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Abstract. The research was performed in order to obtain the physical picture of the movement of condensed droplets and 
solid particles in the flow of natural gas in elbows and T-junctions of the linear part of the main gas pipeline. 3D modeling 
of the elbow and T-junction was performed in the linear part of the gas main, in particular, in places where a complex 
movement of multiphase flows occurs and changes its direction. In these places also occur swirls, collisions of discrete 
phases in the pipeline wall, and erosive wear of the pipe wall. Based on Lagrangian approach (Discrete Phase Model  – 
DPM), methods of computer modeling were developed to simulate multiphase flow movement in the elbow and T-junction 
of the linear part of the gas main using software package ANSYS Fluent R17.0 Academic. The mathematical model is based 
on solving the Navier–Stokes equations, and the equations of continuity and discrete phase movement closed with Laun-
der–Sharma (k–e) two-parameter turbulence model with appropriate initial and boundary conditions. In T-junction, we 
simulated gas movement in the run-pipe, and the passage of the part of flow into the branch. The simulation results were 
visualized in postprocessor ANSYS Fluent R17.0 Academic and ANSYS CFD-Post R17.0 Academic by building trajectories 
of the motion of condensed droplets and solid particles in the elbow and T-junction of the linear part of the gas main in the 
flow of natural gas. The trajectories were painted in colors that match the velocity and diameter of droplets and particles 
according to the scale of values. After studying the trajectories of discrete phases, the locations of their heavy collision with 
the pipeline walls were found, as well as the places of turbulence of condensed droplets and solid particles. The velocity of 
liquid and solid particles was determined, and the impact angles, diameters of condensed droplets and solid particles in the 
place of collision were found. Such results provide possibilities for a full and comprehensive investigation of erosive wear 
of the elbow and T-junction of the linear part of the gas main and adjacent sections of the pipeline, and for the assessment 
of their strength and residual life.
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Introduction

The linear part of the gas main consists of straight sec-
tions, curves of elastic bending, curves of cold and hot 
bending, T-junctions, and valves. The flow of natural gas 
in curves of hot bending (bends) and T-junctions is com-
plex. In addition, the gas flow changes its direction. As a 
result, liquid and solid particles (discrete phase) contained 
in the flow of natural gas (continuous phase) collide with 
the pipeline wall, causing the erosive wear of the pipe wall. 
Erosive wear is one of the factors that reduce the residual 
life of pipelines. The erosive wear of the pipe wall is espe-
cially dangerous for the pipelines that have been operated 
for more than 35…40 years (Maruschak et al. 2013, 2014, 

2016a, 2016b, 2018; Vilkys et al. 2018; Poberezhnyi et al. 
2016; Poberezhny et al. 2017; Lytvynenko et al. 2018; Pa-
nin et al. 2017). Therefore, a comprehensive study of the 
erosive wear of the pipe wall in gas mains is particularly 
relevant.

To fully and comprehensively investigate the erosive 
wear of elbows and T-junctions of the linear part of a gas 
main, it is necessary to know the locations of the intensive 
collision of liquid and solid particles carried by the flow 
of natural gas (multiphase flows) with the pipeline wall, 
as well as the velocity and diameter of particles, and im-
pact angles in the place of collision. Until recently, some of 
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that information could be obtained only by experimental 
studies in the laboratory by visualizing the flow moving in 
transparent pipes. However, such experiments cannot be 
performed in real gas mains because:

 – it is impossible to visualize gas flow in the gas main;
 – the pipes of gas mains are made of steel that prevents 
visual observation of the flow;

 – it is impossible to determine the exact value of the 
velocity, diameter of the discrete phase at any 3D 
point in the gas flow in elbows and T-junctions;

 – gas mains are operated under high pressure.
One of the promising areas of solving such problems 

in the shortest time is the active use of up-to-date com-
puter modeling systems that enable doing both separate 
calculations and solving problems as a whole. Computer 
modeling systems for 3D flows of gases and fluids include 
ANSYS Fluent, ANSYS CFX, Flow Vision, Flow3D, and 
SolidWorks. With the given software systems, one can 
perform modeling of three–dimensional flows of gas and 
fluids with the finite volume method. These software sys-
tems allow simulation of stationary and non-stationary 
multiphase flows of gases and fluids. The use of different 
models of turbulence and adaptive computational grid 
allows simulating complex flows and flows with strong 
turbulence. Such software systems can help explore the 
dynamics of local resistance to multiphase flows and pro-
cessing equipment of complex configuration of the inner 
surface.

Multiphase turbulent gas flows with discrete phases 
are widespread in different processes of power engineer-
ing, chemistry, aviation, and so on. This attracts many re-
searchers to study the processes occuring in such flows.

Many modern scientists deal with computer modeling 
of multiphase 3D flows in the pipeline fittings using vari-
ous software systems. Their results confirm that these soft-
ware systems are an effective tool of getting a physical pic-
ture of the movement of multiphase flow of gas in fittings, 
determining the places of intensive collision of particles 
with the pipeline wall, and the velocity of the particles. 

Abdolkarimi and Mohammadikhah (2013) developed 
a two-phase Lagrangian CFD model to simulate 3D mo-
tion of particles in the gas pipeline elbow with diameter of 
56 inches, where the ratio “curvature bend radius-to-pipe-
line diameter” is 1.5. It is established that larger particles 
are moved toward the outer wall of the elbow. 

Kuan (2005) used CFD modeling to study two-phase 
flows in the duct elbow with diameter of 500 mm. It was 
found that the rate of fine particles is almost equal to that 
of the main flow, and large particles are less responsive to 
local changes in the flow rate in the elbow. Thus, the rate 
of particles near the convex side of the elbow, where the 
flow slows down, may greatly exceed the local velocity of 
gas. Accordingly, a local reduction in the concentration of 
particles occurs near the concave side of the elbow.

Mohanarangam et  al. (2008) used Eulerian and La-
grangian approaches to model two-phase gas-flows over a 
square-sectioned elbow. It was found that the Lagrangian 

approach helps obtain finer details of the behavior of par-
ticles, while Eulerian approach can be used for industrial 
scale problems. 

Chu and Yu (2008) employed computer modeling in 
studying the movement of discrete phases in complex 3D 
systems, including pipe elbows with diameter of 40 mm 
and cyclone separator. It is shown that the modeling re-
sults are in good agreement with the experimental data, 
and can generate information leading to a better under-
standing of the internal flow structure of these systems. 

Azimian and Bart (2014) employed computer mod-
eling in studying the motion of solid particles in the elbow 
and T-junctions of a pipeline with diameter of 25 mm. 
Research was performed for different flow rates at the in-
let, different solids concentration, particle size and shape. 
It is established that the erosion in the T-junction, where 
the entire flow goes into the branch of the T-junction, is 
greater than at the outlets.

Upon impact, the reflected velocity of the particle is 
lower than the incoming velocity due to energy transfer. 
Energy is dissipated as heat, noise and target material de-
formation. This impact signature is described by the mo-
mentum based coefficient of restitution. The CFD code 
originally assumes that the impact signature can be ad-
equately described through consideration of the normal 
velocity component alone, and that the coefficient is angle 
insensitive (Forder et al. 1998).

Despite the considerable efforts applied to the study 
of the gas flow in pipelines, the movement of multiphase 
flows in elbows and T-junctions of gas mains has not been 
studied yet. Along with experimental laboratory research 
into the movement of flow in the transparent elbows and 
T-junctions, attempts are made to build a physical pic-
ture of the flow of these elements in gas mains. However, 
the physical picture of multiphase flow in elbows and T-
junctions of gas mains is complex and ambiguous, and it 
is quite difficult to calculate it in theory, and experiments 
cannot be carried out in real conditions of gas mains.

The objective of the research is to develop methods to 
study the dynamics of the movement of multiphase flows 
of gas in elbows and T-junctions of the linear part of the 
gas main. We also performed a detailed study of regulari-
ties in the movement of multiphase flows in elbows and 
T-junctions, as well as the trajectory of the particles of 
discrete phase, places of intensive collision of liquid and 
solid particles carried by the flow with the pipe wall, and 
impact angles, diameter, velocity of particles in elbows and 
T-junctions.

Hot bend elbows have L-, Z- and U-shaped compen-
sators of above-ground crossings of pipelines. They are 
also present in places of abrupt breakings of terrain and 
pipeline route turns. In elbows of L- and U-shaped com-
pensators, the product flow changes its direction by 90°, 
and in elbows of Z-shaped compensators, the flow changes 
direction by 60° (Figure 1a). In T-junctions at the begin-
ning of each branch of the gas main, gas moves in the T-
junctions run-pipe, and part of flow goes into the branch 
(Figure 1b).
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It is known that natural gas transported in gas mains 
contains liquid and solid particles (impurities). The fluid 
discrete phase includes gas condensate, water, lubricant 
and other hydrocarbons. The solid discrete phase includes 
rock carried from deposit wells, sand, slag exfoliated from 
the inner wall of the pipe, and the products of inner pipe 
corrosion.

The reasons for the presence of such impurities in the 
inner cavity of pipelines are different. First is the poor 
quality of gas cleaning in the gas production and com-
pressor stations, condensing of fluid from the gas flow at 
favorable thermodynamic conditions while pumping gas 
in the pipeline, passing of bearing lubrication from pumps 
of gas pumping units, poor cleaning of the inner cavity of 
the pipeline before putting it into operation, and so on. 
Chemical reaction between the pipe metal and liquid im-
purities accumulated in the bottom part of the pipelines 
leads to the inner pipe corrosion and formation of solid 
particles.

The presence of discrete phase in the inner cavity of 
gas pipelines, passing of liquid particles from the bottom 
sections of the route with gas flow leads to the formation 
of multiphase flows, which in their turn cause erosive 
wear in shaped elements of gas mains. Multiphase flows 
are those which consist of the continuous phase (natu-
ral gas) and distributed therein discrete phase (liquid and 
solid particles). Multiphase flows have far more complex 
physics than single-phase ones. There may be significantly 
different modes of multiphase flow: drip, bubble, slug and 
foam. In addition, there is not a single universal model 

for simulation of all possible modes. Moreover, there ex-
ist quite different approaches to simulation of different 
modes.

To predict erosive wear in elbows and T-junctions 
of the linear part of the gas main, one should know the 
places of intensive collisions of particles with the wall, the 
velocity of discrete phases in elbows and T-junctions, and 
impact angles. One can investigate the dynamics of mul-
tiphase flows in elbows and T-junctions with computer 
modeling of 3D turbulent flows using software system 
ANSYS Fluent R17.0 Academic. Mathematical models and 
numerical algorithms laid in this system meet the inter-
national standards.

ANSYS Fluent R17.0 Academic software system can 
model:

 – gas movement in elbows and T-junctions of gas pipe-
lines;

 – movement of multiphase flows in elbows and T-junc-
tions of gas pipelines;

 – erosive wear of elbows and T-junctions of gas pipe-
lines.

To simulate multiphase flows in ANSYS Fluent R17.0 
Academic, both Euler and Lagrange approaches are em-
ployed.

Euler’s approach considers changes in the parameters 
of flow (velocity, pressure and temperature) as points in 
space. For multiphase flows, a new quantity is introduced: 
a phase volume fraction, which is another parameter of 
the flow. Within Euler’s approach, all phases are seen as 
continuous, regardless of their actual morphology.

Figure 1. The locations of elbows and T-junction: a – above-ground crossing; b – branch from the main; 1 – gas main;  
2 – support; 3 – branch; 4, 5 – elbow 60° 1420 × 28 mm; 6 – pipe 1420 × 21.5 mm; 7 –T-junction welded with reinforcing  

plate 1420 × 20…325 × 9 mm; 8 – pipe 1420 × 18.7 mm; 9 –pipe 325 × 8 mm
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The basis of the Lagrangian approach is studying the 
motion of individual particles (or groups of particles) of 
the discrete phase.

Lagrangian Discrete Phase Model (DPM) makes it 
possible to build the trajectory of the particles motion in 
the continuous phase through solving differential equa-
tions of particles motion. The discrete phase can be both 
solid and not solid, featuring bubbles in fluid or droplets 
in gas. The model allows for two-way exchange of mass, 
momentum and energy of the particles with continuous 
phase. DPM is used for small values of volume concentra-
tion of particles because the interaction of particles with 
each other is taken into account indirectly. The advantage 
of DPM is that it allows for the accurate determination 
of interaction nature between the discrete phase and the 
wall. In the model framework of interaction between the 
discrete phases and the wall, there is an additional model 
of wall erosion. In addition, the DPM framework makes 
it easier to regard the secondary decay of discrete phase 
(if these are droplets or bubbles). The disadvantage of the 
DPM is its limitation on a local volume concentration of 
particles (less than 10%).

To simulate the motion dynamics of multiphase flow 
in elbows and T-junctions of the linear part of gas pipe-
line, the Lagrangian DPM was chosen because it makes 
it possible to build the trajectory of the particles motion 
of discrete phase in the continuous phase, determine the 
velocity of the particles motion, which is necessary for 
finding the intensive collision by liquid and solid parti-
cles, carried by the flow of natural gas, to the pipe wall, 
impact angles in place of collision that are necessary for 
a detailed examination of erosive wear in the pipes of gas 
pipelines. In addition, the Lagrangian DPM allows for the 
accurate determination of interaction nature between the 
discrete phase particles and the wall; in the framework of 
interaction between the particles and the wall, there is an 
additional model of wall erosion, where the volume con-
centration of discrete phase in natural gas is less than 10%.

The flow of natural gas of the continuous phase is 
modeled in ANSYS Fluent by numerical solution of a set 
of equations describing the broadest case of gaseous medi-
um movement. These are the Navier–Stokes equation (1), 
which expresses the law of conservation of momentum 
(or Reynolds (2) if the flow is turbulent), and the equa-
tion of continuity (3), which expresses the law of mass 
conservation:
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where: xi, xj – coordinates; t – time; ui, uj – velocity com-
ponents; ρ – density of gas; m – molecular dynamic vis-
cosity of the gas; if  – a term that takes into account the 
effect of mass forces; p – pressure; iu , ju  – the average 
time values of velocities; ′iu , ′ju  – pulsative velocity com-
ponents (Squires, Eaton 1990).

As a rule, boundary conditions are the conditions of 
adhesion on all solid walls (the flow rate is zero), which 
also include the distribution of all velocity components 
in the inlet section, and the equality to zero of the first 
derivative (in the direction of flow) of the velocity com-
ponent in the outlet section. Pressure is presented only in 
the form of the first derivative, therefore, it is necessary 
to specify pressure only at any one point of the calculated 
geometry.

For closure of those equations in ANSYS Fluent R17.0 
Academic, k–e two-parameter turbulence model was ap-
plied (k – turbulent energy; e – the rate of dissipation of 
turbulent energy), which involves solving of the following 
equations:

 – equation of transfer of turbulent energy k:
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 – equation of transfer of turbulent dissipation e:
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where: u – flow rate of gas; mt – turbulent dynamic vis-
cosity of gas; sk  – coefficient equal to one; G  – design 
variable; se – coefficient (se = 1.3); C1 – coefficient (C1 = 
1.44); C2 – coefficient (C2 = 1.92).

Turbulence model k–e is the so-called “High Reynold 
Model” (Reynold-averaged Navies–Stokes) – a model cre-
ated on the basis of averaging Navier–Stokes and designed 
to compute turbulent processes.

The substance, which is present in the flow of the con-
tinuous phase in the form of the discrete phase, does not 
form a continuum, and some particles interact with the 
flow of continuous phase and with each other. For mod-
eling of discrete phase in continuous phase in ANSYS Flu-
ent R17.0 Academic, Lagrangian approach is used, i.e. the 
motion of individual particles caused by the forces of the 
flow of continuous phase is tracked.

It is believed that the particles of discrete phase are 
spherical. The forces acting on the particle are due to dif-
ference between particle velocity and flow velocity of the 
continuous phase, and the extrusion by this particle of 
the medium from the continuous phase. The equations of 
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motion of such a particle was derived by Squires, Eaton 
(1990) and has the form:
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where: mp – particle’s mass; up – velocity of particle mo-
tion; dp – diameter of the particle; Ccor – coefficient of vis-
cous resistance; Fe – external force that acts directly on the 
particle (such as gravity or strength of the electric field); 
ω


 – angular velocity of rotation; 


r  – radius vector (in case 
of considering motion in the relative frame of reference).

The right side of Equation (6) is the sum of all forces 
acting on the particle, expressed in terms of mass and ac-
celeration of the particle. The first term on the right side 
is the inhibition of the particle as a result of viscous fric-
tion to flow of the continuous phase according to Stokes’ 
law. The second term is the force applied to the particle, 
which is caused by the accelerated flow of the continu-
ous phase caused by the pressure drop in the continuous 
phase surrounding the particle. The third term is the force 
required to accelerate weight of the continous phase vol-
ume extruded by the particle. These two terms should be 
considered, because the main phase density exceeds the 
density of particles. The fourth term (Fe) is external force 
that acts directly on the particle, such as gravity, which 
was included in the calculation. The last two terms are the 
centrifugal force and the Coriolis force, which take place 
only if the motion is regarded within the relative frame 
of reference. In addition, sometimes in the right side of 
Equation (6) one should consider some additional forces 
(e.g. in the event of a significant temperature difference 
in the flow).

Equation (6) is a differential equation of the first order, 
in which the only unknown value is the velocity of particle 
up, and the argument is time t. The flow velocity of the 
continuous phase u at all points of space is considered 
as known and defined by solution of Equations (1), (2) 
and (3). Initial data in addition to the size and properties 

of the particle include its position at the initial time. It is 
also indicated what will occur when the particle collides 
with the wall or other particle. To perform the calculation, 
terms that have up are moved to the left side of Equation 
(6). The velocity and location of the particle in each suc-
cessive time are determined by numerical integration of 
the time with a certain step Dt of all other terms of the 
Equation (6).

The algorithms implemented in ANSYS Fluent R17.0 
Academic make it possible to simulate the impact of the 
discrete phase on the flow of the continuous phase. In the 
first approximation, the density and viscosity of the con-
tinuous phase and some other values are multiplied by 
(1 – ap), where ap – the specific volume occupied by par-
ticles. Then, at every step of time, changes are calculated 
as to the mass, momentum and energy of the particles, 
and these changes are added accordingly to the Equations 
of conservation of mass (2), pulse (1) and the flow energy 
of the continuous phase. Thus, the calculation of the con-
tinuous phase flow and the calculation of particles motion 
are made simultaneously.

Modern software products implement several bound-
ary conditions that correspond to different events that oc-
cur in case of the particle collision to the wall: reflection 
as a result of elastic or inelastic impact, sticking to the 
wall, sliding along the wall (depending on the physical 
properties and the impact angle), passing through wall (if 
the wall is porous), and others. Under certain conditions, 
there is also a possibility of modeling splitting and merg-
ing of water droplets or gas bubbles when they collide with 
each other (Usachyov et al. 2009). 3D models of elbow and 
T-junction of the linear part of gas mains, the design and 
geometric dimensions of which are identical to industrial 
designs (Figure 1), have been drawn in a geometric mod-
ule ANSYS Fluent R17.0 Academic – Design Modeler. El-
bow and T-junction were drawn with the adjacent sections 
of pipes, whose geometric dimensions meet specifications. 
In preprocessor Fluent – Meshing, the volume calculation 
grid automatic was generated, and the volume was filled 
with triangular prisms. The size of mesh elements was 
0.1  m (Figure 2). To better describe the near-boundary 
layer, there was created a near-wall layer of lattices called 
“inflation” with 5 lattices (Figure 2). For such a size of 
mesh elements, the calculation results were qualitatively 
visualized, and the calculation time was about one hour.

Figure 2. The volume calculation grid
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Velocity and temperature of particles of the discrete 
phase at the inlet of elbow and T-junction were assumed 
equal to the velocity and temperature of the continuous 
phase at the inlet. The velocity of the contiuous phase at 
the inlet of a shaped element was determined by calcula-
tion of the gas dynamics of the linear part of the elbow 
and T-junction in ANSYS Fluent R17.0 Academic with-
out taking into accout the presence of the discrete phase 
in the flow (Doroshenko et al. 2016). The temperature of 
the continuous phase corresponds to the operating con-
ditions of the gas mains. Moisture content of natural gas 
depends on the temperature and pressure of gas and it is 
determined by nomogram given in (Kotlyar, Piljak 1971). 
Based on moisture content of natural gas and volume flow 
of the continuous phase, mass flow of the fluid phase was 
calculated.

According to the Standard GOST 5542–87, the mass of 
mechanical impurities contained in natural gas must not 
exceed 0.001 g/m3. According to (Usachyov et al. 2009), 
natural gas that is put into gas distribution stations con-
tains much more impurities than 0.001 g/m3. Sinajskij 
et al. (2002) is stated that the mass of mechanical impu-
rities in natural gas may be up to 0.003 g/m3. The mass 
of impurities in natural gas was assumed to be equal to 
0.003 g/m3. The mass flow of the solid phase was calcu-
lated taking into account the mass of impurities in natural 
gas and the volume flow of the continuous phase.

The maximum diameter of droplets of the fluid phase 
according to Sinajskij et al. (2002) is equal to:

− −  ρ
 = ⋅ ⋅ ⋅ ⋅
 ρ 

2
3 3 5

max 5 52 g
incond f

f
d D k We ,  (7)

where: Din – inner diameter of the gas pipeline; kf – drag 
coefficient of a droplet (kf = 0.4); ρg – density of gas; ρf – 
density of the fluid phase; We – Weber number (dimen-
sionless parameter).

ρ ⋅ ⋅
=

S

2
g inu D

We ,  (8)

where: S – strength of surface tension of the fluid phase 
on the brink of gas.

The strength of the surface tension of the fluid phase 
on the brink of gas depends on the pressure and tempera-
ture of gas, and it was determined by Gimatudinov et al. 
(1971).

The maximum diameter of particles of the solid phase 
was assumed as equal to the size of grains of fine sand.

Since the predominant pollutants contained in the 
transported natural gas include condensate, water and 
sand, we chose condensate density ρcond = 960 kg/m3 for 
the fluid phase, because it is approximately equal to the 
density of water, and for solid particles we chose sand with 
density ρsand = 2800 kg/m3.

The reflect condition was specified for the particles at 
the wall.

The simulation results were visualized in postproces-
sors ANSYS Fluent R17.0 Academic, ANSYS CFD-Post 

R17.0 Academic, which helped investigate and gather 
comprehensive data on the motion of condensed droplets 
and solid particles in elbow and T-junction of the linear 
part of the gas main. We visualized the calculated trajecto-
ries of motion of condensed droplets and solid particles in 
the flow of natural gas, which were then painted in colors 
that match the velocity and the diameter of the droplets 
and particles according to the scale of values.

Let us consider the section of above-ground crossing 
of the gas main at the installation site of elbow 4 with the 
rotation angle of 60° (Figure 1). The outer diameter of the 
elbow is Dout.e = 1420 mm, nominal wall thickness of the 
bend is dN.e = 28 mm. The elbow geometry corresponded 
to the Technical Specification GazTU 102-488/1-05. The 
elbow was drawn with adjacent sections of the pipeline 
15 m in length and outer diameter Dout = 1420 mm. Pipe 
wall thickness was calculated, and then pipes of nominal 
thickness dN = 21.5 mm were selected from the techni-
cal specifications. The inner diameter of the pipes is Din = 
1377 mm and it is equal to the hydraulic diameter, which 
was set in ANSYS Fluent R17.0 Academic.

To study the dynamics of multiphase flows in elbow 4 
of the above-ground crossing (Figure 1), we set boundary 
conditions and characteristics of each discrete phase in 
the ANSYS Fluent R17.0 Academic preprocessor, which 
are listed in Table 1 and in Figure 3a.

Table 1. Parameters used in CFD analysis  
of multiphase flow in the elbow

Type of Fluid Gas
Con-

densed 
droplets

Sand

Mass flow inlet [kg/s] 697.9 – –
Temperature [K] 297.0 297.0 297
Intensity of turbulence [%] 5.0 – –
Pressure outlet [MPa] 5.4 – –
Density [kg/m3] – 960.0 2800
Velocity inlet [m/s] – 12.0 12
Maximum particle diameter [mm] – 0.34 0.12
Minimum particle diameter [µm] – 3.0 0.1

As shown in Figure 3, when the gas flow with discrete 
phases moves in the elbow of the above-ground crossing 
curved at an angle of 60°, it changes its direction resulting 
in a complicated pattern of movement. Having examined 
trajectories of discrete phases movement in the elbow, we 
found that in the place of turn of the convex side, the big-
ger part of condensed droplets and solid particles (up to 
70%) moves in a flow of the continuous phase along the 
lines of the current parallel to the pipe wall, slightly ap-
proaching the wall in place of turn without colliding it. 
The smaller part of condensed droplets and solid particles 
in place of turn of the elbow moves along the trajectory, 
whose radius is larger than the radius of the elbow, re-
sulting in condensed droplets and solid particles collision 
to the elbow wall and the pipe welded to it on the right 
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Figure 3. The results of modeling the discrete phase movement in the elbow of above-ground crossing: 1 – elbow 60°1420 × 28 mm 
(Technical Specification GazTU 102-488/1-05); 2 – pipe 1420 × 21.5 mm; a – calculation scheme; b – trajectory of the discrete phase 
movement; c – trajectories of motion of condensed droplets painted in colors that match the velocity; d – trajectories of motion of 
solid particles painted in colors that match the velocity of particles; e – trajectories of motion of condensed droplets painted in colors 
that match the diameter of droplets; f – trajectories of motion of solid particles painted in colors that match the diameter of particles; 
g – trajectories of motion of condensed droplets and solid particles painted in colors that match the velocity; h – trajectories of motion 

of condensed droplets and solid particles painted in colors that match the the diameter of the droplets and particles
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(Figure 3b). The most intensive collision is in the place of 
the elbow end on its convex side, and at the beginning of 
the pipe welded to it. What is more, the farther from the 
elbow turn, the lower the impact angle is. Therefore, in 
the end of the elbow it is about 25°, and along the pipe 
welded to it the angle gradually decreases. The velocity of 
condensed droplets in the place of collision near the bend 
end is about 6.2 m/s, and at the beginning of the welded 
pipe it reaches 11.5 m/s (Figure 3c). The velocity of solid 
particles is the same in these places (Figure 3d).

In the elbow, the velocity profile of both continuous 
and discrete phases changes in longitudinal and transverse 
sections (Figure 3c, 3d, 3g). Along the concave side of the 
discrete phase it accelerates up to 23 m/s, and along the 
convex side it slows down to 5 m/s. The opposite pattern 
is observed at the outlet of the elbow – the discrete phase 
slows down along concave side up to 3 m/s and along the 
convex side, it accelerates to 11.5 m/s (Figure 3c, 3d, 3g). 
At the beginning of turn on the concave side of the elbow, 
the discrete phases tearing of the pipe wall takes place with 
increasing distance between the trajectory of the discrete 
phase and the pipe wall up to 0.08 m. At the outlet of the 
elbow, a slight turbulence of the gas flow takes place with 
existing therein-discrete phases, with the discrete phase 
trajectories approaching the pipe wall.

In addition, an uneven redistribution of discrete phas-
es according to diameter takes place in the elbow (Figure 
3e, 3f, 3h). Most condensed droplets and solid particles, 
which have larger diameters, move along the convex side 
of the elbow, and some of them collide with the elbow wall 
and the pipe welded to it, which leads to erosive wear. Dis-
crete phases of smaller diameters move along the concave 
side of the elbow.

Let us consider the section of the gas main in the place 
of the branch of the main, where a welded T-junction 7 
is set with the reinforcing plate (Figure 1). Gas moves 
in the T-junction run-pipe, and part of the flow goes to 
the branch from the run-pipe. The outer diameter of the 
T-junction run-pipe is Dout.r.p  = 1420 mm, the nominal 
wall thickness is dN.r.p  = 20 mm. The outer diameter of 
the T-junction branch is Dout.b = 325 mm, the nominal 
wall thickness is dN.b = 9 mm. T-junction was drawn with 
adjacent sections of the pipeline 15 m in length. The pipe 
wall thickness was calculated, and then pipes with nomi-
nal thickness of 18.7 mm were selected from the technical 
specifications. Inner diameter of pipes is 1382.6 mm, and 
it is equal to hydraulic diameter, which was set in ANSYS 
Fluent R17.0 Academic. Outer diameter of the pipes ad-
jacent to the T-junction branch is 325 mm, nominal wall 
thickness is 8 mm.

To study the dynamics of multiphase flows in T-junc-
tion 7 in a place of the branch (Figure 1), where the gas 
moves in the T-junction run-pipe, and then part of the 
flow goes to the T-junction branch, we set boundary con-
ditions in the ANSYS Fluent R17.0 Academic preproces-
sor along with characteristics of each discrete phase that 
are listed in Table 2 and Figure 4a.

Table 2. Parametersused in CFD analysis of multiphase flow  
in the T-junction

Type of Fluid Gas
Con-

densed 
droplets

Sand

Mass flow inlet [kg/s] 697.9 – –
Particle rate [kg/s] – 0.25 0.0019
Temperature [K] 297 297 297
Intensity of turbulence [%] 5.0 – –
Pressure outlet 1 [MPa] 5.595 – –
Pressure outlet 2 [MPa] 5.600 – –
Density [kg/m3] – 960 2800
Velocity inlet [m/s] – 11.6 11.6
Maximum particle diameter [mm] – 0.34 0.12
Minimum particle diameter [µm] – 3.0 0.1

To determine the pressure at the outlet of the T-junc-
tion branch (Figure 4a), the T-junction for various pres-
sures at the outlet of the T-junction branch was previously 
calculated in software system ANSYS Fluent R17.0 Aca-
demic, then we determined at what pressure at the branch 
outlet the mass flow is equal to design mass flow. Such 
pressure was equal to Pout1 = 5.595 MPa, and the corre-
sponding mass flow was Mout1 = 27.4 kg/s.

During the gas flow movement in the T-junction, part 
of the gas flow with discrete phases changes its direction 
and passes from the T-junction run-pipe into the branch 
(mass flow of the T-junction branch is Mout1 = 27.4 kg/s), 
resulting in a complicated pattern of gas movement in the 
T-junction (Figure 4). Having studied trajectories of mo-
tion of liquid and solid particles in the T-junction, it was 
found that discrete phases flow in arcuate trajectories from 
the T-junction run-pipe into the branch, moving in the 
top of the T-junction run-pipe. What is more, the arcuate 
trajectories of a small amount of liquid and solid particles 
come out of the projection boundaries (imaginary con-
tituation) of the T-junction branch into the inner cavity 
of its run-pipe (Figure 4b). When discrete phases that 
move along these trajectories approach the wall of the T-
junction run-pipe on the right side of the branch, trajec-
tories of their movement turn round in the direction of 
gas flow movement in the T-junction run-pipe, and liquid 
and solid particles collide to the walls of the T-junction 
run-pipe. The place of collision is the inner surface of the 
top of the T-junction run-pipe located on the right side 
of the T-junction branch (Figure 4b, place of collision 1). 
The maximum impact angle in the place of collision is 
observed near the T-junction branch and it is 55°. The far-
ther from the T-junction branch to the right, the smaller 
the impact angle is. The velocity of condensed droplets in 
place of collision 1 is from 5 m/s to 9 m/s (it increases with 
an increase in the distance from the T-junction branch in 
the T-junction run-pipe (Figure 4c). The velocity of solid 
particles is the same at this point (Figure 4d).
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Figure 4. The results of modeling of discrete phases movement in the T-junction located in the place of the branch from the line, where 
gas moves in the T-junction run-pipe, and part of the flow is directed to the T-junction branch: 1 – welded T-junction with reinforcing 
plate 1420 × 20…325 × 9  mm (Standard OST 102-61-81); 2  – pipe 1420 × 18.7  mm; 3  – pipe 325 × 8  mm; a  – calculation scheme; 
b – trajectories of discrete phases; c –trajectories of condensed droplets painted in colors that match the velocity; d – trajectories of 
solid particles painted in colors that match the velocity of particles; e – trajectories of condensed droplets painted in colors that match 
the diameter of droplets; f – trajectories of solid particles painted in colors that match the diameter of particles; g – trajectories of 
discrete phases movement painted in colors that match the velocity; h – trajectories of discrete phases movement painted in colors 

that match the diameter of droplets and particles
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Having examined trajectories of discrete phases move-
ment in the T-junction branch, it was found that in the 
branch, liquid and solid particles that flowed from the 
T-junction run-pipe, continue to move in arcuate tra-
jectories, resulting in their collision to the wall of the T-
junction branch and the pipe welded to it on the right 
side (Figure 4b, place of collision 2). The impact angle 
at the beginning of the bend (at its place of welding to 
the T-junction run-pipe) is maximum and is about 25°. 
Next, the impact angle decreases in the branch and the 
pipe welded to it. The velocity of condensed droplets and 
solid particles in place of collision at the beginning of 
the T-junction branch is 6.5 m/s and it increases farther 
from the beginning of the branch and reaches a maximum 
value of 20 m/s at the beginning of the pipe welded to T-
junction branch (Figure 4c, 4d, 4g). At the opposite wall 
of T-junction of the branch and the pipe welded to it, tur-
bulence of the gas flow with discrete phases takes place 
(Figure 4c, 4d, 4g). The velocity of particles in place of 
turbulence is from 1 m/s to 10 m/s (Figure 4g).

It is seen from the visualized simulation results that 
an uneven redistribution of discrete phases according to 
the diameter takes place in the T-junction branch (Figure 
4e, 4f, 4h). Most of condensed droplets and solid particles 
with larger diameter move in theT-junction branch on 
its right side and some of them collide to the wall of the 
branch and the pipe welded to it, which leads to erosive 
wear (Figure 4b, place of collision 1). Discrete phases of 
smaller diameter move at the opposite side of the flow and 
are contained in the swirling gas flow of the T-junction 
branch.

Conclusions

Based on Lagrangian approach and using ANSYS Fluent 
R17.0 Academic software system, the dynamics of move-
ment of multiphase flows in elbow and T-junction of the 
linear part of the gas main was investigated for the first 
time, whose design and geometric dimensions are identi-
cal to industrial design. 

Calculated trajectories of motion of condensed drop-
lets and solid particles in the flow of natural gas were 
obtained, which were painted in colors that match their 
velocity and diameter according to the scale of values that 
enabled getting a physical picture and collecting compre-
hensive data on the movement of discrete phases in elbow 
and T-junction of the linear part of gas main. 

The places of heavy collision by condensed droplets 
and solid particles, carried by the flow of gas, to the pipe-
line wall, places of swirl of discrete phases, tearing off the 
flow of liquid and solid particles from the wall of elbow 
and T-junction were discovered. 

The velocity of liquid and solid particles, impact an-
gles, diameters of condensed droplets and solid particles 
in the place of collision were defined. 

Such studies open the prospect for a full and compre-
hensive research of erosive wear of elbow and T-junction 
of the linear part of gas mains.
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