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Hybrid forecasting model of non-scheduled passenger air
transportation

N.B. Aghayev'?, D.Sh. Nazarli'

'National Aviation Academy, Baku, Republic of Azerbaijan
’Ministry of Science and Education of the Republic of Azerbaijan Institute of Information Technology,
Baku, Republic of Azerbaijan

Abstract: In the article, an ARIMA-Fuzzy-based hybrid model is proposed for forecasting time series of non-scheduled
passenger air transportation. As it is known, the ARIMA model is applied to identify linear trends and regularities within
time series data as well as for forecasting. The study of scientific research literature shows that the ARIMA model has its
own limitations in managing non-linearity and random changes during forecasting. Since the process of non-scheduled air
transportation depends on random changes as a stochastic process, the mentioned model does not cover the whole process.
For this reason, the ARIMA model does not provide effective enough results outcome strong enough to model non-linear and
random changes in the data in the process of non-scheduled air transportation. In this regard, the ARIMA model was applied
together with the fuzzy model. The hybrid model, based on ARIMA’s autoregression model, is applied together with the ran-
dom deviation fuzzy model to further increase the accuracy of the forecast. The results obtained as a result of the application
of the hybrid model show that the model in this form provides more reliable and efficient forecasts compared to independent
models.

Key words: non-scheduled air transportation/transport/services, hybrid model, statistical analysis, fuzzy model, time series
analysis, optimal model, forecasting, autoregressive model.

For citation: Aghayev, N.B., Nazarli, D.Sh. (2025). Hybrid forecasting model of non-scheduled passenger air transportation.
Civil Aviation High Technologies, vol. 28, no. 2, pp. 8-21. DOI: 10.26467/2079-0619-2025-28-2-8-21

I'nOpuanas MogeJ b NPOrHO3MPOBAHUA HEPEryJIAPHbIX
MACCAKMPCKUX ABHANIECPEBO3OK

H.B. Araes'?, /I.I11. Hazapan'

'Hayuonansnasn asuayuonnas akademus, 2. baxy, Azepbaiioxrcancras Pecnyonuka
?Unemumym ungopmayuonnvix mexnonro2ui Munucmepcemea Hayku u 06pazo8anusi
Asepbaiioacanckoui Pecnyonuku, e. baky, Azepoatioxcanckas Pecnyonuka

AnHoTauus: B crarse npemnaraercs ruopuaHas Moaenb Ha ocHoBe ARIMA-Fuzzy ans nporao3npoBaHus BpeMEHHBIX psi-
JIOB HEPETYISIPHBIX MMAaCCAKUPCKUX aBUarnepeBo3ok. Kak m3sectHo, Mmomenbs ARIMA mpuMeHsieTcs A BBIIBICHUS JTHHEH-
HBIX TCHICHIUH M 3aKOHOMEPHOCTEH B JAHHBIX BPEMEHHBIX PAIOB, a TAKXKe UL MPOTHO3WPOBaHMA. V3yueHue HayIHOH
JUTEpaTypsl MOKa3bIBaeT, uTo Moaenb ARIMA nMeeT cBOM OrpaHHYCHHUS B YIPABICHUN HEMTMHEHHOCTHIO U CITyYailHBIMH
M3MEHEHUSMH BO BpeMs IPOTrHO3UpoBaHuUs. I[0CKOIBKY MpoIiecc HEPETYISIPHBIX aBUANIEPEBO30K KaK CTOXaCTHUECKHUN MPo-
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LIeCC 3aBUCHUT OT CITyuyalHBbIX U3MEHEHH, yKa3aHHasl MOJIEIIb HE TIO3BOJISIET OMUCKIBATH BeCh mpotiecc. [1o aToi npuynHe Mo-
nenb ARIMA He naet noctatouHo 3 (eKTHBHBIX PE3yIbTaTOB ISl MOAEINPOBAHUS HEJIMHEWHBIX U CITyYailHBIX H3MEHEHHH
JIaHHBIX B MPOLIECCE HEPETYISPHBIX aBUAEPEBO30K. B CBSA3M C 3TUM 1 IOBBIIIEHHS TOYHOCTH MPOTHO3a B UCCIIEIOBAaHUH
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Introduction

Forecasting of non-scheduled passenger air
transportation is important for optimal manage-
ment of operations in this area. There are more
internal and external factors that affect the process
of non-scheduled air transportation than regular
air transportation. A part of these factors is formed
depending on factors such as the economic situ-
ation of the country and the potential of holding
internationally important events, and the other
part is completely dependent on random factors.
For this reason, the selection of the forecasting
model and the consideration of the factors that
can actively influence the process are crucial.! Al-
though the process of non-scheduled passenger air
transportation depends more on random factors,
these factors change within a certain limited area,
that is, there is a basic part that does not change
in the process. This fact allows us to forecast it.
It should be noted that this field is poorly studied.
One of the important issues is the application of
forecast models by analyzing the characteristic
features of the non-scheduled air transportation
process [1].

The researchers developed a combined
forecasting method based on the IOWHA op-
erator concept and ARIMA regression models
for forecasting passenger traffic in air transport.
The IOWHA (Integrated Operator Workload and
Health Assessment) concept, when applied to air
transportation forecasting, helps improve predic-
tion accuracy by factoring in the workload and

I Doc 8991: Manual on air traffic forecasting. 3rd ed. //
ICAO, 2006. 98 p.

health of operators (pilots, air traffic controllers).
On the other hand, ARIMA (Autoregressive Inte-
grated Moving Average) is based on time series
data; it accounts for trends and seasonal varia-
tions. It is a statistical approach. Univariate and
multivariate regression analysis models, as well
as ARIMA models for time series analysis, were
used for passenger traffic forecasting. It was dis-
covered that the models in their combined form
provide more effective forecasting results [2].
In other works, in order to increase forecast accu-
racy, ARIMA and artificial neural network (ANN)
models were studied. A machine learning model
that can learn more complex relationships from
data, suitable for non-linear patterns. In the study,
calculations were made based on the airline’s
monthly passenger statistics. A short-term fore-
cast was made to determine the future demand,
and the errors of the results of both models were
compared. It was found that the ANN model pro-
vides better results than ARIMA [3].

In the next study, a comparison of the distribu-
tion of passengers of two airlines was made using
geometric Brownian motion (GBM) and ARIMA
models. GBM models are ensemble models that
improve weak models iteratively, enhancing the
prediction accuracy. Since the GBM approach
does not fully cover the process, comparisons
were made using the traditional ARIMA model
for time series forecasting [4].

Demand for passenger air transportation ex-
hibits non-linearity and non-stationarity, respec-
tively. To overcome these situations, a hybrid
VMD-ARMA/KELM-KELM approach was anal-
ysed by the researchers for short-term forecasting.
Here, VMD (Variational Mode Decomposition) is
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used to decompose the time series data of passen-
ger demand into intrinsic modes, helping capture
the underlying patterns in the data. ARMA (Auto
Regressive Moving Average) is applied to mod-
el the linear dependencies between the decom-
posed signals, improving prediction accuracy,
and KELM (Kernel Extreme Learning Machine),
a machine learning model, is used to predict pas-
senger demand based on the features extracted
from the previous steps. It improves the mod-
el’s ability to capture non-linear relationships in
the data. This approach was applied to predict
the non-stationarity of the series and reduce the
complexity. Basing on the results of the study,
this approach provides effective strong forecast-
ing outcome [5].

Another study investigated the separate ap-
plication of ARIMA and BSTS models in fore-
casting demand for passenger and cargo air trans-
portation. The BSTS (Bayesian Structural Time
Series) model applies a Bayesian approach to
time series forecasting, incorporating uncertainty
into the model. It was determined that compared
to the ARIMA model, the BSTS model also gave
a strong outcome [6].

The modelling and forecasting of air cargo
traffic was investigated by the researchers us-
ing the combined SARIMA-X/EGARCH mod-
el. The SARIMA-X/EGARCH model is used
for forecasting cargo transportation in aviation.
It combines two powerful methodologies. Here,
SARIMA-X (Seasonal Auto Regressive Integrat-
ed Moving Average with Exogenous Variables)
extends the SARIMA model by incorporating
seasonal effects and external factors (exogenous
variables) that influence cargo demand. It cap-
tures both trend and seasonality in the time series
data of cargo transportation. EGARCH (Exponen-
tial Generalised Autoregressive Conditional Het-
eroskedasticity) is used to model the volatility or
variability in the data, especially in cases where
the variance is not constant over time. It helps
capture sudden changes or shocks in the cargo
transportation process that might not be predict-
ed by traditional models. Socio-economic factors
affecting the demand have been identified. As a
result of the research, a forecast of air cargo traffic
until 2030 was obtained [7].
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Another study on air cargo traffic forecasting
used ConvLSTM2D and an artificial neural net-
work architecture approach. Here, ConvLSTM2D
(Convolutional LSTM) is a deep learning model
that learns spatial and temporal dependencies in
time series data. As a result of the research, it was
determined that GDP (Gross Domestic Product)
and PCG (GDP per Capita) have a significant im-
pact on the demand for domestic and international
cargo air transportation. In addition, results for the
next 5 years were obtained as a short-term fore-
cast [8].

In the next study, the application of the grav-
ity model for forecasting the demand for cargo
air transportation was investigated. Through this
model, the influence of external factors affecting
the field of cargo air transport was also investigat-
ed [9].

ARIMA + GARCH + the bootstrap method
was proposed by the researchers to forecast air
passenger traffic. Here, GARCH (Generalised
Autoregressive Conditional Heteroskedasticity)
is used to model and predict the volatility (or vari-
ability) of time series data. On the other hand, the
bootstrap method is a resampling technique used
to estimate the uncertainty of forecasts. It gen-
erates multiple simulated datasets by randomly
sampling from the original data, allowing re-
searchers to assess the variability and robustness
of their forecasted values. Statistical tests were
used to evaluate the performance of the method.
This method shows effective results [10].

An analysis of air traffic congestion during
the COVID-19 pandemic, as well as research
into forecasting recovery flight schedules for
the future, has been conducted by researchers.
Intervention analysis and SARIMAX methods
(SARIMAX is an extension of the ARIMA model
that includes seasonal effects and external factors
(exogenous variables)) were applied for this [11].

An integrated mathematical model of Singular
Value Decomposition (SVD), Genetic Algorithms
(GA), and the Adaptive Neural Fuzzy Inference
System (ANFIS) were applied in order to solve
issues related to reducing transportation costs and
CO, emissions in multimodal transportation (car-
g0). The model is based on the historical data of
this area. Based on the results of the study, the



Tom 28, N2 02, 2025

HayuHbin BecTHuk MITY TA

Vol. 28, No. 02, 2025

model provided effective and optimal results for
multimodal transportation [12]. Research works
in this field were continued using the fuzzy-ana-
lytic hierarchy process [13].

As a continuation of the research work, the
development of an ARIMAX model (ARIMAX is
similar to SARIMAX, but it does not necessari-
ly account for seasonality) [14], short-term fore-
casting of passenger flow at the airport [15], the
SARIMA damp trend grey forecasting model in
the airline industry [16], forecasting of passen-
ger flow in air transportation based on nonlinear
vector auto-regression neural network [17], fore-
casting of the overload factor in transport systems
based on nonlinear vector auto-regression neu-
ral network [18], a forecasting model based on
ARIMA and artificial neural networks for end-of-
life vehicles [19], and air transport passenger flow
forecasting based on SARIMA-Backpropagation
Neural Network were investigated [20].

As it can be seen from the scientific literature
analysed above, the researched forecast models
were applied in the forecasting of regular passen-
ger and cargo air transportation. Non-scheduled
air transportation has not been the subject of this
type of research. Trend models perform better
in forecasting scheduled air transportation than
non-scheduled air transportation. Additionally,
irregular air transportation is more stochastic in
nature, so it was decided that an ARIMA-Fuzzy
approach would better represent the process.
The obtained forecast results prove this once
again. Currently, among the methods we investi-
gated (linear [21], non-linear regression, autore-
gression models, stochastic models, SVM meth-
od [1], etc.), ARIMA and fuzzy models have been
chosen. Through this hybrid method, we have
minimised the errors which occurred using other
methods. It is possible to test other hybrid meth-
ods in future studies. We would like to point out
that the research on the forecasting of non-sched-
uled air transportation has not been investigated
by local and foreign researchers. Since this is a
specific field, various methods have been anal-
ysed and applied basing on the characteristics of
the mentioned field. The results obtained in this
article and the previous studies can be observed in
the list of references. Analysing the characteristic
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features of the field of non-scheduled air trans-
portation, the application of various forecasting
methods to this field is examined. This also paves
the way for obtaining new scientific results in the
less researched field of air transportation.

Every model has its own advantages and rel-
evant application areas. Depending on the appli-
cation field, researchers tend to use more statisti-
cal methods in some cases, while deep learning
and optimisation methods are employed in oth-
ers. As it is shown in the analysis of the research
literature, various models have been applied by
researchers in forecasting regular passenger and
freight air transportation. It is particularly note-
worthy that, for the first time, we have applied
some of these models in a hybrid form for fore-
casting the time series of non-scheduled passenger
air transportation. By investigating the character-
istics of non-scheduled passenger air transporta-
tion, applying forecasting models, and obtaining
effective results, this leads to the emergence of
relevant scientific results in this field.

Problem statement

The statistical indicators of the time series of
non-scheduled passenger air transportation de-
pend on many internal and external factors and,
at the same time, are formed depending on the
political and economic situation of the country to
which the airline belongs. The economic changes
taking place in the country, as in other areas, are
also reflected in the non-scheduled air transport
field. As a result, non-scheduled passenger air
transportation for each country is country-spe-
cific, which makes it difficult to apply classi-
cal forecasting methods. The different nature of
the changes makes it difficult to apply the same
classic forecast model to all countries. Consider-
ing the mentioned facts, a hybrid ARIMA-fuzzy
approach is applied to overcome this problem.
Intra-series changes in non-scheduled passenger
air transportation were taken as an additive de-
pendence of trend changes and random changes.
Another problem encountered during research in
this field is the lack of information. This can be
mainly explained by the stagnation in the field of
civil aviation due to the global pandemic situa-
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tion in recent years. On the other hand, the lack of
influence of long-term internal and external fac-
tors in the time series of non-scheduled passenger
air transportation makes it difficult to think about
how the process changes. Despite all these prob-
lems, every airline that performs non-scheduled
passenger air transportation has an aircraft fleet
and infrastructure that do not change for a certain
period of time, which it carries out transportation.
This feature allows us to apply an ARIMA model
for trend changes based on actual time series data.

A fuzzy approach is applied to the difference
of forecast results of the ARIMA model with ac-
tual data of non-scheduled passenger air transpor-
tation. As a result, a hybrid ARIMA-Fuzzy fore-
casting model is proposed. The proposed hybrid
model allows for minimizing the errors obtained
from the application of the ARIMA model, as a
result, to build a more accurate forecast model.
This hybrid method was applied for the first time
to forecast non-scheduled passenger air transpor-
tation, and effective results were obtained.

The research is dedicated to forecasting the
time series of non-scheduled passenger air trans-
portation in the Republic of Azerbaijan. As it is
known, since the beginning of 2020, the world
has been influenced by a global pandemic. This
situation, as in other sectors of the economy, has
caused significant disruptions in the civil aviation
industry. After the pandemic, the pace of econom-
ic change has been different. Additionally, with the
start of the large-scale Patriotic War in Azerbaijan
during this period, a significant part of the terri-
tories of the country was liberated. This, in turn,
contributed to the further diversification of the na-
tional economy. It should also be noted that large
infrastructure projects, including the construction
of new airports, were carried out in these liberated
areas. Furthermore, the holding of several inter-
national socio-economic events in the country has
led to an increase in the volume of non-scheduled
passenger air transportation. Considering all these
factors, the statistical data on non-scheduled pas-
senger air transportation in the Republic of Azer-
baijan can be divided into two periods: data until
2019 and data from 2020 onwards.

At the beginning of the study, it was decided
to build a hybrid model using data from the new
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phase of the country’s economic development
(i.e., data from 2020 onwards). This approach,
based on the new pace of the country’s economy,
will lead to more effective and optimal forecasting
results for non-scheduled passenger air transpor-
tation.

Taking into account the factors mentioned
above, the monthly number of passengers in
2020-2023 (a total of 48 months) is included in the
model for forecasting the time series of non-sched-
uled passenger air transportation. Calculations of
the hybrid model will be made based on the statis-
tics provided for 2020-2022. The data of 12 months
of the last year (i.e., 2023) are chosen to test the ac-
curacy of the forecast model. The data of the other
3 years are included in the calculations.

Solution method

Based on the above-mentioned facts in order
to analyze the characteristics of non-scheduled
passenger air transportation,the following model
is proposed to solve the problem

Y=y +x. (D

Here, ¢ indicates the current year, y, is deter-
mined by the ARIMA model.

Y :c+¢1yt—l+¢2yt—2+""+¢pyt—p’ (2)

x, characterizes random changes and is modeled
based on a fuzzy approach.

We apply the method of least squares to find
the unknown coefficients. For this, the following
issue should be resolved:

ST =3, = min.

t=1

3)
Here, Y, is the actual data, Y, is the final fore-
cast results, and N is the number of data includ-
ed in the research (by months), ¢ is the constant,
0, 0y, ..., 0, p is the autoregressive order.
The solution to problem (3) is reduced to the
following matrix equation:

Ap = B, )

Aisa(p+ 1)—dimensional square symmetric ma-

trix, the vector ¢ = (c, 0, 0,y ey (])p) isa(p+1)
dimensional vector.
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Considering expressions (5) and (6) in formu-
la (4), unknown coefficients are found:

p=4"B. (7

Taking into account the coefficients calculat-
ed according to the formula (7) in (2), the calcula-
tions for the months of the forecast year are made.
We define the difference of the results obtained
with the actual data as x. As a result, 12 calcu-
lated (x). (x)) characterizes the random deviations
between the actual data and the model, and the
modelling is as follows in the fuzzy approach.

Let us enter the following notation to build
the hybrid model:

In each of the random time series (x), we get
new vectors by passing one unit from the origin.
Thus, more characteristic features of (x,) changes
gained are ensured. Note that by repeating these
operations 11 times, all possible displacements
can be taken into account.

Here, n is the number of displacement opera-
tions involved in the research;

In our case, we take n = 3 for simplicity.

x, is an element of the sequence obtained in
the above-mentioned manner (i =lnj= 1,12) .

u' (%J’)Z{

W (x,j)=

x:M-N"(j)/litile growth, O},

{x :M-N~ (]) / little decrease,O
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As a characteristic of intra-series changes, the
increase (or decrease) factor is calculated as fol-
lows:

My=x,-x,,(k=2nj=112). (8

g

In the time series calculated by the formu-
la (1), the thresholds are positive (the case of in-
creases in non-scheduled passenger air transporta-
tion) M+kj) and negative (the case of decreases)
<M’kj . and their numbers are, respectively. It is
denoted as (n+) and (n—). It is assumed that M,
is 0. In this case, the value O is considered in
(M*kj) or (M_kj) depending on the values before
and after the occurrence of this case.

The maximum, minimum, and average
quantities of increase (decrease) values for the
corresponding months of the years involved in
the study (MAX™ (j), MIN™* (J) ') Ofvemge (j))
are calculated. The absence of a positive or
negative trend in any year should be taken into
account in the calculation of the mentioned in-
dicators.

Using these calculated values, a membership
function for intra-series changes in non-scheduled
passenger air transportation based on the terms
“low increase” (“low decrease”), “average in-
crease” (“average decrease”), and “high increase”
(“high decrease”) can be constructed.

As mentioned above, numerous factors af-
fecting the time series of non-scheduled air
transportation prove that intra-series changes
are of a fuzzy nature. Let us use the statistical
method of constructing membership functions
to evaluate the terms. With this method, it is
possible to construct the membership function
by taking positive signs as an increase and
negative signs as a decrease. In this case, the
above-mentioned terms are respectively defined
as follows:

average

MAX " (j)/ too much growth

j)/ average growth,
) j )

average

( J ) / averagedecrease,}

M-N- (j)/too much reduction
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Let us determine the characteristics of intra-se-
ries changes using the above formulae. In this
purpose, let us use the weighting coefficient for
12 quantities selected, the mean square deviation,
and intra-series fractal changes for each value of
n in which the increase or decrease characteristics
of intra-series changes were involved in the study.

; . »J=112; (10)
Z,‘:l ij
" (M -0t
cf:\/Z“( = /) =112 (11)
’ n
o
vi=—1—,j=112 (12)

average

Based on the above calculations, the result for
the forecast year (2023) is calculated. Based on
the base year, let us calculate the indicators for the
forecast year as follows:

Since the membership function characterizes
the changes for 12 quantities selected of calcula-
tions are carried out for all » number of changes:

O (x,j) =1 (x, /) - 87 (/). (13)
Let us use the numerical value of the fractal

dimension of the series as a random characteristic
of the variations within the series.

P)=0 () v ) a4
We can accept the numerical value of changes

in all selected elements of the sequence xt for the
forecast year based on formula (8):

R(xj)=(0" (v, )+ P ()+
o (i) +P ()5 =112

Taking Rx, j as the values of random devia-
tions calculated using the fuzzy approach, a hybrid
model is constructed according to formula (1).

(15)

Experimental results

First of all, statistical data for non-scheduled
passenger air transportation were collected in
order to build the calculation model. The statis-
tical data used in the construction of the model
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are based on the statistical indicators provided by
Heydar Aliyev International Airport.

Figure 2 shows the autocorrelation function
for statistical data on non-scheduled passenger
air transportation. It is clear from here that cal-
culations will be made according to formula (2),
taking into account (p = 3) in the ARIMA model.

Here, UCL is the upper confident level and
LCL is the lower confident level.

After the autocorrelation function is estab-
lished, the ARIMA model is reported based on
the preliminary results obtained. By substituting
these values in formula (2), (0,, ¢,, ;) and the
values of ¢ are obtained (reports were made in the
MATLAB 2023a software package). Calculation
results are shown in Figure 3. It can be seen from
the comparison of the calculation results based on
formula (2) with the actual indicators, that there
are serious differences in some points from the
observations made. This indicates that those ac-
tual results are anomalous in the general results.
In general, anomalous deviations in the general
trend are observed in non-scheduled passenger air
transportation.

Based on the data in Figure 4, a series consist-
ing of random variations for the (n = 3) condition
is constructed. The values of the model in a fuzzy
approach based on formulae (8)—(15) for the ele-
ments of that series are calculated. The obtained
results are considered in formula (1). The final re-
sults are shown in Table 1.

According to Figure 6, it can be noted that
the average relative error of the forecast results
obtained with the independent ARIMA model is
14.2%, and this value is equal to 7.1% in the fore-
cast results of the hybrid ARIMA-Fuzzy model.
As it can be seen from the calculation results, the
hybrid ARIMA-Fuzzy forecast model has more
than 2 times stronger outcome than the indepen-
dent ARIMA model.

Conclusions

As a result, it should be noted that in the arti-
cle, for the first time, a fuzzy model was applied
together with the Regression (ARIMA) model for
the forecasting of non-scheduled passenger air
transportation. The errors obtained based on the
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Fig. 1. Monthly dynamics of non-scheduled passenger air transportation
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Fig. 2. Autocorrelation function according to Figure 1

ARIMA model were further fixed and strong fore-  The hybrid model will provide effective results in
cast outcome was obtained based on the hybrid the increasing of economic efficiency, operational
ARIMA-Fuzzy model. The conducted research is  planning, resource allocation, etc. for non-sched-
considered crucial for both airlines and airports.  uled passenger air transportation.
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Table 1

Forecasting results of non-scheduled passenger air transportation (2023) according
to the hybrid (ARIMA-Fuzzy) model

Hybrid
Months Rj ARIMA-Fuzzy Fact data-2023
model results for 2023
January 69.43171 538.0239 515
February 72.63433 738.2524 770
March 118.168 780.7149 710
April 181.1136 947.6439 886
May 191.5479 1018.746 984
June 72.37245 936.9405 932
July 200.2406 735.9233 675
August 185.4639 772.1275 698
September 176.7653 866.8007 783
October 90.84436 403.4238 367
November 67.66142 493.4551 550
December 71.0323 626.1355 728
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IIpumep oueHku 3arpsi3HeHus nporouyHou yactu TPA/]
IPOTUB000JICICHUTEILHOM KUIKOCTHIO ¢ MCIO0JIb30BAHUEM
CTATUCTHYECKUX MOeJIeH

C.B. Hekpacosn', b.A. Ynukos'

"Mockoeckuil 20cy0apcmeeHHbll MEXHULECKU YHUSePCUMen 2paicOancKoll asuayui,
2. Mocxkea, Poccus

AHHOTanusi: 3arps3HEHNE NMPOTOYHOM YacTH — OfIHA M3 PACIPOCTPAaHEHHBIX HEHCIIPABHOCTEH B MpOIecce HKCILTyaTaliH
aBHALMOHHBIX I'a30TypOMHHBIX ABHTaTene. [Ipy sKcIuTyaray B 3MMHUI TIEPHO/] CYIIECTBEHHYIO OITACHOCTH ITPEACTABIISIET
MOTIa/IJaHNe TIPOTHBOOOIIEACHUTENFHOM KUIKOCTH U MPOTHBOTOJIONEAHBIX areéHTOB B ITPOTOYHYIO YacTh KOMIIpeccopa. 3a-
IpsA3HEHNE PabOYNX JIOMATOK KOMIIpeccopa (-0B) IPUBOAUT K YMEHBILICHNIO TPOXOIHBIX CEICHUH MEXIIOIATOUHBIX KAHAJIOB,
M3MEHEHHMIO UX (DOPMBI M yBENWIECHHIO IIEPOXOBATOCTH MIOBEPXHOCTH IEPa JIONIATOK. Bee 3TH sIBICHNS BBI3BIBAIOT YXY/ILICHHAE
XapaKTEepUCTUK KoMmpeccopa: ymeHbienne KI1J[, cHikeHne cTeTeHn NOBBIIICHHS AaBICHHS U PACX0/ia BO3AyXa, B PE3Yilb-
TaTe 4ero MPOMCXOAUT CHWKEHHE TATU JBHUTATENs, POCT TEMIIEPaTyphl Ta30B 3a TypOUHOI, yBEINUEHNE PAcXO/a TOILINBA,
CHIDKEHHE Tra30MHAMUYECKON YCTOMIMBOCTH, M3MEHEHHE 000POTOB POTOPOB. [l ycTpaHEHUs! 3arpsi3HEHHS ra30BO3IyII-
HOT'O TPaKTa B 3KCILTyaTallly BBIIOIHSIIOT IIEPHOJUYECKHIE IIPOMBIBKH MPOTOYHOM YaCTH, CIONb3Yys B KA9€CTBE YUCTSIIIETO
areHTa TBEpJOTEIbHbIE OUMCTHUTEIH, KHUIKUE MOIOIINE CPEICTBA U BOAY. B cTaThe aHaMM3MpyeTCs H3MEHEHUE OTKIOHEHUH
3HAYEHUI PEerucTPUPYEMBIX IMapaMeTpoB TYpOOPEaKTHBHOTO JABYXKOHTYPHOTO JBUTATENs OT 0a30BBIX 3HAYCHUI KakK IMPH
3arpsi3HEHUH IPOTOYHON YaCTH ITPOTUBOOOJIEICHUTENBHOM )KUAKOCTBIO, TaK U IPHU YCTPAHEHHH 3arps3HEHHs C UCIIOIb30Ba-
HHEM CTaTUCTHYECKUX Mojelneil, 6a3upyronuxcs Ha MeTojax aHaJlu3a BPEMEHHBIX PsI0B, JMHAMUKHU XapaKTEpPUCTHK MoOjie-
JIel, ONMCHIBAIOIINX CBA3M MEXIY MapaMeTpaMH, a TakKe aHaJIN3a CHHXPOHUHU U3MEHEHHS TapaMeTpOB JBUraTesaei OqHOTo
BO3ayIIHOrO cyfaHa. CTaThsi HE CTaBUT LEJbI0 COOOLIUTH CPEIHECTATUCTUYECKUE 3HAYCHHSI M3MEHEHUs I1apaMeTpoB ISt
TUIA IBUTATEN U KOHKPETHON HEHCIPAaBHOCTHU, HO TIOKa3aTh B OCHOBHOM IPUHIIUI U PabOTOCIIOCOOHOCTh METO/Ia AUArHo-
CTHPOBAHUS, UCIIOIB3YIOLIETO NPUHIUI OLEHKU AMHAMHUKHU 3HAYMMOCTH M YCTOHYHMBOCTH KOPPESIIMOHHBIX CBA3EH MEXTY
PErUCTpUpPYEMBIMU MTapaMeTpaMH, YTO B HACTOAIIEE BPeMs HEAOCTAaTOYHO UCIIONB3YETCS B HAyYHO-METOJUUECKUX OCHOBAX
MOCTPOEHUS U MIPUMEHEHHUS B 3KCILTyaTal[id CTATUCTUYECKUX AUArHOCTHUECKUX MOJeNei.

KuroueBble ciioBa: aBualiMoHHbIN ra3otypounHbiid neurarens (I'T]I), TypOopeakTuBHBIN AByXKOHTYpHBIN nBurarens (TPAJT),
3arpsizHeHue npotouyHor yactu TPJ[J[, mpombIBKa MpOTOYHONW YAaCTH, KOHTPOJIUPYEMbIE MTAPAMETPHI, OTKIIOHEHUE 3HaUe-
HUSI PETUCTPUPYEMOTO MapaMeTpa OT 0a30BOr0 3HAYEHHMs, allPOKCUMAIUS, MOJIENIb CTAaTUCTHYECKas!, 3aBUCUMOCTh pe-
TPECCUOHHASL.

Jost uurupoBanus: Hekpacos C.B., Unukos b.A. TlpumMep onenku 3arpsisHenust npotounoit yactu TPJ] mporuBooGie-
JICHUTEIBHOM KHIKOCTBIO C HCIIOIB30BAHUEM CTaTHCTUUECKUX Monenel / Hayunbrit Becthuk MI'TY TA. 2025. T. 28, Ne 2.
C. 22-34. DOI: 10.26467/2079-0619-2025-28-2-22-34

The example of BTJE flow path contamination assessment with
anti-icing fluid using statistical models

S.V. Nekrasov!, B.A. Chichkov!

"Moscow State Technical University of Civil Aviation, Moscow, Russia

Abstract: Contamination of the compressor flow path is one of the most prevalent issues encountered during the operation
of aircraft gas turbine engines (GTEs). During operation in winter, ingestion of anti-icing fluids and de-icing agents into the
compressor flow path presents a substantial risk. In particular, contamination of the compressor rotor blades leads to the re-
duction in the cross-sectional areas of the inter-blade channels, changes in their shape, and an increase in the roughness of the
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blade surfaces. All these phenomena compromise compressor performance: result in reduced efficiency, decreased pres-
sure ratio, and airflow, resulting in lower engine thrust, increased jet pipe temperature, higher fuel consumption, reduced
gas-dynamic stability, and altered rotor speeds. To eliminate contamination in the gas-air duct during operation, periodic
washings of the flow part are performed using solid cleaners, liquid detergents, and water as cleaning agents. The article
analyzes changes in deviations of bypass turbo-jet engine recorded parameters from baseline values both when contami-
nated with anti-icing fluids and after removing contaminants using statistical models based on time series analysis meth-
ods, dynamics of model characteristics describing relationships between parameters, as well as synchronization analysis of
parameter changes in engines of the same aircraft. The article does not aim to report average parameter change values for a
specific engine type and fault but rather demonstrates the principle and effectiveness of the diagnostic method that uses the
principle of assessing the dynamics of significance and stability of correlation links between recorded parameters, which
are currently underutilized in the scientific-methodological foundations of constructing and applying statistical diagnostic
models in operational practice.

Key words: aviation gas-turbine engine (GTE), bypass turbo-jet engine (BTJE), contamination of BTJE flow path, washing
of flow path, controlled parameters, deviations of bypass turbo-jet engine (BTJE) recorded parameters from baseline values,
approximation, statistical model, regression dependence.

For citation: Nekrasov, S.V., Chichkov, B.A. (2025). The example of BTJE flow path contamination assessment with anti-ic-
ing fluid using statistical models. Civil Aviation High Technologies, vol. 28, no. 2, pp. 22-34. DOI: 10.26467/2079-0619-
2025-28-2-22-34

BBenenue YCTOMYMBOCTU KOMIIPECCOPA, U3MEHEHUE 000pPO-
TOB pOTOpOB. I ycTpaHEHMsI 3arpsi3HEHUS ra3o-

3arpsi3HEHUE NMPOTOYHOM YaCTH aBUALMOH-  BO3JYIIHOIO TPAaKTa B OKCILIyaTal[MH BBIIOIHSIOT
HbIX Ta30TypOuHHbIX aBuraresneil (I'T/l) BbI3BbI-  MepHONMYECKHE TPOMBIBKH MPOTOYHON YacTh
BAEeTCs IMONAJaHUEM B IIPOTOYHYIO YaCTh IIECKA,  C MCIOJIb30BAHUEM B Ka4ECTBE YHUCTALIETO arcH-
IIBUIM, MEJIKMX KaMHEW, Macjaa ¥ APYTruX OTIO-  Ta TBEPAOTEIbHBIX OUUCTUTENEH, XKUAKUX MOIO-
JKEHWH; TBUIBLBI, JETYYUX CEMSH PacTeHMM, HAa-  MIMX CPEACTB U BOAbl. B kauecTBe mpoTHBOOOIIE-

CEKOMBIX B JICTHUM J1(S]0)5(0)1 8 MOpCKOI\/JI COJIM 1IpH JCHUTEIbHON JKUIKOCTH IMPUMCHAIOT KUAKOCTHU
MOJICTaX HaJ OKCAHOM; BYJIKAHUYCCKOI'O IICILIIa YCTBIPEX TUIIOB. B 3aBHCUMOCTH OT CTEIIEHH 00-

Ipu MoJICTax B 30HAX By.]IKaHI/I‘-IeCKOI\/JI AKTUBHO- JCACHCHUA 1 aTMOCCbepHBIX yCJ'IOBI/Iﬁ MOXCET IIpH-
CTH, a TaKXKC HpOTI/IBOO6J'IeI[eHI/ITe.HI>HOI\/II KHIKO- MCHATBHCA OAHOCTYIICHYATAA W JABYXCTyIICHYATAA
CTH U SBJISETCS €CTECTBCHHON U O,HHOﬁ H3 pac- HpOTI/IBOO6JI€l[€HI/IT€JIBHaSI 3amuyTa  CaMoOJICTaA.

IOPOCTPAaHEHHBIX HEUCHpaBHOCTEH B mpomecce  OOpabOTKa MOXKET MPOBOAUTHCS € 3aIlyIIEHHBIMU
9KCIUTyaTalui. B 3UMHMIA TEpUO SKCIUTyaTallkd W BBIKJIFOYCHHBIMH JIBHTATEIIIMHU camMoJieTa’.
NOMAJaHNue TPOTUBOOOIEICHUTEIBHON HKUIKO- Jlns mpoBefieHHss MPOTUBOOOIIEICHUTEIbHOM
CTU M NPOTUBOTOJNIOJEIHBIX Ar€HTOB B MPOTOY-  00paboTKH BO3MymHbIX cynoB (BC) ncmonb3sy-
HYI0 4acThb KOMIIpECCOpa MPHUBOAUT B OCHOBHOM  IOT CIIEHUalbHbIA aBTOMOOMIB (pHc. 1). Ouuct-
K 00pa30BaHUIO OTJIOKEHUN Ha KOPBITLE JIOMATOK Ky TBEPAOTEIbHBIMU OYMCTUTEISAMH MPOU3BOAAT
HANPaBJIIONIUX aIlllapaToB MEPBBIX CTyNEHeH.  Ha padoTarollieM JBUrarese, B KauecTBe TBEPIO-
3arpsA3HeHue pabouux JIONATOK KOMIIPECCOPOB  TEIBHOTO OYHMCTUTEINS HCIONIb3YHOT OpraHude-
BBI3bIBACT YMEHBLICHHE IPOXOAHBIX CEUEHUH  CKHui ouncTuTens uiu kapoorutact [1]. Ouuctky
MEXXJIOTIATOYHBIX KaHAJIOB, U3MEHEHHE X POPMBI  JKUAKUMH MOIOIIMMHU CpPEACTBAMH TPOU3BOMAT
Y YBEJIMYEHHUE IEPOXOBATOCTH NOBEPXHOCTHU JIO-  HAa PEKUME XOJOMHOM HPOKpYyTKH. IIpombiBaro-
MaTOK, CJIICTBUEM UETr0 SBJISETCS YXy[AIIEHHE Xa-  LIYI0 XHJIKOCTh BBIOMPAIOT UCXOJS W3 TUMA 3a-
paKkTepucTuK KomIipeccopa: ymeHnsiuenue KII/I,

CHIDKCHHC CTCIICHHU MOBBIILICHUA MaBIICHIA 1 pac- ! PykoBozcrso P-2.2-01-18 (Bepcus 8). IIpotusoo6nese-
xona Bog'uyxa’ CHIDKCHUC TATH JABUTATCIIA, pOCT HUTEJIbHAsA 3aliyuTa BO3AYIIHBIX CYJI0B CHJIaMU O6HleCTBa

TEMIIEPATypbl Ia30B 32 TYPOMHOMW, YBEIMYEHHE ¢ orpaHHYEHHOH OTBETCTBEHHOCTbIO «IllepeMeTheBo XoH-
pacxola TOILIMBA, CHUKCHUC ra30HHHaMquCKOﬁ nauHry. M. llepem. XaHIUHT, 2021. 227 c.
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Puc. 1. Mamuna Vestergaard Elephant Beta st
POTUBOOOJIEIeHNTEIbHON 00paboTku BC

Fig. 1. The Vestergaard Elephant Beta machine for the
aircraft de-icing

TPSI3HEHUS] U TEMIIEpaTypbl HAPY>KHOTO BO3IyXa.
Hanpumep, mia camonera tuna A320 ¢ gBurare-
asimu turia CFMS56-5B B cootBeTcTBUU ¢ AMM?
MPEAYCMOTPEHO JIBE NPOLEAYPHl IPOMBIBKH JIBU-
rateyiei B COOTBETCTBUM C AoKyMeHTamu 72-00-
00-100-028 «Ouyuctka ra30BO3AYLIHOIO TpPAKTa
C MCIOJIb30BAHMEM YHUCTALIUX CpeAcTBy; 72-00-
00-100-026 «OuucTka ra3oBO3AYLIHOIO TpPaKTa
BOZIOI.

OuncTka ra3oBO3IYIIHOTO TPaKTa C HCIOJIb-
30BaHUEM CTCIIMATU3UPOBAHHBIX YHCTAIINX KH]I-
KOCTEll TPOM3BOAMUTCS, KOIJa Ta30BO3AYIIHBIH
TPaKT 3aCOPEH OPraHMYECKUMH 3arpsi3HEHUSIMHU,
MAaCJISTHBIMU OTJIOKEHUSIMH WJTH TTapameTp «3amac
temneparypsl razos» (EGTMargin) ymeHnbiaercs
6onee yem Ha 5 °C. OTIMYHMTENFHONH OCOOEHHO-
CTBIO TIPOMBIBKH Ta30BO3YIIHOTO TPakTa C WC-
MOJIb30BaHUEM CHELMATM3UPOBAHHBIX YHUCTSILIUX
JKAJIKOCTEN B OTJIMYME OT MPOMBIBKM BOJOM SBIISA-
IOTCS CJIEAYIOUIHE IEHCTBUS: TIOCIIE TPOMBIBKH YH-
CTALIMM CPEACTBOM OIMH U OoJiee pa3 HeoOXOJUMO
CMBITh OCTaTKH CpPEJICTBA BOAOM, [uid 3TOro 3 pasza
BBIMOJIHSETCS MPOLEypa MPOMBIBKH JBUTATEI,
onucaHHas Beiie. Ha puc. 2 mokazano o6opyaoBa-
HUE, IPUMEHSEMOE JIJIsi BBITIOJTHEHHSI TPOIICTyPhI
MIPOMBIBKU TPOTOYHOU YacTU TypOOpPEaKTHBHOIO
nByxkoHTypHOro asurarens (TPIT).

JI71s1 yMEHbIIIEHUS CITy4aeB 3arps3HEHUs MPo-
tounoit vactu I'TJ[ mpoTuBoOOIEHEHUTETLHON

2 PyKOBOJICTBO TI0 TEXHMYECKOH JKCILTyaTalldi ceMeiicTBa
Bo3ayIHoro cyaHa A320, 2022. 21 c.

24

Vol. 28, No. 02, 2025

Puc. 2. O6opynoBanue it IPOMBIBKH ITPOTOYHON YaCTH
JBHTATEIs

Fig. 2. Equipment for washing the engine flow path

KHUJIKOCTBIO (fajiee — 3arpsi3HEHHUsT MPOTOYHOM
94acTH) PEKOMEH/IYETCs: TIPOU3BOAUTE 00paboTKy
HPOTUBOOOJICICHUTEFHOM )KUAKOCTHIO CaMoJIeTa
C BBIKJIFOYEHHBIMHU JIBUTaTeIsIMU; HE JOMYCKaTh
OpsSIMOTO TIOTIAJIAaHKSI CTPYH TPOTHBOOOIIEICHH-
TENBHOM >KUAKOCTH B BO31yX03a00pHHK JBHIa-
TeJsA; He 00pabaThIBaTh 3JIEMEHTHl KOHCTPYKLIUH
IUTaHEepa, HAXOJAIIUECS B HETOCPEICTBEHHOM
OIM30CTH K HE 3aKPBITHIM 3anNTyIIKaMH BO3TyXO-
3a00pHHKAM JIBUTATENs; CIy4allHO TOMAaBIIYIO
XKHUJIKOCTh HEOOXOIMMO YIAJIATh 10 3aITycKa JIBU-
rareneil; mpu HEOOXOAMMOCTH YCTaHABIUBATh
3arIyHIKM Ha BO3AYX03a00pHUK JBUraTess; yna-
JSITh CHEXKHO-JICISTHBIE OTIIOKEHUS Ha BO3yX03a-
OOpHHUKE M JIOTIAaTKaX BEHTWISATOpPA MPHU MOMOIIH
BO3IyIIHOTO ITOTOKA MJIM MSATKOH LIETKH; yAaIsATh
POTUBOOOJIEICHUTENBHYIO KHUIKOCTh C IIEPpPOHa
JI0 HayaJla pyJIeHusl caMoJIeTa; He 3allyCKaTh JIBU-
raresib B MECTE BBITOJIHEHHSI TPOTHBOOOIIECHN-
TETBLHON 00pabOTKH.
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CraThsl He CTaBHT IIEJIBIO COOOIIUTH CPEIHE-
CTaTUCTUYECKHE 3HAYCHUs H3MEHEHHUs Mapame-
TPOB JUISI THIIA JBUTATENII W KOHKPETHOW HEWC-
MIPABHOCTH, HO IOKa3aThb B OCHOBHOM IPUHIIMIT
U paboToCrOoCOOHOCTh, METOAa JAMAarHOCTHUPOBA-
HUS, UCTIOJTB3YFOIIETO MPUHITHIT OIICHKH JHHAMUKH
3HAYMMOCTH W YCTOWYMBOCTH KOPPEISIIMOHHBIX
CBsI3EeU MEXKIy PETUCTPUPYEMBIMHU IMapaMeTpamu,
YTO B HACTOSIIEE BPEMs HEIOCTATOYHO UCTIONb3Y-
eTCs B HAYYHO-METOIMYECKUX OCHOBAX MOCTPOE-
HUSl U IPUMEHEHHUsSI B DKCIUTyaTallid CTaTUCTHYe-
CKHMX JTUarHOCTHUYECKHUX MOJIEIIEH.

Onucanuve NPUHUUIIOB OLEHKH
3arpsi3HeHUs] MPOTOYHOI YacTH
M0 JAHHBIM PerdCcTPUPYEMBbIX
NnapamMeTpoB ¢ UCNOJb30BaHUEM
CTATHCTHYECKUX MoJeJe

B mnpouecce skcmiyaranuuu aBUAlMOHHBIX
JIBUTATENe KOHTPOIUPYETCS, PETHUCTPUPYETCS
1 oOpabaTbIBaeTcs ISl ajIbHEUIIETo aHaIu3a psijl
napameTpoB® [2—11], U3 KOTOPBIX B paMKax HAacTO-
ALIEH CTaThbU UCTIONB30BAHbI U 0003HAYEHBI OTKJIO-
HEHHUE 000POTOB poTOpa BhICOKOTO aaBieHus (B/)
oT 6a30Boro 3HaueHus (0a30BOI JMHUU MpPH Tpa-
¢uyeckom mpencrarienun) (GPCN25); oTkione-
HHUE TeMIepaTypsl ra30B 3a TypOUHOM OT 0a30BOTO
3Hauenust (DEGT); oTkinoHeHHe pacxona TOIIMBa
oT 6a3oBoro 3HaueHusi otHocutensHoe (GWFM);
3amac Mo TeMIlepaType Ta3oB 3a TypOWHOW Ha
B3J7IeTHOM pexkume pabotel (EGTHDM).

[lepeuenp crTarucTUYECKUX (M3JIOKEHUE HUX
MaTeMaTHYeCKOro ammapara B pabotax [12—16])
JUAarHOCTUYECKUX MOJIENeH M OOIre MPUHIUITBI
OLIEHKU 3arpsA3HeHus mpotouHorl uvactu TP/
C UX HCIIONIb30BaHUEM Jaliee MPEJCTaBICHbI Ha
IIpUMEpE OLIEHOK JUIsl IByX IBUIATElEed OIHOTO
camoJieTa.

Ha puc. 3—6 npezncraBieHs! pe3ynsrarbl 00-
PabOTKM OCHOBHBIX MApaMeTPOB JBUrareneii 1-ro
u 2-ro tunma CFM56-5b camonera tuma Airbus
A320, criaskeHHBIX CKOJIB3SILIUM CPEAHUM IO J1aH-

3 Use of engine condition monitoring (ECM) Up-
date [Onekrponnsiii pecypc] / EASA. 2018. 3 p. URL:
https://www.easa.europa.eu/download/imrbpb/IP%20
177%20-%20Use%200f%20Engine%20Condition%20
Monitoring.pdf (nata oopamenus: 20.08.2024).
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HbiM 10 monertoB. Takoro poga Moaeny HaIAI-
HBI, Pa0OTOCIIOCOOHBI M MAaCcCOBO HCIONB3YIOTCS
B OKCIUTyaTalliy JIBUTATeJIe pa3IMyHbIX TUIIOB |3,
5—11] nnst OLICHKM UX TEXHUYECKOTO COCTOSTHUSI.

B paccmarpuBaeMom 31ech npuMepe UMeEeT
MECTO CHIDKEHHE 3araca Mo TeMIlepaType ra3oB
3a TypOMHOH mpu paboTe Ha B3JIETHOM pEKHME
pabotsl (puc. 3). [Ins aeurarenst | oHo cocTaBu-
710 oxojio 9 °C; ming asurareis 2 — okono 14 °C.
CHmwxkeHue 3amaca MPOUCXOJUT  BCIIEACTBHE
pocta pacxoaa ToruimBa, cHukeHus KIIJ[ xom-
npeccopa u pacxona Bo3ayxa [4]. Habmromaercs
CUHXPOHHS M3MEHEHHS MapameTpa IBUTATeseH.
Bonbiiee u3MeHeHHe aHaTU3UPYEMOTO Mapame-
Tpa Ha JBWUrarese 2 MOXeT ObITh 00YyCIIOBIIEHO
MOTMAaJaHUEM B HETro OOJBIIEr0 KOJIUYECTBA MPO-
THUBOOOJICACHUTEIIBHON KUIKOCTH U (MJIH) OOJIb-
meil HapaOOTKOHM, COMPOBOXKIAeMOW OONBIINM
€CTECTBEHHBIM 3PO3MOHHBIM HM3HOCOM JIOMATOK.
[Mapamerp EGTHDM wmoxer paccmarpuBaTh-
CA KaK OCHOBHOW TMapaMeTp, XapaKTEPHU3YIOIIHI
CTENEeHb M3MEHEHHUs T'€OMETPUHM MPOTOYHOU dYa-
CTH Ta30BO3/YIIHOTO TPaKTa JBUTATENSI TIPU €TO
3arpsi3HEHUH.

[IpoBeneHHast dHAOCKOMUS Ta30BO3YIIHOTO
TpakTa MOATBEpAMIA Halmnyue aedeKra, a UMeH-
HO 3aCOpEHHEe MPOTOYHOM YacTH MPOTUBOOOIIE E-
HUTEJIBHOHN XKHUIKOCTBI0. B MOMEHT 0OHapy KeHHs
HEWCIIPaBHOCTU y aABurarens | HapaboTka Tmo-
cie nocieanero pemonTa 15824 4 u 5651 uukr;
y aBurarens 2 HapaboTKa MOoCIe MOCIEIHEro pe-
moHTa 17374 41 5985 1uki.

Ha puc. 4 nabnrogaetcst poct pacxona TOTUTH-
Ba Ha KPEHCEPCKOM peKuMe pabOThI JBUTATEIS.
DTO MOXET SBISATBCSA CIEACTBUEM H3MEHEHUS
XapakTepa 0OTeKaHHsI JIOMATOK KOMITpeccopa, Ko-
Topoe npuseno Kk cHukeHuro KIIJ[ kommpeccopa
Y YMEHBIIECHUIO CTETICHU TOBBIILICHUS aBICHUS
B kommpeccope. Ilockonbky B JBurarene Tuma
CFMS56-5b peanu3oBaHa nmporpamMma yrpaBicHHS
N1 = const, To a1 moaaepKaHUSI MOCTOSTHHBIX
00opoToB poropa Huzkoro aasnenus (HJ) mpwu
camxkeHHoM KIIJ[ kommnpeccopa aBTomMaTuka yBe-
JUYMBAET MoAa4dy TOIJIMBA B KaMepy CropaHusl.
[Ipu cpaBHeHMM H3MEHEHHs pacxoaa TOIUIMBA
nBurateneid 1 u 2, mpeAcTaBiIeHHOTO Ha puc. 4,
TakK e, KaK 1 Ha puc. 3, HAOMIOIaeTCs] CHHXPOHHUS
W3MEHEHUs TapaMeTPOB 000UX JIBUTATEIICH.
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Puc. 3. CpaBHenue crnaxkeHHbIX TT0 10 moneram 3HaueHHH mapameTpa «3amac 1o TeMIIEpaType ra3oB 3a TypOHHOW
HAa B3JIETHOM peskuMe nBurarens | u 2 ogaoro BC

Fig. 3. Comparison of 10 flights smoothed values of the parameter “Jet Pipe Temperature Margin” in take-off mode
for Engine No. 1 and Engine No. 2 of the same aircraft
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Puc. 4. CpaBHeHue criiaxkeHHbIX 110 10 moneraM 3HaueHnid napamerpa « OTKJIOHEHHE 3HaYeHUI pacxo/ia TOIINBa
ot 0a30B0ii IMHUNY Ha KpeHCepcKoM pekume nosieta asurarenst | u 2 oqnoro BC

Fig. 4. Comparison of 10 flights smoothed values of the parameter “Deviation of Fuel Consumption Values from the
Baseline” in cruise flight mode for Engine No. 1 and Engine No. 2 of the same aircraft
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Taxke aHanu3 u3MeHeHHs napamerpa «OTt-
KIIOHEHHE TeMIIepaTyphl Ta30B 3a TYpOMHON OT
0a30BOH JINHUNY, 3apETrUCTPUPOBAHHBINA Ha Kpeii-
CEPCKOM PEKUME PabOThI, pe3yJIbTaThl 00PaOOTKH
KOTOPOIO MPEJCTaBIEHbI HA PUC. 5, MOKA3bIBACT
YBEJIMYEHUE OTKJIOHEHMs TeMIIepaTypbl Ta30B 3a
TypOuHO# OT 6a3zoBoi nuHuU. J[ns nBuraremns 1
yBEJIMUYEHHUE NapameTpa coctaBuiio okono 10 °C,
IS aBurarens 2 — oxoio 8 °C.

Ha puc. 6 nokazansl pe3ynsrartel 00pabOTKU
JaHHBIX apameTpa « OTKIOHEHNE 3HaUYeHU 000-
POTOB pOTOpa BBICOKOTO JAaBJIE€HUS OT 0a30BOit
nuHun». HaOmromaeTcss HE3HAYUTENbHOE YMEHbB-
nieHue 000pOTOB BO BpeMs KpEHCEepCKOro peu-
Ma paOoThl ABUTATENs: A ABUrareis 1 ymeHb-
merue coctaBuio 0,3 %; misa geurarens 2 — 0,15
%. N3mMenenne 000pOTOB POTOpa BHICOKOTO JIaB-
JIeHus1 00yCIIOBJICHO U3MEHEHHEM T'a30MHAMUYe-
CKOM cBsi3u Mexay poropoM HJI u poropom B/,
YXYIIIEHUEM a’pOAMHAMUKHA TMOTOKA, MPHUBOIS-
MM K BO3pacTaHHIO Harpy3Kkd Ha TypOHHY BbI-
COKOTI'O J1aBJICHUS.

B pamkax coBepiIeHCTBOBaHHS CPENCTB CH-
CTEMBbl MapaMETPUUYECKOrO JIUAarHOCTUPOBAHUSA
neurarens Tuna CFM56-5b moryT ObITh Tipesyio-
JKEHBI CIIENYIOUINE JAMAarHOCTHUYECKUE KPUTEPUHU
JUTSL BBISIBIICHUS paccMaTpyUBaeMOil HEUCIPaBHO-
¢ty jaBurarens: 3Haunmoe (oosee 70 %) n3meHe-
HUE CpEIHUX YpPOBHEHl OCHOBHBIX IapaMeTpOB
neuratenss (GPCN25 (orkioneHue 000pOTOB
poropa B/] ot 6a3oBoit iuaun); DEGT (oTkione-
HUE TeMIIepaTypbl ra3oB 3a TypOHUHOI OT 6a30Boi
muann); GWFM (oTKiI0HEHHe pacxofia TOILIHBA
ot 6a3oBoii muaun); EGTHDM (3anac no temme-
parype razoB 3a TypOMHON Ha B3JIETHOM peXHME
paloThl)); CHIDKEHHE 3araca 1o TeMIeparype ra-
30B 3a TypOMHOI Ha B3JIETHOM pEXHUME PabOThI
neurarens Ha 10-15 °C; yBenmyeHue pacxojna
TOILTMBA Ha KPEeHCepCKOM pexxume paboThl IBUTa-
tenst Ha 0,6—0,8 %;yBeau4ueHne OTKIIOHEHUS TEM-
neparypsbl Ta30B 3a TypOUHON OT 0a30BOM JIMHUH
Ha KpelcepcKkoM pexume paboThl JBHUTATeNs Ha
8—10 °C; ymeHbl1eHHE 000POTOB POTOPA HU3KOTO
nmasienns Ha 0,15-0,3 %.

B pamkax coBepuIeHCTBOBaHHS METO0JIO-
TUYECKOTO0 00ecleyeHusl MapamMeTpuyecKkoro
nuarHoctupoBanus asurarens tuna CFM56-5b
000CHYEM U BHITIOJIHCHUE aHAIIN3a CBI3EH MEXK-
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Iy OCHOBHBIMH INapameTpaMu jBurarens [2]:
U3MEHEHHE TEeXHUYECKOTO COCTOSHHS JIBUTa-
T€Jd CONPOBOXKAAETCS M3MEHEHHUEM TECHOTHI
CBsI3eM MexAy MapamMeTpaMH M H3MEHEHUEM
KOH(UTypaluu perpecCHOHHBIX MOAeNel Buaa
«ITapamerp_ J=F(Ilapametp I)» (I, J — napame-
TPbl U3 NEPEUHS PErHCTPUPYEMBbIX Ha JIBUTa-
Teje), He MPEACTAaBIEHHOTO B paboTax cxoxeil
temaTuku [5—-11].

Jna oyenku 3Havyumocmu cesazell mexicoy na-
pamempamu Ucnoibzyemcs Kodgguyuenm nap-
Hot Koppenayuu R. Pacdemmuwiii xoagppuyuenm
NpUHaemcs 3SHa4UMbIM 8 ciyuae, eciiu e20 3Haye-
HUe He MeHbule 3HaYeHUs U3 Mabauybl 3HAYUMBIX
ko3 puyuenmos koppenayuu Puwepa. /{ns 6vi-
oopku u3 10 3nHauenuil U ypoGHe 3HAYUMOCMU
a = 0,05 3HaYMMBIM KOA(PPHULIUEHTOM KOppes-
uu sBIseTcs R, = 0,63 [12].

Kak crnenyer u3 pesynbTaToB, IpeicTaBICH-
HBIX Ha puc. 7, 8, 10 0OHApYKEHHs 3arps3HEHUS
IPOTOYHON YacTW ABUTaTeNs MexAy apame-
tpamu GPCN25 (oTkiI0HEeHHE 000POTOB poTOpa
B/] ot 6a3oBoii muaun) u GWFM (oTkinoHeHHe
pacxojga TOTUTMBAa OT 0a30BOM JIMHHHM) O0OUX
JBUTATENIeH MPUCYTCTBYET cTaOUIIbHAS KOpPEs-
LIMOHHAs CBS3b, KOTOPAsl MOATBEPKIAET TEXHU-
YECKH UCIpPaBHOE COCTOSIHME MPOTOYHOM YacTH
neuratens. [losBieHre KOppeIsIIUOHHON CBS3H
B JICHb /10 IPOMBIBKM IIPOTOYHOM 4acTH JBUTIa-
Tes 2 MOXET ObITh OOYCIIOBIEHO BBITOPAHHEM
MPOAYKTOB 3aCOpeHus MpoTouHoi yacTu. [locme
oOHapy)XeHHs 3arpsA3HEHUs TMPOTOYHOW YaCTH
HaO0jaeTCs TMOTEPs] KOPPEISLUOHHON CBS3U
MEXIy MapaMeTpaMy O MOMEHTA BBIIIOJIHEHHUS
paboT 1o IMpOMBIBKE MPOTOYHOM yacTu (ycTpa-
HeHus HeucnpaBHocTH). [locne ycTpanenus He-
UCIPAaBHOCTU BHOBb HaONIOMAeTCsl yCTOHYMBAs
KOppEeJsIIUOHHAsl CBA3b MEXAY paccMaTpuBac-
MBIMH IapameTpamiu. [lepeuncieHHblie npu3sHaKku
SIBIISIFOTCSL KPUTEPUAMH U3MEHEHMSI TEXHUUECKO-
IO COCTOSIHUS JBUTATENS ISl paccMaTpUBaeMoil
HEHUCIIPaBHOCTH.

Ha puc. 9 nokazaHo n3smMeHeHue JTUHENHHBIX
pPerpeCcCUOHHBIX MOJIeNIel (MaTeMaTUUeCKHi ar-
napat [12—-16]), onuchIBalOmMMUX 3aBHCUMOCTH
napametpoB GWFM = F(GPCN25) nsurarens 2.
Kax crnenyer u3 npencraBieHHONW 3aBUCUMOCTH,
110 0OHAPYKEHUS 3arpsI3HEHUS MPOTOYHOM YacTH



HayuHbin BecTHuk MITY TA
Civil Aviation High Technologies

Tom 28, N2 02, 2025
Vol. 28, No. 02, 2025

45 T
MonmeHT oOHapy KeHHA
DEGT Py -
Kpei . ‘P}?HCHpaEHOCTH Ha gpHrareiae Ne2
ENCEeEPCKUK %
(Kp » ) oy | ¢ o o/lBHTaTENH Nol - ol @
pexum), °C & % . - - "
35 4 ® o _,
MoneHT e
oOHapyKeHHA | ) M
30 1 HEHCIIPAaBHOCTH,
Ha JBHragene =
Nel
25 +
20 4 o ® .. ..‘ MofienT
Moment ¢ /' yCIpancyaa
® yCTpaHeHHs HeHCIIPaBHOCTH
15 + HEHCTPABHOC TH Ha JBHTaTelIe
)
Ha JBHTaTele Ne2
15 Jlata perucTpalHy napaMerpa Nel

Puc. 5. CpaBHenue criiaxkeHHbIX 10 10 noneram 3HadeHuil napameTpa « OTKIOHEHNE 3HAYEHUI TEMIIEPaTyphl Fa30B

3a TypOHHOI OT 6a30BO TMHUM» Ha KpericepckoM pexume asurarens 1 u 2 ognoro BC

Fig. 5. Comparison of 10 flights smoothed values of the parameter “Deviation of Jet Pipe Temperature from the Baseline”
in cruise mode for Engine No. 1 and Engine No. 2 of the same aircraft
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Puc. 6. CpaBHeHue crmaxkeHHBIX 10 10 moneTam 3HaueHUH mapameTpa « OTKIOHCHUE 3HAYCHUH 000POTOB pOTOPA BEICOKOTO
JIaBJICHUS 0T 6A30BOM JIMHUM) Ha KpelcepcKoM pexkume asurareist 1 u 2 oqHoro BC

Fig. 6. Comparison of 10 flights smoothed values of the parameter “Deviation of High-Pressure Rotor Speed Values from
Baseline” in cruise mode for Engine No. 1 and Engine No. 2 of the same aircraft
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HAPHOM R MomeHT 0bHapyxeHUs MoMeHT NpoMbIBKH Kos@@HIlHeHT SHA MBI
Kgggg:{;‘mlm / 3ar pA3HeHHA NPOTO4HOI YaCTH pncy‘rc*rsy\e‘r CBH\?’B
, = e Mesxy nmapaMeTpami)
R, = 0,63
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(CBAA3p MeKIY MapaMeTpaMH
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0,000
u Jlata perucTparn napaMeTpa
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Puc. 7. Iluramuka m3MeHeHHs ko3 duipienTa mapHoit koppemsamnun napamerpoB GPCN25 (otkirorenne 060poToB poTopa
BJ1 ot 6a30Boii muaNN) 1 GWFM (OTKIOHEHHE pacxoia TOIUTHBA OT 0a30BOI JIMHUN) TBUTATEIS 2

Fig. 7. Dynamics of change in the pair correlation coefficient of the GPCN2S5 parameters (deviation of a HP rotor speed
from the baseline) and GWFM (a fuel consumption deviation from the baseline) for Engine No. 2

Kos¢dmnment KoadduLMeHT 3Ha4MMbiIi

[TapHOH “ MomeHT oGHapyKeHus MOMEHT NPOMbIBKM (npucy‘rc'rs\’re'r CBSA3b MeX Ay
KOppeTISINH 3arpsisHeHns "
) NPOTOYHOM YaCTH napameTpamu )
0,800 + 4 npoTouHoIt YacTH P T
R, = 0,63
0,600 T ‘
0,400 T KoapduuMeHT HE3HAYMMbIM
(cBAI3b MeAay NnapameTpamu
GaxkT oTcyTcTBYET)
0,000 {
JlaTa perucTpaliis napaMerpa
0,200 +
0,400 +
0,600 L

Puc. 8. lunamuka m3meneHust ko3 duipenta mapHoi koppessimu napamerpoB GPCN25 (oTkiioneHue 060poToB poTopa
B/J1 ot 6a30Boii muauN) 1 GWFM (OTKI0HEHHE pacXoja TOIUIMBA OT 0a30BOI TMHKUK) IBUTATENS |

Fig. 8. Dynamics of change in the pair correlation coefficient of the GPCN25 parameters (deviation of a HP rotor speed
from the baseline) and GWFM (a fuel consumption deviation from the baseline) for Engine No. 1
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y=4.5671x+ 1,7708
R?*=10,6946; R = 0.833
ITocne ycTpaHeHUA
HeNCIPaBHOCTH, CITyCTH 2
JHS IKCIITyaTallii
(CBA3b BOCCTAHOBHIACH)

y =3,9311x + 2,0906
R?*=0,788; R=0.,887

ITocne ycTpaHeHHA
HeHCIPaBHOCTH
(CBSI3b BOCCTAHOBHIIACH )
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GWFM, % @ ®

2 4

y = 0,376x +1,3596
R?2=0,0175; R=0,132

[Tocne oOHapyKeHHA
HEHCIPaBHOCTH
(CBsA3b HAPYILIHTIACh)

y =4,5619x +~ 1,2848

TR>=0.7861; R = 0,887

1o oCHapVKeHHd

HeHCIPABHOCTH

PacctoaHue mexxay NMMHUAMMK - ' : :

perpeccuMu 4o U nocae NpomMbiBKU  |,3 0,1 0,1 GPCN?25. % 03
@

Puc. 9. VaMeHeHne perpecCHOHHBIX MOZETICH, OMMMCHIBAIOMNX 3aBrucuMocTh Tapamerpa GWFM (oTkiioHeHne pacxona
TortBa oT 6azoBoit uHNKN) 0T GPCN25 (oTkioHeHHE 060p0TOB poTopa B/] oT 6a30B0it THMHNN), IPU Pa3HBIX COCTOSHISIX
[IPOTOYHON YacTH JBUTATENS 2

Fig. 9. Change of regression models describing the dependence of the GWFM parameter (a fuel consumption deviation from
the baseline) on GPCN25 (deviation of HP rotor from the baseline) under different states of flow path of the Engine No. 2

HaOromaeTcs cTabuiibHas CBsA3h (O YeM CBHjE-
TeJIbCTBYET 3HAYMMOCTh KOd((duLneHTa Koppe-
maun R >R ) R = 0,887 (cumsisa muuus), nocie
0OHApyKEHHUS 3arpsA3HEHUSI IPOUCXOAUT MOTEPs
cBa3u Mexay mapamerpamu (R = 0,132 (opan-
eBas JnHuA)). [locne BBIMONHEHUS MpoLEny-
pBl MPOMBIBKM (YCTpaHEHHs] HEHCIPABHOCTH)
HAOJIOIaeTCs BOCCTAHOBJICHHME CBSI3U MEXIY
napametpamu (R = 0,887 (cepast nuHus)) 1 cme-
[IeHUE JIMHUU PETPECCHH BIEBO OTHOCUTEIHHO
MepBOHAYAJIbHOMN JIMHUM 10 MPOMBIBKH. JlaHHAs
0COOEHHOCTh MOXET OBITH CBfi3aHa C OCTaT-
KaMH MOIOIIEH XUAKOCTH B MPOTOYHOW YacTH
WIM HEKAYeCTBEHHO BBINOJHEHHON IIpoLeny-
poit. CrrycTst 2 AHS DKCILTyaTanuy HaOJIromaeTcs
TEHJICHIIUS K BO3BPAIICHHUIO JUHUU PErpeccuu
K [IEpBOHAYAJIbHOMY IOJIO)KEHHIO 10 TIPOMBIBKH
(>keJyrTast TUHUS).

30

Ha puc. 10 noka3zaHo U3MeHEHUE perpeccu-
OHHBIX MOJEJIEH, ONUCHIBAIOIIUX 3aBUCHUMOCTH
napametrpoB GWFM = F(GPCN25) npurare-
a1 1. AHaJIOTMYHO PErpecCHOHHBIM MOJEISM,
IPEICTABICHHBIM Ha puc. 9, 10 oOHapyKeHus
3arpsi3HEHUs] TPOTOYHOM YacTh Halmomaercs
cTabuiIbHAs CBA3b MEXKIY MapaMmeTrpamu (0 4em
CBUJICTEIBCTBYET 3HAYUMOCTH KOXPPUIEHTA
Koppensnuu R > RKp) (R = 0,6744 (cunsas nu-
HUA)), TIOCTIe OOHAPYXXEHUS 3arpsi3HCHUS IPo-
UCXOIUT TIOTEPsI CBSI3M MEXIy MapaMeTpaMu
(R =0,132 (opanxeBas nunus)). [locie Bpinoi-
HEHUS MPOLEAYPHl IPOMBIBKH (yCTpaHEHHUs He-
WCIPABHOCTH) HAOIIONAETCs BOCCTAHOBICHHE
cBsi3u Mexay napamerpamu R = 0,636 (cepas
JUHUS) U CMEILEHHUE JUHUU PErpeccCHuu BIEBO
OTHOCHUTEJIbHO NEePBOHAYAIBHON JTUHUH JI0 TPO-
MBIBKH. J[aHHAs 0COOEHHOCTh MOXET OBITH CBSI-
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y=18712x + 1.1187 14 (cBA3b BOCCTAHOBIIACH)

R? = 0,4046; R = 0,636 <1
TTocre yeTpaHeHHs
HeHCIPaBHOCTH 0,5 +
(cBsI3b BOCCTaH OBHIIACH)
| , \.._ | | GPCN25. %,

1 0,38 06 0,2 0,4 0,6 0,8
y=27975x +0,1189
R>=0,4549;: R =0,6744
Jo o0HapyxeHHA
1+ HEHCIIPAaBHOCTH
PaccToAHWe MeXAy MHUAMM (3HauTIMAST CBS3D)
perpecci 4o 1M Nocne NPpoMbIBKK
®

Puc. 10. I3mMeHeHme perpecCHOHHBIX MOJENe, OMCHIBAIOMINX 3aBHCHMOCTh apamerpa GWFM (oTkinoHeHne pacxona
TorBa oT 6azoBoit uHUKN) 0T GPCN25 (oTkinoHeHHE 000p0TOB poTopa B/I oT 6a30B0it THMHNAN), IPH Pa3HBIX COCTOSHISIX
MIPOTOYHOU YacTu ABUrarens 1

Fig. 10. Change of regression models describing the dependence of the GWFM parameter (a fuel consumption deviation from
the baseline) on GPCN25 (deviation of HP rotor from the baseline) under different states of flow path of the Engine No. 1

3aHa C BIMSHHMEM OCTATKOB MOIOIIEN KUAKOCTH
B IPOTOYHON YaCTH WJIM HEKAUYE€CTBEHHO BBINOJ-
HEHHOH mpouenypoi npoMbiBkH. CrycTs 3 1HA
HKCIUTyaTalluy HAOJII0aeTCsl TeHIeHLUs BO3Bpa-
LIEHUS JIMHUU PErpeccuu K IMEepBOHAYaJIbHOMY
MIOJIO’KEHUIO /10 TPOMBIBKH (PKENTas JTUHUSA).

B nenom n3 ananusa npencTaBiICHHbBIX 3aBH-
CUMOCTEH CIIEAYET, YTO U3MEHEHUE TEXHUUECKOTO
COCTOSIHUSI MPOTOYHOM YacTH JBUTATeNsl CONpo-
BOJKJACTCSI U3MEHEHUEM TECHOTBI CBS3EH MEKIY
paccMarpuBaeMbIMU [TapaMETPaMU M U3MEHEHU-
€M TOJI0KEHUS IMHUK PErpecCuu, UCTI0JIb3yeMO
B COOTBETCTBYIOUIEH Mozenu. O KadyecTBE BBINOJI-
HEHHOU NPOLEAYPBI IPOMBIBKY IIPOTOYHOU 4aCTH
JIBUTATENs] MOXKHO CY/IUTh IO CTENIEHU BO3Bpallle-
HUS JIMHUM perpeccun (XapakTepUCTHK perpec-
CHOHHBIX MOJIeJIell) K IEPBOHAYaJIbHOMY I0JIOXKE-
HUIO (MCXOIHBIM XapaKTEPUCTUKAM MOJIEIICH ).

31

3akioueHue

Onuenka 3arpsizHenus nporounoit uactu TP /]
C UCIOJIb30BAHMEM PACCMOTPEHHBIX B CTaThE CTa-
TUCTUYECKUX MOJEJIENH MO3BOJSET YCTAaHOBUTH
YU TOATBEPAUTH HEUCIIPABHOCTH «3arps3HCHUE
MIPOTOYHOMN YaCTH JBUTATENS MIPOTUBOOOIIEACHH-
TEJIbHOW JKUJKOCTBIO U IPOTUBOTOJIOJIEIHBIMU
areHTaMmny.

[IpennoxkeH KpuUTEpUN OIEHKHU 3arpsA3HECHUS
MIPOTOYHOM YacTH HAa OCHOBAHUMW AHAJIM3A JUHA-
MHKH XapaKTEPHUCTUK KOPPEISLHMOHHBIX CBS3EH
MEXIY PErUCTPUPYEMBIMH B IPOLECCE SKCILTY-
aTally ¥ MPOU3BOIHBIMU OT HUX IapaMeTPaMHU.
Eme ogauM kputreprieM U3MEHEHUSI TEXHUYECKO-
ro cocrossaug TPI /] siBIsieTCs M3MEHEHHE MOJIO-
JKEHHUSI JINHUN PErPECCUOHHBIX MOJAENIEH, OMUCHI-
BAIOIIMX 3aBUCUMOCTH MEK1y PETUCTPUPYEMBIMU
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B JKCIUTyaTallM MapaMeTpaMH, IO OTHOILIEHUIO
K 0a30BOil TUHUM perpeccuu (U1 3aBEJOMO HC-
IIPABHOTO JABUTATEIA).

Jns ciydast 3arpsi3HEHHs] NPOTOYHOM YacTH
neurarenst tuna CFMS56-5b nporuBoobieneHu-
TEIbHON KUAKOCTHIO COPMYIUPOBAHBI CIETYIO-
IIME AUArHOCTUYECKUE KPUTEPHH: TIOTEPsS KOppe-
JSIMUOHHOM cBA3M Mexay napamerpamu GPCN25
(otkioneHue 06opotoB poropa BJI ot 6a3zoBoii
auann) 1 GWFM (oTKJIOHEHHE pacxo/ia TOIUIHBA
oT 6a30BOIl TUHNM); CMEILIEHHE TMHUNA perpeccu-
OHHBIX MOJIEJIeH, OMUCHIBAIOIINX 3aBUCUMOCTD
GWFM (oTkioHeHHe pacxoja TOIUIMBa OT Oa-
3oBoi uHuK) oT DEGT (oTKiIOHEHUE 3HaYeHUM
TEeMIIEpaTyphl ra30B 3a TypOMHON OT 6a30BOM Ju-
HUU), BIIPABO OTHOCHUTEIHHO JIMHUH, XapaKTepH-
3yIOIIEH MCIIpaBHOE COCTOsIHHME ABHTaTens ((ax-
TUYECKHE 3HAUEHUS CM. B TEKCTE CTaTbH).

Kpurepuem kadecTBa BBIIIOJHEHHOM MpOIIe-
Jypbl OYMCTKH JABUTaTeNs OT MPOAYKTOB IPOTH-
BOOOJICICHUTENILHONH 00pabOTKH, MOXKET SIBIISITh-
Csl CTENEHb BO3BPAILECHUS IMHUN PETPECCUOHHON
MO/JIENIN K IIEPBOHAYAILHOMY TOJI0KEHHUIO.
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To the analysis of methods and mechanisms of predictive
modeling of onboard equipment reliability when solving
problems of aircraft maintenance workload planning

B.I. Ogunvoul!, V.D. Budaev', D.O. Sizikov',
N.V. Gorbakon!, A.V. Vlasova'

'Moscow State Technical University of Civil Aviation, Moscow, Russia

Abstract: The article deals with a method for aircraft maintenance planning based on advanced mathematical modeling
techniques. In the course of the research, a mathematical model for forecasting the failure rate of onboard equipment is de-
veloped and tested, designed to solve the problems of optimizing decision-making processes for maintenance on the basis of
reliability assessment of aviation equipment. The application of Poisson distribution regression in combination with polyno-
mial features allows to reveal the regularities of equipment failures, which depend on operating conditions and maintenance
history. For the study, a synthesized dataset was created to simulate different operational scenarios and equipment degradation
process. At the first stage, the data were freed from outliers and errors, then normalized to unify the scale of different vari-
ables. Next, the data were categorized according to the operating conditions, after which Poisson distribution regression was
applied to predict failures. Finally, an efficient maintenance plan that takes into account the predicted failures has been devel-
oped using an optimization algorithm. Validation of the model’s predictive capabilities and optimization of the maintenance
strategy are performed by comparing with archived data on previously performed work. The analysis of the results revealed
the peculiarities of the model operation, namely, the application of least squares regression with single coding demonstrates
perfect forecasts, which may indicate the need for model transformation and requires additional verification. At the same
time, alternative versions of the methodology revealed more realistic error and correlation limits, which also confirms the reli-
ability of the predictive models. The results of the study show that a combined approach using Poisson distribution regression
and polynomial signs can significantly improve the accuracy of forecasts. This method, in particular, has demonstrated its
effectiveness in modeling onboard equipment failures, which allows to optimize maintenance processes in order to reduce re-
pair costs. The obtained conclusions confirm the possibility of introducing more accurate proactive methods of maintenance
planning, which allows to improve aircraft reliability and reduce the inefficiency of their downtime on the ground.

Key words: reliability assessment, aircraft maintenance planning, Poisson distribution regression, predictive modeling of
maintenance processes, stochastic processes modeling, operational efficiency, flight safety standards, data-driven maintenance
optimization, statistical methods in reliability engineering.
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and mechanisms of predictive modeling of onboard equipment reliability when solving problems of aircraft maintenance work-
load planning. Civil Aviation High Technologies, vol. 28, no. 2, pp. 35-50. DOI: 10.26467/2079-0619-2025-28-2-35-50

K ananu3y MeTo10B 1 MeXaHU3MOB MPOTHOCTHYECKOT0
MOJEJTUPOBAHUS HAIEKHOCTH OOPTOBOIr0 000PYI0BAHMS
NPH pelleHUuN 32124 IVIAHUPOBAHKUSA 00bEeMOB padoT
M0 TEXHUYECKOMY 00CIYKMBAHUIO BO3TYIIHBIX CY10B

b.W. Oryusoya', B.JI. bBynaes', /1.0. Cu3ukos/’,
H.B. I'opoaxonn', A.B. BiacoBa'

'Mockoeckuil cocyoapcmeentblil mexHu4eckull yHueepcumem paxcoanckoil asuayuu, 2. Mockea, Poccust

AHHoOTanms: B cTarbe paccMaTrpuBaeTcs METOJ INIAHUPOBAHHUS TEXHUIECKOTO 00CITY)KHBaHHUS BO3AYIIHBIX CYIOB HA OC-
HOBE YCOBEPIICHCTBOBAHHBIX METOJIOB MaTeMaTHYeCKOT0 MOAIEINPOBaHus. B Xozne nccnenoBanus paspaboTaHa u arnpo-
OupoBaHa MareMaTH4yecKasi MOZEJb NPOTHO3UPOBAHMS YaCTOTHI OTKAa30B OOPTOBOrO O0OOPYIOBaHMs, NPEAHA3HAYCHHAS
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JUISL peLlIeHns 3a1a4d ONTHMHU3AIUH [TPOLECCOB IPUHSTHS PEIICHHUH 110 TEXHUYECKOMY 00CITY’)KHBAaHHIO HAa OCHOBE OLIEHKH
Ha/ISKHOCTH aBUALIMOHHOM TexHHUKH. [IpuMeHeHue perpeccun pacnpenenenus [lyaccoHa B COYETaHUU C TOJMHOMHUAIIb-
HBIMH NIPH3HAKaMH [TO3BOJISAET BBIABUTH 3aKOHOMEPHOCTH OTKa30B 00OpYNOBaHMS, KOTOPbIE 3aBHUCAT OT YCIIOBHH BKC-
IUTyaTalud U MPEABICTOPHH TEXHHYECKOro oOcmyxuBaHus. J{Jsl McciieoBanus ObLI CO3/1aH CHHTE3MPOBAaHHBIH HAOOp
JIAaHHBIX, MOJICIIMPYIOLINH pa3IMuHbIe CLIEHAPHUHU SKCILUTyaTalluy 1 Mpolecc Aerpananuu ooopynosanus. Ha nepsom stare
JIlaHHBIE OBUIM OCBOOOXIIEHBI OT BHIOPOCOB M OLIMOOK, 3aT€M HOPMAJIM30BaHbI /Ul YHHU(PHUKANUK MacITaboOB pa3iind-
HBIX TIepeMeHHbIX. Jlajgee oHM OBUIM pa3eieHbl Ha KaTerOPHH B 3aBUCHMOCTH OT YCJIOBHH SKCIUTyaTallUH, ITOCIIE YEeTo
NpUMEHEeHa perpeccusi pacupexaeneHus [lyaccoHa Ui MPOrHO3HPOBAHMS OTKa30B. HaKOHeEI, ¢ MOMOIIBIO aIrOpuTMa
onTuMu3anuu ObuT pazpaboraH 3(h(EeKTUBHBIN IJIaH TEXHHUYECKOTO OOCITY)KMBaHUS, YUYUTHIBAIOIIMN MTPOrHO3UPYEMbIE
OTKa3bl. Banmaanus NporHOCTHYECKUX BO3MOMXHOCTE MOJIENN M ONTHMHU3ALMS CTPATETHH TEXHUYECKOTO0 00CITyKHBa-
HUSI OCYILECTBIIIOTCS ITyTEM COIIOCTABICHHUS C ApXUBHBIMH JaHHBIMHU O paHee MPOBEICHHBIX paboTax. AHaIU3 pe3yib-
TaTOB BBISBHJI OCOOCHHOCTH (PyHKIMOHUPOBAHUS MOJEIH, 2 MMEHHO: IPUMEHEHUE PErpecCUr METOIOM HaUMEHBIINX
KBaJ[paTOB C OAHOKPATHBIM KOAMPOBAHUEM JIEMOHCTPUPYET UeAIbHBIE TPOTHO3bI, YTO MOXKET CBUJIETEILCTBOBATh O HE-
00XOAMMOCTH TpeoOpa3oBaHUsl MOAEIH M TpeOyeT NOMOJHUTENbHON Bepudukauuu. B To ke BpeMs ajbTepHAaTHBHbIE
BapUaHTHl METOMOJIOTHH ITO3BOJIMIH BBIIBUTH 00JIee pealMCTUYHBIC NPEeiIbl MOTPEIIHOCTH U KOPPEIISLIH, YTO TaKXkKe
MOATBEPXKIACT HAZICHKHOCTh IIPOTHOCTHYCCKUX MOJeell. Pe3ynsraTel UcCIeJOBaHHs TOKAa3bIBAKOT, YTO KOMOMHHUPOBAH-
HBIH MOJXO0JI, NCHOJIB3YIOUINI perpeccuio pacnpezaeiaeHus IlyaccoHa n MOJMHOMHUANBHBIE TPU3HAKH, MO3BOJISIET 3HA-
YUTEJIHHO MMOBBICUTH TOYHOCTH MPOIHO30B. DTOT METO/I, B YACTHOCTH, NMPOAEMOHCTPUPOBAI CBOIO 3(h(HEKTUBHOCTD PH
MOZEIHPOBaHUU OTKa30B OOPTOBOro 00OPYIOBaHMS, YTO MTO3BOJISIET ONTUMU3HPOBATE MIPOLIECCHl TEXHUYECKOT0 00CITy-
JKHBaHUS C LEJIbI0 CHIKEHUSI 3aTPpaT Ha peMOHT. [lonydeHHbIe BBIBOIBI IIOATBEPIKIAI0T BO3MOXXHOCTh BHEIPEHUs Ooiee
TOYHBIX YIPEXJIAIOMINX METO0B ITannpoBaHus TO, 4TO JaeT BO3MOXXHOCTh IIOBBICHThH Ha/IEKHOCTh BO3JYIIHBIX CYZ0B
U CHM3UTh HEAPPEKTHUBHOCTH UX IIPOCTOEB Ha 3eMJIE.

KaroueBble cj10Ba: OL[CHKA HAIG)KHOCTH, MIaHupoBaHne TO BO3AyIIHBIX CY/I0B, perpeccus pacupenenenus [yaccona, mpo-
THOCTHYECKOe MojesimpoBaHue npoueccoB TO, MOIENMpOBaHNE CTOXACTUYECKUX MPOLECCOB, SKCIUTyaTallMoHHas (P dek-
TUBHOCTb, CTaHJAPThI 0€30MIaCHOCTH TOJIETOB, ONTUMH3aLus nporeccoB TO Ha OCHOBE JJAHHBIX, CTATUCTUUYECKUE METOJIBI
MIPOEKTHPOBAHUS HAC)KHOCTH.

Jost nutupoBanus: Orynsoyn B.U. K aHanu3y MeTomoB 1 MEXaHH3MOB HPOTHOCTHYECKOTO MOJEITMPOBAHHS HaJCKHOCTH
60opTOBOTO 00OPYOBAHMS IIPU PEIICHUH 33734 IUIAHUPOBaHUS 00BEMOB paboT MO TEXHHYECKOMY OOCITYKMBaHMIO BO3IYIII-
HbIX cynoB / b.M. Orynsoyin, B./1. Bynaes, J1.0. Cuzukos, H.B. T'opbakons, A.B. Bracosa // Hayunsriii Becthuk MI'TVY TA.
2025. T. 28, Ne 2. C. 35-50. DOI: 10.26467/2079-0619-2025-28-2-35-50

Introduction maintenance strategies [3—5]. The purpose of this
study is to develop a mathematical model that al-
The aviation industry imposes high require-  lows estimating the reliability parameters of on-

ments on the reliability and safety of flights due to  board equipment and facilitating the formation of a
the potential negative consequences of technical =~ maintenance program that meets industry standards

failures. Of particular importance is the reliabili-  for flight safety and operational efficiency [6].

ty of aircraft onboard equipment, which has a di- The main objectives of this study are:

rect impact on flight safety. Maintenance planning 1) development of a mathematical modeling

plays a key role in ensuring optimal performance  method for predicting the reliability of aircraft

and reliability of aircraft systems. Modern avia-  equipment;

tion equipment is becoming increasingly complex, 2) application of the accumulated experience

which requires the introduction of new, more ad-  for parameterization of the developed model for

vanced methods of maintenance planning [1, 2]. the purpose of reliable forecasting of failure rate
One of the most active scientific directions is  and volumes of required maintenance.

mathematical modeling, which allows to perform As part of the literature review, the known re-

quantitative analysis of onboard equipment reli-  search results on different approaches to assessing

ability taking into account various factors such as  the reliability of on-board aircraft equipment are
failure statistics, operating conditions and applied  considered.

36



Tom 28, N2 02, 2025

HayuHbin BecTHuk MITY TA

Vol. 28, No. 02, 2025

The following sections of the article will exam-
ine in detail the mathematical methods used, pres-
ent the modeling results, and analyze the impact of
the developed maintenance planning program on
flight safety and the reliability of aircraft operation.

The aviation industry has traditionally paid
special attention to reliability issues. Numerous
studies demonstrate the effectiveness of statistical
methods such as Poisson regression and Weibull
analysis for failure prediction [7]. These methods,
which have proven their effectiveness in various
industries, provide a basis for improving mainte-
nance planning in aviation. The introduction of on-
board condition monitoring systems [8, 9] has con-
tributed to the accumulation of significant amounts
of operational data, which has opened new pros-
pects for the development of predictive mainte-
nance based on data analysis models [10, 11].

Modern advances in mathematical modeling
have led to the development and implementation of
more sophisticated methods, including stochastic
models, for predicting reliability and determining
maintenance requirements for complex systems.
These models take into account not only mean time
between failures data, but also operational param-
eters affecting component degradation processes.

Nevertheless, the problem of integrating these
models into a comprehensive maintenance plan-
ning system that meets the specific requirements
of flight safety standards remains relevant. This
study aims to solve this problem by synthesiz-
ing classical statistical methods with modern ap-
proaches of mathematical modeling to develop an
effective maintenance planning system.

Principles of analysis and modeling

This section presents a description of the
mathematical model developed within the frame-
work of this study. The model is based on the
Poisson process, a widely used approach to mod-
eling countable data for rare events, which include
technical systems failures [12].

The mathematical model of onboard equip-
ment reliability is based on the time dependence
R(t). To calculate the failure rate A(t), the Poisson
distribution regression method is used, which is
based on statistical analysis of product failures
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data. This method helps to predict the probabili-
ty of product failures depending on the operating
time and a number of other factors, and is deter-
mined by the following formula

A(t) = f(/R(t) =

=Cxp (Bo +Bx, +B,x, +"‘+kak)’

where M) is the expected failure rate, B, B, B,, ..., B,
are regression coefficients, and xi, X2, ..., Xk are
predictors (e.g., operating hours, operating condi-
tions, etc.).

where f(t) is the probability density function
of the time-to-failure distribution.

To calculate A(t), statistical product failures
data are used, and the distribution regression pa-
rameters are estimated using the maximum likeli-
hood method.

Maintenance planning is formulated as an op-
timization problem, the goal of which is to mini-
mize the expected downtime D(t), determined by
the following formula

t
D(t)= [ (1=R(s))ds,
where R(s) is the reliability function at time s.

Maintenance activities are scheduled at times
that minimize D(t), taking into account operation-
al constraints.

The Poisson distribution regression method
was chosen to analyze rare events such as equip-
ment failures. This method is appropriate when
events occur rarely and can be described in terms
of a counting process. The advantage of the Pois-
son distribution regression is its ability to accu-
rately model the relationship between failure rates
and flight hours [12].

The dependent variable y, (number of events)
for the i observation is assumed to obey the Pois-
son distribution, with A, representing both the
mean and variance of the distribution for the i”
observation.

The relationship between the mean value of
A and the predictors is established by means of a
log-linear model of the form

log (A;) = x{ B, 3)

where X; is the vector-string of predictors for the i
observation, B is the vector-column of regression
coefficients.

(1)

2
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This model allows estimating the influence
of various factors on the failure rate of onboard
equipment.

The basic Poisson distribution regression
model is not always accurate enough to solve the
research problems. To take into account non-linear
dependencies between predictors and response,
polynomial functions were added. These func-
tions are created using polynomial transformers
that expand the original feature vectors [13]. This
approach improves the flexibility and accuracy of
the model, especially when analyzing complex
and nonlinear relationships. The use of polynomi-
al features contributes to a better fit of the model
to the original data and improves the accuracy of
predictions, which is critical for predictive main-
tenance tasks.

The basic statements and assumptions when
using polynomial features include:

1) polynomial transformation — for a given set
of predictors x, = [x,, x,, ..., x,] polynomial fea-
tures are formed by generating all possible poly-
nomial combinations of predictors up to a given
degree d;

2) extended feature vector — the initial feature
vector x, is augmented with polynomial terms, for
example, for two predictors x, and x, at degree
d =2 the extended feature vector takes the follow-
ing form

(poly) [

(4)

1, X, X, X0, X, X, 5 X ]

i1 il

where the components of the vector include:

— constant (1);

— linear terms (x;,, x,, );

— quadratic terms (x;, X, );

— product of predictors ( x;,x;, ).

The use of an extended feature vector allows
to take into account non-linear types of interac-
tions between predictors, which is especially im-
portant when analyzing complex systems such as
aircraft on-board equipment.

The Poisson distribution regression model
uses polynomial signs to account for complex rela-
tionships between predictors. The process begins
by expanding the feature space, which involves
transforming the original data to a higher dimen-
sion. The next step is to construct a logarithmic
linear model taking into account the new features,
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and estimate the parameters using the maximum
likelihood method (MLE). This approach allows
taking into account more complex dependencies
between variables, improves the accuracy of fore-
casts and has the following form

o T
log () = x™Y" B, (5)

where x"" is the extended polynomial feature
vector.

To optimize computing resources and simpli-
fy the implementation, the mathematical model
with polynomial features is limited to the second
degree. Let us consider in more detail the mathe-
matical description of the model with polynomial
features of the second degree, which includes:

1. Initial vector of predictors
X, = [1 X1, X; ]

(6)

2. Extended polynomial feature vector (de-
gree d = 2)
(poly) [ (7)
3. Logarithmic linear model with polynomial
features

log( ) Bo +B1 Xt +B2 X, +
+B3xn + B4xil‘xi2 + BS'xiZ'

1,x,, %, xxlz,x]

i1 il

®)

4. Linear predictor expressed through polyno-
mial signs

n, =log (7\.1) = XEPOMTB = Bo + leil +

)
+B,x,, + B3xi21 +Byx;x, + Bsxizz'

5. Mean value (and at the same time disper-
sion) of the Poisson distribution

A, =exp(n,). (10)

6. Logarithmic likelihood function for the
Poisson distribution regression model logarithmic
likelihood is defined by the following expression

log L(B;) = Xitq [yidog (A) —A; —log (¥;D].(11)

Substituting the expression for A, from equa-
tion (11) into equation (12), we obtain the expand-
ed form of the logarithmic likelihood function of
the form
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log L(BY) = Tty [y (x™ B) — exp (x™" ;) — log (i1)].

7. Maximum likelihood estimation (MLE), in
which the coefficients B, are estimated by maxi-
mizing the logarithmic likelihood function using
a formula of the form

B. = arg maxlog L(By). (13)

The maximum likelihood f method allows
to find the optimal values of the coefficients [,
which most fully correspond to the observed data,
which provides a reliable basis for predicting the
failure rate of onboard equipment, taking into ac-
count the nonlinear interactions between the fac-
tors.

Thus, the Poisson distribution regression
model with polynomial signs allows to take into
account non-linear dependencies between predic-
tors and failure rate of onboard equipment. This
approach is especially effective when analyzing
complex technical systems, where interrelations
between factors may be more complicated.

The choice of polynomial features of the sec-
ond degree is conditioned by the desire to balance
between increasing the accuracy of the model and
refusal from retraining the program. Polynomials
of the second degree allow to take into account
nonlinear dependencies, while preserving the in-
terpretability of the model.

Extending the feature space to second degree
polynomials provides a compromise between the
complexity of the model and its ability to reflect
nonlinear interactions. This makes it possible to
improve the accuracy of failure prediction with-
out excessive complication of computational pro-
cesses.

When applying this model to the tasks of
forecasting the technical condition of aviation
equipment, the following aspects should be taken
into account:

1. Predictor selection — the parameters most
relevant to assessing the reliability of specific sys-
tems and components must be carefully selected.

2. Interpretation of the coefficients — polyno-
mial terms complicate the direct interpretation of
the coefficients, so it is important to analyze their
combined effect on the predicted failure rate.
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(12)

3. Model validation — requires rigorous test-
ing of the model against independent data to as-
sess its predictive ability under real-world operat-
ing conditions.

4. Consideration of operational factors — the
model should adapt to different equipment operat-
ing modes and aircraft operating conditions.

The application of the described methodology
allows to create a flexible tool for predicting the
reliability of onboard equipment, which in turn
also contributes to the optimization of mainte-
nance processes and improvement of flight safety.

The process of optimization of maintenance
planning is based on the following criteria:

1. Minimization of total aircraft downtime.

2. Minimization of the intervals between
maintenance forms.

3. Minimization of total maintenance costs.

4. Ensuring the required level of component
reliability.

These criteria are taken into account in the
objective function of the optimization procedure
with appropriate weighting coefficients.

Data preparation

The data preparation process is a key step in
the study to ensure the validity and correctness
of the subsequent analysis. The methodology in-
volves several steps of transforming raw statisti-
cal data on maintenance into a structured data set
suitable for Poisson distribution regression analy-
sis and predictive modeling.

1. Data Collection — complete maintenance logs
and records of failure events for the annual period
of operation of various aircraft components, from
critical systems to support equipment are collected.

2. Data cleaning — a comprehensive processing
of the original data set is carried out, including:

—identifying and eliminating outliers using
statistical z-score analysis;

— processing missing values by interpolation
methods based on nearby data points;

— correction of input errors and standardizing
of component classification.



HayuHbin BecTHuk MITY TA

Tom 28, N2 02, 2025

Civil Aviation High Technologies

3. Data Transformation — continuous time-to-
failure data is converted into discrete failure count
intervals to prepare for Poisson regression.

4. Data Normalization — minimax normaliza-
tion is carried out with respect to time-to-failure
indicators to ensure comparability of data across
different components, regardless of their usage.

5. Categorization — classification of compo-
nents according to their criticality for aircraft op-
eration, taking into account their functional role
and the impact of failures on flight safety.

6. Generating the final dataset — the dataset
prepared for the software is structured to reflect
the failure cases of each component based on op-
erating hours and operating conditions.

The result of this process is a comprehensive
dataset that provides a robust basis for subsequent
regression analysis of the Poisson distribution and
predictive maintenance modeling. A sample data-

Vol. 28, No. 02, 2025

set with different components is presented in Ta-
ble 1.

Table 1 presents mean time between failures
of the aircraft, number of failures, operating con-
ditions and maintenance activities taken for the
different component types during 2020, they pro-
vide a reliable basis for the presented analysis.

Preparation of data for modeling also
includes:

1. Data cleaning to ensure the integrity and
reliability of the dataset, including:

a) deviation detection and elimination, in
which, using the inter-quartile range (IQR) meth-
od, deviations were identified and excluded from
further analysis: mean time between failures and
the number of failures that were 1.5 times greater
the IQR from the quartiles;

Table 1
Dataset sample with diverse components
Component MTBF Nulflber of Oper.a.ting Main.te.n.ance .Da'te of
failures conditions activities incident
Comp_A 3034.80 1 Extreme Repair 2020-08-14
Comp B 4369.73 3 Normal Inspection 2020-04-08
Comp B 710.00 3 Severe Inspection 2020-07-19
Comp B 2527.25 5 Normal Repair 2020-12-25
Comp C 907.73 2 Severe Repair 2020-02-02
Comp C 603.78 1 Extreme Repair 2020-02-10
Comp_C 4924.54 3 Severe Repair 2020-08-03
Comp C 1547.47 4 Severe Repair 2020-09-24
Comp C 4881.90 3 Severe Repair 2020-11-23
Comp D 2221.08 0 Extreme Repair 2020-03-02
Comp D 2234.37 3 Normal Inspection 2020-04-10
Comp D 3561.38 1 Severe Inspection 2020-06-20
Comp D 559.69 5 Normal Inspection 2020-08-01
Comp_D 3252.44 1 Severe Replacement 2020-09-17
Comp E 2861.49 3 Severe Repair 2020-01-28
Comp E 4739.91 5 Severe Inspection 2020-02-04
Comp E 3282.74 5 Extreme Inspection 2020-02-17
Comp E 2299.37 3 Severe Repair 2020-05-14
Comp E 531.80 4 Normal Repair 2020-08-18
Comp_E 2600.43 1 Extreme Inspection 2020-10-19
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b) calculation of missing values, in which a
linear interpolation method was used to provide a
complete data set for analysis.

2. Data transformation for their adaptation
and regression of the Poisson distribution, for
which the following transformations were im-
plemented:

a) The distribution of mean time between fail-
ures, with continuous mean time between failures
distributed among cells to facilitate modeling of
the number of failures within these intervals;

b) number of failures — was directly used as
a response parameter in the Poisson distribution
regression model, which met the requirements for
its formation.

3. The data was normalized in the Python
programming language using the Scipy library.
The code is as follows

def min_max_normalize(data): return (data —
data.min()) / (data.max() — data.min())

normalized data =min max_normalize(data).

This allowed the mean time between failures
to be between 0 and 1, which allowed for a stan-
dardized scale for the different components.

4. Categorization of components by classifi-
cation based on their criticality to aircraft opera-
tion, in particular:

a) critical components — engines and avionics
that directly affect the safety and operational ca-
pabilities of the aircraft [14];

b) non-critical components — interior lighting
and passenger entertainment systems whose fail-
ures have an insignificant impact on overall safety.

5. The final dataset was carefully assembled
to ensure that all pre-processing steps were accu-
rately reflected. This dataset formed the basis for
a Poisson regression analysis and subsequent pre-
dictive maintenance modeling to provide insight
into the failure patterns and maintenance needs of
aircraft onboard equipment.

6. Application of Poisson distribution regres-
sion analysis to model aircraft component failure
rates. The choice of Poisson distribution regres-
sion is due to its adequacy for analyzing count
data typical for reliability studies.

The model is expressed as

10g<7\’i):B0 +Blei+“'+Bani’ (14)
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where A, is the expected failure rate of the compo-
nenti, 3, B,, ... B, coefficients reflecting the influ-
ence of the variables X, ..., X on the failure rate.

Stages of regression analysis:

1. Variable selection:

—the dependent variable is the number of
failures;

— independent variables are operating hours,
operating conditions, maintenance activities;

2. Data Coding:

— operating conditions — “Normal” = 0, “Se-
vere” = 1, ‘Extreme” = 2;

— maintenance activities — “Inspection” = 0,
“Repair” = 1, “Replacement” = 2.

3. The model is log () = B, + B, x Operating
time + B, x Operating condition + B, x Mainte-
nance measures,

4. To estimate the model parameters, the max-
imum likelihood method is applied to estimate the
coefficients p.

5. When interpreting the results, it is import-
ant to take into account that the analysis of  co-
efficients allows to evaluate the influence of each
factor on the failure rate. A positive coefficient
indicates an increase in the failure rate with the
growth of the corresponding parameter.

The presented approach also provides a re-
liable basis for predicting the failure rate of on-
board equipment and optimizing maintenance
strategies.

Algorithm for optimization of maintenance
planning

The main goal of optimization is to mini-
mize equipment downtime and maintenance costs
while ensuring the required level of reliability and
flight safety [15].

Optimization Criteria:

1. The objective function is_qualitatively a
combination of expected downtime due to failures
and preventive maintenance costs:

— downtime cost (the product of the average
downtime per failure event and the associated cost
per hour of downtime);

— maintenance costs (the cost of each type
of maintenance activities (inspection, repair, re-
placement)).
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2. Restrictions:

— frequency of maintenance (established in-
tervals (forms) of maintenance, taking into ac-
count technological schedules and availability of
required resources);

—resource constraints (limits on the number
of maintenance activities in a given period);

—regulatory requirements (compliance with
safety and regulatory standards).

3. The genetic variant of the algorithm is cho-
sen because it efficiently handles nonlinear prob-
lems containing many constraints.

The genetic algorithm generates and evalu-
ates different variants of maintenance plans, iter-
atively improving their performance with respect
to downtime and actual costs.

4. Analysis of the optimized maintenance pro-
cess schedule involving evaluation of the result-
ing plan according to the criteria:

— efficiency (reduction of expected downtime
and maintenance costs);

— feasibility (compliance with operational
and regulatory requirements);

—improvement potential (identification of
components or periods for further optimization).

In practice, based on a synthetic dataset, the
optimization algorithm takes into account the
failure rate of each component and maintenance
statistics, for example, more frequent preventive
maintenance may be recommended for compo-
nents with high failure rates in harsh operating
conditions.

The result of optimization is a maintenance
plan that balances equipment reliability, operat-
ing costs and compliance with regulatory safety
requirements.

The algorithm can show that product Comp C
that exhibits a high failure rate in harsh conditions
significantly benefits from preventive replace-
ment every 1000 hours of operation, reducing the
total downtime by 20% compared to the existing
schedule.

This detailed approach allows to determine
how a genetic algorithm can be used to develop an
optimal maintenance plan, significantly improv-
ing the efficiency of maintenance processes and
equipment reliability based on comprehensive
synthetic data analysis.
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Model Adequacy Testing

To evaluate the effectiveness of the model, its
predictions are compared with actual equipment
failure data, using two main metrics:

—Root Mean Square Error (RMSE) — mea-
sures the accuracy of the predictions;

— Pearson Correlation Coefficient — measures
the strength of the relationship between predicted
and actual values. The following are provided:

Step 1. Cross-Validation Setup.

Cross-validation is used to evaluate the pre-
dictive performance of the model, where the
dataset is divided into a training set (80%) used
to develop the model and a test set (20%) used
to evaluate its predictions. This division ensures
that the model is tested on the data by simulating
real-world forecasting scenarios.

Step 2. Model Performance Metrics.

Several metrics are used to quantify the accu-
racy and reliability of the model. These include:

1. Root Mean Square Error (RMSE), to mea-
sure the root mean square of prediction errors,
providing an indication of the accuracy of the
model by a formula of the following form

sl

noo
where y. is the current failure value, y, is the pre-
dicted failure rate, and » is the number of observa-
tions on the test set.

2. Pearson correlation coefficient (r), which
estimates the linear correlation between the actual
and predicted failures rate using the formula of
the following form

)

27_1(%’ _)_’)(JA’:' -
SRR S ]

where y and )A/ are the mean values of current
and predicted failures, respectively.
Step 3. Applying the model to the test set.
The parameters of the Poisson distribution re-
gression model are estimated on the training data-
set, after which the model is applied to the test set

~

RMSE = y,

(15)

=
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to predict the number of failures. These predic-
tions are then used to evaluate the performance
of the model using the metrics defined above
(Step 2).

Step 4. Evaluation of the optimization algo-
rithm.

The effectiveness of the optimization algo-
rithm is evaluated by implementing the optimized
maintenance plan on a test plant and observing the
resulting changes in failure rate and maintenance
costs.

The optimized maintenance plan is compared
to the actual plan used during the test period, as-
sessing differences in performance and cost effec-
tiveness.

Step 5. Statistical analysis to validate model
predictions, including:

1. Significance testing using statistical tests
such as the chi-squared test, which are used to de-
termine whether differences between actual and
predicted failure rates are statistically significant.

2. Calculating confidence intervals for Pear-
son correlation coefficients and root mean square
error to quantify the uncertainty of model perfor-
mance metrics.

Step 6. Validation.

The reliability of the results is assessed by
analyzing the numerical performance metrics
of the model. The main criteria include the root
mean square error of prediction (RMSE), the
Pearson correlation coefficient between actual
and predicted values, as well as an assessment of
the economic efficiency of the optimized main-
tenance plan.

Comparing model predictions with actual
data allows to determine:

— accuracy of prediction failures of the avia-
tion equipment product;

— effectiveness of the proposed maintenance
strategy;

— the potential for further improvement of the
model.

Regular updating of the model based on new
operational data will ensure that its predictive
ability is maintained with the required level of ac-
curacy.

The results of the analysis are of key impor-
tance for improving the methodology of predict-
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ing the technical condition of aviation equipment
products.

The application of the developed Poisson
distribution regression models with polynomial
features contributes to improving the accuracy of
failure prediction, optimizing maintenance inter-
vals and minimizing the risks of random failures
of critical systems. This study makes a significant
contribution to the development of the predictive
maintenance concept in the aviation industry,
which ultimately leads to improved flight safety
and aircraft operational efficiency.

One of the key areas of applications of pre-
dictive models is the optimization of maintenance
schedules. Accurate failure rate predictions help to
determine the optimal timing of maintenance ac-
tivities, ensuring that components are serviced be-
fore they fail. This proactive approach minimizes
unexpected downtime and improves the efficien-
cy of aircraft maintenance processes. By planning
maintenance based on actual data rather than fixed
intervals, airlines can reduce unnecessary mainte-
nance costs and improve the overall reliability of
their fleet.

The developed models facilitate decision
making based on up-to-date operational data. This
will allow maintenance planners to optimally al-
locate resources by focusing on critical compo-
nents with a high probability of failure in the near
future. This approach will improve maintenance
efficiency and ensure timely maintenance of criti-
cal aircraft systems.

The article emphasizes the importance of
model validating by comparing its predictions
with actual maintenance statistics data. This
verification process ensures the reliability and
accuracy of the model predictions. Regularly
updating the model using new operational data
allows for continuous improvement of its pre-
dictive capabilities, leading to a constant im-
provement in the quality of maintenance plan-
ning and execution.

Thus, the results of the Poisson distribution
regression and polynomial analysis provide
useful information to help to plan maintenance,
optimize resource allocation, reduce costs and
improve the overall reliability and safety of air-
craft operation. These models help to avoid the
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occurrence of unexpected events through a pro-
active maintenance strategy, ensuring that avia-
tion products are maintained at the highest level
of technical condition.

The dependencies presented in Figures 1-4
show the expected number of failures at a given
operating time of products in the process of tech-
nical operation. The results are obtained by ap-
plying various methods of predicting the technical
condition of products under expected operating
conditions. Using each method, the mean square
errors and Pearson correlation coefficients were
estimated for the data set from Table 1.

Figure 1 shows a weak positive correlation
between operating time and failure rate. The ba-
sic Poisson regression model shows a significant
spread of predicted values relative to actual data,
which is reflected in a high error (RMSE: 1.446)
and low correlation (0.162).

Figure 2 shows the improvement in prediction
accuracy due to the inclusion of nonlinear depen-
dencies. The addition of polynomial features al-
lowed the model to more accurately track chang-

Vol. 28, No. 02, 2025

es in the number of failures at different operating
hours, as evidenced by a decrease in RMSE to
1.146 and an increase in correlation to 0.240.

Figure 3 shows a complete coincidence of
the predicted values with the actual data. The sin-
gle-coded least squares method demonstrates un-
realistically accurate prediction of the expected
number of failures at any operating time (RMSE:
5.03e-14, correlation: 1.0), which indicates the
need to change the data set for machine training
of the model.

Figure 4 shows the results after removing
the non-numerical parameters from the model.
The dependence between operating time and
number of failures becomes more realistic, with
a moderate spread of predicted values (RMSE:
1.391, correlation: —0.319), which more fully
corresponds to the real processes of technical
operation.

Table 2 presents the results of the evalu-
ation of the effectiveness of the proposed re-
search methods. For approbation of the research
results, the detailed mathematical formulation

Dependence of the number of failures on operating time
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Fig. 1. Dependence of the number of failures on operating time using Poisson distribution regression.
RMSE: 1.446000013304307; Pearson Correlation Coefficient: 0.1624522626478234
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Fig. 2. Failures prediction using polynomial features in the Poisson distribution regression model.
RMSE: 1.1465954900923936; Pearson Correlation Coefficient: 0.240611370124739
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Dependence of the number of failures on operating time
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Fig. 4. The results of predicting failures using the least squares method after removing non-numeric parameters.
RMSE: 1.3905425046960287; Pearson Correlation Coefficient: —0.3194427708423738

Research methodology effectiveness

Table 2

Code file Methodology Model used RMSE Pearson cm:relatlon
coefficient
danyaplus2.py | Poisson distribution Generalized | 1.446000013304307 0.16245226264782342
regression (fig. 1) linear model
danyaplus3.py | Polynomial signs (fig. 2) | Poisson 1.1465954900923936 0.240611370124739
distribution
regression
danyaplus4.py | Single coding (fig. 3) Least squares | 5.034734662940756e-14 | 1.0
regression
danyaplusS.py | Single coding with Least squares | 1.3905425046960287 —0.3194427708423738
removal of non-numeric | regression
columns (fig. 4)

of the proposed methods in the form of program

codes has been placed in cloud storage.!

I Detailed mathematical formulation of the proposed meth-
ods in the form of Python program codes. Yandex disk.
https://disk.yandex.ru/d/11UjY12SX4nmug

Available at:

(accessed: 02.04.2025). (in Russian)

Comparative analysis of the results shows
that the Poisson distribution regression method
with polynomial features (danyaplus3.py, fig. 2)

demonstrates the best balance between accura-
cy (RMSE = 1.146) and generalization ability
(correlation coefficient = 0.240). The single-cod-

ed least squares method (danyaplus4.py, fig. 3)
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shows suspiciously perfect results, which may in-
dicate model overfitting.

Abnormally high results for the least squares
method with single coding (RMSE = 5.03e-14,
correlation coefficient = 1.0) indicate probable
overfitting of the model. This may be due to the
fact that the model has adjusted too accurately to
the features of the synthetic data, losing its gen-
eralization ability. In real conditions, such results
are unlikely and require additional verification on
an array of independent data.

Conclusion

1. Quantitative analysis of the performance of
the prediction methodologies showed significant
differences in the accuracy of the models. The ba-
sic regression of Poisson distribution demonstrated
RMSE = 1.446 and Pearson correlation coefficient
equal to 0.162. The introduction of polynomial
signs led to improvement of indicators: RMSE de-
creased to 1.146, correlation coefficient increased
to 0.240, which confirms the effectiveness of poly-
nomial signs application for modeling of nonlinear
dependencies in the processes of technical opera-
tion of an aviation product.

2. The single-coded least-squares regression
method showed statistically abnormal results
(RMSE = 5.03e-14, correlation coefficient = 1.0),
indicating the overfitting of the model on synthet-
ic data. This effect requires the implementation
of regularization and cross-validation methods to
improve the generalizing ability of the model.

3. Application of the Poisson distribution re-
gression model with polynomial signs of the sec-
ond degree provides an optimal balance between
the complexity of the model and its ability to
reflect nonlinear interactions in the processes of
technical operation of the aviation product, which
is confirmed by the improvement of prediction ac-
curacy indicators.

4. The main limitation of this study is the use
of synthetic data, which does not fully reflect the
complexity and variability of real aircraft mainte-
nance processes. In particular, synthetic data do
not take into account all possible anomalies and
rare cases of failures, which may lead to distortion
of modeling results.
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5. The results of the study confirm the ef-
fectiveness of using Poisson distribution regres-
sion with polynomial signs for predicting fail-
ures of aviation product. At the same time, the
revealed limitations of synthetic data indicate
the necessity of model validation on real oper-
ational data.

6. The practical significance of the developed
models lies in the possibility of their integration
into the aircraft maintenance program to predict
failures of aviation product and optimize main-
tenance and repair works, which potentially con-
tributes to the reduction of operating costs and
improvement of flight safety.

7. To overcome the identified limitations, it is
further necessary to:

— Conduct model validation on real opera-
tional data;

— Implement regularization methods to pre-
vent overfitting;

— Develop mechanisms for model adaptation
to different aviation product types and operating
conditions;

— Explore the possibilities of integrating addi-
tional factors into the model to improve prediction
accuracy.
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TpaHnciopTHasi CBA3AaHHOCTH U ABUALMOHHAS MOABUKHOCThH
HaCeJICHUA B Pa3BMBAIOLIMXCH CTPAaHaX ¢ TOPHBIM peibedom:
onbIT KbIpreizckoii PecnyOonuku

¥.9. Kypmanos', P.b. Caamopoexona', JK.K. Ucmaniosa', U.0. [Mosemkuna’

'Koipevizckutl asuayuonnviil uncmunmym um. M. A6opaumosa, 2. Buwukex, Kvipevizckas Pecnybnuka
’Mockosckuil 20Cy0apcmeenHblil MeXHUYeCKUll YHUBEPCUMEm 2PANCOAHCKOU A8Uayul,
2. Mockea, Poccus

AnHoTauus: B crarbe Ha nmpumepe Keipreizckoit PecriyOnnkn aHamu3upyeTcsl COCTOSHUE TPAHCIIOPTHOM CHCTEMbI CTPaHBI
C pa3BUBAIOIIEHCS YKOHOMHKOH, PacIOIOKEHHOW B TOPHOM MECTHOCTH C OOJNBINMMH TMEpernagaMu BBICOT U HE UMEIOIICH
BBbIXO/1a K MOpIo. Llenp mccaenoBanus — BEIIBUTH OTCHIIMAIBHBIE BOZMOXHOCTH BO3AyIIHOTO TpaHcmopTa (BT) B cTpanax
C TOPHBIM peltbehoM [T 00ecIieueH s CBI3aHHOCTH BO BHYTPEHHEM U MEXTyHaPOIHOM coo0meHn:n. OCHOBY HCCIIEIOBAHS
COCTaBJISIET METOJ] aHAIIM3a TOIOJOTUH TPAHCIIOPTHOM CETH, MO3BOJISIONIMN BBISIBUTH Ae(EKThI, CACPKUBAIOIINE 0becre-
YeHHE JOCTATOYHOTO YPOBHS NMPOCTPAHCTBEHHON CBSI3aHHOCTH Tepputopur. OIEHKa CIpoca Ha MaCcCaKUPCKHUE IMEPEBO3KH
MPOBEJIEHA C MIOMOIIBIO CTATHCTUYECKOTO aHAIM3a MAacCaKUPOITOTOKA 10 BHIaM TpaHcmopTa 3a nepuog ¢ 1991 mo 2023 rox
U pacdera MoKa3aTelis KOJMYECTBA COBEPIICHHBIX TIEPEJIETOB HA OJJHOTO MECTHOTO XHUTENS B T0f. C IeNbI0 BBISBICHHS I10-
TEHIIMAJIBFHOTO CIIPOCa Ha IMAaCCAKUPCKHE MEePEBO3KH BO3IYIIHBIM TPAHCIIOPTOM IPOBEICH OMPOC MECTHBIX KuTenei. Pe-
3yIBTATHl HCCIEIOBAaHM MOKa3anu, 4To 6onee 80 % maccaXMpCKuX MepeBO30K PECIYOIUKH B MEXIYTOPOTHOM COOOIICHUH
OCYIIECTBIIIIOTCS aBTOMOOMIIFHBIM TPAHCIIOPTOM, ITPH 3TOM 12 % HaceleHHBIX MyHKTOB HE COeIMHEHBI aBTOOYCHBIM CO00-
mieHreM. Bo MHOTHX BBICOKOTOPHBIX HACEJICHHBIX IMYHKTaX aBTOMOOWJIBHOE COOOIIEHHE MPEKpPAIIaeTcsl B OMpeeiICHHbIE
MeCSIIBI M3-3a O0JICZICHEHHSI, CX0/]a JIABUH U OIOJI3HEH, UTO MPUBOIUT K TpaHCTIOPTHOU u3omsuuy. Haaunas ¢ 1985 rona Ha-
OmromaeTcs M3MEHEHHE TIEpHO/Ia IIOBTOPSEMOCTH OTIOJI3HEN U CMEIIEHNE Ce30HHBIX CPOKOB C MapTa — Mas Ha STHBApb — HIOHb.
YcranosneHo, uto BT sBisieTcs BocTpeOoBaHHON albTePHATHBOM BBHITOTHEHUS ACCAKUPCKUX MEPEBO30K B YKa3aHHBIE Me-
csanpl. 3a meproa ¢ 2013 mo 2023 roj maccaxxuponoTOK B MEKIAYHAPOAHBIX asporopTax Manac u Omr yBenndawics Oosee
4eM B 2 pas3a, a B PEKOHCTPYHUPOBaHHBIX aspornopTax Mccwik-Kymb u xanan-Adan — B 27 u 7 pa3 cooTBETCTBEHHO. B Ka-
YECTBE OCHOBHBIX (PAKTOPOB, CIEPKUBAIOIINX POCT aBHALMOHHON MOIBM)KHOCTH HACEICHHUS, BBISIBICHBI HETOCTATOYHOCTD
BHYTPEHHEH MapIIpyTHOW CETH, HU3Kasl PEryISIpHOCTh PEHCOB, OTCYTCTBHE MPSIMBIX peiicoB B ctpanbl EBpombl u CIIIA.
OTKpBITHE HOBBIX MEKAYHAPOIHBIX PEHCOB MO3BOIUT PEaTH30BaTh TYPUCTHUECKUH TOTEHITHAI PECITyOIHKH.

KaioueBble cjioBa: TPaHCIIOPTHAs CBSI3aHHOCTh, TPAHCIOPTHAS NUCKPHUMUHALMS, BO3AYIIHBIM TPAHCIOPT, aBHALMOHHAS
MO/IBUKHOCTh HACEJICHNUS, TOIIOJIOTHSI TPAHCIIOPTHOM CETH, TOPHBIE IIOCENICHNUS.

Jsa nutuposanus: Kypmanos V.0. TpaHcnopTHas CBSI3aHHOCTb M aBUALMOHHAS NOABMXKHOCTD HACEJICHHS B Pa3BUBAIOIIUX-
csl cTpaHax ¢ ropHbIM penbedom: onbIT Keipreckoit Pecriyomuku / ¥.9. Kypmanos, P.b. Canmop6ekosa, K.K. Mcmansosa,
N.0O. Tonemkuna // Hayunsrit Bectauk MI'TY TA. 2025. T. 28, Ne 2. C. 51-70. DOI: 10.26467/2079-0619-2025-28-2-51-70
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Abstract: The article analyses the state of the transport system of the Kyrgyz Republic as an example of landlocked country
with a developing economy located in a mountainous area with a large altitude range. The aim of the study is to identify
the potential of air transport (AT) in countries with mountainous terrain to ensure connectivity in domestic and international
traffic. The study is based on the method of analyzing the topology of the transport network, which allows identifying defects
that hinder the provision of a sufficient level of spatial connectivity of the territory. The demand for passenger traffic was
assessed by means of statistical analysis of passenger traffic by type of transport for the period from 1991 to 2023 and calcu-
lation of indicator of the number of flights per local resident per year. In order to identify the potential demand for passenger
carrying operations, a survey of local residents was conducted. The results of the study showed that more than 80 percent of
intercity passenger traffic in the republic is carried out by road transport, while 12 percent of settlements are not connected by
buses. In many high-mountainous settlements, road traffic is interrupted during certain months due to icing, avalanches and
landslides, resulting in transport isolation. Since 1985, there has been a change in the recurrence period of landslides and a
shift in seasonal timing from March-May to January-June. It was found that air transport is a popular alternative for passenger
traffic during these months. Over the period from 2013 to 2023, passenger traffic at the international airports of Manas and
Osh increased more than doubled, and at the reconstructed airports of Issyk-Kul and Jalal-Abad — 27 and 7 times respectively.
Insufficient domestic route network, low flight regularity, lack of direct flights to Europe and the USA were identified as the
main factors constraining the growth of aviation mobility of the population. The opening of new international flights will
make it possible to reach the tourism potential of the republic.

Key words: transport connectivity, transport discrimination, air transport, aviation mobility of the population, topology of
the transport network, mountainous settlements.
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BBenenue Pa3BUTHIO KAaK BHYTPCHHEIO, TaK M ITIaBHBIM
00pa3oM MEXJIYHapOIHOTO Typusma [7].

OCHOBY TpPaHCHOPTHOM CHCTEMBI pPa3BU- JlaHHO€ MccienoBaHue NMPOBEACHO HA IPU-
BAIOIINXCSl CTPaH, PAacIOJIOKEHHBIX B TOopHbIX  Mepe Kbipreizckoil Pecnybnuku, cTpassl ¢ pas-
MECTHOCTSAX M HE MMEIOIIMX BBIXOJAa K MOPIO,  BHUBAKOIIECHCA HIKOHOMHMKOW, PaCHOJIOKEHHOMN
takux Kak Ksipreizckas Pecnybnuka, Apme- B llenTpanbHoii Asuu. [opsl 3anumaior 94 %
Hus, Tamxukucran, Heman, cocraBnser pa3- — teppuropuu KeIpreizcrana, B UX cOCTaB BXOAUT
BETBJICHHAsl CE€Thb aBTOMOOWIBHBIX jgopor. Oa-  3amajgHas W IEHTpalibHas 4acTh TOPHOM CHCTe-

HaKO CJIOXHOCTH penbeda M kiaumaTudyeckue Mol TsaHb-lllaHb, Ha 10ro-3amaje ropHas cucreMa
0COOCGHHOCTH HAaKJaIbIBalOT orpaHuyeHus Ha  [lammpo-Amnaii. Ilo ruiomanu TeppuTOpUH, paB-

HAJIe)KHOCTh MX KPYITIOTOJUYHOTO MCIIOIB30-  HOU 199,9 Thic. kB. kM, KbIprbi3cTan 3aHuMaet
BaHMS B CBA3U C PACIPOCTPAHEHHUEM JIABUHHBIX  85-¢ MecTto B Mupe. OCHOBY TPaHCIOPTHOM CH-
U ONOJ3HEBHIX siBIeHUI. Ce30HHBIE COOM HMC-  CTEMBI PECHyOIIMKHA COCTAaBIISCT Pa3BETBICHHAS
MOJIb30BAHUSL aBTOMOOUJIBHBIX JOPOT, MOCTOB,  CETh aBTOMOOMIBHBIX MarucTpaineil. bonee 80 %
TyHHEJIEH NPUBOIAT K BO3HUKHOBEHHUIO TPAHC-  BHYTPEHHHUX I'PY30BbIX IEPEBO30K OCYIIECTBIIS-
HNOPTHOM JUCKPUMMHALIMU HACENIEHUs, IIPOXKHU-  €TCA aBTOMOOUJIBHBIM TpaHCIOpToM. biaromaps
BAIOIIEr0 B FOPHOW MECTHOCTH. TpaHCIOpPTHAsE  BBITOJHOMY reorpauyeckoMy IMOJIOXKEHUIO Ha
JUCKPUMMHAILIMS BBIPAXKaeTCs B HEBO3MOXKHO-  TPAH3HUTHBIX MYTAX cooOmieHus Mexay EBpomnoii

CTH MOJYYUTh AOCTYI K COLMAIBHO 3Ha4YUMBbIM M Kurtaem peanusanust IpoeKTOB 110 CTPOUTEINb-
yclIyraM B YCJOBHUSX OTCYTCTBUS COOOINEHMSI ~ CTBY M PEKOHCTPYKLHMH aBTOMOOWJIBHBIX U Ke-
C KpynHbIMU ropofgaMu [1—6]. OnsIT pa3BUTBIX  JIE3HBIX JOPOT, BXOAALIUMX B MEXIyHapOAHbIE
CTPaH IOKAa3bIBAEeT, YTO peuIeHHeM npolieMbl  TpaHcnopTHble kKopunopsl (MTK), mpusiexaer
CE30HHOH TPaHCHOPTHON NUCKpPUMHMHAIUU Ha-  3apyOeKHBIX HHBECTOPOB.

CEJIEHMS TOPHBIX NTOCEJIEHUN MOXET CTaTh pas- HccnenoBannio BOIIPOCOB pa3BUTHS aBTOMO-
BUTHE BHYTPEHHEH aBUALlMOHHOH CBSI3aHHOCTH  OWJIBHBIX M )KEJIE€3HOJOPOXKHBIX Marucrpaiei Ha
CTpaHbl, 4TO B CBOIO O4YepeIb CIOCOOCTBYeT  Teppuropuu KbIprei3crana, B 0COOEHHOCTH HX
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Y4aCTKOB, BXOJAIIUX B COCTaB MEXTyHapPOAHBIX
TPAHCIIOPTHBIX KOPHUIOPOB, IMOCBSIIEHO OO0Jb-
[10€ KOJMYECTBO HAYYHBIX TPYAOB [2, 8, 9]. Pe-
3yABTaThl ATUX HUCCIEAOBAHUM MMOKa3bIBAIOT, UYTO
pa3BUTHE aBTOTPAHCIOPTHOM U KEJIE3HOIOPOXK-
HOM ceTH pecryOIuKH OCIO0KHSAETCS BHICOKOTOp-
HBIM peibedoM, YIOPOKAIOIIIM CTPOUTEIHCTBO,
a TaKXKe YBEJIWYUBAIOLUIUM PUCKU MX HCIOJIB30-
BaHHS B CBSI3U C BBICOKOW BEPOATHOCTBHIO CXO-
Jla OTOJI3HEH M CHEeXHBIX JIaBUH. B pesynbrare
4acTh HacEJEHHbIX MyHKTOB KbIpreizcrana, pac-
MTOJIOKEHHBIX B BHICOKOTOPHBIX palOHaX, B OT/Aa-
JICHUU OT OCHOBHBIX TPAHCIIOPTHBIX KOPUIOPOB,
B 3UMHEE BpEeMsI OKa3bIBACTCSI TOJIHOCTHIO U30JIH-
POBAaHHOW B TPAHCHOPTHOM OTHoweHuu [2, 10].
B >Tux ycnoBusix aBuacooOiieHne npuooperaer
oco0oe 3HaueHHWEe B 00ECIEeYeHWH BHYTpPEHHEH
CBA3aHHOCTH U DEIIEHUU MpoOIeM TpaHCHOPT-
HOM AuckpuMmuHauuu HacesneHud. [lonoxxeHue
TPAHCTOPTHON TUCKPUMHUHAIIMYU TIPUBOIUT K UC-
KJIFOUEHHUIO CENBbCKUX MOCENeHUNH M3 MPOU3BOI-
CTBEHHOU CHCTEMBI CTPAaHbl U OTTOKY MECTHBIX
JKUTeNel B KpynHble ropoaa. MccnenoBanue Bo-
IPOCOB Pa3BUTHSA BHYTPEHHEH CETH BO3IYIIHO-
ro TpaHCIOpTa Al 00eCredyeHHs! CBI3aHHOCTH
TOPHBIX MOCEJIECHUN PAa3BUBAIOIIUXCS CTPaH B Ce-
30HHBIE MEPUOJBI OTPAHUYECHHOM BO3MOXKHOCTH
HCIIONIL30BAHUS AaBTOMOOMIILHOTO COOOIIEHUS
uMeeT OONBIIOE  COLHMATHHO-2KOHOMUYECKOE
3HaYEHUE U MPEJICTABISAET OMPEACICHHbIN Mpo-
0en B HAay4YHOM OTHOIIEHUHU, TaK KakK TpeOyeT
uccienoBanus crenupuyeckux (pakTopoB, Xxa-
paKTepHBIX AJIs Kaxaoro peruona. O630p uccie-
JIOBaHUM MMOKa3aJj, 4To 3a rnociueanue 20 et ObLI
onyOIMKOBaH psiji paboT, MOCBAIIEHHBIX 00IIEMY
MIPOTHO3UPOBAHUIO CIPOCAa HA AaBUAIIEPEBO3KH
B Pa3BUBAIOILIUXCS CTpaHax, B TOM uucie B Kbip-
rei3ckoi Pecriyomuke [11-15].

VYnaneHHOCTh OONBIIMHCTBA Pa3BUBAIOLIUX-
Cs CTpaH, PacroJIOKEHHBIX B TOPHBIX PETHOHAX,
OT MHUPOBBIX NPOMBIIUIEHHBIX M HWHBECTHUIH-
OHHBIX LIEHTPOB, YBEJIMYEHHE IKOHOMHUYECKOM
Y TOPTOBOM aKTUBHOCTH, BO3PACTAIOIINE MUTPa-
[IMOHHBIE TTOTOKU, BO3MOXKHOCTH PACKPBITHUS TY-
PUCTUUYECKOTO MOTEHIIMAaNa YBEJIIMUUBAIOT CIIPOC
Ha HMCIOJIb30BAaHUE BO3IYIITHOTO TPAHCIIOPTA HE
TOJILKO BO BHEIIHEM, HO U BO BHYTPEHHEM CO00-
HICHUU.
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Ilenpr0 HaHHOTO HCCIENOBAHMS SBIACTCS
OIPEEIICHUE MOTEHLIHAIbHBIX BO3MOXHOCTEH
CHUCTEMBI BO3AyIIHOTO TpaHcnopra KeIpreizckoi
Pecnybnuku nns oGecrnieueHus: TPaHCHOPTHOM
CBSI3aHHOCTU BO BHYTPEHHEM U MEXAYHapOZ-
HOM COOOIIEHUY TIPH YCIOBHH YIOBICTBOPECHHUS
TEKYILEro cnpoca Ha IepeBo3Ku. I'unoresa uc-
CJIEAOBAHUs 3aKJII0YAeTCsl B IPEAINOIOKEHNH,
YTO pa3BUTHE BHYTPEHHEH CETH BO3YIIHOTO
TPAHCIOPTA IO3BOJIUT YBEJIWYHUTh ABHUALMOH-
HYIO0 IIOJIBUKHOCTb HACEJIEHUs, IPOKUBAIOILETO
B F'OPHBIX paliOHAaX, 3a CYET YCTPAHEHUS CE30H-
HBIX OlpPAaHMYECHUH WCIOJIb30BaHUS aBTOMO-
OWJIBHOTO TPAHCIOPTA, a TaKXKe CIIOCOOCTBYET
YBEJIMUEHHIO CIIpOCa Ha MEXIyHapoJIHbIE aBU-
anepeBO3KH.

MaTepI/IaJII)I U METOABbI MPOBEICHUSA
HCCJICA0OBAHUA

B ocHOBy uccienoBaHusl IOJOXKEH METOJ
aHaJIM3a TOIOJOTUH TPAHCIIOPTHOM CETH, MO3BO-
JSAIOLUN BBISIBUTH Y3KHE MECTA, CACP/KUBAIOIINE
o0ecIieueHne J0CTaTOYHOTO YPOBHS MPOCTpaH-
CTBEHHON CBSI3aHHOCTM TEPPUTOPUM M Iacca-
KUPCKOW TpaHCIOpTHOM aoctynHoctu. Cornac-
HO JAHHOMY IOJXO/AYy OCHOBHBIMHM CBONCTBAMH
TPAHCIIOPTHOM CETH SIBJISIOTCS IPOCTPAHCTBEH-
Has CBS3aHHOCTb U H30JIMPOBAHHOCTH. Toro-
JOTUs ONpeNesieT «IPOCTPAaHCTBEHHOE OTHO-
LICHUE CBS3aHHOCTH U COCEACTBAa BEKTOPHBIX
00BbEKTOB (TOYCK, JUHUKW W TOJUTrOoHOB) [16].
Takum o00pa3oM, NpOCTpaHCTBEHHas CBs3aH-
HOCTb OIIPEAEINISIETCS HAJIMYNEM TPaHCHOPTHBIX
IOJINTOHOB MEXKJY 3KOHOMHYECKUMM LIEHTPAMU
CTpaHbl U OCTaJbHBIMU HACEJICHHBIMM ITyHKTa-
Mmu. [Ipu 3TOM BaskHOE 3HaUEHUE UMEET HaJIU4He
aJbTEPHATUBHBIX IOJIUTOHOB, TO3BOJISIFOIINX
nepecTpauBaTh MapUIPyThl IBM)KCHHS B ClIydae
BBIXOJIa U3 CTPOsI KAKUX-TO YYaCTKOB CETH (MO-
CTa, TYHHEJS U T. J1.). AHaJIU3 TOMOJOTUHU TpaHC-
IIOPTHOM CETH NPOBOLUJICSA C Y4YETOM BIIUSHHUS
CE30HHBIX (PAKTOPOB, BBIKIIOYAIOIIMX HEKOTO-
pBIE YYaCTKH CETH U3 €AMHOTO Tpada B TeUCHUE
ONPEIEICHHOrO Nepruoia roaa Moja BO3ACUCTBU-
€M JIaBUHHBIX U OIIOJI3HEBBIX SIBJIEHUIN B TOPHBIX
paiionax. Jlns aHanmm3za OBUTM HMCIOJIB30BaHbBI
JaHHBbIE 00 OIOJI3HEBBIX U JABUHHBIX SIBICHUSAX
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MunucTepcTBa 4Ype3BBIYANMHBIX cuTyanuii Pe-
cnyOnuku Kelpreizcran u Matepuaisl OmyOu-
KOBaHHBIX HAayYHbIX padoT.

Ouenka cmopoca Ha HacCaXUPCKHUE Tie-
pPEBO3KM IPOBEJEHAa Ha OCHOBE CTAaTUCTHYE-
CKOTO aHajJu3a NacCakKUpOINOTOKa MO BUIAM
TpaHcnopra 3a nepuon ¢ 1991 mo 2023 ronx,
onyOiMKoBaHHOTO HanMoHanbHBIM CTaTHUCTH-
yeckuM KoMuTeToM KbIpreizckoil PecnyOnuku.
Takxxe paccuutaH KOd(PUIMEHT KOppeasuuu
MEXJy pa3MepoM MacCa)kUpPOIOTOKAa BO3IyLI-
HOTO TPaHCHOPTA, aBTOMOOUIIBHOTO TPaHCIOP-
Ta 1 00bEMOM BaJIOBOTO BHYTPEHHEr0 MPOAYK-
ta (BBII) pecmyOnuku.

Jlnst OLeHKM MHTEHCUBHOCTH DPabOThI BO3-
JIYIIHOTO TPaHCIOpTa MpoaHaIu3upoBaHa JUHa-
MHUKa TaCCaKUPOIOTOKA M paccuuTaH Koddpou-
[MEHT aBUAIMOHHOW TOJBUKHOCTU HacCeJeHUS
BO BHYTPEHHEM WU MEXAYHapOAHOM cooO0Ie-
Huu 3a nepuox ¢ 2000 no 2023 rox. ABuanuos-
Has TOJBI)KHOCTh HACEJIEHHs BO BHYTPEHHEM
U MEXIYHapOIHOM COOOLICHHM paccyuTaHa
Kak o0mas cCymMMa COBEPIICHHBIX BBUIECTOB W3
Bcex adponoptoB Keipreizckoir Pecnybnuku Ha
OJTHOTO XUTensd. AHanu3 Kod(pduuueHTa aBua-
[IMOHHOW TOABMXHOCTH HACEJICHHsI TO3BOJISIET
OIICHUTHh YPOBEHb JOCTYIMHOCTH aBHANEPEBO30OK
B (PM3MYECKOM M SKOHOMHYECKOM OTHOIICHHH.
Ha ocnoBanuu nanueix AOA «MexayHapoaHbli
a’poropT Manacy npoaHaIM3UPOBAHO pacipe-
JIEJIEHUE TACCaXXUPOIIOTOKOB MEXKIY MEXJyHa-
POIHBIMH M OCHOBHBIMU PETMOHAJIBHBIMH a3po-
MOPTaMH PECIyOIUKH.

C uenbto O6onee ETaIBHOTO BBIABICHUS IPU-
YUH, CHCP>KUBAIOLIUX ABUALIMOHHYIO IOJIBHXK-
HOCTb HACEJIEHHMs BO BHYTPEHHEM M MEXIyHa-
POIHOM COOOIIECHHUH, TPOBEACH OMPOC HACEICHUS
Pecniyonuku KvIprei3ctan, B KOTOPOM TIPUHSITH
ydactue 354 pecrnoHAEHTa B BO3pacTe cTapuie
18 met. Onpoc OpUEHTUPOBAH HA KCCIIEAOBAHHE
YacTOTHl MOJIETOB, COBEPIICHHBIX PECIOH]IEHTA-
mu 3a iepuof ¢ 2019 no 2023 roa. Ha ocHoBanuu
OIpoca TAaK)K€ YCTAaHOBJIEHbI OCHOBHBIE 1I€JIU CO-
BEpILICHUS NIEPENIETOB U IMIaBHbIE (DaKTOPHI, BIUS-
IOLIME HA IPUHSTHE pelieHus o nepenere. Onpoc
MIPOBOJIMJICS B OHJIalfH-(opMare C UCIIOJIb30BaHU-
eMm uHctpymenta Google Forms MeTogom «cHex-
HOTO KOMay.

54

Vol. 28, No. 02, 2025

Tomos0rusi TPAaHCMOPTHOM CUCTEMbI
Ksiproizckoii Pecnyoianku

I'eorpadmueckoe pacnonoxenue Koiprbiz-
ckoii PecrmyOmuku wmexnay rpanunamu Kazax-
crana, Kwuras, Tamkukucrana u Y30eKucTaHa
ONpEACNUIO OPUEHTAIUI0 TPAHCIOPTHON CH-
CTeMBbl Ha OOCITy)KMBaHHE TPAH3UTHBIX MMOTOKOB,
9KCIOpTAa U HMMIOPTA. IDTOMY CHOCOOCTBOBAJIO
coznanue B 1994 rogy eaquHOrO 3KOHOMHYECKOTO
npoctpaHcTBa ¢ Kazaxcranom u Y30eKuCcTaHOM,
a B 2015 romy co3ganue EBpa3uiickoro 3KOHO-
muueckoro corwsa (EADC). OO6mias mpoTsxkeH-
HOCTh aBTOMOOWJIBHBIX Jopor Keiprei3crana co-
cTaBisieT 6onee 34 ThIC. KM, U3 KOTOPBIX TOJIBKO
18,8 Teic. kM (55,3 %) OTHOCATCA K JOpOram
00111ero MOJIb30BaHUS, HAXOIAIIUMCSA B BEICHHUU
MuHncTepcTBa TpPaHCIIOPTa M KOMMYHHKAIUH.
B cucremy MexayHapOAHBIX TPaHCHOPTHBIX KO-
PUAOPOB BXOAST HECKOJIBKO YYacTKOB OOmIei
MPOTSHKEHHOCTHIO 4,2 ThIC. KM. KimtoueByto ponb
B MEXIYHApPOJIHBIX IEPEBO3KaX HWIPAOT y4acT-
ku bumkex — Hapemn — Topyrapr — Kamrap
n Om — Capsl — Tam — Hpkemram — Karmrap.
BaxxHoe HalnMOHalbHOE 3HAYEHUE HMEET aBTO-
maructpanb bumkek — Jlxanan-Abag — O, Tak
KaK OHa He TOJIbKO 00eCIeynBaeT TPAHCIOPTHYIO
CBA3aHHOCTb JBYX KpPYIHEHIIMX PallOHOB B Ha-
MpaBJICHUU CEBEP — IOT, HO U SIBIISIETCA YaCThIO
TpaH3UTHOTO Kopuaopa mexay Poccueit u Tan-
JKUKHCTaHOM 4epe3 Tepputopun Ksipreizcrana
u Kazaxcrana (puc. 1).

B cocraB Keipreizctana BXoquT Ba ropoja
pecnyonukanckoro 3HadeHus: (bumkek u Om)
u cemb obnacreii: Yyiickas, Uccbik-Kynbckas,
Tanacckasi, Hapwiackas, Jxaman-Abanckas,
Omckas, barkenckas. Ilo gamaeim 2021 ropa,
B pecnybnuke HacuuThiBaeTcsi 1883 Hacenen-
HBIX MYHKTa, U3 KOTOPBIX aBTOOYCHBIM COO00-
IIEHUEM COEIMHEHO TOJbKO 1660 HaceneHHbIX
nyHKTOB (88,1 %). OOmas mnpoTsHKEeHHOCTb
MECTHBIX JIOPOT B PECIYOIHMKE COCTABISIET OKO-
710 24,2 THIC. KM, U3 KOTOPBIX TOJBKO 9 ThIC. KM
(37,2 %) naxonsTca B BeieHMM MUHHCTEpPCTBA
TpaHcropta. He Bce y4acTku aBTOMOOWIBHOM
cetd (YHKIHOHUPYIOT KPYIJIOTOJUYHO W3-
3a OOJIBIIOrO KOJIMYECTBA TOPHBIX IIEPEBAJIOB.
Bo MHOTHX BBICOKOTOPHBIX HACEJIEHHBIX MYyH-
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Fig. 1. Road network of Kyrgyzstan in the system of international transport corridors

KTaX aBTOMOOUJILHOE COOOIICHUE 3UMOM TIPeKpa-
IIaeTCsl, YTO MPHUBOAUT K TPAHCHOPTHOM H30MIs-
UK. 3aTpyIHEHHs, CBSI3aHHbIE C O0JIeZICHEHNEM
JIOPO’KHOTO TOJIOTHA, OOpa3oBaHUMEM TyMaHa,
CXOJIOM JIaBUH M OINOJ3HEH, OTMEYAIOTCSI C KOH-
11a OKTSIOps MO KOHeI[ amnpenis (6oee moayrona),
YTO yCyryOmsieTcsl HU3KUM Ka4eCTBOM JOPOT BTO-
pocTenieHHOro 3HaueHus. Hanbonpummii ypoBeHb
JAaBUHHOW OINAaCHOCTH HaOJIoAaeTcs Ha JOoporax
MECTHOTO 3HA4YeHHs IXKHOM 4acTh pecryOluKu
U Ha [lepeBajlax MEKIy CEBEPO-BOCTOYHOM U F0XK-
HOM yacTsamu. B pe3ynbsrare mpoucxonuT ce30H-
HOE TMpPEKpalleHue TPAHCIOPTHOTO COOOIICHUS
¢ OOJBIIUM KOJMYECTBOM HACEJICHHBIX MYHKTOB

I Kyrgyzstan Road Network [mexrponmsiii pecypc] //
Logistics Cluster. URL: https://Ica.logcluster.org/ru/
node/5567 (nara obpamienus: 24.12.2024).
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Ha tore KeIprei3cTana, a TakKe BO3HHMKAeT ce-
30HHBIA pa3pblB TPAHCIIOPTHOM CETHU HAa Y4YacTKe
bumkek — Jxxanan-A6ax — Omur (puc. 2).

B nepuon ¢ 1991 no 2022 rox B pecnyoiauke
OBLJIO 3aperHuCTPUPOBAHO 593 OMON3HEBHIX CTH-
XUiHBIX OencTBus. B cTpane HacuuThiBaercs 0o-
nee 4 500 onosI3HEBBIX CKIIOHOB, U3 KOTOPBIX MPHU-
MepHO 1 200 ABAAIOTCSA aKTUBHBIMU U YIPOXKAIOT
6onee 540 nacenenubIM nyHkTaM U 300 oObek-
TaM HHPPACTPYKTYphl (IOpOoraM, 3HEpreTuye-
CKUM o0ObekTaMm, OonbHHMIIAM u mIkoinam) [17].
B 2003 romxy 661710 MOBpEXKIEHO 55 KM I0POT, TIOJI-
HOCTBIO WJIM YacCTHYHO pa3pyuieH 21 moct [18],
B 2011 romy moBpexaeH ydacTok noporu bum-
kek — Om, B 2019 rogy Obl1 mepekphIT y4acToK
noporu bumikek — Hapeia — Topyrapr [17]. MecTa
OTIONI3HEH, Mpou3onIeuX B pecrnyomuke ¢ 2003
o 2016 rox mpeacrasieHsbl Ha puc. 3. [1aBHBIM
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Puc. 2. Kapra naBunHOi onacHocTH Kbipreizckoid Pecmyomnukn?

Fig. 2. Avalanche Hazard Map of the Kyrgyz Republic

00pa3oM OIIOJI3HM 3aTParuBalOT IOKHYIO YacTh,
B ocobenHoctn Omickyro u J[xaman-AGanckyro
obmnactu. Haunnas ¢ 1985 rona nabmromaercs us-
MEHEHUE Meproja NOBTOPSIEMOCTH OIoJI3HEH [ 19,
20] 1 cMeleHUE CE30HHBIX CPOKOB C MapTa — Mast
Ha SHBApb — MIOHB, YTO MOBHIIIACT 1e(PEKTHOCTH
CYILLECTBYIOIIEH TPAHCIIOPTHOM CHUCTEMBI 32 CUET
BO3HHUKHOBEHHSI CE30HHOW Pa30pPBaHHOCTU WU
W30JIMPOBAaHHOCTH.

PaccrosiHue aBTOMOOWMIILHOTO COOOIIEHUS
Mexay ropogamu bumikekom u Omiem cocrapis-
et 760 kM, mpuMepHOe BpeMs B ITyTH — 15 u, pac-
cTosiHue Mexay roponamu Omiem u batkeHoM —
287 kM, Bpems B IyTH — 5,5 4. PaccrostHue Mexy

2 Tematuueckue KapThl [DnekTpoHHslii pecype] / Ciyxba
BOJIHBIX PECYpCOB IMpU MHHHCTEPCTBE CENBCKOIO XO35MU-
ctBa Keiprezckoit Pecrryomukn. URL: https:/nwrmp.water.
gov.kg/?page id=1165&lang=ru RU (mara oOpariecHus;:
24.12.2024).
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ropoaamu buikekom u Hapeiaom — 316 kM, npu-
MepHoe BpeMsi — 4 1 45 muH. M3-3a BO3HUKHOBE-
HUS ONOJI3HEM MapuIpyThl 00be31a FOPHBIX paii-
oHoB B Omickoit u Jkanan-AbGaackoi 00gacTsIx
IPOXOJAT MO Tepputopun Y3z0ekucraHa. Takum
0o0pa3oM, BHYTpEHHEE aBHACOOOLICHHE MEXIY
00JIaCTHBIMU LIEHTPaMHU pecyOIuKU UMeeT 00Ib-
[10€ 3Ha4€HHUE JJI1 MECTHOTO HACEICHHUS.

Ha puc. 4 npencrasieHa NmoJaBEpKEHHOCTb
ABTOMOOMJIBHBIX JIOPOT PECIYOJMKH OIOJI3HE-
BbIM siBIeHUSIM [17]. BumgHo, 4TOo cx07 JaBUH
HaunboJee 4YacTo MPUBOIUT K OCTAHOBKE aBTOMO-
OMIBHOTO COOOUIEHUS MEXIy roponaMu burmike-
koM, Omrem u baTkeHOM, a Takke TOPHBIMU Hace-
JICHHBIMH ITyHKTaMH, PAaCHOJIOXEHHBIMH B 3THUX
o0nacTsx.

Ponb jxene3HonopoXKHOro TpaHCcopTa B o0e-
CIICUEHUU BHYTPEHHEN CBS3aHHOCTH OTJAJIEHHbIX
U TOPHBIX HaceJIeHHbIX MYHKTOB KbIpreizcrana



Tom 28, N2 02, 2025

HayuHbi BecTHuk MITY TA

Vol. 28, No. 02, 2025

oy oy

Civil Aviation High Technologies

w

CucTzoopn WGS 1084 UTM sora 434 N
Nposngua: NONepeu-an MegaaTops A
Ocwcea cnct oopanme VWGS 1984
A Mecroononem " feora 0 625 125 250
D T —,
= = = = e = = == == weet P

Puc. 3. Mecra onomsueit B Keipreickoii Pecy6mmke, mponsomeammix 3a 2003—-2016 roxer [17]

Fig. 3. Locations of landslides in the Kyrgyz Republic that occurred during 2003-2016 [17]
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Puc. 4. TloasepxeHHOCTh aBTOMOOMITBHBIX JTopor Pecriyomuku KeIpreizcTan onoi3HeBbIM sBiIeHUsIM [17]

Fig. 4. Exposure of roads in the Kyrgyz Republic to landslide events [17]
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HeBenuka. Ha ero momro, mo manaeiM 2023 ropa,
npuxoautcs Mmeree 1 % BHYTPEHHHUX MaccaKup-
CKHUX NepeBO30K. [IpOTSKEHHOCTh Kele3HOMI0-
pPOXHBIX TyTel coctaBisaeTr 424,6 kM. OHu pas-
JIeJICHbI Ha JIBAa Y4acCTKa, MPOXOAIIUX [0 CEBEPY
ctpanbl u3 JlyroBoit uepe3 buiikek B bakbikuu,
coenunsst Peidause ¢ Typkcubom B Kazaxcrane
(323,4 km), 1 1o 10KHOM yacTH uepe3 O, BEIXOA
Ha Kelie3Hyro aopory Y3oekucrana (101,2 km).
Kenesnonopoxxknoe coobmienue ¢ Kuraem u Tan-
JKUKUCTAaHOM OTCYTCTBYeT. [loBep:keHHOCTD Ke-
JIE3HOU JTOPOTH JIABUHHBIM ¥ OTIOJI3HEBHIM SIBJIC-
HUSIM HEBBICOKAS.

Ha ocHoBaHum aHanM3a TONOJOIMU TpaHC-
noptHoit cuctembl Kbipreisckoit  PecrnyOnuku
C y4eToM O0COOEHHOCTEH TOpHOro penbeda Lerne-
CO00pa3HO TMPEATNONOKNTh, YTO B HEpHOI 00pa-
30BaHMSI OMOJ3HEW W JIABUH BO3YILIHBIA TpaHC-
MOPT JOJDKEH CTaTh KIIOYEBBIM B 0OECICUeHHH
BHYTPEHHEH TPAHCIIOPTHOM CBSI3aHHOCTH MEX]Y
KPYNHEHWIIMMH TOPOJaMU M OTAAJIECHHBIMU TOp-
HBIMU HACEJICHHBIMU MTyHKTaMH, aBTOMOOWJIbHbIE
TIOJTUTOHBI KOTOPBIX TOJBEPIKEHBI PUCKaM pas3py-
LICHU.

ABHAIIMOHHAS CBA3AaHHOCTH HACEJIEHHbIX
nyHKToB KpIpreisckoii PeciyOsmmku
U CIIPOC HA MACCAKMUPCKHUE NTEPEBO3KHU

3a mepuon ¢ 1991 roma cerb aBmacooOmie-
Huil KbIprei3crana CynieCTBEHHO COKpaTHIIacCh,
YTO BBIPAKACTCSI B COKPAIICHUU KOJIMYECTBA
JNEHCTBYIOMNX BHYTPEHHUX M MEXIYHAPOIHBIX
a’pOIOPTOB, COKPALICHUH KOJIMYECTBA MapILpY-
TOB, CHH)KEHUH YacCTOTHI BBINOJIHSAEMBIX PEICOB,
YMEHBIICHUH TapKa HMCIIOIb3yEeMBIX BO3IYIIHBIX
CYJIOB Ha TEPPUTOPHHU CTPAHBI.

Jo 1991 ropma B pecnyOnuke aeiicTBOBaIO
B 00111€# CTI0KHOCTH 86 a’3pONOPTOB, B3JIETHO-TIO-
CaJIOUHBIX I0JIOC, MEJIKUX a3ponpomoB. Ilo nan-
HbIM [0CyIapCTBEHHOTO areHTCTBA TPakJaHCKOM
aBuanuy, B 2024 rony Ha TEppUTOPUHN PECITyOIu-
KU Jeiictyer 11 cepTUGHUIMPOBAHHBIX a3poOIop-
TOB, MATh U3 KOTOPBIX SBJISIFOTCSA MEKIYHApPOTHbI-
Mmu: Manac (1. bumkex), Om (1. Om), Mccebik-Kyinb
(c. Tamun), Kapaxon (r. Kapakoi, oTKpbIT mocie
mozaepHu3armu 11 nexabps 2024 rona), batken
(r. BarkeH). A3>ponopThl BHYTPEHHHUX BO3AYIITHBIX
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muaui (BBJI): Tanac, HapsiH (3aKpbIT Ha pEKOH-
crpykimio), Kazapman, /[xanan-Aban, Kapasan
(r. Kepben), Paz3akoB. Bce aspomopTsl peciry-
OJMKH MPUHAIJIKAT OTKPHITOMY aKIIMOHEPHOMY
o61ecTBy «MeKTyHapOIHbIH aspornopt Manacy?
(puc. 5). OcHOBHas 4acTh a’pOIOPTOB COCPENO-
TOYEHA B CEBEPHOM 4acTU CTpaHbl. B Hacrosuiee
BpEMSI MEXIYHAPOJHBIE DPEWCHI BBINOJIHAIOTCS
TOJIBKO B JBa a’ponopra — Manac u Omi, BHY-
TPEHHHE PEIChl BBHIMOIHSIOTCS BO BCE MEXKIY-
HapOJIHbIE a’3POIOPTHI, a Takxke a’ponopt Jlxa-
nan-Aban u Pa33akos.

3anepuoz ¢ 1991 roxa B pecmyOirke mpon3o-
VIO CYLIECTBEHHOE COKpALIEHHE a’pONOPTOBOM
CEeTH U CeTH II0CAI0UHBIX IIIOIA oK. B pe3ynbra-
T€ PE3KO CHU3HIOCH KOJIUYECTBO BBHITOIHIEMBIX
MapLIPyTOB BHYTPEHHUX BO3AYIIHbBIX JTUHUM.

Uucnennocts Hacenenus Koipreizckoir Pe-
cnyomuku ¢ 1990 rona umMeer NOCTOSHHYIO TEH-
JEHIMIO K YBEJIMYEHUIO, OJHAKO MacCa)kKUpoIio-
TOK BO3IYLIHOTO TpaHcmopTa 3a nepuoa ¢ 1990
1o 2001 roa cokpamaercs. Poct naccaxxupornoro-
Ka BO3YIIHOTO TPAHCTIOPTA HAOIIONAETCSI TOIBKO
B niepuof ¢ 2001 mo 2023 roa, uTto 00yCIOBIEHO
U3MEHEHHUEM CUTYallud B OTPACiIH, CTa0MIN3aLu-
ell KOHOMUYECKUX IOKa3areiae U OTKpPbITHEM
HOBBIX HaIlpaBJICHUH TIepesieToB (puc. 6).

B 2017 romgy Obul AOCTUTHYT camblif OOJb-
II0M AaCCaXKMPONOTOK HA BO3IYIIHOM TPaHCIOP-
te ¢ 1990 rona, kotopslii coctaBui 1484,5 ThiC.
yenoBeK. JlanpHeWmuii crang oOyCIIOBIEH JKO-
Homuueckoi cutyanuend 2018 roga u BBeAcHU-
€M OorpaHWyYeHMi Ha mojeThl ¢ KoHia 2019 roga
B cBA3M ¢ pacnpoctpaneHuem COVID-19. [locxe
CHSITUSl OTpaHUYEHUN CUTyalus CTaOWIU3UPO-
Banack. B 2023 rogy BO3AYLIHBIM TPaHCHIOPTOM
nepese3eHo 1 290 TbIC. yenoBek, U3 KOTOPBIX HA
MEXIyHapO/IHbIE MEPEBO3KU MPUXOIUTCS OKOJIO
71 %, na BHyTpeHHuEe — 29 %. Ilpu sToM noins
CEJIbCKOTO HACEJICHUs B PECITyOJIHMKE COCTaBISET
65 %. B pacuere Ha OIHOTO XKUTENS PECIYONUKU
B 2023 rogy npunuiocs cymmapso 0,18 nepene-
Ta BO BHYTPEHHEM U MEXJyHAPOJHOM COO0OIIe-

3 Ipaxmanckue aspoapombl  Keipresckoit  Pecry6nu-
Ku [DneKTpoHHBIN pecypc] / TocynapcTBeHHOE ATEHTCTBO
rpax-ganckord aBuanmuu Keipreickoit pecmyOmmku. URL:
https://caa.kg/ru/grazhdanskie-acrodromy-kyrgyzskoy-
respubliki (naTa oOpamenus: 24.12.2024).
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Keiprezckoit Pecyommxm™

Fig. 6. Population, passenger traffic by air and railway transport of the Kyrgyz Republic

* PaccunTaHO aBTOpaMy Ha OCHOBAaHHMHM JaHHBIX O Pa3Mepe MacCaKHUpONnoToka HalmoHanbHOro CTaTUCTUYECKOTO KOMUTETA
Keipreizckoit PecryOnuku 1 TaHHBIX 0 YHCICHHOCTH HaceneHnsa BeemupHoro banka.
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HUH, B TO BpeMs Kak B 1990 rogy mpuxoamnoch
0,40 nepenera. [1o cpaBaenuto ¢ 1994 ronqom nosnst
[acCaXMpOB, COBEPLIAIOLINX BHYTPEHHUE Iepe-
JeThl, B OOIEM MacCaKUPOMOTOKE BO3LYLIHOIO
tpancnoprta (BT) cokparunacs B 2 paza [15], uro
CBSI3aHO C COKpAILEHUEM KOJIMYECTBA BHIMOJIHSE-
MBIX BHYTpEHHMX peiicoB. [TaccakuponoTok sxe-
JIE3HOAOPOKHOTO TpaHcnopra ¢ 1993 roga umeer
MOCTOSIHHYIO TEHJEHIMIO K COKpAIllEHUIO, YTO
00YCIJIOBJIEHO POCTOM KOHKYPEHTOCHOCOOHOCTH
aBTOMOOUIIBHOTO TpaHcmopra (puc. 6). Pazmep
MacCaXMPONOTOKAa aBTOMOOMIIBHOTO TpaHCIOpTa
npezcTasieH Ha puc. 7. Koagounuenrt koppens-
LMY MEXJy KOJIMYECTBOM IIE€PEBE3ECHHBIX I1acca-
KUPOB aBTOMOOWJIbHBIM TpaHcrnoproM u BBII
cocrapisger 0,91, 4To roBOpUT O HamOOJIBLIEM
BIMSHUU Ha CIPOC DKOHOMHYECKUX (PAKTOPOB.
B Hacrosiiee Bpemsi Ha 107110 aBTOMOOMIIBHOIO
TpaHcnopta npuxonurcs 6omnee 80 % Bcex Mex-
JQYTOPOIHUX TIEPEBO30K B pecmyOnuke. Pe3yib-
TaThl MCCJIEJOBAaHUS I10Ka3bIBAIOT, YTO aBTOMO-
OWJIBHBIN TPAaHCHOPT HE MOXKET YIOBIETBOPHUTH
MOJIHOCTHIO IOTPEOHOCTH B ACCaKUPCKUX Iepe-
BO3KaX BO BPEMsl CE30HOB JIABUH U OIOJI3HEH, 4TO
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IIPUBOJUT K CUTYallM¥ BPEMEHHON TPAHCIIOPTHOM
JTUCKPUMMHAIINH CEJILCKUX TOPHBIX MOCEIICHUM.

[Ipu dopmupoBaHuu crpoca Ha BO3AYIIHBIE
nepeBo3ku BiusAHKME pasMmepa BBII cHwmkaercs.
CootHomenne u3MeHenus: pasmepa BBII u 06-
uiero naccaxuponoroka BT B nepuon ¢ 1990 no
2023 rox B KeipreizcTane npeacTaBieHO Ha pUC.
8. KoaddunuenT koppenduun Mexay dTUMH TO-
kazarenssmu coctaBuil 0,60, yTO MOATBEpPKAAECT
HAJTMYUE BIUSHUS JPYTUX PAKTOPOB.

AHanu3 nokasaresyie KoJIu4ecTBa COBEpPIICH-
HBIX MO€310K ogHUM xuteneM Keipreisckoil Pe-
CIyOJIMKH 10 BUJIAM TPAHCIIOPTA MPEACTABICH Ha
puc. 9. 3 pucyHka BUAHO, UYTO OCHOBHAsl 4acTh
MOE3/I0K COBEPIIAETCA MECTHBIMU >KUTEIISIMHU
C HCTIOJIb30BaHHEM aBTOMOOWJIBHOTO TPaHCIIOP-
Ta. ABHAIMOHHAs IOABW)XHOCTh HAcCEJEHUs 3a
paccMaTpuBaeMBbIil IEpUOJ COKpaTuiiach B 2 pasa.

AHanu3 pes3ylbTaToB Hay4HbIX HCCIEI0Ba-
HUNl (GOpMHUpPOBAaHUS CIpOCa Ha AaBUAIMOHHBIC
MAaCCAKUPCKUE TEPEBO3KU B Pa3BUBAIOLIUXCS
CTpaHax MO3BOJISIET BBIACIUTH Cleayromue (ax-
TOPBI, BIUSIOIIAE HA pa3Mep MacCaKMpONOTOKa:
pa3Mep BHYTPEHHEIo BajlOBOIO INPOAYKTa, YpoO-
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Puc. 7. [TaccaxxupomnoTok aBToMoOMIBHOTO TpaHcnopra u pasmep BBII Keipreckoit Pecmyomiku™

Fig. 7. Road transport passenger traffic and GDP of the Kyrgyz Republic

*PaccunTano aBTOpaMH1 Ha OCHOBaHHU JaHHBIX MMACCaXKUPOITIOTOKA HaLII/IOHaJ'[I)HOI‘O CTaTUCTHYCCKOT'O KOMUTECTA KLIpFBI3CKOﬁ

PecnyOnmuku u nannbix o pasmepe BBIT Becemuphoro banka.
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Fig. 8. Dynamics of changes in GDP and air transport passenger traffic in the Kyrgyz Republic

*PaccunTaHO aBTOpaMH Ha OCHOBAHUHM JAHHBIX O MAcCaXHPONOToKe HanmoHamsHOTO cTaTucTHYeckoro koMmutera KuIprors-
ckoif PecrryOnmuku u mannbIX 0 pasmepe BBII Becemuphoro banka.
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Puc. 9. KonndecTBo COBEpIIEHHBIX MOE30K PAa3IMYHBIMU BUIAMHU TPAHCIIOPTA OIHUM KHUTEIIEM
Keipresckoit Pecniyonmkn B rog*

Fig. 9. Number of trips made by different modes of transport by one resident of the Kyrgyz Republic per year

*PaccunTaHO aBTOpaMU Ha OCHOBaHMH JJaHHBIX O MTACCAXKUPOIIOTOKE M YHCIIEHHOCTH HaceleHns1 HalmoHaapHOro craTucTu-
geckoro komuteta Keipresckoit PecrryOmmkn.

BEHb JI0XOJI0B HACEJIEHUS, CTOMMOCTD II€PEJIETOB, Ty BBINOJIHAEMBIX PEWCOB, MPHUBIEKATEIbHOCTD
KOJTMYECTBO MEXyHAPOAHBIX COIVIAIIEHUH Ha  TypUCTHUYECKHX 00bekToB [13-15, 21-23].

OTKpBITHE MAapUIPyTOB, CTPYKTYpPY BHYTPEHHEU ITocne pacnaga CCCP BHemHue cBssu Koip-
MapLIPyTHOW CETH, paCCTOSHUE TEpeseTa, YacTo-  T'bI3cKoM PecryOnuku ¢ 3apyOeXHBIMU CTpaHAMU
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ObUTH pa3pylIeHbl, YTO MPUBEJIO K PE3KOMY Cra-
oy naccaxupomnoroka ¢ 1990 nmo 1994 rox. Ilo-
CTENIEHHOE BOCCTAHOBJIEHHE MEXIYHapOAHbIX
COMAIeHUH B cepe rpakJaHCKON aBUAIMK Ha-
yanoch ¢ 1994 rona. OpHako pa3BUTHE MEXKTyHa-
POIHOM aBHAIIMOHHOW MAapLIPYTHOM CETH OCTa-
HOBHWJIOCH B CBSI3U C momnajgaHueM Keipreizcrana
B 2006 r. B uepHsbIil civcok EBpomnelickoro corosa
(EC) u3-3a HecooTBeTCTBUS cTaHAapTaM 0e30-
MacCHOCTH M HU3KUM YPOBHEM HaJ/130pa 3a aBuare-
pEBO3YMKAMH. 3ampeT Ha MOJEThl ObUI HaJOXEH
Ha BCE HallMOHAJIbHbIE aBHMAaKOMMaHUU KbIpreis-
cTaHa. B pe3ynbrare KpIprbI3ckie aBUaKOMIaHUH
IepecTaln BBIIOIHATH IOJIeThl B cTpaHbl EC,
Benukobpurannio u CIIA. [Togo6Hast cutyanus
HaOmoaanack ¢ 6e30nacHOCTbIO MoyeToB B Hema-
ne, korna B 2013 rogy crpanamu EC taxke ObL1
HAJIOKEH 3alpeT Ha BHINIOJHEHHUE MOJIETOB HaIU-
OHaJIbHBIMM aBUAKOMIIaHUsIMU [6]. B Hacrosiee
BpEMSI [IPaBUTEICTBOM PECITYOJIUKH COBMECTHO
C PYKOBOJICTBOM HAIIMOHAJBbHBIX aBHAKOMITAHHA
peanusyeTcsi KOMILIEKC MEp, HallpaBJICHHBIN Ha
nocTwkeHue Tpedbosanui cranpaproB MKAO
u EBpormeiickoro areHTcTBa 0€30MacHOCTH IIO-
netoB. B 2023 rogy aBMakoMnaHUM YCIELIHO
npouutn ayaut UKAO no mporpamme USOAP
(YHuBepcanbHasi mporpaMma MpoOBEPOK OpraHH-
3allMU KOHTPOJIS 3a obecreueHneM 0e30MacHOCTH
MIOJIETOB), YTO CBUJETEIBCTBYET O JOCTUKEHHUU
MOCTaBJICHHBIX 1Iesel [24].

[To coctosinuio Ha koHen 2024 rona Mexy-
HapojHas MapupyTHas cetb KoIpreizckoi Peciry-
ONMuKHY BKITIOYAET CleAyIolre Hanpasienus: Poc-
cust, Kyseiit, O0beinHeHHbIE ApaOcKie DMUpATHI,
Typuus, Uunus, Kuraii, [Takucran, CaynoBckas
Apasusi, Y30ekucran, Tamkxukuctan, KazaxcraH,
Azep0aiikan, Monronus, Erumer. OcHoBHOM
00BEM BHEIITHETO MacCaKUPONOTOKa (hOpMHUpYET-
Csl 32 CYET TPYAOBBIX MHUIPAHTOB, JIETAIOLIUX HA
3apaboTku B ropoaa Poccun [25]. CpaBHUTENBEHO
HU3Kasi CTOUMOCTH aBuamnepesneToB u3 KbIpreis-
craHa B Poccuro mpuBiiekaeT B MeXIyHapOIHbIE
a’POIOPTHl  PECITYOTUKH OONBIIOE KOTHUYECTBO
TPYIOBBIX MHUIPAHTOB W3 TaJKUKUCTaHA U Y3-
OekucTaHa, UCIOJB3YIOLINX a’pONOPTHI TOPOJIOB
bumikeka, Oma u barkena. CtouMocTh niepeneTa
n3 bumkeka B MockBy o0XoauTcsi B 2 pasa je-
LIEBJIE, YEM NIEPENIET U3 cTonuLpl TapKkuKucTana
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Jyman6e. YBenuueHue MexayHapOaHOIO macca-
xuponotoka BT KbIpreI3ckux aBUakoMIaHUU 3a
CUET TPYAOBBIX MUT'PAHTOB MO3BOJISET MOBBICUTH
KOJIMYECTBO BBHINIOJIHAEMBIX peCOB MO BOCTpebo-
BAaHHBIM HAIpPaBJICHUSM, YTO TAKXKE OKa3bIBAE€T
MIOJIOXKUTENIBHOE BIIMSHUE HA yBEJIMYEHHE I1acca-
KUPOMOTOKA MECTHOTO HACEJICHUSI.

Bnytpennue perynsphsie pelicel B Kbiprei-
3ckoil PecrnyOnuke BBINOJTHSIOTCS MEXIy ce-
MbIO a3ponopraMu. OrpaHHYEHHOCTh BHYTPEH-
HEel MapHIpyTHOW CeTH OOBSACHIETCS BBICOKOM
CTOMMOCTBIO OpraHU3allid II0JIETOB IPU HM3-
KOM [aCCa)KUPONOTOKE. BHyTpeHHHE mepeneTsl
CTaHOBSITCSI SKOHOMUYECKH HEPEHTAOEIbHBIMU
U TpeOyroT cyOcuaupoBaHusi. AHAJIOTHYHAs CH-
Tyalusi HaOJIIOaeTCsl BO BHYTPEHHEM aBHUAc000-
LIEHUH CEBEPHBIX peruoHOB Poccun. Pesynbrarsl
UCCJIEJIOBAHUN TOKAa3bIBAIOT, YTO ONTHMHU3ALIUS
3aTpaT Ha BHYTPEHHUE aBUANIEPEBO3KH JIOCTHUTa-
€TCsl 3a CUET MOBBIILIEHUS TOYHOCTH ITPOTHO3UPO-
BaHUS NACCaXUPOIOTOKOB, PAllMOHAJIBHOTO I1JIa-
HupoBaHus napka BC M 4acTOThl BBINOJHEHUS
peiicoB. B yClnoBUAX CE30HHON OIPAHUYEHHOCTH
Ha3eMHOH TPaHCIOPTHOM CBSI3aHHOCTU HanboJee
YacTO UCIOJIb3yEMbIE TPaBUTALIMOHHBIE U perpec-
CHUOHHBIE MOJIEJIN JUIsl TUIAHUPOBAHUS [1aCCAXKUPO-
IIOTOKA BO3YIIHOTO TPAHCIIOPTA SBJISFOTCS HEJIO-
CTaTOYHO TOYHBIMU [26]. [IoBBIIEHHE TOYHOCTH
IPOrHO30B MOXET OBITh JOCTUTHYTO 32 CUET IPO-
BEJICHUS MTOJIEBBIX UCCIIEIOBAaHNUM, OIPOCOB HACE-
JIEHMS1, aHAJIM3a CYIECTBYIOIIEH COLIMAaIbHON UH-
(GpacTpyKTypbl KpPYNHBIX HACEJICHHBIX ITYHKTOB
(00MacTHBIX IIEHTPOB) U TYPUCTUUECKOHN TTPUBJIC-
KaTeJIbHOCTH NMPUPOIHBIX 00BEKTOB [27].

JluHaMMKa Macca)XMpOMOTOKa, OOCITyKHUBa-
€MOI0 B MEXIYHAapOJIHBIX a’poIoprax pecIy-
OMUKM M B JBYX KPYHNHEHIINX PETHMOHAIBHBIX
asporioprax ¢ 2013 mo 2022 rox, mpeacraBieHa
B Tabm. 1.

W3 naHHBIX TaOMUIBI BUAHO, YTO BO BCEX ad-
poropTax HaloAaeTcsl POCT MACCaAKUPOIIOTOKA
3a paccMmarpuBaemblil iepuoa. OcobeHHo creny-
eT orMeTuTh HampasieHus Mcebik-Kynp n Jlxa-
nan-Abaa, B KOTOPBIX YBEIMYEHHE MaCCaXKUPO-
MOTOKA 332 pacCMaTpHUBAEMBIN MEPUOJT COCTABUIIO
27,4 u 7,3 pa3a cOOTBETCTBEHHO. B citydae a’po-
noprta Mccrik-Kynb cutyanus oObsicHSETCS yBe-
JUYEHUEM TYpPUCTHUYECKOTO MOTOKa Onaromaps
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Taoaunna 1
Table 1

JlnaaMuka 0OCTYKEHHOTO MacCaXUPOMOTOKa (TIPHIICT/BBIIET) B MEXTYHAPOIHBIX adpPOIopTax
U IByX KPYIHEHUIINX PeTHOHANBHBIX adponopTax Keipreisckoit PecmyOnuku, maccaxupon

Dynamics of passenger traffic served (arrivals/departures) at international airports and the two
largest regional airports of the Kyrgyz Republic, passengers

T'on Mamnac Om Kapaxkoa HIE;;[:- Barken ﬂi%g;ﬂ_ Pa33akoB Hacl::;r];)pms
2013 | 1372462 997 050 121 3333 30343 8733 8211 2420253
2014 | 1697800 | 1253914 95 5556 24 036 5099 3 465 2 989 965
2015 | 1778603 | 1217427 86 10 329 23083 105 12 759 3042 392
2016 | 1834277 | 1210572 91 9101 22 431 5662 797 3082931
2017 | 2164858 | 1258937 41 11 670 22283 22 158 6 390 3486 337
2018 | 2084 738 | 1346471 10 11 535 24 597 23 859 8 695 3499 905
2019 | 2167759 | 1446 906 0 16 027 24 992 26 439 1224 3 683 347
2020 874 655 627 009 0 824 7301 8 135 0 1517 924
2021 | 2126354 | 1700670 0 111 403 14 266 17715 18 087 3 988 495
2022 | 2695883 | 2271788 0 90 541 6 024 45432 16 195 5125 863
2023 | 3061066 | 2364084 0 91175 9707 63 227 19 447 5608 706

PEKOHCTPYKLIMK a’ponopTa. YBEJIWYEHHE Iacca-
KUpPOIOToKa a’poniopra JIkaman-AbGan B CBOIO
ouepeib NOATBEPKAAET HAIMUKE CIPOCa HA BHY-
TPEHHUE TMAaCCAXUPCKUE TEPEBO3KH B TOPHBIX
paifonax pecnyOnuku. [lo naHHBIM TpaBHUTEIb-
ctBa Pecniyonuku Keipreiscran, B [lxanan-Abdane
B 2025 rony 3alulaHMpPOBAaHO HAYAJIO CTPOUTEIb-
CTBa MEXIyHapOIHOTO a’poropra. PaccrosHue
aBTOMOOUIIBHOTO cooOIeHust Mexay Jkanan-A-
6amom u Omem cocrapisieT 127 kM, cpemHee Bpe-
M B myTd — 3 4 20 muH. [Ipu 3TOM cripoc Ha aBu-
anepeBO3KH MOCTOsIHEH. PocT maccaxuponoroka
B MEXIyHapOAHbIX aspornoprax Manac u O co-
craBui 2,2 u 2,4 pa3a coorBeTcTBeHHO. Cokparie-
HUE B 3 pa3a naccaxupoIrioToka B a3pomnopry bar-
KEH, HaxoisIieMcsi Ha rpaHuie ¢ PecmyOmukoit
VY30ekucTaH ¥ B OTHOCUTENBHON Onu3octu K Pe-
cnyonuke TamkukucTtan, oOyCIOBIEHO H3MEHe-
HUEM CUTyallil Ha MOTPaHUYHBIX MYHKTax Ipo-
MyCKa, YTO MPHUBEJIO K COKPALLIECHUIO TACCAXKUPOB
U3 JTUX CTpaH, JICTAIIUX O MEXIYHAPOIHBIM
HampaBJIeHUsIM uepe3 asponopT Keipreizcrana.
Kpowme Toro, B 2022 rony B CBsA3M ¢ IPOBEACHUEM
paboThl IO PEMOHTY ¥ BOCCTAHOBIICHHIO MCKYC-
CTBEHHOTO TOKPBITHS B3JIETHO-IIOCAJOYHOMN TII0-
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JIOCHI U PYJIEKHBIX JOPOXKEK a3pONOPT BPEMEHHO
OBbUIT 3aKPBIT.

AHam3 CpeHero pacCcTOsSHUS MEPEBO30K I10
BUJIaM TPaHCIIOpTa MOKa3al, YTO B aBTOMOOUIIb-
HBIX U KeJIE3HOAOPOKHBIX TIEPEBO3KAX 3a paccMa-
TpuBaemblil iepuoa ¢ 1990 mo 2023 rox mpowuc-
XOJIUJIO HE3HAYUTEIbHOE M3MEHEHUE, a CpeaHee
pacCTOsTHHE MEPEIETOB CHIKAIOCH. ITO O0OBSICHS-
€TCsI COKpAIIeHUEeM KOIIMYEeCTBAa MEKIYHAPOTHBIX
MapIIpyTOB, OCOOCHHO CO CTPaHAMHU, HaXOSIIH-
MUCSI Ha OOJIBIIIOM PAacCTOSHUM OT PECIYOJIHKH,
nocisie 1991 roga. OTHOCHUTENIBHOE PA3BUTHE KaK
BHYTPEHHUX, TaK U MEXTYHAPOIHBIX MapIIPyTOB
Hayajioch ¢ 2010 roga, o 4eM CBHUIETENbCTBYET
YBEJIMYEHUE CPETHEr0 PAaCCTOSHUS IEePEeBO30K
(puc. 10). Ilo ganHBIM ATEHTCTBAa BO3IYIIHOTO
TpaHcnopra KeIprei3crana, 3a 3T0T nepuos 0610
noanucano 17 comameHuii ¢ UHOCTPAHHBIMU TO-
CyZlapcTBaMH B cpepe Tpa)k1aHCKOW aBUAIINU.

B pamkax naHHOTO HcciaenoBaHUs ObLIT IPO-
BEJICH ONPOC MECTHBIX XUTEJIeH B OTHOIIECHUU
HAJTU4Hs TMOTEHIIMAIBHOTO CIpoca Ha BHYTPEH-
HUe aBuarepeBo3ku. Ompoc ciaydailHO BbIOpaH-
HBIX PECIIOH/ICHTOB U3 T€HEePaIbHON COBOKYITHO-
CTH MPOM3BOIUJICS C MCIIOJIB30BAHUEM METOJIOB
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CIy4aitHOTO To0opa M CHEXHOTO Koma. Metox
OCHOBBIBAETCSl HAa TPUHIIUIIE CETEBOrO pPacIlpo-
CcTpaHeHUs WHPOPMANMH U PEKOMCHIAIMH OT
OJTHOTO pECIIOHJICHTa K japyromy. HawaB c He-
KOTOPBIX TIEPBOHAYAIbHBIX YYaCTHUKOB, Ha3bl-
BAa€MbIX CHEKHHKAMH, HCCJICIOBATEIb MPOCHUT
PEKOMEHI0BaTh IPYTMX MOTEHIUAIBHBIX y4acT-
HUKOB JiJIsi ompoca. Takum oOpaszom, BeIOOpKa
pacmmpsieTcss B (opMe HENOYKH WIH CHEXHOTO
KoMa. AHKeTa BKJIFOYasia BOIPOCHI, KaCAIOIIHUECS
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YaCTOTHI COBEPIICHUS MEPEIETOB PECIIOHACHTa-
MU; TPEINOYUTAEMBIX HAIPABICHUN TIepereTa;
1ene moe3aku (BeIOMpaeTcss U3 OrpaHUYEHHO-
ro crHcKa); (paKkTopoB, BIUSAIOMIUX HA MPUHSITHE
pemeHust o mepesere (BIOUPAIOTCS U3 OTPaHU-
YEHHOTO crrcka). Jlajnee ObUIO paccuMTaHo pac-
npeeNeHrne OTBETOB PECIOHIACHTOB B COOTBET-
CTBHH C HX JIOJICH B 00IIeM KOJTUIECTBE OTBETOB.
B COOTBETCTBUM C MOIyYCHHBIMH Pe3ybTaTaMu
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Puc. 10. Cpexnnee paccTosiHie IIEPEBO3KH 0 BUiaM TpaHcnopTa B Keipreisckoii Pecriyomnuke, km*

Fig. 10. Average haul by mode of transport in the Kyrgyz Republic, km

*Paccuntano aBTOpaMH1 Ha OCHOBAaHUHW JTaHHBIX HaHI/IOHaJ'ILHOFO CTaTUCTHYCCKOT'O KOMUTCTA KLIpl"I:BCKOﬁ PeCl'Iy6J'II/IKI/I.
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Puc. 11. OcHOBHEIE 1I€IM COBEPIIEHHS TIEPETIETOB MECTHBIMHU XUTeIsIMU KbIprei3ckoii Pecrryonuku

Fig. 11. The main purposes of flights by local residents of the Kyrgyz Republic
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pacrmpeneneHue 1ejield COBEpUICHUs MepeIeToB
IIPENCTABIEHO Ha puc. 11.

Jannbie omnpoca moka3siBatot, uto 21,7 % me-
PENIETOB COBEPIIAIOTCS 10 CEMEHHBIM 00CTOSATEIb-
cTBaM (TIOCEIIEHUE POJICTBEHHHUKOB, CEMEHHbIE
TOp’KECTBa, TIOXOPOHHI U T. 1.), 18 % mepeneroB
OCYILECTBISIIOTCS B pabouux wnensx, 16,4 % rme-
pENIEeTOB COBEPIIAIOTCS C IIEThI0 OTIyCKa (HEro-
HSTHO, YeM OTIIMYACTCS OTITYCK U TYPUCTHUYCCKHE
noe3aku), 12 % nepeneToB COBEPIIAIOTCS C LIETbIO
o0yuenus. CrenoBaTeIbHO, MOJKHO CIETIaTh BBIBO/,
YTO BHYTPCHHUE TICPEIIETHI C METBI0 COIUATLHOTO

He Banger - 11.0%

~

HesHadnteasHoe - 3.0%

VYMepeHHOE - 26_.8_"/}/

Civil Aviation High Technologies

B3aMMOJICICTBUS U MOIJEPKAHUSA CEMEUHBIX KOH-
TaKTOB SIBIISIIOTCS HanOoee BOCTPEOOBAHHBIMHU.

Pacripenienienne OTBETOB PECIIOH/IEHTOB Ha
BOIPOC O BIMSHUHM CTOUMOCTH II€pesieTa Ha Mpu-
HATHE PELICHUE O COBEPIIEHUH MOJIETA IPECTaB-
neHo Ha puc. 12. bonee 59 % naccaxxupos npu-
HUMAIOT pEIlIeHHWEe O COBEPILCHUU IepesieTa Ha
OCHOBaHMM CTOMMOCTH OWJIETa, YTO XapaKTEPHO
JUIsl CTPaH ¢ pa3BHUBArOLIEHCS YKOHOMUKOM. [lo-
9TOMY KOHKYPEHTOCHOCOOHOE IIeHOOOpa3oBaHHe
SIBJISIETCSl IPUOPUTETHOMN 3a7a4eil MECTHBIX aBU-
AKOMIIaHUH.

OteHb BeICOKOE - 21.9%

3Ha4dHTETRHOE - 37.3%

Puc. 12. BiusiHue CTOMMOCTH TiepesieTa Ha IIPUHSATHE PeIleHNs] MeCTHBIX skuTeneil Keipreickoii Pecriyonuku
0 COBEpUICHHH T0JIETa

Fig. 12. The impact of flight cost on the decision of local residents of the Kyrgyz Republic to take a flight
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TIporpaMME! TOAIBHOCTH H BOIMOKHOCTD HAKOILIEHHT
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Fig. 13. Factors affecting flight decision of local residents of the Kyrgyz Republic
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Ha puc. 13 npencraBieHsl pe3yabTaThbl OIIEH-
KU BIIMSIHUS HauOoJee 3HAYMMBIX (PAKTOPOB Ha
MIPUHSTHE PEIICHUS O COBEPIICHUH TIEpeIieTa Ku-
tensimu Keipreizckoii PecyOnukmu.

W3 naHHBIX pHCyHKa BHUIHO, YTO (DMHAHCO-
Bble (akTophbl BblAeTWIN 42,6 % pECIOH/IEHTOB.
@®aKkTOp YacTOTHI MOJETOB U HAIUYUS Mapiipy-
Ta BeIACTWIN 22 % PECNOHACHTOB, YTO TOBOPUT
0 HaJUYHUH HEYJAOBJIETBOPEHHOTO CIIPOCa B OTHO-
[IEHUH YaCTOTHI BBHITIOJTHEHHS peCOB U HEIOCTa-
TOYHON JTOCTYHMHOCTH HEKOTOPBIX TOYEK Ha3Ha-
yeHus. DakTopbl 0€30MACHOCTH M HANIEKHOCTH
aBHMaKOMIaHUM BeLACTIIN 28 % pecrioOHAEHTOB.

Takum 00pazom, pe3yibTaThl MPOBEICHHBIX
WCCJICIOBAHUI TOATBEPKIAIOT TUIIOTE3Y O TOM,
YTO pa3BUTUE BHYTPEHHEW CETHU BO3AYIIHOTO
TpaHCTOPTAa MO3BOJIHUT YBETUYUTH ABUAIMOHHYIO
MOJBMKHOCTb HACEJICHUS, TIPOKUBAIOILIETO B rOp-
HBbIX pailoHax, 3a CYET YCTpPAHEHHUs CE30HHBIX
OTPAaHUYCHUN HCIIOJIb30BAaHUSI ABTOMOOMIBLHOTO
TPaAHCIOPTA, a TAKXKe CIIOCOOCTBYET YBEITUUCHUIO
CIIpoca Ha MEXIyHApPOJHbIE aBUATIEPEBO3KH.

3akiouenue

Pe3ynbprarel TIpOBEAECHHOIO HCCIIENOBAHUSA
MOKa3aju, YTO YBEJIMYEHUE BHYTPEHHEHN aBualu-
OHHOM CBSI3aHHOCTH HACEJIECHHBIX IIyHKTOB KbIp-
r'bI3cKON PecryOnuku siBiisieTcst BOCTpeOOBaHHBIM
CO CTOPOHBI MECTHOT'O HACEJIEHMs, TaK KakK Cylle-
CTBYIOIIasl TPAHCIOPTHAs CUCTEMa C Mpeodiana-
IOLIEH 10J1eH aBTOMOOMIIBHOTO TPAHCIIOPTA UMEET
CE30HHBIE OTPAaHUYEHUSI UCIOJIb30BaHUS B CBS3U
C 0COOEHHOCTBIO HKCILITYaTalluu 10POT B BBICOKO-
TOpHBIX paiioHax. JlocTaTouno OombInas MIomaIb
TEPPUTOPHUH, CIOKHOCTh pesibeda, BBICOKHUE pH-
CKH CXOJa JIAaBUH W OIOJI3HEW [eNaroT BO3yIU-
HBI TpaHcnopT Oojee yIOOHBIM il IEepeMe-
HIEHUS MEX]y aJMHHHUCTPATUBHBIMU LEHTPAMHU
pecnyOnukH. DTO TakkKe NOATBEP)KIAeTCs Cyllie-
CTBYIOILIMM CIIPOCOM Ha BHYTPEHHHUE aBHarepe-
BO3KH B 1990 rogy u CTpyKTypoOH a’>pomnopToOBOM
CETU U CETH MOCaJOYHBIX ILIOLAA0K. 3a EPHOJ
¢ 1991 roga HabGmromaeTcsi pe3Koe COKpalICHHUE
aBHALMOHHOM NOJBM)KHOCTH HACEJICHHs BO BHY-
TpeHHEM cooOuieHuu. 1o BHYTPEHHEro mnacca-
JKUPOIOTOKA B 00111EM 00BbEME MMACCAKUPOIIOTOKA
BO3/lyIIHOTO TPAHCHOPTA PECIyOIMKH COKpaTu-
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Jach B 2 pa3a U COCTaBWJIa OAHY TPETh, 3 YPOBEHb
oOuieil aBUallMOHHON TOABMKHOCTH HAaCEICHMS
cokparuica Ha 55 %, coctaBuB 0,18 moesnku
B pacueTe Ha OJIHOIO JKUTeNs B rol. B kauectse
OCHOBHBIX IpPHUYUH BUAUTCA oOuIast nerpagarus
cuctemsl BT pecnybnuku, koTopasi HabIronanach
1o 2006 roma, ogHako 3a mocieanue 18 ner Ha-
METWJINCH TOJ0KUTEIbHbIE TEH/IEHIIUU, KOTOpPbIE
MO3BOJISIIOT TOBOPUTH O BO3MOYKHOM BOCCTaHOB-
JICHUU BHYTPEHHETO aBUACOOOIICHUSI.
MexayHapoIHbI ONBIT TOKAa3bIBAET, YTO
pa3BUTHE BHYTPEHHEW CHCTEMBI BO3AYILIHOTO
TPaHCIOPTA TECHO CBA3aHHO C COCTOSIHUEM BHEIII-
HEro aBHACcOOOIEHUSI TOCYAapCTBA C MUPOBBIMU
9KOHOMMYECKUMH, NOJUTHYECKUMH U TOPTOBBI-
MU LEHTpaMu. MexTyHapoJHOE aBHacOOOLIeHIE
OnpeaensieT He TOIbKO BO3MOXKHOCTH YKOHOMUYE-
CKOTO B3aMMOZIEUCTBHS, HO U CO3AAET IPENIIOCHLI-
KU pa3BUTHA TypusMa. [ eorpadudeckoe nomoxe-
Huu PecnyOnuku KbIprei3cTan ¢ TOUKH 3peHUs
TYPUCTHYECKOTO TOTEHIHalla MO)XHO CPAaBHUTH
¢ PecnyOnukoit Henan, Ha Teppuropun KoTopoit
PacIoJio’KeHa BpICOYAiIIasi BepIIrHa — I. DBEPECT
(8 848 m). B ceBepo-BocTouHOI uacTu Pecyomnu-
ku Keipreicran Haxogutcest o3epo Mccwik-Kynb,
Bxojsiiee B 30 KpymHEUIIMX MO MUIOHIAH O3€p
MHUpa U 3aHUMAIOIIEe CEbMOE MECTe 10 IIyOu-
He. OHO pAaCIONIOKEHO MEXAY >KMBOIMCHBIMU
xpedtamu Tsab-1lans: Kronréin-Ana-Too u Tep-
ckell Ana-Too Ha BeicoTe 1 608 M Haj ypoBHEM
Mopsi. Ha roro-Boctoke pecnyOnmnKy B TOpPHOM CH-
creMe [lamupa HaxoaUTCs OfHA U3 CaMbIX BBICO-
kux BepmvH LlenTpansHoit A3un — [Iuk Jlenuna
(7 134 m). Otu reorpaduyeckre 0OBEKTHI CTAHO-
BATCS MECTOM IPUTSIKEHUS ITyTELIECTBEHHUKOB
CO BCET0 MMpA, O YEM CBUAETEILCTBYET OOJIBIIOE
KOJIMYECTBO €BPOIEUCKUX U AMEPUKAHCKUX TYy-
PHUCTOB, MOCELIAIOUINX CTPAHYy aXe B YCIOBUAX
OTCYTCTBHS NPSAMOT0 aBracooOuieHust ¢ Koipreis-
CTaHOM, a TaK)X€ PE3KHIl POCT NACCaXKUPOIIOTOKA
B asponopTax Mccerik-Kynb, xanan-Adax u Pas-
3aKkoB. TakuM 00pa3oM, MOXKHO CIeNaTh BBIBOL,
YTO OTKPBITHE MEXIYHAPOAHBIX MapIIPyTOB IO-
3BOJIMT CYLIECTBEHHO HApaCTUTh TYypPUCTHUECKUI
[AaCCaXUPOINOTOK, YTO TOATBEPKAAETCSA OIIbI-
TOM 3apyOeXHBIX CTpaH MO BCEMY MHUPY CO CXO-
KHUM B TeorpapuyeckoM OTHOIIEHUHU PeTbedoM.
K Takum ctpanam MoxxHO oTHecTH PecnyOnuky
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Henan, HoByro 3enanauto, Hopseruto, Kanany.
Jns cpaBHeHUs, A0Js €BPOMEHCKUX TYpPUCTOB
B npusietatomeM B Pecnyonuky Henan naccaxu-
ponoToke coctaiisgeT okoio 40 % u umeer TeH-
JICHLIMIO K €KETOJTHOMY YBEIUYECHHUIO.

JIOCTYNTHOCTh ~ TYpUCTUYECKUX  OOBEKTOB
BHYTPU CTpaHbl ONpEEISAETCS HAJIUYWEM HH-
bpacTpyKTypbl U TPAHCIIOPTHOW CBS3aHHOCTHIO,
KOTOPYIO B HACTOSIIIIEE BpeMs 00€CIEeUunBaIOT
KOMMEpPYECKHE BEPTOJIETHBIE TEPEBO3KH B He-
Oonpx obdbemax. PocT 10X0HOB OT pa3BUTHA
MEXIyHAPOIHBIX HAMpPaBIeHUNH MOXET ObITh UC-
MOJI30BAH KBIPI'BI3CKUMH ABUAKOMIIAHUSAMM ISt
pa3BUTHS BHYTPEHHEW aBUALMOHHOW CBS3aHHO-
CTH, TaK KaK BHYTPEHHHUE MapIIPyThl SBISIOTCS
MeHee MPUOBUILHBIMU, & UHOTAA U YOBITOUHBIMU
JI0 MOMEHTA UX «PACKATKN.

Jns nanpHeWIero ucciaegoBaHus BOIPOCOB
pa3BUTUSl aBUALMOHHOW CBSI3aHHOCTH TOPHBIX
nocesiennii Kelprei3ckoii PecyOonuku HeoOxomu-
MO TMPOBECTH MHOTO(AKTOPHBIN aHau3 (Hopmu-
pOBaHUs CIIPOCa HA BHYTPEHHUE aBUANEPEBO3KU
C YYETOM HCCIIEAOBAHUS TOYEK MPUTHKEHUS Tac-
CaXUPOIIOTOKA HE TOJBKO MECTHOIO HaceJleHUS,
HO Y MEXJIYHApPOIAHBIX TYPUCTOB.
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/InHaMuYecKkoe NnoBeieHne yIpyroi 000/J1049KN BpallleH st
napadouYecKoi (popMbI € KEeCTKOM HOCOBOW BCTABKOH
10/ AeiiCTBHEM IOABHKHOM HATPY3KHU

U.K. Typkun', /I.A. Poros?, B.A. I'paues’

"Mockoeckuil asuayuonnwiti uncmumym, 2. Mockea, Poccusi
’A0O «OHIIII “Texnonocusn’» um. A.I Pomawuna I'HL] P®, 2. Obnunck, Poccus

AHHOTamms: Marepuanbl CTaThl COACPIKAT PE3YIBTAThl OLICHKH HAMPSHKCHHO-IS(OPMUPOBAHHOTO COCTOSIHUS, BHYTPEHHHUX
SKBUBAJICHTHBIX CHJI 1 MOMCHTOB YIIPYTOil 000JIOYKH BpaICHUs apaboarmdeckor pOpMBbI MPH €€ JUHAMUYIESCKOM HArpyKCHUH
MOJIBHKHBIM (DPOHTOM U30OBITOYHOTO JAABJICHHUS, PACIPOCTPAHSIIONICTOCS BIOJIb OCH cuMMeTpru. HocoBas 4acTh 000I0YKY MO~
KpeIlIeHa H3HYTPH KECTKOI MapabonuecKoil BcTapkoi. Hanmyare MacCHBHOTO 00beKTa (HOCOBOW BCTaBKH) B TUHAMHUYCCKOM
CHUCTEME BHOCHUT JIOMOJHUTENIbHBIE BOMYILEHHS B MPOLECC HECTALIMOHAPHOTO PACIPOCTPAaHEHHS BO3MYILEHHM B TOHKOCTEH-
Hol oboouke. [TapaMeTpsl B3aMOICHCTBHS YIAPHON BOJHBI C TIOBEPXHOCTHEO KOHCTPYKIIUH CUITLHO JIOKAJIM30BAHBI, TAK KaK
XapakTepHOoe BpeMsl TeUEeHHs Mpolecca He npeBbiiaeT 20 MUuIMceKyH . BennunHa neicTByrolei moaBUKHON HAarpy3ku Ha
000510uKy onpeenseTcs: GYHKIMEH BETMYHMHBI CyMMAapHOTO IABJICHUS, CKOPPEKTUPOBAHHOM C TIOMOIIBIO (DYHKIMU XeBHCAa.
[IpuBeneHbI pe3yNnbTaThl pacyeTa JUis BapUaHTa 3a/IeKH ((KECTKOTO 3aKPEIUICHHsI) TOPIIa 000JIOYKY Ha HEMIOABMYKHOW OTBETHOM
YyacTH. 3HAYCHUS BHYTPCHHUX CHJIOBBIX (DAKTOPOB I 000JIOYEK C TPEMsI BapUAHTAMK UCTIOTHEHUS — TOJIIUHOM 3, 5 1 7 MM,
MpeICTaBJIeHbI B 0e3pa3MepHOM BHE. B kauecTBe WLTIOCTpalii MOKa3aHbl 3aBUCUMOCTH OT BPEMEHH, MPOIIE/IIIEro C Hayaa
B3aUMOJICHCTBUSI C YAAPHOW BOJTHOM HOCOBOW YaCTH, JJIsl BHYTPCHHUX YCUIIUE M M3rHOAFOIIIX MOMEHTOB. XapakKTep pacrpo-
CTpaHEeHUsl YIIPYTUX BO3MYILEHUH B CTEHKE OMPEJENIIeTCS X HAJOKEHUEM U MEePEOTPaKEHUEM, XapaKTep U aMIUIUTyJa BOJIH
KOTOPBIX 3aBUCAT OT KOH(PHUTYPAIMH CaMOM CTEHKH, YCIOBUI 3aKPEIUICHUS U MAapaMeTPOB JCHCTBUS BHEIIHETO M30BITOYHOTO
naBiieHus1. Takxke TaHbI Pe3yNIbTaThl pacueTa paclpeIeiICHUS CHIIOBBIX (DAKTOPOB TI0 UTMHE TOHKOCTCHHON 000JI0YKH B MOMECH-
ThI BPEMCHH JIOCTIDKCHUS MMU MAaKCUMAJIbHBIX 3HAYCHHUH B aOCOMIOTHBIX BEIMYMHAX. Xapakrep o0mero GopMOM3MEHEHUS
KOHCTPYKIIMHA MOXKET OBITh TOMYYCH TPH aHAJHM3e 3aBEpIIAIONIero rpaduka, Ha KOTOPOM IOKa3aHbI U3MEHCHHUS 10 BPEMEHH
3HaUYEHUI MepeMeIeHu HKEeCTKOM HOCOBOW YacTH B IPOOJIHHOM HaIpPaBICHUH.

KunroueBble ciioBa: 00004Ka, )KeCTKass HOCOBAs 4aCTh, yAapHas BOJIHA, HAPSKEHHO-Ie(POPMUPOBAHHOE COCTOSIHHE, MTepe-
MCHIICHUS.

s nurupoBanus: Typkun UK., Poros [I.A., I'paueB B.A. Jlunamuyeckoe TIOBeIeHHE YIPYTOi 00OIOUKH BpAIICHHS T1a-
pabomuaeckort pOPMEI C KEeCTKOH HOCOBOM BCTaBKOI MOA AeHCTBIEM TONBMXHOM Harpy3ku // Hayunsiit BectHuk MI'TY TA.
2025.T. 28, Ne 2. C. 71-80. DOI: 10.26467/2079-0619-2025-28-2-71-80

Reaction of the loaded shell of rotation with the rigid nose
of the apparatus to a shock wave in a liquid
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Abstract: The materials of the article contain the results of an assessment of the stress-strain state, internal equivalent forces
and moments of an elastic shell of rotation of a parabolic shape under its dynamic loading by a moving excess pressure front
propagating along the axis of symmetry. The nasal part of the shell is reinforced from the inside by a rigid parabolic insert.
The presence of a massive object (nose insert) in a dynamic system introduces additional disturbances into the process of
unsteady propagation of disturbances in a thin-walled shell. The parameters of the interaction of the shock wave with the
surface of the structure are highly localized, as typical time of the process does not exceed 20 milliseconds. The magnitude of
the acting moving load on the shell is determined by the function of the total pressure, adjusted using the Heaviside function.
The calculation results are given for the option of sealing (rigid fastening) the end of the shell on a fixed mating part. The val-
ues of the internal force factors for shells with three versions — 3, 5 and 7 mm thick — are presented in a dimensionless form.
The illustrations show the dependences on the time elapsed since the beginning of interaction with the shock wave of the bow
for internal forces and bending moments. The nature of the propagation of elastic perturbations in the wall is determined by
their superposition and re-reflection, the nature and amplitude of the waves of which depend on the configuration of the wall
itself, the conditions of fixation and the parameters of the action of external overpressure. The results of calculating the distri-
bution of force factors along the length of a thin-walled shell at the time when they reach their maximum values in absolute
terms are also given. The nature of the overall design change can be obtained by analyzing the final graph, which shows the
time changes in the values of the movements of the rigid nose in the longitudinal direction.

Key words: shell, rigid nose, shock wave, stress-strain state, displacement.
For citation: Turkin, [.K., Rogov, D.A., Grachev, V.A. (2025). Reaction of the loaded shell of rotation with the rigid nose of

the apparatus to a shock wave in a liquid. Civil Aviation High Technologies, vol. 28, no. 2, pp. 71-80. DOI: 10.26467/2079-
0619-2025-28-2-71-80

BBenenmue paboToCcmocoOOHOCTh U (YHKIIMOHUPOBAHUE KOH-
CTPYKIIMM YIPYroro TapaboJionia BpaIICHHS
JluHaMu4ecKoe WIM WMIYJIBCHOE Harpyxe-  (0OOJIOYKHM), BKJIFOYAIONIETO B HOCOBOW YacTH

HUE KOHCTPYKLHMH BBI3BIBAET PACIHPOCTPAHEHHE  JKECTKYIO BCTaBKY, IPU YKa3aHHOM Harpy>KCHHH.
BOJH jAedopmupoBanus, oOpasyrommx obnactu  [lomydeHHBIE pe3yabTaThl MO3BOJSIOT YIYUIIUTh

BO3MYILIEHUH, KaX/1asi TOYKa KOTOPBIX XapaKTepU-  aJITOPUTMbl MPOEKTUPOBAHUS 3JIEMEHTOB Iep-
3yeTcsl CHIIbHOM HEOAHOPOAHOCTRIO MOJICH HAIIPSi-  CHEKTUBHBIX — amaparoB, (YHKIIMOHUPYIOLTUX
*KeHHo-aepopmupoBanHoro coctosiHus (HIAC) B yclaoBHsIX adporuapoIdHAMUYECKOTO HarpyKe-
Mmarepuana. [Ipy BBICOKOMHTEHCUBHOM U OBICTPO-  HUS U YIapHOTO BO3JICHCTBUS OT BHEIITHEH CpeIbl.

TEKyIIeM Harpy>KeHHUHU B 3JIEeMEHTaX KOHCTPYKIIUHU
MOT'YT BO3HHKAaTh JIOKAJIN30BAHHBIC 30HBI HaIIPs- ITocranoBka 3aaa4un, ME€TO/ pCIICHUA
JKEHH, BEJIMYMHA KOTOPBIX MOXKET BBI3BaTh pa3-

pylLIeHHe JaHHOW 4YacTH, HE3aBUCUMO OT TOrO, B npencraBnenHoil pabore paccmarpuBaeT-
KaK Harpy>k€Ha OCTaJIbHas 4acTb KOHCTPYKIMH.  CSI MOJENb B3aUMOJEHCTBUS IUIOCKOM ynapHOU
TouHast orieHKa B3aWMOJCHCTBUS yTapHOW BOJ-  BOJHBI (MOABMXKHOM HAarpy3kw) ¢ HOCOBOW 4Ya-
HBl U BbI3BaHHOE 3TUM B3aumopeiictBuemM HJIC ~ cTbhio JeraTesnbHOrO ammapara, MpeAcTaBIIsio-
BCEH ympyroil 00OJOUKM BpalleHUs, BKIOYAO-  I1as cO00M TOHKOCTEHHYIO 000JIOUKY BpallleHHS,
niee B cedsi HecTallMOHApHbIE KOJeOaHMs KECT-  NEepBOHAYaJIbHO HAXONAIIYIOCS B CBOOOIHOM,
KO HOCOBOM YacCTH, UMEET BaKHOE 3HAUCHUE TP HEHArpyXEHHOM cocTosiHuM. KoHcTpykuus pac-
pa3paboTke YPPEKTUBHBIX M HAJCKHBIX BHICOKO-  CMATPUBAaEMOTr0 3JIEMEHTa, BKIIOYAOIIAs B CeOs
CKOPOCTHBIX JIETAaTeNbHBIX allaparoB, JKCIUTy-  KECTKYIO MOJKPEIUISIOIIYI0 BCTAaBKY, HAXOMASIY-
aATUPYIOIIUXCS B KHUAKOCTH M Ta3e, UTO HEOMHO-  IOCS B )KECTKOM NMapabOoIU4eCcKOM dKpaHe, MoKasa-
KpaTHO MOAYEPKUBAIOCH B padotax [1-7]. Ha Ha puc. 1. [IpunsTeie B pacuere 0003HAUCHUS:

Onenka 3aBUCUMOCTEN HanpsukeHui, negop-  f— QpokanbHbIi mapamMeTp, o, — yroJa MexIy HOp-
Maruii u oomero popMonsMeHeHus — mepeMenie-  Majiblo K IOBEPXHOCTH U OChIO CUMMETPHUU B Ce-
HUN CTEHKM OOOJIOYKH OT BPEMEHHU B MPEACTaB-  YEHWM Hayala TOHKOCTEHHOW YacTh KOHCTPYK-

JICHHOM HIKE ITOCTAaHOBKE ITO3BOJISECT OIIpCACIIATD oun, X, — JJIMHA JKECTKOM HOCOBOM BCTABKH IIO
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Puc. 1. [Tapabonuyeckast 060104Ka C )KECTKOW HOCOBOU
4acTbIO

Fig. 1. A parabolic shell with a rigid nose

TPOJIOJIbHOM KOOPJMHATE, X — JJIMHA TOHKOCTEH-
HOMW 4aCTH KOHCTPYKIIMH 110 TPOI0JIbHON KOOPIHU-
HaTe, 0. — YToJl MEX/y HOPMAIIBbIO K IOBEPXHOCTH
U OChIO CUMMETPUU B CEUYEHUH OKOHYAHUS TOH-
KOCTEHHOM 4acTH KOHCTPYKIMHU, L — oceBas miu-
Ha 000JIOYKH, S — KOOpAMHATA MO 00pasyromiei
KPUBOJIMHENHOM IMOBEPXHOCTH TOHKOCTEHHOM Ya-
ctu. B 061actu ot o) 10 0, OCHOBHBIE PE3YJIbTAThI
ouenku HJIC momyuens! 1i1s 3a1a4 O JBMKEHUH
B ra3000pa3HOi cpejie Tel MPOU3BOILHON (POPMBI
1oJ AeHCTBHEM JIBUXKYIIErocs GppoHTa AaBICHUS
BOJIHBI. VICXOMHBIE TIONOKEHHS U TEOpeTHYecKas
npopaloTka npejacrasieHsl B padorax [8—18].

VYpaBHeHUs BHEIIHEro 006Bosa 000JI04KH, ITe-
pemenieHus, 1eopMaLuu U HaIPSHKEHNS, BO3HU-
KalollluX B €€ CTEHKE, ONPENEsIOTCS 3aBUCUMO-
CTSIMHU, NIPEJICTaBICHHBIMU CIIEIYIOLIMM 00pa3oM.

VYpaBHeHHe 00pasylolieil BHEIIHEH MOBEpX-
HOCTH O0OJIOYKH B MPSIMOYTOJIBHON CHUCTEME KO-
Op/AMHAT ONUCHIBAETCS BBIPAKCHUEM

V' =2/ (1)

B xauecTBe OCHOBHBIX ITapaMeTpPOB, ONpesie-
JSAIOUIMX TEOMETPUIO CPEAVHHOM IOBEPXHOCTH
napaboIM4ecKkoil 000JI0YKH, MPUHUMAIOTCA (o-
KaJbHbBIM MapaMeTp f, yIIbl MEXAy HOPMAaJbio
K IOBEPXHOCTU U OCbHO CUMMETPUH B HOCOBOM
¥ TOPLEBOM YacTiX 000I0UKH — 0, U 0. . Texyume
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pazuycel KpuBHM3HBI 000m0uKH R, R 1 mapame-
Tpbl Jlame A u B ¢ ydeTom f y10BIeTBOPSAIOT Clie-
JTYIOIIUM COOTHOIICHUSM:

f S

- —’
cos cos O

R, ;R, ol

2

rae o — O0e3pa3mMepHasi KOOpAHHATa M0 MEPUIHO-
HAJIHOMY HATPABIICHHIO, k 1 k, — 6e3pasmMepHbIe
KPUBH3HBI KOOPJMHATHBIX JIMHUHA Ha CPEJUHHOM
NOBEPXHOCTU. 3/1€Ch U Jlajee 3a XapaKTepPHBIH
pa3mep 000JI0YKH MPHHAT (POKATBHBIN TTapamMeTp
napa6ossl (1), paBHBIA pagnycy KpUBH3HBI 000-
JIOYKH B BEPIIHHE.

be3pasmepHble KOMIOHEHTHI JAeopManuii
CPEAMHHOM MOBEPXHOCTH OOOJOYKH C Y4YETOM
reOMETPUUYECKUX ITapaMeTPOB (2) UMEIOT BUJL

kB = cos cos(x;A:g;B:ftgoc,

2

g zoc(U’+W)+%; £, :U+kBW;
e, =a(W'+U)-d;

& =00, &,=—®,

SIno.

3)

rne U, W — nponoibHbIe U MONEPEYHbIEe IEpeMe-
HIeHHs, § — Yol MOBOPOTa HOPMAJHM CPEIUHHOM
noBepxHocTH mpu nedopmaruu, O — yron Ha-
KJIOHA MPSIMOJIMHEIHOTO BOJIOKHA OTHOCHTEIHHO
HOpMAaJIH CPEIUHHON TTOBEPXHOCTH OOOJIOYKH 10
nedopmaruu (xapakTepucTHKa ASTUTAHAIIH ).

CooTHomieHust A7ii  TPOAOJIBHBIX — yCHIIUHN
B CPCAMHHOH IOBEPXHOCTH 000104KH N, H3-
rHOaloIMX MOMEHTOB M|, W Iepepe3bIBaroIeii
cuibl Q, BeIpaKeHHbIE B O€3pa3MepHBIX BEIUYH-
HaX, IPEICTABISIOTCS B popme

N, :(81 ""Hez);Nz :(Hgl +82);

M, =—=, —pz,; M, = —ux, —&,;

“4)

2
QZQ(I_H)SM'

3nech COOTHOILIEHUSI MEXTY Oe3pa3MepHbIMU
Y pa3MepHBIMU CUJIOBBIMHU (DPaKTOPAMH CIIETYIOIIHE:

N, M.
N, ==;M, _I4 (i=1,2);Q=g;
D, D D, -
Eh EW
D, = 2;D_ 2
l—p 12(1-p’)
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rae E —Monyns ynpyroctu neporo poja (Moayab  rae ¢yHkuus O (bt — x) XapaKkTepu3yeT BeIUYu-
IOnra) u p — xoapdunuent I[lyaccona marepuana  Hy CyMMapHOTO JaBieHus; H (bt — x) — pyHKIHA

000I10ukH, h — TONMIIIMHA 000TOYKHY. XeBucaiaa, x — KOOpIUHATA BAOJb OCH CUMME-
Benuuuna neicTByromield MOABMXKHOM Ha- TpUHU 000JIOUKH, ¢ — BPEMS.
rpy3KH Ha 000JIOUKY OIpEeesieTCsl COITacHO OcecuMMeTpHYHOE JBUKEHHUE 00OT0YKH MTPU
P(x, t) _ q)< b t—x) ) H( bt —x) ’ (6) HarpyxeHuu (6) MOXKHO 3amucarb OTHOCHTENBHO
0e3pa3MepHBIX BEIUUUH B cienymoiei popme:
. / o or
U=k|o(N,—80) + ————(N,— N, —00)+0o(6N, + Q)+ —1|;
sin sin 0, k,
. ! o P
W =k (X(Q—GN]) +— (Q—l—ONl)—OLCNl —GQ)—Nzcoscosoc—— ; (7
sin sin o, k,
. / o 12
O =k |-o(M,) —————(M,—M,)+cos cos a.OM, —|——Q ,
sin sin o k,
a’ E . . ct
e ky=—; k=—;a= ———y — 3Haue- rae M — macca ’)KeCTKOH HOCOBOM YacTH, T = — —
R ¢ P (1 —u ) 6e3pa3zMepHOe BpeMs. R
HUE CKOPOCTH PACHpPOCTPAHEHHUS MPOJOJIbHBIX bespasmepnas peakuuns o6onouku G Ha cMe-
BO3MYIIIEHUH B 00OJIOYKE MPU M3BECTHBIX BEIU-  IIICHWE JKECTKOWM HOCOBOH 4YacTH, OTHECCHHAas
YUHAX ¢ — CKOPOCTh PACcIPOCTPAaHEHUS 3BYKOBBIX K €IMHHUILIC IJIMHBI OKPYKHOCTH TOPIIa, UMEET BUJ
BOJIH U p — IUIOTHOCTh MaTepuaia 000J0YKH CO- G, = (N| —OQ)sinocO —(Q+9N| >Sm0€0. (12)
OTBETCTBEHHO.
B HavanbHBI MOMEHT BpeMeHH 000JI0UKa SIB- YpaBHeHUE ABUKEHHS KECTKOM HOCOBOM ya-
JISIETCS HETIOABYKHOM M HEHATPY)KEHHOU, TO €CTh ~ CTH MOXKHO IIPeoOpa3oBaTh K BUAY
JUISI BCEX €€ TOUEK CTPABEIJIUBHI YCIOBUS N *
P Y A)=k[kBg (V+kG],  (13)

U=W=0=0,U=W=0=0mpu=0. (8)
1€ PCIICHUC A yIlOBJI@TBOpHGT HYJICBBIM HavYallb-

[Ipu 5TOM rpaHWYHBIE YCJIOBUSI Ha 3akpe-  HbBIM ycinoBusiM A=A =0 npu t = 0, QyHKUHA
MJICHHOM TOPIIE UMEIOT BU]T q*(t) umeeT BU
U=W=®=0npuo=a,. ) g*(1)={l—e™

n

YcnoBus B HOCOBOM YacTH, CBI3aHHOM C JKECT- uPEN ]
2 —nt
e —1le

2
KO Tapabonueckoi BCTaBKOM, IPH O = O, CIIe- nput = 5 1870,
JYIOT U3 PABEHCTBA €€ MePeMEIICHHs BIOIb OCH

i 1
CHUMMETPUU CPEIUHHON TTOBEPXHOCTH OOOJIOUKH. pu T > —tg’aL, (14)
OHM onpenesstoTcs COOTHOIEHUSIMU 2
U = Asino,,, W =—Acosa,, @ =0 a Oe3pa3MepHBIE apaMETPhI k, U k, OPENENSIOT-
cs 1o opMmysiam
IpU O = OL,,. (10) \ s
. 21 21
[TepemerieHust KECTKOH BCTABKH IO TPO- k, = pf ; ky = pf g0, (15)
nonbHOM ocu OXx omnpenensiercss ypaBHEHUEM Mn M
JIBUKEHHUSI HOCOBOM YAacTH, 3allMCAHHBIM B 0€3-  TJe 1 — Kod((ULIMEHT, XapaKTepu3yoIuil n3me-
pa3mepHoll popme: HEHHE Harpy3ku 3a GpOHTOM yAapHOH BOJHEI.
2 Pemenue 3agaun omnpeneneHus mapameTpoB
2nf“D,G, A pea P |y

.. f :
A(T): IV Q(T)+G2 G :—M02 , (11) HJIC 000710YKH U ABMIKEHHS JKECTKOH HOCOBOM
YacTU B pe3yJbTare AECUCTBUS IOJBMKHOM Ha-

14
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TPYy3KH MOXET OBbITh NPEICTABICHO pPELICHUEM
ypaBHEHMH JIBHXEHUs 000s10uku (7) U HOCOBOM
yacTH (14) ¢ yueTom Ha4aJIbHBIX (8) U TPAaHUYHBIX
(9), (10) ycnoswuii.

Cucrema ypaBHEHMH HHTEIPUPYETCS METO-
JIOM KOHEYHBIX Pa3HOCTEH 10 KOOpIWHATE W Me-
tonoM Kypra — JlapcoHa 1o BpemeHu.

Pe3yabTaThl pacuera TUHAMHYECKOTO
OTKJINKA 000JI0UYKH

Pe3ynprarel 4YMCIEHHOTO pelieHus pac-
cMaTpuBaeMoil 3aJa4yu MOIy4eHbl i napabo-
audeckoil obomouku (puc. 1) W3 amoOMUHUe-
BO-MarHueBoro ciiaBa AMr6 co cienyromumu
reoMeTpudeckumMu mnapamerpamu: f = 164 mwm,
o, =54,3°, a =74,2°,h=3 (5, 7) MM, koopduiu-
€HT CKOPOCTH PaCIpPOCTPAHEHUS TUHAMUYECKUX
BO3MyIenui k = 287,9, p/p* = 1 nna p* — 3naue-
HUE TJIOTHOCTH KECTKOM HOCOBOM YaCTH.

JlelicTByrolass Ha IOBEPXHOCTh OOO0JIOUKU
Harpyska, MpeAcCTaBisiomas co00i MOIBUKHBIN
GpOHT yaapHOW BOJHBI, OMUCBHIBACTCS CIICIAYIO-
UM ypaBHEHHUEM:

., (16)

—n|21—=1g’a
p:poe ﬂ[c 25 ]'H[é‘t—lfgza
c 2

¢ mapamerpamu p, = 1 MIla — MakcumabHO€ 3Ha-
YyeHue JaBieHus Bo pponre, =3 ub=c=330 m/c.

3aBUCHMOCTH OCHOBHBIX MapaMeTpOB, OTpe-
nensiromux HJIC 06omouku, OT BpeMEHH T U Me-
PUIMOHAIBHON KPUBOJMHEMHON KOOpAMHATHI S
npeacTaBieHbl Ha puc. 2—5. Tlokaszansl rpaduku
M3MCHCHHH W3THOAlONX MOMEHTOB M ,, mpo-
JOJIBHBIX YCHIMH N, , U IPOJOIBHBIX [epeMeLLe-
HU HOCOBOM "acTtu U.

CpaBHeHHE BeIMYMHBI CHJIOBBIX (DaKTOpOB,
BO3/ICHCTBYIOIMX Ha OOOJMIOYKY TOMIMHOW h =
3 MM, MOXKET OBITH CAETIaHO U3 pHUC. 2 U 3, HA KOTO-
PBIX JaHBI BDEMCHHBIC 3aBUCUMOCTH M, , U N, , Uist
KOPHEBOTO (0. ) U HOCOBOTO (0t,)) CEYEHUI 0OO0IOUKH.

B kauectBe nmpumepa pacnpenenieHus: Harpy-
JKAIOUIMX CHJIOBBIX (PAKTOPOB IO MPOAOJIbHOM
Oe3pa3sMepHOl KOOPJMHATE S B CEYEHUSAX OT 0 110
0. Ha puC. 4 NoKa3aHbl rpaQUKU 3aBUCHMOCTEH
M, (S) B momentsl Bpemenn (1,63; 2,63; 3,24,
4,05 u 6,1 Mc), Ha KOTOPBIX 3HAYEHUS U3TUOAIO-
IIET0 MOMEHTA JIOCTUTAIOT CBOMX MaKCHMYMOB.
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PaccmoTpeno HarpyxeHue 000JIOYKH TONIIUHOM
h =3 mm.

Ha puc. 5 nns onpeneneHust BIUSHUS TOJIIIU-
Hbl oOonoukn Ha ee HJIC mpemcraBieHbl cpaB-
HUTENIbHBIE TpadUKU paCIpeeNICHHUs 110 KOOPIu-
HaTe S MaKCMMAaJbHBIX HM3THOAIOIINX MOMEHTOB
M, ¢ Tpems BbILIEYKa3aHHBIMM TOJIIIMHAMH 3, 5
¥ 7 MM B MOMEHTBI BpPEMEHHU, Ha KOTOPHIX 3HAYe-
HUS W3rHOAOMEero MOMEHTA JIOCTUTAIOT CBOMX
MaKCHUMYMOB.

3HaueHUs NEepeMEeNIeHU B MPOJOJIbHOM Ha-
npasieHud (U HOC) HOCOBOW KECTKOM BCTaBKH
000JI0YKH B 3aBUCHMOCTU OT BPEMEHH JJIsl Bapu-
AHTOB C Pa3HOM TOJILLIMHOW CTEHKHU MPEICTABIEHbI
Ha rpaguke puc. 6.

R e N1 iy MN1_al
18
50 /\ /\ /\
|
150
D 2 4 B 8 T, mc 10
A0
a0 —N: __.;“] N: _.; i)
20
10 \ \
0 = "
N
10 | |
20 i \J
30
40
0 2 4 ) 8 1,mc 10

Puc. 2. 3aBUCUMOCTD CHIIOBBIX (DaKTOPOB OT BPEMEHH.
[IpononpHbIE U NONEPEUHBIE YCUIHS B CPEAUHHON
MIOBEPXHOCTH JAJIS1 HOCOBOTO U KOPHEBOTO CEYEHUN

Fig. 2. The dependence of force factors on time.
Longitudinal and lateral forces in the median surface
for nasal and root sections
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Puc. 3. 3aBHCUMOCTH CHUJIOBEIX q)aKTOpOB OT BpEMCHU. I/I3r1/16a}0nme MOMCHTBI JIs1 HOCOBOI'O U KOPHEBOT'O CEUCHHI

Fig. 3. The dependence of force factors on time. Bending moments for nasal and root sections

M2
100
80
60 - )2 2.63
M2_3.24
M2_4.05
—_—M2_6.1
0 0,2 0,4 0,6 0,8 1 S en.
Puc. 4. 3nauenns u3ruOaoMEero MoMeHTa M, B pa3ii4Hble MOMEHTHI BPEMEHH 10 JUTHHE
Fig. 4. Values of bending moment M, at different time points along the length
3aKJIIO‘IEHI/Ie B XOI€ YHCJIICHHOI'O pacycTa OIpCaAcICHO Ha-
NpsKEHHO-Ie(OPMUPOBAHHOE COCTOSHHE CTEHKH
HpeZ[CTaBJIeHI)I pE3yJIbTaTbl OLICHKKW HaIps- 000J104YKH npu MIpOABHMKCHHU BIOJIb OCH CHUM-
)KGHHO-I[e(bOpMI/IpOBaHHOFO COCTOSIHHUSA W BHY- MCTpUHU yL[apHoﬁ BOJIHBI 1 KMHCMAaTU4YCCKHEC IIa-

TPEHHMX DSKBUBAJICHTHBIX CHJI M MOMEHTOB  paMeTphbl ABM)KEHUS >KECTKOM HOCOBOM 4YacTH
yIpYyroil 00OJOYKH BpAIICHUS MapadOIMYecKod M caMOW OOOJIOYKM B HECKOJIIBKHX XapaKTEPHBIX

(bopMBbI IIpU €€ TMHAMUYECKOM HArpy>KeHUM MOJ-  TOYKaX. BBIYMCIEHBI 3KCTpeMasbHble 3HAYEHUS
BIKHBIM (DPOHTOM M30OBITOYHOTO JABJICHHS, pac-  PACTATHBAIOIINX, CXKUMAIONIMX  HAMpPsDKEHHM,
IIPOCTPAHAIONIETOCS BIOJIb OCH CHMMETPHH. BEIUYMHA KOTOPBIX OIpPEAENACTCS 3HAYEHUAMHU
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S

Puc. 5. PacnpeﬂeﬂeHI/Ie 10 JJIMHC MaKCHUMaJIbHBIX 3HAUCHUH I/I3FI/I6aIOHIeFO MOMCHTa M2 JJI1A4 HCCKOJIBKHX TOJINIHMH CTCHKH

Fig. 5. Length distribution of maximum bending moment values M, for several wall thicknesses

1,0
§ m=e=e3mm
8 0,8 ’—‘
I| ! \ LY
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Puc. 6. [Ipononbueie nepemenienns U xKeCTKONH HOCOBOI BCTaBKU MO BPEMEHHU

Fig. 6. Longitudinal movements of the U rigid nasal insert over time

MPOJIOJIBHBIX YCUJIUN B CPEIMHHOMN MOBEPXHOCTH
0001049k N, 12 H3ru0arommux MOMEHTOB M. |, A me-
pepesbiBarolei cuisl Q.
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METOI[I/IKa OLHCHKH J0JTOBCYHOCTU INIAPHUPHBIX NOAIIIUITHUKOB

B.K. Xapuna', O.A. Parenko’, I.b. Bapnausn'

Mockoeckuil 20cy0apcmeeHHblL MEXHULECKU YHUSePCUMen 2paicOanCcKoll asuayui,
2. Mockea, Poccus

AHHoTanus: B crarbe npencraBieHa yCOBEpIIEHCTBOBAaHHAS METOJUKA OLIEHKU JOJATOBEYHOCTH IIAPHUPHBIX MOALIMITHU-
KOB, pa0OTaIOMIMX B yCIOBHSX KOJIeOaTelbHBIX JABMKEHUH, OCHOBAaHHAsI HAa 00pab0TKe MaccHBa SKCIIEPUMEHTAIBHBIX JIaH-
HBIX, TIOJTyYEHHBIX B JIAOOPATOPHBIX YCIOBUSX, @ TAKXKE B ITPOLIECCE IKCIUTyaTalluy U3eus. bbll MpUMeHeH OJ1H U3 BapH-
AQHTOB MaTEMaTHYECKOTO MOJEIMPOBAHMUS, KOTOPBIH HCIIONB3YET METOMIbI PErPECCHH JUIsl alllpPOKCUMAIMU (pyHKIUH OHON
nepeMeHHoOH. B kauecTBe 00beKTa MCCIIEN0BaHUI pacCMaTpUBAIOTCS IAPHUPHBIE MOALIMITHUKY, YCTAaHOBJICHHBIE B CHCTE-
Max yIpaBJIeHHs CaMOJIETOM (JBHTaresieM) U padoTalonye Npy HUKINYECKOM KadaresJbHOM jaBrxeHuu. [llapaupHele noa-
LIMITHUKY ABJISIOTCS MOALIMITHUKAMH CKOJIBXKEHHUS, 8 aMIUIUTY/Ia UX KauaTelbHbIX JBUKEHUI MOXKET U3MEHSATHCS B ITMPOKOM
JuanasoHe ot £20 o +£60°. [Ipobnemsbl pacyeTa JOJTOBEYHOCTH MOALUIMITHUKOB CKOJIBKEHHS JJOCTATOYHO XOPOILIO U3YYEHBI
U 3aI0KyMEHTUPOBaHbI B cooTBeTCTBYytomuX cTangaprax: TOCT 1144-75 «IlonmmnHuku kadeHus. Merozs! pacyera 10-
roseuHocTu»; TOCT 15084-78 «Iloammnuauky ckoibxeHus. Metozs! pacueta gonroeyHocTuy. lllapHupHbIC MOAIINITHUKY
SIBIISTIOTCSI HOALIMITHUKAMU CKOJBXKEHHUS, HO B TO K€ BpPeMs CYIL[ECTBYEeT MHOXKECTBO TEXHUUECKHX PELICHUH, B KOTOPBIX MOJ-
HMIMITHAKY PabOTaloT B YCIOBUSX KOJIe0aTeNbHbIX JBHKEHUM, HAIIPUMED B Y3J1aX IPUBOJIOB 3aKPBIIKOB, B CHCTEMaX yIpaBJe-
HUSI CaMOJIETOM M T. . OCOOEHHOCTH YCIIOBHH AKCILUTyaTaluy 00yCIOBIUBAIOT crienuduueckue BUIbI 1e()EeKTOB, BBIBICH-
HBI€ IIPU SKCIIEPUMEHTANBHBIX UccienoBaHusAX. [loka3aHo, 4To W3BECTHBIE METO/bI pacyeTa JOITOBEUHOCTU MOAIIUITHUKOB
CKOJIBKEHHS HE TO3BOJIAIOT M0JIy4aTh IpUeMIIeMble IPAKTUYECKHUE PE3YJIbTaThl IPU OLIEHKE JOJITOBEYHOCTH MOJIINITHUKOB,
paboTaromMX Mpy IUKIMYECKOM KayaTelbHOM JIBIKCHUH.

KoaioueBblie ci1oBa: NIapHUpHBIE MOJIIUITHUKH, METOBI pacyera JI0JITOBEYHOCTH, OIIEHKa paboTOCHOCOOHOCTH, IKCIIEPH-
MEHTAJIbHBIE HCCIIEIOBAHMS, YCTATOCTHBIE Pa3pyILICHHS.

s uutupoBanus: Xapuna B.K., Pareaxo O.A., Bapganss I.b. Metoaika oneHKH JOJTOBEIHOCTH MAPHUPHBIX ITOIIINTI-
HukoB // Hayunsrii Bectauk MI'TY TA. 2025. T. 28, Ne 2. C. 8§1-92. DOI: 10.26467/2079-0619-2025-28-2-81-92

Methodology for assessing the spherical plain bearings
durability

V.K. Harina!, O.A. Ratenko', G.B. Vardanyan'

"Moscow State Technical University of Civil Aviation, Moscow, Russia

Abstract: The article presents an improved method for assessing the durability of spherical plain bearings, operating under
the conditions of oscillatory motion, based on the processing of an array of experimental data obtained in laboratory con-
ditions as well as during operation of the product. One of the options of mathematical modeling was applied, which uses
regression methods to approximate the function of one variable. As an object of research, spherical plain bearings installed in
aircraft (engine) control systems and operating in cyclic rocking motion are considered. Spherical bearings are plain bearings,
and the amplitude of their rocking movements can vary over a wide range from +20° to £60°. The problems of calculating
the service life of plain bearings are well studied and documented in the relevant standards GOST 1144-75 “Rolling bearings.
Methods for calculating durability”, GOST 15084-78 “Plain bearings. Methods for calculating durability”. Spherical bearings
are plain bearings, but at the same time, there are many technical applications in which bearings operate under conditions of
oscillatory motion, for example, in flap drive units, in aircraft control systems, etc. Features of operating conditions determine
the specific types of defects identified in experimental studies. It is shown that the known methods for calculating the dura-
bility of plain bearings do not allow obtaining acceptable practical results in assessing the service life of bearings operating
in cyclic rocking motion.
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BBenenue

[ToAMMIHUKN CKONBXKEHUS HAXOAST IIUPO-
KO€ TPUMEHEHHE B PAa3JIUYHBIX 00JACTIX TeX-
HUKH, B TOM YHUCJIC B aBUAIITMOHHOMW TexHUKe [1].
OHU OTHOCSTCS K KaTETOpUH 0CO00 OTBETCTBEH-
HBIX y3JI0B, JIOJTOBEYHOCTh KOTOPBHIX B 3HAYH-
TEJIbHOM CTENEHU ONPEAeISIET JOJITOBEUYHOCTh
u3nenus B 1eyioM [2]. Bonpocsl 10ATOBEYHOCTH
MOAIIUITHUKOB CKOJIBKEHHS JIOCTATOYHO XOPOIIIO
M3YUYEHBI U 3aJJ0KyMEHTUPOBAHBI B COOTBETCTBY-
romux cragaaprax [3]. OgHako OOJBIIMHCTBO
MIPOBEJICHHBIX HCCICIOBAHUN OTHOCSTCS K IOA-
IUITHUKAaM, pa0OTaIINM B YCIOBUSX HeEIpe-
PBIBHOTO BpamleHus. B psge KOHCTpyKuunid, Ha-
IpUMEpP B CHUCTEMax YIMpPaBIEHUS CAMOJIETOM U
JBUTATEJIEM, TIOJITUITHUKHA PabOTaIOT B YCIOBH-
X KoJie0aTeabHOro JABWKEHHS. VI3BeCTHBIE Me-
TOABl pacyera JOJTOBEYHOCTH TAKUX MOJIIUII-
HUKOB HE€ TMO3BOJISIOT MOJy4YaTh MpPUEMIIEMbIE
MPaKTUYECKUE PE3YIIBTATHI.

B nactosimieii pabore Ha ocHOBaHHH 0Opa-
OOTKH M aHaJIM3a PE3yJbTAaTOB SKCIEPUMEHTAb-
HBIX HMCCJIEIOBAaHUN IIAPHUPHBIX TMOIIIMITHIKOB
B 1a00paTOPHBIX YCIOBUSX, a TaKK€ B COCTaBe
U3JIETTUN B MPOIECCe IKCIUTyaTalluu Oblia pas-
paboTaHa MeETOIMKA OIEHKH JIOJITOBEYHOCTH
MOJIIIMITHUKOB CKOJIBKEHUS, PabOTaIoNMX MpH
Ka4aTeJIbHOM JBIKeHUHU. [logBuKHOE coemuHe-
HUE pean3yeTcs MPH B3aHMHOM KOJIeOaTeIbHOM
MepeMeNIeHUH OJHOTO KOJIbLIA MOMAIIUITHUKA OT-
HOCHUTEJIBHO IPYroro. Yrojd CMEIIEHHUS OHOTO
KOJIbIIA MOJUIUITHUKA OTHOCUTEIBHO JAPYTOro SIB-
nsieTCsl HAanOOIBIITUM JIOMTYCTUMBIM YTJIIOM MEXTY
ocsiMH KoJter] mofmumnHuKa. C ydeToM IerdCTBHs
BHEIITHEW Harpy3Kd M yCIOBUI pabOThl MOAIIUII-
HUKOB TMPUBOIATCS (POPMYITBI IJIsl IPEIBAPUTEIIh-
HOTO pacyeTa KOJWYECTBEHHBIX IOKa3aTesei
JIOJITOBEYHOCTH TOJUIMITHUKOB, COBEPILIAIOIINX
KavyaTeJbHbIE ABUKEHUS MTPHU Pa3HBIX yIiiaxX Kava-
Hus (ot £20 mo £60°) [3].
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O0BLEeKT UCNBLITAHUHA U METOX0JIOTUS
HCCae10BaHuM

TeopeTnueckoil OCHOBOM pacuera MOIIIUI-
HUKOB HAa YCTAJOCTHYIO IPOYHOCThH SIBISETCS
teopusi I'epua [4]. Ilpu pacueTe NOAIMITHUKOB
Ha JIOJITOBEYHOCTh TAKXKE YUUTHIBAIOTCS XapaKTe-
PUCTUKHM YCTAJIOCTHOM MPOYHOCTH MaTepuasos,
KOTOPBIE OMPENEISIOTCS  AKCIEPUMEHTATBHBIM
nyTteM. [lonroBeuHOCTh UMeeT Oolbllee pacces-
HUE, YeM MHOTHX JIPYTUX arperaroB. ITO CBA3aHO
B OCHOBHOM C JIOKQJIBHBIM XapaKTEpOM pacIipe-
JIEJICHUs] HAMIPSHKEHUN U MCTIONb30BAHUEM B TOJI-
IIMITHUKE 3HAUUTEIILHOTO YUCila B3aUMOJICHCTBY-
IOIINX MEXTy cCOO0H AeTanei.

Pacuer moammMmHUKOB HA JOJITOBEYHOCTH Oa-
3UpPYETCsl HA BEPOATHOCTHO-CTATUCTUUECKUX Me-
tonax [S5]. JloAroBeYHOCTh MOMKHO OIPENAEITUTH
Kak BpeMsi paboThl B YacaX, B T€YCHHE KOTOPOTO
He MeHee 90 % omnpeneneHHON rpynbl MOALIUI-
HUKOB, 3KCILTyaTUPYEMbIX B OIMHAKOBBIX yCIIOBU-
SIX, JOJDKHBI TIpopaboTaTh 0e3 MpOsBICHHS MpHU-
3HAKOB ycTajocTu Metaia [6]. Cratuctuyeckoe
pacrpeziefieHue JO0JTOBEYHOCTHU COINIACyeTCs C
KOHIIETIUEN YCTAIOCTHOTO pa3pylIeHUs] MeTaj-
na, 6a3upyromencss Ha TUCIOKAIMOHHON TEOpUHU
A.N. CrpuiiieBckoro.

Heo6xonumo o6paruTh BHUMaHKE Ha TO, YTO
Ha JIOJITOBEYHOCTH MOIIMITHUKOB TaK)Ke OKa3bl-
BAIOT BIIMSIHHE TakKe PaKTOpbl, Kak CMaskKa, Iepo-
XOBaTOCTh KOHTAKTHBIX MOBEPXHOCTEH, TOUHOCTh
M3TOTOBJICHUS AeTallied U T. A. B mommunHukax
kayeHus [7—10] npu AOCTATOYHOM CMa3Ke U Ipa-
BUJILHOM MOHTa)Xe HM3HOC HE OOHApYXHMBAaETCS
JlaXe TIPH MIPOJOIKUTETHHON paboTe, HO O UCTe-
YEHUH OIpe/IeJICHHON HapaOOTKH MOAIIUITHUKA,
3aBUCAILIEH OT 3HAYCHUUN HArpy3KH U 4Hcia 000-
pPOTOB WM Ka4aHWi, HA pabOYUX MOBEPXHOCTAX
BO3HMKAIOT YCTAJOCTHBIE MOBPEKICHUS — CHAYa-
J1a B BUJIE PUCOK, 3aTEM TOSBIISECTCS HISTyIICHUE
U BbIKpaunBaHue. HauanbHble puckH Yalie BCero
BBI3BIBAIOTCS] HEOJJHOPOJAHOCTHIO MaTepUala.
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B kauectBe o0OBEKTa WHCCIENOBAaHUN pac-
CMaTpHUBAIOTCS MApHUpPHbIe nommunHuku 1116,
1115, 11120, 125 u ux mogudukamuu (puc. 1).
HcnbiTanus npoBOAWINCH B KCILTyaTallMOHHBIX
YCJIOBHUSIX M HA HCIBITATENbHBIX CTEHJAX C Le-
JIBI0 YCTAHOBJICHHS (PAKTUYECKOM TOITOBEYHOCTH
MOAIINITHUKOB JaHHOIro BHAa. OOBIYHO MCIIBITA-
HUS B SKCIUTyaTallMOHHBIX YCIIOBUSAX JI0CTaTOY-
HO 3aTPYIHUTEIBHBI, B CBSI3U C TEM YTO HEOOXO-
JUMO YYUTHIBaTh MOHTaX, KOJIMYECTBO Macia,
KOHCTPYKTHBHBIE OCOOGHHOCTH W T. . McmbiTa-
TEIbHBIE CTeH/IbI JAaI0T BO3MOXKHOCTH MTPOBOIUTH
UCIIBITAaHUSI B IIHPOKUX JHMAMAa30HAX PEKUMOB,
MOJIETTUPYIOIIMNX IKCIUTyaTalluOHHbIE. MeTonuka

Copepa d:

Puc. 1. lapHupHBIA NOAIIUITHUK:
D,d, B, B,r,r,7,, d — COOTBETCTBYIOIIHE
TEOMETPHUECKHE Pa3MepBI; 3 — yron KadyaHus MOAIIHITHIKA

Fig. 1. Spherical plain bearing:
D,d, B, B,r,r,, d, are the corresponding geometric
dimensions; P is the swing angle of the bearing

83

Civil Aviation High Technologies

UCCIJICIOBAHNS OIpPEAEISAET IPEIBAPUTEIILHBIC
NENCTBUS, YCIOBHSI IPOBEACHUS UCIIBITAaHUI, 00-
paboOTKy U aHAJIM3 PE3yJbTaTOB UCIIBITAHU.

Metonuka mnpeanosiaracT HCHBITAHUS TPEX
BUJIOB.

ITosmHBIE UCTIBITAHUS HA TOJITOBEYHOCTB, B Pe-
3yJbTaTe KOTOPBIX YTOUHSETCS COOTBETCTBHE Ia-
pameTpoB U k03(dunmeHToB paboTocrmocoOHO-
CTH NOAIIUIIHUKOB JaHHBIX TUIIOPa3MepoB. bouin
0TOOpaHbl LIApHUPHBIE MOAIIUIMHUKH, HU3TOTOB-
nensusle B coorBercTBUU ¢ ETY 100 unu 'OCT
3635-78 [11].

KoHTposbHBIE 3aMepBl UIsl OLIEHKU COOTBET-
CTBUSL KayecTBa MPOAYKLIMU TOAIIUITHUKOBBIX
3aBOAOB. /{151 KOHTPOJIBHBIX 3aMEpPOB HCIOJIB30-
BAJIMCh MOAIIUIHUKHN CO COOPKH, YacTh MO/IINII-
HUKOB pa3Oupaiu, NpoBOAWIN MeTajuiorpaduye-
CKHI aHaJIU3, IIPOBEPSIM OTCYTCTBUE OXKOTOB U
TPEILHH.

WcnpiTanus 11 OpoBEpPKHM MaTepuaioB U
TEXHOJOTMYECKUX OCOOCHHOCTEH.

Pe3ynbTarnl ucciae10BaHUM

B mpouecce paboThl MPOBOAMIUCH IKCIIE-
PUMEHTAJIBHBIE  MCCIEAOBAaHUSA  LIAPHUPHBIX
NOJIIUITHUKOB B JIAOOPAaTOPHBIX YCJIOBMSIX, HA
UCIBITATENIbHBIX CTEHIAaX U B COCTaBE W3EIHi
aBHAIIMOHHON TEXHUKHW. B yacTHOCTH, IOIINII-
Huku 1116 paGotanu B y31ax CTONOp-orpaHUYUTE-
JIs1 B IOBOJIKE YIIPABJICHUS IBUraTeNsl, a MOAIIUII-
HUKY 1115 OblIM yCTaHOBIICHBI B Y371aX HABECKH
JIBUTATEJS.

Ha mepBom sTane mpoBoauiics aHaiu3 IO-
BPEXJACHUI 3JIEMEHTOB KOHCTPYKIUU HOAUIMII-
HUKOB B Tiporiecce ux ucnbitanuii [11, 12]. Tak,
cthepuyeckue MOBEPXHOCTH KOJEl MOIINITHH-
koB 1116 npu napabotke 2 087-2 291 u B 30HE
Harpy>KeHHsI UMEIOT OIUIABJIEHHE U BBIPAOOTKY
MmeTaiia (puc. 2, 3).

Paboure moBepXHOCTH BHYTPEHHHX U HApy K-
HBIX KOJIEIl MOJUINITHUKOB UMEIOT MpUrap CMa3Ku
U BbIpabOTKY MeTaJula B BUJIE TNIyOOKUX PaKOBUH
m1younoi g0 0,2 mm. Ha BHyTpeHHUX KoJibLIax
UMEETCsl U3HOC B BUJE CMATUS MeTalla IyOu-
HOi1 710 0,3 MMm. J{o 50 % noBepxXHOCTH KOJIell BCEX
MOJIIUITHUKOB TOKPBITHI CII0EM KOPPO3UU ITyOu-
Hoit 1o 0,5 mmM (puc. 4, 5).
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Puc. 2. OmiaBiieHHasi HOBEPXHOCTb MOIIMITHUKA
B 30HC HATrPYKCHUS

Fig. 2. The melted surface of the bearing
in the loading zone

Vol. 28, No. 02, 2025

2

Puc. 3. BripaboTka MeTaia KoJabIlla OAIIUITHAKA
B 30HE HATrPY>KCHUS

Fig. 3. Metal wear of the bearing ring
in the loading zone

Puc. 4. PakoBuns! n1youHoit 1o 0,2 MM

Fig. 4. Cavities up to 0.2 mm deep

[Momgmumanku tama 1115 Obutn ycTaHOBICHBI
B y3J1aX HaBECKH JBUTATENs (pacueTHas Harpy3ka
40 xH). B xoze nccnenoBanust OO0 YCTaHOBJICHO
cnenyromee. Chepuueckue MOBEPXHOCTH KOJell
MOJIIIMITHUKOB B 30HE HATPYKEHUSI UMEIOT H3HOC
B BHJIC TIOJIOCOBOM BBIPA0OTKH MeTalla TTyOu-
Hoit 10 0,1 MM, cMelieHHOH OT 1eHTpa (puc. 6).
Ho 40 9% mnoBepXHOCTU KoOJel MOAIIUITHUKOB
MOKPBITHI CJI0EM KOpPpO3uu TimyOouHo# 10 0,2 MM
(puc. 7).

OceBass wWrpa TMOAIIMIHUKOB  paBHA
0,08-0,14 mmM. ITo I'OCT ny1st HOBBIX IOMIIMITHH-
koB oHa cocTasisaeT 0,93—0,1 mm (Tabm. 1). Cmas-
Ka B MOJIIMITHUKAX OTCyTcTBOBasa. OceBas urpa
MIPEACTABISIET COOOM CMEIICHHE OJHOTO KOJbIla
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Puc. 5. Cmarue merama nryounoi 1o 0,3 Mm

Fig. 5. Metal crumpling, up to 0.3mm deep

HO/IIUITHIKA OTHOCUTENIBHO Ipyroro. BemnumnHa
oceBoit HUI'PBI 3aBUCUT OT KOHCTPYKIWU IMOAIIUII-
HHKOB, CI0c0o0a YCTAHOBKH M PaAHAIbHOTO 3a-
3opa. M3Mepenue paJualibHOrO 3a30pa U OCEBOIi
UIPBl HEOOXOAMMO [UISl OMpENeCHHs JKCILTya-
TAIMOHHBIX KaueCTB moammmnuuka. OceBas urpa
CYILIECTBEHHO BJIMSET HA CPOKHU CITYKOBI OMIIUIT-
HUKOB U SIBJISICTCSI OTHUM U3 KpUTEepueB paboTo-
criocooHocTr. B TOCT 3635-78' nans! nomycru-
MbIe 3HAYCHHUsSI OCEBOI WIpPBI JUIS IIAPHUPHBIX
MOAIIATTHAKOB.

I TOCT 3635-78 TommunHuky mapHUpHbIE. TexHude-
ckue ycnoBus. M.: Crangaptuagopm, 1991. 25 c.
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Puc. 6. BeipaboTka MeTaimia nyousoi g0 0,1 M,
CMeEIIEHHAs OT IIEHTPa

Fig. 6. Metal wear, up to 0.1 mm deep,
offset from the center

Hommmmanku 11120 ObUTM CMOHTHPOBAHBI
B 00beKTe (y3/Ibl HAaBECKU JIBUTATEJIsI), JIE€MOH-
TUPOBaHbI nocye HapaboTku 2 283 4 u ucciue-
noBaHbl (pacuetHas Harpyska 80 kH). Ilpu uc-
CIIEJOBAaHMM TOAIIMIIHUKA YCTAHOBIJIEHO, YTO
cheprueckue MOBEPXHOCTH KOJel MOAIIUIHU-
KOB B 30HE HarpykeHus umeror uszHoc [13] B
BU/JI€ TI0JIOCOBOI BBIPAaOOTKH MeTajuIa ITyOuHOM
10 0,1 mwm (puc. 8).

o 30 % moBEepXHOCTH BCEX JeTajei mo-
KPBITHI CJIOEM KOPPO3MM BIUIOTH A0 0Opa3oBa-
HUSl TIyOOKUX pakoBUH ryOuHoi n0 0,1 mMMm.
OceBas urpa B MOAIIUITHUKAX cocTaBisieT ot 0,1
10 0,12 mm. CMa3ka B MOAIIMIHUKAX OTCYTCTBO-
Bajia. Pe3ynprarhl MCHBITAaHWI TpPECTaBICHBI
B Tabn. 1-3.

Ha Bropom srtame o00pabOOTKH pe3ynbTaToB
UCTIBITAHUNA M HWCCIIEOBaHMK Oblla yCTaHOBIIE-
Ha JIOJITOBEYHOCTh IOAIIMITHUKOB IPH YKa3aH-
HOHM PAacyeTHOMN HarpysKe, OIpPENeNIEHHON pas3pa-
OOTYMKOM, U CPaBHEHHUE €€ C JOIyCKaeMOM IO
I'OCT 3635-78. Pe3ynbrarsl cBeicHBI B Ta0M. 4.

Ha Tperpem sTame ObulM MPOBEAEHBI BHU3Y-
aJbHBIE OCMOTPBI MOALIMIHUKOB, IPOILIEAIINX
UCTIBITAaHUS Ha UCIIBITATEIbHBIX CTEHAX U B IIPO-
1ecce IKCIUTyaTalum’.

2 IMS bearings dataset (2014) [Dnexrponnsiii pecypc] //
NASA. URL: https://paperswithcode.com/dataset/ims-
bearing-dataset (mara oopamenus: 21.10.2024).
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Puc. 7. Kopposus metania niyouHoit 10 0,2 MM

Fig. 7. Metal corrosion, up to 0.2 mm deep

Puc. 8. O6pa3oBanne IIyOOKHUX PAKOBUH
ryouHoi 10 0,1 MM

Fig. 8. Formation of deep cavities up to 0.1 mm deep

HenpaBunbHas paboTa MOJMIMITHUKOB B CO-
CTaBe M3JeNIusl BbIpa)kajach B TOM, YTO Ia3 Ha
Hapy>KHOM KOJIbLIE U JIbICKAa HA BHYTPEHHEM KOJIb-
1Ie HaXOIWJIHMCh B 30He HarpyxkeHus [14]. Takas
CUTYyallUsl MOIVIa BOSHUKHYTH 110 IBYM ITPUUUHAM:
1) npoBopaunBaHuE KOJIEL] B COCTABE U3JIEIHSI BO
BpEMsl SKCILTyaTalluy; 2) HeMPaBUIbHBI MOHTaX
HOALIUITHHKA.

B BegomocTu comiacoBaHMs IPUMEHEHHUS
MOJIIUITHUKOB MPOCTABJIEHbI pacu€THbIE Harpys3-
K{, IPEANOJIOKUTEIbHO JEHCTBYIOLIME HA IMOJ-
LIMITHUK B IOCTOSSHHOM PEXXHME KauaHUsl, a TAKKe
MakcUMaJbHble, JEHCTBYIOLIME Ha MOIIMITHUK
KpaTKoBpeMeHHO. Jlomyckaemble Harpy3ku IO
I'OCT 3635-78 npu uncie MOBTOPHBIX Harpy3o0k
He 6ozee 5 000.



HayuHbin BecTHuk MITY TA

Tom 28, N2 02, 2025

Civil Aviation High Technologies

Vol. 28, No. 02, 2025

Taoauna 1
Table 1
Pe3ynbrarel ucnbiTanuii noamunaukos 1116
1116 bearing test results
Howmep Harpyska, H Hapa6ortka, 4 Ocepas urpa, v
nogqmunaukos 1116 ITIo 'OCT dakTHYecKas
1 1 000 2291 0,03-0,1 0,1
2 1 000 2260 0,03-0,1 0,14
3 2 000 2087 0,03-0,1 0,13
4 2 000 2115 0,03-0,1 0,6
5 3000 2163 0,03-0,1 0,75
6 3000 2084 0,03-0,1 1,2
7 3000 2 090 0,03-0,1 0,96
Taoauna 2
Table 2
Pesynbrare ucnbiTanuii noamunaukos 1115
115 bearing test results
Howep Harpyska, H Hapa6otka, 4 Ocerast urpa, vv
nogmunuuxos 115 Ilo TOCT dakTHyecKas
1 40 000 2283 0,93-0,1 0,14
2 40 000 2283 0,93-0,1 0,08
3 40 000 2283 0,93-0,1 0,08
4 40 000 2283 0,93-0,1 0,09
5 40 000 2283 0,93-0,1 0,12
6 40 000 2283 0,93-0,1 0,10
7 40 000 2283 0,93-0,1 0,09
Tao6auma 3
Table 3
Pesynbrarel ucnbiTanuii noamunaukos 1120
1120 bearing test results
Homep Harpyska, H Hapa6otka, 4 Ocepast urpa, M
noxmumankos 1120 ITo TOCT dakTnyeckas
1 80 000 2283 0,03-0,1 0,1
2 80 000 2283 0,03-0,1 0,14
3 80 000 2283 0,03-0,1 0,13
4 80 000 2012 0,03-0,1 0,6
5 80 000 1 560 0,03-0,1 0,17
6 80 000 3001 0,03-0,1 0,1
7 80 000 3001 0,03-0,1 0,12
8 80 000 3001 0,03-0,1 0,11
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Taoauna 4
Table 4

CpaBHeHuE pacueTHOM HAarpy3KH ¢ JOIyCTUMOMN

Comparison of design load with permissible load

O0o3HaYeHH e MOAIINITHUKA

Pacuyernas narpyska, H

Jonyckaemasi Harpy3ka
no 'OCT 3635-78, H

116 1 000-3 000 10 000
11s 40 000 51750
1120 87 000 87 000
125 148 000 140 000

Jlis MOAIIUITHUKOB, PabOTaIIUX B COCTa-
BE W3JENUs, OHKCIUTyaTallMOHHBIE HArpy3Kd B
2-3 paza Mmenbuie [15]. Jns npenBapuTeabHON
OIICHKH Pab0TOCIIOCOOHOCTH MOAITUITHUKOB U HA
OCHOBAHUU TPOBEACHHBIX HCCIEAOBAHHUI TOCIE
UCIIBITaHUH ObLIa moy4eHa Gopmyna ass Teope-
TUYECKOTO pacyeTa JOJITOBEYHOCTH IIAPHUPHBIX
MTOJIITUTTHUKOB.

B coBpemeHHO# nuTEparype OTCYTCTBYIOT
METOJIbl pacueTa JOJTOBEYHOCTH MIAPHUPHBIX
MOJIITUITHAKOB M HCIIOJIB3YIOTCSI XOPOIIIO U3BECT-
HbI€ METOJbI pacyeTa JOJTOBEYHOCTH IJI MOA-
IIUITHUKOB KaueHus [3]. PaccmoTpum pacuer fo3-
TOBEYHOCTH noamunHuka Ha npumepe [HTHEIOT.

B koH1EBHKE y371a 3JIEKTPONPHUBOJA 3aKPbLI-
KOB CHUCTEMBI YNpAaBJICHUS CaMOJIETOM YCTaHAaB-
JUBAIOTCSl IIAPHUPHBIE MOAIIMIIHUKK MapKu
IIIH8YOT, m3roronennnie Ha 3I'TI3 B cooTBeT-
CTBUHU C €IUHBIMHU TEXHUYECKUMH yCIOBUSIMH JJIsI
CaMOJIETOCTPOEHUS. B COOTBETCTBUM C yCIIOBHSI-
MU 3KCIUTyaTalluu JAaHHbIE MOAIIUITHUKN WMEIOT
CJICYIOIINE XapAKTEPUCTUKHU U yCIOBUS PAOOTHI
B COCTaBE M3/EJIHs, CBEJICHHbIE B Ta0. 5.

MakcumanbHast pabodast Temmeparypa t
+60 °C. B Mertozne, onmrcandHoM B nmocooun OAO
«BHUIIIT» «PexomeHmauu mo BeIOOPY, pacueTy
Y COIVIACOBAHUIO TIOIITUITHUKOBY, JTOJITOBEYHOCTh
MOJIIUITHUKOB PACCUUTHIBAETCS MO PopMyIie

[C]” 10°
L=a|—| |—|,
P) | 60n
rme a — Kod()PUIMEHT, XapaKTepu3yIIMUuid Co-
BMECTHOE BJIMSHHE KauecTBa MeTalljia JeTaiel u
YCIIOBHI SKCIUTyaTallii Ha JOJITOBEYHOCTH IO/~
HIMITHUKA;
C — nuHaMHYeCcKas TPy30MOAbEMHOCTD;
K — nokazarens crenenu (K = 1);
n —JgacToTa BpanieHus (npunsta n = 10 06/Mun);
P — >kBUBaJIeHTHAs AMHAMHUYECKAsl HArpy3Ka.

B merone pacuera monroBedyHOCTH Ha 0Oase
3aBucumocteit pupmel INA 10aroBEeYHOCTH OMpe-
nensieTcs no gpopmyse

(1

s
L=11L. @
v
rJe f, — TeMIepaTypHbli K03 QUIreHT;
J, — K0O3QOHUIHMEHT CKOPOCTH CKOJIbKEHHS.
Tabauna 5
Table S

XapakTepucTuku U ycaosus akcruryatanuu noamunauka [IIH8IOT B coctae usnenus.

Characteristics and the operating conditions of the IIIH8FOT bearing as part of the product

Oobo3nauenne Paguanbnast Yroa JAunamuyeckasi CraTuyeckas
Pa3mepnt | Marepuaa
NMOALIUITHUKA Harpyska, Fr | kauanus, f§ | rpy30noa5eMHOCTD | TPY30M0ALEMHOCTD, C;
ITH8KOT 8x17x5/8 | 95X18111 2050 H +60° 6100 H 15240 H
d cepsr 13
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OneHka paboOTOCIIOCOOHOCTH TOANIUITHUKA
BBITOJIHSETCS 110 SKBUBAJICHTHOW HarpysKe.

[Ipu nanHOM METONE pacueTa JOJATOBEYHOCTD
L noAmmnHUKa B YMCIIEe KadaHUU ompenensercs
B 3aBHCHUMOCTH OT JOMYCKAaeMOTr0O 3HAUEHHs IyTH
TpeHus S.

Ha ocHOBaHMM MHOTOYMCIICHHBIX UCIIBITAHUI
U TIPOBEJICHHBIX HCCIIEOBaHUNA paboTOCIOCcCo0-
HOCTH Ha Pa3jMYHBIX PEKUMAX B JAHHOW CTAThE
IpeaJIaraeTcsi ONpeAessaTh JOJITOBEYHOCTh LIap-
HUPHBIX TOALIMITHUKOB [16], paborarommx mnpu
KauaTeJIbHOM JIBHKCHUH, 110 PACYETHOMY YIeIThb-
HOMY JIaBJICHHUIO, TaK KaK MHTEHCUBHOCTh W3Ha-
IIMBaHUS Y3JI0B OINPE/IENISAETCS IaBICHUEM Ha T10-
BepxHoctH [17, 18].

MO)XHO MPUMEHUTH OJJUH U3 BApUaHTOB Mare-
MaTUYE€CKOTO MOAETHPOBAHMUS, KOTOPBIA HCIIOIb-

P yo.
K2/Mm?

25

15

10_|

Vol. 28, No. 02, 2025

3yeT METOABl PETPECCUM ISl ANIpPOKCUMAIUU
¢yHKuM onHOM mepemeHHo [19]. Pesymbrars
MOXHO CPABHUTH 10 KOPPEJALUU U HAIVISIHO HA
rpaguxe (puc. 9).

P= }114’0370’2”. (3)

5000 kau. = 25 xr/MMm?
25 000 kay. = 20 Kkr/Mm?
50 000 xau. =15 xr/mm?
100 000 xau. = 10 kr/mm?
500 000 kau. = 4 kr/mm?
1 000 000 kay. = 2 xkr/mMm?
R
Pyo. b, , 4)
rne R — Harpyska, JeHCTBYIONIAsl Ha MOJUIUITHHK,
=2050 H, nmu = 205 kr;

] I |
5000 25000 50000

1 KayeHue — 2 HarpyKeHus

e 3aKcrnepuMmeHm
CpeoHAs

100000 500000 1000000
Kad4y.

Puc. 9. 3aBUCHMOCTD yIETHHOTO JABJICHUS OT KOJTUYECTBA KAYaHUHA

Fig. 9. Dependence of specific pressure on the number of swings
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b,d, o — Pa3MEPBI TIOIIMITHHKA.
b-5, dcq)= 13 — pa3zmepsr mo 'OCT 3635-78.

[Mony4ennslii pe3yasrar 3,15 kr/Mm?, B COOT-
BETCTBUU C TPaUKOM 3aBHCHUMOCTH YIEIBHOTO
JABJICHUS M KOTUYECTBA COBEPIICHHBIX MOAIIUII-
HUKOM KadaHu# 1 Tabia. 6, 1aeT BO3MOKHOCTD Ta-
paHTHPOBATh JOJTOBEYHOCTh MOMIIMITHUKA IPHU
3aJJaHHBIX JKCIUTYaTallUOHHBIX PEXUMax MpH
pabote 6onee ueM 500 000 xauanuii. Tak, Hanpu-
Mep, ipu pecypce 60 000 J1eTHBIX YaCOB MOIITUII-
Huk coepmaet 100 000 kauaHui.

MeTonuKa OIEHKH JOJITOBSYHOCTH ITOJIIITHII-
HUKOB OCHOBaHAa Ha CPAaBHUTEIHHOM aHaJHU3e pe-
3yJIBTaTOB PacyeTOB.

1-#1 cnoco0 — monroseyHocTh 4247912,77 u —
C]” 10° |
P) (60n)

2-1 ctoco0 — gonrosedHocTb 4 113907,456 u—

s

pacuer Benercs L =a

pacuer Beaerca L = f, f,

3-#1 cioco6 — monroseuy”ocTts 750000 xau. —
R
ba’ub

Pacderbl naroT BO3MOXHOCTH TOBOPUTH O

TOM, YTO TOANIMITHUK COOTBETCTBYET pPEKUMaM

pacuer Bexercs P yod.=

Civil Aviation High Technologies

paboThl U UMeeT OOJIBIIION 3arac 1Mo JOJATOBEYHO-
CTH TIPU PABUIBHOM MOHTAXE U SKCIUTyaTalliH.
3ak/I0ueHue

MertoauKa OLIEHKH ITPOBEICHHBIX UCCIIE0Ba-
HUI ¥ aHAJINU3 COCTOSIHUS MOIIIMITHUKOB B MeXa-
HU3Max yIpaBiIeHUS MOKa3alu, YTO MOJIIUITHUKH
MMEIOT UJIEHTUYHOE COCTOSIHUE, KOTOPOE 3aBUCHUT
OT YCJIOBHUW JKCIUTyaTalluu W IPaBUIbHOW yCTa-
HOBKH NoAMMUIHUKOB [20, 21].

1. IopmwunHuku paboTamu MPOJOIKUTEINb-
HOE€ BpeMsi C HEJOCTaTOYHbIM KOJIMYECTBOM CMa3-
KU, O YEM CBUJETENIbCTBYET TO, YTO Ha MOBEPX-
HOCTH KOJIeI] IMEETCS HAJIMYHe KOPPO3UH, BIUIOTh
710 00pa30BaHUs PAKOBHH.

2. Ha pabGouynx moBepXHOCTSAX UMEIOTCS Cpe-
3Bl METaJUIa, MONEepPeYHbIe MOJIOCHl U JpyTUe Jie-
(heKTHI.

3. Ilpu Bu3yadpbHOM OCMOTpE OOHapyKeHa
BBIpa0OTKa MeTayia, KOppo3us u Apyrue nedex-
Thl. CMa3ka Obula 3arpsi3HEHa MeXaHUYeCKUMH
IPUMECSMHU.

4. TlpoBepka XoAa MOJIIUITHUKOB OT PYKH
nokasasa, 4YTo MOAIINITHUKYA UMEIOT 3ae/IaHue.

W3 n310)X€HHOTO MOXKHO CIeNIaTh BBIBOJ, UTO
B COOTBETCTBUHM C METOAMKON OLIEHKU J0JITrOBEY-

Taéauna 6
Table 6
Pa3Mepnl HEKOTOPBIX MIAPHUPHBIX TTOITHITHIKOB
Dimensions of some spherical plain bearings
O6o3Hauyenue Oo6o3HaueHue
NOJIINITHUKA 6 dﬂi'- NOAIIMITHUKA ¢ dcq"
1115 4 10 11140 22 53
1116 4 10 11145 25 60
I8 5 13 11150 28 66
1110 6 16 LII55 32 74
112 7 18 1160 36 80
115 8 23 170 40 92
117 10 26 180 45 105
11120 12 29 11190 50 115
11125 16 35 11100 55 136
1130 18 40 11110 55 140
11135 21 47 111120 70 160

89



HayuHbin BecTHuk MITY TA

Tom 28, N2 02, 2025

Civil Aviation High Technologies

HOCTH TIOAIIMITHUKOB PaboOTOCTIOCOOHOCTh TOJI-
HIMITHUKOB B MEXaHM3MaX YMpPaBJICHUS 3aBUCUT
OT YCIJIOBUH JKCIUTyaTallMy W IIPaBUIBHOM yCTa-
HOBKH ITOAIIHITHUKOB, YTO M ITOKA3bIBACT COCTOS-
HHE MOJIIIUITHUKOB MOCJIE UCIIBLITAHUH.

HccnenoBanus mHoKaszaiy, YTO MOJIIHITHHKA
pabotaym Oe3 CMa3KH, YacTh IOIIIMITHUKOB BO
BpEMsl IKCIUTyaTallid HAaxOIWlIach B TAKOM I10JIO-
JKEHHUH, KOT/Ia I1a3 Hapy>KHOTO KOJIbIIA U JILICKA BHY-
TPEHHETO KOJIbIa HAXOJUJIUCh B 30HE HArPY>KECHUSI.

[[TapHupHBIE TOAIMIUIHUKA UTPAIOT BAXKHYIO
poiib B 0OECHeueHHH HAACKHOCTH W Oe3orac-
HOCTH AaBHAIlMOHHBIX CHCTEM. JlONTOBEYHOCTH
HampsIMyl0 3aBUCUT OT SKCIUTyaTallMOHHBIX Xa-
PAKTEPUCTUK W BIMSIET HA COXpaHEHHUE JICTHOM
FOOJHOCTH AaBUAIMOHHOM TeXHUKH. B paHHO
paboTe paccMOTPEHBI OCHOBHBIE (PAKTOPHI, BIU-
SIOIIME Ha JIOJITOBEYHOCTh IIAPHUPHBIX TOJ-
IIMITHUKOB, BKJIIOYAsi KOHCTPYKIIUIO, YCJIOBHS
AKCILTyaTalliy, WCIOJIb3yeMble MaTepHalibl, Me-
TOABI CMa3Ku. JlaHbI pEKOMEHJIAlMK 10 pacueTy
JONITOBEUHOCTH  TMOMAIIUITHUKOB, Pa0OTAIOIINUX
MIPHU KauaTeIbHOM JIBHXKEHUU.
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ot 27 nexabps 2011 .

OdopMHTE TOAIMCKY Ha MEYAaTHYIO BEPCHIO KypHaJla MOXKHO Ha caiiTe 00bequHeHHOTO Karajiora «[Ipecca Poccumy
www.pressa-rf.ru. [TogmucHoi namekc 84254.

IToxamucano B neuars 29.04.2025.
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