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ABSTRACT

In cluster wellbores, where casings are densely distributed with complex spatial relationships, drilling
new wells poses a high risk of collision. To mitigate this, high-precision ranging and positioning tech-
nologies are essential. Existing magnetic ranging techniques have proven effective in applications such
as cluster wells and relief wells. However, their limitations—including susceptibility to interference
from adjacent wells, high operational costs, and poor adaptability to multi-casing environ-
ments—restrict their applicability in engineering practice. In this study, a method of ranging and
positioning casing based on active excitation with a high-intensity magnet is proposed. The magnet and
probe are both deployed within the drilling wellbore, thus preventing any disruption to adjacent well
production while also allowing operation in complex environments with multiple closely-spaced cas-
ings. By magnetizing multiple close-range casings, this method exploits magnetic field coupling effects
that inherently reflect casing quantity and distribution. A combination of spatial magnetic field coupling
theory and numerical modeling was employed to analyze casing magnetization under coupled field, and
sensitivity studies were carried out to evaluate factors influencing coupled field strength. The optimal
sensor installation position relative to the high-intensity magnet was determined, and a continuous
magnetic signal-based tubing positioning model was established. The geomagnetic component syn-
chronized with the drill string's rotation frequency is extracted from the total magnetic field and used as
a reference for the geomagnetic north. After geomagnetic filtering, a relative computational model for
casing distance and azimuth was developed based on simulation results. A simulation experiment on
the ground was further designed to validate the reliability of the numerical modeling. Results showed
that the maximum absolute error in computed casing geomagnetic azimuth was 4.22°, while the
maximum absolute error in distance was 0.08 m. This study not only introduces a new method but also
provides an important theoretical foundation and data support for the advancement of magnetic
ranging theory in complex downhole environments, as well as for subsequent inversion studies aimed
at determining spatial positions from known magnetic field distributions.
© 2026 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-NC-ND license (http://creativecommons.org/licenses/by-nc-
nd/4.0/).

1. Introduction

conserve surface land use and efficiently develop oil and gas re-
sources (Abramov, 2019; Liu et al., 2023). However, as cluster well

Cluster well technology has gained widespread application in platform densities continue to increase, wellbore collision pre-
offshore and onshore oilfield due to its ability to significantly vention has become increasingly critical. Particularly in environ-
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ments with dense well placement in upper vertical sections, the
spatial localization of adjacent well casings and collision risk
assessment have emerged as key technical bottlenecks con-
straining safe and efficient drilling operations (Liu et al., 2013; Hu
et al,, 2019).
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Traditional methods for predicting well-to-well distance pri-
marily rely on inclination data and trajectory scanning calcula-
tions, exhibiting cumulative errors that fail to meet the control
requirements for high-precision collision avoidance during drilling
(Ben et al., 2020; Williamson, 2000; Torkildsen et al., 2008; Dou
et al., 2022; Cheng et al.,, 2023). Magnetic guidance distance
measurement technology, by directly detecting magnetic signal
sources from adjacent wells, avoids error propagation issues and
has evolved into an indispensable high-precision guidance method
for drilling complex structural wells (Gao and Diao, 2016; Hu et al.,
2022). Based on magnetic source generation mechanisms, this
technology is categorized into passive magnetic guidance and
active magnetic guidance. Passive magnetic guidance utilizes re-
sidual magnetism in casing or geomagnetic field distortion effects.
While offering the advantage of requiring no intervention from
adjacent wells, it suffers from weak signals, susceptibility to
environmental noise, and limited measurement accuracy (Lips
et al., 2020; Zhang et al., 2020; Bahri et al., 2024). Active mag-
netic steering enhances detection signals by applying artificial
magnetic field, achieving significant improvements in measure-
ment range and accuracy (Jones et al., 1987; Duncan, 2013; Gao
et al,, 2013; Li et al., 2016; Yan et al., 2022; Dou et al., 2024; Qin
et al., 2025). It has been successfully applied in high-risk opera-
tions such as rescue well drilling and re-entry into old wells (Dorey
et al,, 2021; Hao et al,, 2021; Zhang et al., 2023; Li et al., 2024).
Currently, most internationally developed active magnetic guid-
ance systems, such as RMRS and MGT, still rely heavily on down-
hole or surface auxiliary equipment. This approach introduces
challenges including high operational complexity, substantial
costs, and potential interference with production wells (Poedjono
et al., 2007; Poedjono et al., 2009; Wu et al., 2015; Dorey and
Rassadkin, 2021).

In recent years, active magnetic guidance methods based on
high-intensity magnets have demonstrated significant develop-
ment potential. For instance, Dou et al. (2018) designed a rotating
magnetic field ranging method based on a dual-magnet source
structure, but it primarily applied to single-casing scenarios and
featured a complex magnet configuration. Hu et al. (2023) pro-
posed a method for detecting adjacent well casing by analyzing
forces on high-intensity magnets, but its effective range was
limited. Hu and Fu (2023) improved the mechanical model and
experimentally validated its effectiveness near the drill bit, yet the
detection distance remained restricted to 1 m. While these ap-
proaches eliminate the need for adjacent well operations, they fail
to simultaneously address complex multi-casing scenarios and
long-range detection requirements. In high-density cluster well
drilling environments, multiple adjacent casings often coexist
circumferentially during drilling, generating multi-source mag-
netic field coupling effects that significantly increase signal
complexity. This poses severe challenges for existing methods in
casing quantity identification and precise localization.

To address the technical challenge of precise multi-casing
localization in complex magnetic environments, this paper pro-
poses a novel theoretical method for adjacent well casing localiza-
tion based on the magnetization mechanism of rotating high-
intensity magnets and dynamic magnetic field coupling. The theo-
retical innovation lies in systematically elucidating the magnetiza-
tion mechanism of multiple casings under rotating high-intensity
magnet excitation, the principle of extracting the geomagnetic
reference direction, and the inversion model for multi-source
coupled magnetic field. This establishes a comprehensive theoret-
ical framework for simultaneously solving the distance and azimuth
of multiple casings from composite dynamic magnetic field signals.
By integrating rotating high-intensity magnets into the drill string
assembly to excite adjacent casings and generate induced magnetic
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field, and utilizing a triaxial magnetometer to collect dynamic
magnetic field signals, the method achieves precise determination
of the absolute orientation of casings by analyzing signal compo-
nents related to the geomagnetic field direction reference.
Compared to traditional methods reliant on magnetic tool face, this
approach generates alternating magnetic field via rotating high-
intensity magnet and leverages the coupling effect between the
geomagnetic field and dynamic rotating magnetic field to accurately
indicate geomagnetic north. Leveraging the stability of the
geomagnetic direction, this method extracts magnetic north signals
from dynamically coupled magnetic field. It effectively mitigates
numerical interference caused by fluctuations in geomagnetic field
strength and magnetization from multiple casings, resolving the
challenge of directional positioning in multi-casing environments
(ElGizawy et al., 2022, 2024). This provides a novel theoretical
foundation and technical approach for collision-avoidance drilling
in cluster wells. This study systematically analyzes magnetic field
distribution patterns and dynamic response characteristics in
multiple close-range casings environments by establishing a mul-
tiphysics coupling numerical model. The method's effectiveness and
engineering applicability were validated through full-scale ground
experiments. These findings hold significant theoretical and prac-
tical value for enhancing cluster well drilling safety and advancing
magnetic guidance and distance measurement technology.

2. Theory and methodology
2.1. Positioning principle

Fig. 1 illustrates the principle of locating multiple closely
spaced casings using an alternating magnetic field. A high-
intensity magnet rotating about a fixed axis generates a spatially
alternating magnetic field. The casings, with relatively high mag-
netic permeability, become magnetized and produce secondary
magnetic field that, together with the source magnetic field and
the geomagnetic field, form a spatially coupled magnetic field. By
monitoring the time-varying magnetic field at a specific point
along rotation axis of the magnet, a characteristic time-series
curve of the coupled magnetic field can be established. The rela-
tionship between this curve and the complex spatial distribution
of multiple casings enables accurate azimuthal positioning of the
casings.

As shown in Fig. 2(a), the magnetic field strength of the mag-
netic source is represented by a series of radial vectors along the
horizontal circle defined by the magnet's north-south poles. The
geomagnetic field is simplified as a planar field perpendicular to
the casing, with the geomagnetic field strength denoted as Bg, the
rotating magnet's field as Bs, and the superimposed field as B,.
According to the principle of magnetic field superposition, B, is an
alternating magnetic field. By analyzing the field strength varia-
tion at an observation point above the magnet and the geomag-
netic deflection angle s, the geomagnetic north direction can be
determined. During the rotation of the magnetic source, adjacent
casings are magnetized by the alternating field, producing a
casing-induced magnetic field B¢, which couples with the super-
imposed field B, to form a resultant field B, as illustrated in
Fig. 2(b). By investigating the coupling characteristics between
the alternating field and the casing-induced field, the geomagnetic
azimuth of adjacent casings can be accurately established.

2.2. Spatial magnetic field coupling calculation
2.2.1. Magnetic dipole model

In actual drilling operations, the bottom-hole assembly (BHA)
rotates dynamically with the drill bit, making it unsuitable to
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Fig. 1. Schematic diagram of multiple close-range casings positioning in alternating magnetic field.
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Fig. 2. Vector diagram: (a) Geomagnetic field deflection and (b) magnetic field coupling.

directly apply a static magnetic dipole model for target localization
(Zong et al., 2011). The magnetic field of a rotating dipole re-
sembles that of a static dipole, but the dipole moment of the
former varies periodically in direction. When a magnetic source is
placed near the bit and rotates together with it, a dynamic rotating
dipole system is formed, as illustrated in Fig. 3. A Cartesian coor-
dinate system is established using the three orthogonal axes of the
triaxial magnetic field sensor, where the z-axis aligns with the axis
of the downhole drilling tool. It is assumed that the dipole moment
initially points in the negative y-axis direction, and then the dipole
begins rotating counterclockwise about the z-axis. At a given time
step k during rotation, the equivalent dipole moment is my, with
its projection in the xoy plane forming an angle «, relative to the
negative y-axis. The magnetic field strength B of the dipole at a
spatial point P (x, y, z) can then be expressed as follows:
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Fig. 3. Schematic diagram of rotating magnetic dipole.
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my, = (0, mysin(ey), mycos(ay) ) (1)
3(my,- m
Bluo. 1) =42 [ 2T Ty 2)

In Eq. (2), where yq is the vacuum permeability, and r is the
distance from the magnetic source to spatial point P.

In magnetic dipole theory, the point dipole assumption pro-
vides sufficient accuracy in the far-field region, but introduces
significant errors in the near-field range due to the finite-size ef-
fects of the magnet. To quantify this error, an error estimation
model based on magnetic multipole expansion theory can be
established, with the ratio of the characteristic size to the obser-
vation distance as the key variable.

e(r) = (é)z x K

In Eq. (3), where L is the characteristic dimension of the mag-
netic source (in this study, the height of the permanent magnet is
100 mm), and K is a constant related to the geometric shape of the
magnetic source (for a cylindrical magnet, K = 0.3). This error
model has been demonstrated and applied in the error analysis of
magnetic dipole approximations (Jackson, 2021). According to
estimations based on this model, when the observation distance
exceeds 0.5 m, the theoretical relative error can be controlled
within 2%, indicating that the magnetic dipole model maintains
good applicability within this range and is suitable for the near-
field coupling analysis of interest in this study.

It should be specifically noted that this study aims to address
the engineering positioning of collision avoidance for casing in
cluster wells. In this application scenario, due to safety drilling
requirements, the collision avoidance safety distance is typically
restricted to 1 m or greater. Accordingly, all analyses and modeling
are conducted for safety detection distances of 1 m and above.
Near-field conditions beyond this range are excluded from
consideration as they involve actual avoidance maneuvers. This
defined scope enables the application of the magnetic dipole
model within its precise far-field region, inherently avoiding near-
field errors while ensuring both theoretical validity and engi-
neering applicability of the methodology.

(3)

2.2.2. Volume element partitioning

Assume that AV; is a volumetric element segmented from the
casing. Each element is further divided into many small regions,
and its magnetic moment after magnetization is denoted as m,y;.
Since AV; is very small and located relatively far from the sensor, it
can be approximated as a magnetic dipole. After calculating each
m,y,, the total magnetic moment of the casing can be obtained by
superimposing all such dipoles. In this study, the minimum hori-
zontal distance between the casing and drill pipe is 1 m. Due to
constraints in applying magnetic dipole theory (the distance-to-
element-size ratio must exceed 15), volume element AV; is
approximated as a cube with a maximum edge length of 0.2 mm.
This yields a minimum distance-to-element-size ratio of 150,
satisfying the requirements for applying magnetic dipole theory.

Fig. 4 illustrates the principle of discretizing the casing into
volumetric elements AV;. First, the annular space along the axial
direction is divided with a fixed step size §. Then, in the radial
direction, concentric sub-annular regions are generated from the
inner radius R, to the outer radius R, with step size é. Finally, the
circumferential direction is partitioned into equal arc segments,
forming a structured hexahedral mesh of volumetric elements.
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Fig. 4. Schematic diagram of microelement volume partitioning.

Here, L denotes the casing length, ¢ the casing thickness, R, the
inner radius, Ry, the outer radius, and  the segmentation step size.

2.2.3. Magnetic field strength calculation

The magnetic field measured by the sensor consists of three
components: the magnetic field from the source, the geomagnetic
field, and the magnetization field of adjacent casings. Among
these, the field generated by the high-intensity magnet is the
dominant contributor to casing magnetization. The magnetic
sensor is positioned at a vertical distance S(m) above the high-
intensity magnet. According to Eq. (1), the source magnetic field
Bs; measured by the sensor can be expressed as:

3(mk~z)z my
B

Ho

B 2) ="+ 4
S(/’{Ov ) 4n ( )
Assuming the ferromagnetic material of the casing is isotropic,
during drilling the casing becomes uniformly magnetized with no
residual magnetism considered. The permeability and magnetic
susceptibility of the casing are x; and y,,, respectively. The mag-

netic moment AV; is given by the following equation:
AViym B

Mav = H

(5)

When the microelement AV; on the casing is magnetized, it
generates a magnetic flux density B; at the magnetic field sensor.
Given the formation's magnetic permeability is x, the magnetized
magnetic field B; generated by the microelement AV; on the casing
at point S can be determined.

_ Ho 3(may,1)r  May,

B. —Ho
' 4n r r3

(6)
From the above formula, the magnetizing field at the magnetic
field sensor for any AV; on the casing can be obtained. This paper
assumes the casing is infinitely long and isotropic, meaning any
point on the casing will be magnetized. The magnetizing field at
point S is the sum of all AV; magnetizing field at the sensor.

B.=> B (7)

The magnitude of the geomagnetic field is obtained through
measuring instruments and denoted as Bg. The magnetic flux
density B detected by the magnetic field sensor is:

B=Bc + Bs + B (8)
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3. Research plan

This paper employs COMSOL Multiphysics and its “Magnetic
Field, No Current” physics interface for model development and
numerical analysis. Leveraging its multiphysics coupling capabil-
ities, it accurately simulates the complex electromagnetic phe-
nomena involving alternating magnetic field and magnetization
coupling across multiple tubes. The analysis disregards the influ-
ence of free currents, making it suitable for the scenario without
external current excitation described herein. By employing the
magnetic flux conservation Eq. (9) from Maxwell's equations, the
magnetic flux density distribution within the space is calculated.
This enables analysis of the magnetic field characteristics gener-
ated by the magnetic source at different spatial locations.

V-B=0;
V xH=0; (9)

Assuming the casing material is a linear, isotropic ferromag-
netic material, the relative permeability of the casing is a constant,
with

B=uH (10)

Ferromagnetic materials exhibit the characteristic of easy
magnetization. Their magnetization intensity M is directly pro-
portional to the magnetic field strength H generated by a high-
intensity magnet, expressed as

M= ynH (11)

In Eq. (12), ¢ is the magnetic susceptibility of the casing, a
dimensionless constant. The relative magnetic permeability y, is
the ratio of the magnetic permeability of the magnetic medium to
that of free space yg, representing a magnetic property that char-
acterizes the magnetism and ease of magnetization of a material,
expressed as

u

Hy =" (12)
Ho

3.1. Numerical simulation solution

This study establishes a numerical model based on the actual
wellbore dimensions of cluster wells, utilizing the magnetic field
curve characteristics measured by triaxial magnetometers as the
core criterion for casing orientation and distance inversion.

First, due to variations in geomagnetic field parameters across
the actual drilling area, this study temporarily disregards
geomagnetic effects. The focus is on analyzing the magnetization
effects of alternating magnetic field on casing and the disturbance
responses they induce within the spatial magnetic field. This phase
aims to preliminarily clarify the fundamental coupling mechanism
between the magnetic source and casing, establishing a magnetic
field interaction model under conditions free from geomagnetic

Table 1

Parameter baseline values.
Parameters Value
Casing height H,, mm 2.0 x 10*
Casing number n 1
Casing distance d, mm 1000
Positioning angle 6, ° 0
Inter-casings angle a, © 0
Observation point height H,, mm 2000
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interference. Building upon this foundation, a sensitivity analysis
employing single-factor methods is conducted on multiple key
parameters—observation point location, casing distance, and
casing count—to evaluate their influence on the intensity of the
spatially coupled magnetic field and its variation patterns. This
provides guidance for mapping the relationship between different
spatial distributions of casing and the characteristic curves of the
spatially coupled magnetic field. The baseline values for each
parameter are listed in Table 1. Subsequently, a magnetic source-
casing coupling field model under geomagnetic conditions was
established. Continuous magnetic signals were interpreted to
determine the geomagnetic north direction, filtering the
geomagnetically restored magnetic source-casing coupling field to
lay the foundation for precise casing localization. The model as-
sumes a geomagnetic field strength of 40 uT, with the magnetic
north direction oriented at 45° in the coordinate system.

Finally, based on the revealed magnetic source-casing coupling
mechanism, sensor placement positions were determined, and a
casing positioning inversion model was constructed, providing
theoretical basis and parameter guidance for subsequent
experiments.

It is worth noting that due to the complexity of multi-casing
spatial distribution, the multi-casing model established in this
paper only discusses single-casing and dual-casing scenarios, with
the dual-casing axes maintaining equal horizontal distance from
the magnetic source axis. The observation point height is defined
as the distance between the high-intensity magnet and the sensor
measurement point. As shown in Fig. 5, the casing positioning line
is marked with a red dashed line. Positioning angle () is defined as
the angle between the x-axis and the positioning line, inter-
casings angle (a) is the angle formed by the line connecting the
centers of the two casings and the origin, and casing distance (d) is
the horizontal distance between the casing and the magnet. In the
subsequent analysis, the rotation angle of the high-intensity
magnet matches the angle shown in Fig. 5.

3.2. Finite element modeling

In the numerical simulation model, the magnetic source em-
ploys a cylindrical high-intensity magnet. A three-axis coordinate
system is established with the magnet's center of mass as its
origin. The magnet rotates about this origin within the X-Y plane,
with its axis initially parallel to the x-axis. The computational
domain is a sphere with a radius of 10 m, where the casing axis is
parallel to the z-axis. To accurately simulate actual operating
conditions, infinite element domains are set at the model
boundaries. Geometric parameters are determined based on the
actual wellbore and casing dimensions, as listed in Table 2.

3.3. Grid setup and irrelevance analysis

The numerical simulation model in this paper employs a
spherical computational domain with a radius of 20 m, con-
taining small-sized high-intensity magnets and a relatively
large-diameter casing. To enhance the accuracy and stability of
computational results while reducing computational load, the
mesh generation strategy adopts the following approach: Map-
ping meshes are applied to the high-intensity magnets and
casing, with cell aspect ratios maintained below 12. Mesh
refinement is implemented near the casing and magnet regions
to ensure critical area mesh quality. Mesh density gradually
decreases outward to reduce computational effort. The mesh
gradually becomes sparser outward to reduce computational
load. The domain is subdivided into six mesh refinement levels
from coarse to fine. Using the 5 m point along the z-axis as the
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Fig. 5. Schematic diagram of casing distribution plan.

Table 2
General parameters for numerical simulation.
Object Parameters Value
Casing Diameter, mm 244.5
Thickness, mm 10
Relative permeability 4000
High-intensity magnet Length, mm 100
Diameter, mm 80
Rotation rate, Hz 1
Magnetization, A/m 1.2 x 108
Air model Diameter, mm 2.0 x 10*
Relative permeability, N/A? 47 x 1077

observation point, the stability of the magnetic field strength
along the z-axis is employed as the metric for evaluating mesh
independence. The extremely fine mesh is selected as the
baseline for determining the mesh partitioning scheme, with
relative errors for other mesh levels shown in Fig. 7. Fig. 7 shows
that the average relative errors of the coarse, normal, fine, finer,
and extra fine meshes relative to the finest mesh are
1.65%, —0.18%, —0.18%, 0.14%, and 0.05%, respectively. Among
these, the extra fine grid exhibits the smallest average relative
error (0.05%), closely matching the extremely fine grid, with a
maximum relative error of 0.92%. Balancing computational ac-
curacy and efficiency, the extra fine grid was selected for

R
OO
RN
i,
RS

Fig. 6. Model mesh diagram.
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Fig. 7. Grid-independent verification.

subsequent calculations. Detailed grid partitioning is illustrated
in Fig. 6.

3.4. Basic assumptions

In the magnetic measurement methods employed in this
study, we established a fundamental assumption: the target
strata do not contain strongly ferromagnetic minerals (such as
magnetite). This is because such minerals induce intense
geomagnetic interference, causing severe distortion of magnetic
field signals and rendering magnetic-based positioning methods
ineffective (Eatough et al., 2018; Hu et al., 2021). All models and
conclusions in this study are based on the premise of non-
ferromagnetic strata.

Since the geomagnetic field can be considered constant at the
spatial observation point, and the induced magnetic field gener-
ated by the geomagnetically magnetized casing acts within a range
of 0.5 m around the casing (Zhang et al., 2015), the casing detection
range is set to 1 m or beyond. At the observation point, the
magnetization field of the casing induced by the geomagnetic field
is disregarded.

Additionally, it is assumed that the high-intensity magnet is an
anisotropic material, while the casing is isotropic with zero
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Fig. 8. Horizontal magnetization cloud map.

coercivity. The casing is uniformly magnetized in the magnetic
field, and its inherent remanence is disregarded.

4. Results analysis
4.1. Magnetization effect of the casing

Fig. 8 illustrates the horizontal magnetization distribution of
the casing under two conditions: (a) when the axis of the high-
intensity magnet is aligned with the casing axis, and (b) when it
is inclined at a 45° angle. Multiple horizontal cross-sections at
different vertical distance (z) along the casing axis are selected for
comparison. In both cases, the casing exhibits pronounced
magnetization characteristics, with the direction of maximum to
minimum surface magnetization strength aligned with the axis of
the magnetic source. The maximum magnetization intensity rea-
ches up to 3.75x 10* A/m. By comparing Fig. 8(a) and (b), it can be
observed that the magnetization intensity is significantly higher
when the high-intensity magnet is directly aligned with the casing
axis than when an angular offset exists. This indicates that the
magnetization effect is more pronounced when the magnetic pole
directly faces the casing. Moreover, the magnetization on the side
of the casing closer to the magnet is consistently stronger than that
on the far side, and the overall magnetization intensity gradually
decays with increasing vertical distance. These results demon-
strate that under magnetic source excitation, the induced
magnetization field distribution within the casing closely follows
the external magnetic field distribution. The side of the casing near
the N pole of the magnet behaves as an N pole, reflecting a typical
pole-induced response characteristic.

Fig. 9 presents the vertical magnetization intensity distribution
of the casing. As shown, the magnetization intensity exhibits an
up-down symmetric pattern with respect to the plane containing
the axis of the magnetic source, and the magnetization directions
on the two sides are opposite. The right half of the casing shows
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significantly lower magnetization intensity compared with the left
half. Along the casing axis, the magnetization intensity first in-
creases from the middle region to reach a peak, and then gradually
decreases toward the ends. The axial magnetization intensity
curves at different heights indicate that the distribution pattern
remains consistent, with the maximum intensity occurring at
approximately +200 mm along the y-axis. Taking 200 mm as a
reference, the maximum absolute deviation is 20 mm, and the
variation ratio is less than 0.4%, which can be considered negli-
gible. For a 1 m casing, the peak magnetization intensity is 3.7 x
10* A/m, while for a 10 m casing, the peak value increases to
4.7 x 10* A/m. This phenomenon demonstrates that casing height
affects only the magnitude of magnetization intensity but does not
alter its distribution pattern. Therefore, the magnetic field
coupling mechanism analyzed using the 10 m casing is applicable
to actual drilling conditions. In subsequent experiments, where
the casing height is limited to less than 10 m, it is sufficient to
adjust the casing height in the simulation to match the experi-
mental conditions, ensuring the validity of the casing localization
model.

4.2. Analysis of spatial magnetic field interference caused by casing
magnetization

The time-varying magnetic field excited by a rotating high-
intensity magnet induces magnetization within high-
permeability metal casings. The coupling between this induced
magnetization field and the source magnetic field leads to a
distinctive spatial magnetic field distribution, which can serve as
an effective indicator for casing azimuth identification. Fig. 10 il-
lustrates the evolution of the coupled magnetic field under
alternating-field magnetization of multiple casings, as well as the
influence of casing number on the temporal magnetic field
characteristics.
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Fig. 10. Coupled magnetic field evolution and corresponding time-domain curves: (a) without casing, (b) one casing, (c) two casings.

When casings are present around the drilling well, compared
with the no-casing scenario, the magnetic induction lines of the
coupled field concentrate around the casings. This concentration
causes significant disturbances in the time-varying curves of the
three-axis magnetic induction intensity, and the overall field
strength is notably enhanced. In Fig. 10(a), representing the no-
casing condition, the z-axis magnetic field remains constant with
zero amplitude. In Fig. 10(b), when the north pole of the magnet is
oriented toward the casing axis center (0° azimuth), the z-axis
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magnetic field exhibits the maximum negative disturbance. In
Fig. 10(c), with two casings distributed at a 90° angle, the z-axis
likewise records the maximum negative magnetic signal when the
north pole of the magnet points to the midpoint between the two
casings (45° azimuth).

These observations clearly demonstrate that the presence of
casings introduces identifiable disturbances into the time-varying
magnetic field curves, with distinct azimuthal and spatial distri-
bution characteristics. This finding preliminarily reveals the
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Fig. 11. Variation of magnetic field strength at observation points with rotation angle.

magnetic coupling mechanism between multiple casings and a
rotating magnetic source, thereby providing a theoretical basis for
casing localization based on magnetic field features.

4.3. Analysis of the magnetic field mechanism in magnet-casing
coupling

4.3.1. Observation point height

The relationship between the coupled magnetic field strength
at different observation points and the rotation angle of the high-
intensity magnet is shown in Fig. 11. As shown in Fig. 11, the
measured spatial magnetic field signal exhibits a distinct sinu-
soidal variation pattern. Its intensity gradually attenuates with
increasing height at the observation point, and the amplitude
decay follows an exponential function characteristic. When Hj, is
1 m, the coupled magnetic field strength exhibits a sinusoidal
pattern that first increases and then decreases. At distance of 2, 3,
4, and 5 m, the magnetic field strength shows a sinusoidal varia-
tion that first decreases and then increases, with the phase
opposite to that at 1 m. This phenomenon indicates that the
observation point location significantly influences the phase
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distribution of the coupled magnetic field. This pattern provides
crucial guidance for optimizing the sensor installation location in
subsequent stages.

4.3.2. Casing distance

Fig. 12(a) presents the variation of the time-domain coupled
magnetic field strength with the rotation angle of the high-
intensity magnet under different casing distance as well as the
no-casing condition. Taking the peak value of the magnetic field
strength curve in the no-casing scenario as the reference, Fig. 12(b)
further illustrates the relationship between the difference in peak
magnetic field strength and casing distance.

As shown in Fig. 12(a), the peak value of the time-domain
coupled magnetic field strength curve decreases sharply with
increasing casing distance. At a distance of 1 m, the peak value of
the magnetic source-casing coupled magnetic field strength is
significantly higher than in other operating conditions; whereas at
a distance of 6 m, its peak value approaches the response level
under no-casing conditions. As shown in Fig. 12(b), at a casing
distance of 6 m, the difference between the peak coupled magnetic
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—@— Two casings
12 4 —#&—— Three casings
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11 4
5
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Fig. 13. Variation of magnetic field strength with rotation angle for different numbers
of casings.
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Fig. 12. Variation of magnetic field with different casing distance: (a) magnetic field strength curves and (b) peak difference relative to the no-casing condition.
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field and the no-casing condition is only 3 nT. Considering the
measurement accuracy of the triaxial magnetometer used is 1 nT,
this signal strength is approaching the detection limit. This result
indicates that within the accuracy range of the existing instru-
ment, the effective magnetization range of the casing by the
alternating magnetic field generated by the rotating high-intensity
magnet does not exceed 6 m. Therefore, the effective detection
distance for the magnetic source-magnetized casing coupling
mechanism can be determined to be a maximum of 6 m.

4.3.3. Casing number

Fig. 13 illustrates the variation of coupled magnetic field
strength with the rotation angle of the high-intensity magnet
under conditions of one, two, and three casings. The results indi-
cate that the coupled magnetic field strength increases signifi-
cantly as the number of casings increases.

Within a single rotation cycle, the magnetic field curves cor-
responding to different casing numbers exhibit phase differences.
Notably, the fundamental frequency of the magnetic signal re-
mains unchanged regardless of the number of casings; only
amplitude modulation and phase shifts occur. Under excitation by
the time-varying magnetic field, the induced field generated by
high-permeability casings preserves the same response frequency
as the source field. The increase in casing number alters the sys-
tem's equivalent parameters, leading to vector superposition of
induced and source fields in space and resulting in an overall phase
shift of the waveform. Therefore, although the coupled magnetic
field signal exhibits amplitude enhancement and phase displace-
ment, its frequency remains sinusoidal without distortion. This
property ensures the reliability and interpretability of the coupled
magnetic signal as a basis for casing identification, providing a
solid theoretical foundation for downhole casing detection
methods based on magnetic field characteristics.

4.3.4. Positioning angel and inter-casings angle

The polar relationship between the z-axis magnetic field
strength and the rotation angle under different positioning angle ¢
ranging from 0° to 360° is shown in Fig. 14.

As shown in Fig. 14, with the variation of the positioning angle
0, the time-domain curves of the z-axis magnetic field strength
undergo equal-angle phase shifts. This confirms that the induced
magnetic field of the casing, located at different positions along an
equal-radius circumferential circle of the magnetic source, follows
the periodic variation of the source field. The trough position ¢ is
obtained at 9, which satisfies Eq. (13). This indicates that when the
magnetic north pole directly faces the casing axis, the coupled
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magnetic field strength at the observation point is enhanced in the
negative direction. For positioning angle ¢ within the ranges of
0°-180° and 180°-360°, the amplitudes of the z-axis magnetic field
time-domain curves remain identical, while their phases exhibit
opposite variations. This phenomenon reflects the inherent sym-
metry of the spatial magnetic field distribution. It is worth noting
that due to the spatial symmetry of the rotating magnetic field, the
total magnetic field strength values on both sides of the perma-
nent magnet's N-S poles are identical, but their vector directions
are opposite. Therefore, when analyzing angles ¢ and a, the z-axis
magnetic field strength is selected as the discriminating criterion
instead of the total magnetic field strength. This enables accurate
identification and assessment of the casing's magnetization char-
acteristics across the full 360° circumferential range.

(13)

In the case of two casings, the relationship between the z-axis
time-domain curve amplitude and the trough position with
respect to the casing intersection angle is shown in Fig. 15. As
illustrated in Fig. 15, with the increase of inter-casings angle «, the
z-axis magnetic field strength gradually decreases. When a = 180°,
when the line connecting the two casing axes is parallel to the axis
of the high-intensity magnet, the z-axis magnetic field strength
drops to zero. The trough position ¢ satisfies Eq. (14). This in-
dicates that, unlike the single-casing scenario, when two casings
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Fig. 15. Variation of z-axis curve trough value and its phase at different inter-casings
angle.
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Fig. 14. Variation of z-axis magnetic field strength with rotation angle at different positioning angle: (a) 9: 0°-80° and (b) #: 180°-360°.
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exist around the drilling well, the coupled magnetic field strength
at the observation point decreases when the magnetic north pole
faces the midpoint of the casing intersection angle. This phe-
nomenon demonstrates that the relative orientation of casings can
be reflected in the z-axis magnetic field curve.

p=5+0 (14)

4.4. Coupled magnetic field in the geomagnetic environment

In practice, the geomagnetic field is a non-negligible component
that couples with the casing's magnetization field and the back-
ground field. However, since the geomagnetic direction remains
constant and its magnetization effect on the casing is limited to a
range of approximately 0.5 m, the coupling between the geomag-
netic field and the background field does not vary with different
spatial distributions of the casings. Therefore, the geomagnetic
north direction can be determined based on the coupling effect of
the geomagnetic and background field. After filtering out the
geomagnetic component, the relative orientation of the casings can
be inferred according to the magnet-casing coupling mechanism.

Fig. 16 presents the time-varying curve of the three-axis com-
bined total magnetic field strength over a complete cycle from
0° to 360° under a rotation frequency of 1 Hz. The original time-
domain magnetic field signal is converted to the frequency
domain using the fast Fourier transform (FFT):

B(f) =F{B(t)} (15)

During the magnetization of the casing by the high-intensity
magnet, the induced casing magnetic field couples with the
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magnetic field of the source itself. Fig. 16(a) shows the frequency
spectrum response of this coupled magnetic field in the presence
of the geomagnetic field, while Fig. 16(b) presents the spectral
characteristics in the absence of geomagnetic influence. Compar-
ison of Fig. 16 indicates that the introduction of the geomagnetic
field adds a 1 Hz component to the spectrum, whereas the am-
plitudes of the 2 Hz signal and the DC component remain
unchanged.

Analysis reveals that the DC component in the three-axis com-
bined total magnetic field strength originates from the intrinsic field
of the high-intensity magnet, the 2 Hz signal corresponds to the
dynamic response induced by the casing magnetization, and the
1 Hz signal arises from the coupling effect of the geomagnetic field.
Based on these spectral features, the magnetic north direction can
be further determined. By analyzing the phase of the periodic time-
series curve, the orientation of magnetic north relative to the co-
ordinate system can be established, providing a reference for casing
localization. Since the magnetic field component along the axial
vertical direction is opposite to the north pole direction of the high-
intensity magnet, when the north pole rotates to align with the
horizontal component of the geomagnetic field, the spatial mag-
netic field strength reaches its minimum. At this point, the phase
angle (w) corresponding to the trough of the total magnetic field
signal indicates the direction of geomagnetic north in the coordi-
nate system. In Fig. 16(a), the trough of the total magnetic field
signal occurs at 0.125 s, corresponding to 45° within one cycle, thus
indicating that the geomagnetic north direction in the coordinate
system is located at 45°.

Since the geomagnetic field strength is significantly higher than
the casing-induced magnetic field, and the casing magnetization
field exhibits a sinusoidal signal centered around zero, the vertical
component of the geomagnetic field can be determined by
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Fig. 16. Time-domain magnetic field signals and their spectra: (a) including geomagnetic and (b) excluding geomagnetic.
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analyzing the baseline offset of the z-axis magnetic field relative to
zero. By applying a band-pass filter (1 Hz passband: 0.9-1.1 Hz),
the geomagnetic field signal can be extracted to accurately
determine its intensity and direction in the horizontal plane.
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Subtracting the geomagnetic field components from the measured

three-axis magnetic field data effectively eliminates geomagnetic

interference, yielding the three-axis magnetic field strength

generated solely by the magnet and the casing magnetization.
Based on this result, the relative orientation of the casings can be
further determined, and by combining it with the geomagnetic
north reference, the precise localization of the casings can be
achieved. The overall positioning method is illustrated in Fig. 17,
and the casing azimuth () is calculated using Eq. (16) finally. The
signal processing flowchart is shown in Fig. 18.

p=w—¢ (16)

5. Establishment of a casing positioning model under
coupled magnetic field

5.1. Determination of observation point location

As discussed in Section 4.3.1, the time-domain curves of the
magnetic field at different observation points exhibit phase shifts.
Since the phase shift is strongly correlated with the casing orien-
tation, optimizing the observation point location is necessary to
achieve unique orientation identification. Taking the case of two
casings with a casing intersection angle of « = 60° as an example,
the relationship between the z-axis magnetic field strength and
the rotation angle at different observation points, with the casings
located 2 m away, is shown in Fig. 19.

As shown in Fig. 19, when the casing distance d = 2 m, the signal
phases at the observation points are consistent, provided that the
observation point positions satisfy H, > d. Simulations were con-
ducted for casing distance of 2, 3, and 4 m, as well as varying casing
quantities, with observation points spaced at 100 mm intervals
using the same method. The phase consistency of observation point
signals exhibited similar patterns, but the minimum observation

Phase-locked amplification: Prior knowledge:
extract amplitude and phase at N magnetic source rotation frequency
characteristic frequency
Geomagnetic field vector compensation: Band-pass filtwering:
eliminate geomagnetic background < 1 Hz geomagnetic field vector extraction

|

Feature extraction obtain:
peak value & phase difference feature

|

Inversion model:
calculate casing distance and azimuth

Fig. 18. Signal processing flowchart.
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Fig. 19. Variation in z-axis magnetic field strength at different observation points: (a) d = 2 m; Hp: 2-3 m and (b) d = 2 m; Hp: 1-3 m.
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Fig. 20. Positioning error at different signal-to-noise ratios.

point position showed deviations within 0.5 m, min (Hp) = d + Ap
(0 m < Ap < 0.5 m). Therefore, to accurately measure the casing
orientation, the condition Hp > d + 0.5 m must be satisfied.

To ensure the validity of the magnetic field signal, the signal-to-
noise ratio was adopted as the discrimination criterion, where the
ratio of signal power to noise power must satisfy SNR >3.

A2
SNR=

2
. (17)
where A represents the magnetic field strength amplitude and &>
denotes the noise variance.

By superimposing Gaussian white noise of varying intensities
onto the simulated signal, the positioning performance under
different signal-to-noise ratio conditions was simulated. The re-
sults are shown in Fig. 20. Analysis indicates that this method
demonstrates excellent robustness. When the signal-to-noise ratio
exceeds 3 dB, the distance inversion error remains stably within
2%. Even when the signal-to-noise ratio drops to 3 dB, the average
errors for distance and bearing are still controlled within 5% and

7%, respectively, enabling effective collision-avoidance
positioning.
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Fig. 21. Variation in z-axis magnetic field strength at different observation point and
casing distance.

When the casing is located at a large distance, its induced
magnetization field intensity decays significantly. In this case, the
influence of geomagnetic noise fluctuations must be considered, as
such noise can distort low-amplitude sinusoidal magnetic signals.
The maximum amplitude of typical geomagnetic noise can reach
up to 10 nT (Liang et al., 2013), requiring that the effective signal
amplitude be at least 24.5 nT. Numerical simulations were con-
ducted using a single casing, as the coupling magnetic field
strength for a single casing is lower than that for multiple casings;
therefore, if the signal remains undistorted for a single casing, it
will also satisfy the condition for multiple casings. The casing
distance were set to 1, 2, 3, 4, and 4.2 m, with observation points
located at 1.5, 2.5, 3.5, 4.5, and 4.7 m, respectively. After super-
imposing 10 nT noise, the results are shown in Fig. 21. As observed
in Fig. 21, when the casing distance increases to 4 m, the z-axis
magnetic field strength is 26.183 nT, satisfying the SNR require-
ment. However, for casing distance greater than 4 m, the signal
becomes distorted. Therefore, the maximum detectable distance is
4 m, with the observation point constrained to be beyond 4.5 m
along the axial direction. Based on the magnetic field attenuation
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(ExpDel) was used for fitting, yielding a corresponding fitting
formula. The casing distance can then be inversely calculated
based on this fitted relationship.

—d
B, =269.34e31345 — 61.41 (18)

When two casings are present around the drilling well, the
relationship between B and B; with respect to a are shown in
Fig. 23. Gaussian and Extreme functions were used for curve
fitting, yielding the corresponding fitting Eq. (19):

7((127W521)2
B=y; +Ae 2w

—(a—We) (19)
B, =y +Ayel® ™

Among these, wc; = 87.70, w; = 240.71, and remaining pa-
rameters are each related to variable d. After linear fitting, they are
uniformly transformed into expressions for variable d. Finally,
substituting these into the overall fitting Eq. (20)

—2x(a—87.67)*

( — 1469425.62€0.69442 + 2966.93

)

B(d,a) =
(76.28214 +11.45095d — 1.1489d2) x

b

2

B;(d,a) = 343.12 — 135.36d + 13.92d> +

e (76.28214+1 1.45095-d—1 .1489~d2) : + 18481.57004¢

d
0.62459 + 3.99239

(20)

—(a—240.71)
1 _1-¢52.06+41.22d

characteristics, setting the observation point at 4.5 m maximizes
the retention of effective magnetic signal amplitude.

5.2. Relative calculation model for casing distance and azimuth

When a single casing is present around the drilling well, the
casing distance were set to 1, 1.5, 2, 2.5, 3, 3.5, and 4 m. The rela-
tionship between the peak z-axis magnetic field strength and the
casing distance is shown in Fig. 22. An exponential decay function

3500

(a)

1.0m
1.5m
20m
25m
3.0m
3.5m
40m
—— Fitting curve

3000 -

2500 A

vVAedq«dP o

2000 A

B, nT

1500 -
1000 -

500 A

O-M

30 45 60 75 90 105 120 135 150 165 180

o

a,

—0.

0034 — 4.58¢4 81"

To determine the casing azimuth, the three-axis components of
the magnetic field signal over a complete rotation cycle (0°-360°)
must be extracted. First, the phase angle corresponding to the
trough of the total magnetic field is used to determine the direc-
tion of geomagnetic north relative to the x-axis. After filtering out
the geomagnetic component, the relative position of the casing is
determined based on the magnet—casing coupling mechanism, and
the casing azimuth g is then obtained, according to Eq. (16). Since
the x-axis magnetic field signal always reaches its maximum
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Fig. 23. Changes in magnetic field values at different casing distance and inter-casings angle: (a) total magnetic field and (b) z-axis magnetic field.
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Table 3
Experimental parameters reference values.
Parameters Value
Casing heigh H,, mm 2000
Casing number n 2
Casing distance d, mm 1000
Inter-casing angle a, ° 30
Observation point height H,, mm 2300
Table 4
Experimental equipment.
Experimental parameters Properties Value
Measuring probe Accuracy, N-m 0.10%
Sample frequency, Hz 2.6
High-intensity magnet Magnetization, A/m 6.5 x 10°
Diameter, mm 80
Length, mm 100
Model number N35
Casing Outer diameter, mm 2445
Thickness, mm 10
Height, mm 1000
Electric motor Frequency, Hz 0-3000
Power, w 30

negative value at the 0° position in the coordinate system (where
the high-intensity magnet's pole aligns with the x-axis), this point
corresponds to the curve trough and is taken as the phase refer-
ence (0°). One full rotation from this reference constitutes the
complete target magnetic signal.

For single-casing positioning, first substitute measurement
data into Eq. (18) to obtain d, then calculate ¢ using Eq. (13). For
dual-casing scenarios, substitute measurement data into Eq. (20)
to obtain d and «, then calculate ¢ using Eq. (14). Thus, the relative
casing orientations are ¢ and 6 + a.

6. Experimental results

To validate the accuracy of finite element numerical simulation
results, ground-based simulation experiments were conducted to
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study the magnetization of multiple closely spaced casings under
alternating magnetic field. To eliminate interference from ferro-
magnetic materials in the environment, the experiments were
conducted in an open outdoor area. The experimental platform,
excluding the motor, was constructed entirely from aluminum
alloy. The existing three-axis magnetic field sensors embedded
within the probe tube served as the magnetic field signal acqui-
sition devices. The distance and angle between casings could be
directly read from markings on the drawings. The probe tube and
high-intensity magnet were suspended coaxially in the air. By
positioning the casing at different spatial locations, an equivalent
vertical drilling test scenario was constructed, as shown in Fig. 24.
Table 3 reports the experimental parameters reference values, and
Table 4 reports experimental equipment.

Given that the high-intensity magnet used in the experiment
has a magnetic flux density of 6.5x 10°> A/m, the distance between
the sensor and the magnetic source required to achieve a 2 m
detection range, as derived in Section 5.1, reaches 2.3 m. The
experimental monitoring data curves are shown in Fig. 25(a). The
measured curves exhibit sinusoidal variations consistent with the
simulation results, where the z-axis sinusoidal fluctuations accu-
rately reflect the magnetization effect of the rotating high-
intensity magnet on the casing. The differing peak-to-peak
values along the x and y axes indicate that the interference char-
acteristics of the casing on the magnetic signal are detectable.
Although the downhole magnetic sensor incorporates built-in
hardware filtering, residual interference still causes slight wave-
form distortion at the peaks.

Prior to data acquisition, free-space magnetic field calibration
was performed in a non-casing environment. Repeated measure-
ments were conducted to establish a baseline value under the
combined influence of the geomagnetic field and the magnetic
source, thereby providing a numerical reference for subsequent
magnetization field analysis. Using the average of the three-axis
magnetic field components as the baseline, the measured data
were subjected to translation and detrending processing. This
yielded absolute fluctuation values referenced to zero, which
served as the raw amplitude encoding of the alternating magnetic
field.

On this basis, magnetization response experiments were car-
ried out under various casing spatial distributions. Following the
procedure outlined in Section 4.4, the geomagnetic component
was filtered out from the measurements. A comparison between
measured and theoretical values enabled the establishment of a
mapping relationship between the zero-referenced magnetic field
data and the theoretical magnetic field strength (Hu et al., 2025),
ultimately yielding the true magnetic field response. A typical
magnetic field response curve over one cycle is shown in Fig. 25(b).

Based on the specific parameters of the experimental envi-
ronment, a numerical simulation model consistent with the
environmental data was established. By varying the casing angle «
and distance d, the attenuation trend of the z-axis magnetic field
strength was obtained. As shown in Fig. 26(a) and (b), this trend
matches the simulation results, with a maximum deviation of
65.7 nT and a maximum relative error of 8.3%. Fig. 27(a) and (b)
show that the experimental results exhibit the same trend as the
simulation, with a maximum deviation of 106.5 nT and a
maximum relative error of 10.5%. The errors primarily arise from
slight deviations between the actual casing center and the theo-
retical center when adjusting the measurement distance and
angle.

These discrepancies indicate that the experimental results are
generally consistent with the simulation, with identical magnetic
field variation patterns and only minor numerical differences,
thereby validating the accuracy of the finite element simulations.
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Fig. 27. Comparison of experimental and simulation results: (a) inter-casing angle change, (b) relative error in inter-casings angle change.
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Fig. 28. Different scenarios: (a) three casings and (b) four casings.
Table 5
Comparison of measured and calculated results.
n Actual location Measured value Calculated location Absolute error
Azimuth g, ° Azimuth g, °
Casing A Casing B d, m B, nT B, nT @, ° o, ° Casing A Casing B d, m Pmaxs © d, m
1 40 / 1.6 427.96 / 2.03 41.32 39.29 / 1.62 0.71 0.02
1 10 / 1.6 439.08 / 31.06 42.56 125 / 1.61 2.5 0.01
1 340 / 1.6 456.04 / 61.32 42.63 341.31 / 1.58 1.31 0.02
1 40 / 1.2 803.01 / 243 42.02 39.59 / 1.25 0.41 0.05
1 10 / 1.2 868.37 / 30.96 42.99 12.03 / 1.21 2.03 0.01
1 340 / 1.2 916.39 / 61.71 41.32 339.61 / 1.17 039 0.03
2 70 310 1.6 413.1 97.08 29.27 42.12 72.12 313.07 1.57 3.07 0.03
2 340 280 1.6 576.92 79.19 92.55 39.89 338.89 275.78 1.62 4.22 0.02
2 280 250 1.6 620.1 113 138.19 42.53 281.03 247.65 1.65 2.35 0.05
2 70 310 1.2 750.37 348.33 29.52 38.06 68.06 309.51 1.23 1.94 0.03
2 340 280 1.2 1163.2 761.01 92.26 43.41 340.41 279.89 1.15 0.41 0.05
2 280 250 1.2 1095.5 7791 138.01 4291 281.41 248.38 1.28 1.41 0.08
Table 6

Comparison of different electromagnetic positioning methods in recent years.

Applicable casing
scenario

Positioning accuracy

Cost and complexity

Method Requires adjacent well Max. detection
operation? range

Method proposed by No 4 m
this paper

Current excitation Yes; requires current >5m
method of Yan et al. injection tool in
(2022) adjacent well

Magnet force method No; magnets are 1m
of Hu and Fu (2023b) deployed on BHA

Dual magnetic source No; requires internal ~3m
method of Dou et al. magnetic source
(2018) deployment

Traditional passive No; relies on casing ~2m

magnetic method

remnant magnetism

Multiple casings

Multiple casings

Single casing

Single casing

Single casing

High; decouples multi-
casing interference via
amplitude and phase
analysis

High; stable EM signal,
yet limited by tool
accuracy

Moderate; high
accuracy at close range
but significant
attenuation with
distance

High; suitable for single
source-casing
interaction

Low; weak remnant
signal susceptible to
tool noise and
geomagnetic anomalies

Low; simplified
operation without
surface equipment or
adjacent well tools
High; requires complex
surface power source,
increasing cost and
time

Moderate; requires at
least 8 powerful
magnets spaced along
the drill collar

High; internal source
deployment increases
complexity and cost
Low; simple tool but
poor accuracy

4004
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Three and four casings were distributed at 90° intervals. The
spatial magnetic field data collected over one cycle (0°-360° in the
plane coordinate system) is shown in Fig. 28. Experimental results
indicate that the total magnetic field strength increases with the
number of casings, consistent with numerical simulations and
theoretical expectations. In Fig. 28(a), the z-axis magnetic field
curve reaches its maximum at a phase angle of 180°, coinciding
precisely with the moment when the high-intensity magnet's
poles rotate to point toward the middle casing among the three.
This confirms the method's applicability for locating and identi-
fying two or more casings. In Fig. 28(b), the z-axis magnetic field
curve exhibits a stable amplitude of zero. Due to the spatial dis-
tribution characteristics of the N-S magnetic poles, when four
casings are spatially symmetrically distributed, the coupled mag-
netic fields cancel each other out. This also satisfies theoretical
predictions, verifying the engineering applicability of the method
in multi-casing scenarios.

Due to the complex magnetic coupling mechanisms involving
three or more casings, establishing a unified computational model
using empirical fitting formulas not only substantially increases
the computational burden but may also introduce additional er-
rors. Therefore, the casing positioning model proposed in this
study is primarily designed for scenarios involving one or two
casings. For more complex multi-casing scenarios, future work will
explore artificial intelligence approaches, such as deep learning, to
develop an inversion model that correlates the coupled magnetic
field with the spatial distribution of multiple casings.

Following the method described in Section 5.2, the spatial
magnetic field calculation equations for the casing at different
distance and orientations were derived when the high-intensity
magnet's magnetization strength is 6.5 x 10°> A/m. With one cas-
ing present around the drilling well, the equation for the peak z-
axis magnetic field strength as a function of casing distance is:

B, =5849.48€0.66617 — 83.28125

(21)

With two casings present around the drilling well, the posi-
tioning calculation equation is:

2
—136998.31 + 69307.57d —2x(a—98)

B—
(96.975d — 65.65) x \/g

B, = (162.28 — 238.55d)-e(63<52:11443d> —1044.75d + 2646.03

For scenarios with one or two casings at different orientation
and distance, the casing azimuth (#) and distance (d) were calcu-
lated using Egs. (13), (14), (16), (21) and (22). The results are shown
in Table 5. Among these, casing A and casing B are identical in
material and dimensions, with material parameters listed in
Table 5 and n denotes the number of casings.

As shown in Table 5, the maximum absolute error in orientation
calculation for a single casing is 2.5°, and the maximum absolute
distance error is 0.05 m. For dual casings, the corresponding errors
are 4.22° in orientation and 0.08 m in distance. Both the angular
and distance errors remain at a low level, demonstrating that the
method can accurately determine the relative orientation and
distance of the casing.

4005

Petroleum Science 23 (2026) 3988-4008

7. Discussion

Selecting high-intensity magnets with higher magnetization
strength and increasing magnet diameter can enhance detection
range. However, the selection range for high-strength high-in-
tensity magnets is limited, with the current maximum magneti-
zation strength only reaching approximately 1.2 x 106 A/m (Wang
et al., 2003; Zhao and Huang, 2006). Additionally, magnet diam-
eter design is constrained by drill string dimensions. Implement-
ing either of these options to improve detection range presents
significant challenges. Radially stacking high-intensity magnets
within the drill string can enhance magnetization strength and
expand detection range. However, the number of magnets is
difficult to significantly increase due to geometric constraints
imposed by the wellbore and drill string dimensions. Adopting a
magnetic short section structure along the drill string axis can be
equivalent to the linear superposition of a single magnet, thereby
overcoming the quantity limitation. However, mutual magnetic
interference exists between magnets within the magnetic short
section. It is necessary to clearly define the effective influence zone
of the linearly superimposed magnetic field and reasonably
determine the installation position of the three-axis magnetic field
sensor accordingly.

Compared to existing techniques that rely on measuring mag-
netic flux density to determine adjacent casing positions, this paper
proposes a method based on magnetizing adjacent casing using
fixed-axis rotating magnets. By analyzing the time-series charac-
teristics of the coupled magnetic field, a mapping relationship is
established between the field and the complex multi-casing spatial
structure, enabling the determination of distance and relative ori-
entations among multiple casings. This method further utilizes the
geomagnetic field to determine the geomagnetic north direction,
ultimately resolving the geomagnetic orientation of the casing.

A systematic comparison between the proposed method and
other major electromagnetic positioning methods is presented in
Table 6. The current maximum detection range is 4 m, which is
slightly shorter than that of current excitation methods, and requires
further optimization of magnetic strength or sensor sensitivity.

.e(96.975d-65.65)° _ 1748.55d + 3073.05

Existing methods typically determine the casing azimuth relative to
geomagnetic north by measuring the angle between a reference
plane and the magnetic tool face (MTF) in the MWD system, using
static magnetic field measurements (Eq. (23)). The approach pre-
sented in this study leverages the coupling between the geomagnetic
field and the rotating dynamic magnetic field to indicate geomag-
netic north, effectively avoiding magnetic interference from ferro-
magnetic materials and enabling accurate casing positioning.

MTF = arctan (B—y) (23)

By

This study presents a theoretical innovation through the
establishment of a novel active magnetic logging framework that
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systematically addresses three fundamental challenges: multi-
casing magnetization, signal separation, and inversion. The key
contributions are: First, compared to the static conduction model
relied upon by current excitation methods, which are susceptible
to constraints from current shunting and signal confusion (Yan
et al., 2022; Dou et al.,, 2024), the proposed rotating magnetic
field dynamic magnetization mechanism transforms each casing
into an independent magnetic source through alternating excita-
tion, achieving a leap from “static parameters” to “dynamic
enhancement”. Second, unlike dual-source magnetic systems
requiring predefined relative positions of magnetic sources (Dou
et al.,, 2018), the spatiotemporally coupled inversion algorithm
constructed by this method simultaneously solves for multiple
target distances and azimuths based solely on single-point
sequential magnetic field data, eliminating reliance on prior geo-
metric relationships. Third, at the signal processing level, the
introduced phase-synchronized demodulation method overcomes
the inherent limitations of traditional amplitude analysis in multi-
source superimposed fields by assigning “phase tags” to each
casing response (Liu et al., 2020; Wu and Wei, 2020), thereby
systematically establishing a novel theoretical paradigm for multi-
casing localization in densely clustered wells.

In magnetic positioning methods, raw data collected by three-
axis magnetic sensors must undergo signal extraction and data
transformation processes, typically involving filtering, frequency-
domain transformation, and signal separation. Each of these
steps may introduce errors that affect final positioning accuracy.
Therefore, developing high-precision, high-robustness signal
processing algorithms to ensure effective magnetic signal extrac-
tion is key to improving the reliability and accuracy of this method.

This study not only provides theoretical guidance for the
development of anti-collision well trajectory measurement and
control technologies but also addresses significant engineering
demands and applications in rescue well communication, storage
well re-entry, and other scenarios where multiple close-range
casings exist.

In actual cluster well engineering, the spacing between casing
strings generally increases with depth. As a result, anti-collision
positioning between adjacent wells is primarily concerned with
the upper section of the well. Although this section is typically not
subject to extreme temperature or pressure conditions, complex
environmental factors arising from specific geological formations
or drilling operations cannot be ruled out. Future work will focus
on advancing the testing of this technology in simulated downhole
environments or actual drilling scenarios to systematically eval-
uate its applicability and robustness under real conditions.

Detection distance directly affects sensor placement; for a
high-intensity magnet with a magnetization of 1.2 x 10% A/m, the
detection range is 4 m, requiring the sensor to be positioned at
least 4 m from the magnet. However, space constraints of the drill
string may pose challenges for sensor layout. Future research will
optimize its integration into BHA configurations to develop
compact, practical downhole tools.

This study focused on single- and dual-casing scenarios, laying
the groundwork for future inversion studies to determine spatial
positions from known magnetic field distributions. Subsequent
research will establish models to calculate distance and orienta-
tions of multiple casings under various distributions, combining
simulation and experimental data. By analyzing the spatial dis-
tribution of coupled magnetic field and applying machine learning
methods, intelligent inversion algorithms can handle more com-
plex multi-casing environments while improving interpretation
efficiency and accuracy. Since the magnetic field feature parame-
ters collected for different numbers of casings vary, a strategy of
first classifying the number of casings followed by locating them is
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adopted. Specifically, a random forest model is first utilized for
efficient classification of casing quantities. Subsequently, a multi-
input regression model is constructed using a convolutional neu-
ral network (CNN) and a long short-term memory network (LSTM)
to extract spatial structural features and temporal dynamic pat-
terns from the magnetic field signals, respectively. This enables
precise inversion of casing orientation and distance. Methodo-
logically, this work draws upon successful approaches from related
fields: CNN's capability in identifying road structures within
complex georadar signals (Mojahid et al., 2025) and LSTM's
effective application in underground electromagnetic data inver-
sion (Shi et al., 2024) provide both theoretical and technical ref-
erences for this model. By integrating extensive experimental
measurements and numerical simulation data, and training the
model with error metrics as the optimization objective, we ulti-
mately constructed a deep learning-based multi-casing posi-
tioning prediction system that combines physical interpretability
with environmental robustness. In deviated well applications,
potential z-axis magnetic field offsets due to non-parallelism be-
tween drill string and casing axes must be considered; these can
be corrected through simulation and experimentation, thereby
extending the applicability of this method to deviated well
environments.

8. Conclusions

This study addresses the critical need for anti-collision posi-
tioning of multiple closely spaced casings in cluster well drilling
and proposes a novel active magnetic ranging method based on
high-intensity magnet magnetization and magnetic field coupling
analysis. Through systematic numerical simulations and experi-
mental validation, the main conclusions are as follows:

(1) The study reveals the magnetic field coupling mechanism
between rotating high-intensity magnets and multiple
closely spaced casings. The presence of casings induces
characteristic amplitude modulation and phase shifts in the
spatially coupled magnetic field, exhibiting a clear mapping
relationship with casing distance, azimuth, and quantity.
This provides a theoretical foundation for casing positioning
without requiring adjacent well operations.

(2) System performance boundaries are defined: at a high-
intensity magnet flux density of 1.2 x 10°® A/m, the
maximum effective detection distance is 4 m. For accurate
azimuth calculation, the magnetic field sensor must be
installed such that H, > d + 0.5 m (where Hy, is the obser-
vation point height and d is the casing distance).

(3) Numerical simulations and experimental results demon-
strate that within a detection range of 4 m, this method
achieves accurate positioning for single and dual casings.
The maximum absolute error in calculated casing azimuth is
4.22°, while the maximum absolute error in calculated
distance is 0.08 m. Compared to existing methods, this
approach enables effective sensing in multi-casing envi-
ronments without requiring intervention from adjacent
wells.

(4) This study offers a novel technical approach to resolving
collision avoidance in high-density cluster wells, demon-
strating strong engineering application potential. Subse-
quent research will establish a numerical model for
magnetic field coupling when multiple casings are
randomly distributed in space. It will investigate the impact
of casing spatial orientation on magnetic field distribution
characteristics, revealing quantitative relationships be-
tween tilt angle variations and magnetic field signature
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changes. By integrating artificial intelligence methods such
as deep learning (CNN, LSTM), coupled magnetic field and
multi-casing spatial distribution inversion models were
constructed. This enables high-precision simultaneous
identification of casing quantity, distance, orientation, and
posture in highly noisy environments. Concurrently, the
magnetic response characteristics of casings with varying
diameters and wall thicknesses under different combina-
tions will be examined to enhance the model's applicability
and robustness in real well conditions.
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