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A B S T R A C T

When a pig mounted with permanent magnets gets stuck in the pipeline, it can be located by detecting the
magnetic anomalies on the ground using a single-axis magnetic sensor. In order to collect the magnetic anomaly
efficiently through single-axis magnetic sensor, a geometric detection model and calculation method for single-
axis magnetic anomaly detection is established in this paper. The distribution of magnetic inclination and de-
clination of the measuring points is obtained. The results indicate that the magnetic inclination of all measuring
points vary within a small range of 2°, and this value is highly dependent on the magnetic sensor which is
configured aboveground around the geomagnetic inclination. However, the magnetic declination at different
points of detection surface is subject to the geomagnetic components and the Y-axis component of the magnetic
field of magnets. The magnetic declinations distribute irregularly and vary in a wide range. Therefore, to achieve
a high-efficiency detection with the single-axis sensor, the sensor shall be placed in such a manner that the
magnetic inclination thereof coincides with the geomagnetic inclination. The magnetic declination of the sensor
can be calculated using s, the superposed Y-axis component induced by the permanent magnets, and the cor-
responding formula given in this paper. The article demonstrates the feasibility of locating a blocked pig in the
pipeline based on the single-axis magnetic anomaly detection. It will have a practical significance in guiding the
engineering detection.

1. Introduction

After a long time operation, dirt is apt to present and accumulate in
oil pipelines. Usually at this time it is necessary that the pipeline being
cleared by means of pigging to ensure its transportation efficiency and
prolong its service life [1,2]. However, the pig is easy to get entrapped
during the pigging operation, and thus causing accidental results [2].
Under this background, the pig locating technology comes to promi-
nence and develops accordingly. At present, magnetic detection has
become one of the relatively mature technologies for object positioning,
which has been applied in many fields such as the detection of under-
ground unexploded ordnance (UXO) [3–5], the detection of under-
ground pipelines [6], the detection of underground iron waste [7], the
positioning of miniature magnetic diagnostic and treatment devices in
the human body [8]. Given the advantages of magnetic detection
technology, scholars carried out studies on how to apply magnetic de-

tection in pig positioning [9–11]. Magnetic detection and locating is
highly dependent on the magnetic sensor which is configured above-
ground to receive magnetic signals. Therefore the development of
magnetic sensor is closely related to the application of magnetic de-
tection and positioning technology. In recent years, the magnetic sensor
technology hasa quick development.

The weak magnetic sensor can be divided into scalar weak magnetic
sensor (proton magnetometer, optically pumped magnetometer, atomic
magnetometer) and vector weak magnetic sensor (fluxgate magnet-
ometer, superconducting quantum interferometer, optical fiber sensor,
magnetic resistance sensor) [12], according to the type of magnetic
field which is to be measured. According to the number of measured
axes, the sensors can be divided into the type of single-axis, two-axis
and three-axis sensor [13]. A three-axis sensor can be configured with
three single-axis sensors or one single-axis sensor plus one two-axis
sensor. Since the magnetic field is usually characterized by the x, y, and
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z components, three-axis sensor is a good choice and it is widely used in
magnetic measurements [14,15]. In this paper, three-axis magnetic
sensors can be used for magnetic anomaly detection at the detection
surface for locating of pig mounted with magnets. It is simple to operate
and does not have any special installation requirements. However, for
the roughly positioning of magnetic source, the single-axis sensor can
basically meet the requirements because the permanent magnets used is
large in size and strong in magnetism. Moreover, the single-axis sensor
is more economical compared with the three-axis sensor. In practice,
multiple single-axis magnetic sensors shouldbe mounted and arranged
in an array so as to achieve a better detection result [16]. In the case
where only one single-axis sensor is available in the detection, the in-
stallation plan of the sensor needs to be determined in advance and the
sensor shouldbe properly arranged so that the magnetic inclination and
declination is the best angle to measure the magnetic signals induced by
the pig. At present, in terms of detection of underground magnetically
labeled objects by single-axis magnetic sensor configured aboveground,
more studies still need to be carried out so as to find a way to calculate
the optimal magnetic inclination and declination that the detection
sensor should possess after installation.

In this paper, a geometric model is established to detection of un-
derground pig which is mounted with permanent magnets. The mag-
netic anomaly distribution on the detection surface is analyzed. By
means of theoretical analysis and experimental verification, an effective
method for determination of the orientation of magnetic sensor is
proposed. It is a good guide for the installation of single-axis sensor and
this helps to expand the application of single-axis sensor.

2. Methods

2.1. Model parameters

As shown in Fig. 1, in the Cartesian coordinate system, the origin of
the coordinate is set at the center of the detection surface. The axis of
the pipeline coincides with the Y-axis, and the pig mounted with
magnets is located at the center of the pipeline [17]. Assume that the
inner diameter of the pipeline is Dd, the thickness is , and the distance
between the detection surface and pipeline axis is h.

In Fig. 1, it is assumed that the pig is stuck at the center of the
pipeline. In order to study the magnetic inclination and magnetic de-
clination on the detection surface, ×41 41 measuring points are speci-
fied with an equal interval on the xy plane
( x y20 20, 20 20). The interval between two adjacent
points is expressed as L, which is constant as 1 m. The distribution of
measuring points on the detection surface is shown in Fig. 2.

2.2. Theoretical derivation

Assuming the magnetic field intensity at each point is Bij
( i j20 20, 20 20), the magnetic intensities of all the mea-
suring points can be expressed in the form of matrix as follows:

B B B
B B B

B B B

20, 20 20, 19 20,20

19, 20 19, 19 19,20

20, 20 20, 19 20,20 (1)

According to the theory of magnetic field, the magnetic intensity Bij
at the above points can be divided into three components, i.e. the X-axis
component Bxij, the Y-axis component Byij and the Z-axis component
Bzij. The magnetic inclination and declination at each point can be
calculated using the three components mentioned above. The magnetic
declination at each point is given by Ref. [18]:

=D
B
B
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xij (2)

The magnetic inclination at each point is given by:
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In order to study the influence of permanent magnets on the mag-
netic inclination and declination, calculations are conducted respec-
tively considering the presence and absence of permanent magnets and
the calculation results are compared. When permanent magnets do not
exist, the magnetic field mainly consists of the geomagnetic field and
the induced magnetic field of pipeline. Since the induced magnetic field
of pipeline is quite weak, the declination is therefore calculated as
follows:

=D
B
B

tan y

x (4)

When permanent magnets exist, the magnetic declination becomes:Fig. 1. Geometric model for pig detection.

Fig. 2. Distribution of measuring points on xy detection surface.
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Where Bx is the superposed magnetic component of the permanent
magnets along the X-axis, and By is the superposed magnetic compo-
nent along the Y-axis.

As for the magnetic inclination, when the permanent magnets do
not exist, the tangent value thereof is given by:

=
+
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z

x y
2 2
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Similarly, when the permanent magnets exist, the tangent becomes:
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z z
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In formula 7, Bz is the superposed magnetic component of the
permanent magnets along the Z-axis.

3. Model analysis

3.1. Model characterization

The international geomagnetic field in Chengdu, Sichuan Province,
China in 2018 is adopted as the excitation field in model establishment.
The total magnetic intensity of the area is 50742.4 nT, magnetic de-
clination is −2.026°, magnetic inclination is 47.988° [19,20]. Assume
that the measuring surface is always above the ground. The basic
parameters of the cuboid model are assumed to be: the length 50 m, the
width 50 m, and the height 4 m. The length of the pipeline is 40 m, the
outer diameter is 0.5 m and the wall thickness is 10 mm. The length of
the pig is 1 m. The outer diameter of the end face of the pig is 0.47 m.
Six identical magnets are evenly and symmetrically distributed on one
end face of the pig. The default magnetic susceptibility of pipeline is
900. The pipeline stretches along the Y-axis and locates at the center of
the cuboid, each permanent magnet has a diameter of 50 mm and a
thickness of 100 mm. The pig is placed at the middle of the pipeline at
the beginning.

3.2. Validation

In order to verify the effectiveness of the magnetic source, the dis-
tributions of magnetic anomaly on the detection surface caused by the
pig with and without permanent magnets are simulated respectively.

The magnetic source is made up of six cylindrical permanent magnets.
The residual flux density of each permanent magnet is 1.2 T. Fig. 3(a)
shows the magnetic field distribution on the detection surface when the
pig carries permanent magnets, and Fig. 3 (b) gives the magnetic field
distribution when the pig does not carry any permanent magnets.

It can be seen from Fig. 3 that the permanent magnets mounted on
the pig will have an obvious influence on the magnetic anomaly dis-
tribution on the detection surface. When the permanent magnets are
mounted, the maximum magnetic anomaly appears at the central area
(directly above the pig) of the detection surface. In the follow-up stu-
dies, analyses of magnetic anomalies are mainly conducted focusing on
the ×11 11 points at the central area, where the coordinates range is

x y5 5, 5 5.

3.3. Simplified formula

It is importantto analyze the possibility of simplification of formulae
5 and formula 7 in terms of variables Bx, By and Bz. Take Chengdu as an
example, assume that no permanent magnets exist, the three compo-
nents of magnetic intensity Bx , By and Bz are respectively calculated for
each of the 121 points within the detection surface. Then assume that
permanent magnets exist, the superposed magnetic components Bx , By
and Bz are calculated accordingly. The calculated values of the six
variables above are listed in Table 1. It can be seen from the table that
Bx is very small compared to Bx , Bz is negligible compared to Bz, while
By cannot be ignored compared to By. In this way a simplified formula
can be deduced based on formula 5, in terms of calculation of magnetic
declination. The error between the simplified formula and formula 5,
which is expressed as Dij, is then given by:

=
+ +

+
D

B B
B

B B
B B

arctan arctanij
yij yij

xij

yij yij

xij xij (8)

Within the range of x y5 5, 5 5, calculation results of
the 10 points that have the ten biggest errors are listed in Table 1.

Table 1 shows that the maximum of Dij is obtained at point (1, 1)
where the error is 1.014206°. It is suggested that for Chengdu area, the
simplified formula by neglecting Bx in formula 5 will only result in
small errors.

In terms of calculation of magnetic inclination, formula 7 can also
be simplified by neglecting the Bx and Bz components. Similar to for-
mula 8, the error between the simplified formula and formula 7 can be
given by:

Fig. 3. The influence of permanent magnets on magnetic anomaly distribution on the detection surface.
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Similarly, within the range of x y5 5, 5 5, calculation
results of the 10 points that have the ten biggest errors are listed in
table.

Table 2 shows that the maximum value of Iij is obtained at the
point (1,1) where the maximum error is 2.629667°. For the 10 of the
121 points on the detection surface, the accurate magnetic inclination
at each point Ic is calculated using formula 7 and the calculation results
are shown in Table 2. It can be seen from the table that the calculated
magnetic inclinations Ic are basically the same with the geomagnetic
inclination in Chengdu which is Ic (47.988°). For the other low latitudes
areas, it will be proven in the later chapters that the same rule also
applies.

In order to verify the generality of the conclusions above, another
three low latitude regions are selected for calculation. Table 3 gives the
geomagnetic parameters of these regions.

Similar to Chengdu, the magnetic declination errors are calculated
with formula 8 for the three regions above. The error Dij is obtained
and shown in Table 4.

It can be seen from Table 4 that for the above low latitude areas,
only small errors will be produced when neglecting the Bx component
in terms of declination calculation. Therefore it can be concluded that
the influence of Bx on declination calculation can be ignored for low
latitude areas. Formula 5 is then simplified as:

=
+

D
B B

B
tan y y

x (10)

In terms of the magnetic inclination, large Iij value, i.e. large cal-
culation error will be producedif the Bx and Bz components are ne-
glected in the calculation. The accurate inclinations of the above
mentioned three low latitude areas are calculated using formula 7 and
shown in Table 5, among which Ic is the typical value obtained at the
central area of the detection surface.

Table 5 shows that the inclination Ic in each region is basically the
same as the geomagnetic inclination. It is therefore suggested that
during the detection the single-axis magnetic sensor is positioned in
such a manner that the magnetic inclination thereof coincides with the
geomagnetic inclination, for optimal detection.

3.4. Calculation of magnetic declination

The magnetic declination D is mainly related to By after neglecting
Bx in formula 5. From formula 4 and formula 10, it can be deduced that:

Table 1
Calculations of the 10 points that have the ten biggest errors.

Coordinate Bx(nT) Bx(nT) By(nT) By(nT) Bz(nT) Bz(nT) Dij(°)

(1,-2) 32540.05 −3179.90 −1108.89 −4377.45 37699.06 −19.6488 1.014206
(-1,1) 33918.27 −3231.13 −1122.37 −4434.44 37704.63 −12.3305 0.959788
(1,-1) 32553.93 −1647.67 −1131.19 −8555.1 37701.58 −9.34431 0.831281
(2,-2) 33229.50 −2937.32 −1100.09 −3767.99 37701.26 3.412186 0.79514
(-1,0) 33933.57 −1627.24 −1135.57 −8636.67 37697.83 0.275247 0.764454
(-2,1) 34248.42 −2972.41 −1110.07 −3787.97 37700.86 7.214874 0.761653
(2,-3) 33226.43 −3123.09 −1081.56 −1775.05 37701.09 2.458134 0.506896
(-2,2) 34241.55 −3161.07 −1093.91 −1751.1 37700.84 5.593821 0.480505
(2,-1) 33240.76 −1321.84 −1114.49 −5790.12 37702.68 −8.82781 0.471652
(-2,0) 34262.46 −1317.38 −1119.05 −5814.3 37701.04 6.197631 0.444681

Table 2
Calculations of the 10 points that have the ten biggest errors.

coordinate Iij(°) The magnetic declination calculated using formula 7 Ic
(°)

(1,1) 2.629667 46.12638
(2,2) 2.568798 45.89274
(-1,-2) 2.50105 45.1164
(-2,-3) 2.475293 45.13374
(1,2) 2.466942 46.61377
(2,1) 2.398274 45.86796
(-1,-3) 2.353844 45.55797
(-2,-2) 2.306064 45.12116
(2,3) 2.21964 46.31221
(-2,-4) 2.152406 45.52577

Table 3
Geomagnetic parameters in different low latitude regions.

region latitude longitude geomagnetic
intensity

geomagnetic
declination

geomagnetic
inclination

U.S. 40.202 N 108.885W F = 51779.6 nT D = 10.130° I = 65.989°
Libya 25.512 N 22.795E F = 40688.7 nT D = 3.366° I = 35.047°
Iraq 33.056 N 43.627E F = 46263.8 nT D = 4.623° I = 50.636°

Table 4
Dij of the three low latitude regions.

Region U.S. Libya Iraq

Dij 1.21° 1.12° 0.89°

Table 5
Magnetic declinations in three low latitude regions.

Region U.S. Libya Iraq

Ic 64.72° 34.56° 49.93°
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= ×B D D B(tan tan )y x (11)

In formula 10, Bx is related to both geomagnetic field and the
magnetized field of the pipeline which is induced by the geomagnetic
field. Since the magnetized field of the pipeline is very small, it is as-
sumed that Bx is approximately equal to the X-axis component of the
geomagnetic field. For the previously mentioned low latitude areas, the
distribution of magnetic declinations is shown in Fig. 4.

As shown in Fig. 4 (a), for Chengdu, the magnetic declination D
above the pig is approximately −17°. By substituting D and the local
geomagnetic declination in Chengdu D in formula 11, the value of By is
obtained as −9175 nT.

As shown in Fig. 4 (b), for the United States, the magnetic decli-
nation D above the pig is approximately −14.5°. By substituting D and
the local geomagnetic declination in the United States D in formula 11,

the value of By is obtained as −9069 nT.
As shown in Fig. 4 (c), for Libya, the magnetic declination D above

the pig is approximately −12°. By substituting D and the local geo-
magnetic declination in Libya D in formula 11, the value of By is ob-
tained as −9024 nT.

As shown in Fig. 4 (d), for Iraq, the magnetic declination D above
the pig is approximately −13°. By substituting D and the local geo-
magnetic declination in Iraq D in formula 11, the value of By is obtained
as −9117 nT.

It can be seen from the above results that for different regions at low
latitude, By is basically the same. By generally specifying By as
−9000 nT and substituting the value in formula 10, the D values are
obtained for the four regions, where Chengdu is −16.7°, United States
−14.3°, Libya −12° and Iraq −12.8°. Based on the above, it can be
concluded that for the same detection model (with same pipeline buried

Fig. 4. Magnetic declinations in four low latitude regions.
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depth, pipeline susceptibility, pipeline diameter, wall thickness, pig,
permanent magnets). The magnetic declination D in different regions
can be calculated by substituting a commonly recognized value of By in
formula 10.

4. Analysis of influencing factors

As concluded in section 3.4, By is the prerequisite for calculation of
magnetic declination D . By has nothing to do with the geographies and
is only subject to the parameters of the detection model. From further
analysis, it is revealed that the buried depth and magnetic susceptibility
of pipeline have the greatest impact on By. By taking Chengdu as an
example, the influence of pipeline buried depth and magnetic sus-
ceptibility on By is further discussed in this chapter.

4.1. Pipeline buried depth

Due to various requirements, pipelines are usually buried at dif-
ferent depths. In the simulation study, the distance between detection
surface and pipeline is adjusted constantly so as to simulate the change
of buried depths. With all the other model parameters remain un-
changed, the h is changed every 0.5 m from 0.5 m to 3.5 m. The cor-
responding value of By is obtained and plotted in Fig. 5.

As can be seen from Fig. 5, with the increase of pipeline buried
depth, the influence of permanent magnets on the detected magnetic
intensity weakens. Correspondingly the By component induced by the
magnets decreases in amplitude and finally tends to zero. By applying a
quadratic curve fitting to Fig. 5, the fitted function is then obtained as
follows:

= +y x x15188.48 3611.92 98.51 2 (12)

The fitted function 12 has an overall fitness of 98%, indicating that
the curve is well fitted.

4.2. Pipeline magnetic susceptibility

Magnetic susceptibility is the physical nature of iron pipeline which
distinguishes itself from the soil around and the fluid that flows in. In
order to perform the magnetic detection of pipeline successfully, it is
the fundamental premise that the magnetic susceptibility of pipeline
material is several orders of magnitude higher than that of the sur-
rounding medium. In the reference model, the magnetic susceptibility
of pipeline varies between 100 and 1200 with an interval of 100. The
corresponding trend of By is presented in Fig. 6.

The simulation results show that the magnetic susceptibility of pi-
peline, compared with the buried depth, has a greater impact on By.
With the increase of magnetic susceptibility, stronger magnetic
shielding takes effect and more of the magnetic field of magnets tend to
be shielded by the pipeline. Therefore By gradually decrease in ampli-
tude and finally tends to 0. By applying a cubic function fitting to Fig. 6,
the fitted function can be obtained as follows:

= + + ×y x x x27391 50 0.05 1.86 102 5 3 (13)

The fitted function 13 has an overall fitness of 98%, indicating that
the curve is well fitted.

5. Conclusions

Based on the study of this paper, it can be concluded that during the
magnetic detection, the single-axis magnetic sensor shall be placed in
such a manner that the magnetic inclination thereof coincides with the
local geomagnetic inclination. While for the magnetic declination re-
quired for detection, it can be calculated with formula 10. In chapter 3,
the geometric model of numerical simulation is established. In order to
determine the value of By, which is the superposed Y-axis component
induced by the permanent magnets, simulations are conducted for
Chengdu, the United States, Libya and Iraq respectively. As a result,
different values By are obtained. It is found that for the same simulation
model, By are almost the same for the four different regions. Through
further investigation, it is suggested that a commonly recognized value
of −9000 nT can be assigned to By. By substituting By and the geo-
magnetic elements in formula 10, the magnetic declination required for
detection is obtained. In chapter 4, the influence of pipeline buried
depth and magnetic susceptibility on By is analyzed. The relations be-
tween them are revealed. The application of the model is expanded and
the applicability of the model is proved.
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