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ABSTRACT

Purpose: Analysis of the stress-strain state of cylindrical cleaning pigs manufactured of 
hyperelastic material during their movement through the pipe bends of the pipelines, identification 
of maximum contact forces' points, and places of their separation from the inner wall. The effect 
of the dynamic friction coefficient between the pig's lateral surface and the pipeline's inner 
wall on the value of the maximum equivalent von Mises stresses in the pig is investigated – 
determination of the required pressure for the passage of the pig through pipeline bends.
Design/methodology/approach: The finite element method performs numerical modelling 
of the pigs' movement through pipeline bends is performed. The non-linear properties of a 
hyperelastic pig material (a silicone compound with a hardness of 30 units on the Shore scale) 
are described by the potential Yeoh strain energy model. The contact interaction of the pig with 
the inner wall of the pipe bend is modelled by a surface-to-surface contact with dynamic friction 
coefficients of 0.1, 0.2, and 0.3 between them. For research, pigs with a length of 60 mm, 75 
mm and 90 mm with a convex front and a concave rear end were manufactured and modelled. 
The experimental unit was designed and mounted from metal and glass pipes, between which 
pipe bends were placed with a bending angle of 90° and a bending radius of 1.5 DN. The metal 
pipeline has an internal diameter of 49 mm and a total length of 5.3 m, and the glass pipeline is 
54 mm and 5 m, respectively. The experimental installation made of glass pipes was designed 
for visual observation of the dynamics of the pig movement through the glass pipeline bend and 
from metal – for measuring the pressure during the pig movement along the straight sections 
and the pipeline bend. To verify the correctness of the numerical modelling, the fully calculated 
deformations of the cleaning pigs in the bends of the pipeline were visualized and compared 
with photographs of the deformations of the pigs during their movement through the glass 
bends of the pipelines.
Findings: The bending of the pig in the pipe bend and contact forces increase equivalent 
von Mises stresses in the pig. Moreover, during the movement of the pig in a pipe bend, 
the distribution of equivalent von Mises stresses in it, as well as its deformations, changes 
continuously. It depends on the stage at which it is located. Numerical modelling and experiments 
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have established that when the pig is at the stage of movement in the middle part of the pipe 
bend, due to bending, its lateral surface is partially separated from the inner wall of the pipe 
bend. With this, on the convex side of the pipe bend, the pig is separated from the wall in the 
front and rear parts and on the concave side – in the middle part. This separation of the lateral 
surface of the pig from the inner wall of the pipe bend results in the formation of a gap and 
cross-flows through the pig, reducing the pressure drop on it, which can lead to its sticking. 
For pigs made of silicone compound with a hardness of 30 units on the Shore scale to pass 
pipeline bends with a bending angle of 90° and a bending radius of 1.5 DN, the pressure in the 
pig space shall be at least twice as high as the pressure required for the pig to move along a 
straight section of the pipeline.
Research limitations/implications: Modelling and experimental studies were performed 
for pigs made of silicone compound. Therefore, subsequent studies will establish the influence 
of other hyperelastic materials' physical and mechanical properties on the pig movement along 
the pipeline bends.
Practical implications: The results obtained in this study allow for determining the 
possibility of pigs passing through the pipeline bends of gas gathering systems at gas fields 
and gas networks, determining the necessary pressure for this and, if necessary, optimising the 
geometric shape and dimensions of the pigs passing through the pipe bends.
Originality/value: The influence of the location of a solid pig made of hyperelastic material 
in the pipeline bend and the coefficient of dynamic friction on the stress-strain state of the pig 
is studied. The article contains original experimental units designed and installed to study the 
movement of pigs through pipeline bends.
Keywords: Numerical methods, Pig, Bend, Silicone compound
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1. Introduction 
 

To ensure the efficiency and safety of energy carriers' 
transportation (gas, oil, and hot water) through pipelines, it 
is necessary to clean their internal cavity of various 
contaminants regularly. It is especially true for pipeline 
systems for gas gathering from depleted gas fields and low-
pressure gas networks. The reason for this is the recovery of 
a large volume of liquid pollutants from wells and the low 
gas flow rates in such pipeline systems, contributing to the 
build-up of water and condensate in the internal cavity of 
lowered pipe sections [1-4]. 

The build-up of liquid contaminants in pipelines is a 
hydraulic resistance. It leads to a decrease in their hydraulic 
efficiency, resulting in a drop in throughput capacity, 
increased pressure losses, and decreased gas production 
volumes [5-7]. They also lead to the enhancement of intra-
pipe corrosion processes, leading to defects in the pipe wall. 
In the case of such defects, methane leaks from the pipeline, 
and an explosion and contamination of the environment with 
greenhouse gas are possible. Wiener entropy is proposed in 

[8] to detect pipeline pipe wall defects in a timely manner 
and prevent accidents. 

Under certain thermobaric conditions, liquid 
contamination in gas pipelines can lead to the formation of 
solid crystalline compounds (hydrates) and partial or 
complete blockage of the pipeline [9]. 

Another problem is that during the transfer of various 
contaminants by the gas stream, they hit the inner wall of 
pipe bends and tees, which leads to erosion defects that 
affect the stress state of the pipeline [10]. Pipe bends with a 
bending angle of 30°, 45°, 60° and 90°are used. The greatest 
risk of the pig-sticking in the pipe bend occurs when its 
bending angle is 90°. 
 
 
2. Literature review 
 

To effectively clean the interior of pipelines from 
accumulated pollutants by pigs. Also, the advantage of the 
method is minimal losses of the product transported by the 
pipeline. However, when the pigs move through the 
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pipeline, they may get stuck, leading to partial or complete 
blocking of the flow. Installed pipe bends, tees, and adapters 
are local resistances of the pigs' movement [11,12]. Many 
such elements are installed on modern pipeline systems for 
various purposes [13], particularly pipelines of the gas 
gathering systems at depleted gas fields and low-pressure 
gas networks. Therefore, it is important to understand the 
dynamics of the pig movement in the pipe bend to prevent 
them from getting stuck. 

The main cause of pigs' sticking in the pipe bends is their 
curvature, which leads to a strong bending of the pigs, 
resulting in a significant increase in contact forces and, 
accordingly, friction forces. In turn, an increase in friction 
forces the pig to brake, and it could temporarily stop or get 
stuck in case of insufficient action due to the outside 
pressure (pressure drop on the pig). Such cases can occur 
when the pig cleans the pipelines of gas gathering systems 
of depleted gas fields and gas networks that operate under 
low pressure. 

Therefore, before the first (test) cleaning of the pipeline 
using a pig and in case of replacing the pig with another one 
(made of a different material, having a different geometric 
shape or size), it is necessary to determine the possibility of 
its passage through the pipeline bends, and pressure needed 
for this. To do this, it is necessary to understand the 
dynamics of the pig movement by pipeline bends and 
experimentally determine its flow capacity. 

The movement of pigs through pipe bends is a complex 
process in which dynamics are influenced by various factors, 
including the geometric shape and dimensions of the pig, the 
characteristics of the material from which it is made, the 
radius and angle of bending of the pipe bend, and the friction 
coefficient. A complication is that pipeline gas gathering 
systems from gas fields, gas pipelines, and heat supply 
networks contain pipe bends of a small bending radius 
(steeply curved). Therefore, for pigs to pass such pipe bends, 
they must be solid and made from hyperelastic materials that 
can undergo ultra-large deformations under the influence of 
loads and, at the same time, quickly restore their geometric 
shape. 

Thus, the movement of the pig through the pipeline 
bends is a complex non-linear problem containing geometric 
non-linearity, non-linear hyperelastic properties of its 
material, and contact non-linearity. The combination of such 
non-linearities significantly complicates the description of 
the dynamics of movement of the pigs made of hyperelastic 
materials by mathematical models since many uncertainties 
arise. To investigate the dynamics of pig movement through 
pipeline bends, considering the non-linear properties of its 
material and frictional forces that can be numerically 
modelled. Experimental studies make it possible to verify 

the modelling and determine the pressure at which the pig 
can pass pipe bends. 

Through pipelines, the pigs move under a force caused 
by the pressure difference between the front P1 and the rear 
parts of the pig P2. Then, if the pig diameter is equal to the 
inner diameter of the pipeline and the pig moves in a 
horizontal rectilinear section, the balance of forces on the pig 
can be defined as follows 

 

𝑚𝑚�
���
�� � ��� � ���𝐴𝐴� � 𝐹𝐹�  (1) 

 

where: 𝑚𝑚� ‒ pig weight; 𝑉𝑉� ‒ pig speed; 𝑡𝑡 ‒ time; 𝐴𝐴� ‒ the 
cross-sectional area of the pig; 𝐹𝐹� ‒ friction force between 
the pig and the inner wall of the pipe [14]. 

A. Nieckele [15] and V. Grudz [16,17] combined the 
force balance equations acting on the pig with the gas flow 
equations in the pipeline. The combination made it possible 
to develop the basics of modelling gas-dynamic processes in 
gas pipelines during the movement of pigs, an algorithm for 
controlling the gas pipeline's operating mode during its 
cleaning by the pigs. 

L. Chen [18] performed numerical modelling of the pig 
movement along a linear section of the pipeline using the 
finite element method in the ANSYS software package. It 
was established that the cause of damage to the rubber seals 
of the pig is the occurrence of stresses at its ends in the upper 
and lower parts, which are significantly greater than the 
tensile strength of the material. Experimental studies 
confirm the reliability of numerical modelling. 

In contrast to the rectilinear section in the pipe bend, 
additional forces act on the pig due to its circular movement 
and bending. S. Shengtao [19] analysed the forces that occur 
during the movement of the disc pig through the pipe bend 
and recorded the rotation to determine the friction force 
between the pig and the inner wall of the pipe bend 

 

𝐹𝐹� � 𝜇𝜇�𝐹𝐹� � 𝑁𝑁� � 𝑁𝑁� � 𝛥𝛥𝐹𝐹� (2) 
 

where: 𝜇𝜇 ‒ a friction coefficient; 𝐹𝐹� ‒ the centrifugal force 
that acts on the pig during its movement through the 
pipeline; 𝑁𝑁�, 𝑁𝑁� ‒ contact forces that occur as a result of 
pressing the pig against the inner wall of the pipe bend from 
its convex side; 𝛥𝛥𝛥𝛥 ‒ the force caused by the pressure drop 
acting on the pig. 

M. Borregales [20] investigated through 2D CFD 
modelling the movement of pigs of various geometric shapes 
in rectilinear sections and pipeline bends. As a result, the 
pressure and flow rate distribution in the pipeline was 
obtained, which allows an understanding of the patterns of 
pig movement in pipelines. It is established that the pressure 
field is asymmetric during the movement of the pig along 
the pipeline bend.  
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Y. Cao [21], using three-dimensional modelling and the 
finite element method, investigated the deformations and 
stress states of the pigs during their movement along straight 
sections and pipeline bends. It is established that when the 
pig moves along a straight section of the pipeline, the radial 
stresses on the outer end of the four cups are evenly 
distributed and identical. If the pig moves along the pipeline 
bend, the distribution of radial stresses in each cup is 
different and similar to the distribution of cardioids.  
 
 
3. Methods and materials 
 
3.1 Numerical model 
 

To clean pigs to pass pipe bends of a small bending 
radius, they must be able to bend in pipe strongly under the 
action of a force caused by a pressure drop and not collapse. 
Therefore, they must be made of materials that can undergo 
significant deformations, minimally change their volume, 
and quickly restore their shape after loads are removed. Such 
materials are called hyperelastic. During the movement of a 
pig made of hyperelastic material, the pipeline bends it. The 
movement dynamics significantly depend on the physical 
and mechanical characteristics of the material and the 
geometric parameters of the pig and the pipe bend. 
Therefore, it is advisable to solve the problem where 
geometric non-linearity, non-linearity of the pig material 
properties, and contact non-linearity are combined in a 
three-dimensional formulation using numerical modelling 
by the finite element method in the corresponding software. 
The method allows an understanding of the regularities of 
the deformation process of the pig in the pipeline and bends 
the distribution of stresses during its movement. 

Numerical modelling of the dynamics of the movement 
of a pig made of various hyperelastic materials through 
pipeline bends is performed in the ANSYS software 
package, which is now widely used to solve complex, linear 
and non-linear problems. 

An extremely important role in modelling is played by 
the model of the material from which the pig is made. In 
creating a material model, it is necessary to consider the non-
linearity of the properties of the hyperelastic pig material 
since they strongly affect the deformation process. 

The library of materials in the software package allows 
for simulating most hyperelastic materials, including the 
materials from which pigs are made. 

The non-linear behaviour of hyperelastic materials in 
numerical modelling can be described by models of the 
potential strain energy developed by Mooney-Rivlin, Yeoh, 
and Ogden [22]. The models are based on the strain energy 

density function, which determines the amount of strain 
energy accumulated in a material per unit volume. The 
stress-strain state of the material determines the function of 
the strain energy density. 

For an isotropic material, the energy density function can 
be expressed as a function of tensor strain invariants 

 

� � ��𝐼𝐼��, 𝐼𝐼��, 𝐼𝐼��� � ��𝜆𝜆�, 𝜆𝜆�, 𝜆𝜆�� (3) 
 

where: 𝐼𝐼��, 𝐼𝐼��, 𝐼𝐼�� ‒ three invariants of Green's strain tensor, 
determined by the principle of expansion coefficients 𝜆𝜆�, 𝜆𝜆� 
and 𝜆𝜆� by equations; 
 

𝐼𝐼�� � 𝜆𝜆�� � 𝜆𝜆�� � 𝜆𝜆��, (4) 
 

𝐼𝐼�� � 𝜆𝜆�� ⋅ 𝜆𝜆�� � 𝜆𝜆�� ⋅ 𝜆𝜆�� � 𝜆𝜆�� ⋅ 𝜆𝜆��, (5) 
 

𝐼𝐼�� � 𝜆𝜆�� ⋅ 𝜆𝜆�� ⋅ 𝜆𝜆��. (6) 
 

The strain energy density function of any hyperelastic 
material can be decomposed as an infinite series of first and 
second principal invariants 𝐼𝐼�� and 𝐼𝐼��. The polynomial form 
of the strain energy function is a phenomenological model 
and can be represented as follows 

 

� � ∑ 𝐶𝐶�������� �𝐼𝐼�� � 3���𝐼𝐼�� � 3�� � ∑ �
�� �𝐽𝐽 � 1�������   (7) 

 

where: 𝐶𝐶�� ‒ material constants for N quantity terms; 𝐽𝐽 ‒ total 
volume coefficient; 𝐷𝐷� ‒ a coefficient that considers the 
parameters of material incompressibility. 

The higher the 𝑁𝑁 value is, the more accurate the solution 
will be. However, with 𝑁𝑁 value increase, the difficulty of 
determining material constants increases due to insufficient 
data to cover all deformations. Therefore, the very high 𝑁𝑁 
values are not recommended. 

Initial shift modulus 𝜇𝜇� and volume modulus 𝐾𝐾� can be 
determined by the formulas 

 

𝜇𝜇� � 2�𝐶𝐶�� � 𝐶𝐶���,  (8) 
 

𝐾𝐾� � �
��.  (9) 

 

If the nominal deformations are small or moderately 
large, the first term in the polynomial usually provides a 
fairly accurate model [22]. 

For an accurate numerical value modelling of large 
deformations with Coulomb friction between a solid and a 
hyperelastic body). Yeoh [23] is the best constitutive model 
for modelling the movement of pigs made of silicone 
compound through pipeline bends. 

Density energy deformations for the Yeoh model [22] 
are as follows 

 

� � ∑ 𝐶𝐶������ �𝐼𝐼�� � 3��   (10) 
 

where: 𝐼𝐼�� ‒ Green's first invariant. 

3.	�Methods and materials

3.1.	�Numerical model
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According to [23], it is most appropriate to use the Yeoh 
model of the 3rd order for silicone, which can be written as 
the following equation 

 

� � 𝐶𝐶���𝜆𝜆�� � 𝜆𝜆�� � 𝜆𝜆�� � 3� � 𝐶𝐶���𝜆𝜆�� � 𝜆𝜆�� � 𝜆𝜆�� � 3� � 
�𝐶𝐶���𝜆𝜆�� � 𝜆𝜆�� � 𝜆𝜆�� � 3�   (11) 
 

where: 𝐶𝐶��, 𝐶𝐶�� and 𝐶𝐶�� ‒ material constants. 
Experimentally determined values for material constant 

for silicone compounds [24] are given in Table 1. 
 

Table 1. 
Material constants of silicone compound of Yeoh model 

𝐶𝐶��, MPa 𝐶𝐶��, MPa 𝐶𝐶��, MPa 
0.196259775 0.009010431 -0.000105654 
 
To set the characteristics of the pig material in the 

materials library of the ANSYS software package, 
Hyperelastic Materials are selected where it is set Yeoh 3rd 
order model and material constants 𝐶𝐶��, 𝐶𝐶��, and 𝐶𝐶�� are 
entered as presented in Table 1. 
 
3.2 Geometric modelling 
 

The pig's geometric shape significantly influences the 
dynamics of its movement through pipeline bends. The 
simpler the geometric shape of the pig, the easier it is to 
make it stronger and more dependable. Therefore, all pigs 
are modelled and manufactured in a cylindrical geometric 
shape for numerical modelling and experimental studies 
with a rounded convex spherical front part and a concave 
rear part (Fig. 1). Such rounding increases the passing 
capacity of the pig through the pipeline, which is important 
if they are used for cleaning pipeline gas gathering systems 
from gas fields and gas networks that contain various 
obstacles in the internal cavity. Pigs of three lengths were 
manufactured and modelled for research purposes ‒ the 

length of the cylindrical part of the pigs – 60 mm, 75 mm 
and 90 mm. 

Geometric parameters that characterize pipeline bends 
are the bending angle, radius, and diameter. The most 
common ones in gas-gathering pipeline systems from gas 
fields and gas networks are pipe bends with a bending angle 
of 90°. As for the bending radius of the pipe bends it can be 
equal to 1.5 DN, 2 DN, 3 DN, and 10 DN (where DN is the 
nominal diameter of the pipe). The greatest risk of pig-
sticking will be when the bending radius of the pipe bend is 
minimal. Therefore, a pipe bend with a bending angle of 90° 
and a bending radius of 1.5 DN was selected for 
experimental studies. The pipe bend on both sides contained 
adjacent rectilinear pipe sections with a length of 0.15 m 
each. The geometric parameters of the pipe bend are given 
in Table 2. Based on geometric parameters, a geometric pipe 
bend model was created, in which a geometric pig model 
was placed (Fig. 1). The pipe is assigned the steel material 
and the pig Yeoh 3rd order model with the material constants 
given in Table 2. 

 
Table 2.  
Geometric parameters of the pipe bend 

OD,  
mm 

Wall 
thickness, mm 

Bending 
angle, ° 

Bending 
radius, mm 

57 4 90 75 
 
3.3 Modelling of contact interaction 
 

When the pig moves along a straight section of the 
pipeline and the pipe bends between its side surface and the 
pipe wall, surface-to-surface contact occurs, resulting in 
contact forces. In the pipe bend, the pig bends strongly  
and takes its shape, which causes a significant non-linear 
increase in contact forces. The magnitude of the friction 
forces depends on the magnitude of the contact forces. 
 

 
 
 
 
 
 
 
 
 
 
 
 
 

Fig. 1. Geometric model 1 – pig; 2 – pipe bend; 3 – straight pipe 

1 

3 
2 

3.2.	�Geometric modelling

3.3.	�Modelling of contact interaction
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Fig. 2. Modelling of contact surfaces: a) contact interaction of the pig with the inner wall of the pipe bend; b) contact body 
view; c) target body view 
 
To overcome the increased friction force, a higher locking 
pressure is required than for the movement of the pig in a 
straight section. Therefore, to determine the required outside 
pressure for the pig to pass through the pipe bend, it is 
necessary to determine the value of contact forces. 

A surface-to-surface contact is modelled between them 
to numerically describe the processes of contact interaction 
of the pig with the inner wall of the pipe bend. The pipe bend 
surface of the pig is defined as the contact surface, and the 
inner wall of the pipe bend and adjacent straight sections of 
the pipe - as the target surface (Fig. 2). 

To model the pig movement within a pipe bend, it is 
necessary to consider the friction coefficient. It depends on 
the material from which the pig is made, the condition of the 
pipe's inner wall (roughness, humidity), and the speed of the 
pig. The Coulomb friction contact model is selected to 
describe the interaction between the contact surface and the 
main guide surface, and the coefficient of dynamic friction 
between the pig and the pipe bend wall and adjacent pipes is 
set to 0.1, 0.2 and 0.3. 

A body-ground contact is applied to the outer wall of the 
pipe bend and adjacent straight sections of pipes, which 
models a rigid external contact surface. 

 
Table 3. 
Variables in numerical modelling 

The length of the cylindrical part 
of the pigs, mm 60 75 90 

Coefficient of dynamic friction 0.1 0.2 0.3 

To ensure the movement of the pig in straight sections 
and the pipe bend of the pipeline, the movement of the pig's 
rear end in the direction of the pipeline axis is set in ANSYS. 
The maximum set distance is 400 mm. The variables in the 
proposed numerical modelling are presented in Table 3. 
 
3.4 Finite element meshing 
 

In the Fluent-Meshing preprocessor, the parameters of 
the volumetric mesh were set. The Quadrilateral Dominant 
method was chosen for the pipe wall (Fig. 3). The size of the 
grid element is taken to be equal to 5 mm. Element order is 
selected Quadratic. 

 
 
 
 
 
 
 
 
 
 
 
 
 

 
 
 
 

Fig. 3. FE model 

a) 

c) 

b) 

3.4.	�Finite element meshing
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The automatic method was chosen to break the cleaning 
pigs onto the grid. Their volume was filled with trihedral and 
tetrahedral prisms (Fig. 3). The size of the grid element is 
taken to be equal to 5 mm. 

In order to better cover the areas between which there is 
frictional contact, a grid was set for the layers of the pig's 
surface and the inner wall of the pipe Face Sizing with an 
element size of 5 mm. 

The specified grid ensures the necessary calculation 
accuracy, and the calculation time does not exceed 2 hours. 
 
3.5 Manufacture of pigs and design of an 
experimental unit 
 

To clean pigs to pass pipe bends of a small bending 
radius, they must be made of materials that can undergo 
significant deformations, minimally change their volume, 
and quickly restore their shape after loads are removed.  
Such materials are called hyperelastic. The pigs are made 
solid from a silicone compound with a hardness of 30  
units on the Shore A Scale (Fig. 4). For this, 3D models of 
cleaning pigs and pouring moulds were developed. Then,  
a mixture of silicone and catalyst was poured into  
moulds printed on a 3D printer. The cleaning pigs were 
removed from the moulds after hardening the silicone 
compound. 

The contact forces that occur between the pig and the 
inner wall of the pipe bend are caused by the bending of the 
pig, and the stress-strain state of the pig during its movement 
through the pipe bend significantly depends on the length of 
the pig. Therefore, the pigs are made of different lengths. 
The length of the cylindrical part of the pigs was 60 mm,  
75 mm and 90 mm. The diameter of the cylindrical part of 
the pig is equal to the internal diameter of the pipeline bend 
and was 49 mm and 54 mm. 

The advantages of silicone compounds are their strength, 
extreme elasticity, and flexibility. In addition, it is wear-
resistant and durable. 

For experimental studies of the dynamics of movement 
of the pigs made of hyperelastic materials through pipeline 
bends, experimental units made of metal and glass pipes and 
pipe bends were designed and installed.  

The experimental unit made of glass pipes (Fig. 5) was 
designed to visually observe the dynamics of pig movement 
along the glass pipe bend of the pipeline. It consists of two 
glass pipes with a length of 2.4 m each with an internal 
diameter of 54 mm between which the glass pipe bend of the 
same internal diameter is placed. The pipe bend has a 
bending angle of 90° and a bending radius of 1.5 DN. 
Flanges connected pipes and a pipe bend. The experimental 
unit contains a pig launcher equipped with a pressure gauge 
and a gas meter. 

 

 
 

Fig. 4. Pigs 
 

 
 

Fig. 5. Experimental unit for studying the pig movement in a glass pipe bend 

3.5.	�Manufacture of pigs and design  
of an experimental unit
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Fig. 6. Experimental unit for studying the pig movement in a metal pipe bend a) storage of the pig; b) pipe bend; c) launcher 
 

 
 
Fig. 7. Scheme of the experimental unit for studying the pig 
movement in a metal pipe bend: 1, 9, 19 – metal pipe 57×4; 
2 – metal pipe bend 90°; 3 – coupling; 4 – pig launcher; 5, 8, 
15, 18 – ball valve; 6, 10, 16 – pipe plug; 7, 17 – pressure 
gauge; 11 – hose; 12 – compressor; 13 – gas meter; 14 – pig 
receiver; 20 – lattice; 21 – valve 
 

An experimental unit made of metal pipes (Fig. 6, Fig. 7) 
was designed to measure the pressure during the movement 
of pigs in straight sections and pipeline bends. It consists of 
two metal pipes 1 (Fig. 7) with a length of 4 m and 1.2 m 
each with an internal diameter of 49 mm, between which the 
metal pipe bend 2 of the same internal diameter is placed. 
The pipe bend 2 has a bending angle of 90° and a bending 
radius of 1.5 DN. The experimental unit was equipped with 

a pig launcher 4 made in the form of a tee to plug 6 to which 
a pressure gauge 7 is connected and a similar pig receiver 20 
chamber. The tee branch of the pig launcher 4 was connected 
by hose 11 to the gas meter 13 and compressor 12, and air 
was freely released from the tee of the pig receiver 14. Pipes 
1 with a pipe bend 2 were connected by a threaded 
connection using couplings 3. The advantage of an 
experimental unit made of metal pipes is the ability to 
perform studies at high pressures. 

The pigs were stored in the launcher 4, after which dry 
compressed air was supplied from the compressor 12 
receiver. A pressure gauge 7 recorded the pressure in the pig 
space during the movement of the pig, and a gas meter 13 
recorded the airflow. The airflow was controlled by a valve 
21 on the air supply line from the compressor 12. 
 
 
4. Results and discussion 
 

The modelling results are visualised by constructing 
three-dimensional coloured fields of equivalent von Mises 
stresses on the contours and in the longitudinal section of the 
pig. When the pig moves in a straight section of the pipeline, 
the pressure force and sliding friction force are balanced, and 
the equivalent von Mises stresses on the pig contours are 
evenly distributed (Fig. 8).  

Making the rear end of the pig concave leads to an 
increase in equivalent von Mises stresses near its rear part, 
which indicates the occurrence of large contact forces 
between the pig and the pipe's inner wall in the place. 
Therefore, if the pig contains a concave rear part, the flow 

a) 

c) 

b) 

4.	�Results and discussion
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through it will be minimal, and its passage capacity will be 
large. As the coefficient of dynamic friction increases, the 
equivalent stresses at the rear of the pig increase; therefore, 
the contact forces increase, and the flow through the pig 
decreases. 

 

 
 
Fig. 8. Distribution of equivalent von Mises stresses on the 
contours of the pig during its movement along a straight 
section of the pipeline (dynamic friction coefficient equal to 
0.2) 

 
During experimental studies, it was found that pigs with 

a concave rear part have a large flow capacity, and the flow 
through them is minimal. 

The movement of the pig through the pipeline pipe bend 
is divided into three stages: 
• pig enters the pipe bend; 
• the movement of the pig in the middle part of the pipe 

bend; 
• exit of the pig from the pipe bend. 

When the pig enters the pipeline bend, its front part 
begins to undergo extensive bending deformations, leading 
to uneven distribution of the equivalent von Mises stresses 
(Fig. 9). The stress distribution is uniform in the middle and 
rear parts of the pig. The maximum values of the 
concentration area equivalent to von Mises stresses are a 
circular arc in the front part of the pig on the convex side of 
the pipe bend. The maximum value of the equivalent von 
Mises stresses with a dynamic friction coefficient 0.2 is 
65.035 Pa. The largest equivalent von Mises stresses at the 
point indicates an increase in contact forces between the 
pig's side surface and the pipe's inner wall and, accordingly, 
an increase in friction forces during the pig's entry into the 
outlet. In such a case, the higher the coefficient of dynamic 
friction, the greater the maximum stresses in the place and, 
accordingly, the frictional forces. Also, as the coefficient of 
friction increases, the maximum stress zone shifts 
increasingly to the outer contact surface of the pig. The 
maximum equivalent von Mises stress with a dynamic 

friction coefficient of 0.1 is 61.823 Pа, with a dynamic 
friction coefficient of 0.3 – 105.660 Pa. The reliability of the 
simulation is confirmed by the fact that during experimental 
studies, at a low speed of movement, the pigs stuck at the 
point of their entrance to the pipe bend. 

 
a) 

 
b) 

 
 
Fig. 9. Distribution of equivalent von Mises stresses in the 
pig during its entry into the pipeline bend (dynamic friction 
coefficient equal to 0.2) a) on contours; b) in the longitudinal 
section 
 

When the pig moves to the middle part of the pipeline 
bend, it is strongly bent and takes the form of a bend. Its 
bending radius is equal to the bending radius of the pipe 
bend. As a result of this bending, the concentration area of 
the maximum equivalent von Mises stresses is circular. It is 
concentrated in the middle part of the pig (with some 
displacement towards the rear end) on the convex and 
concave sides of the pipe bend (Fig. 10a). The value of the 
maximum equivalent von Mises stresses with a dynamic 
friction coefficient of 0.2 is 271.470 Pa. In such a case, the 
distribution of normal stresses on the contours of the pig 
indicates that on the convex side of the pipe bend, the pig 
has tensile stresses of 239.070 Pa, and on the concave side, 
compressive stresses that are equal to 326.210 Pa (Fig. 10b). 
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The coefficient of dynamic friction by the value of the 
maximum equivalent von Mises stresses during the 
movement of the pig does not have a strong effect on the 
middle part of the pipeline bend.  
 
a) 

 
 

b) 

 
 
Fig. 10. Stress distribution on contours of the pig during its 
movement in the middle part of the pipeline branch 
(dynamic friction coefficient equal to 0.2) a) equivalent von 
Mises stresses; b) normal stresses 
 

Visualisation of complete deformations (Fig. 11a) and 
experimental (Fig. 11b) revealed that during the movement 
of the pig in the middle part of the pipeline bend, due to 
bending, its side surface is partially separated from the inner 
wall of the pipe bend. On the concave side of the pipe bend, 
the pig is separated from the wall in the front and rear parts 
and on the convex side – in the middle part. The separation 
of the pig's lateral surface from the pipe bend's inner wall 
results in the formation of a gap and cross-flows through the 
pig, reducing the pressure drop on it, which can lead to its 
sticking. It has been experimentally established that during 
the movement in the middle part of the pipe bend, the pig 
slows down or stops and resumes movement after increased 
pressure outside the pig or stops and gets stuck in the 
presence of a strong flow through the pig. 

a) 

 
b) 

 
 
Fig. 11. Comparison of deformations of the pig during its 
movement in the middle part of the pipeline bend:  
a) modelling; b) experimental studies 
 

When the pig exits in the pipeline bend, its rear part 
undergoes bending deformations. Therefore, the region of 
concentration of the maximum equivalent von Mises 
stresses is located in the rear part of the pig on the convex 
side of the pipe bend. At this point, the contact forces and 
frictional forces are greatest. The value of the maximum 
equivalent von Mises stresses at a dynamic friction 
coefficient of 0.2 is 65.635 Pa. Moreover, the higher the 
coefficient of dynamic friction, the greater the maximum 
stresses in this place and accordingly the friction forces. The 
maximum equivalent von Mises stress at a dynamic friction 
coefficient of 0.1 is 62.263 Pa, and at a dynamic friction 
coefficient of 0.3 – 131.870 Pa (Fig. 12). 

Results of measuring the pressure outside the pig during 
its movement in rectilinear sections and the pipe bend of an 
experimental unit made of metal pipes (Fig. 6) are given in 
Table 4. For pigs made of silicone compound with a hardness 
of 30 units on the Shore scale to pass pipeline bends with a 
bending angle of 90° and a bending radius of 1.5 DN, the inlet 
pressure shall be at least twice as high as the pressure required 
for the pig to move along a straight section of the pipeline. 
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Fig. 12. Stress distribution on contours of the pig during its exit from the pipeline bend (dynamic friction coefficient equal to 0.2) 
 
Table 4. 
Results of pressure measurement during the pig movement in straight sections and the pipe bend of an experimental unit made 
of metal pipes 

No.  Pig length, mm Inlet pressure when the pig moves in a 
straight section, Pa 

Inlet pressure during the pig 
movement through the bend, Pa 

1 60 9800 21500 
2 75 18600 38200 
3 90 42100 76500 

 
Prospects for further work in this direction consist of the 

study of the influence of the hardness of the cleaning pig's 
material, the angle and radius of the pipe bends on the stress-
strain state of cylindrical cleaning pigs manufactured of 
various hyperelastic materials and the change in pressure at 
the inlet during their movement through the pipeline. 
 
 
5. Conclusions 
 
1. The movement of the pig in the pipeline bend slows 

down. It stops (at a low speed at the pipe bend inlet) with 
a greater friction force caused by an increase in contact 
forces between its lateral surface and the inner wall of 
the pipeline due to the deformation (bending) of the pig. 
The bending of the pig in the pipe bend and contact 
forces increase equivalent von Mises stresses in the pig. 
Moreover, during the movement of the pig in a pipe 
bend, the distribution of equivalent von Mises stresses in 
it, as well as its deformations, changes continuously and 
depends on the stage at which it is located. 

2. When the pig is at the stage of entering the pipe bend, the 
area of concentration of maximum equivalent von Mises 
stresses is a circular arc in the front of the pig on the 
convex side of the pipe bend. Thus, when the pig enters 
the pipe bend, due to its bending, there is an increase in 
contact forces between the pig's lateral surface and the 
pipe's inner wall and an increase in friction forces. The 
simulation is confirmed by the fact that during 
experimental studies, at a low speed of movement, the 
pigs stuck at the point of their entrance to the pipe bend. 
When the pig is at the stage of movement of the middle 
part of the pipeline bend, the area of concentration of the 
maximum equivalent von Mises stresses is circular and 
concentrated in the middle part of the pig (with some 
displacement towards the rear end) on the convex and 
concave side of the pipe bend. At the stage of the pig 
exiting from the pipeline bend, the concentration of 
maximum equivalent von Mises stresses is in the rear 
part of the pig on the convex side of the pipe bend. 

3. Additionally, the amount of equivalent von Mises 
stresses in the pig is affected by friction between its 

5.	�Conclusions
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lateral surface and the inner wall of the pipeline. Based 
on the results of numerical modelling, it was established 
that with an increase in dynamic friction coefficient, the 
equivalent von Mises stresses do not increase at the pig 
entry and exit to/from the pipe bend. Thus, at the stage 
of the pig entering into the pipe bend, when the 
coefficient of dynamic friction increases from 0.1 to 0.3, 
the maximum contact stresses increase by 1.7 times, and 
at the exit stage – by 2.1 times. Such results show that 
with an increase in the coefficient of dynamic friction, 
the passing capacity of the pig at the stage of its entry 
and exit from the pipe bend deteriorates, and the 
probability of sticking increases. However, during the 
movement of the pig in the middle part of the pipeline 
outlet, the coefficient of dynamic friction does not 
strongly affect the value of the maximum equivalent von 
Mises stresses. 

4. Numerical modelling and experiments have established 
that when the pig is at the stage of movement in the 
middle part of the pipe bend, due to bending, its lateral 
surface is partially separated from the inner wall of the 
pipe bend. With this, on the convex side of the pipe bend, 
the pig is separated from the wall in the front and rear 
parts, and on the concave side – in the middle part. The 
separation of the pig's lateral surface from the pipe bend's 
inner wall results in the formation of a gap and cross-
flows through the pig, reducing the pressure drop on it, 
which can lead to its sticking.  

5. Experiments show that for pigs made of silicone 
compound with a hardness of 30 units on the Shore scale 
to pass pipeline bends with a bending angle of 90° and  
a bending radius of 1.5 DN, the pressure in the pig space 
shall be at least twice as high as the pressure required  
for the pig to move along a straight section of the 
pipeline. 
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