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FROM WORDS TO PARAGRAPHS: MODELING SENTIMENT
DYNAMICS IN ‘NOTES FROM UNDERGROUND’ WITH GPT-4 VIA
DESCRIPTIVE METHODS AND DIFFERENTIAL EQUATIONS

Abstract

This study examines how the sentiment values in the first part of the book entitled as “Underground” of Fyodor
Dostoevsky’s “Notes from Underground” change from words to sentences to paragraphs. Using the GPT-4 language
model, we conducted a descriptive analysis of standardized sentiment values and calculated cumulative sentiment
trajectories over the text. We then created differential equation models to model the sentiment tones using regression
analysis. Our findings suggest that sentiment becomes less negative from words to paragraphs, indicating that context
moderates negativity. Paragraph sentiment was also more stable with lower variability. There was a narrative arc of
initial decline followed by an upward turn in sentiment. Paragraphs had the highest baseline sentiment, suggesting
that they are able to capture more nuanced context. Paragraphs lost short-term sentiment quickly but retained long-
term sentiment longest, aligning with paragraphs maintaining overall text sentiment over time. These findings suggest
that there are complex dynamics between linguistic units contributing to perceived stability of sentiment. Quantitative
decay rates are useful indicators but do not fully characterize sentiment stability.

Key words: Sentiment analysis, differential equations, GPT-4, curve fitting, hierarchical regression analysis.
1. Introduction

Opinion mining or sentiment analysis (SA) examines opinions in text using a blend of mathematics
and linguistics [1]. It offers valuable insights for enhancing educational practices [2]. SA operates
mainly at four levels: Document, Sentence, Phrase, and Aspect [3, 4]. Document level classifies the
overall sentiment of a text, while Sentence level focuses on individual sentences. Phrase level mines
opinion words, and Aspect level analyzes the emotional components of phrases, assigning polarity to
each.

Sentiment analysis is a multifaceted field involving various NLP tasks like aspect extraction
and sarcasm detection [5]. It employs diverse techniques including machine learning, lexicon-based,
rule-based, and statistical models [6, 7, 8, 9]. Specialized methods like aspect-based analysis and
deep learning have also been developed [10, 11, 12, 13, 14]. Moreover, multi-modal algorithms are
emerging that analyze not just text but also visual data [15]. Recent research suggests that keyword-
based techniques may be inadequate for nuanced texts [16].
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Although differential equations have previously been used in social sciences [17], the contribution
of this research lies in building sentiment models through curve fitting and regression analysis. This
approach not only enhances credibility but also allows for the study of complex sentiment relationships
across various textual levels. It opens up avenues for predicting sentiment behavior in different contexts.
Sentiment analysis is already applied in diverse sectors like marketing, politics, and healthcare [18,
19, 20, 21]. By fusing Al-driven sentiment analysis with mathematical models, this research sets the
stage for deeper exploration into sentiment dynamics, enriching its application across various fields.

Given the intricacies of text sentiment representation and the intersection of Al-driven sentiment
analysis with mathematical models, it is evident that understanding sentiment behavior in various
contexts is not only crucial but intricate. Drawing on the principles of mathematical modeling and
physics, this research takes innovative steps in employing techniques from stratified symbolic
regression, genetic programming, and the finite difference method. Such techniques have proven
instrumental in extracting differential equations from data, as showcased by many researches [22, 23,
24, 25]. By bridging the gap between Al sentiment analysis and mathematical modeling, this research
promises to provide a more credible, predictive, and enriched understanding of sentiment behavior
across textual forms. Therefore, research on the development of sentiment representation using Al-
driven analysis combined with mathematical modeling is undeniably relevant.

2. Methodology

This study is based on quantitative research design. We analyzed the sentiments in the first part
of the book entitled as “Underground”. In the first part of the study, we descriptively investigated the
general characteristics of the sentiments in standardized forms. Finally, we used regression models to
get differential equations regarding the sentimental tones by using SPSS 25. We get the three given
equations representing the sentiment points at different levels of text (word, sentence, and paragraph)
as a function of x. The x variable could be interpreted as the position within the text.

PH

AV

Figure 1— The main units of the analysis

We used GPT-4 which is a multimodal large language model created by OpenAl and the fourth
in its GPT series to label sentiment values in word, sentence and paragraph levels. In this analysis
we have three main units of the research as words, sentences and paragraphs (Figure 1) where GPT4
assigned sentiment scores between -1 and 0 (negative sentiments) and 0 and 1 (positive sentiments) to
each word/phraseor to each sentence in a passage ot to an entire passage of text.
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2.1 Analysis

In the first part of our study, we focused on a descriptive analysis of sentiments, standardized
forms. Standardization—transforming data values to have a mean of zero and a standard deviation
of one—is achieved by subtracting the dataset’s mean from each value and dividing the result by the
standard deviation. We used the cumulative sum of sentiment values to assess the overall sentiment
trajectory over a text. This takes into account the sentiments expressed at each point, whether at the
word, sentence, or paragraph level. This cumulative total can help us identify patterns, trends, or
variations in sentiment over time, offering insights into the text’s general tone and emotional content.

Finally, we used regression models to get differential equations regarding the sentimental tones.
Creating a differential equation model using the difference method of variables, curve fitting, and
linear regression involves several steps by using IBM SPSS 25 and Wolfram Alpha online. Here’s a
general outline of the process:

1. Data Collection: We collected sentiment data generated by GPT-4, where the variable x can be
interpreted as the position within the text.

2. Calculation of Differences: We computed the differences between consecutive data points to
approximate derivatives such as the first and second derivatives. We used the finite forward difference
method to calculate these numerical derivatives, denoted as metrics.

3. Curve Fitting: Curve fitting was performed on both the original sentiment data and the
calculated differences.

4. Linear Regression Analysis: If the relationship between the original data and the calculated
differences appeared to be linear, linear regression was used to find the best-fit line. The aim was to
minimize the sum of the squared differences between the observed and predicted values. Hierarchical
linear regression analysis was used to identify functions that could represent differential equations.

5. Formulation of the Differential Equation: Based on the results of curve fitting and linear
regression, a differential equation model was formulated. Coefficients from the regression were used
to define the relationship between the dependent variable(s) and their derivatives in the differential
equation.

6. Final Equations: We derived three equations representing sentiment at different textual levels
(word, sentence, and paragraph) as functions for the position within the text.

2.2 Limitations

¢ The main limitation of this study is that we chose theEnglish translation of book rather than
original one (Notes from Underground (Vintage Classics) by Fyodor Dostoevsky (Author), Richard
Pevear (Translator), Larissa Volokhonsky (Translator). Although GPT-4 works well with russian, it is
supposed that it can analyze the results best in English since the main aim is to analyze sentiments.

¢ The second limitation is that we use GPT-4 model since there are a lot of different libraries and
algorithms for this so that our results are restricted within the capabilities of GPT-4 chatbot.

¢ Sentiment analysis and NLP face a number of obstacles, including idiosyncrasies in writing
style, sarcasm, irony, and linguistic peculiarities. Many terms in many languages have nuanced or
shifting meanings based on the specific setting or field in which they are used.

¢ Performing regression analysis on a variable and its numerical derivative based on a difference
method might not be ideal for several reasons like loss of information, amplification of noise, data
requirements, assumption violations, non-stationarity, causality and interpretation 1ssues. However,
there are cases where using derivatives in a regression analysis could be beneficial. For example, if
someone is interested in the rate of change or if the relationship between variables is best modeled by
considering rates of change, then the derivative might be appropriate.

3. Findings

3.1 The Descriptive Interpretation of the Sentiment Values at Word Level

The descriptive values of the sentiment values at word level shows a generally negative sentiment at
the word level (Table 1, p.13). Most descriptive statistics, like mean, median, and confidence intervals,
are also in the negative range, confirming the same. here is a lot of variation in the standardized values,
and the distribution is negatively skewed.
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Table 1- The descriptive values of tstandardized values of the cumulative sum chart of the
sentiments of the words

Cumtopnor Mean -35,7602 ,72815
95% Confidence Interval for Mean Lower Bound -37,1887
Upper Bound -34,3317
5% Trimmed Mean -34,8997
Median -28,8500
Variance 673,360
Std. Deviation 25,94918
Minimum -96,86
Maximum 8,10
Range 104,96
Interquartile Range 43,14

Skewness -,533 ,069

Kurtosis -,811 ,137

The standardized values of the waterflow chart (cumulative sum) chart of the sentiments of the
words show that at the beginning of the graph, there is a decline in the sentiment values (Figure 2). The
initial decline in the graph suggests that the initial words have a largely negative sentiment. This could
indicate that the subject matter or tone at the beginning is unfavorable or pessimistic. However there’s
a point at which the graph starts to curve upwards. This could signify a turning point in the sentiment—
perhaps where the content starts to become less negative. This could indicate a shift in the subject or
a change in the narrative tone, perhaps offering solutions, resolutions, or a more optimistic outlook.

y = 0,0002x? - 0,1961x - 2,4663
R? =0,6949

Figure 2 — The standardized values of the waterflow chart (cumulative sum)
chart of the sentiments of the words and the relevant equation

3.2 The Descriptive Interpretation of the Sentiment Values at Sentence Level

The descriptive statistics indicate the cumulative sentiment trend in sentence level is negative on
average, with a wide spread and skew towards more negative values with a lot of variation (Table 2,
p. 14). There are some sentences with very negative sentiments, but there are also some sentences with
relatively neutral sentiments.
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Table 2 — The descriptive values of tstandardized values of the cumulative sum chart of the sentiments
of the sentences

Snormcumsum Mean -14,5014 ,57995
95% Confidence Interval for Mean Lower Bound -15,6401
Upper Bound -13,3627
5% Trimmed Mean -13,5815
Median -9,9024
Variance 228,379
Std. Deviation 15,11220
Minimum -51,00
Maximum 4,56
Range 55,56
Interquartile Range 19,05

Skewness -,929 ,094

Kurtosis -,319 ,187

The standardized values of the waterflow chart (cumulative sum) chart of the sentiments of the
sentences show that at the beginning of the graph, there is a decline in the sentiment values (Figure 3).
The initial decline in the graph suggests that the initial sentences have a largely negative sentiment.
This could indicate that the subject matter or tone at the beginning is unfavorable or pessimistic.
However there’s a point at which the graph starts to curve upwards. This could signify a turning point
in the sentiment—perhaps where the content starts to become less negative. This could indicate a shift
in the subject or a change in the narrative tone, perhaps offering solutions, resolutions, or a more
optimistic outlook. The leveling off at the end suggests that the change in sentiment is not a temporary
spike but possibly a new sustained mood or theme possibly showing that the negative trend has
plateaued and reached a steady state.

»
y = -1E-06x° + 0,0013x? - 0,3993x + 7,059
2 20,5435

Figure 3 — The standardized values of the waterflow chart (cumulative sum) chart of the sentiments
of the sentences and the relevant equation

3.3 The Descriptive Interpretation of the Sentiment Values at Paragraph Level

The descriptive statistics of the standardized values of the cumulative sum chart of the sentiments
of the paragraphs suggest that the sentiments of the paragraphs are, on average, negative (Table 3,
p. 15). Overall, the data suggests that the sentiments of the paragraphs are predominantly negative
with a high degree of variability.
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Table 3 — The descriptive values of tstandardized values of he cumulative sum chart of the sentiments
of the paragraphs

Statistic Std. Error

Pnormcumsum Mean -8,1190 1,05517
95% Confidence Interval for Mean Lower Bound -10,2289
Upper Bound -6,0091
5% Trimmed Mean -7,1696
Median -5,6889
Variance 69,029
Std. Deviation 8,30839
Minimum -32,50
Maximum -,38
Range 32,12
Interquartile Range 3,46

Skewness -2,472 ,304

Kurtosis 4,966 ,599

The graph below represents the standardized values of the waterflow chart (cumulative sum) of
the sentiments of the paragraphs (Figure 4). The initial decline in the graph suggests that the initial
paragraphs have a largely negative sentiment. This could indicate that the subject matter or tone at the
beginning is unfavorable or pessimistic. The stabilization at a lower level could mean that the negative
sentiment is sustained over a period, but without worsening. This could represent a consistent theme
or mood. The upward curve towards the end suggests a change in sentiment in the later paragraphs.
This could indicate a shift in the subject or a change in the narrative tone, perhaps offering solutions,
resolutions, or a more optimistic outlook.

y =0,0074x? - 0,3762x - 2,7656
2=0,7706

Figure 4 — The standardized values of the waterflow chart (cumulative sum) chart
of the sentiments of the paragraphs and the relevant equation

3.4 The differential equations modelling for the words as the main unit of the research

In our sentiment analysis at the word level, we considered various models. The Cubic model
has the highest R Square value (0.403) and a significant F statistic (284.935), making it the best fit
among the models we could calculate (Table 4. p. 16). However, we opted for the linear model for its
simplicity and because it also provided a good fit (R Square of 0.400). We plan to apply the same linear
approach to sentence and paragraph levels but have omitted those results due to page constraints.
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Table 4 — Model summary and parameter estimates for the sentiments in word level

Model Summary and Parameter Estimates
Dependent Variable: dw/dx
Model Summary Parameter Estimates
Equation R Square F dfl df2 Sig. Constant bl b2 b3
Linear ,400 846,359 1 1268 ,000 ,006 -,800
Logarithmica . . . . . . .
Inverse ,009 11,263 1 1268 ,001 =012 -,011
Quadratic ,402 426,358 2 1267 ,000 ,057 -,798 -,066
Cubic ,403 284,935 3 1266 ,000 ,063 -,868 -,075 ,047
Compoundb
Powera,b
Sb
Growthb
Exponentialb
Logisticb .
The independent variable is .
a. The independent variable (wnormsent) contains non-positive values. The minimum value is -1,62. The Logarithmic
and Power models cannot be calculated.
b. The dependent variable (wnormderiv) contains non-positive values. The minimum value is -3,40. Log transform
cannot be applied. The Compound, Power, S, Growth, Exponential, and Logistic models cannot be calculated for this
variable.

In a hierarchical regression analysis examining sentiments at the word and sentence levels,
three models were built (Table 5). Model 1 used ‘wnormsent’ as a predictor and showed the highest
explanatory power. Adding ‘snormsent’ in Model 2 and ‘snormder’ in Model 3 did not significantly
improve the model, as indicated by non-significant Sig. F Change values (0.333 and 0.212). Therefore,
we continue with the numerical derivatives of the variables in the same level.

Table 5 — Hierarchical regression analysis for the sentiments in word level and sentence level

Std. Error Change Statistics
R Adjusted R of the R Square Sig. F

Model R Square Square Estimate Change F Change dfl df2 Change

1 ,616a ,380 ,379 ,88553 ,380 414,526 1 677 ,000

2 ,617b ,381 ,379 ,88557 ,001 ,939 1 676 ,333

3 ,618¢ ,382 ,379 ,88520 ,001 1,564 1 675 212
a. Predictors: (Constant), wnormsent b. Predictors: (Constant), wnormsent, snormsent c. Predictors: (Constant), wnormsent,
snormsent, snormder d. Dependent Variable: wnormderiv

In a hierarchical regression analysis focused on the second derivative of word-level sentiments,
two models were compared. Model 2, which added ‘dwdt’ as a predictor, showed a significant
improvement in predictive power, indicated by an Adjusted R Square of 0.792 and a Durbin-Watson
statistic of 2.003, suggesting no autocorrelation in residuals (Table 6) The Standard Error of the
Estimate also decreased in Model 2, confirming its efficiency. Thus, Model 2 is the more effective
model for predicting the second derivative of word-level sentiments.

Table 6 — Model summary including the second derivative of the sentiments in word level as an
additional predictor to Model 2.

Std. Change Statistics
Error
Adjusted | ofthe | R Square F Sig. F Durbin-
Model R R Square | R Square | Estimate | Change | Change dfl df2 Change | Watson
1 ,327¢ ,107 ,106 1,78921 ,107 151,392 1 1268 ,000
2 ,890° 793 792 ,86229 686 | 4192,322 1 1267 ,000 2,003
a. Predictors: (Constant), w b. Predictors: (Constant), w, dwdt c¢. Dependent Variable: d2wdt2
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The collinearity diagnostics table providing information about multicollinearity, which refers to
a situation in regression analysis where predictor variables are highly correlated (Table 7). Belsley,
Kuh, & Welsch [23] suggest that a condition index greater than 15 indicates a possible collinearity
problem and a condition index greater than 30 indicates a serious problem. Even though the condition
index for all dimensions is below 15, the variance proportions in Model 2 suggest that dwdt might
be contributing to multicollinearity. Model 2 is more complex but may have multicollinearity issues,
especially in Dimension 3.

Table 7 — The collinearity diagnostics table

Model Dimension Eigenvalue C(;ndition Variance Proportions
ndex (Constant) w Dwdt

| 1 1,007 1,000 ,50 ,50

2 ,993 1,007 ,50 ,50

1 1,633 1,000 ,00 ,18 ,18
2 2 1,000 1,278 1,00 ,00 ,00

3 ,367 2,108 ,00 ,82 ,82

a. Dependent Variable: d2wdt2

The table 8 presents the coefficients for each predictor in the regression models. In the context of a
regression equation, these coefficients are the weights that are multiplied by the predictors to estimate
the dependent variable. The collinearity statistics (Tolerance and VIF) indicate whether the predictors
are highly correlated with each other. Tolerance close to 0 and VIF (Variance Inflation Factor) much
greater than 10 can indicate a problem with multicollinearity [24]. No multicollinearity issues are
indicated by the Tolerance and VIF statistics in this respect (Table 9, p. 17).

Table 8 — The table presenting the coefficients for each predictor in the regression models

Unstandardized | Standardized ig. . Collinearit
M(])Bdel Coefficients Coefficients T Zser%)- Correlations Statisticsy
Std. Error| Beta order | Partial Part Tolerance | VIF
| (Constant) | -,004 ,050 -,083 934
w ,700 ,057 ,327 12,304 ,000 ,327 ,327 ,327 1,000 1,000
(Constant) | ,007 ,024 271 ,786
2 A\ -, 751 ,035 -,350 -21,194 ,000 ,327 =512 =271 ,600 1,667
Dwdt -1,814 ,028 -1,070 -64,748 ,000 -,848 -,876 -,828 ,600 1,667
a. Dependent Variable: d2wdt2

We can write the significant model explaining % 79 of the variance of first derivative of sentiments
in word level in a diferential equation like follows:

Equation 1:

d?w dw

Tl =0.007-0.751w— 1.814 x (explaining %79 of the variance)
x

3.5 The Differential Equations Modelling for the Sentences as the Main Unit Of The Research

Just as Word level analysis, we made curve fitting for sentiments in sentence level. Out of the
available models, the Cubic model has the highest R Square value (0.330), indicating it explains
the most variance in the dependent variable snormder compared to the other models. However, the
improvement over the Linear and Quadratic models is relatively small, and depending on the specific
context, a simpler model might be preferred for ease of interpretation and application. According to
Table 9, Model 2 showed stronger predictive power with an R? value of 0.754, confirmed as statistically
significant by a low p-value. The Durbin-Watson statistic of 2.003 supports the model’s validity.
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Table 9 — Model summary presenting the results of regression analyses for two models attempting to
predict the variable ds2dt2

Std. Error Change Statistics
Adjusted of the R Square F Sig. F Durbin-
Model R R Square | R Square | Estimate Change | Change df1 df2 Change | Watson
1 ,825¢ ,681 ,680 1,07739 ,681 1440,924 1 676 ,000
2 ,868° 754 ,753 94611 ,073 201,619 1 675 ,000 2,003
a. Predictors: (Constant), dsdt b. Predictors: (Constant), dsdt, s c. Dependent Variable: ds2dt2

Since the condition index for all dimensions is below 15, the data suggests that Model 2 is more
complex and better conditioned to explain the dependent variable, but it might also be more susceptible
to multicollinearity, especially in Dimension 3 (Table 10).

Table 10 — Collinearity Diagnostics

) ) ) o Variance Proportions
Model Dimension Eigenvalue Condition Index
(Constant) Dsdt S
1 1 1,002 1,000 ,50 ,50
2 1998 1,002 ,50 )50
2 1 1,572 1,000 ,00 21 21
2 1,000 1,254 1,00 ,00 ,00
3 ,428 1,915 ,00 ,79 ,79
a. Dependent Variable: ds2dt2

Based on Model 2 in the table below, the equation for the dependent variable snormder in terms
of the predictor variables snormsent and snormsecondder given as follows (Table 11):

Equation 2:

d?s ds

ﬁ: 0.004 —0.622s — 1.673 dx (explaining %75 of the variance)
X

Table 11— Coefficients

Model Ulés(;[eel?gfirgrif:d Sézlégg(r:(iléiig T Sig. Correlations Collinearity Statistics
B Std. Error| Beta Zero-order Partial Part Tolerance VIF
1 (Constant)| ,004 ,041 ,091 927
Dsdt -1,361 ,036 -,825 -37,960 ,000 -,825 -,825 -,825 1,000 1,000
(Constant)| ,004 ,036 ,121 ,904
2| Dsdt -1,673 ,038 -1,014 -43,586 ,000 -,825 -,859 -,832 ,673 1,485
S 622 044 -330 14,199 | 000 249 _480 271 673 1,485
a. Dependent Variable: ds2dt2

3.6. The Differential Equations Modelling for the Paragraphs as the main unit of the research
Table given below shows that Model 2 slightly improves upon Model 1, explaining 75.1% of the
variance compared to 70.3% in Model 1 (Table 12).

Table 12 — Model summary including the second derivative of the sentiments in paragraph level as
an additional predictor to Model 2

. Std. Error Change Statistics .
Model R R Square I? g{;luszg . ofthe | R Square F dfl i Sig. F \]))vl;g:rl;
stimate | Change | Change Change
1 838a 703 697 46556 703 122,974 1 52 ,000
2 ,867b 751 742 ,42998 ,049 9,963 1 51 ,003 2,010
a. Predictors: (Constant), dpdt b. Predictors: (Constant), dpdt, p c. Dependent Variable: dp2dt2
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Since the condition index for all dimensions is below 15, the data suggests that Model 2 is more
complex and better conditioned to explain the dependent variable, but it might also be more susceptible
to multicollinearity, especially in Dimension 3 (Table 13).

Table 13 — Collinearity Diagnosticsa

Model Dimension Eigenvalue Condition Index Variance Proportions
(Constant) Dpdt P
| 1 1,062 1,000 47 47
2 ,938 1,064 ,53 ,53
1 1,522 1,000 ,01 24 24
2 2 ,988 1,241 99 ,01 ,01
3 ,490 1,762 ,00 ,76 75
a. Dependent Variable: dp2dt2

Based on Model 2 in the table, the equation for the dependent variable: Equation 3 (Table 14):

d? d
P 0,035 1.622V =2 0.405p

T2 Ix (explaining %74 of the variance)
x

Table 14 — Coefficients of the two hierarchical regression models with the dependent variable

Unstandardized Standardized i . Collinearit
M(])Bdel Coefficients Coefficients T ZS;;‘:’(,)-_ Correlations Statisticsy
Std. Error| Beta order | Partial Part |Tolerance| VIF

! (Constant) ,039 ,063 ,618 ,539

Dpdt -1,404 127 -,838 -11,089 | ,000 -,838 -,838 -,838 1,000 1,000
(Constant) ,035 ,059 ,605 ,548

2 Dpdt 1,622 | ,136 -,968 11,944 | 000 | -838 | -858 | -834 | ,741 | 17349

P -,405 ,128 -,256 -3,156 ,003 237 -,404 -,220 741 1,349

a. Dependent Variable: dp2dt2

3.7 The Analysis of the Differential Equations

We get three differential equations where each one describes how a specific dependent variable
(w, s, p standing for word, sentence and paragraph) changes with respect to an independent variable
(x).The coefficients (0.007, 0.751, 1.814 for the first equation, etc.) indicate the magnitude of the
resp«raic‘nve terms’ contribution to the change of the dependent variable.

72z = 0.007-0.751w - 1.81 4— (explaining %79 of the variance) with the general solutions for
the dlfferentlal equations by wolfram alpha:

w(x) 0.00932091+C[1]-e™" 17467“rC[Z] g 0639327

— =0.004—-0.622s — 1.6 73 (explammg %75 of the variance) with the general solutions for
the dlfferentlal equations by wolfram alpha:

s(x) =0.00643087+C[1]-e™" ”531"+C[2] 0557695

@ p = 0.035-0.405p — 1. 622— (explaining %74 of the variance) with the general solutions for
the dlfferentlal equations by wolfram alpha:

p(x) — 0.0864198+C[1].e—l.31371x+C[2].e—0.308286x

In summary, the general solutions suggest that over time, all three sentiment measures w, s, and
p will stabilize to slightly positive values, with the speed of stabilization depending on the specific
decay rates. For w(x), s(x), and p(x), the constant terms are 0.00932091, 0.00643087, and 0.0864198,
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respectively. These represent the base sentiment level for each. Among them, p(x) has the highest base
sentiment level. The finding that p(x) has the highest base sentiment level implies that, in the long run
(as x approaches infinity), the sentiment score for paragraphs will stabilize at a higher level compared
to words and sentences.

4. Discussion

The 1864 novella “Notes from Underground” by Fyodor Dostoevsky introduces the Underground
Man, a cynical recluse living in St. Petersburg. In the philosophical first half, he contends that human
nature is irrational, making ideal societies impossible. Overall, the sentiments in the “Underground”
section are dark, complex, and fraught with tension. They reflect a deep sense of disillusionment with
both society and the self, as well as a profound existential despair. The second half follows a more
conventional format. The opening “Underground” section establishes a gloomy, contemplative mood
through the protagonist’s cynical monologues on society, reason, and the meaning of life. He grapples
with complex ideas that lead to dark, nihilistic conclusions about human nature and the pursuit of
happiness. The tone reflects his mental agony and sense of estrangement. Both the beginning and the
end of the “Underground” section are negative, but the nature of this negativity shifts. The beginning
is more confrontational and critical, actively challenging societal norms and intellectual trends. The
end, in contrast, is more resigned and reflective, focusing on the inescapable suffering and irrationality
of the human condition.

When the comparisons of the sentiment values at word, sentence and paragraph level based on
descriptive results for the first part of the book following results can be given as follows:

¢ Mean Sentiment: The mean sentiment value becomes less negative as we move from word to
paragraph level. This could imply that while individual words may be negative, the sentences and
paragraphs they form could be less negative in sentiment, possibly due to the context in which they
are used.

¢ Variability: The standard deviation decreases from word level to paragraph level, suggesting
that the sentiment is more stable at the paragraph level. Stability in sentiment analysis in this article
refers to the consistency or steadiness of sentiment scores over a particular level of text.

¢ Trends: All three levels show an initial decline in sentiment but have an upward curve later on.
This may indicate that the text starts with a negative tone but gradually becomes less negative.

¢ Skewness & Kurtosis: Word and sentence levels are negatively skewed, while the paragraph
level is even more so. This again confirms a generally negative sentiment.

¢ Interquartile Range: This range is highest at the word level, indicating more variability in the
middle 50% of the data compared to sentence and paragraph levels.

The text likely starts off with a negative or pessimistic tone but shows signs of becoming less
negative or more neutral as it progresses. This could indicate a narrative structure that starts with a
problem or issue and gradually moves towards solutions or resolutions.

In the context of differential equations, p(x) has the highest base sentiment level. The finding
that p(x) has the highest base sentiment level implies that, in the long run (as x approaches infinity),
the sentiment score for paragraphs will stabilize at a higher level compared to words and sentences.
Paragraphs are generally more context-rich than individual words or sentences. They can provide a
more nuanced and complete representation of sentiment. The higher base sentiment level might reflect
this richness and complexity.

In the context of decay components we found the following results:

Fast-Decay Component: The ranking in terms of losing fast-changing sentiment quickest is

P(x)>W(x)>5(x).

Slow-Decay Component: The ranking in terms of retaining slow-changing sentiment the longest is

P(X)<s(x)<w(x).

If we assume that the decay rates are indicative of the sentiments’ sensitivity to change and staying
power. Sensitivity in sentiment analysis in this text refer to the degree to which the sentiment scores
are affected by minor changes in the text.
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p(x) is the most sensitive to immediate changes, which means that it will change quickly in
response to new information. However, it is also the most likely to retain a base level of sentiment
over the long term. This is because p(x) captures the overall sentiment of the text, which is not likely
to change drastically unless there is a major event.

w(x) is moderately sensitive to both immediate and long-term changes. This means that it will be
affected by new information, but it will also be influenced by the text’s overall sentiment.

s(x) is the least sensitive to immediate changes, but it is moderately sensitive to long-term changes.
This means that it will not be swayed by new information, but it will be affected by the text’s overall
sentiment over time.

It should be keep in mind that Slower decay rates don’t necessarily mean greater stability.
Magnitude of sentiment shifts also contributes to stability. Starting sentiment score provides context for
subsequent shifts. Interactions between linguistic units affect overall stability. Operational definition
of stability depends on application. Quantitative decay rates don’t fully capture perceived stability

In this respect, based on the descriptive analysis and the results of differential equations, there are
a couple reasons why paragraph-level sentiment analysis tends to be more stable and sensitive than
word- or sentence-level analysis:

1) Paragraphs capture more context. Paragraphs contain multiple sentences and thus provide
more context to interpret the sentiment of any given word or sentence. Paragraphs can be both stable
and sensitive, depending on the nature of the changes they experience. They are stable against minor
fluctuations but sensitive to major shifts that affect the broader context they encapsulate. A paragraph
may be less sensitive to small, local changes that affect only one or a few words or sentences within it.
This is because the broader context can absorb these fluctuations. A paragraph may be more sensitive
to large, global changes that affect its overall sentiment. In such cases, the additional context provided
by the paragraph actually amplifies the impact of the change.

2) Less sensitivity to order effects. The sentiment of a paragraph is less susceptible to the order
in which words or sentences appear. The overall sentiment of a well-written paragraph remains largely
the same regardless of structural variations. Word- or sentence-level analysis, on the other hand, is
more prone to being influenced by the specific ordering of the text’s components, reducing stability.

3) Aggregation Effects. When analyzing at the paragraph level, the sentiments of various
sentences are aggregated. This aggregation could amplify sensitivity to changes if the new information
significantly shifts the aggregated sentiment.

4) Complexity of Analysis. Sentiment analysis at the paragraph level may involve more complex
linguistic features such as subjectivity, tone, and rhetorical devices, which could make it more sensitive
to changes.

5) Order of Components. A single, strong sentence could potentially sway the sentiment of an
entire paragraph.
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[ S —
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Figure 5 — The comparison shows that the sentiment variations are more rapid
and decay faster at the word level, while they are slower
and more stable at the paragraph level
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5. Conclusion

This research aims to understand the dynamics of sentiment evolution in textual units ranging
from individual words to expansive paragraphs. One of the most striking revelations is that sentiment
becomes increasingly less negative as we traverse from the granularity of words to the complexity of
paragraphs. This not only emphasizes the moderating role of context in toning down negativity but
also spotlights the multi-layered intricacies of human language and sentiment.

The study also found that paragraph-level sentiment is more stable than word or sentence
sentiment. This means that the sentiment of a paragraph is less likely to change over time than the
sentiment of a word or sentence. This is because paragraphs are typically longer and contain more
information, which makes them more resistant to change.

Our study also uncovers a general narrative arc in sentiment, characterized by an initial decline
followed by an upward turn. This pattern is reflective of a common narrative structure, moving from
a problem or conflict to a potential resolution. This observation can be particularly useful for literary
analysis, scriptwriting, or even in the evaluation of user-generated content.

Finally, the study found that paragraphs lose short-term sentiment more quickly than words or
sentences but are adept at retaining long-term sentiment. This nuanced behavior of paragraphs makes
them uniquely suited for applications where both immediate and enduring sentiments are of interest.
It suggests that paragraphs are more responsive to new or emerging information while also serving as
a stable repository for the overall sentiment landscape over extended periods.

Intriguingly, our findings echo the famous quote: “Watch your thoughts, they become your words;
watch your words, they become your actions; watch your actions, they become your habits; watch
your habits, they become your character; watch your character, it becomes your destiny.” Just as the
proverb underscores the progression from thoughts to destiny, our study reveals a similar progression
in sentiment from isolated words to contextualized paragraphs. reme—a single word may express
intense negativity. However, as these words come together into phrases, sentences, and paragraphs,
the contextual relationships between them moderate the overall sentiment. The negativity of individual
words becomes diluted within the broader meaning. Just as the proverb shows our habits and character
evolving from small thoughts and words, our analysis reveals how the sentiment of language grows
more nuanced as words gain context. The volatility of isolated words gives way to balanced, subtle
shades of meaning in paragraph form. This parallels how fleeting thoughts solidify into steady character
over time.

The insights from this research have broad implications, not just for the academic community
but also for industries like marketing, journalism, and mental health services, where understanding
sentiment can be pivotal. Future work could focus on expanding the dataset, incorporating multilingual
texts, or even exploring how these findings translate to spoken language.
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CO3/JEPIEH TAPATPA®TAPFA: CUITATTAMAJIBIK OJIICTEP
MEH JU®®EPEHIMAIIBIK TEHJEYJIEP APKBLIBI
GPT-4 KOMETIMEH «KEP ACTBIHJAFBI KA3BAJIAPIA»
KOHLI-KYW JUHAMMKACBIH MOJEJIBIEY

AHgarmna

byn 3eprrey @eﬂop JocroeBckuiinin «XKep acTeiHIars! jkaz0anap» KiTaOBIHBIH «OKep acTb» Iem aranxaThiH
OipinmI OeiMiHAeri KOHUI-KYil MaFbIHACBIHBIH CO3/ICPIICH ceiinemzepre, aG3aurapra Kaai ©3repeTiHiH 3epTTe1/1111
GPT-4 Tin yaricin naiijanana oTbIpbiI, 0i3 CTaHIAPTTAIFAH CE3IM MOHJICPIHIH CUITATTaMalIbIK TaJIAaybIH JKYPTi3aiK
JKOHE MOTIH OOMBIHIIIA )KUHAKTAJIFaH KOHII-KYH TpaeKTopusuiapbiH ecenrenik. ConaH KeiliH perpeccHsiIbIK Talaay/ bl
naiianana OThIPBIN, KOHUI-KYH PEHKTEPiH MOJIEIb ey YIIiH I hepeHInaNAbIK TeH ey YATLIepiH KacaabK. bisnig
KOPBITBIHIBIIAPBIMBI3 CO3IICPICH ab3anTapra AeiiH KOHUI-KYHIIH Tepic 00IMaiTHIHBIH, OYJT KOHTEKCT HeTaTHBTLTIKTI
TOMEHCTETIHIH KopceTeni. A3 e3reprimTiKIeH naparpaThiH KOHUT-KYHi e TypaKTaiasl. bacTamksl KyIabIpayabiH
OastHIay IOFachl OoJica, COMAH KeHiH KOHUI-KYH keTepinai. [laparpadrap HEFypiabIM HIOAHCTBI KOHTEKCTTI TYCipe
aJaThIHBIH OUIIIPETIH eH KOFapbl Heri3ri oira ue 0oiubl. Ad3anTap KbIcKa Mep3iMjii KOHUI-KYHIl Te3 JKOFaJTThI,
0ipak yakpIT ©Te KeJje >Kalllbl MOTIHIIK Ce3IMJIi cakTail OTBIPHIIN, ad3alTapMeH COMKECTeHAIPUIreH y3aK Mep3iMi
KOHUI-KYH/II y3aKKa CakTaubl. Byl TYKBIpBIMAAp Ce3iMHIH TYPaKTBUIBIFEIH KaMTaMachl3 €TCTiH TUIAIK OipiiKTep
apaceIHIa KYpAesi JnHaMuKa Oap ekeHiH kopceTTi. CaHIBIK BIABIPAY JKBULAAMIBIFBI — Al JaIbl KOPCETKIITEp, OipaK
OJI KOHIII-KYH TYPaKTBUIBIFBIH TOJIBIK CHIIATTaMal/Ibl.

Tipek ce3mep: keHUI-KYWal Tangay, nuddepeHuuanasik Teraeyiep, GPT-4, KUChIK anmpoKCUManus, uepap-
XUSUTBIK PErPEeCCUSUIIBIK TaIIIay.
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OT CJIOB K IMAPATPA®AM: MOAEJIUPOBAHUE JUHAMUKHU
HACTPOEHMI B (BAINMCKAX U3 MOAMOJIbS» C MOMOIIbIO
GPT-4 YEPE3 OIIMCATEJIBHBIE METO/IbI
N JMOPEPEHIIMAJIBHBIE YPABHEHUSA

AHHOTaNUA

B nanHOM MccreqOBaHMM pacCMaTpUBAETCA, KaK M3MEHSIOTCS 3HAYEHUS HACTPOEHUS B MEPBOH YaCTU KHUTU
«Bammcku w3 moanonbs» Pemopa JlocToeBckoro, o3ariaBieHHON Kak «Iloamombe», OT CIOB K MPEMIOKCHUAM H
a63amam. Vcmone3ys s3p1koBYI0 Mozens GPT-4, Mbl mpoBenn omucaTeNbHBIH aHAIN3 CTAaHIAPTU3MPOBAHHBIX 3HA-
YEHUH HACTPOCHHS M PACCUUTAIH KyMYJISTHBHBIC TPACKTOPHH HACTPOSHUS IO TEKCTY. 3aTeM MBI CO3AIN MOJCITH
muddepeHnnanbHbIX YpaBHEHUH U151 MOICIMPOBAHUS OTTEHKOB HACTPOEHHMSI C TIOMOIIBIO PErPECCHOHHOTO aHaJIN3a.
[TonydeHHbIe HAMU pe3yJbTaThl CBHIETEIBCTBYIOT O TOM, YTO OT CJIOB K a03alaM HacTpPOCHUE CTAHOBUTCS MEHee
HETaTUBHBIM, YTO YKa3bIBa€T Ha TO, YTO KOHTEKCT PETYIMpPYyeT HeraTuBHOCTh. HacTpoeHue ab3ares Taxke Obu10 60-
Jiee CTaOMIIBHBIM B OTIINYAJI0Ch MEHBIIIeH BapHaTUBHOCTHIO. Habmromanach ayra moBECTBOBAHMS C TEPBOHAYATEHBIM
CHIDKEHHEM, 32 KOTOPBIM CIIEIOBAJ TMOIBEM HACTPOSHHUS. AO3aIll MMENTN CaMble BBICOKHE MCXOIHBIC HACTPOCHMUS,
YTO TOBOPUT O TOM, YTO OHM CITIOCOOHBI OTpaXkaTh OoJiee TOHKHUN KOHTEKCT. AO3aibl OBICTPO TEPSIU KPaTKOCPOU-
HOE HACTPOEHHUE, HO JIOJIbIIEC BCEr0 COXPAHSUIM JIOJITOCPOYHOE HACTPOCHHE, YTO COIIACYETCs C TeM, YTO ad3allbl
COXpaHSIOT 00Illee HACTPOSHHE TEKCTa C TeYeHHEM BpeMeHH. [lomyueHHbIe pe3ysbTaThl MO3BOJISIOT MTPEATIOIOKHTS,
YTO CYIIECTBYET CIOXKHASI JUHAMHKA MEXK/TY SI3BIKOBBIMH €JMHUIIAMH, CIOCOOCTBYIOIIAS OLTYTHMON CTaOMIBHOCTH
HacTpoeHus. KonmuecTBeHHBIE TTOKA3aTeNIN paciaja sSBISIOTCS MOJIe3HBIMI WHANKATOPaMH, HO HE B MOJTHOH Mepe
XapaKTepU3YIOT CTA0MIFHOCTh HACTPOCHHS.

KaioueBble cioBa: ananu3 HactpoeHud, muddepenunansusie ypasHenusi, GPT-4, annpokcumanusi KpuBou,
HepapxXu4ecKuil perpecCHOHHBIN aHaIK3.
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3D ABSOLUTE POSE ESTIMATION OF A STAIRCASE
CLEANING ROBOT UTILIZING STAIRCASE GEOMETRY
AND MINIMAL LOW-COST SENSORS

Abstract

Thanks to its shape-shifting abilities, the sTetris robot can climb stairs while performing the cleaning task. The
sTetris robot’s overall system operation depends on localization and positioning data, which are essential for its goal
of autonomously navigating multi-floor environments. The mobile robots designed to work indoors generally rely
on external systems for localization information. Regretfully, this frequently requires additional hardware fixing
or changes to the indoor working environment in order to achieve accurate three-dimensional (3D) position and
orientation (pose) for successful operation of the mobile platform. Nonetheless, the robot can be localized on the
staircase by utilizing the information of the staircase’s geometry measurements, which are known ahead of time. This
article demonstrates how the known geometry of staircases and measurements from minimal number of sensors can
be used to accomplish 3D pose of the robot. Experiments carried out on a real robot in an authentic indoors setting
successfully demonstrate the effectiveness of the suggested approach.

Key words: Indoor environment; three-dimensional localization; staircase geometry;
reconfigurable robot; low-cost sensors.

Introduction

While many systems and subsystems are necessary for any mobile robotic system to function
properly, three essential modules—the path planner, and the localization and positioning and the control
system modules—are required to enable the autonomous functionality of the mobile robots [1, 2]. Of
them, the localization module is responsible for giving the mobile platform’s precise position and
orientation information [3]. The accuracy of the localization system has a big impact on how well the
other important modules of a robotic system work.

Absolute positioning systems and incremental/relative positioning systems are the two main
categories of localization/positioning systems [4, 5]. When a system is used for absolute positioning,
such as GPS, the position data is accessible in relation to a global reference coordinate frame and often
is not dependent on space or time. On the other hand, the position update in an incremental or relative
positioning system comes from the steps that came before it. The disadvantage of the latter is that pose
drifts with time, such as inertial measurement unit and wheel encoder-based position calculation, and
sensor error is also aggregated, resulting in mistakes in the pose estimation [8, 9].

Literature Review

When it comes to outdoor mobile robots, GPS is the primary source of localization data, either
by itself or in conjunction with other sensors or systems like an IMU, camera, Lidar, vision sensors,
etc. [10, 11]. Since GPS is not always available for interior mobile robotic platforms, alternative
methods of absolute pose estimation are applied, such as estimating the absolute position of mobile
devices using WiFi signals, UWB, vision, RFID signals, or indoor Global Positioning System, for
instance [12]. To determine a mobile platform’s exact location inside a building, various beacon-
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based absolute positioning methods are used [3, 6, 13—18]. Nevertheless, this necessitates a few more
hardware adjustments in the workspace, which raises the system’s overall cost and/or complexity.

In this study, we introduce a novel yet straightforward technique for estimating the three-
dimensional absolute pose (position and orientation) information of an indoor mobile robot—dubbed
sTetris—developed at SUTD’s RoAR Laboratory using a limited number of low-cost sensors [19].
The location of the sensors and the robot’s typical working environment are depicted in Figure 1.
Using low-cost onboard sensor measurements, the previously known staircase geometry is utilized
to estimate localization information because the sTetris robot operates in a staircase with fixed and
known tread and riser dimensions for each step.

Figure 2 (p. 29) provides a list of some terminology pertaining to staircase geometry. The robot
has two time-of-flight (TF) sensors mounted on its left and right sides. The y-axis position on the tread
is determined using the distance measurements collected from these two TF sensors. The x- and z-axis
positions are determined by the known staircase geometry as the robot ascends the stair steps because
the tread and riser dimensions are known a prior. Furthermore, the robot has two TF sensors positioned
in front of it, oriented toward the front riser. The heading angle of the sTetris robot is determined by
utilizing the range/distance measurements from frontal sensors as robot moves left and right on a step
of stair.

The remaining contents of this article are arranged as follows: An overview of the sTetris robot
is given in the second section. The sTetris 3D localization computation method is shown in the third
section, and the orientation estimation scheme is introduced in the fourth. The experimental setup and
findings are covered in the fifth section. The final section wraps up this work and suggests some future
lines of inquiry for additional study and advancement.

Materials and Methods

sTetris: Introduction to Staircase Cleaning Robot

The sTetris is a re-configurable robot that climbs stairs using a vertical conveyor belt mechanism,
as shown in Figure 1. This robot is designed to clean staircases and inspired from the famous Tetris
game [20] and the transformation design ideas described in [21] are the sources of sTetris operating
principle. The three cuboids that make up the sTetris robot’s body are joined by two sliders that are
fastened to either side of the cuboid in the center. The sweeping mechanism, vacuum/suction tools,
and electronic units are enclosed in the hollow spaces inside each parallelepiped block. Because of
the modular design of the blocks, many system components can be reused. The robot’s movement
can be customized by the user with the help of a graphical user interface (GUI). With the help of the
reconfiguration mechanism, the sTetris robot can move quickly across the multi-floor environment
which is impossible with existing commercial home cleaning robots.

Figure 1 — sTetris Robot: a) equipped with sensors specifically designed for this task;
b) robot’s operating environment.
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SIXR-Z

Figure 2 — Geometry of staircase to determine the robot’s 3D position and orientation.

Absolute 3D Position of sTetris
In this study, TF sensors are used to measure the y-axis (lateral) position in order to obtain 3D
absolute position information. The staircase’s known geometry is used to calculate the position along
the other two axes, i.e. x-axis and z-axis. For example, the riser height and the stair step’s tread width
are fixed and known of a staircase and can measurable manually or from 3D drawing. If the step
number on a staircase is known, it is possible to calculate the distance traveled along the x- and z-axes
as the robot climbs the staircase. Equation (1) is used to calculate the sTetris 3D absolute position,
X; =1; X step;, — (%)
z; =1 X step ;i=1,2, ..., N.
_(d; ; if sensor output < 120 cm (M
Yo = {W —d; ; otherwise

where W is the staircase’s width, i is the step number counter, t; and r; are the staircase’s tread and
riser lengths, X; and z; are their respective positions in the x- and z-axes, and d; is the y-axis’s TF
sensor measurement.

The robot’s position along the y-axis is calculated using the data from distance sensors positioned
at its two sides. Two Time-of-Flight sensors are positioned on the left and right sides of sTetris because
their limited range (120 cm) makes it impossible for the sensors to reliably measure distance when
the robot is on the extreme left or right side of the stair. In this instance, the position on the stair along
the y-axis is determined using the output from the sensor on the opposite side of the robot. Algorithm
I below provide the full pseudo-code for estimating 3D pose i.e. position and orientation (heading) of
the robot.

Algorithm I: Pseudo code for 3D localization and heading estimation of sTetro.
Initializ: x, < 0,5, « ¥;,z, + 0

i=1 /lstep number
Loop :while (i< N)
X, « 4, x(i)—0.5,

z, & nx(i)
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if (sensor output <limitMax) //llimitMax =120cm
Y < d,

else
v, <« W-d,

6, « tan“[d3 _d’]
D

if(6, >0)
rotateCW ()
if(8, <0)
rotateCCW ()
i « readStep()

end loop

Main provision

Orientation Calculation and Misalignment Correction

Since the staircase in which sTetris operates has nearly flat treads, during normal robot operation,
sTetris roll and pitch angles are almost zero. When going left or right on the treads, only the heading
angle (rotation about the z-axis) can vary. The sTetris robot’s front end is equipped with two TF sensors
to monitor the heading angle. These two sensors’ job is to use their respective range measurements
to determine the robot’s heading angle. Direct distance measurements are provided by time-of-flight
sensors in relation to the step’s front riser. Equation (2) can be used to calculate the heading angle.

6, = tan1 (@) )

where D is the sTetris robot’s width and d| and d, are distance readings from TF sensors positioned
in front of the robot. The robot is aligned with the front riser and the heading angle is almost zero if the
two distances are almost equal. A positive or negative heading angle indicates the robot’s misalignment
with the front riser if the two range measurements are not equal. Then, in order to maintain sTetris’
alignment with the front riser for smooth motion, the control system tells actuators to rotate it either
clockwise (CW) or counterclockwise (CCW). Figure 3 below depicts the heading angle estimation
and correction scheme used in this work.

(b): Rotate CW | (a):No rotation ~ (c): Rotate CCW

(a) (b)

Figure 3 — a) Computation of heading angle based on Time-of-Flight sensor reading;
b) show how robot may go misaligned on a stair tread.
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Table 1 — Staircase geometry and sTetris main parameters

Parameters Value (cm) Remarks
Riser height (rl) 14
Tread length (1) 32
ToF’s Reliable range (max) 120
sTetro size (1, w, h) 45 %20 x 40
No. of steps (N) 16
Staircase size 480 %205 x 165 | (L xW x H)

We have fully detailed the design and operation of the sTetris robot in our earlier work [19]. The
staircase cleaning robot is outfitted with four extra TF sensors for the experiments carried out in this
work. Up to two meters can be measured absolutely by the distance sensor (VL53L0X). Figure 4

depicts an experimental setup used for this work.
Start/Stop
m
A

Moation Cycle
\ _
; Move
i
(b)

Figure 4 — Experimental setup: a) sTetris robot moving across the staircase;
b) A single motion cycle of sTetris.

The sTetris robot is propelled to move across the stairwell, as seen in Figure 4(a). The motion
cycle for finishing a single stair step is depicted in Figure 4(b). The left and right wall strings limit
the robot’s range of motion. The first block of sTetris has two TF sensors in front of it, and the central
block has two TF sensors on either side of it. The robot started to follow the tread of the step from
right to left.

The robot moves toward the right on the tread after reaching the far left of the tread, where its left
bumper makes contact with the left wall string. The robot’s right bumper touches the right wall string
when it reaches the farthest right side. It stops when it reaches the halfway point of the tread and raises
the final and central blocks to ascend to the next level. Every time the robot moves up to the next
step, the software increments a counter, counting the steps. The first step of the stairs is followed by a
repetition of this motion cycle on the second step and so on. All four sensors measure the distances to
the front riser of the staircase and the left and right wall strings during the left and right motion. These
measurements are used to determine the robot’s y-position and heading angle, respectively.

Results and Discussion

Static Test: Heading Angle:

The heading angle of the robot in the first test is determined using the range data (d,,d, ) from the
two front sensors. A static test is conducted initially to evaluate the suggested method’s correctness.
The robot rotates continuously from +45°to —45° about z-axis with its back away from the stair’s
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front riser. Using an angle protector, straight lines are indicated at 0°, +45°, and —45° for the specified
angles.

Beginning with the robot facing the riser (i.e., heading angle 0°), it is rotated leftwards i.e. CCW,
increasing the left sensor’s d, distance in relation to the right sensor’s d, distance. From 0° to
—45°, the heading angle begins to increase. The robot is held motionless for some time at around
—45° before rotating back in a CW direction. Now that d, is starting to decrease, the heading angle
measures roughly 0° when both distances (d,,d, ) are almost equal once more at zero degrees. After
then, the robot is spun in a CW direction. As a result, the heading angle increases to —45° because
distance d, is now increasing faster than d, .

A rotation cycle is completed when the robot rotates leftward towards zero degrees after being
maintained still for a moment at —45°. Figures 5 present the findings from this static experiment.
The heading estimation results obtained with TF sensors are compared with a commercially available
Attitude Heading Reference System (AHRS) sensor from VectorNav Inc. This sensor has an absolute
heading angle precision of 2° RMS [22]. A zoom-in view of the heading angle calculation at various
rotation stages is provided in Figure 5-ii (a-d).
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Figure 5 — i) Heading angle comparison with reference sensor: AHRS VN100: 0° to +45°,
back to 0° to —45°, ii) Zoom-in view of heading angle approximately at 0°, +45°, and —45°

Comparing the angle measurements from the reference AHRS with those from the suggested
approach yields the heading angle error, as Table 2 below illustrates. A little rotation about the z-axis
is observed to improve the accuracy of the heading angle calculation using the proposed method.
When employing TF sensors, the heading angle error is more noticeable at greater rotation degrees
(about +45°). The cause of the increased heading calculation errors for large rotation degrees along the
vertical axis is due to the fact that at oblique angles, the inaccuracy in range readings from TF sensors
Zrows.

Dynamic Test: 3D Position and Orientation:

Through the use of the staircase geometry and only onboard TF range sensors, the 3D localization
of sTetris robot is established. Certain parameters of the TF sensors and the sTetris robot, as well as the
shape of the staircase, are given in Table 1. A reliable range of only approximately 120 cm is measured
between the left and right TF sensors. The range measurement data in Figure 6(a) confirms that the
range data is unreliable for calculating location above this point in the experiment.
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Figure 6 — a) Range measurements of the left and right TF sensors. b) sTetris 2D position (X, y).

The robot is initially placed at (x, =0, y, =Y,,z, =0), which is roughly halfway up the first
step of the staircase. The robot moves rightwards until right bumper hits the right string of staircase,
maintaining a constant x- and z-position ( x = const., y = d ;, z = const. throughout rightward mobility)
based on distance readings from the right-side TF sensor. The robot first touches the wall on the
right before advancing leftward till its left bumper makes contact with the staircase’s left wall string.
Subsequently, the robot returns to the center of the staircase. With this, robot’s one traversal on the
stair step is finished.

In order to reach the next level, the robot then begins to raise its second and third blocks. When it
is lifted up, its z-position shifts up but its y- and x-positions stay the same (i.e., (x = const.,y = const.,z =),
Once the lift-up motion is finished, the robot advances to the tread’s center to begin the subsequent
stair step traverse. Its x-position changes as it moves forward, but its y- and z-positions stay the same
(x=x,,y=const.,z =cons).

Figure 6 (a) displays the range measurements of the left and right TF sensors (d,,d,). After
roughly 120 cm, these range measurands lose their usefulness. This is due to maximum range of the
sensor used. The robot’s y-position on the staircase is determined using measurements from the left
and right range sensors. Figure 6 (b) displays the sTetris 2D position (x, y). When excluding robot
width from the y-axis distance calculation, the robot travels approximately 480 cm in the x-axis and
180 cm in the y-axis. In Figure 7, the 3D position plot is displayed.

The left and right TF sensors’ raw range readings ( d,,d, ) are displayed in Figure 6(a). Calculating
the robot’s y-position on the stairs requires range measurements from the both sensors installed on
right and left of sTetris. See Figure 6(b) for the 2D position (X, y) of sTetris. When y-axis distance is
calculated without accounting for robot width, the robot moves approximately 180 cm in the y-axis
and 480 cm in the x-axis direction. As seen in 3D position plot given in Figure 7 (p. 34).

When comparing the 3-axis position data with the staircase’s real geometry (dimensions), it is
clear that the data is extremely smooth and accurate. As seen in this picture, the robot travels around
165 cm along the z-axis. Figure 8 (p. 34) displays the estimated heading angle. The observation
is made that the absolute orientation stays within +1° for the whole staircase. The heading error’s
computed standard deviation is roughly 0.9 degrees. In this experiment, the misalignment correction
(control) is not used.

Error analysis

Error in the sensor’s own range measurements is the cause of heading angle error. It is seen that
the heading angle inaccuracy is around +1°, with a range error of approximately +3cm. In this work,
we conducted studies to compare heading angle accuracy with the commercially available AHRS
sensor. Figure 8 shows the absolute heading angle estimation using the suggested scheme and its error
with respect to the reference AHRS sensor.
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Figure 7 — Three dimensional absolute position (x,y,z) plot
of sTetris on a 16-step staircase
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Figure 8 — Absolute heading angle estimation of sTetris

Equation (3) is used to calculate the y-position error. In this case, we calculated the error in
the total distance estimated for each step in the y-axis relative to the width of the staircase. Table 3
displays the results.

Error =W — [(ymax - ymi“) + Rw] 3)
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In this case, ¥, and Ym, are the maximum and minimum range measurements of the left and
right TF sensors on a spemﬁc step, and W is the width of the stair step and R, is the width of the robot.
The distance covered on a tread is determined by subtracting the robot width from the maximum and
minimum range measurements for each step. By deducting this variance from the stair’s manually
measured width, the error is computed.

Table 2 — Accuracy of proposed scheme: Orientation error.

Rotation angle | VN100 (deg) ‘ ToF (deg) | Error (deg)
0 degree -1.80 ‘ 280 | 1.0
+45 degree -44.2 | 461 | 1.90
0 degree 1.60 | 040 | 120
-45 degree 44.4 | 4260 | 1.80
0 degree -1.83 | 294 | 11

Table 3 — Accuracy of proposed scheme: Positional error

Staircase Step # | Ymax(cm) | ymin(cm) | Error [cm] | Heading angle error
1 193.1 14.0 29
2 193.0 14.1 3.1 Mean =0.99°
3 193.2 14.3 3.1 StdDev. =0.93°
4 193.1 14.1 3.0
5 192.9 14.2 3.3
6 193.1 14.3 3.2
7 193.0 14.3 3.3
8 193.1 139 28
9 193.1 14.2 3.1
10 193.2 14.1 3.1
11 193.3 14.3 3.0
12 193.1 14.2 3.1
13 1929 14.0 3.2
14 193.1 14.3 3.1
15 193.2 14.3
16 193.0 14.0

Conclusion

Here, we report a new and simple technique that takes advantage of the staircase geometry to
compute the staircase cleaning robot’s 3D absolute position and orientation with the least number of
onboard sensors. By assuming that the robot moves through a known environment, we can precisely
determine its position and orientation by using the staircase’s known geometry. The position calculation
algorithm receives manual measurements of the stair’s tread and riser, which increases its accuracy.
A moving average of the TF sensor measurements is used to reduce the amount of uncertainty in the
y-axis that results from random noise in the range sensors. The primary cause of the y-axis error is the
intrinsic measurement error in the sensor (3 cm according to the datasheet). The mean position error
is only 3.1 cm with a standard deviation of 0.13 cm only. In a similar vein, the heading angle has a
mean error of 0.99 degrees and a standard deviation of 0.93 degrees. To maintain alignment with the
front step riser, the sTetris robot’s heading angle should ideally stay within +5 degrees. The suggested
approach faithfully satisfies this requirement. To improve the overall redundancy and reliability of the
system, this technique could be integrated with other indoor positioning systems in the future.
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BACITAJIIAK TEOMETPHUSICHIH KOHE MUHWMAJJIBI
AP3AH JATYHMKTEPII KOJJAHA OTBIPBII, BACIAJIIAK
TA3AJIAYIIBI POBOTTBIH ABCOJIOTTI JKAFJIAWBIH 3D BAFAJIAY

Anjarna

[Miminin e3repty KadineTiniy apkacsinaa s Tetris poOOTHI Tazanay ke3inje OacnangakineH ketepine anaabl. STetris
POOOT JKYHECIHIH KaJIbl )KYMBICHI KOII Ka0aTThl KEHICTIKTEPETi O(IIailH HaBUTAIUS YIIiH KaXCTTI JIOKAIU3aIIs
MEH OpHajacy JepeKTepiHe OaiaHbICTHI. FuMapar immiHIe )KYMBIC icTeyre apHajJFaH MOOWIBAI poOOTTap dAETTe
JIOKAJM3aIys Typajbl aKIapaTThl aTy YIIiH CEIPTKBI KyHeepre cyieHeni. OKiHimke opait MOOMITBAI TaT(opMaHbIH
COTTI *KyMBIC icTeyi mon ymr enmeMai (3D) mosummsra sxoHe Garapra (1o3ara) KO XKETKi3y YIIIH Ui KOCBIMIIA
KaOJBIKTHI OEKITY HeMece 1IIKi )KYMBIC OPTachlH e3repTyll Kaxer erexi. JlereHMeH poOOTThI ajjiblH ana Oenriii
OacnayIakThIH TeOMETPHSIIBIK OJIIIeMIep] Typajibl akIaparThl alanana OTIPhII, OaclalliakTa JoKaIu3ausuiayFa
Oonaznpel. by makanaga poOOTTHIH YII ©JIIeM[ MO3HMIMSICHIH KYpy YIIiH Oenriii Oacnaijgak reoMeTpHsChl MEH
JMATYUKTEPIIiH CH a3 CaHBIH OJIIeY/Ii Kaxall KOJMIaHyFa OONaThIHIBIFB KepceTinreH. [IIpIHalbl KeHICTIKTET] HAKTHI
pOoOOTTA KYPTi3iaTreH TOXIpHOeIep YCHHBUIFAH TOCUIIIH THIMALIITIH TOTeTACTI.

Tipek ce3mep: iKi OpTa, YIII 6JIIIeM/Il JTOKAIU3aIus, Oacraliak TeOMETPUSCHI, KaiiTa KOH(GUTypaIisIaHAThIH
poOOT, ap3aH TaTIYUKTEP.

'MYXAMMAJ UWIBbSC, 'ABAYJIJIA AAMUP XAST,
'TIPABAKAPAH BUPAI’KATAEIIIBAP, '"MOXAH PAIKEL DJIAPA
'"ROAR Lab, Otzen pa3paboTKi HHKEHEPHOU MPOXyKInu, CHHraIypCKHii YHUBEPCUTET
texHonoruit u nuzaitna (SUTD), Cunramnyp, 487372
*E-mail: milyasmeo2005@gmail.com

3D-OHEHKA ABCOJIIOTHOI'O HOJOKEHUAA POBOTA-YBOPIIUKA
JIECTHUIL] C UCHTOJIb3OBAHUEM T'EOMETPUM JIECTHUILbBI
N MUHUMAJIBHBIX HEJOPOI'UX JATYUKOB

AHHOTALUA

Bbnaromapst cBonM crmocOOHOCTSIM MEHATH GopMy poboT sTetris MOKET MOTHUMATHCS TIO JIECTHHIIE, BBITTOJTHSASA
yoopky. O61as pabora cucremsl podoTa sTetris 3aBUCHT OT JaHHBIX JOKAIM3AMUN U O3UIIMOHUPOBAHHUS, KOTOPHIC
HEOOXOMUMBI I aBTOHOMHOW HABUTAIMHU TI0 MHOTO3Ta)KHBIM ITOMEIICHUSIM. MOOMIIBHBIC pOOOTHI, IPEIHA3HAYCH-
HBIC [T paOOTHI BHYTPH MOMEIICHUN, OOBIYHO ITOJIATAIOTCS HAa BHEIIHUE CHCTEMBI IS MTOMYYCHUS HH(OPMALIUHU O
nokanuzarmu. K coxanenuto, 4acto TpedyeTcs JOMOMHUTENbHAS araparHas (GUKCcalys Wik W3MEeHeHus: paboueit
CpeIBl B IIOMEIICHHUH TS TOCTIKEHUS TOYHOTO TpexMepHOTO (3D) mososkeHNs M OpUEHTAINH (TTO3BI) TS YCTICTITHOM
paboTsr MOOMITBEHON TaTdopMBl. TeM He MeHee poO0Ta MOJKHO JIOKAJIM30BaTh Ha JIECTHUIIE, HCIIONB3YS HHpOpMa-
IIUIO O TCOMETPUYCCKHUX pa3Mepax JeCTHHUIIBI, KOTOpast K3BECTHA 3apaHee. B maHHO cTaThe [MOKa3aHo, KaK W3BECTHAs
TCOMETPHS JICCTHHIl X U3MEPEHUSI MUHHMATBHOTO KOJUYECTBA JATYNKOB MOTYT OBITh MCIONB30BAHBI JJIsi CO3MAHUS
TPEXMEPHOTO MMO3UIMPOBAHUS POOOTA. DKCICPUMECHTBI, IPOBEACHHBIC HAa PEabHOM po0OTE B ayTCHTUYHOM ITOME-
[IEHHUH, YCIEIIHO JIEMOHCTPUPYIOT 3P (HEKTUBHOCTD MPEATOKEHHOTO MOIX0/A.

KoaroueBble ciioBa: BHYTpPEHHssl cpela, TPEXMEpHas JIOKaJIM3alysl, TeOMETPHUsl JISCTHHUIIbI, PEKOHPHUTYpHU-
pyemblii poOOT, HEOPOTHE TATUYUKH.
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LTE NETWORK DEPLOYMENT BASED
ON OPEN-SOURCE SOLUTIONS

Abstract

In recent years, the landscape of LTE network deployment has experienced a significant shift from reliance on
proprietary solutions provided by established vendors to the exploration of open-source alternatives. Open-source
solutions have gained traction due to their cost-effectiveness and flexibility, allowing network operators to customize
their deployments according to specific requirements and preferences. This article examines the deployment of a
4G LTE network based on open-source solutions. In the context of open-source, the options of using software and
hardware for network deployment were discussed. Through meticulous analysis and testing procedures, a viable and
robust solution for 4G LTE deployment based on open-source projects is outlined. The aim of this paper is to explore
the possibility of 4G deployment based on open-source projects and provide a potential option for deployment.
Through this exploration, the article contributes valuable findings to the evolving field of telecommunications, paving
the way for future advancements and innovations in open-source LTE network technologies.

Key words: LTE, open-source, private network, deployment.
Introduction

Nowadays, open-source solutions allow for the implementation of a large number of different
projects, and every year, the open-source movement is becoming more and more popular in the
engineering community. The field of cellular communication networks is no exception.

LTE cellular mobile networks have long been in use around the world, and a large number
of commercial solutions have been implemented. They have also become the starting point for
further progress beyond the current generation of mobile cellular networks to lead the way to fifth-
generation mobile networks. Open-source solutions have emerged as a viable option for LTE network
deployment (private networks, testbeds), offering advantages such as cost-effectiveness, flexibility,
and customization options. By leveraging open-source software, organizations can reduce dependency
on proprietary vendors, lower costs, and have more control over their network infrastructure. However,
it’s crucial to acknowledge that while open-source LTE solutions provide significant benefits, they may
not be universally applicable to all use cases or requirements. A lot of open-source projects were created
for testing, experimental purposes, etc. That is, these projects are PoC (proof-of-concept) solutions.
But, at the same time, it is a good option for students to studying this network generation.

Literature review

While commercial solutions for LTE network deployment have traditionally dominated the market,
there is a growing interest in leveraging open-source solutions to build and optimize LTE networks.
This literature overview explores the evolution and significance of LTE network deployment using
open-source solutions.

A number of scientific papers have been devoted to 4G test networks deployed on the basis
of open source in various aspects of use. In particular, [1] shows how to set up an LTE cellular
network for experimental research and measurements, relying on standard equipment and open-
source software. Paper [2] describes how to build an enterprise-level private LTE/5G network. There
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are recommendations on the use of certain software and hardware. The article also provides a basic
deployment scheme.

This article [3] describes a network testbed that allows students to experiment with a fully
functional 4G LTE system without a radio. This test system simulates a realistic 4G LTE deployment,
helping students gain valuable knowledge of cellular networking.

The next researches works are concerned with the use of OAI (OpenAirlnterface) solutions for
LTE testbeds deployment. In the first paper [4], the network was deployed using the OAI and OAISIM
(OpenAirInterface System Emulation) modules to emulate an LTE network. The second paper [5]
shows OAI as a flexible platform for the open LTE ecosystem and playground. It demonstrated a case
study of using OAI to deploy a low-cost open LTE network using common hardware with standard
LTE-compatible devices. It also shows the possibilities of platform reconfiguration.

The landscape of LTE network deployment is continually evolving, with emerging technologies
such as 5G and beyond posing new challenges and opportunities. Researchers are exploring the
integration of open-source solutions with these advanced technologies to create synergistic and future-
proof telecommunications infrastructures. Exploring novel approaches, such as edge computing and
network slicing, is also a focus of ongoing research [6-9].

Thus, the literature reviewed underscores the growing interest in utilizing open-source solutions
for LTE network deployment. The studies discussed highlight practical applications, such as LTE
testbeds and private networks, emphasizing the flexibility and adaptability of open-source solutions.

Main provisions

The aim of this article is to provide information about the successful deployment and results
of testing a 4G LTE network based on open-source solutions. To achieve this goal, the following
scientific tasks were solved:

1. To explore existing open-source projects for the implementation of 4G networks and select
potential solutions.

2. To develop a network diagram.

3. To deploy and test the LTE network.

An overview of open-source projects for LTE. Generally, open-source LTE solutions provide the
necessary components for building and operating an LTE network, including the evolved packet core
(EPC), radio access network (RAN), and user equipment (UE).

Software. There are a large number of different open-source projects for EPC deployments. Open-
source implementations of the 4G core have become a viable alternative to proprietary solutions,
offering greater transparency, flexibility, and cost-effectiveness. Thus, the following popular open-
source solutions can be identified for deploying the core of the fourth-generation cellular network:

¢ srsEPC [10];

+ SD-CORE (OMEC) [11];

¢ Magma [12].

All projects use virtualization of network functions to ensure the operation of basic network
functions. It is important to note that there are many homebrew projects with separate network
functions implemented in different languages and ways that meet 3GPP requirements.

Both for EPC and RAN deployments, there are a large number of different open-source projects.
All of them comply with 3GPP specifications. Therefore, the following projects can be considered for
LTE RAN deployment:

¢ OpenAirinterface eNB [13];

¢ srsRAN [14].

Hardware. Based on a number of recommendations from various sources, the equipment for
deploying private cellular networks should be divided into two components: devices for deploying
network core and software part of the BS, and the device for receiving and transmitting signals.
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Network Core:

¢ physical and virtual servers;

¢ using virtual machines;

+ example: a virtual machine on a server or on your PC.

¢ Radio Access Network:

+ for the software solution, similar to the kernel, the use of single-board computers (for example,
the Raspberry PI);

¢ for signal receiving and transmission, use SDR (Software Defined Radio) devices [15].

Recommendations to making choice regarding hardware. It is worth noting that all hardware should
be selected in accordance with the requirements of the software that will be used in the deployment
process. Thus, we should pay attention to the following technical characteristics of the devices:

¢ processor manufacturer (most open-source projects work exclusively with Intel Core processors);

¢ number of processor cores;

¢+ RAM and ROM capacities;

¢ availability of all necessary physical input and output interfaces;

+ SDR manufacturer (some open-source projects for RAN support work with specific SDRs);

+ SDR operating frequency and sampling rate (sometimes there may be problems with the
configuration of eNodeB files due to non-compliance with the requirements).

LTE network deployment. First of all, the general network scheme was developed. It consists of
the following components (Figure 1):

¢ CORE — network core;

* RAN — base station;

¢ UE — user equipment.

Figure 1 — The network scheme

To deploy an LTE network based on open solutions, the following software and hardware
solutions were selected (all located on the same subnet and connected to the same virtual switch
(Figure 2, p. 43), (Table 1). The diagram of the deployed network is shown in Figure 3 (p. 43).
It includes the connection between all deployed network components, IP addresses, software and
hardware. Additionally, Grafana monitoring systems (Monitoring-4G, RAN Logging and Monitoring)
were deployed.

Table 1 — Software and hardware projects for network deployment

# Component Software/hardware solution
1. Network Core SD-CORE/Virtual machine on the server
2. RAN (Radio Access Network) srsENB/Raspberry PI, LimeSDR
3. RIC (RAN Intelligent Controller) SD-RAN/ Virtual machine on the server
4. SMO (Service Management Orchestration) Aether ROC/Virtual machine on the server
. GRSIMWrite4.2.10/smartphone with LTE support
5. UE (User Equipment) blank SIM-card P pport,
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Figure 2 — The full deployment scheme
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Figure 3 — The network diagram

Network testing. After all the necessary configurations the base station was launched, the network
core is in a constantly working state (Figure 4).

-,
.Q,

- PAD: 0.00 dB
- IAMP: 0.00 dB

Rx antenna set to LNAL
X antenna set to BAND1

==== eNodeB started ===

ype <t> to view trace

[INFO] RX LPF configured

Setting frequency: DL=1878.4 Mhz, UL=1783.4 MHz for cc_idx=0 nof_prb=15
[INFO] Tx calibration finished

[INFO] Rx calibration finished

Figure 4 — Base station launching
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LRACH: tti=1811, cc=0, pci=1l, preamble=50, offset=42, temp_crnti=0x46

User 0x46 connected

Figure 5 — UE attachment

The srsENB also is providing function of metrics trace. In our case, we saw the next metrics
during testing (Figure 6).
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Figure 6 — metrics trace

As aresult of this variant of deploying an LTE network based on open-source solutions, a user was
successfully registered in this network, which can be seen on the monitoring (Figure 7). The following
information is available: the status of the base station (eNodeB Status), the number and information
(IMSTI) about active users (Active subscribers and Subscriber info, respectively), graphically displayed
active user time in the network and throughput on two channels Tx Bitrate (Transmitter), Rx Bitrate
(Receiver) (current and for the entire time the user is in the network).

ehiodell Status Subscriber info UE Activation over Time

srsenb01

S

» UPF metnics

Currert Thioughput

Figure 7 — 4G monitoring system
The network performance was tested in various ways, including downloading files to and from the
device to the cloud, and video communication using Google Meet. During this, data transfer speeds
were measured.
Material and methods
Analyzing existing research in this area, collecting the necessary data, and synthesizing it.

Results and Discussion

With the open-source community, even such complex projects as the deployment of private cellular
networks, which require significant practical skills and theoretical knowledge, can be implemented.
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Despite a number of difficulties during the project, the network was successfully deployed in the
laboratory, which allows for further testing, improvement, and study by students.

Work is currently underway to improve the fourth-generation network by deploying near-RT RIC
(near Real Time) and xApps (microservice-based applications to continuously improve the efficiency
of RAN spectrum use), which will generally allow controlling and optimizing RAN functions and
resources. We are also testing the network with more number of UEs.

Conclusion

Thus, thisresearch contributes valuable insights and practical experiences to the telecommunications
industry, affirming that open-source solutions offer a promising avenue for future cellular network
deployments, in particular LTE. As open-source projects continue to evolve and expand, they hold the
potential to drive further advancements and innovations in the telecommunications field.

Furthermore, the deployed network has successfully passed laboratory tests, paving the way for
further improvements and study by students. This demonstrates the prospects for using open solutions
for education and research in higher education institutions, helping to improve the quality of education
and the training of future specialists in this field.
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AIIBIK BACTAIIKBI KOJA HEI'IBIHAE LTE KEJICIH OPHATY

Anpgarna

Conrbl xbiinapel LTE xeninepin opHary canaceiHia Oenrili BEeHIOpiap YChIHATBIH MEHIIIKTI HIEHIIMIepre
TOYCJIUTIKTEH allbIK 0acTamKbl KONTHI OajaMaapibl 3epTTeyre Kapal sKbUDKY e3repici Oaikanaabl. AIIBIK KOJITHI
mIenriMaep YHEMILTITT MeH MKeMIUTITIMEeH TaHbIMAIT OOJIIBI, OYJI JKEJi OTiepaTopiiapblHa OJap bl HAKTHI TajarTap MeH
apTHIKIIBIIBIKTAPFa COUKEC peTTeyre MYMKIHIIK Oepi. Makanmaia amblK 6acTamksl KOATH menriMaep Herisinae 4G
LTE >xemicin opHaTy KapacTeIpsutagsl. Open-source KOHTEKCTiH/IE JKeTiHI OpHATy YIIiH OaFaapiraMablK )kacakTaMma
MEH armnaparTblK KypaJaap/bl naiilanany xaraainapsl alkelHAaNb. MYKHUST Tajiay MEH TECTUIey HOTHIKECIHE
alblK Oacramnkpl KonaThl skobanmapra HerizpenreH 4G LTE skemicin opHary yuniH eMipiieH opi CEHIMIl IIenIim
YCBIHBUIIBI. MaKallaHbIH MaKCaThl allblK OacTamKbl KOATHI jkoOanap Herizinae 4G KeliCiH OpHATY MYMKIHIITIH
3epTTey KOHE OpHATy HyCKaslapblH YCbhiHY. OCBI 3epTTEy/iH apKachlHIa Makaita Oonamak amblK 0acTamKsl KOATHI
LTE >xeniyiik TEXHOIOTHSACHIHBIH JKETiCTIKTEpI MEH MHHOBANIMSUTAPBIHA KOJI aIlia OTHIPHII, TeIEKOMMYHUKAIMSTHBIH
JIaMBIII KeJle ’KaTKaH callacblHa KYH/IBI YJIeC KOCaIbl.

Tipek ce3mep: LTE, open-source, »eke ke, OpHAIACTHIPY.
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PABBEPTBIBAHUE CETH LTE HA OCHOBE
PEHIEHUU C OTKPBLITBIM MCXOJHBIM KOAOM

AHHOTALUA

B nocnennue romst B cepe passeproiBanus cererd LTE HaOnmroqaeTcst 3HAYUTEIIbHBINA CIBUT OT 3aBUCHMOCTH OT
MIPOIPHUETAPHBIX PELICHUH, TpearaéMbIX U3BECTHBIMU BEHAOPAMHU, K U3YUSHHIO aJIbTEPHATHB C OTKPBITHIM UCXOJI-
HBIM KOJIOM. PEIIeHHs ¢ OTKPHITBHIM KOJIOM 3aBOEBAIIH MOITYJISIPHOCTE Oaroapst CBOe SJKOHOMHYHOCTH B THOKOCTH,
TIO3BOJIAOIIEH OTepaTropaM CeTei HacTpamBaTh UX B COOTBETCTBHH C KOHKPETHBIMHU TPEOOBAHUSAMHE U MPEAMIOITCHHU-
amu. B manHO# ctathe paccmarpuBaercs pa3BepreiBanue cetn 4G LTE Ha 6a3e pemeHuiA ¢ OTKPBITHIM HCXOTHBIM
KOJIOM. B KOHTEKcTe open-source paccCMOTPEHBI BApHUAHThI UCTIOIB30BAHMS TPOTPAMMHOTO U arlapaTHoro odecmneue-
HUS JIJISL pa3BEPThIBAHUS CCTH. B pe3ynbrare TIIATEIHOIO aHalN3a U TECTUPOBAHUS OBLIO TPEITIOKEHO KHU3HECIIO-
coOHOe U HaJIe)KHOE peteHue uist pa3BepthiBanus ceti 4G LTE Ha 0cHOBE IIPOEKTOB ¢ OTKPBITHIM UCXOIHBIM KOZIOM.
Lenp maHHOM CTaThU — U3YYUTH BO3MOXKHOCTH pa3BepThIBaHUs ceTH 4G Ha 0a3e MPOCKTOB C OTKPHITHIM HCXOTHBIM
KOJIOM UM NPEJIOKUTh MOTEHIHMAIBbHBII BapuaHT pa3BepThiBaHus. biarogaps 3TOMy HCCIEIOBAHUIO CTAThsl BHOCUT
[EHHBIN BKJIAI B Pa3BUBAIOIIYIOCS O00JACTh TEIEKOMMYHHKALINH, IPOKIAAbIBAs My Th IS OyAyIINX AOCTIDKCHUN H
WHHOBAIMA B 00acTu TexHOoruil cereil LTE ¢ OTKPBITHIM HUCXOAHBIM KOJIOM.

KuroueBble cioBa: LTE, open-source, yacTHas ceTh, pa3BepPThIBAHNUE.
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THE CONSIDERATION OF SEMANTIC GAP
BETWEEN DESIGN AND CODE

Abstract

In project management on creation of program application, specialists from different subject areas are involved,
who include their contributions, for instance, UI/UX designers who create mock-ups of the future application or
developers who write the code according to the prototype. The design conception may go beyond the possibilities of
interpreting it from a technical point of view of implementation. The realization of such idea could not to be able to
collect on only one defined program platform or language, and accordingly the problem is appeared. To eliminate
semantic gap between the designers’ concepts and opportunity of program developers in technical affordance,
released methodology, Model Driven Architecture (MDA), which is, on the one hand, a concept for implementation
of software, on the other hand a standard. In paper, considerate the MDA and its transformation levels with determine
a pragmatical semantics of mapping, reasons of chosen a class diagram as model of transformation and Java language
for code generation.

Key words: MDA, UML, transformation, mapping, semantic gap, pragmatics, class diagram, Java.
Introduction

Model Driven Architecture (MDA) is a methodology for the implementation processes of program
applications. The MDA was realized in 2001 year by the Object Management Group (OMG). OMG
is an international, open membership, not-for-profit technology standards consortium. Founded in
the 1989 year. Figure 1 illustrates the inherent pragmatics of the relationship between Model Driven
Engineering, Model Driven Development and Model Driven Architecture.

MDA: Model Driven Architecture © OMG

MDD: Model Driven Development © OMG

MDE: Model Driven Engineering

Figure 1 — The structure of MDE
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MDA is acore of Model Driven Engineering (MDE). MDE is a software development methodology
that basis on defining and utilizing domain models.

The syntax of a programming language defines the processes of microprocessor, so it defines
semantics of functioning the microprocessor by executed program. Semantics in UML diagram
defines abstract functioning of executable program. And these two semantics is distinct. So, semantic
gap between UML diagram and the code representations of future application are emerged.

Semantics of programming language consist of domain semantics and semantic mapping. Semantic
mapping relates the syntactic expression to the components of the semantic domain. Semantic domain
is an ontology, description of concepts of construction of programming language, in this context. The
notion semantic domain may use in describing the semantics of design part of development. UML
diagrams have components which describe the processes of functioning of implementing application.
Hence it follows that UML diagram components depict semantic domain.

A semantic gap is a discrepancy in the logical connection of elements of one model in another,
transformed because of the first. The basic importance to Model Driven Architecture is a notion of
metamodel, above that it obtains model transformations. Metamodels determined using the Meta Object
Facility (MOF) standard. OMG defined also a specific standard language for models’ transformation
which called Query/Views/Transformations (QVT). And defined mechanism based on XML, which
provide interchange between models.

QVT is not success concept, it has no complete implementation, no industrial support, and not
used much by developers. For MDA implementation released Eclipse Metamodel Framework (EMF)
tool. EMF is used for a research project and affords to support a metamodel.

Materials and methods

Transformation

CIM
(Computational Independant Model)

@ =]
L

L
T

PSM
(Platform Specific Model)

-l b~
A
N Code
W I
W
-
e -

MDA: Different model levels,
model transformations between them

Figure 2 — Sequential transformations between models of MDA

Figure 2 explains the sequential transformations up Computational Independent Model (CIM)
level to executed code. The CIM level consider specifications, scenario, and requirements to software
application. It contains semantics of domain elements of conceptual model of application. Platform
Independent Model (PIM) is transformed version of CIM level. On transformation between CIM and
PIM levels the scenario of implementing application turn into UML diagram, which is understandable
design not only for domain specialist. On transformation of PIM to Platform Specific Model (PSM)
level, which demonstrated on Figure 3, the model of application turns into detailed version of PIM.
On that level all UML diagram elements acquire more detailed features, which give opportunity to
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transform it to code. Behind all that transformations hidden notion which identifies metamodels and
contain domain semantics.

Main provisions

Mapping is not easy part of MDA. The semantics of domain specification should not change on
transformation levels. Mapping feasible based on NLP and Graph theory.

Mapping based on matching. The notion of second suppose the use of Model Management
Algebra (MMA). The match in MMA presented as an operator which takes two models as input and
returns a mapping of them. Mapping identifies combinations of objects in the input models that are
either equal or similar, based on the external meaning of equality and similarity. That definitions set
leads to two versions of the operator: Elementary and Complex matches.

Elementary is when one element is a modified version of another. The complex is based on the
complex meanings of the equation. That match, in its case, should distinguish sets of equal objects
from similar ones. Similarity implies that the object is related, but with uncertainty, how are objects
interconnected. Elementary and complex matching are not algorithms. But these matching’s rules
have their usage in graph isomorphism to detect structural similarity in complex models, and not only.
In NLP to identify, analyze similarity in text of a model.

Fim PsM

Figure 3 — Transformation PIM to PSM
Results and discussion

Pragmatics of mapping

In sequential of all written above may conclude following definition which contained in the notion
of matching according to software development:

Semantic pragmatics is a comparison of two models by separating the essential from the non-
essential. For instance, semantic pragmatics between model programming language and the model
of PSM level, which in case the transformed model of previous levels of MDA, reveals in cutting
off elements do not correspond to the syntax of programming language and domain-driven design
specifications.

Semantic pragmatics is embedded in matching, which means it is embedded in mapping, which
in case embedded in transformations of levels of MDA.
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Literature review

MDA reviewed in papers [1, 2, 3, 4]. In articles considered MDA methodology in detailed position
from statement to levels transformation description.

In the paper of Peter D. Mosses el at. [5] a semantics of programming language is determined
as conceptual meaning of a program. It means that semantics provides abstract version of how the
application will work in real. The form and structure of semantics of any program are determined by
their syntax. So, the syntax has the defining role in collecting a semantics of implementing application.

In [6], considered the solution of bridging translating problems between pseudo-code and code
with using NLTK library functions. NLP is a developing sphere of information technology. Nowadays,
most applications based on trained “Al”, the abbreviation Al in parenthesis, because it is not complete
version of human brain, it works similar and with human written algorithms. It is not existing by
itself. NLP use machine learning methods and related to data science, because from the namespace,
it processes the text. Data is textual and symbolic information. NLP use in automatic word detection,
words translator. Tokenization and summarization are the main parts of NLP. In paper, the primary
objective in research was to translate the pseudo-code to code automatically. The method to solve
was using seq2seq technique. The prevented technique solves the 26% blank pseudo-code problem of
SPoC dataset.

In [7], authors present an approach to automatically transform textual business rules to an SBVR
model, Semantics of Business Vocabulary and Business Rule is a standard of OMG. The approach sate
on NLP and SBRV model, which include semantic notations of each rule. The semantics contained as
XMl file.

In paper [8], presented approach of automatic generation of code using smart contract code
examples from Solidity PSM. then the generated smart contract code compile on the Ethereum
blockchain JavaScript virtual machine, compare with original contract code in terms of Solidity code
metrics, similarity scores and execution costs. Authors elaborate on how the Solidity PSM is used for
Solidity smart contract code generation by employing model-to-text transformations.

In [9], proposed transformation from PIM to PSM as a process. Authors extend it as separating
mapping specification and transformation definition. The proposed process involves a metamodel
based on MOF and Ecore, a UML metamodel, a mapping and transformation language model, and a
transformation engine.

The mapping model specifies a relationship between the source and target metamodel, which is
an UML.

A transformation model generates from a mapping model. The transformation program
implements on the base of the transformation model. Transformation accomplishes according to the
transformation engine, which executes the transformation program. Then the transformation engine
on output produces the target model.

Three categories of mapping given in the article based on the concept of similar structure and
semantics between the elements of metamodels. There are: one — to — one, one — to — many, many —
to —one.

A one - to - one mapping is defined by one element from a target metamodel that equal to similar
structure and semantics of one element from a source metamodel. A one — to — many mapping is
defined by non-empty and non-unitary set of elements from a target metamodel with similar semantics
to one element from a source metamodel. The last mapping is opposite definition of the one — to —
many mapping.

Article [10] describe tool and approach of automatic generation code from UML class diagram
in software development, consequently. Authors in their article describe the Eclipse modeling tool in
concrete and Java code generation from UML diagram file. In [11] given approach of automatically
generating Java code. Authors created GenCode named tool as solution for mobile application
development. GenCode is open access and generate Java code from UML only. The algorithm of
GenCode tool is as follows: First, the diagram is fixed and sorted into the “structure” and “sequence”
packages. The structure package contains a class diagram, and sequence contains a sequence
diagram. After that, the “models’ generator” package will generate code for Android generator and
CSharpgenerator for the selected one. First, the structural code is generated, then the behavioral code.
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In article [13], the authors research focuses on identification of significance of class diagram in
software development. And formulated the class diagram description.

In article [14], a metamodel of Java language and model-based code transformations are touched
upon. There are presented the scratch of Java meta-based code as an example of applying modeling
tools like QVT. Besides, marked the definition blackbox.

Class diagram and Java

Unified Model Language is easy implementable to any Independent Development Environment
(IDE) for its paradigm. In software engineering there are some IDE to generate code from UML
directly: Eclipse Metamodel Framework IDE, NetBeans IDE, IntelliJ IDEA, Visual studio, Android
Studio.

IDE transform the PSM level to code not from the initial CIM level. There are many research in
using that IDEs but one is not yet described. It is Android studio. All these IDE based on class diagram
and implement transformation from PIM to PSM, then to code. To get such result it requires Visual
Paradigm plugin. The reason of using Visual Paradigm by developers is that the Visual Paradigm
is an aggregate of design, analysis, management tools, which provide code generation. The noticed
detail in research of software development that most code transformations based on class diagram and
interpretation on Java language. The question why class diagram chosen as optimal variant arises, and
why code interpreted in Java not Python or C++. The class diagram relates to structural type, so it is
static and used to model static view of a software application. The static view describes the vocabulary
of the prototype of application. Beside that the class diagram is a consideration for component and
deployment diagrams and used to build the executable code. UML diagrams not entirely based on OOP,
but exactly the class diagram present the mapping of object-oriented languages. One of these object-
oriented languages is Java. The choose exactly that language comes from its semantic modelling.
Because of the class diagram is static, and static semantics are sufficient to construct the most used
Java refactoring. Java metamodel reflects static semantics.

Conclusion

The implementation of any software application is based on semantics. Semantics in MDA is
presented in the form of a CIM level specification, which interpreted as a UML diagram at the PIM
level. Then, the PIM model converts to the PSM model. By comparing models, the semantic gap is
eliminated. The mapping is based on semantic pragmatics. Each transformation is a set of rules that
is determined by semantic pragmatics. The article also presents a literature review of articles by other
researchers related to this topic. Many software developers use IDE to automatically generate code
from UML diagrams. And each of them is associated with class diagrams and the Java language. The
reason of chosen is their similar semantic structure. Due to that, the class diagram correctly converts
into the Java code, and thereby the semantic gap between design and code is eliminated.
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JU3AHH MEH KOJ APACBIHIAFbI CEMAHTUKAJIBIK
AJIITAKTBIKTbI KAPACTBIPY

Anjgarna

XKobanapapr Oackapy KesiHie, OariapiaMaliblk KOCBIMIIAHBI KypyFa OpTYpJl callanapiblH MaMaHIapbl
KaTBICAIbI JKOHE Op MaMaH jko0ara e3 yieciH Kocaasl. MpIcalbl, OoNamak KOCBIMITaHBIH MaKeTTePiH jKacaymIbl —
UI/UX nu3aiiHepsiep MEH COJI MPOTOTHIIKE COMKEC KOJI JKa3aThlH OarmapiaaMaiaymbuiap. Jn3aiH TYKbIpbIMIaMachl
iCKe achIpy/IbIH TEXHUKAJIBIK TYPFBICBIHAH, Y3€Te aChIPbUTY MYMKIHIIKTEpIHEH ThIC 60ybl MyMKiH. XKy3ere achipyabt
Tek Oenrini Oip Oarmapmamansik iatgopma Hemece OaraapiaManay TUTIHAE JKMHAY MYMKIH eMec, CoMKeciHIe
JIAMBITY/Ia JIa KUBIHABIKTAD TYbIHAAAbL. Jlu3aliHepiep/IiH TYKbIphIMIaMaiapbl MEH OarqapiiaMaiblK jKacaKrama
JKacayIIbIIapIbIH TEXHUKAIBIK KO )KETIMILTIK MYMKIHIIKTEPi apachlHIaFbl CEMAaHTHKAIBIK aIIAKTHIKTHI )KOIO YIITH
Model driven Architecture (MDA) omicTemeci mbIFapbUTABL, Oy Oip )KarsIHAH OaFIapiIaMablK )KacaKTaMaHbl CHTIi3y
TYKBIPBIMJIaMACHI, EKiHIII JKaFbIHAH cTaHAapT. Makanaga MDA »oHe OHBIH TYPJICHIIIPY JeHT eUIepiHiH apachIHIAFbl
MparMaTiKaiblK CEMaHTHKa, TYPJICHIIPY MOJeli PeTiHIe Kiacc JuarpaMMachl MEH KOATHI Kypy YIIiH Java TutiH
TaHaay cedentepi 3epTTei.

Tipex ce3aep: MDA, UML, TpancdopMariusi, COUKECTCHIIPY, CEMaHTHKAIBIK AIIAKTHIK, TParMaTHKa, KI1acc
JuarpaMmMacsel, Java.
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'Kazaxcranko-bpuranckuii texanueckuit yausepcuret, 050000, r. Anmarsl, Kazaxcran
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PACCMOTPEHUE CEMAHTUYECKOT'O PA3PbIBA
MEXKIY JIU3AMHOM U KOJAOM

AHHOTALUA
B ympasnenue npoekTaMu pyu CO3IaHIH MPOTPAMMHOTO MPIIIOKEHUS BOBICUCHBI CTICIHAINCTHI PAa3HBIX MIPE-
METHBIX 00JIacTel, KOTOphIe JenaroT cBoi Bkian. Hampumep, muzaiinepsl UI/UX, KOTOpbIe CO3MAI0T MaKeThl OyIy-
Ero NpuIoKCHUA, NI paSpa60T‘II/IKI/I, KOTOPbIC MUINYT KO B COOTBETCTBUH C IIPOTOTUIIOM. KOHHGHHI/IH ;[143a171Ha
MOJKET BBIXOAMTD 32 PAMKH BO3MOXKHOCTEHN €€ MHTEPIpPETaluu C TEXHUUECKOH TOUKM 3peHus peanuzanuu. Peanuza-
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[I1I0 HEBO3MOXKHO COOpaTh TOJILKO Ha OJIHOM OIpeJIelICHHOW TPOrPaMMHOI TIaT(hOpMe UIH sI3bIKE, U, COOTBETCTBEH-
HO, TIOSIBJISIFOTCSI Tpo0JieMbl B pa3paboTke. [jist ycTpaHeHHs CeMaHTHYeCKOTO Pa3pbIBa MKy KOHIETIIHSIMU JTU3aii-
HEpPOB M BO3MOYKHOCTSIMH Pa3pabOTUMKOB MTPOTPaMM B TEXHHUUECKOH JOCTYITHOCTH ObUIA BBITYIIEHA METO/IOJIOTHUS
Model Driven Architecture (MDA), koTopasi siBIsleTCs, C OMHOH CTOPOHBI, KOHIETIIHEH BHEAPCHHS IPOTPaMMHOTO
obecriedeHus, ¢ Ipyroi — ctangapToM. B cratse paccmatpuBaetcs MDA u ero ypoBHH IpeoOpa3oBaHUs € OTIpeie-
JICHUEM NParMaTH4eCcKoi CeMaHTHKN OTOOpPasKeHNs, IIPUYMH BBIOOpa JrarpaMMbl KJIacCOB B Ka4eCTBE MOJEIIH IIpe-
00pa3oBaHMs U SI3bIKA Java U1 TeHepaluy KoJa.

KatoueBbie cioBa: MDA, UML, Tpanchopmarys, cOnocTaBieHHe, CEMaHTHYECKUI pa3phIB, IparMarTHka,
JuarpaMma KJiaccos, Java.
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MODELING OF RADIATION PROCESSES
OF DEFECT FORMATION IN MATERIALS
IRRADIATED WITH IONS

Abstract

The consumption of materials is growing every day, which means that we will increasingly have to cope with the
problems of natural resources and supply. Therefore, humanity is forced to expand its resource base finding ways to
use existing raw materials more efficiently, turn previously unusable substances into useful materials and also produce
completely new materials from substances that are available in abundance. One of the ways to create new materials
is to irradiate a substance with charged ions. The article discusses this technique based on the cascade-probabilistic
method, the purpose of which is to obtain as well as the next ensuing use of cascade-probabilistic functions (CPF)
considering energy losses for ions. The CPF computations were executed depending on the number of collisions and
the depth of surveillance for various incident ions and samples. When computing cascade-probabilistic functions and
spatial distributions of vacancy clusters patterns of conduct and finding the real resulting region in gold and silver
alloys were obtained. Selection of step and boundaries for calculation were automated. Results of the calculations
performed are illustrated in the form of graphs and tables.

Key words: modeling, regularity, cascade-probabilistic function, concentration, ion irradiation.
Introduction

When materials are irradiated with various particles, corresponding defects are formed. To date, ion
beams are mainly used to produce heavy-duty parts and materials in the case of ion radiation exposure
defects in the form of cascade regions are formed [ 1-3]. The presence of defects in materials significantly
accelerates or slows down various processes. As a result, this affects the formation of compounds and
structures, the physicochemical properties of irradiated materials change. Simultaneously, it is needful
take into consideration the full “physical” picture of the interaction process considering the types of
falling particles (light or heavy) [4, 5]. When computing probabilistic characteristics difficulties arise
in the case of ion irradiation, problems associated with the complexity of the mathematical description
of these processes which served to create mathematical models describing the phenomena of the
formation of vacancy clusters in dynamics [6—10].

For computations of cascade-probabilistic functions, spectra of primary knock-on atoms,
concentrations of radiation defects (CRD) in gold and silver irradiated with various incident ions,
an approximation expression for the interaction cross section was selected and the conforming
approximation parameters were found.
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Gold is a metal and a chemical element, the atomic number of which is according to the periodic
table. Gold is a financial unit in the global economy and in the field of investment as well as a jewel
that is used in the jewelry industry. Silver is a metal and a chemical element whose atomic number is
according to the periodic table. Silver is not only a popular metal for investment in bullion, but also
one of the most useful metals in the history of mankind and in the modern world. As the best conductor
of heat and electricity of all metals, silver is used in a huge number of industrial, technological, and
medical/hygienic products. Silver and gold are among the most common metals used in industry;
therefore, alloys based on them will be considered in this paper.

Materials and methods

The interaction cross section for ions is computated according to the Rutherford formula [11]. The
approximation cross section is computated using the following formula [1]:

1
O'(h.) = Oyg (m - 1), (1)

where 09, a, k, Ey — approximation parameters.
With ion irradiation, the mathematical model for calculating CPF, considering energy losses, is
calculated by the formula [1]:
1 (Ey — kh'\™ h—h' 1“(—E° _kh,) ' 2
W (W1, Ey) = ( 0 > exp< - ) Bo —kh) _h_py|. @
0

n! A \ Ey — kh ak

To calculate ¢, ( k', h, E,) a formula convenient for computations was used [1]:

[ l ( l) l (/’{) 1 l EO - kh’
n(n!) — nin( 2, Aoakn E, — kh
Yo W hE)=exp| /ln(Eo——kh’) \ . 3)
h h EO - kh 12
+ +nln|——"=—(h - h") |
Ao ak

For ion irradiation, the following ratio is used to calculate the CRD [1]:

£ Ck(EO'h) =
Jg!™ W(Eq, B, h) dE;

“4)

_AE (myc®myc?)

EZmax -

(myc? + myc?)?’

Using the Bethe-Bloch formula we find the corresponding surveillance depths, considering that
ﬂE(h) =Ey,— E; (h)
The spectrum of primary knock-on atoms (SPKA) is calculated by the formula [1]:

Ty h
h —h E, E; k') dh'
W(Eo’Ez’h):Z ]w”(h’)exp(_( 72 ))W(All(le’))lz ' (5)
n=Mp h—kd,

In the range of acceptable values ¥, ( h', h, Ey) ng, 14 are the minimum and maximum values of
the number of collisions.
Computations of SPKA in the elementary act are executed according to the formula [1]:

do (E;, E;) 1

dE, "o (Ey) ©

w (ELEE) =
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Main provisions

The aim of the study is to optimize the algorithms for calculating the probabilistic characteristics
of the processes of radiation defect formation under ion irradiation. The object of research is metals,
namely gold and silver. The subject of the study is cascade-probabilistic functions depending on the
number of interactions and the depth of penetration of particles. The obtained mathematical models
can be used in the future for numerical calculations of the spectra of primary knock-on atoms and the
concentration of radiation defects in other metals and semiconductors, as well as in the study of similar
phenomena. The obtained physical models and calculation results allow a deeper understanding of
the processes of radiation defect formation in condensed media and can be used in their work by
experimenters.

Literature review

It should be noted that many works have been devoted to the problems of radiation defect formation
during the interaction of ions with matter, for example [2—10]. Energy losses due to ionization and
excitation of the electron shells of the atoms of the medium were not considered, so the simplest CPF
was used. When charged particles interact with matter, continuous energy losses occur along the path
of their movement. These losses lead to a strong dependence of both the energy spectra of the incoming
particles themselves and the primary knocked-out atoms (PKA) on the penetration depth. The range
of interaction for the formation of PKA significantly depends on energy, and therefore it became
necessary to obtain physical and mathematical models that consider the real dependences of various
parameters of the elementary act on energy, depth. Previously, in most cases, the simplest cascade
probability function (CPF) was mainly used for specific calculations, this is not always justified, since
the interaction path depends on the energy [11]. It is necessary to investigate the behavior of the
obtained CPF considering the energy losses for ions, to prove the properties that they should possess
both from a physical and mathematical point of view, to develop calculation algorithms and perform
calculations of CPF depending on the number of interactions and the depth of penetration of particles,
and the concentration of radiation defects.

Results and discussions

To calculate ¥, ( h', h, Ey) it is needful to calculate the interaction cross-section according to
the Rutherford formula [11], find the surveillance depths from the tables of parameters of the spatial
distribution of ion-implanted impurities [12] and determine the approximate parameters calculated
by the formula (1), which are also included in the expressions for the PKA spectra, concentrations
of radiation defects. The results of the selection of approximations are shown in figure 1. The
approximation parameters and the correlation index for indium in gold at various values of Ej are

shown in table 1 (p. 58).
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Figure 1 — Approximation of the modified y(h', h, E,) cross section for indium in gold:

E, = 1000 (1),800 (2),500 (3),200 (4),100 (5) keV. Curves — approximation lines,
asterisks — calculated data of the section dependence on h
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Table 1 — Approximation coefficients for indium in gold

E, gy * 10° a E, k n chi?
1000 53.53353 0.23606 0.00599 8.57545 0.99667 33292.43045
800 102.8195 0.95274 0.00698 0.5697 0.99126 94088.98762
500 128.15188 0.52176 0.0222 143.41385 0.99095 109625.1123
200 163.07921 0.1802 0.05376 2524.30618 0.99641 66123.10731
100 129.54471 0.04733 0.12437 12034.90155 0.99925 20334.99881

Next, computations were executed Y(h', h, E;), the areas of finding the result were revealed, the
patterns that emerged when determining this region were set. Figure 2 and table 2 illustrate the results
of the calculations.

Igw o

-10

Figure 2 — Addiction of E, = 100 kevV on  for nitrogen in gold at

1 2

3

4

n*10°

h=0,5"-10"%;0,9 - 1072, 0,13 - 107% 0,17 - 10" cm and Eg = 100 keV

Table 2 — Addiction of the percentage of displacement of the left and right boundaries
of the resulting region on the surveillance depth for silver in gold at E, = 1000 keV

h =105 cm h Ca % 3% N, C3. %
A, cm

10 8682 -7,79 21 100 13,2
15 15483 -15,89 25 150 9,1
20 25015 -22,579 29 225 6,42
25 38912 -27,67 32 325 4,33
30 60433 -30,38 32,8 600 2,42
35 97168 -29,37 30,5 1300 1,13
40 171765 -22,835 23,1 5500 0,265
45 396151 -11,26007 11,2627 500000 0,00263

The results of computations of the concentration of radiation defects are illustrated in table 3

(p. 59).

After the calculations (h', h, E;) depending on the number of collisions and the depth of particles
surveillance, the regularities of the behavior of the step and the resulting region for computation were

identified.

Let ’s pick out the patterns when choosing step:

1. For small values of the atomic mass A, of the incident particle and small values of the depths,
the step is significantly small (approximately in the range of 10—20) with an increase in the

value of the surveillance depth, the step begins to increase.
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2.
3.

Increasing the .. value of the incident particle it also leads to an increase in the step.
If the A, value of the incident particle is large and the sample is small, then the step begins
to increase significantly.

Table 3 — Boundaries of the CRD determination area for titanium in silver at
E, = 50keV,Ey, = 1000 keV

h* 10° Ck, cm E, keV T, Ty t
0,1 31762,9 1000 6 142 7"
3 34925,6 900 1559 2331 32"
6,1 39102,9 800 3617 4748 72"
9,1 44196,7 700 5930 7354 2'
12,2 51079,3 600 8731 10442 3
15,3 60469,0 500 12092 14092 5'
18,4 74001,0 400 16272 18584 7
19,9 82838,5 350 18722 21199 9
21,5 95016,9 300 21778 24446 I
22,1 100401,3 280 23076 25822 12'
22,7 106368,0 260 24477 27304 13'
23,3 112991,09 240 25996 28912 15'
23,9 120342,19 220 27661 30667 16'
24,4 126202,89 200 29176 32263 17
25,0 134643,69 180 31183 34375 19
25,6 143506,49 160 33445 36753 22
26,2 152073,69 140 36036 39471 24
26,7 153675,79 120 38525 42078 26'
27,3 151251,19 100 42057 45774 29
27,9 124648,19 80 46458 50371 32
28,1 83424,29 70 48202 52190 34
28,4 13628,49 60 51186 55300 38
28,7 0 50 54763 59027 43'

When calculating (k' h, E;) depending on h, the regularities of the step behavior are revealed:

1.

4.

With a small value of A, of the incident particle the step is significantly small, an increase
in the value of the surveillance depth leads to a growth in the step at the end of the mileage it
is significantly strong.

. Reducing the particle £, will lead to a growth in the step, provided that the value of the

surveillance depths does not change.

. As the A, value of the incident particle increases, the step begins to grow gradually and then

very sharply, provided that the value of the surveillance depths does not change.
The dependence of the step on A, can be represented as an increasing curve.

Patterns of conduct of the resulting domain for Y(h', h, E,) calculated depending on n:

L.

h
The maximum value of ¥(h', h, E;) is shifted to the region of shallow depths concerning to —

when the value of A, of the incident particle is large and at large depths the result is in a narrow
region.

. The most limited resulting region is turned out with a large value of A4,. of the incident particle

and a small value of the sample at the end of the mileage.
As the value A,. of the incident particle increanls, the resulting finding area narrows and moves

to the region of shallow depths concerning to 7

Finding the resulting CRD region under ion irradiation revealed the following patterns:

1.

The values of the CRD at the same depth of surveillance are significantly reduced.
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2. Depending on 4, the values of the CRD increase.
. If the E, of the primary particle increases at the same value of threshold energy E_and / then
the values of the CRD begin to decrease.

4. Depending on E_ the boundaries of the resulting region remain constant provided that £ and /
remain unchanged.

5. The boundaries of the resulting CRD region, depending on 4, increase and move to the region
of great depths and the interval of boundary changes in the interval ranges from 0 to 5000.

6. The counting time t increases significantly for heavy incident particles and light samples.

(98]

Conclusion

In this paper, the expressions of the CPF are obtained, considering the energy losses for ions in
an analytical form. The approximation expression is selected, and the approximation parameters are
chosen so that the correlation index is close to one. Computation algorithms have been developed
and computation of cascade probabilistic functions has been optimized, considering energy losses
depending on the number of interactions and the depth of surveillance particles, the concentration of
vacancy clusters under ion irradiation. Computations were executed and patterns of conduct of the
resulting region of the CPF and the step for computation were found depending on the number of
collisions and the depth of surveillance particles. It is shown that the resulting region is significantly
affected by the initial energy of the primary particle, the surveillance depth, the atomic number of the
incident particle and the sample. Comparisons of the computation results by time before and after
optimization are performed. The computations were executed using a software package developed in
Microsoft Visual Studio 2017 and the database was created in MS SQL Server 2019.
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Angarna

Marepuanmapapl TYTBIHY KYH CaiiblH apThIll KeJiedi, OV ©3 Ke3eriHae TaOuru pecypcTap JKOHE KaOapIKTay
MOCeJIeNIepIMEH KHi KYpecy/iH maiaa 0oiysiH Oungipeni. COHIBIKTAH ajaM3aT KOJIAHBICTAFbl MIUKI3aTThl THIMII
naiinansany, OypbIH jKapaMChI3 OOJFaH 3aTTaplbl MalJabl MaTepuaiiapra aiHaIABIPy MCH KOJJIAHBUIFAH 3ar-
TapJaH MYJJIEM jKaHa MaTepHuajjap MIbIFapy >KOIaapblH Taly apKbUIbl ©31HIH PECYpCTHIK 0a3achlH KEHEHWTyre
MOKOYp. Kana Marepmanmapisl ’Kacay TOCUIAEpiHIH Oipi — 3aTTBI 3apsATaiFaH HOHIAPMEH coyieneHnaipy. Ma-
Kajaja MOHJIAp YIIiH DHEPrHs IIBIFBIHBIH €CKEPEe OTBHIPHIN, KACKaAThl bIKTUMAIABIK (QyHKiusiapsiH (KbId) amy
JKOHE TNalJajaHy MaKCaThIHAAFbl KacKalThl BIKTHMAJABIK OJiCiHE HEri3JenreH Tocin KapacTbipbiiajasl. Kbl
ecenTeysiepi COKTBHIFBICTAP/IBIH CAHbIHA JKOHE OPTYPJIi KYJIaFaH MOHIAp MEH YITUIepaiH Oakpliay TepeHIriHe Oai-
JIAHBICTHI JKypri3unai. KackaaTsl BIKTUMANIBIK (QYHKIMSUIAPBIH KOHE 00C KJIACTEPIICP/iH KCHICTIKTIKTE TaparyblH
ecenrtey Ke3iHJe alThlH MEH KYMIC KOpBITHAJapbIHIaFrkl HAKThI HOTH)KE aliMarblH Taby MEH MeTal KaCHeTTEpPiHiH
3aHJIBUIBIKTAPhI aNbIHAbL. EcenTey yiiH KajamMaap MeH IieKapaiap/bl TaH1ay aBTOMATTaHAbIpbuiFaH. OpbIHIaFaH
ecenTeyIepaiH HoTImKeIepi rpadukTep MEH KecTenep TYPiHAe YCHIHBIIFaH.

Tipek co3mep: MoeIbICY, 3aHIbUIBIK, KACKAIThI BIKTUMAIBIK (OYHKIIUSACHI, KOHIICHTPALIUS, HOH/IBIK COYJICIICHY.
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MOJAEJIUPOBAHUE PAIMALIMOHHBIX MNPOLECCOB
JE®EKTOOBPA3OBAHUSA B MATEPUAJIAX,
OBJIYYEHHBIX HOHAMM

AHHOTAIHUA

[MoTpebnenne MaTepranoB pacTeT ¢ KAKIBIM JHEM, a 3TO 3HAYHT, YTO HAM BCE Yallle TIPUICTCS CIIPABISATHCS C
mpobaeMaMyl IPUPOAHBIX PECypcoB U cHaOkeHMs. [109ToMy YenoBeuecTBO BBIHYKACHO PACIIHPATH CBOIO pecypc-
HYIO 0a3y, Haxos1 crtoco0bl 6oee 3(h(HEKTHBHO UCIIOIB30BATh CYIIECTBYIOIIEE ChIPhE, IIPEBPAIIaTh PAaHEE HEIIPUTOI-
HbIC BCHICCTBA B MOJIC3HBIC MAaTCPUAJIbI, @ TAKKE IMTPOU3BOJNUTH COBEPIICHHO HOBBIC MAaTCPpUaJIbl U3 BEIIECCTB, KOTOPHIC
JIOCTYIHBI B n300Manu. OZHUM U3 CIIOCOOOB CO3/IaHMsI HOBBIX MaTepHajioB SIBISIETCS OOIyueHHE BEIIEeCTBa 3apsi-
JKeHHBIMHM MOHaMH. B crarbe paccMarpuBaeTcs JaHHBIH c110co0, OCHOBaHHBIH Ha KaCKaIHO-BEPOSITHOCTHOM METOJIE,
IIeJTb KOTOPOTO COCTOHT B TIOTYYCHUH, a TAKKE TOCICAYIONIEM UCTIONB30BaHIH KACKaTHO-BEPOSTHOCTHBIX (DYHKITHI
(KB®) ¢ yuetom moTeps sHepruu st HOHOB. [IpoBenens! pacaers: KBD B 3aBHCHMOCTH OT KOTHYECTBA COyAapEHHA
1 TIyOWHBI HAOMIOAEHUS IS PAa3IMYHBIX MAAfONMX MOHOB M 00pa3moB. Ilpu pacdere xackagHO-BEpOATHOCTHBIX
(GYHKIMH ¥ TPOCTPAHCTBEHHBIX paclpe/ieieHUi BAKAHCHOHHBIX KJIACTEPOB MOTY4YEHbl 3aKOHOMEPHOCTH ITOBEICHHS
1 HaXOXJICHUSI pealIbHOM pe3yJbTHPYIOIIeii 00nacTy B CIjlaBaX M3 30J10Ta U cepedpa. ABTOMaTU3UpOBaH Moadop
11ara U TpaHuIl Juisl pacyera. Pe3ynbraTsl BBHIIOIHEHHBIX BBIYMCICHUH MPOMIUIIOCTPUPOBAHEI B BUjaE rpadukoB 1
TadIuII.

KoaroueBble cjioBa: MOIETMPOBAHKNE, 3aKOHOMEPHOCTh, KacKaJHO-BEPOSTHOCTHAS (DYHKLHS, KOHICHTPALUS,
HMOHHOE OOITydeHHe.
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STUDYING THE FEATURES
OF SIMULATING FLUID MOVEMENT IN POROUS MEDIA

Abstract

The study of fluid flow in porous media, differing from traditional pipe flow is crucial for developing efficient
methods in oil extraction and minerals, considering the challenges associated with ambiguous flows and diverse
porous structures. This paper addresses the complexity of investigating fluid flow in porous media, a phenomenon
significantly distinct from fluid movement in pipes. Emphasis is placed on the absence of clearly defined flow tubes
in porous media, complicating measurements, and analysis. The study introduces a new approach incorporating
both analytical and numerical methods, applied to various porous media. The research proposes a mathematical
model based on laws and correlations to describe systems, including concepts such as permeability, flow velocity
potential, characteristics of single-phase and multiphase systems, and fluid compressibility. Special attention is given
to the characteristics of oil reservoirs, determined based on fluid properties in the reservoir, including porosity and
saturation, as assessed by engineers. Numerical results represent fluid displacement in a flat channel and a one-
dimensional problem in a porous medium, performed using finite-difference approximation of equations with an
explicit scheme. The numerical results of this model were implemented in the Matlab software.

Key words: mathematical modeling, porous media, filtration, Darcy's law, permeability, fluid flow.
Introduction

Studying fluid flow in porous media is a complex phenomenon that cannot be described as simply
as the movement of fluid in pipes. Unlike the ease of measuring the length and diameter of a pipe
to determine its conductivity based on pressure, the flow in porous media has its peculiarities. A
distinctive feature is the absence of clearly defined flow tubes with measurable cross-sections.

Research on fluid movement in porous media has evolved in two directions: analytical and
experimental [1-5]. In works [6-8], the behavior of fluids in porous media ranging from sand to
crushed glass was analyzed, and based on these studies, laws, and correlational dependencies were
developed for the analytical description of such systems. The study presented in [9] explores the flow
of liquid in heterogeneous porous media, which holds fundamental significance for the operation of
many systems and applications. Such environments typically exhibit heterogeneity in the form, size,
connectivity, and surface structure of pores on small scales, as well as spatial changes in porosity,
permeability, and elastic moduli on larger scales.

The research emphasizes that any attempt to model flow in porous media requires the ability to
handle large volumes of data used to calculate the spatial distribution of pressure, fluid velocity, etc.,
throughout the pore space. The development of efficient prediction algorithms has always been an active
area of research. In the study described in [10], the effects of stress-dependent deformation of pores
on the properties of multiphase flow in porous media are discussed. Key parameters characterizing
multiphase liquid flow in porous media for various natural and industrial applications are relative
permeability and capillary pressure.
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Literature review

The study shows that while the influence of porous media deformation on single-phase liquid
flow is well-studied, the dependence of flow on stress in multiphase systems is not fully explored.
Concepts such as permeability, flow velocity potential, characteristics of single-phase and multiphase
systems, and fluid compressibility are used to describe flow characteristics in porous media [11-
13]. Characteristics of oil reservoirs are determined based on fluid properties in the reservoir, with
assessments of reservoir porosity and saturation conducted by engineers.

Fundamental principles

One of the key tasks is to determine the rock’s ability to conduct fluid, that is, to assess its
permeability. Permeability is a petrophysical constant determined by Darcy’s law [14-16].

uv\ Os Os

where (V) is the mass flow rate and permeability for a homogeneous fluid, ( ¢ ) is a dynamic viscosity,
(p)is apressure, (z ) is a vertical coordinate, (V) is a specific volume, and ( p ) fluid density — all
these parameters play a crucial role in characterizing the process. Permeability in porous media can
be determined using equation (1), and the sum (v ap N oz j characterizes the fluid filtration velocity

Os Os
potential. Then equation (1) can be expressed in the following form:

y=-2. 20 @)
Ly Os

During studies conducted by Darcy [17-19], fundamental assumptions were established, delimiting
the application domain of his renowned law. Firstly, it assumes that the fluid is a homogeneous
substance existing in a single phase. This significantly simplifies the modeling process by excluding
the need to account for more complex characteristics of multiphase fluids. Furthermore, it assumes
the absence of chemical interaction between the fluid and its surrounding environment, implying their
chemical inertness. It is also asserted that the permeability of the medium is a constant, unaffected by
the properties of the liquid, such as its type, temperature, pressure, or spatial distribution, simplifying
computational operations. It is essential to note that in the Darcy model, flow is considered laminar,
excluding more complex turbulent flows from consideration. Additionally, the electrokinetic effect
arising from potential differences during fluid movement under pressure through a porous capillary
structure is not considered [18-21]. Finally, the Klinkenberg effect, describing permeability changes
induced by the presence of gas phases in porous materials, is ignored within this model. These
assumptions establish conditions under which Darcy’s law provides the most accurate description of
fluid behavior in porous media. However, it is important to consider that adapting or supplementing the
Darcy model may be necessary for a more precise description of changing physical conditions [22].

The unit of permeability is called a Darcy (D), and its dimension can be defined as follows:
y, =22 ©
‘ Ly Os

If we express the parameters of the Darcy equation in terms of mass M , length L, and time 7 :

L M op M M L
Vs=;;p=7;g=ﬁ;ﬂ=ﬁ;g=p (4)

k L
Let’s— correspond to —, then k = L’
LT T
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kL L “
LT LT T

Therefore, the permeability unit is equivalent to the square of the length dimension.

In fluid dynamics, two distinct types of processes can be identified: fast and slow. This division is
based on the speed at which changes occur in the fluid state. Fast processes are characterized by short-
term, intense changes, such as instantaneous flows or surges. Slow processes occur more smoothly
and persistently, such as the gradual movement of a mass of liquid or constant circulation flows. By
separating these processes, it is possible to simplify the study of fluid dynamics, especially in complex
systems. Applying such a division allows for the derivation of the averaged motion equation, which
represents an averaged model of fluid dynamics, excluding short-term fluctuations and focusing on
larger and more constant flows. Such divisions are due to the fact that the characteristic hydrodynamic
times for fast and slow processes differ significantly (6). The characteristic hydrodynamic time is the
time scale over which significant changes in fluid flow occur. Fast processes have short characteristic
times, whereas slow processes occupy significantly longer periods. This difference allows for the
analytical separation of fast oscillations from slower, systematic changes in fluid motion.

w>> % (6)

To describe the dynamic processes of fluid in porous media at the microscale, linear Stokes
equations are applied, intended for a fluid that is incompressible and possesses zero viscosity. Since
the filtration process is very slow and in dimensionless variables, the reduced viscosity is of the order
£4, where £, is the average dimensionless pore diameter, and when averaging the obtained microscopic
model, the reduced viscosity together with the average pore size tends to zero. Dissolving soil with an
active admixture induces flow into the pore space. For the chosen system of dynamic equations, such a
boundary condition is natural. However, for the Stokes equations of viscous incompressible fluid, this
boundary condition leads to practically insurmountable mathematical and computational difficulties.

Materials and methods

The motion of two distinct viscous liquids, which do not mix and have different constant densities,
inside a capillary occurs under the influence of external pressure: Q= {xeR*:=1<x<] —h <y <h}.
The moving boundary separates the zones and is filled with various liquids. Next, the flow patterns can
be described by the following equations: Stokes (7), continuity (8), and state (9):

apaa—btl=divP+pE, (7)
L P i =0 ®
a, Ot

P = a,D(x,i) - pE. 9)

As for the boundary conditions they are defined as:
S*:Pii=—pyii, S =0 (10)

At the boundaries of «inlet» and «outlet», boundary conditions are specified
(S ={xeR:x,=-1,-h<x,<h}cS, S ={xeR’:x,=1,-h<x, <h}c § respectively):

P(u,p)-n=-p’n,xeS". (11)
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1 .
here P(u, p) =2uD(u)— pl, D(u) = E(VU +(Vu) ),
where / is the unit tensor, p°(x) is a given linear function, n = (1,0) is the unit vector normal to S~ .

Finally, the initial conditions are described as:

- * *
u|t:0_u ’pt:O_p

At the initial stage of the time interval, when, the considered density is represented as a function
with piecewise-constant values. This assumption is based on the representation of density by two
separate positive quantities, each corresponding to different phases of the flow:

: Q' (0), .
p(x0)=p,(x)=17 " € O e —const, p~ > p* >0 (12)
p ., xeQ(0),

In this case, the initial conditions for density can be represented as a surface I'(0)=T,
separating two regions Q*(0), initially filled with different liquids. For simplicity, let’s assume that
[, ={xeR’:x,=0,~h <x, <h}. The task is to determine u, p and p(X,f) densities according
to equations (7) - (9), which correspond to the initial and boundary conditions. The problem has a
nonlinear nature since equation (9) includes an additional term u-Vp. To facilitate the analysis, we
will switch to uniform boundary conditions by introducing a new parameter p — p— p°(x) :

pAu-Vp=£=Vp’—gpe, (13)
P(u,p)-n=0,xeS". (14)

The motion defined by these equations supports the continuous coexistence of two distinct zones
Q" (1), where each zone includes one of the specified liquids. These zones are always separated by an
unchanging dynamic boundary. Therefore, the considered process reduces to determining the
parameters W, P and their influence on the displacement of this boundary T'(¢).

Results and Discussion

Numerical calculations were performed to simulate the displacement of one liquid by another in a
flat channel, and a detailed study and formulation of a one-dimensional problem in a porous medium
were conducted. A Finite-difference approximation of the equations using an explicit scheme was
implemented, allowing for an accurate modeling of the physical processes in the given environment.
Calculations for the one-dimensional problem were carried out using the Matlab software environment,
ensuring the required precision and clarity of results. One of the key findings is presented below,
showing the dynamic change in the free boundary in a unitary capillary (Figure 1, p. 67). This boundary
represents the difference between the liquids inside the channel or pore, significantly influenced by the
physicochemical characteristics of the considered liquids in the porous medium.

Throughout the study, we conducted a comprehensive analysis of fluid flow in porous media,
relying on both analytical and numerical methods. Modeling flow in porous media, especially in the
context of oil reservoirs, requires consideration of numerous variables and intricate interdependencies.
The results confirm that traditional approaches based on Darcy’s law may be insufficient to describe
all aspects of such complex systems, particularly in the presence of multiphase flows and changes in
fluid properties under the influence of pressure and temperature. The proposed mathematical model
incorporates concepts such as permeability, flow velocity potential, characteristics of single-phase
and multiphase systems, as well as fluid compressibility. These elements were integrated within the
developed numerical scheme implemented in the Matlab software environment. It is essential to note
that our findings underscore the need for further research in this field. Specifically, issues related to
pore deformation, and the impact of stress on multiphase systems remain open and require deeper
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analysis. The search for more efficient computational methods and algorithms for the analysis and
modeling of flows in porous media, especially under conditions of high heterogeneity and structural
complexity, remains a pertinent aspect.

Figure 1 — Dynamics of a free boundary in a single capillary
Conclusion

This work proposes an approach that involves understanding the fundamental processes occurring
in porous media, serving as a foundation for the development of specific new approaches to oil
extraction and the modeling of processes such as mineral leaching. However, it emphasizes the
importance of ongoing research in this field to enhance existing technologies and develop new ones.
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KEYEKTI OPTAJIA CY¥HBIK KO3FAJBICHIH
MOJEJIBAEY EPEKIIEJIKTEPIH 3EPTTEY

Angarmna

KyOblpiapiarbsl IoCTYpili aFbIHHAH €PEKIISNICHETIH KeyeKTi OpTajarbl CYHMBIKTBIK aFbIHBIH 3€pPTTEY IYPBIC
aHBIKTaJIMaraH arbIHIapMEH JKOHE KEYeKTI KYpbUIBIMIAP/IbIH SPTYPIILUIriMeH OaiaaHbICThl KHBIHABIKTAP/bI €CKepe
OTBIPBIT, MYHAI/IBI JKOHE 0acka J1a maiaanbel Kazoanap eHaipyaiH THIMII OAICTEPiH d3ipieyniH KuiTi. By skymbicTa
KEyeKTi OpTaJarbl CYMBIKTHIK AFbIHBIH 3€PTTEYAiH KYPAEIUIri KapacThlpblUiaJbl, OyJI KYOBUIBIC KyObIpiiapaarbl
CYHMBIKTBIK aFbIHBIHAH aWTapibIKTail epekiiesieHeni. Onmey MeH Tanuaynsl KAbIHIATaThIH KEYEeKTi OpTajga HaKThI
AHBIKTAJFaH aFblH TYTIKTEpPiHIH OO0NMaybIHA Ha3ap aylapbUIIbl. 3epTTey opTYpPIli KeYeKTi opTajapra KOIJaHbUIAThIH
AQHATMTHUKAJIBIK KOHE CAHJIBIK OICTepAl KAMTUTBIH aHa TOCUIAI YChIHAABI. 3epTTey OTKI3TIIITIK, aFbIHHBIH JKbLI-
JIAMJIBIFBI TTOTEHIUAIBI, Oip (azanbl jxoHe Kem (azanbl KyHelepaiH cUrartamaiapbl MEH CYHBIKTBIKTBIH ChIFBLI-
FBILITBIFbI YFBIMIAPBIH KAMTUTBIH )KYHEIep/i cumaTTay YIiH 3aHIap MEH KOpPEIISIHsFa HeT13/1eJITeH MaTeMaTHKaJIbIK
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Mozenbl yebiHaabl. VHkeHnepiep OaranaraH KadaTTarbl CYMbIKTBIKTAP/IbIH KACUETTEPIHE, OHBIH ILIIH/E KeYEeKTLIIr
MCH KaHBIKTBUIBIFbIHA Kapal aHBIKTAJIAThIH MYHAil KaOaTTapbIHBIH CHIIATTaMajapblHA CPEKIIe Ha3ap aynapbUiajbl.
CaHJIBIK HOTHIKEJICP TETiC apHalaFbl CYWBIKTBHIKTHIH OPBIH aybICTHIPYBIH XKOHE KEYCKTi OPTaJarhl Oip ©IIIIeM/Ii eCemnTi
YCBIHAIbI, OJ1 alKbIH CXEMaHbI MaiijiajiaHa OTBIPBIN, TCHICYIEP/iH COHFbI albIPMAIIBUIBIFBIH JKAKBIHIATY APKbLIBI
opweIHAanaabl. byt MogensaiH caHaBIK HOTIKenepi Matlab GarmapimaManbik opTackIHAA KY3€Te aChIPBLUIIB.

Tipex ce31ep: MaTeMaTHKAJIBIK MOACTBICY, KEYEKTi OpTa, Cy3riney, Jlapcu 3aHbl, CYHBIKTHIK aFbIHBI.
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UCCJIEJJOBAHUE OCOBEHHOCTEN MOJIEJUPOBAHUS
ABUKEHUSA KUJKOCTHU B IMNOPUCTBIX CPEJAX

AHHOTALUA

HccnenoBanme mMoToka JKUAKOCTH B MIOPUCTHIX CpeaxX, OTIMYAIONIETOCS OT TPAAUIIOHHBIX TIOTOKOB B TPy0ax,
MUMEeT KIII0UYEBOE 3HAueHHUE sl pa3paOdoTKu d(PPEKTUBHBIX METOAOB AOOBIYH HE(YTH U JPYTHX MOJIE3HBIX HCKOIIae-
MBIX, YYUTBIBAA CJIO)KHOCTH, CBA3aHHBIC C HEYETKO OINPECACIICHHBIMU TCUCHUAMU U pa3H006pa3HeM TIOPUCTBIX CTPYK-
Typ. B JnaHHOW paboTe paccMaTpuBaeTCs CIOKHOCTh M3YyUCHHsI MOTOKA YKUIKOCTH B MOPHCTBIX CPEIax, sIBICHHE,
KOTOPOE€ 3HAYUTEIHFHO OTIMYACTCS OT JIBM)KCHUS JKHIKOCTH B TpyOaX. AKIEHTHPYETCS BHAMAaHHE Ha OTCYTCTBUHU
YEeTKO OIPEICIICHHBIX TPYOOK TOKa B MMOPUCTOH Cpeie, UTO YCIMKHSICT U3MEpeHUs U aHau3. VccienoBanue mpe-
CTaBIISIET cO0OW HOBBIM MOIXOM, BKIIOUAIOMNN KaK aHAINTHYECKUE, TaK W YACICHHBIE METOMBI, C TPUMEHEHHEM K
pa3Ho00Opa3HBIM MOPHUCTHIM cpesiaM. B paMkax nccienoBaHus MpeuioykeHa MaTeMaTHIecKasi MOZIeIb, OCHOBAHHAs Ha
3aKOHaX U KOPpPEIAIUAX IJId OIMMCaHUA CUCTEM, BKIIIOYAIOIINUX B cebst KOHUOCTIOHUU IMPOHUTLIAEMOCTH, ITOTCHIIMAJIa CKO-
POCTH TEUCHHUSI, XapaKTEPUCTHK OJHO(A3HBIX U MHOTO(A3HBIX CUCTEM, a TAaKXKEe COKUMAEMOCTH kuakocTi. Ocodoe
BHUMAaHHE YIEISIETCS XapaKTEPUCTHKaM He()TSIHBIX IUTACTOB, OMPEICIIIEMbIM Ha OCHOBE CBOMCTB JKUAKOCTEH B TIIA-
CTe, BKIIFOUasi MOPUCTOCTh U HACHIIICHHOCTD, OICHIBAEMbIC MHXKCHEpaMU. UHCICHHBIC Pe3yIbTaThl MPEACTABIISIOT
BBITECHEHSI KHUIKOCTH B TUIOCKOM KaHaJe M OMHOMEPHOH 3a/1aue B TOPUCTOH CPesie, BHIIOTHEHHBIE C IPUMEHEHUEM
KOHEYHO-Pa3HOCTHOH amlmpOKCUMAIIMK YPaBHEHH 110 SIBHOM cxeme. UUCIIeHHbIe pe3yabTaThl JaHHOW MOAETH ObLIH
peaJin30BaHbI B IPOrpaMMHoOii cpeae Matlab.

KiroueBble ci1oBa: maTreMaTndeckoe MOACIIMPOBAHUC, NTOPpUCTAA CPCaa, (I)I/IJ'ILTpaLII/Iﬂ, 3aKOH I[apcn, IIOTOK
KHUIKOCTH.
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HNUCCIEAOBAHUE U MOJIEJIUPOBAHUE JJIEKTPOXUMHNYECKUX
NPOLECCOB B BAHAJIMEBBIX BATAPEAX

AHHOTAIUA

[TocranoBka mpoOsieMbl: B COBPEMEHHOM MHUpe pa3paborka d((QEKTUBHBIX MCTOYHHKOB DHEPIMU CTAHOBUT-
csi Bce Oosiee BakHOW mpoOnemoil. OJHUM M3 IEepPCHEKTUBHBIX HAIlpaBICHUH B O0JACTH JICKTPOXUMHUYECKHX HC-
TOYHUKOB SHEPTUH SIBISIFOTCSI BaHAIUEBbIe Oaraper. JTH Oaraper OCHOBAaHBI Ha EKTPOXUMHUYECKHX Ipolieccax,
MIPOUCXOAAIINX C yJacTHEM BaHAIWS B PA3IMYHBIX OKHCIUTEIBHBIX COCTOSHUSX. VccnenoBanne M MOJEIMPOBaHNE
AMEKTPOXUMHUYECKHUX MPOLECCOB B BAaHAAMEBBIX OaTapesx MMEIOT Ba)KHOE 3HAUCHME Ul ONTUMM3ALUH UX PadOTHI
U TOBBINICHHS d()(GEKTUBHOCTH HCIOJIB30BaHMs dHEepruu. VccinenoBanne U MOJICIUPOBAHUE AIIEKTPOXUMHUYESCKHUX
MPOLIECCOB B BaHAJMEBBIX OarapesiX UIpaloT KIIOYEBYIO POJb B pa3paborke 3(h(EKTUBHBIX MCTOYHUKOB IHEPTHH.
[ToHnMaHne OCHOBHBIX MPUHIMIOB PabOTHI BaHAJMEBBIX Oarapei, a Takke pa3padoTKa TOYHBIX MaTeMaTHUECKUX
MoyIeNel ¥ NX YHCIICHHOE MOJEIMPOBAHUE MTO3BOJIIOT ONITUMU3NPOBATH ITPOLIECCHI, CBA3aHHBIE C XPAHEHNEM U BBbI-
CBOOOJKIEHHEM PHEPruH. JlanpHelme NCCIenoBaHus U pa3pab0TKU B 9TOH 00IacTH MOTYT IIPHBECTH K CO3TAHHIO
6omee 3(h(heKTUBHBIX M YCTOWYMBBIX HCTOYHIKOB YHEPTHH, CITOCOOHBIX YIOBICTBOPUTH MOTPEOHOCTH COBPEMEHHOTO
o01ecTBa B ycTOWYMBOW SHepreTuke. Llenb: MojennpoBaHue MpoLeccoB BaHAANEBBIX PEOKC IPOTOUHBIX Oarapeil
(BPIIB) myTem BapbHpOBaHUS OTOKA AIEKTPOIUTA JUISI ONTUMH3ALUH JIEKTPOXUMHUUECKHUX MTPOIIECCOB, MPOUCXOIs-
KX B TPAHUYHBIX YCIIOBUSX MeMOpaHa — 3J1eKTpo/. Pe3ynbrarhl: JaHHOE HCCieJOBAaHNUE POBOIUT MOACIHPOBAHUE
B makeTe nporpammHoro obecrieuernss COMSOL Multiphysicals anexrpoxnmudeckue xapakrepuctuku BPIIB B 3a-
BHCHMOCTH OT TTOTOKA JIEKTPOINTA. BBIIN IPOBEICHBI UCITBITAHMS, B X0JI€ KOTOPBIX OBLTH UCCIIEIOBAHBI ITAPAMETPHI
CKOPOCTH IMOTOKA, YTOOBI OLICHUTH MX BIMSHHUE HA paclpeAeieHe IMOTeHINala U MIIOTHOCTH ToKa. [IpakTudeckast
3HaYUMOCTb: sHeprus B BPIIb xpanutcs B )KHUIKOM 3JIEKTPONINTE, KOTOPBII MPOKAauNBaeTCs 4epes3 SUehKy. DIeKTpo-
JIMT XPaHUTCS BO BHEIIHUX pe3epByapax, a He B MOPHUCTHIX AIEKTPOJIaX, Kak B 0ObIYHBIX Oarapesix. Pesynbrarsl cro-
COOCTBYIOT IOBBINICHUIO 3()(DEKTUBHOTO XpAaHEHUsI SHEPTUH, BHIPABHUBAHUIO HArPy3KN M CIIAXXMBAHHIO MHUKOBOM
mormHocty BPITB. ITocTpoenne moneneil mo3BOMSIET MpeAcKa3arh BIMSHHE Ha 3(PQGEKTHBHOCTD IEPEMEIINBAHUS
IEKTPOINTOB, YIUTHIBAsI THIPOIMHAMHYECKHE yCIOBHSI BHYTPH Oarapen, 9ToObI ONpeIeuTh, KaK OHU BIUSIOT HA
MEPEHOC NOHOB BaHA/IUS C YIETOM CKOPOCTH ITOTOKA 3IEKTPOJIHTA.

KuawueBrble cioBa: MOJCIINPOBAHUC, BaAHAAHUCBBIC PEAOKC IMPOTOYHBIC 6aTapeH, QJICKTPOJIUT, pacxold, IOJIsA-
pusanys, NJIOTHOCTH TOKA.

BBenenue

Eme kakux-to 15 et Ha3aa B 00JacTH aKKyMYJISTOPOB HE BO3HUKAIO MPOOIEM: MOOMIIBHEIE Te-
nedoHb! TpeOOBAIM 3apsAAKH BCETO Pa3 B HEIEIIO, sl HEOOIbIINX MEPEHOCHBIX YCTPOICTB XBaTalo
HeJIoporux Oarapei, a ANMeKTPOMOOMIIeH UIsi MacCOBOTO MCIIOIb30BAaHMUs BOOOIIE HE CYIECTBOBAIO.
Ho c mosiBneHreM HOBBIX MOOMIIBHBIX YCTPOHCTB CUTYAIUs C HICTOYHUKAMH TUTaHUS M3MeHIIack. Ha
JTAHHBI MOMEHT 00J1a1aTeNT MOIIIHBIX CMapT(OHOB CUACTIMBBI, €CIIH 3apsi/ia aKKyMYJIsITOpa XBaTaeT
Ha cyTkd [1, 2]. A MedTHl 0 3amace Xoaa IEKTPOMOOWIIS MPHUBEN K YPOBHIO aHAJIOTUYHOTO OCH-
3MHOBOTO ABHrarens. [Ipon3BoanTenu NMPakTUYECKH NCUEPIIATA BCE BO3MOKHOCTH IS YIyUIICHHS
AKKyMYJISITOPOB, HO BCE YK€ HAXOMAATCS B TIOMCKE HOBBIX MaTe€pHajoB U TeXHOJOTHH. UTo mo3BoseT
MOOHMIIBHBIM YCTPOMCTBaM pa3BUBATHCS CTPEMUTENILHBIMU TEMIIAMH, HO TEXHOJIOTHH Pa3pabOTKH HC-
TOYHMKOB NTUTAHUS HE yCIEBAIOT 32 HUMU [3—-5].

OpmnanMm u3 pemrennit siisitoTcest BPIIB, crmocoOHbIe HakarumBaTh O0bITHEe 00bEMbI SHEPTHH, CO-
XpaHsisl ee Ha JUIMTENbHBIA CPOK M BBICBOOOXKIast M0 HeoOXoanMocTu. VX mpuHIMI paboThl O4eHb
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MIOXO0X Ha TOT, YTO UCIIOJIB3YETCSl B OOBIYHBIX aKKyMYJISTOPaX: €CTh aHOM U KaTo, MEX/y KOTOPBIMHU
MPOMCXOIUT PEAKIINS OKHCICHUS M BOCCTAHOBICHHS C BHICBOOOXKICHHEM JIEKTPOHOB [6, 7].

OTAMYUTETHHONH 0COOCHHOCTBIO OT TPAJAUIMOHHBIX aKKYMYJISATOPOB SIBIISIETCSI TO, YTO 3TH pe-
aKIIMU MPOMCXOMAT B KUAKUX JIEKTPOINUTAX, @ HE B TBEPABIX JIEKTPOAax. ITO NPUHOCUT Psijl Ipe-
HMMYILECTB 10 CPAaBHEHMIO C OOBIYHBIMU aKKyMysaTopaMu. [Ipex e Bcero, Takue ycTpoiicTa crnoco0-
HBI COXPAHSTh YHEPTUIO B TEUEHHE UIUTEIILHOTO BPEMEHH MPAKTUYECKH 03 MoTephb, B TO BpeMs Kak
OOBIYHBIE AaKKyMYJISITOPBI CTAJIKUBAIOTCS C MOTEPSIMU M3-32 BHYTPEHHHUX MPOIECCOB, MPUBOASAIINX K
camopaszpsay [8—11].

OHEpruo B MPOTOYHBIX OKUCIUTEIbHO-BOCCTAHOBUTENIBHBIX Oarapesix COXpaHsSIOT B KHJIKHX
AIIEKTPOIUTAX, KOTOPbIE NMPOKAYMBAIOTCS Yepe3 DIEMEHT. JTH Oarapen XpaHsTcs BO BHEIIHUX pe-
3epByapax, a He B MOPHUCTHIX JIEKTPOAAX, Kak B 00bIYHBIX OaTapesx [12]. Takoi moaxon npeanaraet
MHHOBALIMOHHBIE PEIIEHUs JUIsl JOCTYIHOIO XPaHEHUs] SHEPruM, BHIPAaBHUBAHUS HArpy3Ku M CIVa-
JKMBaHMsI TMKOBOM MomHOcTH. B BPIID nenonb3yroTcs 1Ba pa3HbIX pacTBOPA MIEKTPOJIMTA: OIUH IS
OTpULIATEIbHON CTOPOHBI TYEHKH U APYTON IS HOAOXKUTEIbHON cTopoHslI [13]. O6a pacTtBopa B siueii-
K€ pa3AemsoTcs HOHOOOMEHHON MeMOpaHoii, KOTopasi 00ecreunBaeT TPAHCIIOPT HOHOB, B OCHOBHOM
MIPOTOHOB, MEXAY AByMsl yacTsMu sueiiku. Cxema padotel BPIIb nokaszana Ha pucynke 1 [15].

Buemnas cets

Cucrema yupasnenns
"""""""" imrannem DC/AC Toka) —]

37IEKTPOJ 3NeKTPOJ|

_—

Bnok ympaBnieHMs CHCTeMOR

Pucynok 1 — Cxemarudeckoe nzodpaxenue cucrembl BPIIB [15]
JIuteparypHblii 0030p

CoBpemenHble HayuHble paboThl B 001actu BPIIb u HanoMaTepranoB ciocoOCTBYIOT KaueCTBEH-
HOMY M3YUYEHHUIO CBOMCTB HAaHOMAaTEpPHUAJIOB, YTO CIOCOOCTBYET pa3pabOTKaM MEPCIEKTUBHBIX pellie-
HUHM M MO3BOJIET JOCTUTHYTh Oosiee A((EKTUBHBIX U YCTOWUYMBBIX PELICHUN B XpaHEHUH SHEPTrUu
[11-13, 16-22]. Bce 3T paboThl HE TOJBKO PACIIUPSIOT 3HAHUSA B 00JaCTH HAHOMATEPHUAJIOB, HO
TaK)Ke PaCKpbIBaIOT MOTEHIMAJIbHBIE ITyTH JJIs1 OBbIIICHUS Y3 PeKTUBHOCTH U cTabuinbHOcTH BPIIb.
OpHako BCJIEACTBUE JOPOrOBU3HBI OOUIMPHBIX TECTOBBIX CHCTEM JUIsl UCCIIEAOBAHUN 3a4acTy0 MpHU-
XOJIUTCS MCCIIeIoBaTeIsiM paboTaTh ¢ HEOOJIBIIMMH MEMOPaHO-3JIEKTPOIHBIMU SUeKaMu JT100 Ma-
JICHPKUMH CTEKaMH C IUIOIIAbI0 aKTHBHOW 00nacTu He Oosiee 25 cM?, 4TO MemaeT 0ObEKTUBHOMY
HCCIIEZIOBAHUIO psiia (hakTopoB, BIUsAoUIMX Ha padoty BPIIb.

B pa6ote [17] nns pazpabotku u ontumuzauuu cucreM BPIIB mist paznuunbix cocrosHuil Ha-
Ipy3Kd, MapUIpyTOB paclpelesieHus, pacXoJ0B MM KayecTB MarepHajioB Oblia pa3padoTaHa BbI-
YUCIUTENbHAs THAPOJMHAMUYECKask MOJIEb B KaUeCTBE aJlbTEpPHATUBHOTO MHCTpyMeHTa. Ha ocHoBe
OJHOMEpHOM Mozenu B padore Vivona u ap. [18] ObuM mpoaHanu3upoBaHbl JUMUTUPYIOLIUE MPO-

73



HERALD OF THE KAZAKH-BRITISH
No. 4(67) 2023 TECHNICAL UNIVERSITY

IIeCChl B KHHETUKE M MacconepeHoce. bombioii Bkiaa B MCCleIOBaHUs BHECEHBI KoMaHaoi Knehr u
ap. [19], roe paccmarpuBamich Tpu (pyHIaMEHTAIBHBIX MEXaHU3Ma, @ MMEHHO TU(Qy3usi, KOHBEKLUS
u murparnus. You u jp. [20] uccnenoBanu padoty sueiiku BPIIB npu yMeHbIIEHUN TONIIUHBI AJICKT-
ponoB. Ozgoli u ap. [21] ucronp30BaM ABYMEPHYIO MOJEIH IS U3yUCHUS TUAPOTUHAMHYCCKUX H
AEKTPOXUMHUYECKHUX XapaKTEPUCTHUK, YTOOBI OLICHUTh paclpeiesIieHHe BaHa U IPU pa3INYHbIX Mapa-
METpax ICKTPoIoB 1 MeMOpaH. Pabora Emmel u ap. [22] dpokycupoBantach Ha 3JIEKTPOXUMUICCKUT
AKTHBHOM 00JIACTH M MCCIIEI0BANIA MIOTOK AIIEKTPOIIUTA Yepe3 MEKTPOI, YTOOBI OIPEICTUTh Haubomee
aKTHBHbIE 001aCTH, T71e ObUIN 3a(MKCUPOBAHBI CAMbIE BEICOKME 3HAYEHUSI CKOPOCTH.

MopenupoBaHue UTrPpaeT KIOYEBYIO POJib B LEsIX KOHTpoist BHyTpH BPIIbB, uro no3Bonsier onu-
CBHIBaTh pPeajbHOE TMOBEICHUE CUCTEMBI, PEAOCTaBIsAs HH(DOPMAIMIO U 3HAHHUS O paboTe CHCTEMBI.
Bonee Toro, 3TM MoJeNy Ou€Hb BaXKHBI JUISl aHAJIM3a U YAYUYIIEHUsS CUCTEM yNPaBICHUs, KOHTPOJIS U
CPEICTB OLIEHKH MapaMeTpoB. Bce 3To ynydylMT uxX mpou3BOIUTENBHOCTD U CHIENAeT UX ele Ooee
0€30MacHbIMU U HaJIEKHBIMU YCTPOWCTBAMHU.

OcHoBHBIE M0JIOKeHUA. MaTepuabl 1 MeTOAbI

Mogzens NOCTpOeHHs BKIIIOYAET JBE YACTU SYEHKHU C Pa3HBIM COCTABOM MOHOB U 3JIEKTPOJHBIMU
peakuusMH, pa3eeHHble HOHOOOMEHHOM MeMOpaHO.
Buibl KUAKUX IEKTPOIUTOB U AJNEKTPOIHBIE PEAKIIHH.
OTpuLaTeNbHBIA AMEKTPOIUT COAEPKUT CIAEAYIOLINE HOHBIL:
H+
HSO,
SO»
v
2
OTtpuuarenbHas SJIEKTPOAHAS PEAKIHS:

* 6 6 o o

V3t +e” & VI
PaBHOBeCHBII TOTEHITHA ATOW PEAKITMH PACCUYUTHIBACTCS TI0 ypaBHeHUI0 HepHeTa 1o dhopmysie

RT aVa+

Eeq.neg = EO,neg + ?lll[:

)

dyz+
rne B neg TPEACTABIIACT c000¥1 OTTOPHBIN MOTEHIIUAN TEKTPOIHON peaknu B eauannax CU (BomibT),
a, 0003HaYaeT XMMUYECKYIO aKTMBHOCTh YacTUIlbl i (Oe3pasmepHas BenmuuuHa), R — 510 MonspHas
ra3oBast moctosiHHast (8,31 [x/(monb-K)), T — tremmneparypa sueiiku B enquannax CH (KenbBUHB), a
F — noctosunas ®apanes (96 485 Ky’10HOB B CEKYH/y Ha MOJb).

JUId peakiuu ¢ OTPHULIATENBHBIM IEKTPOIOM UCIOIb3YETCsl KHHETHUECKOE BhIpakeHne batiiepa-
®donbpmMepa B COOTBETCTBHH C:

(1 - aneg)FTlneg (_aneg)FTlneg
RT B RT

lneg = Alo,neg exp

lneg = FKpeg (ayz+ )1 2neg(ays+ )3neg

rae A o0o3HauaeT yIAEIbHYI MOBEPXHOCTh MOPUCTOrO iekTpoaa B emununax CU (m*/w?), O
Oe3pasmepHbIil  Kod(pQuumeHT mepepad, a k - TpencTaBnseT Co0OH KOHCTAaHTBI  CKOPOCTH.
[lepenanpspkenue 1 (B BOJIbTaX) BRIYUCISIETCS KaK

neg

T|=¢s_¢1_Eeq

e ¢, — SNEKTPUYECKUI MOTEHIMAT TBEPAOH (hasbl 2IEKTPoa U (b, — MOTEHIMAT SJIEKTPOJIUTA.
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[TonOXXUTENBHBIN SJIEKTPOIHUT COACPIKUT CIEAYIOUINE HOHBL:
H+

HSO,

SO

VO*

VO,

Karonnas peakuusi:

* 6 6 o o

VOi +e” +2H" & VO** + H,0
C PaBHOBECHBIM MOTEHIIMAJIOM, PACCYUTAHHBIM TIO (OpMYyIIe:

RT avoz+ (aH+j 2
Eeq.pos = EO,pos + ?111(?)

1-— F — F
( apos) Tlpos —exp ( apos) Tlpos

ipos = Aio,pos exp RT RT

. _ 3,
lg,pos = F"%Pos(avoz’f)l apos(avoz+) o

HonooOMeHHas MmeMOpaHa oOecrieunBaeT TPaHCIOPT CIEAYIONINX HOHOB:

H+

HSO,

SO

V02+

VO,

V3+

V2+

CuuraeTcs, 4To MpoIecc AUCCOUUAIIMH CEPHOW KUCIIOTHI B IEPBOM CTaINU 3aBEpILICH.

® 6 6 6 ¢ 0 o

H,S0, — H* + HSO;

BTOPOM MIar:

HSO; < H* +S03~
PaccmarpuBaeTcs ¢ HCIIOIb30BAHUEM MOHATHS UCTOYHUKA TUCCOLMALIMY, T :
dgt—aysp;
&
Ig = ’&d(—a Ao B)
H HS0;
roe k 4~ lapamMeTp CKOpOCTH, B — cTeneHp mUCCOMAIUN.
YpaBHeHHUs TIepeHOCa HOHOB
B or1oit mogenu ypaBHenusi Heprucra—IInanka mucnonb3yroTcst U1l ONMKUCAHMS TMOTOKA MOHOB U

TIEpEHOCa 3aps/ia, yDABHEHHE ONMCHIBAECT MOJIAPHBIH ITOTOK YacTHll i, N, 00ycoBIeHHbIH Tu(Dy3uer,
MUTpalys U KOHBEKLUS:

Ni = _Divci — ZiumohJtii?fpl + G +u

I[TepBpiii 3meMenT — 510 AMpQy3MOHHBIA MOTOK, Tae D, mpeacrasinser coboi kodpduumeHt
mupdysun B equuunax CU (m*/c). TepmuH «Murpanus» BKIIO4aeT B ceOs 3apsal0BOE YHCIO Z,
NOABMKHOCTb 4aCTHLL U, . ¥ JIEKTPOINTHBIA oTeHuman (¢,). B KOHTEKCTe KOHBEKLIMH U IPEACTABIISET
c000i1 BEKTOPHYIO CKOPOCTH HKHIKOCTH (M/C).

[T10THOCTh TOKA AJIEKTPOJMTA PACCUUTHIBACTCS C HCIONb30BaHHEM 3akoHa Dapanes mytem
CYMMHUPOBAHUsI BKIIAJIOB MOJIIPHBIX ITOTOKOB, YMHO)KEHHBIX Ha BHJIOBBIC 3apsi/Ibl, C YYETOM TOTO, YTO
KOHBEKTUBHBIH WICH MCYe3aeT U3-32 YCIOBUIA JICKTPOHEHTPAILHOCTH:

i = FXL, (=DiV6 — ZjupeniFa V) )
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Z[EU'ICC IMPUMCHACTCA 3aKOH COXPAaHCHUA 3apdaaa JJIsd OIPCACICHUA MTOTCHIMAJIA DJICKTPOJIMUTA.

Vil = FZ ZiRi
i=1

e wieHbl R, mpenctaBnsior co60i MCTOYHMKM PEAKIUH, OOYCIOBIEHHBIE PEAKIMAMH IIOPUCTOTO
JIEKTPOA.

B mozpenu ucnonw3yercs ypaBHeHue | A onpeaeneHusl NOTeHIUaNa IEeKTPOIUTa B MOPUCTHIX
ANIEKTPOJIaX C TOMOIIBI0 TPETHYHOTO paciperneneHus Toka, nHrepdeiica Hepucra—Ilnanka. B 00-
JacTAX OTPULATEIBHOIO U TOJIOKUTEIBHOTO MOPUCTOTO AIEKTPOAA, Il MPUCYTCTBYET CBOOOTHBIN
3JIEKTPOJIUT, KOHIEHTPALMK BCEX HOHOB OJIHOTO TOPAIKA, & TPAJUEHTBI C, HENPEHEOPEKUMO MaIbL.
Onnako MeMOpaHa COCTOMT M3 MOJIMMEPHOTO JIEKTPOJIHUTA C JTOTOJHUTEIBHBIMA OTPHIATEIBHBIMH
MOHAMH, 3a)MKCUPOBAaHHBIMU B TIOJIMMEPHOW MaTpUIle, YTO 03HAYAET, YTO KOHIIEHTPALUS ISl STOTO
BHJIa IIOCTOSIHHA. B 001acTt MOHOOOMEHHON MEMOPaHBI IPH PacueTe CyMMBI 3apAJI0B P, B YCJIOBHH
ANIEKTPOHEUTPATLHOCTH J00aBIsAeTCS (PUKCHPOBAHHBINA OOBEMHBIN 3apsi:

Prx + F2it, 2 =0 ()

@dukcupOoBaHHBIN 00OBEMHBIH 3aps/ 3aJaeTCs Uepe3 KOHIICHTPALIUIO 3apsiaa MeMOpaHbl, KOTOpas B
9TOU MOJIENIN BapbUPYETCs C MOMOUIbI BCIOMOTaTeNIbHOM pa3BEePTKH.

['pannynbIe ycia0BUA

[TpaBuna JlonHaHa, Ha TPaHUIE MEXY MEMOpPAHOW M MOPUCTBHIMH OOJIACTSAMH AJIEKTPOJA yCTa-
HaBIIUBAIOTCS ONPEACTICHHBIE YCIOBUS. J{J1s BEIIecTB, MPUCYTCTBYIOMIUX ¢ 00€MX CTOPOH MEMOpaHbI-
UIEKTPOJIa, CYLECTBYET ONPEIEICHHAs CBA3b MEX/1y MOTEHIIMAJaMU U KOHLIEHTPALUSIMU:

RT Cim
cDLm = CDLE - ;ln(_) (3)

Cie

Ie ¢, — KOHLCHTpALWs 4aCTUL| B MeMOpaHe, ¢, — KOHLCHTPALHs YaCTHIL B CBOOOIHOM JJICKTPOIIUTE,
a z, — COOTBETCTBYIOIMH 3aps1. CIBUI IIOTEHIMANA, BBI3BAHHBIN YPABHEHUEM 3, HA3BIBAETCS MOTEH-
nuanoM Jlonnana. @ynkuus «I'paHnna HOHOOOMEHHOW MeMOpaHb B TPETHYHOM pacrpeneeHu
Toka, naTepderic Hepucra—Ilnanka onpenensiercs ycioBusimu Jlonnana [14].

Peaxiuu camopaspsiga

[penmnonaraercs, 4To Ha rpaHuile MeMOpaHa-karoa V** u V' HeMeJIeHHO OKUCIISIeTCs

V3 5 V3 +e”

V3* +2H,0 » VO** + 2H* + e~

IIOCJIC
Cv3+ = CvZ‘l‘ = D (4)

CootBerctBeHHO, VO?" 1 VO?* KOHIIEHTpAIHMsI CYUTACTCS PABHON HYJIIO Y IPaHHIIbI MeMOpaHa —
aHOJI:
Cvoz+ = Cyo2+=0 &)

B pE3YJIbTATC peaKL[I/Iﬁ BOCCTAaHOBJICHHUA

VO: + e +2H* - VO2* + H,0

u
VO?** + 2H* + e~ - V3 + 2H,0

6LICTpBIC peaKuunu OKMCJIEHHST/BOCCTAHOBIICHHS PCAIM3YIOTCA C IIOMOIIBIO H€06paTI/IMOF0 rnpomnecca.
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Pe3ynbrarhl u 00cy:Kk1eHUE

KpI/IBBIC Ha pUCYHKE 2 TIOKa3bIBAIOT MOJIAPU3alNIO U INIOTHOCTb MOIIHOCTHU JIsI CKOPOCTHU ITIOTOKA
25 u 50 ma/ MUH., XOpolIas Koppesauusa HaﬁJ’IIOI[aCTCﬂ MCKIY SKCIICPUMCEHTAJIbHBIMH U YW CJIOBBIMU

pe3ylibTaTaMu. I[OHOHHI/ITCJIBHBIC BKJIaJIbl B ICPCHAIIPSAKCHHUE IIpU OONIBIIINX INIOTHOCTSIX TOKa
BHOCATCA 3a CHET MAaCCOBOI'O IIEpPCHOCA.

14+ 1.2 4
EREE 2
@ <
g‘ o 1.0
E 1.0 g
S 10 o
> >
i '§- 0.8 -
E 0.8 E
0.6 - 05
T T T T T T T T
0.5 0.4 0.3 0.2 0.1 0.0 0.3 0.2 0.1 a.0 0.1
Current (Alem?) Current (Alem?)

Pucynok 2 — KpuBast monsipu3anuu 1 MiIOTHOCTH MOIIHOCTH (@) JJIsi CKOPOCTH IOTOKA 25 MIJI/MHH
1 (0) 1 ckopocTH oToka 50 Mi/MHUH

W3MeHeHns CKOPOCTH IIOTOKA

Eme onun BaxkHbIM pabounii mapaMeTp, KOTOPBIHA CIEIyeT YUUThIBAaTh, — 3TO CKOPOCTH MOTOKA.
Tor e aHanM3, 4TO U paHbllle, ObUT BHITIOJIHEH C (ukcanmeit cocrosHus 3apsaa 0,55, BXonHOro Ha-
npspxenns 0,5B. [l Tecta Ob110 B34TO /1Ba 3HAYEHUS CKOPOCTH MoToka: 25 mu/MuH u 50 mur/muH. Ha
pHCYHKE 3 OKa3aHO, 4YTO CKOPOCTh IEMOHCTPUPYET MPONOPLUHOHAIBHYIO 3aBUCUMOCTb.

1.2 T T T ; -
25 ml/min
1 50 mlimin
0.8 1
w
E
Z086
o
=] |
] |
= | |
0.4} . B
| ]
I: - l
[/ i '\ |
02 [/ \ b
/"ll /
= o
ol : : : : : : . . \
0 0.5 1 1.5 2 25 3 3.5 4 45

X (m) %103

Pucynok 3 — KpuBbie CKOpOCTH MMOTOKA AIEKTPOIINTA

CKOpOCTh peakluy 3aBUCUT OT U3MEHEHHS B CKOPOCTH ITOTOKA, O YEM CBUIETEILCTBYIOT JaHHBIE,
IIPECTaBICHHbIE HA pUCYHKE 4. B 4acTHOCTH, IpU CKOPOCTH MOTOKA YCTAaHOBJIEHO, YTO Ha YPOBHE
25 MJ/MHMH TMKOBOE 3HaYE€HHUE PEAaKIIUHU ITPOUCXOIUT Ha TPAaHHIIE MeMOpaHa — 3JEKTPO. DTO TOBOPUT
0 TOM, YTO KHHETHKA PEaKLIMU OCOOEHHO aKTUBHA B 3TOW 00JIaCTH NPU TaHHOM MOTOKE yciaoBuid. [Ipu
CKOPOCTH TOTOKAa 25 MJI/MUH. OTYETJIMBOE U3MEHEHUE B PACHPEAETICHUN CKOPOCTU PEaKIHH, TAKKE
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n300paXeHo Ha pUCyHKe 4. B 3TOM ciiyyae MakcHUMalbHbIe 3HAYEHUsI CKOPOCTH PEAKLIUHU JOCTUTAOT-
sl KaK Ha rpaHuile MeMOpaHa — 3IIEKTPOIl, TaK U Ha TPaHUIle KaHal — 3J1eKTpoa. bonee BrIcOKas CKo-
POCTb MOTOKA, MO-BUANMOMY, YIy4IIAeT TPAHCIOPTHUPOBKY PEArupyrOIIUX YaCTHULL [10 HAIPABICHUIO
K 00erM TpaHHIIaM pa3liena, TEM CaMbIM CHOCOOCTBYsI OoJiee MHTEHCHUBHBIM AJIEKTPOXHMHUYECKUM
peakuusM B KOHKPETHBIX 00JIacTaX.

8.6 10

T T T ™T

_L . - 25 ml/min
-8.8 | 50 ml/min

Reaction Rate (A/m>)
\‘\\.

‘10 : 1 1 1 : I’
0 1 2 3 4

x (m) %1072

Pucynok 4 — Pactipenenenne CKOpOCTH peakinii

WHTepecHo, 4To NpH JaIbHEHIIIEM YBETUYSHUN CKOPOCTH MOTOKA Ha 50 MJI/MUH. 3aMETHBIN CIABHUT
HAOIIOIaeTCsl HA MECT€ MAaKCUMAaJIbHOM CKOpOCTH peakiuu. OH mpuOImKaeTcsl K TpaHulle paszena
KaHall — DJIEKTPOJ, YTO CBUJCTEIBCTBYET O OOJiee BBICOKOW KOHIICHTPALIMU PEarcHTOB B OONACTH
U3-32 YBEJIIMYCHUSI KOHBEKTHBHOTO TIEPEHOCA, BBHI3BAHHOTO 00J€e BBICOKMMH CKOPOCTSIMH TOTOKA.
CKOpOCTh MOTOKA OKa3bIBAET CYIIECTBEHHOE BIUSHUE HA TPaJMEHThl KOHLEHTPALUHU, KaK MOKa3aHO
Ha PUCYHKE 5.
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Pucynok 5 — Kpugsie (a) V(IV) u (b) V(V) KOHIICHTpalMX PeareHTOB B AIICKTPOJIATE

bonee nuskue CKOPOCTH IOTOKA IMMPHUBOIAT K Ooitee BBICOKOMY I'paIMCHTY KOHLICHTpAINH 13-3a 00-
JICC AJIMTCIIBbHOI'O BpECMCHU Hpe6bIBaHI/I$I QJICKTPOJINTA BHYTPH s'uerku. SIBHOe HEPaBCHCTBO Ha6n101[a-
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eTcs IIPU CKOPOCTH MOTOKA 25 MII/MUH., T1e JocTuraercsi Hausbicimas konueHtpamus V(IV). dannoe
MOBEICHNE OOBSICHSIETCSI CHIYKECHUEM CKOPOCTHU TIOTOKA, YTO TOJIOKUTEIHHO BIUSET HA OoJiee paBHO-
MEpHOE pacnpezeneHue 3ekTponnta. [IpumedarensHo, 4To TpaiMeHThl KOHIEHTPAUU JEMOHCTPHU-
PYIOT OBICTpBIE U3MEHEHUS B JIEKTPOA-MEMOPAHHBIX B3aUMOICHCTBUAX U TPAHULIBI AEKTPOJ] — KaHAJ
JUISL BCEX CKOPOCTEH MOTOKA, a TMHEHHOEe MOBEACHNE HAOMIONASTCS MPH MPOXOXKICHHH BCEH STYCHKH.
Kpaiine Ba)xHO TIIaTeNbHO cOATaHCHUPOBATH MPEUMYIIECTBA YBEIINISHHOTO BPEMEHH MPOXOKICHHS U
IPaJUEeHThl KOHIIEHTPAUN MPOTUB MOTEHUUAIbHBIX HEAOCTATKOB MOBBILIEHHOTO MEpEHANpPSKEHUS,
KaK I0Ka3aHo Ha pUcyHKe 6. JlocTuKeHne oNnTUMaIbHOM CKOPOCTH MOTOKA UMEET pellarollee 3Haue-
HUe U1t oOecriedeHust 3(p(HEeKTUBHOTO M KOHTPOIUPYEMOTO DIEKTPOXHUMUYECKOTO MPoIecca, TaK Kak
HU3KUH MOTOK MMEET TEH/ICHIHIO IPUBOIUTH K 00JI€e BBICOKHM IMEPEHANPSIKEHHUSIM.
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— 01T}
= { .--'/ :
= o / P :
3 L1 t 4
E-ﬂ.ﬁ's : // J/ E
2 018! J o
@ ' A o
a : 7N :
-0.185 |-} - 4
Y A 4
049t /S
S
0195+ S
7
'0.2 . 4 | L
0 1 2 3 4
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PI/IC}’HOK 6— FpaI[I/ICHTLI KOHICHTPAM B 3aBUCUMOCTHU
OT MOTCHIHAJIBHBIX HEAOCTATKOB IMOBBINICHHOTO IEPCHAIPSIKCHU A

3ak/ouenue

Hacrosmas pabota npeactaBisieT coO0W BBIYUCIUTEIBLHYIO MOJEb MMoioBUHBI stueiikun BPIIB.
[Tpon3BoAUTENBHOCTD STUEHKH ObLIa MPOTECTUPOBAHA IPU PAIUYHON CKOPOCTH MOTOKA SIEKTPOIUTA
B nakete nporpamMmmuoro obecneuenus COMSOL Multiphysicals.

CKOpOCTh OTOKA DJIEKTPOJIUTA BIUSET HAa TPaIMEHT KOHLUEHTPALUU U CKOPOCTh peakuuid. bouio
oOHapy>XeHo, 4To OoJiee HU3Kasi CKOPOCTh MOTOKA MPUBOAUT K OoJiee BRIPaXKEHHBIM I'PaJeHTaM KOH-
LEHTPALUU U3-3a YBEJIMYCHHUS BPEMEHH MPeObIBaHUS AJIEKTPOJIUTA B siueiike. bonee Toro, ckopocTh
peakuuu OblIa BBILIE HA TPAHUIIE SJCKTPO — KaHal Mpu 0ojiee HU3KUX CKOPOCTAX MOTOKA, XOTs Ha-
OroaeTcsl OMHOPOAHOCTh Ha MPOTSKEHUU MOJETUPOBAHMS BCEro AIEKTPOAA MpU 0ojiee BHICOKUX
CKOpOCTAX MOTOKa. OJTHAKO Ba)KHO OTMETHTD, UTO 00JIee HU3KHE CKOPOCTH MOTOKA TAK)Ke MOTYT IIPHU-
BECTHU K 3HAYUTEJIbHBIM MEPEHANPSKCHUSIM.

BaaronapHocTu

Pabota BbInOIHEHA ITPU NOIep>Kke MUHICTEpCTBA HAyKH U BhICIIEro oopa3zoBanus Pecryomuku
Ka3axcran B pamkax npoekra BR18574141 «KommnekcHast MHOrouesnesasi IporpaMMa IOBBIIIEHUS
HHEepro3(h(HheKTUBHOCTH U peCypcocOepekeHNs B SHEPreTUKE U MALTMHOCTPOSHUH JJISl IPOMBIILIEH-
HoctH KazaxcraHay, 3a 4TO aBTOpBI BBIPaXKalOT OTPOMHYIO O1aroJjapHOCTb.
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BAHAJIUN BATAPESIJIAPBIHJAAFBI SJEKTPOXUMUSIJIBIK
IMPOLHECTEPAI 3EPTTEY KOHE MOJIEJIBAEY

AHnjgarna

MacereHi KalbIITaCThIPY: Kas3ipri aiemje THIMJII SHEPrHs Ke3lepiH IaMbITy OapraH caiiblH MaHbI3IbI Mace-
Jjere aifHaIyaa. DIEKTPOXUMHUSIIBIK SHEPIUsl KO3/epi cajlachlHIarbl IEPCIIeKTUBTI OarbITTap/AbIH 0ipi — BaHa Ui Oa-
Tapesutapsl. by 6arapesiap BaHaIMH/IH OpTYPITi TOTBIFY KYHJIEPIHAET1 SJIEKTPOXUMHUSUIBIK ITPOIIECTEPTe HeTi3IeTeH.
Bananuit OarapesutapbIHIAFbl 3JICKTPOXUMUSUIBIK MPOLECTEPIl 3epTTey JKOHE MOIEIBACY OJapAblH IKYMBICHIH
OHTaﬁnaHz[LIpy JKOHE YHEPTUS THIMILTITiH apTTHIpy YIIiH MaHbI3/161. Banaanit 6aTapeﬂnapLIH;[arH AIIEKTPOXUMHUSITBIK
MPOLIECTEP/Il 3ePTTEY JKOHE Mozerbaey THIMT SHEprus KO3)1€p1H JIlAMBITYZIa [Nyl peJs arkapajbl. Banamwii
OarapesiiapbIHBIH )KYMBICBIHBIH HET13I' MPUHIMITEPIH TYCIHY, COH/Ial-aK J1aJl MaTeMaTHKaJIbIK MO)Z[CJILI[GpJIl azipey
MEH OIap/ibl CAH/IBIK MOJICIIB/ICY SHCPTHAHBI CAKTay KOHE 600aTyMeH OailyIaHBICTBI MPOLECTEPAl OHTANIAHBIPYFa
MYMKIHL[IK 6epezu Ocbl cananarbl ofaH opi 3EpTTEYICP MCH a3ipieMernep 3aMaHayd KOFaMHBIH TYPAKThI HEPTHsl
KQKETTUTIKTepiH KaHaraTTaHIbIpa alaThlH THUIMIIPEK XKOHE TYPAKThI SHEpIHs KO3IepiH KypyFra oKeiyi MYMKIH
Makcar: MeMOpaHaIIBIK-JIEKTPOATHIK IIEKapabIK Karaailap/ia JKYPETiH eKTPOXUMHSUIIBIK NpoLecTepai oHTal-
JAHJBIPY VIIIH 3JEKTPOIUT aFbIHBIH ©3repTy apKbUIbl BaHAMH-TOTHIKCHI3AAHABIPFRIN OarapesuiapbiabiH (BTH)
nporectepin Mmomenbaey. Hotmkenep: oy 3eprrey COMSOL Multiphysics 6aFaapiiaMalibiK MaKeTIHAC HICKTPOIUT
arbIHBIHBIH (yHKIMsCH peTinge BTH anekrpoxuMusuiblk cunarramaliapblH MOAENbBACHAl. AFBIC KbUIAMIBIFIHBIH
rapaMeTpiepi oJapiAblH TOTEHIHANAbl Oeiyre >KoHE TOK THIFBI3/BIFBIHA OCEpiH Oaranay YIIIH CBIHAKTap
JKYPIi31IiI, 3epTTeIi. IpakTukanbik Marpi3ei: BTb-1a sHeprust xacyiia apksUIbl aiilallaThiH CYHbIK SIICKTPOIHTTE
CaKTanaapl. DIEKTPOIUT KOIIMI1 aKKyMYIISITOpIIap/IaF bl 1Al KeyeKTi EKTPOATAP/Ia EMEC, CHIPTKBI Pe3epByapap/a
cakranapl. HoTmkenep sHeprusipl TUIMJII caKTay/bl XKaKcapTyFa, )KYKTeMeHi TeHecTtipyre xoHe BTH KyaTbiHbIH
MaKCHUMaJIJIbl TericTelnyiHe bIKnay ereqi. Moaesbaepi KypacThIpy 3JIEKTPOIHUT aFbIHBIHBIH JKbUIIAMIBIFBIH €CKepe
OTBIPBIII, OJIAPABIH BaHAANI MOHAAPBIH TackIMalljlayFa Kajlail ocep eTETiHIH aHbIKTay YLIIH aKKyMYJSTOp iLIiHJeri
THJPOAMHAMUKAIIBIK, XKaFIaiaap/ibl €CKepe OTBIPHIIN, 3JIEKTPOIUTTEP/li apalacThIpy THIMILTITIHE acepiH Ooipkayra
MYMKIHIIIK Oepei.

Tipex ce31ep: Moaenbaey, BaHAAWN TOTBIKCHI3IAHIBIPFHINI OaTapesaapsl, HCKTPOIUT, IIBIFBIH, TTOJISIPU3AIINs,
TOK ThIFbI3/IbIFbI
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RESEARCH AND SIMULATION OF ELECTROCHEMICAL
PROCESSES IN VANADIUM BATTERIES

Abstract
Formulation of the problem: In the modern world, the development of efficient energy sources is becoming an
increasingly important issue. One of the promising areas in the field of electrochemical energy sources is vanadium
batteries. These batteries are based on electrochemical processes involving vanadium in various oxidative states.
Research and modeling of electrochemical processes in vanadium batteries are important to optimize their performance
and improve energy efficiency. Research and modeling of electrochemical processes in vanadium batteries play a key
role in the development of efficient energy sources. Understanding the basic principles of operation of vanadium
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batteries, as well as the development of accurate mathematical models and their numerical simulation, allows
optimizing the processes associated with storing and releasing energy. Further research and development in this arca
could lead to the creation of more efficient and sustainable energy sources that can meet the sustainable energy needs
of modern society. Objective of the project: modeling the processes of vanadium redox flow batteries (VRFB) by
varying the electrolyte flow to optimize electrochemical processes occurring under membrane-electrode boundary
conditions. Results: this study simulates in the COMSOL Multiphysics software package the electrochemical
characteristics of HFSC as a function of electrolyte flow. Tests were carried out in which the flow velocity parameters
were examined to evaluate their effect on the potential distribution and current density. Practical significance: the
energy in an HFSC is stored in a liquid electrolyte that is pumped through the cell. The electrolyte is stored in external
reservoirs rather than in porous electrodes as in conventional batteries. The results contribute to improved efficient
energy storage, load balancing, and peak power smoothing of the GRPB. The construction of models allows us to
predict the effect on the efficiency of mixing electrolytes, taking into account the hydrodynamic conditions inside
the battery to determine how they affect the transport of vanadium ions, taking into account the electrolyte flow rate.

Key words: modeling, vanadium redox flow batteries, electrolyte, flow rate, polarization, current density

HUndopmanusi 06 aBropax

Mepexe Aama3s Jlykmatyisbl ((aBTOp A7t KOPPECTIOHICHIINH))

Hayunslit corpynnuk, Satbaev University, @u3uko-rexuuueckuit ”HCTUTYT, 050032,

. Anmarel, Kazaxcran

ORCID ID: 0000-0002-8945-9648

E-mail: mereke.almaz@mail.ru.

Yexunea Apy:xxaH CyHraro/11aKkbi3bl

Munanmmuii Hay4Hbli cOTpyaHUK, Pu3nuko-rexuuueckuid nHCTUTYT, 050032, 1. Anmarsl, Kazaxcran,
ORCID ID: 0000-0002-5343-5054

E-mail: arugkz@gmail.com

Ymup3akos Apman 'anuguHoBUY

Hayunslii cotpynuuk, ®@usnko-rexunyeckuid ”HCTUTYT, 050032, . Anmarsl, Kazaxcran
ORCID ID: 0000-0002-0941-0271

E-mail: a.umirzakov@sci.kz

Esemecos Kacbsim KontiieyoBuu

Kannnaar TexHH4ecKHX HayK, acCOLIMUPOBAHHBIN podeccop, AupekTop MHCTUTYTa SHEPTeTHKH U
MammHocTpoeHus, Satbaev University, 050032, . Anmarsl, Kazaxcran

ORCID ID: 0000-0001-6168-2787

E-mail: k.yelemessov(@satbayev.university

Aonyranumos Anuuep Illepusiznanosuy

AcnupanT EBpasuiickoro HanmoHansHoro yausepcurera, 010000, r. Acrana, Kasaxcran
ORCID ID: 0009-0004-8864-9230

E-mail: abdugalimov@gmail.com

DacxyrauHoB Mapar @iaypoBuy

Kangunar xumudeckux Hayk, Satbaev University, 050032, . Anmmatsl, Kazaxcran

E-mail: ffmarat@mail.ru

CepukkanoB Afaii CepuKKaHOBUY

Kannnaar ¢pusnko-mMareMaTniyeckux HayK, BUIE-NIpe3n/IeHT, HanmonanbpHas akaieMust HayK
Pecrry6mmxm Kazaxcran, 050032, . Anmvatsl, Kazaxcran

ORCID ID: 0000-0001-6817-9586

E-mail: a.serikkanov(@gmail.com

82



KA3AKCTAH-BPUTAH TEXHUKAJIBIK
YHUBEPCUTETIHIH, XABAPIIBICHI Ne 4(67) 2023

ABTOpJIap TypaJibl MAJIiMeTTEP

Mepeke Aama3s JlykmaryJibl (KOPpECTIOH/ICHIINS aBTOPHI)

FruteiMu kpi3MeTkep, Satbaev University, @u3nka-TexHUKaIbIK HHCTUTYTHI, 050032,
Anwmarts K., Kazakcran

ORCID ID: 0000-0002-8945-9648

E-mail: mereke.almaz@mail.ru.

YexkueBa Apy:xan CyHraTo1aKkbi3bl

Kimi eutbIMU KbI3METKEp, Pu3nka-TeXHUKaablK MHCTUTYThI, 050032, Anmars! K., KazakcraH,
ORCID ID: 0000-0002-5343-5054

E-mail: arugkz@gmail.com

Ymup3akos Apman I'aHMIMHOBHY

Frinmbivu kpi3meTkep, Ousnka-TexHukanbik MHCTUTYTHI, 050032, Anmartsl K., Kazakcran
ORCID ID: 0000-0002-0941-0271

E-mail: a.umirzakov(@sci.kz

Enemecos Kacsim KontiieyoBu4

TexHMKa FRUTBIMIAPbIHBIH KaHAMIAThI, KaybIMIACTBIPbUIFaH Mpodeccop, DHepreTuka koHe MalllnHa
JKacay MHCTUTYTBIHBIH IUpeKTopbl, Satbaev University, 050032, Anmarsl k., Ka3akctan
ORCID ID: 0000-0001-6168-2787

k.yelemessov(@satbayev.university

Adpyranumos Anumep llepusiznanoBuy

Eypa3zus yntTeiK yHUBepcuTeTiHIH acniupantsl, 010000, Acrana k., Kazakcran

ORCID ID: 0009-0004-8864-9230

E-mail: abdugalimov(@gmail.com

®acxyrniuHoB Mapat OiaypoBud

Xumust FeUTBIMIAPBIHBIH KaHauaaThl, Satbaev University, 050032, Anmars! k., Kazakcran
E-mail: ffmarat@mail.ru

CepuxkkanoB Adaii CepuKKaHOBHY

dusuKa-MaTeMaTriKa FhUIBIMAAPBIHBIH KaHIUAAThl, BULle-Nipe3uieHT, Kazakcran PecnyOnnkachiHbIH
¥ ATThIK FRUIBIM akagemuschl, 050032, Anmartsl K., Kazakcran

ORCID ID: 0000-0001-6817-9586

Email: a.serikkanov(@gmail.com

Information about authors

Mereke Almaz Lukmatuly (corresponding author)

Researcher, Satbaev University, Institute of Physics and Technology, 050032, Almaty, Kazakhstan
ORCID ID: 0000-0002-8945-9648

E-mail: mereke.almaz@mail.ru.

Chekiyeva Aruzhan Sungatoldakyzy

Junior Researcher, Institute of Physics and Technology, 050032, Almaty, Kazakhstan,

ORCID ID: 0000-0002-5343-5054

E-mail: arugkz@gmail.com

Umirzakov Arman Ganidinovich

Researcher, Institute of Physics and Technology, 050032, Almaty, Kazakhstan

ORCID ID: 0000-0002-0941-0271

E-mail: a.umirzakov@sci.kz

Yelemesov Kasym Koptleuovich

Candidate of Technical Sciences, Associate Professor, Director, Institute of Power Engineering and
Mechanical Engineering, Satbaev University, 050032, Almaty, Kazakhstan

ORCID ID: 0000-0001-6168-2787

k.yelemessov(@satbayev.university

&3



HERALD OF THE KAZAKH-BRITISH
No. 4(67) 2023 TECHNICAL UNIVERSITY

Abdugalimov Alisher Sheriyazdanovich

Postgraduate student, Eurasian National University, 010000, Astana, Kazakhstan
ORCID ID: 0009-0004-8864-9230

E-mail: abdugalimov(@gmail.com

Faskhutdinov Marat Flurovich

Candidate of Chemical Sciences, Satbaev University, 050032, Almaty, Kazakhstan
E-mail: ffmarat@mail.ru

Serikkanov Abay Serikkanovich

Candidate of Physical and Mathematical Sciences, Vice-President, National Academy of Sciences
of the Republic of Kazakhstan, 050032, Almaty, Kazakhstan

ORCID ID: 0000-0001-6817-9586

E-mail: a.serikkanov@gmail.com

84



KA3AKCTAH-BPUTAH TEXHUKAJIBIK
YHUBEPCUTETIHIH, XABAPIIBICHI Ne 4(67) 2023

VIK 517.958:533.7; 532.517.4
MPHTMU 27.35.17; 30.17.27

https://do1.org/10.55452/1998-6688-2023-20-4-85-96

'*MAHAIIOBA A.K., ‘5EKETAEBA A.O., **MAKAPOB B.B.
'Akagemuns rpakaanckoit apuaruu, 050039, . Anmarsl, Kazaxcran
MHCTHTYT MaTeMaTHKH U Matemathueckoro moaenupoBanus KH MOH PK,
050010, r.Anmmartsl, Kazaxcran
SMuctutyT npobnem ynpasienus PAH, 117997, r. Mocksa, Poccust
*HanmoHanbHBIN HCCIe0BaTeNLCKUH sSAepHbIi yHIBEpcuTeT « MUDNY,
115409, . Mocksa, Poccust
“E-mail: manapova.a.k.math@gmail.com

YUCJEHHOE MOJEJTAPOBAHUE CYIIECTBEHHO
JAO3BYKOBBIX TEYEHUU CKUMAEMOI'O T'A3A

AHHOTAIUA

[Ipennaraercst HOBBII METOJI pEIIEHNUS CYIIECTBEHHO JI03BYKOBBIX TEUECHHH, KOTOPBIN MpeACTaBIsieT co00ii 3Ha-
YUTENBHBINA IIar B 00JaCTH YHCICHHOTO MOJEIMPOBAHUS TEUCHUH Ha OCHOBE cUcTeMbl ypaBHeHHH HaBbe-CTokca.
B metone ncnonp3yercs ENO (Essentially Non-Oscillatory) cxema TpeThero mopsiika TOYHOCTH, KOTopasi obecrie-
qyuBaeT 0oliee BHICOKYIO TOYHOCTH IPH pacyeTax TEYEHHWH ¢ HU3KOW CKOPOCTBIO 3ByKa. OIHOM N3 KIIFOYEBBIX 0CO-
OeHHOCTEH TOr0 METOAa SIBIAETCS BBEACHHE IapaMeTpoB o0e3pa3MepHBaHUSA. JTH MapaMeTpsl MO3BOJIAIOT ajarl-
TUpoBarh ypaBHeHHs HaBbe-CToKca K pa3iMuHbIM (PU3NUECKUM YCIOBUSIM M M30€XKaTh KECTKOCTH YPaBHEHHH, 4TO
YacTO BCTpPEYaeTCs B 33ja4ax YHMCICHHOTO MOJECIUPOBAaHMS. DTO JiesaeT MeToj Oosiee TMOKUM M NMPUMEHUMBIM K
Pa3sHOO0Opa3HbIM HHKEHEPHBIM M (PU3HMUECKUM 3aa4aM. J1si pOBEPKH U arpoOayy JaHHOW METOIUKH POBOJSTCS
BBIYMCIICHUS JUTS IBYX BO)KHBIX 3a/1a4 — TCUCHUs BHYTPU KaBepHBI M TedeHus [lyaseiins. PaccmarpuBaercst 3HaueHUE
grcia PeitHonpaca, Re=100, a Takke pa3THdHbIe pa3Mephl BEIYUCIHTEIBHBIX CeTOK. [1omydeHHbIe pe3yIbTaThl CpaB-
HHBAIOTCS C 9KCIIEPUMEHTAIBHBIMU JaHHBIMH, U HaOMIOOaeTCs BBICOKAsl CTEHEHb COITIACOBAHUS MEKIY MOAEINBIO U
peabHBIMU SIBJICHUSIMU. DTO CBHJIETENLCTBYET 00 3(h()eKTUBHOCTH U TOYHOCTH MTPEAJIOKEHHOTO METO/Ia B PELICHUN
CJIOXKHBIX TEUSHNH B PA3IMYHBIX MH)KEHEPHBIX U (U3MYECKUX 3a1adax.

KitroueBble cioBa: coxuMmaeMmbli ra3, ypaBHeHus: HaBbe-CTokca, o0Oe3pa3MepuBaHWE, KaBEpHA, TEUCHUE
[lyazeins, uncino Maxa.

BBenenue

B GonpmiMHCTBE NPUKIAIHBIX 3a/1a4 (PU3MUECKHUE TPOLECCHI MPOXOAT MPU MallbIX ynciaax Maxa
U TEOPETHUYECKOE M3YUYEHHE J103BYKOBBIX TYpOYJIEHTHBIX TEUEHUM SIBISETCS CYLIECTBEHHO Ba)KHBIM
U aKTyaJbHBIM IPH KOHCTPYUPOBaHHM, HaIPUMEpP, SHEPIeTUUYECKUX YCTAHOBOK M TPAHCIOPTHBIX
CPEICTB.

MerTozpb! pelieHns ypaBHEHUH CKUMaeMOoro rasa, Xopouo padoTarolue Npu yMEPEHHO T03BYKO-
BBIX U CBEPX3BYKOBBIX CKOPOCTSAX MOTOKA, OKa3bIBAlOTCS HEA(P(PEKTUBHBIMU U JTaKE HEMPUTOTHBIMU
JUIsl pacyeTa TedeHui ¢ yncnamu Maxa Huke 0.1-0.3. DTo nposBiseTcst U BbIpaXKaeTcsl B yXyIALICHUH
tounocTu norydaemex npu M << 1 crammonapueix pemenmuii.

[Tpu ynCIEHHOM pelIeHUH TaKOTO POjia 33a1a4 HEOOXOIMMO UCIIONIb30BAHNE TIOJTHBIX YPaBHEHHUN
HaBbe-Ctokca /1 TeUeHUs CKMMAeMOro BA3KOT0 ra3za ¢ MajblMU yuciaaMu Maxa.

CoGcrBeHHble 3Ha4YeHUss Marpuibl Slkodu /4 ypaBHeHuit Hasbe-CTOoKkca HMEHOT BHI:
A=ul,=u—c A, =u+tc.3nece c=/ydp/dp — cxopocts 3Byka. [locne oGe3pasmepu-
BaHHs K CKOPOCTH 3Byka monyuum A = M, A,, =M +1 , e M=u,/c — aucno Maxa, u, -
XapakTepHas CKOPOCTh TEYEHHsI, Y — MOKasaTellb anuadarsl. Yucno 00yCIoBIeHHOCTH MaTpUIlbl /A

max‘/li‘ M+1 M —0
OTIPEIEISICTCSI CIISAYIOIIIM 00pa3oM r = — 1 ="~ —5 0 TIpA ¥ ¢ yMEHBIIEHUEM YHUCIIa

min| M
Maxa MOXET CTaTh CYyHICCTBCHHO OoubIIIe CAWHUIIBI. DTO 00CTOSATEILCTBO OMpCACIIACTCA KaK KCCT-
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KOCTb MCXOJHBIX YPABHEHUI, YTO MOXET IMPUBOJUTH K HEKOTOPBIM IpoOIeMaM, HalpUMEp, MaJloe
U3MEHEHUE HCXOJHBIX MapaMeTpoB OydeT KapIWHAJIbHO CKAa3bIBAThCS HA pE3y/bTaTax UYUCIIEHHO-
ro pelleHus ypaBHEHMs. Taxke eciin pacCMOTpeTh ycioBHe ycTroiunBocTH Kypanra-®Opuapuxca-
JleBu (K®DJI) m1s SBHBIX CXE€M, KOTOPOE OIPEAEIAeTCsl HAauOOIbIINM COOCTBEHHBIM 3HAYE€HHEM Ma-
Tpullbl 4 maxi,lk‘ At < Ax, TO BUIHO, UTO IIar UHTETPUPOBAHUS IO BPEMEHHU JIOJKEH ONPEETAThCS

CKOPOCTBIO HanOonee 6bICTpOI>'I BOJIHBEL. B TO ke BpeMs JId caMoi MeﬂHCHHOﬁ BOJIHbBI UMECT MECCTO

min‘/lk |At < ax Y CITUIIKOM OOJIBIIIOE YHCIIO OOYCIIOBICHHOCTH YMEHbIAeT 3(pPEeKTHBHOCTH pacIpo-
CTpaHEeHUs] KOHBEKTUBHBIX BOJH, YTO MPUBOJUT K MEIJICHHOW CXOJMMOCTH YHCIEHHOTO PELICHUSI.
Taxkum oOpa3oM, Mpu CTpeMJICHHH Ynciaa Maxa K Hy/I0 YHCICHHOE PEIICHNE UCXOIHBIX YpaBHEHUN
JUTSL CKMMAEMOTO0 Ta3a COMPOBOKAACTCS ONPEACTICHHBIMH TPYIHOCTSIMH.

OcHOBHBIE TT0JIOKEHUST

Ha nanHbIif MOMEHT M3BECTHBI J1BAa YMCIICHHBIX MOAXOAA, MO3BOJSIOUINX PELIaTh CYIIECTBEHHO
JTIO3BYKOBBIE T€UCHHUS. TpaUIIMOHHO 3TH MOAXO/bI MOAPA3IEISIOTCS HA METOIbl, OCHOBAHHBIE Ha TTpe-
00pa3oBaHMM JIaBJICHUS, M HA METOJIbI, OCHOBAaHHBIE Ha MIPEOOPa30BAHKH INIOTHOCTH.

Meton, ocHOBaHHBIN Ha mpeoOpazoBanum nasienus (Pressure-based method), pa3pabareiBasnics
Ju1s perienus: ypasHeHud HaBbe-CTokca, OMMCHIBAIOIIMX HECKUMAEMble TEUEHUsI. 3[1eCh BBOAMIIACH
TaK Ha3blBaeMasi UCKYCCTBEHHAsl C)KUMAeMOCTb, a JUJIS JAaBJICHUS 3alMCHIBAJIOCh YPAaBHEHUE MyTEM
MOIU(UKAIIIHN ypaBHEHUI HEPA3PHIBHOCTH, UMITYJIHCA WIIA SHEPTUH, U TaK)Ke BBOAMUIIACH TIEpEeMEHHas
CKOpOCTH 3ByKa. M3 ypaBHEHHSI COCTOSHUS OINPEEISUTUCH TNIOTHOCTh HITM TeMIIeparypa.

O030p 1uTepaTypsbl

ITpu TakoM nozixoe H3MEHEHUE JIaBJIEHHs OCTAETCsl KOHEUHBIM HE3aBUCUMO OT unciia Maxa, uyTo
JIeJIaeT PElICHUE ypaBHEHUI IpUEMIIEMBIM Ul BCEro crekrpa uuces Maxa [1]. Ilepsas peannsa-
U1 METOJ1a, OCHOBAaHHOTO Ha MPeoOpa3oBaHUM JIaBIeHU, pa3paboTaHa B paHHUX paborax Xapioy u
AmMcreH [2, 3] Ha OCHOBE NOJIYHESIBHOIO KOHEYHO-PA3HOCTHOIO aaroputma. Meron KOppeKIuy 1aB-
JICHUS] WIN TPOEKIMOHHbIE METOABI C KOPPEKIHEH Al CKOPOCTU U JaBieHus [4] ObLIM Takxke Hc-
noJIb30BaHbl B padorax [5]. Takue metoss! 3(h(heKTUBHO MCIIOIB30BAINCh B paMKaX METOAa KOHeu-
HBIX 00bEMOB M M3BECTHBI 10]] Ha3BaHHeM cemericTBa cxeM SIMPLE (Semi-Implicit Pressure Linked
Equations) [6]. Kapku u Ilarankap [1] paspaboramu meron SIMPLE s cxumaembIx TeUeHMIA,
HNPUMEHSIEMBIH ISl MIUPOKOTO Juara3oHa CKOpOCTeil paccMaTpuBaeMoro TeueHus. Tak, Hampumep,
Mronn u ap. [ 7] npumenwin SIMPLE i pemenus TedeHus ¢ MaJIbIMH 4rciiaMu Maxa ¢ HECKOJIbKU-
MU MIEPEMEHHBIMU JABJICHHUS, KK/ U3 KOTOPBIX CBA3aH C PAa3JInYHON (HU3HMKOM paccMaTpuBaeMoil
3aauu. AHAJIOTUYHBIE TPOLIEAYPHI ObLITH pa3paboTansl u Apyrumu aBTropamu [8—10]. [IpoexknnoHHbII
METOJ IPUMEHSIICA B KOHEUHO-PA3HOCTHOM CXEME CO BTOPBIM MOPsIAKOM TouHOCTH Ban Kanowm [11].
Kpome Toro, B pamkax MeTO/1a KOHEUHBIX 21eMeHTOB JloHea u zip. [12] BBenM NpoeKIMOHHBII METOA C
JpOOHBIM IIaroM, pa3paboTaHHBIH C IENIbI0 3HAYUTEIHO CHU3NUTh BEIYUCIUTEIbHbBIE PACXOABI B IIEpe-
XOJHBIX TEUCHHUAX HECKUMAEMBIX BA3KHX ITOTOKOB.

Kak y»e ObIJI0 cKa3aHO, JaHHBIN METOJI IpeTHa3HAYE€H B OCHOBHOM JJIsl pEILICHUS YPaBHEHUH 115
JUHAMUYECKH HECKUMAEMOU Cpe/Ibl, UYTO TAK)KE IO3BOJISIET IPOU3BOIUTH PACUeT PA3IMUHBIX TEUCHUIH
¢ MaJbIMU YHucIaMu Maxa, oTHaKo JJIsl TEYeHUH C CyIeCTBEHHBIMU 3P deKTaMy CKUMAEMOCTH JIaH-
HBIN TTOIXOJ HEMTPUEMITIEM.

Mertozpl, OCHOBaHHBIE Ha mpeoOpazoBanuu mioTHocTH (Density-based method), npeacrasns-
10T OOJIBIIION KJTACC CXeM, pa3pabO0TaHHBIX IS COKMMaeMbIX TedeHui [13]. 3neck pemaroTcs moTHbIe
YPaBHEHHUS Ul TEYCHHS CXKMMAEMOTro0 ra3a, YTo MO3BOJISIET IPUMEHSATh JAaHHBIA METOJ JAJIS PELICHUS
3a7a4 KaK ¢ MaJbIMM, TaK ¥ C YMEpPEHHbIMU 4nciaaMu Maxa. B pamkax storo merona Obliu mpen-
JIOKEHBI JIBa TMOJXo/a Juisl pemieHus ypaBHeHus HaBbe-CTokca mpu HU3KHMX pekuMmax uucia Maxa,
KOTOPBIE TIO3BOJISIIOT YCTPAHNUTH BHIIIICONMCAHHBIE TPOOIEMBI )KECTKOCTH YpaBHEHUH — 3T0 mpeio0yc-
nasimBanue (preconditioning) u acumnToTHYecKuii MeToa. O0a MeToIa HapaBJICHBI HA JOCTHKCHHE
nepemMacmTabupoBaHus yrciaa 00yCIOBIEHHOCTH CHCTEeMBbl. MeTon mpeno0yciaBIuBaHus COCTOUT
B YMHOXXEHHHM IPOU3BOAHON 110 BPEMEHU Ha MATpHUILy NpefoOyciaBlIuBaHus, KOTopas HoA0HpaeTcs
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TaK, 4YTOOBI CKOPOCTH PACIIPOCTPAHEHHsI BO3MYIICHUI UMEJH OJUH MOPSAIOK Mpu yncie Maxa, cTpe-
MsIeMes K Hyro [14].

B paGore [15] aBropsl pazpaboranu OpUrHHAIBHBIE METOABI MPEAO0yCIaBIUBAHUSA C HU3KUM
grciaoM Maxa Juis cXeM paclpOCTpaHEHUs BOJIH, KOTOpPbIE MpeAcTaBiIeHsbl B padote [16] nius mogenu
JIBYX(a3HOTO CKMMAEMOTO0 TIOTOKA C )KECTKON pelaKcanueil 1aBienus, rae, pacmumpsist Mmeto I nitapa—
Buo3sa s oqHO(ha3HBIX ypaBHEHHH Diinepa, ObUIH OITy4eHbl Tpeao0ycaaBIuBaTeb THa TIopKems
Juist MeTozia Thna Poy ns 1Byx@asHoi cucTeMbl. AHAJIN3 € MOMOIIbIO aCHMITOTHYECKUX Pa3ioxkKe-
HUI Tpe100yCIIOBIEHHBIX TUCKPETHBIX AByX(a3HbIX ypaBHeHHH Poy mokasan, 4to npenoOycioBiu-
BaHUE JICHCTBYET TakK k€, KaK U B OJHO(A3HOM cilyyae, a IMEHHO IONpaBKa Ha Mayioe yucio Maxa
MIO3BOJISIET BOCCTAHOBUTH MTPABUIBHOE MACIITAOMPOBAaHHE BO3MYIIICHUH JaBICHHS.

PaGora [17] HanpaBieHa Ha peaqu3aluIo U UCCIEIOBAHNE HOBOTO Mpeao0yciaBIuBaHus, KOTO-
pBIN BKITIOYAET B ce0sl IBE pa3HbIe METOAOJIOTHH, pa3padboTaHHbie 1o [18, 19]. ABropamu ObuT pas-
paboran CFD xon u1st uncineHHoro pacyera ypaBHeHwuid Ditnepa u HaBbe-CTokca /U1 CTalliOHApHOTO
peXHMMa Ha OCHOBE METO/1a KOHEUHOT0 00beMa C LIEHTPOM B sSUEHKe € UCII0JIb30BAHUEM YCPEIHEHHBIX
no Pelinonbicy ypaBuenuii HaBbe-Ctokca. MeTon nokaiabHOTO mepeno0ycliaBiuBaHus ObUT peau-
30BaH U3-3a €ro HaJIe)KHOCTU MPU MPOTHO3UPOBAHUM ITOTOKOB ¢ HU3KUM YKcIOM Maxa B cpene Coku-
maemoro koga CFD.

ABTOpHBI paboThl [20] oueHWIM KOMOMHALMIO JIOKaJIbHOTO npenoOyciasnuBanus Beiicca-Cmura
u Yoil-Mepkiia B cOueTaHUU C METOIOM KOHEUHBIX 3JIEMEHTOB HEIMHEHHON MHOroMacITabHOM BSI3-
KOCTH Ha OCHOBE IJIOTHOCTU JJISl PEUICHHs YCTONUMBBIX CXKMMAEMbIX TEUCHHM MPHU HU3KHUX YHCIaxX
Maxa. @opmynupoBKa aBTOPOB OCHOBaHa Ha CTPATErMH paslesieHus MacuTaboB, B KOTOPOM IMpo-
CTPAHCTBO MOJICETOYHOI0 MacIITada 3aroaHAETCs My3bIPbKOBBIMU (DYHKIIUSMHU.

B paGote [21] npocTpaHCTBEHHAas KOOPAMHATA, BpEMs, IJIOTHOCTb, YHEPIUsl, AaBJIEHUE, TEMIIE-
parypa o0e3pa3MepHuBalIUCh K MapaMeTpaM HaOeraromnero noroka u miyouHe mnoaoctu D, ckopocThb
o0e3pa3MepHBaiach K CKOPOCTH 3ByKa. BbUIO BBISIBIEHO, YTO TEUEHHE CTAHOBHUTCS HEYCTOMYMBBIM
npu yBenudenuu uuciaa Maxa no M = 0,6. B [22] paspaborana nporpamma Cascade Technologies,
KOTOPBIA UCIIOIB3YETCs 1S pelieHns noaHbix ypaBHeHni HaBbe-Ctokca (NS) cokuMaeMBbIX KUIKOC-
Tl U UCCIIeIOBAHMUS TEUSCHHI B OTKPBITOH MOJIOCTH, a TapaMeTpbl 00e3pa3MepUBaHNUs IPHHSINCH KaK
B IIpeJbITy1el padoTe.

Takum 00pa3oM, UCXOAS U3 BHIIICONMCAHHOTO 0030pa UCCIIEIOBAHNH, BCE €IIe COXPaHsIEeTCs MO-
TPEOHOCTh B SKOHOMHUYHOM M YHHBEPCAJIbHOM UYHCIEHHOM METOJIE, MO3BOJISIOIIEM PACCUUTHIBATH
JIBUKEHUS C)KUMAEMOT0 BA3KOIO T'a3a B PeasIbHBIX a9POJMHAMUYECKUX YCTAaHOBKAX B IIUPOKOM JHa-
na3oHe XapaKTepHoro ymcia Maxa nmoroka. B mannoit pabore mpemnaraercst 3GdeKTUBHBIN MeTO
pewienust ypasHenuii HaBbe-Ctokca Ha ocHoBe ENO cxeMbl TpeThero nopsijika TOYHOCTH, KOTOPBIi
XOPOILIO 3apPEKOMEHI0BaJ cebds Ul pacueTa TeUeHHMH Mpu OOJBIIMX M YMEPEHHBIX yuciax Maxa u
TO3BONHUT ero npuMeHenue Ha Tedenue ¢ M << 1 mpu momon BBeieHNs HOBBIX TTAPAMETPOB 00€3-
pa3mepuBanus. s anpobauuu MeTona paccMaTpUBAIOTCS 33Ja4M TEUYEHUE B KaBEPHE U TEUCHUE
[Tyazeitns.

MarepuaJibl 1 METOIBI

Ha crenkax monocTy NpUHUMAIOTCS TPAHUYHBIE YCIOBUS MPUIMIIAHUSA U TAKXKE CUMTAIOTCS He-
npoHulaeMbIMu. Temonepeniaya yepe3 CTeHKH OTCYTCTBYET, TaK Kak OHU aanadaruyusl. [Ipu mocro-
saHHOM Temneparype (1), naBienuu (P), MI0THOCTH (p) )KUIAKOCTU PACCUUTHIBAIOT B KX bl HHTEPBAJ
BPEMEHH I10 MEPE IBUKEHHSI HUKHEH CTEHKH.

I'panuunbIe ycnoBUS:

0 v _o 9T _
u=0,v=0, w=0, a_:o, z=0, 0<x<0.00051, y=0,1>0;
Y

oT
oy

u=u,, v=0,w=0, =0, z=0.00051, 0 < x<0.00051, y=0,1>0;
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oT
u=0,v=0,w=0,—=0,x=0,0<2<0.00051, y=0,7>0;
Ox
oT
u=0,v=0, w=0, a_:O’ x=0.00051, 0 < z<0.00051, y=0,1>0.
X

[TapameTps! TeueHus npuBeeHs! B Ta0muIe 1.

Tabmuma 1 — [Tapamerpsr pacueTa

[Tapamerp Ennnuna nzmepenust 3HaueHue
CkopocTs, u [m/c] 17.3205
Jmina, L [m] 0.00051
Bricora, H [Mm] 0.00051
JlaBnenue, P [TIa] 101325
Temneparypa, T [K] 300
BszkocTs, 1 [H ¢/ v?] 0.000026112

HauvanbHble ycnoBusi:

u=0,v=0,w=0,7=0,0<x<L,,0<z<L ,0<y<L,;

T=T,
Pi= P ,t:o, OSXSLI,OSZSLZ,O_J/SL3,
E=P,

UcxonHolt siBnsieTcs cucreMa TpexMepHbIX ocpelHeHHbIX 1o daBpy ypaBHeHnuii HaBbe-CTokca
JUISL CKMMAeMOTro TypOyJeHTHOTO ra3a, 3alicaHHasl B IEKapTOBOM CUCTeMe KOOpIMHAT B KOHCEpBa-

TUBHOU opme.

B kadecTBe onpeaensommux NMpUHAMAOTCS japameTpbl [I0TOKa Ha BXoze U, , o T ., » 1aBJICHUE

Y IIOJIHASI DHEPIUsl OTHECEHBI K 3HAYCHUI0 —2 = | TNIOTHOCTB K P , TeMIeparypa K TeMneparypy
notoka T , BHYTPEHHsISI SHEPTUsA K 1 i: M o o
0
- u - vV — w o — p
U=— V=—" w=— p=-_M_
uoo ’ u@ ’ uoo ’ poo ’
= T - e _ P - Cc _ E
I's—.,e=—F,P=——M,_.C=—,E,=—M
T, U, P, U, P,
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B 3tom ciiyuae cucrema ypaBHEHUN PUMET BUIL:

0 a(E-E) a(F-FV) a(E-Ev)
—+ = + = + — :0, (1)
ot ox 0z oy
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P pu o v
pu pu’+P ouw puv
U=| pv CE=| puv , F=| pvw G=|p+P |
pw puw ow+ P pyw
E. (E, +7)); (g, ”—));V (E, +7>);

a KOMITIOHCHTBI Ev’ F , Gv CBs3aHbl C BASKUMH HAIIPSKCHUAMMU:
v

_ _ _ _ _ . _ _ T
Ev:(O, Txxs Txy, Taxzo urxx+v2'xy+w2'xz—qx),

_ _ _ _ _ _ T
Fv - (0, sz, Tyz, TZZ; uz—xz + Vz-yz + mzz - Qz) 2
Gv=(0, Txys Tyys Tyzy UTxy + VT +WTy —¢ )

TeH30pbl HanpsUKEHUH, MOTOKM Teljla U ypaBHEHHME SHEpPruil B Oe3pa3MEepHBbIX MEPEMEHHBIX
IPUMYT BUJL:

:TﬂReMw(z;x v _;y), :%ReMW (zrvz . _;y),

;yy :%ReMw(z‘)y _;x _Wz)a

Txz =Tz :IL[RCMOO(Uz‘l'Wx)’ ;xy—;yx:;ReMoo<;y+\_/x)a

) -7, —uReM. (rvy +;Z),

PRI S SRS S P R
* (y-1)M:RePr " (y-1)M2RePr  ° (y-1)M RePr
—2 -2 —2
— == u+v +w

M, — uncno Maxa notoka, Re=u_Lp/ u — unucno Peitnonbaca, Pr — uucno Ipanars. danee
JUIs1 ynoOCTBA 3HAK YEPThI HAJl TapAMETPAMK OITYCKAETCs.
B Ge3pasmMepHOM BUJIE TPAHUYHEIE YCIOBHS IIPUBEIECHBI B Tabmuie 2.

Tabnuua 2 — be3pazmepHble BETUUUHBI TApaMETPOB KaBEPHbI

[apameTpsl u v w Yo P T E .
Benuunabl 1 0 0 0.05 14.4337741 1 36.1094352

B 6e3pa3zmepHOM BHJIe HaYaIbHbBIE U TPAHUYHBIEC YCIOBUS UMEIOT BHI:
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u=0,v=0,w=0,7r=0,0<x<1,0<y<1,0<z<1;

T=T,
p=p,r - 1=0,0<x<1,0<y<1,0<z<I;
B:Poo 2
u, (0,,2,t) =u, {cos (§§ﬂ :
uz(O,y,z,t):O,
T(0,y,z,t)=T,,
(o zt) = L),
2u Ox
2
T(x,y,z,t)—Tw:—%G%(z /1) ~(z /z)zj,
exact . 2
P sy Lol ) st Pt
ox )
M, ="==0.1
c

ypaBHeHI/IH 6y,I[YT peuIarbCs B HOBOM cCHUCTEME KOOPAHHAT, KOTOpas NpCArojaract CrymcHuc CeT-
KH BOJIHM3U CTCHKHU, CCJIU OTO HCO6XOI[I/IMO. B nanHoit pa60Te HOBas CUCTEMa ONpCALIISICTCA B BUC!

§=x, n=z, {=y.

[Tpu sToM cucrema ypaBHeHu# (1) B 0000IIEHHBIX KOOPAMHATAX 3aMUIIETCS B BUJE:

oU oFE OF oG ¢E,, ¢E,, OF, oF,, 0G, 6G,, @)
o8 OF On o OF  dE on on oL OC

rae

)i
|

_ _ 4 ~ (¢
sz 2[7'7;)17‘,2 5 va :(%ijm s Sy2 _(7}} GvZ s va = 73’ va 5

[ 0Eng) iy

_a( X,z,y) — fKoOHaH npeobpasoBaHus, E,, E, , — mpdysuonnsie wiensl, conepKaiie cMe-

ITaHHBIC 1 BTOPBIC IIPOU3BOAHBIC.
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B coorBerctBumn ¢ npuHmnoMm nocrpoenusi ENO-cxembl ucxonHasi cuctemMa ypaBHeHHHA (op-
MaJIbHO MIPEACTABIISIETCS CIEIYIOIUM 00pa3oM:

aa—lt]+( H A )ag—;+(1§+ +B” )ag—m+(Q+ +O~ )66(;7'"_

n
, (3)
|(E,+E,,) (F,+F,,) 8(G,+G,,)| 0
g - on ¢ -
n+ n+ aE
snece B = 4"U" , F"' = B"U"", : ~Q"U : GU’BZSIF]’QZ% — MaTpPUIIbI
N n I+sign\A . R 1+sign(A
Sxo0u, AiZR/'\gR_1 —RL%(JJRI , B"—L:TAUT_1 _T£%77)JT1 ,
R R I+sien\A - -
Q+—SA§S1—S(%(HJS1,E’” =E+E; +D; , F"=F+E_+D,,
G’”_G+E +D,, - MoL[H(bI/IL[HpOBaHHHe MOTOKU B Y3JIOBBIX TOYKax (i,j.k), cocTosIIMEe U3 HC-

XOAHBIX KOHBCKTHBHBIX BEKTOPOB (E F G) u ):[O6aB0‘IHBIX YJICHOB BBICOKOI'O IMOpAAKa TOYHOCTHU
(E;,D; E,,D,,E,D,)

[Tocne daxropu3anyy OTHONIATOBOW KOHEUHO-PA3HOCTHOM CXEMBI U1l MHTETPUPOBAHUS 110 Bpe-
MEHU ypaBHEeHHUs (3) mOIyyaeTcs CIenyIollee paBeHCTBO:

o _ o 1
T+Af (AT +A4~ —A” 0.,——e|'x
{ {( Vet oe Mz, H
N o _ o 1
I+Ad (B 487y L Bre—C i O Loy
{ {( N an® 677 “rang, H

n ~ o 1 r7n+l
{I+At[(Q +Q ) ?Qg ag”@”a;U }}U =

~n | OB, OF,5" 0G = ~
=U"+A{ w22’ OFuay” 0Cuys” + L QE", )+—(2F” -F! )+—(2G ~G! )}—

o~ on  0¢ O¢ meemog

4)

—At _(ﬁ++21‘ ){%(Ef +D; +(l§++l§‘ )a%(E,, +D, )+(Q++Q‘ %%UE( +D4)T

e Aé: =¢. A, B,7 =n,B, Q; = é'y O, npuuem 121++/]_=I , | — enunnunas marpuna,

2
i HE: T, = _un: u L ug,
’ T e
ST ReJ " ReJ M TReJ
KOHBeKTI/IBHBIC YJICHbI BBII[CJ'ICHHOI\/'I qacTu (4) 6BIJ'II/I aHHpOKCI/IMI/IpOBaHBI C HCIIOJIB30BaHUCM
cnez[onmero onepaTopa:

_ e _ Ai:-l/Zj (fmj —Ji ) + Az+1/2] (fz/ _f;-lj )
(4 + 4 )%fij— v 5)

91



HERALD OF THE KAZAKH-BRITISH
No. 4(67) 2023 TECHNICAL UNIVERSITY

Annpoxcumanuu 1u(Hy3MOHHBIX ClIaraeMbIX UMEIOT CIEAYIOMINN B

igoif :(0,‘+1j(ﬁ+1j+1_ﬁ—1j+1)“(Di—lj(fmj—l_ﬁ—lj—l)+O(A§2;A772)
o0& on 4AEAn
iwiﬂ (%H %Xf]H fg)’(% @, 1Xfy fy | ( A )
on on” Y 2An?
Pe3yabTarsl 1 00Cy:KIeHE
T E
1+ L ]
ok 015 .
L ] 01k
D&
o7k . 005 | f 5..\
osf /@ 0 r \ o
05k e 005 o
D4R . a1 3
P3F e 015 o/
o2F \ 0z2f
01 F | ] 1 Y J
ﬁ» 55 ' VBT 05 3 B
a) 0)

Pucynox 1 — CpaBHeHHEe IPOPHIIS CKOPOCTH a) u b) v ¢ SIKCIIEPUMEHTOM JIJISl CETOK
40x40, 80x80, 120x120 mpu M=0.05 n Re=100.

D18 q 2
0.5 51 9 ]
T&E 11
—————— qao7es 0.59251 0zsmee|
N PSS Aravia IS EAVAE PSS SWAAE BRSNS WS NEwws Sw—ws e )
0 1 2 3 4 5 6 7 8 9 10
a)
q 2
0.5901 0.544707. ]
0722857 :'1
0.5901 ]
1 II:II nll 1 1 1 _B
0 1 2 3 4 5 6 7 8 9 10
0)
——= =2
— 0.5451 TS —— ]
0853064 11
5_3;_-:;::_; 0.635576 7
E T5E51 1
S e s e e e e e e ._B
0 1 2 3 4 5 6 7 8 9 10
B)

Pucynok 2 — KorTypbI ckopocTn nipu ceTkax a) 60x30, 6) 120x60, B) 180x90 mpu M=0.1 u Re=750.
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BepxHsist cTeHKa IBUKETCSI ¢ HOCTOSIHHOM FTOPU30HTAIbHON CKOPOCTBIO, @ OCTAJIbHBIE CTEHKU He-
MOJBMKHBI, CTOPOHBI NIoJI0CTH paBHbl 1.0. HauaneHoe nose ckopoctelt 0fHOPOAHO BO BCEH 001acTH.
Uucno Maxa Haxoautes B nuanas3one 0.005 <M <0.05 .

Ha pucynke 3 cpaBHHBaIOTCS MPOGUIN TPOJOITBHOM U MIONEPEYHON CKOPOCTEH C NCTIOIb30BaHH-
€M TPeX pa3HbIX CETOK C IKCIICPUMEHTOB B padoTe [26], momydeHHBIX Ha ceTke 129x129 npu M=0.05,
Re = 100. Pemenue nis camoro rpy6oro 40x40 ceTkr MOKa3bIBAIOT HEKOTOPBIE OTIUYHSI OT APYTHUX
Oosee Menkux ceTok. Pemennst ¢ ncronb3oBanuem cetok 80x80 n 120x120 xopoIio comiacyroTes ¢
pemenusimu [26].

Pesynprarel, mony4eHHbIe ¢ MOMOIIbIO aaropuTMa pemeHus Nav3D 11 cTaiimoHapHOro Te4eHus
B KaBepHE C MOJBUKHOMN I'PaHULIEH, CBUJIETENICTBYIOT O XOPOILIEM COMIACUU MOITYUYEHHbBIX pe3ysbTa-
TOB C DaTaJOHHBIMU pelIeHusIMU [26]. Bpln HCoNb30BaHbl TPU pazaudHble ceTKHU: Tpybas — 40x40,
cpennsisi — 80x80, menkas — 120x120. [lar mo BpeMeHU A JBYXMEPHOTO TEUCHHsI B KaBEpPHE MPHU
pasnuuHbIx yrciax Maxa coctasisiet 0.0001-0.0007.

CKOpOCTh CXOJMMOCTH MPEACTABIACTCS B BUE Jlorapudma OT HOPMBI HEBS3KH ISl TNIOTHOCTH
‘ p"! — p"|B 3aBUCHMOCTH OT MTEPALMOHHBIX LIAr0B 110 BpeMeHMI0. CKOPOCTb CXOAMMOCTH PELICHHUs
JIOCTaTOYHO BBICOKAS.

VYBenuueHue yncia y3j10B pacueTHON CETKH MPUBOIUT K TOMY, YTO, HaUMHas ¢ yucia y3iaoB 80x80
U BBIIIIE, PELICHNE CXOMIIOCh HeMHOTO ObicTpee. Kak mokazano Ha 3ToM rpaduke, peneHue Uit Mell-
KOW CeTKH CXOAMIOCh HEMHOTO ObICTpee.

Kak 0b110 cKa3aHO paHee, pe3ysIbTaThl MOYTH HE MEHSIOTCS ¥ BEIOOp ceTku 80x80 — koMIipomuce
MEXTy Tpy0Ooii 1 Menkoii ceTkoid. Takium 00pa3oM, MOKHO TOBOPUTH O JOCTATOYHON TOYHOCTH CXEMBbI
JUISL CETOK € YUCJIOBBIM y3710M 80%80 u BbIlIE, UTO MO3BOJISET MPOBOIUTH PACUeT 3a/laud Ha CeTKax
3THX Pa3MEpOB.

Taxkum 00pa3zom, Ha JaHHOW TECTOBOM 3aJ1aue BUIAHO, YTO BBEICHNUE HOBBIX TapaMeTpoB 00e3pas-
MEpPHUBAHUS MO3BOJISIET PELIAIOIIMM 00Pa30M YIyULIUTh pabOTOCIOCOOHOCTh YUCIEHHOIO METO/a, a
MMEHHO YIy4YIIAeT CXOAUMOCTh U TOYHOCTbH MOJYyYaeMOro CTallMHApHOTro pemeHus. CKOpoCTh CX0-
JUTCS JTydlle ¢ yMEHbLIEHHEeM yrciia Maxa.

[Ipu Re = 100 oO6pazoBaHue BTOPUYHON HUPKYIIALMN HA JIHE KaBEPHbI OTCYTCTBYET, a UMEET Me-
CTO TOJBKO MepBUYHAS LIMPKYJISALMS B HAIIPABIEHUU BBEPX KaBEepHbI. UeM BbICIIE CKOPOCTh KPBIIIKH,
TeM ObICTpee MPOUCXOAUT 00pa30BaHKE BTOPUYHON MUPKYISAIUU. [[OBBIIIIEHHE TeMIIepaTyphl U 1aB-
JICHUSI BIIUSIET HA PACIIOIOKEHUE U pa3Mep NEPBUYHOM U BTOPUUHOM LUPKYISALINH.

Jli1g HacTOsILIEro MccaeoBaHusl JeIaeTCsl BbIBO, YTO METO/ PELUEHUS MOIXOIUT JUIsl TeKyIlen
3a71a4M C MOJABUKHOMN KPBIIIKOM.

Jna pacueta ucnonb3yrores napamerpsl M=0.1, Re=750 u Tpu paznuunsie cetku rpyoas — 60x30,
cpennsisi — 120x60, menkast — 180x90.

[Ipodunu ckopocTeit oueHb OBICTPO CXOAATCS K TOUHOMY pelIeHuto [27].

Ha pucyhnke 2 npuBoAsTCS HOTOKM CKOPOCTH, [JI€ BUJHO, YTO K KOHIly KaHaja CKOPOCTb JIOCTH-
raet 3HaueHus ~0.5.

BOnu3u ucteuenust o0OpasyroTcs CUIbHBIE TPAJUCHTHI JaBICHUS U TEMIIEpaTyphl (PUCYHOK 2).
B noBeneHnu MOrpaHUYHOrO CIIOS, MPOSBISIIOIIEMCS B KOHTYypax TEMIIEpaTypbl BOIM3U BBIXOJHOTO
cedeHus1, HaOmogaeTcst HeOOIbIIOE BO3MYIICHHE PO uiIel TeMnepaTypbl BOJIU3U BBIXO/A.

3akioueHue

B nacrosieit paborte uccienoBaHbl CYIIECTBEHHO J03BYKOBbIE TeUeHHs (3a7addl KaBEpHbI U
[Tyaszeiinsi), rie UCXOAHOM SBISETCA CUCTEMa TPEXMEPHBIX C:KuMaeMblx ypaBHeHuid HaBbe-CTokca.
b1 npesioxkeH HOBBIN MeTO/1 00e3pa3MeprBaHusl, KOTOPBIN MTO3BOJIMI YCTPAHUTD )KECTKOCTH B ypaB-
HeHusx. Cucrema pemena ENO cxemolt Tpetbero nopsiika TouHoctu. IlpemioskeHHble mapaMeTpbl
o0e3pa3MepHBaHUs TO3BOJIMIN C)KUMaeMbIM ypaBHeHUAM HaBbe-CTOKCa CXONUTHCS MPH JUana3oHe
yucina Maxa 0.0005 <M <0.05. [TomyyeHHBIe pe3ysbTaThl MOKA3aJdd XOPOLIOE COMIACHE C IKCIIEPHU-
MEHTAJIbHBIMU JAHHBIMH.
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B pemennu 3a1a4n KaBEpHBI C YBEITMYSHUEM CKOPOCTHU KPBIIIKKA 00pa30BaIMCh BTOPUYHBIC BUX-
P Ha JHE IOJIOCTH, Ha UX PACIIOJNOXKEHMSI MOBIHMUIA MOBBILICHHUS TeMIIepaTypbl U AaBieHus. s
MIPOBEICHUS PAcyeTOB ObLTAa BEIOpaH BeIYMCIUTENbHAS ceTka 80x80.

B uccnenosanuu teuenus Ilyazeiins ¢ unciamu Re=750 u M=0.1 usMeHeHus] B BBIYUCIUMOM
cetke (60x30, 120x60, 180x90) He MOBNUSIN HA MOTYUYEHHBIC PE3YJILTATHI.
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NUMERICAL MODELING OF ESSENTIALLY SUBSONIC FLOWS
OF COMPRESSIBLE GAS

Abstract

A new method for solving essentially subsonic flows is proposed, which represents a significant step in the
field of numerical modeling of flows based on the Navier-Stokes system of equations. The method uses an ENO
(Essentially Non-Oscillatory) scheme of third order accuracy, which provides higher accuracy when calculating
flows with low speed of sound. One of the key features of this method is the introduction of nondimensionalization
parameters. These parameters make it possible to adapt the Navier-Stokes equations to different physical conditions
and avoid the rigidity of the equations, which is often encountered in numerical modeling problems. This makes the
method more flexible and applicable to a variety of engineering and physical problems. To check and approbate this
technique, calculations are carried out for two important problems - flow inside a cavern and Poiseuille flow. The
value of the Reynolds number, Re=100, as well as various sizes of computational grids are considered. The obtained
results are compared with experimental data, and a high degree of agreement between the model and real phenomena
is observed. This indicates the effectiveness and accuracy of the proposed method in solving complex flows in various
engineering and physical problems.

Key words: compressible gas, Navier-Stokes equations, dimensionlessness, cavity, Poiseuille flow, Mach
number.
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CBIFBUJIATBIH TA3IBIH JABIBBIC JKBIIIAM/IBIFBIHA JENTHTT
AFBIHIAPBIH CAHJIBIK MOJEJILAEY

Anjarna

Hagbe-CToKC TeHICYyJICp KYHECIHE HETI3IENTeH aFbIHAApAbl CAHIBIK MOJCIB/ICY CAaaChIHIAAFbl MaHBI3IbI
KaJaMJIbl O1ITipeTiH, MOHI OOMBIHINA JBIOBICKA ACHIHT1 aFbIHIAP I IICHIY/IIH KaHa d/IiCi YCHIHBUIIBL. OICTE IBIOBIC-
THIH TOMCH JKbUIIaMIBIFEI Oap arblHOApABI €CeNTey Ke3iHIe MKOFaphl AOIJIIKTI KaMTaMachl3 €TeTiH VIMIHII PeTTi
nmanaiktig ENO (Essentially Non-Oscillatory) cxemacs! KongaHpuafpl. byt oicTiH HeTi3ri epeKmeniKkTepinin 0ipi
eInmIeMci3 mapamerpruepai enrizy. byn mapamerpnep HaBre-CToke TeHIEynepiH opTYpili GU3UKAIBIK JKaFgaimapra
OeiiiMaeyre MyMKIHIIK Oepel KoHe CaHAbIK MOJCIbICY SCEITEPIH/C KUl Ke3IeCeTIH TeHICYICPAiH KaTaHIbIFbIH
OonapipmMaiabl. byn omicTi MKeMal eTel JKoHE OHBI OpPTYPJIi MHXKEHEPIK, (M3HMKaIbIK Macelelepre KojJaHyra
Oonazbl. By amicremeHi Tekcepy KaHe anpoOanysiay YIUiH YHIIp inriHaeri arbiH xkoHe [Tya3elnb aFbIHBI CHUSIKTHI
€Ki MaHBI3/IbI Mocelie OOMBIHIIIA ecenTeyep Kyprisineni. PeitHonbac canbHBIH MoHI, Re=100, connmaii-ak ecenrey
TOPJAPBIHBIH SPTYPIIi OJIIEM/Iepi KapaCThIPbUIAbl. AJBIHFAH HOTHIKENIEP IKCIIEPUMEHTTIK MOTIMETTEPMEH CajbIc-
TBIPBUIBIT, MOJIETTh MEH HAKTHI KYOBLIBICTAP/IBIH KOFAPhI IOpPEKee COUKeCTIr Oakanabl. Bys opTypiti HHKEHEPITiK
oHe (PU3MKaIBIK ecenTep/ie Kyp/esi aFbIHIap bl IENIy/e YCIHbIIFAH 9/IiCTIH THIMALIITT MEH JQIIIrH KopceTei.

Tipexk ce3nep: ceirbulaThiH a3, HaBbe-CTokc TeHaeynepi, enmeMcizaeHaipy, kasepHa, [Tyaseiins arpiabr, Max
CaHbI.
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HNCCIEJOBAHUE BJIMAHUA TAMMA-OBJIYUYEHUA
HA MOHOKPUCTAJLJIbI ®EPPUTA-IUITUHEJIA

AHHOTAIUA

MexaHU3MBI ITepepactpe/ieIeHUs] FOHOB MeTaluia 1 00pazoBaHus Je(eKTOB B ()eppUT-IIITHHENN IIPH 00ITy4YeHUN
CJIOXKHBI M 3aBUCST OT IEJOoro psiia ¢akTopoB. [1o3TOMy KOMIBIOTEpHOE MOJEIMPOBAHKE M SKCIIEPUMEHTAIBHBIC
WCCIICIOBAHNS BAXKHBI U TTOHUMAHUS TOBEACHUS (DU3MYCCKUX CBOMCTB THUX MaTepHANIOB IO BO3JCHCTBHEM
pamuarym. Pa3zpaboTka HOBBIX MaTe€pHalioB, CIIOCOOHBIX MPOTHBOCTOSATH PAJHAIIIOHHOMY HOBPEKICHUIO, AMEET
OoJIbIlIOE 3HAYEHHE JUIsl LIEJIOTO psifia NPUIIOKEHHH, BKIOYas (pU3MKy TBEPJOro Teja, sACpHYI0 (H3HKY, KOCMH-
YCCKUEC HCCIICAOBAHUA U TPUMCHCHNUE B MCIUIIUHEC. B HaHHOfI pa60Te MMPOBEACHO MCCJIICA0OBAHUC BJIUAHUA TaMMa-
00ydeHus] Ha MOHOKPHCTAJTBI (pepputa CoO’7 SCuO,2 JFe O, Panee 6b1110 MPOBENEHO MCCIIENIOBAHKE C HCTIONB30BAHUEM
MeccOayIpOBCKOH CHEKTPOCKOIINH, KOTOPOE MO3BOJIMIIO ONPEICIUTh N3MEHEHHE COAEPKaHUSI MOHOB METAJUIOB B
TojpenIeTkax (heppUTOB-IITHHEICH. DTH N3MEHCHHS BIHUAIOT HA MATHUTHYIO KPUCTAJUTOTpahUIEeCKYI0 aHIH30TPOTIHIO
Marepuana [1]. B HayuHO# nuTepaTtype MOXXHO HaWTH JaHHBIE, KOTOPBIE YKa3bIBAIOT HA TO, YTO TaMMa-00IydeHHe
MIPUBOIUT K M3MEHEHUIO MArHUTHOW BOCTIPUUMYNBOCTH MaTePHajoB U K N3MEHEHUIO KPUBOI HAMarHUYMBaHus [2, 3].
OTH M3MeHeHHs (PU3NUECKUX CBOMCTB MOTYT OBITh OOBSICHEHBI MEpepaclpe/elieHieM HOHOB METaJJIOB B OKTadl-
PHYECKHX W TETPasIpUYeCKUX IOJIPEHIeTKaX, TaK KaK MOHbI METAIJIOB B MOJAPELIETKaX HMEIOT paclieruieHHe
AQTOMHBIX YPOBHEH.

KoroueBble ciioBa: (eppUT-IINHIHENIb, MOAEIHPOBAHUE, O0TYUECHHNE, KPUCTAIIINYIECKAs PEIIETKA.

BBenenue

[lepepacmpesieneHrie HOHOB MeTauia B (hepPUT-IIITHHENBHBIX MOAPENIeTKaX — JTO CIIOKHBIN
IPOLIECC, KOTOPBII BKJIIOYAET HECKOIBKO MEXaHU3MOB, TAKMX Kak 00pazoBaHue Ae(hEeKTOB, MUTPALIHS
u xinacrepusanus. O0pazoBanne 1e()eKTOB B KPUCTAUIMUECKON PEIIeTKEe, TAKNX KAaK BaKaHCHHU, MH-
TEPCTUIMH U JHUCIOKALUH, MOXKET 00ECIeYNTh MecTa Il MUTPAlluid HOHOB MeTasuia. OTH Ae(eKThl
MOTYT JIeWCTBOBATh KaK JIOBYILIKH JJIsi HOHOB METAJLIA, YTO IIPUBOIUT K 00Pa30BaHUIO PaIHAllIOHHO-
MHIyIIMPOBaHHbIX (a3.
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Murpanus HOHOB METaJlIa IPOUCXOUT, KOTIa CMEIIEHHBIE HOHBI METaJUIa IEPEMEIA0TCS Yepe3
KPHUCTAJTNUECKYIO PEIIETKY, YTOObI 3aHATh JPyTryUe Y4acTKU. JTa MUTPAIUs 3aBUCUT OT KOHILIEHTpa-
e 1e(PEKTOB U YHEPTUU MOHU3UPYIOIIETO H3TydeHHs. VIOHbI MeTaia Takke MOTYT 0ObeIUHATHCS
B KJIaCTephl, 00pa3yst HAHOpa3MEpHBIE 0Ca/IKH, KOTOPBIE MOTYT BIMATH HA CBOICTBA MaTepuaina. Oep-
PUT-IIIUHETb — 9TO KJIacC MarepHuajoB, COCTOSIIMX M3 JIByX B3aWMOIPOHHKAIOIIUX KPUCTAJUINYEC-
CKUX PEIIEeTOK: PEHIeTKU IIIHHENIN U penieTku gepputa. Pemerka mMMUHETN COCTOUT U3 KaTHOHOB,
PacTONIOKEHHBIX B KyOMYECKOH MIOTHOW CTPYKType, a pemeTka ¢peppuTta COCTOUT U3 KOMOMHALIUN
KaTHOHOB eJie3a U aHUOHOB Kuciopoza. [Ipu o6myueHnn HoHbI MeTallia B (peppHUTe-IIITHHETH MOTYT
nepepacnpenesaThCs MEKAY AByMs noapemierkamu [4—6].

Bo Bpemst 001TyueHHsT BBICOKOOHEPTeTUYECKIE YaCTHIIbI, TAKHE KaK HEUTPOHBI, MOT'YT ITPOHHKATh
B MaTepuai U CMEIaTh aTOMbI C UX MECT B pelIeTKe. DTH BHITECHEHHBIE aTOMBI MOTYT MUTPHPOBAThH
Yyepe3 PeIeTKy U B UTOre MPUXOIAT B COCTOSHUE ITOKOSI HA HOBOM MECTE PELIETKH. DTOT MpoLiece 13-
BECTEH KaK WHAyIIUpOoBaHHAs oOmydeHuem nuddysus [7].

B ¢eppure-mmnuHeny MOHBI MeTallla, TAKUE KAK JKeN€30, MOTYT OBbITh BBITECHEHBI M3 CBOMX
NePBOHAYAIBHBIX MECT PEIIETKH B MOApeNeTKe peppuTa 1 MUTPUPOBATH B MOAPEHIETKY HIMUHEIH.
AHaJIOTUYHO MOHBI METaJJIa B MOJpEIIEeTKE MIMUHETN MOTYT MUTPHPOBATh B MOJPEIIETKY (Geppura.
[lepepacnpeneneHre HOHOB MeTaJllIa MOXKET BIMSATH Ha CBOMCTBA MaTepralia, TAKUE KaK dIIEKTPOIPO-
BOJJHOCTh, MAarHUTHBIE CBOWCTBA U MEXaHWYECKast IPOYHOCTb.

0- OkTasaputeckne Mesxkaoyanua; = - Terparapudeckne MexkI0Y3Ims;
©- Aunonbl kucnoposa

Pucynok 1 — Onemenraphast sueiika ['T{K-pemeTku mmuHenu ¢ HOKa3aHHbIM OKPYKEHHEM
TETPAdIPUUECKUX U OKTAIIPUUECKUX MEXKI0Y3IUN

Crenenp mepepacipeieieHdss HOHOB MeTaia B (eppUTe-IINMUHETN NPy OOIYyYeHUU 3aBUCUT
OT HECKOJIBKHUX (haKTOPOB, BKIIIOUASI SHEPTHIO U (PIFOSHC OOIyYalONIMX YacTHII, COCTaB MaTepHuasa u
TEeMIEPaTypy, MPH KOTOPOI MpoucxoauT odimydenue. [lonnmaHne MeXaHu3MOB TepepacpeeIeHUs
HMOHOB MeTaJljIa B (peppHUTE-IIIMUHETN BaXKHO [Tl pa3pabOoTKH MaTepUajoB, CIOCOOHBIX POTUBOCTOSTh
pazuanMoOHHOMY TOBPEXK/ICHUIO B SICPHBIX PEAaKTOpaxX U IPYTUX BHICOKOPAIUAIIMOHHBIX Cpeiax.

[lepepacnpenenenue HOHOB MeTallIa B (peppUTE-LIMHUHETH MOKET UMETh Ba)KHBIE TOCIIEICTBUS
JUIs CBOMCTB Marepuana. Hampumep, Murpamysi HOHOB JKelle3a U3 MOJpPEHIeTKH (eppHuTa B mompe-
MIETKY HIMTMHETN MOXET MPUBECTH K 00pa30BaHUIO MAarHUTHBIX HAHOYACTHI], KOTOPbIE MOTYT Haii-
TH IPUMEHEHUE B MAarHUTHBIX HAKOIHUTENSAX JAHHBIX ¥ OMOMEIUIIMHCKOW BU3yanu3anuu. Murpanus
MOHOB JIPYTHX METAJIOB, TAKUX KaK XpOM WJIA HHUKEIb, TAK)KE MOXKET TIOBJIHATh HA KOPPO3UOHHYIO
CTOMKOCTh MaTepuana [8].

[Tomumo mepepacnpeneneHnuss HOHOB METAJUIOB, OOMYYEHHE MOXKET TaK)Ke BBI3BIBATH JIE(EKTHI
B KPUCTAJUTHYECKOHN pEIIeTKe, TaKHe KaK BaKaHCHUU, KOTOPbIE MOTYT BIUSATH HA MEXaHUYECKHE CBOM-
cTBa Matepuana. Hampumep, Hanmuue 1eeKToB MOXKET YBEIHYUTh TBEPIOCTh MaTepHaia U yMEHb-
IIMTH €T0 MacTHIYHOCTh. OOpa3oBanue e(HEKTOB TAKIKE SBISAETCS KIFOUEBBIM (DaKTOPOM B HBOJIOIIUT
MUKPOCTPYKTYPbI U (HOPMUPOBAHUU PaIMAIMOHHO-UHIYLIMPOBAaHHBIX (a3 B (heppuTe-INuHENN Npu
00Ty4eHHH.
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Hens uccnenosanus:

HccnenoBanus Hanuuust 1eeKkToB B peppuTe-IINuHeNn Mpu raMmMa-o0IydeH!H, TaKk Kak repe-
pacrpezneieHie HOHOB METajlla MOJKET BIUATh HA CBOMCTBA MarepHualla, TAKUE KaK JIEKTPOIPOBO/-
HOCTb, MATHUTHBIC CBOMCTBA M MEXaHUYECKAsI IPOYHOCTE.

MaTepna.m,l U METOAbI

OxTa’apuyecKkne BaKaHCHH B KPUCTAJIaX MOTYT OBITH 3aIllOJTHEHBI MOHAMHU KaK U3 OKTadIpuye-
CKHX, TaK ¥ U3 TETPAIPUUECKUX MEXKI0y3/IMiA. UeM Bblllle TeMIepaTypa KpucTasuia, TeM HHTEHCUBHEE
CTAHOBMTCS ATOT MPOLECC. AHAJIOTMYHOE SIBIICHUE MPOUCXOANUT U C TETPAAPUUECKUMH BAKAHCHSIMHU.
[Tpu BbICOKHMX TeMmIiepaTrypax oOJy4eHUs MOHBI U3 OKTA3IPUUYECKUX MO3MUIMIA MOTYT TepeMeaThes
B TETPa’ApUUYECKUE MMO3ULIH, YBEINUYHNBAs KOHIEHTPALMIO BakaHCUH. To e caMoe MPOMCXOAUT U B
TeTpa’apudeckoi nmozapemerke geppura. [ onucaHus Bcex 3THUX MPOIECCOB HEOOXOMUMO Oosee
20 KMHETUYECKUX ypaBHEHUI. AHATUTUYECKOE PEIIEHNE TaKOM CUCTEeMbl ypaBHEHUI HEBO3MOXKHO,
MTO3TOMY TIPEATIOYTUTEILHBIM SIBIISICTCS] YUCIICHHBI METOJI PEIIEHUS C UCTIOIH30BAHUEM KOMIIBIOTEP-
HBIX Tporpamm. [y 3To# 11enu Mbl BeIOpasin mporpammHoe obecrnedenue Fortran u Origin.

dopTpaH XOpOIIo U3BECTEH CBOCH A()(HEKTUBHOCTHIO B YUCICHHBIX pacyeTax U  CIIOCOOHOCTHIO
BBITIOHSTH KPYITHOMAcCIITaOHble HayYHbIE U UH)KEHEpHbIE pacueThl. OH mpeiaraeT Takue QyHKINH,
Kak 00paboTKa MacCHUBOB, MOAIPOTrPaMMBbI M (DYHKIHH, YTO JENACT ero MPUTOAHBIM JJIsl HAyYHBIX U
WH)KCHEPHBIX MTPHIIOKEHHM.

[Iporpammuoe obecnieuenue Origin, ¢ Ipyroil CTOPOHBI, ABISETCS MOLIHBIM UHCTPYMEHTOM IS
aHaJIM3a JaHHBIX U TOCTpoeHMs rpadukoB. OH IIMPOKO UCTIONB3YETCS B MCCIEIOBAHUAX U 00pa3oBa-
HUU PA3JIMYHBIX HAYYHBIX AUCLMILUINH, BKIOYas (Gu3uky. Ero ruOKocTs U BO3MOXKHOCTHU JENAI0T €r0
LIEHHBIM JJIs1 YYEHBIX, IPENO/aBaTesiel U CTyAECHTOB.

Me1 pazpabotanu nporpammy Ha @opTpane oz HazBanueMm Sys Adams 1 st pemieHus cucte-
MBI HETMHEHHBIX ypaBHeHHH. [IporpaMma ucnons3yer nporpaMmmHoe odecnedenne Fortran u Origin
JUTSL TOCTHOKEHUSI TOUYHBIX 1 9()()EKTUBHBIX PE3YJIbTaTOB.

Jlns penieHust cUCTeMbl HEJTMHEWHBIX ypaBHEHUH, HCIIOIb30BAJIMCH JBA METOIA:

a) AnaMca-MynToHa — MEeTOJ] XOp/ C TIOJIb30BaTEIbCKUM SKOOHMAHOM;

Meton Anamca-MynToHa (TakyKe M3BECTHBIA KaK METOJ XOpJ) SIBJISIETCS YUCICHHBIM METOJ0OM
pemieHns 0ObIKHOBEHHBIX Auddepenunansupix ypasaenuit (OY). On sBisieTcs SBHBIM METOJIOM,
KOTOPBIN HCTIONB3YeT MHPOPMAIMIO O MPEABIAYIINX IIarax i BBIYUCICHUS TEKYIIEro 3HAYCHUS.
Jnis ucrionp3oBanusi Metoa Anamca-MyaTOHA ¢ TIOJIB30BaTEIbCKUM SIKOOMaHOM HEOOXOMMO UMETh
SIBHOE BBIpKEHHE JIUIS SKOOMaHa CUCTeMbl. SIkoOMaH mpencTaBisieT coOO0W MaTpPHILy, COCTOSIIYIO U3
YaCTHBIX MPOM3BOIHBIX CHUCTEMBbl ypaBHEHUIH. OOBIYHO SKOOMAH BBIYMUCISACTCS aHATUTUYECKU IS
KOHKPETHOU CUCTEMBI YPABHEHHI;

0) rupa-MeTo/ XOP/ C MOJIb30BaTeIbCKUM SKOOMAaHOM pa3esIeHHON pa3HOCTE MHTETPUPOBAHU-
€M Ha3aj.

[maBHBIM IPEUMYIIIECTBOM THpa-METO/a XOP/I C IOJIb30BATEILCKUM SIKOOMAHOM U pa3ielieHHBIMU
Pa3HOCTSIMHM MHTEIPUPOBAHUS Ha3al SIBJISIETCA €ro CocoOHOCTh pemarh cucteMbl OY ¢ Oonee BbI-
COKOM TOYHOCTBIO M CTa0MIBHOCTHIO. [lomb30BaTeNnbCKuil SIKOOMAH MO3BOJSET yUECTh OCOOEHHOCTH
CUCTEMBI U YITy4IIUTh TOYHOCTD pelieHus. Pa3nenennpie pa3HOCTH MHTETPUPOBAHUS Ha3a/l yUUThIBA-
0T POM3BOIHBIC HA HECKOJIBKUX IIarax, YTO TAK)KE CIIOCOOCTBYET MOBBIIIEHUIO TOYHOCTH.

OcCHOBHBIE IOJIOKEHU ST

OeppuT-MMNUHETh — KIacC KepaMUYECKHUX MaTepuajioB, MPHUBJICKIA 3HAYUTEIHPHOEC BHUMAaHHUE
Onaromapsi CBOeMy YHUKAJTbHOMY COYETAHUIO DJICKTPONPOBOJIHOCTH, MAaTHUTHBIX CBOWCTB W MeXa-
HUYEeCKOH mpouHocTH. OnHAKo Hanmuyue JAePEKTOB B ITHUX MarepuajaX MOXKET CYIICCTBEHHO
MOBIIMSATH HA UX IKCIUTyaTallMOHHbIE XapaKTePUCTHKU. [ 'aMmma-00yueHne, paciipoCTpaHEeHHBI METOT
co3/1aHus AePEKTOB B MaTepuaax, MUPOKO U3ydajaoCh, YTOOBI TIOHATH €0 BIUSHUE HAa (hepPUTOBYIO
mmuHens [6, 9—10].
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®epput mnunenn Co,,.Cu, Fe,O, nmeer obduryro popmyny (MFe )M —Fe ;]O,, tne 6 mpen-
cTapysieT crenenb nuBepcuu. Kpucrammaeckuii peppur kobansra CoFe O, co ctpykrypHoit popmy-
noii (Co*_; Fe*")[Co*Fe’", ] umeeT 0OpaTHyIo CTPYKTypy IINMHEIN HPU KOMHATHOM TEMIIEparype.
@epput kobanbTa 007a71aeT YMEPEHHON HAMarHWYeHHOCTHIO HACHIIMICHUS, XOPOLUIMMH JJIEKTpHYe-
CKMMH CBOWCTBAMM, BBICOKOM MarHMUTOKPUCTAJUIMYECKON aHM3O0TPOINEH, XOPOIINMH MEXaHUIECKU-
MU CBOMCTBaMHU U XMMHYECKOW CTaOMIIBHOCTBIO, UTO JIENAET €ro NePCIEeKTUBHBIM MarHUTHBIM Marte-
puaiom [5,6].

[Tpu y-o6mydenun Geppuron Co, ,sCu,,.Fe,0, mepBas korcTanTa aHusorpornuu K, nemoncTpu-
pyeT HEMOHOTOHHOE M3MeHeHHe. BHauane oHa CHMKAeTCsl MPU ONPEENIEHHBIX 103aX OOydeHus, a
3aTeM 3aMETHO BO3PACTAaEeT [0 Mepe yBeTuueHus 103bl. JJo0aBieHne uHKa B cocTaB (pepputa yCiaox-
HSET JIO30BYI0 3aBUCUMOCTH K, HO XapakTepHOe MUHUMAIbHOE 3HAYEHHE BCE JKe CyHIeCTBYET. [Ipe-
JBIAYIINE UCCIEJOBAHUS C UCTIONB30BAHNEM MecCOayIpOBCKOM CIIEKTPOCKOIUH MTOKA3aId, YTO HOHbI
KoOapTa mepepactpeeNssioTCes M0 MOAPEIIeTKaM MO AeHCTBHEM Y-00IydeH s, OTHAKO B ATHX HC-
CIIeTIOBaHMSX /1032 00myueHus He npebimana 10® paa. OxHako Ipyrue UCClieI0BaHKs MapraHell-I[HH-
KOBBIX (DeppUTOB MOKA3aJIH, YTO MPH OOJIBIIKMX 033X Y-00aydeHus (10 5¢10° pan) MarHUTOPE3UCTUB-
HbIe 2P PeKThl cTabmmu3upyroTces [11]. DTo CBUIETENBCTBYET O TOM, YTO C POCTOM JI03bI Y-00IydeHUs
pPaaMaMOHHO-IyBCTBUTEIIbHBIE MAarHUTHBIE XapaKTEPUCTHKU (EPPUTOB IOCTHTAIOT MUHUMYMa, a
3aTeM BBIXOJAT Ha MJato. ITOT APPEKT MOXKHO OOBACHUTH CTPOCHUEM KPUCTAJIMUECKON peleTKku
(heppuTa-IIMUHENN, COCTOAIICH U3 ABYX MOAPEIIETOK CO Cenu(PUIeCKUMU MEXKI0y3IUIMH, O1aro-
MPUSTHBIMU JIJIS1 3aII0JIHCHHSI HOHaMu MeTaiios [12, 13].

OO6nyuyenue GpeppuTa MPUBOIUT K BHITAIIKMBAHUIO HOHOB METAIIJIOB M3 UX MO3UIIUH B CTPYKTYpE
(deppuTta. ITO MPUBOAUT K U3MEHEHHIO (PU3NIECKUX CBOMCTB Marepuaia, TaKUX KaKk MarHUTHAs aHU-
3oTponus. Takke paguanMoOHHOE BO3IEHCTBUE MOXET MPUBECTU K MEPEpacIpeieICHHI0 HOHOB 110
CTPYKType (eppHTa, 4To MPUBOAUT K YIOPAJOUYCHUIO MaTepraia U CHIDKEHHIO CBOOOTHON SHEPTHH.
B pesynbrare kKoHKypeHIMH 3THX 3()()EKTOB BOZHUKAET SKCTPEMYM Ha KPUBOM 3aBUCUMOCTH CTPYK-
TYpHO-9YBCTBUTEIHPHOTO CBOWCTBA (heppuTa OT J03bl o0mydeHus. VccienoBanus MOKa3bIBalOT, YTO
U3MEHEHHUE ITOTO CBOWCTBA (heppHUTa MPU OOITYUEHUH 3aBUCUT OT TEepepaclpeieieHUs] HOHOB B €ro
CTPYKTYpE, a He OT yMOPSJAOUEHUs WK pasynopspodeHus. s Oonee neTanbHOr0 M3y4eHHUS ITOTO
ad¢ekra Obuta pazpaboTaHa MoEThL MepepacipeaciieHus] HOHOB B KoOanbkT-MenHoM ¢eppure. Pa-
Hee Takasi MOJIeNb OblIa MCIIOJIb30BaHa /ISl U3yUeHUs! KOHIEHTPALMOHHBIX MAKCUMYMOB J1€()EeKTOB B
MeH, 00JTydeHHOM AmekTponamu [11, 12].

O030p 1uTEpaTypsl

Heenp [14] pa3paboran Teopetnueckune moaenu HMA, B KOTOpbIX OCHOBHOE BHUMAaHHUE Y/IEJsI-
JI0Ch aHU30TPOITHOU MPHUPO/Ie OOMEHHBIX B3aMMOJICHCTBUI MeX Ly TapaMu HOHOB. EMy ynanoch 00b-
SCHUTH CIIOHTAaHHYI0 HaMarHMYEHHOCTh (peppolInuHenel, y KOTOpbIX HaMarHU4E€HHOCTh MOJperIe-
TOK HE KOMIICHCHPOBAaHA U MOJHAs HAMAarHMYEHHOCTh OTAMYHA OT HyJs. [logpemierka gomkHa obna-
JIaTh MEePUOAMYHOCTHIO M SKBUBAJIEHTHOCTBIO BCEX Y3JIOB, XOTS 3alOJHSIONINE UX HOHBI MOTYT OBITh
HESKBHUBAJICHTHBI 110 TUIy. BOmM3u obnactu Temmneparyp Tc CymiecTByeT TOIbKO OIKHEE CITIMHOBOE
YIOPAJOYEHHUE 32 cUeT OOMEHHBIX CHJI MEXIY COCEAHUMH clMHaMU. Takue (pakTopbl, KAK MOHHBIN
paauyc u 3apsijl, BIUSIOT Ha pacipeieieHue HOHOB B peieTke. CMUT U YalH [15] mopuepkHyu Bax-
HOCTb Y4€Ta HEMpPsIMbIX OOMEHHBIX B3aUMOJEHCTBHI Yepe3 HOHBI KUCIOPOia B OTHOM m1ockocTu. B
(deppuTax TaKxe BCTpEedaroTcs 1e(EKThI, BBI3BAHHBIE TEIUIOBBIM JIBIIKEHHEM HOHOB U OTKJIIOHEHUSIMU
ot crexnoMerpun. Pacuers Mocuasl [16] MOKa3bIBAIOT, 4TO CIMH-OPOUTANEHOE B3aMMOJICHCTBHE, a
HE TapHOe B3aUMOJECHUCTBUE, SBISETCS OCHOBHBIM MEXaHH3MOM, OTBETCTBEHHBIM 3a KpHCTaJlINue-
ckyto anuzorponuio. llnunenn ¢ nonamu Co™+ B OKTa’3APHUECKUX MO3UIUAX OOBIYHO HU3yUYaAIOTCS
u3-3a BKJaa HIoHOB Co2+ B aHM30Tponuio. BeIOOp cucTeM A ucciieoBaHus 10JIe HOHU3UPYIOILe-
ro m3nydenus omnpezaensercs sennunnoit HM/I, Bei3siBaemoit nonamu. Kpynuuka [17] paccmoTpen
npsiMble 0OMEHHBIE B3aUMOJICHCTBHS MEXy coceqHUMHU noHaMu Co2+, re npeanoYTUTeIbHOE Ha-
IpaBJIEHUE OINPEeNIAETCs] OpUEHTAIIMEH JIOKaJIbHOW TpUroHanbHOU ocu. B pabore 'accem M. Anb-
3yOu [4] ycrenHo CHHTe3UpOBaHbl HAHOYACTHIIBI U3 COBMECTHO JISTHPOBAaHHOTO MEIHOTO (eppHuTa,
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oTpe/iesieHIe Pa3MepOB C IMMOMOIIBIO THAPOTepMalibHOTO MeToaa. [Ipu cpaBaenun ¢ uncteiM Cu dep-
put, no6asnenue Co yBeIWYMBAIIO TOCTOSHHYIO PEHIETKH M YMEHBIIAIO TUIOTHOCTh. OTMETHII, YTO
KO3PLMTUBHASI CHJIA ¥ OCTAaTOYHAsl HAMAarHUYEHHOCTh YBEJIMUMBAINCH C YMEHBIIEHUEM TEMIIEPATYPBI.

Pesynbrarbl 1 00cyKaeHHS

YucneHHble pacyeTsl MPOBOAMINCH IPU pa3iIMYHBIX TeMIeparypax B auanasoHe ot 273 K no
333 K, npenmnonaras, 4To 3KCiepuMeHTalIbHble 00pa3iibl B [ 1] Oblin 00JIydeHbl IPU KOMHATHOM TeM-
neparype. O6imydenue oCymecTBIsIoch ucrounukom Co., ¢ sneprueit 1,25 MoB 1 HHTEHCHBHOCTBIO
110361 420 paj/c. PacueTsl mpoBOAMIKCH s 0Opasiia oobeMoM 1 cm?.

OpHMM M3 Ba)XXKHBIX [TApaMETPOB B pacyeTax SBISETCS YHEPIHs CBSI3H, IO KOTOPOH MOHUMAETCS
SHEprusi, HeoOXOoaUMasl JUIsl CBSI3bIBAHMSI MOHOB OIPEIEIICHHOIO THUIA B OKTa3ApHUECKON U TeTpa-
snpuyeckoi mozapemierkax. K coxaneHHio, 35KCIEpUMEHTAIBHBIX PEe3yabTaTOB JJs 3THUX SHEPruit
cBs3u HeT. [loaToMy Ui pacdeToB B KaueCTBE HHEPTUil CBSI3M MBI MCIOJIB30BATM CYMMY SHEPTUil
MUTpauu ¥ crabunuzanuu. JHeprus murpauu (Em) Obuta npunsta pasuoit 1,05 3B, a sueprus
crabunu3anuu noxydena us [17].

YucneHHble SKCIIEPUMEHTHI ObUTM MPOBEACHBI C UCIIOIB30BAaHUEM PA3IMYHBIX SHEPTHMl CBS3H,
Bkirodas 1,676 »B; 1,656 5B; 1,695 3B; 1,134 5B; 1,368 3B u 1,828 »B.

C kpuctaiorpadguueckoil TOYKH 3PEHHUS CUUTAETCS HOPMaJbHBIM, KOT/JIa MOHBI OJHOTO THIA
pacnonararoTcsi B KpucTauiorpauyecky 3KBUBAJCHTHBIX NMO3ULMAX. [Ipu 3TOM Ha aneMeHTapHyo
AYEHKy NIPUXOAUTCSA 8 HOHOB X, PaCIOIOKEHHBIX B NO3ULUAX A, 1 16 noHoB Y B nosunusax B. Cymie-
CTBYIOT TaK)K€ CMEILIaHHBIE CTPYKTYPbI, ABJISIOLINECS EPEXOAHBIMU MEXKIY HOPMaJIbHOU U HHBEPTHU-
POBaHHOW IIMUHETBHON CTPYKTYPOH.

[lepexon Mexay HOpPMalbHOM M OOpaIIeHHOW CTPYKTypaMu INMHUHEIH MOXKHO Y3HATh IO

dbopmyne [8].
(x5¥1-5) (X1-5Y1+5) Os
A E

(1)

B a10it hopmyie 6 0603HauaeT 10TF0 HOHOB X B MO3UIHAX A. J[J1s1 CTpYKTYpBI HOPMaJIbHOTO THTIA
& = 1, a ana crpykrypHoro obpamensoro Tuma 0 = 0 .
Kpucrannorpaduueckue faHHble Kyoudeckux mmuneneii B coctape C0p 750U 25F €704,

§=00 (CopoCugoFe;)(Cop75CuUqsFe1)0,
6=02 (Cop.175CuUgsFeqg) (CogsClgrFe; )0,
6=04 (Cop3Cug1Fens)(CogasCugqsFe; 4)0,

UncnenHblil pacueT u rpaduueckue pesymsratel 0 =0; §=02; & =04

04z -

o4 4

N, KOHUEHTP ALAA WOHOE METANNOR
N, FOHUEHTPAUMA WOHOB METANNOE

Dot slmpusssn nan
0.3 T T T T T, T T T,
° 10’ o' 10" 10 10 10" 10

Deaa ofimyesman pag

Pucynox 2 — 3aBUCUMOCTb KOHLIEHTPALIU! Pucynox 3 — 3aBUCUMOCTb KOHLIEHTPALUU
nonoB Co B mozapemietke oT 10361 00ITyYeHUS noHoB Co A mojpenieTke OT J03bl 00TyUeHHs
mipu Temrieparype 273K ripu Temreparype 273K
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N, KOHUEHT PALMA MOHOB MEeTan noe
N, KOHUEHTPALUWA WOHOE MeTannos

Dezm ofnywess pag
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PucyHnok 4 — 3aBUCHMOCTbH KOHIEHTpALUH Pucynok 5 — 3aBUCHMOCTBH KOHLIEHTpAIIUU
noHos Fe B moapemeTke oT 10361 001yUeHUS noHoB Fe A moaperierke oT 10361 00TydeHHS
npu Temneparype 273K npu Temneparype 273K
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PucyHnok 6 — 3aBUCHMOCTbH KOHUEHTpAIUH Pucynok 7 — 3aBUCHMOCTbH KOHLIEHTpAIUU
nonoB Cu B moapenierke ot 10361 00Iy4eHUs noHoB Cu A nozpemeTke oT 1036l 00TyUeHHS
mpu Temmneparype 273K pu Temrneparype 273K

Ha pucynkax moka3ana 3aBUCHMOCTH JIOJTM MOHOB Ha OJHY MOJIEKYITy OT TEMIEpPaTyphl M JO3bI
00myueHus.

3aBUCUMOCTH KOHIIEHTpaIu MOoHOB CO B MOApEIIETKE OT 103bI OONydeHHUs MpH TeMIleparype
273K MoxkeT ObITh OTMCaHa C TTOMOIIIbIO YPABHEHHUSI:

N(Co)/N(Co)_0 = exp(-0), 2)

rae N(Co) — xonnentpaims nonoB Co nmociue odmyuenus, N(Co) 0 — HagabHast KOHIICHTPAIUS HOHOB
Co, o — k03P PULIHEHT TPOTOPLUHNOHATBHOCTH, 3aBUCSIIUI OT THIIa OOIyYSHHS, @ — 1032 OOIYUICHUSI.

OTa 3aBUCUMOCTH UMEET SKCHOHCHHHaHBHBIﬁ XapakTep, TO €CTb KOHLUCHTpals HOHOB CoB noa-
penieTke OyaeT yObIBaTh C YBEIHMUECHUEM JT03bI OOTYUCHHS.

SKCHepI/IMeHTaJIBHOC OmnpeacICHUEC 3aBUCUMOCTH MOXCT OBITH BBIIIOJIHEHO IMyTEM UBMECPCHUS HA-
JanpHON KOHIeHTpanuu HoHoB Co B oOpasiie, a 3aTeM U3MEpEeHHUs] KOHIICHTPALUHU T0cie 00IydeHus
NpU pa3HbIX 103ax. [0 MoJy4eHHBIM JaHHBIM MOKHO OINPEACTUTh KOI(D(OUIIMESHT MPOMOPIHOHAIb-
HOCTH O IJIsI JAHHOI'O THUIIA O6J'Iy‘leHI/I$I.

Ha pucynkax 2—7 nmoka3aHbl 3aBUCIMOCTH KOHIICHTPALMK HOHOB KOOaJIbTa, kene3a, Meau B A u B
nojpeneTkax ¢peppura B 3aBUCUMOCTH OT J03bl U TeMIIEpaTypbl 00aydeHus. 13 aToro pucyHka Buj-
HO, YTO KOHLIEHTpAIMs KOOanbTa € OKTadIPUYECKON MOIPEHIeTKON (eppuTa ¢ YBEINYECHUEM J03bI
00JIy4eHHs TPOXOAMT Yepe3 XOPOIIO BhIPAKEHHBI MUHUMYM, a 3aT€M MEPEXOIUT Ha «IUIaTO», T.€. O
4ETKO KOPPEIUpYeT ¢ 3aBUCUMOCTBIO K, OT 103b1 001IyUeHHs], SKCIIEPUMEHTAIBHO YCTaHOBJIEHHOH B
pabore [1-3, 11].
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3akioueHue

HccnenoBanue mokasaio, 4YTO raMMa-o0JydeHHEe BBI3BIBACT MepepacipeieiecHue HOHOB MeTall-
J0B BHYTpH nojpemerok peppura-mmuaenu Co . Cu, Fe O,, 40 NpHBOAUT K H3MCHCHHUIO HX Mar-
HUTHBIX CBOMCTB. DTH pe3y/bTaThl UMEIOT 3HAUCHHE JJIsi IOHUMAHUS TOTO, KaK OOJydYeHHE BIIUSCT
Ha CBOWCTBa MaTepHasoB, a TAKKe U Pa3pab0TKH HOBBIX MaTepHaliOB ¢ OCOOBIMU XapaKTepPUCTHU-
KaMu. Ba)XHO OTMETHTB, YTO Mepepacipe/ie/icHiHe HOHOB METAJJIOB BHYTPH MOIPEIIETOK (heppuTHOM
IINMAHE]IM MOXET OKAa3bIBaTh CYIICCTBEHHOE BIUSHHE Ha CBOMCTBA M XapaKTEPUCTHKH MaTepuaa.
Takasi MUTpanys HOHOB METAJUIOB MEXKIY MOAPEIIETKAMH MOXKET BIUSATh HA MarHUTHbBIE U KOPPO3U-
OHHBIC CBOWCTBAa Marepuaja, a TaKKe MPUBOIUTH K 00pa30BaHUIO PaJUAIlMOHHO-HHIYIUPOBAHHBIX
¢a3. Kpome toro, Hannune neeKToB KPUCTATUINIECKON PEIISTKH, BHI3BAHHBIX OOTYYEHUEM, MOXKET
BJIMSATh HA MEXaHMYCCKUE CBOWMCTBA MaTepHara.

HeoOxonumbl ganpHEUIINE UCCISTOBAHUS TSl M3YYEHUS BIUSHHS Pa3IMYHbIX YCIOBUI 00Tyde-
HUS ¥ HOHOB METAJUIOB Ha Tiepepacipene’eHne u oopasoBanue 1eQekToB B heppure-mmuHenn. Paz-
paboTKa MHHOBAIMOHHBIX METOJIOB aHAJIM3a MUKPOCTPYKTYPhI U CBOWCTB OOIY4YEHHBIX MaTEpUAIOB
MOXeET J]aTh HEHHYI0 HHPOPMAIUIO 00 WX MOBEIEHUH U IIOMOYb B CO3aHUH PAIHALMOHHO CTOMKHUX
MarepHraioB. B menoM nzyuenne nepepacrpeieeHusi HFOHOB METAJUIOB B (peppUTE IITTHHEIHN MO BO3-
JeicTBUEM OOJYYEHUs SIBISAETCS BaKHEHIIUM HAIPaBICHUEM HCCIEJOBAHHUM, UMEIOIIUM 3HAYCHUE
JUTSL pa3IMYHBIX 00JIACTEH TEXHHUKH.
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OEPPUT-IUINUHEJb MOHOKPUCTAJIIAPBIHA
T'AMMA-COVJIEJIEHYAIH O9CEPIH 3EPTTEY

AHaaTna

CaoyrneneHy ypaiciHeH KeliH (eppuT-IITUHETIHAEC METaUl HOHAAPBIHBIH KallTa YIICCTIplly MeXaHU3MAEp MEH
aKaynmapIplH maiina Oomybsl Kypzewi, opi Oipkatap ¢axropmapra OaitmanpICcThl 0onmansl COHIOBIKTAH paIraIisIIbIK
COyJIETIeHy OCEpiHEeH OCHl MaTepuangapAblH (U3UKAIBIK KAaCHETTEpiHIH ©3repiCiH TYCIHY YIIH KOMITBIOTEpIiK
MOJIENBJICY KOHE IKCIIEPUMEHTTIK 3epTTEYIIep JKYPrizy MaHbI3[bl. Pajnanusiblk coylelieHyre ToTen Oepe anarbiH
»KaHa Marepuaiap/bl 93ipiey KarThl JieHe (U3UKACHI, SSAPONIBIK (PU3UKA, FAPBILITHIK 3€PTTEYIIEp JKOHE MEAMIMHA,
COHBIMEH Karap 0acka Ja cajanap YIIiH YJIKCH MaHbI3fa ue. By xkywmbicta ramma-coynenenynin Co,,.Cu,, Fe O,
(beppuT MOHOKpHCTaIIapbIHa ocepi 3epTTeni. bypbiH MeccOaysp CIIEKTPOCKOMMSCHIH KOJIAaHa OTBIPBI 3€pTTEy
JKYPTi3iireH, Oy GeppuT-IINMIHEIbICPiHIH aCTHIHFBI KaOaTTaphIHAAFRl METaJUT HOHIAPBIHBIH ©3TepyiH aHbIKTayFa
MYMKiHIIK Oepmi. Bym esrepicrep marepuaiIblH MarHUTTIK KPHCTAIOTPa(UsIIBIK aHW30TPONHUSACHIHA 9Cep
ereni [1]. FeuibiMu one0ueTTepIcH raMMa-coyIelIeHy/IH MaTepHaiap/iblH MarHUTTIK Ce31MTalIIbIFbIHBIH ©3repyiHe
JKOHE MAarHUTTENy KUCHIFBIHBIH ©3TepyiHE OKEJIETIHIH KOpCeTeTiH aepekTepiai Tabyra Oonanbl [2, 3]. duzHKaIbIK
KacHeTTep/iH OyJl e3repicTepiH OKTadIpINiK JKOHE TETPadIpIiK IIIKI TOpiapaarbl METaJUl MOHJAAPBIHBIH KaiTa
OeTiHyiMEH TYCIHAIpYyTe OOMabl, OMTKEHI iIIKi TopIapAaFrsl METaJUT HOHAAPBIHBIH aTOMIBIK JACHTeiiepi OemiHei.

Tipek ce3nep: GheppuT-IITHHENb, MOJCTBICY, COYIETICHY, KPUCTAIBIK TOP.
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STUDY OF THE INFLUENCE OF GAMMA IRRADIATION
ON FERRITE-SPINEL MONOCRYSTALS

Abstract
The mechanisms of redistribution of metal ions and the formation of defects in ferrite spinel upon irradiation are
complex and depend on a number of factors. Therefore, computer simulations and experimental studies are important
for understanding the behavior of the physical properties of these materials under the influence of radiation. The
development of new materials that can withstand radiation damage is of great importance for a range of applications,
including solid state physics, nuclear physics, space research and medical applications. In this work, the effect of

gamma irradiation on Co,,,Cu, . Fe O, ferrite single crystals has been investigated. An earlier study using Mdssbauer

spectroscopy was carried out to determine the changes in the metal ion content in the sublattices of ferrite spinels.
These changes affect the magnetic crystallographic anisotropy of the material [1]. Data can be found in the scientific
literature that indicate that gamma irradiation leads to changes in the magnetic susceptibility of materials and to
changes in the magnetization curve [2,3]. These changes in physical properties can be explained by redistribution
of metal ions in octahedral and tetrahedral sublattices, since metal ions in sublattices have splitting of atomic levels.

Key words: ferrite spinel, modeling, irradiation, crystal lattice
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EFFECT OF OXYGEN FLOW ON ELECTRICAL
AND OPTICAL PROPERTIES OF ITO FILMS
SYNTHESIZED BY MAGNETRON SPUTTERING METHOD

Abstract

The tin-doped indium oxide thin films were synthesized by DC magnetron sputtering on the surface of polished
silicon samples and glass slides in a mixed argon-oxygen atmosphere. The other deposition parameters: operating
pressure, magnetron power and substrate rotation speed were kept constant. Thickness and density of thin films
were measured by X-ray Reflectometry. The effects of oxygen flow rate and substrate temperature on the optical and
electrical properties were investigated. The electrical properties (resistivity, Hall mobility and charge concentration)
of the thin films were measured by the Van der Pauw method using the Hall effect. The minimum value of resistivity
0.52 x 10-* Ohm-cm, and maximum charge mobility 28 cm?V-'s"! was achieved at an oxygen proportional gas mixture
of 2.6% (0.71 sccm). The transmission spectra of the films were measured in the wavelength range from 300 to
1100 nm. The transmittance of all films exceeds 75% in the visible and near-infrared spectral ranges. It was found
that increasing the oxygen flow rate and heating of the substrate up to optimal value 150°C led to an increase in the
crystallinity of the films and, consequently, to an increase in the Hall mobility and the transmittance.

Key words: silicon solar cells, crystallization, magnetron sputtering, thin films, indium oxide.
Introduction

Solar energy has become a promising alternative to conventional energy sources due to its
abundance and environmental friendliness. However, the widespread use of solar modules as energy
sources is limited due to low efficiency and aging effect on efficiency. Scientists around the world
are working to increase efficiency and decrease Levelized Cost of Energy. In recent years, record
efficiency levels for silicon solar cells have been achieved thanks to Tunnel Oxide Passivated Contact
and heterojunction structures. In both technologies, transparent conductive oxides play an important
role, which at the same time act as anti-reflective coatings and conductors from the active area to the
metal fingers.

Indium tin oxide (ITO) is a transparent conductive oxide with excellent electrical conductivity
and optical properties that has attracted considerable attention in various industries including
electronics [1], optoelectronics [2], and solar energy [3]. ITO’s excellent electrical conductivity and
low surface resistivity (~10* Ohm-cm) promotes efficient collection of electrical charges generated in
the solar cell by light absorption. ITO films have high transparency in the visible spectrum (>85%),
which allows light to pass through them with minimal absorption and reflection. Despite its high
transparency, ITO has optical absorption in various wavelength intervals, especially in the ultraviolet
(UV) range. This absorption can lead to reduced transparency and affect the performance of ITO-
based devices in certain applications. The refractive index of ITO varies within from 1.8 to 2.0 in
the visible spectral range depending on the composition of the film and the method of deposition
[1-3]. For example, it is well known that by increasing substrate temperature of ITO films [4, 5, 6],
the structure of films can be changed and hence better optoelectronical properties can be obtained in
comparison to those of thin films deposited onto unheated substrates. Essential role in the electrical
and optical properties of ITO films play such parameters as deposition methods, Sn doping, oxygen
partial pressure, crystallinity, substrate features. In our work, the impact of oxygen partial pressure on
the electrical and optical properties of ITO thin films was studied. During the study of the influence of
temperature on the structure, conductivity, transmittance, and stability of ITO films, it was found that
at a substrate temperature of 150°C the films have the highest optical and electrical properties.
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Materials and Methods

Thin ITO films were synthesized by DC-magnetron sputtering system using cylindrical target
with composition 90 wt.% In,O, and 10 wt.% SnO,. Polished n-type CZ monocrystalline silicon (100)
and optical glass slides were used as a substrate. Glass substrates were cleaned in an HNO,:H,0O,: H O
solution. Surface of the silicon samples was cleaned by the standard Radio Corporation of America
method [7]. ITO films were deposited in a MAGNA-TM200-1 installation. Before the sputtering,
chamber was pumped down to the base pressure of 5-10* Pa. Once the base pressure was achieved,
deposition was carried out in an atmosphere of argon and oxygen.

Sputtering was carried out at different oxygen concentration from 1.6 to 3.2% in an argon
atmosphere and at a pressure of 0.6 Pa by varying flow rate. Depositions were performed by a power
of 250W, deposition time was 120 s. The film thicknesses were determined by X-ray reflectometry
(XRR) method using a Complex Ray C6 setup. Hall Effect measurements of ITO thin films were
performed using van der Pauw method and Keithley 2400 SourceMeter. The reflection and transmission
parameters were measured on the Evolution 300 UV-Vis spectrophotometer in the wavelength range
from 300 to 1100 nm.

Results

Figure 1 show the dependence of the electrical properties of ITO films, such as charge carriers’
concentration, resistivity, and Hall mobility on the oxygen/argon gas-flow ratio. The oxygen flow
in the sputtering process has an essential effect on the crystallinity of the ITO film structure [8].
With increasing oxygen flow, the crystal structure of ITO films are becoming more organized and
grain boundaries more distinct. The improved crystal structure and hence reduced scattering at the
grain boundaries provide high charge carriers mobility and lower resistivity values. In the substitution
process of tin (Sn*") atoms instead of indium (In**) atoms, the dopants are activated. Acting as electron
donors, the doped Sn*" ions provide the release of free electrons, thereby increasing the conductivity
of the films [9—11]. Nevertheless, tin in the amorphous state is activated inefficiently and free carriers
are formed mainly due to vacancy-like oxygen defects [12, 13]. Consequently, increasing the oxygen
flux up to 2.6% leads to an increase in the carrier concentration. However, as the oxygen (O,) flux
> 2.6% is further increased (Figure 1), there is a decrease in the carrier concentration because the
number of oxygen vacancies decreases as the oxygen flow increases. At the same time, oxygen
supersaturation of the films leads to deactivation of donors and accumulation of oxygen atoms at
the grain boundaries [14], leading to a decrease in the mobility and concentration and therefore an
increase in resistivity [15].
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Figure 2 shows the dependence of the electrical properties of ITO films deposited at a magnetron
power of 250 W, substrate temperatures of 20 and 150°C, oxygen flow of 0 and 2.6%. The minimum
resistivity of 0.52x10* Ohmxcm is achieved with an increase in oxygen flow up to 2.6%. This low
resistance is due to the high values of mobility and concentration of charge carriers 28 cm*V-!'s™! and
4.2x10% cm?, respectively. As it is described above, the oxygen vacancies presence in the crystal
lattice is a fundamental factor affecting the electrical conductivity of ITO films. Therefore, the increase
of carrier mobility values were achieved when the substrate temperature was increased up to 150°C,
which is due to the improvement of the crystal structure of ITO films [16]. By increasing the substrate

temperature during the sputtering process, the resistivity of the films slightly increases, which is also
described in [17].

30 4.8
54 " *
A S 0T las [48
— 1 ; N Vs ;“‘ <
Eal v e Sy 21445
c N Ny 0 20> | 2
o A / / IS N NE o
=3 Vo ¢ * S 42z
- N / N F15 > s
= A / A . L] Z 40 R
= i —&— Resistivity 5[V E
72 oo —m— Hall mobility 102 =
@ ! . —4— Concentration = 38 @
- © c
o 1 L - A T 8
- 4
4 Sel e 5 |3s
L 4 ~A-
T T T T O 734
0%0, 0%0, 26%0, 2.6%0,
T.°C  150°C T.°C 150°C

Figure 2 — Dependence of the resistivity, concentration, and Hall mobility
of charge carriers of thin ITO films on the substrate temperature

Transmittance is an essential parameter for TCO films. Figure 3 shows the transmittance spectra
of ITO thin films deposited at different parameters in wavelengths ranging from 300 to 1100 nm. The
transmittance of all films exceeds 75% in the visible and near infrared ranges, and for films grown
at O, partial concentration of 2,6-3,2% the transmittance in the wavelength range of 400-600 nm is
additionally enhanced, being about 82—85% in the range 420-720 nm and more than 90% in near IR
spectrum (1000-1100 nm). It can be concluded that the increasing oxygen flow during deposition
has a beneficial effect on the optical properties of the films [18,19]. Transmittance results indicate a
significant improvement in the visible region of the spectrum. This increase in transmittance changes
with increasing oxygen flow rate [20, 21].
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In order to investigate the optical properties of ITO in more detail, optical constants were measured
using SCOUT software. The obtained results of refractive indices and extinction coefficients are
shown in Figure 4.

During the optimal oxygen flow (2.6%) in the sputtering process, we obtain ITO films with low
extinction coefficient k (0.04-0.02) within the wavelength range of 450-800 nm (Fig.4), indicating
less absorption, which leads to an increase in the transmission coefficient (Fig.3). For an oxygen flow
of 2.6% the refractive index (n) has the highest values over the entire wavelength range, reaching
maximum value of 3.1 at 300 nm. It can be observed that for films with oxygen consumptions of 2.6%,
and 3.2% the refractive indices exceed the values for 1.8% over the entire wavelength. In the visible
region 400-800 nm, the extinction coefficients for 1.8% have higher values in comparison with 2.6%
and 3.2% approximately retain the natural dependence of the refractive index on oxygen supply. In this
case, the optimal oxygen flow (2.6%) leads to the lowest value of the extinction coefficient — 0.023.

o k) 015-1, 8%
35- —{n) O1,8% _Eki 0,26%
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Figure 4 — (a) Refractive index (n) and Extinction coefficient (k)
depending on the f(O,)

Knowing the electrical resistivity and optical transmittance of ITO thin films, the quality index
¢, proposed by Haacke [22] was calculated using Eq.(1) to compare the performance characteristics
of the films.

FoM =T"/R Eq,(1)

Where,

FoM — Figure of Merit

T — Transmission

R_— Sheet resistance

The obtained results are presented in Figure 5. The maximum FoM value was achieved with an
oxygen flow of 2.6% and is 222.6x107, which can be assessed as a good result in comparison with
the previously obtained results. This was achieved by simultaneously increasing the transparency of
the films and reducing the electrical resistivity (Figs. 2 and 3). The worst results are achieved with

conventional sputtering of an ITO target without the use of oxygen and external heating (Figs. 2
and 5).
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Figure 5 — Calculated Figure of merit of ITO layers as a function
of deposition parameters

Conclusion

ITO films were deposited by DC reactive sputtering at a constant magnetron power of 250W. The
effect of oxygen consumption during deposition on the optical and electrical properties of the films was
studied. The change in electrical properties can be caused by an increase in the content of Sn4+ ions
at the position of substitution instead of In3+ ions and, as a consequence, an increase in the number
of oxygen vacancies with subsequent deactivation of donors in the process of increasing oxygen
consumption. The minimum value of resistivity, 0.52 x 10 Ohm-cm, was achieved at an oxygen flow
rate of 2.6% and maximum charge mobility parameters equal to 28 cm?V''s™!. The transmittance in the
wavelength spectral range of 400-650 nm is additionally enhanced, being about 85% in the visible
range and more than 90% near IR spectrum (1000-1100 nm) with a minimum extinction coefficient k
(0.04-0.02) in the range of 450-1100 nm. The maximum value of FoM was achieved at an oxygen rate
of 2.6% and is equal to 222.6x107.
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OTTEI'T AFbIHBIHBIH MATHETPOH/bI BYPKY APKbIJIbI
CUHTE3AEJITEH ITO KABBIPIHAKTAPBIHBIH JJIEKTPIIK
ZKOHE OIITUKAJIBIK KACUETTEPIHE 9CEPI

AnjaTna

KanaiibIMeH IETHpICHICH WHIMA OKCHIIHIH KYKa KaOBIKIIAJApbl apajac aproH-oTTeri arMocdepachHua
JKBUITBIPATBUFAaH KPEMHHH YITiIEpi MEH 3aTTHIK IIBIHBUIAPABIH OCTiHE TYpaKThl TOKTa MAarHETPOHMIBI IIAIBIPATy
apKBUTBI cUHTE3MeN . TYHABIpYIbIH 0acka mapaMeTpiepi: KYMBIC KBICBIMBI, MAarHETPOHHBIH KyaThl JKOHE CyOCT-
paTThIH alfHaNy >KBUIIAMABIFBI TYPaKThl 00BN Kaiael. JKykKa KaOBIpIIaKTapablH KaJBIHABIFEI MEH THIFBI3IBIFEI
peHTreniik peduiekromerpust oiciMen emen . OTTerl aFbIHBIHBIH JKbIIIAM/IBIFBI MEH CYOCTpar TeMIleparypachl-
HBIH OINTHKAJBIK JKOHE 3JICKTPIIIK KacueTTepre acepi 3eprreimi. JKyka KaObIpmakTapblH 3JICKTPIIiK KacHeTTepi
(MEHIIIKTI 2JIEKTP KeAeprici, XOJI KO3FaJIFBIIITHIFBI XKOHE 3apsii KOHLEHTpaLusichl) Xoimr 3¢dekTiciH KonaaHa
oteipbir, Bau aep [Tay opicimen esmieni. Munuman st kepepri MoHi 0,52x 10 OM:cM 5KkoHE 3apsiIThIH MAKCHMAIIJIbI
KO3FaIIFBIITHIFBI OTTET1 MIBIFBIHEI 2,6% Oonranna 28 cM2B-1c-1 ten. KabsipmakTapasiy oTki3y criektpiepi 300-meH
1100 HM-Te IeHiHTi TOJKBIH Y3BIHABIKTAPBIH/A ©JIICH . bapiablk KaObIpIIakTapIblH OTKI3TIITITT KOPIHETIH XKoHE
KaKbIH MHQPaKbI3bLT auanasonna 75%-man acaapl. OTTEri arbIHBIHBIH JKbUIIAMIBIFBIH apTTBIPY MEH CyOCTpaTThl
150°C neiiiH OHTAIIBI KbI3ABIPY KAOBIPIIAKTAPIBIH KPUCTAJIBLIBIFBIHBIH KOFAPbUIAYbIHA, HOTHXKCCIHIIE XOJUT KO3-
FAIIFBIITHIFBI MCH OTKI3TIIITICHIH XKOFapPbUIAYbIHA OKEJICTiHI aHBIKTAJI/IBL.

Tipek ce3aep: KpeMHUIT KYH 2JIEMEHTTEPI, KPUCTANIaHy, MAaTHETPOHIbI IAIIBIPATY, )KYKa KaObIKIIANIap, MHANN
OKCHII.

'PAXUMOBA A. K., "KHPKOB H.B., '"HYCYIIOB K.X,
'BEMICEHXAHOB H.B., '*CYJITAHOB A.T.
'Kazaxcrancko-bpuranckuii Texauueckuit yauepcuret, 050000, r. Anmarsl, Kazaxcran
*E-mail: a.sultanov@kbtu.kz

BJIMSIHUE IMMOTOKA KHCJIOPOIA HA JJIEKTPUYECKHE
N OINITUYECKHUE CBOUCTBA IIVIEHOK ITO,
CUHTE3UPOBAHHBIX METOAOM MAI'HETPOHHOI'O PACIIBIVIEHUSA

AHHOTALUA

ToHKHE TUIEHKH JISTUPOBAaHHOTO OJOBOM OKCHIA WMHAWS OBIIM CHHTE3MPOBAaHBI METOIOM MAarHETPOHHOTO
pacrbUIeHHsT Ha MOCTOSIHHOM TOKE Ha MOBEPXHOCTH IOJIMPOBAaHHBIX 00pA3lOB KPEMHHS U MPEJAMETHBIX CTEKOI B
CMEIIaHHOH aproH-KUCIoponHOH atMocdepe. OcTalibHbIe apaMeTpbl OCaXIeHHUs: pabouee JTaBjeHUE, MOIIHOCTh
MarHeTpoHa M CKOPOCTh BPAILCHHMS MMOJIOKKH OCTaBAINCh NOCTOSIHHBIMH. TOJIIMHY M TUNIOTHOCTh TOHKHX IUICHOK
U3MEpsUTH  METO/IOM PEHTICHOBCKOW peduiekromerpuu. lccienoBaHO BiIMSHHE CKOPOCTH ITOTOKA KHCIOPOJa
U TEMIIepaTypbl TMOUIOKKH Ha ONTHYECKHE M IIEKTPHUUECKHE CBOICTBA. DIIEKTPHUECKHE CBOMCTBa (yIEIbHOE
COIIPOTHUBIICHNE, XOJIJIOBCKAs TOJBUKHOCTD M KOHLICHTPALHSI 3apsia) TOHKHUX IUICHOK N3MepsUTNCh MeTosioM Ban nep
[May ¢ ucnonb3oBanueM >ddexra Xomia. MuHHMaIbHOE 3HAYEHHE yaenbHOro conporusiaenus 0,52x107 Om-cm u
MaKCHMalbHasl MOJABMKHOCTH 3apsina 28 cM?B ¢! mocTUTHYTHI MpH IPOTIOPIIMOHATBLHON Ta30BOI CMECH KHCIOpOIa
2,6%. CrexTpbl MpOMyCKaHMs IUIEHOK M3Mepsiauch B auanazoHe AnuH BoiaH oT 300 go 1100 mm. IIpomyckanue
BCEX IUICHOK MpeBbImaeT 75% B BUIUMOM U OJIMKHEM MH(paKpacHOM Juana3zoHax. YCTaHOBJICHO, YTO YBEIHMUCHUE
CKOPOCTH TOTOKa KHCIIOpOJia M HarpeB MOAJIOKKU 110 ONTHUMaiIbHOTO 3HadeHus 150°C mpuBOIAT K yBETHUICHHUIO
KPHCTAJUIMYHOCTH IIJIGHOK M, KaK CIEICTBUE, K YBEIMUYCHUIO XOJJIOBCKOW MOABMKHOCTH M KO3 HIMECHTA
MIPOITY CKaHMSI.

KiroueBrbie ciioBa: KPEMHHECBBIC COJIHCYHBIC 3JICMCHTDI, KPUCTAJUIN3alusA, MArHCTPOHHOC paClbJICHUC, TOHKUC
IJICHKH, OKCHJ MHIHA.
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KIACCHPUKALUA NBYXPA3ZHBIX YITIEBOJOPOIHBIX §A.JIE)KE171
B CBA3U C UX INTPOMBIIUIEHHOU PAZBEJIKOH
HA IMPUMEPE MECTOPOXAEHUU MAHI'BIIIJIAKA

AHHOTALUA

Hu ofiHa M3 CyIIeCTBYIONMMX KITACCH(UKAIINI HE TaeT BO3MOKHOCTH YETKO MOIPA3ICITUTE AByX(a3HbIC 3aICKN
Ha pa3quHI)Ie BUJBI OT HC(I)TSIHI)IX C Ira30BbIMU LIAITIKAMM O0 ra30BbBIX C HC(I)TSIHBIMI/I OTOpO‘[KaMI/I. B KJ'[aCCI/I(bI/IKaI_H/II/I
JOJI’)KHBI y‘lI/lTI)IBaT])CH HpPIHLII/IHMaﬂbeIe OTJINYus ﬂBqu)a?;HI)IX 3ane)1<el71, BIIUAKOIIUEC HA OCO6eHHOCTI/l pa3Be[lKl/I.
Takum 06pa3zom, 1efecoodpasHee BCE 3aekKH, B KOTOPHIX MOMCKOBBIME pabOTaMU yCTAHOBICHO HAIU4ue He(TH
U cBOOOJIHOTO ra3a, Ha3blBaTh HE()TETra30BBIMHU WM ra30He(TAHBIMU. 3HAUCHHUE ITHX TEPMHUHOB B JJAHHOM CITydac
CIlelyeT TpU3HaBaTh OMUHAKOBBIM. JleT 40 Ha3aj M 10 STOMY BOIPOCY B CTAThSIX YCTPAHBAIUCH OOCYKICHHS: OIHH
TOBOPHJIM, YTO TIIABHBIN B 3aJI€KH (DITFOM]T CTOUT B KOHIIE M €CJTH 3aJIeKb Ha3BaHa ra30He(TAHOM, TO mpeodnamaeT B
Hell He()Th, a IPyTHe YTBEPIKIAJIN, YTO B HA3BAHUHM 3aJICKHU, B KOTOPOU rpeobiiagaer He(Th, OHA JOJDKHA CTOSTD BIIE-
peau — Hedrerazosas. B HacToseil cratbe 00CYXK/IaeTCsl, YeM BBI3BAHO MPOTHBOPEYHE U3BECTHBIX KacCH(pUKaImii
JIBYX(pa3HBIX YIIIEBOMOPOAHBIX 3aekeld. PacCMOTpEHbI BApUAHTBI UCTIONB30BAHUS MIPEIOKEHHBIX KIacCH(puKarmii
Juisi 00OCHOBAHHMS U PAIIMOHAILHOTO MPOBEICHHUS PA3BEIOYHBIX PA0OT Ha MecTopoxaeHusX TacOynar u JKerbiOaid.
Io pe3ynsraTaM WcCleIOBaHUS TPEIOKeHa HanOosee premiieMast KtacCH(pUKAIis Ha CTaAuH MTPOMBIIUICHHOM
Pa3BeNKH KaK C TOUKH 3PEHHS BEIOOPA MECTOTIONOKEHHS U KOJIMYECTBA Pa3BEIOYHBIX CKBAKHH, TaK M BO3IAraeMbIX
Ha HUX 3ajad4.

KiaroueBrble ciioBa: KJ'IaCCI/I(l)I/IKaIII/ISI, YIIIeBOAOPOAbI, MECTOPOKICHUEC, 06T)eM, He(l)THHaH 3aJICXKDb, Fa3OH€(1)T$IHa$I
3aJICKb, Ira30Bas 1Ialika, ,Z[ByX(I)EBHaH 3aJICKb, [IPOMBIIIJICHHAA PAa3BCIKaA.

BBenenune

Knaccudukanumeli nByx(}a3HbiX yrieBOJOPOAHBIX 3aEKEH C y4eTOM COOTHOIICHHUSI Ta30BOH H
He(TIHON yacTel MPUMEHHUTENBHO K 33/jayaM MPOMBIIIICHHON Pa3BeIKH B IIECTUACCATHIX TOAax 3a-
HUMAJIUCh MHOTHE TeoJord. B 3TO BpeMsi ObUT pe3kuii MoabeM pa3BeIOYHbIX padoT, CBA3aHHBIN B
MIEPBYIO OYEepeb C OTKPHITHEM TaKUX HE(TAHBIX TUTAHTOB, Kak MaHrbiuiak u 3anagHas Cubups. B
3TUX HE(QTIHBIX MPOBUHIIMIX OBLIIO 0OHAPYKEHO HEMaJo AByX(a3HbIX 3aliexkKei caMoro pazHooopas-
HOTO cTpoeHus. TpeboBacs MoACYeT 3aracoB, FeOMETPU3ALINS ITHX 3aJIeKEH U COBEPIICHCTBOBAHUE
METOAMKH Pa3BEIKU MOAOOHBIX 3alieXkKel, a Ui ATOTO MX HYKHO ObUIO Kak-TO CHCTEMaTH3HpPOBATh,
KJIaCCU(HUIIMPOBATH.
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BaxxHocTh 3TOH KiIaccupuKanuu HECOMHEHHA B CBSA3H C TEM, YTO MIPU OJHOM U TOM K€ THIIE JIO-
BYILIKH, C KOTOPOH MOXKET OBITH CBsi3aHa ABYX(a3Has 3ajexkb, Ha CTaJUU MPOMBIIIJICHHON pa3BEIKU
pEeLIAIOIYIO POJIb UMEET XapaKTep COOTHOIICHHS Ia30BOM U He(TIHON YacTel 3aIexH.

OcHOBHBIE TTOJIOKEHHS

B xnaccuduxanmm A.H. Mycradunosa [1] cpenu nByxda3HbIX 3a1ekeil 10 COOTHOMEHUIO 00b-
€MOB, 3aHATHIX HE(PTHIO U CBOOOJHBIM T'a30M, BBIJICJICHBI Ta30BbIC W Ta30KOH/ICHCATHBIC 3JICKU C
HE(TSIHBIMUA OTOPOYKAMH, B KOTOPHIX 3HAYUTEIHHO MpeoliiaaeT 00beM, 3aHAThI ra30M. TakkKe BbI-
JIENISIOTCST He(DTSHBIC 3aJIeKH C Ta30BBIMU M TA30KOHICHCATHBIMU IIAITKAMH, B KOTOPBIX 3HAYUTEIHLHO
npeobaanaer 00beM, 3aHAThIA HE(PTHIO, U Ta30HE(TAHBIE U HEPTETa30KOHACHCATHBIC 3aJIEKH, IS
KOTOPBIX HE OTMEYAIOTCS pe3KUe pa3audus 00beMOB, 3aHATHIX HEPTHIO M TA30M.

B tabmume 1 mpexacrabneHa kinaccuduranms, npemiokeHHas B.I. BacuiabeBbiM. B ocHOBY
nmojipasieieHus ABYX(a3HbIX 3ajekel Mo JaHHOW KIacCH(UKAIMU, B OTIIMYUE OT KiIaccuukanuu
MycrapuHOBa, TIOJI0KEHO COOTHOIIIEHHE HE 00BEMOB, 3aHITHIX HE(THIO U Ta30M, a TE€OJOTHUECKHIX
3armacoB HeTH U CBOOOTHOTO Ta3a.

Tabmuna 1 — Kinaccudukanus MecTopokaeHui mo Ga30BOMy COCTOSHUIO YTIIEBOIOPOIOB
(o B.T. Bacunneny nu H.A. Epemenko, 1966)

Tunsl MecTopoXIeHNH 10 ()a30BOMY COCTOSTHUIO 3ajexu, U3 KOTOPBIX COCTOSIT MECTOPOXKICHUS
T" (razoBeic)
T"azoBbie T'K (ra3okoHIeHCATHBIE)
HI" (medrerazosbie)
r
Hedrerazoseie  (cymmapele  3amacel  Tasza | ['H (rasonedTsHbIC)
npeoOranaroT Hax 3amacaMu He(pTH) H (uedrsubie)
I'K
I'H
H
l'azonedransie  (cymmapnele 3amacel  HedTH | HI
peo0IagaroT Hal 3aIacaMu rasa) 'K
r
Hedrsinbie H
I'K
K
T"azokonneHcarHble r
r HI'K
HI'
Hedrerazoxonnencarusie H I'KH K
I'H I'K

[TpuHIMIIBI, TONOXKEHHBIE B OCHOBY Kiaccudukanuii MycradunoBa u BacunbeBa, Oynyun Ha
NEePBBIN B3N] aHAJIOTMYHBIMU, MO CYIIECTBY YacTO MPHUBOAAT K TOMY, YTO OJHHM M T€ XKe 3aJeKU
M0 3TUM KJIacCU(UKAIMAM IOMATAI0T B MPOTUBOINONOXKHBIE Tpynmsl [2]. Tak, mo kmaccuduxannu
BacuiibeBa Bce nByx(hazHbIe 3aJ1€KH, OTKPBITHIE B IOpEe HA MECTOPOXKACHUSIX MaHTbInuiaka [8], 1omk-
HBI OBITh OTHECEHBI K He(DTSHBIM 3aJIe’KaM C Ta30BBIMH U Ta30KOH/IEHCATHBIMU IIIAIKAMH, TaK KakK 3a-
nackl raza B HuX coctaBisitoT oT 0,02 1o 0,57 oT reonornueckux 3amnacoB HETH, U TOJIBKO B 3aJIEKH
nepBoro ropuzonta TacOynara qocruratot 0,95. B To e Bpems B IIeCTH U3 JACBIATHAALATH 3aJIeKeH
00BbEMBI, 3aHATHIE Ta30M, IPEBOCXOAST 00bEMBI, 3alOIHEHHBIE He(ThIO, B 1,2-2,95 pasa, u 3Tu 3aie-
KM 10 Kinaccudukanuu MycraguHOBa TOMKHBI OBITh OTHECEHBI K Ta30BBIM WA Ta30KOHICHCATHBIM C
HEPTSIHON OTOPOUKOH. DTO MPOTHBOPEUHE BHI3BAHO TEM, YTO COOTHOLIEHHE 00BEMOB, 3aHATHIX T'a30M
U He(THIO, IPEBOCXOIUT COOTHOIICHHUE 3aI1acoB ra3a 1 He(h)TH Ha pa3BelaHHBIX 3aJIeKaX B TPH-CEMb
pas, MpUYeM 3TO MPEBOCXOJICTBO YMEHbBIIACTCS ¢ TIIyOMHOI 10 Mepe HapacTaHMs IUIACTOBOTO JaB-
JICHUSL.
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[1o aT0ii e mpuurHe 3aJ€KU C OAMHAKOBBIM CTPOEHUEM, 3allOJIHEHUEM JIOBYLIKH, KOJIEKTOP-
CKUMH CBOMCTBAMH M JPYTUMH MapaMeTpaMH, XapaKTepPH3YIOIIUMU 00beMbI, 3aHAThIe He()THIO U ra-
30M, OyAyT UMETh Ha Pa3IMYHBIX [yOWHAX Pa3HOE COOTHOIIEHHE MEXIy 3armacamMu HeTH U rasa,
u 1o knaccudukanuy BacuibeBa OymnyT OTHOCHTBCS K pa3iM4YHBIM BHIAM. Tak, B 3aJ€KH MEPBOTO
MPOYKTUBHOTO TOpu3oHTa TacOynarckoro MecTOpoJieHus, 3aneratomeid Ha rmyoune 1900 M mipu
ractoBoM naBnennu 19,1 MIla, 3anacel ra3a coctaBisitor 1,8 Mipa M?, reonoruueckue 3amacsl Hed-
™ — 1,9 MItH T, a ux cootHomenue pasHo 0,95 [10]. Ecnu a1y 3anexs nonuats Ha S00 M, TO 3amachl
rasa B Heil cokparsaTces 0 1,3 Mipa M°, ¥ Ipy OTHOILICHHUH 3anacoB rasa Kk Hedru 0,68 3a1exb JomKHA
OBITh OTHECEHA K He()TIHOM C Ta30KOHAeHCcaTHOU mankoi. Eciu 3Ty ke 3anexs omyctuth Ha 500 M
10 m1younsr 2400 M, TO 3amachl ra3a B Hell yBeauuarcs 10 2,3 Miipa M® U OyayT HMpeBbIIIaTh 3amachl
HedTH B 1,2 pasa, a 3aJ1eKb JI0JHKHA IMEHOBATHCS Ta30KOH/ICHCATHOW ¢ HEPTAHOM OTOPOUKON. Takum
o0pa3om, oTHECeHHE JBYyX(a3HbIX 3alIekel K Kakoi-Tubo rpymre mo kinaccudukanuu Bacunbesa He
MOXET CIYKHTh OCHOBOM /JIs1 BBIOOpa METOIMKH ITPOMBILUIEHHON pa3BEKU BBISIBICHHON 3aJI€XKH.

[Tpennoxennoe MycTagHOBBIM pa3aelieHHe 3aliekeil o mpeoliiaanuio o0beMa, 3aHATOrO Ta-
30M WM He(PTHIO, TAK)Ke HE JaeT MPUHIMITHAIBHOTO Pa3IHYHsl MEXTy HEPTSIHON 3aIeKBIO C Ta30BOM
IIAITKOM U ra30BOH 3a1€kKbI0 ¢ He(PTIHON OTOPOUKOI, HEOOXOAMMOTO JIIst 0OOCHOBAHUS U pAllHOHAIb-
HOTO TPOBEACHUS pa3BeAOUHBIX paboT. COOTHOIIEHHE 00BEMOB MOKET OBITH 00YCIOBICHO MHOTUMH
IPUYUHAMH, B YACTHOCTH 3aMELICHUEM IUIACTOB-KOJUIEKTOPOB HEMPOHUIIAEMBIMH MTOPOJIAMU Ha OT-
JICJIbHBIX YYacCTKaX CTPYKTYPBI U 110 pa3pe3y pa3IuuyHbIMHU KOJUIEKTOPCKMMH CBOMCTBAMHU U IPYTHUMH.
B pesynbrare HeQTAHAS YaCTh 3aJ€KU C MPEBOCXOIAIINM 00BEMOM MTOPOBOTO MPOCTPAHCTBA MOKET
HE MUMETh NMPAKTUUYECKOTO 3HAYCHUS U 3aJIekKb, UMEHYeMasl Kak He(TsHas ¢ ra30BOW IIanko, Oyner
pa3pabarbIBaThCsl Kak ra3oBas U, HA00OPOT, 3aJIeKb, B KOTOPOH T'a30BbId 00bEM MTPEBOCXOAUT 00bEM
HEPTIHOM YacTH, MOXKET pa3pabaTbIBaThCs Kak HeTsIHAA [6, 7).

Tak, 3anexp BTOpOro ropu3onTta JKeTpi0alicKoro MECTOPOXKACHUS, B KOTOPOH 00bEeM, 3aHSTHIN
ra3om, 0oJble 00beMa, 3al0THEHHOTO He(pThIO, 0 Kiaccudukanuu MycraduHoOBa OTHOCHUTCS K Ta-
30BOM ¢ He(pTsIHOW OTOpOUYKOW. B TO ke Bpemsi 3aiexb pa3zpadarbiBajach Kak HE(QTSHAs C Ta30BON
IIANKOM, U OCHOBHBIC Pa3BeJOYHbIC PaOOTHI HA HEW HANpaBISUIMCh HA M3y4YeHHE HE(PTSHOW YacTH,
cojiep allieil B TpU ¢ MOJIOBUHOM pa3a 3amacoB Ooublie, ueM razonas. Ha TacOynarckom mMecTopoxk-
JICHUM 3aJIeKU TMEPBOTO U BTOPOTO TOPU30HTOB C AHAJIOTMYHBIM CTPOCHHUEM M MOYTH OAMHAKOBOU
BBICOTOH 3aJI€’KeH JOKHBI pa3BeAbIBATbCA UCXOAS U3 OAHMX U TEX K€ MPUHIIUIIOB, a 10 KiIaccupuKa-
1y MycTtagHOBa OHM OTHOCATCS K Pa3HbIM rpynnam. 9To 00yCIOBICHO pa3IMYHbIMU TOJIIUHAMU
KOJUIEKTOPOB M UX (PU3MUECKUMH CBOMCTBAMHU, B PE3YJbTATE YETO B IEPBOM 00BbEM, 3aHATHIN ra3oM, B
TpH paza OoJblie 00beMa, 3aHATOr0 HEPTHIO, U 3aJ1€Kb UMEHYETCS Fa30BOM ¢ HEPTIHONW OTOPOUKOM,
a BO BTOpPOI HE(PTH 3aHMMaeT 00beM OOJBIINIA, YEM ra3, U 3aJ1€Kb OTHOCUTCS K HE(TIHOU ¢ ra30Boi
LIaIKOH.

Kpome Toro, oTHeceHue 3asexeil K Kakoi-TuO0 TpyIine COrIacCHO 3TUM KJIACCH(PHUKAIUSIM BO3-
MOYKHO TOJIBKO MPH 3aBEPIICHUH TPOMBILUIEHHOM pa3BeKu MECTOpOKAeHHs. B utore Takue knaccu-
(buKaluu JOJDKHBI ONPEACIIATh NPUHIUMIHAIBHYIO CXeMy pa3paboTku 3aiexH [5]. OgHako obe npak-
TUYECKHU HE KacaroTCs MPOMBILUIEHHOTO 3HAY€HUS OTJENIbHBIX YacTel AByX(a3HbIX 3aJIeKeH.

B »TOM oTHOMmIEHHMU TpeAcTaBisieT OOJNbIION MHTEpeC KiacCHUpUKaIMs IBYX(a3sHBIX 3aliexkKei,
npemiokeHHas B.I1. CaBuenko u M.A. 3pikunbivM [4]. Hed1aupiMu 3aexamu ¢ ra30BbIMU IIIaIKa-
MU OHHM Ha3bIBAIOT 3aJIeKH, Y KOTOPBHIX pa3paboTKa ra3oBOM YaCTH COBCEM HE MPOU3BOAUTCS WU
MIPOU3BOJIUTCS TOJBKO B MHTEpecax pa3paboTku HePTSIHOM yacTu. ['a30BbIMHU 3asiexkamMu ¢ HEPTIHON
OTOPOYKOW HE3aBHCHMO OT BEJIMUYMHBI 3aI1aCOB ra3a U HEPTH U OT COOTHOIICHUSI 00BEMOB, 3aHUMae-
MBIX (pITIOMIAMH, Ha3bIBAIOTCA T€ 3aJICKH, Ta30Basi YaCTh KOTOPBIX pa3pabaThIBaeTCsl KaK CaMOCTOsI-
TeJIbHBIN 00BEKT, a He(THAs 0TOPOUKa pa3pabaThIBaeTCs MOMYTHO MJIM BOOOIIE HE pa3pabaTbIBaeTcs.
[To sT0it KIaccudukayu MOXKHO YBEPEHHO MOIPa3AeIUTh 3aJ1€KU MPH BHIOOpPE pallMOHAIBHOM CHC-
TeMBbI pa3pabOTKH, HO /1711 000CHOBAHMS BapuaHTa Pa3BEI0UHbIX pabOT OHA, KaK U paHEe pACCMOTPEH-
HbIE KJIaCCHU(PHUKAINH, HE MOXKET OBITh MCIIOJIb30BaHa.

Paznuune QaktopoB, omnpenensomux 0COOEHHOCTH Pa3BEIKH  3alieeH, CoJepIKaIux
He(Th U CBOOOAHBIM Ta3, HauOoJee TMOJHO YYUTHIBAIOTCA B KJIACCU(UKALUU, MPEATOKCHHON
B.H. Camapuebim [3]. O men, ka3anock Obl, OT npocTtoro (eciu aBe (asbl, To KiacCu(pUIupoBaTh
HY)KHO 10 MX COOTHOIICHHIO: OJHY HO oObeMam, JpYyryo IO 3amacam), HO, KaK OKa3ajocCh, 3TO
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HE BBISIBWIO NPUHUUIMAIBHBIX PA3JIMYUIl B CTPOCHHM 3aJIekKeH, BIUSIONIMX HAa OCOOCHHOCTH MX
pasBenku. A CamapiieB BBIIIEI 32 JIeXKAIHe Ha TIOBEPXHOCTH MMPU3HAKH U B OCHOBY KJIACCH(HUKALIUU
TIOJIOXKMJT yYCIIOBUSL 3aTOIHEHHsI JOBYIIKH (prrrornamu. 1o 3TOMy NpHHIUIY BBIACICHBI TPH THUIA
3anexei: | TMIm — 3Tak ra30HOCHOCTH OOJIbILE TOJIIMHBI IPOAYKTUBHOIO ropu3oHTa; II Thm — stax
ra30HOCHOCTH MEHBIIIE, a 3TaX HE(PTEra30HOCHOCTH OOJIbILE TOIIIUHBI MTPOITYKTUBHOTO TOPH30HTA;
I T — 3Tax He(hTEra30HOCHOCTH MEHBIIIE TOJIIIMHBI TPOTYKTUBHOTO TOPH30HTA.

A nmanpllie B 3aJIe)Kax KaKAOTO TUMA MO COOTHOIIEHHIO 00BEeMOB HE(TH M CBOOOMHOTO Taza
CamaprieBbIM BBLICISIFOTCS HE(TSHBIC 3aJIe)KH C Ta30BOM MIANKOM, HE(Tera3oBble, Ta30He(PTAHBIC U
ra30BbIe 3aJICKHU C HePTAHOM 0TOpouKoil. Takoe mozxpasnenenue NByx(a3HbIX 3a1exKei MpHOInKaeTcs
K Kiaccuukanuu BacuibeBa M COXpaHSET T€ K€ HEAOCTaTKH, HE IMO3BOJIIOLIME pallMOHAIbHO
HaMpaBJIsATh IPOMBILIICHHYIO Pa3BEIKY.

Bunumo, npu pazaenennu AByx¢a3HbIX 3asIeKell Ha BUJIBI B TIpeieNax BhleIeHHbIX CaMapleBbIM
TUIIOB CJIEYET MPOAOIIKUTH MPUHATHIA NPUHIUI U TPOU3BOAUTE B 3aBUCUMOCTH OT COOTHOIICHHUS
BBICOT He(TSHOM M Ta30BOI YacTW M yIvia MaJeHus MOpoJ, YTO B IUIAHE BHIPAXKACTCS PA3IUYHBIM
B3aMMHBIM I0JIO)KEHHUEM KOHTYpPOB HE(DTEHOCHOCTH M Ia30HOCHOCTH. BhlsieeHHbIe TakKUM 00pa3oM
BU/IbI 3aJIeXkKel OyyT UMeTh CBOM 0COOEHHOCTH PACHOIOKEHUS Pa3BEIOUHBIX CKBaYKUH MO IUIOMIAIN
U BO3JIaraéMbIX Ha HUX 3a/]ad.

O0630p uTEpaTYpPHI

W3BecTHO, YyTO OONBIIMHCTBO CYIIECTBYIOIIUX KIACCU(PUKAIMI 3anexeld HeTH U raza OCHOBa-
HO Ha CTPYKTYPHO-MOP(OIOTUUECKOM MPUHIIHIE. ITH KiIaccu(uKanuy UMEIoT O00JbIIOe 3HaYeHUE B
pellIeHnr TIOUCKOBBIX 33/1a4. B MeHb1Iel Mepe pa3paboTana knaccuukanus 3anexeid HeTu u rasa,
YUUTHIBAIOIIAsl KOJIMYECTBEHHBIE COOTHOIICHHUS Ta3000pa3Hoii U KUAKOHN (a3 yrieBogopoI0B B Ijiac-
T€ ¥ UMEIOIas BAXXHOE 3HAYCHUE MTPH PEILIEHUHU BOIIPOCOB, MPEkKIE BCETO CBA3AHHBIX C Pa3padOTKOi
3alIeKeN.

B xypnane «['eonorus nedtu urazan Ne 12, 1962, B ctarbe A.H. Mycradunosa «Knaccudukanus
3aJexe yrieBo0poI0B 10 (a30BOMY COCTOSIHUIO M COOTHOIIEHUIO 00BEMOB ra3000pa3HOM U KUIKON
(a3 B macTe» ONMUCHIBAIOTCS (PaKTOPhI, 00YCIOBIMBAIOIINE Pa3INUNe 3aJIeKel yrieBoopo1oB. Kak
cuntaet A.H. MycraduHoB, B CyIIeCTBYIOIIMX KIacCU(PUKALMAX HETOCTATOYHO OTPAXKEHbBI Ta30KOH-
JIeHCaTHbIe U He(Tera30KOHIEHCATHBIE 3aJI€KH, HE TIOJIHOCTHIO OXapaKTePU30BaH PsiJl 0COOEHHOCTEH
KOHTaKTOBBIX COOTHOIIICHUH Ta3a ¥ HeTH ¢ Bojol. [Ipu pazpaboTke paninoHaabHOM Kitaccupukauu
A.H. MycraduHoBa ornpejiesieHHOe 3HaYeHHE MTPUIACTCS YCTAHOBIICHUIO €IMHON TEPMUHOJIOTHH, KO-
TOpasi OTBEYAET COBPEMEHHOMY YPOBHIO HayUHBIX 3HaHUH O 3ajiekax HEPTH U Ta3a.

Jna 3anexxedt nByxga3zHOW CUCTEMbI, Ta30HE(PTAHBIX M HE(TEra3oKOHJIEHCATHBIX, OOJBIIOE
3Ha4YE€HHE MPUOOPETAET COOTHOLICHHE B HUX 00bEMOB raza u HeQTH. Takoe COOTHOIIEHHE Xapak-
TEepHU3yeTCcsl TeM, 4YTO O0bEM, 3aHUMAEeMbIi Ta30M, 3HAYUTEIHHO MPEBOCXOAUT 00beM He(DTSHOI
3aJIeKH, TaK YTO B PsiJie CiIydaeB He(TsAHAs 3aIeKb HACTOIBKO MaJia, YTO HE UMEET MPOMBIIIIICHHOTO
3Ha4YeHus. Takoil BUJ CHCTEMbl HOCUT Ha3BaHHE «ra30Bas 3aJIekb C HEPTIHOW OTOPOUYKOW» HIIU
«Ta30KOHCHCATHAs 3aJieXkKb ¢ HEPTAHON OTOPOUKOi». B HEKOTOPHIX Ciiydasix He(TIHAs OTOpPOUYKA
MOJICTHJIAET HE BCIO 3aJIEXKb ra3a, a JIMIIb 4acThb €. Psij1 ra30BbIX 3anexelt UMEIOT HE(TSHBIE OTOPOUKH,
CABUHYTHIE K Tiepudepuu CTPYKTYphI, rne o0pa3yloT WHOTNA 3HAYUTEIbHYIO CBOOOAHYIO OT rasa
He(TsHyIO 3anexb. HabmromaeTcss Gonee ClIOXKHBIN xapakrep (GOpMUPOBAHUS 3aJI€kKH, KOTJA OHA
9acTh 3aJIe)KH KOHTAKTUPYET C MJIACTOBOM BOJIOH, ApyTras — ¢ HE(THIO.

B HekoTopbIX cityudasix He(pTsHas OTOpoUKa ObIBaeT HACTOIBKO MaJjia, YTO IPH MOATOTOBKE ra30BOM
3aNekH K pa3paboTKe OCTAaeTCs HE3aMEUEHHOM, U 3aJie’kKb OUIMO0YHO CYMTAIOT YUCTO T'a30BOM HIIK
ra30KOH/IEHCATHOM.

Mex 1y TeM Haln4Me Jake BecbMa MaJloi He()TTHOM OTOPOUKH, OACTHIIAIOIIEH I'a30BYIO 3aJICKb,
SIBJISIETCSI OCHOBAHUEM CUHUTATh €€ Ta30He(TIHON WM He(Tera3oKoOHICHCATHOH, T.€. OHa OTHOCHUTCS
K 1Byx(a3Ho# cucreme. B 3TOM cirydae mpoiiecc BHITECHEHHS T'a3a, €CTECTBEHHO, Oy/leT MpoTeKaTh
110 HHOMY IPUHIMITY U K03 duIreHT razootnauu Oynet apyroi. Ilostomy ycraHoBieHue He(TIHON
OTOPOYKH Ta30BBIX 3AJIEKEN OUEHBb BAKHO.
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B xnure «['eonorust HedTu u raza» Epemenko H.A. nmpuBomutcs knaccudukanus 1.0. bpona B
BHUJIE CXEMbI COOTHOIICHUS B 3aJiekax HE(QTH, Ta3a U BOAKI (Tabiuma).

Kaacenduraunn maiekeii no COOTHOMCHHIO NOBICAHLIX BEUICCTR B
IPUPOIHLIX PCICpBYApAX

I'pynnu (csaccu)

Bogosanoprise saexn

-]i!.'lfil'l. PHOCICTHL B M R
BOOM

bemoanue wuw

Uncro ragossie 3a-
JICEN

Boposanopumie ra
IOBLIC TLICKH

Noxnuvseuse BO
A0 rA0BLIE

bewsomime raoasie
JANCHEN

Hedraime Boaoranopssie nad- | Mocnvaeune so- bemomnie nedrs-
THHBIC BAICHMN C aoit podramme HBIC TUICHKN C 12
raoaclt  LANKDR TUNKH ¢ Ta- T0BON 1IANKO§H

BOH LIANKOI

Hedranwie sanes, | Bonosanophse mad- | Toswcrwmessie 8o |bemominie  wodrs-

forarmae  rroa TEHLI® AR Wi sevhrasiee ke TeRu (o-

MACTBIDCHHLIM B forarsie rasos. ekl Gorarwe rarse TaOM.

e

RICTBOPDCHHLIM B

FA30M, PACTBO-

PACTBOPCHHLIM B

werhiru nesau R Herdmu svhra
Hedvransie sanesn | Booossnoosse mab- | [oacrwmessie  so- bemomme wabrs-
MATO  HACKILLCH- THHBIC BUICKH, JST T L) ¢ TR HBIC JAICKH, Ma-
HLIE, [rng MU0 HACKILCH- TSI MAIO HA- N0 HACKIDEHHBIC
HBIC II0M CHILCHHBIC T30 oM

CooTHOIIEHNE B 3aJ€KU MEXKIY HEe(ThIO, Ta30M M BOJOH, 0€3yCIOBHO, SIBISIETCS CIEICTBUEM
TeHETHYECKUX yCIOBUN (opMUpOBaHHA 3ajexeil. OnHaKo MpUBEIEHHAs CXeMa B 3TOM OTHOLICHUHU
HE OTpa)kaeT BCEX TeX SBJICHUH, KOTOpPBIE JOJDKHBI OBITh 371ech yuTeHbl. B 1966 1. B.I. BacunbeBbim,
H.C. EpodeeBbivm, C.P. KopoOoBbsiM ObliTa mpemiokeHa Kiaccupukaius 1mo (Hpa3oBoMy COCTOSHHUIO
YIIEBOAOPOIOB, 00pa3yonux 3ai1exu. [10 3Toil kimaccuukanum aBTopbl MpeIIararoT pa3iinyars cie-
JYIOLIHE TUIIBI 3aJIekKeH 10 (ha30BOMY COCTOSIHUIO: Ta30BbIE, TA30KOH/ICHCATHO-Ta30BbIe, FA30KOHICH-
caTHbIe, KOHJICHCATHBIE, 3aJIe)KU TIEPEXOTHOTO COCTOSIHUS, HE(PTAHBIE, HeTera3oBble, ra30HeTIHbIE,
He(Tera3oKOHICHCATHbIE, Ta30KOH/IeHCATHOHE () TSHBIE.

Knaccugpukanus neyxdasneix 3anexei, npemanoxenHas B.II. Capuenko u M.f. 3bIKHHBIM,
onyOnukoBaHa B KypHaine «leonorus Hedru u raza» Ne 12, 1966. ABTOpBI PUBOIAT ONPEACIICHHS
HEePTAHBIMH 3aJIe’KaM C Fa30BBIMHU [IAITKAMH U Fa30BbIM 3aJieskaM ¢ He(TsiHOH oTopoukoid. M. 5. 3bIkuH
B CBOMX cTaThix «O palmoOHANIBbHOM pa3BeKe Ta30BbIX 3aJIekKel ¢ HeTsIHOM oTopoukoii» n «OcodeH-
HOCTH Pa3BEAKH ra3oHE(TIHBIX 3aJICKEH HMKHEMEIOBOTO KOMILJIEKCa HAa MECTOPOXKICHHIX CeBepa
3anannoii CHOMpM» paccMaTpyBaET aHAJIH3 OIbITA Pa3BEIKM MECTOPOXKICHUN 1 3aJIeKeH ¢ HEPTIHOM
OTOPOYKOIA, OCHOBBIBasICh Ha kiaccudukarmu paspadorannoii B.I1. Capuenko u M.S1. 3pIKHUHBIM.

MarepuaJibl 1 MeTOIBI

s 3anesxeit | Tuna, umeronux Handoee CoKHOE CTPOSHUE U pa3HOOOPa3HOE B3aUMHOE TTOJIO-
KeHHe (PIIOUI0B MO pa3pesy MPOTYKTHBHOTO TOPU30HTA, XapaKTEPHO HAJIHUYME Ta30BOM 30HBI B Mpe-
JieJIax BHYTPEHHEr0 KOHTYpa ra30HOCHOCTH. [10 HaTH4unio M COOTHOLICHHIO IPYTUX 30H BCTPEUAIOTCS
TPH BUJA 3AJIEKEH: 3aJI€KU, UMEIOLTNE Ta30HEPTIHYI0, HEPTIAHYIO U BOTOHEDTSIHYIO 30HBI; 3aJIEXKH,
UMEIONIHE Ta30HE(DTAHYIO U BOZOHE(DTIHYIO 30HbI; 3aJI€KH, B KOTOPBIX MPUCYTCTBYIOT ra30HEPTAHASA,
razoHe(reBoasHasA 1 BogoHe(TsaHas 30HbI (pucyHoK 1). B 3anexax 11 Tuna razoBast 30Ha OTCYyTCTBYET,
OHM UMEIOT ra30HE(PTAHYIO 30HY, U CPEIM HUX BBIJICISIFOTCS /1A BH/IA 3aJI€KEH, B IEPBOM U3 KOTOPBIX
NPUCYTCTBYIOT He(TsAHAS ¥ BONOHE(PTSIHAS 30HBI, @ BO BTOPOM — ra30He()TEBOAsTHAS U BOJOHE(PTAHAS.

Bo Bcex 3anexax Il Tuna npucyTcTByrOT ra3oHeTeBOASIHAS U BOJOHE(PTAHAS 30HBI.

CornacHo knaccudukanuu CamapiieBa, Haauure HeTIHON 30HBI B 3ayekax | Tuna orMevaercs
KakK B He(DTAHBIX 3aJIe’kax ¢ ra30BOM IIANKOW, Tak U B He(prera3zoBwix 3anexax. Cpenu 3anexei I tuna
OTCYTCTBHE HE(TSIHON 30HBI U HATMYWE Ta30HE(TEBOISIHON 30HBI XapaKTePHO JJsi HE(TEra3oBbIX,
ra30HEe(TAHBIX U Ta30BbIX 3aJIeKel C HEPTAHBIMU OTOPOYKAMHU.
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Bce Bupl 3anexeii [l Tuna ot ra30BbIX ¢ HEPTIHBIMU OTOPOYKAMU JI0 HE(PTSHBIX C ra30BBIMU
MIanKaMy XapaKTepU3yIOTCs MPUCYTCTBUEM OJTHUX U TEX K€ 30H.

Pesynbrarer 1 o0cyxaenus. CiieoBaTelIbHO, HM OJHA M3 CYIISCTBYIOMUX Kiaccu(uKamuii He
JIACT BO3MOYKHOCTH YETKO IMOJPA3ICIUTh ABYX(a3HbBIC 3aJIe)KU Ha Pa3IMYHBIC BHJIBI OT HE(TIHBIX C
ra30BBIMU IIAIKAMH JIO Ta30BBIX C HE(YTIHBIMUA OTOPOYKAMHE C YUETOM ITPH ATOM UX TPUHITUITHATEHBIX
OTJIMYHUH, BIUSIONIMX HA 0COOCHHOCTH pa3BeaKH [5].

r HHHE

Pucynok 1 — Tunsl 3anexeil HeTH U raza
—ra3; |- nedrs; [-——Im —Bona;
3onbl: - razosas; I'H — razonedrsauas; 'HB — razonedreBosnas;
H — nedrsnas; HB — vedresonsnas; BH — Bononedrsnas

Takum 00pazomM, 1erecoo0pasHee Bce 3aIeKH, B KOTOPBIX MOUCKOBBIMA Pa0OTaMH YCTaHOBIIC-
HO Hanu4ue HeTH U CBOOOHOTO ra3a, UMEHOBATh HE(TEra30BbIMH WIIN ra30He(PTIHBIMU. 3HAYCHUE
ATUX TEPMUHOB B JAHHOM CJIy4ae CJIeyeT MPU3HaBaTh OJIMHAKOBLIM. CpeJii T€0I0rOB 110 3TOMY BOII-
POCY B CTaThsIX YCTPAMBAIKMCH OOCYKICHUS: OTHA TOBOPHIIN, YTO IIABHBIN B 3aJIe)H (DITFOU]] CTOUT B
KOHIIE U €CJIM 3aJIeKb Ha3BaHa razoHeTSHOMN, TO TpeodiiaaeT B Hell HeTh, a Apyryue yTBEPKaalu,
YTO B HA3BaHWM 3aJIC)H, B KOTOPO mpeobinagaeT HeTh, OHA JOJKHA CTOSATH BIepen — HepTeraszo-
Bas [9].

Hedrerazornie (razoHedTsIHBIC) 3alekKu ClEAYeT MOAPA3ACIATh, HA TPU THUIMA, MPEAJIOKEHHBIC
CamapuieBbiM, 1 B UX 00bEME BBIICIATH 3alIeKH, XapaKTePU3YIONIUECsS 30HAMU Pa3IndHOTO cove-
Tauusi (DIIOUOB MO paspe3y MPOAYKTUBHOTO ropu3oHTa. Takum 3oHamm siBisitorcs razoBast (),
razonedrsanas (I'H), nedrsanas (H), razonedpreBonsnas (I'HB) u nedresonsnas (HB).

O06o3Hauas 3aJIe)Kd WHIAEKCAMU, TIPEICTABISIONMUME COOOU MepeurciIeHUue MPUCYTCTBYIOIIHNX B
HUX 30H, cpeau 3anexei | tuma Mmoxkao Beaenuts 3anexu: la— I, 'H, H, HB; 16 — I, 'H, HB; I — T,
I'H, 'HB, HB; cpenu 3anexeit Il Tuna — [la — I'H, H, HB; 116 — I'H, 'HB, HB; Bce 3anexu III Tuna
nmerot uHjaexke I'HB, HB.
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3ak/ouenue

Ecmu nByxdaszubiii xapakrep Hacbimenns 3anexeit 11 u [ TumoB MoxeT ObITh yCTaHOBIICH TEp-
BbIMHM CKBa)XMHaMH, IPOOYpEHHBIMU B CBOJIE JIOBYILIKH, TO 3ayiexkH | Tuma TpeOyroT i 3TOro J0-
HOJTHUTENIHOTO U3yUeHHsI Ha KPBUIbSX CTPYKTYPBbI. JJIsl HUX TOJDKHO OBITH JOCTOBEPHO YCTAHOBJIEHO
pacupoCTpaHEHNE BHYTPEHHETO KOHTYypa ra30HOCHOCTH, ONPEAEISIONIEr0 pa3Mepbl ra30BOM 30HbI B
3aJI€KH U €€ IPOMBIILIJICHHYIO IEHHOCTb.

Js 3anexeit I u Il Tunos, umeronmx HeTAHYIO 30HY, OCHOBHBIE pabOTHI Oy/lyT HaIlpaBIeHbI HA
YCTaHOBJIEHHUE €€ IIHUPHUHBI U XapaKTepa paclpOCTPaHEHUs! KOJUIEKTOPOB, ONPEACIIAIONUX KaK 3ama-
Chl, TaK U YCJIOBUA pa3pabOTKH HEPTAHOM yacTH.

Heo6xomumbIM yCIIOBHEM IPOMBIIUIEHHON pa3BeAKH NByX(a3HBIX 3aJIeKell SBISETCS ONbITHAS
9KCIUTyaTanus, 3aa4 1 00beM KOTOPOH Takke OyayT pa3IMYHBIMU B 3aBUCUMOCTH OT yCTAHOBJICH-
HOTO BHJIa 3a1exu. B nepByto ouepenb 3TH paboThl OyyT HallpaBiICHbI HA ONpeiesieHue 0E3BOJHOTO
neprosia paboThl CKBaKMH B HEPTEBOASHBIX 30HAX U 0€3ra30BOTr0 — B ra30HEPTSIHBIX 30HAX U B KOHEU-
HOM CYETEe JIOJDKHBI OTPEICTUTh IIEHHOCTh He(PTSIHOM M Ta30BOM YacTeil NByX(pa3HOM 3aJIeHKH.
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CLASSIFICATION OF TWO-PHASE HYDROCARBON
DEPOSITS IN CONNECTION WITH THEIR INDUSTRIAL
EXPLORATION ON THE EXAMPLE OF MANGYSHLAK DEPOSITS

Abstract

None of the existing classifications makes it possible to clearly divide two-phase deposits into different types,
from oil-gas caps to oil-oil-related gas deposits, taking into account their fundamental differences that affect the
exploration features. Thus, it is preferable to name all deposits in which the presence of oil and free gas is established
by prospecting works as oil and gas oil. The meaning of these terms should be considered the same. About 40 years
ago there were discussions on this issue too: some said that the main fluid in the reservoir is at the end, and if the
reservoir is called gas-oil, the oil predominates there, while others argued that in the name of the reservoir in which
oil predominates, it should be in front - oil and gas. This article discusses why the known classifications of two-phase
hydrocarbon deposits conflict. The article considers variants of use of the proposed classifications for substantiation
and rational carrying out of exploration works on deposits Tasbulat and Zhetybai. According to the results of the
study, the most acceptable classification at the stage of industrial exploration in terms of the choice of location and
number of exploration wells, as well as the tasks assigned to them, has been proposed.

Key words: classification, hydrocarbons, deposit, volume, oil deposit, gas oil deposit, gas cap, two-phase
deposit, industrial exploration
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MAHFBIIITIAK KEH OPBIHIAPBIHBIH MbICAJIBIHIA
OHEPKOCIIITIK BAPJIAYFA BAUWJIAHBICTBI EKI ®A3AJIbI
KOMIPCYTEK KEH OPBIHJIAPBIHBIH KIKTEJIYI

Angarna

Exi da3anbl keH opbIHAAPbIH Oapliay epeKIIeNiKTepiHe ocep eTeTiH oJapIblH TYOereili aibipMaliblIbIKTapbiH
ecKepe OTBIBIN, I'a3 KakMakTapbl 0ap MyHalgaH MyHail KHekTepi 0ap rasra JEHIHTI TypJepre HaKThl JKIKTEyre
KOJIIaHBICTAFbI J)KIKTEMEJIEPiH eNIKalChICHl MYMKIHJIIK Oepmeiini. Ocbutaiiiia i31ey jkoHe Oapiiay )KyMbICTapbl HOTH-
JKeCiHJe MyHail MEH a3 aHbIKTaJFaH OapIIbIK KeH OPBIHAAPhIH MYHal-Ira3 HeMece ra3-MyHaii Jien aTaraH aypbic. byn
Karaaliaa OChl TEPMUHACPIIH MaFbIHACKH Oipyeii men TaHpUTFaHBI kKoH. Ockl Macene 40 KpI1 OYpBIH MaKajalapaa
KeHIHEH TaJIKbUTaHFaH OOJaThIH: KeHOip mikip OOWBIHINA, erep MeriHAl ra3-MyHail Jien aTaica, OHJa MYHail 6ackiM
Oosazipl, an Oacka Ke3KapacTa MyHail 0acklM OOJIaThIH MIOTIHAUIEP/IH arayblHIa MyHaii-ra3 Jemn oi ajja Typybl
Kepek aeninai. byn Makanana eki ¢a3anbl KOMIpCyTEeK KeH OPBIHIAAPBIHBIH 0i3re OCnTiii Kiaccu(uKausiapbIHbIH
He ce0enTi Kapama-Kapchl OOIFaHABIFBI TAJIKbUIAHA B!, TacOomnar sxoHe JKeTiOail KeH opbIHAApbIH/A Oapiay sKyMbIC-
TapblH THIMII XKYPri3y YLIIH YChIHBUIFaH KiaccU(UKalusIap/blH MaiaiaHy HyCKajaapbl Kapajasl. 3epTTey HOTH-
KeJepi OOHBIHIIIA Oapiay YHFFIMATapBIHBIH OpHAJIACKAH JKepi MEH CaHBIH, COHIali-aK OJapFa KYKTEITeH MiHICTTEPIl
TaHAay TYPFBICEIHAH OHEPKICINTIK Oapiay caThICHIHAA €H KOJIAMIIBI KIKTEY YCHIHBIIIBL.

Tipek ce3mep: xikTenyi, KOMIpCyTEKTepi, KEH OpHBI, KOJIeMi, MyHall LIOFBIPBI, I'a3-MyHal NIOFBIPBI, a3
KaKIIarbl, €Ki (ha3alibl KeH OpPHBI, OHEPKACINTIK Oapiiay.
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BOBJIEYEHUE B PABPABOTKY HEJIPEHUPYEMBIX
3ATIACOB M. )KETBIBAU

AHHOTALUA

Bomnpoc ontuMuzanmu 1o0sr9n HeTH Beeraa ObUT OAHUM M3 aKTyallbHBIX. B cTaTbe paccMaTpuBaroTCsl TEXHO-
JIOTUYECKUE METOABI I BOBJICUCHUS B pa3pabOTKy HEIPEHUPYEMBIX 3amacoB MecTopoxaeHus JKeroi0aii. [Tpencras-
JICHBI TEXHOJIOTHH pa3pabOTKNU MECTOPOXKIICHHUSI, KOTOPbIe ObLIM MPUMEHEHBI B IOCeAHUe To/bl. M3 Bcex nmpencTas-
JICHHBIX METOJIOB JUIsl MOBBIIEHUS] HedreoTnadn d(PEeKTUBHBIM SIBISIETCS THapaBiandeckuid pa3psiB ruiacta (I'PIT).
I'mnpaBnmyecknii pa3phIB IUIacTa — OJMH M3 M3BECTHBIX M 3()D(EKTHBHBIX METOIOB YBEJIWYEHHS TOOBIYN HETH.
I'mupaBnmaeckunii pa3phiB MIacTa MOXKET HCIIOIB30BATHCS KaK P IEPBUYHOM 100bIYe HETH, TAK U JUIS TOBBIIIICHUS
3P PEKTUBHOCTH YK€ pabOTAIOMMX CKBAKWH. JTOT METOJ IMIUPOKO MPUMEHSACTCS B HEPTIHON MPOMBIIUICHHOCTH
BO MHOTHX cTpaHax. [lepBoHauabHO AaHHbBIM METO IMPUMEHSUIH I Oosiee HU3KOIPOHUIAEMBIX KOJJIEKTOPOB ISt
TOTO, YTOOBI TIOJIYYHUTh Y3KHE, INTYOOKOIPOHHUKAIOIINE TPEeUIMHBL. [lo3ke Hauallu IPUMEHSITH JIJIsl BRICOKOTIPOHHMIIAC-
MBIX KOJUIEKTOPOB. J1Jist TOro uTo0b! 100BIYa Obl1a Oosiee 3h(heKTHBHOM, B BOBICUCHUU B pa3pabOTKy CIIab0ApCHUPY-
€MBIX 3aI1acOB PEKOMEH TyeTCs N3MEHNTH Hanpasienus Tpemut [ PI1, nanusiit Mmeton 66Ut mpuMeneH Ha [ToBxoBckomM
mecropoxaennn. Ha mecroposknennn [ToBxoBckoe, 4T00bI M3MEHUTH Hanpasienue TpentuH [ P11, mposenn nByxcra-
nuitebeli ['PI1 B TpyIHOM3BIIEKAEMBIX TUTACTAX, M PE3YIBTAT OBLT MTOTOKHUTETHHBIM.

Ki1roueBble ci1oBa: pa3paboTka MECTOPOXKICHHH, HEAPEHUPYEMbIE 3aachl, U3MEHEHNE HAIPaBICHUS TPEIUH.
BBenenue

lNa3oHe(TsIHOE MHOTOIUIACTOBOE MECTOPOXKACHUE IO BEJIMYMHE CBOUX M3BICKAEMBIX 3aIlacoB
He(TH ABISETCS OJHUM U3 KpynmHeHmux mectopoxaenuit Kasaxcrana [1] u HaxoquTcst Ha mo31HEM
sTarne pa3padoTKH.

HepaBHomepHas BbIpaOOTKa 3amacoB IO IUIOLIATN U pa3pe3y O3HAYaeT, 4To J00bIYa He MpOHC-
XOJUT PAaBHOMEPHO BO BCEM MECTOPOXKAECHUH. ITO MOXKET OBITH CBSI3aHO C HEOAHOPOIHOCTHIO I'eo-
J0Tr0-(PU3MYECKUX XapaKTEPUCTHUK, TAKUX KaK MPOHUIIAEMOCTh M MMOPUCTOCTh TOPHBIX TIOPOJI, HITH CO
CJIO)KHOM MHOTOIUIACTOBOM CTPYKTYpOl MECTOPOKIEHHsI, KOTopasi TpeOyeT CHelHalbHbIX TEXHOJO-
THI 1 METOI0B JOOBIYH.

Ot npoOieMbl MOTYT NMPUBECTH K HEDPPEKTUBHON T0OBIUE U MTOTEPE 3HAYUTEIHLHON YaCTH 3ara-
coB. /1y ux pemieHns HeoOX0IMMO MPOBECTH OoJIee AeTaTbHOE I'e0JIOrHUECKOe HCCIIEI0BAaHNE MECTO-
POXKICHHS M NCTIOJIb30BaTh COBPEMEHHBIE TEXHOIOTUU U METOIbI IOOBIYH, & TAKXKe IPUHSITH MEPHI 10
ONTUMH3AIINY TIpoLiecca T00BIYH U KOHTPOJIIO 32 HUM.

Lenbto JaHHOTO MCCIIEIOBAHUS SIBIISICTCS PEKOMEHAIUS CIIoco0a pa3paboTKH 3alekel, Py Ko-
TOPOM MOXKHO YBEITMYUTH JOOBIYY HE(TH M3 HEOXBaueHHBIX oOsacTeil. BolaenuTs nepcrneKTuBHBIM
Y4acTOK JIJIsl BOBJICUEHUS B pa3paboTKy.

3agaya 1aHHOM PabOoThl — MPOAHAIM3UPOBATh PE3yJIbTAThl UCCIEOBAaHUI HAYyYHBIX TPYJIOB IO
JlaHHOU Temaruke. Takke BbIIEICHHE NMEPCIEKTUBHOrO y4yacTka Juis nposenenus I'PII mo marepu-
aJlaM COCEJIHUX CKBA)KUH, M€OJOTMYECKHX YCIOBHM MECTOPOXKACHUSA U TEKYLIMX IapaMeTpOB CKBa-
KUHBI.

B nannoit pabote onpeseneH nepcneKkTuBHbIN ydacTok s nposenenus ['PI1. Taxke pexomen-
JIyeTCs METO/I BOBJICUEHHMSI B pa3pabOTKy TPYAHOU3BIEKAEMbIX 3allacOB IyTeM MU3MEHEHUs HarpaBJe-
HUS TPEUINHBI, KOTOPbIi ObLT prMeHeH Ha [I0BXOBCKOM MECTOPOKICHHUH.
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Pa3paboTka HEOXBauCHHBIX 3aM1aCOB HEPTAHBIX MECTOPOXKACHUI UMEET BHICOKYIO aKTyaJbHOCTh
M0 HUKETIEPEUUCIICHHBIM TPUYNHAM:

1. DxoHOMHYECKass 3HAYUMOCTH: HEOXBAauCHHBIE OOJACTH MOTYT COJEp)KaTh 3HAYUTEITHHbBIE
00beMbl HE(TH, KOTOPBIE MOTYT OBITH JOOBITHI C HMCIIOJIH30BAHHEM COBPEMEHHBIX TEXHOJOTHUH H
MeTo0B. PazpaboTka Takux obnactell HO3BOJSET YBEIMUMBATH JOOBIUY M IPUHOCUTD JOTIOTHUTEIb-
HBIE YKOHOMHUYECKHE BHITOIBI.

2. TexHomoru4eckue JOCTHXKEHUs: pa3paboTKa HEOXBAaYE€HHBIX 3aracoB TpeOyeT MPUMEHEHUS
HOBBIX TEXHOJIOTMI W MHHOBALMH, YTO CIIOCOOCTBYET pa3BUTHIO HE(TErazoBOH MPOMBIILIEHHOCTH.
Oto BKIIOYAET B ce0st pa3paboTky Oosee 3 PeKTHBHBIX METOIOB OypeHws, TOOBIYM U HHTEHCU(UKA-
UM J00BIYH, a TAKXKE IPUMEHEHNE HOBBIX MaT€pPHajIOB U TEXHOJIOTHIA.

Bce a1 (hakTopbl MOATBEPKAAIOT aKTyaJIbHOCTh Pa3padOTKU HEOXBAYEHHBIX 3a11aCOB HE(DTIHOTO
MECTOPOXKICHHUS M OTIPABIBIBAIOT ITPOBEICHHUE UCCIICAOBAHUH C IIEITBI0 YBEIMUEHUS TOOBIUN U3 TaKUX
o0nacTe.

MaTepnanbl U METOAbI

Jlst perieHus mpo0i1eMbl HEBBICOKOHM AP PeKTUBHOCTU J0OBIYM HE(YTH HA MECTOPOXKICHUSAX C T€0-
JIOTMYECKO HEOAHOPOJHOCTHIO U HAXOMAIIMXCSA HA MO3JHEM 3Tare pa3padOTKH MOXKHO MPUMEHSTh
crenyromme noaxousl [4]:

¢ NPUMEHEHHE HOBBIX TEXHOJIOTHI: UCIOJIb30BAHUE COBPEMEHHBIX METOJOB M TEXHOJOIUM J10-
ObIUHM, TAKUX KaK THAPOPA3PHIB IUIacTa (TUAPOQPAKIS ), TOPU3OHTAIBHOE OypeHHe U JIp., TO3BOJISET
YBETUUUTH (P (PEKTUBHOCTH JOOBIYH U BOBJIEYH B Pa0OTY ClIaboIpeHUpyeMble YYacTKH IUI1acTa;

¢ HCIOJIb30BAHUE XUMHUUYECKHUX PEAreHTOB: IPUMEHEHHE CIIEUAIbHBIX XUMUUECKUX PEareHTOB
MOXET YITy4IIUTh (PUIBTPALIMOHHBIE CBOMCTBA IIACTA, YBEJINYMBAs €r0 MPOHULAEMOCTh U yITy4Iast
JPEHaXKHYIO0 CIOCOOHOCTB;

¢ yIy4llIeHHE CUCTEMBbI yIpaBlIeHHs! J0ObIYeH: pa3paOd0oTKa ONTUMAIILHON CUCTEMBI YIIPABICHHUS
N00BIYEH, BKIIIOYAIOLIEH BBIOOP ONTUMAIBHOTO peKuMa pabOoThl CKBa)KMH, ONTUMH3ALINI0 UHTEPBa-
J0B 320031, peryIupoBaHue 1edura 100bBaeMbIX (IIIOUIOB U IpP., MOXKET 3HAYUTEIBHO MOBBICUTH 3()-
(eKTUBHOCTb JOOBIYM Ha MO3/IHEN CTaAUN;

¢ HCIHOJIb30BAaHHE MHTEIUIEKTYAIbHBIX CHCTEM: IPUMEHEHUE UHTEIUIEKTYa IbHbIX CUCTEM YIIpaB-
JeHusl JOObIYeH, TAKUX KaK CUCTEMbl UCKYCCTBEHHOTO WHTEJUIEKTA U MAIIMHHOTO O00y4YeHHs, MTO3BO-
JsIeT aBTOMAaTU3UPOBaTh MPOLIECC IPUHATHS PELIEHUI U ONITUMHU3UPOBATh pab0Ty MECTOPOKACHUS;

¢ poBesieHUe reo(hU3NIECKUX MCCIIEIOBAHUI: TPOBEICHNUE JOMOIHUTENBHBIX Te0()U3NIECKIX
UCCIIEIOBAHUI MOXKET ITOMOYb JIyUIIe OHATh I€OJIOTUYECKYIO CTPYKTYPY MECTOPOXKACHUS, BHIIBUTD
ciabopeHrupyeMble YUacTKU U pazpadorars 6osee 3(pHEeKTUBHYIO CTPATETHIO JOOBIYH.

[TpuMeHeHne ATUX MOAXO0B MO3BOJIUT YBEIUUNUTh 3PPEKTUBHOCTD JOOBIYN HE(PTH, MECTOPOXK-
JICHUH Ha TTO3/THEM MEePUOJIe Pa3pabOTKH C Te0IOTHIECKON HEOTHOPOIHOCTHIO M BOBIICYb B aKTHBHYIO
paboTy paHee HeApeHHpyeMble yJacTKU miacta. OCHOBHOMU LIENbIO pa3HBbIX METOJOB B BO3J€iCTBUU
Ha Npr3a00IHYIO0 30HY SIBISETCS YBEIMUYEHHE 1eONTOB TOOBIBAIOIINX CKBAXKUH, TAKXKE IPUEMHUCTOCTD
HArHEeTaTeNbHBIX CKBAXHH.

3B KOPC BT

KIIAC
1% Hr/t"i/- 6%

5
W

CKO
27%

Pucynox 1 — [IpumMeHnsiembie TexHOMOTHU Ha M. JKeTb10ai [2]
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B nannoe Bpems ['PII sBnsieTcss 4aCThi0 MEPOTIPUATHH O YBEIMYCHHUIO TOOBIYM HEPTH U TPO-
JoJbKeHuto nputoka [ 12]. JlaHHbIi MeTo/] BIUSET Ha TeKylIre J0ObIYU He(TH, TaKKe Ha MOCIIETHIO0
Hedreornauy [14]. I'PIT obecieunBaeT BOCCTAHOBICHHE THAPOAMHAMHYECKON CBSA3H MEXKTy T0OBIBA-
IOIUMH CKBOKMHAMHU U TIPOIYKTHUBHBIM KOJJIEKTOPOM IUIACTA, YTO, B CBOIO OYEpElb, CIIOCOOCTBYET
OoJiee MOTHOMY M3BJICUEHUIO He(PTAHBIX 3anacos [20].

OCHOBHBIE NOJI0KEHHS

Lenpto JaHHOTO HUCCIeIOBAHUS SABISETCS PEKOMEHAIMs criocoba pa3paboTKU 3aliexkeid, mpH Ko-
TOPOM MOXKHO YBEJIMYUTH 10ObIYY HEPTH U3 HEOXBAUYCHHBIX 00JIaCTEM.

3a aHaNM3MpyEeMbIi IEpUOJ HA MECTOPOXKICHUH OIpe/iesieHbl BOBJICUEHHBIE 3anackl 1o 67 ckBa-

xwuHam 3a cuet [ PI1, kotopsie coctaBunu 454,8 ThIC. TOHH HEPTH.

Conamcuna L1485 Crsaxcuna 4114

Jlofaer madrm, vioyvr

Jebint wedin vy

Lmsicm
|

PEIRIIIIOIN 2220

(1] s Lo 1% 20 2y 1] Lt L0 1% 1.0

Huonsosman Jodars, s 1 Haxea ennnan rodss medue ey

PucyHok 2 — VI3MeHeHre BOBIICUCHHBIX 3a11acoB HE(hTH
1o u nocne nposenenus ['PI1 B ckBaxune 3348, 4114.

Kaxk BuiHO W3 MIpeIcTaBICHHBIX JAaHHBIX, BOBIICUCHHBIC 3anmackl HeTH 3a cueT [ PI1 B ckBaknHax
3348, 4114 coctaBunu 4 u 3,5 ThIC. TOHH.

O030p JMTEpaTypbI

Crarbs @.C. CannMoBa KacaeTcsi BONPOCOB pa3padOTKU HE(PTSIHBIX MECTOPOXKICHHUN C TPYIHO-
M3BJIeKaeMbIMU 3aracamu Hetu ¢ ucnonp3oBanueM ['PI1 u n3meHeHus HanpasieHus TpemuH. B cra-
Th€ MPEACTaBICHbI UCCIETOBAaHUS B HE(PTAHON MPOMBILIUIEHHOCTH C OCOOBIM aKLIEHTOM Ha OIIbITE
000 «JIYKOWMJI-3anaanas CuGups» Ha ITOBXOBCKOM MECTOPOXKICHHH. B cTaThe OMICaH OMBIT Hpo-
BesieHus aByxcraauiiHoro I'PII. DToT moxxos mo3BoisieT 3HAYUTENBHO YBEJIMYUTH 006Uy HedTH,
CHHM3HUTH OOBOJAHEHHOCTh U M3MEHUTH HANPaBJICHHUE TPEINH, YTO MO3BOJISIET YCKOPUTH 00pabOTKY pa-
Hee TPYAHOIOCTYITHBIX YYacTKOB Iutacta. IIpoBeneHHbIe Hecae10BaHus U TPAKTHUECKHUE PE3YIIbTaThl
Ha [I0OBXOBCKOM MECTOPOXKIEHNUU CBUAETEIBCTBYIOT O EPCIEKTUBHOCTH TaKUX MOAXO/I0B.

B crarse Tnerenosa b.b. mpencraBnensl mokaszarenu JeTalbHOTO UCCIEIOBAHUS T€OI0TMUECKUX
YCIIOBUH OCaJIKOHAKOIUIEHUsI Ha MecTopoxkaeHun XKeTbiOail. B xone uccienoBanusi ObUIN BISIBICHBI
3HAYUTEIbHBIE OCTATOUHbIE 3amackl HeTu Ha ropu3oHTe FO-10. B cTarbe mpeacraBieHsl nccienoBa-
HUSl, HAIIPABJICHHBIE HA JIOKAJIN3ALIUIO 3TUX HEU3BICUEHHBIX 3al1aCOB U COBEPIICHCTBOBAHUE CUCTEMBI
pa3pabOTKH MECTOPOXKICHNUN. ABTOPBI MTPEJCTABISIOT T€0JI0T0-TEXHUIECKHE MEPOTIPUATHS, KOTOPBIE
pa3paboTaHbl C IETbI0 YBEINYCHUS BOSMOXHOCTH JOOBIYM HEPTH. DTH MEPONPHUITHS BKIIOYAIOT B
cebst Takue NecTBUS, Kak OypeHne CKBaXKHH, ITPOBEICHUE Te0(PU3MUECKUX HCCIICIOBAaHHM, a TAKKe
MCIOJIb30BAHUE TEXHOJIOTUU TUApaBIndeckoro paspbisa miacta (I'PII).

B ny6muxanuu J1.1O. Konynaesa npeacrasien ananu3 3pGEeKTUBHOCTH Pa3IMYHBIX TEXHOIOTHHA,
CBsI3aHHBIX ¢ TuapopaspeiBoM 1iacta (I'PIT), mpumensiemsix Ha [Iprnobekom mectopoxaenun. Ona
TaK)Ke YUYUTHIBAET COBPEMEHHBIE TCHICHIINHN PAa3BUTHS ITHX TEXHOJIOTUH W UX BIMSHUE HA W3BJICUE-
HUE HEPTH U3 HU3KOIPOHHUIIAEMBIX KOJUIEKTOpoB [11].

Takoke B mporiecce UCCIIEA0BaHNS TAHHON TeMaTHKH OBLITM PaCCMOTPEHBI OTYETHI 110 THPABIH-
YEeCKOMY pa3phIBY IJIacTa MeCTOpoXkaeHus JKeTrpiOaii.
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Pe3yabTarhsl U 00Cy:KIeHTE

[IpumeHeHne MeTona THIPABIMYECKOrO pa3pbiBa IIacTa cYMTaeTcss Hanbosee 3(pdeKTUBHBIM
BapHaHTOM /sl pa3paboTku mectopoxkaeHus XKerpibail. Uro takoe ['PII? ['mapaBiauueckuii pa3pbiB
TUTacTa BKIIIOYAET B ce0s 3aKa4Ky KUIKOCTH TIO/T BBICOKUM JIaBIICHHMEM B TIOA3EMHBIN TIJIACT C HETBIO
CO3/1aHus pa3pbIBOB B MOpUCTOi cpene. [IponnaHT — 3To rpaHylIupOBaHHBIA MaTepua, KOTOPbI 3a-
KauMBaETCS B TPEIIMHY C MOMOIIBIO JKUIKOCTEH BO BpEMs THApOpa3phiBa miacta. [IponmanTe MoryT
OBITH Pa3JIMYHOIO THUIIA M COCTABA, BKJIOUYAs NMPUPOJIHBIE NECKU, KEPAMHUKY, CHHTETHUYECKHE Mare-
puansl u ap. [7].

HeonHOpoaHOCTH, MPOHUIIAEMOCTD, IITyOHHA 3aJIeTaHus IUIacTa, MIACTOBOE AAaBJICHUE — BCE 3TH
O0COOCHHOCTH aHATM3UPYIOTCS C LENbI0 MPUHATHS 0O0CHOBAaHHOTO PEIICHUS! O MIPOBEACHUN TUAPAB-
JIMYECKOTO pa3phlBa IUIACTa B KayKJOM KOHKPETHOM citydae [6]. Taxke HeMaayto 3HaUMMOCTh UMEET
IrPaMOTHBIN MOAO0P CKBAaXKUH VI TUAPOpa3pbiBa macta. M HyHO yUUTHIBaTh IPOMBICIOBbIE (haK-
TOPBI, TAKME KaK COCTOSTHHE 00CAJHOM KOJIOHHBI M YCTHEBOTO 000pyIOBaHUS, KAYeCTBO IIEMEHTaXa,
HaJU4Ke TIIMHUCTHIX MPOCIONWKOB | T.1I. [8].

CnabonpoHHIIaeMble, CIIEMEHTHPOBAHHBIE KpPENKHE MOpPOIbl OONagaloT TOCTAaTOYHOW MpOU-
HOCTBIO ¥ MUHHMAJIBHOM MPOHHUIIAEMOCTBIO, YTO MO3BOJISET YBETHUUTH dPPEKTUBHOCTD U MPOIOII-
KUTEILHOCTh THJIPABIMYECKOTO pa3pbiBa. B Takux mopomax HET pa3pylIeHHN U MeCYaHbIX MPOOOK,
9TO cI0co0CTBYyeT Ooee dPPeKTUBHOM paboTe CKBaXKUH [9].

D¢ dexTUBHOCTH THAPABINYECKOTO pa3phiBa IIacTa B He(hTeA00bIYE BHIPAYKACTCS B YBEIMUECHUU
neOuTa Wi MPUEMHUCTOCTH CKBXXUH Onarosiapsi NpaBUIbHOMY 00pa30BaHHUIO TPEIIUH B Iu1acTe. Yem
0oJIbllIe TPELIUH B IJIACTE U YeM OOJBIIYIO PACKPHITOCTh OHU UMEIOT U 00ECIIeUnBalOT pacnpocTpa-
HEHHE, TeM OOJIbIIE TOTIOTHUTENBHBIX TTOPOBBIX MPOCTPAHCTB OTKPBIBACTCS ISl TOTOKA HEDTH HITH
raza. J{ns nogOopa CKBaKMH — KaHIMAATOB HA MPOBEIECHUE THAPOPa3phIBa IJIACTa HEOOXOIUMO YUH-
THIBATh TEKYIME TTapaMeTpPbl padOThl CKBKUH IO pe3yabTaTaM THAPOANHAMUYECKUX UCCIIETOBAHUN
CKBaykuH [3].

Tabmuua 1 — [Ipumep ananuza s¢dexruBaoct I'PIT Ha MmecTopoknennn XKerpibait

IMapametpsr o I'PIT [Mapametpsl nocne I'PIT
Ne i Ne ckB. TonHax Topuzont
Qx Qn Qx Qu
1 A* 5 A-1* 3,5 0,1 22 12,8
2 b* 10 b-1* 2,6 1,2 15,5 9,2
3 Cc* 15 C-1* 34 0,7 5 3.4
4 J* 25 J-1* 25,7 1,2 39,2 25,4
5 E* 50 E-1* 12,6 3,6 26,1 7,2

[IponuniaeMocTh 1acTa Ha MECTOPOKICHUU MEHSAETCS] B 3HAUUTEIIbHBIX MpEeiax, OT HUKHETO
npenena — 5 mJ[ 10 5050 m/I. B HU3KOMIpOHUIIaeMBIX IacTax 3(G(EKTUBHBIM cUUTaeTCs 00pa3oBa-
HUE JJMHHBIX TPEIIMH, IIUPOKHE U KOPOTKHE TPEIIUHBI OoJiee 3(PPEeKTUBHBI B BHICOKOTIPOHUILIAEMBIX
miacrax [4].

Ha ckBaxxuHax, 1€ BBIIIOJIHEHUE TMAPABINYECKOTO pa3pbiBa IUIACTa CBSI3aHO C BBICOKMM PHUCKOM
MOTy4eHMs] 0OBOTHEHHOCTH, PUMEHsIeTCsl MamoToHHaXHBIH [ P11 11 co3maHust BRICOKOTIPOBOAMMO¥
KOPOTKOM TpeIuHbl B mpu3a0oitHoi 30He 1uiacta [3]. [lpumep u3meHeHuss reoMeTpuu TPEIIUHBI ITy-
TEM CHIDKEHMs TOHHaXka ¢ 25 T 1o 15 1 nocne kanmubposku monenu I'PII Ha ckBakune X ¢ 1ebio
n30eKaHUs IPOPHIBA HIDKEJISKAIIETO BOJOHOCHOTO TutacTa (pucyHok 4, ctp. 131).

Jliia BoBieueHUs B pa3pabOTKy HY)KE€H WHIAMBUAYaJIbHBIM MOAXOA IJS Ka)XJ0ro ydyacTKa, Kax-
JIOTO MecTopokaeHus1. MoxkHo npoBoauTh MHoroctaauineiii ['PII, II1/] mytem oOparHoil 3akauku
TUIACTOBOM BOJIBI, TAaKXKe OypeHHEe OHOCTBOJBHBIX U MHOTOCTBOJBHBIX ['C u T.1. [16]. YenemHocTh
TEXHOJIOT'MH 3aBUCHUT OT IIOHUMAHUS CTPYKTYpPbI OCTaBIIUXCS He(PTIHBIX pecypcos [17].
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Pucynox 4 — Ilpoduib TpemuHs! mocie CHIDKeHNS TOHHaXA [3]

Taxke B BOJEUEHHM B Pa3pabOTKy OJHUM M3 MEPCIEKTUBHBIX METOJOB SIBIETCA OypeHHE ro-
pu3oHTanpHbIX ckBaxxud ¢ MI'PII. Mcnone3oBanne ropuzoHTanbHbIX ckBakuH ¢ MI'PII no3sossier
3HAYUTEIBHO YBETUYUTH TUIOIIA/h IPEHUPOBAHNS HE(DTIHBIX 3a1acOB M0 CPABHEHHUIO C HAKIIOHHBIMU
CKBOKMHAMH C TUAPOpa3pbiBoM Iiacta. OnbIT ObuT npuMeHeH Ha [Iprobckom Mectopokenun [15].
UccnenoBanne v mpakTuieckas MpoBepKa pa3InuHbIX TEXHOJIOTHYECKUX TIOJX0/I0OB C UCTIOJIb30BaHU-
em ['C ¢ MI'PII no3BOMSIFOT MJIaHUPOBATH Pa3pabOTKy HEPTIHBIX MECTOPOXKICHUH, KOTOPHIE paHee
CUNTAINCH HEA(PPEKTUBHBIMU C TOUKHU 3PEHUS SKOHOMHUYECKOTO MOX0Aa. BypeHnue JomoIHUTeNbHBIX
CKBa)XMH B KPAaeBbIX 00JIaCTIX MECTOPOXKICHHSI, BKIIIOYasi TOPH30HTaIbHBIE CKBaXKUHBI U [ PI1, MoxkeT
MOBBICUTH 3((HEKTUBHOCTH OXBaTa HOBBIX 30H, KOTOPbIE HA TEKYLIMI MOMEHT HE BOBJICUEHBI B MPO-
1ecchl PazpaboTKH.

Ha ognom u3 mecropoxxenuii 3anagHoit Cubupu [18] Takke paccmarpuBaiy pa3Hble BApUAHTHI
paspabotku. Ho ananu3 s¢dexruBHoCTH nokazan, yto Oypenue I'C 6osee nepcreKTUBHOE 10 CpaB-
HEHHMIO C IPYTMMHU MeToziaMu. [ opi3oHTanbHoe OypeHne akTUBHO HCIIOIB3YeTCs Ha MECTOPOXKICHUAX
C BBICOKOH CTETICHBIO HCcUepHaHus HePTIHBIX pecypcoB [19].

Pexomenayercst pazpabarbiBaTh claboapeHUpyEeMble YYaCTKH C MOMOIIBIO U3MEHEHUS HaIpaB-
nenust TpemuH ['PI1. Jlannbiit nogxoxn pa3paboTku O6bu1 mpuMeHeH Ha [I0BXOBCKOM MECTOPOKICHHUM.
Mecropoxaennue [IoBXOBCKO€ MHOTOIIJIACTOBOE, OTHOCUTCS K 3araano-Cuoupckoil HedTerasoHoc-
HOW TIPOBUHIIMH M HAXOIUTCS Ha MO3AHEH cTaauu pa3paboTku. s 3TOro penuiv npoBeCTH JAByX-
craauiinbiii ['PII B TpynHOM3BIIEKaEMBIX IJIACTaX, TO €CTh PA3EIUTh 3aKa4Ky IPOIIIAHTA HA JIBE CTa-
Juy. JIaHHBIA MOAXO MO3BOJIMII U3MEHUTh HANPSKEHHUE BO3JIE CKBAYKUHBI 3@ CUET pa3pblBa MOPOJIBL.
Pa3pbIB mopo/b! pH 3aKavke MPOIAHTa BTOPOM CTa K ObUT HEMHOTO B IPYTOM MECTE, U MPEeIoia-
rajoch U3MEHEHUE HanpasiIeHusl TpeluHsbl. [1o pe3ynpraram ucciienoBaHus IOCIIE BHEAPEHUS IBYX-
craguiiHoro I'PIIl ynanoch W3MEHUTh HaNpaBiIE€HUE TPELIMHBI, KOTOPOE CONEUCTBYET BOBJICUEHHIO B
pa3paloTKy Ci1aboApeHUupyeMbIX 30H IUIacTa. bbUIH MOMyueHbl MOJOKUTENbHBIE Pe3yabTaTbl. OIbIT
npoBenenust ApyxcraauiiHoro I'PI1 ¢ uaMeHeHneM HampaBlieHUs TPELIMHBI MMO3BOJISIET JOCTUTHYTh
YYaCTKOB C BBICOKOH OCTaTOYHON HE()TEHACHIIIICHHOCTHIO U BOBJICYH B pa3pab0TKy TPYITHOM3BIIEKAeE-
MBIX HEIPEHUPYEMBIX 3amacoB He(TH.

PasButne rexnonorun MI'PII nponBuraercst Bo Bcex OCHOBHBIX HalPaBIEHUX, BKJIIOYAs MPOI-
nantHeld ['PI1 B cMmemaHHBIX TuiacTax M KucinoTHO-mpormaHTHeId [PIT B kapOOHATHBIX KOJIEK-
Topax [10].

Co3znanue U pacliupeHue TpeuuH B noponax Ha nepsoM 3tare ['PII yBennuuBaer naBneHue Ha
M3ru0 9acTH CKBAXMHBI, YTO MOXKET MTOMOYb Ha4aTh 00pPa30BaHUE TPEIIMH B IPYTUX YACTAX TOPH3OH-
TaJIHHOTO CTBOJIA CKBaKUHBI [13].

[Ipu ompeneneHnn NMEpCHEeKTUBHBIX YYACTKOB JJIS TMIPABINYECKOIO Pa3pbiBa IUIACTA HYXKHO
YUUTBIBATh M€OJOTMYECKHE YCIOBHSI paiioHa, CBOWCTBA IJIacTa, IaBJICHUE B CKBKUHE U JIpyrHe mna-
paMeTpBel.

Mectopoxnenue JKeTbi0ail B TEKTOHUYECKOM OTHOLIEHUH IpUypoueHo K JKeTbiOaii- Y3eHbCKON
TEKTOHMYECKOU cTyrneHu. OTIoKeHus: 0aTcKoro sipyca MpeaCTaBlIeHbl IepecIanBaHueM TIECUaHUKOB,
aJIeBPOJIUTOB U TJIMH.
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Pucynok 5 — ®annanpHas kapra Z Topu30HTa

B nccnemyemom ropuzonte ¢ 2010 1. mpoBeneno 14 I'PII. [eBsats u3 Hux cunrarorcs dhdexTus-
HbIMH. B ckBaknHe X-1 (paiioH BBIZCNIEH CHHEH OTMETKOH Ha QarmansHoi kapte) nposenu ['PII u
MOyYHITH 3 EKTUBHBIC PE3YIBTATHI.

Qu=285rT;

(Qx/Qu/%) no: 7,1/4,9/32%;

(Qx/Qu/%) nocne: 57,7/29,1/50%;

ITpupoct vedru: 24,3 1/cyT.

[TapameTpsl cKBaXKMHBI PEKOMEHIyEMOI0 paiioHa:

00BOIHEHHOCTE=67%;

neout nept=3,4 T/CyT.;

NeOUT KUJIKOCTU=S T/CYT.;

P =208 at™m.;

P3a6. =116 arm.

PucyHnok 6 — HakoneHHbIE OTOOPBI COCETHUX CKBAXXUH X-2
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Hcxonst u3 mpuBeICHHBIX BbIlEe JaHHBIX pekoMmenayetcs: npoBectu [ PII B ckBaxkune X-2 (paii-
OH BbIJIEJICH KPAaCHOM OTMETKOM Ha (alanbHOM KapTe U Ha KapTe HaKOIUIEHHbIX 0TOOpoB). Ilocne
YCHEIIHOTO MPOBEACHHs THAPABINYECKOTO pa3phiBa IIacTa MPEAIoaraeTcs MOBBILICHHE eOuTa
He()TH JTaHHOW CKBa)KWUHBI, YTO CBHJIETEIBCTBYET 00 3(PPEKTUBHOCTH 3TOTO TEXHOJIOTUYECKOTO MPO-
1[ecca B yBEJIMUEHHUH 00BN YITIEBOIOPOIOB.

3akioueHue

[IpaBuiibHO BBHIOpaHHBIN palioH, TPaMOTHBIN MoA00p ckBaXkuH [yt niposeaenus ['PII spnstorcs
BaXHBIMU (haKTOpaMH, KOTOpPBIE BIUSIOT Ha ycneuHocTs ['PII.

W3menenne HampaBieHUs] TPEIIUH MOXKET ObITh d(h()EKTUBHBIM IMOIXOIOM TPHU BOBICYCHUU B
pa3paboTKy cimaboapeHnpyembix 3amacoB. [Ipu c1aboit mpoHniaeMocTH maacta HepTh MOKET HMETh
OTPaHUYEHHYIO BO3MOKHOCTD IIPOHUKHYTH B CKBaXKHHY. CO3/JaHNE TPEIIrH, KOTOpbIe Oy1yT Hanpas-
JIEHBI B CTOPOHY 3THX 3alacOB, MOKET YBEJIUYUTh KOHTAKT MEXy CKBa)KMHOM U IIACTOM, YTO MPH-
BEJIET K YBEJIMYCHHIO T0OBIUH.

[Ipumenenue I'PII sBnsercs omquuM u3 3(pPEeKTUBHBIX BapUAHTOB JJs pa3pabOTKH MECTOPOXK-
nenuns JKerei6aid. [Ipu pa3paOTke cliaboapeHUPYEMBIX 3aacoB IpearaeTcsl IPUMEHUTh BapUaHT
n3MeHeHus HarpasiieHus Tpemus P11
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)KETIEAI?I KEH OPHBIHBIH UTI'EPIJIMET'EH
MYHAU KOPBIH UT'EPYT'E BATBITTAY

Angarna

MyHait eHIipyIi OHTAMIaHABIPY MAceseci opKallana e3eKTi Mocenenepain 0ipi 0obIN caHanaapl. Makanana
JKeribaif KeH OPHBIHBIH UTEpPLIMEreH KOpJIapblH UTepyre OarbITTay/IbIH TEXHOJIOTHSUIBIK 9IiCTEpi KapacThIPbLUIa/IbI.
COHFBI JKbIIIAPbl KEH OPHBIH MI'epyAe KOJJIaHBUIFAH TEXHOJOIMsUIap KepceTireH. MyHall eHaipyai apTThIpYIbIH
OapIIBIK 9ICTEPiHIH INTiH/E KaOATThI THAPABIHKAJIBIK XKapy THIMII OOJBIN TaObLIa bl [ MpaBIHKAIBIK Kapy MYHAI
OHIIIPYII apTTHIPYIBIH THIMII SICTEpiHiH Oipi O0TBIT caHaa bl [ MApaBIUKAIBIK Kapy/Ibl ATFAITKEI MYHAH OHIipyae
Iie, )KYMBIC ICTeNl TYpFaH YHFBIMaJapAbIH THIMIUTITIH apTTBIpy YIIH A€ KoimaHyFa Oomaabl. Byn omic xemrTereH
eJjiepie MyHail eHepKaciOiHae KeHIHeH KOMIaHbuIa bl bactankpina Oyin o1ic KiHIIIKe opi TEPEH SHETiH KapbIKTap
aJly YIIiH TOMEH OTKI3Till KoJIeKTopIapFa Kojiaanbluiel. KelliHipek onap »oFapbl ©TKI3IIIITI KOJIEKTOpIIap YIIiHe
KoJIaHbu1a Gactajbl. OHAIPY THIMIIpEK OONybl YIIiH, HalIap APSHAXIbI KOpJIappl urepyre OarbITTayna KadarThl
THJIPABIUKAIIBIK JKapy XKapbIKTapbIHBIH OarbITTapblH ©3repTy YChIHBUIaAbl. bys omic TToBXOBCKOe KeH OpHBIHIA
KOJIaHbUIIBL. [I0OBXOBCKOE KEH OPHBIH/IA THAPABINKAIBIK Kapy JKapbIKTapbIHBIH OaFbITBIH ©3TepTy YIIIH €Ki Ke3eH/Ii
THIPABIIMKAIBIK JKapy aJbIHYBI KHBIH KabaTTap/a oTKI3UIIl )KoHe OH HOTIKE Oepii.

Tipek co3mep: KadaTThI THAPABIMKAIBIK XKapy, KEH OPHBIH UTepY, )KapbIKTap OarbIThIH ©3TepTY.

*BASSARBAY A.E., 'TURGAZINOV LK.
'Kazakh-British Technical University, 050000, Almaty, Kazakhstan
*E-mail: akbotabassarbay.pe@gmail.com

INVOLVEMENT IN THE DEVELOPMENT
OF UNDEREXPLOITED RESERVES OF THE ZHETYBAI OILFIELD

Abstract
The issue of optimizing oil production has always been one of the pressing issues. The article discusses
technological methods for involving in the development of non-drained reserves of the Zhetybai oilfield. The
technologies of field development that have been used in recent years are presented. Of all the methods to increase oil
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recovery, hydraulic fracturing is the most effective. Hydraulic fracturing is considered one of the well-known and more
effective methods in increasing oil production. Hydraulic fracturing can be used both in primary oil production and
to improve the efficiency of existing wells. This method is widely used in the oil industry in many countries. Initially,
this method was applied to lower permeable reservoirs in order to obtain narrow, deep-penetrating cracks. later, they
began to be used for highly permeable collectors. In order for production to be more efficient, it is recommended to
change the directions of fracturing fractures in the development of poorly drained reserves, this method was applied
in the Povkhovsky oilfield. At the Povkhovskoye fields, in order to change the direction of fracturing fractures, a two-
stage fracturing was carried out in hard-to-recover formations, and the result was positive.

Key words: hydraulic fracturing, field development, non-drained reserves, change in the direction of cracks.
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BEPOSAATHOCTHBII ITPOTHO3 JUTOJO0I'dN 1O CEVMICMUYECKHM JAHHBIM
B YCJIOBHUAX CJABOU U3YYHEHHOCTHU CKBAXKUHAMHM

AHHOTAIUA

B nocnennue necsatku et pa3Beke HeTH U rasa yAeseTcst o.coboe BHUMaHHe, U ceifuac HabmoaeTcst crpe-
MHTEJIBEHOE YCKOPEHHE TEMIIOB €€ Pa3BUTHS U MOSBICHHS HOBBIX, COBPEMEHHBIX METO/IOB PEIICHUS TeOJIOTHYECKIX
mpobiem. ['eodmsngeckas pasBenaka, 0COOEHHO celicMOpa3Benka, SBISSICh €IUHCTBEHHBIM CPEICTBOM TIOMCKa Hed-
TEra30HOCHBIX CTPYKTYp, UTPAET BaXKHYIO POJIb B oOecreueHnH 3anacosB HeTH u raza. CelicMudIecKkne UCCIea0Ba-
HUA JaJId YHUKaJIbHYIO I/IH(I)OpMaHI/IIO JJIA UBYYCHUS T'€OJOTHYCCKOI0 CTPOCHUA U COCTABJICHUA FCOHHHaMquCKOﬁ
MOJIENIN Ha MOBEPXHOCTH M3ydaeMbIX 00bekToB. Ha 6a3e aTux nccienoBanuii oTkpeiTo Kamaranckoe Mectopoxie-
HUe, MecTopoxieHne Kamamkac-mope. Pa3niuHble peroHbl Ka3aXxCTaHCKOro cekropa Kacruiickoro Mopst OKpBITHI
peryssipHO ceTho mpoduitel pasmMepoM oT 16x16 kM 1o 4x4 kM. Takum 06pa3oM, TOMHMO HCTOPHUECKON U3YUCH-
HOCTH, JaHHBIE Pa0OT K CETOAHALTHEMY ITHIO TPUBEIH K CO3MaHUI0 00beMHON MH(pOpMAIIMOHHOI 0a3bl cericMmye-
CKHUX JaHHbIX. HO Ipu 3TOM B CBSI3H ¢ TPYIHBIMU MOPCKHUMH YCIOBHSMH M, COOTBETCTBEHHO, BEICOKOH CTOMMOCTBIO
OypeHusi CKkBaXMHHAsi HHOOpPMAILHs JOCTaTOUHO cKyaHas. CKyJIHOCTh CKBXUHHOM HHPOpMALUK TPUBOAUT K OOJIb-
MM OTPaHHYCHUSIM UCIIOIBb30BaHNUs ceiicMuueckoi nHdopmanuu. B pamkax qaHHON pabOTHI BBITOJIHEHO H3yYeHUE
YIPYIUX CeHCMUYECKUX CBOWCTB 1O JOCTYITHOW CKBaKHHE M IPOTHO3MPOBAHUE BEIIECTBEHHOTO COCTaBa reoJIornye-
CKOTO pa3pesa M TUIA (IFOH0B, HACKIIIAIOMINX IIOPOIbI HA OCHOBE CEHCMUUECKHX JAHHBIX, KOTOPBIE CITOCOOCTBYIOT
N3YYICHUIO JUTOJOTHH Ha MECTOPOXKACHISIX 1 3aJIeKaX C TPYAHBIMH JOCTYIIAMH K CKBa)KUHHBIM MH(popMammsm [1].

KiroueBble coBa: ceilcMOrpaMMBbI, yIIpyrHe CBOICTBA, BOJHOBOE MOJIE, CKOPOCTHAS MOJIENb, CHHXPOHHAS
WHBEPCHs, CKBaXHHA, akycTHyeckuit umnenanc, AVO/AVA (amplitude versus offset/ angle), iroumst, TuToNOrUs.

BBenenue

Kak u3BeCTHO, JINTOJIOTUS — 3TO HayKa O COCTaBe, CTPYKType, TEKCTyPE U MPOUCXOKIECHUH OCa-
JIOUHBIX TIOPOJI. 3a TpaHUIlel OHA Ha3bIBaeTCs MHaYe — ceaumenTosorus. [Ipuknamnas yacts Hedre-
ra30BOH JUTONOTUM OOCIYKUBAET HE(TEra30Byl0 OTPACIb U U3Y4aeT CBEACHUS O MOPOAAX-KOJLIEK-
TOpax, MECTOPOXKJICHUAX (IIIOMI0YIIOPOB, a TAaKXKe O NMPHUPOIHBIX pPe3epByapax WIM JOBYLIKAX IS
He(TU ¢ ra30M ONpeJeIeHHbIX KiaccoB. [IpakTHka NPOrHO3MPOBAHUS JIUTOJIOIMU IO JAHHBIM Ceic-
MHUYECKHX U3MEPEHUH IIHPOKO PACHPOCTPAHEHA B TE0JIOr0-Pa3BEAOUHbBIX PadOTax, MPOBOASLIMXCS Ha
teppuropun Kaszaxcrana.

WHuTepnperanys nporHos3a JUTOJOTMY OCHOBBIBAETCS HA JUHAMUYECKOW MHBEPCHM, 00ECIedH-
BAaIOLIEH OLIEHKY YNPYTUX XapaKTePUCTUK U3y4aeMOU YaCTH I€0J0THYECKOro paspesa 1o ceicMuye-
ckuM naHHeIM MOI'T. B ocHOBY n3yueHHs BEpOSATHOCTHOTO IIPOTHO3a JIMTOJIOT MU MTOJI0XkKEHa oA00p-
Ka yIpyrux MoJeNel aHaJIM3UpyeMOro HHTEpBajla Ie0JI0rH4ecKoro paspesa [2].

OcHOBHAA YaCTh

Baxnyio ponbs B o0ecrieueHHH MPUPOCTa 3alacoB yIIEBOJOPOIOB HIPalOT reodusnyeckue Me-
TOJIbI, 0COOCHHO ceifcMOopa3Be/Ka, SBIIAIOIIAsICS ¢AMHCTBEHHBIM CPEICTBOM OOHAPYKEHUS YIIEBOI0-
POIIOHOCHBIX CTPYKTYp. OIHAKO B TOCIEIHUE TOABI CEHCMHYECKHE HCCIIEOBaHMS TPOBOIMINCH Ha
OonpIIeli TyOnHE A7 peleHns 6oee CIOKHBIX CTPYKTYPHBIX TpodaeM. Bo MHOTHX reou3nueckux
KOMITAHUSIX TIPH TIOATOTOBKE CTPYKTYP PAa3BEIOYHOTO OypEHHUS UCIIONB3YIOTCS TOPH30HTHI OTPAKCHUS
nIyOuHO# Oosee 4—5 KM, aMIUTUTY/Ia KOTOPBIX 3a4acTyi0 HE MPEBBIIAET MEePBBIX JECATKOB METPOB.
Hcnonp30BaHKE ke BEPOSITHOCTHBIX METOJOB MO3BOJIAET ONTHMU3UPOBATh IJIAHUPOBAHHUE U TPOEK-
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TUPOBAaHUE CEHCMOPA3BEIOYHBIX Pa0OT, a TAKXKE OLEHKY MX d(PEKTUBHOCTH HA dTale UHTEpIpeTa-
UM CEHCMUYECKUX JAHHBIX U, B YACTHOCTH, TOYHOCTh M HAJECKHOCTb KOHCTPYKILMM, TIOCTPOEHHBIX
Ha OCHOBE 3TUX JITaHHBIX.

BeposSTHOCTHBIN MPOTHO3 JTUTOJOTHH OLEHHBACT d()(HEKTUBHOCTD IKCILTYyaTallUU MPH PELUICHUN
reoJIOrMYECKUX 3a/1a4 B POLIECCE T'e0JIOr0-pa3BeA0uHbIX padoT Ha ra3 u HeTh [3]. bnarogaps Takum
CEHCMHUYECKUM JaHHBIM, KaK aKyCTHUECKHI UMIIEIaHC U OTHOILIEHUE Vp/VS, MBI MOYKEM U3BJIEYb J10C-
TaTOYHO MH(OPMALINH, TAKOH KaK JIUTOJIOTHS IIPOCTPAHCTBA, IOPUCTOCTH, TPOHHUIIAEMOCTH, (DITFOUI0-
HACBILIEHHOCTb.

OnHUM M3 OCHOBHBIX BONPOCOB IpPU CeHcMONETpO(U3NIECKOM MPOTHO3ZUPOBAHUM JIUTOJIOTUU
ABIISICTCS U3YyUEHHE POK(U3UKH, aKyCTHUECKOTO UMIIEIaHCa U JAHHBIX OTHOLIEHUS MTPOAOJIBHOM BOJI-
Hbl K MONEPEYHON (Vp/VS). [Tonmy4yeHHbIe CIIEKTPHI U pacnpeaeneHne (GU3NIeCKUX MapaMeTpoB Ha
rpaduKax JaeT HaM TOYHYIO HH(POPMAIIHIO, IO KOTOPOH CTPOSITCS pa3IMYHbIe KapThl U Jajiee BBIIOI-
HSeTCS NOAPOOHBIN OTYET MPUMEHEHHUS IPOTHO3a Ha MPAKTHKE.

O0630p uTEpaTypHI

BepoaTHOCTHBIN NMPOTHO3 JMTOJOTUU IIUPOKO HCIOJIB3YETCS MPH U3YyYEHUH WHTEpIpeTalun
CeficCMUYeCKOro Marepuala KaKk Ha 3Tare perHOHaNIbHBIX re0(hU3nIecKUX padoT, TaK U IPU U3yYCHUH
JIOKaJIBHBIX Pa3BeIOYHBIX 0OBEKTOB U BBI3BIBACT HHTEPEC IS OYIyIIET0 MOBBIIICHUS YKOHOMHYECKON
MPUBJIEKATEIbHOCTH I'€0JIOTOPA3BEIKH.

Astopsl E.I. CkophsikoBa, M. A. Tutapenko (Humxne-Bomkckuil HayqHO-UCCIe10BaTeNbCKUN HH-
CTUTYT I'€OJIOTHH U TeOPHU3UKH) B cBoel HayuHoU cTathe « Texnomorus BJIIT — BO3BMOXKHOCTH U Orpa-
HUYCHHS» PACKPBIBAIOT MONO00HYIO TeMy. B myOnuKaIuy onruceiBaeTCsi ICTOPUYECKOE HAYaslo MeToaa
U MECTHOCTb, IJI¢ MPOBOJWINCH MEPBbIE MPOOHBIE PabOThI, C MPEIOCTABICHUEM HATVISTHBIX WILTIO-
CTpauuii, Ipo6aemMbl, KOTOPbIE MOTYT BO3HUKHYTb, U ITyTH PEIICHUS ISl TOCTPOCHUS KaYeCTBEHHOM
re0JIOTHYECKON MH(pOpMAIHH.

B crarbe «IlepcieKTHBBI HECTPYKTYPHBIX JIOBYIIEK KaK MOTEHIMAJ MPUPOCTA peCypcHOM 0a3bl
U JIONOJIHUTENIbHOM J100bIYM YIVIEBOAOPOAOBY», aBTopaMu kotopoil sBistorcss O.b. berumOeros,
H.T. Kanues, A.b. JlayneToB, 0CHOBATEIbHO OMUCHIBAECTCS M3YUYEHHUE MPEAIIECTBYIOMMNX MPOUEAYP,
KOTOpPBIE CITY’KaT OCHOBOM ISl BEPOSATHOCTHOT'O MPOTHO3a JINTOJIOTHH [4].

[IpoananusupoBaB mMyOIMKaLMU 3TUX aBTOPOB, MOXKHO CKa3aTh, YTO CTaThU ONM3KHU MO ujesMm. B
UX OCHOBE JIE)KUT ONUCAHUE TEM IO M3YUYEHHUIO CUHXPOHHON MHBEPCHH, BEPOSITHOCTHOIO IIPOrHO3a
JIMTOJIOTUH, aHAJIN3a POK(PU3UKHU, PA3BEIKU U Pa3pabOTKU HECTPYKTYPHBIX JOBYIIEK, U 3TO TOBOPUT O
TOM, YTO T€Ma aKTyaJibHas U COBpeMEHHas. PaboThl Haps 1y ¢ AOCTYIHBIMU UCXOAHBIMU MaTepUaIaMu
C IPOM3BOJICTBA CTAJIX OCHOBOM IS HAIIMUCAHMSI CTAThHU.

MarepuaJibl 1 METOABI

1 OrpannyeHust CeHCMUYECKUX JaHHBIX

B nepByto ouepenp, cneayer OTMETHTD, YTO IIPOTHO3 U AHAJIU3 BBIIOJIHSOTCS M0 CECMUYECKUM
JTAHHBIM, COOTBETCTBEHHO, CJIEIyEeT IPUHATh BO BHUMAaHNUE OIPAaHUYEHUSI CEICMUYECKUX AaHHBIX, TO
€CTb Pa3pelIeHHOCTb.

2 IlpuBs3ka celiCMUYECKUX JAHHBIX K CKBA)KHMHHBIM

[Tox npuBs3KOK B JaHHOM CiIy4yae NOHUMAETCs MPUBSI3KAa CKBAXKUHHBIX JTAHHBIX U CECMHUYECKUX
JAHHBIX 0 CyMMHpPOBaHHUS (YIJIOBbIE CYMMBI U TIOJHAsI cyMMa). J{J1sl yBS3KM CKBa)KMHHBIX U CEHCMHU-
YEeCKUX JJAHHBIX ObUIN 33/IeiCTBOBaHbI INTyOMHHO-BPEMEHHbIE 3aBUCUMOCTH, NOJTYyYEHHbIE HA OCHOBE
pacuyeTa CHHTETHUECKHX CeHcMOorpaMM ¢ ucnosib3oBanueM nanueix BCII [5].

Hcnonp3oBaHre CUHTETHUECKUX CEHCMOTpaMM JUIsl CcTpaTurpaduyeckoi MpUBSI3KU OTPaKEHUN
OCHOBAHO Ha CYILIECTBOBAHUM 3aKOHOMEPHOU CBA3M MEXKY JIUTOJIOIMYECKUM COCTABOM M3y4aeMOro
paspesa U XapaKTepUCTUKON oTpakeHHl. [Ipu npsMoi moasspHOCTH MCXOAHBIX CEMCMUYECKUX JIaH-
HBIX OTPaXCHHbII OCHOBHOM UMITYJIbC OyJ€T MOJOKHUTEIbHBIM MPU YBEIMYEHUH aKyCTHYECKOM KeCT-
KOCTH HM)KEJIEHKAIIETO CJI0SI OTHOCUTENIBHO BBIIIEJIECKALIET0, YMEHBIIEHNUE aKyCTUUECKON KECTKOCTH
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BHU3 OT I'PaHMIIBI CJIOEB MPUBOJUT K 0OPa30BaHUIO OTPULIATEIBHON OTpakeHHOH BOIHBI. VIHTEHCHB-
HOCTb 3TUX OTPA)KEHHBIX CUTHAJIOB SABISETCS (PyHKLMEH pa3HOCTH aKyCTUUYEeCKUX kecTkocrel (1.1).

Z = CKOPOCTBH*IIJIOTHOCTb;
R=Z"-Z"Y/(Z"+Z") (1.1)

rae Z' u Z" — 3HayeHre akyCTHYeCKOro UMIIE/IaHCa B BBILLIENIEKAIIEM U HIKEJIEKAIIEeM CII0€.

R — xoaddunment orpaxenus Ha TpaHHIIE IBYX CIIOEB.

3 IloaroroBka CKOPOCTHOM MOJIEIN HA OCHOBE CEHCMUUYECKUX CKOPOCTEN

BBumy TOTO, YTO TUTAHUPYETCSI COMOCTABIATH CKBOKMHHBIC JaHHBIE B TIIYOMHHOM MaciiTade ¢
CEHCMUYECKUMH TaHHBIMU BO BpEMEHHOM MaciiTade, TpeOyeTcs MOCTPOSHUE CKOPOCTHOW MOJICIIH.

[TepBblil mar npeanoiaraeT yBsA3Ky CKBa)KMHHBIX JJAHHBIX C CEHCMUYECKUMHU JaHHBIMU JUISI TOTO,
YTOOBI MTOJTyYUTh OTKAIMOPOBAaHHBIE KapThl NTyOMHHO-BPEMEHHOTO TpeoOpa3zoBaHusi. Bropoii mar 3a-
KJIIOYAETCsl B pacyeTe MOTrPEeIIHOCTEN B CYIIECTBYIOIEM CKOPOCTHOM IOJIE C YUETOM TaKMX OTKaJIU-
OpOBaHHBIX KapT NIyOMHHO-BpEMEHHOro npeobpazoBanus. Tperuil mar — nocrpoenune 3D-mopenu
ATHX TMOTPEIIHOCTEH C MCMOIb30BAaHUEM T'€OCTATUCTUKHU. 3aKITIOUYUTEIBHBIM IIArOM SIBJISICTCS TIPU-
MEHEHHE TIOJTYYEHHOTO Ky0a MOTrpenrHoCTed CKOPOCTEH K CYIIECTBYIOMIEH MOJIENH JIJIsl TOTO, YTOOBI
co3math GUHAIBFHYIO MacITaOMPOBaHHYIO CKOPOCTHYIO MOJIENb IS TITyOMHHO-BPEMEHHOTO Tpe0d-
pa3oBaHMs BCETO MaccHuBa JaHHbIX 3D.

4 O1eHKa TeXHUYECKON OCYIIECTBUMOCTH IMHAMUYECKOIO aHau3a

OcHoBonosararmum npuHuunoM uzydeHust AVO sBiseTcs NpearnonokeHue, 4To JaHHbIe ObUTN
MPaBUJILHO 00pabOTaHbl. ITO 03HAYAET, YTO KOPPEKTHO MOJABIIEH IIyM, pAaCHpeesIeHUEe aMILTUTY
COXPaHEHO, MOJIOKEHHE OTPAKEHHI BO BPEMEHH CTa0MJIBHO Ha M3y4aeMOM YIJIOBOM MHTEpBaje, aM-
TUTATYABI C YIAJICHUSMHU COTTIACYIOTCS C YpaBHEHUAMU Aku-Pudapaca (wim Apyrux anmpoKCHMAIIHiA)
U T.I.

5 OneHka Apyrux MOTEHIMAIBHO OCIOKHSIONIMX aHaINu3 (hakTopoB

JpyruM OCIOKHSIOUIMM PETUCTPUPYEMYIO BOJIHOBYIO KApTHHY (PaKTOPOM sBiseTCs (PUKCUpYe-
MBbI€ I1aJICOr€H-HEOTEHOBBIE BPE3bl, BIUSIHUE OT KOTOPBIX PACIPOCTPAHSICTCS HA HUKEPACIOJIOKEH-
HYIO 4acTh BOJHOBOT'O I0JIS, TAKXKE 3aTPYAHSAS OJHO3HAYHYIO KOPPEJSIHIO HENEBbIX CEHCMUUECKHX
TOPU30HTOB, UHTEPIIPETAIIMIO aTPUOYTOB, a TAKXKE aHAJIU3 CKOPOCTH T€OJIOTUYECKON CpeNbl B Ieie-
BBIX MHTEpBaJiax [6].

6 BeposiTHOCTHAs OlIEHKA YIIPYTUX CBOMCTB

CBSI3yIOIIMM 3BEHOM MEX1y KapOTa)XKHbIMU JaHHBIMU U CEHCMUYECKUMH JaHHBIMU SBIISIOTCS
yOpyrue CBOWCTBA. AHAU3 yNPYruX CBOMCTB, MPUMEHSAEMBIH K J@HHBIM CEHCMHUYECKHX CHEMOK,
MpU3BaH IPUMUPHUTH PA3IUYMs 3TUX IHIKAJI U3MEPEHUH U MOMBITaThCs CIIPOTHO3UPOBATH HAWTyYIlee
BEPOSITHOE BBIPAKEHHE JTUTOJIOTMU U pacripeneneHus (QIronaoB no ceicMuyeckuM aanHbM. CooT-
BETCTBEHHO, aHAJN3 YIIPYTHX CBOMCTB IMOMOXXET HaM HCIOJIh30BaTh HHPOPMAIIUIO O CEHCMHUECKHIX
amruaTynax (pyHKIHS >JaCTHYECKUX CBOMCTB) IUIS HAJAEKHOTO TPOTHO3a PA3TMYHBIX KOJUIEKTOP-
CKHMX CBOMCTB.

7 JleTepMUHUCTAYECKAS OLIEHKA YIIPYTUX CBOMCTB

Jl1s OuEeHKU CeHCMUYECKOr0 OTKJIMKA TakKe ObUI MPUMEHEH M JI€TePMUHUCTHYECKHI MOAXO,
TO €CTh B II€JIEBOM MHTEpBasie ObLIO BBHIOJHEHO (prromao3aMenienue no ['accmany ¢ 1enbio OLleHKH
pa3IMuHBIX ClieHapueB HachimieHus. [lomydyeHHbie KpuBbIe MOCTe 3aMeIIeHNsT OB CBEPHYTHI C UM-
MyJTbCOM, U BO3MOYKHAsI CMEHA CEHCMHYECKOTO OTKIJIMKA MTPOaHAIM3HPOBAHA.

8 Cunxponnas naBepcus (AVO uHBepcus)

VcXOnHBIMU JAHHBIMM JJI CEMCMUYECKOW MHBEPCHH TPAJULMOHHO CUMTAKOTCS CEHCMUYECKHE
JAHHBIE MTOCIIE MHUTPAIUK 10 CyMMHPOBAHHUS BO BPEMEHHOW OOJIACTH, CHTHAJI MO Ka)XIOW YIIIOBOM
CyMMe, a TaKyKe MCXOJHasi MOZEIb Cpebl (TPEHI CKOPOCTH U IUIOTHOCTH U3 JaHHBIX Kaporaxa). B
pe3ynbTaTe Mbl MOJIy4aeM OTKJIMK, KOTOPBIA KOJMYECTBEHHO OMMCHIBACT YIPYTYIO MOPOAY B HAOIMIO-
JaeMoM noeaeHrun AV O, NprcyTCTBYIOIIEM B UCXOAHBIX CEHCMUUECKUX OTPAXKEHHBIX JaHHbIX. Eciu
TOBOPUTH 00JIee TOYHO, aJTOPUTMBI MHBEPCUU Jydllle padoTaloT ¢ yIJIOM MaieHus, 4eM ¢ odceroM,
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no3ToMy OoJiee TouHOM ab0peBHarypoii ckopee OymeT AVA (Amplitude versus Angle — amruTyaa mo
CpaBHEHHIO ¢ yriiom) [7].

[TocnenoBarebHOCTH MPOLEyp CHHXPOHHON MHBEPCUU (OTHOCUTEIBHON U aOCONIIOTHOM) Hepe-
TYJISPHBIX MMITYJIbCHBIX BCIUIECKOB MO JIAHHBIM JI0 CyMMHPOBAHHS COCTOUT M3 CIEAYIOIIUX 3JIe-
MEHTOB:

¢ BBIJICIICHUE UMITYIIBCA;

¢ MOCTPOCHHE HU3KOCKOPOCTHOM MOJENH;

¢ Ire0CTaTHCTHYECKOE TITyOMHHOE MpeoOpa3oBaHue;

¢ KOHTPOJIb KaYeCTBA CEHCMUYECKON MHBEPCUU U MTPOU3BOICTBO;

¢ IPOTHO3UpOBaHUE 0aleCOBCKOW JMTONOTUHU/(IIOMIOB C HMCIOJIB30BAHUEM CTATUCTHUECKOM
MOJIEJI 3aBUCUMBIX OT TIIyOMHBI (PU3UYECKUX CBOMCTB MOPOIHI [8].

Pe3yabrarhl HCC/Ie10BAHUS U X 00CYyXK/AeHUe

Pe3ynbprarel CHHXpOHHOM MHBEPCHUU MOT'YT KOJIMYECTBEHHO UHTEIPUPOBATHCS C MOJIEIbIO CTATHC-
TUYECKUX (PU3MUECKHX CBOMCTB MOPOJ, KOTOPBIE 3aBUCAT OT IIyOMHBI U ObUIM OMpeAeseHbl MyTeM
aHaJIM3a UMEIOIEHCS] CKBaKUHHON KapoTaXHOW MH(GOPMAIINH, B PE3yJAbTaTe YETO MOMYUYaloTCs «KyO
BEPOSITHOCTH — HEOMPEICICHHOCTIY JIUTONOrny 1/mimn ¢miontoB. Hanpumep, kpocc-mnorer V /V
B CPaBHEHHMM C aKyCTUYECKUM HMIIEAHCOM KOPPEIHMPYIOTCS C MHBEPTUPOBaHHBIM P-umnenancom,
S-uMInenaHcoM U 3HaYE€HUSMU TUIOTHOCTH, OJTYYEHHBIMU MO pe3ybTaTaM CeHCMUYECKON HHBEpCUU
M0 KaX/IOMY JHUCKPETHOMY 3HAUYEHHUIO TPACCHI JJI TOTO, YTOOBI MOJIYUYUTh KYyO JaHHBIX, II€ aMIUIU-
Tyzabl OynyT npeactasisaTh 80% BEpOSITHOCTh HACHIIIIEHHOCTH ra3oM. Takke MOXKHO MPOTHO3HPOBAThH
psin npounx Kiaccos/danuii. Takxke ecTb BOZMOXHOCTh U3y4aTh 0aileCOBCKYIO (CTaTUCTHYECKYIO)
JUTOJIOTHIO M NMPOTHO3UPOBATH (PIIOMIOHACKHIIIICHNE B PAMKaX CXE€Mbl HHBEPCHH (2 HE TOCIE ee 3a-
BEPILEHUS ), OJTHAKO IIPU ATOM CHIIbHO BO3PACTAIOT BBIYHUCIUTEIbHBIC 3aTPAThI.

KoneuHo 11e1bp10 KOJTHMYECTBEHHOW HHBEPCHUU SIBIISICTCS IPOTHO3UPOBAHKE JINTOIOTUH U (IIIOUI-
HOTO COZIEpP>KaHUs BJIAJIM OT CKBaXKMH. [laHHBIH MpoLecce 10JKEeH NPUHUMATh BO BHUMAaHHUE BCE UMEIO-
HMecsl B HaJMYUU JaHHbIE, a HE TOJBKO CEHCMUYECKHe WM CKBa)KMHHBbIE NaHHbIE. [ eomoruueckoe
NOHUMAaHUE PErMoHa MO3BOJIUT OTOOpaTh 3HAYUMBIE CelicMUUYeCKUe aTpuOyThl U B pe3ysbTare Hoily-
YUTHh COOTBETCTBYIONIUE IEHCTBUTEILHOCTH MPOAYKTHI HHBEPCHH.

[TomyueHHbIe TaHHBIE 3aTEM KOJIMYECTBEHHO CPABHUBAIOTCS C SKBUBAJICHTHRIMA HHBEPTHPOBAH-
HBIMH JTaHHBIMH JUIS BEIPAOOTKH MPOTHO30B. 3aTe€M TeHEPHPYIOTCS OT/IEIbHBIE MAaCCHUBBI TAHHBIX Be-
POSITHOM JTUTONIOTHH U (IIIOMI0COACp)KaHMs. MacCUB TaHHBIX C HauOoJee BHICOKON BEPOSTHOCTBHIO
(nnm uH(OpMaLUs O TUTOIOTHH/KIIacce (PIIIOUI0B) TAKKE MOKET PaCCUUTHIBATHCS, KaK U KyO BeposT-
HOCTH «HEU3BECTHOM JIUTOJIOTHH», KOTOPbIe 0TOOPaXkatoT pe3yJabTaThl MHBEPCUHU, HE COIVIACYIOLINECS
€ MOJIEBI0 (DU3UIECKUX CBOMCTB Topon [9].

3akJ/IloueHue

bnaromapst onieHkam ucclieoBaHHBIM ceiicMuieckuM U AaHHbIM [ IC Ha ocHOBE Bcex HE0OXO-
JMMBIX aTpUOYTOB MBI CMOYKEM ITPOTHO3UPOBATH B YCIOBUSIX MATON3YYCHHBIX CKBKUH JINTOJIOTHUIO.
[Iporuo3upoBaHue BBITIONHSACTCS VIS TAJICO30MCKUX, B TOM YHCIIE U TOJICOJICBBIX, OTIOKCHUH, IS
ME3030MCKUX U KalfHO30MCKMX KOMIUIEKCOB MOPOJ. DKCILTyaTalusl BEpOITHOCTHOTO MIPOTHO3a JIUTO-
JIOTHHU MO3BOJISIET OILICHUTH 3(P(HEKTUBHOCTD €€ UCIONIL30BAHMUS MTPH PEIICHUH PA3JIMYHOTO Poja reo-
JOTMYECKHUX 33/1a4 B IIPOIECCE T'e0JI0r0-pa3BeI0uHbIX PadOT Ha He(Th U Ta3 U pacCMaTpUBaTh OCHOB-
HBIE TIPOOJIEMBI I OTPAHUYEHUS €€ MCIIOIB30BAHMUS B IPAKTHKE T€0JI0rOPa3BEAKH.

[IpencraBienue pe3yabTaToB MPOTHO3a B BUAE BEPOSTHOCTHBIX XaPaKTEPUCTHK HAIUYUSI TOTO
WJIM WHOTO JIUTOTUIA B MEKCKBAKUHHOM MPOCTPAHCTBE — ATO OJJHO U3 MPEHMYIIECTB MeToaa Oalie-
COBCKOH cTaTcTUKH. MeTon TpeGoBal HCIOIb30BaHUS MPEe-CTEK CEHCMUYECKUX JaHHBIX U KapOTaK-
HBIX KPUBBIX CKOPOCTEH MOMEPEYHBIX BOJIH, MJIH UCKYCCTBEHHBIX KPUBBIX CKOPOCTEH, KOTOPbIC MOHA-
JTOOMITHCH TSl IocTpoeHus KyOa kodddunmenToB [lyaccoHa, 1 onpenesnTh SMIMPHUECKIE 3aKOHBI.
Ha ocHoBe pe3ynpTaToB aKyCTHUECKOTO MMIIEJaHCa U MPOTHO3a JIUTOJIOTUU BBIOJIHUIICS MPOTHO3
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MOPUCTOCTH METOJaMH T'€OCTATUCTUKU B 30HAX OTIENBHBIX JIUTOTUIIOB MM KOJUIEKTOpA, I/ 3aBU-
CUMOCTb MEX]y aKyCTUYECKUM HMIIEAAHCOM U MOPUCTOCTHIO UMEET JIMHEHbIN Xapakrep. [Ipornos
drontoHaceIenus, utonaoru, AVO knaccudukaiys. [Ipu 61aronpusTHIX Te€0JIOrMYECKUX YCII0-
BUSAX CYIIECTBYET BO3MOKHOCTH OIIEHKH XapakTepa HACBIIIEHUS MEPCIIEKTUBHOTO 00BEKTA, a TaKKe
OTIpeIeTICHHS JINTOJIOTMYECKON COCTABIISIIONICH Te0JIOrMYECKOTO pa3pesa ¢ moMonsio MeToaoB AVO/
AVA-ananuza. B ntore, nomy4yuB pacripefeseHue JIMTOJIOTHH N3y4yaeMoro o0ObeKTa 10 IUIOIAan Ha
OCHOBe aHanu3a (HOpMBI CEHCMHUYECKOTO CHTHAJIA, TOSBIISETCS BO3MOXKHOCTDH BBITIOJIHUTH PaliOHU-
pOBaHME TEPPUTOPUH, UTO SBISETCS AKTYaIbHBIM M BaKHBIM KPUTEPHEM JUIsl pa3pabOTKH MOPCKOTO
MECTOPOXKACHUSI.

JINTEPATYPA

1 Bomanerckuii O.C., bynekbaes 3.E., Mckyxues b.A. u n1p. CipaBoOYHHK MeCTOpOXIeHHUS HeQTH ¥ ra3a
Kazaxcrana. — Ammarer, 1999.

2 CxopnsikoBa E.I', Tutapenko U.A., Mudraxos. P.JI. HoBbIii BepOATHOCTHBIA alTOPUTM pEIICHUS
oOpaTHOW JMHAMUYECKOU 3a1auu cericmopa3ssenku // Henpa IToBomkes u [Ipukacnus. — 1997. — 14 c.

3 CxopmnsxoBa E.I'., Turapenko U.A. CeiicMmonieTpoduzndeckoe TeCTUPOBAHUE TEOIOTHIECKOTO pa3pesa //
Henpa IMoBomxbs u [Ipukacrms. — 1997. — 14 c.

4 Joiten [1.M. XapakTepucTuka CEHCMHUYECKOTO pe3epByapa: MEPCIeKTHBA MOJICTUPOBAHUS 3eMITH. —
EAGE, 2007. - 255 c.

5 TnmymoB U.®. u np. PernonansHast reosiorus u HehrerazoHocHOCTh Kacnmiickoro mopsi. — M. : Hexpa,
2004.

6 Hayxee C.XK., Bomanesckuii 3.C., [TaparyneroB X.X. u ap. [nrybunHOE cTpoeHHE M MUHEPAIBHBIC
pecypebl Kazaxcrana // HedTb u ras. — Anmartsr, 2002, — T. 3. — 248 c.

7 Mapabaes XK.H., XXonraes [')X. u np. ['eonoruueckoe cTpoeHne 1 NEPCIIEKTHBEI HEPTEra30HOCHOCTH
Cesepnoro u Cpennero Kacnmsi. — Acrana, 2005.

8 IlpaBwia mnpencTaBieHUS HEAPOIOJIB30BATEIsIMU OTYETOB O IIPOBEACHUHU OIepanuil mo Hexpo-
MOJTF30BAHUI0. MHUHHUCTEPCTBO M0 MHBECTHIUSIM U pa3BuTHIO PecryOmuku Kazaxcran. — Acrana. — Ne 396. —
2015. - 12 mas.

9 Hampson D.P., Russell B.H., Bankhead B. Simultaneous inversion of pre-stack seismic data / SEG
Annual Meeting, Expanded Abstracts. — 2005. — P. 1633-1637.

REFERENCES

1 Vocalevskij Je.S., Bulekbaev Z.E., Iskuzhiev B.A. 1 dr. (1999) Spravochnik mestorozhdenija nefti i gaza
Kazahstana, Almaty.

2 Skornjakova E.G., Titarenko I.A., Miftahov. R.L. (1997) Novyj verojatnostnyj algoritm reshenija
obratnoj dinamicheskoj zadachi sejsmorazvedki. Nedra Povolzh’ja i Prikaspija, 14 p.

3 Skornjakova E.G., Titarenko I.A. (1997) Sejsmopetrofizicheskoe testirovanie geologicheskogo razreza.
Nedra Povolzh’ja i Prikaspija, 14 p.

4 Dojen P.M. (2007) Harakteristika sejsmicheskogo rezervuara: perspektiva modelirovanija Zemli.
EAGE, 255 p.

5 Glumov LF. i dr. (2004) Regional’naja geologija i neftegazonosnost’ Kaspijskogo morja.

6 Daukeev S.Zh., Vocalevskij Je.S., Paragul’gov H.H. i dr. (2002) Glubinnoe stroenie i mineral’nye
resursy Kazahstana. Neft’ i gaz. Almaty, vol. 3, 248 p.

7 Marabaev Zh.N., Zholtaev G.Zh. i dr. (2005) Geologicheskoe stroenie i perspektivy neftegazonosnosti
Severnogo i Srednego Kaspija, Astana.

8 Pravila predstavlenija nedropol’zovateljami otchetov o provedenii operacij po nedropol’zovaniju.
Ministerstvo po investicijam i razvitiju Respubliki Kazahstan (2015), Astana, no. 396, 12 maja.

9 Hampson D.P., Russell B.H., Bankhead B. (2005) Simultaneous inversion of pre-stack seismic data.
SEG Annual Meeting, Expanded Abstracts, pp. 1633—1637.

141



HERALD OF THE KAZAKH-BRITISH
No. 4(67) 2023 TECHNICAL UNIVERSITY

YHBIGAEBA .M.
Kazakcran-bpuran TeXHHKaIBIK YHHBEPCUTETI
050000, Anmars! K., Kazakcran
E-mail: d_chnybayeva@kbtu.kz

YHFBIMAJIAPIBIH A3 3EPTTEYI JKAFJIANBIHIAFBI CEACMUKAJIBIK
JEPEKTEP BOUMBIHIIA JUTOJOTUSIHBIH, BIKTUMAJIIBIK BOJIKAMBI

AnjiaTna

CoHFBI OHXXBIIJIBIKTA MYHall MEH Tra3/ipl Oapiiayra epeKie Ha3ap ayaapblULibl, Ka3ip OHBIH JlaMy KapKbIHbI MEH
reoJIOTHSIIBIK Macemesep/l IenyaiH *KaHa 3aMaHayH 9/IiCTepiHiH naiina 001yl Te3 KapKbIHMEH JKYpyzae. MyHaii-ra3
KYPBUTBIMIIAPEIH 13/ICYiH JKAJFBI3 KYPaJlbl peTiHIe reopu3UKaIbIK Oapay, ocipece ceHCMHKaIBIK Oapiay MyHai
MEH Ta3 KOPbIH KaMTaMachl3 €Ty[e MaHbI3AbI pell arkapaasl. CelCMUKAIbIK 3epTTeyiIep TeoJOTHsUIBIK KYPbUTBIMIbI
3epTTey JKOHE 3epPTTelIeTiH 00bEKTIIep/IiH OeTiH e Te0AMHAMUKAIIBIK MOJICIIb KYPY YlIiH Oipereii akmapar Oepai. Ocbl
3eprreyiiep Herizinme Kamraran keH opHbl, KagaMkac TeHi3 KeH OpHBI amibuiabl. Kacmuil TeHi3iHIH Ka3aKCTaHIIbIK
CCKTOPBIHBIH pTYpJli eHipiepi kenemi 16x16 kM-meH 4x4 KM-re JIeiiHTrT NpOQMIBAEPAIH TYPAaKThI KeJiciMeH
KamTbuFaH. OchlIaiiia Tapuxu 3epeseyieH 6acka, Oy »kyMmbIcTap OYTiHT1 KYHTe JeliH CeHCMHUKANbBIK AepEeKTepAiH
KeJeMIi aKmapaTThIK 0a3achlH KypyFa okemnai. bipak coHbIMEeH Oipre KWBIH TEHi3 KaraijapblHa KOHE THICIHIIE
OypFBUTAyABIH )KOFaphl KYHbIHA OaiIaHbICTHI YHFBIMA TypaJIbl aKnapar eTe a3. ¥ HFbIMaJIbIK aKIIapaTThIH TaIllbUIbIFbI
CeHCMHUKAJBIK aKIapaTThl MaijagaHyga YJIKeH Imekreyiaepre okenemi. OCbl JKYMBIC MICHOSpIHAE KOIKETIMII
YHFbIMa OOMBIHIIIA CepIiMIi CEHCMMKAIBIK KAaCHETTEPAl 3ep/eiicy JKOHE YHFBIMAIBIK aKmapaTKa KOJ JKSTiMJIUTIrT
KWBIH KEH OpPBIHAAPbIH/A JIUTOJIOTHSHBI 3ePTTEYTe BIKNAJ €TeTiH CEHCMUKANIBIK JCPEKTEp HETi31H/e KBIHBICTApIbI
KaHBIKTBIPATBHIH FeOJOTUSUIBIK KUMaHbBIH jKoHE (IIIOMITEPAiH TYPiHIH 3aTTHIK KYpaMblH OOJKAy OPBIHIAIIBL.

Tipek ce3aep: ceiicMorpaMmanap, CepmiMIi KacHeTTep, TOJIKBIH ©pici, KbUIAAMIBIK MOJENi, CHHXPOHIIBI
MHBEPCHSl, YHFbIMa, akycTHKaJbIK keaepri, AVO/AVA (amplitude versus offset / angle), cylbIKTBIKTap, JIUTOJIOTHSI.

CHNYBAYEVA D.M.
Kazakh-British Technical University,
050000, Almaty, Kazakhstan
E-mail: d_chnybayeva@kbtu.kz

PROBABILISTIC LITHOLOGY TARGETING BASED ON SEISMIC DATA,
AT UNDEREXPLORED AREAS BY WELLS

Abstract

In recent decades, special attention has been paid to oil and gas exploration, and now there is a rapid acceleration
in the pace of its development and the emergence of new modern methods for solving geological problems.
Geophysical exploration, especially seismic exploration, being the only means of searching for oil and gas bearing
structures, plays an important role in ensuring oil and gas reserves. Seismic studies have provided unique information
for studying the geological structure and compiling a geodynamic model on the surface of the studied objects. On
the basis of these studies, the Kashagan field and the Kalamkas-Sea field were discovered. Various regions of the
Kazakhstan sector of the Caspian Sea are covered by a regular network of profiles ranging in size from 16x16 km
to 4x4 km. Thus, in addition to historical knowledge, these works to date have led to the creation of a voluminous
information database of seismic data. But at the same time, due to difficult sea conditions and, accordingly, the high
cost of drilling, well information is quite scarce. The scarcity of borehole information leads to great restrictions on
the use of seismic information. Within the framework of this work, the elastic seismic properties of an accessible well
were studied and the material composition of the geological section and the type of fluids saturating rocks based on
seismic data were predicted, which contribute to the study of lithology in deposits and deposits with difficult access
to borehole information.

Key words: seismograms, elastic properties, wave field, velocity model, synchronous inversion, borehole,
acoustic impedance, AVO/AVA (amplitude versus offset/angle), fluids, lithology.
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DIGITALIZATION OF CERTIFICATION PROCESSES
AS A FACTOR IN IMPROVING MANAGEMENT EFFICIENCY
IN THE MARITIME INDUSTRY

Abstract

This article discusses the implementation of digitalization as a factor in improving management efficiency in the
maritime industry, with a special focus on the certification process. The study includes a literature review, analysis
of studies and reports by foreign scholars, as well as expert interviews and surveys of professionals. There are many
studies on the implementation of digitalization in different areas of the world economy. Western European countries
in general pay serious attention to the problems of digitalization, in the maritime industry the leaders in studying
and solving the problems of digitalization are Denmark and Singapore. However, for the maritime industry of
Kazakhstan, due to its “youth”, the study of the problems of digitalization and its impact on improving the efficiency
of management decisions and reducing costs in production has the character of scientific novelty. As the maritime
industry evolves, digitalization offers new opportunities to improve management practices and outcomes. One area
where digitalization can have a significant impact is in the certification process. Overall, the article highlights the
potential of digitalization to improve management practices and outcomes in the maritime industry. Real-life case
studies from overseas companies are provided to illustrate how these technologies can be used to improve results
and remain competitive in the maritime industry. The ideas and recommendations presented in this study can help
shipping companies to optimize certification processes and improve operational efficiency. The article concludes by
emphasizing the importance of staying abreast of the latest digital developments and incorporating these tools into
the decision-making process.

Key words: management effectiveness, innovation, digitalization, transformation, maritime industry.
Introduction

The pace of globalization is increasing in all areas of the world economy, according to
UNCTAD (2019) maritime transport provides transportation for up to 80% of world trade [1].
Maritime transportation is considered the most cost-effective in terms of cost-volume-speed ratio
and for this reason still retains its strategic importance. However, maritime operations are complex
as merchant ships transport cargo between different jurisdictions, involve multiple parties, a huge
volume of transportation documents, require compliance with international maritime legislation and
insurance terms. To increase efficiency and reduce costs, the maritime industry needs to introduce new

144



KA3AKCTAH-BPUTAH TEXHUKAJIBIK
YHUBEPCUTETIHIH, XABAPIIBICHI Ne 4(67) 2023

technologies. The main innovation trends today are undoubtedly Artificial Intelligence (Al), Maritime
Autonomous Ships (MAS) and digitalization. The aim of this study focuses on the question: how the
digitalization of certification processes can improve the efficiency of maritime transport management.

Technological progress over the previous hundred years has radically changed the maritime
industry, especially a big step was made in the field of digital technologies - most modern ships are
equipped with electronic chart and information display systems (ECDIS), radio detection and ranging
systems (RADAR-SARP), automated identification systems (AIS) global positioning system (GPS),
shipboard personal computers (PCs) and other electronic devices [2]. However, despite the significant
development of digital technologies in recent decades, the methods of working in certification remain
unchanged. Historically, the maritime industry has developed a system of verification and certification
that involves authorized organizations issuing paper certificates with official seals and stamps. This
part of the process is problematic: paper documents are susceptible to damage, loss and forgery, the
volume of paperwork is so large that it is environmentally damaging (more than 65 billion sheets
of paper are used every day in various areas of the world, a significant proportion of them on board
merchant ships [3]. Due to the international and cross-border nature of maritime business, trade and
transaction procedures can be complex and time-consuming. A significant number of documents must
be generated during operations, including, inter alia, cargo insurance documents, purchase orders,
shipping and loading orders, bills of lading, commercial invoices and personal documents of the ship’s
crew. The storage, transaction and management of these documents require human resources and can
even delay ship’s departure, causing unforeseen demurrage (demurrage is a charge for countersteam
time) at ports. The application of digital technologies has the potential to significantly reduce such
paper-based workflows and ensure that most documents are shared, transacted, and stored efficiently
and securely [4]. Digital technologies can be used to always track cargo and vessels online. Due to the
international and cross-border nature of maritime logistics, the procedure of trade and transportation is
complex and time-consuming. The use of digital technologies has the potential to significantly reduce
this paper-based workflow and enable efficient and secure sharing, transaction, and storage of most
documents. International terminal operators, shipping company management, freight forwarders and
shippers could create an efficient system based on blockchain technology by establishing a common
control system for maritime operations. This technology can provide fast, transparent access to all
necessary information with security and reliability in mind. Considering the benefits that digitalization,
including blockchain technology, can bring to the maritime industry, it is necessary to consider, and
analyze the factors that facilitate their implementation, as well as the obstacles in this process. The
purpose of this paper is to analyze the key challenges of the digitalization of certification processes
in the maritime industry and to empirically investigate the critical success factors of digitalization.
As a scientific novelty of this article the authors put forward the substantiation of recommendations
for solving the problems of implementation of digitalization of certification processes in the maritime
industry of Kazakhstan, based on empirical results of qualitative research and based on the adaptation
of foreign experience in this area.

Main provisions. Literature review

There is an extensive body of research in the scientific literature in the field of digitalization
of the economy. One of the founders of the concept of digital economy is the Japanese futurologist
Yoneji Masuda. According to his views, the transformation of society is the result of innovations...
which in the past have always been linked to physical productivity... The current innovations in
the field of social technology, however, are not related to the productivity of material goods, but to
information productivity, and for this reason we can expect fundamental changes in human values,
in thinking trends, in the political and economic structure of society ... [5]. C.J.Arrow in his work
made an important conclusion that with the expansion of the digital economy the key point becomes
the fact that probability distributions on economic variables depend on signals on other seemingly
unimportant variables; in addition, this information is differently accessible to different individuals
and requires resources to obtain and transmit [6]. American businessman Bill Gates writes in his
book “The Road to the Future”: The communications revolution is just beginning. It will stretch over
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several decades and will be driven by new “applications” — new tools that meet needs that are now
hard to even imagine. Over the next few years, governments, companies and individuals will have
to make some big decisions. These decisions will determine both the construction of the information
superhighway itself and, ultimately, its benefits. It is very important that a wide range of people, not
just those involved in the debate about the future of computer technology, participate in the debate [7].
The economist Fritz Machlup [8] contributed to the foundations of the economy of wide access to
knowledge, which further developed into the concept of digital economy.

It is also necessary to note the significant contribution to the development of the concept of
digitalization of the economy M. Porat [9], V. Mosco[10], D. Lyon [11], T. Stonier [12], M. Castells [13].
Along with the relatively broad coverage of digitalization in the scientific literature, these studies
covered mainly general economic issues. The problems of digitalization in the maritime industry,
unfortunately, have not yet received proper coverage.

The authors set the aim of the study to investigate how the implementation of digitalization of
certification can improve the management efficiency of the maritime industry, reduce costs, conduct
an analysis of the key challenges of digitalization of certification processes in the maritime industry
and an empirical study of the critical success factors of digitalization implementation.

The topic of this study has a high degree of relevance due to the importance of the maritime industry
in supporting globalization and world trade [1] and improving management practices and outcomes in
this industry can have a significant impact on the world economy. Secondly, the certification process
is one of the most important aspects of maritime industry management as it ensures that ships comply
with international safety and environmental standards. Historically, the process has been paper-based,
time-consuming and error-prone. Digitizing this process allows for greater efficiency, reduced costs,
and improved safety. Finally, digitalization is a key trend in many industries, and the maritime industry
cannot afford to be left behind. By adopting digital technologies and incorporating these tools into
their operations, companies in the maritime industry can stay competitive and ensure their long-term
success. The maritime industry is a complex and highly regulated sector of the economy, requiring
strict adherence to international safety and environmental standards set by the conventions of the
International Maritime Organization (IMO). The certification process is one of the most important
aspects of maritime transportation management, as it ensures that ships’ crews meet these standards
and that they operate safely. The STCW Convention 1978 was the first document to establish basic
requirements for the training, certification and watchkeeping of seafarers at the international level.
Previously, standards for the training, certification and watchkeeping of officers were set by individual
governments, usually without regard to the practices of other countries. As a result, standards and
procedures varied widely from country to country, even though shipping is the most international
of all industries [14]. The Convention sets minimum standards for the training, certification and
watchkeeping of seafarers that countries are required to meet or exceed. A merchant marine officer
always carries with him many certificates and documents that are proof of the seafarer’s qualifications
and training. These certificates must be handed over to the Master on entry into service and ready for
inspection by the authorities.

Listed below are some of the certificates that seafarers should always carry with them, but are not
limited to them/

Table 1 — List of deck officer certificates

Certificate
Certificate of Competence (COC)
Basic Safety Training

Crisis Management and Human Behavior
Medical Certificate of Fitness
Radio Detection and Ranging (RADAR) at operational level

RADAR at management level
Electronic Chart and Display Information System (ECDIS)

\IO\lA-hUJ[\)_‘g
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Continuation of table 1

Advanced firefighting training

9 Lifeboat and rescue boat
10 Oil Tanker course (basic level)
11 Oil Tanker Course (advanced level)

12 Bridge Resource Management (BRM) Course
13 Global Maritime Safety Safety System (GMDSS)
14 Passenger safety

15 Cargo Security and Hull Integrity
16 Fast lifeboat handling
17 Life raft and lifeboat management (other than fast lifeboats)

18 Engine Room Resource Management (ERM)
19 Medical Training / First Aid Course

20 Designated Safety Duties (DSD)

21 High Voltage Equipment Course

22 Basic LPG tanker training

23 Advanced training in cargo operations on LPG tankers
24 Ship Security Officer (SSO)
25 Safety Awareness Course

Without presenting the above-mentioned certificates (in paper form) the officer's stay on board
the vessel is not allowed, every inspection of the vessel when entering the port starts with checking
the certification of the vessel's crew and the absence of official documents may entail negative
consequences. It is obvious that in various life conditions (flights, change of residence, etc.) paper
form of certificates may be damaged or lost. The International Maritime Organization in view of
this fact in Regulation 5 of the International Convention on Standards of Training, Certification
and Watchkeeping for Seafarers (STCW) 1978 (Verification of Certificates of Competence and
Endorsements) requires Maritime Administration (hereinafter referred to as MA) of countries to take
the following steps (IMO, 2011):

1. Establish electronic databases to verify the authenticity and validity of certificates of
competence and endorsements.

2. To respond promptly to requests from other administrations for verification, validity, and
authenticity of safety certificates.

Thus, at the international level, the need to create a digital database at the level of Maritime
Administrations of states is confirmed. Work in this direction is carried out by each country separately
and at different speeds, to limit ourselves only to the creation of a digital database of certification
would be only half of the solution of the problem. There is a need to transition to electronic certificates
linked to cloud-based databases that would be available at anytime and anywhere in the world. One of
the first steps in this direction is made by the Danish Maritime Administration [15].

At the first stage only, Danish citizens will have access to the service, but in the future coverage
of foreign seafarers will be realized for all vessels flying the Danish flag. Analyzing the results of
the Danish Maritime Administration's experience has shown that digital technologies and solutions
increase the competitiveness and efficiency of the maritime industry. However, a complex and
extensive infrastructure is required to ensure optimal performance, sustainable operation, and remote
management:

¢ Information Technology Systems Integration.

¢ Data management and cybersecurity system.

¢ Automated remote monitoring and control.

¢ Resilient satellite communications.

147



HERALD OF THE KAZAKH-BRITISH
No. 4(67) 2023 TECHNICAL UNIVERSITY

* Mobile applications and connectivity.

¢ Cloud resources, data sharing and analysis.

¢ Unified database standard (protocol) [16].

There are requirements for vessel crew members according to the Law of the Republic of
Kazakhstan “On Merchant Shipping “ [17]:

¢ Persons having COC, confirmations of COC, certificates of training of maritime transport
specialists, medical reports are allowed to occupy positions of vessel crew members.

¢ COC, confirmations of professional diplomas, preferential permits are issued by the seaport
Maritime Administration.

¢ Certificates of training of specialists of maritime transport are issued by educational organizations
engaged in training (retraining) and advanced training of specialists of maritime transport, maritime
training, and simulator centers [17].

Kazakhstan Maritime Academy of Kazakh-British Technical University, as an internationally
accredited educational institution, issues certificates to graduates of the Academy. The university
keeps strict records of issued certificates, but this does not mean that failure in the work of this system
is impossible. The optimal mode of operation of the certification system would be the digitalization
of the entire system into a single database. Educational institutions as an integral part of the country’s
economy should follow the decisions of the country’s government, implement digitalization processes
by optimizing paperwork, applying international standards [18].

Cadets/Trainees -
Undergoing
training/taking
exams/tests

HEI/TC Assesses
results/creates
database

MA Combines HEI
and TC databases

MA organizes access
to the digital
database of
certificates

MA issues the
Certificate of
Competence (COC)

MA conducts
competency testing

Figure 1 — Structure of the digital certification system

The authors propose to make a proposal to create a digital certification system. All work and
responsibility for issuance, authentication of certificates, and electronic access to them would be
included in the responsibilities of the Maritime Administration of Kazakhstan (MA RK) as a structural
unit of the Ministry of Industrialization and Innovative Development of the RK (MIDI RK).

The creation of such a structure would reduce certification delays, make the whole process
transparent and facilitate access to documents for companies, seafarers, and port services. The authors
see the technological part of the task, the software of the process, as already tested in the system of the
Electronic Government of the RK (e-gov), which has already proved itself as a reliable resource in the
aspect of ensuring the security of digital signatures, two-component methods of identity verification
and other technologies. Considering the best practices of the Danish Maritime Administration and
e-gov, we can confidently state that there is an actual need and technological solution of this problem.

Materials and methods of research
In this study, the authors applied both qualitative and quantitative methods. In order to investigate

the opinion of specialists, two target groups of maritime industry professionals were selected
as interviewees: for quantitative analysis, a focus group of graduates of the Kazakhstan Maritime
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Academy 2016-2020 who directly work in the maritime industry was used; for expert interviews,
working contacts of authors in the maritime industry from the Kingdom of the Netherlands, Republic
of Turkey, the Sultanate of Oman, and Kazakhstan were used. The small number in the sample is
compensated for by the quality of the interviewees, all of whom are deeply involved in the maritime
industry, well-informed about the issues, and have some professional experience. The interviews
were conducted using modern methods of communication: for qualitative interviewing we used the
methodology of expert assessments outlined in “The Course of Lectures on General Sociology” at
Moscow State University [19] and Lissie Hoover’s article [20]. E-mail addresses of the interviewed
specialists were used for remote interviews and WhatsApp messenger were used for the quantitative
survey.

One participant was interviewed by phone, as he was in Aktau, Kazakhstan, and three participants
were interviewed in person (they were colleagues from KMA).

The preamble of the survey stated the purpose of the survey to be conducted, the scope of the
subject matter and confidentiality. The expert interview and focus group surveys were conducted
between August 21 and August 26, 2023.

Profile of interviewees: the interviewees were professionals who have experience in the maritime
industry in various positions with experience ranging from 4 to 30 years, including experience
in education. Among them 3 people headed educational structures in the Maritime Academy and
Maritime Training Center, one is the CEO of a company in the field of human resources management
in the global maritime industry, and 3 have teaching experience in the Maritime Academy.

All interviewed maritime industry professionals were asked the following questions:

1. What is your experience in the maritime industry and what is your current position? The
answer to this question provides the authors with an understanding of the respondent’s professional
involvement in maritime industry issues.

2. How do you feel about the digitalization of the certification process in the maritime industry?
The results of answers to this question will determine the degree of feasibility of introducing
digitalization of the certification process in the maritime industry of Kazakhstan

3. Do you think it is necessary to implement the achievements of the digital revolution in the
maritime industry? The statement of this question is caused by the need to determine the current trends
in the development of the maritime industry of our country.

4. How can the digitalization of diplomas and certificates help the captain, shipowner, port
authorities to verify the authenticity of the credentials? The answers to this question will allow to
determine the ways of solving the problems of implementation of digitalization of certification
processes at different levels of management hierarchy of the maritime industry of Kazakhstan.

5. What problems do you see in the implementation of digitalization of the process of issuing
diplomas and certificates for seafarers? The justification of the necessity to raise this issue is due to the
fact that it will allow to identify the existing problems in the process of digitalization of certification
of maritime professionals.

6. What potential threats do you see in the digitalization of seafarers’ diplomas and certificates?
(cybersecurity? privacy?). The answers to this question will provide the authors with different
perspectives from the maritime industry on the existing risks of implementing the digitalization of
certification processes.

Thus, the interview questions were selected by the authors in order to find out the level of
professional involvement in the maritime industry, their attitude to the issue of digitalization of
certification processes and identification of “bottlenecks” of this process, which may not be obvious,
but are important. Working directly in the maritime industry, the informants encounter the practical
aspects of the certification process, see the administrative, regulatory and educational problems from
the inside. Along with the obvious positive impact of digitalization, the questions were structured to
identify potential threats to the stable operation of the industry.

When developing the interview methodology, the authors were based on the works of domestic
and foreign authors [19, 20].
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Interview results

All interviewees support the need for digitalization of the certification process in the maritime
industry. They point out such advantages of implementing digitalization as:

¢ reduction of time and accessibility of certification.

+ in the conditions of technological sophistication and globalization, solving issues online.

+ digitalization of the certification process is a significant step in the development of the industry,
contributing to the efficiency, transparency and safety of processes related to the issuance and
confirmation of seafarers’ qualifications.

¢ The use of modern digital technologies allows to reduce the time spent on verification and
authenticity of certificates, as well as minimize the risks of forgery and fraud.

Answering the question “How can digitalization of diplomas and certificates help the master,
shipowner and port authorities to verify the authenticity of documents?”, the following was noted:

¢ the administrative burden is reduced substantially, and all industry shareholders will get rid of
“paperwork”;

+ with the creation of a digital portfolio and document authentication services, it will be fast
and reliable. Digitalization will simplify the life of the honest ordinary seafarer, as well as the senior
staff of ships and the management of maritime companies. If, by entering some data of a person, it
will be possible to see more and more active and accredited certificates of the employee, which can
significantly speed up the process of hiring seafarers and further monitoring of their compliance with
the minimum requirements. If online certification is connected to this, a significant amount of time
and money can be saved.

+ digitalization of seafarers’ COC and certificates facilitates the verification of authenticity and
relevance of the certificates, speeds up the processes of registration and verification of personnel
qualifications, minimizes the risks of receiving false data. This helps to improve maritime safety,
reduce bureaucratic costs and improve interaction between different parties in the industry.

¢ all certificates and diplomas will be stored in a database, eliminating the need for paper
copies, reducing the risk of damaging, or losing the same documents, which will take longer later.
The verification process will take much less time, saving ships time in port. It is possible to merge
databases with other maritime authorities. It may be possible to receive notifications when certificates
are about to expire. It may even be possible to renew certificates while on the ship (remotely).

At the same time, it is noted that:

¢ although the IMO is working on this, things are slow. It is unbelievable that seafarers still have
to take all their certificates and diplomas with them when they sail around the world.

¢ the security and data privacy aspects of such projects need to be carefully considered.

+ digital certification and similar applications should certainly be under the control of governments
and authorized bodies. In fact, if the infrastructure of a digital certification system is well prepared, it
cannot be avoided that it will be more secure and easily monitored than paper-based certificates.

Interviewees pay attention to the fact that all certifications and similar updates should certainly be
supported by highly accessible and practical technological support. In this regard, the introduction of
the advances of the digital revolution into the maritime industry is supported by all interviewees since:

+ the maritime industry needs to be acutely aware of and keep pace with developments in digital
technology.

+ digitalization is inevitable in our era, and it must be implemented in the maritime industry;

+ digitalization is a natural process, inevitable due to the development of technology and many
training centers and educational institutions are already successfully applying it in one way or another.

+ The use of digital technologies helps optimize operations at sea and on land, improves decision-
making, reduces human error risks and enhances interaction between different industry players.
E-certification, digital platforms for data exchange, automated control and monitoring systems
contribute to more efficient and safer offshore operations.
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+ contributes to increased efficiency, productivity, safety; real data (weather, emissions, routes,
vessel condition); compliance with international regulations; and of course, improved logistics.

Among the main challenges of implementing digitalization of the diploma and certificate process
for seafarers, interviewees highlighted:

+ in some countries there are still no conditions to verify the relevant certificates and qualifications
of seafarers and there is evidence of the sale of diplomas and certificates of maritime professionals,
which reduces the credibility of seafarers’ documents. Fake agencies may appear, which will
fraudulently extort money for false certification.

¢ poor service development (includes insufficient server capacity, unfinished or inconvenient
web pages, inadequate updating of information on the website);

¢ vulnerability to outside interference, as many educational institutions will have access to the
service, and of course the vulnerability of the system to hacker attacks.

In their responses to the questions, interviewees also made suggestions to address these challenges
of digitalizing the certification process:

¢+ the reliability and technological infrastructure of the respective institution of each country is
important; first of all, it is necessary to provide a reliable and secure digital infrastructure to prevent
unauthorized access to data and the issuance of forged credentials.

¢+ if standardization according to the STCW convention is achieved, there will be no problem; in
addition, compliance with new standards and regulations must be ensured, and staft must be supported
and trained to use the new technologies effectively.

¢ large amounts of funding are likely to be required.

Interviewees highlight potential threats in the digitalization of seafarers’ diplomas and certificates
related to cybersecurity and privacy, namely:

¢ high likelihood of personal accounts being hacked, documents being forged, confidential
information being “leaked”;

¢ apossible “cyber-attack” could create problems in the future.

¢ technical failures in the system, which may increase inspection time, thereby increasing vessel
arrival time.

¢ non-compliance with international standards.

Preventing such threats requires strict adherence to security measures, including data encryption,
multi-level authentication and regular audits of the system for vulnerabilities. In this regard, the main
task of countries’ ministries of maritime affairs is to bring the standards, especially the training of
the country’s seafarers, up to international standards and to pay the utmost attention to obtaining and
continuously monitoring certification and qualifications. At the head of these standards is a system
based on trust. This will help the seafarers of the countries concerned to participate in important
international companies and to take a respected place in the industry.

Twenty-four KMA graduates working in the maritime industry participated in the quantitative
survey. The survey used the methodology described in the article “Qualitative vs. Quantitative Research
Differences, Examples & Methods” by Raimo Strefkerk [21]. Through the messenger WhatsApp, all
of them were asked closed-ended questions with multiple choice answers:

Your position in the industry

Your length of service?

How do you feel about the digitalization process in the maritime industry?

Have you been personally involved in the digitalization process?

How can the digitalization of seafarers’ certificates affect the company’s operations?
Can digitalization improve document security?

Can digitalization improve the cyber security of a maritime company?

Can digitalization of certificates improve the efficiency of Port Services, inspections?
Will the introduction of digitalization of certificates reduce paper workflow?

10 What problems hinder the implementation of digitalization?

Here are the results of the surveys.

1. All respondents have up to 3 years of work experience.

00N AW —
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Figure 1 —The qualitative profile of respondents

2. The results of the surveys show that all respondents have a positive attitude towards the need
to implement digitalization processes in the maritime industry. A more detailed analysis of the survey
results showed that:

* Despite the existing risks of implementing digitalization of certification processes related to
cybersecurity and privacy, 100% of respondents believe that digitalization of certificates will increase
the efficiency of port services and inspections;100% of respondents believe that implementation of
digitalization of certificates will reduce paperwork.

* 91.7% of respondents believe that digitalization will help to improve document security.

* 52.6% of respondents believe that digitalization of seafarers’ certificates will “reduce the
workload of the crew”; 47.4% believe that digitalization will “increase the efficiency of the company”;

Regarding the positive impact of digitalization on maritime company cybersecurity, 58.3% of
respondents answered in the affirmative, 33.4% “have no idea” and 8.3% answered “no”.

Thus, even though maritime industry professionals generally support the need to implement
digitalization processes, there are views that indicate a lack of awareness of the effectiveness of
digitalization. This conclusion is supported by the fact that almost all respondents (95.8%) were not
personally involved in the digitalization process.

3. One of the objectives of the survey was to identify the challenges of digitalization in the maritime
industry. The survey showed that 38.5% of the respondents mentioned “low level of computer literacy
in the industry”, 34.6% — “high cost of digital technologies”, 26.9% — “technological problems with
implementation” as the main problem hindering the implementation of digitalization. Consequently,
it can be concluded that the success of the implementation of digitalization in the maritime industry
will largely depend on how active the activities in the field of professional development of specialists
in this industry to address the problems of digitalization will be.

Results and Discussions

The results of the study were discussed at the meeting of the Kazakhstan Maritime Academy of
KBTU on August 22, 2023. Having analyzed the information from both qualitative interviews and
quantitative surveys, which were conducted using modern means of communication the authors made
the following conclusions:

The majority of interviewees noted such positive aspects as increased transparency and openness
of the certification process; online availability of all documents; no need to keep paper forms of
documents with you; the process of ship inspection in ports will be accelerated and simplified, will
have the character of a simple digital verification.

The process of digitalization today is an urgent requirement of the time, Kazakhstan is already
taking an active part: Kazakhstan ranked 28th in the level of e-government development among 193
countries in the UN monitoring, against 29th place in 2020. The country’s E-Government Development
Index (EGDI) amounted to 0.86 points. This is the highest index among the CIS and Central Asia
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countries, in addition, Kazakhstan significantly overtakes such developed countries as Ireland, Canada,
Italy, Belgium, Czech Republic and others [22].

The industry faces the important task of changing some of the provisions of the STCW Convention
and beyond, organizing training for all staffin digital literacy, and systematic digital skills development.

Digital technologies introduced in the certification process should be standardized, duplicated,
securely protected, and systematically updated. In this way, data security problems, the risk of cyber-
attacks, unauthorized access and database hacking can be avoided.

Some maritime companies have additional designated officer on their vessels, so-called Clerk, who
are only responsible for documenting the crew. This solution absolutely does not meet the financial
interests of the companies, does not increase the efficiency and reliability of work with documents,
and is completely contrary to modern trends in the industry.

Challenges to implementing digitalization include the need for changes to IMO documents with
international validation; cybersecurity is a complex task requiring significant effort; energy resources
and continuous operation are required to support computer systems on board ships; the high cost
of software is also an obstacle for emerging economies; training institutions and training centers
should have a stable connection with the flag Maritime Administration and their databases as a backup
system [23].

Conclusion

Thus, based on the analysis of the results of empirical research in the maritime industry of
Kazakhstan and a review of foreign experience in the field of digitalization of certification processes
in the maritime industry, the authors came to the following conclusions and recommendations that
have the character of scientific novelty:

Digitalization of the certification process has wide support in the professional environment, as
it can have a positive impact on the maritime industry, increase the availability of documents for the
command staff of ships, port administration, the process of registration of documents will become
more transparent;

For the maritime industry of Kazakhstan there is an opportunity to learn from the experience of
advanced countries in the field of digitalization of the certification process in the maritime industry,
such as Denmark and Singapore. The experience gained in Kazakhstan in digitalization of public
services, documentation and control allows to implement this project at the level of the Maritime
Administration of Ports of the Republic of Kazakhstan;

However, it should be taken into account that the maritime industry has its own peculiarities,
which consist in the international nature of maritime transportation, international composition of ship
crews, the need to operate in several jurisdictions in one voyage. Standards and regulations in the
maritime industry are set by consensus by decisions of the International Maritime Organization.

The most important factor for the success of digitalization is to ensure the reliability of the
operation and protection of the electronic document management system at all parts of the process: in
the university, in the Maritime Port Authority, in port administrations and on merchant ships;

To reap the benefits of digitalization, the maritime industry is advised to adopt good practices
such as investing in reliable and secure digital platforms, providing adequate training and support
to stakeholders, and regularly assessing and updating digital systems to ensure they meet industry
standards and requirements.

The authors believe that the findings from the data obtained can be considered as relevant as the
participants in the interviews and surveys were maritime professionals from the Sultanate of Oman,
the Netherlands, Turkey and Kazakhstan who have real experience in the maritime industry and
maritime education.

However, it is important to recognize the limitations of the study. To fully understand the potential
challenges and risks associated with the digitalization of certification processes in the maritime industry,
further research and practical projects in the real sector involving I'T, human resource management and
financial management professionals are needed. In addition, security and privacy aspects need to be
considered when implementing digital solutions. The topic of digitalization in the maritime industry
is waiting for researchers and the authors hope that this paper will be a good start for further research.
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TEHI3 OHEPKOCIBIHIAEI'T BACKAPY THUIMALJIITH
APTTBIPY ®AKTOPHBI PETIHAE CEPTU®UKATTAY
IMPOHECTEPIH HU®PIAH/ABIPY

Angarna

Byn mMakanaHbIH TakbpIpbIObl — cepTU(UKATTAy TpolieciHe Oaca Ha3ap aynapa OTBIPHII, TEHI3 WHIYCTPHUSCHIH/IA
Oackapy THIMAUIIIH apTThIpy (akTopbl peTiHiue HuQpIaHabIpyIbl eHri3y. 3epTTey oAiCTeMeci MICTENIIK FaJlbIM-
JIap/bIH 3epTTeylepi MeH OasHiamaiapblHa, HIETeNIK 9/eOHeTTepre oMy MEH MaMaHIaplblH capanTamaibIK
cyxOarTapblHaH, cayalTHaMaJapblHaH TYPaJbl. 3epTTeYyIiH FHUIBIMH KaHAIBIFbI HH(PIaHIBIPY/IBI CHI13y MOCeIeNepiH
JKoHE OHBIH Ka3akcTaHHBIH TEHI3 ©HEpKociOiHae Oackapy IIenrMaepiHiH THIMAUIITIH apTTRIpyFa JKOHE OHIIPICTIK
HIBIFBIHAPABI A3aiTyFa 9CEPiH 3epTTey/le KaThlp. DKOHOMHUKAHBIH OPTYPIIl cananapbiHaa HH(PIaHABIPYIbl CHI13Y
OOMBIHIIIA KOIITETEH 3ePTTEYJICp KYprizinyne. Anariaa Oy moceneHi KazakcTanaarsl TeHI3 ©HEPKOCIOIHIH KOHTEKCTI-
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HE KaTbICThI 3epTTEeY/Ie alTapIIbIKTail OKbUIBIK Oap. TeHi3 canacel qaMblFaH cailbiH nupiIanablpy 6ackapy d/icrepin
KETUINIPYTe JKOHE HOTIDKENIEPIl JKaKcapTyFa jkaHa MyMKiHmikTep amanbl. [udpranabipynsiH aWTapibIKTail
acepi THIOI MYMKIH cananapabie 0ipi — ceprudukarray nporeci. JKanmsl, Makaia TEHI3 eHEpKaciOiHzeri backapy
OMICTEpiH KETUIAIPY KOHE HOTIDKEICpAl >KaKcapTylarbl IH(PIaHABIPYIBIH oJieyeTiH aikeHmaniasl. [lleremmik
KOMIaHUSTIAPABIH TOXKipHOeciHAeri OyI TeXHOIOTHATIApAbl MalaanaHy apKbUIBI Kalail HOTHKeJIEep/i KaKCapTHII,
TeHi3 eHepKaciOiHaeri 0ocexere KaOLTETTUTIKTI CaKTam KalyIbl KOPCETETIH MBICAJlap YCHIHBUIFAH. ¥ CBHIHBUIFAH
Uzesiap MEH YCBIHBICTAP YK TaChIMaJIIayIibl KOMIIAHUSIIAPFa CepTU(HUKATTAY ITPOIICCTEPIH OHTAMIAHIBIPYFa )KOHE
TUIMUTIKTI apTTBIpyFa KeMeKTeceai. Makajia COHFBI ITUQPIBIK d3ipiieMeNiepacH xabapmap 0oay MeH Oy Kypau-
JapJbl MISNTiM KaObUTIay MPOICCiHe SHIi3y MaHBI3/BI I KOPBITHIHABLIAHAIEL.

Tipex ce3nep: Oackapy THIMILTITI, HHHOBALIUSUIIAP, TUPPIAHABIPY, TCHI3 HHIYCTPHUICHL.
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OUOPOBU3ALIUA ITPOLECCOB CEPTU®UKALIUN
KAK ®AKTOP INOBBIINEHUA 2PPEKTUBHOCTHU
YIPABJIEHUSI B MOPCKOM OTPACJIH

AHHOTALUA

[TpenmeToM paccMOTpEHHMsI IAHHOM CTaThU SIBISIETCS MPOLECC BHEAPEHUS HU(PPOBU3AIMK KaK (paKkTop MOBBI-
IICHUS B(b(beKTI/IBHOCTI/I praBJ’IeHI/IH B MOpCKOﬁ 0Tpacm/1 C AKIIEHTOM Ha npouecc CepTI/I(i)I/IKaHI/II/I. MCTOI[OJ'IOFI/IH
HCCIICAOBaHUA BKJIKOUACT O630p JmTepaTprI, I/ICCJ'IC,HOBaHI/Iﬁ U OTUYCTOB 3apy6€>1<H},1x yquHx, a TaKKe 3KCH€pT-
HBIC I/IHTCpBL}O nu OHpOCbI HpO(beCCI/IOHaJ'IOB. Haqua;{ HOBH3HA HUCCJICAOBAHHUA 3aKJIOYACTCA B PISy‘IeHI/II/I r[p06neM
BHEIpeHHS NU(POBU3AINH U €€ BIUSHIS Ha MOBBIIICHAE Y(PPEKTUBHOCTH YIPABICHUSCKUX PEIICHUH W CHIKEHUE
3aTpar Ha MMPOM3BOJACTBE B MOpCKo orpacin Kazaxcrana. B pasnuunbix chepax SKOHOMHKH MMEETCS MHOKECTBO
MCCJICJIOBAaHU 110 BHEJPEHUIO IIU(POBHU3ALNH, OJHAKO CYIIECTBYET 3HAUUTENIbHBIN MMPOOEN B M3yYEHUH TOTO BO-
npoca B OTHOILICHHUH KOHTCKCTA MOpCKOﬁ OTpaCJ’II/I KaSaXCTaHa. HO Mepe pa3BI/ITI/Iﬂ MOpCKOﬁ 0Tpacm/1 HI/I(i)pOBI/I?)aHI/IH
OTKpLIBaeT HOBBIC BO3MOXXHOCTHU AJIsA COBepHIGHCTBOBaHI/IH METOOO0B praBJ’IeHI/IH 158 yJ'Iy‘IHICHI/IH peSyf[I)TaTOB. O,I[Hoﬁ
n3 06JIaCTeI>‘I, rae I_[I/I(prBI/IBaLII/Iﬂ CHOCO6Ha 0OKa3aTb CyH_ICCTBCHHoe BIIMAHUC, ABISACTCA HpOI_ICCC CCpTI/I(I)I/IKa]_II/II/I. B
LIEJIOM CTaThs MOTYEPKUBACT MMOTEHIMAN IIU(PPOBH3AINN I COBEPIICHCTBOBAHHS METOAOB YIPABICHUS M YITyd-
IIEHHS pe3yJbTaTOB B MOPCKOM oTpaciu. [IpuBoasATCS peaibHble MPUMEPHl U3 MPAKTHUKU 3apyOeKHBIX KOMITaHUH,
I/IJ'IJ'IIOCTpI/Ipy}OHlI/Ie, KaK 3TU TCXHOJOTHUHU MOFyT 6bITI) HCIIOJIb30BAHbI IJIA y.]'IyLIL[IeHI/IH pe3yJ'II)TaTOB nu COXpaHeHI/Iﬂ
KOHKypeHTOCHOCO6HOCTI/I B MOpCKOﬁ OTpaCJ’II/I. Hpe[[CTaBJ'IeHHI:Ie Uacu u peKOMeHI[aI_II/II/I HOMOFyT Cy,HOXOI[HI:IM KOM-
IMaHUsAM OHTI/IMI/I3I/Ip0BaTL Hpoueccm CepTI/I(I)I/IKaHI/II/I U ITOBBICUTH 3(1)(1)€KTI/IBHOCTB pa60TLI. B 3aKJIFOUCHUEC CTAaThbU
HOZ[‘ICpKI/IBaeTCﬂ, YTO BAXXHO OCTABATHCA B Kypce IIOCIIEAHUX L[I/I(i)pOBBIX pa3pa60TOK nu BHG,I[p?[TB 9TU I/IHCprMeHTBI
B [IPOLIECC MIPUHSTHSI PELLIEHUH.

KoaroueBbie ciioBa: 3()(GeKTHBHOCTD yNpaBieHHs, MHHOBAUWHU, HudpoBuzanus, TpaHchopmaius, MopcKas
WH]LYCTPUSL.
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Abstract

The purpose of this article is to highlight an important topic for the developing logistics complex of Kazakhstan.
The study of risk management strategies and their implications is a fundamental tool in choosing the shortest and
most efficient way to develop the economy of Kazakhstan. The author proposes his personal view on the problems
of risk management in Kazakhstan and possible solutions. The article is intended to supplement the existing body
of knowledge in this scientific segment, thus highlighting the importance of the studied topic. The logistics industry
of Kazakhstan is on the threshold of exploring various modern methods of management and business processes.
The development of strategies of anti-crisis measures will prevent stagnation in the development of the industry. In
parallel, the author compares the studied material with real logistics processes and events in Kazakhstan. Conducting
work on mistakes is the first step in self-development. The article seeks to identify, classify risks, outline strategies to
minimize the likelihood of their occurrence and, if they do occur, minimize the consequences.The conclusions of the
study include recognition of the fact of imperfection in some cases of anti-crisis policy of Kazakhstan, which led to
the adoption of ill-considered decisions that lead to undesirable long-term consequences. The author also considers
priority, in the author’s opinion, ways to develop the logistics industry in Kazakhstan.

Key words: transport logistics, risk management, risk management strategiecs, SWOT analysis, data analytics,
vehicles, control.

Introduction

Global transport logistics is a specialized area of logistics that deals with the management and
coordination of the movement of goods and resources through the world’s transport networks and
supply chains. It involves planning, organizing and controlling all stages of the movement of goods
from the initial point of production to the final consumer at the global level. Being subject to the
changes taking place in the world, global transportation logistics, its efficiency and security of supply
involve various types of risks.

The logistics industry in Kazakhstan is significantly influenced by a variety of external and internal
factors. As an importer, Kazakhstan is highly dependent on a well-built supply chain for both import
and transit. This article discusses the impact of risks on the logistics industry of the country, as well
as risk management aimed at predicting and eliminating the consequences.

This topic was chosen by the author due to his daily observation of the peculiarities and
unpredictability of the logistics industry. The article describes examples of events with serious
economic consequences not only for the industry, but also for the state economy. The COVID-19
pandemic, the 2020 transport rail collapse between China and Kazakhstan, Russia’s invasion of
Ukraine and other geopolitical upheavals have had a negative impact on Kazakhstan’s transportation
industry. A review of events, decisions made, and their consequences can help develop better ways to
minimize harm in the future.

Main points

The main objective of this study is to improve the understanding and develop effective risk
management strategies in the global transportation logistics. The article focuses on identifying
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weaknesses in risk management and security systems. The relevance of the study is to develop specific
risk management strategies and techniques that will help companies to reduce risks and provide safer
and more secure logistics operations.

Literature review

Within the framework of the research we prepared materials based on our own experience,
materials from leading information resources Emerald, ResearchGate, Scopus, as well as a number of
articles from Kazakhstan publications. The main groups of risks and methods of interaction with them
were identified.

Some of the major risks in global transportation logistics are:

* Supply chain risks: problems with suppliers, any interruptions in production processes or raw
material shortages can cause supply disruptions.

¢ QOperation risks: include delays, cargo loss, and vehicle problems such as accidents or
malfunctions.

Demand risks: demand uncertainties, competition in the market, market changes:

¢ Catastrophic risks: natural disasters such as hurricanes, floods and snowfalls can create problems
in global transportation logistics, especially if they affect key routes and ports.

+ Financial risks: changes in currency exchange rates can affect the cost of transportation and
goods, affecting companies’ budgets and profits.

+ Information risks: data breaches, hacker attacks and other cyber threats can jeopardize shipment
and customer information, which can have serious consequences.

¢ Bureaucratic risks: difficulties in customs formalities and customs documentation require-
ments can cause delays and additional costs.

These risks are an indicator that, for the smooth operation of transportation logistics, it is crucial
to consider the potential threats and uncertainties that can affect deliveries and operations.

In addition to identifying the type of risk, it is necessary to know how to manage them. These
timely actions serve to fully or partially level the consequences of risks. The author considers the main
tools of risk management to be the following:

1. Risk identification.

2. Risk assessment
3. Development of mitigation plans.

4. Control and audit.

4. Insurance and financial strategies
5. Suppliers and contracts

6. Staff education and training

1. Risk identification

Risk identification is a set of activities that detect, describe and catalog all potential risks to
assets and processes that could have negatively impact business outcomes in terms of performance,
quality, damage, loss or reputation. It acts as input for actual risk analysis of the relevant risks to
an organization. Risk identification is the first step in the risk management process. It involves
identification of risk type and/or risk event. Risk identification is a critical process to have a fruitful
risk management plan [1]. It allows the enterprise to prepare for potentially dangerous events and
minimize their consequences before they occur. It involves not only identifying possible risks, but also
documenting and communicating them to concerned parties.

The following steps can be attributed to the risk identification process:

1. Analysis of documentation

Analyzing project files, plans and other information is a common way to identify risks. It involves
examining project documentation for accuracy, completeness and consistency. Inconsistencies
identified may indicate the presence of risks - for example, an error in the delivery schedule that could
affect the timing of new stock arriving at the warehouse.
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2. SWOT analysis

SWOT analysis analyzes the project’s strengths, weaknesses, opportunities and threats.
Understanding weaknesses allows you to identify potential risks and plan accordingly. An example
would be if your primary supplier is located in a geographic area with unstable weather conditions:
hurricane seasons, snowstorms or flooding threats. Taking this information into account may prompt
you not to place large orders with this supplier or to look at suppliers in other regions [2, 3].

3. Risk register

A risk register is a document containing current and potential risks, their possible causes, and
protective measures. Such register should be replenished, increasing the area of knowledge on known
risks for their timely prevention.

4. Decision Tree

A decision tree is a diagram used for making decisions. It considers several possible future events
and analyzes them at a single point in time, which helps to explore the different alternatives that a
decision may lead to. Each branch of the decision tree represents a possible solution or event and the
leaves represent possible outcomes. A decision tree allows you to visualize the relationship between
different events and consider possible advantages and disadvantages before making a decision.

Trade and logistics relations of the Republic of Kazakhstan with the Russian Federation are
presented as an example of risk identification. Events concerning Russia’s invasion of Ukraine in 2022
have jeopardized the global logistics web, especially trade relations with Kazakhstan. As its closest
trading partner, Kazakhstan is under intense scrutiny due to the release of a number of sanctions
packages aimed at trade isolation of Russia. This situation on the one hand is favorable for Kazakhstan
businessmen, who have an opportunity to weaken imports from Russia, buy goods directly from
suppliers and intensify trade with neighbors, including Russia. On the other hand, uncontrolled trade
may attract the risk of being subject to secondary sanctions from the West. At this stage, once the
potential risk has been identified, the risk assessment stage is underway [4].

2. Risk assessment

Risk assessment is associated with the probability of occurrence of an event and the significance
of the consequences [1].

Risk assessment methods can include risk matrix. A risk matrix is a multidimensional method
used by organizations to assess risks in supply chain, products, projects and other areas. It is used to
obtain more accurate estimates of the probability of success or failure and to identify activities that
require increased control [5].

The risk assessment matrix shows the probability of events and their potential consequences. For
example, probability refers to the level of probability that a person will be injured when exposed to a
hazard, and consequence refers to the severity of the injury.

Risk matrix example

LIKELIHOOD
Extremely likely Likely Unlikuedy Very unlikely

el m ek m m

Major injuries

rﬂinqr injuncs m m
Negligible injuries Medium m

Figure 1 — Risk assessment matrix

IMPACT
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Quantitative and qualitative assessments

Risk assessment can be quantitative or qualitative. In a quantitative risk assessment, the professional
uses numerical values to determine the probability of an event occurring and its consequences. The
resulting numerical values can be used for further calculations.

Qualitative risk assessments do not involve numerical probabilities and loss projections. The
purpose of a qualitative approach is simply to place the risks that pose the greatest risk into ranking
positions.

Whereas qualitative risk analysis is based on human judgment of risk, quantitative risk analysis
is based on specific data.

Returning to our example, there comes the risk assessment stage. The risk of being affected by
secondary sanctions implies trade and financial costs. These may include a ban on working with
suppliers of goods and services; blocking of foreign assets of legal entities or individuals subject
to secondary sanctions; a ban on currency transfers; a ban on individuals subject to sanctions from
entering the EU, the UK and the US. In addition, individuals who are residents of Kazakhstan may
face criminal prosecution if the offense (and violation of sanctions is a crime) is directly or indirectly
related to the jurisdiction of the United States and intent is proven. In contrast to the consequences
listed above, one can counterbalance the increased profits that will accrue to a Kazakhstani entrepreneur
who takes advantage of the situation [6]. At this stage, it is necessary to determine which leaf from the
decision tree to choose: to move towards profit and possible violation of the law, or towards a safer
way, but with the probable loss of a trading partner.

3. Development of mitigation plans

Creating mitigation plans is the development of actions to mitigate risks, including contingency
plans, alternative suppliers and routes, and stockpiles of goods in case of delivery delays. The importance
of this process in global transportation logistics cannot be overemphasized, as mitigation plans help
reduce losses in the event of adverse events, and quick response and effective risk management can
prevent large financial losses. By analyzing the situation and pre-planning a certain course of action
in case of a crisis situation, a company can ensure business continuity in a crisis [7]. To maximize the
effectiveness of mitigation plans, it is important to develop a step-by-step plan of action that leads
you step by step to successfully overcome the crisis. Let’s take a look at the key steps in developing
mitigation plans for risk management in global transportation logistics:

The mitigation strategies developed are gradually implemented and regularly monitored. It is
considered to ensure that the plans are up to date and effective.

An example of a mitigation strategy in a transportation and logistics company might involve
the risk of delivery problems due to natural disasters such as hurricanes or earthquakes. Let’s call
this strategy “Diversifying routes and warehousing to minimize the impact of natural disasters.” The
goal of the strategy is to provide assurance of continuity of supply and reduce potential losses due to
disasters. The steps to implement the strategy will consist of 8 points (Figure 2, p. 161).

Steps for strategy implementation:

1. Risk identification. Assess the risk of natural disasters affecting the company’s routes and
storage facilities. This includes analyzing historical disaster data in the regions where the company
operates.

2. Route diversification. Developing several alternative routes to deliver goods. These routes
may be physically separated and pass through different geographic areas to reduce the risk of all routes
being blocked at the same time.

3. Development of alternative storage facilities. Locating warehousing facilities in different
regions. This allows inventory to be moved and orders from other warehouses to be processed in case
one of them becomes unavailable due to a disaster.

4. Monitoring and Response Systems. Installation of natural disaster monitoring and warning
systems. This allows the company to get quick information about possible threats and take precautionary
measures.

5. Training of employees. Training company personnel, including drivers and warehouse
workers, on safety and what to do in the event of a disaster.

6. Critical resource redundancy. Establishing reserve stocks of fuel, food, and other critical
resources necessary for continuity of operations during a crisis.
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7. Business plans for crisis situations. Developing detailed business plans for natural disasters.
These plans include evacuation, recovery, and communications procedures.

8. Regular updates and verification. Periodically updating the mitigation strategy and testing it
for effectiveness in the context of changing risks and conditions.

Risk identification

%

Route diversification Development of alternative storage
facilities

Monitoring and response systems

%

Training of employees
%

Critical resource redundancy Business plans for crisis situations

N N

Regular updates and verification

Figure 2 — Steps to implement the strategy

A company with a risk mitigation plan has a number of benefits, such as minimizing supply
disruptions during natural disasters, reducing losses and increasing business resilience, enhancing the
company’s reputation as a reliable partner, and improving the safety of employees and property [8]. It
is important to remember that each company has its own unique risks and mitigation strategies should
be tailored to the specific conditions and needs of the organization.

Developing risk mitigation plans in global transportation logistics is essential for business success.
It allows companies not only to survive in conditions of instability, but also to develop, build long-
term relationships with customers and strengthen their position in the market [9].

Let consider ways to minimize the risks in the concluding stage of our example.

To avoid the risk of secondary sanctions at the moment, all Kazakhstan trading and transportation
companies are advised not only not to violate sanctions, but also to exercise due diligence when
working with their clients in order not to be involved in the supply of dual-use goods to the Russian
Federation and the Republic of Belarus:

¢ verify the founders of their partners, and if a RoK resident company has Russian Federation
citizens among its founders, trade in sanctioned goods, especially dual-use goods, with such companies
may be considered a sanctions violation.

¢ Request documents confirming that sanctioned goods, especially dual-use goods, will not enter
the territory of the Russian Federation (end-user certificate).

+ Pay attention to whose technology is used, because if computer chips are purchased in China
but manufactured using American technology, this is also a violation of sanctions;

¢ pay attention to a sudden shift in the interests of partners in terms of procurement and delivery
(they have always traded in furniture and suddenly started shipping drones) — in such cases, it is also
recommended to refuse to cooperate;

¢ avoid working with companies that use non-standard payment schemes (via third countries).

These measures are also well suited for the next point describing control and audit strategies, as
well as the selection of suppliers based on information gathering and situation assessment.
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4. Control and audit

Compared to risk assessment and mitigation, risk monitoring has received less attention in the
literature [ 10]. An effective risk monitoring system, especially in terms of product quality, labor safety
risks, inventory control, etc., is essential to track and assess risks in the supply chain [11]. Such a
system could be the Internet of Things. The Internet of Things (IoT) is a globally structured network
used to connect objects equipped with technology capable of transmitting information [12]. This
technology can be used to monitor risks and control them in real time if needed. Data flow analysis
using modern technologies and transportation management systems is an important component of risk
management and operations optimization [13]. For example, installation of GPS trackers and sensors
on vehicles helps in tracking and monitoring their location, condition, collects data on speed, fuel
consumption, temperature and other parameters affecting transportation services. It is an important
practice in today’s world used in various fields such as logistics, security and fleet management. There
are several steps to follow when installing such trackers: choose a location; consider how it will be
powered; install according to the manufacturer’s instructions; configure the GPS tracker; connect it
to a monitoring platform or application; set up an alert system; train your staff on the correct use of
the tracker; perform regular maintenance; and ensure that the installation and use of GPS trackers
complies with the country’s laws and does not violate private rights. The second step in analyzing data
flows can be using information logistics systems, creating a Data Control Center. A data management
center is a centralized infrastructure and system that allows data to be collected, processed, analyzed,
and managed in order to make more informed decisions. Using such a center can significantly improve
an organization’s ability to make data-driven decisions and improve economic performance [14]. It
is a powerful tool for analyzing and optimizing business processes. With improved data monitoring
and analysis, organizations can manage their resources such as vehicles, equipment, and personnel
more efficiently. This reduces costs and optimizes resource utilization. The third step in analyzing
data flows is highlighted by data analytics [15]. Such analytics is based on demand forecasting, route
optimization and resource allocation. Modern organizations, whether they are logistics companies
or delivery service providers, are faced with the need to effectively manage demand, routes, and
resources. Efficiency in these areas becomes crucial for success and competitiveness. This is the
reason why demand forecasting is a key element of inventory, production and delivery planning.
Route optimization is also essential for logistics companies, delivery companies, and even passenger
transportation. Resource allocation involves the efficient management of an organization’s personnel,
transportation, and other assets.

Regular audits and inspections of suppliers are important to ensure that manufacturing processes
and products meet established standards. This process helps companies to assess whether suppliers
are meeting expectations and whether it is worthwhile to make decisions about long-term cooperation
with them. An example of supplier performance evaluation (Table 1):

Table 1 — Stages of supplier performance evaluation

Establishment of Define the criteria and metrics against which supplier performance will be

evaluation criteria evaluated. Criteria may include product quality, on-time delivery, price stability,
customer service and other aspects important to your business.

Data collection Collect supplier performance data based on defined criteria. This data may include
audit results, customer feedback, delayed delivery statistics, and other metrics.

Performance evaluation Evaluate each vendor’s performance based on the data collected. This may include
calculating scores or grades for each criterion.

Supplier Comparison Compare the performance of different suppliers against each other on the metrics
you are interested in. This will help you identify the best and worst suppliers.

Monitoring and regular Continue to monitor vendor performance over time. Regular evaluations will help

evaluations ensure stability and improvement in service quality.

Decision-making Based on the results of the evaluation, make decisions to continue working with
suppliers, revise them or terminate the cooperation.

System of rewards and Develop a system of rewards and incentives for top suppliers, which can be an

incentives additional incentive to improve and maintain high performance.
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Thus, by continuously monitoring and managing supplier performance, it is possible to
confidently build long-term, reliable partnerships and ensure a high standard of quality in logistics
operations. Speaking about control and audit in risk management, it is worth noting that they help to
ensure transparency, efficiency and safety of logistics operations, as well as minimize financial and
operational risks, which is especially important in global transport logistics, where many variables can
affect business success [16].

5. Insurance and financial strategies

Logistics process is accompanied by various risks such as cargo loss, damage, delivery delays
and other unforeseen events. To minimize risks, it is worth starting with cargo insurance. This type
of insurance covers loss or damage to cargo during transportation. Cargo insurance can be a policy
for a specific shipment or an annual policy that covers all of a company’s shipments and prevents
financial loss. The next important object of insurance is the vehicle. This type of insurance covers the
company’s vehicles against damage, theft or other losses. It helps to ensure that the vehicles are in a
reliable condition and prevents financial loss in case of an accident. Some companies may also insure
themselves against financial losses due to delays in delivery of goods. In addition, companies can also
employ various financial strategies to manage risks in transportation logistics. This can include the use
of financial derivatives to protect against fluctuations in currency exchange rates or fuel prices, as well
as the development of financial plans for crisis situations. A really powerful step can be the creation of
financial reserves that can be used in case of unforeseen events.

Let’s look at an illustrative example of cargo insurance. Suppose you have a company that
manufactures electronic devices and you ship goods from your manufacturing plant in China to your
central warehouse in the United States. Before shipping the goods, you decide to insure them because
you don’t want to risk losing expensive goods in transit. You contact an insurance company and take
out a policy for this shipment of goods [17]. The policy specifies the terms of insurance, including the
amount of coverage, the insurance premium (cost of insurance), the term of the policy, and the types of
risks it covers. For example, the policy may cover loss of cargo in case of theft, fire, natural disasters,
or damage to goods in transit. Your shipment is being delivered by sea from China to the United
States. During transportation, a severe storm occurs and damages a container with your goods. When
the shipment arrives in the U.S. and you inspect its condition, you discover that some of the goods
are damaged and cannot be sold. You contact your insurance company and file a claim for damages.
The insurance company assesses the loss, taking into account the terms of the policy, and pays you an
amount sufficient to cover the loss, the damaged goods, and possible loss of profits. In this example,
there is a clear algorithm for the development of events:

1. Choosing an insurance policy

2. Choosing insurance terms and conditions

3. Sending the cargo

4. Loss of cargo

5. Compensation of losses

The above situation clearly demonstrates how cargo insurance allowed the company to minimize
financial risks associated with loss or damage to goods during international transportation. This helped
to ensure financial security and maintain the profitability of the business even during unforeseen
events. In general, insurance and financial strategies in transportation logistics help to reduce financial
risks and provide more stable business management in the variable and unpredictable environment of
global logistics [18]. These tools allow companies to protect their assets, customers and profitability.

6. Suppliers and contracts

Careful selection of suppliers and partners with strong reputations and reliable logistics systems
plays a key role in risk management in global transportation logistics. Effective supplier management
and appropriate contracting help to minimize various types of risks in this area [19]. One of the key
aspects of risk management in transportation logistics is the selection of reliable suppliers. Companies
with a good reputation, on-time delivery, and adherence to required quality standards can help reduce
the risks associated with substandard goods, delays, and other problems. Finding a reliable supplier,
research their reputation and history in the market can be done by studying reviews and testimonials
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from other customers, as well as doing additional research through professional organizations or
business ratings. Make sure the supplier meets the necessary certifications and quality standards,
especially if this is critical to your industry or products. Evaluate the supplier’s financial health to
ensure that they are able to fulfill their obligations on a long-term basis. It will be helpful to request
financial performance reports or evidence of creditworthiness. Investigate the supplier’s ability to meet
your needs in terms of volume, quality and delivery time. Pay attention to the availability of backup
capacity to handle unforeseen events. It is important that the supplier is open to communication and
collaboration. The easier you can communicate and resolve problems, the more reliable it will be [20].

Entering into long-term contracts with reliable suppliers can ensure a more stable supply and
predictability in the cost of goods. They may also include terms that establish the supplier’s liability
in the event of risks, such as delays in delivery or damage to goods. Some companies have special
agreements with suppliers that establish risk management procedures. For example, such agreements
may provide for joint participation in insurance program or resource plans to minimize financial
risks. Third-party logistics providers are often used to transport goods across borders and continents.
Contracts with such providers may impose conditions related to guaranteed delivery times, liability for
lost or damaged shipments, and certain penalties if conditions are violated. If suppliers use contractors
or frontline vendors, it is important to monitor their activities and obligations to prevent unforeseen
risks. By regularly tracking and evaluating supplier performance, risks and problems can be identified
early and corrective action can be taken.

7. Staff education and training

Training employees in emergency response and risk management is a critical part of an effective
risk management program in global transport logistics. It is best to start by developing a training
plan [21]. You should identify what risks and emergencies may occur in your logistics operations
and what skills and knowledge employees need to manage them. It is important to understand which
employees have key roles in risk management and emergency response. This could be logistics
managers, security officers and those responsible for cargo insurance. The training plan may include
courses, webinars, seminars or internal trainings. Employees should know how to respond to various
emergency situations such as traffic accidents, natural disasters, strikes and others [22]. Along with
the training, detailed action plans should be developed for each employee in an emergency situation.
The plans should include the steps of responsible persons and communication strategies. In addition,
it is important to ensure that employees have access to necessary information and resources, including
emergency contacts, insurance companies, and other important contacts.

Emergency drills and exercises can be conducted for greater immersion. They allow you to test
your staff’s preparedness to deal with real or simulated emergencies and identify areas for improvement.

According to the assessment of the Kazakhstan expert group, the problem of personnel training
in general is one of the most serious risks in the near future. There is an acute shortage of qualified
personnel in the country. Almost 90% of experts believe that the problem of lack of qualified specialists
will not be solved in 10-15 years and will remain a key constraint to the development of TLC. The
consequences of this risk are the weak pace of development of the region, which is significantly
behind the level of world leaders. Accordingly, a strategy to minimize this risk is required, which
consists in the redesign of training programs that meet modern requirements, a significant increase in
the share of public investment in the development of the industry, revision of bureaucratic schemes for
the interaction of international partners..

Materials and methods

The necessity of this study appeared when observing and participating in the personnel development
of large companies, exchanging opinions with the heads of companies in various sectors of activity.
Subsequent study of information from public data sources, as well as private research, confirmed
the extent of the human resource deficit. The method of constant observation and content analysis of
documents were used in the research process. When preparing this article, an array of information
was formed based on the author’s personal experience in personnel management, the experience of
managers of some of the leading transportation companies in the Republic of Kazakhstan, as well as
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on relevant information from scientific sources and data from state information resources. Regularities
in the similarity of opinions among experts about risk management and forecasts of its development
were identified. The systematization of the collected material contributed to the identification of the
main problems of the current risk policy [23]. The described research methods were chosen as the most
appropriate. Logistics is developing rapidly, requiring market players to react to its changes in a timely
manner. Top managers of transportation companies are the most important source of information
about the current situation. From the obtained conclusions a strategy of actions is built to overcome
the problem areas.

Results and discussion

The logistics industry is closely related to planning. The links in the chain of logistics processes, is
a set of factors, each of which reacts to the slightest changes in the environment. Some events are subject
to planning, some are not, as it is impossible to foresee everything. However, the more processed risks
there are in the organization’s portfolio, the less unexpected events can interrupt logistics processes
and harm their participants. The future of logistics in Kazakhstan depends on competent planning of
the general concept of the industry development, taking into account previous experience, current
situation, adequate assessment of available resources. It is pointless to count on a comprehensive
large-scale technological leap, as Kazakhstan needs to overcome many heterogeneous obstacles
and solve a wide range of problems. Nevertheless, innovations are necessary, in many respects they
contribute to overcoming these same difficulties, but at the same time they dictate a completely new
paradigm of the market of transportation and logistics services, both internal and external. Therefore,
the process of technical renewal should be approached with caution, carefully weighing the risks and
thinking through the prospects. We should not undertake extremely risky pompous projects based on
image prerequisites, but analyze their profitability in detail, not plunge into the total introduction of
advanced technologies, but, based on pedantic assessments of their capabilities and adaptability to our
realities, organize their consistent dosed integration in accordance with objective needs.

As practice has shown, in some cases Kazakhstan was not ready to make the right decisions in
non-standard situations. An example is the transportation collapse that took place in 2020 on the
border of Kazakhstan with China. This event was caused by the ban of the company Kazakhstan
Temir Zholy on the use of foreign rolling stock. The purpose of this decision was explained as an
attempt to support the Kazakhstan railroad sector, as foreign owners of rolling stock are dumping,
beating the prices of Kazakhstan owners with a difference of more than 30%. And since Kazakhstan’s
own resources were insufficient to organize a huge amount of transportation from China for its own
imports, China stopped allocating rolling stock for imports to Kazakhstan due to severe time delays
on the part of Kazakhstan. In this example, the consequences of the chosen path were incorrectly
considered. On the one hand, the aim was to protect the Kazakhstan service provider. The downside
is a critical reduction in imports, which affects Kazakhstan manufacturing and entrepreneurship. The
severe reduction in the already small number of rolling stock has provoked even more speculative
uncontrolled price increases on the ground. The consequences have an impact every day, as a very
large volume of imports pass through the China-Kazakhstan border and into Uzbekistan via Kazakh
territory. The use of platforms is to pay for the use of the railroad, China and Uzbekistan now make a
way to bypass Kazakhstan. This fact is a major negative consequence of ill-conceived risks. From this
example we can conclude and revise the current views on the functioning of the logistics industry in
Kazakhstan.

From arisk analysis perspective, this situation can be viewed in the following manner. As of the last
quarter of 2023, Kazakhstan’s railroad transportation authorities have attempted three times to ban the
importation of foreign wagons and flatcars. The first stage of risk analysis is to identify the risk itself.
In other words, a number of possible consequences are identified. In this case, a complex decision is
made to prohibit KTZ from importing and using foreign wagons and platforms. For complex decisions,
SWOT analysis comes to the rescue by identifying all sides of the controversial issues. The strength
of the decision to ban the import and use of foreign cars and platforms is the strengthening of KTZ’s
position. Elimination of competition in the form of cheaper services of foreign carriers in the local
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rail transportation market will lead to higher prices for rolling stock services for importers. This will
result in higher profits for KTZh and an opportunity to regulate other aspects of the market. From this
assessment we have the following results. Strengths: increased profits and elimination of competition.
Opportunities: opportunity to regulate further pricing policy, support the Kazakhstan railroad sector,
as foreign owners of rolling stock are dumping, beating the prices of Kazakhstan owners with a
difference of more than 30%. The weaknesses of this decision include the inability of the Kazakhstan
transportation industry to absorb the huge volume of goods. Accordingly, Weaknesses: Kazakhstan’s
own resources were insufficient to organize a huge amount of transportation from China for its own
imports. Based on the weaknesses of the current situation, we can deduce potential threats: complete
shutdown of China’s imports and transit through Kazakhstan due to its inability to master the flow of
goods, leading to long-term idling of platforms with cargo at the borders; shutdown of Kazakhstan
importers with a complete freezing of contributed assets, lack of funds for staff maintenance, layoffs;
disruption of the pace of production dependent on imports of foreign raw materials; disruption of
supplies of food and household goods; strategic failure of the Kazakhstan’s importing industry;
disruptions in the transportation of goods from China for its own imports.

The subsequent stage of assessing the likelihood and severity of risk consequences, judging by
several failed attempts by KTZ to introduce bans, either had no effect or the likelihood and consequences
of the risk satisfied the expectations of Kazakhstan’s railroad transportation management. On the other
hand, the subsequent repeal of bans suggests that the overall results were either short-term positive
or overly severe. The repetition of risky decisions time after time suggests a weak assessment of
the consequences of risk, or its neglect in favor of short-term positive results. Both examples have
negative consequences in general on the economy and development of the transportation industry of
Kazakhstan and cause a lot of negative reactions from importers, exporters and manufacturers.

The stage of creating a risk mitigation plan took place, although it had a partial effect. Several
Russian companies, with which, apparently, there were certain agreements, did not fall under the
ban. However, this caused dissatisfaction of the other transport operators at the level of the State
Duma of the Russian Federation. Russian operators believe that this measure clearly demonstrates
KTZ’s interference in the financial and economic activities of domestic companies engaged in cargo
transportation, and emphasizes the anti-competitive nature of the convention. Thus, the entire Republic
of Kazakhstan, and not its individual stations and shippers, falls within the scope of the convention.
Meanwhile, the introduction of prohibitions of this kind along the entire perimeter of the state border
belongs to the sphere of national policy and is not the jurisdiction of the economic entity — KTZ.

This situation clearly shows the impact of the decisions made on the future situation, especially
when it comes to the state level. On the one hand, Kazakhstan acted in favor of national interests,
strengthening the position of national companies. However, the price to be paid for this determines risk
management as an integral part of business processes at all levels. The decisions made do not always
clearly reflect the goals pursued, there are also hidden motives, but the consequences are reflected in
the rest of the market participants. It follows that no one is immune from risk, but it is necessary to
provide resources to overcome it. KTZ would have no problem accepting Chinese cargoes if it had
sufficient resources to master it. After all, before this ban, there was a certain shortage of transportation
even taking into account foreign rolling stock. To avoid such incidents in the future, it is necessary to
develop the influence and practical application of risk management with decentralized management,
so that decision-making is taken collectively, taking into account all possible consequences. At this
stage, control measures and auditing are involved, investigating past decisions and systematizing
them, as well as preventing them in the future. Revision of financial strategies to reduce the cost of
rolling stock services for domestic participants will eliminate the predominance of foreign rolling
stock even without their ban. A developed network of suppliers will eliminate the monopoly of some
participants, give an impulse for the development of service quality and price reduction.

The main investments should be directed towards improving transport and logistics infrastructure,
automation, digitalization and robotization, as well as human resources and improving the quality
of services provided. Investments in automation, robotization and digitalization should result in a
technological breakthrough in the organization and regulation of transport flows, warehousing and
storage of cargo, transport and logistics infrastructure, as well as in workflow and supply chain
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management. A key opportunity for businesses involved in transportation and logistics will be
technological re-equipment, which will significantly increase their market potential and the volume of
services provided, with a parallel reduction in costs.

Competent risk management and planning tools allow us to hope for the successful development
of the transportation and logistics industry, provided we eliminate current problems and prevent future
risks. It is especially important to introduce new technologies quickly and smoothly and to take into
account all possible socio-economic and political factors. The cross-border nature of TLC makes
it necessary to take into account a multitude of unforeseen situations that may arise as a result of
decisions taken by other states and changes in the global geopolitical environment [24].

Conclusion

Overall, the article emphasizes that a strategy focused on risk identification is a fundamental
element of successful global transportation logistics management. Without a deep and accurate
understanding of the risk environment, a business can be vulnerable to unforeseen events, while
proactive risk management helps to ensure stability, reliability and competitiveness in the industry.
Effectively managing these risks is the key to successful global transportation logistics, and companies
are constantly looking for better ways to deal with unexpected events. Practice shows that there is still
much to learn — in some cases, theory is often at odds with practice. Risks shape the development
of transportation logistics by reducing the likelihood of erroneous decisions that lead to undesirable
consequences. Sorting out erroneous actions and their consequences is an effective method for
developing processes to ensure that mistakes are not repeated. Over time, an impressive database of
risks will be assembled that is easy to learn for both new and experienced practitioners. Dissemination
of the science of crisis management will lead to an overall improvement in logisticians’ awareness and
bring Kazakhstan to a new level of preparedness to confront external and internal unwanted influences
of all kinds.
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KA3AKCTAHHBIH KOJIIK JIOTUCTUKACBIHJAA TOYEKEJIJAEPII
BACKAPY CTPATEI'UsACbI MEH OJIAPAbI TAJIJAY 9AICTEMECI

Anjgarna

B¥.H MaKaJIaHbl Ka3yJdblH MaKCaTbl Ka3aKCTaHHBIH JaMBIIT KEJIC KAaTKaH JIOTUCTHUKAJIBIK KeIHeHi YH_IIH Ma-
HBI3/IbI TaKbIPBITHI JKapusay. Toyekenaepai Oackapy CTpaTerusiChiH »oHE OJlapiblH caijgapbiH 3eprrey Kazak-
CTaH YKOHOMHKACBIH JaMBITY/IbIH C€H KbICKA KOHE THIMJI JKOJBIH TaHJAayna Heri3 Kamaymibl Kypan. Arop Ka-
3aKCTaHJarbl TOYEKesepAi 0ackapy MoceneNepiHe KOHE ONlap/bl IICHIyre KATHICThI ©31HIH KEKe KO3KapachiH
yChIHA/IbI. Makaiia 3epTTeseTiH TaKbIPBIITHIH MaHBI3IBUIBIFBIH KOPCETE OTHIPBII, OCHI FHUIBIMH CErMEHTTEri Oap
Oiy1iM KeJIeMiH TOJNBIKTBIpYFa apHajaabl. Ka3aKCTaHHBIH JIOTUCTUKAIBIK cajachl 0acKapyIOblH KOTTEreH 3aMaHayH
omicTepi MEH OHM3HEC-TIPOIECTEePal 3epTTey aiabiHma Typ. Jarmapbicka Kapchl miapaigap CTPATETHSICBIH d3ipiey
CaJlaHbIH JaMYybIHAArbl TOKbIPpAYAbIH aJIJIbIH aJlaJbl. CoHbIMEH KaTap aBTOP 3CPTTCIICH MaTCpUuaIabl Ka3aKCTaHZLanl
HAKThI JJOTHCTHKAIIBIK MPOLIECTEPMEH JKOHE OKHMFaIapMeH CalbICThIpaabl. KaremikTepMeH jKYMBIC JKYPrisy ©3iH-e3i
JIAMBITY/IAFbl AJFAIIKGI KagaM. Makana Toyekeliep/li aHbIKTayFa, )KIKTeyre, OJapAblH maiiia 601y bIKTHMAIIBIFbIH
OaphIHIIA a3afTy JKOHIHIETI CTpaTerHsUIapIbl Oenrineyre jXKoHE caimapbl OONFaH jKarmaiiina oJapabl a3alTyra
TBIPBICAJIbI. 3ePTTey KOPBITHIHABIChIHAA Ka3zakcTaHHBIH JaFiapbiCKa Kapchl cascaThlHbIH KeHOip Jkarmaitnapia
KETIIMEreHIir Typanbl ¢akT MonbiHAanapl. CoHai-ak aBTOPIBIH MikipiHine, Ka3akcTaHHBIH JIOTHCTHKAIBIK
CaJIaChlH JaMBITYIbIH OaChIM YKOJIapbl KAPACTHIPBUTY/IA.

Tipek ce3aep: KoK JIOTHCTHKACHI, TOyeKeepai Oackapy, Toyekenaepai Oackapy crparerusuapsl, SWOT
TaJnaysl, IepPeKTep i Tajay, KeliK Kypalaapsl, OaKelIay.
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CTPATEI'UsA YINPABJIEHUSA PUCKAMU U METOAUKA
UX AHAJIN3A B TPAHCIIOPTHOUM JIOTUCTUKE KA3AXCTAHA

AHHOTaNUA
Ienb qaHHOU CTaThH — OCBETUTH BAXKHYO TEMY UIS Pa3BHBAIOLICTOCS JIOTUCTHYECKOTO KomIuiekca Kazaxcrana.
W3yyeHue cTpateruii ynpapieHUs] PUCKAMHU U UX MOCJIEACTBHIA SIBISIETCSI OCHOBOIOJIArAIONIMM HHCTPYMEHTOM IPU
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BbIOOpE Kparuaiiniero 1 Hanbosee 3ddexTrBHOrO MyTH pa3BuTHs YKOHOMUKHU Kazaxcrana. ABTOp mpejsiaraer Jind-
HBII B3MJIsL Ha MpoOJIeMbl ypaBiieHus: puckamu B KazaxcraHe M BO3MOXKHBIE ITyTH UX perneHus. Ctarhs Ipu3BaHa
JIOTIOJTHUTD CYLIECTBYIOIIUI MACCUB 3HAHUM B JAaHHOM HAay4YHOM CEIMEHTE, TEM CaMbIM MOJUYEPKHUBAs BaXKHOCTh HC-
cireryemMoit Tembl. Jlornctnaeckas orpacis Kazaxcrana cTouT Ha mopore 0CBOSHHS Pa3InYHBIX COBPEMEHHBIX METO-
JIOB yIIpaBJIeHHs U On3Hec-TmporeccoB. PazpaboTka cTpareruii aHTUKPU3UCHBIX MEp MO3BOJIHUT U30€KaTh CTarHAIN
B pa3BUTUH oTpaciu. [TapannensHo aBTOp COMOCTaBIACT U3yUCHHBIN MaTepual ¢ peaabHbIMU JOTUCTHIECKUMH TIPO-
neccamu 1 coObiTusiMU B Kazaxcrane. [IpoBenenne paboThl Haj omMOKaMu — MEepBbIi ar B camopa3Butiu. Llens
CTaThbH — BBISIBUTD, KJIACCU(HUIUPOBATh PUCKH, HAMETUTH CTPATErMy MUHUMH3ALUH BEPOSTHOCTH MX BO3HHKHOBE-
HUS, a B CIy4ae UX BOSHUKHOBEHUST MUHUMM3HPOBATH MOCIEACTBUS. BBIBOABI HCClIe0BaHNS BKIIFOUAIOT IPU3HAHUE
(axTa HEeCOBEpIICHCTBA B Psijie CIIydaeB aHTHKPU3UCHOM monuTukn Kasaxcrana, 4To MpUBENO K MPHHATHIO HEIpo-
JlyMaHHBIX PEIICHHUH, IPUBOMAMNX K HEKEIaTeIbHBIM JOJITOCPOUHBIM MOCIEACTBHAM. TakKe paccMaTpHBAIOTCS
MIPUOPUTETHBIE, IO MHEHHIO aBTOPA, ITyTH Pa3BUTHUS JIOTUCTHIECKOH oTpacin B Kazaxcrane.

KuarwueBbie ciaoBa: TpaHCIIOPTHAsA JIOTUCTHUKA, YHNPABJICHUC PHUCKaMH, CTpAaTEeTUX YIPaABJICHUA PHCKAMU,
SWOT—aHanm, AHAJIMTUKA JaHHBIX, TDAHCTIOPTHBIC CPEACTBA, KOHTPOJIb.
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oruiate myOIHKaIuy.

Oo0s3aresbHBbIC TPeOOBaHUS 110 0()OPMJICHHUIO:

+ B neBom BepxHeMm yriny craButcs ungekc MPHTU (Times New Roman 14 pa3mep).

¢ Yepes onuH OAMHAPHBIA MHTEPBAJ HIKE (PaMIIIMU U UHUIHAJIBI aBTOPOB MOTYKUPHBIM HIpUQ-
ToM. Pa3zBepHyThble Ha3BaHUs OpraHU3alUil, TOPOIOB, CTPaH, I7I€ BBINOIHEHA paboTa, e-mail oxHoro n3
aBTOPOB. YKa3aTh CHOCKH Ha MECTO pabOThI aBTOPOB.

¢ Huke uepe3 onuH UHTEPBaJI MOJIHOE Ha3BaHUE CTATbU MOy KUPHBIM IIPUPTOM.

* Hwxke depe3 oauH uHTepBai kpatkas (150-250 cnoB) anHoTamus (abstract). AHHOTAIMS JOK-
Ha 00pHCOBBIBATH OOLIYIO HAIIPABIEHHOCTD CTaThH, (POPMYIHPOBATH €€ OCHOBHBIE PE3YNBTAThI U ObITh
CaMOJ0CTaTOYHOM, B HEl HEAOIyCTUMBI CCBUIKH HU Ha JINTEPATypHbIC HCTOYHUKHU, HU Ha KaKue-I1100
pasaciiel 1 3JIEMCHTBI CTAaTbU, K KOTOpOI\/,I OHa OTHOCHTCA.

+ Kirouessie cioBa (Key words), oTHOCsMecs K npeicTaBisieMon CTaThbe.

Tekcr cratbu HaOupaercs npsmbeiM mpupToM Times New Roman, pazmep 14. Hurepsan
MEXly CTpoKamMu oguHapHbId. [1oms Bce no 2 cm.

Crarbs 10omKHA OBITH pasesieHa Ha pasnensl: Beenenue, Marepuansl u meToasl, OCHOBHBIC
nosnoxeHust, O030p nuteparypsl, Pe3ynsrarsl n obcyxaenue, 3akmouenue, Mudopmanus o du-
HAaHCUPOBaHUM (IIPU HAJIUYUN).

B xonne naercs «Crincok murepatypsl (References)y. JIutepaTypHbie CCHUIKH B TEKCTE B KBa-
npatHbiX ckoOkax [1]. Cnucok maureparypsl opopmisierca aBaxasl: cornmacHo ['OCTy. Crnucok
JIOJDKEH TIOJTHOCTBIO COOTBETCTBOBATH OCHOBHOMY TEKCTY CTaThH, COJIEPIKATh BCE YIOMSHYTHIE (1
TOJIBKO YIIOMSIHYTBIE) B HEM pa0oThl. Jlanee TOT ke CIIUCOK JINTepaTypbl IPEICTaBUTh B OOLIETIPH-
HATOW aHINIMMCKOM TpaHCIUTEPALH.

CraTbs IPOXOIUT «CIIENO0E» PELEH3UPOBAHUE, PELIEH3EHThl HA3HAYAIOTCSI PEKOIIETHEH XKy p-
Haja.

B xonue crarbu npocum ykazate @.M.0. nonHocThIO, 00paTHBIA aapec, TenedoHsl, (akc,
aJipec AIEKTPOHHON MoUTHI (e-mail).

OTBETCTBEHHOCTH 3a COZEpP KaHUE CTAThbH HeceT aBTop (aBTOphl). MHeHue HayuHo-peaakuu-
OHHOI'O COBETA HE BCEI/a COBIIAJAET C MHEHUEM aBTOpa (aBTOPOB). PeakinOHHBIN COBET OCTaB-
JISIeT 32 cO0O0M MPpaBo MyOIMKAIIUY WM OTKJIOHEHUS CTaTeH.

Cchlka Ha Hallle U3/1aHue MpU IieperneyaTrke o0s3aTesbHa.

Hamr agpec: 050000, r. Anmarsl, ya. Tosae bu, 59, Kazaxcrancko-bpuranckuii Texunue-

CKMH YHHUBEpPCHUTET.
Caiit: https://vestnik.kbtu.edu.kz/jour/pages/view/Editorial C PenakipionHast KOIerus.
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KA3AKCTAH-BPUTAH TEXHUKAIJIBIK YHUBEPCUTETIHIH
XABAPHIBICHI

HERALD
OF THE KAZAKH-BRITISH TECHNICAL UNIVERSITY

BECTHHUK
KA3AXCTAHCKO-BPUTAHCKOI'O TEXHUYECKOI'O YHUBEPCUTETA

OTBeTCTBEHHBIH 32 BBIMYCK
Anary3oB Pammpn )KymanoBuy

Penaxropsl
Ka6rpuinaesa Tonranait KaiicapoBHa,
CkyparoBa Mpuna MuxaiinoBHa

KomnbrotepHas BepcTka
Kanwsipanosa ['yneHyp /layTOekoBHa

ITongnucano B neuats 15.12.2023 1.

Tupax 300 k3. Dopmar 60x84 1/16.
bymara tun. Yu.-u3a.a. 3,5 3aka3z Nel195

Penakuus xxypHana «BectHuk KbTY» He HEceT OTBETCTBEHHOCTD 3a COJICpKAHUE

nmyOnukyemsbix crareil. ConepkaHus cTareil LeJIMKOM MTPUHAJIJIEKAT aBTOPaM,
Y pasMELIAOTCA B J)KyPHAJIE HCKIIFOUUTEIBHO MO/ UX OTBETCTBEHHOCTb.

N3nanne Kazaxcrancko-bpuranckoro TeXHMUECKOro yHUBEPCUTETA
Nznarensckuii nentp KbTY, Anmarer, yi. Tone 6u, 59
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