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Abstract: Pipeline inspection gauges (PIGs), as a kind of pipeline robot, are very efficient tools for
cleaning and inspecting pipelines. However, the occurrence of obstructions in PIGs has always been
a problem. The main cause of the PIG clogging pipeline problem is the reduced pressure differential
between the front and rear due to damage to the cup. In this paper, a rigid-flexible coupled multibody
dynamic motion system is established by importing flexible bodies. The stress and contact force
generated by the elastic deformation of the cup in the pipe are analyzed. Moreover, the spacing ratio
of PIG cups and the number of cups were changed, the number of cabin sections was increased,
the bending of PIGs of different sizes and specifications was studied, and the influence of the cross-
universal joint on the bending of PIGs, as well as the force between the cups and the core tube, was
analyzed. Through the design and construction of the corresponding experimental equipment, the
influence of the change in the number of leather cups on cornering is studied.

Keywords: pipeline robot; leather cup; stress and contact force analysis; motion characteristics;
bending pipe

1. Introduction

With the prolongation of the service life of oil and gas pipelines, different degrees of
debris and impurities will adhere to the inner wall of the pipeline, resulting in reduced
pipeline transportation efficiency and even pipeline blockage [1-3]. Therefore, we need to
regularly inspect and clean the pipeline. PIGs are cost-effective pipe-cleaning devices, but
the problem of blocked pipes with PIGs has always been difficult to solve [4-6]. Azpiroz
et al. studied the effect of baffles on flow through PIGs in single-phase systems. An
axisymmetric frame was used, where the PIG was assumed to move at a constant speed.
Results were obtained for various parameter ranges, such as Reynolds number and bypass
opening [7]. Kohda et al. proposed a method that could be used for flow rate and pressure
analysis of two-phase flows [8,9].

Lin Wang et al. proposed that the dynamic response of the system was the cumu-
lative effect of fluid-solid coupling and two-phase flow characteristics during pigging
operations [10-12]. Xinyu Zhang et al. completed the friction evaluation and attitude
analysis after pigging and proposed the theory of controlling PIG rotation [13]. To reduce
vibration during pigging, Aksenov et al. proposed recommendations for inertial and stiff-
ness parameters [14-16]. Lesani et al. derived and solved two- and three-dimensional
kinetic equations for a small PIG through a liquid pipe, drawing on the equations of Saeed-
bakhsh [17]. The effect of the flow field on the PIG trajectory was investigated by using
the bypass port in the PIG to synthesize the velocity controller of the PIG. The validity
of the equations was also verified using simulations [18]. Since the material used for the
cup was mostly polyurethane [19], in order to study the nonlinear dynamic vibration

Machines 2022, 10, 963. https:/ /doi.org/10.3390/machines10100963

https:/ /www.mdpi.com/journal/machines


https://doi.org/10.3390/machines10100963
https://doi.org/10.3390/machines10100963
https://creativecommons.org/
https://creativecommons.org/licenses/by/4.0/
https://creativecommons.org/licenses/by/4.0/
https://www.mdpi.com/journal/machines
https://www.mdpi.com
https://doi.org/10.3390/machines10100963
https://www.mdpi.com/journal/machines
https://www.mdpi.com/article/10.3390/machines10100963?type=check_update&version=1

Machines 2022, 10, 963

20f17

characteristics, Dongyan Shi et al. used the coupled Eulerian-Lagrangian approach to
establish a fluid-structure interaction model of PIG in the pipeline. The friction force
of the three-cup PIG and the influence of the local deformation area on the model were
analyzed [20,21]. Yuguang Cao et al. employed a 3D fluid-structure interaction model to
simulate the changes in PIG during the launching process, predicting the driving force and
describing the mechanical behavior of the cup [22,23].

Azevedo et al. presented a simple porcine hydrodynamic model, analyzing foam
PIGs, flat disks, and piston cups [24-26]. Solghar et al. solved the governing equation
of the PIG. The model was used to measure the position and velocity changes in the
PIG [27]. Esmaeilzadeh et al. combined the governing equation with the momentum
equation to predict the motion state of the PIG with the help of the feature method and
regular rectangular grid [28,29]. A two-fluid-based multiphase hydrodynamic model was
developed by Ayala to predict the location of maximum liquid retention due to liquid
condensation [30-32]. Durali et al. derived the pig/wall contact force using the finite
element method and experimental results, and obtained the position, velocity, and pitch
angle profiles of PIG and the pressure waves of the upstream and downstream fluids
through the dynamic behavior at sinusoidal anomalies [33]. Tension lines were used to
verify the numerical solution, which could be utilized to compare the numerical and
analytical solutions of the polyurethane rubber and pipe wall steel interference problems. A
discussion of the effect of the interference, thickness, and curvature of the spherical sealing
disk on the stress-strain distribution at the outer edge of the cup bowl during PIG depression
was followed. The vibration response due to collision between the running PIG and the
ring weld was experimentally and theoretically investigated. A two-dimensional kinetic
model of the PIG was introduced to explain and understand the collisional vibrations. The
frictional and dynamic characteristics of the sealing disk of the PIG as it passed through
the ring weld in the pipe were directly investigated using a bespoke experimental setup.
The contact behavior between the sealing disk and the ring weld was analyzed using a
finite element method [34-37]. In order to improve the efficiency of cleaning the pipes,
Zheng Liang et al. were equipped with a braking unit on the PIG, which could provide
stable speed [38,39]. Wenming Wang et al. discussed the detailed process of PIGs passing
through the pipeline bend, establishing the pigging mechanics model of the shield section
and analyzing the force on the elbow of the foam PIG [40,41]. Tao Deng et al. established a
transient hydraulic model of the pigging process after the hydraulic test in the dual-net
system, which combined the mass and motion equations of gas and liquid, and then solved
it by the characteristic method. The gas-liquid flow pressure drops characteristics of T-
sudden and curved drainpipes were studied. The transient water pressure after the water
pressure test in the pigging process was calculated, and the state of the PIG and the water
pressure pulsation value during the pigging process could be predicted [42,43].

Chang Liu et al. developed a finite element model of PIG operation in a bend, validated
by a customized experimental setup, in which the effect of the friction coefficient on the
PIG was discussed. From this analysis, three influencing factors, namely, the sealing
performance, driving performance, and collision likelihood, were selected to describe the
operating capability of the PIG. Based on a finite element model, five conditions with
different coefficients of friction were calculated to derive the correlation between the
influencing factors and the coefficient of friction and the driving capability in the bend
under different levels of friction [44—46]. Predicting the contact force of a two-way PIG and
comparing the results of linear and nonlinear simulations, a two-dimensional axisymmetric
nonlinear finite element model was proposed by Xiaoxiao Zhu and Shimin Zhang. The
effects of the excess of the cup bowl, the thickness of the cup bowl, the curvature of the cup
bowl, and the contact size with the pipe wall on the contact force of the cup bowl at different
differential pressures, and the effects on the performance of the linear and nonlinear models
were also discussed. Simulations and experiments were carried out to verify the effect
of the above four parameters on the deflection angle of the cup bowl [47-49]. Canavese
et al. designed a plastic caliper PIG capable of detecting, locating, and determining internal
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diameter variations and roughness variations with ease of maintenance [50,51]. Nguyen
et al. proposed a simple model of PIG passing through a 90° curved section of pipeline,
simulating the motion state under two operating boundary conditions [52,53].

Under actual working conditions, damage to the leather cup will reduce the pressure
difference between the front and rear of the PIG, which in turn causes the PIG to block
the pipeline [54]. Lu Yang et al. explored the pressure distribution and pressure gradients
around pipe blockages under different operating conditions. Three-dimensional fluid
dynamics simulations in steady state were performed to examine the effects of blockage
diameter, blockage length, and blockage location. The relationship between the pressure
drops and blockage characteristics was predicted. Moreover, a predictive model for block-
age sensing and localization was proposed. Laboratory experiments were conducted to
compare the simulation results with measured data and to assess the accuracy of the pre-
diction model [55,56]. Mishra et al. examined the details of a pipeline detector robot that
could be used for cleaning and detecting leaks in off-road pipelines that contain crude oil
flows in the buried pipelines [57].

Changlin Feng et al. analyzed the special mechanical characteristics and speed charac-
teristics of the cross-axis universal joint, and obtained the force of the cross-axis universal
joint [58,59]. At present, there are few studies, especially experimental studies, on PIG
cornering at home and abroad. However, the problem of PIG bending and blocking in
the pipeline has always existed. In this paper, the method of importing flexible bodies
enables the simulation of multirigid mechanical systems to have flexible parts at the same
time. This method mainly studies the motion law and mechanical properties of the PIG
bending pipe, changes the spacing ratio of the PIG cups and the number of cups, increases
the number of cabin sections, studies different PIG bending situations, and analyzes and
determines the maximum stress of the cup during bending. If the leather cup is easily
damaged during bending, the contact force is analyzed to determine the collision between
the leather cup and the pipe, the influence of the cross-universal joint on the PIG bending,
and the force between the leather cup and the core tube. Furthermore, the running speed
is analyzed to determine the difficulty of the cornering process. Through the design and
construction of the corresponding experimental equipment, the influence of the change in
the number of leather cups in cornering is studied.

2. Materials and Methods
2.1. Equation of Motion

The forces on the PIG as it moves through the bend are shown in Figure 1.

Figure 1. Movement model.
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Fy means that the centrifugal force that the pipeline robot receives when it works in
the elbow is also the resultant external force in the normal direction of the pipeline robot:
2
Fy = ma, = mw’R = mi D
The term m is the mass of the pipeline robot, w is the angular velocity of the pipeline
robot, v is the linear speed of the pipeline robot, and R is the radius of curvature of
the pipeline.

FT:Ko(aJ-i’—lX-i-(Xo) 2)
FZ = CQ(& — CU) (3)
AF =P —P,=Fr—F (4)

Fr is the equivalent elasticity, cg is the equivalent axial damping of the pipeline
robot, ag is the compressive deformation of the fluid, Ky is the axial equivalent stiffness, cy
is the equivalent axial damping of the pipeline robot, and « is the rotation angle change
in the pipeline robot in the pipeline. F; is the equivalent axial damping force, and & is
the rotational angular velocity of the pipeline robot. The friction force acts on the leather
cup, as shown in Figure 1, and its direction is tangent to the pipe wall; thus, this force is
approximated as follows:

f = #(Ex + Ny + Na + AF) = p(m@?R + N + Np + AF) ®)

For the sake of simplification, assuming that the frictional force of the front leather
cup and the rear leather cup is the same, the following formula can be used:

1
F1:F2:§y(FN+N1+Nz—|—AF) (6)

The above analysis leads to the following equations of motion for the pipeline robot:

(Ko(a) t—a) +co(w—i) — y(ma;zR +N; + N +AF) - cos G)R = 11—2m125c (7)

2.2. Experimental System

The main experimental equipment for the PIG bending experiment is shown in Table 1.
The radius of the pipe is 25 mm, and the pipes are connected by flanges and sealing rings.

Table 1. Piping laboratory equipment.

Parts Material/Model Number
Straight pipes Acrylic glass/stainless steel 4
Bends Acrylic glass/stainless steel 4
Pipe fixing clips Stainless steel 8
Pressure control pumps CDMF10-8FSWSC 1
Pressure sensors MIK-P300 13
Flow meters Caliber DN25 1
Flow control valves Caliber DN50 1

The serving system is shown in Figure 2a. The experimental process is as follows:
the console is used to control the pump-to-pump water; Ball Valve 1 and Ball Valve 3 are
closed; Ball Valve 2 is opened; the pipeline is initially filled with water; the PIG is placed in
the pipeline with an iron rod; Ball Valve 2 is closed; and Ball Valve 1 and Ball Valve 3 are
opened and driven with water pressure. The entire pipeline is divided into 4 observation
areas A, B, C, and D, and each observation area corresponds to three observation points;
that is, three pressure sensors are installed, as shown in Figure 2b. The sensor measures the
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differential pressures before and after the PIG is utilized, and the data are directly received
by the console.

!

ooy
T e
. -

«

(a) (b)

Figure 2. Serving system and observation areas A, B, C, D: (a) 1, 2 and 3 are ball value 1, 2 and 3;
(b) A, B, C and D are the four observation areas.

2.3. Effect of the Number of Leather Cups on PIG Cornering

To verify the influence of the number of leather cups on PIG turning, the conventional
PIG is now selected, and the number of leather cups is changed. The model is shown
in Figure 3. The 2-cup, 4-cup, and 6-cup are run in the pipeline at the same flow and
pressure. M3 screws are used to connect the inner flange of the PIG, the end cover, the
cup, and the core tube. The overall mass of the PIG in a single cabin is 39.4 g, and its
influence on cornering can be ignored due to the small mass of the PIG. The various parts
and dimensions of the PIG are shown in Table 2.

Figure 3. Pipeline robot with 2, 4, and 6 bowls.

Table 2. Pipeline robot components.

Parts Material Dimensions (mm)
Flanges Aluminum 10
Mandrel Aluminum 60

Leather bowls Polyurethane 25
End caps Aluminum 10

The PIG velocity is calculated by observing the time at which the point pressure value
changes. After the water is passed through the pipeline, the pressure is 0.007 MPa. Six cups
of PIG are placed into the pipeline to run, and the pressure sensor shows that the pressure
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in the pipeline rises to approximately 0.020 MPa. The pressure images of the PIG passing
through each observation area are shown in Figure 4.
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Figure 4. Pressure sensor values for each monitoring section: (a) A observation area; (b) B observation
area; (c) C observation area; (d) D observation area.

The straight pipes and curved pipes in the AB area are selected for specific analysis.
By calculating the time for the PIG to pass through the pressure sensor, the speed of each
node is calculated as shown in Figure 5a, and the average acceleration is calculated by

the formula: (£ AN 0
~— o(t+4 At) —o(t
a = —Ar (8)

The average acceleration of the elbow section is calculated and the resistance of the
PIG with different numbers of cups when bending is calculated according to Newton’s
second law. The results are shown in Figure 5.

As shown in Figure 5, the PIG of the two cups passes the 4th sensor at a speed of 5m/s,
passes through the 6th sensor after 0.3 s, and decelerates to 1.96 m/s. The acceleration is
—10.13 m/s?, which is the minimum, while the resistance is at its maximum. The PIG of
four cups passes through the 4th sensor at 3.96 m/s, passes through the 6th sensor after
0.7 s, decelerates to 0.98 m/s, and the acceleration is —4.26 m/s2. In addition, the PIG of six
cups passes at 2.23 m. After the PIG passes through the 4th sensor, it passes through the
6th sensor after 0.8 s, decelerates to 0.98 m/s, and the acceleration is —1.56 m/s? which is
the maximum. The two-cup PIG has the fastest running speed in the whole process and the
smallest bending acceleration, and the contact force between the cup and the pipe wall is
the largest during bending; the 6-cup PIG runs the slowest in the whole process and has the
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largest bending acceleration. Moreover, the indirect contact force is minimal. According to
Equation (5), it can be obtained that the two-cup PIG receives the most friction and wears
the most severely during cornering. As shown in Figure 5b, acceleration and resistance
are negatively correlated with the number of leather bowls. There is a large decrease in
acceleration compared to resistance.

2cup Acceleration(m/s”)
5 - — B | |Resistance(N)
[:I Aoup 204 20
[ l6cup
44 — [] %
= E 15 F1s
= =
E,] &
£ g
2 2104 10
L [}
w24 — 9
2 <
A’ 54 -5
! —‘
0 ‘I 0 0

r
1 2 3 4 5
Measuring section

(a) (b)

Figure 5. Velocity at each node, average acceleration, and resistance during cornering: (a) change of

(¥}

4 6
Number of cups

speed; (b) change of acceleration.

3. Results

In practical engineering, the structure of the PIG greatly affects the occurrence of
obstructions in PIGs. For example, the spacing ratio of the PIG, the number of cups, the
length of the universal joint, and the number of sections of the PIG detection cabin change.
To objectively and accurately explore the motion of PIG in the pipeline and solve the
problem of PIG passing through the curved pipeline, carrying out dynamic simulations is
necessary to study its motion law, mechanical characteristics, dynamic torque-resistance
torque conversion process, and power transmission mechanism.

3.1. Effect of Changing the Number of Leather Cups on PIG Cornering

Conventional PIG is generally equipped with leather bowls, including butterfly leather
bowls, straight leather bowls, and special leather bowl shapes that can also be created
according to different needs. Generally, 2-8 leather cups are installed on each section of the
PIG to perform different functions, such as driving and cleaning, and occasionally, there
will be an odd number of leather cups. Changing the number of PIG cups to study the
influence of different numbers of cups on the motion characteristics and motion law of PIG
cornering is helpful to improve the blocked pipelines of PIGs. The number of leather cups
determines the quality of the PIG effect and the movement effect of the entire PIG. The
number of PIG cups was changed to 2, 3, 4, 6, and 8, and the results were analyzed after
simulation. The speed comparison images of the number of leather cups are 2, 3, 4, and 6,
as shown in Figure 6.

As shown in Figure 6, when the number of cups increases, the maximum speed of
the PIG before cornering will decrease, and the average speed during cornering will also
decrease. This is due to the increase in the frictional force after increasing the leather cup,
resulting in an exponential decrease in the speed of the PIG movement for each additional
cup. The number of leather cups can easily cause blockage. The stress cloud diagram of the
leather cup is shown in Figure 7.
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Figure 6. Comparison of the speed of different cup numbers of pipe cleaners through bends: (a) num-
ber of cups is 2, (b) number of cups is 3, (c) number of cups is 4, (d) number of cups is 6, (e) and

number of cups is 8.

Last-Run Time=0.3535 Frame=0708 Last-Run Time=0.0759 Frame=401

Von Mises Stress(Pa) Von Mises Stress(Pa)
2.96 x 108 1.44 x 10"
2.66 x 10° 1.29 x 107
2.37 x 10° 1.15 x 107
2.07 x 10° 1.01 x 107
1.78 x 10° 8.62 x 108

1.48 x 10° S ! 7.18 x 108
1.18 x 10° 5.75 x 108
8.88 x 10° b g 4.31 x 10°

2.87 x
1.44 x
355 x

5.92 x 10°

Figure 7. Stress cloud diagram for 4 and 2 cups.

The leather cup is introduced into the flexible body, and the driving pressure is
provided after water passes through the pipe inlet. The maximum pressure generated by
the PIG is due to the contact force between the leather cup and the pipe wall during the bend.
The red area indicates the position of the maximum pressure. In practice, the maximum
stress is at the center of the contact surface, the direction of the force is perpendicular to the
contact surface of the cup, and the contact area between the cup and the tube wall is much
smaller than the area of the cup. Figure 8 shows the comparison of the maximum stress
and speed of different cup PIGs when cornering.
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Figure 8. Maximum stress versus speed for different cup pipe robots during bending.

The speed of the cup will make the collision between the cup and the tube wall more
intense when cornering, and the maximum stress on the cup will be greater. When the
leather cup PIG is bent, the stress is concentrated on the upper half, and the excessive speed
causes excessive stress at the connection between the leather cup and the core tube, which
causes the leather cup to be damaged. However, the PIG of the four cups is very stable
when cornering, and the stress size and stress distribution shown in the figure will not
cause the cups to be damaged during movement. In fact, during the entire movement of
the PIG, injecting air is necessary to maintain the pressure difference before and after the
PIG so that it can keep moving at a uniform speed as much as possible and reduce the
damage to itself and the pipeline caused by the PIG speed being too fast. In addition, the
injection of air will reduce the maximum stress generated by the cup when cornering.

The results show that the PIG speed of the two leather cups is the fastest when
compared with other PIGs and also shows a tendency to accelerate in the process of turning
up to 50 m/s. However, the stress on the leather cups is also the largest, and the maximum
stress reaches 10 MPa, which can easily cause damage to the PIG cups. When damaged, the
eight leather cups of a PIG have the lowest speed when cornering, which affects the overall
ability to avoid obstructions in PIGs. The 4-cup PIG and the 6-cup PIG are relatively good
in terms of speed and stress. The speed of the leather cup PIG can be maintained at 5 m/s
during cornering. The maximum stress is also below 3.7 MPa, and the entire cornering
process is relatively smooth. The speed of the 6-cup PIG is smaller than that of the 4-cup
PIG, at approximately 3 m/s, but the maximum stress is also smaller than that of the 4-cup
PIG; thus, the 4-cup PIG can be given priority. The 6-cup PIG can improve the situation of
cup wear and cause the PIG to block the pipeline.

3.2. The Effect of the Cup Spacing Ratio on PIG Cornering

The cup spacing ratio is the ratio of the distance between the two cups to the length
of the entire PIG. The material property of the leather bowl was set to polyurethane, and
the other materials were set to structural steel. The leather cup, flange, and core pipe were
fixed, and the motion pair between the PIG and the pipe was set as a cylindrical pair. The
friction coefficient is changed to 0.2, and the pressure is changed to the corresponding force
on the PIG. The contact between the cup and the PIG is set, and the restitution method
is used. By changing the spacing ratio between the PIG cups, the effect of the ratio of
the spacing between the cups to the length (L) of the PIG on the running speed is shown
in Figure 9. The spacing ratio between the cups is the most easily overlooked structural
change. The distance between the two cups not only determines the PIG effect but also
poses a certain risk for the PIG-PIG to block the pipe.
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Figure 9. Movement speed of different cup interval ratios: (a) cup spacing ratio of 3%; (b) cup spacing
ratio of 10%; (c) cup spacing ratio of 7%; and (d) cup spacing ratio of 8%.

When the leather cup spacing ratio is 3%, the running speed is the fastest, the speed is
maintained at 30 m/s when cornering, and the acceleration is the largest. The leather cup
interval accounts for 10% of PIG. The resistance is large when cornering, the acceleration is
the smallest, the cornering speed is 5 m/s, the speed slowdown is serious, and jamming
easily occurs. When the cup spacing ratio is between 7% and 8%, the cornering speed is
approximately 10 m/s, and the acceleration is relatively small. Under complex pipeline
environmental conditions, the PIG mainly moves through the pressure difference generated
by the cup and the role of support. In the process of contacting the inner wall of the
pipeline, the polyurethane rubber material is in contact with the inner wall of the pipeline
due to its superelasticity. The PIG has good straight pipe and curve passing performance.
Due to the existence of working conditions, such as pipe elbows, pipe diameter reduction,
bending deformation, and welding point deformation, the ability of PIGs to pass is severely
restricted. Figure 10 shows the maximum stress of the PIG with different cup spacing ratios
when bending.

10
—=— Cup No. 1
9 4 —&— Cup No. 2
—&— Cup No. 3
8 1 —v— Cup No. 4

Stress(MPa)
(=)}

Cup interval ratio(%)

Figure 10. Comparison of the maximum stress of different cup spacing ratios.
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When the leather cup interval ratio is 3%, the running speed is the fastest, and the
speed is maintained at 30 m/s when cornering. However, the PIG leather cup with a leather
cup interval ratio of 3% is subject to a maximum stress of 9 MPa, which will cause serious
damage to the leather cup. The leather cup interval accounts for 10% of the PIG, and the
resistance is large when cornering, which easily causes jamming, and the speed sharply
slows down. When the leather cup interval accounts for 7% of the PIG length ratio, the
speed is moderate and can be maintained at 7 m/s, and the maximum stress below 5 MPa
is better than that of other PIGs. Therefore, when we choose PIGs for cornering, we can
choose the ratio of the leather cup interval to 7% of the PIG length so that the cornering
speed is moderate, and the maximum stress is more suitable than other PIGs, which does
not easily cause the wear of the leather cup and makes the corners difficult to bend. Thus,
the ability to pass through is stronger.

3.3. Analysis of the Cornering Characteristics of Double-Cabin PIGs

To meet the engineering needs of maintenance and emergency disposal of submarine
pipelines, multicabin PIGs are often used for pipeline cleaning, defect detection, emergency
plugging, and other operations. For multicabin PIG cornering, the influence of the entire
PIG kinematic characteristics and mechanical properties was studied, and the influence of
the force on the cup during PIG cornering and the force transmission of the cross-universal
coupling in the double-cabin PIG cornering were analyzed. The force generated between
the cup and the core tube and the influence of the change in the friction coefficient on the
PIG bending will help solve the problem of clogging in the pipe when the PIG is bending.
The simulation parameters were set to be consistent with the PIG driving pressure, friction
coefficient, and material parameters of a single cabin, and the PIG cornering speed was
observed. The results are shown in Figure 11.
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Figure 11. Bending speed of the double-segment pipeline robot and single-segment pipeline robot.

The average speed of double-stage PIG cornering is 2.5 m/s, while the average speed
of single-stage PIG cornering is 20 m/s. The speed of double-segment PIG cornering is
much lower than that of single-segment PIG cornering. According to the force formula of
PIG motion:

do,,;
(Py — P2)Apig — Ff — Fyy & Gsina = m d*:g 9)

The increase in the number of cabins results in an enhanced mass, and at the same time,
the number of cups doubles, the frictional resistance will increase, and the speed of the
PIG movement will be seriously reduced. In addition, the bending speed is affected, which
reduces stability. Therefore, in practical engineering, multicabin PIGs need to be equipped
with independent power systems and real-time monitoring of the working position and
movement of PIGs to prevent pipeline blockage during work.

In the coupling between the two sections of the PIG, the driving yoke rotates the
driven yoke through the cross shaft, and the force transmission direction of the contact
between each two is in the plane perpendicular to the shaft and rotates. Regardless of the
deviation between actual machining and installation, force action and energy consumption
will also occur between the driving fork and the driven fork during the cornering process,
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which in turn affects the movement speed and force of the PIG. The mechanical formula of
the coupling is as follows:

T/ =2R-F/ =2R-F -sinpl-tga (10)

The cross-universal joint will generate additional torque during operation, and the
force at each bearing will also be affected in the process of transmitting the force. According
to the simulation results of the double-cabin PIG cornering, the force of the cross-universal
joint is shown in Figure 12.

400p - == === === .

L]
<
=]

Force(newton)
o 2
(=} o
() (=

AVAVAVAV,

0 0.05 0.1 0.15 0.2 0.25
Time(sec)

Figure 12. Force between the cross-universal joint active shaft fork and driven shaft fork.

As seen from Figure 12, the forces between the universal joints are basically uniform
throughout the movement process, and these forces will cause energy loss, which will
reduce the speed of the PIG. At certain moments, the force between the driving fork and
the driven fork suddenly increases, which will also cause the force transmitted from the
first cabin to the second cabin to suddenly change, which will cause the second cabin to
interact with the pipeline. The collision between them becomes intense, which causes the
stress of the cup to increase, and the cup and the pipe are out of contact, which affects the
movement of the entire PIG.

Increasing the number of compartments not only has a great impact on the running
speed but also has a great impact on the contact force between the cup and the pipe and the
maximum stress during operation. Thus, the formula of the stress is described as follows:

o= 3 (11)
Due to the fast-running speed of the single-cabin PIG, the contact area between the
cup and the pipe wall is larger when they are in contact with the pipe wall, and the
elastic resistance of the pipe wall to the cup will increase, resulting in a larger maximum
stress. In the early years, some scholars regarded the edge deformation of the cup as a
cantilever beam and used the formula for calculating the deformation of the cantilever
beam to estimate the contact force between the cup and the pipe. However, the nonlinear
deformation of the sealing disk is complex, and the assumption based on linear deformation
is not enough to describe and characterize the superplastic deformation of the cup. The
method of importing flexible bodies can effectively measure the stress. Figure 13 shows
the comparison between the contact force of the PIG cups in the double cabin and the
maximum stress results of the first four cups in the single cabin.
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Figure 13. Comparison of the maximum stress of each numbered leather cup and the contact force of

the previous numbered leather cup.

The contact force and the maximum stress between the cup and the pipe wall are mainly
caused by the change in gravity and the decrease in the running speed after the number of
cabins is increased. The contact force on the leather bowl caused by PIG gravity is:

dFy = dG - sing = %M (12)
21 Geosty - sing
FN—A 2T 9 =0 (13)

After the increase in gravity, the contact force caused by gravity will increase, the
friction force and the resistance in the horizontal direction will increase, and the PIG speed
will decrease. The increase in the number of PIG segments increases the number of the
leather cups, relieves the impact when cornering, and reduces the maximum stress of the
leather cups. Therefore, when using the dual-cabin PIG for cornering, the damage to the
leather cup is decreased to a certain extent, the stability of the front and rear pressure
difference is ensured, and the service life of the leather cup is increased. Thus, more
importantly, the PIG power problem can be solved.

3.4. Mechanical Properties of the Cup and the Core Tube

The force study of the leather cup in the actual cornering process is very complicated.
Due to the unpredictable internal conditions of the pipeline, the pipeline robot may en-
counter particles, condensates, and sags at any time during the movement of the pipeline.
Ideally, the cup will be subjected to not only the elastic force of the tube wall but also the
force of the core tube and the device to fix the cup, as well as the driving force. From the
previous static analysis results, we know that stress concentrations easily occur at the bolt
hole. Through the introduction of flexible bodies to study the bending performance of
the pipeline robot, we also found that the stress of the cup at the bolt hole is greater than
that of other parts. The force at the bolt hole of the cup is mainly generated by the force
between the cup and the core tube. The simulation conditions that conform to the current
situation are selected to analyze the contact force between the cup and the core tube. The
force between each cup and the core tube is shown in Figure 14a—d.

The contact force between each cup and the core tube remains basically unchanged,
but when the pipe robot collides with the pipe, the force between the cup and the core tube
will suddenly increase. The contact force generated after the collision is much greater than
the contact force before the collision. At the same time, the maximum contact force between
the second leather cup near the core tube and the core tube is the largest during movement,
and the contact force between the two rear leather cups is very close. Therefore, during
processing, the stability of the connection between the leather cup near the core tube and
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the core tube is strengthened, and the leather cup is thickened to prevent damage to the
leather cup caused by excessive contact force.
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Figure 14. Contact forces between the cup bowl and the core tube.

4. Conclusions

In this paper, through experimental research, the two-cup PIG runs the fastest in the

whole process, which has the smallest bending acceleration, and the contact force between
the cup and the pipe wall is the largest when bending. The contact force between the cup
and the pipe is minimal.

@

@)

®)

4)

Through simulation research, the PIG speed of the two leather cups is the fastest
in cornering, but the stress on the leather cups is too large, which can easily cause
damage to the PIG leather cups. The speed of the leather cup PIG is very low when
cornering, which affects its overall ability to pass through the pipe. When choosing
the number of leather cups for the PIG to bend, one can give priority to four leather
PIGs or six leather PIGs, which can improve the situation in which the PIGs block the
pipeline due to wear of the leather cups.

When the leather cup interval ratio is 3%, the running speed is the fastest, but the PIG
leather cup is easily damaged when the maximum stress reaches 9 MPa. The ratio of
the leather cup interval to 10% of the PIG easily causes jamming when cornering, and
the speed sharply decreases. Since the ratio of the leather cup interval to the length of
the PIG is 7%, this setup is better than those of the other scenarios.

The increase in the number of cabins will seriously reduce the speed of the PIG
movement, and the transmission of the force of the universal joint to the second half
of the curve during cornering will also affect the entire PIG cornering speed. The force
between the cross-universal joints is basically uniform during the whole movement
process, and at some point, the force between the driving fork and the driven fork
suddenly increases, which will cause the stress on the cup to increase. Additionally,
the cup and pipe disengagement affect the movement of the entire PIG. When using
the dual-cabin PIG for cornering, the damage to the leather cup can be decreased to
a certain extent, the pressure difference between the front and rear is stable, and the
service life of the leather cup is increased. However, the more important task is to
solve the PIG power problem.

The contact force between each cup and the core tube remains basically unchanged
during the bend, but when the pipeline robot collides with the pipeline, the contact
force generated is much greater than the contact force before the collision. At the same
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time, the second cup closest to the core tube has the largest contact force with the
core tube during movement. Therefore, during processing, strengthening the stability
of the connection between the leather cup near the core tube and the core tube and
thickening the leather cup to prevent damage to the leather cup caused by excessive
contact force are considered.
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