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Abstract

The research is made to identify the places ohsgestrikes ofiquid and solid particles to the wall of comprasstatior
manifold of a gas pipeline, their erosive wear tndalculate the erosion rate.

There is carried out 3D modeling of compressoli@tapiping and its shaped elements, where a complexement ¢
multiphase flows, change of their direction, swéttikes of discrete phases to the wall of a pigetis well as erosive weafrthe
pipeline wall occur.

Based on the Lagrangian approach (the Discrete R¥ladel) there were developed methods for modelirerosive
wear of compressor station manifold shaped elem@etsds, T-junctions) using ANSYS Fluent R17.0 Acaitesoftware A
mathematical model is based on solving the Naviekes, continuity, discrete phases motion and thedy equations, twe
parameterk —& Launder-Sharma turbulence model with appropriaital and boundary conditions. Themulation wa
performed for different motion patterns of gas (gasves through T-junction run-pipe to the T-junntibranch; gasnoves
through the branch of T-junction to the T-junctiam-pipe, in which a portion of gas stream flowsoime side of the run-pipe
and the rest of the gas stream — in the othergasemoves through the T-junction branch to oneaidiee T-junction run-pipe).

The simulation results were visualized in ANSY SefiiR17.0 Academic postprocessotoyiding concentration fields
a discrete phase and erosion rate fields at sheleetents contours. Having studied the obtainedteethere were identified
places of intense strikes liuid and solid particles to the wall of shapéehgents of compressor station manifold, the intes
erosive wear of a pipeline wall and there was dated the erosion rate.

Keywords:a bend, a discrete phase, concentration fieldspn&jnequation, T-junction, the Lagrangian approach.

Compressor station manifold of trunk gas pipelines To assess the efficiency of erosively worn
consists of straight pipeline sections, curvesritines) compressor station manifold and calculate their
of hot bending, T-junctions, reducers, coveringifg. remaining resource it is necessary to know thei@nos
A complex turbulent motion of gas flow and the ofgan rate, places of manifold erosive wear and a gedmetr
in the direction of its movement, leading to stskaf shape of the defective inner surface. Such infaonat
liquid and solid particles (the discrete phasehmflow also enables to improve designs of the manifoldHeir
of natural gas (a solid phase) to the wall of theelne long service life.
and resulting in erosive wear of a pipe wall, odeut - It is very difficult to accurately predict the eros
junctions and curves of hot bending. The erosivanige wear of compressor station manifold because of the
a factor that reduces the residual life of pipadind  wide range of parameters that affect their placerapd
compressor station manifold is not properly momithr size, including the flow rate of liquid and solidrficles,
the erosive wear can lead to pipeline ruptureslassl concentration, diameter, particles density, the enofl
of products, and these facts are life-threatenimy@n flow, gas temperature, geometry of the shaped eltsne
cause damage to buildings in the territory of caaapor material of wall, etc.
stations. The erosive wear of a pipe wall is eslci Today these problems can be solved in the shortest
dangerous for pipelines with the service life exiieg time by means of the software package ANSYS Fluent,
35-40 years. The gas transportation system of b&raiwhich enables to simulate the erosive wear of gas
primarily consists of such pipelines. Therefore, @ipelines shaped elements and calculate the vallue o
comprehensive study of the erosive wear of gaarosive wear.

ipelines wall is particularly relevant. : . : .
PP P y An analysis of recent domestic and foreign studies

The erosive wear of shaped elements occurs in
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Many modern scientists are involved in computethe maximum erosive wear of the U-bend approaches
modeling of the erosive wear of pipeline shapethe flow inlet in the U-bend, and if the water is
elements. Their studies confirm that these softwateansported by the pipeline, then with increashnggize
systems are effective means for identifying plaged of sand particles, the place of the maximum erosive
calculating the erosion rate of pipeline shapethelgs. wear of the U-bend moves away from the flow intet i

In particular V. Abdolkarimi and R. Mohamma-the U-bend. The same effects were observed for
dikhah [1] studied the erosive wear of the gasIpipe different velocities of operating media. It was aals
bend with the outside diameter of 1420 mm and thdiscovered that air and water velocities do notehav
angle of 90° under the pressure of 8 MPa by meé#ns significant impact on the location of the erosiveaw of
the computer modeling in ANSYS Fluent 6.3. Masshe U-bend.
flow of gas at the inlet was 3780 kg/s. The maximum  Z. Hongjun and L. Yuanhua [6] investigated the
erosive wear was found between 40° and 65° andleseffects of pipeline geometrical parameters, flow
the bend, the calculated maximum rate of erosivarweparameters and characteristics of a discrete plsasel)
was 3.2:10 m/s. Having compared the results ofon the value of the erosive wear of nitrogen pipedi
numerical calculations with the results of expemnitaé bends by means of computer simulation and the
measurements, the authors concluded that CHbftware package ANSYS Fluent. It is found out that
(computational fluid dynamics) modeling is a powérf smaller the diameter of the pipeline and the sméltie
tool for assessing the erosive wear of varioussirial  bending angle of the T-junction, the larger thevfiate;
facilities. the greater the volume fraction of sand and thgevig

In his master's thesis A. Abdua (Blekinge Instituteliameter of the sand grain, the greater is theevalu
of Technology Karlskrona, Sweden) [2] investigatieel erosive wear of nitrogen pipelines bends. |. Dofifia
effect of the impact velocity of the sand andcarried out similar studies in pneumatic transpairt
condensation drops upon the erosive wear of gasithracite powder, which is extremely abrasiveislt
pipelines bends of the inner diameter of 50.8 rand studied by means of computer simulation that tHaeva
the rotation angle of 90° by means of computeof the erosive wear of pneumatic actuator bend migpe
simulation. There were set three different velesitof on the ratio between the radius of its bending,pipe
liquid and solid particles — 12, 19 and 28 m/sdiameter and the air flow rate of anthracite powdteis
According to the simulation results there wadound out that the most significant factor thaeaf§ the
determined that particles velocity was proportiotml value of erosion rate of the bend is the velocify o
the rate of erosive wear and significantly affected anthracite powder particles in the air flow. By meaf
average and maximum rates of the erosive weara$t wcomputer simulation H. HadZiahmetévi[8] and
also observed that the density of the liquid drigple M. Tarek [9] compared the results of the erosivamed
affected the location of the maximum erosive weapneumatic actuator bends of round and square ssctio
Thus the maximum erosive wear was found almost inith experimental data and made sure of their
the middle of the bend when the density of liquidconvergence in the places of the maximum erosive
droplets was low. If the density of liquid dropletswear. It was determined that a flow rate and plarsze
increases, the location of the maximum erosive weaiave the greatest effect on the erosive wear. ¥erall
shifts toward the flow outlet of the bend and theparticles (with the diameter less than i) move with
beginning of the adjacent pipe. the main flow and virtually do not hit the wall tfe

M. Azimian and H. Bart [3] studied the rate ofpipeline because they are light. Usually they h&raall
erosive wear of the bend and T-junction with a diten angles of attack and it does not lead to a signific
of 25 mm by means of computer simulation. Therosive wear. Larger particles tend to hit the wlius,
operating environment was liquid with solid paeil the greater the flow rate and the larger partictbs,
Places of the shaped elements erosive wear, theeater the erosive wear.
maximum rate of erosive wear were found. It wae als Information on the erosive wear of the shaped
found that if the liquid with solid particles isatisported elements of compressor station manifold is received
by the pipeline, the erosive wear of the T-junctien the basis of the external inspection by ultrasdizios
greater than that of the bend. detectors, requiring special permits, financial dinge

Q. Mazumder [4] and H. Zhang, Y. Tan andcosts, excavation of underground sites of pipelines

D. Yang [5] studied the dependence of the value ariefosive wear test of compressor station manifolgpsi
location of the erosive wear of the T-junction ahé elements are not provided by any Ukrainian reguoutesti
U-bend pipe upon the velocity of transported aid anand experts, who carry out these inspections, éefin
water, the velocity and size of sand particles lans them based on their logical reasoning and theiuiaed
of computer simulation. It is found that the maximu experience. These facts do not always allow rengali
erosive wear is about 40° below the place of dire¢he places of the maximum erosion that is no less
strikes of particles in the T-junction and the Uide important than the precise determination of thesiee
pipe, and the place of the maximum erosive wedh®ef wear.
T-junction depends on the discrete phase velolithe The objective of the study is to develop scientific
discrete phase velocity increases, the place of tlad methodological foundations of complex numerical
maximum erosive wear of the T-junction moves dowmodeling of erosive wear of compressor station
the flow. If the air is transported by the pipelinken manifold, identify places of erosive wear of shaped
with increasing the size of sand particles, theglaf elements and calculate the extent of erosive wear.
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1 - the internal flush-jointed T-junction with rainfing patches 1420x28 — 1420x28 ( OST 102-61 [10])
2 — bend 901420x24 (Gas Specifications 102-488/1 [11]); 3 Hdeel T-junction with reinforcing patches
1020%18 — 529x10 (OST 102-61 [10]); 5 — the pipR0418.7; 6 — the pipe 1020x12.3; 7 — the pipe 529x7

Figure 1 — Compressor station layout

The largest number of pipeline shaped elements gas moves through the T-junction 1 run-pipe
(bends, T-junctions, reducers) is contained ifFig. 1) to the T-junction branch;
compressor stations manifold (Fig. 1), undergrogas gas moves through the T-junction 3 branch (Fig. 1)
storages, and gas distribution stations. to the T-junction run-pipe, where part of gas strea
The change in direction of product flow to 90%lows in one direction of the line, and the resgaé — in
(except for the bends at the inlet and outlet @f it the opposite direction;
tube compartments) occurs in bends of compressor gas moves through the T-junction 4 branch (Fig. 1)
station manifold (Fig. 1). There are different sties of in either direction of the line.
gas movement in the T-junctions of compressorastati We know that natural gas transported by pipelines
manifold: contains liquid and solid particles (contaminatjorizas
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condensate, water, oil and other hydrocarbons beton The motion of a solid phase in ANSYS Fluent is
the liquid discrete phase. The rock, sand, slagimulated by numerical solution of equations désieg
exfoliated from the inner wall of the pipe and @dr the general motion of the gaseous medium. These are
from well deposits, the products of in-tube coroosi the Navier-Stokes equation (1), which expressesatie
belong to the solid discrete phase. of momentum conservation (or Reynolds (2) if thefl

There are different reasons for the presence & turbulent) and the continuity equation (3), whic
contaminants in the inner cavity of pipelines. thrsit  expresses the law of mass conservation

is the poor quality of gas purification in the sk and 0 _op

compressor stations, liquids condensing from the ga E(pui)+a(puiuj)——§+

stream at favorable thermodynamic conditions whée / ! (1)

pumping in the pipeline, passing of bearing luttiara d Ou; Ou;

in gas pumping units, poor cleaning of the inneritga +67 H 67*'07’ +fi,

of the pipeline before its exploitation. The cheahic i Y i

reaction between the pipe metal and liquid polhutio 0 0 .

accumulated in the lowered fields of pipelinesdl¢a E(pui)‘*a(pq U )"’a(p%‘ y )=

corrosion and formation of solid particles. ! ] @)
When moving by the shaped elements of op 0 oy, 0u

compressor station manifold, liquid and solid mies :_?4-67 6_+0_ +f,

hit the wall of the pipeline, leading to erosive anef % ] % X

the pipeline. For timely and quality inspectionsbfped ip 0

elements of compressor stations manifold, and the E-'-K(puj) =0, 3)

J

improvement of existing structures we should knbe t
places of their maximum erosive wear and foredast twhere X, x; are the coordinates; is time; U, , u; are
value of their erosive wear. ; L ; 0
. velocity componentsp is the density of gasy is
The erosive wear of shaped elements of y P ) p ) y _ g H
compressor station manifold can be studied at thstm Molecular dynamic viscosity of the gad; is a term
by computer simulation of three-dimensional turbtile that takes into account the effect of mass forgesis
flows by means of the ANSYS Fluent R17.0 Acade_m'flhe pressurey, are time-averaged values of velocity;
software. Mathematical models and numerica !

algorithms of this complex meet international stad. Ui' are the components of velocity pulsation [12].
To simulate the erosive wear in ANSYS Fluent Boundary conditions usually include the

there is laid the Lagrangian Discrete Phase Modglsyrihytion of all components of velocity in thalet

(DPM). The basis of the Lagrangian approach is th&tion and the vanishing of the first derivatifiesthe
consideration of the motion of individual particle®  irection of flow) of velocity components in the that

groups of particles) of the discrete phase. Thggition. Ppressure is only the first derivative e t

Lagrangian DPM enables us to explore the trajeary oq, ations, so you only need to indicate the presatir
d!screte_phase pa_lrtlcles in th_e solid p_hase byrujp_l\he any one point of the computational geometry.
differential equation of particle motion. The disr These equations are closed by two-parameter

phase can be solid, as bubbles in the liquid ogass Oj—g (wherek is the turbulence energy,is the rate of

drops. The model allows for the two-way exchange of. . >
. . . issipation of the turbulence energy) turbulencel@ho
mass, momentum and energy of particles with thiel sol . : : ; . :
hich involves solving the following equations in

pha§e. The DPM model is used for small ya]ues (\3,-\YNSYS Fluent:

particles volume concentration because the interact transport of the turbulence eneiigy
of particles with each other is indirectly takertoin 5 (pk)
account. The advantage of the DPM model is that it _ H e
allows us to accurately take into account the matfr ot +D(’0Uk) _D[[ﬂJr_] Dk}-ﬂ’G pE;(4)
the interaction of the discrete phase with the walthe
model of interaction between the discrete phasetlamd
wall there is the additional model of the wall éoos In 6( )
addition, it is much easier to take into accourd thd\Q€ _ H £
secondary decay of the discrete phase (in caseoptd g +EI(pu£) _D(['LI+FEJDSJ+QZMG_C2'O
or bubbles) within the DPM model. The disadvantafye

the DPM model is the limit of the local volume

k

transport equation for  dissipation rate  of the
turbulence kinetic energy

s
=,

where u is the flow rate of gasy, is the turbulent

®)

concentration of particles (less than 10 %). dynamic viscosity of gasG is the mass flow;,o, ,
An integrated numerical simulation has three ; - ;

stages: .» C,, C, are experimentally obtained numeric
simulation of the gas flow (solid phase) in theconstants &, =1, g,=1.3,C,=1.44,C,=1.92).

shaped elements of pipelines; _ o The turbulence modek —¢ is the so-called "high
simulation of liquid and solid particles motion Wit Reynolds" model created on the basis of averagdieg t

shaped elements of pipelines in the gas stream; Navier-Stokes equations and designed to calculate
calculation of the erosive wear of pipelines shapegrpulent processes.

elements.
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The substance, which is present in solid phase flo{8) at all points of the medium. The initial datathe
in the form of a discrete phase, does not form jarticle position at the initial time in additioa its size
continuum, and some particles interact with thand properties. There is also indicated what should
continuous phase flow and with each other. Fawsccur when particles hit the wall or another p#etid he
simulation of the discrete phase flow in a contimio terms, which containi,, are moved on the left side of

hase there is applied the Lagrangian approach in .. . .
KNSYS Fluent fg the movegmen% of ilrjwl?jividualequat'on (6) to perform the calculation. The velpci

particles is tracked under the influence of thecdsrof anq position of the particle in gach_ successive emum
the solid phase flow. of time is determined by numerical integration btlae

Itis believed that particles of the discrete p other terms of the equation (6) over time with satep

spheres. The forces influencing the particle anesed At. ) . .

by the difference of the particle velocity and floate of The algorithms, implemented in ANSYS Fluent,
the solid phase, and the displacement of the comtin Make it possible to simulate the impact of the reitee
phase medium with this particle. The equation dphase on the flow of the continuous phase. In ifse f

motion for this particle was derived in [13] ancshhe @PProximation the density and viscosity of the
following form continuous phase and some other values are mettipli

by (1-a,), where g, is the specific volume occupied
dll P P

70 P du
m7;=371udpcm,,(u—up)+ 4

6 dt

) by the particles. In this case the changes in mass,
momentum and energy of the particles are calculated
ndgp du du, ﬂdf, every step of the time, and these changes are added
+ 12 | at  dat +Fe__6(pp_p)‘°x(‘°xr)_ according to the equation of mass conservation (2),
pulse (1) and the energy for the flow of the caunbiuns
ldspp phase. Thus, the calculation of the continuous ghas
- (u)xup), (®) flow and particle motion is performed jointly.

If the flow of the continuous phase is turbulehg t
trajectory of particles is not deterministic, besaut
particle; dp is the diameter of the particlqop is the depends on the intensity and direction of turbulent

) _ ) . i fluctuations. Several boundary conditions, which
density of the particleC,, is the coefficient of viscous o resnond to different events that occur when the
resistancef, is the external force acting on the particleparticles hit the wall, are implemented in modern
(such as gravity or strength of the electric fieldy is  Software products: beating off as a result of &last
the angular velocityy is the radius of the vector (in Inélastic hitting, sticking to the wall, slidingaalg the
case of considering the movement in the relatineng  Wall (depending on the physical properties anceihgle
of reference). of attack), passing throqgh the_ _waII (if thg wadl i

The right side of the equation (6) is the sum bf aPOrous), etc. Under certain conditions, there $o dhe
forces acting on the particle, expressed in terfmaass possibility of splitting and merging s_|mulat|on water
and acceleration of the particle. The particle bitton ~ droplets or gas bubbles when they hit each othgr [1
is the first term in the right side due to viscdtistion The calculation of the erosive wear is made using
to solid phase flow according to Stokes' law. Téeoad the Finney model, developed for rigid plastic miafer
term is the force applied to the particle, causgdHe DY analyzing the equations of motion of a particle
pressure drop, accelerated solid phase flow in t/fIring its hitting the surface, by means of Anshseht
continuous phase, which surrounds the particle. TIftware. To estimate the amount of the surfaceriaat
third term is the force required to acceleratewlegght 0SS caused by the particle hitting there is irgesed
of the solid phase in the volume, which is reprédsg the trajectory of the particle motion. The followin
the particle. These two terms should be consider&$Sumptions were made: , ,
when the density of the main phase is greater than cutting the surface is plastic deformation; _
particles density. The fourth ternky) is the external cracks do not extend in front of the particle, whic

. . . cuts the surface;

force tha.lt influences directly upon _the_ particlects as material delamination is caused by the cutting
the gravity or streng_th of the electric field. Tlh_et_two action of particles.
terms are the centrlfugal force _anq the C_O“OI'H:G_EO This model can not be used for brittle materials.
Whlc_h take place only if the motion is con5|der_edh_e According to the Finney model, the specific
relative frame of referer!ce. In adq|t|on, some ad.'.dal erosion rate (the surface mass removed from acirfa
forces sh_ould be somet!mes considered in the agfei unit per a unit of time) on the surface equals
(6) (e.g. in case of significant temperature défere in "
the flow). E =Ku,"f(8), ()

The equation (6) is a differential equation of thevhere K is the coefficient that depends on the elastic
first order, in which the only unknown quantitytise modulus of the wall material and the particle dsnsi
particle velocity Up and the argument is time The n is the exponent, which depends on the wall mdteria

flow rate of the solid phase is considered as a known (it varies from 2.3 to 2.5 for steel)f (6) is a
one and it is defined by solving the equations (2), dimensionless function that takes into account the

where m, is the particle massJ,, is the velocity of the
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Figure 2 — The computed volumetric mesh

1500

impact of the angle of attacdik on the rate of the erosive The natural gas was chosen from the data basis of
wear. This function can be of different forms. FOIANSYS Fluent and given to the computed mesh. To
instance, it has the following form in [15] solve the problems of gas dynamics we should censid
A +BO, if 9< ¢ gas compressibility. That is why the dependencgasf
f = ' - (8) density on the flow parameters was set. For this
{Xcoszesin(WH)+ Ysif 0+ Z,if6>¢, purpose, the item Real-gas is chosen in the Delisity

where 4, B,W, X, Y, Z ¢ are empirical coefficients. Materials menu. Besides, the equation of energy is
Thr’ee,-d'r,nen’s'cy)nal models of the shaped elemerdytomatically added to the equations being solveti a
: ' P g%ls temperature should be specified when boundary

of compressor st.atlon mann‘pld, the .deS|gn anflsnditions are set. Steel is chosen as the matsrthie
geometric dimensions of which are identical Quall in the ANSYS Fluent database

industrial designs (Fig. 1), are drawn in a Design

Modeler geometric module of Ansys Fluent. Geomet;Fn The Lagrangian discrete phase model is chosen in
R

of shaped elements meets the requirements of t He menu Models to specify features of the discrete
standard OST 102-61 [10] and Gas Specificatio ase. The Set Injection Properties Window is eden

. . : an Injection tab, where the surface of the phasi
102-488/1 [11], which are widely spread in the ga - : ;
industry. Moreover, shaped elements were drawn Wiilk'lpply (flow input), particles velocity and tem

surrounding pipes areas, geometric dimensions aftwh the inlet, the mass flow of particles, the maudm
meet s ecgigagions Pi 'egwall thickness was cateal and minimum diameter of particle diameter rangeewer

P - TIPe chosen for each discrete phase (at first for tpgdi and
based on the pressure in the place of shaped elem

location and in view of the fact that the pipelinefs n for the solid one).

. . . The velocity and temperature of discrete phase
compressor station manifold belong to the hlgheT.’)tarticles at the input of the shaped element wasase
category.

equal to the velocity and temperature of the camtirs

Thtedestmated Mvoll;]metr::cl Auttlomatlc mesh Wf”‘n?)hase at the inlet. The velocity of the continupbase
?er;werale th | es mg—f_”ut(ajn 'Sth pr(IeIprocgs& % the shaped element inlet was determined by
echnology — the volume was filled with parallefags, calculating the gas motion dynamics by shaped

andl_if(;t V_\I'_?]S fo_und ifmposiiblle —tri?ngular pritsmrrgogelements of compressor station manifold in ANSYS
applied. The size of mesh elements was Set astl.Vog, ot without accounting for the flow of the distr

(Fig. 2). To better describe the near-boundary rlay%h ;

. ase [16]. The temperature of the continuous phase
;tht?_re vr\:a_s ﬁ{ee;tg%;he nezr:[;/]vall Inﬂstlonfll_aty_emmtz corresponds to the operating conditions of trunk ga
attice height of .69 m and the numboer o ata;&a. s pipelines. Moisture content of natural gases depemd
('.:'g' .2)' The .cal_culatlon results were qualitatyvel the temperature and pressure of gas and it isrdited
visualized for this size of mesh elements. y nomogram given in [17, Fig. 7]. The mass flowera

When the program ANSYS Fluent was opene f the liquid phase was calculated based on theegabf

double accuracy was set. A standard two-parametgry, o gas moisture and continuous phase volumme fl
model of turbulencek —& was chosen in the program — according to [18] the mass flow of solids must not
ANSYS Fluent, Models menu, Viscous tab. This mod&lyceed 0.001 g/fvin the natural gas. According to [19]
has three versions (Standard, RNG and Realizablejs natural gas, which is fed into gas distribugmints,
Realizable modification was chosen in the field ofyntain much more impurities than 0.001 Y/ms the
options of the_tu_rbulenc_e models. Thg turbulenceeho [20, Table 2] indicates, the weight of impuritieanc
k—& makes it impossible to fully simulate the nearcomprise to 0.003 g/fin the natural gas. The weight of
wall effects. Therefore the near-wall functions eerimpurities in the natural gas was assumed to balequ
used for the quality modeling of flows in ANSYS(.003 g/mi at compressor station inlet before the
Fluent. Enhanced Wall treatment was chosen. purification system. The mass flow of the solid gha
was calculated on the basis of the values of thesré
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solids in the natural gas and continuous phasenwlu Diameter and gas temperature at the inlet in thesMa
flow. flow inlet window. When we set the pressure at the
When the natural gas passes through thautlet, there were also set the Turbulence Interisio,
purification system at the compressor station, thdydraulic Diameter and the gas temperature at the
moisture and solid particles content is reducedwtlet in the Pressure outlet window. Typicallye th
Accordingly, the mass flow of liquid and solid phas turbulence intensity does not exceed 20 %, but dstm
was reduced via shaped elements of a compressases it is in the range of 1 to 10 %. The flow is
station, located after the purification systemha flow considered completely turbulent when the turbulence

direction. intensity equals 5 %.
The maximum diameter of the liquid phase Wall boundary condition and the equivalent
droplets equals according to [20] roughness coefficient of pipeg =0.03 mm were also
oD 0 é set. In DPM Tab of the Wall boundary condition we
C”;ﬁﬁ:—ms[ﬁj , (9) have chosen the type of boundary condition for the
Peond Discrete Phase Reflection — reflection of the diter

(ke Wg® phase particle from the wall (the angle of incidenc
where D, is the internal diameter of the gas pipelinegquals to the angle of reflection).

i o 04 i Having set boundary conditions we tuned
Ky is the droplet drag coefficienk; =0.4; g, is the parameters of the solver. The Solution methodsiadb

density of gas;o.,n4 is the density of the liquid phase;chosen in the project tree, where the connection
We is a dimensionless parameter — the Weber numberalgorithm of gas motion and continuity equationseve

0, 1D, chosen in the Pressure-Velocity Coupling area. Wwen
We = Lgas” —in (10) chose Coupled algorithm, which was considered a
> separate type of the Coupled pressure-based sdlaer.
where Y. is the surface tension force of the liquid phaseonnect the fields of velocity and pressure theps w
on the brink of gas. applied the splitting algorithm, and for other paeders

The strength of the surface tension of the liquidt the setting algorithm. This algorithm makes isgible
phase-gas interface depends on the pressure ape-tenio get qualitative consistent results for virtuaiyl

rature of gas and it is determined by [21]. classes of problems. To improve the stability of
The maximum diameter of the solid phase particlegplution, the Courant number should be reducedOto 5
was taken as equal to the grain size of fine sand. Also, when parameters of the solver were set, the

When natural gas passes through the purificatiggecond order of accuracy was chosen for all equatio
system, diameter of liquid drops and solid phase The Navier-Stokes equations are solved by
particles reduces, that is why the maximum diameter numerical method. Besides, differential equations a
discrete phases was set smaller than it was ctdculareplaced by algebraic equations that describeihage
for the compressor station shaped elements, locatdthe variable between several neighboring pdmtsn
after the purification system in the direction o&tflow. ~ arbitrary mesh component. Analogous equations are

The Discrete Random Walk Model option wassolved by iterative method. After each iteratioome
chosen in Turbulent Dispersion tab, Set injectiovalues of variables are calculated. They are Stulbsti
properties window to account for the impact of thénto the original equations, written in the followi form
turbulent flow on the discrete phase. f(pT,0%Y, zVvWw..)F CDue to the fact that the solution

The Erosion/Accretion option was marked in thgs approximate (since the algebraic analogue igesol
Physical Models tab of the Lagrangian Discrete Bhagiot the differential equation), there is obtaindutt
model window to estimate the erosive wear. f(pT, 0% Y,z v W..)= Fduring the substitution of the

In the Materials menu a corresponding material . .

) Iculation results. The value oR is called the
was chosen for each discrete phase of the ANS L .
Iscrepancy and it is the criterion for the process
Fluent database. Because condensate, water and salidi o n obviously. the cl h LR
dominate in the natural gas, transported by pipslimve oltition. Obviously, the closer the valuefbisto zero,
' ) , the closer the solution of the discrete analogtte t
have chosen the condensate of dengify, =960 kg/m”  splution of the output differential equation.
for the liquid phase, and the sand of density The solution of the problem can be considered
Peana = 2800 kg/m? for solid particles. completed .if the following conditions are met:
the difference of the cost of a working body
een input and output limits is close to zera an
i:hanges little from iteration to iteration;

errors of all equations during calculation reaah th
values lower than the recommended limit;

errors of all equations do not significantly change
8uring the calculation.

The error of all equations, except energy equation,
was set asR=0.00001 The error for the energy

Having set materials and characteristics of eaqrr;
discrete phase, the following boundary conditioresen etw
set in the Boundary Condition menu. Mass flow inle
was set at the inlet of the shaped element, anssire
outlet was set at its outlet. When we set thesadbary
conditions of turbulence at the inlet of the shape
element, gas flow distribution is even in the cros
section with the typical turbulent distribution giam of
gas flow rates. In addition to the values of thessnifow
there were set the Turbulence Intensity 5%, Hydraulequation was set aR=100".
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The simulation results were visualized in ANSYShase equalst.9 MPa and the temperatur@97 K.
Fluent Academic postprocessor, which helped t§he mass flow of the liquid phase is calculatedeHasmn

identify the places of the most intense liquid aotid
particles hits of the walls of shaped elements @ades
for maximum erosive wear at shaped elements conitour
For a better understanding of erosive wear of sthape
elements of compressor station manifold one should
read the study of the motion dynamics of multiphase

the volume flow rate of the continuous phase);

maximum diameted oy = 0.34 mm;

minimum diameterd ™",
2) solid phase (sand):
velocity v, ,q =13.1m/s;

=3mm;

flows through shaped elements of gas pipeline
compressor station manifold [22] and studies ofghse
motion dynamics by shaped elements of compressor and =2.1007 kg/s (mass of solids

station manifold [16]. _ _ in the natural gas at a compressor station inlitrbehe
Let us consider the compressor station manifold at ificati em i diob 04103 o/
its inlet where the welded T-junction with reinforg puriication system 1S assumed to be eq 9

patches is installed (Fig. 1), and where the gas id1e mass flow of the solid phase is calculated hase
moving by the T-junction 1 run-pipe (Fig. 1) to thethe volume flow rate of the continuous phase
T-junction branch. The internal flush-jointed T-fiion maximum diameted g = 0.12 mm;

has an outside diameter of the run-pipe and thachra min _
Doutr.p = Doutp =1420 mm the nominal wall thickness

minimum diameterdg,,y = 0.1 mm.

_ When the gas flow passes through the internal
of the run-pipe and the branah , =g, =28 mm. The  flush-jointed T-junction with discrete phases, linages
inner diameter of the run-pipe and the branch equii$ direction and flows from the T-junction run-pifio
D =D,,, =1364 mm Geometry of the T-junction the T-Jun_ctlon brangh (Fig. 3). The simulation nm;u_
o were visualized in ANSYS Fluent Academic
meets the requirements of the standard OST 102441 [ yostprocessor by constructing concentration fiefde
The shaped element was drawn with the 3 metgfscrete phase (Fig. 3, b) and the fields of emsiear
surrounding areas of the pipeline and the outemetar 5¢e (Fig. 3, ¢, d) on T-junction contours.

Doyt =1420 mm. Pipe wall thickness was calculated,  As can be seen from concentration fields of the
and then the pipes were chosen from the technicdiscrete phase on T-junction contours (Fig. 3,lighid
specifications, the nominal thickness of which dguaand solid particles hit most intensively the wdlltbe
0=18.7 mm The inner diameter of the pipe isupper part of the T-junction run-pipe to the riglitthe
D, =1382.6mm and it is equal to the hydraulic branch and the walls of the T-junction branch amel t

. . . adjacent pipe to the right (place of discrete pbase
diameter, which was set in ANSYS Fluent. . . hittings extends from the mid of the T-junction tch
To study the erosive wear of the T-junctio

1 compressor station manifold (Fig. 1), where the i "o more than 3 meters from the annular weld in the
moving by the T-unction run-pipe to the direction of the product’'s motion by the pipe adjado

; a .~ the branch). The maximum concentration of the éiscr
T-junction branch, there were set the followin )

boundary conditions for the continuous phase ?ﬁhase on contours of the T-junction run-pipe arsthbn
equalsl.7 kg/s

ANSYS Fluent preprocessor (Fig. 3, a) ' . ]
It is clear from the erosive wear fields on

rlrzalgg'owM. =697.9 kg/s T-junction contours (Fig. 3, ¢, d) that the mogeirsive

turbulence ir;r;ensit 5 0% erosive wear of the T-junction is in the upper pHrits
N Yo7 rine-pipe, to the right of the branch at the distarf

hydraulic diamete, =1.3826 m 0.1m from the T-junction branch. The maximum rate

gas temperaturé;, = 297K; of erosive wear is equal t4.0010% kg/(nf Us. At this
2) outlet: . .
_ o rate of erosive wear the wall becomes thinner at th
pressureP,,, = 4930600 R; .
: _ speed of 0.158 mm/year. The erosive wear of less
turbulence intensity 5 %; . o . .
hvdraulic diametemD. . =1.3826 m intensity is on the right of the branch and the-pipe.

y out - The place of erosive wear extends from the midhef t
gas temperaturé,, = 297K. branch at the distance of 1.5 m frohe annular weld in
There were set characteristics of every Discretéie direction of the product’s motion by the pipe

Phase at the inlet in Set injection properties Wimslof adjacent to the branch. The maximum rate of erosive
the Discrete Phase Model (Fig.a3, wear is equal2.5[10° kg/(nf s at this point. The wall

. “ql_“d phase (condensate): becomes thinner at the speed(0899 mm/year at this
velocity Ugyng =13.1m/s .
erosion rate.

temperaturel,,,q = 297K; Let us consider the compressor station manifold at
mass flow M, =0.58kg/s (according to its inlet where the bend with the rotation angle6f is
nomogram given in [17, Fig. 7] moisture contenttu installed (Fig. 1). An outside diameter of the plpend

natural gas i0.6 g/m? when the pressure of the solidiS Doutbend=1420 mm. the nominal wall thickness of

temperaturel’,,q = 297K;
mass flow M

in.r.p
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1 — the internal flush-jointed T-junction with rednfing patches 1420x28 — 1420x28%T 102-61 [10]);
2 — pipe 1420x18.7¢ — design diagram; b — concentration fields of digcrete phase on contours;
c, d — erosive wear fields on contours
Figure 3 — Simulation results of the erosive wearfdghe T-junction at the compressor station inlet,
where the gas flows through the T-junction run-pipeto the T-junction branch

1.3e-08
1.1e-08

the pipe bend ig),.,q4 = 24 mm, and the inner diameter hydraulic diameteD,,, =1.3826 m:
of the pipe bend equal®,,.,q =1372 mm Geometry gas temperaturé,, = 297K .

of the bend meets the requirements of Gas Due to the fact that the bend 2 was placed near the
Specifications 102-488/1 [11]. The shaped elemeag winternal flush-jointed T-junction 1 (Fig. 1),
drawn with the surrounding areas of the pipelineharacteristics of every Discrete Phase at the hdat

3 meters in length and the outer diamete? (Fig. 4, a), which were set in Set injection pdjes

Doyt =1420 mm Pipe wall thickness was calculated,Windows of the Discrete Phase Model, were the same

and then the pipes were chosen from the technica$ @t the inlet of these T-junction.

specifications, the nominal thickness of which équa_ 1h€ Simulation results were visualized in ANSYS
3=18.7mm The inner diameter of the pipe isFluent  Academic postprocessor by constructing

o . concentration fields of the discrete phase (Fig)4and
D, =1382.6mm and it is equal to the hydraulic y,q fie|ds of erosive wear rate (Fig. 4, c, d) ba bend
diameter, which was set in ANSYS Fluent. contours.
To study the erosive wear of the bend 2 of As can be seen from concentration fields of the
compressor station manifold (Fig. 1), there wetrtetise discrete phase on bend contours (Fig. 4, b), liguid
following boundary conditions in ANSYS Fluentsolid particles hit most intensively the wall ors it

preprocessor: convex side. The place of hit extends from the pfid
1) inlet: the bend to the distance of 1.5 m meters from the
mass flow,, =697.9 kg/s annular weld in the direction of the product’s rooti
turbulence intensity 5 %; through the pipe adjacent to the bend. The most
hydraulic diameteD;, =1.3826 m intensive hitting occurs on the convex side of bed

where the gas flows and at the beginning of thacajt
pipe (the maximum concentration of the discretespha
2) outlet: on contours equalk4 kg/s ).

pressurePou_t '4'9_3MP3' It is clear from the erosive wear fields on
turbulence intensity 5 %; T-junction contours (Fig. 4, c, d) that the mogeirsive

gas temperaturé;,, = 297K;
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1 — bend 901420x24 (Gas Specifications 102—488/1 [11]); 2ipgp1420x18.7;
a — design diagram; b — concentration fields of digcrete phase on contours;
¢, d — erosive wear fields on contours

Figure 4 — Simulation results of the erosive wearfahe bend at the compressor station inlet

erosive wear is on the convex side of the bendevttee D, , =984 mm, D, =509 mm,  respectively.
gas stream flows between an angle of 60° and 9@feof

bend and at the begi_nning of the pipe, WhiCh !SdMI the standar®ST 102-61 [14]. The shaped element was
to the bend, at the distance 0fL min the direction of drawn with the surroundi[ng]areas of t%e pipelifithe
the product motion. The maximum rate of erosiverwegength of the pipeline area, adjacent to the brafeh
is equal t02.0010° kg/(nf Us) At this rate of erosive 1.7 m, and the outer diameter, the nominal wall
wear the wall becomes thinner at the speed #hickness and the inner diameter abg, =529 mm,
008 mm/yeal The rate of erosive wear significantly § =7 mm, D,, =515mm, respectively. The inner

decreases at the beginning of the pipe welded ¢o thiameter of the pipeline areas adjacent to therittjan
bend, although the intensive hittings of liquid esudid is equal to the hydraulic diameter specified in AMES
particles take place at the distance of 1.5rom the Fluent.

Geometry of the T-junction meets the requiremeriits o

annular weld. Itis caused by the decrease ofigteaf To study the erosive wear of the T-junction 3 of
attack when the place of hitting moves away from thcompressor station manifold (Fig. 1), where gas @sov
annular weld. by the T-junction branch and directs in two sidéshe

Let us consider the compressor station manifold gtjunction run-pipe, there were set the following
the outlet of the gas treatment unit where the ingld boundary conditions in ANSYS Fluent preprocessor:
T-junction 3 with reinforcing patches is installed 1) inlet:

(Fig. 1), and where gas moves by the T-junctiombia mass flow,, =119 kg/s;

and directs in two sides of the T-junction run-p{ges
compressor unit GCU 1 and GCU 2). An outside
diameter and the nominal wall thickness of the pipe
and branch equab,,;, , =1020 mm D, =529 mm, gas temperatur&;, =297K;
2) outlet 1:

pressureP, , = 4809800 P&

turbulence intensity 5 %;

turbulence intensity 5 %;
hydraulic diameteiD,, =0.515 m;

O p =18 mm, &, =10 mm, respectively. In this case
the inner diameter of the run-pipe and branch equal
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1 — the internal flush-jointed T-junction with reining patches 1020x18 — 529x10%T 102—-61 [10]);
2 — pipe 1020x12.3; — design diagram; b — concentration fields of digcrete phase on contours;
¢, d — erosive wear fields on contours

Figure 5 — Simulation results of the erosive wearfdhe compressor station manifold T-junction
at the purification unit outlet, where the gas flovs through the T-junction branch in two directions
of the T-junction run-pipe

hydraulic diameteD,,; =0.9954 m; 1) liquid phase (condensate):
gas temperatur@, 4 = 297K ; velocity Ugong =16.6 m/s

3) outlet 2: temperaturel’ ;4 = 297K;
pressureP, ., = 4810000 Pa mass flowM ,,q = 0.035 kg/s
turbulence intensity 5 %; maximum diametedas = 0.1 mm;

hydraulic diameteD, ,, = 0.9954 m

gas temperatur&, ., = 297K.

To determine the pressure at the outlet of the
T-junction (Fig. 5, a) there was calculated the pathe
flow (mass flow), which is directed toward the  temperaturel’y,y =297K;

GCU 1, and which — toward GCU 2 (Fig. 1). Based on mass flowM g =1.7000* kgls
the values of the mass flow at the outlet of the

minimum diameterd™", = 0.1 mm;

2) solid phase (sand):
velocity v,y =16.6 m/s

T-junction run-pipe (Fig. 5, a) there were calceththe maximum diametedg;rg = 0.1 mm;
following values in ANSYS Fluent program complex: minimum diamete g‘a'r?d =0.1mm.

the T-junction for various pressures at the outleind
outlet 2 of the T-junction run-pipe until there wer
determined the pressures, for which mass flows we
equal to the pre-calculated at the T-junction ripep he T jynction run-pipe. The calculation resultse ar
outlet. The pressures were equalRg,, =4809800 P¢ \isyalized in ANSYS Fluent post-processor by
P,,» =4810000 Pe Corresponding mass flows constructing concentration fields of the discretege

amountedM , = 70.4 kg/s. M, = 48.6 kg/s (Fig. 5, b) and the fields of erosion rate (Figc5d) on

. . the T-junction contours.
There were set characteristics of every Discrete . '
As can be seen from concentration fields of the

;Zalgiesg:ettr;: elg?]l:;énMS:(;e'?J(i?tlg_ properties Winsl of discrete phase on the T-junction contours (Fidp)5the
9.8, place of the most intensive hitting of liquid andlid

During the movement of gas with discrete phases
by the T-junction 1 (Fig. 5), there occurs bifuioatof
5%5 flow and it is directed in two opposite direns of
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1 - the internal flush-jointed T-junction with radnfing patches 1020x20 — 1020x20%T 102—61 [10]);
2 — pipe 1020x12.3; — design diagram; b — concentration fields of digcrete phase on contours;
¢, d — erosive wear fields on contours

Figure 6 — Simulation results of the T-junction ergive wear at the outlet of the gas treatment unit,1
where the gas flows through the T-junction branchn one direction of the T-junction run-pipe

particles has the form of a ring with a width ofand the branch equalsD,, , =D, =980 mm

t:.1.5r.n, curve;d by th? |nner. surface  of _theGeometry of the T-junction meets the requiremerits o
T-junction run-pipe and adjacent pipes. The maximufhe standar@ST 102-61 [14]. The shaped element was
concentration of a discrete phase is insignifimthe grawn with the surrounding areas of the 3-meter

TEJ'U“CFiOS. run—pige contolurs, .bctecausle t?e disgrefﬁpeline and the outer diametd,, =1020 mm The
phase IS dispersed upon a farge infernal surlaze pipe wall thickness was calculated, and then tipegi

is 0.064 kgfs in the T-junction run-plpe.. ] were chosen from the technical specifications, the
As can be seen from concentration fields on thgominal thickness of which equals=12.3 mm. The

T-junction contours (Fig. 5, c, d), the place of tihhost . . . o -
intensive T-junction erosive wear is in the T-juont "€l diameter of the pipes &, =995.4 mm and itis

run-pipe, opposite to the branch and also has aolan €qual to the hydraulic diameter, which was set in
form with a width of b=1.5m, curved by the inner ANSYS Fluent.

. . . . To study the gas motion dynamics through the
surface of the T-junction run-pipe. The maximum_ . . . :
. . S -junction 4 of the compressor station manifold
erosive  wear is insignificant and equals

5 _ ) (Fig. 1), where the gas moves through the T-junctio
1.3110° kg/(nfOs) At this rate of erosive wear the pranch to one direction of the T-junction run-pifieere

wall becomes thinner at the speeddo®052 mm/yea were set the following boundary conditions in ANSYS
Let us consider the compressor station manifold &luent preprocessor (Fig. 6, a)

the outlet of the gas treatment unit 1 where thiliwg 1) inlet:

T-junction 4 with reinforcing patches is installed  mass flowM;, =376.7 kg/s

(Fig. 1), and where gas moves through the T-junctio turbulence intensity 5 %;

branch and directs in one side of the T-junction-ru hydraulic diameterD,, =0.9954 m

pipe. An outside diameter of the run-pipe a_nd binaisc gas temperatur@,, = 313K;

Doutr.p = Doutp=1020mm and the nominal wall 2) outlet:

thickness of the run-pipe and branch equal pressureP,, =6.61MPa;
Jr.p =9, =20 mm. The inner diameter of the run-pipe turbulence intensity 5 %;
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hydraulic diameteiD,,, =0.9954 m places of intensive hits of condensate dropletssatid
gas temperatur@,, = 313K. particles, carried by t_he gas rovv_, to the pipelimall,

laces of the maximum erosive wear of bends,
-junctions of compressor station manifold and e€lja
pipeline sections, and there is calculated thei@mos
rate.

It was found out that the most intensive erosive
wear of the bends is on their convex side wheregtise
temperaturel’ ;g = 297K; stream flows between an angle of 60° and 90° of the
mass flowM 4 = 0.105 kg/s bend and at the beginning of the pipe, which isded!
to the bend. The place of erosive wear depend$hen t
scheme of the gas motion through the T-junctiomalé

The Discrete Phase Model was set witlg
characteristics of every Discrete Phase at the iiml8et
injection properties Windows (Fig. &):

1) liquid phase (condensate):

velocity Ug,ng =10 m/s;

maximum diameteday = 0.1 mm;

minimum diameterd{yny =1 mm; flows through the T-junction run-pipe to the T-jtioa
2) solid phase (sand): branch, the most intensive erosive wear is in thgeu
velocity Ug,,q =10 m/s; part of the run-pipe in the side of the branch ijeoto

the inlet cross section, and it is opposite to ithiet
4 cross section side in the branch and adjacent fipas
mass flow Mgy, =500 kgls flows through the T-junction branch to the two sidé
maximum diameted iy = 0.1 mm; f[hg T—juncti.on rqn-pipe, the most intensiV(_e eros@x&ar

- . min is in the T-junction run-pipe in the opposite te tinlet
minimum diametergzng = 0.1 mm, cross section side of the branch and it is of theutar

When the gas flow with a Discrete Phase runfrm curved by the inner surface of the T-junctiom-
through the T-junction 4 of the compressor statiopipe. If gas flows through the T-junction branchoine
manifold, placed at the outlet of the gas treatnuentt1  direction of the T-junction run-pipe, the most imseve
(Fig. 1), it changes its direction and runs frone therosive wear of the T-junction is pear shaped dadepl
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[docnipxeHHs epo3inHOro 3HowyBaHHA PaCOHHUX eNeMeHTIiB 00B’ A3KK
KOMMpPEeCOpPHOI CTaHUil maricTpanbHoOro razonposoay

A. B. /lopowmenxo, T. I. Mapko, IO. 1. /lopowenko

lsarno-Dpankiscvruil HayionatbHULl MexHIYHULL YHieepcumem Hagpmu i 2azy,
eyn. Kapnamcoxa, 15,m. Ieano-@panxiscok, 16019 Vipaina

JocnijkeHHsT BUKOHAHI 3 METOI0 BHSBJICHHS MICLb IHTGHCUBHOTO YAApsiHHA PiOKMX 1 TBEpPAMX YAaCTHHOK 1O CTiHKU
(acoHHMX eNeMeHTIB O00B's3KM KOMIPECOPHOI CTaHIl MariCTpajbHOro Ta3ompOBOIY, MICHb iX €po3iffHOro 3HOIIyBaHHS Ta
PO3paxyHKy BEITHUHHH €pO31HHOTO 3HOIIYBaHHS.

3niticneHo 3D-monenmoBaHHS 00B’ 13kM KOMIIpEcOpHOI cTaHMii 1 i (hacOHHMX eNeMeHTIB, Ae BiOYBAEThCS CKIATHHUN pyX
Garato(a3sHuX IOTOKIB, 3MiHA HaNpsMy iX pPyXy, 3aBUXPEHHs, YAApsSHHSI AUCKPETHHX (a3 [0 CTIHKH TpyOONIpOBOAY, epo3iliHe
3HOIIYBAaHHS CTIHKH TPYOH.

Ha ocHoBi narpamxkeBoro miaxony (monens Discrete Phase ModepospoGieHo MeToauKy MOJENIOBaHHS epo3ifiHOro
3HOLIYBaHHS (PAaCOHHHUX CNEMEHTIB OOB'SI3KM KOMIpecopHoi craHuii (BimBoaiB, TpifHWKIB) i3 3aCTOCYBaHHSAM HPOTPAMHOTO
komiuiekcy ANSYS Fluent R17.0 Academidarematnuna mozens Ga3yeTsest Ha po3B’si3aHHi cucteMu piBHsiHb HaB'e—Crokca,
HEPO3PHBHOCTI, PyXy AMCKpeTHuX (a3, piBHaHHA DiHHi, 3aMKHeHHX ABomapameTpuuHoro K—& Momemmo TypGyneHTHOCTI
Jlayunepa—Illapma 3 BiANOBITHUMH IOYaTKOBHMH Ta IPAHHYHHMH YMOBaMH. Y TPiHHHKax MOJCITIOBAHHS BHKOHYBAJIOChH IS
Pi3HHX CXeM pyXy rasy (ra3 pyxaerbCsi MaricTpasiIio TpifiHHKa i 3 MaricTpaii HalpaBisSeThCsl Y BiIBIN TpiiHUKA; ra3 pyXa€eThCs
BIZIBOJIOM TpIiMHUKA i 3 HHOTO CHPSIMOBYETHCS y MaricTpajib TpiMHHKA, B SIKii JacTHHA Tra30BOTO MOTOKY IEpeTikae B OAHY 3
CTOpIH MaricTpaii, a Apyra — B iHIIy; ra3 pyXa€eThCs BiABOJOM TPiHHKA i 3 HBOTO CIIPSIMOBYETHCS B OJJHY i3 CTOpiH MaricTpani
TpifiHHKA).

Pesynbrati MopenmtoBanHst Oynu BisyamizoBani B mocrmpouecopi ANSYS Fluent R17.0 Academingo6ymoBoro mouis
KOHIICHTpaLiil AUCKpeTHOI (a3 Ta MOJIB LIBUAKOCTEH epo3iHOro 3HOIIYBaHHS Ha KOHTypax ()aCOHHHMX €JIEeMEHTIB. 3a
pe3yiabTaTaMH JOCHIJKCHb BHUSBIEHO MICHS IHTEHCHBHOTO YAApsSHHS PIIKUX 1 TBEpAUX YAaCTHHOK JO CTIHKM (haCOHHHX
€JIEMEHTIB 00B’ SI3KM KOMIIPECOPHOI CTaHIIii, MICIsSl iIHTCHCUBHOTO €pO3ii{HOTO 3HOUIYBAHHS CTiHKH TPYOOIPOBOIY, PO3PaXOBaHO
BEJINYMHY pO31HHOTO 3HOIIYBaHHS.

KirouoBi ciioBa: 6idsio, ouckpemna ¢pasza, nioxio Jlazpansica, nons konyenmpayii, piensanna Qinni, mpiiHux.
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