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The purpose of this work is to ensuring the strength of main gas pipelines bends by studying the peculiarities
of single-phase and multiphase flows movement through the internal cavity, the processes of erosion wear and the
wall stress state. The problem of synergistic influence of gas-dynamic processes (uneven pressure distribution in
the internal cavity), temperature difference and erosion wear on the stress state of the bends of main gas pipelines
was solved by numerical simulation. Based on the results of simulation the processes of bends erosion wear, an
algorithm for three-dimensional simulation of bend walls erosion defects was developed. The complex three-
dimensional geometric shape of the erosion defects of the bend wall varied according to the rate of erosion wear
process. This algorithm made it possible to determine the regularities for the influence of the bend erosion defects
magnitude on bends stress state. It was established that considering the maximum depth of bend erosion defects 9.6
mm, 10.5 mm and 11.9 mm, the equivalent stresses in the deepest places of the erosion defect were greater than on
the concave side of the bend and in straight sections of the pipeline.
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Introduction

Modern gas transmission systems are complex
branched networks of pipelines containing a large number
of shaped elements. The most common shaped elements
of gas pipelines are bends. The largest number of bends is
contained in the string of compressor stations,
underground gas storages, gas distribution stations, etc.
Bends contain compensators for aboveground crossings of
gas pipelines, and they are also in the places of turns of the
pipeline route in the horizontal and vertical planes.

In gas pipelines’ bends, the flow direction changes by
an angle of 45° 60° 90° which leads to an uneven
distribution of pressure and flow velocity in their inner
cavity. Also, in such shaped elements, dispersed phases in
natural gas flow hit the wall, which leads to the processes
of erosive wear and to the occurrence of erosion defects.
Erosional defects of the bend wall affect their stress state
and are dangerous, since they are in-line and visually
invisible and unpredictable.

To ensure the reliability of gas pipeline bends, their
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wall thickness should be periodically measured, as
accurately as possible to assess the degree of erosion-worn
bends danger and predict their residual life. All this will
improve the quality of diagnostics of the gas transmission
system and affect the efficiency of its operation [1]. For
this purpose, it is necessary to identify the locations of
intense erosional wear of the bends, to investigate the
stress state of such erosion worn pipe fittings, by taking
into account the extremely complex three-dimensional
geometric shape of erosional defects and gas-dynamic
processes that occur in their internal cavity. The solution
to this problem will make it possible to assess the strength
and determine the residual life of erosion-worn gas
pipeline bends, prevent emergencies and determine the
frequency of routine maintenance to inspect gas pipeline
bends in locations of their erosive wear.

The study of the single-phase, multiphase flows
movement dynamics in the pipeline systems bends began
in the early 1960s. Such studies were mainly carried out
experimentally in laboratory conditions. The result was in
the structure of the flow, which was determined by its
visualizing in transparent bends [2-4]. However, the
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physical picture of the flow in pipeline bends is complex,
three-dimensional, and depends on many factors and is
extremely difficult, so in many aspects it is impossible to
study it experimentally, or calculate theoretically.
Moreover, experimental studies have many disadvantages.
In the real conditions of pipelines operation, especially
concerning main gas pipelines, such experiments are
generally impossible to perform due to a number of
different reasons. Therefore, there are many unresolved
issues related to gas-dynamic processes, flow energy
losses in gas pipeline bends. This is particularly true for
multiphase flows, since in gas pipeline flows there are
liquid and solid dispersed phases of various physical and
mechanical properties. Liquid dispersed phases can be
hydrocarbon condensate, water, and solid - particles of
rocks removed from the well, scale, which has exfoliated
from pipes, products of in-pipe corrosion [5-9]. All this
leads to the fact that the prediction of erosive wear of pipe
system bends is an extremely difficult and little studied
problem today. In addition, a wide range of different
parameters affects the location and rate of erosive wear of
gas pipeline branches.

As well as corrosive wear [10-12], erosive wear is one
of the factors affecting the stress-strain state of the bends,
reducing their residual life [13]. Also, the stress-strain
state of pipeline bends is influenced by a complex uneven
distribution of pressure in their internal cavity, a change in
pressure in the pipeline [14-17], bending of the pipe [18].
All these circumstances are superimposed on each other
and on the complex geometric shape of the bends. For this
reason, the bends contain zones with an increased level of
stress-strain  state, which significantly affects their
strength. Therefore, to assess the strength of gas pipeline
systems bends, synergy of gas-dynamic processes in their
internal cavity, processes of erosive wear and stress-strain
state in a three-dimensional setting is required, namely, it
is necessary to perform multidisciplinary modeling.
Analytical, numerical, experimental studies in literature
relate to individual processes that occur in the bends -
hydro-gas dynamic or erosive wear or stress-strain state.
Currently, no attempts have been made to create a synergy
of these processes, to combine them into a single integral
physical picture. In many cases, there are no sufficiently
expressive physical ideas about the laws of the processes
that occur in the branches of gas pipeline systems, their
influence on the wall and the basic equations that
described these processes are often impossible to obtain.

Since it is impossible to obtain an analytical solution,
numerical modeling can be used to establish quantitative
relationships in modern software systems, which is an
effective tool for solving such problems, both in a complex
(multidisciplinary modeling) and partially. Visualized
results of such modeling allow to see in detail a complex
three-dimensional single-phase or multiphase flow inside
various shaped elements of gas pipeline systems [19-22]
and to study the distribution of pressure, flow velocity,
kinetic energy of turbulence, to determine the trajectories
of dispersed phases in the continuous phase, the location
and rate of erosive wear of the wall, etc. The results of
numerical modeling also help to create three-dimensional
models of shaped elements of gas pipelines with erosional
defects of complex structure, which will occur at certain
intervals of pipeline operation. Also, the results of gas-
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dynamic modeling, three-dimensional models of shaped
elements with complex erosion defects can be imported
into strength modules and perform synergy of the studied
processes (multidisciplinary modeling), which makes it
possible to comprehensively study the stress-strain state of
defective shaped elements of gas pipelines; and for main
gas pipelines tees [23].

Nowadays, numerous studies of the dynamics of the
movement of single-phase, multiphase flows in the shaped
elements of pipeline systems, their erosive wear, stress
state is small are presented in publications, and, mainly,
they relate to water pipelines and pneumatic pipelines of
small diameters. The geometric shape of defects in all
analytical, numerical studies of the stress state of defective
shaped elements [24-25] is extremely simplified
(idealized to spherical or rectangular) and does not
correspond to the real geometric shape of such defects.

Repair of erosion worn-out pipeline bends is difficult
due to their complex geometric shape. Effective
technologies for the repair of such bends are trenchless
technologies, which consist in pulling a hose or flexible
composite pipe with a piston. The regularities of the
technological process of pulling the hose and pipes by the
piston into the worn out steel pipelines were investigated
in [26, 27].

I. Numerical model

To solve the problem of main gas pipelines strength
research, the ANSYS Academic finite element analysis
software was chosen. The procedure for numerical
modeling of the problem under consideration consists of
the following stages:

— modeling of the three-dimensional geometry of the
bend walls and its internal cavity;

— CFD modeling of gas-dynamic processes in the
internal cavity of the bens, applying the ANSYS Fluent
module;

— import of three-dimensional geometry of the bend
wall and the obtained results of CFD modeling from the
ANSYS Fluent module into the ANSY'S Static Structural
mechanical module of the software package;

—modeling of the temperature difference in the bens
wall in the Transient Thermal module;

—import of the obtained results of modeling the
temperature difference in the bend wall from the Transient
Thermal module to the ANSYS Static Structural
mechanical module;

—simulation of the stress state of the bend in the
mechanical modules ANSY'S Static Structural.

The calculation scheme specified in the ANSYS
Workbench calculation environment for numerical
simulation of the problem under consideration is shown in
Fig. 1.

CFD modeling of continuous phase flow by a gas
pipeline bend was performed in ANSYS Fluent by
numerical estimation of the Navier-Stokes and flow
continuity equations, which were locked by a two-
parameter turbulence model [28].
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In order to fully investigate the processes of erosive
wear of the main gas pipeline bends, it is necessary to
determine the places of intense impact of dispersed
particles into its walls, the speed, concentration, particle
diameters, angles of attack in the place where the impact
occurs. For such studies, the Lagrangian approach (DPM
(Discrete Phase Model)) was chosen in ANSYS Fluent.
This approach is based on the consideration of the motion
of each dispersed phase individual particle under the
action of forces from the flow of the continuous phase.
The Lagrangian DPM model made it possible to determine
and study the trajectories of a dispersed phase particles
movement in a continuous phase flow by solving the
differential equation of particles motion [29]. Finney's
model [30] was chosen to simulate erosive wear of a gas
pipeline bend, which is used for plastic materials such as
pipeline steels. The stress state of gas pipelines in the
ANSYS Static Structural module was modeled by the
finite element method. The most basic ideas of the finite
element method are discussed in [31].

1. Geometrical modelling

Three-dimensional geometric models of a gas pipeline
bend with a bend angle of 90° (Fig. 2), which are
widespread in the gas industry, were drawn. The outside
diameter of the bend: Do pend = 1420 mm; the nominal wall
thickness: dnpend = 24 mm. The elbow was modeled with

investigate the strength of the bend taking into account all
the loads acting on it, it is necessary to solve the problem
of the dynamics of the gas flow by the bend and the
stresses in its wall in complex. Therefore, two separate
volumetric geometric models were drawn. Geometric
model of the inner cavity of the branch, along which the
gas flow moves, and the geometric model of the branch
wall.

I11. Simulation of gas-dynamic processes

CFD simulations of gas-dynamic processes in the
internal cavity of gas pipeline bends were performed in the
ANSYS Fluent module. For this purpose, a tetraider
volumetric computational grid was generated in the
Fluent-Meshing preprocessor. In order to describe the
near-wall processes as qualitatively as possible, a near-
wall layer of gratings was created. The turbulence model
was the standard two-parameter Realizable. The near the
wall flow was simulated by the near-wall Enhanced Wall
treatment function. Natural gas was chosen as the media
from the ANSYS Fluent material database. To set the
characteristics of liquid and solid dispersed particles that
are contained in the continuous phase, the Discret Phase
model was selected by the Lagrangian model. Condensate
and sand, which are most often found in

v A v B v C

2 (i) Geometry v 4 2 g EngineeringData v/ 4 2 g Engineering Data v/

3| @ Mesh A 3 | Geometry v 3 0 Geometry V5

4| @ setwp e 4 @ Model P 4 @ Model P

5 ﬁ Solution > B 5 a Setup v 4 5 @, Setup v ‘

6 @ Results - 6 @5 Solution v 4 6 | @5 Solution v o4
Fluid Flow (Fluent) 7 @ Results V4 7 @ Results R

Transient Thermal

Static Structural

Fig. 1. Calculation chart provided by ANSYS Workbench.

Fig. 2. Geometrical model of bend with adjusted pipe’s sections: 1 — bend 90° 1420x24; 2 — pipe 1420x18.7;
3 — geometrical model of bend and adjusted pipe’s inner cavity.

adjacent pipe sections of length 1 m, outside diameter: D,
= 1420 mm and nominal wall thickness: 6,=18.7 mm. To
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natural gas transported through gas pipelines, were
specified as dispersed phases.

The characteristics of the dispersed phases and the
boundary conditions that were set in the ANSYS Fluent
preprocessor are given in Tab. 1.

In the postprocessor ANSYS Fluent, ANSYS CFD,
the results of modeling the gas-dynamic processes in the
bend were visualized. The results obtained made it
possible to see the structure of the gas flow in the bend,
the trajectories of condensate droplets and sand particles

in the bend, to determine the places of intense erosion
processes in the bend. Visualization was performed by
plotting pressure fields in the plane of the horizontal
longitudinal section of the bend (Fig. 3, a) and on the
contours (Fig. 3, b), trajectories of condensate droplets and
solid particles in the continuous phase flow, which were
colored corresponding to their velocity (Fig. 4, b) and
diameter (Fig. 4, c, d) in accordance with the scale of

Table 1

Parameters of multiphase flow CFD modelling in the research bend

Fluid Natural gas Condensate Sand
Mass flow at the inlet, kg/s 697.9 0.25 0.0019
Outlet pressure, MPa 4.93 - -
Density, kg/m® - 960 2800
Temperature, K 297 297 297
Turbulence intensity, % 5 - -
Maximum particle diameter, mm - 0.34 0.12
Minimum particle diameter, um - 3 0.1

. s o

= (':) =

4923890 _,
(Pa] 5 = - .

Fig. 4. The results of modeling the motion of the dispersed phases in the gas flow bend: a) — trajectories of the dispersed
phase; b) — trajectories of the dispersed phases are colored corresponding to their speed; c) — trajectories of the
condensate droplets are colored corresponding to their diameter; d) — trajectories of solid particles are colored

corresponding to the diameter of the particles.
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values, the field of concentration of the dispersed phase
(Fig. 5, a) and the field of the rate of erosive wear (Fig. 5,
b, ¢) on the contours diversion.

The pressure in the inner cavity of the bend is not
evenly distributed (Fig. 3). In the bend, the pressure
increases in the direction from the concave to the convex
side. At the concave side of the bend, the pressure drops
to 4923890 Pa, and at the convex side it rises to
4931980 Pa. This uneven pressure distribution influences
the stress state of the bend.

Studying the trajectories of condensate droplets and
solid particles, it was found that in the bend convex side,
most of the dispersed phases (up to 40 %) move in
trajectories that approach the wall at the turning point, but
the particles do not hit the wall. A smaller part of the
dispersed phases at the point of the bend turn moves along
trajectories whose radius is larger than the bend radius, as
a result of which condensate drops and solid particles
impact the bend wall and pipe welded to it on the right side
(Fig. 4, a). The most intense impact of dispersed phases to
the wall occurs at the end of the bend from its convex side
and at the beginning of the pipe welded to the bend. With
the distance from the bend turn, the angle of impact
decreases. At the end of the bend, the angle of impact is
about 40°, and along the pipe welded to the bend, the angle
of impact decreases. The velocity of dispersed phases in
the place of shock, where the bend ends, is about 8.5 m/s,
and at the beginning of the pipe welded to the bend it
reaches 13 m/s (Fig. 4, b).

Changing the direction of the gas flow in the bend
leads to a restructuring of the velocity profile of the
continuous and dispersed phases in longitudinal and cross
sections (Fig. 4, b). Along the concave side, the dispersed
phase accelerates to 25.8 m/s, and along the convex side,
decelerates to 7 m/s. At the exit from the bend along its
convex side, the dispersed phase accelerates to 13 m/s, and

along the concave side slows down to 6 m/s.

The dispersed phase in the bend is redistributed
unevenly along the diameter (Fig. 4, c, d). Most of the
dispersed phases of large diameters, move from the
convex side of the bend and some of them hit the wall of
the bend and the wall of the pipe welded to the bend.
Dispersed phases of smaller diameter move from the
concave side of the bend.

IV. Erosive wear modelling

It can be seen from the concentration fields of the
dispersed phase on the bend outlet that intense impact of
liquid and solid particles to the wall occurs from its convex
side (Fig. 5, a). The impact point extends along the bend
and the adjacent pipe starting from the middle part of the
bend and for a length of 1.5 m from the circular weld in
the direction of the fluid movement by the pipe adjacent
to the bend. The most intense impact of the dispersed
phase to the wall occurs from the convex side of the bend
at the location of gas flow outlet and at the beginning of
the adjacent straight pipe section (maximum concentration
of dispersed phases on the circuits 1.4 kg/s).

The erosive wear rate fields on the bend circuits made
it possible to conclude that the most intense erosive wear
occurs on its convex side between the angle of 60° and 90°
at the point of gas flow outlet and at the beginning of the
pipe welded to the bend for a length of 0.1 m in the
direction of gas flow motion (Fig. 5, b, c).

The maximum erosive wear rate of the bend is
2.0-108 kg/ m?-s. At this speed, the wall of the bend
becomes thinner at a rate of 0.08 mm/year. The rate of
erosive wear decreases sharply at the beginning of the

0.00

[kg/m"3]

2.00e-08
1.70e-08
1.40e-08
1.20e-08
9.10e-09
6.50e-09
3.80e-09
1.30e-09
0.00e+00

[kg/m”3]

b)
Fig. 5. The results of erosion wear modeling in the branch: a) — field concentration of dispersed phases on the circuits;
b), c) — field of erosion wear rate on the contours.

pipe welded to the bend (Fig. 5, b, c), although the intense

0.00e+00
[kg/m”3]

c)

impact of liquid and solid particles on the wall of the pipe
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welded to the bend occurs along the following 1.5 m from
the circular weld (Fig. 5, a) in the direction of fluid
movement. The reason for this is in a decrease in the angle
of impact as the dispersed phase impact site moves away
to the wall of the pipe welded to the bend from the
circumferential weld.

The process of bends erosive wear occurs at a certain
rate and the depth and shape of erosion defects are
changing all the time. There is a constant increase in the
size of erosion defects. In order to take into account the
influence of the complex three-dimensional shape of the
inner surface of the bend wall in place of erosion wear and
an increase in the magnitude of erosion defects on the
stress state of the bend, it is necessary to develop
geometric models of bends with erosional defects of the
wall at certain intervals. The wall of the pipe bend in the
place of erosive wear must be "moved" in accordance with
the rate of erosive wear. For this purpose, the field of
erosive wear rate on the bend contours (Fig. 5, b) was used
for calculating the value of bend erosive wear rate at many
of its points by which the rate of wall thinning at these
points was calculated. Based on the rate of the bend wall
thinning, the value of the bend wall thinning were
determined at many points of the bend after 30, 42, 46 and
52 years of gas pipeline operation, and geometric models
of bends with a complex three-dimensional geometric
shape of erosional wall defects were built (Fig. 6), which
will be at certain intervals time. The maximum depth of
erosional defects in the bend wall after 30 years of
operation was 6.9 mm, 42 years - 9.6 mm, 46 years - 10.5
mm and 52 years - 11.9 mm.

V. Modelling of temperature difference

Temperature influences cause longitudinal forces in
the pipe walls, shaped elements of gas pipelines, which

4.909¢6
4.90658e6 Min

depends on the value of the temperature difference. The
temperature difference is the difference between the
maximum or minimum possible temperature of the
pipeline walls during operation and the lowest or highest
temperature of the pipe walls, at which the design diagram
of the pipeline is fixed. For underground pipelines, the
temperature  difference  is  assumed to  be
+ 40°C.

The temperature difference in the bend wall was
simulated in the Transient Thermal module for thermal
processes calculations. To accomplish this, the
characteristics of the pipe steel were set, the temperature
of the branch wall at the initial moment of time (+20 °C)
and the temperature of the branch wall at the final moment
of time (-20 °C).

V1. Results and Discussions

The stress state of the gas pipeline bends was
simulated in the mechanical modules ANSYS Static
Structural. For this purpose, the 3D geometry of the bend
wall with and without erosion defects was imported into
this module. In the material database, pipe steel of strength
class K60 was specified (ultimate strength MPa: o = 589
MPa, yield strength: oys = 441 MPa).

To take into account the influence of uneven pressure
distribution in the bend internal cavity (Fig. 3) on its stress
state, the results of gas-dynamic modeling from the
ANSYS Fluent module were imported into the ANSYS
Static Structural mechanical module. The pressure
distribution on the bend inner wall was imported (Fig. 7).
To account for the effect of the temperature difference on
the stress state of the bend, the temperature difference
simulation results from the Transient Thermal module
were imported into the ANSYS Static Structural

N\

Fig. 7. The results of the calculation of the pressure distribution on the inner wall of the bend imported from
ANSYS Fluent 8 ANSYS Static Structural.

lead to the occurrence of longitudinal temperature
stresses. The magnitude of the temperature stresses
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Fig. 8. Distribution of equivalent Mises stresses in the bend wall: a) — from the impact of internal pressure; b) —
from the impact of internal pressure and temperature difference.

The results of numerical simulation of the stress state
of the bend without erosion defects were visualized by
plotting the distribution of equivalent stresses according to
Mises principle in the bend walls from only the internal
pressure impact (Fig. 8, a) and from the impact of internal
pressure and temperature difference (Fig. 8, b). Equivalent
stresses are unevenly distributed in the bend wall. Their
maximum values are observed from the bend concave side
(the highest value is 197.7 MPa in case of only internal
pressure impact and 250 MPa under the impact of internal
pressure and temperature difference), the minimum values
are observed with the convex side (the lowest value is 95.5
MPa under only the internal pressure impact and 44.9 MPa
under the impact of internal pressure and temperature
difference). The minimum bends safety margin is
observed from the concave side. In this case, the
equivalent stresses in the wall of the bend from its concave
side are greater than in the straight sections of the pipeline.
The highest value of the equivalent Mises stresses from
the bend concave side is 197.7 MPa in case of only internal
pressure and 250 MPa in the case of internal pressure and
temperature difference.

Modeling of the stress state of a bend with erosional
defects of the wall was carried out in the same way as
modeling the stress state of a bend without defects. For
such modeling, firstly geometric models of bends with a
complex three-dimensional geometric shape of erosional
wall defects (Fig. 6) were imported into the ANSYS
Fluent fluid dynamics module for modeling gas dynamic
processes and into the Transient Thermal processes
calculation module to simulate the temperature difference
in the bend walls. Then the results of such simulations and
geometric models of erosion-worn bends were imported
into the mechanical module ANSY'S Static Structural to
simulate the stress state.

The results of modeling the stress state of bends with
erosional wall defects were visualized by plotting colored
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fields of equivalent Mises stresses in the bend wall from
the impact of only internal pressure (Fig. 9, a, b, d, f, g)
and from the action of internal pressure and temperature
difference (Fig. 9, c, e, h, i) for different sizes of erosion
defects.

If the maximum depth of the erosion defect of the
bend wall was 6.9 mm, then the maximum equivalent
stresses were concentrated from the concave side of the
bend and in deep places of the erosion defect (Fig. 9, a, b,
c). If the maximum depth of erosional defects of the bend
wall is 9.6 mm, 10.5 mm and 11.9 mm, then the maximum
equivalent stresses were concentrated in the deepest places
of the erosion defect (Fig. 9, d, e, f, g, h, i). The values of
the maximum equivalent stresses in the bend with
erosional defects of the wall obtained from the impact of
only internal pressure and from the impact of internal
pressure and temperature difference are given in Tab. 2.

Conclusion

Changes in the direction of flow in main gas pipelines
bends leads to the occurrence of a transverse pressure
gradient, dispersed phase impacting the wall, which leads
to erosive wear. In bends with a bend angle of 90°, about
40 % of the particles of the dispersed phase are impacting
the wall, while the concentration of particles of larger
diameter at the impact site is much higher than less. The
most intense impact of particles occurs at the end of the
bend from its convex side and at the beginning of the pipe
welded to the bend. Therefore, the maximum erosive wear
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Fig. 9. Distribution of equivalent Mises stresses in the bend with erosive wear of the wall: a), b), ¢) — maximum
depth of the erosion defect of the wall 6.9 mm; d), €) — maximum depth of the erosion defect of the wall is 9.6
mm; f), g) — maximum depth of the erosion defect of the wall is 10.5 mm; h), i) — maximum depth of the erosion
defect of the wall is 11.9 mm.

of the bends occurs from their convex side at the place of
the gas flow outlet between the angle of 60° and 90° of the
bend and at the beginning of the pipe welded to it in the
direction of flow.

The problem of the synergistic effect of gas-dynamic
processes (uneven pressure distribution in the internal
cavity), temperature difference and erosion wear on the
stress state of main gas pipelines bends was solves by
means of numerical modelling. The obtained results of
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modeling the processes of bends erosional wear made it
possible to develop an algorithm for modeling three-
dimensional erosional defects of their walls. The complex
three-dimensional geometric shape of bend erosional
defects varied in accordance with the rate of their
erosional wear. This algorithm made it possible to
determine the regularities of the influence of bend
erosional defects magnitude on their stress state. It was
found that with a maximum depth of erosion defects in the
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Table 2

Maximum equivalent stresses in the bend with erosive wall defects

. . Maximum equivalent stresses, MPa
Ne Maximum depth of pipe Internal pressure and temperatur
B wall erosion defect, mm Internal pressure impact ernal pressure and temperature
difference impact
1 6.9 204.3 240.9
2 9.6 231.1 267.0
3 10.5 257.0 287.8
4 119 313.6 342.7

bend wall of 9.6 mm, 10.5 mm and 11.9 mm, the
equivalent stresses in the deep places of the erosion defect
are greater than on the concave side of the bend and in
straight sections of the gas pipeline and can lead to a loss
of strength.

The results obtained make it possible to determine
early the location of erosion defects in the wall of gas
pipelines bends, to assess their performance and to rank
such bends with defects according to the degree of danger,
to determine which of them are in critical condition and
require immediate repair.
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Bukonano CFD mopemoBaHHS pyXy 0aHO, Oararo)a3HOTO ra3oBOTO NOTOKY BiJBOJOM MaricTpalbHOTO
ra3onpoBojy, €pO3iMHOro 3HOIIYBaHHS HOro CriHKM. JlOCHiIXKEHO Ta30JMHAMIYHI TPOLECH, CTPYKTypy
oHO(a3HUX MOTOKIB y BHYTPIIIHIi MOpoXXHUHI BinBoay. Jlarpamkesum migxoaom (Mozens Discrete Phase Model)
BHKOHAaHO TPUBHMIipHE MOJICITIOBAaHHA PyXy Oaratoha3HUX IMOTOKIB y BiBOI. BU3HaUeHO TpaeKTOpii pyxXy piIKux
1 TBEpIMX YaCTHHOK BiIBOJIOM, PO3IIOILI IIBHIKOCTI Ta PO3MipiB TUCIIEPCHUX (a3 y HOro BHYTPIlIHIH TOPOKHUHI,
BUSBJICHO MiCISl IHTEHCHBHOTO YAapsHHS YaCTHHOK N0 CTiHKH, MICIs iHTEHCHBHOT'O €pO3iHHOTO 3HOIIYBaHHS
BiZIBOZY. 3a pe3yJibTaTaMH MOJIEIIOBAHHS M00YI0BaHO TEOMETPHYHI MOJIEIi BiZIBOMIB 3 CKJIAJHOIO TPHUBUMiPHOIO
¢dopmoro eposiiiHux nedektiB crinku. B Mmomymi Static Structural BHKOHAHO KOMIUICKCHE MOJICTIOBAHHS
HaNpy>KeHOT0 CTaHy BiJBOAIB MAariCTpaJbHHX Ta30MpPOBOJIB 3 ypaxXyBaHHSIM TIa30JMHAMIYHHX HPOLECIB, SKi
BifOyBarOThCs y iXHill BHYTPIIHIA NOPOXXHUHI (HEPIBHOMIPHOTO PO3MOJIIY TUCKY Y BHYTPILIHIH MOPOXXHHHI),
€pO3i1iHOro 3HOIIYBaHHS CTiHKH Ta TEMIIEpaTypHOTo nepenany. Bu3HaueHO 30HM MOTEHIIHHOTO PU3KMKY BTpaTH
MIITHOCTI BiIBOJIB i3 epo3iiHuMH nedekramu. Bu3HaueHO 3aKOHOMIPHOCTI BIUIMBY BETMYMHA €pO3iiHUX AeeKTiB
Ha Halpy>KeHUH CTaH BiJBOJIB.

Kuiwuosi ciioBa: 6ararohasHuii OTIK, BiABI/, Ta30TPOBIJI, Ta30ANHAMIYHHUI MIpoOIIeC, epo3iifHe 3HOITYBaHHS,
HanpyXeHUH cTaH, TeMIepaTypHuil nepenaz, Gpopma eposiiHoro nedekTy.
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