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a b s t r a c t

The migration process of the pig in oil and gas pipeline is a complex dynamic problem. During the
pigging operation, the variation of friction force caused by the nonlinear contact between the sealing disc
and the pipe wall is the key factor affecting the dynamic characteristics of the pig motion. At present, the
existed pigging models for predicting pigging behavior regard friction as an invariant constant. Exper-
imental research indicates that the friction force of the pig varies with the contact force and the lubri-
cation conditions. Therefore, the assumption that the friction force is constant cannot reflect the friction
dynamic characteristics of the pig during pigging, and will also affect the accuracy of the pigging model.
Exploring the variation of friction force of pig under different conditions is the basis of establishing the
transient dynamic model of a pig. As a result, in this paper, a method of direct measurement of contact
force between the pig and the pipeline is presented, the contact force, the friction force, as well as the
friction coefficient of the pig are obtained from the experiment. Research results in this paper can help to
establish a more accurate dynamic model of pig.
© 2022 The Authors. Publishing services by Elsevier B.V. on behalf of KeAi Communications Co. Ltd. This

is an open access article under the CC BY license (http://creativecommons.org/licenses/by/4.0/).
1. Introduction

The rapid growth of oil and gas demand has promoted the
development of pipeline transportation industry. Along with the
increase of the pipeline service life, problems such as wax depo-
sition, pipeline corrosion and deformation often occur. It is neces-
sary to clean and inspect the pipeline regularly to ensure the safe
and efficient operation of the pipeline Tiratsoo (1992); Tiratsoo
(2013); (Azevedo et al., 1996; Azevedo et al., 1996; Niechele et al.,
2000).

Pipeline inspection gauge(pig) is the general term for pipeline
pigging and testing (Quarini and Shire, 2007; Saeidbakhsh et al.,
2009). There are different types of pigs, and can be classified by
their maintenance aim: routine pigging for keeping a pipeline free
of sediments and/or moisture; geometry inspections to ensure that
a pipeline is free from major physical damages; intelligent pigging,
for delivering detailed information about a pipeline (Sadovnychiy
and Lopez, 2005; Rahe, 2006). Sealing discs are important
component and commonly used on pig due to the high-efficient
sealing and excellent pigging ability. These sealing discs with
y Elsevier B.V. on behalf of KeAi Co
outer diameter slightly larger than the pipeline inner diameter
contact the inner wall of the pipeline and seal the pipeline, so as to
form the pressure difference before and after the pig and push it
forward (Botros and Golshan, 2009; Esmaeilzadeh et al., 2009). Due
to the elasticity of the sealing discs, the interaction between the
sealing discs and the pipeline will directly affect the friction force
between sealing disc and pipeline (Zhu et al., 2015; Zhang et al.,
2015; Zhang et al., 2022).

The friction force between sealing disc and pipeline is one of the
key factors in determining the characteristics of a pig motion
(Zhang et al., 2020). As a result, it is important to understand the
friction force between rubber and pipe wall for studying and un-
derstanding pigging movement (Liu et al., 2021; Tan et al., 2014).
However, the hyperelastic, time-and temperature-dependent ma-
terial behaviour of rubber, the sliding velocity and the presence of
lubricants make the tribology of pig a challenging research area
(Zhu et al., 2017; Liu et al., 2020). So far, few models can be used to
estimate the transient friction force during pipeline pigging. Pre-
diction usually depends on experimental results and field experi-
ence, which with highly uncertainty (Lesani et al., 2012; B�odai and
Goda, 2014; Patricio et al., 2020). The current pigging model often
fails to simulate the locally occurring speed excursion in detail due
to the difficulty of predicting the variations in friction force be-
tween the pig and pipe wall (Kim et al., 2022). Variation of contact
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Fig. 1. Gravity induced contact force distribution profile (Zhu et al., 2015).
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force between the pig and the pipeline wall during pigging is an
important factor for the transient change of the frictional force and
clearly understand the contact forcewill be essential for building an
accurate friction model (Van Spronsen et al., 2013; de Souza et al.,
2013).

A mathematical model for evaluating the contact force of a
bidirectional pig was proposed (O'Donoghue, 1996). Due to
assumption that the deformed sealing disc was an ideal arc, the
equations proposed for estimating the geometrical deformation of
the sealing discs were simplified and the friction force was
underpredicted. In order to improve the accuracy of the contact
force predicting result, nonlinear finite element model (FEM) was
proposed to estimate the contact force of a bidirectional pig (Zhu
et al., 2015). A pull test in which a sealing disc pig is pulled
through a pipe while monitoring the pulling force was conducted
for measuring the friction force. The contact force was evaluated
and verified according to the Coulomb's law of friction with the
assumption that the friction coefficient is a constant value. How-
ever, friction coefficient is not a constant value, and it varies with
the variation of contact force, pipe wall roughness, lubrication and
so on (Persson, 2001; Zhu et al., 2017). If the contact force can be
experimental obtained, the friction coefficient can be experimental
investigated as well. As a result, how to measure the contact force
with high accuracy becomes an interesting topic, and arose more
attention.

An experimental facility tomeasure the wall force was proposed
(Hendrix et al., 2016; Den Heijer, 2016). A steel hull was wrapped
around the sealing disk, different oversize can be modeled by
reducing the diameter of the steel plate, and the force for reducing
the diameter was measured by a load cell, which can be finally
transferred to contact force. In order to prevent the disc slides in the
axial direction, a 2 mm steel ring has been welded onto the
wrapped hull. Also, the deformation of the sealing disc is measured
by using a profile combmounting on the spacer disc (Hendrix et al.,
2018). However, this is still not an ideal method since the contact
force was transferred from the force for reducing the diameter of
hull, which can also bring error. In order to experimental investi-
gate the contact force with higher accuracy, a more convenient and
intuitive method is proposed to directly measure the contact force
by extending the sensor probe into the pipe wall, and the overall
contact force of the sealing disc can be obtained after calculation.
Since the contact force and the friction force can all obtained ac-
cording to the rig, the friction coefficient can finally be in situ
measured. Research in this paper can help to have a better under-
standing of the contact force and the friction force of a pig.
Fig. 2. Force analysis on the effect of the pig's gravity on the deformed sealing disc.
2. Mathematical model

As shown in Fig. 1 The diameter of the sealing disc is slightly
larger than the pipeline inner diameter, which is interference fit
with the pipe wall. Due to the pig's gravity, contact force between
the sealing disc and the pipe wall is non-uniform distributed. The
upper half of the sealing disc undergoes a larger deformation than
the lower half. Therefore, the contact force at the top is smaller than
that at the bottom.

As shown in Fig. 2, the sealing disc is divided into infinite equal
parts in the circumferential direction, and the contact force from
each part can be expressed in Eq. (1)
475
dF ¼ F
2p

d4þ G
2p

sin4d4 (1)

where F is the overall contact force, dF is the contact force of the
selected infinitesimal part, G is the gravity of the pig, 4 is the angle
between the selected infinitesimal part and the horizontal line, the



Fig. 3. Schematic diagram of contact force and friction force test device.

Fig. 4. Layout of the micro load cell sensors for measuring the contact force.
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d4 is the central angle of the selected infinitesimal part.
The sensor probes were arranged to place on 3, 6, 9, 12 o'clock

position of the pipe (see in Fig. 4), and the diameter of the probe is
3 mm, which means the contact length of AB in Fig. 2 is 3 mm. q is
the angle between the positive x-axis direction and OA (:AOX ¼ q,
and :AOB ¼ 2q). Then, the contact forces directly detected at the
four points are supposed to be obtained according to Eq. (2):
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where F3, F6, F9, F12 are the detected forces at 3, 6, 9, 12 o'clock
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position of the pipe, q is the half-angle radian value of the mea-
surement point, and its magnitude can be obtained from Eq. (3):

q¼1
2
arcsin

AB
r

(3)

where r is the radius of the sealing disc.
From Eqs. (2) and (3), it can be found that the contact force can

be obtained once any one of these four measuring points are
detected, and the total contact force can be expressed in Eq. (4):

F ¼ 2pF3
2q

¼ 2pF6
2q

� G
q
cosq ¼ 2pF9

2q
¼ 2pF12

2q
þ G

q
cosq (4)
3. Experimental setup

An experimental rig is set up for directly measuring the contact
force, as well as the friction force. The experimental platform is
composed of motor, slide table, horizontal test pipe, micro load cell
sensor, speed controller and data acquisition unit, as shown in
Fig. 3. The slide table is built on the precision roller screw and can
be driven uniformly under the motor. The drag force measured by
the sensor directly connected to the pigging device is equal to the
frictional force of the pig.

Schematic diagram of contact force test device is detailed shown



Fig. 5. Prototype of the experimental rig.

Fig. 6. Repeatability verification of the experimental results.
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Table 1
Sealing discs’ sizes used in the experiment and simulation.

Parameter Outer diameter of the sealing discs (Ds) Thickness of the sealing discs (t) Outer diameter of separating discs (dp)

Value range (mm) 51e57 1e5 35e45
Inner diameter of the pipeline (d, mm) 50
Interference (d)a 2%e14%
Thickness per pipeline inner diameter (x)b 2e10%
Clamping rate (z)c 70%e90%

a Interference d ¼ (Ds � d)*100/d, where Ds is the outer diameter of the sealing disc, d is the inner diameter of the pipeline.
b Thickness per pipeline inner diameter x ¼ t*100/d, where t is the thickness of the sealing disc.

c Clamping rate z ¼ dp*100/d, where dp is the outer diameter of the clamping plate.

Fig. 7. Variation of contact force of the sealing disc with different interferences.
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in Fig. 4. The pipe used in the experiment are customized steel pipe,
the inner diameter of the pipe is 50mm, and the pipewall thickness
is 5 mm. Four planes are milled at 3, 6, 9, 12 o ‘clock position of the
pipe for installing the micro load cell sensor (Fig. 5d), and the sizes
of the planes are 20.5 mm � 20.5 mm. A though-hole with 43 mm
diameter is drilled at the center of each milled plane for the
insertion of the sensor probe. After installation, the tip of the sensor
probe is almost on the same surface with the inner wall of the pipe
(0.05e0.10 mm out from the hole for detection). These four sensors
are fixed with clamp, as shown in Fig. 4, and the photos of the
experiment are shown in Fig. 5.

In the experiment, when the pig is dragging in the pipe, the
deformed sealing disc can pass the detection point, the contact
force resulted from the interference deformation of the sealing disc
will directly act on the sensor probe. The data acquisition device
connected to the sensor will monitor and collect the experimental
data in real time. The measurement results deduced from the re-
sults of four sensors will be averaged to obtain an accurate contact
force. The repeatability of the experimental data was investigated
and verified. Three group of experiments were carried out under
the same conditions, and it indicates that the reproducibility of the
experimental results can be guaranteed, as shown in Fig. 6.
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4. Comparison of the experimental and simulation results

Nonlinear simulation has been conducted before to investigate
the contact force (Zhu et al., 2015). Since the contact force can be
directly obtained here, in this section, the experimental results are
compared with the simulation results to further verify the accuracy
of the model built by finite elemental method. The variable pa-
rameters used in this experiment are the diameter of the sealing
disc, the thickness of the sealing disc and the outer diameter of the
clamping disc, as shown in Table 1.
4.1. Contact force of the sealing disc with different interferences

Comparison of the contact force between the experimental re-
sults and the simulation results are shown in Fig. 7. As the contact
force of the pig is perpendicular to the pipe wall, it is found that
with the increase of interference, the contact force of the pig in-
creases linearly with the interference. When the interference of the
sealing disc increases from 2% to 14%, the contact force increases
from 51.38 N to 120.67 N in simulation, and from 57.26 N to
132.12 N in experiment. Compared with the experimental results,
16.1% maximum relative error of simulation results can be found at
6% interference and minimum relative error of 4.8% found at 12%
interference. Considering the probe is 0.05 mme0.10 mm out from
the pipe inner wall, the experimental results should be a little
smaller than in Fig. 7 and the relative error between the experi-
mental results and the simulation results can be smaller as well.
4.2. Contact force of the sealing disc with different clamping rates

Contact force of the sealing disc with different clamping rates is
shown in Fig. 8. With the increase of clamping rate, the bending
deformation of the sealing disc becomes difficult, thus affecting the
value of contact force. An exponential relationship between the
contact force and the clamping rate can be found. The sealing disc
becomes difficult to deform at larger clamping rate. When the
clamping rate increases from 70% to 90%, the contact force in-
creases from 48.89 N to 220.34 N in simulation, increases by
350.73%. However, from the experimental aspect, the contact force
increases by 227.87%, from 62.44 N to 204.72 N. The maximum
relative error is 21.71% at 70% clamping rate and the minimum
relative error is 2.18% at 86% clamping rate. Compared with the
results of interference, it is obvious that the clamping rate has a
greater influence on the contact force than the interference.



Fig. 8. Variation of contact force of the sealing disc with different clamping rates.

Fig. 9. Variation of contact force of the sealing disc with different thickness per
pipeline inner diameters.
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4.3. Contact force of the sealing disc with different thicknesses

A comparative analysis of the simulated contact force and the
experimental contact force of the sealing disc with different
thickness per pipeline inner diameters is shown in Fig. 9. The
contact force of the pig increases with the increase of the thickness
per pipeline inner diameter. When the thickness per pipeline inner
diameter of the sealing disc increases from 4% to 10%, the contact
force increases from58.38 N to 771.79 N in simulation, contact force
increased by 1221.99%. However, the contact force increased from
66.81 N to 794.00 N in experiment, contact force increased by
1088.46%. Compared with the experimental results, maximum
relative error of 20.84% can be found at 6% thickness per pipeline
inner diameter and minimum relative error of 2.80% found at 10%
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thickness per pipeline inner diameter in the simulation. It is
obvious that the thickness per pipeline inner diameter has a far
greater influence on the contact force than the interference and the
clamping rate.

4.4. Friction coefficient

Since the contact force and the friction force can be detected by
the experiment, the friction coefficient can be finally calculated. In
the experiment, the running speed of the pig is 1000 mm/min and
the inner wall of the pipe is completely dry. The inner surface
roughness (Ra) of the pipeline was detected before the experiment
and the roughness Ra is within 0.5e0.7 mm.

The variation trends of the friction coefficient of the pig with
different interferences, clamping rates and thickness per pipeline
inner diameters are shown in Fig. 10. The friction coefficient be-
tween the sealing disc and the pipe wall is within the range of
0.3e0.5. It can be found that the size of the sealing disc almost has
no effect on the friction coefficient. The fluctuation of the friction
coefficient can be neglected when the sealing disc has different
interferences, clamping rates and thickness per pipeline inner di-
ameters. As a result, it can be confirmed that the friction coefficient
is mainly determined by the lubricant condition (velocity can also
be classified into lubricant condition since the large velocity can
change the temperature of the lubricant condition).

In simulation without considering the lubrication (Dry condi-
tion), the friction coefficient can be defined and input. However, the
contact force resulted from the simulation almost has nothing to do
with the friction coefficient, and the friction coefficient can only
change the simulated friction force. Till now, FEM model for pre-
dicting the contact force of a bidirectional pig has been verified and
proved to be effective. As long as the characteristics of the friction
coefficient can be revealed in future, the friction force of the pig can
be expressed clearly, as well as the dynamic pig motion. As a result,
a further investigation on the friction coefficient is urgently needed.

5. Conclusions

This paper presents a method for directly measuring the contact
force between the sealing disc and the pipe wall. The contact force
of sealing disc is studied when the interference is within 2%e14%,
the clamping rate is within 70%e90%, and the thickness per pipe-
line inner diameter is within 4%e10%. Because friction force can
also be detected in this experimental rig, the friction coefficient
between the sealing disc and the pipe wall of the pig is calculated
and analyzed.

(1) The simulation model proposed for predicting the contact
force and friction force is verified again according to the
comparison of the experimental results. The comparison
indicates that the maximum relative of 21.7% the simulation
model can be found at 70% clamping rate.

(2) A parameter sensitivity of the sealing disc on the contact
force has been investigated. Among the sizes of the sealing
disc determining the contact force, the most influential
parameter for contact force is the thickness per pipeline in-
ner diameter, then the clamping rate. The influence of
interference on contact force is far less than the other two
parameters.

(3) The effects of the sealing disc's interference, the thickness
per pipeline inner diameter, and the clamping rate on the
friction coefficient are studied. The friction coefficient is



Fig. 10. Variation of friction coefficient of sealing disc with (a) different interferences,
(b) clamping rates, (c) thickness per pipeline inner diameters.
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mainly determined by the lubricant condition, and almost
has nothing to do with the size of the sealing disc.
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