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SUMMARY
The paper provides a comprehensive overview of the methods for solving special differential equations
describing the fundamental laws of gas movement, the calculation of non-stationary operating conditions of gas
pipelines, and the theoretical investigation of gas dynamic parameters during non-stationary processes in the
pipeline. Additionally, the conformity of the law governing the variation of pressure along the length of the pipeline
over time under various operating conditions in a parallel pipeline system has been determined. Furthermore,
recommendations for boundary conditions ensuring continuous operation in the pipeline section are proposed in

relation to the occurrence of accidents in the gas pipeline.

The efficient operation regime of the pipeline system is determined to prevent the sudden cessation of gas
supply to consumers through the theoretical investigation of the obtained analytical expressions of non-stationary
gas dynamics. The purpose of the research is based on the premise that the strategy of reconstruction for managing
non-stationary gas transportation processes with parallel pipeline systems relies on the characteristics of operating
conditions to minimize the potential damage accidents could cause.

Key Words: leakage, flow, pipeline, damaged, gas dynamics, non-stationary, accident regime

Introduction: The selection of optimal strategies
for reconstruction, primarily ensuring the efficient
exploitation regime of gas pipelines, and enhancing the
reliability of elements installed in the pipeline's section
under operating conditions are associated with
minimizing the potential damage from accidents to an
acceptable level. To address such issues, it is necessary
to develop comprehensive control schemes for gas
pipeline operations and utilize modern tools.

Control over the operation of main pipelines is
primarily implemented through the calculation of
transient processes during accidents. This allows for the
calculation of technological alternatives and the
making management decisions before the entire
hydraulic system is fully deployed. To achieve this, it
is necessary to use technical tools based on the simplest
principles of exponential form, which have undergone
theoretical and experimental tests in known areas of
application. One of the significant challenges
encountered during the calculation of gas dynamics
issues is determining the appropriate method for
solving processes that undergo changes depending on
time and coordinates. This type of solution should be
characteristic of modern applications of science,
engineering, and technology problems. The
establishment and selection of methods for constructing
and analyzing different schemes of gas dynamics are
crucial for solving the given problem. The main
objective of the research is to determine and select
optimal operating regimes during the system's
reconstruction stage.

Analysis and Generalized Methods of Existing
Research:

For various technological conditions, especially
those limited to a specific scope, individual researchers
have developed specific methods for the operational
management of pipelines [3,4,5,9]. Certain areas of gas
dynamics have been studied for quite some time and are
undergoing significant development intensively. As a
result, many important and interesting findings have
been obtained. However, general methods for solving
gas dynamic issues are still not available. Moreover, it
should be noted that the existence and uniqueness of a
general solution have not yet been proven. This is
attributed to the complexity of gas dynamics equations
and, above all, their non-linearity. Considering such
events complicates the mathematical formalization of
the issues and leads to the emergence of independent
problems in their solution. However, the essence of the
problem still lies in the classical equations of gas
dynamics. Therefore, developing and preparing
effective methods for solving these equations is an
important issue for many areas of modern science.

Practically applying reliable and effective
schemes and algorithms that have been tested in
experiments to solve complex problems and utilizing a
variety of programs to implement numerical algorithms
on computers should be adapted to the requirements of
today. Modern software allows for the calculation of
parameters of transported gas in real-time by
considering changes occurring in its physical processes
[7].

Learning the approximation of the difference
scheme (estimated calculations) for piecewise
functions is not difficult in both linear and non-linear
cases. Proving the stability of the scheme actually leads
to obtaining certain apriori evaluations that express the
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continuous dependence of the solution on the initial
data of the problem. Unlike linear situations,
establishing such evaluations for non-linear equations
is associated with significant challenges, and such
evaluations are completely absent for gas dynamics
equations. Therefore, the verification of scheme
stability is usually carried out in some linear analogs of
the initial problem.

It should be noted that for the class of one-
dimensional non-stationary gas dynamics problems
under consideration, other numerical solution methods
also exist, such as the method of characteristics [10],
the method of discontinuous decomposition [11], the
"large  particles" method, and so on.
A detailed description of these can be found in the
referenced works. Instead of exploring all possible
methods, we will implement boundary conditions, one
of the simplest approaches, to address the issue. The
majority of research in the field of gas pipeline
dynamics is associated with the method of solving gas
dynamic partial differential equations with various
initial and boundary conditions.

It is possible to obtain solutions to the problem of
determining the distribution of pressures and flow rates

along the pipeline. Non-stationary gas flows in the
main pipeline system are described by a system of non-
linear partial differential equations. One of the
captivating areas of research is the use of analytical
methods [2].

Analysis of Nonlinear Differential Equation
Systems Using Analytical Methods.

The system of nonlinear differential equations
typically relies on simplifying the initial equations and
their subsequent manipulation. However, the difficulty
of analytical solutions doesn't necessarily outweigh the
benefits of simpler methods. This approach's
disadvantage lies in its reliance on external similarity to
significantly simplify the equations. Simplification is
not only employed to simplify the initial equations for
gas flow but also during the modeling of other physical
processes, which is not always justified. On the other
hand, the possibility of visually observing variable
pressure fields and gas flow consumption in a complex
network of gas pipelines stimulates research efforts. In
this regard, we adopt the scheme of the following
parallel gas pipeline, which accommodates various
operating conditions.

4 1
"‘—‘é_.
P, 4
'~. l 2 x=1, 3
‘\ — -
=7
Gue
—>  Steady Flow Direction in Gas Flow
-—3  Reverse Flow Direction in Accident Mode

Scheme 1. The prinsipial scheme of a parallel gas pipeline operating in unfieldt hydraulic regime.

1- Intact pipeline section of the gas pipeline;

Portion of the damaged pipeline section from the
starting point of the damaged pipeline to the leakage
point (x = £,);

Portion of the damaged pipeline section from the
leakage point to the end point; P, - Pressure at the
starting point of the gas pipeline in steady-state regime;
Ps - Pressure at the end point of the gas pipeline in

steady-state regime; Gyt - Mass flow rate of gas leakage
Pa-san

m
The valve fittings (such as valves and taps)

installed on parallel gas pipelines are positioned at a
certain distance, taking into account the ease of their
technical operation and repair as well as the
requirements of gas supply facilities [6]. Let's assume
that an accident occurs at point x = ¢, on one of the
lines of the parallel gas pipeline due to a rupture in the
pipeline. As shown in Scheme 1, both the damaged and
intact sections of the gas pipelines will operate under

non-steady-state gas flow conditions. It should be noted
that selecting the parameters based on the operation of
the main gas pipelines is required for calculating the
occurrence of non-stationary processes caused by any
accident situation [8]. This requirement should be
considered one of the highest priorities when selecting
the operational regime of the gas
pipeline. Technologically-based information has been
analyzed to determine the physical laws governing
accident situations in parallel pipeline transportation
processes. For any technological scheme, there are
certain parameters and indicators that characterize it.
All the technological issues mentioned above are
resolved by mathematical modeling of gas flow
parameters related to the solution of the following
system of differential equations [6].

To calculate the gas flow in the pipeline, we utilize
the dimensionless continuity and momentum equations
recommended by I.A. Charney in the literature cited in
the first reference.
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dP(x,t) _
ax
aG(xt)
ax

Here, 2a=k£; - LLA. Charney theorem; G=pv;
P:p-CZ;

c- Sound propagation speed of gas for an
isothermal process, m/san.;

d - The internal diameter of the pipe, m;

x- A coordinate aligned with the gas flow and
coinciding with the axis of the pipe., m;

P -Absolute average gas pressure in sections, Pa;

v - Average gas velocity at the cross-section,
m/san;

p- Average density of the gas, xq/ m®;

d?pPi(x,S) _ 2a
dx? c?

Using this equation, we need to determine
boundary conditions to properly formulate the
problems. The set of boundary and initial conditions
establishes the connection between models, and the
proper formulation of boundary conditions is often
achieved through the modification of at least a general
source of information database.

Analysis of non-steady-state gas dynamic
processes under operating conditions with fixed
pressure maintained at the ends of parallel pipeline
lines.

Let's assume that a fixed pressure is maintained at
the end of the parallel gas pipeline. Initial conditions
are homogeneous for the system under consideration.
For solving the mathematical model of equation (2), we
accept the initial condition of the initial stationary
distribution of gas flow pressures in the calculation
domain.

t=0; Pi(x,0)=Pp-2aGox: i=1,2,3

R(xs)= P —2aG,x
P2 (x, S) — Pi—ZSaGOx
P3(X, S) _ PI - ZaGOX

2 2
Here, /121{?, ﬂ=1/2ac
C S

(3), (4), and (5) functions represent the
determination of pressure distribution along the axial
sections of the gas pipeline in a general form. To assign
physical meaning to these equations, it is necessary to
determine the constants cs, ¢z, Cs, C4, Cs and cs. By using

—2aG(x,t)

1 8P(x.t)
at

c2

t -time, san;
A- Hydraulic resistance coefficient of the gas
pipeline section, dimensionless;

G- Mass flow rate of the gas flow, —
If we differentiate the first equation of the system
with respect to x, and substitute Z—f{ in the second

equation, then after taking the Laplace transform, we
obtain the heat transfer equation for the mathematical
solution of the problem.

Pa-san
)

[SP.(x,S) = Pi(x,0)] :i=1,23 (2)

Using the obtained general model, the boundaries
of the calculation domain, conditions for pressure
variation at the boundaries, and changes in gas flow are
determined. Considering the fixed pressure at the end
of the gas pipeline, we take into account pressure
functions that describe the flow rate G(t) and its abrupt
changes at the beginning of the pipeline. Thus, the
following boundary conditions are accepted for solving
equation (2):.

Pl(x' t) = P2(x, t)
At the point x=0 {i)Pl(x,t)

0Py (x,t) _ _
L= —2 = 2aG,(t)
P,(x,t) = Py(x,t)
APz (x,t)  OPy(x.t)
. _ . _ Pl(x; t) = PS
At the point x= L Pi(x,t) _{P3 (x,t) =P,

In this case, the general form of the solution
for equation (2) will be as follows:

+c,ShAx+c,ChAx 0 <x <L (3)

+ c3Shix + ¢,ChAdy 0 < x < ¥, (4)

+CShAX +¢c,ChAX ¢, <x < L (3)

the Gauss method to determine the mentioned
constants, and substituting them into functions (3), (4),
and (5), and after performing simple operations, we
obtain the following expressions to determine the
pressure distribution in converted form:

0<x<L()
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P,(x,5) = M

£ lGats)

G0 shA(L + x)
chAL

shA(L {’z)sh/l(L - x)

—BGue(S)

shA2L

0<x<4, ()

2, <x<L (8

P5)= B0 M, (9)-

2

} shA(L+x)
chAL

shA(L+7,)shA(L—-X)

~FGu(®) shi2L

The original general solutions for functions (6),
(7), and (8) will be written as follows:

—alt

m(2n—1)x
( )Jr

P, (x,t) = P, + 8aG LZ

[z2n = D]z °%

2L

+— Z wf [Go(D)] - e~ 1D g —

——zn L(D)Sin ™D i M (16 (1) - e Ddr 0 < x < L (9)

P, 3(x,t) = P, + 8aG LZ

2n—1
_Z COSMI [Go()] - e~ (t=Dqr —
L ] 2L 0

% voo n [t —ay(t-1)
_TZn=1(_1) fo Gyue(7) - € dt

m2(2n-1)%c? m2n?c?

Here, a; = saz Y27 Tgarz

The non-steady-state operating conditions of gas
pipelines lead to significant fluctuations in pressure and
can compromise the normal functioning of gas supply
to consumers. Studying these processes under various
operating conditions of gas pipelines and considering
the results of the analytical solutions obtained at
dispatcher control points will significantly increase the
reliability of gas supply and the efficiency of gas
transportation processes. This function should be
considered one of the highest priorities for the
reconstruction of gas pipelines. When selecting the
optimal operating conditions for gas pipelines, it should
be noted that the task of calculating non-steady-state
processes caused by any accident situation is
fundamental to the operation of trunk gas pipelines.
Selecting parameters for information measurement and
control systems for gas distribution networks should
minimize the time of transfer to dispatcher control
points. During operation, information-measurement
and control systems for gas distribution networks
should ensure reliable collection and transmission of

Sin ™D 5in U0 ) < x <L

et m(2n — 1)x N
[r(2n — 1)]? 2L
i nn(L—{’z)S. 7m(L+x)’0 <x< fz
2L 2L

(10)

2L

data and, using modern methods, monitor accident
situations and efficiently manage non-steady-state gas
dynamic processes to ensure uninterrupted gas supply
to consumers.

During accidents in trunk gas pipelines, temporary
processes must be determined at least one order of
magnitude higher than the calculation time [12]. For
this purpose, it is necessary to adopt theoretical and
experimental simplification methods based on known
areas of application and to use calculation programs
based on simple rules. Currently, such programs are
available and are specialized simplifications for the
operational management of pipeline networks [8].

Go(t) = Gy, G,:(t) = Gy = constat,
n=1,2,3.....10.

Adopting the simplifications mentioned above, we
consider the following expressions (9) and (10) and the
given data to determine the law of pressure change of
gas along the axial length of the complex parallel
pipeline in different scenarios of gas leakage locations
(1st scenario - £,= 2,5 - 10*m; 2nd scenario - £, = 7,5 -
10*m).
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Pp = 55:10% Pa: Ps = 4-10* Pa: Go= G1+G, = 30
T 2a=— :0= 3833 =t L = 10°m: d= 0,7 m: 1st
scenario £,= 2,5+ 10*m; 2nd scenario £, = 7,5 - 10*m:

First, considering the fixed pressure at the end of
the parallel gas pipeline under operating conditions, we

assume a rupture location at a distance of ¢,= 2,5 - 10*
m from the end, with gas leakage occurring every 300
seconds, and calculate the values of gas pressure along
the gas pipeline for different values of leaked gas mass
at point x = 25000 m. We record the calculated values
in Table 1 below.

Table 1.

Pressure values over time for different leaked gas masses at the point of gas leakage at x = 25000 m along

the gas pipeline (1st scenario).

b, sec Gmg " oGsmg 162mc:

0 © 0 i
300 4994 4864 4733
600 4836 4546 42,57
900 4707 4289 38,72
1200 4605 4084 3564
1500 4522 3919 33,15

Using Table 1, let's create a graph (Graph 1)
showing the variation of pressure at the point 1=25000

G, = G = G = G = G =16
ut ut ut ut ut

16G, 104G, 108G, 126G, G,
46,03 44,17 37,09 30,01 22,94
39,67 41,48 31,71 21,94 12,17
34,54 39,66 28,07 16,48 4,89
30,44 38,32 25,39 12,45 0
27,12 37,28 23,3 9,33 0

m of the complex gas pipeline over time and depending
on the leaked gas mass.

60
50
——1
& 40 -2
S
= —A—3
=30
o 4
o
Q ¥—5
- 20 \ -
10 —
—7
0 8
300 600 900 1200 1500
t, sec

Graph 1. Variation of pressure over time at the point x = 25000 m of the gas pipeline in the first scenario of gas
leakage. 1, 2, 3, and 4 - Unaffected pipeline section (1-Gut=0,4 G0, 2-Gut=0,8 GO0, 3-Gut=1,2 GO, 4-Gut =1,6
G0); 5, 6, 7, and 8 - Affected pipeline section (at the point of rupture), (5-Gut=0,4 GO0, 6-Gut=0,8 GO,
7-Gut=1,2 GO, 8-Gut =1,6 GO ).

Table 1 and Graph 1 demonstrate that the non-
steady state caused by the rupture of one pipeline in a
parallel gas pipeline operating under unit hydraulic
conditions disrupts the steady state of the other
unaffected pipeline. This process can be explained by
the fact that, in the event of an accident resulting from
the rupture of one pipeline, the gas flow of the main
sections of the pipeline tends towards the damaged
section. In other words, in the operating conditions
where the pressure remains constant at the end of the
parallel gas pipeline and the mass flow at the beginning
changes over time, the mass flows at the beginning of
the pipeline are directed towards the damaged section

of the pipeline. In this case, the main section of the
pipeline operates in a non-stationary gas movement
regime due to the extraction of gas from the starting
sections of the undamaged pipeline. Consequently, the
length of the undamaged pipe, its pressure, and the gas
flow consumption vary depending on both coordinates
and time due to the extraction of non-uniform gas mass
from the starting section and the continuous supply of
gas to the consumer institutions from the final section.
As a result, a decrease in pressure along the length of
both pipelines occurs. Based on the provided data, in
the stationary regime, the pressure at x=25000 m for
both the damaged and undamaged pipelines is P(25000,
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0) =51,25-10% Pa . Analysis of Graph 1 reveals that the
magnitude of pressure decrease in the damaged
pipeline is several times greater than that in the
undamaged pipeline.
Thus, for a duration of t=300 seconds and when the
volume of the leaked gas mass is 40% of the volume of
the pipeline’s final section (G, =0,4 G ), the magnitude

of pressure decrease in the damaged pipeline is
[P(25000,0)-P, (25000,t)] = 51,25- 44,17)=7,08-10*Pa
Meanwhile, the magnitude of pressure decrease in the
undamaged pipeline will be [P(25000,0)-P1(25000,t)]
=(51,25-49,94)= 1,31 -10* Pa. The value of the pressure

drop in the damaged pipeline is 5.4 times greater than
the pressure drop occurring in the undamaged pipeline.
The value of this ratio varies depending on time for a
constant value of gas leakage. For instance, at t=600
seconds, it is 3.37; at t=900 seconds, it is 2.77; at
t=1200 seconds, it is 2.48, and at t=1500 seconds, it
decreases to 2.32.

It appears from this that the value of this ratio
reaches its maximum at t=300 seconds for a constant
value of gas leakage (G, =0,4 G,) and then decreases

over time (Graph 2).

6
5 n
4 AN
—_ 3 ﬁ\‘ .
T 2 oK
1
0
=300 | t=600 | t=900 | t=1200 | t=1500
——Gut=0,4 Go| 5.4 3.38 277 2.49 2.32
—=-Gut=0,8 Go| 543 | 337 277 2.48 2.32
Gut=1,2 Go| 5.42 3.38 277 2.49 2.32
—<Gut=1,6 Go| 5.42 3.37 277 2.46 212

Graph 2. The graph of the dependence of [P(x,0)-P2 (x,t)]/[P(x,0)-P1 (x,t)]=p(t) at the point x=25000 m of the

gas pipeline on time t.

The value of the pressure drop in the damaged
pipeline is several times greater than the pressure drop
in the undamaged one when the volume of leaked gas
mass is G, =0,8 G,Thus, during the period of t = 300

seconds, the value of the pressure drop in the damaged
pipeline (51,25- 39,07)= 14,16:10* Pa, while in the
undamaged pipeline, this value will be (51,25-48,64) =
2,61 -10* PaHowever, the ratio of the pressure drop in
the damaged pipeline to the pressure drop in the
undamaged pipeline becomes equal to the value when
the gas leakage is G  =0,4G, which is 5.4. Despite the

gas leakage increasing by a factor of 2, the value of this
ratio remains unchanged, only varying with time. As
seen from Graph 2, the value of this ratio decreases only
for G, =1,6 G, at t = 1500 seconds. The reason for this

is that, as shown in Graph 1, the pressure in the
damaged pipeline at x = 25000 m approaches zero after
1200 seconds.

In other words, the process of the gas pipeline
being almost completely emptied occurs in the

damaged pipeline. Therefore, in the analyzed operating
conditions of parallel gas pipelines [P1(L,t) = P1(L,t) =
Ps =constat], after t = 1200 seconds, the efficiency of
gas supply to consumers is significantly compromised,
meaning that most consumers cannot be supplied with
gas. The proposed operating condition does not
effectively account for uninterrupted gas supply to
consumers in emergency regimes, thus rendering the
operation of parallel gas pipelines in a single hydraulic
regime ineffective within the specified boundary
conditions.

Let's analyze the variant where the boundary
condition of maintaining constant pressure at the
end of the gas pipeline is £,=75000 m. In this case,
considering different values of the leaking gas mass
every 300 seconds, we calculate the values of gas
pressure at x = 75000 m and record them in the
following Table 2. From the expression Pi(x,0)=Py-
2aGox, the value of gas pressure in the stationary
regime at x = 75000 m will be 43,75 -10* Pa.
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Table 2.
Pressure values at the leakage point x = 75000 m of the gas pipeline for different values of leaked gas mass
(2nd variant).

=04 G = G = G = G = G = G =12 G =16
t, sec ut ut ut ut ut ut ut ut
G, 08G, 12G, 16G, 04G, 086G, G, G,
300 43,72 43,69 43,66 43,63 37,95 32,14 26,34 20,54
600 43,61 43,48 43,34 43,2 36,74 29,72 22,71 15,7
900 43,49 43,23 42,98 42,72 36,08 28,41 20,74 13,07
1200 43,38 43,01 42,64 42,27 35,65 27,55 19,45 11,36
1500 43,28 42,88 42,35 41,88 35,34 26,93 18,53 10,12
We'll construct the following graph using the data
provided in Table 2
50
45 !ﬁ ——1
40 -
g 35 = X :
3 30 3
—
o -
S 20 q —— ==5
=15
o . =06
10 —— ;
5
0 e §
300 600 900 1200 1500
t, sec

Graph 3. The graph illustrates the variation of pressure over time at the point x = 75000 m for the second
scenario. In this graph, curves 1, 2, 3, and 4 represent the pressure variation for the undamaged pipeline
(1- Gu= 0,4 Go, 2-Gy=0,8Go, 3-Gu=1,2 Go, 4-Gu=1,6 Go ); while curves 5, 6, 7,
and 8 represent the pressure variation for the damaged pipeline (at the point of breach)
(5-Gu=0,4 Go, 6-Gu=0,8 Go,7-Gui=1,2 Gy, 8-Gy =1,6 Go ).

Based on the analysis of Graph 3, it can first be
said that the non-stationary process occurring in the
damaged pipeline due to the integrity breach in the last
part of the belt is not felt in the undamaged pipeline.
Specifically, 300 seconds after the accident, the volume
of the leaked gas mass is G , =0,4 G . At this time, the

pressure drop in the damaged pipeline is (43,75 -
37,95)= 5,8 -10* Pa, while the pressure drop in the
undamaged pipeline will be (43,75 -43,72)= 0,03 -10*
Pa. Thus, the value of the pressure drop in the damaged

pipeline is 193 times greater than the pressure drop in
the undamaged pipeline. This ratio changes over time
depending on the steady value of the gas leakage, being
51 at t = 600 seconds, 29.5 at t = 900 seconds, 21.9 at t
= 1200 seconds, and decreasing to 18.0 at t = 1500
seconds. Using the data from Table 2, we will construct
the graph of the coefficient p(t), which characterizes the
ratio of the pressure drop values in the damaged
pipeline to the pressure drop values in the undamaged
pipeline, depending on different values of gas leakage
and time (Graph 4).
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250
200 \
150 \
E 100
50
0
t=300 t=600 t=900 t=1200 t=1500
san san san san san
——Gut=0,4G0| 193.33 50.07 29.5 21.89 17.89
=@-Gut=0,8G0| 1935 51.96 29.5 21.89 19.33
== Gut=1,2G0| 193.44 51.32 29.88 21.89 18.01
=>=(Gut=1,6G0| 193.42 51 29.79 21.89 17.98

Graph 4. Graph of the coefficient [P(x,0)-P2 (x,t)]/[P(x,0)-P1 (x,t)]=p(t) as a function of time t,
at point x= 25000 on the gas pipeline.

The analysis of Graph 4 shows that the values of
p(t), which characterize the ratio of the pressure drop in
the damaged pipeline to that in the undamaged pipeline,
remain nearly constant across different gas leakage
rates and over time. This constancy is attributed to the
maintenance of stable pressure in the final segment of
the operational gas pipeline. However, the mass of gas
delivered to consumers decreases sharply as the value
of the coefficient describing the ratio of pressure drops

between the damaged and undamaged pipeline sections
decreases from 193 to 18.

During the rupture of the second line at a distance
of £, =25000m and at a gas leakage rate of Gy=0.4 Go,
the values of pressure distribution in the damaged and
undamaged pipeline are calculated at different times,
every 25 -10* m, to determine the conformity to the law
of pressure distribution as follows:

Table 3.

For the case of the rupture of the first line of the gas pipeline and a gas leakage rate of Gu=0,4 Go,
the pressure values along the length of the damaged and undamaged pipeline,
depending on time, are as follows.

X, 10*m t=300 sec. t=900 sec. t=1500 sec.
0 51,95 51,95 47,96 47,96 45,67 45,67
2,5 49,94 44,17 39,66 41,68 45,22 37,28
5 46,95 44,54 41,04 42,47 43,9 39,17
7,5 43,55 42,67 40,87 41,62 42,07 39,86
10 40 40 40 40 40 40

Using the data from Table 3, we will create
Graph 5
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Graph 5. The distribution of pressure along the length of the damaged and undamaged pipelines in the non-
stationary regime due to the rupture of the parallel gas pipeline at a distance of £, =25000 m and a gas leakage
rate of Gut=0,4 GO.

The analysis of Graph 5 reveals that, except for the
pressure at the final point of the gas pipeline, where the
pressure remains constant under steady operating
conditions, the pressure values along both the damaged
and undamaged sections of the pipeline decrease over
time due to the rupture of the parallel pipeline at a
distance of £,=25000 m. Additionally, the rate of
pressure decrease increases along the direction from the
final point to the starting point of the pipeline in both
the damaged and undamaged sections. As a result, a
process of gas discharge occurs at the beginning of the
gas pipeline. By increasing the mass of leaking gas

without changing the operating conditions of the gas
pipeline, we can determine the maximum discharge
time at which this process is possible.

In order to maintain the rupture point of the second
line at a distance of £,=25000 m and with the gas
leakage rates of Gu=0,8 Goand Gu= 1,2 Gy , we
calculate the pressure values along the length of the
damaged and undamaged pipelines at different times,
every 2,5 -10* m, and record them in the following
tables (Table 4 and Table 5).

Table 4.

Pressure values along the length of the damaged and undamaged pipelines, depending on time, for the

case of the rupture of the first line of the gas pipeline and a gas leakage rate of Gut=0,8 Go.

X, 10*m t=300 sec. t=900 sec. t=1500 sec.
0 48,91 48,91 40,93 40,93 36,33 36,33
2,5 48,64 37,09 42,89 28,07 39,19 23,3
5 46,41 41,57 42,84 34,59 40,31 30,84
7,5 43,35 41,6 41,67 37,99 40,39 35,98
10 40 40 40 40 40 40

Table 5.

Pressure values along the length of the damaged and undamaged pipelines, depending on time, for the

case of the rupture of the first line of the gas pipeline and a gas leakage rate of Gut=0,4 Go .

X, 10*m t=300 sec. t=900 sec. t=1500 sec.
0 45,86 45,86 33,89 33,89 27 27
2,5 47,33 30,01 38,72 16,48 33,15 9,33
5 45,86 38,61 40,52 28,13 36,71 22,55
75 43,15 40,52 40,63 35,11 38,72 32,09
10 40 40 40 40 40 40
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We will create the following graphs using the data
from Table 4 and Table 5 (Graph 6 and Graph 7).

60 -

50
£ 40 - —— P,(x,300)
= 20 - P,(x,300)
= —h— P,(x,900)
Z 20
a == P,(x,900)

10 == P,(x,1500)

0 ~0— P,(x,1500)

0 2.5 5 75 10
X, 104 m

Orafik 6. Paralel qaz kamoarinin £, =25000 m masafada kipliyinin pozulmasi va qaz sizmasmin Gut=0,8 GO
qiymatinda zadalonmig va zadalonmamis boru xatlorinda geyri-stasionar rejimda tazyiqlorin xatti boyu
paylanmasinin manzarasi.

Graph 6. The distribution of pressure along the length of the damaged and undamaged pipelines in the non-
stationary regime due to the rupture of the parallel gas pipeline at a distance of £, =25000 m and a gas leakage
rate of Gut=0,8 GO.
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Graph 7. Visualization of the longitudinal distribution of pressures in a non-stationary regime along the
damaged and undamaged pipeline sections, when the integrity of a parallel gas pipeline is compromised at a
distance of £, =25000 m and gas leakage occurs at Gut=1,2G0

The analysis of Graph 6 and 7 indicates that, under
steady-state operating conditions with constant
pressure maintained at the endpoint of the gas pipeline,
the profile of longitudinal pressure decreases along the
damaged and undamaged pipeline sections in the
direction from the endpoint to the starting point of the
pipeline, which resembles the curve depicted in Figure
5. However, due to an increase in the mass flow rate of
gas leakage, the extent of pressure reduction along the
damaged pipeline increases sufficiently. Specifically,
at the point xottinin £, =25000 m along the damaged
pipeline segment (where the rupture occurred), if
the pressure decrease over a duration of t = 1500
seconds is (43,5- 37,28) -10* =6,22-10* Pa for gas

leakage at Gu=0,4Go, then for gas leakage at
Gut=0.8G0, it would be (43,5- 23,3) -10* =20,2-10*
Pa, and for G,=1,2Go o, it would be (43,5- 9,33) -10*
=34,17-10% Pa. Thus, as a result of the mass flow rate
of gas leakage increasing by a factor of (1.2/0.4)=3,
the pressure decrease at the point ¢, =25000 m
along the damaged pipeline increases by a factor of
(34.17/6.22)=5.5. This means that the pressure
decrease accommodates nearly twice the increased
magnitude of the mass flow rate of gas leakage. On
the other hand, according to Graph 7, in the damaged
pipeline, the minimum value of pressure decrease along
the pipeline in the direction from the endpoint to the
starting point is observed at the point £, =25000 m,
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reaching a value of (9,33-10* Pa), and this value
increases gradually towards the starting section,
reaching a value of 27-10* Pa at the starting point. At
the same time, this value is equal to the pressure at the
same point (x = 0) of the undamaged pipeline. The
reason for this is the parallel operation of the gas
pipelines in a unified hydraulic regime. In other words,
the pipelines have the same starting and ending points.
As a result, at the beginning section, the gas flow from
the undamaged pipeline merges with the damaged
pipeline. From this, we can conclude that in non-
stationary regimes, the process of diverting the gas flow
from the undamaged section to the damaged section
and extracting it from the leakage point (Scheme 1)
results in a discharge process at the beginning of both
pipeline sections. As a result, in the section from the
beginning of the gas pipeline to the point of rupture, the
possibility of alternate emptying and filling of the
damaged pipeline section is accompanied by a sharp
decrease in pressure, and these pressure values are often
significantly lower than those at the endpoint of the
pipeline. This contradicts the requirement for normal
gas flow in the pipeline for gas-dynamic processes.
Therefore, as mentioned above, the exploitation
process of parallel gas pipelines operating in a unified
hydraulic regime is not effectively accounted for.

The analysis of non-stationary gas dynamic
processes under exploitation conditions  with
maintained constant pressure at the beginning of
parallel pipeline systems.

Let's analyze the specified exploitation conditions
for the gas pipeline. Let's assume that at the beginning
of the utilized parallel gas pipeline, the pressure is
maintained constant. For the solution of the equations
in mathematical model (2), we accept the initial
stationary distribution of gas flow pressures in the
calculation domain.

t=0; Pi(x,0)=Pp-2aGox: i=1,2,3

Using the derived general model and
maintaining constant pressure at the beginning of
the gas pipeline, we consider the pressure functions
that describe the flow rate G(t) and its abrupt
changes at the end of the pipeline. Thus, the
following boundary conditions are adopted for the
solution of equation (2):.

At the point x=0 {Pl (x,0) = B,

PZ (xl t) = Pb
At the point x =10
{Pz (x,t) = Ps(x, t)
dP3(x,t) dP,(x,t)
— - 2 = —2aG,. (t)
ax ax ut
At the point X= L Pi(x.t)
{Pl (x,t) = P3(x,t)
=10P(xt) | 9P (xt)
ox T ax = —2aGk(®)

Using the Gauss method as outlined above, if we
determine the coefficients specified in (3), (4), and (5)
functions and substitute them into the equations, and
after carrying out the uncomplicated operations, we
obtain the following expressions to determine the
distribution of pressure in transformed form:

P(x.8)= B(x.0) +EL%_G— [S)J shix
S PARN : chAL
shAxshArl, 0<x=L (11)
-G (8)——=
PGS shA2L
Pr.s)= 20, g[& —G,.(SJ} Sf”“" _
gS ; 215 chiL o<x<r, a2
shAxshA(2L -1,)
_ G S 2
PG (5) shi2L
}3;[_1'_3 )= M_FE[%_G,{S)} shix B
s 208 T ehaL (,<x<L (13)
10 shA(2L —x
— BG.(S) shAl ,shA(2L —x)
shA2L
The original general solutions for functions (11),
(12), and (13) will be written as follows:
e nt - m(2n—Dx

P,(x,t) = P, — 8aG,L Z(—nn-l [
n=1

e TRE ) PRLLY)

2o m(2n — Dx (*
__Z(_l)n—lginuf [Gs(D)] - e~ a1(t=) g1 _
L ] 2L 0
n=
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mn

25 .
2Sin

2
~ S ¥ (~1)Sin ™

P, 5(x,t) = P, — 8aG,L Z(—nn-l
n=1

PR m(2n—1) (¢

_ _Ayn—-1¢Cjpy_~ ~ 7

LZ( DT Sin==1 fo
n=

% v n (t —ay(t-1)
_Tanl(_l) fo Gue(7) - € dt

2 2.2 2.2
n“(2n—-1)“c ménc
Here, a; = 8aL? 27 gaL?

As noted, it is essential to develop methods for
analyzing the dynamics of the main section of gas
pipelines in parallel systems to better understand the
operation of the systems. To achieve this, it is necessary
to adopt simplification methods based on theoretical
and experimental tests in relevant areas of application
and to use calculation programs based on simple
principles. Currently, such programs are available, and
they are specialized simplifications for the operational
management of pipeline networks [8].

2

nnx ot
2L I\

Gue(1) e 2 Ddr0 < x <L (14)

e—alt

Sinn(Zn —1x B
[t(2n — D]? 2L

[G,(D)] - e~ dr -

. mn(2L-7¢ . Tnx
Sln(TZ)SlnT,O <x<4¥,

. né. . n(2L-x
5m%$m¥,£’z <x<L

(15)

Gs (t) = GOf
n=1,2,3.....10.

First, by maintaining the position of the rupture
point of the second line at a distance of £, =25000 m
along the gas pipeline and considering the variations of
gas leakage at G,+=0,8 Go and G,= 1,6 Go, we calculate
the values of pressure along the length of the damaged
and undamaged pipeline for various times at intervals
of 2,5 -10* m, and we present the following tables
(Table 6 and Table 7).

G, (t) = Gy = constat,

Table 6.

Pressure values along the length of the damaged and undamaged pipeline as a function of time for the
rupture and gas leakage at Gut=0,8 Go in the first variant of the gas pipeline.

X, 10*m t=300 sec.
0 55 55
2,5 51,19 39,64
5 47,33 42,5
7,5 43,35 41,6
10 39,07 39,07

t=900 sec. t=1500 sec.

55) 55 55 55
50,73 35,91 50,32 34,43
46,34 38,08 45,5 36,03
41,67 37,99 40,39 35,98

36,5 36,5 34,81 34,81

Table 7.

Pressure values along the length of the damaged and undamaged pipeline as a function of time for the

rupture and gas leakage at Gui=1,6 Go in the first variant of the gas pipeline.

X, 10*m t=300 sec. t=900 sec. t=1500 sec.
0 55 55 55 55 55 55
2,5 51,13 28,04 50,22 20,57 49,38 17,62
5 47,17 37,5 45,18 28,67 43,5 24,56
7,5 42,96 39,44 39,59 32,23 37,04 28,2
10 38,15 38,15 33 33 29,61 29,61

Using the data provided in Tables 6 and 7, let's
construct the following graphs (Graph 8 and Graph 9).
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Graph 8. The distribution of pressure along the length of the damaged and undamaged pipelines
in the non-stationary regime due to the rupture and gas leakage at Gut=0,8G0
in the first variant of the parallel gas pipeline.

60

50
£ 40 —o— P,(x,300)
23_ 0 —m— P,(x,300)
=) —h— P,(x,900)
E>_<’20 =& P,(x,900)

10 & P,(x,1500)

0 ~@- P,(x,1500)

0 2.5 5 75 10
X, 104 m

Graph 9. The distribution of pressure along the length of the damaged and undamaged pipelines
in the non-stationary regime due to the rupture and gas leakage at Gut=1,6G0
in the first variant of the parallel gas pipeline.

The analysis of Graph 8 and Graph 9 reveals that,
under conditions where pressure remains constant at
the starting point of the gas pipeline, the curvature
depicted by the declining pressure along the length of
the pipeline from the endpoint towards the starting
point is contrary to the view of the pipeline's endpoint
under conditions of constant operational pressure.

In the case where the damaged section of the
line is at £, =25000 m (the damaged section due to
the rupture), in the Gut=0.8Go variant, at t=1500
seconds, if the pressure decrease due to gas leakage
is (435- 34,43) -10* =9,07-10* Pa, then in the
Gu=1,6Gp variant, the pressure decrease due to gas
leakage would be (43,5- 17,62) -10* =25,88-10* Pa.

So, as a result of the gas leakage mass loss
increasing by a factor of (1.6/0.8)=2, the pressure drop
at the point £, =25000 m on the damaged pipeline

increases by a factor of (25.88/9.07)=2.9. Thus, the
pressure drop factor reflects the increased magnitude of
gas leakage.

On the other hand, according to Graph 9, the
pressure drop value along the pipeline in the damaged
section, in the direction from the starting point of the
pipeline to its endpoint, reaches its minimum value
(17,62-10* Pa) at the point £, =25000 m and increases
towards the endpoint, reaching a value of 29,61-10* Pa.
At the same time, the pressure at the endpoint of the
undamaged pipeline is the same. This pressure value is
approximately 1.4 times lower than the values in the
steady-state regime. The reason for this is the operation
of the parallel gas coupling in a single hydraulic
regime. In other words, it means that the pipelines have
the same starting and ending points. As a result, at the
endpoint, the gas flow from the undamaged pipeline
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converges with the damaged pipeline. From this, it can
be inferred that in non-steady-state regimes, the process
of diverting the gas flow from the undamaged to the
damaged pipeline and removing it from the leakage
point (Scheme 1) results in the emptying process
occurring in both pipelines. As a result, the possibilities
of alternative emptying and filling of the damaged
pipeline section to the point of rupture are accompanied
by a sharp decrease in pressure in that section, and these
pressure values are several times lower than the values
at the endpoint of the pipeline.

To conduct a more detailed analysis of the
information regarding the non-normal gas yield
compromising the reliability of the gas pipeline, we
assume the location of the gas leakage point on the
pipeline to be £,= 7,5 - 10*m and calculate the values
of gas pressure in the pipeline at intervals of 300
seconds for different values of gas mass leakage at the
point x = 75000 m. We then record these pressure
values in the following Table 8.

Table 8.

Pressure values along the length of the damaged and undamaged pipeline segments depending on time for

the case of rupture of the gas coupling and gas leakage at Gut=1,2 Go in the 2nd variant.

X, 10*m t=300 sec. t=900 sec. t=1200 sec. t=1500 sec.
0 55 55 55 55 55 55 55 55
2,5 50,65 48,02 48,13 42,61 47,09 40,91 46,22 39,59
5 45,86 38,61 40,52 28,13 38,43 24,96 36,71 22,5
7,5 39,83 22,51 31,22 8,98 28,14 4,95 25,65 1,83
10 30,86 30,86 18,89 18,89 15,04 15,04 12 12
Using the data provided in Table 8, let's construct
the following graphs (Graph 10).
60
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Graph 10. The distribution of pressure along the length of the damaged and undamaged pipeline segments in
non-steady-state conditions due to the rupture of the gas coupling at £, =75000 m distance and gas leakage at
Gut=1,2G0.

From Graph 10, it is evident that at the point #,
=75000 m on the damaged pipeline (where the
coupling is ruptured), the pressure drop due to gas
leakage at Gu=1,2Go 0 scenario is (43,5- 1,83) -10*
=41,92-10* Pa at t = 1500 seconds. On the other hand,
according to Graph 10, the pressure drop along the
pipeline in the damaged section, in the direction from
the starting point of the pipeline to its endpoint, reaches
its minimum value (1,83-10* Pa) at the point £, =75000
m and increases towards the endpoint, reaching a value

of 12.10* Pa at the endpoint. On the other hand, the
pressure at the endpoint of the damaged pipeline is
equal to that value. This value is 3.3 times lower than
their values in the steady-state regime. Therefore, the
gas efficiency for consumers cannot exceed 40%. This
means that despite the ingress of gas leakage from the
damaged pipeline into the undamaged pipeline, the gas
mass emptied at t = 1500 seconds due to leakage
surpasses the incoming gas mass, resulting in a sharp
emptying of the final section.
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We consider the point where the gas leak occurs
in the gas pipeline to be £,= 7,5 - 10* m, and we
calculate the values of the gas pressure in the pipeline
at intervals of every t=300 seconds for different values

of gas mass leakage at the point x=75000 m. We record
these pressure values in the following Table 9.

Table 9.
Pressure values of the damaged and undamaged pipeline segments over time for various values of gas
leakage in the 2nd variant of the gas pipeline with the rupture of the gas coupling and gas leakage.

G =04 G, = G = G, = G = G = G =172 G =16

t, sec ut ut ut ut ut ut ut ut

G, 08G, 12G, 16G, 04G, 086G, G, G,
300 42,44 41,14 39,83 38,53 36,67 29,59 22,51 15,44
600 40,86 37,96 35,07 32,17 33,98 24,21 14,44 4,67
900 39,57 35,39 31,22 27,04 32,16 20,57 8,98 0
1200 38,55 33,34 28,24 22,94 30,82 17,89 4,95 0
1500 37,72 31,69 25,65 19,62 29,78 15,8 1,83 0

Using the data provided in Table 9, let's construct
the following graphs (Graph 11)
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Graph 11. The depiction of the variation of pressure over time at point x=75000 m in the gas pipeline:

1, 2, 3, and 4 - in the undamaged pipeline xsttinds
(1-Gy=0,4 Gy, 2-Gu=0,8 Go, 3-Gu=1,2 Gy, 4-Gyt =1,6
Go);

5,6, 7, and 8 - in the damaged pipeline (at the point
of coupling rupture):

(5-Gu=0,4 Gy, 6-Gy=0,8 Go, 7-Gy=1,2 Go, 8-Gu
=1,6 Go )

From Table 9 and Graph 11, it is evident that the
pressure drop in the damaged pipeline is multiple times
greater than the drop in the undamaged pipeline. For
instance, within a duration of t=300 seconds and with
the volume of leaked gas being 40% of the gas
consumption in the steady-state regime (G,=0,4 G),

the pressure drop in the damaged pipeline segment
[P(75000,0) -P2(75000,300)] = (43,75- 42,44) -10%=
1,31-10* Pa, whereas the pressure drop in the
undamaged pipeline segment [P(75000,0) -
P1(25000,300)]= (43,75-36,67) -10*=7,08 -10* Pa.

The pressure drop in the damaged pipeline
segment is 5.4 times greater than the pressure drop in
the undamaged pipeline segment. This ratio varies over
time for a constant value of gas leakage: it reaches a
maximum value at t=300 seconds and then decreases
over time, reaching 3.38 at t=600 seconds, 2.77 at
t=900 seconds, 2.49 at t=1200 seconds, and further
decreases to 2.32 at t=1500 seconds. This indicates that
the ratio reaches its maximum value at t=300 seconds
for a constant value of gas leakage (G, =0,4 G,) and

then decreases over time (Graph 12).

The ratio varies over time for a constant value of
gas leakage at G,=0,8 Go it reaches 5.43 at t=300
seconds, 3.37 at t=600 seconds, 2.77 at t=900 seconds,
2.48 at t=1200 seconds, and further decreases to 2.31 at
t=1500 seconds. This indicates that the ratio reaches its
maximum value (5.43) at t=300 seconds for a constant
value of gas leakage (G.=0,8 Go) and then decreases
over time, reaching a value of 2.31 at t=1500 seconds
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(Graph 12). On the other hand, it is apparent that,
despite an increase in the volume of gas leakage, the
ratio of the pressure drop in the damaged and
undamaged sections remains constant until t=900
seconds.

However, for G, =1,6 G, this value decreases to

2.1 at t=1200 seconds and to 1.81 at t=1500 seconds.

The reason for this is that the pressure in the damaged
pipeline is approaching zero at the x=75000 m point, as
shown in Graph 11. In other words, it indicates that the
gas pipe in the damaged pipeline segment is essentially
fully emptied. Therefore, after 900 seconds, the gas
supply regime for consumers is disrupted.

6
5 A
4 \
%_ 3
2
1
0
300 san. 600 san. 900 san. 1200 san. 1500 san.
-1 5.4 3.38 2.77 2.49 2.32
-2 5.43 3.37 2.77 2.48 2.32
3 5.42 3.38 2.77 2.5 2.32
== 5.42 3.37 2.62 2.1 1.81

Graph 12. The graph of p(t) dependency on time (t) for the [Px, 0)-P2 (x,t)]/[P(x, 0) -P1 (x,t)]=p(t) at the
x= 75000 m point of the gas pipeline (1-Gut=0,4 GO0, 2-Gut=0,8 GO, 3-Gut=1,2 GO, 4-Gut =1,6 G0).

According to the mentioned conditions, it can be
concluded that in the analyzed operational conditions
of parallel gas pipelines [P1(0,t) = P2(0,t) = Ps =constat],
the gas supply regime to consumers is significantly
disrupted after t = 1200 seconds. In other words, a large
portion of consumers cannot be supplied with gas.
Since the proposed operational condition does not
comply with the continuous gas supply efficiency
standards for consumers in accident scenarios, the
effective utilization of parallel gas pipelines operating
in a single hydraulic regime under the specified
conditions is not feasible.

The analysis of the non-stationary gas dynamic
process considers the variation of pipeline losses at the
beginning and end points of the gas pipeline under the
given operating conditions.

Let's analyze the following operating conditions
for the gas pipeline: Suppose that the variation of mass
flows at the beginning and end of the utilized parallel
gas pipeline varies over time. For solving the
mathematical model (2), we assume the initial
condition of the gas flow pressures for the initial
stationary distribution.

t=0; Pi(x,0)=Pp-2aGox: i=1,2,3
Using the general model obtained, let's
consider the case where the variation of mass flow
at the beginning and end of the gas pipeline is
known. Thus, the following boundary conditions
are assumed for solving equation (2):.
P (x,t) = P,(x,t)
At the point x=0 {6P1(x,t) Py (xt)

6X ] aX _ZaGo(t)
At the point x =14,
{Pz(x» t) = P3(x,t)
aP(x,t) APy (x.t)
L 20 = 06,1
At the point X= L
{Pl(x» t) = P3(x,t)
aPL(xt) | OPy(xt) _
ox + ok = 2aG,(t)

Following the above sequence, by using the Gauss
method, let's determine the coefficients stated in
equations (3), (4), and (5) after substituting and
performing straightforward operations. Then, we
obtain the following expressions to determine the
distribution of pressure in transformed form:
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The original general solution of equations (16),
(17), and (18) will be written as follows:
P(x,t) =P 246G, + 4 GLZ N g Dx
1% b LG0T A [7(2n — DJ? L

+T; COSTL [Go(7) — (=)

+ £ [6o(@) = 6, (@) = Gue(@]dT —

L
Py3(x,t) = P, — 2aGO4+4aG LZ[ 2n

Gs(1)] - e (=D dr +

2
SN Cos ™D (16, (1) - e~ Ddr 0 S x < L (19)

—aqt

m(2n — 1x
SENE Cos

L

+TZ; CosTfO [Go(7) — (=1)"G,(7)] - e~ 2Dz +

c? ? @
+ Z [GO (T) - Gs (T) - Gut(T)]dT - 72n=1 Cos
_ m?(2n-1)2¢? _ m®n?c?
Here, a, = 8ar2 ' %2 gal?

An analysis of the investigated conditions [P1(0,t)
=P,(0,t) =Py and P1(L,t) =P,(L,t) =P;] of the parallel gas
pipelines showed that under non-stationary regimes,
the specified operating condition does not fulfill the
function of providing normal gas supply to consumers
for a certain period. For this purpose, we analyze the
following operating conditions:

Firstly, in the first variant of the gas pipeline (at a
distance of £, =25000 m), during the rupture of the
second line and for the G+=0,4 Go gas leakage scenario,

mn(x—=4;)

fot Gue(T) - e %2 Ddr - £, < x < L (20)

pressure values are calculated at different times for
every 2,5 -10* m meters along the length of the
damaged and undamaged pipelines to determine the
conformity of pressure distribution over time. The
calculated pressure values at various times are recorded
in the table below (Table 10).
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Table 10.

Pressure Values over Time Dependent on the Length of the Damaged and Undamaged Pipeline in the
First VVariant of the Gas Pipeline for the Rupture of the Second Line and a Gas Leakage Scenario of
Gut=0,4 Go:

X, km t=300 sec. t=900 sec. t=1500 sec.
0 53,45 53,47 50,92 51,34 48,65 49,85
2,5 50,57 47,69 48,53 45,08 46,43 43,28
5 47,16 45,97 45,48 43,84 43,52 42,35
7,5 43,5 43,11 41,95 41,74 40,03 40,68
10 39,66 39,77 37,98 39,09 36,02 38,57
Based on the data provided in Table 10, we create
the following graph (Graph 13)
60
50 -
& 40 —e—P1(x,300)
é 30 —=—P2(x,300)
= —4—P1(x,900)
X
& 20 ——P2(x,900)
10 —*—P1(x,1500)
—0—P2(x,1500)
0
0 2.5 5 7.5 10
X, 10*m

Graph 13. Visualization of the non-stationary gas flow distribution along the length of the damaged and
undamaged pipelines in the parallel gas pipeline at a distance of £, =25000 m, during the exposure of the 2nd
line (damage) and gas leakage with Gut=0,4GO0.

It appears from the analysis of Graph 13 that,
under the examined operating conditions of the gas
pipeline, the pressure values of both the damaged and
undamaged pipeline sections decrease over time due to
the rupture of the 2nd line at a distance of £, =25000
m . On the other hand, at any given moment in the
initial section of the gas pipeline, the pressure value of
the undamaged pipeline section is greater than the
pressure drop of the damaged pipeline section.
Additionally, in the final section of the gas pipeline, at
the examined moments, the pressure drop of the
undamaged pipeline section is greater than the pressure
drop of the damaged pipeline section.

This extreme condition of the gas dynamic process
is explained by the fact that in the event of an accident
caused by the rupture of one of the pipelines in a
parallel gas pipeline system operating under unit
hydraulic conditions, the main sections of the gas
pipeline direct the flow of gas towards the damaged
section. In other words, in operating conditions, the

mass flows of the initial and final sections of the
pipeline are directed towards the damaged section of
the pipeline over time.As a result of the withdrawal of
gas from both the initial and final sections of the
undamaged pipeline and the continuous supply of gas
to consumer facilities from its final section, the
pressure and gas flow along the length of the
undamaged pipeline vary both in coordinate and time
due to non-uniform gas consumption. Thus, during the
occurrence of a non-stationary flow regime resulting
from the rupture of one of the pipelines in a parallel gas
pipeline operating under unit hydraulic conditions, the
non-stationary flow regime is transferred to the other
undamaged pipelines, and when gas supply and
withdrawal (leakage) are stopped simultaneously, the
distribution of pressure in the pipeline segment can
ensure the quality of the stationary regime.

Let's note that the process described above in
the two operating conditions of the gas pipeline
(P1(0,t)= P2(0,t)=Pp=const and Pi(L,t)=
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P2(L,t)=Ps=const) has not been discovered. To
illustrate our statements clearly, we will prepare the

following table using the data from Table 10
(Table 11).

Table 11.

Pressure Drop Values Over Time in the Initial, Leakage, and Final Sections of Damaged and Undamaged

Pipeline Sections during the Rupture of the 2nd Line at Gut=0,4 Go

In the In the In the In the In the In the
undamaged damaged undamaged damaged undamaged damaged
pipe line pipe line pipe line pipe line pipe line pipe line
_ . [P([Z!O) - [P(t’ZyO) - _ _
[P, P24(0,t)] S NS P24(O,t)] , P(£2.0)], P,(£2.0)], [P, PlﬁL,t)] I PZEL,t)]
10 Pa 10 Pa 1O4Pa 104Pa 10 Pa , 10 Pa
300 1,55 1,53 0,68 3,56 0,34 0,23
900 4,08 3,66 2,72 6,17 2,02 0,91
1500 6,35 5,15 4,82 7,97 3,98 1,43

Table 11 reveals that contrary to the process
occurring at the initial and final points, the pressure
drop value at the leakage point of the damaged pipeline
section is greater than that of the undamaged pipeline
section. This aligns with the physics of the gas dynamic
process. In other words, the value of gas mass flow
leaking into the unconfined environment at the point of
damage in the parallel gas pipeline surpasses the value
of gas mass flow entering the initial and final sections
of the undamaged pipeline section.At the leakage point,
the pressure drop values in both pipeline sections
increase over time. As a result, a discharge process

occurs in the leakage section of the damaged pipeline.
Without altering the operating conditions of the gas
pipeline, we can determine the maximum discharge
time of the process by increasing the leaking gas mass.

Taking into account the rupture point of the 2nd
line at a distance of £, =25000 m fixed, and considering
gas leakage values of Gy=0,8 Go and Gu= 1,2 Go, we
calculate the pressure distribution along the length of
the damaged and undamaged pipeline sections at
various times, every 2,5 -10* m, and record their values
in the following tables (Table 12 and Table 13).

Table 12.

Pressure Values Over Time Along the Length of Damaged and Undamaged Pipeline Sections during the
Rupture of the 2nd Line in Variant 1 of the Gas Pipeline, with Gas Leakage at Gut=0,8 Go

X, km t=300 sec. t=900 sec. t=1500 sec.
0 51,91 51,95 46,83 47,67 42,3 44,7
2,5 49,88 44,12 45,8 38,81 41,61 35,32
5 46,82 44,45 43,46 38,91 39,54 37,2
7,5 43,26 42,47 40,15 40,17 36,32 37,61
10 39,32 39,54 35,96 38,18 32,04 37,13
Table 13.

Pressure Values Over Time Along the Length of Damaged and Undamaged Pipeline Sections during the
Rupture of the 2nd Line in Variant 1 of the Gas Pipeline, with Gas Leakage at Gut=1,6 Go

t=300 sec. t=900 sec. t=1500 sec.
0 48,81 48,89 38,66 40,34 29,6 34,4
2,5 48,51 37 40,36 26,57 31,97 19,38
5 46,15 41,39 39,42 32,84 31,57 26,9
7.5 42,77 41,19 36,54 35,58 28,89 31,47
10 38,65 39,07 31,92 36,36 24,07 34,27



22 Espasutickuli Coro3 YueHbix. Cepusi: mexHudeckue u ¢husuko-mamemamudeckue Hayku. # 04(119), 2024

Using the data from Table 12 and Table 13, we
create the following graphs (Graph 14 and Graph 15).

60
50 -
P 40 —e—P1(x,300)
5 —=—P2(x,300)
= —4—P1(x,900)
—=P1(x,1500)
10 —o—P2(x,1500)
0
0 2.5 5 7.5 10
X, 104 m

Graph 14. Pressure Distribution Along the Length of Damaged and Undamaged Pipeline Sections in the Non-
stationary Gas Flow Regime during the Rupture of the 2nd Line and Gas Leakage at Gut = 0.8 GO in Variant 1
of the Parallel Gas Pipeline.

60

50
o 40 a=t==P1 (x,300)
=) 0 =P (x,300)
S wsesP1 (x,900)
T g et P2 (x,900)
e P1(x,1500)
10 w®=P2(x,1500)

0
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X, 104 m

Graph 15. Pressure Distribution Along the Length of Damaged and Undamaged Pipeline Sections in the Non-
stationary Gas Flow Regime during the Rupture of the 2nd Line and Gas Leakage at Gut = 1.6 GO in Variant 1
of the Parallel Gas Pipeline.

From the analysis of Graphs 14 and 15, it is
apparent that the distribution of pressure along the
length of the pipeline does not change depending on the
volume of leaked gas mass. Specifically, at any given
moment, the pressure value of the undamaged pipeline
section at the beginning and end of the gas pipeline is
higher than the pressure value of the damaged pipeline

section. However, increasing the mass flow of gas
leakage leads to a proportional increase in the
mentioned pressure ratios over time.

To illustrate our findings clearly, we created the
following table using the data from Tables 12 and 13
(Table 14)
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Table 14.
Pressure Ratio Over Time in the Initial, Leakage, and Final Sections of Damaged and Undamaged
Pipeline Sections during the Rupture of the 2nd Line in Variant 1 of the Gas Pipeline, with Gas Leakage
at Gu=0,8 Go and Gut=1,6 Go

[P,-P,(0,)]/ [P,-P,(0,1)]

Pz(t’th)]
Gu=0,8Go  Gu=1,6 Go Gu=0,8 Go
300 1,01 1,01 5,20
900 1,11 1,11 2,28
1500 1,23 1,23 1,65

From the analysis of Table 14, it can be concluded
that the ratio of pressure values between the undamaged
pipeline sections at the beginning, leakage, and final
points does not change depending on the increase in the
mass flow of leaked gas. However, the ratio of pressure
values at the beginning and end points of the pipeline
sections increases over time. Conversely, the ratio of
pressure values at the leakage point decreases over
time. This indicates that the discharge process of the
damaged pipeline section is sluggish and does not allow
for effective discharge. These indicators will positively
influence the gas supply regime for consumers during
non-stationary gas flow, ensuring uninterrupted gas
delivery. Thus, the analyzed operating condition of the

[P(£270) _Pl(eth)]/ [P(£210) -

[P-P. (L)1 [P-P,(L,D)]

Gu=1,6 Go Gu=08Go  Gu=1,6 Go

5,20 1,48 1,45
2,27 2,22 2,22
1,65 2,77 2,78

gas pipeline meets the criteria for seamless gas supply
to consumers.

Certainly, in order to confirm our assertions, we
need to analyze the distribution of pressure along the
damaged and undamaged pipeline sections in the non-
stationary gas flow regime, considering that the leakage
point is near the end of the parallel gas pipeline (in the
2nd variant).Let's assume that the 2nd line of the
parallel gas pipeline ruptures at a distance of £,=75000
m. For this scenario, we determine the variation of
pressure over time at points near the beginning of the
pipeline, at the point £,=25000 m, and at the location
of the rupture, and record the results for the different
mass flow rates of the leaked gas in the following tables
(Table 15 and Table 16).

Table 15.

Variation of Pressure Over Time at the Point £,=25000 m in the Damaged and Undamaged Pipeline
Sections during the Rupture of the 2nd Line in Variant 2 of the Gas Pipeline, Depending on Different
Mass Flow Rates of Leaked Gas

G,=04 G,=08 G, =
t sec ut ut ut

! G, G, 126,
300 51 5076 5051
600 5031 4937 4843
900 4945 47,65 4584
1200 4851 4577 43,03
1500 4753 4382 401

G,=16 G,= G,=08 G,= G,=16
G, 046G, , 126, G,
5027 5061 4997 4933 48,69
4749 49,85 4845 47,04 4564
44,04 4921 4717 4512 43,08
4029 4866 4607 4348 40,89
3639 4818 4511 4204 3897
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Table 16.

Variation of Pressure Over Time at the Point £,=75000 m (Rupture Point) in the Damaged and
Undamaged Pipeline Sections during the Rupture of the 2nd Line in Variant 2 of the Gas Pipeling,

Depending on Different Mass Flow Rates of Leaked Gas.

G, =04 G =08 G =12 G =16 G =04 G =08 G =12 G =16
ut ut ut ut ut ut ut ut

t, san
GO GO GO GO GO GO GO GO
300 43,07 42,38 41,7 41,01 40,19 36,62 33,06 29,5
600 42,06 40,37 38,69 37 38,71 33,67 28,63 23,6
900 41,03 38,3 35,58 32,86 37,58 31,41 25,24 19,07
1200 39,98 36,21 32,44 28,67 36,62 29,5 22,37 15,25
1500 38,93 34,11 29,29 24,47 35,78 27,82 19,85 11,88
Using the data from Table 15 and Table 16, we can
create the following graphs (Graph 16 and 17)
60
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Iy 50 - 1
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— ( —4—3
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B 20
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300 600 900 1200 1500 8
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Graph 16: It illustrates the variation of pressure over time at the point x=25000 m during the rupture of the 2nd
line in Variant 2 of the gas pipeline for both the damaged and undamaged pipeline sections, considering
different mass flow rates of leaked gas. Lines 1, 2, 3, and 4 represent the undamaged pipeline, while lines 5, 6, 7,
and 8 represent the damaged pipeline.

300 600 900

t, sec

1200 1500

Graph 17. The view of the pressure of the damaged and undamaged pipeline segments at x=75000 m point as a
function of time, dependent on the values of the escaping gas mass. 1, 2, 3, and 4 - in the undamaged pipeline
segment. 5, 6, 7, and 8 - in the damaged pipeline segment.
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From Graph 186, it is evident that the magnitude of
pressure drop in the damaged pipeline segment is
several times greater than that in the undamaged
pipeline segment. For example, over a duration of
t=300 seconds and with a volume of escaping gas mass
(G, =0,4 G), the pressure drop in the undamaged

pipeline segment can be calculated as [P1(25000,0) -
P»(25000,300)]= ( 51,25- 51) -10%*= 0,25-10* Pa, while
the pressure drop in the damaged pipeline segment
would be [P(25000,0) -P1(25000,300)] = (51,25-50,61)
-10%=0,64 -10* Pa.

So, the value of the pressure drop in the damaged
pipeline segment is 2.6 times greater than that in the
undamaged pipeline segment. This ratio varies over
time for a constant gas leakage rate; at t=600 seconds,
itis 1.49; at t=900 seconds, it reduces to 1.13; at t=1200
seconds, it further decreases to 0.95, and finally, at

t=1500 seconds, it decreases to 0.83. It is evident that
the value of this ratio reaches its maximum at t=300
seconds for a constant gas leakage rate (G, =0,4 G )

and then decreases over time (Graph 18).

The value of this ratio remains constant for
different fixed gas leakage rates (Gu=0,8 Go, Gu=1,2
Go Vo Gu=1,6Go), but it varies over time. At t=300
seconds, it is 2.6; at t=600 seconds, it is 1.49; at t=900
seconds, it decreases to 1.13; at t=1200 seconds, it
further reduces to 0.95; and finally, at t=1500 seconds,
it decreases to 0.83 (Graph 2). On the other hand, it
appears that regardless of the increase in gas leakage
volume, the ratio of the pressure drop in the damaged
and undamaged pipeline segments remains constant.
Therefore, it can be concluded that the process of
complete gas discharge does not occur in the damaged
pipeline segment.

3

2.5

2

~:-_— 1.5

1 _
0.5
0
t=300 san. t=600 san. t=900 san. t=1200 san. | t=1500 san.

] 2.6 1.49 1.13 0.95 0.83
=2 2.6 1.49 1.13 0.95 0.83
2.6 1.49 1.13 0.95 0.83
4 2.6 1.49 1.13 0.95 0.83

Graph 18. Time-dependent graph of the expression [P(x,0)-P2 (x,t)]J/[P(x,0) -P1 (x,t)]=p(t) at the point x=25000
m along the gas pipeline for different values of gas leakage rates (1-Gut=0,4 GO0, 2-Gut=0,8 G0, 3-Gut=1,2 GO0,
4-Gut =1,6 G0).

With the location of the damage to the pipeline at £,=75000 m , let's construct the graph of the ratio p(t)=[P
(75000,0) -P2(75000,t)]/ [P(75000, 0) —P1(75000,t)] based on the data provided in Table 16 and Graph 17.
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Graph 19. The graph of the ratio [Px, 0)-P2 (x,t)]/[P(x, 0) -P1(x,t)]=p(t) as a function of t for the gas pipeline at
x=75000 m, with different values of (1-Gut=0,4 GO, 2-Gut=0,8 GO, 3-Gut=1,2 GO0, 4-Gut =1,6 GO ).

Indeed, as seen from Graph 19, regardless of the
location of the leakage point, the pressure of the gas in
both the damaged and undamaged pipelines does not
approach zero, indicating that the process of complete
emptying does not occur.

The efficiency of the exploitation of main gas
pipelines primarily depends on the actual parameters of
non-stationary regimes, primarily on the transmission
capacity of gas pipelines and the dynamic condition of
pipelines affecting the gas supply regime of consumers.
The results of the analyzed exploitation conditions
show that the change in gas pressure along the length
of the gas flow and its portion does not vary
significantly in a wide range, as in other exploitation
conditions. For example, in the non-stationary regimes
of the first variant of the gas pipeline (£,=75000 m),
the difference in pressure at the start and leakage points
of the damaged pipeline is as follows:

At the end of the gas pipeline, maintaining
constant pressure in the pipelines under exploitation
conditions: for G =0,8 G and t=1500 seconds (based

on Table 4),

P1(0,0)-P1(%,,6)=(36,33-23,3) -10* =13,03-10*
Pa

At the beginning of the gas pipeline, maintaining
constant pressure in the pipelines under exploitation
conditions: for G,=1,2 Go and t=1500 seconds (based
on Table 6),

P2(0,)-P:(%,,6)=(55-3443) -10¢ =20,57-10*
Pa

At the beginning and end points of the gas
pipeline, measuring the consumption of pipelines under
exploitation conditions: for . Gy=1,2 Go and t=1500
seconds (based on Table 12),

P2(0,t)-P:(%,,t)=(44,7-3532) -10¢ = 9,5-10¢
Pa

Certainly, it is known that the wide range of
pressure variations at the beginning and leakage points
of the pipeline is not regulated by the ratio of the
leakage amount to the initial consumption value.
Therefore, based on the differences in pressure values,
it can be said that the change in the consumption of
pipelines at the beginning and end points of the gas
pipeline under exploitation conditions results in at least
1.37 times less loss of gas to the environment compared
to other exploitation conditions.

Thus, the change in the consumption of pipelines
at the beginning and end points of the gas pipeline,
measured in exploitation conditions, is superior to other
exploitation conditions based on both the reliability of
gas supply to consumers and the lower amount of gas
leakage into the environment. Therefore, it is necessary
to take these characteristics into account during the
exploitation and reconstruction of gas pipelines.

Results:

1.Based on theoretical research, the mathematical
models of non-stationary regimes in pipeline systems
have been studied, and the methodology and algorithms
for their application have been proposed. According to
theoretical investigations, the laws of pressure variation
over time along the length of gas transmission systems
under different operating conditions during the non-
stationary gas flow generated by the rupture of parallel
gas pipelines have been determined.

2.Using the analysis and generalization
methodology of existing materials, a methodology for
calculating the non-stationary operating regimes of
pipelines has been proposed. The proposed
methodology allows for selecting optimal operating
conditions by performing various calculations in
accident regimes, ensuring reliable gas supply to
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consumers, and minimizing gas losses according to the
criteria of gas efficiency and gas loss.

3.The conditions for selecting rational operating
regimes based on the obtained analytical model of non-
stationary gas flow determine new trends in the
development of system reconstruction technology.
These conditions contribute not only to the acceptance
of fuel resulting from the reconstruction of parallel gas
pipelines but also to reducing damage to consumer
facilities, thereby increasing the reliability of gas

supply.
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AHHOTAIIUA
CraTbsa paccMaTpuBacT 5 OCHOBHBIX COBETOB JJISI pa3pa60TI<I/1 3(1)(1)CKTI/IBHOFO MPUIJIOKCHUSA HE3aBUCUMO OT
C(l)epbl €ro NpuMEHCHU. PaCCMOTpeHbI TaKHC aCIICKThI, KaK IIOHUMAaHUC HOTpe6HOCTeﬁ HOJIL3OBaTeHeﬁ, IpoCTOTa
n yILO6CTBO HCIIOJIb30BaHUsA, ONTUMHU3AlUA HNPOU3BOAUTCILHOCTH, obecrneuenue 0€30MMaCHOCTH JaHHBIX H

BaXXHOCTb NOAACPIKKU U OOHOBJICHHS MPUIIOKCHUA.

KiroueBble ciioBa: pa3paboTka MPUIOKCHHM, aHAIN3 IIEJCBON ayIUTOPHUU, WHTYHUTHBHBIA HHTEpdeiic,
ONITUMU3AIHS IPUIOKEHHUS, 0€30TMaCHOCTh JAaHHBIX, OOHOBIICHUS, MTOICPIKKA.

MobunbHbIE TIPUIIOKEHHS CTaHOBSATCA
HEOTBEMJIEMOH  YacThIO  ITOBCEIHEBHOM  JKH3HH,
obecrieunBas TOJH30BATEICH IMIMPOKMM CHEKTPOM
yCIyT ¥ BO3MOXXHOCTeH. OJHAaKO, 4TOOBI BBIICIUTHCS
CpeIy MHOXKECTBa KOHKYPEHTOB U JIOOUThCS ycCIexa,
HeoOXoauMo co3ziaBath 3((EeKTHBHBIE MPOrPaMMBbl,
KOTOPbIC OTBCYAIOT HOTpe6HOCTHM n  OXHIaHUAM
nonb3oBareneil. HezaBucumo ot toro, pazpadbartsiBaete
JM BBl TNPOAYKT B cdepe 3ApaBOOXpaHEHHS,
o0pa3oBaHus, TypU3Ma WK OU3HECa, PEKOMEHJAINH B
3TOH cTaThe IMOMOTYT CO3/aTh MPHIOKEHHE, KOTOPOe
HE TOJIBKO TPHBJIEYET BHUMAHKE TOJIb30BaTeIIeH, HO 1
OCTaHeTCs MOMYJISIPHBIM M KOHKYPEHTOCIIOCOOHBIM Ha

PBIHKE.
1. [ToHnMarme TOTPEOHOCTEH MONB30BATEIS
[Nonnmanme  moTpeOHOCTEH  TMONB30OBATENCH

SABIISETCA  BaKHEHIMM  (akTopoM  pa3paboTKu

yCIEIIHBIX ~ NPHIOKEHHH B JHOOBIX  cdepax

JesTenbHOCTH.  lIpexkae  4WeM  mpHCTymath K

pa3paboTke, BaXXHO TIPOBECTH TIIYOOKHWI aHau3

WHTEpEeCyIolel OoTpacid U IeJIeBOM ayJIUTOpHH.
PBIHOK KaX/10T0 TOBapa COCTOUT U3 CYIIECTBYIOMINX U
MOTEHIMAJBHBIX  KIMEHTOB, KOTOpblE B  HEM
HYXKJAlOTCSI W HMEIOT BO3MOXKHOCTH M JKeJIaHWe
TUIATHTH 3a Hero. OOBIYHO, KOTJJa MBI lyMaeM O TaKHX
KJIMEHTaX, MEepBOE, YTO IIPUXOAUT B TOJIOBY — 3TO
rpynna  Jrojei,  o0JajaroIuMx — OJMHAKOBBIMHU
KagecTBamMu. Ho KadecTBa Tpymmbel JIOJEH peIKo
3aCTaBIAIOT WX MOKyHaTh MPOAYKT. Bmecro storo
CleyeT pacCMOTpPeTh TOBEACHHWE W CHTYyalluH,
OKpy’)XaloIllie  JIOJeH, JKeNAlomMX  COBEPIIUTH
MOKYIIKY, TO €CTh IOCMOTPETh Ha UX IPOOIEMBI.
Kpucrodep JIu B cBoeii cratbe «Your Definition
of a “Target Market” is Wrong» mnokasplBaeT Takoi
NpUMep: LENEeBBIM PHIHKOM IHILEPHH MOTYT CTaTh
MoJiofsle crnennanuctel. Ho 310 He 03HadaeT, 4To Bce
npodeccronansl B Bo3pacte 25-35 ner OyayT rOTOBBI
TUIATHTh 32 THIIy. He kauecTBa yenoBeka 3acTaBIIsIOT
€ro MOKymaTh 4To-To. Eciam mmima — 3T0 MpPOIYKT,
pemraer ym oHa  mpoOiemy  25-35-meTHero
npodeccuonana? Her. Ho ona pemaer mpoGiemy
ronofa u crnemku. OTHAKO, €CIM TOCMOTPETh Ha
MOBEICHUE U CHUTYaIllI0, MOKHO OOHapyXHTb, UTO

MHOXXECTBO  pa3HbIX JIIOJEH  OKa3bIBAIOTCS B
MOJIOKEHWH, KOIZla MHLLA SBIAETCS  XOPOIIUM
pewienueM. M XOTs onpeziesieHue pblHKa 3aKI04aeTcst
HE B TOM, KTO COBEpIIAET MOKYIIKY, & B TOM, IOYEMY,
4acTo JIIOJU CO CXOKMMHU KaueCTBaMU OKa3bIBAIOTCS B
OJIMHAKOBBIX CHUTyalusx. To, 4YTO BBl MOJIOJOM
npod)eCCHOHAN, HE O3Ha4YaeT, YTO Bbl IOKYyIaeTe
MUINY, HO OTO O3HAYaeT, YTO BBl C OOJbIICH
BEPOSITHOCTHIO OKA)KETECh TOJOMHBI W TPU DTOM
Oynere cmemuth. I[l03TOMYy BaXHO ITOHUMATh
MpoOJIeMBI  TOJIB30BAaTelNei, dYTOOBI  OINPENEIUTh
KIIOYeBble (YHKIWMH TpPWIOKeHus. Hampumep, B
3IIPaBOOXPAaHEHHUH 3TO MOXET OBITh 3aICh K Bpady U
OTCIAC)KHMBAHME  MEAMLIMHCKMX  JIaHHBIX, a B
00pa3oBaHUH — JIOCTYN K y4eOHBIM MaTephaiaM U
oOpaTHasi CBs3p OT MperojaBaTeiei. BakHO Takxke
YUHUTHIBATh KOHTEKCT HCIOJb30BaHUS: MPUIOKECHUE
JUIsL TypU3Ma JIOJDKHO OBITh JIOCTYITHO oduiaiiH, a A
OusHeca — OBITh HAJEKHBIM U HHTETPUPOBAHHBIM.
Uem riay0ke MPOMCXOIUT IMOTPY)KEHHE B MHUP
MOJIL30BATENEH U YeM TIIATeNbHEE aHATTU3UPYIOTCS UX
moTpeOHOCTH, TeM  Oojee  MOAXOIAIIYI0 U
3¢ EKTHBHYIO IPOTPaMMy MOXKHO CO3IaTh.

2. [IpocToTa 1 yA00CTBO NCIOIB30BAHUSL

IIpocToTa M ymoOCTBO HCHOJB30BAHUS BaXKHBI,
MIOTOMY 4YTO OHHU MPHUBJIEKAIOT IOJb30BATENEH,
YBEIMYUBAIOT YAOBJIETBOPEHHOCTD, CHUXAIOT
HEO0OXOIMMOCTh OOYUYEHHsSI M BEPOSITHOCTh OIIMOOK, a
Tak)Ke MOBBIMIAIT 3((EKTUBHOCTh HCIOIB30BAHUS
npoaykTa. JIJis CcO3MaHHUA TIOHATHBIX W YJOOHBIX
TIPUIIOKCHHI HE00X0TUMO MPOEKTUPOBATH
nHTEepdeiic, KOTOPHII HHTYHTHBHO IIOHITEH IaXke
HOBBIM TIOJIb30BATENSIM. JTO 03HAYAET, YTO OCHOBHBIE
GbyHKIHN JIOJIKHBI OBITH OYEBH]IHBI, 0e3
HEOOXOJUMOCTH JIOJITOTO W3yYeHHs WM HX IOHWCKA.
HccnenoBatenn KBHUHCIEHICKOTO TEXHOJIOTMYECKOTO
YHUBEpCUTETA JIOKa3aj, YTO WHTYUTHUBHOE
B3aMMOJICHCTBHE C  NIPOAYKTOM  OOYCIIOBICHO
TIPEIBIIY UM OIBITOM MOJb30BaTeNIEH. Jost
o0ecriedeHnsl JIETKOCTH OCBOCHUS HOBOTO PEIICHHS
ClIelyeT HCIOJIb30BaTh 3HAKOMBIE CHMBOJBI U
MeTadopsl, KOTOPBIE ayTUTOPHUS yKe 3HACT U3 APYTHX
TIPUJIOKEHHM W YCTPOUCTB. CoxpaHeHue
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COIJIACOBAaHHOCTH B Ju3aiiHe mHTepdeiica mo3BoiseT
MOJIG30BATENSIM TIPUMEHSTh CBOH OIBIT K HOBBIM
GYHKIMAM M 9JeMEeHTaM. OTH TPUHLUIBL —
UCIIOJIb30BAaHHE 3HAKOMBIX DJIEMEHTOB, MeTadop At
HOBBIX (DYHKIMH M COTJIACOBAHHOCTh B JH3aiiHE —
MOMOTAIOT CO37aBaTh MPOAYKTHI, CHOCOOCTBYIOIIHE
WHTYUTHBHOMY B3aMMOJACHCTBHIO M YIPOLIAIOIINE
BHEJPEHUE HOBBIX TEXHOJIOTUH. B mTore, co3nanue
MPOCTOTO M yJOOHOTO B MCIOJIb30BAHNUH IPHIIOKECHUS
MOMOXET MpUBJIEYs W yAEpKaTb  OOJBIIYIO
aymuTopuio, TOBbImas ero 3ddekTuBHOCTE U
YCIIEITHOCTh Ha PHIHKE.

3. OnrTuMu3anyus NPOM3BOAUTEILHOCTH

B srmoxy, Korja MUJUTMCEKYH/II MOTYT MOBJIHSTH
Ha YJOBJICTBOPEHHOCTh MOJIb30BATElICH, 3aMeIINTh
paboume Tmpomeccsl ¥ IOBIHMATH HA INPHOBLIB,
oOecrieyeHHe ONTUMAIBHOW IPOU3BOAUTEIBLHOCTH
MPWIOKEHNH MMEET MEpPBOCTEIICHHOE 3HAYCHUE IS
ycexa Jroboro mudposoro OmsHeca. O BIMSHHA

IIPOM3BOIMTEIBHOCTH U3BECTHO YK€ J1aBHO: Oosee 10
neT HazaJg Amazon oOHapyxui, uyTo Kaxzabie 100 mc
3a7iepkku obxonmsates UM B 1% mpoxax, a Google B
2006 romy oOHapyxui, 4yTO pomojHHTenbHbIE 0,5
CEKYHIbI BPEMEHU CO3JaHUSl MOHCKOBOM CTpaHMILBI
camxamn Tpaduk Ha 20%. IIpom3BoanTEIBHOCTH
KPUTHYECKH BayKHA, TOCKOJIbKY OHA HAPSMYIO BIUSCT
Ha  BOBJIECYEHHOCTb  IOJIb30BaTeneil.  Beicokas
BOBJICUCHHOCTh, B CBOIO O4YEpelb, CIOCOOCTBYET
YAEPKAHUIO ayJUTOPHH, ee JIOSUTBHOCTH,
PEKOMEHIALUSM n JOXO/IaM. Huskas
MIPOU3BOIUTEIHLHOCTh MOKET BBI3BAaTh pa3ouapoBaHUE
U TOTEpPIO0 JOBEPHsl, YTO MOXKET MPUBECTH K OTTOKY
MoJIb30BaTesIel B MONb3Y KOHKYpeHTOB. IloaToMy Tak
pacter r7100abHBIN PBIHOK MOHHUTOPHHIA
MIPOU3BOUTENBHOCTH TIpunoxxeHuil. B 2021 roxy on
onenuBaics B $6,3 mipa, a k 2028 roxy oxxumaercs,
4yro oH jgocturHer $14,8 mupa npu cpegHEerogoBoM
Temne pocta 12,9%.

Mo6anbHbLIN PLIHOK MOHUTOPUHIa NPOU3BOAUTENBLHOCTU NMPUIOXKEHUN

s

Hus oddekTuBHOW  OLEHKH  ONTHMH3AIMU
NPUIOKEHUST KpaHEe Ba)XXHO COOUpPATh METPHUKH
MPOU3BOTUTEIBHOCTH. Onu MPEI0CTABIISIOT

I/IH(I)OpMa].[I/IIO O pa3jInYHbIX aCIICKTax pa6OTBI, TaKHuX
KaK BpeM: 3arpy3Kku, CKOPOCTb OTBETA, UCIIOJIb30BAHNE
pecypcoB u CTa0MIBHOCTE. AHAIIM3 3THX JaHHBIX
IMOMOKET BBIABUTH Y3KHUC MECTAa U HpO6J’IeMHLIC 30HBI,
4YTO B CBOKO O4YepeAb MO3BOJIUT pa3pa60TqI/1KaM

NPUHAMATh LieJICHANPaBIICHHBIE MepbI 1o
ONTUMH3AINY, KOTOpPHIE MPHUBEAYT K MOBBIMICHHUIO
YZOBIETBOPEHHOCTH u YITydIIeHUIO

MOJIb30BATENILCKOTO OTIBITA.
4. be30macHOCTh JAaHHBIX
be3onacHOCTh JTAHHBIX SIBISIETCS KPUTHYECKUM
(axTopoM npu paspaboTke J1o6oro npuioxeHus. s

obecreueHus HaJe)KHOI 3aIIUThI JIAaHHBIX
HOJb30BaTeNEN HE00X0aNMO MPUMEHSTH
COBpPEMEHHBIE METO/bI Kpuntorpaduu u

0e30MacHOCTH. CIOI[a BXOIAT UCITIOJIB30BaAHHUEC CHJIBHBIX

2021 202z zoz2 2024 2025 2028 0z zoza

AJITOPUTMOB i poBaHus Ut 3alIUTHI
KOH(UICHIIMATIBHBIX JTAaHHBIX MPU HX Iepenade yepes
CeTh, a TaK)Ke MPHU XPaHEHWH Ha YCTPOWCTBE WIH B
00aYHOM XpaHUIIHLIE. Hast obecreueHus
ayTeHTU(UKALUK MTOJIb30BaTENeH ClieyeT NPUMEHSTh
HaJe)KHBIE METOJbl, TakHe Kak ABYX(akTopHas
ayTeHTH(]UKaIMs I UCTIONIb30BaHKE
OuomMerpuyeckux maHHbIX. B wuH(porpaduxe Now
Secure moka3zaHo, YTO BEPOSITHOCTh YTEUKH YYETHBIX
JAHHBIX JJIsl BXO/Ia B CUCTEMY B OM3HEC-TIPHIIOKEHUSIX
B TpPU pa3a Bblllle, 4eM B OOBIYHOM IIPUIIOKEHHUHU;
Ka)/10€ YeTBEPTOE MOOWIIbHOE TIPHIIOKEHHE COJIEPIKUT
Kak MHHHUMYM OJIHYy YS3BHMOCTh O€30MacHOCTH
BBICOKOTO pHCcKa; a 50% mnpuwiokeHuid, KOTOpHIE
CKayaly OT IISITH JI0 JIECATH MHJUIMOHOB YEJOBEK,
HUMEIOT YSI3BUMOCTH B 3amuTe. [Ipu 3TOM ¢ KaXIbIM
TOZIOM TIPWJIOXKEHWH CTaHOBHTCS OOJbIIE M pacTeT
TIOTeHIMAJIbHAS Yrpo3a Uil 0E30IIacCHOCTH JIAaHHBIX U
KOH()MAECHIIMAILHOCTH T10JIb30BATEIIECH.
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BGpOﬂTHOCTb YTEUKK YUYETHDbIX OaHHbIX 014
BX0[a B CUCTEMY B 6M3Hec-npmno>+<equx B
TPW pa3a BbllE, YEM B 06bIYHOM MPUNOXEHNN

5. IMoanepkka 1 OOHOBIICHHS

Ionneprxka " OOHOBIICHHS UTparoT
3HAYUTEIbHYI0 POJb B YCIEIIHOW SKCILTyaTalluu
NpWIOKEHUH. PeryispHbie OOHOBIICHHS HE TOJBKO
UCIIPABJISAIOT ~ OOHApyXXEHHblE  OWIMOKH, HO U
JNO0aBJISIIOT HOBBIE (DYHKIIMH, YTO JIENIAET MPOrpamMmy
6ostee npuBnekarenpHOR. KpoMe Toro, oOpaTHas cBsi3b
OT TIOJIB30BATENCH MOMOTAeT BBIABIATH NMPOOJIEMBI U
MOTPEOHOCTH, KOTOPHIE ITO3BOJIIIOT  OIEPATHBHO
pearnpoBaTh Ha IMOTPEOHOCTH IOJB30BaTelIei M Ha
W3MEHEHHs1 pbIHKa. He MeHee BakHO obOecmednTh

MOJJIEP)KKY ~ Pa3IMYHBIX  BEPCHH  yCTpPOMCTB U
ONEPAllMOHHBIX ~ CHUCTEM, UYTOOBl  MaKCHMAlbHO
OXBaTHTh IleNieByl0 ayautopmio. Croma BXOIAT

TECTHPOBAaHUE M aJalTalys MPOrpaMMBI MOJ pa3HbIe
paspelieHuss JKpaHOB, pa3Mepsl  YCTPOHCTB U
TEeXHHYeCKHe xapakTtepucTuku. IloctosHHas pabota
HaJ yJIy4IIeHHEeM MPUJI0KEHUS U €r0 COOTBETCTBHEM

COBPEMEHHBIM TpPEOOBAaHUSIM IIO3BOJHUT YAEPKHUBATH
nojip3oBareneil u obecreunBaTh CTAOWIBHBIN POCT
MIPOAYKTA Ha PHIHKE.
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AHHOTADIUSA

B uccnenoBaHMM OLEHMBaeTCs MPOLIECC BHEAPEHUS OJOKYEHH-TEXHOJIOTHMH B TpaJvLMOHHBIE OU3HEC-
MOJICTIM, C YYeTOM TepCIeKTHB U CIOXHOCTeH uu@poBu3anuu OuszHeca B MOJ0OHOM Kioye. B
OBICTPOPA3BUBAIOIIEMCSI MUPE COBPEMEHHBIX TEXHOJIOIMH OJOKYEHH-TEXHOJIOTUH HAUYMHAIOT TPOSBISATH CceOs
addekTrBHEE, pe3yIbTaTUBHEE U AKTHBHEE B HAIlIM JHH, YeM B TIEPBbIC TOJIbl UX HOSBICHHS B LU(POBOI cpexne
9KOHOMUKH. KpynHbIe WHOCTpaHHBIC MNPEINPHUATHS aKTUBHO W OCO3HAHHO WHBECTHUPYIOT B OJIOKYEHH-
TEXHOJIOTHIO, KOTOpasi HauWHaeT arnpobaruio 1 B Poccun, B TOM 4Yucie B TPaJUIHMOHHBIX OM3HEC-MOJeIsiX. B
CTaThEe PACCMOTPEHBI MPEUMYIIECTBA M CIOKHOCTH, NEPCIEKTUBBI BHEAPECHUS HOBBIX OJIOKYCHH-TEXHOJIOTHH.
[IpuBeneHbl HaHHBIE O TOSIBICHUH M PA3BUTHH OJOKYCHH-TEXHOJIIOTHH, ()aKTOPBI, OKa3bIBAIOIINE BIMSHHAC Ha
BHEJPEHHE HOBBIX TEXHOJOTHH, a TaKXE NPENSATCTBUA HAa MyTH BHEAPEHHs OJOKYEHHa; BBICKa3aHBI
MPEANONIOKEHHS — KaKUM 00pa3oM MOXXKHO MHHHMH3HMPOBATh yrpo3bl M 3aTPyIHEHUS BO BHEAPCHHH HOBBIX
TEXHOJIOTHH B SKOHOMUKE. BEBISBICHEI OCHOBHBIE ILUTIOCH M OMTACHOCTH OJIOKYEHH-TEXHOJIOTHH B TPAJANUIIMOHHBIX
OM3HEeC-MOJIETSIX: Ha MpUMepe NpeAnpusITHii HeTera3oBoi OTpaciy, TPAaHCHOPTHBIX YCIYT, MPOMBIIUICHHOCTH,
a TaKke BO BHYTpUGUPMEHHBIX Tponeccax. [lepeuncinenHple npuMepsl MOATBEPIKAAIOT MOJIE3HOCTh OJOKYCHH-
TEXHOJIOTHM B HACTOAIIEe BpeMS M Ha MEPCIEKTUBY B IUIAHE MOBBIIEHUS 3>(PPEKTUBHOCTH PA3TUIHBIX
HSKOHOMHMYECKHUX IOKa3aTeleH, Ha KOTOpHIE BIMAIOT OMOK4YeHH-TexHOomornu. OOO0CHOBBIBAIOTCS MPEUMYyIIECTBa
OJIOKUEHH-TEXHOJIOTHH 3a CYeT €ro CpaBHEHUS C TPAAMLIMOHHBIMH CIIOCOOAMHU IO XpaHEHHI0O U 00paboTke
nHpOpManuU. YKa3aHbl OCHOBHBIE CIOXHOCTH BHEIpPEHHS OJOKYEHH-TEXHOJOTHH B TpaAULMOHHBIE OHM3HEC-
MOJIETIH, 9TO, IPEUMYIIECTBEHHO, CBA3aHO ¢ HEOOXOMMOCTHIO Peh)OPMUPOBAHHUS HOPMATHBHO-TIPaBOBOH 0as3bl,
MHUHUMH3AIMEeH Knbep-yrpo3. OCHOBHBIMH HOBaTOpaMH M TIOJIb30BATEIIMH HOBOW OJIOKYEHH-TEXHOJIOTHH B
Poccum ocrarorcss mpennpusTus He)TH- W Ta3omnepepadOTKH, a TakXkKe MPEANPUATHS, OKa3bIBAIOIINE

TPaHCIIOPTHBIE YCIYTH.

ABSTRACT

The study evaluates introducing blockchain technologies into traditional business models, considering the
prospects and difficulties of digitalizing business in a similar way. In the rapidly developing world of modern
technologies, blockchain technologies are beginning to manifest themselves more effectively, efficiently and more
actively these days than in the first years of their appearance in the digital economy environment. Large foreign
enterprises are actively and consciously investing in blockchain technology, which is beginning to be tested in
Russia, including in traditional business models. The article discusses the advantages and difficulties, prospects
for the introduction of new blockchain technologies. Data on the emergence and development of blockchain
technologies, factors influencing the introduction of new technologies, as well as obstacles to the introduction of
blockchain are presented; suggestions are made on how threats and difficulties in the introduction of new
technologies in the economy can be minimized. The main advantages and dangers of blockchain technologies in
traditional business models are revealed: on the example of oil and gas enterprises, transport services, industry, as
well as in intra-company processes. These examples confirm the usefulness of blockchain technologies at the
present time and in the future in terms of improving the efficiency of various economic indicators influenced by
blockchain technologies. The advantages of blockchain technologies are substantiated by comparing it with
traditional methods of storing and processing information. The main difficulties of introducing blockchain
technologies into traditional business models are indicated, which is mainly due to the need to reform the
regulatory framework and minimize cyber threats. The main innovators and users of the new blockchain
technology in Russia remain oil and gas processing enterprises, as well as enterprises providing transport services.

KiroueBble cioBa: 6H0quﬁH-TCXHOHOFHH, HeﬁpOHHaH CCTh, He(l)TeFEBOBaH OTpaciib, MPOMBIINUICHHOC
MNpeAnpuATUC, TPaHCIIOPTHA JIOTUCTHKA.

Keywords: blockchain technology, neural network, oil and gas industry, industrial enterprise, transport
logistics.
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Introduction

From today's perspective any idea that has
recently emerged can become obsolete and unusable
because a newer idea emerges. Blockchain technology
is more of an exception; having appeared about ten
years ago, it is not becoming obsolete; on the contrary,
it is increasing its development potential, affecting the
economy as a whole. Blockchain is a chain of blocks
that process and store recorded information. Based on
this information, interested parties (users) can
exchange data. This technology’s data can include not
only ordinary messages, but also money and even real
estate - anything that can be provided in digitized form.

Blockchain technology investment is growing, not
only in finance but also in many other industries,
including traditional business models.

Materials and Methods

The methodological and theoretical basis of this
article was formed by analytical and scientific research
of Russian scientists and practitioners on the
experience of blockchain technologies implementation
in traditional business models. This article used such
general scientific methods as ascending from the
abstract to the concrete, from the particular to the
general, analysis and synthesis, classification and
scientific abstraction.

Results and Discussion

Blockchain technologies belong to the advanced
achievements of economics and science. Russia pays
great attention to advanced technologies, making
technological development of the country a priority
task based on the application of implemented digital
technologies [1]. Blockchain has long ceased to be an
idea and is becoming a technology in which huge
financial resources are invested. But, like any new
technology, blockchain has its advantages and
disadvantages, which are the task of the coming days.

Blockchain in Russia began to be introduced as a
technology primarily in IT organizations, but today

digital solutions are being applied in oil and gas,
transport and other organizations. Blockchain
technologies are actively used in various economic
sectors, such as: finance (creation of financial systems
based on the principle of decentralization, for example,
cryptocurrency and smart contracts), retail (the
technology is used to track goods movement and
increase  logistics  efficiency), = manufacturing
(blockchain-based  supply chain  management,
increasing production transparency).

Business in the oil and gas industry can be referred
to traditional business models, as the industry is based
on the extraction, processing and sale of natural gas and
oil - these are classic business activities. R. H. Azieva
writes that blockchain allows for secure storage of
company data; the technology makes it possible to
reduce such processes as: quality monitoring,
settlements with suppliers, and permitting of facilities
to computerized ones. PJSC "Gazpromneft” focuses the
introduction of blockchain technology on processes
that enable the rating of oil and gas suppliers, thus
simplifying  procurement and increasing its
efficiency[2].

The evolution of blockchain technologies is traced
by R. H. Azieva, she distinguishes the following
periods of technology implementation (Figure 1) [2].
According to R. H. Azieva, the problem of introducing
blockchain technologies into business structures has its
own difficulties associated with the fact that
technologies change not only the data structure, their
storage and updating, but also affect management
technologies, allowing to reduce costs, optimizing
various business processes, minimizing the time taken
to perform specific operations - and management
technologies change very slowly, which can affect the
introduction of blockchain technologies in the actual
practice of organizations [2].

2025-...
2021-2023 Developing )
Increasing | trust ooom
2019-2021 benefits from blockchain
Appro'va] b)r the use of 'gcross - all
regulators  of / blockchain in ndustries.
the pilot projects Mass adoption
iﬂlllmltsﬁ introduction of and the of blockchain
p ementation ; technology for spread of technologies
of blockchain in .
auditing  and technology
small-scale o
Lets momtoring
2016 El:;wi.m-z transactions in
lIn\-'e stments . intere st:lmong the  financial
in blockchain management market
and creation f
of pilot
blockchain
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Figure 1 — Periods of implementation of blockchain technologies [2]
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H. A. Loginov writes about how blockchain is
being implemented in business structures of the oil and
gas industry [3]. First of all, he gives an example of the

advantages of blockchain technology over other ways
of fixing information, in the table (Table 1).

Table 1

Comparison of different methods in storing and processing information [3]

Tracking Technology (without

Characteristic Blockchain Log Journal blockchain)
Reliability High Low Medium
Hacking Probability Minimal Possibility of Loss Medium —due to server

centralization

Algorithm . . - . Sufficient standard
Complexity Requires a high-level specialist No complexity programming skills
Mass Adoption No limitations Limited Widely applied
Falsification Absent Easily falsifiable Possibility of information
Possibility information substitution
Technology There is a possibility of No possibility of Several methods of
Improvement improvement improvement modernization exist
Technology Relevant, beginning of Obsolete technology Relatively new
Relevance technology development

Table 1 shows that the least reliable and developed
way for storing and processing information can be
called journal. The main competition is between
centralized and decentralized information systems.
Blockchain technology is also decentralized, it is not
limited, for example, by the factor of fundamental
discoveries, because it is adaptive in its nature: the
computational load when working with blockchain
technology is located on all nodes, or only on their part,
it makes it more difficult to crack the network. At the
same time, the issue of reducing the network workload
and its scalability is one of the basic issues [3].

Gazprom Neft is the most active organization that
implements blockchain technologies. So far, however,
this technology has a low estimated effect, the author
sees the problem in the fact that blockchain technology
is implemented not in mass in the organization, but only
in some of its divisions. At the same time, the
introduction of this technology throughout the
organization would accelerate and optimize the
activities of the entire company. This problem remains

relevant to the issues
implementation [3].

According to N. A. Loginov, in order to accelerate
the introduction of blockchain technologies into the
business model, it is necessary to make large
investments in the latest software, devoting additional
time and money to this process. But when the first
significant results are obtained (except for the primary
success of accelerating the processing of incoming
requests), if the organization follows to rearrange the
structure of the organization and business models, the
organization will eventually get a significant advantage
among competitors, namely: accelerated time to
perform various operational tasks, faster service to
customers [3].

D. Nazarova [4] is convinced that blockchain
technologies bring not only new opportunities to the
economy, but also set certain vectors and challenges to
its development, which can be systematized in the table
(Table 2).

of blockchain technology

Table 2

Opportunities and challenges of blockchain technologies for the economy [4

Opportunities

Challenges

increase in labor productivity characteristics

Increasing production efficiency through automation of
processes, leading to cost reduction, and further - to the

Uneven development: may lead to increased
inequality between countries, as well as between
the rich and the poor among the population

previously did not exist or were inaccessible

Creation of new markets, new opportunities for business.
Blockchain creates new services and products that

Security threats: data leakage, cybercrime

Improving the quality of life of the population: providing
higher quality and more accessible services and goods

Growth instability: may lead to economic
instability, changing supply and demand
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Blockchain technologies are actively beginning to
be implemented in transportation services. As a rule,
the transportation service tariff itself is information (or
carries smart-document information), thanks to which
it can display not only the state of the controlled
objects, but also other uncontrolled agents of the
flexible adaptation component under the condition of
the existence of various forms of uncertainty. The tariff
can be easily transformed, acquiring the forms of
electronic money. The tariff is interfaced with program
code, which can function in the conditions of
blockchain as a register of blocks of various
transactions, and then in the form of further execution
of transactions by automated means, or the
performance of various other significant transactions.

D. N. Mesnik points out that the work on
blockchain technology is not particularly difficult for
enterprises providing transportation services [5]. The
end of each of the passenger and freight transportation
transactions is always confirmed by money transfer as
a transaction. In a neural network, the new blockchain
technology helps store and use information about
transactions so that at the right time each of the
transaction participants can independently tracemoney
movement, and in turn, the company providing
transportation services has the confidence that it will
receive its payment.

The chain of transaction occurs as follows: the
action is deposited in the block, which already contains
a large volume of information about similar services
performed all over the world. Simultaneously with the
block filling a new one is generated, which keeps the
attachment with the already filled block, as a result such
a chain of blocks is formed, which contains information
about all of the performed transactions. This
information is cumulated not on one computer, but
decentralized in the environment of those who develop
the neural network, i.e. on many computers. Thus,
fulfillment of transportation service transactions can be
confirmed by a group of computers, and all developers
of this group can receive their reward for the
transaction. In the future, based on the experience of a
number of foreign countries, this technology
(blockchain) can serve as a source of covering some
part of the costs (conditionally fixed), which are not
written off to the transportation cost [5].

At the same time, there are difficulties, which,
according to D. N. Mesnik, are related to the
improvement of legislation, as well as the introduction
of international experience in security, which would
collectively regulate such economy areas as: banking,
social, financial and others. Neural network, as part of
its nodes, can carry out parallel calculations on a
significant scale, relying on arithmetic blocks, access to
which is now simplified due to the growth of electricity
generation capacity. Blockchain adoption has the
potential to bring tangible benefits to transportation
services by creating new links between different areas
of the country's economy. In the near future, according
to D. N. Mesnik, artificial intelligence will become an
indispensable assistant for all service organizations,
including transport enterprises [5].

According to E. Zh. Anbiev, the introduction of
blockchain technology for the development of
transportation logistics at the enterprise has the
following advantages:

- reduction of errors in work;

- work simplification;

- ensuring transparency and
information about participants;

- optimization of goods (suppliers) and product
distribution, etc.;

- reducing the duration of document turnover;

- formation of a unified infrastructure for the
management of commodity flows;

- reducing the duration of the logistics cycle [6].

Transport logistics integration through the
blockchain system is a key point in the enterprise,
reducing labor costs for systematization of information
flows, and accounting of commodity flows can reduce
and increase the security of valuable information.

Blockchain technology is also beginning to be
applied in industrial enterprises, proving its
effectiveness. G. V. Afanasiev points out that
blockchain is used in supply chain control to achieve
greater efficiency in the activities of an industrial
enterprise in such areas as: the movement of materials
and raw materials; tracking of all processes - from the
material to the actual release of products in finished
form; warehouse accounting operations and internal
inventory; introduction of smart contracts, organization
of the supply chain based on transparency, etc.[7].
There is also a financial benefit from the
implementation of blockchain technology in an
industrial enterprise by reducing costs, due to the
exclusion of intermediaries, whose role becomes
unimportant. Intermediaries include not only trading
agents, but even banks and notaries.

G. V. Afanasiev gives an example of optimizing
the work of an industrial enterprise using blockchain:
the buyer, interacting with the enterprise during the
transaction, can use blockchain technology (where
information is stored) to track the goods throughout the
transaction without worrying about the data safety. The
data is securely recorded by the blockchain. On the
other hand, when working with suppliers, the company
itself can track the goods and control transportation. In
other words, blockchain makes all processes more
transparent, strengthening trust between the enterprise
and its partners [7]. G. V. Afanasiev sees the difficulties
of implementing the new technologyin information
threats - the main risk called "Attack 51%." Such a
threat can arise with a small participant of the system
elements, a small number of network participants,
when the probability increases that 51% of firms
(elements) can, having united, change the data in the
already existing blocks in the distributed registry of the
system. In order to reduce the risk of "Attack 51%"
occurrence, data access should be given only to verified
participants who will not provoke this "Attack 51%" in
a malicious impulse [7].

D. Danbala writes that blockchain technologies in
intra-company processes such as accounting and
financial transactions can lead to significant benefits

reliability of
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such as increased security and transparency of
transaction, reduced transaction turnaround time,
improved database scalability and increased efficiency
of companies. In addition, blockchain technologies can
help fight fraud and reduce costs for intermediaries in
the financial industry. Moreover, blockchain
technologies can change the structure and organization
of financial markets, creating new opportunities for
investment and trading businesses. However, despite
all its advantages, blockchain technologies still have
limitations and cause certain problems such as: low
bandwidth and complexity of execution. In addition,
there are security and data privacy risks that can be
violated when using blockchain technologies [8]. N. A.
Vasin gives such an example: in 2016, The Dao
crowdfunding platform , which functioned on the basis
of smart contracts, suffered losses of over 50 million
dollars due to the vulnerability of the project code,
which was exploited by attackers [9].

G. M. Makhamova points out such difficulties of
blockchain technology implementation in traditional
business structures as:

- critical lag in the regulatory framework for
business, which leads either to the prohibition of part of
blockchain technologies or to an increase in the risks of
their use;

- uneven infrastructure development in relation to
the availability of Internet and mobile communications
in weak, developing countries;

- age limitation: blockchain technologies are
developed and used mainly by people under forty years
of age, with a high level of education (it is necessary to
raise public awareness of the importance and
effectiveness of blockchain technologies);

- existing threat to data security for blockchain
technologies including [10].

Conclusions
Blockchain technologies in traditional business
models are now going through a stage of

implementation and adaptation. Their main advantage,
given the rapid development of Internet technologies,
is flexibility. The ubiquitous digitalization of business
is pushing the usual boundaries, making it increasingly
cross-border.

Blockchain technology is relatively stable, due to
the distributed ledger system, it helps businesses reduce
the cost of maintaining processes, systems, as well as
the immediate sending of information about the
delivery and shipment of goods (services) - from the
moment of the transaction to the end user of the
product. Blockchain technologies solve the problem of
trust between all participants of the chain, significantly
reducing the time of information processing. For these
reasons, the introduction of blockchain technologies
into traditional business structures is the task of the
moment, as well as in the near future.

At the same time, there are difficulties in testing
the new blockchain technology, which are related to
various aspects: from the need to change legislation to
technological errors, failures and cyber-attacks.
Nevertheless, digitalization is happening everywhere,
and there is no stopping it, so blockchain technology,

for all its challenges, will be implemented wherever it
can bring economic benefits.
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AHHOTAIIUSA

B cratee ¢ NNOMOIIbIO METOAAa KOMIIBIOTCPHOI'O0 MOJACIUPOBAHHSA HCCICAYCTCA BJIMAHUSA BHEITHOM
TEMIICPATYPhI U BJIAXKHOCTH BO3QyXa Ha IpOHECCAaX POCTa U PA3BUTHA ocobeit MeI[OHOCHOfI MYCITUHON CEMBH.
ITonnmanue CYTb BJIMAHHUSA 3TUX KIIUMATHYCCKUX (I)aKTOpOB Ha 3TUX OPOLCCCOB MOMOKET MMPCAOCTABUTH MMYCIaM
noaxozsmuye  ycJIoBusd O6I/ITaHI/I$I, NpeAOTBPpaTUTL  Pa3JIMYHbIC 3a00JIEBaHUSI M IIOBBICUTH YPOBCHb
MNPOAYKTHUBHOCTH MMYCII.

B pa3pa60TaHH0171 MOACIN JId paCCMaTpUBACMBIX KIIMMATUYCCKUX (1)aKTOp0B MOCTPOCHBI COOTBCTCTBYIOIIHC
MAaTEe€MaTUYCCKHUEC (I)YHKHI/II/I. YuceHubsle pE3yabTaThl, MOJYUYCHHBIC C MOMOIUIBIO MOIACIU H€O6XOL[I/IMI)I JIIsL
MMOHUMAaHUA W MPOTHO3UPOBAHNA TMOBCACHUA MYET B PA3JIMYHBIX KIMMATUYCCKHUX YCIIOBHUAX, W MPCACKa3aHUA
BJIMIHUN U3MECHCHUA KJIMMAaTa Ha )XKU3HECHHOI'O [MUKJIa, PAa3MHOKCHUA U IPOAYKTUBHOCTHU MCIOHOCHBIX IMTYCII.

ANNOTATION

The article, using the computer modeling method, examines the influence of external temperature and air
humidity on the processes of growth and development of individuals of the honey bee colony. Understanding the
essence of the influence of these climatic factors on these processes will help provide bees with suitable living
conditions, prevent various diseases and increase the level of bee productivity.

In the developed model, the corresponding mathematical functions are constructed for the climatic factors
under consideration. Numerical results obtained using the model are necessary for understanding and predicting
the behavior of bees in different climatic conditions, and predicting the impact of climate change on the life cycle,
reproduction and productivity of honey bees.

KaioueBble ciioBa: TeMneparypa, BIQKHOCTb BO3/lyXa, CpaBHEHHE, IPOrpaMma, MOJIelb, GYHKIHs, rpaduk,
cpena, muena.

Keywords: temperature, air humidity, comparison, program, model, function, graph, environment, bee.

BBenenue Cpenn Bcex BHENIHBIX (DAKTOPOB TeMIlEpaTypa u
VYder BIUSHHS KINMATHYCCKUX (AKTOPOB MPU  BIAKHOCTh BO3AyXa HWrPalOT KPUTHYECKYIO pOIb B
MOJETUPOBAHUU JIeSITEIbHOCTH MEJOHOCHOW  NIESATENIbHOCTH MYeNuHOM cempu. [ldyensl oueHb

IMYEIIMHOM CEMBH SBJISCTCS BaXKHOM 3amaueid s
MOHMMAaHUSA W MPOTHO3UPOBAHUS TMOBEJACHUS MUeNl B
pa3IMYHBIX  KIUMATHYEeCKAX  YCJIOBHSX. Ipu
KOMITBIOTEPHOM MOJEITUPOBAHUU MOKHO YUHUTHIBATh
TakWe TMapaMeTphl, Kak TemIepaTrypa, BIaKHOCTb
BO3/lyXa, OCAJKH, MPOJAODKATEIBHOCTH CBETOBOTO JTHS
n gapyrue (¢GakToOpbl, KOTOpble MOTYT BIHMATH Ha
aKTUBHOCTb M TIOBEJCHUE MUell. DTO MO3BOJISET OoJee
TOYHO MPEICKA3bIBATh, KAK N3MEHEHUS KJIMMAaTa MOTYT
MOBJIMATh HA >KU3HEHHBIH IWKJI, Pa3MHOXXEHUE W
MPOAYKTUBHOCTh MEJOHOCHBIX IM4ell. Takwe Momenu
MOMOTAIOT pa3pabaThIBaTh CTPATETUH 3aLIUTHI ITYEIT OT
HCONMArONMPHUATHBIX  KIMMATHYECKUX  YCIOBUH U
NPUHUMATH MEPBI JJIsl MOAICPKAHUSA WX IOIMYJISIUN
[14].

TIIATEIbHO KOHTPOJIMPYIOT TEMIEPATYPY U BIAXKHOCTh
B YJIbe, 4TOOBI 00€CTIeUUTh ONTUMAJIbHBIC YCIOBUS IS
Pa3BHUTHS U BBDKUBAHUS CBOCH CEMBH.

Jlis  IT4eNoBOAOB BaKHO IIOHMMATh BIIMSIHHE
TEMIepaTypbl W BIAXHOCTH HA MYEIHHYIO CEMBIO,

9TOOBI TPEIOCTABUTH WM TOAXOMISIINE YCIOBHUS
oOutaHus. OTO TaKXKe TIOMOXET IPEJOTBPATUTD
pa3iu4Hble  3a00JE€BaHHUS W TIOBBICHTH ypPOBEHB

MPOAYKTUBHOCTH mm4el. [1o 3TUM coobpakeHusIM npu
MOJIETMPOBAHUH MBI Ha ATHX ABYX (haKkTOpax oOpaTwin
0c000€e BHHUMAaHHE.

IMuensl MOJIIEPKUBAIOT orpeeeHHY 0
TEeMITEpaTypy BHYTPH YJibsi, KOTOpas HEOOXO MM JIJIst
Pa3BUTHUSI TMYMHOK U COXPaHEHUs 3penbix muen. OHu
UCIOJIB3YIOT CBOW MBIIIIBI ISl CO3JaHUs TEIia U
PErYIUPYIOT LUPKYJSMIO BO3JyXa B YJIbE, YTOOBI
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HOJIEPKUBATh ONTUMAJIEHYIO TeMIeparypy.
W30bITOuHas jkapa WM XOJOA MOTYT HETaTUBHO
MOBITUATH HA PAa3BUTHE MYETUHOM cembH [8].

BnusHue Temmeparypel Ha M4el 3aBUCHT OT
HECKOJIbKMX  aclleKTOB M MOXET OBITh  Kak
MIOJIO’KUTENIBHBIM, TAK U OTPHIATEIBHBIM.

1. Paseumue nuenunoul cemvu: Temmeparypa
BIUSIET HA pa3BUTHE NUeauHOW cempu. Hampumep,
ONTHMaJIbHAs TeMIIEpaTypa Uil Pa3BUTHS ITYEITUHOMN
JUYUHKA ~ cocTaBiusier okoimo 34°C. Ilpm  sTolt
TeMIlepaType JIMYMHKAa  pa3BUBAcTCs  Hawmboiee
a¢dextuBHo. Ecnu TemmepaTypa CIHMIIKOM BBICOKas
WIK HU3Kas, 3TO MOXET 3aMeJIMTh MU HapyIIUTh
pa3BUTHE MUEIUHON CEMBU.

2. Coop nexmapa u nviivywl: Temneparypa Taxke
BJIMSICT Ha aKTHBHOCTH IYEN IIpU cOope HekTapa U
nbUTbIBL. [Ipy XONOAHOW Moroae m4yeisl MOTYT OBITh
MEHEC aKTHBHBIMH ¥ MCHBINEC BBUIETaTh Ha MOWCK
[BETYILINX PaCTCHUI.

3. Pecynuposanue memnepamypul 6 yave: Iluenst
TaKke AaKTHBHO DETYJUPYIOT TEMIEparypy BHYTpPH
yibsi. OHM MOTYT COOMpPAThCsI BOKPYT MAaTKH, YTOOBI
HarpeTh €e, WIM JX€ BEHTWJIMPOBATH YIIEH, 4YTOOBI
OXJIAJIUTh €T0 B XKapKyIO MOTOy.

MonenupoBaHue BIIMSHUSA TeMIIepaTypsl
MIOMOTaeT pa3pabaTbIBaTh CTpaTeruu IS
MOJICPKaHUsI IMOMYJIAUM MEIOHOCHBIX I4el B
YCIIOBUAX MU3MEHSIOIIErocs KIUMaTa.

BraxHOCTh BO3[yXa TaKKE HIPAcT BasKHYIO POJIb
B ICSATEIBHOCTH MEIOHOCHBIX ITUEII.

1. Paseedenue nuenunou cemwvu: Bpicokas
BI@XXHOCTh ~MOXET NPHUBECTH K 00pa30BaHUIO
KOHJICHCATa B yJIbE, YTO MOXKET HETaTHBHO CKa3aThCs
Ha pa3BUTHM NUYEIUHOM ceMbH. Takke, BBICOKas
BIAKHOCTHP  MOXET  CIIOCOOCTBOBaTh  Pa3BUTHIO

IpUOKOBBIX 3a00JICBAHMUI, YTO MOXKET OBITh OMACHO JIS
myen. Huskas BIaXHOCTh TakkKe MOXKET OBITh
npoOJIeMOl, TMOCKOJIBKY CyXOW BO3IyX MOXET
MIPUBECTH K 00€3BOKMBAHUIO TUE U MX JIUUUHOK.

2. Coop nexmapa u nvlivysl: Beicokas BIaXKHOCTh
MOJKET 3aTPYAHUATH cOOp HEKTapa M MBUIBILBI, TaK KaK
OHa MOXET TIIPHUBECTH K O0Opa3oBaHUIO pPOCHI Ha
[BeTKaX. JTO MOXET 3aTPYIHHUTH JOCTYI K HEKTapy U
MBIIBIIE IS TTIET.

3. Pecynuposanue memnepamypvl 8 Vive:
Bricokass BIIQ)KHOCTh MOXKET YCIIOKHHUTH IIPOIIECC
WCTIAPEHUS BJIAaTH U3 YJIbsl, YTO MOXET MOBJIHATH Ha
CIOCOOHOCTh MYENl  PEryJupoBaTh TEMIIEPaTypy
BHYTPH yJIbS.

4. 300posve nuen: BpicoKas BIaXXHOCTb MOXKET
OBITh CBSI3aHA C PAa3BUTHUEM MATOTCHHBIX OPTaHU3MOB,
KOTOPBIC MOTYT OBITh OTIACHBI JJIs 3JI0POBBS MYCII.

MopenupoBaHie  BIWSAHHASA ~ BIQKHOCTH  Ha
JEeSTeIHPHOCTh MEIOHOCHBIX ITYe] IMOMOTAaeT JydIle
MOHATh, KaKWe YCJOBUSA ONArompHWsTHBI OIS WX
KIBHEIEATCTPHOCTH. JTO TakXke, KaKk B IIEPBOM
cllydae, TIOMOTaeT pa3paboTaTe CTpaTeTHd Ui
MOJAJIEpP>KaHUsL 30pPOBbS W TIOMyJISALIMA T4Yel B
YCIIOBUAX U3MEHSIOUICICS OKPYIKAIOLIEH Cpeabl.

UccnenoBanmem  BIHMSHHUS —~ TeMIEpaTypsl U
BJIQXXHOCTM Ha OWOJOTMYECKHX CHCTEM METOJaMHt
MaTeMaTHYECKOT0 ¥ KOMIIBIOTEPHOTO MOAETHUPOBAHUS
3aHUMaJUCh MHOTME Yd4eHble, Takue kak C.f.
Bonaeipos [1], FO. Kapnos [2] , ©.C. Komunuén, .M.
Caumsona [3-6, 8-14], A.®. PriboukuH [7] u apyrue.

BrnustHre Temmepatrypbl Ha pocTa W pa3BUTHH, a
TaKXkKe Ha IeATCIFHOCTH METOHOCHOH TUSTMHON CEMBbHI
B KOMITBIOTEPHOH MOJIENN YYHUTBHIBACTCS C TOMOIIBIO
¢yHKIMU cnexyromero Buaa [9;14]:

—1.4286T% + 82.857T — 815.71,ecin 20 < T < 27

f() =

rae f(T) — temmeparypHas (GYHKIHS POCTa H
pa3BUTHA 0cO0OEH IMIEeTbl HAYMHAS OT CTAJAHU OTKIA KA
SUI IYEJIMHOM MAaTKOM W 3aKaH4YuBas CTaJaueh

—21T? + 1366T — 21318,eciu 27 < T < 32

1
67.5T? + 4607.5T — 77675,ecin 32 < T < 37 1

—7.25T% 4+ 559.5T — 10410,ecmu 37 < T < 42,

npeBpalleHus: sl Bo B3pocislx muen, T =T(t) —
cpennecyrounas temneparypa (t € [tq; tx ], k € N).

TouHO TakuM ke 00pa3oM B MOJENH YYTCHO
BIIMSHHE BJIXKHOCTH BO3JlyXa Ha POCTa, Pa3BUTHHU U
JIeATEeNFHOCTH MUETHHON ceMbH [3-6]:

—0.3889v2 + 41.889v — 747.5,eciu 30 < v < 55

gw) =

—0.4467v% + 83.947v — 2978.5,eciu 55 < v < 87 (2)

1.0998v2% — 270.17v + 16338, ecnu 87 < v < 100,

rae g(v) — QyHKIUS BIQKHOCTH IS TIPOLIECCOB
pocTta M pasBUTHSA 0COOEH MYeNbl HAYMHAS OT CTaJUU
OTKIIQJIKK SIMIl ITYEIMHON MATKOM H 3aKaHYUBas
craguei MpeBpalieHuss AUl BO B3POCIBIX MYel, UV =
v(t) — cpeaHecyTOYHas BIIQXHOCTH Bo3ayxa (t €
[to; txl, k € N).

I[To  pmamHBEIM  wuccnenoBanus  [13], mpum
ontuMansHOW Temmeparype 34°C W BIAXHOCTH
Bo3ayxa 85-90% wu3 1000 su1l, OTJIOKEHHBIX MAaTKOH,

JI0 TOCTUKEHHS CTAIUU B3POCIION maelbl octaetcs 950

ocobefl. DTOT TMoOKa3aTredb CUNUTACTCS  JIyUIINM
ToKasaTeJeM Pa3BUTUs 0COOEH MISTMHON CEeMbH.
KoMmneloTepHass  Mozenb — peanu3oBaHa  Ha

00BbEKTHO-OPUEHTHPOBAaHHOM SI3BIKE
nporpammupoBanusi C++ Builder XE7, coriacHo
OJI0K-CXEeMBI, TIOKa3aHHON Ha pUCYHKeE 1.
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MporpammuposaHMe Ha
C++ Builder XE7
Beog 3Ha4eHMi
T=T(),v=uv(t), (tE€ [ty ti ],k EN)
' l ™y
MporpammupoBaHue GyHKLMWIA
f(T), g(w)
. l S
p
BbiBOA, KOMNBHOTEPHBIX
pesynbTaTos B 0bbekTax
Tuna ListBox u TextBox )
4 Ipaduuyeckoe npeacTasneHue h
pPe3ynbTaToB UCCAEMYEMbIX
GYHKELMWIA € NOMOLLEBID
6 TChart
_ obbekTa TMNa ar )
Pucynok 1 — Cxema peanuszayuu KOMnbI0MepHOU Mooeu
IIporpammHas  peanu3anuss  TeMIepaTypHOU [IporpammHuas peanu3aius QYHKIHU BIAXKHOCTU

¢yakmur (1) B KOMIBIOTEPHOH MOZETH HMeEeT
CJEeyIOIINIA BUL:

void __ fastcall TForm5::Button2Click(TObject
*Sender)

{ double
T[20]={20,21,22,23,24,25,26,28,33,34,35,36,37,38,39
,40,41,42%;

int FT[20];

for (int i=0; i <18; i++) {

ListBox1->Items->Add((T[i]));

if (T[i(]>=20 && TIi]<27){

FT[i]=-1.4286*pow(T[i],2)+82.857*T[i]-815.71;

if (T[i]>=27 && T[i]<32) {
FT[i]=-21*pow(T[i],2)+1366*T[i]-21318;
}

if (T[i]>=32 && TJi]<37){
FT[i]=-67.5*pow(T[i],2)+4607.5*T[i]-77675; }
if (T[i]>=37 && TJ[i]<=42){
FT[i]=-7.25*pow(T[i],2)+559.5*T[i]-10410;

}

ListBox2->Items->Add(IntToStr(FT[i]));
Series1->Add(FTIi]);

}

(2) B KOMIIBIOTEPHOI MOJICTH UMECT CIICAYIOIINN BU/:
void __fastcall TForm5::Button2Click(TObject
*Sender)

{double
V[20]={37,45,48,50,53,58,60,65,70,75,78,82,86,87,90
,92,93,95};

int GV[20];

for (int j=0; j <18; j++) {

ListBox3->Items->Add((V[i]));

if (V[j]>=30 && V[j]<55) {

GV[j]=-0.3889*pow(V[j],2)+41.889*VIj]-
7475}

if (V[j]>=55 && V[j]<=87) {

GV[j]=-0.4467*pow(Vj],2)+83.947*V[j]-
2978.5;}

if (V[j]>87 && V[j]<100) {

GV[j]=1.0998*pow(V[j],2)-
270.17*V[j]+16338;}

ListBox4->Items->Add(IntToStr(GV[j]));

Series2->Add(GVIj]D);

1}

KOMHB}OTepHHC YUCJICHHBIC PEe3yIbTAThI
BBIYKCJIEHUS] 3HAYEHUU TCMHGpaTypHOﬁ (l)yHK[H/II/I nu
(1)YHKIII/II/I BJIA)KHOCTU BO3yXa, a4 TAKKE rpa(bnqecxne
HUX MPCACTABJICHUSA 0T06pa)KCHBI Ha pUCYHKE 2.
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{3 DyHKuMA TEMNEPATYPEI M ENGKHOCTI

- (m] X

Fpaduk dyHKUMK TemnepaTypbl

- 2E9|
— 284
= 315
— 334
— 349
— 3BZ
— 372
— 4E6|
— 865
— 950|
— S00|
— 715
— 366

— 382|

Mpadchuk hyHKUMM BRAKHOCTH

— 269
— 349
— 367]
- 374
= 380
- 37|
= 450
= 50|
— 08|
— B804
— 851
— oM
— 937|

— 943

iy F~T) Vil HV)
20 269 37 269
21 294 45 349
22 315 48 367 900
23 334 50 374 a0
24 349 53 380
25 362 58 387 700
26 372 60 450 600
28 466 65 590
33 865 70 708 =00
34 950 75 804 400
35 200 78 851 00
36 715 82 901 i
37 366 86 937
38 382 87 943
39 383 90 931
40 370 92 791
41 342 93 724 o
42 300 95 597 a0
700
| B00
! 500
Ha rnasroe okrHo 0
| 300
|

— 931

Pucynox 2 — Pezynomamol bluucienus 3Ha4eHuil memMnepamypHou QyHKyuu u (pyHKyuu 61ajicHocmu 6030yxd, u
epaghuueckue ux npedcmagienus

OpHoli W3 menell pa3pabOTKH KOMIBIOTEPHOMH

IpOTpaMMbl  SIBIISIaCh  NIPOBEPKa  aJeKBaTHOCTH
MOCTPOCHHBIX (DYHKUIMH MyTeM CpaBHEHHS 3HAYCHUI
(akTHIECKH BBIYHCIICHHBIX pe3yIbTaToB

TemneparypHoi ¢pyHkumd (1) 1 GYHKINH BIAXKHOCTH
BO3ayXa (2) ¢ pealbHBIMU AIMIUPUIECKUMU JTaHHBIMHU.
Jns  ostoro OB HCHOJB30BAaH MaTeMaTHYECKHE
BO3MOXXHOCTH OHONMOTEKH mOCTpoeHust (yHKumit
ekTpoHHON Tabmuuel MS  Excel 2016. Ilpu
NPOBEJCHUH MPOrPAaMMHBIX pacdeTax TpeOdOoBaJIOCh
YTOOBI 3HAYCHUS] BXOAHBIX JAaHHBIX HE BBIXOAMIM 32
3aJIaHHBIEC YCIOBHBIE TIpeesl [8].

CpaBHeHHeE MOyYeHHOT 0 rpaduKa TEMIIEPaTypoi

¢GyHKIME ¢ TpapUKOM pealbHBIX JaHHBIX IO
TeMIlepaType IMpeACTaBIeHO Ha pUCYHKe 3, a
1000
800
600
400
200
0
20 22 24 26 28 30
PeansHvie 0aHHbIE

mporerypa TaKOBOTO JK€ CpPaBHEHUS I (YHKIUU
BIIAXKHOCTH BO3Qyxa — Ha pucyHke 4. [lo rpadukam
9THX (QYHKIUHA MOXXHO UETKO TIPEACTBUTH cebe
BIMSHUSL TEMIEpPAaTypbl U BIAKHOCTH BO3AyXa Ha
MPOIIECCOB POCTa W pa3BUTHS 0co0eil MeTOHOCHOI
MYEJIUHON CEMBH.

Toumnee, u3 rpaduuecKux pe3yNbTaToOB
KOMITbIOTEPHOM MOJIEIHM BUIHO, YTO MPU ONTHUMAIbHOU
temneparype  (34°C)  Hambonbllee — 3HAauYEHME

KOJIMYECTBA MYEIUHHBIX o0co0eil paBHO 950. Dto
o3HaugaeT, 4yTo U3 1000 su1, OTIOKEHHBIX ITYCIIMHOM
MaTKOW, /O IOCTH)KCHHS CTaJuH B3POCION IYENbI
octaercss 950 ocoOeil. DTOT moOKa3areiab SBISETCS
ONITUMAITBHBIM IS Pa3BUTHA 0COOCH MUSIMHON CEMBH.

—_—

32 34 36 38 42

MoodeavHuvie oannsie

Pucynox 3 — I pagpux memnepamyprou ¢hynxyuu, nocmpoennwviti a MS Excel 2016 u e2o cpasnerue ¢ epaghuxom
PeanbHbIX MeMNepamypHuiX OAHHbIX
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Pucynox 4 — I'pagux ynxyuu enrasxcnocmu, nocmpoennsiil na MS Excel 2016 u e2o cpaguenue ¢ epagurxom
PeanbhbiX OaGHHBIX O BAACHOCIU 8030YXA

3aki0ueHne

Takum  00pa3oM,  TOABITOXHBAS ~ MOJKHO
3aKJIFOYUTh, YTO BHEIIHAA TeMIlepaTypa U BIAXKHOCTh
BO3/yXa UIparoT O'POMHYIO pOJIb Ha Mpoleccax pocra
U pa3BUTUS 0co0e€il MEJOHOCHOW MYETHMHON CeMbH.
IloHumanue CyTh BIUSHHMA OSTHUX KIUMAaTHYECKHUX
(haKTOpOB Ha ATHX MPOLIECCOB TOMOKET PEIOCTABHUTD
maeraM MOXOAAIINE YCIIOBHSA oOutaHus,
MPEIOTBPATUTh PA3INYHbIE 3a00€BaHUS U MOBBICUTD
YpOBEHb MTPOYKTUBHOCTH mmuen [8].

B pa3paboTaHHON KOMITBIOTEPHOW  MOJEIH
YUTEHBI BIMSHUS TEMIIEPATYpPhl U BIAXKHOCTH BO3yXa
Ha JIeATE€IbHOCTh MEAOHOCHON MUETUHON ceMbu. s

ITHUX q)aKTOpOB TOCTPOCHBI COOTBETCTBYIOIIIUC
MAaTEMaTUYCCKUC (byHKL[I/II/I
YuciaeHHbIe PE3YIbTATHI, TMOJIYYCHHBIC C

IOMOINBIO MOJCIHU HGO6XOI[I/IMI)I JJIA TIIOHUMAaHUA H
IMPOTHO3UPOBAHUA TOBEACHUA MYECI B pPas3IMYHBIX
KIIMMAaTHYCCKUX YCJIOBUAX, U NIPEACKA3aHNUA BIIUSIHUN
HU3MCHCHUA KiimMara Ha JKHU3HCHHOTI'O MUKJIa,
Pa3MHOKEHHNA U TPOAYKTUBHOCTH MEJOHOCHBIX IMYECJI.
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AHHOTAIIAS

B crarne paccMaTpuBaACTCA HOBBIC BHUJbI TPUKOTAXKHBIC MEPECINICTCHUC CO3JaHHBIMHU aBTOpPAMM, CHOCO6BI

BLIpa60TKI/I, TpC6OBaHI/Ie Ka4€CTB Ha TPUKOTAXKHBIX U3CJINU, aHAJIN3 TEXHOJOTNYCCKUX nokasaTejie u (1)I/I3I/IKO-

MEXaHUYECKUX CBOMCTB. A TaKKe B CTATbe OOBSICHIETCS CTPYKTYPbI HOBBIX BUIOB OHHOCHOﬁHBIX TPUKOTAXKHBIX
MEPEIICTCHUU.

ABSTRACT
The article discusses new types of knitted weave created by the authors, methods of production, the
requirement of qualities on the knitted product, the analysis of technological indicators and physical and
mechanical properties. The article also explains the structure of new types of single-layer knitted weaves.
Kuarwuesbie ciaoBa:Tpuxkorax, neris, NpOTKKa, OJHOCIONWHBIH, TJACTUK, TApaMETp, CBOHCTBA.
Key words: Knitwear, loop, broach, single-layer, eraser, parameter, properties.
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Tpukotax oorat pa3Ho00pa3HbIMU
MEPCIUICTCHUSAMY, — aHAJTM3UPOBATh  KOTOpBIE  0e3
3HAHUS TCOPHH METIICO0Pa30BaHMsI BO MHOTHX CITyYasix
COBEPILIEHHO HEBO3MOXKHO. TOJBKO 3Has TEOPETUYECKU
MpU3HAKU PA3IUYHBIX, BHUAOB TNEpPEIUIETCHUNH U
MpOBepsii HAIMYWEe WX B TOM WIH WHOM BHIC
TPUKOTaXa, MOKHO OKOHYATEIHHO OIpPENENIUTh BHI
AHATTM3UPYEMOTO TIePETUICTECHS.

KagectBo MarepmayoB MpOSBISIETCS dYepe3 HX
cBoiictBa. IloaToMy i1 TOBBILIEHMSI KauyecTBa
TPUKOTAKHBIX H3IETUi HE00X0IUMO
LEJICHANIPABJICHHOE HW3YYeHHE CBOWCTB TPHUKOTAXKa.
Ionstre “kavecTBO” MOTYEPKUBACT HEOOXOAUMOCTH
YCTaHOBUTH TaKyl0 COBOKYITHOCTb CBOWCTB, KOTOpas
oTpaxkana OBl  NIPUTOJHOCTH  MaTepuala K
WCIONB30BAaHUIO MO Ha3HaueHuio. Ho naxe korma
HalileHa  COBOKYIIHOCTb  CBOHCTB  MarepHaia,
JIOCTATOYHO TOYHO OTPAKAIOMIAS €T0 MPUTOTHOCTH, HE
BCerJa MOXHO YTBEpXKIATh, UTO IJIFOOOH MaTepHal,
oOnajaromuii CBOWCTBAMH B JAaHHOH COBOKYITHOCTH,
JIOJDKEH OBITH OICHEH OJMHAKOBO. J[eJo B TOM, YTO K
OIHIM W TEM JK€ MaTepHaniaM WHOTIA MPEIbSBISIOT
pasnuyHble TPeOOBaHHS 1O YPOBHIO OTACIBHBIX
CBOICTB MIM HUX COBOKyHNHOCTH. Hekotopsle
MaTepuasbl, He MOAXOASIINE IJs OJHUX YCIOBUH
AKCIUTyaTaI[FK, MOTYT OBITh C YCIIEXOM HCIIOJIb30BaHbI
B Apyrux ycnosusx [1; c. 3].

B pab6ore [2; ¢.174-181] omucansl TpeOOBaHUS K
BEpPXHEMY TPHUKOTAXKY: ACTETUYECKUE,

HM3HOCOCTOMKOCTh, THTUEHNYECKHE, TEXHOIOTHYECKHE,
sKkoHOMHUYecKue. OHAKO 3TH TpeOoBaHUS 0000MICHEI,
Y OHH HE JaI0T YeTKOTO OIPEIEIICHUs] HU CTPOCHHUS, HU
CBOMCTB TPHKOTAXA JJIsl BEPXHUX U3JICIHUIA.

XapaKkTEepU3yIUMU  (PU3HUKO-
pa3pbIBHAsT

TlokazaTemsmu,

MCXAaHHYCCKHUC CBOﬁCTBa, SABJIAKOTCA

Harpy3ka ¥ yJUIMHEHHE IPU pa3pblBe, PACTSHKUMOCTh
IIPU Harpy3Kax MEHbBIIE Pa3pbIBHBIX, YCTOHUUBOCTH K
OJHOKPaTHOMY ¥ MHOTOKPaTHOMY pacCTsDKEHHIO,
YCTOHUUBOCTB K CMATHIO M HICTUPAHUIO, YCaAKa IOCIe
MOKpoH o0Opabotku u nap. i XapakTepucTUKH
(OpPMOYCTOMYMBOCTH TIOJIOTHA BaKHBIM  SIBIISIETCS
PacTSKUMOCTh IIPU Harpy3Kax MEHbILE Pa3sphIBHBIX, a
TaKKe ONPEJENICHNE COCTABHBIX JacTel Aedopmanum,
T.€. OTHOLIUKIIOBBIE XapaKTEPUCTUKH.

W3 nokazareneit, XxapakTepu3yomux Gru3ndecKue
CBOWCTBA TPHKOT&)XKHBIX IIOJIOTEH, 4Yallle BCETO
HCTIONB3YIOTCS BO3AYyXOIPOHUI[AEMOCTb,
BOJIOTIOIJIONIEHNE, T'HIPOCKONUYHOCTh, CyMMapHOe
TEIIOBOE COINPOTHUBJICHUE, oIpeeNsIoNue
TEIUIO3alUTHBIE CBOMCTBA MOJIOTHA, ANEKTPU3YEMOCTh
u ap. Jnsg TpukoTaxka, NpPeAHA3HAYEHHOrO s
TEIUIO3AIUTHBIX ~ BEPXHHX  W3Jenuil, Haubosee
BaXXHBIM SBIISIETCS BO3AYyXOIPOHUIIAEMOCTb.

B pabote 3unoBREBOM B.A. 1 [TaBnosoii 1.B. [3;
c.1-3] paspaboraH HOBBIi BHJ OJHOCIOWHOIO
TPUKOTa)ka, OTHOCAIIMNCSA K TIPYINIE MPOU3BOIAHBIX
JIACTHYHBIX MEPEIIETEHUI ¢ MaJIOW PaCTSKUMOCTBIO
I10 IIMPHHE.

B Tpukoraxke mneperuleTeHUus OJHOCIIONHBIN
MIPOU3BOIHBIN JTACTUK YEPETYIOTCS CTOIOMKH JTULIEBBIX
U H3HAHOYHBIX neTenb,  pAgsl  SABIIOTCA
MIPOU3BOJHBIMU, IPU  3TOM  COCAMHUTEIHHBIC
9JIEMEHTHI - TMPOTSHKKM JIMIEBBIX METedb MPOXOAAT
mepes, W3HAHOYHBIMHM  HETISMHM, a  IPOTIKKHU
M3HAHOYHBIX NETENb — 3a JTUIEBBIMH NETISAMH.

Ha puc.l. m300paxeHo neperuieTeHHe HHUTEH B
npeanaraeMom Tpukotaxe. Ha puc.l. BuaHO, 4TO Bee
JuIeBble 1 ¥ U3HAHOYHBIE 2 METIH PACMOJIOKEHBI IO
OTAENBHBIM CTOJIOMKAM.

Puc. 1. Cmpyxmypa 00HOCIIOUHO20 NPOU3BOOHO20 TACMUKA

Ha pwuc.2. wu300pakeH TONMEpedHbId paspes
npeylaraeMoro TpUKoTaxka. V3 puc.2. BUIHO, 4YTO
KaXIbIi PSJT SIBJIACTCS IPOU3BOJHBIM, a JIUIEBBIC 1 U
W3HAHOYHBIC 2 TETIIU PACHOJaralTcs B OJHOM CIIO€,
NpUYeM BCE MPOTSDKKHA BBIXOIST HA OJHY CTOPOHY.

Bugnvmele Ha puc.2. yAIUHEHHBIE MPOTSDKKHA 3
YMEHBIIAIOT PaCTSDKUMOCTh JTAHHOTO TPHKOTaXKa II0
IIMpUHE, TOBBILAEeTCS  (GOpMOYCTOHYMBOCTE U
TEIIO3alUTHBIE CBOMCTBA.
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Puc.2. Ilonepeunviii pazpe3 00HOCAOUHO20 NPOUZBOOHO20 NACTNUKA

[IpennaraeMplil TPUKOTaX MOKHO HCIOJIB30BaTh
JUTSL BEPXHHUX M3AETHN U AETCKOTO aCCOPTHMEHTA.

Ha 0a3e mamHOTO meEpemyieTeHHUsT MOTYT OFBITH
BBIDa0OTaHBl BCE  PHUCYHYaTble M pa3lUYHbIC
KOM6I/IHI/IpOBaHHLIe NEPCIVICTCHUA.

Tepsieea O.I'., bpon3 I'.A. B pabore [4; c.1-3] ¢
Helbl0  CO3JaHus crocoba Bs3aHMA OJUHAPHOTO
KYJIMPHOTO pPUCYHYATOr0 INIATUPOBAHHOI'O TPUKOTAXKa,
00€eCIe4nBaIOIIero HOJTy4YeHHe TEXHHYECKOTO
pe3ynbTara, COCTOSIIIIETO B pacimpeHun
ACCOPTHMEHTAa OAMHAPHOTO KYJIWPHOTO PHCYHYATOTO
IUITATHPOBAHHOTO TPHUKOTaXka 3a CUYET pPa3pabdOTKH
mpouecca  BS3aHUS,  IO3BOJLIIONIETO  IOJIYYHTh
CTPYKTYPY TPUKOTa)Ka, COAEPKALIYI0 BBIOOPOYHO II0

Y30py NETJIN U3 IUIATUPOBOYHON U TPYHTOBOW HUTEHN U
NeTIM W3 TPYHTOBOH HHTH M TPOTSHKKHA U3
IJIATUPOBOYHOW HHUTH, paclioylaraéMoid Ha JIULEBOU
CTOPOHE TPUKOTaXA.

Ha puc.3. npexacraBieHa CTpyKTypa TPUKOTaXKa
Ha 0a3ze KyJmMpHOH TJanau, BbIpabaThIBaeMOro IO
3asBJICHHOMY CIOCO0y, B KOTOopod B psaay I mermm
y30pa BeIpabaThIBAIOTCS B CTOJOUKAX 2, 3 U CojepiKaT
neTnu u3 rpyHroBoit HUTH (Hr) U pacnonoxxeHHyIO €
JIMLEBOW CTOPOHBI MPOTSIKKY U3 IUTATHPOBOYHOH HUTH
(IT), m metm Qona B cTonbukax 1, 4, cocrosmue u3
IUIATUPOBAHHBIX ~ [eTeNb M3  JBYX  HHTEH
mwratupoBouHoit (H,) m rpynroBoit (H;), B psamy II
MIETJIM y30pa BEIPaOaTHIBAIOTCS BO BTOPOM CTOJIOUKE.

Takum o00pa3oM, crmocod Bs3aHUS COTJIACHO
M300pPETEHUIO  TO3BOJIICT  IIOJNYYUTh B OIHOM
MeTeo0pasyromell crucreMe BBIOOPOYHO HAa OJHHX
WIJIaxX MEeTIH U3 INIATUPOBOYHON U TPYHTOBOM HUTEH, a
Ha JpYrux Wrjiax — MeTIM U3 TPYHTOBOM HHUTH U
MPOTSHKKU U3 TNIATUPOBOYHON HUTH.

Ha OCHOBE IIPOBEJIEHHOTO aHanusa
TEXHOJOIMYECKUX IapaMeTpoB CleQyeT CHeNaTh
BBIBOJI, 4TO OOBEMHas IUIOTHOCTh BHIPAOOTAHHBIX
00pa3loB 3HAYUTEIHHO YMEHBINACTCS, a TOJIIMHA
TPHUKOTaXKa YBEIIMYUBACTCS IO CPABHEHHUIO ¢ 0A30BBIM

neperjieTeHueM. JTO  O03HA4yaeT, uToO HMeeTcs
BO3MOXXHOCTb ~ YMEHBLIUTb PacxoJ ChIpbsl IpHU
BEIPA0OTKE TPHKOTAXKA.

BriBoa: IIpoBenennoe HCCIIeIOBaHUE
CYIIECTBYIOIIMX CTPYKTYp TPUKOTXKA KYJIHPHBIX
MepeTIeTeHUI Ha OCHOBaHHMH M3YYCHHBIX

JIMTEPATYPHBIX U ITATCHTHBIX UCTOYHUKOB ITOKA3bIBACT,
YTO IO CUCTEMATHU3AIUHN PE3YIBTATOB HCCIICIOBAaHUMA 1

3 4
Puc.3. Cmpykmypa 00unapno2o KyaupHo20 pucynuamozo niamupo8aHHo2o mpukomaica

CO3/IaHMI0O TEOPUHM TPUKOTAXKHBIX IEPEIICTEHUN B
HaCTOSIINI MOMEHT  HauOOJbLINH UHTEpeC
MIPECTABISIIOT KOMOWHHPOBaHHbIE CTPYKTypa
KOTOPBIX COCTOMT M3 DJJEMEHTOB TIJIAAKOTO |
pUCYHYATOTO  TIEpPEIUIeTeHWH, 9TO  IO3BOJISIET
pa3pabaTbIBaTh OTPOMHOE KOJIHWYECTBO CTPYKTYyp H
CIOCO0OB BBIPAOOTKM HOBBIX BHIOB TPHKOTAKHBIX
MIEPEIUIETeHUH C ONpeAeTICHHBIMHA CBOWCTBAMH.
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AHHOTALUA

B craTtbe paccMaTpuBaCTCd MATECMATUYCCKOE OIMCAHUC BI/I6paHI/IOHHOFO JBHXXCHUA npeo6pa3OBaTeneI71,
HCHOJIB3YIOIINX MEXaHUYECKYHO DHEPIUr0 BI/IﬁpaHI/Iﬁ Oprxcanmef/i Cpeabl Ajid NpOU3BOJCTBA BHCKT‘pI/I‘IeCKOﬁ
SHEPTUH. AHATM3NUPYIOTCS PEUICHNS 3TUX yPaBHEHMH JUIA Pa3MYHBIX yCIOBHHA Bo3xedcTBus. [lomuepkuBaercs
BAXHOCTh INIOHHMMAaHUA OTUX IMPOUECCCOB A ONTUMHU3AIIMHU KOHCTPYKIHMHW MW TIOBBIIICHUA 3(1)(1)CKTI/IBHOCTI/I
BUOpAIMOHHBIX  IpeoOpa3zoBaTeneil. PaccMOTpeHBI OCHOBHBIE THIBI TAaKHX  YCTPOWCTB,  BKIIOYAS
MBE303JIeKTPHUECKUe cucTeMbl. CTaThs MpeaaraeT MoAX0Asl K YIyUIISHHIO TapaMeTpoB npeodpa3oparenei Ha

OCHOBE TCOPETHUCCKUX pACUCTOB U MAaTEMATHYCCKOTO MOACTINPOBAHUS.

ABSTRACT
The article discusses the mathematical description of the vibrational motion of converters that use the
mechanical energy of environmental vibrations to produce electrical energy. Solutions of these equations are
analyzed for various exposure conditions. The importance of understanding these processes to optimize the design
and improve the efficiency of vibration transducers is emphasized. The main types of such devices, including
piezoelectric systems, are considered. The article proposes approaches to improving the parameters of converters
based on theoretical calculations and mathematical modeling.
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KnaioueBble cjoBa: MareMaTHYeCKOE OIMCAHUE, PETYJApHas CTPYKTypa, HpeoOpa3oBaTeNH, IHEPIrHs

BUOpALH.

Keywords: mathematical description, regular structure, converters, vibration energy.

B coBpemeHHOM MHpe, TA€ YCTOHYMBOE pa3BUTHE
1 3P PEKTUBHOE UCIIOIB30BAHNE PECYPCOB CTAHOBATCS
Bce 0oJiee aKTyalnbHBIMH, BHUMaHNE K BHOPAlMOHHBIM
npeoOpa3oBaTeNsIM SHEPTUH 3HAYMTENHHO BO3POCIO.
OTH  yCTpOWCTBa, CHOCOOHBIE IIPEOOpPa3OBHIBATH
MEXaHUYECKYI0 HEPTHI0 BUOPALN, BOSHUKAIONINX B
pe3ynbTare NPOMBIIUIEHHONW AESATEIbHOCTH, BETPSHOMN
9HEPTUH, B 3JEKTPUYECKYIO SHEPTHUIO, TPEJCTABISIOT
coboii  oOemiaroliee  HampaBJeHHe B 00JacTH
IBbTEPHATHBHOW SHEPreTHKH. Mcnonb30BaHUE TakUx
TEXHOJIOTHA MOXET ChIrpaTh KIIOYEBYIO pOJIb B
pa3paboTKe HOBBIX YCTPOMCTB [UIsi cOOpa SHEPTUH, YTO
0COOCHHO Ba)KHO JUISl YJQJICHHBIX WJIM MOPTATHBHBIX
MPWIOKEHUH, T/Ie TPAAUIIOHHbBIE HCTOYHUKH IIUTAHUS
HETIpUEMJICMbI NI HEAOCTYITHBI.

OCHOBOW AJIs1 TPOEKTUPOBAHUS U ONTUMH3ALUH
BHOPAILMOHHBIX TpeoOpaszoBareseil ciyXuT rirybokoe
MOHNMaHHe MaTeMaTH9eCKHX MOJIETICH,
ONMHKCBHIBAIOIIMX  HUX  paboTy. Maremarndeckoe
OnucaHue BUOPAaLMOHHBIX JABMKEHHH MO3BOJISIET HE
TOJIBKO YJIYYLINTh KOHCTPYKTHBHBIE XapaKTEPUCTUKU
YCTPOMCTB, HO ¥ 3HAYUTEIBHO TOBBICHTH HX
sHeproaddexkTuBHocTh. B nmaHHON crathe OymeT
MPE/ICTABICHO KOMILIEKCHOE W3JIOKEHHE TPUHIUIIOB
MOJICTIMPOBaHMS BHOPAIIMOHHBIX HpeoOpa3oBaTeieH,
HauMHAs OT 0a30BBIX YpaBHEHHWH IBIWKCHUS U
3aKaHYMBas AHAIN30M CJOXKHBIX B3aMMOJCHCTBHH B
Pa3IMYHBIX YCIOBHAX SKCILTyaTalluy.

MpbI paccMOTpUM THpeoOpa3oBaTeNH PEryJsipHOR
CTpYKTypbl [l], Takue Kak IbE303JIEKTPUUYECKUE U
MPOaHATM3UPYEM OCOOEHHOCTH C TOYKH 3PEHHUSl HX
Marematuueckoro — onwucanusi.  Llenpio  Harero
UCCJIEJIOBaHUS SIBIISIETCSl HE TOJBKO TEOPETHUUECKOE
o0ocHOBaHHME pPAa0OTBI MaHHBIX YCTPOHCTB, HO W
MpPaKTHYECKOE MPUMEHEHHE MTOJYYEeHHBIX MOJISIICH ISt
CO3JJaHUSI HOBBIX WIIM YJIYYIIEHHSl CYIIECTBYIOLIHX
cucreM cOopa SHEpTHH.

Hns YKa3aHHOU
MaTeMaTHYecKoe OIMCaHue
JBIDKEHUS TpeoOpa3zoBaTesei.

Jns ompeneneHus amIUIUTYAbl A KoJeOaHMiA
CBOOO/IHBIX KOHIIOB IpeoOpa3oBaTeiell MPUMEHUM
muddepeHnraIbHOe YpaBHEHNE TOHKOW THOKOH JIEHTHI

[6]:

KOHCTPYKIIUU JIAHO
BHOPAIIOHHOTO

M _ y//
Ey  [1+(y")2]3/2 @

C TpaHHqHBIMH yCHOBI/IﬂMI/I:
!
mprz=0;y=0; Y =0, (2)

Jnsa  pemenus ypaBHeHus (1) mpousseaem
3aMeHy:

L+ (y)? 12 ~bray

OmnpenenyM kod3(pGHULIMEHTH @ U b U mpoBenem

o !
OLICHKY OJTOU 3aMCHBI. HpI/I y :0,5 YHUCJICHHOC

3Ha4YeHue JeBol yacTu ypaBHeHus (3) cocrasur 1,4, a

npu y, =1 paBHo 2,828.

o P2 05=14
orza.
" b+a-1=2828

Otkyna a=2,856 u b=-0,028. Ananu3 ypaBHEHUs
(4) c mHaligeHHBIMH KOX(QQHUIMEHTAaMH a © b

!
ToKa3bIBaeT, 4To Hanpumep, pu Y =0,7 ommbka (A)

! !
3aMeHsI cocTapseT Beero 8%, ampu Y =0,5u Y =1
A=O0.

U3r

M
0O603Ha9NM .. B YPaBHCHHHU (1) gepes K, Torna

x
9TO ypaBHEHHE ¢ yueToM (opmyiisl (3) IpUMET BU:

K-b+K-a-y'=y” )

B ypaBHeHnm (5) o00603HAUNM K-b=m u
K.-a= N, torna:

y!!_nyl_n:O

(6)
[MpoBoas IanpHerme npeobpa3oBaHus,
0003HAYNM:
d
dy _,
dz (7)

C yderoM 3TOro BEIpakeHHe (6) MOXXET OBITh
YIPOLICHO:

ﬂ—nt—m=0
dz (8)

[TpeoOpa3zyeM W NpPOMHTErPUPYEM BBHIPayKCHHUE

dt
Jaem=la

OC}’HICCTBI/IM MOJACTAHOBKY:

2):

)

nt+m=U )
ndt = dU (11)

Torna:
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d—U = I dz
nU (12)

[ocne uaTerprpoBanus BeIpaxkenue (12) npumer
BUIL:

Liu|=z+c,
n (13)

[Ipeobpa3zoriBas ypasaeHue (13) ¢ ygerom (10 u
(11), momyanm:

(Z+C1)

nt+m=e" (14)

Otkyna:

t:[e”(”ol) —m]/n 5

Honcrapnsas BeipaxkeHue (15) B ypaBHerue (7),
uMeeM:

n(z+C)

dy e m

dz n (16)

[Ipeobpa3oBriBacM ypaBHeHHE (16) K BUIY:

n_[ dy = j "0 gz — mJ' dz )

Ilocne wuHTerpupoBanus  BelpakeHus (17),
TOJTY MM
1 m_ C
n n n (18)

W3 mepBoil wacT TpaHWYHBIX ycioBHH (2) mpu
z=0, y=0, Haxoaum:

CZ — _lenC]_
n .(19)

W3 BTOpOI 9YacTW TPaHWYHBIX yCIOBUH (2) mpu
7z=0, y'=0, Haxoum:

Inm
C=—

N o

C yderom 3Tor0 BeIpakeHus (19) nmpumer BHI;

C2 :—m

Ny

[oncrapnss 3nauenus C1 u C, B ypaBaenue (18),
Oy YHM:

y:

m m m
_Z.enz__z_ 5
n n n

(22)

a MocJje MOJACTaHOBKY 3HAYCHHUI M M N UMEEM:

b . b
Y7l (eKaZ _1)_52.(23)

VYpaBHenue (23) omuchIBaeT BETUYMHY Hporuda
rHOKOl  TOHKOM  JIGHTBI B  3aBUCUMOCTH  OT
TEOMETPHUYECKUX F IPOYHOCTHBIX XapaKTepUCTHK. Jliist
MONyYCHHUsT  3aBHUCHMOCTH  BEIMYHMHBI  TIpormba
IUTACTUHBI  OT YacTOTHl BO3ACHCTBHUSI  BHEUTHHX
(akTopoB, BOCIIOJIE3YEMCS BEIpA)KCHUEM,
OTIPENISISIIONINM  OCHOBHYIO YacTOTy  KoOJieOaHWit
OJTHOPOJHOI KOHCOJIBbHOI Ganku [6]:

_352 |E

Jx
£2 PM'F’ (24)

W6 = —-—

M
C y4eroM MNPHUHATOrO 00O3HAYEHHS E”}”=K,

Jx
BEIpakeHHUe (24) MOXKET OBITh IPEOOPA30BAHO K BHUITY:

3,52
W6 =

MHS[‘ (25)

2 |K-py'F

[IpeoOpazoBanue ypaBHeHUS (25) OTHOCHTEIBHO
K mo3BoisieT noay4uTs:
12,39- M5

= Jrr g (20)

€4'w12;5'pM'F

Benuunna wsrubatommero momeHta M, ans
mpeoOpa3oBarensi MOXET OBITh  OmpesieicHa 110
bopmyie:

W U
Mm’r:{)[P-l_ll}lq_l/)sz 'Slm+l/)3p2 :
Surly (27)

00paboTKOi JKCIIEPUMECHTAIBHBIX JTaHHBIX
nostyueno: 1 =2,5-10%; y2 = 2,270,-0,; w3 = 90 0,-0,.

Pemenne ypaBHenuit (25) 1 (26) oCyIIecTBISsIIOCH
C YYeTOM O3KCIHEPHUMEHTAIBHBIX JaHHBIX YacCTOTHI
BUOPALUH Mgs.

BuiBoabl
B paMkax mpoBeeHHOTO HCCIEIOBAaHUS OBLIO
BBIITOJTHEHO MaTEMaTHYECKOE OIMCaHuE

BHOPAIIMOHHOTO JIBW)KEHUs TpeoOpasoBaTeneid, 4To
MTO3BOJIAJIO BBIJCIMTh HECKOJIBKO KITFOUEBBIX aCIIEKTOB,
HMCIOIIUX BaXXHOE 3HAYCHUE JJIA IOHMMaHUSA |
ONTUMHU3AIUH paboTHI JTHUX YCTPOMCTB:
MopaenupoBanue BHOPAIIMOHHBIX JIBYKCHUI
MaremaTiueckoe MOJEIMPOBAHHE II0Ka3ano, 4YTO
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MpaBUIBHOE NTOHUMaHHE AMHAMUUYECKUX MPOILIECCOB B
BUOPALMOHHBIX npeoOpa3oBaTessIx SIBIIACTCA
KPUTUYECKH  BaXHBIM  JUId  YJIy4dlleHHs  HX
KOHCTPYKTHUBHBIX XapaKTEPUCTHK M 3(PPEKTUBHOCTH.
Monenu, OCHOBaHHBIE Ha ypaBHEHMSAX JBUXKEHUS U
TPaHUYHBIX YCJIOBHSAX, OOECIIEUNBAIOT MHCTPYMEHTHI
Ul aHauW3a M TPEACKa3aHWs  MOBEICHUS
npeoOpaszoBaTeneil o pa3InIHBIMA BO3ICHCTBUSIMHU.
AHanu3 BIWSHUS TapamMeTpoB Ha 3()(EeKTHBHOCTE:
HccnenoBanue moxasano, 9TO M3MEHEHHUE KITIOYEBBIX
apaMeTpoB NpeoOpa3zoBaTene, TAKUX KaK )KECTKOCTb,
Macca 1 JieMIi(pupoBaHUE, MOXKET 3HAYUTEIILHO BIIHAThH
Ha UX YaCTOTHBIE XapaKTEPUCTHKH U 3()(PEKTHBHOCTD
npeoOpa3oBaHMsl  JSHEPTUU. IJTO  IIOTYEPKHUBACT
BRXHOCTh TIIATEJIFHOTO MOJ0Opa MarepuagoB |
TeOMEeTPUYECKUX MapaMeTpoB MpU MPOEKTHPOBAHUU
HOBBIX YCTpOHCTB. IloimyueHHBIE MaTeMaTU4YECKUE
MOJICTIH ¥ aHAJUTHYECKHE BBIPAKCHUS MOTYT OBITh
HCTIONIb30BAHBI UL MPOEKTUPOBAHMSA
npeoOpa3oBaTenen c ONITUMAaJIbHBIMA
XapaKTePUCTUKAMH Ul KOHKPETHBIX IIPHJIOKEHUMH,
BKJIIOYasl MOPTaTHBHBIE YCTPOMCTBA W CHCTEMBI
ABTOHOMHOTO TIMTaHHUA B YAAJCHHBIX JIOKAIUAX.
PesynpTath HCCIICIOBaHUA YKa3bIBAIOT Ha
HEOOXOAUMOCTb JIaNIbHEHIel paboThl 10 W3YYECHUIO
HEeNMHEHHBIX J((GEeKTOB M  B3aUMOJCHCTBHH B
COCTaBHBIX CTPYKTypax IpeoOpa3oBatelieil, a Takoke
pa3paboTKe YJIyYIIEeHHBIX METOJIOB Ul YIpPaBICHUS
BHOPALMOHHBIMH IIPOIIECCAMH B PEATEHOM BPEMEHH.

Ha ocHOBe mpOBENCHHBIX aHATH30B MOXKHO
clenaTb BBIBOJ, 4YTO MAaTEMaTHYECKOE OIHCAHUE
BUOPALMOHHBIX ~ JBIDKCHWH  OTKPBIBACT  HOBBIC
BO3MOXKHOCTH JUI ONTUMH3alMM W  Pa3pabOTKH
3¢ (eKTUBHBIX BHOPAIMOHHBIX TIpeoOpazoBaTeiei,
CHOCOOCTBYIOIIMX ~ yCTOWYMBOMY  pa3BUTHIO |
WHHOBAIMSM B 00J1aCTH BO30OOHOBIIIEMBIX HCTOYHHUKOB
SHEpIHUu.
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AHHOTALUS
B cratee MPUBEACHBI pCKOMCHAAINH IO TPOCKTUPOBAHNIO SKCHG:pI/IMCHTaJILHOﬁ YCTAHOBKHU AJIsd BLIpa6OTKI/I
AJIEKTPOIHEPTUH M3 BETPOBOM SHEPTUH C UCIIOIb30BAHUEM IThE30ICKTPUICCKHX Peodpa3oBaTeicii. Y craHOBKa
BKJIIOYAeT B ce0s TPH 3KCIIEPUMEHTAJBHBIX ONOKa Pa3IHUYHBIX Pa3MEpOB, Pa3pabOTaHHBIX AT MAKCHUMHU3AIUH
3¢ (HeKTUBHOCTH TpeoOpa3oBaHusl DHEPrUM 3a cdeT oOpa3oBaHus Buxpei. OCHOBHOE BHHMAHHUE YAEIEHO
PaAcTONIOKEHUIO TpeoOpazoBareiel W pa3MepaM KOHCTPYKIMU Ui ONTUMH3AIMU TEHEpaluu BHUXPEH U
IMPOM3BOJICTBA DOHECPTHUH.

ABSTRACT

The article provides recommendations for the design of an experimental installation for generating electricity
from wind energy using piezoelectric converters. The setup includes three experimental units of varying sizes
designed to maximize energy conversion efficiency through vortex generation. The focus is on converter
placement and design dimensions to optimize vortex generation and power production.

KnioueBble ciioBa: peryisipHas CTpyKTypa, IpeoOpa3oBaresid, HapaMeTpoB pacIOiI0KEHHs SHEepTus
BHUOpaIyy.

Keywords: regular structure, converters, location parameters vibration energy.

B coBpeMeHHOM Mupe yCTOMYMBOE pa3BUTUE U
9KOJIOTMYECKU YUCTBIE TEXHOJOTMM CTaHOBSTCS BCE
Ooiee TPHOPUTETHBIMU HANPABICHUSIMH HAYYHBIX

MEPCTIEKTUBHBIX HAMpaBIeHUH B OTOM KOHTEKCTE
SBIISIETCS.  WCIOJB30BAaHUE  BETPOBOM  DHEPTHH,
0COOEHHO B pErruoHax C BHICOKOH HHTEHCHBHOCTHIO

UCCIEJIOBaHUH M TIPOMBIIUIEHHBIX  MHHOBAllMH.  BETPOBBIX MOTOKOB.

Baxnoll 3amaueill sBisiercst MOMCK A(PQEKTHBHBIX B pamkax nanHOil paboThl mpencTaBiIeHa
CIOCOOOB  TEHEpallMM  JHEPTuH, KOTOphle Obl  pa3padoTKa M HCCIEJOBAaHHE HKCIEPUMEHTAIbHOM
MUHMMU3HUPOBAIM BO3JAEHCTBHE HAa OKPYXKAIOIyI0  YCTAaHOBKH IS T€HEPALMU AJIEKTPOIHEPTUH HA OCHOBE
cpenry M obecrieunBanmm  Obl  HEOOXOIUMYIO  IBE303JIEKTPUUECKUX npeoOpa3zoBaTesei.
MacImTadupyeMocTb W AOCTYmHOCTh. OmauM w3 MccnemoBaHwe  NPOBOAMIOCH B JabOpaTOpHU.
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OCOOCHHOCTBIO Pa3pa0OTAHHOW YCTAHOBKH SIBJISCTCS
e€ cnocobHocTh 3((EeKTHBHO IPE0OPa3OBHIBATH
9HEPTHUIO BETPa B JIEKTPUYECTBO 3 CUET YHHKAIbHON
KOHCTPYKLIMH, CO3JAIOIIEH BUXPH U HCIIOJB3YIOIIEH
MbE302JIEKTPUYECKUE 3JIEMEHTHI ULt
HETIOCPEJCTBEHHOTO NMPeo0pa3oBaHUs MEXaHHMIECKHX
KOJICOAHUH B AIEKTPHUECKHUIT TOK.

Lempto maHHON paboOTBHl  SBISETCA  aHAIN3
KOHCTPYKTHUBHBIX ~ OCOOCHHOCTEH ¥  TapaMeTpoB
YCTaHOBKH, a Takke OIeHKa e€ 3((EeKTUBHOCTH B
pasIUYHBIX YCIOBHAX OKCIUTyaTauuu. Pe3ynbpTaTsl
UCCIeI0BaHui MOKa3bIBAIOT BO3MOXKHOCTH
MOJIU(UKAIMK M MaclITaOUPOBAaHUS YCTAaHOBKH, YTO
OTKpBIBa€T JOpPOrY K pa3paboTke 0Oojee MOUIHBIX M
3G PEKTUBHBIX CUCTEM JUIl KOMMEPYECKOT0 U YaCTHOTO
UCIIOJIb30BaHMSI.

HccrnenoBanust NpOBOAMINCE B J1a00OpaToOpusxX
Wucturyra General Mechanics RWTH Aachen
University u FOxno-Kazaxcranckoro yHHBepcHTETAT
uMeHn M. Ayn3oBa. CxeMa yCTaHOBKM IOKa3aHa Ha

1

pucynke 1 [1]. OnyOnuKoBaHbEI NEpBbIE PE3yJIbTATHI
paborsi [1,2].

Onucanue  ycraHoBkH. s NpoOBeAeHHUsA
9KCIIEPUMEHTAIBHBIX paboT OBLIM CKOHCTPYHUPOBaHBI
TpU YCTaHOBKHU pa3mepoB: nepas 600x600x1000 M,
Bropas 400x400x600 MM 1 Tpetss 240x150x400 MM,
KOTOpBIE OBUTH cOOpaHBl W HWCHONB30BaHBL. (Cxema
ONBITHOW YCTaHOBKH IIPEICTaBICHA HA PUCYHKE 1.

YcraHoBKa COCTOUT U3 | METAIIMUYECKON KPOBIU
u 2 opraHmdeckux. Ha BBICOTY mepBO yCTaHOBKH
YCTaHOBIIEHAa MeTaJUTM4ecKas TpyOa quamerpom 10 MM
3, Ha [ByX JpPYrUX YCTaHOBKAaX YCTaHOBJEHBHI
MeTaJUIMYeCKHUe OTPe3KH MUpUHON 20 MM U TOIIUHOMN
5 mM. OHM IpUKpEIJICHBI BBEPX U BHU3 BO BCEX TPEX
yCTaHOBKax. Takke MOXHO MHCIOJIb30BAaTh T
MIPOKJIAIKKA  AJIEKTPOIIPOBOAKM BHYTpU TpyObl. Ha
Tpybax ¥ OTpe3kax MeTala B BEPTUKAILHOM
HAaIpaBJICHUH C ONPE/ICICHHBIM [IIarOM yCTaHOBJICHBI 4
mpeobpaszoarerns pazmMepom 70x50 M.

e

/

Pucynok 1-cxema onvimnoti ycmaHosKu

[puHIMn paboTHl arperaTta ciuexyromuil. Buxpu
BO3HHKAIOT H3-32 TIOTOKAa BO3AyXa, IPOXOJSIIETO
gyepe3 mpeoOpas3oBaTenb U3 HIDKHEH dacTu On0ka, U
BUXpPb MOXHO KOMOWHHpOBaThb C IPaBUIIbHBIM
pacrosioKeHueM npeoOpaszoBartenei. IIpouecc
CIMSHUS BUXpeH ommcad [1].

IIpeobpazoBarenu M3ruOArOTCS MO JCHCTBHUEM
BO3AYIIHOro notoka. IIpou3BoACTBO ANEKTPO3HEPTUN
jJoctaraeTcs 3a cyer Jedopmanmm M BHOpauuu
MbE303JIEKTPUYECKUX 3JIEMEHTOB, YCTAHOBIICHHBIX Ha
Ka)kJJbIM ITpe0o0pa3oBaTesieM.

I'maBHOE JOCTOMHCTBO arperara-npocrora €ero
KOHCTPYKIMH. YCTaHOBKAa MOXET OBITh H3TOTOBJICHA
W3 PAa3MTUYHBIX MaTEPHUAIOB, METAIIIA, TUITACTHKA U T. 1.
B coOpannom B maGoparopum pabouem oOpasie
WCIIONIB30BAIMCH ATIOMHHUEBBIE YTOJIKH pa3MepoM
20x20 MM, KOTOpBIE HCHOJB30BAINCH B KadecTBE
KPOBJIM JUIA yCTaHOBKH. K 3THUM yriam Kpenmimch
CTEHbl M3 oOpraHuuyeckoro crekna. OpraHudeckoe
CTEKJIO OBbLIO BBIOPAHO Ul BU3YAJILHOTO YIPaBICHUS
IpoleccaMy, MPOUCXOIAIIUMU Ha yCTaHOBKe. CTEeHbI

arperata MOTyT OBITb M3TOTOBJECHBI W3 JIIOOOTO
MaTepHaia, HalpuMep, MeTalla, TIacTHKA U T. JI.
KoncTpykiust YCTaHOBKH YUUTBHIBAET
o0pa3oBaHHe BUXPEH, YTO MOBHIMIALT d(P(PEKTHBHOCTD
ycraHoBkH [1, 2].
Hanmenwmmii pabounii pazmep (L) B aimuHe 6110ka

COCTaBJs€T 2a  PUCYHOK O3TO  JBa  psja
npeoOpa3oBareei, CoeanHeHHbIX B OJIHO
n300pakeHue 2), a HHTEPBAJIbI MEeXay
mpeoOpa3oBaTeIsIMU paBHBI IIHPHHE JIBYX

npeobOpaszoBareneit (2b), miomans, HeoOXoauMAas s
00pa3oBaHus BUXPs, KOTopas B MM pasHa 100 Mm. OT10
M3MEpEeHHE NPEAINONIaraeT, YTO PACCTOSHHE MEXIY
OBYMS  TPOTHBONOJOXXHBIMH  IIpeoOpa3oBaTeNIsIMU
paBHO 2b, a paccTosSHHE MEXAy CTCHOH |
npeoOpazoBareneM paBHO «by», 4To o3HadaeT 50 MM.
Pasmep 240 MM, BKIIIOYas Ba PacCTOSHUS OT CTEH
YCTaHOBKH " IBa MPOTHUBOMOI0KHBIX
npeoOpa3oBaTeIs. Orot pasmep SIBIISIETCS
MHUHHAMAaJIbHBIM pab04YrM pa3mMepoM, YTO 03HAYaET, YTO
yCTaHOBKa MOXeT paborarth ¢ umHOi L = 240 mm.
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UroObl yBENWYNTH JUIMHY YCTaHOBKH, BaM HY>KHO
n06aBuTh 240 MM K Kaxkioi. KoHeuHo, TeopeTniecku
BBl MOXETe JI00aBUTh OJIMH MPeoOpa3oBaTelb K JAJINHE
0J10Ka, YTO MPUBEJIET K YMEHBIIECHHIO paccTostHus L/2
=120 mm.

MunnManbHbEIA padounii pazmep (M) Ha mmpHHE
YCTaHOBKH  cocTaBisieT 3,6  a.nmpeoOpa3oBaTelnb
M300paKeHUS U PACCTOSIHHUE C 00EUX CTOPOH JI0 CTEHEI
ycranoBku. llupmHa mpeoOpaszoBarens b = 50 mm.
PaccTostHIE OT CTEHBI 10 Tpeodpa3oBaTelis paBHO «by.
C yderom »3tux pasmepoB M = 150 mm. s
TOAKITIOUEHHS TOTIOJTHUTEIBHBIX ITpeoOpa3oBaTeeld K
HIMpUHE arperara Heooxoanmo 106aButh 150 MMm.

0S

05
0S

70 70

0S

a)

upuna Ha BeicoTe arperata HykHuil pabounii
pasmep (H) puc.2 b - OH HOMKEH COCTOSATH Kak
MHUHHAMYM U3 3 psI0B peoOpa3oBaTeiel, Tak Kak s
JOCTHIKEHHS DPEXHMa OJHOBPEMEHHOTO BKIIOUECHHUS
BUXpEH U MOJy4YEHUs MOJI0XKUTEIBHOTO Pe3yJibTaTa OT
MONKIIFOYEHHBIX Buxpei [1] paccTosHmEe MEXIY
mpeobOpa3oBaresiMi Ha BbIcOTe paBHO 2b. Temeps,

BKJIIOYAs  pacCTOSHHE MEXHy TpeMs psaiaMu
mpeobpaszoareneit, H = 300 mm. UToOBI yBENMUYHUTH
BBICOTY  WiIM  J100aBUTh  eme  OOWH DA

npeobpaszoareneii, HeoOxoauMo m06aBuTh 100 MM K
KOHCTPYKIIMH yCTaHOBKH.

H
M =
L
b)

L-onuna ycmanoesxu, M-wupuna ycmarnosxu, H-evicoma ycmanogku
1-Uzobpadsicenue, purcupyrouee npeodpazosamenu, 2-npeodbpazoeamens
Pucynox 3.6-Ycemanosxa

YcraHoBKa A BRIPAOOTKH 3JIEKTPOIHEPTHH U3
BETPOBOU SHEPrUH OTIINYaeTCs MPOCTOTOM
KOHCTPYKIIUH, JIOCTYHHOCTBIO MaTepHaoB,
MOOMIIBHOCTBIO ¥ BO3MOKHOCTBIO MCTIONIB30BAHMS JIIIS
MOJTyYSHHS SIEKTPOIHEPTUH M3 OTPAOOTAHHBIX Ia30B B
MPOU3BOJICTBAX. D¢ pexTrBHOCTD YCTaHOBKH
MOBBIIIAETCSA 3a CUeT (POPMUPOBAHUS BUXPS M CIUSHUS
BUXPSI.

MuHMManbHBIE pa3Mephbl arperata CleAyIoIIue:
qmrHa 240 MM, mmpuHa 150 Mm, Beicota 300 MM.
OnHako mpu HEOOXOJUMOCTH BBl MOXETE J00aBUTh
€ro, YMHOXHB >KE€JTaeMBId TapaMeTp Ha 2 B JH0O0M
HaIlpaBJIEHUH, HAIPUMEp, €CJIU BaM HY>KHO YBEIHUYUTh
KOJIMYECTBO NpeolpazoBarelieif, J00aBbTe OMH PsJ U3
JBYX IpeoOpa3oBatenel 1o JJIMHE, a 3aTeM 100aBbTe
JononHuTenbHble 240 MM mupuHoi 150 MM U BbICOTOIM
100 MM COOTBETCTBEHHO K pa3Mepy KOHCTPYKIHH.

BriBoabl

PazpaboTtanHast ~ yCTaHOBKa  JI€MOHCTpPHUPYET
BBICOKYTO 3((EKTHBHOCTH B TIPe0Opa30BaHIH YHEPTUU
BO3YIIHBIX MTOTOKOB B ANIEKTPUIECTBO.
Ncnonp30BaHne  MBE30DJEKTPUYECKHX  AJIEMEHTOB
MO3BOJSIET HE TOJBKO YJIABIMBATH KHHETHYECKYIO
SHEPTHUI0 BeTpa, HO U 3(PPeKTHBHO MPeoOpa3OBHIBATH
e€ 3a cuer MexaHWuyeckux Konebanumii. [Ipocrora
KOHCTPYKLIUU YCTaHOBKH obecrieunBaer eé
JOCTYITHOCTb M JIETKOCTb B COOpKE M SKCILIyaTalyy.
Moy IbHOCTE CUCTEMBI NTO3BOJISIET AAANTUPOBATh €€ K
pa3NUYHbIM YCIOBHSAM IKCIUTyaTaluu u
MacmTabupoBaTrh Ul YBEIMYEHHUS  BBIXOJIHOM

MOIIHOCTH 0€3 3HAYUTEIbHBIX U3MEHEHUI B 0a30BOM
KOHCTPYKIIUH. [IpencraBneHHble JTaHHBIE
MOATBEPKAAIOT MOTEHITAT YCTaHOBKH IS
JATBHEWITNX HCCIEeIOBAHUN W Pa3pabOTKH, BKIOYAs
WHTETPAllUI0 B pa3InYHble HWHPPACTPYKTYPHBIE U

KOMMepUecKne TIPOEKTHI. Bo3moxHOCTD
HCTIONIb30BAHMS Pas3INIHBIX MaTepuaaoB u
KOMIIOHEHTOB JIeJlaeT YCTaHOBKY QJalTHBHON K
pa3HbBIM IIPOU3BOJICTBEHHBIM YCIIOBHAM "
SKOHOMHYECKUM TpeOOBaHUAM. YcraHoBKa
CIOCOOCTBYET MOBBIIIEHHIO 3KOJIOTHYECKOH
YCTOIYUBOCTH 3a cyer HCTIOIb30BAaHUS

BO300HOBIISICMBIX HMCTOYHHUKOB DHEPTUU M CHUKCHUS
3aBUCHUMOCTH OT MCKOIaemoro ToruinBa. [Ipumenenue
MbE302JIEKTPUYECKUX  JJIEMEHTOB,  KOTOpble  HE
TPeOYIOT 3KOJIOTUYECKH BPETHBIX MPOIECCOB IS
cBoeld  paOOTHl,  JONOJHHUTEIFHO  yMEHBINACT
JKoJIoTHYeCKui ymep6. MccnenoBanue moadepKuBaeT
3HAYUMOCTh WHHOBAIIMOHHBIX TIOJXOJ0B B 00NacTH
SHEPTreTHKH,  HamNpaBlIeHHBIX  HA  YJIydIlIeHHUE
TEXHOJIOTHI coopa u WCTIONB30BaHUS
BO300HOBIISIEMBIX HCTOYHHMKOB JHepruu. Pa3zpaboTka
MOTOOHBIX TEXHOJIOTHH CIIOCOOCTBYET YCKOPEHUIO
TEXHOJOTHYECKOTO Iporpecca W OTKPHIBAET HOBBIE
BO3MOYHOCTH JIJIsl YCTOMUMBOTO Pa3BUTHSL.

Baaropapuocts

Pabora  Bbmomnena B HAO  «tOxHo-
Ka3axcranckuili yHuBepcurer uMmeHu M.Ays3oBa» B
paMKax IpoOrpaMMbl T'PaHTOBOIO (PMHAHCHPOBAHUS
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AHHOTANUA
B ILaHHOﬁ CTaTbC pacCMAaTPUBACTCS BIUAHUC HepaBHOMepHOCTCﬁ pacnpeacicHus ra3a Ha pa60Ty armapaTroB
C perynﬂpﬂoi/i CprKTypOﬁ. Ocoboe BHUMaHUE YACTACTCS paBHOMEPHOCTU paClpCACICHUS Ia30BOro 1noToKa Ha
BXOJC B amrmapar, KoTopas B 3HAYUTEIIbHON MEpE 3aBUCUT OT KOHCTPYKIWU Yy3Jjia BBOAA. HCCJ’ICHOB&HI/IH

MpOBOAWINCH IJIA OOKOBOTO BBOJIa Ia30BOro IOTOKa.

Pe3yJ’ILTaTBI NoKa3zaJ MOICPEYHYI0 HECPABHOMCPHOCTH

pactipenielleHus raza MpH Pa3IuIHbIX CKOPOCTAX MOTOKa. J{J1s BRIpaBHUBAHMUS T'a30BOTO IMTOTOKA OBLT pa3paboTaH
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pacrnpeacinTeilb. Takum 06pa30M, HCIOJIB30BaHUC  pACIIPpECACIUTCIIA  Trasa obecrieunBaeT BBICOKYIO
3(h(heKTUBHOCTH pabOTHI HACAIOYHOM 30HBI alnapara.
ABSTRACT

This article examines the influence of uneven gas distribution on the operation of devices with a regular
structure. Particular attention is paid to the uniform distribution of the gas flow at the entrance to the apparatus,
which largely depends on the design of the input unit. The studies were carried out for the lateral input of the gas
flow. The results showed transverse unevenness of gas distribution at different flow rates. A distributor was
developed to equalize the gas flow. Thus, the use of a gas distributor ensures high operating efficiency of the
packed zone of the apparatus.

KiiroueBble cJ10Ba: peryisipHas CTPYKTypa, HEPaBHOMEPHOCTH, T'MIPOJUHAMHYECKOE MOJIEINPOBAHUE,
pactip€aeieHue ra3oBoro moToka.

Keywords: regular structure, irregularities, hydrodynamic modeling, gas flow distribution.

Uneven distribution of gas at the entrance to the Transverse unevenness is observed in almost the
apparatus. A design feature of devices with a regular  entire range of gas flow velocities. The gas flow has the
structure is the regular and uniform placement of  highest speeds at the wall of the apparatus, opposite the
transducers in the volume of the contact zone. The  point of gas entry into the apparatus.
uniformity of distribution of the gas flow as it enters the This is confirmed by the results of measurements
apparatus largely depends on the design of the input  of the velocity field in various sections of the apparatus.
unit. The most common design is a side gas flow inlet. At low and high velocities of the gas flow, its main
Therefore, we carried out studies of the uniformity of  volume passes in sections 3-5 and at the wall of the
gas flow distribution across the cross section of the  apparatus opposite the entry point.
apparatus during lateral supply. To align the gas flow across the cross-section of

During the research, signal tapes were used, the apparatus, we have developed a distribution device
evenly distributed over the cross section of the column  consisting of vertical plates, the lower edges of which
using a wire grid. A qualitative picture of the form an arc, concavely located towards the gas flow.
uniformity of gas distribution was recorded using The height of the vertical plates increases in the
photography, and a quantitative assessment was  direction opposite to the gas inlet fitting, and their
obtained by measuring with a pitot tube complete with  length is equal to the length of the horizontal row of
a micromanometer. The range of changes in gas flow packing elements of the corresponding section plane
velocity was from 1 to 5 m/s. [1-4].

SN (T

» Figuré 1 - Gas flow distributor

Figure 1 shows a gas flow distributor. When a way that their lower edges form a concavity located
installing vertical plates, the gas flow on each plate is  towards the movement of the gas flow, it is possible to
divided into two parts, one of which enters the gap  achieve uniform division of the gas flow across the
between the vertical plates, and the second part is cross section of the apparatus, especially of large
deflected down and moves to the next gap between the  diameter, and thereby ensure high efficiency of the
vertical plates. By arranging the vertical plates in such  packed zone of the apparatus.
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Figure 2 - Field of gas flow velocities across the cross section of the apparatus with distributor

Installation of wvertical plates with a height
increasing in the direction opposite to the gas inlet
fitting ensures uniform division of the cylindrical gas
flow with a nominal diameter corresponding to the
diameter of the inlet pipe. The length of the vertical
plates must be equal to the length of the horizontal row
of packing elements of the corresponding section plane.
This allows the divided gas flow to be evenly
distributed in the gap between the vertical plates.

The research results confirmed the effectiveness
of using a gas flow distributor. When installing a gas
flow distributor in the gas velocity range under study.
As a result, the installation of the distributor helped to
equalize the gas flow across the cross section of the
apparatus, even at low speeds. Measurements of the
velocity field (Figure 2) showed that the average gas
velocities across the cross section of the apparatus
leveled off.

Conclusions

Studies have shown that when the gas flow is
introduced sideways, there is a transverse uneven
distribution of gas across the cross section of the
apparatus. The highest gas velocities were recorded at
the wall of the apparatus opposite the gas injection

point. The uniformity of gas flow distribution
significantly depends on the design of the input unit.
Proper design of this unit can significantly improve the
performance of an apparatus with a regular structure.
The created distributor, consisting of vertical plates
with concave lower edges directed towards the gas
flow, has shown high efficiency in leveling gas
distribution. When installing a gas flow distributor, a
uniform distribution of gas velocity across the cross
section of the apparatus was achieved, even at low
speeds. The use of the developed distributor can
significantly increase the efficiency of the packed zone
of the apparatus, ensuring uniform distribution of gas.
This helps to improve the technological processes
occurring in the device and increases the overall
performance of the system. To further improve the
operation of devices with a regular structure, it is
recommended to continue research in the field of
optimizing the design of distribution devices, as well as
studying the influence of various factors on the
uniformity of gas flow distribution.
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ABSTRACT
The refining industry is a major consumer of water as it uses large volumes of water in various processes
such as cooling, steam generation and product separation. Water scarcity and growing concerns about
environmental sustainability have increased the need to optimise water use in the industry.
One way to optimise water consumption is to use modern water treatment technologies. These technologies

allow refineries to treat and reuse wastewater, reducing freshwater demand and emissions. Membrane filtration,
reverse osmosis and biological treatment are some of the innovative solutions available to treat wastewater for
reuse in refineries. Data-driven technologies, including modelling and simulation techniques, play a key role in
optimising water use in refineries. Using process data and computational tools, refiners can assess the impact
of different optimisation strategies, simulate water use scenarios and identify the most cost-effective solutions.
In addition, real-time monitoring and control systems allow refineries to continuously optimise water
consumption in response to changing operating conditions and environmental factors.

The benefits of optimizing water use in the refining industry extend beyond environmental protection to
include economic and environmental benefits. By reducing freshwater withdrawals, minimizing wastewater
discharges and improving overall water efficiency, refineries can reduce operating costs, increase resource

conservation and reduce environmental risks associated with water pollution and depletion.

Introduction

Justification of the topic of master's thesis

Relevance of the topic: Oil refining industry is
one of the largest consumers of water. In addition, oil
refining processes lead to pollution of water resources
and the environment. Therefore, it is important to
investigate ways to optimize water use in the oil
refining industry in order to reduce the negative impact
on the environment and lower water costs.

One way to optimize water use in the refining
industry is to use water reuse and purification
technologies. This can reduce fresh water consumption
and reduce environmental pollution.

In addition, optimizing water use can lead to
economic benefits for companies because reducing
water consumption also reduces water treatment costs.

Thus, the topic of "exploring opportunities for
optimizing water use in the refining industry" is
relevant and important in light of environmental,
economic and social issues related to water use in
industry.

Purpose of the study: to identify the potential for
reducing fresh water consumption in the oil refining
industry by investigating possible ways to optimize
water use and implement appropriate water reuse and
treatment technologies.

Obijectives of the study:

- analysis of scientific articles and publications on
water use in the oil refining industry;

- study of technical documentation and reports of
oil refining industry enterprises;

- study of existing technologies of water reuse and
purification in the oil refining industry;

- evaluation of the effectiveness of
implementation of the proposed recommendations and
economic benefits from the use of technologies of
water reuse and treatment in the oil refining industry.

practical significance of the work:

- optimization of water use in the oil refining
industry will save resources and reduce the negative
impact on the environment;


https://www.doi.org/10.31618/ESU.2413-9335.2024.1.119.2027

56 Espaasutickuti Coto3 YyeHbix. Cepusi: mexHU4ecKue u (usuko-mamemamuydeckue Hayku. # 04(119), 2024

- the study of water reuse and purification
technology will significantly reduce the consumption
of fresh water and the cost of water treatment.

Water consumption in the oil refining industry

Specific norm of water consumption at the
enterprises of Pavlodar Oil Chemistry Refinery “POCR
LLP” - 25,656 m3/tonne, including water consumption
of fresh technical water for technological needs - 0.134
m3/ton. Water consumption for process needs 23.841
m3/tonne. Water consumption for re-used water for
technological needs - 0.966 m3/tonne. Specific norm of
water consumption for household and drinking needs -
0.037 m®/tonne.

The main technological processes that use process
water for their optimal process.

A modern oil refinery uses hundreds of cubic
meters of water per year in recycled water systems for
production processes. In addition to recycled water, the
refinery uses technical fresh water for production
purposes. Water consumption for fire-fighting needs
and for household and drinking water consumption by
the refinery and its residential complex is envisaged.

Electric Desalting Unit. Oil coming to the
refinery may contain up to 2% of water and up to 0.5%
of dissolved salts. In order to ensure high performance
of oil refining process units it is necessary to supply oil
with salt content not more than 2 - 5 mg/l and 0.2% of
water. That is why at refineries the oil coming from the
fields is subjected to desalting and dehydration in
electrodistillers at electric desalting unit, where under
the action of electric current of high voltage there is a
destruction of persistent water-oil emulsions. Electric
dehydrators work in two stages.

The process is carried out in the presence of
demulsifies. Water required for oil desalting is supplied
to the second stage of ectrodehydrators. The water
separated from the oil, as well as the water used in the
desalting process, is discharged into the sewage system.
It is contaminated with salts, oil products, mechanical
impurities, demulsifies.

Primary oil refining unit. Water at oil distillation
units is used to cool oil products. At ATS unit’s
condensation of oil product vapors and gases is carried
out by direct mixing of vapors with cold water in
barometric condensates. Cooling water contaminated
with oil products and hydrogen sulfide (when
processing sulfuric oil) is discharged into the sewerage
system. Barometric condensers are a significant source
of contaminated wastewater generation. At modern
refineries barometric mixing condensers are replaced

by surface type condensers (where there is no direct
contact of water with oil products) with utilization of
waste gases. When crude oil is distilled, the sulfur
compounds it contains are converted to petroleum
products. The presence of sulfur compounds in oil
products is inadmissible, as they cause corrosion of
equipment. Cleaning of oil products from sulfur
compounds is carried out with 10 - 15% alkali solution
(NaOH), which after repeated use is discharged into the
sulfur-alkali sewage system. Concentration of spent
alkaline solution is 1 - 2% contaminated with sodium
sulfides, mercaptans, other sulfur compounds and
phenols.

Thermal and catalytic cracking unit. At these
units, products obtained during direct distillation of
crude oil at ABT are subjected to thermal and catalytic
cracking in order to increase the selection of light oil
products. cooling and condensation of finished
products is carried out with water from the recycling
water supply system. Water is heated up to 45°C, and
in coolers up to 70 - 80°C. In case of equipment
malfunction the water becomes contaminated with oil
products. When the recycling water supply system is
purged, the contaminated water is discharged into the
sewage system.

In addition, water is discharged from the water
separator, where it is formed as a result of condensation
of water vapor. Due to direct contact with oil products
this water is significantly contaminated with
hydrocarbons. At processing of sulfurous and highly
sulfurous oils water process condensates contain a
significant amount of ammonium sulfides and phenols.

Wastewater composition Wastewater pollution of
oil refineries depends on the composition of the
processed oil, the profile of the plant, the state of the
process equipment, the correctness of connection of
installations to sewerage systems. The quality of certain
types of wastewater according to the main sources of
their formation can be characterized as follows. The
composition of process condensates obtained as a result
of water vapor condensation in process units depends
on the process, type of reagents and inhibitors used, oil
quality.

The table shows the characteristics of process
condensates formed during deep processing of
sulfurous and high-sulfur crude oils. Plants refining
sulfur and high-sulfur oils produce concentrated sulfur-
alkali wastewater, which may have the following
composition (at 10% concentration):

Table - 1.
Sulfur-alkaline wastewater.
Sulfides 26000 mg/I
Sulfur 35000 mg/I
Volatile phenols 5000 mg/I
Alkalinity (NaOH) 100000 mg/I
Petroleum products 3000 mg/I
pH 14
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Table — 2.

Calculation of water consumption and water discharge for technological needs of Pavlodar Oil Chemistry
Refinery “POCR LLP” for 2020-2024

Water consumption m*/year Wda_stewater
. isposal
Days in Losses Reverse
ayear _ Fresh _ m?3/year | I
Overall: industrial Recyclable | Reversible system | system
water
Primary oil treatment facility
365 | 47166,1 | 516,5 | 8648 | 457848 | 16 | 457848 | 9543 | 4249
Deep Refining Production
KT-1
365 | 263291 | 29 | 4054 | 258947 | 402 [258947| 0 | 3942
Heavy Oil Residue Refining Production
365 | 219876 | 0 126909 | 192697 | 16 | 19269,7 | 2084,1 | 605,2
Sulphur production and general plant facilities
365 | 102267,2 | 549,9 39611 |  97756,2 478 | 97756,2 | 3038,9 | 1424,3
Industrial wastewater is generated when water is  municipal wastewater and require complex and

used in various technical processes. The quantity,
composition and concentration of pollutants are
determined by the following factors: type of industrial
production and type of technological process,
composition of raw materials and manufactured
products, composition of fresh water and its intended
purpose characteristics of the technological process
Concentrations of pollutants in wastewater of different
enterprises are not uniform, fluctuate within wide limits
over time in individual shops or in the enterprise as a
whole. Uneven flow and concentration of wastewater
can affect the performance of wastewater treatment
plants and hinder their operation.

The performance of wastewater treatment plants is
an impairment and hindrance to their operation.

Depending on the degree of pollution, industrial
wastewater can be divided into three main categories:

- conditionally clean, causing no change in the
physical or chemical composition of water in a body of
water. It does not require treatment. Such water usually
comes from heat-exchange equipment and is also
generated during cooling of equipment and production;

- standardly treated water - water that has been
treated to the maximum permissible concentration of
pollutants and the discharge does not change the quality
of the water body;

- polluted water - water discharged without
treatment or with insufficient treatment, in which the
concentration of pollutants exceeds the maximum
permissible concentration.

Water discharged without treatment or with
insufficient treatment in which the concentration of a
pollutant exceeds the maximum permissible
concentration in terms of dilution and self-purification
in a water body.

Water bodies. Polluted wastewater is usually
divided into three groups: polluted mainly by organic
impurities, polluted mainly by mineral impurities and
polluted by a mixture of these impurities. At most
enterprises, both mineral and organic impurities are
present in wastewater in some proportion.

Industrial wastewater poses the greatest threat to
water bodies. They are much more difficult to treat than

expensive treatment facilities. The diversity of the
composition and nature of pollutants contained in
industrial wastewater requires the use of various
physical, chemical, chemical and biological methods of
treatment. Industrial wastewater is accepted into
municipal sewerage systems with restrictions.

In the conditions of modern development,
wastewater from chemical and petrochemical
industries is one of the most serious sources of surface
water pollution. Typical pollutants of wastewater are
heavy metal ions and various organic substances
contained in oil and petroleum products. Adsorption
treatment is often used to reduce the concentration of
pollutants in water to the level of maximum permissible
concentrations.

Adsorption treatment method allows to remove
dissolved and emulsified effluents, as well as unmixed
hydrocarbons from wastewater with residual oil content
up to 0.05 mg/ m3. Modern technologies do not provide
sufficiently effective treatment of wastewater from
heavy metal ions. After treatment with reagents, the
residual content of metals is 1-5 mg/ m, while the
residual content of heavy metals for most metals is 0.1-
0.001 mg/ m®. Absorption methods are also used for
further treatment of low-concentration waters. These
methods allow to extract substances from solutions of
any concentration, including very low concentrations,
at which other methods are ineffective.

Conclusion

In conclusion, we would like to note that the study
of water consumption in the oil refining industry can
lead to a significant improvement in the quality of
treated wastewater and in the secondary use for make-
up of recycling systems instead of fresh process water.

For realization of the given purpose, the analysis
of scientific articles and publications, study of technical
documentation and report of the enterprise of oil
refining industry was made.

Optimization of water consumption at oil
refineries can be achieved through a number of
measures, including the use of modern technology and
equipment, improving the efficiency of water use,
recycling and reuse of wastewater.
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In general, optimization of water consumption in
the oil refining industry is an important and promising
area that can lead to an increase in production
efficiency and reduce the negative impact on the
environment.
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TJIABHBIA PEJJAKTOP

Makaposckuii JleHuc AHaTOIbEeBUY

AuthorID: 559173

3aBenyrommii kadeapoil OpraHU3alMOHHOTO YHpaBieHWs VHCTHTyTa NPHUKIAJHOTO aHajiu3a IOBEICHHS WU
MICHXO0JIOTO-COIIMANIBHBIX ~ TEXHOJIOTWH, NPAKTHKYIOUIMH IICUXOJIOT, CIEeNHaIUCT B cdepe yrnpaBiIeHHs
obpazoBaHHUEM.

PEJAKIIMOHHASA KOJIJIEI'UA

IITepen3on Bepa AHatoJibeBHa

AuthorID: 660374

VYpanbckuii penepanbHbeiii yHHBepcuTeT uM. nepBoro [Ipesumenta Poccum B.H. Enbina, MHCTHTYT HOBBIX
MarepuanoB 1 TexHonorui (ExatrepunOypr), kKaHAuAaT TEXHUYECKUX HayK

CunbkoBckuii AHTOH BiragumupoBuy

AuthorID: 806157

MOCKOBCKHI TOCYAapCTBEHHBIN TexHoJornueckuii yHuepcurer "CrankuH", Kadenpa HHPOPMALHOHHON
6e3omacHoctn (MOCKBa), KaHANAAT TEXHMYECKUX HAyK

ITepen3zon Bragumup AJsiekcaHApOBHY

AuthorlID: 762704

VYpaneckuii  (enepanpHBI  yHuUBepcuUTeT uM. TmepBoro Ilpesumenta Poccumm b.H. Empmuna, WHCTHTYT
¢ynnamenTanbHOTO 00pazoBanus, Kadenpa teopernueckoit mexanuku (ExarepunOypr), KaHIUIAT TEXHIIECKUX
HayK

3bikoB Cepreii ApjieHOBHY

AuthorID: 9574

Wucrutyt dpusukn mertaiuioB um. M.H. Muxeesa YpO PAH, Otien TeopeTHueckoil 1 MareMaTHYeCKo (HU3MKH,
JlaGopaTopus Teopun HelMHeWHbIX siBieHni (ExatepuHOypr), kKanauaar Gpus-Mar. HayK

Jponceiiko Butanmii BuranbeBuu

AuthorlID: 1051220

MockoBcKkuii aBTOMOOMIBHO-TOPOKHBIN TOCyNapCTBEHHBIN TexHUUeckuit yamBepcuteT (MAJIU), Kadenpa
"Opranmszanys 1 6e30macHOCTh BIKeHU" (MoCKBa), KaHIUAAT TEXHIYECKUX HAYK

Cratpy, MOCTYyNAIONME B PEAAKIHUIO, PEIEH3UPYIOTCS. 3a J0CTOBEPHOCTh CBEJCHUH, M3JIOXKEHHBIX B CTaTbiX,
OTBETCTBEHHOCTh HECYT aBTOPBI. MHEHHE pelaKIlNK MOXKET HE COBIa/IaTh C MHEHHEM aBTOPOB Matepuaiios. [Ipu
neperneyaTKe CChIIKa Ha )KypHaI o0s3aTenbHa. MaTepHaisl MyOTHUKYyIOTCS B aBTOPCKON peIaKIIny.

Kypnan 3apeructpupoBan OenepaibHOi Ciry>k001 T0 HaA30py B chepe CBA3M, HHPOPMAIIMOHHBIX TEXHOJIOTHH 1
MaCCOBBIX KOMMyHHKaHHﬁ.
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