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a b s t r a c t

In oil and gas exploitation, cluster well technology can significantly reduce costs and improve efficiency.
An effective adjacent well detection method can greatly reduce the risk of collision between adjacent
wells. This study proposes a method to invert the 3D trajectory of an adjacent well using a scattered P-
wave obtained by borehole azimuthal acoustic reflection imaging. After obtaining the scattered P-wave
from the raw data of the target well using the wave field separation technology, the waveform data in an
imaging profile can be obtained by the downhole acoustic directional reception technology. Migration
imaging technology is then used to obtain the image of the formation in the imaging profile. Subse-
quently, by analyzing the images of the formation in the imaging profile of the different azimuths, the
well spacing and azimuth of the target well can be determined. Finally, the 3D trajectory of the target
well can be obtained by solving the inversion equation. This method was validated by processing the
field data from a deviated well in a deep formation. The comparison of the inversion and actual tra-
jectories of the target well demonstrated that the maximum deviation of the inversion trajectory is 0.9 m
in the north-south direction, 0.78 m in the east-west direction, 1.45 m in the well spacing, and 2.48� in
the azimuth. The field data inversion result demonstrated that the method can effectively use the azi-
muth reflection acoustic data to invert the 3D trajectory of an adjacent well, which indicates that the
borehole azimuthal acoustic reflection imaging technology has great potential within the context of
adjacent well detection.
© 2023 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

Cluster well technology is widely used in the development of
onshore and offshore oil and gas fields because of its high-efficient
and energy-saving; however, adjacent well collision accidents
easily occur during drilling (Diao and Gao, 2012; Zhang, 2014; Hong
et al., 2020). Anti-collision technology is key in cluster well tech-
nology, and effective adjacent well spacing measurement methods
can greatly reduce the risk of adjacent well collision. The common
method of adjacent well spacingmeasurement is magnetic ranging,
including passive and active magnetic ranging. Although the pas-
sive magnetic ranging method does not affect the normal
er, LPAR: linear phased array
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production of the target well, it is heavily dependent on the casing
parameters of the target well, and the detection accuracy is also
lower. The activemagnetic rangingmethod has higher accuracy but
relies on access to the target well with a sensor or emitter, which
will affect the normal production of the target well (Zhang et al.,
2014; Li et al., 2016; Dou et al., 2018; Dou, 2019). Although
certain magnetic ranging methods can be run while drilling, they
may be ineffective if formation-linked magnetic anomalies are
encountered or the target well is an open hole; however, acoustic
methods do not have this limitation because they rely solely on the
impedance contrast between the formation and target hole (Gao
et al., 2013; Wu et al., 2015; Jervis et al., 2018; Zhang et al., 2020).

By exciting acoustic pulse signals in an exploration well and
receiving the echo signals from a geological structure outside the
exploration well, borehole acoustic reflection imaging can survey
geologic structures (e.g., formation interfaces, caves, and fractures)
within a few tens of meters in the formation around the exploration
well (Tang and Wei, 2012; Yang et al., 2019a, 2019b; Xu and Hu,
2020; Ben et al., 2021; Li et al., 2021). Because a monopole
mmunications Co. Ltd. This is an open access article under the CC BY-NC-ND license
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source-receiver system is used, monopole P-wave reflection im-
aging cannot determine the azimuth of the target well; therefore, it
is not suitable for adjacent well detection. In contrast, the images of
the formation in the imaging profile of different azimuths can be
obtained by single-well shear-wave imaging; however, the azimuth
determination of the target well has an ambiguity of 180� (Su et al.,
2014; Tang et al., 2016a, 2016b, 2021; Lee et al., 2019a, 2019b; Xu
et al., 2019; Li et al., 2020; Gu et al., 2021). Because the receiver
system is composed of 10 acoustic receiving stations with equal
spacing and every acoustic receiving station comprises eight in-
dependent sensors, borehole azimuthal acoustic reflection imaging
can simultaneously and independently record multichannel
acoustic signals (Che et al., 2014, 2016, 2017; Cai, 2016; Ben et al.,
2020a; Cheng et al., 2022). Because borehole azimuthal acoustic
reflection imaging can not only provide the images of the formation
in the imaging profile of different azimuths, but also accurately
determine the azimuth of the target well, it has potential for
application in adjacent well detection. Ben et al. (2020b) conducted
adjacent well detection experiments of borehole azimuthal
acoustic reflection imaging, imaged a target well 10.0 m away from
the exploratory well, and obtained the azimuth of the target well
accurately, but did not provide the 3D trajectory of the target well.

At present, in the case of borehole acoustic reflection imaging in
the adjacent well detection, the exploration wells are mostly ver-
tical, and the research on 3D trajectory inversion of target wells is
minimal. In this study, a 3D trajectory inversion method for an
adjacent well is proposed and owing to the deviation of the
exploration well is considered, the method is applicable to both
vertical and deviated exploration wells.
2. Methods

2.1. Detecting an adjacent well from the exploration well

Fig. 1 illustrates the configuration for detecting an adjacent well
from the exploration well. In Fig. 1, a and b represent the deviation
and the deviation azimuth of the explorationwell, respectively, and
q represents the azimuth of the imaging profile. The logging in-
strument is centered in the exploratory well. The receiving acoustic
sonde is composed of 10 acoustic receiving stations with equal
spacing, and every acoustic receiving station contains eight
Fig. 1. Configuration for detecting an adjacent well using borehole azimuthal acoustic
reflection imaging.
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independent sensors. The source is composed of several monopole
transducers with equal spacing. Acoustic pulse signals excited in
the exploratory well are obliquely incident to an adjacent well, and
the echo signals are received by the receiving acoustic sonde. The
clearest images of the adjacent well can be obtained when the
imaging profile coincides with the sagittal plane. Additionally, it is
worth noting that q is the azimuth of the adjacent well. Therefore,
by analyzing images of the formation in the imaging profile of
different azimuths, the well spacing and azimuth of the target well
can be obtained.
2.2. Downhole acoustic directional reception

Ri and RiEj represent the i-th acoustic receiving station in the
receiving acoustic sonde and the j-th sensor in the acoustic
receiving station, respectively. In addition, RiE1 faces due north
when the tool is not rotating. In practical applications, when the
space between an adjacent and exploratory well is significantly
larger than the size of the receiver array, the event signals from the
adjacent well can be regarded as a series of plane waves. As shown
in Fig. 2, the incident elevation angle (4) represents the angle be-
tween the incident direction line of the planewave and the plane of
the acoustic receiving station, and the incident azimuth angle (q0)
represents the angle between the incident direction line of the
plane wave and the sensor (RiE1). For simplicity, downhole acoustic
directional reception can be decomposed into horizontal plane
directional reception and vertical plane scanning reception.
2.2.1. Horizontal plane directional reception
As shown in Fig. 3, point O is the geometric center of acoustic

receiving station Ri, and the sensor (RiE1) is located due north.
Referring to the azimuth angle (q) of the imaging profile, three
adjacent sensors facing the incident direction of the plane-wave are
selected from acoustic receiving station Ri to form an arcuate
phased array receiver (APAR). For example, a directional receiving
waveform in the horizontal plane can be obtained as follows (Ben
Fig. 2. A plane wave is obliquely incident on the receiving acoustic sonde. Here, q0 is
the incident azimuth and 4 is the incident elevation.



Fig. 3. Delay time calculation for the APAR. Here, q represents the azimuth of the
imaging profile.
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et al., 2020a, 2020b):

WFiðq; tÞ¼WFRiE2
ðtþ t2ðqÞÞþWFRiE3

ðtÞ þWFRiE4
ðtþ t4ðqÞÞ

(1)

In Eq. (1), t2ðqÞ and t4ðqÞ represent the delay time of the plane-
wave propagation from sensors RiE3 to sensors RiE2 and RiE4,
respectively.
Fig. 4. Delay time calculation for the LPAR. Here, 40 represents the scanning reception
elevation.
2.2.2. Vertical plane scanning reception
As shown in Fig. 4, the sensors on the same azimuth are selected

from the adjacent three acoustic receiving stations to form a linear
phased array receiver (LPAR). Rlðl¼ 2; , , ,;9Þ represents the
acoustic receiving station where the central sensor of the LPAR is
located. The scanning receiving waveform in the vertical plane can
be obtained as follows:

WFlðq;4
0
; tÞ ¼ 1

N

Xlþ1

i¼l�1

WFiðq; t þ ðl� iÞDt Þ (2)

In Eq. (2), N represents the number of sensors of LPAR; Dt
represents the delay time of adjacent sensors in LPAR, which can be
calculated by the following equation:

Dt ¼ RRSPsinð40 Þ=v (3)

In Eq. (3), RRSP represents the space between adjacent acoustic
receiving stations; v represents the velocity of the plane-wave; and
40 is the scanning reception elevation.

When the scanning reception elevation coincides with the
incident elevation, the phase of each waveform used for stacking is
identical, and the energy of the scanning receiving waveform is the
strongest. For other scanning reception elevations, the energy of
the scanning receiving waveform is not significantly enhanced or
even weakened. Therefore, comparing the energy of the scanning
reception waveforms with different scanning reception elevations,
the waveformwith the strongest energy is the directional reception
waveform in the imaging profile.
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2.3. 3D trajectory inversion method for an adjacent well

Fig. 5 is the schematic diagram of the 3D trajectory inversion of
an adjacent well. Point M represents a point on the adjacent well in
the image and line segment MB is perpendicular to the axis of the
exploratory well. aB and bB respectively represent the deviation
and the deviation azimuth of point B on the exploration well, and
qM is the azimuth of the imaging profile. As shown in Fig. 5, the
reference coordinate system (xyz) and global coordinate system
(x0y0z0) were established with point B as the origin. The z-axis co-
incides with the axis of the exploration well, the z0-axis coincides
with the gravity line, and the projection of the x-axis and x0-axis
positive directions are both northwards.



Fig. 5. Schematic of the 3D trajectory inversion.

Fig. 7. Schematic of the two adjacent wells.
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The global coordinate system (x0y0z0) can be obtained by rotating
the reference coordinate system (xyz). The detailed steps are as
follows: first, a temporary coordinate system (x1y1z1) can be ob-
tained through clockwise rotation of the reference coordinate
system (xyz), where the x-axis is the rotation axis and bB is the
rotation angle; Then, the global coordinate system (x0y0z0) can be
obtained through clockwise rotation of the coordinate system
Fig. 6. Processing workflow for field data.

Fig. 8. Deviation azimuths of the two wells.
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(x1y1z1), where the y1-axis is the rotation axis and aB is the rotation
angle. Based on the right-hand coordinate system, the counter-
clockwise rotation is positive, and the above rotation can be
expressed as (Zhang et al., 2021):

2
664
x0M
y0M
z0M

3
775¼RyðaBÞRxðbBÞ

2
4 xM
yM
zM

3
5 (4)

In Eq. (4), Rx and Ry are rotation matrices, which are expressed
as:

RxðbBÞ¼
2
41 0 0
0 cos bB sin bB
0 �sin bB cos bB

3
5;RyðaBÞ¼

2
4 cos aB 0 �sin aB

0 1 0
sin aB 0 cos aB

3
5

(5)

In the reference coordinate system (xyz), based on the geometric
relationship, the following can be obtained:



Fig. 9. Raw waveforms recorded by the acoustic receiver station R1.

Fig. 10. Scattered PeP wave from the target well recorded by the acoustic receiver station R1.
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�
xM ¼ BMcos qM yM ¼ BMsin qM (6)

In Eq. (6), qM is the azimuth of the imaging profile.
2.4. Processing workflow for field data

The workflow for the 3D trajectory inversion of an adjacent well
using field data is shown in Fig. 6. First, the low- and high-
frequency noises in the raw data were removed by band-pass
filtering, and azimuth correction was implemented in combina-
tionwith the AZ curve. Subsequently, the slowness-time coherence
method was used to obtain the slowness of the formation P-wave,
and the event signals from the adjacent well were extracted by
using f-k filtering. The waveform data in an imaging profile can be
obtained by using downhole acoustic directional reception
861
technology. Migration imaging methods were then used to obtain
the image of the formation in the imaging profile. (Lee et al., 2019a,
2019b; Ben et al., 2020b; David et al., 2020; Huo et al., 2020). Then,
by analyzing the images of the formation in the imaging profile of
different azimuths, the well spacing and azimuth of the target well
can be determined. Finally, the 3D trajectory of the target well can
be determined by solving the inversion equation.
3. Results of field data

First, we introduced the background of the field data. The 3D
trajectories of two wells are shown in Fig. 7, in which the explor-
atory well is deviated and the target well is vertical. The target well
is an oil production well located in an anticline structure with a
borehole diameter of 0.2 m, and below 5840 m, it is an open hole.
The exploratory well is a sidetracked well of the target well. Fig. 8



Fig. 11. Migration images for the scattered PeP wave at 16 azimuths.
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shows the deviation azimuth of exploration well and target well at
5880e6000m depth. Below 5920m, the deviation azimuths of two
wells are constant.
3.1. Scattered P-wave extraction

Fig. 9 shows the recorded raw waveforms of the acoustic
receiver station R1. The AZ curve records the rotation of the tool
during the working process; the DTC curve is the formation
compressional wave slowness obtained via the slowness-time
coherence method; the GR curve is the total gamma-ray value of
the formation. The characteristics of the borehole mode waves are
evident, the amplitudes are large, but the event signals from the
target well cannot be observed. The event signals (marked by a
black dotted ellipse) from the targetwell are extracted from the raw
waveforms using band-pass (8e14 kHz) and f-k filtering, as shown
in Fig. 10. Although the target well is vertical, the exploration well
where the tool is located is inclined. Therefore, in Fig. 10, the phase
axis of the PeP mode echo from the target well is inclined. The
velocity of the compressional wave in the formation is approxi-
mately 6096 m/s; the dominant frequency of the source of the
862
logging instrument is approximately 14.0 kHz; thus, the wave-
length of the compressional wave in the formation is approxi-
mately 0.435m. Therefore, the PeP mode echo from the target well
is a scattered P-wave with a weaker amplitude.
3.2. Migration images

After thewaveform data in an imaging profile are acquired using
downhole acoustic directional reception technology, migration
imaging technology is used to obtain the formation image in the
imaging profile. Fig. 11 shows the migration images for the scat-
tered PeP wave, and the first panel is the same as that in Fig. 9.
Fig. 11 shows that the imaging characteristics of the scattered PeP
wave from the target well are obvious at depths of 5924e5964 m
(marked by the red arrow), and the imaging amplitude varies with
the azimuth. Owing to the acoustic and electrical isolation between
adjacent receiving sensors, the receiving sensors facing the target
well can more effectively record the scattered PeP wave from the
target well. Therefore, the scattered PeP wave from the target well
recorded by the receiving sensor located closer to the azimuth of
the target well has a larger amplitude. When the amplitude of the



Fig. 12. Normalization imaging amplitude of the target well versus the azimuth of the
imaging profile.

Fig. 13. Space between the exploration and target wells at different depths.

Fig. 14. 3D trajectory inversion results for the target well.
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scattered PeP wave is larger, the imaging amplitude in the migra-
tion image is as well. Because the deviation azimuth of the target
well is almost constant below 5920 m, the sum of the imaging
amplitude at each depth can be used to represent the imaging
amplitude of the target well. Fig. 12 shows the normalization im-
aging amplitude of the target well versus the azimuth of the im-
aging profile; thus, the measured azimuth of the target well is 10�,
which is close to the azimuth of the target well. Fig. 13 shows the
space between the exploration and target wells at different depths
obtained by the migration images.

3.3. 3D trajectory inversion of the target well

After obtaining the well spacing and azimuth of the target well,
the 3D trajectory of the target well can be obtained by solving Eq.
(4), as shown in Fig. 14. Fig. 14 shows that the 3D trajectory of the
target well obtained by using the field-data inversion is in agree-
ment with the actual 3D trajectory. Then, the space and azimuth
deviation between the inversion trajectory of the target well and
the real trajectory are calculated, as shown in Fig. 15. The com-
parison of the inversion and actual trajectories of the target well
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demonstrated that the maximum deviation of the inversion tra-
jectory is 0.9 m in the north-south direction, 0.78 m in the east-
west direction, 1.45 m in the well spacing, and 2.48� in the azimuth.
4. Conclusions

An effective adjacent well detection method can greatly reduce
the risk of collision between adjacent wells during cluster well
construction. In this study, we proposed a method to invert the 3D
trajectory of an adjacent well using the scattered PeP wave ob-
tained by borehole azimuthal acoustic reflection imaging. In this
method, the scattered P-wave from the target well is extracted from
the raw data by using wavefield separation technology. Then,
referring to the azimuth of an imaging profile, the directional
receiving waveform in the horizontal plane can be obtained using
horizontal plane directional reception method, and the scanning
reception waveforms with different scanning reception elevations
in the vertical plane can be obtained using vertical plane scanning
reception method. Comparing the energy of the scanning reception
waveforms with different scanning reception elevations, the
waveform with the strongest energy is the directional reception
waveform in the imaging profile. Migration imaging technology can
be used to obtain the formation image in the imaging profile.
Subsequently, by analyzing the images of the formation in the
imaging profile of different azimuths, the well spacing and azimuth
of the target well can be determined. Finally, the 3D trajectory of
the target well can be obtained by solving the inversion equation.

To verify the method, it was used to process the field data from
an inclined well in a deep formation. The comparison of the
inversion and actual trajectories of the target well demonstrated
that the maximum deviation of the inversion trajectory is 0.9 m in
the north-south direction, 0.78 m in the east-west direction, 1.45 m
in the well spacing, and 2.48� in the azimuth. The field data
inversion result demonstrated that the method can effectively use
the scattered PeP wave to invert the 3D trajectory of the adjacent
well, suggesting that borehole azimuthal acoustic reflection imag-
ing technology has great potential for adjacent well detection.
However, borehole azimuthal acoustic reflection imaging



Fig. 15. Deviation analysis of inversion results: (a) displacement and (b) azimuth deviations.

L. Cheng, X.-H. Che, W.-X. Qiao et al. Petroleum Science 20 (2023) 857e865
technology has some limitations; specifically, it has a long data
processing time and cannot runwhile drilling. Our future work will
address these limitations.
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