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Abstract

The inspection of tubing coupling is a key part to ensure the safety of snub-bing
operation, To realize the accurate identification of tubing and coupling, Studied a
magnetic detection method, Accurate identification of coupling by capturing the
difference in magnetic field strength between the surface of the oil pipe and the
coupling, This paper uses COMSOL software to establish a finite element simula-
tion model of the pipe coupling detection device. Through simu-lation calcula-
tions, the effects of the spacing between magnetic materials, per-manent magnet
strength, pipe eccentricity, and coupling defects on the detec-tion performance
are studied. The influence patterns of different factors on the detection results are
obtained, and finally, experiments are conducted to verify the feasibility of the
method.
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1. Introduction

Since the emergence of pressurized operations in the 1920s, it has gradually become
a new trend in workover operations. Since 2010, China has been promoting this
technology on a large scale, and a pressurized operation technology suitable for dif-
ferent well conditions has been initially formed. (Qun LEI et al., 2019&2020) During
the process of lowering the tubing in pressurized operations, the collar diameter is
larger than the tubing diameter, and forcing it through the blowout preventer (BOP)
can cause wear to the rubber core, reducing its service life and increasing the risk of
pressurized operations. Therefore, accurately detecting the collar position and con-
trolling the opening and closing of the blowout preventer to allow the collar to safe-
ly pass through the wellhead is crucial for achieving automated pressurized opera-
tions.

Currently, the main methods for detecting tubing collars include contact-based col-
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lar detection, electromagnetic collar detection, and image-based collar detection. (Ni,
XH ,et al,2014& Wang, YK ,et al,2019)Contact-based collar detection detects the
collar by measuring displacement changes when the collar comes into contact with
the detection roller. However, this method is susceptible to errors caused by down-
hole metal or non-metallic impurities, and the detection roller can cause wear on the
collar. Electromagnetic collar detection identifies the collar by detecting changes in
the magnetic field at the collar's position, but the high temperature and pressure
conditions at the wellhead require temperature compensation and other adjust-
ments for the probe. Image-based collar detection uses digital image processing and
image recognition technology to detect tubing collars via video. The effectiveness of
this method not only requires the recognition algorithm to be highly accurate but
also faces challenges due to the lightless environment caused by pressure-sealing,
which makes it difficult to meet the conditions for image detection.

This paper is based on the principle of magnetic detection, using permanent mag-
nets to generate a constant magnetic field combined with the Hall effect to achieve
accurate identification of tubing collars. Finite element simulation was conducted,
and a finite element simulation model of the tubing collar detection device was es-
tablished using COMSOL software. Through simulation calculations, the effects of
various factors on the detection performance were studied, including the distance
between magnetic conductors, the strength of the permanent magnets, tubing ec-
centricity, and collar defects. The influence patterns of these factors on the detection
performance were obtained. A detection device for pipe coupling defects was de-
signed, and an experimental platform was built for experimental analysis.

2. Theoretical basis of magnetic Flux Testing

The magnetic flux detection method detects rod-shaped wear defects and large-area
corrosion defects by measuring the changes in magnetic flux in the tubing magnetic
circuit using magnetic-sensitive sensors arranged in a magnetizing loop.( Dost,
Y., Apaydin,et al,2012) According to Kirchhoff's First Law (the principle of magnetic
flux continuity), the algebraic sum of the magnetic flux at any node (on a closed sur-
face) in the magnetic circuit is zero, indicating that magnetic flux is conserved in the
magnetic circuit. Magnetic flux is the surface integral of the magnetic field intensity,
and it is typically represented by the number of magnetic flux lines passing through
a surface.

The differential form of Maxwell’s equations is mathematically expressed as follows:
d¢ =B ,dS =Bcos@dS = B-dS (1-1)
¢ =BS (1-2)
In the equation, B,, represents the component of the magnetic flux density B that is
perpendicular to the surface element S. 8 is the angle between the normal direction

of the surface element and the magnetic flux density.
Magnetic flux detection can be simplified using the equivalent magnetic circuit
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method. During detection, the propagation path of the magnetic flux lines can be
simplified as shown in Fig.1. Since the magnetic permeability of the magnetic yoke is
much greater than that of air, the amount of magnetic flux leaking from the yoke into
the air is very small and can be neglected. The magnetic circuit in Fig.1 is equivalent
to the circuit diagram in the figure. From the Ohm's law of the magnetic circuit, the

following can be obtained.
R.$ + Ry¢2 +R ¢ =F (1-3)
¢ =0+, (1-4)
$, =9y + ¢ (1-5)
R4, =R39; (1-6)
R.$, + R, =R, (1-7)

In the equation, F is the magnetomotive force of the permanent magnet, R,;is the
magnetic reluctance of the air gap between the magnet and the measured oil pipe,
R, is the equivalent magnetic reluctance of magnetic circuits (2), (3), and (4), and
R,3 is the air reluctance parallel to the measured oil pipe in magnetic circuit (5). R,
is the magnetic reluctance of the magnetic yoke, R, is the magnetic reluctance of
the measured oil pipe, and @4, @,, @3, @4, and @5 represent the magnetic flux
passing through the permanent magnet, the magnetic yoke, the measured oil pipe,
R,», and R,3, respectively. The solution can be obtained by solving the above equa-

tion simultaneously.

PEACETY -
R,+R,

For specimens made of ferromagnetic materials such as steel or similar alloys, their
relative permeability is greater than that of air. Due to the magnetic reluctance, the
magnetic flux density through the specimen will be higher than that in the air. From
equation (1-8), it can be seen that when the coupling arrives, R, increases, R,3
decreases, and the changes in @; and @, can be ignored, which leads to the in-
crease of @s. Therefore, the magnetic flux density at the surface of the specimen (air
gap) will be smaller than before. The detection of whether the coupling has arrived

is thus transformed into capturing the change in magnetic flux density.

3. Finite element simulation model

The geometric model in this paper is constructed by directly drawing geometric ob-
jects.( Shi, M],et al,,2018& Jomdecha, C.,Prateepasen,et al,2009) To make the final
simulation results more similar to the actual situation, a three-dimensional model is
chosen. With the excitation source being a permanent magnet. The flux variation of
the coupling in the static magnetic field is analyzed. A three-dimensional model for
coupling detection is established by simulating the actual shapes of the oil pipe and
the coupling, as shown in Fig.1 (the air domain and infinite element domain have
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been hidden). The model consists of the oil pipe, coupling, air domain, permanent
magnet, magnetic conductor, and other components.

detection device

tubing and coupling

Fig.1 Three-dimensional simulation model without defects

The geometric parameters of each part of the model are shown in Table 1.

Table 1. The key parameters of the simulation model

model parameter Model length (mm) Model thickness (mm)
tubing 1000 5.5

coupling 130 8.5

permanent magnet 50 15

magnetic conductor 120 10

air domain 2000 1000

A parametric scan is added in the model study to simulate the process of the oil pipe
entering and exiting the detection device during the inspection. The variation of the
magnetic flux density in the three axial directions at the detection point is solved
and shown in Fig2. The magnetic flux density in the figure is displayed with both
positive and negative values, indicating the direction of the magnetic flux density.

~40 20
—— coupling —— coupling
tubing tubing
(:E/ .’_E\ 10
2 &
250 E
5 ]
3 e
p s /\\_/ - -
= = o
2 2
I ey
g §
= .10
-60 [~
| | | | | %0 ! 1 1 |
-150 -100 -50 0 50 100 150 -150 -50 0 50 100 150

location (mm)

location (mm)

(a) Axial components (b) Radial component

DOI:10.63313/AERpc.9011 26 Advances in Engineering Research : Possibilities and Challenges



Meng Yang. Mingjiang Shi

20

coupling
tubing

Magnetic flux density(mT)
|
o
T

20 L I I I I
-150 -100 -50 0 50 100 150

location (mm)

(c) Circumferential components

Fig.2 Magnetic flux density components of the pipe coupling detection magnetic signal

To investigate the best detection effect for the oil pipe coupling, this section simu-
lates various factors that influence the detection effect to obtain the optimal per-
formance of the detection device. Through the analysis of the model's magnetic cir-
cuit, the factors that mainly affect the detection of the oil pipe coupling are: the
structure of the detection device, the detection position, the eccentricity of the oil
pipe, and defects in the oil pipe. The following will separately study the influence of
each factor on the axial magnetic flux density when the coupling and oil pipe pass
through the detection device.

3.1. The influence of the magnetic conductor spacing on the variation of
magnetic flux den-sity

Set the magnetic conductor spacing as the only variable, with values of 100mm,
120mm, 140mm, 160mm, and 180mm. Simulate the detection device under two
conditions: with and without a coupling passing through (oil pipe). A parametric
scan is performed to obtain the variation of axial and radial magnetic flux density at
the detection point with the magnetic conductor spacing, as shown in Fig.3.
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Fig.3 Axial magnetic flux density at different magnetic material spacings
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Since the axial magnetic flux density variation of the coupling and oil pipe cannot be
visually observed directly from the figure, the axial magnetic flux density values
corresponding to the coupling and the oil pipe at the detection center are extracted,

as shown in Table 2.

Table 2. The effect of the spacing between magnetic materials on the axial magnetic flux
variation

Spacing (mm) 100 120 140 160 180
No coupling 178.81 57.16 21.19 8.57 3.67
flux(mT)

coupling flux(mT) 171.09 50.85 16.82 5.92 2.17
flux change 7.72 6.31 4.37 2.65 1.50

Result analysis: Under the influence of the magnetic conductor spacing as a single
variable factor, the variation of magnetic flux density is maximum when the spacing
is 100mm. As the magnetic conductor spacing continues to increase, the variation of
magnetic flux density gradually decreases. In summary, the selection of magnetic

conductor spacing should be as small as possible.

3.2. The influence of magnetization intensity on the variation of mag-
netic flux density.

Set the magnetization intensity as the only variable, with values of 1.0T, 1.1T, 1.2T,
1.3T, and 1.4T. The axial magnetic flux density variations of the coupling and oil pipe

are studied and calculated, as shown in Table 3.

Table 3. The effect of magnetic field strength on the axial magnetic flux variation

Residual magnet-

ic flux mode(T) 1.0 11 12 13 1.4
No coupling 35.72 43.49 51.25 59.02 66.78
flux(mT)

coupling 32.86 40.00 47.15 54.29 61.44
flux(mT)

flux change 2.86 3.49 4.10 4.73 5.34

From the data in the table, it can be observed that as the magnetic field strength in-
creases, the axial magnetic flux density also increases. At the same time, the mag-
netic flux variation in the coupling and oil pipe also increases, showing an approxi-
mately linear relationship. To achieve the best detection results, the magnetization
intensity should be chosen to be as strong as possible within the sensor's measure-

ment range.

3.3. The influence of oil pipe eccentricity on the variation of magnetic
flux density

To study the effect of eccentricity on detection, the eccentric angle is fixed at 0 de-
grees, meaning the eccentricity occurs along the axial direction. The eccentric dis-
tances are set to 3, 6, 9, 12, and 15 mm, and the magnetic flux density variation at
the detection points under various conditions is simulated, as shown in Table 4.

DOI:10.63313/AERpc.9011

28 Advances in Engineering Research : Possibilities and Challenges



Meng Yang. Mingjiang Shi

Table 4. The effect of pipe eccentricity on the axial magnetic flux variation

Eccentricity(mm) | 3 6 9 12 15
No coupling 55.61 53.49 50.56 4651 40.97
flux(mT)

coupling 46.96 41.62 34.44 25.24 14.65
flux(mT)

flux change 8.65 11.87 16.12 21.27 26.32

Result analysis: From the data in the table, it can be seen that as the eccentricity in-
creases, both the magnetic flux density without the coupling and with the coupling
decrease. Comparing with Table 3-2, it can be observed that when the eccentricity is
around 9 mm, the magnetic flux density without the coupling is approximately equal
to the magnetic flux density with the coupling when there is no eccentricity. This
situation can easily lead to misdetection.

To study the effect of eccentric angle on detection, the eccentric distance is fixed at 3
mm, and the eccentric angles are set to 15°, 30°, 45°, 60°, 75°, and 90°. The magnetic
flux density variation at the detection points under various conditions is simulated,

as shown in Table 5.

Table 5. The effect of pipe eccentricity on the axial magnetic flux variation

Eccentric Angle o o o ° °
(mm) 15 30 45 60 75
No coupling 55.68 55.86 56.14 56.47 56.83
flux(mT)

coupling flux(mT) 47.11 47.58 48.28 49.12 50.03
flux change 10.57 8.28 7.86 7.35 6.8

Result analysis: From the data in the table, it can be observed that as the eccentric
angle increases, both the magnetic flux density without the coupling and with the
coupling increase. Comparing with Table 3-2, it can be found that when the eccentric
angle is 90°, the magnetic flux density with the coupling is approximately equal to
the magnetic flux density without the coupling when the eccentric distance is 9 mm
and the eccentric angle is 0°. This situation can easily lead to misdetection, and the
variation patterns under other eccentric distances are similar to this.

3.4. The influence of coupling defects on the variation of magnetic flux
density

Due to the complexity of the formation structure and the corrosive effects of liquids
such as crude oil, the pipe couplings may experience varying degrees of damage. The
following section separately studies the impact of the depth and size of coupling de-

fects on the detection.

o

Fig.4 Schematic diagram of coupling defects.

The depth of the coupling defect is set as the only variable, with other variables kept

constant. The defect radius is set to 10 mm, and the defect depths are tested at 2 mm,
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4 mm, 6 mm, and 8 mm. The axial component of the magnetic flux density at the de-
tection points is obtained through a parametric scan, as shown in Fig 5. Then, the
radius of the coupling defect is set as the only variable, with other variables kept
constant. The depth of the defect is 8 mm, and the defect radii are tested at 5 mm, 10
mm, 15 mm, and 20 mm. The axial component of the magnetic flux density at the

detection points is obtained through a parametric scan, as shown in Fig 6.
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Fig.5 Variation of axial magnetic flux density with defects of different depths
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Fig.6 Magnetic flux density corresponding to defects of different radii.

Through simulation, the changes in magnetic flux density when the coupling has de-
fects lead to the following conclusions: When the coupling has defects, the magnetic
flux density differs significantly from when there are no defects. As the defect depth
increases, the axial magnetic flux density extremum decreases. Similarly, as the de-
fect radius increases, the axial magnetic flux density extremum also decreases. Addi-
tionally, with changes in the defect radius, the extremum part of the signal pattern
becomes narrower, and the variation in magnetic flux density also decreases.
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4. Coupling detection experiment

To verify the accuracy of the simulation analysis, an experimental platform for pipe
coupling defect detection was built, as shown in Fig 7. It mainly consists of the ex-
perimental stand, the pipe coupling detection device, the pipe under test, and the
host computer. The role of the experimental stand is to ensure that the pipe is cen-
tered during the detection process. The pipe coupling detection device includes a
magnetization module and a detection module. The magnetization module provides
a constant magnetic field through neodymium iron boron permanent magnets. The
detection module consists of Infineon TLV493-A1B6 3D sensors and an Arduino Uno
development board. The sensors are evenly arranged in the middle of the detection
device and are connected to the host computer via a USB interface to collect axial,
radial, and circumferential magnetic flux density signals. The pipe under test is
connected to the coupling via threads, with a total length of 1000 mm. The role of
the host computer is to display and store the signals collected by the pipe coupling

detection device.

1-Measured pipe 2-Test rack 3-Pipe coupling detection device 4-Upper computer
Fig.7 Experimental platform diagram.

4.1. Signal collection and analysis

During the experiment, the pipe was moved at a constant speed for detection. The
detection speed was divided into two types: fast and slow. For each type of experi-
ment, a set of pipe coupling detection data was collected. To facilitate signal obser-
vation, the fast group used 800 sampling points for analysis, while the slow group
used 1000 sampling points for analysis. As shown in Fig 8, it can be observed that
the experimental signal undergoes significant changes when the coupling passes.
The magnetic flux density when the pipe passes is about 21.75 mT, and the magnetic
flux density when the coupling passes is about 15.11 mT, with a magnetic flux
change of 6.64 mT. This proves that the pipe coupling detection method based on
magnetic field sensing is effective and feasible.
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Fig. 8 Pipe coupling detection experimental results diagram.

5. Conclusion

This study investigates the application of the magnetic field sensing method in pipe
coupling detection. Through finite element simulation, the influence of various fac-
tors on the detection performance is analyzed. When the pipe and coupling pass
through the detection device, they affect the uniformly distributed magnetic field
within the device. The axial component of the magnetic flux density decreases when
the coupling passes. The study also simulates and analyzes the influencing factors in
pipe coupling detection, including the spacing between magnetic materials, magnet-
ization intensity, pipe eccentricity, and coupling defects. The change in magnetic flux
density decreases as the spacing between magnetic materials increases. The strong-
er the magnetization intensity, the greater the change when the pipe and coupling
pass through the detection device. Pipe eccentricity has a significant impact on de-
tection. Coupling defects also affect the detection, as defects alter the extreme values
of the signal. Finally, experiments confirm that the pipe coupling detection method
based on magnetic flux sensing is feasible.
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