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Abstract. The high pressure and intelligent plugging in the tube is an emerging pipeline maintenance and repair technology.
It has the advantages of simple process, short working time, high plugging pressure, safe, reliable, etc. Based on the plugging
requirement of oil and gas pipelines with small aperture, a kind of isolation plugging tool (IPT) mechanism of pneumatic
tendon has designed. The mechanical characteristics of the IPT have been optimized by analyzing the dynamic characteristic
curve and stress characteristic of the locking process.
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1 INTRODUCTION

The oil and gas pipelines are rapidly developed by means of safety, reliability, continuous smoothness, large
quantity of transportation and automatic control. However, oil and gas pipelines are susceptible to factors such
as load mutation, environmental corrosion and man-made damage, leading to the leakage of oil and natural gas,
which is resulting in a huge environmental damage and economic losses. With the extension of the pipeline
service life, especially into the 1990s, pipeline damage incidents have increased year by year. At the same time,
due to pipeline transformation, man-made damage, natural disasters and other reasons, the pipeline often needs
to be repaired, such as: valve replacement, increase slip, pipeline modification and pipe replacement, etc.
Therefore, the safety and effectiveness of the maintenance and repair of pipelines have seriously affected the
production and transportation safety of oil and gas [1].

The existing plugging technologies include: frozen plugging technology, non-stop with pressure hole plugging
technology, the pipeline intelligent plugging technology [2-5]. Among them, the frozen plugging technology
construction process is simple, safe and reliable, low cost, but the plugging pressure is low, poor adaptability to
the external environment and brings construction risks. Non-stop with pressure hole plugging technology is
active, more mature pipe blocking technology. The technology is mature, the construction of safe and reliable,
to avoid economic losses due to stop the transmission of media or reduce the pressure. But its construction
process is complex, blocking the cycle is long, and the need for holes in the pipeline for the subsequent
operation of the pipeline to bring security risks, but also to the pipeline maintenance operations inconvenience.
Intelligent plugging in the pipeline is a new pipeline repair and maintenance technology. The technology
construction process with high plugging pressure and short operating time is simple, safe and reliable. So it
belongs to the pipeline maintenance and repair operations which plays an increasingly important role.

Based on the high pressure and small diameter of the oil and gas pipelines, this paper designs a kind of
intelligent pipeline plugging device with pneumatic tendon, and carries on the dynamic simulation and the
durability analysis to optimize the plugging structure.

2 WORKING PRINCIPLE OF INTELLIGENT PIPELINE PLUGGING

The structure of the active IPT is shown in Figure 2.1 (a). It is mainly composed of mechanical locking
mechanism, emergency treatment system, communication and control system and micro hydraulic system [6].
The working principle is shown in Figure 2.1 (b). When the plugging operation is performed, the IPT is put into
the pipe from the serving end and moved along the pipeline as the pressure of the pipe conveying medium. The
micro hydraulic system is triggered when the IPT reaches the point where it needs to be plugged and pushing the
locking sliders to slide along the dovetail groove on the cone. The IPT brakes and plugs by friction between the
locking sliders and inner wall of pipeline. The locking sliders squeeze the rubber sealing ring, make it contact
with the inner wall of the pipeline achieve to realize sealing.

After the pipeline repair operation is completed, the unlocking device of the IPT is triggered. The friction force
between the locking sliders and inner wall of pipeline disappears. The IPT continues to walk downstream, which
is driven by the medium pressure in the pipeline, until it is removed from the receiving end. The friction

1

Copyright (C) JFPS All Rights Reserved. -2D23 -



2D23 The 10th JFPS International Symposium on Fluid Power 2017

between the locking slider and the inner wall of the pipe is the only balance force to balance the delivery
pressure in the tube. Therefore, the dynamic performance of the locking mechanism plays a decisive role in the
blocking effect.

FIGURE 2.1 Intelligent High - Pressure Pipe Plugging and Working Principle
(a) Structure diagram (b) Schematic diagram

3 STRUCTURE DESIGN OF INTELLIGENT PIPELINE PLUGGING DEVICE
BASED ON PNEUMATIC TENDON

3.1 Structural Design

As the hydraulic system design and working process is complex, they are prone to cause oil spills and
environment pollution and other problems. This paper designs a kind of pipeline plugging device structure based
on pneumatic tendon. The structure of the pipeline plugging device is shown in Fig. 3.1, mainly composed of
left bearing block, cone, locking slider, push cylinder, right bearing block and pneumatic tendon. The plugging
mechanism selected MXAM-20-AA type pneumatic tendon, the pneumatic control system to drive cone and
pressure block movement. The braking and plugging action is achieved by the friction between the locking
sliders and the inner wall of pipeline. The pneumatic system with micro-gas compressor provides air supply
which largely simplifies the structure of the IPT.

6

FIGURE 3.1 Intelligent Pipeline Plugging Structure
1-Left Bearing Block; 2-Pneumatic Tendon; 3-Cone; 4-Right Bearing Block; 5-Push Cylinder; 6-Locking Slider

During the plugging process, the isolation plugging tool and the fluid in the pipeline produce a mutual feedback effect. The
dynamic analysis of the PIG model under different conditions shows that the mechanical parameters of the isolation tool
have a great influence on the mutual feedback effect [8-13]. Minami and Shoham (1995) developed a dynamic model
considering the length of the pig [14]. As shown in Figure 3.2, where d; has the greatest effect on the upstream and

downstream differential pressure AP, followed by d, L has the least effect [15]. Therefore, the parameters of the intelligent

pipeline plugging structure are designed based on the Eq. (1), the optimization of genetic algorithm are utilized to obtain the
size of d, dq, and L.

Ap=b, +bL+b,d, +bd +b,L* +bd’ +bd? +b, (Ld) O
+by (Ld, ) +by (dd, ) + by (L°d, ) + by, (d7d)

Copyright (C) JFPS All Rights Reserved. -2D23 -



2D23 The 10th JFPS International Symposium on Fluid Power 2017

L, L L,
yA
—— > Flow direction E=s ===
_— | - d
S = X == D
_ > | (1'1 | z
U > = | = U

L

d

FIGURE 3.2 Intelligent Pipeline Plugging Structure in a Pipe

3.2 Principle of Operation

The pneumatic tendon is connected to the left bearing block and the right bearing block by its bolts at both ends,
as shown in Figure 3.3 (a). At the beginning of the plugging operation, the compressor is working and the
pneumatic tendon is contracted due to inflation. The left and right bearing blocks move in the direction of the
pneumatic tendon force F, which are causing the push cylinder to push the locking slider to move along the
dovetail groove along the cone. When the friction of the locking slider and the pipeline inner wall and pressure
within the pipeline balance, the plug operation is completed, as shown in Figure 3.3 (b). After the plug operation
is completed, the compressor pressure relief, pneumatic tendon to restore the original state and unlock complied.
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FIGURE 3.3 A Description of the IPT Mechanism
(a) Before plugging (b)After plugging
1-Left BearingBlock;2-Pneumatic Tendon;3-Cone; 4-Right Bearing Block;5-Push Cylinder;6-Locking Slider

3.3 Analysis of static characteristics of pneumatic tendon

In practice, the non-linear changes in pneumatic tendon are caused by the elasticity of the rubber tube and the
internal friction of the pneumatic tendon. The more complete elastic mathematical model of the pneumatic
tendon can be obtained by adding the rubber tube elastic force and the friction between the pneumatic tendon
braid and the rubber tube.

F=PA-F tF 2
F. = uN; @)
e . .
F :EtkDo[(l £) (1_S|m9O v sme] @

tan’g,  sind siné,

Among: E — Elastic Modulus of Pneumatic Tendon Rubber, Pa;

t, — The thickness of the rubber tube of the pneumatic tendon, m;
6, — Fiber initial weaving angle, rad;

6 — Fiber instant knitting angle, rad,;
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& — Contraction rate of pneumatic tendon;

D,— The initial diameter of the pneumatic tendon, m.

Through the pressure experiment of pneumatic tendon, the relationship between tendon contractility and tension
can be determined. Further verify the correctness of the mathematical model of the pneumatic tendon. The
composition of the experimental system of the pneumatic tendon is shown in Figure 3.4.

)
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FIGURES3.4 Pneumatic Muscle Pressure Experiment Principle
1-Air Supply; 2- Filter; 3- Proportional Pressure Reducing Valve; 4-Pressure Gauge 5-Air Pressure Sensor;
6-Pneumatic Tendon; 7- Force Sensor; 8- Displacement Sensor; 9-Load Cylinder

The relationship between contractile force and systolic displacement of pneumatic tendon was obtained, as
shown in figure 3.5. In order to facilitate the description of the experimental results, the vertical axis with the
contraction force F said, the abscissa with the pneumatic tendon contraction rate & to express. Under different
inflation pressures, the contractile force F and the shrinkage & of pneumatic tendon are nonlinearly quadratic.
With the increase of inflation pressure, the improved model curve is getting closer to the experimental curve. It
shows that the pneumatic tendon in the smaller inflation pressure is relatively strong nonlinear, with the
inflatable pressure increases, the nonlinear is getting smaller and smaller. The experimental results show that the
improved mathematical model of pneumatic tendon can accurately reflect the static characteristics of pneumatic

tendon.
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FIGURE 3.5 The Relationship between Shrinkage Rate and Contraction Force
(a) P=0.2MPa; (b) P=0.3MPa; (c) P=0.4MPa

4 DYNAMIC ANALYSIS OF INTELLIGENT PIPELINE PLUGGING DEVICE

4.1 The Mechanical Dynamics Equation of ADAMS

Mechanical dynamics is the science of studying the movement of machinery under force, or mechanically
generated forces in motion. It is the theoretical basis of modern mechanical design, but also an important means
to guide the mechanical design. ADAMS (Automatic Dynamics Analysis of Mechanical System) is one of the
most widely used in the world of mechanical system simulation analysis software. ADAMS uses the Cartesian

coordinates of the rigid body j and the Euler angles as the generalized coordinates q; =[x, Y, z, ¥, 6, (,/)]? . Fora

system q=[q,,q;,---,q1J" with n rigid bodies, the differential equation of motion of the mechanical system is
shown in Eq. (5), which is the second order algebraic differential equation [16].
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T T
d(aor oT T -
—|—| -| =—| +a@ +p6] = S
dt(aqj (&J %% =Q ©)
Where T is the system kinetic energy; q is the system's generalized coordinate array; Q is the generalized force
array; a is the complete constraint of the Lagrangian multiplicative array; f is the non-complete constraint of the

Lagrangian multiplier array. Eqg. (6) and (7) are the complete constraint equations and the no holonomic
constraint equations, respectively.

o(q,t) =0 (6)
0(9,4,t)=0 @)

4.2 Model Settings

According to the model structure described in Figure 3.1, Solidworks software are used to build the assembly
model, import ADAMS, and define the material properties of each component.

4.2.1 Impose constraints

After the model is imported, they need to be connected with constraint pairs to define the relative motions
between objects. Common constraints are: ideal constraints, virtual constraints, high pair of constraints and
motion constraints, etc. In the IPT model, the left bearing block and the push cylinder are connected by bolts,
there is no relative movement between them, so add a fixed pair; the six locking sliders, which are evenly
distributed in the circumferential direction, move along the dovetail groove of the cone, so they are connected
by moving pairs, in which the dynamic and static friction coefficients are 0.3, 0.5, respectively; during the
plugging process, the locking sliders are opened in the radial direction to form the plane pair on the surface of
the cylinder. The dynamic and static friction coefficients are 0.3 and 0.5, respectively.

4.2.2 Imposed load

With the non-linear relationship between the allowable force and the contraction length ratio of the MXAM-20-
AA type pneumatic tendon [17] when the air pressure of the pneumatic tendon is different, the relationship
between the force and the shrinkage length ratio is different. Now, when the non-linear relationship of 0.6MPa
is used as the driving force characteristic of the IPT, the fitted driving force curve is shown in Fig. 4.1 [18].
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FIGURE 4.1 Driving Force Curve
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4.3 Simulation Results and Analysis

Run the simulation to get the dynamic curve of the IPT. The curves of the displacement, speed and acceleration
of the locking sliders in the Y and Z axes are shown in Figures 4.2 and 4.3, respectively. In the process of
plugging, the speed of the locking sliders along the Y, Z axis is basically uniform changes. Due to the role of
friction, acceleration at 0.013s has the jump phenomenon, which is causing speed fluctuations. The plugging
operation has completed in the 0.783s, the speed quickly reduces to 0. But due to inertia, the acceleration has a
greater volatility. The acceleration curve of the locking sliders is Fourier-changing, and when the frequency is 0-
26Hz, the influence of the acceleration of the system is more significant, as shown in Figure 4.4.
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FIGURE 4.4 Fourier Changes of the Centroid Acceleration Curve of the Locking Sliders

5 DURABILITY ANALYSIS OF INTELLIGENT PIPELINE PLUGGING DEVICE

Through the durability test can be resolved the problems such as when the organization is scrapped, and when
the parts is fail, which is important to understand the performance of the mechanical components.

5.1 Force Analysis of the Locking Slider

During the plugging process, the locking sliders move along the dovetail groove of the cone and come into close
contact with the inner wall of pipeline, which is prone to deformation or failure, so it is subjected to durability
analysis. In the process of plugging, the von mises stress; max prin. stress; max shear stress of the locking
sliders at 0.0792s are as shown in 5.1(a), (b), (c), respectively. The stress values of the partial points are shown
in Table 5.1. As it can be seen from the figure, the central area of the outer surface of the locking sliders are
subject to greater stress and are more likely to fail.
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FIGURE 5.1 Force Analyses of the Locking Sliders
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(a) Von Mises Stress ;( b) Max Prin. Stress ;( ¢) Max Shear Stress

TABLE 5.1 The Equivalent Stress Values at the Points of the Locking Sliders

i (¢)

Hot Spot Stress Node Time Location

# newton/meter? id sec X Y z

1 2.94e+007 73 7.92e-002 -6.82e-003 1.29e-001 6.62e-002
2 2.53e+007 74 7.92e-002 -2.75e-003 1.29e-001 6.62e-002
3 2.50e+007 106 7.92e-002 4.58e-003 1.28 e-001 5.08 e-002
4 2.49e+007 68 7.92e-002 -7.43 e-003 1.17 e-001 6.62 e-002
5 2.29e+007 105 7.92e-002 -1.55 e-003 1.30 e-001 4.48 e-002
6 2.28e+007 101 7.92e-002 -3.61 e-003 1.29 e-001 5.02 e-002
7 2.26e+007 72 7.92e-002 1.37 e-003 1.27 e-001 6.62 e-002
8 2.04e+007 75 7.92e-002 -4.80 e-003 1.27 e-001 6.62 e-002
9 1.93e+007 108 7.92e-002 -1.56 e-003 1.30 e-001 2.30 e-002
10 1.92e+007 112 7.92e-002 -1.79 e-003 6.94e-002 3.38 e-002

5.2 Force Analysis of Inner Wall of Pipeline

With the increasing of plugging progress, the locking sliders inset the inner wall of the pipe is getting deeper
and deeper and the stress on the pipe is getting bigger and bigger. The maximum stress of the pipe appears at the
pipe where the locking sliders are embedded, extending from the inner wall of the pipe to the outer wall of the
pipe. Figure 5.2 shows the change in the maximum stress of the pipe wall during the blockage process.
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As shown in the figure 5.2, the maximum stress applied by the pipe at the beginning of the plug is about 30 MPa,
the maximum stress at the beginning of the locking sliders inset the inner wall of pipeline is 12.22 MPa, the
maximum stress when the locking sliders into the inner wall of the pipe deep is 66.45MPa, the maximum stress
when the locking sliders are fully embedded in the inner wall of the pipe is 63 MPa. From the beginning of the
plug to the locking sliders contact with the inner wall of the pipe, the stress has decreased, when embedded deep,
the stress value to the maximum. The stress after plugging is 63MPa, the limit of the pipe yields 200Pa, so the
stress of the pipe wall is within the safe range.

6 CONCLUSION

With the development of petrochemical industry, the safety and environmental protection required by the
pipeline maintenance, repair, renovation and other projects are becoming much stricter. Therefore, the further
development of the intelligent plugging process and key equipment will be the key to whether the technology
can be extended to a wider range of applications.

Based on the analysis of the mechanical structure of the existing intelligent plugging device, this paper proposes
to use the pneumatic tendon instead of the hydraulic cylinder to provide the plugging power, and design a kind
of intelligent plugging device suitable for high pressure and small aperture oil and gas pipeline. The dynamic
simulation and durability analysis are carried out, and it is concluded that in the process of plugging, the locking
sliders are subjected to defects such as large impact, instability and stress concentration, etc. To solve these
problems, make the sealing ring on the outer surface of the locking slider; drill the dovetail groove on the top
surface of the push cylinder to reduce the lateral movement between the locking slider and the push cylinder to
make the plugging process more stable. Which can provide reference for the design and optimization of IPT.
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