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Research on the Performance of a New External Occlusion Device 
for Pressure Vessel Leakage

Yan, H.W. – Yang, X. – Hou, X.R. – Wang, L. – Li, P.C. 
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Given the advantages and disadvantages of the existing plugging technology, a new type of external sealing device for pressure vessel leakage 
is proposed, which has the advantages of fast installation speed, small installation resistance, and stronger adaptability to the leakage surface. 
The connecting rod propulsion mechanism provides power, uses the fluidity of materials in the annular cavity to adapt to the complex curved 
surface, and carries out real-time monitoring and self-healing of the plugging process. Through the establishment of a finite element model 
of conventional top pressure plugging and the new type of external sac plugging method, simulation analysis of the leakage point and the 
pressure distribution around the crack leak has shown that: in the installation process of the new type of external liquid sac plugging device, 
a pressure-equalizing contact area and a sealing area are formed around the leakage point, and there is no obvious stress concentration 
phenomenon. When the thickness of the gasket is low, the deformation is uniform, which overcomes the problems of insufficient adaptability 
of the gasket in the conventional jacking method, and enhances the stability and reliability of emergency plugging.
Keywords: leakage, diversion channel, ANSYS, fluid capsule sealing, adaptive contact 

Highlights
•	 A new type of external occlusion device based on magnetic installation and linkage mechanism was designed to provide power 

for real-time monitoring and maintenance.
•	 A finite element model was established to analyse the sealing performance.
•	 Compared with the traditional method, the effective sealing area of the new liquid capsule sealing method is increased to 90 %.
•	 When the thickness of the gap is small, it is easy to install, the thickness of the gasket is small, and the effective sealing area 

is increased.

0  INTRODUCTION

With the development of the process industry, pipeline 
transportation has been rapidly developed turned into 
an economically dangerous medium on a global scale 
[1] and [2]. Leakage accidents caused by self-defects 
[3], environmental factors [4] and human factors [5] 
have occurred, causing huge casualties, environmental 
pollution, and waste of resources. Therefore, there is 
an urgent need for a fast, effective, and safe plugging 
equipment for the treatment and disposal of accident 
pipelines and storage tanks, the control of dangerous 
sources, and the reduction of the harm caused by 
leakage [6] and [7].

In recent years, some emergency blocking repair 
methods have appeared at home and abroad [8] and 
[9]. The Furman-ITE company (USA) developed 
the open hole-plugging device as one of the earliest 
professional technical companies to solve the problem 
of pipeline leakage [10]. With the gradual maturity 
of the technology, the TDW company (USA) has 
developed a two-way isolation and repair equipment. 
The system can remotely control and isolate the 
pipeline with fluid medium [11]. The intelligent in-
tube occlusion developed by Bowie is composed of 
a traction unit, a plugging unit, and a braking unit, 

which has the advantages of a simple structure [12]. 
Due to the different physical and chemical properties 
of materials and various leakage modes, there are 
many unforeseen technical problems in the emergency 
treatment and disposal of leakage accidents at 
this stage [13] and [14]. In observations of leakage 
problems, such as holes and cracks in large pipelines 
and storage tanks, a new type of external plugging 
device is proposed. Through the simulation analysis 
of the installation positioning and sealing process of 
the plugging device, the conclusion is drawn that, the 
new external plugging device has faster installation 
speed, smaller installation resistance, and stronger 
adaptability to the leakage surface in comparison with 
the conventional plugging method.

1  STRUCTURE AND PRINCIPLE

In this paper, a new external sealing device is proposed 
to address the leakage problems such as holes and 
cracks in large pipelines and storage tanks. The design 
indexes of the device are shown in Table 1.

The new sac-sealing device primarily comprises a 
permanent magnet module, a universal joint, a beam, 
a propulsion mechanism, and a plugging component. 
The device uses magnetic adsorption to locate the 
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leak. The strong magnetic force generated by the 
two permanent magnet modules is used to install 
and fix the device on the work surface to achieve the 
positioning and installation of the blocking device. 
The permanent magnet module is connected with the 
beam through the universal joint to form the static-
bearing structure of the blocking device, which can 
be rotated around the hinge to adapt to the installation 
requirements of the sealing surface with different 
radius of curvature; thus, the adaptability of the device 
is enhanced to some extent. The two propulsion 
mechanisms are installed between the beam and the 
blocking assembly. The thrust generated by the self-
motor is used as the power. The sealing assembly is 
pressed against the leakage sealing working surface 
to perform the sealing operation. The model of the 
occlusion device is shown in Fig. 1.

Table 1.  Design index of external occlusion device for pressure 
vessel leakage

Serial 
number

Design index 

1 Pipe diameter [mm] ≥ 500

2
Minimum radius of curvature of 
elbow [mm]

≥ 250

3 Under maximum pressure [MPa] 1.6 ≤ P < 10.06 
4 Leakage rate of leakage port [kg/s] 0.08
5 Equipment capacity [kg] 12
6 Two magnets load bearing [kg] 2000

7
Effective treatment of maximum 
crack size [m2]

0.00006

Fig. 1.  Schematic diagram of the plugging device mode

When a leak occurs, the first task is to determine 
the shape or location of the leak. The magnetic force 
of the two permanent magnet modules is closed by 
the magnetic switch, the flow guiding channel of the 
blocking assembly is aligned with the leakage point, 

and the screw on the universal hinge is adjusted to 
find the suitable mounting position of the permanent 
magnet module. Then, the magnetic force of the 
two permanent magnet modules is turned on, to be 
adsorbed on the wall of the pipe around the leaking 
point, and the installation and fixing of the blocking 
device are completed. Finally, two propulsion devices 
are started (both synchronous and asynchronous 
according to the blocking condition) to push the 
plugging component to the blocking working surface.

During the process of contacting the sealing 
surface of the plugging device with the tube wall, 
the fluidity and pressure transferability of the fluid 
material in the annular chamber are utilized to convert 
the concentrated load loaded on the housing by the 
propulsion mechanism into the internal pressure of 
the fluid in the chamber, which is applied vertically, 
which allows the pressure load on the plugging surface 
to be evenly distributed. In this way, the phenomenon 
of stress concentration caused by local extrusion of 
sealing cushion in conventional top pressure plugging 
technology can be avoided [15].

The leak detection system in the occlusion device 
can monitor the pressure of the fluid in the cavity. 
After reaching a predetermined plugging pressure, the 
propulsion mechanism stops moving; the screw self-
locking thus maintains a stable plugging pressure. At 
this moment, the harmful substances leaked into the 
emergency diversion pipe connected to the diversion 
channel, and the electromagnetic valve can also be 
installed at the expansion interface to close the valve 
to complete the sealing operation.

A sound wave collector (which can also monitor 
small leaks) is installed at the expansion interface. 
After the plugging is completed, the flow state of the 
fluid in the pipe and the plugging state of the plugging 
device are monitored in real time [16] and [17]. If the 
plugging fails, the shape of the leak is characterized 
by the acoustic signal of the fluid; a command is then 
issued to the propulsion mechanism to enhance the 
plugging pressure to block the operation again [18].

2  INSTALLATION AND POSITIONING ANALYSIS

This paper establishes the common hole leakage and 
crack leakage models in pipeline and storage tank 
leakage accidents.

2.1 Principle Analysis

The new type of liquid bag outer plugging device 
uses a permanent magnet module similar to a 
permanent magnet jack to complete the installation 
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and positioning process. During the plugging process, 
sufficient pressure must be applied to prevent the 
internal pressure of the leaking fluid from causing 
the plugging device to fall off. No bolts are required 
during installation. The minimum radius of the 
pipeline curvature that the new external plugging 
device is adapted to is 250 mm. 

When the pipeline is corroded by material or 
impacted by an external force, perforation or cracks 
often occur [19] and [20]. In such cases, it is necessary 
to seal the leakage point. Due to the high internal 
pressure and high energy density of the leaking 
materials at most of the leakage points, a Bernoulli 
equation is selected to express the fluid energy at 
the leakage point [21] and [22]. The plugging mainly 
deals with the fluid state at the leakage point; there 
will be no large displacement in the vertical direction. 
The change in potential energy has little effect on the 
energy density of the fluid, which can be ignored [23]. 
Bernoulli’s equation can be simplified as follows:

 C p v� �
1

2

2� ,  (1)

C is the energy per unit volume of fluid, p is fluid 
pressure, ρ is fluid density, and v is fluid velocity.

The energy density of the fluid directly 
determines the difficulty of the plugging operation. 
The existing external plugging technology is pressed 
with a sealing material at the leak point to achieve the 
plugging operation. With the top pressure plugging as 
an example [24], the sealing process is shown in Fig. 
2.

Fig. 2.  Schematic of hole leakage pressure seal

When the sealing surface of the occlusion device 
gradually approaches the leak point, the flow pattern 
of the leaked material is forced to change. The fluid 
material ejected from the leaking point enters the 
crevice formed by the sealing surface of the occlude 
and the wall of the vessel. The narrowing of the 
crevices hinders the flow of the fluid, and the flow rate 
of the material continuously decreases until it reaches 
zero. In this process, accompanied by the energy loss 

caused by internal irregular flow [25], Eq. (1) can be 
rewritten as:

 C p v Q� � �
1

2

2� ,  (2)

Q is heat generated by friction during unit volume 
fluid flow (assuming heat is not transferred)

The main factor affecting the installation of the 
plugging device is the static pressure F = p · S of the 
fluid acting on the plugging device [26], which is 
obtained by the Eq. (2):
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F is installation resistance, C0 is the raw energy 
density of the leaked material, S is the area of the 
sealing surface of the plugging device, p0 is the 
pressure of the original fluid in the container, v0 is the 
velocity of the original fluid in the container and λ is 
fluid friction coefficient.

It can be obtained from Eq. (3) that the main 
factors affecting the installation resistance of the 
plugging device are:
1. The energy density of the leaking material itself 

(the pressure and flow rate).
2. The coefficient of flow friction of the leaked 

material is determined by the shape of the leak 
and the geometry of the sealing surface of the 
plugging device.

3. The size of the sealing surface of the plugging 
device.
As shown in Fig. 2, the material ejected from 

the leak point collides with the sealing surface that 
is constantly approaching, and the kinetic energy is 
converted into static pressure in the impact region, 
forcing the fluid material to enter the nip. As the 
thickness of the gap decreases, λ gradually increases, 
the flow rate v0 of the material decreases continuously, 
and the static pressure region at the leak point diffuses 
into the nip, forming an annular static pressure zone 
with different gradients around the leak point, and 
the installation resistance is large, the installation 
resistance has increased significantly.

In observation of the above problems, the 
occlusion of the new type of sac-sealing device adopts 
a diversion installation method, which is installed first 
and then blocked by a valve to reduce the installation 
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resistance of the occlusion device, so as to make 
the installation and positioning more accurate and 
reliable. The specific process of implementing the 
plugging operation is shown in Fig. 3.

During the installation process, most of the 
fluid material ejected from the leaking point flows 
out of the flow channel of the occlude, as shown in 
Fig. 3. Part of the fluid enters the nip, and a small part 
hits the sealing surface of the occlusion device, which 
effectively restrains the conversion of the kinetic 
energy of the fluid material to the pressure energy. 
The fluid flow rate and static pressure entering the nip 
are greatly reduced, which further greatly reduces the 
load on the sealing surface of the occlusion.

Fig. 3.  Schematic diagram of diversion plugging

2.2  Flow Field Velocity Analysis

At present, the most common form of leakage in 
pipelines and tanks is crack leakage [27] and [28]. Two 
different leak point models, a hole with a diameter 
of 50 mm and a crack with a width of 4 mm and a 
length of 100 mm, are used to simulate the above 
method [29]. Both leakage models are based on a 
cylindrical storage tank with a radius of 3000 mm. 
The inside of the tank is a methane gas with a pressure 
of 1 MPa, the external pressure is 0.1 MPa, and the 
sealing surface of the occlusion is a circular area with 
a diameter of 190 mm, and the diameter of the reverse 
flow passage is 40 mm. Due to the large volume of the 
tank, the following approximate assumptions can be 
made: (a) the pressure in the tank is not affected by the 
leakage; (b) the pressure loss caused by the friction in 
the vessel after the leakage is ignored. The results of 
the analysis are shown in the figure below.

The gap between the sealing surface and the outer 
wall of the tank is 4 mm. The flow field characteristics 
of the non-conducting plugging device are shown in 
Fig. 4. The leaked fluid material flows out from the 
nip, forming a flow field with a high flow velocity 
(100 m/s) on both sides of the crack. The flow field 
characteristics of the diversion blocking device are 
shown in Fig. 5. Only a small amount of material 

flows out of the nip at a relatively low flow rate (56 
m/s), and most of the material flows out of the device 
through the flow-guiding channel. In this way, part of 
the material can be recovered through the flow guiding 
channel, the leakage amount of the fluid material in 
the tank is reduced, the spraying speed of the fluid in 
the nip is reduced, the influence of the fluid jet on the 
sealing operation is reduced, and the safety factor is 
enhanced.

Fig. 4.  Flow field vector in the case of no diversion  
plugging device 4 mm

Fig. 5.  Flow field vector graph of the diversion and  
closure device with 4 mm

2.3  Crack Thickness Analysis

The thickness of the nip affects the ejection speed of 
the leaked material and determines the ease of sealing 
operation. The clamping resistance of the two models 
(step size 5 mm) is used as a variable to simulate the 
installation resistance of the two blocking devices 
during the installation process. The results are shown 
in Fig. 6.

During the installation of the plugging device, 
the mounting resistance is not significantly different 
between the two plugging methods when the 
thickness of the gap is large (>30 mm). In this case, 
the proportion of the fluid material passing through 
the flow guiding channel is small, and the influence 
on the overall flow field is small, and the installation 
resistance changes of the two occlusions are basically 
the same. When the thickness of the gap is reduced, the 
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fluid motion resistance increases, forcing the material 
flow in the diversion channel to increase, and the 
installation resistance shows a difference. Compared 
with the non-diversion channel, the diversion channel 
reduces the peak of the installation resistance by 
nearly 36 %.

Fig. 6.  Comparison of the resistance in the process  
of crack leakage model

Fig. 7.  Comparison of the resistance of the hole leakage model

The same analysis was done for the hole leakage 
model. The results are shown in Fig. 7. The peak value 
of the mounting resistance was reduced by nearly 
53 %. It can be seen that the diversion function is 
affected by the geometry of the leakage point, and the 
corresponding diversion channel needs to be designed 
for the specific leakage form to meet the requirements 
of the diversion. Similar results were obtained when 
the medium in the tube was changed from gas to 
liquid water.

3  PLUGGING PROCESS ANALYSIS

This paper compares the sealing process of the device 
with the conventional top pressure sealing method.

3.1  Principle Analysis

Large pipes and pressure vessels are most common 
in small hole leaks or cracks at welds and are 

representative. It is necessary to analyse the stress 
distribution of the plugging device at the weld [30] 
and [31].

The existing large-scale storage tanks are mostly 
sealed with the top pressure sealing method. The 
loading is applied on the rigid body, and the flexible 
composite rubber is pressed on the sealing working 
face to form the plugging area [32]. The working 
principle is shown in Fig. 8.

Fig. 8.  Principle of common top pressure plugging

When sealing irregular surfaces, such as welds, 
the sealing rubber gaskets must use their deformation 
to adapt to the undulating changes of the curved 
surface. In non-linear large deformation weld, rubber 
material can be regarded as volume incompressible 
continuum, and the internal stress state will be 
uneven during deformation [33]. In the non-linear 
large deformation weld, the rubber material can be 
approximated as a volume incompressible flow body, 
and local flow phenomenon of the internal material 
occurs during the deformation process. The rubber 
element has the following stress relationship inside 
the compression deformation.

 �
� � �

�
�� � � �� ��

�
�
�

�E 1 1

3

2

,  (6)

 � �
f
h

,  (7)

σ is internal stress of rubber components, Eα is the 
elastic modulus of rubber components, ɛ is the strain 
of rubber components, f is the shaped variable of 
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rubber component and h is the thickness of rubber 
component.

Fig. 9.  Schematic diagram of loading and sealing of the liquid bag

Rubber materials use their deformation to adapt to 
the ups and downs of the curved surface, which makes 
the internal stress state of the material uneven. At the 
same time, when the material is compressed, it will 
produce the shear stress to prevent the deformation of 
the material. The welding seam imposes constraints on 
the rubber material, which enhances the longitudinal 
bearing capacity and further promotes uneven stress. 
To avoid this situation, this article uses the fluid 
pressure loading method to perform the plugging. The 
plugging process is shown in Fig. 9.

3.2  Analysis of Pressure Distribution

In this paper, the leakage model of the tank weld 
with the outer wall radius of 3000 mm is established 
as the blocked object. The weld height is 5 mm, and 
the width is 40 mm. There is a crack with a length of 
100 mm on the weld. The conventional top pressure 
plugging method and the liquid bag plugging method 
were used for plugging respectively. The plugging 
pressure load was set at 1 MPa, and the sealing gasket 
material was set as NBR. The simulation results are 
shown in Figs. 10 and 11.

Fig. 10.  Sealing surface pressure of conventional sealing method

Fig. 11.  Pressure of the sealing surface of the liquid reservoir 
sealing method

As can be seen from Figs. 10 and 11, the 
conventional sealing method only uses the 
deformation of the rubber material to adapt to the 
concave and convex fluctuation of the sealing surface, 
resulting in a strong stress concentration area at the 
convex part of the weld, which becomes an obvious 
high-pressure area, while the annular area outside 
the weld is a low-pressure area, which has a great 
potential safety hazard.

Fig. 12.  Pressure section of conventional sealing method
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In the new sac-sealing device, the sealing gasket 
forms a pressure-sensitive contact sealing zone (0.9 
MPa) around the leak point around the crack, and 
no obvious low-pressure annular region appears. 
The pressure distribution of the sealing surface was 
counted to obtain the results of Figs. 12 and 13.

Fig. 13.  Pressure section of sealing surface of liquid reservoir

The pressure distribution of the contact surface 
affects the working effect of the plugging device. 
Assuming that more than 90 % (0.9 MPa) of the 
plugging load is the effective plugging pressure, a 
large number of low-pressure (less than 0.9 MPa) 
areas appear on the contact surface of the conventional 
plugging method, reaching 56 % of the total area, and 
the effective plugging surface is only about 44 %. 
In the new method of sealing the outer capsule, the 
effective sealing area reaches nearly 90 %, mainly 
distributed between 0.9 and 1.2 MPa, and the load is 
evenly transmitted to the sealing working surface.

3.3  Seal Thickness Analysis

The thickness of the gasket is also a key factor 
affecting the sealing performance, which determines 
the sealing performance of the sealing device. Based 
on the above model, the two plugging methods are 
further simulated and analysed with the thickness 
of the gasket as a variable. The results obtained are 
shown in Fig. 14.

The conventional plugging methods use the 
material properties of rubber pads to accommodate 
irregular sealing surfaces around leak points. When 
the thickness is small, the adaptability of the gasket 
is poor, and the proportion of forming an effective 
sealing surface is also low. As the thickness of the 
gasket increases, its self-adaptation ability gradually 
increases, and the proportion of the effective sealing 
surface increases. When the thickness is 24 mm, 
the peak value (76 %) is reached. Due to the lack 
of corresponding constraints on the outer side of 

the gasket cylinder, the rubber material is forced 
to flow out from the side, resulting in a decrease in 
the bearing capacity of the rubber material and a 
low-stress phenomenon. As the thickness increases, 
the phenomenon becomes more apparent, and the 
proportion of the effective pressure region is also 
reduced.

Fig. 14.  Product ratio curve distribution of effective sealing 
surface under different sealing surface thickness

The novel capsular plugging method utilizes 
the fluidity of the liquid in the chamber to convert 
the load on the housing into fluid pressure and load 
it on the gasket. During the sealing process, the 
deformation of the thickness direction of the gasket 
is relatively uniform, which overcomes the shortage 
of the adaptability of the gasket in the conventional 
sealing method, and the effective pressure region 
formed is improved. When the thickness is small, the 
effective area ratio of the plugging reaches about 90 
%. As the thickness increases, the sac-sealing method 
also shows the same proportion of decline. Similar 
results were obtained in simulation analysis under 
different pressures.

4  CONCLUSIONS

In this paper, the finite element model is established, 
and ANSYS is used to simulate and analyse the 
installation and sealing process of the conventional 
top pressure plugging device and the proposed new 
external sealing device.
1. During the installation process, when analysing 

the flow field velocity on both sides of the crack, 
it was found that only a small part of the material 
flowed out from the gap, and most of the material 
flowed out from the diversion channel, which 
was effectively recovered. When analysing the 
thickness of the gap, it was found that when the 
thickness of the gap is small, the installation 
resistance of the sac plugging method is smaller.
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2. During the plugging process, an analysis of the 
pressure distribution around the leak found that 
compared with the traditional plugging method, 
the effective plugging area was increased to 
nearly 90 %, and the pressure distribution was 
more uniform. The analysis of the thickness of 
the gasket found that the smaller the thickness, 
the stronger the adaptability of the sac plugging 
method, the uniform shape change of the gasket, 
and the larger the effective sealing area and the 
longer the life.
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