIK KYMBICTAPABl KAMTYBI KEpEeK. Opi Kapai, o7 OChl CUITEMeNep JKaJIbl KaObUITaHFaH
aFbUIIIBIH TPAHCIUTEPALUICHIHIA Ka3bLUIa bl

Makana «KachIpblH» peleH3UsIIayIaH OTell, PElEH3CHTTEPl KYPHAIIBIH pPEIaKUsIIbIK
aJIKachl TaFabIHAANBI.

MakanaHblH COHBIHJIA aBTOPJIAP/bIH TOJBIK aThl-)KOHIH, Kepl OaillaHbIc MEKEHKalbIH, Tele-
donmap, hakc xkoHE IMEKTPOHIBIK MOIITAa MEKEHKAUBIH (e-mail) »a3ybIHbI3IbI CYPaMBI3.

MakanaHblH Ma3MyHBIHA aBTOp (aBTOpJap) jkayanThbl. TBUIBIMH-pENaKIns aTKACBIHBIH
MIKIpi opJaiibiM aBTOPBIH (aBTOPJIAPABIH) MIKIpIMEH ColiKec keie Oepmeiai. Pemakius amkachl
MaKasaxapabl )Kapusuiay HeMece KaObliaamMay KYKBIFBIH ©31HE KaIbIPabl.

Kaiita 6acsisiM Ke3iHae 013/11H KapHusulaHbIMFa CLIITEME jkKacay Kepek.

MekenxkaiibiMbiz: 050000, AimaTsl K., Teute 0u kol., 59, Kazakctan-bpuTan TeXHUKAIbIK

YHHBepCHTeTi.
Caiit: https://vestnik.kbtu.edu.kz/jour/pages/view/Editorial C Penakuust ankacel.
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TPEBOBAHUS K O®OPMJIEHUIO CTATEM,
HNYBJIUKYEMBIX B )KYPHAJIE BECTHUK KBTY

Jnsg nyOnukanuy TNpUHUMAeTCsl paHee HeoNMyO/JIMKOBAHHBINE aBTOPOM (aBTOpaMu)
MaTepuaJl, COOTBETCTBYIOUINIA MPOQMII0 KypHAla, HA PyCCKOM, Ka3aXCKOM MJIM aHTIIMHCKOM
s3pikaxX. CTaThs mpenocTaBisieTcs B 3eKTpoHHOM ¢dopmare (B ¢popmarax .doc, .docx,) Tonbko
IyTeM ee 3arpy3ku uepes pyHkunonan caira sxypHana (https://vestnik.kbtu.edu.kz/jour/about), B
KOTOPOM MMe€ETCs MOoIpo0Hasi MHCTPYKLHUS JUIsl aBTOPOB O MPOLECCe MOJayy CTaTei, a Takke o0
orutare myOIrKaIuy.

Oos3aresbHBIC TPEOOBAHMA 110 0(DOPMIICHHIO:

¢ B neBom BepxueM yriry craButcsa unaekc MPHTHU (Times New Roman 14 pazmep).

¢ Uepes oMH OMHAPHBIN UHTEPBAJ HIDKE (PaMUITUN ¥ MHUIIMAIIBI aBTOPOB MOTYKHUPHBIM HIPUQ-
ToM. PazBepHyThle Ha3BaHUs OpraHU3aLUii, TOPOIOB, CTPAH, I/Ie BHIMOJIIHEHA paboTa, e-mail oxHoro 13
aBTOPOB. YKa3aTb CHOCKHM Ha MECTO pabOTHI aBTOPOB.

¢ Hwmxe yepe3 oMH MHTEPBAI MOJTHOE Ha3BaHUE CTAThU TOIYKUPHBIM HIPH(PTOM.

¢ Huke uepe3 oaun uHTepBan kparkas (150-250 cioB) annoranus (abstract). AHHOTaLUs 10K~
Ha 00pPUCOBBIBATH OOIIYIO HAIIPABIEHHOCTDb CTAThH, (POPMYIHPOBATH €€ OCHOBHBIE PE3YIbTAThI U ObITH
CaMOI[OCTaTO‘lHOﬁ, B HEeH HEAOIMYCTUMBI CChUIKW HH Ha JIMTCPATYPHbIC UICTOYHUKHU, HU HaA Kakue-1mnoo
pasaensl ¥ SJIEMEHTHI CTaThH, K KOTOPOH OHA OTHOCHTCHL.

+ Kurouessie cioBa (Key words), oTHOCSTIIHECS K TPEICTaBIsIeMON CTaThe.

TekcT crareu HaOupaercs npsMbiM mpudrom Times New Roman, pasmep 14. Hurepsan
MEXJ1y CTpoKaMu oguHapHbIN. [Tomns Bce no 2 cm.

Crarbs 107KHA OBITH pasesieHa Ha pasaensl: Beenenue, Marepuansl u MmeToabl, OCHOBHbBIE
nonoxenusi, O030p nuteparypsl, Pesynbsrarsl u obcyxaenue, 3akmouenue, Mudopmanus o gpu-
HAHCUPOBAHUHM (IIPU HAJTUYUH).

B xonne naercsa «Criucok smtepatypsl (References)». JImrepaTypHble CCHUIKH B TEKCTE B KBa-
npatHbiX ckoOkax [1]. Cnucok muteparypsl opopmisiercs nBaxpl: coracHo ['OCTy. Cnucok
JIOJKEH TIOJTHOCTBIO COOTBETCTBOBATh OCHOBHOMY TEKCTY CTAThH, COJIEPKaTh BCE YIOMSHYTHIE (1
TOJILKO YIIOMSIHYThIE) B HEM paboThl. Jlasiee TOT jke CIUCOK TUTepaTyphl MPEACTaBUTh B OOIIEPU-
HATOW aHINIMMCKOM TPaHCIUTEPALUH.

CraThs IPOXOIUT «CIIENOE)» PELEH3NPOBAHNE, PELICH3EHThI HA3HAYAIOTCSI PEIKOIUIETHEH XKy p-
HaJja.

B konue crarbu npocum ykazate @.M.0. nonHocThi0, 00paTHBIN anpec, TenedoHsl, ¢akc,
aJipec NMEKTPOHHON MoUTHI (e-mail).

OTBETCTBEHHOCTH 3a COJIEP’)KaHHUE CTaThbH HeceT aBTop (aBTOphl). MHeHne HayuHo-penakim-
OHHOT'O COBETAa HE BCEIJa COBIAIAaeT C MHEHHEM aBTOPa (aBTOPOB). PelakinOHHBIN COBET OCTaB-
JsIeT 3a OO0 TPaBo MyONUKAIIMH WIIH OTKJIOHEHUS! CTaTeH.

Ccbulka Ha Hallle U3JJaHuE MpU IeperedaTke o0s3aTeNbHa.

Hamr agpec: 050000, . Aamatsl, yia. Tosae bu, 59, Kazaxcrancko-bpuranckuii Texuuve-

CKHIl YHUBEPCUTET.
Caiit: https://vestnik.kbtu.edu.kz/jour/pages/view/Editorial C Penakunonnas xomnerus.

376



KA3AKCTAH-BPUTAH TEXHUKAJIBIK

YHUBEPCUTETIHIH, XABAPIIBICHI Ne 2(69) 2024

KA3AKCTAH-BPUTAH TEXHUKAJIBIK YHUBEPCUTETIHIH
XABAPIIBICHI

HERALD
OF THE KAZAKH-BRITISH TECHNICAL UNIVERSITY

BECTHHUK
KA3AXCTAHCKO-GPUTAHCKOI'O TEXHUYECKOI'O YHUBEPCUTETA

OTBeTCTBEHHBIN 32 BBITYCK
Anary3oB Pamm )KymanoBud

Penakropsl
Kab6suiaeBa Tonranait KaiicaposHa,
CxkyparoBa Mpuna MuxaiinoBHa

KommnbrorepHas BepcTka
Kanpipanosa ['ynenayp JlayTOexoBHa

[Toanucano B meuats 20.06.2024 r.
Tupax 300 sx3. opmat 60x84 1/16.
bymara tun. Ycn.neu.n. 47,25 Yu.-uzn.a. 49,1
3aka3 Ne

Penakuus xxyprana «Becthuk KbTY» He HeceT OTBETCTBEHHOCTH 3a COJIEpKaHUE

nyOsnmkyembix ctareil. CozepikaHus CTaTeil EeIMKOM MpUHAIekKaT aBTopaM,
Y Pa3MEIIATCs B )KypHAJIE HCKIOYUTENBHO MO UX OTBETCTBEHHOCTb.

Nznanue KazaxcTancko-bpuTaHCKOTO TEXHUYECKOTO YHHUBEPCUTETA
Wznarensckuit nentp KbTY, Anmarter, yi. Tone 6u, 59

377



HERALD OF THE KAZAKH-BRITISH
No. 2(69) 2024 TECHNICAL UNIVERSITY

ansa 3AMETOK

378



KA3AKCTAH-BPUTAH TEXHUKAJIBIK
YHUBEPCUTETIHIH, XABAPIIBICHI Ne 2(69) 2024

ana 3AMETOK

379



HERALD OF THE KAZAKH-BRITISH
No. 2(69) 2024 TECHNICAL UNIVERSITY

ansa 3AMETOK

380





